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The concept of channels has been with us more than a century.
For half a century, biologists have studied the remarkable
workings of protein and peptide channels that permit various
cations and small molecules to pass through the phospholipid
bilayer membrane. During the past decade, attempts have been
made by chemists and biochemists to examine the action of
channel compounds from the chemical point of view and to
model their function using synthetic structures. What follows is
a description of our own efforts to design, synthesize, and
characterize a cation transporter that functions in a phospho-
lipid bilayer.

Introduction
During the second half of the 20th century, there have been
three important trends in organic chemistry. By the 1950s, the
study of physical organic chemistry had moved to the forefront
of the science. The study of steric and electronic effects and
their influence on mechanism was at center stage. The
refinement of physical organic principles provided the critical
underlayment for the systematic development of synthetic
methodology and strategy. Synthetic chemistry was built on the
dual foundations of imagination and physical organic chemistry
and reached ascendancy during the 1970s and 1980s. The
importance of these two areas continues to be profound. Our
understanding of mechanism and our ability to synthesize
essentially whatever we can envision has spurred the organic
chemist’s imagination into supramolecular chemistry, partic-
ularly into the realms of bioorganic chemistry and materials
development. Both of these areas face a similar challenge. In
short, it is to design a compound that has a desired property or
function without knowing precisely how such function is
controlled. We have referred to the effort to design compounds
having specific functions rather than specific structures as
‘property-directed synthesis’.1 This article is about our efforts
to design compounds that perform as transmembrane channels2

in phospholipid bilayers.

At the beginning of our effort to design functional synthetic
channel compounds, we confronted a difficulty faced by
everyone who attempts to mimic nature. The problem is to
design a chemical compound that will function as the natural
material does even though Nature’s mechanism or mode of
action may be imperfectly understood. This problem was
compounded in the case of channel models because many in the
biological community viewed proteins as the only authentic
channels. Even peptides that exhibited channel-like function
were regarded by some as intriguing but marginally useful.

Design strategy
The basic issue that must be considered in the design of a cation-
conducting channel is how to get the cation from one side of a
bilayer membrane to the other. Organic chemists have dealt
with the issue of transporting cations across various membranes
by designing, preparing, and using a variety of carrier
molecules. These carriers function by complexing a cation at
one surface of a membrane, carrying it ‘ferry-boat style’ across
the non-polar or insulator regime of the membrane, and then
releasing it at the opposite membrane surface. Crown ethers
have proved to be particularly successful in transporting cations
across bulk membranes. In this context, many combinations of
macrocycles, salts, and solvents have been studied.3

Our early work with macrocycles led us to confront an
interesting problem. The cation complexation constant is given
by KS (usually as the decadic logarithm, i.e. log KS). The
equilibrium constant is determined by the rates at which
complexation and decomplexation occur, i.e. KS = k1/k21 = kc/
kd = kcomplex/kdecomplex. Simple crown ethers4 such as
18-crown-6 show fast binding and release kinetics as required

for successful carrier transport but cation binding selectivity is
relatively poor. The cryptands are strong binders that show
excellent cation selectivity but their binding and release kinetics
are poor. We thus developed the family of compounds we
named ‘lariat ethers’5 that could achieve the three-dimensional
binding arrangement characteristic of cryptands and that also
would exhibit good binding dynamics.6

The use of compounds that combine structural features
thought to be important with flexibility (and therefore adaptabil-
ity) was a cornerstone of our channel design philosophy. What
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were the critical structural features? The first consideration was
whether or not the channel would span the bilayer. This is a
particularly intriguing question because in 1989, when the
original design work was underway, the thickness of a bilayer
was at least subject to interpretation if not unclear. Actually,
there are three identifiable regions within the bilayer as shown
in Fig. 1. These are the insulating regime or ‘hydrocarbon slab’,
the polar headgroups, and the midpolar regime. The overall
thickness of the membrane will depend upon the identities of the
headgroups and the fatty acids.7

Chemists generally consider the ‘membrane thickness’ to be
the entire width of the bilayer. This is known from X-ray
structures of liposomes to be about 40 Å or more.8 Biologists
often regard the thickness of a membrane to be 30–35 Å since
this is the value obtained from electrophysiological measure-
ments that corresponds to the insulator regime.9 The two values
are different but both are correct in their context. The question
of what, exactly, requires to be spanned by a channel model
compound clearly remains. Should the channel’s length be 30 or
50 Å?10 Is the ‘correct’ length somewhere in between?

This issue illustrates a fundamental problem in modeling
biological function. We may choose a span of either 30 or 40 Å
to incorporate into our design. Assume we choose 40 Å,
complete the design and synthesis, and then assess transport
activity. If no cation transport is observed, does that mean that
the length is wrong or that some other design feature is
inappropriate? The length may be changed to 35 Å. If no cation
transport occurs, should lengths of 30, 45 Å, etc. be tried? No
variation in length will make the molecule function if some
critical feature different from span is ill-designed. Combinato-
rial approaches could lead to optimization of this length but only
after a functional design is in hand.

Several variables can immediately be recognized as bearing
on channel function. These include the presence of donor
groups, the ‘relays’, headgroups, and the conceptual models for
the channel. Each of these variables has aspects that must be
considered in the design of a synthetic channel. The considera-
tion must, in the channel case, be done without having an
adequate picture of how the wonderful and complex proteins
actually work.

Donor groups
It seems reasonable that donor groups such as O, N or S must be
present in a channel compound or how would the channel
interact with a cation? In the design of the channel, one must
consider which donor groups to incorporate. Do we wish only a
few donors to be present or should they be numerous? Perhaps
the decision about numbers will be influenced by whether the
donors are strong or weak. The strength or weakness of a donor

group depends on the cation with which it interacts. For
example, sulfur (thioether) is a good donor for Zn2+ but less
effective for K+.

Ether oxygens, like water, are good donor groups for alkali
metals. In that case, what sort of scaffolding should be used to
organize the donor groups? Should the donor groups be
incorporated into a macrocycle? 18-Crown-6 is selective for K+

but will a channel incorporating 18-crown-6 also be selective
for this cation? Indeed, can we think about cation selectivity in
channels in the same way we conceive of complexation?11 Let
us consider 18-crown-6 and its ability to complex Na+ and K+.
In aqueous solution, where binding constants are low,
18-crown-6 is selective for K+ over Na+. The respective binding
constants are: KS (Na+) = 6.5; KS (K+) = 118.12 This translates
to an 18-fold selectivity for K+ over Na+. As noted above, KS =
kcomplex/krelease = k1/k21. The binding rates are known for these
two cases and they differ by 2-fold: k1 (Na+) = 2.2 3 108 M21;
k1 (K+) = 4.4 3 108 M21. The selectivity therefore lies
principally in the ~ 10-fold difference in cation release rates:
k21 (Na+) = 3.4 3 107 s21; k-1 (K+) = 3.7 3 106 s21.

The reaction rates are important because a channel is a
dynamic structure. The selectivity of a crown ether or cryptand
is determined by what cation is bound relative to another. Which
cations are transported rather than retained must define the
selectivity of a channel. Thus, the binding selectivity of
18-crown-6 for K+ over Na+ may mean that a channel
incorporating this macrocycle would pass Na+ and thus show
transport selectivity for it rather than for K+. When we observed
above that ‘sulfur (thioether) is a good donor for Zn2+ but less
effective for K+’, the context was binding rather than ‘permit-
ting’ the cation to pass by. Thioether might be a ‘good’ channel
donor group for an alkali metal or alkaline earth metal ion in the
sense that it permits K+ or Ca2+ but restricts Zn2+.

Headgroups
An amphiphile is a compound having two different affinities or
‘philicities’. The amphiphile sodium dodecyl sulfate has a polar
sulfonic acid that constitutes the ‘head’ and a 12-carbon span
that comprises the ‘tail’. It seems reasonable that a channel
would be an amphiphile since it must insert into a bilayer
membrane that is constituted of phospholipid amphiphiles. If a
single molecule spans the channel, it must be a twin-headed
amphiphile.

In a channel molecule, the headgroup is required to play a
second role: it must serve as, or lead to, a cation entry portal.
One point of a membrane is, after all, to prevent salts from
getting into or out of a cell. If the channel is to function, it must
facilitate the entry and exit of cations (anions, small molecules
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etc.) without disrupting the membrane structure. It must create
a controlled orifice in both the intra- and extra-vesicular
surfaces of the bilayer.

There are two obvious challenges in the design of headgroups
for a synthetic channel. First, where should the headgroup be
placed relative to membrane elements? One possibility is at the
membrane surface but an alternative is in the midpolar regime,
which is the gateway to the hydrocarbon slab. Second, how
polar should the headgroup be? If it is fully charged, should the
field be positive or negative? It seems reasonable that a
negatively charged headgroup would attract a cation and a
cationic headgroup would favor an anion but this is more
intuition than knowledge. Information about headgroup prefer-
ences might be gleaned from the specifics of protein channel
structures. Although the amino acid sequences of many protein
channels are known, the three dimensional structures of few
have been established.

For most proteins, transmembrane segments are identified by
subjecting the amino acid sequence to hydropathy analysis.13

Typically, a computer program examines the entire length of the
protein searching for sequences of amino acids that are
hydrophobic. A transmembrane segment is about 20 amino
acids if it is a-helical and it is about 10 amino acids if it is a b-
sheet. Assuming an a-helical transmembrane segment (the
common situation), the program looks for a sequence that is
expected to partition into a low polarity medium. It is interesting
to note that in an a-helix, each amino acid spans about 1.5 Å.
Thus, a 20 amino acid sequence translates to a 30 Å span—the
estimated thickness of the insulating regime. From this
discussion, the problem is apparent. If one doesn’t know the
exact structure of the protein, it is hard to guess whether the
polar residues, if any, are on the membrane surface or in the
midpolar regime. In a synthetic channel, should there possibly
be ‘headgroups’ in both positions? If one is unsure of the
headgroup position(s), then guessing whether the environment
is positively or negatively charged is obviously a challenge.

Water14 is a ubiquitous element in biology and certainly
present in bilayer membranes as well as in many proteins. What
role will water play in transport? It seems reasonable to think
that cations will be only partly desolvated as they pass through
the membrane. Complete desolvation is a high-energy process
and it is hard to see why all of the water would be stripped from
a cation on the periplasmic side of the membrane when it must
be rehydrated on the cytoplasmic surface. If water is attached to
a cation, how does this affect transport? Must we consider the
larger size of the fully hydrated cation rather than its
crystallographic diameter? Will discrete molecules of water
remain attached to individual ions or will there be exchange
with the environment? How does the presence of water affect
the choice of donor groups? Amidst all of these variables, one
thing that seems clear is that it will be difficult for any positively

charged species to traverse a 30 Å, nonpolar span without some
interim stabilization.

Our original design for a cation-conducting channel is shown
in Fig. 2. The questions posed above were dealt with as follows.
Diaza-18-crown-6 polyethers were selected to serve as both
headgroups and entry portals. It was known15 that the crowns
could bind both Na+ (log KS = 2.99)16 and K+ (log KS = 3.80).
It was also known from the early work of Kuwamura17 and of
Okahara18 that alkyl-substituted crown ethers formed micellar
aggregates when sonicated in aqueous suspension. We demon-
strated that twin-tailed diazacrowns could form stable lipo-
somes, suggesting that the crown would be effective as a head
group.19

The two distal macrocycles were expected to serve both as
headgroups and as entry portals. A K+ cation (ionic diameter
~ 2.7 Å) can pass through the center of the macrocycle as can
Na+ ( ~ 2 Å). The central macrocycle was also expected to serve
as a portal. Its role was predicted to be as a ‘relay station’ for the
transient cation. The polar interaction of the crown with the
transient cation at the least polar locale within the bilayer (the
midplane) was expected to provide transient stabilization so the
transmembrane journey could be completed. It was unknown at
the time of the design how this might be accomplished within a
protein channel.20

Dodecyl groups were chosen to be the hydrocarbon spacer
chains and sidearms. The notion was that the two covalently
attached chains would define the channel’s overall length while
the flexible sidearms organized along the lipid axis to provide
the other ‘wall’ of the channel. A C–C bond is about 1 Å in the
linear sense. The dodecyl chain is therefore just under 14 Å.
This provides a span of ~ 28 Å plus the thickness of the
macrocycle. Such a span was expected to cover the insulator
regime of the bilayer. The arbitrary decision was made to locate
the channel’s headgroup in the bilayer’s midpolar regime rather
than on the membrane surface.

Diaza-18-crown-6 groups were chosen as the macrocycles
because invertable nitrogen imparts flexibility to the system and
obviates the problem of stereoisomerism. The protonation state
of the nitrogen atoms within the bilayer is unknown at the time
of this writing. It is worth noting that the schematic of the
channel and four phospholipid monomers shows the latter with
headgroups proportional to the lipid chain lengths.

Alternative designs
The development of synthetic channel models has been
considered in a number of groups.21 In some cases, compounds
were designed de novo and in others the structures of the
products of certain reactions suggested that they might possess
channel activity. On occasion, the transport of Na+, K+ or Ca2+

was not studied but the assessment of transport efficacy was

Fig. 2
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limited to H+ or Co2+. Thus, the references cited represent a
great range of approaches, designs, structural types and
success.

Synthesis of channel 1
The first channel in the tris(macrocycle) family, designated
C12 < N18N > C12 < N18N > C12 < N18N > C12 in a shorthand
we developed some years ago,22 presented the interesting
problem of being nearly, but not quite, symmetrical. Of course,
there is two-fold symmetry through the central macrocycle. The
distal crowns, however, are attached to dodecyl chains on either
side but are not symmetrical. Our best current synthetic
approach23 is accomplished as follows.

In the first step, diaza-18-crown-6 is monoalkylated by
1-bromododecane to give C12 < N18N > (Scheme 1). This, in
turn, is treated with 1,12-dibromododecane to give
C12 < N18N > C12Br. Use of the latter to dialkylate diaza-
18-crown-6 affords channel 1 (1). This approach was the model
for the more than 30 members of this novel structural family
now in hand.

Assessment of ionophoretic activity
Three methods were used to assess the efficacy of the synthetic
cation transporters: fluorescence, 23Na NMR and planar bilayer
conductance. The fluorescence technique24 was used for
determining proton flux in a few compounds and only at an
early stage of the study. Planar bilayer methods are discussed
below. The bulk of the quantitative measurements were
accomplished by using a dynamic NMR method. In short,
phospholipid liposomes (vesicles) are created in the presence of
NaCl. 23Na NMR shows a single line for Na+(inside) and Na+

(outside). When Dy3+, a shift reagent, is added to the external
solution, the chemical shift of the external Na+ changes. When
an ionophore is added to the bilayer, internal and external Na+

may equilibrate and the exchange rate constant may be
determined from the concentration dependence of the linewidth
change: K = 1/t = p(Dn12Dn0).25

Multiple experiments at concentration ranges from 0–20 mM
are required to determine the rate constant for a single
transporter. The experiments were therefore done in tandem
with a standard of known activity. In the early work, this
standard was the naturally occurring, channel-forming peptide
gramicidin.26 Gramicidin is an excellent pore-former that

sometimes functions even when experimental conditions are not
properly maintained. Thus, the failure of a synthetic channel-
former to transport Na+ might occur due to poor experimental
conditions rather than lack of efficacy and gramicidin might
function despite the experimental problems. We have thus
adopted Dn < N18N > C12 < N18N > C12 < N18N > Dn (Dn =
dimethylaminonaphthylsulfonyl or dansyl) as our experimental
standard. The ‘dansyl channel’ transports cations very repro-
ducibly but fails when experimental conditions are not properly
maintained. We have also modified the [Na+] from 100 to 250
mM which gives better entrapment and more reproducible
experimental results.

Using the 23Na NMR method, we found channel 1 trans-
ported Na+ across a phospholipid bilayer at a rate about 27% of
that observed for gramicidin. The exchange rate observed for
gramicidin is ~ 175 s21 so channel 1 is transporting cations on
the millisecond time scale. We were also able to correlate the
transport rate with a number of structural variations although
the details are beyond the scope of this review. It was interesting
to note, however, that when terminal macrocycles were altered
from C12 < N18N > ~ to < 18N > ~ (aza-18-crown-6), Na+

transport activity was lost. Replacement of the sidearm by
benzyl, substituted benzyl, naphthyl, dansyl and others led to
differences in transport rates but most sidearm changes afforded
functional channels.

Naming the family of compounds
Many of the early channels were tris(macrocycle)s and we
referred to these compounds as such. As structural variations led
to the removal of one or more macrocycles, the name was no
longer appropriate. We considered the name ‘hydraphile’ as a
possibility because of its association with the two-headed
monster slain by Hercules. The dictionary27 provided additional
inspiration in two other definitions. A hydra is ‘any of several
small freshwater polyps of the genus Hydra and related genera,
having a naked cylindrical body and an oral opening surrounded
by tentacles’. Clearly the shape and tentacles were highly
suggestive. An additional definition added to the appropriate-
ness of the name: ‘A persistent or multifaceted problem that
cannot be eradicated by a single effort’.

Control experiments
The fact that sodium flux was observed in the presence of 1 was
very encouraging but not conclusive. It could mean that all of

Scheme 1

4 Chem. Commun., 2000, 1–9



the design concepts were as originally conceived. It is always
nice to have one’s ideas proven successful. Still, the fact of
sodium transport was permissive rather than conclusive. It was
possible, for example, that the tris(macrocycle) functioned
simply by detergent action. To assess this possibility, the
tris(macrocycle) ionophore was replaced by either Triton X-
100, a neutral detergent, or sodium dodecyl sulfate, an anionic
detergent. The concentration range in the 23Na NMR experi-
ment was expanded from the typical 0–20 mM by ten-fold to
0–200 mM but no cation flux (line broadening) could be
detected in either case.21

It was possible that the tris(macrocycle)s were unusually
active carrier molecules rather than pore-formers. A conven-
tional concentric tube apparatus was used to assess carrier
transport through a bulk CHCl3 membrane in a group of 10
compounds.28 In this experiment, a beaker is charged with
CHCl3 and water. A glass tube is then suspended in the beaker
through the upper water layer and into the CHCl3. The outer,
upper aqueous ring is thus separated from the inner core of
water. A NaX salt can be carried through the CHCl3 bulk
membrane from inner core to outer ring. On the atomic scale, a
distance of ~ 107 Å must be traversed so the channel
mechanism is precluded. The transport rates observed in this
experiment (relative to valinomycin) were compared to those
obtained for the same compounds in the 23Na NMR/bilayer
experiment (relative to gramicidin). In short, the data showed no
discernible correlation. This does not prove the channel
mechanism but clearly discounts carrier transport within the
bilayer.29 These findings comport with the observation that
fragments of the channel such as C12 < N18N > C12 < N18N > C12

or < 18N > C12 < N18N > C12 < N18 > and known carriers such
as PhCH2 < N18N > CH2Ph were not sufficiently active to show
transport when assessed by the NMR method.

It is interesting to note that addition of the tris(macrocycle)s
to the CHCl3 concentric tube system led to a dramatic increase
in hydration of that solvent.27 No further work was undertaken
to resolve this issue because it was tangential to the main thrust
of the effort.

It was possible that the rate differences observed for
structurally related channels might be due only to variations in
the extent of membrane penetration. Octanol–water partition
coefficients30 were determined for several substituted crown
ethers and the experimentally determined values were com-
pared to data calculated by the Hint module of Sybyl.27

Agreement between experiment and calculation was good. The
data showed that the tris(macrocycle)s favored octanol (i.e. the
membrane) by > 1010 up to as much as 1030. Although the rate
differential was not due to differences in partitioning, a minor
kinetic effect was observed. When the ionophore was added to

the preformed suspension of liposomes and then analyzed
immediately, the plots of 1/t vs. [ionophore] showed curvature.
If NMR analysis was delayed for an hour, the lines were
essentially straight. Likewise, if the vesicles were formed in the
presence of the ionophore (direct incorporation) linear data
were obtained. Care was thus taken to permit equilibration of
the sample system.

The channel’s conformation
Changing the size of the central macrocycle diminished the
transport rate but did not preclude it. Substituting the central
macrocycle by an O(CH2CH2O)3 chain again impeded but did
not prohibit sodium transport. We concluded that the central
macrocycle in R < N18N > C12 < N18N > C12 < N18N > R was
parallel to the lipid axis rather than parallel to the other two
macrorings. Thus, we inferred that the cation passed by but not
through the central macrocycle. This conformation is illustrated
in Fig. 3.

Assessment of optimal distances

The tris(macrocyclic) channels were designed to function in
a phospholipid bilayer but membrane dimensions and the
placement of a channel within it are elusive. An attempt was
therefore made to experimentally determine the optimal
length of the channel. This was done by varying the
length of the covalent, hydrophobic spacers in
PhCH2 < N18N > C12 < N18N > C12 < N18N > CH2Ph. It was
assumed that the overall conformation would remain similar as
the chain length was varied by 2 methylenes on either side of the
central macrocycle. The starting point for this exercise is
indicated on the graph (Fig. 4) by an arrow. It was anticipated
that incremental lengthening of a flexible assembly would lead
to some reduction in efficacy as less favorable conformations
were adopted. As chain length diminished, it was expected that
a point would be reached at which the structure was simply too
small to span the bilayer. Note that each change of 2 methylene
units in the spacer is an overall change of 4 methylenes or ~ 4
Å in span. Shortening the chain by 4 Å or lengthening by 8 Å
drops the transport rate to about half. Shortening by 8 Å leads to
an inactive ionophore. Note that by ‘inactive’ we mean that no
transport activity can be detected by the 23Na NMR method.

Assessment of the conformation and location of
the channel within the bilayer
The synthetic tris(macrocycle) channel compounds can readily
be modified to incorporate various structural probes. In

Fig. 3
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particular, fluorescent headgroups can be included as an
integral part of the structure. In biochemical studies,
for example, the indolyl residue of tryptophan is often
used as a fluorescent probe. Fluorescent dansyl residues
were incorporated into the channel as headgroups:
Dn < N18N > C12 < N18N > C12 < N18N > Dn, 2. The fluores-
cence spectrum was determined in a variety of solvents from
nonpolar to polar as well as in a phospholipid bilayer. Note that
lipids were carefully screened to be sure that any fluorescent
impurities were absent. The fluorescence maxima (lmax) are
shown in Fig. 5, plotted as a function of solvent polarity (the

Reichardt parameter, ET).31 A dashed line indicates the
fluorescence maximum determined for the dansyl channel. The
polarity experienced by the dansyl group is between that of
ethanol and methanol—about what would be expected for the
glyceryl ester regime of a phospholipid. In any event, the dansyl
environment of the channel is significantly more polar than
would be expected were it embedded in the membrane’s
‘hydrocarbon slab.

Fluorescence depth quenching
The heterocyclic ‘doxyl’ group quenches fluorescence by virtue
of its unpaired electron spin. By using doxyl-substituted
phospholipids, it is possible to estimate how far from the
bilayer’s midplane is the dansyl ‘headgroup’. 7-Doxyl- and
12-doxyl-palmitoyl-substituted phosphatidylcholines were

used along with the dansyl channel to estimate headgroup
separation.32 Application of the appropriate equations33 gives a
value for the headgroup separation of 28 Å (i.e. the distance of
the headgroup from the bilayer’s midplane is 14 Å). If the
hydrocarbon slab is approximately 30 Å thick and the dansyl
groups are ~ 6 Å, whether measured laterally or transversely,
one concludes that the channel’s termini are in or near the
midpolar region created by the glyceryl ester residues. This
comports with the position estimated from dansyl fluores-
cence.

Experiments designed to address headgroup issues
It was assumed that the conformation illustrated in Fig. 1
required the distal macrocycles to function both as headgroups
and entry portals. An effort was made to confirm experimentally
the ability of diaza-macrocycles to serve as amphiphile
headgroups. It was found that a range of 2-armed diaza-
18-crown-6 derivatives could form stable liposomes when
sonicated in aqueous suspension.34 In a molecule such as
C18 < N18N > C18, the octadecyl chains can function only as
hydrophobic tails so the macrocycles must comprise the
headgroups. Successful formation of stable liposomes from
R < N18N > R clearly implies the efficacy of the crown as a
headgroup. Evidence on the interaction of the headgroup with
cations is discussed below.

The frequent observation of the rare amino acid tryptophan at
the boundary margins of putative transmembrane segments of
proteins suggested that it might play some important role in
channel formation. In separate work, we demonstrated that
indole, the sidechain of tryptophan, could function as a

Fig. 4
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headgroup for the formation of stable liposomes.35 Clearly,
tryptophan cannot function as an entry portal for cations in the
same sense that crowns do. We prepared 3, which incorporated
the essential channel elements shown in Fig. 1, but lacked the
cation entry portal. Compound 3 showed no cation transport
ability as judged by any of the analytical methods attempted.

H-bond-induced blockage of the headgroup
Because of our35 and others’33,36 speculation that tryptophan
and/or its indole residue could play an anchoring role in
phospholipid bilayer membranes, we prepared a tris(macro-
cycle) terminated in the indolylmethyl residue, i.e.
InCH2CH2 < N18N > C12 < N18N > C12 < N18N > CH2CH2In 4.
Although structurally similar to the highly active benzyl chan-
nel (PhCH2 < N18N > C12 < N18N > C12 < N18N > CH2Ph), the
indolyl channel showed no ability to transport Na+.37 Both CPK
models and Monte Carlo simulations showed that a hydrogen
bond between the indole NH and a macroring oxygen atom
could form. An infrared band, attributable to H-bond formation,
did not alter its position during 100-fold dilution. This suggests
that the H-bond is intramolecular.

This result, although inferential, is clearly important. It
implies that weak H-bond interactions can block the channel.
This, in turn, implies that the conformation in Fig. 2 is correct
or why would occlusion of the entry portal block the channel?
Replacement of the indolyl residue by a methylindolyl, i.e.
replacement of the NH group by NCH3, gave a compound, 5,
that was fully active as a channel.

Application of the Hammett equation
If a cation enters the channel by going through or passing by the
distal macrocycle(s), it should experience the stereoelectronics
of that group. We prepared three channel compounds of the type
PhCH2 < N18N > C12 < N18N > C12 < N18N > CH2Ph in which
the aromatic ring of the benzyl group was para-substituted. The
substituents were H (shown), 4-methoxy and 4-nitro. A straight-
line relationship was observed.38 Admittedly, the graph (Fig. 6)
involves only three points but the difficulty of synthesis and
analysis will be apparent.

The critical results are as follows. First, r2 for the three-point
line is 0.95—a respectable value. Second, the slope of the line
is negative as expected for the interaction of a cation with a
neutral host. The slope is shallower than observed for
complexation of cations by dibenzyldiaza-18-crown-6 deriva-

tives.39 This is expected for a transient interaction. A third point,
not apparent from the graph, is that when relative transport rates
obtained in the concentric tube experiment (see above) were
plotted vs. Hammett s0, the straight-line ‘correlation’ had a zero
slope and r2 = 0.4.

Changes in headgroup size
Only limited work has thus far been completed to assess the
influence of headgroup size. Two channels were prepared for
this study. In both cases, the terminal residue (‘flexible sidearm’
in Fig. 1) was fluorobenzyl. The distal macrocycles were either
15- or 18-membered. When cation transport was assessed by
using the NMR method, transport of Na+ by the 15-membered
ring channel was found to be about 60% of that determined for
the compound having 18-membered distal macrocycles.40

The aggregation state of the channel
The availability of both the dansyl (2) and N-methylindolyl (5)
channels provided an opportunity to assess the aggregation state
of the channel. We found that the N-methylindolyl-sidearmed
channel absorbed light at 283 nm and fluoresced at 343 nm—the
wavelength at which the dansyl-terminated channel absorbs. An
experiment was undertaken in which the amount of channel was
held constant and the mole fractions of 2 and 5 were varied from
0?1 and 1?0, respectively. A logarithmic plot of the
fluorescence ratio as a function of mole fraction gave a line with
a slope of 1.12. The slope of this line has been interpreted to be
the aggregation state. Thus, at least for these two compounds,

Fig. 6
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the channel operates, within experimental error, as a mono-
mer.41

23Na NMR transport results
The 23Na NMR experiment as it is used to assess transport in a
bilayer membrane was described above. A number of structural
variations have been incorporated into channel 1 and the
relative transport abilities of these compounds have been
measured. Selected results are shown in  Table 1 using the
shorthand described above in which < N18N > represents
4,13-diaza-18-crown-6.

Patch clamping results
The ability of various synthetic and peptidic compounds to
function as cation-conducting channels may be demonstrated by
a technique called ‘planar bilayer conductance’, or PBC. In this
technique, a phospholipid bilayer is formed in a pinhole
separating two salt phases. When the membrane is formed over
the pinhole, it turns dark and the system is sometimes referred
to as a black lipid membrane. Using electrodes and a patch
clamp amplifier, the electrical response of a bilayer membrane
imbued with a transporter may be observed. A membrane is
normally insulating so increases in the electrical response are
interpreted as the passage of ions through it.

We conducted a number of experiments that confirmed ion
transport. Our most recent PBC results are for a calixarene-
based channel.42 The patch clamp or PBC technique is
wonderfully sensitive but it is a difficult method to master and
to reproduce. In some cases, supposedly identical samples show
high and no channel activity. In other cases, the membrane itself
collapses and terminates the study before sufficient data have
been acquired. We have thus preferred the NMR method; it is
cumbersome but, so far at least, it has proved to be reliable.

Conclusions
Clearly many channel models are possible. Our basic design is
effective and its modular design is proving useful to assess
individual structural issues. In work that is yet to be published,
we have explored covalent attachment of the sidearms and
variations in the central relay unit. Cation/anion selectivity, ion
selectivity in general, and rectification all remain important
challenges in this emerging area.
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A new 1,3,5-phenylene-based metallodendrimer containing
a ruthenium bis(terpyridyl) complex was prepared and
characterized; the rigid dendritic branches are found to
affect the electrochemical properties of the redox-active
core.

Dendrimers are well defined, highly branched macromolecules
constructed from an interior core with a regular array of branch
units.1 To investigate the influence of dendritic structures on
electrochemical, photochemical and catalytic properties, den-
drimers containing functional units have been designed and
synthesized.2 The dendritic structures influence the micro-
environment around the cores and modify their properties.3
Polypyridyl ruthenium(II) complexes ([Ru(bpy)3]2+ and
[Ru(tpy)2]2+) are widely used for the construction of dendrimers
because of their unique electrochemical and photochemical
properties.4 However, these dendrimers have been prepared by
attaching flexible dendron units around metal complexes. Rigid
dendrimers have been prepared using phenylene, phenyl-
acetylene and phenylenevinylene units as repeating units in the
dendritic structures.5 The construction of a well defined rigid
dendritic structure around a redox-active metal complex unit
may result in interesting electrochemical and optical changes.

Herein, we report the first rigid metallodendrimer containing
[Ru(tpy)2]2+ in the interior core. The synthesis of the new
1,3,5-phenylene-based dendritic ligand 3 was performed using
the methodology developed by Miller et al. (Scheme 1).6 The
terpyridyl core 1 was obtained from 3,5-dibromobenzaldehyde
and 1-(2-pyridylcarbonylmethyl)pyridinium iodide according
to the literature.7 The dendron 2 was prepared in a stepwise
manner through a Suzuki coupling reaction between an

arylboronic acid and 3,5-dibromo-1-(trimethylsilyl)benzene.8
Finally, the coupling of 2 to 1 using Pd(PPh3)4 as a catalyst
proceeded smoothly to give the dendritic ligand 3 in 70% yield.
This new dendritic ligand was characterized by 1H NMR and
matrix-assisted laser desorption ionization time of flight
(MALDI-TOF) mass spectrometric techniques. MALDI-TOF
mass spectra of 3 gave the correct molecular peak ([M + H+] m/z
= 1823). Fig. 1 shows the 1H NMR spectrum of 3 in CDCl3
which provides structural information. The 1H NMR spectrum
in the aromatic region of 3 is very simple and readily assignable
and indicates the successive generation of a highly symmetric
layered structure.

Treatment of 3 with RuCl3·3H2O generated the desired
metallodendrimer [Ru(3)2]2+ (Scheme 2) which was purified by
column chromatography after anion exchange with hexa-
fluorophosphate ion. The presence of tert-butyl groups at the
exterior positions of the dendrimer completely encapsulates the
Ru(tpy)2 core and enhances the hydrophobicity with metal-
lodendrimer [Ru(3)2]2+ being highly soluble in a variety of
organic solvents such as alkanes, but not in polar solvents such
as acetonitrile and alcohols. By contrast, the low molecular
weight complex bis(4A-(p-tolyl)-2,2A+6A,2B-terpyridyl)ruthen-
ium(ii) complex ([Ru(tpy-phMe)2]2+) only showed solubility in
polar solvents. The Homogeneity of [Ru(3)2]2+ was demon-
strated by GPC analyses and MALDI-TOF mass spectrometry.
Examination by GPC analysis showed that [Ru(3)2]2+ has a
sharp and symmetrical elution peak with a polydispersity (Mw/
Mn) of < 1.01. The MALDI-TOF mass spectrum of [Ru(3)2]2+

gave the correct mass at m/z 3891 for the [M 2 PF6] peak. Fig.
2 shows the absorption spectra of 3 and [Ru(3)2]2+, with
absorption maxima (lmax) and molar absorption coefficients (e)
collected in Table 1. The spectrum of [Ru(3)2]2+ in the visible
region showed a characteristic MLCT transition at 490 nm,
indicating the formation of a [Ru(tpy)2]2+ core.10 The molecular
coefficient for the MLCT band of [Ru(3)2]2+ was almost the
same as that of [Ru(tpy-phMe)2]2+. Moreover, the absorbance at
260 nm of [Ru(3)2]2+ was approximately double that of the
dendritic ligand 3. As revealed by a computer generated ball-
and-stick model, the dendritic ligand 3 is a hemispherical
structure with a radius of ca. 1.5 nm (Scheme 2). The
metallodendrimer [Ru(3)2]2+ is thus formed by metal-mediated

Scheme 1 Fig. 1 1H NMR spectrum of 3 in CDCl3.
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assembly through the formation of a metal complex between
two ligands possessing well defined hemispherical dendritic
structures and one Ru2+ ion.

The influence of the rigid dendritic branches on the redox
properties of the redox-active [Ru(tpy)2]2+ core was studied by
cyclic voltammetry in CH2Cl2 using Bu4NPF6 (0.1 M) as
supporting electrolyte (Table 1). The metallodendrimer

[Ru(3)2]2+ exhibited one oxidation (E1/2 = +1.25 V vs. SCE)
and two reduction processes (E1/2 = 21.28 and 21.43 V vs.
SCE). The average peak potentials (E1/2) for these processes
were almost the same as those of the non-dendiritic [Ru(tpy-
phMe)2]2+ complex.4a,9 However, [Ru(3)2]2+ showed a large
voltage difference between the current maxima of the reduction
and return oxidation wave (DE), indicative of slower electron
transfer than for the non-dendritic complex. This observation
was similar to the electrochemical results of a flexible
metallodendrimer containing redox-active core subunits.3,4 The
rigid dendritic branches around the [Ru(tpy)2]2+ core lead to a
distance of 1.5 nm between the core and the electrode surface.
The remoteness of the redox-active core from the electrode
surface was found to hinder the electron transfer processes.

In summary, we have reported the construction of a new rigid
metallodendrimer, in which the metal complex is encapsulated
in a precise position within the rigid dendritic macromolecule.
Further photochemical investigations of the rigid metal-
lodendrimer are currently in progress.
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Scheme 2

Fig. 2 UV–VIS absorption spectra of 3 and [Ru(3)2]2+ in CH2Cl2. ([3],
[Ru(3)2]2+ = 1.0 mM).

Table 1 Structural, spectroscopic and electrochemical data for [Ru(3)2]2+

m/za

Absorptionb

lmax/nm
(e/M21 cm21)

E1/2
c/V

vs. SCE
DEc/
mV

[Ru(3)2]2+ 3891 490 (25000) +1.25 180
[M 2 PF6

2] 260 (653000) 21.28 120
21.43 125

[Ru(tpy-phMe)2]2+ 490 (28900) +1.20 76
21.24 71
21.46 83

a m/z Value determined by MALDI-TOF experiments. b CH2Cl2 solution.
c From cyclic voltammetry in CH2Cl2 solution, 100 mV s21 scan rate,
Bu4NPF6 supporting electrolyte, Pt electrode, Ag/AgCl reference. E1/2 is
defined as the average of the two voltages at the current maximum/
minimum of the redox waves. DE is defined as the difference of the peak
voltages for the reduction and return oxidation waves.

12 Chem. Commun., 2000, 11–12
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The isolation and characterization of bismuth complexes
involving ester functionalities on bifunctional ligands dem-
onstrates the use of thiolates as anchors for weaker donors
and in the context of the medicinal relevance of bismuth
compounds, offers the opportunity to study the interaction
of all biorelevant functional groups with bismuth. 

The developing coordination chemistry of bismuth is hindered
by the facile hydrolysis of most bismuth–element bonds to give
the bismuthyl unit (BiO+), which involves essentially quantita-
tive precipitation.1 Consequently, complexes of weakly donat-
ing functionalities can only be isolated in the absence of
moisture and many conventional types of ligand have not yet
been observed on bismuth. The high thermal and hydrolytic
stability of the sulfur–bismuth bond2 has enabled synthetic
control using bifunctional ligands involving a thiolate anchor,3
which offer the additional advantage of satisfying the high
coordinative capacity of the bismuth center and thereby inhibit
intermolecular interactions and coordination polymerisation.
As a result, the complexes exhibit relatively high solubility
allowing for crystallization and structural and spectroscopic
characterization. We have exploited these realizations to
prepare the first examples of ester complexes of bismuth,
despite the relatively low basicity of the ester (carbonyl) (pKb
21.5; cf. OH pKb 16.5, NR2 pKb 9.2, CO2

2 pKb 9.2)
functionality. The significance of these new complexes lies in
their relationship to the extensive and medicinally relevant
carboxylate chemistry of bismuth. In this context, one of the

new ester complexes adopts a pendant donor intermolecular
arrangement that is reminiscent of the ubiquitous dimer
structure 1 observed for the most extensively studied colloidal
bismuth subcitrate (CBS).1,4–7

Reactions of potassium (methylester)methanethiolate with
bismuth(III) chloride in 95% ethanol at the appropriate stoichio-
metry give bis[(methylester)methanethiolato]bismuth(III) chlo-
ride 2 (2+1) and tris[(methylester)methanethiolato]bismuth(III)
3 (3+1), respectively.†‡ Reaction of (methylester)methanethiol
with bismuth(III) chloride also give 2, which was identified by
its distinctive Raman spectrum as the dominant product,
independent of reaction stoichiometry (4+1, 3+1, 2+1).

Compound 2 adopts a one-dimensional polymeric array in the
solid state (Fig. 1), with hepta-coordination for bismuth
imposed by four equatorially disposed sulfur centers, two
oxygen centers (carbonyl) and one chlorine center. The long and
essentially equivalent Bi–S distances result from the strong

Fig. 1 Crystallographic view of polymeric arrangement of [Bi(SCH2CO2-
Me)2Cl] 2. Thermal ellipsoids are drawn to 50% probability.

Fig. 2 Crystallographic view of the dimeric arrangement of [Bi(S-
CH2CO2Me)3] 3. Thermal ellipsoids are drawn to 50% probability.

This journal is © The Royal Society of Chemistry 2000
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trans influence8 induced by intermolecular Bi–S contacts [S(1)-
Bi–S(2a) 154.5(2) and S(2)–Bi–S(1a) 170.3(1)°]. Although a
molecular unit represented by drawing 2 is indistinguishable in
the polymeric solid state structure, the analogy with the more
molecular hydroxy/thio 4a9 and amino/thio 4b3,9,10 derivatives
is important. We attribute the more polymeric structure of 2 to
the restrictions imposed by the backbone sp2 hybridized
carbonyl carbon center and the consequential chelate ring
strain.

The structure of the tris(esterthiolato)bismuth complex (Fig.
2) may, at first glance, be viewed as two tris-chelated bismuth
centers 3, as observed for the keto/thiolate 5a11 and aminothio-
late complexes 5b.3 However, closer inspection of the Bi–S
bond distances [i.e. Bi…S(2a), 3.331(2) is substantially longer
than Bi–S(2), 2.608(2), Table 1] reveals that one of the ligands
clearly functions as an internuclear (Bi…Bi) bridge, rather than
a chelating ligand, imposing a distinct dimer structure (3)2. In
comparison with the polymeric structure of 2, substitution of the
chloride for a third thiolate is manifested in the dislocation of
the …S2BiS2Bi… chain with consequential enhancement
(shortening) of the three facial thiolate interactions (Table 1).

The dimeric structure (3)2 imposed by the pendant ester is
analogous to that observed for CBS 1.12 In contrast, the methyl
groups preclude the interdimer interactions observed in the
carboxylate complexes, resulting in a relatively simple molec-
ular structure and highlighting the ester functionality as an
important stepping stone to understanding the carboxylate
chemistry of bismuth.

The identification and isolation of the first ester complexes of
bismuth is demonstrative of the synthetic value of the thiolate as
an anchor for weaker donors at the other terminus of
bifunctional ligands. In the compelling quest to understand the
bioactivity of bismuth compounds,13–15 we now have the
opportunity to study the interaction of all biorelevant functional
groups with bismuth. For example, we are currently developing
synthetic procedures towards bifunctional thiolate/amide
[C(O)NR2] ligand complexes, which represent an alternative
derivatization of the carboxylate functionality and for which we
anticipate an intermediate number of intermolecular inter-
actions between those of the carboxylate and ester complexes.

Notes and references
† [Bi(SCH2CO2Me)2Cl] 2: BiCl3 (1.67 g, 5.28 mmol) added to methylthio-
glycolate (1.12 g, 10.6 mmol) in 95% ethanol (150 mL) was allowed to stir
overnight. The product was removed by suction filtration and recrystallized
from DMF under vacuum (yellow needles). Yield 1.10 g (46%); mp 128 °C;
Anal. Calc.: C, 15.85; H, 2.22%. Found: C, 16.08; H, 2.26%; IR(cm21):
555w, 681w, 770w, 874s, 886w, 986m, 994m, 1161m, 1206m, 1296m,
1318m, 1676s, 1707s; Raman (cm21): 95vs, 117s(sh), 147s, 187s, 227vs,
260vs, 350m, 399w, 561w, 686w, 768w, 888m, 984w, 1181w, 1204w,
1325w, 1376w, 1392w, 1428w, 1673w, 2903s, 2940m, 2959m, 3044w; 1H
NMR (dmso2d6): d 3.62, 4.69; 13C NMR (dmso-d6): d 29.6, 52.3, 176.3;
APCI2MS (rel. % intensity): 313(2), 349(100), 419(32).

[Bi(SCH2CO2Me)3] 3: BiCl3 (1.65 g, 5.23 mmol) added to methylthio-
glycolate (1.67 g, 15.7 mmol) and KOH (0.88 g, 16 mmol) in 95% ethanol
(150 mL) under N2 was allowed to stir overnight. The solution was filtered
and concentrated by rotary evaporation. Yellow needles of 1 appeared after
2 h at 4 °C, collected after 1 day. Yield 0.71 g (26%); mp 65 °C; Anal. Calc.:

C, 20.61; H, 2.88%. Found: C, 20.71; H, 2.84%; IR(cm21): 569m, 583m,
681w, 711m, 772w, 864m, 880w, 889m, 899w, 909w, 992s, 1021w, 1141m,
1204s, 1287s, 1308s, 1397m, 1434s, 1558w, 1579w, 1605w, 1623w,
1691m, 1735m; Raman (cm21): 95vs, 146m, 195m, 221m, 266vs, 292vs,
334m, 402w, 580w, 714w, 769w, 885w, 908w, 990w, 1151w, 1181w,
1296w, 1397w, 1435w, 1696w, 2886s, 2956m, 2976m, 2988m, 3034w; 1H
NMR (dmso-d6): d 3.63, 4.46; 13C NMR (dmso-d6): d 29.4, 52.3, 175.8;
APCI-MS (rel. intensity): 313(4), 419(100).
‡ Crystal data. for 2: C6H10BiClO4S2, M = 454.70, monoclinic, space
group Pa (no. 7), light yellow needles, a = 8.092(2), b = 9.13(1), c =
8.128(3) Å, b = 102.90(2)°, V = 585.5(6) Å3, Dc = 2.556 g cm23, Z = 2,
T = 23.0 °C, R = 0.036, Rw = 0.027, GOF 1.57. For 3: C9H15BiO6S3, M
524.36, triclinic, space group P1̄ (no. 2), yellow needles, a = 9.340(1), b =
11.553(3), c = 8.168(1) Å, a = 109.18(2), b = 92.98(2), g = 103.38(2)°,
V = 798.4(3) Å3, Dc = 1.993 g cm23, Z = 2, T = 23.0 °C, R = 0.0297,
Rw = 0.0293, GOF 1.60.

All measurements were made on a Rigaku AFC5R diffractometer with
graphite monochromated Mo-Ka radiation (l = 0.71069 Å) and a 12 kW
rotating anode generator. The structures were solved by direct methods
(SHELXL97) and refined by full-matrix least least squares on F using 608
(2) and 3230 (3) reflections with I > 3.00s(I). A final difference-Fourier
map yielded r(max.) = 0.72 e Å23 and r(min.) = 20.69 e Å23 for 2 and
r(max.) = 1.26 e Å23 and r(min.) = 20.80 e Å23 for 3. CCDC
182/1488.
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Table 1 Comparison of selected bond lengths (Å) in bismuth complexes with esters, hydroxy moieties, ketones and citrate

2 3 4a9 5a11 CBS12,16–19

Bi–O(1) 2.68(2) Bi–O(1) 2.807(5) Bi–O 2.80(1) Bi–Oa 2.575(11)
Bi–O(3a) 2.77(2) Bi–O(6) 2.861(5) 2.86(1) 2.614

2.537(10)
Bi···O(4a) 3.071(7) Bi···O 2.4–2.6

Bi–S(1) 2.849(7) Bi–S(1) 2.568(2) Bi–S 2.595(3) Bi–Sa 2.724(3)
Bi–S(2) 2.884(6) Bi–S(2) 2.608(2) 2.558(4) 2.581(4)
Bi–S(1a) 2.963(7) Bi–S(3) 2.574(2) 2.659(5)
Bi–S(2a) 2.861(9)

Bi···S(2a) 3.331(2) Bi···S 3.124(4) Bi···S 3.494(5)
Bi–Cl(1) 2.535(6) Bi–Cl 2.589(3) 3.551(5)

Bi···Cl 3.488(4)
a Average bond distances for two unique molecules.

14 Chem. Commun., 2000, 13–14
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The synthesis and thermal properties of a novel donor–
acceptor mesogen which is composed of a disc-like triphenyl
ene donor group linked to a flat trinitrofluorenone acceptor
via a rod-shaped azobenzene moiety are presented.

Thermotropic liquid crystals may be composed of molecules
possessing rod-shaped as well as disc-like anisometric geome-
try. The molecular shape is known to determine the type of
mesophase that is formed. Rod-like mesogens predominantly
form smectic phases whereas molecules possessing on average
a flat rigid core surrounded by a certain number of long flexible
side chains preferably organize into columnar mesophases. A
disadvantage for certain applications is that disc-like and rod-
like mesogens are not miscible and that phase separation occurs
on a macroscopic scale. Even the chemical linkage of molecular
sub-units with different anisometric shapes via flexible spac-
ers1–3 does not necessarily lead to mesomorphic properties.

On the other hand, self-organization with formation of liquid
crystalline structures can arise from attractive intermolecular
interactions such as hydrogen bonding or charge-transfer
complex formation between complementary molecules. For
example, CT interactions between flat aromatic electron donors
such as triphenylene ethers or radial multialkynylbenzene
compounds with acceptor molecules may cause the stabilization
as well as the induction of columnar mesophases.4–6

The combination of the two principles, molecular geometry
and CT interactions, has led to the design of charge-transfer
twin molecules with a flat electron donor group separated from
an intramolecular acceptor function by a flexible alkyl
spacer.7–9 It could be shown that the chemical linkage of the
donor with an acceptor molecular sub-unit gives rise to liquid
crystalline structures that cannot be achieved by simple mixing
of the components.

The concept is that the covalent linking of a disc-like donor
to a calamitic moiety, with structure formation tendencies
promoted by an additional intramolecular acceptor function,
will avoid destruction of mesomorphic order. New aspects for
the control of supramolecular structures may arise from this
combination of three structural elements, differing in shape and
functionality, within one molecule. Recently we reported the
first compounds aimed to realize this concept. These are charge-
transfer molecules with a calamitic group placed between an
enlarged pentaalkynylbenzene donor and a flat acceptor moiety.
The novel compounds were found to display a nematic-
columnar like phase with the individual columns separated by
rod-like groups.10

We present here the non-symmetric trimer 4 which is the first
disc-rod triple mesogen composed of a disc-like alkoxy-
substituted triphenylene donor group and a nitrofluorenone
based acceptor unit, the two complementary parts being linked
chemically via alkyl spacers to the termini of a rigid rod-shaped
azobenzene moiety.

As shown in Scheme 1, the reaction sequence leading
towards the donor–acceptor triple molecule 4 starts out from the
alkoxytriphenylene 1 carrying one terminal bromine sub-

stituent. Compound 1 was converted into the non-symmetric
dimer 3, which combines a disc-like triphenylene donor and a
rod-like sub-unit via an ether bridge, by reaction with the
azobenzene derivative 2.† Subsequent esterification of the
remaining free aliphatic hydroxy group in the intermediate 3
with 3-(2,4,7-trinitrofluoren-9-ylideneaminooxy)propionic
acid7 in the presence of N,NA-dicyclohexylcarbodiimide and
catalytic amounts of 4-dimethylaminopyridine yielded the
triphenylene based trimer 4.‡

Differential scanning calorimetry (DSC) gives evidence that
the triphenylene donor–acceptor molecule 4 exhibits a glass
transition at 19.4 °C followed by a phase transition into the
isotropic phase at 56.3 °C (DHi = 1.5 kJ mol21). Enantiotropic
mesomorphic behaviour is confirmed by polarizing micro-
scopy. The optical textures, however, are small-sized and non-
specific. Considering the fact that there is no indication of liquid
crystalline phase formation for the disc-rod dimer 3 it follows
that, as found for charge-transfer triple mesogens based on a flat
pentaalkynylbenzene donor moiety,10 the mesophase of the
triphenylene CT-triple 4 predominantly originates from donor–
acceptor interactions due to the additional chemical linkage of
the acceptor sub-unit. Further work is in progress to characterize
charge-transfer complex formation of compound 4 spec-
troscopically.

The wide angle X-ray diffractogram of the triphenylene
trimer 4 is presented in Fig. 1. It displays a distinct reflection in
the small angle region corresponding to a distance of 1.56 nm.
The value agrees approximately with the diameter of the
triphenylene donor group. The amorphous halo which appears
at larger scattering angles points to the liquid-like ordering of
the flexible alkoxy chains. The halo is superimposed on an

Scheme 1
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intense reflection which is characteristic for a periodical
packing of flat anisometric cores in a column. The intra-
columnar distances amount to 0.34 nm. This value is typical for
columnar mesophases of hexaalkoxytriphenylenes doped with
electron acceptors such as 2,4,7-trinitrofluoren-9-one (TNF).4

Certainly, the individual columns are formed through an
intercalated stacking of the flat donor and acceptor groups of
different molecules 4. Furthermore, it is reasonable to suggest
that the alkyl spacers connecting the three rigid molecular sub-
units preferably adopt more or less stretched conformations.
This gives an arrangement of the calamitic moieties with their
long axis predominantly oriented orthogonal rather than parallel
to the column axis. The distance of 1.56 nm, corresponding to
the small angle reflection, would be quite reasonable for the
mean distance between adjacent columns perpendicular to the
main axis of the molecules. We further have to take into account
the unusually high viscosity that is observed by polarizing
microscopy within the mesophase range of the triphenylene
triple molecule 4, which is typical for liquid crystalline
polymers rather than for low molar mass mesogens. Therefore,
we assume that as a result of the covalent linkage a one-
dimensional quasi-chain incorporating the rod-shaped azo-
benzene units is realized which connects the alternating stacks
of the donor and acceptor fragments of the molecules. A two-
dimensional structure model arising from these considerations
is presented schematically in Fig. 2.

The absence of mixed reflections in the small angle region
indicates that the columns are not arranged on a two-
dimensional lattice, rather that a layer structure exists along one
direction. Further investigations are in progress to clarify this
point.

In summary, the CT-triple compound 4 is the first representa-
tive of a novel family of non-conventional thermotropic liquid
crystals arising from the chemical linkage of a disc-like
triphenylene donor, a rod-shaped moiety and an acceptor sub-
unit. The concept of combining the three different structural
elements in a defined manner within one molecule along with
charge-transfer interactions introduced by the intramolecular
acceptor function provides a powerful tool towards novel
thermotropic mesophases, bridging the gap between smectic
layer structures and columnar liquid crystalline phases.12

Interesting properties such as optical biaxiality may be expected
for such intermediate phases. Further work is currently in
progress to modify molecular parameters such as the number of
methylene groups in the spacer segments separating the three
rigid moieties of the triphenylene based donor-acceptor triple
mesogens.

The financial support of the Deutsche Forschungsgemein-
schaft and of the Land Brandenburg is gratefully acknowl-
edged.

Notes and references
† The 2-(6-bromodecyloxy)-3,6,7,10,11-pentapentyloxytriphenylene 1
used as the starting material was available via ferric chloride mediated
regioselective coupling of 3,3A,4,4A-tetrapentyloxybiphenyl with
2-(6-bromodecyloxy)-1-pentyloxybenzene (ref. 11). The azobenzene com-
pound 2 was prepared by alkylation of 4-acetylaminophenol with
6-chlorohexan-1-ol followed by acidic N-acetate cleavage, diazotisation of
the resulting aniline and coupling with phenol.
‡ All new compounds 1–4 had spectroscopic data (IR, 1H NMR, 13C NMR)
consistent with the assigned structure. Selected data for 4: dH(300 MHz,
CDCl3) 8.90 (s, 1H, TNF), 8.56 (m, 2H, TNF), 8.25 (d, 1H, TNF, J 8.75)
8.03 (d, 1H, TNF, J 8.76), 7.70 (d, 4H, phenyl, J 8.71), 7.62 (s, 6H, phenyl),
6.89 (m, 4H, phenyl), 4.80 (t, 2H, CH2-O-N, J 6.16), 4.15–4.24 (m, 12H,
CH2-O-phenyl and 2H, CH2-O-CO), 3.95–4.02 (m, 4H, CH2-O-phenyl),
2.95 (t, 2H, CH2-COO, J 6.15), 1.25–2.05 (m, 54H, CH2), 0.99 (t, 15H, CH3,
J 7.05); dC(300 MHz, CDCl3): 170.50 (1C, COO), 161.10 (2C, phenyl C-
O), 160.89 (1C, TNF CNN), 148.65 (6C, phenyl C-O), 148.42 (1C, TNF C-
NO2), 146.64 (1C, TNF C-NO2), 146.56 (2C, phenyl C-N), 143.65 (1C,
TNF C-NO2), 138.85 (1C, TNF), 133.67 (1C, TNF), 131.25 (1C, TNF),
128.34 (1C, TNF CH), 128.78 (1C, TNF CH), 125.79 (1C, TNF), 124.13
(4C, phenyl CH), 122.72 (6C, phenyl and 1C, TNF CH), 120.52 (1C, TNF
CH), 119.48 (1C, TNF CH), 114.48 (2C, phenyl CH), 114.43 (2C, phenyl
CH), 106.26 (6C, phenyl CH), 72.75 (1C, CH2-O–N), 69.29 (6C, CH2-O-
phenyl), 68.20 (1C, CH2-O-phenyl), 67.88 (1C, CH2-O-phenyl), 64.94 (1C,
CH2-O-CO), 34.26 (1C, CH2-CO-O), 29.52–22.57 (27C, CH2), 14.10 (5C,
CH3); n(KBr)/cm21 1760 (COO), 1530 (NO2), 1340 (NO2).
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Fig. 1 Wide angle X-ray diffractogram of the triphenylene disc-rod triple
mesogen 4.

Fig. 2 Two-dimensional structure model for the novel mesophase of the
donor–acceptor molecule 4 combining features of calamitic liquid crystal-
line phases with those of columnar mesomorphic structures. For sake of
clarity the peripheral alkoxy substituents of the triphenylene donor are not
shown. The appearance of only one small angle reflection along with the
relatively small clearing transitional enthalpy seem to indicate a strongly
distorted structure. Therefore, the model has to be considered as an ‘ideal’
structure at a local molecular level.

16 Chem. Commun., 2000, 15–16
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The new ternary metal rich compound Hf27Si6P10 has been
synthesized by reduction of HfP with Hf and Si; Hf27Si6P10
crystallizes in a new structure type, a characteristic and
unexpected feature of which is the presence of P2 groups; the
structural results are interpreted with the aid of high-level
band structure calculations.

The large family of metal-rich binary compounds that are
formed between a transition metal (M) and a variety of main-
group non-metals, metalloids and adjacent metals (Q) exhibit a
remarkable range of compositions, structures and properties. It
is surprising that these compounds challenge our basic assump-
tions about the chemistry of the transition elements and our
chemical understanding in general. The existence and structure
of none of these compounds can be predicted a priori and a
rationalization of their structures a posteriori does not give
chemically conclusive hints why seemingly simply binary
compounds of the early transition metals (e.g. with composition
M2Q) display as many differences as they do.1–5 Furthermore,
the possibility of metal segregation in mixed-metal systems
allows the formation of pseudo-binaries (M–MA)–Q which have
no counterparts in the binary systems.6

Nonetheless, this group of compounds also shows some
common characteristics regarding their structures as well as
their electronic and bonding features. (i) In all known
representatives the non-metal atoms are situated in capped
trigonal-prismatic voids of the metal sublattice, and there are no
filled voids adjacent to each other, i.e. from a topological point
of view, there is no possibility for Q–Q bonding. (ii) Owing to
appreciable differences in the electronegativities and valence
energies of the component atoms, pnictides may be viewed as
polar intermetallics; the more electronegative main-group
element in these compounds contributes mostly to the low-lying
valence band, especially for compounds of the early transition
metals, whereas the conduction band has large contributions
from the metal atoms. The stability is mostly based on strong
heteroatom M–Q bonding; in addition, metal-rich phases also
exhibit strong M–M but no Q–Q bonding.7

In the quest for new metal-rich quasi-binary early transition
metal pnictides we have investigated reactions in the system M–
Q–QA (M = Zr, Hf; Q = P, As, S, Se; QA = Si), the rationale
behind this synthetic approach being to mimic the electron
count in known binary compounds by the use of three
components. Hf27Si6P10 was prepared in a two step synthesis.
To avoid a loss of P during the arc melting, HfP8 was
synthesised in a silica tube at 800 °C from the elements in a 1+1
ratio. In the second step, stoichiometric mixtures of HfP, Hf and
Si were pressed into pellets with a hydraulic press. The pellets
were melted under argon on a water-cooled copper hearth.
Reactions with the approximate starting compositions ‘Hf6SiP2’
led to homogeneous products. EDX investigations on selected
crystals indicated a phase width of ±10% within the limits of
accuracy. According to the results of the X-ray structure
determination9 Hf27Si6P10 crystallizes in a new structure type
which contains fragments of a bcc packing. The crystal structure
is depicted in a projection along the short a axis in Fig. 1. All
atoms are located at x = 0 or 0.5 along the crystallographic a
axis, i.e. each layer in Fig. 1 is fused to identical layers above
and below the projection plane. The unit cell contains 54 metal
atoms (nine crystallographically independent metal atoms per
asymmetric unit) and 32 Si and P atoms (which cannot be

distinguished by X-ray diffraction). The P and Si atoms are
located in mono-, bi- and tri-capped trigonal Hf prisms with Hf–
P/Si bond lengths ranging between 2.572(6) and 3.083(7) Å,
where the larger Si atoms are assumed to be located in the nine-
coordinate sites (Si and P mixing on the non-metal positions,
however, cannot be ruled out). Based on this assumption the
composition Hf27Si6P10, in agreement with the analytical
results, has been assigned. In an alternative description the
Hf27Q16 structure may be viewed as being built up from M6Q8
clusters and cluster fragments.10 The Hf27Q16 structure contains
two variants of fused M6Q8 clusters that are condensed via
common corners along [100]: Hf5 fragments of the Hf6Q8
cluster where a Hf atom from the equatorial plane of the
complete Hf6X8 unit is missing, and two types of Hf6Q8 clusters
which are linked via common corners with Hf5 and Hf6 units.
The first type of Hf6Q8 cluster (dark grey in Fig. 1) is linked to
four Hf5 units (medium grey) in the projection plane to give an
entity with a ‘bow-tie’ shape. The second type of Hf6Q8 cluster
(shown in light grey) is connected to two Hf5 and two Hf6 units
in such a way that four type-2 Hf6Q8 clusters form a tetrameric
entity. The entity in turn is linked by sharing common corners
with four Hf5 units. These condensed cluster units form a
ribbon-like pattern along [001] which is highlighted in Fig. 1.
Each of these ribbons is fused with two adjacent ribbons by Hf–
Hf bonds and by sharing common P/Si atoms. Thus, all Hf
atoms belong either to Hf5 or Hf6 units.

The shortest Hf–Hf bonds occur between the apical and basal
atoms of the cluster units [distances ranging from 3.035(1) to
3.215(1) Å], whereas the equatorial Hf–Hf distances are
significantly longer [3.544(2)–3.825(2) Å]. As is apparent from
the length of the b axis, the octahedra are tetragonally
compressed; as a result, the distances between the apical Hf
atoms are 3.573(1) Å.

The most important and unexpected feature of the Hf27Q16
structure are two short P–P separations of 2.58(2) and 2.69(13)
Å which are clearly in the bonding range. In addition, the Hf–Hf
contacts across the P–P units are, at 3.270(2) and 3.225(1) Å,

Fig. 1 View of the Hf27Si6P10 structure along a. White circles, Hf atoms;
grey circles, Si atoms; black circles, P atoms.
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very short. Based on Pauling’s formula11 dn = d1 2 0.6 log n,
the bond orders for the P–P contacts are 0.23 and 0.15 i.e. P–P
bonding is present to a significant extent. These empirical
results are also supported by the results of first-principles ab
initio band structure calculations (vide infra) that have been
performed on hypothetical Hf27P16 (the binary electron-rich end
member of the ternary system Hf27SixP162x where the weakest
P–P interactions might be expected). The presence of non-
metal–non-metal bonding interactions in metal-rich compounds
of an early transition metal is remarkable for at least two
reasons: (i) since the non-metal atoms are the more electronega-
tive partners in these compounds, the non-metal states should be
occupied whereas the high-lying metal states are about to be
filled. As a result, bonding interactions between non-metal
atoms are unlikely. (ii) The non-metal atoms are situated in the
voids of the metal sublattice and the probability of having filled
voids adjacent to each other decreases with increasing M+Q
ratio.

The Hf27Q16 structure contains two adjacent bicapped
trigonal-prismatic sites. One of them is embranced by four Hf6
clusters of the tetrameric unit, while the second is located at the
intersection of the tetrameric unit and the ‘bow-tie’ shaped
fragment. In order to clarify if this topological arrangement is
only accidental, or if P–P interactions are significant for the
structure stability, we have analysed the electronic structure of
the title compound.

Considering the short P–P contacts as P–P bonds the
electronic structure of Hf27Q16 may be formally described as
(Hf1.78+)27(Si42)6(P2

42)3(P32)4, i.e. approximately two elec-
trons are available for each Hf atom for metal–metal bonding.
According to the results of TB–LMTO–ASA calculations12 the
3p block of the Si and P atoms is located well below the Fermi
level. Fig. 2 shows the computed total density of states for
hypothetical ‘Hf27P16’ with the metal and non-metal contribu-
tion [Fig. 2(a)] as well as the results of the P–P bonding analysis
in form of the COHP plot [Fig. 2(b)]. The P–P bonding states
are separated by a small gap from the antibonding states that

appear to be very localised just below 22 eV. The strong
localisation indicates that a fraction of the P 3p orbitals is
preferentially engaged in P–P bonding. A significant density of
states is found at the Fermi level. Considering the M–M bonds
along all directions in the structure of Hf27Q16, metallic
properties can be safely assumed. The different site preferences
for Si and P can be understood based on the differences in M–Q
bonding. The bonding analysis of ‘Hf27P16’ shows that higher
bond orders are associated with the higher coordinated sites, and
this situation should be increased for Si because of the greater
expansion of the 3p orbitals and the lower electronegativity of
Si relative to P.

In summary, Hf27Q16 is a metal-rich compound of an early
transition metal whose structure is stabilized to a significant
extent by bonding between the non-metal atoms. This is
associated with a partial electron transfer from the anionic to the
cationic components, which has also been observed for metal
tellurides;13,14 a comparable feature has been reported for two
compounds of the heavy group homologues, Hf6TiSb4

15 and
(Zr, V)13Sb10,16 but is unprecedented for the lighter con-
geners.

This work was supported by the Fonds der Chemischen
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Fig. 2 (a) LMTO density of states for ‘Hf27P16’; solid line: total DOS;
dashed line: Hf contribution; dotted line: Si/P contribution. The Fermi level
is indicated by the vertical bar. (b) Crystal orbital Hamiltonian populations
(COHP) for the P–P interactions. Upper part of the diagram is bonding, the
lower part antibonding. The dotted line represents the integrated P–P
overlap population.
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We outline a conceptually simple and general route to bowl-
shaped benzocorannulenes based on readily assembled
PAHs which on flash vacuum pyrolysis result in the
sequential formation of a five- and six-membered ring;
following this approach, syntheses of mono-, di- and tri-
benzocorannulenes have been achieved.

As a part of our continuing interest in the synthesis of C60
fullerene (bucky-ball) and its fragments (bucky-bowls),1,2 we
became interested in developing a synthetic approach to
pentabenzocorannulene 1 en route (see transannular bridging
indicated in 1) to the ‘deep-bowl’ 2, C40H10.3 Bowl-shaped 1
and 2 represent 2/3 of the carbon content of C60 with eleven and
sixteen rings, respectively, constituting a dominant cross-
section on the fullerene surface. Both 1 and 2 evoke consider-
able synthetic interest and are formidable objectives. As a
prelude to efforts towards 1 and 2, we have developed a new and

general synthetic route to benzoannulated corannulenes in
which an appropriately constructed aromatic array upon flash
vacuum pyrolysis (FVP) undergoes two-fold C–C bond forma-
tion involving cyclodehydrogenation to generate a five-mem-
bered ring, followed by insertion of vinylidene carbene or
equivalent species to form a six-membered ring. Herein, we
report the synthesis of mono-, di- and tri-benzocorannulenes
3–5.

Our approach to benzocorannulene 3 emanated from 13-
methylbenzo[g]chrysene 7, readily available from 9-methyl-
phenanthrene 6 through a tactical modification of the reported

procedure.4 The methyl group in 7 was oxidised to the required
aldehyde 9 in two steps via the intermediate bromide 8 (Scheme
1). The aldehyde functionality in 9 was then elaborated to 10–12
having active functionalities, which on thermal activation under
FVP conditions were expected to result in the projected two-
fold cyclization. Indeed, FVP of 10–12 furnished 3, albeit in
low yields characteristic of such reactions (Scheme 2).2
Benzocorannulene 3 was readily identified through its spectral
characteristics (UV, 2D NMR, mass).5,6

Our approach to dibenzocorannulene 4 originated from
5-methylbenzo[c]phenanthrene 13, in turn readily accessible
from commercial 2-methylnaphthalene.7 Naphthoannulation on
13 through the intermediacy of the Wittig salt 14 and
photocyclization of the resulting stilbene derivative 15 led to
13-methyldibenzo[c,p]chrysene 16 (Scheme 3). The methyl

Scheme 1 Reagents and conditions: i, NBS, AIBN, CCl4, 73%; ii,
(Bu4N)2Cr2O7, CHCl3, 76%.

Scheme 2 Reagents and conditions: i, CBr4, PPh3, Zn, CH2Cl2, 85%; ii,
ClCH2PPh3Cl, ButOK, 0.5 h, 68%; iii, ClCH2PPh3Cl, ButOK, 2 h, 60%; iv,
FVP, 1150 °C, 5–7%; v, FVP, 1150 °C, 2–3%; vi, FVP, 1150 °C, 1–2%.
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group in 16 was oxidised to the aldehyde 17 and in the light of
the relatively more efficient conversion 10?3 was further
transformed to the hexacyclic gem-dibromoalkene 18, the
desired FVP precursor. On thermal activation 18 underwent the
expected double cyclization to furnish the new dibenzocor-
annulene 4 and was fully characterised on the basis of incisive
spectral analyses5 (Scheme 3).

Interestingly, 5-methylbenzo[c]phenanthrene 13 and the
Wittig salt 14 derived from it also served as the precursor for the
synthesis of tribenzocorannulene 5. Wittig coupling between 14
and 4-methylnaphthaldehyde gave 19 which on photocycliza-
tion led to the naphtho[1,2-f]picene derivative 20 (Scheme 4).
The methyl group in 20 was again elaborated to the aldehyde 21
and further to the FVP precursor 22. As planned, FVP on 22

furnished the desired tribenzocorannulene 5, which was spec-
troscopically characterised (Scheme 4).5,6

In short, we have accomplished the syntheses of bowl-shaped
benzocorannulenes 3–5 from appropriate polycyclic aromatics
employing FVP as the key step, in which a five- and a six-
membered rings are sequentially formed. The precursor poly-
cyclic platforms were assembled from simple aromatic starting
materials through an iterative sequence involving Wittig
olefination and photocyclization steps. Notwithstanding the low
yields in the final FVP step, which is not uncommon for such
cyclizations,1,2 this work demonstrates the generality of our
approach and sets the stage for the synthesis of 1 and 2.

We thank JNCASR for financial support and the SIF facility
at I.I.Sc for high field NMR data. One of us (P. V. V. S. S.)
thanks CSIR for a research fellowship. We thank Professor L. T.
Scott for generously providing copies of spectra for comparison
purposes.
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Scheme 3 Reagents and conditions: i, NBS 99%; ii, PPh3, C6H6, 79%; iii,
p-MeC6H4CHO, Cs2CO3, PriOH, 80%; iv, hv, I2, C6H6, propylene oxide,
65%; v, NBS, CCl4, 44%; vi, (Bu4N)2Cr2O7, CHCl3, 77%; vii, CBr4, PPh3,
Zn, CH2Cl2, 85%; viii, FVP, 1150 °C, 5–7%.

Scheme 4 Reagents and conditions: i, 4-methylnaphthaldehyde, Cs2CO3,
PriOH; ii, hv, I2, C6H6, propylene oxide, 50% (2 steps); iii, NBS, CCl4, 45%;
iv, (Bu4N)2Cr2O7, CHCl3, 70%; v, CBr4, PPh3, Zn, CH2Cl2, 55%; vi, FVP,
1150 °C, 1–2%.
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An aminocryptand host enforces approach of encapsulated
Tl(i) ions to just within 4.4 Å; despite this relatively large
separation, strong Tl(I)…Tl(I) interaction is observed and
the aromatic proton of the bridging link exhibits a large
through-space coupling to the pair of equivalent Tl nuclei.

In recent years we have become interested in the consequences
of enforced proximity between cations encapsulated within
azacryptand hosts.1 In the transition series, this steric enforce-
ment generates a previously uncharacterised bonding situation:
a one-electron bond between copper ions in an average-valence
+1.5 redox state.2–6 Steric enforcement of close approach for
transition ions implies use of relatively small hosts such as
(imBT)† and amBT( = imBT + 12H), while larger hosts such as
(N[(CH2)2NNCH(C6H4-m)CHNN(CH2)2]3N (L1) and its amino
form L2 ( = L1 + 12H) have suitable cavity size to accommodate

pairs of larger main group cations such as Tl+. Our earlier
studies with cryptates of L27,8 and the analogous iminocryptand
ligand, L1, demonstrate9,10 that these hosts offer internuclear
distances of between 3 and 6 Å according to the preference of
the guest cation, as the cryptands can make use of a triple helical
twist mechanism11,12 which allows them to adapt to the
preferred coordination site separation of the cationic guests.

There is interest13 among bonding theorists in interactions
between the formally closed shell low-valent p-block cations. In
a number of dimeric and oligomeric structures13,14 with Tl…Tl
distances (some supported by bridging donors) ranging from 3.5
to 4.0 Å, there is evidence for varying degrees of s2…s2

interaction. Another point of interest is the possible existence of
weakly attractive arene…heavy metal interactions,15, which
could assist the close approach of Tl(I) ions.

The dithallium(i) cryptates of L2 are synthesised‡ by direct
reaction of preformed ligand with the appropriate thallium(i)
salt. 1H NMR studies on the triflate salt, T12L2(CF3SO3)2 1, in
the solid state and in solution, suggest a simple and symmetric
structure where each Tl(i) cation occupies the site defined by the
N4 cap. There is evidence of a low-activation dynamic process
in solution in that both methylene-cap signals of 1 present as
broad temperature-independent singlet resonances with no
discernible fine structure due to geminal or vicinal [1H,1H]
methylene coupling. Sharp signals for the H2 and H3 resonances
show well defined ortho coupling; however the expected singlet
H1 resonance (Ar1), which in analogous L1 disilver(I) and
dicopper(I) iminocryptates16 is strongly affected by guest
encapsulation both in respect of breadth and position, appears
here as a severely broadened triplet (apparent 1J (205,203Tl,1H) ≈

17 Hz) at d ca. 6.8. The triplet structure is just discernible at 400
MHz; broadening is a function of the magnetic field, approx-
imating to 16+9+6 for 400, 300 and 250 MHz spectra, in
proportion to the square of the magnetic field used [Fig 1(a)].
The signal from the methylene HA hydrogens adjacent to the
aromatic ring is a similarly broadened triplet [Fig 1(b)] and
decoupling experiments fail to relate the coupling of the broad
triplets to any proton resonance. Also the resonances are not
narrowed significantly at high temperature, thus ruling out
broadening via an exchange process. These observations
implicate through-space coupling to thallium, the latter relaxing
by a chemical shift anisotropy mechanism.17 The splitting of the
a-methylene signal confirms that the two 205,203Tl nuclei couple
to each other with J(Tl,Tl) > > 17 Hz, an example of the strong
coupling case.17b The size of the coupling to the lone Ar1
hydrogen is unexpected because no formal bond to thallium
exists. Nor can it be explained on a through-bond basis as,
despite an identical bond pathway, the H3 resonance shows no
thallium coupling. It appears that this coupling has to be
explained on the basis of interaction between the lone aromatic
hydrogen Ar1 and the pair of Tl(I) ions which, although
unbonded, are constrained by geometry to lie in close
proximity.

The low solubility of 1 in CD3CN allows only a weak 13C
solution spectrum where the noise level hinders the unambigu-
ous attribution of 205,203Tl, 13C couplings. There are indications
of such coupling in the unique Ar1 carbon resonance which
appears at d ca.129.9 as a broadened ≈ 80 Hz triplet. The
methylene carbons give rise to two sharp resonances at d 57.5
and 49.3 with a broader, possibly Tl-coupled, feature at d 54.1
representing the methylene carbon adjacent to the aromatic ring.
In the CP MAS 13C spectrum signal breadth is generally
sufficient to conceal any 205,203Tl,13C coupling although
splitting of a weak resonance in the region d 120–130 may
derive from such a cause. The weak 15N CP MAS spectrum
obtained for 1 likewise fails to show any coupling to thallium;
just one relatively broad signal (half-width 150 Hz) centered at

Fig. 1 The Tl-coupled Ar1 (a) and CH2(A) (b) resonances in different
magnetic fields: bottom trace, 400; middle trace, 300; top trace, 250 MHz.
(Spectra run in CD3CN, 295 K, chemical shift in ppm from SiMe4).

This journal is © The Royal Society of Chemistry 2000
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d 2307 (vs. NH4NO3 standard) appears, representing over-
lapped cryptand N(H) and Nbr resonances.

In order to confirm the hypothesis of close approach of Tl
nuclei, crystallographic evidence was sought,§ using the
synchrotron source at Station 9.8 at CLRC Daresbury. The
structure is illustrated in Fig. 2. The [Tl2L2]2+ cation has 6̄ point
symmetry and the anion lies on a threefold axis, so the
asymmetric unit contains one sixth of the cation and one third of
the anion. The Tl atom is coordinated to the bridgehead nitrogen
(N1) and to three secondary amine groups (N11, N11A and
N11B); it is displaced from the plane of the secondary amines
by 1.087(3) Å towards the centre of the cavity and the Tl…TlA
distance is 4.3755(4) Å. The Tl(I) cations are thus farther from
the Nbr apices than in other dinuclear cryptates we have
studied.1 The Tl–N distances are around 2.7–2.8 Å, at the long
end of the range for Tl(I)–N distances,14,18,19 suggesting a
predominantly ionic character for bonding in this complex. The
ligand host is fully extended to accommodate the pair of large
spherical cations, and there is no helicity of cryptand strands.
The structure is thus of unusually high symmetry for a cryptate.
The distance between Tl(I) cations and the Ar1 hydrogen is
3.816 Å. The shortest arene carbon…metal contact is 4.207 Å ,
almost 0.5 Å longer than the van der Waals sum. Edge to face
intermolecular H…p contacts of ca. 2.49 Å involve all the arene
rings.

The structural data make it clear that the sizeable coupling
between the Ar1 proton and 205,203Tl is formally through space,
although the average separation of these nuclei in the dynamic
solution environment may not be identical with that in the
crystal where intermolecular H…p packing effects operate. The
thallium–thallium coupling of > > 17 Hz must also be
classified as a through space effect given the relatively large
separation of Tl(I) cations, almost 1 Å greater than the
internuclear distance (3.4 Å) in the element. We believe that this
represents the largest recorded through-space coupling.

In most dimeric or quasi-dimeric structures,13,14,19 Tl…Tl
distances, in the range 3.6–3.9 Å are significantly shorter than
noted here and the closest Tl…arene carbon distance of 3.816 Å
in this structure exceeds that typical of weakly interacting
arene–heavy metal systems.19 Nonetheless, we have clear
evidence of coupling between both the pair of Tl(I) cations and
between this Tl(I)2 pair and the unique aromatic proton Ar1,
despite the ionic character which explains the absence of
203,205Tl, 1H couplings elsewhere in the cryptate spectrum. It is
intriguing that the only 203,205Tl, 1H couplings observed in this
cryptate are mediated via a non-bonded pathway, e.g. that
involving steric compression of the Tl+…[H]…Tl+ moiety. The
implication is that coupling information can be efficiently

transmitted in large soft cations like Tl(I) by non-directional
overlap of electron density.

We thank EPSRC for access to the Solid State NMR service
at Durham and to SRS station 9.8 at Daresbury. We are indebted
to Dr M. Arthurs of Coventry University for the 250 MHz 1 H
NMR spectrum.

Notes and references
† imBT = N[(CH2)2NNCHCHNN(CH2)2]3N.
‡ Tl2 L2(CF3SO3)22H2O·MeOH, 1: To 0.5 mmol L2 dissolved in 10 cm3

MeOH was added 1 mmol Tl(OAc) dissolved in 2 ml water followed by 1
mmol of LiCF3SO3 as solid. A colourless precipitate was obtained in ca.
70% yield on concentrating the pale yellow solution. The final crop of this
preparation yielded the small single crystals used for crystallography. Anal.
Found (calc.): C, 33.8(34.2); H, 3.9(4.4); N 8.1(8.2)%.
§ Crystal data: [Tl2L2](CF3SO3)2, C38H54F6N8O6S2Tl2, colourless needle,
0.16 3 0.06 3 0.04 mm, hexagonal, a = 9.5074(2), c = 29.7005(4) Å, U
= 2324.97(8) Å3, space group P63/m, Z = 2, m = 7.088 mm21, F(000) =
1268. Data were collected at 150(2) K using a SMART CCD with
synchrotron radiation (l = 0.6885 Å, SRS station 9.8 at Daresbury). A
hemisphere of data (16580 reflections, qmax = 29.33°) was collected. The
structure was solved by direct methods and refined on F2, using all 2277
independent reflections (Rint = 0.0346). Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were inserted at calculated positions
except for the amine proton, which was located and refined with a fixed
ADP. The refinement, on 100 parameters, converged with wR2 = 0.0835,
GOF = 1.060 (all data) and conventional R1 = 0.0357 (2s data). The only
significant residual peaks were close to the Tl atom. All programs used in
the structure refinement are contained in the SHELX-97 package.20 CCDC
182/1483. See http://www.rsc.org/suppdata/cc/a9/a908476b/ for crystallo-
graphic files in .cif format.
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Fig. 2 Structure of Tl2L2(CF3SO3)2. Selected distances (Å): Tl–N(I)
2.728(5), Tl–N(11) 2.796(3), Tl···Tl 4.3755(4), Tl…H(9) 3.816.
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The association strength of positively charged porphyrins
with anionic species can be orders of magnitude higher than
reported in the literature, depending on the chosen buffer;
the buffer also determines the dominating interaction
mechanism, leading to stronger stacking contributions at
higher salt concentrations; even electroneutral amides show
a hitherto not recognized interaction between the negatively
charged carbonyl oxygen and the positively charged p-
surface of the porphyrin system.

Porphyrins with pyridinium substituents (R) have been used for
some time as partners in supramolecular complexes, in

particular with nucleotides,1 as well as ligands for DNA.2 As
major binding contributions, electrostatic and stacking inter-
actions have been identified.1,3 In the context of recent studies
with a new porphyrin-based peptide receptor4 we have
measured associations with the underlying tetrapyridinium
framework R under different conditions and have found large
affinity changes to anionic species such as nucleotides. The
results indicate at the same time strong changes in the binding
modes, supported by the observed complexation-induced NMR
shifts.

The binding constants were determined as reported earlier;4
the titrations showed isosbestic points, in line with the fitting to
a 1+1 equilibrium. It was secured that there was no pH change
during titration; the very small change of the anyway very low
ionic strength has a negligible influence on the association
equilibria.5 Measurements with amides like A1–A5 showed
changes of DA in the Soret band absorption similar to those
observed earlier with a related receptor and peptides.4 Associa-
tion constants around 5000 M21 with diamides A1–A4 and over
10000 M21 with the triamide A5 reveal that even eletroneutral
molecules can strongly interact with the positive charges in the
extended aromatic receptor moiety. Experiments with corre-
sponding diesters E (n = 1–3) and also a,w-alkane diols with R
showed in contrast to the other ligands no appreciable DA in the
UV spectra, indicating that hydrophobic or lipophilic inter-
actions cannot be a major binding force. These observations are
only in line with additive interactions between the cationic
porphyrin skeleton and the carbonyl oxygen atoms, which are
known to bear a substantial negative charge in amides, in
contrast to e.g. in esters where we cannot detect binding.

If such interactions with amide oxygens already lead to such
high affinities, larger numbers should be expected with fully
charged anions. In consequence, the association constants are
expected to be substantially lowered by anions present in
concentrations below the molarity of the amide type ligands.
We therefore decided to re-eaxamine the affinity of the often
used tetrapyridinium porphyrin R towards different anions,
with and without the commonly used buffers.1 Indeed we find
that the binding constants are larger by one to two orders of
magnitude than those reported in the literature (Table 1), if one
measures them not in the presence of added buffer anions; this
is illustrated with the selected isotherms in Fig. 1. Even with
simple halides we find rather large log K values (Table 1).

Association of nucleotides with tetrapyridinium porphyrin is
thus much stronger than known before; it increases as expected
with the charges in the range AMP < ADP < ATP, and falls off
steeply with higher buffer concentrations (Table 1). Noticeably,
the distinct base selectivity observed, in the older work between
purine and pyrimidine bases with R,1 is almost absent at low salt
concentrations, and appears again with higher buffer concentra-
tions. Obviously, in the absence of competing buffer anions the
electrostatic interactions between the nucleotide phosphate and
the cationic receptor dominate so strongly that stacking
interactions play a minor role. On the other hand, with
decreased ion pairing at higher buffer concentrations the
lipophilic interactions gain in energetic importance, as the salt

† Supramolecular Chemistry, Part 93; Part 92: V. A. Palyulin, S. V. Emets,
V. A. Chertkov, C. Kasper and H.-J. Schneider, Eur. J. Org. Chem., 1999,
in the press.
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bridges do not ‘draw away’ as strongly the nucleobase from
contacts to the porphyrin surface. That the nucleotide indeed
stacks to the porphyrin moiety is established, by the significant
shielding observed both at the nucleobase and the ribose
protons.

In conclusion, the results show that the buffers used in host–
guest complexation studies can significantly alter the dominat-
ing non-covalent interaction mechanisms, and thereby both the
affinity and the selectivity seen in such systems. Moreover,
permanent charges in a large receptor surface such as the

tetrapyridinium porphyrin can even in water also lead to
significant binding with the partial negative charges of
electroneutral species such as amides.

Our work is supported by the Deutsche Forschungs-
gemeinschaft, Bonn, and the Fonds der Chemischen Industrie,
Frankfurt. M. S. thanks the A. v. Humboldt foundation for a
stipend.
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Table 1 Logarithm of association constants for R and nucleotidesa

No buffer 0.1 M buffer 0.3 M buffer

Ligands logK Dl/nm DA logK Dl/nm DA logK Dl/nm DA

Adenosine 4.54 3 0.11 2.64 5 0.39 2.79 6 0.35
AMP22 4.52 9 0.38 3.40 5 0.20 2.87 5 0.31
ADP32 4.95 10 0.38 3.40 7 0.10 3.14 7 0.33
ATP42 5.45 13 0.37 3.34 8 0.27 3.55 7 0.23
dGMP22 4.42 7 0.42 2.88 4 0.18 2.54 5 0.29
Thymidine 4.80 3 0.18 2.40 3 0.27 2.27 5 0.28
TMP22 4.42 6 0.27 2.56 3 0.21 2.33 3 0.25
dUMP22 4.09 6 0.32 3.98 2 0.07 2.44 2 0.30
dCMP22 4.02 5 0.29 4.03 1 0.06 2.38 3 0.24
H3PO4

22 4.73 2 0.27 3.31 1 0.05 b 0 < 0.02
NH4Cl 4.55 2 0.05

a Measured by UV–visible titration of R with nucleotides in water in the absence and in the presence of 0.1 and 0.3 M phosphate buffer (pH 7.9 ± 0.2) at
25 °C. Titrations were carried out by adding concentrated stock solutions of nucleotides ([nucleotide] = 10 mM) containing ca. 2 mM of porphyrin to an
equally concentrated solutions of porphyrin in a 10 mm cuvet. Error limits: logK ± 5%. b K value can not be determined accurately as the DA value is
negligible.

Fig. 1 Non-linear least square fit of UV–visible titration curves for receptor
R with selected anions. Conditions: AMP, ATP and TMP without buffer
(see Table 1); A5 in water at pH 6.9 ± 0.2; NH4Cl in water without buffer
at pH 7.9 ± 0.2.
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High activity and para-selectivity in the nitration of aro-
matic compounds is achieved by a high density of acidic sites
and ready formation of the para-isomer in the pores of
zeolite beta with low Si/Al ratio as revealed by molecular
modeling studies. 

Nitration of aromatic compounds is a ubiquitous reaction to
realise organic intermediates required in large tonnages for the
fine chemical industry. The conventional nitration process,1
employing a nitrating mixture of nitric and sulfuric acid, for the
last 150 years has remained unchallenged in the commercial
arena owing to uneconomical alternative options. Selective
synthesis of the desired isomer in the nitration of substituted
aromatic compounds is of topical interest to reduce pollution
caused by unwanted isomers and specifically to respond to
market demand. Earlier we reported selective nitrations by
employing a solid acid, Fe3+ montmorillonite in the presence of
acetic anhydride–nitric acid.2 Later, various novel options,
meeting international environmental laws, and also avoiding the
recovery of the spent acid in the conventional mixed acid
process have been explored that include Laszlo’s3 claycop
(copper nitrate impregnated on K10 montmorillonite) acetic
anhydride and recently claycop–nitric acid–acetic anhydride,
Smith’s4a mordenite–benzoyl nitrate, Kwok’s5 ZSM-5-propyl
nitrate and Olah’s6 Nafion-H–n-butyl nitrate. However these
options fall short of expectations to commercial realisation in
view of low space time yields, high dilution, and use of
expensive mixtures in the form of acetic anhydride–nitric acid
or expensive acyl or alkyl nitrate whereas Sato’s7 and Prins’s8

vapour phase nitrations of benzene conducted employing clays
and mordenite zeolite provided low space time yields. The

zeolite beta-acetic anhydride-nitric acid system developed later
by Smith et al.,4b,c afforded good space time yields but required
great care in large scale operations. Barrett and coworkers4d

employed La(III) triflates as recyclable catalysts for aromatic
nitrations but such systems required longer reaction times to
obtain good yields without any explicit selectivity towards o-/
p-isomer.

Herein, we present a unique methodology for the nitration of
aromatic compounds that offers high space time yields, near
zero emission of effluents, especially high p-selectivity for
monosubstituted products, essential for commercial processes,
employing nitric acid at a concentration of 60–90%, with reuse
of the solid acid catalysts being possible by azeotropic removal
of water formed in the reaction and present in nitric acid.†

We executed a two-fold approach employing modified clays
and zeolites to realise a high space time yield as well as high
selectivity of the desired p-isomer as indicated in Table 1. In an
earlier investigation,9 a series of different metal-exchanged and
pillared clay catalysts were prepared10 and employed in the
nitration reactions of aromatic compounds under identical
conditions. Fe3+ montmorillonite catalyst was found to be the
most active owing to its high metal content and highly acidic
sites. This catalyst (entry 1) is far superior in terms of space time
yield, when compared even with gas phase reactions conducted
with various metal-exchanged montmorillonites7 and morde-
nite.8 In the nitration of benzene, mononitrobenzene is obtained
selectively without formation of any di- or poly-nitrobenzenes
and the p-selectivities in the nitration of monosubstituted
benzenes are improved.

Our main emphasis is to achieve higher p-selectivity to meet
market demand. Accordingly, various zeolites which have well

Table 1 Selective nitration of aromatic compounds

Product distributionc

Product
Entry Arene Catalyst HNO3 (%) yielda (%) STYb o- m- p

1 C6H6 Fe3+ mont. 90 88 22.8 — — —
2 C6H6 Al3+ mont.d 60 48,e 95f 0.6 — — —
3 C6H5Me Mixed Acid 90 — — 58 4 38
4 C6H5Me Fe3+ mont. 90 89 26.0 53 3 44
5 C6H5Me K10 mont. 60 53 9.1 45 3 52
6 C6H5Me Zeolite beta-Ig 60 68, 96f 10.6 30 3 67

5th recycle 60 67, 95f 10.3 33 3 64
7 C6H5Me Zeolite beta-IIg 60 40, 95f 6.8 41 4 55
8 C6H5Me ZSM-5 60 32 5.6 49 7 44
9 C6H5Me Mordenite 60 35 6.0 56 6 38

10 C6H5Me HY 60 32 5.4 54 7 39
11 C6H5Me TS-1 60 30 5.0 56 6 38
12 C6H5Cl Fe3+ mont. 90 77 26.0 36 — 64
13 C6H5Cl Zeolite beta-I 60 51, 98h 12.0 10 — 90
14 C6H5Bri Zeolite beta-I 70 51, 96h 15.8 18 — 82
15 C6H5Ii Zeolite beta-I 70 52 19.8 28 — 72
16 C6H5Pri Zeolite beta-I 70 51 12.8 19 — 81
17 C6H5OMe Zeolite beta-I 70 49, 96h 11.4 25 — 75
a Product yield based on total amount of HNO3 used. b Space time yield: kg product/kg catalyst/h. c By GC. d Results from ref. 7. e Yields based on
benzene. f Yields calculated based on HNO3 actually consumed, i.e. subtracting the amount of nitric acid azeotropically distilled out from the reaction vessel
and collected in the Dean–Stark trap from the total amount of nitric acid used. The nitric acid collected is reused after adjusting to the desired concentration.
g Zeolite beta-I, II+SiO2/Al2O3 molar ratio = 22, 27. h Yields based on aromatics with aromatic compound and HNO3 in 1+2 ratio.  i Dichloroethane  used
as solvent.
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defined pore structures and channels that are derived from the
networking of SiO2 and Al2O3 making them attractive candi-
dates for shape selective catalysis11 were employed12 to achieve
higher shape selectivity in the nitration of substituted aromatics.
Zeolite beta-I13 (entry 6) is found to the best catalyst for the
nitration of aromatic hydrocarbons to nitroaromatics with high
p-selectivity. When compared with the selectivities obtained
using classical mixed acid, zeolite beta-I catalyst displayed a
major shift towards p-selectivity as is evident, for example; for
toluene: from 38 to 67%, for cumene: 58 to 81%, for
chlorobenzene: 64 to 90%, for anisole: 40 to 75% (Table 1). The
production of the p-isomer in higher ratio for toluene and
cumene meets the timely demand of the market and at the same
time avoids the burning of undesired o-isomers occasionally
resorted to by the manufacturers which causes environmental
pollution. Increased formation of the p-isomer in the nitration of
chlorobenzene eases the isomeric separation to a considerable
extent and helps to save energy. Whereas the change from
methyl (toluene) to the larger isopropyl (cumene) substituent
increases the para selectivity, the reverse applies for halogens,
for which the best para selectivity is obtained with the smaller
substituent, namely chlorine owing to electronic factors.

We carried out nitration of toluene with various zeolite
catalysts and zeolite beta of different Si/Al ratios (Table 1).
Zeolite beta proved to be the best catalyst among the zeolites
used in terms of space time yield and p-selectivity. On
decreasing the Si/Al ratio in zeolite beta, an increase in p-
selectivity as well as overall activity is observed (entry 6 and 7).
An increased number of Bronsted acid sites reduces the
available space in the pore and this result substantiates our
inference that the formation of o-isomer, which requires more
space, is unfavourable. These observations are in accord with
the results observed by Bellussi et al. in alkylation reactions.14

It is also found that with an increase of catalyst concentration
the p-selectivity of toluene nitration increased further to 73%.
Zeolite beta catalyst showed consistent activity and selectivity
even after five cycles (entry 6). Careful analysis of the
regenerated catalyst after recycling it five times showed no
change in the Si/Al composition indicating that no deal-
umination of catalyst has taken place.

Sorption studies of the reactant and isomers of the product
and their intermediates (transition states) undertaken using the
sorption module of Cerius2 which implements rapid Monte
Carlo statistical mechanical calculations15 clearly predicted
high p-selectivity possible with ease of formation of the
intermediate of the p-isomer in the pores. The result of shape
selectivity observed employing zeolite beta derives further
support from the results obtained with metal exchanged clays,
wherein mesopores of montmorillonite formed due to acid
treatment also induced some shift in p-selectivity (entries 4 and
5). The higher shape selectivity for the zeolite is ascribed to the
induction of larger steric effects by the 3D structure of zeolite
beta in comparison to the 2D structure of clay catalysts.

Nitration involves electrophilic attack on the aromatic ring by
the nitronium ion, NO2

+. Bronsted acidic sites are responsible
for the generation of NO2

+ ion from nitric acid. Reaction
conducted with fuming nitric acid without azeotropic removal
of water is totally inhibited after some time owing to a poisoning
effect of water formed in the reaction. It is necessary to
scavenge the water out of the reaction zone formed during the
reaction to facilitate regeneration of active acid sites on the
catalyst. The rate of addition of nitric acid to the reactor
containing powder catalyst and substrate is matched with the
rate of removal of water present in nitric acid and the reaction
zone through extractive distillation with a Dean–Stark appara-
tus using the substrate as the solvent or chlorohydrocarbon
solvent for high boiling aromatic compounds to afford optimum
selectivity, activity and protection of the catalyst from degrada-
tion. This protocol envisages the instant reaction of added nitric
acid and establishes that the solid acid catalysts used here act as
bifunctional catalysts generating the electrophile, nitronium

ion, as well as acting as an instant adsorbent for water formed
during the reaction.

On the other hand ZSM-5 under such conditions affords low
space time yield and selectivity (entry 8) in the nitration of
toluene when compared to the high p-selectivity obtained by
Kwok et al.5 employing acyl nitrate as nitrating agent. This is
attributed to low diffusion of aqueous HNO3 in the hydrophobic
pores of ZSM-5 and the resulting density of acidic sites is too
low to promote the generation of nitronium ions from nitric
acid. Therefore the reaction on ZSM-5  mainly takes place on
the surface of the zeolite.

In conclusion, a simple methodology for nitration employing
solid acids dispensing with the use of acetic anhydride or acyl
nitrate described here leading to high space time yields and high
p-selectivities, appears to be a promising alternative to the
conventional acid mixture of nitric and sulfuric acid. Enhanced
p-isomer formation to meet market demands, dispensing the use
of sulfuric acid, achieving near zero emission of effluents, non-
corrosivity and low water requirement are other attractions.

Notes and references
† General procedure for the nitration of monosubstituted aromatics: A
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added to in a 1 litre-reactor flask equipped with stirring rod and Dean–Stark
apparatus. 60% nitric acid (120 ml, 1.5 mol) was added in a controlled
manner with an infusion pump over a period of 80 min to the above mixture,
which was preheated to the refluxing temperature. The liberated water
collected into the Dean–Stark apparatus was continuously removed. After
completion of the reaction, the catalyst was filtered off and the reaction
mixture was concentrated to obtain the mixture of nitrotoluenes. Nitration of
other aromatic hydrocarbons was similarly carried out on a 76 mmol
scale.
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A non-silver-based photographic film has been developed
from 9-methylacridinium-intercalated clay particles (de-
noted clay|AcH+) and this inexpensive clay film showed
potential  reusability.

Substantial efforts have recently been directed towards the
development of artificial photosynthetic systems,1–5 which, in
turn, unite the understanding of the structure of natural
photosynthetic systems, the advances in instrumentation, and
the development of novel materials for optical and chemical
detection.6–8 For the latter aspects, we recently carried out a
series of investigations on clay modified electrodes, and found
that iron-containing clay minerals proved useful in many
applications, such as biosensing and optical recognition.9–12

The iron containing species are likely to be key in mediating the
electron reactions on the clay surface.13,14 Besides, we also
found that this inexpensive solid, if properly tailored, may be
useful for lithography or image-recording.

Photography can be dated back to 1727 as Johann Heinrich
Schulze reported that solid AgCl darkens when exposed to light.
Thereafter, most color and black-and-white photography was
developed on the basis of the photochemistry of AgBr. A
representative example [eqn. (1)] is the following coupling
reaction between a-naphthanol and N,N-diethyl-2-methyl-
1,4-phenylenediamine (DEPD) sensitized by AgBr:15,16

Meanwhile, many other dyes have showed excellent sensitiv-
ity to colored objects or to images only visible under IR or UV
light. However, for most cases, silver bromide is sacrificed and
the film is not recoverable. Here we describe that a potentially
reusable photographic film can be developed from inexpensive
iron-containing clay minerals.

When the clay|AcH+ modified electrode is simultaneously
biased at +0.4 V vs. SCE and illuminated with light of l > 350
nm (100 W Hg lamp, 1 min), Fig. 1 shows that indophenol blue
(labs ≈ 625 nm) is immediately formed on the surface of the
clay film from a solution containing DEPD (labs,max = 257 nm,
pH 10) and a-naphthanol (labs = 250, 337 nm, pH 10). Here,
the clay|AcH+ particles were prepared by reacting clay (Aldrich,
montmorillonite K10, 0.5 g) with AcHPF6 (10 mM, 50 mL in
CH3CN)13 for two days followed by extensive washing with
CH3CN; the loading of AcH+ in clay was estimated to be ca.
1025 mol g21. The clay-modified electrode was fabricated on
conductive ITO glass (indium-doped, 0.7 mm thick, 20 W
cm22; Delta Technol.). Typically, a portion of the clay|AcH+

slurry (30 mL cm22, 100 mg/100 mL water) was spin-coated
onto glass sheets and dried at room temperature. Then, the clay

film was reinforced with polystyrene [PS, Mw 13000, Aldrich,
30 mL cm22, 10 mg mL21 in ethyl acetate–toluene (1+1, v/v)].
The mechanism of formation of indophenol blue on the clay
surface is proposed in Scheme 1 and control experiments
support the proposed mechanism. As is evident in Fig. 2,
insignificant photocurrent is detected for electrodes made from
the bare clay particles in a pH 4 solution containing 1 mM of
DEPD, whereas a greater photocurrent is obtained when the
electrode is incorporated with AcH+ (labs,max = 357 nm; lem =
500 nm). Laser flash photolysis experiments (Fig. 3) show that
the lifetime of AcH+*(aq) (dotted lines) is 36 ns whereas the
decay for AcH+*(clay) (solid lines) occurs in the same time scale
as the instrumental response (í10 ns), indicating that the
excited acridinium, AcH+*(clay), can be quickly quenched by
iron species, presumably Fe2+, in the clay particle, at FeII sites.13

The fast decay of AcH+* suggests a  reductive quenching
mechanism [eqn. (2)].

Fig. 1 (a) Photoimage formed on the clay|AcH+ modified electrode in a
solution containing 2 mM of DEPD and 3 mM of a-naphthanol (pH 4) under
illumination (l > 350 nm) and at E = 0.4 V vs. SCE for 1 min; (b) image
erasing, after the image obtained in (a) was dipped in a dilute sulfuric acid
for 1 s; (c) image recovering, the electrode in (b) was re-exposed to light in
solution (a); (d) the image obtained after 20  consecutive exposure and erase
cycles.

Scheme 1 Proposed mechanisms for the formation of indophenol blue on
the illuminated clay|AcH+ modified electrode.

This journal is © The Royal Society of Chemistry 2000
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AcH+*(clay) + Fe2+
(clay)? AcH.

(clay) + Fe3+
(clay) (2)

The lack of an electron transfer product from AcH+* in the clay
is believed to be a consequence of the fast reaction of AcH. with
Fe3+ species in the FeIII sites in the clay. To prevent the back
reaction of eqn. (2) from occurring, an anodic regeneration for
AcH+ (at E° ≈ 20.4 V vs. SCE, pH 4)13 from AcH. appears to
be necessary.

The photoquality in terms of the contrast between the blue
regions and the background is a function of the electrode
potential, pH and the concentration ratio of the reactants. For
instance, a high pH environment greatly favored the formation
of indophenol blue. However, for a solution pH of > 6, the
formation of indophenol blue became too rapid to be controlled.
As a consequence, a lower pH environment (pH 4), although
less favorable for the formation of indophenol blue on the clay
electrode, was, in turn, less interfering. The electrode potential
is another key factor determining the image quality. Control
experiments showed that the formation of indophenol blue
tended to a limiting rate as the electrode potential approached
0.4 V vs. SCE (i.e. the formal potential of FeIII/II

(clay))10

according to the absorbance monitored at 625 nm (the peak
absorption of indophenol blue). This effect is attributed to the
regeneration of FeIII

(clay) from FeII
(clay) [eqn. (3)]

FeII
(clay)? FeIII

(clay) + e2 (3)

after the photooxidation of DEPD by FeIII
(clay) [eqn. (4)]

FeIII
(clay) + DEPD ? FeII

(clay) + DEPD+ (4)

The concentration ratio of DEPD to a-naphthanol is also an
important factor for the performance of the clay film. Experi-
ments showed that as [DEPD]/[a-naphthanol] approaches 3+2,
a better contrast between the illuminated regions and the
background could be obtained.

This filmed electrode appeared to be reusable since the image
could be erased after dipping in dilute (1 mM) sulfuric acid [Fig.
1(b)] and once the electrode was reexposed a clear image could
be restored [Fig. 1 (c)]. Long-term tests [Fig. 1 (d)], in addition,
showed that although the clay|AcH+ electrode gradually loses
its sensitivity (tentatively ascribed to leaching of AcH+), it
could be reused more than twenty times. In summary, such very
cheap iron-containing clay minerals after proper tailoring, may
be useful materials for image-recording.

We thank the National Science Council, Republic of China
and Chinese Petroleum Company for financial support (grant
number: NSC 88-2113-M-003-016; NSC 88-CPC-M-
003-002).
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Fig. 2 J–V curves for DEPD (1 mM, pH 4): (i) with the electrode prepared
with the bare clay particles, in the dark; (ii) with the clay|AcH+ electrode, in
the dark; (iii) with the electrode as in (a), under illumination; (iv) with the
clay|AcH+ electrode as in (b), under illumination. Scan rate: 50 mV s21.

Fig. 3 Time-resolved laser spectroscopy (pH 4, acetic acid–acetate buffer,
I ≈ 0.1 M, lem = 500 nm) for free AcH+ (a) and clay|AcH+ (b).
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Porous gold structures with nearly regular 15 mm channels
have been prepared by a novel route in which the calcium
carbonate skeletal plates of echinoids (sea urchins) are used
as templates.

Biological materials are characterised by unique structures and
morphologies that cannot typically be replicated through
laboratory synthesis. Nature uses materials not traditionally
recognised for their engineering properties, such as calcium
carbonate, to produce structures with superior mechanical
properties. This is possible owing to control over morphology,
composition and spatial organisation. Profiting from existing
materials with unusual forms, we describe experiments using a
structured calcium carbonate biomineral to template the
production of porous inorganic solids (gold in this case) with
pore diameters in the order of 15 mm. Few synthetic methods
exist to produce materials that are spatially patterned on this
length scale.

There is much interest in the preparation of materials with
well defined pore sizes. Microporous solids, characterised by
pore sizes of the order of 10 Å, include the zeolites. Mesoporous
solids exhibit pore sizes in the range 10–1000 Å and represent
a relatively new class of materials. A number of methods have
been used to synthesise mesoporous materials based on
surfactant templating.1–5 These have been applied to a wide
range of inorganic materials, including metals, silicates and
metal oxides.1–5 Reports on the synthesis of porous solids with
pores in the micrometer size range are considerably more
limited. Lamellar aluminophosphates with surface patterns on
the sub-micrometer to millimeter size range have been produced
using vesicle templates.6 Bicontinuous microemulsions have
been used to prepare porous shells of crystalline calcium
carbonate with pore sizes ranging from 35 to 225 nm,7 and
calcium phosphate materials with microstructures comprising
pore diameters of up to several micrometers.8 The method of
emulsion templating9 is perhaps most general and has been used
to produce macroporous titania, silica and zirconia with pore
sizes from 50 nm to several microns.

Here we describe the use of the skeletal plates of echinoids
(sea urchins) to template porous structures with pore sizes of the
order of 15 mm.† The example material chosen here is gold, but
the method is quite general. A continuous coating of gold is
deposited over the entire surface area of the skeletal plates.
Subsequent dissolution of the plate leaves the gold coating in
the form of the original structure. Sea urchin plates were
selected owing to their unique morphology. The skeletal plates
and the spines of echinoids10 are a low/high magnesium calcite
(depending on genetic and geographical control) and each
behave as single crystals when examined by diffraction or
polarised light. The microstructure, however, is quite remark-
able and complex, exhibiting a unique fenestrated structure of
interconnected trabeculae and pores that are approximately 15
mm in diameter [Fig. 1(a)]. The porous network and inorganic
fractions of the shell occupy approximately equal volumes, and
display non-crystallographic curved surfaces. Indeed, the pore
diameters and pore size distributions are highly controlled, and

some species of urchin are characterised by highly uniform
distributions of pores in very regular structures.11

A typical SEM image in cross section through a skeletal plate
is presented in Fig. 1(a), showing the bicontinuous, sponge-like
structure of the mineral with a length scale in the order of 15 mm.
The mineral surface is very smooth even when viewed at higher
magnification (not shown). Fig. 1(b) shows a similar skeletal
plate after gold coating and annealing. The coating of gold
particles on the surface of the mineral is clearly seen as a very
marked roughening. Dissolution of the calcium carbonate
component of a gold-coated echinoid plate produced the gold
structures shown in Fig. 2(a) and (b). These images demonstrate
that the echinoid plate acts as a template to produce porous gold
with a structure mirroring that of the original plate. The gold
particles produce a coating on the calcite, rather than filling the

Fig. 1 Scanning electron micrographs of (a) a cleaned echinoid skeletal shell
and (b) shell coated with gold and annealed. The bars correspond to (a) 50
mm and (b) 10 mm.

This journal is © The Royal Society of Chemistry 2000
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entire pore structure, so a double-sided surface is produced.
This is clearly shown in Fig. 2(b), where the gold surface
originally in contact with the calcite is smooth (area 1) while the
surface directed into the original pore is rough (area 2).

Dissolution of the gold-coated plates in acid solution
produced a solid of the same dimensions as the original plate.
The solid produced was rather fragile and thus difficult to
transfer to sample stubs without some damage to the structure.
The best images of the porous gold were thus obtained from
samples dissolved in situ on the sample stub. Further work will
be directed to producing thicker metal coatings and even filling
the entire pore structure to produce a replica of the original
bicontinuous structure. This should produce a stronger
material.

It is demonstrated that the skeletal plates of echinoids can be
used to template the synthesis of porous materials (gold being
chosen as an example) with unique structures. The technique is
very general and it is envisaged that it can be applied to a wide
range of inorganic solids. Indeed, preliminary experiments to
produce macroporous TiO2 structures via a sol–gel method
suggest that the method is feasible, depending upon refinement

of the kinetics of the reaction and control of shrinkage during
annealing. Further experiments to deposit a wider range of
solids and to control the thickness of the templated material are
underway.

The class of new materials presented here may find
application as light-weight structural ceramics. Ordered macro-
porous materials with pore dimensions comparable to optical
wavelengths could display unique optical properties. Applica-
tions as catalyst supports are also possible, particularly in
situations where the traditional materials with smaller pore sizes
result in unacceptable pressure drops in the catalysis process.

R. S. thanks the RSC for a Journals Grant. We thank the
Department of Materials, QMW College, for allowing access to
electron microscope facilities.
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The samples were examined using a JEOL 6300F scanning electron
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were dissolved in stiu with 2 M HCl [Fig. 2(a) and (b)].
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Fig. 2 SE micrographs of gold-coated echinoid skeletal shell after in situ
dissolution of the calcium carbonate shell. 1 and 2 in (b) mark the smooth
inner and rough outer surfaces of the templated gold structure. The bars
correspond to (a) 100 mm and (b) 10 mm.
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New heterogeneous catalyst systems have been developed
employing a proline-derived ligand immobilized on me-
soporous silicas; asymmetric diethylzinc addition to benzal-
dehyde was carried out using the catalyst systems; the
reaction enantioselectivity was found to be largely depend-
ent upon the pore size of the mesoporous silicas, capping of
free silanol moieties with trimethylsilyl group and employ-
ment of BunLi.

Optically active secondary alcohols are important intermediates
for the construction of optically active natural products and
biologically active compounds. Among various methods for the
construction of optically active secondary alcohols, addition of
diorganozinc reagents to aldehydes in the presence of a catalytic
amount of a chiral b-aminoalcohol has been extensively
studied.1 Extremely high enantioselectivity has been reported in
the reactions employing a variety of aminoalcohol ligands.
However, in order for these reactions to be successfully
exploited in large-scale applications, the chiral ligand has to be
readily available or easily recycled. Toward this goal, im-
mobilization of chiral ligands onto heterogeneous supports has
been investigated and a number of support materials such as
inorganic solids and polymers have been developed.2 Recently,
various mesoporous silicas with pore sizes ranging from 2 to 10
nm have been synthesized using self-assemblies of surfactants
and block copolymers as templates.3 These mesoporous silicas
have been successfully employed as supports for various chiral
catalysts.4 Herein, we report on new heterogeneous catalyst
systems that utilize proline derivatives anchored on the
mesoporous silicas such as MCM-41 and SBA-15.

Although the reactions of diethylzinc with benzaldehyde
using ephedrine immobilized onto amorphous silica gel5 and
mesoporous silica6 have been investigated, the degree of
enantioselection under these heterogeneous catalytic conditions
has been less than satisfactory. In connection with the low
enantioselectivty, several issues need to be addressed: (1)
employment of a more selective ligand, (2) suppressing
undesired catalytic activity on the silica surface, (3) changing
silica pore sizes, and (4) addition of extra metal reagent. In
terms of a more selective ligand system, a prolinol-based ligand
developed by Soai et al.7 was selected in our study. Since the
free SiOH moieties of the silica surface could catalyze the
reaction,6 thus lowering the reaction enantioselectivity, me-
soporous silicas containing the chiral ligand having its surface
capped with trimethylsilyl groups8 have been prepared. To
investigate the effect of the pore size on the enantioselectivity,
we have used two different mesoporous silicas, MCM-41 and
SBA-15, which have similar hexagonal pore arrays but with
different pore dimensions. We have also investigated reaction
enantioselectivity when the catalyst system was treated with
BunLi before addition of the aldehyde.

The synthetic procedure including preparation of the ligand,
immobilization onto silicas and capping with trimethylsilyl
moieties is shown in Scheme 1. The new chiral aminoalcohol 3
was synthesized as follows. The amine group of 4-hydroxypro-
line (Aldrich Chemicals™) was protected using ethyl chlor-

oformate and the acid was converted to a methyl ester to give
the carbamate ester 2. Treatment of compound 2 using
phenylmagnesium chloride furnished a tertiary alcohol, and the
carbamate group was converted to the corresponding methyla-
mine through treatment with lithium aluminium hydride (LAH)
yielding compound 3 in an overall yield of 72% from 1. MCM-
41 and SBA-15 were synthesized according to the previously
reported procedures.3 Chloropropyl linkers were grafted on the
walls of mesoporous silicas by treating with (CH3CH2O)3Si–
CH2CH2CH2Cl in refluxing toluene. Reaction of the resulting
chloropropyl-derivatized mesoporous silicas (5b and 5c) with
the chiral pyrrolidinemethanol 3 yielded silicas 6b and 6c,
respectively. In order to cap remaining free SiOH groups on the
walls of mesoporous silicas, 5b and 5c were treated in refluxing
hexamethyldisiloxane (HMDS) for 12 h. To the best of our
knowledge, this is the first anchoring of SBA-15 silica with a
chiral ligand and the X-ray diffraction (XRD) patterns of SBA-
15 derivatized samples have been taken during various stages of
the preparation. The XRD results clearly demonstrated that the
mesoporous structure of SBA-15 was preserved during the
preparation of the catalyst. Table 1 lists the surface areas, the
mean pore dimensions, and the amounts of grafted organic
groups for the mesoporous silica based catalysts. The surface
area decreased substantially during the chloropropyl-grafting
step, especially for SBA-15. Nonetheless, the pore dimensions
of the SBA-15 based systems did not change significantly
during these synthetic steps. For comparison, the chiral ligand 3
was attached to amorphous silica to provide both non-TMS
capped catalyst (6a) and TMS-capped catalyst (8a) using the
same reaction conditions applied to the mesoporous silicas.

Scheme 1 The synthetic routes used in the preparation of various catalysts.
Reagents and conditions: a: (i) ethyl chloroformate, NaHCO3, H2O, room
temp., 16 h; (ii) SOCl2, MeOH, room temp., 12 h; b: (i) PhMgCl, THF, 0 °C,
5 h; (ii) LiAlH4, THF, reflux, 3 h; c: NaH, BnBr, THF, room temp., 16 h;
d: Chloropropyltriethoxysilane, toluene, reflux, 12 h; e: 3, xylene, reflux, 12
h; f: HMDS, reflux, 12 h
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We have investigated asymmetric addition of diethylzinc to
benzaldehyde using these silica-based catalysts and the results
are outlined in Table 2. For each silica catalyst, two different
sets of reactions were run with 6 mol% of catalyst and either 3
equiv. of diethylzinc to benzaldehyde (method A) or 7.2 mol%
of BunLi followed by 3 equiv. of diethylzinc (method B). To
evaluate our catalyst systems against the parent homogeneous
catalyst, compound 4 was prepared from 3 through etherifica-
tion of C(4)–OH with benzyl bromide. Reactions employing the
homogeneous catalyst 4 provided products with 90 and 93% ee,
respectively, via methods A and B (entries 1 and 2, Table 2).
However, when the chiral catalysts anchored on amorphous
silica were tested using method A, 6a and 8a gave only 16 and
37% ee, respectively (Table 2 entries 4 and 5). When the
reactions were carried out using method B, slight improvements
in the enantioselectivities were observed (entries 6 and 7). A
noticeably higher enantioselectivity was observed in the
reactions employing MCM-41-based catalyst (entries 8–11) and
the best results were obtained with the catalysts based upon
SBA-15 (entries 12–15). It is of particular note that catalysts
based upon SBA-15 consistently gave higher enantioselectivity

than that of MCM-41. In both MCM-41 and SBA-15 systems,
TMS-capping as well as the employment of BunLi improved the
enantioselectivity significantly. Product of the highest ee (75%)
was obtained for TMS-capped SBA-15 based catalyst utilized
after treatment with BunLi (entry 15). To test the catalytic
activity of the silica without a chiral ligand, TMS-capped SBA-
15 (7c) was used under otherwise the same reaction conditions,
and a 15% yield of the product was observed. It appears that,
even with TMS-capping, there remains some residual activity of
the silica, resulting in a reduction of the enantioselectivity.

In summary, new mesoporous silica-based catalysts incorpo-
rating a chiral pyrrolidinemethanol derivative have been
prepared and the asymmetric diethylzinc addition to benzalde-
hyde examined. Among various catalytic systems, the best
result (75% ee) was obtained with the TMS-capped SBA-15
based catalyst treated with BunLi.
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Table 1 Characterization of mesoporous silicas during various stages of catalyst preparationa

MCM-41 based catalysts SBA-15 based catalysts

Catalyst
Surface area/
m2 g21

Mean pore
diameter/nm

Grafted
amount/
mmol g21 Catalyst

Surface area/
m2 g21

Mean pore
diameter/nm

Grafted
amount/
mmol g21

Silica 919 3.1 Silica 800 8.9
5b 750 3.0 0.55 5c 472 8.5 1.38
6b 655 2.4 0.40 6c 320 8.4 0.36
8b 648 2.3 0.59 8c 312 8.4 0.37

a N2 adsorption and desorption isotherms were collected at STP on a Micrometrics ASAP2010 gas adsorption analyzer after the materials were degassed at
250 °C at 30 mTorr for 5 h. The surface areas were calculated by the BET method and the pore size distributions were calculated from the adsorption branch
of the nitrogen isotherm by the BJH method.

Table 2 Asymmetric diethylzinc addition to benzaldehyde using various
catalysts

32 Chem. Commun., 2000, 31–32





Easy and efficient processes for catalyst recycling and product recovery in
organic biphase systems tested in the hydrogenation of hex-1-ene

Ricardo G. da Rosa,a Laura Martinelli,a Luís H. M. da Silvab and Watson Loh*b

a Instituto de Química, Universidade Federal do Rio Grande do Sul, Caixa Postal 15003, Porto Alegre, RS,
91501-970, Brazil   

b Instituto de Química, Universidade Estadual de Campinas, Caixa Postal 6154, 13083-970, Campinas, SP, Brazil.
E-mail: wloh@iqm.unicamp.br  

Received (in Cambridge, UK) 17th November 1999, Accepted 26th November 1999

Two organic liquid biphase systems containg poly(ethylene
oxide), heptane and either CH2Cl2 or methanol have been
tested in the catalytic hydrogenation of hex-1-ene using,
respectively, Wilkinson’s catalyst and a cationic rhodium
complex, both leading to high yields and selectivity, with the
latter showing a better performance and enabling easy and
efficient product separation and catalyst recycling.

Liquid biphase systems have been the focus of great attention in
catalysis recently as media for alternative less polluting and
more efficient catalytic processes, providing an easier separa-
tion between products and catalyst. Among the strategies
studied so far, examples include the use of aqueous/organic
biphase systems with water soluble catalysts,1 fluorous biphase
systems, where the use of fluorinated ligands leads to catalyst
solubility in the perfluorinated phase,2 functionalised thermo-
sensitive polymers as supports for traditional organometallic
homogeneous catalysts 3 and the application of molten salts as
ionic liquids.4 All these procedures present some advantages
and disadvantages. Among the latter, is the need for specially
prepared catalysts, occurrence of catalyst leaching, or the
somewhat difficult handling of the biphase system.

We have recently described5 an organic biphase system
containing poly(ethylene oxide) (PEO), CH2Cl2 and heptane
which shows a strong segregation between the polar polymer
and the hydrocarbon solvent, the polymer being concentrated in
the bottom phase. Further studies6 revealed that this phenome-
non is also observed in mixtures containing other polar solvents
such as methanol, chloroform and acetonitrile. Because of its
characteristics, this ternary mixture may be interchanged
between homogeneous and biphasic regions by either composi-
tion or temperature changes. These features suggest a variety of
applications in different separation processes where the absence
of water is desirable including catalysis.

This communication describes studies on the application of
these biphase systems in the hydrogenation of hex-1-ene
catalysed by Wilkinson’s complex, RhCl(PPh3)3, and by the
cationic complex [Rh(cod)(dppe)]PF6, cod = cycloocta-
1,5-diene, dppe = 1,2-bis(diphenylphosphine)ethane].† Hydro-
genation was chosen as a test reaction because of its
technological importance and hex-1-ene was used as substrate
owing to its easy product characterisation. The rhodium
complexes used were selected considering their well established
hydrogenation catalytic behaviour and poor solubility in apolar
solvents. Therefore, ideally, this reaction may be conducted in
a homogenous system and, after induced phase separation, the
catalyst may be selectively separated from the products,
allowing for their removal and recycling. In a similar procedure
Bianchini et al.7 performed two catalytic reactions in a mixture
of methanol and hydrocarbons that was homogeneous at high
temperatures and formed a biphase system at room temperature,
using a rhodium complex with a chosen ligand that ensured the
complex solubility only in the alcohol-rich phase.

The phase diagram for the ternary system PEO
3350–CH2Cl2–heptane has been previously reported5 and that

for the ternary system PEO 3350–MeOH–heptane (not shown)
is similar, though with a larger biphase area. Additional
experiments have shown that in both systems there are only
small changes when the polymer molecular weight is varied
from 200 to 10 000, provided the polymer content is expressed
on a monomer basis. There are, however, some important
changes of the phase boundaries with temperature, with the
biphase region increasing as the temperature decreases.6

Of relevance to this investigation, there are some composi-
tions at which the system may be moved from a biphasic to a
homogeneous region by temperature increase, for instance, with
19.5% of PEO 3350, 51.6% of CH2Cl2 and 28.9% heptane
[compositions expressed on the basis of mol% (for PEO this
refers to mol of monomer units)], this transition occurs at 9 °C.
However, a significant rhodium loss was spectrophotomet-
rically detected to the upper phase (ca. 15%) for this and other
compositions which presented temperature-driven phase sepa-
ration, causing poor recycling properties.

For this reason, we developed another procedure to improve
the selectivity of catalyst partitioning. As temperature de-
creases, these polymer solutions show phase separation of
UCST (upper critical solution temperature) type. For PEO
solutions in CH2Cl2, these phase separation temperatures range
from 280 to 240 °C, for PEO 3350 concentrations between 1
and 60% (w/w). As the polymer phase separates, we have
verified that most of the catalyst is also removed from the
solution phase. Therefore, by cooling the reaction system with
liquid N2, it is possible to selectively separate the catalyst and
the reaction products. The striking feature is that, probably
owing to large density differences, this biphase system is
kinetically stable for a long time (even hours) even at
temperatures close to room temperature, allowing easy separa-
tion of the liquid phases. Although this system is not in
thermodynamic equilibrium, this procedure has provided an
easy way of catalyst recycling.

This procedure was employed using Wilkinson’s catalyst in
the hydrogenation of hex-1-ene,‡ allowing product recovery
with no apparent catalyst leaching to the apolar phase (verified
spectrophotometrically) and efficient and selective substrate
conversion. However, a marked decrease in the catalytic
activity was observed after the third recycle. This could be
related to the recycling process, which may induce a continuous
loss of the triphenylphosphine free ligand in equilibrium with
the rhodium complex, as revealed by 31P NMR spectra,
generating inactive species.

In order to overcome this problem, a cationic rhodium
complex containing a chelating phosphine, [Rh(cod)(dp-
pe)]PF6, was tested as a catalytic precursor. This complex
showed poor catalytic activity using the ternary mixture
containing CH2Cl2. On the other hand, as suggested by other
catalytic hydrogenation studies,8 its performance using metha-
nol as the polar component of the ternary mixture was clearly
enhanced. With this second ternary system, the procedure of
inducing phase separation by cooling was not effective since the
volume of the upper phase was too small thus impeding the
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product separation. This reaction was then conducted in a
homogenous system containing 14 mL of MeOH, 3.6 g of PEO,
0.0335 mmol of Rh complex and 8.01 mmol of hex-1-ene, at
room temperature and under H2 flow. This system requires an
activation period of ca. 2.5 h to reach its maximum activity. The
reaction products were analysed by GC§ 30 min after this period
and during eight cycles, producing a 54 ± 5% conversion
associated with 90 ± 10% selectivity to hydrogenation. Under
these conditions, the estimated turnover frequency was 4 min21.
Maintaining the reaction for 1 h, the substrate was completely
and selectively converted to n-hexane, suggesting that the
isomerisation reaction is faster than hydrogenation and that the
isomers produced are reactive towards the catalyst being
slowly, but continuously, converted to n-hexane. The product
was then extracted by heptane addition, with three extractions
with 4 mL heptane aliquots yielding 75% of product recovery.
In the biphase system then formed, the extent of rhodium
leaching was determined by ICP-atomic emission analyses of
the upper phase,¶ revealing losses of only 0.083% of metal.
Such a low rhodium loss qualifies this procedure as an efficient
catalyst recycling.

This reaction is efficient even when performed under biphase
conditions as, for instance, using  a system composed of MeOH
(14 mL), PEO (3.6 g) and n-heptane (14 mL), the same rhodium
and olefin content as above, with 10 bar of H2. Under these
conditions five runs were made with complete conversion of the
substrate to the hydrogenation product and no loss of catalytic
activity or selectivity was noted. A kinetic study of this system
allowed the determination of an activation time of 50 min. After
this time, GC analysis revealed a complete conversion of hex-
1-ene to n-hexane in 15 min, allowing determination of a
turnover frequency of ca. 16 min21. This system can be
recycled, at least eight times, with no changes in activity or
selectivity.

In conclusion, this set of results, comprising experiments
performed with two catalysts under different conditions, have
proved the great potential for use of these organic biphase
systems as reaction media that enable an easy product
separation and efficient catalyst recycling. Furthermore, this
procedure allows the use of common catalysts in homogeneous
catalysis, requiring, therefore, no special reagents. These
biphase systems also display advantages over binary solvent
mixtures in that, owing to the presence of the polar polymer, the
phase compositions are more different, increasing the partition-
ing selectivity, without the need of special ligands for the
catalyst. The only requirement for their application is the
selective partitioning of catalyst and of the desired product,
however, this procedure is flexible enough to allow modifica-

tions (changing solvents, composition or temperature) that may
suit a wide range of catalytic reactions and products.
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The use of a C3 complex bearing three imidazolate groups as
a ‘building block’ allowed us to synthesize an infinite
corrugated two-dimensional (2D) low-spin Fe(III)–high-spin
Mn(II) polymer exhibiting weak ferromagnetic intralayer
interaction through imidazolate bridge.

Imidazolate is a highly studied bridge in dimetallic com-
pounds,1a as models of (Cu–Zn)SOD1b,c and cytochrome c
oxidase.1d Imidazolate has been previously used in building
two- or three-dimensional homo or poly-metallic polymers2a,b

and is known to induce moderate magnetic coupling.3
In order to construct bidimensional structures, we used a

pseudo-octahedral iron complex from a N-tripodal ligand (LH3
= tris{[2-(2-imidazol-2-yl)methyl]iminoethyl}amine) bearing
an imidazolate group at the end of each chain as a building
block. A dimer based on an analogous iron complex with
imidazole substituted in the 4-position has been previously
prepared.2c We chose a 2-substituted imidazole group to design
a more planar M1–imidazolate-M0–imidazolate–M1 geome-
try.† The iron monomer used is a stable neutral triimidazolate
Fe(III) low-spin complex.4

Here, we report the X-ray structure of [Mn(hfac)2]3[Fe(L)]2
(hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate), an infinite 2D
polymer and a preliminary magnetic study of this compound.

Small dark-blue crystals suitable for X-ray diffraction‡ were
obtained readily by slow evaporation of a mixture of methanolic
solutions of the iron and manganese complexes [Fe(L)] and

[Mn(hfac)2].§ X-Ray crystallography shows an infinite honey-
comb-like layered structure in the product. Each Fe(III)(L) entity
is linked by imidazolate bridges with three Mn(II), whereas each
Mn(hfac)2 is bound in cis position to two Fe(III) complexes. The

iron atoms are alternately capped above and below by the
tripodal ligand L [Fig. 1(a)]. Within each layer the iron
complexes display the same helicity, however, the crystal is
non-chiral as revealed by the space group. The iron atoms of a
given layer are located at the vertices of a chair-like structure
(see Fig. 2) leading to a corrugated 2D-network similar to the
Cr–Ni cyanide-bridged compound described by Ferlay et al.5a

A remarkable feature is the cis substitution of imidazolate
bridges around the manganese. This probably favours overall
compactness and therefore the formation of a very stable
hexagonal structure.5a,b Also, the small imidazolate–Mn–
imidazolate angles) compensate for the large Mn–imidazolate–
Fe–imidazolate–Mn distance.

The magnetic properties of [Mn(hfac)2]3[Fe(L)]2 (Fig. 3)
were recorded using a SQUID magnetometer with an applied
field H = 1 kOe in the temperature range 50–300 K and with an

Fig. 1 (a) View of a sheet down the c axis. H atoms and F atoms have been omitted for clarity. Shortest Fe…Mn, Fe…Fe and Mn…Mn separations are
5.889(3), 11.26(1) and 9.62(1) Å, respectively. The Mn–Fe–Mn angle is 109.5°; (b) Molecular structure of two iron units bonded to one manganese unit. H
atoms have been omitted for clarity. Each F atom has two partially occupied positions with those shown being in the major sites. Selected bond lengths (Å):
Fe–N 3.130(10), Fe–N(1A) 1.924(5), Fe–N(7A) 1.983(5), Mn–N(4A) 2.176(5), Mn–O(1) 2.209(6), Mn–O(2) 2.164(5). Symmetry operations: i = x, y, z; ii
= x 2 y + 1/3, 2 y + 2/3, 2z + 1/6).
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applied field H = 100 Oe in the temperature range 2–50 K to
avoid saturation.¶ At 300 K cMT = 14.1 cm3 K mol21, in good
agreement with the expected value for two non-coupled low-
spin iron(III) (g = 2.28) and three high-spin manganese(II) (g =
2) ions.∑ Upon cooling, cMT increases and reaches a value of 45
cm3 K mol21 at 2 K. This behavior indicates the occurrence of
a short range ferromagnetic exchange coupling between low-
spin Fe(III) and high-spin Mn(II) through the imidazolato bridge.
The variation of magnetization as a function of field has also
been measured at 2 K. At saturation, expected values would be
17 mB (S = 17/2) and 13 mB (S = 13/2) for ferromagnetic and
antiferromagnetic coupling, respectively (assuming an average
g-value of 2). The observed magnetization reaches a value of
16.27 mB per Fe2Mn3 unit at 5.5 kOe which clearly indicates a
ferromagnetic coupling. The overall shape of the M = f(H)
curve and the low value (45 cm3 K mol21) observed at 2 K for
cMT shows only weak magnetic correlation within a layer,**
restricted approximately to one Fe2Mn3 unit. Moreover, no
interaction between the layers is observed down to 2 K. The
compound can be considered at most as two dimensional from
the magnetic point of view.

This compound is a good example of the ability for C3
complexes, derived from a tripodal ligand bearing three
bridging groups, to be a building block for 2D polymers. As far
as we know, it is the first example of a 2D-bimetallic compound
containing imidazolate bridges.6

We thank Dr E. Rivière for his contribution to magnetic
measurements and Professor T. Mallah for useful discussions.
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§ Sample elemental analysis is in agreement with the proposed formula
while the IR spectrum of the polymer is the superimposition of the spectra
of iron and manganese building blocks. This is consistent with the
geometric similarity of the Fe unit in the monomer and in the polymer (X-
ray structure).
¶ Magnetic properties have been recorded for ground crystals from the same
batch used for X-ray diffraction and elemental analysis.
∑ At 300 K, cMT = {[0.125gFe

2S(S + 1)] 3 2} + {[0.125gMn
2S(S + 1)] 3 3}.

A gFe-value of 2.28 is consistent with the gFe value obtained for the iron
monomer (2.35).4
** This is entirely consistent with imidazolate bridges which are known to
induce only very weak magnetic interactions.1
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Fig. 2 View of the iron–manganese network showing the corrugated
structure of a layer. Only two adjacent chair-like arrangements are
represented.

Fig. 3 Experimental temperature dependence of cMT (cM susceptibility).
From 300 to 50 K, the magnetization was recorded with an applied field of
10 kOe, and from 50 to 2 K with an applied field of 100 Oe. The diamagnetic
contribution of the ligands has been subtracted as usual.
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Solid-state 1H MAS NMR at high magnetic fields and high
spinning speeds provides a powerful means of identifying
the different proton sites in smectites and affects informa-
tion on the octahedral nature, the octahedral layer charge
deficit and the charges on the cations residing in the
interlayer space of the silicate.

Solid-state magic angle spinning nuclear magnetic resonance,
MAS NMR, spectroscopy has long been recognised as a
powerful tool for the study of the structural and physico-
chemical properties of inorganic silicates, aluminosilicates and
zeolites, as well as for the study of the structure of adsorbed
molecules and the sorbate–sorbent interactions between mole-
cules and such solids. In consequence, MAS NMR is an
experimental technique widely used in solid state chemistry
research, both from basic and applied points of view.1

In particular, solid-state proton NMR offers an extremely
useful tool in the characterization of both the proton-containing
parts of the solids, i.e. structural hydroxyls and water, and the
adsorbed molecules in these materials.2 Moreover, it provides
several advantages over other experimental techniques, such as
X-ray diffraction and IR spectroscopy: (i) it is an intrinsically
quantitative measurement, the area of the spectrum being
directly proportional to the amount of hydrogen present;3 (ii) the
chemical shifts are characteristic of the hydrogen environment,
different bands being associated with different structural sites;4
(iii) both the inter-hydrogen distances, dH–H,5 and the hydrogen
bonding distances6 can be determined; and (iv) the strength and
concentration of Brönsted acid sites can be quantitatively
studied.7

However, conventional proton MAS NMR spectra in the
solid state are usually very broad due to homo- and hetero-
nuclear dipolar interactions and, to a lesser extent, chemical
shift anisotropy. The main problem generally encountered in 1H
MAS NMR is the strength of the homogeneous dipolar
interactions among protons, which produce significant line-
broadening. Experimental techniques that make use of com-
bined rotation and multiple-pulse spectroscopy, such as
CRAMPS and WAHUHA, improve the quality of these spectra
but imply the acquisition of more complicated experimental
systems.8 Partial deuteration of the samples reduces the spectral
broadening but, again, a more complicated manipulation
of the samples and a much more expensive preparation is
involved.9

In contrast with these disadvantages, the advent of higher
field magnets and the technical possibility of achieving very
high spinning speeds has allowed the acquisition of high-

resolution proton spectra through conventional single-pulse
MAS NMR experiments on solids samples, provided that either
the hydrogen density in the sample is less than about 15 atoms
nm23 or the motions of the molecules containing protons are
fast enough, which is in accordance with classical works on the
subject.10 This technique has been successfully used to
characterise many hydrous species in minerals, including
pyrophyllite and talc, the two end-members of the smectite
family.11 However, the application of the solid-state 1H MAS
NMR technique to the study of clay minerals and their reactions
has been largely unexplored, even when the information which
could be obtained might be extremely useful for those numerous
researchers who employ these samples in various areas of the
chemistry.

This report details the study of proton spectra of samples
representative of the smectite group and analyses the relation-
ship between the spectra and the mineralogical composition of
the samples. Likewise, useful applications for such measure-
ments are proposed.

Samples of representative species among smectites with
mineralogical compositions close to ideal were selected and
homoionised in sodium. The set of samples was supplied by the
Source Clay Minerals Repository of Missouri University
(Columbia), and includes members of the dioctahedral and
trioctahedral series as well as others with different tetrahedral
Si/Al ratios. Additionally, the samples were also homoionised
with different interlayer cations. The structural formulae of the
samples studied in this report are included in Table 1 and
characterised in more detail elsewhere.12

High-resolution 1H MAS NMR spectra were recorded at
room temperature for the smectites equilibrated in air (hydrated
samples) and after heating at 150 °C, to ensure the complete
removal of interlayer water (dehydrated samples), in order to
separate both contributions. A more detailed description of the
experimental procedure is given elsewhere.12 Spectra were
acquired in a magnetic field of 9.39 T and rotors were spun at 12
kHz. Pulse spaces of 5 s were used and the radiofrequency field
for protons was 60 kHz.

1H MAS NMR spectra of the different sodium-saturated
smectites described in Table 1, after dehydration at 150 °C, are
given in Fig. 1 (dotted lines in the right-hand column). The
spectra of talc and pyrophyllite have also been included. All of
the spectra show a single component, assigned to structural
hydroxyl groups, which have been fitted with a Lorentzian
curve (solid lines in the right-hand column of Fig. 1). The
chemical shift (d ) and the full-width at half-height (fwhh)
values are displayed in the upper-right-hand graph of Fig. 1.

Table 1 Structural formulae of the selected smectites

Short name [4]Si4+ [4]Al3+ [6]Al3+ [6]Fe3+ [6]Mg3+ [6]Li+ [6]Ti4+ M+

Talc 8.00 — — — 6.00 — — —
SHCa-1a 7.96 0.04 0.04 — 5.30 0.66 — 0.66
SapCa-1b 7.20 0.80 — 0.14 5.79 — — 0.80
Pyrophyllite 8.00 — 4.00 — — — — —
Trancosc 7.64 0.36 3.09 0.28 0.69 — — 0.87
SAz-1c 7.97 0.03 2.71 0.14 1.13 — 0.02 1.14

a Hectorite. b Saponite. c Montmorillonite.
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The hydroxyl NMR bands show a value of ca. 0.5 ppm for the
trioctahedral samples and of ca. 2.0 ppm for the dioctahedral
ones. The difference in chemical shift between these samples is
a consequence of differences in the composition of the
octahedral sheet and is in agreement with the 29Si MAS NMR
data reported for these materials.13 In trioctahedral minerals,
OH bond axes are perpendicular to the layers and point toward
the hexagonal cavities, while they are almost parallel to the
layers in dioctahedral minerals.14 In consequence, the proton
position in the dioctahedral smectites allows an interaction
between these OH groups and the apical oxygen atoms of the
tetrahedral sheets, a hydrogen bond, which causes a deshielding
of the protons and, hence, a displacement of their resonances to
lower fields.

Within each series, the chemical shift value is related to the
octahedral layer charge: the higher the octahedral layer charge,
the higher the field. This fact is explained on the basis of the
localisation of charge deficits created by isomorphous substitu-
tions in the smectites.15 If the deficit originates in the octahedral
sheet, the excess negative charge tends to be delocalised around
the whole sheet and the proton shielding of the structural
hydroxyls increases as the octahedral charge is elevated.
However, if the deficit occurs in the tetrahedral sheet, the excess
negative charge tends to be localised on single oxygen atoms
and the effect on the hydroxyl proton shielding is negligible.

As regards the band widths, these are influenced by both
structural and compositional parameters. Firstly, trioctahedral
structures provide a more symmetrical environment for the
hydroxyl protons than dioctahedral minerals. In the latter
structures, the hydroxyls are tilted and pointing toward one of
the tetrahedra of the hexagonal array, a librational motion being
allowed. In consequence, the trioctahedral minerals show a
unique hydroxyl chemical environment and narrower 1H NMR
signals, whilst dioctahedral minerals show an average of
different hydroxyl orientations and wider bands.

Secondly, the mineralogical composition affects the band
width in a two-fold manner: those samples without isomorphic
substitutions show the narrowest bands in each series and the
incorporation of paramagnetic impurities and NMR-active
nuclei causes a broadening of the signals.

In order to evaluate the influence of the interlayer cation, 1H
MAS NMR spectra of saponite exchanged with different cations
are included in the left-hand column of Fig. 1, similar results
being obtained for the other smectites. Dehydrated and

exchanged saponites display similar 1H NMR hydroxyl signals
regardless of the identity of the interlayer cations, indicating
that these species have no influence on the OH protons.

As regards the 1H NMR water signal, the centre column of
Fig. 1 exhibits, as dotted lines, the experimental spectra shown
in the left-hand column, after subtraction of the corresponding
spectra of the dehydrated samples. These spectra are composed
of a single component, associated with the interlayer water of
these materials. A clear relationship between the chemical shift
value and the interlayer cation charge is observed. As the charge
of the cation increases, the proton acidity increases and the band
is shifted to lower fields: chemical shifts for the water protons
of samples exchanged with trivalent cations are found to lie
within the narrow range 4.60–4.55 ppm; those of samples
exchanged with divalent cations lie close to 4.36 ppm; and those
of samples exchanged with monovalent cations lie around 4.10
ppm. Identical chemical shifts were found for the other
smectites exchanged with the same cations. Therefore, the
position of the water band is uniquely affected by the charge of
the interlayer cation.16,17

However, the fwhh is less influenced by both the charge and
the size of the cation, the response being much more
complicated. The variations in the linewidths of proton spectra
in similar systems are affected by the mobility of water and, in
consequence, complicated diffusion processes are involved,
more sophisticated models being necessary for a discussion of
these effects.

In summary, this report shows that the combined use of high
magnetic fields and spinning speeds affords single-pulse 1H
MAS NMR spectra of smectites of similar quality to those
currently obtained by using multiple-pulse sequences. More-
over, these spectra require only very short acquisition times and
a simple instrumental set up. The spectra directly provide
information on the octahedral nature, the octahedral layer
charge, and the charge of the interlayer cation of the mineral,
structural aspects of elevated importance in the study of these
materials. In particular, they can be used as initial character-
ization measurements and can be valuable for monitoring
structural changes in the course of many treatments in which
smectites can change their layer charge, suffer leaching
processes, or modify their interlayer compositions. Finally,
such spectra afford the opportunity to develop two-dimensional
cross-polarisation experiments with other nuclei, such as 27Si,
29Al and 7Li, which would improve the information currently
obtained from MAS NMR spectroscopy.

We thank DGICYT for financial support (Project No. PB97-
0176).
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Fig. 1 A: 1H MAS NMR spectra of saponite saturated with Na+ (a), Li+ (b),
Mg2+ (c), Al3+ (d), La3+ (e), and Lu3+ (f) ions. B: Subtraction from 1H MAS
NMR spectra shown in the left column of the 1H MAS NMR spectra
obtained from the samples after dehydrating at 150 °C (dotted lines) and
Lorentzian fitting curves (solid lines). Chemical shifts and full-widths at
half-height are shown in the upper-left diagram for each fitting curve. C: 1H
MAS NMR spectra of (g) talc, (h) Na-hectorite, (i) Na-saponite, (j)
pyrophyllite, (k) Na-Trancos montmorillonite, and (l) Na-SAz-1 montmor-
illonite after dehydrating at 150 °C (dotted lines). Lorentzian fitting curves
have been included for each experimental curve (solid lines). Chemical shfts
and full-widths at half-height are shown in the upper-right diagram for each
fitting curve.
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A novel compound of the formula Ag2·CA (CA = cyanuric
acid) possessing Ag sheets and hydrogen-bonded CA chains,
exhibits anisotropic conductivity and acts as an infinite
parallel plate capacitor with a high dielectric constant.

Design of infinite two- and three-dimensional arrays of metal–
ligand networks has attracted considerable attention in the last
few years not only because of the structural and topological
novelty of such engineered solids but also due to the potentially
interesting electrical, magnetic and other properties.1,2 Re-
cently, interesting structures containing polymeric Ag(I) species
and heterocyclic as well as aromatic compounds have been
described.2–4 For instance, Ag(I)–benzenesulfonate has a lay-
ered structure containing a planar hexagonal array of Ag(I) ions
incorporating the anion.4 A coordination network of dicyanodi-
phenylacetylene comprising Ag(I) sheets with an Ag···Ag
separation of 3.39 Å has also been reported.5 Equally interesting
are the supramolecular Ag(I) complexes constructed with
several aromatic compounds involving novel stacking of the
aromatics such as the herringbone packing pattern.6,7 Many of
these compounds have Ag···Ag separation significantly shorter
than the van der Waals contact distance, with Ag(I) having
linear, trigonal, tetrahedral or hexagonal coordination,8 how-
ever, the materials are generally either insulators or semi-
conductors with no unusual properties.

During the course of our investigations of supramolecular
assemblies of cyanuric acid, C3H3N3O3 (CA), involving both
hydrogen bonding and metal-ion coordination, we have isolated
a novel silver compound possessing two-dimensional Ag sheets
with the CA molecules in the interlayer space, forming linear
hydrogen-bonded chains. This compound of composition
Ag2·CA, is a unique organic–inorganic hybrid with novel
electrical properties, and is entirely different from the supramo-
lecular assemblies described above, and from other Ag
complexes and salts with short Ag···Ag distances.9 Here, we
describe the fascinating structure and properties of this Ag(I)
compound.

Reaction of AgNO3 with CA under hydrothermal conditions†
gave single crystals of composition Ag2·CA suitable for X-ray
diffraction studies. The structure was determined‡ using the
SHELXTL package,10 with the intensity data collected on a
Siemens smart diffractometer equipped with CCD area detector.
The asymmetric unit of the compound is shown in Fig. 1. The
structure viewed down the b-axis (Fig. 2) reveals the presence of
two-dimensional sheets of Ag atoms separated by CA mole-
cules, the inter-sheet separation being ca. 6 Å. The average
Ag···Ag distance in the sheets is 2.95 Å, slightly longer than
the Ag–Ag distance in metallic silver (2.89 Å). The dative Ag–
O and Ag–N bond distances are in the range 2.22–2.76 and
2.09–2.12 Å, respectively, and the CA molecules are linked by
relatively short N–H···O hydrogen bonds (H···O 1.90 Å, N···O,
2.75 Å), giving rise to a linear chain (Fig. 2). The arrangement
of the CA molecules in the layers perpendicular to the Ag sheets
is illustrated in Fig. 3. Another noteable feature of Ag2·CA is
that the organic spacer itself is the anion. Ag2·CA can also be
compared with Ag3O with an anti-BiI3 structure with the O
atoms occupying 2/3 of the octahedral holes.11 The Ag···Ag and
Ag–O distances in Ag2·CA are slightly longer than in Ag3O,
except for one Ag–O bond of 2.22 Å.

The presence of multipoint recognition patterns between CA
and Ag in Ag2·CA is of interest. For instance, the hydrogen
bonding motif (a) in Scheme 1, found in the structure of CA,12

is replaced by the motif (b) in Ag2·CA by the substitution of Ag
for H. Motif (b) is similar to that present in Ag carboxylates,
except that two of the O atoms are replaced by N atoms. In
addition, there are three-point recognition patterns (c) and (d) in
Ag2·CA, comparable to the hydrogen bonding pattern (e) found
in the adduct of CA with melamine.13

Ag2·CA crystals are mica-like and are readily cleaved
because of the layer structure and the presence of weakly bound
Ag sheets. The presence of two-dimensional Ag sheets is
expected to give rise to anisotropic conductivity. Accordingly,
the values of the dc conductivity parallel and perpendicular to
the Ag sheets (bc plane) are ca. 5 3 1023 and ca. 2 3 1025 S
cm21, respectively, at 300 K. The conductivity along the sheets
is temperature-independent down to 15 K. Ag2·CA, in which the
conducting Ag sheets are separated by the organic spacer
molecules, can be considered as an infinite parallel plate
capacitor. In accord with this, the crystals possess a high static
dielectric constant of ca. 22 000 at 300 K, a phenomenally high
value which promises potential applications. This value of the

Fig. 1 ORTEP drawing showing the asymmetric unit of Ag2·CA.

Fig. 2 Structure of Ag2·CA showing Ag sheets and linear CA chains.

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 39–40 39



dielectric constant is comparable with that of barium titanate
(ca. 12000 at 300 K).

Notes and references
† A solution (10 mL) consisting of a mixture of AgNO3 (0.170 g) and CA
(0.129 g) in water in a Teflon flask was placed in a steel bomb. The bomb
was placed in an oven maintained at 180 °C for 24 h and then cooled to room
temperature (25 °C) over a period of 3 h. Good quality off-white plate-like
single crystals, were obtained and the composition of the product was
established as Ag2·CA, consistent with that derived from X-ray crystallog-
raphy. There were no other products in the reaction.
‡ Crystal data for Ag2·CA(Ag2C3N3HO3): crystal dimensions, 0.35 3 0.25
3 0.20 mm, monoclinic, space group, C2/c, a = 12.726(1), b = 13.064(1),
c = 6.623(1) Å, b = 97.35(1)°, V = 1092.0(2) Å3, Z = 8, Dc = 4.170 Mg
m23, m(Mo-Ka) = 7.11 mm21, F(000) = 1264, l = 0.71073 Å, w–2q
scan, 2 < q < 24° ( 213 @ h@ 14, 211 @ k@ 14, 26 @ l@ 7), 2266 total
reflections, 785 independent reflections which were used in the refinement.
The structure was solved to R1 = 0.035 and wR2 = 0.083. Hydrogen atoms
were placed in  calculated positions.

CCDC 182/1491. See http://www.rsc.org/suppdata/cc/a9/a908171b/ for
crystallographic files in .cif format.
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Fig. 3 Structure of a layer (ab plane) perpendicular to the Ag sheets: Solid
lines, covalent bonds; double lines, dative bonds; dashed lines, hydrogen
bonds; double dashed lines, Ag–Ag bonds.

Scheme 1
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Two molecules of cavitand tetracarboxylic acid and four
molecules of 2-aminopyrimidine assemble into a capsule via
16 hydrogen bonds, as shown by 1H NMR titration and X-
ray crystallographic analysis; in the solid state, two mole-
cules of nitrobenzene are encapsulated in the capsule.

Error correction through thermodynamic equilibration, mini-
mization of synthetic effort by use of modular subunits and
control of assembly processes through subunit design are
characteristic of supramolecular approaches to self-assembly.1,2

Carcerands, in which two calix[4]resorcinarene cavitands are
held together by four covalent linkages, have been synthesized
and well-characterized by Cram and others, and have attracted
considerable attention from the viewpoint of stabilization of
reactive intermediates and microvesicles for drug delivery by
confinement of guest molecules inside the capsules away from
bulk phases.3 Recently, the field of molecular capsules has
advanced to a stage where self-assembly through noncovalent
interactions such as hydrogen bonds and metal coordination has
proved to be a reliable tool.4,5 Based on hydrogen bonds,
homodimers of functionalized cavitands in solution6,7 and
multicomponent assemblies of calix[4]resorcinarenes with
solvent water or alcohol molecules as linkers in the solid state8,9

have been reported. Metal-bridged assemblies of functionalized
cavitands have also proved to be a viable alternative.10 We have
chosen the cavitand tetracarboxylic acid 1 as a concave
subunit11 and 2-aminopyrimidine (2-AP) as a hydrogen-bonded
linker subunit. Our strategy for capsule formation is based on
the combination of carboxylic acids with 2-AP to form a 2+1
hydrogen-bonded complex in the solid state.12 Herein we report
the construction of capsule 2 from six components via 16
hydrogen bonds: two molecules of 1 are indirectly held together
in a rim-to-rim fashion by hydrogen bonding bridges involving
four molecules of 2-AP (Scheme 1).

The cavitand 1 alone has a low solubility in CHCl3 at room
temperature { < 5 mM for 1a [R = (CH2)6CH3] and < 1 mM for
1b [R = (CH2)2Ph]}. On the other hand, in the presence of 2
equiv. of 2-AP, 1 becomes very soluble in CHCl3 ( > 100 mM).
The titration of a suspension of 1a in CDCl3 at 25 °C with
aliquots of 2-AP was monitored by 1H NMR spectroscopy. Fig.
1 shows the chemical shift changes for the NH2 protons of 2-AP
and the inward and outward methylene protons at the rim of 1a
as a function of 2-AP/1a.† Below the 2+1 ratio of 2-AP/1a, the
NH2 protons of 2-AP apparently give a saturated downfield shift
(Ddobs = 2.95 ppm), independent of 2-AP/1a, while the
methylene protons of 1a are increasingly shifted downfield
upon addition of 2-AP. At the 2+1 stoichiometry of 2-AP/1a, the
mixture becomes completely homogeneous.† Beyond the 2+1
ratio, the former chemical shift changes decrease due to the
average of signals between the free and complex 2-AP, whereas
the latter ones remain unchanged. The fact that both titration
curves have an inflection point at the 2+1 stoichiometry of
2-AP/1a indicates that an n+2n complex of 1a with 2-AP is
formed via hydrogen bonds and that this formation may be a

cooperative process. The cavitand 1a and 2-AP possess four and
two hydrogen bonding sites, respectively. In principle, 1+2 and/
or 1+4 complexes of 1a with 2-AP may be conceivable. In such
complexes, however, half of the hydrogen bonding sites still
remain intact. The titration data obtained here suggests the
formation of a capsule 2a in solution from two molecules of 1a
and four molecules of 2-AP (Scheme 1).‡ The capsule 2a in
CDCl3 was disrupted upon addition of DMSO-d6 as a
cosolvent.

The stability of 2a was evaluated by the dilution method in
CDCl3 at 25 °C using 1H NMR, where the ratio of 2-AP/1a is
maintained at 2+1. The chemical shift changes for the NH2
protons of 2-AP decreased at less than 10 mM of 2-AP. The
association constant for the formation of 2a calculated from a
nonlinear curve fitting was estimated to be Ka = 3.7 3 1019

M25 in CDCl3 at 25 °C with Ddsat = 2.96 ppm and a correlation

Scheme 1
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coefficient r = 0.99.§ This corresponds to an average DG° =
21.6 kcal mol21 per hydrogen bond.13

Recrystallization of a mixture of 1 and 2-AP from various
solvents such as p-xylene, anisole–CHCl3 and nitrobenzene–
CHCl3 gave co-crystals composed of 1+2-AP = 1+2 without
exception. The IR spectra showed a shift (10 cm21) to lower
wavenumbers of the nCNO for 1 upon adduct formation. The
O–H stretching bands appeared at 2500 and 1900 cm21, which
are characteristic of a carboxylic acid hydrogen bonded to an
aromatic ring nitrogen.12 When pyridine was used in place of
2-AP, co-crystals of 1+pyridine = 1+4 were obtained. These
results support the formation of 2 from 1 and 2-AP in the solid
state.

Single crystals suitable for X-ray diffraction analysis were
grown by allowing a hot solution of 1b and 2-AP in
nitrobenzene to slowly cool to room temperature.¶ As shown in
Fig. 2, the molecular structure after symmetry operations
unambiguously reveals the capsule 2b in which two molecules
of the hemispherical cavitand 1b associate indirectly in a rim-
to-rim fashion by hydrogen bonding bridges involving four
molecules of 2-AP located on an equatorial position. The NH2
protons and aromatic ring nitrogens of 2-AP form hydrogen
bonds with the acid carbonyl oxygens and OH protons of 1b,
respectively. The hydrogen bonding distances of N(H)…O are
2.866(7), 2.841(7), 2.897(7) and 2.872(7) Å, and those of
N…(H)O are 2.770(7), 2.604(7), 2.711(6) and 2.718(6) Å.
Thus, the capsule 2b is constructed via 16 hydrogen bonds
between two molecules of 1b and four molecules of 2-AP. The

dihedral angles between the carboxylic acid groups and the
resorcinol rings of 1b are almost perpendicular (83.5, 85.7,
105.9 and 80.2°), probably due to the electronic repulsion
between the oxygen atoms of their moieties. This orientation
plays an important role in the formation of the capsule. The
capsule 2b features dimensions of ca. 9 3 15 Å. Two molecules
of nitrobenzene are encapsulated in the cavity of 2b in an
antiparallel fashion with an inter-ring distance of ca. 3.3 Å.
They are oriented with the nitro groups towards the equatorial
windows of 2b.

In summary, we have demonstrated the capsule 2, composed
of two molecules of the cavitand tetracarboxylic acid 1 and four
molecules of 2-aminopyrimidine, as a hydrogen-bonded linker.
Exploration of linkers such as bipyridine derivatives and
transition metals in order to control the cavity size of the
capsules is currently underway in our laboratory.

Notes and references
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equilibrium is reached immediately. At the 2+1 stoichiometry of 2-AP/1a,
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Irradiation of the C(4,6) hydrogens of 2-AP showed a 3% NOE at the acid
protons of 1a at 230 °C.
‡ No evidence for the encapsulation of guests into 2a in CDCl3 is available,
probably due to favorable accommodation of CDCl3 as a bulk phase in
2a.
§ A constant ratio [2-AP]+[1a] = 2+1, and the assumption that free 1a, free
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¶ Crystal data for 1b·2(2-AP)·6(PhNO2): C112H96N12O28, M = 2058.05,
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b = 19.78(1), c = 15.047(5) Å, a = 107.32(4), b = 96.18(3), g =
79.05(5)°, U = 4955(6) Å3, Z = 2, Dc = 1.379 g cm23, m(Mo-Ka) = 1.00
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Fig. 1 Chemical shift changes for (a) the NH2 protons of 2-AP and (b) the
inward and (c) outward methylene protons at the rim of 1a as a function of
2-AP/1a in CDCl3 at 25 °C.

Fig. 2 Molecular structure of capsule 2b (a) without and (b) with
encapsulated nitrobenzenes. Nitrobenzenes which are not located inside the
cavity and hydrogen atoms except for NH2 protons of 2-AP and acid protons
of 1b are omitted for clarity. Dashed lines represent intermolecular
hydrogen bonds.
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Four diastereoisomeric 3-diacylaminoquinazolinones 8a–d
have been separated and identified by X-ray structure
determinations on three of them: their stoichiometric
reactions with a-phenylethylamine and with 2-methylpiper-
idine (2 equiv. of amine) gave the corresponding N-
(2-acetoxypropanoyl)amine and unreacted amine in high
diastereomeric/enantiomeric excess.

3-Diacylaminoquinazolinones (DAQs), e.g. 1, are highly se-
lective acylating agents for primary amines in the presence of
secondary amines and for the less hindered of two secondary
amines.1 Recently the N,N-diacetamide 2 has been claimed to be
even more chemoselective than DAQ 1 as an acetylating agent:
a 1+1 mixture of pyrrolidine and piperidine (DpKa = 0.01)
reacts with 2 to give a 15+1 ratio of the corresponding N-
acetylated amines.2

The DAQs 3, 4 and 5 were available to us by acetylation of
the corresponding 3-aminoquinazolinones3 and, when reacted
with a mixture of pyrrolidine and piperidine (1 equiv. each) at
0 °C in CH2Cl2 gave the ratios of the corresponding amides
shown in Scheme 1. Unexpectedly, the chemoselectivity
increases as the substituent R on the chiral centre decreases in
size from But? Me with a 20+1 ratio for methyl.†

Since DAQs 3, 4 and 5 are enantiopure we were particularly
interested in a greater potential advantage which their use
offered over that of e.g. 2, namely as enantioselective
acetylating agents.4 However, reaction of DAQ 3 (1 equiv.)
with racemic 2-methylpiperidine (2 equiv.) gave a sample of
recovered amine having zero optical rotation and hence there is
no kinetic resolution in this acetylation.

For 3-aminoquinazolinones N,N-disubstituted with different
acyl groups, we have previously shown that the N–N bond is a
chiral axis: in DAQ 6 the presence of two chiral elements gives
rise to diastereoisomers with a barrier DG# = 121 kJ mol21 for
their interconversion by rotation around the N–N bond.4

Successive acylation of enantiopure 3-aminoquinazolinone
73 with (S)-2-acetoxypropanoyl chloride and isobutanoyl chlo-

ride (Scheme 2) gave four DAQ diastereoisomers 8a–d in order
of their elution on chromatography (see below). The major
diastereoisomer 8b was separated by crystallisation (35%) after
flash chromatography to remove unreacted mono-acylquinazo-
linone (MAQ) and pure samples of the other three, 8a (5%), 8c
(7%) and 8d (26%), were obtained by separation using a
chromatotron.

X-Ray crystal structure determinations of DAQs 8b and 8c
(Fig. 1) showed them to have the expected (S)-configuration at
their a-acetoxypropanoyl chiral centres but different configura-
tions at their N–N chiral axes.‡ Heating (CDCl3, 60 °C, 42 h)
interconverted 8b and 8c and gave a 5+4 ratio respectively at
equilibrium, presumably as a result of rotation around the N–N
bond: no interconversion with 8a or 8d occurred.

Diastereoisomers 8a and 8d arise from epimerisation at the
a-acetoxypropanoyl centre as shown by the (R)-configuration
in the X-ray crystal structure of 8d (Fig. 1).‡ Interconversion of
8a and 8d by heating (CDCl3, 60 °C, 13 h) gave a 6+1 ratio at
equilibrium, respectively: no interconversion with 8b and 8c
occurred in this equilibrium.

Although in their crystal structures DAQ 8b–d all have the
usual4 exo/endo conformation for their imides, 8b and 8c have
their a-acetoxypropanoyl groups endo and the isobutanoyl
group exo whereas 8d has the positions of these two groups
reversed.

We find that these DAQs 8a–d are enantioselective acylating
agents for racemic amines. Thus DAQ 8c (1 equiv.) reacts with
a-phenylethylamine (2 equiv.) in CH2Cl2 at 5 °C to give
(2R,2AS)-N-(-2-acetoxypropanoyl)-a-phenylethylamine [77%
based on (R)-a-phenylethylamine, 88% de] by NMR compar-
ison with authentic samples of both diastereoisomers: the
recovered S enantiomer of the amine [90% based on (S)-a-
phenylethylamine] was of 91% ee from its specific rotation
(Scheme 3).

Scheme 1

Scheme 2
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Reaction of DAQ 8c (1 equiv.) with racemic 2-methylpiper-
idine 10 (2 equiv.) in CH2Cl2 at 5 °C for 24 h gave, after
chromatography, monoacylquinazolinone (MAQ) 11 (77%)
and (2S,2AS)-1-(2A-acetoxypropanoyl)-2-methylpiperidine 9a
(79%) (Scheme 3) whose diastereopurity (de) as measured by
NMR spectroscopy was 95%. The unreacted 2-methylpiper-
idine enantiomer was recovered from the crude reaction mixture
by extraction with HCl (2 M) and derivatised by reaction with
(S)-2-acetoxypropanoyl chloride to give 9b (81%) of 89% de: at
400 MHz and 50 °C the OCOCH3 signals of diastereoisomers
9a and 9b are well separated.§

Since DAQ 8b was recovered unchanged when re-subjected
to the conditions of the second acylation in Scheme 2, it appears
that epimerisation at the 2-acetoxypropanoyl chiral centre

occurs in the second acylation step.¶ An alternative, more
stereoselective route to these DAQs was to carry out the second
acylation using the lithium salt of the MAQ. Thus reaction of
the lithium salt of MAQ 11 with (S)-2-acetoxypropanoyl
chloride gave DAQ 8c (71%) and 8a (8%) (based on recovered
starting material), i.e. with less epimerisation than previously.

Kinetic resolution is usually carried out in the presence of
excess of the substrate to maximise enantiopurity in its
derivatised enantiomer. Even under the most testing conditions
of stoichiometry as in Scheme 3, DAQ 8c delivers both
derivatised and unreacted enantiomers of the substrate with high
enantioselectivity.

We thank the Ministry of Education, Saudi Arabia for
funding (to A. G. Al-S).
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† This increase may be related to the preference for a defined conformation
around the C–OSi bond in the (Q) 2-substituent in 3 but not in 4 or 5 (see
R. S. Atkinson, M. P. Coogan and I. S. T. Lochrie, Tetrahedron Lett., 1996,
37, 5179.
‡ Crystal data for 8b: C27H41N3O6Si, M = 531.72, orthorhombic, space
group P212121, a = 10.146(1), b = 13.296(2), c = 22.618(3) Å, V =
3051.4(7) Å3, Z = 4, m(Mo-Ka) = 0.118 mm21, 3845 reflections measured,
3639 unique (Rint = 0.013) which were all used in calculations. Final R1 =
0.052 and wR2 = 0.114 (all data). For 8c: C27H41N3O6Si, M = 531.72,
orthorhombic, space group P212121, a = 9.391(2), b = 13.554(6), c =
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which were all used in calculations. Final R1 = 0.044 and wR2 = 0.099 (all
data). Data were measured on a Siemens P4 diffractometer at 190 K using
graphite monochromated Mo-Ka radiation (l = 0.7107 Å) using an w-scan
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significant variation in intensity, the reflections were corrected for Lorentz
and polarisation effects. The structures were solved by direct methods and
refined by full-matrix least-squares on F2. The absolute configurations of
the compounds were established by the known configuration at the silyloxy
substituted carbon atom. All examined crystals of 8c diffracted weakly; to
preserve an observed data to variable ratio of 6+1 the 13 most closely
isotropic atoms were constrained to be isotropic. All hydrogen atoms were
included in calculated positions (C–H = 0.96 Å) using a riding model.
CCDC 182/1486. See http://www.rsc.org/suppdata/cc/a9/a907970j/ for
crystallographic data in .cif format.
§ A mixture of amide diastereoisomers 9a and 9b was prepared by reaction
of (S)-2-acetoxypropanoyl chloride with racemic 2-methylpiperidine. An
authentic sample of amide 9b was prepared from (R)-2-methylpiperidine,
[a]D (HCl salt) 8.9 (c 2, EtOH), itself prepared from the racemic amine by
resolution using (R)-mandelic acid.
¶ Significantly, the MAQ recovered from the reaction in Scheme 2 was also
found to be a mixture of two diastereoisomers, epimeric at the 2-acetoxy-
propanoyl chiral centre.
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Fig. 1 Molecular structures of (a) 8b, (b) 8c and (c) 8d showing atom
labelling schemes and 30% probability displacement parameters. H atoms at
chiral centres are shown with dashed bonds, all other H atoms are omitted
for clarity.

Scheme 3
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Nucleobase molecular recognition on a self-assembled
monolayer was studied in supercritical carbon dioxide and
obtained kinetics were compared with those in air and liquid
phases.

Molecular recognition is an essential phenomenon in living
systems, as observed in complementary hydrogen bond forma-
tion in DNA. In recent years, a number of artificial receptors
containing base pairing models of DNA have been reported.1
They confirm selective binding of small guest molecules via
complementary hydrogen bonds in hydrophobic organic sol-
vents and at the air-water interface, although it hardly occurs in
bulk water.2 Molecular recognition in the gas phase has also
been investigated, as it would form a most simple system
avoiding any solvation effects on both host and guest mole-
cules.3 Supercritical fluid is attractive as a third medium, in
addition to the liquid and gas phases, because its physical
properties (e.g. solvation, density, diffusiveness and viscosity)
are intermediate between those of a gas and a liquid, and can be
manipulated by small changes in pressure or temperature.4
Several spectral studies of hydrogen bonding interactions5a–c

and inclusion phenomena5a,e have been carried out in super-
critical fluid. It is useful to study and compare molecular
recognition in these three different states of matter. A quartz-
crystal microbalance (QCM) is a useful instrument for detecting
directly guest molecular binding processes by measuring mass
changes at a host monolayer, as it is independent of media and
can be used in an air phase,3a–c in aqueous solution,6 and even
in supercritical fluid.

Here we report the binding behavior and kinetics of small
guest molecules in supercritical carbon dioxide (scCO2) at a
self-assembled monolayer of decanethiol having thymine at the
terminus on a highly sensitive 27 MHz QCM (see Fig. 1); these
data are then compared with those obtained in the gas phase3a–c

and in aqueous solution.6
A 27 MHz, AT-cut QCM was connected to a handmade

oscillator.6,7 Frequency changes were followed by a universal
counter (Hewlett Packard Co., Ltd., model 53131A) attached to
a microcomputer system. Calibration of the 27 MHz QCM
showed that 0.62 ng cm22 of substrate binding corresponds to
1 Hz of frequency decrease, which was consistent with the
Sauerbrey equation8 and our previous papers.6,7 The thymine
monolayer was immobilized on Au electrodes on both sides (4.9
mm23 2) of the QCM according to the previous papers.3a–c The
frequency decreased by 500–600 Hz (mass increase, Dm =
310–370 ng cm22) due to the monolayer immobilization. The
theoretical mass of the monolayer on the two gold electrodes
was calculated to be 350 ng cm22, if the surface roughness was
assumed to be about 2. These values indicate that the Au
electrode was covered with a monolayer of the thymine
derivative.

Liquid CO2 was pumped into a reservoir vessel containing
guest molecules at 10–15 MPa using a LC pump (Jasco PU-980
HPLC pump) connected to a CO2 cylinder. The vessel was
warmed up to 40 °C to create the supercritical state. A mixture
of guest saturated scCO2 and pure scCO2 was passed at a rate of
3–5 ml min21 into a reaction vessel at 40 °C and 10 MPa, in
which the monolayer immobilized QCM was set with a

magnetic stirrer. Guest concentrations were controlled by
changing the mixture ratio of the two fluids.

Fig. 2 shows typical time courses of frequency changes of the
27 MHz QCM immobilized with the thymine monolayer
responding to exposure to the same concentration (1.0 3 1024

M) of various guest molecules in scCO2 at 40 °C and 10 MPa.
Both 9-ethyladenine and 2-aminopyridine (an adenine ana-
logue) were bound reasonably well onto the thymine mono-
layer, probably due to complementary two-point hydrogen
bonding with the host thymine membrane. In spite of having a
two-point hydrogen bonding ability with thymine, 1-cyclohex-
yluracyl and 2-pyrrolidone (a uracil analogue) were hardly
adsorbed onto the thymine monolayer. Similar selective binding
of adenine derivatives to the thymine monolayer was observed
when the binding experiments were carried out in the air
phase3a–c and on the thymine monolayer at the air-water
interface.6

Fig. 1 Schematic illustration of nucleobase binding to a thymine monolayer
on a 27 MHz QCM in a supercritical CO2 flow system.

This journal is © The Royal Society of Chemistry 2000
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When the concentration of guest molecules increased (2 3
1025 to 5 3 1024 M), the typical saturation binding curves were
obtained. From the reciprocal plots, association constants (Ka)
could be obtained from linear correlations. From the initial
slopes of the frequency decreases (mass increases) of Fig. 2, the
apparent binding rate constants (k1) were calculated. These data
are summarized in Table 1, as are those values obtained using
the same QCM system in the air3a,9 or on the monolayer at the
air-water interface.6,10

Complementary binding between the thymine monolayer and
9-ethyladenine or 2-aminopyridine (an adenine model) showed
Ka = (1.2–2.6) 3 103 M21, which is about 100 times larger than
Ka = 10–20 M21 for noncomplementary binding of 1-cyclohe-
cyluracil or 2-pyrrolidone. Similar selectivity was observed
between the thymine monolayer and 2-aminopyridine (an
adenine model) or 2-pyrrolidone (a uracil model) in the air
phase at 25 °C, and between the thymine monolayer and
adenosine or uridine in the aqueous solution (25 °C, pH 7.5,
0.01 M phosphate buffer). In the air phase, 2-aminopyridine and
2-pyrrolidone were employed as adenine and thymine models,
respectively, since nucleobases are difficult to vaporize under
the usual conditions. In aqueous solution, adenosine and uridine
were employed due to their high solubility to aqueous
solution.

Complementary hydrogen bonding between nucleobases has
been confirmed by FT-IR spectral measurements in CDCl3
solution.11 We measured FT-IR spectra in the bulk scCO2 using
a pressure-resistant stainless steel vessel with ZnSe windows.12

The dN–H at 1604 cm21 for 2-aminopyridine (an adenine model)
was shifted to 1616 cm21 in the presence of an equal amount of
2-pyrrolidone (a uracil model) in scCO2 (40 °C, 10 MPa),
indicating that both molecules interact through hydrogen
bonding as efficiently as in CDCl3 solution.11

The selectivity (about 100 times) of the thymine monolayer
for complementary guest molecules was similar among the
three phases (air, water and super critical fluid). However,
association constants (Ka) and initial binding rate constants (k1)

largely depended on the medium. Ka and k1 values obtained in
the air phase were very large due to the lack of solvent effects
in the gas state, and those values in supercritical fluid were
closer to, but still 10 times larger than, those in the aqueous
phase. In supercritical fluid, the medium itself is thought to form
fluid clusters, by which substrates are weakly solvated like a
monolayer.4a This means that the very thin, weak solvation of
the host and/or guest molecules in the supercritical fluid
significantly reduced the interaction compared with the bare
interaction in gas phase, and became close to the fully solvated
interaction in the solution. Although the reaction conditions and
guest molecules are slightly different for the three media, the Ka
and k1 values reflect the physical properties such as solvation
and diffusiveness in each medium.

In conclusion, we could observe selective interactions
between nucleobases in a supercritical fluid, and the QCM
system is useful to monitor this binding behavior even in
supercritical fluid, as well as in the liquid and air phases. One of
advantages of supercritical fluid as a medium is that its physical
properties, such as density, diffusion rate and solvation, can be
reversibly changed by varying the temperature or pressure of
the scCO2 state.13 We are currently studying the effect of
solvation on molecular recognition by changing the physical
state of the supercritical fluid.
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on the amphiphile monolayer, and then guest molecules were injected
into the water phase (ref. 6).

11 Y. Kyogoku, R. C. Lord and A. Rich, Science, 1966, 154, 518.
12 Although we attempted direct detection of the hydrogen bond formation

on the monolayer using an RAS-IR at the interface, we could not obtain
clear results due to a lack of the sensitivity.

13 For example, density and relative permittivity can be changed over the
ranges 0.1–0.8 and 0.1–0.5, respectively, by changing the pressure from
7 to 20 MPa at 40 °C.
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Fig. 2 Time courses of frequency decreases (mass increases) of the 27 MHz
QCM immobilized with the thymine monolayer, responding to exposure of
guest molecules (1.0 3 1024 M) in supercritical CO2 (40 °C and 10 MPa);
(a) 9-ethyladenine, (b) 2-aminopyridine (an adenine model), (c) 1-cyclo-
hexyluracil and (d) 2-pyrrolidone.

Table 1 Association constants (Ka) and initial binding rate constants (k1) for
guest bindings to the thymine monolayer in various media

Media Guests
Ka/103

M21
k1/M21

s21

scCO2
a 9-ethyladenine 1.2 2.0

2-aminopyridine (an adenine model) 2.6 8.0
1-cyclohexyuracil 0.02 0.1
2-pyrrolidone (a uracil model) 0.02 0.2

Airb 2-aminopyridine (an adenine model) 73 000 190 000
2-pyrrolidone (a uracil model) 780 21 000

Waterc adenosine 0.23 0.5
uridine < 0.01 < 0.01

a 40 °C, 10 MPa. b 25 °C, see refs. 3(a) and 9. c 25 °C, pH 7.5, 0.01 M
phosphate buffer, see refs. 6 and 10.
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The migratory insertion of sulfur dioxide into the palla-
dium(II)–methyl bond of [(dppp)Pd(Me)(OEt2)]BArA4 [ArA =
C6H3(CF3)2-3,5] to yield a unique dimeric eight-membered
palladacycle was followed by NMR spectroscopy, and the
product characterised by X-ray crystallography.

Palladium(II) complexes possessing bidentate ligands are
known to efficiently catalyse the copolymerisation of olefins
with carbon monoxide to form polyketones.1 Sulfur dioxide is
an attractive monomer for catalytic copolymerisations with
olefins since SO2, like CO, is known to undergo facile insertion
reactions into a variety of transition metal–alkyl bonds.2,3

Indeed, Drent recently patented alternating copolymerisation of
ethylene with SO2 using various palladium(II) complexes.4 In
1998, Sen and coworkers also reported that [(dppp)PdMe(NC-
Me)]BF4 was an effective catalyst for the copolymerisation of
SO2 with ethylene, propylene and cyclopentene.5 Here, we
report our preliminary investigations of the insertion reactions
of SO2 into Pd(II)–methyl bonds and the attempted spectro-
scopic detection of the copolymerisation of ethylene and SO2.

The cationic 1,3-bis(diphenylphosphino)propane (dppp) pal-
ladium(ii) complex 1 can be prepared by the low temperature

reaction of (dppp)PdMe2 6 with H(OEt2)2[BArA4] [ArA =
C6H3(CF3)2-3,5].6 We have previously studied the reactions of
carbon monoxide with 1 at 270 °C, and have found that
insertion proceeds via initial displacement of diethyl ether with
CO followed by migratory insertion into the Pd–Me bond.7
Immediately after treating a solution of 1 in CD2Cl2 with an
excess of SO2 (ca. 25 equiv.) at 193 K, the 1H NMR spectrum
shows the presence of free diethyl ether. Analysis of the reaction
mixture by 31P NMR spectroscopy (193 K) shows the formation
of a major product (ca. 80%) which exhibits a singlet at d 15.7
indicating equivalence of the phosphorus nuclei. In addition,
two minor products (ca. 20%) with singlet resonances at d 15.4
and 14.5 are also observed. The expected products, 2 and 3, both
of which would possess inequivalent phosphorus atoms, are not
observed under these conditions. In addition, the 1H NMR
spectrum exhibits three new singlets5 at d 0.52 (78%), 0.42
(8%) and 0.25 (14%) which are assigned to –CH3 groups, no
signals were observed downfield at ca. 2–3 where resonances
for an –S(O)2CH3 group would be expected.8 A preparative
scale reaction† was carried out in an attempt to isolate single

crystals. Indeed, pale yellow crystals suitable for X-ray
diffraction were isolated after recrystallisation of the crude
product from dichloromethane–hexanes at 230 °C.‡

The molecular structure of the isolated product 4 is shown in
Fig. 1, and confirms that insertion of SO2 into the Pd–Me bond
had taken place, however dimerisation resulted in the formation
of an eight-membered cyclic compound in which the phospho-
rus atoms are equivalent, consistent with the 31P NMR
observations. In particular, the eight-membered ring consists of
a plane of palladium and oxygen atoms, with the sulfur atoms
located above and below the plane. The six-membered rings
formed by the dppp ligand are in the chair conformation.

A variable temperature NMR experiment was carried out on
4 in CD2Cl2 solution. As the temperature is raised from 193 K
the three singlet 31P resonances (d 15.7, 15.4, 14.5) begin to
broaden at ca. 260 K and coalesce to a singlet above ca. 300 K.
This process is reversible. Similarly, the three methyl signals
also coalesce to a singlet but at a somewhat lower temperature
(ca. 280 K) owing to the smaller spread in resonance
frequencies. Since the inversion barrier at tetrahedral sulfur in 4
is expected to be high, the most likely source of the isomerism
observed here9 comes from ring inversion of the chair
conformation of the dppp ligand.

We have also studied the behaviour of 1 towards mixtures of
ethylene and SO2 in an attempt to spectroscopically observe the
insertion of SO2 and ethylene in an alternating fashion. Thus,
treatment of a solution of 1 in CD2Cl2 with a mixture of ethylene
(10 equiv.) and SO2 (10 equiv.) results in quantitative
displacement of ether with ethylene at 193 K forming
[(dppp)Pd(Me)(h2-C2H4)]BArA410 which was characterised by
31P [d = 17.5 (d, J 56 Hz), 21.5 (d, J 56 Hz)] and 1H NMR
spectroscopy [d 5.18 (bound C2H4), 0.34 (dd, Pd–CH3, J 7, 4
Hz)]. Upon warming the reaction mixture to 223 K for ca. 30

Fig. 1 Molecular structure of 4 (BArA4 anion omitted for clarity) with
thermal ellipsoids shown at the 50% probability level. Selected bond lengths
(Å) and angles (°): Pd(1)–P(1) 2.2354(20), Pd(1)–P(2) 2.2393(19), Pd(1)–
O(1) 2.078(5), Pd(1)–O(2) 2.088(5), O(1)–S(1) 1.494(5), O(2)–S(1)
1.507(5), S(1)–C(3) 1.786(10); P(1)–Pd(1)–P(2) 90.12(7), P(1)–Pd(1)–
O(2) 89.00(15), P(2)–Pd(1)–O(1) 90.47(15), O(1)–Pd(1)–O(2) 90.92(19),
O(1)–S(1)–O(2) 109.5(3), O(1)–S(1)–C(3) 98.4(5), Pd(1)–O(1)–S(1)
128.0(3).
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min complex 4 was formed in nearly quantitative yield. No
evidence for insertion of ethylene into the Pd–Me bond was
detected, nor was any direct insertion of SO2 into the Pd–Me
bond of the methyl ethylene complex observed to form 5. This
suggests that formation of 4 from [(dppp)Pd(Me)(h2-
C2H4)]BArA4 (or 1) involves displacement of ethylene (or
diethyl ether for 1) to yield 2 which then undergoes a rapid
migratory insertion reaction to form 3 which then dimerises
yielding 4. This is in contrast to observations by Jones for
analogous L2PtMe2 complexes which readily insert SO2 via a
five coordinate intermediate.8 We have also carried out the
analogous reaction of Pd complex 6 with SO2 to form 7
presumably also via a five coordinate intermediate [eqn.
(1)].†

In an attempt to obtain conclusive evidence for a migratory
insertion mechanism, a low-temperature NMR experiment was
carried out using CDCl2F as solvent. Thus, SO2 (10 equiv.) was
added to a solution of ether complex 1 in CDCl2F at 153 K.
Upon warming to 173 K several new products could be detected
in addition to 1. The 31P NMR spectrum exhibited resonances
assigned to 4, and also two sets of doublets at d 22.0 and 25.5
(JPP 50 Hz) and d 18.8 and 17.4 (JPP 20 Hz). In the 1H NMR
spectrum, in addition to 4, two new products were observed
which exhibited a methyl singlet at d 1.6 and a methyl doublet
of doublets at d 0.0 (JHP 7, 4 Hz). The signal at d 0.0 is clearly
due to a Pd–CH3 group of a (dppp)Pd(CH3)+ moiety and, since
this species is not observed in the absence of SO2, we assign this
resonance to complex 2, [(dppp)Pd(CH3)(SO2)]+. The 31P
resonances at d 22.1 (d, J 50 Hz) and d25.6 (d, J 50 Hz) can be
assigned to 2. The low field methyl resonance at d 1.6 [31P
resonances d 18.8 (d, J 20 Hz), d 17.4 (d, J 20 Hz)] is assigned
to monomer 3, a precursor to dimer 4, formed via a migratory
insertion reaction of 2. The ligand (L) occupying the fourth
coordination site in 3 is likely to be either SO2 or Et2O. As the
reaction mixture was warmed in 5 °C increments, the signals for
2, 3 and 4 increased in intensity and those for 1 decreased. At
213 K, only isomers of 4 could be detected. We speculate that
in 3 the SO2Me is bound through oxygen, rather than sulfur,
based on the molecular structure of the final product 4.

A copolymerisation was attempted using hex-1-ene (10%
v/v) in CH2Cl2 purged with SO2 in the presence of a catalytic
quantity of 1 (14 mg).11† After ca. 14 h, the reaction was
quenched with methanol. Solvent removal in vacuo, yielded a
small amount of a polymeric material (23 mg). The polymer was
precipitated with methanol and was characterised by gel
permeation chromatography (Mn = 61 000: PDI = 5.8), and the
1H and 13C NMR data are identical with those reported for the
hex-1-ene/SO2 alternating copolymer prepared using a free-
radical initiator.12 Comparing the amount of 1 used as initiator
(9 3 1026 mol), the amount of hex-1-ene consumed (1.6 3
1024 mol) and the estimated Mn of the polymer produced
(61000) suggests that if chain growth occurred at Pd only a very
small fraction of the Pd centers were active ( < 5%). Results
from repeated polymerisations proved quite erratic with varying
amounts of polymer produced both in the presence and absence
of 1. Reactions conducted in the presence of the radical
scavenger galvinoxyl failed to produce polymer.13 These
results, coupled with the failure to spectroscopically observe
ethylene insertion in these systems and the ready formation of
the stable dimer 4, suggest that the copolymerisation of hex-
1-ene and SO2 under conditions reported above does not occur
by a coordination–insertion process initiated by 1. A radical
chain growth mechanism appears very likely, although we
cannot rule out copolymerization in the presence of 1 which is
initiated by traces of a palladium complex of unknown structure

present in 1 and which can be deactivated by galvinoxyl. The
copolymerizations reported by Sen and coworkers5 were carried
out at higher pressures (600 psi), so it is uncertain how these
results relate to those experiments.

We thank NSF for support of this work. D. P. G gratefully
acknowledges NSERC of Canada for a Postdoctoral Fellow-
ship. Thanks to S. Svejda for providing a sample of CDCl2F and
to S. Shultz for useful discussions.
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A new radical anionic bridging ligand, derived from the in
situ reduction of a,aA-dicyanoperfluorostilbene, is reported
to support ferrimagnetic ordering below 205 K in a three-
dimensional vanadium-based coordination polymer.

In 1991, Miller and coworkers reported that the reaction of
V(C6H6)2 and tetracyanoethylene (TCNE), in dichloromethane
yields an air-sensitive solid that is magnetically ordered at room
temperature.1 This compound, formulated as
V(TCNE)2·0.5CH2Cl2 based on elemental analysis, represented
the first example of ferrimagnetism above room temperature in
a molecule-based system. The structure is presumed to be a
three-dimensional coordination polymer consisting of solvent-
ligated V2+ cations bridged by TCNE·12 anions, though only
limited structural information has been obtained.2 One factor
perhaps contributing to the amorphous nature of the solid is that,
in principle, TCNE may bridge up to four metal centers,
resulting in a degree of structural randomness.3 Miller and
coworkers have subsequently studied the effects of coordinating
solvent2 and improved on the synthesis, replacing V(C6H6)2
with the more readily available precursor, V(CO)6.4 In recent
work, they have shown that MI2·xMeCN salts, (M = Mn, Fe,
Co or Ni), are viable sources of building blocks for analogous
M(TCNE)2 magnets in which Tc ranges from 44 to 121 K.5

Despite this progress, no organic acceptor has been reported
to substitute for TCNE in reactions with V(CO)6 or V(C6H6)2 to
give a magnetically ordering compound.2 Although many
candidates possess the requisite electrochemical properties,
those that have been examined, including 7,7,8,8-tetracyano-
quinodimethane (TCNQ), 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) and tetrachloro-1,4-benzoquinone, react to
yield paramagnetic solids, none of which show any signs of
magnetic order.2 These results have left it unclear what special
properties of TCNE, such as molecular size, shape, redox
properties or the ability to coordinate more than two metal
centers, are critical to achieving a magnetically ordered solid.
The absence of another efficacious acceptor has hampered
efforts to elucidate the detailed mechanism of magnetic
coupling in V(TCNE)2 and to further develop this intriguing
family of ferrimagnetic three-dimensional coordination poly-
mers.

Here we report the discovery of a second magnetically
ordering compound in the V(acceptor)2·y(solvent) family.
Pursuing a strategy involving the design and synthesis of
ethylenic acceptors related to TCNE,6 has led to the discovery
that a,aA-dicyanoperfluorostilbene, (DCPFS), reacts with
V(CO)6 in THF to give an air-sensitive, charge-transfer
coordination polymer, V(DCPFS)2·yTHF, a compound that
orders, apparently ferrimagnetically, with Tc ≈ 205 ± 5 K.
Because many of the characteristics of DCPFS are so unlike
those of TCNE, its examination helps to delineate the properties
that are unimportant in the design of potential new radical

anionic bridging ligands. The construction of coordination
polymer magnets with radical anionic bridging ligands is an
attractive approach because the versatility of organic chemistry
can be exploited and because the compounds produced are
inherently three-dimensional, which favors higher Tc values.

DCPFS was prepared by the oxidative dimerization of
pentafluorophenylacetonitrile utilizing a modification of the
method described by Cook and Linstead.7,8 Both cis and trans
products are fully characterized, air-stable, crystalline, white
solids. Using cyclic voltammetry, it was found that trans-
DCPFS exhibits a quasi-reversible one-electron reduction at ca.
21.0 V vs. ferrocene.8 This value is 0.7 V more negative than
the first reduction of TCNE, revealing that DCPFS is only a
modest electron acceptor. It does not, for instance, oxidize
decamethylmanganocene in CH2Cl2.

In spite of its relatively negative reduction potential, DCPFS
reacts readily with V(CO)6. In a typical preparation, V(CO)6 in
THF is treated with 2.2 equiv. of trans-DCPFS at room temp. in
an inert atmosphere glove box.8 The color immediately changes
from yellowish green to reddish purple, but in sharp contrast to
reactions between V(CO)6 and TCNE, this reaction appears to
remain homogeneous for at least several minutes after mixing of
the two reactants. Over the course of 1 h, however, a small
amount of dark precipitate deposits on the sides of the flask.
This initial precipitate exhibits magnetic order, but at a
relatively low Tc, perhaps because the degree of polymerization
is still low. To obtain the higher Tc material, the solvent is
removed under vacuum and the residue is triturated in Et2O for
15 min. The black solid is collected on a fritted glass filter and
washed with Et2O until the filtrates run clear. Once precipitated,
the solid cannot be redissolved in the original solvent.

Unfortunately, despite the greater solubility of incipient
V(DCPFS)2·yTHF in organic solvents, we have not yet been
able to crystallize it. Powder X-ray diffraction shows that the
isolated compound is amorphous. IR spectrometry reveals little
about the coordination environment except that there is no CO
present. Elemental analysis of the product is variable, as was
previously observed for the TCNE analog.4 However, the
results on five independently prepared samples are roughly
consistent with the formulation, V(DCPFS)2·yTHF, (y ≈ 2).
The analyses were usually high in vanadium, a fact not too
surprising given the method of isolation.

To support this proposed formulation, additional experiments
have been performed in which the reactant ratios were varied.
As expected, preparing the compound beginning with a 1+1
ratio of acceptor to donor, resulted in a product with a much
lower critical temperature, and in much lower yield. In contrast,
the product obtained from the 4+1 reactant ratio was magnet-

† Electronic supplementary information (ESI) available: preparation and
spectral data for a,aA-dicyanoperfluorostilbene. See http://www.rsc.org/
suppdata/cc/a9/a907535f/
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ically equivalent to that obtained from the 2+1 procedure and
the quantity of isolated product was essentially the same.

A sample [henceforth abbreviated V(DCPFS)2] for magnetic
studies was sealed under vacuum in a glass holder as previously
described.9 The plot of gram magnetization, M, vs. temperature,
T, measured in 2 G applied field is shown in Fig. 1. It clearly
shows the onset of magnetic order below ca. 205 K. The
continuous decrease in magnetization with increasing tem-
perature is reminiscent of the behavior observed for the TCNE
analog. The feature at ca. 120 K might be the result of a second
magnetic phase transition or indicate the presence of a second
magnetic phase. The plot of ac susceptibility for V(DCPFS)2 is
also quite similar to that observed for V(TCNE)2.10 The data
appear as a broad, featureless, frequency-independent max-
imum in cA with a small non-zero cB component.8

Like V(TCNE)2, V(DCPFS)2 is a soft ferromagnet. Fig. 2
shows the plot of gram-magnetization, M, vs. applied field, H, at
5 K. At this temperature, the amount of hysteresis is very small;
the coercive field is < 20 G. Gram-magnetization was plotted
because of the uncertainty in the formula unit. However,
assuming the stoichiometry V(DCPFS)2·2THF, one calculates
the saturation magnetization to be ca. 7000 emu-G mol21,
roughly consistent with ferrimagnetic coupling of two spin 1/2
anions and one spin 3/2 cation per formula unit.

It is important to note that the observed magnetic properties
are not due to an impurity phase: by cooling a sample to 77 K
in a sealed round bottom flask, one can easily attract and move
the entire sample with a Sm–Co permanent magnet. Further,
while one might suspect the presence of a vanadium-based
Prussian blue-type ferrimagnet via the reductive decomposition
of DCPFS, that seems very unlikely given no such rationally
designed phase has been reported that contains only vanadium
and no other metal.12–14 Also, if such a compound did exist, it
would have to possess ordered CN ligands around ordered
mixed-valent V cations (no low-spin electron configurations
exist for octahedral V in oxidation states two or higher) and
these would have to arise from our one-pot synthesis.

Several modifications of the above standard procedure for
preparing V(DCPFS)2 were found to result in samples with
inferior magnetic properties. For instance, carrying out the
reaction in CH2Cl2 instead of THF gives a material with Tc ≈
100 K. This result is in sharp contrast with the corresponding
reaction of V(CO)6 with TCNE for which CH2Cl2 is the solvent
of choice and coordinating solvents such as THF give rise to
products with lower Tc values.14 In THF, using V(C6H6)2 in
place of V(CO)6 as a source of V0 results in an ordering phase,

although the Tc is considerably lower (ca. 80 K). On the other
hand, we have found that cis-DCPFS reacts with V(CO)6 to give
a magnetically identical product to that obtained from trans-
DCPFS. This result, coupled with the observation that the Et2O
washes contain mixtures of cis- and trans-DCPFS, suggests that
isomerization about the double bond occurs upon formation of
the radical anion.

In conclusion, we have discovered V(DCPFS)2·yTHF to be a
molecule-based magnet possessing a Tc of 205 K. Its magnetic
behavior is quite reminiscent of the room temperature magnet,
V(TCNE)2. It is unclear what sets TCNE and DCPFS apart from
other organic acceptors in reactions with V(CO)6 and V(C6H6)2.
At this point, we can comment more meaningfully on the
differences between DCPFS and TCNE and their impact on the
choice of future synthetic targets:

1 Redox properties; TCNE is a relatively good acceptor, but
DCPFS is a poor acceptor. This means that many more
weak acceptor bridging ligands need to be investigated for
their ability to mediate exchange.

2 Number of N donor sites; TCNE has four, but DCPFS has
only two. Thus, despite the fact that each DCPFS ligand
can act as a bridge between only two V cations, a ratio of
two acceptors per donor is sufficient to form a three-
dimensionally ordered magnetic solid.

3 Molecular size and shape; planar TCNE is the smallest
acceptor and DCPFS is one of the largest and probably not
flat. This result can be interpreted to mean that steric
repulsion does not play a significant role, provided the
fumaronitrile unit is left intact. Thus, larger, more complex
ligands can be envisioned and should be investigated.
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work and the National Institute of Standards and Technology
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Sommer for electrochemistry experiments.
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The rhodium catalysed addition of pinacolborane to amino-
propyl vinyl ethers gave selective formation of the corre-
sponding alkenylboronate esters while palladium or plati-
num complexes catalysed the hydroamination of
aminopropyl vinyl ether to give tetrahydro-2-methyl-
1,3-oxazine.

The catalytic addition of B–H bonds to unsaturated carbon–
carbon bonds using 1,3,2-benzodioxaborole (catecholborane) is
of significant importance in organic synthesis.1 Indeed, the use
of a metal catalyst can give organoboronate ester products with
stereo-, chemo- and regio-selectivities complementary or
opposite to those obtained from the corresponding uncatalysed
variants. As part of our ongoing study of generating novel
aminoboron compounds,2 we have examined the catalysed
addition of B–H bonds to aminopropyl vinyl ethers
(R2NCH2CH2CH2OCHNCH2) and report our initial findings
herein.

We have found that addition of catecholborane to commer-
cially available aminopropyl vinyl ether 1a and dialkylated
derivatives 1b–e† using 5 mol% of RhCl(PPh3)3 gave a number
of products derived from an initial dehydrogenative borylation
pathway. Formation of products derived from such pathways
are well precedented2a,3–5 and presumably occur via initial
oxidative addition of the catecholborane B–H bond to the
rhodium centre. This step is followed by insertion of the alkene
into the Rh–B bond with subsequent ß–H abstraction to give
dihydrogen and alkenylboronate esters.2a Further reaction of
alkenylboronate esters formed in this study with catecholborane
or dihydrogen occurs rapidly, as evidenced by the dis-
appearance of the alkenyl peaks in the 1H NMR spectra, to give
a number of borated products. Product distributions were
further complicated by the formation of Lewis acid–base
adducts between the amine moiety and either unreacted
catecholborane or the borated products. Although a number of
rhodium complexes‡ were investigated as possible catalysts for
this reaction, all gave several boron-containing products.

Pinacolborane (HBpin, pin = 1,2-O2C2Me4), a less reactive
hydroborating agent than catecholborane, was used in an
attempt to improve selectivities for this reaction. Interestingly,
reactions using HBpin and 5 mol% of RhCl(PPh3)3

6 at 65 °C
gave the corresponding alkenylboronate esters 2a–e (Scheme 1)
as the only new boron-containing species.§ Similar reactivities
were observed using other rhodium catalysts.‡ Although metal
catalysed alkenylboronate ester formation using catecholborane
is well established,3–5 analogous products derived from such a
pathway using pinacolborane are much less common and only
occur in low yields.6

Unlike hydroborations of aminoalkenes using 9-BBN
(9-borabicyclo[3.3.1]nonane),7 protection of the amine hydro-
gens is not necessary when R = H, as HBpin reacts rapidly with
1a to form the intermediate (pinB)NHCH2CH2CH2OCHNCH2
with loss of dihydrogen. The weak Lewis-acidic nature of
HBpin also precludes the formation of adducts, which are
observed in reactions with catecholborane.

The formation of alkenylboronate esters in these reactions is
intriguing as previous studies on the addition of B–H bonds to
vinyl ethers using BH3 have shown exclusive formation of anti-
Markovnikov hydroboration products.8 We have also found that
addition of HBpin to ethyl vinyl ether under similar catalytic
conditions gave the corresponding borated product
CH3CH2OCHNCHBpin, suggesting that the amine group is not
responsible for the formation of alkenylboronate products in
reactions with aminopropyl vinyl ethers.9 The directive effects
exerted by heteroatoms on the hydroboration of substituted
vinyl derivatives has been reported elsewhere.8,10–12

The methodology described above provides a rapid and
efficient means of generating novel air-stable alkenylboronate
esters, which have remarkable synthetic utility in Suzuki–
Miyaura cross-coupling reactions.13 Vinyl ether derivatives are
also versatile synthetic intermediates in polymer chemistry.14

Further work is currently being conducted on the role the
catalyst and the effect the heteroatom a to the vinyl group plays
on selectivities in these reactions.

Interestingly, while some palladium and platinum complexes
are known to be efficient hydroboration catalysts,1 we have
found that ‘hydroboration reactions’ using 1a and catalytic
amounts of palladium and platinum compounds gave products
derived from addition of the corresponding borane to tetra-
hydro-2-methyl-1,3-oxazine 3. Formation of cyclic 315 pre-
sumably proceeds via an intramolecular hydroamination of the
starting aminopropyl vinyl ether (Scheme 2). In fact, in the
absence of a hydroborating agent, a number of platinum and
palladium complexes effectively catalyse (using 5 mol% of
metal) this reaction with high turnover numbers (Table 1).¶ The

Scheme 1

Scheme 2

Table 1 Metal catalysed hydroamination of aminopropyl vinyl ether 1a

Entry Catalysta TONb

1 PdI2 1500
2 PdI2L2; (L = 3) 1500
3 PtMe2(cod) 300
4 [MCl2(coe)]2 (M = Pd, Pt) 250
5 PtI2(cod) 100
6 Pt(dba)2

c 25
7 PdCl2 2
8 RhCl(PPh3)3 0

a All reactions were carried out in toluene (10 mL) at room temperature.
b Turnover number. c dba = dibenzylideneacetone.
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palladium catalysed intramolecular hydroamination reaction is
generally believed to occur via initial coordination of the alkene
to the metal centre, which acts to polarize the alkene moiety and
thereby making it more susceptible to nucleophilic attack by the
amine.16 In this study, subsequent addition of the N–H bond to
the alkene moiety results in selective formation of the six-
membered ring product.

While palladium iodide (Table 1, entry 1) is an active catalyst
precursor for this hydroamination reaction, reduced activities
(entry 7) were observed in reactions utilizing the corresponding
chloride salt. Higher turnover numbers were achieved, however,
using the cyclooctene metal chloride dimers (entry 4), pre-
sumably owing to their increased solubility in common organic
solvents.2b Reactions using preformed bis-amine complexes
(for instance PdI2L2, where L = 3, entry 2) also gave oxazoline
formation in high turnover numbers suggesting that these
complexes may be resting states in the catalytic cycle. Attempts
to affect the intermolecular hydroamination of ethyl vinyl ether
and propylamine using these catalysts proved unsuccessful.
Likewise, no reaction was observed when 2-(1-cyclohex-
enyl)ethylamine was treated with these metal complexes,
suggesting that the ether group in aminopropyl vinyl ether may
also facilitate in activating the alkene towards nucleophilic
attack. Studies of an asymmetric variant of the hydroamination
chemistry, as well as expanding the scope of this reaction, are
currently under investigation.

Thanks are gratefully extended to Drs Terri Bright, Giuliano
Muccin and Sabine Weiguny (BASF) for the generous gift of
aminopropyl vinyl ether and diethylaminoethyl vinyl ether, Dr
R. Tom Baker (LANL) for helpful discussions, the Natural
Sciences and Engineering Research Council of Canada, Mount
Allison University, and Johnson Matthey Ltd. for the palladium
and platinum salts.
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Two tetrahedral four-coordinate Au(I) complexes, [Au(4-R-
dppn)2]PF6 (R = H or Me), have been synthesized and the
crystal structure of [Au(dppn)2]Cl has been determined by
X-ray crystallography; the complexes have been found to
exhibit both photoluminescent and electroluminescent be-
haviour.

Unlike d10 Cu(I) and Ag(I) species in which complexes with
coordination number greater than two are commonly observed,
most Au(I) complexes adopt a two-coordinate linear geometry.1
Studies on four-coordinate Au(I) systems2,3 have mainly been
confined to those of structural characterization, with a few
examples on cytotoxic4a and antitumor activities.4b Despite the
recent growing interest in the study of luminescent two-5 and
three-coordinate6 Au(I) systems, there have been no reports on
the luminescence behaviour of four-coordinate Au(I) com-
plexes. Besides, with the growing interest in the design and
construction of light-emitting diodes (LEDs)7 and the employ-
ment of metal complexes8 as the emissive layer in electro-
luminescence (EL) devices, the use of Au(I) complexes in such
studies is rare8f,g despite the rich luminescence behaviour
associated with a number of Au(I) systems.5,6,9

Here, we report the synthesis of two four-coordinate Au(I)
complexes, [Au(4-R-dppn)2]X [dppn = 1,8-bis(diphenylphos-
phino)naphthalene; R = H, X = PF6 1a, Cl 1b; R = Me, X =
PF6 2], and the X-ray crystal structure of 1b. The first report on
the photoluminescent and electroluminescent properties of this
tetrahedral four-coordinate Au(I) system is also described.

To the freshly reduced solution of Au(I), prepared in situ by
treatment of K[AuCl4] (0.1 mmol) with an excess of 2,2A-
thiodiethanol in methanol (20 ml), was added the diphosphine
ligand, 4-R-dppn (0.2 mmol). The chloride salt of the product
was isolated by slow evaporation of the solvent. Diffraction
quality crystals of 1b were obtained by recrystallization from
acetonitrile. Orange solids of 1a and 2 were collected after the
metathesis reaction with NH4PF6 in methanol. Recrystallization
from dichloromethane–diethyl ether afforded 1a and 2 as
orange crystals. The identities of both have been confirmed by
1H NMR spectroscopy, IR, positive FAB-MS, and elemental
analyses.† The X-ray crystal structure of 1b has also been
determined.‡

Fig. 1 depicts the perspective view of the complex cation of
1b. The structure shows a Au(I) centre in a highly distorted
tetrahedral coordination geometry, as required by the steric
demand of the dppn ligand. The P–Au–P angle of
86.9(2)–133.3(2)° are comparable to other four-coordinate
Au(I) diphosphine complexes such as [Au(dppe)2]+ [P–Au–P
85.4(1)–129.6(1)°]3c and [Au(pdma)2]+ [pdma = o-phenyl-
enebis(dimethylarsine), P–Au–P 86.7–121.8°].3a The Au–P
bonds of 2.379(6)–2.388(6) Å are slightly shorter than those of

[Au(dppe)2]+ [2.389(3)–2.416(3) Å],3c but are longer than those
of two-coordinate Au(I) phosphine complexes.5e,f,9

The electronic absorption spectra of 1a and 2 are very similar,
and are dominated by an intense high energy absorption band at
ca. 300 nm with a weak low energy band at ca. 400 nm with tails
extending to ca. 500 nm. The photophysical data of 1a and 2 are
collected in Table 1. With reference to previous spectroscopic
work,9,10 the intense absorption at ca. 300 nm which closely
resembles that found in the free ligand, is assigned as an
intraligand p?p*(naphthalene) transition while the lowest
energy absorption band is a s?p*(naphthalene) transition. An
assignment of these low-energy absorption bands as d?p
transitions, similar to those suggested for three-coordinate d10

complexes of Au(I)6b,c and Pt(0)5a,11 is unlikely, given the
approximately tetrahedral AuP4 structure in which the valence
p orbitals are strongly s antibonding. Such d?p transitions are
expected to occur at fairly high energy, for example, at 240 nm
for [Au(dcpe)2]+ [dcpe = 1,2-bis(dicyclohexylphosphino)etha-
ne].6b Excitation of solid samples of 1a and 2 gave intense
orange emission both at room temperature and 77 K. Room
temperature luminescence in degassed dichloromethane solu-
tion has also been observed. The observation of the emission
lifetime in the microsecond range is suggestive of an emission
origin associated with a spin-forbidden transition. No such
emission was observed in the related [Au(dcpe)2]+ complex,
which was reported to be non-emissive both in the solid state
and in solution.6b However, similar emission bands were
observed in a related two-coordinate [Au2(dppn)(C·CR)2],9d in
which an assignment of the emission origin as derived from
states of s?p*(naphthalene) transition is suggested. It is likely
that the photoluminescent properties of 1a and 2 are character-
istic of the dppn unit. The observation that the emission of 2 in

† Electronic supplementary information (ESI) available: characterisation
data and crystal structure refinement and data for 1b, experimental details
for EL measurements. See http://www.rsc.org./suppdata/cc/a9/a908521a/ Fig. 1 Perspective drawing of the complex cation of 1b.
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dichloromethane is at higher energy than 1a is in agreement
with an assignment of emissive states derived from the
s?p*(naphthalene) transition, since introduction of the methyl
group would enhance the hyperconjugation effect, leading to an
increase in the s?p*(naphthalene) transition energy.

Besides exhibiting photoluminescence (PL) behaviour, both
1a and 2 are also found to show electroluminescence (EL) when
doped in polycarbonate (PC) as the emissive layer in a single-
layered EL device (ITOIAu–PCIAl).† Upon being forward
biased with the ITO electrode at positive polarity, the EL
devices exhibit intense orange emission. The EL and PL spectra
of 2 in thin films are shown in Fig. 2. The close resemblance of
the EL and PL spectra suggests that the EL of these four-
coordinate Au(I) complexes probably involves the same excited
state as PL, i.e. triplet state of s?p*(naphthalene) transition.
The current density–voltage and EL intensity–voltage charac-
teristics of the two single-layered EL devices, (ITOI1a–PCIAl)
and (ITOI2–PCIAl), are shown in Fig. 3. The EL intensity
exhibits an approximately linear relationship with current
density and has a turn-on voltage of ca. 7 V. The EL intensities
of the devices of 1a and 2 at 13 V were 82 and 73 cd m22 with
an estimated external quantum efficiency of 0.02 and 0.01%
respectively.
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Notes and references
‡ Crystal data for [Au(dppn)2]Cl: M = 1225.47, monoclinic, space group
P21/n (no. 14), a = 16.981(4), b = 13.527(4), c = 26.399(4) Å, b =
98.75(2)°, V = 5993(2) Å3, Z = 4, Dc = 1.358 g cm23, m(Mo-Ka) = 26.53
cm21, F(000) = 2464, T = 298 K. Convergence for 666 variable
parameters by least-squares refinement of F with w = 4Fo

2/s2(Fo
2), where

s2(Fo
2) = [s2(I) + (0.036Fo

2)2] for 4753 reflections with I > 3s(I) was
reached at R = 0.060 and wR = 0.088 with a goodness-of-fit of 2.79. CCDC
182/1487. See http://www/rsc.org/suppdata/cc/a9/a908521a/ for crystallo-
graphic files in .cif format.
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Table 1 Photophysical data for 1a and 2.

Medium labs/nm lem/nm
Complex (T/K) (e/dm3 mol21 cm21) (to/ms)

[Au(dppn)2]PF6 1a Solid (298) 640 (3.2)
Solid (77) 653
CH2Cl2 (298) 294 (35 870), 398(sh) 693 (0.7)

(5000)
[Au(4-Me-dppn)2]PF6 2 Solid (298) 642 (1.3)

Solid (77) 647
CH2Cl2 (298) 300 (33 720), 400(sh) 666 (1.5)

(5330)

Fig. 2 EL (———) and PL (······) spectra 2 in thin films.

Fig. 3 Current density–voltage (5) and EL intensity–voltage (:) curves for
EL devices of ITOI1a–PCIAl (a) and ITOI2–PCIAl (b).
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We report the application of 27Al and 29Si MAS NMR to
provide a direct probe of alkali metal cluster formation and
distribution in the a-cages of zeolite A (LTA).

The reaction of alkali metals with framework aluminosilicates
produces a rich variety of inclusion compounds comprising
metal clusters and filamentary structures, confined and ordered,
within the intracrystalline channels and cavities.1 With zeolite
pore dimensions typically ca. 1 nm or less, these may be
regarded as the ultimate nanostructured materials, and as such
have justifiably attracted considerable experimental and theo-
retical attention on account of a range of remarkable electronic,
magnetic, optical and catalytic properties.2–6 Although the
presence in such compounds of low-nuclearity (n = 6)
paramagnetic clusters is well documented,7–12 these are present
as minority species in all but a few cases.1,2 Pioneering 23Na
MAS studies by Nakayama et al.13 have suggested the possible
formation of Na5

3+ and Na2, in zeolites X, Y and A, but in
general there is a dearth of information about the diamagnetic
species present, in particular higher nuclearity clusters (n > 10)
presumed to occupy the larger zeolite cages. Here, we report the
first application of 27Al and 29Si MAS NMR to provide a direct
probe of cluster formation and distribution in the a-cages of
zeolite A.

We prepared a number of deeply coloured compounds MAx/
M-A (where A denotes the LTA framework)14 by exposing
alkali metal (M) ion-exchanged and dehydrated zeolite samples
to a measured amount of alkali metal (MA) vapour in sealed,
evacuated quartz tubes.15,16 The products, which were virtually
black, were subsequently handled under dry Ar. Unusual MAS
NMR17 spectral shifts (Table 1) were observed for several
compositions, and for the first time in zeolite A, a number of
compounds exhibited two distinct signals (Figs. 1 and 2) for
each Td nucleus (Td = 27Al and 29Si), even though the materials
were crystallographically single phase.18 When exposed to air
the colour centres were gradually quenched, yielding white
powders, whose MAS NMR spectra closely resembled those of
the ‘empty’ dehydrated hosts, with only one Td signal.
Dehydrated zeolite K-A exhibited a single sharp resonance in
both the 27Al and 29Si MAS NMR spectra, at the usual shifts for
zeolite A (d ca. 58 and 289, respectively). In metal-loaded

‘black’ K5/K-A, however, sharp Td resonances shifted to lower
frequency, d 52.5 and 2100.2, respectively, were observed. The
magnitudes of the shifts suggest a structural and/or electronic
perturbation of the framework.

Topologically, LTA is a cubic array of sodalite cages
mutually separated by double 4-ring (D4R) windows to form a
large a-cage. Each Td atom in the structure belongs to one
sodalite cage, two a-cages and one double 4-ring. In dehydrated
K-A, all the a-cages contain eight K+ cations that are
coordinated to oxygen atoms in the 6-rings and partly balance
the negative charge of the framework. The structure has a
pseudo unit cell size (assuming no Si, Al ordering) of ca. 12.3
Å in space group Pm3̄m. In K5/K-A, alternate a-cages contain
either eight K+ cations coordinated to 6-rings as in the
dehydrated host, or a K12

4+ cluster whose partly reduced
potassium cations occupy 4-ring sites. This results in a doubling
of the unit cell to 24.6324 Å in space group Fm3̄m.16,19 Owing
to the strict alternation of the cage contents, the structure retains
a single unique crystallographic Td site.16 We suggest that the
observed low frequency Td shifts in K5/K-A may be due to an
increase in the average Td–O–Td bond angles20 in the cluster-
containing material relative to those in the empty host, which is
consistent with an observed increase in lattice parameter.16,19 It
is interesting that there is no paramagnetic Td shift or
broadening of lines observed in this compound, suggesting that
the Td atoms do not interact appreciably with the paramagnetic
clusters known to be present.16,19

Similar low frequency NMR shifts were observed for Cs5/K-
A, but in this case, the deeply coloured material exhibited two
sharp resonances for both Td nuclei (Fig. 1). The first one,
labelled line 1, is only slightly shifted relative to the dehydrated
host and is assigned to Td atoms at the vertices of a-cages that
contain only 6-ring cations. Line 2 resembles the Td resonance
in K5/K-A, both in shift and signal breadth, and therefore is
assigned to Td atoms which are part of one a-cage that contains
6-ring cations and one that contains a ‘reduced’ cluster. As
caesium cations are both less likely to occupy the 4-ring site in
preference to potassium, and less likely to be found partly
reduced, we speculate that K12

4+ clusters may again be present.
Structural studies are under way to confirm this hypothesis.18

The relative intensities of the two lines are consistent with the

Table 1 Summary of 156.4 MHz 27Al and 71.5 MHz 29Si MAS NMR shifts (ppm), linewidths [Dn1/2 (Hz)] and intensity ratios of the framework Td

resonances

Material 27Al (line 1) 27Al (line 2) 29Si (line 1) 29Si (line 2) Ratio 1+2

Cs5/K-A 59.3 52.2 (2150, total) 289.7 (540) 2101.9 (420) 3+2
Exposed Cs5/K-A 59.9 (1160) — 289.5 (320) — —
K5/K-A — 52.5a — 2100.2 (400) —
K-A host (dehydrated) 57.7 (890) — 289.3 (490) — —
Rb7/Rb-A 83.8 67.9 (4320, total) 264.1 (910) 286.1 (840) 3+1
Exposed Rb7/Rb-A 61.0 (940) — 286.1 (570) — —
Rb-A host (dehydrated) 57.8 (700) — 289.1 (490) — —

a 27Al shift measured at 93.8 MHz. For comparison, the 93.8 MHz 27Al shifts of Cs5/K-A are at d 57.5 and 51.0

This journal is © The Royal Society of Chemistry 2000
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presence of a cluster in about one fifth of the a-cages. Exposure
of ‘black’ Cs5/K-A to air resulted in complete loss of colour and
a single Td resonance in both the 27Al and 29Si MAS NMR
spectra (Fig. 1).

Two distinct Td resonances were also observed in ‘black’
Rb7/Rb-A and these collapsed to a single signal when the
samples were exposed to air (Fig. 2). In this case the lines are
significantly broader than in the dehydrated host, which may
indicate some site distribution (static disorder) or broadening
from nearby paramagnetic clusters. Additionally, both lines are
shifted to higher frequency relative to the host. The framework
in this fully loaded zeolite is also expanded relative to the empty
host,18 therefore there is no straightforward structural explana-
tion for the observed shifts. One plausible explanation is that the

framework in this case is directly affected by paramagnetic
clusters of guest atoms, similar to the shift trends observed in
‘black’ sodalite.12

We thank the EPSRC for financial support. PAA is a Royal
Society University Research Fellow.
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Fig. 1 27Al and 29Si MAS NMR spectra of (a) ‘black’ Cs5/K-A, and (b) air-
exposed ‘white’ Cs5/K-A and (c) dehydrated ‘empty’ K-A. Asterisks denote
positions of spinning sidebands.

Fig. 2 27Al and 29Si MAS NMR spectra of (a) ‘black’ Rb7/Rb-A, (b) air-
exposed ‘white’ Rb7/Rb-A and (c) dehydrated ‘empty’ Rb-A. Asterisks
denote spinning sidebands.
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The synthesis and evaluation of the mesomorphic properties
of the first trimesogen consisting of three non-identical
calamitic mesogenic entities have been described.

Liquid crystalline dimers1 (dimesogens) consisting of two
identical (symmetrical) or non-identical (non-symmetrical)
mesogenic units have gained attention as these are regarded as
model compounds for main chain2 and side chain liquid
crystalline polymers.3 The non-symmetrical dimers are mark-
edly different from those of symmetrical ones as they exhibit
interesting polymorphic sequence4 and stabilize wide range
chiral nematic (N*)5a and smectic A (SmA) mesophases.5b The
addition of one more mesogenic moiety to a dimer via a flexible
spacer results in the next higher oligomer, which has been called
a trimesogen, trimer or triplet liquid crystal.6 We shall adopt the
term ‘trimesogen’ in this article. Based on the molecular
structure of the individual calamitic entities there can be three
possible combinations: (i) all of them are structurally identical,
(ii) two of them are identical while the third entity is different,
and (iii) all three are different. These trimesogens are of interest
because of the recent demonstration that a flexible backbone
based virtual trimer model successfully accounts for the
transitional properties of side chain liquid crystalline poly-
mers.3b Trimesogens of type (i) and (ii) were reported for the
first time in 19867 and since then a few other examples of these
types have been reported.6 To the best of our knowledge
trimesogens of type (iii) have not been reported to date. In
continuation of our work on oligomeric liquid crystals, here we
present the synthesis of the first type (iii) trimesogen composed
of three different calamitic mesogenic entities, namely, chol-
esteryl ester, diphenylacetylene (tolan) and azobezene moie-
ties.

In our recent investigations we had demonstrated that the
combination of a cholesteryl ester unit and a tolan unit through
an n-pentyl (odd) spacer stabilizes a wide-range N* phase.5a

Owing to a change in the helical pitch the N* phase shows a
temperature dependent wavelength of selective reflectivity
(thermochromism). Another field of materials research that has
been of considerable current interest is the phenomenon of
photochromism, which holds lot of promise for applications
such as optical information storage technology.8 Therefore we
aimed to synthesize a trimesogen which is multifunctional,
satisfying two criteria: (i) it exhibits thermochromism over a
wide range of temperature, and (ii) it is photochromic at the
same time. A major advantage of single component multi-
functional liquid crystal is that the problem of phase separation,
which occurs in mixtures of mesogenic monomers and
functional monomers, is avoided.9 Here we report the synthesis
of such a multifunctional liquid crystal and a preliminary
investigation of the mesomorphic properties of this novel
trimesogen.

The synthetic approach employed for the trimesogen,
cholesteryl 6-{4-[4-[(4-butylphenylazophenoxy)butoxy]phenyl-
ethynyl]phenoxy}hexanoate (CII-105), is shown in Scheme 1.
It was conceived that CII-105 could be prepared by combining
two key fragments, the non-symmetrical dimeric phenol CII-76
and butylbromo azobenzene 7. Accordingly, both the fragments
were synthesized and coupled under mild basic conditions to
give CII-105 as a yellow crystalline compound.†

The liquid crystalline properties of CII-105 were studied
using an optical polarizing microscope (Leitz DMRXP) and a
differential scanning calorimeter (Perkin Elmer DSC7). For
polarizing microscopic observations, glass plates coated with a
polyimide solution and unidirectionally rubbed were used. On
cooling from the isotropic phase (I) at 247.7 °C the N* phase
with a characteristic planar texture is seen in which the nematic
director lies in the plane of the substrates. This ensures that the
helical axis is perpendicular to the glass plates, i.e. along the
viewing direction. At a second transition below 215 °C, the
texture changes to a square grid pattern, which persists down to
119 °C, when it transforms into a third mesophase. If the sample
is observed in a wedge type cell with similar surface treatment
to the parallel cell, Grandjean Cano dislocation lines are
observed in both the cholesteric and second mesophases
demonstrating that there is a helical twist normal to the plates in
both cases. Thus the low temperature phase shows the Cano
lines superposed on the square grid pattern (see Fig. 1). If the
plates are treated to give a homeotropic alignment, a filament
texture is observed with an undulatory structure whose

Scheme 1 Reagents and conditions: i, anhydrous K2CO3, cat. KI, butan-
2-one, 70 °C, 24 h, 84%; ii, dihydropyran, PPTS, CH2Cl2, room temp., 12
h, quant.; iii, 2-methylbut-3-yn-2-ol, (PPh3)2PdCl2, CuI, PPh3, Et3N, 65 °C,
16 h, 80%; iv, KOH, toluene, 110 °C, 2 h, 64%; v, (PPh3)2PdCl2, CuI, PPh3,
Et3N, 75 °C, 16 h, 75%; vi, TsOH, MeOH–THF, room temp., 30 min, 68%;
vii, NaNO2, HCl, phenol, 0–5 °C, 2 h, 78%; viii, 1,4-dibromobutane,
anhydrous K2CO3, acetone, 60 °C, 90%; ix, anhydrous K2CO3, DMF,
80 °C, 24 h, 52%.
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periodicity is approximately the same as that of the spacing in
the square grid pattern mentioned above. Again, the filament
texture remains unchanged down to 119 °C. The features
described here for the low temperature mesophase are identical
to the textural observations for the very recently reported10

undulated twist grain boundary (UTGBC*) phase in a binary
system as well as in a single compound. While in the binary
mixture the UTGBC* phase is reported to occur over a narrow
range of temperature ( ~ 4 °C),10a the range is not mentioned in
the case of the single compound.10c In view of these
observations it is remarkable that the second mesophase in CII-
105, which shows the essential features of the UTGBC* phase,
viz. simultaneous existence of a square grid texture and a helical
structure perpendicular to it, exists over a large temperature
range of 90 °C. According to the proposed model,10a the
UTGBC* phase is a highly frustrated phase characterized by
modulations in all the three dimensions, with the two-
dimensional undulation of the smectic C*-like blocks being
orthogonal to the helix of the TGB structure. Hence, it is all the
more interesting to see that a phase with such a highly-frustrated
structure exists over a wide temperature range. The mesophase
below 119 °C seems to be a highly ordered one, and its detailed
characterisation is underway.

The transition temperatures obtained from the cooling mode
DSC scan along with the enthalpies are given in Scheme 2 (the
transition from the cholesteric to the second mesophase was too
weak for any reliable calculation of the enthalpy). It is worth
mentioning here that the trimesogen CII-105 is thermally stable
during repeated heating and cooling cycles through the
mesophases–isotropic transition, as confirmed by a 1H NMR
scan of the same sample which had been subjected to the DSC
experiments. The profile obtained was identical, within experi-
mental error, to that for the pristine sample.

In conclusion we have achieved the synthesis of the first
trimesogen containing three non-identical calamitic mesogenic

entities connected by flexible spacers. The compound is
multifunctional, containing themochromic and photochromic
mesogenic units. Such substances have potential as materials
for information storage technology and replace mixtures of
mesogenic compound in different applications, thereby solving
phase separation problems associated with such mixtures. These
may perhaps also serve as model compounds (which are yet to
be realized) for co-polymeric liquid crystals. Interestingly, this
oligomer stabilizes a recently discovered UTGCC* phase—
supposed to be a highly frustrated phase—over a wide
temperature range of 90 °C and thus invites systematic
investigations so as to understand this behavior.

We are grateful to Professor S. Chandrasekhar for many
useful discussions and thankfully acknowledge Dr Geeta G.Nair
for her help in the experiments.
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Fig. 1 Optical microscopic texture observed (magnification 4003) for the
UTGBC* phase at 212.3 °C while cooling from the N* phase. (a) The
Grandjean Cano lines (the two striations running from the top to the bottom
of the picture) indicate the presence of a helix whose axis is normal to the
photograph.The square grid patterns [shown on an enlarged scale in (b)]
arise from a two-dimensional modulation perpendicular to the helix. The
simultaneous existence of both these features is supposed to be proof of the
existence of the UTGCC* phase.

Scheme 2 The number in parenthesis indicates the transition enthalpy; X is
a highly ordered mesophase and yet to be fully characterized; K =
crystal.
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Treatment of the support-bound novel multi-functionaliz-
able oligodeoxyribonucleotides bearing both 5-cyanometh-
oxycarbonylmethyl- and 5-methoxycarbonylmethyl-uridine
with tyramine followed by tris(2-aminoethyl)amine facili-
tated multi-functionalization of oligodeoxyribonucleotides
having different amine molecules.

Modification of oligodeoxyribonucleotides (ODNs) through
incorporation of an appropriate molecule such as an inter-
calating agent, metal chelating agent, fluorescent dye, etc. has
been widely studied to produce functionalized ODNs which can
be used for biological and biophysical studies.1 Recently, a new
and convenient post-synthetic modification method for the
functionalization of ODNs has been reported. In this method,
ODNs containing a specially designed convertible unit is
assembled first by an automated solid-phase synthesizer, then a
functional molecule is introduced to the ODNs.2 Previously, we
have reported that the nucleoside analogs 5-methoxycarbo-
nylmethyl- and 5-cyanomethoxycarbonylmethyl-uridine can be
utilized as the convertible unit in the post-synthetic modifica-
tion technique.3 Thus, the treatment of ODNs substituting the
normal thymidine residue with the convertible nucleoside unit
with mono-, di- or poly-amine molecules resulted in the
corresponding oligomers carrying the amine derivatives at the
5-position of the uridine derivatives via nucleophilic displace-
ment reaction. The method is very attractive since one can site-
specifically introduce the desired functional molecules into
ODNs after the assembly of the oligomer and, therefore, avoid
the tedious preparation of each nucleoside precursor and the
corresponding phosphoramidite prior to the assembly of the
oligomers.

Meanwhile, further investigation of the nucleoside analogs
revealed that reactivity towards the amine-involved nucleo-
philic displacement reaction is significantly different between
the analogs. So far, a report dealing with the site-specific

modification of ODNs with several different functional mole-
cules via a post-synthetic modification technique has not been
known. This background prompted us to develop a versatile
method which allows the site-specific introduction of several
different functional molecules into ODNs by a facile one-pot
reaction. Here, we report preliminary results of our study to
produce multi-functionalized oligonucleotides via a post-
synthetic modification technique.

Phosphoramidite derivatives of 5A-O-dimethoxytrityl-5-
methoxycarbonylmethyl- and 5-cyanomethoxycarbonylmethyl-
uridine were prepared according to the previously reported
procedure.3,4 Preparation of CPG-bound ODNs containing
5-methoxycarbonylmethyl- and 5-cyanomethoxycarbonylme-
thyl-uridine residues was performed by a DNA synthesizer
(ABI 381-A) using the corresponding phosphoramidites on a 1
mmol scale. Two different ODNs, namely, ODN-1 (TX2TTX1T)
and ODN-2 (X2TCCX1GCCAX1AG), were prepared (Scheme
1). In the ODNs, X1 and X2 denote the 5-methoxycarbonylme-
thyl-  and 5-cyanomethoxycarbonylmethyl-uridine residues,
respectively. An extended coupling period of 360 s for X1 and
X2 phosphoramidites was required to obtain reasonable cou-
pling yields (ca. 95%) in the synthesis of the ODNs. N4-
Acetyldeoxycytidine (dCac)phosphoramidite5 was utilized in
the synthesis instead of the usual dCbz phosphoramidite to avoid
possible transamination6 during the amine treatment of the
oligomers. The normal synthetic protocol was followed other-
wise. It should be noted that the sequence of ODN-2 is
complementary to the rev region of HIV-1 mRNA.7

To check the feasibility of the current multi-functionalization
concept, we first studied ODN-1. Thus, the CPG support
attached to the oligomer (CPG-ODN-1) was removed from the
column and placed into a vial with a Teflon-coated screw cap.
The support was first treated with a saturated DMA solution of
tyramine in the presence of 1,2,4-triazole for 3 days at room
temperature.3b The support was then washed thoroughly with

Scheme 1 Reagents and conditions: i, tyramin, 1,2,4-triazole,  DMA; ii, 50% tris(2-aminoethyl)amine in dry EtOH.
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DMA, followed by MeCN.After drying by Savant Speed Vac
concentrator, the support was treated with 50% tris(2-amino-
ethyl)amine in dry ethanol (1 ml) for 48 h.3a After collection and
concentration with an N2 evaporator to remove volatile
material, the obtained solution was diluted with 1 M tetra-
ethylammonium acetate buffer (pH 7.0) to adjust the volume to
approximately 1 ml and applied to gel filtration using a
Sephadex G-25 column. The appropriate fractions were col-
lected and purified by reversed-phase (C-18) HPLC. The
obtained oligomer was treated with 20% acetic acid to remove
the 5A-O-DMTr group, followed by EtOH precipitation and gel
filtration (Sephadex G-25). The isolated oligomer (M-ODN-1)
was subjected to enzymatic digestion to confirm its structure
using snake venom phosphodiesterase, alkaline phosphatase
and nuclease P1. In reversed-phase HPLC (C-18) analysis, the
digested M-ODN-1 gave three peaks corresponding to thymi-
dine and the modified 2A-deoxyuridine residues (M1 and M2,
Scheme 1). The structures of the modified nucleosides were
identified by the co-injection of independently prepared
authentic samples. As listed in Table 1, the nucleoside
composition calculated from the HPLC analysis agrees well
with the expected ratio of dT+M1+M2 (4+1+1, respectively) for
M-ODN-1.

We further examined the applicability of the current method
to the ODN consisting of four natural nucleoside units.  Thus,
CPG-ODN-2 was treated with tyramine and tris(2-aminoethyl)-
amine as mentioned above except that the treatment of the CPG-
bound oligomer with tris(2-aminoethyl)amine–EtOH mixture
was extended to 3 days. After the work up as above, the
obtained oligomer (M-ODN-2) was subjected to enzymatic
digestion. As shown in Table 1, HPLC analysis of enzyme
digested oligomer indicates that the multi-functionalized oligo-
mer was generated via the sequential treatment of the amine
derivatives (expected ratio of dA+dG+ dC+ dT+M1 : M2 =
2+2+4+1+2 +1 for M-ODN-2).† Although in Table 1, M2

residue was slightly over represented in both oligomers, we
could not detect any measurable amount of side products which
would result from the reaction of the tyramine with the
5-methoxycarbonylmethyl residue. Thus, the introduction of
two different functional molecules to DNA having all four
natural nucleoside units was also successful. It should be noted
that tyramine in M-ODNs can be used as the substrate for 125I

labeling via the chloramine-T method,8 and tris(2-aminoethyl)-
amine in M-ODNs is effective to enhance the stability of the
duplex formed by the ODN and its complement.9 The Tm study
suggested, indeed, that the M-ODN-2 containing duplex has a
slightly enhanced stability (higher Tm value) compared to the
corresponding duplex having the unmodified oligomer (N-
ODN-2).‡ The yields of the multi-functionalized oligomers
obtained by the current method were short of excellent but still
within the acceptable range (Table 1).

In conclusion, we were able to successfully demonstrate the
feasibility of a facile one-pot modification method to produce
multi-functionalized oligonucleotides in a post-synthetic man-
ner. The current method would provide an easy access to ODNs
which have a combination of a variety of functional molecules
useful for chemical and biological studies.
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Table 1 The sequence, yields and nucleoside compositions of the multi-
functionalized ODNs (M-ODNs)

Isolated Nucleoside composition
Oligodeoxynucleotide yield
sequence (OD units) A + G + C + T + M1 + M2

TM2TTM1T 13.2 4.0 +0.9 + 1.1
M2TCOM1GCCAM1AG 22.7 1.7 +1.8 +4.3 +1.2 +1.7 + 1.2
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The total spontaneous resolution of N-(4-chlorophenyl)-NA-
cyano-N,NB,NB-trimethylguanidine, a compound which
shows only conformational chirality, is described; variable
temperature NMR experiments show that rotation of the
dimethylamino group is rapid in solution at room tem-
perature as is conformer interconversion by rotation of the
arylmethylamino group.

Total spontaneous resolution is a relatively rare phenomenon
whereby a racemic mixture crystallises as a single enantiomer.1
It may be seen where a potentially chiral molecule is
configurationally labile in solution, but stable in the solid state.
These criteria are most commonly met when chirality is due
solely to a chiral conformation and to the maintenance of this
conformation by topology in the solid state. Despite its relative
rarity, examples of total spontaneous resolution are known and
the phenomenon is best illustrated by rac-1,1A-binaphthyl which
has been known to crystallise in up to 95% ee.2

What raises the phenomenon of total spontaneous resolution
above a mere curiosity is its importance in crystal engineering,3
its potential for asymmetric synthesis starting from achiral
reagents,4 and its relevance to the origin of enantiomeric
homogeneity in nature.5

Of course many organic compounds, while lacking a
‘traditional’ asymmetric carbon, adopt a chiral conformation in
the solid state. However, as with more configurationally stable
chiral compounds, crystallisation as a racemic compound is
most common, or in certain cases as a conglomerate.6 Examples
of the latter are not uncommon, and the synthetic use of
homochiral crystals has been reviewed.7 However, in many
cases the so-called ‘absolute asymmetric synthesis’ is based on
selection of a ‘single crystal’ from what may well be a
conglomerate, or on use of homochiral crystals obtained by
seeding.8 What is of more fundamental interest is where such a
chiral conformer can not only be isolated in the crystalline state,
but can be shown to be an example of total spontaneous
resolution. Total spontaneous resolution is usually described for
examples such as 1,1A-binaphthyl where racemization following
dissolution is slow enough to be detected (krac ca. 1022 s21).
However, such examples are very rare and if studies can be
extended to include solid state conformational isomers where
the racemization in solution is fast (krac ca. 104 s21), the scope
of these studies can be greatly increased. We herein report such
a material.

The compound N-(4-chlorophenyl)-NA-cyanoguanidine 1,
prepared from 4-chloroaniline and dicyanamide,9 is weakly
acidic.10 Treatment of 1 with BuLi and excess MeI yielded N-
(4-chlorophenyl)-NA-cyano-N,NB,NB-trimethylguanidine 2
(Scheme 1) as a mass of small microcystals (56 mg, 17%
yield).11 Preliminary X-ray crystallographic analysis of one of
these crystals indicated a chiral space group P212121. Since no
chirality was present in the starting material or in any of the
reagents used to prepare 2, this suggested a chiral conformation
in the solid state. At this stage it was not possible to distinguish
whether this material existed as a conglomerate or was an
example of total spontaneous resolution. Therefore, a sample

comprising 18.2 mg was selected at random from the fine mass,
dissolved in CH2Cl2 and allowed to recrystallise by slow
evaporation of solvent to yield a single crystal of weight 16.2
mg (89% recovery).

X-Ray crystallographic analysis of a carefully cut piece of
this single crystal again showed the P212121 space group and the
chiral conformation shown in Fig. 1 and schematically in Fig.
2;12 the absolute configuration was aS.13

The chirality arises due to the twisting of the ArMeN portion
relative to the rest of the molecule by ca. 47° (C4–N1–C8–N2).
The twisting of the ArMeN group is all the more remarkable in
that it results in loss of conjugation between the ArMeN lone
pair and the CNN system. This is reflected in the increased
length of 1.385(2) Å for the ArMeN–C bond compared to the
Me2N–C and CNN bonds at 1.340(2) and 1.325(2) Å, re-
spectively.14 The lack of planarity can be attributed to ‘steric
crowding’, and the fact that the ArMeN nitrogen lone pair can
delocalise ‘towards’ the Ar, as an alternative to the CNN–CN,
probably explains why this group, rather than the Me2N, is
rotated.

Scheme 1

Fig. 1 ORTEP diagram of compound 2; The numbering is arbitrary.

Fig. 2 Schematic representation of the conformation of 2.
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The following facts prove that this is an example of total
spontaneous resolution of a chiral conformer. Firstly, the X-ray
crystallographic analysis shows that the whole crystal consists
of only one chiral conformer [Flack x parameter = 0.02(6)15].
Secondly, this single crystal constitutes an almost quantitative
yield of precipitate from homogeneous solution. Thirdly, the
homogeneous solution was obtained using a relatively large
randomly selected sample of the original material.16

Interestingly, in acetone-d6 solution the formally non-
equivalent dimethyl groups (of Me2N) separated into two peaks
at low temperature and variable temperature NMR experiments
gave a coalescence temperature of 231 K. A value for DG‡

rot of
46 ± 1 kJ mol21 is obtained from eqn. (1) where R, h and kb are
gas, Planck and Boltzman constants, respectively, and Tc is the
coalescence temperature).17

DG‡
rot = 2RTcln[ph(Dn)/1.4142kbTc] (1)

As the Me2N rotates ‘out of plane’ so the ‘twisted’ ArMeN
would be expected to rotate ‘into plane’ and beyond.18

Therefore, the DG‡
rot barrier of 46 ± 1 kJ mol21 measured for

the former sets an upper limit for rotation of the latter and also
therefore for interconvertion of the chiral conformers in solution
(see Fig. 2 where rotation of the ArMeN group yields the mirror
image conformer). This translates to an interconversion, rate
constant of > 104 s21 in solution at 25 °C. Given this relatively
high interconversion rate (compared to binaphthyl at ca. 1022

s21) it is clear that the chirality is maintained (as opposed to
effected) by the topology within the crystal.

Experimental support for possible ‘coupled’ rotation of the
Me2N and ArMeN groups comes from the NMR. On warming
from below TC, one of the methyl peaks (that at higher d)
becomes noticeably broader than the other one (see Fig. 3: NMR
spectrum at 223 K, Me2N signals at d 3.10 and 2.85) before a
broad but symmetrical peak is obtained on coalescence. We
attribute this to restricted rotation of the methyl closer to the
ArMeN group because of mutual steric interaction as the Me2N
fragment begins to rotate ‘past’ the ArMeN; some evidence of
broadening of the aryl ortho hydrogens is also evident in the
NMR spectrum at 223 K.

We are grateful to Dr D. C. Povey and Mr G. W. Smith of the
University of Surrey for some preliminary X-ray crystallo-
graphic studies.
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Fig. 3 Spectrum of 2 in acetone-d6 at 223 K. Peaks at ca. d 2.0, 3.4 and 3.5
are due to residual acetone, the ArMeN and water, respectively.
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EPR observation of N-(2-methoxycarbonyl-2-yloethyl)phe-
nylaminyl at cryogenic temperature shows that the diradical
has a triplet ground state, and is thermally labile for ring-
closure reaction with low and distributive activation energies
centered around 3.2 kJ mol21.

Diradicals,1 reactive intermediates frequently appearing in both
thermal and photochemical reactions, are unique in that they
show dichotomous reactivities depending on their spin states.
Recently numerous conjugated diradicals have been explored in
efforts to develop building blocks for organic magnetic
substances.2 On the other hand, localized diradicals linked with
s-bonds have not yet received sufficient attention as magnetic
molecules. Among the localized diradicals, 1,3-diradicals, such
as trimethylene,3 are the simplest and representative.1 Here we
report N-(2-methoxycarbonyl-2-yloethyl)phenylaminyl 1, a di-
radical with two different kinds of formal radical centers,4
localized and conjugated, on N and C atoms. To the best of our
knowledge this is the first example of EPR observation of an
open-chain nonconjugated 1,3-diradical. It is of interest how the
energy gap between the singlet and the triplet in 1 is affected by
heteroatom substitution on one side of the radical site in
trimethylene, and how the lone pair on the nitrogen atom affects
the kinetic stability of 1.

Photolysis (330 ± 20 nm) of methyl 1-phenyl-4,5-dihydro-
1H-1,2,3-triazole-4-carboxylate 25 in a 1+1 mixture of
C2D5OD–CD3OD (50 mmol dm23) was performed in an EPR
cavity (X-band) with a 500 W super-high-pressure mercury
lamp and glass filters at 5 K. The EPR spectrum after irradiation
for 5 min persisted for at least 1 h at this temperature, and
showed a set of signals characteristic of a triplet biradical (half-
field signal; 0.1569 mT) with zero-field-splitting (ZFS) parame-
ters of |D| = 3|E|6 (Fig. 1).

The signals at 2516 and 3953 mT were assigned to
overlapping signals due to transition of Z and Y with the ZFS
parameters |D/hc| = 0.06716 cm21 and |E/hc| = 0.02239 cm21.
The D value is close to those of cyclobutane-1,3-diyls7 (|D/hc|
= 0.050–0.11 cm21) and cyclopentane-1,3-diyls8 (|D/hc| =
0.041–0.084 cm21), and is fully consistent with a localized
1,3-diradical structure with an average distance of 0.34 nm
between two unpaired electrons.8

EPR measurements were then performed on warming from 5
to 50 K in the dark. At each temperature (Ti) the signal intensity
(I) stabilized within 3 min. Re-cooling from Ti to 5 K did not
regenerate the initial intensity, which indicates that the biradical
was irreversibly diminished by the reactions. However, no
further decrease in signal intensity was observed between Ti and
5 K. The temperature dependence of the signal intensity for the
annealed sample obeyed the Curie law (IT = constant) between
5 and Ti.

Consequently, the IT vs. T plot for the warming process did
not become flat [line (i) in Fig. 2], whereas the plot for the post-
annealed process showed a constant value [line (ii) in the Fig.
2]. The latter indicates that the triplet is the ground state of
biradical 1.

It seems reasonable that the initial decrease in signal intensity
of the triplet can be attributed to decay through a ring-closure
reaction to give methyl 1-phenylaziridine-2-carboxylate, which
is the main photo-product at room temperature in solution
(Scheme 1).5 Decay by hydrogen abstraction from the matrix
can probably be excluded because no new signals and no
increase in the doublet species (indicated as * in Fig. 1) were
observed up to 50 K. At 35 K, the triplet EPR signals originating
from the biradical dissappeared immediately and simultane-
ously.

The same thermal behaviour of 1 was observed using
2-methyltetrahydrofuran as the matrix, indicating that the
hardness of the surroundings of the diradical had little influence
on ring-closure.

The former behavior [line (i)] can be interpreted as decay
through transition states with distributive activation energies
due to matrix site effects and conformers of 1, rather than
classical or tunneling processes having a single activation

Fig. 1 X-Band EPR spectrum of 1 obtained after UV irradiation (330 ± 20
nm) to methyl 1-phenyl-4,5-dihydro-1H-1,2,3-triazo-4-carboxylate 2 in a
1+1 mixture of C2D5OD–CD3OD matrix for 5 min at 5 K (n = 9.0067 GHz,
power = 0.2 mW, modulation = 1 mT). Asterisk denotes doublet
impurities.

Fig. 2 IT vs. T plots, where I is the EPR signal intensity of the |DMs| = 2
transition of 1 in a 1+1 mixture of C2D5OD–CD3OD, and T is the absolute
temperature. (i) Open circles indicate a heating process from 5 to 35 K, and
closed circles show the temperature dependence of the signal intensity
between 5 and 18 K after annealing at 18 K.
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energy. Such a mechanism with distributive activation energies
was successively analyzed by a ‘distribution slicing method’ in
the case of cyclobutane-1,3-diyls by Dougherty’s group.7
Applying this method to our case (50% of 1 decayed at 16 K)
gave an average activation energy, Ea = 3.2 kJ mol21, under the
assumption that A = 108 and t = 180 s, where A is a frequency
factor in the Arrhenius equation and t is the slicing time. The
activation energy, which possibly corresponds to that required
for spin inversion (ISC), is slightly smaller than that in the case
of cyclobutane-1,3-diyls (Ea = 4.0–9.7 kJ mol21) or cyclo-
pentane-1,3-diyls (Ea = 8– > 20 kJ mol21).

The low activation energy in the case of 1 is attributable
primarily to the flexible open chain structure and secondly to the
interaction between a lone-pair on the aminyl radical and the p-
orbital of the counterpart carbon radical.

According to density functional theory calculations (U-
B3LYP/6-13G*)9 for the biradical 1, the triplet has a (0,0)
conformation (following the notation for trimethylene)3 and lies
below the singlet by 1.3 kJ mol21 (vertically; the singlet
biradical has no minimum on the energy surface, and the
optimization of the structure gives methyl 1-phenylaziridine-
2-carboxylate). The computed energy gap DES-T is consistent
with the result of the EPR experiment. Most of the spin
populations of triplet 1 are distributed on both the formal radical
centers (spin/charge = 0.63/20.47 on the N atom, and
0.90/20.16 on the C2A atom), and agree with the average

distance between unpaired electrons as estimated from the
experimental D parameter.

In conclusion, we have been able to detect triplet diradical 1,
a heteroatom analogue of trimethylenemethane, and found that
the diradical is thermally labile above 5 K with low and
distributive activation energies.
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A cationic spiroquinoxazine (SO2) is found to be photo-
chromic both in solution and in the crystalline state.

Among the large number of investigated so far photochromic
molecules,1,2 few have been found to be photochromic in the
crystalline state.3–8 Photochromic organic crystals are inter-
esting not only for the design of new materials for optical data
processing and storage,4,6 but also because the photoinduced
molecular transformations might be used to gain control over
other physical properties in the solid state. For instance, the
photoswitching of NLO properties has been recently achieved
in a photochromic organic crystal.9 Spirooxazines (SO) are
known to offer remarkable stability towards photo-fatigue in
solution and in various matrices,10–14 but to the best of our
knowledge none of them has been reported to be photochromic
in the crystalline state. We report herein the first spirooxazine to
exhibit photochromism both in solution and in the pure
crystalline state.

N-Methylation of spiroquinoxazine10,12c (SO1) with MeI in
THF yielded the yellow microcrystalline cationic SO15a (SO2,
see Scheme 1).

Photochromism of spirooxazines is based on photocleavage
of the C(spiro)–O bond, giving rise to an equilibrium between a
colorless or weakly colored closed form and a strongly colored
open form. The usually less stable open form reverts back to the
closed form both photochemically and thermally. In the present
case such an equilibrium is shown in Scheme 1.

Electronic absorption spectral changes of SO2 upon UV
irradiation (365 nm)15b in CHCl3 are depicted in Fig. 1. The

main characteristics of the closed and open forms as well as the
thermal color fading rate (k) of the latter are reported in Table
1.

The photochromic properties of SO2 are markedly different
from those of SO1. First, at room temperature the thermal color
decay of the open form of SO2, which follows a single
exponential equation in the same manner as SO1, is very slow.
Depending on the solvent, the constant k of this decay is about
103 to 104 times smaller than that of SO1. In other words, the N-
methylation of the quinoline on the oxazine moiety stabilizes in
a dramatic way the open form. Second, in contrast to the parent
SO1 and other SO molecules, which are known to show positive
solvatochromism,10,12a the open form of SO2 is characterized
by a negative solvatochromism (Table 1), indicating that its
ground state is more polar than the exited one. These two
observations suggest a predominantly zwitterionic structure for
the open form of SO2 rather than the less polar quinoidal
one.

Irradiation of a microcrystalline sample of SO2 was carried
out using an ultra-thin pressed pellet. The UV–VIS absorption
spectra after different irradiation times are shown in Fig. 2.
Upon UV irradiation (365 nm) a broad absorption band
appeared between 550 and 650 nm and continuously increased
while the initial yellow pellet turned green. When the sample

Scheme 1

Fig. 1 UV–VIS spectral changes of SO2 in CHCl3 solution (5 3 1025M,
room temperature) upon UV irradiation.

Table 1 Spectral and kinetic properties of SO2 in different solvents

Compound Solvent Form
l/nm (e/dm3

mol21 cm21) k/s21

SO1a EtOH Open 564,b 599 0.23
Toluene Open 561,b 590 0.34

SO2 EtOH Closed 375 (5700) 9.3 3 1025

Open 592, 563b

CHCl3 Closed 387 (4700) 8.2 3 1026

Open 611, 575,b 469
Toluene Closed 370 (4400) 2.5 3 1024

Open 615, 580b

a Ref. 12(a). b Shoulder.

Fig. 2 Crystalline state UV–VIS spectral changes of SO2 upon UV
irradiation. Insert shows the differential optical density between the spectra
before and after UV irradiation.
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was left in the dark at room temperature after irradiation, the
green color faded slowly and the yellow colour returned very
slowly. In contrast, visible light (550 nm) irradiation con-
siderably accelerated the color decay. This behavior is similar to
that observed in solution and indicates clearly that SO2 is
photochromic in the crystalline state.

By monitoring the decay of the absorption band in the visible
region at room temperature, the thermal decoloration rate of the
thin pellet was found to deviate significantly from first order
kinetics, but can be fairly well fitted to a biexponential equation
with k1 = 1.6 3 1024 s21 and k2 = 5.8 3 1026 s21. This
behavior can be tentatively interpreted as the result of two
different environments surrounding the open form of SO2 in the
bulk sample. The open form molecules located near the surface
of the solid are surrounded mostly by similar open form
molecules. On the contrary an open form molecule lying deeper
inside the bulk would have mainly closed form molecules as
neighbors.

Finally, it is worth pointing out that the color change was not
accompanied by any significant structure modifications, as the
X-ray powder pattern of the irradiated sample did not show any
detectable changes as compared to that of the initial one, while
the large differences in geometry between the closed and open
forms would lead one to expect rather large structure changes.
A possible explanation would be that under current experi-
mental conditions the photochemical process is mainly limited
to the surface of the bulk sample, so the amount of the
photoinduced open form is too small to give any significant
changes in the X-ray powder pattern.

The reasons why SO2 shows crystalline state photochromism
are not yet clearly understood. Nevertheless, the large stabiliza-
tion of a predominantly zwitterionic open form brought about
by the N-methylation of the quinoline ring seems to be an
important factor in permitting solid state photochromism. On
the other hand, the presence of iodide ions could result in more
space or free volume in the crystal structure of SO2 as compared
to the parent SO1. In other words, the anion, although not
directly involved in the photochemical process, may have a kind
of dilution or matrix-like effect on the cationic photoactive
spirooxazine. These remarks are supported by the following
observation: two derivatives of SO2, prepared by replacing the
iodide anion in SO2 by nitrate or toluene-p-sulfonate, were also
found to show similar behavior. This rather anion-independent
behavior strongly suggests that crystalline state photochromism
in this class of compounds depends mainly on the cationic

nature of the photoactive species, and the role of the anion is
probably minor. This particular feature would be of interest in
the perspective of associating solid state photochromism with
other properties that could be introduced through the anion.

We are grateful to Dr Keitaro Nakatani and Professor René
Clément for many helpful discussions.
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Matrix-isolated [CH3ReO3] tautomerises to [H2CNRe(O)2OH]
under the influence of UV light; the carbene has been
characterised in its normal and 2H- and 13C-enriched isotopic
forms by its IR spectrum with results well replicated by
quantum chemical calculations.

Since methyltrioxorhenium(VII), [CH3ReO3] 1, was first de-
scribed, its rôle in promoting and catalysing numerous organic
reactions has been explored in detail.1,2 In fact, 1 is probably the
most widely active organometallic catalyst reported to date.
This activity encompasses two general areas: (i) oxidation
reactions (including olefin epoxidation, Baeyer–Villiger and
aromatic oxidation);2–5 and (ii) olefin isomerisation and
metathesis.6 The peroxo derivatives of 1 active in many
reactions of type (i) have been isolated and characterised both
structurally and spectroscopically.7 By contrast, the species
responsible for catalytic activity of type (ii) have eluded direct
detection, although a tautomer of the form [H2CNRe(O)2OH] 2,
has long been presumed to be the active form of 1.2,8 There are
numerous reports of rhenium–carbon multiple bonds in the
literature generally, but not exclusively, involving rhenium in
formal oxidation states < +7.8,9

Photolysis of 1 in solution appears to result in homolysis of
the Re–C bond.10 Our studies reveal, however, that the matrix-
isolated molecule exhibits altogether different behaviour,
initially tautomerising to the previously unknown carbene
derivative 2 under the influence of UV light at wavelengths near
254 nm (Scheme 1). Tautomer 2 is also photolabile, broad-band
UV–VIS irradiation (l = 200–800 nm) causing it to decay to a
product containing an Re–CO fragment, 3, possibly
[H2Re(O)(OH)CO].

Exposure of 1 isolated in an Ar matrix at 14 K to UV radiation
with l = ca. 254 nm for several minutes results in the decay of
the IR absorptions due to 1 and the simultaneous appearance
and growth of new absorptions apparently due to a single
product 2 (Fig. 1). Irradiation of the matrix with broad-band
UV–VIS light (l = 200–800 nm) was observed to cause the
evolution from 2 of at least one further product 3 which could
not be conclusively identified by its IR spectrum. The IR bands
identified on the evidence of their growth-decay patterns enable
2 to be characterised as [H2CNRe(O)2OH], the conclusions
being underpinned (i) by the observed effects of 2H- and 13C-

enrichment of the products derived from the species [CD3ReO3]
1-d3, and [13CH3ReO3] 1-13c, (ii) by parallels with the spectra of
related carbene and ReNO derivatives, e.g. CoCH2

11 and
ReO2F3,12 and (iii) by comparisons with the results of Density
Functional Theory (DFT) calculations. (Calculations were
carried out in Gaussian 9813 with geometries optimised at the
BPW91/LANL2DZ level of theory; standard 6-31G(d,p) basis
sets were used for C, O and H, whilst the Re basis set was
augmented with an additional f-type polarisation function.)
Prominent among its IR absorptions were those at 3650.0,
992.2, 963.3 and 668.4 cm21 which are identifiable by their
frequencies, intensities and responses to 2H- and 13C-enrich-
ment with the modes n(O–H), ns(ReNO), nas(ReNO) and n(Re–
OH), respectively. The presence of the ReNCH2 unit is signalled
by bands at 3079.6, 2985.8, 1320.9, 778.8, 756.4 and 627.9
cm21 which we associate with the modes detailed in Table 1;
each assignment is attested by analogy with the corresponding
mode of CoCH2

11 and by the 2H and 13C isotopic shifts,
although the description of the motion is sometimes less than
exact. The spectrum is well simulated by a scaled force field
computed for 2 on the basis of DFT calculations (Table 1), the
36 frequencies measured for 2, 2-d3 and 2-13c being matched
with an r.m.s. deviation of only 1.66%. It is also evident that
mixing of the n(ReNC), r(CH2) and d(OH) motions complicates
the interpretation of the spectrum in the region 600–800 cm21,
preventing the identification of any one feature with the
n(ReNC) mode. The relative intensities of the bands due to the
well defined modes nas(ReNO) and ns(ReNO) imply an ONReNO
angle in the order of 116°, in good agreement with the optimum
geometry computed for 2.

Similar experiments with [CH2DReO3] 1-d1 give rise not
only to [H2CNRe(O)2OD], but also to the isotopomer

Scheme 1

Fig. 1 (a) IR spectrum of [CH3ReO3] 1 isolated in an argon matrix at 14 K;
(b) IR spectrum showing the effect of irradiation at l = 254 nm for 15 min
(– indicates a feature associated with [H2CNRe(O)2OH] 2); and (c) the
spectrum of 2 based on the results of DFT calculations.
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[H(D)CNRe(O)2OH] 2-d1. Here the n(C–H) fundamental is
isolated from all other modes in the molecule and so gives
access, in principle, to relatively precise estimates of the
dimensions of the CH2 unit.14 The measured value of nis(C–H)
(3035.4 cm21), taken together with n(12C–H), n(13C–H) and
n(12C–D) data for the other isotopomers, affords values
that tally with the results of the DFT optimisations given in
parentheses: r0 = 1.088 Å (re = 1.099 Å), •HCH = 119 ± 4°
(•eHCH = 115.8°).

Although 2 was formed almost exclusively when matrix-
isolated 1 was photolysed at wavelengths near 254 nm,
exposure to broad-band UV–VIS light gave rise to a secondary
change. The sole detectable product 3 formed from 2 under
these conditions, but always in the presence of an abundance of
1 and 2, could be identified by a single IR band at 2051.4 cm21.
Assignment to the n(C–O) mode of an Re–CO moiety is
strongly urged by a minimal change of frequency when 3 is
formed from 1-d3 or 1-d1 but by a shift to 2003.8 cm21 when it
is formed from 1-13c. The circumstances preclude positive
identification, but a possible candidate for 3 is the novel
rhenium(V) compound [H2Re(CO)(O)OH] formed by photo-
isomerisation of [H2CNRe(O)2OH] in a change that would
parallel the conversion of [H2COSi] to [H2Si+CO].15 DFT
calculations provide some support for [H2Re(CO)(O)OH],
finding a potential energy minimum 126 kJ mol21 above that of
[H2CNRe(O)2OH] with a structure approximating to a square-
based pyramid having the unique oxide ligand at the apex, and
a calculated n(C–O) frequency of 2040 cm21 (12C/13C shift =
44.5 cm21).

[CH3ReO3] is active in olefin metathesis only when activated
by a co-catalyst (S4N4/AlCl3), or when supported on silica or
alumina.8 DFT calculations indicate that 2 lies ca. 89 kJ mol21

higher in energy than 1, and hence is inaccessible under normal
thermal conditions. Model calculations on [CH3ReO2{(h2-
OSiH2)2O}] 4, the product formed by condensation of
[CH3ReO3] with disilanol ([H2Si(OH)]2O), show the tauto-
meric H-atom transfer to occur preferentially to an Re–O–Si
bridging oxygen atom rather than to an ReNO unit. The resulting
carbene species [H2CNReO2{(h2-OSiH2)(O)(SiH2OH)}] 5 is
effectively stabilised by ca. 48 kJ mol21 relative to complex 4.
This alternative H-atom transfer to the Re–O–Si bridge would

seem to be a more realistic mechanism for carbene formation on
supported [CH3ReO3].
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Table 1 Observed and calculated fundamental vibrational frequencies for 2, 2-13c, and 2-d3 under Cs symmetry. Observed and calculated intensities are in
parenthesesa

H2
12CReO2(OH) H2

13CReO2(OH) D2
12CReO2(OD)

Obs. Calc.b Obs. Calc.b Obs. Calc.b Description of mode

3650.0 (100) 3669.6 (87) 3650.4 (100) 3669.6 (87) 2694.2 (73) 2672.3 (63) n(O–H)
2985.8 (3) 2994.4 (5) 2980.2 (4) 2989.0 (5) 2195.1 (5) 2171.4 (6) ns(CH2)
1320.9 (2) 1295.0 (5) 1311.8 (2) 1286.7 (5) 1009.9 (2) 1018.8 (6) d(CH2)

992.2 (25) 988.4 (30) 991.9 (26) 988.3 (30) 992.2 (31) 987.1 (42) ns(ReO2)
799.2 (2) 815.4 (8) 798.7 (3) 812.4 (9) 622.6 (3) 631.0 (3) ß

778.8 (34) 792.0 (10) 768.3 (53) 770.4 (14) 578.9 (43) 556.8 (81) ¢ d(O–H) + r(CH2)
756.4 (30) 741.9 (73) 739.6 (19) 736.5 (67) 685.9 (10) 698.2 (6) Ω + n(ReNC) + n(Re–OH)
668.4 (83) 664.2 (100) 668.8 (87) 664.2 (100) 660.0 (69) 664.7 (75) ƒ

c 286.4 (2) c 286.4 (2) c 286.0 (2) ReO2 wag
c 255.6 (1) c 255.6 (1) c 252.7 (2) ReO2 scissor
c 239.8 (3) c 239.8 (3) c 217.6 (3) d(CReOH)

3079.6 (3) 3091.9 (0.6) 3068.4 (1) 3079.5 (0.6) 2315.2 (1) 2299.0 (0.3) nas(CH2)
963.3 (64) 967.2 (81) 963.4 (80) 967.1 (81) 961.8 (100) 965.0 (100) nas(ReO2)
627.9 (3) 644.2 (1) 625.7 (5) 639.3 (2) 500.2 (2) 504.1 (0.3) CH2 scissor

c 526.4 (0.2) c 525.8 (0.2) c 386.1 (0.01) CH2 wag
321.2 (33) 315.9 (42) 320.7 (38) 315.2 (43) 239.3 (19) 253.4 (6) d(O–H)

c 266.8 (15) c 266.8 (15) c 237.3 (15) d(CReO2)
c 233.2 (0.03) c 233.2 (0.03) c 208.5 (16) d(CReO2)

a Frequencies in cm21; all intensities normalised to that of the most intense band set equal to 100 (in parentheses). b Calculated frequency scaled by a factor
of 0.9740. The r.m.s. deviation between observed and scaled calculated frequencies is 1.66%. c Indicates a feature too weak to be observed.
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Visible wavelength ligand-to-metal (LMCT) activated N2
release from tris(3-hydroxy-1,2,3-benzotriazine-4(3H)-
one]iron(III) produces localized ligand radical intermediates
capable of cleaving DNA and represents a new chemical
approach to photonuclease design for biological applica-
tions.

The antibiotic 6-diazo-5-oxo-L-norleucine utilizes a terminal
diazo unit to generate unimolecular diradical intermediates
following thermal incubation and loss of N2.1 The kinamycin
antibiotics also possess the reactive terminal diazo unit,2 and
UV photolysis of kinamycin analogs is thought to generate
diradical intermediates that effect DNA cleavage.3 Bioorganic
chemists have incorporated this strategy into the design of
synthetic photonucleases by preparing diazene and benzo-
triazole agents that produce diradical intermediates capable of
cleaving DNA upon UV excitation.4,5 Although effective, the
ability to promote diradical formation using visible region
excitation would have significant advantages for in vivo
photodynamic therapy applications owing to the increased
optical penetration depth by longer wavelengths.6 To this end,
we have recently initiated efforts toward developing novel
transition metal diazo compounds that use the metal center to
activate ligands for N2 release upon optical excitation into
metal–ligand charge transfer transitions typically occurring in
the visible spectral region. Application of the resulting radical
intermediates to DNA cleavage provides approach toward the
development of self-contained unimolecular photonucleases for
biological applications.

Photochemical activation of diazo compounds occurs via UV
irradiation of the 1(n–p*) transition which leads to extrusion of
N2 and formation of radical intermediates.7 However, diazo
compounds are also unstable to chemical and electrochemical
oxidation and rapidly release N2 as a reaction product.8–10 We
have chosen to exploit this property by preparing Fe(III)
complexes with ligands that posses the reactive –NNN– subunit.
Fe(III) is a powerful excited state oxidant11 and is thermody-
namically potent to activate these ligands for N2 release.

The compound 3-hydroxy-1,2,3-benzotriazine-4(3H)-one 1
(Aldrich) contains the target N2 subunit, and in its deprotonated
form, the 3-hydroxy-4-one functionalities strongly chelate
Fe(III).12 Reaction of 1 with 3 equiv. of Fe(NO3)3·9H2O in
THF–Et3N yields the tris-(chelate 2 as a red powder in nearly
quantitative yield.13 The electronic absorption spectrum of 1 in
acetonitrile exhibits pronounced p–p* transitions in the 300 nm

region and a shoulder at 325 nm corresponding to the forbidden
n–p* transition of the diazo unit.7 Photolysis of 1 at l ≥ 345 nm
yields a triplet radical EPR signal (5 K, EtOH) with the
signature half-field transition at 1700 G, as well as copious N2
evolution as detected by GC–MS, reflecting the propensity for
diradical formation via N2 loss from this organic framework.
The absorption spectrum of 2 in the same solvent (Fig. 1)
reveals three distinct bands corresponding to a ligand-centered
transition (lmax = 300 nm), and two moderately intense O?Fe
ligand-to-metal charge transfer (LMCT) bands (lmax = 340,
425 nm) similar to those of Fe(III) tris-catecholates.14

Anaerobic photolyses of 2 were performed in acetonitrile (0.1
mM) at l ≥ 345 and 455 nm and monitored with UV–VIS
spectrophotometry (Fig. 1). In both cases, rapid photobleaching
of the optical spectra are observed upon LMCT excitation of the
complex, with partial recovery upon exposure to O2, consistent
with formation of Fe(II) in solution. This is confirmed by the
disappearance of the rhombic Fe(III) EPR signal at g = 4.3 (Fig.
2) following variable time photolyses at 20 °C. Both reactions
exhibit first-order kinetics at early photolysis times, with the
reaction at l ≥ 345 nm (kobs = 9.3 3 1022 min21) proceeding
considerably more efficiently than photolysis at l ≥ 455 nm
(kobs = 4.0 3 1023 min21) under identical experimental
conditions. In addition to excitation of both LMCT bands with
l ≥ 345 nm, the disparate reactivity can be attributed to the
greater quantum yield for decay of the starting compound upon
excitation into the higher energy transition (f365 = 2.1 3 1024

cf. f436 = 3.6 3 1025). This results in simultaneous excitation
of both the LMCT and ligand centered n–p* transitions of the
Fe(III) compound. To verify LMCT activation of the triazine
ligand, photolysis of 1 was conducted in acetonitrile with l ≥
455 nm and yielded no reactivity over a 12 h period indicating
that photoactivation of 2 at lower energies derives solely from

Fig. 1 Electronic absorption profiles for anaerobic photolyses of 0.1 mM
acetonitrile solutions of 2 at (a) l ≥ 345 nm and (b) l ≥ 455 nm.
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LMCT excitation. Furthermore, reactivity of 2 has been
demonstrated at wavelengths up to 500 nm, effectively ruling
out the requirement for participation by higher energy excited
states in the photoactivation of the triazine ligand.

To correlate the observed reactivity with N2 extrusion,
wavelength dependent photolyses (l ≥ 345 and 455 nm) were
performed on 800 mL solutions of 15 mM 2 under argon in
degassed benzonitrile. From headspace GC–MS analysis, N2
production was gauged by comparison of the N2/O2 ratios above
the photolyzed solutions relative to unphotolyzed controls. The
average of four trials at each wavelength produced an increased
N2 content of 112% at l ≥ 345 nm and 9.7% at l ≥ 455 nm).15

Together, these results demonstrate that the overall strategy to
induce radical formation from charge transfer excited states is
indeed operative.

Electronic structure studies of Fe(catecholate)3
32 have

shown that the LMCT excited state is best described as a charge-
separated Fe2+–ligand radical. The energy required to photo-
chemically produce a Fe2+–L°+ state can be estimated by the
sum of the redox potentials for the free ligand and the metal
center, where DE = 2Eox(1) + Ered(2). The cyclic voltammo-
gram (CV) of 1 demonstrates an irreversible oxidation wave at
a peak potential of +1.7 V vs. Ag/AgCl [Eox(1)], derived from
rapid denitrogenation.8–10 The CV of 2 exhibits a reversible
Fe(III)/(II) redox couple with a half potential of 20.3 V vs. Ag/
AgCl [Ered(2)]. Therefore, the minimum energy required to
produce the charge-separated excited state, DE, is ca. 22.48
eV, or 500 nm from the ground state. However, the energy of
this state is exergonic with respect to LMCT excitation at l ≥
455 nm and is therefore consistent with charge transfer induced
activation and denitrogenation of the triazine ligand at these
wavelengths.

The ligand radical intermediate produced upon LMCT
excitation of 2 is an effective DNA photocleaving agent.
Cleaving ability (%) was determined by quantitating the
effectiveness in converting circular supercoiled plasmid DNA
(form I) to nicked (form II) and linear DNA (form III) following
subtraction of background cleavage due to photolysis of DNA
alone (35%). Fig. 3 illustrates the agarose gel electrophoresis of
photolysis products of 300 mM 2 in the presence of pUC 118
plasmid DNA (30 mM/bp where bp represents a base pair).
Solutions were irradiated anaerobically for 12 h in 1:9 DMSO–
Tris buffer (20 mM, pH 7.55) at l ≥ 400 nm.16 Photolysis
produced a mixture of linear (38%) and nicked (27%) forms
(lane 3), while thermal incubation effected no DNA cleavage
(lane 4). As Fig. 3 shows, the relative amount of cleavage by 2
is significant as photolysis of both plasmid alone (lane 5) and
900 mM free ligand (lane 6) yield identical amounts of nicked
DNA (35%), indicating only background levels of DNA
photodegradation. Our results demonstrate that although 2 did
not generate exclusively linear DNA, it is the only species in
Fig. 3 to produce the linear form and consume 100% of the
supercoiled form. Additionally, the absence of O2 from the
reaction and the presence of the hydroxy radical scavenger

DMSO in the buffer effectively rule out participation by O2-
derived radicals in the cleavage reaction and implicate a ligand-
centered radical as the key intermediate.

In conclusion, the above studies describe the preparation and
photoreactivity of a novel transition metal triazine compound.
The overall strategy of metal complex activation via LMCT
excitation in the visible spectral region is operative. Irradiation
of the Fe(III) complex in the presence of plasmid DNA affords
both single- and double-strand cleavage, with significantly
greater efficiency than photolysis of free ligand in threefold
higher concentration. From a mechanistic perspective, detection
of Fe(II) as a reaction product raises important questions
concerning the mode of activation of the kinamycins and
6-diazo-5-oxo-L-norleucine. Are these antibiotics redox acti-
vated, and if so, are diradicals or radical ions responsible for the
DNA-cleaving reactivity of these agents? Further studies
designed to probe the specific nature of the intermediates as
well as modulate the reactivity of this system are ongoing.

The generous support of the American Cancer Society (RPG-
99-156-01-C) and the Donors of the Petroleum Research Fund
(PRF#33340-G4), administered by the American Chemical
Society, are gratefully acknowledged.
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Fig. 2 Disappearance of the high spin Fe(III) EPR signal of 2 at g = 4.3 as
a function of photolysis (l ≥ 345 nm) time. Relative spin quantitations are
denoted above each trace.

Fig. 3 Photoinduced DNA-cleavage of 30 mM/bp pUC 118 by 300 mM 2
following 400 nm photolysis for 12 h at 20 °C (2% agarose gel). Form I:
supercoiled plasmid. Form II: nicked plasmid. Form III: linear plasmid.
Lane 1: supercoiled DNA; lane 2: linear DNA from EcoRI digest; lane 3:
DNA + 2 + hn; lane 4: DNA + 2, no hn; lane 5: DNA + hn; lane 6: 900 mM
1 + DNA + hn.
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Phosphorus centres incorporated within surfactant-directed
mesoporous hybrid materials are shown to be more easily
accessible than those incorporated within the corresponding
materials prepared in the absence of surfactant.

The one step preparation of organically functionalised ordered
mesoporous silica by using non-ionic1,3 and ionic surfactants4–9

as structure-directing agents constitutes a new and very
promising route to hybrid materials with organised functional-
ities. Our contribution in this field was the preparation of
surfactant-directed mesoporous hybrid materials incorporating
phosphino groups.3 We showed that such materials are easily
accessible and undergo further chemical reactions at phospho-
rus (sulfuration and quaternization) without disrupting the
ordered structure and without changing notably the textural
characteristics, thus suggesting the location of the P centres
within the mesopore channels.5 The potential applications of
these materials containing P centres for catalysis10 and
separation which are strongly connected with the chemical
accessibility of the functionalities have led us to further studies.
Here, we show that, in surfactant-directed mesoporous hybrid
materials, phosphorus centres are more easily accessible than in
the corresponding materials prepared in the absence of
surfactants.

The hybrid materials Xn and XAn were obtained by co-
hydrolysis and polycondensation of mixtures
Ph2P(CH2)3Si(OMe)3/nSi(OEt)4 (n = 6, 9 and 19) in the
presence of n-hexadecylamine as template for Xn and in the
absence of template but in the presence of 1% TBAF as catalyst
for XAn (Scheme 1). The molar composition of each mixture
was: 1 2 x Si(OEt)4:xPh2P(CH2)3Si(OMe)3: 0.27 n-hex-
adecylamine+24.2 H2O+9.1 EtOH. The xerogels were prepared
according to previously published procedures3 and some
relevant physical properties are given in Table 1. The BET
surface areas were determined by N2 adsorption–desorption
isotherm measurements. Xn (n = 6, 9, 19) exhibit type IV
isotherms,11 characteristic for mesoporous materials. In con-
trast, the isotherms of XAn are indicative of macroporosity.11

XRD patterns for Xn exhibit a single diffraction peak corre-

sponding to d100 spacing while no peak was observed for XAn.
Organic incorporation was calculated by thermogravimetric
analysis. It is worth noting that the calculated values are slightly
closer to theoretical values for the mesoporous xerogels than for
the others and this, in particular for high ‘dilutions’ of the
organic moiety in silica. Another interesting observation in
relation to the effect of dilution was made from the 31P NMR
data of the materials. As shown in Fig. 1, the 31P NMR spectra
for XAn displayed signals which are always broader than those
for Xn. This is an indication of a greater mobility for the P
centres in Xn than in XAn. Furthermore, on going from the
‘dilution’ n = 9 to the higher ‘dilution’ n = 19, the Dn1/2 values
remain stable for the ordered hybrid materials while for the
others XAn, they regularly decrease as the ‘dilution’ increases.
Thus it can be concluded that from n = 9 all the P centres within
Xn have the same surroundings, the organic pendants being
regularly dispersed at the surface of the mesopores while for the
solids XAn the distribution of the organic groups is random.

The accessibility of the P centres in these materials was
investigated by using the reactions of quaternization and
complexation of phosphorus centres. All the reactions at
phosphorus were monitored by solid state 31P NMR spectros-
copy which is a reliable and sensitive probe for immobilized
phosphorus groups.12

The solids Xn (n = 6, 9, 19) were treated with 1 equiv. of
benzyl bromide 1 or 0.5 equiv. of a,aA-dibromoparaxylene 2 per
P centre in CH2Cl2 at 20 °C. It is to be noted that after treatment,
the 31P NMR spectra of materials exhibited no signal corre-Scheme 1

Table 1 Physical characteristics for Xn (XAn)

d100 Lattice BET surface Total pore Pore 31P CP MAS Organic
Xerogel spacing/Å area/m2 g21 volume/cm3 g21 diametera/Å NMR (d) incorporationb (%)

X6 (XA6) 41.86 (—) 385 (149) 0.30 (—) 27 ( ≈ 300) 215.84 14.2c 11 (10)
X9 (XA9) 34.41 (—) 1100 (350) 0.53 (—) 35 ( ≈ 300) 215.71 (215.61) 10c 9.4 (8.8)
X19 (XA19) 38.91 (—) 1380 (640) 0.61 (—) 34 ( ≈ 300) 215.13 (215.0) 5c 5 (4.7)
a Measured using the Horvath–Kawazoe pore size distribution model. b Percentage of Si atoms present as organosilane with respect to total Si content
calculated by thermogravimetric analysis. c Theoretical values.

Fig. 1 Half linewidth (Dn1/2) of the solid state 31P NMR signals for Xn

(———) and XAn (-----) as a function of the ‘dilution’ n.

This journal is © The Royal Society of Chemistry 2000
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sponding to the oxidation of the P centres. The results given in
Table 2 show that the percentage of quaternization of P centres
increase with the dilution of the organic moieties in silica with
both reagents. The reaction is quantitative with 1 after 72 h from
X9 and X19. It is also quantitative with the bifunctional
compound 2 from X19 after 72 h and almost quantitative from
X9 which is noteworthy as in that case all the P centres are
bridged. The same reactions were carried out on XAn and the
percentage of quaternization was calculated after 24 h of
reaction. These results are compared to those obtained from Xn
after the same reaction time in Table 3. It appears that the
percentage of reaction with 1 is always lower from XAn than
from Xn, whatever the dilution. Thus the P centres are more
easily accessible within ordered mesoporous materials Xn than
within the amorphous XAn. Interestingly, with the bifunctional
reagent 2, the gap between the percentage of quaternization of
P centres obtained from Xn and XAn increases with the dilution
in favour of the ordered materials Xn. This result is due to the
regular distribution of organic moieties in Xn. Indeed, while the
substitution of the second bromide of 2 is promoted by the
dilution within Xn, it is rendered difficult within XAn because of
the random distribution of the organic groups in silica. The
distribution of the organic moieties within the solids was further
studied by treating the materials with 0.5 equiv. cis-
(PPh3)2PdCl2 per P centre. We observed that the solid state 31P
NMR spectra of the materials after 24 h of reaction at 20 °C in
CH2Cl2 displayed a resonance at d 216 corresponding to the
remaining starting phosphine and a resonance at d +16 which
was assigned to the trans anchored phosphine PdII complex.12 A
further resonance at d +36 was attributed to starting phosphine
oxidation, which never exceeded 15%. Treatment of the
materials with a large excess of the nucleophile PBun

3 allowed
the complete elimination of the palladium liberating the starting
phosphine (d 216). The presence of the unchanged signal at d
+36 after this treatment confirmed the oxidation of the starting
phosphine. The extent of the anchored phosphine PdII complex
obtained from Xn and XAn determined by 31P NMR spectros-
copy is shown in Fig. 2. The difference between the reactivity of
materials Xn and XAn (n = 9, 19) is important. Thus the
diffusion of a bulky molecule like (PPh3)2PdCl2 through

materials XAn is much more difficult than through the ordered
mesoporous materials Xn. The very low extent of reaction for
X6 compared to X9 and X19 should be due to steric hindrance,
which implies also that P centres are mostly located within the
mesopores of Xn.

In conclusion, we have shown that in surfactant-directed
mesoporous hybrid materials, phosphorus centres are more
easily accessible than in the corresponding materials prepared in
the absence of surfactants. Furthermore the accessibility of
phosphorus centres within ordered mesoporous hybrid materi-
als depends on the ‘dilution’ of the organic part in silica. The
higher the ‘dilution’, the greater the accessibility of the organic
part in particular towards bulky reagents for which a minimum
‘dilution’ (n > 6) seems to be required. The study of hybrid
materials with very low concentration of organo groups is in
progress.
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Table 2 Percentage of quaternization of P centres within Xn treated with 1
or (2) as reagent

Reaction
time/h X6 X9 X19

2 48 (35) 56 (58) 78 (74)
16 63 (68) 72 (82) 95 (90)
72 83 (83) 100 (93) 100 (100)

Table 3 Percentage of quaternization of P centres within Xn and XAn after
treatment for 24 h at 20 °C with 1 or (2) as reagent

n 6 9 19

Xn 71 (73) 87 (92) 94 (95)
XAn 60 (72) 64 (82) 79 (70)

Fig. 2 Percentage of anchored phosphine PdII complex within Xn (———)
and XAn (-----).
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Cationic palladium(II) complexes [PdL2(PhCN)2](BF4)2 effi-
ciently catalyze the [2 + 2] cycloaddition of ketene with
aldehydes to give the corresponding oxetan-2-ones, among
which 4-vinyl-substituted ones are further isomerized under
the conditions to give 3,6-dihydro-2H-pyran-2-ones in good
yields.

There has been much current interest in the preparation of
oxetan-2-ones (b-lactones) because they are not only structural
units in biologically active natural products but also versatile
synthetic intermediates.1 Among various synthetic routes to this
class of compounds, the most efficient and concise is the Lewis
acid-catalyzed [2 + 2] cycloaddition of ketenes with aldehydes.1
Recently, we have reported the first asymmetric version of the
cycloaddition mediated by a catalytic amount of Corey’s
aluminium-based bissulfonamides.2 However, the reaction
requires the use of at least 10 mol% of the catalyst to obtain the
lactones in practical yields, as has been revealed in the related
reactions catalyzed by typical metal-based Lewis acids. This
may be ascribed to the highly oxophilic nature of the acid,
which causes competitive ligation between the reactants and the
product to the catalyst to reduce the catalytic efficiency.
Deactivation of the catalyst by a trace amount of incidental
water in the reaction system is another plausible problem.

On the other hand, it has been recognized in the last decade
that certain transition metal complexes have considerable Lewis
acid character and can displace conventional Lewis acids in a
variety of the so-called Lewis acid-catalyzed reactions.3
Furthermore, some of the transition metal-based Lewis acids are
reported to be effective even in the presence of water.4 These
facts prompted us to examine whether this class of Lewis acids
can effect the cycloaddition reaction. Herein, we report a highly
efficient [2 + 2] cycloaddition of ketene with aldehydes 1 using
cationic palladium(II) complexes [PdL2(PhCN)2](BF4)2 25 as
the catalyst (Scheme 1).

The general procedure for the [2 + 2] cycloaddition is as
follows (Method A): to a solution of complex 2 (50.0 mmol) in
dry CH2Cl2 (20 cm3) was added aldehyde 1 (1.00 mmol) under
nitrogen at an appropriate temperature. Gaseous ketene (ca. 2.5
mmol) was bubbled into the mixture over a period of 5 min and
the resulting mixture was stirred at this temperature for 1 h.

After usual work-up, the crude product was subjected to GC
analysis to determine the yield of lactone 3.

The results are listed in Table 1. The reaction of cyclohex-
anecarbaldehyde 1a with ketene in the presence of 5 mol% of a
palladium complex 2a–e proceeded even at 278 °C to give the
lactone 3a (entries 1–5). The catalytic activity of the palladium
complexes 2a–e varied depending on the coordinating phos-
phine ligands, among which dppb (2d) was the most effective.
Addition of powdered molecular sieves (3 Å) did not improve
the yield of lactone 3a (entry 6). An irregular temperature
dependence of the product yield was found in the reaction
conducted at 240 °C (entry 7, as compared with entries 4, 8 and
9). This may be ascribed to the balance between an increase in
the rate constant with the rise in the reaction temperature and a
significant decrease in the concentration of ketene around its
boiling point (241 °C). Lactone 3a was obtained in quantitative
yield at room temperature, even if the quantity of the catalyst
was reduced to 1 mol% (entry 10). Judging from the high
catalytic activity and the lack of apparent effect of the
dehydrating agent (entry 6), the catalyst seems to be compatible
with the trace amounts of water in the system. The reaction of
several other aldehydes 1b–f with ketene afforded the corre-
sponding lactones 3b–f in good to excellent yields (entries
11–15).

Next, our interest was directed toward the possibility of using
the palladium complex 2d as the catalyst for the cycloaddition
of ketene with a,b-unsaturated aldehydes 1g–k (Scheme 2). The
reaction of ketene with crotonaldehyde 1g under the standard
conditions (Method A, vide supra) afforded not the b-lactone 3g
but a d-lactone, 3,6-dihydro-6-methyl-2H-pyran-2-one (iso-
parasorbic acid) 4g,6 though only in poor yield, along with an
unidentifiable polymer (vide infra) (Table 2, entry 1).7 Low-

Scheme 1 Reagents and conditions: i, 2, CH2Cl2. dppp = 1,3-bis(diphenyl-
phosphino)propane, dppf = 1,1A-bis(diphenylphosphino)ferrocene.

Table 1 Cycloaddition of ketene with aldehydes 1a–f catalyzed by
palladium complexes 2a–e

Entry 1 2 T/°C 3 Yield (%)a

1 1a 2a 278 3a 33
2 1a 2b 278 3a 46
3 1a 2c 278 3a 55
4 1a 2d 278 3a 66
5 1a 2e 278 3a 56
6 1a 2d 278 3a 63b

7 1a 2d 240 3a 52
8 1a 2d 0 3a 97
9 1a 2d room temp. 3a 98

10 1a 2dc room temp. 3a 99
11 1b 2d room temp. 3b 99
12 1c 2d room temp. 3c 97
13 1d 2d room temp. 3d 99
14 1e 2d room temp. 3e 63
15 1f 2d room temp. 3f 61d

a Determined by GC analysis on ASTEC Chiraldex G-TA column (0.25 mm
i.d. 3 20 m) by the internal standard method. b Powdered molecular sieves
(3 Å) (100 mg) were added. c 1.0 mol%. d Isolated yield of the 1,3-diol
derived from compound 3f.
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ering the reaction temperature and changing the molar ratios of
ketene and catalyst 2d to aldehyde 1g did not improve the
product yield, while dilution of the reaction solution was found
to be highly effective (entry 2). Eventually, lactone 4g could be
obtained in good yields by adding aldehyde 1g and ketene
portionwise to a dilute solution of catalyst 2d (Method B†)
(entries 3 and 5). Under these conditions, 2.5 mol% of the
catalyst 2d was sufficient to complete the reaction (compare
entry 6 with entry 3). Similar d-lactones 4i–k were also
obtained in the reaction of a,b-unsaturated aldehydes 1i–k,
while acrolein 1h afforded b-lactone 3h under the same
conditions (entries 7–10).

The formation of lactone 4 can be rationalized by the initial
[2 + 2] cycloaddition of aldehyde 1 with ketene to give the allyl
ester 3, followed by its allylic rearrangement to form lactone 4.
It is known that this type of 1,3-rearrangement of allylic esters
is promoted by Pd0 and PdII complexes.8 It should be noted,
however, that the palladium(II)-catalyzed reaction is reportedly
a [3,3]-sigmatropic rearrangement of allyl esters, which is
impossible for the said lactones 3g–k due to steric reasons. On
the other hand, the palladium(0)-catalyzed rearrangement is
believed to involve a p-allylpalladium(II) intermediate. It is also
reported that palladium(II) salts promote the ring opening of
4-vinyl- (3h), and 4-isopropenyl-oxetan-2-one to afford the
corresponding penta-2,4-dienoic acids.9 A metallacyclic s-
allylpalladium intermediate generated by oxidative addition of
the C(4)–O bond of the oxetan-2-ones to a palladium(0) species
is proposed for the reaction. Thus, an allylpalladium species

may be a possible intermediate for the present reaction. We
found, however, that BF3·OEt2 also catalyzed the rearrange-
ment to give lactone 4g, though only in 13% yield, when
aldehyde 1g was treated with ketene (method B) in Et2O (200
cm3) at room temperature in the presence of 1.5 equiv. of the
acid.10 This observation, along with the result that lactone 3h
did not isomerize to lactone 4h, may suggest another possibility,
that coordination of the carbonyl oxygen of 4-vinyl lactones 3g,
i–k to Lewis acid 2d promoted the heterolytic cleavage of the
C(4)–O bond of the lactones to form a zwitterion, recombina-
tion of which at the other allylic terminus afforded lactones 4.

Further treatment of lactone 4g with EtOH in the presence of
HCl followed by saponification of the resulting ethyl sorbate,
gave hexa-2,4-dienoic acid (sorbic acid) 5 in 90% yield
(Scheme 2). Therefore, the present method provides an easy
access to the acid 5. It should be noted that sorbic acid 5 is
important as a mould and yeast inhibitor, the first step of an
industrial synthesis of which relies on the cycloaddition of
ketene with crotonaldehyde 1g catalyzed by a zinc carbox-
ylate.11 However, the product obtained from the reaction is not
the b-lactone 3g but its ring-opening polymer, poly(3-hydroxy-
hex-4-enoic acid), the viscosity of which causes a great deal of
trouble during the subsequent destructive distillation of the
polyester to the acid 5. Further studies on the scope and
limitations of the allylic rearrangement, as well as the [2 + 2]
cycloaddition, are in progress.

This work was supported in part by grants from the Center of
Interdisciplinary Research (Tohoku University), the Takasago
International Corporation and the Chisso Corporation.

Notes and references
† Method B: To a solution of complex 2d (50.0 mmol) in CH2Cl2 (200 or
500 cm3) was added aldehyde 1 (200 mmol). Ketene (ca. 250 mmol) was
bubbled into the mixture over a period of 1 min and the mixture was stirred
for 5 min. This series of operations was repeated until added aldehyde 1
reached the total amount of 1.00 mmol. To the mixture was added an
additional amount of ketene (ca. 1.0 mmol) and the resulting mixture was
stirred for 1 h before work-up.
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Scheme 2 Reagents and conditions: i, 2d, CH2Cl2; ii, EtOH, conc. HCl,
reflux; iii, KOH, aqueous EtOH, reflux.

Table 2 Tandem cycloaddition–allylic rearrangement of ketene with a,b-
unsaturated aldehydes 1g–k catalyzed by palladium complex 2d

Entry 1 Methoda CH2Cl2/cm3 4 Yield (%)b

1 1g A 20 4g 13
2 1g A 200 4g 55
3 1g B 200 4g 70
4 1g B 200 4g 50c

5 1g B 500 4g 81
6 1gd B 200 4g 65
7 1h B 200 4h 0e

8 1i B 200 4i 77c

9 1j B 200 4j 58c

10 1k B 200 4k 66c

a See text. b Determined by GC analysis on Quadrex MPS-10 column (0.32
mm i.d. 3 25 m) by the internal standard method. c Isolated yield after
column chromatography on silica gel with hexane–EtOAc (1+1) as the
eluent. d 2.00 mmol. e Lactone 3h was obtained in 96% yield.
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Linear acetylenic and diacetylenic sulfides consisting of up
to eight triple-bond units with alternating sulfur atoms and
acetylene units were synthesized.

The synthesis of conjugated or homoconjugated cyclic or linear
oligoacetylene systems is a rapidly developing research frontier
and has attracted considerable attention from both fundamental
and applied viewpoints.1 These all-carbon or carbon-rich
acetylene-based scaffolds are expected to exhibit a variety of
unusual structural, electronic, electrical and optical proper-
ties.2–4 Linear rigid oligoacetylenic molecular rods of defined
length in nanometer-sized structures could also serve as
molecular wires in molecular electronic application.5–7

For the conjugated oligoacetylenic systems, a representative
example is a compound with six conjugated diacetylene units
synthesized by Diederich’s group through end-capping polym-
erization.8 Molecular wires end-capped with redox-active metal
groups have also been reported.9,10 The longest molecule of this
group has up to ten conjugated acetylene units. Novel
heterocycles comprising alternating phosphorus atoms and
acetylene units reported by Scott’s group are also known.11

Dendrimers with acetylenic units12 and alkynyl sulfides13 have
also been prepared. However, to the best of our knowledge,
there is no report on linear oligoacetylenic compounds contain-
ing heteroatom bridging between all or some of the acetylene
units. Based on our experience in the preparation and uses of
acetylenic sulfoxides and related compounds in organic synthe-
sis,14 a systematic approach to the syntheses of oligomeric
acetylenic sulfides with up to eight acetylene units is reported
here.

Two key reactions, namely sulfurization and oxidative
coupling via Hay and Glaser-type related methods,15 were used
in building up the oligomeric acetylenic sulfides. Chain length
is doubled in each cycle of the reaction.

The crucial starting material, a mono-protected bis-acetylene
sulfide 7, was first prepared. When an equal molar ratio of
trimethylsilylacetylene 1 and triisopropylsilylacetylene 2 was
treated with 1 equiv. of BuLi followed by 0.5 equiv. of SCl2 at
278 °C, a mixture of silylated bis-acetylene sulfides (3–5) were
formed (Scheme 1). The reaction mixture was placed under
mild desilylation conditions (K2CO3/MeOH). The TMS group
was hydrolyzed while the TIPS group remained intact. The
volatile bis-acetylene sulfide 6 resulting from the hydrolysis of
3 was lost during work up and solvent evaporation. The
remaining mono- and di-TIPS bis-acetylene sulfides 7 and 4
could be easily separated by column chromatography, with the
mono-silylated compound 7 being the more polar component.
The overall isolated yield of the desirable mono-protected

compound 7 was 40%. The recovered di-TIPS acetylene sulfide
4 could also serve as the precursor of 7 through careful
monodesilylation with KF in MeOH under close monitoring
with TLC.

Oxidative coupling and sulfurization reactions were then
used in the chain elongation of the acetylenic sulfide. Several
sets of oxidative coupling conditions for acetylene compounds
were studied. Eventually, we found that the original Hay
conditions16 using CuCl and  TMEDA afforded satisfactory
results. For sulfurization, freshly distilled SCl2 was used.
Alternatively, a stable solid sulfurization agent, bis(benzene-
sulfonyl) sulfide 8,17 used extensively by Scott could also be
used. As shown in Scheme 2, oxidative coupling of 7 afforded
diacetylene compound 9 in 94% yield. Sulfurization of 7 with
SCl2 afforded sulfide 10 in 72% yield. Mono-deprotection of 10
to 12 was achieved by a carefully controlled desilylation
procedure using KF in THF–H2O in the presence of a catalytic
amount of Bu4NBr. The reaction was monitored closely via
TLC and was stopped when 11 started to appear. Mono-
deprotected 12 could be isolated in 35% yield after column
chromatography with the recovery of about 16% of the starting
material. If the desilylation reaction was allowed to run for a
longer time at room temperature, the unprotected terminal
acetylene compound 11 could also be isolated. The unprotected

Scheme 1 Reagents and conditions: i, BuLi; ii, SCl2, 278 °C; iii, K2CO3,
MeOH.

Scheme 2 Reagents and conditions: i, CuCl, TMEDA, air, CHCl3; ii, BuLi
or LIHMDS, then SCl2 or 8 (PhSO2SSO2Ph); iii, KF, THF–H2O, Bu4NBr
(cat.).
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and mono-protected acetylenic sulfides 11 and 12 are very
unstable, especially when concentrated.

Freshly prepared 12 was subjected to the coupling and
sulfurization cycles to extend the chain to eight acetylene units.
Coupling afforded diacetylene compound 13 in 55% yield. For
the sulfurization process, we found that BuLi reacted with the
triple bonds of 12 to give complicated products. Therefore,
LIHMDS was used instead and 14 was prepared in 25% yield
using 8 as the sulfurization agent. Monodesilylation of 9 to 15
could also be achieved under carefully controlled conditions.
However, the coupling product 16, which could be detected by
FAB MS, was extremely unstable and could not be isolated in
pure form.

All these new acetylenic sulfides were characterized by
NMR, IR and MS. Some of the spectral data are summarized in
Table 1. The typical IR frequency of the triple bond is around
2100 cm21, and the terminal acetylene C–H signal appears
around 3300 cm21. UV spectra of oligoacetylene sulfides 4, 10,
13 and 14 were also recorded. There is no observable
bathochromic shift (lmax = 231–237 nm) for compounds 4, 10
and 14 as the chain length increased. This indicated that the
degree of conjugation between the acetylene units is weak.
Compound 13, being a diacetylene compound, showed a slight
bathochromic shift (lmax = 260 nm) relative to compounds 4,
10, 14 and had a large molar absorptivity.

We also explored the chemistry of double conjugate addition
of nucleophiles to the terminal positions of the bis-acetylene
sulfides and the corresponding sulfones.18 Reactions with Na2S
impregnated on neutral alumina19 took place readily in DMF–
MeOH mixture at 0 °C and room temperature respectively for 4
and 17 (Scheme 3). However, to our surprise the mono-
desilylated compounds 18a,b were the only isolated products.
The structure of cyclic sulfone 18b was confirmed by X-ray
analysis (Fig. 1).†

In summary, the first syntheses of a series of oligoacetylenic
sulfides with alternating sulfur atoms and acetylene or diacety-
lene units were accomplished using the monoprotected bis-
acetylene sulfide 7 as the starting material. Studies on the
synthesis of some cyclic and metal end-capped analogs20 are in
progress.

Financial support from the Research Grants Council (RGC/
97-98/48, HKBU 2048/97P) is gratefully acknowledged.

Notes and references
† Crystal data for 18b: C13H24O2S2Si, M = 304.53, triclinic, P1̄ (no. 2), a
= 7.9504(5), b = 15.857(1), c = 16.001(1) Å, a = 118.632(1), b =
98.449(1), g = 97.355(1)°, V = 1705.0(2) Å3, Z = 4, T = 293 K, m(Mo-
Ka) = 3.76 cm21, 10061 reflections measured, 7271 unique, R(int) =
0.0128, final R1 = 0.039, wR2 = 0.1061 (based on F2) for 7271 [I > 2s(I)]
observed reflections. CCDC 182/1493. See http://www.rsc.org/suppdata/
cc/a9/a908220d/ for crystallographic data in .cif format.

1 P. J. Stang and F. Diederich, Modern Acetylene Chemistry, VCH,
Weihheim, 1995.

2 R. Gleiter, Angew. Chem., Int. Ed. Engl., 1992, 31, 27.
3 D. Bloor, Chem. Br., 1995, 385.
4 F. Diederich, Nature, 1994, 369, 199.
5 J. M. Tour, Chem. Rev., 1996, 96, 537.
6 J.-M. Lehn, Angew. Chem., Int. Ed. Engl., 1988, 27, 89.
7 M. D. Ward, Chem. Br., 1996, 568.
8 J. Anthony, C. Boudon, F. Diederich, J.-P. Gisselbrecht, V. Gramlich,

M. Gross, M. Hobi and P. Seiler, Angew. Chem., Int. Ed. Engl., 1994,
33, 763.

9 W. Weng, T. Bartik, M. Brady, B. Bartik, J. A. Ramsden, A. M. Arif and
J. A. Gladysz, J. Am. Chem. Soc., 1995, 117, 11 922.

10 N. L. Narvor, L. Toupet and C. Lapinte, J. Am. Chem. Soc., 1995, 117,
7129.

11 L. T. Scott and M. Unno, J. Am. Chem. Soc., 1990, 112, 7823.
12 Z. Xu and J. J. Moore, Angew. Chem., Int. Ed. Engl., 1993, 32, 246;

1993, 32, 1354.
13 G. Lábbée, B. Haelterman and W. Dehaen, J. Chem. Soc., Perkin Trans.

1, 1994, 2203.
14 A. W. M. Lee and W. H. Chan, Top. Curr. Chem., 1997, 190, 103.
15 G. Eglinton and W. McCrae, in Advances in Organic Chemistry:

Methods and Results, ed. R. A. Raphael, E. C. Taylor and H. Wynberg,
Interscience, New York, 1963.

16 A. S. Hay, J. Org. Chem., 1962, 27, 3320.
17 F. DeJong and M. J. Janssen, J. Org. Chem., 1971, 36, 1645.
18 J. Meijer, P. Vermeer, H. D. Verkruijsse and L. Brandsma, Recl. Trav.

Chim. Pays-Bas., 1973, 92, 1326.
19 B. Czech, S. Quici and S. L. Regen, Synthesis, 1980, 113.
20 S. L. James, M. Younus, P. R. Raithby and J. Lewis, J. Organomet.

Chem., 1997, 543, 233.

Communication a908220d

Table 1 Spectral data of acetylenic sulfides

dC

lmax
a/nm

Compound sp3 (Pri) sp dH nmax/cm21 (e/dm3 mol21 cm21)

4 11.23, 18.49 87.75, 100.49 1.05(s) 2098 231 (20600)
7 11.23, 18.49 67.82, 84.22,b 86.18, 101.29 1.06(s), 2.97(s) 3303, 2103
9 11.23, 18.51 68.50, 82.09, 84.48, 102.84 1.11(s) 2104

10 11.22, 18.51 81.56, 83.06, 85.97, 101.37 1.07(s) 2102 231 (41500)
11 66.38, 81.94, 82.16, 84.66b 2.99(s) 3289, 2098
12 11.20, 18.51 66.51, 81.21, 81.65, 82.53, 83.58, 84.58b, 85.77, 101.47 1.07(s), 2.99(s) 3297, 2103
13 11.23, 18.53 67.45, 79.87, 80.66, 81.69,83.85, 83.92, 85.68, 101.65 1.12(s) 2101 260 (97400)
14 11.22, 18.53 80.85, 81.26, 81.74, 82.01,82.55, 83.67, 85.72, 101.58 1.07(s) 2100 237 (63900)
a In cyclohexane. b C·CH.

Scheme 3 Reagents and conditions: i, Na2S, Al2O1, DMF–MeOH.

Fig. 1 X-Ray structure of 18b.
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Extended, cross-conjugated polyenynes are reported as well
as a description of their electronic (UV–VIS) characteristics
and an X-ray crystallographic analysis of hexayne 9 that
shows solid-state molecular alignment suitable for topo-
chemical polymerization.

The sequential combination of sp and/or sp2 hybridized carbons
affords a series of wire-like p-conjugated carbon chains typified
by the structures of polyacetylene (1),1 polydiacetylene (PDA,
2)2,3 and polytriacetylene (PTA, 3)4 in a progression that
ultimately concludes with the one-dimensional carbon allo-
trope, carbyne (4).5–7

The most recent addition to this mélange of enyne oligomers
is iso-polydiacetylene (iso-PDA, 5),8 the cross-conjugated
isomer of 2.9 Studies of iso-PDAs have shown that p-electron
communication is present along the cross-conjugated frame-
work, albeit to a much lesser extent than for PDAs. To provide
a better understanding of the physical and electronic character-
istics of cross-conjugated enynes, we have extended the
skeleton of 5 by inserting additional alkyne groups. Herein, we
report the first synthesis of these cross-conjugated polyenynes
and a preliminary description of their electronic, X-ray
crystallographic and solid-state chemical characteristics.

The enyne oligomers were synthesized as outlined in Scheme
1. Vinyl triflate 610 was coupled with triisopropylsilylacetylene
in THF at ambient temperature. Work-up and flash column
chromatography, gave the triyne 7 in 93% yield.† Protodesilyla-
tion of 7 gave terminal alkyne 8, which was then oxidatively
homocoupled11 to hexayne 9 in 96% yield as a stable, light
yellow solid.

Triyne 8 was also elaborated to pentayne 10 in 71% yield via
reaction with vinyl triflate 6, as described for the formation of 7.
Desilylation of 10 gave the terminal alkyne 11, which afforded
a good yield of decayne 12. Notably, the 13C NMR of 12 shows
individual resonances for all 10 acetylenic carbons, as well as
four unique signals for the alkylidene methyl carbons.‡

Yellow single crystals of hexayne 9 were grown by diffusion
of MeOH into a CH2Cl2 solution at –20 °C, and the structure
was determined by X-ray crystallographic analysis (Fig. 1).§
The p-framework of 9 is virtually planar, with a maximum
deviation of 0.130(17) Å from the least-squares plane for the
16-carbon conjugated skeleton.¶ All six triple bonds are
essentially the same length, suggesting little bond length
alteration as a result of p-conjugation and contrasting results for
PDA oligomers of similar size.12 The eight tetrayne carbons are
virtually linear, showing only a gradual curvature with bond
angles deviating less than 3° from 180°.

Analysis of the crystal packing of 9 down the b-axis shows
the molecules are aligned in a parallel fashion (Fig. 1). The
intermolecular proximity of the tetraynes in the crystal suggests
the potential for topochemical polymerization as is well
established for suitably aligned butadiynes and hexatri-
ynes.2,13,14a The solid-state polymerization of octatetraynes has
also been previously described, albeit in much less detail.14

The parameters describing the intermolecular relationship of
molecules 9 are depicted in Fig.1(c).2,13a,14a Polymerization of
9 via 1,2- or 1,4-addition, as described for tetrayne systems,14 is
unlikely considering that R1,2 (6.7 Å) and R1,4 (4.7 Å) are both
considerably more than the ideal distance of 4 Å between
reacting carbon atoms. The angle f between the tetrayne rod and
the stacking axis at ca. 28° is significantly less than the optimum
value of 45° determined for 1,4-addition in di-, tri- and tetra-
ynes.2,13a,14a Thus, two alternative addition patterns might
occur for 9, namely 1,6-addition (R1,6 = 3.6 Å) and 1,8-addition
(R1,8 = 4.2 Å). The stacking angle f is nearly identical to the
value of 27° that denotes highest 1,6-reactivity in triacetylenes,
and the stacking distance between monomer units at 7.7 Å is
quite near the desired value of 7.5 Å.13a In view of these values,
1,6-addition is the expected mode of reaction for 9.

Differential scanning calorimetry showed that crystals of 9
have a well-defined melting point at 103–104 °C that is
followed by decomposition at 145 °C. Attempts to thermally
effect polymerization of single crystalline 9 were conducted at
90 °C. Over the course of 8 h, the crystals darken slightly to
yield an opaque solid. A loss of crystal integrity for the resultant
material was confirmed by the absence of any X-ray diffraction
pattern. To date, the product(s) of this thermal reaction has not
been identified.

Photochemical polymerization of a single crystal of 9 was
attempted by monochromatic irradiation at 280 nm.15,16 After

Scheme 1 Reagents and conditions: i, triisopropylsilylacetylene,
PdCl2(PPh3)2, CuI, Pri

2NH, THF, room temp; ii, K2CO3, wet MeOH–THF
(1+1), room temp; iii, CuI, TMEDA, O2, CH2Cl2 room temp; iv, 6,
PdCl2(PPh3)2, CuI, Pri

2NH, THF, room temp.
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approximately 2 h, a darkening of the crystal to yellow–orange
was observed. Irradiation was continued for another 4 h with
little additional darkening. X-Ray analysis of the crystal
afforded a diffraction pattern and cell parameters identical to
that of pure 9, indicating little change in the solid beyond that
which may have occurred at the outer surface of the crystal.

The electronic absorption spectra of 9, 12 and 1,8-bis(4-tert-
butylphenyl)-octa-1,3,5,7-tetrayne 13, are shown in Fig. 2. The
lower energy region is dominated by the absorption pattern of
the tetrayne moiety and is remarkably similar to that of 13.17

Each compound displays three absorptions at ca. 405, 374 and
348 nm. Whereas the UV spectra of elongated iso-PDAs show
evidence of p-electron communication via cross-conjugation,8
this effect is absent in 9 and 12, as the three lowest energy

absorptions of 12 are each red-shifted by only 1 nm versus those
of 9.

In conclusion, cross-conjugated polyenynes 7–12 can be
synthesized in high yields as relatively stable solids. The UV–
VIS spectra of 9 and 12 show a minimal contribution from cross
conjugation. The solid state organization of 9 is suitable for
topochemical polymerization, although initial attempts to effect
thermal and photochemical polymerization have been un-
successful. Further studies on 9 and 12 are currently under-
way.

This work was supported by a Gen-Science Endowment from
the University of Alberta and by NSERC. We thank Professor
M. M. Haley for providing a sample of 13.

Notes and references
† The purity and structure of all new compounds were confirmed by 1H and
13C NMR, IR, UV, MS and either EA or HRMS.
‡ Selected data for 9: yellow solid, mp 103–104 °C; dH(300 MHz, CDCl3)
2.07 (s, 6H), 2.05 (s, 6H), 1.07 (s, 42H); dC(75 MHz, CDCl3) 162.3, 101.2,
100.9, 94.9, 76.3, 75.0, 67.8, 64.1, 23.4, 23.2, 18.7, 11.3. For 12: yellow
solid, decomposition begins at ca. 80 °C; dH(300 MHz, CD2Cl2) 2.11 (s,
12H), 2.09 (s, 6H), 2.06 (s, 6H), 1.10 (s, 42H); dC(125 MHz, CD2Cl2) 166.6,
160.8, 102.3, 101.2, 99.7, 94.3, 80.2, 77.5, 77.0, 76.9, 75.4, 74.4, 68.1, 64.2,
23.7, 23.6, 23.3, 23.1, 18.8, 11.7.
§ Crystal data for 9: C38H54Si2, M = 566.99, monoclinic space group
P21/c (No. 14), Dc = 1.018 g cm–3, Z = 4, a = 13.5571(8), b = 7.7132(5),
c = 35.616(2) Å, b = 96.5990(10)°, V = 3699.7(4) Å3, m = 0.118 mm21

Final R(F) = 0.0472, wR2(F2) = 0.1366 for 365 variables and 7039 data
with Fo

2 ! 2 3s(Fo
2) (4842 observations [Fo

2 ! 2s(Fo
2)]). CCDC

182/1485.
¶ The known X-ray structures of tetraynes and a pentayne have been
summarized in refs. 7(b) and 7(c).

1 Conjugated Polymers and Related Materials: The Interconnection of
Chemical and Electronic Structure, ed. W. R. Salaneck, I. Lundström
and B. Rånby, OUP, Oxford, 1993.

2 V. Enkelmann, Adv. Polym. Sci., 1984, 63, 91.
3 G. Wegner, Makromol. Chem., Suppl., 1984, 6, 347.
4 R. E. Martin, T. Mäder and F. Diederich, Angew. Chem., Int. Ed., 1999,

38, 817.
5 P. P. K. Smith and P. R. Buseck, Science, 1982, 216, 984; R. Hoffmann,

Tetrahedron, 1966, 22, 521.
6 R. J. Lagow, J. J. Kampa, H.-C. Wei, S. L. Battle, J. W. Gegne, D. A.

Laude, C. J. Harper, R. Bau, R. C. Stevens, J. F. Haw and E. Munson,
Science, 1995, 267, 362; R. Eastmond, T. R. Johnson and D. R. M.
Walton, Tetrahedron, 1972, 28, 4601.

7 For metal endcapped polyynes, see: (a) T. B. Peters, J. C. Bohling, A. M.
Arif and J. A. Gladyz, Organometallics, 1999, 18, 3261; (b) R.
Dembinski, T. Lis, S. Szafert, C. L. Mayne, T. Bartik and J. A. Gladysz,
J. Organomet. Chem., 1999, 578, 229; (c) B. Bartik, R. Dembinski, T.
Bartik, A. M. Arif and J. A. Gladysz, New J. Chem., 1997, 21, 739; (d)
J. T. Lin, J. J. Wu, C.-S. Li, Y. S. Wen and K.-J. Lin, Organometallics,
1996, 15, 5028; (e) M. Altmann, V. Enkelmann and U. H. F. Bunz,
Chem. Ber., 1996, 129, 269.

8 Y. Zhao and R. R. Tykwinski, J. Am. Chem. Soc., 1999, 121, 458.
9 For cross-conjugated PTAs, see: A. M. Boldi, J. Anthony, V. Gramlich,

C. B. Knobler, C. Boudon, J.-P. Gisselbrecht, M. Gross and F.
Diederich, Helv. Chim. Acta, 1995, 78, 779.

10 P. J. Stang and M. Ladika, Synthesis, 1981, 29.
11 A. S. Hay, J. Org. Chem., 1962, 27, 3320.
12 R. Giesa and R. C. Schulz, Polym. Int., 1994, 33, 43.
13 For polymerization of triynes, see: (a) V. Enkelmann, Chem. Mater.,

1994, 6, 1337; (b) J. Kiji, J. Kaiser, G. Wegner and R. C. Schulz,
Polymer, 1973, 14, 433; (c) S. Okada, H. Matsuda, H. Nakanishi, M.
Kato and M. Otsuka, Thin Solid Films, 1989, 179, 423.

14 (a) R. H. Baughman and K. C. Yee, J. Polym. Sci., Macromol. Rev.,
1978, 13, 219; (b) S. Okada, H. Matsuda, A. Masaki, H. Nakanishi and
K. Hayamizu, Proc. SPIE-Int. Soc. Opt. Eng., 1991, 1560, 25; (c) K.
Hayamizu, S. Okada, S. Tsuzuki, H. Matsuda, A. Masaki and H.
Nakanishi, Bull. Chem. Soc. Jpn., 1994, 67, 342; (d) A. Sarkar, S.
Okada, K. Komatsu, H. Nakanishi and H. Matsuda, Macromolecules,
1998, 31, 5624.

15 A. E. Keating and M. A. Garcia-Garibay, in Organic and Inorganic
Photochemistry, ed. V. Ramamurthy and K. S. Schanze, Marcel Dekker,
New York, 1998.

16 H. Bässler, Adv. Polym. Sci., 1984, 63, 1.
17 M. M. Haley, M. L. Bell, S. C. Brand, D. B. Kimball, J. J. Pak and W. B.

Wan, Tetrahedron Lett., 1997, 38, 7483.

Communication a906900c

Fig. 1 (a) ORTEP drawing (20% probability level) of 9, (b) crystal packing
of 9 as viewed along the b-axis, and (c) crystal packing parameters for 9.

Fig. 2 UV–VIS spectra in CHCl3 comparing polyynes 9, 12 and 13.
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Novel ionic amphotropic liquid crystals, in which a hydro-
philic poly(ethyleneimine) chain with hydroxy side-groups
was attached to an azobenzene mesogenic core through an
alkylene chain, showed a thermotropic smectic A mesophase
and lyotropic smectic A and C mesophases.

Amphiphilic compounds such as ionic and nonionic surfactants
always consist of hydrophilic and lipophilic groups. They can
form thermotropic liquid crystalline phases in themselves and
lyotropic liquid crystalline phases upon the addition of a solvent
such as water.1 The thermotropic liquid crystalline systems of
the amphiphiles build up layered structures with distinct
arrangements of the molecules within their layers. In the
lyotropic liquid crystalline systems, the hydrophilic group
conveys water solubility, while the hydrophobic group drives
the formation of self-assembled aggregates. Lyotropic liquid
crystalline systems can form liquid crystalline phases such as
lamellar mesophases, which resemble thermotropic smectic A
phases, columnar and cubic mesophases. Surfactants with an
aromatic mesogenic group can show liquid crystal formation
due to the anisotropy formed by aggregation of the polar head
groups and interactions between the aromatic mesogenic
groups.2–4 They can show both thermotropic and lyotropic
liquid crystalline behavior. It is of high importance in the field
of supramolecular chemistry that new thermotropic and lyo-
tropic liquid crystal forming amphiphilic compounds are
sought. This makes it possible to develop novel types of
functional liquid crystalline materials. During our study of new
ionic liquid crystals,5–8 we synthesized novel types of ionic
liquid crystalline amphiphiles in which a hydrophilic poly-
(ethyleneimine) unit with hydroxy side-groups is attached to an
aromatic mesogenic core. They showed amphotropic behavior.
Here we describe the phase transitions and orientational
behavior in the thermotropic and lyotropic liquid crystalline
systems containing these novel amphiphilic compounds.

The ionic amphiphilic compounds prepared by us were
obtained by ring-opening polymerization of aziridine-1-ethanol
(AE) using 6-bromo-1-[4-(4-nitrophenylazo)phenoxy]hexane
(Br6N) [or 12-bromo-1-[4-(4-nitrophenylazo)phenoxy)dode-
cane (Br12N)] as the polymerization initiator. AE (0.05 or
0.07 mol) and Br6N (0.01 mol) were dissolved in CHCl3, and
the mixture was stirred for 300 h at room temperature. After the
reaction, the solution was concentrated and diluted in THF. The
target material precipitated from the solution and was filtered
off. The degree of polymerization (n) of the poly(ethylene-
imine) unit was estimated by 1H NMR. The ratio of the numbers
of protons involved in methylene groups directly attached to the
hydroxy group (3.7 ppm) and the phenyl ring (7.05 ppm) was
examined. The existence of a terminal ionic group was shown
by the peak at 3.5 ppm in the 1H NMR spectra. The phase
transitions of the samples were examined by DSC (Mettler
DSC-20 and Shimadzu DSC-50Q) and polarizing microscopy
(Nikon polarizing microscope equipped with a Mettler hot stage
FP82). The X-ray diffraction measurements were performed
using a Rigaku Rint 2100 X-ray diffractometer with Ni-filtered
Cu-Ka radiation at various temperatures; the samples were
inserted into a Linkam hot stage HFS91.

The phase transition temperatures of the thermotropic liquid
crystalline systems are summarized in Table 1. The amphiphilic
liquid crystals (6E-6N, 4E-6N) having a hexamethylene linkage

chain showed a thermotropic smectic A phase upon heating and
cooling. Both 6E-6N and 4E-6N formed focal conics and a
perpendicular alignment in the smectic A phase. The amphi-
philic liquid crystal (3E-12N) with a dodecamethylene spacer
unit also exhibited a thermotropic smectic A phase with focal
conic fan and oily streak textures. The smectic A liquid crystal
formation in 6E-6N, 4E-6N and 3E-12N is due to the
aggregation of the hydrophilic poly(ethyleneimine) units and an
overlapping arrangement of the aromatic mesogenic groups due
to the strong interaction of the nitro terminal groups.

In this study, the lyotropic systems of 3E-12N were prepared,
and their lyotropic liquid crystalline properties were estimated.
3E-12N was water-miscible and easily dissolved in water. The
lyotropic systems (L1) consisting of 3E-12N and water formed
a lyotropic smectic C phase, as well as the lyotropic smectic A
phase (Fig. 1). In L1, focal conics and a perpendicular alignment
were formed upon cooling from the isotropic phase to the

Table 1 Phase transitions of thermotropic liquid crystalline systems

Sample Phase transition temperaturesa/°C

4E-6N Tg = 22.78 K 31.1 SmA 109.6 Iso
6E-6N G 228.2 SmA 101.0 Iso
3E-12N K 115.2 SmA 185.4 Iso
a Tg = glass transition point; K: solid phase; G: glass phase; SmA: smectic
A phase; Iso: isotropic phase.

Fig. 1 Phase diagram of lyotropic system (L1) of 3E-12N.
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lyotropic smectic A phase, and in the lyotropic smectic C phase,
broken fan and schlielen textures clearly appeared (Fig. 2).

The lyotropic smectic C phase is induced by the addition of
water to the amphiphilic 3E-12N because anhydrous 3E-12N
cannot form the smectic C phase by itself. It is common that
lyotropic liquid crystals form nematic, smectic A-like lamellar,
columnar and cubic mesophases. However, a tilted smectic type
of lyotropic mesophase, such as a smectic C phase, is seldom
formed, and only a few reports have described the observation
of the lyotropic smectic C phase for nonionic amphiphile/water
mixtures.9 The formation of the lyotropic smectic C phase in L1
is a rare case and is probably related to the balance of the
hydrophilic and hydrophobic units in the 3E-12N molecule.

The X-ray diffraction pattern of thermotropic 3E-12N
consists of sharp reflections at small angles and a broad
reflection in the wide-angle region. The layer spacing of
thermotropic 3E-12N was 44 Å. In the thermotropic smectic A

structure with hydrophobic and hydrophilic sublayers, the
nitroazobenzene groups form the interdigitated structure, and
poly(ethyleneimine) groups aggregate through hydrogen bond-
ings and ionic interactions.

In the lyotropic mesophase, L1 showed X-ray diffraction
patterns consisting of sharp reflections at small angles and a
broad reflection in the wide-angle region (Fig. 3).

In L1 (50 wt%), the smectic A and C layer spacings were 50
(65 °C) and 45 Å (45 °C), respectively. In the lyotropic smectic
phases, the nitroazobenzene mesogenic units overlap each
other, and the poly(ethyleneimine) units and water aggregate
through hydrogen bonding. It is expected that the layer structure
of the lyotropic smectic A phase resembles that of the
thermotropic smectic A phase. In the lyotropic smectic C phase,
the hydrophobic sublayers, in which the mesogenic units were
tilted with respect to the layer normal, are separated by the
hydrophilic units and water.
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Fig. 2 Optical textures of L1 (50wt%): (a) lyotropic smectic A phase
(70 °C); (b) lyotropic smectic C phase (50 °C).

Fig. 3 X-Ray diffraction pattern for lyotropic smectic C phase of L1
(50 wt%) at 45 °C.
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An efficient and simple procedure for end-group modifica-
tion of poly(3-alkylthiophene)s is presented which can be
incorporated into the last step of the polymerisation reaction
or employed as a post-polymerisation modification.

Poly(3-alkylthiophene)s (P3ATs) constitute an important class
of conjugated polymers.1 Being chemically and thermally stable
materials, soluble P3ATs are attractive for exploring their
electronic and optical properties. The side chains not only
ensure solubility, but are a key parameter for the mesoscopic
structure in thin films and, hence, as a property determining
element. Perfection of the primary structure of the polymer,
including molecular weight and polydispersity, is a prerequisite
to obtain well-defined materials in a reproducible manner.
Recently, regioregular P3ATs have been incorporated as the
active material in transistors in which a preferential supramo-
lecular ordering of the polymer chains induces a high field-
effect mobility of up to 0.1 cm2 V21 s21,2,3 approaching that of
single crystal oligothiophenes.4 End-group functionalisation of
these polymers would open the possibility to graft P3ATs onto
surfaces, prepare block copolymers, or attach specific electro-
active end groups and thereby extend the range of applications
of these materials. Here we describe a simple and convenient
procedure to introduce new end groups on the P3ATs.

Various synthetic routes to obtain regioregular P3ATs have
been advanced over the last decade.5-8 The McCullough route is
most frequently employed to prepare regioregular P3ATs
(Scheme 1). Typically a 3-alkyl-2-bromothiophene is converted
to the (4-alkyl-5-bromo-2-thienyl)magnesium bromide
Grignard reagent, which is polymerised in situ using
Ni(dppp)Cl2 as catalyst.5 The work-up procedure involves
extensive Soxhlet extractions with MeOH, hexanes, CH2Cl2
and CHCl3,9 and provides fractionated polymers with a
polydispersity (PD) = 1.3–1.5 and molecular weight (Mw)
increasing from 4–5 kg mol21 for the hexanes fraction to ~ 30
kg mol21 for the CHCl3 fraction as determined by SEC analysis
in CHCl3 against polystyrene standards. Although regioregular-
ities exceeding 99% have been claimed previously for P3ATs
synthesised in this way, it has become clear that these polymers
are less perfect than presumed initially.10,11 Elemental analysis
has revealed that synthesised P3ATs (where the alkyl group is
n-butyl, n-hexyl, n-octyl or n-decyl) may contain a considerable
amount of bromine (typically 1–2 wt%).10,11†

By investigating the hexane Soxhlet fraction of poly(3-
hexylthiophene) (P3HT) with HPLC and preparative SEC in
combination with MALDI-TOF mass spectrometry, it became
clear that polymer chains terminated with 0, 1 and 2 bromines
are present (Fig. 1).10,11‡ HPLC analysis of the hexane fraction

confirms the presence of at least two series of P3HTs with
alternating signal intensities [Fig. 2(a)]. The main progression
in the HPLC trace [Fig. 2(a)] is identified as regioregular P3HT

Scheme 1

Fig. 1 MALDI-TOF of a narrow molecular weight fraction (Mw = 2.96 kg
mol21, PD = 1.05) of P3HT obtained by preparative SEC showing the
signals of chains with no, one and two bromine end groups. Note that SEC
calibrated against polystyrene standards overestimates the molecular weight
by a factor of 1.6.

Fig. 2 HPLC of P3HT hexanes fraction before (a) and after (b) introduction
of thiophene end groups. The numbers in the top graph indicate the number
of thiophene rings of P3HT oligomers carrying one bromine end group.
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containing one bromine end group. This result is corroborated
by the 1H NMR spectrum of the CHCl3 fraction of these
polymers, which typically exhibits peaks for the benzylic
resonances at d 2.80 and 2.60 in a 20+1 ratio. While the d 2.80
signal is due to benzylic protons in a regioregular head-to-tail
dyad, the signal at d 2.60  can be assigned to regioirregular
head-to-head dyads and bromine terminated thiophene end
groups.9,12 The ratio of the benzylic 1H NMR signals is a more
sensitive gauge6 to determine the regularity of the polymer than
the aromatic protons and provides values on the order of 95%
for the best materials.

Although the terminal bromines constitute a structural and
chemical imperfection, they can be utilised to modify the
polymers by introducing new end groups. We found that a post-
polymerisation reaction of the polymer with a thiophene
Grignard reagent under addition of fresh catalyst works rather
well.§ Analysis with HPLC of a sample treated in this way
showed essentially a single progression of P3HT chains [Fig.
2(b)]. To get a greater insight into the efficiency of the end-
group modification reaction, a sample of P3HT was treated with
5-trimethylsilyl-2-thienylmagnesium bromide to introduce
5-trimethylsilyl-2-thienyl end groups under addition of fresh
catalyst. MALDI-TOF analysis of short chains gives unambigu-
ous evidence of the incorporation of the (5-trimethylsilyl-
2-thienyl) end groups, with no signals for bromine-terminated
chains (Fig. 3). The MALDI-TOF spectrum shows that both a
and a,w substitution occurs. The introduction of trimethylsilyl
groups is also supported by the 1H NMR spectrum, which shows
a signal at d 0.33.

In addition to adding a Grignard reagent at the end of the
polymerisation reaction together with a fresh amount of catalyst
to introduce specific end groups, the same reaction can also be
performed on previously synthesised and isolated material.¶
This post-polymerisation reaction leaves the polymer intact, as
inferred from a comparison of the molecular weights before and
after performing the end-capping reaction.

In conclusion we have shown that via the Ni(dppp)Cl2
mediated Grignard coupling it is possible to modify the bromine
end groups that result from a McCullough type polymerization
reaction of P3ATs, either as the last step in the polymerization
or in a post-synthesis procedure on already isolated material.
The procedure can be used to introduce end groups that are
reactive to surfaces or to other functional groups. This opens the
way to use P3ATs in adhesion, block-copolymerisation,
electrooptical end groups and energy harvesting.

Financial support from the European Commission (Esprit
24793) is gratefully acknowledged.
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† The bromine content was determined by Schöniger combustion.
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mm. The HPLC runs (detected at 400 nm) were performed with an MeCN–
THF gradient of 90+10  to 20+80, 1% min21, with Supra Gradient solvents
from Biosolve.
§ In a typical procedure distilled Pri

2NH (2.8 ml, 20 mmol) was dissolved
in 70 ml of dry THF. At room temperature BuLi (10.6 ml, 1.6 M in hexane,
17 mmol) was added. After stirring for 1.5 h, the solution was cooled to 260
°C and 2-bromo-3-hexylthiophene (4.0 g, 16 mmol) was added. The mixture
was stirred for 1 h at –60 °C, and for 1 h at 240 °C. At 265  °C MgBr2·OEt2
(4.4 g, 17 mmol) was added. The mixture was allowed to warm to 0 °C
slowly. When all MgBr2·OEt2 was dissolved, 0.09 g (0.18 mmol)
Ni(dppp)Cl2 was added and the mixture was stirred at room temperature for
20 hs. Then 20 mmol of freshly prepared 2-thienylmagnesium bromide (X
= H) or 5-trimethylsilyl-2-thienylmagnesium bromide [X = Si(CH3)3] in
Et2O were added together with another portion of 0.18 mmol of
Ni(dppp)Cl2 and stirring was continued for 20 h. The reaction mixture was
precipitated in MeOH, and further purified via Soxhlet extractions using
MeOH, hexane and CH2Cl2. Isolation via Soxhlet extraction with CHCl3
gave Mw = 25.6 kg mol21 (PD = 1.42) for X = H and Mw = 14.6 kg
mol21 (PD = 1.48) for X = Si(CH3)3.
¶ To a mixture of P3HT (0.50 g, Mw = 11.0 kg mol21, PD = 1.4) in 15 ml
THF and Ni(dppp)Cl2 (0.4 g, 0.7 mmol) was added freshly prepared
2-thienyl magnesium bromide (5.9 g, 36 mmol 2-bromothiophene and 0.9 g,
37 mmol Mg) in 15 ml THF. The mixture was refluxed for 3 h. After
removal of THF the P3HT was fractionated by Soxhlet extractions with
MeOH, CH2Cl2 (0.32 g, Mw = 10.8 kg mol, PD = 1.51) and CHCl3 (0.15
g, Mw = 19.4 kg mol21, PD = 1.23), respectively. The same work-up
procedure on the original P3HT sample afforded Mw = 12.0 kg mol21 (PD
= 1.27) and Mw = 19.9 kg mol21 (PD = 1.23).
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Fig. 3 MALDI-TOF of P3HT after end-capping with 5-trimethylsilyl-
2-thienyl groups.
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A novel Dewar benzene approach to the construction of
oligophenylene macrocycles has been developed by in-
troducing Dewar benzene 1 as a building block and applied
to the synthesis of a molecular rectangle 8, whose structure
was characterized crystallographically.

During the course of our study on small cyclophanes generated
from the corresponding Dewar derivatives,1 we were interested
in exploiting a Dewar benzene for the construction of
macrocyclic structures, especially for the synthesis of p-
phenylene-based rigid, and thus strained, macrocycles. Since
the bent shape of Dewar benzene is expected to provide a unique
template effect on the cyclization, novel macrocyclic systems
which are difficult to access from planar benzene derivatives
may well become available based on the Dewar benzene
approach. Here we report the rational and efficient synthesis of
a novel rectangular macrocycle 8 using acetal-bridged Dewar
benzene 1 as a building block, together with its crystallographic
characterization. Phenylene acetylene macrocycles have at-
tracted considerable recent attention in supramolecular chem-
istry and materials science.2

Dewar benzene 1 was readily prepared in four steps and on a
gram scale from DMAD and 1,2-dichloroethylene.3 Palladium-
catalyzed coupling of 1 with 2† afforded diethynylation product
3 (55% yield), which was then deprotected to 4 in 80% yield
(Scheme 1). Copper-mediated oxidative coupling of 4 with
CuCl/Cu(OAc)2

4 in pyridine under pseudo-high-dilution condi-
tions produced cyclic dimer 5‡ in 70% yield. Acid hydrolysis of
5 followed by the silylation of resulting tetraol 6 afforded 7§ in
73% yield. Photochemical isomerization of 7 proceeded
smoothly and cleanly by irradiation with a high-pressure
mercury lamp through Pyrex at 12 °C to afford 8§ in
quantitative yield. The less symmetrical product resulting from
the rearrangement of only one of the Dewar benzene units was
not detected by 1H NMR monitoring of the reaction.

It is interesting to note that, in the 1H NMR spectra, the
benzylic protons of 7 appear as a pair of AB doublets (d 4.10 and
4.12, J = 11 Hz) while those of 8 appear as a singlet (d 4.95),
indicating that these protons are diastereotopic in 7 and
operationally enantiotopic in 8. These observations would be
most reasonably explained by postulating fast interconversion
between the rotamers 8a and 8b, namely, fast rotation of the p-
phenylene unit(s) in 8 on the NMR timescale despite the
strained nature of the macrocycle.5

Crystals of 8 suitable for X-ray structure determination (Fig.
1) were obtained by slow diffusion of EtOH into a solution of 8
in CHCl3 at room temperature.¶ The molecule adopts a nearly
planar conformation in the crystal and the dimension of
framework is 7.32 3 11.54 Å, as defined by the four inner m-
phenylene carbon atoms. Interestingly, the framework appears
to be distorted to a parallelogram to accommodate two
SiMe2OCH2 moieties inside the cavity. The twist angles of the
benzene rings from the least-square plane formed by the
acetylenic carbon atoms are 3.7 and 0.4° in the m-phenylene
units and 3.4° in the p-phenylene units. The benzene rings are
essentially planar (deviation < 0.01 Å) while the acetylene
units show small deviation from linearity with the C·C–C
angles of 168.7(3)–179.9(3)°. 

In conclusion, we have successfully synthesized and charac-
terized a novel rectangular macrocycle 8 by introducing 1 as a
building block. The high efficiency of the macrocyclization of
4 into 5 demonstrates the synthetic utility of a Dewar structure
as a ‘masked’ p-phenylene unit. Further elaboration and
application of the present Dewar benzene strategy are now in
progress.

We thank Professor Tamotsu Inabe, Hokkaido University, for
the use of X-ray analytical facilities. This work was supported
in part by a Grant-in-Aid for Scientific Research (No.
09640620) from the Ministry of Education, Science, Sports and
Culture of Japan.

Scheme 1 Reagents and conditions: i, Pd(PPh3)4, CuI, Et3N, 45 °C, 55%; ii,
Bu4NF, THF, 0 °C, 80%; iii, CuCl, Cu(OAc)2, Py, syringe-pump addition
over 2 h, 60 °C, 70%; iv, aq. HCl, THF, room temp., 98%; v, ButMe2SiOTf,
Et3N, CH2Cl2, room temp., 75%; vi, hn, CH2Cl2, 12 °C, 100%.
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Notes and references
† Compound 2 was prepared by partial desilylation of 1,3-bis[(trimethyl-
silyl)ethynyl]benzene (ref. 6) with aqueous KOH/MeOH in 60% yield.
‡ The isolated 5 was spectroscopically homogeneous although two
stereoisomers arising from relative orientation of the Dewar units are
possible. Only one of the possible isomers is depicted in Scheme 1.
Compounds 6 and 7 were also spectroscopically homogeneous.
§ Selected data for 7: dH(400 MHz, CD2Cl2) 0.08 (s, 24H), 0.92 (s, 36H),
4.10 (d, J 11.0, 4H), 4.12 (d, J 11.0, 4H), 6.83 (s, 4H), 7.29 (t, J 7.8, 4H),

7.38 (dt, J 7.8, 1.5, 4H), 7.52 (dt, J 7.8, 1.5, 2H), 7.70 (t, J 1.5, 2H); dC(100
MHz, CD2Cl2) 25.36, 25.23, 18.61, 26.05, 60.93, 66.42, 74.62, 81.31,
85.05, 94.77, 122.42, 124.11, 129.12, 131.75, 131.85, 136.18, 137.14,
146.02. For 8: dH(400 MHz, CD2Cl2) 0.15 (s, 24H), 0.96 (s, 36H), 4.95 (s,
8H), 7.36 (t, J 7.8, 4H), 7.41 (dt, J 7.8, 1.5, 4H), 7.49 (dt, J 7.8, 1.5, 2H), 7.66
(s, 4H), 7.88 (t, J 1.5, 2H); dC(100 MHz, CD2Cl2) 25.07, 18.82, 26.24,
63.56, 75.37, 82.73, 89.08, 95.11, 120.79, 122.62, 124.36, 129.32, 130.13,
130.34, 130.92, 139.73, 142.36.
¶ Crystal data for 8: C80H88O4Si4, M = 1224.6, colorless plate (0.60 3
0.30 3 0.05 mm), triclinic, P1̄, a = 12.926(1), b = 17.570(2), c = 8.074(1)
Å, a = 93.356(4), b = 97.690(3), g = 79.755(4)°, V = 1787.1(3) Å3, Dc

= 1.14 g cm23, Z = 1, Mo-Ka radiation (l = 0.71073 Å), T = 203 K, m
= 1.3 cm21, F(000) = 656. A total of 7513 unique reflections (2qmax =
55°) were collected, of which 5339 observed reflections [I > 3s(I)] were
used in the structure solution (direct methods) and refinement (full-matrix
least-squares with 398 parameters) to give final R = 0.063 and wR = 0.069.
Residual electron density is 0.45 e Å23. CCDC 182/1496.

1 T. Tsuji, Advances in Strained and Interesting Organic Molecules, ed. B.
Halton, JAI Press, Greenwich, 1999, vol. 7, p. 103 and references cited
therein.

2 Reviews: U. H. F. Bunz, Y. Rubin and Y. Tobe, Chem. Soc. Rev., 1999,
28, 107; R. Faust, Angew. Chem., Int. Ed., 1998, 37, 2825. 

3 T. Tsuji, H. Watanabe, J. Tanaka, M. Inada and S. Nishida, Chem. Lett.,
1990, 1193.

4 A. de Meijere, S. Kozhushkov, T. Haumann, R. Boese, C. Puls, M. J.
Cooney and L. T. Scott, Chem. Eur. J., 1995, 1, 124.

5 Similar rotaion of spindles in strain-free phenylacetylene macrocycles,
see: T. C. Bedard and J. S. Moore, J. Am. Chem. Soc., 1995, 117, 10 662;
S. Höger, A.-D. Meckenstock and S. Muller, Chem. Eur. J., 1998, 4,
2423.

6 T. X. Neenan and G. M. Whitesides, J. Org. Chem., 1988, 53, 2489.

Communication a908711g

Fig. 1 Molecular structure of 8: (a) top view, (b) side view. Hydrogen atoms
are omitted for clarity.
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Novel liquid-crystalline PPE-naphthalene copolymers displaying blue
solid-state fluorescence
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Synthesis of poly(p-phenyleneethynylene)s (PPEs) contain-
ing 1,5-diethynyl-3,7-di-tert-butylnaphthalene leads to
novel phenylene-naphthylene-ethynylene copolymers which
show strong blue luminescence in the solid state.

Conjugated polymers are organic semiconductors and find inter
alia applications in electroluminescent devices1,2 and ‘plastic
lasers’.3 We have recently reported an efficient synthesis of
high molecular weight poly(p-phenyleneethynylene)s (PPEs)
by alkyne metathesis utilizing simple ‘instant catalysts’.4 PPEs
are promising materials, because they show quantum yields of
1.0 and blue emission in dilute solution. However, in the solid
state, the emission spectra of PPEs are much weaker and
considerably red-shifted as a consequence of aggregation and
concomitant excimer formation in the solid state.5,6 Likewise
poly(3,7-di-tert-butylnaphthyleneethynylene), which we re-
cently synthesized, is effectively non-fluorescent as film or
powder.7

Herein we repot the synthesis and characterization of the
unsaturated copolymers 3 which are efficient blue emitters in
the solid state (Fig. 1). The polymers 3 are obtained by adding
defined amounts of 3,7-di-tert-butyl-1,5-dipropynylnaphtha-
lene 27 to 1,4-dipropynyl-2,5-dialkylbenzenes 1 (Scheme 1) in
our alkyne metathesis protocol utilizing an instant catalyst
formed of Mo(CO)6 and 4-chlorophenol.8† The catalyst and a

varying ratio of monomers 1 and 2 were stirred in 1,2-di-
chlorobenzene at 140 °C for 11–25 h under a flow of N2. This
protocol results in a series of high molecular weight copolymers
3. Longer polymerization times give rise to higher degrees of
polymerization, as examined in the PPE system in detail.8

The UV–VIS spectra of 3a–d in dilute solution show a lmax
of 388–395 nm, very similar to that of dialkyl-PPEs (388 nm).
To our surprise, thin film absorption spectra of 3a–d are
identical to those in solution, which is in stark contrast to the
PPE case where a dramatic red-shift is observed. The unusual
optical behavior prompted us to investigate fluorescence of
3a–d. In solution an intense blue emission is observed (3a, 425
nm; 3d, 419 nm), again similar to dialkyl-PPEs (425 nm). In the
solid state, however, the situation is different, and in thin films

Fig. 1 Solid-state emission (hand held fluorescence lamp, lmax = 366 nm)
of PPE and PPE-napthalene copolymers 3: (a) didodecyl-PPE; (b) polymer
3a; (c) polymer 3c; (d) polymer 3d; (e) poly(3,7-di-tert-butylnaphtyle-
neethynylene).

Table 1 Characterization of 3a–d

GPC Absorbance/nm Emission/nm
Ratio Yield

Entry 1+2 t/h (%) Dp
a Pn

a CHCl3 Thin film CHCl3 Thin film

3a 5+1 25.5 86 96 2.9 395 395, 420 425, 446 446
3b 2+1 11 64 49 2.9 390 390, 420 422, 443 442
3c 1+1 17 79 56 4.7 391 391 421, 444 433
3d 1+2 12.5 77 42 2.3 388 388 419, 440 422

a Gel permeation chromatography results based on polystyrene standard.

Scheme 1

This journal is © The Royal Society of Chemistry 2000
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of 3a–d we find emission maxima ranging from 446 (5+1, 3a)
to 422 nm (1+2, 3d), (Fig. 2), thus allowing the manipulation of
solid-state emission maximum from yellow–green to blue via
the amount of added monomer 2. The less PPE character the
copolymer 3 has, the further its emission is blue-shifted towards
that observed in dilute solution. We conclude that in the
copolymers 3 aggregation and supramolecular ordering are
efficiently suppressed by the presence of the bulky tert-
butylnaphthyl groups.9 This scenario must lead to a disordered
solid state in 3. To test this hypothesis we performed powder
diffraction on polymers 3 (Fig. 3). The polymers 3a–c display a
broad diffraction peak of large intensity according to d = 4.2 Å.
This diffraction peak can be attributed to the interchain distance
of the polymers. A second, weak diffraction peak is observed at
d = 8.8–11.7 Å, but is very weak in 3a–c. In the naphthalene-
rich polymer 3d the small-angle diffraction at 11.7 Å is most
prevalent. Molecular modeling indicates that this represents the
distance between the two 3,7-tert-butyl groups on individual
naphthalene units.10

For device purposes, liquid crystalline behavior offers the
entry to polarized emission. DSC and polarizing microscopy
performed upon 3a–c shows that 3a,b are thermotropic nematic
(3a: isotropic ? nematic 160 °C DSC; nematic ? isotropic
170 °C ? nematic 149 °C, evidenced by polarizing microscopy,
cooling. 3b: 194 °C polarizing microscopy, cooling isotropic ?
nematic), both displaying Schlieren textures. Copolymer 3c

displays a broad halo at 4.3 Å, and a weak small angle feature,
suggesting either small domain sizes or a disordered structure.
No identifiable textures develop upon thermal treatment. Only
in the case of 3a is the isotropic ? nematic transition observed
in the DSC and it is exothermic, with 0.27 kcal mol21 per
repeating unit, a small but not unexpected value.11 Polymer 3d
is crystalline and does not show any phase transition up to
300 °C.

In conclusion we have presented the synthesis and character-
ization of a new series of liquid-crystalline PPE copolymers 3
which exhibit blue solid state fluorescence. The blue shift
increases with the amount of naphthalene. Particularly attractive
is the intensity of luminescence of 3 in the solid state. The
increased solid-state fluorescence is attributed to the absence of
aggregates and excimers, which normally reduce PPE’s quan-
tum efficiencies of emission in the solid state. Application of 3
in LEDs and sensory materials12 is currently being explored.

We acknowledge Professor C. J. Murphy and L. Gearhart for
help with the fluorescence spectra. This work was generously
supported by the NSF (CHE 9814118, PI Bunz) and the
Research Corporation.

Notes and references
† Sample coploymerization: 1 (0.35 g, 0.71 mmol), 2 (0.24 g, 0.71 mmol),
Mo(CO)6 (0.034 g, 0.07 mmol), 4-chlorophenol (0.091 g, 0.71 mmol) and
1,2-dichlorobenzene (20 mL) were held at 140 °C under a steady stream of
N2 for 17 h. Addition of chloroform acid and base washes and precipitation
into methanol furnish 3c in 80% yield. Selected data for 3c: dH 8.58–8.54
(m), 8.07 (br s), 7.94 (br s), 7.60–7.42 (m), 3.02–2.89 (m), 2.13 (br s), 2.12
(br s), 1.79–1.68 (m), 1.51–1.22 (m), 0.88–0.87 (br s); dC 148.4, 141.9,
132.5, 131.3, 123.0, 122.8, 121.1, 93.5, 92.7, 35.1, 34.4, 32.0, 31.4, 31.3,
30.8, 29.8, 29.5, 29.4, 22.8, 14.2; nmax(KBr)/cm21 3444, 2957, 2923, 2853,
2350, 1651, 1463, 1384, 1025, 886, 771.
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Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend, P. L.
Burns and A. B. Holmes, Nature, 1990, 347, 539.

2 S. A. Jenekhe and J. A. Osaheni, Science, 1994, 265, 765; J. A. Osaheni
and S. A. Jenekhe, Macromolecules, 1994, 27, 739; X. Zhang, A. S.
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Fig. 2 Solid-state emission spectra of thin films of 3a–d and PPE.

Fig. 3 Diffraction data of polymers 3a–d.

86 Chem. Commun., 2000, 85–86



        

Ring-closing alkyne metathesis with simple catalyst systems: an access to
molecular triangles and rhomboids

Neil G. Pschirer, Wei Fu, Richard D. Adams* and Uwe H. F. Bunz*

Department of Chemistry and Biochemistry, The University of South Carolina, Columbia, South Carolina 29208
USA. E-mail: bunz@psc.sc.edu

Received (in Columbia, MO, USA) 26th October 1999, Accepted 30th November 1999

Treatment of the siloxane monomer 2 with a mixture of
molybdenum hexacarbonyl and 4-chlorophenol at 140 °C
furnished the corresponding cyclotrimer 3 and the cyclo-
tetramer 4.

Ring-closing alkene metathesis utilizing well-defined organo-
metallic catalysts1–4 has developed into a powerful synthetic
tool. A variety of rings have been prepared by this method.
Cyclic polyynes are also of great interest,5 but their synthesis
via ring-closing alkyne metathesis is much less explored.6
Fürstner7 has reported the preparation of large-ring alkynes by
ring-closure of suitable dipropynylated precursors utilizing
Schrock’s tungsten carbyne.8

We have recently developed an efficient and simple protocol
for alkyne metathesis9,10 and we now report the first examples
of ring-closing metathesis using our ‘instant’ catalyst. This
powerful catalyst is formed in situ from Mo(CO)6 and
4-chlorophenol using off-the-shelf quality solvents.

The synthesis of shape-persistent macrocycles, potentially
useful as molecular boxes, presents a new and interesting
challenge.11,12 We have chosen diyne 2 to be a convenient
precursor to the novel molecular siloxane triangles/boxes 3 and
4. Compound 2 was prepared in two steps from 1, which was,
itself, obtained from 4-iodophenol by treatment with Pri

2SiCl2

in Et3N (Scheme 1). A palladium-catalyzed coupling of 1 with
propyne affords the monomer 2 in 61% yield.13 Alkyne
metathesis of 2 with Mo(CO)6 and 4-chlorophenol at 140 °C in
1,2-dichlorobenzene under a steady stream of N2 (Scheme 1)
furnished the novel cycles 3 and 4.† Sufficient dilution is an
important factor for obtaining cyclic rather than polymeric
products, although minor changes in concentration did not
result in decreased yields of the macrocycles. Separation was
difficult due to the similar retention times of 3 and 4, and their
corresponding open congeners. However, we were able to
isolate 3 (14% yield) and 4 (18% yield). GC-MS confirmed that
the isolated fractions of 3 and 4 were uncontaminated by other
cycloisomers. The molecular structures of 3 and 4 were
established by single crystal X-ray diffraction analyses.‡

The crystal of 3 contains three symmetry-independent
molecules. All three display similar conformations and the
molecular structure of one of these is shown in Fig. 1. The
cyclotetramer 4 is crystallographically centrosymmetric. It
exhibits a rhomboidal structure with a large interior cavity that
contains two molecules of hexane as solvate, from which it was
crystallized (Fig. 2). This feature indicates the potential of these
box-shaped molecules to engage in important host–guest
chemistry.

Scheme 1 Reagents and conditions: i, 4-IC6H4OH, Et3N, THF; ii, propyne,
Pd(PPh3)2Cl2, CuI, piperidine; iii, Mo(CO)6, 4-ClC6H4OH.

Fig. 1 A structural diagram of the cyclic triyne 3. Selected bond distances
(Å) and angles (°) are C·C = 1.22(2), 1.20(2) and 1.16(2), Si(1)–O(1) =
1.616(9), Si(1)–O(2) = 1.624(9), Si(2)–O(5) = 1.67(1), Si(2)–O(6) =
1.63(1), Si(3)–O(3) = 1.63(1), Si(3)–O(4) = 1.66(1); O(1)–Si(1)–O(2) =
109.8(5), O(5)–Si(2)–O(6) = 106.9(5), O(3)–Si(3)–O(4) = 108.1(6).

This journal is © The Royal Society of Chemistry 2000
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We have now demonstrated that ring-closing alkyne met-
athesis with our ‘instant’ catalyst system provides a convenient
route to novel alkyne-containing macrocycles. Functionalized
rings should also be accessible via this methodology as we have
already shown that the mixtures of Mo(CO)6 and 4-chloro-
phenol are metathesis-active in the presence of a variety of
different functional groups.8,9

This work was generously supported by the NSF (CHE
9814118, PI Bunz) and the Research Corporation (PI Bunz).

Notes and references
† Sample cyclization: 2 (1.00 g, 2.66 mmol), Mo(CO)6 (0.66 g, 0.27 mmol),
4-chlorophenol (0.206 g, 1.60 mmol) and 1,2-dichlorobenzene (100 ml)
were held at 140 °C under a steady stream of N2 for 17 h. The solution was
allowed to cool, then dissolved in hexanes and washed with dilute acid and
base. Separation of the resulting products was achieved by chromatography
over silica gel (Merck silica gel 60, 40–63 mm particle size; eluent 3+1
hexanes–CH2Cl22). Selected data for 3: dH(400 MHz, CDCl3) 7.31 (d, J
8.6, 12H), 6.71 (d, J 8.6, 12H), 1.30 (m, J 7.1, 6H), 1.16 (d, J 7.1, 36H);
dC(400 MHz, CDCl3) 154.1, 132.7, 119.9, 116.8, 88.2, 17.2, 12.7. For 4:

dH(400 MHz, CDCl3) 7.35 (d, J 8.8, 16H), 6.88 (d, J 8.8, 16H), 1.40 (m,
8H), 1.09 (d, J 7.3, 48H); dH(400 MHz, CDCl3) 154.4, 132.9, 119.7, 116.8,
88.1, 17.2, 12.7.
‡ Crystal data: for 3: Si3O6C60H68, triclinic, M = 936.12 g cm23, space
group = P1̄ (No. 2). T = 293 K, Mo-Ka, a = 23.76(2), b = 24.07(3), c =
18.7192(5) Å, a = 92.0(1), b = 96.25(7), g = 93.70(9)°, Z = 6, D = 1.083
g cm23, m = 0.13 cm21, 15889 measured reflections, 7703 independent
reflections, R (Rw) = 0.091 (0.126), hydrogen atoms calculated, not refined.
For 4: Si4O8C80H176·2(C6H14), triclinic, M = 1378.60, Space group = P1̄
(No. 2), T = 293 K, Mo-Ka, a = 13.977(8), b = 14.25(1), c = 12.144(7)
Å, a = 106.29(5), b = 108.21(5), g = 69.68(5)°, Z = 1, D = 1.083 g cm23,
m = 0.12 cm21, 4534 measured reflections, 2740 independent reflections,
R (Rw) = 0.0599 (0.0814). Hydrogen atoms calculated, not refined. CCDC
182/1494. See http://www.rsc.org/suppdata/cc/a9/a908638b/ for crystallo-
graphic data in .cif format.
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Fig. 2 A structural diagram of the cyclic tetrayne 4 showing two molecules
of occluded hexane in the interior of the ring. Selected bond distances (Å)
and angles (°) are C·C = 1.179(9) and 1.213(9), Si(1)–O(1) = 1.635(4),
Si(1)–O(2) = 1.646(4), Si(2)–O(3) = 1.654(4), Si(2)–O(4) = 1.652(4);
O(1)–Si(1)–O(2) = 110.6(2), O(3)–Si(2)–O(4) = 109.9(2).
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The [63](1,5,9)triphenyleno(1,3,5)cyclophane 1 shows a tri-
enoid Kekulé-type structure for the planar donor–acceptor
substituted benzene part.

The deviation of small aromatic molecules like benzene and
naphthalene from the usual equal bond lengths to bond length
alternations has been the object of synthetic and theoretical
investigations.1,2 The known X-ray structures with considerable
bond length alternations reminiscent of the extremum of a
Kekulé structure require a threefold incorporation into strained
rings which shorten the incorporated bonds. This leads to almost
single-bond character for the bonds not incorporated. At first
glance, steric strain may not be the only way to ease the
formation of such structures with a Kekulé bond length
alternation: the complete symmetrical substitution with three
electron donating and three accepting groups might also lead to
it. In an extreme situation, the interaction between donors and
acceptors could equally result in Kekulé-type structures with
three groups of separated double bonds that bear one donor and
one acceptor, each interacting only with each other. Thus, this
type of bond length alternation might also occur within such a
ring without great strain.

A closer look, however, shows disappointing results. For
example, while all 1,3,5-trinitro-2,4,6-triamino-substituted ben-
zene derivatives known3–5 do show bond length alternations,
they are far from the threefold symmetry required for a Kekulé
structure: the six-membered ring has a clear maximum of C2v or
C2 symmetry. Almost all of the central rings of the molecules
analyzed by X-ray adopt either a strongly nonplanar boat or a
twist form. The same holds true for substitution with other
donors like the hydroxy group or its anion. For these highly non-
planar molecules, the shown quinoid and bis-trimethine cyanoid
resonance forms are the only geometric structures observed
(Scheme 1). Planar ones correspond to usual benzene deriva-
tives with some substituent-dependent bond length alterna-
tion.

We were therefore surprised when an X-ray structure†
(Scheme 2) was obtained of an intermediate 3 in the
construction of bis-hexaaminobenzene derivatives6 used by us
for the study of intramolecular electron transfer.7 Both aromatic
rings are close to planar.8 While this would not be very
surprising for most benzene derivatives, it has never been
observed before for trinitrotriaminobenzenes, which are only
close to planar in the hydrogen-bonded solid state structure of

trinitrotriaminobenzene itself; even with only two amino groups
and one alkylamino group, some folding of the ring is
observed.4 In addition, the donor–acceptor substituted ring
shows C3 symmetry and the bond lengths within the ring are
1.399(4) and 1.416(4) Å. Thus, the clear formation of a benzene
ring with a Kekulé structure can be observed which lacks
significant steric strain but has symmetrical donor–acceptor
substitution. The higher C–C bond length occurs between the
nitro and the amino groups that are linked by a weak
intramolecular hydrogen bond (2.29 Å). Some interaction is
also visible to the other direction, between the other oxygen of
the nitro group and a proton of the methylene group next to the
nitrogen (2.27 Å).9 The oxygen of the nitro group which is
engaged in intramolecular hydrogen bonding with the amino
group also shows intermolecular contact to the NH of the
hexaazatriphenylene (2.34 Å). Both possible enantiomeric
forms are present in the crystal, related to each other by
inversion symmetry.

A closer inspection provides a reason for the unexpected
planarity. Since the bridges between the two rings need to keep
approximately the same distance between them, they have to
adopt comparable conformations. The hexaaminobenzene de-
rivative part of 3 is expected to exist with a stable planar
conformation for its central benzene ring.7,10,11 Then, the
second, donor–acceptor substituted ring can adopt neither boat
nor twist forms, because the distance of the chains to the first
ring would become quite different (Scheme 3). These con-
formations are thus unlikely to be observed. While equality of
the distances would be possible in a chair conformation, it is not
truly compatible with the electronic requirements of the push–
pull interaction between the substituents and is thus rarely found
even for non-polar benzene derivatives with strong steric
interactions.12 The only possible conformation for the usually

Scheme 1 Scheme 2
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highly distorted six-membered ring is therefore a planar one.
While in this conformation the donor–acceptor interactions are
quite reduced in comparison with known structures, they are
nevertheless still present. Therefore a moderate, but definitely
existent Kekulé distortion can be detected.
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Delamination of the layered double hydroxide structure
[Zn2Al(OH)6][C12H25SO4·nH2O] was realized by dispersion
in butanol; translucent colloidal solutions are stable for at
least 8 months with oriented LDH materials with extended
crystallite size being obtained; the results presented here
suggest that total delamination occurs in the colloidal
solution.

Delamination of low dimensional solids is of tremendous
practical importance in applications ranging from polymer
reenforcement,1 self assembling monolayers (SAM) and Lang-
muir–Blodgett film preparation2 or emulsion stabilizations.3
Dispersions of clay minerals have been studied more ex-
tensively owing to their extended swelling properties and a
great ability to undergo surface modification with organophilic
cations.4 Exfoliation of other layered structures such as MoS2,
layered phosphates and metal oxides have also been achieved
by manipulation of the interlayer interactions.5

Layered double hydroxides (LDHs) are layered materials
constituted by a stacking of positive hydroxylated layers
[M2+

12xM3+
x(OH)2]x+ separated by interlayered anionic species

and water molecules [Xq2
x/q·nH2O]. They are known for their

unique anion exchange properties and their rich chemistry
which make them good catalysts or catalyst precursors.6
However, the high charge density of the LDHs layers and the
high content of anionic species and water molecules result in
strong interlayer electrostatic interactions between the sheets
and significantly hydrophilic properties. Such dense inter-
lamellar hydrogen bonding networks lead to a tight stacking of
the lamellae. The rigid spheroidal ‘sand rose’ morphology of
intergrown platelets prevents both accessibility to the major part
of the surface or exfoliation of the sheets in water or in any other
non-aqueous solvents. However, exchange of inorganic anions
by organophilic anions, such as fatty acid salts or anionic
surfactants proceeds readily.10 This leads to a substantial
modification of the surface properties, from hydrophobic to
hydrophilic. Moreover, the van der Waals interlayer inter-
actions introduced by the introduction of such species weakens
the stacking of the layers and favours interactions with non-
aqueous solvents.

The purpose of this study was to develop a method of
delamination of LDHs which will lead to a novel generation of
LDH based materials in which the total surface of the layered
compound will be rendered accessible for chemical reactivity or
for the preparation of new porous or oriented materials. The
delaminated structure of the Zn2Al(OH)6Cl·2H2O LDH phase
([Zn–Al]) would reach a theoretical specific surface aera of 800
m2 g21, while the experimental BET measured surface areas
reach only 10–50 m2 g21.

We have already reported the influence of organic solvents
(ethanol, methanol, acetone, ethylene glycol, glycerol) on the
modification of the surface and porosity properties of LDHs.7
However, complete delamination of LDHs has, as yet not been
reported. Now successful LDH delamination has been achieved
using various anionic surfactants and we report, for the first
time, stable colloidal solutions of LDHs. In this study, we
demonstrate total delamination of the [Zn–Al] LDH using
dodecyl sulfate (DS) as an anionic surfactant and butanol as the
dispersant.

The Zn2Al(OH)6Cl·2H2O LDH precursor ([Zn2Al–Cl]) was
prepared by the coprecipitation method previously described by
Bonnet et al.9 The preparation of the surfactant modified LDH
([Zn2Al–DS]) was realized by the anion exchange reaction in
deionised water of 1.00 g of [Zn2Al–Cl] with a 1.54 molar
excess (1.34 g) of sodium dodecyl sulfate (Across). Inter-
calation of the surfactant was monitored by X-ray diffraction
(Siemens D501 X-ray powder diffractometer, Cu-Ka radiation)
and FTIR spectroscopy (Perkin-Elmer-FTIR16PC). The chem-
ical formulae of the various compounds were calculated from
elemental analysis. In all cases, the Zn/Al ratio was 2.2 and for
the DS exchanged LDH, S/Al was equal to 0.98 in accord with
total exchange of the Cl anions.

Intercalation of dodecyl sulfate in Zn2Al(OH)6Cl·2H2O leads
to the expanded phase Zn2Al(OH)6(C12H25SO4)·nH2O ([Zn2Al-
DS]) with an increase of the basal spacing from 0.77 to 2.52 nm
(Fig. 1) as reported in the literature.12 The particle widths for
both precursor and modified LDHs were measured by SEM
(Cambridge Stereoscan 360, 20 kV, at Techinauv S.A). The
measured thickness of [Zn2Al–Cl] platelets was 0.05 mm,
corresponding to a stacking of ca. 60 layers, while expansion of
the basal spacing for [Zn2Al-DS] leads to lamellae thickness of
0.15 mm. The number of stacked layers is retained after anion
exchange confirming that the anion exchange proceeds by a
topotactic mechanism.

Dispersion of [Zn2Al–DS] in water, methanol, ethanol,
propanol or hexane under reflux conditions leads to unstable
suspensions which settle after a few hours and only a minor part
of the material was dispersed. Dispersion in methanol appears to
be kinetically controlled by the slow replacement of water
molecules by methanol. After one week stirring, ca. 50% of the
LDH can be exfoliated. By contrast, reflux in butanol at 120 °C
for 16 h leads to a translucent colloidal solution, which remains
stable for at least 8 months. Up to 1.5 g of [Zn2Al–DS] per liter
of butanol can be dispersed. Similar results have been obtained
with higher alcohols such as pentanol and hexanol.

The size of the LDH colloids was measured by dynamic light
scattering (Zetasizer–Malvern instrument). The mean equiva-

Fig. 1 Diffraction patterns of (a) [Zn2Al–Cl], (b) [Zn2Al–DS], (c) [Zn2Al–
Cl]recov, (d) [Zn2Al–DS]recov.
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lent spherical diameter (ds) is ca. 140 nm, smaller than the width
of the hexagonal sheets measured by SEM (200 nm). Transmis-
sion electron micrographs of [ZnAl–DS] particles recovered
from the colloidal solution [Fig. 2(a)] show assemblies of
dispersed platelets all oriented parallel to the grid surface and
confirm that delamination has occurred at the layer level while
aggregates of stacked sheets are observed for the same materials
dispersed in ethanol [Fig. 2(b)]. This argues in favour of a total
delamination in butanol.

We note that the hydration state of the modified LDH is a
critical parameter. Delamination was only observed when the
organo-LDH compounds were previously dried under vacuum
at room temperature for 1 day but not when a freshly wet
prepared LDH was used or if the [Zn2Al–DS] was thoroughly
dried under vacuum at 80 °C for 4 h. Such intense drying leads
to a new DS containing LDH phase with a smaller basal spacing
of 1.68 nm corresponding to a tilted intertwined DS single layer.
This LDH displays a densely packed structure which is resistent
to exfoliation. It appears that the use of butanol with a boiling
point higher than that of water and reflux conditions allows for
a rapid replacement of all the intercalated water molecules by
the solvent molecules. This seems to be the key process to
completely exfoliate of the solid material.

When butanol is removed from the colloidal solution by
evaporation (120 °C) or by lyophilization, a new LDH phase
([Zn2Al–DS]recov) is obtained with larger size and well oriented
platelets as shown by an SEM micrograph [Fig. 3(a)]. This
extended bidimensional orientated material displays a basal
spacing of 2.93 nm in accord with incorporation of butanol in
the interlamellar spaces. The typical ‘sand rose’ morphology of
the LDH precursor is then lost and a thin film of LDH is
obtained.

Comparison between FTIR spectra of the oriented LDH and
[Zn2Al–DS], particularly in the 400–1800 cm21 wavenumber

range in with unchanged lattice vibrations are superimposed on
surfactant vibrations, confirms that the LDH structure is
retained after delamination. When NaCl or Na2CO3 are added to
the colloidal solution, flocculation of particles occurs and
reversible back anion exchanges to give [Zn2Al–Cl]recov and
[Zn2Al–CO3]recov results (Figs. 1, 3(b)). The recovering of LDH
structures under solvent extraction or precipitation confirms the
presence of delaminated LDH in the colloidal solution.

The preparation of colloidal solutions of LDHs appears to be
of substantial importance for the development of novel
chemistry of the LDHs. It is now possible to develop the
chemistry of LDHs in non-aqueous media, e.g. for electro-
chemistry applications. Ultrathin films based on LDHs can now
easily be prepared by a soft chemistry route. Preparations of
novel based-LDH materials with improved chemical or porosity
properties are now envisaged through interstratified LDH/LDH,
LDH/clay, LDH/polymer or nanoporous LDH/SiO2 materials.
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Fig. 2 TEM micrographs of [Zn2Al–DS] dispersed in (a) butanol and (b)
ethanol.

Fig. 3 SEM micrographs of (a) [Zn2Al–DS]recov and (b) [Zn2Al–
CO3]recov.
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The Tb(III) complex 3, is the first example of a molecular
logic gate corresponding to a two-input INHIBIT function,
A ^ BA where the ‘output’, a sharp, line-like, terbium
emission, is only observed with two chemical inputs (i) the
presence of protons and (ii) the absence of molecular
oxygen.

Developments in supramolecular chemistry and nanotechnol-
ogy have stimulated interest in the construction of simple
electronic or photonic driven systems and networks that
function as molecular-level devices.1 Examples include simple
host–guest complexes as well as more advanced switches,2
wires,3 grids, 4 shuttles5 and molecular machines.6 Mimicking
the functions of semiconductor logic gates used in modern
computing is of particular interest,7 where the relationship
between input and the output may be described by truth tables,
where 1 represents an active input/output and 0 an inactive one.8
For a two input system there are 16 different logic gate
functions.8b† Some of these functions have recently been
demonstrated where ions and molecules are used as inputs,7
including the ID (or YES), AND, OR and NOT logic functions
designed by de Silva et. al.9 and the XOR function designed by
Balzani et al.10 Among the remaining logic gates is the inhibit
(INH) function which can be interpreted as a particular
integration of an AND and a NOT logic functions, where the
output signal is inhibited by one of the active inputs.‡ Recently
the more complex three-input integrated INH logic gate was
demonstrated.11 However, the fundamental two-input INH gate
has not been reported.

Here, we demonstrate that in water the Tb(III) based quinolyl
derived macrocyclic 1,4,7,10-tetraazacyclododecane (cyclen)
conjugate, 3, yields such an INH logic gate. The two inputs are
H+ (the nitrogen moiety of the quinoline acting as a proton
acceptor) and O2 (or rather the absence of O2, since this input is
not asserted when O2 is present). The output signal is a delayed
line like Tb luminescence (owing to the deactivation of the Tb
5D4 excited state to the 7FJ, J = 6, 5, 4 and 3), occurring at long
wavelengths. These are important features since sharp, long
wavelength emissions give minimal signal interference, critical
for high performance signalling systems. Tb was chosen
because, unlike Eu(III), pyridine based Tb and related com-
plexes are known to be spectroscopically sensitive to O2,12

opening the possibility of a gate with O2 as a second input.
Moreover, lanthanide based cyclen derivatives have been
shown to be kinetically stable in water.13

The syntheses of the a-chloroamide 4, the free ligand in 1 and
the Eu complex 2, have previously been described; 2 was
designed as a delayed Eu luminescence pH sensor.14 3, the Tb
complex of 1, was synthesised in a similar manner to 2, and
obtained in 55% yield after treating 1 with Tb(CF3SO3)3 in
refluxing acetonitrile, followed by a purification on alumina.
Complexation was established by electrospray (ES+) mass
spectrometry and 31P NMR.§

The absorption spectrum of 3 showed a similar pH depend-
ence to 2 and 4, with lmax at 314 nm (log e = 4.18) and a band
at 261 nm under acid conditions with lmax shifting to 295 nm
(log e = 4.0) in the presence of base (isosbestic points at 299
and 271 nm). The Eu luminescence (occurring from 5D0, E =
17200 cm21)15 of 2 (1 3 1025 mol dm23) in H2O under
ambient conditions ([O2] ca. 0.23 mmol dm23) was highly pH
dependent when excited at 330 nm, with a 250 fold lumines-
cence enhancement (LE) observed upon addition of acid
([CF3CO2H] = 3 mmol dm23/pH = 2.5). This pH dependence
signals the protonation of the remote quinoline nitrogen moiety
(pKa = 5.8) and the ‘tuning’ of the so-called antenna effect, the
energy transfer mechanism from the singlet excited state (S1) of
the chromophore (via the triplet, T1) to the lanthanide excited
state.12,13¶

The Tb luminescence of 3 (appearing at 491.5, 547.5, 588.0
and 623.0 nm, J = 6, 5, 4 and 3 respectively) was somewhat
different. The excited state emission from 5D4 (E = 20500
cm21) was only weakly observed in alkaline solution under
ambient conditions, with only a 1.7 fold enhancement upon
acidification as seen in Fig. 1(a) ([CF3CO2H] = 1.26 mmol
dm23/pH = 2.9) when excited at 330 nm. The corresponding
fluorescence changes were more apparent; both a hypsochromic
shift from 373 to 357 nm (isoemissive point at 387 nm) and
intensity changes were observed upon acidification (two
shoulders at 371 and 345 nm).

The measurements were repeated in degassed solution
(‘freeze–pump–thaw’, [O2] < 1026 mol dm23). In alkaline
solution the Tb emission spectrum and lifetime (tTb = 0.39 ms)
were unaffected (owing to the inefficient population of the
lanthanide excited state¶). However, in acid solution degassing
yielded a ca.50 fold increase in the Tb luminescence intensity at
547.5 nm [Fig. 1(b)], and an almost threefold increase in the
lifetime (tTb = 0.98 ms); these conditions ‘switch on’ the Tb
emission [note the different scales in Fig. 1(a) and 1(b)]. The
fluorescence spectra were however only marginally affected by
the removal of O2.

The small Tb emission in aerated acidic solution arises from
the fact that the T1 state of the quinoline (T1 E = 21978 cm21,
as measured for the protonated form of 4) is partly quenched by
an ambient level of O2. The Tb 5D4 state can also participate in
a back-energy transfer mechanism to the T1 state (the energy
difference being 1478 cm21); these combined processes lead to
efficient quenching of the 5D4 state (i.e. the Tb emission is
switched off). Upon removal of O2 this quenching process is
largely suppressed leading to more efficient population of the
Tb 5D4 state (the antenna effect is more efficient) and switching
on of the Tb emission.12

From the perspective of logic functions, the Eu emission (2)
is determined only by the presence of single ionic input (H+),
back energy transfer from 5D0 is inefficient and the complex is
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thus insensitive to O2,7 and can as such be regarded as a pass
logic function (YES9 or ID8b logic gate). The emission of the Tb
complex (3) is more interesting and is switched on only in the
presence of H+ and absence of O2. Under other circumstances,
the absence of H+, the presence of O2, or both, no significant Tb
emission is observed (based on discrimination in LE factors; ca.
50 when O2 absent cf. 1.7 with O2 present, at 547.5 nm, Fig. 1).
This behaviour may be conveniently described using logic
notation,7,9 written A ̂ BA, where A and B represent the H+ and
O2 inputs respectively. The corresponding truth table is shown
in Fig. 2(a), where an active output (X = 1, corresponding to
emission) is obtained only when A = 1 and B = 0.8 This logic
gate is the inhibit (INH) function, Fig. 2(b).

Even though more advanced practical integration of such
molecular level logic gates into circuits is somewhat beyond the
horizon, progress depends of the generation of all fundamental
logic operations. Our goal was to generate a two-input INH
logic gate, and the Tb emission based gate reported herein is the
first example of such a two-input molecular gate. Importantly,
unlike many previous molecular logic gates where the output is
a broad emission,7,9,11 the output signal for 3, is a set of line-like
Tb emission bands occurring at long wavelengths (Stokes shifts
of 160–300 nm for J = 6–3, respectively) with narrow
bandwidth (ca. 10 nm) giving rise to a high signal quality.
Complex 3, is thus an important contribution to the develop-
ment of molecular logic devices, not least since the current
silicon based computer chips are expected to reach their
physical limits in the near future.16
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Fig. 1 Tb(III) emission of 3 (1 3 1025 mol dm23) in water at 293 K, 10.0
mmol dm23 NMe4ClO4 (to maintain constant ionic strength): (a) in aerated
solution at: (A) pH = 11, (B) pH = 2.9; (b) in degassed solution at: (C) pH
= 11, (D) pH = 2.9. Note the difference in the intensity scales.

Fig. 2 (a) A truth table for the INH logic gate; inputs A and B correspond
to the H+ and O2 respectively; X [Tb(III) emission], is the output signal. (b)
The INH gate represented using a conventional gate notation; an active
output signal (Tb emission) is obtained when A = 1 and B = 0.
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A solid catalyst, Mg–Al hydrotalcite containing nanometer
size rhodium particles, is active for liquid phase methanol
carbonylation to methyl acetate at 473 K in the presence of
methyl iodide.

Acetic acid and methyl acetate are industrially synthesised by
carbonylation of methanol with a homogeneous rhodium
catalyst promoted by methyl iodide.1,2 Attempts have been
made to use heterogeneous catalysts for methanol carbonyla-
tion,3,4 because such a system would be advantageous in
separation and recovery of the products and recycling of the
catalyst, providing greater economic advantages and minimiz-
ing the environmental impact of the process. A number of
supported rhodium systems such as zeolites,5,6 polymers,7
activated carbon8 and inorganic oxides9 are reported to be active
under vapour phase conditions. In the liquid phase, polymer
supported Rh(I) catalysts have been reported,10 however, this
system is unstable due to loss of rhodium.

Hydrotalcite, [Mg12xAlx(OH)2(CO3)x/2·yH2O], consists of
positively charged brucite-like layers with charge–balancing
anions and water molecules.11 The material shows strong
basicity and is often employed as a precursor for catalysts or
catalyst supports owing to its structure.12 In the present work,
we have demonstrated that nanometer size rhodium particles
can be stabilized on hydrotalcite and the solid effectively
catalyses the liquid phase carbonylation of methanol in the
presence of methyl iodide. This may provide a realistic solution
to problems such as separation, recovery, etc. associated with
homogeneous catalytic systems.

An Mg–Al hydrotalcite (Mg/Al = 2/1) was synthesised using
the procedure reported by Reichle.13 Rhodium was loaded on
the Mg–Al hydrotalcite by a deposition–precipitation method.
In a typical procedure, Mg–Al hydrotalcite was placed in an
aqueous solution of Rh(NO3)3 (Kanto Chemical) at 343 K and
an aqueous solution of Na2CO3 (1 M) was added dropwise. The
pH of the solution was kept at 10 for 1 h. The resulting solid was
filtered off and washed thoroughly with distilled water, dried
and then calcined in air at 673 K for 4 h. A rhodium catalyst was
also prepared by the impregnation technique. After evaporation
of a mixture of the solution of Rh(NO3)3 and hydrotalcite, the
wet solid was dried and calcined in air at 673 K for 4 h. The Rh
contents in the samples was analysed by ICP emission
spectrometry.

Adsorption experiments were performed with a vacuum
system equipped with Baratron vacuum gauges after the
samples were reduced with hydrogen at 673 K for 2 h. The BET
surface areas of the samples were determined from nitrogen
physisorption isotherms.

Powder X-ray diffraction (XRD) patterns of the samples were
recorded with a Rigaku Rotaflex 20 diffractometer using nickel-
filtered Cu-Ka (40 kV, 150 mA) radiation.

Catalytic tests were performed in an autoclave (0.2 dm3).
Prior to the reaction, the catalyst (0.20 g) was activated under
evacuation followed by reduction with hydrogen at 673 K for 2

h and sealed in a glass capsule. The capsule was placed in the
reactor along with a mixture of methanol (780 mmol) and
methyl iodide (35 mmol), and CO was introduced at 0.5 MPa
(42 mmol) after displacing air inside the reactor with argon. The
capsule was broken during pressurization and the reactor was
heated to 473 K. The products were analysed with an Ohkura-
802 gas chromatograph (TCD) with PEG 1500 (2 m) and
Porapak T (2 m) columns.

The powder XRD pattern of the parent hydrotalcite con-
firmed that the sample was well crystallised, but broadening of
the peaks was observed for the hydrotalcite containing rhodium
(Fig. 1). A change in the BET surface area after modification
with rhodium was also observed. The surface area decreased
with an increase in the rhodium content for the hydrotalcite with
an original surface area of 232 m2 g21 (Table 1). The surface
area of the sample prepared by the impregnation method was
very small in comparison with the samples prepared by
deposition–precipitation.

Carbon monoxide was adsorbed on the samples containing
rhodium reduced at 673 K. The amount of carbon monoxide
adsorbed was saturated at ca. 1 kPa. On the basis of the amounts
saturated, the surface areas of rhodium in the samples were
tentatively calculated, assuming atomic adsorption of CO on a

† Present address: Research Institute of Innovative Technology for
the Earth, Kizu-cho, Soraku-gun, Kyoto 619-0292, Japan. E-mail:
yasuyuki@rite.or.jp

Fig. 1 XRD patterns of hydrotalcite modified with rhodium by deposition-
precipitation.

Table 1 Some surface properties of Rh/Mg–Al hydrotalcite catalysts
prepared by the deposition–precipitation method

Rhodium
Rhodium BET CO surface
content surface area/ uptake/ area/
(wt%) m2 g21 (mmol g21 m2 g21

0.8 159 n.d.a n.d.
1.7 116 44 1.5
2.1 104 50 1.7
3.0 86 39 1.3
1.5b 80 18 0.6

a Not determined. b Prepared by impregnation.
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rhodium site and a site density of 0.058 nm2 (Table 1). The
mean particle sizes of rhodium were calculated from the data in
Table 1 assuming that all the rhodium particles are spherical and
on the surface, and gave values of 5, 6 and 11 nm, respectively,
for deposition–precipitation samples containing 1.7, 2.1 and 3.0
wt% of rhodium. The Rh particle size for the sample prepared
by the impregnation method (1.5 wt% of Rh) was calculated as
12 nm. Particles of > 10 nm are expected to be large enough to
enable detection by XRD. However, no peaks attributed to
rhodium metal were evident in the patterns of any of the samples
after reduction, with the XRD patterns being similar to those of
Fig. 1. Since the stoichiometry of the adsorption varies with the
chemisorption mode of CO (for bridge-type adsorption a CO
molecule occupies two rhodium sites), the rhodium surface
areas in Table 1 may be underestimates and would result in
larger particle sizes. Hence, the actual particle sizes of rhodium
may well be smaller than the values estimated by adsorption of
carbon monoxide. The reduction of the BET surface area after
modification of rhodium suggests that some of the rhodium
particles are incorporated in the bulk phase of the hydrotalcite
and so will be another reason for the apparent contradiction of
the adsorption and XRD results.

Mg–Al hydrotalcites containing rhodium were found to be
active for methanol carbonylation at 473 K. The main products
were methyl acetate (MeOAc) and dimethyl ether (DME) with
a small amount of acetaldehyde (Table 2). Neither acetic acid,
nor other decomposition products such as hydrogen were
detected. Loss of methyl iodide was not observed and no trace
of rhodium was detected in the liquid phase after the reaction.
The XRD patterns of the catalyst recovered after the reaction
were very similar to those prior to the reactions, showing that
the catalysts retain the hydrotalcite structure during reaction. No
reaction products were obtained with rhodium-free Mg–Al
hydrotalcite. An increase in rhodium content to 2.1 wt%
enhanced formation of MeOAc while a further increase of
rhodium to 3.0 wt% resulted in a lower yield of MeOAc. The
catalyst prepared by the impregnation method with a rhodium
content of 1.5 wt% was the least active. The activity towards
MeOAc mainly depends on the estimated surface area of
rhodium (cf. Tables 1 and 2).

No methanol carbonylation occurred in the absence of methyl
iodide for the catalyst containing 1.7 wt% of rhodium except for

formation of a small amount of DME. Hence, methanol cannot
be directly carbonylated over the catalyst, and the presence of
methyl iodide is essential in the carbonylation. This suggests
that carbonylation of methyl iodide to acetyl iodide is a key step
of the carbonylation as also found for homogeneous carbonyla-
tion with rhodium complexes.14 Formation of MeOAc was low
after reaction for 1 h with the catalyst containing 1.7 wt% of Rh
while DME formation was considerable (Table 2). This result
indicates an induction period for the formation of MeOAc.
Formation of homogeneous rhodium species during the induc-
tion period might be possible. However, no acetic acid, which is
one of the major products in homogeneous carbonylation,2 was
detected in the reaction with the heterogeneous catalyst. In the
mechanism for homogeneous carbonylation, methyl acetate is
formed as a product of a subsequent esterification of acetic acid
and methanol.2 The product distribution with the heterogeneous
catalys is similar to that found for the vapour phase carbonyla-
tion of methanol in the presence of methyl iodide over rhodium
supported on activated carbon8 while methyl acetate appears to
be directly produced in the reactions. The similarity suggests
that the carbonylation with rhodium containing hydrotalcite
takes place on the surface of rhodium particles. Carbonylation
of DME to MeOAc has been proposed in the vapour phase
reaction, and can account the selective formation of MeOAc and
the induction period.15

In summary, nanometer sized rhodium particles can be
stabilised on hydrotalcite, and methyl acetate is directly formed
in the liquid-phase methanol carbonylation with supported
rhodium catalysts. A detailed kinetic study is in progress, which
should provide stimulating results for practical modifications of
the methanol carbonylation process.
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Table 2 Methanol carbonylation over Rh/Mg–Al hydrotalcite catalysts at
473 K for 4 h

Rhodium MeOH Products/mmol
content conversion
(wt %) (%) MeCHO MeOAc DME

0.8 12.7 0.1 21 29
1.7 16.3 0.2 30 33
1.7a 5.8 0.1 2 20
2.1 16.2 0.5 32 31
3.0 15.0 0.3 23 35
1.5b 7.7 0.2 9 21

a Reaction time = 1 h. b Prepared by impregnation.
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2-Hydroxymethylthieno[3,2-e+4,5-eA]di[1]benzothiophene
and 2-(2,4,5,7-tetranitrofluoren-9-ylideneaminooxy)pro-
pionic acid in SDS micelles initially formed a 1+2 complex
with a negative Cotton effect around 360 nm, which with
time or sonication gradually changed to a 1+1 complex
giving a reversed Cotton effect.

Chiral recognition occurs in artificial chiral environments such
as membranes1 and micelles2 despite their intrinsically high
fluidity. This is of interest because it mimics chiral recognition
in biological receptors. Differences in diastereomeric inter-
actions between each enantiomer of an incorporated racemic
guest and the chiral host molecules have effected such
recognition and have been sustained, so far, mainly by hydrogen
bonding. Since charge-transfer (CT) interaction is one of the
fundamental forces in molecular recognition by biological
macromolecules,3 we investigated whether CT bonding exerts
effective chiral discrimination between enantiomers in aqueous
sodium dodecyl sulfate (SDS) micelles. We used 2-hydroxy-
methylthieno[3,2-e+4,5-eA]di[1]benzothiophene (5HM) as a

donor and 2-(2,4,5,7-tetranitrofluoren-9-ylideneaminooxy)pro-
pionic acid (TAPA) as a chiral acceptor. Although the helical
shape of 5HM arises from steric repulsion between the terminal
hydrogen atoms in the molecule,4 inversion of the helix readily
occurs in solution, causing a rapid racemization at room
temperature.5 However, the racemic 5HM is totally converted
into the (P) enantiomer6 on uptake by the serum albumin of
several species,7 and exhibits a slight (M) enantiomeric excess
on incorporation into alkyl b-D-pyranoside micelles.8 Fur-
thermore, X-ray crystallographic analysis determined that
racemic 5TH was entirely converted into the (P) enantiomer
upon crystallization to give the deep-red 1+1 CT complex with
(S)-TAPA.9

Both 5HM and TAPA are practically insoluble in water. A
dioxane solution of (R)-TAPA (120 ml, 1.0 3 1022 mol dm23)
was added to an aqueous SDS solution (2 ml, 2 3 1022 mol
dm23), which resulted in a pale yellow transparent solution.
Then, a dioxane solution of 5HM (27 ml, 1.0 3 1022 mol dm23)
was dissolved in this, and a pale red colour developed due to the
CT interaction between the two components. The total volume
of the solution was adjusted to 3 ml by adding SDS solution,
which yielded concentrations of (R)-TAPA (4.0 3 1024 mol
dm23) and 5HM (9.0 3 1025 mol dm23) in the SDS micellar

solution (2 3 1022 mol dm23) containing ca. 5% dioxane. CD
measurements of this micellar solution at 20 °C gave intense
absorptions in the range of 250–400 nm [Fig. 1(b), state (b)].
The wavelengths of these CD absorptions almost corresponded
to those of the UV absorptions8 of 5HM in CHCl3 and in SDS
micelles. A CHCl3 solution of a mixture of (R)-TAPA and 5HM
with the same concentrations as above, despite the development
of a reddish colour, demonstrated small CD absorptions which
were quite similar to those of (R)-TAPA alone in the micelles
[Fig. 1(a)]. Moreover, a lower planar homologue of 5HM,
2-hydroxymethylbenzo[1,2-b+4,3-bA]dithiophene (3HM),
showed no special CD absorptions in the presence of (R)-TAPA
in the micelles, though the colour did change to yellow. These
facts lead to the following reasoning: (1) the appearance of the
CD absorptions [Fig.1(b)] is attributable to chiral 5HM being
fixed to one enantiomer by the CT bonding of 5HM with chiral
TAPA, and (2) the configuration of that enantiomer is
determined as (M) by comparing the negative Cotton effect
around 360 nm with the Cotton effects of 5HM incorporated in
several albumins7 or in chiral micelles,8 and the CD spectrum of
the 5TH-(S)–TAPA complex crystals in a KBr disk.9

On standing the micellar solution of 5HM and (R)–TAPA, the
CD absorptions changed slowly with time. The intensity of Fig.
1(b) decreased to one fifth after 15 h at 20 °C. The decrease
became faster with a rise in temperature. After ca. 10 h at 30 °C,
the absorptions almost disappeared; instead, new absorptions
began to appear in the opposite direction. Subsequently, the
intensity increased very slowly over time, and finally the
micellar solution became turbid after ca. 3 days, presumably
because of the slow formation of the precipitate of the CT
complex. This spontaneous alteration in the CD absorptions was
accelerated by ultrasonic irradiation [Fig. 1(b)–(f)].10 Only 1
min of sonication converted the sign of the Cotton effect around
360 nm to the opposite sign [Fig. 1(c)]. By subsequent
sonication, the absorption intensities were gradually enhanced
so as to reach the maximum in ca. 15 min [Fig. 1(f), state (f)].
These changes with time imply the reversal of handedness of
5HM in the micelles, that is, an (M) enantiomer to a (P). It is
noteworthy that the shape of curve (f) is not strictly symmetrical

Fig. 1 Alterations in CD absorptions of 5HM–(R)-TAPA complex in SDS
micelles: (a) (R)-TAPA alone, (b) immediately after the sample preparation,
(c) sonication for 1, (d) 2, (e) 5 and (f) 15 min. [5HM] = 9.0 3 1025 mol
dm23, [(R)-TAPA] = 4.0 3 1024 mol dm23, [SDS] = 2.0 3 1022 mol
dm23.
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with that of the initial curve (b), though they are similar to each
other.

In order to account for this phenomenon, binding stoichiom-
etries between 5HM and TAPA were determined for both states
(b) and (f) by the methods of continuous variations11 and HPLC.
Fig. 2 illustrates how the CD intensities at the trough [state (b)]
or the peak [state (f)] around 360 nm vary with the mole ratio of
5HM to TAPA. For state (b), the plots reveal a maximum in the
vicinity of the ratio = 0.35, indicating the presence of a 1+2
complex. On the other hand, a 1+1 complex can be estimated for
state (f) because the maximum is observed in the vicinity of the
ratio = 0.5. These stoichiometries were substantiated by HPLC
experiments.  On preparing a micellar solution containing (R)-
TAPA (9 3 1024 mol dm23) and 5HM (9 3 1025 mol dm23),
the precipitation occurred immediately. The precipitate col-
lected was extracted with CHCl3, the CHCl3 solution being
washed with water. The content of 5HM and TAPA in the
CHCl3 solution was determined by HPLC (silica gel column,
CHCl3–hexane–EtOH = 15+4+1), revealing a ratio of 5HM/
TAPA = 0.47. Furthermore, the micellar solution containing
(R)-TAPA (6 3 1024 mol dm23) and 5HM (9 3 1025 mol
dm23) was sonicated for ca. 15 min, giving CD absorptions
similar to Fig. 1(f). After the solution was left for 3 days, the
resulting precipitate was collected and treated in the same way
as above. The 5HM/TAPA ratio was estimated by HPLC to be
1.02. The results provided by the HPLC experiments were in
excellent agreement with those of the continuous variations
method.

TAPA is a carboxylic acid that has a tendency to dimer
formation. Therefore, TAPA incorporated by way of a dimeric
form in the micelles can be expected to encounter 5HM and
produce the 1+2 CT complex. The 1+2 complex thus formed
would be gradually converted into a more stable 1+1 complex as
observed in the 1+1 complex crystals of (S)-TAPA and 5TH.
Accompanying such change in the composition of the complex,
configurational alteration is evoked in the 5HM molecules,
causing the reversal of chirality of 5HM. These phenomena can
be said to result from micellar effects. With an increase of
ethanol content in the solution of state (f), the CD absorptions
were rapidly decreased and completely missing (Fig. 3) owing
to destruction of the micellar structure. When the same
experiments concerning the alternative combination, 5HM and

(S)-TAPA, were carried out, the same results were obtained
except for the difference in the handedness of the 5HM
molecules. In summary, the CT interactions have been proved
to achieve effective recognition of chirality of heterohelicene in
the SDS micelles. In particular, it is of interest that the initially
fixed handedness of heterohelicene came to be spontaneously
reversed with the composition change of the complex, although
the structure of the 1+2 complex remains uncertain.
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Fig. 2 Continuous variations experiments on the CD intensities at 359.2 nm:
(a) for state (b) in Fig.1, (b) for state (f) in Fig.1, (the standard deviations are
within the circles). [5HM] + [(R)-TAPA] = 5.0 3 1024 mol dm23, [SDS]
= 2.0 3 1022 mol dm23.

Fig. 3 Effect of an increase of EtOH content on the CD intensities at 287.0
nm for state (f) in Fig.1.
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The use of electrospray ionisation mass spectrometry for the
detection of the intermediate species involved in the
ruthenium(II)/amino alcohol reduction of ketones to alcohols
is described.

The use of transfer hydrogenation for the asymmetric reduction
of ketones to enantiomerically enriched secondary alcohols has
recently been the subject of intense international research
work.1 Of the many methods reported for this process,
complexes of h6-arene/ruthenium(II) species with b-amino
alcohols2 or monotosylated 1,2-diamines3 give some of the very
best results in terms of activity and enantioselectivity. In the
case of monotosylated diamines the resulting complexes may be
employed in conjunction with either PriOH–KOH or formic
acid–Et3N as hydrogen source.3 In contrast we have found that
the corresponding amino alcohol complexes appear to be
compatible only with the PriOH system. In order to gain an
insight into the mechanism of the reduction using ruthenium(II)

complexes of aminoindanol 1, on which we have recently
published, we wished to identify the key intermediates likely to
be involved in the process.

Our initial speculation, taking as a starting point the results
obtained by Noyori on the analogous monotosylated diamine
system, was that the ‘pre-catalyst’ formed by the combination of
1 with ruthenium(II) dimer [RuCl(h6-cymene)]2 was likely to be
the 18-electron species 2. Treatment of 2 with base would, we
predicted, lead to elimination of HCl to give the 16-electron

intermediate 3 which would subsequently be reduced to the
18-electron ruthenium hydride complex 4 by hydrogen transfer
from the solvent. In the case of monotosylated diamines Noyori
was able to isolate, and characterise through the use of X-ray
crystallography, all three intermediates 5–7 analogous to 2–4.4
Despite a number of efforts on our part, we have as yet been
unable to obtain crystalline derivatives of any of our speculated
intermediates, possibly due to lack of stability relative to the
monotosylated diamine variants.

An alternative approach to this problem was, we considered,
through the use of electrospray ionisation mass spectrometry
(ESI-MS). This technique has been employed recently for the
determination of intermediates in a number of catalytic
processes, including the oxidative coupling of arylboronic
acids5 and a study of the aggregation states of organocopper
complexes in solution.6 In the event, this proved to be a highly
valuable approach, as described below.

In our first experiment, we prepared a 0.1 M solution of our
speculated ‘pre-catalyst’ 2 by combining a slight excess of cis-
aminoindanol 1 with ruthenium(II) dimer [RuCl(h6-cymene)]2
in PriOH solution.7 ESI-MS 8 of the resulting solution diluted to
25 mM concentration gave a clean spectrum showing an isotope
cluster centred around m/z = 420 (Fig. 1). The masses observed
for this cluster and the intensity ratio of the different isotope
peaks are in excellent agreement with the calculated pattern for
the protonated expected molecule C19H25NORuCl.

In the next step of our investigation we added ca. 2 equiv. of
an PriOH solution of KOH to the initial solution of 2. After a
short period of time (5–10 min) at room temperature, this
solution was again examined by ESI-MS by direct injection into
the instrument. The resulting spectrum (Fig. 2) showed clearly,
in addition to the isotope cluster of compound 2, a new isotope
cluster with the isotope at m/z 386 as the highest signal, but
starting at m/z 378. The shape of this isotope cluster revealed
that both expected molecules 3 and 4 were present. Fig. 3 shows
a comparison between the experimentally observed intensities
in this cluster and the calculated intensities when it is assumed
that the protonated forms of the products 3 and 4 were present
at a ratio of 1 to 3. This indicates that the reduction of compound
3 to 4 is likely to be faster than the production of 3 from 2. The

Fig. 1 ESI-MS of complex 2 in PriOH.
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less abundent isotope clusters observed around m/z 427 and 444
may be explained by assuming that PriOH can also react with
compound 3 (m/z 444) followed by loss of ammonia (m/z
427).

In an attempt to obtain evidence for the reduction of 3 by
PriOH we repeated the above reaction but with the use of
CH2Cl2 as solvent. An ESI-MS spectrum was recorded shortly
after the addition of base (Fig. 4) in which a strong set of peaks
centred at m/z 384 was observed. The masses and the measured
isotope signal intensities correspond to the mass predicted for
the compound 3. In the CH2Cl2 solution no suitable hydride
source exists for reduction of 3, therefore its lifetime is longer in
this solvent.

In a final revealing set of studies, samples were taken of a
solution of 4 in PriOH (formed by addition of base) over a
period of 90 min following addition of a quantity of aceto-
phenone, which was reduced during this time. Remarkably,
species 3 was observed to persist in solution, together with a
quantity of unreacted 2, but 4 was not observed. This
observation is somewhat at odds with the result illustrated in
Figs. 2 and 3, which suggested that 3 was shorter lived than 4.
Clearly the presence of ketone (and alcohol reduction product)
has an effect of the equilibrium of the reaction.

In view of the results described above, and the lack of
evidence for any complex of reduction product (1-phenethanol)
with ruthenium, we believe that the hydrogen transfer mecha-
nism probably proceeds via a 6-centre transition state proposed
by Noyori for the corresponding reactions of monotosylated
diamine complexes of ruthenium(II) (Fig. 5).5 Whilst caution
should be exercised in the interpretation of any transition state
through inferences from observed intermediates, particularly
since the method provides no information on the relative
configurations of chiral centres in the complexes, we would
consider that our evidence thus presented represents a solid
foundation on which to build further studies of the synthetically
important process of asymmetric transfer hydrogenation.

We thank the EPSRC and SmithKline Beecham Pharmaceu-
ticals for support of a CASE studentship (to J. A. K.) and the
British Council for a UK–Dutch Joint Scientific Research
Programme Travel Grant.
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Fig. 2 ESI-MS of complex 2 in PriOH, following addition of KOH.

Fig. 3 Comparison of calculated vs. experimental ESI-MS spectra for a
mixture of 3 and 4.

Fig. 4 ESI-MS of complex 2 in CH2Cl2 following addition of KOH.

Fig. 5 Mechanism of hydrogen transfer.
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The water soluble Fe(II) macrocyclic phosphine complex
[Fe(H2O)2{RP(CH2N(CH2PR2)CH2)2PR}]SO4·4H2O (R =
CH2OH) has been characterised by single crystal X-ray
diffraction and is formed by a remarkable self-assembly
reaction between iron(II) ammonium sulfate and tetra-
kis(hydroxymethyl)phosphonium sulfate (THPS).

There is increasing interest in catalytic transformations carried
out in aqueous media employing water soluble phosphine metal
complexes.1–4 In the latter context, phosphine ligands such as
P(CH2OH)3 have been shown to be useful precursors for the
synthesis of water soluble transition metal complexes.4 Albright
and Wilson have an interest in the related phosphonium salt
[P(CH2OH)4]2SO4

5 because of its effectiveness as a biocide in
oil wells. Recently, it was noted that [P(CH2OH)4]2SO4 also
aids the dissolution of iron sulfide deposits and particulates.
Iron sulfide arises both from anaerobic microbial activity in oil
wells and as a result of indigenous H2S; deposits cause flow
restrictions in vessels and pipework and particulates can upset
oil/water separation and lead to damage. In oil well situations,
the dissolution of FeS by [P(CH2OH)4]2SO4 is accompanied by
a red coloration of produced water from the well. The aim of this
study was to explain how [P(CH2OH)4]2SO4 aids the dissolu-
tion of FeS and to identify the origin of the resulting red
coloration which it was believed might be due to a water soluble
iron complex.

The reactions of [P(CH2OH)4]2SO4 and the related phos-
phine P(CH2OH)3 with various Fe(II) and Fe(III) salts, e.g. FeS,
[Fe(NH4)2(SO4)2], FeCl3, FeCl2 and FeSO4, were investigated
to find an iron containing laboratory reagent that would model
the red complex formed in the oil wells. Only [Fe(NH4)2(SO4)2]
produced a red colour with [P(CH2OH)4]2SO4 or P(CH2OH)3
and it was shown that other alkyl phosphonium salts do not give
red complexes. Thus it appears that the formation of red water
soluble complexes requires an Fe(II) salt, [P(CH2OH)4]2SO4 or
P(CH2OH)3 and, crucially, the presence of ammonium ions.
Following optimisation of the reaction conditions it was found
that addition of 2 equiv. of [P(CH2OH)4]2SO4 to iron(II)
ammonium sulfate in water at room temperature, followed by
the slow addition of base (NaOH), so that the pH was
maintained between 4.5 and 5.0, immediately produced a deep
red solution which gave deep red crystals of [Fe-
(H2O)2{RP(CH2N(CH2PR2)CH2)2PR}]SO4·4H2O (R =
CH2OH) 1 on standing at 5 °C for two weeks.

The X-ray crystal structure† of 1 (Fig. 1) reveals a cationic
octahedral Fe(II) complex with a remarkable tetradentate
phosphine ligand in which alternating phosphorus and nitrogen
atoms are linked by CH2 spacers to form an eight-membered
macrocyclic ring which functions as a cis bidentate phosphine
donor to iron. The two nitrogen atoms carry pendant CH2PR2
groups which occupy trans diaxial sites in the metal coordina-

tion sphere. Two molecules of H2O occupy the remaining cis
coordination sites at iron. The complex is highly symmetric and
has crystallographically imposed twofold symmetry leading to
chemically equivalent pairs of axial and equatorial phosphorus
sites. The 31P{1H} and 1H NMR spectra‡ of the low spin d6

complex 1 are consistent with the solid state structure being
maintained in solution. Thus the 31P{1H} NMR spectrum shows
two triplets at d 20.1 [t, 2J(PP) 53 Hz] and 21.5 [t, 2J(PP) 53
Hz] as expected for the two pairs of chemically inequivalent
phosphine sites in the complex.

The precise mechanism by which complex 1 is formed is
uncertain but it seems likely that the reaction involves a
Mannich-like condensation of [P(CH2OH)4]2SO4 with two
ammonium ions, with the iron(II) ion acting as a template which
controls the formation of the macrocycle and its pendant
phosphine arms. When the reaction of [P(CH2OH)4]2SO4 and
iron(II) ammonium sulfate with more prolonged base addition
was monitored by 31P{1H} it was observed that the triplets
associated with 1 gradually diminished with concomitant

Fig. 1 Molecular structure of the cation of 1 with hydrogen atoms omitted
for clarity. Selected bond lengths (Å) and angles (°): Fe–O 2.071(2), Fe–
P(1) 2.1797(8), Fe–P(2) 2.2408(8), P(1)–C(11) 1.849(2), P(1)–C(1)
1.865(2), N(1)–C(3) 1.458(2), N(1)–C(1) 1.467(2), N(1)–C(2) 1.475(2),
P(2)–C(21) 1.836(2), P(2)–C(22) 1.842(2), P(2)–C(2) 1.845(2); P(1)–Fe–
P(1A) 80.63(4), P(1)–Fe–P(2) 92.41(2), O–Fe–P(2) 88.66(5), O–Fe–P(1)
98.25(5), O–Fe–O(OA) 82.87(9), P(2A)–Fe–P(2) 174.89(3), O(OA)–Fe–
P(1) 178.87(4), C(3)–N(1)–C(1) 113.7(2), C(3)–N(1)–C(2) 113.0(2), C(1)–
N(1)–C(2) 113.0(2).
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formation of a new complex 2 characterised by two new triplet
resonances at d212.0 [t, 2J(PP) = 76 Hz] and 222.8 [t, 2J(PP)
76 Hz]. The latter pattern is very similar to that observed for the
complex 1 suggesting a related structure, and although complex
2 has not yet been isolated and fully characterised, we
tentatively suggest that it might be a neutral hydroxy 2a or oxy-
bridged complex 2b of the type shown (Scheme 1) arising from
base induced deprotonation of the coordinated H2O molecules
in 1.

This investigation was stimulated by the need to explain how
[P(CH2OH)4]2SO4 aids the dissolution of FeS in oil fields
leading to a red coloration of the treated water. The speciation
of the Fe/S system in natural environments such as oil wells is
necessarily complex but our model reactions allow us to
tentatively propose that [P(CH2OH)4]2SO4 and NH4

+ ions self-
assemble iron complexes similar to 1 from FeS that has formed
in oil wells owing to sulfate reducing bacteria or indigenous
H2S. The key ammonium ions required for the condensation
reaction are usually naturally present in oil field waters where
[P(CH2OH)4]2SO4 is used. Also, ammonium bisulfite is often
added as an oxygen scavenger to oil field injection water used
to pressurise oil-bearing formations, thus providing an addi-
tional source. The observation that [P(CH2OH)4]2SO4 and FeS
do not appear to react in the absence of NH4

+ ions, but
immediately give red solutions on addition of NH4

+, adds
further support for the proposed mechanism.

Whilst it was not the original intention of this study to prepare
new water soluble catalysts, the novel tetradentate macrocyclic
phosphine ligand which has been prepared has obvious potential
in this context because it imposes facial octahedral coordination
whilst leaving two cis sites free for potential catalytic
transformations. Moreover, the ability of self assembled
phosphine ligands of this type to strongly bind transition metals
suggests that such systems might have a role to play in waste
clean-up procedures. The chemistry involved in the self-
assembly of the new Fe complex 1 is novel and a patent has been
raised to protect its potential applications.1

The authors would like to thank Gary Woodward (Albright &
Wilson UK Ltd) and Martin Murray (School of Chemistry,
University of Bristol) for their help in spectral interpretation.
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Scheme 1 Proposed mechanism for formation of 1 and 2.
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An N-methyltransferase responsible for methylating the N-
terminal leucine of a vancomycin group antibiotic has been
expressed, and its activity assayed against a series of
putative vancomycin precursors.

Vancomycin (1) and teicoplanin are the drugs of choice against
methicillin-resistant Staphylococcus aureus (MRSA).1 The

emergence of vancomycin-resistant enterococci (VRE) has
highlighted the need for the development of new antibiotics.2–4

We have sequenced the DNA containing a gene cluster assumed
to encode enzymes for the biosynthesis of chloroeremomycin
(2).5,6 This assumption is strongly supported by the expression
of a glycosyl transferase within the cluster, which was able to
add glucose to an aglycone form of chloroeremomycin.7
Recently, gene disruption in another glycopeptide producing

strain has indicated the oxidative genes involved in cross-
linking the aromatic groups along the peptide backbone, and led
to the isolation of a linear heptapeptide precursor of a
vancomycin group antibiotic.8

We now report the successful expression and assay of an N-
methyltransferase from this cluster (MtfA, previously referred
to as ORF 16) responsible for N-methylating the N-terminal
leucine of chloroeremomycin. MtfA has significant sequence
homology to the N-methyltransferase EryCVI which is involved
in the synthesis of the desosamine moiety of erythromycin D.9
The MtfA gene was amplified from cosmid pCZA361 using
primers which introduced suitable restriction sites for cloning
into the expression vector pET28a(+) (Novagen). The protein
was then expressed in E. coli BL21 (DE3) under the control of
the T7lac promoter as a His6-tagged fusion protein which
allowed one-step purification using Novagen His-Bind Quick
900 Cartridges. The relative molecular mass of the purified
protein (which gave rise to a single band following SDS-PAGE)
was found to be 32.52 kDa (using ESI-MS) which was in
excellent agreement with that calculated (32.519 kDa) from the
protein sequence.

We assayed MtfA against four different substrates. Each
substrate represents a putative precursor corresponding to a
different stage of the pathway. The first substrate was N-
demethylvancomycin (3) which is identical in structure to N-
demethylchloroeremomycin with the exception that the latter
has an additional residue 6 amino-sugar (4-epi-vancosamine)
and the residue 4 sugar is epi-vancosamine rather than
vancosamine. The second substrate was the aglycone of 3 (4).
These substrates allow assays for putative late stage methylation
in the biosynthetic pathway. The third substrate was the linear
heptapeptide D-Leu-D-Tyr-L-Asn-D-Phpg-D-Phpg-L-Tyr-L-
Dhpg-OH (5).10 This has the same linear peptide sequence as
vancomycin but has no cross-linking between the aromatic side
chains, no chlorine atoms or benzylic hydroxy groups and lacks
the residue 4 sugars. This substrate allows an assay for a
methylation step near to the middle of the biosynthetic pathway.
The final substrates were the R- and S-enantiomers of leucine.
These substrates allow assays for methylation at the start of the
biosynthetic pathway. Although the N-terminal leucine of
chloroeremomycin is the R-isomer, the possibility of post-
methylation epimerisation cannot be ruled out.

Assays were performed in 50 mM Tris–HCl buffer, pH 7.5 at
25 °C. The concentrations of substrate (100 mM), (S)-adenosyl-
L-methionine (200 mM) and enzyme (1 mg) were identical in
each assay, as was the incubation time (24 h). Reaction mixtures
were then subjected to analytical reverse phase HPLC and
fractions analysed by FT-ICR mass spectrometry. The extent of
methylation was determined by comparing the ratios of the
intensities of the peaks corresponding to the singly charged
parent ions of the substrates and their methylated products
(Table 1). Appropriate controls were carried out.11,12 Where
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HPLC retention times of products and substrates did not overlap
significantly, peak integration was also used to determine the
extent of methylation (Table 1). Leucine and N-methylleucine
have very weak UV absorption properties and mass spectrome-
try was used for their detection.13

Approximately 95% of 3 was monomethylated by MtfA to
vancomycin [Table 1 and Fig. 1(a), cf. peaks at m/z 1434 and
1448]. In Fig. 1(a) the fragmentation peak at m/z 1305
corresponds to the loss of the residue 4 vancosamine from the
methylated product, indicating that N-methylation occurs at the
N-terminal leucine and not the amino group of vancosamine.
Species 4 also proved a good substrate for MtfA with over 95%
methylation. Interestingly, 30% underwent a second methyla-
tion to form a dimethylated product [Table 1 and Fig. 1(c), cf.
peaks at m/z 1129, 1143 and 1157]. In contrast, only 30% of 5
was monomethylated [Fig. 1(b), cf. peaks at m/z 1049 and 1035]
and no methylation of (R)- or (S)-leucine was detected. Each
substrate was additionally assayed in the absence of MtfA and
no methylation was observed.

We also carried out competition experiments in which an
equimolar concentration of two substrates (100 mM each) was
incubated with enzyme (2 mg) and (S)-adenosyl-L-methionine
(200 mM) (Table 2).14 In the competition experiment between
substrates 3 and 5, approximately 95% of 3 was mono-
methylated whereas no methylation of 5 was detected, confirm-

ing that 3 is a much better substrate than 5. In the competition
experiment between substrates 3 and 4, 90% of 4 was
monomethylated whereas only 30–35% of 3 was mono-
methylated. No dimethylated products were detected. The lack
of a second methylation of 4 in this competition experiment
implies that the N-methylated aglycone is a poorer substrate for
the enzyme than is 3. Most importantly, this result also implies
that 4 is a better substrate than 3 and hence the best substrate of
those tested.

These results indicate that the order of specificity of the
substrates tested for MtfA is 4 > 3 > 5 > (R)- and (S)-leucine.
This order suggests that N-methylation is a late step in the
biosynthetic pathway of chloroeremomycin, taking place after
the oxidative crosslinking of the heptapeptide backbone but
before the addition of the ring 4 disaccharide. However, the
importance of the chlorine atoms on substrate specificity is yet
to be determined.
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Fig. 1 FT-ICR spectra showing the MH+ peaks due to substrate and
methylated product(s) following MtfA assays for (a) 3, (b) 5 and (c) 4.

Table 1 Extent of methylation of various substrates by MtfA determined by
FT-ICR spectrometry and HPLC analysis (parentheses). Each assay was
performed under identical conditions of 100 mM substrate, 200 mM (S)-
adenosylmethionine and 1 mg of enzyme for 24 h

Substrate
Substrate monomethyl-
ation (%)

Substrate dimethylation
(%)

3 95 ( > 95) 0 (0)
4 68 30
5 30 0
(R)-Leucine 0 0
(S)-Leucine 0 0

Table 2 Extent of methylation of substrates after competition experiments
in which mixtures of two substrates (100 mM each) and MtfA (1 mg) are
subjected to a limiting concentration of S-adenosyl-L-methionine (200 mM).
% values determined by FT-ICR spectromety and HPLC analysis
(parentheses)

Substrate methylationa (%)

Substrates 3 4 5

3,4 35 (30) 90 —
3,5 95 ( > 95) — 0

a All values refer to monomethylation only, since no dimethylation was
observed in either experiment.
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Conducting polymers, such as poly(aniline) or poly(3-methyl-
thiophene), change their conductivity by many orders of
magnitude upon oxidation or reduction. This modulation of the
conductivity of the polymer by redox reactions can be utilised to
fabricate microelectrochemical transistors—electrochemical
devices that behave in many ways as analogues of solid state
junction field effect transistors. When combined with suitable
redox enzymes these devices can be developed as miniature
biosensors which offer a number of interesting advantages,
particularly for use with small sample volumes or at low analyte
concentrations.

Introduction
Electrochemical biosensors have been extremely successful as
disposable devices for the measurement of blood glucose for
use by diabetics world-wide. This success is based on ease of
manufacture at low cost but with high control of quality and
reproducibility combined with ease of use. The clinical range
for glucose in blood lies between 1 and 20 mM. In this
concentration range direct amperometric measurement at milli-
metre sized electrodes yields readily measured currents in the
microamp range. Future applications will require much smaller
devices so that more assays can be carried out in a single drop
of blood and assays for analytes such as hormones, drugs or
enzymes present at much lower concentrations (typically nano-
and micro-molar). Taken individually and together these
requirements will be difficult to meet with present types of
amperometric biosensor because as the size of the electrode
and/or the concentration of the analyte decreases the current

measured also decreases. It is therefore appropriate to look for
other types of electrochemical biosensor which, while retaining
the simplicity of use and low cost of the amperometric devices,
also provide the potential for greater sensitivity and small
size.

The majority of electrochemical biosensors are based on
either potentiometric or amperometric detection (Fig. 1). In the

case of a potentiometric enzyme electrode the electrode senses
the steady state concentration of some species, usually a product
of the enzyme catalysed reaction (such as H+, NH4

+ etc.), at the
electrode surface. This steady state concentration is determined
by the kinetics of the enzyme catalysed reaction and by the mass
transport of reactants to, and products away from, the electrode.
Under suitable circumstances this steady state concentration is
directly related to the concentration of the analyte in the
solution. The operation of potentiometric enzyme electrodes
suffers from a number of problems which limit their sensitivity
for many applications.1 In addition an accurate and stable
reference electrode is essential and this is not easy to fabricate
as a disposable structure. Consequently amperometric ap-
proaches have generally been favoured, although this is not
always possible (for example in measurement of urea or
penicillin). In an amperometric enzyme electrode the current is
a direct measure of the rate of the enzyme catalysed reaction and
therefore, under suitable circumstances, is directly related to the
concentration of analyte. The great majority of redox enzymes
or coenzymes such as NADH and NADPH do not undergo
rapid, direct electrochemical reaction at electrode surfaces and
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Fig. 1 Schematic representations of an amperometric enzyme electrode and
a potentiometric enzyme electrode. In the amperometric enzyme electrode
the conversion of substrate, S, to product, P, by the enzyme is linked to the
electrode through the mediator couple A/B. The current for the conversion
of B to A is then related to the rate of the enzyme catalysed reaction and thus
to the substrate concentration. In the potentiometric enzyme electrode the
electrode senses the concentrations of A and B at the electrode surface.
These concentrations depend on the rate of the enzyme catalysed reactions
and the rates of mass transport of the A/B couple and the substrate in
solution.
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consequently it is necessary to provide some means to couple
the enzyme catalysed reaction to oxidation or reduction at the
electrode surface. In the first amperometric enzyme electrodes,
such as the Clark glucose electrode,2 this was done by oxidising
or reducing one of the co-reactants or products of the enzyme
catalysed reaction at a metal electrode. The enzyme glucose
oxidase (E.C. 1.1.3.4) catalyses the reaction of b-d-glucose with
oxygen to give d-glucono-d-lactone and hydrogen peroxide.
This reaction occurs in two stages. In the first step [eqn. (1)] the
oxidised flavin prosthetic group, FAD, bound in the enzyme
active site is reduced by reaction with glucose to give the bound
reduced flavin, FADH2, and the product gluconolactone, which
undergoes hydrolysis to give gluconic acid [eqn. (2)]. In a
subsequent step the reduced flavin is reoxidised by reaction
with molecular oxygen [eqn. (3)].
GOx(FAD) + b-d-glucose ? GOx(FADH2) +

d-glucono-d-lactone (1)
d-glucono-d-lactone + H2O ? d-gluconate + H3O+ (2)

GOx(FADH2) + O2? GOx(FAD) + H2O2 (3)
These reactions can be followed electrochemically by either
measuring the rate of consumption of molecular oxygen or by
measuring the rate of production of hydrogen peroxide.
Although both approaches have been adopted they suffer from
a number of problems. At high glucose concentrations, or in
situations where the supply of oxygen is restricted, the response
can be limited by the oxygen supply rather than by the
concentration of glucose. In addition both oxygen and hydrogen
peroxide are difficult species to measure electrochemically
because of their poor electrode kinetics. Consequently measure-
ments in whole blood, serum or other biological media are often
difficult because of interference from other, readily oxidised
compounds such as uric acid or ascorbate present in the sample.
For these reasons it is preferable to avoid the use of oxygen and
replace the second reaction by one in which a redox mediator is
used to reoxidise the enzyme [eqn. (4)].
GOx(FADH2) + 2M+ + 2H2O ?

GOx(FAD) + 2M + 2H3O+ (4)
Using this approach the mediator can be chosen so that it has
both a fast reaction with the reduced enzyme, good stability and
fast electrode kinetics at a potential where the interferences
from other species present in the sample are minimal. The most
successful example of this approach has been the use of
ferrocene derivatives to mediate oxidation of glucose oxidase
first suggested by Cass et al.3 and subsequently the basis of a
very successful commercial disposable glucose sensor.

For glucose oxidase, direct electrochemical oxidation of the
enzyme is slow because the active site is buried deep within the
enzyme core.4 Homogeneous solution mediators, such as the
ferrocene derivatives, are presumably able to diffuse into and
out of the enzyme’s active site and thus to act as a shuttle
carrying electrons from the active site to the electrode. Although
the use of homogeneous, freely diffusing mediators has proved
a very successful and flexible approach to the problem it is not
ideal for all applications because the mediator can diffuse away
from the electrode surface and be lost. For this reason other
approaches have been investigated including the co-immobili-
sation of the enzyme and mediator in carbon paste electrodes
and sol-gel electrode structures, the covalent modification of the
enzyme by attachment of the redox mediator to amino acid
residues of the protein,5,6 and the immobilisation of the enzyme
in redox polymer films containing the covalently attached
mediator. This last approach, pioneered by Heller,7 has been
very successful in linking the re-oxidation of several flavo-
proteins, including glucose oxidase, to electrodes for use in
amperometric biosensors.

Despite these successes in designing amperometric enzyme
electrodes there are important limitations to their performance if
we wish to go towards either smaller sensors or analytes at
lower concentrations. In an amperometric enzyme electrode the

current is directly related to the rate of turnover of the enzyme.
For example for glucose oxidase the maximum rate of turnover
of the enzyme is 800 s21. For a monolayer coverage of the
enzyme (1.6 3 10212 mol cm22)8,9 on a 1 cm2 electrode this
corresponds to a maximum current of 240 mA. As the size of the
electrode is decreased the current will also decrease because the
number of enzyme molecules decreases. For a 70 micron
diameter electrode (the diameter of a human hair, 3.85 3 1025

cm2) the maximum current for a monolayer coverage of glucose
oxidase will be 9.2 nA; for a 1 micron diameter electrode (7.85
3 1029 cm2, a realistic size using present fabrication tech-
niques) the current will be reduced to 1.9 pA. Clearly, in
principle, this current can be increased if the enzyme coverage
is increased from a monolayer to multilayer. However the
increase in current will be less than linear with increasing
enzyme coverage because of the restriction on diffusion of the
substrate through the enzyme layer at the electrode surface.
Thus, realistically we can probably only expect an increase of
one or two orders of magnitude in the current if we use
multilayer enzyme coverage on the electrode.

These currents are for high concentrations of the analyte
( > 20 mM) and for an enzyme with fast kinetics. At lower
concentrations, or for many other enzymes, the currents would
be less. This also becomes a problem when we try to develop
amperometric biosensors for analytes such as hormones or
drugs which are biologically active at much lower concentra-
tions.

To address these problems it is appropriate that we in-
vestigate other electrochemical sensing strategies which main-
tain the advantages of electrochemical biosensors in terms of
low cost and ease of use and manufacture, but which offer other
mechanisms to allow enhanced sensitivity at low analyte
concentrations for devices of small size. One such approach is
provided by the microelectrochemical transistor or switch
devices first described by Wrighton and colleagues.10 These
devices make use of the ability to switch the conductivity of thin
conducting polymer films by five or more orders of magnitude
on oxidation or reduction. This large change in conductivity of
the polymer leads to amplification of the signal and can be used
as the basis of a chemical sensor or biosensor which acts as a
electrochemical transistor analogous to a junction field effect
transistor in its operation and characteristics. In addition these
devices can be made very small so that they may be suitable for
use in small sample volumes.

Conducting polymers
The microelectrochemical transistors and diodes described by
Wrighton make use of the very large changes in the conductivity
of electronically conducting polymers which accompany oxida-
tion or reduction of the polymer backbone. Conducting
polymers, such as poly(pyrrole) or poly(3-methylthiophene) are
formed by oxidative coupling of the respective monomers. This
coupling can be carried out chemically or electrochemically.
The latter approach has the advantage that the polymerisation
process is localised at the electrode surface and that the amount
of polymer deposited can be controlled through the total amount
of charge passed. On cycling the potential of the conducting
polymer film in a solution of background electrolyte the
polymer can be repeatedly oxidised and reduced (Fig. 2). The
amount of charge passed in this process depends on the amount
of polymer present. For polymers such as poly(pyrrole) and
poly(3-methylthiophene) the oxidised form is conducting and
the reduced form is insulating. Conduction in the oxidised form
of the polymer is through the mobile bipolarons11 (Fig. 2).

The oxidation and reduction of the conducting polymer is
also accompanied by the ingress and egress of anions, cations
and solvent and by polymer chain relaxation processes. Thus the
dynamics of the redox transformation of these films is a
complex process and one which we are only now beginning to
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fully comprehend through the use of a variety of in situ
techniques.12,13 This movement of ions is essential to maintain
the electroneutrality of the polymer film. This requirement for
the motion of ions to accompany the oxidation and reduction of
the polymer constrains the maximum rate at which these films
can switch between conducting and insulating states.

Microelectrochemical transistors and diodes
The first microelectrochemical transistor, described by
Wrighton and colleagues in 1984,10,14 comprised a poly-
(pyrrole) film deposited across the gaps between three inde-
pendent gold microband electrodes 1.4 mm apart on a oxidised
silicon substrate (Fig. 3). By analogy with a junction field effect
transistor the three gold electrodes are referred to as the source,
gate and drain. By using the central gate electrode Wrighton and
colleagues were able to alter the redox state of the poly(pyrrole)
film. With the gate at potentials, Egate, negative of 20.2 V vs.
SCE the polymer is insulating and no current flows through the
polymer film between the outer source and drain electrodes
when a voltage, Edrain, is applied between them—the device is
in the ‘off’ state. When the gate potential, Egate, is changed to
more positive values the poly(pyrrole) film becomes oxidised
and changes to its conducting state. Now when a voltage is
applied between source and drain a significant drain current,
Idrain, flows between the source and drain electrodes through the
poly(pyrrole) film—the device is in the ‘on’ state. Fig. 3 shows
the current–voltage characteristics of the device at different gate
voltages. In this device a small signal applied to the gate
electrode leads to a large change in the drain current flowing
through the polymer; thus the device amplifies the signal in the
same way that a solid state transistor can be use to amplify a
signal.

A significant difference between the type of microelec-
trochemical transistor described here and conventional solid-
state devices lies in their response times. In a solid-state
semiconductor device the switching is achieved by movement
of electrons or holes within the semiconductor. In the
microelectrochemical enzyme transistor the switching is ac-
companied by the movement of ions and solvent within the film

(see above). Consequently the process is much slower;
switching for Wrighton’s first poly(pyrrole) device took on the
order of 10 s.10 In subsequent studies Wrighton and colleagues
demonstrated that other conducting polymer such as poly(3-
methylthiophene) and poly(aniline) could be used to make
microelectrochemical transistors15,16 and that these devices
could be made to operate faster by careful choice of the polymer
film and by reducing the size of the inter-electrode gap. In this
way they were able to demonstrate power amplification up to
frequencies of 10 kHz.17 Nevertheless this is still considerably
slower than for solid-state devices.

However although switching in microelectrochemical tran-
sistors is slow they have other properties which solid state
devices do not possess, notably that the devices can be switched
by chemical reactions and therefore can, in principle, be used as
chemical sensors. Thus, instead of using a potentiostat and
external circuit the redox state of the polymer film can be
changed by oxidation or reduction by a species in solution and
this change can again be sensed by a change in the drain current
flowing through the device—the chemical reaction switches the
device between ‘on’ and ‘off’ states. The first examples of this
used simple outer sphere redox couples such as [Fe(CN)6]32/42

or [Ru(NH3)6]3+/2+ to turn devices based on poly(aniline) films
‘on’ and ‘off’ respectively.16 The amount of redox reagent
which can be detected with this type of device is very small. For
example for a poly(3-methylthiophene) based transistor
Wrighton et al. were able to detect the injection of 1 3 1029 mol
of [IrCl6]22 corresponding to the reaction of 8 3 10216 mol of
the reagent at the polymer surface.18 Subsequently responses to
molecular hydrogen and oxygen were demonstrated for micro-
electrochemical transistors based on poly(3-methylthiophene)
films modified with platinum particles to catalyse the reactions
of hydrogen and oxygen19 (Fig. 4). Despite the use of the
platinum particles to catalyse the reduction of oxygen the
response of the devices was still rather slow, taking around 2
min to respond to 1 atm of dissolved molecular oxygen. In these
devices the microelectrochemical transistor acts as a sensor for
the redox potential of the solution without any particular
chemical selectivity for the species present.

Whilst these initial studies by Wrighton and colleagues
demonstrated the concept of using a microelectrochemical

Fig. 2 A cyclic voltammogram of a poly(pyrrole) film recorded at 200 mV
s21 in 2 mol dm23 H2SO4. The film was grown on a 0.5 mm diameter
platinum electrode at 0.65 V vs. SCE from a solution of 0.5 mol dm23

pyrrole in 1 mol dm23 KCl. The inset shows the schematic structures for the
insulating and conducting forms of the polymer. Note that in the fully
oxidised polymer there is typically one charge for every four monomer
units.

Fig. 3 Plots of the drain current, Idrain, as a function of the drain voltage,
Edrain, for a poly(pyrrole) based microelectrochemical transistor operated in
MeCN containing 0.1 mol dm23 Bu4NClO4. Each curve corresponds to a
different value of the gate voltage, Egate. As the gate voltage increases from
–0.1 V vs. SCE to 0.6 V the resistance of the poly(pyrrole) film decreases.
The inset shows the arrangement used to make the measurements. (Adapted
with permission from White et al.10 Copyright 1984 American Chemical
Society.)
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transistor as a chemical sensor they did not go on to demonstrate
selective devices or to look at the possible use of other types of
catalyst to provide selectivity in the device response.

Microelectrochemical enzyme transistors
An obvious way to impart chemical selectivity to a micro-
electrochemical transistor is to use an immobilised enzyme as
the catalyst.20 However this has proved to be difficult because
of the problems of coupling the enzyme electrochemistry to the
conducting polymer film and finding the right conducting
polymer with the correct properties for the application. The
obvious starting point is to use poly(pyrrole) or one of its
derivatives since these polymers can be deposited from neutral
aqueous solutions and can be used to entrap enzymes such as
glucose oxidase during deposition of the polymer.21–23 This was
the approach adopted by Matsue to make the first micro-
electrochemical enzyme transistor, an NADH responsive device
based on diaphorase.24 They used an interdigitated platinum
electrode structure fabricated on glass with 10 mm wide bands
separated by 10 mm wide gaps. These were coated with a thin
electropolymerised film of co-polymerised pyrrole and N-
methylpyrrole containing diaphorase (E.C. 1.6.99.- purified
from Bacillus stearothermophilus). In order to couple the
enzyme catalysed reaction to the reduction of the polymer 1 mM
anthraquinone-2-sulfonate was added to the solution as a
mediator. On addition of NADH the oxidation of NADH,
catalysed by the diaphorase, led to reduction of the pyrrole–N-
methylpyrrole copolymer film causing the device to switch
from ‘on’ to ‘off’. This change in the conductivity of the
polymer was observed by recording the change in the drain
current, Idrain, flowing through the device as a function of time
after exposure to NADH (Fig. 5). After exposure to NADH the
device is in its ‘off’ state and must be reset by reoxidising the
polymer before it can be used to make another measurement of
NADH. This was achieved by electrochemical oxidation of the
polymer film.

Despite proving to be a useful way of immobilising enzymes
at electrode surfaces for amperometric enzyme electrodes,21–23

poly(pyrrole) and its derivatives are not the most suitable
polymers for the fabrication of microelectrochemical enzyme
transistors because the stability of the polymer in solution at
neutral pH is not good, it is hard to reproducibly deposit the
films from neutral aqueous solutions, and the electrical
conductivity of the polymer is irreversibly destroyed by reaction
with hydrogen peroxide.25,26 This is a particularly serious
problem if one wants to use flavoproteins, such as glucose
oxidase, which inevitably generate some peroxide even when a
redox mediator is incorporated into the film with the en-
zyme.27

These problems can be overcome by using poly(aniline)
which is stable, does not react with hydrogen peroxide and
which can be deposited very reproducibly by electrochemical
methods. The electrochemistry of poly(aniline) is more com-
plex that that of poly(pyrrole) because there are three accessible
oxidation states: the leucoemeraldine, emeraldine, and perni-

graniline forms28,29 (Fig. 6). Of these three forms only the
protonated emeraldine form is electronically conducting. The
emeraldine base (Fig. 6) is an insulator. Thus poly(aniline)

generally only exists in its conducting form in acidic solution
and the polymer is normally electrochemically deposited from

Fig. 4 A two terminal poly(3-methylthiophene) based microelectrochemical
enzyme transistor. The device can be turned ‘off’ by reduction with
hydrogen or ‘on’ by oxidation with oxygen. The platinum particles are
necessary to catalyse the reactions of the gases at the surface of the polymer.
(Adapted with permission from Thackeray et al.19 Copyright 1986
American Chemical Society.)

Fig. 5 Response of the drain current, Idrain, to the addition of 1 mmol dm23

NADH for a microelectrochemical enzyme transistor based on a copolymer
of pyrrole and N-methylpyrrole and incorporating diaphorase and anthra-
quinone-2-sulfonate. The device was operated at a drain voltage of 20 mV
in 0.1 mol dm23 KNO3 in 20 mmol dm23 phosphate buffer at pH 6.8. The
inset shows the experimental arrangement for the measurement. (Adapted
from Matsue et al.24)

Fig. 6 Cyclic voltammogram for a poly(aniline) film recorded at 20 mV s21

in 2 mol dm23 H2SO4. The film was grown on a 0.5 mm diameter platinum
electrode at 0.9 V vs. SCE from a solution of 0.4 mol dm23 aniline in 2 mol
dm23 H2SO4. The three different forms of the material are indicated. Of the
three only the protonated emeraldine form is electronically conducting. The
diagram also shows schematic representations of the structures of the
different forms.
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acidic solutions (such as 1 M H2SO4). Poly(aniline) films can be
cycled between the three redox states electrochemically in
acidic solutions (Fig. 6) but at low pH the pernigraniline form is
unstable and undergoes hydrolysis leading to degradation of the
film.

In order to use poly(aniline) films with flavoproteins it is
essential to work in neutral, or at best weakly acidic, solutions
to avoid the destruction of the enzyme. The workable pH range
for poly(aniline) films grown from sulfuric acid solution is
determined by the pKa of the emeraldine form of the polymer.
This is around 5.5, so that these films can be operated in
buffered solutions at pH 5. Microelectrochemical enzyme
transistors responsive to glucose were fabricated by electro-
chemically depositing a thin film of poly(aniline) from sulfuric
acid solution across a 20–25 mm gap between two screen printed
carbon microbands.30,31 Glucose oxidase was then immobilised
on to the surface of the poly(aniline) in a second step carried out
in buffered solution at pH 5. The glucose oxidase was
immobilised on the poly(aniline) surface in an electropoly-
merised film of 1,2-diaminobenzene. 1,2-Diaminobenzene
forms a thin insulating film under these conditions which is
permselective and can be used to give selectivity against
interferents in solution.32 Thus the film serves the dual purpose
of immobilising the enzyme onto the surface of the poly(ani-
line) and providing some selectivity against interference from
solution species. The fact that the film is deposited electro-
chemically also means that it coats the surface of the device
evenly. The construction of the device is shown in Fig. 7. To

couple the enzyme catalysed oxidation of glucose to the
reduction of the poly(aniline) film tetrathiafulvalene (TTF) was
used as a mediator. The overall reaction scheme is then given by
eqns. (5)–(8),
GOx(FAD) + b-d-glucose ? GOx(FADH2) +

d-glucono-d-lactone (5)
d-glucono-d-lactone + H2O ? d-gluconate + H3O+ (6)

GOx(FADH2) + 2TTF+ +2H2O ?
GOx(FAD+) + 2TTF + 2H3O + (7)

TTF + PANI(ox) ? TTF+ + PANI(red) (8)
where PANI(ox) represents the fully oxidised, insulating,
pernigraniline form of poly(aniline) and PANI(red) the partially

oxidised, conducting, emeraldine form. Thus the enzyme
catalysed reaction turns the device from ‘off’ to ‘on’ (Fig. 7).
Following exposure to glucose the device can be reset by
electrochemical oxidation of the poly(aniline) to the pernigrani-
line form at 0.5 V vs. SCE.

For a device of this type the rate at which the drain current
increases upon exposure to the analyte and the time taken for it
to switch between states depend on the concentration of analyte.
Fig. 8 shows a set of response curves for a single device exposed

to different concentrations of glucose. First it is clear that the
device can be reused at least nine times with no apparent loss in
function, in fact many more than nine consecutive operations
are possible for this device under these conditions. It is also
clear that the response of the device depends on the concentra-
tion of glucose added to the solution. Without added glucose
there is no change in the drain current over the course of the
experiment. When glucose is added there is initially no change
in the drain current flowing through the poly(aniline) film but
then, as the enzyme catalysed reaction begins to reduce the
polymer it is converted to its conducting, emeraldine state and
the drain current increases, eventually reaching a plateau when
the polymer is highly conducting and the drain current is limited
by the base resistance of the carbon microband structure (in this
case about 3 kΩ). Note that on switching from ‘off’ to ‘on’ the
resistance of this device changes by around 3 orders of
magnitude. We can show that the device does indeed operate
through changes in the oxidation state of the poly(aniline) film
by following the potential of the film during switching [Fig.
9(a)]. Before addition of glucose the potential of the polymer is
around +0.28 V vs. SCE, where the poly(aniline) film is
insulating. On addition of glucose the potential immediately
begins to shift cathodic as the poly(aniline) is reduced and then
the drain current increases as the polymer becomes more
conducting. Fig. 9(b) shows the variation of the polymer
resistance with potential.

Fig. 7 The construction and operation of a microelectrochemical enzyme
transistor responsive to glucose. The device is based on a poly(aniline) film
deposited across the gap between two electrodes. On top of the film the
enzyme glucose oxidase (GOx) is immobilised in a electropolymerised film
of poly(1,2-diaminobenzene). The device is switched from ‘off’ to ‘on’ on
exposure to glucose. The device can be reset by electrochemical oxidation
of the poly(aniline) film at +0.5 V vs. SCE at pH 5.0 to the insulating
pernigraniline state.

Fig. 8 A set of response curves for a glucose oxidase based micro-
electrochemical enzyme transistor. The structure of the transistor is shown
in Fig. 7. Between each measurement the device was reset electro-
chemically to its insulating state at 0.5 V vs. SCE. Measurements were made
with a drain voltage, Edrain, of 20 mV in pH 5 phosphate/citrate buffer
containing 0.5 mol dm22 Na2SO4 and 0.5 vol % Triton X100 saturated with
tetrathiafulvalene. In each case aliquots of sample solution were added at
time zero. In the absence of glucose the drain current, Idrain, flowing through
the device does not change. When an aliquot of glucose is added the drain
current increases with time following the addition until it eventually reaches
a plateau when the device is in the ‘on’ state. The time taken for the device
to switch on and the maximum switching rate, Smax (defined as the
maximum slope of the plot of drain current against time), depends on the
concentration of glucose. The inset shows the calibration curve for this
device. (Reprinted from Bartlett and Birkin.30 Copyright 1993 American
Chemical Society.)
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Studies of the effect of varying the amount of polymer
deposited onto the device and the enzyme loading allow us to
optimise the speed of response of these devices to glucose and
support our model of the operation of these devices.31 By
optimising the amount of poly(aniline) deposited across the 20
mm gap a switching time of less than 10 s can be achieved. This
is significantly faster than the best switching times reported by
Matsue et al. for their NADH responsive device.24 The
selectivity of this type of device for glucose over other sugars is
largely determined by the selectivity of the enzyme itself, with
d-(+)-glucose giving much faster switching rates than d-
(+)-mannose or d-(+)-galactose (Table 1).

Advantages of microelectrochemical enzyme
transistors
Microelectrochemical enzyme transistors have a number of
potential advantages as biosensor devices which could be
beneficial in some applications. First, the devices do not require

a potentiostat or a reference electrode to operate. Measurement
of the drain current can be achieved with very simple
instrumentation and, at least for devices operating in the ‘off’ to
‘on’ direction (see below), the instrumentation required to re-set
the device after each measurement can be very simple. Second,
the devices can be made very small without loss of sensitivity.
As the gap between the electrodes is decreased and the polymer
film is made thinner the speed of response will increase and the
magnitude of the drain current will increase. Third, these
devices can be thought of as counting the number of molecules
which have reacted with the enzyme. Thus it will take a certain
number of glucose molecules to switch the device from its ‘off’
state to its ‘on’ state. This number of molecules depends on the
amount of poly(aniline) in the device—for a device 50 mm by 50
mm we estimate that 60 fmol of glucose is required to reach the
halfway point where Idrain is one half its maximum value. As the
size of the device decreases the number of moles of glucose will
also decrease. Fourth, the device integrates the analytical signal.
Thus if the device is removed from the solution containing
glucose the drain current does not fall back to zero but stays at
the value reached. If the device is returned to the glucose
solution the drain current increases once more. This is because
the enzyme catalysed reaction causes the reduction of the
polymer so that each molecule of glucose which reacts injects
one charge carrier into the polymer and these charge carriers
accumulate there leading to the increase in conductivity. This is
in direct contrast of the operation of superficially similar
devices also based on conducting polymer films and enzymes
which operate by sensing a local change in pH caused by the
enzyme catalysed reaction.33–35 In these devices the response
returns to the baseline value when the analyte is removed and in
their operation they resemble potentiometric enzyme electrodes
and suffer from the same problems as these devices in terms of
sensitivity and effect of solution buffer concentration.1

We have made use of this ability of the microelectrochemical
enzyme transistor to integrate the analyte signal in the
measurement of low glucose concentrations using a device of
the type described above.36 In this work we were able to show
that by the choice of suitable deposition and fabrication
conditions we can make microelectrochemical enzyme transis-
tors responsive to glucose with good reproducibility and that
they can be used with good repeatability to make measurements
of glucose concentration down to 2 mM in air-saturated buffer at
pH 5. This was 40 times better than the performance of the
corresponding amperometric device.

Despite the success in fabricating working devices respon-
sive to glucose some problems and disadvantages remain. First
it is important to realise that devices of this type will suffer from
similar problems of interference, enzyme kinetics and selectiv-
ity as amperometric enzyme electrodes. Indeed if a device
works as a microelectrochemical enzyme transistor then it will
generally also function as an amperometric sensor simply by
holding it at the appropriate potential and measuring the current.
The advantages of the microelectrochemical enzyme transistor
over the amperometric enzyme electrode lie in its sensitivity
and simplicity of measurement. Second, for the devices
described above freely diffusing mediator species have been
necessary to couple the enzyme reaction to the reduction or
oxidation of the polymer. Third, the use of poly(aniline) with
bisulfate counterion is restricted to pH 5 and below and this is
not compatible with all enzymes or enzyme assays. In the next
section we address some of these challenges.

Further developments
Not all enzymes require the use of redox mediators to achieve
oxidation or reduction at electrode surfaces. For glucose
oxidase the flavin redox active site is buried deep within the
core of the protein, making direct oxidation at an electrode very
difficult, but this is not the case for all enzymes. For horseradish

Fig. 9 (a) Simultaneous measurement of the drain current, Idrain, and the
potentials of the two microband electrodes as a function of time after
addition of glucose. (b) resistance of a poly(aniline) film as a function of the
redox potential at pH 5. (Reprinted from Bartlett and Birkin.31 Copyright
1994 American Chemical Society.)

Table 1 Comparison of the relative homogeneous rates, amperometric
response, and switching rate recorded for a single device in the presence of
0.15 mol dm23 substrate and 1.4 mmol dm23 TTF+ (from ref. 31)

Substrate

Relative
homogeneous
ratea

Amperometric
response/mA

Switching
rate/s21

d-(+)-Glucose 100 63 0.209
2-Deoxy-d-glucose 25 42.5 0.218
d-(+)-Mannose 0.98 8.8 0.081
d-(+)-Galactose 0.14 3.3 0.034
a Ref. 53.
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peroxidase (E.C. 1.11.1.7) the haem redox site is located at the
periphery of the enzyme and is solvent accessible. In this case
direct reduction of the haem at electrode surfaces is possi-
ble.37–39 Horseradish peroxidase can also be directly reduced at
poly(aniline) coated electrodes40 and so it is possible to make
microelectrochemical enzyme transistors responsive to hydro-
gen peroxide using horseradish peroxidase as the catalyst.41 In
this case the reactions are those in eqns. (9) and (10).

H2O2 + HRP(red) ? HRP(compound I) + H2O (9)
HRP (compound I) + PANi(red) ?

HRP(red) + PANi(ox) (10)

In this case the poly(aniline) is converted from its reduced,
conducting, emeraldine form to its oxidised, insulating, perni-
graniline form so that the device operates in the ‘on’ to ‘off’
direction [see Fig. 9(b)], rather that the other way around, as was
the case for the glucose responsive device. This has an
important consequence. Because the device starts in the
conducting state the time taken to switch the device in any given
concentration of analyte is much more sensitive to the choice of
setting potential for the poly(aniline) film (the initial value of
Egate). This is because the more cathodic the initial gate
potential the greater the amount of charge that must be removed
from the polymer before its conductivity will change sig-
nificantly, switching the device ‘off’. In contrast, for the glucose
responsive device the poly(aniline) starts in the insulating state
where the capacitance of the polymer is orders of magnitude
lower. As a result small differences in the initial gate voltage
make no difference in the switching time for the device and for
the same reason the switching times are significantly faster.41

The clear conclusion from this comparison is that, if possible, it
is better to configure devices so that they operate in the ‘off’ to
‘on’ direction than vice versa.

The work described above for both glucose and hydrogen
peroxide responsive devices was all carried out using poly(ani-
line) at pH 5. It is obviously desirable to remove this constraint
and to be able to work at neutral pH. For poly(aniline) the
problem is that the emeraldine form of the polymer deproto-
nates above about pH 5 (see Fig. 6 above) and that the
deprotonated form is not an electronic conductor. For a
poly(aniline) film the deprotonation of the emeraldine form is
associated with the egress from the film of both the protons and
the associated counter anions, [Fig. 10(a)]. This is only possible
if the counter anions are small and mobile, for example chloride
or bisulfate anions. If these mobile counter anions are replaced
by long chain polymeric counter anions these become trapped
within the poly(aniline) film and the overall process changes
[Fig. 10(b)]. Now if the protons leave the film they must be
replaced by cations from the solution in order to maintain
electroneutrality. As a consequence of this change the con-
ductivity of the poly(aniline) can be maintained to much higher
pH42 [in effect there is a Donnan type potential established
across the poly(aniline) solution interface which alters the
electrochemical potential of the protons within the film]. We
have made use of this effect to deposit films of poly(aniline)
with polymer counterions such as poly(vinylsulfonate) or
poly(styrenesulfonate) which remain electrochemically active
and conducting at neutral pH. These composite films can be
used to make microelectrochemical enzyme transistors respon-
sive to glucose43 and to make devices responsive to NADH
operating at pH 7.44 In the latter case no enzyme is required
because poly(aniline) is an excellent catalytic surface for the
oxidation of NADH to NAD+.45

Thus for glucose we have shown that we can make
microelectrochemical enzyme transistors which respond rapidly
and reproducibly,25,30,31 that such devices show sensitivity to
low glucose concentrations,36 and that we can make them
operate at pH 7.43 However in all cases it has been necessary to
use a freely diffusing redox mediator to couple the oxidation of
the reduced flavin to the reduction of the poly(aniline). There

are two potential strategies to overcome this problem. The first,
following the work of Heller on redox hydrogels,7 is to use a
redox polymer deposited on top of the poly(aniline) to establish
electrochemical communication between the enzyme and the
conducting polymer. Another alternative is to covalently attach
the redox mediator to the enzyme.5,6,46 Both approaches have
been demonstrated in amperometric measurements and should
work with microelectrochemical enzyme transistors if the redox
potentials and rate constants for mediation are suitable.

Conclusions
Microelectrochemical enzyme transistors are good examples of
integrated chemical systems as described by Wrighton47 and
Bard.48 They are constructed by combining together, in a
spatially organised manner, a number of distinct chemical
components. These components (conducting polymer, insulat-
ing polymer, redox enzyme, redox mediator etc.) are each
individually selected to perform a particular role in the final
device and each possess different specific properties. By
combining these discrete components in the proper way we are
able to make functioning molecular devices. An important
aspect of this approach is in the methods used to construct the
final devices. These methods need to allow spatial control over
the localisation of the different components. In constructing our
microelectrochemical enzyme transistors we have used electro-
chemical polymerisation and adsorption to localise and im-
mobilise the different components onto structures made using
screen printing or photolithographic methods.

We believe that the prospects for the exploitation of
microelectrochemical enzyme transistors and related devices
are good. Their construction and operation is compatible with
the current developments of disposable microsensor structures,
sensor arrays49–51 and conducting polymer based electronic
circuits.52 Microelectrochemical enzyme transistors offer sig-
nificant advantages for the detection of analytes at low
concentrations as a result of the inherent integration of the
analyte signal and amplification that they provide. These
features could be of significant benefit in developing small,
disposable devices for immunoassay and DNA assay applica-
tions. Finally we note that the output of a microelectrochemical
enzyme transistor can be treated digitally, that is it is possible to
use such devices to make digital, as opposed to the conventional
analogue, chemical sensors. In such devices the concentration
of the analyte is encoded as a frequency of switching rather than
as an analogue voltage or current. This is an as yet unexplored
area. In addition, by combining arrays of microelectrochemical

Fig. 10 Protonation equilibria for poly(aniline) films. For poly(aniline)
grown with a mobile anion (a), such as chloride, the emeraldine state of the
polymer can deprotonate on contact with neutral solutions by simultaneous
expulsion of protons and chloride ions to leave the insulating emeraldine
base. In contrast, for poly(aniline) films grown with long chain polymeric
anions (b), such as poly(styrenesulfonate), the polymer can only deproto-
nate if it exchanges protons for cations from the solution. As a result the
emeraldine form of the polymer remains protonated even when placed in
contact with neural solution.
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enzyme transistors responsive to different analytes it is, in
principle, possible to make devices which perform simple
logical operations, again opening up a new and potentially
useful field of study.
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The gain of aromaticity and planarity, associated with the
oxidation of a p-extended TTF electron donor, is the key
feature for obtaining strong stabilisation of photolytically
generated radical pairs in novel C60-based dyads.

The remarkable electron-acceptor properties of fullerenes1

evoked the implementation of fullerenes as an electron acceptor
unit in the design of novel artificial light harvesting super-
structures.2 One viable approach to photosynthesis modelling
has been the covalent linkage of various redox active chromo-
phores. In this context, light-induced intramolecular charge-
separation (CS) has been reported for several C60-based donor–
acceptor systems endowed with various electron donors. CS
evolves, in most of these systems, from the singlet excited state
of the fullerene unit through a series of small distance
intramolecular electron transfer events yielding a charge-
separated state.3,4

The ultimate goal is to design a system that converts sunlight
into a usable form of energy with a near unit quantum
efficiency. The key to accomplish this is to optimise the stability
of the charge-separated state. This requirement led researchers
to pursue two important concepts: (i) the increase of the donor–
acceptor separation, and (ii) the use of multicomponent systems
(donor–acceptor triads, tetrads, etc.) either in conjunction or
separately.5

We reported recently a strategy probing organic donor
molecules [e.g. tetrathiafulvalenes (TTFs)], linked to the
fullerene core, that gain rather than lose aromaticity on CS. In
particular, the one-electron oxidised form of TTF forms the
1,3-dithiolium cation, which, in contrast to the ground state,
displays an extended aromatic character.6 In fact, the lifetime of
the charge-separated state was increased by a factor of ca. 4
relative to comparable systems that do not contain TTF.6

Here we present the synthesis of novel fulleroids and
methanofullerenes endowed with highly conjugated TTFs
having a p-quinodimethane structure. Cyclic voltammetry is
combined with optical absorption and emission spectroscopy to
study the electronic properties and excited-state interactions in
dyads 3a,b and 4a,b.

The motivation for the current work stems from the
possibility of obtaining a higher degree of stabilisation of the
oxidised donor via adding aromatic arenes to the heteroaromatic
rings of TTF. Addition of the latter is expected to enhance the
aromatic stabilisation energy. In the oxidised form, the p-
conjugation is extended over the entire anthracene backbone
and as a net result, the dicationic species is completely
aromatic.7

The syntheses of dyads 3a,b and 4a,b were carried out by a
cycloaddition reaction of diazo compounds with C60.8 In the
present case, diazo compounds are generated in situ from the
extended TTF containing p-tosylhydrazones (2a,b) by treat-
ment with base. Compounds 2a,b are in turn prepared in good
yields from the respective aldehydes (1a,b)9 and toluene-p-
sulfonohydrazide (Scheme 1).

The reaction of p-tosylhydrazones (2a,b) with C60 under
basic conditions in toluene at 70 °C afforded the kinetic product
3a,b in 27–31% yield as a mixture of the two possible [5,6]
isomers.10 [6,6]Methanofullerenes (4a,b) were prepared either

under basic conditions from p-tosylhydrazones (2a,b) with C60
in refluxing toluene or from the respective [5,6]fulleroid (3a,b)
by refluxing for 30 h in toluene in quantitative yield.

The 1H NMR spectra of fulleroids 3a,b confirm the presence
of both [5,6] isomers, showing the combination of two singlets
at d 6.9 ppm (i.e. the isomer with the methylene hydrogen atom
above a five-membered ring) and 4.1 (i.e. the isomer with the
methylene hydrogen atom above a six-membered ring).11 In
contrast, [6,6]methanofullerenes (4a,b) give rise to a typical 1H
NMR singlet at d ~ 5.2 corresponding to the cyclopropane
proton.†

All compounds studied show the presence of four one-
electron reduction steps of the fullerene core, similar to those
found for the parent C60, though the underlying reduction
potentials are shifted to more negative values. This shift evolves
from the partial loss of conjugation of the C60 sphere, which
raises the LUMO energy of the resulting modified fullerenes.12

Although the [5,6]fulleroids do not undergo the loss of
conjugation and retain the 60p electron configuration of C60,
essentially no difference in the reduction potentials were found
between the two isomers (i.e. [5-6] vs. [6-6], see Table 1).13 In
the anodic region, a single two-electron oxidation wave, to form
the dication of the TTF moiety, was noticed for all dyads (3a,b
and 4a,b).7

Pico- and nano-second-resolved transient absorption meas-
urements with C60–(p-extended)TTF donor–acceptor dyads
(3a,b and 4a,b) in toluene, CH2Cl2 and PhCN reveal the
instantaneous formation of the fullerene singlet excited state.

Scheme 1 Reagents and conditions: i, TsNHNH2, CHCl3; ii, MeONa, Py;
iii, C60, PhMe, 70 °C; iv, MeONa, Py; v, C60, PhMe, reflux; vi, PhMe,
reflux.
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Due to the presence of the electron donor [i.e. (p-ex-
tended)TTF] the singlet excited state absorption (lmax ~ 880
nm) transforms rapidly into a broadly absorbing product. It
should be noted that the decay kinetics of the singlet excited
state absorption correlates with the grow-in kinetics of the new
species. 

Spectroscopic evidence suggests that this newly formed
transient can be ascribed to the charge-separated radical pair,
namely, C60

•2–(p-extended)TTF•+. In particular, maxima at
660 and 680 nm are in excellent agreement with the pulse
radiolytically generated (p-extended)TTF p-radical cations at
660 (R = H) and 675 nm (R = SMe), respectively.14 On the
other hand, the two isomeric fullerenes give rise to different p-
radical anion absorptions at 1040 ([6-6]-closed)15 and 1070 nm
([6-5]-open).16

Generally, the intramolecular ET rates (see Table 1) depend
on (i) the donor strength of the p-extended tetrathiafulvalene
derivative (e.g. R = H vs. R = SMe), (ii) the excited state
energy of the fullerene derivative (e.g. [6-6]-closed vs.
[6-5]-open isomer) and (iii) the solvent polarity (e.g. toluene vs.
PhCN).

Independent confirmation for the rapid and, more im-
portantly, solvent-dependent deactivation of the fullerene
singlet excited state in dyads 3a,b and 4a,b evolves from
complementary fluorescence measurements. The fluorescence
quantum yields (Q) and also the fluorescence lifetimes (t)
showed, beside a marked solvent dependence, a correlation with
the donor strength of the TTF moiety. Specifically, Q and t
values in photoexcited 3a and 4a are lower relative to 3b and 4b,
respectively.

The lifetimes of the charge-separated states in all these C60–
(p-extended)TTF dyads (3a,b and 4a,b) are remarkable. For
example, they are in the range of several hundred nanoseconds
in deoxygenated PhCN and slightly lower in the less polar
CH2Cl2. In contrast, the parent TTF dyads (e.g. a donor moiety
that undergoes simply a gain of aromaticity upon oxidation) or
zinc tetraphenylpoprhyrin dyads (e.g. an electron donor which
lacks both the gain in planarity and in aromaticity upon
oxidation) yielded radical pairs with lifetimes of about 26 and
0.5 ns,4 respectively. Therefore, we rationalise the increased
stability of the C60

•2-(p-extended)TTF•+ pair with the stabilisa-
tion of the donor. The gain of aromaticity and planarity,
associated with this oxidation, yields a state of lower energy.
Consequently, reduction of the oxidised (p-extended)TTF
donor, in a sense of charge recombination, requires a higher
activation energy to proceed than the corresponding processes
in C60–TTF and C60–ZnTPP dyads.

We are indebted to DGICYT (Project PB98-0818) for
financial support. Part of this work was supported by the Office

of Basic Energy Sciences of the U.S. Department of Energy
(contribution No. NDRL-4188 from the Notre Dame Radiation
Laboratory).
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Table 1 Data for 3a,b and 4a,b

Q/1024 t/ns

Compound Solvent Fluorescence Fluorescence Singlet Charge separation Ered/Va Eox/Va

3a PhMe 0.42 0.191 0.124 not measured
3a CH2Cl2 0.18 0.135 0.104 150 20.68, 21.12, 21.62, 22.00 0.48
3a PhCN 0.06 < 0.1 0.051 202
3b PhMe 1.86 0.410 0.329 not measured
3b CH2Cl2 1.04 0.250 0.176 107 20.65, 21.07, 21.59, 21.95 0.59
3b PhCN 0.41 < 0.1 0.104 211
4a PhMe 0.48 0.230 0.176 not measured
4a CH2Cl2 0.18 0.190 0.113 110 20.67, 20.99, 21.59, 21.95 0.45
4a PhCN 0.06 < 0.1 0.099 220
4b PhMe 2.1 0.379 0.400 not measured
4b CH2Cl2 1.34 0.343 0.316 95 20.64, 20.98, 21.61, 21.95 0.55
4b PhCN 0.54 < 0.1 0.140 180
C60 20.60, 21.07, 21.64, 21.93
5b 0.45
a In V vs. SCE; GCE; Bu4N+ClO4

2 (0.1 M); PhMe–MeCN (4+1); 200 mV s21; 5: 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene; in CH2Cl2.
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Highly enantioselective conjugate addition of diethylzinc to
a,b-unsaturated lactones was achieved by using chiral
diphosphite–copper catalysts; the structure of a chiral
diphosphite–copper(I) catalyst was determined by single
crystal X-ray diffraction.

The enantioselective conjugate addition of organometallic
reagents to a,b-unsaturated ketones and esters provides an
efficient method for asymmetric carbon–carbon bond formation
in organic synthesis.1 In recent years copper complexes of
various chiral phosphorus ligands have been used as efficient
catalysts for the conjugate addition of organozinc reagents to
enones,2 but there are no reports concerning the asymmetric
conjugate addition of organozinc reagents to a,b-unsaturated
lactones. Tomioka reported the enantioselective conjugate
addition of Grignard reagents to 5,6-dihydro-2H-pyran-2-one
catalyzed by a chiral phosphine–copper iodide catalyst with
good enantioselectivity. However, a high loading of chiral
ligand (32 mol%) was necessary to achieve high enantiose-
lectivity.3 Recently we found chiral aryl diphosphites to be
efficient ligands for the copper-catalyzed conjugate addition of
diethylzinc to cyclic enones.4,5 Here we report the enantio-
selective conjugate addition of diethylzinc to a,b-unsaturated
lactones with chiral diphosphite–copper catalysts. A cationic
chiral diphosphite–copper(I) catalyst was isolated and its
structure was determined by single crystal X-ray diffraction.

The conjugate addition of diethylzinc to 5,6-dihydro-2H-
pyran-2-one 1a was selected as a model reaction. Typically the
reaction was carried out in toluene at 0 °C for 3 h, using 1 mol%
Cu(OTf)2 and phosphorus ligands (4 mol% monodentate
phosphorus ligands or 2 mol% bidentate phosphorus ligands) as
the catalysts, and the results are summarized in Table 1.

Cu(OTf)2 did not show catalytic activity activity in the
absence of phosphorus ligands (entry 1). The Cu(OTf)2
complexes of PPh3, P(OPh)3 and P(OEt)3 showed low catalytic
activity (entries 2–4).6 Chiral phosphite La and phosphorus
amidite Lb provided higher acceleration effects, but the
enantioselectivities were rather poor (entries 5 and 6).7,8 When
aryl diphosphite Lc and Ld were examined in the reaction, high
catalytic activity was achieved (entries 7 and 9). In addition
excellent enantioselectivity was obtained when Cu(OTf)2–Ld

Table 1 Conjugate addition of diethylzinc to a,b-unsaturated lactones
catalyzed by copper–phosphorus complexesa

This journal is © The Royal Society of Chemistry 2000
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complex was used as the catalyst (entry 9). To the best of our
knowledge, this is the first example of the highly enantio-
selective conjugate addition of an organozinc reagent to an a,b-
unsaturated lactone. The reaction was found to be highly
regioselective and no 1,2-addition product was observed by GC
analysis. When [Cu(OTf)]2·benzene–Ld was tested as the
catalyst in the conjugate addition of diethylzinc to 1a, similar
enantioselectivity was observed as that from using Cu(OTf)2–
Ld complex (entry 10 vs. entry 9). The Lc–Cu(OTf)2 and Ld–
Cu(OTf)2 complexes were also tested in the addition of
diethylzinc to 5H-furan-2-one 1b and 38.5 and 56.0% ee were
obtained respectively (entries 8 and 13).

A catalytic cycle for copper-catalyzed conjugate addition of
diethylzinc to cyclic enones had been proposed by Fergina.2a A
copper(I) species was proposed to be the catalyst in the reaction
and direct evidence to support this hypothesis is desirable. To
this end we carefully chose crystallization conditions and
obtained colorless crystals from an MeCN solution of Ld and
[Cu(OTf)]2·benzene. A single crystal X-ray diffraction study of
this species revealed a CuI complex with the molecular formula
[CuLd(MeCN)2]+ OTf2 which took a twist tetrahedron geome-
try (Fig. 1).† The tert-butyl group (C47–C50) is disordered.

As expected the isolated [CuLd(MeCN)2]+OTf2 crystals
were also found to be an efficient catalyst in the conjugate
addition of diethylzinc to 1a (entry 12) and the enantioselectiv-
ity was similar to that obtained using the [Cu(OTf)]2·benzene–
Ld catalyst prepared in situ (Ld/Cu = 1. entry 11). The X-ray
crystallography of the [CuLd(MeCN)2]+OTf2 complex showed
that the two terminal binaphthyl units form a good chiral pocket
around the copper atom. In addition the four tert-butyl groups in
the bridging biphenyl unit effectively fix the conformation of
the complex and shield the space above the copper atom. In
order to assess the importance of the tert-butyl groups at the
5,5A-positions of the bridging biphenyl unit, ligand Le was
prepared and tested for the reaction. The Cu(OTf)2–Le complex
also gave good enantioselectivity in the conjugate addition of
diethylzinc to 1a (entry 14).

We thank The Hong Kong Polytechnic University and The
Hong Kong Research Grant Council (Project number PolyU34/
96P) for financial support of this study.
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= 293(2) K, space group P212121, Z = 8299(3) Å3, m = 0.381 mm21,
18368 (Rint = 0.1071) independent reflections, refinement converged at a
final R = 0.0623, wR = 0.1684. CCDC 182/1492. See http://www.rsc.org/
suppdata/cc/a9/a908467c/ for crystallographic data in .cif format.
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Fig. 1 ORTEP drawing of the molecular structure of [CuLd(MeC-
N)2]+OTf2. The triflate and hydrogen atoms have been omitted for clarity.
The tert-butyl group (C47–C50) is disordered and only one of the
disordered sets of atoms is shown. The P1–Cu–P2 angle is 119.1°. The bond
lengths of P1–Cu and P2–Cu are 2.242 and 2.214 Å, respectively. The
dihedral angles of the two binaphthyl units are 57.4 and 55.7°. The bridging
3,3A,5,5A-tetra-tert-butylbiphenol unit has a dihedral angle 61.5°.
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Under catalysis by Pd0 and Ag2CO3, the reaction of
1,2-allenyl ketones and organic halides in PhMe using Et3N
as the base provides a new general access to polysubstituted
furans with good to excellent yields.

Furans, one of the most prominent classes of heterocyclic
compounds, can be found in many naturally occurring prod-
ucts,1 commercially important pharmaceuticals, and flavor and
fragrance compounds.2 They are also considered as important
synthetic intermediates for the preparation of numerous cyclic
and acyclic compounds.3 Usually, 3-, 2,3-, 2,4-, 3,4-, 2,3,4- and
2,3,5-substituted furans4 can be synthesized via acyclic pre-
cursors or derivatization of simple furans.5 Owing to its
potential and diversity, much attention has been paid to the
synthesis of furans from acyclic precursors. Some of the most
important and interesting methodologies are as follows: (i)
cyclization of alk-4-yn-1-ols;6 (ii) cyclization of alk-3-yn-
1-ols;7 (iii) AlCl3-catalyzed cyclization of acyl chlorides with
1,2-allenyl silanes;8 (iv) epoxidation and subsequent HgO-
catalyzed cyclization of alk-1-enyl alk-1A-ynyl methanols;9 and
(v) Pd-catalyzed cyclization of (Z)-2-iodoalk-2-enyl ke-
tones.10

Recently, Marshall et al.11 reported the Rh+- or Ag+-
catalyzed direct one-component cyclization of 1,2-dienyl
ketones to afford substituted furans with obvious limitations
(mainly R3 = H, Scheme 1). Since the introduction of

substituents at the 3- and/or 4-position of the corresponding
unsubstituted furans is difficult, efficient and general method-
ologies for furans with substituents at some or all of the four
positions are still of current interest. During the course of our
study of functionalized allenes,12,13 we envisioned that a Pd0-
catalyzed cyclization of an organic halide with a 1,2-dienyl
ketone would provide an efficient and general route to
polysubstituted furans with the unique assembly of substituents
at the different positions, depending on the substitution of both
reactants (Scheme 1).14

1,2-Dienyl ketones with different substitution patterns are
easily available.12c,14b,15 As a starting point, we studied the Pd0-

Scheme 1

Table 1 Efficient synthesis of polysubstituted furansa

Ketone 2
Product

Entry R3Xb R1 R2 R4 T/°C t/h (% yield)c

1 1a (2.0) 2a H H C12H25 80 12 3a (75)
2 1b (2.0) 2a H H C12H15 80 13 3b (90)
3 1c 2a H H C12H15 80 14 3c (94)
4 1a 2b H H Bu 80 12 3d (73)
5 1b 2b H H Bu 80 9 3e (92)
6 1c 2b H H Bu 80 9 3f (85)
7 1d 2b H H Bu 80 11 3g (71)
8 1e 2b H H Bu 80 11 3hd (61)
9 1c 2c H Me H 100 14 3i (68)

10 1b 2c H Me H 100 11 3j (79)
11 1d 2d H Bu H 100 17 3k (97)
12 1b 2e H H Ph 80 10 31 (51)
13 1c 2e H H Ph 80 10 3m (51)
14 1b 2f Et H Ph 80 12 3n (77)
15 1c 2f Et H Ph 80 12 3o (73)
16 1f 2b H H Bu 80 11 3p (66)
17 1f 2g H H C7H15 80 11 3q (63)

a Generally, the reaction was carried out using 1,2-allenyl ketone (1.5 equiv.), R3X (1.0 equiv.), and 5 mol% of Pd(PPh3)4 in PhMe, unless otherwise stated.
b The numbers in the parenthesis are the equiv. of R3X used. c Isolated yield. d The configuration of the CNC bond in R3 is trans.

Scheme 2

Scheme 3
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catalyzed cyclization reaction of heptadeca-3,4-dien-2-one 2a
with PhI under various reaction conditions. After some
screening, we found that the Pd(PPh3)4-catalyzed cyclization
reaction of PhI with 2a afforded the expected product 3a in 88%
yield together with the formation of 4a in only 9% yield by
using 5 mol% (Pd(PPh3)4 as the catalyst, toluene as the solvent,
and Et3N (2.0 equiv.)–Ag2CO3 (10 mol%) as the base. Similar
to the cyclization reaction of 1,2-allenic carboxylic acids, we
observed that a catalytic amount of Ag2CO3 is crucial to this
reaction (Scheme 2).

Using these standard conditions, we studied this new and
efficient synthetic methodology for the synthesis of poly-
substituted furans with differently substituted 1,2-dienyl ke-
tones as well as different kinds of organic halides (Scheme 3).
The results are summarized in Table 1.

The results in Table 1 show that (i) the yields for this reaction
range from moderate to excellent, with the highest being 97%
(entry 11, Table 1); (ii) both electron-rich and electron-deficient
aryl halides afforded the corresponding furans; (iii) substituents
at different positions of furans could be introduced, depending
on the structure of allenyl ketones and organic halides; and (iv)
the reaction of methyl (Z)-3-iodopropenoate16 yielded the
product 3h, providing an opportunity for further elaboration of
the substitutions at the 4-position (entry 8, Table 1).

In conclusion, we have developed an efficient method for the
synthesis of substituted furans with different substitution
patterns. The study of new methodologies for differently
substituted 1,2-allenyl ketones and the scope of this cyclization
reaction, as well as its application in the synthesis of target
molecules with potential activities, are currently being carried
out in our laboratory.

We are grateful to the National Natural Science Foundation
of China, the Chinese Academy of Sciences and the Shanghai
Municipal Committee of Science and Technology for financial
support. S.M. thanks the Hong Kong Qiu Shi Foundation of
Science and Technology for the 1999 Qiu Shi Award for Young
Scientific Workers (1999–2003).
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N-Acetylated Ph-PPY*, a new planar-chiral derivative of
PPY, serves as an effective reagent for the enantioselective
acylation of racemic amines, providing amides with very
good stereoselectivity.

In recent years substantial progress has been made in the
development of non-enzymatic catalysts for the enantio-
selective acylation of alcohols.1,2 In contrast, to the best of our
knowledge there have been no reports of effective non-
enzymatic catalysts for the enantioselective acylation of
amines.3,4 Indeed, there has been only limited success even with
stoichiometric chiral acylating reagents.5

We have recently described applications of planar-chiral

heterocycles (e.g. 1–3) as nucleophilic catalysts for a variety of
processes, including the enantioselective acylation of secondary
alcohols.6,7 Unfortunately, our attempts to extend this catalytic
process to amines were frustrated by the facility with which
amines react directly with acylating agents such as acetic
anhydride, thereby providing a competitive, non-enantiose-
lective pathway.

We therefore defined our immediate objective to be the
development of a highly enantioselective stoichiometric reagent
for the acylation of amines. Since progress toward this goal has
been quite modest,5 we felt that this in itself would be a
worthwhile achievement.8 Building on our recent discovery that
planar-chiral Ph-DMAP* (3) undergoes N-acylation when
treated with 1 equiv. of acetyl chloride,2d we examined the use
of the acylated derivatives of iron complexes 1–4 as chiral
reagents for the stereoselective acylation of (±)-1-phenyl-
ethylamine.

Our initial studies revealed that 4-pyrrolidino complexes
provide higher ee than do 4-dimethylamino complexes and that
complexes that bear the more bulky C5Ph5 group furnish better
enantioselectivity than do those that bear the C5Me5 group.
These cumulative substituent effects lead to the acylated form
of a new planar-chiral PPY derivative (4; Ph-PPY*) being the
most enantioselective acylating agent among complexes 1–4
[eqn. (1)].9–11

An optimization study established that the enantioselectivity
with which acylated Ph-PPY* reacts with (±)-1-phenyl-
ethylamine varies with solvent. Although at room temperature
several solvents furnish greater enantiomeric excess than does
CH2Cl2 (Table 1), the stereoselection in CH2Cl2 is significantly

temperature-dependent, and acylation in CH2Cl2 at 278 °C
affords the highest ee of the conditions that we have examined
(78% ee; entry 3). Interestingly, the relationship between ee and
solvent that we observe for the acylation of (±)-1-phenyl-
ethylamine differs from what we have observed for the catalytic
asymmetric acylation of (±)-1-phenylethanol.2b

For enantioselective acylations of this sort, the ee of the
amide product should increase when the ratio of amine to
acylating agent is increased.12 Consistent with this expectation,
under otherwise identical conditions we obtain amide with 87%
ee when we employ 8.0 equiv. of amine (Table 2, entry 1),
compared with 78% ee when we use 2.0 equiv. of amine (Table
1, entry 3).

Under these reaction conditions, we can achieve the ster-
eoselective acylation of a family of racemic amines with very
good enantioselection (Table 2).13 With respect to substituent
effects, we observe somewhat lower ee as the steric demand of
the alkyl substituent increases (entry 1 vs. entry 2). The
stereoselectivity appears to be modestly dependent on the
electronic nature of the aryl substituent, with acylations of
(±)-1-phenylethylamine proceeding with higher enantioselec-
tion than either more electron-rich or more electron-poor
derivatives (entry 1 vs. entries 3 and 4, respectively). As
illustrated in Table 2, N-acylated Ph-PPY* efficiently differ-
entiates the enantiomers of amines that bear a range of aromatic
substituents (e.g. see entries 5 and 6).

Table 1 Effect of solvent and temperature on enantioselectivity
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In summary, we have established that N-acylated Ph-PPY*, a
new planar-chiral derivative of PPY, can serve as an effective
reagent for the enantioselective acylation of racemic amines.
Compared with other reagents that have been reported for this
process, the level of stereoselectivity furnished by N-acyl Ph-
PPY* represents a significant advance in the state of the art.
This work thus marks an important first step toward the
development of an efficient non-enzymatic catalyst for the
asymmetric acylation of amines. Ongoing investigations are
focused on the discovery of acylating agents that will permit this
challenging goal to be achieved.
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Table 2 Enantioselective acylation of amines
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Previously unobserved pentadentate coordination of a tris-
(pyrazolyl)borate ligand has been ascertained in the com-
pound Ir[k5(N,NA,NB,CPh,CPhA)-TpPh](h2-C2H4) (TpPh =
hydridotris(3-phenylpyrazolyl)borate] that forms by ther-
mal activation of a mixture of [IrCl(coe)2]2 (coe = cyclo-
octene) with TlTpPh and ethene, through the intermediacy of
Ir[k4(N,NA,NB,CPh)-TpPh](Et)(h2-C2H4).

Denticity beyond k4 has never been encountered for TpR where
R contains no heteroatoms. We are reporting herewith the
synthesis of the first examples of a TpPh ligand acting in an
unprecedented pentadentate, as well as tetradentate, fashion in
Ir(III) complexes, and the structural characterization of repre-
sentative compounds.

Homoscorpionate ligands, TpR, where R is a 3-substituent on
the pyrazolyl ring, have overwhelmingly exhibited a k3

coordination mode, usually k3-N, NA,NB,1 and sometimes also
k3-N, NA,H,2,3 although lower denticity, such as k2-N,NA, k2-
N,H, k1-N, and even k0 (where the TpR ligand serves only as an
uncoordinated counter ion) has also been encountered.4 By
contrast, expansion of TpR denticity beyond k3 is rare. On the
one hand this can occur by way of the 3-R substituent containing
donor atoms, as in the demonstrably hexadentate Tppy,5 or in the
potentially hexadentate ligands TpoAn,6 or Tp2,4(OMe)2Ph.7 On
the other hand, tetradenticity has been reported in TpR ligands
where R contained no donor atoms, either by way of agostic
bonding,8 or through cyclometalation taking place at one of the
aliphatic R groups per ligand,9 or when an oxidative functional-
ization of one R group per ligand took place, leading to a C–O–
M bond.10,11 An example of reversible oxidative addition of the
ortho-C–H of the phenyl group in the RhTpPh(CO)2 complex,
thus making the TpPh ligand k4, has been reported in a
dissertation.12

The reaction of [IrCl(coe)2]2 (coe = cyclooctene) with
ethene and TlTpPh in CH2Cl2 produced the cyclometalated
compound Ir[k4(N,NA,NB,CPh)-TpPh](Et)(h2-C2H4) 1
(Scheme 1).† This was in sharp contrast to the related reactions
of [IrCl(coe)2]2 with ethene and KTp or KTpMe2, which under
identical conditions produced the Ir(I) complexes IrTpMe2(h2-
C2H4)2. The propensity of the Ir(I)TpR fragments to induce C–H
bond activation, enhanced in the present case by the increased
steric bulk of the TpPh ligand, and coupled with the close
proximity of the phenyl rings to the metal, can be used to
rationalize the facile activation of one of the phenyl rings, and
one of the ethene ligands. The X-ray structure of 1 (see ESI)
showed Ir in a distorted octahedral environment,‡ as indicated
by the bite angles of the TpPh ligand: N(3)–Ir–N(5) 83.3(1)°,
N(1)–Ir–N(3) 92.8(2)°, N(1)–Ir–N(5) 76.1(1)°. The difference
between the latter two (16.7°) is substantially larger than usual
values ( < 10°). The metalated phenylpyrazolyl unit showed a
strong distortion by which the boron atom and the phenyl ring
are considerably displaced from the plane of the pz ring: B by

0.73 Å, Ir by 0.37 Å and C(4) by 0.28 Å. At this stage, it appears
appropriate to draw attention on the similarity of the cyclometa-
lation of the phenylpyrazolyl unit of the TpPh ligand that leeds
to complex 1, with related transformations that involve donors
such as 2-phenylpyridine, 1-phenylpyrazole or bipyridine.13,14

The metalation of the benzene ring of these compounds attached
to the functional group that possesses the donor atom, requires,
in general, more forcing conditions14 than those needed for the
generation of 1 but yields related organometallic complexes that
incorporate the heterocyclic donor atom.14

Refluxing complex 1 in benzene for 17 h produced the bis-
metalated species Ir[k5(N,NA,NB,CPh,CPhA)-TpPh](h2-C2H4) 2, as
the only product (NMR monitoring).§ The proposed k5

coordination mode was suggested by the presence of four
carbon signals in the range d 123.2–122.5 (this is also the case
in compound 3, vide infra). Refluxing 1 in toluene, converted it
completely to 2 in 4.5 h. It can be concluded, therefore, that 2 is
thermodynamically favored over the a priori expected com-
pound Ir[k3(N,NA,NB)-TpPh](Ph)2(L), where L could be either
ethene or dinitrogen, as was in the case with IrTp*(h2-
C2H4)2.15

A related compound, which also contained a k5-TpPh ligand,
Ir[k5(N,NA,NB,CPh,CPhA)-TpPh](k1(N1)-3-phenylpyrazole) 3, was
formed upon treatment of [IrCl(coe)2]2 with 2,3-dimethylbuta-
diene and TlTpPh, the 3-phenylpyrazole resulting from partial
ligand degradation. Surprisingly, a direct reaction of 2 with the
free pyrazole, HpzPh, proceeded only slowly, and yielded other
products, in addition to 3. Spectroscopic data for 3 were in
agreement with the proposed structure. While 11B NMR and
n(B–H) data for 3 (as for 1 and 2) did not indicate the
coordination mode of the TpPh ligand,16 the 13C NMR spectrum
showed characteristic signals for carbon atoms of the metalated
rings at d 122.9, 122.5, 122.4, and 121.5. By comparison, 1 had
only two signals in this region, at d 122.2 and 121.9. It is

† Electronic supplementary information (ESI) available: preparation and
characterization data for compounds 1–4 and ORTEP plot of 1. See http:/
/www/rsc/org/suppdata/cc/a9/a908478i/ Scheme 1
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noteworthy, that both 2 and 3 contained inequivalent pyrazolyl
and phenyl rings. Thus, the diastereoselective cyclometalation
of the 3-phenyl group of the pzPh ring trans to the monodentate
ligand (in the case of 3, 3-phenylpyrazole), gave rise to
asymmetry of the molecule.

The ORTEP diagram of 3, along with important bond lengths
and angles is shown in Fig. 1.‡ The two Ir–C bond lengths are
identical within experimental error [2.053(2) Å] and are also
identical to the two Ir–C6H5 bonds of the somewhat related
compound [IrTp*(Ph)2]2(m-N2) [2.06(2) Å],15 while Ir–C(9) of
1 is slightly shorter [2.030(4) Å]. Considerable distortion of the
pentadentate TpPh ligand is evident from Fig. 1. Whereas the d6

Ir(III), and the bonding implicit in the coordination to the three
N atoms of a TpR ligand strongly favour octahedral coordina-
tion,17 an unstrained metalation of the two phenyl rings would
lead to trigonal prismatic geometry. Reconciling these two
desiderata, the dimetalated TpPh ligand becomes highly dis-
torted. The degree of distortion of the two Ir–CPh bonded
entities is manifested by the values of the bond angles around
iridium [77.7–103.6(1)°, cisoid; 157.4–172.7(1)°, transoid],
and also by the out-of-plane bending of B, Ir and the C atoms
C(4) and C(13) of the phenyl substituents with respect to the pz
planes. These deviations are 0.763(4), 0.889(4) and 1.101(4) Å
for B, Ir and C(4), respectively, referred to the
N(1)N(2)C(1)C(2)C(3) ring, and 0.619(4), 0.860(3) and
0.294(3) for B, Ir and C(13), respectively, with respect to the
ring containing N(3) and N(4).

In conclusion, we have demonstrated the first instance of k5

coordination of a TpR ligand. This work also shows that the
tendency of TpR ligands to strongly favor octahedral geometry
at the coordinated metal centers is so pronounced that even
severe ligand distortions can be accommodated. The thermody-
namic stability of the metalated compounds in refluxing
benzene is surprising, in view of the results observed in related
systems, and may be due to the chelate effect. The presently
reported compounds and related Ir(I) complexes seem to be
suitable for various C–H activation reactions. As represented in
Scheme 1, compound 1 reacts in THF at 60 °C to yield the
Fischer carbene complex 4 as the sole product. Moreover, the
phenyl groups could be used as internal probes for C–H
activation, as was demonstrated by the incorporation of 1.6

deuterium atoms into only one of the phenyl rings during the
reaction of 1 with THF-d8, producing the appropriate analog of
4. These, and related, C–H activation reactions are currently
being studied.

This work was supported by the ‘Fonds zur Förderung der
wissenschaftlichen Forschung’ with a Schrödinger Stipendium
for C. S. (J1756-CHE), the Spanish Ministry of Education, and
the DGES (Project PB97-0733).
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Fig. 1 ORTEP plot of 3 (hydrogen atoms omitted for clarity; thermal
ellipsoids are at the 20% probability level). Selected bond lengths (Å) and
angles (°): Ir–N(1) 2.114(2), Ir–N(3) 1.989(2), Ir–N(5) 2.219(2), Ir–C(9)
2.053(2), Ir–C(18) 2.051(2), Ir–N(8) 2.059(2), N(3)–Ir–N(1) 84.1(1), N(3)–
Ir–N(5) 79.2(1), N(1)–Ir–N(5) 88.7(1), N(3)–Ir–N(8) 172.7(1), N(3)–Ir–
C(9) 103.6(1), N(3)–Ir–C(18) 79.3(1), C(9)–Ir–N(1) 77.7(1), C(18)–Ir–
C(9) 91.4(1).
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Room temperature reaction of K2[Ru3(CO)11] with the
molybdenum(VI) bis(imido) complexes Mo(NAr)2Cl2(dme)
(Ar = C6H3X2-2,6; X = Me, Pri, Cl; dme = 1,2-dimethoxy-
ethane) affords new high-low valent clusters Ru3(CO)12{Mo-
(NAr)2} which adopt a butterfly arrangement of metal
centres with [Ru3(CO)12]22 acting as a ligand at a molybde-
num(VI) centre.

Molecular transition metal complexes can broadly be divided
into those containing the metal centre in either a high and or low
oxidation state. While in most respects the chemistry displayed
in these two areas is quite different, metal–metal bonding is
prevalent in both. Moreover, there is an increasing number of
examples in which metal–metal bonds are formed between
high- and low-valent metal centres. These include the classic
W(V)–W(I) complex Cp*W(CO)3–WO2Cp* prepared by Alt
et al.,1 while Sundermeyer has recently reported a range of
related bi- and tri-nuclear imido-containing complexes.2 In
these, metal–metal bonds are found between the high- and low-
valent centres but, even when more than one of the former is
present, there are no metal–metal bonds between the low-valent
centres. That is, clusters of this type are of the linear variety. Chi
and coworkers3,4 have synthesised a number of group 6/8
mixed-metal clusters containing imido ligands, however, here it
is noted that the p-donor ligands are rarely bound in a
monodentate fashion,4 but rather bridge two or more metal
centres.3 As such, all metal centres in such clusters can be
considered to be of similar valency. In contrast, Puddephatt and
coworkers5 have prepared the tetrahedral cluster cation
[Pt3(ReO3)(m-dppm)3]+ where the formal metal oxidation states
may be considered as Re(VII) and Pt(0), yet it is characterised by
three strong Pt–Re interactions.

Over the past thirty years, low-valent carbonyl clusters have
been the focus of intensive research and a wide range of cluster
geometries have been found.6 Cluster frameworks are generally
soft and deformable, with the geometries adopted dependent
upon the number of electrons. Further, many are easily oxidised
and/or reduced and as such have the ability to act as efficient
electron sinks. Both of these properties, if controllable, would
make the cluster useful as a ligand. Herein we describe the use
of the low-valent cluster [Ru3(CO)12]22 as a ligand to a high-
valent, bis(imido) stabilised molybdenum centre.

Room temperature addition of thf solutions of
K2[Ru3(CO)11]7 and Mo(NAr)2Cl2(dme)8 resulted in the
formation of very dark solutions which were left to stir
overnight. Work-up in an aerobic atmosphere resulted after
chromatography in the isolation of Ru3(CO)12 and the new
clusters Ru3(CO)12{Mo(NAr)2} 1a–c in yields of 20–30%
Clusters 1a–c show good solubility in hexane and are air-stable
in this solvent. Characterisation was made on the basis of IR,
NMR and mass spectra.† Crystals of 1a suitable for X-ray
analysis were easily grown upon cooling a saturated hexane
solution to 220 °C, the results of which are summarised in Fig.
1.‡

The molecule consists of a butterfly arrangement of one
molybdenum and three ruthenium atoms, with a fold angle of
25.4° about the hinge vector, Mo(1)–Ru(1). The molybdenum
centre retains its two imido ligands while each ruthenium centre
is ligated by four CO ligands. Of the three ruthenium–
molybdenum interactions, two are extremely short [Mo(1)–
Ru(2) 2.7165(5), Mo(1)–Ru(3) 2.7025(4) Å] while the third, the
hinge vector, is much longer [Mo(1)–Ru(1) 3.1094(8) Å].
Indeed, as far as we are aware, these bonds within 1a span the
range of all known molybdenum–ruthenium bonds in mixed-
metal clusters.9 The very short Mo–Ru interactions are probably
a result of the smaller radii of high- vs. low-valent metal centres
and high polarity of the heterometallic interaction Md+–Md2 as
noted previously by Sundermeyer et al.2 The longer hinge
vector is dative in origin, the electron-rich ruthenium tetra-
carbonyl unit acting as a donor to the high-valent molybdenum
centre. One way of looking at 1a is as a molybdenum(VI)
bis(imido) centre bound to a chelating [Ru3(CO)12]22 ligand. In
the free state this dianion would lose CO to afford

Fig. 1 Molecular structure of 1a with selected bond lengths (Å) and angles
(°): Mo(1)–Ru(1) 3.1094(8), Mo(1)–Ru(2) 2.7165(5), Mo(1)–Ru(3)
2.7025(4), Ru(1)–Ru(2) 2.9315(5), Ru(1)–Ru(3) 2.9556(5), Mo(1)–N(1)
1.766(2), Mo(1)–N(2) 1.761(2), Ru(2)–Mo(1)–Ru(3) 115.88(2), Mo(1)–
Ru(3)–Ru(1) 66.50(2), Ru(3)–Ru(1)-Ru(2) 102.54(2), Ru(1)–Ru(2)–Mo(1)
66.68(2), N(1)–Mo(1)–N(2) 112.39(7), Mo(1)–N(1)–C(20) 163.60(13),
Mo(1)–N(2)–C(30) 162.26(13).
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[Ru3(CO)11]22, however, on the basis of a localised bonding
model it would be expected to contain one long and two short
ruthenium–ruthenium vectors. Ruthenium–ruthenium distances
[Ru(1)–Ru(2) 2.9315(5), Ru(1)–Ru(3) 2.9556(5) Å] are ca. 0.1
Å longer than the average of 2.854 Å found in Ru3(CO)12,10

however, this is expected as the outer ruthenium atoms carry a
negative charge, while the Ru(2)–Ru(3) distance of 4.593 Å is
clearly non-bonding. Thus, the triruthenium unit has the
attributes expected of [Ru3(CO)12]22. Ignoring the dative Ru–
Mo interaction, the molybdenum centre is approximately
tetrahedral and related tetrahedral bis(imido) units are common
for Mo(VI)11 and known for Mo(IV).12 Metal–nitrogen bond
lengths in imido complexes are known to vary only slightly over
a wide-range of complexe,13 with no clear distinction between
Mo(VI) and Mo(IV). Molybdenum–nitrogen distances in 1a
[Mo(1)–N(1) 1.766(2), Mo(1)–N(2) 1.761(2) Å] and the N(1)–
Mo(1)–N(2) angle of 112.39(7)° are within the ranges found for
both Mo(VI) and Mo(IV) complexes.11–13

Butterfly clusters are usually associated with an effective
atomic number (EAN) of 62 electrons. As the imido ligands are
linear [Mo(1)–N(1)–C(20) 163.60(13), Mo(1)–N(2)–C(30)
162.26(13)°] then both might be expected to be able to act as
four-electron donors and such a scenario would give the
expected 62-electron count. However, there are only three d
orbitals of p-symmetry on any one metal centre, and thus the
total donor capacity of the two imido ligands is six.13 This
suggests that cluster 1 has only 60 electrons and is formally
electron deficient at molybdenum.

The mode of formation of 1 is not yet fully understood.
Clearly CO scavenging must occur and this would be a
reasonable explanation for the moderate yields obtained. The
major byproduct of all reactions is Ru3(CO)12. This probably
results from electron-transfer being competitive with nucleo-
philic substitution. We have also, however, noted that while 1a–
c are all indefinitely stable in hexane, thf solutions decompose
over a period of hours under anaerobic conditions giving
Ru3(CO)12 and an as yet unidentified molybdenum product. The
differing stabilities of 1 in coordinating and non-coordinating
solvents may reflect the strong polarisation of the Mo–Ru bonds
and the electron deficiency at molybdenum.

Attempts to extend this type of cluster to aryl imido ligands
without ortho substituents has so far been fruitless. For
example, addition of K2[Ru3(CO)11] to Mo(NPh)2Cl2(dme)
yielded Ru3(CO)12 and H2Ru4(CO)13 as the only tractable
products. The reason for this is unclear but given the instability
of 1a–c in thf (the reaction solvent), it may be that Ru3(CO)12-
{Mo(NPh)2} decomposes as rapidly as it is generated. We are
currently exploring different solvents for these reactions, and
plan to extend the metathesis methodology to other group 8
cluster anions and high-valent metal complexes, and explore the
reactivity of this new class of high-low valent cluster com-
plexes.

We are grateful to the National Research Council of Canada
and the Natural Sciences and Engineering Research Council for
financial support of this work. S. A. thanks University College

London for financial support and the award of a Thomas
Witherton Batt scholarship (1997–8).
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The carburisation of a prereduced MoO3 provides a new
method for the synthesis of the metastable a-MoC12x.

Because of their potential as catalysts substituting noble metals,
transition metal interstitial compounds,1 especially carbides and
nitrides of group VI (Mo, V, W),2–5 have received considerable
interest. Several routes have been proposed for their preparation
and their catalytic properties have been evaluated for a variety
of reactions.

The direct temperature programmed reduction (TPR) and
carburisation of MoO3 using methane allows the preparation of
the thermodynamically stable b-phase of molybdenum carbide,
b-Mo2C, whose structure is hexagonal close packed (HCP),
with specific surface areas in the range 50–100 m2 g21.6 The
metastable a-phase of molybdenum carbide, a-MoC12x, whose
structure is face-centred cubic (FCC), possesses catalytic
properties which differ from those of the b-phase as observed,
for example, in the hydrogenolysis of ethane.7 Two procedures
have been proposed for its synthesis. The first one involves the
initial reduction and nitridation of MoO3 by ammonia followed
by the carburisation of the g-Mo2N nitride.8 The second consists
in the direct reduction and carburisation of MoO3 containing a
small amount of platinum.9 The first method is rather tedious
whereas the second leads to a-MoC12x contaminated by
platinum, which may affect its catalytic behaviour. We now
report a new and direct route for the synthesis of a-MoC12x

using pure MoO3 as precursor.
The MoO3 used was analytical grade and obtained from

Aldrich. The structural transformations occuring during its
reduction and carburisation were followed in situ using powder
X-ray diffraction (XRD). A Paar XRD in situ cell, capable of
operation up to ca. 900 °C and 10 bar, was mounted in a
Siemens D5001 powder X-ray diffractometer (q–2q mode)
equipped with a position sensitive detector enabling the fast ( <
6 min) acquisition of detailed X-ray diffraction patterns.

The new synthesis route to a-MoC12x can be described as
follows. MoO3 is first reduced at 350 °C under pure dihydrogen
flow for 24 h. In situ XRD characterisation showed (Fig. 1) that
MoO3 is converted by this reduction treatment into a mixture of
the sub-oxide MoO2 and of another phase previously identified
as the oxyhydride MoOxHy.10 The oxyhydride has an FCC
structure with acub = 0.410 nm and is formed by reduction and

hydrogen insertion in the MoO3 lattice, the overall process
being topotactic.11

Dihydrogen was then replaced by methane and the sample
(mixture of MoO2 and MoOxHy) heated progressively to 710 °C
(3 °C min21). In situ fast scan XRD analyses were performed at
regular 30 °C temperature intervals to follow the carburisation
of the sample. As shown in Fig. 2, carburisation started at 620
°C and yielded eventually (680–710 °C) the nearly pure
metastable carbide a-MoC12x with only traces of the stable
carbide b-Mo2C. The unit cell parameter (acub) of the FCC
structure was found to be 0.428 nm, confirming that a pure
carbide, and not an oxycarbide (lower acub values),11,12 was
synthesised. The particle size (coherent domain size) of a-
MoC12x, calculated from the broadening of the XRD pattern, is
ca. 3.4 nm, corresponding to an estimated surface area of 187
m2 g21. However, the specific surface area of the sample
measured by the BET method was found to be much smaller
(SBET = 90 m2 g21), possibly because of the plugging of
mesoporosity owing to carbon deposition on the sample during
synthesis. The presence of carbon deposits was confirmed using
the method of Lee et al.6 and a C/Mosurface atomic ratio of 7 was
found. The Cbulk/Mobulk atomic ratio of the sample was then
estimated by in situ TPO of sample whose surface was coke-
free, as a result of the former treatment. This ratio was found to
be equal to 0.7 ± 0.1. The value of this ratio and of acub support
the deduction that the carbide synthesised is similar to the FCC
carbide previously reported in the literature.13 An FCC carbide
without coke contamination, i.e. directly usable for catalytic
application, was synthesised by replacing the pure CH4 gaseous
flow by a H2–CH4 (9+1) mixture. In this case, SBET was 179 m2

g21, with a pore size distribution centred around 3 nm. The
formation of b-Mo2C, in very small amount, is attributed to the

Fig. 1 In situ XRD pattern of the material obtained following reduction of
MoO3 by dihydrogen at 350 °C for 24 h.

Fig. 2 In situ XRD characterisation of the MoO2–MoOxHy mixture during
methane carburisation.
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carburisation of the MoO2 sub-oxide as reported in the
literature14 whereas the carburisation of the oxyhydride
MoOxHy yields a-MoC12x, both compounds having a FCC
structure.

The synthesis of the FCC a-MoC12x carbide is enabled by
the topotactic formation at low temperature of the FCC MoOxHy

oxyhydride whose subsequent carburisation, occurring via a
topotactic process,11 leads to the FCC carbide. It appears that, as
in the case of the topotactic synthesis of g-Mo2N from MoO3,15

the < 100 > direction of the FCC carbide is parallel to the
< 010 > direction of the starting oxide (Fig. 3). The first step,
i.e. the oxyhydride synthesis, is a further illustration of Figlarz’s
concepts about the usefulness of “soft chemistry”16 when
applied to the synthesis of new compounds in the MoO3-WoO3
system.

When compared to the two methods previously reported for
the synthesis of a-MoC12x, the new route described above has
two advantages. The first is its simplicity as no initial nitridation
of MoO3 with ammonia is required. The second is that the FCC
carbide is obtained directly from pure MoO3 and is thus not
contaminated by traces of platinum.

These facts are certainly relevant if the a-MoC12x carbide is
to be used as a catalyst, in order to avoid secondary reactions
resulting from contamination by either g-Mo2N nitride (and its
further reaction products) or platinum.

For example, it is known that bifunctional Mo-containing H-
MFI zeolites, using (NH4)6Mo7O24·4H2O or MoO3 as molybde-
num sources, are efficient catalysts for the direct aromatisation
of methane and that the active Mo-species in such systems is
molybdenum carbide.17,18 The new procedure proposed here for
the preparation of a-MoC12x has enabled the quantitative
evaluation and comparison of the performance of acidic zeolites
modified by both the a- and b-phases of molybdenum carbide19

without secondary effects owing to the presence of platinum
impurities or to possible structural modifications of the zeolite
or microporous solid following its prolonged exposure to
ammonia at high temperature.20

In addition, as the carburisation of MoO2 and MoOxHy leads
to two different Mo-carbides, the treatment described above
may be used to evidence the formation of the MoOxHy

oxyhydride phase after a low temperature reductive treatment of
MoO3.21,22

In conclusion, a new simple and direct route has been found
for the synthesis of the pure a-MoC12x carbide. This should
enable a better quantification of its surface properties and
reactivity and may impact on its use as catalyst for a variety of
reactions.

R. Anderson, I. Schmidt and Dr A. Green are gratefully
acknowledged for having performed some of the experiments.
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Fig. 3 Topotactic synthesis of FCC MoC12x: the < 010 > direction of the
starting material is conserved during the synthesis.
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A new metalloid cluster Ga22R8 with a central gallium atom
exhibiting an unusual coordination number of 13 and the
gallatetrahedrane Ga4R4 are obtained by reaction of ‘GaI’
with the lithium tris(trimethylsilyl)germanide Li(thf)3R.

In the past decade, the chemistry of low valent gallium
compounds has garnered widespread interest.1 An appropriate
and easily accessible starting material for gallium cluster
compounds is ‘GaI’, prepared by treating gallium and iodine in
toluene with ultrasound.2 ‘GaI’, the structure of which is still
unknown, has been used to synthesize a gallium(I) pyrazolybor-
ate derivative3 and the trigallane Ga3I5•3PEt3.4 The reaction of
‘GaI’ with lithium tris(trimethylsilyl)silanide as its thf solvate
Li(thf)3RA (Scheme 1) afforded the gallatetrahedrane 1, the
electron-precise tetragallane 2 and the nonagallane 3 together
with the disproportionation products 4 and 55 as well as a
silagallane cluster.6 The structure of 3, a cluster anion of
composition [Ga9RA6]2, is, in conformity with Wade–Williams
cluster rules, a Ga7 closo cluster with four RA and two GaRA
ligands. Obviously, three Ga atoms are attached to other Ga
atoms only. Such ligand free cluster atoms are rare in main
group chemistry but are also found in {Al77[N(SiMe3)2]20}22 7

and In12(SiBut
3)8.8 In 1 and 3 the ligands shield the gallium core

entirely. Thus, the question arises whether other ligands allow
the preparation of cluster compounds with different gallium
cores. Here, we report on the use of the tris(trimethylsi-
lyl)germanyl group (R) in gallium cluster chemistry and the
easy, high yield synthesis of a Ga22-cluster.

When sonochemically prepared ‘GaI’ is reacted with
Li(thf)3R in toluene (Scheme 2), a dark red–violet solution is
obtained from which colourless gallium(III) products of the type
R2GaI2•Li(thf)n 6 precipitate.‡ Obviously, a disproportionation
reaction has occurred, but the formation of elemental gallium
was not observed, implying that gallium species with oxidation
states of @ 1 had formed. Consequently, the gallatetrahedrane 7

was isolated in considerable yields  while the main product of
the reaction was Ga22[Ge(SiMe3)3]8 8. The tris(trimethylsi-
lyl)silyl analogue of 8, Ga22[Si(SiMe3)3]8,9 was not accessible
via ‘GaI’ but was synthesised via metastable GaBr solutions, the
preparation of which is very complicated.

Compound 7 (Fig. 1)§ exhibits a nearly ideal tetrahedral Ga4
core with average Ga-Ga distances of 258.7 pm. Thus, 7 is very
similar to 1 (dGa–Ga = 258.8 pm)10 and Ga4(SiBut

3)4 (dGa–Ga =
257.9 pm),11 but has shorter Ga–Ga contacts than Ga4[C-
(SiMe3)3]4 (dGa–Ga = 268.8 pm).12

X-Ray structure analysis of 8 (Fig. 2)§ shows a cluster
consisting of 22 Ga atoms with eight R substituents and can be
viewed as a Ga14 core with eight attached GaR units. The Ga14
core can be regarded as metalloid, yet this framework has no
equivalent in any known modification of elemental gallium.
The Ga14 core consists of a central gallium atom Ga(1), which
is surrounded by 13 other gallium atoms with long Ga–Ga
distances ranging from 285.5 to 312.4 pm (av. 295.1). The
coordination sphere around the central gallium atom is an
unusual Ga13 polyhedron of the type M3–M6–M4 with eight
four-membered and four three-membered ring facets. This is
similar to the M12 cuboctahedron (M3–M6–M3) in closest
packing spheres of metals. The Ga–Ga distances within the
Ga13 shell average 282.9 pm, longer than the Ga–Ga distances
in elemental gallium (240–280 pm)13 or in the Ga12 icosahedra
in NaxMg52xGa9 (dGa–Ga = 269–273 pm).14 All four-mem-
bered ring facets of this Ga13 shell are capped by GaR units in
m4 and m3-modes [dGa–Ga = 256.6 pm (av.)]. The gallium atoms

† Dedicated to Prof. Nils Wiberg on the occasion of his 65th birthday.

Scheme 1

Scheme 2

Fig. 1 View of a molecule of 7. Methyl groups are omitted for clarity.
Selected bond lengths (pm): Ga(1)–Ga(2) 258.2(5), Ga(2)–Ga(2)A 259.1 (5),
Ga(1)–Ge(1) 246.8(6), Ga(2)–Ge(2) 245.5(4), Ge–Si 235(2)–238(2).
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[Ga(2), Ga(3), Ga(5) and symmetry equivalents] of these eight
GaR units form a quadratic antiprism (dGa–Ga = 481–505 pm).
Again, the bulky tris(trimethylsily)germyl ligands completely
shield the gallium core.

Compound 8 is certainly not a typical Wade type cluster and
should be viewed as a metalloidal cluster, in accordance with
the jellium model.9 However, when taking into consideration
the long Ga–Ga distances involving Ga(1) and within the Ga13-
shell, as well as the short distances between the RGa units and
the atoms of the Ga13 shell, the RGa groups may be viewed as
electron pair donating ligands, attached to the Ga13 shell by two-
electron multicenter bonds. Assuming a central Ga+ ion, 15
cluster binding electron pairs are counted; thus the Ga13 shell
may be regarded as a nido polyhedron. This 13-atom poly-
hedron resembles the M3–M6–M4 arrangement recently re-
ported for (AlMe)8C(CH2Ph)5H.15

The results presented show the great synthetic potential of
‘GaI’ for the preparation of gallium cluster compounds.
Examples include compounds 3 and 8, which are intermediates
in the disproportionation of low valent gallium species into
metal and higher oxidized gallium compounds. Our current
efforts are directed towards the synthesis of other silyl and
germyl ligands with modified steric and electronic properties in
order to influence the size of the gallium cluster.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie. We thank
Prof. Dr D. Fenske for diffractometer time.

Notes and references
‡ Experimental: Li(thf)3Ge(SiMe3)3

16 (1.9 g, 3.7 mmol) dissolved in 25 mL
of toluene at 278 °C was slowly added to a suspension of ‘GaI’ (0.7 g, 3.7
mmol) (prepared by the procedure given in ref. 2) in toluene (30 ml) at the
same temperature. The mixture was stirred for 5 h at –78 °C and then
allowed to warm to room temp. All volatiles were removed in vacuo, and the
residue was extracted with methylcyclohexane (30 ml). The resulting dark
red solution was filtered. Crystals of 6, 7 and 8, suitable for X-ray
crystallography, were obtained from the concentrated filtrate at 0 and –30
°C, respectively.

Spectral data: for 7•0.5Ge2Si8C24H72O•0.5C7H8 (M = 1867.1): yield:
259 mg (15%); 1H NMR (C6D6): d 0.46 [s, OGe2(SiMe3)6], 0.39 [s,
GaGe(SiMe3)3]; 13C NMR (C6D6): d 4.83 [GaGe(SiMe3)3], 4.65 [OGe2-
(SiMe3)6]; MS (70 eV, EI): m/z (%) 1438 (2.7) [M]•+, 1365 (0.3) [M 2

SiMe3)]+, 1145 (5.0) [M 2 Ge(SiMe3)3]+, 854 (1.3) [M 2 2 Ge(SiMe3)3]•+,
594 (2.6) [OGe2(SiMe3)6]•+, 358 (34.5) [GaGe(SiMe3)3]•+, 293 (100.0)
[Ge(SiMe3)3]+.

For 8•0.25GeSi4C12H36 (M = 3962.9): yield: 127 mg (19%); MS (70 eV,
EI): m/z (%) 362 (6.4) [Ge(SiMe3)4]•+, 293 (100.0) [Ge(SiMe3)3]+.
§ Crystal data: STOE IPDS, Mo-Ka radiation, direct methods, full-matrix
least squares against F2, hydrogen atoms as riding model with Bruker AXS
SHELXTL 5.1 (PC).

Ga4Ge4Si12C36H108•0.5Ge2Si8C24H72O•0.5C7H8 7: crystal size: 0.20 3
0.20 3 0.10 mm, cubic, space group Pa3̄ (no. 205), a = 2697.5(3) pm, V
= 19.628(4) nm3, Z = 8, Dc = 1.214 g cm3, m = 2.796 mm21, F(000) =
7424, 14038 measured reflections for 2q = 2.5 2 42°, 3337 [1193 with F
> 4s(F)] independent reflections, 228 parameters. R1 = 0.108, wR2 =
0.289, max. residual electron density 1.56 e Å23. Several crystals tested
were all very weakly diffracting, so this structure should be regarded as a
preliminary one. Only Ga, Ge and Si atoms were refined anisotropically, C
and O atoms isotropically. The nearly spherical molecules of 7 (residing on
a threefold axis) pack in a primitive cubic lattice, providing large holes in
the structure, which are occupied by disordered toluene and [(Me3Si)3-
Ge]2O molecules. The high residual electron density is due to partial
oxidation resulting in a RGa4O4-heterocubane. Only ca. 10% of the oxygen
positions are occupied, the R-values being unaffected, whether these are
included in the refinement or not.

Ga22Ge8Si24C72H216•0.25GeSi4C12H36 8: crystal size: 0.20 3 0.10 3
0.02 mm, orthorhombic, space group Pmmn (no. 59), a = 2401.2(3), b =
2461.5(2), c = 1605.9(1) pm, V = 9.492(1) nm3, Z = 2, Dc = 1.361 g
cm23, m = 4.520 mm21, F(000) = 3860, 16797 measured reflections for 2q
= 4 2 42°, 4661 [2160 with F > 4s(F)] independent reflections, 366
parameters. R1 = 0.088, wR2 = 0.244 (all data), max. residual electron
density 1.23 e Å23. The GaGa14 core is disordered, so that two orientations
of the Ga13 core overlie each other, interchanging the M3 and M4 facets.
Thus the disordered molecule has crystallographic mm symmetry, while 8
has only mirror symmetry. Although the data were inspected thoroughly, no
hint of a larger cell or superstructure was found. The almost spherical
clusters are packed in a primitive cubic lattice, the cubic holes of which are
occupied in part (ca. 25%) by disordered Ge(SiMe3)4 and pentane. Only the
central Ge atoms were included in the refinement. Owing to the intensive
disorder and the thinness of the crystal plates virtually no peaks with 2q
> 42° could be observed. Therefore, only gallium, germanium and silicon
atoms were refined anisotropically.

CCDC 182/1495. See http://www.rsc.org/suppdata/cc/a9/a907039g/ for
crystallographic files in .cif format.
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Fig. 2 View of a molecule of 8. Trimethylsilyl groups are omitted for clarity.
Selected bond lengths (pm): Ga(1)–GaGa13 285.5(5)–312.4(5), Ga(2)–
GaGa13 244.7(5), 244.7(5), 245.8(4), 245.8(4), Ga(3)–GaGa13 258.9(7),
246.0(5), 246.9(5), Ga(5)–GaGa13 236.5(7), 240.3(7), 268.4(6), 269.3(5),
Ga(2)A–GaGa13 269.0(6), 274.6(8), 274.6(8), 300.5(8), Ga(2)–Ge(2)
243.0(2), Ga(3)–Ge(3) 242.8(2), Ga(5)–Ge(5) 242.9(3), Ge–Si
236.1(4)–238.4(5).
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The reaction between cycloruthenated N,N-dimethylbenzyl-
amine and ethylene under very mild conditions afforded
2-vinyl-N,N-dimethylbenzylamine and an organometallic
Ru derivative resulting from the overall insertion of one
carbon atom in the Ru–C bond of the starting material.

The insertion of an olefin in a transition metal–carbon s-bond is
a classical reaction in organometallic chemistry. With palla-
dium, this process is followed by b-hydrogen elimination and is
widely known as the Heck reaction.1 Recently, functionalisa-
tion reactions of aryl C–H bonds with terminal olefins catalysed
by ruthenium hydride complexes were reported.2,3 In these
reactions the products are alkyl substituted compounds resulting
from the ‘formal’ insertion of the olefinic double bond into a
C–H bond. We now report that air stable cycloruthenated N,N-
dimethylbenzylamine derivatives react at low pressure (1.5 atm)
and room temperature (RT) with ethylene to afford vinylbenzyl-
amines, as in the Heck reaction, and an organometallic
compound resulting from the insertion of ethylene into the Ru–
C bond.

In a typical experiment, an orange suspension of (h6-
C6H6)Ru(C6H4CH2NMe2)Cl 1a in methanol was stirred at
room temperature under 1.5 bar of ethylene over 1.5 h [eqn. (1)].
2-Vinyl-N,N-dimethylbenzylamine 2a‡ and the new organo-
ruthenium compound 3a‡ were isolated. The 1H and 13C NMR
spectra and combustion analyses of 3a are consistent with the
structure depicted in eqn. (1).

We found that it was possible to influence the ratio of 2a to
3a by removing the chloride ligand of the starting material.
Thus, the yellow cationic derivative 1aA4c led to a much higher
yield of the red organometallic species 3aA when it was treated
with ethylene [eqn. (2)].

These reactions led to the formation of a chiral C atom s-
bonded to Ru, the Ru atom being itself a stereogenic center.4

Interestingly, only one enantiomeric pair was observed by 1H
NMR in both cases, indicating that these reactions occur with a
high level of diastereoselectivity. The stereochemistry of 3a has
been investigated by a 1H NOE experiment. The h6-benzene
ring was found to interact strongly with one of the N-methyl and
with the C-methyl which also interacts with the proton of the
aryl ligand. The proton on the carbon a to Ru (CA) interacts
neither with the latter nor with the h6-benzene ring. Conse-
quently, 3a displays a boat conformation, with the C-methyl and
the h6-benzene ring in the equatorial and the axial positions
respectively. The absolute configuration of the enantiomers are
thus (RRuRCA) and (SRuSCA).

In order to confirm the chiral control of the reaction, the
optically active complex (h6-C6H6)Ru(C6H4-2-(R)-CH(Me)N-
Me2)Cl 1b (de = 90%)4 was treated with ethylene under the
same conditions. Surprisingly in addition to 2b and 3b,‡ the
respective analogues of 2a and 3a, a third product 4b‡ was
observed in trace amounts [eqn. (3)]. Its structure is that of a
new cyclometallated benzylamine derivative displaying an
ethyl substituent in position 3.

For complexes 3b and 4b, one diastereoisomer only was
observed by 1H NMR indicating that these compounds are the
result of highly diastereoselective processes. Unfortunately
owing to its instability, 3b could not be isolated as a pure solid.
Nevertheless its stereochemistry was investigated through a 1H
ROESY experiment of the crude reaction mixture. The methyl
substituent of the carbon atom s-bonded to Ru (CA) interacts
with the proton of the aryl ligand and with the h6-C6H6 ring
whereas the corresponding proton interacts with none of these.
These results indicate an equatorial position for the methyl
group and axial position for the h6-benzene ring as in 3a. The
methyl group a to N interacts equally with both N-methyls and
with the proton of the aryl ligand but not with the h6-benzene
indicating an equatorial position as well. Moreover, the absence
of any interaction between the h6-benzene ring and the benzylic
proton attached to N, together with the deshielding of the latter
signal, indicate that this proton should be close to the chlorine
atom as in the starting material 1b. Consequently, 3b should
display a boat conformation with the protons a to Ru and N on
bridgehead positions and its absolute configuration should
therefore be (RCSRuSCA).

When 3b was left in solution it isomerised slowly into 4b
together with decomposition but no conversion into 2b was
detected. Thus 2b and 3b are independent products which,
however, are likely to come from the same intermediate (see
below). The important instability of 3b as compared to that of
3a might be due to steric congestion around the Ru atom. The
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rearrangement process 3b? 4b remains unclear yet. Running
the reaction in CD3OD did not result in deuterium incorporation
in the new ethyl group. Moreover, when a sample of the crude
reaction mixture was left in an aprotic solvent such as CDCl3
this demetallation–remetallation process also occured. These
observations tend to indicate that 4b may be formed through an
intramolecular rearrangement as demonstrated by Steenwinkel
et al. for a related ruthenocyclic molecule.5

To the best of our knowledge the only precedent of a Ru-
mediated functionalization of a C–H bond to afford a vinyl
derivative such as 2a,b was reported by Murai and coworkers6

when reacting aromatic imines or imidates with mono-
substituted olefins in the presence of catalytic amounts of
Ru3(CO)12. It is generally assumed that this type of product is
formed by b-H elimination from a carbometallation inter-
mediate. Consequently the formation of 2a,b and 3a,b can be
rationalised according to the reaction path depicted in Scheme
1. The first step involves the insertion of ethylene into the C–Ru
bond followed by a b-H elimination leading to an olefin–
hydride complex.7 This leads on one hand to the metal free
substituted olefin 2a,b as in the Heck reaction and on the other
hand to the one carbon-atom insertion complex 3a,b by anti-
Markovnikov hydrometallation of the olefinic unit (Scheme
1).

Studies are currently under way to determine the conditions
that would allow us to direct the reaction toward the exclusive
formation of one of these products.

We thank INTAS (INTAS-97-166) for financial support of
this work.

Notes and references
‡ Selected data (J/Hz): 2a: dH(200 MHz, CDCl3) 7.55 (m, 1H, C6H4), 7.26
(m, 3H, C6H4), 7.17 (dd, 1H, CHNCH2, 3J 17.5, 3J 11.0), 5.68 (dd, 1H,
CHNCHEHZ, 3J 17.5, 2J 1.4), 5.30 (dd, 1H, CHNCHEHZ, 3J 11.0, 2J 1.4),
3.44 (s, 2H, CH2N), 2.24 (s, 6H, NMe2). 2b: dH(200 MHz, CDCl3) 7.44 (m,
2H, C6H4), 7.24 (m, 2H, C6H4), 7.23 (dd, 1H, CHNCH2, 3J 17.4, 3J 11.0),
5.57 (dd, 1H, CHNCHEHZ, 3J 17.4, 2J 1.6), 5.29 (dd, 1H, CHNCHEHZ, 3J
11.0, 2J 1.6), 3.53 (q, 1H, CHCH3, 3J 6.6), 2.21 (s, 6H, NMe2), 1.31 (d, 3H,
CHCH3). 3a: Anal. Calc. (found) for C17H22NClRu·0.25CH2Cl2: C, 52.04
(52.27); H, 5.70 (5.72); N, 3.52 (3.66)%. dH(300 MHz, CDCl3) 7.58 (d, 1H,
C6H4, 3J 7.7), 7.33 (m, 2H, C6H4), 6.88 (d, 1H, C6H4, 3J 4.0), 4.90 (s, 6H,
C6H6), 3.53 (q, 1H, CHCH3, 3J 7.1), 3.39 and 2.29 (AB, 2H, CH2N, 2J 11.4),
3.24 and 2.28 (2s, 6H, NMe2), 2.14 (d, 3H, CHCH3). dC(75 MHz, CDCl3)
153.8, 133.3, 129.4, 129.0, 121.6 and 120.4 (C6H4), 83.0 (C6H6), 64.7
(CH2N), 56.5 and 56.3 (NMe), 36.8 (CHRu), 24.5 (CHCH3). 3aA: dH(200
MHz, CD3CN) 7.62 (d, 1H, C6H4, 3J 7.4), 7.34 (m, 2H, C6H4), 6.99 (d, 1H,
C6H4, 3J 6.6), 5.14 (s, 6H, C6H6), 3.24 and 2.63 (AB, 2H, CH2N, 2J 11.8),
3.09 (q, 1H, CHCH3, 3J 7.4), 3.01 and 2.38 (2s, 6H, NMe2), 2.14 (s, 3H,
CH3CN), 2.08 (d, 3H, CHCH3). 3b: dH(500 MHz, CD2Cl2) 7.57 (d, 1H,
C6H4, 3J 7.7), 7.29 (t, 1H, C6H4), 7.02 (d, 1H, C6H4). 6.90 (t, 1H, C6H4),
4.88 (s, 6H, C6H6), 3.57 (2q, 2H, CHCH3Ru and CHCH3N), 3.32 and 2.07
(2s, 6H, NMe2), 2.11 (d, 3H, CHCH3Ru, 3J 7.1), 1.29 (d, 3H, CHCH3N, 3J
6.9). 4b: dH(500 MHz, CD2Cl2) 7.51 (d, 1H, C6H3, 3J 7.4), 6.94 (t, 1H,
C6H3). 6.68 (d, 1H, C6H3), 5.32 (s, 6H, C6H6), 3.45 (q, 1H, CHCH3, 3J 6.6),
3.10 and 2.33 (2s, 6H, NMe2), 2.44 (q, 2H, CH2CH3, 3J 7.6), 1.16 (d, 3H,
CHCH3), 1.14 (t, 3H, CH2CH3).
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The chiral nonplanar porphyrin zinc(II) 3,7,8,12,13,17,18-
heptabromo-2-(2-methoxyphenyl)-5,10,15,20-tetraphenyl-
porphyrin has been synthesized and its properties investi-
gated.

The porphyrin macrocycle provides a versatile platform upon
which to build elaborate superstructures, and this feature
coupled with a rich and well-developed synthetic chemistry has
led to the synthesis of many models of heme protein active sites1

and numerous porphyrin-based receptor molecules.2 One
characteristic which is not normally considered in the design of
porphyrin-based receptors is nonplanarity of the porphyrin
macrocycle,3 although the nonplanar systems that have been
investigated (e.g. a pyridine sensitive Venus Flytrap4 and a
chirality-memory molecule5) have displayed quite unusual
properties. Herein, we describe the synthesis and character-
ization of a new porphyrin-based chiral receptor molecule (1)

which exploits some structural features unique to nonplanar
porphyrins.

Fig. 1 shows the four structures expected for porphyrin 1.
Structures A and B (or C and D) are enantiomers, structures A

and C (or B and D) are related by rotation of the 2-methoxy-
phenyl group, and structures A and D (or B and C) are related
by inversion of the nonplanar porphyrin macrocycle. Porphyrin
1 was calculated6 to have a very high barrier for rotation of the
2-methoxyphenyl group ( > 146 kJ mol21), a low barrier for
inversion of the porphyrin macrocycle7 (ca. 40 kJ mol21), and
a strong preference (DE = 8 kJ mol21) for structures A and B
vs. structures C and D. Hence, it should be resolvable into two
optically active components consisting primarily of structures A
or B. Porphyrin 1 was designed with the aim of using a cavity
formed by the nonplanar macrocycle to orient an axial ligand,8
such that a hydrogen bond acceptor site (the methoxy group)
could interact stereospecifically with hydrogen bond donor sites
on the axial ligand. Fig. 2 shows the lowest energy structure
calculated for a complex of 1 with (S)-2-pyrrolidinemethanol
(2) which illustrates this ligand orientation effect and the
formation of stereospecific hydrogen bonds with one enantio-
mer of the porphyrin (structure B). Note that the nonplanar
deformation of the macrocycle serves a dual function as it also
moves the methoxy substituent closer to the ligand than would
be possible if the porphyrin were planar.

To prepare porphyrin 1, porphyrin 3 was first synthesized
using a Suzuki coupling reaction.9 In this reaction, porphyrin 4
(1 equiv.), 2-methoxyphenylboronic acid (5 equiv.),
Pd[(PPh3)]4 (0.15 equiv.) and K2CO3 (20 equiv.) in toluene
under argon were heated at 90–100 °C for two days. MALDI
mass spectrometry of the crude product revealed the presence of
unreacted 4, porphyrin 3, and porphyrins with two or more
2-methoxyphenyl groups. Porphyrin 3 was isolated from this
mixture using column chromatography (silica gel eluted with
3+2 CHCl3–hexane) and obtained in 12% yield. The structure of
3 was confirmed by MALDI mass spectrometry and 1H NMR
spectroscopy. Zinc was then inserted using the metal acetate
method to give 1.

When porphyrin 1 was subjected to HPLC using a Chiralcel
OD column eluted with 89+10+1 hexanes–CHCl3–PriOH,  two
fractions (elution times 12 and 28 min) were obtained. These
fractions had identical optical spectra but their CD spectra were
mirror images of each other. Leaving each fraction in the eluent
and reinjecting it through the HPLC column 24 h after

Fig. 1 Representations of the four structures expected for porphyrin 1.

Fig. 2 Minimum energy structure calculated (ref. 6) for the complex of
porphyrin 1 with ligand 2. Porphyrin–ligand hydrogen bonds are indicated
by broken lines.

This journal is © The Royal Society of Chemistry 2000
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separation revealed only a trace of racemization, in agreement
with the high rotational barrier calculated for the 2-methoxy-
phenyl group. The isolation of only two HPLC fractions
together with 1H NMR studies of 1 confirmed that structures A
and D (or B and C) were being interconverted by inversion of
the porphyrin macrocycle.7 The 1H NMR spectrum of 1 showed
a single broad methoxy signal at 295 K (d 2.77) which split into
two signals at 193 K (d 2.30, integration 11.5 and d 3.61,
integration 1). As the methoxy signals at d 2.30 and 3.61 could
be assigned to A and B or C and D based on the expected ring
current shifts of the methoxy protons in these structures, it was
clear that the interconversion of A and D (or B and C) was rapid
at room temperature and that A and B were significantly favored
over C and D. Both the conformational energy difference (4 kJ
mol21 at 193 K) and the activation energy for macrocylic
inversion (51 kJ mol21 at the coalescence temperature of 273 K)
were in reasonable agreement with the energies obtained from
the modelling studies.

Despite repeated attempts we were unable to determine the
X-ray structures of the porphyrins in the two HPLC fractions.
However, modelling studies suggested that it should be possible
to differentiate enantiomers A and B by their interactions with
ligand 2. In the case of structure B, ligand 2 should bind in
essentially a single orientation because there is an energy
difference of at least 5 kJ mol21 between the minimum energy
structure (Fig. 2) and other low energy structures (where the
ligand is rotated approximately 180° in the cavity or is bound in
either orientation in the cavity on the other face of the
porphyrin). For structure A, the energy difference between these
ligand binding geometries is calculated to be smaller, suggest-
ing that the ligand should bind in multiple orientations. The
hydrogen bonding seen in the lowest energy calculated structure
of B (Fig. 2) is also expected to produce a downfield shift of the
ligand NH and OH proton signals that should be absent or less
pronounced for structure A. NMR spectra of the HPLC fractions
dissolved in toluene-d8 containing approximately 1 equiv. of 2
are shown in Fig. 3. The spectra were measured at 193 K where
ligand exchange, ligand rotation, inversion of the porphyrin
macrocycle, and rotation of the 2-methoxyphenyl group can all
be demonstrated to be slow on the NMR timescale. The ligand
proton region of the HPLC fraction with a retention time of 28
min shows only a single downfield-shifted pyrrolidine NH
signal (definitively assigned by deuteration with D2O) and
agrees with the spectrum expected for structure B. In contrast,
the HPLC fraction with a retention time of 12 min displays four
NH signals (none of which are shifted downfield) consistent
with the spectrum expected for structure A. Ligand signals were
not seen for C and D in agreement with the higher energies
calculated for these structures.

The results reported here provide further confirmation that
nonplanar deformations of the porphyrin macrocycle can be
exploited to produce unusual porphyrin-based receptor mole-
cules. The present work also demonstrates the usefulness of
molecular modelling techniques in the design and character-
ization of new porphyrin-based materials.

This work was supported by grants from the National
Institutes of Health (HL 22252) and the National Science
Foundation (CHE-99-04076). Sandia is a multiprogram labo-
ratory operated by Sandia Corporation, a Lockheed-Martin
company, for the United States Department of Energy under
Contract DE-ACO4-94AL85000.
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Fig. 3 Part of the ligand proton region from the 300 MHz 1H NMR spectra
of the complexes of 1 with ligand 2: (a) fraction of 1 with 28 min HPLC
retention time, and (b) fraction of 1 with 12 min HPLC retention time.
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Synthesis of novel (bis)(diarylamino)thiophenes including
2,5-bis(diarylamino)thiophenes was attained by PBut

3-li-
gated palladium-catalysed coupling of (di)bromothiophenes
with diarylamines.

Thiophene-containing compounds are widely known as an
important class of materials which show intrinsic electronic
properties such as luminescence,1,2 redox activity,3 nonlinear
optical chromism4 and electron-transport.5 While triarylamines
generally bear a role of hole-transport for organic electro-
luminescent (EL) display devices,6 thienylphenylene-contain-
ing triarylamines showed different properties.1,4 Thus, in-
corporation of a thiophene moiety into the triarylamine system
is of current interest due to the product’s potential applications.
Nevertheless, synthesis of triarylamines bearing thienylamino
group(s) is quite rare. 1,3,5-Tris(N-phenylthienylamino)ben-
zenes have been synthesized by Ullmann coupling of tris-
(phenylamino)benzene and 2- and 3-iodothiophenes,7 but there
have been no reports of the synthesis of other (diarylamino)-
thiophenes.

Palladium-catalysed amination technology is widely known
as a useful synthetic method for making arylamines from aryl
halides with amines, and has been intensively examined for the
synthesis of a wide range of arylamines since Buchwald and
Hartwig reported the reaction.8 However, halothiophenes have
not been employed as substrates for the amination reaction. On
the other hand, we recently reported that PBut

3 served as an
excellent ligand for palladium-catalysed amination of aryl
halides.9 The catalytic system consisting of a palladium
compound and PBut

3 also showed exceedingly high catalytic
activity in the synthesis of triarylamines.10 Herein we report the
first palladium-catalysed synthesis of novel (diarylamino)thio-
phenes and 2,5-bis(diarylamino)thiophenes from (di)bromo-
thiophenes and diarylamines [eqn. (1)].

The coupling of (di)bromothiophenes with diarylamines is
most suitable for synthesizing (bis)(diarylamino)thiophenes
because (di)bromothiophenes are commercially available and
inexpensive. The coupling reaction was examined using
ButONa in o-xylene at 120 °C (Table 1).† Reaction of
3-bromothiophene with Ph2NH smoothly proceeded in the
presence of 0.25 mol% of Pd(OAc)2 to afford 69% yield of
3-(diphenylamino)thiophene 1a (entry 1). On the other hand,
although 0.75 mol% palladium catalyst was required to give
complete conversion of 2-bromothiophene (entry 2), the
reaction with Ph2NH gave the desired product using a small
amount of the catalyst. 2-Bromo-3-methylthiophene was sim-
ilarly coupled without any significant steric effect due to the
methyl group (entry 3). Double amination of dibromothiophene
with diarylamines gives larger molecules of bis(diarylamino)-
thiophenes with higher molecular weight, which can be

expected to be morphologically more stable than mono-
(diarylamino)thiophenes for organic EL devices. The palladium
catalyst was so active that 2,5-dibromothiophene in the reaction
with Ph2NH could be converted to 2,5-bis(diphenylamino)thio-
phene 1d in 57% yield in the presence of 2 mol% of palladium
catalyst per dibromothiophene (entry 4). When 2 mol% of
Pd(dba)2/BINAP was used as catalyst in the same reaction, the
catalytic activity was low, and after 24 h at 120 °C, 2-bromo-
5-(diphenylamino)thiophene and 2,5-bis(diphenylamino)thio-
phene were obtained in 34 and 6% GC yield, respectively.
These results indicate that PBut

3, which is a bulky and electron-
rich phosphine, facilitates the amination of highly electron-rich
aryl halides. Reaction of 3,4-dibromothiophene with Ph2NH
was also attempted and gave only a 12% yield of 3-bromo-
4-(diphenylamino)thiophene, which is the monoamination
product (entry 5). Using the same catalyst, reaction of o-
dibromobenzene with Ph2NH gave no product.10 Although
amination of 3,4-dibromothiophene afforded a low yield of
monoaminated product, the difference in the reactivity between
3,4-dibromothiophene and o-dibromobenzene may be ascribed
to the difference of the angle of C–C–Pd bond of the resulting
arylpalladium complex after oxidative addition, in which the
intramolecular coordination of a vicinal bromine to the
palladium complex obtained from o-dibromobenzene is more
likely to prevent Ph2NH from ligating to the Pd complex. The
coupling of 2,5-dibromothiophene with other diarylamines such
as 3-methyldiphenylamine and N-phenyl-1-naphthylamine was
performed to give 2,5-bis(diarylamino)thiophenes (1e and 1f)
(entries 6 and 7). 2,5-Bis(N-phenyl-2-fluorenylamino)thio-
phene 1g could be prepared by Pd-catalysed reaction of
2-bromofluorene with aniline followed by addition of 2,5-di-
bromothiophene to the resulting reaction mixture (entry 8).
Therefore, this synthetic method can be applied to the synthesis
of a variety of elaborate diarylaminothiophenes with aromatic
fused ring systems via secondary arylamines.

We have demonstrated that the catalytic system consisting of
a palladium compound and PBut

3 catalysed coupling of
bromothiophenes and diarylamines to afford novel (bis)(diaryl-
amino)thiophenes in good yields. Although 2(,5)-(di)bromo-
thiophenes were presumed not to undergo the amination
reaction due to their strong coordination to the palladium
catalyst, this catalytic system allows the amination with
diarylamines to occur in the presence of a small amount of
catalyst. The employment of PBut

3, which is a bulky and
electron-rich ligand, realised the Pd-catalysed formation of
(bis)(diarylamino)thiophenes.

Notes and references
† General procedure: Pd(OAc)2 (44.9 mg, 0.2 mmol), PBut

3 (2.4 ml, 50 mg
ml21 in o-xylene, 121.4 mg, 0.6 mmol), 2,5-dibromothiophene (2.42 g, 10
mmol), diarylamine (20 mmol), sodium tert-butoxide (2.11 g, 22 mmol) and
o-xylene (40 ml) were mixed at room temperature and heated at 120 °C for
3 h under N2. After addition of water and extractive work-up with Et2O, o-
xylene was stripped off in vacuo. The residue was purified by reprecipita-
tion by adding MeOH (30 ml) for 1a (1.73 g, 6.9 mmol), 1b (0.90 g, 3.6
mmol), 1d (2.39 g, 5.7 mmol), 1f (2.90 g, 5.6 mmol) or column
chromatography on Al2O3 (eluent; hexane–EtOAc = 100+0–1+1) for 1c
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(1.54 g, 5.8 mmol), 1e (3.62 g, 8.1 mmol) and 1g (4.04 g, 6.8 mmol).
Selected data for 1a: dH(CDCl3) 6.62 (s, 1H), 6.86 (d, J 6.1, 1H). 6.98 (t, J
7.8, 2H), 7.08 (d, J 7.8, 4H), 7.14–7.24 (m, 5H); dC(CDCl3) 113.00, 122.21,
123.52, 125.04, 129.02, 146.30, 148.01; m/z 251 (M+). For 1b: dH(CDCl3)
6.71 (s, 1H), 6.85 (d, J 6.1, 1H), 6.92–7.04 (m, 3H), 7.13 (d, J 7.8, 4H), 7.24
(t, J 7.8, 4H); dC(CDCl3) 121.05, 121.70, 122.40, 123.02, 126.02, 129.03,
148.32, 151.20; m/z 251 (M+). For 1c: dH(CDCl3) 1.94 (s, 3H), 6.78 (d, J
6.1, 1H), 6.96 (d, J 7.7, 2H), 7.01–7.10 (m, 5H), 7.22 (t, J 7.7, 4H);
dC(CDCl3) 13.12, 121.22, 122.05, 122.10, 128.86, 129.02, 132.64, 143.62,
147.13; m/z 265 (M+). For 1d: dH(CDCl3) 6.46 (s, 2H), 7.01 (t, J 7.7, 4H),
7.14 (d, J 7.7, 8H), 7.24 (t, J 7.7, 8H); dC(CDCl3) 120.10, 122.65, 123.00,
129.52, 145.45, 147.80; m/z 418 (M+). For 1e: dH(CDCl3) 2.26 (s, 6H), 6.64
(s, 2H), 6.82 (d, J 7.4, 2H), 6.90–6.99 (m, 6H), 7.10–7.16 (m, 6H), 7.23 (t,
J 7.4, 4H); dC(CDCl3) 21.56, 119.91, 122.27, 122.65, 123.34, 123.98,
129.11, 139.04, 145.60, 148.02; m/z 446 (M+). For 1f: dH(CDCl3) 6.43 (s,
2H), 6.83 (t, J 7.8, 2H), 6.89 (d, J 7.8, 4H), 7.10 (t, J 7.8, 4H), 7.30–7.52 (m,
8H), 7.75 (d, J 7.7, 2H), 7.84 (d, J 7.7, 2H), 7.98 (d, J 7.7, 2H); dC(CDCl3)
117.93, 118.78, 118.97, 120.59, 123.99, 126.28, 126.34, 126.57, 127.11,
128.45, 128.95, 130.81, 135.19, 143.08, 145.42, 149.33; m/z 518 (M+). For
1g: dH(CDCl3) 3.79 (s, 4H), 6.49 (s, 2H), 6.98 (t, J 7.4, 2H), 7.10–7.38 (m,
16H), 7.45 (d, J 7.4, 2H), 7.63 (d, J 8.1, 2H), 7.66 (d, J 7.4, 2H); dC(CDCl3)
36.95, 119.43, 119.83, 120.43, 122.06, 122.15, 122.62, 124.93, 126.10,
126.80, 129.18, 137.24, 141.41, 143.13, 144.58, 145.63, 146.84, 148.21; m/
z 594 (M+).
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The synthesis and characterization of a novel mixed-valence
MnGaPO phase is described; the 3D open-framework
consists of discrete bioctahedra of Ga2O10(H2O) and GaO5
trigonal bipyramids, connected via MnIIIO4, MnIIO4 and PO4
tetrahedra to generate intersecting tunnels within which
piperazinium cations reside.

Substitution of first-row transition metal (TM) ions for Al3+ in
the frameworks of aluminium phosphates is of particular
interest for the enhancement of catalytic activity and the design
of novel catalysts,1,2 exemplified by MnAlPO-31 for the
isomerization of but-1-ene,3 and MnAlPO-5 which demon-
strates reversible oxidation and reduction cycles.4 The location
and environment of the TM ion site is of considerable
importance for understanding the catalytic and adsorptive
properties of molecular sieves. As few single-crystal data are
available for MAlPO-n samples,5 evidence for incorporation of
TM ions into the tetrahedral frameworks is difficult to
establish.1 Owing to the similarity in framework topology and
the presence of even wider pores, in e.g. cloverite,6 the search
for gallium phosphates adopting microporous structures has
attracted much attention. In contrast to MAlPOs, only a limited
number of MGaPO compounds (M = V3+, Mn2+, Fe2+, Co2+,
Zn2+)7212 have been synthesized. Up to now, only three Mn-
substituted gallium phosphates have been reported.10–12 None
of these MAlPOs and MGaPOs contain the same TM ions in
mixed oxidation states, which would offer more possibility in
understanding and designing redox-catalytic or magnetic mo-
lecular sieves.13 By employing hydrothermal crystallization, we
have synthesized the first mixed-valence manganese gallium
phosphate phase, (pipz)2Mn2Ga5(H2O)(PO4)8 (pipz =
C4H12N2

2+), denoted MnGaPO-4. A reaction mixture of
piperazine (0.258 g, 3 mmol), Ga(NO3)3·xH2O (0.307 g, 1.2
mmol), MnCl2·2H2O (0.065 g, 0.4 mmol), H3PO4(aq) (85%, 6
mmol), ethylene glycol (5.8 mL) and H2O (5.8 mL), was placed
in a Teflon-lined digestion bomb (internal volume = 23 mL)
and heated at 180 °C under autogenous pressure for 72 h. The
final product contained a lot of light-brown tabular crystals
mixed with a small amount of uncharacterized powder. A
single-crystal structure analysis‡ indicated the tabular crystals
to be (pipz)2Mn2Ga5(H2O)(PO4)8. The Mn:Ga:P ratios deter-
mined from single-crystal data (2+5+8) were corroborated by
EMPA data (2.09+5.18+8.00). Elemental analysis also con-
firmed the organic content (Observed: C, 6.71; N, 4.19; H,
2.42%. Calc: C, 6.80; N, 3.97; H, 1.84%). Thermogravimetric
analysis (N2 atmosphere, heating rate 10 °C min21) on selected
crystats showed a two-stage weight loss from ca. 200 to 1100
°C, with a total loss of 19.7%, corresponding to the removal of
three water, two piperazine molecules and 1/5 P4O10.9 It is also
noted that another new MnIIGaPO phase14 results when
piperazine is replaced by the bulkier 4,4A-trimethylenedipiper-
idine in the reaction mixture.

The three-dimensional anionic framework of MnGaPO-4
consists of GaO6 octahedra and GaO5 trigonal bipyramids,
connected via MnO4 and PO4 tetrahedra (Fig. 1) to form

intersecting tunnels along all three axial directions (Fig. 2). The
pipz cations are located at the tunnel intersections, and four
unique types of cages with different Mn content are found (Fig.
3). The open-framework nature of the structure is emphasized
by a PLATON analysis15 of the accessible solvent volume not
occupied by the framework Ga, Mn, P and O atoms. The result
showed that 457.5 Å3 (ca. 28% of a unit cell volume) is ‘solvent
accessible’.

One remarkable feature of the structure is that the two distinct
sites of the Mn ions adopt different charges, i.e. 2+ for Mn(1)
and 3+ for Mn(2) based on bond-valence sum calculations.16

The mixed-valence character is also evidenced by the color of
the crystals of MnGaPO-4. According to a literature search,
only three mixed-valence manganese phosphates have been
previously structurally characterized i.e. Cs3Mn4(P6O18)2,

† Electronic supplementary information (ESI) available: thermal analysis
and magnetic susceptibility data for (C4H12N2)Mn2Ga5(H2O)(PO4)8. See
http://www.rsc.org/suppdata/cc/a9/a908334k/

Fig. 1 ORTEP drawing of the building unit in MnGaPO-4. Average bond
lengths (Å): Mn(1)–O 2.044(6), Mn(2)–O 1.888(6), Ga(1)–O 1.988(5),
Ga(2)–O 1.974(5), Ga(3)–O 1.911(5), Ga(4)–O 1.909(5), Ga(5)–O
1.895(5), P–O 1.526(5) Å.

Fig. 2 View of the frameowork along [010], showing tunnels enclosed by
eight-membered rings of diameter ca. 8 Å. The darker polyhedra are MnO4,
the lighter ones are GaO5 and GaO6, and the open tetrahedra are PO4.

This journal is © The Royal Society of Chemistry 2000
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CsMn2(P6O18)17 and Mn(H2O)4[Mn2(OH)2(PO4)2].18 Unlike
these, both Mn2+ and Mn3+ ions are tetrahedrally coordinated in
our compound, having a distance to the fifth contact O atom at
2.61 and 3.06 Å, respectively. The four-coordinate Mn3+ ion in
MnGaPO-4 is unprecedented for manganese phosphates where
all of the Mn3+ ions are six-coordinate, typical of d4 high-spin
transition-metal ions. Furthermore, the charge distribution of
the Mn centers varies in the enclosing structure of the cages;
cage I has both Mn2+ and Mn3+ centers whilst cage II has Mn2+,
and cage III Mn3+ centers only (Fig. 3). This feature offers
considerable possibilities in selective redox-catalytic applica-
tions. From the structural point of view, it may be anticipated
that the Mn atoms have substituted for Ga rather than P atoms
since the parent structure is an orthophosphate instead of a
polyphosphate framework. The magnetic susceptibility data in
the temperature range 50–300 K can be fitted to a Curie–Weiss
law with q = 217.2 K and C = 4.8 emu, which corresponds to
an effective magnetic moment per manganese ion of 6.2 mB, as
expected, lower than that observed for pure Mn2+ ions in
MnGaPO-2.11

Another interesting feature of the compound is in that an
isolated Ga2O10(H2O) unit, built of corner-shared Ga(1)O6 and
Ga(2)O5(H2O) octahedra, exists in the framework. Relative to
gallium oxides, discrete gallium–oxygen cluster-containing
phosphates are rare. The only example, GaPO4-21,19 was found
to contain a dimer of corner-shared GaO5 trigonal bipyramids.
In the dimeric Ga2O10(H2O) cluster, a significant repulsion
between the two Ga centers may arise since the distance
between atoms Ga(1) and Ga(2) at 3.699 Å, is longer than
that for two corresponding octahedral centers, 3.473 Å. As
compared with Ga(2)O5(H2O), the octahedron Ga(1)O6 is much
more distorted since it also shares a common edge with the
P(2)O4 tetrahedron. Atom O(5) bridges the Ga(1), Ga(2) and
P(2) centers with the Ga(1)–O(5)–P(2) angle of 92.8°, deviating
significantly from 120°, characteristic of trigonal planar
geometry typical of a m3-O atom. In addition, the bridging Mn–

O–P angles between corner-shared MnO4 and PO4 tetrahedra,
ranging from 123.1 to 147.6°, span a rather wider range than
those found in MnGaPOs and MnAlPOs.

We thank the National Science Council and Chinese
Petroleum Corp. of Taiwan for support of this work (NSC
87–CPC–M–007–001 and NSC 89–2113–M–007–025).

Notes and references
‡ Crystal data for (C4H12N2)2Mn2Ga5(H2O)(PO4)8: triclinic, space group
P1̄; a = 9.1314(2), b = 12.7496(1), c = 14.7479(3) Å, a = 89.480(1), b
= 86.249(1), g = 72.419(1)°, U = 1633.17(5) Å3, Z = 2, Mr = 1412.57,
Dc = 2.872 g cm23, m(Mo-Ka) = 53.37 cm21, l = 0.71073 Å. A crystal
of dimensions 0.30 3 0.13 3 0.03 mm was selected for indexing and
intensity data collection at 296 K. Total number of measured and observed
independent reflections (Iobs > 2sI) are 7814 and 5536 and Rint = 0.0516.
Least-squares refinements were based on F2 and converged at R1 = 0.0567
and wR2 = 0.1386. CCDC 182/1502. See http://www.rsc.org/suppdata/cc/
a9/a908334k/ for crystallographic files in .cif format.
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Fig. 3 Cages located at the interactions of three-dimensional tunnels. The
pipz cations are located on inversion centers. Cages I show 8-ring windows
and II, III and IV 4-ring windows when viewed along the a-axis
direction.
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A new zeolitic material TiITQ-6 has been obtained by the
direct synthesis of a layered titanosilicate precursor, fol-
lowed by delamination; titanium is tetrahedrally coordi-
nated in framework positions and, while the zeolite derived
from the precursor has little activity owing to geometrical
constraints, the delaminated TiITQ-6 material is active and
selective for the epoxidation of hex-1-ene with H2O2.

A new generation of oxidation catalysts started when TS-11 was
synthesized and showed excellent catalytic activity in aqueous
media using H2O2 as oxidant. Since then other Ti containing
molecular sieves have been synthesized but only a few of them,
of which TS-22 and Ti-beta3 are outstanding, have shown to be
active and selective for the epoxidation of linear olefins with
H2O2. Recently4 it has been proposed that the presence of Ti4+

ions tends to impede or to decrease the nucleation rates in the
organothermal Ti-ferrierite (TiFER) system but by seeding with
Si-ferrierite it was possible to prepare a Ti containing ferrierite.
Unfortunately no catalytic activity for the sample was detected.4
It was also demonstrated that it was possible to synthesize a
laminar aluminosilicate precursor of ferrierite (PREFER)5 that
upon calcination could produce the ferrierite structure. In our
case, we have succeeded in synthesizing directly, without
seeding, the titanium containing laminar analogue TiPREFER.
This was prepared in the following manner: 10 g silica (Aerosil
200, Degussa), 0.759 g of titanium(IV) ethoxide (Alfa 98%),
28.186 g H2O (MiliQ), 26.008 g of 4-amino-2,2,6,6-tetra-
methylpiperidine (Fluka 98%), 9.246 g NH4F (Aldrich 98%)
and 3.462 g HF (Aldrich, 48.1 wt%) were mixed in an autoclave
at 408 K for 10 days. The resulting product TiPREFER was
filtered off, washed three times, and dried at 333 K. The X-ray
diffraction (XRD) pattern of the product is shown in Fig. 1(a).
The UV spectrum of the sample shows a single absorption band
at ca. 210 nm corresponding to isolated framework Ti in
tetrahedral coordination [Fig. 2(a)] and this band was main-
tained after calcination at 923 K for 12 h [Fig. 2(b)] to produce

the well crystallised Ti containing ferrierite TiFER [Fig. 1(d)].
The catalytic activity of this material for the epoxidation of hex-
1-ene with H2O2 was tested in a batch reactor in the following
way: 16.5 mmol olefin, 11.8 acetonitrile and 300 mg TiFER (1.3
wt% TiO2) were introduced in a three necked glass flask which
was heated to 323 K in a temperature controlled silicon bath. 4.5
mmol H2O2 (30% vol) was then added dropwise and the
catalytic results obtained are given in Table 1.  Very little
conversion of hex-1-ene was observed for TiFER owing to
diffusion limitation in the pores of this structure, in a similar
manner found to that for another unidirectional 10-member ring
pore zeolite  Ti-ZSM-48.6

Recently,7 a new approach has been undertaken for expand-
ing the use of zeolites to catalyze reactions when the
accessibility of the reactants to the active sites is hindered. This
involves the preparation of lamellar precursors of zeolites
whose structure is subsequently delaminated making potentially
catalytically active sites accessible through the external surface.
Up to now the only delaminated material reported has been
ITQ-2 which shows outstanding adsorption and catalytic

Fig. 1 X-Ray diffraction patterns of (a) TiPREFER, the laminar precursor of
Ti-ferrierite, (b) TiPREITQ-6, the expanded material, (c) TiITQ-6, the
delaminated zeolite and (d) TiFER, a Ti-ferrierite zeolite obtained after
calcination of TiPREFER.

Fig. 2 Diffuse UV–VIS reflectance spectra of TiITQ-6: (a) as synthesised
(TiPREFER), (b) Ti-Ferrierite, (c) TiITQ-6 and (d) TiITQ-6 after two
reaction–calcination cycles.

Table 1 Catalytic activity of Ti zeolites for hex-1-ene epoxidationa

Sample
Xhex-1-ene

(% of maximum)
Selectivity to
epoxide (%)

Selectivity to
H2O2 (%) TON

TiFER 3.2 85.2 23 6
Ti-beta 18.0 97.2 77 20
TiITQ-6 19.7 95.5 73 23
TiITQ-6b 17.7 93.2 56 21
a Reaction conditions: 16.5 mmol olefin; 11.8 g acetonitrile; 4.5 mmol
H2O2; 300 mg catalyst; 323 K, 5 h. b After two regeneration cycles.
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properties as an acid catalyst for large reactant molecules.8
Unfortunately, the titanosilicate counterpart of ITQ-2 was not
synthesized, and oxidation catalysts based on this material
could only be prepared via secondary synthesis by anchoring Ti
on  external silanol groups.9 The resultant materials were active
and selective for epoxidation of olefins with organic peroxides,
but they were not active when using the more desirable H2O2 as
oxidating agent.

Here, we have succeeded in delaminating the Ti laminar
precursor of TiFER in the following way: TiPREFER was
suspended in a aqueous solution of cetyltrimethylammonium
bromide (CTMA+Br2,29 wt%) and tetrapropylammonium
hydroxide (TPA+OH, 40 wt%) and refluxed for 16 h at 368 K.
The XRD pattern of the expanded material is shown in Fig. 1(b).
Delamination was performed by placing the slurry in an
ultrasound bath (50 W, 40 kHz) at 323 K for 1 h, and
maintaining the pH at 12.5. Finally the solid phase was washed
thoroughly with water, dried at 333 K and calcined at 853 K for
7 h yielding TiITQ-6 with the XRD pattern shown in Fig. 1(c).
The Ti in TiITQ-6 remained in tetrahedral coordination as
shown by its UV spectrum [Fig. 2(c)]. Some removal of Ti has
occurred during the delamination process (ca. 25%), never-
theless, when a sample of TiITQ-6 with a similar amount of Ti
(1 wt% TiO2) as in TiFER was prepared it showed a much
higher activity and better selectivity for epoxidation of hex-
1-ene than TiFER itself (Table 1). The increase in activity of
TiITQ-6 is due to the higher accessibility of Ti-sites as a
consequence of delamination of the TiPREFER structure. The
external surface area of TiITQ-6 is 610 m2 g21 while that of the
TiFER is only 60 m2 g21. In addition, the micropore volume of
TiFER is 0.1304 cm g21, cf. 0.0016 cm g21 for TiITQ-6. From
these results it is clear that practically full delamination of the
TiPREFER structure has occurred.

In order to have a reference for the catalytic activity of
TiITQ-6, we carried out the same under the same conditions
using Ti-beta with a similar Ti content (1.3 wt% Ti). The results

in Table 1 show that the activity of TiITQ-6 is similar to that of
Ti-beta. Moreover, the stability of TiITQ-6 under the reaction
conditions is high since its activity remains close to that of the
fresh catalyst after being subject to two reaction-regeneration
cycles (calcination at 853 K for 7 h) (Table 1).

In conclusion, TiFER and a new zeolitic titanosilicate
material (TiITQ-6) have been synthesized and, while the former
presents a low catalytic activity for epoxidation of hex-1-ene
with H2O2 owing to diffusional limitations of the reactants and
products through the unidirectional 10MR channel of the
zeolite, TiITQ-6 shows activities and selectivities similar to
those of Ti-beta, owing to the good accesibility of the reactants
to the active sites achieved by delamination of the TiPREFER
laminar precursor.
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edged. U.D. and M.E.D. thank the M.E.C. and M.E.A.
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TiCl4–Zn
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Reduction of TiCl4(THF)4 with Zn in CH2Cl2 gave a green
solution, which was found to promote the reductive coupling
of aromatic aldehydes to yield 1,2-diols with high threo
selectivity.

The pinacol coupling reaction, which allows the generation of
1,2-diols in one step, is a powerful synthetic reaction, and
therefore has been recognized as one of the most significant C–
C bond forming processes in synthetic organic chemistry.1,2 In
addition, threo-1,2-diols have, after resolution, frequently been
utilized as auxiliaries in asymmetric synthesis.3 Although a
number of methods have been developed for the reductive
coupling of carbonyl compounds,4–6 selective pinacolization to
threo-diols has only been found with stannylene precursors,7
‘active titanium(III) reagents’ prepared from TiCl4/BuLi in Et2O
at 278 °C,8 TiCl4/Bui

2Te in DME,9 TiCl3/CH2Cl2 solution10 or
(Cp2TiCl)2.11,12 (Cp2TiCl)2, a binuclear complex, can be easily
prepared from Cp2TiCl2 and used in stiochiometric or catalytic
amounts in the pinacol coupling reaction. Many of these
reagents are expensive and/or air sensitive.

Here we report the TiCl4–Zn promoted reductive coupling of
aromatic aldehydes in anhydrous solvent at room temperature.
By the choice of an appropriate mole ratio of TiCl4 and Zn and
an appropriate coordinating additive such as TMEDA, TiCl-Zn
and TiCl4–Zn–TMEDA reduce benzaldehyde and other actived
aromatic aldehydes to the corresponding pinacols in good yields
and, what is more important, the coupling is highly dl
selective.

It is noteworthy that the reagents used are readily available,
inexpensive and stable to air oxidation, and the method is easier
and more convenient compared with those so far reported. Thus,
we produced ‘actived titanium’ and reduced aldehydes in one
pot in only a short time.

In 1973, Mukaiyama13 reported that TiCl4–Zn reduced
aromatic aldehydes or ketones to produce the corresponding
1,2-diols in high yield, but the stereoselectivity was not
reported. At the outset of the study, we used THF as solvent,
with an aldehyde to TiCl4 to Zn ratio of 1+1.5+3, and obtained
the hydrobenzoin with a dl+meso ratio of 3+1. When CH2Cl2

was selected as the solvent, with THF as a ligand and a mole
ratio of TiCl4 to Zn of 2+1, better results were obtained.

A typical procedure is as follows: THF (11.7 mmol) was
added dropwise to a solution of TiCl4 (3.65 mmol) in 10 ml of
CH2Cl2 under an atmosphere of argon at room temperature. To
this solution Zn (1.82 mmol) was added in one portion. The
color of the solution changed to green immediately. After
stirring for 3 min benzaldehyde (3.65 mmol) in 3 ml of CH2Cl2
was added in one portion. After 30 min of stirring, the reaction
was quenched with 15 ml of 10% K2CO3 and extracted with
EtOAc followed by chromatography to give 0.22 g of
hydrobenzoin (57%, 94+1 dl+meso).

When the reduction time was less than 20 min, acceptable
yields and high dl selectivities were obtained. However, when
the reduction time was greater than 1 h, the color of solution
changes from green to black, and no product was obtained.
According to the reports of Piotr Sobota14 and Kirrsten
Foling,15 we assume that the TiCl4(THF)2 was first reduced to
[Ti2(m-Cl)2Cl4(THF)4] by Zn in CH2Cl2; ZnCl2 can then
abstract chlorine from [Ti2(m-Cl)2Cl4(THF)4] and form ionized
[TiCl2(THF)4

+·ZnCl3(THF)2]. We think the binuclear complex
[Ti2(m-Cl)2Cl4(THF)4] is the active compound which reduces
the benzaldehyde to pinacol with high dl-selectivity, exactly as
(Cp2TiCl)2 has high dl-selectivity. The ionized
[TiCl2(THF)4

+·ZnCl3(THF)2] has no activity to benzaldehyde.
In order to lower the Lewis activity of the ZnCl2 and suppress
ionization of the [Ti2(m-Cl)2Cl4(THF)4], a coordinating ad-
ditive, especially Lewis bases such as Py and TMEDA, is added.
When the reduction was carried out in the presence of 1.5 equiv.
of TMEDA as an additive the yield improved to 76% and only
the dl-isomer was obtained.

Under the optimised conditions, a variety of symmetrical
1,2-diols were synthesized in good yields and excellent
selectivity, and could be obtained diastereomerically pure after

Table 1 Coupling of benzaldehyde mediated by TiCl4–Zn

Table 2 Reductive coupling of aldehyes under optimised conditions

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 139–140 139



a single recrystallization. Functional groups, such as halide and
cyano groups, are tolerated. Aromatic aldehydes bearing an
electron-donating group showed lower reactivity, for example,
p-anisaldehyde afforded no significant conversion via TLC
observation.

Mechanistically it seems reasonable to assume that the active
species is a binuclear titanium complex binding both ketyl
radicals, in which the Ar groups are arranged anti to each other
to minimized steric interaction. When the binuclear titanium
complex is coordinated with TMEDA, the sterically crowded
environment drastically improved the pinacol diastereoselectiv-
ities (Fig. 1).
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Bis-thioctic ester terminated derivatives of oligoethylene
glycols form extremely stable self-assembled monlayers
(SAMs) on gold electrodes and these can recognize K+

selectively over Na+, as measured by cyclic voltammetry and
impedance spectroscopy.

The incorporation of crown-ether groups into self-assembled
monolayers (SAMs) and their potential as metal ion sensors was
reported very recently and almost simultaneously by Moore
et al.1 and by Flink et al.2 In one case they prepared simple
12-crown-4 and 15-crown-5 derivatives with appended single
chains terminated in thiol groups, and impedance spectroscopy
was used to monitor ion binding events on the surface.2 The
other reported crown-annelated TTF derivatives which also
contained single alkyl chains terminated in thiol groups.1 The
latter work exploited the direct response of the electroactive
surface-confined crown-TTF groups to measure the effect of ion
complexation, similar to previously reported work in homo-
geneous solution by Hansen et al.3 These SAMs were
apparently not very stable under several sets of conditions and
the electrochemical responses observed were very weak and
poorly resolved.1 We have recently prepared and studied bis-
thioctic ester derivatives of crown ether annelated TTFs, and
these form remarkably stable SAMs, some of which are able to
detect alkali metal ion binding electrochemically.4 Here we
report the easy synthesis, remarkable stability, and electro-
chemical (cyclic voltammetric and impedance) responses of
SAMs of bis-thioctic ester derivatives of oligoethylene glycols
(podands). The general idea was to use the glycols to form ion
binding domains on the surface (similar to crown ethers) via
self-assembly. The SAMs prepared showed amazing stabilities
and selectivities for K+ over Na+ binding, making them
potentially useful monolayer sensors.

Compounds 1–3 were easily synthesized in high yield by
reacting the corresponding bis-alcohols [HO(CH2CH2O)4CH2-
CH2OH or HO(CH2)12OH] with thioctic acid in CH2Cl2 in the
presence of DCC and 4-pyrrolidinopyridine or DMAP.5
Compounds 1 and 3 were obtained from the same reaction as
two separate products.

Glass-sealed, ultra-clean spherical gold bead electrodes
prepared from f 250 mm gold wire (99.9999%) were dipped into
5 mM EtOH solutions of the corresponding bis- or mono-

thioctic ester compounds 1–3 for 24 h to form the corresponding
SAMs.6 After washing these with absolute EtOH and drying
them in an Ar flow, these SAM modified electrodes were placed
into 0.1 M aqueous Et4NCl and the cyclic voltammograms
(CVs) for 1 mM Ru(NH3)6

3+/2+ were recorded, using a platinum
coil as counter and a Ag/AgCl as reference electrodes. The
impedance response was also measured at the E1/2

0 (20.25 V)
for the Ru(NH3)6

3+/2+ redox couple, between 1 kHz and 0.1
Hz.7

The CV response for the Ru(NH3)6
3+/2+ couple at a modified

gold electrode of 1 is shown in Fig. 1(a) (dotted line).8 It is clear
that the insulating effect of the monolayer is poor, since the
redox couple relatively easily undergoes electron transfer at the
interface. This probably reflects poor surface coverage or good
electron permeability through the monolayer. Interestingly,
addition of 30 mM KCl to the solution results in a drastically
reduced cathodic current and in the disappearance of the

† Dedicated to Professor Jean-Marie Lehn on the occasion of his 60th
birthday.

Fig. 1 (a) Cyclic voltammogram of Ru(NH3)6
3+/2+ in 0.1 M Et4NCl using a

monolayer-modified gold electrode (area = 0.02 cm2) prepared from 1
before (dotted line) and after (solid line) addition of 30 mM of K+ to the
solution at a scan rate of 100 mV s21. (b) Impedance response of the same
modified gold electrode in the absence and in the presence of varying
amounts of [K+]. The solid lines represent the fits of the experimental points
to the equivalent circuit shown in (c). (c) Equivalent circuit used to fit the
experimental data: RS represents the solution resistance. The monolayer is
described by a constant phase element Qdl (used here as a generalized
capacitance) in parallel with a resistance RCT (the charge transfer resistance)
and another constant phase element (Qm) (related to diffusion controlled
processes) in series. In admittance representation, a constant phase element
is defined as Y (w) = Y0 (jw)n where Y0 and n are adjustable parameters, n
= 0, 1 and 0.5 correspond to an ideal resistor, a capacitor and a Warburg
element, respectively, and w is the angular frequency. The RCT values can
also directly be obtained from the diameter of the high frequency
‘semicircle’. (d) Plot of the relative change of RCT with [K+] and with [Na+].
(e) Impedance response of the same modified gold electrode in the presence
of 35 mM NaCl. The response is essentially identical to that of the initial
monolayer, see Fig. 1(b).
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corresponding anodic process, indicating that electron transfer
at the interface is dramatically inhibited, see Fig. 1(a) (solid
line). On the other hand, addition of Na+ has essentially no
effect on the voltammetric response of this redox couple. These
observations are consistent with complexation of K+ (but not
Na+) with the monolayer, resulting in partial repulsion of the
positively charged Ru(NH3)6

3+/2+ redox pair when K+ is
present. Note that the blocking effect due to K+ addition is not
perfect and some current is still observed.

Since none of the structural components of the SAM are
electroactive, impedance spectroscopy was used to further
probe ion recognition at the interface.2 The impedance response
for the same monolayer for which the CV is shown in Fig. 1(a)
was measured in the absence and in the presence of increasing
[K+], and the data are presented in Fig. 1(b), as a Nyquist plot.
Note that a very small RCT (charge transfer resistance,
determined as the diameter of the high frequency semicircle) is
observed for the monolayer alone in the absence of K+, 4.8 kW,
and a significant diffusion component is observed as the linear
portion at lower frequencies, indicating inefficient blocking to
charge transfer. The fractional surface coverage (q) was
calculated to be 0.96 following well-established procedures.9
These observations are consistent with the CV data already
described, which showed that the SAM is either loosely packed
or allows close approach of the redox probe to the modified
electrode surface. Addition of K+ to the solution resulted in
dramatic and reversible increases in the RCT values, from 7 kW
at 5 mM to a limiting value of 31 kW at 45 mM, indicative of K+

complexation at the interface and repulsion of the positively
charged redox probe, in perfect agreement with the CV
observations.2 These values were obtained by a non-linear least-
square fit of the experimental data to the equivalent circuit
shown in Fig. 1(c), using the program EQUIVALENT CIR-
CUIT.2 A plot of DRCT vs. [K+] shows two linear regions at
different concentration ranges, and these intersect around 17
mM [K+]. This complex ion response is in agreement with the
non-linear fits, which yield different slopes for the CPE [Fig.
1(b)] and thus different ‘n’ parameter values. At 45 mM KCl the
surface binding sites must be saturated and no RCT changes are
observed with further salt additions. These SAMs are very
stable and the results can be reproduced repeatedly over the
course of days. With a useful range of 17–45 mM [K+], this is
not a practical sensor, but the novel principles established here
should lead to improved designs in the future.

The same SAM electrode used to probe [K+] was placed in
solutions with increasing NaCl concentrations. The impedance
results are presented in Fig. 1(e). In agreement with the results
obtained by cyclic voltammetry, Na+ showed almost no effect
on the RCT value of the monolayer [Fig. 1(d)], indicating that it
is not binding significantly with the surface and thus not
increasing its blocking effect. Simply based on the observations
presented in Fig. 1(b) and (e) it is fair to say that a monolayer of
1 can act as a reversible and highly selective sensor for K+ over
Na+. The selectivity for K+ over Na+ suggests the formation of
a surface-confined pseudo-18-crown-6 structure, but further
characterization is needed. Sensitivity, on the other hand, is not
high, partly due to the inherent limitations of impedance
response under the present conditions.

Control experiments with compounds 2 and 3 confirm the
stated hypothesis. Compound 2 forms an initial monolayer
which is a better insulator than 1 for charge transfer, as indicated
by a high RCT, 25 kW, but it exhibits no RCT changes upon

exposure to either K+ or Na+. That the initial monolayer is a
good insulator is not surprising in view of its high hydrocarbon
content. The mono-ester compound 3 has almost no charge
transfer blocking ability in the absence or presence of alkali
metal ions, and behaves essentially as a bare gold electrode.

In summary, we have prepared remarkably stable monolayers
containing oligoethylene glycols on gold beads, and these
exhibit impedance changes in the presence of K+ but not with
Na+. While far from being useful sensors, the present SAMs are
conceptually novel structures with unique cation binding
properties exhibiting high selectivity.

This work was supported by the National Science Foundation
(grants CHE-9816503 and DMR-9803088).
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9 H. O. Finklea, D. A. Snider, J. Fedyk, E. Sabatani, Y. Gafni and I.
Rubinstein, Langmuir, 1993, 9, 3660; R. P. Janek, W. R. Fawcett and A.
Ulman, Langmuir, 1998, 14, 3011.
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The reaction of the tellurium containing macrocyclic Schiff
base 1 with Pd(PhCN)2Cl2 and NH4PF6 gives the expected
cationic complex [PdII1][PF6]2; by contrast the reaction of 1
with Pt(cod)Cl2 proceeds via novel transmetallation to yield
an organoplatinum complex.

The chemistry of macrocycles bearing nitrogen or sulfur atoms
has been very well developed.1 The considerable effort which
has been directed towards studying the coordination chemistry
of polythio crowns in recent years has established that these
macrocyclic ligands exhibit very different coordinating proper-
ties from their acyclic counterparts. This is principally due to the
greater s-donor effects caused by their cyclic nature which has
facilitated stabilization of a wide range of metal ions in
relatively unusual oxidation states. Polyselenoether macro-
cycles have an equally good potential to serve as ligands,
however, the number of known polyselenoether macrocycles is
very small.2

Recent studies by Levason et al. and others have established
that the acyclic telluroether ligands are significantly better s-
donors compared to the lighter group 16 congeners.3 Despite
this, extension of this type of chemistry to the corresponding
tellurium macrocycles is virtually unknown. A few notable
examples include, 21-telluraporphyrins4a and 1,1,5,5,9,9-hexa-
chloro-1,5,9-tritelluracyclododecane.4b Recently we have re-
ported an easy, high yield template free synthesis, structure and
preliminary coordination behaviour of the novel tellurium
azamacrocycle 1.4c The high yield and template free synthesis
of 1 arises from intramolecular Te…N interactions in the
macrocyclic ring.4c In continuation of this work, we report here,
the synthesis and structure of the first cationic Pd(II) complex of
the tellurium containing macrocyclic Schiff base 14c and the
contrasting reaction of Pt(cod)Cl2 with 1. Both complexes 2 and
3 have been characterized by 1H, 13C, 125Te NMR, mass and X-
ray crystallography.

The reaction of 1 with 1 equivalent of Pd(PhCN)2Cl2 in
CHCl3 afforded a reddish yellow powder which was dissolved
in methanol and treated with an excess of NH4PF6 to give the
yellow complex 2 (Scheme 1). Slow diffusion of diethyl ether

into an acetonitrile solution of this complex afforded yellow
needles of 2. This complex is fairly soluble in MeCN, MeNO2,
acetone, DMF and DMSO but insoluble in common chlorinated
solvents. The IR spectrum of the complex confirmed the
presence of PF6

2 [n (P–F) 836, d (F–P–F) 556 cm21] and
showed a peak at 1639.8 cm21 corresponding to the azomethine
stretching frequency. The 1H NMR spectrum of complex 2
exhibited two peaks in equal intensity at 8.99 and 8.82 ppm for
the azomethine protons. The 13C NMR spectrum showed two
signals for the azomethine carbons at 170.81 and 163.76 ppm
and for the methylene carbons at 58.11 and 63.75 ppm,
suggesting coordination through only two imine nitrogens.
However, the 125Te NMR spectrum showed a single deshielded
signal at 739.96 ppm cf. 607.1 ppm for the free ligand 14c thus
indicating the coordination of Te to Pd and the presence of an
identical environment around both the tellurium atoms. Ele-
mental analysis data for complex 2 suggested the formation of
a 1+1 product. The FAB mass spectrum of 2 showed a highest
mass peak at m/z 977 corresponding to 2+ 2 PF6

2. Hence a
formulation of [PdII1][PF6]2 for the complex is suggested. The
structure was further confirmed by single crystal X-ray
diffraction studies‡.

Interestingly, a similar reaction of 1 with Pt(cod)Cl2 in
dichloromethane yielded a reddish brown precipitate of the
complex 3† (Scheme 1) which could be recrystallized by slow
evaporation from acetonitrile. The IR spectrum of 3 showed
peaks consistent with the presence of n(CNO) and n(CNN)
stretching frequencies at 1697 and 1647 cm21, respectively.
The peak at 10.24 ppm in the 1H NMR spectrum of 3 was
assigned to an aldehydic proton. In addition, two peaks at 9.17
and 8.73 ppm were observed for the azomethine protons. The
125Te NMR spectrum showed a high intensity peak at 708.39
ppm and a low intensity peak at 684.12 ppm. Similar behaviour
has been observed for [Pt([16]aneSe4)][PF6]2 by Reid and
coworkers who observed two resonances for 77Se at 187 and
147 ppm in MeCN at 300 K.5 These authors suggested the
presence of at least two invertomers in solution. The FAB mass
spectrum showed a highest peak at m/z 665 corresponding to 3+

2 PF6
2. Elemental analysis also suggested the formation of

complex 3 the structure of which was confirmed from X-ray
crystallographic studies.‡ The novel organoplatinum complex 3
results from facile C–Te bond cleavage and transmetallation.
McWhinnie et al., we and others have observed a similar
transfer of organic groups from tellurium to another metal in the
reactions of HgCl2,4c,6 copper salts,7 Pd(II)8,9 and Pt(II)3d,9 with
telluroethers. The facile cleavage of the C–Te bond is due to
strong N ? Te intramolecular interactions which activate the
trans C–Te bond.

A view of the cation of the Pd(ii) complex 2 is shown in
Fig. 1. The cation adopts a four coordinate geometry, with
coordination by two nitrogen and two tellurium atoms. The
N–Pd–N, Te–Pd–Te and N–Pd–Te angles are close to 90 and
180°. The Pd–Te(1A) and Pd–Te(1B) bond distances of
2.5443(7) and 2.5483(7) Å are comparable to the Pd(1)–Te(1)
and Pd(2)–Te(3) distances of 2.540(2) and 2.549(20 Å,

Scheme 1 Reagents and conditions: i, Pd(PhCN)2Cl2, CHCl3, 2 h; ii,
Pt(cod)Cl2, CH2Cl2, 16 h; iii, MeOH, NH4PF6, room temp.
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respectively, in [{Pd(C6H4(TeMe)Te-o)I}4].8 The Te…N dis-
tances of 2.739 and 2.737 Å are well within the van der Waals
distance (3.7 Å following Pauling10) and the Te–C–C–C–N
moieties are planar. The tellurium is acting simultaneously as a
Lewis acid and Lewis base. The Te…Te transannular bond
distance of 3.591 Å is significantly shorter than the sum of the
van der Waals radii (4.4 Å). This distance is also shorter than the
transannular Te…Te bond distance (4.979 Å)4c in free ligand
1.

The cation of complex 3 is shown in Fig. 2. The structure
shows square planar geometry around the Pt(II) ion with
coordination of carbon, tellurium and two nitrogen atoms. The
angles around the Pt(II) ion lie in the range 80–100° and
162–177°, indicating the distorted square planar geometry. The
Pt–Te bond distance of 2.5180(6) Å is comparable with the Pt–
Te distance  of 2.512(1) Å in [Pt{(NC5H4-2-(CH2)2-Te-C6H4-
4-OMe}Cl2].11 The intramolecular Te…O distance of 3.004
Å implies a weak coordination of oxygen to tellurium as it is
significantly shorter than the sum of the van der Waals radii
(3.6 Å) of Te and O. However, this bond distance is longer than
the mean tellurium–oxygen distance of 2.76 Å observed in
bis(o-formylphenyl)ditelluride.12 In addition, the cations are
linked into weak dimers by weak intermolecular Te…Pt
contacts (3.483 Å). Complex 3 is the first example of a
structurally characterized organoplatinum complex having both

intramolecular Te?Pt and intermolecular Pt…Te interac-
tions.

We are grateful to the Department of Science and Technol-
ogy (DST), New Delhi for funding this work. We thank Prof.
C. P. Morley for providing the mass and NMR facilities. R. J. B.
acknowledges the DOD-ONR programme for funds to upgrade
the diffractometer.

Notes and references
† Analytical data: 2 yield, 0.13 g (87%), mp 202–204 °C (decomp.); Anal.
(C32H28N4Te2PdP2F12, 1120.16). Calc.: C, 34.29; H, 2.52; N, 5.00. Found:
C, 34.42; H, 2.45; N, 5.13%. 3 Yield 0.060 g (46%), mp 260–262 °C
(decomp.); Anal. (C23H19N2TePtOPF6, 807.07). Calc.: C, 34.23; H, 2.37; N,
3.47. Found: C, 34.24; H, 2.43; N, 3.45%.
‡ Crystal data: for 2: C32H28N4Te2PdP2F12, M = 1120.12; monoclinic,
space group P21/n, a = 8.2250(10), b = 21.280(4), c = 21.150(4) Å, V =
3691.9(11) Å3, Z = 4, 8490 reflections collected, 8467 independent
reflections (Rint = 0.0155), Dc = 2.015 Mg m23, R(Rw) =
0.0512(0.1162).

For 3: C23H19F6N2OPPtTe, M = 807.06; monoclinic, P21/n, a =
12.3253(14), b = 14.6557(14), c = 13.4054(11) Å, V = 2403.4(4) Å3, Z =
4, 5352 reflections collected, 5108 independent reflections (Rint = 0.0225),
Dc = 2.230 Mg m23, R(Rw) = 0.0422(0.1071). CCDC 182/1501.
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Fig. 1 An ORTEP diagram of Pd complex 2. Selected bond lengths (Å) and
angles (°): Te(1A)–Pd 2.5443(7), Te(1B)–Pd 2.5483(7), Pd–N(1A)
2.097(6), Pd–N(1B) 2.099(6), Te(1A)–N(1C) 2.739, Te(1B)–N(1D) 2.737,
Te(1A)…Te(1B) 3.591, N(1B)–Pd–Te(1A) 176.9(2), N(1A)–Pd–Te(1B)
175.9(2), Te(1A)–Pd–Te(1B) 89.68(2), N(1A)–Pd–Te(1A) 94.4(2), N(1B)–
Pd–Te(1B) 93.1(2).N(1A)–Pd–N(1B) 82.8(2).

Fig. 2 An ORTEP diagram of Pt complex 3. Selected bond lengths (Å) and
angles (°): Pt–N(1A) 1.994(7), Pt–N(1B), 2.087(7), Pt–C(1A) 2.028(8), Pt–
Te 2.5180(6), Te…O 3.004, Te…Pt 3.483; N(1A)–Pt–N(1B) 82.4(3),
C(1A)–Pt–N(1B) 162.4(3), N(1A)–Pt–Te 177.0(2), N(1A)–Pt–C(1A)
80.3(4), N(1B)–Pt–Te 96.8(2), Te–Pt–C(1A) 100.7(2).
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A heterodinuclear macrocyclic complex containing both
Yb3+ and Na+ ions has been synthesized and characterized
by X-ray crystallography and 1H and 23Na solution NMR; at
room temperature the coordinated Na+ ion is in slow
chemical exchange with free Na+ ions and its NMR
resonance is strongly shifted.

In recent years asymmetric compartmental ligands have been
under intense scrutiny because it is expected that well defined
bimetallic systems may find interesting applications in several
areas of chemical research.1–4 The synthesis of compartmental
macrocycles is commonly pursued by a step-by-step condensa-
tion of 2,6-diformyl-4-substituted phenols with polyamines
which may also contain other donor atoms. Heterodinuclear
(M,MA) complexes may be conveniently prepared by reacting
the intermediate [2 + 1] acyclic complex, obtained by template
synthesis in the presence of Mm+ ions, with a suitable polyamine
in the presence of MAn+ ions.5

A marked difference in the set of donor atoms of the two
adjacent chambers favours the formation of heterodinuclear
complexes (with respect to homodinuclear complexes) thus
limitating the possibility of positional heterodinuclear iso-
mers.6,7

Here, we investigate the synthesis and characterisation of a
Yb–Na dinuclear complex which represents the first example of
macrocyclic compartmental complex containing a lanthanide
and an alkali metal ions.

On the basis of the above considerations, it was thought that
a suitable ligand should contain a Schiff base chamber for the
lanthanide coordination and a crown-ether moiety for the
coordination of the alkali metal ion. As diformyl precursor we
used 3,3A-(3-oxapentane-1,5-diyldioxy)-bis(2-hydroxybenzal-
dehyde) which, upon reaction with 1,5-diamino-3-aza-
methylpentane (Scheme 1) yields the asymmetric compartmen-
tal macrocycle shown in Fig. 1.8,9

Rather surprisingly it was found that this macrocyclic ligand
coordinates lanthanide(III) ions into the crown-ether chamber
rather than into the N3O2 Schiff base.9,10 On the other hand the
same crown-ether chamber is involved in the coordination of
alkali ions in the case of homonuclear alkaline metal containing
species.11 Thus, although both ions prefer coordination at the
O2O3 chamber, we surmise that the use of the Na+ containing
complex may force the coordination of the lanthanide(III) ion
into the Schiff-base chamber.

This synthetic strategy was successful as shown by the
spectroscopic properties and X-ray structure of the obtained
YbNa(L)Cl2 derivative (Fig. 2).†

The ytterbium ion is coordinated by two chlorine atoms in
trans positions and by three nitrogen and two negatively
charged phenyl oxygen atoms of the ligand, reaching hepta-
coordination with a pentagonal bipyramidal geometry. The
sodium ion is coordinated by the three etheric oxygen atoms and
the same two phenyl oxygens that act as a bridge. A methanol
molecule is also coordinated in the apical position of the
resulting pentagonal pyramidal polyhedron. The oxygen atom
of the methanol is disordered and two positions have been
found. The Yb…Na contact distance is 3.555(2) Å.

The high temperature 1H NMR spectrum (65 °C, CD3OD) of
YbNa(L)Cl2 (Fig. 3) is consistent with the occurrence of a
motion in the macrocyclic ring which reduces to half (twelve)
the number of the observed resonances. Although the spectrum
covers a range of ca. 70 ppm, the resonances associated with the
two N3O2 and O2O3 chambers can be unambiguously assigned.
In fact, the paramagnetic Yb(III) ion causes a large spread of the
five protons (and of the methyl group) associated with the Schiff
base compartment (215 to 257 ppm) whereas the proton
associated with the crown ether and aromatic moieties fall in the
region +7 to 28 ppm i.e. they ‘feel’ only in part the
paramagnetism of the lanthanide ion.

The 23Na NMR spectrum at ambient temperature consists of
the broad absorption of the bound ion (Nab) at ca. 40 ppmScheme 1

Fig. 1 Schematic representation of the compartmental macrocycle (L)
designed for coordinating a lanthanide(III) ion into the Schiff base (N3O2)
chamber and an alkali metal ion into the crown-ether moiety.
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upfield from that of the free ion (Naf) [Fig. 4]. Upon increasing
the temperature the exchange between Naf and Nab becomes
fast on the NMR timescale [Fig. 4] and, at 65 °C, a relatively
narrow absorption at ca. 216 ppm is observed. It seems
reasonable to suggest that the release of Na+ ion from the
crown-ether chamber induces an overall flexibility of the
macrocycle as the 1H NMR spectrum recorded at ambient
temperature is more complex than that obtained at 65 °C.

The high and negative paramagnetic 23Na NMR shift
observed for Nab strongly suggests that the principal axis of the
magnetic susceptibility tensor associated with the Yb(III) ion
lies along the Yb–Na direction rather than along an axis
perpendicular to the macrocyclic plane. This finding may be
highly relevant to development of a novel class of 23Na-shift

reagents which could be very useful in separating the 23Na
NMR resonances for intra- and extra-cellular components.12

Notes and references
† Crystal data for YbNa(L)Cl2·MeOH: C24H30Cl2N3NaO6Yb, yellow
crystal, 0.30 3 0.35 3 0.25 mm, M = 723.44, monoclinic, space group
P21/n, a = 12.586(3), b = 13.127(3), c = 16.690(3) Å, b = 101.08(3)°, U
= 2706(1) Å3, Z = 4, Dc = 1.776 g cm23, m(Mo-Ka) = 3.713 mm21, T
= 293(2) K, 7338 reflections measured, 6903 reflections with I > 4s(I)
used in all calculations, R(F2) = 0.0411, wR(F2) = 0.112. The structure
was solved using direct methods and refined by full-matrix least squares on
F2. CCDC 182/1503.
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Fig. 2 ORTEP drawing of [YbNa(L)Cl2]·MeOH with ellipsoids at the 50%
probability level. Selected bond lengths (Å) and angles (°): Yb–O(1)
2.204(3), Yb–O(2) 2.226(3), Yb–N(1) 2.459(4), Yb–N(2) 2.593(4), Yb–
N(3) 2.474(4), Yb–Cl(1) 2.582(1), Yb–Cl(2) 2.638(1), Na–O(1) 2.343(4),
Na–O(2) 2.296(4), Na–O(3) 2.370(5), Na–O(4) 2.444(5), Na–O(5)
2.316(4), Na–O(6)(methanol) 2.35(mean); Cl(1)–Yb–Cl(2) 172.14(4), Yb–
O(1)–Na 102.2(1), Yb–O(2)–Na 103.0(1).

Fig. 3 400 MHz 1H NMR spectrum of YbNa(L)Cl2 at 65 °C in CD3OD. The
water and methanol resonances have been labelled with the symbols w and
*, respectively.

Fig. 4 Variable temperature 23Na NMR spectra of YbNa(L)Cl2 (25 mM) at
9.4 T in the presence of NaCl (30 mM) in CD3OD.
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A tris(alkoxy)benzylamine (BAL) handle strategy was devel-
oped for safety-catch anchoring of D-glucosamine deriva-
tives in solid-phase synthesis of oligosaccharides; the linkage
between the BAL handle and the amine proved stable to
conc. TFA and Lewis acids, but after N-acylation the amide
could be released by treatment with TFA–H2O (19+1).

Cell-surface oligosaccharides are involved in many biological
recognition processes.1 Also, free oligosaccharides can have
biological effects such as in rhizobial lipochitin oligosacchar-
ides which function as nodulation factors.2 Amino sugars are
found in many biologically important poly- and oligo-sacchar-
ides, e.g. in glycans of O- and N-glycoproteins and -peptides,
lipochitin nodulation factors, and amino glycoside antibiotics
such as streptomycin.

Solid-phase synthesis of oligosaccharides, when performed
combinatorially, offers the prospect of easy access to very large
numbers of well-defined oligosaccharides as tools for glyco-
biology. Despite Frechet and Schuerch’s early pioneering work3

and recent significant progress,4 considerable developments are
required before solid-phase oligosaccharide synthesis can be
put to general use. Crucial to any solid-phase synthesis plan is
the efficient and reliable anchoring of the first building block,
the stability of the anchoring linkage to the synthesis conditions,
and upon completion of the synthesis the efficient release under
conditions compatible with the structural integrity of the final
product. The most common cleavage reagent in solid-phase
peptide synthesis is conc. TFA. Previously reported handles for
anchoring of carbohydrates to solid supports have included
esters,4a silyl ethers,4b sulfonyl esters,4c acetals4d and thio-
alkyls4e and ethers.4f,g

For the solid-phase synthesis of amino sugar containing
oligosaccharides, we decided upon a strategy relying on release
of final products by treatment with conc. TFA, with semi-
permanent protecting groups to be removed in solution after
purification and characterization.5 The recently developed
Backbone Amide Linker (BAL) handle strategy relies on
anchoring of a peptide not through a carboxy group but through
a backbone amide nitrogen leaving the C-terminus available for
modifications.6 Applied to anchoring of amino sugars, a BAL
strategy would allow anchoring through an acetamido function-
ality leaving all hydroxy groups, including the anomeric,
available for modification.

To investigate the anchoring concept, o-PALdehyde 1 was
coupled to high-loading aminomethylated polystyrene 2 and
unprotected D-glucosamine 3a anchored through a BAL linkage
by reductive amination in DMF–AcOH (99+1) in the presence
of NaBH3CN (Scheme 1).† Perbenzoylation with BzCl fol-
lowed by treatment with TFA–H2O (19+1) yielded after column
chromatography the a-pentabenzoate 4a in 41% for a four step
synthesis sequence. The presence of five benzoyl groups in the
final product confirmed that anchoring had occurred through the
amine rather than the putative O,O- or O,N-acetals.

For fast and efficient quantification of resin-bound carbohy-
drates we used two techniques. In the first, UV-active amino
sugar derivatives were released into solution with TFA–H2O
(19+1) followed by quantification with HPLC–UV from
standard curves.

In the second technique, the resin-bound monosaccharide
was treated with 4,4A-dimethoxytrityl chloride (DMTCl) to
attach a DMT moiety at the primary 6-OH group. For
quantification, the resin was exposed to TFA–MeCN (1+49)
and released DMT estimated by UV. Quantification using DMT
was performed on resin bound monosaccharides in order to
determine the efficiency of the coupling of o-PALdehyde to the
resin as well as the coupling of the amino sugar to the linker.
The methyl and benzyl glycosides of D-glucosamine 3b and 3c
were coupled with an efficiency of at least 95% (four steps from
2, including DMT coupling and cleaving) independently of the
resin loading. The solid-phase bound benzyl a-D-glucosaminide
3c was then per-acylated with Ac2O or BzCl. This yielded the
fully acetylated and benzoylated products 4b and 4c in 91–96
and 82% yield, respectively, measured by HPLC standard
curves.

Several solution-phase glycosylation methods have been
adapted for solid-phase; they all require Lewis acids for
activation.4 While studying the use of trichloroacetimidates in

Scheme 1 Reagents and conditions: i, aminomethylated polystyrene 2, 1
(2.0 equiv.), HBTU (1.9 equiv.), HOBt (2.0 equiv.), Pri

2NEt (3.9 equiv.),
DMF, 10 h; ii, amino sugar (2.0 equiv.), NaBH3CN (10 equiv.), DMF–
AcOH (99+1), 16 h, then protecting group chemistry including N-acylation;
iii, TFA–H2O (19+1), 30 min.

This journal is © The Royal Society of Chemistry 2000
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the presence of Lewis acid promoters for the glycosylation of
BAL anchored D-glucosaminides, we realized that BAL
anchoring could be operated in a safety-catch mode. The
amine–BAL linkage proved stable to treatment with conc. TFA
and more than stoichiometric amounts of Lewis acids such as
BF3·OEt2 and TMSOTf. After acylation to form the amide, the
linkage became acid-labile and the carbohydrate could be
released with conc. TFA.

For solid-phase glycosylations, we first synthesized the
partially protected D-glucosamine derivative 3d. Anchoring
through a BAL handle to a polystyrene support was achieved as
above, leaving the 6-OH free. In initial studies we used
2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl trichloroacetimi-
date 5a7 in the presence of BF3·OEt2 or TMSOTf as promoters
(Scheme 2). Solid-phase reactions are most conveniently
carried out at room temperature, but this gave only low yields of
the disaccharide. However, when performing the glycosylation
at 250 °C the disaccharide 6a was obtained in 35% yield as an
a/b mixture (five steps from 2).

When using the less reactive benzoyl protected glycosyl
donor 2,3,4,6-tetra-O-benzoyl-a-D-glucopyranosyl trichloro-
acetimidate 5b in the presence of TMSOTf, yields of up to 82%
of the disaccharide 6b8 were obtained (five steps from 2),
leaving as little as 2% of the unglycosylated monosaccharide
(Table1). The disaccharide was obtained with an a+b ratio of
< 1+10, the high b-selectivity being due to the neighboring
group participation of the benzoyl group. Stoichiometric and
sub-stoichiometric amounts of Lewis acids were used, relative
to the donor. We found that TMSOTf was superior to BF3·OEt2
as promoter, and MAS NMR revealed that the secondary amine
did not carry a TMS group after exposure to TMSOTf in
glycosylations. The high yield of 82% for the five step synthesis
of 6b also indicated that release of the final product with TFA–
H2O was near quantitative.

The initial resin loading of the aminomethylated polystyrene
2 was 0.40 mmol g21, which dropped to 0.36 mmol g21 after
coupling of o-PALdehyde 1 to the resin, and 0.32 mmol g21

after attaching the partly protected monosaccharide 3d. With
high-loading resin (1.20 mmol g21) glycosylation became much
less efficient..

In conclusion, we have developed a new and efficient
strategy for anchoring amino sugars through a BAL handle to a
solid support in which the amino sugar is attached by an
efficient reductive amination. BAL anchoring was operated in a
safety-catch mode as BAL linked amines were stable to Lewis
acids and conc. TFA, whereas the corresponding amides were
released from the support with conc. TFA. This allowed the use
of Lewis acids in excess in solid-phase glycosylations. Using
this strategy, we synthesized 1-6 linked disaccharides in high
yields. The safety-catch protocol for BAL anchoring should
also be useful for other applications.

We thank Flemming Jensen and Annette Lind Nordestgaard,
Phytera, for MS, Drs Charlotte Godfredsen and Henrik
Pedersen for MAS NMR, and the Lundbeck Foundation (K. J.)
and the Danish Technical Research Council (‘Talent Project’
grant to K. J.) for financial support.

Notes and references
† All solid-phase reactions were carried out in plastic syringes at room
temperature, except for glycosylations at 250 °C, which were carried out in
glass flasks. Syringes were fitted with a polypropylene filter, a Teflon valve
in the bottom, and closed in the top with the syringe plunger. For
glycosylations, the syringe was instead closed with a septum, after the solid
reactants were placed in the syringe. It was then dried in a desiccator in
vacuo with the Teflon valve open. The desiccator was opened under argon,
the Teflon valve closed, and the solvent and Lewis acid added through the
septum. After 18 h the resins were washed and dried; final products were
released from the support with TFA–H2O (19:1). Glycosylations were
typically performed on a 5 mmol scale. Quantifications were done by
HPLC–UV integration of peak areas and use of standard curves established
from benzyl and benzoyl containing compounds. Benzyl groups were
monitored at l = 215 nm, and benzoyl groups at l = 265 nm. At the 5 mmol
scale and without purification, the structure of 6b was established by MS,
1H NMR and gCOSY spectroscopy (ref. 8).
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Scheme 2 Reagents and conditions: i, TMSOTf, CH2Cl2, 3 Å (Table 1); ii,
Ac2O–Py (2:1), 16 h; iii, TFA–H2O (19+1), 30 min.

Table 1 Reaction conditions for synthesis of 6b

TMSOTf/ Yield of
T/°C 5b/equiv. equiv. 6b (%) (b/a)

Room temp. 5.0 1.0 0
Room temp. 5.0 2.0 76 (14)
Room temp. 5.0 5.0 74 (20)
Room temp. 5.0 10.0 64 (17)
Room temp. 10.0 2.0 82 (11)
Room temp. 10.0 5.0 82 (16)
Room temp. 10.0 10.0 67 (17)
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Liposomes containing phospholipids bearing a sugar-bind-
ing boronic acid group exhibit enhanced binding to erythro-
cyte cells.

There is a need to develop liposomes that selectively self-
assemble,1 or interact with specific cell-types,2 as this will
likely lead to improved delivery systems and imaging agents.3,4

The standard approach is to embed in the liposome membrane
high molecular weight, biotic receptors (e.g. lectins) that have a
selective affinity for cell-surface ligands, or conversely, to coat
the liposome exterior with small ligands (e.g. folate) that bind
selectively to receptor-containing cells.5 If there is no natural
binding partner for a desired cell-surface target then the only
alternative is to construct an immunoliposome,6 or perhaps a
liposome coated with a rationally-designed synthetic re-
ceptor.†

Here we evaluate the cell-binding ability of a liposome
system that contains phospholipids bearing a boronic acid. Over
the last ten years a large number of boronic acid host
compounds have been prepared and evaluated as synthetic
saccharide-binding receptors.13,14 In general, simple aryl-
boronic acids have modest affinities (Ka ~ 10–104 M21) for
saccharides containing a vicinal cis-diol. Since virtually all cell
membranes include glycoproteins and/or glycolipids,15,16 it is
reasonable to expect that compounds containing boronic acid
groups will bind to cell surfaces.17 We find that liposomes
containing the phospholipid–boronic acid conjugate DOPEBA
have enhanced affinity for erythrocyte ghosts (red blood cells)
as compared to related control liposomes that contain DOPEB,
a structurally similar phospholipid that lacks a boronic acid
residue.‡

Erythrocytes are the simplest and best characterized human
cells.16 They are good models for binding and fusion studies
since they cannot undergo endocytosis. Liposome-cell binding
and membrane fusion were monitored using fluorescently
labelled liposomes containing 0.3% of the phospholipid probe
NBD-PE [N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidyl-
ethanolamine] and its resonance energy transfer quencher Rh-
PE [N-(lissamine rhodamine B sulfonyl)phosphatidylethanola-
mine].19 Two measurements are listed in Table 1, the
percentage of liposomes bound to the erythrocyte ghosts, and
the percentage of the bound liposomes that appear to undergo
lipid mixing with the erythrocyte membranes. These values
were determined using a centrifugation method to separate the
cell-bound liposomes from unbound liposomes.20 NBD-PE/Rh-

PE labeled liposomes (100 nmol) and erythrocyte ghosts (5 3
108 cells) were incubated for 40 min at 37 °C in 150 ml of EDTA
containing MOPS buffered saline, pH 7.4, then the mixture was
centrifuged at 6000 rpm. The pellet was suspended in buffer
solution and liposome binding was determined from the Rh-PE
fluorescence intensity in the presence of 0.2% C12E8 (octa-
ethylene glycol monododecyl ether). The fluorescence of ghosts
alone in the presence of 0.2% C12E8 was used as 0% binding
while the fluorescence of a freshly prepared liposome–ghost
mixture (no incubation and spin) in the presence of C12E8 was
taken as 100% binding. The percent of cell-bound liposomes
that subsequently underwent lipid mixing with the unlabelled
erythrocyte ghosts was determined from the increase in NBD-
PE fluorescence which was initially attributed to dilution of the
NBD-PE/Rh-PE probes. The NBD-PE fluorescence for a
freshly prepared liposome–ghost mixture (without incubation
and spin) was measured in the presence and absence of 0.2%
C12E8 to determine the 100 and 0% lipid mixing, respectively.
The values listed in Table 1 were calculated using the formula
described by Shangguan.20

The erythrocyte binding and subsequent lipid mixing of 4:1
DOPEBA/POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline) liposomes was compared to 4:1 DOPEB/POPC
liposomes, in the presence and absence of competing sodium D-
glucarate or 4-carboxyphenylboronic acid.§ As described in
Table 1, only 3% of the DOPEB/POPC (4:1) liposomes were
bound to the erythrocytes at neutral pH, which is in agreement
with another study on related liposome systems.20 In the case of
DOPEBA/POPC (4:1) liposomes, about 33% were erythrocyte-
bound. Addition of 10 mM glucarate decreased this number by
half, whereas addition of 10 mM 4-carboxyphenylboronic acid
had no measurable effect. It appears that binding of dianionic
glucarate to the surface of DOPEBA/POPC (4:1) liposomes
makes them more negatively charged and decreases their
affinity for the negatively charged surfaces of glycosylated
erythrocyte cells. The inability of 4-carboxyphenylboronic acid
to affect liposome-erythrocyte binding is likely an example of

Table 1 Binding and apparent lipid mixing of labelled liposomes with
unlabelled erythrocytes

Liposomes Additive
Liposomes bound
to cellsa (%)

Apparent lipid
mixingab (%)

DOPEBA/
POPC (4+1) none 33 18

sodium D-glucarate 17 19
4-carboxyphenyl
boronic acid 34 15

DOPEB/
POPC (4+1) none 3 26

sodium D-glucarate 3 25
4-carboxyphenyl
boronic acid 3 22

a Each value is the average of six runs, uncertainty ± 3%. b Percentage of
cell-bound liposomes that appear to undergo lipid mixing.
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multivalency, where the binding constant for a monovalent
boronic acid compound to the erythrocyte surface is quite weak,
but the binding of a liposome that presents a partially organized
array of boronic acid groups is much stronger. As expected,
addition of glucarate or 4-carboxyphenylboronic acid had no
effect on the binding of control DOPEB/POPC (4:1) liposomes
(Table 1).

About 18% of the erythrocyte-bound DOPEBA/POPC (4:1)
liposomes and 24% of the bound DOPEB/POPC (4:1) lipo-
somes appeared to undergo lipid mixing (Table 1). Since the
NBD-PE/Rh-PE lipid mixing assay is known to be susceptible
to artefacts,23,24 we decided to confirm binding and lipid mixing
using a more direct method, namely, fluorescence micros-
copy.20,25 In agreement with the binding data listed in Table 1,
significantly more DOPEBA/POPC (4:1) liposomes were
bound to the erythrocyte cells than control DOPEB/POPC (4:1)
liposomes (Fig. 1). However, the fluorescence imaging showed
no evidence for any lipid mixing (i.e. no evidence for the
transfer of NBD-PE or Rh-PE probes from the liposomes to the
erythrocytes),20 which contrasts with the bulk solution data
(Table 1). It appears that the increase in NBD-PE fluorescence
seen in the bulk solution assay is not due to lipid mixing but is
an artefact most likely due to liposome binding to the
glycosylated structures on the cell surface. This result demon-
strates the importance of using an alternative method to confirm
the conclusions derived from lipid mixing assays.23,24 Finally,
we note that fluorescence imaging studies using liposomes
filled with the water soluble dye, sulforhodamine B, produced
no detectable evidence for enhanced delivery of liposomal
contents.

Overall, the data is rationalized in terms of the following
binding model. Unlike the DOPEB-containing liposomes, the
DOPEBA-containing liposomes are able to bind strongly to the
glycocalyx that projects from the erythrocyte cellular mem-
brane. However, the DOPEBA-containing liposomes are still a
significant distance from the erythrocyte membrane surface and
there is no decrease in the energetic barrier to liposome–
erythrocyte membrane adhesion and subsequent fusion.

The development of surface functionalized liposomes that
bind to specific target cells appears to be feasible using current
supramolecular technology.2,7–12 A more difficult undertaking
is the invention of structures that induce membrane fusion and
thus facilitate drug delivery. Our initial efforts to address this
problem will be published shortly.26 This work was supported
by the National Institutes of Health and the University of Notre
Dame (Molecular Biosciences fellowship to Y. R. V.).
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recognition of monolayer surfaces using abiotic receptors and abiotic
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‡ The synthesis of DOPEBA has been reported before (ref. 18). DOPEB
was prepared by treating dioleoylphosphatidylethanolamine with benzoyl
cyanide. Selected data for DOPEB: d (CDCl3) 8.05 (s, 1H, NH), 7.86 (d, 2H,
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§ The liposomes were prepared by extrusion through polycarbonate filters
as previously described (ref. 18). In each case, unilamellar vesicles ( ~ 100
nm diameter) were formed as determined by dynamic light scattering,
encapsulation of aqueous contents, and lamellarity assays (ref. 21). Control
experiments with liposomes containing NBD-PE/Rh-PE showed that the
liposomes do not undergo significant morphology changes in the presence
of sodium D-glucarate or 4-carboxyphenylboronic acid. This is in contrast to
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Fig. 1 Fluorescence and phase microscopy co-illumination images of Rh-PE
containing liposomes bound to erythrocyte ghosts after a 10 min incubation
followed by four wash cycles. The large dark circles are erythrocyte ghosts
and the bright fluorescent dots are labelled liposomes. (a) DOPEBA/POPC
(4+1) liposomes; (b) DOPEB/POPC (4+1) liposomes.
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Some common onium salts catalysed selective urethane
production from amines and alkyl halides in supercritical
carbon dioxide, which acted not only as an alternative to
organic solvents but also as a phosgene replacement; the
reaction efficiency was 50–100 times higher than that
attained in heptane.

The most widely utilized method for the synthesis of urethanes
uses highly toxic phosgene as a reagent in organic solvents,
which are also toxic and flammable. Therefore the conventional
method involves environmental and safety problems.

Owing to the above mentions, much effort has been directed
toward alternative routes for preparation of urethanes using
carbon dioxide as a phosgene replacement.1–8 Carbon dioxide is
well known to react rapidly with amines to form carbamic acid
ammonium salts.9 However, as the nucleophilicity of the
carbamate anion is lower than that of the amine formed in the
equilibrium of the salt formation reaction, the reaction of the
carbamate salts with alkyl halides does not selectively afford
urethanes.2 So, the activation of the carbamate anion was
attempted by addition of crown ethers5 and strong bases.4
Monsanto’s chemists have achieved a highly selective urethane
synthesis process using very strong bases (e.g. CyTMG: N-
cyclohexyl-NA,NA,NB,NB-tetramethylguanidine).7 However, be-
cause a stoichiometric amount of CyTMG was necessary in the
reaction, the Monsanto process could not replace the conven-
tional method.

We have successfully synthesized urethanes in high yields
from amines, alkyl halides, potassium carbonate and a catalytic
amount of an onium salt in supercritical carbon dioxide
(scCO2) [eqn. (1)]. Supercritical carbon dioxide is an attractive

R R NH R X K CO R R NCOOR1 2 3
2 3

1 2 3onium salt

scCO2

+ + æ Æææææ (1)

alternative to organic solvents as it is environmentally benign,
essentially nontoxic, inexpensive, nonflammable and has rela-
tively low critical conditions (Pc = 73 atm, Tc = 31 °C).†

The results of the one-pot urethane production are summa-
rized in Table 1. Not only aliphatic primary and secondary
amines but also aromatic amines reacted well. As these are
catalytic reactions, the low yields should be improved by
increasing the amount of catalyst or extending the reaction
time.

The effect of catalyst on the conversion of a pyrrolidine, butyl
chloride and potassium carbonate system in scCO2 is given in
Table 2. The reaction could be catalysed by amonium salts and
a phosphonium salt. Among these, the catalysts that afforded
the best results were tetrabutylammonium bromide and trioctyl-
ammonium chloride, which are commonly used in industry.

Sanchez and co-workers also reported a phosgene-replaced
urethane synthesis in heptane using amines, alkyl halides,
potassium carbonate and tetrabutylammonium hydrogensulfate,
as a solid/liquid phase-transfer reagent, without any additional
carbon dioxide.3 In their system, the carbonyl source was
potassium carbonate. In order to determine the carbonyl source
in our system, we tried a reaction in scCO2 with pyrrolidine,
butyl chloride and potassium phosphate in place of potassium

carbonate. From the resulting 98% yield of urethane, it was
confirmed that scCO2 acts not only as a solvent but also as a
direct starting material for the urethane in our reaction
system.10

Consequently, the mechanism of the reaction could be
explained as follows (Scheme 1). First, the amine readily forms
the carbamic acid ammonium salt upon the introduction of
liquid carbon dioxide. The salt starts to dissolve in scCO2 as the
temperature increases. At the reaction temperature (100 °C), the
ion exchange reaction takes place between the carbamate salt
and tetrabutylammonium bromide. As a result, the carbamate
anion is activated by the tetrabutylammonium ion and readily
reacts with alkyl halide to form urethane and potassium halide
in the presence of potassium carbonate. At the same time,
tetrabutylammonium bromide is regenerated to complete the
catalytic reaction cycle. If tetrabutylammonium bromide is
absent, the amine formed by the reverse reaction of the
equilibrium of the carbamate salt formation attacks alkyl halide

Table 1 Bu4NBr catalysed urethane production from R1R2NH, R3X and
K2CO3 in scCO2

a

R1 R2 R3X
Bu4NBr/
mol% t/h Yield (%)b

–(CH2)4– BuCl 5 2 quant. (85)
–(CH2)4– CH3(CH2)7Cl 5 2 76
–(CH2)4– BusBr 5 2 73
–(CH2)5– BuCl 5 2 quant. (85)

–(CH2)2O(CH2)2– BuCl 15 2 72 (62)
Me Me BuCl 5 2 86 (81)
Et Et BuCl 5 2 90 (82)
Bu Bu BuCl 5 2 74
C6H11 C6H11 BuCl 5 2 72
Ph Me BuCl 5 2 quant. (94)
Bu H BuBr 5 1 quant. (90)
CH2NCHCH2 H BuBr 5 1 quant. (90)
Bn H BuBr 5 1 91 (85)
Ph H BuCl 20 4 75
a Reaction was conducted at 100 °C, 80 atm in a 50 ml stainless steal
autoclave containing amine (5 mmol), alkyl halide (8 mmol) and K2CO3 (10
mmol). b Estimated by 1H NMR, isolated yield in parentheses.

Table 2 Effect of catalyst on conversion of pyrrolidine, butyl chloride and
K2CO3 in scCO2

a

Catalyst Yield (%)b

Bu4NHSO4 69
Bu4NBr 74
Bu4NI 51
Bu4PBr 48
[CH3(CH2)15NMe2Et]Br 66
[CH3(CH2)7]3MeNCl 73

a Reaction was conducted at 100 °C, 80 atm in a 50 ml stainless steal
autoclave containing pyrrolidine (5 mmol), butyl chloride (6 mmol), K2CO3

(10 mmol) and catalyst (0.5 mmol) without stirring for 2 h. b Estimated by
1H NMR.
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to form highly alkylated amines, and as a result the selectivity of
the urethane formation decreases.

Our reaction system is the first example of catalytic urethane
production. Also we found that the efficiency of the reaction in
scCO2 is 50–100 times higher than that attained in heptane.
Indeed, the urethane yield was less than 2% with pyrrolidine and
butyl chloride, and less than 1% with butylamine and butyl
bromide, in heptane.

In conclusion, we have achieved catalytic one-pot urethane
synthesis from amines and alkyl halides in supercritical carbon
dioxide and also achieved a phosgene replacement and organic
solvent replacement by using common onium salts as catalysts.
Our process is environmentally benign and also has benefits
economically.

Notes and references
† Typical experimental procedure: For carrying out the reactions in scCO2,
a 50 ml stainless steel autoclave (Taiatsu Techno portable reactor TVS-N2)
was used. Potassium carbonate (10 mmol), tetrabutylammonium bromide
(0.25 mmol), pyrrolidine (5 mmol) and butyl chloride (8 mmol) were
successively placed in the reaction vessel. The vessel was sealed and then
liquid carbon dioxide (ca. 12.3 g) was introduced from a cylinder at room
temperature. The reaction system was heated with a boiling water bath (ca.
100 °C). The pressure of the mixture reached ca. 80 atm and the mixture was
stirred magnetically for 2 h. In completion, the reaction vessel was cooled
with an ice bath and the pressure was released slowly to atmospheric
pressure. The residual mixture was extracted with chloroform and the yields
of urethane were estimated by 1H NMR.
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Two new Keggin unit supported transition metal complexes,
[Ni(2,2A-bipy)3]1.5[PW12O40Ni(2,2A-bipy)2(H2O)]·0.5H2O 1
and [Co(1,10A-phen)3]1.5[PMo12O40Co(1,10A,-phen)2-
(H2O)]·0.5H2O 2, are synthesized by a hydrothermal
method; complex 1 is characterized by X-ray crystallog-
raphy, showing that the [Ni(2,2A-bipy)2(H2O)]2+ units are
covalently bonded to the a-Keggin cluster [PWV

2-
WVI

10O40]52.

There is considerable current interest in metal–oxo cluster
compounds reflecting their diverse properties, with applications
to sorption clathration, catalysis, electrical conductivity, mag-
netism and photochemistry.1–11 Recently an important advance
in transition metal oxide cluster chemistry has been study of
polyanions substituted by transition-metal and polyoxoanion-
supported inorganic or organometallic complexes.12–20 Struc-
tures determined  included [{Cu(4,4A-bipy}4(Mo8O26)]16 and
[{Cu(en}2(Mo8O26)],17 which possess infinite extended struc-
tures, [La(Mo8O26)2]52,18 a molecular cluster and the organo-
metallic compounds [(CO)3Mn(cis-Nb2W4O19)]19 and
[{(C5Me5)Rh}2(Mo13O40)]2+,20 which have discrete cluster
structures.

Here, we reported  the hydrothermal synthesis and character-
ization of a a-Keggin heteropoly anion-supported nickel–
bipyridyl and cobalt–phenanthroline complexes, [Ni(2,2A-
phen)3]1.5[PW12O40Ni(2,2A-bipy)2(H2O)]·0.5H2O 1 and
[Co(1,10A-phen)3]1.5[PMo12O40Co(1,10A-phen)2(H2O)]·0.5H2O
2. No previous structural examples of transition metal com-
plexes coordinated to Keggin anions have been reported. The
structure determination of [PW12O40Ni(2,2A-bipy)2(H2O)]32 in
1 indicates a novel a-Keggin heteropolyanion coordinated to a
transition metal complex.

Compound 1 was synthesized as black blocks in 34% yield
based on W (0.37 g) by a hydrothermal method. A mixture of
Ni(OAc)2 (0.4 g), Na2WO4 (1.0 g), 2,2A-bipyridine (0.4 g), and
water (10 ml) was neutralized to pH = 4.0 with 50% H3PO3 and
sealed in a 15 cm21 Teflon-lined reactor, which was heated to
160 °C for seven days. After cooling to room temperature, black
block crystals were isolated. The IR spectrum of 1 exhibited an
intense band at 950 cm21, attributed to n(WNO), and features at
1595, 1475, 1432 and 1309 cm21 characteristic of 2,2A-
bipyridine, bands at 1060 and 1090 cm21, can be attributed n(P–
O). Black prism crystals of 2 (0.30 g, yield 30% based on Mo)
were obtained under the same reaction conditions using CoCl2
(0.4 g), Na2MoO4 (0.8 g) and 1,10A-phenanthroline (0.4 g).
Compound 2 was characterized by elemental analyses† and IR
spectroscopy, while compound 1 was characterized by ele-
mental analyses IR spectroscopy and single-crystal analyses.‡
Compounds 1 and 2 were soluble in DMF but not in water.

Crystals of 1 contain [PWVI
10WV

2O40Ni(2,2A-bi-
py)2(H2O)]32 heteropoly anions and [Ni(2,2A-biby)3]2+ cations.
As shown in Fig. 1, the novel anion [PW12O40Ni(2,2A-
bipy)2(H2O)]32 consists of a reduced Keggin heteropolyanion
[PWVI

10WV
2O40]52 and the cation [Ni(2,2A-bipy)2(H2O)]2+.  As

in other Keggin structures,1 the reduced polyanion is formed

from twelve WO6 octohedra and one PO4 tetrahedron. For PO4,
the P–O distances are 1.509(5)–1.565(5) Å while the O–P–O
angles vary from 108.8(3) to 111.1(3)°. The W–O distances can
be grouped into three sets: W–Ot 1.677(5)–1.727(5), W–Ob
1.780(4)–1.957(5), W–Oa, 2.378(5)–2.467(5), while bond an-
gles at the W atoms range from 70.8(2) to 103.2(3)°. In
comparison with other Keggin polyanions,1 the unusual feature
here is that the Keggin structural unit [PWVI

10WV
2O40]52 acts

as a ligand towards Ni2+, to give a novel transition metal anion.
A m-oxygen, O(29) links the Keggin unit and Ni(3), the [W(12)
–O(29) 1.780(4) Å, O(29)–Ni(3) 2.010(4) Å, Ni(3)–O(29)–
W(12) 160.6(3], the W(12)–O(29) distance is longer than the
other W–Ot bond lengths but shorter than W–Ob. In the
polyanion, the Ni atom is coordinated by two 2,2A-bipy, one
water molecule and one Keggin unit, with Ni–OW(1) 2.140(6)
Å and Ni–N 2.072(7)–2.106(6) Å. The coordinated water

Fig. 1 The structure of the Keggin unit supported transition complex anion
[PWVI

10WV
2O40Ni(2,2A-bipy)2(H2O)]32 in 1.
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molecule [OW(2) and its symmetry-related partner] link
different polyanions by hydrogen bonding, to form a supramo-
lecular assembly [Ow(2)···O(17a)(2x,12y,12z) 2.768(12) Å].
In each unit of 1, the water molecules and heteropolyanion are
involved in hydrogen bonding interactions, with
OW(2)···OW(1) and OW(1)···O(29) 2.810(11) and 2.934(12) Å,
respectively. In the cation [Ni(2,2A-bipy)3]2+ of 1, Ni is
coordinated by three 2,2A-bipy molecules, with Ni–N
1.966(7)–2.102(6) Å. There are two WV centres in the Keggin
unit of 1, and the assignment of the oxidation state for the W
atoms is consistent with the electric charge and confirmed by
bond valence sum calculations. Using an empirical bond
valence calculation,21 S = exp[2 (R 2 1.898)/0.315] (S =
bond valence, R = bond length), leads to S values for W(1),
W(2), W(3), W(4), W(5), W(6), W(7), W(8), W(9), W(10),
W(11) and W(12) of 5.788, 5.950, 5.750, 6.081, 6.04, 5.786,
5.751, 6.060, 5.590, 5.946, 6.070 and 5.577, respectively. The
average value for the calculated oxidation state of W is 5.866
(expected value 5.833 for WVI

10WV
2), consistent with the

formula of 1. Absorption of 600–2000 nm in the reflectance
UV–VIS spectrum can be ascribed to d–d transitions and
electron transitions between WV and WVI centres. Only a Ni2+

signal was observed (g = 2.013) in the room temperature EPR
spectrum of 1, the lack of signals for WV indicate that the two
unpaired electrons of  the Keggin unit are delocalised.1

This work was supported by the National Science Foundation
of China(29733090) and State Key Project of Fundanental and
the National Nature Science Foundation of China.

Notes and references
† Anal. Calc. for W12Ni2.5PO41.5N13C65H55 1: W, 54.01; Ni, 3.61; P, 0.76;
C, 19.18; N, 4.48; H, 1.35. Found : W, 53.74; Ni, 3.42; P, 0.84; C, 19.39; N,
4.52; H, 1.31%. Calc. for Mo12Co2.5PO41.5N13C78H55 2: Mo, 36.36; Co,
4.65; P, 0.98; C, 29.55; N, 5.75; H, 1.74. Found : Mo, 36.06; Co, 4.56; P,
1.03; C, 29.50; N, 5.69; H, 1.79%.
‡ Crystal data: diffraction data for 1 were collected on a crystal with
dimensions 0.38 3 0.21 3 0.21 mm using a Siemens P4 diffractometer and
Mo-Ka radiation, at 193 K. Monoclinic, space group C2/c, a = 46.768(9),
b = 14.340(3), c = 25.945(5) Å, b = 90.21(3)°, Z = 8, Dc = 3.114 g cm23.
Of 14314 data collected (2qmax = 23.02°). 12113 were independent (Rint =

3.11%) and 7841 were observed [2s(I)]. An empirical absorption correction
from y-scans was applied (m = 16.434 mm21). All metal, P, O and N atoms
atoms were refined anisotropically, while all C atoms were refined
isotropically, R1 = 0.0732, Rw = 0.1827 for 891 parameters. CCDC
182/1504. See http://www.rsc.org/suppdata/cc/a9/a908527k/ for crystallo-
graphic files in .cif format.
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(S,S)-2,3-Bis(diphenylphosphinoyl)butane, an immediate
precursor of (S,S)-CHIRAPHOS, can be obtained with 70%
de and 71% op via double asymmetric hydrogenation of
2,3-bis(diphenylphosphinoyl)buta-1,3-diene in the presence
of Ru–(S)-BINAP catalysts.

Recently, we have described a new strategy for the synthesis of
Chiraphos,1† a well-known bidentate chiral ligand for asym-
metric catalysis. The key step of the synthesis is the diastereo-
selective hydrogenation of 2,3-bis(diphenylphosphinoyl)-
buta-1,3-diene 1 which affords a pair of enantiomers (R,R)- and
(S,S)-2 and the meso species (R,S)-2. This latter isomer is
useless, therefore its formation must be avoided in order to
remove the need for a difficult purification step. In the
previously reported synthesis,1 a racemic mixture of (R,R)- and
(S,S)-2 was obtained in ca. 70% yield by reacting 1 with
NaBH4. Using this reducing agent, ca. 30% of meso-2 was also
produced, but was promptly separated and discarded since it
forms an insoluble adduct with one molecule of NaOH and one
molecule of NaBH4.1

The recent improvements achieved in asymmetric hydro-
genation2 by means of homogeneous chiral transition metal
catalysts prompted us to investigate the direct synthesis of
enantiopure (R,R)-2 or (S,S)-2 by hydrogenation of 1 in the
presence of an asymmetric catalyst (Scheme 1).

Interest in this subject goes beyond the synthetic application
envisaged here since, although a large number of reports
concerned with asymmetric reduction of monoenes have been
published, only a few examples of asymmetric reduction of
dienes have appeared so far.3 Further interest is added by the
peculiar nature of 1.

Two different Ru-BINAP complexes, i.e. [RuCl(p-cym-
ene){(S)-BINAP}]Cl4 and [Ru(OAc)2{(S)-BINAP}],5 were
tested as catalysts. The relevant data, together with the reaction
conditions, are reported in Table 1.

The reactions were carried out in a magnetically stirred
stainless steel autoclave. The product’s composition was
determined by NMR spectroscopy, since in previous studies we
found that all the species which may form during the reaction
(see Scheme 1) give well-separate signals in the 31P NMR
spectrum.1

When only the stereoisomers of 2 were present into the crude
reaction mixture, the enantioselectivity of the reaction was
determined by polarimetry on samples recrystallized from

benzene/n–hexane to remove the catalyst.6 In the case of runs 1
and 4, owing to the presence of the chiral intermediate 3, a
catalyst-free sample of the crude reaction mixture was treated
with (1S)-(+)-camphorsulfonic acid to form inter alia the
corresponding (S,S)-2–(1S)-(+)-camphorsulfonic and (R,R)-
2–(1S)-(+)-camphorsulfonic adducts. The enantioselectivity of
the reaction was then calculated by integration of their relevant
resonances in the 31P NMR spectrum.7

Both catalysts require rather severe reaction conditions to
carry out the hydrogenation. With [RuCl(p-cymene){(S)-
BINAP}]Cl the hydrogenation of 1 proceeds with complete

Table 1 Hydrogenation of 2,3-bis(diphenylphosphinoyl)buta-1,3-diene 1 with Ru–BINAP catalystsa

Yield (%)

Run Catalyst T/°C t/h 3 (R,S)-2 (S,S)-2 + (R,R)-2 Op 2 (%)b

1 [RuCl(p-cymene){(S)-BINAP}]Clc 50 216 53 0 47 0
2 [RuCl(p-cymene){(S)-BINAP}]Clc 100 120 0 0 100 8
3 [Ru(OAc)2{(S)-BINAP}]d 100 67 45 10 45 NDe

4 [Ru(OAc)2{(S)-BINAP}]d 100 163 18 13 69 68
5 [Ru(OAc)2{(S)-BINAP}]d 100 310 — 15 85 71
a MeOH (15 ml), substrate (2.0 mmol), P(H2) = 100 atm. b In all cases the prevailing configuration is (S,S)-2. c Substrate/Ru = 120. d Substrate/Ru = 10.
e Not determined.

Scheme 1 Reagents and conditions: i, H2, catalyst; ii, HSiCl3, NEt3.

This journal is © The Royal Society of Chemistry 2000
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diastereoselectivity since no meso-2 is formed. Surprisingly,
operating at 50 °C in the presence of this catalyst, a racemic
mixture of 2 is obtained, while working at 100 °C a modest
induction is observed (run 2). This rather unusual enhancement
of the enantioselectivity on increasing the reaction temperature
suggests that different catalytic species are actually at work; an
example of such behaviour has been previously reported in the
literature.8

With [Ru(OCOCH3)2{(S)-BINAP}] lower reaction rates are
obtained. Thus, even at 100 °C and using a substrate/catalyst
ratio of 10, long reaction times are necessary to achieve
complete hydrogenation of diene 1 (run 5). Most significant is
that the reaction proceeds with good diastereo- (de = 70%) and
enantio-selectivity [the op of the prevailing (S,S)-2 isomer is
71%]. Presumably the PNO bond is acting as a co-ordinating
group in the reaction, rather as an amide does in the
hydrogenation of acylamino acrylates.9,10

Concerning the reaction mechanism, there are two possible
pathways for the hydrogenation of the diene 1 (Scheme 1): (i)
two consecutive 1,2-hydrogen additions; (ii) an initial 1,4-hy-
drogen addition to give (cis or trans) 4 followed by hydro-
genation of the remaining double bond.

At shorter reaction times (runs 3 and 4) only 2 and 3 are
detected in the reaction mixture, suggesting that the reaction
proceeds via two consecutive 1,2-hydrogen additions; moreover
it appears that the first double bond hydrogenation is faster than
the second one. On the other hand, an independent experiment
showed that a pure sample of 411 is not hydrogenated in the
presence of [Ru(OCOCH3)2{(S)-BINAP}] under the conditions
in Table 1.

In conclusion, even if the process is not yet ready for practical
application owing to the incomplete stereoselectivity this work
demonstrates the possibility of employing the asymmetric
catalysis in the synthesis of a chiral diphosphine. According to
this strategy a chiral ligand could be synthesised using another
chiral phosphine ligand, thus giving a new example of chiral
amplification.

Notes and references
† Chiraphos: 2,3-bis(diphenylphosphino)butane.
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31P NMR (CDCl3): d 40.7 (s), 40.4 (s). Signals due to the adducts
between 3 and (1S)-(+)-camphorsulfonic acid were also present: d 38.23
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(20H, m, arom), 8.20 (1H, s, CH2SO3H); nmax(KBr)/cm21 3400 (OH,
br), 3000–2900 (aliphatic and aromatic C–H, w), 1700 (CNO, s); [a]23

D
214.0 (c 2.0 in CH2Cl2). For (R,R)-(+)-2–(1S)-(+)-camphorsulfonic
adduct: dP (CDCl3, 85% H3PO4) 40.4 (s); dH(CDCl3) 0.91 (3H, s,
CH3C), 1.08 (3H, s, CH3C), 1.30 (6H, m, CH3) 1.54–2.60 (7H, m,
CH2CH2CHCH2), 2.95 (2H, m, CH3CH), 3.05 (1H, d, CH2SO3H, JH,H

15.2), 3.54 (1H, d, CH2SO3H, JH,H 15.2), 7.30–7.80 (20H, m, arom),
8.20 (1H, s, CH2SO3H); nmax(KBr)/cm21 3400 (OH, br), 3000–2900
(aliphatic and aromatic C–H, w), 1700 (CNO, s); [a]23

D +25.0 (c 2.0 in
CH2Cl2). Slight differences in the 31P NMR (CDCl3) chemical shifts of
the mixture containing the two diastereoisomers may be observed due to
variations in sample concentration.

8 M. Kitamura, M. Tokunaga, T. Ohkuma and R. Noyori, Tetrahedron
Lett., 1991, 32, 4163.

9 A. S. Chan, J. J. Pluth and J. Halpern, J. Am. Chem. Soc., 1980, 102,
5952; H. Kawano, T. Ikariya, Y. Ishii, S. Yoshikawa, Y. Uchida and H.
Kumobayashi, J. Chem. Soc., Perkin Trans. 1, 1989, 1571.

10 We are indebted to a referee for this suggestion.
11 A sample of pure monoene 4 was obtained by hydrogenation of 1 in the

presence of Pd on carbon (10% Pd) at 80 °C and P(H2) = 100 bar
followed by recrystallisation from benzene. dP (CDCl3, 85% H3PO4)
31.88 (s); dH(CDCl3) 1.99 (6 H, m, CH3), 7.4–7.8 (20H, m, arom);
dC(CDCl3) 22.2 [CH3, appt t, X part of an AAAX (A and AA are the P
atoms) spin system], 128.6 (C, arom, appt t), 131.4 (C, arom, appt t),
131.9 (C, s, arom.), 133.3 (C, s, arom.), 145.3 (CN, quin, AAAX spin
system).  Owing to the high symmetry of the molecule, the NMR data
do not allow determination of the stereochemistry of the molecule.
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The title compounds are made readily accessible by a
catalytic procedure, occurring under mild conditions, based
on palladium-mediated ortho alkylation of aromatic iodides
with alkyl bromides followed by reaction with arylboronic
acids.

Biaryls are ubiquitous compounds, their unit being present in a
variety of natural products and bioactive molecules as well as in
many functional advanced materials, and there is wide interest
in the development of new synthetic methodologies in spite of
the many methods already available.1 We recently described a
new methodology for aromatic ortho alkylation based on the
formation of palladium(II) and palladium(IV) metallacycles
(Scheme 1).2

Combining this new alkylation procedure with the Heck
reaction enabled us to achieve the catalytic synthesis of
vinylarenes selectively substituted in both ortho positions with
equal or different alkyl groups in a one-pot procedure.3

We have now found that a Suzuki-type coupling reaction1k,l

can be caused to occur directly in the reaction mixture with
selective formation of ortho substituted biaryls.

To this end we added an arylboronic acid to a reaction
mixture containing an iodoarene, norbornene, an alkyl bromide
(in two-fold excess), palladium acetate as catalyst and po-
tassium carbonate in DMF. In spite of the possibility that the
Suzuki coupling could occur with the initially formed ar-
ylpalladium iodide1k,l and with other intermediates involved in
the aromatic alkylation, as described in the literature,4 the
desired 2,6-dialkylated 1,1A-biaryls were obtained in sat-
isfactory to excellent yields at room temperature.

The overall reaction leading to the synthesis of symmetrically
ortho-dialkylated biaryls is shown in Scheme 2 for iodo-
benzene. Thus the reaction of iodobenzene (82 mg, 0.4 mmol),
1-bromopropane (220 mg, 1.6 mmol), 2-norbornene (38 mg, 0.4
mmol) and phenylboronic acid (59 mg, 0.48 mmol) with
Pd(OAc)2 (9.0 mg, 0.04 mmol) as the catalyst and K2CO3 (332
mg, 2.4 mmol) as the base, in DMF (5 mL) at room temperature
for 72 h afforded 2,6-di-n-propyl-1,1A-biphenyl in 95% yield.†
Higher substrate-to-catalyst ratios can be used but so far no
optimisation work has been carried out. The course of the
reaction can be concisely represented as shown in Scheme 3.

The reaction was also extended to ortho-substituted aromatic
iodides. This offers the possibility of obtaining biaryls 2 with
two different ortho alkyl groups, as shown in Scheme 4.

The scope of the reaction is currently being studied. As
shown in  Table 1, however, the procedure appears to be tolerant
of substituents both in the iodoarene and in the phenylboronic
acid, and it can be carried out with different alkyl bromides.
Thus it offers a simple and direct tool to gain access to
2,6-dialkyl substituted 1,1A-biaryls. ortho-Substituted aryl-
boronic acid gave very poor results both in terms of yield and
selectivity, and are not reported.

The reaction is sensitive to the bulkiness of the reagents.
Although the reaction becomes slow and longer reaction times
are required, selectivity remains high (runs 9–11).

Small amounts (1–4%) of by-products are also obtained,
corresponding to o,oA-disubstituted biaryls, formed as a con-
sequence of aryl exchange between arylpalladium bromide and
arylboronic acid,5 or to o,oA-disubstituted norbornylbenzenes
which result from hydrogenolysis of the palladium complexScheme 1

Scheme 2

Scheme 3

Scheme 4
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before norbornene deinsertion (Scheme 3), while biaryls
resulting from homocoupling6 of the arylboronic acids are not
formed.

In conclusion the present reaction allows the selective
preparation of symmetrical and unsymmetrical o,oA-dialkylated
biaryls, an important class of not easily accessible compounds,
in a one-pot procedure under mild conditions.

We thank Ministero Università e Ricerca Scientifica and
National Research Council for financial support. Access to
facilities of Centro Interfacoltà di Misure of the University of
Parma is acknowledged.
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Table 1 Reaction of aryl iodides, alkyl bromides and arylboronic acids in the presence of norbornene, Pd(OAc)2 and K2CO3
a

Alkyl bromide Boronic Biaryl Aryl iodide
Run Aryl iodide R or RA acid Ar yield (%)b conversion (%)b

1 PhI Pr Ph 95 (90) 98
2 PhI Bu Ph 83 (81) 86
3 4-MeO2CC6H4I Bu Ph 89 97
4 4-MeC6H4I Bu Ph 74 (63) 93
5 4-MeC6H4I Bu 4-MeC6H4 86 (84) 98
6 PhI Bu 4-MeC6H4 71 (66) 77
7 PhI Bu 4-FC6H4 62 (59) 72
8 2-MeC6H4I Bu Ph 89 96
9 2-BuC6H4I Pr Ph 70c 91c

10 2-PriC6H4I Bu Ph 82c 84c

11 2-PriC6H4I Pri Ph 71c 74c

a Molar ratio of the reagents 1+4+1.2+1+0.1+6; room temperature, 72 h, DMF as solvent, under nitrogen. b GC yield on the charged amount of the aryl iodide;
isolated yields in brackets. c 144 h.
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Colossal magnetoresistance manganites have been syn-
thesised by the microwave dielectric heating of metal
nitrates, which act both as effective microwave susceptors,
and a ready source of oxidizing NO2 to induce mixed
valency.

The perovskite mixed-valent manganites of generic formula
La1-xAxMnO3 (A = Ca, Sr, Ba; 0 @ x @ 1), are currently the
subject of intense enquiry in relation to the so-called ‘colossal
magnetoresistance’ (CMR) effect.1,2 The traditional ceramic
(solid-state) synthesis of these CMR materials invariably
requires conductive heating for extended periods at elevated
temperatures; in some reported cases,3 heating for 7 days at
temperatures up to 1500 °C. Here, we illustrate the application
of microwave dielectric heating to synthesise, in a period of
minutes, a range of lanthanum alkaline-earth manganites
exhibiting CMR. Importantly, we take advantage of the high
intrinsic microwave susceptibility of component metal nitrate
compounds [e.g. Mn(NO3)2] as compared to their moderately
absorbing oxide counterparts (e.g. MnO2, Mn2O3, etc.) in the
synthesis of CMR materials. These findings are a clear
illustration of the potential of microwave reaction selectivity—
in this case via anion selectivity—in solid state chemical
synthesis.

The microwave dielectric heating effect originates from the
natural ability of certain substances to efficiently absorb, and
then to transform electromagnetic (radiation) energy into heat.
If sufficient heat can be generated at a local level, then chemical
reactions may be initiated at a very rapid rate. More than a
decade ago Mingos and co-workers carried out pioneering
studies4–6 of the use of microwave dielectric heating for the
synthesis of advanced ceramic materials, most notably the high-
temperature superconducting cuprates, YBa2Cu3O7 and
La22xSrxCuO4. The strong microwave absorbing properties of
one of the reactant (constituent) oxides, CuO, leads to a rapid
and highly effective synthetic pathway. In fact, CuO reaches a
temperature of ca. 700 °C after only 30 s of irradiation in a
commercially available microwave oven. By contrast, the
binary oxide constituents of the ternary CMR perovskites, e.g.
La2O3, MnO2, etc. attain temperatures of only 107 and 321 °C,
respectively, after 1800 s (30 min) in a similarly configured
microwave oven, while SrCO3 does not absorb microwaves to
any significant degree.6

The addition of fine-grained, graphitic carbon (known to be
an efficient microwave absorber), homogeneously distributed
through the starting materials, achieves the desired effect of
significantly increasing the temperature of the reaction mixture
and results in compound formation. However, the presence of
this reactive carbon at elevated temperatures results in highly
reducing synthetic conditions and this adversely affects the
formation of mixed-valent manganese (Mn3+/Mn4+), known to
be essential for the CMR phenomenon in the perovskite
manganite materials.1,2

We have directly measured the room temperature microwave
reflection of a variety of constituent starting materials over the
frequency range 1–6 GHz using a HP8722A network analyser
in conjunction with a specially designed open-ended coaxial
probe; a selection of the data are shown in Fig. 1.

Whilst MnO2 is frequently reported to be a good microwave
susceptor,5,7,8 we find that MnO2 (and Mn2O3) are not as
effective susceptors as compared with nitrate starting materials,
e.g. Ca(NO3)2 and Mn(NO3)3. Moreover, there is another
advantage in the use of nitrates; they decompose to yield highly
oxidising NO2 which facilitates the formation of the mixed
Mn3+/Mn4+ couple.

The manganites La0.7Sr0.3MnO3+d, La0.97MnO3 and La0.5-
Ca0.5MnO3+d were formed by first dissolving stoichiometric
amounts of the constituent metal nitrates in distilled water. The
resulting solution was then transferred to an open quartz tube,
supported in a firebrick. A small piece of aluminium foil was
placed over the end of the tube to prevent the mixture boiling
over, whilst allowing NO2 to escape. This assembly was then
placed in the centre of the turntable of a domestic 950 W
microwave oven, operating at 2.45 GHz, and irradiated for 5
min at the full power setting. Following the loss of H2O and
NO2, the sample glowed bright orange and continued to do so
until the microwave power was switched off. The sample was
then left to cool at a natural rate in the microwave oven. The
resulting black, well sintered fine powder was ground using a
pestle and mortar before being subjected to a further 5 min of
microwave irradiation.

X-Ray powder diffraction patterns (Fig. 2) were collected
using a Siemens D5000 system (Cu-Ka1 radiation) and these
clearly show the presence of the desired phases, but the
diffraction peaks are consistently broader than those generally

Fig. 1 Normalised magnitude of microwave reflection vs. frequency for
various metal oxides and nitrates. The vertical line indicates the operating
frequency of the microwave oven.
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produced by conventional solid state techniques.9 This differ-
ence probably arises because microwave synthesis is somewhat
akin to combustion synthesis in producing samples with small
particle size.10 The Rietveld method was applied to the
refinement of crystal structures using the GSAS suite of
programs.11 The material La0.7Sr0.3MnO3+d is orthorhombic, a
= 5.4640(4), b = 7.7277(6), c = 5.5285(4) Å, space group
Pnma; La0.97MnO3 is monoclinic, a = 7.7970(4), b =
5.5271(3), c = 5.4842(3) Å, b = 90.8(2)°, space group I2/a;
La0.5Ca0.5MnO3+d is rhombohedral, a = 5.4763(5), c =
13.379(1) Å, space group R3̄c. These Rietveld refinements,
combined with thermogravimetric analyses, indicated that these
materials were fully oxygenated, with d ca. zero.

The CMR properties of sintered pellets of the above materials
were examined using a four-point resistivity probe in magnetic
fields of 0 and 12 T. All three samples were found to exhibit
CMR and the data are shown in Fig. 3. Whilst these samples
show a very clear CMR effect, La0.7Sr0.3MnO3+d shows rather
different CMR behaviour to materials produced by the conven-
tional ceramic route.12 This may be due to the orthorhombic
symmetry of this sample resulting in reduced transfer of eg
electrons when compared with rhombohedral or pseudocubic
phases.13 The structural and CMR properties of the La1-dMnO3
system are extremely sensitive to synthesis conditions. For
instance, the orthorhombic form shows no CMR properties at
all.14 Our sample of La12dMnO3 adopts the less common
monoclinic form and exhibits good CMR behaviour.14

La0.5Ca0.5MnO3+d shows CMR comparable with previous
literature reports.12 Thermogravimetric analyses of these mate-
rials indicated no oxygen stoichiometry. Recently we have
extended the microwave synthesis procedure to include the
spinel manganates such as the battery material LiMn2O4 etc.

In summary, we have illustrated that dielectric heating
represents a rapid and effective route to the synthesis of CMR
manganites. Moreover, the direct measurement of microwave-
reflecting properties (Fig. 1) greatly aids the choice of
constituent starting materials.

We thank Merck Ltd. and the EPSRC for financial support,
and Rod Riddle (Merck) for support and encouragement.
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Fig. 2 X-Ray powder diffraction patterns for three manganites prepared
using microwave dielectric heating.

Fig. 3 Temperature variation of the electrical resistivity in magnetic fields
(B) of 0 and 12 T for manganites produced using microwave dielectric
heating.
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The complex of p-sulfonatocalix[4]arene with L-lysine shows
a new type of intercalation behaviour with regard to the
achiral hydrophobic bilayer assembly of the calixarenes, and
represents the first structural example of a cationic organic
substrate spanning such a bilayer.

It has recently been shown that the p-sulfonatocalix[n]arenes
can act as heparin mimics,1 and their interactions with the
positively charged amino acids, lysine and arginine, has been
investigated.2 In the case of p-sulfonatocalix[4]arene, 1+1
complexes with lysine and arginine are observed, with binding
constants derived from 1H NMR spectroscopy at pH 5 of 600
and 1700. Undoubtedly such electrostatic interactions are also
important in the activity of the sulfonatocalixarenes as chloride
ion blockers.3 In recent years, p-sulfonatocalix[4]arene salts
have been extensively studied; these complexes crystallize with
a large variety of cations in bilayer-type structures.4 The basic
molecular motif is achiral and formed by two calixarenes
related by crystallographic symmetry. They are arranged in the
up-down fashion with the sulfonate groups covering the
surfaces of the bilayers which are separated by a hydrophilic
layer containing the majority of the water molecules and
cationic counterions. The structures of complexes of p-
sulfonatocalix[4]arene with transition metal compounds5 have
demonstrated that an aromatic organic substrate can be
intercalated into the bilayer. However, no example of substrates
traversing the bilayer have been observed. We report here on a
new type of intercalation within the calixarene bilayer system
showing that a chiral cationic organic molecule possessing a
flexible aliphatic side chain, in this case L-lysine, can span the
bilayer. The crystalline title compound also exhibits a chiral
hydrophilic layer, containing three other L-lysine molecules,
which separates the bilayers.

The crystal structure belongs to the triclinic P1 space group,‡
and consists of two [calix[4]arenesulfonate]42 anions (A and
B), four L-lysine counterions and 17.5 water molecules
distributed over 20 sites. The calix[4]arene pattern is strongly
pseudo-centrosymmetrical and similar to those already de-
scribed in other complexes.4,5 The four L-lysine molecules and
the sulfonate groups interact largely with water molecules. No
water sites have been detected within the calixarene cavities.

For all the L-lysine molecules, the a- and e-amino groups
show contacts indicative of N–H···O hydrogen bonds with
oxygen atoms on the sulphonate groups of the calixarenes, but
they display different types of interactions. One L-lysine
molecule (L1) is seen to traverse the hydrophobic bilayer with
the main chain directed towards the sulfonate groups of the ‘up’,
(A), calixarenes. As its side chain is in the fully extended
conformation [c1 = 268(1)°, c2, c3, c4 values close to 180°],
the e-amino group points towards the opposite edge of the

bilayer, nearly at the level of the S atoms of the ‘down’ (B),
calixarenes (Fig. 1). While the a-amino group is in short contact
with one sulfonate group of an A calixarene [N···O separation of
2.75(1) Å], the e-amino group is connected to three B
calixarenes, related by crystallographic translations along the a-
and b-axes [N···O separations ranging from 2.853(6) to 3.013(6)
Å]. This L-lysine molecule is thus the first example of a ligand
which truly spans the hydrophobic calixarene bilayer.

Of further interest in the structure is the chiral hydrophilic
layer separating the bilayers which contains the other three L-
lysine molecules. One L-lysine molecule (L2) is placed in the
core of this layer§ and aligned parallel to the a-axis. As with L1,
the side chain adopts the fully extended conformation [c1 =
266(1)°, c2, c3, c4 values close to 180°], which is that most
usually observed.6 The other two L-lysine molecules (L3 and
L4) lie just above the calixarene macrocycles (A and B for L3
and L4, respectively). Their arrangement is illustrated in Fig. 2.
For both, the a-amino and a-carboxylate groups are directed
into the chiral layer and the side chain is nearly at the level of the
S atoms of their respective calixarene, with the e-amino group
pointed towards the exterior of the cavity. A common structural
characteristic of L3 and L4 is that their side chains exhibit a
folded conformation (c1 = 65.7(6) and 54.2(7)°, c4 =
246.2(7) and 263.5(7)°, c2, c3 values close to 180°]. This
unusual conformation6 allows N–H···O contacts between one
sulfonate group of the parent calixarene and the two amino
groups of the same L-lysine molecule (Table 1). This conforma-
tion has been previously observed in the structure of the L-lysine

† A figure showing the arrangement of the three L-lysine molecules within
the chiral layer is available from the RSC web site, see http://www.rsc.org/
suppdata/cc/a9/a906546f/

Fig. 1 Packing view along the a-axis of the structure demonstrating the
spanning of one L-lysine molecule (L1, green) within the bilayer formed
with the A (up) and B (down) p-sulfonatocalix[4]arenes. The other three L-
lysine molecules are shown within the chiral layer which separates the
bilayers (L2, dark blue; L3, light blue; L4, red).
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sulfate,7 with similar specific interactions between the L-lysine
molecule and the sulfate anion. L3 and L4 are connected by an
N–H···O contact between the a-amino group of L3 and the
carbonyl oxygen of L4 [N···O separation 2.928(7) Å]. These
dimers are only interconnected indirectly through one sulfonate
oxygen atom (O42B) of the B calixarene, which is simultane-
ously in contact with the e-amino group of L4 and the hydroxy
group of L3. The dimers are stacked along the a-axis. Thus, the
L-lysine network within the chiral layer is composed of
alternating rows of dimers and monomers. The bilayers are
cross-linked through the chiral layer as L3 and L4 are also in
contact with sulfonate groups of two calixarenes (B and A)
lying in an adjacent bilayer (Table 1).

Thus, in contrast to the situation in solution, where a 1+1
complexation is observed, in the solid state a lysine–calixarene
complex of 2+1 stoichiometry may be obtained. Actually, the
system may be considered as two similar 1+1 complexes, each
involving a folded L-lysine molecule (L3 and L4), which would
correspond to the situation observed in solution.2 The other two
L-lysine molecules, both with the side chain in the fully
extended conformation, would be implicated in the solid state
structure. Of the four independent L-lysine molecules, three are
found within the hydrophobic layer separating the typical
sulfonatocalix[4]arene bilayer, while the remaining molecule
(L1) spans this bilayer in a manner resembling biomolecules

traversing a lipid bilayer.¶ Further studies are underway to
investigate the structural behaviour of the sulfonatocalix[n]ar-
enes with peptides containing lysine and arginine.

Notes and references
‡ Crystal data for 2(C28H20O16S4).4(C6H16O2N2).17.5H2O: Mr = 2389.5;
suitable crystals for X-ray diffraction were grown in sealed tubes from two
to one lysine–calix[4]arene aqueous solution, at room temperature during
six months; triclinic P1, a = 13.599(4), b = 14.369(2), c = 15.169(3) Å,
a = 111.02(1), b = 100.02(2), g = 99.02(2)°, V = 2646(1) Å3, Z = 1, rcalc

= 1.50 g cm23, 2qmax = 46°, m(Mo-Ka) = 0.28 mm21, T = 293 K; 7673
independent reflections, 6530 with I > 2s(I); R1 = 0.0863, wR2 = 0.2553.
The structure was solved by direct methods (SHELXS-86) and refined using
the program SHELX-97. 17.5 water molecules were located, distributed
over 20 sites. For three sulfonate groups, two O atoms are positionally
disordered (two partially occupied sites for each). The e-amino groups of L3
and L4 are disordered over two sites (0.75 and 0.25 occupancy factors). The
parameters of the A and B calixarenes were refined in separate blocks.
CCDC 182/1505. See http://www.rsc.org/suppdata/cc/a9/a906546f/ for
crystallographic data in .cif format.
§ The L2 molecule is situated in a large intermolecular space and all the
atoms show high isotropic displacement parameters. Nevertherless, the
amino groups of L2 show contacts having relatively large separation
distances with sulfonate oxygen atoms of two B calixarenes related by the
a-translation [N···O separations of 3.02(1) and 3.07(1) Å]. A contact with a
somewhat long N···O separation distance [3.09(1) Å] is also seen between
the e-amino group of L3 and the carbonyl oxygen of L2.
¶ It is of interest to note that there was debate concerning whether the
original sulfonatocalix[4]arene structures resembled those of bilipid
membranes or clay minerals.
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Fig. 2 A view of a section of the structure illustrating the arrangement of L3
and L4 within the chiral layer and representing the N(amino)···O(sulfonate)
contacts (dashed lines) referred to in the text. The position of the e-amino
group of L1 (NZ1) is also shown, the contacts between NZ1 and the
sulfonate groups of two B calixarenes are indicated in dashed lines.

Table 1 Selected contacts (Å) between sulphonate oxygen atoms and the L-
lysine molecules L3 and L4

L3 L4

N3…O41A 2.988(8) N4…O43B 2.939(6)
NZ3…O21A 2.864(8) NZ4…O33B 3.071(8) 
OB3…O42Ba 2.672(6) NZ4…O42B 2.899(8) 
N3…O31B 2.890(7) OB4…O41A 2.635(7)
NZ3…O33Ba 2.961(6) NZ4…O23Ab 2.806(10)

Symmetry codes: a x + 1, y, z. b x 2 1, y, z. The minor components of the
e-amino groups are not considered.
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Olefins were smoothly epoxidized under O2 (1 atm) in the
presence of a hydrocarbon such as ethylbenzene or tetralin,
using N-hydroxyphthalimide (NHPI) and Mo(CO)6 as
catalyst; the present reaction involves autoxidation of the
hydrocarbon assisted by NHPI and epoxidation of alkenes
with the resulting hydroperoxide catalyzed by Mo(CO)6; cis-
alkene was epoxidized in a stereospecific manner to form the
corresponding cis-epoxide in high yield.

The epoxidation of alkenes using molecular oxygen via a
catalytic process is a challenging subject in the field of
oxidation chemistry.1 Since the direct epoxidation of alkenes
with molecular oxygen, which lies in triplet ground state, is
inhibited, epoxidation using O2 is carried out in the presence of
a compound like an aldehyde which serves as an active oxygen
carrier.2 Although there have been many reports on the metal-
catalyzed epoxidation of alkenes by O2 in the presence of
aldehydes, only a limited number of methods using O2 as
terminal oxidant have been developed.3 There has been long-
standing interest in the epoxidation of alkenes with alkyl
hydroperoxides, as an active oxygen carrier, generated in situ
from hydrocarbons and O2. To the best of our knowledge,
however, only one report has appeared on the epoxidation of
alkenes by the use of cumene and O2 with heteropolyox-
ometalates as catalyst.4 A major difficulty in the epoxidation is
attributed to the following: (i) autoxidation of aldehydes takes
place very fast, at least two orders of magnitude faster than that
of hydrocarbons; (ii) as a result, the epoxidation using
hydrocarbons must be carried out under severe reaction
conditions; and (iii) the epoxidizing ability of alkyl hydro-
peroxides is considerably lower than that of peracids or
acylperoxy radicals derived from aldehydes and O2.5 Therefore,
stepwise procedures are commonly utilized in epoxidations
using alkyl hydroperoxides. For example, the Halcon process
consists of the aerobic oxidation of ethylbenzene to a-
hydroperoxyethylbenzene, and the Mo-catalyzed epoxidation
of propylene with the a-hydroperoxyethylbenzene.6 Conse-
quently, development of an epoxidation system using a
hydroperoxide generated in situ from ethylbenzene and molec-
ular oxygen is very attractive from the synthetic and industrial
points of view.

Recently, we have shown that hydrocarbons are efficiently
oxidized with O2 by N-hydroxyphthalimide (NHPI), which
serves as a radical catalyst under mild conditions.7 In this
oxidation, hydrocarbons are converted into oxygen-containing
compounds such as alcohols or ketones through alkyl hydro-
peroxides (B) as transient intermediates. If the alkyl hydro-
peroxides formed can be utilized as oxidants, it is possible to
epoxidize alkenes using hydrocarbons and molecular oxygen.
Here we report the Mo-catalyzed epoxidation of alkenes with
hydroperoxides generated in situ by the NHPI-catalyzed aerobic
oxidation of hydrocarbons such as ethylbenzene (Scheme 1).

Table 1 shows representative results for the epoxidation of
oct-2-ene (1) with O2 using hydrocarbons as a hydroperoxide
source.† The epoxidation of 1 using ethylbenzene (2a) in the
presence of NHPI (10 mol%), Co(OAc)2 (0.1 mol%) and
Mo(CO)6 (5 mol%) at 60 °C under O2 (1 atm) gave epoxide 3
in 61% selectivity at 67% conversion (run 1). An improvement

of the present epoxidation by the addition of molecular sieves
4A (MS-4A) was observed, and thus the conversion of 1 and
selectivity of epoxide 3 reached 81% and 70%, respectively (run
2). Using tetralin (2b) instead of 2a, it was found that the
selectivity of epoxide 3 was considerably improved (run 3).
However, when toluene (2c) was employed as a hydrocarbon
source, the selectivity of 3 was lowered to 44% (run 4). This is
believed to be due to the occurrence of allylic hydrogen atom
abstraction from 1 in competition with the benzylic hydrogen
atom abstraction of 2c by PINO.8 Although AIBN was used as
a radical source instead of NHPI, 1 was difficult to epoxidize to
3 (run 5). It is very interesting to note that the present
epoxidation was induced even at room temperature to afford
epoxide 3 in high selectivity (97%) at 31% conversion (run 7).9
On the other hand, metal complexes such as MoO2(acac)2,
VO(acac)2 and TiO(acac)2 were found to be inadequate for the
present reaction (runs 8–10). Although molybdenum(VI) com-
plexes have high catalytic activity for the epoxidation of alkenes
with tert-butyl hydroperoxide,10 MoO2(acac)2 was found to
depress the formation of the hydroperoxide from 2b under these
conditions (run 8).

On the basis of these results, the epoxidation of various
alkenes with O2 using 2a or 2b was examined in the presence of
catalytic amounts of NHPI, Co(OAc)2 and Mo(CO)6 under
selected reaction conditions (Table 2).

trans-Oct-2-ene (trans-1) was epoxidized with excellent
stereoselectivity to give trans-2,3-epoxyoctane (trans-3) (trans+
cis = > 99+1) with 88% selectivity together with a small
amount of octane-2,3-diol (4%) in 78% conversion. Similarly,
the epoxidation of cis-1 gave cis-2,3-epoxyoctane (cis-3)
(cis+trans = 99+1) in good selectivity. It is noteworthy that the
present epoxidation of cis-olefin proceeds with nearly complete
stereoselectivity to give cis-epoxide, although the metal-
catalyzed epoxidation of cis-olefins using an aldehyde and O2
leads to a mixture of cis- and trans-epoxides.11 This is because
the resulting alkylperoxyl radical can abstract the hydrogen

Scheme 1
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atom from NHPI or 2 to give hydroperoxide B, which serves as
the oxidant of the molybdenum-catalyzed epoxidation of
alkenes.‡ Therefore, the present epoxidation of cis-olefin
proceeds in a stereospecific manner, in contrast to the
epoxidation of cis-alkene using aldehyde and O2, which leads to
a mixture of cis- and trans-epoxides.

Trisubstituted olefins afforded the corresponding epoxides in
good selectivity. A terminal olefin, oct-1-ene, was a reluctant
substrate for epoxidation using the present catalytic system,
forming 1,2-epoxyoctane in moderate conversion. Cyclohexene
was also epoxidized to 1,2-epoxycyclohexene in satisfactory
yield.

On the other hand, the epoxidation of allylic alcohol, trans-
hex-2-en-1-ol, to epoxy alcohol was achieved in high yield
when VO(acac)2 was employed instead of Mo(CO)6. The
epoxidation of allylic alcohols with tert-butyl hydroperoxide is
known to result in epoxides with higher rates and better yields
using vanadium(V) complexes rather than molybdenum(VI)
catalysts.10 It is interesting to note that the present epoxidation
of allylic alcohols was promoted smoothly even with a very
small amount of VO(acac)2 (0.5 mol%) in the absence of
Co(OAc)2. It is thought that VO(acac)2 induces not only the
generation of PINO from NHPI under O2 but also acts as the
epoxidation catalyst of alkenes.

In conclusion, we have developed a selective one-pot
epoxidation of alkenes with molecular oxygen using hydro-
carbons such as ethylbenzene and tetralin as the hydroperoxide
source under mild conditions.

This work was partly supported by the Japan Society for the
Promotion of Science under the Research for the Future
program JSPS.
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† Typical procedure for the epoxidation of 1: A PhCN (2 ml) solution of 1
(4 mmol), NHPI (10 mol%), Co(OAc)2 (0.1 mol%), Mo(CO)6 (5 mol%) and
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Table 1 Epoxidation of oct-2-ene (1) to 2,3-epoxyoctane (3) with O2 in the presence of hydrocarbons using NHPI, Co(OAc)2 and various transition metals
as catalystsa

Conversion (%) Selectivity (%)

Run Hydrocarbon Transition metal T/°C 1 2a,b 3 4a,b 5a,b

1 Ethylbenzene 2a Mo(CO)6 60 67 10 61 65 25
2b 2a Mo(CO)6 60 81 12 70 71 19
3 Tetralin 2b Mo(CO)6 50 67 25 86 62 30
4c Toluene 2c Mo(CO)6 60 59 — 44 — —
5d,e 2b Mo(CO)6 80 12 7 67 88 11
6f 2b Mo(CO)6 50 58 18 91 79 17
7 2b Mo(CO)6 25 31 11 97 72 21
8 2b MoO2(acac)2 50 8 < 5 95 > 90 < 8
9 2b VO(acac)2 50 12 15 79 31 64
10 2b TiO(acac)2 50 15 21 80 47 40

a Oct-2-ene (1) (4 mmol) was allowed to react with O2 (1 atm) in the presence of NHPI (10 mol%), Co(OAc)2 (0.1 mol%), transition metal (5 mol%)
and hydrocarbon (2a,b) in PhCN (2 mL) for 12 h. 2a (40 mmol) and 2b (20 mmol) were used, respectively. b MS-4A (200 mg) was added. c 6 h. d AIBN
(5 mol%) was used instead of NHPI. e 8 h. f NHPI (5 mol%) was used.

Table 2 Epoxidation of various alkenes with molecular oxygen in the
presence of tetralin (2b) or ethylbenzene (2a) catalyzed by NHPI, Co(OAc)2

and Mo(CO)6
a

Run Alkene T/°C
Conversion
(%)b

Selectivity
(%)b

1 trans-Oct-2-ene 60 (60) 78 (71) 88 (79)c

2 cis-Oct-2-ene 50 (60) 83 (75) 87 (71)d

3 2,4,4-Trimethylpent-2-ene 70 (70) 90 (76) 84 (80) 
4 Oct-1-ene 60 (70) 38 (37) 80 (81) 
5e Cyclohexene 60 80 74
6e Cyclooctene 60 89 83
7 trans-Hex-2-ene-1-ol 6 60 79 65
8f,g 6 60 97 92
a Alkenes (4 mmol) and 2a (40 mmol) or 2b (20 mmol) were allowed to
react with O2 (1 atm) in the presence of NHPI (10 mol%), Co(OAc)2 (0.1
mol%), Mo(CO)6 (5 mol%) and MS-4A (200 mg) in PhCN (2 ml) for 14 h.
b The results using 2a are in parentheses. c trans+cis = > 99+1. d cis+trans
= 99+1 for 2b, 94+6 for 2a. e 2b (40 mmol) was used. f VO(acac)2 (0.5
mol%) was used instead of Co(OAc)2 and Mo(CO)6. g 6 h.
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n-Alkanes are widely used as model compounds for the
dynamics of the crystalline region of polyethylene; this use
relies on the assumption of the transferability of the
forcefield of the n-alkanes, a stringent test of this assumption
is a comparison of the dispersion curves of the n-alkanes
with those of polyethylene; the only direct measurements of
the dispersion curves of polyethylene are for the n5 acoustic
branch, the longitudinal acoustic mode (LAM), an in-plane
skeletal mode of perdeuterated polyethylene; in the present
work we have observed (by inelastic neutron scattering
spectroscopy) and assigned (by the use of density functional
theory calculations) the LAM modes of perdeuterated n-
hexadecane in order to provide the first experimental test of
the validity of the assumption.

Polyethylene is a major commodity polymer that is still the
subject of active development.1 Vibrational spectroscopy has
played a key role in the characterisation of the material2 and
fundamental to the understanding of the dynamics of the
polymer is a knowledge of the dispersion curves for the
vibrational modes. The only direct method for the experimental
determination of dispersion curves is by coherent inelastic
neutron scattering (INS) spectroscopy. For hydrogenous poly-
ethylene, this method fails because the background caused by
the incoherent scattering from hydrogen completely swamps the
coherent signal. This problem has been circumvented in two
ways; the incoherent INS spectrum is related to the vibrational
density-of-states which is in turn related to the dispersion
curves. Comparison of the experimental spectrum3 with
dispersion curves and the density-of-states derived theoretically
allows the quality of the calculations to be assessed. The second
method is the use of the n-alkanes as model compounds for
polyethylene.4,5 This method relies on the assumption that the
n-alkanes forcefield is directly transferable to polyethylene and
that the end-effects caused by the finite length of the alkane
chain can be neglected.

For perdeuterated polyethylene, the larger coherent and
smaller incoherent cross-sections of deuterium6 (H: incoherent
79.7 barns, coherent 1.758, deuterium: incoherent 2.0 barns,
coherent 5.597 barns, 1 barn = 1 3 10228 m2) has allowed the
n5 acoustic branch, the longitudinal acoustic mode (LAM), an
in-plane skeletal mode, to be mapped by coherent INS. 7–10

These results are the only direct experimental measurement of
any of the dispersion curves of polyethylene. Thus any test of
the validity of the assumption that the n-alkanes are good

models for polyethylene requires the determination of the LAM
modes of a perdeuterated n-alkane. Unfortunately, while the
LAM modes are formally IR and Raman active, their intensities
are usually so small as to be unobservable for any but the first
few modes (Raman) and the highest energy ones (IR).

We have recently shown that it is possible to both observe11

and assign12,13 the LAM modes of the n-alkanes (n = 5–25) by
a combination of incoherent INS spectroscopy and ab initio
calculations. In the present report we have extended the method
to perdeutero-n-hexadecane in order to compare the experi-
mental data for perdeuterated polyethylene with the measured
LAM frequencies of C16D34.

It is only with the development of pulsed neutron sources
with their high flux of epithermal neutrons that it has been
possible to record incoherent INS spectra of perdeuterated
compounds. With the increase in detected flux resulting from
the recent installation of TOSCA14 at ISIS (Rutherford
Appleton Laboratory, Chilton, UK) it is now possible to
routinely record spectra from such samples. Fig. 1 shows the
incoherent INS spectrum of C16D34 in the region15 below
500 cm21. All of the modes between 200 and 400 cm21 are
LAM modes, a further five modes occur below 200 cm21 where
the out-of-plane transverse acoustic modes and the external

Table 1 Observed and calculated (DFT) frequencies (cm21) for the longitudinal acoustic modes of C16D34

k

0.067 0.133 0.200 0.267 0.333 0.400 0.467 0.533 0.600 0.667 0.734 0.800 0.867 0.934

Obs. (159) 257 353 416 449 449 399 339 277 213 (127) (102) (54) (25)
DFT 152 253 350 416 454 447 398 339 275 211 131 98 54 24
Symmetry Ag Bu Ag Bu Ag Bu Ag Bu Ag Bu Ag Bu Ag Bu

Fig. 1 Inelastic neutron scattering spectrum of C16D34 in the region 0–500
cm21 showing the longitudinal acoustic modes, transverse acoustic modes
and the external modes.
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modes also occur. The density functional theory (DFT)
calculations were performed using the GAUSSIAN-9416 pro-
gram in the B3LYP density functional approximation. The basis
set used was 6-31-G**. The DFT results allow the modes to be
assigned to a specific phase angle, k. The results are shown in
Table 1. The experimental frequencies below 200 cm21 are
given in parentheses since the DFT calculations show that out-
of-plane modes lie close-by, thus there is some uncertainty (a
few wavenumbers) in the exact value of the frequency.

Fig. 2 shows a comparison of experimental data for the n5
mode of perdeuterated polyethylene, the experimental fre-
quencies and the frequencies calculated by DFT. The solid line
is a quintic least squares fit to the DFT results for perdeuterated
n-hexadecane as a guide to the eye. It can be seen that there is
excellent agreement between all three sets of data. This provides
the first experimental validation of the assumption that the
forcefields derived from the n-alkanes are transferable to
polyethylene.

This work is noteworthy for two other reasons: first that it is
now possible to routinely obtain high quality incoherent
inelastic neutron scattering spectra of perdeuterated samples
and second the demonstration of the success of DFT calcula-
tions for the analysis of inelastic neutron scattering spectra
provides a benchmark against which other methods can be
tested.

This work was partially supported by the US National
Science Foundation under grant CHE 9803058 and utilised the
computer systems Exemplar and SGI PCarray at the National
Centre for Supercomputing Applications, University of Illinois
at Urbana-Champaign. The Rutherford Appleton Laboratory is
thanked for access to neutron beam facilities.
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Fig. 2 Comparison of experimental data for the n5 mode of deuterated
polyethylene (5) and the experimental LAM frequencies of C16D34 (*). The
dashed line is a quintic least squares fit to the DFT data for perdeutero-n-
hexadecane.
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An optically pure P-chiral diphosphine has been prepared
efficiently from the asymmetric dimerization of 3,4-di-
methyl-1-phenylphosphole in the presence of an organo-
platinum(II) complex derived from (R)-N,N-dimethyl-
1-(1-naphthyl)ethylamine.

Recently we have reported a series of asymmetric Diels–Alder
reactions between the cyclic diene 3,4-dimethyl-1-phenyl-
phosphole (DMPP) and various dienophiles in the presence of
an organopalladium complex containing the enantiomerically
pure forms of N,N-dimethyl-1-(1-naphthyl)ethylamine.1 This
organopalladium complex has been employed frequently be-
cause it is perhaps the most efficient reaction promoter and
stereochemical controller for the activation of DMPP in these
asymmetric syntheses. In cases where vinylphosphines were
used as dienophiles, optically pure P-chiral diphosphines were
obtained in high yields.2 In theory, the [4 + 2] exo-cycloaddition
reaction between two DMPP molecules will produce a rigid
chiral diphosphine containing two phosphorus and four carbon
stereogenic centres. Interestingly, this asymmetric dimerization
process could not be achieved with the chiral organopalladium
complex despite the fact that it has activated DMPP effectively
as a cyclic diene in many cycloaddition reactions. Apparently,
the organopalladium complex is not an efficent promoter for the
activation of the dienophilicity of DMPP. Here we report the
application of an analogous organoplatinum complex for the
high yield synthesis of the desired optically active DMPP
dimer.

As illustrated in Scheme 1, the reaction between the chiral
platinum (2)-13 and 2 mol of DMPP in CHCl3 at 30 °C for 60 d
gave a 3+1 mixture of the regioisomers (2)-2 and (2)-3 in
quantitative yield. The cationic complexes, which could not be
separated by fractional crystallization, were separated effi-
ciently by silica gel chromatography. The 202 MHz 31P NMR
spectrum of each regioisomer in CDCl3 exhibited a pair of
doublets. For the major isomer (2)-2, the doublet resonances
occurred at d 37.7 (JPtP 3285 Hz, JPP 7 Hz) and 133.7 (JPtP 1548
Hz, JPP 7 Hz). For the minor regioisomer (2)-3, the doublets
were observed at d 52.3 (JPtP 1476 Hz, JPP 7 Hz) and 104.8 (JPtP
3216 Hz, JPP 7 Hz). The low field doublets in these isomeric
complexes are typical for bridgehead phosphorus adopting the
exo-syn stereochemistry.4 It is noteworthy that the Pt–P(bridge-
head) coupling of (2)-2 is significantly smaller than that of
(2)-3 as the former P(bridgehead) donor is located trans to a
strong p-accepting aromatic carbon atom.5 Treatment of both
isomeric complex mixtures with conc. HCl removed the
naphthylamine auxiliary chemoselectively to give the same
dichloro complexes (+)-4 as pale yellow prisms (70%), mp
200–202 °C (decomp.), [a]D +58.4 (c 0.7, CH2Cl2). The 31P
NMR spectrum of (+)-4 in CDCl3 exhibited a pair of doublets at
d 39.6 (JPtP 3193 Hz, JPP 16.8 Hz) and 107.0 (JPtP 3265 Hz, JPP
16.8 Hz). The molecular structure and the absolute ster-
eochemistry of (+)-4 were determined by X-ray structural
analyses (Fig. 1).† The studies reveal that the absolute
configurations at P(1), P(2), C(1), C(4), C(5) and C(6) in the
complex are S, R, R, S, R, and R, respectively. It should be noted
that the dimerization process could be completed in 8 d by
heating the reaction mixture at 100 °C in a sealed tube. Under

these more vigorous conditions, however, product formation
becomes less regioselective and a 1.5+1 mixture of (2)-2 and
(2)-3 was obtained in somewhat lower yields.

Treatment of a CH2Cl2 solution of (+)-4 with aqueous
cyanide liberated the optically pure diphosphine (+)-5 quantita-
tively as an air-sensitive oil with [a]D +145 (c 0.5, CH2Cl2). The
31P NMR spectrum of the free diphosphine in CDCl3 exhibited
a pair of doublets at d 4.9 and 104.2 (JPP 43.9 Hz). The low field
31P resonance indicates that the exo-syn stereochemistry is
retained. It is noteworthy that the apparent inversion of
configuration that takes place at both phosphorus stereogenic
centres during the liberation reaction is merely a consequence of
the Cahn–Ingold–Prelog (CIP) rules.6 The optical purity of
(+)-5 was confirmed by the quantitative repreparation of (2)-2
and (2)-3 from the liberated ligand and (2)-1; the 202 MHz 31P
NMR spectrum of the crude product exhibited signals due to the
two regioisomers only. Unlike those obtained directly from the
coupling reaction, the simple complexation process between
(+)-5 and (2)-1 regenerated (2)-2 and (2)-3 as a 1+3
diastereomeric mixture. In a further test of optical purity, (+)-5
was coordinated to the equally accessible (Sc)-(+)-1. The 31P
NMR spectrum of the crude product in CDCl3 exhibited two
new doublet resonances at d 56.7 (JPtP 1506 Hz, JPP 10 Hz) and

Scheme 1
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107.7 (JPtP 3131 Hz, JPP 10 Hz). According to the Pt–P coupling
constants, these new signals are due to the Sc diastereomer of
complex 3. Interestingly, the Sc diastereomer of complex 2 was
not formed via this coordination pathway, presumably due to
steric reasons. More importantly, no resonance signals were
detected at d 37.7, 52.3, 104.8 and 133.7. It is noteworthy that
the enantiomeric diphosphine (2)-5 can be prepared similarly
from the dimerization of DMPP using (+)-1 as the chiral
reaction promoter. However, diphosphine 5 was not obtained
when the palladium analogue of 1 was used as the reaction
promoter.

Finally, it is interesting to note that under different reaction
conditions, complex 1 is able to activate DMPP both as a cyclic
diene and as a dienophile toward the chemically reactive
cyclopentadiene. Thus, when a CHCl3 solution of (2)-1,
DMPP, excess cyclopentadiene and a small quantity of NH4Cl
was heated at 60 °C for 24 h,1 the 31P NMR spectrum of the
crude reaction mixture in CDCl3 exhibited only two low field
singlets of similar intensities at d 98.3 and 98.1. The two

singlets are of the same Pt–P coupling (3781 Hz). These low
field NMR signals confirmed that two diasteromeric cyclo-
adducts were formed and DMPP reacted as the cyclic diene
under these conditions. On the other hand, when the reaction
was carried out at room temperature for 24 h in the absence of
the chloride anion,1 only one isomer was produced. The 31P
NMR spectrum of the crude product exhibited a sole singlet at
d 14.5 (JPtP 3703 Hz). This relatively high field 31P NMR signal
indicated that DMPP had reacted as the dienophile rather than
the cyclic diene in this cycloaddition reaction. Investigations on
the absolute stereochemistry of these cyclic adducts and the
dienophilicity of DMPP toward other dienes are currently in
progress.

We are grateful to the National University of Singapore for
support of this research (Grant No. RP960675) and research
scholarships to GSH.
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group P212121, a = 11.288(1), b = 13.478(1), c = 15.818(1) Å, V =
2406.6(1) Å3, Z = 4, Dc = 1.773 g cm–3, m(Mo-Ka) = 17.73 cm21, F(000)
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absorption corrected data to give R1 = 0.0199, wR2 = 0.0434. The absolute
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parameter [x = 0.01(1)]. CCDC 182/1507. See http://www.rsc.org/
suppdata/cc/a9/a907846k/ for crystallographic data in .cif format.
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Fig. 1 Molecular structure and absolute stereochemistry of (+)-4. Selected
bond lengths (Å) and angles (°): Pt–P(1) 2.214(1), Pt–P(2) 2.222(1), Pt–
Cl(1) 2.381(1), Pt–Cl(2) 2.369(1), P(1)–C(1) 1.887(4), P(1)–C(4) 1.850(4),
P(1)–C(13) 1.799(4), P(2)–C(5) 1.854(4), P(2)–C(8) 1.791(4), P(2)–C(19)
1.802(4), C(5)–C(6) 1.578(5), C(6)–C(7) 1.526(5), C(7)–C(8) 1.332(5),
P(1)–Pt–P(2) 82.4(1), P(1)–Pt–Cl(1) 172.0(1), P(1)–Pt–Cl(2) 96.2(1), P(2)–
Pt–Cl(1) 90.4(1), P(2)–Pd–Cl(2) 172.9(1), Cl(1)–Pt–Cl(2) 91.4(1), C(1)–
P(1)–C(4) 80.2(2).
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Carbon-13 and fluorine-19 NMR experiments in a chiral
polypeptide liquid crystalline solvent (PBLG) are used to
establish enantioselective propargylic monofluorination.

Fluorine strongly modifies the physical, chemical and bio-
logical properties of organic molecules, giving access to new
drugs or pharmacological tools and useful agrochemicals.1
Monofluorination remains a challenging problem in terms of
regio- and stereo-control,2 especially in positions vicinal to
unsaturated systems, even if some transition metal complexes
can control the dehydroxyfluorination.3 An alternative is to
prepare small, chiral, fluorinated building blocks which can be
elaborated into the target molecules.4 Since acetylenic deriva-
tives have high potentialities for stereoselective synthesis,5
propargylic fluorides should be versatile intermediates.6 In this
strategy, control of the absolute configuration at the stereogenic
center is important, therefore the preparation of optically active
propargylic fluorides becomes a central question.7,8

Here we report the first study of enantioselectivity in
dehydroxyfluorination using alcohols 1a and 1b as models.
Furthermore, we demonstrate NMR in chiral liquid crystals as a
powerful method for the analysis of the enantiomeric purity of
these propargylic fluorides.

The reaction of (±)-1a with diethylaminosulfur trifluoride
(DAST) at 250 °C is regiocontrolled,9 giving exclusively (55%
yield) the propargylic fluoride (±)-2a (Scheme 1).10 Such chiral
propargylic fluorides appear rather difficult to discriminate, and
until now, none of the usual tools in the field of enantiomeric
analysis (chiral GC or HPLC, chiral shift reagents etc. have
allowed the differentiation of the enantiomers of (±)-2a for
instance. It was therefore of interest to explore other analytical
approaches such as NMR in chiral liquid crystalline sol-
vents.11–13 Indeed, it has been demonstrated that 2H, 13C or 19F
NMR in organic solutions of poly(g-benzyl L-glutamate)
(PBLG) can provide a competitive alternative when normal
methods fail. In proton-decoupled natural abundance 13C NMR
(13C{1H}), enantiomeric discrimination is observed through a
difference in the 13C chemical shift anisotropies (CSA), leading
to two separated peaks for each discriminated carbon of the
molecule. This allows the measurement of ees with an accuracy
of about ±5%.12 As the parameters governing the strength of the
13C CSA mainly increases with the electronegativity of the
substituents and the hybridization state of the carbons [Ds (sp)
> Ds (sp2) > Ds (sp3)], we could expect to obtain a
measurable chiral discrimination on the acetylenic carbons of
the fluorinated propargylic compounds.12

Fig. 1(a) presents the 100.62 MHz 13C{1H} spectrum
associated with the ethynyl carbons of (±)-2a recorded in the

PBLG/CHCl3 phase.†‡ Analysis of the spectrum shows two
doublets centred at different chemical shifts for the C-1 and the
C-2 carbons. The splittings, noted TCF, arise from the 13C–19F
scalar (JCF) and dipolar (DCF) couplings, the latter being also
order sensitive (TCF = JCF + 2DCF).12 However, as indicated in
Fig. 1(a), it appears that the two enantiomers are mainly
discriminated through a difference of CSA. The chemical shift
differences (dR2 dS) for C-1 and C-2 are of 0.07 and 0.06 ppm,
respectively. Note also that a small chiral discrimination was
also observed on the sp3 chiral carbon of (±)-2a.

With this tool in hand, it now becomes possible to study the
enantioselectivity of the dehydroxyfluorination reaction on
(+)-1a and (2)-1a at various temperatures. The synthesis of
(+)-1a or (2)-1a (ee ! 95%) is straightforward, starting from
commercially available (R)- or (S)-but-3-yn-2-ol (Scheme 2).
Fig. 1(b) presents the 13C{1H} NMR signals associated with the
C-1 and C-2 carbons of (2)-2a prepared at 255 °C from
(2)-1a. When comparing these data with that of (±)-2a, we
clearly observe a difference in peak intensity for both sp
carbons. The measurement of the ee for the spectrum in Fig.
1(b) is, therefore, possible using both the signal of C-1 and C-2,
which enhances the confidence interval in the determination of
the ee. Thus, at 255 °C, the ee calculated using either peak
integration or deconvolution tools is 45 ± 5%, whereas the ee
increases to 75 ± 5% when the reaction temperature is lowered
to 295 °C. Note that the (S)-enantiomer exhibits the most
shielded signal for both carbons and all these experimental
values were confirmed when (2)-1a was replaced by (+)-1a.

Thus, the dehydroxyfluorination reaction of (+)-1a or (2)-1a
has a good enantioselectivity (!75%) at low temperature. This

Scheme 1

Fig. 1 13C{1H} spectrum associated with the ethynyl carbons of (a) (±)-2a
and (b) (2)-2a recorded at 298 K. Gaussian filtering was applied to enhance
the spectral appearance. For (±)-2a, we measure T R

CF = ± 14.9 Hz, T S
CF =

± 14.4 Hz for the C-1 carbon, and T R
CF = ± 6.9 Hz, for the C-2 carbon.
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reaction exhibits a strong temperature dependence since the ee
is only 45% at ca. 255 °C. In agreement with the mechanism
generally accepted for DAST fluorination,14 inversion of
configuration is assumed.

A similar sequence was followed by the case of 2b. Starting
from (±) = 1b6 the racemic derivative (±)-2b is obtained,
together with a small amount of the corresponding enyne
separated by chromatography. The optically active alcohol
(+)-1b (ee = 90%) is obtained by asymmetric reduction of 4
(Scheme 3).15 Once again, 13C NMR in PBLG allowed the
study of the enantioselectivity of the fluorination.

In this example, the results were also confirmed through
376.49 MHz 19F{1H} NMR. Fig. 2(a) presents the 19F{1H}
spectrum and 13C{1H} NMR signal associated with the C-2
carbon of (±)-2b. As before, the analysis of the 13C signal shows
two doublets centred at two different chemical shifts (dS2 dR =
0.14 ppm). Note that the C-1 carbon was also significantly
discriminated through a chemical shift difference (dS 2 dR =
0.20 ppm). Unlike the compound (±)-2a, which showed no
chiral discrimination via 19F{1H} NMR, the derivative (±)-2b
exhibits specific 19F CSAs for each enantiomer (dS2 dR = 0.03
ppm). This example is the first case of chiral discrimination
through 19F{1H} NMR on a monofluorinated compound using
a chiral liquid crystal.

Fig. 2(b) reports the 19F{1H} and 13C{1H} NMR signal of
(2)-2b synthesised at 235 °C starting from (+)-1b. We can

observe unambiguously the strong difference in intensity of the
doublets of each enantiomer compared with (±)-2b, thus
showing the high enantioselectivity of this reaction. For this
example, the ee calculated through peak integration or deconvo-
lution processes is 80 ± 5% at 235 °C. It is noteworthy that the
synthesis of (+)-2b at 250 °C enable us to further enhance the
ee to 88 ± 5%. Therefore, the dehydroxyfluorination of (+)-1b
has a very high stereoselectivity (!97%) at 250 °C. As for 1a,
the reaction shows a temperature dependence, since the ee is
80% at 235 °C and only 60% at room temperature. Note here
that the (R)-enantiomer exhibits the most shielded signals for C-
1 and C-2. These results were confirmed using (2)-1b as
starting material.

These data appear to indicate a competition between SN2 and
SN1 type processes. In the case of 1a, the pentyl group can
provide better stabilization for the carbocationic intermediate,
leading to lower selectivities and a stronger temperature
dependence compared to the hydrogen in 1b. In addition, this
study highlights the noteworthy potential of NMR in PBLG as
an analytical method. Finally, these results, especially in the
case of 2b,6 are of interest with regard to the preparation of
fluorinated analogues of natural products.

We thank the region Bretagne for a fellowship to V. M.
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† Sample composition: The liquid crystalline NMR samples were made
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of CHCl3. Sample preparation, see refs. 11–13.
‡ NMR experiments: NMR experiments were performed on Bruker DRX-
400 (5 mm BBI probe) and ARX-400 (5 mm QNP probe) spectrometers.
Broad-band proton decoupling was applied using the WALTZ-16 sequence.
The interferograms were acquired using a pulse angle of ~ 60°, a recycle
delay of ~ 1.5 s and 8 or 16 K of data points. Zero filling to 16 or 32 K was
applied to increase the digital resolution.
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Scheme 2 Reagents and conditions: i, TBDMSCl, imidazole, DMAP, THF
(84%); ii, BuLi, C5H11Br, THF–HMPA (3+1), 230 °C (85%); iii, Bu4NF,
THF (93%); iv, DAST, CH2Cl2 (55%).

Scheme 3 Reagents and conditions: i, PCC, AcONa, CH2Cl2 (56%); ii, R-
Alpine-Borane (89%); iii, DAST, CH2Cl2 (51%).

Fig. 2 19F{1H} spectrum and 13C{1H} NMR signal associated to the C-2
carbon of (a) (±)-2b and (b) (2)-2b recorded at 294 K by adding 64 and
1500 scans, respectively. Gaussian filtering was applied to enhance the
spectral appearance. For (±)-2b, we measure T S

CF = ± 12.8 Hz, T R
CF =

±11.1 Hz for the C-2 carbon.
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Various vinylcyclopropanes are synthesized from a,b-un-
saturated ketones via a zirconium-mediated [1,2]-addition–
deoxygenative cyclopropanation sequence; the latter step
surprisingly proceeds under specific protic conditions.

Vinylcyclopropane derivatives are useful intermediates for a
wide variety of transformations including rearrangements and
stereoselective ring expansions, nucleophilic and electrophilic
ring opening, and transition metal catalyzed reactions.1 On the
other hand, many natural or synthetic biologically active
molecules contain a vinylcyclopropane moiety. The latter can
be constructed using procedures that involve direct formation of
the cyclopropane ring.1,2 The limitation of these methods lies in
the necessary use of the carbon–carbon double bond entity as a
precursor. Thus, it appears worthwhile to search for new
synthetic procedures aimed at relating the vinylcyclopropane
moiety to other frequently encountered structural subunits.

Here we present a new approach to vinylcyclopropane
derivatives.3 The described procedure makes it possible to
obtain them directly from a,b-enones, by zirconium-assisted
deoxygenative addition of an ethylene dianion equivalent (in a
formal sense). In practice, zirconocene (ethylene) complex,
formed from Cp2ZrEt2, was used as a reagent.4 In the first
experiment, Cp2ZrEt2 was formed from Cp2ZrCl2 and EtMgBr
(2 equiv.) in THF at 278 °C, and Cp2Zr (ethylene) generated by
allowing the reaction mixture to warm to 0 °C. Afterwards,
benzylideneacetone (1) was added, and the reaction carried out
at room temperature for 2 h.5 The hydrolysis of the reaction
mixture with 3 M HCl afforded alcohol 2 and an unexpected
minor vinylcyclopropane derivative 3 (3+2 = 22+78) (Scheme
1).6

Deuterolysis of the reaction mixture with DCl in D2O (3 M)
gave [2H]-2, namely 5-deuterio-3-methyl-1-phenylpent-1-en-
3-ol, with > 98% D incorporation. This result suggested that the
reaction had involved an intermediate oxazirconacyclopentane
(A), similar to those postulated for the reactions employing
saturated ketones.6

Using 3 M H2SO4 instead of 3 M HCl for hydrolysis, the
course of the final reaction changed. Thus, quenching of the
reaction with 3 M H2SO4 resulted in predominant formation of
vinylcyclopropane derivative 3 (3+2 = 92+8) which was
isolated in 45% yield (Scheme 1). We next ascertained that the
cyclization process had not occurred before protonolysis, under
the reaction conditions. In fact, no trace of 3 was detected in
THF at 0 °C or at room temperature even after prolonged
reaction time (36 h). This observation confirmed the crucial role
of H2SO4 for cyclization. Thus, the title reaction markedly
differs from the somewhat similar Kulinkovich hydroxy-
cyclopropanation, which allows the preparation of cyclopropa-
nols or cyclopropylamines from esters (carbonates) or amides
and a Grignard reagent, in the presence of Ti(OPri)4.7 Whereas
the latter involves the spontaneous rearrangement of the
intermediate oxatitanacycle, specific protic conditions proved
to be necessary for our cyclization to occur. Finally, we noticed

that no cyclization reaction occurred with H2SO4 starting from
the saturated ketones, and only the corresponding alcohols were
isolated in all cases.

To further explore the scope of the title reaction other a,b-
unsaturated ketones were tested. As shown in Table 1, the
reaction can be applied to the synthesis of various vinylcyclo-
propane derivatives. Particularly, the spiro cyclopropane deriv-
atives 11–15 (entries 3–7) could be prepared in moderate to
excellent yields starting from the cyclic substrates. Thus,
isophorone (5) and cholestenone (6) were transformed into the
corresponding vinylcyclopropane derivatives 11 and 12, re-
spectively, in 75 and 91% yield (entries 3 and 4). The easily
prepared 12 should be considered as a new potentially useful
steroidal intermediate.8 The carbonyl-conjugated CNC double
bond may be in an exocyclic as well as endocyclic position, and
even an additional isolated CNC double bond may be present in
the substrate (entries 5 and 6). The reactions have also been
accomplished starting from the relatively crowded tetra-
methylcyclopentenone (9) (entry 7). The absence of the
corresponding alcohols using the cyclic substrates 5–9 is
noteworthy. The less reactive acyclic enones 1 and 4 gave lower
yields on average (entries 1 and 2). We thought that this might
be due to the relative thermal instability of the Cp2Zr(ethylene)
complex,4 performed in situ in the absence of the substrate. To
overcome this limitation we tried to stabilize the complex by
adding 1 equiv. of trimethylphosphine prior to increasing the
temperature from 278 to 0 °C.6 As a result, only slightly higher
yields were observed (53 and 42% for 3 and 10). Nevertheless,
the phosphine-based procedure could also be applied to the
preparation of substituted vinylcyclopropane derivatives, as
exemplified by the synthesis of 16 (Scheme 2). This reaction did
not proceed with a significant yield without PMe3, possibly

† Dedicated to Professor Pierre Sinaÿ on the occasion of his 62nd
birthday. Scheme 1
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because of the generally more difficult incorporation of higher
alkenes.4

Two aspects of the title reaction are remarkable: (i) the
cyclopropanation (C–C bond formation) step occurs under
protic conditions, and (ii) this selective reaction requires 3 M
H2SO4, whereas the use of 3 M HCl leads to the predominant
formation of the alcohol. Further studies are necessary to clarify
the specific role of H2SO4 in the cyclization process. However,
based on the dichotomous behavior of the two strong protic
acids, 3 M HCl and 3 M H2SO4, a hypothetical rationale for the
two different reaction modes can be proposed (Scheme 1). In the
first step, oxazirconacyclopentane A must invariably be proto-
nated under the strongly acidic conditions to give the oxonium
intermediate B. Depending on whether HCl or H2SO4 is
employed, strikingly different mechanistic pathways [(a) or (b)]
can follow. The reasonably nucleophilic Cl2 apparently attacks
at the Cp2Zr residue with cleavage of the Zr–O bond, which is
favourably accompanied by the formation of the relatively
strong Zr–Cl bond. In contrast, the attack of the weakly
nucleophilic HSO4

2 on Cp2Zr is slower than the competing ring
contraction, leading to a cyclopropane derivative. In this
concerted process,9 the partial positive charge developing on
the allylic carbon atom is efficiently stabilized by the neigh-
bouring double bond. Studies are underway to fully elucidate
the cyclization step and to extend the synthetic scope of the
reaction, and the results will be published in due course.
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1 L. A. Paquette, Comprehensive Organic Synthesis, ed. B. M. Trost and I.
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2 T. Hudlicky, F. Rulin, T. C. Lovelace and J. W. Reed, Studies in Natural
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Table 1 Reaction of a,b-enones with Cp2Zr/(ethylene), followed by
hydrolysis with H2SO4

Scheme 2
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Ligand design in early transition metal chemistry has focussed
recently on amide chemistry. The availability of two substituent
positions at the amido N-donor atom allows its integration into
ligand systems of both podand and macrocyclic topology.
Amido functions may be combined with other donor functional-
ities which possess a different formal charge and chemical
hardness and, more generally, a different thermodynamic and
kinetic stability of their interaction with the metal centre. Early
transition metal complexes containing polydentate amido-
donor ligands not only display unprecedented patterns of
reactivity but are the focus of recent developments in olefin
polymerization catalysis.

Introduction
Amido–transition metal chemistry, a field which developed
with limited momentum after the pioneering work of the 1960s
and early 1970s,1,2 has grown dramatically during the past
decade. These recent advances are not due to the received
wisdom of the structural chemistry and reactive behaviour
gained in the early studies having undergone dramatic changes.
It is the realization that the amido donor function R2N2 may be
placed into a great variety of structural environments which has
ultimately led to the dramatic expansion of the area. It may be
readily incorporated into complex polydentate ligand structures
and combined with other donor functionalities. Amido units are
thus suitable tools in ligand design for early transition metal
complexes.

The stabilization, i.e. protection, of part of the coordination
sphere of a high valent, Lewis acidic early transition metal may
be achieved by considering several important aspects. First, the
ligands chosen for the non-reactive metal ligand interactions
(frequently referred to as spectator or ancillary ligands) should
adequately match the electronic demands of the metal centre.3

In the case at hand this requires strong s- and p-donor
capabilities and, given the hard nature of the Lewis acid,
matching chemically hard donor atoms. Secondly, the ancillary
ligands must obviously have significantly different bonding and
reactive properties in comparison to the reactive ligands, i.e.
those which undergo transformations in the stoichiometric or
catalytic processes of interest. Third, the distribution of donor
functions over the protected sector of the coordination sphere
should be well balanced. This latter situation is demonstrated
particularly well by the early transition metal metallocenes and
their derivatives which are at the centre of a vast area of modern
organometallic chemistry.4 During the past decade the dominat-
ing position of the cyclopentadienide complexes in the
coordination chemistry of the d-electron poor metals has been
challenged by the rapid development of amido complex
chemistry.

The availability of two substituent positions at the amido N-
donor atom allows its integration into ligand systems of both
podand and macrocyclic topology (Fig. 1).5 This not only leads

to a well defined relative orientation of the ligating atoms but
opens up manifold possibilities of steric control. Moreover,
amido functions may be combined with other donor functional-
ities which possess a different formal charge and chemical
hardness and, more generally, a different thermodynamic and
kinetic stability of their interaction with the metal centre. In the
latter case the strong metal–amide bonds form the anchoring
elements of the polyfunctional ligands while the remaining
donor functions may either influence the electronic properties of
the central atom or mask potentially reactive coordination sites
by virtue of their hemilabile nature. In catalytic applications of
amido complexes, the availablity of additional weakly coor-
dinating donor functions may crucially determine the lifetimes
of certain intermediates in the catalytic cycle and thus the nature
of the reaction products. It is the aim of this article to provide an
overview of the present state of the area of amido complex
chemistry in which the amido functions in the ligand are
combined with other neutral donors and in which all these
considerations have played a role.

Combining anionic and neutral donor functions:
amidoamine and amidopyridine ligands
The addition of a neutral tertiary amino function to a
polydentate amido ligand may lead to a variety of conse-

Lutz H. Gade is Professor of Chemistry at the Université Louis
Pasteur, Strasbourg. His research interests are in the fields of
coordination chemistry, organometallic chemistry and cataly-
sis. After completing his undergraduate studies at the Uni-
versity of Bonn and the Technical University of Munich, he went
to Cambridge to work for his Ph.D. with Jack Lewis. Having
returned to Germany after completing his thesis in 1991, he
joined the Chemistry Department at the University of Würzburg
where he finished his habilitation in 1996 and where he
subsequently worked as a lecturer. In 1998 he moved to
Strasbourg to take up his present position. His scientific work
has found recognition through the award of the ADUC prize for
1994, the Heinz–Maier–Leibnitz Preis of the DFG and the
Federal Ministry of Research and Education (1997), the
Gerhard–Hess-Research Award of the DFG (1998) as well as
the Award in Chemistry of the Academy of Sciences at
Göttingen (1999).

Fig. 1 Topologies of polydentate ligands (D = donor function, B =
bridgehead function).
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quences. Incorporated within more or less rigid macrocylic
structures they mostly remain coordinated to an early transition
metal centre during transformations at the remaining coordina-
tion site(s) and thus serve the ‘passive’ purpose of maintaining
a particular ligand environment with a given overall ligand
charge thoughout the transformations. The extremes of macro-
cyclic rigidity and flexibility are represented by early transition
metal porphyrins on the one hand6 and metallated azacrown
ethers on the other7 as exemplified in Fig. 2. In both cases, the
macrocycle–metal complex fragment does not seem to undergo
significant changes in chemical reactions involving the reactive
ligands. Other macrocyclic systems of intermediate flexibility
include tetraazaanulenes the coordination chemistry of which
has been recently reviewed.8

On the other hand, neutral amino groups (as well as ether or
organosulfido groups, vide infra) are more readily displaced
from early transition metal centres than anionic amido units and
therefore may play a flexible role in organometallic transforma-
tions. The latter is of particular importance in the development
of new early transition metal polymerization catalysts which
will be discussed in detail below.

In contrast to the macrocyclic structures discussed so far,
neutral donors in bridgehead positions of podands with amido
‘arms’ may remain essentially passive within the cage structure
of the metal complexes containing these ligands. The paradigm
for the use of such ligand systems are the triamidoamine ligands
found in the azametallatranes 1 studied by Verkade, Schrock
and others.9,10 These are essentially tripodal ligands in which
the apical bridgehead atom participates in the coordination to
the metal centre generating a particularly stable cage structure.
The arrangement of the triamidoamine creates a reactive site at
the metal centre, occupied by the remaining ligand, which may
be varied in size and geometry by choice of the appropriate
peripheral substituents at the amido nitrogen donor atoms. A set
of frontier orbitals comprising one s and two p orbitals is in
principle available for ligand binding at the remaining coordina-
tion site (Fig. 3).10

This situation is thought to provide the appropriate frontier
orbital set at the metal for the extremely rich metal–ligand
multiple bond chemistry found for these systems to date.11

Whereas the tertiary amino function at the apex influences the
orbital energies of the frontier orbitals, it apparently adopts a
‘passive’ role in most of the compounds studied to date. Only in
rare cases has it been posssible to establish the involvement or
association/dissociation of the amino function in reactions of

azametallatranes.12 The chemistry of this class of complexes
has developed rapidly during this decade and has been reviewed
in detail.9,10 It will therefore not be discussed in this overview
of the field.

Greater flexibility in the coordination geometry and more
open structures are found in a number of early transition metal
complexes containing new types of diamidoamine ligands
(Fig. 4). In these the amino donor function is less strongly bound
and its active participation in chemical transformations, i.e. the
coordination and dissociation, is possible. Whereas the tri-
dentate diamidoamine ligand A, first reported by Cloke et al.
adopts a facial coordination mode in 2,13 a meridional
arrangement was observed in the crystal structure of the
analogous complex 3 studied in Schrock’s group.14 Both
compounds are precursors of cationic olefin polymerization
catalysts the reactivity of which is strongly influenced by the
availability of a neutral (dissociable) donor function (vide
infra).

In contrast to these catalytically active dialkyldiamido
zirconium complexes, complex 3a bearing a tridentate ligand in
which the aminofunction is not positioned between the anionic
amido units has been found to be inactive in attempted
polymerizations.15

The combination of a pyridyl unit with two amido functions
leads to tridentate ligands which, depending upon their
topology, may adopt meridional or facial coordination modes.
Meridional coordination is achieved using ligands of type D
(Fig. 5)16 which have found application in the development of
novel olefin polymerization catalysts of high activity (4, vide
infra).17 We first developed and studied the coordination
chemistry of type E diamido pyridine ligands18 which were
found to adopt facial arrangents in early transition metal
complexes such as 5.19

Fig. 2 N-donor macrocycles of different flexibility which have been employed in early transition metal chemistry.

Fig. 4 Zirconium complexes containing the diamidoamine ligands A, B and C.

Fig. 3 Molecular structure of an azametallatrane, 1, along with a depiction
of the metal centred frontier orbitals which may be involved in ligand
binding.
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Formally, the dianionic tripods may be derived from the
threefold symmetrical tripodal ligands through the replacement
of one of the anionic amido ‘claws’ by the neutral pyridyl
function. This class of ligands has been employed in the
synthesis of tetravalent titanium and pentavalent vanadium
group metal complexes. For the complexes of the Ti triad the
ancillary ligand system has allowed the coordination of either
two additional anionic (e.g. alkyl) ligands or,19 alternatively, a
formally dianionic unit as achieved in the synthesis of a series
of stable imido complexes (Scheme 1).20,21

The coordination of the pyridyl unit to the metal centre and
thus the formation of a pentacoordinate complex 7 (Fig. 6) of
distorted trigonal bipyramidal coordination geometry depends
upon the steric requirements of the additional ligands in axial
and equatorial position. Decoordination of the pyridyl function
has been observed in solution for a dialkyltitanium complex 8
bearing bulky neopentyl groups for which the fourfold coor-
dination mode with a dangling py-unit has been established by
NMR spectroscopy, or in the solid state, as demonstrated by the

X-ray crystal structure analysis of [Nb{MeC(C5H4N-2)-
(CH2NSiMe3)2}(NBut){CH(SiMe3)2}] 9.19,21

The imidotitanium complexes such as [Ti{MeC(C5H4N-2)-
(CH2NSiMe3)2}(NBut)(py)] 7 were found to have considerable
thermal stability which allows their facile isolation and
manipulation. However, they possess labile pyridine and
pyridyl ligands that, under appropriate reaction conditions, may
dissociate to yield unsaturated and highly reactive imido
complexes of the type investigated by Wolczanski and cowork-
ers via irreversible thermolysis of the respective precursor
molecules (Fig. 7).22 In fact, sublimation of 7 in high vacuum
has yielded the four-coordinate complex 7a which has been
structurally characterized by X-ray crystallography.21 In con-
trast, there has been no evidence, as yet, for the postulated
highly unsaturated, three-coordinate species 7b.

It is this flexibility of the tridentate ligand which is thought to
be responsible for the remarkable reactivity of 7 towards a
variety of organic substrates and represents an example of the
‘taming’ of a reactive structural element as implied in the title of
this article. In reactions with methyl acetylenes we have found
slow but selective cyclization yielding the metalla-azetidines
10.23

This conversion is thought to occur via a C–H bond activation
step of the methyl group to the TiNN unit, as has been
established for transiently generated imido compounds by
Wolczanski and others,22 and subsequent cyclization. The
observation that the same products were obtained from the
analogous substituted allenes may imply that an allenetitanium
intermediate is involved in this conversion.

A cascade of C–-N and C–C coupling reactions is the result
of exposing 7 to alkyl isocyanides to give metal bound

Fig. 5 The diamidopyridine ligands D and E adopting meridional and facial
coordination modes, respectively.

Scheme 1 Synthesis of pentacoordinate titanium complexes containing the
diamidopyridine ligand E.

Fig. 7 Stabilization and “masking” of low-coordinate imidotitanium complexes.

Fig. 6 Molecular structure of complex 7.20
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5,6-diamino-2,3-dihydropyrimidines 11.20 The reaction se-
quence is thought to occur along the pathway shown in
Scheme 2.24 Remarkably, no reaction intermediate could be
detected for most of the isocyanide derivatives we studied.
However, it has been possible to isolate and structurally
characterize a derivative of ii which could be converted to iii
upon addition of another molar equivalent of an isocyanide.

Several potentially tetra- and hexa-dentate amidopyridine
ligands have been reported which contain deprotonated 2-ami-
nopyridine units. Two of these have been connected via a

bridging siloxane unit F and have been employed in the
synthesis of heterodinuclear complexes in which they link
neodymium and late transition metal fragments (for example
12).25 The combination of three aminopyridine fragments has
been achieved in a trisilylmethane and trisilylsilane derived
tripodal ligands for which titanium, zirconium and niobium
complexes have been reported.26,27 Although the pyridine
donors in these systems are all coordinated to the respective
metal centres in the crystal structures, their bonding situation in
solution is not clear.

Stabilizing cationic early transition metal amido
complexes: a new generation of non-metallocene
polymerization catalysts
Few developments have fueled the interest in the organome-
tallic chemistry of the early transition metals in the same way as
the discovery of well defined olefin polymerization catalysts.
To date, the majority of the systems, mainly based on titanium
or zirconium, which have been investigated contain one or two
cyclopentadienyl rings or their derivatives.4 However, in recent
years the focus has shifted to non-metallocene catalysts of
which those containing chelating diamido ligands have received
particular attention.28 An ever increasing number of such
complexes are currently being studied with regard to their
activity as catalyst precursors for the polymerization of ethylene
or longer chain a-olefins. The three complexes displayed in
Fig. 8 were found to be procatalysts for highly active catalytic
systems.29

In particular, the titanium complex 13 studied by McConville
and coworkers,29a,b was found to behave as a living polymeriza-
tion catalyst for hex-1-ene. The active species in these systems
is thought to be a cationic monoalkyl complex which would be
a solvated three coordinate species. In order to stabilize this

Scheme 2 Proposed mechanism of the icocyanide coupling with 7 to give Ti-bound 5,6-diamino-2,3-dihydropyrimidenes.
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cationic intermediate, ligand design has very recently been
extended to include chelating diamido ligands which contain a
third neutral donor function. As noted above, activity in olefin
polymerization has mainly been observed for those systems in
which the neutral donor is placed between the two anionic
amido groups. In the five coordinate procatalysts shown in
Fig. 9 the tridentate ligand may adopt either meridional or facial
arrangements.13,14,17,30–33

Compounds 16 and 17 have been studied by Cloke, Horton
and McConville and represent the two possible arrangements of
the donor functions.13,17,30 While complex 16 was found to be
moderately active in ethylene polymerization, the procatalyst 17
displays high activity. Very detailed studies into the mechanism
of the polymerization and the role of the neutral donor functions
have been carried out in Schrock’s group. Compounds 18, 20
and 21 are active catalysts for the polymerization of hex-
ene.14,31,33 An important feature in these complexes is the
absence of N-bonded silyl groups which are not only easily
hydrolyzed but may undergo cyclometallations. The chemically
robust nature of 18,31 in particular, not only allows the living
polymerization of hexene but has rendered the cationic
intermediate suffiently stable to be characterized in solution.34

The isolation and X-ray crystallographic characterization of the
ionic adduct [{(ButNC6H4)2O}ZrMe][MeB(C6F5)3] 18a upon
reaction of 18 with the cocatalyst B(C6F5)3, in which the
boranate ion occupies the apical position, supports the notion
that it is the apical alkyl group which is removed by the Lewis
acid.31

Using 13CH3-labeled 18, it has been possible to detect the
cationic solvent-stabilized catalyst by 13C NMR spectroscopy in
solution and to demonstrate that the ‘insertion’ of hex-1-ene
into the Zr–CH3 bond occurs in a 1,2 manner.34

Based on these studies, Schrock and Baumann have proposed
the mechanism initiating the chain growth which is shown in

Scheme 3.34 In the first step, the dissociation of the base in the
apical position in 18b generates the four-coordinate cationic
complex 18c to which the olefin monomer may coordinate
generating a five coordinate cation 18d. The monomer occupies
the apical coordination site in this intermediate. In contrast to
the mechanism proposed for the cationic metallocene catalysts,
which adopt a pseudo-trigonal structure and in which the olefin
may approach the metal–alkyl unit from two faces,4 the pseudo-
tetrahedral nature of 18c restricts access to the metal centre to
one face.

That b-elimination which would terminate the living polym-
erization is a slow process is attributed to the steric congestion
of the ligand sphere induced by the bulky N-bound tert-butyl
groups. This renders the conversion of 18c to 18c kinetically
unfavourable.

The studies discussed in this section impressively demon-
strate the role played by the ancillary ligand in the control of the
reactivity of a catalytic system. It is the combination of the
electronic properties of the donor functions, the conformational
degrees of freedom of the ligand backbone as well as the steric
demand of both ligand backbone and peripheral substituents
which influences their performance. This point is particularly
apparent in the results of a comparative study of the catalytic
properties of 21 and the simple dialkyl ether analogue
[{O(CH2CH2NXyl)2ZrMe2] 22.33,35 Catalyst 21, which con-
tains a conformationally more rigid and sterically more
demanding tetrahydrofuran-derived diamido-donor ligand, pro-
duced polyhexene of almost twice the molecular weight as
compound 22.

Fig. 8 Group 4 metal complexes containing chelating diamido ligands
which are active catalysts for olefin polymerization.

Fig. 9 Dialkylzirconium complexes, containing diamido-donor ligands,
which are active olefin polymerization catalysts.

Scheme 3 Mechanism for the chain growth catalyzed by 18.
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Amido ligands containing weakly coordinating donor
functions: the ortho-fluorophenyl periphery

The neutral ligating units in the polyfunctional ligands dis-
cussed in the previous sections bind fairly strongly to the metal
centres and are therefore thought to remain coordinated
throughout most of the chemical conversions at the ‘reactive’
coordination site(s). However, the integration of very labile
coordinating units into amido ligands enables the ‘masking’ of
low coordination numbers and thus of potentially highly
reactive species. The size of the reactive site in these systems is
readily adjustable through coordination and decoordination of
the hemilabile donors. We introduced such an active ligand
periphery in several tripodal amido ligands in the form of ortho-
fluorophenyl groups (Fig. 10).36

The stabilization of Lewis acidic metal centres by weak C–
F…M coordination has also been used in complexes containing
appropriately functionalized monodentate amido ligands as
well as in several metallocene derivatives.37 The use of partially
fluorinated aryl groups reduces the basicity at the amido N-
atoms and thus increases their stability towards protolytic
cleavage. Depending on the ionic radius of the metal centre and
steric demand of the remaining anionic ligand(s), the coordina-
tion of one or more of the fluorine atoms both sterically shields
and partially saturates the Lewis acidic metal centre. We have
extended this approach to include N-bonded 2,3,4-trifluoro-
phenyl groups which were found to stabilize complexes of the
titanium triad even more efficiently.36b

The involvement of one, two or three ortho-F atoms in the
coordination to the metal has been established by a systematic

structural study. Coordination of all three C–F units has been
observed for the yttrium complex 23 which together with an
additional diethyl ether ligand leads to a sevenfold coordination
geometry (Fig. 11).36 This system was studied at the beginning
of our work in view of its NMR-active metal nucleus 83Y and
indeed, 19F NMR studies of the complex established the metal–
fluorine interaction in solution by observation of 83Y–19F
coupling.

The structures of compounds 24–26 nicely demonstrate the
relationship between the size of the anionic monodentate
ligand(s) and the number of coordinated C–F groups.37–39

While the coordination of the ligand periphery in 24 and 25
leads to sixfold coordination in the zirconium complexes, the
large metal complex fragment {FeCp(CO)2} which essentially
acts as an anionic ligand in 26 enforces the dissociation of the
hemilabile units (Fig. 12).

The role which the fluorine atoms adopt in the structures
discussed above may be rationalized by assuming that the
highly Lewis-acidic metal centre accepts as many additional
donors as may be accommodated in their coordination sphere.
The question of their importance in the chemical reactions of
such species is more difficult to answer since intermediates are
generally not detectable. However, we have carried out a
comparative study of the kinetics of insertion reactions of
unsaturated polar organic substrates into the polar metal–metal
bonds in compounds such as 26. These were related to the
results obtained for complexes in which the fluorophenyl
substituents were replaced by ‘innocent’ para-tolyl groups. In
this study we found that the second order reaction rates of the
fluorinated species are greater by a factor of ca. 10–50.36b,39–41

Fig. 10 Participation and non-participation of an active ortho-fluorophenyl
ligand periphery in tripodal amido complexes.

Fig. 11 Molecular structure of the yttrium complex [Y{HC[SiMe2N(2-
FC6H4)]3}(OEt2)] (23).
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The active periphery thus enhances the reactivity of the early–
late heterobimetallics, an observation which may be understood
in both possible mechanistic scenarios: an early or a late
involvement of the F-donors in the process of metal–metal bond
cleavage. Experimental evidence suggests that the attack of a
Lewis-base at the early transition metal centre is the first step in
the insertion reactions of polar substrates. The re-adjustment of
electron density in the metal–metal bond destabilizes it and
induces its subsequent scission. This process may be aided by
the coordination of the CF groups before the cleavage of the Zr–
M bond. On the other hand, the coordination of the fluorine
atoms also stabilizes the fragments obtained after metal–metal
bond breaking has occurred, a situation which will be reflected
in the kinetics in the case of a late transition state. It has not been
possible to differentiate between these two possibilities and it is
quite likely that both play a role.

Labile coordination of ortho-fluorine atoms in N-bonded
fluorinated aryl substituents has recently been observed in
several other polydentate amides. X-Ray crystallographic
studies carried out for [{(C6F5NCH2CH2)3N}V] (V–F
2.65 Å)42 and [{(C6F5NCH2CH2)2N}TaMe2] (Ta–F ca.
2.4 Å)43 have also established metal–fluorine distances which
are significantly longer than those found in binary fluorides or
related compounds. This fact is to be seen in connection with the
fluxionality of the orthofluorophenylamido complexes in solu-
tion which suggests that the strength of the interaction between
the metal centres and the labile donor functions amounts to less
than ca. 10 kcal mol21.

Combining hard and soft donor functions: chelating and
macrocyclic amidophosphines

The stability of the metal–nitrogen bonds in amido complexes
of the early transition metals enables their use as ‘anchors’ for
polydentate ligands which also contain donor functions with
less well matched electronic properties. This was part of the
rationale behind the ligand design discussed in the previous
sections. However, a particularly interesting variant of this
concept has been developed and very successfully employed by
Fryzuk et al. by combining the hard amido ligand with soft
phosphine units in polydentate ligand systems.3,44,45 The open
chain PNP and NPN ligands G and H as well as the macrocyclic
P2N2 ligand I displayed in Fig. 13 have been applied in the
synthesis of organometallic complexes of the group 3–5 metals.
Early work using G, which has been reviewed elsewhere,
revealed that these systems may in fact be employed in the
synthesis of stable late transition metal complexes with reversed
roles of the two donor functions.3,44 In d-electron rich
complexes the soft phosphine ligands with their p-acceptor
properties are to be viewed as the anchoring units which ensure
the stabiliy of the molecules.

A series of early transition metal complexes containing the
macrocyclic ligand I has been reported recently.46,47 Partic-

ularly noteworthy is the coupling of two aryl rings in an
yttrium(III) complex (Scheme 4).47 This dinuclear species was

first discovered as the thermal decomposition product of the
Me3SiCH2 complex 28 in benzene which yielded SiMe4 and the
dinuclear species 29 in which the bridging diphenyl ligand may
be understood as being formally dianionic and thus leaving the
oxidation state of the yttrium unchanged. The mechanism of this
conversion which involved C–H bond activation is not yet fully
understood. However, the same product was obtained upon
reaction of the chloroyttrium(III) complex 27 with phenyl-
lithium. This reaction of an aryllithium compound with a
transition metal halide to give a product with a p-bonded arene
unit is reminiscent of the chromium species which were first
investigated in 1919 by Hein and coworkers but were only
structurally understood after Fischer’s synthesis of bis(benz-
ene)chromium in 1955.48

It is remarkable that this coupling reaction may be extended
to other aryl fragments as was shown in the generation of the
ditolyl ligand on reaction of 27 with para-tolyllithium.47 The
structure of complex 30 which contains this bridging ditolyl

dianion shows that the arrangement of the two metal complex
fragments coordinated to the organic unit appears to depend
upon the substitution pattern of the latter. NMR studies carried
out at variable temperature suggest a rapid migration of the
complex fragments between the two ring positions in solution at
room temperature.

Fig. 12 Molecular structure of the Zr–Fe complex 26 showing the
‘dangling’ ortho-fluorophenyl groups.

Fig. 13 Three polydentate amido-phosphine ligands introduced by Fryzuk
and coworkers.

Scheme 4 Phenyl coupling induced by an yttrium complex stabilized by the
macrocyclic P2N2 ligand I.

Chem. Commun., 2000, 173–181 179



The macrocyclic diamidodiphosphine ligand I has been used
in the synthesis of the trimethyltantalum complex 31 in which

all ligand donor atoms are bonded to the metal centre and which
consequently adopts a sevenfold coordination geometry best
described as capped trigonal prismatic.49 This compound
undergoes a photochemically induced methane abstraction to
give the methylmethylidene complex 32. The latter displays an
interesting dynamic behaviour in solution which amounts to a
libration and/or rotation of the Ta(NCH2)Me unit relative to the
macrocycle–Ta fragment.

The most spectacular application of the amidophosphine
ligands G – I has been in the synthesis of the dinitrogen-
zirconium and -tantalum complexes 33–37 (Fig. 14) which not

only display different N2 bonding modes but remarkable
chemical reactivity.50–53 The different coordination modes in
the zirconium complexes have been explained by the way the
monodentate ancillary ligands, Cl2 or Cp2, influence the set of
frontier orbitals available for N2 binding at the metal centre. In
the chloro complex 33 the unavailability of one of the d-orbitals
at the zirconium which would normally be involved in an end-
on coordination mode favours the side-on coordination ob-
served in the molecular structure of the compound.

The coordination mode of the dinitrogen ligand in the
tantalum complex 37 is unprecedented in transition metal
chemistry.53 The compound was obtained by displacement of
dihydrogen from the dinuclear tetrahydridotantalum complex
[{(PhNSiMe2CH2)2PPh}Ta(m-H)2]2 which is the first time that
N2-binding is observed by substitution of hydrido ligands. This
observation may be relevant to a potential catalytic cycle for the
reduction of N2 to NH3. The second step would then entail N–H

formation and addition of further H2 to regenerate the
hydride.

That N–H coupling is indeed feasible in such hydrido N2-
complexes has been shown for compound 35.52 Stirring of the
dinitrogen complex in hexane under an H2 atmosphere slowly
produced the remarkable dinuclear m-h2-N2H complex 38
(Scheme 5).

The molecular structure of 38 was established by NMR
spectroscopy in solution and by a single crystal neutron
diffraction study for the solid state. An X-ray diffraction study
of a closely related complex 39 has been carried out which was
obtained by reaction of 35 with Bu3SiH. This result confirms the
previously noted close analogy between H–H and H–Si bonds
in metal induced bond activation reactions.54

Conclusions and outlook
The amido function offers many possibilities of inclusion within
a complex polydentate ligand system and the combination with
other types of donor functionalities. This combination of hard,
anionic amido functions with a range of neutral donor functions
within the same ligand systems has led to the stabilization and
isolation of new types of early transition metal complexes.
Moreover, this concept has found its way into the systematic
design of new olefin polymerization catalysts. Stabilization of
the reactive site by additional ligating functions within a
polydentate amide may play a role both in the isolated
complexes themselves and in reactive intermediates in catalytic
cycles.

The development of this area is still at an early stage, and the
potential of creating novel types of reactive sites in the
complexes of early transition metals is largely untapped. In
particular, the combination of hard and soft donor functions
appears to lead the way to novel patterns of structure and
reactivity. The use of weakly coordination units, such as the CF
fragments discussed above may offer an alternative strategy not
only to stabilize otherwise highly reactive compounds but also
to control the catalytic activity of molecular catalysts. More-

Fig. 14 Different structural types in dinuclear zirconium and tantalum
complexes containing bridging N2 ligands.

Scheme 5 Hydrogenation of the (m-N2)Zr2 complex 35 giving the (HN2)Zr
complex 38 and addition of BunSiH3 to 35 to give the {(BuH2Si)N2}Zr
complex 39.
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over, it is the combination of both the renewed academic interest
in amide chemistry and the prospect of the commercial
application of its results which provides the driving force for
current and future progress.
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A simple reproducible one-phase preparation of highly
monodispersed organically passivated gold nanoparticles is
described. The effect of the capping ligand on the particle
size is discussed along with the manipulation of the
nanoparticles into colloidal crystals and 2D arrays.

Recently, Brust et al. reported a simple two phase method for
the preparation of high quality thiol passivated gold nano-
particles which were soluble in many organic solvents.1,2 These
nanoparticles have subsequently been used in the preparation of
superlattices and electroactive materials.3,4 Other applications
of nanoparticles of gold include biomarkers in TEM experi-
ments,5 and more recently in single-electron transistors.6

One popular method for the preparation of (II/VI) or III/V)
semiconductor quantum dots is the use of tri-n-octylphosphine
oxide (TOPO) as both a reaction medium and passivating
ligand.7,8 Recent developments include the preparation of other
compound semiconductors,9 the use of single-molecular pre-
cursors such as dithio- or diseleno-carbamates, and the
incorporation of nanoparticles into devices.10–12 Sun and
Murray have recently reported the preparation of cobalt
nanoparticles using a similar methodology.13

We now report that the reduction of gold(IV) chloride by
sodium borohydride in hot TOPO or a mixture of polar Lewis
base solvents results in gold nanoparticles.§ The reduction of
gold chloride (added as a solution in 4-tert-butylpyridine) in
TOPO at ca. 190 °C resulted in relatively uncontrolled growth
to particles with a wide range of shapes and sizes. Fig. 1(a)
shows a typical TEM image in which square, triangular and
spherical particles ranging in size from 10 to 100 nm in diameter
can be seen. The isolated re-suspended nanoparticles were
stable in toluene for only a matter of hours. In contrast, growth
in a mixture of TOPO and octadecylamine (1+0.57 molar ratio)
at 190 °C resulted in the controlled growth of spherical
nanoparticulate gold particles (8.59 ± 1.09 nm), which have
proved stable in toluene for months [Fig. 1(b)].

The morphology of the gold nanoparticle is controlled by
various properties of the capping ligands. The Lewis basicity
must be sufficient for significant interaction to occur and the
bond formed has to be sufficiently labile to allow controlled
growth. The length of the alkyl group on the capping ligand
further affects the tuning of the size. Longer chain ligands tend
to favour slower growth and hence the formation of, relatively,
smaller nanoparticles. Hence, a balance must be achieved
between the growth rate and ligand stability to facilitate growth
of nanoparticle of a uniform size. A similar discussion of the
role of organic capping agents in controlling particle size has
been presented by Murray et al., in describing processes in the
growth of organically passivated cadmium chalcogenides7 or
cobalt nanoparticles.13 The effect of capping group on particle
size is being investigated further.

Evidence for the presence of the capping groups was obtained
using IR spectroscopy, mass spectrometry and NMR. IR

spectroscopy of the gold nanoparticles capped with octadecyl-
amine and TOPO showed the bands associated with both
ligands. There is a weak, broad feature not seen in the free
amine spectrum at ca. 500 cm21, possibly a n(Au–N) stretch.14

TOPO also binds to the surface gold sites and a feature at ca.
1130 cm21 is consistent with the shifted n(PNO) bond
deformation observed in other TOPO capped nanoparticles.15 It
is assumed that both TOPO and octadecylamine bind through
the electron rich O or N atoms respectively.

The 1H NMR spectrum of gold nanoparticles passivated with
TOPO/octadecylamine displayed resonances associated with

† Present address: Department of Inorganic Chemistry, University of
Oxford, South Parks Road, Oxford, UK OX1 3QR.
‡ Present address: The Manchester Materials Science Centre and The
Chemistry Department, The University of Manchester, Oxford Road,
Manchester, UK M13 9PL. E-mail: paul.obrien@man.ac.uk

Fig. 1 (a) TEM of TOPO capped Q–Au (190 °C, 30 min), bar = 100 nm;
(b) TEM of TOPO/octadecylamine capped Q–Au (190 °C, 30 min), bar =
20 nm.
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organic ligands anchored to the nanoparticulate surface. Broad
singlets at d 0.9 and between d 1.2 and 1.5 cannot be assigned
as either TOPO or octadecylamine; broadening effects render
resonances indistinguishable. The broadening of 1H resonances
of nanoparticle capping agents has previously been observed
and attributed to either a reduction in rotational freedom at the
surface site, or the inhomogeneous distribution of magnetic
environments found on the nanocrystalline surface.16,17 The 31P
NMR of capped gold nanoparticles show a single resonance at
d ca. 45; free TOPO displays a single resonance at d 50. The
upfield shift of 5 ppm is consistent with the surface metal
shielding the phosphorus nuclei. This evidence again infers that
the TOPO ligand bonds through the lone pair on the oxygen
atom. FAB mass spectrometry of dots prepared in the mixed
solvent system revealed the presence of not only TOPO (m/z
387) and octadecylamine (m/z 270), but also 4-tert-butylpyr-
idine (m/z 136). It is assumed that only small amounts of 4-tert-
butylpyridine are attached to the nanoparticle as no evidence for
the ligand is found in either the 1H NMR or the IR spectra.
Powder X-ray diffraction data for the TOPO/octadecylamine
capped dots showed broad peaks for the 111, 220, 200 and 311
planes of fcc gold (Fig. 2). Electronic spectroscopy of TOPO/
octadecylamine gold dots showed the well documented plas-
mon resonance associated with colloidal gold at ca. 540 nm
(2.29 eV).18

Murray et al. previously reported the controlled evaporation
of solutions of TOPO capped CdSe and organically passivated
Co, resulting in the preparation of superlattices and films.13,19

Samples of as prepared octadecylamine/TOPO capped gold
nanoparticles were washed with methanol removing all excess
capping ligands and redispersed in the minimum amount of

toluene. Aliquots of the toluene solutions were then placed
either in a glass flask or on a glass slide and left to dry slowly
(over ca. 3 days). Optical and electron microscopy revealed the
presence of small cubic colloidal crystals with dimensions of
the order of micrometers (Fig. 3, inset). XRD experiments on
these colloidal crystals are currently in progress.

The as prepared octadecylamine/TOPO capped gold dots
were found to spontaneously self assemble when deposited on a
copper grid, forming ordered hexagonal close packed two-
dimensional lattices (Fig. 3). Spontaneous self assembly has
been observed before for highly monodispersed TOPO capped
semiconductor nanoparticles.20 We are at present developing
this novel approach in the preparation of nanometric particles of
different metals.

We acknowledge Keith Pell (QMW College) for electron
microscopy and Jin-Ho Park (IC) for XRD. P. O. B. was
Sumitomo/STS Professor of Material Chemistry during the
duration of this work.

Notes and references
§ Nanoparticles were prepared using two different solvent systems. (1) In a
typical synthesis, 0.07 g (23 mmol) AuCl4 was dissolved in 7 ml 4-tert-
butylpyridine. The solution was injected into a reaction flask containing 15
g TOPO and 0.0325 g NaBH4 stabilised at 190 °C, left for 30 min, then
removed from the heat source. The nanoparticles were isolated by solvent–
non-solvent interactions at 60 °C, 30 ml of dry methanol was added leading
to a precipitate which was isolated by centrifugation. The precipitate was
stable in toluene for ca. 10 h.

(2) As above, injecting gold chloride dissolved in 4-tert-butylpyridine
into a mixture of 10 g octadecylamine, 25 g TOPO and 0.0325 g NaBH4 at
190 °C, with a growth time of 30 min. Upon injection, the reactants turned
deep red. The nanoparticles were isolated using methanol as described
above, and were found to be indefinitely stable in toluene. Once isolated as
a powder, the nanoparticles were washed several times with methanol to
remove excess capping agent before analysis.
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Fig. 2 XRD pattern of TOPO/octadecylamine capped Q–Au (190 °C, 30
min). Inset, electronic spectrum of TOPO/octadecylamine capped Q–Au
(190 °C, 30 min).

Fig. 3 2D lattice of octadecylamine/TOPO capped gold, bar = 20 nm. Inset;
SEM of cubic colloidal crystal prepared from octadecylamine/TOPO
capped gold nanoparticles (190 °C), bar = 80 mm.
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Chemisorbed oxygen induces a disorder–order phase change
in adsorbed sulfur at Cu(110) to give a c(2 3 2) adlayer at
295 K with oxygen present as isolated (2 3 1)-O strings,
while warming a disordered oxygen state present at 80 K to
295 K generates a biphasic oxygen adlayer exhibiting both
c(6 3 2) and (2 3 1) structures.

It is well established that at 295 K the chemisorbed oxygen
adlayer at a Cu(110) surface consists of copper–oxygen chains
oriented perpendicular to the copper substrate rows.1a

With increasing surface coverage the chains increase in
length and coalese to form well ordered close packed islands
with a (2 3 1)-O structure. At low oxygen coverages the oxygen
chains are short, isolated, mobile and highly reactive to
ammonia to form well ordered imide species through an
oxydehydrogenation reaction accompanied by desorption of
water.2 By comparison, the oxygen islands are less reactive,
with only those oxygen adatoms present at the island peripher-
ies showing comparable dehydrogenation activity.

Here, we establish that a coadsorbate, chemisorbed sulfur,
can influence the structure of chemisorbed oxygen states at a
Cu(110) surface and how these oxygen states can simultane-
ously activate a disorder–order transition in the sulfur adlayer.
The coadsorbates therefore exhibit cooperative effects which
promote within the mixed-adlayer specific structural arrange-
ments of each separate component. We also show that

disordered oxygen adatoms present at 80 K are thermally
ordered on warming to 295 K to generate a two phase system
composed of (2 3 1)-O strings and c(2 3 6)-O structure.

An ultra-high vacuum spectrometer combining facilities for
both scanning tunnelling microscopy (STM) and X-ray photo-
electron spectroscopy (XPS) was supplied by Omicron Vacuum
Physik. The Cu(110) crystal was cleaned by argon ion
sputtering (0.6 keV beam energy; ca. 10 mA ion current)
followed by annealing at 750 K for 30 min. The surface was
shown to be clean by XPS and the purity of gases checked mass
spectrometrically.

A Cu(110) surface was exposed to hydrogen sulfide at 295 K
and the intensity of the S 2p binding energy region monitored by
XPS. The signal was centred at 162 eV, indicative of
chemisorbed sulfur,3 and corresponded to a concentration of 2.4
3 1014 S adatoms cm22. The STM image [Fig. 1(a)] showed no
evidence for chemisorbed sulfur although the copper atoms of
the Cu(110) surface are resolved. This is consistent with a high
surface mobility for the sulfur adatoms, most likely occurring
along the å11̄0Å directed troughs where the activation energy
for surface diffusion is least.

However, when the disordered sulfur adlayer corresponding
to a surface coverage q  0.28 (ss = 3.0 3 1014 cm22) was
exposed to oxygen at 295 K, ordered structures were im-
mediately observed in the STM images [Fig. 1(b) and (c)]. A
disorder–order phase transition with increasing sulfur coverage

Fig. 1 STM images of (a) disordered chemisorbed mobile sulfur adatoms (ss = 3 3 1014 cm22; q = 0.28) at a Cu(110) surface at 295 K, note the resolved
copper atoms in the å11̄0Å direction; (b) and (c) ordered structures of (2 3 1)-O and c(2 3 2)-S formed by an exposure of (a) to 20 L oxygen at 295 K [1 L
(Langmuir) · 1026 Torr s]; chemisorbed sulfur adatoms separating (2 3 1)-O strings are visible in image (c); (d) disordered oxygen states present at a Cu(110)
surface at 80 K; (e) ordered (2 3 1)-O and (6 3 2)-O states present after warming (d) to 295 K. The tunnelling conditions were typically [image (b)]: sample
bias 20.38 V, feedback current 2.5 nA; loop gain 0.19%.
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has been observed1b previously for Re(0001) but the role of a
second adsorbate, in the present case oxygen, has not been
reported. There are two distinct structures present at the
Cu(110) surface, c(2 3 2) structures due to chemisorbed sulfur
and (2 3 1) string or chain structures characteristic of
chemisorbed oxygen. The presence of chemisorbed oxygen has
clearly induced a disorder–order phase transition in the
previously mobile disordered sulfur adlayer but with the
simultaneous formation of oxygen strings well separated from
each other (10 Å or more). The latter are distinctly different
from the close packed oxygen island structures characteristic of
the chemisorbed oxygen adlayer and more akin to the isolated
oxygen chains present at Cu(110) at low oxygen coverage. In
view of having established2 that isolated oxygen chains were
highly reactive in oxydehydrogenation reactions at Cu(110), we
exposed this mixed sulfur–oxygen adlayer to ammonia at 295 K
and confirmed the formation of imide species.

We, therefore, have an unusual phenomenon where during
coadsorption two physiochemical processes occur: first chem-
isorbed oxygen inducing a phase change in the disordered S-
adlayer to generate an ordered c(2 3 2)-S structure and second
the presence of chemisorbed sulfur adatoms acting as a
structural promoter of the isolated (2 3 1)-O strings. In some
cases we have shown that the oxygen strings are separated from
each other by just a single row of chemisorbed sulfur adatoms
[Fig. 1(c)], in other cases the strings are well separated and
present on terraces occupied predominantly by c(2 3 2) S-
structures [Fig. 1(b)].

Although oxygen interaction at 295 K results in a well
ordered (2 3 1)-O structure, if the Cu(110) is first exposed to
oxygen at 80 K and the adlayer warmed to 295 K, the STM
image indicates the presence of a biphasic oxygen adlayer [Fig.
1(d) and (e)]. In addition to the (2 3 1) structure there is also a
(6 3 2)-O structure.

A c(6 3 2)-O structure has previously been reported by
Wintterlin and Behm1a to exist at a Cu(110) surface when a (2
3 1)-O structure is exposed to ‘much higher amounts of oxygen
at T! 300 K’. Our STM results indicate that the same structure
can develop through warming the chemisorbed adlayer at 80 K

to room temperature, which offers a possible explanation for
work function studies reported4 some 30 years ago where the
surface potential (change in work function) of chemisorbed
oxygen on copper and nickel surfaces at 295 K differed by as
much as 1 eV depending on whether or not the oxygen was
chemisorbed first at 80 K. An earlier low energy electron
diffraction study5 also drew attention to the role of temperature
in controlling the formation of the c(6 3 2) structure; Fig. 1(e)
however provides atom-resolved evidence for the co-existence
of the two phases at 295 K and the disorder–order transition that
occurs between 80 and 295 K.

Since it is now well established that the chemical reactivity of
oxygen at a Cu(110) surface is dependent on its structural state
(isolated oxygen adatoms, isolated oxygen strings or close
packed island structures), the ability to control the structural
nature of the chemisorbed oxygen state through coadsorbed
sulfur offers a novel approach to controlling selectivity in
oxygenation catalysis. Sulfur, although more usually con-
sidered to be a surface ‘poison’, can also be a catalytic promoter
with lateral interactions controlling surface structural states of
oxygen.

We are grateful to the EPSRC for their support.
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The readily available benzene-1,3,5-tricarboxamide 1 en-
hances CsNO3 extraction by tetrabenzo-24-crown-8 via
hydrogen bonding to the nitrate anion, as demonstrated by
NMR and electrospray ionization mass spectrometry.

Considerable effort has been expended toward developing host
molecules for recognition of cations1 and, more recently,
anions.2 Surprisingly little attention, though, has been given to
recognition of targeted ion pairs,3 despite potential applica-
tions.4 Historically, ion-pair extraction of alkali and alkaline
earth metal salts5 has tended to be weak, owing to unfavorable
dehydration–resolvation energetics for co-extraction of the
common inorganic anions.6,7 This effect simply reflects the
normal electrostatic ‘bias’7b disfavoring small, charge-dense
anions (Hofmeister series).8 Although various successful ap-
proaches have been developed to circumvent this ‘anion
problem’,5a,9 it was our thought that the combination of an
anion host with a cation host would represent a singular advance
by making anion transfer to the organic phase both more
favorable and selective.10 The idea was shown to work under
some conditions in supported liquid membranes,11 whereas we
sought simpler and more synthetically accessible anion re-
ceptors as the key to widespread application. Nitrate represents
an ion of particular significance in separation chemistry,4 and
certain of its salts, especially CsNO3, are important components
of nuclear waste.4a However, few designed nitrate receptors
have been reported,12 and neutral lipophilic nitrate hosts are
rare.12a,b We now report that crown ether extraction of CsNO3
is increased by a simple tripodal host that directly binds nitrate
ion through amide N–H hydrogen bonds.

The anion host 1 and controls 2 and 3 were synthesized by
standard methods from the corresponding anilines and acid

chlorides.13 The chosen benzene-1,3,5-tricarboxamide skeleton
combines the desired C3 symmetry environment for recognition
of the nitrate anion with synthetic ease and flexibility. Amides
and ureas have been employed in anion host–guest chem-
istry.2,14–17 Moreover, the potential for variation of the aniline
moiety allows ‘tuning’ of the electronic and steric contributions
to the binding, as well as solubility and hydrophobicity.
Tetrabenzo-24-crown-818 was used as the cation host because it
effectively complexes the caesium cation19 in 1,2-dichloro-
ethane, while keeping the encapsulated Cs+ cation and the
NO3

2 anion fully dissociated.20

The distribution results21 (Fig. 1) show that amides 1 and 2
(but not monoamide 3) enhance the extraction of CsNO3 by
tetrabenzo-24-crown-8. At 10 mM, tripodal amide 1 enhances
the extraction by a factor of 1.9 (DCs = 6.3 3 1023 for 1 vs. 3.3
3 1023 for the crown-only experiment), whereas the same
concentration of bipodal amide 2 enhances Cs extraction by a
factor of 1.3 (DCs = 4.2 3 1023). The enhancement is
dependent on the amide concentration, as expected (Fig. 1). No
extraction was detected with the amides alone (DCs < 2 3
1025).

The nitrate binding affinities of 1 and 2 were determined by
1H NMR titrations with (Bu4N)NO3 in 1,2-dichloroethane-d4.
Non-linear regression analysis22 of the binding isotherms23

obtained from the downfield chemical shift changes for the N–
H amide (HA) resonances (DdN–H), as well as for the ortho C–
H aromatic (HB) resonances (Dd C–H), gave 1+1 association
constants (Ka) of 250 M21 for the formation of 1·NO3

2 vs. 23
M21 for 2·NO3

2 (Table 1). For the diamide 2, both HA and HB
gave significant downfield shift changes, while the HC chemical
shift remained virtually constant. This is indicative of nitrate
complexation by two hydrogen bonds.16 In contrast, 1·NO3

2

exhibited a single downfield-shifted resonance for HB, suggest-

Fig. 1 Plot of DCs vs. [R]t/[B]t at 25 °C, where [R]t is the total amide (R =
1–3) concentration and [B]t is the total crown concentration (5 mM): (5) 1,
(-) 2 and (:) 3. Errors are estimated to be < 5%.

Table 1 Chemical shift changes, association constants, and DGo values at
18.1 °C for 1·NO3

2 and 2·NO3
2 formation

Compound dH(N–H) dH(2-C–H) Ka/M21 DGo/kJ mol21

1 8.01 8.61
1·[NO3

2] 9.32 8.78 250a 213.4
2 7.58 8.22
2·[NO3

2] 9.54 8.75 23a 27.5
a Errors are estimated to be < 5%.
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ing participation of all three N–H groups, whether by pairs in
fast equilibrium or in concert.

Negative ion mode electrospray ionization mass spectrom-
etry24 confirms the 1H NMR conclusion of a 1+1 1·NO3

2

complexation stoichiometry (m/z = 833.5; Fig. 2). Receptor 2
also gave a peak corresponding to 2·NO3

2, but with a lower
intensity. No evidence for 3·NO3

2 was observed.
Based on these observations, and taking into consideration

the ten-fold higher Ka for 1·NO3
2 vs. 2·NO3

2, which cannot be
attributed solely to the statistical factor (3), we suggest that a
contribution of the third amide group in 1·NO3

2 is primarily
responsible for the higher extraction enhancement for 1 vs. 2.
The 1H NMR association constants would ideally imply
extraction enhancements of 3.5 and 1.2, respectively, which are
consistent with the actual values of 1.9 and 1.3.26

In conclusion, the present results demonstrate the viability of
employing two simple host molecules for transporting a
selected salt vs. targeting only a single ion. The extraction
enhancement obtained sets the ground for further research into
using different hosts and target guest systems, as well as in
elucidating aspects of speciation, selectivity, and structure of
the supramolecular complexes involved.
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The treatment of 2,4,6-trimethylpyridine N-oxide 8 with
BnSO2Cl and Et3N in the presence of various olefins
afforded unexpected g-sultones 10 along with 2,4,6-tri-
methylpyridine 9, via the possible generation and/or inter-
mediacy of an a-sultone 2 as a new reactive intermediate.

Sultones 1 are the internal esters of hydroxy sulfonic acids and

are the sulfur analogs of lactones. Since the term ‘sultone’ was
first introduced into the literature by Erdmann in 1888,1 there
have been many new developments in sultone chemistry,2
including industrial applications, biological properties and the
current mechanistic research into the role of b-sultones in olefin
sulfonation.3,4 However, most of the sultones mentioned above
have been restricted to four- to seven-membered rings. Can the
a-sultone 2 exist as a chemical species? To the best of our
knowledge, the description of an a-sultone has never been
reported in the literature. On the other hand, S- and/or O-
containing three-membered ring compounds such as 3–5 have
attracted recent interest as labile reactive intermediates in
organic chemistry.5 From the viewpoints of labile reactive
intermediates, the chemistry of small rings containing two
heteroatoms and organosulfur chemistry as well as sultone
chemistry, the question of whether a-sultone 2 can exist as a
chemical species or not is a very stimulating and interesting
subject in organic chemistry. Here we suggest the possibility of
the generation and/or intermediacy of a-sultones as new
reactive intermediates for the first time.

The reason why we suspected that the a-sultone might be
generated as a reactive intermediate originated from an
unexpected phenomenon. In the course of our recent synthetic
studies on macrocyclic marine alkaloids, halicalmines A and
B,6 it was determined that an excess of MsCl resulted in the
deoxygenation of pyridine N-oxides 6 under standard mesyl-
ation conditions (MsCl, Et3N, CH2Cl2) without chlorination of
the pyridine nucleus [eqn. (1)].7 The problem is the reaction

mechanism of these unusual deoxygenations. After many
unsuccessful experiments, products, which are very significant
for deducing the reaction mechanism, have been trapped. The
treatment of 2,4,6-trimethylpyridine N-oxide 8 with 7 equiv. of

BnSO2Cl and 9 equiv. of Et3N in the presence of 30 equiv. of
2,3-dimethylbut-2-ene afforded g-sultone 10 (R1 = R2 = R3 =
R4 = Me) in 21% yield as an isolable and identifiable product
along with deoxygenated 2,4,6-trimethylpyridine 9 (entry 1 in
Table 1).† How can the production of g-sultone 10 be
explained?

Possible reaction pathways leading to the g-sultone 10 are
depicted in Scheme 1. The generation of sulfenes by treating

Table 1 Production of g-sultones 10 in the presence of several olefins

Scheme 1

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 189–190 189



alkanesulfonyl chloride derivatives possessing an a-hydrogen
with triethylamine is a well-established process in sulfene
chemistry.8 The formation of thietane 1,1-dioxide 119 by [2 + 2]
cycloaddition between the sulfene intermediate A and 2,3-di-
methylbut-2-ene and the subsequent Baeyer–Villiger type
oxidation of 11 with N-oxide 8 may be considered as one
possibility. This reaction pathway, however, appears to be ruled
out, because the thietane 1,1-dioxide 11 could not be produced
in the reaction of BnSO2Cl and Et3N with 2,3-dimethylbut-
2-ene in the absence of the N-oxide 8. Furthermore, treatment of
thietane 1,1-dioxide 14‡ with N-oxide 8 in the presence of Et3N
in CH2Cl2 did not give g-sultone 15, but resulted in quantitative
recoveries of 8 and 14 [eqn. (2)].

On the other hand, it is also well known that the reaction of
sulfenes with diazoalkanes (X = N2) and phosphonium (X =
PPh3), sulfonium (X = SR3R4) and sulfoxonium (X =
SOR3R4) ylides 12 provides episulfones 13 via elimination of
the neutral leaving group X from the intermediary adduct B.8
Therefore, another possible reaction pathway closely related to
this episulfone route may be more plausible to explain the
production of g-sultone 10. The similar attack of the N-oxide 8
on the sulfur atom in the sulfene intermediate A may generate a-
sultone D through the ring-closing reaction10 such as the
Ramberg–Bäcklund type11 in the adduct C together with
liberation of 2,4,6-trimethylpyridine 9. The a-sultone D is
postulated to be highly labile for the following reasons: (i) an
intrinsic ring strain in the three-membered rings; (ii) a large
polarization of the C–O bond which is characteristic of
sulfonates and makes them good leaving groups; and (iii) the
presence of carbon geminally disubstituted by two kinds of
heteroatoms (oxygen and sulfur). Therefore, the alternative
zwitterionic structure E, which is produced by spontaneous
cleavage of the highly strained and polarized C–O bond, may
then predominate over the a-sultone structure D. Finally, the
interaction of a-sultone D or zwitterion E with 2,3-dimethylbut-
2-ene could lead to the g-sultone 10 (R1 = R2 = R3 = R4 =
Me) by way of the cationic intermediate F.

The g-sultones 10 were also obtained as stereoisomeric
mixtures§ in the presence of olefins other than 2,3-dimethylbut-
2-ene (entries 2–4). In the case of 2-methylbut-2-ene, the
observation of only one regioisomeric g-sultone 10 (R1 = R2 =
R3 = Me, R4 = H) supports the intervention of the cationic
intermediate F (tertiary vs. secondary). In entry 3, the fact that
the stereochemistry of cis-but-2-ene was retained in the g-
sultone 10 (R1 = R2 = Me, R3 = R4 = H) may imply that in
the carbocation F the ring-closure is much faster than the C–C
single bond rotation. It is also of interest to note that yields of g-
sultones 10 reflect the reactivities (strain and steric hindrance)
of the olefins examined.

In conclusion, we have proposed the possible generation and/
or intermediacy of a-sultone 2 as a new chemical species for the
first time in organic chemistry. Clarification of the detailed
reaction mechanism for the production of g-sultones 10 and
determination of direct evidence for the a-sultone are in
progress.
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Resolution of racemic Sb-chiral (±)-1-phenyl-2-trimethyl-
silylstibindole 1 has been achieved by the separation of a
mixture of the diastereomeric palladium(II) complexes 3A
and 3B derived from the reaction of (±)-1 with di-m-
chlorobis{(S)-2-[1-(dimethylamino)ethyl]phenyl-C,N}dipal-
ladium(II) 2, and optically pure 1-phenylstibindoles (-)-4 and
(+)-4 have also been obtained from resolved (2)-1 and (+)-1,
respectively.

The asymmetric synthesis and resolution of optically active
trivalent phosphines and arsines have been extensively studied
because of their use as chiral auxiliaries for a wide range of
enantioselective transition-metal-catalyzed processes, such as
hydrogenation of olefins, ketones and imines,1,2 hydrosilylation
of ketones, coupling reactions of olefins, and allylic alkyl-
ations.2,3 For the preparation of optically active P-chiral
phosphines and As-chiral arsines, a variety of chiral organome-
tallic reagents, e.g. ortho-palladated a-arylalkylamines,4–7 p-
pinenyl nickel halides,8 bisphosphine platinum complexes9 and
iron cationic complexes,10 have been used as efficient resolving
reagents. However, as far as optically active antimony(III)
compounds are concerned, only a few limited examples of Sb-
chiral stibafluorenes and triarylstibines bearing a hydroxy-
carbonyl or an amino group have been reported;11 these
functional groups are essential for resolution. Here, we report
on an efficient and stereoselective resolution of the racemic Sb-
chiral (±)-1-phenyl-2-trimethylsilylstibindole 1,12 via the sepa-
ration of the diastereomeric stibindole–palladium complexes
3A and 3B, formed by the reaction of (±)-1 with an optically
active ortho-palladated benzylamine derivative 2, and on the
molecular structures of the complexes 3A and 3B. Optically
pure Sb-chiral 1-phenylstibindole (2)-4 and (+)-4 are also
obtained from resolved (2)-1 and (+)-1, respectively. The
present results are the first examples of resolution of neutral Sb-
chiral compounds.

Treatment of racemic 1 with 0.5 equiv. of di-m-chlorobis{(S)-
2-[1-(dimethylamino)ethyl]phenyl-C,N}dipalladium(II) 2
(Scheme 1) resulted in coordination of the antimony atom to the
palladium atom to give a 1+1 mixture of the diastereomeric Pd-
complexes 3A and 3B quantitatively, which could be separated
by silica gel column chromatography; 3A: mp 1582159 °C,
[a]D

23 216.2 (c 0.6, acetone) and 3B: mp 161–162 °C, [a]D
23

279.7 (c 0.6, acetone).† Treatment of 3A and 3B with
triphenylphosphine resulted in decomplexation to afford opti-
cally pure (2)-1 and (+)-1 {mp 73–75 °C; [a]D

23 ±415 (c 0.6
MeOH)}, respectively, in quantitative yields. The optically
active (2)-1 and (+)-1 revert back to 3A and 3B on treatment
with (S)-2. The trimethylsilyl group in (2)-1 and (+)-1 can be
readily removed by treatment with TBAF in water-containing
THF to give the corresponding optically pure 1-phenyl-
stibindoles (2)-4 and (+)-4 {mp 49–50 °C; [a]D

23 ±726 (c 0.5
MeOH)}, without any loss of optical purity.‡ The racemic
stibindole 412 having no trimethylsilyl group also reacts with
(S)-2, however, the resulting complexes are relatively unstable
and attempts at separation were unsuccessful. Unlike stiba-

fluorenes which have been reported to racemize in solution,11a,b

the optically active stibindoles 1 and 4 possess high optical
stability and did not undergo racemization even when heated at
80 °C for 8 h in benzene, although they gradually decomposed
at that temperature. Furthermore, the rotations of optically
active 1 and 4 were unchanged in either an acidic (10% AcOH–
MeOH) or a basic (10% Et3N–MeOH) solution over 48 h at
room temperature.

When the dimeric palladium reagent (S)-2 was treated with 8
equiv. of (±)-1 and the resulting residue was recrystallized from
benzene–hexane, the pure complex 3B was obtained in 95%
yield (calculated from (S)-2) without chromatographic separa-
tion. However, the reaction of (S)-2 with 4 mol equiv. of (±)-1
gave a 1+2.4 mixture of 3A and 3B in 94% yield. These results
indicate preferential stereoselective formation of 3B over 3A.
The use of a naphthalene-substituted palladium complex,
di-m-chlorobis{(R)-dimethyl-[1-(1-naphthyl)ethyl]-aminato-
C2,N}dipalladium(II)5,7 which has been reported to be a superior

Scheme 1 Reagents and conditions: i, dichloromethane, room temp., 5 min,
quantitative; ii, PPh3 (1.05 equiv.), dichloromethane, room temp., 30 min,
quantitative; iii, TBAF/5% H2O–THF, 60–65 °C, 3 h, 92–94%.
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chiral reagent relative to 2 for the resolution of trivalent
phosphines and arsines, was found to give inferior results for the
resolution of (±)-1.

The solid-state molecular structures of 3A and 3B, including
absolute configuration were determined by single crystal X-ray
analyses (Fig. 1),§ which reveals that in 3A and 3B, the
coordinated antimony ligand is situated trans to the dimethyla-
mine moiety as in the related phosphine4,5 and arsine6

complexes. Also apparent is that the antimony atom in 3A and
3B has S- and R-configuration, respectively, and no noticeable
difference in the Pd–Sb distance is seen between 3A (2.493 Å)
and 3B (2.494 Å). One of the most conspicuous differences in
molecular structure between 3A and 3B is the geometry of their
benzylic methyl groups. The methyl groups are located in a
pseudo-equatorial orientation for 3A and are pseudo-axial for
3B. It is known that both equatorial and axial conformations of
the benzylic methyl group are accessible in phosphine–
palladium complexes of phenyl ethylamino derivatives.7b

Despite a detailed inspection of the X-ray structures of 3A
and 3B, no significant intracomplex H…H or H…C interactions
between the stibindole and the palladacycle moiety were
observed. It has recently been suggested that square planarity
around the palladium atom is important when considering the
conformational stability of bidentate phosphine–palladium
complexes, since deviation from square planarity around
palladium will occur to prevent hard atomic contacts between
the ligands and palladacycles.7b In both diastereomers 3A and
3B, the four substituents around the palladium atom lead to a
distorted square planar geometry and significant differences in
the bond angles Sb(1)–Pd(1)–N(1) and Cl(1)–Pd(1)–C(7a)
between 3A (170–171°) and 3B (176–178°) are observed. These
differences give rise to a difference in the dihedral angles
between the planes N(1)–Pd(1)–C(7a) and Sb(1)–Pd(1)–Cl(1),
i.e. 14.1° for 3A and 4.1° for 3B. These results indicate that 3A
is more distorted than 3B. Consequently, the more sterically
stable 3B forms preferentially to the less stable 3A in the present
reaction.

Notes and references
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data (400 MHz, CDCl3, J/Hz): 3A, d 0.13 (9H, s, TMS), 1.66 (3H, d, J 6.6,
CHCH3), 2.75 and 2.99 (3H, s, NCH3), 4.03 (1H, q, J 6.6, CHCH3), 6.61
(1H, m, 5-H), 6.85 (1H, br d, J 7.3, 7-H), 6.9–7.0 (2H, m, 4- and 6-H),
7.25–7.7 (8H, 4A-, 5A-, 6A- and Ph-H), 7.82 (1H, br d, J 7.3, 7A-H), 8.00 (1H,
s, 3A-H). 3B, d 0.08 (9H, s, TMS), 1.76 (3H, d, J 6.6, CHCH3), 2.84 and 2.89
(3H, s, NCH3), 3.81 (1H, q, J 6.6, CHCH3), 6.63 (1H, m, 5-H), 6.86 (1H, br
d, J 7.3, 7-H), 6.9–7.0 (2H, m, 4- and 6-H), 7.2–7.7 (8H, 4A-, 5A-, 6A- and Ph-
H), 7.81 (1H, br d, J 7.3, 7A-H), 8.00 (1H, s, 3A-H).
‡ The optical purities of (2)-4 and (+)-4 could be determined by
comparison of the 1H NMR signals due to the 3A- and 7A-protons of their Pd
complexes with those of (S)-2. Selected 1H NMR data (400 MHz, CDCl3,
J/Hz): (2)-4+(S)-2, d 1.67 (3H, d, J 6.6, CHCH3), 2.79 and 2.98 (3H, s,
NCH3), 3.94 (1H, q, J 6.6, CHCH3), 6.80 (1H, m, 5-H), 6.95–7.05 (2H, m,
4- and 6-H), 7.16 (1H, br d, J 7.7, 7-H), 7.25–7.75 (9H, 2A-, 4A-, 5A-, 6A- and
Ph-H), 7.79 (1H, d, J 8.8, 3A-H), 8.01 (1H, br d, J 7.3, 7A-H). (+)-4+(S)-2, d
1.72 (3H, d, J 6.6, CHCH3), 2.82 and 3.93 (each 3H, each s, NCH3), 3.90
(1H, q, J 6.6, CHCH3), 6.81 (1H, m, 5-H), 6.95–7.05 (2H, m, 4- and 6-H),
7.18 (1H, br d, J 7.7, 7-H), 7.25–7.7 (9H, 2A-, 4A-, 5A-, 6A- and Ph-H), 7.82
(1H, d, J 8.8, 3A-H), 7.97 (1H, br d, J 7.3, 7A-H).
§ Crystal data for 3A{3B where different}: C27H33ClNPdSbSi, M =
663.25, a = 11.679(2) {11.738(3)}, b = 20.597(3) {20.626(2)}, c =
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Fig. 1 Molecular structures of 3A and 3B. All hydrogen atoms are omitted
for clarity. Selected bond lengths (Å) and angles (°). For 3A: Pd(1)–Sb(1)
2.4926(8), Pd(1)–C(7a) 1.984(8), Pd(1)–N(1) 2.144(7), Pd(1)–Cl(1)
2.407(3), Sb(1)–Pd(1)–N(1) 170.2(2), Cl(1)–Pd(1)–C(7a) 171.0(3), C(10)–
C(3)–C(3a)–C(4) 17(1), plane N(1)–Pd(1)–C(7a)–plane Sb(1)–Pd(1)–Cl(1)
14.12. For 3B: Pd(1)–Sb(1) 2.4942(6), Pd(1)–C(7a) 2.003(6), Pd(1)–N(1)
2.161(6), Pd(1)–Cl(1) 2.408(2), Sb(1)–Pd(1)–N(1) 178.1(2), Cl(1)–Pd(1)–
C(7a) 176.2(2), C(10)–C(3)–C(3a)–C(4) 91(1), plane N(1)–Pd(1)–C(7a)–
plane Sb(1)–Pd(1)–Cl(1) 4.099.
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While reaction of a solution of the amidoalane PhC(O)N-
(Me)AlMe2 3 with 1 equiv. of ButLi affords the lithium
aluminate PhC(O)N(Me)Al(Me)2(But)Li 4, deliberate treat-
ment of the reaction mixture with oxygen affords the unique
mixed-anion species {[PhC(O)N(Me)Al(Me)(But)OMe]-
Li·[PhC(O)N(Me)Al(Me)(OBut)OMe]Li}2 5; in the solid state
5 has a (LiO)4 ladder structure containing terminal mono-
oxygenated aluminate ligands and tripodal bis-oxygenated
aluminate ligands spanning end and central Li+ cations.

There is much current interest in the syntheses, structures and
reactivities of lithium-containing heterobimetallic species.1–3

Recently, we have synthesised lithium aluminate monomers
Me2Al(m2-OAr)2Li (Ar = aryl) by treating bis(aryloxy)methyl-
alanes of type MeAl(OAr)2 with RLi reagents (R = Me, But)
and demonstrated the role of such species in 1,4-conjugate
additions to a,b-unsaturated ketones.1 We have also shown that
BuLi reagents react with the (amido)methylalane Me2AlN-
(2-C5H4N)Ph, 1, to afford remarkable hydride-containing
compounds,2 e.g. ButLi reacts with 1 to give [Li(Me2Al-
But

2)2]2·{Li8(H)[N(2-C5H4N)Ph]6}+ 2. With a view to in-
vestigating the effect that the choice of organic residue has on
the formation of species such as 2 we have recently carried out
reactions of ButLi with a variety of molecules containing a
Me2AlN(CNX)C– unit (X = N, O etc.) akin to that found in 1.
We report here, on the reaction of the N-methylbenzamidoa-
lane4 3 with ButLi to afford the lithium aluminate, 4, and on the
isolation of the unique heterobimetallic mixed-anion ladder, 5,
which results when oxygen is subsequently and deliberately
introduced to the reaction mixture (Scheme 1).

Reaction of a prepared solution of 3 with 1 equiv. of ButLi
affords a solution from which 4 can be obtained as the only
isolable product.‡ 1H NMR spectroscopy shows that, rather
than being a hydride-containing compound, 4 is, in fact, a
simple lithium aluminate. However, the controlled treatment of
a solution of 4 with air followed by storage at 230 °C affords
crystals of the unique mixed-metal/mixed-anion species
[PhC(O)N(Me)Al(Me)(But)OMe]Li·[PhC(O)N(Me)Al(Me)-
(OBut)OMe]Li 5.§ X-Ray crystallography¶ shows that in the
solid state 5 is a dimer of this formulation (Fig. 1) with one

molecule of toluene in the lattice. At the core of the solid-state
structure is a (LiO)4 ladder composed of three precisely planar
edge-fused (LiO)2 rings which incorporate the original carbonyl
O-centres of 4. Supplementary to this core, the two types of
oxygenated aluminate anions, which have been afforded by
treatment of 4 with air, operate in distinct ways. The two mono-
oxygenated anions are terminal, using their generated OMe
groups to complete the six-membered OCNAlO(Me)Li chelate
rings [Li1–O4 1.900(6) Å] which stabilise the Li+ centres at the
ends of the ladder. In contrast, the two bis-oxygenated anions
span ladder end- and central-Li+ cations (Li1 and Li2A,
respectively), coordinating to these metal centres through
interactions involving their OBut [Li1–O3 1.935(6) Å] and
OMe [Li2A–O5 1.896(5) Å] units, respectively. The observa-
tion that these Li–OR (R = Me, But) bonds differ significantly
presumably derives from the shortness of the Li1–O4 bond in
the mono-oxygenated monomer. Overall, these bis-oxygenated
anions act as tripodal ligands forming, with the involved Li+
centres of the ladder (Li1, Li2A), fused tricyclic arrangements.
It is probably the contiguous nature of these three rings which
accounts for the relatively long Li1–O2 and Li2A–O2 distances
(mean 2.054 Å). While two of the ring systems incorporate one
Li+ centre each [OCNAlO(But)Li and OCNAlO(Me)Li stabilise
Li1 and Li2 respectively], the third six-membered ring,
involving two Li+ centres, is based on a fairly symmetrical
MO(MAO)2 (M = Al, MA = Li) heterocycle.

Aside from the method used for its synthesis, the solid-state
stucture of 5 shows a series of particularly noteworthy features.
While several structurally characterised lithium aluminates
incorporate intramolecular Li–O interactions, these have gen-
erally been based either on simple heterobimetallic motifs
[Al(m2-O)Li5,6 or Al(m2-O)2Li1,5,7] or on (AlO)n rings (n = 2,

† Deceased.

Scheme 1

Fig. 1 Molecular structure of 5; hydrogen atoms and lattice toluene
molecule omitted for clarity.
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3).6 Here, however, 5 is constructed around a (LiO)4 ladder.
Only a very limited number of such homometallic ladders are
known,8 the vast majority of Li–O-containing metallo-organic
species (e.g. alkoxides, enolates) being pseudo-cubane tetra-
mers,5 hexamers5,9 or even higher10 aggregates in the solid
state. It is salient, therefore, that the adoption of an (LiO)4
intercepted-ladder motif by 5 represents the first crystallo-
graphic evidence that ladder structures, known for a range of
lithiated organic compounds (particularly lithium amides),5,11

can also pertain for Li–Al heterobimetallic ones. Furthermore,
whereas the (LiO)4 core of 5 utilises the original carbonyl O-
centres, it is clear that the coordinative requirements of the
different types of Li+ centre (Li1 and Li2) in the assembled
ladder are satisfied by the variability of ligand oxygenation.

The final interesting aspects of 5 concern how and why it is
formed in the first place. The complex can be obtained
repeatedly, albeit so far in moderate yields, from exposure of a
pre-formed solution of 4 to either normal (i.e. moist) or (P2O5)
dry air. However, the use of normal air affords samples of 5
which 1H NMR spectroscopy shows to be significantly
contaminated with (expected) aluminoxane12 hydrolysis prod-
ucts. These observations point to oxygen rather than moisture
being responsible for the observed multiple oxo-insertion
process. In this context, it is known that air-sensitive R3Al
species afford tris-oxygenated compounds, (RO)3Al, upon
exposure to oxygen.13 The surprise in the synthesis of 5 is the
controlled nature and dual specificity of oxo-insertion. Prelimi-
nary 1H NMR spectroscopic evidence suggests that the
treatment of 3 alone [having two Al–C(Me) bonds] with pre-
dried air fails to afford any detectable reaction and it is only
when 3, ButLi and O2 are combined, in that order, that 5 results.
Complete tris-oxygenation of the Al–C bonds has not occurred
in 5, but rather two of the aluminate anions have each undergone
single oxo-insertion and two have each inserted oxygen atoms
into two Al–C bonds. In this way, the two types of ligands
produced are perfect for provision of additional coordination
(terminal and spanning respectively) to the Li+ centres of the
(LiO)4 core of 5, raising each such centre to a coordination
number of four. While the precise mechanism by which 5 is
formed is not yet understood, the observations noted above
suggest that oxo-insertion is either directly templated [i.e. that
lithium aluminate 4 is, itself, a (LiO)4 ladder] or else that the
conversion of 4 to 5 requires that the processes of ladder
formation and oxo-insertion occur concurrently.

Attempts to learn the precise structural nature of 4, and to
thus better understand the reasons for the dual specificity of
oxo-insertion, are ongoing. Further work will also seek to
investigate the effects of employing pure oxygen in place of dry
air and will attempt to follow the reaction by low-temperature
multinuclear NMR spectroscopy. More generally, it is planned
to look at related systems of general type R2AlL and RALi (R, RA
= alkyl, aryl; L = N- or O-centred ligands) and to deliberately
treat these with oxygen. In this way, it is hoped to judge how
widespread and how useful the oxo-insertion process, and the
concomitant ligand amendments, might be. It is clear already,
from this and other work,3 that deliberate aeration of selected
main group organometallic species (usually handled under
strictly inert-atmosphere conditions) can produce much inter-
esting new chemistry.

We thank the UK EPSRC (D. J. L.) for a Studentship and St.
Catharine’s (R. P. D.) and Gonville & Caius (A. E. H. W)
Colleges for Research Fellowships. This work is dedicated to
the memory of Ron Snaith.
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21.53 (m, 6H, AlMe).
§ As for 4 but upon returning to room temperature the resultant pale yellow
solution was treated with dry air (P2O5) for 1 min and with hexane (0.5 ml)
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mp 128–130 °C. Satisfactory C,H,N. 1H NMR spectroscopy (500 MHz,
[2H8]THF), d 8.05–7.20 (m, 10H, Ph), 7.19–6.98 (m, 2.5H, C6H5Me),
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(4837 unique, q < 54.98°, Rint = 0.0301), data were collected on a Stoe
Siemens four-circle diffractometer. Refinement on F2 values of all data
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The reduction of Cu(BF4)2·xH2O in 1 wt% poly(vinyl
pyrrolidone)–methanol solution with trimethyl phosphite
produced a solution containing cuprous complexes; the
membrane prepared from this solution showed a maximum
selectivity of 10 for propylene over propane at room
temperature.

Separation of olefin/paraffin mixtures is one of the most
important processes in the petrochemical industry.1 Currently,
the separation is often carried out by highly energy-intensive
low temperature distillation. Among a number of alternative
separation processes, separation by a facilitated transport
membrane with Cu+ or Ag+ has attracted much interest because
of its low energy consumption, compact unit and simple
operation.2 The basis for the separation is the reversible
formation of a p-bonded complex between metal ions, like Cu+

or Ag+, and the olefin.3,4 Many studies have been reported on
the facilitated transport of olefins by using supported liquid
membranes,5 ion-exchange membranes6 or dense polymer
membranes7 containing silver ions as carriers. Cuprous ions
have also been applied as carriers for facilitated transportation
in liquid membranes, but only for transportation of carbon
monoxide and not for olefins.8 Recently, Lin et al. reported the
use of CuCl coated g-alumina membranes in the separation of
ethylene/ethane mixtures, but obtained a maximum selectivity
of only 1.4 for ethylene over ethane.9 To the best of our
knowledge, reactive solid polymer membranes containing
cuprous ions have never been reported, probably due to the low
solubility and the instability of cuprous complexes in water or
organic solvents.10

We report here, for the first time, the direct synthesis of
reactive solid polymer membranes containing cuprous com-
plexes and the application of such membranes to the separation
of olefin/paraffin mixtures. The addition of trimethyl phosphite
to a methanol solution of a cupric salt and an appropriate
polymer produced a solution containing cuprous species, which
was subsequently coated onto a porous asymmetric membrane.
Trimethyl phosphite is known to reduce Cu(II) to Cu(I) as in eqn.
(1).11 The copper ions were found to exist only in the Cu(I) state,
as identified by iodometry.12

Cu(BF4)2 + H2O + P(OMe)3 + PVP ? CuBF4/PVP + 2HBF4 +
OP(OMe)3

PVP: poly(vinyl pyrrolidone) (1)

The membranes were prepared as follows: Cu(BF4)2·xH2O (3
mmol, 1 g) and P(OMe)3 (6 mmol, 1.5 mL) were added to 1 wt%
poly(vinyl pyrrolidone) (0.5 mmol, 0.05 g) solution in metha-
nol. The resulting solution was applied to a 5 cm 3 5 cm
asymmetric porous polysulfone membrane. The membrane was
dried for 12 h in air and then vacuum-dried for 12 h at room
temperature. Membranes consisted of a thin nanoporous
cuprous-poly(vinyl pyrrolidone) top layer and an asymmetric
coarse-pore polysulfone support. The thickness of the active
layer was 2–3 mm, determined by scanning electron microscopy
(not shown).

Separation measurements were performed with the coated
membrane placed in a stainless steel separation module with the
olefin/paraffin (50/50) gas mixture as described elsewhere.13

The flow rates of the mixed gas and the sweep gas (helium)
were controlled using mass flow controllers. The total feed
pressure of mixed gas was set at 20 psig by back pressure
regulators. Average fluxes of ethylene/ethane and of propylene/
propane through the membranes were 2 3 1025 and 1 3 1025

cm3 cm22 s21 cmHg21, respectively at room temperature. The
permeated gas was analyzed by gas chromatography.14

Fig. 1 and 2 show the effects of molar ratios of P(OMe)3/
Cu(II) and Cu(II)/PVP on the separation of olefin/paraffin
mixtures. The selectivity for olefin over paraffin increased with
increasing molar ratio of P(OMe)3/Cu(II) up to 2 and then

Fig. 1 Effects of molar ratios of [P(OMe)3]/[Cu] and [Cu]/[PVP] on the
permeation selectivity of ethylene over ethane at 25 °C.

Fig. 2 Effects of molar ratios of [P(OMe)3]/[Cu] and [Cu]/[PVP] on the
permeation selectivity of propylene over propane at 25 °C.
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gradually decreased with further increase in the molar ratio. It is
likely that coordination of trimethyl phosphite is taking place to
a certain extent, which could reduce the complexation ability of
cuprous ion towards olefin. As expected, the membranes did not
show any selectivity for olefin over paraffin at P(OMe)3/Cu(II)
= 0, confirming that only Cu(I) is responsible for the
selectivity. The copper ions present in the membrane prepared
in the absence of P(OMe)3 exist only as Cu(II), for which
complexation with olefin is impossible. The higher permeabil-
ity ratio of propylene/propane in comparison with that of
ethylene/ethane can be ascribed to the difference in diffusion
rates of the mixed gases. The molar ratio of Cu(II)/PVP was also
varied in the range from 0 to 8. As shown in Fig. 1 and 2, the
selectivity increased with increasing molar ratio of Cu(II)/PVP
up to 6. No appreciable selectivity at Cu(II)/PVP = 0
demonstrates that the PVP-only membrane is not effective for
the olefin/paraffin separation and the separation is not taking
place by simple diffusion and desorption across the PVP
only membrane. Membranes with the molar composition of
P(OMe)3:Cu(II)+PVP = 2+1+6 were subjected to a seven day
permeation test as shown in Fig. 3. The selectivity decreased
from 8 to 5 for ethylene/ethane and from 10 to 7 for propylene/
propane during the first two days of the experiments and
remained constant thereafter, demonstrating that the mem-
branes were stable for at least a week. It is assumed that
trimethyl phosphite present in the membranes may play a role in
preventing Cu(I) from being oxidized to Cu(II) by trace amounts
of oxygen or water in the feed gas.

Other cuprous membranes were also prepared using
Cu(ClO4)2 and Cu(SO3CF3)2, and tested for the separation of
olefin/paraffin mixtures. The selectivities were lower by a
factor of approximately 2 than the selectivities from the
Cu(BF4)2 membranes. This can be attributed to the fact that
ClO4

2 and CF3SO3
2 are more strongly binding anions than

BF4
2 and consequently the reversible complexation of olefins is

somewhat inhibited. In fact, the membranes containing CuCl
showed much lower ethylene/ethane permeation selectivity,
possibly due to the competitive complexation of ethylene and
Cl2.9

In a separate experiment, a polymer membrane containing
Cu(CO)PF6 was prepared according to eqn. (2).

1/2Cu2O + HPF6 + CO + PEOx ? Cu(CO)PF6/PEOx +
1/2H2O

PEOx: poly(2-ethyl-2-oxazoline) (2)

The membrane thus obtained was very unstable and showed
no selectivity for the separation of propylene/propane mixtures.
However, interestingly, when small amounts of trimethyl
phosphite were added to the polymer solution of eqn. (2), the
resulting membrane showed a maximum separation factor of 5
for the propylene/propane mixture. This result implies that
trimethyl phosphite is functioning as a stabilizer for cuprous
ion.

Investigations on the interactions between polymers and
copper salts are in progress to improve the properties of cuprous
ion-containing membranes.

We gratefully acknowledge financial support from the
Ministry of Science and Technology of Korea through the
Creative Research Initiatives.

Notes and references

1 S. U. Rege, J. Padiu and R. T. Yang, AIChE J., 1998, 44, 799.
2 R. B. Eldridge, Ind. Eng. Chem. Res., 1993, 32, 2208.
3 H. W. Quinn, Progress in Separation and Purification, Wiley-

Interscience, New York, 1971, vol. 4, p. 133.
4 M. Bochmann, Organometallics 2, Oxford Science, New York, 1994,

ch. 2.
5 R. D. Noble, C. A. Koval and J. J. Pellegrino, Chem., Eng. Prog., 1989,

85, 58.
6 O. H. Leblanc, W. J. Ward, S. L  Matson and S. G. Kimura, J. Membr.

Sci., 1980, 6, 339.
7 M. Teramoto, H. Matsuyama, T. Yamashiro and Y. Katayama, J. Chem.

Eng. Jpn., 1986, 19, 115.
8 D. R. Smith and J. A. Quinn, AIChE J., 1980, 26, 229.
9 Y. S. Lin, W. Ji and R. J. Higgins, Ind. Eng. Chem. Res., 1999, 38,

2292.
10 R. B. Long, Recent Developments in Separation Science, CRC Press,

Cleveland, Ohio, 1973, vol. 1, p. 35.
11 J. I. G. Cadogan, Quart. Rev. (London), 1962, 16, 208; B. W. Cook,

R. G. J. Miller and P. F. Todd, J. Organomet. Chem., 1969, 19, 421.
12 I. M. Kolthoff, E. B. Sandell, E. J. Meehan and S. Bruckenstein,

Quantitative Chemical Analysis, Macmillan, London, 1971, ch. 44.
13 S. Bai, A. Sridhar and A. A. Khan, J. Membr. Sci., 1998, 147, 131.
14 Gow-Mac gas chromatograph equipped with a thermal conductivity

detector with unibead 2S 60/80 packed column.

Communication a908395b

Fig. 3 Change of mixed gas selectivities with time.

196 Chem. Commun., 2000, 195–196



Poly(zinc(II)-5,15-porphyrinylene) from silver(I)-promoted oxidation of
zinc(II)-5,15-diarylporphyrins

Naoya Yoshida, Naoki Aratani and Atsuhiro Osuka*

Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan.
E-mail: osuka@kuchem.kyoto-u.ac.jp

Received (in Cambridge, UK) 30th November 1999, Accepted 23rd December 1999

Zinc(II)-5,15-diarylporphyrins have been effectively polym-
erized to give poly(Zn(II)-porphyrinylene) in high yields in
the reaction with 1.5 equiv. AgPF6 in CHCl3 either in the
presence of 0.5% N,N-dimethylacetamide or upon heating.

Linearly p-conjugated polymers and oligomers have attracted
considerable attention in light of their potential applications in
the fields of electronics, optical devices, sensors and solar
energy conversion.1 Among these, poly(arene)s represented by
poly(para-phenylene)s (PPP), poly(pyrrole)s, and poly(thio-
phene)s have attracted considerable attention owing to their
increasing conductivities upon doping.2 Porphyrins are an
appealing building block for the modular construction of such
linear p-conjugated systems, since they offer a variety of
desirable features such as rigidity, high stability, intense
electronic absorption, a small band gap, strong fluorescence
emission, and the possibility to tailor optical and redox
properties by appropriate metallation.3 However, to the best of
our knowledge, directly linked poly(porphyrinylene) has not
been reported so far. Recently we found that a meso–meso
coupling reaction of 5,15-diaryl zinc(II)-porphyrins can be
effected by treatment with an Ag(I) salt4a or by anodic
electrochemical oxidation.4b Interestingly the meso–meso coup-
ling regioselectivity is quite high, allowing the formation of
straight and directly linked porphyrin arrays up to the octamer
by the latter method.

Now we report that the Ag(I)-promoted meso–meso coupling
reaction can be extended to the preparation of long poly-
(porphyrinylene)s simply by the addition of N,N-dimethylaceta-
mide (DMA) or slight heating [reaction (1)]. Formally, the

formation of one meso–meso bond is accompanied by the loss of
two hydrogens and thus seems to need two equivalents of
oxidant. This is nicely illustrated by the reaction of 1a with 1.5
equiv. AgPF6 in CHCl3 at 20 °C for 4 h which gave, besides the
recovery of unreacted 1a (40–50%), 2a (25–30%), 3a (5–7%),
and 4a (1–2%) together with small amounts of higher oligomers
(Fig. 1a).4 In marked contrast, reaction under similar conditions
but with the presence of a small amount of DMA (0.5% to
CHCl3) gave rise to enhanced oligomerization in only 0.5 h
(Fig. 1b). The reaction mixture was examined by MALDI-TOF
MS and a combined GPC–HPLC and UV-vis absorption
method (Fig. 2). The former registered detectable peaks from
688 to 16500 Da (corresponding to 1- to 22-mers) with a repeat
unit of ca. 750 Da, indicating the formation of diverse

oligomeric porphyrin arrays up to the 22-mer.5 The spectra in
Fig. 2b that were taken for the GPC–HPLC fractions as their
free bases6 display progressive red-shifts and broadening of the
split Soret bands and Q-bands and are consistent with the highly
regioselective meso–meso coupling even for larger porphyrin
arrays. On the basis of the relationship of the molecular weights
of discrete oligo(porphyrinylene)s versus the retention time of

Fig. 1 GPC–HPLC charts of the reaction of 1a and 1b with 1.5 equiv. AgPF6

in CHCl3 detected at 413 nm: (a) 1a, room temperature, 4 h, no DMA,
arrows 1–4 indicate bands corresponding to 1a, 2a, 3a, and 4a, respectively;
(b) 1a, room temperature, 4 h, 0.5% DMA; (c) 1b, 45 °C, 0.5% DMA, 11
h (dotted line); 1b, 45°C, 0.5% DMA, 82 h (solid line), the retention times
of the discrete 64-mer and 128-mer are indicated by arrows. The absorption
spectra of fractions indicated by arrows a–q are shown in Fig. 2b.

This journal is © The Royal Society of Chemistry 2000
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GPC–HPLC, we estimated Mw = 12 000 Da with a poly-
dispersity of 1.46; the major oligomers eluting at ca. 19 min
correspond to 8,9-mers and the detectable largest oligomers
eluting at ca. 14.5 min correspond to ca. 50-mers. The
polymerization depends on the amount of DMA, and is most
effective upon addition of 0.5–3% DMA. The acceleration
effect is only modest with less than 0.5% DMA and decreases
with increasing amounts of DMA over 3%, and is completely
suppressed upon addition of 20% DMA. Similar enhanced
polymerization was also observed in the presence of DMF,
HMPA, and DMSO with the enhancement order of DMA >
DMF ≈ HMPA > DMSO. On the other hand, nitrogen bases
such as pyridine, lutidine, triethylamine, and N,N-dimethylani-
line were found to completely suppress the meso–meso
coupling. It is also notable that even heating at 45 °C led to
polymerization (Mw = 13 000 Da with a polydispersity of 1.37)
after 24 h. In this thermally accelerated polymerization,
however, the conversion of the monomer 1a reached a
maximum of ca. 70% after only 1–2 h but the increase of chain
length proceeded rather slowly.

In the reaction of 1a, there is a possibility that further
polymerization may be interrupted owing to the poor solubility
of the formed long porphyrin arrays. In order to circumvent this
problem, we employed the much more soluble substrate 1b as
the starting monomer. 1b turned out to be less reactive than 1a
probably due to its bulky dioctyloxy substituents; only 5% of 1b
was consumed even after 24 h in the reaction with 1.5 equiv.
AgPF6 in CHCl3 at 20 °C [reaction (1)]. However, the addition
of 0.5% DMA indeed accelerated the coupling to give
poly(porphyrinylene) with Mw = 45 000 Da and a poly-
dispersity of 1.7 after 24 h. As for 1a, heating at 45 °C also led
to the polymerization of 1b (Mw = 21 500 Da with a
polydispersity of 1.59), although a substantial induction period
(10 h) was necessary to start the polymerization. When the
reaction of 1b with 1.5 equiv. AgPF6 was conducted in the
presence of 0.5% DMA at 45 °C, the polymerization proceeded
extensively, giving poly(porphyrinylene)s with Mw = 75 000
Da and a polydispersity of 1.60 after 11 h, and Mw = 250 000

Da and a polydispersity of 2.78 after 82 h (Fig. 1c). Note that
these large poly(porphyrinylene)s exhibit absorption and emis-
sion spectra similar to those of oligo(porphyrinylene) 64- and
128-mers of discrete size, which were separately prepared from
1b.7 Another merit of these polymers lies in their easy
transformation to Ni(II) and Cu(II) complexes.8

The mechanism of this polymerization is not fully understood
but can be considered to be initiated by one-electron oxidation
of zinc(II)-porphyrin with silver(I) and the chain elongation
process may be similar to those proposed for oxidative
formation of PPP,2a involving a poly(5,15-dihydroporphy-
rinylene) intermediate which will be oxidized to poly(5,15-
porphyrinylene)s. The superior acceleration effects of DMA
over DMF suggest that it may play a reducing role to convert the
cation radical intermediate to a biradical intermediate which
may be more active for elongation of the chain.

In summary, sterically uncongested metalloporphyrins, 1a
and 1b, can be polymerized in a regioselective manner to
poly(zinc(II)-5,15-porphyrinylene)s in the reaction with silver(I)
salt either in the presence of 0.5–3% of DMA or upon heating.
Not fully optimized yet, it is evident that zinc(II)-5,15-diarylpor-
phyrin can be polymerized under much milder conditions
compared to the polymerization conditions of smaller aromatic
and heteroaromatic molecules. Exploring synthetic conditions
that allow the preparation of poly(porphyrinylene) with less
polydispersity would be an interesting next target and is actively
in progress in our laboratory.
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Science and Technology) of Japan Science and Technology
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Fig. 2 Product mixture in the reaction of 1a with 1.5 equiv. AgPF6 in CHCl3
containing 0.5% DMA: (a) MALDI-TOF MS spectrum; (b) absorption
spectra of GPC–HPLC fractions after addition of TFA.
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Rhodium-catalyzed three component coupling of hepta-
1,6-diyne, hydrosilane and C60 proceeded smoothly  to give
a fullerene derivative in good yield.

Studies on the functionalization of C60 fullerene have attracted
considerable attention,1 because fullerene derivatives are ex-
pected to be effective precursors for advanced composite
materials,1c photoconductive thin films,2 electron transfer
dyad,3 efficient photosensitizers,4 etc. Fullerene derivatives are
also anticipated to form materials with stimulating biological
properties,1b,d such as inhibition of HIV-1 protease,5 promotion
of DNA cleavage,6 and enzymatic inhibition.6e,7 In order to
prepare a wide range of designed C60 derivatives, cycloaddi-
tions have proved the most useful method because well-defined
mono-adducts can be easily obtained in most cases.8 The
obtained C60-fused carbo- and heterocycles are interesting key
molecular components for the construction of the afore-
mentioned functionalized materials, which are often composed
of organized molecular aggregates. In particular, the Diels–
Alder reaction, employing C60 as a dienophile, is a reliable tool
to obtain the cyclohexene-fused C60 derivatives.8a In addition,
cycloaddition protocols include the reaction of C60 with
appropriate addenda, such as carbenes, nitrenes, conjugated
dienes, 1,3-dipoles, etc.8b No example of a catalytic multi-
component coupling strategy involving C60, however, has been
reported so far, although domino-type multi-component cou-
plings catalyzed by a wide variety of transition metal complexes
are now becoming a major focus in organic synthesis.9 We
herein report the first example of three-component coupling
involving C60 catalyzed by a rhodium complex. Transition-
metal promoted coupling reactions on fullerene are quite rare.
This is ascribed to the finding that fullerenes preferentially form
stable complexes with a wide range of transition metals. They
are frequently too stable to show catalytic activity toward
carbon–carbon bond formation with fullerene itself.10 Only
recently, the stoichiometric Ni-promoted cycloaddition of
hepta-1,6-diynes and C60 was reported by Cheng et al.11

Catalytic methods, however, are desirable as they are metal-
economical and environmentally friendly processes. With these
ideas in mind, we developed the RhI-catalyzed three-component
domino coupling of C60, hepta-1,6-diyne and hydrosilane via
the silylative cyclization of the diyne followed by the Diels–
Alder cycloaddition of the resultant diene and C60.

We recently reported the rhodium-catalyzed silylative cycli-
zation of hepta-1,6-diynes 1 with trialkylsilanes 2 leading to
cisoid dienylsilane derivatives 3 (Scheme 1).12 The obtained 3
has an exocyclic 1,3-diene moiety and can be utilized as a diene
counterpart in the Diels–Alder cycloaddition toward fullerene.
In fact, the thermal reaction between C60 and 1.5 equiv. of 3 [X
= C(CO2Me)2, R3Si = PhMe2Si] in refluxing toluene for 1 h
gave the desired cycloadduct 4a in 58% isolated yield (88%
yield based on consumed C60). The structure of 4a was
determined on the basis of its 1H and 13C NMR, IR, and MS
analyses.13 First, its IR spectrum revealed that 4a is the adduct
of C60 and 3, i.e. the typical absorption of the C60 core was
observed at 527 cm21 as well as the absorptions corresponding
to the ester carbonyl groups and the silyl group at 1735 and 1249
cm21, respectively. In the 1H NMR spectrum, cyclohexene ring
protons [d 3.13 (d, 1H, J 16.8 Hz), 3.38 (s, 1H), and 3.48 (m,

1H)] and cyclopentene ring protons [d 3.64-3.77 (m, 2H) and
3.97–4.07 (m, 2H)] were observed along with the peaks
assigned to the methyl and phenyl proton signals of the organic
silyl group, and the methyl ester protons.13 The molecular ion
peak at m/z 1064 in the FAB-MS spectrum clearly indicated that
4a is the expected 1+1 adduct. Furthermore, the 13C NMR
spectrum shows that the cycloaddition took place on the
junction of two six-membered rings; among the ten peaks in the
aliphatic region, the lowest-field signal at d 66.62 is reasonably
attributed to the fullerene sp3 carbons of the 6,6-ring junction.
The four sp2 signal observed at d 155.76, 156.39, 159.61 and
161.21 are also assigned to the C60 carbons next to the sp3

carbon of the 6,6-junction.
The dienylsilane 3 is definitely an effective diene component

in the Diels–Alder cycloaddition with C60. Next, we investi-
gated the three-component coupling from 1a, 2 and C60. Such
three-component coupling is an attractive and more straightfor-
ward protocol for transition-metal-catalyzed carbocyclization
on the fullerene framework in a single operation. The reaction of
C60 (0.05 mmol) with 1a (0.5 mmol) and 2 (0.5 mmol) under N2
in refluxing toluene for 35 min in the presence of 3 mol%
RhCl(PPh3)3 gave the expected 4a in 36% isolated yield (55%
yield based on consumed C60; entry 1, Table 1). The spectral
features of the product are identical to those from the Diels–
Alder adduct of 3 with C60. A decrease in the amounts of the
diyne and the silane gave better results although longer reaction
times are required (entries 2 and 3). The best yield (71%) was
realized when 7 equiv. of 1a and 2 were employed in refluxing
toluene for 1 h (entry 2).

The significant feature of the present three-component
domino coupling is that C60, in spite of its strong tendency to
form complexes with various transition metals,10 never sup-
pressed the catalytic silylative cyclization step. In sharp
contrast, the three-component couplings of 1a, 2 and N-
phenylmaleimide (5) or maleic anhydride (6) failed although the
Diels–Alder reaction of the isolated 3 gave the corresponding
adducts with 5 or 6 in high yield.14 These results suggest that

Scheme 1
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these strong dienophiles inhibited the catalytic cycle via
complex formation with a RhI species.

The other important feature is that dipropargyl ether 1b and
N,N-dipropargyl tosylamide 1c were successfully adapted to the
domino coupling, whereas they hardly gave silylative cycliza-
tion products in the absence of C60.14As a result, interesting C60-
bound heterocycles 4a and 4b were successfully isolated in 41
and 32% conversion yields, respectively (entries 4 and 5). It
seems reasonable to assume that unstable exocyclic diene
intermediates 3b and 3c were immediately coupled with C60
before decomposition under the reaction conditions.

In conclusion, we have developed the RhI-catalyzed three-
component domino coupling of C60, hepta-1,6-diynes and a
hydrosilane. Dienophile C60 did not interfere with the catalytic
silylative cyclization and efficiently trapped the exocyclic
1,3-diene intermediates to furnish the corresponding C60-linked
carbo- and heterocycles in fair to good yields. The present
method is the first example of transition-metal catalyzed
domino coupling on the fullerene conducted in a single
operation.
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10132222, and 11119223) from the Ministry of Education,
Science, Sports, and Culture, Japanese Government. We also
thank to Mr Kazumoto Kondo for mass measurements.
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Table 1 Rhodium-catalyzed three-component coupling of C60 with diynes
1a–c and silane 2
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A series of novel trinuclear metal complexes containing fac-
(diimine)ReI(CO)3 chromophores and a stilbene-like bridg-
ing ligand have been synthesized and in CH3CN exhibit
photoswitchable luminescence arising from photoinduced
intramolecular energy transfer from the fac-(diimine)-
Re(CO)3 chromophores to the bridging ligand.

Recently, molecular systems containing multiple electron or
energy transfer donor–acceptors have been widely studied for
potential applications as optical switches or gates in which the
emission from these molecular systems can be switched on or
off by external stimuli or environmental changes such as light or
pH.1 Polynuclear transition-metal complexes containing fac-
(diimine)ReI(CO)3 chromophores have been used for extensive
studies of photoinduced intramolecular energy transfer and
electron transfer.2 Earlier studies on ligand-bridged dimeric
systems have illustrated that the bridging ligand p*-electron
system has a profound effect on the spectroscopic, photo-
chemical, and redox behavior of these complexes.2,3

The light-driven cis–trans isomerization processes of stil-
benes and compounds containing stilbene units have undergone
active investigation both through fundamental studies and
practical applications.4 The cis- or trans-stilbenes and their
analogues are good triplet energy acceptors for exploring
photosensitization and energy transfer processes.5,6 We herein
report the photophysics and photochemistry of trinuclear metal
complexes containing fac-(diimine)ReI(CO)3 chromophores
bridged by a stilbene-like tridentate ligand. The results show
that following excitation into the Re (dp) ? diimine (p*)
MLCT manifold, efficient triplet–triplet energy transfer from
the 3MLCT state to the bridging ligand occurs and this results in
trans–cis isomerization of the bridging ligand. The structures of
the bridging ligands and complexes studied here are shown in
Scheme 1.

Complexes [(NN)Re(CO)3]3(m-TEEPB)(PF6)3, where NN =
bpy, 4,4A-Me2bpy or 4-NO2bpy, and TEEPB = 1,3,5-tris(2-
ethenyl-4-pyridyl)benzene, were synthesized by refluxing a 3+1
molar ratio of [(NN)Re(CO)3(CH3CN)]PF6 and TEEPB in THF
solution and then standard workup procedures.2c,7 All new
complexes have been characterized by infrared spectra, 1H, 13C
NMR and elemental analysis.‡

Photophysical parameters obtained from compounds 1–7 are
summarized in Table 1. The absorption spectra of all these
compounds feature a series of ligand localized p ? p* and
metal (dp) to ligand (p*) charge transfer (MLCT) bands. Unlike
most metal complexes containing the fac-(diimine)ReI(CO)3
unit, which are typically highly luminescent in solution,2,3,6

compounds 1 and 3 show only weak luminescence (Fem <
0.0015) in room temperature CH3CN solution. The quenching

appears to occur via intramolecular sensitization of the p? p*
transition localized on the olefin link of the bridging ligand
accompanied by a trans–cis isomerization process.

This is supported by steady-state photolysis experiments. Fig.
1 shows the difference absorption spectrum of compound 1 in
CH3CN solution as a function of photolysis time. Photolysis
into the MLCT band at 366 nm bleaches the pp* absorption of
the bridging ligand at ca. 280–370 nm and induces small
increases at ca. 200–270 nm. A similar bleaching effect at ca.
280–330 nm was also observed for free TEEPB photolyzed at
313 nm. Furthermore, changes observed in the emission are
very substantial and the emission quantum yield is 18 times
greater for 1 (see inset in Fig. 1) and 21 times greater for 3 after
7 h of photolysis at 366 nm compared to the original spectra.
The UV–VIS spectral changes and large increase in the
luminescence intensity for 1 and 3 are consistent with the trans–
cis isomerization of the bridging ligand, TEEPB,§6a,b,8 and
highly efficient energy transfer (vide infra). The energy transfer
from the 3MLCT state to the higher energy triplet excited state

† Spectral and analytical data for 1, 3, 5, 6 and 7 are available from the RSC
web site, see http://www.rsc.org/suppdata/cc/a9/a908074k/ Scheme 1
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localized on the cis-configuration bridging ligand is blocked or,
at least, more unfavorable than direct deactivation from the
3MLCT excited state to the ground state.

On the other hand, there is no emission detected from 5, even
after prolonged irradiation at 366 nm for 48 h. The lack of
emission from 5 is attributed to the energy gap law, that is, the
lower energy 3MLCT excited state results in better vibrational
overlap between the ground and excited states and the
nonradiative decay increases as vibrational overlap increases.9
The low energy 3MLCT excited state in 5 also makes the energy
transfer process energetically unfavorable.

Assuming that the MLCT intersystem crossing efficiency is
unity, radiative (kr) and nonradiative (knr) decay to the ground
state and energy transfer (kENT) to TEEPB are the only
deactivation processes for the 3MLCT excited state, and that the
decay from the 3TEEPB excited state is much faster than energy
transfer, then Fem and t for [(NN)Re(CO)3]3(m-TEEPB)(PF6)3
can be expressed as : Fem = kr/(kr + knr + kENT) and t = (kr +
knr + kENT)21. Calculated photophysical parameters are shown
in Table 1. As expected, all the kr values are very similar, ca. 1
3 105 s21, for the series of fac-(diimine)ReI(CO)3L complexes
and in agreement with related Re(I) chromophores.10 The
energy transfer rate constant, kENT, and the efficiency for
generating the 3TEEPB excited state, FENT, at 293 K can be
determined based on: kENT = t212 tmodel

21 and FENT = kENT/
(kr + knr + kENT) with 6 and 7 as model compounds and their
values are listed in Table 1.

It is not surprising that both the kENT and FENT values for 3
are larger than the corresponding values for 1. The higher

3MLCT excited energy in 3 results in a larger energy gap
between the triplet donor and acceptor and, thus, a larger driving
force that enhances the efficiency of energy transfer process.

We are grateful to the U.S. Department of Energy (Grant DE-
FG02-89ER14039) for support of this research and CAPES for
a scholarship to A. S. S.
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Table 1 Photophysical properties of TEEPB and compounds 1–7a

Emission

Compound
Absorption spectra lmax/nm
(1023 e/M21 cm21) lmax/nm 102Fem

b t/ns kr/s21 knr/s21 kENT/s21c FENT
d

1 [(bpy)Re(CO)3]3(m-t-
TEEPB)(PF6)3

341 (85), 320 (88), 280 (48), 239 (49) 574 0.14 15.1 9.3 3 104 3.1 3 106 6.3 3 107 0.94

2 [(bpy)Re(CO)3]3(m-c-
TEEPB)(PF6)3

e
568 2.57 166 1.5 3 105 5.9 3 106

3 [(4,4A-Me2bpy)Re(CO)3]3(m-
t-TEEPB)(PF6)3

341 (94), 318 (86), 280 (50), 240 (55) 562 0.099 10.2 9.9 3 104 1.9 3 106 9.8 3 107 0.98

4 [(4,4A-Me2bpy)Re(CO)3]3(m-
c-TEEPB)(PF6)3

e
556 2.13 187 1.1 3 105 5.2 3 106

5 [(4-NO2bpy)Re(CO)3]3(m-t-
TEEPB)(PF6)3

402 (sh, 21), 336 (90), 285 (sh, 57), 238
(60)

f

6 [(bpy)Re(CO)3]3(m-
TEPB)(PF6)3

342 (sh, 47), 319 (88), 301 (94), 283 (84),
251 (66)

576 3.03 246 1.2 3 105 3.9 3 106

7 [(4,4A-Me2bpy)Re(CO)3]3(m-
TEPB)(PF6)3

326 (sh, 75), 316 (95), 304 (94), 288 (79),
251 (71)

566 6.11 507 1.2 3 105 1.9 3 106

a The excitation wavelengths are 380 nm. b The emission quantum yields were determined using [(bpy)Re(CO)3(4-Etpy)](PF6) (Fem
CH3CN = 0.027) as

reference.2d c Triplet–triplet energy transfer rate constant: see text for detail. d Quantum yield for generating 3TEEPB excited state: see text for detail.
e Generated by photolysis at 366 nm for 36 h. The kr and knr values are calculated based on 100% cis-TEEPB presence in solution. f No emission
detected.

Fig. 1 UV–visible difference absorption spectra (DAbs = At 2 At = 0) of
[(bpy)Re(CO)3]3(m-TEEPB)(PF6)3 in CH3CN at 293 K as a function of
photolysis time (l = 366 nm; 0, 1, 2, 3, 4, 6 h). The inset shows the emission
spectra before and after the photolysis.
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The one-dimensional gallium fluorophosphate Ga(H-
PO4)2F·H3N(CH2)3NH3·2H2O 1 crystallises at room tem-
perature from an aqueous mixture of Ga2O3, H3PO4,
1,3-diaminopropane, and HF; compound 1 converts to the
three-dimensional microporous fluorophosphate ULM-3 on
heating to 160 °C under hydrothermal conditions.

The determination of the crystallisation mechanisms of micro-
porous solids is currently a great challenge in solid-state
chemistry, because of the huge importance of these materials in
many industrial applications (for example the use of aluminosi-
licate zeolites in catalysis, ion-exchange and gas absorption).1 It
is hoped that a detailed understanding of how microporous
solids are formed will enable the rational design of new
materials with properties required for a particular use.2,3 We
have studied the hydrothermal crystallisation of fluorophos-
phates of aluminium and gallium in situ, using both time-
resolved energy-dispersive X-ray diffraction (EDXRD)4–6 and
NMR spectroscopy.7 In our EDXRD study of open-framework
gallium fluorophosphates of the ULM-n family8 we have
observed novel crystalline intermediate phases when the source
of phosphorus was changed from H3PO4 to P2O5.4–6 The
compounds are only stable under hydrothermal conditions, and
so structural characterisation has proved extremely difficult. In
order to gain a greater understanding of these new transient
phases we have investigated the crystallisation of metastable
frameworks structures from reaction gels at low temperature.

We now report the crystallisation of a one-dimensional
fluorophosphate, Ga(HPO4)2F·H3N(CH2)3NH3·2H2O 1, at
room temperature. Compound 1 was prepared by standing at
room temperature the reaction mixture usually heated in a
hydrothermal bomb to prepare ULM-3 [Ga3(PO4)3-
F2·H3N(CH2)3NH3·H2O].9 1 g of Ga2O3 was used, the mixture
placed in a Teflon tube covered with film and stood for 1 week.
A laboratory powder X-ray diffraction pattern of the solid
product after recovering and washing with water showed that a
novel crystalline phase had been produced, although contami-
nated with unreacted GaOOH and poorly crystalline b-Ga2O3,
present in the Ga2O3 starting material. Examination of the solid
product using a JEOL 2000FX transmission electron micro-
scope, equipped with a Link ‘Pentafet’ EDX detector, revealed
it to consist of well-formed thin sheets of maximum dimension
≈ 3 mm, mixed with a small quantity of shapeless material. X-
Ray microanalysis using a GaPO4 calibrant showed the plate-
like crystallites to contain Ga and P in the ratio 1+2, and
emissions characteristic of O, F, C and N were observed. The
contaminant material contained only Ga and O, presumably the
unreacted gallium oxides. A sample of the phosphorus-rich
gallium fluorophosphate was subsequently prepared in a
virtually pure form, by changing the reagent ratios; the Ga+P
ratio in the initial gel was changed to be 1+2, the amount of HF

doubled, and the pH adjusted to the same value as in the first
reaction mixture ( ≈ 5.5) by addition of the appropriate amount
of 1,3-diaminopropane. This sample exhibits only the strongest
Bragg reflection of GaOOH, and the impurity is present in a
very small amount (less than 0.5% on the basis of the diffraction
results, vide infra). It has not been possible to prepare crystals of
suitable size for single-crystal diffraction studies; for example if
the reaction mixture is stood for longer periods (up to four
months) no change in the sample nature is observed and seeding
the mixture with pre-made sample afforded no larger crystals. If
HF is omitted from the reaction mixture, then the only
crystalline material produced is 1,3-propanediammonium phos-
phate hydrate.10

Powder X-ray diffraction data were collected from the new
gallium fluorophosphate at room temperature on Station 2.3 of
the Daresbury SRS in a 0.5 mm diameter glass capillary. An X-
ray wavelength of 1.30041 Å was used, selected using a Si(110)
double-crystal monochromator. The data were successfully
indexed by the autoindexing program TREOR11 on a triclinic
unit cell (a = 7.0736 Å, b = 8.5062 Å, c = 11.6205 Å, a =
107.48°, b = 102.10°, g = 90.28°) with good figures of merit
[M(25) = 24, F(25) = 90.6]. An ab initio approach was taken
to the structure solution† and the final Rietveld plot is shown in
Fig. 1.

The X-ray structure determination reveals that 1 is con-
structed from only {GaO4F2} octahedra and {PO3OH} tetra-
hedra. All bond distances [Ga–Oav = 1.99(2) Å, Ga–Fav =
1.869(2) Å, P–Oav = 1.54(1) Å, PNOav = 1.51(2) Å] agree very
well with those previously reported for gallium fluorophos-

Fig. 1 Final Rietveld fit for Ga(HPO4)2F·H3N(CH2)3NH3·2H2O. Inset is an
expanded region of a small part of the data illustrating the small amount of
the impurity GaOOH. Points are the experimental data, the line is the
Rietveld fit, upper tick marks are for Ga(HPO4)2F·H3N(CH2)3NH3·2H2O,
and lower tick marks for GaOOH. The lower line is the difference curve.
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phates.8 The Ga polyhedra share the axial fluorines to produce
an almost linear chain and all the (equatorial) oxygens are
shared with the {PO4} tetrahedra. These phosphorus polyhedra
bridge pairs of gallium octahedra along the chain on both sides
(Fig. 2). Two of the phosphorus oxygens are terminal; these are
assigned as one P–OH and one PNO per tetrahedron on the basis
of charge-balancing considerations. Infra-red spectroscopy
gave further evidence for the presence of this bonding; bands at
1380 cm21 and 1005 cm21 are assigned to the vibrations of
phosphorus–oxygen bonds of PNO and P–OH respectively12

and these are absent in ULM-3 in which all {PO4} oxygens are
shared with Ga.9 The chains of composition Ga(HPO4)2F22 are
separated by charge-balancing H3N(CH2)3NH3

2+ cations and
occluded water molecules. Thermogravimetric analysis is in
agreement with the formulation of Ga(H-
PO4)2F·H3N(CH2)3NH3·2H2O: a mass loss between 50 °C and
90 °C corresponds to the loss of the occluded water (observed
8.7%, expected 9.1%), and a mass loss between 300 °C and
700 °C corresponds to loss of the amine (observed 22.3%,
expected 21.3%), presumably accompanied by collapse of the
structure. The structure type has not previously been observed
for an anionic gallium phosphate with organic counterions,
although the arrangement of octahedra and tetrahedra is well
known in the mineral chemistry of metal silicates, sulfates and
phosphates,13 Two one-dimensional anionic gallium phos-
phates, Ga(PO4)(HPO4)22, with charge-compensating alky-
lammonium cations are known and both of these were made
using solvothermal methods.14,15 In these compounds gallium is
found only in tetrahedral sites. It is noteworthy that the
previously reported one-dimensional gallophosphates have a
Ga+P ratio of 1+2, and our new compound follows this
pattern.

The use of ambient conditions to crystallise metal phosphates
has previously received some attention, but the reagents used
differ considerably from those usually used in solvothermal
crystallisations.16 It is interesting that the use of mild reaction
conditions favours the formation of phosphates with low-
dimensional structures, and thus it would appear that sol-
vothermal conditions are necessary to synthesise three-dimen-
sional (microporous) phosphates. The importance of the current
work is that we have prepared a novel 1D phase at room
temperature from exactly the same reaction mixture which
yields a 3D phase if treated hydrothermally. The fact that the
new chain phase contains only 6-coordinate gallium, whereas
the hydrothermally-prepared ULM-3 contains both 5- and
6-coordinate gallium, is entirely consistent with recent in situ
NMR spectroscopy results for related systems. For the alumin-
ium fluorophosphate AlPO-CJ2 it was determined that there is
a modification of Al coordination in solution from 6 to 5 on
going from room temperature to hydrothermal conditions.7

Such an observation will be of utmost importance in describing
a reaction mechanism for the crystallisation and our structural
data give some independent confirmation of this result. Heating
1 at 160 °C under hydrothermal conditions results in complete
dissolution after ≈ 40 min followed by the almost immediate
appearance of the 3D framework solid ULM-3.17 Compound 1
may be thought of as a solid precursor to ULM-3 and we are
investigating its possible transformation to other related gallium
fluorophosphates, by the addition of other reagents. We have
also recently shown that if H3PO4 is replaced by P2O5 in the
room temperature reaction, a different gallium fluorophosphate
is produced with a Ga+P ratio of 1+2. The structure of this
second phase, which closely resembles material recovered by
quenching from the hydrothermal synthesis of ULM-3 using
P2O5,6 we will report elsewhere.

We are grateful to the EPRSC, the Leverhulme Trust, the
British Council (Alliance project) and the Novartis Trust Fund
for financial support. We thank Dr C. C. Tang of Daresbury
Laboratory for his assistance with measuring the powder
diffraction data and Dr Lei Lixu for recording the infra-red
spectra.

Notes and references
† The data were first analysed with a ‘whole pattern fitting’ algorithm to
determine accurately the profile shape function, background and cell
parameters. This preliminary study provided good estimates of Rwp and c2

that could be reached during structure refinement (16.9% and 2.0
respectively). The structure was solved in the space-group P1̄. The gallium
positions were located using the program EXPO.18 The Reverse Monte
Carlo program ESPOIR19 was used to locate phosphorus and oxygen atoms
of the inorganic framework, with gallium atoms fixed at the positions found
by direct methods. The positions of the nitrogen and carbon atoms of the
1,3-diaminopropane and oxygen atoms of occluded water were found using
Fourier difference maps with the previously found atoms constrained. In the
final refinement cycle, atomic constraints on the inorganic macroanion (Ga–
O, P–O and O–O distance constraints) were removed. A two-phase
refinement was performed to account for the presence of the crystalline
impurity GaOOH and the refinement converged with agreement factors Rp

= 20.0%, Rwp = 18.4%, RB = 9.6% c2 = 2.8.
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Fig. 2 A polyhedral view of the structure of Ga(HPO4)2-
F·H3N(CH2)3NH3·2H2O along a. Dark grey polyhedra are {PO3OH}
tetrahedra and light grey polyhedra {GaO4F2} octahedra. Black circles are
carbon, and grey circles nitrogen. Occluded water molecules are not shown
for clarity. The unit cell is shown by the faint line.
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The synthesis and structural characterisation of a new Ni–Fe
amine–thiolate complex are described; its chemical proper-
ties are related to the active site of [NiFe] hydrogenase.

The active site of the [NiFe] hydrogenase from D. gigas consists
of a (cys-S)2Ni(m-cys-S)2XFe(CO)(CN)2 bimetallic complex1–3

that can exist in various redox states. Spectroscopic studies4 and
recent X-ray crystal structures of biological [NiFe] hydro-
genases in their reduced, active forms5 are indicative of changes
in the electron density of both active site metal ions. The
differences in the electron density could be due to the absence
of a third bridging ligand X (which is a putative O22 or OH2 ion
in the oxidized, inactive form) or by the electron count of the
Ni–Fe cluster. Despite the discovery of these active site
features, the mechanism of biological hydrogen activation is
still not well understood.6 Model compounds are therefore
being studied to understand the function of the more complex
enzymes.7 They also hold promise for cheap hydrogen catalysts,
for example, in solar energy conversion.3 Current studies focus
on mono- and binuclear Fe thiolate complexes with Fe(CO) and
Fe(CN) fragments8 and Ni thiolate complexes.9 However, only
a few relevant NiFe complexes have been described.10 We here
describe the syntheses, X-ray structure and properties of a new
heterobinuclear NiFe amine–thiolate complex which differs
from previous examples by its reversible redox reactions.

The new complex [NiIIFeII(L)]+ (1a, Scheme 1) was obtained
by reaction of [NiII(L)]2 (prepared in situ from the nonadentate
N6S3 ligand H3L·6HCl,11 NiCl2·6H2O, and NEt3) with one
equivalent of anhydrous FeCl2 in methanol. It was isolated as
the one-electron-oxidized form [NiIIFeIII(L)]2+ in {[NiII-
FeIII(L)]2Cl}[BPh4]3 (1b) by exposing the reaction mixture to
air and adding excess NaBPh4.§

Crystallographic characterization of complex 1b¶ confirmed
the crystal structure to consist of a face-sharing bioctahedral
NiFe complex, [NiIIFeIII(L)]2+. The different metal–ligand bond
lengths reflect the heterobinuclear nature of the C3-symmetric
complex (Fig. 1). It is assigned a NA3NiII(m-SR)3FeIIIN3 core

structure∑ as the average M–N and M–S bond lengths of the
NA3NiS3 site at 2.083(4) and 2.430(1) Å, respectively, match
more closely with those of related NiIIN3S3 complexes.11 The
short average M–N and M–S bond lengths of the other N3MS3
site at 2.047(4) and 2.291(1) Å confirm this assignment. These
distances are too short for an octahedral NiIIN3S3 complex, but
are in excellent accord with those of low-spin FeIII complexes in
an octahedral N3S3 environment.12–14 Preliminary results of
57Fe Mössbauer spectroscopic investigations also support this
oxidation state distribution (Fig. 2). At T = 298 K, 1b gives rise
to a single quadrupole doublet with d = 0.26 mm s21 and |DEQ|
= 1.47 mm s21, while at T = 77 K, d = 0.32 mm s21 and |DEQ|
= 1.83 mm s21. The temperature dependence of the quadrupole

† Electronic Supplementary Information (ESI) available: CV; Electronic
absorption, EPR and 57Fe Mössbauer spectra. See http://www.rsc.org/
suppdata/cc/a9/a908201h/
‡ Dedicated to Professor Dr H. Vahrenkamp on the occasion of his 60th
birthday.

Scheme 1

Fig. 1 Thermal ellipsoid plot of the [NiIIFeIII(L)]2+ cation (left) and
schematic representation of intermolecular hydrogen bonding interactions
(right) in 1b·12MeCN·H2O. tert-Butyl groups and hydrogen atoms are
omitted for clarity. Selected distances (Å) and angles (°): Ni–N(1) 2.083(4),
Ni–S(1) 2.430(1), Fe–N(2) 2.047(4), Fe–S(1) 2.291(1); Fe–S(1)–Ni
79.79(5). Symmetry codes used to generate equivalent atoms: 1 2 x, x 2 y,
z (A) and 1 2 x + y, 1 2 x, z (B).

Fig. 2 57Fe Mössbauer spectrum of 1b·12MeCN·H2O at 77 K (relative to a-
Fe).
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splitting is consistent with the presence of a low-spin FeIII

ion.
It should be noted that the Ni...Fe distance at 3.030(1) Å is

slightly longer than the Ni...Fe separation of 2.90 Å reported for
the as isolated, inactive form of [NiFe] hydrogenase. The wide
M–S–M angles [79.79(5)°], however, imply little, if any,
attraction between the metal atoms.14 The intermolecular
hydrogen bonding interactions found for 1b in the solid state are
also worth mentioning: a chloride ion links two [NiFe(L)]2+

dications via six equivalent N–H...Cl hydrogen bonding inter-
actions (N...Cl 3.208 Å). In the resulting LNiFe...Cl...FeNiL
subunit the intermolecular Fe...Fe and Ni...Ni distances are at
7.910(1) Å and 13.971(1) Å, respectively. It is unclear at present
whether this assembly is retained in solution.

The 77K EPR powder spectrum of 1b displayed a complex
multiplet centered at g ≈ 2 as the main component, a weaker
resonance was observed at g ≈ 4 (see ESI). Room temperature
magnetic susceptibility measurements revealed the complex to
be a paramagnetic species with meff = 2.3 mB. The results are
indicative of an S = 1

2 spin ground state which is most likely
attained by an intramolecular antiferromagnetic exchange
interaction between the NiII (S1 = 1) and low-spin FeIII (S2 = 1

2)
ions. A cyclic voltammogram of 1b in DMF solution displays
two electrochemically reversible one-electron steps at E1

1/2 =
+0.45 V [· E1/2(NiIIIFeIII/NiIIFeIII)] and at E2

1/2 = 20.43 V
[·E1/2(NiIIFeIII/NiIIFeII)] vs. SCE. The CV is significantly
different from those of homobinuclear complexes, [Ni2(L)]n+

and [Fe2(L)]n+,11 and unambiguously confirms the hetero-
binuclear nature of 1b.

There is a clearly discernible mutual influence of the
constituent FeIII and NiII ions on the respective MIII/II potentials.
Comparison with the electrochemical properties of homo-
dinuclear complexes [Ni2(L)]n+ and [Fe2(L)]n+ reveals that the
ferric ion raises the NiIII/II couple by ca. +400 mV to more
anodic potentials, whereas the divalent Ni ion shifts the FeIII/II

potential to more cathodic potentials. It is therefore plausible to
assume that the reverse effects would occur in a complex in
which E1/2(FeIII/II) > E1/2(NiIII/II), as for instance in the
hydrogenase active site. Since the strong field ligands CO and
CN2 keep the iron atom formally at the +II oxidation level, a
relatively low NiIII/II redox potential would result (at least for
the oxidised, inactive form of the enzyme).

Compound 1b is not a particularly close structural model of
the active site of [NiFe] hydrogenase (lack of Fe-bound CO and
CN2 ligands), however, it is an initial example for a thiolate-
bridged NiFe complex which can exist in several different
oxidation states. The effects of partial replacement of N or S
donors of H3L on the MIII/II potentials of heterobinuclear NiFe
complexes will be investigated in the future.

Financial support from the Deutsche Forschungsgemein-
schaft is gratefully acknowledged. The authors thank Professor
Dr C. Janiak for providing facilities for Mössbauer spectro-
scopic measurements.

Notes and references
§ An argon-purged solution of H3L·6HCl (96 mg, 0.10 mmol) and
NiCl2·6H2O (24 mg, 0.10 mmol) in methanol (10 mL) was treated with NEt3
(90 mg, 0.90 mmol) to give a pale green solution. FeCl2 (12.6 mg, 0.10
mmol) was then added. The mixture was stirred for 1 h under argon and then
for 2 h with exposure to air. The resulting green-black solution was filtered.
To the filtrate was added a solution of NaBPh4 (0.17 g, 0.50 mmol) in
methanol (1 mL). The green-black precipitate was isolated by filtration,
washed with methanol and air-dried. Recrystallisation from acetonitrile

afforded large single crystals of 1b·12MeCN·H2O (78 mg, 58%). CHN
analyses for {[NiFe(L)]2Cl}[BPh4]3 1b: found: C 68.23, H 6.57, N 5.97;
calc. for C154H186N12S6Ni2Fe2ClB3: C 68.65, H 6.96, N 6.24%.
¶ Crystal data for 1b·12MeCN·H2O: C178H224N24B3ClFe2Ni2S6O, Mr =
3205.21, hexagonal, space group R3̄c (no. 167), T = 180(2) K, m(Mo-Ka)
= 0.51 mm21, a = 19.849(3) Å, c = 79.08(2) Å, V = 26982(8) Å3, Z =
6; 54984 measured reflections, 7430 were unique [R(int) = 0.1943],
structure determined by direct methods in SHELXS 86,15 refinement with
SHELXL-93,15 R1, wR2 = 0.0687, 0.1675 [I > 2s(I)]. CCDC 182/1512.
See http://www.rsc.org/suppdata/cc/a9/a908201h/for crystallographic files
in .cif format.
∑ N and NA denote primary and secondary amine nitrogen atoms,
respectively.
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Treatment of Cp*IrCl(m-Cl)2IrCp*Cl (Cp* = h5-C5Me5)
with Li2Se4 gave a tetraselenide-bridged diiridium complex
Cp*Ir(m-Se4)2IrCp*, which reacted further with two equiv.
of Pd(PPh3)4 to afford a mixture of bimetallic tetra- and
penta-nuclear selenido clusters (Cp*Ir)2{Pd(PPh3)}2(m3-
Se)2(m2-Se) and (Cp*Ir)2{Pd(PPh3)}3(m3-Se)3(m3-Se2).

The chemistry of metal polysulfides has been progressing
rapidly owing to their potential as synthetic reagents or catalysts
as well as new materials. Stable polysulfide ligands are now
known to be isolable with a variety of ring sizes and
coordination modes,1 which include a novel bridging nona-
sulfide chain in Cp*Ir(m-SPri)2(m-S9)IrCp* (Cp* = h5-C5Me5)
prepared in this laboratory.2 Recently, the coordination chem-
istry of inorganic selenium and tellurium ligands has also been
attracting considerable attention.1b,3 Hence, our studies on
dinuclear noble metal–sulfur complexes consisting of half-
sandwich Cp*M units4 have been extended to related noble
metal–selenium compounds.5 Now we have found that reaction
of Cp*IrCl(m-Cl)2IrCp*Cl 1 with Li2Se4 gives a complex
containing a unique diiridium core bridged by two Se4 ligands,
Cp*Ir(m-Se4)2IrCp* 2.†

The structure of 2 has been determined in detail by X-ray
analysis (Fig. 1).‡ In 2, each of the Ir atoms has a chelating Se4

ligand and is further bonded to either an a- or b-Se atom in the
other Se4 ligand. The distance between the two 18-electron
Ir(III) centres is 4.179(3) Å. The Ir–Se bond lengths, varying
from 2.42 to 2.50 Å, are comparable to those in Cp*Ir-
(PMe3)(Se4) [2.468(2) and 2.472(2) Å]6 and slightly shorter
than that in [Ir(Me2PCH2CH2PMe2)2(Se4)]Cl [2.542(3) Å],7
while the Se–Se bond distances (2.28–2.41 Å) are unexcep-
tional when compared with those in chelating tri- to penta-
selenide ligands previously reported.3b,c The two IrSe4 planes
are folded and have envelope geometries. Thus, in the ring
consisting of Ir(1) and Se(1)–Se(4), the Ir(1), Se(1), Se(3) and
Se(4) atoms are almost coplanar within 0.003(4) Å while the
distance of Se(2) from this least-square plane is 1.31 Å. For the
other ring, the Se(6) atom is displaced 1.36 Å from the least-
square plane defined by the Ir(2), Se(5), Se(7) and Se(8) atoms
which show deviations of < 0.10(2) Å. The M(m-Se4)2M core
observed in 2 is unprecedented, although the sulfur analogue
has been demonstrated via the Rh complex Cp*Rh(m2-
S4)2RhCp* obtained from the reaction of Cp*2Rh2(CO)2 with
S8.8 More recently, the Ir complex Cp*Ir(m2-S4)2IrCp*, pro-
duced from the reaction of Cp*Ir(2,5-Me2C4H2S) with S8 has
been shown unequivocally to have a similar M(m-S4)2M core,9
while the complex generated by photolysis or thermolysis of
Cp*Ir(S4)(CO) was also formulated as Cp*Ir(m2-S4)2IrCp*
based on spectroscopic data.10§

Although structures and reactivities of mixed-metal chalco-
genido clusters are of particular interest, syntheses of mixed-
metal selenido or tellurido clusters are still poorly explored in
contrast to those of the corresponding sulfur compounds which
have progressed rapidly. Employment of polychalcogenido
complexes as precursors for synthesizing such clusters is
essentially unexplored except for the reactions of certain
dichalcogenido complexes with other low valent metal species
giving chalcogenido clusters through E–E bond scission (E =
S, Se or Te).11 Transformation of 2 into mixed-metal clusters
was therefore attempted, which led to the finding that when 2
was allowed to react with 2 equiv. of Pd(PPh3)4 in THF at room
temperature, two readily characterizable Ir–Pd–Se clusters,
(Cp*Ir)2{Pd(PPh3)}2(m3-Se)2(m2-Se) 3 and (Cp*Ir)2-
{Pd(PPh3)}3(m3-Se)3(m3-Se2) 4, were obtained in 11 and 12%
yields, respectively.‡¶ In contrast, analogous treatment of 2
with Pt(PPh3)4 did not afford any tractable products.

Cluster 3 (Fig. 2) has a tetrahedral Ir2Pd2 framework having
two capping selenido ligands on the Ir2Pd faces and one
bridging selenido ligand on the Pd–Pd bond. Among the six
edges of the Ir2Pd2 tetrahedron, only the Ir–Ir separation of
3.4733(5) Å corresponds to a non-bonding interaction. The Ir–
Se and Pd–Se bond lengths for the face-bridged Se(1) and Se(2)
atoms, which are in the range 2.445(1)–2.455(1) Å, are slightly
longer than the Pd(1)–Se and Pd(2)–Se distances for the edge-
bridged Se(3) centre at 2.389(1) and 2.373(1) Å, respectively,
and are not exceptional. In the 1H and 31P{1H} NMR spectra,
the protons of the two Cp* groups and the two P atoms appear

Fig. 1 Molecular structure of 2. Hydrogen atoms are omitted for clarity.
Selected bond distances (Å): Ir(1)–Se(1) 2.456(5), Ir(1)–Se(4) 2.468(5),
Ir(1)–Se(6) 2.423(4), Ir(2)–Se(1) 2.454(5), Ir(2)–Se(5) 2.423(5), Ir(2)–
Se(8) 2.496(5), Se(1)–Se(2) 2.405(7), Se(2)–Se(3) 2.285(7), Se(3)–Se(4)
2.309(8), Se(5)–Se(6) 2.312(7), Se(6)–Se(7) 2.391(7), Se(7)–Se(8)
2.325(7).
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as singlets, indicating a symmetrical structure with two mirror
planes for 3 in solution.

Fig. 3 shows the structure of 4,‡ whose core is composed of
the Ir2Pd2Se3 cluster framework of 3 as well as a triangular
Pd(3)–Se(4)–Se(5) unit bound to it at the Pd(3) and Se(4)
centres. The Se(4) atom is bound to Ir(2) and Pd(3) [2.472(1)
and 2.526(1) Å], and weakly to Pd(2) [2.8510(9) Å], but not to
Pd(1) [3.650(1) Å]. Owing to this unsymmetrical binding of the
Se2 ligand, no mirror plane exists for the cluster core and 1H and
31P NMR data are diagnostic of this structural feature. Metal–
metal single-bonds are observed only for each of the three edges
of the Ir(1)–Pd(1)–Pd(2) plane, although some bonding inter-
action may also be present between the Pd(1) and Pd(3) centres.
Ignoring these metal–metal interactions, the geometries around
Pd(1) and Pd(3) are distorted trigonal and square planar,
respectively, while the Pd(2) atom has a trigonal pyramidal
configuration with Se(4) at an apical position.

In summary, a diiridium complex 2 containing two bridging
Se4 ligands has been prepared and characterized. A study on the
reaction of 2 with Pd(PPh3)4 has verified that it serves as a
versatile precursor for preparing mixed-metal Ir–Pd–Se clus-
ters. It is of note that the sulfur analogue of 2, Cp*Ir(m-
S4)2IrCp*, did not give any characterizable products upon
analogous treatment with Pd(PPh3)4. The reactivity of 2 towards
other metal species as well as organic molecules is now under
investigation.

Financial support by the Ministry of Education, Science,
Sports, and Culture of Japan and The Iwatani Naoji Founda-
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Fig. 2 Molecular structure of 3. Hydrogen atoms are omitted for clarity.
Selected interatomic distances (Å): Ir(1)–Pd(1) 2.9399(8), Ir(1)–Pd(2)
2.9530(8), Ir(2)–Pd(1) 2.9079(8), Ir(2)–Pd(2) 2.8584(8), Pd(1)–Pd(2)
2.773(1), Ir(1)–Ir(2) 3.4733(5).

Fig. 3 Molecular structure of 4. Hydrogen atoms are omitted for clarity.
Selected interatomic distances (Å): Ir(1)–Pd(1) 2.8832(7), Ir(1)–Pd(2)
2.9175(8), Pd(1)–Pd(2) 2.7779(9), Ir(1)–Ir(2) 3.7640(4), Ir(2)–Pd(1)
3.9343(6), Ir(2)–Pd(2) 3.7644(7), Pd(1)–Pd(3) 3.079(9), Pd(2)–Pd(3)
3.2184(9).
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A spatially addressable combinatorial library of peptides,
based on cysteine containing phytochelatins, has been shown
to stabilize a variety of discrete CdS nanoclusters ranging in
size from 19 to 26 Å in diameter.

Quantum confined structures have elicited a great deal of recent
interest.1 An important class of these compounds is the II–VI
semiconductor nanoclusters exemplified by CdS. Although
there are a variety of excellent techniques for the synthesis of
these clusters, the use of thiolate ligands to cap the growing CdS
cluster in situ yields nanoclusters more resistant to aggregation
and more readily processable.1e Interestingly, a variety of yeast,
plants and bacteria use a class of cysteine containing peptides
known as phytochelatins to trap nearly monodisperse CdS
nanoclusters, thereby efficiently sequestering a large number of
cadmium ions per peptide.2 The sequence of the phytochelatins
is generally (g-GluCys)nGly, where n is the number of dipeptide
repeats.3 Comparisons between the (g-GluCys)2Gly peptide and
the more common a-peptide linkage show that (a-GluCys)2Gly
stabilizes smaller nanoclusters with higher band gap transitions
than those with g-linkages.4 To investigate the influence of
thiolate separation in multidentate capping peptides on the
stabilization of various populations of CdS nanoclusters, a
spatially addressable combinatorial library in which the spacer
amino acids have been systematically varied for the n3
phytochelatin, X-Cys-Y-Cys-Z-Cys-Gly, has been synthesized.
We report, herein, the analysis of those peptides that lie along
the library’s diagonal in which X, Y, and Z are equivalent amino
acids.

Based on the n3 phytochelatin sequence X-Cys-Y-Cys-Z-
Cys-Gly, the cysteine residues are kept constant, while the
spacer residues are varied over all combinations of the spacer
amino acids, resulting in an initial library of 125 peptide
ligands. The five selected spacer residues include a-Glu, g-Glu,
g-aminobutyric acid (GABA), SerGly and e-aminohexanoic
acid (e-Ahx). The spacer residues include natural and
non-natural amino acids having between 3 to 7 atoms in
the backbone and spanning an idealized extended Ca–Ca
distance between the cysteines ranging from 3.75 Å to 8.7 Å,
respectively.5 Additionally, the spacer residues provide a wide
range of hydrophilicity. The library was synthesized using
Chiron Technologies PepSets system.6 Peptide synthesis
yielded approximately 1 mmol of each target ligand. Control
peptides were greater than 97% pure by HPLC and mass
spectrometry (see Electronic Supplementary Information).

The peptides were reacted anaerobically with Cd2+ and S22

in aqueous Tris buffer (100 mM, pH 8.6) in a 1.25+1+1 ratio,
respectively, for 4 h.‡ Since all of the ligands in the library are
likely to stabilize CdS cluster formation, it is important that
multiple screens be applied to the reaction mixtures in order to
develop meaningful selection criteria for a specific nanocluster
characteristic. The resulting reaction mixtures were subjected to
an array of screens to assess size, monodispersity, photooptical
properties, photocatalytic potential and stability. The selected

screens encompass many of the most commonly cited critical
parameters for this class of compounds.1 It should be empha-
sized that the employed screens are designed to maximize the
information about any given peptide–cluster aggregation reac-
tion, not to definitively characterize the reaction product. The
results from the analysis of the library’s diagonal are given in
Table 1.

The UV-visible absorption spectra of the resulting nano-
clusters are shown in Fig. 1. The results indicate that each of the
examined peptides is capable of stabilizing discrete populations
of nanoclusters. The observed lmax for the absorption spectra of
the encapsulated (a-GluCys)3Gly/CdS (1) and (g-GluCys)3Gly/
CdS (2) clusters at 306 and 320 nm, respectively, correspond
well with previous reports for the in vitro synthesis of CdS
nanoclusters using these peptides obtained from solid-phase
peptide synthesis techniques or isolated from biological
sources.3 The absorption spectra for (GABACys)3Gly/CdS (3)
and (SerGlyCys)3Gly/CdS (4) reveal similar distributions of
clusters with lmax near 313 nm. The absorption spectrum of the
CdS clusters encapsulated by (e-AhxCys)3Gly (5) show two
distinct populations of clusters centered with lmax of 284 and
318 nm. Examination of 5 after 24 h shows a marked decrease
in the cluster populations with lmax centered near 282 and a new
major population with lmax centered at 338 nm. These results
suggest that the cluster populations observed for the capping
ligand (e-AhxCys)3Gly at 4 h represent intermediate metastable
clusters which over time aggregate into the final cluster.

The photophysical properties of synthetic semiconductor
nanoclusters are dictated by surface-mediated phenomena.1a,b

Ultraviolet irradiation of the individual reaction mixtures at the
respective absorption maxima resulted in luminescence in the
visible spectral region with emission maxima ranging from 410
to 460 nm (Electronic Supplementary Information). The
fluorescence behavior of clusters 1 and 2 is in good agreement
with previously reported values.3 Anaerobic excitation of all of
the peptide encapsulated CdS nanoclusters in the presence of
methyl viologen resulted in the reduction of the dye as
monitored by characteristic absorbances near 380 and 600 nm.
A significant back-reaction attributable to reoxidation of the dye
by trapped holes (h+) on the particle’s surface was also
observed (Electronic Supplementary Information). In contrast
to reports of glutathione (g-GluCysGly) stabilized CdS nano-

† Electronic supplementary information (ESI): Schematic representation of
the spatially addressable combinatorial library, HPLC, mass and fluor-
escence spectra, MV2+ assay, chromatograms, Mw calibration curve, model
of CdS–peptide cluster. See http://www.rsc.org/suppdata/cc/a9/a907178d/

Table 1 Results of combinatorial library screens

Peptidea labs, max/nm Rest
d/Å lem, max/nm

MV2+

assay
PNP
oxidation

ECGb 365 13.02 548 + +
ECECECG 306 10.43 400 + 2

eCeCeCG 320 10.97 408 + 2

gGCgCgCG 308 10.51 419 + 2

SGCSGCSGCG 302 10.29 422 + 2

hChChCGc 284 9.65 423 + 2

318 10.89 426
a e, g-Glu; E, a-Glu; g, GABA; h, e-Ahx; S, Ser; G, Gly. b These results are
consistent with those reported in refs. 2, 7 and 8. c After 24 h reaction time
lmax was 338 nm. Rest was 11.7 Å. All other reactions were unchanged after
24 h. d Ref 11.

This journal is © The Royal Society of Chemistry 2000
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clusters,7,8 none of the examined nanoclusters were competent
photocatalysts for the oxidative degradation of p-nitrophenol
(PNP).

Each reaction mixture was examined for dispersity by size
exclusion chromatography (Electronic Supplementary Informa-
tion).9 Chromatographic analysis of 1 and 2 revealed one major
nanocluster containing fraction each, with an absorption
maxima and full width at half maximum (FWHM) of the
absorption peak essentially unchanged from that of the reaction
mixture. Chromatograms of 3 and 4 had one major nanocluster
fraction each, with a significant red shift in both the absorption
maxima by 4 and 13 nm, respectively, and a 10–17% change in
the absorption peak’s FWHM. The resulting red shift is
indicative of the separation of some fraction of smaller CdS
clusters. The chromatogram of 5 resolved two major nano-
cluster fractions, the first containing only clusters with lmax of
284 nm, while the second peak was a mixture of clusters with
lmax at 284 and 318 nm. The ratio of the two cluster populations
is significantly altered from the crude reaction mixture
demonstrating that two clusters are in fact being resolved. The
chromatographic analysis clearly reveals that increasing the
degree of rotational freedom within the spacer residue of the
trapping ligand decreases the monodispersity of the resulting
nanoclusters at the arbitrarily fixed end-point of the assay.

To verify the size of the resulting peptide-encapsulated CdS
nanoclusters, a simplified compositional model of 1 and 2 was
constructed using the methods of Dameron and Dance.10 The
model for the CdS core assumes an approximately equidimen-
sional fragment of the cubic (sphalerite) lattice.§ The sizes of
the CdS cores were estimated from the UV-vis spectra using
Brus’ effective mass model.11 With a limiting cluster size, the
number of peptides coating the particle was extrapolated from
an analysis of S atom coordination. Based upon these models,
the combined molecular weight of the peptide coat and CdS
core was determined to be approximately 28 000 Da for
nanoclusters 1 and 2. The observed molecular weights from
size-exclusion chromatographic analysis for 1 (30 137 + 5%
Da) and 2 (28 438 + 5% Da) are in excellent agreement with this
simplified compositional model. Similar modeling of clusters
3–5 is currently underway.

Through the use of a spatially addressable combinatorial
library of peptide ligands inspired by the known phytochelatin
sequence, peptide-coated CdS quantum-confined clusters have
been synthesized. Analysis of the library’s diagonal shows that
the cluster size increases with the number of spacer bonds
between the cysteine residues from 19.2 Å diameter for the
peptide chelate (a-GluCys)3Gly to 23.4 Å diameter for (e-
AhxCys)3Gly, resulting in a series of robust, photo-reductive
clusters. The mechanism of size stabilizing selectivity is
probably mediated by those peptides and/or peptide–(Cd2+)n

complexes that trap growing nanoclusters when the surface of
the aggregate presents sites which match the conformational
spacing of the peptide or peptide complex. Such a mechanism,
analogous to those proposed for the in vivo response of CdS
sequestering organisms,2 has important ramifications in the
ability to control aggregation. From the perspective of the
trapping moiety, it predicts that those peptides with greater
degrees of rotational freedom in the peptide backbone may trap
a variety of intermediate cluster sizes that are metastable due to
steric crowding of the surface peptide coat and non-optimal
surface coordination. From the perspective of the growing
cluster, a trapping mechanism leads to stabilization of inter-
mediate clusters with coordinatively unsaturated Cd2+ or S22

ions that are shielded by the packing of the surface peptide coat.
Such intermediate clusters eventually aggregate to more
optimal sizes and surface coordination. This trapping termina-
tion of the growing aggregate is consistent with the intermediate
clusters observed in the formation of 5, as well as the increase
in dispersity for those clusters encapsulated by peptides with
greater degrees of rotational freedom. The complete analysis of
the entire library is expected to produce important conceptual
information about chelate features and lattice matching critical
for the stabilization of CdS nanoclusters of specific size.

Notes and references
‡ The peptide (1 mmol) was disolved in 100 mL DMSO + 900 mL 0.1% TFA
solution. In a 4 mL septum sealed vial, 250 mL peptide (1 mM) solution, 100
mL CdCl2 (2 mM, 0.01 M HCl) solution and 1550 mL Tris (0.1 M, pH 8.5)
were combined. With stirring, 100 mL aqueous Na2S solution (2 mM) was
added dropwise to the reaction mixture. After 4 h, the reaction solution was
filtered through a 0.2 mm PVDF syringe filter for analysis.
§ The CdS lattice was constructed using the crystal builder feature of MOE
(Chemical Computing Group, Inc., http://www.chemcomp.com). The
lattice parameters used were space group F4̄3M with a = b = c = 5.832 Å
and a = b = g = 90°. The unique Cd position was (0,0,0) and the unique
S position was (0.25, 0.25, 0.25). The sphere was cut from a 6 3 6 3 6
supercell using the proximity feature of MOE.

1 (a) M. Gratzel, Acc. Chem. Res., 1981, 14, 376; (b) H. Weller, Angew.
Chem., Int. Ed. Engl,, 1993, 32, 41; (c) G. Stucky and J. MacDougall,
Science, 1990, 247, 664; (d) C. B. Murray, D. J. Norris and M. G.
Bawendi, J. Am. Chem. Soc., 1993, 115, 8706; (e) C. J. Murphy,
J. Cluster Sci., 1996, 7, 341.

2 (a) R. N. Reese and D. R. Winge, J. Biol. Chem., 1988, 263, 12 832;
(b) R. N. Reese, C. A. White and D. R. Winge, Plant Physiol., 1992, 98,
225; (c) C. T. Dameron, B. R. Smith and D. R. Winge, J. Biol. Chem.,
1989, 264, 17 355; (d) C. T. Dameron and D. R. Winge, Inorg. Chem.,
1990, 29, 1343; (e) D. R. Winge, C. T. Cameron and R. K. Mehra, in
Metallothioneins: Synthesis, Structure, and Properties of Metal-
lothioneins, Phytochelatins, and Metal Complexes,  ed. M. J. Stilman,
C. F. Shaw and K. T. Suzuki, VCH, New York, 1992, p. 257.

3 (a) E. Grill, E.-L. Winnacker and M. H. Zenk, Science, 1985, 230, 674;
(b) W. E. Rauser, Annu. Rev. Biochem., 1990, 59, 61. The number of
dipeptide (g-GluCys) repeats in phytochelatins typically ranges from 2
to 13. The number of dipeptide repeats commonly observed in the
capping of CdS nanoclusters is 2 to 4.

4 (a) C. T. Dameron and D. R. Winge, Trends Biotechnol., 1990, 8, 3;
(b) W. Bae and R. K. Mehra, J. Inorg. Biochem., 1997, 201.

5 The Ca–Ca distance is based on an extended conformation.
6 The Chiron Mimetope and PepSets technology (Chiron Technologies,

San Diego, CA) has recently been reviewed by M. C. Pirrung, Chem.
Rev., 1997, 9, 473.

7 L. Nguyen, R. Kho, W. Bae and R. K. Mehra, Chemosphere, 1999, 38,
155.

8 W. Bae and R. K. Mehra, J. Inorg. Biochem., 1998, 69, 33.
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Fig. 1 UV-vis absorption spectra of the peptide–CdS cluster reaction after
4 hours. ––––– 1, — — — 2, – . – . 3, – – – – 4, – . . – 5. Insert shows – . . – 5
after 4 hours and –––– 5 after 24 hours.
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Two new methods for the formation of CpRe(CO)3 substi-
tuted steroids are presented; both imply a one-pot procedure
involving a transmetallation process.

The emergence of bioorganometallic chemistry1 has benefited
from the enormous amount of synthetic work that has been done
to prepare all kinds of organometallic compounds over the last
half-century. However, access to compounds for use in
bioorganometallic chemistry is not always achieved merely by
adopting synthetic methods used in classical organometallic
chemistry. This is particulary true in the challenging area of low
valent organometallic radiopharmaceuticals of 186Re, 188Re and
99mTc2 which requires the devising of new reactions in order to
introduce the radioactive element onto the bioligand in the last
step of the process. The fixation of a small, compact, robust and
non polar substituted cyclopentadienyltricarbonylrhenium unit
[CpRe(CO)3] appears to be a strategic objective with this
respect. In this field, we previously reported the synthesis of a
large number of substituted steroids. Among them, a non-
radioactive CpRe(CO)3 oestradiol derivative has been shown to
have an excellent binding affinity for the oestrogen receptor
(ER) when fixed at the 17a position.3 We present here another
route to attach this organometallic unit based on the introduc-
tion of fulvenes in other selected positions of steroids, which
allows the introduction of the CpRe(CO)3 fragment in the last
step of the synthesis.

Fulvenes are easier to characterize and synthesize than the
corresponding cyclopentadienes, which are often not stable and
exist as mixtures of isomers.4 As a source of rhenium we chose
bromorhenium pentacarbonyl [BrRe(CO)5] which can be used
in a transmetallation process leading to substituted CpRe(CO)3.
Furthermore, we recently reported5 a mild one pot access to this
reagent starting from ammonium perrhenate, a ReVII precursor
which is easily accessible in radioactive forms.6,7

In a preliminary study, we began with cholest-4-en-3-one 1.
This compound was first submitted to the conditions reported
by Little and Stone8 for other substrates, to afford the
corresponding fulvene 2 in less than 30% yield (Scheme 1).
These results were attributed to the poor solubility of starting
materials in MeOH. A thorough screening of solvents showed
that the use of CH2Cl2 as cosolvent (MeOH–CH2Cl2 = 1+1)
greatly enhanced yield (up to 70%) for the formation of 2.

According to path (a) fulvene 2 was treated with MeLi in
toluene at 278 °C and warmed to room temperature for 3 h. The
resulting intermediate 3 was then submitted to transmetallation
conditions9—BrRe(CO)5 was added and the reaction mixture
was heated to reflux for 15 h. Under these conditions, two
diastereomers 5a/b were produced in a 2+1 ratio in 39% yield
which are distinguished by their relative configuration at the
newly formed stereogenic center (steroid carbon center C-3).
The major product was crystallized from CH2Cl2–hexane. An
X-ray structural analysis shows that the newly introduced
methyl substituent is attached to the a face of the steroid
framework (Fig. 1).†

According to path (b), the fulvene 2, KH and BrRe(CO)5
were heated (110 °C) in a mixture of THF and toluene for only

1.6 h to give, after flash chromatography, the substituted
CpRe(CO)3 6 in 67% yield.‡ No products resulting from the

Scheme 1
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deprotonation of the C-2 position were isolated using these
conditions. In both cases, longer reaction times did not improve
the yield, probably because of the degradation of the starting
materials.

This second strategy was applied to the synthesis of an
oestradiol derivative (Scheme 2). Thus, the fulvene 7, obtained
from the corresponding 6-oxoestradiol,10 was submitted to the
conditions of path (b). An acidic work up (MeOH, cat. TsOH)
gives access to 8, the first oestradiol derivative bearing an
organometallic unit at the C-6 position. The relative binding
affinity (RBA) of this complex for the ER was measured on
lamb uterine cytosol according to a previously reported
procedure.11 Compound 8 is still recognized by the ER even if
the RBA value is low (0.5%). This result confirms that a bulky
substitution at C-6 induces a dramatic decrease in the affinity of
the modified hormone for the ER.12–14

In conclusion, the results presented illustrate a new route to
CpRe(CO)3 substituted steroids. They show that (i) the
introduction of the metal carbonyl unit on a steroid in the last
step of the synthesis is possible [for this purpose, fulvenes are
more interesting than the corresponding cyclopentadienes
because of the great number of products accessible according to
the conditions (basic versus nucleophilic) used] and (ii)
BrRe(CO)5 is a suitable precursor for the elaboration of
CpRe(CO)3 units in organic solvents.15 We thus hope that this
new strategy will greatly enhance progress in the area of
organometallic radiopharmaceuticals.

F. L. B. thanks the Société de Secours des Amis des Sciences’
for his fellowship

Notes and references
† Crystal data for 5a: C36H51O3Re, M = 717.97, monoclinic, a = 14.992,
b = 7.18410(10), c = 15.4819(2) Å, U = 1665.98(3) Å3, T = 296 K, space
group P21, Z = 2, m = 3.679 mm21, 11750 reflections measured, 8046
unique (Rint = 0.0457) which were used in all calculations. The final
wR(F2) was 0.003 (all data). The molecular structure shows clearly that the
organorhenium moiety is on the b face of the hormone. CCDC 182/1516.
See http://www.rsc.org/suppdata/cc/a9/a908481i/ for crystallographic data
in .cif format.
‡ Procedure for the preparation of 6: The reaction was carried out in a
flame-dried flask, under argon. Fulvene 2 (0.108 g, 0.25 mmol), KH (0.012
g, 0.3 mmol) washed twice with pentane and BrRe(CO)5 (0.122 g, 0.3
mmol) in THF–toluene (2 ml/2 ml) were heated at reflux for 1.6 h. The
reaction mixture was cooled to room temperature and diluted in CH2Cl2 (20
ml). The organic layer was washed with brine (2 3 20 ml), dried (MgSO4),
filtered and concentrated. Purification by flash chromatography (CH2Cl2–
pentane = 95+5) afforded 6 (0.118 g, 67%) as a white solid. Selected data
for 6: dH (200 MHz, CDCl3) 6.26 (1H, sl), 5.6–5.5 (3H, m), 5.2–5.3 (2H, m),
2.4–0.9 (29H, m), 0.95 (3H, s), 0.91 (3H, s), 0.87 (3H, s), 0.73 (3H, s); dC

(50 MHz, CDCl3) 194.4, 141.1, 126.7, 126.6, 124.8, 110.7, 84.4, 83.2, 79.8,
79.4, 56.8, 56.1, 48.1, 42.4, 39.7, 39.5, 36.2, 35.8, 34.9, 33.4, 32.0, 31.7,
28.2, 28.0, 24.6, 24.1, 23.8, 22.8, 22.5, 21.0, 19.0, 18.7, 12.0; nmax(KBr)/
cm21 2950–2850, 2020, 1900, 1466, 822; m/z 702, 614, 441 (Calc. for
C35H47O3Re+C, 59.89; H, 6.75. Found: C, 59.76; H, 6.89%).
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Fig. 1 X-Ray structure of 5a.
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A new water-insoluble polymer solid photosensitizer, pre-
pared from an aluminium(III) tetracaboxyphthalocyanine
and poly(styrene-co-chloromethylstyrene), has a photo-
sensitizing ability for the photo-oxidation of phenol with
singlet oxygen.

The photo-oxidation reactions of sulfides,1,2 thiols,3,4 phe-
nols5–7 and other organic compounds8–11 have been reported
using various low molecular weight photosensitizers such as
Rose Bengal, Methylene Blue, porphyrins and phthalocyanines.
Although these photosensitizers show high reaction activity,
they are difficult to remove from the reaction cell because they
are homogeneous. The use of polymer solid photosensitizers is
expected to overcome this problem. Compared with low
molecular weight photosensitizers, however, there are few
reports on the application of polymer solid photosensitizers to
photo-oxidation reactions.12–14 Here, we describe the synthesis
and characterization of a new water-insoluble polymer solid
photosensitizer prepared from an aluminium(III) tetracaboxy-
phthalocyanine and poly[(styrene)-co-(4-chloromethylstyrene)]
(polymer-AlPTC). Furthermore, the photo-oxidation of phenol
is investigated in aqueous solution.

The poly[(styrene)-co-(4-chloromethylstyrene)] (St-co-
CMSt) was prepared by free-radical copolymerization of
styrene and 4-chloromethylstyrene with benzoyl peroxide as
initiator in bulk. The degree of copolymerization was styrene-
+chloromethylstyrene = 0.8+0.2 (molar percentage), deter-
mined by elemental analysis and 1H NMR. Gel permeation
chromatography (GPC) measurements using polystyrene stan-
dards showed an average molecular weight of 8.0 3 104. The
preparation of polymer-AlPTC was carried out as follows. St-
co-CMSt (2.0 g) and aluminium(III) tetracarboxyphthalocya-
nine3 (0.05 g) were heated at 90 °C for 24 h under a nitrogen
atmosphere in a mixture of freshly distilled DMSO (20 ml) and
acetone (10 ml). An excess of pyridine (20 ml) was added, and
the heating was continued for 24 h. After the unreacted pyridine
and acetone were completely removed by evaporation, the
solution was slowly poured onto vigorous stirring Et2O. The
light green precipitate was filtered, washed with Et2O, and then
dried in vacuo for 12 h. The pure polymer-AlTPC, which is
identified by elemental analysis, FTIR, and absorption spectrum
measurements,15 is shown below.

The absorption spectrum of the polymer-AlPTC in DMF
showed an absorption maximum at 688 nm with a molecular

absorption coefficient of ca. 40 000 in the visible region, which
almost corresponded with that of AlPTC.3 Although the
copolymer of styrene and pyridiniomethylstyrene, correspond-
ing to the parent copolymer of the polymer-AlPTC, is water-
soluble, the polymer-AlPTC is water-insoluble. This is because
the polymer-AlPTC has a structure which is partially bridged by
AlPTC.

The photo-oxidation experiments were performed at 25 °C in
an oxygen-saturated aqueous solution of pH 7, adjusted using a
KH2PO4/Na2HPO4 buffer. A sample tube containing 2.0 3
1026 mol dm23 AlPTC or 0.84 mg polymer-AlPTC film (the
same molarity as AlPTC) and 2.0 3 1024 mol dm23 phenol in
aqueous solution (3 ml) was bubbled with oxygen for 10 min,
and the capped sample solution was irradiated with a 300 W
slide projector equipped with a UV cut-off filter (l > 440 nm).
The reaction was monitored by UV–VIS absorption spectrum
measurements and also followed by GC and FTIR analyses.

Upon visible light irradiation of an oxygen-saturated aqueous
solution of phenol and polymer photosensitizer, a new absorp-
tion band around 248 nm, characteristic for 1,4-benzoquinone
(BQ),14 increased. Fig. 1 shows the absorption spectral change
in the heterogeneous reaction solution upon visible light
irradiation at pH 7, and the initial formation rates of 1,4-benzo-
quinone are summarized in Table 1 In the presence of NaN3 as

Fig. 1 Absorption spectral changes in an aqueous solution of polymer-
AlPTC and phenol at pH 7 upon visible light irradiation. Inset: differential
absorption spectral changes.

Table 1 Initial formation rates at pH 7 for polymer-AlPTC and AlPTC
systems

Initial ratea/mol
dm23 min21 [BQ]b/mol dm23

Polymer-AlPTCc 1.05 3 1026 3.39 3 1025

NaN3
cd 1.71 3 1029 2.03 3 1027

Under Ar — —
AlPTC — —

a Experimental errors are within ±5%. b After irradiation for 120 min. c In
oxygen-saturated aqueous solution. d [NaN3] = 2.0 3 1024 mol dm23.

This journal is © The Royal Society of Chemistry 2000
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a singlet oxygen quencher, the reaction rate and the amount of
BQ formed are very small, and BQ does not form under Ar.
Moreover, the absorption spectral change was not observed in
the dark. These facts indicate that the present reaction is induced
by excitation of the sensitizer itself and is the oxidation of
phenol with singlet oxygen generated as shown in Scheme 1.
Surprisingly, the photo-oxidation reaction using AlPTC photo-
sensitizer, corresponding to the low molecular weight model
complex, did not occur in a homogeneous aqueous solution at
pH 7.16 The polymer-AlPTC has hydrophobic segments
(styrene residues) and positively charged segments (pyridinium
residues) in the polymer backbone. These residues would
concentrate phenol and/or phenoxide anion through hydro-
phobic and electrostatic attraction. Furthermore, the polymer-
AlPTC can be readily separated by filtration from the reaction
solution.

This work was supported by a Grant-in-Aid for COE
Research (10CE2003) by the Ministry of Education, Science,
Sports and Culture of Japan.
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1 W. Spiller, D. Wöhrle, G. Schulz-Ekloff and J. Stark, J. Photochem.

Photobiol., 1996, 95, 161.
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3 G. Schneider, D. Wöhrle, W. Spiller, J. Stark and G. Schulz-Ekloff,
Photochem. Photobiol., 1994, 60, 333.
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Macrocycles containing a redox-active tetrathiafulvalene
unit together with a phenanthroline ligand are able to
recognise different metal ions (Cu+, Ag+ and Li+) when part
of a precatenate complex.

The redox responsive unit tetrathiafulvalene (TTF) has been
incorporated into a number of oxygen, nitrogen and sulfur based
crown ethers, resulting in sensors that are able to recognise
alkali metal ions as well as silver and barium ions.1 The strategy
of using the templating abilities of Cu+ to coordinate two
phenanthroline ligands in a tetrahedral complex, originally
developed by Sauvage and coworkers,2 has been employed to
prepare a TTF-containing Cu(I)-catenate.3 Using this same
strategy, we now report the use of TTF as a sensor unit for the
metal ions Cu+, Ag+ and Li+ in precatenate complexes (5a,b,
7).

Synthesis of TTF–phenanthroline macrocycles 4a,b were
accomplished, using a modified procedure,2 according to the
route outlined in Scheme 1. First, p-anisyllithium was prepared
by lithiation of p-bromoanisole using ButLi and it was
subsequently treated with 1,10-phenanthroline, affording a
disubstituted tetrahydrophenanthroline derivative. Re-aromati-
sation upon treatment with MnO2 afforded 2,9-di(p-methox-
yphenol)-1,10-phenanthroline. Cleavage of the methylphenyl
ether proceeded almost quantitatively in a reaction with
anhydrous pyridinium hydrochloride, and after neutralisation
with NaOH the diphenol 2 was isolated. O-alkylation of 2 with
the TTF–diiodide 34 under high-dilution conditions in the
presence of Cs2CO3 gave the TTF–phenanthroline macrocycles
4a,b in yields of 50–60%.

To a 1+1 mixture of the macrocycle and a metal salt, either
Cu(CH3CN)4BF4, AgBF4, NiSO4·7H2O or LiPF6, in CH2Cl2–

CH3CN (1+1) was added one equivalent of the molecular thread
2 dissolved in a very small amount of DMF (Scheme 2). In order
to ensure the highest possible degree of complexation, the
mixture was stirred overnight and then concentrated in vacuo to
the solid complexes 5a,b. The macrocycle 6 and its Cu+

precatenate 7 were prepared in a similar manner.

The isolated complexes were first studied by 1H NMR
spectroscopy.† Significant chemical shift changes relative to the
free macrocycle were observed for the aromatic protons of 5a,b
when M+ = Cu+, Ag+ or Li+ and for 7(Cu+) (Table 1). In
particular, a ca. 1 ppm upfield shift of the eight ortho and meta
phenolic protons on the macrocyclic unit confirmed that the
complexations had occurred nearly quantitatively for these
three metal ions, however, integration of signals were compli-

Scheme 1 Reagents and conditions: i, ButLi (2.5 equiv.), Et2O, 230 °C; ii,
1,10-phenanthroline (0.27 equiv.), toluene, room temp.; iii, MnO2, CH2Cl2,
room temp.; iv, C5H5N, conc. HCl, 210 °C; 39% (4 steps); v, Cs2CO3 (3
equiv.), DMF, 60 °C, 50–60%.

Scheme 2 Reagents and conditions: i, MX (1 equiv.) [Cu(CH3CN)4BF4,
AgBF4, NiSO4·7H2O or LiPF6], CH2Cl2–CH3CN (1+1), room temp.; ii,
2,9-(p-hydroxyphenyl)-1,10-phenanthroline (1 equiv.)/DMF, room temp.

Table 1 Selected 1H NMR chemical shiftsa in CDCl3–CD3CN (1:1)

Compound dHm 2D(dHm)/ppm dHo 2D(dHo)/ppm

4a 7.17 — 8.44 —
5a(Cu+) 6.00 1.17 7.38 1.06
5b(Ag+) 6.20 (br) ~ 0.97 7.50 (br) ~ 0.94
5b(Li+) 6.13 (br) ~ 1.04 7.35 (br) ~ 1.09
5b(Ni2+) 7.16 0.01 8.47 20.03
6 7.22 — 8.46 —
7(Cu+) 5.97 1.25 7.26 1.20
a For 7: values from the macrocyclic unit; for 5a,b: average values from
the macrocyclic and thread units.
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cated by rather broad signals for both the Ag+ and Li+
precatenates. A purity of ca. 95% is estimated for the isolated
complex 7(Cu+) from its relatively simple 1H NMR spectrum
(devoid of cis/trans isomerism). No significant changes in the
proton resonances of the macrocyclic unit were observed for the
isolated product containing Ni2+, indicating that the Ni2+-
precatenate had not been formed at all. This zero-yield is
probably a result of the reluctance of a Ni2+ complex to adopt
the tetrahedral geometry enforced by the precatenate struc-
ture.

Both MALDI and ESI mass spectrometry are useful tech-
niques for characterising precatenates of this type. Studies on
the Cu+ based precatenates show that an applicable amount of
the complex is transferred to the gas phase without dethreading.
Thus, the mass spectra of 5a(Cu+) and 7(Cu+) reveal a peak at
m/z 1291 (z = 1) which can be assigned to the singly charged
Cu+ containing precatenate (without the BF4

2 counter ion).
However, fragmentation peaks corresponding to the dethreaded
macrocycle with and without Cu+ are also seen.

The redox behaviour of the complexes was studied by cyclic
voltammetry and differential pulse voltammetry.5 The voltam-
mograms of the precatenate 5a(Cu+) (Fig. 1(a),(b)) show large
anodic shifts relative to the free macrocycle of both the first and
second TTF redox potentials as a result of the electrostatic
influence exerted by the metal ion (Table 2). In between the two
TTF oxidations, Cu+ is oxidised to Cu2+. The generated Cu2+ is
not expelled but maintained in the complex since the second
TTF oxidation is also affected by the presence of a positively
charged metal center. It is noteworthy that the cyclic voltammo-
gram of 5a(Cu+) shows the three redox processes to be
reversible.

For 5b(Ag+) the two TTF oxidations are also shifted to higher
potentials, which indicates that the Ag+ ion is also complexed
after the first TTF oxidation. However, even though the 1H
NMR spectrum in CDCl3–CD3CN (1+1) showed clear evidence
for the formation of the 5b(Li+) precatenate, the TTF redox
potentials were almost unaltered according to differential pulse

voltammetry. Thus, it seems that the precatenate is disrupted in
the relatively polar solvent (0.1 M NBu4PF6 in CH2Cl2) used for
the electrochemical studies. In agreement with this observation,
Sauvage and coworkers found that the Li+ complex was
unstable in the polar solvent DMF.6 For 7(Cu+) the first TTF
oxidation is significantly shifted, whereas the second is less
influenced.

In conclusion, we have investigated the ability of TTF–
phenanthroline macrocycles to form precatenate complexes
with different metal ions. The appearance of large shifts in the
two TTF redox potentials for the Cu+ and Ag+ complexes
demonstrates the advantage of employing such macrocycles as
possible redox responsive sensors for transition metal ions.

Notes and references
† Selected data for 6: dH(250 MHz, CDCl3–CD3CN 1+1): 8.46 (d, J 8.9 Hz,
4H, Ho), 8.35 (d, J 8.5 Hz, 2H, H4/7), 8.14 (d, J 8.5 Hz, 2H, H3/8), 7.82 (s,
2H, H5/6), 7.22 (d, J 8.9 Hz, 4H, Hm), 4.34 (t, J 4.9 Hz, 4H, OCH2), 3.85 (t,
J 4.9 Hz, 4H, OCH2), 3.79 (t, J 6.4 Hz, 4H, SCH2), 3.08 (t, J 6.4 Hz, 4H,
SCH2), 2.24 (s, 6H, SCH3); MS(PD): m/z 865 (M+). Calc. for
C40H36N2O4S8: C, 55.53; H, 4.19; N, 3.24. Found: C, 55.33; H, 4.11; N,
3.16%. For 7(Cu+)BF4

2: dH (250 MHz, CDCl3–CD3CN 1+1): d 8.63 (d, 2H,
J 8.4 Hz, H4’/H7’), 8.53 (d, 2H, J 8.4 Hz, H4/H7), 8.24 (s, 2H, H5’/H6’), 8.05
(s, 2H, H5/H6), 7.88 (d, 2H, J 8.6 Hz, H3’/H8’), 7.85 (d, 2H, J 8.6 Hz, H3/H8),
7.41 (d, 4H, J 8.6 Hz, Ho’), 7.26 (d, 4H, J 8.6 Hz, Ho), 6.86 (s, 2H, OH), 5.98
(d, 4H, J 8.6 Hz, Hm’), 5.97 (d, 4H, J 8.6 Hz, Hm), 3.74 (t, 4H, J 6.2 Hz,
OCH2), 3.53 (2 3 t, 8H, J 5.0 Hz, OCH2), 3.26 (t, 4H, J 6.2 Hz, SCH2), 2.41
(s, 6H, SCH3); MS(ES): m/z 1291 (M2BF4)+.

1 T. Jørgensen, T. K. Hansen and J. Becher, Chem. Soc. Rev., 1994, 23, 41;
M. B. Nielsen and J. Becher, Liebigs Ann., 1997, 2177; R. Dieing, V.
Morrison, A. J. Moore, L. M. Goldenberg, M. R. Bryce, J.-M. Raoul,
M. C. Petty, J. Garín, M. Savirón, I. K. Lednev, R. E. Hester and J. N.
Moore, J. Chem. Soc., Perkin Trans. 2, 1996, 1587; F. Le Derf, M. Sallé,
N. Mercier, J. Becher, P. Richomme, A. Gorgues, J. Orduna and J. Garin,
Eur. J. Org. Chem., 1998, 1861; F. Le Derf, M. Mazari, N. Mercier, E.
Levillain, P. Richomme, J. Becher, J. Garín, J. Orduna, A. Gorgues and
M. Sallé, Chem. Commun., 1999, 1417; H. Liu, S. Liu and L. Echegoyen,
Chem. Commun., 1999, 1493.

2 C. O. Dietrich-Buchecker, P.A. Marnot and J.-P. Sauvage, Tetrahedron
Lett., 1982, 23, 5291; C. O. Dietrich-Buchecker and J.-P. Sauvage, Chem.
Rev., 1987, 87, 795.

3 T. Jørgensen, J. Becher, J.-C. Chambron and J.-P. Sauvage, Tetrahedron
Lett., 1994, 35, 4339.

4 Compound 3 was prepared according to a general procedure: M. B.
Nielsen, Z.-T. Li and J. Becher, J. Mater. Chem., 1997, 7, 1175.

5 For comparison to polymetallorotaxanes based on a bipyridine thiophene
backbone, see: S. S. Zhu and T. M. Swager, J. Am. Chem. Soc., 1997, 119,
12 568.

6 C. Dietrich-Buchecker, J.-P. Sauvage and J.-M. Kern, J. Am. Chem. Soc.,
1989, 111, 7791.
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Fig. 1 (a) Cyclic voltammogram (scan rate 100 mV s21) and (b) differential
pulse voltammogram of 4a (—) and 5a(Cu+)BF4

2 (····) in CH2Cl2
containing 0.1 M NBu4PF6.

Table 2 Differential pulse data (vs. Ag/AgCl) in CH2Cl2 containing 0.1 M
NBu4PF6

Compound
Eox

1/V
(TTF·+/TTF+) DEox

1/V
Eox

2/V
(TTF·+/TTF2+) DEox

2/V

4a 0.49 — 0.75 —
4b 0.53 — 0.78 —
5a(Cu+)a 0.56 0.07 0.82 0.07
5b(Ag+) 0.58 0.05 0.85 0.07
5b(Li+) 0.54 0.01 0.79 0.01
6 0.44 — 0.80 —
7(Cu+)b 0.54 0.10 0.83 0.03
a Eox(Cu+/Cu2+) = 0.70 V. b Eox(Cu+/Cu2+) = 0.69 V.
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The new Cp*Ru complexes [Cp*Ru(h4-
MeCHNCHCHNCHCO2H)]+X2 (X2 = CF3SO3

2 or
[B{C6H3(CF3)2-3,5}4]2) are very effective catalysts for the
hydrogenation of sorbic acid to cis-hex-3-enoic acid and of
sorbic alcohol to cis-hex-3-en-1-ol (leaf alcohol) under mild
conditions in liquid two-phase systems.

When sorbic acid 1, a widely used preservative, or sorbic
alcohol are hydrogenated, different products might occur. The
mono-unsaturated products are of technical interest for the
production of fragrances and vitamins.1 This work focuses on
the stereoselective preparation of cis-hex-3-enoic acid 2 [eqn.
(1)] and of cis-hex-3-en-1-ol 3, a fragrance commercialized as
‘leaf alcohol’.

In early studies Frankel and coworkers showed that me-
thylsorbate and sorbic alcohol can be catalytically hydrogenated
by chromium(0) carbonyl compounds with high selectivities to
methyl-cis-hex-3-enoate and to cis-hex-3-en-1-ol, respective-
ly.2a–d Unfortunately the reaction only works with sorbic acid
esters and sorbic alcohol but not with the cheaper sorbic acid 1,
and one must use toxic chromium catalysts and high catalyst/
substrate ratios. Since the start of our studies on stereoselective
hydrogenations of 13,4 with complexes like [Cp*Ru-
(MeCN)3]Tf 4, we came to the conclusion that the [Cp*Ru]+

fragment is essential for the stereoselectivity of the reaction.
‘Naked’ Cp*Ru complexes without inhibiting ligands should
thus be more active and very selective.

We thus synthesized the model complexes [Cp*Ru(h4-
MeCHNCHCHNCHCO2H)]+X2 (X = Tf 5a, X = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BARF) 5b), in which the
[Cp*Ru]+ fragment is stabilized by a h4-bonded sorbic acid
molecule. We assumed, that these complexes should have a
similar structure as [Cp*Ru (h4-H2CNCHCHNCH2)I],5 but
should bear weakly coordinating ligands instead of an iodide
ligand. The new complexes 5a,b have been synthesized from
[(Cp*Ru(m-OMe))2] 6 which was cleaved by 2 equivalents of
trifluoromethanesulfonic acid or tetrakis[3,5-bis(trifluoro-
methyl)phenyl]boric acid (HBARF) in the presence of a slight
excess of sorbic acid [eqn. (2)].

The complexes have been obtained as orange powders or
crystals in 72% (5a) and 41% (5b) yield and have been
characterized by 1H NMR, 13C NMR, secondary ion mass
spectrometry and a crystal structure analysis.‡§ The h4-bonding
mode of the sorbic acid in the complexes has been determined
by a strong up-field shift of the olefinic proton signals in the 1H
NMR spectrum in comparison to free sorbic acid and by the
crystal structure. In solution, the complexes may exist as
monomers whereas Fig. 1 shows that complex 5b is a dimer in
the crystalline state which is bridged by the carbonyl oxygens of
the acid. The hydroxy groups form hydrogen bridges to a THF
molecule, the BARF anions do not interact with the cationic
ruthenium complex. 5a,b are the first sorbic acid–ruthenium
complexes.

Complex 5a is soluble in polar organic solvents such as
alcohols, nitromethane or sulfolane, but it is insoluble in water
and nonpolar organic solvents like ethers or alkanes. 5a can thus
be used as catalyst in liquid two-phase systems such as
nitromethane–dibutyl ether, ethylene glycol–MTBE (methyl
tertiary butyl ether) or sulfolane–MTBE, in which the complex
remains in the polar phase. After the reaction the complex can
be separated easily by decantation. Table 1 presents the results
of the hydrogenation of sorbic acid in different solvents at
60 °C. At 60 °C the solvents in the systems nitromethane–
dibutyl ether and sulfolane–MTBE become miscible, and at
room temperature the two solvents form two phases.

The results obtained with the nitromethane systems (Table 1,
entries 1 and 2) show that 5a is about 30 times more active than
[Cp*Ru(MeCN)3]Tf 4, which shows, that a naked [Cp*Ru]+

fragment is more active. 5a,b are active at room temperature
whereas 4 is active only above 60 °C. Nitromethane is normally
used as a weakly coordinating, aprotic solvent, therefore we
expected good catalytic results. However, in this case the
hydrogenation activities and the selectivities to cis-hex-3-enoic
acid are lower in comparison to the stronger coordinating
sulfolane and in comparison to the protic ethylene glycol.

† Dedicated to Professor Wilhelm Keim on the occasion of his 65th
birthday.

Fig. 1 Crystal structure of the cationic part of 5b.
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The highest selectivities (S) (S(cis-hex-3-enoic acid) = 96%)
were obtained in ethylene glycol when the hydrogen pressure
was reduced from 60 to 10 bar.

The highest activities with 5a as catalyst (TOF = 580 h21)
were obtained in sulfolane, but the selectivity was not as high as
in ethylene glycol.

Since the BARF anion is much more lipophilic than the
triflate anion, complex 5b is more soluble in nonpolar solvents
than 5a. For this reason 5b was used as catalyst in an MTBE
solution instead of using it in a two-phase system. Experiments
5 and 6 in Table 1 can be compared because they both have been
carried out in one-phase systems at the same reaction tem-
perature. Evidently, 5b is a more active catalyst than 5a because
the BARF anion has much weaker coordinating properties than
the triflate anion.7 Thus, the BARF anion does not compete with
sorbic acid and hydrogen for free coordination sites at the
ruthenium center in the catalytic steps of the reaction.

We also used hexa-2,4-diene-1-ol (sorbic alcohol) as sub-
strate, which can be directly hydrogenated to cis-hex-3-ene-1-ol
3 (leaf alcohol). Preliminary results have shown that the
catalytic hydrogenation is much faster with sorbic alcohol than
with sorbic acid. It was thus possible to reduce the hydrogen
pressure from 60 to 20 bar in the experiments shown in Table
2.

The best results were obtained with 5a, which hydrogenates
sorbic alcohol with a TOF of ca. 2500 h21 at 60 °C in the two-
phase system ethylene glycol–MTBE. Even at low hydrogen
pressures of 4 bar, which allows working in glassware reactors,
the reaction rate stays fairly high (TOF = 714 h21). The very
high selectivity (98–99%) to leaf alcohol is virtually independ-
ent of the reaction temperature, while the hydrogenation activity
raises as expected with increasing temperature. Other than in
hydrogenations of sorbic acid the selecivity depends negligibly
on the conversion. While the selectivity to cis-hex-3-enoic acid
often decreases at conversion rates of > 90%, the selectivity to
cis-hex-3-enoic alcohol remains constant even at 100% con-
version.

We have thus shown that the concept of using ‘naked’ Cp*Ru
complexes for stereoselective hydrogenations of functionalized
dienes to cis-olefins is successful. In further work we will try to
elucidate the mechanism and the kinetics of the reaction.

We thank the Bundesministerium für Bildung und Forschung
and the Ministerium für Wissenschaft und Forschung des
Landes NRW (Katalyseverbund NRW) for financial support.

Notes and references
‡ The complexes were synthesized in an argon atmosphere with dried
solvents. Before the hydrogenation experiments the solutions of the
complexes and the substrates were handled under argon.

General procedure for the synthesis of 5a,b: 2.94 mmol [(Cp*Ru(m-
OMe))2], which was prepared from 2.94 mmol [(Cp*RuCl2)2] according to
the procedure described in the literature,6b were dissolved in 30 ml
dichloromethane and 10 ml diethyl ether. A solution of 3.44 mmol sorbic
acid and 3.15 mmol triflic acid (or HBARF) in 12 ml diethyl ether was
added to the stirred solution of the complex at 278 °C. The reaction mixture
changed immediately from deep red to brown. The reaction mixture was
stirred for 10 min at 278 °C and was slowly brought to room temperature.
After being stirred for a further 5 min at room temperature, the solvent was
evaporated under reduced pressure. The residue was treated with 10 ml ethyl
acetate to effect formation of an orange solid. For a better precipitation, 10
ml diethyl ether were added. The solid was filtered off washed twice with
10 ml diethyl ether and dried in high vacuum. 2.11 mmol 5a were obtained
(71.7% yield based on [(Cp*RuCl2)2]).
§ Crystal data for C56H51BF24O4Ru 5b: Mr 1355.87, triclinic, a =
12.648(6), b = 14.323(3), c = 16.711(6) Å, a = 78.23(2), b = 80.09(3), g
= 84.53(3)°, V = 2914(2) Å3, T = 203 K, Z = 2, space group P1̄ (no. 2),
m(Mo-Ka) = 3.80 cm21, 12258 independent reflections measured (Rint =
0.032). The final wR(F2) = 0.1497 (all data). The structure was solved
using direct methods and refined by full matrix least squares on F2. Single
crystals of [Cp*Ru(m-O-(h:s-cis-2,3,4,5-Me(CH)4CO(OH)))]2[B(C6H3-
(CF3)2-3,5)4]2·4THF 5b were crystallized from THF–dibutyl ether and
washed with pentane.
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Table 1 Stereoselective hydrogenation of 1 with 4 and 5a,b as catalysts in various two-phase systemsa

Selectivity (S)

Entry Solvent system Catalyst p(H2)/bar Conv. 1 (%)
cis-hex-3-enoic
acid 2 (%)

trans-hex-3-enoic
acid (%) TOF/h21

1 MeNO2–Bun
2O 4 60 45 93 6 3.1

2 MeNO2–Bun
2O 5a 60 95 66 34 92

3b Ethylene glycol–MTBE 5a 60 94 86 7 300
4b Ethylene glycol–MTBE 5a 10 78 96 1 97
5 Sulfolane–MTBE 5a 60 68 71 29 580
6c MTBE 5b 16 85 96 3 1057

a Reagents and conditions: 60 °C; 20 mmol sorbic acid; 0.06 mmol catalyst; catalyst phase: 30 ml solvent; nonpolar product phase: 44 ml solvent; Conv.
= conversion; selectivity (S) = (n(product)/∑n (all products)) 3 100; TOF = turnover frequency = (∑n (all products))/(n(catalyst) h).; b Some trans-hex-
2-enoic acid is formed: (3) S = 7%, (4) 3%. c 40 mmol sorbic acid, 75 ml MTBE, 50 °C.

Table 2 Stereoselective hydrogenation of sorbic alcohol with 5a as catalyst in ethylene glycol–MTBEa

Entry T/°C p(H2)/bar n (5a)/mmol t/h
Conv. sorbic
alcohol (%)

Selectivity to leaf
alcohol 3 (%) TOF/h21

1 21 20 0.0424 1.5 44 98.3 184
2 40 20 0.0426 0.42 70 98.9 1055
3 60 20 0.0219 0.40 88 98.6 2495
4 60 4 0.0428 0.77 86 97.8 714

a Reagents and conditions: 25–27 mmol sorbic alcohol; 25 ml ethylene glycol; 45 ml MTBE; in each experiment 1–2% trans-hex-3-en-1-ol is formed.
Conv. = conversion; selectivity = (n(product) / ∑n (all products)) 3 100; TOF = turnover frequency = (∑n (all products))/(n(catalyst) h).
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The first totally synthetic base-modified analogues of the
natural product and potent D-myo-inositol 1,4,5-trisphos-
phate receptor agonist adenophostin A were efficiently
synthesised from D-xylose and D-glucose using methodology
employing base and surrogate base addition to a common
disaccharide intermediate.

D-myo-Inositol 1,4,5-trisphosphate [Ins(1,4,5)P3, 1] is a second
messenger which mediates the release of intracellular Ca2+ on
binding to its own ligand-gated receptor.1 The synthesis of
Ins(1,4,5)P3 analogues has provided insights into the structural
requirements for binding and Ca2+ release at the Ins(1,4,5)P3
receptor,2 although inositol-based mimics with a potency
exceeding that of Ins(1,4,5)P3 have yet to be synthesised.

Adenophostins A and B (2 and 3)3 were isolated from broths
of Penicillium brevicompactum, and were found to be 10- to
100-fold more potent than Ins(1,4,5)P3 in releasing Ca2+ and in
receptor binding assays.4,5 Design of chiral ligands based upon
carbohydrates rather than cyclitols could provide novel syn-
thetic signal transduction modulators. The biological activity of
minimal structural analogues synthesised so far has not
exceeded that of Ins(1,4,5)P3

5–11 and it is likely that the adenine
base is crucial for potency. Adenophostin A is finding
widespread use as a tool to investigate cell signalling mecha-
nisms12 and there have been three syntheses of the mole-
cule.13–15 We required base-modified analogues of 2 and report
here an efficient convergent route to five such compounds via a
common disaccharide intermediate.

The disaccharide required for Vorbrüggen condensations,
1,2,3A,4A-tetra-O-acetyl-2A,5,6A-tri-O-benzyl-3-O-a-D-glucopyr-
anosyl-D-ribofuranose (4), was prepared as follows. Species 516

(Scheme 1) was selectively 5-O-benzylated by two different
methods. Regioselective ring opening of a 3,5-O-dibutyl-
stannylene derivative with BnBr yielded the 5-O-benzyl ether 6
(mp 45–47 °C; [a]D +2.9) in one step. A 78% yield of
benzylated products was isolated containing 90% of the desired
regioisomer 6. This method has since been reported by another
group.17 Alternatively, acid-catalysed treatment of 5 with
benzaldehyde dimethyl acetal gave the crystalline benzylidene
acetal 7 (mp 125 °C; [a]D +3.8) as a single diastereoisomer in
89% yield; regiospecific cleavage of this acetal with
NaCNBH3–HCl also gave 6 in 68% yield. Inversion of the
3-hydroxy group to give the acceptor 8 (mp 83–85 °C; lit.18

81–83 °C) was achieved by oxidation with Ac2O and DMSO
and reduction of the corresponding 3-ulose with NaBH4.17

Acetylation of 9, available in two steps from D-glucose,6 gave
diacetate 10 quantitatively and cleavage of the allyl glycoside
was achieved using PdCl219 to give 11 (mp 71–74 °C; [a]D

+83.0). Phosphitylation15 gave the phosphite donor 12 as an oil
in a 1+1 anomeric mixture as judged by 1H and 31P NMR
spectroscopy.

Donor 12 and acceptor 8 were coupled together in a similar
fashion to that described11b to give the desired disaccharide 13

Scheme 1 Reagents and conditions: i, Bu2SnO, BnBr, Bu4NBr, MeCN, 4 Å
sieves, Soxhlet, reflux, 24 h, 78%; ii, PhCH(OMe)2, TsOH, DMF, 70 °C,
–MeOH, 2 h, 89%; iii, NaCNBH3–HCl, THF–Et2O, 3 Å sieves, room temp.,
5 min, 68%; iv, (a) Ac2O–DMSO, 18 h, room temp., (b) NaBH4, EtOH–
H2O (5+4), room temp., 1 h, 50% over two steps; v, Ac2O, pyridine, room
temp., 20 h, 100%; vi, PdCl2, MeOH–CH2Cl2 (1+1), room temp., 3 h, 78%;
vii, (MeO)2PNEt2, 1H-tetrazole, CH2Cl2, room temp., 30 min; viii,
dioxane–toluene (3+1), 4 Å sieves, room temp., 2 h then ZnCl2, AgClO4,
dark, room temp., 20 h, 81% (based on 8); ix, AcOH–H2O–(CH2OH)2

(14+6+3), reflux, 15 min, 75%; x, Ac2O, pyridine, room temp., 20 h, 82%;
xi, (a) purine, (Me3Si)2NH–Me3SiCl (2+1), reflux, 20 h, (b) TMSOTf,
(CH2Cl)2, reflux, 7 h, 61%; xii, conc. aq. NH3–MeOH (1+5), sealed vessel,
room temp., 20 h, 97%; xiii, (BnO)2PNPri

2, 1H-tetrazole, CH2Cl2, room
temp., 30 min, then MCPBA, 278 °C, 5 min, 80%; xiv, wet Pd(OH)2/C,
MeOH–cyclohexene–H2O (11+5+1), reflux, 17 h, 56%.
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(mp 125–127 °C; [a]D +101.6) in 81% yield; the reaction time
had to be extended because of the deactivating effects20 of the
donor 3,4-di-O-acetate protecting groups. Note the high
regiospecificity of this glycosylation, the a-coupled anomer
being the sole isolated product in high yield. Cleavage of the
isopropylidene acetal was accomplished by heating 13 at reflux
in aqueous AcOH containing ethylene glycol14 to give 14 (mp
126–128 °C; [a]D +116.5) which was acetylated to give 4.†

To exemplify our route the condensation of 4 with purine is
described, using the method of Vorbrüggen et al.21 with
TMSOTf as catalyst. The major product was the 9-b-D-
ribofuranosidopurine nucleoside (nebularine) derivative 15
([a]D +73.6) which exhibited a deshielded doublet at dH 6.44 (J
4.9 Hz) corresponding to H-1A of a b-substituted product; purine
signals in the 13C NMR spectrum also corresponded closely to
those of the known22 2A,3A,5A-tri-O-acetyl nebularine. Stirring 15
in a mixture of concentrated aqueous ammonia and methanol
gave triol 16 ([a]D +23.5) required for phosphorylation. Triol
16 was phosphitylated and the resulting trisphosphite was
oxidised to trisphosphate 17 ([a]D +17.9).15 Deprotection of 17
to the purine analogue of 2 (‘purinophostin’, 18) was achieved
with catalytic transfer hydrogenation. The free acid was eluted
from MP1 AG ion exchange resin with a gradient of aqueous
TFA and converted into the sodium salt.

Other adenine-related base surrogates used were benzimida-
zole and imidazole, condensation being achieved similarly to
above to give 19 and 20. The imidazole analogue of adenophos-
tin A (‘imidophostin’) 20, in which the adenine six-membered

ring had been effectively deleted, was readily accessible by
condensation of 4 with N-trimethylsilylimidazole.23 A small
amount of bis-glycosylated material was also formed. The
desired product was deprotected, phosphorylated and depro-
tected as previously. We also synthesised an analogue (‘ur-
idophostin’, 21†) possessing the natural nucleic acid base,
uracil. Condensation of 4 with 4-methylanisole gave both a-
and b-substituted aryl C-glycosides in a ca. 1+1 ratio from 1H
NMR spectroscopy; these products were used to prepare the a-
and b-4-methyl anisole analogues of adenophostin A, 22a and
22b respectively, by the coupling of 4-methylanisole and 4 in
the presence of AgCO2CF3 and SnCl4. This demonstrates the
utility of our route also for the preparation of C-nucleoside
analogues.

Convergent construction of 2 was described by van Straten
et al.14 This elegant approach was somewhat hampered,
however, by a large number of protection/deprotection steps.
Our present route allows efficient access to a central disaccha-
ride 4, whilst the choice of protecting groups requires minimal
manipulation between Vorbrüggen condensation and target
trisphosphates.

In summary, we report here an efficient route to the first
synthetic base-modified analogues of adenophostin A.
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Culture of Japan for support to S. S. and acknowledge
discussions with Dr A. M. Riley and C. Mort for technical
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The cell size of DVB–VBC PolyHIPEs decreases with
increasing VBC content, which appears to be due to the
adsorption of VBC at the emulsion interface leading to a
lower interfacial tension and a smaller droplet size.

High internal phase emulsions (HIPEs) are defined as emulsions
in which the droplet phase occupies greater than 74.05% of the
emulsion volume, this figure representing the maximum
volume occupiable by uniform spheres. Such systems have been
known for many years, and features such as their preparation,
stabilisation, structure and rheology have been investigated in
detail.1 Our interest2 in HIPEs, and that of several other groups,3
lies in their ability to be used as templates for the production of
highly porous polymers. Such materials, known as PolyHIPEs
using Unilever’s nomenclature,4 are prepared by polymerising
the thin monomer films that surround the droplets of inert
solvent-in-monomer solution HIPEs. Subsequent removal of
the droplets produces a highly porous material (Fig. 1).

During the course of our work on developing novel
PolyHIPE materials we undertook the preparation of species
containing 4-vinylbenzyl chloride (VBC, 1). This monomer is

sufficiently hydrophobic to allow successful HIPE preparation,
and results in materials possessing reactive chloromethyl
functionalities that are amenable to functionalisation, poten-
tially leading to a wide range of derivatised highly porous
materials.  VBC has been used previously to prepare HIPEs

where it was present in either the droplet5 or the continuous6

phase, leading to the production of agglomerates of particles or
foams, respectively. However, the influence of VBC on the
emulsion and resulting polymer morphology was not de-
scribed.

VBC-containing materials were easily prepared by addition
of an aqueous solution of CaCl2.2H2O and K2S2O8 to a mixture
of monomer(s) plus surfactant, using conditions optimised for
the production of styrene–divinylbenzene (S–DVB) Poly-
HIPEs.4,7 The ratio (wt%) of VBC to DVB8 was varied, to give
a range of foams, each with a pore volume of 90%. To our
surprise, the resulting materials had smaller average cell sizes
than those obtained from styrene and DVB (e.g. Fig. 1). SEM
photographs (Fig. 2) clearly show that increasing the VBC
content in the formulation causes a decrease in average cell size
from 10 mm [Fig. 2(a)] to less than 5 mm [Fig. 2(e)].
Interestingly, the foam composed entirely of polyVBC
[Fig. 2(f)] has no discernible cell structure. Previously,
Williams9 found that increasing the DVB concentration in
styrene–DVB PolyHIPEs from 0 to 100% resulted in a decrease
in average cell diameter by about 10 mm. He reasoned that DVB,

Fig. 1 SEM of a S–DVB PolyHIPE foam (pore volume ca. 90%, nominal
crosslink density ca. 15%). Scale bar = 100 mm.

Fig. 2 SEMs of VBC–DVB PolyHIPE foams (ref. 16): (a) X80PV90;
(b) V12.5X70PV90; (c) V37.5X50PV90; (d) V62.5X30PV90; (e)
V87.5X10PV90; (f) V100X0PV90. Scale bar = 5 mm.
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being more hydrophobic, was leading to more stable emulsions.
It is well known that droplet size decreases with increasing
emulsion stability since the surface energy per unit area is
lower. A decrease in emulsion droplet size leads to a decrease in
PolyHIPE cell size since the foam is effectively a replica of the
emulsion structure immediately prior to gel formation.

In our case, with VBC–DVB foams, increasing DVB
concentration causes an increase in average cell size of the
resulting foam. This implies that VBC leads to more stable
emulsions than DVB. Emulsion stability is influenced by such
factors as temperature, surfactant nature and concentration,
phase composition and viscosity. Since the surfactant used was
Span 80 (sorbitan monooleate, 2) in each case, at constant
concentration (20 wt% relative to monomer content), the
polymerisation temperature was constant and emulsion prepara-
tion conditions were identical, the different behaviour must be
due to differences in the physical chemistries of DVB and VBC.
Both species being low molar mass entities, one would not
anticipate tremendous differences in the viscosities of VBC and
DVB.10 We therefore concluded that the marked difference in
their behaviour must be as a result of different interfacial
properties. In particular, we wondered whether VBC could be
concentrating at the interface and acting as a cosurfactant with
Span 80.

It is well known that small molecules bearing polar and non-
polar functionalities can adsorb at the interface of emulsions,
the polar group locating in the aqueous phase and the non-polar
group in the organic phase. Additionally, small molecule
surface-active species can co-adsorb with surfactants possess-
ing large head-groups, such as Span 80, leading to a better-
packed interfacial film and consequently a more stable
emulsion.11 The presence of an aromatic moiety in the
hydrophobic part of the cosurfactant may enhance its adsorption
at the interface.12

Using a Langmuir trough, we measured the surface pressure
against area (p–A) curves of films of Span 80 alone, and Span
80 with DVB, VBC and a 50+50 mixture of DVB and VBC.13

The interfacial behaviour of the various components can be
inferred from their p–A curves (Fig. 3). Span 80 [Fig. 3(a)]
displays the behaviour of a typical surfactant; surface pressure
is low and constant until critical film compression is reached,
whereupon it increases drastically. The area corresponding to
this compression represents the area of the condensed interfacial
film where the surfactant molecules are densely packed.
Adsorption of the other species (VBC, DVB) at the interface
will cause greater crowding and lead to an increase in p at higher
area (lower compression), which is indeed observed. From fig.
3 it can be inferred that DVB [Fig. 3(b)] is slightly adsorbed at
the interface, but VBC [Fig. 3(c)] is adsorbed to a significantly
greater extent. Therefore, VBC is co-adsorbed with Span 80 at
the interface and leads to a more dense film. These results

appear to confirm our hypothesis that VBC is acting as a
cosurfactant. Williams14 previously investigated the influence
of 22 cosurfactants on the stability of S–DVB HIPEs and found
that none enhanced stability.15 However, all but three of those
additives were alcohols and none possessed halide residues.

Further information on the interfacial behaviour of systems
containing VBC can be deduced from closer inspection of
Fig. 3. The curve of the film containing a 50+50 mixture of VBC
and DVB [Fig. 3(d)] lies nearer to that of VBC [Fig. 3(c)] than
to that of DVB [Fig. 3(b)], indicating that the greatest changes
in interfacial properties occur on initial addition of VBC. This
behaviour can also be inferred from the morphology of the
PolyHIPE materials (Fig. 2); the decrease in cell size is more
dramatic up to addition of 30% VBC [Fig. 2(c)], after which the
cell size decreases only slightly. This implies that the interface
is close to saturation at a VBC concentration in the HIPE of
around 30%.

To conclude, we have prepared reactive PolyHIPE materials
from VBC and DVB. These possess smaller average cell sizes
than corresponding materials prepared from styrene and DVB.
This phenomenon appears to be due to the adsorption of VBC at
the interface, which lowers the interfacial tension, leads to a
more stable emulsion with smaller droplets and therefore to the
production of a foam with a smaller average cell diameter. The
ability to control the morphology of these porous materials is
crucial to their technological development.
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Fig. 3 p–A curves for films containing Span 80 alone (a) and Span 80
(17 mol% relative to total oil phase) plus DVB (b), VBC (c) and DVB–VBC
(50+50 mol. mixture) (d).
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The weak solvating ligand 1,4-dimethylpiperazine appears
to only partially disrupt the aggregation within lithium
anilide, as evidenced by the structure of the title solvate: a
three-dimensional polymer of solvent-linked irregularly
shaped (NLi)5 substructures, which can be interpreted as
two interconnected ladders.

Long in the shadow of their better known secondary counter-
parts,1 lithiated primary amines [{RN(H)Li}n] are now emerg-
ing as valuable and versatile chemical intermediates them-
selves. Their ability to function as either amido [RN(H)2]2 or
imido (RN22)3 transfer agents, or sometimes as both simultane-
ously,4 has proved particularly useful for the development of
new heterometallic5 and/or hetero-anionic6 compositions. This
paper focuses on one of the most important primary amides,
lithium anilide. While its simple solvates with THF7,8 or
PMDETA9 have been structurally elucidated, the pure solvent-
free structure remains elusive. This situation is relatively
common for lithium amides (whether primary or secondary)
suspected of having polymeric constitutions (lithium anilide is
thought to exist as a high oligomeric/polymeric ladder struc-
ture). Adding solvent ligands often produces smaller oligomers
which can be crystallised and are therefore suitable for X-ray
crystallographic study, unlike their solvent-free parent com-
pounds which tend to be amorphous. Thus while lithium anilide
is easy to prepare as a powder, so far it has not been possible to
grow single crystals of it. However, keeping in mind that
competition between aggregation and solvation can be deli-
cately balanced, we have subjected it to the weak (weaker than
THF or PMDETA) coordinating solvent 1,4-dimethylpiper-
azine (DMP) in the hope of crystallising a solvate with a
structure more representative of the pure solvent-free com-
pound, i.e. one in which the high (or infinite) aggregation has
been only partially disrupted. As reported herein, the new
solvate produced in this way, [{[{PhN(H)Li}5·(DMP)2]·(C6-
H5Me)2·(DMP)0.5}∞ ] 1, possesses a remarkable structure.
Besides fulfilling the aim of revealing a sizable ladder fragment
(spanning five N–Li rungs), the structure also exhibits a new
tetraanilido–lithium [{PhN(H)}4Li] coordination mode, which
facilitates the grafting of an additional N–Li bond onto a ladder
edge. This unprecedented connectivity may provide an im-
portant clue as to the cause of the amorphous character of
unsolvated lithium anilide.

The weak solvating power of DMP was reflected in the molar
excess required (2.2 equivalents, 11 mmol) to dissolve a freshly
prepared slurry of lithium anilide (5 mmol) in hexane–toluene
solution. Cooling the resulting pale yellow solution to 230 °C
for 2 days, afforded a crop of colourless crystalline 1.† A
standard inert-atmosphere protocol was used throughout this
preparative and subsequent isolation procedure.

As determined by an X-ray crystallographic study,‡ the
structure of 1 is made up of novel pentanuclear (NLi)5 crossed
ladder substructures (Fig. 1), linked together by bridging DMP
ligands (Fig. 2) into a three-dimensional polymeric network.
The crystal packing arrangement leaves spacious cavities in the

structure which are filled by toluene solvent and free DMP
molecules of crystallisation [2 and 0.5, respectively, per (NLi)5
ladder]. Two essentially planar (anilidoN–Li)2 rings, Li(1)N-
(6)Li(2)N(5) and Li(3)N(8)Li(4)N(7), joined together by Li(3)–
N(6) and Li(2)–N(7) bonds, make up the main run of the ladder,
the undulation of which is ‘U-shaped’ rather than ‘stepped’.
These rings can be classified as cisoid10 (or syn), because their
N–H substituents lie on the same side of the (NLi)2 plane in each
case. In contrast, at the junction of these two rings the
conformation is transoid (anti) and the Li(2)N(7)Li(3)N(6) ring
is butterfly shaped with an N…N hinge (folding angle, 138.4°)
and Li wingtips. Located within the smaller cross-run of the
ladder, the remaining Li(3)N(8)Li(5)N(9) ring is also transoid
and butterfly shaped (folding angle, 151.7°). Those Li atoms
positioned at ladder ‘ends’, Li(1), Li(4) and Li(5), have three-

Fig. 1 Asymmetric unit of 1 showing atom labelling. Hydrogen atoms,
except for N–H, are omitted for clarity, and solvent molecules are not
shown.

Fig. 2 View of 1 showing the bridging of four DMP ligands to neighbouring
ladder substructures of which only Li and N atoms are shown.

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 223–224 223



coordinate, distorted trigonal planar geometries, though Li(4) is
slightly pyramidalised (sum of bond angles, 353.2°). Occupying
an inner rung, Li(2) displays a four-coordinate distorted
tetrahedral geometry [bond angles, 99.8(3)–121.6(3)°]. Each of
these Li atoms binds to one N atom from a chair-shaped DMP
molecule which bridges through its second N atom to a Li atom
of a neighbouring (NLi)5 ladder. Connecting both runs of the
ladder, Li(3) is unique as its distorted tetrahedral environment
[bond angles, 96.7(3)–124.0(3)°] does not include a DMP
molecule, but is made up exclusively of anilido N atoms. This
coordination of Li by four monodentate anions is unprecedented
for an anilide (and, to the best of our knowledge, for any amide).
It is also rare generally in the wider context of organolithium
chemistry, but not unknown, as a C4Li coordination exists in the
contact-ion pair structure of sodium tetraphenyllithate [{Na·
(TMEDA)}3{LiPh4}].11 Three anilide anions in 1 [at N(6), N(7)
and N(8)] engage in m3 bonding with Li atoms, while the other
two situated in the end rungs [at N(5) and N(9)] are m2 bonded.
These end rungs, N(5)–Li(1) and N(9)–Li(5), display the
shortest lengths [1.934(8) and 1.954(7) Å, respectively] in the
(NLi)5 ladder framework reflecting the low coordination
numbers (C.N.) involved (four for N; three for Li). Similarly,
the longest such bond, N(8)–Li(3) [2.208(6) Å], reflects the
high C.N. involved (five for N; four for Li). The remaining N–
Li ladder lengths lie in the range 2.014(8)–2.178(7) Å. There is
also a correlation between the dative (DMP)N–Li bond lengths
and Li C.N. [where C.N. = 3, the mean length is 2.073 Å; where
C.N. = 4, the length increases to 2.176(6) Å]. Turning to
angular values, despite the ladder having an irregular shape and
a variety of C.N., its endocyclic bond angles subtended at N
cover a narrow range [73.1(3)–77.9(3)°]. The corresponding
bond angles at Li cover a wider range [96.7(3)–107.8(3)°].

Pentanuclear aggregation is extremely rare in lithium struc-
tural chemistry. A previous example was reported for the anion
of the lithium ketimidolithate complex [{Li·(HMPA)4}+-
{Li5(NNCPh2)6·(HMPA)}2],12 but in this case the (N6Li5)
substructure is of a discrete cage anion, rather than a segment of
a polymeric chain. The asymmetric unit of 1 represents the first
pentanuclear Li5 ladder conformation. Hitherto, homoag-
gregated lithium amide ladders generally have regular, symmet-
rical structures of laterally connected (NLi)2 rings, the opposite
facing N–Li bonds of which become either pairs of rungs or
pairs of edges. Representative examples include the tetrameric
‘concave’ ladder of the piperidide
[{H2C(CH2)4NLi·HN(CH2)4CH2}4],13 the octameric cyclic
ladder of [{ButN(H)Li}8],14 and the polymeric sinusoidal wave-
shaped ladder of [{H2NCH2CH2N(H)Li}∞ ].15 Aside from
having an odd number of rungs, the ladder of 1 differs by virtue
of the additional rung [N(9)–Li(5)] grafted onto the N(8)–Li(3)
‘edge’. This is a new structural development§ since ladder
edges usually stand alone, or in rare cases, are solvated at Li.16

The presence of this special feature implies that removal of the
DMP ligands from 1 would allow the laddering process to
extend in several directions. Viewing the (NLi)5 framework as
two interconnected ladders, there are four end-rungs N(5)–
Li(1), N(8)–Li(4), N(9)–Li(5) and N(7)–Li(4), from which
further laddering might be possible, though the kinetics of
growth at each site may be different. The amorphous nature of
unsolvated lithium anilide may have its origin in the availability
of such irregular branching. Hence this contrasts with the
situation so far found in crystalline lithium amide polymeric
ladders15,16 where the laddering process is mono-directional.

We gratefully acknowledge the continued financial support
of the EPSRC.
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110.58 (p-Ph), 116.72 (o-Ph), 130.03 (m-Ph) and 162.94 (ipso-Ph).
‡ Crystal data for 1: C59H81Li5N10, M = 965.0, triclinic, space group P1̄,
a = 11.205(2), b = 16.726(3), c = 17.152(3) Å, a = 64.592(3), b =
80.095(4), g = 85.225(4)°, U = 2860.1(8) Å3, Z = 2, Dc = 1.121 g cm23,
m = 0.065 mm21 (Mo-Ka, l = 0.71073 Å), T = 160 K; Rw = 0.2625 on
F2 values of all 9732 unique data, conventional R = 0.0851 on F values of
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2 > 2s(Fo
2), 683 parameters; final difference map

within ±0.65 e Å23 except for one peak of 1.00 e Å23 in a disordered
toluene molecule. Restraints were applied for the toluene molecules. H
atoms were constrained except for free refinement of positions for N–H.
CCDC 182/159. See http://www.rsc.org/suppdata/cc/a9/a909754f/ for crys-
tallographic files in .cif format.
§ The homoaggregated ladders described herein should not be confused
with heteroanionic systems which have ladder shapes, for example, as in the
amidinate–hydroxide [{(Li[(Bun)C(NBut)2])2·LiOH·THF}2],17 in which
O–Li ‘edges’ interact with N–Li ‘rungs’.
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Multistage mass spectrometry experiments in a quadrupole
ion trap combined with isotope labelling have revealed a
novel gas phase catalytic cycle for the oxidation of alcohols
via an anionic dimolybdate centre.

We report the catalytic oxidation of alcohols in the gas phase
using a dimolybdate anion as the active species. The nature of
each step in the catalytic cycle can be probed through (i)
multistage mass spectrometry experiments using a modified
quadrupole ion trap mass spectrometer1 and (ii) isotope
substitution experiments which involve labelling of neutral
reagents and the dimolybdate centre.

Complex reactivity of alcohols in the gas phase has been
observed for highly unsaturated transition metal ionic spe-
cies,2,3 including oxo–molybdenum cations.2 In contrast, the
present study demonstrates ‘simple’ modes of reactivity with an
oxo–molybdenum anion which allow catalytic behaviour. The
observation by multistage mass spectrometry of true gas phase
oxidation catalysed by transition metal ions remains rare.4 In
addition, the present system may shed light on the industrial
oxidation of methanol to formaldehyde as catalysed by
amorphous solid state molybdate catalysts.5 A detailed
molecular understanding of the mechanisms of this process
remains elusive.6

Quaternary ammonium salts of the dimolybdate anion in
MeCN can be transferred to the gas phase via electrospray
ionisation.7 The main species observed are the dianion,
[Mo2O7]22 A and the ion pair, {N(CH2R)4

+[Mo2O7]22}2 B.8
Both these species can act as precursors of [Mo2O6(OCH2R)]2
C which catalyses the oxygen atom transfer reaction (1)
(Scheme 1; R = alkyl, RA = aryl, alkyl):

RCH2OH + RANO2? RCHO + H2O + RANO (1)

Collision induced dissociation (CID) of B initiates an ion pair
SN2 reaction,9 resulting in loss of trialkylamine and O-
alkylation of A to form an alkylated dimolybdate species, C
(Scheme 1(i)).  Note that: (i) this is the first report of an ion pair
SN2 reaction involving an inorganic dianion and a tetraalk-
ylammonium cation (cf. ref. 10) and (ii) thermolysis of
trialkyloxonium salts of [PMo12O40]32 in the condensed phase
also results in SN2 O-alkylation.11

Gas phase ion–molecule reactions of Awith various alcohols
also yields C.12 Labelling studies with CH3

18OH clearly reveal
that this is not an SN2 reaction (Fig.  1(a)). Rather, deprotona-
tion of alcohol by a terminal oxo ligand13 is followed by
displacement of the resultant hydroxo ligand by the alkoxy
anion (Scheme 1(ii),  Table 1).

CID of the alkylated dimolybdate species C results in
reductive elimination of the alkoxo ligand as the aldehyde
(Scheme 1(iii)). This corresponds to the formal redox half
reaction: RCH2O2 ? RCHO + H+ + 2e2. In the com-
plementary half reaction, the dimolybdate(VI) centre is reduced
by 2e2 and protonated to form [MoV

2O5(OH)]2 D. Labelling
studies indicate that the oxygen from the alkoxo ligand is lost in
this step (i.e. CH2

18O is lost; Fig. 1(b), Table 1).
The cycle is continued when D rapidly reacts with alcohol to

form [MoV
2O5(OCH2R)]2 E (Scheme 1(iv)). Once again the

labelling studies reveal that this is not an SN2 reaction (Fig.
1(c)), but rather a gas phase esterification reaction.

To complete the cycle, E is oxidised via an oxygen atom
transfer to regenerate C (Scheme 1(v)). This reaction requires
the presence of a second neutral reagent (along with alcohol) in
the ion trap. To date we have used m-fluoronitrobenzene and
nitromethane (i.e. RANO2 where RA is Me or m-C6H4F) as
oxygen atom donors.14 Injection of RANO2 in the absence of
alcohol indicates that oxygen atom transfer to D is also possible.
This pathway does not compete with reaction (v) in Scheme 1 in
the presence of alcohol owing to the fast rate of esterifica-
tion.15

The present system raises questions about the mechanism(s)
involved in the industrial oxidation of alcohols as catalysed by
solid state molybdate catalysts.5,6 In particular, can a related
cycle (cf. reactions (iii)–(v) of Scheme 1) be applied to the layer
compound Mo2O5(OMe)2, proposed as a model heterogeneousScheme 1

Fig. 1 Expansion of the isotope patterns for key product ions from gas phase
reactions involving 18O labelling experiments. The central peak of lower
intensity in the isotope pattern is denoted by an asterisk, and is used to
evaluate the outcome of the reaction. The numbering of the species and
reactions is as according to Scheme 1. (a) shows that the product ion C from
reaction (ii) is [Mo2O6(18OMe)]2; (b) shows that [Mo2O6(18OMe)]2 loses
CH2

18O in reaction (iii), with concomitant formation of the product ion D
[MoV

2O5(OH)]2; (c) shows that the product ion E from reaction (iv) is
[MoV

2O5(18OMe)]2.

This journal is © The Royal Society of Chemistry 2000
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catalyst?6 Given its layer structure features alternating trans-
MoVIO(OMe) centres separated by bridging oxo ligands, a
simple mechanism can be devised for the oxidation of MeOH to
H2CO involving two MoVI sites on adjacent layers. This
accommodates the fact that O2 transfers two O atoms (eqn. (2)),
rather than the single O atom from RANO2 (eqn. (1))

2 MeOH + O2? 2 CH2O + H2O (2)

Further gas phase work is underway to examine (i) whether
larger polyoxoanions also catalyse the oxidation of alcohols; (ii)
the behaviour of other oxygen atom transfer reagents (e.g. O2);
(iii) models of oxo–molybdenum and –tungsten enzymes which
catalyse oxygen atom transfer reactions.16
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a Selby Research Award. A. G. W acknowledges support from
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Table 1 Ionic products from reactions of [Mo2O7]22 A and {NBu4
+[Mo2O7]22}2 B under multistage mass spectrometry conditions

m/z of ionic products from reaction sequence:a,b

MS2 MS3 MS4 MS5

A ––––––––? C ––––––––? D ––––––––? E ––––––––? C
Alcohol reaction (ii) reaction (iii) reaction (iv) reaction (v)

CH3OH 151.5 318 288 302 318
CH3ODc 151.5 318 288 302 318
CD3ODd 151.5 321 289 305 321
CH3

18OHe 151.5 320 288 304 320
EtOH 151.5 332 288 316 332
PrnOH 151.5 346 288 330 346

MS2 MS3 MS4 MS5

B ––––––––? C ––––––––? D ––––––––? E ––––––––? C
reaction (i) reaction (iii) reaction (iv) reaction (v)

CH3OH 546 360 288 302 318
CH3OD 546 360 288 302 318
CD3OD 546 360 288 305 321
CH3

18OH 546 360 288 304 320
EtOH 546 360 288 316 332
PrnOH 546 360 288 330 346

a m/z refers to the central peak of lower intensity in the isotope pattern. b Refer to Scheme 1 for labelling of ionic species. c A sample from Cambridge
Isotope Laboratories (99% D). d A sample from Cambridge Isotope Laboratories (99.9% D). e A sample from Isotec (95%18O).
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A highly diastereoselective synthesis of N-acetylneuraminic
acid 1 has been completed by stereoselective functionaliza-
tion of cis-olefin 6 and trans-olefin 10 via intramolecular
phenylselenoamidation and osmylation, respectively.

Sialic or neuraminic acids are a family of amino sugars
comprising nine or more skeletal carbon atoms, and usually
occur at the nonreducing terminal positions of oligosaccharides,
glycoproteins and glycolipids.1 They are involved in the
modulation of a variety of important biological phenomena2

such as cellular aggregation,3 recognition,4 lifetime5 and
viscosity of biofluids.6 The family provides a potential
therapeutic lead in developing inhibitors of sialidase7 and
sialyltransferase.8 The most common member is the nine-
carbon derivative 5-(acetylamino)-3,5-dideoxy-D-glycero-D-
galacto-2-nonulosonic acid 1 (N-acetylneuraminic acid,
Neu5Ac),9 which is an essential constituent of sialoglycos-
phingolipids (ganglioside) and other glycoconjugates which
mediate cellular interactions, differentiations and growth.10

While most of the known syntheses of Neu5Ac have been
attained from carbohydrate sources,11 only two syntheses have
been established from noncarbohydrate precursors via hetero-
Diels–Alder cycloaddition12 and azido hydroxylation of cis-
1,2-dihydrocatechol,13 respectively. Its intriguing molecular
structure and biological significance also led us to the
enantioselective synthesis of N-acetylneuraminic acid 1 from
diol 4, which had been readily prepared from (S)-butane-
1,2,4-triol.14 The key steps of our synthetic route to 1 include
the intramolecular phenylselenoamidation of cis-olefinic allylic
trichloroacetimidate 3 and the stereoselective dihydroxylation
of trans-olefin 2, followed by introduction of the indispensable
a-keto carboxylic acid functional group (Scheme 1).

Diol 4 was regioselectively protected by reacting with
dibutyltin oxide in toluene using a Dean–Stark trap and
subsequently with 2,4,6-trimethylbenzyl chloride in the pres-
ence of TBAB15 to give a 7+1 mixture of the desired ether 5,
[a]20

D + 19.9 (c 1.2, CHCl3), and the isomeric secondary alkyl
benzyl ether in 96% combined yield (Scheme 2). For the
disposition of the required amino group and (E)-olefinic double
bond, the allylic alcohol 5 was sequentially subjected to
Cl3CCN in the presence of DBU in MeCN and benzeneselenyl

bromide in the presence of methyl trichloroacetimidate in a 4+1
mixture of MeCN and propylene oxide to provide trans-
oxazoline 7, [a]21

D 218.4 (c 1.1, CHCl3), in 67% yield. While
the stereoisomeric cis-oxazoline could not be identified in the
phenylselenocyclization, 9% of the enantiomerically pure
tetrahydrofuran 8 was isolated as the major side product after
hydrolysis. It is noted that methyl trichloroacetimidate and
propylene oxide were expected to function as dehydrating agent
and acid scavenger. The oxazoline ring of 7 was partially
hydrolyzed in the presence of PPTS in aqueous acetone and the
residual phenylselenyl group was oxidatively eliminated to
afford trans-olefin 9, [a]24

D + 19.0 (c 1.2, CHCl3), in 75%
overall yield along with 5–6% of the corresponding cis-
isomer.

The pendent amino and hydroxy groups of 9 were variously
functionalized in order to induce the best stereoselectivity in the
subsequent dihydroxylation of the olefinic double bond. In
consequence, 9 was converted into dihydroxy oxazolidinone 10,
mp 110.3–111.0 °C, [a]25

D + 23.9 (c 1.05, CHCl3), in 91%

Scheme 1

Scheme 2 Reagents and conditions: i, Bu2SnO, PhMe, Dean–Stark trap,
then 2,4,6-trimethylbenzyl chloride, Bu4NBr, 80 °C; ii, Cl3CCN, DBU,
MeCN, 230 to 220 °C; iii, PhSeBr (3 equiv.), MeOC(NNH)CCl3 (3
equiv.), propylene oxide–MeCN (1+4), 230 to 0 °C; iv, PPTS, H2O–
acetone (1+4), 20 °C; v, 30% H2O2, THF, 20 °C; vi, DBU, CH2Cl2, 20 °C,
then BzCl, DMAP, Et3N, 0 °C; vii, H2O–AcOH (1+4), 20 °C; viii, OsO4,
NMO, H2O–acetone (1+7), 0 °C; ix, Ba(OH)2, H2O–EtOH (1+2), 70 °C,
then Ac2O, 0 to 20 °C.

This journal is © The Royal Society of Chemistry 2000
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overall yield by a sequence of cyclization with DBU, in situ
benzoylation with BzCl and deprotection in aqueous AcOH.
The following dihydroxylation of 10 produced a mixture of
several compounds, which seemed to be generated from
migration of N-benzoyl group in the dihydroxylated products.
The mixture was completely hydrolyzed with Ba(OH)2 and the
demasked amino group was acetylated in one pot to furnish an
18+1 mixture of the desired pentaol 13, mp 190.4–191.0 °C,
[a]22

D 223.0 (c 0.3, MeOH) and the diastereomeric pentaol in
81% combined overall yield. Interestingly, dihydroxylation of
acetyl carbamate 11 and pivaloyl carbamate 12 resulted in much
lower stereoselectivities of 9+1 and 7+1, respectively.

Since 13 comprises all the requisite chiral functional groups
of N-acetylneuraminic acid 1, the remaining synthetic operation
is to transform the benzyloxy group into an a-keto carboxylic
acid functionality. Accordingly, 13 was protected as a triacet-
onide using 2,2-dimethoxypropane in the presence of PPTS in
CHCl3 to give the desired triacetonide 14 [a]22

D 214.3 (c 1.2,
CHCl3), in 74% yield along with 12% of diacetonide oxazoline
15, which was more significantly formed under a variety of
other attempted reaction conditions (Scheme 3). After
debenzylation of 14 in 94% yield by hydrogenolysis, Wasser-
man’s protocol16 was employed for the installation of a-keto
carboxylate moiety to primary alcohol 16, [a]24

D 216.0 (c 0.9,
CHCl3). Alcohol 16 was oxidized with NaIO4 in the presence of
RuCl3, followed by coupling with CH(NPPh3)CN in the
presence of EDCI and DMAP. The resulting phosphorane 18

was exposed to O3 in MeOH to provide a-keto ester 19, [a]16
D

211.9 (c 1.46, CHCl3), in 71% overall yield from 16.
Triacetonide 19 was consecutively deprotected and cyclized
with methanolic HCl, and then the generated methyl ester
2017,18 was hydrolyzed to N-acetylneuraminic acid 1, [a]17

D
232.0 (c 1.19, H2O),11b in 84% overall yield. For further
identification, 20 was peracetylated with Ac2O to produce a 6+1
mixture of pentaacetate 21, [a]18

D 232.0 (c 0.54,
CHCl3),11f,17c,18 and the corresponding anomeric acetate.19
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Scheme 3 Reagents and conditions: i, C(OMe)2Me2, PPTS, CHCl3, 70 to
80 °C; ii, H2, 20% Pd(OH)2/C, NaHCO3, EtOH, 20 °C; iii, RuCl3 hydrate,
NaIO4, MeCN–CCl4–H2O (2+2+3), 20 °C; iv, CH(NPPh3)CN, EDCl,
DMAP, CH2Cl2, 20 °C; v, O3, MeOH, 278 °C; vi, AcCl, MeOH, 20 °C; vii,
K2CO3, H2O, MeOH, 20 °C, then Dowex 50WX8-100 ion-exchange resin;
viii, Ac2O, DMAP, pyridine, 20 °C.
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Boronic acid colour sensor 2 undergoes a large visible colour
change, from purple to red in aqueous solution on the
addition of monosaccharides.

Much recent attention has been paid to the development of
synthetic molecular receptors with the ability to recognise
neutral organic species, including saccharides. A large majority
of these systems have utilised hydrogen bonding interactions for
the purposes of recognition and binding of guest species.
However, there is still no designed, monomeric receptor which
can compete effectively with bulk water for low concentrations
of monosaccharide substrates.1

Boronic acids readily and reversibly form cyclic esters with
diols in aqueous basic media. Saccharides contain a linked array
of hydroxy groups ideal for binding to boronic acids. The most
common interaction is with 1,2- and 1,3-diols of saccharides to
form five- or six-membered rings respectively via two covalent
bonds. Lorand and Edwards determined the selectivity and first
stability trends of various polyols and saccharides towards
phenylboronic acid.2

The complex stability increases from ethylene glycol to D-
fructose, i.e. from the simple acyclic diols to the rigid, vicinal
cis-diols of saccharides. This observed selectivity order is
common to all monoboronic acids, not just to phenylboronic
acid.3 The suitability of the boronic acid functionality as a
receptor for saccharides has been established in both circular
dichroism and fluorescence detection studies. Indeed, a number
of fluorescent sensors have been reported in the literature.4–6

A fairly recent development has been the study of the effect
of saccharides on the colour of dyes containing boronic acid
functionality. Russell7 synthesised a boronic acid azo dye from
m-aminophenylboronic acid which was found to be sensitive to
saccharides. Nagasaki, Shinmori and Shinkai observed that
chromophores containing boronic acid moieties and which
aggregate in water, changed colour and deaggregated upon
addition of saccharides.8 This year Strongin9 reported a system
based on resorcinarenes for the visual sensing of saccharides.
However, for a colour change to be observed the saccharide
must be heated (90 °C) in DMSO.

In 1994 Sandanayake and Shinkai reported ‘the first known
synthetic molecular colour sensor for saccharides’.10 This
designed molecular internal charge transfer (ICT) sensor, dye
molecule 1, was based on the intramolecular interaction
between the tertiary amine and the boronic acid group.11,12 The
electron-rich amine creates a basic environment around the
electron-deficient boron centre, which has the effect of inducing
the boronic acid–saccharide interaction and reducing the
working pH of the sensor.13 Electronic changes associated with
this decrease in the pKa of the boronic acid moiety on saccharide
complexation were shown to be transmitted to the neighbouring
amine. This creates a spectral change in the connected ICT
chromophore, which can be detected spectrophotometrically.
The pKa value associated with the boron–nitrogen interaction
shifted on saccharide addition.

The main drawback of this system is the relatively small
shifts in the absorption bands of the chromophore upon
saccharide binding. The aim with this research was to develop
a molecular ICT sensor, which produces a large visible colour
change on saccharide binding. If a system with a large colour
change can be developed it could be incorporated into a
diagnostic test paper for D-glucose, similar to universal
indicator paper for pH. Such a system would make it possible to
measure D-glucose concentrations without the need of specialist
instrumentation. This would be of particular benefit to diabetics
in developing countries.

Dye molecule 2 was prepared in three steps in high yield.‡
The imine formed between comercial 2-formylphenylboronic
acid and m-toluidine was reduced using NaBH4 to give amine 3
in 75% yield. The final step is to couple 3 with the diazonium
salt of 4-nitroaniline to give the boronic acid azo dye molecule
2 in 74% yield. The m-methyl group of 3 ensures that only the
p-isomer is obtained.14

Absorption–pH titrations, from pH 2 to 12, of 2 in 0.05
mol dm23 NaCl in MeOH–H2O (1+2, w/w), were followed
using a UV-VIS spectrometer. The experiments were then
repeated with 0.05 mol dm23 D-fructose also present. The NaCl
present acts as an ionic buffer because small amounts of NaCl
are formed on adjustment of the pH with NaOH and HCl.
Because the titrations are carried out in a MeOH–H2O mixture
rather than simply water, the concept of pH is not strictly
applicable to this situation. However, De Ligny and Rehbach
have shown that for solutions in 50% MeOH the pH is only
changed by 0.1 of a pH unit compared to a 100% water
solution.15

The pKa of compound 2 calculated from the absorption–pH
titrations16 was 10.2 and in the presence of 0.05 M fructose the
value drops to 6.95. This shift on saccharide binding is in
agreement with previous work2,3,5,6,10 and can be explained by
the decrease in oxygen–boron–oxygen bond angle upon
saccharide binding, which increases the acidity of the boron
centre.3

During these titrations it was noted that the UV–VIS
absorption maxima of 2 does not move to as long a wavelength
at high pH with D-fructose present. To investigate this
phenomenon D-fructose, D-glucose and ethylene glycol titra-
tions were performed at pH 11.32. The absorption spectra of the
D-glucose titrations are shown in Fig 1. 

† Details of the colour changes upon addition of D-glucose to 2 are available
as supplementary data, see http://www.rsc.org/suppdata/cc/a9/a909204h/
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The wavelength shifts by ca. 55 nm to shorter wavelength
upon guest complexation. The concentration of the guest
required to produce the change is different in each case, which
is due to the different stability constants of the binding species,
as mentioned earlier.2 The wavelength shift obtained with 2 on
addition of diols is the largest observed to date. The stability
constants (logK) of the boronic acid dye–saccharide complexes
were calculated from UV–VIS absorption–concentration pro-
files. The logK vales are D-fructose (3.75), D-glucose (1.85) and
ethylene glycol (0.66) respectively.

Scheme 1 shows the species in equilibria responsible for the
observed colour change, consistent with the experimental
results. With dye molecule 1 Shinkai proposes that at inter-
mediate pH a boron–nitrogen interaction is prevalent, whereas
at high and low pH this bond is broken.10 What makes the
equilibria of dye molecule 2 more interesting is the presence of
the anilinic hydrogen, which can give rise to different species at
high pH. This apparently simple modification in the molecular
structure is responsible for the enhanced response of these dyes
relative to those previously reported.

In the absence of saccharide, at pH 11.32, the observed colour
is purple and in the presence of saccharide the colour is red.†
From previous work it is known that when saccharides form
cyclic boronate esters with boronic acids, the Lewis acidity of
the boronic acid is enhanced and therefore the Lewis acid–base
interaction between the boronic acid and the amine is strength-
ened.3,12 This stronger B–N interaction will favour the red
species over the equivalent saccharide bound purple species.
The reason for this can be understood by considering species 4
and 5 from Scheme 1. In the presence of saccharide the B–N
interaction in species 5 is stronger than that in species 4. The
increased B–N interaction of species 5 will make the N–H
proton of species 5 more acidic than the corresponding proton in
species 4. Therefore at higher pH, species 5 will deprotonate to
form the red species 7, whereas the weaker B–N bond in species
4 is broken by hydroxide ion to form the purple coloured species
6.§

The colour change arises from the different electronic
environment of the anilinic nitrogen. The anilinic nitrogen is
conjugated to the azo chromophore. A change in the environ-
ment of this nitrogen leads to changes in the energy levels of the
n and p* orbitals of the azo chromophore and hence to a change
in the absorption energy and wavelength. The proposal of these
equilibrium species may also explain why dye molecule 1 did
not give a visible spectral shift on saccharide binding. Because
the anilinic nitrogen is tertiary in nature rather than secondary,
there is no possibility of deprotonation, so the high pH boron–
nitrogen bond cannot be formed. Hence there is no differ-
entiation between the equilibrium species at high pH and
consequently no spectral shift is observed.

T. D. J. wishes to acknowledge the Royal Society for support
through the award of a University Fellowship. C. J. W. wishes
to acknowledge the EPSRC and AVECIA Limited for support
through the award of a Studentship.

Notes and references
‡ Selected data for 2: mp 120–122 °C (decomp.) (HRMS: Found: [M]+,
372.1381, C20H17BN4O3 requires 372.1394); nmax(KBr)/cm21 1602s,
1518s and 1333s; dH(300 MHz; CD3OD; Me4Si) 2.63 (3 H, m), 4.45 (2 H,
br s), 6.52–6.58 (1 H, m), 6.99–7.04 (1 H, m), 7.18–7.40 (5 H, m), 7.63–7.72
(1 H, m), 7.87–7.93 (1 H, m), 8.21–8.36 (2 H, m); dC(125 MHz; CD3OD;
Me4Si) 18.1, 49.7, 113.2, 114.7, 118.3, 122.7, 123.6, 125.7, 127.6, 128.1,
129.8, 130.2, 132.8, 144.3; m/z (EI) 373 ([MH 2 H2O]+, 66%), 222 ([M 2
H2O–N2C6H4NO2]+, 100).
§ Negative ion electrospray ionisation (ESI) mass spectrometry using a
Micromass LCT spectrometer confirmed the presence of the red species 7
(m/z 533).
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Fig. 1 Absorption spectral changes of dye molecule 2 (5.66 3 1025 mol
dm23) with increasing concentration of D-glucose at pH 11.32. pH 11.32
buffer: 0.01000 mol dm23 KCl, 0.002771 mol dm23 NaHCO3, 0.002771
mol dm23 Na2CO3 in 52.1% MeOH–47.9% H2O (ref. 23).

Scheme 1
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Photolysis of a styrylpyrazine amphiphile in the bilayer of a
vesicle made from its mixture with DPPC, with irradiation
above 300 nm, effectively suppressed the release of glucose
entrapped in the vesicle, while the stilbene analogue induced
a sudden perturbation to release the glucose under the same
conditions.

Vesicles of lipid bilayers have been extensively studied as an
excellent model for a drug-delivery system (DDS) over 20
years.1 The study of DDSs using vesicles can be generally
classified into two main areas: the transport of vesicles targeting
a specified site in a living body, and the release control of drugs
entrapped in the interior space of vesicles. Concerning the latter
case, much effort has been devoted to introducing photochromic
molecules such as azobenzene, spiropyran and stilbene into the
bilayer of vesicles as a device for changing the permeability of
the bilayer membrane in response to light irradiation.2,3 Most of
these studies, however, have been focused on application of
intramolecular photochromism, such as cis–trans isomerism
and a conformational isomerism in the case of spiropyran, to the
release control system of substances entrapped in vesicles by
light. Although this intramolecular photochromism has been
successfully used to regulate the release rate with irradiation at
two independent wavelengths, it was impossible to stabilize the
bilayer and suppress the release using this strategy.

In our previous paper,4 we reported that styrylpyrazine
amphiphile 1 showed very fast and topochemically-controlled
photodimerisation and intermolecular photochromism between

the monomer and its syn head-to-head cyclobutane dimer in
aqueous dispersion. Our recent study has been directed toward
application of this intermolecular photochromism to the photo-
regulated release control of substances entrapped in vesicles. In
the course of this study, we found that styrylpyrazine amphi-
phile 1 stabilizes the bilayer of the vesicle made from its mixture
with L-a-dipalmitoyl phosphatidylcholine (DPPC) to suppress
the release of glucose entrapped in the vesicle with irradiation
above 300 nm, while the stilbene analogue 2 induces a sudden
perturbation of the bilayer to release the glucose. Here we
discuss these interesting observations from the point of view of
the difference in molecular stacking modes of the two
chromophores in the bilayer of the vesicles.

The mixed vesicles of 1 or 2 with DPPC were prepared by the
conventional sonication method.† Permeability properties of
the vesicles were studied by the measurement of glucose (%)
released from vesicles in the course of storage time at 25 °C, as
shown in Fig. 1. The release rate of glucose was decreased by
incorporating 1 into the DPPC vesicle compared to that from the

DPPC vesicle, whereas the release rate was greatly increased by
incorporating 2 into the DPPC vesicle. Upon irradiation of the
vesicle of 1 (1+DPPC = 1+4 molar ratio, hereafter referred to as
vesicle 1), which was stored for 13 h before irradiation, for 10
min under Ar atmosphere with a 500 W Xenon short-arc lamp
through Pyrex glass, the release of glucose from the vesicle 1
was more suppressed than that from the untreated one. The
mixtures of 1 with DPPC (1+DPPC = 1+3 and 1+2), however,
were not able to form vesicles entrapping glucose under the
same dispersion conditions. On the other hand, upon irradiation
of the vesicle of 2 (2+DPPC = 1+6 molar ratio, hereafter
referred to as vesicle 2), which was stored for 17 h before
irradiation, for 30 min under the same conditions, the release
was initially accelerated and then suppressed. The vesicle of 2
(2+DPPC = 1+4 molar ratio) also indicated a similar accelera-
tion effect of the release rate by the photolysis.

In order to explain these interesting results, we investigated
the photochemical reactivities of 1 and 2 by irradiation above
300 nm in the bilayer matrix of DPPC vesicles by 1H NMR
spectroscopy. The aqueous dispersion of 1 (1+DPPC = 1+4) or
2 (2+DPPC = 1+6) obtained by the same procedure as referred
to above was irradiated under Ar atmosphere with a 500 W
Xenon short-arc lamp through Pyrex glass. 1H NMR measure-
ments were conducted in a mixed solvent (CD3OD–CDCl3 =
2+3) after removing the water in vacuo. It is obvious that the
overall reaction process of 1 is very different from that of 2, as
shown in Fig. 2. In the case of 1, the content (%) of the trans-
monomer decreased rapidly with irradiation to give directly the
corresponding syn head-to-head cyclobutane dimer, although a
trace of the cis-isomer was detected. In the case of 2, however,
the content (%) of the cis-monomer increased rapidly to the

Fig. 1 Release (%) of glucose entrapped inside vesicles made from (Â)
DPPC, (8) a mixture of DPPC+1 = 4+1, (-) DPPC+1 = 4+1 after
irradiation above 300 nm for 10 min at time = 13 h, (2) DPPC+2 = 6+1,
(5) DPPC+2 = 6+1 after irradiation above 300 nm for 30 min at time =
17 h and (¶) DPPC+2 = 4+1 as a function of storage time at 25 °C.

This journal is © The Royal Society of Chemistry 2000
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level of 25% at the initial stage of irradiation with simultaneous
formation of the corresponding syn head-to-head cyclobutane
dimer, and then decreased progressively with the increase of the
dimer formation. The reaction behavior of 1 in the bilayer
matrix of DPPC was similar to that in the pure aqueous
dispersion.4 This observation suggests that 1 forms aggregates
with a ‘translation’ structure having a strong face-to-face
stacking through the multipole-multipole interaction even when
1 is diluted in the bilayer matrix of DPPC and, therefore, the
photoisomerism is suppressed by the strong aggregation. On the
other hand, the reaction behavior of 2 in the bilayer matrix of
DPPC was considerably different from that in the aqueous
dispersion.4 The pure aqueous dispersion of 2 did not form the
cis-monomer upon irradiation above 300 nm, while 5.5 mol% of
4-hexylstilbene-4A-butyric acid in a dihexadecyl phosphate
vesicle gave a photostationary state containing 80% cis- and
20% trans-isomer upon irradiation at 315 nm.3 These observa-
tions suggest that the intermolecular interaction of 2 is much
weaker than that of 1 in the aggregate and, therefore, the fluidity
of the bilayer membrane of the vesicle 2 is much higher than
that of the vesicle 1. This speculation is supported by the higher
phase transition temperature (Tc) from the gel state to the liquid
crystalline state of pure 1 (64 °C) than that of pure 2 (53 °C),4
and the much lower permeability of the vesicle 1 (1+4) than that
of the vesicle 2 (1+4). The weak intermolecular interaction of 2
may be due to the ‘pinwheel’ unit5 aggregate having a face-to-
edge stacking, as proposed by Whitten et al.

It is well known that the photoisomerisation of amphiphilic
compounds containing trans-azobenzene and trans-stilbene to
the cis-isomers in the bilayer membrane of vesicles increases
the permeability of substances entrapped in their vesicles.2
Therefore, the drastic acceleration of the release from the
vesicle 2 at the initial stage of photolysis can be reasonably
explained by considering the perturbation of the bilayer
membrane induced by formation of the cis-isomer, and the
suppression of the release from the vesicle 2 at the late stage and
from the vesicle 1 may be ascribed to the formation of the
corresponding syn head-to-head cyclobutane dimers. This was
confirmed by investigating the release from the vesicle made
from the pure syn head-to-head cyclobutane dimer of 1 and
DPPC (1+8), the extent of which was smaller than that from the
vesicle 1.

Recently, a ‘catastrophic’ destruction of the vesicle made
from a mixture of a styrylthiophene amphiphile with DPPC

through the photodimerisation of the styrylthiophene,6 inducing
the release of substance entrapped within the vesicle, has been
reported by Whitten et al. They proposed that the aggregation
structure of the styrylthiophene amphiphile is a ‘pinwheel’
tetramer having face-to-edge stacking in the bilayer matrix of
DPPC and, therefore, on the occasion of photodimerisation,
some additional motion should be necessary to bring adjacent
molecules close enough to dimerise. They pointed out the
dimerisation, including a structural change, as the main reason
for the vesicle disruption.

Considering the release property of the vesicle 2 and
Whitten’s result,6 suppression of the release from the vesicle 1
without any perturbation during the dimerisation is unique. A
simple topologically-controlled photodimerisation is expected
to result in minimal disruption of the vesicle microstructure.
Obviously, the vesicle 1 is just such a case. To the best of our
knowledge, this is the first case for clean suppression of the
release of substances from vesicles by [2 + 2] cycloaddition.

From the viewpoint of using the photochromism between a
1,2-diarylethylene monomer and the corresponding cyclobu-
tane dimer as a new strategy for controlling the release of
substances entrapped in vesicles, this clean suppression of the
release is noteworthy. Naturally, since the reverse reaction, the
cleavage of the cyclobutane dimer to the monomer,4 is expected
to increase the release rate, further study on the reversible
release-control of vesicles by using 1 is now in progress in our
laboratory.

Notes and references
† The thin layers of the mixtures 1 (1+DPPC = 4 mmole+16 mmole), or 2
(2+DPPC = 4 mmole+16 mmole, 2.8 mmole+17.2 mmole) with DPPC were
prepared on the inside wall of a test tube by dissolving them in 2.5 ml of a
MeOH–CHCl3 (1+4, v/v) mixed solvent and evaporating the solvent in
vacuo. After drying in a vacuum desiccator, 2 ml of an aqueous solution of
glucose (300 mM) was added and sonicated for 5 min at 70 °C with a probe-
type sonicator. Small unilamellar vesicles containing glucose were
separated from the untrapped glucose by gel-filtration chromatography
(Sephadex G-50, 1.5 3 18 cm, eluent: 150 mM NaCl aqueous solution). The
formation of vesicles was confirmed by a well-established gel-filtration
method (ref. 7). The determination of glucose was conducted by the
measurement of absorbance at 505 nm of quinone dye produced by the
Mutarotase GOD method described by Miwa et al. (ref. 8). The amount of
glucose released (%) from the vesicles was calculated using eqn. (1),

Glucose released (%) = At/Atotal 3 100 (1)

where At is the absorbance of the suspension after a definite period of
storage, and Atotal is the absorbance after addition of an aqueous solution of
Triton X-100 (200 g l21) to the suspension.
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Fig. 2 Comparison of photoreactivities of 1 and 2 incorporated in the bilayer
matrix of DPPC with irradiation at above 300 nm. Variation of content (%)
of (8) 1-trans, (-) 1-syn head-to-head dimer, (2) 2-trans, (∂) 2-cis and
(5) 2-syn head-to-head dimer as a function of the time of irradiation, where
the suspension of 1 or 2 was prepared by dispersion of the mixture (1+DPPC
= 4 mmol+16 mmol) or (2+DPPC = 2.8 mmol+17.2 mmol) in 2 ml of Milli-Q
water, respectively.
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Well-defined PMMA with very low polydispersity and a-
Et2NCS2 and w-Cl end groups was synthesized via a novel
controlled/‘living’ radical polymerization (in situ ATRP
process) using a tetraethylthiuram disulfide (TD)/FeCl3/
PPh3 initiating system.

Recently, some effective controlled/‘living’ radical polymeriza-
tion systems have been reported, such as stable free radical
polymerization with 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO),1 atom transfer radical polymerization (ATRP)
systems,2,3 and reversible addition–fragmentation chain trans-
fer (RAFT) systems.4 Thus, the controlled/‘living’ radical
polymerization has become a reality.

So far, there are two kinds of ATRP, i.e. conventional ATRP
and reverse ATRP. In conventional ATRP, organic halides
(RX) are used as initiators, transition-metal compounds in their
lower oxidation state (Mn, where n is the oxidation state) are
used as catalysts and electron-donating compounds are used as
ligands (L). In this process, a dynamic equilibrium is estab-
lished where the dormant polymer chains are reversibly
activated via a halogen atom transfer reaction.

In reverse ATRP,5–9 a radical initiator and a higher oxidation
state transition-metal catalyst complex Mn + 1 XLm (where m is
the number of ligands) are used. Reverse ATRP differs from
conventional ATRP in the initiation step, where the initiating
active species or the propagating active species can abstract a
halogen atom from the oxidized transition-metal complex to
form the dormant species and the reduced transition-metal
species.

Here we report a novel ATRP (in situ ATRP), using TD/
FeCl3/PPh3 as the initiating system. In the in situ ATRP process,
the essential initiator [halide species (Et2NCS2Cl)], and the
catalyst [transition-metal compound in its lower oxidation state
(FeCl2)] were both produced in situ from the reactions of TD
and FeCl3. The subsequent polymerization proceeded via a
conventional ATRP process. The PMMAs synthesized using
the TD/FeCl3/PPh3 system have very narrow polydispersities
(1.04–1.07) and a very fast rate of polymerization.

The polymerization of MMA was carried out in bulk with the
TD/FeCl3/PPh3 initiation system at 100 °C. Results for the
system with the initial ratio of [MMA]0+[TD]0+
[FeCl3]0+[PPh3]0 ≈ 200+1+10+30 are shown in Fig. 1. It shows
that the Mn (GPC) (number-average molecular weight measured
by GPC), increases linearly with conversion from 2200 to 7100,
and the polydispersity index is very narrow (1.04–1.07) as the
monomer conversion is increased from 21.5 to 85% in 8 min.
The Mn (GPC) is close to the Mn(th), a theoretical number-average
molecular weight computed from Mn(th) = ([MMA]0/2[TD]0)
3 MWMMA 3 conversion. The efficiencies of initiator f as
calculated from f = Mn(th)/Mn(GPC) are around 1.0. In a plot of
ln([M]0/[M]) vs. time as shown in Fig. 2, a straight line is
observed, indicating that the kinetics is first order in monomer.
This means that the concentration of propagating radicals is
constant during the polymerization.

When [MMA]0+[TD]0+[FeCl3]0+[PPh3]0 ≈ 200+1+10+30,
the results of solution polymerization of MMA in anisole are
similar to those of bulk polymerization, while a lower rate of
polymerization and slightly broader polydispersities (about 1.1)
were obtained.

From the results mentioned above, it can be observed that the
MMA polymerization with the TD/FeCl3/PPh3 initiation system
at 100 °C proceeds in a controlled/‘living’ manner.

From the FTIR, UV and NMR spectra, it can be seen that the
Et2NCS2– group is one of the end groups of the polymer. The
signals at 1267 and ~ 3450 cm21 in the FTIR spectrum are
characteristic absorption bands of the Et2NCS2– group. The UV
spectrum of the PMMA powder identifies Et2NCS2– ( ~ 283
nm) is an end group. The number of Et2NCS2– groups was
determined by UV spectroscopy in CHCl3 to be ca. 1. In the 1H
NMR spectrum of the PMMA, the signal at dH 3.07 is that of the
methylene of Et2NCS2CH2–, and that at dH 3.70 is from the
methylene of (CH3CH2)2NCS2–. The signal at dH 3.79 is that of
the protons of the methoxy group, and that at dH 2.50 is from the
methylene protons of the terminal MMA unit capped with an w-
chlorine, similar with that reported by Ando et al.10 The
Mn(NMR) (6600) is close to Mn(GPC) (6500), indicating that all the
polymer chains have chlorine end groups. So, the polymers

Fig. 1 Dependence of the PMMA molecular weight and polydispersity on
the monomer conversion at 100 °C. Conditions: in bulk, [MMA]0 = 9.38
mol l21, [TD]0 = 4.69 3 1022 mol l21, [FeCl3]0 = 4.69 3 1021 mol l21,
[PPh3]0 = 1.41 mol l21; in anisole, [MMA]0 = 4.69 mol l21, [TD]0 = 2.35
3 1022 mol l21, [FeCl3]0 = 2.35 3 1021 mol l21, [PPh3]0 = 7.05 3 1021

mol l21. Mn(th) = ([MMA]0/2[TD]0) 3 MWMMA 3 conversion. Molecular
weights and molecular weight distributions of polymer samples were
measured using a Waters 515 GPC with polystyrene calibration stan-
dards.

Fig. 2 Time dependence of ln[M]0/[M] and conversion at 100 °C, where
[M]0 and [M] are the MMA concentration at times 0 and t, respectively.
Under the same conditions as in Fig. 1.
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produced using the initiation system are well-defined, not only
with very narrow polydispersity but also with precise end
groups, i.e. a-Et2NCS2– and w-chlorine groups. The presence
of an w-chlorine end group in the obtained PMMA suggests the
polymerization proceeds via an ATRP process.

In order to clarify the nature of the polymerization, we carried
out some control experiments under fixed conditions:
[MMA]0 = 9.38 mol l21, [TD]0 = 4.69 3 1022 mol l21,
[FeCl3]0 = 4.69 3 1021 mol l21, [PPh3]0 = 1.41 mol l21,
100 °C. In this case, the conversion was 85% (8 min). However,
the conversion decreased to 75% after 20 min in the presence of
TEMPO ([TEMPO]0 = 12.57 3 1022 mol l21). This suggests
that the activate species are possibly radicals. When H2O was
added ([H2O]0 = 281.4 3 1022 mol l21), the polymerization
still proceeded at a moderate rate with 49.3% conversion after
20 min. Generally speaking, MMA is an electron poor monomer
and cannot be polymerized via a cationic process. It is
impossible to perform an ionic polymerization in the presence
of water ([H2O]0/[TD]0 = ~ 60). Therefore, the polymerization
with the TD/FeCl3/PPh3 system is a radical polymerization.
When the polymerization was carried without the PPh3 ligand,
no polymer was obtained after 16 h but precipitated FeCl2 was
produced.

According to the results mentioned above, we propose a
mechanism for the in situ ATRP as depicted in Scheme 1.

When TD was added to the mixture of FeCl3, MMA and PPh3
at room temperature, the color of the system instantly became

dark green.11 This indicated that TD rapidly reacted with FeCl3
and two complex products of halide, Et2NCS2Cl·FeCl3 (A) and
Fe(Et2NCS2)2Cl (B) were produced,12 as depicted in eqn. (1) in
Scheme 1. At high temperature, such as 100 °C, (B) reacted with
FeCl3 to form Et2NCS2Cl and FeCl2 [eqn. (2) in Scheme 1)].
(A) thermally decomposed into Et2NCS2Cl and FeCl3 [eqn. (3)
in Scheme 1]. Thus, the initiator (Et2NCS2Cl) and the
transition-metal catalyst in its lower oxidation state (FeCl2) for
an ATRP system were in situ created. The primary radical
Et2NCS2

·, formed from the reaction of Et2NCS2Cl with
FeCl2(PPh3)2, can initiate MMA polymerization. The sub-
sequent reactions proceeded following a conventional ATRP.

Due to the presence of an w-chlorine end group on the
polymer chain, chain extension polymerization of the PMMA
can be carried out using a conventional ATRP initiation system.
The results are as follows: in bulk at 100 °C, Mn of PMMA =
18 400, Mw/Mn = 1.11, [PMMA]0 = 5.33 3 1023 mol l21,
[MMA]0 = 8.23 mol l21, [FeCl2]0 = 5.33 3 1023 mol l21,
[PPh3]0 = 1.6 3 1022 mol l21; a conversion of 70% was
achieved after 36 h, Mn of the chain-extended PMMA =
157 700, Mw/Mn = 1.43.
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A molecular vase, analogous to a calix[4]arene, has been
generated from (en)PdII and 4,6-dimethyl-2-hydroxypyr-
imidine, the X-ray crystallographic study showing that this
compound is able to incorporate a gadolinium atom.

Calixarenes have been the subject of high interest owing to their
wide range of applications.1,2 Their cyclic frameworks asso-
ciated with the presence of phenol oxygen atoms afford efficient
complexing agents for metal ions,3 while their hydrophobic
cavities allow the inclusion of guest molecules. Formation of
analogous inorganic macrocycles, metallacalixarenes, can be
achieved by combining 120 and 90° bond angles provided
respectively, by an appropriate ligand and a suitable metal
entity.4,5 Other angle combinations lead to molecular triangles,6
squares,7 and other structures of higher complexity.8

Reaction of [(en)Pd(H2O)2]2+ with 4,6-dimethyl-2-hydroxy-
pyrimidine (Hdmpymo) generates the cyclic species [(en)-
Pd(dmpymo-N1,N3)]4

4+ 1, (Scheme 1) by a self-assembly
process. The presence of four exocyclic oxygen atoms of the
pyrimidine moieties, suggested the possible coordination of
additional metal atoms. Lanthanide metal ions were thought to
be ideally suited in terms of both size and oxygen affinity.
Addition of an excess of Gd(NO3)3·6H2O to an aqueous
solution of 1 affords {Gd(NO3)2(H2O)[(en)Pd(dmpymo)]4}5+ 2
(Scheme 1),† which has been structurally characterised‡ and
has been proved to be a metallacalix[4]arene of Cs symmetry
(Fig. 1). The four Pd centres lie in a plane forming an almost
perfect square with ca. 5.7 Å sides. The pyrimidine rings are not
coplanar to the Pd4 plane showing deviations of 35.2, 64.0 and
37.8°, respectively, for rings A, B and C, which results in the
formation of a molecular vase. This is a consequence of Gd
binding to the oxygen donor atoms of the dmpymo ligands
which forces the four pyrimidine moieties to orient, from a high
number of possibilities, in the same direction. The resulting
conformation adopted by the metallacalixarene is that of a
pinched cone. In classic organic calix[4]arenes stabilisation of
the cone conformation, after binding of a single transition metal
atom simultaneously to four phenol oxygens, is usual.3 In
metallacalix[4]arenes, however, the larger size of the oxo-
surface, with O···O separations of ca. 4.4 Å, does not fit to
transition metals, for which simultaneous binding to only two
adjacent oxygen atoms has been observed.9 The larger size of

Gd3+ ideally suits the geometric requirements of the oxo-
surface of 1 forming strong bonds to the four exocyclic dmpymo
oxygens. The coordination sphere about Gd is completed by two
bidentate nitrate anions placed over the calix lower rim and a
water molecule completely encapsulated in the calix cavity.
Calixarenes are well known for their ability to include guest
molecules in their hydrophobic cavity.1 Likewise, metalla-
calixarenes also possess a hydrophobic cavity which is also able
to encapsulate organic residues.9 In the present case, the
opening of the cavity measured as the separation between
C(5A)···C(5C) of 7.82(2) Å and C(5B)···C(5B#1) of 10.64(2) Å
is big enough to permit inclusion of guest molecules. Addition-
ally there is a water molecule coordinated to the Gd center
which is completely included in the metallacalixarene cavity.
This alters, the hydrophobic nature of the cavity9 permitting the
inclusion of an additional water molecule and a nitrate anion
inside the cavity, which gives rise to strong H bonding
interactions, namely O(1W)···O(5W) and O(1W)···O(91), with
separations of 2.77(2) and 2.88(3) Å, respectively. This change
in the hydrophobic nature of the cavity explains why it was not
possible to find any host–guest chemistry of organic molecules
for the La[(en)Pt(uracilate)]4(NO3)3 species for which no X-ray
structure was available.9

1H NMR spectra of 1 are diagnostic of the N1, N3 bridging
coordination mode of dmpymo, with retention of the original
equivalence of its two methyl substituents. Replacement of the
acidic protons at N1 and N3 in H2dmpymo+ by two metal
entities is responsible for a significant downfield shift of the
resonance of the aromatic proton H5 (20.51 ppm) and upfield
shift of the resonance of the methyl groups (d +0.44 ppm) of
dmpymo. The presence of only one set of dmpymo resonances
in 1 is in agreement with its probable conformational flex-
ibility.5 We were also able to measure the 1H NMR spectrum of
2 even thought it is paramagnetic. The spectrum is more
complex than that of 1 with now two sets of signals for the

Scheme 1 Metallacalix[4]arene 1 presents conformational flexibility as a
consequence of free rotation about the Pd–dmpymo bonds. In 2 Gd
coordination to the oxo-surface of the metallacalix[4]arene is responsible
for its fixed cone conformation.

Fig. 1 Perspective view of the cation {Gd(NO3)2(H2O) [(en)-
Pd(dmpymo)]4}5+ in the crystal structure of 2. Pyrimidine rings A, B and C
are labelled. Selected band lengths (Å): Gd(1)–O(2A) 2.309(8), Gd(1)–
O(2C) 2.306(8), Gd(1)–O(2B) 2.323(6), Gd(1)–O(1W) 2.49(1), Gd(1)–
O(41) 2.504(6), Gd(1)–O(31) 2.535(6), Pd(1)–N(1C) 2.071(7), Pd(1)–
N(3B) 2.087(7), Pd(2)–N(3A) 2.072(7), Pd(2)–N(1B) 2.082(7).
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dmpymo resonances of H5 (d 6.31, 6.58 ) and methyl protons (d
2.86, 3.04). We believe this can be attributed to the increased
rigidity introduced to the metallacalixarene after Gd3+ coordina-
tion to 1. Addition of La3+ has, however, no effect on the
resonances of 1. It is thought that the more polarising nature of
Gd3+ with respect to La3+ leads to stronger bonds to the oxygen
donor atoms of 1.

This work was supported by the Spanish Ministry of
Education and Culture (Project PB97-0786-CO1). J. A. R. N.
thanks the University of Granada for a Research Contract and
Johnson Matthey for a loan of K2PdCl4.
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at room temperature. Satisfactory elemental analysis for C32H68N20O20Pd4:
Anal. Calc. for 1: C, 25.99; H, 4.64; N, 18.94. Found: C, 25.76; H, 4.99; N,
18.98%. dH(300 MHz, D2O): 2.77 (CH2, s, 4H), 3.02 (CH3, s, 3H), 6.26 (H5,
s, 1H). {Gd(NO3)2(H2O)[(en)Pd(dmpymo)]4}(NO3)5·8H2O 2 was obtained
after adding an excess of Gd(NO3)3·6H2O (1 mmol) to an aqueous solution
of 1 (0.125 mmol in 10 mL of H2O). The resulting solution (pH 2.6) affords,
after one week, yellow crystals of 2 in low yield (9%). Satisfactory
elemental analysis for C32H76N23O33Pd4Gd: Anal. Calc. for 2: C, 20.29; H,
4.04; N, 17.01. Found: C, 20.13; H, = 3.98; N, 16.90. dH(400 MHz, D2O):
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‡ Crystal data for 2: M = 1876.0, orthorhombic, space group Pnma, a =
26.883(1), b = 13.2671(7), c = 17.961(1) Å, U = 6405.8(5) Å3, Z = 4,
Dc = 1.964 g cm23, m = 2.228 mm21, l(Mo-Ka) = 0.71069 Å, F(000) =
3764, T = 293(2) K. Stoe STADI4 diffractometer, crystal size 0.550 3
0.397 3 0.280 mm, 8075 reflections measured, 7668 unique, reflections
observed 4269 Fo

2 > 4s (Fo
2), R1 = 0.0590, wR2 = 0.1489 (observed

data), S = 1.029. The structure was solved by the Patterson method and
refined using least-square methods.10 The disorder found in one of the
nitrate anions was modelled considering two positions with half occupancy.

All non-hydrogen atoms were refined anisotropically with the exception of
some of the nitrate anions and water molecules. CCDC 182/1515. See http:/
/www.rsc.org/suppdata/cc/a9/a909150e/ for crystallographic files in .cif
format.
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O-Trityl oximino esters 1 undergo stannane-induced radical
cyclization to regenerate an oxime function, affording
oximino lactones 4; these can be converted into enamides
(e.g. 11b), and such a transformation was used to make the
natural product 14c.

We report radical ring closures of the type summarized in
Scheme 1 (X = homolyzable group).1,2 The special feature of
such reactions is that the sp2 status of the acceptor carbon is
preserved—a result that is different from the one seen in the
classical cyclization of hexenyl radicals or the radical cycliza-
tion of O-alkyl oxime ethers.3–5 Regeneration of the oxime
function after the radical closure must involve6 tautomerization
of an intermediate nitroso compound, as shown in Scheme 1, 3
? 4.†

The starting oximino esters (cf. 1) are prepared using the
crystalline reagent 5 (mp 165–166 °C), which is easily made

(76%) by stirring equimolar amounts of O-trityl hydroxylamine
and glyoxylic acid monohydrate in THF for 4 h. Evaporation of

Table 1 Esterification of various alcohols and subsequent radical cyclizationsa

Scheme 1
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the solvent and column chromatography over silica gel (3+7
hexane–EtOAc) gives pure 5, whose geometry in the solid state
was established by X-ray analysis. The reagent (1 mmol) reacts
smoothly with alcohols (1.1 mmol) in CH2Cl2 in the presence of
DCC (1.1 mmol) and DMAP (1.1 mmol) to give the
corresponding esters, after 1–26 h. Yields in these esterifica-
tions are generally high (see Table 1, entries 1–6 and 8–9). The
parent alcohol for 11 is a known compound,8,9 but one tentative
structural assignment given8 in the literature [(1-bromocyclo-
hexyl)methanol] is incorrect; our X-ray analysis of 11 estab-
lishes the actual structure. In one case (Table 1, entry 7) we
prepared the required starting ester by reaction of 5 (1.1 mmol)
with a THF solution of the alkene (1.0 mmol) in the presence of
NBS (1.1 mmol), and again the yield was high.

The radical cyclizations were done by slow addition (ca. 10
h, syringe pump) of separate toluene solutions of Bu3SnH (0.17
M, 1.5–2.5 mmol per mmol ester) and AIBN (0.012 M, 0.1–0.2
mmol per mmol ester) to a refluxing toluene solution of the ester
(1.0–1.8 mmol, 0.016 M). Refluxing was continued for an
arbitrary period of 2 h after the end of the addition. The products
were isolated in the yields indicated in Table 1, by evaporation
of the solvent and flash chromatography. While the oxime
geometry for 5, 11 and 14a was determined by X-ray analysis,
the geometries shown for the other oximes are arbitrary
assignments. All the cyclization products were single isomers,
except for 14a. In that example, the material was obtained
crystalline, and X-ray analysis showed the crystals to be
composed of the trans,E and cis,E isomers in a ratio of ca.
55+45; the same composition was evident from the 1H NMR
spectrum. During cyclization of 9 a 1,2-acyloxy rearrange-
ment10 occurs, driven by formation of a benzylic radical.

We have examined briefly the partial reduction of several of
our a-oximino lactones. For example, treatment of 7a with iron

powder in Ac2O11 (room temperature, 14 h) gave a mixture of
enamide 7b (54%) and the doubly acetylated analog 7c (30%).
Under the same conditions, 11a gave 11b (80%), and no bis-
acetylated product was isolated.

Treatment of 14a with iron powder in TFAA gave enamide
14b (Scheme 2), the fluorinated anhydride being used because
we expected this choice to facilitate subsequent amide hydroly-
sis. In the event, treatment of 14b with aqueous K2CO3 afforded
enamine 14c, which is a naturally-occurring substance12,13 that

is present in the flowers of the tree Quararibea funebris (Llave).
Extracts of the flowers have been used14 by the Zapotec Indians
of Oaxaca, Mexico, to treat a number of disorders, including
some of a psychological nature, but it is not known whether 14c
itself is biologically active. It has been suggested that the
compound may be the biosynthetic precursor of several pyrrole
alkaloids present in the flower extract.14

All new compounds were characterized spectroscopically,
including high resolution mass measurements, except for 9b,
which was isolated as a mixture with 9a.

Acknowledgment is made to the Natural Sciences and
Engineering Research Council of Canada and to Merck Frosst
for financial support.
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Reaction of a tetracyano[1,1,1,1]metacyclophane blocked in
the 1,3-alternate conformation and silver cations under self-
assembly conditions leads to a tubular coordination network
formed by double bridging of consecutive rings by linearly
coordinated metal centres.

Tubular structures are interesting architectures, in particular
with respect to their ability to transport ions and molecules. In
principle, such structures may be obtained either using non
reversible covalent bond formation processes or under self-
assembly conditions using reversible interactions. It has been
shown that tubular systems may be formed by 1-D chains
adopting a helical structure, as observed for polypeptides in
natural systems.1,2 On the abiotic side, helical coordination
polymers composed of synthetic organic ligands and metal
centres,3,4 which may be considered as tubular systems, have
also been reported. Using self-assembly of silver ions and
polydentate ligands, tubular systems formed by the inter-
connection of metallamacrocycles have been reported.5,6 Other
strategies based on the organisation of cyclic units into tubular
arrangements using liquid crystalline phases7 or polymeric
backbones8 have been shown to be successful as well. Finally,
the formation of carbon nanotubes by rolling 2-D graphite
sheets has also been demonstrated.9

Following the above-mentioned strategy based on the use of
H-bonds between cyclic peptides, we reasoned that, by making
the appropriate choice of ligands and metal centres, tubular
coordination networks may be formed using the self-assembly
strategy based on the formation of reversible coordination
bonds. The formation of such a structure requires a com-
plementary pair of ligand and metal cation that affords their
reversible and mutual interconnection (Fig. 1).

Here, we report the synthesis of the exo-ligand 1 as well as
the structural analysis of its tubular coordination network
obtained in the presence of silver cations.

We believed that the exo-ligand 1 (Scheme 1) would be
promising for the formation of infinite metallatubulanes.
Ligand 1 is based on a [1,1,1,1]metacyclophane backbone that
is blocked in the 1,3-alternate conformation and bears four
nitrile groups as coordination sites, which are located below and
above the main plane of the macrocycle in an alternate fashion
and thus occupy the apexes of a pseudo-tetrahedron. The choice
of 1 was based on the structural study of its hydroxy analogue
3, which was demonstrated to be in the 1,3-alternate conforma-
tion,10 the mercapto analogue 4,11 and on our previous
observation dealing with the formation of 1-D coordination
networks using ligand 6.12 Indeed, it was found that when using
the calix 6, owing to its inherent flexibility, two nitrile groups
located on the same face of the ligand could act as a chelate for
Ag+ cations (Fig. 1). Thus, for the linear coordination network
formed by bridging consecutive calix units by Ag+ cations, the
coordination geometry adopted by the latter was tetrahedral. In
terms of topology, the above mentioned network is in principle
of the tubular type; however, the presence of metal centres

aligned along the tube axis obstructs the channel. In order to
circumvent this, the ligand 1 was designed, which incorporates
methyl groups that induce considerable rigidity and thus prevent
the chelation process.

The synthesis of 1 (Scheme 1) was based on the strategy used
for the preparation of 3.10 Starting with 4, compound 5 was
obtained in 84% yield upon treatment with ClCH2OMe in
CH2Cl2 in the presence of SnCl4 at 215 °C. Upon heating an
equimolar mixture of 4 and 5 in EtNO2 and in the presence of
SnCl4 for 6 h at 60 °C , the cyclic cyclophane 2 was obtained in
74% yield. The desired 1 was obtained in 54% yield upon
treatment of 2 with CuCN in refluxing DMF for 15 h.13 The
1,3-alternate conformation was established in the solid state by
X-ray diffraction for both 1 and 2 (structures not reported
here).

The metal cation used for the self-assembly of 1 into a tubular
network was Ag(I), which forms kinetically labile complexes
and can adopt a linear coordination geometry.14 Furthermore,
Ag+ has been extensively used for the formation of coordination
networks,15 in particular using nitrile containing ligands.16

Fig. 1 Schematic representation of two types of tubular coordination
networks which can be formed by the self-assembly of ligand 6 with Ag+

cations adopting a tetrahedral coordination geometry (left) or ligand 1 and
Ag+ cations adopting a linear coordination geometry (right).

Scheme 1
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Upon slow diffusion of a CH2Cl2 (0.75 ml) solution of the
ligand 1 (2 mg, 3.18 3 1026 mol) into a MeOH (1 ml) solution
of AgPF6 (8 mg, 3.18 3 1025 mol) in large excess, colourless
crystalline material was obtained. The analysis of single-
crystals by X-ray crystallography† revealed the presence of
disordered CH2Cl2 and MeOH solvent molecules in the lattice
in addition to 1, Ag+ and PF62 anions. As predicted (Fig. 1), in
addition to the anions and solvent molecules, the crystal was
composed of cationic tubular coordination networks formed by
the bridging of consecutive cyclic units by Ag+ cations (Fig. 2).
The ligand 1 adopts the imposed 1,3-alternate conformation.
The nitrile groups are almost linear with an average C–C–N
angle of ca. 177.5° and an average C–N distance of 1.142 Å. In
the unit cell, two different Ag+ cations are present. The
coordination sphere around both crystallographically non-
equivalent Ag+ cations is composed of two nitrogen atoms (N–
Ag–N 153.8 and 162.3°, C–N–Ag 171.5 and 150.3, 178.3°, N–
Ag 2.155 and 2.126, 2.138 Å) and PF62 anions with Ag–F
distances varying from 2.811 to 2.983 Å. Two Ag+ cations
located on the same face of the molecule are separated by 9.891
and 9.593 Å. The packing of the cationic component (Fig. 3)
shows parallel disposition of tubular networks. Interestingly,
the 1-D tubular networks are interconnected in a dihapto mode
by strong metal–p interactions between Ag+ cations and the
aromatic moiety belonging to the next tubular strand (Ag+–
centroid distance of 3.087 Å). The same observation has been
made with metallamacrocyles formed by connecting two cyclic
para-dimethylaminopyridine derivatives with two Ag+ cati-
ons.14 Thus, taking into account the above interactions, the
arrangement obtained may be described as a 2-D network with
translations into two directions of space of two distinct
assembling cores based on N–Ag+–N and Ag+–p interactions.
Thus, the overall structure may be described as stacks of 2-D
networks separated by PF62 anions. The tubular arrangement is
not empty and occupied by solvent molecules. However, none
of the solvent molecules (disordered CH2Cl2 and MeOH)
present are included within the cavity of the cyclophanes but are
rather located within cavities formed by interconnection of the
cyclic units by silver cations.

In conclusion, employing the self-assembly strategy, the
formation of a silver tubular coordination network using a
[1,1,1,1]metacyclophane backbone that is blocked in the
1,3-alternate conformation and bears four nitrile groups was
achieved and structurally characterised in the solid state by
single-crystal X-ray analysis. The exchange of included solvent
molecules, as well the enhancement of the size of the tubulane
are currently under investigation.

Notes and references
† Crystal data for C22H22N2AgPF6•MeOH•0.75CH2Cl2: M = 663.01,
monoclinic, space group C2/m, a = 24.2853(5), b = 19.1082(7), c =

11.9631(4) Å, b = 108.051(2)°, V = 5278.2(5) Å3, Z = 8, Dc = 1.67 g
cm23, m(Mo-Ka) = 1.039 mm21. Data were collected on a Nonius
KappaCCD diffractometer using Mo-Ka graphite monochromated radia-
tion (l = 0.71073 Å) at 173 K. A colourless crystal of dimensions 0.20 3
0.16 3 0.14 mm was used and a total of 28 326 reflections were collected,
2.5 < q < 27.5°. 3937 unique reflections having I > 3s(I) were used for
structure determination and refinement. Absorption corrections were
partially integrated in the data reduction procedure. The structure was
solved using direct methods and refined against |F|. Hydrogen atoms were
introduced as fixed contributors when a residual electronic was observed
near their expected positions. The MeOH and one of the CH2Cl2 molecules
are disordered over two positions lying near symmetry elements of the space
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Fig. 2 A portion of the X-ray structure showing the formation of a cationic tubular coordination networks obtained by mutual bridging of Ag+ cations and
ligands 1 (view perpendicular to the tube axis). For clarity, H atoms, solvent molecules and anions are not shown.

Fig. 3 A portion of the structure showing the packing of the cationic tubular
coordination networks (projection normal to the tube axis). For clarity, H
atoms and solvent molecules (CH2Cl2 and MeOH) are not shown.

240 Chem. Commun., 2000, 239–240



Reactions of permethylmetallocene alkyne complexes of titanium and
zirconium with tris(perfluorophenyl)borane

Vladimir V. Burlakov,a Paul-Michael Pellny,b Perdita Arndt,b Wolfgang Baumann,b Anke Spannenberg,b

Vladimir B. Shur*a and Uwe Rosenthal*b

a A. N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, Vavilov St. 28, 117813,
Moscow, Russia

b Institut für Organische Katalyseforschung an der Universität Rostock, Buchbinderstr. 5 - 6, D-18055 Rostock,
Germany    

Received (in Cambridge, UK) 20th October 1999, Accepted 11th January 2000

Functionalization of the pentamethylcyclopentadienyl
ligands by an electrophilic substitution of hydrogen atoms
by [B(C6F5)3] is observed at the Cp* ligands of the alkyne
complexes [Cp*2M(h2-PhC2SiMe3], connnected with (M =
Ti, formation of 1) or without (M = Zr, formation of 2) loss
of the alkyne and molecular hydrogen.

Recently we have published the reaction of the bis(trimethylsi-
lyl)acetylene complex of titanocene [Cp2Ti(h2-Me3SiC2-
SiMe3)]1 with [HNMe3][BPh4] giving cationic complexes of
the type [Cp2TiL2][BPh4] with L = THF and pyridine.2 More
recently we have found that in the interaction of [Cp2Ti(h2-
Me3SiC2SiMe3)] with [B(C6F5)3] an electrophilic substitution
of a hydrogen atom in one of the h5-C5H5 rings takes place, and
the paramagnetic zwitterionic titanium complex [(h5-
C5H5)Ti{h5-C5H4B(C6F5)3}] is formed together with liberation
of dihydrogen.3 In this complex the ortho-fluorine atoms of two
perfluorphenyl groups coordinate at the titanium centre.

Such an interaction but with only one perfluorphenyl group
was described previously in the reaction product of the
zirconacyclopentadiene [Cp2Zr(C4Me4)] with [B(C6F5)3] giv-
ing [(h5-C5H5)Zr{s-C(Me)NC(Me)–C(Me)NCHMe}{h5-
C5H4B(C6F5)3}].4 Starting from the alkyne complex
[Cp2Zr(PMe3)(h2-EtC2Et)] and [HB(C6F5)2] the alkenyl com-
plex [(h5-C5H5)Zr{s-C(Et)NCHEt}{h5-C5H4BH(C6F5)2}] was
obtained in which the hydrogen of the B–H groups coordinate at
the Zr centre.5

Also, the so-called ‘tuck in’ permethylmetallocene com-
plexes5 were obtained with [B(C6F5)3] and [HB(C6F5)2]. Some
aspects of these compounds were reviewed by Piers in 1998.5

Here, we report the different reactions of the perme-
thylmetallocene alkyne complexes [Cp*

2M(h2-PhC2SiMe3)]
(M = Ti6 and Zr7) with [B(C6F5)3], leading to functionalization
of the pentamethylcyclopentadienyl ligand.

The compound [(h5-C5Me5)Ti{h5-C5Me4CH2B(C6F5)3}] 1
is formed by dissociation of the alkyne and an electrophilic
substitution of a hydrogen atom in one methyl group of the Cp*

ligand together with liberation of dihydrogen (Scheme 1).†
The composition of the Ti(III) complex 1 was verified by

elemental analysis‡ and crystallography.
The X-ray crystal structure analysis of 1§ (Fig. 1) revealed a

bent permethyltitanocene which consists of one unsubstituted
and one substituted pentamethylcyclopentadienyl ligand. In this
complex the ortho-fluorine atom of only one of the per-

fluorphenyl groups coordinates at the titanium centre [Ti–
F152.406(3) Å]. This is longer than found in [(h5-C5H5)Ti{h5-
C5H4B(C6F5)3}]3 (2.248, 2.223 Å).

The alkenyl compound [(h5-C5Me5)Zr{C(Ph)NCH(Si-
Me3)}{h5-C5Me4CH2B(C6F5)3}] 2 is formed also by an
electrophilic substitution of a hydrogen atom in one methyl
group of the Cp* ligand but without dissociation of the alkyne
and liberation of dihydrogen (Scheme 2).¶

The composition of the diamagnetic complex 2 was verified
by elemental analysis and crystallography. For solubility
reasons, NMR investigations had to be carried out in THF-d8,
but some undefined changes prevented a full analysis of the
spectra.∑ However, the borane attack at one methyl group is
evident from a strong line broadening of both the 1H and 13C
methylene signals (diastereotopic protons at 2.65 and 2.81
ppm). The chemical shifts for the vinyl group, a strong
deshielding for the a carbon atom (228.9 ppm) and an upfield

Scheme 1

Fig. 1 Crystal structure of 1 at the 30% probability level for thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (°): Ti–F15 2.406(3), C30–F15 1.391(5), C7–C13 1.514(5),
C13–B 1.649(6); B–C13–C7 124.8(3).

Scheme 2
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shift with a small coupling constant 1JCH (104.9 ppm, 111 Hz)
for the b position, are characteristic for a ‘b-CH agostic’
structure8 although the deshielding of the proton is not as
pronounced for complex 2 as was found for other zirconium
cyclopentadienyl compounds with this structural fea-
ture.8,10b,12

The X-ray crystal structure analysis of 2§ (Fig. 2) revealed,
similarly as found also for complex 1, a bent perme-
thylmetallocene which consists also of one unsubstituted and
one substituted pentamethylcyclopentadienyl ligand, but no
fluorine atom coordinates at the zirconium centre [shortest
distance Zr–F15 4.744 Å]. Additionally an alkenyl group is s-
bonded with an agostic interaction8 to the zirconium atom
presenting the typical small angle Zr–C2–C1 of 86.5° for such
a type of bonding. In complexes 1 and 2 an identically
functionalized Cp* ligand [h5-C5Me4CH2B(C6F5)3] is shown.
Owing to the additional interaction in 1 the angle B–C13–C7 of
124.8(3)° is larger compared to the corresponding angle B–
C10–C9 of 121.6(4)° in 2.

The reactions of the corresponding complexes of bis-
(trimethylsilyl) acetylene [Cp*

2M(h2-Me3SiC2SiMe3)] (M =
Ti6 and Zr9) gave with [B(C6F5)3] only oils or such solids which
could not be purified by crystallisation.

The novelty of the reactions in this work is, in contrast to
former observed intermolecular reactions for titanium7b,10 and
zirconium7b,11 an intramolecular course via C–H activation for
the formation of 1 and 2. In the inter- and the intramolecular
reactions the higher stability of the Ti(III) oxidation state as well
as the larger zirconium atom can give an explanation for the
different types of reaction: elimination or addition of the
reacting substrate or group.

The work was supported by the Max-Planck-Gesellschaft, the
Fonds der Chemischen Industrie and the Russian Foundation for
Basic Research (Project code 99-03-33008).

Notes and references
† General procedure for the preparation of complex 1: 0.507 g (0.990
mmol) of [B(C6F5)3] was dissolved in 10 mL of toluene and added to 0.474
g (0.962 mmol) of [Cp*

2Ti(h2-PhC2SiMe3)].6 The yellow–brown solution
was filtered. After standing for 2 days at room temperature 0.123 g (15.4%)
of yellow–brown crystals of 1 were formed which were separated from the
mother-liquor, washed with cooled toluene and dried in vacuo; mp 141–143
°C (decomp.).

‡ Data for 1: elemental analysis for C38H29TiBF15 (M = 829.31). Calc.: C,
55.04; H, 3.52. Found: C, 55.02; H, 3.59%. NMR: As expected for Ti(III),3
no NMR signals (1H and 13C) could be obtained from solutions of 1 in
THF.
§ X-Ray structure analysis of 1 and 2: STOE-IPDS diffractometer, graphite
monochromated Mo-Ka radiation, solution of structures by direct methods
(SHELXS-86: G. M. Sheldrick, Acta. Crystallogr., Sect. A, 1990, 46, 467),
refinement with full matrix least square techniques against F2 (SHELXL-
93: G. M. Sheldrick, University of Göttingen, Germany, 1993).

1: monoclinic, space group C2/c, a = 37.705(8), b = 10.990(2), c =
18.178(4) Å; b = 106.48(3)°; V = 7223(3) Å3, Z = 8, Dc = 1.525 g cm23;
10465 reflections measured, 5758 were symmetry independent and 2868
were observed [I > 2s(I)], R = 0.052, wR2 (all data) = 0.116, 496
parameters.

2: monoclinic, space group P21/c; a = 12.827(3), b = 18.862(4), c =
19.499(4) Å, b = 94.26(3)°; V = 4704.6(18) Å3, Z = 4, Dc = 1.480 g
cm23; 13886 reflections measured, 7099 were symmetry independent and
3131 were observed [I > 2s(I)], R = 0.045, wR2 (all data) = 0.074, 608
parameters. CCDC 182/1520. See http://www.rsc.org/suppdata/cc/a9/
a908591b/ for crystallographic files in .cif format.
¶ General procedure for the preparation of complex 2: 0.368 g (0.719
mmol) of [B(C6F5)3] was dissolved in 15 mL of toluene and added to 0.370
g (0.690 mmol) of [Cp*

2Zr(h2-PhC2SiMe3)].7 The green solution was
filtered. After standing for one day at room temperature red crystals
deposited which were separated from the mother liquor, washed with cooled
toluene and dried in vacuo to give 0.684 g (94.6%) of 2;. mp 176–178 °C
(decomp.).
∑ Data for 2: elemental analysis for C49H44SiBZrF15 (M = 1047.98). Calc.:
C, 56.16; H, 4.23. Found : C, 55.99; H, 4.24%. 1H NMR (THF-d8, 297 K):
d 0.07 (s, 9H, SiMe3); 1.30, 1.51, 1.64, 1.80 (4 s, 3H each, Cp-Me); 1.95 (s,
15H, Cp*); 2.65, 2.81 (br, 1H each, BCH2); 4.49 (s, 1H, CH); 7.14 (2H, o-
Ph); 7.19 (1H, p-Ph); 7.34 (2H, m-Ph). 13C NMR (THF-d8, 297 K, not all
signals unambiguously identified): d 1.2 (SiMe3); 12.2, 12.4, 12.6, 12.7
(Cp-Me); 12.7 (Cp*); 22.9 (br, BCH2); 104.9 (CH); 123.7 (Cp*); 126.6 (o-
Ph); 126.8 (p-Ph); 128.7 (m-Ph); 228.9 (Zr–C).
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Fig. 2 Crystal structure of 2 at the 30% probability level for thermal
ellipsoids. Hydrogen atoms except H1 are omitted for clarity. Selected bond
lengths (Å) and angles (°): Zr–C1 2.518(6), Zr–C2 2.238(5), C9–C10
1.487(6), C10–B 1.694(6), Zr–H1 2.250,  Zr–F15 4.744, C39–F15 1.369(5);
C1–C2–Zr 86.5(4), B–C10–C9 121.6(4).
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Ionic liquids have been used as effective solvents to
synthesize aerogels; a long aging time can be used to produce
stable aerogel structures without the need for supercritical
drying processes.

Aerogels are a novel class of porous materials with wide-
ranging applications. The unique properties include low
density, high surface area, low thermal conductivity and low
dielectric permittivity.1–3 So far, the synthesis of silica-based
aerogels has been accomplished mainly through the controlled
condensation of small colloidal particles produced by sol–gel
processing in alcoholic aqueous solutions, followed by a
supercritical drying process. A highly desirable goal in aerogel
synthesis is the elimination of the supercritical drying process,
the most expensive and risky aspect of the process. For
example, Guo and Guadalupe have succeeded in synthesizing a
silica-based aerogel from a metastable lamellar composite
through cooperative interaction between silica and surfactant
species.4 The surfactant molecules used to generate pores can be
removed from the silica network through conventional solvent
extraction. The porous structure is stable during this procedure,
and no supercritical extraction is used. Here, we report a new
aerogel synthesis methodology based on the use of ionic liquids
as solvents. The structural features of the synthesized silica
aerogel are characterized.

Ionic liquids are a unique class of solvents that have virtually
no vapor pressure and possess versatile solvent properties.5–7

Recently, they have been effectively demonstrated as a superior
solvent for conducting many organic reactions. For example,
Chauvin et al. have shown that oligomers of alkenes can be
efficiently synthesized using ionic liquid solvents.8,9 More
recently, many new organic reactions in various ionic liquids
have been carried out by Seddon’s group.10,11 Our interest is in
exploring the ionic liquids as solvents to conduct inorganic
polymeric reactions for synthesizing novel inorganic materials.
Conventional sol–gel synthesis of aerogels involves hydrolysis
and condensation of tetraalkylorthosilicates to form gels in
alcoholic aqueous solutions. During the aging process, the
solvents evaporate, causing gel shrinkage before formation of a
stable sol–gel network. If the aging period is too long, the pore
volume tends to be reduced to that of the corresponding xerogel.
However, too short an aging time may cause instability of the
gel network, which can result in its collapse after extraction of
the solvent. Therefore, control of the aging time is critical to the
success of the aerogel synthesis. Ionic liquids offer an attractive
method for achieving longer aging times without shrinkage of
the gel network. When used as the solvent for sol–gel processes,
their negligible vapor pressure prevents solvent evaporation,
and their high ionic strength increases the rate of aggregation.
These and other effects allow hydrolysis and condensation to
proceed to completion, accordingly producing a stable gel
network before solvent extraction.12 All the preceding asser-
tions concerning the advantages of using ionic liquids as
solvents for the aerogel synthesis, of course, rely on the
solvation capability of ionic liquids to form homogeneous
solutions with aerogel precursors.

Tetramethylorthosilicate (TMOS) is used as the sol–gel
precursor. The room-temperature ionic liquid used in this work

is 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]
amide (EtMeIm+Tf2N2). This melt was synthesized as de-
scribed in the literature.13–15 Acid-catalyzed sol–gel processing
was conducted: in a typical run,16 1 mL of TMOS, 2 ml of
formic acid (Aldrich Chemical Co., 99%) and 1 mL of
EtMeIm+Tf2N2 were mixed. The sol–gel reaction can be
described by eqn. (1).17 The final mixture gelled overnight

2 HC(O)OH + (CH3O)4Si ? SiO2 + 2 CH3OH +
2 HC(O)OCH3 (1)

and was cured at ambient temperature for three weeks. A
transparent monolith glass was obtained. The entrapped ionic
liquid was extracted by refluxing the above monolith in
acetonitrile (Baker Chemical Co., HPLC grade) overnight. The
extraction procedure did not result in any visible shrinkage of
the gel. This may be attributed to the long curing time used to
stabilize the aerogel network before the extraction. The C–H
stretching vibrational IR features of the ionic liquid around
2900 cm21 disappeared after extraction and vacuum drying.
This indicates that all ionic liquid molecules were removed
through extraction. Immersion of the aerogel in solvents with a
high dielectric constant (e.g. water) can result in cracking of the
aerogel monolith. However, the aerogel monolith is very stable
in air.

The N2 adsorption isotherm (Fig. 1) of the monolith glass
after removal of the ionic liquid is identical to those of aerogels
prepared using different solvent and supercritical extraction.2,3

The surface area and pore volume calculated from Fig. 1 are 720
m2 g21 and 1.4 cm3 g21, respectively.18 Further supports for the
aerogel structure come from investigation by small-angle X-ray
scattering (SAXS). Fig. 2 shows a typical SAXS curve of the
aerogel prepared using the ionic liquid. The analysis of the
SAXS data indicates that the aerogel is mass fractal with a
fractal dimension of 1.4. This small fractal dimension indicates
a highly porous sol–gel network and is consistent with the mass
fractal dimension for the aerogel materials.12 The constituent
particles have a size distribution and the value of Rg (radius of
gyration) ranges from 80 to 14 Å, based on Guinier analysis.

Fig. 1 Nitrogen adsorption–desorption isotherm.
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Both the nitrogen adsorption and the SAXS data for our aerogel
agree well with those obtained for the aerogels synthesized by
conventional protocols.1,3,13

A possible mechanism for the aerogel formation in the ionic
liquid is shown in Scheme 1. Formic acid initiates the formation
of the sol particles, which effectively aggregate in the ionic
liquid into a sol–gel network. Concurrently, the ionic liquid
becomes entrapped in the growing covalent silica network,
rather than being chemically bound to the inorganic matrix. A
long aging time implemented before extraction of the non-
volatile ionic liquid further enhances the stability of the aerogel
network. No macroscopic phase separation between the gel and
the ionic liquid solvent has been observed. The homogeneity is
retained throughout the entire aging process. This indicates that
the interaction between the sol particles and the ionic liquids is
favored thermodynamically. The ionic liquid forms a homoge-
neous solution with sol–gel precursors. If other solvents (e.g.
DMSO, water) are used in the sol–gel preparation, no
appreciable pore volumes ( < 0.1 cm3 g21) are found. In fact,
similar results have been reported in the literature concerning
the doping of silica with organic liquids through sol–gel
processes.19

In conclusion, the silica aerogel has been synthesized using
an ionic liquid as a reaction solvent. This technique allows
aerogel synthesis under mild chemical conditions and elim-
inates the risky supercritical drying process. We expect that this

new methodology can find applications in synthesizing new
aerogels and aerogel films for separation, catalysis, and
insulation.

This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U.S. Department of
Energy, under contract No. DE-AC05-96OR22464 with Lock-
heed Martin Energy Research Corp. We also thank reviewers
for their valuable comments.
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Scheme 1

Fig. 2 Small-angle X-ray scattering curve for the aerogel.
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A convenient method of preparing optically active (S)-N-
tritylaziridine-2-carboxylate esters via intramolecular cycli-
zation of (S)-N-trityl-b-haloamino acid esters is described.

The development of novel methods of synthesizing optically
pure unnatural amino acids is an area of current interest.1 (S)-N-
Tritylaziridine-2-carboxylate [N-Tr-(S)-AZC] esters represent
an interesting class of compounds since they can be considered
a versatile synthetic equivalent of the ‘b-alanyl cation’ synthon
suitable for elaboration into b-substituted (S)-amino acids,2
enzyme substrates,3 and irreversible inhibitors of proteases.4
Despite their importance for synthetic use, only a few studies on
the syntheses of N-Tr-(S)-AZC esters have been reported 5–9

and these methods involve multi-step procedures, require
expensive starting materials, and produce a low yield or partial
racemization of the intermediate in the synthetic scheme.

During the course of our studies on the application of
enzymes in organic syntheses, we have discovered an efficient
method for the production of halogen-containing a-amino acids
via chemo-enzymatic reaction.10 Using this process, optically
pure (S)-b-haloamino acids, especially, (S)-b-chloroalanine
(BCA) and threo-(2R,3S)-3-chloroaspartic acid, can be ob-
tained in large quantities. We report herein a convenient method
of synthesizing N-Tr-(S)-AZC esters via intramolecular cycliza-
tion of (S)-N-trityl-b-chloroalanine (N-Tr-BCA) esters,† which
were derived from the enzymatically prepared BCA (Scheme
1).

In our first attempt at a base-catalyzed intramolecular
cyclization reaction of N-Tr-BCA benzyl ester 1 to benzyl N-Tr-
(S)-AZC 2 with 2 equiv. of strong base, such as NaH, ButOK,
DBU, DBN and ButLi, in THF at room temperature, however,
only the 1,2-elimination of hydrogen and chloride atoms
occurred and N-trityldehydroalanine benzyl ester 3‡ was
obtained as the sole product (Table 1, entry 1).  Reaction in
another solvent, such as hexane, Et2O, CH2Cl2, MeCN, DMF
and DMSO, also gave 3. It turned out that the expected aziridine
2§ was formed when a weak inorganic base, KF, was used as the
base in refluxing MeCN (entry 2) with some formation of 3.
Encouraged by this result, we further investigated the inorganic
bases by changing their basicity and counter ions. Weaker bases
and neutral salts such as LiF, NaF, LiCl, NaCl, KCl, NaBr, KBr,
CsBr, RbBr, MgF2 and SrF2 were ineffective and afforded BCA
benzyl ester 4 which was formed by deprotection of the trityl
group of 1 (entry 4). However, the use of bisulfite salt, KHSO3,

could suppress both the 1,2-elimination and deprotection
reaction to give the aziridine 2 as the sole product, although the
reaction rate was decreased to one-third of that with KF (entry
5). Elongation of the reaction time could solve this problem and
afforded 2 in almost quantitative yield (entry 6). The choice of
the reaction solvent was quite important; alkyl nitriles i.e.
MeCN, EtCN, PrCN, PriCN, BuCN and BuiCN, were the only
suitable solvents to form aziridine 2. Other organic solvents
such as THF, DMSO, DMF, 1,4-dioxane, CH2Cl2 and Et2O
were not useful; only the recovery of the starting material 1 was
observed. The other weak acid salts of the potassium ion,
KHSO3, K2SO3, K2HPO4, K2WO4 and K2S2O5, and weak
organic amines, Et3N and Pri

2NEt, were effective bases for the
cyclization reaction and gave the cyclized aziridine 2 as the sole
product. Interestingly, only a deprotected compound 4 was
obtained using sulfate and persulfate salts, KHSO4, K2SO4 and
K2S2O7. However, the use of stronger inorganic bases such as
RbF and CsF deserves comment and produced only 3 (e.g. entry
7).

Under such suitable conditions,¶ the cyclization reactions of
various esters of N-Tr-BCA were examined. Methyl, ethyl, n-
propyl, n-butyl, n-pentyl, isopropyl and isobutyl esters of BCA
were converted to the corresponding aziridines in yields of 90,
95, 94, 98, 92, 97 and 96%, respectively. These results suggest

Scheme 1 Chemoenzymatic synthesis of (S)-N-tritylaziridine-2-carboxylate esters.

Table 1 Base-catalyzed transformation of (S)-N-Tri-b-chloroalanine benzyl
ester

This journal is © The Royal Society of Chemistry 2000
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that changing the ester moiety does not affect the yield or
reaction rate of the formation of aziridine.

Based on these observations, we propose the following
reaction mechanisms for the cyclization or 1,2-elimination
reactions: (i) when the reagent is neutral or has Lewis acidity,
only deprotection of the trityl group is seen; (ii) if the reagent
exhibits basicity and dissociates into ions, the metal ions act as
a base and catalyzed the 1,2-elimination reaction; (iii) if the
reagent cannot dissociate into ions, it chelates both the chloride
atom and carbonyl oxygen, allowing the cyclization reaction.
This is supported by the fact that the KF-catalyzed cyclization
reaction proceeds only in MeCN; the 1,2-elimination reaction
preferentially occurred in polar solvents, such as DMF, DMSO,
THF and 1,4-dioxane, in which the reagents dissociate more
easily into the ion pairs (e.g. Table 1, entry 3).

We next examined the cyclization or 1,2-elimination reaction
for each diastereomer of methyl (S)-N-trityl-3-chloro-2-amino-
butyrate (N-Tr-BCAB), prepared from (S)-threonine or allo-(S)-
threonine. As shown in Scheme 2, only the threo isomer of N-
Tr-BCAB (threo-5) was cyclized to form
(2S,3R)-3-methylaziridine-2-carboxylate 6,∑ but erythro-5 was
not. If we assume a chair-like transition state, we can conceive
a reaction mechanism. In the transition state, KHSO3, which
does not dissociate into K+ and HSO3

2, is chelated by both the
chloride atom and the carbonyl oxygen; it allows an attack by a
lone pair from nitrogen, giving cyclization and eliminating the
chloride ion via an SN2-like reaction (transition state A),
resulting in the formation of aziridine 6. In the case of erythro-5,
steric repulsion by the axial methyl group stopped the attack of
nitrogen (transition state B). In contrast, the 1,2-elimination
reaction  occurred only for erythro-5 to give (E)-dehydroamino
acid 7∑ as the sole product. The results are explainable by
Newman projections. The dissociated caesium ion acts as a base
allowing the elimination of the chloride ion and antiperiplanar
proton, afforded 1,2-eliminated product 7 from erythro-5
(transition state D), while threo-5 cannot adopt a conformation
able to 1,2-eliminate due to steric repulsion between the methyl,
N-trityl and methoxycarbonyl groups, blocking reaction (transi-
tion state C).

In summary, we have shown here that (S)-N-tritylaziridine-
2-carboxylate esters are quantitatively synthesized via the weak
base-catalyzed cyclization of (S)-N-trityl-b-haloamino acid
esters under mild conditions. By changing slightly the reaction
conditions, 1,2-elimination takes place and affords N-trityl-
dehydroalanine esters in good yield. Syntheses of (S)-amino
acid derivatives by ring opening of the aziridine esters without
racemization are currently underway.

This work was performed at the Life Science Research
Center, Nippon Steel Corporation. We are grateful to Professor
Katsuyuki Ogura, Chiba University, for helpful discussions.
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† BCA was enzymatically synthesized in high chemical ( > 90%) and
optical ( > 99.9% ee) yields from 3-chloropyruvate using alanine dehy-
drogenase from Bacillus stearothermophilus (Unitika, Kyoto, Japan) with

regeneration of NADH by formate dehydrogenase (Boehringer Mannheim
GmbH, Germany) as described previously (ref. 10). The BCA was
converted to N-Tr-BCA esters by an esterification with SOCl2 in an
appropriate alcohol followed by N-tritylation with Tr-Cl–Et3N in CH2Cl2.
‡ Selected data for 3: dH(400 MHz, CDCl3) 7.19–7.38 (m, 20H), 5.85 (br,
1H), 5.19 (s, 2H), 4.86 (dd, 1H, J 0.85, 1.7), 3.73 (d, 1H, J 0.85); dC(100
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1485, 1440, 1295, 1195, 1170, 745, 695; mp 164–166 °C.
§ Selected data for 2: dH(400 MHz, CDCl3) 7.47–7.49 (m, 6H), 7.31–7.39
(m, 6H), 7.18–7.25 (m, 8H), 5.21 (ABq, 2H, J 3.8, 18.6), 2.28 (dd, 1H, J 1.5,
2.5), 1.92 (dd, 1H, J 2.5, 6.2), 1.41 (dd, 1H, J 1.5, 6.2 ); dC(100 MHz,
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D 296.9 (c 1.0,
CHCl3); optical purity > 99.9% ee [determined by HPLC with Crownpak
CR(-) (Daicel, Tokyo, Japan) after derivatization of 3 to (S)-alanine by
hydrogenation with Pd/C].
¶ Typical reaction procedure: to a stirred suspension of KHSO3 (2.5 mmol)
in anhydrous MeCN (15 ml) was added N-Tr-BCA ester (0.5 mmol) and the
mixture was refluxed for several hours. After cooling to room temperature,
5 ml of 5% NaHCO3 was added to the mixture and the product was extracted
with CH2Cl2 (15 ml 3 2). The combined organic layer was dried over
anhydrous MgSO4 and concentrated in vacuo. The residue was purified by
preparative TLC (silica gel) and afforded aziridines as crystals or an oil.
∑ The structure of aziridine 6 and dehydroamino acid 7 were confirmed by
1H and 13C NMR and IR in comparison with reported values (ref. 11).
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Scheme 2 Reagents and conditions: i, KHSO3, MeCN, reflux, 63 h; ii, KHSO3, MeCN, reflux, 120 h; iii, CsF, DMF, 100 °C, 60 h; iv, CsF, MeCN, reflux,
4 h.
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Polychlorinated aromatic compounds are persistent envi-
ronmental contaminants; we describe here the redesign and
engineering of the haem monooxygenase cytochrome
P450cam to oxidise these compounds efficiently to the
chlorinated phenols which are readily degraded by many
micro-organisms, thus providing a basis for novel systems
for biological clean-up of these inert compounds.

Polychlorinated aromatic compounds are among the most
problematic environmental pollutants because of their chemical
inertness, lipid solubility and toxicity.1 Naturally occurring
micro-organisms have evolved to degrade and mineralise many,
but by no means all, of these compounds. For example, the
dioxins and heavily chlorinated biphenyls are degraded very
slowly or not at all. Similarly, numerous micro-organisms have
been isolated which together degrade most of the chlorinated
benzenes,2 but the most heavily chlorinated compounds penta-
chlorobenzene (PeCB) and hexachlorobenzene (HCB), as well
as 1,2-dichlorobenzene (1,2-DCB) and 1,3,5-trichlorobenzene
(1,3,5-TCB) are particularly inert to biodegradation.3 We noted
that chlorinated phenols are readily degraded by micro-
organisms.4 We reasoned that if a monooxygenase can be
prepared that can efficiently oxidise polychlorinated benzenes
to the phenol derivatives, then the monooxygenase system
could be introduced into chlorophenol-degrading micro-organ-
isms such as Pseudomonas bacteria to enable them to degrade
polychlorinated benzenes. We report here the genetic engineer-
ing of the haem monooxygenase cytochrome P450cam from
Pseudomonas putida to oxidise 1,2-DCB, 1,3,5-TCB and
PeCB, creating a basis for novel bioremediation systems.

The criteria for successful redesign of the P450cam active site
for the oxidation of polychlorinated benzenes are reasonable
rates of substrate turnover and tight coupling of NADH
consumed to substrate oxidation. Uncoupling wastes NADH
and can produce harmful hydrogen peroxide,5 both of which
will put metabolic stress on the host organisms and thus reduce
their viability. We have shown that the Y96A and Y96F
mutations greatly improved the activity of P450cam for the
oxidation of a wide range of organic compounds, including
simple alkanes,6 styrene7 and naphthalene.8 We proposed that
these mutations at Y96 (Fig. 1) improve the turnover of such
hydrophobic compounds by increasing the hydrophobicity of
the enzyme active site. We also noted that the oxidation by the
Y96F mutant of naphthalene, which is larger than the
chlorinated benzenes considered here, had a coupling of 55%
compared to 17% for the Y96A mutant. Since the Y96A mutant
should have a larger active site, the Y96F mutation should be
our starting point. The coupling could then be increased by
improving the enzyme–substrate fit and by forcing the chlorin-
ated benzenes to bind closer to the haem. Hence the active site
volume was reduced by further substitutions with amino acids
with bulkier side-chains at three other active site residues.
Phenylalanines 87 and 98 are at approximately the same height
as Y96 above the haem and near the top of the active site (Fig.
1), and valine-247 is just below these residues and closer to the
haem.9 The new mutants F87W–Y96F, F87W–Y96F–F98W
and F87W–Y96F–V247L were prepared and their activities
compared to the WT enzyme.

1,2-DCB was oxidised by all the P450cam enzymes to
2,3-dichlorophenol (2,3-DCP) and 3,4-dichlorophenol
(3,4-DCP) in 9+1 ratio (Fig 2), and 2,4,6-trichlorophenol
(2,4,6-TCP) was the only product from 1,3,5-TCB. The
predominant product from PeCB oxidation was pentachloro-

Fig. 1 The active site structure of wild-type P450cam with bound
camphor.

Fig. 2 The oxidation of chlorinated benzenes by wild-type P450cam and
active site mutants.
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phenol (PCP), but two small peaks (ca. 2% each) were ascribed
by co-elution experiments to 2,3,5,6- and 2,3,4,5-tetrachlor-
ophenols formed by oxidative dehalogenation.

As shown in Table 1, the wild-type (WT) had low rates ( < 0.5
min21) and couplings (1–2%) for the oxidation of the
chlorinated benzenes compared to the totally coupled (100%)
camphor oxidation rate of 1050 min21 under identical condi-
tions. The mutants all had 2–3 orders of magnitude faster
chlorinated benzene oxidation rates than the WT. The NADH
turnover rates were up to 400 min21, and the coupling
efficiencies were also much higher. The 50% coupling for
1,2-DCB oxidation by the F87W–Y96F–F98W mutant is a
dramatic improvement, and the near total coupling for
1,3,5-TCB oxidation is truly remarkable because the structure
of this molecule is completely different from that of camphor.
Very importantly, the results also showed that the low solubility
of PeCB in water was not a problem, in that a very reasonable
NADH turnover rate of 229 min21 could be attained although
the coupling was low. The data show that the rationale for active
site redesign, whilst empirical and qualitative in nature, was
very successful indeed.

The strength of binding and catalytic efficiency of the
P450cam enzymes for 1,2-DCB and 1,3,5-TCB oxidation were
investigated. The dissociation constants (KD) in Table 1 show
that, as expected, the binding of these compounds was
strengthened by the mutations, but by no more than a factor of
three. On the other hand, the substrate oxidation rates (k2)
showed 2–3 orders of magnitude increases. There was no direct
correlation between the values of KD and the NADH turnover
rates or, notably, the coupling efficiency, which is a stringent
measure of the enzyme–substrate fit. Nevertheless, it is
instructive to compare the relative specificity (kcat/KM) of the
mutants. It has been suggested that the k2/KD ratio is a fair
approximation for the kcat/KM ratio for P450cam.10 The k2/KD
ratios in Table 1 again highlight the very dramatic accelerating
effects achieved by the mutations although they are well short of
the near-optimal ratio for camphor oxidation by the WT enzyme
(KD = 0.27 mM, k2 = 1050 min21, k2/KD = 6.5 3 107 M21

s21). However, we conclude that the F87W–Y96F–F98W

mutant represents an excellent compromise between reasonable
rate and tight coupling, especially for the in vivo oxidation of
polychlorinated benzenes, where very fast turnover could lead
to the build up of polychlorinated phenols to toxic levels.

All the chlorophenol products in Fig. 2 are known to be
degraded by various micro-organisms,4 and therefore the
mutants can be the basis of novel bioremediation systems for
polychlorinated benzenes by genetically introducing the genes
encoding the three proteins of the P450cam system into
chlorophenol-degrading micro-organisms such as Pseudomo-
nas bacteria. The F87W–Y96F–F98W mutant can be used for
the particularly inert 1,2-DCB and 1,3,5-TCB. The coupling for
PeCB and HCB can be improved by further active site
mutations, and then even these highly inert compounds can be
efficiently degraded.

We thank HEFCE and BBSRC for support of this work.
J. P. J. thanks the EPSRC for a Studentship.
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Table 1 The activity of wild-type (WT) cytochrome P450cam and active site mutants for the oxidation of chlorinated benzenes. ND: no product observed by
HPLC. The products of the reactions are shown in Fig. 2

WT F87W–Y96F F87W–Y96F–V247L F87W–Y96F–F98W

1,2-dichlorobenzene (1,2-DCB)
Binding constant KD/mM 3.0 2.0 0.9 1.2
NADH turnover ratea 20 408 391 158
Product formation rate (k2)b 0.45 106 83 78
Coupling efficiencyc 2.3% 26% 21% 49%
(k2/KD)/M21 s21 2.50 3 103 8.83 3 105 1.54 3 106 1.08 3 106

1,3,5-trichlorobenzene (1,3,5-TCB)
Binding constant KD/mM 3.9 3.0 2.0 1.8
NADH turnover rate 6.5 224 308 121
Product formation rate (k2) 0.07 115 175 119
Coupling efficiency 1.1% 51% 57% 97%
(k2/Kd)/M21 s21 3.00 3 102 6.39 3 105 1.46 3 106 1.10 3 106

Pentachlorobenzene (PeCB)
NADH turnover rate 2.4 100 229 43
Product formation rate ND 2.3 5.5 3
Coupling efficiency — 2.3% 2.4% 7%

a Given as nanomoles of NADH consumed per nanomole of P450cam per minute and the average of at least 3 experiments with all the data within 10% of
the means. Incubation mixtures (1.70 ml) contained 50 mM Tris.HCl, pH 7.4, 1 mM P450cam, 10 mM putidaredoxin, 2 mM putidaredoxin reductase and 200
mM KCl. Both 1,2-DCB and 1,3,5-TCB (200 mM) were added as a 0.1 M stock in ethanol. The mixture was incubated at 30 °C for 2 min after the addition
of NADH (100 mM) and the reaction initiated by the addition of substrate. NADH absorbance at 340 nm was monitored over the course of the reaction. b The
total amount (in nanomoles) of chlorinated phenol products formed per nanomole of P450cam per minute. After the addition of 100 ml of an internal standard
to a turnover incubation, organics were extracted by solid phase methods using Varian Bond-Elut columns and products were analysed by reverse phase
HPLC. To obtain quantitative results, mixtures containing known concentrations of a product and all of the incubation components except NADH were
extracted and analyzed as described above. Linear calibration plots that passed through the origin were obtained for all of the products. c The coupling
efficiency is the ratio of the total amount of products formed to the amount of NADH consumed and is expressed as a percentage.
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Photochirogensis, or photochemical induction of molecular
chirality, is an attractive alternative to thermal or enzymatic
asymmetric synthesis. Using the inherent advantage that the
photochemical reaction is driven by light absorption, the effect
of temperature on optical yield was investigated over a wide
range. Unexpectedly, the stereochemistry of photoproduct was
frequently inverted at a critical temperature (T0), above which
the optical yield increased with increasing temperature. The
Eyring treatment of the relative rate constant for the production
of each enantiomer revealed that the unusual temperature
dependency originates from the non-zero differential entropy of
activation for the enantiodifferentiating process. In this case,
the enthalpy term dominates at lower temperatures, while the
entropy term becomes more important above T0, switching the
product chirality. The absolute configuration of photoproduct
obtained at temperatures lower than T0 was correlated to that of
the chiral sensitizer, except for those containing very bulky
chiral auxiliaries, and the stereochemical outcomes are dis-
cussed on the basis of the molecular model examinations.
Interestingly, similar switching behaviour was induced by
varying the pressure from 0.1 to 400 MPa. The pressure effect

was investigated at different temperatures to construct three-
dimensional diagrams that correlate the optical yield with
temperature and pressure as mutually independent factors. The
combined use of temperature and pressure provides us with a
convenient, powerful tool for controlling the product chirality
and optical yield in asymmetric photochemistry.

Introduction
Asymmetric synthesis is an area of vital importance in current
chemistry, to which a considerable amount of effort has been
devoted in recent years.1–9 Thus, enantio- and diastereoselectiv-
ity are the principal objectives or prerequisites when developing
a new asymmetric catalyst or synthetic methodology,1–3 as well
as in synthesizing chiral compounds such as naturally occurring
compounds and pharmaceuticals.4–9 The stereochemical out-
come of these asymmetric reactions has been discussed in terms
of empirical rules using the models of Cram,10 Felkin-Anh11,12

and others.4,13 These models are based primarily on the relative
steric bulk of the aligned substituents near the reaction centre,
which are orientated by steric hindrance, dipole interactions or
metal chelation. Obviously, the chiral discrimination mecha-
nism based on these empirical rules can assess only the
enthalpic contributions attributable to the steric/stereoelectronic
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interaction between the substituent and attacking reagent, while
the entropic contribution arising from the conformational
changes and re-positioning of the solvent molecules during the
transition state has not been discussed explicitly for thermal and
enzymatic asymmetric syntheses. Nevertheless, these empirical
rules, which only take the enthalpy term into account, are
generally successful and are frequently employed in inter-
preting and/or predicting the dominant stereoisomer formed,
and also the trend in optical yield obtained in a variety of
asymmetric induction and asymmetric catalysis processes.
Consequently, the entropic contribution has not been discussed
globally, or experimentally examined as a factor in the
mechanism of most thermal asymmetric reactions until re-
cently,14 in spite of some early observations of small to
moderate temperature effects on enantio- or diastereoselectiv-
ity, e.g. in the addition of alcohols or amines to ketenes in the
presence of acetylquinine,15 in the LiAlH4 reduction of
acetophenone in the presence of quinine,16 and in the oxidation
of sulfides with optically active peracids.17 That entropy plays
an important role does not seem unreasonable, since the
temperature range available is rarely wide enough to thoroughly
survey the effect of this variable, and the possible incorporation
of different reaction mechanisms or a switch in intermediates
resulting from a change in temperature is not rigorously ruled
out in many thermal asymmetric reactions.

In contrast, photochemical reactions are driven by the
absorption of high-energy photons and proceed through the
excited state, which renders them inherently free from tem-
perature restrictions, and they are, therefore, advantageous for
investigating the effect of the entropy factor upon stereo-
selectivity over a wide temperature range without undergoing
any essential changes in reaction mechanism or intermediates
formed. However, the temperature effect has been rarely and
only recently explored in the rather short history of asymmetric
photochemistry.18,19 Thus, in the diastereodifferentiating
Paternò–Büchi photocycloaddition of optically active phenyl-
glyoxylic esters with several alkenes,20 Scharf et al. showed that
the diastereoselectivity of the oxetane produced not only
depends on the irradiation temperature, but also gives a bent
Eyring plot as a consequence of the alteration of the rate limiting
step that determines the diastereoselectivity. In the enantio-
differentiating Z–E photoisomerization of cyclooctene sensi-
tized by optically active sensitizers,21 we demonstrated that the
antipodal (E)-cyclooctenes, i.e. (S)-(2)- and (R)-(+)-enantio-
mers, can be obtained simply by changing the irradiation
temperature from 288 to +50 °C, and that the enantiomeric
excess (ee) of the product increases with increasing tem-
perature, an observation that conflicts with the belief that
lowering the temperature will generally enhance the ee. This
unprecedented temperature dependence and the switching of the
major enantiomer produced was revealed to be exclusively
entropic in origin through an analysis of the Eyring plot of the
enantioselectivity of the reaction. A similar ‘unusual’ tem-
perature dependence of stereoselectivity, which leads to the
switching of product chirality and/or higher selectivity at higher
temperature, has been observed in many enantio-22–25 and
diastereodifferentiating photoreactions26–30 over the last dec-
ade. More recently, we have revealed that the product chirality
can be controlled, and in some cases actually switched, by
changing the pressure from atmospheric to 400 MPa in the
photosensitized enantiodifferentiating isomerization of cy-
clooctene.31

Here we present a global view of recent advances in
‘photochirogenesis’, particularly in enantiodifferentiating
photosensitization reactions. We will also demonstrate how the
entropic and enthalpic factors share the role of manipulating the
stereochemical outcome of these enantiodifferentiating photo-
reactions. Finally, we will show that the combined use of
entropy-related factors, such as temperature, pressure and
solvent, provides us with a new method for the control of

asymmetric photochemistry. Indeed, the basic concepts re-
vealed here by asymmetric photochemistry should also be
applicable to thermal and biological asymmetric reactions.

Temperature effect
In the ‘Photochirogenesis’ project, which aims to devise
methods for highly efficient photochemical generation, transfer
and multiplication of molecular chirality, we have chosen the
enantiodifferentiating geometrical photoisomerization of (Z)-
cyclooctene (1Z) sensitized by optically active aromatic esters
as one of the most promising processes for development
(Scheme 1), simply because this photosensitization was known

to give chiral (E)-cyclooctene (1E) in high chemical and
quantum yields and was also found to involve a singlet exciplex
between the substrate and sensitizer.32 The involvement of a
structurally well-defined exciplex intermediate, which enables
efficient transfer of chiral information in the excited state, is an
essential condition for obtaining high optical yield in an
enantiodifferentiating photosensitization.

Taking into account the simultaneous formation of the two
enantiomers of 1E, the original sensitization mechanism32 was
modified to include chirality, as shown in Scheme 2.22a The
photosensitization is initiated by the formation of an encounter
complex [1Z/E…1S*] between the excited sensitizer (1S*) and
1Z or one of enantiomers of 1E. Energy transfer within the
exciplex intermediate and the subsequent rotation around the
CNC bond of 1Z/1E to a dihedral angle of ca. 90° afford a
relaxed exciplex [1p…S*], which in turn releases the perpendic-
ular singlet (1p), regenerating the ground-state sensitizer (S*). It
should be noted that chirality is induced in 1p during the
rotational relaxation step. The subsequent decay of 1p to 1Z or
1E concludes the photoisomerization cycle.

There are two steps in this mechanism that are potentially
enantiodifferentiating: (i) the quenching of 1S* by enantiomeric
1E, and (ii) rotational relaxation within the exciplex [1Z…1S*].
Thus, the rate constants for quenching (kqS, kqR) and/or rotation
(kS, kR) may be different from one another. Experimentally, no

Scheme 1 Enantiodifferentiating Z–E photoisomerization of cyclooctene
sensitized by chiral benzene(poly)carboxylates (Sens*).
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appreciable optical rotation was detected in 1E recovered
during the initial stages of the enantiodifferentiating photo-
sensitization of racemic 1E, and the ee of product 1E did not
show any conversion dependency in the enantiodifferentiating
photosensitization of 1Z,22b both of which rule out the
possibility of enantiodifferentiation in the quenching process,
and thus kqS = kqR. Hence, the rotational relaxation of 1Z to 1p
within the exciplex intermediate can be the only enantiodiffer-
entiating step in this asymmetric photosensitization, and the ee
of 1E is determined exclusively by the relative rate kS/kR. This
seems quite reasonable, since intimate interaction, which leads
to efficient chiral recognition, is more likely to occur in the
long-lived exciplex intermediate that possesses a more defined
structure than during the collisional quenching stage.

In order to discuss quantitatively the temperature dependence
of the ees observed for this asymmetric photosensitization, the
rate constants kS and kR were analyzed according to the
Arrhenius, or Eyring equation. The relative rate constant, kS/kR,
can then be expressed by eqns. (1a) and (1b), where DES-R

ln(kS/kR) = 2DES-R/RT + ln(AS/AR) (1a)

= 2DDH‡
S-R/RT + DDS‡

S-R/R (1b)

represents the differential energy of activation, AS/AR is the
relative frequency factor, and DDH‡

S-R and DDS‡
S-R denote the

differential enthalpy and entropy of activation, respectively.
The enantiodifferentiating photosensitizations of 1Z were

performed in several solvents at temperatures ranging from +50
to 290 °C, using a variety of optically pure (poly)alkyl

benzene(poly)carboxylates as chiral sensitizers.22 Interestingly,
the product chirality switched at a specific, or equipodal,
temperature T0, upon sensitization with most ortho-substituted
benzenepolycarboxylates, whereas no chirality inversion was
observed for non-ortho sensitizers; typical examples are shown
in Fig. 1. This is the first observation of an enantiodifferentiat-

ing reaction where the ee of the product is not only inverted by
temperature, but also increased with increasing temperature
above T0. It is also important that both enantiomers can be
prepared simply by changing the temperature without using the
antipodal sensitizer.

From eqns. (1a) and (1b) and the experimental plots
exemplified in Fig. 1, the activation parameters were deter-
mined for these enantiodifferentiating photoisomerizations
using various chiral benzenecarboxylate sensitizers; the rele-
vant activation parameters and equipodal temperatures obtained
for several sensitizers are listed in Table 1.

By examining eqn. (1), it is apparent that this temperature
switching behavior of product chirality is attributable to the

Scheme 2 Enantiodifferentiating mechanism for photosensitized isomeriza-
tion of cyclooctene (1) via exciplex, where S* and 1S* are the chiral
sensitizer in the ground and excited singlet states, and 1p is the twisted,
excited singlet of 1.

Table 1 Activation parameters at 25 °C, determined from the temperature and pressure dependence of the ee of 1E obtained in enantiodifferentiating
photoisomerization of cyclooctene (1Z), sensitized by chiral benzenepolycarboxylates 2–5, 7 and 8 in pentane

Sensitizer
DDH‡

S-R
a/ TDDS‡

S-R
a/ DDV‡

S-R
b/

Compound R* kcal mol21 kcal mol21 AS/AR T0/°C kcal mol21

2 (2)-Menthyl +0.014 20.039 0.99 c 20.13
3 (2)-Menthyl 20.19 20.51 0.90 100 +0.83

(2)-Bornyl 20.50 21.38 0.74 91 +1.48
4 (2)-Menthyl +0.08 +0.15 1.16 530 +0.07
5 (2)-Menthyl +0.09 +0.08 1.02 940 +0.36
7 (2)-Menthyl 20.77 23.00 0.52 215 23.71

(2)-Bornyl 20.61 21.55 0.71 123 +0.29
(2)-1-Methylheptyl 20.54 21.93 0.67 8 21.44

8 (2)-Menthyl 20.96 23.85 0.43 223 +3.50
(2)-Bornyl 20.86 22.60 0.56 60 25.56
(2)-1-Methylheptyl 21.13 23.48 0.47 51 +0.56

a Ref. 22(b). b Ref. 31. c T0 does not exist.

Fig. 1 Temperature dependence of the ee of the product in enantiodiffer-
entiating photoisomerization of cyclooctene (1Z) sensitized by (2)-men-
thyl benzoate 2 (2) and terephthalate 5 (:), (2)-menthyl and (2)-bornyl
1,2,4,5-benzenetetracarboxylate 7 (- and Ω), and (2)-1-methylheptyl
benzenehexacarboxylate 8 (5) in pentane. The chirality of product 1E is
switched at the equipodal temperature, T0.
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non-zero differential entropy of activation (DDS‡
S-R ≠ 0) or the

unequal frequency factor (AS ≠ AR). Thus, the entropy factor is
shown to play a decisive role in the enantiodifferentiation
process. It should be emphasized that the ortho-substituted
benzenepolycarboxylates, such as phthalate, benzenetetra-
carboxylate and benzenehexacarboxylate, afford very large
deviations from unity for the ratio AS/AR, while benzoate and
terephthalate show almost equal frequency factors for the (R)-
and (S)-isomers, as can be seen in Table 1. This tendency is not
incidental, but implies that the rotational motion of the double
bond of 1 in the exciplex causes simultaneous global conforma-
tional changes of the closely situated ortho-alkoxycarbonyl
groups of the sensitizer. Such dynamic changes during
rotational relaxation in the exciplex inevitably produce large
differences in the activation entropy of enantiodifferentiation.

Although we have hitherto concentrated on the enantiodiffer-
entiating photoisomerization of 1, similar chirality inversion
phenomena have been observed in the enantiodifferentiating
photosensitizations of 1-methylcyclooctene22f and cycloocta-
1,3-diene,24 as well as in the enantiodifferentiating anti-
Markovnikov photoaddition of methanol to 1,1-diphenylpro-
pene (9).25b Of these, the diphenylpropene case is particularly
interesting, since this is the first bimolecular enantiodiffer-
entiating photoreaction that affords the anti-Markovnikov
adduct (12) upon sensitization with chiral 1,4-naphthalenedi-
carboxylates (17), with moderate ees of up to 33% observed (see
Scheme 3 and Fig. 2). In this photosensitized polar addition, the

use of ortho aromatic esters is no longer required to cause the
inversion of product chirality by altering the temperature,
probably because the termolecular interaction of the attacking
methanol with the initially formed sensitizer-substrate exciplex
exaggerates the influence of the conformational differences on
the enantiodifferentiating process.

The roles of entropy and enthalpy
The contributions of the enthalpy and entropy factors to the
enantiodifferentiating process can be discussed in terms of eqn.
(1b), or using the Gibbs–Helmholtz equation for the differential

activation free energy [eqn. (2)]. As can be seen from eqn. (2),

DDG‡
S-R = DDH‡

S-R 2 TDDS‡
S-R (2)

T0 is the critical point at which the enthalpic and entropic
contributions balance with each other (DDH‡

S-R =
T0DDS‡

S-R), affording no enantiodifferentiation. Below T0, the
enthalpy difference DDH‡

S-R controls the enantiodifferentiating
process, while the entropic term TDDS‡

S-R is dominant at
temperatures higher than T0. If both DDH‡

S-R and DDS‡
S-R

possess the same sign, switching of the dominant term in the
enantiodifferentiation process leads to the inversion of product
chirality, as exemplified above. In the enthalpy-controlled
temperature region below T0, the difference in the conforma-
tional freedom of the enantiodifferentiating transition states
does not seriously affect the stereochemical consequence of the
photoreaction, which is determined by the steric and stacking
interactions in the exciplex intermediate. Since the p–p
stacking interaction in the exciplex does not vary a great deal by
changing the chiral auxiliary attached to the sensitizer, the
majority of the enthalpy difference (DDH‡

S-R) may be attrib-
uted to different levels of steric interaction. In this context, it is
reasonable to assume that the absolute configuration of the
chiral sensitizer can be related directly and exclusively to that of
the photoproduct. In the following section, we first examine the
appropriateness of this simple theory and then explore its scope
and limitations, using the enantiodifferentiating photoisomer-
ization of cyclooctene as a representative system which can
provide extensive information concerning the effects of tem-
perature and chiral auxiliary on the ee of the product.

Stereochemical correlation
The chiral photosensitizers employed in the enantiodifferentiat-
ing photoisomerization of cyclooctene can be classified into two
categories,22 according to the temperature dependency of the ee
of 1E obtained. As shown in Fig. 1, non-ortho benzene(poly)-
carboxylate sensitizers give only small ee values and low
gradient slopes in the Eyring plots, where the T0 does not exist

Scheme 3 Enantiodifferentiating photoaddition of alcohols to 1,1-diphenyl-
alk-1-enes (9–11) sensitized by chiral naphthalene(di)carboxylates
(15–20).

Fig. 2 Temperature dependence of the ee of the product in the
enantiodifferentiating addition of methanol to 10, sensitized by 17 with R*
= (2)-menthyl (2) and 1,2:4,5-di-O-isopropylidene-b-D-fructopyranose
(5) in methylcyclohexane.
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at all, or appears only at an extreme temperature. In contrast,
ortho-benzenepolycarboxylates, such as 3, 7 and 8, give much
higher ees and steep slopes, and the product chirality is often
switched at a readily accessible temperature. Since this
contrasting behavior originates from the entropy term alone, it
is probable that different enantiodifferentiation mechanism
operates for the ortho and non-ortho sensitizers, from the
conformational point of view.

In order to elucidate whether or not the absolute configura-
tion of product 1E can be correlated directly and globally to that
of the stereogenic centre of the relevant chiral sensitizer, the
data reported for the enantiodifferentiating photoisomerization
of 1Z sensitized by chiral benzene(poly)carboxylates in differ-
ent solvents at ambient and low temperatures are summarized in
Table 2.22b,c The sensitizers that carry phenyl group(s) in the
chiral auxiliary are not included in Table 2, nor in the following

Table 2 Enantiodifferentiating photoisomerization of 1Z sensitized by chiral (poly)alkyl benzene(poly)carboxylates in pentane at ambient and low
temperatures

Sensitizer 1E

Compound R* (X) Configurationa Solvent T/°C Eeb (%) Configurationc

2 (2)-Bornyl (H) R pentane 25 21.0 R
(2)-Cholesteryl (H) R pentane 25 20.04 R
(2)-1,3-Diphenylpropane-1,3-diyld (H) S pentane 25 +1.2 S
(+)-Isomenthyl (H) S pentane 25 +0.96 S
(2)-Menthyl (H) R pentane 25 22.7 R

225 23.0 R
cyclohexane 25 22.7 R

(2)-Menthyl (2-MeO) R pentane 25 22.1 R
(2)-Menthyl (4-MeO) R pentane 25 24.3 R
(2)-Menthyl (2-OH) R pentane 25 27.0 R

260 225.3 R
(2)-Menthyl (2-Me) R pentane 25 21.7 R
(2)-Menthyl (3-Me) R pentane 25 24.2 R
(2)-Menthyl (4-Me) R pentane 25 23.7 R
(2)-Menthyl (4-But) R pentane 25 23.5 R
(2)-Menthyl (4-F) R pentane 25 22.1 R
(2)-Menthyl (2-CF3) R pentane 25 20.7 R
(2)-Menthyl (3-CF3) R pentane 25 22.6 R
(2)-Menthyl (4-CF3) R pentane 25 23.9 R

260 24.4 R
(2)-Menthyl (4-CN) R pentane 25 23.3 R
(2)-Menthyl [3,5-(CF3)2] R pentane 25 22.4 R
(+)-Neomenthyl (H) S pentane 25 +0.1 S

3 (2)-Bornyl R pentane 25 +7.6 S
260 +24.0 S

(2)-Menthyl R pentane 25 +3.8 S
260 +10.3 S

(2)-Menthyl, methyle R pentane 25 +3.0 S
260 +10.8 S

4 (2)-Menthyl R pentane 25 24.4 R
5 (2)-Menthyl R pentane 25 26.0 R

240 28.2 R
cyclohexane 25 25.9 R
acetonitrile 25 27.1 R

240 28.5 R
methanol 25 25.8 R

(2)-Menthyl, methyle R pentane 25 23.0 R
240 24.0 R

6 (2)-Menthyl R pentane 25 23.4 R
7 (2)-(1S,2R,3S)-endo-3-(Cyclohexylmethyl)-endo-2-bornyl R pentane 25 219.5 R

240 218.7 R
(2)-(1S,2R,3R)-exo-3-(Cyclohexylmethyl)-endo-2-bornyl R pentane 25 +13.1 S

288 +53.3 S
(2)-(1S,2S,3R)-endo-3-(Cyclohexylmethyl)-exo-2-bornyl S pentane 25 +6.9 S

288 218.6 R
(2)-(1S,2S,3S)-exo-3-(Cyclohexylmethyl)-exo-2-bornyl S pentane 25 +22.9 S

288 +51.4 S
(2)-Bornyl R pentane 25 +11.5 S

288 +40.6 S
(+)-Cedryl R pentane 286 222.5 R
(+)-1-Cyclohexylethyl S pentane 25 +1.8 S

286 211.4 R
(2)-(1R,2S,5R)-8-Cyclohexylmenthyl R pentane 25 +49.2 S

289 +63.5 S
(2)-(1R,2S,5R)-2-(Dicyclohexylmethyl)-5-methylcyclohexyl R pentane 240 +3.3 S

286 214.8 R
(+)-1,2-Dimethylpropyl S pentane 25 +3.1 S

pentane 287 216.1 R
(2)-Fenchyl S pentane 25 20.9 R

pentane 286 28.0 R
(+)-Isomenthyl S pentane 25 +6.0 S

pentane 288 24.5 R
(+)-Isopinocampheyl S pentane 25 +4.2 S

pentane 287 +4.4 S
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discussion, since they are known to form an intramolecular
exciplex, to which the substrate 1Z approaches from the phenyl
side.22c

Firstly, we will consider the stereochemical consequence
observed upon sensitization with the non-ortho sensitizers (2, 4,
5 and 7). As demonstrated by several representative examples,
these sensitizers do not exhibit chirality inversion behaviour
caused by a change in temperature. It is reasonable, therefore, to
discuss the relationship between the absolute configuration of
1E obtained at any temperature with that of the stereogenic
centre of the sensitizer. In examining this correlation, we will
take into account only the stereogenic centre directly connected
to the ester oxygen of the relevant sensitizer when the chiral
auxiliary has many such centres. This approach may be
justified, since the configuration around the stereogenic centre
nearest to the benzenecarboxylate chromophore is expected, in
general, to dominate the steric interactions in the exciplex
intermediate. After examining the data for 23 different non-
ortho sensitizers in a variety of solvents, we found a perfect
stereochemical correlation between the stereogenic centres of
the relevant sensitizer and product, in spite of the low ees
obtained. Thus, non-ortho sensitizers with R-configuration at
the nearest stereogenic centre afford (R)-(2)-1E without
exception, and the opposite is true of S-configuration sensi-
tizers.

Encouraged by the above result, we made further attempts to
understand the seemingly complex stereochemical outcome

observed for ortho sensitizers (i.e. 3, 7 and 8). Ortho sensitizers
are known to cause the chirality inversion of product through a
change in the reaction temperature as a consequence of the
significant contribution of the entropy term. However, the
entropic contribution is minimized or made negligible at
temperatures below T0. Under these conditions, the absolute
configuration of the chiral sensitizer correlates to that of 1E.
Examining the results for the ortho sensitizers presented in
Table 1, a highly consistent stereochemical correlation was
observed again. Apart from those sensitizers that possess highly
congested secondary and tertiary chiral auxiliaries, e.g. the
endo,endo- and exo,exo-3-cyclohexylmethyl-2-bornyl, cedryl,
2-dicyclohexylmethyl-5-methylcyclohexyl and isopinocam-
pheyl auxiliaries, the other 21 ortho sensitizers completely obey
a rule which is opposite to that observed for the non-ortho
sensitizers, i.e. ortho sensitizers with R-configuration afford
(S)-(2)-1E.

These two mutually opposing stereochemical correlations,
which are separately applicable to non-ortho and ortho
sensitizers, urged us to derive plausible models which are
compatible with them. A similar attempt to derive an exciplex
model for a non-ortho sensitizer has already been carried out for
(–)-menthyl benzoate, where an interaction of the ester carbonyl
of excited benzoate with the CNC bond of 1Z was proposed.22b

This model is based on the fact that the ee values obtained upon
sensitization with (2)-menthyl methyl terephthalate are exactly
half of the values obtained with the (2)-dimenthyl analogue at

Table 2 Continued

Sensitizer 1E

Compound R* (X) Configurationa Solvent T/°C Eeb (%) Configurationc

(2)-Menthyl R pentane 25 29.6 R
290 +28.5 S

heptane 25 28.8 R
287 +30.7 S

decane 25 28.7 R
230 +7.1 S

hexane 285 +3.8 S
isooctane 25 214.2 R

287 +5.4 S
isopentane 25 213.1 R

287 +10.0 S
(+)-1-(Methoxycarbonyl)ethyl S acetonitrile 25 25.7 R

240 213.2 R
(+)-1-Methylheptyl S pentane 25 +1.5 S

285 224.3 R
(2)-1-Methylheptyl R pentane 25 21.2 R

286 +24.0 S
acetonitrile 25 20.8 R

240 +5.6 S
methanol 25 20.03 R

286 +13.2 S
(+)-1-Methylnonyl S pentane 25 +1.2 S

287 227.0 R
(+)-1-Methylpentyl S pentane 25 +1.8 S

290 226.3 R
(+)-1-Methylpropyl S pentane 25 20.01 R

280 213.4 R
(+)-Neomenthyl S pentane 25 28.4 R

288 26.2 R
(+)-1,2,2-Trimethylpropyl S pentane 25 +11.6 S

pentane 286 215.6 R
8 (2)-Bornyl R pentane 25 +7.7 S

286 +47.0 S
(2)-Menthyl R pentane 25 216.8 R

286 +28.3 S
(2)-1-Methylheptyl R pentane 25 +5.1 S

287 +52.7 S
(2)-1-(Methoxycarbonyl)ethyl S acetonitrile 25 24.9 R

240 220.1 R
a Absolute configuration of the stereogenic center connected directly to the ester oxygen. b Enantiomeric excess of 1E. Positive and negative signs for ee
correspond to the formation of (S)-(+)- and (R)-(–)-isomers, respectively. c Absolute configuration of 1E. d Dibenzoate. e Mixed ester.
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all temperatures examined, and that a semiempirical MNDO
calculation for methyl benzoate indicates a good match between
the MO lobes of the ester carbonyl and the CNC bond of 1Z.22b

In the present study, we carried out the MO recalculations on
methyl benzoate and phthalate in the excited singlet state, using
the PM3 program (MOPAC). The results are mostly consistent
with the previous ones,22b except for the highly developed
antibonding lobes on the carbonyl and the different pattern of
the aromatic lobes in HSOMO. However, steric interactions in
(2)-menthyl benzoate and phthalate are better evaluated by
MM2 calculations to give the optimized conformations shown
in Fig. 3. As can be seen from the front view [Fig. 3, bottom],
the lower side of menthyl benzoate is covered by the menthyl
isopropyl group preventing the approach of cyclooctene
molecule to the ester carbonyl. If the top view is considered, it
appears that the interaction of 1Z with the CNO bond from the
front side and the subsequent rotation of the CNC bond to the
open side in the exciplex affords (R)-1E, in accord with the
experimentally observed configuration. In the dimenthyl phtha-
late case (Fig. 3), the optimized conformation is substantially
different from that of the benzoate due to steric hindrance
between the adjacent menthoxycarbonyl groups. Thus, the two
ester groups are non-equivalent, with one carbonyl orientated
inside and the other outside. It is assumed that the less hindered
CNO group, which is directed outwards, can interact with
cyclooctene molecule from the open face, forming the exciplex
(Fig. 3). The subsequent rotation in the exciplex towards the

open side of the menthyl group results in the formation of (S)-
1E, as observed experimentally at temperatures lower than
T0. In view of the low ees obtained, especially for non-ortho
sensitizers, other rationales cannot be ruled out absolutely.
However, we could not find any other model which was
compatible with all of the experimental and MO calculation
data.

Pressure effect
In the preceding sections, we have demonstrated that weak
interactions in the exciplex intermediate can be controlled by
temperature as a result of the contribution of the entropy term.
In this context, it is interesting to study the way in which
pressure can be used as an alternative tool for controlling the
weak interactions that determine the stereochemical outcome in
the excited state. Although pressure effects upon thermochem-
ical and photochemical reactions have been studied in consider-
able detail,33 very little effort has been extended to enantio-
differentiating photochemical reactions until recently, probably
as a result of the low ees reported for such processes. However,
we have recently discovered that the enantiodifferentiating
photoisomerization of 1Z (shown in Scheme 1) is significantly
affected by pressure, resulting in inversion of product chir-
ality.31

The pressure effect on the relative rate constant, kS/kR

(Scheme 2), can be expressed as a linear function of pressure (P)

Fig. 3 Top and front views of MM2-optimized structures of (2)-menthyl benzoate 2 and phthalate 7. In the latter structure, the shaded sphere represents the
menthyl group located in the backside.
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at a constant temperature [eqn. (3)]31 where DDV‡
S-R represents

ln (kS/kR) = 2(DDV‡
S-R/RT)P + C (3)

the difference in activation volume and C is equal to ln (kS/kR)
at P = 0. The effect of hydrostatic pressures of up to 400 MPa
was investigated in the enantiodifferentiating photoisomeriza-
tion of 1Z sensitized by chiral benzene(poly)carboxylates.31

According to eqn. (3), the ln (kS/kR) values obtained were
plotted against pressure.

As can be seen from Fig. 4, variations in the reaction pressure
significantly affect the ee of 1E, and often the product chirality

is switched at the equipodal pressure (P0) upon sensitization
with ortho benzenepolycarboxylates (3, 7, 8). However, ees
obtained for non-ortho sensitizers (2, 4, 5) were generally small
and insensitive to pressure changes. This contrasting behaviour
of the ortho and non-ortho sensitizers is similar to that observed
for the temperature dependency of ee, again indicating a
significant contribution of the entropy factor in the enantio-
differentiating process. However, the differential activation
parameters obtained from the temperature- and pressure-
dependence experiments,22b,31 which are listed in Table 1,
behave quite differently. Indeed, inconsistencies become evi-
dent particularly in the parameters obtained for ortho esters, as
sensitizers that give large DDH‡ and DDS‡ values do not
always show a strong pressure dependency, and no consistent
relationship is found for the signs of DDH‡ or DDS‡ and
DDV‡.

Multidimensional control of product chirality
The above discrepancy observed for temperature and pressure is
not surprising, since both can be regarded as inherently
independent variables. In order to verify this experimentally,
and also to reveal the relationship between the ee of the product
and these variables, we further investigated the effect of
pressure on the enantiodifferentiating photoisomerization at
several different temperatures, and found that the DDV‡ value
depends critically on the reaction temperature.31 From the data
obtained, novel three-dimensional diagrams that correlate the ee
with temperature and pressure were constructed for all possible
cases. Two representative cases, which show inversion of the
product chirality by temperature and/or pressure, are illustrated
schematically in Fig. 5. In both cases, the enantiodifferentiating
event occurs exclusively on one of the two intersecting planes
that correspond to the antipodal sensitizers, and these two
enantiodifferentiation planes are symmetrical to each other with
respect to the T21–P plane. The temperature and pressure drive
the product’s ee in opposite directions in Fig. 5(a), where they
act as independent factors, or in the same direction in Fig. 5(b).
In spite of the limited number of sensitizers examined, a
(2)-menthyl benzenetetracarboxylate sensitizer provides us
with a fortuitous example, in which the ee of 1E increases with
decreasing temperature and increasing pressure, ultimately

Fig. 4 Pressure dependence of the ee of the product in enantiodifferentiating
photoisomerization of cyclooctene (1Z) sensitized by (2)-menthyl benzo-
ate 2 (2), phthalate 3 (5), isophthalate 4 (Ω), terephthalate 5 (8), benzene-
1,2,4,5-tetracarboxylate 7 (:), and benzenehexacarboxylate 8 (-) in
pentane at 25 °C; the chirality of product 1E was switched at the equipodal
pressure (P0).

Fig. 5 Representative T21–P–ln(kS/kR) diagrams, correlating the ee of 1E with temperature and pressure in the enantiodifferentiating photoisomerization of
1Z sensitized by antipodal sensitizers; (a) the product chirality is inverted only by temperature as the signs of DDH‡ and DDS‡ are opposite to that of DDV‡;
(b) the chirality is inverted by both temperature and pressure as the signs of DDH‡, DDS‡ and DDV‡ are all the same.
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affording an extrapolated ee as high as 98.3% under conditions
which are practically accessible, i.e. 29 °C and 1500 MPa.31

Conclusions
From the extensive experiments and comprehensive analyses of
a variety of enantio- and diastereodifferentiating photochemical
reactions,20–31 it has been revealed that the entropy term plays
an unexpectedly vital role in the stereodifferentiating processes
where weak interactions determine rates and equilibria. How-
ever, it is important to emphasize that at temperatures below T0,
the stereoselectivity is dominated by the enthalpy difference
arising mostly from steric and electrostatic interactions, while
the dynamic behaviour of stereoselectivity over the whole
temperature range, including the chirality switching phenome-
non, is exclusively attributable to the entropy difference.

Experimental verification that temperature and pressure can
function indeed as independent, yet cooperative, factors
governing the product chirality in the enantiodifferentiating
photosensitization gives us the new and versatile methodology
of ‘multidimensional control of asymmetric photochemistry’.31

This strategy employs several entropy-related factors, such as
temperature,34 pressure, solvent,35 concentration36 and sub-
stituent flexibility, as tools for controlling the stereochemistry
and stereoselectivity of photoproducts more conveniently and
effectively through the manipulation of the steric and electronic
weak interactions involved in the exciplex intermediates.
Further, the concept of multidimensional control is not
necessarily restricted to the asymmetric photochemical reac-
tions described here, but may be applied in general to any
thermal and biochemical reaction or equilibria where weak
interactions are the principal driving force or determining
factor, and therefore, where the entropy factor plays a major
role.37
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The new decameric [Mo10S10O10(OH)10(H2O)5] oxo–thio
ring was prepared by self-condensation of [Mo2S2O2]2+ upon
addition of hydroxide ion; crystals were obtained in dime-
thylformamide in the presence of tetrabutylammonium
iodide; X-Ray diffraction analysis reveals a 10-membered
ring-shaped cluster; the cyclic architecture exhibits a supra-
molecular assembly resulting from hydrogen bonding be-
tween two iodide anions and inner water molecules of the
open cavity of the Mo10-ring.

The synthesis of large and discrete species resulting from
transition metal and sulfur combinations is an exciting chal-
lenge for the inorganic chemist. Indeed, transition metal sulfides
represent a prominent class of compounds involved in many
areas of chemistry.1 Especially, such systems are studied
extensively for their implications in both biological and
industrial catalytic processes. The nuclearity of the thiometa-
lates is generally low with topologies often limited to a
restricted number of archetypal architectures.2 These features
contrast with polyoxometalates which have now reached the
nanometric scale with spectacular examples such as the ‘big
wheel’ for molybdenum blues3 and the ‘giant butterfly’ for
heteropolytungstates.4 We reported in a previous work the
characterization of the first oxo–thio molecular ring with high
nuclearity5 and we have now indications that other derived
compounds might be synthesized through the original and
convenient route of synthesis we are developing. The [Mo2-
S2O2(H2O)6]2+ precursor (aqua ion) reacts rapidly with hydroxo
ions to give cyclic polymeric oxo–thio molecules, the first
compound (solid 1) isolated at pH < 3 from concentrated
potassium iodide solution, leading after crystallization in water
to [Mo12S12O12 (OH)12(H2O)6] (denoted Mo12) a cyclic iodide-
free dodecameric neutral cluster 2.5† The Mo12 ring-shaped
molecule results from the cyclic linking of six {Mo2S2O2}
fragments by face-shared connections. We have demonstrated
that the six water molecules lining the inner ring are labile
enough to be exchanged by small anions such as phosphate or
arsenate ions.6 These exchange properties arising from the
cationic character of the central open cavity hold much promise
for the elaboration of a new generation of ‘multicomponent
systems’ based on host–guest chemistry. In the presence of
anionic structuring agents, such as oxalate7 or even metalates
such as molybdate,8 the self-condensation of [Mo2S2O2]2+

produces an octameric {Mo8S8O8(OH)8} ring encapsulating the
structuring anion. With more concentrated phosphate or
arsenate solutions, the condensation leads exclusively to the
hexameric [(HXO4)4Mo6S6O6(OH)3]52 anion (X = As, P)9 in
which three building units {Mo2O2S2} condense around a
central phosphate group through hydroxo and peripheral
phosphato bridges.

The structural characterization of the new [Mo10-
S10O10(OH)10(H2O)5] ring-shaped cluster 3 (denoted Mo10),
obtained from 1 in a DMF solution containing tetrabutyl-
ammonium iodide represents a nice illustration of the self-
condensation process. The synthesis is straightforward and
consists of the dissolution of the reactants in dimethylforma-
mide, leading to the crystallization of 3‡ which has been fully

characterized by X-ray diffraction, IR spectroscopy and ele-
mental analysis.§

The results of the X-ray crystallographic investigation are
shown in Figs. 1 and 2. The asymmetric unit contains one
molecular Mo10-ring, associated with two iodide anions and two
tetrabutylammonium cations. The [Mo10S10O10(OH)10(H2O)5]
molecular ring consists of five {Mo2S2O2} units connected to
each other by hydroxo double bridges to form a cyclic neutral
decamer. Two types of Mo–Mo distances are observed: short
Mo–Mo distances [2.835(2)–2.847(2) Å] within the
{Mo2S2O2} building block and long Mo–Mo interblock
distances (3.314–3.324 Å). A terminal oxygen atom and two
bridging sulfur atoms, both belonging to the preformed building
block, complete the coordination of the MoV centers. Five
oxygen atoms located in the open cavity of the {Mo10-
S10O10(OH)10} ring bridge two neighboring Mo atoms through
long Mo–O distances (2.572–2.630 Å). This arrangement
confers an overall zero charge to the cluster. The presence of
two iodide anions symmetrically located on both sides of the
mean plane defined by the ten Mo atoms is a remarkable feature
of the molecular structure (Fig. 2). The distances between
iodides and the five inner water molecules are short enough
(3.570–3.622 Å) to suggest that the stability of the bis-halide
complex is directly related to hydrogen bonds. The hydrogen
atoms of the five inner water molecules are symmetrically
distributed on each side of the ring cluster, in two planes parallel
to those defined by the ten molybdenum atoms. The five

Fig. 1 Molecular structure of [I2Mo10S10O10(OH)10(H2O)5]22: ball and
stick model showing the 10 membered ring with the central iodide anions
(black spheres: Mo, light grey spheres: S, dark grey spheres: O, light grey
central sphere: I).
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[I2···H–O–H···I2] interactions provoke a pronounced short-
ening of the I···I distances (4.783 Å), rather close to the sum of
the ionic radii (4.40 Å). The electrostatic balance in the crystal
is ensured by two tetrabutylammonium cations.

In conclusion, this work illustrates the flexibility and the
versatility of the cyclic oxo–thio architecture+in water, 1 leads
to the dodecamer [Mo12S12O12(OH)12(H2O)6] 2 while in iodide
containing DMF solution, 1 gives the cyclic decamer [Mo10-
S10O10(OH)10(H2O)5] 3. The solid state structure of 3 reveals a
remarkable bis-halide complex resulting from the electrostatic
interactions of two iodide ions with the inner cavity of the Mo10-
cluster. Such promising results demonstrate that supramolecular
chemistry of anions can be considered in those inorganic
systems.

Notes and references
† The crude product 1, obtained by the synthetic procedure described in ref.
5 is a mixed K+–NMe4

+ salt of a neutral oxo–thio-cluster which
incorporates iodide in the solid state. The elemental and thermogravimetric
analysis for 1 led to the empirical molecular composition {K0.40(NMe4)0.1-
I0.5[Mo2S2O2(OH)2(H2O)]·6.3H2O}n with no direct evidence for the
determination of the nuclearity n.
‡ Synthesis of [NBu4]2I2[Mo10S10O10(OH)10(H2O)5]·H2O·13DMF 3. 1 g of
1 and tetrabutylammonium iodide (2.8 g, 7.6 mmol) were dissolved in 15
mL of DMF. After filtration, the solution was allowed to stand at room
temperature for crystallization. After a week, well shaped orange crystals,
suitable for X-ray diffraction were collected [yield: 41% (based on Mo)]. IR
spectra (KBr pellet, n/cm21) gave absorptions at ca. 1488w, 1434w, 1411w,

1388m, 1257m, 1150w, 1101m, 1063w, 968s, 876w, 666m, 533s, 413m,
378m. Crystals are strongly hygroscopic and not stable in air. Such a
behavior explains the difference between the number of water molecules
found in the solvate by X-ray diffraction (1.0 H2O) and those determined by
elemental analysis after hydration of the solid (18 H2O). Anal. for
[NBu4]2I2[Mo10S10O10(OH)10(H2O)5]·18H2O·13DMF. Calc.(Found): C,
23.40 (24.85); I, 6.86 (6.91); Mo, 25.96 (26.47); N, 5.67 (5.31); S, 8.65
(8.58)%.
§ X-Ray crystal structure analysis for [NBu4]2I2[Mo10S10O10(OH)10-
(H2O)5]·H2O·13DMF 3. Intensity data collection was carried out on an
orange crystal of 0.30 3 0.30 3 0.40 mm mounted in a glass tube, with a
Siemens SMART three-circle diffractometer equipped with a CCD
bidimensional detector, using monochromatized wavelength l(Mo-Ka) =
0.71073 Å, at T = 293 K. An absorption correction was made in the data set
using the SADABS program10 based on the method of Blessing.11 The
asymmetric unit is composed of one Mo10-ring, two iodide anions and two
[NBu4]+ cations. Among the 13 DMF molecules per Mo10-ring obtained by
microanalysis, only 10 were located, the others being disordered in the
lattice. Crystal data for H185C71I2Mo10N15O39S10: a = 21.573(2), b =
21.075(2), c = 30.190(5) Å, b = 97.766(8)°, U = 13600(3) Å3, Z = 4, M
= 3405, Dc = 1.663 g cm23, monoclinic, space group P21/c, m = 15.67
cm21, index ranges 226@h@30, 215@k@23, 230@l@41; total data
44152; unique data 29602 (Rint = 0.056), data with I0 > 2s(Io) 12749. The
structure was solved by direct methods and refined by full matrix least
squares, based on F2, using the SHELX-TL software package.12 All the
non-hydrogen atoms were refined anisotropically except the water oxygen
atoms, nitrogen, oxygen and carbon atoms of the DMF molecules and the
three terminal carbon of the four alkyl chains in the two NBu4

+ cations. No.
of variables, 855; final R(F) = 0.0782, wR2(F2) = 0.1790; GOF 1.074;
minimum and maximum peak in difference electron density map 21.761
and 1.415 e Å23. CCDC 182/1517. See http://www.rsc.org/suppdata/cc/a9/
a909024j/ for crystallographic files in .cif format.
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Fig. 2 Side view of [I2Mo10S10O10(OH)10(H2O)5]22 showing the two
symmetric iodide anions floating over the cavity of the Mo10 ring-shaped
cluster through hydrogen interactions: (a) polyhedral representation; (b)
space-filling sketch with ionic radii of the elements (O22 = 1.32 Å, S22 =
1.84 Å, I2 = 2.20 Å).
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A late transition metal catalyst has been used to polymerise
hex-1-ene and ethene in supercritical carbon dioxide,
yielding high molecular weight polymers; a comparison with
polymerisations in CH2Cl2 reveal that polymers with
identical molecular weight and polydispersity are formed.

Supercritical carbon dioxide (scCO2) has recently emerged as
an interesting substitute for organic solvents. CO2 is environ-
mental friendly compared to organic solvents and has a low
critical temperature (31.1 °C) and pressure (73.8 bar). The
physical properties of scCO2 range from liquid-like to gas-like
and can be manipulated by changing the pressure and the
temperature. Physical properties like gas-like viscosities and
diffusion rates, coupled with the liquid-like densities, can result
in significant advantages in combined reaction, separation and
purification processes. A drawback of scCO2 is that only
volatile or relatively non-polar compounds are soluble, as CO2
is non-polar and has a low polarisability and relative permit-
tivity.1

Polymerisation reactions using radical initiators and step
growth mechanisms have been carried out in scCO2.2 More
recently homogeneous catalysts have successfully been applied
in scCO2 for the preparation of small molecules3 and poly-
mers.4–6 An interesting extension in the application of CO2 is
the use of CO2 both as a reactant and as a solvent in a
copolymerisation with cyclohexene oxide.7 The goal of our
research is to copolymerise a-olefins in scCO2. Traditional
catalysts for poly(olefin) production are based on early-
transition-state metals, which are highly oxophilic and therefore
not suitable for polymerisations in CO2. As late-transition-state
metal complexes are less oxophilic, they are more likely to be
effective polymerisation catalysts in scCO2. Here we describe
the polymerisation of ethene and hex-1-ene catalysed by a
homogeneous diimine palladium complex as catalyst,8,9 also
known as the Brookhart system, see Fig. 1.

In our polymerisation experiments we were primarily
interested to see if high molecular weight polymers could be
produced and whether the active catalyst would exhibit
complexation behaviour with CO2. The results of the polymer-
isations in CO2 and in CH2Cl2 are listed in Table 1. The values
of the turnover frequencies (TOFs) show that the activity of the
catalyst is similar in both solvents, despite the large difference
in phase behaviour of the reaction mixtures. Both the catalyst
and the polymers are soluble in CH2Cl2. As expected, the
polymer does not dissolve in scCO2. Consequently, the
polymerisations performed in CO2 were all precipitation
polymerisations as has been observed in the experiments.
Although the differences in phase behaviour are rather large, the
polymers produced are very similar, both in molecular weight
and in molecular weight distribution. This behaviour indicates
that there is no diffusion limitation, despite the precipitation in
CO2, suggesting strong swelling of the polymer, either by CO2
or by the monomers used. More importantly, a similar
molecular weight indicates that the active catalyst does not
exhibit complexation behaviour with CO2, since this would
have resulted in a lower molecular weight.

Table 1 Polymerisation of ethene and hex-1-ene in CO2 and CH2Cl2 for 2 h†

Experiment
Catalyst
precursor

Catalyst/ 
1025 mol l21 Solvent Pressure/bar

Monomera/
mol l21 TOFb/h21 Mn

c/kg mol21 Mw/Mn

1 1 42 CO2 239 1.7 450 135 2.1
2 2 30 CH2Cl2 — 2.7 1010 93 1.5
3 2 30 CO2 194 2.9 560 102 1.5
4 2 13 CH2Cl2 — 2.3 810 101 1.7
5 2 13 CO2 193 2.1 990 103 2.0
6 2 2.6 CO2 156 0.27 2250 88 2.0

† High pressure polymerisations were conducted in a 75 ml stainless steel high pressure reactor equipped with sapphire windows, a heating jacket and a
magnetic stirring bar. The solid catalyst precursor 1 (air and temperature sensitive) was put in the reactor in a glass ampulla, which broke under pressure;
catalyst precursor 2 (stable at room temperature in air) was placed directly in the reactor. The air was carefully flushed with CO2 at low pressure and the reactor
was heated. In the case of hex-1-ene as the monomer, the reactor was first filled with CO2 and then the monomer was added. In the case of ethene, the reactor
was flushed and filled with ethene after which CO2 was added. a Experiments 1–5: hex-1-ene, reaction temperature 35 °C; experiment 6: ethene starting
pressure 6.9 bar, reaction temperature 40 °C. b Turn Over Frequency: mol monomer converted per mol catalyst per hour. c GPC (against polystyrene
standards).

Fig. 1 Catalyst precursors used for polymerizations, BArF · tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate.
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To study the effect of catalyst concentration on the polymer
yield two sets of experiments were conducted, one set with a
relatively high catalyst concentration in CH2Cl2 and CO2
(experiments 2 and 3, respectively) and one set with a low
catalyst concentration (experiments 4 and 5, respectively).
When the experiments were carried out with the high catalyst
concentration, the TOF in CO2 was lower than in the
corresponding experiment in CH2Cl2. The experiments in the
two solvents using the low catalyst concentration showed
identical values for TOF, Mn and Mw/Mn, taking into account
experimental error. In order to explain the effect of catalyst
concentration to the TOF, the solubility of the catalyst precursor
was measured in scCO2 with a UV spectrophotometer‡ using a
high-pressure view cell with sapphire windows. Although
scCO2 is a poor solvent for ionic compounds, the solubility at 35
and 40 °C was found to be in the order of 1 3 1024 mol l21, see
Fig. 2. However, the rate of solubilisation was low as it typically
took 1 h to reach equilibrium. The relatively high solubility can
be ascribed to the bulky anion (BArF). Generally, the solubility
of an anion in hydrocarbon solvents is known to increase with
increasing distribution of charge, e.g. the solubility increases in
the order BF4, PF6, SbF6, BArF and this is likely to apply for the
apolar scCO2 as well. All polymerisations of hex-1-ene in CO2
were performed above the maximum solubility of the catalyst.
Even in experiment 5 with the lowest catalyst concentration,
only half of the added amount of catalyst is dissolved in the
initial stage of the polymerisation, which follows from Fig. 2
and the density of the reaction mixture. During polymerisation,
however, the solubility of the catalyst will be different from
pure CO2, since the catalyst is attached to a growing polymer
chain. When the experiments with the low catalyst concentra-
tion are compared for the two solvents, no difference in TOF
was observed. Obviously, the catalyst solubilisation was not
limiting in experiment 5 using CO2 as the activity was similar to
experiment 4 using CH2Cl2. Comparing experiment 2 and 3

with the higher catalyst concentration, a difference in TOF was
observed, which can be explained by the slow solubilisation and
low solubility of the catalyst in CO2. In experiment 6, ethene
was polymerised in scCO2 to high molecular weight polymer. It
follows from this experiment that the catalyst is also active in
scCO2. In principle, this opens the possibility to copolymerise in
scCO2 with monomers such as ethene and propene.

From the foregoing it can be concluded that polymerisation
of ethene and a-olefins can effectively be carried out in scCO2.
In the case of hex-1-ene, a comparison was made with
polymerisation behaviour in an organic solvent, which yielded
similar molecular weights and molecular weight distributions.
In order to improve the solubility of the catalysts, we are
currently modifying ligands to enhance the solubility in
scCO2.10,11 Furthermore, a larger test set-up has been con-
structed to perform (co)polymerisations of propene, including
the use of functional monomers as comonomers. Another
extension to our work is the evaluation of other late-transition-
state olefin polymerisation catalysts known from the lit-
erature.12,13

Notes and references
‡ Solubility experiments were conducted in a 1.4 ml high-pressure view cell
equipped with sapphire windows and a heating jacket. The cell was filled
with about 3 mg (2 mmol) solid catalyst. The air was carefully flushed with
CO2 at low pressure. The cell was then heated, filled with CO2 at high
pressure and placed in a UV spectrophotometer.
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Fig. 2 Solubility of catalyst precursor 2 as a function of scCO2 density.
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The heptadentate ligand 2POAP combines two bridging
alkoxide oxygen donors with diazine and pyridine terminal
nitrogen donors in a linear array with the binding sites
positioned critically to accommodate three metal centres,
but on reaction with Mn(ClO4)2·6H2O a strict self assembly
process occurs, producing a unique homoleptic nonamanga-
nese ‘square’ grid complex, involving six ligands.

Self assembly strategies for the formation of clusters with
predetermined topological architectures are limited, and suc-
ceed only when carefully programmed subunits are incorpo-
rated in the ligand(s). The use of a single ligand with a repeating
array of coordination pockets arranged in a ‘linear’ fashion has
the potential to create a grid-like arrangement of metal centers,
and some success has been achieved with linear polytopic
ligands of this sort based on pyridazine and pyrimidine as a
bridging subunit. Essentially flat 2 3 2 homotetranuclear grids
have been achieved with Cu(I)1 and Co(II)2 with pyridazine and
pyrimidine based ligands respectively, and a flat 3 3 3
nonanuclear grid with Ag(I)3 involving a pyridazine based
ligand. The Co(II) centers were shown to be antiferromagnet-
ically coupled within the cluster, despite long distances of
separation between the metals (6.5 Å).4 The n-topic nature of
the ligand creates a grid-like cluster of n2 metal centres.3 The
ordering of paramagnetic metal ions in these grid-like arrays
presents the possibility of extended spin communication within
a lattice of closely spaced metal ion centers, if appropriate
bridge groups can be incorporated into the ligand backbone.

Previous studies on tetradentate ligands (e.g. POAP) built on
a flexible diazine (N–N) backbone, with a strategically
positioned alkoxide fragment, have been shown to organize

Mn(II), Co(II), Ni(II) and Cu(II) centers into square homo-
tetranuclear clusters with just alkoxide bridges between the
metal centers.5,6 These systems display dominant antiferromag-
netic exchange, except in the copper case where ferromagnetic
coupling prevails.6 In addition a unique, spin coupled, homo-
leptic trigonal-bipyramidal alkoxo-bridged cluster has been
produced with Mn(II).7

This report describes the synthesis‡ and study of a hepta-
dentate ligand that is a systematic extension of POAP, in which
repeating N2O coordination pockets are built on a 2,6-dis-
ubstituted pyridine central fragment (2POAP). Reaction of
2POAP with Mn(ClO4)2·6H2O in MeCN–H2O produced red
crystals (72% yield)‡ suitable for structural analysis.§ The
structure of [Mn9(2POAP–2H)6](ClO4)6·3.57MeCN·11H2O 1
is unique (Fig. 1) with a 3 3 3 grid of nine pseudo-octahedral,
alkoxo-bridged Mn(II) centres coordinated by two groups of
three roughly parallel dianionic ligands arranged above and
below the metal pseudo-plane. The Mn centres comprise three
different types; trans-MnN2O4 (central), cis-MnN4O2 (corners)
and mer-MnN3O3 (sides). The Mn9O12 core (Fig. 2) shows that
within each Mn4O4 subunit a puckered boat-like bridging
arrangement exists involving an alternation of oxygens above
and below the Mn4 pseudo-plane. This then translates symmet-
rically throughout the fused arrangement that comprises the
whole grid.

Variable temperature magnetic susceptibility measurements
were carried out on a powdered sample of 1 in the temperature
range 2–300 K.¶ Magnetic moments (per mol) drop smoothly
from 16.9 mB at 300 K to 6.9 mB at 5 K, and then there is a very
slight rise below this temperature. The room temperature value
is consistent with the presence of nine high spin Mn(II) centers,
and the drop to 6.9 mB at 5 K is associated with the presence of
intramolecular antiferromagnetic exchange with the equivalent
of one residual Mn(II) center in the spin coupled (S = 5/2)
ground state. This situation is an exact parallel to that occurring
in the pentamanganese(II) cluster of POAP.7 The slight rise in
mB at temperatures < 5 K may be due to a very weak

† Present address, Department of Chemistry, University of York, Hesling-
ton, York, UK YO10 5DD.

Fig. 1 Structural representation of the cation [Mn9(2POAP 2 2H)6]6+ (1)
(40% probability thermal ellipsoids). Selected bond lengths (Å) and angles
(°) Mn(1)–Mn(2) 3.953(3), Mn(1)–Mn(4) 3.956(4), Mn(2)–Mn(5)
3.918(4), Mn(4)–Mn(5) 3.928(3), Mn(2)–Mn(3) 3.909(3), Mn(3)–Mn(6)
3.956(4); Mn–O–Mn 126.6–130.0.
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ferromagnetic component. An evaluation of the complex
exchange coupling situation will be attempted and described
elsewhere.

Electrochemical studies in acetonitrile revealed five sequen-
tial redox waves (cyclic voltammetry; E1/2/(V)(DEpmV)
0.61(220), 0.92(100), 1.13(140), 1.33(130), 1.53(110) at
100 mV s21 (Fig. 3)). The Zn(ClO4)2 complex of 2POAP
exhibits no significant waves in the range 0–1.6 V in
acetonitrile. Coulometry (acetonitrile at 0.8 V) indicates that the
first wave corresponds to a four-electron oxidation process,
while the following four waves correspond to a further four-
electron oxidation process in total (potential set at 1.65 V).
Appropriate reduction sequences showed that eight electrons
were required for complete reduction. The first wave reasonably
corresponds to the oxidation of four equivalent Mn(II) centers to
Mn(III), and is tentatively assigned to Mn(1), Mn(3), Mn(7) and
Mn(9), which are equivalent and well separated. The sequence
of four following waves is assigned to four other Mn(II) centers,
which appear to be in communication, such that the oxidation
potentials to Mn(III) become progressively more positive. These
are assigned to Mn(2), Mn(6), Mn(4) and Mn(8), which are
linked though Mn(5), and clearly all antiferromagnetically
coupled to it. The visible spectrum of an oxidized acetonitrile
solution of 1 shows the appearance of an intense band at 985 nm
during the first four-electron oxidation process, followed by a
further intensity increase after the full eight electron oxidation is
complete. This band is reasonably assigned to an intervalence
process.

The aggregation of nine octahedral manganese(II) centers
(fifty four coordination positions) into an alkoxo-bridged,
portcullis-like 3 3 3 grid by six heptadentate 2POAP ligands
(fifty four donor positions) is a unique example of a self
assembly process in which the coordination algorithm of the
nine metal assembly is exactly matched by the aligned
arrangement of the two sets of ‘parallel’ ligands arranged above
and below the metal grid pseudo-plane. This strategy has
general application, and Cu(II)9 analogues have been prepared.5
A simple extension of this type of ligand with additional five-
membered chelate ring compartments can be envisaged to
produce 4 3 4 and 5 3 5 grids, and even higher homologues.
Efforts are currently underway to achieve this goal.

This research work was supported by NSERC (Natural
Sciences and Engineering Research Council of Canada) and
EPSRC.

Notes and references
‡ 2POAP was synthesized in 85% yield by the reaction of 2,6-pyridine-
dihydrazide with the methyl ester of iminopicolinic acid. 2POAP (0.403 g,
1.00 mmol) was added to a hot solution of [Mn(H2O)6](ClO4)2 (1.45 g, 4.00
mmol) in water (5 mL). MeCN (15 mL) was then added and the mixture left
at room temperature. Red crystals (72% yield) formed after several days.
Found (vacuum dried sample): C, 35.77; H, 2.63; N, 19.61. Calc. for
Mn9(C19H15N9O2)6 (ClO4)6·18H2O 1: C, 35.81; H, 3.29; N, 19.78%. IR
(Nujol mull, cm21): nNH/H2O 3450, 3339, 3247 ; nCO/CN 1689, 1654;
nClO4 1095. UV–VIS. (Nujol mull): 546 nm (sh); (MeCN) 1027 nm (e 19.6
dm3 mol21 cm21). mRT = 16.9 mB (mol21).

§ Crystal data for [Mn9(2POAP 2 2H)6](ClO4)6·3.57MeCN·11H2O:
C121.14H122.71N57.57O47 Cl6Mn9 1; M = 3844.3, monoclinic, space group
C2/c, a = 26.0641(16), b = 26.0910(16), c = 53.291(3) Å, b =
102.473(1)°, U = 35385(4) Å3, Z = 8, Dc = 1.443 g cm23, T = 150(2) K,
m(Mo-Ka) = 0.800 mm21. 2075 parameters were refined with 17267
unique reflections (I > 2.0s(I)) to give R1 = 0.1419, wR2 = 0.3936 (30409
independent reflections, Rint = 0.0668) (Bruker Smart three-circle
diffractometer with a CCD area detector set at 6 cm, graphite-mono-
chromatized Mo-Ka X-radiation). Only the non-hydrogen atoms of the
cation and the chlorine atoms of the anions were refined anisotropically.
Hydrogen atoms were fixed at idealized positions (U 1.2 3 U (riding
atom)), except for the amino groups, and the eleven identified waters of
crystallization, where they were not included. The structure also contains
three fully occupied acetonitrile molecules of crystallization and one
partially occupied molecule refined to an occupancy of 0.57. The
perchlorate anions are very disordered and the oxygen atoms were modeled
isotropically, each with its own free variable, giving a total of 6.9
perchlorates in the final cycle of least-squares. Attempts to use a SUMP
command to constrain the total perchlorate occupancy to six resulted in
unstable refinements. The cation is however clearly defined, despite
difficulties with the structural refinement and identification of all lattice
fragments. A preliminary structure on [Mn9(2POAPZ 2 2H)6](NO3)6·xH2O
shows that it has the same structure (2POAPZ is the terminal pyrazine
equivalent of 2POAP).5

CCDC 182/1521. See http://www.rsc.org/suppdata/cc/a9/a909180g/ for
crystallographic files in .cif format.
¶ SQUID magnetometer (Quantum Design MPMS5S) with a field of 1000
Oe. Diamagnetic corrections for the sample holder and the sample were
applied.
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Fig. 2 Structural representation of the nonanuclear core in [Mn9(2POAP 2
2H)6]6+.

Fig. 3 Cyclic voltammetry for [Mn9(2POAP 2 2H)6](ClO4)6·18H2O 1 in
acetonitrile (0.5 mM, 0.1 M NEt4ClO4; Pt working electrode, Pt counter
electrode, SSCE reference electrode; BAS CV27 voltammograph; 100
mV s21).
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The molecular recognition between phytyl phosphate giant
vesicles and a polysaccharide (pullulan) bearing phytyl or
cholesteryl groups and a fluorescent tag was investigated;
the pullulan bearing phytyl chains did coat the surface of the
vesicles, in contrast with the pullulan bearing cholesteryl
groups.

We have postulated that polyprenyl phosphates possibly formed
the most primitive vesicles.1 We have also suggested plausible
processes for ‘primitive’ vesicles becoming more complex
‘proto-cells’.2,3 We have now studied whether giant vesicles (5
mm or more)4 made from single-chain polyprenyl phosphates5

could be coated by a polysaccharide (pullulan, MW ~ 55000
Da) bearing hydrophobic polyprenyl chains (Fig. 1). This would
lead to an assembly somewhat reminiscent of the cell wall of
microorganisms. To the polysaccharide was also covalently
attached a fluorescent tag, to make it possible to clearly observe
coated vesicles with optical fluorescence microscopy. We have
recently reported that POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine) vesicles can indeed be coated with pullulan,
to which had been linked cholesteryl groups (FITC-CHP, 1.17

cholesteryl groups per 100 monosaccharide units) 4 (Scheme
1).6 The cholesteryl groups of this ‘cholesteryl-pullulan’ insert
themselves spontaneously into the membrane, in agreement
with the fact that cholesterol itself is a widespread reinforcer of
eucaryotic membranes, thereby spreading and anchoring the
polysaccharide on the outer surface of the vesicles.

We first attempt to coat giant vesicles of phytyl phosphate 5
or of 2,3-diphytanyl-sn-glycero-1-phosphocholine (DPhPC) 6,
an archæal membrane constituent,7 with ‘cholesteryl-pullulan’
4. This was unsuccessful, and cholesterol did not insert into
either the monopolyprenyl phosphate or the dipolyprenyl
phosphatidylcholine membranes. This was somewhat surpris-
ing, as cholesterol and phytol have similar amphiphilicity and
overall shape. The non-incorporation of cholesteryl moiety does
not depend on the nature of the head-group and must depend on
the texture of the lipid part of the membrane. Indeed, Yamauchi
et al.8,9 have shown, by leakage studies, that diphytanyl
phosphatidylcholine 6 membranes are relatively more rigid than
those made of n-acyl lipids, which they explained by the lateral
interdigitation of the phytanyl chains, which could also exclude
the cholesteryl groups.

We then synthesized a novel pullulan derivative, replacing
the cholesteryl moiety of (FITC-CHP) 4 by a phytyl chain (FD-

† Synthetic and spectroscopic data are available as supplementary data from
the RSC web site, see http://www.rsc.org/suppdata/cc/a9/a908827j/

Fig. 1 Schematic representation of the coating of phytyl phosphate giant
vesicles by phytyl-pullulan carrying fluorescent tags.

This journal is © The Royal Society of Chemistry 2000
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PHP) 3; this should of course be compatible with bilayers of
phytyl phosphate 5 and permit the coating process. The

synthetic route to obtain the fluorescent ‘phytyl-pullulan’ (FD-
PHP) 3 is shown in Scheme 1. The phytyl moiety was linked to
pullulan through an a,w-dicarbamoylhexyl spacer, affording
quantitatively a half-carbamate 1, which was condensed with
pullulan to produce the ‘phytyl-pullulan’ (PHP) 2 (55%).
Finally, PHP was coupled to a morpholinyltriazine labelled with
fluorescamine, followed by purification on a Sepharose gel, to
yield a pure ‘phytyl-pullulan’ labelled with fluorescamine 3 FD-
PHP (45%); content of phytyl groups: 2.9 per 100 glucose units;
fluorescamine: 0.8 per 1 PHP molecule).‡

In contrast to the experiments with ‘cholesteryl-pullulan’, the
entire outer surface of giant vesicles composed of phytyl
phosphate 5 or DPhPC 6 could easily be coated with ‘phytyl-
pullulan’ 3 (Fig. 2). Control experiments carried out with
‘FITC-pullulan’ (pullulan bearing the fluorescent tag but no
hydrophobic moiety) confirmed that the coating of vesicles
required the hydrophobic chains. Confocal microscopy showed
that FD-PHP 3 spreads only on the surface of vesicles (not
shown).

These results indicate that the criteria for efficient insertion of
a lipophilic anchor into a bilayer are more stringent than we had
initially expected; a near identical structure of the bilayer
phospholipids and of the anchoring chains is required, or else
the fit must be as closely adapted as is the case for cholesterol
and n-acyl lipids.10

The recognition of a ‘phytyl-pullulan’ by a membrane of
phytyl phosphate 5 or of diphytanyl phosphatidylcholine 6 is an
interesting example of solubility guided by close structural
similarity.

This work was supported in part by JST-ULP ‘Supramole-
cules’ Joint Research Project and by COST. We are grateful for
support granted by the Ministry of National Education, France
for a fellowship to S. J. Lee, CNRS to S. Ghosh. We express our
gratitude to Dr S. Chasserot-Golaz, Strasbourg, for her help in
obtaining the confocal microscopy images.

Notes and references
‡ Optical, fluorescence and confocal microscopies were carried out
according to the procedures described in refs. 11–14. To coat the surface, it
is sufficient to use oligosaccharide carrying 3% only of the stoichiometric
amount of lipophilic chains.
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Scheme 1 Reagents and conditions: i, toluene–pyridine, 60 °C, 4 days,
100%; ii, DMSO–pyridine, 75 °C, 3 days, 55%; iii, rt, 24 h, 45%. ROH =
pullulan, RA = phytyl, RB = hydrophobized pullulan (PHP), Fl =
fluorescamine unit.

Fig. 2 Phase contrast image (left) and the corresponding fluorescent
microscopic image (right) of coating (or not) of the surface of the preformed
giant vesicles: (a) coating of phytyl phosphate vesicles by phytyl-pullulan
(FD-PHP) 3; (b) coating of diphytanyl phosphatidylcholine vesicles by
phytyl-pullulan (FD-PHP) 3; (c) absence of coating of phytyl phosphate
vesicles by cholesteryl-pullulan (FITC-CHP) 4. Bar: 10 mm.

268 Chem. Commun., 2000, 267–268



Synthesis of new hybrid macromolecules with cyclo-dendritic architecture
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Novel cyclo-dendritic hybrid macromolecules were synthe-
sized using preformed blocks: hydroxymethyl crown ethers
and poly(benzyl ether) monodendrons.

The highly symmetrical three-dimensional shape of dendrimers
and their fractal construction make them excellent and unique
biological models.1 It is already known that the dendritic shell
can provide specific and selective microenvironments greatly
affecting host–guest interactions.2,3 The combination of den-
drimers and other macromolecular topologies as building
blocks is an attractive and promising approach in the develop-
ment of suitable biological replicas for the study of molecular
recognition and other cell processes.4,5

Compounds containing both crown ethers and dendritic
wedges might have interesting ligating properties.6 The first
example of this type was published by Percec and co-workers in
1993.7 DCC-mediated transesterification was used to produce
molecules containing a crown ether moiety and taper-shaped
fragments that could also be regarded as first-generation
monodendrons. In subsequent papers the same authors reported
the intriguing self-assembling properties of these compounds
that were able to form unique cylindrical supramolecular
structures upon interaction with metal salts.8 However, the
investigation was limited only to a single type of crown ether
(15-crown-5) and first-generation monodendrons with flat
geometry. The influence of the size and shape of the reactive
fragments and the reaction conditions on the formation of the
cyclo-dendritic hybrids has not been explored.

Here we report the synthesis of a new series of hybrid
compounds 1–9 (Scheme 1) containing crown ethers of
different sizes and three generations of poly(benzyl ether)
dendrimers with different geometry. These compounds can bind
alkali and alkaline-earth metal ions via their crown ether
cavities and complex other guest molecules through the voids
and the peripheral shell in the dendritic part of the molecule. In
distinction to previous reports, the Williamson reaction was

used to create an ether bond between the dendrons and
2-hydroxymethyl crown ethers.

The synthetic strategy for the formation of the dendritic
crowns involves a reaction between two preformed fragments.
Previously we have shown that this approach is a versatile tool
for the generation of different types of dendrimer-containing
hybrid macromolecules.9 Because of the proven accessibility of
the functional group at the ‘focal’ point of the dendrimer10 it
could be applied also in the present study. Earlier we found that
linear aliphatic polyethers used as one of the building blocks in
the formation of dendritic hybrids have a noticeable auto-
acceleration effect on the Williamson reaction employed for
their formation.10 Therefore one of the additional goals in the
present investigation is to trace the eventual influence of the size
of the cyclic polyether on the speed and the efficiency of the
synthetic procedure. The dendritic bromides were synthesized
by a known method11 and the 2-hydroxymethyl crown ethers
(from Aldrich) were used without further purification.

Initially we explored the synthetic pathway based on typical
phase-transfer reaction conditions that was successfully applied
in the synthesis of the poly(benzyl ether) dendrimers.10 The
reaction, performed in refluxing acetone with K2CO3 and
18-crown-6 as catalyst, afforded a complex mixture, which did
not contain the desired product. Stronger bases like dry THF/
NaH or DMF/NaH systems proved to be more efficient. In a
typical reaction procedure NaH (4 mmol) was added as a
powder to a solution of 0.1 mmol of 2-hydroxymethyl-crown
ether and 0.105 mmol of dendritic bromide in 10 ml dry THF.
The reaction mixture was stirred under nitrogen at room
temperature for 140 h. The progress of the reaction was
monitored by TLC (CH2Cl2–Et2O = 9+1). After no further
change was observed the reaction was stopped and THF was
evaporated under reduced pressure. The crude reaction product
was purified by flash chromatography using gradient elution
with a mixture of CH2Cl2–Et2O for products containing the
12-crown-4 fragment (from 98+2 to 75+25 v/v) or CH2Cl2–
acetone for larger cycles. When DMF was employed as the
solvent at the end of the reaction the solution was precipitated
into cold water and the crude filtered product was subsequently
chromatographed.

The compounds composed of a second-generation dendritic
bromide and all three 2-hydroxymethyl crown ethers are heavy
oils; those of the higher generations are white foamy glassy
solids. All reaction products were purified by flash chromatog-
raphy and their purity was determined by TLC (single spot) on
silica gel plates with fluorescent indicator and SEC at 40 °C in
THF (single peak with double UV and RI detection). Their
structure was confirmed by 1H NMR spectroscopy.† All
compounds yielded satisfactory elemental analyses and all
exhibited very good correlation with the calculated molecular
masses as evidenced by their MALDI-TOF spectra.

A summary of the reagents, reaction conditions and yields of
the products is presented in Table 1. It can be seen that the
Williamson synthesis performed in THF with NaH produced the
desired products after long period of time in moderate yields.
DMF (due to its higher polarity) facilitates the reaction andScheme  1
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improves the yields over reduced reaction times. An increase in
reaction temperature to 70 °C and higher did not influence the
reaction rate and the yields. To our surprise the ring size of the
crown ethers did not effect substantially their nucleophilicity
and all three of them have similar reactivity in the reaction with
dendritic bromides. One would have expected 2-hydroxy-
15-crown-5 to react faster and more effectively because of its
additional complex binding towards Na+, and this is partially
true for the lower generations, but not with the fourth-
generation dendritic bromide. The results from this study are not
very conclusive in terms of dendritic activity. The change from
a flat, two-dimensional geometry (second generation) to a
globular shape (fourth generation) effects slightly the reactivity
of the dendritic wedges. Despite the shielding effect of the large
dendritic fragments, the focal point functionalities are still
readily accessible for nucleophilic attack even in the fourth
generation and this reconfirms our previous findings for the
reactivity of dendrimers in Williamson reactions10 and as
macroinitiators for anionic ring-opening polymerization.12

The physical properties, self-assembling and binding capabil-
ities of the new cyclo-dendritic hybrids are currently under
investigation.

The authors would like to thank Rohm & Haas Co. and the
Loctite Corporation for financial support. The analyses were
performed in the Polymer Characterization Facility of the
Cornell Center for Materials Research supported by the NSF
(Award DMR-9632275).

Notes and references
† Selected data for 1: dH(CDCl3, 200 MHz) 3.2–3.8 (7H, br), 4.45 (2H, s),
4.8–5.2 (12H, m), 6.5–6.8 (9H, d), 7.0–7.7 (20H, m); m/z (MALDI-TOF)

958.0 (M+ + Na+). For 2: dH(CDCl3, 200 MHz) 3.3–3.9 (21H, br), 4.5 (2H,
s), 4.8–5.2 (12H, m), 6.4–6.8 (9H, d), 7.0–7.7 (20H, m); m/z (MALDI-TOF)
1000.7 (M+ + Na+). For 3: dH(CDCl3, 200 MHz) 3.4–3.8 (25H, br), 4.5 (2H,
s), 4.8–5.2 (12H, m), 6.5–6.8 (9H, d), 7.0–7.7 (20H, br); m/z (MALDI-TOF)
1043.9 (M+ + Na+). For 4: dH(CDCl3, 200 MHz) 3.4–3.8 (17H, br), 4.5 (2H,
s), 4.8–5.2 (28H, m), 6.5–6.8 (21H, d), 7.0–7.7 (40H, m); m/z (MALDI-
TOF) 1805.1 (M+ + Na+). For 5: dH(CDCl3, 200 MHz) 3.4–3.8 (21H, br),
4.5 (2H, s), 4.8–5.2 (28H, m), 6.5–6.8 (21H, d), 7.0–7.7 (40H, m); m/z
(MALDI-TOF) 1853.5 (M+ + Na+). For 6: dH(CDCl3, 200 MHz) 3.4–3.8
(25H, br), 4.5 (2H, s), 4.8–5.2 (28H, br), 6.5–6.8 (21H, d), 7.0–7.7 (40H, m);
m/z (MALDI-TOF) 1894.0 (M+ + Na+). For 7: dH(CDCl3, 200 MHz)
3.4–3.9 (17H, br), 4.45 (2H, s), 4.7–5.2 (60H, m), 6.4–6.8 (45H, d), 7.0–7.6
(80H, m), m/z (MALDI-TOF) 3523.5 (M+ + 2Na+). For 8: dH(CDCl3, 200
MHz) 3.4–3.8 (21H, br), 4.45 (2H, s), 4.6–5.2 (60H, m), 6.4–6.8 (45H, d),
7.0–7.7 (80H, m); m/z (MALDI-TOF) 3545.4 (M+ + Na+). For 9: dH(CDCl3,
200 MHz) 3.4–3.8 (25H, br), 4.5 (2H, s), 4.6–5.2 (60H, m), 6.4–6.8 (45H,
d), 7.0–7.6 (80H, m); m/z (MALDI-TOF) 3589.8 (M+ + Na+).

1 Several excellent reviews on dendrimers have been published recently:
M. Fischer and F. Vögtle, Angew. Chem., Int. Ed., 1999, 38, 884; J.
Roovers and B. Comanita, Adv. Polym. Sci., 1999, 142, 179; A. W.
Bosman, H. M. Janssen and E. W. Meijer, Chem. Rev., 1999, 99, 1665;
V. V. Narayanan and G. R. Newkome, Top. Curr. Chem., 1998, 197, 19;
D. K. Smith and F. Diederich, Chem. Eur. J., 1998, 4, 1353; O. A.
Mathews, A. N. Shipway and J. F. Stoddart, Prog. Polym. Sci., 1998, 23,
1.

2 C. J. Hawker, K. L. Wooley and J. M. J. Fréchet, J. Am. Chem. Soc.,
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Table 1 Influence of the reaction conditions and reagents’ size on the yields
of the cyclo-dendritic macromoleculea

Dendritic Yield (%)
Compound bromide Crown ether (purified) t/h

1 [G-2]-Br 2-OH-12-crown-4 34.1 140
2 [G-2]-Br 2-OH-15-crown-5 29.2 (38.3)b 120 (24)b

3 [G-2]-Br 2-OH-18-crown-6 30.7 (37.1)b 96 (36)b

4 [G-3]-Br 2-OH-12-crown-4 20.2 140
5 [G-3]-Br 2-OH-15-crown-5 28.5 (45.4)b 120 (10)b

6 [G-3]-Br 2-OH-18-crown-6 24.1 (47.0)b 140 (24)b

7 [G-4]-Br 2-OH-12-crown-4 16.2 (17.0)b 140 (24)b

8 [G-4]-Br 2-OH-15-crown-5 21.5 (22.0)b 140 (24)b

9 [G-4]-Br 2-OH-18-crown-6 40.5 (39.8)b 140 (24)b

a Reaction conditions: dry THF, NaH, 5% excess of dendritic bromide.
b Reactions performed in DMF at 70 °C.
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PIPO, a readily prepared polymer immobilised TEMPO, can
be employed as an efficient recyclable heterogeneous cata-
lyst for the chlorinated hydrocarbon solvent-free and
bromide-free bleach oxidation of a variety of alcohols and
polyols.

The use of stable nitroxyl radicals, such as TEMPO, as catalysts
for the oxidation of alcohols to aldehydes, ketones and
carboxylic acids is well documented.1 Typically, these trans-
formations employ 1 mol% of the nitroxyl radical and a
stoichiometric amount of a terminal oxidant, e.g. sodium
hypochlorite,2 MCPBA (m-chloroperbenzoicacid),3 sodium
bromite,4 trichloroisocyanuric acid5 and oxygen in combination
with CuCl6 or RuCl2(PPh3)3.7 In particular, the TEMPO-bleach
protocol using bromide as co-catalyst introduced by Anelli
et al.2 is finding wide application in organic synthesis. Although
only a small amount of catalyst is used, recyclability is an issue
and several heterogeneous TEMPO systems have been re-
ported.8 For example, MCM-418g and silica-supported TEM-
PO8h,i have been applied in oxidation reactions using hypo-
chlorite as the oxidant. The preparation of these catalysts
involves initial functionalisation of the support followed by
covalent attachment of a 4-substituted TEMPO.

Here, we report the use of a readily prepared polymer
immobilised TEMPO as a catalyst for alcohol oxidations. It was
derived from a commercially available oligomeric, sterically
hindered amine, poly[[6-[(1,1,3,3-tetramethylbutyl)amino]-
1,3,5-triazine-2,4-diyl][2,2,6,6-tetramethyl-4-piperidinyl)-
imino]-1,6-hexanediyl[(2,2,6,6-tetramethyl-4-piperidinyl-
imino]], better known as Chimassorb 944 (MW ≈ 3000; see
Scheme 1 for structure). This compound is used as an
antioxidant and a light stabiliser for plastics. It contributes
significantly to the long term heat stability of polyolefins and
has broad approval for use in polyolefin food packaging.9

Nitroxyl radicals are normally prepared by treating the
analogous secondary amine with Na2WO4·2H2O and hydrogen
peroxide.10 In the case of Chimassorb 944, the same procedure
was applied resulting in the formation of an oligomeric TEMPO
(Scheme 1). Probe-MS data revealed that the mass of each
segment increased by 30 owing to transformation of two
secondary amine moieties into the corresponding nitroxyl
radicals. This new polymer immobilised TEMPO, further
referred to as PIPO (polyamine immobilised piperidinyl oxyl),

proved to be an effective catalyst for oxidations of alcohols with
hypochlorite using the Anelli protocol.2†

Primary and secondary aliphatic and benzylic alcohols were
smoothly converted to the corresponding aldehydes and ketones
in CH2Cl2 (Table 1). Under these conditions the system was
homogeneous as PIPO is soluble in dichloromethane. In
contrast, in the absence of solvent (entry 3) PIPO was an active
heterogeneous catalyst. The heterogeneous nature of the
catalyst was confirmed in a filtration experiment, in which the
reaction mixture was filtered after 10 min. The filtrate showed
no activity at all during 1 h after filtration. The residue,
however, could be reused at least twice as a catalyst. The minor
loss of activity ( < 5%) observed is probably due to mechanical
losses occurring during filtration of the small amount of
catalyst.

Further investigation revealed that the use of bromide was not
necessary. Thus, in contrast to the conventional TEMPO-bleach
oxidations, which use dichloromethane as solvent and bromide
as a co-catalyst,2 PIPO catalyses the oxidation of a variety of
alcohols in the absence of organic solvent and using only a
hypochlorite solution (0.35 M, pH 9.1) as the oxidant (Table 2).
However, under these conditions primary aliphatic alcohols
such as octan-1-ol, gave low selectivities to aldehydes owing to
over-oxidation of octanal to octanoic acid (entry 1). This
problem was circumvented by using MTBE as the organic
solvent, in which PIPO is not soluble, affording an increase in
selectivity to 94% (entry 2). Here again, filtration experiments
confirmed that this system was heterogeneous, analogous to the
solvent-free conditions.

In addition to primary and secondary aliphatic alcohols
(entries 2–7), benzylic alcohols were also efficiently oxidised
(entries 9 and 10), complete conversion being observed within
30 min. In competition experiments, the catalyst showed a
marked preference for primary alcohols (entries 8 and 11). This
is analogous to the already reported homogeneous2 and
heterogeneous8h TEMPO systems. Chirality on the a-position is
not affected during oxidation as shown by the selective
oxidation of (S)-2-methylbutan-1-ol to (S)-2-methylbutanal
(entry 12).11

Scheme 1 Synthesis of PIPO.

Table 1 PIPO-catalysed oxidation of alcohols with bromide/hypo-
chloritea

Entry Substrate Product t/min Conv.(%)b Sel.(%)b

1 Octan-1-ol Octanal 20 > 99 > 99
2 Octan-2-ol Octan-2-one 20 > 99 > 99
3c 45 95 > 99
4 Benzyl alcohol Benzaldehyde 20 > 99 > 99
5 1-Phenylethanol Acetophenone 20 > 99 > 99
a 0.8 mmol substrate, 2.5 mg PIPO (1 mol% nitroxyl), 2 ml CH2Cl2, 0.16 ml
0.5 M KBr solution (10 mol%), 0.14 g KHCO3, 2.86 ml 0.35 M
hypochlorite solution (1.25 equiv.), 0 °C. b Conversion and selectivity
determined by GC using n-hexadecane as internal standard. c No CH2Cl2
(solvent-free).
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Carbohydrates are also oxidised by the PIPO/NaOCl system
analogous to TEMPO/NaOCl.12 For example, methyl a-D-
glucopyranoside afforded methyl a-D-glucopyranosiduronate
in 70% yield (Scheme 2).‡ As in the case of the oxidation of
simple alcohols, filtration experiments confirmed that the
catalyst is truly heterogeneous. Further investigation in the field
of carbohydrate oxidations using PIPO/NaOCl is in progress
and will be reported on in due course.

Besides hypochlorite, oxygen can also be used as oxidant.6,7

Unfortunately, in contrast to homogeneous TEMPO the combi-
nation of PIPO and RuCl2(PPh3)3 in chlorobenzene7 is not able
to catalyse the aerobic oxidation of octan-2-ol, probably owing
to coordination of ruthenium to the polyamine. On the other
hand, in combination with CuCl/O2 in DMF,6 it is capable of
completely oxidising benzyl alcohol to benzaldehyde within 2
h. This system, however, is limited to benzylic and allylic
alcohols as for homogeneous TEMPO.

In summary we have developed a recyclable heterogeneous
catalyst for the bleach oxidation of alcohols and polyols. In
contrast to previously reported systems, neither a chlorinated
hydrocarbon solvent nor a bromide is necessary to achieve good
activity. A further advantage of our system is that the catalyst is
readily prepared from inexpensive and commercially available
raw materials. We believe that it will find wide application in
organic synthesis.

We gratefully acknowledge IOP (Innovation-Oriented Re-
search Program) for financial support.

Notes and references
† General procedure for the oxidation of alcohols with PIPO as catalyst: in
a glass reaction vessel was placed 2.5 mg of PIPO (8 mmol based on
complete functionalisation; degree of functionalisation = 3.2 mmol g21).
Then a CH2Cl2 solution (2 ml) of the alcohol (0.4 M) and n-hexadecane
(0.12 M; as internal standard) was added followed by an aqueous solution
(0.16 ml) of KBr (0.5 M). After the cooling of the reaction mixture to 0 °C,
2.86 ml of aqueous NaOCl (0.35 M and buffered by the addition of 0.14 g
KHCO3 to pH 9.1) was added. Then, the reaction mixture was vigorously
shaken for 45 min. After destroying the excess of hypochlorite with
Na2SO3, the reaction mixture was extracted with diethyl ether, dried over
Na2SO4 and analysed on GC (Chrompack CP-WAX 52 CB column; 50 m
3 0.53 mm).
‡ Procedure for the oxidation of methyl a-D-glucopyranoside with PIPO as
catalyst: in a glass reaction vessel was placed 15.7 mg of PIPO (50 mmol
based on complete functionalisation; degree of functionalisation = 3.2
mmol g21) and 200 mg methyl a-D-glucopyranoside (1.03 mmol). Then, 8
ml of aqueous NaOCl (0.56 M and brought to pH 9.5 with an aqueous 1 M
hydrochloride solution) was added. During the reaction the pH was kept
constant at 9.5 by automatic titration with a 0.1 M KOH solution. When the
hydroxide consumption stopped (1.3 equiv. of hydroxide were consumed),
Na2SO3 was added to destroy the excess of hypochlorite. The crude mixture
was analysed using HPLC.

1 A. E. J. de Nooy, A. C. Besemer and H. van Bekkum, Synthesis, 1996,
1153 and references therein; J. M. Bobbitt and M. C. L. Flores,
Heterocycles, 1988, 106, 509.

2 P. L. Anelli, C. Biffi, F. Montanari and S. Quici, J. Org. Chem., 1987,
52, 2559.

3 J. A. Cella, J. A. Kelley and E. F. Kenehan, J. Org. Chem., 1975, 40,
1860; S. D. Rychovsky and R. Vaidyanathan, J. Org. Chem., 1999, 64,
310.

4 T. Inokuchi, S. Matsumoto, T. Nishiyama and S. Torii, J. Org. Chem.,
1990, 55, 462.

5 C.-J. Jenny, B. Lohri and M. Schlageter, Eur. Pat., 0775684A1, 1997.
6 M. F. Semmelhack, C. R. Schmid, D. A. Cortés and S. Chou, J. Am.

Chem. Soc., 1984, 106, 3374.
7 A. Dijksman, I. W. C. E. Arends and R. A. Sheldon, Chem. Commun.,

1999, 1591.
8 (a) T. Osa, U. Akaba, I. Segawa and J. M. Bobbitt, Chem. Lett., 1988,

1423; (b) Y. Kashiwagi, H. Ono and T. Osa, Chem. Lett., 1993, 257; (c)
T. Osa, Y. Kashiwagi and Y. Yanagisawa, Chem. Lett., 1994, 367; (d)
F. MacCorquodale, J. A. Crayston, J. C. Walton and J. Worsfold,
Tetrahedron Lett., 1990, 31, 771; (e) T. Osa, Y. Kashiwagi, J. M.
Bobbitt and Z. Ma, in Electroorganic Synthesis, Marcel Dekker Inc.,
New York, 1991, p. 343; (f) D. Brunel, P. Lentz, P. Sutra, B. Deroide,
F. Fajula and J. B. Nagy, Stud. Surf. Sci. Catal., 1999, 125, 237; (g) M. J.
Verhoef, J. A. Peters and H. van Bekkum, Stud. Surf. Sci. Catal., 1999,
125, 465; (h) A. Heeres, H. A. van Doren, K. F. Gotlieb and I. P.
Bleeker, Carbohydr. Res., 1997, 299, 221; (i) C. Bolm and T. Fey,
Chem. Commun., 1999, 1795.

9 See: http://www.pidc.org.tw/enst/e-11.htm
10 E. G. Rozantsev and V. D. Sholle, Synthesis, 1971, 190.
11 For bleach oxidation of (S)-2-methylbutan-1-ol with homogeneous

TEMPO, see: P. L. Anelli, F. Montanari and S. Quici, Org. Synth., 1990,
69, 212.

12 A. E. J. de Nooy, A. C. Besemer and H. van Bekkum, Tetrahedron,
1995, 51, 8023; A. E. J. de Nooy, A. C. Besemer and H. van Bekkum,
Carbohydr. Res., 1995, 269, 89; N. J. Davis and S. L. Flitsch,
Tetrahedron Lett., 1993, 34, 1181.

Communication a909690f

Table 2 PIPO-catalysed oxidation of alcohols with hypochloritea

Entry Substrate Product t/min
Conv.
(%)b

Sel.
(%)b

1 Octan-1-ol Octanal 45 90 50d

2c Octan-1-ol Octanal 45 80 94
3c Hexan-1-ol Hexanal 45 89 95
4 Octan-2-ol Octan-2-one 45 99 > 99
5 Hexan-2-ol Hexan-2-one 45 99 > 99
6 Octan-3-ol Octan-3-one 45 70 > 99
7 Cyclooctanol Cyclooctanone 45 100 > 99
8c Octan-1-ol/

octan-2-ol
Octanal/

octan-2-one
45 86/ < 1 96

9 Benzyl alcohol Benzaldehyde 30 100 > 99
10 1-Phenylethanol Acetophenone 30 100 > 99
11 Benzyl alcohol/

1-Phenylethanol
Benzaldehyde/

acetophenone
30 95/4 > 99

12 (S)-2-Methyl-
butan-1-ol

(S)-2-Methyl-
butanal

45 90 > 99

a 0.8 mmol substrate, 2.5 mg PIPO (1 mol% nitroxyl), 0.14 g KHCO3, 2.86
ml 0.35 M hypochlorite solution (1.25 equiv.), 0 °C. b Conversion and
selectivity determined by GC using n-hexadecane as internal standard. c 2
ml MTBE as solvent. d Octanoic acid and octyl octanoate as side
products.

Scheme 2 Oxidation of methyl a-D-glucopyranoside using PIPO/NaOCl.
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Using a modified method in the preparation of an imprinted
polymer, we report here the synthesis of a uranyl-imprinted
copolymer of chloroacrylic acid and ethylene glycol dime-
thacrylate, which—after removal of the template—se-
lectively extracts uranium from dilute aqueous solution over
a range of +2, +3 and +4 competitor metal ions.

The technique of polymer imprinting has shown considerable
promise as a method for preparing materials which are capable
of molecular recognition.1 Of late, the technique has seen some
impressive successes in the selective absorption of both organic
molecules and metal ions.2 One important goal is the prepara-
tion of absorbents specific for uranium, because of uranium’s
large environmental impact and importance as an energy
resource. Recent progress has been made by Murray et al. who
showed that a uranyl-imprinted polydivinylbenzene/styrene-
based polymer absorbs uranium over a range of +1 and +2 metal
ions and also La3+ (at pH > 3).3 We report here the preparation
and characterisation of a new selective uranium-binding
polymer. Importantly the polymer shows excellent selectivity
against a range of ‘strong’ competitor metal ions, including
Th4+ and Fe3+ (at pH < 3).

In our studies we have used the uranyl complex of
chloroacrylic acid (caaH) as a template [Scheme 1(a)]. 13C
NMR in CD2Cl2 studies of UO2(caa)2(OH2)2 suggest that this
complex contains a uranyl ion coordinated by two bidentate
chloroacrylate ligands and two water molecules.‡ We have been
unable to crystallise this complex, but we have studied the
analogous UO2(caa)2(ONPPh3)2 complex by single crystal X-
ray diffraction (Fig. 1).§ The structure of this complex shows
both bidentate and monodentate chloroacrylate ligands along
with two triphenylphosphine oxide ligands coordinating to the
uranyl ion.

Co-polymers of 2-chloroacrylic acid (caaH) and the cross-
linking agent ethylene glycol dimethacrylate (egdma) can be
prepared by free-radical solution polymerisation, thermally
initiated with azoisobutyronitrile (aibn) in refluxing dichloro-

methane. Imprinting with uranyl is achieved by replacing caaH
with the soluble template complex UO2(caa)2(OH2)2 [prepared
in situ by reaction of caaH with NEt3 and UO2(NO3)2·6H2O
prior to polymerisation]. In the solution polymerisation reaction
the ratio of reactants was 91/9 mol/mol% egdma/UO2-
(caa)2(OH2)2—typically a total of 3.5 g reactants in 100 cm3 of
CH2Cl2. The imprinted polymer was obtained as a pale yellow
precipitate after 5 h [Scheme 1(a) and (b)]. The material was
washed with CH2Cl2 and then dried in vacuo prior to grinding
to a fine powder (particle diameter ca. 50 mm). As a comparison,
a ‘random polymer’ was prepared in an analogous manner
without the addition of NEt3 and UO2(NO3)2·6H2O. We denote
this as a ‘random polymer’ since the orientations and relative
positions of the a-chloropropionic acid (cpaH) groups in the
polymer are presumed to be random.

Extraction of the uranyl from the imprinted polymer was
achieved by treatment of the polymer with conc. HNO3 under
ultrasonication (30 kHz) for 15 min [Scheme 1(c)]. Following
extraction, thorough washing of the polymer with deionised
water and then drying in vacuo gave the imprinted polymer as
a white powder. Elemental analysis of the polymer for uranium
confirmed > 95% extraction of the uranium from the polymer.
Treatment of the random polymer with conc. HNO3 in a 30 kHz
sonic bath for 15 min did not change the percentage content of
cpaH (determined by elemental analysis for chlorine), showing
that the cpaH is tightly bound—probably via a covalent bond—
to the polymer.

To investigate the effectiveness of the imprinting technique,
rebinding of uranyl by the imprinted polymer was determined in
the pH range 1–3. Approximately 2.60 g of polymer was stirred
with a dilute aqueous solution of UO2(NO3)2·6H2O (50 cm3, 0.5
mmol dm23) such that there was a fifty-fold mole excess of
polymer-bound cpaH compared to uranyl. The pH was recorded
after 4 min, after which the uranyl binding had equilibrated,¶
and the concentration of the uranyl ion in a small sample of the
supernatant was determined by visible spectrophotometry using

† S. N. Port, M. J. Joyce, P. H. Walton and G. D. Saunders, UK Pat. Appl.,
979946.7, 1997; Int. Pat., WO 99/15707, 1998.

Scheme 1 Schematic reaction scheme for the preparation of uranyl-
imprinted polymer.

Fig. 1 ORTEP representation of the [UO2(caa)2(ONPPh3)2] structure. Cl1
and Cl2 represent a single Cl atom disordered over two positions. Selected
distances (Å): U1–O1 1.772(8), U1–O2 1.776(9), U1–O5 2.496(8), U1–O6
2.499(8), U1–O7 2.309(8), U1–O3 2.361(8), U1–O4 2.320(7).
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the Arsenazo I method.4 The pH was changed by the addition of
small quantities of dilute HNO3 or NaOH solutions and the
extraction analysis procedure repeated.

The uranyl-binding behaviour of the imprinted and random
polymers shows a reversible (i.e. the polymer can be reused)
and smooth transition between low (ca. 10%) and high ( > 98%)
uranyl binding between pH 1.0 and 3.0. A plot of log10[Dex] vs.
pH for the two polymers is shown in Fig. 2.∑ The near linearity
of the data in the plots shows that the ‘pH swing’ binding
model5 is an accurate representation of this system. The
gradient of the plots can be equated to n, the average
stoichiometry of the [UO2(cpa)n] complexes formed within the
polymer, which, in turn, can be related to the fraction of
imprinted binding sites (those containing two cpaH ligands)
compared to non-imprinted binding sites (those with a single
cpaH). In the random polymer n is approximately 1.1, showing
that ca. 10% of the binding sites contain two cpaH ligands able
to interact with a single uranyl ion. In contrast, for the imprinted
polymer n increases to nearly 1.8 showing that ca. 80% of the
uranyl binding sites contain two cpaH ligands. This increase can
be attributed to the imprinting effect of the uranyl in the
polymerisation process. The pH dependence of Th4+ binding to
the polymer was also investigated, giving n = 0.5; a strong
indication that most binding of Th4+ is associated with non-
imprinted sites.

The selectivity of the imprinted polymer for uranyl was
investigated by rebinding uranyl in the presence of various
competitor metal ions. In a typical experiment 25 mg of
polymer was mixed with a dilute aqueous solution of
UO2(NO3)2 (0.42 mmol dm23, 10 cm3, 2.5 mmol dm23 NO3

2

made up with KNO3, constant pH 2.5) containing an equal
concentration of one other competitor metal salt: hydrated salts
of Cu(NO3)2, VO(SO4), Al(NO3)3, Fe(NO3)3 or Th(NO3)4.
These competitor ions were chosen as the potentially strongest
competitor ions for the uranyl binding sites. The resulting
suspensions were shaken periodically over a period of 12 h
before filtration. UO2

2+ and competitor metal concentrations in
the supernatant were then determined by ICP-AES.

Table 1 lists the selectivity ratios (SU/M) of uranyl vs.
competitor metal binding to both random and imprinted
polymers. It is clear that the random polymer exhibits no
selectivity for the binding of the uranyl ion (S < 1), binding less
uranyl than competitor ion in every case except Cu2+. In
contrast, the imprinted polymer displays a remarkable increase
and even reversal of selectivity over the random polymer,
increasing the relative polymer selectivity for uranium by over
ten times in one case. The imprinted polymer exhibits a
consistently higher binding of uranyl compared to each of the
competitor ions, even against competitor ions such as Fe3+ and
Th4+, which would be expected to compete very strongly with
UO2

2+ for the carboxylate binding sites. The results of the
binding experiments show that the difference in metal binding
between the random and imprinted polymers is due to the
imprinting effect.

G. D. S. acknowledges BNFL and the University of York for
funding. We thank Drs Rajiv Bhalla and David White for
experimental assistance.

Notes and references
‡ [UO2(caa)2(OH2)2] 13C{H} NMR (270 MHz, CD2Cl2); d 125.7 (s, CH2),
136 [s, C(Cl)NCH2], 176.4 (s, COO).
§ Crystal data for C42H34O8Cl2P2U1; monoclinic, space group P21 (no. 4),
yellow block, a = 14.927(3), b = 8.8708(12), c = 15.795(3) Å, b =
97.735(15)°, V = 2072.4(6) Å3, 150 K, Z = 2, R1 = 0.034, wR2 = 0.087,
GOF = 1.007. CCDC 182/1518. See http://www.rsc.org/suppdata/cc/a9/
a909691d/ for crystallographic files in .cif format.
¶ In separate experiments the maximum capacity of the polymer for uranyl
was determined by measuring the extent of uranyl uptake by the imprinted
polymer as a function of [uranyl]. (Contact time between polymer and
solution was ca. 12 h.) The data were then fitted to a Langmuir isotherm,
with excellent agreement. Further experiments showed that uranyl binding
by the imprinted polymer was > 95% of maximum binding after 4 min, with
no subsequent significant increase.
∑ Dex, the distribution coefficient of extraction, defined for a given volume
of solution, given nitrate concentration and given mass of polymer as: (mol
of uranyl ion bound to the polymer)/(mol of uranyl ion left in solution) for
eqn. (1).

mNO3
2 + UO2

2+ + polymer·nH+ = polymer·UO2
2+·mNO3

2 + nH+ (1)

Separate experiments showed that 100% egdma polymers do not bind
uranium to any significant extent; demonstrating that the amount of uranyl
binding to non-carboxylic acid sites (i.e. n = 0) is low. It is also assumed
that the number of sites where three carboxylic acids can interact with a
single uranyl is statistically very low. Hence the average value of n obtained
from our experiments is approximately the number weighted average of the
n = 1 and n = 2 binding sites within the polymer. For non-integral values
of n a slight curve is expected in the log[Dex] vs. pH plots. However, this
curve is very shallow over the pH range studied and the relationship can be
considered as linear. For a treatment of Dex and the calculation of complex
stoichiometries and applications to solid phase absorbents, see ref. 5.
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Fig. 2 Log10[Dex] plots for the binding of uranyl by polymers as a function
of pH. Black triangles, full line: imprinted polymer [gradient n - 1.77(3), R2

= 1.00]. Circles, dashed line: random polymer [gradient n = 1.14(7), R2 =
0.97].

Table 1 Selectivity ratios for uranyl binding vs. competitor ion binding for
random and imprinted polymers (23 °C, pH 2.5). U = uranyl, M =
competitor ion. SU/M = SU/SM. SM = V(Ci 2 Cf)/(Cfm) where Ci =
concentration of solution before extraction, Cf = concentration of solution
after extraction, SA = (SU/M imprinted)/(SU/M random), V = volume of
solution, m = mass of polymer

Selectivity ratios for U binding vs.
competitor binding

Competitor metal
Random polymer
SU/M (random)

Imprinted
polymer
SU/M (imprinted)

Selectivity ratio
increase SA

Cu2+ 6.5 8.1 1.2
V4+ (as VO2+) 0.32 3.8 11
Al3+ 0.29 2.5 8.6
Fe3+ 0.17 1.4 8.1
Th4+ 0.76 2.0 2.7
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A chloride selective amide cleft molecule 2 containing two
Cr(CO)3 moieties has been synthesised by condensation of
(h6-aniline)Cr(CO)3 3 with isophthaloyl dichloride; the X-
ray crystal structure of 2 contains a network of Cr–CO···HN
hydrogen bonds giving rise to an extended three-dimen-
sional coordination array; the X-ray crystal structure of (h6-
aniline)Cr(CO)3 3 has been re-determined and found to
contain bifurcated amine NH···OC–Cr hydrogen bonds.

The coordination chemistry of anionic1–3 and neutral guest
species4 by hydrogen bond donating receptors is an area of
supramolecular chemistry that continues to attract the attention
of coordination chemists. One strategy that has been used to
modulate the affinity or selectivity of a receptor for a particular
guest is to alter the electronic environment of the guest-binding
site. This may be achieved by synthesising a new receptor
containing electron withdrawing or donating functional groups5

or, alternatively, by coordinating transition metal fragments to a
pre-existing receptor. This latter approach has been elegantly
employed by Atwood et al. to transform calixarenes into anion-
binding receptors.6

Receptors that contain hydrogen bond donating amide7,8 or
pyrrole9 moieties have been shown to be effective and selective
anion binding agents. Recently, Crabtree and coworkers have
shown that simple amide cleft receptors based on compound 110

are capable of binding halide anions.11,12 As part of our
programme of research in anion coordination,13,14 we decided
to synthesise an amide cleft receptor containing two electron
withdrawing Cr(CO)3 units that would serve to increase the
acidity of the NH protons. However, we found that in addition
to binding anions, hydrogen bonds were formed in the solid
state between amide NH and chromium carbonyl moieties,
leading to the formation of a three-dimensional coordination
array.15,16

Compound 2 was synthesised by condensation of (h6-
aniline)Cr(CO)3

17 3 with isophthaloyl dichloride in dichloro-
methane in the presence of triethylamine and DMAP. The
reaction mixture was purified by column chromatography on
silica gel and crystallised from CH2Cl2–MeOH as yellow
needles in 74% yield.

Crystals of 2 suitable for X-ray analysis† were obtained from
CD3CN solution. The crystal structure and atomic numbering
scheme is shown in Fig. 1(a). The centrosymmetric nature of the
space group causes the two (h6-aniline)Cr(CO)3 moieties to
adopt orientations at 180° to each other on opposite sides of the
molecule, fully enabling these groups to interact with other

molecules. The presence of carbonyl and amide groups provide
additional hydrogen bond donors and acceptors, facilitating the
formation of a supramolecular assembly.18 Each molecule of 2
donates six hydrogen bonds. These include an intramolecular
interaction between H(5) and O(4) (2.22(3) Å), two inter-
molecular interactions between H(3) and O(4) and H(3A) and
O(4A) (2.54(4) Å), and three intermolecular hydrogen bonds to
metal carbonyl groups (H(1)···O(2) 2.47(2)Å and H(12) to two
O(2) atoms in different adjacent molecules (2.50(3) Å)). This
network of hydrogen bonds defines a continuous three-
dimensional coordination array, a portion of which is shown in
Fig. 1(b).

In light of the formation of this assembly, we decided to re-
examine the solid state structure of (h6-aniline)Cr(CO)3 3. The

Fig. 1 (a) Crystal structure and atomic numbering scheme for 2 and (b)
hydrogen bonding network.
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structure of compound 3 was first solved in 1992 by Hunter,
Zaworotko and co-workers.19 In this case, compound 3
crystallised in a monoclinic lattice and contained no hydrogen
bonding interactions. We found that if crystallisation occurs
under different conditions (i.e. at room temperature from
dichloromethane) from those used by Hunter et al., a triclinic
polymorph, with the same molecular geometry, reproducibly
forms a hydrogen bonded network. These hydrogen bonds link
molecules together into two-dimensional sheets (shown in Fig.
2). Two bifurcated hydrogen bonds are formed by one NH
group to two OC–Cr moieties (H···O 2.55(6) and 2.32(7) Å) and
a further hydrogen bond is formed from the other NH hydrogen
to a OC–Cr moiety (H···O 2.50(6) Å) (Fig. 2). Each molecule
therefore donates and accepts three hydrogen bonds.

The anion coordination properties of 2 were studied using 1H
NMR titration techniques in CD3CN by following the NH
proton resonance. Stability constants were then calculated using
the EQNMR computer program20 and are presented in Table 1.
Receptor 2 shows selectivity for chloride over the other putative
anionic guests studied, with a stability constant that is higher
than can be reliably measured by this technique (log K > 4).
Interestingly the selectivity of 2 for chloride over dihydrogen
phosphate is high. This may be due to the steric bulk of the
Cr(CO)3 moieties hindering the approach of the bulky dihy-
drogenphosphate anion to the amide cleft. A negative electro-
spray competititon experiment was run on an acetonitrile
solution of 2 containing one equivalent of each of the anions
shown in Table 1. Only peaks corresponding to the chloride

complex were observed, confirming the chloride selectivity of
2.

The coordination of metal carbonyls by activated hydrogen
bond donating ligands may lead to new strategies for the
modification of the activity of carbonyl containing catalysts.21

The presence of the hydrogen bonding networks in 2 and 3 leads
us to suggest that the Cr(CO)3 fragment in particular, may find
future applications in the design of coordination polymers and
extended networks in crystals as well as in the activation of NH
groups for more effective or selective anion coordination.

P. A. G. thanks the Royal Society for a University Fellowship
and the EPSRC for a project studentship (to S. C.).

Notes and references
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7.3940(11), c = 9.4002(12) Å, a = 86.069(7), b = 86.591(8), g =
69.457(7)°, U = 455.49(11) Å3, Z = 2, m = 1.232 mm21, crystal size 0.15
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direct methods and refined by full-matrix least squares on F0

2, with
hydrogens included in idealised positions and refined using the riding
model. CCDC 182/1522. See http://www.rsc.org/suppdata/cc/a9/a909861e/
for crystallographic files in .cif format.
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Fig. 2 Crystal structure of 3 emphasizing the hydrogen bonding network.

Table 1 Stability constants of compound 2 with a variety of anionic guests
in CD3CN at 298 K. Errors are estimated to be < 16%. All data fitted
satisfactorily to a 1+1 receptor+anion binding model

Anion
Stability constant/
dm3 mol21

F2a 107
Cl2 > 104

Br2 2910
I2 102
H2PO4

2a 119
a ArH proton used (broadening of the NH proton occurs during the
titration).
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The crystal structure of the title compound involves three
types of secondary interaction; hydrogen bonds of the form
C–H…Cl account for the mutually perpendicular arrange-
ment of the cations and anions.

We are interested in gold(I) complexes with amine ligands and
have recently reported the synthesis and structure of such
complexes with aliphatic amines1 and with pyridines.2 Our
other current studies involve the investigation of intermolecular
contacts such as hydrogen bonds (including non-classical cases
such as C–H…X), aurophilic interactions,3 and halogen–
halogen contacts.4 These fields naturally overlap, and we have
established the importance of classical hydrogen bonds in
gold(I) amine complexes,1 and of C–H…Cl contacts in some
gold(I) dppm complexes.5

Here, we present the structure of bis(3-bromopyridine)gold(I)
dichloroaurate(I) 1.‡ The compound was obtained from 3-bro-
mopyridine and tetrahydrothiophene(chloro)gold(I).§ As will
be seen below, the primary structure is unexceptional but the
secondary interactions extensive and varied.

The structure analysis shows that compound 1 crystallizes in
the ionic form (L2Au)+(AuCl2)2 (L = pyridine ligand); in
principle, such complexes can also display the alternative
molecular form LAuCl. The balance between the two forms is
very sensitive, as can be seen from the fact that the 2-picoline
derivative is molecular but the 3-picoline derivative ionic.2 The
non-substituted bis(pyridine)gold(I) dichloroaurate(I) also dis-
plays the ionic form.6

The asymmetric unit of 1 consists of one cation and one
anion, each without imposed crystallographic symmetry. In
both ions the geometry at the gold centre is, as expected, linear,
with normal dimensions Au1–N 2.009(10), 2.035(10) Å, N–
Au1–N 173.8(4)°, Au2–Cl 2.259(3), 2.267(3) Å, Cl–Au(2)–Cl
177.61(12)°. The bromo substituents, like the methyl sub-
stituents of the 3-picoline analogue (which displays strict
inversion symmetry)2 are trans to each other.

The extended structure of 1 involves three distinct kinds of
secondary interaction: aurophilic interactions,3 C–H…Cl hy-
drogen bonds and Br…Cl interhalogen contacts. It is well
known that gold(I) centres have a marked tendency to
aggregation. In 1, short aurophilic contacts are observed both
within the asymmetric unit [Au1…Au2 3.2681(7) Å], and via
the inversion operator 1 2 x,1 2 y,1 2 z [Au1…Au1#
3.3113(10) Å]. The ions are thereby connected to form
‘isolated’ (see below!) dimeric units containing a zigzag chain
of four gold atoms (Fig. 2), similar to the complex bis(pyr-
idine)gold(I) dichloroaurate(I).6 In the 3-picoline complex,
Au…Au contacts lead to infinite zigzag chains with alternating
cations and anions.2 In all three structures, the L–Au–L axes of
cation and anion are approximately perpendicular to each other;
a typical torsion angle in 1 is N1A–Au1–Au2–Cl2 290.1(3°).

A more detailed inspection shows that the extended structure
of 1 is not solely characterised by aurophilic contacts. Within
the dimeric unit (Fig. 1) there are eight (four independent) C–
H…Cl contacts (Table 1, first four entries), formed via the H

atoms ortho to nitrogen. These may reasonably be considered as
C–H…Cl hydrogen bonds,7 since they are essentially linear,
with H…Cl distances appreciably less than the sum of the van
der Waals radii (2.95 Å); they are charge-assisted8 by the
opposite charges of anion and cation.. The corresponding
H…Cl–Au angles lie in the range 72–85°. Although steric
factors must also play a role, the formation of such hydrogen
bonds provides a good explanation for the mutually perpendicu-
lar orientation of anions and cations. As far as we are aware, this
is the first time that C–H…Cl interactions have been explicitly
cited as conformation-determining factors in metal complexes.9
The presence of a 2-methyl group in the 2-picoline derivative
blocks one of the potential hydrogen bonding sites, which may
be one reason why a non-ionic structure is preferred.2
Inspection of the bis(pyridine)gold(I) dichloroaurate(I) struc-
ture6 shows an exactly analogous framework to that of 1. The
3-picoline derivative2 exhibits two C–H…Cl contacts within

† Gold complexes with amine ligands, Part 5.1

Fig. 1 Dimeric unit of 1 in the crystal. Radii are arbitrary. Only the
asymmetric unit is numbered. Gold…gold contacts are represented by thick
dashed lines, C–H…Cl contacts as thin dashed lines.

Fig. 2 Packing diagram of 1 parallel to the x axis. Gold…gold contacts are
represented by thick dashed lines, C–H…Cl and Br…Cl contacts as thin
dashed lines. C–H…Cl contacts within the dimeric units are omitted.

This journal is © The Royal Society of Chemistry 2000
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the chain and one between chains, with H…Cl 2.59, 2.84,
2.72 Å respectively;10 regrettably, this did not attract our
attention at the time.

An analysis of the packing of the dimeric units reveals further
secondary interactions between the dimeric units. The packing
diagram parallel to the x axis shows a layer structure (Fig. 2)
with additional, slightly longer and less linear C–H…Cl
contacts, leading to five-membered rings C4–H4…Cl…H5–C5
(Table 1, entries 5–8). Finally, there are Br…Cl contacts of
3.441(4) (Br1A…Cl1) and 3.384(3) Å (Br1…Cl2). These lie
well below the sum of the van der Waals radii (3.6 Å), and the
angles C3A–Br1A…Cl1 and C3-Br1…Cl2 [173.1(4) and
169.6(4)°] are essentially linear; thus these contacts may be
classed as charge-assisted electrostatic interactions of the form
Brd+…Cld2 (cf. analogous Cl…O 11 or Cl…Cl 4 contacts).

We conclude that non-conventional hydrogen bonds may
play an important role in determining the structure of metal
complexes. Furthermore, in view of the increasing interest in
secondary interactions, great caution is needed in describing
crystal packing in terms of isolated molecules or ions!

We thank the Fonds der Chemischen Industrie for financial
support.

Notes and references
‡ X-Ray structure analysis: Crystal data: C10H8Au2Br2Cl2N2, monoclinic,
space group P21/n, a = 7.5360(8), b = 14.4660(14), c = 14.0832(12) Å,
b = 101.951(8)°, V = 1502.0(3) Å3, Z = 4, m(Mo-Ka) = 25.2 mm21, T
= 2100 °C. Data collection: colourless prism 0.45 3 0.10 3 0.06 mm,
Siemens P4 diffractometer; absorption correction based on y-scans
(transmissions 0.41–0.99). Measured reflections 3122 (2qmax 50°), 2636
independent (Rint 0.053). Structure solution and refinement: heavy atom
method, anisotropic refinement on F2 (SHELXL-97, G. M. Sheldrick,
University of Göttingen). Hydrogen atoms included using a riding model.
Final wR2 0.087, with R1 0.037, for 163 parameters; S 0.91; max. Dr 2.8 e
Å23.

CCDC 182/1526. See http://www.rsc.org/suppdata/cc/a9/a907523b/ for
crystallographic files in .cif format.
§ Preparation of 1: To 2 ml (10 mmol) 3-bromopyridine were added 0.5 g
(1.5 mmol) tetrahydrothiophene(chloro)gold(I). After 1 h stirring, the
solution was transferred to small crystallisation tubes and left in the dark for
10 days. Small colourless crystals of 1 were formed in low yield, together
with metallic gold. The quantity was insufficient for elemental analysis or
spectroscopic studies. No product could be isolated from analogous
reactions with other halogenated pyridines.
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Table 1 Geometrical data (Å, °) for the hydrogen bonds and interhalogen
contacts in 1a

System d(H…Cl)10 •(CH…Cl) •(H…Cl–Au2)

C2A–H2A…Cl1 2.69 151 72
C2–H2…Cl2#1 2.69 144 85
C6A–H6A…Cl2#1 2.62 144 80
C6–H6…Cl1 2.55 155 75
C4A–H4A…Cl2#2 2.92 120 92
C4–H4…Cl1#3 2.91 118 80
C5A–H5A…Cl2#2 2.87 123 75
C5–H5…Cl1#3 2.71 127 93

System d(Br…Cl) •(CBr…Cl)

C3–Br1…Cl2#2 3.384(3) 169.6(4)
C3A–Br1A…Cl1#4 3.441(4) 173.1(4)
a Symmetry transformations: #1 1 2 x,1 2 y,1 2 z; #2 1.5 2 x,0.5 + y,1.5
2 z; #3 20.5 + x,0.5 2 y, 2 0.5 + z; #4 0.5 + x,0.5 2 y,0.5 + z.
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Microwave effects have been shown to promote the activa-
tion of NOx molecules in the process of selective reduction of
NO by CH4 over an In–Fe2O3/HZSM-5 catalyst and to
enhance the water tolerance of this catalyst for NO
reduction.

Microwave radiation technology has been applied in heteroge-
neous catalysis research in the last ten years.1 The use of
microwave radiation to stimulate catalytic reactions has pro-
vided some remarkable results.2,3 However, the effects of
microwave radiation on heterogeneous catalysis have not been
clearly elucidated yet. Recently the selective catalytic reduction
(SCR) of nitrogen oxides by hydrocarbons has received much
attention as this process has the advantage of using a gas
mixture very similar to that found in automobile exhausts. Since
methane exists in nearly all combustion exhausts, the CH4-SCR
has attracted increasing interest, and various types of catalysts
have been reported for this reaction.4 We studied the selective
catalytic reduction of NO with CH4 in a microwave field.5 An
In–Fe2O3/HZSM-5 catalyst has been found to show high
activity at low reaction temperatures. Here, we report on the
microwave effects on this process.

The In–Fe2O3/HZSM-5 catalyst was prepared by impregnat-
ing a mechanical mixture of commercial pure Fe2O3 and
HZSM-5 powders (SiO2/Al2O3 = 25, supplied by Nankai
University, China) with a required amount of an aqueous
solution of In(NO3)3 (Tianjin No. 3 Reagent Plant, China). The
samples were dried at 120 °C for 6 h and subsequently calcined
in air at 700 °C for 6 h. The catalysts were denoted by the weight
ratios of indium, iron oxide and HZSM-5 zeolite, for example,
In–Fe2O3/HZSM-5(1+8+20) indicates In+Fe2O3+HZSM-5 =
1+8+20 (weight ratio).

The SCR of NO by CH4 was carried out in a quartz
microcatalytic single-pass flow reactor. The feed gas contained
2500 ppm NO, 2000 ppm CH4 and 4.0% O2 (balance He); 3.3%
H2O was added to this feed gas when the water tolerance effect
was investigated. Under standard reaction conditions, 60 ml
min21 of this mixture were fed over a catalyst loading of 500
mg, which results in a space velocity of 3600 h21. Product
analyses were performed with a gas chromatograph and a NOx

analyzer. The catalytic activity was evaluated in terms of the
conversion of NOx to N2.

The microwave reaction system consisted of a microwave
generator, a rectangular waveguide, a circulator, a resonant
cavity and a plunger. The microwave energy was supplied by a
200 W, 2.45 GHz microwave generator and the effective power
for this experiment ranged from 10 to 50 W. The reactor was
placed at the center of the single mode resonant cavity, which
was parallel to the direction of the electric field. An IR
thermometer and a thermocouple were employed to measure the
reaction temperature of the catalyst bed in the microwave field,
both of which have been proven to be relatively accurate
methods.3,6

Fig. 1 shows the conversion of NO to N2 as a function of
temperature over In–Fe2O3/HZSM-5(1+8+20) and In/HZSM-
5(1+20) catalysts in microwave and conventional reaction
mode. Although In/HZSM-5 exhibited high activity for NO
conversion, it was inactive when operated in the microwave

mode (not shown in Fig. 1). Probably, this is associated with the
fact that the In/HZSM-5 has poor microwave absorption ability.
On the other hand, NO conversion was very high and even
reached 100% over the In–Fe2O3/HZSM-5(1+8+20) catalyst.
Obviously the Fe2O3 component in this catalyst was responsible
for the good activity. This can be attributed to the fact that
Fe2O3 is a good microwave medium, so that microwave energy
can be effectively converted into the activation energy of the
reacting molecules adsorbed on the catalyst.

It is worthwhile to note that although the In–Fe2O3/HZSM-
5(1+8+20) catalyst also showed high NO reduction activity in
the conventional reaction mode, the reaction temperature
needed was much higher than that in the microwave reaction
mode. The mechanism of microwave catalysis is, as yet, not
clear. However, it can be rationalized that a direct interaction of
microwaves with the catalyst bed would cause a strong coupling
between the microwave and the absorbing materials in the
catalyst. Since the molecules in the gas phase are transparent to
microwaves, no interaction will take place between the
microwaves and the gaseous molecules. Our TPD experiments
on Fe2O3 also agree well with the report of Otto and Shelef7 that
Fe2O3 is a good material for NOx adsorption. Thus, it is
speculated that a coupling may also occur between microwaves
and the adsorbed polar NOx molecules via Fe2O3, which is not
only a good NOx adsorber but also a microwave absorber. It has
been reported that NO2 plays an important role in the SCR of
NO by hydrocarbon,8,9 so coupling between microwaves and
NO2 molecules may weaken the NO–O bond and promote their
activation and, in turn, greatly facilitate the activation of CH4 by
NO2. As a result, it is reasonable to speculate that the activation
energy of NO reduction by CH4 on the In–Fe2O3/HZSM-
5(1+8+20) will be reduced, so that the microwave-radiated
reactor can operate at a lower temperature than the conventional
reactor. It should be noted that although the In–Fe2O3/HZSM-5
was inactive for the NO + CH4 reaction in the conventional
reaction mode (not shown in Fig. 1), the reaction took place over
this catalyst in the microwave reaction mode and the highest NO

Fig. 1 NO conversions over In–Fe2O3/HZSM-5(1+8+20)(—) and In/
HZSM-5(1+20)(----) in the microwave (open symbols) and conventional
(filled symbols) reaction modes in the reaction systems NO + CH4 + O2

(squares), NO + CH4 (triangles) and NO + CH4 + O2 + H2O (circles).
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conversion reached 23.6% (Fig. 1). This illustrates again that
microwaves exhibit an effect on the activation of NO as the
catalyst only chemisorbs NOx.

The impact of H2O on the NO conversion over the In–Fe2O3/
HZSM-5(1+8+20) catalyst in both the conventional and the
microwave reaction modes is also shown in Fig. 1. It is evident
that the NO conversion suffered a more severe decrease in the
conventional mode than in the microwave mode. As H2O
competes for the same adsorption sites as NOx and inhibits the
adsorption of the NOx molecules, the catalyst will be deacti-
vated in the presence of water vapor. However, H2O is a
strongly polar molecule and has a good microwave-absorbing
ability, so that when H2O molecules are adsorbed on the
catalyst, they interact with the catalyst in the microwave field,
leading to a strong coupling and resulting in the desorption of
H2O molecules from the adsorption sites, or in the weakening
the adsorption of H2O molecules on the catalytic surface.
Therefore the microwave reaction mode provides the NOx

molecules with more adsorption sites than the conventional
reaction mode when the feed contains water vapor. This
suggests that microwave catalysis may lead to a new approach
for the SCR of NO by hydrocarbons when dealing with feeds
with high water content.

In conclusion, the In–Fe2O3/HZSM-5 catalyst shows some
remarkable catalytic performances in the SCR of NO by CH4 in
a microwave field, indicating that microwaves have a beneficial
effect on the activation of reacting molecules.
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Using a self-assembly strategy based on both H-bonding and
ionic interactions, a molecular module composed of two
cyclic amidinium units and that bears two additional OH
groups, thus possessing a total of six H-bond donor sites, was
used to engineer 2-D crystalline molecular networks in the
presence of carboxylate anions.

Molecular networks, formed in the crystalline phase by the self-
assembly1 of structurally defined and energetically pro-
grammed molecular modules,2 are molecular assemblies pos-
sessing translational symmetry of one or several assembling
cores.3 The latter may be regarded as a series of interaction
patterns between complementary molecular building blocks
comprising the solid. In principle, any type or combination of
intermolecular interactions such as H-bond,4 van der Waals
interactions1 or coordination-bonds5 may be used to design the
assembling core. In the present contribution, we focus on the
formation of molecular networks based on H-bonds. The
dimensionality of molecular networks (1-, 2- or 3-D) is defined
by the number of translations (1, 2, or 3 respectively) of the
assembling cores.3 Although, one dimensional networks have
become more commonplace,4,6 the formation of 2-7 and 3-D-
networks8 is still a matter of active research interest.

Here we report the formation of b-networks using the tecton
2-2H+ and mono- (32) and di-carboxylate (422) anions.

Molecular networks may be generated through self-assembly
processes using either a monocomponent system based on a
single self complementary module or a polycomponent system
composed of several complementary units. Although the former
case is ideal in terms of atom economy, in practice, such a
system often leads to amorphous powders and thus eludes
structural investigations. On the other hand, using poly-
component systems, for which both thermodynamic and kinetic
parameters may be monitored, the structure of the network may
be investigated by X-ray crystallography in some cases.

Although the majority of reported molecular networks are
mainly based on nonionic hydrogen bonding,3 the simultaneous
use of directional hydrogen bonds and strong but less direc-
tional ionic interactions has been also reported.4e,6 It has been

shown that bis-amidinium dications such as 1-2H+ 6 (Scheme 1)
are interesting building blocks for the crystal engineering of
hydrogen bonded molecular networks. Indeed, the 1-2H+

dication, owing to the presence of four acidic NH protons
oriented in a divergent fashion, acts as a tetra H-bond donor.6
Furthermore, owing to the appropriate spacing of the two cyclic
amidinium moieties by an ethylene spacer, compound 1-2H+

was shown to interact with two carboxylate units by a dihapto
mode of recognition on each side of the module (Fig. 1). It has
been shown that in the presence of the monoanion 32 acting as
stopper, 1-2H+ forms a discrete exobinuclear complex [Fig.
1(a)], and in the presence of dicarboxylates, such as iso- or tere-
phthalate 422 acting as connectors, the same compound leads to
1-D networks [Fig. 1(b)].

The enhancement of the dimensionality of the above
mentioned network from 1- to 2-D, requires interconnection of
the 1-D networks. This may be achieved using different design
strategies. The most obvious one would consist of increasing the
number of components. This has indeed been achieved using a
three-component system based on the dication 1-2H+, fumarate
dianion and fumaric acid.6d On the other hand, while using a
two-component system, another possibility would be to in-
crease the number of interaction sites within the dianionic
module. This may be achieved by using a sp3 centre such as in
pyrophosphate instead of sp2 carboxylate units.6c Finally, one
may introduce additional H-bond donor sites within the cationic
partner [Fig 1(c)].

The design of the bisamidinium 2-2H+ is based on a
combination of NH and OH groups as H-bond donors. The
quadruple H-bond donor module 1-2H+ may be transformed
into a sextuple H-bond donor 2-2H+ by introduction of two OH
groups within its framework. Owing to the half-chair conforma-
tion adopted by both cyclic amidinium moieties, the OH group,
by virtue of its axial positioning should be oriented below and
above the main plane of the module and thus should allow the
interconnection of consecutive 1-D networks through strong
OH···O2 hydrogen bonds. The synthesis of 2 was achieved
following the reported procedure for the bisamidine 1.9
1,3-Diamino-2-hydroxypropane was first transformed into its

† Dedicated to the memory of Professor Olivier Kahn.

Scheme 1 Fig. 1 Schematic representation of a discrete exo-binuclear complex (a),
1-D molecular network (b) based on the translation of a single assembling
core (grey circle), and of a 2-D network based on the translation of two
different assembling cores in two different spatial directions (c).
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mono tosylate salt before it was treated with 0.5 equiv. of
succinonitrile under argon for 1 h at 140 °C. Pure 2-2TsOH was
isolated as a white crystalline solid in 78% yield upon
crystallisation from EtOH–H2O.

Using the module 2-2H+, the formation of molecular
networks in the crystalline phase was investigated using toluate
32 (Fig. 2) as well as terephthalate dianions 422 (Fig. 3).

Upon mixing the free base 2 with 2 equiv. of toluic acid or 1
equiv. terephthalic acid in EtOH, colourless single crystals were
obtained. The formation of molecular networks in the above
mentioned co-crystals was investigated by X-ray crystallog-
raphy which revealed the following common features for both
structures (Fig. 2 and 3)‡: (i) for the centrosymmetric 2-2H+

unit, owing to the fully extended trans conformation of the
ethylene chains, the two planes containing the amidinium
groups are almost parallel but not coplanar; (ii) both six-
member cycles adopt a half-chair conformation with the OH
groups in axial positions, (iii) all four acidic protons are
localised on 2 with an average N–H distance of ca. 1.01 Å; (iv)
the N1···N3 and N2···N4 average distance is, as for 1-2H+,6a,
close to 5.0 Å, thus allowing the recognition of carboxylate
groups through a dihapto mode of H-bonding (Fig. 2); (v) the
recognition of two carboxylate moieties by the dication 2-2H+,
as for 1-2H+,6a takes place in a symmetric mode on each side
of the module through two strong H-bonds with an average
N···O distance of ca. 2.72 Å an NH···O distance of ca. 1.72 Å
and an average N–H–O angle value of ca. 172°.

Interestingly, whereas for (1-2H+, 232) co-crystals a 0-D
solid composed of discrete units without any specific inter-
actions between them was obtained10 [Fig. 1(a)], for the (2-2H+,
232) salt, owing to the presence of the OH groups, the neutral
complexes are interconnected into a b-network through strong
H-bonds of the OH···O type (average dOHO distance of ca. 2.64

Å) between the hydroxy moieties of 2 and carboxylate
extremities of the anion 32 (Fig. 3).

For the (2-2H+, 422) co-crystals, as predicted and previously
observed for the amidinum 1-2H+ 6a case, a 1-D network
exclusively composed of 2-2H+ dication and 422 (Fig. 3)
dianions interconnected through strong H-bonds was observed
in the solid state. However, as for the (2-2H+, 232) salt, for
(2-2H+, 422) cocrystals, owing to the presence of the additional
OH groups, the above mentioned 1-D networks were intercon-
nected into a 2-D network through strong OH···O bonds with an
average dOHO distance of ca. 2.71 Å.

In conclusion, the dicationic molecular module 2-2H+ that
bears both NH and OH groups and is capable of acting as a
sextuple H-bond donor was designed and synthesised. The
module 2-2H+, which is capable of specifically recognising two
carboxylate units through strong H-bonds and ionic inter-
actions, was assembled into 2-D networks using the additional
hydrogen bond donor OH sites to interconnect 1-D networks
formed between the amidinium dications and dicarboxylates in
the crystalline phase. The extension of concepts discussed
above for the design of 3-D networks is currently in progress.

Notes and references
‡ Crystal data: for (2-2H+, 232): data were collected on a MACH3 Nonius
diffractometer at 294 K using colorless crystals (0.30 3 0.20 3 0.10 mm).
C10H20N4O2·2C8H7O2, M = 498.58, triclinic, space group P1̄, a =
6.0754(6), b = 14.989(1), c = 14.979(1) Å, a = 68.09(2), b = 89.34(2), g
= 87.19(2)°, U = 1264.0(2) Å, Z = 1, Dc = 1.16 g cm23, Mo-Ka graphite
monochromated radiation, m = 0.075 mm21, R(F) = 0.071 using 1405
reflections with I > 3s(I).

For (2-2H+, 422): data were collected on a Kappa CCD difractometer at
173 K using colorless crystals (0.26 3 0.10 3 0.10 mm). C10H20N4-
O2·C8H4O4, M = 392.42, triclinic, space group P1̄, a = 5.0376(2), b =
9.5318(5), c = 10.5146(5) Å, a = 68.186(9), b = 81.393(9), g =
75.452(9)°, U = 452.81(1) Å, Z = 1, Dc = 1.44 g cm23, Mo-Ka graphite
monochromated radiation, m = 0.102 mm21, R(F) = 0.048 using 1615
reflections with I > 3s(I).
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Fig. 2 A portion of the X-ray structure of (2-2H+, 232) co-crystals showing
the formation of a 1-D network. In fact the co-crystal shows a 2-D network
formed by H-bonds engaging the remaining OH groups.

Fig. 3 A portion of the X-ray structure of (2-2H+, 422) co-crystals showing
the formation of a 2-D hydrogen bonded network that is formed by the
interconnection of 1-D networks formed by the amidinium and carboxylate
moieties, through strong OH···O2 hydrogen bonds.
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Resin beads with a loading of 200 nmol per bead have been
prepared using a Generation 2.0 tris-based dendrimer to
amplify resin loading sites.

The process of split and mix by its very nature rapidly generates
large libraries of compounds in such a manner that a single resin
bead carries a single compound. It is one of the most efficient
and cost effective chemical methods for the generation of large
compound numbers,1 with compound numbers increasing
exponentially with only a linear increase in the number of
synthetic steps. The single bead/single compound concept
opens up the option of screening compounds released from
single beads as a powerful tool for high throughput screening
and thus several major pharmaceutical companies now use
single bead screening in anger in the area of lead generation.
The drawbacks to this process are the tiny amounts of
compound found on single beads, usually in the order of a few
hundred picomoles, and the identification of the compound on
the bead. Compound quantity maybe sufficient for one or two
biological assays but it is usually insufficient for IC50
determinations and chemical analysis/determination of the
structure of the compound. These analysis issues have led to a
number of elegant tagging solutions that encode the chemical
sequence to which a bead has been exposed, although
complicating the synthetic process.2 However the need for
encoding and resolution of the screening problems could be
overcome if the loading of the solid support could be increased
to a more practical level. We previously reported the synthesis
of polyamine based Generation 3.0 PAMAM dendrimers on
resins beads as a means of enhancing loading.3

Here we describe a practical approach to the synthesis of a tri-
branching symmetrical dendrimer on the solid phase with an
18-fold amplification of resin loading per bead. Beads with a
loading of 200 nmol per bead were prepared and used in a
number of synthetic applications, with single beads containing
more than sufficient compound for conventional analysis,
including NMR!

The trifunctional dendrimer monomers4 were prepared in
bulk ( > 50 g) by alkylation of tris 1 with acrylonitrile followed
by nitrile hydrolysis in a saturated solution of HCl in dry MeOH
to give the methyl ester 2. Alternatively, the triacid could be
obtained by direct hydrolysis. The hindered amine 2 was
converted to the isocyanate 3 by treatment with Boc2O and
DMAP as described by Knölker5 to give the stable symmetrical
monomer 3. Aminomethylpolystyrene resin (0.7 mmols g21,
250–300 mm, Polymer Laboratories) was directly derivatised
with 3 as shown in Scheme 1. Displacement of the methyl ester
by propane-1,3-diamine was followed by on-bead IR (ATR)
and NMR analysis of cleaved material.† Repeating the process
gave Generation 2.0 dendrimer beads with a loading of 85% of
the theoretical maximum (36 nmol per bead). Swelling studies
(Fig. 1) showed that the dendrimer beads swelled to a much
greater degree in more polar solvents than the starting
aminomethyl resin, as expected due to the nature of the
dendrimer itself. It should however also be noted that swelling
was measured in units of ml g21. Since the dendrimer beads
have a density that is different to those of polystyrene (the mass
of the generation 2.0 dendrimer is 2111 Da), trends rather than
absolute swelling ratios in terms of bead sizes are being

observed. The average diameters of the resin beads in DMF
were: aminomethyl resin, 310 mm, PS-Gen 1.0, 400 mm and PS
Gen. 2.0, 500 mm. These beads were extremely stable to
solvation changes and extended manipulations and behaved in
all respects as normal resin beads. They proved to be ideal for
a broad range of chemistries. In addition, with ca. 27 000

Scheme 1 Reagents and conditions: i, acrylonitrile, 1,4-dioxane, 40% KOH,
room temperature, 3 days; ii, HCl, MeOH, 4–6 h, reflux; iii, Boc2O, DMAP
(cat), CH2Cl2, room temp., 30 min; iv, 4 or 5a,b, DMAP (cat), Pri

2NEt
(2 equiv.), CH2Cl2 or DMF, 12 h; v, propane-1,3-diamine, MeOH, 3 days or
propane-1,3-diamine, DMSO, 3 days; vi, 3, DMAP (cat), Pri

2NEt (2 equiv.),
DMF, 12 h.

Fig. 1 Swelling studies: (5) aminomethyl resin; (:) PS Gen 1.0; (-) PS
Gen 2.0.

This journal is © The Royal Society of Chemistry 2000
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beads g21 a split and mix synthesis on a gram of resin beads
clearly provides the numbers of compounds and the amounts
necessary for a serious single bead screening approach.

Dendrimer synthesis was also carried out on 400–500 mm
aminomethyl polystyrene resin beads, loaded with the poly-
amine scaffolds 5a,b,3 as shown in Scheme 1. Generation 1.0
(8000 beads g21) had a loading of 116 nmol bead21, while
Generation 2.0 (4300 beads g21) had a loading of 230
nmol bead21.‡ The dendrimer beads were used in a number of
synthetic applications attaching a linker onto the free amino
groups of the dendrimer to allow cleavage of the desired
compound. This included peptide chemistry (synthesis of
Fmoc-Val-Phe-Ala-OH) and a Suzuki coupling.6 Thus 4-iodo-
benzoic acid was esterified onto the HMPB linker and
4-methylbenzene boronic acid coupled under standard condi-
tions [K2CO3, Pd(PPh3)4, DMF, 110 °C, 16 h]. Cleavage of the
biaryl compound from a single resin bead gave the HPLC and

NMR data shown in Fig. 2. It should be noted that these very
large beads were not as robust as the smaller beads used earlier,
with solvent shock often causing the beads to shatter, necessitat-
ing a gradual change from one solvent to another and gentle
handling, thereby limiting their utility.

We have thus devised a fast and efficient method of
generating symmetrical tri-branched resin linked dendrimers in
a very efficient manner. The smaller, robust Gen 2.0 beads with
a loading of 36 nmol bead21 (which has been extended to Gen
3.0, beads with a loading of 100 nmol bead21) are we believe
ideally practical for single bead screening applications.

We acknowledge the Royal Society for a University Research
Fellowship to M. B. and the BBSRC for generous support of this
research (ROPA grant).
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Fig. 2 (a) Crude 1H NMR spectrum (5 mm NMR tube, 256 scans, 400 MHz)
and (b) HPLC trace (10% of sample injected, 3.6 mm 3 18 cm, C-18
column) for the Suzuki biaryl product cleaved from a single resin bead.
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A series of planar chiral 1,1A-P,N-2A-substituted ferrocene
ligands 9–12 and 16, prepared with diastereopurity > 99+1,
have been used to examine the role of planar chirality, and
significant effects on enantioselectivity as well as the control
of absolute configuration in palladium-catalyzed allylic
alkylation as a model reaction were observed.

Catalytic enantioselective reactions have attracted great interest
among synthetic chemists in recent years, and many efforts in
preparing efficient ligands have been made.1,2 Most of the chiral
ligands currently used consist of central chirality and/or axial
chirality. Chiral ferrocene ligands with planar chirality began to
be used in industrial processes only two or three years ago.3
Ferrocene ligands have thus received more intensive atten-
tion.4–7 Although these ferrocene ligands usually have planar
chirality, the role of this chirality element is not clear. Some
examples showed that the planar chirality had a significant
effect on the enantioselectivity,5 while in other examples the
effect was not so apparent.6 To date, there have been only a few
attempts to ascertain the effect of planar chirality on stereo-
chemical outcome in asymmetric synthesis.5b,6a Moreover,
most works dealt with 1,2-disubstituted ferrocene ligands
having two donor groups on the same Cp ring, such as
compounds 1,7 25a and 3.5b Quite recently, Ikeda,8a,b Ahn8c and
Knochel9 reported new 1,1A-disubstituted ferrocenyl ligands

4–6, and good enantioselectivities have been obtained with
these ligands. As a part of our program5c,6 aimed at the design
and application of chiral ligands to asymmetric synthesis, we
studied the role of planar chirality in asymmetric induction. We
envisage that, if planar chirality is introduced into this kind of
1,1A-disubstituted ferrocene ligand, it may provide a good model
to investigate the role of planar chirality. Moreover, it is
worthwhile to note that, after the planar chirality is introduced
into such ligands, there are three elements of chirality—central,
planar and axial chirality—upon their coordination with metal
palladium. Herein we report the synthesis of planar chiral 1,1A-
P,N-2A-disubstituted ferrocene ligands and the observation of
significant effects on enantioselectivity as well as the control of
absolute configuration in palladium-catalyzed allylic alkylation
upon introducing a new element of chirality—planar chirality—
into the 1,1A-P,N-ferrocene ligands.

As shown in Scheme 1, ferrocenyloxazoline derivative 7,
which was synthesized according to Bryce’s method,9 was

treated with BuLi followed by trapping with Ph2PCl to afford
1-diphenylphosphino-1A-oxazolinylferrocene 8 in 78% yield.
Directed diastereoselective ortho-lithiation of 8 according to
Richards’ procedure8e and subsequent treatment with electro-
philes gave 2A-substituted compounds 9, 10 and 16. Compound
9 was again lithiated followed by trapping with electrophiles to
afford ferrocene derivatives 14 and 15. Conversion of 14 and 15
to 11 and 13 respectively was accomplished by removing the
TMS group with TBAF in THF at reflux. Then, a bromo–
lithium exchange of 13 followed by quenching the resulting
anion with TMSCl furnished 12. The diastereopurities of all
compounds containing planar chirality, determined by 300
MHz 1H NMR, were > 99+1.

Chiral P,N-ligands have proved to be effective in several
kinds of metal-catalyzed asymmetric reactions,11 especially
palladium-catalyzed allylic substitutions,11a,b,12 and ligand 8
has also proved effective in palladium-catalyzed allylic sub-
stitutions with 91% ee.8b–d In our previous work, we studied the
role of the planar chirality of 1,2-N,S-ferrocene ligands in
palladium-catalyzed allylic alkylations.6a Therefore, in order to
investigate the role of the planar chirality of this new kind of
1,1A-P,N-2A-disubstituted ferrocene ligand in metal-catalyzed
asymmetric reaction, we also used allylic alkylation as the
model reaction. The results are summarized in Table 1. Our
attention was first focused on the role of planar chirality in this
reaction. A dramatic change in the enantioselectivity of the
reaction was observed with (S,Sp)-9; the enantioselectivity of
the reaction product 22 changed from 91% with S configuration
using ligand 8 to 69.7% with R configuration using ligand 9
(entries 1 and 3). In considering the change of absolute
configuration, the effect of the newly introduced group is
significant. This exciting result encouraged us to probe the
effect of the newly introduced group with opposite planar

Scheme 1 Reagents and conditions: i, BuLi, THF, 278 °C; ii, Ph2PCl, 78%;
iii, BuLi, Et2O, TMEDA, 278 °C; iv, E+ (MeI, TMSCl or Bu3SnCl); v, E+

(MeI or BrCF2CF2Br); vi, TBAF, THF, reflux; vii, TMSCl, 73%.
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chirality, which may increase the ee value in comparison with
that of ligand 8. Therefore, (S,Sp)-11 was synthesized and
subjected to the same reaction. Just as expected, a remarkable
improvement in the ee value (98.5%, S configuration) was
revealed. This result indicates that the effect of planar chirality
on the stereochemical outcome is significant in this model
reaction. In order to study the steric effect of the 2A-substituted
group, (S,Rp)-10 and (S,Rp)-12 were synthesized and also used
for this reaction. A reasonable result was obtained, that is, the
steric bulkiness of the group was found to directly correlate with
the enantioselectivity; the larger the group, the higher the ee
value (compare ligand 9 vs. 10 and 11 vs. 12). From this result,
we envisaged that further increasing the steric bulkiness of the
2A-substituent of ligand 9 should also increase the enantiose-
lectivity of the reaction. As expected, a higher ee value (83.3%
ee, entry 11) was obtained when ligand 16 was used for this
reaction. It was reported in the literature12 that the addition of
KOAc may sometimes increase the ee value. However, non-
uniform results were obtained in our case (Table 1).

In order to explain the significant role of the planar chirality
of this kind of ligand in this model reaction, the complexation
behavior of 8, 9 and 12 with Pd(CH3CN)2Cl2 in CD3CN was
examined by 31P NMR. The results showed that the 31P NMR of
the complex of 8 with Pd(CH3CN)2Cl2 gave two peaks in a ratio
of 7+3, which was consistent with the literature.8b However, for
9 the ratio dropped to 2+3, which might be assigned as
diastereomers 17 and 18, and for 12 the ratio became 22+1,
which might be assigned as diastereomers 19 and 20 (Scheme
2). The 31P NMR data showed that the addition of a third group

in a proper disposition may favor the formation of one rotamer
over the other, consistent with the ee values of the products. On
the other hand, from Scheme 2, if the TMS group of compound
17 is replaced by the larger Bu3Sn group, the balance should
move towards the left. As a result, the entioselectivity of the
reaction should also be increased by using ligand 16 in
comparison with ligand 9. In fact, the experimental results did
agree with the above reasoning (entries 3 vs. 11).

In summary, we have synthesized a new kind of 1,1A-P,N-2A-
disubstituted ferrocene ligand in which planar chirality was
introduced. Comparison of the results for ligands 8, 9 and 12
showed that the planar chirality is decisive in exerting control
over both absolute configuration and enantiomeric excess. In
addition, this kind of ligand is unique due to its multi-chirality
(central, planar and axial chirality) upon coordination with Pd,
and provides a new approach to the design of novel ligands.
Further studies on the detailed transition-state structures, and
the mechanism, and the exploration of the scope of asymmetric
reactions with these promising ligands are in progress.
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Table 1 The effect of different ligands on enantioselectivity and
configuration of product in palladium-catalyzed allylic alkylationa

Scheme 2
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2-Alkenyloxycarbonyl azides undergo an efficient intra-
molecular FeII-catalyzed aminochlorination with TMSCl in
EtOH and furnish the corresponding 4-(chloromethyl)-
oxazolidinones (60–84% yield), presumably via a stepwise
single electron transfer pathway.

The catalytic aziridination of alkenes is a topic of current
scientific interest.1,2 In particular, transition metal catalysts
which allow a nitrene transfer to alkenes and which can be
modified by chiral ligands have attracted considerable atten-
tion.3 Research in our group has been directed towards the
transfer of N-alkoxycarbonyl substituted nitrene fragments to
nucleophiles. We have shown that the reaction of tert-
butoxycarbonyl azide (BocN3) with sulfides and sulfoxides is
catalyzed by FeCl2 (10–25 mol%) and yields the corresponding
sulfimides and sulfoximides in moderate to good yields.4 We
have now studied the FeII-catalyzed intramolecular nitrogen
transfer to alkenes using the corresponding 2-alkenyl-
oxycarbonyl azides.

Substrates of this type are known to undergo an intra-
molecular aziridination under thermal conditions.5 The strained
aziridines primarily formed are ring-opened readily by nucleo-
philes. Metal-catalyzed versions of this aziridination reaction
have not been reported. Initial experiments in our laboratories
were carried out with the azide 1a6 [eqn. (1)].

In all cases we studied, the trans-4-(chloromethyl)-
oxazolidinone 2a was obtained as the major nitrogen transfer
product. An aziridine intermediate was not observed. In CH2Cl2
and THF the reaction proceeded sluggishly. MeCN proved to be
a superior solvent for the desired transformation (Table 1, entry
1). Since a source of chloride ions was essential to guarantee an

effective catalytic cycle we screened several candidates. TMSCl
finally turned out to be the additive of choice (entry 2). It was,
however, not possible to obtain acceptable yields using 0.1
equiv. of the catalyst in MeCN (entry 3). In search of another
solvent which would allow a decreased catalyst loading we
found EtOH to be ideally suited (entry 6). With 10 mol% of the
catalyst a product yield of 72% was achieved (entry 7). In some
instances, variation of the additive or the solvent led to complete
inhibition of the reactions (entries 4, 5 and 8).

Under optimized conditions (0.1 equiv. FeCl2, 1.5 equiv.
TMSCl, EtOH)7 other substrates 1 reacted equally well [eqn.
(2)]. In the case of the azides 1b and 1c, which bear a smaller

primary alkyl group at the stereogenic center, the facial
diastereoselectivity was slightly lower than with the secondary
alkyl substituted substrates 1a and 1d. The product 2d obtained
from the diastereomeric mixure of the 3-cyclohexenyl-substi-
tuted substrate 1d was as a mixture of two 4,5-trans-isomers
due to the additional stereogenic center at the cyclohexene
ring.

Mechanistically, we initially assumed an aziridination–ring
opening sequence to be responsible for the formation of the
4-(chloromethyl)oxazolidinones 2 and 3. We started to cast
doubt on this idea when we studied the FeII-catalyzed reaction
of the achiral (2E)-alkenyloxycarbonyl azides 4 [eqn. (3)]. One

would expect the aziridination to occur stereospecifically to
yield a trans-aziridine, which would upon ring opening form the
erythro-product 6. Contrary to this expectation, the azide 4a
gave only a mixture of diastereoisomers (Table 2, entry 1). We
conducted the same reaction in boiling 1,1,2,2-tetrachloro-
ethane (TCE) in the absence of FeII and obtained exclusively a
single product, albeit in much lower yield (entry 2). In this case
an aziridine is known to be the intermediate5b and the ring
opening occurs most likely by HCl, which is formed from TCE
upon heating.5a Based on analogy with the reactions of azide 4b† To whom inquiries about the X-ray analysis should be addressed.

Table 1 FeII-catalyzed intramolecular aminochlorination of substrate 1a

Entry Solvent
FeCl2/
equiv. Additive Yield (%)a trans+cisb

1 MeCN 0.5 — 59 95+5
2 MeCN 0.5 TMSClc 63 95+5
3 MeCN 0.1 TMSClc 24 96+4
4 MeCN 0.5 FeCl3c < 5 —
5 MeCN 0.5 H2Od < 5 —
6 EtOH 0.5 TMSClc 70 90+10
7 EtOH 0.1 TMSClc 72 91+9
8 MeOH 0.5 TMSClc < 5 —
a Yield of isolated product after chromatographic purification. b Ratio of the
two oxazolidinone diastereoisomers as determined by 1H NMR spectros-
copy. c 1.5 equiv. of the additive were employed.. d A 9+1 (v/v) solvent
mixture of MeCN–H2O was used.
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under the same two different conditions (vide infra), structure
6a was assigned to this product. A thermodynamic equilibration
was ruled out because the erythro-product 6a did not inter-
convert to the threo-product 5a upon treatment with FeCl2.

The difference between the two reaction variants was even
more dramatic when we used azide 4b as the starting material.
The FeII-catalyzed reaction delivered exclusively the threo-
product 5b (entry 3), whereas the thermal reaction furnished the
erythro-product 6b (entry 4). In this case the relative configura-
tion of one diastereoisomer (5b) could be unambiguously
proven by single X-ray crystallography8 (Fig. 1).

These observations are in line with an FeII-catalyzed nitrogen
transfer via radicals as intermediates. Apparently, the inter-
mediate formed from FeCl2 and the azide does not transfer the
fragment to the alkene in a concerted fashion, but in a stepwise
fashion. The reaction of 4a is not stereospecific, as a free
rotation can occur after N–C bond formation. A possible
explanation for the high preference in favor of threo-product 5b
in the aminochlorination of substrate 4b is shown below. The
intermediate 7 formed from 4b adopts the preferred conforma-
tion shown owing to 1,3-allylic strain; within this conformation
intramolecular chloride transfer can occur diastereoselec-
tively.

If this picture is correct there is an obvious analogy between
the reaction we study and intermolecular radical-type amino-
chlorination reactions of N-chloro-N-alkenyl amines and N-

chloroalkenamides.9 Mechanistic evidence might consequently
be deduced from comparing the stereochemical outcome of
these reactions with the results obtained by the FeII-catalyzed
reaction of similar substrates. A direct comparison is not yet
possible as reactions of N-chloro-O-alkenyl carbamates related
to 1 have to the best of our knowledge not been reported.

In further work which is currently underway we plan to
undermine our mechanistic hypothesis based on the above-
mentioned analogy and based on suitable radical clocks.

This work was generously supported by the Deutsche
Forschungsgemeinschaft (SFB 260), and by the Fonds der
Chemischen Industrie (Kekulé-fellowship to B. S.).
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Table 2 Yields and diastereoselectivities determined in the intramolecular
aminochlorination of 2-alkenyloxycarbonyl azides 4

Entry Substrate RA Meth1od Yield (%)a 5+6

1 4a Pr FeCl2 (EtOH) 84 49+51
2 4a Pr DT (TCE) 62 < 1+99
3 4b Ph FeCl2 (EtOH) 76 > 99+1
4 4b Ph DT (TCE) 42 < 1+99
a Yield of isolated product after chromatographic purification.

Fig. 1 A molecule of compound 5b in the crystal.
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New fluoroionophores, N-peralkylated dimers of aniline, are
described.

The direct connection of an ionophore to a luminophore
provides an optical ion sensor if these two components are in
electronic interaction in the ground state or in the excited state.1
Sensing is based on the modification of the two components
interaction when the ion is recognized by the ionophore.
According to the nature of the ionophore–fluorophore inter-
action, the fluorescence signal is modified in intensity or/and in
energy. Fluoroionophores which undergo spectral shift on
cation binding allow the measurement of the cation concentra-
tion from the ratio of the fluorescence intensity at two different
wavelengths. To obtain this wavelength dependence of the
fluorescence intensity, fluoroionophores with two emitting
states, monomer–excimer (exciplex)2 or ICT–TICT states,3 the
populations of which are ion-dependent, have been designed.4
In particular, when the ionophore has a heteroatom which is a
ligand of the ion and which also takes part in the first electronic
transition of the fluorophore, the recognition of an ion stabilizes
the heteroatom electronic pair and the fluorophore has the
electronic configuration of the unsubstituted compound. The
fluorescence spectrum of the ion-probe complex will be that of
the probe or of the unsubstituted fluorophore (or a mixture of the
two) depending on the relative rate constants of radiative
emission and of the decoordination of the cation from the
probe.5 We have prepared and characterized the optical
properties of N-peralkylated meta- and para-dimers of aniline
with the monoaza-15-crown-5 ionophore replacing the dialkyl-
amino group at one end of the molecules (P1 and P3) and the

para-dimethylamino derivative of P1 with the amino group in
the para position (P2). The comparison of P1 and P3 should
provide an additional example of the ‘meta effect’.6 The
addition of the Me2N group in P2 should, upon cation binding,
restore the photoinduced charge transfer encountered for P1, as
we have recently observed with similar electronically symmet-
rical stilbenes.7 We report here that the calcium complexes of
the azacrown derivative of the peralkylated aniline dimer and its
p-dimethylamino derivative (P1 and P2) do not decoordinate in
the excited state and consequently lead to new emission bands,
upon cation recognition, blue-shifted for P1 because of cation-
inhibition of the CT process, and red-shifted for P2 as a result
of a cation-induced electron acceptor group which leads to a
charge transfer band.

The three compounds8 were synthesized from an Ullmann
coupling of the aniline derivatives with iodonitrobenzene,
followed by methylation of the secondary amine,9 reduction of
the nitro group and transformation of the resulting primary
amine into the aza-15-crown-5.10

The absorption spectra of P1–P3 extend to 340 nm and do not
show significant shift with increasing solvent polarity, whereas
the fluorescence, always unstructured, is red-shifted in polar
solvents (Table 1). This behaviour could be attributed to rapid
relaxation of the initially formed Franck–Condon excited state
to a charge-transfer (CT) state. Let us assume that there is only
one emitting state, whatever the polarity of the solvent; by
applying the Lippert–Mataga equation11 we can estimate dipole
moments of 20.6, 8.8 and 12.2 D for P1, P2 and P3 respectively
(Table 1). The monoexponential decay of P1 implies one
emitting state or several in fast equilibrium. Nevertheless the
charge transfer (CT) character of the fluorescing state is large
for the p-aniline dimer (P1) where we can calculate, from the
Rhem–Weller equation12 (DG = Eox2 Ered2 Eex), neglecting
the Coulomb part of the stabilization energy, an exergonic
stabilisation energy DG = 20.36 eV for charge separation
from the p-phenylenediamine group in the excited state (Eox 2

Eex = 23.78 eV for N,N,NA,NA-tetramethyl-p-phenylenedi-
amine) to the benzene substituent (Ered = 23.42 eV).13 The
excited state dipole moments of the meta isomer (P3) and of the
symmetrical derivative (P2) are lower, relative to P1, because
the electron donor group in P3 has a higher oxidation potential
and the potential electron acceptor substituent (dimethylaniline)
in P2 has a more negative reduction potential.

Addition of calcium perchlorate to solution of the probes in
MeCN leads to the absorption spectra of the corresponding
compounds without the azacrown substituent; for example, the
absorption spectrum of the calcium–P2 complex superposes
with the absorption of P1. In fact the absorption spectra are not
markedly shifted but the absorption intensity is altered enough
to allow the measurement of the complexation constant Ks by a
nonlinear least-squares analysis of the absorption intensity
versus the concentration of the cation using the relation derived
by Valeur14 for probes with a sufficiently high Ks that the

Table 1 Fluorescence emission data for P1–P3 and their calcium
complexes

lmax/nm fF
b

Hexane MeCN me/Da Hexane MeCN

tF/ns
(preexp)
MeCN

P1 391 489 20.6 0.05 0.03 4.20
P2 404 427 8.8
P3 377 374 12.2
P1–Ca 417 1.60 (66)

4.84 (34)
P2–Ca 536
a Calculated according to nflu = 22me (mc2 mg)/hca3 {(e2 1)/(2e + 1)-(n2

2 1)(4n2 + 1)} + constant, with a = 4.55 Å and mg = 1.67 D from AM1
calculation for P1, a = 4.81 Å and mg = 0 for P2 and a = 4.55 Å and mg

= 0 for P3. b Diphenylanthracene (fF = 0.9 in cyclohexane) as the
actinometer for all compounds excited at 330 nm.
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concentration of the uncomplexed cation cannot be approxi-
mated to the concentration of the salt added. We obtained log Ks
= 5.3 and 5.6 for P1 and P2, respectively.15 These values are
higher than those found with fluoroionophores of the stilbene
series built with the same ionophore but with the electron-
accepting substituent in the para position (log Ks  4) or even
with a p-dimethylamino group (log Ks 4.9).7 The value of the
complexation constants increases with the electron density on
the nitrogen atom of the ionophore.

The effect of calcium on the fluorescence spectra of P1 and
P2 is marked, while being peculiar for each compound (Fig. 1
and Fig. 2): the fluorescence of the probes is quenched, and a
new emission appears of similar intensity and on the high
energy side for P1, and with very low quantum yield ( < 1024)
and at longer wavelength for P2.

The complexation constants obtained from the fluorescence
spectra have the same value as those from the absorption
spectra. The fluorescence of the complex P1–Ca is in the same
wavelength region as the fluorescence of Ph2NMe and that of
the complex P2–Ca corresponds to that of P1.

These characteristics indicate that there is no decoordination
of the cation during the excited state lifetime of the probes. With
P1 the cation lowers the energy of the electron pair on the
nitrogen atom of the azacrown, which accordingly is decoupled
from the p aromatic system. In a first approximation we can
estimate that the P1–Ca complex has the same electronic
configuration as Ph2NMe. With the same reasoning, we could
consider that P2–Ca is identical to P1, but if the spectral
position and the solvatochromism of the emission are compara-

ble, the quantum yield of fluorescence of the P2–Ca complex is
very low. The Ca–nitrogen atom interaction, which should be
reinforced in the excited state, could open a new channel for
non-radiative deactivation. In conclusion these N-peralkylated
dimers of aniline provide interesting fluoroionophores with
high complexation constants and distinct fluorescence shifts
upon cation complexation. In conjugation with the phenyl-
azacrown ionophore, the PhMeN substituent is an electron
donor in the ground state of the probe, while the benzene group
can be an electron acceptor with the probe in the excited state.
As cation recognition by the azacrown should have the same
electronic effect as protonation, the results reported here should
be pertinent to the fluorescence modification of polyaniline
when the protonic level of doping is increased. Longer and
conformationaly constrained oligoanilines are under study to
achieve oligomeric fluorescent cation probes16a,b and to better
understand the electronic properties of polyaniline.
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support.

Notes and references
1 Chemosensors of Ion and Molecule Recognition, ed. J.-P. Desvergne

and A. W. Czarnik, Kluwer, Boston, 1997; W. Rettig and R. Lapouyade,
Topics in Fluorescence Spectroscopy, ed. J. R. Lakowicz, Plenum, New
York, 1994, vol. 4, pp. 109–149; B. Valeur and E. Bardez, Chem. Br.,
1995, 31, 216.

2 H. Bouas-Laurent, A. Castellan, M. Daney, J.-P. Desvergne, G.
Guinand, P. Marsau and M. Riffaud, J. Am. Chem. Soc., 1986, 108,
315.

3 J.-F. Letard, S. Delmond, R. Lapouyade, D. Braun, W. Rettig and M.
Kreissler, Recl. Trav. Chim. Pays-Bas, 1995, 114, 517.

4 For a review see: A. Prasanna de Silva, H. Q. Nimal Gunaratne, T.
Gunnlaugsson, A. J. Huxley, C. P. McCoy, J. T. Rademacher and T. E.
Rice, Chem. Rev., 1997, 97, 1515.

5 R. Mathevet, G. Jonusauskas, C. Rulliere, J.-F. Letard and R.
Lapouyade, J. Phys. Chem., 1995, 99, 15 709.

6 F. D. Lewis and J.-S. Yang, J. Am. Chem. Soc., 1997, 119, 3834.
7 S. Delmond, J.-F. Letard, R. Lapouyade, R. Mathevet, G. Jonusauskas

and C. Rulliere, New. J. Chem., 1996, 20, 861.
8 The structure of the compounds was confirmed by 1H, 13C NMR and

MS.
9 A. Barco, S. Benetti, G. P. Pollini and P. G. Baraldi, Synthesis, 1976,

124.
10 H. Maeda, S. Furuyoshi, Y. Nakatsuji and M. Okahara, Bull. Chem. Soc.

Jpn., 1983, 56, 212.
11 E. Z. Lippert, Z. Naturforsch., Teil. A, 1955, 10, 541; N. Mataga, Y.

Kaifu and M. Koizumi, Bull. Chem. Soc. Jpn., 1956, 29, 465.
12 D. Rehm and A. Weller, Ber. Bunsenges. Phys. Chem., 1969, 73,

834.
13 J. Mortensen and J. Heinze, Angew. Chem., Int. Ed. Engl., 1984, 23,

84.
14 J. Bourson, J. Pouget and B. Valeur, J. Phys. Chem., 1993, 97, 4552.
15 (a) When complexed with calcium the very efficient photoconversion of

the meta isomer P3 to carbazole derivatives precludes an accurate
measurement of Ks. This photoreaction parallels the well-studied
photocyclization of Ph2NMe to N-methylcarbazole [ref. 15(b)]; (b)
K. H. Grellmann, W. Kühnle, H. Weller and T. Wolff, J. Am. Chem.
Soc., 1981, 103, 6889.

16 (a) B. Waug and M. R. Wasielewski, J. Am. Chem. Soc., 1997, 119, 12;
(b) Q. Zhai and T. M. Swager, J. Am. Chem. Soc., 1995, 117, 12 593.

Communication a908393f

Fig. 1 Influence of Ca2+ on the fluorescence of a 1.86 3 1025 M solution
of P1 in acetonitrile: [Ca2+] = 0 M (a); 3.15 3 1026 M (b); 6.3 3 1026 M
(c); 1.26 3 1025 (d); 1.89 3 1025 M (e); 5.67 3 1024 M (f).

Fig. 2 Fluorescence spectra of P2 (8.50 3 1024 M) in acetonitrile with
increasing amount of Ca(ClO4)2: [Ca+2] = 0 M (a); 2.88 3 1026 M (b);
8.64 3 1026 M (c) 1.15 3 1025 M (d); 1.73 3 1025 M (e); 2.88 3 1025 M
(f).

290 Chem. Commun., 2000, 289–290



Efficient blue–green light emitting poly(1,4-phenylene vinylene) copolymers†

Rainer E. Martin,a Florence Geneste,a Robert Riehn,b Beng Sim Chuah,a Franco Cacialli,b Richard H. Friendb

and Andrew B. Holmes*a

a Melville Laboratory, Department of Chemistry, University of Cambridge, Pembroke Street, Cambridge,
UK CB2 3RA. E-mail: abh1@cus.cam.ac.uk

b Cavendish Laboratory, Department of Physics, University of Cambridge, Madingley Road, Cambridge,
UK CB2 0HE

Received (in Cambridge, UK) 29th November 1999, Accepted 18th January 2000

2,3-Dialkoxy-substituted poly(1,4-phenylene vinylene)
(PPV) homo- and co-polymers have been prepared by the
Gilch dehydrohalogenation polycondensation of the corre-
sponding bishalomethyl-substituted benzene monomers,
and double layer light emitting devices fabricated with these
materials exhibited high electroluminescence efficiencies
with low turn-on voltages.

Semiconducting organic polymers exhibiting electrolumines-
cence (EL) have recently attracted considerable interest owing
to their high potential for application as the active layer in
polymer light-emitting devices (PLEDs).1–5 The 2,3-disub-
stituted derivatives of PPV are of interest owing to the potential
distortion of the intra- and inter-molecular chain interactions as
a result of steric effects.6 Poly(2,3-dibutoxy-1,4-phenylene
vinylene)7 1 exhibits a blue–green solid state photolumines-

cence (PL) with 40% efficiency which is considerably higher
than the prototypical 2,5-dialkoxy-substituted analogue, MEH-
PPV.8 We have also reported a new class of 2-silylated and
2,5-disilylated PPV derivatives which essentially behave as
organic solvent processible analogues of PPV itself, but which
are much more luminescent (PL efficiency 60%). However,
single layer (100 nm) devices fabricated from poly(2-dimethyl-
octylsilyl-1,4-phenylene vinylene) (DMOS-PPV)9,10 2 and
poly[2,5-bis(dimethyloctylsilyl)-1,4-phenylene vinylene]
(BDMOS-PPV)11 3 suffered from rather high turn-on voltages
of ca. 15 V. It has recently been reported that high efficiencies
may be realised in ternary statistical copolymers of PPV
derivatives,12 and that the degree of defects is determined in part
by non-regioregular coupling of the putative quinomethide
precursor in the Gilch polycondensation.13

Here, we report an improved synthesis of 1,4-bis(bromo-
methyl)-2,3-dibutoxybenzene 8 and the exploitation of two
important monomers to yield the statistical copolymers poly[(2-
dimethyloctylsilyl-1,4-phenylene vinylene)-co-(2,3-dibutoxy-
1,4-phenylene vinylene)] (DMOS-co-DB-PPV) 11 and poly-
{bis[(2,5-dimethyloctylsilyl)-1,4-phenylene vinylene]-co-
(2,3-dibutoxy-1,4-phenylene vinylene)} (BDMOS-co-DB-
PPV) 12, respectively, that combine the intrinsically high
electroluminescence present in the three corresponding homo-
polymers 1–3 with the significantly reduced turn-on voltages of
2,3-dialkoxy-substituted PPVs.

The synthesis of the 2,3-dibutoxy monomer 8 is shown in
Scheme 1. The key improvements were the use of the double

Mannich reaction to introduce both carbon substituents and the
conversion of the diol formed from saponification of the
diacetate 7 with CBr4 and PPh3

14 into the crystalline 1,4-bis-
bromomethyl compound 8.‡ Statistical copolymersation under
Gilch conditions of monomer 8 with 99,10 and 10,11 using in
both cases a feed ratio of 1+1, in the presence of excess KOBut

in degassed THF at room temperature (Scheme 2) gave the
copolymers 11 and 12, respectively. The polymers were
purified by precipitation from methanol and acetone or mixtures
of methanol–water, respectively, and formed bright yellow
fibres displaying high luminescence. 1H NMR side-chain
analysis of DMOS-co-DB-PPV 11 gave the ratio n+m of 3+4
and for BDMOS-co-DB-PPV 12 of 4+3.

Molecular weight determination of the purified polymers
using size-exclusion chromatography (SEC) calibrated with
polystyrene standards and multiple angle light scattering
revealed high molecular weights and polydispersities, typical of
dehydrohalogenation polycondensations (DMOS-co-DB-PPV:
Mn = 290 000, Mw/Mn = 7.1; BDMOS-co-DB-PPV: Mn =
180 000, Mw/Mn = 5.5). DMOS-co-DB-PPV 11 and BDMOS-

† Electronic supplementary information (ESI) available: normal optical
absorption, PL and EL spectra (Fig. S1) and cyclic voltammograms (Fig.
S2) for BDMOS-DB-PPV. See http://www.rsc.org/suppdata/cc/a9/
a909382f/

Scheme 1 Reagents and conditions: i, CH2O, morpholine, PriOH, reflux,
1 h. ii, C4H9Br, K2CO3, EtOH, reflux, 20 h. iii, Ac2O, NaOAc, HOAc,
reflux, 72 h. iv, K2CO3, MeOH–THF–H2O (50+9+3), 48 h. v, CBr4, PPh3,
THF, 4 h.

Scheme 2 Reagents and conditions: i,KOBut, THF, 18 h.

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 291–292 291



co-DB-PPV 12 readily dissolved in aprotic solvents such as
THF, chloroform or xylene and formed good uniform trans-
parent films on ITO-coated glass substrates. The thermal
properties of the polymers were investigated by thermal
gravimetry (TG) and differential scanning calorimetry (DSC)
under nitrogen. Analysis of the TG trace (heating rate 10 °C
min21) for DMOS-co-DB-PPV and BDMOS-co-DB-PPV re-
vealed a 5% weight loss at ca. 370 and 320 °C, respectively.
BDMOS-co-DB-PPV showed an exothermic phase transition at
ca. 170 °C.

Optical absorption measurements in CHCl3 solutions for
DMOS-co-DB-PPV and BDMOS-co-DB-PPV showed lmax of
440 and 442 nm, respectively. Interestingly, DMOS-co-DB-
PPV showed for the lmax in the solid-state a bathochromic shift
to 448 nm, whereas BDMOS-co-DB-PPV revealed a slightly
hypsochromically shifted value of 440 nm (Fig. S1 in ESI). The
longest wavelength absorption maxima reflected the statistical
composition of the respective monomeric building blocks; DB-
PPV 1: lmax = 454 nm; DMOS-PPV 2: lmax = 414 nm;
BDMOS-PPV 3: lmax = 436 nm. Both polymers are bright
yellow materials exhibiting high solid-state PL efficiencies of
35 and 28%, with the longest wavelength emission peaks at lem
= 548 nm (2.26 eV) and lem = 544 nm (2.28 eV, (Fig. S1 in
ESI)), respectively.

Cyclic voltammetry (CV) was perfomed on thin polymer
films of BDMOS-co-DB-PPV 12 spin-coated onto Pt disk
electrodes in MeCN using a Pt wire as counter electrode and Ag/
AgCl as a reference. In the anodic scan the onset of oxidation
occurred at ca. 1.2 V followed by three subsequent non-
reversible oxidations at 1.38, 1.63 and 1.80 V, respectively (Fig.
S2 in ESI). The cathodic sweep showed onset of reduction at ca.
21.6 V and a quasi-reversible reduction step at 21.83 V (Fig.
S2 in ESI). The electrochemically measured band gap was
2.8 V, which compares well with the HOMO–LUMO energy
gap of 2.82 eV as measured from UV–VIS spectroscopy. The
HOMO and LUMO energy levels of BDMOS-co-DB-PPV
were estimated from the oxidation and reduction onset poten-
tials to be HOMO = 5.6 eV and LUMO = 2.8 eV,
respectively.15

Double layer devices with the configuration ITO/PED-
OT:PSS/polymer/cathode were fabricated, [PEDOT:PSS is
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)].§
Both polymers exhibited blue–green light emission. Inter-
estingly, DMOS-co-DB-PPV LEDs only showed EL emission
for Ca cathodes evaporated at pressures of ca. 1023 mbar, but
little or no EL for evaporation at pressures @3 3 1026 mbar.
DMOS-co-DB-PPV 11 double layer LEDs with Al cathodes
showed turn-on voltages of 2.0–2.4 V (threshold = 0.01
cd m22) with a power efficiency of 0.05 cd A21 and a maximum
luminance of 36 cd m22 at 11 V. Substantially better
performance (both efficiency and luminance) was noted for
devices made with BDMOS-co-DB-PPV 12 and Ca cathodes
compared with devices made with DMOS-co-DB-PPV 11. The
power efficiency was up to 0.72 cd A21 with a maximum
luminance of 1384 cd m22 at 12 V and turn-on voltages of 4.0 V

for a structure with an 80 nm active layer (Fig. 1). This
compares well with a 6 V turn-on voltage for the BDMOS-PPV
3 based homopolymer device.11 The EL emission peak was
measured at lem = 533 nm (2.33 eV).

In summary, a new and versatile synthetic route for the
preparation of 2,3-dialkoxy-1,4-bis(bromomethyl) monomers
was developed. Improved EL performance of devices using
statistical copolymers such as BDMOS-co-DB-PPV 12 as the
active layer in comparison with the homopolymers was
demonstrated, making this material a promising candidate for
further optimisation.
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were then tested in a 1022 mbar vacuum.
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Fig. 1 Current–voltage–luminance (I–V–L) characteristics of an ITO/
PEDOT (80 nm)/BDMOS-DB-PPV (80 nm)/Ca LED. The active area of the
device is ca. 0.045 cm2. EL emission turns on at 4.0 V and the maximum
efficiency is 0.72 cd A21.
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Photolysis of meso- or dl-2,4-diphenylpentan-3-one within
NaY zeolites, coadsorbed with a chiral inductor, lead to
enantioselective radical pair recombinations which are
sensitive to 13C isotope effects, but insensitive towards
external magnetic field effects.

We report here rationally designed systems, based on well-
established radical pair chemistry, which investigate the
stereoselectivity of recombination of prochiral radical pairs for
which significant magnetic field effects and magnetic isotope
effects have been observed in micelles.1,2 The concept of the
systems is the following. A prochiral triplet radical pair that can
be produced reversibly is generated in a chiral, supramolecular3

environment that (i) allows the separation of the pair to
distances allowing for the exchange interaction between the
partners of the pair to decrease to values of the order smaller
than those available from external or internal magnetic fields,1
and (ii) encourages reencounters of the pair. Each recombina-
tion of the pair can produce either the (+) or (2)-enantiomer, but
in the presence of a chiral inductor within the supramolecular
environment, a certain enantiomeric selectivity can result.4 For
any given system in which some ee is observed, the efficiency
of ee resulting from radical pair recombination is expected to
depend on the radical pair lifetime, which has consequences in
terms of the effective interactions between the pair and the
chiral inductor. In this scenario, magnetic field and magnetic
isotope effects on the enantioselectivity may result if the
lifetime of the pair is extended or diminished. From a survey of
published results, we selected the supercage of NaY faujasite
zeolites5 as the host supramolecular environment,6 the photol-
yses of meso- and dl-2,4-diphenylpentan-3-one (meso-1 and dl-
1, respectively) to generate triplet radical pairs and a co-
adsorbed chiral inductor such as diethyl L-tartrate and (+)- or
(2)-ephedrine as chiral inductors.

As depicted in Scheme 1, photolysis of meso-1 results in the
formation of dl-1 and vice versa (for simplicity only the
photoprocesses of meso-1 are shown).7 According to the
conventional paradigm of ketone photochemistry,8 a-cleavage
of triplet excited 1 leads to the formation of sec-phenethyl and
sec-phenethylacyl triplet geminate radical pairs (GRP). If the
space available in the supercage allows rapid diffusional
separation of the primary geminate pair, then decarbonylation
of the sec-phenethylacyl radical and subsequent formation of
diastereomeric 2,3-diphenylbutanes 2 occurs.7 If diffusion is
restricted, but rotation of the triplet radical pairs relative to one
another is permitted, intersystem crossing (ISC) of the radical
pairs occurs to yield meso-1 or dl-1. Additionally, if the
environment is chiral, dl-1 with some degree of enantiomeric

enrichment can be produced. Of these processes, only the rate of
ISC is sensitive towards magnetic effects.1a,b Thus, the ratios
between decarbonylation products and recombination pro-
ducts,2c as well as the ee of photoproduced dl-1 can serve as
probes for magnetic effects on the radical pair recombination
stereochemistry. While we expect the ratio of recombination
products/decarbonylation products to increase as the rate of ISC
increases, predictions on the direction of change of the ee of
photoproduced dl-1 cannot be made a priori.

Table 1 summarizes the ee values of recovered dl-1 upon
photolysis of dl-1 in NaY co-loaded with diethyl L-tartrate as a
function of both external magnetic field strength and isotope. It
can be seen that there are no differences, within experimental
error, in the ee (measured by chiral GC) of the photolyzed dl-1
when the photoreaction is carried out at either 0 or 2 kG.
However, upon photolysis at 0 kG of dl-1 enriched in 13C (98%
enriched) at the carbonyl carbon, a significant increase in the ee
of the recovered dl-1 is observed when the 13C labeled isomer is
photolyzed relative to the unlabeled isotopomer (3.0 vs. 1.6%,
respectively). Additionally, a slight increase in the amount of
recombination product vs. decarbonylation products was ob-
served in the photolysis of dl-1-13CO relative to dl-1-12CO.9
However, no such trend has seen in the photolysis of dl-1-12CO
performed at 0 vs. 2 kG.

In order to assess the influence of initial stereochemistry of 1
on the enantioselectivity of dl-1 as a function of external
magnetic field and isotope effects, photolyses of meso-1 were
performed in NaY using ephedrine as the chiral inductor.10

From Table 2, it can be seen that photolyses of meso-1 in NaY
in the presence of ephedrine, significantly higher ees for dl-1 are
obtained compared to utilizing dl-1 as the starting material and
diethyl L-tartrate as the inductor. However, similar to the results
obtained with diethyl L-tartrate, only a 13C isotope effect is
observed while external field effects are absent. Thus, an

Scheme 1

Table 1 Photolysis of dl-1 in NaY co-loaded with diethyl tartratea

Magnetic field/kGb Ketone Chiral inductor Ee of dl-1 (%)cd

2 dl-1-12CO diethyl L-tartrate +2.0 ± 0.2
0 dl-1-12CO diethyl L-tartrate +1.6 ± 0.3
0 dl-1-13CO diethyl L-tartrate +3.0 ± 0.1
a The average occupancy of dl-1 in NaY is ~ 0.05 molecules per cage and
that of diethyl tartrate ~ 1 molecules per cage; dl-1 was photolyzed to
35–45% conversion. b Ref. 12. c Errors correspond to standard deviations
derived from three or more independent experiments. d After photolysis, dl-
1 is separated from meso-1 via preparative TLC and analyzed by chiral
GC.

This journal is © The Royal Society of Chemistry 2000

Chem. Commun., 2000, 293–294 293



approximate two-fold increase in the ee of dl-1 is observed upon
photolysis of meso-1-13CO compared to that of meso-1-12CO
[+10% vs. +5%, with (2)-ephedrine] (Table 2). Additionally,
more recombination product was observed for the photolysis of
meso-1-13CO compared to that of meso-1-12CO.11

We can interpret the data in Tables 1 and 2 based on the
mechanism of triplet–singlet ISC for triplet biradicals.13,2c,f It is
recognized that if triplet radical pairs are separated by distances
of several Å or more, the singlet–triplet energy gap is decreased
and ISC is controlled by weak hyperfine couplings induced by
nuclear-spin interactions which are magnetic field and isotope
dependent. Thus, 13C is expected to induce a faster ISC in the
radical pair relative to 12C, for which only protons provide a
hyperfine mechanism for ISC. External magnetic fields can
reduce the rate of ISC by increasing the S–T energy gap for two
of the three triplet sublevels. Experimental results for such
phenomena have been the subject of several reviews.1,2

In hydrocarbon solutions, sec-phenethylacyl radicals de-
carbonylate with a rate constant of ~ 5 3 107 s21.14 In polar
solvents, the rate of CO loss can be reduced.15 Since the internal
cages of zeolite supercages are considered highly polar,16

decarbonylation in the zeolite must be significantly slower than
5 3 107 s21. Recombination of structurally related benzoyl and
cumyl radical pairs obtained from the photolysis of dimethyl-
deoxybenzoin, in SDS micellar solutions, has been measured to
occur with a rate constant on the order of ~ 1.2 3 107 s21.17

This rate is expected to be increased by 13C isotope effects, via
changes in the rate of ISC. An increased rate of ISC can be
manifested in the different ee values for recovered dl-1 obtained
upon irradiation of either meso- or dl-1 containing different
isotopic labels at the carbonyl carbon. Since there is a lack of
information in the rotational dynamics between the prochiral
GRPs and the chiral inductor, the trend of the ee of the
photoreaction cannot be predicted a priori.

The experimental results show an increase in the ee of dl-
1-13CO relative to its 12C isotopomer. Furthermore, photolysis
of 1-13CO leads to a slight decrease in the amount of
decarbonylated products relative to the 12C labeled iso-
topomer.9,11 Similar results have also been previously observed
for the photolysis of dibenzylketone-13CO in faujasites.2c

Hence, an increase in the ee of the photoproduced dl-1-13CO
may be a function of its faster rate of ISC, leading to a greater
number of recombinational processes from the primary GRP as
compared to dl-1-12CO which maintains a relatively lower rate
of ISC from the triplet GRP and thus higher propensity to form
decarbonylated products.2a,b,4a,18

According to the product ratios and the ee values expressed in
Tables 1 and 2, there are no observable external field effects in
the photolysis of either meso- or dl-1. At this time we lack a
theoretical kinetic model to explain these experimental results.
Although it has been widely demonstrated that magnetic field
and magnetic isotope effects can influence the rate of ISC for
triplet biradicals in opposite manners, there is a lack of
information on the magnitudes of those rates. It can be argued
that external field effects, as they pertain to 1 in faujasites, are
very small and subtle as compared to magnetic isotope effects.
Indeed, in similar product studies done with dibenzyl ketone

(DBK) adsorbed in faujasites, external magnetic field effects
were significantly smaller than those observed for 13C isotope
effects.2c

The results show that photochemical enantiomeric selectivity
through geminate radical recombinations in zeolite cavities is
feasible. The most important finding is that ee values are
sensitive to magnetic isotope effects, and consequently can be
used as a probe of radical pair dynamics in zeolites.
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Table 2 Photolysis of meso-1 in NaY co-loaded with ephedrinea

Magnetic field/kGb Ketone Chiral inductor Ee of dl-1 (%)cd

2 meso-1-12CO (2)-ephedrine +4.9 ± 1.9
0 meso-1-12CO (2)-ephedrine +4.7 ± 1.9
0 meso-1-13CO (2)-ephedrine +9.9 ± 1.3
2 meso-1-12CO (+)-ephedrinee 24.3 ± 1.6
0 meso-1-12CO (+)-ephedrinee 23.6 ± 0.6
0 meso-1-13CO (+)-ephedrinee 27.1 ± 0.5
a The average occupancy of meso-1 in NaY is ~ 0.05 molecules per cage
and that of ephedrine ~ 1 molecules per cage; meso-1 was photolyzed to
26–50% conversion. b Ref. 12. c Errors correspond to standard deviations
derived from three independent experiments. d After the photolysis, dl-1 is
separated from meso-1 via preparative TLC and analyzed by chiral GC.
e The hemihydrate form was used.
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S2O4-Crown annelated derivatives of 9,10-bis(1,3-dithiol-
2-ylidene)-9,10-dihydroanthracene function as efficient li-
gands in the voltammetric and spectroscopic recognition of
Na+ and Ag+.

Redox-active ligand systems are important in the field of
electrochemically-controlled uptake and release of guest metal
cations.1 For large shifts of the redox potential to be observed
upon metal binding the antennae [e.g. crown ether unit(s)]
should be situated close to the redox-responsive centre (i.e. the
transducer), thereby enhancing the intramolecular electrostatic
(through-space) effect which modulates the redox signal.
Typical molecular2 redox species for this purpose are ferro-
cene,3 metal coordinated dithiolate4 and diimine,5 and tetra-
thiafulvalene (TTF) derivatives,6 e.g. 16a,b and 2.6d For these
systems cation binding induces a positive shift of the one-
electron oxidation potential E1

ox.

Derivatives of 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydro-
anthracene are versatile building blocks in supramolecular and
materials chemistry.7 The special feature of this system is a two-
electron oxidation wave [neutral ? dication, E1

ox ca. +0.35 V‡
(in MeCN, vs. Ag/AgCl) which is electrochemically quasi-
reversible and chemically reversible].8 Herein we report the first
crown-annelated derivatives 5 and 8.

Reaction of anthraquinone 3 with the new reagent 49 under
standard conditions8,10 gave a mixture of the bis- and mono-
crown annelated derivatives 5 and 6, respectively (Scheme 1).§

The latter was characterised by X-ray diffraction.¶ Reaction of
4 with 78a gave the bis(1,3-dithiole) system 8 (Scheme 2).

An X-ray crystallographic study¶ of 8·CH2Cl2 showed a
motif of saddle-shaped molecules (Fig. 1) engulfing each
other’s dimethyldithiole ends. The anthracenediylidene moiety
is folded along the C(9)…C(10) vector, the two benzene rings
forming a dihedral angle of 39° (cf. 21° in 6). The dithiole rings
are folded along the S(1)…S(2) and S(3)…S(4) vectors by 15.5
and 8.7°, and the S(1)C(16)C(17)S(2) and S(3)C(19)C(20)S(4)
planes form an acute dihedral angle of 81°.

The cation binding properties of 5 were assessed by 1H NMR
titration studies in CDCl3 at 50 °C (at 20 °C a precipitate formed
on addition of metal salts). In the presence of Na+ and Ag+ the
resonances due to the –SCH2CH2O– protons of the crown
[(SCH2) d 3.05; (OCH2) d 3.66] shifted downfield by ca. 0.07
ppm in the presence of 10 equiv. of Na+ and Ag+, while the
anthracenediylidene resonances were unaffected, confirming
that cation binding occurs at the crown site. Li+ and K+ cations
had essentially no effect on the 1H NMR spectrum. UV–VIS
absorption spectra for 5 in MeCN in the presence of both Na+

and Ag+ (as the perchlorate salts) resulted in a specific change
in the spectra. No isosbestic points were observed, indicating
that, most probably, both 1+1 and 1+2 complexes [i.e. 5M+ and
5(M+)2] form simultaneously, and the absorption spectra of
these species are different. Such behaviour is known for other
bis(crown) chromoionophores.11 Fig. 2 shows the changes in
the spectrun of 5 upon complexation with Ag+. The stability
constants for the formation of 5M+ and 5(M+)2 were estimated
to be logK1 ca. 3.4 and log K2 ca. 5.5, respectively.

Cyclic voltammetry (CV) and square wave voltammetry
(SQV) showed that 5 and 8 display a two-electron oxidation

† Present address: Medicinal Chemistry Research, Novo Nordisk A/S,
Novo Nordisk Park, 2760 Maløv, Denmark.

Scheme 1 i, 4, LDA, THF, 278 °C, 3 h, then addition of 3, then 278 to
20 °C.

Scheme 2 i, 4, LDA, THF, 278 °C, 3 h, then addition of 7, then 278 to
20 °C.

Fig. 1 Molecular structure of 8·CH2Cl2 (50% displacement ellipsoids).
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wave: E1
ox +0.405 V (5) and E1

ox +0.345 V (8). A second
reversible one-electron wave, ascribed to oxidation of the
anthracene system8b,c (i.e. radical trication formation) was seen
at E2

ox 1.62 V for both compounds [CV data were recorded vs.
Ag/AgCl, Bu4N+ClO4

2 (0.1 M), MeCN, 20 °C, 100 mV s21].
The progressive addition of aliquots of metal triflate salts
resulted in a positive shift of E1

ox (and a similar positive shift of
the coupled reductive peak on the cathodic scan), while E2

ox

remained unchanged, thereby acting as an internal reference.
This is consistent with expulsion of the metal cation from the
ionophore prior to the second oxidation wave. The maximum
positive shifts (DE1

ox) are as follows: Li+ (15–20 mV), Na+

(100 mV), K+ (15–20 mV) and Ag+ (115 mV). The values of
DE1

ox are essentially the same for the mono- and bis-crown
systems 8 and 5, respectively, whereas in the TTF series, e.g. 1,
a larger shift is observed for bis-crowns. This is likely to be a
consequence of intramolecular steric interactions between the
crown rings of 5, and/or sandwich complexation between two
crowns, favoured by the rigid saddle conformation. A compar-
ison with related S2O4-crowned TTF systems6 shows two
important advantages of systems 5 and 8: (i) the positive shifts
for Na+ and Ag+ are significantly larger, and (ii) the system is
significantly more sensitive, with saturation being achieved
with < 10 equiv. of cation (Fig. 3) (cf. 200 equiv. for 16a).

We suggest that these results are a consequence of the unique
combination of structural and redox properties of the
9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene trans-
ducer unit: (i) the saddle-shape folding of the anthracenediyl-
idene system places the crown ring(s) of 5 and 8 in close
proximity to the redox-responsive moiety, and there is a marked
conformational change upon oxidation,7a and (ii) the E1

ox redox
process which is monitored is a two-electron oxidation (cf. the
one-electron wave of TTF, ferrocene etc.) thereby enhancing
the electrostatic repulsion with the bound metal cation(s)
leading to an increase in DE1

ox.
In summary, using ligands 5 and 8 we have exploited for the

first time the chromophoric and redox properties of the

9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene system
to provide efficient and controllable cation recognition within
appended crown ether units. To enhance further these effects we
suggest that redox species which undergo a multi-electron wave
(e.g. certain dendrimers)12 should be targets for future trans-
ducers in redox-controlled molecular recognition.

We acknowledge funding for this work from EPSRC, Office
of Naval Research, Grant #: N00014-94-1-0592 (S. A. A.) and
DOE Grant #: DE-FG07-98ER62708 (S. A. A.), and thank Dr
A. J. Moore for helpful discussions.

Notes and references
‡ E1

ox = anodic peak potential on the first wave of the oxidative scan.
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with their structures. Selected data for 5: orange crystals, 67% yield, mp
216–218 °C (from CH2Cl2–cyclohexane); dH(CDCl3) 3.05 (8H, m), 3.66
(32H, m), 7.33 (4H, m) and 7.56 (4H, m). For 8: orange crystals, 53% yield;
mp 223–225 °C (from CH2Cl2); dH(CDCl3) 1.94 (6H, s), 3.00 (4H, m), 3.58
(16H, m), 7.29 (4H, m), 7.52 (2H, m) and 7.68 (12H, m).
¶ Diffraction data were measured on a SMART 1K CCD area detector
(graphite-monochromated Mo-Ka radiation, l = 0.71073 Å). Structures
were solved by direct methods and refined against F2 of all data, using
SHELXL97 (G. M. Sheldrick, University of Göttingen, 1997). Crystal data
for 6: C27H28O5S4, M = 560.7, T = 150 K, orthorhombic, P212121 (No.
19), a = 7.600(1), b = 18.395(1), c = 18.566(4) Å, U = 2596(1) Å3, Z =
4, Dc = 1.435 g cm23, m = 0.40 mm21, 10781 reflections (4219 unique,
Rint = 0.037) with 2q = 52.7°, 418 variables, R = 0.038 [3920 data, I >
2s(I)], wR(F2) = 0.083, Drmax./min. = 0.28, 20.21 e Å23. The absolute
structure was determined from anomalous X-ray scattering: Flack parame-
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cc/a9/a908716h/ for crystallographic data in .cif format.
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Fig. 2 Absorption spectra of 5 (2 3 1025 M) in MeCN (1 cm cell)
containing AgClO4 at concentrations of (a) 0, (b) 0.5, (c) 8.0 and (d) 30 mM.
Inset: absorption at 445 nm as a function of Ag salt concentration fitted with
eqn. (1), where A0, A1 and A are the absorbances of the free ligand L and

A A
K M A A

K M K M

K M A A

K M K M
= + -

+ +
+ -

+ +
•

0
1 0 1 0

1 0 2 0
2

2 0
2

0

1 0 2 0
21 1

( ) ( )
(1)

complexes LM+ and L(M+)2, respectively; K1 and K2 are equilibrium
constants for complex formation.

Fig. 3 Shift of E1
ox in the CV of 5 with added equivalents of AgOTf (:) and

KOTf (5). Data were obtained in 0.2 M Bu4NBF4, MeCN, Pt disk
electrode, 50 mV s21, Ag/AgCl reference electrode, referenced vs.
decamethylferrocene.
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The encapsulation of pepsin by electrostatically controlled
diffusion from solution into thermally evaporated fatty
amine films is described and the catalytic activity of the
immobilized enzyme on hemoglobin is investigated. 

The entrapment of proteins in different inert matrices with the
aim of protecting the proteins against microbial degradation,
hydrolysis, autoproteolysis, deamidation, etc.; retention of the
native protein structure and accessibility of the encapsulated
proteins to cofactors, substrates and redox agents is a problem of
current interest especially where application in biosensors/
biocatalysis is sought. Proteins have been immobilized in
phospholipid bilayers,1 on self-assembled monolayers
(SAMs),2 in silicate sol–gels,3 in polymer matrices,4 in
Langmuir–Blodgett films,5 within the galleries of a-zirconium
phosphates6 as well as polymer microspheres.7 Developing on
our earlier work on the spontaneous self-organization of fatty
acid salts8 and electrostatic assembly of colloidal nano-
particles,9,10 we show here, that the proteolytic enzyme pepsin
(which occurs in the gastric juice of all mammals), can be
encapsulated via electrostatic interaction in thermally evapo-
rated fatty lipid matrices (octadecylamine, ODA) by simple
immersion of the lipid film in the protein solution under
extremely mild preparation conditions (Schematic 1, inset of
Fig. 1). The encapsulated enzyme showed good biocatalytic
activity using hemoglobin as the substrate. The biocatalytic
activity was determined by estimating the amount of acid-
soluble tyrosine and tryptophan residues released by reaction of
the encapsulated pepsin on hemoglobin.

Pepsin (molecular weight = 37400; pI ≈ 1 where pI
represents the isoelectric point)11 was obtained from Sigma
Chemicals and used as received. A 1026 M solution of pepsin

was prepared in glycine–HCl buffer (0.05 M, pH 3), close to the
pH value at which pepsin exhibits maximum catalytic activity.
250 and 1000 Å thick ODA (Aldrich) films were deposited by
thermal evaporation on gold coated AT cut quartz crystals (for
quartz crystal microgravimetry (QCM) measurements) and
Si(111) substrates (for FTIR and activity measurements) in an
Edwards E306A chamber. Fig. 1 shows a plot of the QCM mass
uptake recorded ex situ from a 250 Å thick ODA film as a
function of time of immersion in the pepsin solution. Details of
the QCM measurement procedure may be obtained from our
earlier reports.9,10 It can be seen that the diffusion of pepsin into
the lipid matrix is extremely rapid with maximum protein
uptake being accomplished within 10 min of immersion. The
small time scale for encapsulation of the enzyme in the lipid
matrix is a particularly attractive feature of this approach and
considerably improves upon the days to weeks timeframe
required in other techniques for synthesis of such bio-
composites.3,6 At pH 3, the ODA matrix is positively charged
(pKB of ODA = 10.5) while the pepsin molecules are
negatively charged (pI of pepsin ≈ 1.0 ) thereby leading to
attractive electrostatic interactions and a rapid diffusion of the
proteins into the lipid matrix (see inset of Fig. 1). The maximum
mass loading in the film (Fig. 1) is measured to be ca. 3900 ng
cm22 of the film yielding a pepsin concentration of 6.3 3 1013

molecules per cm2 of the ODA–pepsin composite film.
It is well known that proteins spontaneously concentrate at

the phase boundaries12 and simple surface adsorption of pepsin
on the ODA film surface must be ruled out. Contact angle
measurements of a sessile water drop (1 ml, Rame Hart 100
goniometer used) were carried out on a 250 Å thick ODA
film on Si(111) substrates after immersion in 1026 M pepsin
solution at pH 3 for 60 min and careful washing of the film. The
measurements carried out at different points on the film surface
yielded a mean value of 90° which is very close to the contact
angle of 100° recorded for the as-deposited ODA film. The
contact angle recorded for the pepsin–ODA composite film is
much higher than the values of 20 and 15° measured for the bare
Si(111) substrate surface and a pepsin film formed on Si by
evaporating a drop of the pepsin solution respectively, indicat-
ing clearly that the pepsin molecules are not adsorbed on the
surface of ODA but within the lipid film.

Fig. 2 shows the FTIR spectra recorded from a 1000 Å thick
as-deposited ODA film (curve 1), the ODA film after
immersion in 1026 M pepsin solution kept at pH 3 for 60 min
(curve 2) and the pepsin–ODA nanocomposite film after testing
the catalytic activity of the pepsin–ODA film by immersion in
hemoglobin solution (curve 3, as discussed subsequently). A
number of vibrational modes can be observed for the three
films. The amide I band occurs at 1647 cm21 for the pepsin–
ODA nanocomposite film (feature A, curve 2, Fig. 2) and the
film after reaction with hemoglobin (curve 3, Fig. 2). Whereas
a small feature at this wavenumber does occur in the as-
deposited ODA film, the intensity of this band increases in films
2 and 3 clearly showing that it originates in the pepsin
molecules. The position of this band is close to that reported for
native proteins in earlier reports6,13 and indicates that the

Fig. 1 QCM mass uptake curve measured ex situ as a function of time of
immersion of 250 Å thick ODA films in 1026 M pepsin solution at pH 3.
The schematic in the figure illustrates the procedure adopted for synthesis
of the pepsin–ODA composite and the probable microscopic structure of the
film and enzyme encapsulation.
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secondary structure of the enzyme in the ODA environment is
unperturbed. The amide II band, which occurs at 1521 cm21

(feature C, Fig. 2), can also clearly be seen for the pepsin–ODA
composite film as well as the film after the activity test with
hemoglobin (curves 2 and 3 respectively). This band also
indicates that the secondary structure of the protein is
maintained in the encapsulated form.13 Small differences are
observed in the amide II bands for the pepsin–ODA films before
and after reaction with hemoglobin. This may be due to a
contribution of hemoglobin molecules in the ODA matrix in the
digested/undigested form and suggests a possible mechanism
for the action of encapsulated pepsin on the heme-protein.
However, further work is required before an unequivocal
statement can be made on this observation. The origin of the
band at 1564 cm21 (feature B, Fig. 2) is as yet not fully
understood but it clearly arises from the ODA matrix and its
intensity is reduced on complexation of the ODA molecules
with pepsin.

The biochemical activity of the enzyme encapsulated in the
lipid matrix was determined by reaction with a solution of
hemoglobin (5 mg ml21) prepared in glycine–HCl buffer (0.05
M, pH 3.0) and by incubating the reaction mixture at 37 °C for
30 min. Pepsin digests hemoglobin and yields acid soluble
products which are readily detected by their strong UV
signatures at 280 nm.14 Quartz substrates of known dimensions
coated with 250 Å thick ODA films were immersed in pepsin
solution for 1 h until the pepsin density in the films reached
equilibrium values (6.3 3 1013 pepsin molecules cm22 of film,
see QCM studies). These films were immersed in 1 ml of
hemoglobin solution (5 mg ml21) and incubated at 37 °C for 60
min and then withdrawn. The reaction was quenched by
addition of an equal volume of 1.7 M perchloric acid to the
reaction mixture and the precipitate removed by centrifugation.
The supernatant containing the acid soluble tyrosine and
tryptophan residues was analysed using UV–VIS spectroscopy
and the optical absorbance at 280 nm determined (Shimadzu-
6201 PC spectrophotometer operated at a resolution of 1 nm).
For comparison, the enzymatic activity of pepsin in solution
was determined in a similar fashion. The values obtained from
these activity measurements are given in Table 1. It is observed
that the activity of pepsin in the ODA matrix is slightly less than
that of the enzyme in solution. This may be a consequence of the

orientation of the enzyme in the lipid matrix limiting the
accessibility of the substrate hemoglobin to the active enzyme
sites. Another possibility is that all the enzyme molecules do not
participate in the biocatalysis in the first run. That this is so is
indicated by the fact that one of the films showed enzymatic
activity during three successive runs, albeit considerably
reduced each time (Table 1).

The different measurements on the pepsin–ODA composite
films clearly establish the following. The electrostatically
controlled diffusion of the enzyme molecules from the aqueous
phase into the lipid matrix may be accomplished under
conditions close to that where the enzyme shows maximum
activity by suitable choice of the lipid (either cationic or
anionic). The enzyme molecules are encapsulated within the
ODA matrix without significant distortion to the native
structure. The elasticity of the bilayers may be primarily
responsible for this and enables the matrix to adopt the contours
of the enzyme molecule (Schematic, inset of Fig. 1). The
reasonably fast time-scales for the synthesis of the enzyme–
lipid composites and the enzyme–friendly encapsulation condi-
tions are a major improvement over other techniques currently
being investigated.1,3,4,6
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Fig. 2 FTIR spectrum recorded from a 1000 Å thick ODA film before (curve
1) and after immersion for 60 min in pepsin solution at pH 3 (curve 2). The
spectrum measured from the pepsin–ODA film after assay with hemoglobin
is also shown (curve 3). Features A–C are discussed in the text.

Table 1 Comparison of enzymatic activity of pepsin in solution and ODA
entrapped pepsin using hemoglobin as the substrate

System
Amount of
pepsin/mg

Activitya/
units

Activity/
units mg21

Pepsin 2.0 7.5 3.75
Pepsin–ODA (film 1) 2.7 9 3.33
Pepsin–ODA (film 2, run 1) 3.6 10 2.77
Pepsin–ODA (film 2, run 2) 3.6 1.2 0.333
Pepsin–ODA (film 2, run 3) 3.6 0.5 0.136

a One unit of enzyme will produce a change in absorbance at 280 nm of
0.001 min21 at pH 3.0 and 37 °C measured as PCA soluble products using
hemoglobin as the substrate (ref. 14).
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The one-step regioselective synthesis of a chlorin macrocycle
from a tripyrrane and bisformylpyrrole is described for the
first time; the chlorin is furnished in 46% yield and is
constructed from readily prepared pyrroles.

The magnesium chlorins (dihydroporphyrins) found in the
photosynthetic proteins of green plants1 are utilized in light
harvesting arrays and electron transfer reaction centers. With
similar photophysical characteristics to their chlorophyll coun-
terparts, synthetic chlorins are potentially useful chromophores
for use in molecular wires and antenna arrays, all of which make
them interesting synthetic targets.2 The preparation of chlorins
regioselectively functionalized for supramolecular assembly is
no small task, for in the preparation of an asymmetrically
substituted macrocycle it is possible to produce a maximum of
eight isomers: four pyrroline-ring regioisomers, each of which
could exhibit cis or trans stereochemistry. We have recently
reported the preparation of chlorins 1 from the rearrangement of
metallated 5,15-porphodimethenes 2 (Scheme 1).3 Advantages
to this method are (i) the synthesis is highly regioselective, with
only one out of four possible pyrroline ring isomers formed as
shown, and (ii) the synthesis is short, as the porphodimethene is
furnished directly from readily prepared open-chained pyrrolic
intermediates via the ‘2 + 2’ MacDonald condensation4 of
1,9-diformyldipyrromethanes 3 and dipyrromethanes 4. How-
ever, a general limitation to our approach is that one of the
dipyrromethanes must be symmetrical or the ‘2 + 2’ condensa-
tion will furnish two isomeric chlorin macrocycles.

The last few years have seen the active development of the ‘3
+ 1’ approach to the synthesis of porphyrins5 and porphyrin
analogs.6 In this method the macrocyclic ring is furnished by the
condensation of tripyrrane 5 with 2,5-diformylpyrrole 6
(Scheme 2). The tripyrrane is prepared in one step by the
electrophilic substitution of pyrrole 7 with 2 equiv. of
acetoxymethylpyrrole 8. In theory, the method could allow the
preparation of a porphyrin with four different pyrroles and the
only symmetry constraint would be that the 2,5-diformylpyrrole
must have identical b-substituents in order to form one isomeric
porphyrin upon condensation with an asymmetrically substi-

tuted tripyrrane. The varied ring substituent pattern that this
method allows makes the ‘3 + 1’ approach to the construction of
a chlorin macrocycle an attractive alternative to the more
symmetry constrained ‘2 + 2’ method. However, the inter-
mediates of the condensation are not known. The 5,10-porpho-
dimethene 9, other dihydroporphyrins as well as porphyr-
inogens (5,10,15,20,22,24-hexahydroporphyrin) have all been
postulated as intermediates.5 The latter is not the correct
oxidation state to rearrange to a chlorin, and it was not clear if
all or just a portion of the dihydroporphyrin intermediates
produced in the condensation could be easily metallated or then
rearranged into a chlorin like the tautomer 2. We now have
determined the identity of the condensation intermediate and
report the first synthesis of a chlorin that utilizes a ‘3 + 1’
approach to prepare the macrocyclic ring.

The ‘3 + 1’ synthesis of chlorin 10 is shown in Scheme 3. To
demonstrate the utility of the ‘3 + 1’ approach, chlorin 10 was
chosen as a target because its substituent pattern was not
efficiently accessible via the ‘2 + 2’ approach. Pyrrole (11) was
used because the absence of b-substituents on this ring was
expected to control the regiochemistry by analogy to the earlier
‘2 + 2’ chlorin syntheses and furnish only the one ring-reduced
isomer as shown.3 Its use also precluded the formation of
pyrroline ring stereoisomers. The propanoate ester pyrroles
were used because it was felt that the ensuing substituent pattern
on the chlorin macrocycle could lend itself to the fabrication of
supramolecular chlorin assemblies of interest. Our initial
attempts to make the precursor tripyrrane 13 in the usual
manner5,6 by refluxing pyrrole with 2 equiv. of acetox-
ymethylpyrrole 12 in an EtOH–AcOH solution overnight did
not furnish 13 as expected. This literature procedure works well
when the 2,5-unsubstituted pyrrole is substituted in its 3,4-posi-
tion with electron-donating alkyl substituents. However, the
electrophilic substitution reaction of pyrrole with 12 was slow,
allowing the solvolysis of 12 and the resultant production of the
unreactive ether by-product. We therefore prepared the known
dipyrromethane 143 first and refluxed it in an EtOH–AcOH

Scheme 1 Scheme 2
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solution overnight with the acetoxymethylpyrrole 12 to furnish
tripyrrane 13 in 60% yield. This demonstrates for the first time
that the mild reaction conditions which allow the formation of
the acid-sensitive tripyrrane in one step from three pyrrole
precursors also work well when using a dipyrromethane and
acetoxymethylpyrrole. On the other hand, when pyrrole and 2
equiv. of acetoxymethylpyrrole 12 were refluxed in a 1,2-di-
chloroethane–AcOH solution for 6 h the tripyrrane 13 was
furnished in 45% yield. Pyrrole 12 did not decompose to form
an unreactive by-product in the modified reaction mixture.

The benzyl esters of tripyrrane 13 were hydrogenolysed over
10% palladium-on-charcoal and the resulting diacid tripyrrane
condensed with 2,5-bisformylpyrrole 155c in the presence of 5%
TFA in CHCl3 under an inert atmosphere.7 After 2 h the solution
was neutralized with NaHCO3, washed with water and dried
over Na2SO4. The reaction mixture was filtered through an
alumina plug, metallated with a saturated solution of Zn(OAc)2

in MeOH, and heated to 55 °C for 2 h. The crude product was
demetallated in TFA and chromatographed on alumina (Grade
III, eluted with CH2Cl2–benzene 65+35) to furnish chlorin 10 in
46% yield along with 8% of the corresponding porphyrin.8 UV–
VIS spectroscopy of the reaction mixture after neutralization
with NaHCO3 and before metallation revealed that the main
macrocyclic intermediate formed in the ‘3 + 1’ condensation
was a phlorin (432 nm, broad adsorption at 720 nm). This was
a gratifying result, for we have previously shown that the
reaction of Zn(OAc)2 with a phlorin produced a metallated
5,15-porphodimethene that would rearrange to chlorin upon
heating.3a If the 5,10-porphodimethene 9 was ever formed
during the ‘3 + 1’ condensation, it must have equilibrated
rapidly to the thermodynamically more stable phlorin upon
neutralization.

In conclusion, the ‘3 + 1’ approach furnished chlorin in yields
as high, if not higher, than with chlorins prepared via the ‘2 + 2’
approach. The preparation of a tripyrrane from dipyrromethane
and pyrrole precursors demonstrates the feasibility of synthesiz-
ing an asymmetrically substituted tripyrrane (i.e. one made from
three different pyrroles), and corresponding asymmetrically
substituted chlorin via the ‘3 + 1’ approach. The relative brevity
and simplicity of the synthetic route, utilizing readily prepared
precursor pyrroles, makes this an attractive method for the
regioselective synthesis of chlorins.
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the National Science Foundation (CHE - 9508653), and for the
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NMR (CHE - 9700421). TDL also acknowledges support from
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Ethylene is polymerized in water as a reaction medium by
Pd(II) and Ni(II) complexes to afford branched or linear
homopolymer.

Water possesses unique properties as a reaction medium. It is
highly polar and immiscible with most organic compounds, has
a high heat capacity and also features a strong propensity for
micelle formation. In addition, water is an ideal medium from
an environmental and safety perspective. Thus, emulsion and
suspension polymerization of olefinic monomers is employed
on a vast scale, e.g. for the direct production of water-based
lattices, used for coatings and paints. In contrast to these free
radical polymerizations, transition metal catalyzed coordination
polymerization reactions in water have received less attention,
as the early transition metal catalysts1 used predominately are
extremely sensitive to moisture.

Late transition metal complexes are generally less sensitive to
polar media due to their less oxophilic nature. Due to the
propensity of late transition metal alkyl complexes for b-
hydride elimination, dimers or oligomers are usually obtained in
C–C linkage of ethylene.2 Only a limited number of catalysts for
polymerization to high molecular weight products are known.
Most of them are based either on neutral Ni(II) complexes3,14a of
formally monoanionic bidentate ligands or on cationic Fe, Co,
Ni or Pd complexes4 of neutral multidentate ligands with bulky
substituted N donor atoms.5 The aforementioned stability of late
transition metal complexes is demonstrated by the tolerance of
some of these polymerization catalysts towards polar function-
alized comonomers3d,4b,c and polar organic solvents.3c,d,4c,6

In the context of possible side reactions in transition metal
catalysis in aqueous media7 (such as hydrolysis of metal alkyl
species, attack of water on coordinated substrates or coordina-
tion of water to the metal center as a ligand), regarding
polymerization reactions a conceivable effect of water on chain
transfer8 is of specific interest as small (absolute) changes in the

overall chain transfer rate will strongly influence product
molecular weight.

A very slow (ca. 1 turnover per day) coordination polymeri-
zation of ethylene in water catalyzed by a Rh complex has
previously been investigated.9 We now report on the homo-
polymerization of ethylene in water by neutral Ni(II) and
cationic Pd(II) complexes.

Exposure of an aqueous suspension of Pd complex 14c to
ethylene at elevated pressure results in formation of high
molecular weight, highly branched polyethylene (Table 1). The
reaction is effective under mild conditions (7 bar, room
temperature), an increase of the ethylene pressure to 40 bar
resulting in a doubling of productivity (entry 1 vs. 3).
Comparison of 3 and 16 h experiments reveals no significant
deactivation of the cationic catalyst in the presence of water
(entry 2 vs. 3). In comparison to polymerization employing a
homogeneous solution of 1 in CH2Cl2 as a non-aqueous solvent

(entry 3 vs. 4), activities are similar. However, branching is
reduced in comparison to reaction in CH2Cl2 (69 to 83 branches
per 1000 C atoms in runs 1 to 3 vs. 109 branches per 1000 C in
run 4; determined by 1H NMR). Also, GPC analysis reveals a
much higher molecular weight of the polymers obtained in
water (Table 1). These findings correspond to the physical
appearance of the polymers: whereas the material obtained in
CH2Cl2 is a highly viscous oil, the polymers obtained in the
aqueous reaction medium are rubbery solids. In preliminary

Table 1 Polymerization results

Reaction conditions Results

Entry
No. Catalyst

n(cat.)/
mmol

Ethylene
pressure/bar Reaction medium

Reaction
time/h

Polymer
yield/g

Productivity/
mol(ethylene)
mol(cat.)21

Average activity/
mol(ethylene)
mol(cat.)21 h21

Mw
a/g

mol21
Mn

a/g mol21

(Mw/Mn)

1 1 81 7 H2O 23 7.4 3 260 140 160 000 70 600 (2.3)
2 1 61 40 H2O 3 2.3 1 340 450 181 100 63 500 (2.8)
3 1 61 40 H2O 16 10.9 6 380 400 179 400 77 700 (2.3)
4 1 61 50 CH2Cl2 14 14.4 8 430 600 32 300 14 500 (2.2)
5 2ab 130 50 acetone+H2O 50+50 1.5 2.5 680 450 c c

6 2ab 121 50 acetone+H2O 50+50 3 3.2 940 310 c c

7 2ab 108 50 acetone+H2O 5+95 2 2.2 710 360 2 230 970 (2.3)
8 2ab 89 50 toluene+H2O 5+95 2 5.9 2 360 1 180 3 030 960 (3.1)
9 2bb 116 50 toluene+H2O 5+95 1.5 1.0 310 210 c c

10 2bb 104 50 toluene+H2O 5+95 3 1.6 550 180 c c

11 2ab 12 50 toluene 2 9.0 26 680 13 340 580 000 13 900 (42)
12 2ab 26 50 acetone 2 22.2 30 440d 15 220d 94 000 3 770 (25)
13 2bb 9 50 toluene 1.75 5.2 20 600 11 780 28 800 5 440 (5.3)
Reaction temperature: room temp. (entries 1 to 4), 70 °C (entries 5 to 13). Total volume of water and/or organic solvent: 100 mL.
a Determined vs. polystyrene (entry 1 to 4) resp. linear polyethylene (entry 5 to 13) standards. b Phosphine scavenger [Rh(CH2NCH2)2(acac)] (Ni+Rh
2+1). c Not determined. d Probably mass transfer limited.
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experiments, the water ligand of the cationic complex [(ArNNC-
(Me)C(Me)NNAr)PdMe(OH2)]+SbF6

2 (Ar = 2,6-iPr2C6H3)10

was found to be displaced completely upon addition of ethylene
in low temperature NMR experiments. This result implies that
in catalysis in aqueous media with cationic complexes of this
type no severe blocking of coordination sites by water should be
expected, in accordance with the above polymerization ex-
periments.

In ethylene polymerisation by a neutral Ni(II) complex with a
P,O ligand, introduction of a sulfonate substituent has been
reported to enhance formation of higher molecular weight
products (toluene as reaction medium).3c,d At the same time, the
sulfonate group affects water solubility. In order to produce
higher molecular weight polymer the absence of strongly
coordinating phosphine ligands is required.3d,11 For this reason
we have employed complex 2a,12,13 utilizing
[Rh(H2CNCH2)2(acac)] as a phosphine scavenger. For compar-
ison to water-soluble 2a with respect to aqueous polymerization
in the presence of a water-immiscible solvent (vide infra) the
novel complex 2b was prepared by oxidative addition of
4-MeC6H4C(O)C(SO3

2H33C16NMe3
+)NPPh3 to [Ni(cod)2] in

the presence of PPh3, or by addition to [Ni(PPh3)4].13

Introduction of the large H33C16NMe3
+ cation results in a strong

increase in lipophilicity: whereas 2a dissolves in the aqueous
phase upon addition of water to a toluene solution of the
complex, 2b remains in the organic phase.

The stability of C–C linkage catalysts based on Ni complexes
with anionic bidentate ligands towards protic media, including
water, had been noted early on by the original inventors.14

However, successful polymerization to afford higher molecular
weight products in water has not been reported, to the best of our
knowledge. The complex [{k2P,O-Ph2PC(Ph)NC(OEt)O}NiPh-
(PEt3)] (removal of PEt3 by phosphine scavengers) was
reported to be completely inactive for ethylene polymerization
in organic media in the presence of 1000 eq. water.3d,15 For this
reason, we were somewhat surprised to observe formation of
linear polyethylenes employing catalysts 2a and 2b in an
aqueous environment, utilizing only a small amount of water-
miscible (acetone) or -immiscible (toluene) organic solvent to
enable injection of the phosphine scavenger or the scavenger
and 2b, respectively (Table 1, entries 7 to 10). By comparison to
polymerization in neat toluene or acetone16 (entries 11 to 13),
polymer molecular weight is significantly reduced and pro-
ductivity is lowered in aqueous media. From the data presented,
no dramatic effect of water on chain transfer reactions is
evident, the lowering of polymer molecular weight also being
attributable to a slower chain growth (as reflected by the lower
productivity) caused by the lower solubility of ethylene in
water. Considering catalyst stability, comparison of entries 5 vs.
6 and 9 vs. 10 shows that the catalysts are still active for
polymerization after several hours in water. A preliminary
comparison of the hydrophilic 2a and the lipophilic 2b in the
multiphase system water/toluene/insoluble polymer (entries 8
and 9) reveals that phosphine abstraction from 2a is not
significantly hampered by the different solubilities of 2a and
[Rh(H2CNCH2)2(acac)].

Interestingly, when performing the Ni(II)-catalyzed polymer-
ization in the presence of ionic or non-ionic surfactants (SDS,
Triton X-100), stable polyethylene emulsions are obtained.
Typically, emulsions with particle sizes in the range of f 80 to
300 nm are obtained at a catalyst productivity of, e.g. 1300
mol(ethylene) per mol(Ni) (conditions of run 7, surfactant
added).

In conclusion, high molecular weight polymers can result
from the coordination polymerizaton of ethylene in water at
high catalyst activities. Branched or linear polymers are
accessible in water as a reaction medium.
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+). 31P (C6D6): d 38.3

[d, 2J(P,P) 272 Hz, NC(SO3
2)P], 21.0 [d, 2J(P,P) = 272 Hz, PPh3]. 2a

NMR (C6D6), 13C: d 187.9 (br, C–O), 101.2 [d, 1J(C,P) 42 Hz,
NC(SO3

2)P]. 31P: d 35.4 [d, 2J(P,P) 276 Hz, NC(SO3
2)P], 21.0 [d,

2J(P,P) 276 Hz, PPh3].
14 (a) R. Bauer, H. Chung, G. Cannell, W. Keim and H. van Zwet (Shell),

US Pat. 3637636, 1972. (b) R. Bauer, H. Chung, K. W. Barnett, P. W.
Glockner and W. Keim (Shell), US Pat. 3686159, 1972.

15 Polymerization in the presence of ‘up to 100 eq.’ of water/Ni for a
neutral nickel complex with a chelating N,O-ligand has recently been
claimed: D. A. Bansleben, S. Friedrich, T. R. Younkin, R. H. Grubbs, C.
Wang and R. T. Li (W. R. Grace), WO 98/42664, 1998.

16 The broad molecular weight distributions observed in entries 11 and 12
are in agreement with previous studies: ref. 3d.
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The chloride ion catalysed addition of SCl2 to TCNE gives
the dicyanomethylene-1,2,6-thiadiazine 3 as major product
together with two unexpected minor products, pyrimidine 4
and pyrroloimidazothiadiazine 5, whose X-ray crystal struc-
tures are described; the products are derived from inter-
action of SCl2 with one cyano group with neighbouring
group participation by two others.

1,2,6-Thiadiazines which are not oxidised on sulfur are rare.1
One notable exception is 3,5-dichloro-4H-1,2,6-thiadiazin-
4-one 1 which is readily prepared from dichlorodicyano-
methane and SCl2, followed by hydrolysis with formic acid; the
chlorines in 1 can be successively displaced by a range of

nucleophiles, the second requiring more vigorous conditions.2
We needed a large scale synthesis of the 3,5-diamino derivative
for incorporation into a conjugated polymer of type 2. Since the
displacement of the second chlorine of 1 by NH3 required sealed
tubes or pressure vessels, we decided to enhance the reactivity
of the chlorines by replacing the 4-keto group in 1 by
dicyanomethylene to give the monomer 3.

The dicyanomethylene compound 3 was not formed by
condensing the keto compound 1 with malononitrile, but it was
formed slowly in up to 60% yield by the addition of SCl2 to
TCNE catalysed by BnEt3NCl, in CH2Cl2 at room temperature
(Scheme 1). However the formation of 3 was accompanied by
the formation of two unexpected and puzzling minor products;
4,5,6-trichloropyrimidine-2-carbonitrile 4 (5%) and 4,8-di-
chloro-6,7-dicyanopyrrolo[1A,2A+1,2]imidazo[5,4-c][1,2,6]thia-
diazine 5 (5%). The dicyanomethylene compound 3 was
obtained as bright yellow flakes, mp 134–135 °C, the
pyrimidine 4 as colourless, volatile needles, mp 64.5–65 °C, and
the pyrroloimidazothiadiazine 5 as deep red needles or prisms,
mp > 245 °C with sublimation.

For the thiadiazinone 1, which is almost planar,3 Bird
calculated his aromaticity index IA to be 54,4 indicating a
modestly aromatic compound, cf. IA = 53 for furan and 100 for
benzene. The dicyanomethylene analogue 3, however, has a
distinctly non-planar, shallow boat conformation (Fig. 1).† In
all four independent molecules in the crystal the N(2)–S(1)–
N(6) and C(3)–C(4)–C(5) planes are inclined by ca. 25°,
thereby distancing the cyano groups from the bulky chloro
substituents. Whereas the two CNN bonds in the thiadiazine ring
have pronounced double bond character, the C(4)–C(7) linkage
is delocalised. Compound 3 has a slightly higher aromaticity
index (IA = 60) than 1, in spite of being less planar, presumably
because the more strongly electron withdrawing group in 3
allows greater contribution from dipolar resonance forms.

Compounds 4 (Fig. 2) and 5 (Fig. 3) are both planar and
delocalised, the latter being the first example of this (14p
aromatic) ring system. Crystals of 4 contain two independent
molecules which are planar to within 0.031 and 0.071 Å,
respectively. The molecules pack with the cyano group of one
directed into the p system of the other (Fig. 2), the shortest
N…ring centroid distance being 3.22 Å with a C·N…p angle of
171°. Two polymorphs of 5 were identified; both are mono-
clinic but one crystallises in a centrosymmetric space group
whereas the other is polar. The geometries of the two forms do
not differ significantly, being planar to within 0.066 (form 1)
and 0.117 Å (form 2), their tricyclic cores having maximum
deviations from planarity of only 0.019 and 0.023 Å re-
spectively (Fig. 3). There is distinct bond ordering in the
thiadiazine ring and also to a lesser degree in the imidazole,
whereas the terminal pyrrole exhibits delocalisation that

Scheme 1

Fig. 1 The molecular structure of 3. The average S–N, CNN and C(4)–C(7)
distances over the four independent molecules are 1.616(7), 1.272(10) and
1.367(10) Å, respectively.

Fig. 2 The molecular structure of 4.
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extends from C(8) to C(9) via N(11). Despite the differences in
packing, both polymorphs contain loosely linked tapes of
molecules formed by electrostatic N…Cl interactions.

The formation of 3, 4 and 5 from TCNE and SCl2 at room
temperature required the presence of chloride ions for a
significant rate of reaction; all are presumably initiated by
coordination of the electrophilic SCl2 to a cyanide nitrogen,
which activates nucleophilic addition of chloride. This process
can be repeated by addition of chloride to a geminal cyano
group (Scheme 1), and cyclisation to form the aromatic
thiadiazine 3, which was always the major product. The
mechanism of formation of the minor, rearranged, products is
much less obvious. However it is possible that a cis-vicinal
cyano group could also participate in the SCl2 reaction, with its
nitrogen now attacking carbon to form a five-membered ring as
shown in 6 (Scheme 2). Various examples of such neighbouring
group participation in the reactions of dicyanides with electro-
philic reagents have been reported.5 The intermediate 7, thus
formed, is highly electrophilic and would be subject to
successive, reversible attack by chloride ions, ultimately
displacing the cyano groups, via 8 and 9, to give the fully
chlorinated derivative 10. This could then undergo a Beck-
mann-type rearrangement with the developing carbocation
being captured by cyanide, in the anhydrous medium, to give
the observed pyrimidine 4. A related, classical, Beckmann
rearrangement has been observed in the conversion of analo-
gous azacyclopentadienone oximes into pyrimidones,6 and
Beckmann carbocation intermediates have been efficiently
intercepted by cyanide ions.7

Formation of 5 could arise by condensation of the major
product 3 and the intermediate 7. One of the chlorine atoms in
3 is very readily displaced by nucleophiles,8 and it would be
expected to react rapidly with the adducts of 7 and chloride ions,
such as 8. The amidine-like nitrogen of 8 would displace a
chlorine from 3 (Scheme 3) to give 11, which could collapse to
12 and finally aromatise to give 5. It is not known how the
dicyanomethylene and other substituents are lost from 12, but
one possibility is shown in Scheme 3. Other bis-nucleophiles
react with 3, displacing a chlorine and the dicyanomethylene to
give related polycyclic systems.8

Thus 3 has been prepared from TCNE and SCl2, but this
reaction is complicated by the involvement of geminal and
vicinal cyano groups, after the initial interaction. These
neighbouring group interactions lead to the formation of 3
(Scheme 1) or to new molecular rearrangements to give the
minor products 4 and 5 (Scheme 2 and 3).

We thank the EPSRC for a Research Studentship (P. A. K.)
and the Wolfson Foundation for establishing the Wolfson
Centre for Organic Chemistry in Medical Science at Imperial
College.

Notes and references
† Crystal data for 3: C6N4Cl2S, M = 231.1, orthorhombic, Pc21b (no. 29),
a = 10.474(6), b + 10.787(4), c = 31.348(10) Å, V = 3542(3) Å3, Z = 16
(four independent molecules), Dc = 1.733 g cm23, m(Mo-Ka) = 9.20
cm21, F(000) = 1824, T = 293 K; refined based on F, R = 0.045, Rw =
0.049, 2646 independent observed reflections [|Fo| > 4s(|Fo|), 2q @ 50°],
469 parameters. The polarity of the structure was determined by use of the
h parameter, which refined to a value of 20.1(6). For 4: C5N3Cl3, M =
208.4, monoclinic, P21/c (no. 14), a = 15.886(4), b = 6.994(2), c =
16.477(2) Å, b = 118.01(2)°, V = 1616.4(5) Å3, Z = 8 (two independent
molecules), Dc = 1.713 g cm23, m(Cu-Ka) = 97.4 cm21, F(000) = 816,
T = 293 K; refined based on F, R = 0.053, Rw = 0.055, 1318 independent
observed absorption corrected reflections [|Fo| > 4s(|Fo|), 2q@ 120°], 200
parameters. For 5 (form 1): C9N6Cl2S, M = 295.1, monoclinic, P21/c (no.
14), a = 7.876(2), b = 20.334(10), c = 7.167(2) Å, b = 108.88(2)°, V =
1086.0(7) Å3, Z = 4, Dc = 1.805 g cm23, m(Mo-Ka) = 7.77 cm21, F(000)
= 584, T = 293 K; refined based on F, R = 0.034, Rw = 0.037, 1470
independent observed reflections [|Fo| > 4s(Fo|), 2q @ 50°], 164
parameters. For 5 (form 2): C9N6Cl2S, M = 295.1, monoclinic, P21 (no. 4),
a = 6.303(7), b = 14.060(8), c = 6.466(5) Å, b = 105.08(2)°, V =
553.3(9) Å3, Z = 2, Dc = 1.771 g cm23, m(Mo-Ka) = 7.62 cm21, F(000)
= 292, T = 293 K; refined based on F, R = 0.061, Rw = 0.058, 1249
independent observed reflections [|Fo| > 4s(|Fo|), 2q @ 60°], 164
parameters. The polarity could not be assigned. CCDC 182/1524.

1 C. J. Moody, in Comprehensive Heterocyclic Chemistry, ed. A. R.
Katritzky and C. W. Rees, Pergamon, Oxford, 1984, vol. 3, p. 1039; R. K.
Smalley, in Comprehensive Heterocyclic Chemistry II, ed. A. R.
Katritzky, C. W. Rees and E. F. V. Scriven, Pergamon, Oxford, 1996, vol.
6, p. 695; R. E. Busby, Adv. Heterocycl. Chem., 1990, 50, 255.

2 J. Geevers and W. P. Trompen, Recl. Trav. Chim. Pays-Bas, 1974, 93,
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8 P. A. Koutentis and C. W. Rees, unpublished observations.

Communication a909307i

Fig. 3 The molecular structure of 5.

Scheme 2

Scheme 3

304 Chem. Commun., 2000, 303–304



Polymer-supported cobalt carbonyl complexes as novel solid-phase catalysts of
the Pauson–Khand reaction

Alex C. Comely,*a Susan E. Gibson (née Thomas)a and Neil J. Halesb

a Department of Chemistry, King’s College London, Strand, London, UK WC2R 2LS. E-mail: alex.comely@kcl.ac.uk
b AstraZeneca UK Ltd., Mereside, Alderley Park, Macclesfield, UK SK10 4TG

Received (in Liverpool, UK) 29th November 1999, Accepted 10th January 2000

Cobalt carbonyl complexes immobilised onto a ‘polymer-
bound triphenylphosphine’ solid support are effective and
practical catalysts of the Pauson–Khand reaction.

The synthesis of cyclopentenone derivatives via the cobalt
carbonyl-mediated annulation of an alkyne, an alkene and
carbon monoxide, the Pauson–Khand (P–K) reaction, was first
described in 1971.1 A synthetically very important process,2 the
P–K reaction is routinely applied using a stoichiometric amount
of the transition metal complex. Although the catalytic process
was reported as early as 1973,1b it was confined to the strained
reactive alkenes norbornene and norbornadiene.

Ensuing years saw little development of the catalytic P–K
reaction until a protocol developed by Rautenstrauch,3 albeit
one demanding extremely forcing conditions (310–360 bar
ethene/CO, 150 °C) to realise only moderate yields, inspired
several new approaches to catalysis. Promoters such as
1,2-dimethoxyethane or water have been investigated,4 the
addition of phosphites is shown to prevent inactive cluster
formation5 and the use of supercritical CO2 as a reaction
medium is described.6 Alternative sources of zero valent cobalt
[Co(acac)2/NaBH4

7 and (indenyl)Co(COD)8] and cobalt car-
bonyl clusters9 have also been employed. Although yields and
turnovers are excellent, these systems still suffer the require-
ment of high temperatures and pressures.

The current state-of-the-art can be attributed to Livinghouse
who in 1996 reported a photochemically driven process
requiring only mild temperatures (50–55 °C) and 1 atm CO.10 A
more recent report from the same group relates that careful
control of temperature to within a narrow window (60–70 °C)
dispenses with the need for photolytic promotion.11 Rigorous
purification of Co2(CO)8 in these systems can be obviated,
reports Krafft, by prior base washing of the glassware.12

Problems associated with the very labile Co2(CO)8, however,
have also spurred the development of stable cobalt–alkyne
catalyst precursors.13

Given our current interest in polymer-supported cobalt
complexes14 and increasing awareness of the environmental and
handling advantages conferred by such solid-phase method-
ologies,15 we decided to determine the viability of the catalytic
P–K reaction using immobilised cobalt carbonyls.† Our prelim-
inary investigations, which reveal for the first time that
polymer-supported cobalt complexes do indeed catalyse the P–
K reaction, are reported herein.

The cobalt carbonyl resins to be tested as catalyst precursors
were prepared as follows.14 Reaction of ‘polymer-bound
triphenylphosphine’ 1‡ with Co2(CO)8 in THF at room
temperature generated a resin-bound mixture of phosphine-
substituted cobalt carbonyl complexes 2 and 3 (ca. 1+1)
(Scheme 1). The purple resin, which is significantly more air-
stable than Co2(CO)8, was characterised on the basis of its IR
and 31P NMR spectra.14 Heating this resin at 75 °C in
1,4-dioxane cleanly converted it into a second form, assigned
the structure of the neutral bisphosphine 4 on the basis of its IR
and 31P NMR spectra.14 Resin 4, however, can be more
conveniently prepared directly from 1 and Co2(CO)8§ without
prior isolation of 2 + 3.

In light of the mild and very attractive conditions reported by
Livinghouse for the catalytic P–K reaction, and in particular the
thermal window identified between 60 and 70 °C,11 it was these
conditions which were used as the basis for our initial
experiments with the cobalt–carbonyl loaded resins.¶ At 65 °C
we were very encouraged by the observation that 5 mol% of
either precursor 2 + 3 or 4 effected a moderate conversion of
enyne substrate 517 to cyclopentenone 610 after 24 h in THF

under a 50 mbar overpressure of CO (Table 1, entries 1 and 2).
In preliminary steps to optimise the methodology, the first
parameter investigated was temperature. An increase to 70 °C
(Table 1, entries 3 and 4) resulted in a significant increase in
conversion for both catalyst precursors, the bisphosphine-
substituted complex 4 again proving to be the most effective

Scheme 1

Table 1 Conversion of substrates 5 and 7 into 6 and 8 respectively via the
catalytic Pauson–Khand reaction using cobalt resins 2 + 3 and 4¶

Entry

Catalyst
precursor
(5 mol%) T/°C Substrate Product

Yield (%)a

(isolated)

1 2 + 3 65 5 6 22
2 4 65 5 6 48
3 2 + 3 70 5 6 37
4 4 70 5 6 66 (61)
5 2 + 3 75 5 6 21
6 4 75 5 6 28
7 2 + 3 70 7 8 28
8 4 70 7 8 57 (49)
a Describes percentage conversion measured by 1H NMR spectroscopy.
Isolated yields are those obtained after flash column chromatography.
Products were characterised by comparison of their 1H, 13C and IR spectra
with the literature values (ref. 10).
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producing 66% conversion and 61% isolated yield of 6. The
consequence of a further 5 °C increase in temperature, however,
was a precipitous drop in conversion for both forms of the
catalyst alike (Table 1, entries 5 and 6).

A further substrate was subjected to our preliminarily
optimised conditions. Hence, enyne 710,18 was cyclised to
cyclopentenone 610 in a respectable 49% isolated yield, catalyst
precursor 4 again resulting in the highest conversion (Table 1,
entries 7 and 8).

In conclusion, we have shown for the first time that solid-
phase cobalt carbonyl complexes have significant potential as
catalysts of the P–K reaction. As with all supported catalysts, a
very simple work-up procedure is required: filtration of the
polymer-bound catalyst and concentration of the filtrate. A
further advantage conferred by the increased air-stability of the
immobilised cobalt complexes is ease of handling using readily
available laboratory equipment. Our results, together with the
environmental advantages of immobilising metal carbonyls on
a solid support, suggest that this new approach to the P–K
reaction is worthy of considerable further investigation.

The authors wish to thank AstraZeneca UK Ltd. for a
studentship (A. C. C.).

Notes and references
† Polymer-bound P–K substrates have been cyclised in the presence of
stoichiometric amounts of Co2(CO)8 (ref. 16).
‡ ‘Polymer-bound triphenylphosphine’ (commercially available from
Fluka, ~ 1.6 mmol P g21) describes a diphenylphosphino polystyrene
polymer crosslinked with 1% divinylbenzene.
§ The experimental procedure for the formation of 4 is as follows:
commercial polymer-bound triphenylphosphine (1 g, ~ 1.6 mmol P) was
suspended in oxygen-free anhydrous 1,4-dioxane (15 cm3) and allowed to
swell for 30 min under N2 agitation. A solution of commercial Co2(CO)8

complex (383 mg, 1.12 mmol) in anhydrous, deoxygenated 1,4-dioxane (5
cm3) was added under nitrogen agitation, the black mixture was left at room
temperature for 30 min and subsequently heated to 75 °C for 16 h. After
cooling, the resin beads were filtered, washed with alternate aliquots of THF
and Et2O until the filtrate became colourless, and dried in vacuo to afford
deep purple beads of 4 {1.15 g, 50% P site complexation, 0.35 ± 0.05 mmol
[Co2(CO)6] g21}.
¶ A general experimental for the catalytic P–K reaction is as follows: resin
4 {63 mg, 0.025 mmol [Co2(CO)6]} and substrate 5 (125 mg, 0.5 mmol)
were combined in a 10 cm3 round-bottomed flask fitted with a condenser.
The apparatus was thoroughly purged with CO and sealed under 1.05 bar
CO. CO-saturated THF (5 cm3) was added and the mixture was heated to 70
°C for 24 h. Filtration of the pale brown mixture, thorough washing of the

polymer beads with alternate aliquots of THF and Et2O, and concentration
of the combined filtrates in vacuo afforded cyclopentenone 6 [66%
conversion by 1H NMR spectroscopy; 85 mg, 61% isolated by flash
chromatography (SiO2, EtOAc–light petroleum, 2+8 to 4+6 gradient
elution), 0.31 mmol].
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The convergent synthesis of the apoptolidin macrocyclic
core is described.

Apoptolidin (1) is a recently discovered natural product
possessing impressive biological properties, including the

selective induction of apoptosis in rat glia cells transfected with
adenovirus E1A oncogene1 in the presence of normal cells.2
Originally isolated from cultures of Nocardiopsis sp by
Hayakawa and co-workers in 1997,3 this compound possesses a
novel molecular architecture whose central domain consists of
a 20-membered macrocyclic lactone containing independent
conjugated triene and diene systems. Because of its important
biological activity and novel molecular features, apoptolidin (1)
was deemed a prime target for total synthesis. Herein we report
a convergent construction of the apoptolidin macrocyclic core
(2) demonstrating a potential strategy for an eventual total
synthesis of the natural product.

In developing a synthetic strategy to access 2 (Scheme 1), we
envisaged union of key intermediates 3 and 4 via a Stille
coupling reaction4 followed by a Yamaguchi type macro-
lactonization5 process as a means to construct the 20-membered
macrocycle. Based on the expected conformational rigidity that
would be conferred to the backbone of the seco, open-chain
precursor of this macrocyclic system by the series of its double
bonds, we hypothesize that C1–C19 lactonization would be
highly preferred over C1–C16 or C1–C9 ring closures. To test
this hypothesis, the synthetic strategy was tailored so that all
three hydroxy groups (at C9, C16 and C19) would be free from
protection prior to lactonization. The successful execution of
this strategy is described below.

The construction of the C1–C11 fragment 3 began with 5 and
proceeded as shown in Scheme 2. Thus, the known 56 was
treated with Brown’s cis-crotylborane [(+)-Ipc2B(cis-crotyl)]7

to furnish 6 (82% yield), which was readily protected as a TBS

ether (TBSOTf, 2,6-lutidine) to afford 7 (97% yield). Ozono-
lytic cleavage of the terminal olefin in 7 afforded 8, which
reacted with Ph3PNC(CH3)CO2Et (toluene, 100 °C) to afford 9
in 90% yield after chromatography. Reduction of this inter-
mediate using DIBAL-H (90% yield) followed by oxidation
(NMO/TPAP) afforded 11 via 10. Subsequent homologation
employing a Horner–Wadsworth–Emmons reaction8

[(EtO)2P(NO)–CH(CH3)CO2Et, NaH] provided 12 in 90%
overall yield from 10. After reduction of the ester moiety in 12
(DIBAL-H, 89%) and TBAF-mediated removal of both silyl
protecting groups (98% yield), it was found that upon exposure
of the resulting diol 14 to MnO2 in dilute CCl4 solution, the
primary hydroxy group was selectively oxidized to afford 15 in
97% yield. Use of a second Horner–Wadsworth–Emmons
olefination [(EtO)2P(NO)–CH(CH3)CO2TMSE, NaH, THF]
provided the desired all-trans 16 in 65% yield. In the final
transformation, Pd0-catalyzed hydrostannation [Bu3SnH,
Pd(Ph3P)2Cl2 cat., THF]9 provided a 4+1 mixture of b-(E) and
a-regioisomers, which were separated chromatographically to
afford the desired [b-(E)] vinylstannane 3 in 69% yield.

The synthesis of the C12–C19 fragment (4) commenced with
PMB protection (PMBCl, NaH, 90%) of the commercially
available (S)-glycidol (17) leading to 18 (Scheme 3). Addition

Scheme 1

Scheme 2 Reagents and conditions: (a) (Z)-(+)-crotyldiisopinocam-
pheylborane (2.5 equiv.), THF, 278 °C; then NaBO3·4H2O (15 equiv.),
THF–H2O (1+1), 25 °C, 12 h, 82%; (b) TBSOTf (1.5 equiv.), 2,6-lutidine
(2.0 equiv.), CH2Cl2, 0 ? 25 °C, 12 h, 97%; (c) O3, Sudan red 7B (0.02
equiv.), CH2Cl2, 278 °C; then PPh3 (1.5 equiv.), 278 ? 25 °C, 12 h; (d)
Ph3PNC(CH3)CO2Et (10.0 equiv.), toluene, 100 °C, 12 h, 90% for 2 steps;
(e) DIBAL-H (2.5 equiv.), 278 °C, 2 h, 90%; (f) TPAP (0.05 equiv.), NMO
(6.0 equiv.), 4 Å MS, CH2Cl2, 25 °C, 30 min; (g) NaH (5.0 equiv.),
(EtO)2P(NO)CH(CH3)CO2Et (5.0 equiv.), THF, 0 ? 25 °C, 1 h, 81% for 2
steps; (h) DIBAL-H (2.5 equiv.), 278 °C, 2 h, 89%; (i) TBAF (3.0 equiv.),
THF, 0 ? 25 °C, 1 h, 98%; (j) MnO2 (20 equiv.), CCl4, 25 °C, 3 h, 97%;
(k) NaH (6.0 equiv.), (EtO)2P(NO)CH(CH3)CO2TMSE (6.0 equiv.), THF, 0
? 25 °C, 5 h, 65%; (l) Bu3SnH (4.0 equiv.). PdCl2(PPh3)2 (0.05 equiv.),
THF, 0 °C, 30 min, 69%. TPAP = Pr4NRuO4.
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of allenylmagnesium bromide10 to 18 gave the desired hex-
5-yne-1,2-diol (19) in 90% yield. Silylation of the free hydroxy
group in 19 with TBSOTf–2,6-lutidine followed by methylation
of the terminal alkyne (BuLi, McI) afforded 21 in 95% yield.
Subsequent removal of the PMB group from 21 in the presence
of DDQ in CH2Cl2–H2O (18+1) (97% yield) followed by
TPAP–NMO mediated oxidation of the resulting alcohol 22
readily provided 23 (90% yield). Exposure of 23 to b-
(+)-allyldiisopinocampheylborane according to Brown et al.11

furnished a mixture of diastereomeric alcohols (ca. 10+1 ratio,
85% combined yield) from which the major and desired isomer
(24) was isolated chromatographically. Methylation of the
hydroxy group (MeOTf, 2,6-di-tert-butyl-4-methylpyridine,
40 °C, 85% yield)12 in 24 furnished 25 whose terminal olefin
underwent stereoselective dihydroxylation in the presence of
AD-mix-a13 to provide 26 together with its (minor) diastereoi-
somer (ca. 6+1 ratio) in 85% combined yield. The two
diastereoisomers could not be easily separated chromato-
graphically at this stage, but after protection of the primary
hydroxy group as a benzyl ether (Bu2SnO, BnBr, toluene),14 the
desired diastereoisomer 27 was readily isolated by flash
chromatography. Subsequent protection of the secondary
hydroxy group of 27 as a TBS ether (TBSOTf, 2,6-lutidine,
97%) followed by hydrozirconation–iodonation (Cp2ZHCl,
THF, 50 °C; then I2, 215 °C) generated the key intermediate 4
(65% overall yield) via 28.

With both key intermediates 3 and 4 in hand, the stage was set
for the crucial coupling and macrolactonization steps (see
Scheme 4). Thus, upon treatment with catalytic amounts of
Pd(CH3CN)2Cl2 (0.05 equiv.) in DMF, 3 and 4 readily coupled
to afford 29 in 60% yield. Subsequent exposure of 29 to TBAF
resulted in concomitant removal of all three silyl protecting
groups furnishing 30 in 80% yield. Finally, Yamaguchi
macrolactonization of seco-acid 30 (2,4,6-trichlorobenzoyl
chloride, DMAP, Et3N) resulted in the ring-selective formation
of macrocyclic core 2† in 60% yield.

The described chemistry demonstrates the feasibility of the
present strategy for the chemical synthesis of apoptolidin-like

compounds for biological screening purposes and paves the way
for an eventual total synthesis of apoptolidin itself. Alternative
strategies towards this macrocycle, including a palladium(0)-
catalysed coupling to form the C11–C12 single bond and an
olefin metathesis approach to form the C10–C11 double bond of
the construct are in progress.

We thank Drs G. Siuzdak and D. H. Huang for mass
spectrometric and NMR assistance, respectively. This work was
financially supported by The Skaggs Institute for Chemical
Biology, the National Institutes of Health (USA), a Feodor
Lynen Fellowship of the Alexander von Humboldt Stiftung (to
B. W.) and grants from Abbott, Amgen, Boehringer-Ingelheim,
Glaxo-Wellcome, Hoffmann-La Roche, Dupont, Merck, No-
vartis, Pfizer, Schering Plough, and Bristol-Myers Squibb.
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Scheme 3 Reagents and conditions: (a) PMBCl (2.0 equiv.), NaH (2.0
equiv.), Bu4N+I2 (2.0 equiv.), DMF, 0 ? 25 °C, 1 h, 90%; (b)
Allenylmagnesium bromide (1.25 equiv.), Et2O, 278 ? 25 °C, 1 h, 90%;
(c) TBSOTf (2.5 equiv.), 2,6-lutidine (4.0 equiv.), CH2Cl2, 0 ? 25 °C,
97%; (d) BuLi (2.0 equiv.), MeI (5.0 equiv.), THF, 278 ? 25 °C, 2 h, 95%;
(e) DDQ (2.0 equiv.), CH2Cl2–H2O (18+1), 0 ? 25 °C, 97%; (f) TPAP
(0.05 equiv.), NMO (6.0 equiv.), 4 Å MS, CH2Cl2, 0 ? 25 °C, 2 h, 90%; (g)
B-(+)-allyldiisopinocampheylborane (4.0 equiv.), Et2O, 2100 °C, 1 h; then
NaBO3·4H2O (15 equiv.), THF–H2O (1+1), 25 °C, 12 h, 85%, 24:
diastereoisomer ca. 10+1; h) MeOTf (3.0 equiv.), 2,6-di-tert-butyl-
4-methylpyridine (5.0 equiv.), CH2Cl2, 40 °C, 24 h, 85%; (i) K3Fe(CN)6

(3.0 equiv.), K2CO3 (3.0 equiv.), (DHQ)2-PYR (0.02 equiv.), OsO4 (0.01
equiv. 2.5 wt% in ButOH), ButOH–H2O (1+1), 0 °C, 12 h, 85%, 26:
diastereoisomer ca. 6+1; (j) Bu2SnO (1.1 equiv.), toluene, 110 °C, 12 h; then
BnBr (1.2 equiv.), Bu4N+I2 (1.5 equiv.), toluene, 80 °C, 2 h, 85%; (k)
TBSOTf (2.5 equiv.), 2,6-lutidine (4.0 equiv.), CH2Cl2, 0 ? 25 °C, 97%; (l)
Cp2ZrHCl (2.0 equiv.), THF, 50 °C, 2 h; then I2 (2.0 equiv.), THF, 215 ?
25 °C, 0.5 h, 65%. (DHQ)2-PYR = 2,5-diphenyl-4,6-bis(9-O-dihy-
droquinyl)pyrimidine.

Scheme 4 Reagents and conditions: (a) Pd(CH3CN)2Cl2 (0.05 equiv.),
DMF, 25 °C, 48 h, 60%; (b) TBAF (6.0 equiv.), THF, 25 °C, 12 h, 80%; (c)
Et3N (6.0 equiv.), 2,4,6-trichlorobenzoyl chloride (1.5 equiv.), THF, 1.5 h,
0 °C; then 4-DMAP (5.0 equiv.), benzene, 25 °C, 1 h, 60%.
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Deuterium labelling and 2H NMR mapping demonstrate
that cyclooctyl and cyclodecyl mesylates in aqueous EtOH
exhibit greatly enhanced or exclusive levels of 1,5-hydride
shift, provided a Me3Sn group is b to the migrating
hydrogen, and after tin group loss from the formal b-stannyl
cation, results in regiospecific, transannular alkene forma-
tion.

Recently we have described how suitably located Group 14
centred substituents (e.g. Me3Si, Me3Sn) may regulate trans-
formations of medium-ring epoxides and mesylates.1 Although
1,5-H shift occurs to the extent of ca. 50% in solvolysis of
cyclooctyl mesylate,1,2 this phenomenon is essentially com-
pletely suppressed in cis- and trans-5-mesyloxycyclooctyl-
trimethylstannanes 1 and is attributable to the relatively
unfavourable nature of the a-stannyl cation 2.1 Nor do
1,4-hydride shifts compete in these systems, despite the
generation of a formal b-stannyl cation intermediate 3. Other
pathways intervene.1 However, there would be justifiable
anticipation that in the 4-mesyloxycyclooctyl- and 6-mesylox-
ycyclodecyltrimethylstannanes 4 and 5 transannular hydride
migration would be especially facile if the ‘b-stannyl effect’3

can operate to stabilise intermediates resembling 3 and 6, as
stable ion data4 require that cyclooctyl and cyclodecyl cations
possess the 1,5-m-hydrido bridged stuctures (Scheme 1). This
proposition is now verified. cis-Cyclooctane-1,4-diol 75 was
processed as shown below (Scheme 2) to provide trans- and cis-
4-hydroxycyclooctyltrimethylstannanes 8 and 9, respectively,
and the corresponding 4-2H1-isotopomers 8a and 9a.6

All stereochemically validated cases of stannyl anion dis-
placement of sulfonate ester groups proceed with inversion of
configuration at carbon,1,7 and on this basis, cis-diol 7 provides
trans-stannyl alcohol 8. The similar patterns of 13C chemical
shifts, through-bond 119Sn–13C coupling constants (especially
3JSn–C)8 and certain 1H chemical shifts for 8 and 9 indicate that
the chair–chair (10) and boat–chair (11) conformations are
important for the trans (8) and cis stannanes (9), respectively.

The behaviour of the mesylates from 8, 8a, 9 and 9a in 75%
EtOH–H2O, buffered with 2,6-lutidine, was examined and the

product profiles and 2H location were determined by a
combination of 1H, 2H and 13C NMR spectroscopy of (total)
product solutions, combined GC-MS analyses and comparisons
with the spectra of authentic compounds. This data is sum-
marised in Scheme 3.

trans-Mesylates from 8 or 8a afforded very predominantly
(E)-cyclooctene 12, whereas cis-mesylates provided almost
exclusively (Z)-cyclooctene 13 and very little Me3Sn-contain-
ing products 14. The 2H NMR spectra of the cyclooctenes 12
and 13 from the labelled mesylates (from 8a and 9a) each

Scheme 1

Scheme 2 Reagents and conditions: i, dihydropyran, TsOH, CH2Cl2, 52%;
ii, MsCl, Et3N, CH2Cl2, 93%; iii, Me3SnLi, THF, 84%; iv, TsOH, MeOH,
89%; v, tetrapropylammonium perruthenate, NMO, CH2Cl2, 77%; vi,
LiAlH4, Et2O, 91%; vii, LiAlD4, Et2O, 93%; viii, HPLC.

Scheme 3 Reagents and conditions: i, 75% EtOH–H2O, 2,6-lutidine,
300 K.
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consisted of a single, sharp high-field resonance at d 1.42 for
labelled (Z)-cyclooctene 13 and at d 1.72 for (E)-cyclooctene
12, confirming exclusive location of the label on a methylene
carbon. Because we had already assigned the 13C NMR spectra
of a number of specifically 2H-labelled (Z)- and (E)-cyclooc-
tenes,9 we were able to establish from the 13C NMR spectra of
the product that only 5-2H1-(Z)-cyclooctene 13 formed from 9a
and (as a minor product) from 8a and only one diastereomer of
12 from labelled trans-mesylate 8a.

Hence the H-shift was complete and regiospecific in a
1,5-sense, and diastereospecific in the formation of 12, which
incorporates two stereogenic features. Furthermore, there is a
substantial difference in the chemical shifts of the ‘inside’ and
‘outside’ protons on C-5 in the rigid (E)-cyclooctene systems10

(see 15) (d 0.82 and 1.41;11 d 0.7 and 1.712) that reflects the
influence of the double bond. Deuterium is located only at an
‘outside’ position in 12 (d 1.7) and this specificity appears to
require that there is a nexus, perhaps weak, between ionisation
and the 1,5-hydride shift. Consideration of the likely conforma-
tions 10 and 11 for the stannanes and likely distortions as
ionisation proceeds, indicates a favourable pseudo-antiper-
iplanar disposition of the migrating C–H bond and b-Sn–C bond
is accessible and meets the proximity and trajectory require-
ments of the migration.
b-Trimethylstannyl enhanced 1,5-H shifts have also been

observed in similar reactions of the 2H-labelled trans- and cis-
6-mesyloxycyclodecyltrimethylstannanes 17 and 18, which
were acquired from trans-cyclodecane-1,6-diol13,14 in the way
summarised in Scheme 2 for the 1,4-cyclooctyl system.

For 1-2H1-cyclodecylmesylate 16 the major products
( ~ 90%) were the (E) and (Z) cyclodecenes with about 67% of
the 2H label on the double bond (d 5.3–5.4) representing
unrearranged products, with ca. 20% corresponding to rear-
ranged transannular product (d 1.26).15,16 However, the trans-
stannane 17 also provided largely cyclodecenes ( ~ 80%) but
now the majority of the label ( ~ 75%) is located transannularly
(d 1.26), confirming considerably enhanced 1,5-H migration.
[Small amounts of both cis and trans decalins also form (d 1.55
and 0.76, corresponding to bridgehead absorption)]. The
labelled cis-mesylate 18 also provides cyclodecenes that are
substantially rearranged (d 1.33, 65–70%), in addition to cis-
decalin ( ~ 20%, d 1.54) which may result from ‘back-lobe’
bond formation, as proposed for the exclusive formation of cis-
bicyclo[3.3.0]octane from cis-5-mesyloxycyclooctyltrimethyl-
stannane.1

For a variety of alkyl and stannyl substituted cyclooctyl
sulfonate esters, and for the stannyl substituted cyclodecylme-
sylates, relative to the parent system,17 there is a narrow rate
spread within each system, despite substantial variations in the
levels of associated transannular hydride shift.1,18 This fact,
along with values for a-secondary 2H-isotope effects,19 implies

that hydride shift lags behind primary ionisation. The present
results confirm that 1,5- and not 1,6-H shifts are generally
operative in cyclooctyl and cyclodecyl systems and are strongly
promoted by a b-Me3Sn group. These results and those from
cyclononyl systems will be discussed in full at a later date, but
demonstrate that Me3Sn-driven transannular functionalization
is facile and regiospecific.

The authors are grateful to the Australian Research Council
for financial support.
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Both possible [1,3]-B sigmatropic shifts are observed in the
title compound; benzylic rearrangement to position 9 is
much faster than allylic migration to position 3.

Twenty years ago Butcher and Pagni argued that the phenalenyl
ring system is an excellent choice for the exploration of
fluxionality in its organometallic derivatives.1 However, the
trimethylsilyl and trimethylstannyl compounds prepared in their
work were non-fluxional on the NMR time scale at tem-
peratures up to 185 °C.1 Due to orbital restrictions, both silicon2

and tin3–5 prefer to rearrange via [1,5]- or [1,9]-migration
pathways (thermal [1,3]-Si shifts have very high activation
barriers6,7 and known [1,3]-Sn rearrangements are inter-
molecular).3,4,8 However, there is only one possibility of
intramolecular [1,5]-M migration in a molecule of mono-
substituted phenalene, i.e. non-degenerate rearrangement to the
central position. This is difficult to observe due to the obvious
relative instability of the corresponding isomer.

On the other hand, introducing a [1,3]-migrating substituent
into position 1 of phenalene provides the first example of a
molecule where two different [1,3]-sigmatropic migrations may
occur. Being interested in the regularities of the sigmatropic
migrations of BR2 groups,9 which often migrate by the [1,3]-B
shift mechanism,10–14 we have synthesized a phenalenyl
derivative of boron and studied its fluxional behaviour.

1-Phenalenyl(dipropyl)borane 1 was prepared by the reaction
of phenalenyllithium 21 with chloro(dipropyl)borane in pen-
tane. Borane 1 is a light-yellow extremely air- and moisture-
sensitive oil. It has only limited thermal stability that retards its
purification. We failed to distil borane 1 and used samples of
approximately 95% purity (main admixture is phenalene),
obtained after evacuation of volatile products in vacuum, for the
NMR studies.

Assignment of signals in the 1H and 13C NMR spectra of 1
was carried out by standard homo- and heteronuclear 2D
chemical shift correlation techniques. The signal of H9 in the 1H
NMR spectrum was distinguished from H4 by its long-range
coupling with H1 [4J(H1–H9) = 1.1 Hz, confirmed by double
resonance].

The NMR spectra of 1 show reversible temperature depend-
ence and are not affected by changes in concentration.
Therefore, intramolecular rearrangements take place in 1. The
mechanism of these was elucidated by 2D 1H–1H EXSY
(exchange spectroscopy) NMR experiments. Fig. 1 shows the
chemical exchange NMR spectrum of 1 taken at 298 K. Four
exchange cross-peaks observed in this spectrum unequivocally
prove the mechanism of [1,3]-B sigmatropic migrations from
position 1 to position 9 of the phenalene ring. The 2D EXSY
experiments carried out at higher temperatures also show cross-
peaks of lower intensity, corresponding to the second possible
degenerate [1,3]-B migration from position 1 to position 3 (Fig.
2, Scheme 1). Thus, both [1,3]-B shifts are observed in 1, but
their rates differ significantly.

The kinetics of the [1,3]9-sigmatropic migrations of the
dipropylboryl group in 1 were measured from a series of 2D 1H
EXSY spectra recorded in the temperature interval 290–318 K.
At this temperature, the second dynamic process does not
manifest itself in the EXSY spectra at short mixing times (tm)
and therefore, may be neglected. Rate constants were obtained

from eqn. (1),15 where IAA and IBB are the intensities of the
diagonal peaks and IAB and IBA are the intensities of the cross-
peaks. Rate constants and activation parameters so obtained,
derived by Arrhenius and Eyring treatments of the kinetic data,
are listed in Table 1.

Fig. 1 2D 1H–1H EXSY spectrum (400 MHz, benzene-d6) of dipropyl(phe-
nalenyl)borane 1 at 298 K with a mixing time of 0.5 s.

Fig. 2 2D 1H–1H EXSY spectrum (400 MHz, benzene-d6) of dipropyl(phe-
nalenyl)borane 1 at 313 K with a mixing time of 0.5 s.

This journal is © The Royal Society of Chemistry 2000
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The kinetic analysis of simultaneous dynamic processes is
possible via matrix analysis.15 However, in the present case this
approach is complicated by a considerable difference in the
rates of the two borotropic migrations and the overlap of some
diagonal and cross-peaks. Approximate evaluation of the
available data shows that the [1,3]3-borotropic migration in 1 at
323 K is about 10 times slower the [1,3]9-B shift.

Either of two [1,3]-B shifts in isolation is spatially fixed to
one allylic or benzylic fragment of 1. However, the combination
of both results in the possibility for the dipropylboryl group to
wander around the whole molecule. This is experimentally
illustrated by difference SST (spin saturation transfer) 1H NMR
spectra (Fig. 3). Irradiation of the H1 signal leads to a decrease
in the intensities of all signals due to a-protons in 1 (Fig. 3a).
Similarly, irradiation of H2 shows that it is in exchange with
both remaining b-protons, H5 and H8 (Fig. 3b).

Since the configurations of the starting compounds and the
product are equal for both observed rearrangements,16 the
difference in the activation barriers is exactly the difference in
the energies of the corresponding transition states (TS).
Therefore, one can conclude that the spatial arrangement of the
allylic fragment A is much nearer in configuration to the TS
than that of B (Scheme 2). This conclusion is in agreement with
computational results for the [1,3]-B shift.17

Thus, we have observed for the first time two different
[1,3]-B sigmatropic shifts in one molecule, viz. phenalenyl(di-
propyl)borane. Further studies on the fluxional behaviour of
organometallic derivatives of phenalene are underway in our
laboratory.
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Scheme 1 Two possible borotropic migrations in 1.

Table 1 Kinetic data and activation parameters for the [1,3]-B shift in
borane 1

T/K k/s–1 tm/s

290 0.95 0.500 EA = 19.1 ± 0.4 kcal mol–1

295 1.41 0.300 ln A = 33.0 ± 0.7
298 1.97 0.200 DH‡

298 = 16.6 ± 0.2 kcal mol–1

303 3.33 0.050 DS‡
298 = 5.0 ± 0.1 cal mol–1 K–1

308 6.06 0.050 DG‡
298 = 15.1 ± 0.2 kcal mol–1

313 9.86 0.025
318 14.80 0.010

Fig. 3 Difference 1H SST NMR spectra of borane 1 (400 MHz, benzene-d6,
313 K): (a) irradiation of H1; (b) irradiation of H2.

Scheme 2 Schematic representation of the geometries of allylic fragments
for [1,3]9-B (A) and [1,3]3-B (B) shifts in 1.
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A new class of porphyrin containing hyperbranched poly-
mers has been prepared via proton-transfer polymerisation
utilising an A2 + B3 approach, thus providing an accelerated
entry into the construction of branched multiporphyrin
architectures.

In recent years, significant effort has been made to prepare and
study covalently linked multiporphyrin arrays1 due to their
promising role in artificial photosynthesis.2 The incorporation
of porphyrin units into the framework of a dendrimer3 is of
special interest since the dendritic architecture allows for
maximum interactions between the chromophores, a necessary
condition for efficient energy and electron transfer processes.
However, access to such multiporphyrin compounds represents
a difficult synthetic challenge, thus only low generation
dendritic porphyrins  have been prepared to date.1,4

We report on an alternative approach to the construction of
branched multiporphyrin architectures that takes advantage of
the rapid one pot synthesis used for generating hyperbranched
polymers.5 This approach is based on our recent work in proton
transfer polymerisation6 that used an A2 + B3 route for the
preparation of hyperbranched aliphatic polyethers.7 The system
described herein is designed following similar principles. In this
case, bisphenolic porphyrin 1 serves as the A2 monomer and the
aliphatic trisepoxide 28 serves as the B3 monomer (Scheme
1).

Initiation of the polymerisation is expected to proceed via
deprotonation of the phenol by the base catalyst. This should be
followed by ring opening of an epoxide substituent by the
nucleophilic phenoxide. Regeneration of phenoxide should then
occur by an efficient proton transfer from a different phenol to
the formed secondary alkoxide.7 This process leads to a highly
branched polyether architecture incorporating multiple por-
phyrin units.9 It was envisaged that the formed polymer chain in
the ortho-position of the meso-phenyl substituents would lead to
good solubility by decreasing the porphyrin–porphyrin stacking
interactions. The metalated derivative, e.g. zinc complex, was
chosen to prevent participation of the pyrrole hydrogens in the
proton transfer event.

The asymmetric zinc porphyrin A2 monomer 1† is accessible
in gram quantities via a three step procedure in 10% overall
yield. The polymerisations employed equimolar ratios of the
monomers as a 0.2 M solution in THF at 60 °C using a catalytic
amount of base (25 mol% per phenolic group). The successful
incorporation of both monomers into the polymer backbone was
monitored by matrix assisted laser desorption ionisation time of
flight (MALDI-TOF) mass spectrometry (Fig. 1). Unfortu-
nately, ionisation of higher molecular weight material becomes
increasingly difficult by the MALDI technique. Therefore, gel
permeation chromatography (GPC)‡ was used as an additional
complementary method for MW analysis (Fig. 2). The kinetic
growth profile appeared as expected for a polycondensation
reaction (Fig. 2, inset).6,7 Upon reaching MW ~ 10 000,§ the
reaction was stopped by removing the heating source, and the
resulting polymer 3¶ was purified by precipitation into
methanol (THF–MeOH 1+50) giving rise to a fairly narrow
polydispersity (PD) of less than 2 (Fig. 2). Control over MW can
be achieved easily by variation of reaction time (typically a few

days). We reason that slow polymerisation is due to the high
dilution conditions made necessary by the relatively low

Scheme 1 Reagents and conditions: i, pyrrole, EtCO2H, PhNO2, 120 °C; ii,
BBr3, CH2Cl2, 0 °C to room temp.; iii, Zn(OAc)2, CHCl3–MeOH, reflux; iv,
KOBut, THF, heat.

Fig. 1 MALDI-TOF mass spectrum of the polymerisation mixture showing
the incorporation of the porphyrin (P) and epoxide (E) monomers. The
peaks at lower (higher) mass of each major peak correspond to the loss
(addition) of one epoxide unit.
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solubility of 1. Higher temperatures result in faster polymer
growth, as well as increased PD of the polymers. The polymers
were obtained as dark purple powders in 50–60% yields after
precipitation, and showed good solubility in a variety of
solvents such as CHCl3, THF and DMSO.

Initial photophysical studies revealed only slight changes in
the absorption behaviour of polymer 3 compared to monomer 1,
suggesting rather weak electronic coupling of the porphyrin
units (Fig. 3).10 However, a 30% decrease in fluorescence
intensity of 3 compared to 1 was observed (Fig. 3, inset). This
finding is attributed to an enhanced self-quenching of the
chromophores within the macromolecule, presumably by
cofacial interactions.

In summary, we have developed for the first time hyper-
branched polymers incorporating porphyrin chromophores. The
described methodology allows for the rapid synthesis of
multiporphyrin architectures facilitated by the ease of purifica-
tion, e.g. no chromatography, and it should be of general
applicability. Such polymers could serve as interesting materi-
als for a variety of photophysical and electrochemical studies as
well as for the construction of optoelectronic devices.11

Furthermore, structural modification of these polymers by
transmetalation or derivatisation of residual functional groups
should provide a diverse set of new materials.
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Fig. 2 GPC trace of polymer 3 after precipitation into MeOH (MW = 9900;
PDI = 1.9). The inset shows polymer growth as a function of time for a
polymerisation run at 60 °C.

Fig. 3 UV–VIS absorption spectra of monomer 1 (—) and polymer 3 (…)
in CHCl3. The inset shows the corrected fluorescence spectra in CHCl3 (lexc

= 420 nm).
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Alternate copolymerization of norbornadiene derivatives
with carbon monoxide is catalyzed by a rhodium complex
under water-gas shift reaction conditions selectively to give
unsaturated polyketones in high yields.

Polyketones are of current interest in terms of functional
materials exhibiting photo- and biodegradabilities as well as of
starting materials for other classes of functionalized polymers.1
As a useful method for the synthesis of polyketones, transition
metal-catalyzed copolymerization between an olefin and carbon
monoxide has been receiving much attention over the last few
decades. Among transition metals, mono- and dicationic
palladium complexes have predominantly been investigated
and developed as excellent catalysts for the perfectly alternating
copolymerization of olefins with carbon monoxide until
recently.2 The palladium catalytic system has also been
extended to the copolymerization of several dienes with carbon
monoxide, giving saturated poly(cyclic ketone)s.3 Some reports
described the copolymerization of norbornadiene with carbon
monoxide in the presence of palladium complexes.2a,4 but the
resulting copolymers were characterized to be a mixture of
structures A and B. Very recently, Novak and Safir have

described a palladium-catalyzed copolymerization of 2,3-sub-
stituted norbornadiene derivatives with carbon monoxide to
give alternating copolymers.5 Other than palladium complexes,
few effective catalysts are known for the copolymerization of
olefins with carbon monoxide,† although the copolymerization
of ethylene7 and arylallene8 with carbon monoxide catalyzed by
rhodium complexes has been reported. In the course of our
studies on the rhodium-catalyzed carbonylations of alkynes
under water-gas shift reaction conditions,9 we have now found
that norbornadiene and its derivatives can smoothly be
copolymerized with carbon monoxide. Here we report the first
rhodium-catalyzed copolymerization of norbornadiene and its
derivatives with carbon monoxide, producing perfectly alternat-
ing polyketones in which one of the two carbon–carbon double
bonds of norbornadiene remains intact [eqn. (1)]. The structure

has been characterized by chemical reactions as well as by
spectral analyses.

Thus, a mixture of 7-tert-butoxynorborna-2,5-diene 1a (5
mmol, 0.820 g), Rh6(CO)16 (0.015 mmol, 15 mg), triethylamine
(2 ml) and water (1 ml) in benzene (15 ml) was stirred in an
autoclave at 55 °C for 24 h under 100 atm of carbon monoxide.
After venting the gases from the autoclave at room temperature,
the reaction solution was poured into a large amount of
methanol (ca. 200 ml). Precipitates formed were collected by
filtration, washed several times with methanol, and dried in
vacuo at 50 °C overnight to give product 2a as a white powder
(0.883 g, 92% yield). Product 2a is soluble in a variety of
organic solvents such as acetone, chloroform, benzene and
THF, and the GPC analysis (polystyrene standards) indicated 2a
to be a polymer with a molecular weight of 24 500 and a narrow
molecular weight distribution (Mw/Mn = 1.38). In its IR
spectrum, polymer 2a showed a characteristic absorption at
1715 cm21 typical of the carbonyl groups of polyketones.4b,5

The weak absorption band at 1630 cm21 and the stronger band
at 3059 cm21 indicated the presence of a carbon–carbon double
bond.10 1H and 13C NMR (CDCl3) spectra of 2a exhibited broad
signals but a very simple pattern, suggesting that the copolymer
may have a regular structure. The 1H NMR spectrum showed
broad signals in the range 2.55–3.95 ppm, indicating that 2a
contains a ring structure and may be a copolymer of 1a with CO.
Furthermore, the 1H NMR spectrum revealed that the ratio of
olefinic protons to the other protons present in the copolymer is
consistent with that predicted on the basis of structure 2a,
suggesting that one of the two CNC bonds of norbornadiene
remains intact. Indeed, the 13C{1H} NMR spectrum exhibited a
signal at 132 ppm attributable to the CNC group and a carbonyl
resonance at 208 ppm. When the 13C{1H} NMR experiment
was performed using an NNE (Heterogated Decoupling without
Nuclear Overhauser Effect) pulse sequence, the spectrum
exhibited a ratio of sp2 to sp3 carbons for the norbornene units
consistent with the proposed structure for 2a, corresponding to
an alternating 1+1 copolymer of 1a with CO. Thermogravi-
metric analysis (TGA) revealed that 2a appeared to degrade by
a two-step process with a mass loss of 72% at the first
degradation step. This mass loss rate corresponds to the
theoretical value (C5H5OBut/C12H16O2 = 0.719) calculated for
the case where all of the tert-butoxycyclopentadiene moieties
(C5H5OBut)n of 2a are liberated by a retro-Diels–Alder
reaction.

In order to characterize further and prove the structure of 2a,
we tried to convert it into functionalized polymers. Since 2a has
one CNO group and one CNC bond in the repeat unit, it may be
easily modified chemically. Thus, as shown in eqn. (2),
treatment of 2a with an excess of bromine at room temperature
gave dibromide 3a in 84% yield. In the 1H NMR spectrum of 3a,
the signal due to the olefinic protons of 2a at 6.2 ppm
disappeared completely and a new signal appeared at higher
field around 4.5 ppm, while the IR spectrum showed that the
absorption at 1715 cm21 due to a carbonyl group remained,
indicating that the polyketone structure was not affected.‡ In
addition, the reaction of 2a with LiAlH4 in THF at 65 °C
selectively gave polyol 4a in 90% yield [eqn. (3)]. The IR
spectrum of 4a showed the disappearance of the CNO band at
1715 cm21 of polyketone 2a and the appearance of a new broad
band at 3395 cm21 attributable to a hydroxy group. The 13C
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NMR spectrum displayed the complete disappearance of the
carbonyl carbon at 208 ppm, and the 1H NMR spectrum is also
consistent with the structure of 4a.

Besides 7-tert-butoxynorborna-2,5-diene 1a, norbornadiene
and its derivatives smoothly reacted with carbon monoxide in
the presence of Rh6(CO)16 under the same reaction conditions
to give the corresponding copolymers in good yields. As shown
in eqn. (4), the reaction of norbornadiene 1b (R = H) gave

copolymer 2b which is almost insoluble in organic solvents.
The high-resolution solid-state 13C NMR (CPMAS) spectrum
of 2b suggested that 2b has the same structure as 2a.
7-Phenylnorbornadiene 1c (R = Ph), which was prepared by
treatment11 of 7-tert-butoxynorbornadiene with PhMgBr, also
reacted with carbon monoxide to give copolymer 2c in good
yield with a molecular weight of Mw = 9000 (Mw/Mn = 1.38).
Interestingly, 1,4-dihydro-9-isopropylidene-1,4-methano-
naphthalene 1d having a norbornadiene skeleton was copoly-
merized with carbon monoxide to give copolymer 2d with a
high molecular weight (Mw = 25 500) in a high yield [eqn. (5)].
In contrast to 1d, the reaction of 1e gave the corresponding
copolymer in good yield but with lower molecular weight (Mw
= 2570, Mw/Mn = 1.24). Similarly, 2,3-substituted norborna-
diene 1f gave copolymer 2f in 81% yield, but also with low
molecular weight (Mw = 2530, Mw/Mn = 1.20), as shown in
eqn. (6). Different electron densities on the CNC bonds of

monomers 1d, 1e and 1f could be considered to be a factor
affecting the chain growth of the copolymers. In the present
reaction system, the steric effect of the substituents on the
norbornadiene skeleton might be another factor.

It should be noted that the copolymerization did not occur in
the absence of water and amine, suggesting that the copoly-
merization could be catalyzed by an active rhodium species
formed from the reaction of rhodium carbonyl species with
water and amine.7d,9 Detailed investigations are now in
progress.

We thank Dr Kenji Wada, Kyoto University, for the
measurement of solid-state 13C NMR spectra, and are grateful
to the Material Analysis Center of ISIR, Osaka University, for
elemental analyses.
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N-Benzyl p-anisamide 6, on lithiation with ButLi in the
presence of HMPA, undergoes a stereoselective anionic
cyclisation with loss of aromaticity to give a bicyclic enone
which may be converted in nine steps to (±)-kainic acid.

We recently described1 the dearomatising cyclisation reaction
of lithiated N-benzyl benzamides 1 to give bicyclic cyclohexa-
dienes 2 and 3 (Scheme 1).2 The reaction is stereoselective,
creating three new stereogenic centres, and it is noticeable that
the pyrrolidine ring of the major product 2 has the relative
stereochemistry of kainic acid 4. (2)-Kainic acid3 4 was first
isolated in 1953 from the Japanese marine alga Digenea
simplex.4 It has diverse biological activity: as an anthelmintic,
D. simplex is a traditional remedy in which kainic acid is the
active component.5 Kainic acid is an extremely potent neuro-
excitor, binding specifically at the kainate receptor and leading
to specific neuronal death.6,7 Both the anthelmintic and
neuroexcitatory properties of kainic acid are dependent on the
cis C-3–C-4 relative stereochemistry: allokainic acid, the C-4
epimer, is inactive as an anthelmintic8 and has lower neuro-
excitatory activity than kainic acid.9

A number of syntheses of (2)-kainic acid10 and (±)-kainic
acid11 have been reported, several of which10g–k,p,s,11a achieve
control over the C-3–C-4 stereochemistry by forming these
substituents from a cyclic precursor. Our approach to (±)-kainic
acid, presented in Schemes 2 and 3, also uses this strategy,
exploiting the relative stereochemistry of the dearomatising
cyclisation reaction.

Acylation of cumylamine 512 with p-anisoyl chloride,
followed by alkylation of the secondary amide with benzyl
bromide, gave the cyclisation substrate 6. Tertiary N-sub-
stituents are necessary for good yields in the cyclisation step,
and our early studies had all used N-But amides. However, we
had considerable difficulty removing the tert-butyl group from
the cyclised products: we turned to the cumyl group for ease of
removal under acid conditions.13 The N-cumyl-N-benzyl amide
6 was lithiated with ButLi in the presence of HMPA, but the
more bulky group slowed the reaction considerably and the
cyclisation of 6 via 7 required 60 h at 240 °C to reach

completion. The initial product of the cyclisation was the
enolate 8, which was protonated to give the dienyl ether 9 as a
single regioisomer. This was hydrolysed in situ to the bicyclic

Scheme 1 Reagents and conditions: (a) ButLi (1.3 equiv.), HMPA (6
equiv.), THF, 278 °C, 16 h; (b) NH4Cl.

Scheme 2 Reagents and conditions: (a) p-anisoyl chloride, Et3N, CH2Cl2;
(b) NaH, DMF, BnBr, 18 h; (c) ButLi (2 equiv.), HMPA (12 equiv.), THF,
240 °C, 60 h; (d) NH4Cl; (e) THF, 1 M HCl (aq).

Scheme 3 Reagents and conditions: (a) Me2CuLi, Me3SiCl, THF, 278 °C,
1 h; (b) CF3CO2H, reflux, 6 h; (c) Boc2O, Et3N, DMAP, CH2Cl2, (d) NaIO4,
cat. RuCl2, 1+1 acetone–H2O; (e) Me3SiCHN2, PhH, MeOH; (f) MCPBA,
CH2Cl2; (g) NaOH (2.2 equiv.), MeOH, reflux, 2 h; (h) o-NO2C6H4SeCN,
Bu3P, THF, rt; (i) H2O2, Py, THF, 240 °C; (j) NaBH(OMe)3 (2 equiv.),
THF, reflux; (k) 10+1 CF3CO2H–H2O, reflux, 4 h.
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enone 10, whose pyrrolidinone ring has the relative stereo-
chemistry of kainic acid.

Lithium dimethyl cuprate, in the presence of trimethylsilyl
chloride, attacked solely the exo face of the enone 10: TFA
catalysed both hydrolysis of the product silyl enol ether and
removal of the cumyl group, and the lactam 11 was reprotected
as its Boc derivative 12.

The phenyl ring of 12 was oxidised with catalytic RuO4, and
we found that replacing the usual MeCN–CCl4–H2O system14

with 1+1 acetone–water considerably improved the rate of the
reaction. The carboxylic acid product was esterified with
trimethylsilyldiazomethane15 to give 13.

We used Baeyer–Villiger oxidation to cleave the cyclohex-
anone ring of 13 into the two portions required in the target:
remarkably, despite the fact that the ketone is almost identically
substituted on both sides, the oxidation was fully regioselective
and gave 14 with no trace of the other regioisomer. We
tentatively propose that the regioselectivity is a consequence of
the conformational preference of the intermediate peracid
adduct in the Baeyer–Villiger reaction. Attack of the peracid on
the exo-face of 13 gives 18, whose pseudo-axial methyl group

may favour a conformation with the breaking O–O bond
antiperiplanar to the C–C bond shown in bold, rather than the
C–C bond to the other side of the former ketone.

Seven-membered lactone 14 was converted to diester 15 by
hydrolysis with methanolic NaOH (slow addition of base
avoided cleavage of the Boc protecting group) and esterification
with trimethylsilyldiazomethane.15 The elimination of water to
give the isopropenyl group of 16 was achieved in one step by
direct formation of a selenide16 which was oxidised and
eliminated under mild conditions.

Sodium trimethoxyborohydride selectively reduced the lac-
tam carbonyl group of 16 in the presence of the two esters,17 and
wet trifluoroacetic acid both deprotected the amino group and
hydrolysed the esters of the product 17. The racemic product
(±)-4 was recrystallised from methanol and had spectroscopic
properties (1H and 13C NMR) identical with those of natural
kainic acid.

We are grateful to the Leverhulme Trust for a grant.

Notes and references
1 A. Ahmed, J. Clayden and S. A. Yasin, Chem. Commun., 1999, 231.
2 Dearomatising anionic cyclisations are also known in the naphthamide

series: A. Ahmed, J. Clayden and M. Rowley, Chem. Commun., 1998,
297; A. Ahmed, J. Clayden and M. Rowley, Tetrahedron Lett., 1998, 39,
6103; R. A. Bragg and J. Clayden, Tetrahedron Lett., 1999, 40, 8323;
Tetrahedron Lett., 1999, 40, 8327. There are reports of similar reactions

of aryl sulfones: J. K. Crandall and T. A. Ayers, J. Org. Chem., 1992, 57,
2993; A. Padwa, M. A. Filipkowski, D. N. Kline, S. S. Murphree and
P. E. Yeske, J. Org. Chem., 1993, 58, 2061.

3 For recent reviews, see A. F. Parsons, Tetrahedron, 1996, 52, 4149;
M. G. Moloney, Nat. Prod. Rep., 1998, 15, 206; 1999, 16, 485.

4 S. Murakami, T. Takemoto and Z. Shimizu, J. Pharm. Soc. Jpn., 1953,
73, 1026.

5 H. Watase, Y. Tomiie and I. Nitta, Nature (London), 1958, 181, 761.
6 E. G. McGeer, J. W. Olney and P. L. McGeer, Kainic Acid as a Tool in

Neurobiology, Raven Press, New York, 1978.
7 H. Shinozaki, in Excitatory Amino Acid Receptors. Design of Agonists

and Antagonists, ed. P. Krogsgaard-Larsen and J. J. Hansen, Ellis
Horwood, New York, 1992, p. 261.

8 S. Husinec, A. E. A. Porter, J. S. Roberts and C. H. Strachan, J. Chem.
Soc., Perkin Trans. 1, 1984, 2517.

9 J. J. Hansen and P. Krogsgaard-Larsen, Med. Res. Rev., 1990, 10, 55.
10 (a) W. Oppolzer and K. Thirring, J. Am. Chem. Soc., 1982, 104, 4978;

(b) J. Cooper, D. W. Knight and P. T. Gallagher, J. Chem. Soc., Chem.
Commun., 1987, 1220; (c) J. Cooper, D. W. Knight and P. T. Gallagher,
J. Chem. Soc., Perkin Trans. 1, 1992, 553; (d) J. E. Baldwin and C.-S.
Li, J. Chem. Soc., Chem. Commun., 1987, 166; (e) J. E. Baldwin, M. G.
Moloney and A. F. Parsons, Tetrahedron, 1990, 46, 7263; (f) S. Takano,
Y. Iwabuchi and K. Ogasawara, J. Chem. Soc., Chem. Commun., 1988,
1204; (g) S. Takano, T. Sugihara, S. Satoh and K. Ogasawara, J. Am.
Chem. Soc., 1988, 110, 6467; (h) N. Jeong, S.-E. Yoo, S. J. Lee, S. H.
Lee and Y. K. Chung, Tetrahedron Lett., 1991, 32, 2137; (i) S.-E. Yoo,
S.-H. Lee, N. Jeong and I. Cho, Tetrahedron Lett., 1993, 34, 3435; (j)
S.-E. Yoo and S.-H. Lee, J. Org. Chem., 1994, 59, 6968; (k) S. Takano,
K. Inomata and K. Ogasawara, J. Chem. Soc., Chem. Commun., 1992,
169; (l) A. Barco, S. Benetti, G. P. Pollini, G. Spalluto and V. Zanirato,
J. Chem. Soc., Chem. Commun., 1991, 390; (m) S. Hatakeyama, K.
Sugawara and S. Takano, J. Chem. Soc., Chem. Commun., 1993, 125;
(n) S. Hanessian and S. Ninkovic, J. Org. Chem., 1996, 61, 5418; (o) Y.
Nakada, T. Sugahara and K. Ogasawara, Tetrahedron Lett., 1997, 38,
857; (p) M. D. Bachi and A. Melman, J. Org. Chem., 1997, 62, 1896; (q)
O. Miyata, Y. Ozawa, I. Ninomiya and T. Naito, Synlett, 1997, 275; (r)
A. Rubio, J. Ezquerra, A. Escribano, M. J. Remuiñán and J. J. Vaquero,
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This feature article highlights the advantages of employing
[60]fullerene as a viable electron accepting building block in
novel donor acceptor systems. Different strategies that aim
towards improving charge separation in fullerene containing
systems are presented. This is accomplished, for example, via
utilisation of additional stabilisation forces of the radical pair
or, alternatively, diffusional splitting of the last mentioned.
Fine-tuning the topology of the electron donor moiety has been
shown to be a powerful means of influencing the relative
energies of the two states involved (e.g. the charge-separated
state vs. the singlet ground state). Remarkable effects concern-
ing the lifetime of the charge-separated radical pair were
observed, in particular, in systems that upon charge separation
led to a gain of aromaticity and planarity of the oxidised
fragment.

Introduction
In the photosynthetic reaction centre (PRC), a variety of short-
range electron transfer (ET) and energy transfer (ENT) events
occur between well-arranged organic pigments and other
cofactors. Thereby, charges are separated with remarkable
efficiency to yield a spatially and electronically well-isolated
radical pair and thus eliminate the energy-wasting back electron
transfer (BET). The arrangement of the donor–acceptor couples
in the PRC is accomplished via non-covalent incorporation into
a well-defined protein matrix.1

Owing to the importance and complexity of natural photo-
synthesis, the study thereof necessitates suitable simpler
models. The ultimate goal is to design and assemble synthetic
systems which can efficiently convert solar energy into useful
chemical energy. An important approach to PRC modelling has

been the covalent linking of a photoexcitable chromophore with
an electron acceptor or an electron donor. It is important to note
that in these artificial systems the organising property is the
covalent linkage between the redox active moieties.2

A number of factors have been systematically altered over the
past decades to overcome the difficulties encountered in the
early artificial, covalently linked donor-acceptor dyads:2 the
energies of the donor and acceptor molecules have been
adjusted to increase the rates of the forward ET and to slow
down the BET. Also, the electronic coupling between donor and
acceptor moieties has been tuned to alter ET rate constants in
favourable directions. The most important strategy, however,
focuses on the incorporation of secondary electron donor or
acceptor moieties into multicomponent arrays (triads, tetrads,
pentads etc.).

In the following contribution some noteworthy features are
summarised concerning [60]fullerene as a new, three-dimen-
sional electron acceptor unit in artificial reaction centres.
Additionally, different strategies are presented which aim
towards improving charge separation in fullerene containing
supermolecular (e.g. covalently linked) and supramolecular
(e.g. non-covalently linked) systems. It should be pointed out
that the highlighted systems are restricted to composites that
bear a single electron acceptor and a single electron donor
block. The key feature in these dyads relies on additional
stabilisation of the radical pair such as (i) a gain in aromaticity
and planarity of the electron donor, or (ii) a dissociation of the
charge-separated state. These effects are expected to result in
diminishing of the BET.

Small reorganisation energies of fullerenes
One of the most fascinating phenomena in the field of fullerene
chemistry is the small reorganisation energy associated with
almost all their reactions, especially in photoinduced electron
transfer (PET).3 This is an important requisite for the directional
control and also the efficiency of ET reactions, as illustrated by
the well-organised special pair (e.g. bacterial chlorophyll and
ubiquinone) in the photosynthetic reaction centre. The total
reorganisation energy (l) is the sum of a solvent-independent
term li and the solvent reorganisation energy ls.4 The li

contribution stems from the nuclear configurations, associated
with the transformation of the molecule, for instance, in a
photochemical reaction from an initial to a final state. It is
notable that the rigid structure of the fullerene core leads to
small Raman shifts under reductive conditions, and small
Stokes shifts in excitation experiments.5 A reasonable inter-
pretation for these observations is the structural similarity
between [60]fullerene in the ground, reduced and also excited
states. It is also believed that the solvent-dependent term (ls) is
small, thus requiring little energy for the adjustment of a
generated state (e.g. excited or reduced states) to the new
solvent environment.

These effects have fundamental consequences upon the
classical Marcus treatment of ET theory.4 The latter predicts an
increase in rate with increasing thermodynamic driving force in
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the ‘normal’ region up to a maximum value, where 2DG°
equals the reorganisation energy l. As the standard free energy
becomes more negative (2DG° > l) the ET rate decreases in
the ‘inverted’ region. Based on the small l value for fullerenes,
the maximum of the Marcus curve should be reached at smaller
2DG°, relative to two-dimensional electron acceptors, which in
general have less rigid structures and higher reorganisation
energies than three-dimensional fullerenes. This shifts the more
exothermic BET clearly into the Marcus ‘inverted’ region, far
from the thermodynamic maximum (-DG° = l) and inhibits the
undesired BET event. At the same time, the ‘normal’ region is
steeper, which leads to a notable acceleration of ET.

In conclusion, the ability of these three-dimensional carbon
allotropes to inhibit BET and still combine it with a fast forward
ET renders them as unique probes for inter- and intramolecular
ET studies. In addition, the low reduction potential of
[60]fullerene (E1/2 = 20.44 V vs. SCE) appears profitable for
their utilisation as novel electron acceptors or relays in
multicomponent donor acceptor systems.6

To illustrate the benefits of incorporating a fullerene rather
than a quinone acceptor, which has a similar reduction potential
but higher reorganisation energy, a fullerene-based porphyrin
dyad with a rigid spacer guaranteeing a fixed separation
between the two redoxactive moieties was compared with a
quinone-based porphyrin dyad. Remarkably, the fullerene-
based dyad gives rise to an accelerated ET ( ~ 6 times) and
decelerated BET process ( ~ 25 times) relative to the kinetics of
the corresponding quinone dyad.3a

Fullerene containing donor–bridge–acceptor
dyads
The covalent linkage of fullerenes to a number of interesting
electro- or photoactive species offers new opportunities in the
preparation of materials that may produce long-lived charge-
separated states in high quantum yields. Most importantly, the
covalent linkage eliminates diffusion as the rate determining ET
step and helps to enhance the transfer dynamics in donor
acceptor dyads. Consequently, the PET event is converted to a
truly intramolecular reaction controlled only by the activation
energy of the reaction. A fixed and short distance between the
two electroactive components prevents the undesired loss of
excitation energy via alternative radiation and radiationless
decay channels.

In this context various fullerene-based donor acceptor dyads,
encompassing the linkage of the fullerene core to different
donor moieties, ranging from ferrocene and aniline derivatives
to phenothiazine, have been reported in recent years.7 In these
systems the fullerene moiety operates as the photosensitizer,
absorbing the visible light to generate an excited species. The
electron donor is not initially affected and remains in its singlet
ground state (see Fig. 1). In a follow-up step the sacrificial
electron donor is oxidised via quenching of the photoexcited
sensitizer.

The singlet excited state energies of monofunctionalized
fullerene building blocks, such as methanofullerenes8a

(1.796 eV) or pyrrolidinofullerenes8b (1.762 eV) are sufficiently
high to activate an intramolecular ET from the appended donor
moiety.5b This principally yields the C60

•2–D•+ charge-sepa-
rated state, in which D•+ denotes the oxidised donor moiety. A
diagnostic probe for the identification of the p-radical anion of
the fullerene moiety (e.g. C60

•2) is the sharp band in the NIR
around 1000 nm.9 The spectral signature allows a precise
analysis of inter- and intramolecular ET and BET dynamics in
[60]fullerene containing donor acceptor systems.

The Coulombic term, which results from the destabilisation
when charges are separated, governs the fate of the C60

•2-D•+

pair. Accordingly, BET is, in general, very fast and produces the
singlet ground state. Increasing the distance between the donor
and acceptor, by means of increasing the size of the spacer units,

is one approach to reduce the Coulombic term and to slow down
the BET kinetics. For example, substitution of a simple C–C
linkage of the donor and acceptor moieties by various vinyl
units or a norbornylogous bridge led to enhanced lifetimes of
the charge-separated state.10 At the same time, the spatial
separation impacts the thermodynamic driving force (2DG°)
for an intramolecular ET event. Specifically, increasing the
donor–acceptor separation lowers the free energy change. Thus,
an ET that is exothermic in a closely spaced dyad may become
endothermic or only weakly exothermic in a widely spaced
dyad, and therefore cannot compete with other deactivation
processes (e.g. radiation and radiationless decay channels).

One possible way to alter the free energy gap is to increase
the chemical potential of the donor and/or acceptor moiety.2,10

Alternatively, solvents with high relative permittivities may be
used. Polar solvents impose two major effects on the ET
dynamics: first, it assists in reactivating the ET even in widely
separated dyads, and secondly, it helps stabilise the charge-
separated radical pair by lowering the Coulombic term.

Employing the dielectric continuum model these solvents and
separation effects can be quantified. This model handles the
charge-separated radical pair as two spherical ions separated by
a distance (R), submerged into a solvent of a static relative
permittivity (e).11

Gain of aromaticity
In addition to the Coulombic term, energetic considerations
associated with the topology of the donor molecule also control
the energies of the ground and oxidised states. Donor moieties,
such as aniline and ferrocene, reveal aromatic structures in their
ground states.10,12 The delocalization that the aromatic core
helps to stabilise the generated radical cation. For molecules
whose ground state is aromatic, one-electron oxidation will
result, however, in a partial loss of their aromatic resonance
stabilisation (see case I in Fig. 2). This loss of aromaticity,
consequently, yields a state of higher energy.

Fig. 1 Schematic illustration of photoinduced electron transfer processes
from an electron donor [A = ferrocene (Fc) and tetrathiofulvalene (TTF)]
to the singlet excited state of a fullerene moiety.
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The gain in aromaticity associated with the reverse reaction
(e.g. the BET reaction), on the other hand, provides a driving
force for destabilisation of the oxidised species and acceleration
of the BET in C60

•2-D•+ pairs. To circumvent this problem a
strategy has been proposed for special donor–acceptor compos-
ites in which a series of novel organic donors were linked to the
fullerene core that gain rather than lose aromaticity on charge
separation (CS). This is an important difference to alternative
approaches that imply stabilisation of the charge-separated state
energy at the expense of subsequent, irreversible chemistry or
decomposition of the oxidised donor. It is expected that the gain
of aromaticity leads to noticeable effects by enhancing the
lifetime of the charge-separated radical pair. This strategy was
pursued using molecules, such as tetrathiafulvalenes (TTF),
which contain donors whose electronic structure dictates that
aromaticity is gained on CS. TTF molecules fulfil this important
requisite by means of forming the 1,3-dithiolium cation, which,
in contrast to the ground state, displays an aromatic character
(see case II in Fig. 2).13

Steady-state and time-resolved photolysis studies reveal that
the fullerene singlet excited states in C60–TTF dyads14 undergo
rapid intramolecular ET events, yielding a charge-separated
radical pair, namely, (C60

•2)-(TTF•+). Intramolecular ET rate
constants range between 1.2 3 1010 s21 for closely spaced
dyads (donor-acceptor separation of 4.8 Å) in benzonitrile and
1.5 3 109 s21 for widely spaced analogues (donor-acceptor
separation of 10.5 Å) in toluene. The ET rate constants of these
processes increase with increasing solvent polarity (i.e. larger
2DG°), which is consistent with the processes occurring in the
‘normal’ Marcus region. A radical pair lifetime of ca. 2 ns was
observed for the closely spaced C60–TTF dyads.15 In com-
parison, lifetimes of 0.526, 0.05 and 0.294 ns are reported for
similarly spaced carotene–C60, ZnTPP–C60 and H2TPP–C60

dyads, respectively.16 This improvement is clearly an experi-
mental demonstration of the ‘gain of aromaticity’ concept.

Gain of aromaticity and planarity
A further development with respect to increasing the degree of
stabilisation is to add heteroaromatic rings to the aromatic
arenes that posses larger aromatic stabilisation energies. This
approach was successfully carried out by using conjugated TTF
analogues with a p-quinodimethane structure (see case III in
Fig. 2).17 In addition to the aromatic 1,3-dithiolium cations, the
p-conjugation in the oxidised form of the two isolated benzene
rings is extended to the entire anthracene backbone. As a net
result, the dicationic species is fully aromatic.

The geometrical features of p-quinodimethane analogues of
tetrathiafulvalene further widens the scope of the stabilisation
concept, from simply a gain of aromaticity to both a gain of
aromaticity and of planarity.18 In particular, the molecular

geometries in p-extended tetrathiafulvalene derivatives with p-
quinonoid structures reveal highly distorted orientations. They
adopt a butterfly-shaped structure in the ground state to avoid
the short contacts between the sulfur atoms and the hydrogen
atoms. In contrast, optimisation of the two-electron oxidised
state, i.e. the dication, with the aromatic anthracene as a basic
constituent reveals a planar structure. The two aromatic
1,3-dithiolium cations align orthogonally with respect to the
anthracene plane. It should be added that the oxidation process
is fully reversible but necessitates, due to the loss of planarity
and aromaticity, higher activation energies for the return
process to occur.18

Pico- and nanosecond time-resolved transient absorption
measurements with C60–(extended)TTF dyads reveal that the
initially formed singlet excited fullerene states transform
rapidly into the charge-separated radical pairs. Generally, the
intramolecular ET rates depend on (i) the spatial separation, (ii)
the oxidation potential of the p-extended tetrathiafulvalene
derivative, (iii) the reduction potential of the fullerene deriva-
tive, and (iv) the solvent polarity. They vary between 1.9 3
1010 s21 (donor–acceptor separation of 4.4 Å) in benzonitrile
and 1.3 3 109 s21 (donor–acceptor separation of 10.35 Å) in
toluene. In all cases, the lifetimes of the charge-separated
radical pair (ca. 100 ns) are promisingly increased relative to
donor molecules which lack the gain in planarity or aromaticity
upon oxidation (far less than 1 ns, see above).19

The above-summarised observations illustrate the key to
controlling the structure via a combination of donor–acceptor
potential and topology to fine-tune the relative energies of the
two forms, namely, the singlet ground state and the charge-
separated state.

Donor–acceptor complex association and
dissociation

A major drawback, associated with intramolecular ET
events, concerns the rapid BET, driven by the covalent linkage
of the donor and acceptor moieties. The rate of BET determines
the efficiency of a multicomponent system for practical
applications.

In the following a supramolecular approach is summarised,
which aims to retard the fast BET, commonly observed in
supermolecular systems.20 It entails the biomimetic assembly of
two or more individual molecules, linked by weak inter-
molecular interactions such as van der Waals’ forces, hydrogen
bonding, salt bridges or ligand complexation. The reversible
coordination of the acceptor moiety (ligand or substrate) to the
donor (coordination centre or receptor) rather than their
covalent linkage enables the diffusional splitting of the charge-
separated radical pair after the initial ET takes place. Thus,
complexation of the donor–acceptor couple appears a viable

Fig. 2 Concept of gain of aromaticity and planarity. (I) Loss of aromaticity in one-electron oxidised ferrocene. (II) Gain of aromaticity in one- and two-
electron oxidised TTF. (III) Gain of aromaticity and planarity in one- and two-electron oxidised (extended)TTF.
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alternative to supermolecular polyads (e.g. triads, tetrads, etc.)
involving covalent links between the components. In the latter,
a multistep electron relay along a vectorial redox gradient
governs the lifetime of the radical pair: as the number of
sequential steps involved in the electron relay increases, the
lifetime lengthens. However, with each step the overall
efficiency for transport of the charge from one end to the other
decreases.

Ideally, light-induced intramolecular ET from the porphyrin
chromophore to C60 proceeds very fast. Then, in a weakly
coordinating solvent, complex dissociation should follow the
ET event, which leads to diffusional separation of the charge-
separated radical pair. As a consequence the BET is limited to
a simple intermolecular process. In the case of the depicted
fullerene complexes BET within the associated complex will
compete with complex dissociation and, therefore, govern the
quantum efficiencies of CS. Since the rate of complex
dissociation depends on the strength of the coordination bond,
optimisation of the CS is possible by using different coordina-
tion metals. For example, the strong p-back bonding in CO–
RuTPP complexes vs. the weaker s–bonding in ZnTPP
composites leads to drastically different complexation strengths
(see Fig. 3) with, for example, pyridine.21 While the former
complex is quite stable in solution, the latter exhibits a
complexation equilibrium constant (K) of nearly
5900 dm3 mol21 (in toluene) and thus is only shifted towards
the complexed form.

The assembly of a rigid but non-covalently connected dyad
was obtained by coordinating a fullerene ligand to a zinc
tetraphenylporphyrin (ZnTPP) via axial pyridine coordination
to the metal. This ensemble gives rise to an edge-to-edge
distance of 4.5 Å between the entities or a centre-to-centre
distance of 9.5 Å. The complex association is conveniently
followed by absorption spectroscopy (e.g. shift of the Q-band
transitions) and also by steady state emission spectroscopy (e.g.

fluorescence quenching). In particular, a concentration-depend-
ent fluorescence quenching of the (1*p–p)ZnTPP correlates
with a very efficient CS upon irradiation.

It is pertinent to note that two different pathways for the ET
processes exist (see Fig. 4). A fast intramolecular ET inside the
associated fullerene-porphyrin complex follows the excitation
of the porphyrin chromophore. Alternatively, the free porphyrin
is excited and undergoes intermolecular ET as soon as the
acceptor molecules approach closely enough during molecular
diffusion. The former process, which occurs in all solvents,
involves (1*p–p)ZnTPP, while the intermolecular process is
likely to dominate the quenching of the energetically lower
lying (3*p-p)ZnTPP. Complications arise from the fact that
polar solvents, such as benzonitrile, interfere with the coordina-
tion of the zinc centre. It was shown that in coordinating media,
the solvent displaces the fullerene ligand from the zinc, making
the intermolecular route more effective.

Kinetic analysis of the fullerene p-radical anion transient
absorption evolving from irradiation of the ZnTPP–C60 com-
posite yields a remarkable lifetime of several hundred micro-
seconds for the separated radical pair in deoxygenated benzoni-
trile. The quantum yield (F) for the truly separated radical pair,
C60

•2 and ZnTPP•+ in deoxygenated dichloromethane is ca.
0.14.

The given example demonstrates the potential usefulness of
these non-covalently linked systems in photovoltaic devices.
But they also point to the fundamental challenge employment of
a more polar environment, such as aqueous solutions, faces with
respect to avoiding complexation of the zinc centre, while
promoting the stabilisation of the radical pair. Future work will
concentrate on water-soluble systems using additionally
charged porphyrin macrocyclic ligands to slow down the BET
step.

The coordination concept, namely, complexation of a
fullerene–pyridine ligand by a macrocyclic p-system that bears

Fig. 3 Irreversible (upper case) and reversible complexation (lower case) of an electron acceptor (e.g. fullerene-pyridine derivative) to transition metal
complexes (e.g. ZnII and RuII) of tetraphenyl porphyrins.
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a potential utilisation as a chromophore system, is very general
and can be employed successfully for metallophthalocyanines
and structural porphyrin isomers.22

Peptides as molecular rulers
Molecular systems that respond precisely to environmental
changes occurring at a microscopic level and signal the
response at a macroscopic level are of great interest in the field
of chemical sensing and molecular electronics. Peptide-based
interchromophore bridges are attractive probes since cooper-
ative transitions between the secondary structure, e.g. between
ordered and disordered states, can be conveniently monitored.23

Hydrogen bonding is one means that was expected to influence
donor–acceptor interactions in a peptide based donor–acceptor
dyad. Also, the key role of hydrogen bonding should be noted,
especially with respect to mediating ET processes in biological
and artificial systems.24

Aib (a-aminoisobutyric acid) is a Ca-tetrasubstituted a-
amino acid that strongly favours 310-helical structures more
than any of the regular protein amino acids.24 Tight helix–helix
packing is a key feature of the a-helical bundle tertiary
structures commonly found in biological proteins in which the
photosynthetic reaction centre is embedded. In this context a
hexapeptide (see Fig. 5) has been employed as a large molecular
ruler to separate a pyrrolidinofullerene acceptor unit from a
ruthenium(II) trisbipyridine (chromophore molecule) complex
([Ru(bpy)3]2+).25

The peptide-spaced ensemble, containing structurally con-
strained Aib, can be interrelated to rigid androstane- and
flexible ethyleneglycol-spaced C60–[Ru(bpy)3]2+ assemblies
previously reported (see Fig. 5).26 The role played by the spacer
is not just structural since its chemical nature governs the
electronic communication between the terminal units (e.g.

Fig. 4 Inter- and intramolecular electron transfer routes in an associated fullerene–porphyrin complex (right hand side) and in a free porphyrin fullerene
mixture (left hand side), respectively.

Fig. 5 Structures of C60–androstane–[Ru(bpy)3]2+, C60–polyglycol–
[Ru(bpy)3]2+ and C60–peptide–[Ru(bpy)3]2+ donor–bridge–acceptor
dyads.
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fullerene and [Ru(bpy)3]2+). Another important feature of the
spacer is its modular composition, which allows alteration of the
separation without affecting the electronic nature of the
connection.

It may be pointed out that the geometry of the flexibly linked
[i.e. –(CH2CH2O)n– chain] system is not well-defined, and the
rapid deactivation of the 3*(MLCT) [Ru(bpy)3]2+ state is
ascribed to an ‘intramolecular exciplex’ mechanism (case II in
Fig. 6). Owing to the rigid structure of steroids, such as

androstane, a ‘through-bond’ mediated ET(case I in Fig. 6)
prevails in the C60–androstane-[Ru(bpy)3]2+ dyad. The steroid
acts as a wire allowing the electron to be passed from the donor
to the acceptor through the intervening s-bond framework. In
both dyads (e.g. C60–androstane–[Ru(bpy)3]2+ and C60–poly-
glycol–[Ru(bpy)3]2+), quenching of the 3*(MLCT) state of the
[Ru(bpy)3]2+ complex by ET to the fullerene generates the
C60

•2–[Ru(bpy)3]3+ radical pair. The different intramolecular
ET mechanism in these dyads, leads, however, to quite different
lifetimes for C60

•2–[Ru(bpy)3]3+. For example, in dichloro-
methane solutions the rigidly spaced C60–androstane–
[Ru(bpy)3]2+ dyad yields a lifetime of 304 ns, while no
appreciable lifetime was noted for the flexibly spaced C60–
polyglycol–[Ru(bpy)3]2+ analogue.26

Structures, such as a 310-helix, are prone to conformational
changes upon addition of protic solvents. In nonprotic solvents
the helical secondary structure of the peptide spacer places the
two redox active moieties into close proximity, which is
favourable for their mutual electronic interaction. An edge-to-

edge distance of ca. 12 Å provides the means for a rapid
intramolecular ET from the 3*(MLCT) [Ru(bpy)3]2+ state to the
electron accepting fullerene (case III in Fig. 6). In fact, the
initially formed 3*(MLCT) [Ru(bpy)3]2+ state transforms
readily (3.4 3 108 s21) into a long-lived charge-separated state
(t = 608 ns). Protic solvents, on the other hand, interfere with
the intramolecular hydrogen bonding of the peptide backbone.
Unfolding of the relatively compressed secondary structure of
the ordered peptide results in a statistically unordered con-
formation. Consequently, the spatial separation between the two
components, donor ([Ru(bpy)3]2+) and acceptor (C60), located
at the N- and C-termini of the peptide chain, respectively, tends
to increase to a point that eventually disrupts their mutual
electronic interactions. Despite the general flexibility of the
peptide backbone, the experimental data fail to support either of
the two possible ET mechanisms (e.g. a ‘through bond’ or an
‘intramolecular exciplex’ route), instead the
3*(MLCT)[Ru(bpy)3]2+ state decays with a lifetime of 535 ns
(e.g. similar to a [Ru(bpy)3]2+ reference complex). This leads to
the conclusion that the peptide backbone is relatively stiff in
comparison to true flexibility found in a hydrocarbon chain.

An intriguing feature of the intramolecular hydrogen bond-
ing within the peptide backbone is that the more randomised
configuration can be reversibly transferred into the starting
conformation (e.g. the 310-helical character). After careful
removal of the protic component from a binary solvent mixture
(protic and nonprotic; 1+1 v/v) the luminescence intensity of the
[Ru(bpy)3]2+ chromophore becomes comparable again to that
for the original non-protic solution prior to the addition of the
protic solvent. The reversible activation–deactivation of the ET
mechanism was successfully repeated many times (e.g. 10
times) and, thus, serves as a sensitive probe for the secondary
structure of peptides.

The strong electrostatic fields (109 V m21) in helices have
been used in rationalising the observation that only one of the
two branches of the bacterial PRC is active.27 An oriented
dipole, which spans from the N- to the C-terminus of the helix,
is responsible for this field. In the system presented a charge-
separated radical pair is created which resembles the helices’
own electrostatic field and, therefore, destabilises the charge-
separated radical pair. The observed kET/kBET ratio (209), as a
meaningful measure of the usefulness of a PET system, is,
nevertheless, promising. The kET/kBET ratio may be further
improved by exchanging the two building blocks. In such a
system the ET will operate with the dipole moment of the helix
and, thus, be accelerated, while simultaneously the BET is
rendered more difficult.

Concluding remarks and outlook
The selected examples described in this article illustrate the
continuing interest and potential of fullerenes as multifunctional
electron storage moieties in well-ordered multicomponent
composites. Noteworthy in this context is the recent introduc-
tion of elegant and versatile protocols concerning the chemical
functionalization of the fullerene core.8,28

Remarkably, similar systems based on two-dimensional
acceptors (e.g. quinone) failed to exhibit sufficient lifetimes of
the charge-separated states formed because of the fast occurring
BET. This is due, at least in part, to the slower ET and faster
BET dynamics evolving from the larger reorganisation energies
of two-dimensional electron acceptors. The unique delocaliza-
tion, provided by the three-dimensional structure of the
fullerene core, in combination with the small reorganisation
energy, on the other hand, prevents a fast BET process in the
contributed fullerene-containing systems.

The important idea presented by the current concepts (e.g.
gain of aromaticity and planarity) is the stabilisation of the
oxidised donor moiety and, in turn, of the resulting radical pair.
In this line of thinking the diffusional splitting of the radical pair

Fig.  6 Schematic illustration of photoinduced electron transfer processes
from a 3*(MLCT) state of a [Ru(bpy)3]2+ complex to an electron accepting
fullerene moiety in (I) C60–androstane–[Ru(bpy)3]2+, (II) C60–polyglycol–
[Ru(bpy)3]2+ and (III) C60–peptide–[Ru(bpy)3]2+ dyads. Please note that the
C60–androstane–[Ru(bpy)3]2+ dyad is represented by one of the two
possible diastereoisomers.
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in fullerene-metallocomplexes is the basis for the design of
artificial photosynthetic systems with efficient and long-lived
charge separation but fewer electron transfer steps and less
energy loss.

In summary, the systematic investigation of fullerene chem-
istry has, already at a relatively early stage, played a significant
role in the development of useful molecular composites. If the
more technological problems can be solved, there is an almost
unlimited field of application to be foreseen and eventually
fullerenes may become important building blocks of future
technologies, such as solar energy conversion, batteries and
photovoltaics.
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Oxidation of benzylamine by a model compound of cofactor
TTQ (tryptophan tryptophylquinone) of quinoprotein amine
dehydrogenases is made possible by coordination of a
monovalent cation such as Li+ in anhydrous MeCN.

Bacterial methylamine dehydrogenase (MADH) and aromatic
amine dehydrogenase (AADH) comprise a new class of
enzymes which contain a heterocyclic o-quinone cofactor, TTQ

(tryptophan tryptophylquinone), at their active sites in the light
subunits.1–3

Monovalent cations have recently been shown to influence
not only the UV–VIS spectrum of the enzyme but also the redox
reactivity of TTQ in the amine oxidation and the subsequent
electron transfer to biological electron acceptor proteins such as
amicyanin.4–9 The enzymes have two different cation binding
sites, one of which is located near the quinone carbonyl oxygen
O(6) of the cofactor.4 Thus, the cationic species incorporated
into this binding pocket have been suggested to interact with the
quinone moiety directly, affecting the electronic structure of the
cofactor as well as the reactivity both in the amine oxidation
reaction and the subsequent electron transfer process.5–9

However, little is known about the binding model of the cationic
species toward TTQ or how it affects the electronic structure as
well as the reactivity of the TTQ cofactor. In this study, we have
investigated the interaction of a TTQ model compound10 with
monovalent cations to demonstrate that an alkaline metal ion
such as Li+ binds to the quinone, leading to a significant
enhancement of the amine oxidation reaction in anhydrous
organic media.

Addition of a certain amount of LiClO4 to an anhydrous
MeCN solution containing TTQ model compound 1 (5.0 3
1025 mol dm–3) and benzylamine (1.0 3 1022 mol dm23)
caused a rapid spectral change in the UV–VIS region. Fig. 1
shows the spectral change of the titration of 1 with LiClO4
(0–0.15 mol dm23) in the presence of benzylamine (1.0 3 1022

mol dm23).11 The characteristic absorption band at 408 nm due
to the quinone itself decreases, accompanied by an increase in a
new absorption band at 461 nm, with increasing the concentra-
tion of added LiClO4. The binding constant KML for 1+1
complex formation between the quinone (Q) and the metal ion
(M+) can be expressed by eqn. (1), where A0 and A∞ are the
initial and final absorptions of the titration, and [M+]0 and [Q]0
denote the concentration of the added metal ion and the initial
quinone concentration, respectively. The plot of (A 2 A0)/(A∞
2 A) vs. ([M+]0 2 a[Q]0) [a = (A 2 A0)/(A∞ 2 A0)] gives a
straight line passing through the origin, as shown in the inset in
Fig. 1, from which a KML value of 15.6 dm3 mol21 was obtained

from the slope. A similar spectral change was obtained in the
titration of 1 with NaClO4 although the binding constant was
smaller (KML = 5.5 dm3 mol–1, lmax = 454 nm).12,13 It should
be noted that the spectral change obtained in this system is fairly
close to that observed in the titration of MADH with
monovalent cations.4,8 This result suggests that the monovalent
cation binds to the quinone moiety of 1 at a similar position to
that proposed in the enzymatic systems.14
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Although no reaction takes place between benzylamine and
quinone 1 in an aprotic solvent such as anhydrous MeCN, 1 was
converted into the reduced form of TTQ in the presence of Li+.
Thus, the reaction of quinone 1 (5.0 3 10–5 mol dm23) and
benzylamine (1.5 3 1022 mol dm–3) in the presence of LiClO4
(0.15 mol dm23) in anhydrous MeCN at 25 °C under anaerobic
conditions resulted in a drastic spectral change where the
absorption band at 461 nm due to the Li+ complex of the
quinone decreases, accompanied by an increase in a new band
at 323 nm due to the reduced TTQ in the aminophenol form
(Fig. 2).15 As reported in the previous model reactions between
the TTQ model compound and benzylamine in MeOH,16 the
reaction consists of three distinct steps, where the first one [Fig.
2(a)] corresponds to addition of the amine to the quinone (k1),
the second one [Fig. 2(b)] is due to the spontaneous (k2) and the
amine-catalyzed (k2A) rearrangement from the substrate imine to
the product imine intermediates, and the third one [Fig. 2(c)]
is ascribed to the imine exchange reaction (k3) to generate
the aminophenol and N-benzylidenebenzylamine
(PhCH2NNCHPh), as summarized in Scheme 1.15 Each process
has its own isosbestic point, at 418, 383 and 372 nm,
respectively, demonstrating the accuracy of the stepwise
mechanism shown in Scheme 1. Since the difference in the rate

Fig. 1 Spectral change observed upon addition of LiClO4 (0–0.15 mol
dm23) to an MeCN solution of 1 (5.0 3 1025 mol dm23) in the presence of
benzylamine (1.0 3 1022 mol dm23) at 25 °C. Inset: plot of (A 2 A0)/(A∞
2 A) vs. [LiClO4]0 2 a[1]0 {a = (A 2 A0)/(A∞ 2 A0)}.
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of each step was not large enough to determine the rate
independently, the pseudo-first order rate constants for the three
steps (kobs(1), kobs(2) and kobs(3)) were determined simultaneously
by computer simulation of the time course of the absorption
change using a non-linear curve-fitting program (Mac curve fit)
as reported in the previous study.16 From the dependence of kobs
in each step on the amine concentration the rate constants were
determined as k1 = 5.9 3 1022 M21 s21, k2 = 8.7 3 1025 s21,
k2A = 2.6 3 1022 M21 s21, and k3 = 1.4 3 1022 M21 s21, as
shown in the insets in Fig. 2. It should also be emphasized that
the oxidation of benzylamine by the Li+ complex of 1 proceeds
catalytically, and molecular oxygen is used as an electron
acceptor to regenerate the iminoquinone form from the reduced
TTQ. Thus, benzylamine (0.10 mol dm23) was converted into
N-benzylidenebenzylamine quantitatively when it was treated
with a catalytic amount of 1 (1.0 3 1023 mol dm23; 1 mol %)
in the presence of LiClO4 (1.0 mol dm23) under aerobic
conditions for 24 h.

In summary, a monovalent cation such as Li+ has been
demonstrated for the first time to bind to TTQ at its quinone
moiety and makes it possible for the catalytic amine oxidation
to occur efficiently in anhydrous MeCN. The Li+ binding may
accelerate the addition step of the amine (k1) and enhances the
stability of the intermediates, leading to the efficient catalytic
oxidation of benzylamine. These results gave us an important
insight into the catalytic mechanism of the monovalent cations
in MADH- and AADH-catalysed reactions.

The present study was financially supported in part by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Culture, and Sports of Japan.
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Fig. 2 Spectral change for the reaction of 1 (5.0 3 1025 mol dm23) with benzylamine (1.5 3 1022 mol dm–3) in the presence of LiClO4 (0.15 mol dm23)
in anhydrous MeCN at 25 °C under anaerobic conditions. (a) The first stage (0–7200 s), 800 s interval. Inset: plot of kobs(1) vs. [PhCH2NH2]. (b) The second
stage (9600–24000 s), 2400 s interval. Inset: plot of kobs(2) vs. [PhCH2NH2]. (c) The third stage (24000–49600 s), 3200 s interval. Inset: plot of kobs(3) vs.
[PhCH2NH2].

Scheme 1
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The hexakis(TTF) derivative 3 has been synthesised in 89%
yield by six-fold reaction of the thiolate anion of reagent 2
with hexakis(bromomethyl)benzene: the solution electro-
chemistry of 3 shows sequential formation of the hexa-
(radical cation) and the dodecacation species, and spec-
troelectrochemistry shows interacting radical cations; the X-
ray crystal structure of 3 is reported.

Oligo(tetrathiafulvalene) (TTF) derivatives,1 including den-
drimers2 and main-chain and side-chain polymers,3 have
received considerable attention recently. The two-step electro-
chemical oxidation of TTF,4 to form sequentially the radical
cation and dication, offers the prospect of controlled generation
of oligo(radical cation) and oligo(dication) species, which may
engage in intramolecular or intermolecular interactions, act as
multi-electron redox switches,2e or modulate redox processes of
organic guests incorporated within the oligo(TTF) host frame-
work.5 To date, all the pure TTF oligomers (n > 3) which have
been characterised have required multi-step syntheses. We now
report the remarkably efficient synthesis of the novel hex-
akis(TTF) molecule 3 along with its X-ray crystal structure and
solution electrochemistry.

Six-fold reaction of hexakis(bromomethyl)benzene 16 with
the thiolate anion of 4-(2-cyanoethyl)-4A,5,5A-tris(methylsulfa-
nyl)TTF 2, which was generated using CsOH·H2O as described
previously,7 proceeded remarkably cleanly to afford the TTF
hexamer 3 in 89% yield (Scheme 1).†

The X-ray crystal structure of 3‡ is shown in Fig. 1. As far as
we are aware, no compound containing more than three TTF
moieties has been structurally studied previously, and the
structures of very few tris(TTF) compounds have been
reported.8–11 Molecule 3 has crystallographic Ci symmetry. The
central benzene ring is planar, with CH2–S bonds directed
alternately above and below its plane. All three independent
TTF moieties adopt a boat-like conformation: the inner dithiole
rings are folded by 25.5, 29.6 and 13.2°, the outer ones by 18.4,
10.2 and 11.4°, with a small twist around the central CNC bond,
by 6.3, 5.5 and 2.9°, respectively. Such flexibility and easy
rotation around (exocyclic) C–S bonds may explain the fact that
3 forms a relatively dense crystal packing (21.6 Å3 per non-H
atom, cf. 22.8 and 22.1 Å3 in monoclinic12 and triclinic13

polymorphs of MeS4TTF, respectively) with no significant
cavities, while its poly-aryl analogues crystallise as clathrates,
e.g. C6(CH2SPh)6·2CCl4,14a C6(CH2SO2CHMePh)6·4Ac-
OH,14b C6(CH2SC6H4But)6·1/2C30H50

14c and
C6(CH2SCH2Ph)6·dioxane.14d Three of the six outer methyl
groups in 3 are disordered between two positions each,
indicating some residual looseness of the structure. There is no
intramolecular S…S contact shorter than twice the van der
Waals radius (3.60 Å)15 of sulfur (excluding the contacts within
the same TTF moiety) although each molecule participates in
four significantly shorter intermolecular contacts.

Cyclic voltammetry (CV) of compound 3 (Fig. 2) showed
two oxidation waves at E1

1/2 0.55 V and E2
1/2 0.88 V (vs. Ag/

AgCl) typical of a tetra(alkylsulfanylTTF) system.4b The first
wave is reversible; the second wave is quasi-reversible. (The
criterion applied for reversibility was a ratio of 1.0 ± 0.05 for the
intensities of the anodic and cathodic currents Ia/Ic, and no shift

of the half wave potentials with varying scan rates between 50
and 500 mV s21.) There is no apparent interaction between the
different TTF units. Thin layer CV was performed with the one-
electron reduction peak of 2,3-dichloronaphthoquinone provid-
ing the internal reference, using procedures detailed pre-
viously.2d The number of electrons exchanged per oxidation

Scheme 1 Reagents and conditions: i, CsOH·H2O, MeOH, DMF, 20 °C.

Fig. 1 Molecular structure of 3, showing the disorder of the terminal methyl
groups (H atoms are omitted).
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wave was calculated to be 6.0 ± 0.5, which clearly suggests that
complete oxidation occurs for all the TTF units. We note that in
both CV and TLCV the reductive peak for the second redox
couple (Ia/Ic = 0.8–0.9) is slightly smaller than for the first
wave, as observed previously for some other multi(TTF)
systems,2d,16 indicating an associated chemical reaction, or a
marked conformational change, at the highest oxidation level of
the molecule.

The spectroelectrochemistry of compound 3 is shown in Fig.
3 [compound 3 (1024 M), BuNPF6 (1021 M), CHCl3]. The
spectrum obtained at 0 V is consistent with neutral TTF units.
On increasing the potential, as oxidation of the system proceeds,
we see the concomitant emergence of the low energy absorption
band of interacting TTF cation radicals (p–p dimers)17 at lmax
850 nm (Fig 3, spectrum at 0.65 V) along with a shoulder
assigned to isolated (non-interacting) TTF cation radicals (lmax
480 nm). On further increasing the potential to form the fully
oxidised species precipitation of material was observed in the
cell, so the spectra of the +12 species could not be obtained. It
is apparent, therefore, that the dense packing of TTF moieties in
3 favours intramolecular interactions of their cation radicals.
This contrasts with previous less densely packed TTF units for
which isolated TTF cation radicals are clearly detected in the
UV–VIS absorption spectra.2c

In summary, we report an extremely efficient one-pot
synthesis of a hexakis(TTF) derivative 3. This remarkably high-
yielding six-fold reaction should make reagent 1 a suitable core
unit for the convergent construction of higher TTF oligomers,
including redox dendrimers, which are charged organic nano-
particles, relevant to miniaturisation in electronic materials.18

We thank the EPSRC and the Danish Research Academy for
funding (C. A. C.), Dr L. M. Goldenberg for TLCV experiments
and Dr P. Low for the design of the spectroelectrochemical
cell.
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Fig. 2 Cyclic voltammogram of 3.

Fig. 3 Spectroelectrochemistry of 3.
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The synthesis and application of new wide bite angle arsine
based ligands in the platinum/tin-catalysed hydroformyla-
tion of oct-1-ene is reported; an unprecedented high activity
and selectivity is obtained employing a mixed phosphine/
arsine ligand.

Hydroformylation of alkenes is one of the world’s largest
homogeneously catalysed reactions in industry (Scheme 1),
producing more than six million tons of aldehydes and alcohols
annually.1 The commercial hydroformylation processes are run
exclusively on cobalt or rhodium complexes as catalysts.
Platinum complexes also give active hydroformylation cata-
lysts, but are mainly of academic interest. Both terminal and
internal alkenes can be hydroformylated selectively employing
platinum–diphosphine complexes activated by tin chloride as
the co-catalyst.2 Tin-free catalyst systems have been reported as
well.3 Despite the very high linear over branched (l+b) aldehyde
ratios induced by the platinum/tin–diphosphine catalysts, these
systems have mainly been applied to asymmetric hydro-
formylation so far.1,4 The major drawbacks of these catalysts
are extensive isomerisation and hydrogenation of the substrate
alkenes.

Both in the rhodium- and in the platinum/tin-catalysed
hydroformylation of alk-1-enes, widening of the natural bite
angle of the diphosphine ligands has proven to be favourable for
the catalytic performance.2a,5 Recently, it was also demon-
strated that in the selective hydroformylation of internal alkenes
toward linear aldehydes wide bite angle diphosphine ligands
can be very efficient.6 Based on these results we wondered
whether wide natural bite angles could also improve the
catalytic performance of ligands having donor atoms other than
phosphorus. Since the xanthene backbone is an excellent
scaffold for the construction of ligands with wide natural bite
angles, we set out to synthesise the (mixed) group 15 derivatives
of the xantphos ligand 1 (Fig. 1). Here, we report the synthesis
of the arsine analogues of xantphos 1 and their excellent
performance in the platinum/tin-catalysed hydroformylation
reaction. To our knowledge, xantarsine and xantphosarsine
ligands 2 and 3 constitute the first efficient arsine modified
platinum/tin catalysts for selective hydroformylation of termi-
nal alkenes.

The xantarsine and xantphosarsine ligands 2 and 3 were
synthesised via procedures similar to the synthesis of xantphos
1 (Scheme 2).6a Dilithiation of 4,5-dibromo-2,7-di-tert-butyl-
9,9-dimethylxanthene 5 with n-butyllithium in THF at 265 °C,
followed by reaction with chlorodiphenylarsine gave xantarsine

2 in 83% yield. Xantphosarsine ligand 3 was obtained in 49%
yield by monolithiation of bromoxantphos 6 and subsequent
reaction with chlorodiphenylarsine. Bromoxantphos 6 was
synthesised by monolithiation of compound 5, followed by
reaction with chorodiphenylphosphine. The calculated natural
bite angles of ligands 1, 2, 3 and 4 are 110, 113, 111 and 102°,
respectively.7

Ligands 1–4 were tested in the platinum/tin-catalysed
hydroformylation of oct-1-ene (Table 1). In the hydro-

† Electronic supplementary information (ESI) available: full character-
isation data for the new compounds. See http://www.rsc.org/suppdata/cc/
a9/a906903h/

Scheme 1 The hydroformylation reaction.

Fig. 1

Scheme 2 Synthesis of ligands 1–3 and 6: (i) BunLi, THF, 265 °C; (ii)
Ph2PCl, THF, 265 to 25 °C, 81% (1), 48% (6); (iii) Ph2AsCl, THF, 265 to
25 °C, 83% (2), 49% (3).

Table 1 Platinum/tin-catalysed hydroformylation of oct-1-ene at 60 °Ca

Ligand l+b Ratiob % n-Nonanalb % Isomerizationb TOFbc

1 230 95 4.5 18
2 > 250 92 8.0 210
3 200 96 3.1 350
4 > 250 88 12 720
a Reactions were carried out in a 180 mL stainless steel autoclave in
dichloromethane at 60 °C under 40 bar of CO–H2 (1+1), catalyst precursor
[Pt(cod)Cl2], [Pt] = 2.5 mM, Pt+SnCl2+P+1-octene = 1+2+4+255.
b Determined by GC with decane as the internal standard. c Averaged
turnover frequencies (TOF) were calculated as (mol of aldehyde) (mol Pt)21

h21 at 20–30% conversion.
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formylation of oct-1-ene the arsine based ligands 2 and 3 proved
to give more efficient catalysts than the parent xantphos ligand
1. The xantarsine ligand 2 is only slightly less selective than
xantphos 1, but more than 10 times as active. The xantphos-
arsine ligand 3 is even 20 times as active as xantphos 1, while
displaying the same excellent selectivity for linear aldehyde
formation. This is remarkable, since up to now, without
exception, arsine ligands have performed worse than phosphine
ligands in platinum/tin-catalysed hydroformylation.2c,3a,8 To
our knowledge the high activity and selectivity displayed by the
mixed xantphosarsine ligand 3 under these mild conditions is
unprecedented.

Comparison of the activities of the xantphos ligands 1 and 4
reveals a dramatic effect of the natural bite angle. Narrowing of
the natural bite angle from 110 to 102°, results in a 40 fold
higher hydroformylation rate. This is accompanied, however,
by a considerable increase in isomerization activity. As a result,
the selectivity for linear aldehyde obtained for xantphos 4 is
lower than that for xantphos 1. It is striking that the selectivities
of the xantphos ligands 1 and 4 observed in the platinum/tin-
catalysed hydroformylation are virtually identical to those
obtained before for rhodium.5c,6a

The high selectivities of ligands 1, 2 and 3 compared to
xantphos 4 can be ascribed to the wider natural bite angles of the
former ligands.‡ Widening of the bite angle of the ligand will
increase the steric congestion around the platinum centre
resulting in more selective formation of the sterically less
hindered linear aldehydes. An explanation for the higher
activities of ligands 2, 3 and 4 compared to xantphos 1 is still
lacking, but we speculate that it is caused by the coordination
behaviour of the ligands in the platinum/tin complexes.
Increasing the natural bite angle of bidentate ligands favours the
formation of trans complexes. Compared to xantphos 1,
xantphos 4 and the arsine ligands 2 and 3 probably give more or
easier formation of the cis-platinum complexes, a prerequisite
for efficient hydroformylation.10

In conclusion, wide bite angle arsine based ligands can give
very efficient catalysts for selective hydroformylation of
terminal alkenes. The catalytic performances of the arsine
modified platinum/tin systems can compete with the best results
obtained using rhodium catalysts.1,5c,11 Especially in applica-
tions where very high l:b ratios are a necessity these systems
could be interesting alternatives for rhodium–diphosphine
catalysts.

Financial support from the Technology Foundation (STW) of
the Netherlands Organization for Scientific research (NWO) is
gratefully acknowledged.
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Bis(alkoxycarbonyl)methano addends are removed from C60
and C70 derivatives by reaction with amalgamated magne-
sium in dry THF; this facile and selective retro-Bingel
reaction, which leaves pyrrolidine rings fused to C60 intact,
opens up the possibility of using bis(alkoxycarbonyl)me-
thano addends as protecting and reversible directing groups
in the regioselective multiple functionalization of full-
erenes.

Regioselective multiple functionalization of fullerenes is a
subject of great interest. A major strategy used to accomplish
this task is tether-directed remote functionalization.1 Another
protocol, often used in combination with tether-directed remote
functionalization,2 is the temporary introduction of an addend
which protects specific positions and, at the same time, directs
new incoming addends regioselectively to other bonds on the
carbon sphere. Examples for such addends, which are readily
introduced and removed, are the [9,10]anthraceno bridge3 as
well as fullerene-fused cyclohexene2,4 and isoxazoline5 rings.

One of the most common fullerene functionalization methods
is the nucleophilic cyclopropanation with 2-halomalonates, the
so-called Bingel reaction.6 Although the resulting bis(alk-
oxycarbonyl)methanofullerenes are generally quite stable, there
were early hints that the Bingel-type addends may be removed
under certain circumstances.7 Closer investigations led to the
discovery of the electrochemical retro-Bingel reaction, consist-
ing of the preparative removal of bis(alkoxycarbonyl)methano
addends from fullerene adducts by exhaustive electrochemical
reduction.8 The first successful applications of the Bingel–
electrochemical retro-Bingel reaction sequence were reported
in the chemistry of the higher fullerenes, with the preparation of
enantiomerically pure D2-C76

8 and D2-C84,9a pure D2d-C84
9a

and a new C84 isomer,9a and C2v-symmetric C78.9b The potential
of bis(alkoxycarbonyl)methano addends as general protecting
and reversible directing groups in fullerene chemistry prompted
us to investigate the possibility of carrying out the retro-Bingel
reaction under chemical conditions. Such a method would have
the advantages of not requiring electrochemical equipment,
avoiding the use of supporting electrolyte, and allowing
conversions on a larger scale.

Initial attempts to remove the Bingel-type addend from 1 by
electron transfer from Na metal or sodium naphthalenide in
THF failed, leading only to materials that were insoluble in THF
or toluene. Another convenient reducing agent which is easy to
handle is metallic magnesium. Heating 1 with Mg powder (25
equiv.) in dry refluxing THF under Ar led to the formation of a
brownish precipitate after ca. 1 d, and after 3 d, varying yields
of up to 81% of C60 could be isolated from the mixture. In
analogy to Grignard reactions, starting the retro-Bingel reaction
with pure Mg sometimes proved to be quite difficult. This
situation could only be partially improved through activation of
the metal by treatment with I2 prior to the addition of the
fullerene derivative. Use of the highly active Rieke magne-
sium10 only led to products that were insoluble in THF or
toluene. Also, treatment of the commercial magnesium with

CuCl2 did not lead to better or more reproducible yields. The
best and most consistent results were obtained by amalgamation
of the Mg powder with 10% HgBr2 in THF, followed by a
replacement of the solvent with fresh THF, addition of the

Scheme 1 Reagents and conditions: i, Mg/Hg, THF, Ar, 80 °C, 3 d.
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methanofullerene and heating to reflux for 3 d.† Under these
conditions, 1 afforded C60 in 73% yield while unchanged
starting material was recovered in 23% yield (Scheme 1).
Similarly, the C70 mono-adduct 2 provided 63% of the parent
fullerene. These yields are comparable to those obtained by the
electrochemical retro-Bingel reaction.8 Traces of as yet uni-
dentified by-products, which may provide useful information
with regard to the reaction mechanism, were detected during
chromatographic purification of the products.

Zn dust and the Zn/Cu couple11 are both active reducing
agents in the retro-Bingel reaction of 1, but the yields (Zn: 47%
C60, Zn/Cu: 29% C60) are lower and, particularly with pure Zn,
the amount of unidentified by-products is higher.

In the case of Bingel-type bis-adducts of C60, the yields were
variable (Scheme 1). In different experiments, the reduction of
the pure trans-3 and e regioisomers (±)-3 and 4, or of a mixture
of the seven known regioisomers,12 with Mg (100 equiv.)
amalgamated with 10% HgBr2 afforded between 48% C60 (and
13% mono-adduct 1) and 13% C60 (and 44% 1). These
fluctuations contrast the clean conversion (up to 75% yield) of
the bis-adducts to C60 by the electrochemical retro-Bingel
protocol,8 but the reasons for these differences are not yet
understood. Interestingly, whereas the product mixture re-
covered from the non-exhaustive electrochemical reduction of
constitutionally pure bis-adducts contained regioisomers of the
starting material resulting from an intramolecular ‘walk-on-the-
sphere’ rearrangement,13 such isomerization was not detected in
the reduction of pure (±)-3 or 4 with amalgamated Mg.

Fused pyrrolidines introduced by 1,3-dipolar cycloaddition
are among the most versatile addends in fullerene chemistry.
We therefore explored whether a bis(dialkoxycarbonyl)me-
thano addend could be removed from bis-adducts such as
(±)-514 while leaving the methaniminomethano bridge intact.
When (±)-515 was reacted for 3 d with amalgamated Mg (50
equiv.), fulleropyrrolidine 616 was isolated in 64% yield,
showing that the heterocycle is stable under the conditions of
the chemical retro-Bingel reaction. This result opens up the
possibility of using Bingel-type addends as protecting and
reversible directing groups in future syntheses of fullerene
multi-adducts that are not otherwise accessible. Investigations
along these lines are now under way.

Support from the Swiss National Science Foundation is
gratefully acknowledged.
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Treatment of tertiary amines containing one or more N-
benzyl protecting groups with aqueous ceric ammonium
nitrate results in clean N-debenzylation to afford the
corresponding secondary amine.

Differentially protected homochiral lithium amide additions to
a,b-unsaturated esters have proved to be an extremely versatile
route for the asymmetric synthesis of homochiral b-amino acids
and b-lactams.123 In the course of studies directed towards
extending the versatility of this lithium amide methodology, the
synthetic applications of a novel debenzylation reaction ob-
served when tert-butyl 3-[benzyl(4-methoxybenzyl)amino]-
3-phenylpropionate 1 was treated with aqueous ceric ammo-
nium nitrate (CAN) are reported herein. Thus, while treatment
of 1 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
resulted as expected in smooth cleavage of the 4-methoxy-
benzyl protecting group to afford tert-butyl 3-benzylamino-
3-phenylpropionate 2, treatment of 1 with 2.1 equiv. of CAN in
CH3CN–H2O afforded a 50+50 mixture of the monodeprotected
products 2 and tert-butyl 3-(4-methoxybenzylamino)-3-phenyl-
propionate 3 (Scheme 1). It is noteworthy that in both cases the
isolated products were those resulting from cleavage of the
primary benzylic amine; the secondary benzylic centre (b-
centre) remained unaffected under these conditions. This lack of
selectivity for deprotection of tertiary amine 1 is in direct
contrast to the well-established use of CAN for the orthogonal
deprotection of 4-methoxybenzyl ethers in the presence of O-
benzyl ethers.4

This unexpected reaction implies oxidation at the tertiary
nitrogen atom rather than at the arene ring since the outcome of
the reaction is unaffected by arene substitution and therefore
should be equally applicable to debenzylation of simple tertiary
benzylamines. Thus, treatment of tribenzylamine 4 with CAN
gave dibenzylamine 5 in 90% yield after chromatographic
purification to remove benzaldehyde.5 The chemoselectivity of
this oxidative debenzylation protocol for tertiary amines was
confirmed by treating dibenzylamine 5 with excess CAN (10
equiv.), which resulted in essentially quantitative recovery of
starting material. Treatment of tertiary amine 6, which contains
two N-benzylic and one a-substituted N-benzylic groups,
resulted in chemoselective monodebenzylation to afford ex-

clusively secondary amine 7 in 79% isolated yield. Similarly, N-
debenzylation of homochiral tertiary amine 8, which contains
one N-benzylic and two a-substituted N-benzylic protecting
groups, occurred without epimerisation, to afford homochiral
secondary amine 9 {[a]D 215.8 (c 1.0, CHCl3); lit.2 216.3 (c
1.5, CHCl3)} in 86% isolated yield. Extension of this method-
ology to the deprotection of tertiary amines containing either
two or one benzylic groups was also demonstrated via treatment
of tertiary amines 10 and 12 to afford secondary amines 11
{[a]D 246.4 (c 1.0, CHCl3)} and 13 in 85 and 64% isolated
yield respectively (Scheme 2). The lower isolated yield for
amine 13 was a result of its inherent volatility, however, no
other product was detected in the 1H NMR spectrum obtained
from the crude reaction mixture.

Since benzyl groups are commonly employed as protecting
groups for other heteroatom functionality the chemoselectivity
of this transformation was examined by carrying out the CAN-
mediated tertiary amine debenzylation protocol on a range of
perbenzylated N,N-dibenzylamines which also contained ben-

Scheme 1 Reagents and conditions: i, DDQ, CH2Cl2–H2O (5+1); ii, CAN
(2.1 equiv.), CH3CN–H2O (5+1).

Scheme 2 Reagents and conditions: i, CAN (2.1 equiv.), CH3CN–H2O
(5+1); ii, CAN (10.0 equiv.), CH3CN–H2O (5+1).
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zyl ethers, benzyl esters, benzyl phenolates and benzyl thiolates.
Thus, treatment of 14–17 resulted in clean N-deprotection to
afford the mono-N-debenzylated secondary amines 18, 19
{[a]D238.6 (c 1.0); lit.6 [a]D for ent-19 40.4 (c 1.0)}, 20 {[a]D
28.3 (c 1.2} and 21 {[a]D 221.9 (c 1.1)} in good to excellent
isolated yields (Scheme 3).

With this chemoselective debenzylation of tertiary amines in
hand, the application of this novel cleavage protocol for solid
phase synthesis was apparent. Thus, consecutive reductive
alkylation7 of aminomethyl polystyrene resin 22 with hexanal
afforded polymer supported tertiary amine 23, which was
treated with CAN to afford dihexylamine 24 in 72% overall
yield over the five steps (Scheme 4). This cleavage protocol
constitutes a novel oxidative traceless linker synthesis of
secondary amines on a solid support8 and is of potential further
utility in that cleavage of the secondary amine liberates formyl
polystyrene resin 25 (nmax 1700 cm21; lit.9 1700 cm21), thus
affording the possibility of resin recycling.

In conclusion, treatment of N-benzyl tertiary amines with
CAN results in smooth N-debenzylation to afford the corre-
sponding secondary amines with complete chemoselectivity.
While some N-debenzylations may be achieved under hydro-
genolytic conditions in acid,10 this novel debenzylation under
oxidative conditions adds considerable versatility to N-benzyl-

ation protection–deprotection methodology and to regeneration
of polymer supports in combinatorial chemistry. Investigations
are currently underway to determine the reaction mechanism of
this transformation.

The authors wish to acknowledge Rhône-Poulenc Rorer Ltd.
(A. D. S) and Oxford Asymmetry International plc (R. S. P.)
together with the EPSRC for CASE awards.

Notes and references

1 S. G. Davies and O. Ichihara, Tetrahedron: Asymmetry, 1991, 2, 183;
S. G. Davies, O. Ichihara and I. A. S. Walters, Synlett, 1993, 461; S. G.
Davies, N. M. Garrido, O. Ichihara and I. A. S. Walters, J. Chem. Soc.,
Chem. Commun., 1993, 1153; S. G. Davies, M. E. Bunnage and C. J.
Goodwin, J. Chem. Soc., Perkin Trans. 1, 1993, 1375; S. G. Davies,
M. E. Bunnage and C. J. Goodwin, Synlett, 1993, 731; S. G. Davies, O.
Ichihara and I. A. S. Walters, Synlett, 1994, 117; S. G. Davies, M. E.
Bunnage, A. J. Burke and C. J. Goodwin, Tetrahedron: Asymmetry,
1994, 5, 203; S. G. Davies and I. A. S. Walters, J. Chem. Soc., Perkin
Trans. 1, 1994, 1129; S. G. Davies, O. Ichihara and I. A. S. Walters,
J. Chem. Soc., Perkin Trans. 1, 1994, 1141; S. G. Davies, M. E.
Bunnage, C. J. Goodwin and O. Ichihara, Tetrahedron, 1994, 50, 3975;
S. G. Davies, O. Ichihara, I. Lenoir and I. A. S. Walters, J. Chem. Soc.,
Perkin Trans. 1, 1994, 1411; S. G. Davies, M. E. Bunnage, A. N.
Chernega and C. J. Goodwin, J. Chem. Soc., Perkin Trans. 1, 1994,
2373; S. G. Davies, M. E. Bunnage and C. J. Goodwin, J. Chem. Soc.,
Perkin Trans. 1, 1994, 2385; S. G. Davies, J. F. Costello and O. Ichihara,
Tetrahedron: Asymmetry, 1994, 5, 1999; S. G. Davies, M. E. Bunnage,
A. J. Burke and C. J. Goodwin, Tetrahedron: Asymmetry, 1995, 6, 165;
S. G. Davies, A. J. Edwards and I. A. S. Walters, Recl. Trav. Chim.
Pays-Bas, 1995, 114, 175; S. G. Davies and G. D. Smyth, Tetrahedron:
Asymmetry, 1996, 7, 1001; S. G. Davies and G. D. Smyth, Tetrahedron:
Asymmetry, 1996, 7, 1005; S. G. Davies and G. D. Smyth, Tetrahedron:
Asymmetry, 1996, 7, 1273; S. G. Davies and O. Ichihara, Tetrahedron:
Asymmetry, 1996, 7, 1919; S. G. Davies and D. J. Dixon, Chem.
Commun., 1996, 1797; S. G. Davies, A. J. Burke and C. J. R.
Hedgecock, Synlett., 1996, 621; S. G. Davies and G. D. Smyth, J. Chem.
Soc., Perkin Trans. 1, 1996, 2467; S. G. Davies and O. Ichihara,
J. Synth. Org. Chem. Jpn., 1997, 55, 26; S. G. Davies J. G. Urones,
N. M. Garrido, D. Diez and S. H. Dominguez, Tetrahedron: Asymmetry,
1997, 8, 2683; S. G. Davies, D. R. Fenwick and O. Ichihara,
Tetrahedron: Asymmetry, 1997, 8, 3387; S. G. Davies and D. J. Dixon,
J. Chem. Soc., Perkin Trans. 1, 1998, 2629; S. G. Davies and D. J.
Dixon, J. Chem. Soc., Perkin Trans. 1, 1998, 2635;
S. G. Davies, I. Brackenridge, D. R. Fenwick, O. Ichihara and M. E. C.
Polywka, Tetrahedron, 1999, 55, 533; S. G. Davies, J. G. Urones, N. M.
Garrido, D. Diez and S. H. Dominguez, Tetrahedron: Asymmetry, 1999,
10, 1637; S. G. Davies, G. D. Smyth and A. M. Chippindale, J. Chem.
Soc., Perkin Trans. 1, 1999, 3089; S. G. Davies, N. M. Garrido, P. A.
McGee and J. P. Shilvock, J. Chem. Soc., Perkin Trans. 1, 1999, 3105;
S. G. Davies and O. Ichihara, Tetrahedron Lett., 1999, 40, 9313.

2 S. G. Davies and D. R. Fenwick, J. Chem. Soc., Chem. Commun., 1995,
1109; S. G. Davies and D. R. Fenwick, Chem. Commun., 1997, 565;
D. R. Fenwick, D. Phil. Thesis, University of Oxford, 1996.

3 S. G. Davies and O. Ichihara, Tetrahedron Lett., 1998, 39, 6045.
4 C. Murakata and T. Ogawa, Carbohydr. Res., 1992, 234, 75.
5 Representative protocol: To a solution of N-benzylated tertiary amine (1

mmol) in CH3CN–H2O (5+1), at room temperature, was added CAN
(2.1 equiv.) and the reaction mixture stirred for 2 h. The reaction mixture
was neutralised with NaHCO3 (aq), extracted with Et2O, dried
(MgSO4), and the solvent and benzaldehyde removed in vacuo to afford
a crude oil which was purified by chromatography to afford the desired
secondary amine.

6 H. Kubota, A. Kubo, M. Takahashi, R. Shimizu, T. Da-te, K. Okamura
and K. Nunami, J. Org. Chem., 1995, 60, 6776.

7 S. Kobayashi and Y. Aoki, J. Comb. Chem., 1999, 1, 371.
8 For examples of traceless synthesis of amines on solid supports, see: S.

Brandtner, S. Bräse, D. Enders, J. Köbberling, R. Lazny and M. Wang,
Tetrahedron. Lett., 1999, 11, 2105; A. R. Brown, J. R. Morphy, Z.
Rankovic and D. C. Rees, J. Am. Chem. Soc., 1997, 119, 3288; J. R.
Morphy, Z. Rankovic and D. C. Rees, Tetrahedron. Lett., 1996, 37,
3209.

9 Y. Bing and L. Wenbao, J. Org. Chem., 1997, 62, 9347.
10 For example, see: J. P. Li, J. Org. Chem., 1975, 40, 3414.

Communication b000071j

Scheme 3 Reagents and conditions: i, CAN (2.1 equiv.), CH3CN–H2O
(5+1).

Scheme 4 Reagents and conditions: i, CH3(CH2)4CHO (5.0 equiv.),
trimethyl orthoformate; ii, NaBH4 (10.0 equiv.), DMF–EtOH (3+1); iii,
CAN (5.0 equiv.), CH3CN–H2O (5+1), room temp.

338 Chem. Commun., 2000, 337–338



Redox-active self-assembled monolayers as novel solid contacts for ion-selective
electrodes†

Monia Fibbioli,a Krisanu Bandyopadhyay,b Sheng-Gao Liu,b Luis Echegoyen,*b Olivier Enger,a François
Diederich,*a Philippe Bühlmannc and Ernö Pretsch*a

a Laboratory of Organic Chemistry, Swiss Federal Institute of Technology (ETH), CH-8092 Zürich, Switzerland.
E-mail: pretsch@org.chem.ethz.ch 

b Department of Chemistry, University of Miami, Coral Gables, FL 33124, USA
c Department of Chemistry, School of Science, The University of Tokyo, Hongo 731, Bunkyo-ku, Tokyo 113-0033,

Japan   

Received (in Cambridge, UK) 2nd December 1999, Accepted 25th January 2000

A new methodology to fabricate solid-contact ion-selective
electrodes (SC-ISEs) using SAMs of a lipophilic redox-active
compound to facilitate the charge transfer across the
interface leads to improved potential stability and prevents
redox or O2 interference of valinomycin-based SC-ISEs.

In conventional solvent polymeric ion-selective electrodes
(ISEs), the membrane is in electrical contact with the internal
reference electrode through an inner solution. This arrangement
provides stable potentials at the membrane/solution and solu-
tion/internal electrode interfaces.1 For an ISE whose membrane
is in direct contact with the inner electrode (coated wire
electrodes),2 however, the potential stability is generally not
satisfactory owing to poorly defined redox reactions at the metal
surface and formation of a thin aqueous layer between this metal
and the membrane.3a–c ISFETs with an immobilized buffered
hydrogel layer between the PVC membrane and the SiO2
surface showed improved stability3d but since the need for an
inner solution impedes true miniaturization of ISEs, several
approaches to improve the EMF stability of solid-contact
electrodes have been suggested.3b,4,5

Here, we introduce a novel approach to prepare SC-ISEs
using redox-active self-assembled monolayers (SAMs). A
lipophilic and redox-active compound (a fullerene 1 or
tetrathiafulvalene, (TTF) 2 derivative, Fig. 1) is attached by
self-assembly to the inner gold electrode (gold film or gold
bead), and a conventional ion-selective membrane (with
polyurethane matrix) is deposited on the modified solid
substrate. The redox properties of the SAMs guarantee a stable
potential, while their lipophilicities prevent the formation of an
aqueous layer between the membrane and the metal electrode.
Two new compounds were designed in view of their easy
reduction (of fullerene in 1) or oxidation (of TTF in 2).

Compound 1 was synthesized by converting 8-chlorooctanol
to the S-acetyl protected 8-mercaptooctanol6 and then into the
malonate derivative, which was added in a modified Bingel
reaction to C60.7 Acidic deprotection of the monoadduct yielded
1. The synthesis of 2 is described in the literature.8–10 Detailed
procedures, spectroscopic and voltammetric data are included in
the electronic supplementary information.†

SAMs of 1 and 2 were formed by dipping freshly evaporated
Au films (2000 Å, vacuum-deposited on glass slides with a
buffer layer of 60 Å Cr) or glass-sealed ultra-clean spherical Au
bead (diameter of exposed area ca.1 mm) electrodes into a 1
mM CH2Cl2 solution of the respective compound for 24 h,
followed by rinsing with large amounts of CH2Cl2 and drying
under Ar.10 The resulting modified surfaces were characterized
by contact-angle measurements, ellipsometry and IR spectros-
copy (for Au films) or voltammetry (for Au films and beads).

The cyclic voltammograms (CVs) recorded in a solution of 0.1
M NBu4PF6 in CH2Cl2 show a linear increase of the peak
current related to the fullerene-based first reduction (for 1) or
TTF-based first oxidation (for 2) with the scan rate, indicative of
a surface-confined behavior (Fig. 2).11 This was also confirmed
by the small potential difference between the anodic and
cathodic peaks: 22 mV for the fullerene reduction at E1/2 =
2680 mV and 35 mV for the TTF oxidation at E1/2 = +575 mV
(vs. an aqueous Ag/AgCl reference electrode at a scan rate of 1
V s21; Fig. 2). The SAMs derived from compounds 1 and 2
proved to be stable, exhibiting almost the same current
responses after several scan cycles. The surface coverages12

were found to be 3.9 3 10–10 and 1.9 3 10210 mol cm22

(estimated values for a monolayer: 1.9 3 10210 and 3.6 3
10210 mol cm22)13 for 1 and 2, respectively.8,14 The advancing
contact angles of water revealed a higher lipophilicity (71 ± 2°
for 1 and 70 ± 2° for 2)15 compared to that of the unmodified Au
electrode, but a lower one than reported for highly hydrophobic
surfaces ( > 100°),16 which apparently reflects the aromatic
character of the terminal fullerene and TTF groups.

Both SAM-modified Au films and beads were used as
internal electrodes for the potentiometric measurements17 with

† Electronic supplementary information (ESI) available: synthetic and
spectroscopic data for 1 and 2 is available from the RSC web site: http://
www.rsc.org/suppdata/a9/a909532b/

Fig. 1 K+-Calibration curves of a valinomycin-based SC-ISE membrane
with no SAM, and with a SAM of the fullerene derivative 1 or TTF
derivative 2 (curves offset for clarity).
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K+ selective polyurethane membranes.18 Fig. 1 shows calibra-
tion curves for the SC-ISEs with different interfaces after
conditioning in a 1023 M KCl solution for 12 h. The SC-ISEs
with SAMs exhibit linear responses down to 1025 M K+ with
Nernstian slopes (the lower detection limit is due to H+

interference17). Since the membrane composition for these SC-
ISEs is the same as for conventional liquid-contact ISEs, the
selectivity coefficients are also the same within experimental
error. The EMF values of these SC-ISEs are more stable (long
term drifts over 100 h 85 mV h21 as compared to 220 mV h21

without SAM) and not influenced by changes in the ratio of
Fe(III)/Fe(II) in solutions of constant ionic strength (0.1 M KCl)
and constant total amount of the redox couple (1022 M FeCl3/
FeCl2). In the absence of the redox-active SAM, the linear
response range was reduced by about an order of magnitude
(Fig. 1, the lower detection limit is no more due to H+

inteference) and strongly drifting signals ( > 5 mV min21) were
observed when interfering ions were measured. Both of these
effects can be explained by the presence of an aqueous layer
between the polyurethane membrane and the gold surface. The
composition of this layer changes upon contact of the SC-ISE
with interfering sample ions and thereby affects both the phase
boundary potential at the interface of the membrane and the
aqueous layer as well as the interfacial potential at the metal
surface, which is apparently determined by the reaction of O2.3b

The strong influence of O2 on the EMF of coated wire
electrodes3b,5a Fig. 3, top curve) is effectively reduced by the
SAMs of 1, 2 or n-C8H17SH (Fig. 3), indicative of the absence
of an aqueous layer. However, no Nernstian response could be
obtained with the latter monolayer, corroborating the need for
the redox active SAM.

In summary, we have developed a new methodology to
fabricate solid-contact ion-selective electrodes using SAMs of
redox-active compounds. All the valinomycin-based SC-ISEs
studied show Nernstian responses down to 1025 M K+, with
improved stability, and no redox or O2 interference.
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Fig. 2 Cyclic voltammograms of a SAM of 1 (left) or 2 (right) on a gold bead
recorded in 0.1 M NBu4PF6 in CH2Cl2 with scan rates between 1000 (first
scan) and 50 mV s21 (last scan). All measurements were started at 0 mV.

Fig. 3 EMF response of various SC-ISEs on introducing O2 or Ar into a
1023 M KCl solution (curves offset for clarity).
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Exclusively cis-protonation occurs at axial N-atoms of chair
shaped P3N9 ring cores in the protolysis of the lithium salt of
hexaanionic cyclotriphosphazenate [(CyN)6P3N3]62 with
three equivalents of butan-1-ol and cis-deprotonation takes
place at the hexaprotic cyclotriphosphazene (PhNH)6P3N3
with three equivalents of BunLi, respectively, yielding both
times lithium salts of cis-trihydrogen cyclotriphosphaze-
nates [(RNH)3(RN)3P3N3]32.

The formal replacement of oxy and hydroxy units (NO, –OH) by
isoelectronic imino and amino groups (NNR, –NHR), re-
spectively, has led to novel compounds with unusual properties,
due to both the increased electron donating capability of the
nitrogen centre and the steric demand of the lipophilic organic
substituent.1 Imino analogues of the classic oxy-anions
[SO3]22,2 [SO4]22,3 [PO4]32 4 and the kinetically unstable
[PO3]2 5 exist as molecular aggregates and are highly soluble in
aprotic organic solvents. However, little is known about
multistep protonation pathways between corresponding acid–
base pairs. Recently, we have discovered that cyclophospha-
zenes carrying RNH groups act as multiprotic acids in the
presence of strong bases yielding multianionic phosphazenates,
a novel class of highly charged ligand systems.6 The hexaprotic
cyclotriphosphazene (CyNH)6P3N3 1a is fully deprotonated by
BunLi generating the lithium salt of the hexaanionic cyclo-
triphosphazenate [(CyN)6P3N3]62 3a which is highly soluble in
non-polar aprotic solvents.6a Its central P3N9 core is electron-
ically related to the cyclotrisilicate ion [Si3O9]62. We have now
revealed protonation and deprotonation pathways between
hexaprotic phosphazenes and hexaanionic phosphazenates by
monitoring reactions using 31P NMR spectroscopy and deter-
mining crystal structures of trianionic intermediates.

Stepwise addition of BunLi to a solution of 1a (14.9 ppm) in
thf leads to a complex signal pattern in the 31P NMR spectrum
(Fig. 1) which finally gives a single peak at 25.3 ppm due to the
formation of fully deprotonated 3a. However, stepwise pro-

tolysis of 3a with BunOH gives a single peak at 16.2 ppm after
addition of three equivalents of BunOH indicating the existence
of the trianionic intermediate [(CyNH)3(CyN)3P3N3]32 2a. In
contrast, the hexaanilino derivative (PhNH)6P3N3 1b (3.2 ppm)
gives directly [(PhNH)3(PhN)3P3N3]32 2b upon addition of
three equivalents of BunLi as indicated by the appearance of a
single peak at 5.0 ppm. Addition of six equivalents to 1b results
in one signal at 16.2 ppm which can be attributed to hexaanionic
[(PhN)6P3N3]62 3b. In both cases tri- and hexa-anionic species
are levelled by excess of BunOH yielding 1 and exist only in
aprotic non-acidic media or very weakly protic solvents such as
cyclohexylamine.

The X-ray structure† of 2a reveals that exclusively axial N-
atoms at the chair shaped P3N3 ring have been protonated (Fig.
2). The dimeric complex of 2a is closely related to that of
hexaanionic 3a containing a centrally arranged polyhedral cage
comprising six lithium cations which are encapsulated by two
trianions. Each lithium cation is chelated by a bidentate N(eq)–
P–N(ring) site of one of the anions and additionally coordinated
by an equatorial N-atom of the other anion. The geometry of the
central P3N9 core in 2a is midway between those observed in 1a

Scheme 1 Reagents and conditions: for a (R = Cy): i, BunLi (6 equiv.), thf;
ii, BunOH (3 equiv.); iii, BunOH (3 equiv.); for b (R = Ph): iv, BunLi (3
equiv.), thf; v, BunLi (3 equiv.), thf.

Fig. 1 31P NMR spectra (ppm) (161 MHz, thf, 25 °C) of stepwise reactions
(a) 1a + n BunLi, (b) 3a + n BunOH and (c) 1b + n BunLi.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a908954c Chem. Commun., 2000, 341–342 341



and 3a: torsion angles within the P3N3 ring show that the degree
of ring puckering increases in the order 1a (av. 3.6° ~ planar),
2a (av. 33.2°) and 3a (av. 43.7°). The P–N ring stretching
frequency in the IR-spectra undergoes a considerable red shift
from 1a (1194 cm21), 2a (1095 cm21) to 3a (1031 cm21)
suggesting a decrease in bond order, also shown by the increase
in P–N(ring) bond lengths from 1.598 (1a), 1.635 (2a) to 1.660
Å (3a) and decrease in N–P–N(ring) angles [116.3° (1a), 112.3°
(2a), 109.7° (3a)] causing puckering of the central six-
membered ring. The difference in exocyclic P–N bond lengths
in 2a [P–N(eq) 1.614, P–NH(ax) 1.665 Å] indicates that
multiple bond character is partly transferred from ring onto
equatorial P–N bonds.

2b exists as the monomeric C3-symmetric complex [(thf)6Li3
cis-(PhNH)3(PhN)3P3N3] in the solid state. Each lithium cation
is chelated by an N(eq)–P–N(ring) site of the ligand and in
addition coordinated by two thf molecules. Structural parame-
ters of the P3N9 core in 2b resemble those in 2a (Fig. 3) and

deprotonation also occurred in cis fashion at equatorial N-
atoms. The difference in P–N bond lengths (P–N(ring) 1.617
(av.), P–N(eq) 1.592(3), P–NH(ax) = 1.708(4) Å) shows the
same tendency as 2a. The cis-arrangement in both structures can
be rationalised as follows: charge repulsion within the P3N9
core forces the six-membered ring into a chair conformation,
due to distribution of charge over ring and equatorial N atoms.
This leaves axial sites protonated and provides three N(ring)–P–
N(eq) chelates complexing the lithium cations on the opposite
side of the trianion.

The successive protonation pattern of the above described
{(RNH)6P3N3/[(RNH)3(RN)3P3N3]32/[(RN)6P3N3]62} sys-
tems resembles that of mononuclear polyprotic oxy acids. It is,
however, shifted towards the far basic region of the acidity scale
and ion pairing seems to play a significant role. In contrast,
condensed oxy acids lack corresponding acid–base reactions
due to backbone cleavage in the presence of strong bases and
related acidic oxy-anions such as [H3Si3O9]32 are unknown.
Another interesting feature of 2 is the site selective protonation
pattern which is to our knowledge the first selective cis-
trifunctionalisation of a cyclotriphosphazene.7 This could lead
to novel ligand systems equipped with a hexadentate coordina-
tion surface on one side and a non-polar surface on the other
side of the molecule similar to calixarenes.

This work was supported by the EPSRC, the Royal Society
and the Nuffield Foundation.
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Fig. 2 Crystal structure of 2a. Average bond lengths (Å) and angles (°): P–
N(ring) 1.635, P–N(eq) 1.614, P–N(ax) 1.665, Li–N(ring) 1.99, Li–N(eq)
2.04, Li–N(eq) of the other trianion 2.03, N(ring)–P–N(ring) 112.3, N(eq)–
P–N(ax) 111.3, P–N(ring)–P 121.9, av. P3N3 ring torsion = 33.2°.

Fig. 3 Crystal structure of 2b. Selected bond lengths (Å) and angles (°): P1–
N1 1.621(3), P1–N1a 1.614(3), P1–N2 1.592(3), P1–N3 1.708(4), N1–Li1
2.054(8), N2–Li1 2.038(8); N1–P1–N1a 114.7(2), N2–P1–N3 112.3(2),
P1–N1–P1a 119.8(2); P3N3 ring torsion = 32.3(4)°. Non-coordinated thf
molecules have been omitted for clarity.
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The Lewis acidic calix[4]arene with four covalently attached
diphenylmonochlorotin(IV) centers was synthesized and its
stannate complex with chloride was studied by 119Sn
NMR.

The supramolecular chemistry of anions including their detec-
tion, sequestration and transportation by calixarenes is an
emerging area of research involving this versatile class of
receptor molecules.1 Compared to their positively charged
counterparts, anions are inherently more difficult to bind due to
their relatively larger ionic radii, higher solvation energies and
diverse topologies.2 Even with these formidable obstacles,
calixarenes with incorporated hydrogen bond donors (e.g. ureas,
amides and alcohols)3 or electron-deficient metal centers (e.g.
metallocenes and metal complexes)4 have been synthesized
which selectively bind different types of anions. Recently, there
has been an increased interest in designing heteroditopic ligands
for the simultaneous complexation of anions and cations
suitable for extraction or transportation of metal salts. Since
calixarenes can be functionalized on both their upper and lower
rims, they are attractive molecular scaffolds for constructing
heteroditopic hosts. Common design features of previously
reported bifunctional calixarenes are hydrogen bond donors for
anion complexation and crown ether or ester groups for cation
recognition.5 In this context, we report the synthesis and
chloride-binding properties of a neutral, heteroditopic calixar-
ene containing covalently attached Lewis acidic tin atoms for
anion binding and ether oxygens for cation binding.

Incorporation of main group metals, particularly tin, repre-
sents a relatively unexplored area of calixarene chemistry. Two
of the reported three examples are actually complexes contain-
ing mono- and ditin(II) centers wherein the calixarenes served as
oxoligands.6a,b The lone example of a covalently attached
tin(IV)-containing calixarene utilizes the tin atoms as the bridge
between adjacent aromatic rings.6c The relatively longer C–Sn
bonds allowed this compound to adopt a nearly planar
geometry, thereby destroying the chalice-like structure.

The neutral Lewis acidic tetrastannacalix[4]arene host 4 was
synthesized as outlined in Scheme 1.†‡ The principal starting
material for the synthesis was the de-tert-butylated calix[4]ar-
ene 1, which was readily obtained in multigram batches from
literature procedures.7 The dealkylated calixarene was used so
that the Lewis acidic tin atoms could be appended to the upper
rim. Alkylation of the lower rim of 1 with allyl bromide yielded

the tetraallyl ether (85%), which when heated to 215 °C
underwent a Claisen rearrangement that transferred the allyl
groups to the upper rim (71%).7

The cone conformation in the calix[4]arene framework of 2
was then fixed by appending ethoxyethyl groups on to the lower
rim of the rearranged tetraallyltetrahydroxycalixarene (58%).8
These ether groups were used to create a prototypical cation
binding site for three reasons: (i) they were inert to the
conditions of the subsequent reactions, (ii) their cation-binding
properties were already known9 and (iii) their conformational
influence on the calixarene was predictable. Hydroboration of
the double bonds in 2 with 9-BBN produced the tetraol (28%)
which was converted to the corresponding tetrachloride by
treatment with Ph3P/CCl4 (82%). The tetratin compound 3 was
obtained by reacting the tetrachloride with Ph3SnLi (40%).10

The 119Sn NMR spectrum of 3 contained only one signal at d
2101.27, which indicated that the four tins were equivalent in
solution. Without the inductive effects of an electron with-
drawing group, the tin atoms are not acidic enough to complex
chloride ions, thus host 4 was obtained after careful treatment of
3 with anhydrous HCl at 278 °C (90%). The 119Sn NMR
spectrum of 4 also contained just a single signal at d +14.75
which is within the range of typical Ph2RSnCl species.11a What
ultimately motivated us to employ the 3-carbon spacer group on
the upper rim was the fact that the order of reactivity in this
reaction is Ph > Bn > R.11b This meant that at least a 2-carbon
spacer had to separate the tin atoms from the aromatic rings on
which they were attached so that regiochemical control could be
achieved in the chlorination reaction.

The chloride complexing properties of 4 were investigated in
CDCl3 by using 119Sn NMR to observe the change from the
tetravalent uncomplexed, stannane species to the pentavalent
geometry of the stannate complex.11b,12 Initial binding studies
were restricted to chloride binding in order to eliminate
complications introduced by ligand exchange at the tin atoms.
The stoichiometry of the complex was determined by the
method of continuous variation (Job plot).13 This method is
particularly useful for systems under rapid exchange conditions
and can be adapted easily to 119Sn NMR data.12 The experiment
required analysis of several solutions of 4 and Bu4NCl prepared
such that the mole fractions changed, but the concentration was
constant. A plot of (DdXH) vs. XH, where Dd = (dobs 2 dH),
produced a parabolic curve that maximized at XH = 0.25,
indicating that each tin atom acted independently in the
formation of a 4+1 (Cl+4) stannate complex. This result is not
surprising, since the tin atoms are not structurally preorganized
in a well-defined binding site that would facilitate cooperative
binding.

Chloride association constants for 4 were determined by the
Benesi–Hildebrand method as adapted to 119Sn NMR data as
shown in eqn. (1).12

(dobs2 dH)21 = (dC2 dH)21 + (Keq(dC2 dH))21 [Cl2] (1)

The rate of exchange between the free host and complex was
rapid on the NMR time scale, over the temperature range of
220 to +50 °C, as evidenced by a single weighted-average
signal that was observed to shift from its initial value for the free
host (d +14.35) to higher field strengths upon the addition of

Scheme 1 Reagents and conditions: i, NaH, allyl bromide; ii, N,N-
diethylaniline, heat; iii, NaH, 2-bromoethylethyl ether; iv, 9-BBN, H2O2,
NaOH; v, Ph3P, CCl4; vi, Ph3SnSnPh3, Li; vii, HCl, CH2Cl2.
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chloride. For example, the signal for Cl2/host = 4 was
observed at d 2171.93 and continued to shift slightly further
upfield with the addition of 8, 12, 16 and 20 equiv. of Cl2. The
total displacement (dobs 2 dhost) was 207 ppm, with 90%
displacement occurring at the addition 4 equiv. of Cl2. This
behavior is characteristic of weak binding, which was con-
firmed by the small Keq values that ranged from a high of 52
M21 at 253 K to a low of 13 M21 at 328 K, with intermediate
values of 25 and 33 M21 at 295 and 273 K, respectively. Not
only are these values similar to acyclic ditin model com-
pounds,14 they were anticipated since the tin atoms in 4 lack any
preorganization and cooperative binding.

We are currently investigating the simultaneous ion pair
complexing properties of 4 with NaCl as the metal salt. These
studies are based on previous results that demonstrated that the
ethoxyethyl ether groups were selective for sodium ions even
though the percent extraction is relatively low.9

M. T. B. would like to thank the Robert A. Welch Foundation
for financial support and Dr Norman Dean for  assistance in
acquisition of the 119Sn NMR data.

Notes and references
† All new compounds were characterized by 1H (400 MHz), 13C (100 MHz)
and 119Sn (149 MHz) NMR spectroscopy and elemental analysis. Internal
standards for NMR spectra were tetramethylsilane (1H and 13C) and
tetramethyltin (119Sn).

119Sn Job plot experiments: Aliquots from 0.1 M stock CDCl3 solutions
of 4 and Bu4NCl were mixed so that the mole fractions of each changed, but
the total concentration of all species in solution remained constant. Spectra
were acquired at 295 K (149 MHz) on samples containing mole fractions of
4 ranging from 0.1 to 0.8.

Binding constants: Equilibrium constants were determined by the
Benesi–Hildebrand method, wherein a large excess of guest species was
present relative to the amount of host. In these experiments, aliquots of a
1.72 M solution of Bu4NCl were added to 0.780 ml (0.071 mmol) of a 0.091
M solution of 4 in 1 ml volumetric flasks. The solutions were mixed
thoroughly and transferred to an NMR tube. Binding constants were
determined at 328, 295, 273 and 253 K.
‡ Selected data for 2: dC(CDCl3) 15.29, 30.72, 39.36, 66.32, 69.63, 73.10,
114.82, 128.30, 133.11, 134.63, 138.22, 154.47. For tetraol: dC(CDCl3)
15.25, 30.51, 31.22, 33.89, 61.86, 66.28, 69.61, 73.14, 127.87, 134.52,
135.11, 153.99. dC(CDCl3) 15.28, 30.70, 31.91, 34.07, 44.17, 66.31, 69.65,
73.14, 128.12, 133.95, 134.68, 154.41. For 3: dC(CDCl3) 10.53, 15.31,
28.62, 30.83, 39.47, 66.29, 69.64, 72.93, 128.09, 128.43, 128.77, 134.34,
135.12, 137.04, 139.08, 154.32; dSn 2101.24. For 4: dC(CDCl3) 15.21,

16.89, 27.42, 30.69, 37.88, 38.79, 64.71, 68.64, 72.03, 127.69, 128.33,
128.77, 133.92, 134.86, 136.77, 138.59, 154.03. dSn(CDCl3) +14.75.
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A novel phosphonic acid monomer for use in dental
composites was prepared by the base-catalysed rearrange-
ment of the corresponding diethyl arylphosphonate.

In general dentistry may be described as a profession that is
engaged with the repair and treatment of the teeth in order to
restore proper function and good aesthetics. One of the major
problems encountered in the treatment of teeth is dental caries,
which is a preventable condition but one that is widespread and
is possibly the most common disease in the world.1 The onset of
dental caries is due to metabolic activity by the bacteria of the
plaque leading to production of acids from sugar in the diet,
resulting in a localised attack on the enamel and dentine of the
tooth.2 The infection caused by caries can lead to other more
serious conditions and can be fatal in the case of endocarditis,3
and as a consequence dental repair can be seen as important.
Repair materials have been the subject of considerable research,
with recent emphasis on aesthetic materials that are capable of
bonding to the cleaned tooth surface.

In the present work, we have sought to prepare an acid-
functional monomer for use in dental restorative materials.
There are existing filling materials that contain acid-functional
monomers, but they are aliphatic, and the resulting materials
have relatively poor mechanical properties.4 We anticipate that
aromatic monomers, such as 1, will yield materials with

improved mechanical properties, because of the similarity with
the aromatic dimethacrylate monomers currently used ex-
tensively in dentistry.

We also reasoned that the incorporation of a phosphonic
function into monomer structures would result in increased
biocompatability and adhesion to the tooth due to chelation with
calcium ions in the tooth surface.

Here we report on the synthesis of the novel monomer 1 in
which we have incorporated a phosphonic acid residue in both
aromatic rings as well as incorporating a methylmethacrylate
function that is capable of ionic or radical polymerisation.

At the outset we investigated the formation of the aryl
phosphonate 6 employing Michaelis–Arbuzov reaction with the
2,2A-dibromobisphenol 2 and triethyl phosphite and with O-
dimethoxy analogues under a wide range of conditions,5 and all
of these attempts proved to be unfruitful. As a result of these
findings we explored the chemistry of the di-O-isopropylidene
protected dibromoaryl ether 3 employing Michaelis–Arbuzov
conditions and also the Hirao modification.6 Once again these
attempts at the introduction of the phosphonate group proved to

be unfruitful. The alternative strategy of lithio anion formation.7
followed by subsequent trapping led to complex mixtures that
contained a small amount of the desired product, as evidenced
by NMR.

Our successful approach to the synthesis of 1 is detailed in
reaction Scheme 1. Bisphenol 4 was treated with NaH and
chlorodiethylphosphite and afforded the di-O-phosphate 5 in
50% yield.† An improved yield (75%) of 5 was obtained if the
reaction was conducted using diethyl phosphite in the presence
of CCl4 and triethylamine.8 With the diphosphate 5 in hand we
examined its rearrangement to the C-phosphonate as similar
processes had been reported by Melvin at Pfizer9 for simpler
systems.10 Thus treatment of the diaryl phosphate 5 with a 2.5
fold excess of lithium diisopropylamide at 278 °C resulted in
the clean rearrangement to the diarylphosphonate 6 in 86%
isolated yield after recrystallisation. That the rearrangement had
occurred to give 6 was strongly supported by its spectral
properties, in particular the 1H, 13C and 31P NMR were most

Scheme 1 Reagents and conditions: i, NEt3 (2 equiv.), diethyl phosphite (2
equiv.), CCl4, room temp., 30 h; ii, LDA (5 equiv.), THF, 278 °C, 1 h, then
3 h at room temp.; iii, glycidol (5 equiv.), cat. NEt3, heat, 3 h; iv, Py,
methacrylic anhydride (3.5 equiv.), cat. DMAP, room temp., 18 h; v,
TMSBr (9 equiv.), room temp., 18 h, followed by aq. MeOH.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a909877a Chem. Commun., 2000, 345–346 345



informative. In the 1H NMR there was significant 1H–31P
coupling to the ortho and meta protons (JP–H 11.2 and 7.2 Hz)
of the aromatic rings; this coupling was absent in 5. In the 13C
NMR, coupling of 13C–31P was observed for the aromatic
resonances (JC–P 179.6, 13.5 Hz). The 31P NMR also provided
convincing support for the assignment, as the resonance due to
the phosphonate was observed at d 221.54 for 6 whilst in the
phosphate 5 the resonance was found to be at d 27.21.

This type of rearrangement reaction most likely proceeds via
ortho-directed metallation of the aromatic ring followed by
migration of the phosphorus to the cabanion centre, resulting in
the formation of the phenolic phosphate. During the course of
these studies we examined this rearrangement using 31P NMR
but we were unable to detect any intermediates during this
process. We believe that this is the first example of this type of
double phosphate rearrangement to provide the diphosphonate
6.

Having the desired arylphosphonate 6 in hand alkylation of
both the phenolic functions was accomplished with glycidol in
the presence of triethylamine to afford 7 in 50% yield. Selective
methacrylation of the primary hydroxy functions at both termini
was accomplished with either methacroyl chloride in the
presence of pyridine or with methacrylic anhydride in the
presence of a catalytic amount of DMAP. The latter sequence
was preferred as it gave rise to the desired product 8 in 50%
yield as compared to 29% for the former reaction procedure. In
both of these esterification reactions we observed the formation
of doubly and singly esterifed products that were separated by
column chromatography. The mono ester thus obtained could
be converted to the diester on further treatment with either of the
two acylating agents.

At this juncture it remained for us to selectively remove the
ethyl ester protecting group of the phosphinates in 8. We
examined a range of procedures, including acid and base
hydrolysis, and all of these methods proved to be unfruitful,
with many resulting in C–O bond cleavage and removal of the
methacroyl group. As a result of this we undertook model
deprotection experiments with both the phosphonates 5 and 7
using trimethylsilyl bromide.11 This treatment resulted in the
formation of the respective phosphonic acids 9 and 10 as

dicyclohexylammonium salts, after hydrolysis, in yields of 55
and 96%. As a result of these findings we used trimethylsilyl
bromide followed by hydrolysis with aqueous methanol to

undertake the removal of the phosphonate ester groups and
gratifyingly this afforded the desired acid monomer 1 in 60%.
Alternatively, it could be isolated as its dicyclohexylammonium
salt.

In summary, we have successfully developed the synthesis of
the phosphonic acids 1 employing a double phosphate re-
arrangement reaction in excellent overall yield.

Polymerisation studies of 1 will be reported elsewhere. To
date preliminary biocompatability studies are showing promise
and these are ongoing.

We thank the EPSRC for support of this work and for access
to central facilities for high resolution mass spectrometric data
at the University of Wales, Swansea.

Notes and references
† All new compounds gave satisfactory spectral, microanalytical and/or
high resolution mass spectrometry. Selected data for 1: dH(270 MHz,
CDCl3) 1.65 (s, 6H), 1.95 (s, 6H), 3.76–4.29 (m, 12H), 5.66 (m, 2H), 6.18
(s, 2H), 6.85 (br d, 2H, J 5.1), 7.28 (br d, 2H, J 8.5), 7.84 (br d, 2H, J 14.1);
dP(109.25 MHz, CDCl3) +18.48; dC(67.8 MHz, CDCl3) 30.55, 41.83,
41.85, 64.62, 67.87, 70.92, 112.92 (JC–P 10.9), 117.04 (JC–P 189), 125.93,
131.62 (JC–P 13.5), 132.35 (JC–P 4.5), 135.84, 143.11 (JC–P 21), 158.39
(JC–P 3.6 Hz), 167.04; nmax(thin film)/cm21 3324–2716, 1720, 1600, 1490,
1294, 1168, 941 (found: M+ + H, 673.1840, C29H39O14P2 requires
673.1815; dicyclohexylammonium salt (FAB) found: M+ + H, 1035,
C53H85N2O14P2 requires 1035). For 5: dH(270 MHz, CDCl3) 1.28 (t, 12H,
J 7.2), 1.62 (s, 6H), 4.12 (q, 8H, J 7.2), 7.03–7.33 (m, 8H); dP(109.25 MHz,
CDCl3) 27.21; dC 15.98 (d, JC–P 6.7), 30.81, 42.17, 64.43 (JC–P 6.0), 119.31
(JC–P 4.9), 127.96, 146.98 (JC–P 1.3), 148.63 (JC–P 7.1); nmax(thin film)/
cm21 3451, 3281, 1604, 1505, 1271, 1033, 967. For 6: mp 93–94 °C;
dH(270 MHz, CDCl3) 1.28 (t, 12H, J 7.2), 1.62 (s, 6H), 4.10 (q, 8H, J 7.2),
6.86 (dd, 2H, J 9.5, 7.2), 7.20 (dd, 2H, J 11.2, 2.6), 7.23 (dd, 2H, J 9.5, 2.6);
dP(109.25 MHz, CDCl3) 221.54; dC(67.8 MHz, CDCl3) 16.09 (d, JC–P 6.2),
30.67, 41.65, 64.64 (JC–P 4.7), 108.04 (JC–P 179.6), 117.38 (JC–P 13), 128.80
(JC–P 7), 134.06 (JC–P 2.1), 141.42 (JC–p 12.7), 160.17 (JC–P 7.2);
nmax(KBr)/cm21 3451, 3137, 1602, 1405, 1209, 1027, 979.

1 T. R. Pitt Ford, The restoration of teeth, Blackwell Scientific, Oxford,
1985.

2 J. W. Nicholson, Educ. Chem., 1994, 31, 12.
3 A comprehensive guide to clinical dentistry, ed. A. H. Rowel, Class,

London, 1989, vol. 3.
4 K. Miyazaki, T. Horibe, J. M. Antoncucci, S. Takagi and L. C. Chow,

Dent. Mater., 1993, 9, 41; J. W. Nicholson and M. Alsarhedd, J. Oral
Rehabil., 1998, 25, 616.

5 P. Tavs and F. Korte, Tetrahedron, 1967, 23, 4677; P. Tavs, Chem. Ber.,
1970, 103, 2428.

6 T. Hirao and T. Masunaga, Synthesis, 1981, 56.
7 V. E. Baulin, V. Kh. Syundyukova and E. N. Tsvetkov, Zh. Obsch.

Khim., 1989, 59, 62.
8 B. Dhawan and D. Redmore, J. Org. Chem., 1984, 49, 4018.
9 L. S. Melvin, Tetrahedron Lett., 1981, 22, 3375.

10 For the S-variant, see: S. Masson, J.-F. Saint-Clair and M. Saquet,
Synthesis, 1993, 485.

11 G. A. Olah and S. C. Narang, Tetrahedron, 1982, 38, 2225.

Communication a909877a

346 Chem. Commun., 2000, 345–346



Enhanced regioselectivity of rhodium-catalysed alkene hydroboration in
supercritical carbon dioxide

Charles A. G. Carter,a R. Thomas Baker,*a Steven P. Nolanb and William Tumas*a

a Los Alamos Catalysis Initiative, Chemical Science and Technology Division, Los Alamos National Laboratory,
MS J514, Los Alamos, NM 87545 USA. E-mail: weg@lanl.gov; tumas@lanl.gov

b Department of Chemistry, University of New Orleans, New Orleans, LA 70148 USA

Received (in Cambridge, UK) 2nd December 1999, Accepted 26th January 2000

Catalysed alkene hydroboration proceeds in supercritical
CO2 with several rhodium(I) complexes using tunable
fluorinated ligands and shows higher regioselectivity rela-
tive to tetrahydrofuran or perfluoromethylcyclohexane.

The power of homogeneous transition metal catalysis rests in
chemists’ ability to fine-tune the steric and electronic properties
of the metal coordination environment and to optimize activity
and selectivity by judicious choice of the reaction medium.1
While a number of studies have employed fluorinated lig-
ands 2–4 to conduct a variety of metal-catalysed reactions5 in
environmentally benign supercritical carbon dioxide (scCO2),
little work has been reported on catalyst tunability. Recently
reported phosphines PR2RF

3,6,7 and phosphinites PR2(ORF)6,7

(RF = CH2CH2C6F13) are easily prepared and offer the ability
not only to enhance catalyst solubility, but to control the
stereoelectronic environment of catalysts in scCO2. We chose to
investigate RhI-catalysed alkene hydroboration8,9 due to the
importance of boronate ester products in synthetic organic
chemistry, medicinal chemistry, materials science and molec-
ular recognition. The catalyzed reaction exhibits higher rates
and complementary regioselectivity compared to the un-
catalysed reaction, and efficient chirality transfer has been
demonstrated in the asymmetric variant.9 We now report the
first demonstration of catalysed alkene hydroboration in scCO2,
the ability to tune both regio- and chemo-selectivity, and the
discovery of much higher selectivity in scCO2 compared to
perfluoromethylcyclohexane (CF3C6F11).

Catalyzed hydroboration of styrene derivatives with cate-
cholatoborane (HBcat) was carried out in scCO2 at 40 °C and
2800 psi for 5 h with a rhodium catalyst precursor and added
phosphorus ligands using magnetically-stirred, high-pressure
reactors with sapphire view windows that have been described
elsewhere.10 Addition of HBcat to vinylanisole using only the
hexafluoroacetylacetonate (hfacac) rhodium complex
(hfacac)Rh(coe)2 1 (coe = cyclooctene) as catalyst precursor2

led to a homogeneous solution and, after 5 h, high conversion to
a mixture of alkylboronate esters A and B, alkenylboronate ester
C, and 4-ethylanisole D (Scheme 1, Table 1). Products C and D
result from a competing dehydrogenative borylation pathway
which is favoured by phosphine-free rhodium catalysts.11

Addition of triphenylphosphine to 1 gave turbid solutions due to
poor ligand and/or catalyst solubility in scCO2. The fluorinated
ligands, including 5–8 led to homogeneous solutions demon-
strating that a single fluorinated substituent is sufficient to
impart high solubility in scCO2. As shown in Table 1, added
ligands dramatically influence the regioselectivity of hydro-

boration. Triphenylphosphine, its 3,5-bis(trifluoromethyl)phe-
nyl analog, and P(RF)3 all greatly increased hydroboration
regiochemistry, but chemoselectivity was improved only mar-
ginally. Alkylboronate ester A was formed exclusively with
cyclohexyl-substituted phosphine 8 (L+Rh ratio = 2+1),
demonstrating the ability to control regioselectivity and chem-
oselectivity by tuning the solubility and stereoelectronic
properties of ligands and metal catalysts in scCO2.

In several studies of rhodium-catalyzed hydroboration of
disubstituted alkenes, such as a- and b-methylstyrenes, mono-
dentate ligands have been found to give poor selectivity to the
desired Markovnikov addition product.8 While conversions
were low in some cases, the ability to control regiochemistry
through tunable fluorinated ligands in scCO2 is further
illustrated in Scheme 2 and Table 2. For b-methylstyrene, the
tris[3,5-bis(trifluoromethyl)phenyl]phosphine 3 and cyclo-
hexyl-substituted ligands 6, 8 gave the highest activity, but with
only fair regiocontrol. Ligands 4, 5 and 7 gave alkylboronate
ester E exclusively. The advantage of ligand tunability is also
demonstrated for the reaction of a-methylstyrene and HBcat, as
changing from cyclohexyl 6 to phenylphosphinite ligand 5
yields only the Markovnikov addition product EA.

Solvent effects play an important role in determining the
selectivity of catalytic hydroboration reactions.12 Gladysz andScheme 1

Table 1 Ligand effects on catalysed hydroboration of vinylanisole in
scCO2

a

Selectivity (%)

Entry L
Conversion
(%) A B C D

1 No added ligand 89 14 14 31 41
2 PPh3 (2) 92 71 13 13 3
3 P[3,5-(CF3)2C6H3]3 (3) 94 75 — 19 6
4 P(RF)3 (4)b 94 82 — 17 1
5 Ph2PORF (5)b 81 88 — 12 —
6 Cy2PORF (6)b,c 89 90 — — —
7 Ph2PRF (7)b 88 89 — 11 —
8 Cy2PRF (8)b 100 100 — — —
a (hfacac)Rh(coe)2 1 (0.02 mmol), ligand L (0.04 mmol) and substrate (1.0
mmol). Conversion and product selectivity were determined by 1H and 11B
NMR using hexamethyldisiloxane standard. b RF = CH2CH2C6F13. c Some
polymeric material was observed in this reaction.

Scheme 2
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Horvath13 reported an elegant study of alkene hydroboration in
fluorous biphasic media using RhCl[P(RF)3]3 derived from 4;
however, the regioselectivity for styrene derivatives was low.
Comparing the reaction of vinylanisole and HBcat in scCO2 to
that in perfluoromethylcyclohexane led to some surprising
results. Catalyst precursor 1 and ligand 4 showed significantly
greater regiocontrol in scCO2 (Table 3, entry 1). This trend held
for ligands 5–8 and was particularly striking for Cy2PRF (entry
5) which afforded a single product in scCO2. Remarkably, the
selectivity in scCO2 for 4–8 was also considerably higher than
that observed in THF. Ligand 4 is not soluble in THF; however,
partially fluorinated ligands 5–8 and their rhodium complexes
are fully soluble under the reaction conditions. In THF, product
selectivity using the nonfluorinated analog of ligand 8 (i.e.
Cy2PC8H17) was found to be similar to that observed for ligand
8, confirming the insulating effect of the two methylene spacers
in the RF group.† There are several reports4,5,14,15 of enhanced
selectivity of catalysed reactions in scCO2 compared to
conventional organic solvents. Except for a few cases where
density is controlled through pressure changes,16 we are
unaware of any examples presenting such a dramatic effect as
that shown here. The origin of the higher selectivities for
hydroborations is not clear. Since ligand-free rhodium com-
plexes result in poor hydroboration selectivity,11 stability and
lability of the catalysts (i.e. keeping the ligand on the metal),
which are likely solvent dependent, may play an important role.

It is also possible that a Rh–h3-benzyl intermediate17 that would
lead to A could be stabilized in scCO2 relative to the h1-
regioisomer that would yield B.

In summary, we have demonstrated that catalysed alkene
hydroboration can proceed in supercritical CO2 without any
difficulty from B–H reactivity with the solvent. Regiocontrol
can be achieved using tunable ligands of the form R2PRF and
R2PORF. Furthermore, significantly higher regioselectivities
can be obtained for these ligands in scCO2, relative to
fluorocarbons and even THF. Given further advancements in
catalyst separations and recovery in scCO2,18 catalysis in this
medium can complement fluorous phase approaches. We are
currently assessing the effects of pressure (solvent density) on
selectivity, monitoring reactive species by in situ NMR
spectroscopy, and studying stoichiometric reactions of isolable
16 electron rhodium–boryl complexes.19

This work was supported as part of the Los Alamos Catalysis
Initiative by the Department of Energy through Laboratory
Directed Research and Development (LDRD) funding and by
the Department of Energy (DE-FG02-98ER45732) for work
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Dale Smith (UNO) for providing ligands and Professor John
Gladysz for a generous donation of P(CH2CH2C6F13)3.
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Table 2 Hydroboration of a- and b-methylstyrenea in scCO2

Conversion (selectivity) (%)

Entry L E+F+G EA+FA

1 P[3,5-(CF3)2C6H3]3 (3) 100 (0+24+76) 90 (78+22)
2 P(RF)3 (4) 56 (55+45+0) 13 (100+0)
3 Ph2PORF (5) 13 (100+0+0) 8 (100+0)
4 Cy2PORF (6) 3 (50+50+0) 71 (89+11)
5 Ph2PRF (7) 19 (96+4+0) 16 (100+0)
6 Cy2PRF (8) 38 (36+64+0) 77 (71+29)
a Conversion and selectivity were determined after 24 h.

Table 3 Effect of solvent on the regioselectivity of vinylanisole hydro-
borationa

Selectivity (%)

Entry L Solvent
Conversion
(%) A B C D

1 P(RF)3 (4) THF 82 66 15 13 6
CF3C6F11 84 57 16 19 8
scCO2 94 82 — 17 1

2 Ph2PORF (5) THF 100 52 21 16 11
CF3C6F11 98 37 23 23 17
scCO2 81 88 — 12 —

3 Cy2PORF (6) THF 94 20 37 35 8
CF3C6F11 89 24 26 37 13
scCO2

b 89 90 — — —
4 Ph2PRF (7) THF 93 84 — 12 4

CF3C6F11 90 80 4 12 4
scCO2 88 89 — 11 —

5 Cy2PRF (8) THF 100 32 34 17 17
CF3C6F11 91 25 41 17 17
scCO2 100 100 — — —

a Reactions in organic solvents were run in NMR tubes using 0.002 mmol
1, 0.004 mmol ligand, and 0.1 mmol vinylanisole. Conversion and
selectivity were determined by 1H NMR. b Some polymeric material was
observed in this reaction.
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A nucleobase-conjugated peptide, derived from HIV-1 Rev,
was designed and synthesized, and the peptide which
contained the cytosine moiety at the L-a-amino acid side
chain bound RRE IIB RNA with high affinity and high
specificity. 

RNA–protein interactions play important roles in nature. Many
cellular functions, including transcription, RNA splicing and
translation, depend on the specific interaction of proteins and
RNA. RNA-binding proteins seldom target fully double-
stranded tracts for recognition, but interact with secondary
structural domains such as hairpin loops, internal loops, and
bulges of RNA.1 In most cases, an RNA-binding domain of a
protein forms a suitable conformation such as an a-helix or a b-
strand to recognize a structured RNA, and amino acids
orientated exactly in the protein structure make specific contacts
to the RNA backbone and bases, resulting in high affinity and
high specificity in the RNA binding. The study of the design and
synthesis of novel molecules that recognize the structure of
RNA might lead to drugs targeting RNA.

Peptide nucleic acid (PNA) is a DNA mimic with the
nucleobases on a pseudopeptide backbone composed of N-
(2-aminoethyl)glycine units.2 A PNA molecule has the ability
to efficiently and sequence-specifically bind both single-
stranded DNA and RNA as well as double-stranded DNA.
However, a simple PNA molecule itself may not recognize
highly structured RNA with high specificity, because PNA
alone would not have the ability to form the various conforma-
tions that proteins or peptides do. We have attempted to design
peptides containing nucleobases that combine the advantages of
peptides (formation of rigid structure such as a-helices) and
nucleobases (specific recognition of a base in RNA). For this
purpose, we have utilized an artificial L-a-amino acid, with a
nucleobase at the side chain, in peptides for keeping the peptide
conformation.

In order to demonstrate the applicability of a nucleobase
amino acid (NBA) in peptides, we have chosen the regulatory
protein of virion expression (Rev) of human immunodeficiency
virus type-1 (HIV-1)3–6 from among the enormous range of
examples of proteins which bind RNA specifically. The Rev
protein binds the corresponding response region of HIV-1
mRNA (RRE), and this protein–RNA interaction plays a key
role in HIV-1 virus replication. The arginine-rich domain
(34–50) of the Rev protein binds specifically the stem-loop IIB
region of RRE RNA (Fig. 1) by forming an a-helix conforma-
tion.7 The a-helix potential of the Rev34–50 peptide affects the
binding affinity and specificity of the peptide to RRE IIB
RNA.7,8 Moreover, it has been proposed that the Gln36 residue
in the Rev34–50 peptide is placed close to the guanine-48 base in
the internal loop region of the RRE IIB RNA by NMR structural
analyses.9

On the basis of these informations, we designed and
synthesized the nucleobase-conjugated peptide, Q36CNBA, in
which L-a-amino g-cytosine butanoic acid (cytosine nucleobase
amino acid: CNBA) was introduced instead of Gln36 in Rev34–50

(Fig. 1), and examined the effect of the introduction of the CNBA
unit on the peptide conformation and the RNA-binding affinity.
It was expected that the cytosine base in Q36CNBA could
interact with the guanine-48 base in RRE IIB RNA and that the
interaction may lead to an increase in affinity and specificity of
the peptide for the RNA. Furthermore, the chiral CNBA unit
possibly gives a rigid conformation in the peptide. For the
elucidation of the structural importance of Q36CNBA, Q36CPNA,
in which Gln36 and Ala37 were replaced by Nielsen type
cytosine PNA (CPNA),2 was also designed (Fig. 1). The two
amino acids were replaced by CPNA, because a PNA monomer
has the length equivalent of two amino acids in the main chain.
Q36A and Q36GG were used to evaluate the effect of
introduction of the cytosine moiety in Q36CNBA and Q36CPNA,
respectively (Fig. 1). To increase the stability of the a-helix
structure, the N-terminal amino and C-terminal carboxy groups
of the peptides were succinylated and amidated, respectively.7,8

To introduce the CNBA unit in the peptide, (2S)-4-(N4-
benzyloxycarbonylcytosin-1-yl)-2-(fluoren-9-ylmethoxycarbo-
nyl)aminobutanoic acid [Fmoc-CNBA(Z)-OH] was synthesized
according to the method in ref. 10 with some modifications.
Peptides were synthesized by the solid phase method using an
Fmoc-strategy11 and purified by HPLC with high purity ( > 98%
on analytical HPLC). The peptides Q36CNBA and Q36CPNA
gave a molecular ion peak at m/z 2602.3 [(M + H)+] (calc. =
2603.9) and 2588.6 [(M + H)+] (calc. = 2589.9), respectively,
by matrix assisted laser desorption ionization time-of-flight
mass spectrometry. RRE IIB RNA was prepared by in vitro
transcription from a synthetic DNA template using T7 RNA
polymerase and purified by polyacrylamide gel electrophor-
esis.12

Circular dichroism studies revealed that none of the peptides
including Rev34–50 had a rigid structure in aqueous buffer (pH

Fig. 1 (a) Amino acid sequences of Rev34–50 and designed peptides; (b) the
secondary structure of RRE IIB RNA; (c) structures of CNBA and CPNA.
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7.5). On the contrary, in TFE, which is known to be an a-helix
forming solvent,13 the peptides showed an a-helix CD pattern.
The a-helicity14 (Table 1) of Q36CNBA was 60%, similar to that
of Rev34–50 (59%), suggesting that the CNBA unit had a similar
potential to the Gln36 residue in the Rev peptide for forming an
a-helix structure. However, the a-helicity of Q36CPNA was
decreased to 41% despite it being in TFE solution. These results
indicate that the a-helix structure is disturbed by the flexible
and achiral PNA unit, but not by the rigid and chiral CNBA.

The binding properties of the peptides with RRE IIB RNA
were evaluated by competition assay15 using the Rev peptide
modified with 5-carboxytetramethylrhodamine at the N-termi-
nal (Rhod-Rev) as a fluorescence tracer. The dissociation
constant (2.1 3 1029 mol dm23) of Rhod-Rev with RRE IIB
RNA was calculated from the anisotropy increase of the tracer
upon the addition of the RNA using an equation with 1+1
stoichiometry.15 In the mixture of Rhod-Rev (1.0 3 1028 mol
dm23) and RRE IIB RNA (2.5 3 1028 mol dm23), fluorescence
anisotropy values were decreased by the addition of the
designed peptides as a competitor, affording the free Rhod-Rev
(Fig. 2). This competition assay revealed that Rev34-50 bound
RRE IIB RNA strongly with a dissociation constant (Kd) of 3.4
x 1029 mol dm23 (Table 1). Interestingly, Q36CNBA showed a
Kd value of 1.7 3 1029 mol dm23. Even though Q36CNBA has
almost the same a-helix potential as Rev34–50, it could bind
RRE IIB RNA 2.0-fold stronger than Rev34–50. These results
suggest that the cytosine moiety of Q36CNBA contributes to the
interaction of the peptide with the RNA by making a contact
such as a hydrogen bond to a nucleobase of the RNA. Q36A
showed the same affinity for the RNA (Kd = 3.4 3 1029 mol
dm23) as Rev34–50. This result indicates that the higher a-helix
content (76% in TFE) of Q36A enables it to maintain the same
binding affinity as the Rev34–50. On the other hand, the binding
affinity of Q36CPNA for the RNA was significantly decreased
(Kd = 10.9 3 1029 mol dm23) to a level similar to Q36GG (Kd
= 9.9 3 1029 mol dm23), even if it has the same base in its
sequence. These findings suggest that the introduction of the
CPNA residue at the Gln36 position does not improve the
binding affinity with RNA. Furthermore, the decrease of the

binding affinity is also attributed to the lower a-helix potential
of Q36CPNA (41% in TFE).

In order to elucidate the selectivity of the designed peptide
Q36CNBA for RRE IIB RNA, a mutant RNA (G48A), in which
the guanine-48 base of RRE IIB RNA was replaced by adenine,
was also prepared. Rev34–50 bound G48A RNA with a
dissociation constant of 4.5 3 1029 mol dm23, comparable to
that of the wild-type RRE IIB RNA (1.3-fold decrease) (Fig. 3).
Q36A bound the mutant RNA with an affinity similar to
Rev34–50 (Kd = 4.6 3 1029 mol dm23). Q36CNBA bound the
mutant RNA with Kd = 5.5 3 1029 mol dm23, 3.2-fold weaker
than that of the wild-type RNA, that is, the affinity of Q36CNBA
to the mutant RNA was lower than that of the Rev34–50 and
Q36A peptides. It seems that the cytosine base in Q36CNBA may
interact with the guanine-48 moiety in RRE IIB RNA, and the
interaction enhances the binding specificity to RRE IIB RNA
more than Gln36 in Rev34–50 does.

In conclusion, the nucleobase-conjugated peptide, Q36CNBA,
derived from HIV-1 Rev was successfully designed and
synthesized. Introduction of the cytosine moiety as an artificial
L-a-amino acid to the Rev34–50 peptide increased the binding
affinity and specificity to RRE IIB RNA, without changing the
conformational properties of the peptide. This study should lead
to a new strategy applicable to the construction of molecules
that recognize a specific structure of an RNA molecule using
various nucleobase amino acids.
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Table 1 a-Helix contents of the peptides in TFE solution, and dissociation
constants (Kd) of the peptides with RRE IIB RNA

Peptide a-Helicity (%)a Kd/1029 mol dm23

Rev34–50 59 3.4 ± 0.3
Q36CNBA 60 1.7 ± 0.1
Q36CPNA 41 10.9 ± 0.7
Q36A 76 3.4 ± 0.1
Q36GG 52 9.9 ± 1.1

a a-Helix contents were estimated from [q]222 according to the method of
ref 14.

Fig. 2 Fluorescence anisotropy of Rhod-Rev containing RRE IIB RNA as a
function of Q36CNBA (5) and Q36CPNA (2) concentration in 1.0 3 1022

mol dm23 Tris·HCl buffer (pH 7.5) containing 1.0 3 1021 mol dm23 KCl,
1.0 3 1023 mol dm23 MgCl2, and 5.0 3 1024 mol dm23 EDTA at 25 °C.
[Rhod-Rev] = 1.0 3 1028 mol dm23 and [RRE IIB] = 2.5 3 1028 mol
dm23.

Fig. 3 Comparison of dissociation constants of the peptides with the wild-
type and the mutant RNA.
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Arylmethaniminyl and alkyl radicals were generated from
di- and tri-methoxyphenyl aldoxime esters, by photolysis in
the presence of 4-methoxyacetophenone, and were detected
by EPR spectroscopy: good yields of cyclised products were
isolated from suitably unsaturated alkyl substituents.

Molecules suitable for direct photochemical or thermal genera-
tion of free radicals, other than peroxides and azo compounds,
are quite limited, and therefore potential alternative types are of
special interest. Oxime esters 2 are easily made from aldehyde
(or ketone) oximes 1 and carboxylic acids (or acyl halides)
(Scheme 1) and are much easier to handle and characterise than
peroxides or azo compounds. These esters, which contain weak
N–O bonds, appear to be a category of precursors for carbon-
centred and iminyl radicals (7) with promise of considerable
generality, but so far exploitation has been minimal. Thus,
benzophenone oxime esters [Ph2CNNOC(O)R] were shown to
function as photolytic sources of alkyl and diphenylmethanimi-
nyl radicals and used in preparations of alkyl aromatics,1,2 alkyl
chlorides,2 and alkanes.2 Radical induced homolysis of oxime
benzoates by tributylstannane was found to be a useful method
for generating iminyl radicals,3,4 which were also produced,
without the need for toxic organotin compounds, by use of Ni
powder and acetic acid.5,6

Aldoxime esters 2 (Ar = Ph) displayed strong UV absorption
bands at 208 and 254 nm. Inclusion of methoxy substituents in
the aryl group (3, 4) induced additional strong absorption bands
at longer wavelengths (lmax = 273, 312 nm) and this implied
that photo-dissociation to radicals might be more efficient. We
tested this prospect by monitoring solution phase photolyses of
oxime esters containing a range of aromatic and alkyl
substituents by means of 9 GHz EPR spectroscopy. No
observable spectra were obtained from photolysis (500 W Hg
arc, unfiltered) of degassed solutions of oxime esters 2 to 6 in
tert-butylbenzene solution in the temperature range 200 to 320
K, except for a very weak spectrum of the allyl radical from 2e.
However, on addition of 4-methoxyacetophenone to the
solutions as a photosensitiser (!0.1 equiv.), good quality EPR
spectra were obtained, especially from methoxy-substituted
oxime esters of types 3 and 4, but not from types 5 and 6
containing electron-withdrawing substituents. In the sensitised
photolyses of 2d, 3d and 4d, for example, the EPR spectra
consisted of a superposition of two radicals [see Fig. 1(a), (b)].
The most prominent signals were due to the tert-butyl radical,
with EPR parameters identical to those reported in the
literature.7 Two widely spaced groups of nitrogen triplets could
also be discerned in the wings of the spectra [from 7 (Ar = Ph):
a(H) = 80.5, a(N) = 10.0 G, g = 2.0034 at 250 K]. The
exceptionally large a(H) values, as well as the other EPR

parameters, are the signatures of rarely observed arylmethani-
minyl radicals,8 i.e. 7. Fig. 1(b) shows the well-resolved second-
order structure of the individual lines of the tert-butyl radical
and the partly resolved long range splitting from ring hydrogens
in iminyl radical 7 (Ar = Ph). The ratio of the concentrations of
the alkyl and iminyl radicals depended on temperature and on
the nature of R. For example, from 3e (R = allyl) very intense
spectra mainly of allyl were obtained, particularly for lower
power and low modulation amplitude [Fig. 2(a), whereas for 4a
(R = Bu) the spectra were dominated by iminyl signals [Fig.
2(b)] and in general primary alkyls were difficult to detect.
These differences in the concentrations of the two radicals were
probably due to minor differences in the rates of their
termination reactions. For highly reactive s-radicals, e.g.
cyclopropyl, generated from 4f and trifluoromethyl generated
from 4g, the EPR spectra showed only the 2,4,6-trimethoxy-

Scheme 1

Fig. 1 (a) 9.4 GHz EPR spectrum obtained from photolysis of a solution of
2d and MAP in tert-butylbenzene at 225 K showing the tert-butyl and
iminyl radicals. (b) Scale expansion of a section of the above spectrum at
250 K showing the second order structure on the tert-butyl radical and partly
resolved long range splittings on the iminyl radical 7 (Ar = Ph).

Fig. 2 (a) EPR spectrum of the allyl radical obtained on photolysis of a
solution of 3e and MAP in tert-butylbenzene at 200 K. Note the absence of
iminyl 7 at low microwave power (0.2 mW) and low modulation amplitude
(0.3 Gpp). (b) EPR spectrum of the iminyl radical 7 (Ar = TMP) and the
butyl radical, from photolysis of a solution of oxime ester 4a and MAP in
tert-butylbenzene at 235 K.
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phenylmethaniminyl radical [7, Ar = 2,4,5-(MeO)3C6H2]
except at low temperatures [ < ca. 220 K], where cyclohexa-
dienyl radicals from addition of cyclopropyl (or CF3) to the tert-
butylbenzene solvent were also visible.9

The large doublet H-hfs and comparatively few lines of the
methaniminyl radicals provide a ‘window’ of ca. 60 G in the
centre of the EPR spectrum which minimises overlap with the
co-radical. Furthermore, the iminyl spectra act as useful
standards with known g-factors so that spectral analysis of the
co-radical is facilitated. Thus, these oxime esters constitute a
convenient new class of radical precursors suitable for spectro-
scopic studies. Unlike the alternative diacyl peroxides, reagents
2 are innocuous and convenient to handle.

The EPR spectral results indicated that use of di- and tri-
methoxy oxime esters, in conjunction with a photosensitiser,
could enhance their efficiency in preparative reactions. Accord-
ingly, several ring closure reactions of oxime esters 8, 11 and 13
were investigated. (Scheme 2).

Solutions of individual oxime esters (ca. 0.13 mol dm23) in
a hydrogen donor solvent (PhCH3, CH2Cl2) were photolysed
with light from a 400 W medium pressure Hg lamp for ca. 3 h.
Table 1 shows that for 8a yields of the cyclised product,
methylenecyclopentane (9), were low, but improved on inclu-

sion of photosensitiser. Best yields of 9 were, however, obtained
from the dimethoxy oxime ester 8b when photosensitiser  was
included. Variation of the photosensitiser concentration showed
that as little 0.1 equiv. could be used before serious loss of
efficiency was experienced. The bicyclic ether 14 was obtained
in good yield from photolysis of the trimethoxy oxime ester 13,
but the yield of 1-isopropyl-3-methylcyclopentane (12) from 11
was moderate, possibly because of poor hydrogen donation to
the tertiary cyclised radical by the solvent.10 No uncyclised
products from direct reduction of the initial unsaturated alkyl
radicals were detected. This is an advantage in that by-products
are minimised, but indicates that, as expected, hydrogen
donation is slow. An advantage of the method is that halogen-
donor solvents can also be used for the preparation of
functionalised rings. For example, photolysis of 8c in CCl4
afforded a good yield of chloromethylenecyclopentane (10).
The main products derived from the iminyl radicals were the
corresponding aldehydes, probably formed from intermediate
imines, ArCHNNH, which are known to be highly susceptible to
hydrolysis.

These results demonstrate that di- and tri-methoxy substitu-
tion of aryl oxime esters enhances their performance as
photolytic sources of carbon-centred and iminyl radicals and
that further improvement can be achieved by inclusion of a
photosensitiser. These compounds are promising radical pre-
cursors of use in spectroscopic studies and as ‘cleaner’ tin-free
reagents for preparative decarboxylative cyclisations of un-
saturated carboxylic acids.

We thank the EPSRC (grant GR/L49185) for financial
support.
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Scheme 2

Table 1 Results of irradiation of oxime esters

Oxime ester Ara Solvent MAP/equiv. Product (%)b

8a Ph PhCH3 — 9 (6)
8a Ph PhCH3 1 9 (28)
8b DMP PhCH3 — 9 (39)
8b DMP PhCH3 1 9 (77)
8c TMP CCl4 1 10 (60)

11c TMP PhCH3 1 12 (34)
13c TMP CH2Cl2 1 14 (72)
a DMP = 2,4-dimethoxyphenyl, TMP = 2,4,6-trimethoxyphenyl. b Yields
determined by NMR.
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Amphiphilic cationic polyenic push–pull chromophores
which offer interesting supramolecular possibilities for
second harmonic generation have been synthesised and their
optical non-linearities studied for the first time by electric
field induced second harmonic (EFISH) generation in
solution.

Molecular nonlinear optics (NLO) has attracted increasing
interest over the past ten years.1 NLO materials are highly
promising for applications in various fields including tele-
communications, optical data storage and processing, optical
power limitation etc. NLO phenomena also present interesting
opportunities for probing and imaging purposes. For instance,
second harmonic generation (SHG) has been successfully used
for probing asymmetrical systems (such as interfaces)2 or high
resolution imaging of biological cells.3

Within this context, we have investigated a strategy based on
the design of amphiphilic push–pull chromophores [i.e. mole-
cules combining an electron-donating group (D) and an
electron-withdrawing group (A) connected by a conjugated
system] with enhanced quadratic molecular response (i.e.
hyperpolarizability b) and prone to interact in an asymmetrical
way with a lipid membrane. Such characteristics provide an
interesting way to induce the asymmetry required for quadratic
NLO phenomena both at the molecular and macroscopic levels,
by taking advantage of specific interactions with hydrophilic–
hydrophobic interfaces. Hereafter, we present the design and
synthesis of amphiphilic cationic polyenic chromophores
showing large nonlinearities. Their quadratic nonlinearities
have been studied for the first time by electric field induced
second harmonic (EFISH) generation in solution, a technique
usually precluded for ionic species.

Stilbazolium dyes have been the topic of many studies in the
field of NLO. They have led to highly SHG efficient crystals.4
In addition, they are interesting candidates for designing NLO
micro- and nanostructures. For examples, derivatives bearing an
elongated alkyl chain have been deposited into Langmuir–
Blodgett films showing SHG activity5 and amphiphilic deriva-
tives have been shown to be of interest for the design of optical
probes for membrane potentials.6 Our choice has been to
investigate amphiphilic vinylogous derivatives of stilbazolium
dyes (Fig. 1). The presence of two butyl hydrophobic tails
grafted on the donor end group and of the positively-charged
hydrophilic acceptor moiety confers an amphiphilic character to
these push–pull chromophores and should facilitate their
interaction with a lipidic membrane while avoiding deleterious
detergent effects. Increasing the polyenic chain length is
expected to lead to a marked increase of b as already known for
other push–pull polyenic systems.7–9 Similarly, by substituting

the pyridinium acceptor end group by a quinolinium end group,
larger nonlinearities are expected.

Stilbazolium dyes and analogous chromophores are usually
prepared using Konevenagel condensation (Scheme 1).6 How-
ever, this simple strategy proved ineffective in the case of
polyenic analogues (n > 1) bearing long alkyl chains. It leads to
both poor yields and purification problems due to the side
formation of shorter homologues. To ensure satisfactory
preparation yields, we have implemented an alternative syn-
thetic scheme based on the Wittig–Horner condensation of a
pyridine moiety10 on a polyenal bearing the donating end group
(Scheme 1). This allows for the preparation in medium to good
yield of compounds of series 4 from polyenals of series 1 using
solid–liquid phase transfer conditions. Polyenals of series 1 can
be obtained in high yields from the generic molecule 1[0] using
a sequential vinylic homologation.9 Molecules of series 4 were
obtained as pure all-E isomers (as shown by NMR spectra and
elemental analyses) after catalytic isomerisation and column
chromatography n = 1, 2) or recrystallisation (n > 2).
Alkylation of molecules of series 4 in neat MeI readily afforded
pure amphiphilic push–pull polyenic chromophores of series
2.

The electric field induced second harmonic (EFISH) genera-
tion technique11 is a useful method to derive the quadratic
nonlinearity (and more precisely the projection of the dipolar
part of the b tensor on the dipole moment m) of dipolar
chromophores. It is in principle precluded in the case of ionic
species. Yet, we have been able to implement the EFISH
technique for the determination of the mb values of ionic
amphiphilic chromophores 2 and 3 by operating in a solvent of
low polarity thanks to the formation of close ion pairs. The
EFISH experiments were carried out in chloroform (er = 4.7)
and at 1.907 mm in order to avoid absorption of the second
harmonic. The mb values and the wavelength of the maximum
absorption (lmax) are collected in Table 1. The static mb(0)
values extrapolated at zero frequency by using the two-level
dispersion model for b11 (valid in the case of 1-D intramolecular
charge transfer only) are also included.

As clearly observed from Table 1, amphiphilic salts of series
2[n] and 3[1] show large mb values. Lengthening the polyenic
chain induces both a bathrochromic shift and a significant
increase of the quadratic nonlinearity, although the effect seems
to slow down for the longest derivatives. This leads to a mb(0)

† Present address: Laboratoire de Photophysique et de Photochimie
Supramoléculaires et Macromoléculaires, ENS Cachan, 61 avenue du
Président Wilson, 94235 Cachan, France. Fig. 1 Molecular engineering of amphiphilic push–pull chromophores.
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value as high as 2000 3 10248 esu for the 2[5] ion pair, which
is more than four times larger than the corresponding experi-
mental value (450 3 10248 esu) determined in similar
conditions for the benchmark dipolar chromophore Disperse
Red 1. Compound 3[1], which bears the stronger heterocyclic
acceptor, shows a mb(0) value about 50% larger than that of
compound 2[1], but at the expense of a much reduced

transparency. Compound 2[3] exhibits a mb(0) value twice as
large as that for compound 3[1] for a similar molecular weight
while remaining significantly blue-shifted. Elongation of the
polyenic chain of derivatives of series 2 is thus preferable—in
terms of nonlinearity–transparency trade-off—to turning to a
stronger acceptor moiety.

Finally, cationic polyenic push–pull chromophores have been
synthesised and their optical non-linearities studied for the first
time by electric field induced second harmonic generation in
solution, owing to the formation of ion pairs in a solvent of low
relative permittivity. Their quadratic nonlinearities can be
enhanced by increasing the polyenic chain length and/or
adjusting the charged heterocyclic acceptor. Recent second
harmonic generation and two-photon excited fluorescence
experiments reported in ref. 12 provide evidence that chromo-
phores of type 2 are incorporated in the outer leaflet of model
bilayer lipid membranes and orientated perpendicular to the
membrane surface. These amphiphilic chromophores hold
promise as sensitive probes for SHG imaging of membrane
potentials.3,13 In addition, incorporation of the chromophores in
the lipid bilayer is expected to significantly influence the
molecular nonlinear responses, as shown recently for the
inclusion of a stilbazolium dye in a supramolecular com-
plex.14

The Délégation Générale pour l’Armement (DGA) is ac-
knowledged for a fellowship to V.A. We thank Idrissa Njabira
for his participation in EFISH measurements.
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Scheme 1 Reagents and conditions: i, N-methyl-4-picolinium iodide (0.9
equiv.), cat. piperidine, EtOH, reflux, 16 h; ii, N-methyllepidinium iodide
(0.9 equiv.), cat. piperidine, EtOH, reflux, 16 h; iii, (1,3-dioxolan-
2-ylmethyl)tributylphosphonium bromide (1.1 equiv.), NaH (1.5 equiv.),
cat. 18-C-6, THF, room temp., 20 h; iv, HCl (10%), THF, room temp., 1 h;
v, diphenyl(4-pyridyl)methylphosphine oxide (1.1 equiv.), THF, NaH (1.5
equiv.), cat. 18-C-6, room temp. 15 h; vi, MeI, room temp., 1 h.

Table 1 Linear and nonlinear optical properties of amphiphilic push–pull
chromophores 2[1–5] and 3[1] in chloroform; mb values were derived from
EFISH measurements at 1.907 mm

Compound mb(2w)a/10248 esu lmax/nm mb(0)/10248 esu

2[1] 840 517 550
2[2] 2230 558 1340
2[3] 2700 581 1540
2[4] 3380 589 1890
2[5] 3690 598 2020
3[1] 1380 603 745

a The b values are defined using the X convention (ref. 15).

354 Chem. Commun., 2000, 353–354



Host–guest complexes with tuneable solid state structures

Simon J. Holder,*ab Johannes A. A. W. Elemans,a Joaquín Barberá,c Alan E. Rowana and Roeland J. M.
Nolte*a

a Department of Organic Chemistry, NSR Center, University of Nijmegen, Toernooiveld, 6525 ED, Nijmegen, The
Netherlands. E-mail: desiree@sci.kun.nl 

b Centre for Materials Research, University of Kent, Canterbury, Kent, UK CT2 7NR
c Química Orgánica, Facultad de Ciencias-ICMA, Universidad de Zaragoza-CSIC, E-50009 Zaragoza, Spain

Received (in Liverpool, UK) 23rd November 1999, Accepted 19th January 2000

Molecular clip receptors with long hydrocarbon tails self-
assemble and form lamellar thin solid films, the architecture
and properties of which can be fine-tuned by complexation
of guest molecules

The generation of ordered thin films of organic materials is of
fundamental importance to future molecular electronic applica-
tions.1 A variety of methods have been utilized in the formation
of these films, generally the sequential build-up of multilayers
through procedures such as Langmuir–Blodgett film deposi-
tion,2 the Sagiv method of thin film self-assembly,3 alkanethiol
binding to gold surfaces,4 anionic–cationic polyelectrolyte
alternation5 and thermal evaporation in vacuo.6 However the
ideal route to the self-assembly of thin organic films would
involve a system that spontaneously self-orders upon either
being cast from solution or cooled from the melt—essentially a
one-step process involving the minimum of experimental input.
To date the only systems approaching this ideal are microphase
separated block copolymers7 and liquid-crystalline materials.8

Over the past years our group has studied a class of host
compounds commonly referred to as ‘molecular clips’.9 These
molecules of type 1 possess a rigid, U-shaped cavity in which

dihydroxybenzene guests can selectively be bound through
hydrogen bonding, p–p stacking and cavity filling effects.10

Recently it has been demonstrated that molecular clips also
exhibit self-recognition and ultimately self-assembly proper-
ties: they can form dimers in organic solvents as well as in the
solid state, in which the cavity of one molecule is filled by one
of the side-walls of its dimeric partner and vice versa.11 In
aqueous solution clips with water-soluble functions can as-
semble to form well-defined nano-arrays.12

Here we describe a clip (2) which is derivatised at its convex
side with two long aliphatic tails. This molecule was designed to
generate liquid crystalline phases: upon dimerisation, it can
adopt a structure analogous to that of a typical ‘rod-like’
mesogen [Fig. 1(a)]. It turned out, however, that it formed solid
films, the structure of which can be tuned by adding guest
molecules.

Clip 2 was prepared according to standard procedures.13 The
compound melted at 195.4 °C, and upon recrystallisation from

the melt it displayed a birefringent platelet texture under the
polarising optical microscope (PM), similar to that shown by
classic smectic mesogens.8 In addition, the material turned out
to be highly malleable upon the application of pressure to the
covering slide, again similar to that expected for a liquid
crystalline substance. Below 84 °C, the texture was retained but
the material was now completely solid. The enthalpy (DH =
21.3 kJ mol21) involved with the final isotropisation transition
upon heating the sample, as measured by differential scanning
calorimetry (DSC), was, however, far larger than would have
been expected for a typical mesophase to isotropic liquid
transition. X-Ray powder diffraction (XRPD) analysis sug-
gested that the material was actually crystalline at all tem-
peratures below 195.4 °C.† It showed a set of equally spaced
peaks in the low-angle region of the diffraction pattern,
corresponding to 1st, 2nd, 3rd etc. order reflections, indicating
a layered structure. We attribute the origin of this lamellar
structure to the dimerisation of the molecular clips via cavity
filling in conjunction with p–p stacking interactions occurring
between adjacent clip dimers, giving rise to ‘bilayers’ of
molecular clips separated by aliphatic tails which display
varying degrees of interdigitation depending on the temperature
(Fig. 2). Evidence for this comes from the observed d-spacing of
28.4 Å at 20 °C, calculated from the low-angle reflections,
which increases to 42 Å at 175 °C. These values correspond to
the length of a tilted bilayer of dimerised clip molecules.‡ The
solid state 13C CPMAS NMR spectrum of 2 confirmed the
decreased interdigitation of the aliphatic tails at higher tem-
peratures, which followed from the downfield shifts of the
resonances of the CH2CH2CH3 termini of the hydrocarbon tails.
In addition, the resonances of the main chain CH2 protons
significantly sharpened, indicative of increased mobility. A
more detailed NMR study will be published elsewhere.13

We believe that strong p–p interactions between the dimeric
units prevent the material from being truly liquid crystalline,
and attribute its malleability at higher temperatures to a
lessening of the interdigitation and an increased mobility of the
aliphatic tails, so that the layers of clips can more readily slide
over one another.

Fig. 1 Computer generated models of (a) a dimer of 2, based on the X-ray
structure of an analogue containing methyl instead of octadecyl ester
groups, (b) the 1+1 complex of 2 and MDB, and (c) the 1+1 complex of 2
and DBA.
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If, as postulated, the lamellar nature of 2 is a result of
dimerisation via cavity filling, then addition of a guest molecule
that can strongly bind in the cavity, such as methyl dihydrox-
ybenzoate (MDB) [Fig. 1(b)], should result in the disruption of
the bilayer structure and thus in the lamellar arrangement of the
molecules.§ The 1+1 2:MDB complex was prepared by co-
evaporation of an equimolar mixture of solutions of the two
components in MeOH–CHCl3 (1+4, v/v), followed by heating
the mixture and recrystallisation of the complex from the
isotropic melt. The complex recrystallised at 53 °C, displaying
a white microcrystalline texture by polarised optical micros-
copy, typical of a crystalline organic material. Repeated heating
and cooling runs were identical, and DSC analysis indicated the
presence of only the 1:1 complex and no free clip or guest
components.¶ The material showed no malleability under
applied pressure, and XRPD revealed a unique diffraction
pattern with no observable reflections corresponding to lamellar
ordering.

Since complexation of 2 with MDB disrupts the lamellar
arrangement of the molecules in the material, it was reasoned
that complexation of 2 with 3,5-dihydroxybenzoic acid (DBA)
might have the effect of ‘stitching’ together the bilayers of the
clips, because the carboxylic acid groups of two guests can form
a dimer without interfering with the bonding of the 3,5-dihy-
droxyaromatic parts to the clips. This then would result in the
reimposition of the lamellar ordering. The 1+1 2:DBA complex
was prepared in an identical manner to the 1+1 2:MDB
complex. Upon cooling from the isotropic melt, the complex
crystallised, displaying a clear 2D spherulitic morphology at
137 °C, indicative of a lamellar crystalline packing. As with free
2, the complex proved to be malleable under applied pressure.
XRPD measurements showed a set of equally spaced reflections
yielding an interlayer spacing of 57.8 Å. This value is in line
with an ‘extended dimer’ structure of the building blocks
achieved through two independent molecular recognition
processes, viz. host–guest binding and guest dimerisation [Fig.

1(c)]. Further evidence for this comes from infrared analysis,
which confirmed that the C = O stretching vibration at 1690
cm21, due to benzoic acid dimerisation, was present in the
material.

The ability of 2 to form highly ordered lamellar structures
from the melt and the possibility to fine-tune this structure by
adding guest molecules opens the way to design new functional
materials that are easily melt-processed. Current research is
focussed on the incorporation of functional guests, such as
porphyrins and metal-coordination complexes, into these la-
mellar films.
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Fig. 2 Schematic representation of the proposed lamellar ordering of the
molecules of 2 at 20 °C (left) and at 175 °C (right).
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The investigation of the oxygen storage/release capacity
(OSC) of 0.58 wt% Pt/Ce0.68Zr0.32O2 catalyst by oscillating
the feed-stream between reducing and oxidising conditions
showed that a high OSC could be measured at room
temperature, even for redox-aged sample, by using H2 as the
reducing agent.

The so-called oxygen storage/release capacity (OSC) of a three-
way catalyst (TWC) is the ability to attenuate the negative
effects of rich/lean oscillations of exhaust gas composition. By
maintaining a stoichiometric composition at the catalyst, the
highest conversion efficiency of the exhaust is attained. OSC,
which in the modern TWCs is achieved by adding a CeO2–ZrO2
mixed oxide component, is usually discussed in terms of the
ability to regulate the oxygen partial pressure in the exhaust
through the Ce3+/Ce4+ redox couple [eqn. (1)]:

CeO CeO /2O

         
2

  H CO  

2 2
H O CO2

2

2

–

–
_æ Ææææ +¨ ææææ x x (1)

Formation of vacancies is therefore either implied or assumed.
Following the pioneering work of Yao and Yu-Yao,1 dynamic-
OSC measurement involves alternately pulsing the chosen
reducing agent (usually CO but sometimes H2) and O2 over the
material under investigation. More recently the oxygen buffer-
ing capacity (OBC) technique has been developed by Bernal
et. al.2 In this method O2 is pulsed over the sample in a flow of
inert gas, which effectively corresponds to oscillations between
mildly reducing and oxidising conditions.

Here, we demonstrate that it is possible, using H2 as reducing
agent, to measure significant dynamic-OSC over Pt/
Ce0.68Zr0.32O2 under conditions where vacancy creation is
unlikely (room temperature, r.t.). Such high r.t. OSC is not
observed when either CO is used as reductant or when the OBC
method is employed. The evidence suggests that this dynamic-
OSC may be associated with the phenomenon of spillover. This
opens the possibility that spilled-over H2 can be a contributing
factor to OSC measurements even at higher temperatures. The
presence of H2 in exhaust effluent in a ratio of ca. 1+3 with
respect to CO3 makes this finding a potentially important piece
of information.

0.58 wt% Pt/Ce0.68Zr0.32O2 and 0.53 wt% Pt/CeO2 were
prepared and supplied by RHODIA as part of the CEZIR-
ENCAT network.4 0.5 wt% Pt/g-Al2O3 (g-Al2O3: Alfa prod-
ucts) was prepared using Pt(NH3)2(NO2)2 as precursor. An
in situ oxidising cleaning procedure5 (heating in flow of O2 at
823 K for 1 h) was applied before all experiments, giving a
sample designated as fresh. Redox-aged sample was prepared as
follows: reduction up to 1273 K in 5 % H2 in Ar (25 ml min21),
holding at 1273 for 15 min, flushing in Ar at 1273 K; slow
cooling to 700 K; re-oxidation at 700 K and cooling to 423 K in
5% O2 in Ar; and, finally, cooling to r.t. in Ar (60 ml min21).
Quantitative dynamic-OSC measurements were performed by
increasing the temperature in a stepwise manner and, during the
isothermal steps (60 min), alternately pulsing every 70 s H2 (500
or 100 ml, H2-OSC) or CO (100 ml, CO-OSC) and O2 (250 or
100 ml) over the sample (20 mg, maintained in a flow of Ar of

25 ml min21). OSC was measured using a thermal conductivity
detector as the uptake of O2 from the O2 pulse. Steady-state
values are reported. When CO was used as the reducing agent,
the evolved CO and CO2 were separated on a Porapak Q
column. TPR-MS profiles were obtained up to 1273 K as above
reported for redox-ageing. OBC measurements were carried out
as reported previously.2 Hydrogen chemisorption measure-
ments were conducted at 298 and 195 K.6

The redox behaviour was first investigated by means of the
TPR-MS technique. The TPR profiles (not reported) of fresh
and redox-aged Pt/Ce0.68Zr0.32O2 showed single reduction
features centred around 500 and 400 K, respectively. This
behaviour is fairly consistent with a recent report6 and is
attributed to an initial reduction of supported PtO, which in turn
results in support reduction through spillover of hydrogen
species. The degree of reduction, i.e. the overall transferable
oxygen, was measured by O2 uptake at 700 K after the TPR
experiment as previously reported.6 An O2 uptake of 20 ml g21

was obtained for both fresh and redox-aged samples.

Fig. 1 H2-OSC measured at r.t. H2 (m/z = 2) and O2 (m/e = 32) profiles
over fresh/reduced at 500 K Pt/Al2O3 (for clarity this trace is displaced) (a)
and Pt/Ce0.68Zr0.32O2 (b), and water production (m/e = 18) (c) over: (A)
fresh/reduced 500 K Pt/Al2O3, (B) fresh Pt/Ce0.68Zr0.32O2; (C) redox-aged
Pt/Ce0.68Zr0.32O2, reaction stopped at 5000 s; (D) fresh/reduced 500 K Pt/
Ce0.68Zr0.32O2. MS was tuned to enhance the sensitivity to H2 compared to
O2. 200 mg of sample and loop volumes of 1 ml were employed.
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Fig. 1 compares the H2-OSC behaviour at r.t. of Pt/
Ce0.68Zr0.32O2 and Pt/Al2O3. Table 1 summarises quantitative
OSC measurements and also some characterisation data. Fresh/
reduced Pt/Al2O3 does not exhibit appreciable H2-OSC at r.t. In
contrast, a very high consumption of both H2 and O2 is observed
over fresh/reduced Pt/Ce0.68Zr0.32O2, indicating the crucial role
of the Ce0.68Zr0.32O2 in providing sites for the storage process.
Water evolution is also observed in the latter case [Fig. 1(c),
trace D], ruling out any kind of chromatographic effect.
Negligible water production is observed over the fresh Pt/
Ce0.68Zr0.32O2, [Fig. 1(c), trace B], indicating that reduced Pt is
necessary to promote hydrogen activation. In an attempt to
establish the origin of this high r.t. H2-OSC, H2 chemisorption
measurements were carried out on the Pt/Ce0.68Zr0.32O2 at 193
and 298 K. Spilling of H2 at 193 K is negligible allowing
determination of H/Pt ratios.7 0.31 ml H2 g21 are adsorbed at
193 K which correspond to a dispersion of 94% upon
assumption of H+Pt = 1+1 stoichiometry. The low H2 uptake
indicates that titration of hydrogen/oxygen adsorbed on the
metal cannot be responsible for the observed H2-OSC. Con-
versely, the amount of H2 adsorbed/spilled over the support at
298 K is of the same order of magnitude of the values of H2-
OSC, suggesting a relevant role of the spillover phenomena in
the oxygen storage. A higher relative pressure of H2 during the
H2 pulse and presence of H2O could account for the high values
of O2 uptake compared to the spilt H2 detected in the
chemisorption measurement. In fact, H2 and O2 consumption
close to stoichoimetry is measured in the H2-OSC experiment.
Redox-ageing decreases both the surface area and the amount of
adsorbed H2 at 298 K by a factor of three. The H2-OSC
decreases by a factor of two. The important role of hydrogen
spillover in giving high H2-OSC at r.t. is supported by the data
reported for Pt/Al2O3 and Pt/CeO2. In particular, very small r.t.
H2-OSC is observed for the latter catalyst after redox-ageing,
when spillover is negligible.

The comparison with CO as reducing agent and the OBC
measurements is striking. Irrespectively of the pre-treatment,
fresh/reduced or recycled, significant CO-OSC is observed only
at and above 473 K, while OBC starts being significant at 673
K. In both these experiments, the reduction process may be
envisaged as a measure of the oxygen diffusion towards the

surface where it is removed either by interaction with CO or
simple desorption, provided that surface processes are not rate
limiting.8 The very high H2-OSC clearly points to a crucial role
of H2 in affecting the redox properties of these systems at low
temperatures.

In conclusion, there is a dramatic dependence of the results
obtained on the nature of the reducing environment with
significantly high dynamic-OSC particularly apparent at low
temperatures using H2. At r.t. spillover phenomena seem to be
a dominant factor. The implications of these findings need to be
carefully considered when the results of such measurements are
extended to the extremely complicated conditions encountered
in three-way catalysis.
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Table 1 Oxygen storage and chemical/textural characterisation of the Pt/Ce0.68Zr0.32O2 catalyst

H2 chemisorptionc

Oxygen storage capacitya/OBCb

H2 update/ml g21 N2 physisorption
H2-OSCd/ CO-OSC/ Surface area/

Sample T/K ml O2 g21 ml O2 g21 OBC (%) T/K 0 Torr 20 Torr m2 g21

Pt/Ce0.68Zr0.32O2 fresh/reduced r.t. 6.3 0.0 298 6.78 7.09 100
373 7.1 0.7 193 0.31 0.37
473 7.5 1.7
673 8.1 > 2.6 4
773 8.9 > 2.6 20

Pt/Ce0.68Zr0.32O2 redox-aged r.t. 2.8 0.0 298 2.62 2.76 30
373 4.1 0.0 193 0.09 0.09
473 9.1 0.1
673 9.8 > 2.6 8
773 11.6 > 2.6 21

Pt/CeO2 fresh/reduced r.t. 4.2 298 3.88 4.02 88
193 0.30 0.31

Pt/CeO2 redox-aged r.t. 0.6 298 0.47 0.45 7
193 0.04 0.04

Pt/Al2O3 fresh/reduced r.t. 0.3 298 0.28 0.30 99
193 0.26 0.27

a Quantitative analysis using TCD, standard deviation ± 0.4 ml O2 g21. Steady state values measured as O2 uptake (ml g21). For CO / O2 experiments, an
OSC of 2.6 ml O2 g21 corresponds to a maximum O2 uptake using the experimental setup described in the text. b OBC (%): [100 (ANA 2 AA)/ANA]; ANA:
area under non-attenuated pulse; AA: area under the attenuated pulse. Pulse volume 0.25 ml of 5% O2 in He. c Sample reduced at 500 K for 1 h, followed
by evacuation at 673 K for 4 h. A range of H2 pressure of 2 –20 Torr was employed. Adsorbed volumes were determined by extrapolation to zero pressure
of the linear part of the adsorption isotherm (0 Torr). Cumulative H2 adsorption at p = 20 torr is also given. d Using loop volumes of 100 ml for H2 and O2

a full O2 uptake, i.e. 2.6 ml O2 g21, was observed in all experiments.
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Co-crystallization of C-methylcalix[4]resorcinarene 1 with
4,4A-bipyridine 2 in the presence of nitrobenzene 3 yields a
six-component carcerand-like capsule, 2(1)·4(2), held to-
gether by 16 hydrogen bonds, in which two molecules of 3 are
aligned within the interior of the complex in a head-to-head
fashion.

Using a modular approach to molecular self-assembly, it has
been shown that co-crystallization of C-methylcalix[4]resorcin-
arene 1 with 4,4A-bipyridine 2 typically yields a one-dimen-
sional (1D) host–guest wave-like polymer, 1·2(2), in which the
cavity of 1 is deepened supramolecularly, interacting with two
stacking pyridine units of 2 by way of four O–H…N hydrogen
bonds.1 The cavity created by the five molecules, which may be
induced to form by way of guest template effects,2 is
remarkably flexible, being able to accommodate either single3

or multiple guests,4 many of which are too large to fit within the
parent receptor 1,2 by way of a conformational change of the
network.

During experiments aimed at attempts to isolate multiple
guests within 1·2(2), we have discovered the ability of the
components of the wave-like framework to undergo a structural
reorganization to form a discrete, six-component carcerand-like
capsule,5 2(1)·4(2), held together by 16 hydrogen bonds
(Fig. 1). The capsule, which is a supramolecular isomer6 of the
parent 1D material 1·2(2), assembles in the solid state such that
the cavity of the host, which is of nanometre-scale dimensions,7
encapsulates two identical aromatic guests aligned within the
complex in a head-to-head fashion. Whereas 1 has been shown
to form multi-component capsules based upon protic solvent
molecules (e.g. H2O, PrOH, EtOH),8–10 2(1)·4(2) represents, to
the best of our knowledge, the first example of a hydrogen-
bonded capsule, based upon 1, formed using an aromatic spacer
as a ‘bridging unit’. Our observations also confirm the ability of
nano-sized capsules to accommodate more than one guest,7
where understanding the spatial relationships displayed by the
guests of such multi-guest host systems is of much current
interest.11

Addition of 1 (0.021 g) to a boiling aliquot of THF (0.5 ml)
and EtOH (1.0 ml) in the presence of 2 (0.012 g) and
nitrobenzene 3 (3.0 ml) yielded, upon slow cooling, dark yellow
crystals of 1·2(2)·2(3) suitable for X-ray analysis. The formula-
tion of 1·2(2)·2(3) was confirmed by 1H NMR spectroscopy and
single-crystal X-ray diffraction.‡

An ORTEP perspective of 2(1)·4(2), along with a space-
filling view, is shown in Fig. 2. As in the case of the wave-like
framework 1·2(2),124 the components of 2(1)·4(2) have as-
sembled in the solid state such that four pyridine units of 2, in
the form of two stacked dimers, interact with two opposite
resorcinol units of 1 by way of four O–H…N hydrogen bonds
[O…N separations (Å): O(1)…N(1) 2.75(1), O(2)…N(3)
2.71(1), O(5)…N(2) 2.74(1), O(6)…N(4) 2.68(1)]. The remain-
ing hydroxy groups of 1 form four O–H…O hydrogen bonds
[O…O separations (Å): O(3)…O(2) 2.76(1), O(4)…O(5)
2.79(1), O(7)…O(6) 2.79(1), O(8)…O(1) 2.71(1)] along the
wider rim of 1 such that the macrocycle, as in 1·2(2), adopts a
bowl-like conformation with approximate C2v symmetry.
Unlike 1·2(2), however, the four bipyridines of 2(1)·4(2), which
act as bifunctional hydrogen bond acceptors, serve to bridge
two, rather than three, molecules of 1. This, in turn, gives rise to
a discrete, six-component assembly held together by eight
intermolecular O–H…N and eight intramolecular O–H…O
hydrogen bonds, for a total of 16 structure-directing O–H…X
(X = N, O) forces. In this arrangement, the cavities of 1, which
sit around a crystallographic center of inversion, are aligned in
a head-to-head fashion such that the wider rims of the
macrocycles, along with 2, define a cylindrical cavity, of
idealized D2h symmetry, with dimensions ~ 6.0 3 14.2 Å.
Indeed, the structure of 2(1)·4(2) is reminiscent of a carcerand5

in which the eight covalent bonds that typically connect four
spacer units to two molecules of 1 have been replaced by eight
O–H…N forces.

† Published as NRCC No. 43828.

Fig. 1 Structure of 2(1)·4(2).

Fig. 2 (a) ORTEP perspective of the six-component capsule 2(1)·4(2), and
(b) space-filling view. Selected interatomic distances (Å): O(1)…N(1)
2.75(1), O(2)…N(3) 2.71(1), O(5)…N(2) 2.74(1), O(6)…N(4) 2.68(1),
O(3)…O(2) 2.76(1), O(4)…O(5) 2.79(1), O(7)…O(6) 2.79(1), O(8)…O(1)
2.71(1).
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A cut-away space-filling view depicting the guests of
2(1)·4(2) is shown in Fig. 3(a). Two molecules of 3, which are
disordered across two independent sites (75+25 occupancy),
have assembled within the six-component complex in a head-to-
head fashion such that the aromatic rings of the guests are
directed into separate ends of the capsule,7,11 each interacting
with the interior of 1 by way of C–H…p interactions.15 In these
orientations, the phenyl groups of the guests of the major and
minor occupied positions, in a way similar to 1·2(2)·p-
chlorotoluene,2 lie approximately 20 and 27° off-axis to the
principal rotation axis of the host and are rotated, in contrast to
1·2(2)·p-chlorotoluene,2 by approximately 78 and 21° along the
symmetry axis of 1, respectively.§ The nitro groups of the two
encapsulated molecules are then observed to fill the center of
the capsule, being separated by a distance of 3.6 Å. Inter-
estingly, the organization displayed by the two molecules of 3
within 2(1)·4(2), in which two highly electron withdrawing
substituents are oriented in close proximity,11 contrasts that of
pure 3 which self-assembles in the solid state, by way of C–
H…O forces, to form antiparallel dimers.16 Moreover, such
observations confirm the ability of nano-sized capsules to
encapsulate multiple guests where the cavities of such systems
have been shown to impose spatial arrangements of guests not
typically encountered in the free molecules.7,11¶

The capsule 2(1)·4(2) assembles in the solid state, in a tail-to-
tail manner, to form 1D columnar arrays, which lie off-set and
form a 2D layered architecture, in which two molecules of 3 are
sandwiched between adjacent host–guest complexes. As shown
in Fig. 3(b), in contrast to the two encapsulated guests, the
aromatics located exterior to the host–guest complex assemble
by way of face-to-face p–p interactions such that they form, in
a way similar to pure 3, antiparallel dimers (plane-to-plane
separation: 3.35 Å).16 Thus, 1·2(2)·2(3) is an inclusion com-
pound that possesses two different cavities, both of which
accommodate two copies of the same guest in which the guests
assemble in specific ways to meet the electronic and steric
demands of each cavity.

In this report, we have revealed the ability of 1 to assemble
with 2, in the presence of a suitable guest, to form a six-
component carcerand-like capsule, that is a supramolecular
isomer of an extended 1D framework, held together by 16
hydrogen bonds.∑ The capsule, which is of nano-metre scale

dimensions, features a cavity that hosts two identical aromatics
as guests. With such observations realized, we are now
investigating whether this system may be used to encapsulate
additional guests where it may be possible to isolate two
different molecules within the cavity of the assembly.11 We are
also investigating whether it is possible to lengthen 2(1)·4(2)3

such that further analogies, in terms of structure and function,
between discrete8 and infinite1–4 host–guest frameworks based
upon 1 may be realized.

We are grateful for funding from the Natural Sciences and
Engineering Research Council of Canada (graduate scholarship,
J. L. R.; research grant, J. A. R.).

Notes and references
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15.075(1), c = 16.882(1) Å, a = 95.727(1), b = 94.860(1)°, g =
93.915(2)°, U = 2699.4(3) Å3, Dc = 1.36 g cm23, Mo-Ka radiation (l =
0.71070 Å) for Z = 2. Least-squares refinement based on 3549 reflections
with Inet > 2.0s(Inet) (out of 6097 unique reflections) led to a final value of
R = 0.071. Aromatic and hydroxy hydrogen atoms were placed by
modelling the moieties as rigid groups with idealised geometry, maximising
the sum of the electron density at the calculated hydrogen positions.
Structure solution was accomplished using SHELXS-86 (ref. 12) and
refinement was conducted using SHELXL93 (ref. 13) locally implemented
on a pentium-based IBM compatible computer. Structure refinements and
production of the figures were accomplished with the aide of RES2INS (ref.
14). CCDC 182/1533. See http://www.rsc.org/suppdata/cc/a9/a909339g/
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§ For comparison, the aromatic guest of 1·2(2)·p-chlorotoluene lies
approximately 39° off-axis to the principle rotation axis of the host and is
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¶ Such spatial constraints can, for example, give rise to reactivity (see ref.
11).
∑ Experiments are underway to determine if 2(1)·4(2) is maintained in
solution.
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Fig. 3 Space-filling views of the guests of 1·2(2)·2(3): (a) cut-away view of
2(1)·4(2)·2(3) displaying the two encapsulated aromatics (one occupied site
is shown for clarity), and (b) the anti-parallel arrangement adopted by the
guests exterior to 2(1)·4(2)·2(3).
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An oligopeptide comprised of g-benzyl-L-glutamic acid has
been successfully assembled on an amido amine dendrimer
surface by graft polymerization and the resultant dendrimer
has shown drastic enhancement in helicity of the peptide
segment.

Here we describe the assembly of an oligopeptide onto the
surface of an amine-terminated, poly(amido amine) (PAMAM)
dendrimer and the enhancement in helicity of the oligopep-
tide.

Much effort has been dedicated to the molecular design and
synthesis of model proteins to define interactions involved in
protein folding1,2 and to develop protein-based materials.3
Protein tertiary structures can be looked upon as assemblies of
secondary structural elements (a-helix, b-strand, reverse turn).
This model has been the basis for the design of artificial
proteins. A recent approach to protein design is to use a rigid
template molecule.4 Many artificial proteins have been prepared
in aqueous solutions by attaching peptide blocks to templates
that direct the component helices into a protein-like packing
arrangement, e.g. a bundle structure of a-helices.5 The
amphiphilic properties of the helical blocks seem to be essential
to stabilize such a bundle structure. We have devised a strategy
in which purely synthetic polypeptides are aligned on two-
dimensional media6 such as on water and on Au surfaces.
Poly(L-glutamic acid) has been chosen as a structural element
because of its ease of synthesis and well-defined conformational
characteristics in water. We now describe that complete surface
modification of a three-dimensional dendrimer with an oligo-
peptide can be accomplished by graft polymerization of g-
benzyl-L-glutamate N-carboxy anhydride (BLG-NCA) and the
resulting graft chains show interesting conformational proper-
ties.

Dendrimers are known to be hyperbranched macromolecules
possessing a very high concentration of surface functional
groups.7 A variety of dendrimers have been developed by
introducing functionalities into these terminal groups. For
example, dendrimers terminated with an amino acid,8 a sugar,9
and a perfuluoroalkyl0 or alkyl11 chain show encapsulation
functions for guest molecules. The other structural feature of
dendrimers is the high degree of control over molecular weight
and shape. The diameters of the spherical dendrimers range
from 3 to 10 nm.12 Taking account of these features in shape, the
oligopeptide-attached dendrimer in this study may be a relevant
candidate for model proteins.

The third-generation, amine-terminated PAMAM dentrimer
(G3-NH2) with branches and an ethylenediamine core was used
as a template for assembly and an initiator for graft polymeriza-
tion. As shown in Scheme 1, BLG-NCA (3.8 mmol) was
polymerized with G3-NH2 ([NH2] = 0.30 mmol) in CHCl3 at
room temperature. A relatively short chain length of the peptide
segment (degree of polymerization, n = 10–15) was employed
because the number of amino acid units is appropriate for both
characterization of the resultant dendrimer and elucidation of
the effect of assembly. After stirring for 30 min, the reaction
mixture was poured into a large excess of Et2O and then purified
and dried, giving a white powdery product (G3-PBLG) with a
yield of 97%. The Mw/Mn value† determined by size exclusion

chromatography was reasonably narrow (Mw/Mn = 1.06),
indicating the absence of the polymerization catalyzed by the
tertiary amine of the inner part of PAMAM dendrimer that
produces a homopolymer of BLG-NCA with a broad molecular
weight distribution.9 1H and 13C NMR spectroscopies (data not
shown) supported the structure of G3-PBLG. In the 13C NMR
spectrum of G3-PBLG, no peaks assigned to the a- and b-
carbons of the unreacted terminal amino groups of PAMAM
dendrimer were observed, while those of G3-NH2 appeared at
dc 41 and 42, respectively. This means that the graft polymeriza-
tion proceeded for all of the terminal amino groups located at
the G3-NH2 dendrimer surface. The n value of the grafted
peptide segment was evaluated to be 12 on the basis of 1H NMR
analysis.‡

The secondary structure of G3-PBLG was investigated by
means of circular dichroism (CD) and 1H NMR spectroscopy.
For comparison, Pr-PBLG, which possesses a propyl group at
the C-terminus of the PBLG chain, was prepared by polymeri-
zation of BLG-NCA initiated with propylamine instead of G3-
NH2. The 1H NMR analysis of Pr-PBLG showed that n for the
PBLG segment was also 12. In the CD spectrum of this CH2Cl2
solution ([glutamate unit] = 1.0 mM), a trough appears at ca.
222 nm, indicating the exsitence of a right-handed a-helix

Scheme 1
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conformation (Fig. 1). The helix content of the Pr-PBLG
solution is calculated to be 53% from the observed molar
ellipticity [Q] at 222 nm ([Q] = 1.8 3 1024 deg cm2 dmol21).§
This helix content is reasonable taking account of such a short
segment length as n = 12.13 On the other hand, the molar
ellipticity of the G3-PBLG solution is found to be enhanced
drastically, compared with that of the Pr-PBLG solution.
Surprisingly, the helix content goes up to 92%. To obtain more
quantitative information on the secondary structure, 1H NMR
spectra were measured in CD2Cl2 under the same conditions
(Fig. 1). The a-CH resonance signal of the PBLG main chain
was known to give a peak at dH 3.95 ascribed to the a-helix
conformation, while giving an apparent lowfield shift on going
from the helix to the random coil form.14 From signal areas
based on a-helix and random coil forms, the helix contents were
evaluated to be 93 and 57% for G3-PBLG and Pr-PBLG,
respectively. These values are consistent with those obtained by

CD analysis. FTIR spectra (data not shown), in particular in
amide II band region of the main chain, showed that b-sheet
structures were absent for both PBLGs. It is clear from these
spectral data that transfer and aggregation of the PBLG segment
onto the dendrimer surface from bulk solution would cause such
an enhancement in helicity since the PBLG segment lengths (n)
of Pr-PBLG and G3-PBLG are the same. The enhancement of
helicity due to aggregation of helices has sometimes been
observed in aqueous solutions when a helix-bundle structure is
formed by assembling with a template.5 In those cases, it has
been demonstrated that the hydrophobic effects among the side
chain groups play an important role in stabilizing the helical
conformation. Presumably, in our case, the driving force for
causing such enhancement in helicity must also be the
hydrophobic effect, resulting from the characteristic shape of
the spherical dendrimer surface, at which the peptide segments
are forced to assemble densely, which will require further
exploration.

Notes and references
† Mw and Mn denote weight-average molecular weight and number-average
molecular weight, respectively, determined by means of size exclusion
chromatography, and the ratio of Mw/Mn is the polydispersity of the
polypeptides prepared by polymerization of NCA. Size exclusion chroma-
tography was performed in DMSO at 30 °C, with a Shimazu Model LC-5A
high performance liquid-chromatograph apparatus (column, Shodex
KD803 and 804).
‡ The n value was calculated by using the area ratio of the signal of CH2

(benzyl) in the PBLG segment to that of CH2 in the PAMAM dendrimer,
observed in the 1H NMR spectrum of G3-PBLG.
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content (%) = ([Q]222/[Q]h) 3 100, where [Q]222 and [Q]h are the molar
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Fig. 1 CD and 1H NMR spectra of G3-PBLG (a) and Pr-PBLG (b) in
CH2Cl2 (for CD) or CD2Cl2 (for NMR) at 25 °C; [glutamate unit] = 1.0 3
1023 M.
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In the absence of an apparent (single) molecular template,
the irreversible self-assembly of benzyl alcohol substituted,
deep-cavity cavitands is shown to be a highly efficient
process.

With aspirations to improve our understanding of self-assem-
bly, chemists have begun to focus on systems where the
convergence of the molecular subunits is not promoted by a
single molecular template,1–4 but rather where assembly occurs
around multiple ‘templates’.5 When considering the nano-scale
products which such manifold species ‘templations’ result in,
two options are available. First, scientists have considered self-
correcting systems as a means to product formation, an
approach that utilizes thermodynamics to maximize the yield of
the target.6,7 Alternatively, using a (normally less efficient)
irreversible process allows the potential isolation of inter-
mediates, and hence a more detailed picture of the assembly
process in question. In this latter paradigm, considerable work
has been carried out in systems requiring a single template.
Thus, extending the original work of Cram,8–10 Sherman et al.
have demonstrated how carceplex formation is governed by the
topology of the molecular template so essential for their
synthesis.11 In contrast, probing irreversible self-assemblies
that require manifold species ‘templation’ has been relatively
unexplored, primarily because of a lack of suitable supramo-
lecular motifs12 that can effectively drive such assemblies. Thus
in the formation of a number of large, cavity-containing
molecules, it has been noted that when using phenol groups to
form the supramolecular motif, yields have tended to decrease
toward statistical or worse.10,13,14 We report here on an
irreversible assembly in which the subunit utilizes benzyl
alcohol groups in its supramolecular motif. Although the
assembly occurs in the absence of a single molecular template,
and the eight new covalent bonds created in the process are
formed in a non-correcting manner, each is formed with an
efficiency greater than 97%. As a result therefore, the synthesis
of the nanoscale host is highly efficient.

We recently demonstrated the stereoselective bridging of
resorcinarenes with benzal bromide, a process which provided
access to a new series of deep-cavity cavitands (DCCs)
epitomized by structure 1.15 More recently, we have noted that
this reaction can be applied to a range of benzal bromides to
form a series of DCCs whose ‘upper row’ of aromatic rings may
be substituted at the o, m or p position.16 We chose one example
of these, the p-Br derivative 2 as an entry point for the synthesis

of DCCs 3 and 4 whose architecture should allow them to
undergo an assembly process analogous to the carceplex
reaction.10,11 Our initial attempts to perform this ‘dimerization’
of DCCs centered around the tetrakis(4-hydroxyphenyl) deriva-
tive 3. However, our studies showed that 3 was insufficiently
stable in either acidic or basic conditions, a result we attribute to
the ability of the electrons on the OH groups to conjugate
through to the acetal bridges. Consequently, we synthesized
DCC 4 whose essential nucleophilic centers possess slightly
less preorganization, but are ‘insulated’ from the benzal
bridging-carbon by the benzyl methylene group.

Our initial studies focused on the covalent joining of two
molecules of 4 with the bis-electrophile CH2BrCl (Scheme 1) in
the absence of a large templating molecule. Our early results
with a range of aprotic solvents17 gave poor yields of 5, the bulk
of 4 being transformed into intractable polymeric material and
trace quantities of DCC–solvent conjugates. DMSO on the
other hand led to a considerable improvement, with a highly
efficient18 80% yield of 5 being obtained under dilute
conditions, a remarkable yield for an irreversible process.19

Yields decreased at concentrations > ca. 2 mmolar, presumably
because of the highly concentration-dependent formation of the
superbase, methylsulfinyl carbanion.20 However at these con-
centrations, yields could be increased by the addition of small
quantities of water to generate the less basic hydroxide21 and
inhibit20 the superbase formation.

Definitive formation of 5 came from an X-ray crystallo-
graphic determination (Fig. 1).22 In the solid state, both
hemispheres of 5 are rotated slightly with respect to each other,
while the linker groups each display the anomeric effect with
gauche–gauche conformations for the CH2OCH2OCH2 units. A
consideration of the salient inter-carbon atom distances in-
dicates that the cavity of 5 is approximately 19 3 15 Å, while
the portals are roughly 9.5 3 11.5 Å. Not surprisingly,
disordered solvent molecules within the cavity precluded an
accurate determination of its composition.

Although the assembly is highly efficient, DCC 4 is too large
to fit within the cavity of the product. Thus, there is no suitable,
single template to promote the formation of 5 over and above

† Synthetic and spectroscopic details for 3–6 and a full description of the
term ‘Assembly Number’ are available from the RSC web site, see http:/
/www.rsc.org/suppdata/cc/a9/a908144e/ Scheme 1
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random polymer. As it seems entropically unlikely that several
species in solution organize themselves into a multiple species
template; we surmise that this efficient assembly process is
occurring ‘around’ bulk solvent.

What lies behind this efficient assembly? In normal cav-
itands, the supramolecular motif that drives the reaction is
constructed with the phenol group, a moiety that in the presence
of base can form a charged hydrogen bond (CHB) with its
conjugate base.23 As yet, we have been unable to definitively
ascertain if an analogous process is occurring in the assembly of
4. However, variations in the base utilized for the reaction
tentatively support this hypothesis.24 Furthermore, work by
Kolthoff25—who demonstrated that weakly acid phenols
formed stronger CHBs with their conjugate bases than their
more acidic counterparts—suggests that the poorly acidic
benzyl alcohol group21a should form very strong CHBs.

In summary, we have demonstrated an efficient, irreversible
self-assembly that occurs in the absence of a single, molecular
template. Investigations into the use of the benzyl alcohol group
in other molecular subunits are currently underway.

We are grateful to Richard B. Cole of the New Orleans Center
for Mass Spectrometry Research for mass analysis of the deep-
cavity cavitands. This work was partially supported by the
Louisiana Board of Regents Support fund (1997-00)-RD-A-23,
a Research Innovation Award from the Research Corporation,
and the Donors of the Petroleum Research Fund, administered
by the American Chemical Society.
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Dehydrocholic acid serves as an effective chiral host
molecule for the optical resolution of aryl alkyl sulfoxides by
inclusion.

The optical resolution of different classes of organic substrates
by lattice inclusion compounds is receiving significant attention
on account of its high efficiency and simplicity.1 Bile acids have
often been used as host molecules both in the direct resolution
of a guest racemate2,3 and in enantioselective transformation of
an inclusion compound.4 The resolution of aliphatic alcohols
with cholanamide (3,7,12-trihydroxy-5-cholan-24-amide)2 and
that of lactones in the presence of cholic and deoxycholic acid3

are examples of the former case.
Chiral sulfoxides are finding increasing use as auxiliaries in

asymmetric synthesis5 and as intermediates in the pharmaceuti-
cal industry.6 Beside the classical resolution methods,7 new
strategies have been developed mainly based on the oxidation of
prochiral sulfides by titanium peroxo species bearing chiral C2
symmetric diols8–10 (e.g. tartaric esters) or C3 symmetric
trialkanolamines.11 However, the limited turnover numbers
characterizing most of these oxidation procedures and the
kinetic resolution via oxidation involving the sulfoxides so
produced12 prompted us to reconsider the resolution method to
obtain enantiomerically pure sulfoxides.

Described here is the novel observation that dehydrocholic
acid (3,7,12-triketo-5-cholan-24-oic acid) 1, a bile acid deriva-
tive lacking steroidal hydroxy groups can serve as a host
molecule to form inclusion compounds with different aryl alkyl
sulfoxides 2–6, leading to the effective optical resolution of this
class of compounds.

The inclusion compounds of 1 with sulfoxides were obtained
by two different methods based on direct absorption of the
melted (method A) or solvent dissolved (method B) sulfoxide.
The choice depends on the sulfoxide. In the former case the
solid dehydrocholic acid is directly added to the melted
sulfoxide in the absence of any solvent, whereas in the latter
procedure 2–6 were dissolved in the minimum amount of Et2O,
and poured onto solid 1. As shown in Table 1, both processes
are equally effective, affording sulfoxides in good to high ees in
the range 36–99%.

A view of the overall process is given in Scheme 1. On
standing at room temperature for 48–72 h, dehydrocholic acid
and the selected sulfoxide formed crystals13 that were washed
with Et2O. The ethereal layer was separated from the solid
phase and evaporated to give the crude sulfoxide in pre-
dominant (S) configuration. On the other hand, included
sulfoxides were easily obtained in quantitative yields in (R) for
3–5 and (S) configuration for 2, respectively, by dissolving the
crystals with aqueous NaHCO3 followed by extraction with
Et2O.14 Furthermore, almost complete recovery of dehydro-
cholic acid can be obtained upon treatment of the aqueous basic

layer with dilute mineral acid. No significant differences in
optical and chemical yields were observed when recycled
dehydrocholic acid was used.

The relative amount of the sulfoxide with respect to 1, in the
inclusion process, was expected to play an important role.
Accordingly, a 3-fold excess of 2–6 over the bile acid favored
high optical purities of the sulfoxides that are included in 1, as
shown from the data of Table 1, whereas a one-to-one
stoichiometry increased the ees of the non-guest sulfoxides
obtained from the Et2O solution. As an example, when 6 is
added in equimolar amounts to the bile acid, (S)-6 is recovered
from the solution and (R)-6 is obtained from crystals in ees of
about 70%. When a 3-fold excess of 6 is used the optical purity
of (R)-6 increased to 84% (Table 1).

Compared to 1 the efficiency of the well-known host cholic
acid (3,7,12-trihydroxy-5-cholan-24-oic acid) is lower, afford-
ing sulfoxides with optical purities in the range 2–47%,
depending on the sulfoxide. This is an example of the excellent
ability of dehydrocholic acid, a non-naturally occurring steroid
lacking hydroxy groups, to recognize sulfoxides according to

Table 1 Optical resolution of p-XC6H4SCH3 sulfoxides 2–6 using
dehydrocholic acid 1 as host

Sulfoxide X Methoda t/h Eec (%)
Predominant
configurationd

2 H A 72 74 S
B 72 36 S

3 CH3 A 72 86 R
B 72 > 99 R

4 OCH3 A 48 40 R
Bb 48 54 R

5 Cl A 72 82 R
B 72 77 R

6 Br A 48 74 R
Bb 48 84 R

a Method A: 1 equiv. of 1 is added to 3 equiv. of melted sulfoxide. Method
B: sulfoxide dissolved in Et2O and added to 1. b A few drops of EtOAc were
added to Et2O. c Determined by GC on Megadex DETTBS. d Absolute
configurations of the material recovered from the crystals were determined
by comparison of [a]D with literature values, see refs. 8–11.

Scheme 1
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size, polarity and chirality. Work is in progress to extend this
approach to other classes of organic chiral molecules.

This investigation was financially supported by Universita’
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Covalent linkage of the three calix[4]arene units in hydro-
gen-bonded assemblies 13•(DEB)6 via a threefold ring
closing metathesis (RCM) reaction quantitatively converts
the dynamic assemblies into covalent systems (123-mem-
bered macrocycles) that can be easily characterized using
MALDI-TOF MS and HPLC.

Dynamic combinatorial libraries have recently attracted a great
deal of attention in the rapidly expanding field of combinatorial
chemistry.1 Such libraries have the potential to amplify the
formation of the strongest binder as a result of a templating
effect exerted by an added host or guest molecule.2–7 Most
literature examples involve dynamic systems based on the
reversible formation of covalent bonds2–5 or coordinative
bonds.6,7 Dynamic libraries based on the reversible formation of
weak noncovalent interactions, like multiple hydrogen-bond-
ing, have so far not received a great deal of attention, most likely
because of severe characterization problems. Our group has
reported the synthesis and characterization of a 4-membered
dynamic library of hydrogen-bonded assemblies and recently
we have shown that guest-templating effects are also applicable
to these systems.8,9 Increasing the structural diversity in these
systems is easy and can be performed simply by mixing the
appropriate number of individual components under thermody-
namically controlled conditions. However, the serious lack of
suitable characterization techniques currently limits the size of
the libraries that can be made.

Here we describe the covalent capture of dynamic libraries of
hydrogen-bonded assemblies 13•(DEB)6, which converts these
dynamic libraries into covalent analogues that can be readily
characterized using conventional techniques like mass spec-
trometry and HPLC. We used the ring-closing metathesis
(RCM) reaction,10 because it is compatible with the hydrogen-
bonded network in assembly 13•(DEB)6. Moreover, it has been
used previously for the cyclization of cyclic peptides,11

catenane formation,12,13 and post-modification of dendri-
mers.14

Reaction of assembly 1a3•(DEB)6 (R = H, n = 6),15 carrying
oct-7-enyl side chains, with Grubbs catalyst in CD2Cl2 resulted
in the covalent linkage of the three calix[4]arene units 1a
(Fig. 1) via a threefold metathesis reaction giving the 123-mem-
bered macrocycle 2a as the corresponding hydrogen-bonded
assembly 2a•(DEB)6 in 96% yield (Fig. 2).† Monitoring the
reaction by 1H NMR spectroscopy (Fig. 3) clearly showed that
the reaction occurs without destroying the assembly. The
signals for the terminal vinylic protons at d 5.8 and 4.9 gradually
disappear during the reaction and a new signal at d 5.47 for the
internal vinylic protons in 2a•(DEB)6 is observed [Fig. 3(b)].‡
HPLC analysis of the reaction mixture (at different time
intervals) showed that 1a is rapidly consumed ( > 95% after
36 min) upon addition of the Ru catalyst, initially giving
intermediate products (linear dimer and trimer) that are slowly
converted into the final product 2a.§ The clean formation of
assembly 2a•(DEB)6 (detected as 2a after loss of DEB under the
MS conditions) was confirmed by MALDI-TOF MS (observed
m/z = 3100 for [2a + H]+ containing the most abundant natural

isotopes; calc. for C180H240N36O12 = 3100; Fig. 4). Both HPLC
and MALDI-TOF MS clearly showed that the cyclic monomer
3a (calc. m/z for C60H80N12O4 = 1032) is not formed, which
emphasizes the high degree of preorganization of the reactive
double bonds within the assembly.

The clean formation of assembly 2a•(DEB)6 was only
observed under conditions where assembly 1a3•(DEB)6 is
present. Not a single trace of 2a was formed when 1a was
reacted with the Ru catalyst either in the absence of DEB or in
the presence of 4 equiv. of N-propyl-5,5-diethylbarbituric acid
(PDB), a substitute for DEB that cannot form an assembly
similar to 1a3•(DEB)6. Moreover, RCM reactions carried out at
[1a3•(DEB)6]t = 0 = 0.01 mM (250-fold dilution) gave the
cyclic monomer 3a as the major product due to extensive
dissociation of the assembly at this concentration.

The presence of bromo or iodo substituents at position R in
assembly 13•(DEB)6 significantly decreases the yields of the
corresponding cyclic trimers 2b (21%) and 2c (16%) (Fig. 2).
When the covalent capture was carried out in CD2Cl2
significant amounts of the cyclic monomers 3b (12%) and 3c
(28%) were formed.¶ In toluene-d8 formation of the cyclic
monomers 3b and 3c was not observed, but still the yields of the
cyclic trimers 2b (37%) and 2c (10%) were low in comparison
to that of 2a under the same conditions (100%). These results
clearly indicate that the bromo and iodo substituents at position
R significantly reduce the thermodynamic stability of the

Fig. 1 Molecular structures and schematic representations of calix[4]arene
dimelamine 1, cyclic monomer 3 and barbituric acid derivatives DEB and
PDB.
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assemblies15 and strongly hinder the reaction of the two alkene
units, leading to competitive polymerization of the assemblies
and/or intermediates.

Substitution of the oct-7-enyl chains in 1a for hex-5-enyl
chains, as in 1d, completely inhibits the covalent capture of the
corresponding assembly 1d3•(DEB)6 and formation of cyclic
trimer 2d does not occur to a significant extent  either in CD2Cl2
or in toluene-d8. The effect of an increase in the alkenyl chain
length is much less pronounced. Covalent capture of assembly
1e3•(DEB)6, carrying dec-9-enyl side chains, in toluene-d8 gave
assembly 2e•(DEB)6 in 71% yield. The introduction of bromo

substituents at positions R in these assemblies seems to decrease
the yield of the corresponing assembly 2•(DEB)6 to a much
smaller extent. For example, covalent capture of assembly
1f3•(DEB)6 (R = Br, n = 8) in toluene-d8 gave assembly
2f•(DEB)6 in 61% yield.

Covalent capture of the 4-component dynamic libraries8

1a32x1bx•(DEB)6 (x = 0–3, R = H, Br, n = 6), and
1e32x1fx•(DEB)6 (x = 0–3, R = H, Br, n = 8) under standard
RCM conditions in toluene-d8 clearly showed the formation of
all four possible trimers 2a, 2b, 2h and 2i (Fig. 4, relative ratio
20+43+30+7 determined by HPLC) and 2e, 2f, 2j and 2k
(relative ratio 10+38+40+12 determined by HPLC), respec-
tively. The product distribution for the library with oct-7-enyl
side chains is slightly different from statistical (i.e.
12+38+38+12), due the lower stability of the Br-containing
assemblies.

In conclusion we can state that the covalent capture of
hydrogen-bonded assemblies 13•(DEB)6 occurs with high
efficiency and provides a new tool for the characterization of
dynamic libraries using conventional techniques like HPLC and
mass spectrometry.

We thank the EC for the Marie Curie Research Training
Grant to Dr F. Cardullo (No. ERBFMBICT 972555) and Dr M.
Crego Calama (No. ERBFMBICT 961445) as part of the TMR
Programme.
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resulting in overall yields being much lower than 100%.

1 For recent overviews, see: A. Ganesan, Angew. Chem., Int. Ed., 1998,
37, 2828 and references therein; C. Gennari, H. P. Nestler, U. Piarulli
and B. Salom, Liebigs Ann. Recl., 1997, 637 and references therein;
J.-M. Lehn, Chem. Eur. J., 1999, 5, 2455.

2 I. Huc and J.-M. Lehn, Proc. Natl. Acad. Sci. U.S.A., 1997, 94, 2106; S.
Sakai, Y. Shigemassa and T. Sasaki, Tetrahedron Lett., 1997, 38, 8145;
B. Klekota, M. H. Hammond and B. L. Miller, Tetrahedron Lett., 1997,
38, 8639.

3 A. V. Eliseev and M. I. Nelen, Chem. Eur. J., 1998, 4, 825.
4 P. A. Brady and J. K. M. Sanders, J. Chem. Soc., Perkin Trans. 1, 1997,

3237.
5 H. Hioki and W. C. Still, J. Org. Chem., 1998, 63, 904.
6 M. Albrecht, O. Bau and R. Fröhlich, Chem. Eur. J., 1999, 5, 48.
7 I. Huc, M. J. Krische, D. P. Funeriu and J.-M. Lehn, Eur. J. Inorg.

Chem., 1999, 1415.
8 M. Crego Calama, R. Hulst, R. Fokkens, N. M. M. Nibbering, P.

Timmerman and D. N. Reinhoudt, Chem. Commun., 1998, 1021.
9 M. Crego Calama, P. Timmerman and D. N. Reinhoudt, Angew. Chem.,

in the press.
10 R. H. Grubbs and S. Chang, Tetrahedron, 1998, 54, 4413.
11 T. D. Clark, K. Kobayashi and R. M. Ghadiri, Chem. Eur. J., 1999, 5,

782.
12 B. Mohr, M. Weck, J.-P. Sauvage and R. H. Grubbs, Angew. Chem., Int.

Ed. Engl., 1997, 36, 1308; D. G. Hamilton and J. K. M. Sanders, Chem.
Commun., 1998, 1749.

13 T. J. Kidd, D. A. Leigh and A. J. Wilson, J. Am. Chem. Soc., 1999, 121,
1599.

14 M. S. Wendland and S. C. Zimmerman, J. Am. Chem. Soc., 1999, 121,
1389.

15 P. Timmerman, R. H. Vreekamp, R. Hulst, W. Verboom, D. N.
Reinhoudt, K. Rissanen, K. A. Udachin and J. Ripmeester, Chem. Eur.
J., 1997, 3, 1823.

Communication a909459h

Fig. 2 Schematic representation of the covalent capture of hydrogen-bonded
assemblies 13•(DEB)6.

Fig. 3 1H NMR spectra of (a) assembly 1a3•(DEB)6 and (b) assembly
2a•(DEB)6 after reaction of assembly 1a3•(DEB)6 with Grubbs catalyst.
Peak designations: NHbarb protons (1 and 2), NHAr protons (3), NHCH2

protons (4), terminal (5,6) and internal (7) vinylic protons. Spectra were
recorded in CDCl3 on a 300 MHz spectrometer.

Fig. 4 MALDI-TOF mass spectra of the crude reaction mixtures of the
covalent capture of (a) assembly 1a3•(DEB)6 (observed and calculated
isotopic patterns for [2a+H]+ are given as inserts); (b) dynamic library
1a32x1bx•(DEB)6 (x = 0–3, R = H, Br, n = 6); (c) dynamic library
1e32x1fx•(DEB)6 (x = 0–3, R = H, Br, n = 8).
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Selectin ligands: 2,3,4-tri-O-acetyl-6-O-(2-naphthyl)methyl (NAP)
a-D-galactopyranosyl imidate as a novel glycosyl donor for the efficient total
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NeuAca2,3(SO3Na-6)Galb1,3GalNAca sequence
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The stereo- and regioselective total synthesis of branched
mucin core 2-structure 2, which contains the NeuAca-
2,3(SO3Na-6)Galb1,3GalNAca sequence, is accomplished
through the use of the key glycosyl donor 19.

Our recent study has shown that a core 2-branched sequence can
enhance L- and P-selectin binding, e.g. our synthetic compound
GalNAcb1,4(Fuca1,3)GlcNAcb1,6(NeuAca2,3Galb1,3)Gal-
NAcaOMe 1 was found to be 5- to 6-fold better at inhibiting L-
and P-selectins than sialyl Lewisx-OMe.1 It is now well
established that natural selectin ligands, such as CD34,
MadCAM-1, PSGL-1 and GlyCAM-1, are mucin type glyco-
proteins.1 Both PSGL-1 and GlyCAM-1 contain the Neu-
Ac2,3Galb1,3GalNAca sequence. In GlyCAM-1 it has been
demonstrated that, in addition to sialylation and fucosylation,
sulfation of the saccharide chains is important for high affinity
binding to L-selectin.2 Based upon this, we became interested in
the synthesis of sulfated analogs of our previously reported 1 as

potential ligands. Moreover, the sequences (SO3Na-6)Galb-
1,3GalNAca and especially NeuAca2,3(SO3Na-6)Galb1,3Gal-
NAca have been found to be part of O-linked glycoproteins.3
Thus, we turned our attention to the synthesis of our target
molecule 2, which contains the NeuAca2,3(SO3Na-6)Galb-
1,3GalNAca sequence, as a potential ligand.

Our present approach is based upon the use of imidate 19
bearing a 6-O-(2-naphthyl)methyl (NAP) group as a valuable

glycosyl donor. Recently Spencer et al.4 reported selective
cleavage of the NAP group by hydrogenolysis (10% Pd/C,
ethanol) even in the presence of benzyl groups. However, when
we applied this method to the synthesis of oligosaccharides, our
pilot experiments showed that the hydrogenation reactions went
very slowly and the benzyl groups were also partially cleaved
(Scheme 1). Meanwhile, in our lab we have found that DDQ can
smoothly remove the NAP group and other usual protecting
groups (such as Ac, pivaloyl, TBS, phthalimido, Bn and
benzylidene) can still survive.5 The donor 19 was prepared as
shown in Scheme 2. On alkylation with 2-(bromomethyl)na-
phthalene, the readily accessible 14 provided 15 in quantitative
yield. Deacetonation followed by acetylation furnished com-
pound 17 (a+b 2+3). Selective removal of the anomeric O-
acetyl group from 17 gave, in 87% yield, 18 which on treatment
with CCl3CN–DBU (210 °C) afforded a 90% yield of
trichloroacetimidate 19 as the pure a-anomer.

Glycosidation of alcohol 3 with imidate 19 was performed
under Schmidt’s ‘inverse procedure’.6 The b-linked disaccha-
ride 20 was obtained in 74% yield, which was then O-
deacetylated to furnish triol 21. The sialylation of 21 with the
sialic acid donor 4 under NIS–TfOH catalysis at 230 °C gave
the trisaccharide 22 in 78% yield. Compound 22 was then
acetylated to give 23. The 1H NMR spectrum of 23 displayed
characteristic signals at d 5.07 (dd, 1H, J1A,2A 8.0, J2A,3A 10.4 Hz,
H-2A), 4.96 (d, 1H, J3A,4A 2.8 Hz, H-4A), 5.27 (dd, 1H, J6B,7B 2.8,
J7B,8B 9.6 Hz, H-7B) and 2.59 (dd, 1H, Jgem 12.8, J3Beq,4B 4.9 Hz,
H-3Be) which confirmed an a(2 ? 3) glycosidic linkage.
Removal of the 4,6-benzylidene group in 23 (50% HOAc,
55 °C) afforded the trisaccharide diol 24 (90%).

Although preparation of the key GalNAc Lex glycosyl donor
29 has been reported,1 a simplified procedure based on
employing diol 6 as an acceptor was developed (Scheme 3).
Thus, regioselective condensation of phenylthio donor 5 and
diol 6 under NIS–TfOH conditions (265 °C) afforded the
b(1 ? 4) linked disaccharide 25 in 73% yield. Selectfluor–
BF3·Et2O promoted7 a-L-fucosylation of 25 with donor 7 in
CH3CN (0 °C) gave trisaccharide 27 in 75% yield. Hydro-
genolysis of 27, followed by acetylation and then acetolysis

Scheme 1 Reagents and conditions: i, 10% Pd/C, HOAc–MeOH, 16 h;
ii, DDQ (2.5 equiv. for 8, 5 equiv. for 11), CH2Cl2–H2O (15+2), 3 h,
quant.
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with Ac2O–HOAc–H2SO4 provided the fully acetylated tri-
saccharide 28. Treatment of 28 with PhSH–BF3·Et2O furnished
GalNAc Lex glycosyl donor 29 in 73% yield.

Glycosylation of 29 with diol 24 (NIS–TfOH, 260 °C) gave
the expected hexasaccharide 30 in 70% yield (Scheme 4).
Removal of the NAP group in the b-galactopyranosyl residue
by DDQ in CH2Cl2–H2O afforded 31, which was further treated
with 5 equiv. of sulfur trioxide–pyridine complex in DMF at
0 °C to give the sulfated compound 32. Finally, 32 was
converted to the target compound 2 in three successive steps: (i)
LiI–pyridine at 110 °C (methyl ester to free acid); (ii) 4+1
MeOH–hydrazine hydrate at 80 °C (removal of the phthalimido
and acetyl groups); (iii) 5+5+3 MeOH–CH2Cl2–Ac2O (N-
acetylation). The structure of 2 was confirmed by 1H, 13C NMR
and FAB mass spectroscopy.†

We thank the National Cancer Institute for financial support
(Grant No. CA 63218) of this work.

Notes and references
† Selected data for 2: m/z (FAB) 1441.4 (M); [a]20

D +3.1 (c 0.16, H2O);
dH(D2O, 400 MHz) 5.12 (d, 1H, J 3.6, H-1BB), 4.99 (d, 1H, J 3.6, H-1), 4.56
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Scheme 2 Reagents and conditions: i, 2-(bromomethyl)naphthalene, KOH,
18-crown-6, THF, 2 h; ii, 80% AcOH, 75 °C, 95%; iii, pyridine–Ac2O,
DMAP; iv, hydrazine acetate, DMF, 2 h, 87%; v, CCl3CN–DBU, CH2Cl2,
210 °C, 90%; vi, 19 (1.5 equiv.), TESOTf, 4 Å molecular sieves, CH2Cl2,
room temp., 73%; vii, MeOH–Et3N–H2O, 4 °C; viii, 4 (2.0 equiv.), NIS–
TfOH, 3 Å molecular sieves, CH3CN–CH2Cl2, 230 °C, 3 h, 78%; ix, 50%
AcOH, 55 °C, 4 h, 90%.

Scheme 3 Reagents and conditions: i, 5 (1.2 equiv.), NIS–TfOH, CH2Cl2,
4 Å molecular sieves, 265 °C; ii, pyridine–Ac2O, DMAP; iii, 7 (3.0 equiv.),
Selectfluor, BF3·Et2O, 3 Å molecular sieves, CH3CN, 0 °C, 75%; iv, 10%
Pd/C, HOAc–MeOH; v, Ac2O–HOAc–H2SO4, 70%; vi, PhSH, BF3·Et2O,
CH2Cl2, 73%.

Scheme 4 Reagents and conditions: i, 29 (1.5 equiv.), NIS–TfOH, CH2Cl2,
4 Å molecular sieves, 260 °C, 2 h, 70%; ii, DDQ (2.5 equiv.), CH2Cl2–
H2O, 3 h, quant.; iii, SO3·pyridine complex (5 equiv.), DMF, 0 °C, 3 h, 95%;
iv, LiI (40 equiv.), pyridine, 110 °C, overnight, 90%; v, hydrazine hydrate–
MeOH (1+4), 80 °C, 6 h; vi, MeOH–CH2Cl2 (1+1), Ac2O, 0 °C, 1 h; Na+

resin.
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The partial oxidation of methane in the gas phase reaction of
CH4–O2–NO2 was enhanced with the addition of a small
amount of methanol; the selectivity of methanol at the same
level of CH4 conversion was enhanced in the presence of
methanol which showed this effect exclusively in the
presence of NO2.

Methanol is a desirable product in the partial oxidation of
methane. Recently, we found high yield methanol formation at
808 K under atmospheric pressure in the gas phase reaction of
CH4–O2 upon the addition of a small amount of NOx

(x = 1,2).1,2 The transition barrier energy of hydrogen atom
abstraction from CH4 by NO2 was lower than that by O2.3,4 This
brought about the enhancement effect of NO2 on the reactivity
of methane in CH4–O2–NO2. Since successive oxidation of the
produced methanol has been reported at high temperatures for
the CH4–O2 gas phase reaction,5,6 the successive oxidation of
methanol could also occur in the  CH4–O2–NOx gas phase
reaction. The initial hydrogen atom abstraction is the first step
of successive oxidation of methanol that probably initiates
radical chain reactions to enhance methane partial oxidation,
since Burch and co-workers5 reported that the addition of C2H6
lowered the reaction temperature by ca. 50 K at the same
conversion of CH4 for the gas phase reaction of CH4–O2. On the
other hand, it was found in our previous study that the
selectivity of the produced methanol was scarcely affected by a
change of space velocity at a given temperature.1,2,4 This
indicates that methanol could be a fairly stabilized product in
the gas phase. In addition, gaseous additives have been
examined under high pressure so far,7–9 but an enhancement
effect of methanol was not found. Therefore it is important to
clarify the behavior of methanol in the gas phase reaction of
CH4–O2–NO2. In this study, a small amount of methanol was
added to the CH4–O2–NO2 system to investigate its effects on
the partial oxidation of methanol in the gas phase.

The reaction was carried out with using a test gas (CH4: 28%,
O2: 14%, NO2: 0.5%, He: 57.3 or 57.5%, CH3OH: 0 or 0.16%).
A quartz tube (7 mm i.d.) was used as a reactor and the length
of heated reaction zone was 200 mm. The temperature was
measured with a thermocouple attached on the outside of the
reactor. Products were analyzed with two gas chromatographs.
The carbon balance before and after the reaction exceeded 98%.
Each reaction was performed for 30 min under each of the
conditions and then the products were analyzed. All experi-
mental data shown here were shown to be reproducible.
Conversion and selectivities were calculated as follows (unit is
mol): CH4 conversion = (initial CH42 final CH4)/initial CH4;
selectivity of a product = product/reacted CH4; selectivity of
methanol = total methanol/reacted CH4.

Fig. 1 shows CH4 conversion in each different reaction gas
mixture as a function of reaction temperature. The temperature
at the level of 10% CH4 conversion is lowered by ca. 30 K (827
K) with  addition of methanol (0.16%) to CH4–O2–NO2. CH4
conversion was scarcely observed at 827 K for both CH4–O2
and CH4–O2–CH3OH systems. These differences indicate that

the decrease of reaction temperature is derived from the
presence of both CH3OH and NO2 in the reaction mixture. The
enhancement effects of CH3OH are clearly seen on an ON–OFF
experiment for the supply of methanol (Fig. 2). An increase of
reaction temperature after the addition of methanol was
observed but amounted to < 3 K in the center of the reactor.

On varying the methanol concentration, it was found that
0.016% CH3OH was the lower limit for which CH4 conversion
was enhanced.

The selectivity of CH3OH for the reaction in the presence of
methanol is higher than that without methanol in the lower
conversion region (Table 1). The selectivity of CH2O in the
system CH4–O2–NO2–CH3OH had somewhat smaller values in
the same region. The selectivity of CH3OH in the presence of
methanol exceeded that in the absence of CH3OH for the
regions of CH4 conversion shown in Table 1.

Fig. 1 CH4 conversion vs. reaction temperature. Reaction gas: CH4(28%)–
O2(14%)–NO2(0.5%)–He(57.3%)–CH3OH(0.16%) (:), CH4(28%)–
O2(14%)–NO2(0.5%)–He(57.5%) (5), CH4(28%)–O2(14%)–He(57.8%)–
CH3OH(0.16%) («), CH4(28%)–O2(14%)–He(58%) (2).

Fig. 2 The enhancement effect of CH3OH on CH4 conversion in CH4–O2–
NO2. 0.16% CH3OH was fed into the reaction gas consisting of CH4(28%)–
O2(14%)–NO2(0.5%)–He(57.5%).
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It is of note that > 99% methanol was oxidized to CO and
CO2 in the CH3OH–O2–NO2 system in the absence of methane
below 750 K. Since all of the added methanol was completely
oxidized up to 750 K, the obtained methanol in the CH4–O2–
NO2–CH3OH system was assumed to be produced through the
partial oxidation of methane. This indicates that the enhance-
ment of reactivity of CH4 in CH4–O2–NO2–CH3OH above 750
K was caused by reaction between NO2 and CH3OH.

In previous papers, we suggested reaction pathways to form
C1-oxygenates in the gas phase reaction of CH4–O2–NO2.1–4

The rate-determining step is hydrogen abstraction from meth-
ane with an activation energy of 37.6 kcal mol21 at 800 K. The
lowering of the initial reaction temperature upon CH3OH
addition indicated the presence of other lower barrier reaction
pathways for the dissociation of methane. Furthermore, the
enhancement of CH4 conversion indicated the presence of
radical chain reactions. We considered the most probable
reaction between CH3OH and NO2 [eqn. (1)]:

CH3OH + NO2? CH2OH + HNO2 (1)

Our theoretically obtained value for the activation energy of
eqn. (1) was 28.4 kcal mol21 at 800 K calculated using the
Gaussian94 ab initio program package and was close to that
reported by Bromly et al.10 The produced CH2OH was assumed
to react easily with O2 to produce formaldehyde [eqn. (2)]:

CH2OH + O2? CH2O + HO2 (2)

This HO2 could then react with CH4 [eqn. (3)]:

CH4 + HO2? CH3 + H2O2 (3)

Since the reported10 activation energy of eqn. (3) was 24.6 kcal
mol21 and is lower than 37.6 kcal mol21 for the activation

energy of hydrogen abstraction from methane, we considered
that this difference lowered the commencement temperature of
CH4 conversion.

The higher selectivity of produced methanol is explained by
assuming that the subsequent oxidation of methanol is retarded
under the reaction conditions.

We acknowledge financial support of the New Energy and
Industrial Technology Development Organization (NEDO).
Y. T. was supported by a Fellowship from NEDO.
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Table 1 The effects of methanol addition on methane partial oxidation in the presence of NO2
a

Selectivity (%)
CH4

T/K conversion (%) HCHO CH3OH CH3NO2 CO CO2

Without CH3OH 831 2.3 38.0 11.7 10.8 33.5 6.0
846 5.6 27.3 13.1 8.2 48.2 3.2
851 8.1 19.8 13.1 8.0 55.9 3.1
857 12.1 11.3 11.9 6.2 66.7 3.9

With CH3OH 788 2.3 (0.3)b 29.1 18.8 11.7 35.1 5.3
810 5.6 (0.7)b 25.0 17.1 11.9 42.3 3.7
820 8.1 (2.3)b 19.6 15.7 11.1 50.4 3.2
830 12.1 (5.6)b 14.0 14.0 7.4 60.7 3.9

a Reaction gas: CH4(28.0%)–O2(14.0%)–NO2(0.5%)–He(57.3 ~ 57.5%), with or without 0.16% CH3OH. b Values in parentheses are CH4 conversion before
CH3OH addition. 
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The ‘Marcus-inverted’ region for BET in a p–p stacked
fullerene–porphyrin dyad was determined based on (i) the
photoactivation of an intramolecular ET in a variety of
solvents and (ii) the formation of a highly energetic charge-
separated state

Photoinduced electron transfer (ET) to fullerenes is a subject of
current interest.1 Specifically, the moderate first reduction
potentials of fullerenes2 and their small reorganization energies
in ET reactions3 make them excellent building blocks for the
design of novel donor–acceptor systems. According to the
Marcus theory, electron transfer rates (kET) are expected to
exhibit a parabolic dependence on the free energy gap of the
electron transfer (2DG°ET).4 In particular, kET decreases as the
reaction becomes more exergonic, especially at large 2DG°ET.
The maximum of the theoretically expected bell-shaped energy
gap dependence (i.e. 2DG° ≈ l, [l = reorganization energy
(Marcus theory)]) is largely controlled by the nuclear reorgani-
zation energy including the solvent reorganization associated
with the ET. Surprisingly, experimental support to ET kinetics
clearly occurring in the inverted region, is limited to charge
recombination processes in geminate radical pairs5 and a few
examples of non fullerene-containing donor–acceptor dyads.6
In order to optimise the stability of a charge-separated state (i.e.
retarding charge recombination) it is desirable to reach the
thermodynamic maximum at small 2DG° values and, thus, to
push the exergonic back electron transfer (BET) into the
‘Marcus-inverted’ region. The small reorganization energy of
the rigid C60 cage should be an ideal prerequisite to shift the
maximum of the ‘Marcus parabola’ to smaller values and BET
in fullerene-based donor–acceptor arrays is proposed to be
decelerated compared with two-dimensional electron acceptors.
Here, we present the first experimental evidence for an electron
transfer within a C60 based compound in the ‘Marcus-inverted’
region.

The model compound that we used in this study is the p–p
stacked C60–ZnTPP dyad 1 involving a trans-2 addition
pattern,7 which we reported recently.8 The fluorescence quan-

tum yield of 1, is strongly quenched (F = 1.26 3 1024) relative
to a ZnTPP reference complex (F = 0.04) even in a non-polar
toluene solution. Similarly low fluorescence quantum yields
were found in tetrahydrofuran (F = 1.16 3 10–4), dichloro-
ethane (F = 1.37 3 1024) and benzonitrile (F = 1.37 3 10–4).
This points to a very efficient electronic communication
between the two moieties in the excited state. Significantly, the
texture of the ZnTPP fluorescence is still preserved. Assuming
that the lifetime of the ZnTPP singlet excited state is 2700 ps,
the lifetime of the chromophore in dyad 1 can be estimated to be
ca. 8.5 ps corresponding to an intramolecular rate constant of
1.18 3 1011 s21. The new emission band,7 centered around 820
nm, was found exclusively in toluene solutions and is missing in
the other solutions. To characterize this emission band, the
phosphorescence of a ZnTPP reference compound was probed.
The resemblance of the ZnTPP phosphorescence with the
emission band of 1 in toluene suggests the spin-forbidden
phosphorescence of the ZnTPP chromophore. The lifetime of
the 820 nm emission band (t = 2.84 ns)7 matches nicely the
proposed energy transfer rate measured by picosecond-resolved
transient absorption spectroscopy (see below).

Fig. 1 (a) Differential absorption spectra obtained upon picosecond flash
photolysis (532 nm) of ca. 1025 M solutions of dyad 1 in nitrogen saturated
toluene with time delays between 2300 and 1500 ps. (b) Time-absorption
profiles at 680 nm (i.e. maximum of the ZnP•+ absorption).
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In order to measure the absolute quenching rate constants and
to unravel the underlying mechanism, 1 was studied in various
solvents by means of picosecond-resolved transient absorption
spectroscopy. In all solvents used, 1 gives rise to the rapid
formation of the ZnTPP p-radical cation absorption between
670 and 680 nm (Fig. 1). However the rise time, representing
the actual forward ET process, is masked by the instrument
response time. Thus, we can only provide an upper limit of the
ZnTPP lifetime, for example, in a toluene solution of ~ 35 ps.
Despite this inaccuracy, the estimate is in reasonably good
agreement with the steady-state emission study.

Taking into account the strong fluorescence quenching and
the formation of ZnTPP•+, we can conclude that electron
transfer prevails in the deactivation of the ZnTPP singlet excited
state, to yield the C60

•2–ZnTPP•+ pair. In line with the spectral
identification of the C60

•2–ZnTPP•+ pair is the assumption,
which is based on the thermodynamic driving force (2DGET°)
for an intramolecular electron transfer from the photoexcited
ZnTPP. The DGET° values are approximated by:

DGET° = 2[E*0–0 + DGCR°]
(with DGCR° = 2[DE° + e2/deS]) (1)

and summarized in Table 1.
The fact that ET rather than energy transfer events govern the

fate of the photoexcited ZnTPP chromophore, can be ration-
alized by the close packing of the two moieties. This clearly
reflects the higher efficiency of an electron exchange mecha-
nism compared with a dipole–dipole energy transfer mecha-
nism.

As determined by transient absorption spectroscopy the
product of the charge-recombination is the singlet ground state
in any solvent [eqn. 2(a)]. The only exception is toluene
[eqn. 2(b)]: Nanosecond-resolved photolysis confirmed the
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formation of the fullerene triplet excited state with an overall
quantum efficiency of 0.196. To shed further light onto the
exact formation mechanism, we reinvestigated the dynamics of
1 in toluene on the picosecond time scale. Here, the radical pair
(1.54 eV) decays via a transient intermediate, before the
fullerene triplet excited state evolves (t = 3970 ps). Based on
the close spectral reminiscence with the ZnTPP triplet excited
state we propose the formation of the latter state as an
intermediate step towards the fullerene triplet excited state. Its
excited state energy (1.53 eV) is then a sufficient promoter to
activate an intramolecular triplet–triplet energy transfer to the
lower lying fullerene triplet (1.50 eV).

In more polar solvents the energy of the radical pair state is
decreased ( < 1.45 eV; see Table 1) and, as a consequence,
charge recombination, yielding the porphyrin or fullerene triplet
excited state is thermodynamically hindered. Instead, direct
generation of the singlet ground state takes place [eqn. 2(a)].

The clean decay kinetics of the p-radical cation absorption
allowed us to measure the lifetime of the radical pair as a
function of solvent polarity. The lifetime is subject to an
interesting trend: The lifetimes in tetrahydrofuran (t = 385 ps)
and dichloromethane (t = 122 ps) are markedly increased

relative to the more polar solvents dichloroethane (t = 61 ps)
and benzonitrile (t = 38 ps) (Table 1). This dependency
prompts to an important conclusion: The rates of the back
electron transfer processes, from the C60

•2–ZnTPP•+ state to the
ground state, are clearly in the ‘Marcus-inverted’ region [e.g. a
region in which larger free energy changes (2DG°ET) lead to
slower electron transfer rates (kET)].

Since the correct choice of intermolecular separation is
essential to the efficiency of light-driven electron transfer,
especially in light of guaranteeing 2DG° > l, a comparison of
1 with non-fullerene systems, that have similar van der Waals
contacts, was deemed necessary. In these systems,6e,g the
inverted BET reactions are activated only at values exceeding
1.9 eV, while in 1 the ‘Marcus-inverted’ region was established
even at values smaller than 1.5 eV. This underlines the unique
role of [60]fullerene, possessing a smaller reorganization
energy than two-dimensional acceptor moieties, as a novel
electron acceptor.

This work was supported by the Office of Basic Energy
Sciences of the Department of Energy, the Stiftung Volkswa-
genwerk, by MURST (cofin. ex 40%, prot. n.
9803194198_005), by C.N.R. through the program ‘Materiali
Innovativi (legge 95/95)’ and by the European Community
(RTN program FUNCARS). This is document NDRL-4198
from the Notre Dame Radiation Laboratory.

Note added in proof: similar investigations on a different
dyad were recently reported by D. Schuster et. al.9

Notes and references
1 H. Imahori and Y. Sakata, Eur. J. Org. Chem., 1999, 2445; D. M. Guldi,

Chem. Commun., 2000, 321.
2 L. Echegoyen and L. E. Echegoyen, Acc. Chem. Res., 1998, 31, 593.
3 H. Imahori, K. Hagiwara, T. Akiyama, M. Akoi, S. Taniguchi, T. Okada,

M. Shirakawa and Y. Sakata, Chem. Lett., 1996, 263, 545; D. M. Guldi
and K.-D. Asmus, J. Am. Chem. Soc., 1997, 119, 5744.

4 R. A. Marcus, J. Chem. Phys., 1956, 24, 966; R. Marcus and N. Sutin,
Biophys. Acta, 1985, 811, 265.

5 Examples with leading references: T. Asahi and N. Mataga, J. Phys.
Chem., 1989, 93, 6575; L. A. Kelly and M. A. J. Rodgers, J. Phys. Chem.,
1995, 99, 13 132; I. R. Gould and S. Farid, Acc. Chem. Res., 1996, 29,
522; C. Turro, J. M. Zaleski, Y. M. Karabatsos and D. G. Nocera, J. Am.
Chem. Soc., 1996, 118, 6060.

6 (a) M. R. Wasielewski, M. P. Niemczyk, W. A. Svec and E. B. Pewitt,
J. Am. Chem. Soc., 1985, 107, 1080; (b) P. Chen, R. Duesing, D. K. Graff
and T. J. Meyer, J. Phys. Chem., 1991, 95, 5850; (c) E. H. Yonemoto,
R. L. Riley, Y. I. Kim, S. J. Atherton, R. H. Schmehl and T. E. Mallouk,
J. Am. Chem. Soc., 1992, 114, 8081; (d) T. Asahi, M. Ohkohchi, R.
Matsusaka, N. Mataga, R. P. Zhang, A. Osuka and K. Maruyama, J. Am.
Chem. Soc., 1993, 115, 5665; (e) A. C. Benniston, A. Harriman, D. Philp
and J. F. Stoddart, J. Am. Chem. Soc., 1993, 115, 5298; (f) E. H.
Yonemoto, G. B. Saupe, R. H. Schmehl, S. M. Hubig, R. L. Riley, B. L.
Iverson and T. E. Mallouk, J. Am. Chem. Soc., 1994, 116, 4786; (g) A. C.
Benniston and A. Harriman, J. Am. Chem. Soc., 1994, 116, 11531.

7 E. Dietel, A. Hirsch, E. Eichhorn, A. Rieker, S. Hackbarth and B. Röder,
Chem. Commun., 1998, 1981.

8 For the synthesis of a similar dyad involving a trans-1 addition pattern
see: J.-P. Bourgois, F. Diederich, L. Echegoyen and J.-F. Nierengarten,
Helv. Chim. Acta, 1998, 81, 1835.

9 D. I. Schuster, P. Cheng, S. R. Wilson, V. Prokhorenko, M. Katterle,
A. R. Holzwarth, S. E. Braslavsky, G. Klihm, R. M. Williams and C. Luo,
J. Am. Chem. Soc., 1999, 121, 11 599.

Communication a909657d

Table 1 Photophysical properties of dyad 1 in various solvents

Solvent ea
104 F
(fluorescence)

t (radical
pair)/ps DGCR°/eV DGET°/eV Product

Toluene 2.38 1.26 619 1.536 0.524 Triplet excited state
Tetrahydrofuran 7.6 1.16 385 1.452 0.608 Singlet ground state
Dichloromethane 9.08 121 1.445 0.615 Singlet ground state
Dichloroethane 10.19 1.37 66 1.441 0.619 Singlet ground state
Benzonitrile 24.8 1.37 38 1.424 0.636 Singlet ground state

a Dielectric constant.
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The kinetics of photoinduced electron transfer in new
multicomponent arrays of a p-stacked fullerene porphyrin
dyad and diazabicyclooctane or a fulleropyrrolidine ligand
have been determined and depend on the molecular
architecture

Owing to the importance of converting sunlight into electric
current, suitable models are needed for the mimicry of the
primary events in natural photosynthesis. A viable approach to
artificial photosynthesis is to organize the donor–acceptor
couple via covalent linkage and, thereby, controlling the
separation and electronic coupling. To optimize the perform-
ance of such artificial systems, incorporation of secondary
electron donor or acceptor moieties into multicomponent arrays
(triads, tetrads, pentads etc.) has attracted considerable atten-
tion. Recently, different alternatives to address the critical issue
of organizing the donor–acceptor couples has been forwarded,
for example the assembly of individual molecules, linked by
weak intermolecular interactions such as van der Waals’ forces,
hydrogen bonding, salt bridges or by complexation with
metals.1 In this contribution we present the formation and
photophysical properties of new rigid electroactive arrays that
evolve from complexation of a p–p stacked C60-based ZnTPP
dyad 12 with diazabicyclooctane (DABCO) or a pyridine–
fullerene ligand.3

The facile and selective formation of triad 2 or pentad 3 is
based on the pronounced concentration dependence of ZnTTPs
to form either square pyramidal 1+1- or 2+1 complexes with
diazabicyclooctane (DABCO), respectively.4 In analogy to
related fullerene free TPPs4 at low concentrations (e.g. 1026 M)
the exclusive formation of 2 was observed as shown, for
example, with the titration experiment depicted in Fig. 1. Owing
to the complexation the absorptions of the TPP moiety undergo
a bathochromic shift of 9–10 nm which is very characteristic for
a 1+1 complex.4 The bathochromic shifts in 2+1 complexes are
less pronounced (5–6 nm).4 At higher concentrations the
formation of the pentad 3 prevails. Titration of a 4.3 3 1022 M
solution of 1 in CDCl3 with DABCO under 1H NMR control
showed the immediate appearance of one signal only for the 12
methylene protons of the axial ligand at d 24.5 clearly
demonstrating that exclusively 3 is formed. After the addition of
0.5 equiv. of DABCO only 3 can be detected in the NMR
spectrum and all of free 1 is consumed. Upon formation of 3 the
signals of the ZnTPP protons undergo an up-field shift of up to
0.5 ppm. Up-field shifts of up to 1 ppm for the ZnTPP C atoms
and of 8.23 ppm for the C atoms of DABCO are observed in the
13C NMR spectrum of 3. Addition of more DABCO results in
the formation of 2 being in an equilibrium with 3 as
demonstrated by the appearance of a second signal for the
DABCO ligand at d 22.50 belonging to the three outer
methylene groups of 2. Similarly, triad 4 was prepared by
mixing equimolar solutions of 1 and the corresponding
fulleropyrrolidine.3,5,6 The reversible formation of the complex
was followed by visible and by 1H NMR spectroscopies. In the
former technique, a bathochromic shift of the porphyrin bands

was observed, in analogy to 2, whereas in the proton NMR a
considerable upfield shift of the pyridine 2-protons confirmed
the presence of an equilibrium between 1 and the full-
eropyrrolidine.5

Picosecond excitation of triad 2 resulted in the rapid
transformation of the ZnTPP singlet excited state into a new
transient, which displays a broad absorption maximum around
680 nm. Since the absorption spectrum is in close agreement
with that of dyad 1, we conclude that a rapid intramolecular
electron transfer to yield a charge-separated radical pair follows
the initial excitation event. The lifetime of the charge-separated
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state in triad 2 (1980 ± 30 ps) gives rise to a significant
enhancement over dyad 1 (619 ps). Interestingly, the transient
absorption spectra still revealed the characteristics of the ZnTPP
p-radical cation. A reasonable rationalization for this observa-
tion implements the close energy of the C60

•2–ZnTPP•+–
DABCO and C60

•2–ZnTPP–DABCO•+ states, as estimated by
the oxidation potentials of the ZnTPP and DABCO electron
donors. This leads to the assumption that the positively charge
may be distributed over both moieties. In line with this
assumption is the fact that the fullerene triplet quantum yield
(e.g. the product of charge-recombination) did not change upon
addition of the secondary electron donor (i.e. dyad 1 cf. triad
2).

A qualitative similar picture was obtained with pentad 3.
Immediately after excitation of 3 in toluene the increase of
absorbance between 600 and 800 nm is consistent with the
formation of the radical pair, observed for dyad 1 and triad 2.
The kinetics of charge-recombination, as monitored around 660
nm, followed again first order kinetics, with a lifetime of 2280
ps.

As a viable alternative to DABCO (e.g. electron donor),
addition of a fullerene derivative bearing a pyridine function-
ality (e.g. electron acceptor) to a toluene solution of dyad 1 was
probed. In this context, the strong fluorescence quenching of 1
should be taken into account. Thus, addition of variable
concentrations of the fullerene ligand (0.5–5.0 3 1025 M)
failed to show any meaningful effects on the fluorescence
quantum yield of the resulting triad 4. Photolysis (532 nm) of
triad 4 in toluene or benzonitrile did not lead to any noticeable
changes, relative to those described for dyad 1. Owing to the
rapid electron transfer occurring between the ZnTPP chromo-
phore and the p–p stacked fullerene, the competing electron
transfer route to the coordinated fullerene ligand is too slow that
the latter reaction may contribute to the overall deactivation of
the ZnTPP singlet excited state. Dramatic changes were,

however, noted upon generating the fullerene singlet excited
state (excitation at 337 nm). Now photoinduced electron
transfer can be activated from both fullerene moieties, namely,
the covalently linked one, which is still very fast (e.g. within the
time-resolution of the apparatus) and the coordinatively one.
Since benzonitrile is used as a solvent, its ability to coordinate
to the zinc center and, therefore, interference with the fullerene–
ligand complexation equilibrium between dyad 1 and triad 4
should be considered. This divides a reaction between the
photoexcited fullerene and the ZnTPP into two processes. In
particular, a fast intramolecular reaction (ca. 1010 s21) between
the fullerene singlet excited state in the coordinated complex
(triad 4) is followed by a much slower intermolecular reaction
(1.7 3 1010 M21s21) between the fullerene triplet excited state
and the free dyad 1. Spectroscopic evidence for this mechanism
stems from the fact that the differential absorption changes
reveal a two step formation of the C60

•2/ZnTPP•+ radical pair
grow-in around 1010 and 680 nm, respectively.

In conclusion, we have shown that the reversible complexa-
tion of diazabicyclooctane or a fulleropyrrolidine ligand by a p–
p stacked C60–ZnTPP dyad 1 is a viable concept to construct
novel supramolecular architectures. Rapid photoinduced elec-
tron transfer reactions in these multicomponent assemblies lead
to charge-separated states, whose lifetimes are markedly
improved relative to dyad 1.
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9803194198_005), by C.N.R. through the program ‘Materiali
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(RTN program FUNCARS). This is document NDRL-4199
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Fig. 1 Titration of 1 with DABCO in CH2Cl2: The appearance of 2 and
disappearance of 1 is monitored by UV–VIS-spectroscopy.
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The synthesis of a new C2-symmetric planar-chiral bipyr-
idine ligand is described, as well as its application to the
enantioselective CuI-catalyzed cyclopropanation of olefins.

As Togni and Venanzi have recently documented, the use of
transition metal catalysts that employ nitrogen-donor ligands is
expanding rapidly.1 With respect to neutral, bidentate, nitrogen
donors, 2,2A-bipyridine is one of the most widely used.2,3 As a
consequence, the development of an effective chiral derivative
of bipyridine is a challenge of considerable importance.4,5 We
have recently been exploring the application of planar-chiral
heterocycles in asymmetric catalysis, both as enantioselective
nucleophilic catalysts6 and as chiral ligands for transition
metals.7 Here we describe our first investigation in the area of
chiral bipyridine chemistry, specifically, the synthesis, resolu-
tion and crystallographic characterization of C2-symmetric
planar-chiral ferrocene derivative 1. To benchmark this new

ligand, we have chosen to follow the lead of others by
examining its utility in the CuI-catalyzed cyclopropanation of
olefins [eqn. (1)].8–10

Our synthesis of ligand 1 begins with previously reported
pyridine derivative 2,11 which is available in one step from
commercially available materials (Scheme 1). Chlorination
with POCl3 affords compound 3 in 74% yield, and a standard
sequence of oxidation, acetoxylation and elimination then
furnishes pyrindine 6.6a The five-membered ring of 6 is
complexed to iron through reaction of its lithium salt with
(Cp*FeCl)n (59%),6a and the resulting ferrocene derivative is
then reductively coupled with NiBr2(PPh3)2/Zn/Et4NI,12

thereby providing racemic 1 as a single diastereomer in 58%
yield. This route is amenable to the synthesis of multi-gram
quantities of this new C2-symmetric, planar-chiral bipyridine
ligand.

The enantiomers of ligand 1 can be separated by chiral HPLC
(Regis Whelk-O column). We have established the absolute
configuration of (+)-1 through X-ray crystallography.

In order to validate our ligand design, we chose to investigate
the application of bipyridine 1 to the CuI-catalyzed cyclopropa-
nation of olefins, a reaction that has previously been used to
benchmark new chiral bipyridine designs.8 We were pleased to
observe that with the 2,6-di-tert-butyl-4-methylphenyl ester of
diazoacetic acid as the carbene source, we can cyclopropanate
an array of olefins with high stereoselectivity (Table 1). For
example, treatment of styrene with 1% CuOTf, 1.2% (+)-1, and
2 equiv. of diazo ester in CH2Cl2 at room temperature furnishes
the trans-cyclopropane in very good diastereomeric and
enantiomeric excess (94% de, 87% ee; Table 1, entry 1). The
stereoselection remains unchanged even at a very low catalyst
loading (0.25%), although the yield drops somewhat (60%). It is
worth noting that, in contrast to many previously reported CuI-
catalyzed cyclopropanations wherein the diazo ester is the
limiting reagent, our conditions employ the olefin as the
limiting reagent. Among the copper sources and the solvents
that we have examined, CuOTf and CH2Cl2 appear to be
optimal.

In the presence of CuOTf/1, we can effect the catalytic
enantioselective cyclopropanation of an array of olefins (Table

Scheme 1 Reagents and conditions: i, POCl3, 74%; ii, H2O2, AcOH, 88%;
iii, Ac2O, 58%; iv, H2SO4, 79%; v, BuLi, then (Cp*FeCl)n, 58%; vi, 30%
NiBr2(PPh3)2, Zn, Et4NI, 58%.
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1). For styrene derivatives, we have made the interesting
observation that whereas the electronic nature of the aromatic
ring has only a modest effect on trans+cis diastereoselectivity,
it exerts a very significant impact on enantioselectivity (entries
1–3). Thus, reaction of electron-rich 4-methoxystyrene pro-
ceeds with relatively moderate ee (75%, entry 2), whereas
reaction of electron-poor 4-trifluoromethylstyrene occurs with
quite high ee (94%, entry 3). Alkyl-substituted olefins (entry 4)
and vinylsilanes (entry 5) undergo cyclopropanation with
excellent diastereoselectivity and good enantioselectivity.

An examination of the X-ray crystal structure of [Cu-
((2)-1)(styrene)]PF6† clearly shows that bidentate complexa-
tion of ligand 1 to copper furnishes a well-defined C2-
symmetric binding pocket [Fig. 1(a)]. The styrene is bound to
copper in an orientation that is predictable on the basis of
minimizing steric interactions with ligand 1 [Fig. 1(b)].

In summary, we have described the synthesis, resolution and
crystallographic characterization of a new class of C2-symmet-
ric planar-chiral bipyridine ligands, and we have demonstrated
the effectiveness of our ligand design through a study of CuI-
catalyzed cyclopropanations of olefins. The chiral environment
afforded by this family of bidentate ligands should be readily
tunable, both through a change in the metal fragment (e.g.
FeCp* ? FeC5Ph5

6b) and through the incorporation of
substituents in the 7 and 7A positions. The large number of
processes known to be catalyzed by bipyridine–metal com-

plexes provides a wealth of opportunities for applications of
these ligands in asymmetric catalysis.
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Table 1 Scope of the CuI/1-catalyzed enantioselective cyclopropanation of
olefinsa

Fig. 1 X-Ray crystal structure of [Cu((2)-1)(styrene)]PF6 (the non-
coordinating PF6 counter ion has been omitted for clarity): (a) without
styrene; (b) with styrene.
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Zirconium complexes of two dianionic amine bis(phenolate)
ligands have been synthesized, their X-ray structures solved,
and their activity as hex-1-ene polymerization catalysts
studied; upon treatment with B(C6F5)3, an octahedral
[ONNO]Zr(CH2Ph)2 complex, having an extra N-donor
group on a side arm, shows exceptionally high polymeriza-
tion activity and yields a high molecular weight poly(hex-
1-ene), whereas a related pentacoordinate [ONO]Zr(CH2Ph)2
complex, having no extra donor group, shows only poor
activity as a polymerization catalyst.

The increased interest in development of novel catalysts for
polymerization of a-olefins has resulted in the introduction of a
variety of non-metallocene group 4 metal complexes.1 Most
interest was drawn to pre-catalysts based on chelating di(amido)
ligands,2 while di(alkoxo) based pre-catalysts have attracted
more limited attention.3 Recently, we introduced the amine
bis(phenolate) family of ligands to group 4 transition metal
chemistry.4 Here, we report on the synthesis, structure and hex-
1-ene polymerization activity of two zirconium dibenzyl
complexes of related amine bis(phenolate) ligands: a tetra-
dentate [ONNO]22 ligand and a tridentate [ONO]22 ligand.

The ligand precursor [ONNO]H2 1 reacted cleanly with 1 mol
equiv. of tetrabenzylzirconium at 65 °C yielding the dibenzyl
complex [ONNO]Zr(CH2Ph)2 2, quantitatively, as a yellow
crystalline solid (Scheme 1).† The spectral data of 2 indicate the
formation of a rigid Cs symmetrical complex having symmetry
related phenolate rings and two different benzyl groups.

The X-ray structure of 2 (Fig. 1)‡ features a complex having
a slightly distorted octahedral geometry, in which the two
oxygen atoms of the phenolate rings are in a trans configuration.
Most importantly, the cis configuration of the two benzyl
groups, expected from the arrangement of the donor atoms in
this [ONNO]22 tetradentate ligand, is evident from the narrow
C–Zr–C angle of 93.7°. A narrow angle between the active
positions may facilitate the formation of a metallacyclobutane,
in the rate determining step of the polymerization of a-
olefins.5

The tridentate ligand precursor [ONO]H2 3, having identical
phenolate groups but lacking the extra donor group on the side
arm, also reacted cleanly with 1 mol equiv. of tetrabenzylzir-

conium at 65 °C yielding the formally penta-coordinate
dibenzyl complex [ONO]Zr(CH2Ph)2 4, quantitatively, as a
yellow crystalline solid (Scheme 2).†

Interestingly, a homoleptic complex of the type [ONO]2Zr,
was not formed, apparently due to the steric effect of the tert-
butyl groups in the ortho position of the phenolate rings.4 In
analogy to 2, the spectral data of 4 also indicated the formation
of a rigid Cs symmetrical complex having symmetry related
phenolate rings and two different benzyl groups. However, the
X-ray crystal structure of 4 indicated several differences
between it and 2 (Fig. 2).‡

The structure features a complex having a pseudo-trigonal
bipyramidal geometry, with axial O atoms and equatorial N, C,
C atoms, as evident from an O–Zr–O angle of 157.3°, and sum
of angles between the equatorial substituents around the
zirconium of 360°. The angle between the two benzyl groups in
4 is much wider than in 2, at 117.4°. An acute Zr–CH2–C(Ar)
angle of 89.4° as well as a short Zr–C(Ar) distance of 2.71 Å, for
one of the benzyl groups, indicate that the p-system interacts
with the metal, i.e. there is a non-classical h2 binding of this
group to the Zr atom.6 The h2 binding in 4 may reflect the

† Electronic supplementary information (ESI) available: selected spectro-
scopic data. See http://www.rsc.org/suppdata/cc/b0/b000396o/

Scheme 1

Fig. 1 Molecular structure of 2. Selected bond lengths (Å) and angles (°):
Zr–O(2) 1.995(5), Zr–O(3) 1.994(5), Zr–N(6) 2.446(6), Zr–N(9) 2.594(6),
Zr–C(13) 2.305(7), Zr–C(20) 2.250(6); O(2)–Zr–O(3) 160.3 (2), N(6)–Zr–
N(9) 69.7(2), C(13)–Zr–C(20) 93.7(2), Zr–C(13)–C(14) 104.9(5), Zr–
C(20)–C(21) 115.8(5).

Scheme 2
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electron deficiency of this complex relative to 2, or may simply
result from the lower crowding around the metal, allowing the
bending of one of the benzyl groups. It is noteworthy that the
central nitrogen and the two phenolate rings bind very similarly
in 2 and 4, despite the additional donor in 2, and difference in
benzyl hapticities.

Which of these systems is expected to lead to a better catalyst
for polymerization of a-olefins? Since additional donor groups
have been reported to increase the reactivity in certain systems7

and reduce the reactivity in other systems,8 this prediction is not
straightforward. 2 proved to be an extremely reactive catalyst in
the presence of tris(pentafluorophenyl)borane: adding 0.01
mmol of 2 and 1 mol equiv. of B(C6F5)3 to 10 mL of neat hex-
1-ene at room temperature, initiated a fast polymerization
reaction accompanied by heat release, causing boiling of the
hex-1-ene.§ The monomer reacted almost completely within 2
min giving an activity of 15 500 g mmolcat

21 h21. To the best
of our knowledge, this is the highest reactivity reported for
polymerization of hex-1-ene under such mild conditions,
namely a dibenzyl complex9 activated by the mild Lewis acid
tris(pentafluorophenyl)borane.2a,10 In order to restrain the
polymerization, the monomer was diluted in an inert solvent,
and the quantity of catalyst was reduced. Thus, adding 0.005
mmol of 2 and 1 mol equiv. of B(C6F5)3 to 3 mL of hex-1-ene
in 7 mL of heptane resulted in a slower evolution of heat, and
linear consumption of the monomer for 8 min, after which time
80% had reacted. The polymer obtained had a molecular weight
of Mw = 170 000 and PDI Mw/Mn = 2.2, indicating that the
catalytic system is homogeneous.

In contrast, 4 yielded a poor hex-1-ene polymerization
catalyst: adding 0.01 mmol of 4 and 1 mol equiv. of B(C6F5)3 to
2 mL of neat hex-1-ene at room temperature, yielded only
oligo(hex-1-ene) chains (30 mg), giving a low activity of 23 g
mmolcat

21 h21. Olefinic termination groups were observed in
the 1H NMR spectra, integration of which indicated an average
of < 20 units of monomer per chain.

In summary, of the two amine bis(phenolate) zirconium
complexes that were introduced, that having an extra donor arm
was about three orders of magnitude more reactive than its
counterpart. We therefore propose that the side arm nitrogen of
the [ONNO]22 ligand remains attached to the metal in the
reactive catalyst. Since the extra donor is supposed to lower the
electrophilicity of the zirconium complex, it seems that, at least
for these systems, electrophilicity does not play a major role in
determining the polymerization activity.11 The extreme re-
activity of the catalyst derived from the [ONNO]22 ligand may
result from steric effects, e.g. a narrow angle between the
growing polymer chain and a coordinated olefin, as well as

electronic effects induced by the N-donors being trans to the
active positions. The synthesis of related systems and their
application as polymerization catalysts is currently under
way.

This research was supported in part by the Israel Science
Foundation founded by the Israel Academy of Sciences and
Humanities. We thank Sima Alfi (BIU) for technical assis-
tance.
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Fig. 2 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
Zr–O(2) 2.002(2), Zr–O(18) 2.000(2), Zr–N 2.378(2), Zr–C(38) 2.272(2),
Zr–C(45) 2.292(2), Zr–C(46) 2.714(2); O(2)–Zr–O(18) 157.33(6), C(45)–
Zr–C(38) 117.39(9), Zr–C(45)–C(46) 89.4(1), Zr–C(38)–C(30) 108.7(2).
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An all-inorganic oxo-bridged dimanganese-containing
silicotungstate, g-SiW10{MnIII(OH2)}2O38

62, showed the
highest turnover number of 789 among various metal-
substituted silicotungstates for the oxygenation of cyclohex-
ane with 1 atm molecular oxygen; this is the highest level
when compared with other catalysts reported so far.

Catalytic oxygenation of alkanes has attracted much attention.
The utilization of molecular oxygen for catalytic oxygenation is
a rewarding goal because among oxidants molecular oxygen has
the highest content of active oxygen and forms no by-
products.1–7 Reducing reagents or radical initiators have been
added for in an attempt to facilitate reaction lowering the
reaction temperature and resulting in the suppression of
overoxidation of oxygenated products.8–13 However, there are
only a few examples of ideal homogeneous oxygenation
systems for alkanes with molecular oxygen in the absence of
reducing reagents or radical initiators because of catalyst
deactivation and difficulty of C–H bond/oxygen activation.1–24

The oxidation of cyclohexane has been industrialized by using
a cobalt catalyst with pressurized molecular oxygen above 423
K, low conversions, however, are a drawback in suppressing
overoxidation of the products.5,25,26 It is clearly desirable if
oxygenation can be carried out with higher turnover numbers
under milder conditions. Fe(DPA) (DPA = 2,6-dicarboxyl-
atopyridine), K[RuIII(saloph)Cl2] [saloph = N,NA-o-phenyl-
enebis(salicylideneaminato)] PW9O37{Fe32xNix(OAc)3}(9+x)2

(x) = predominantly 1) and g-SiW10{FeIII(OH2)}2O38
62 are

examples of catalysts for cyclohexane oxygenation with 1 atm
molecular oxygen.14–16,20‡ Cobalt-containing aluminophos-
phate and [Co(NCMe)4](PF6)2 have also been reported to be
active for oxygenation of cyclohexane with pressurized molec-
ular oxygen.21–24 However, the turnover numbers are low at
< 180.

Little is known of the structures of the active manganese
centers for the oxygenation of cyclohexane with molecular
oxygen. Here, we report that the oxo-bridged dimanganese-
containing silicotungstate, g-SiW10{MnIII(OH2)}2O38

62, can
efficiently catalyze the oxygenation of cyclohexane with 1 atm
molecular oxygen.

Cyclohexane was distilled and treated with activated alumina
to remove impurities and cyclohexyl hydroperoxide. The other
reagents were commercially obtained and used as received. The
reaction was carried out in a glass vial containing a magnetic stir
bar as described previously.27 The reaction solution was
periodically sampled and analyzed by gas chromatography on
TC-WAX capillary columns. The oxidation of cyclohexane did
not proceed without catalyst under the present conditions.

Cyclohexanol and cyclohexanone were mainly formed after
an induction period for the catalytic oxygenation of cyclohex-

ane with 1 atm molecular oxygen catalyzed by g-SiW10-
{MnIII(OH2)}2O38

62 at 365 K. Only small amounts of dicyclo-
hexyl and cyclohexyl hydroperoxide were observed and neither
acids, oxoesters nor carbon oxides were observed. The
selectivities changed little with time. The conversion was 6.4%,
and the turnover number of g-SiW10{MnIII(OH2)}2O38

62

reached 789 after 96 h, much higher than values reported for
the oxygenation of cyclohexane catalyzed by Fe(DPA)/O2(1
atm),14 K[Ru(saloph)Cl2]/O2 (1 atm),15 g-SiW10-
{FeIII(OH2)}2O38

62/O2 (1 atm),20 [Co(NCMe)4](PF6)2/O2 (3
atm)21 or cobalt-containing aluminophosphate/O2 (15 atm).23

In addition, the value was higher than those of 130, 90, 5
and 3 reported for Mn(acac)2/NHPI (NHPI = N-hydroxy-
phthalimide),11 Co(acac)2/NHPI,13 [{Fe(HBpz3)(hfacac)}2O]-
/Zn (HBpz3 = hydrotris(1-pyrazolyl)borate, hfacac = 1,1,-
1,5,5,5-hexafluoroacetylacetone)28 and [RfMn(RfTACN)]2+/
TBHP (RfTACN = tris-N-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,-
11,11-heptadecafluoroundecyl)-1,4,7-triazacylononane; Rf =
C8F17)12 systems, respectively, which work in the presence of
reducing reagents or radical initiators with 1 atm molecular
oxygen.

The oxygenation of cyclohexane with 1 atm molecular
oxygen proceeded catalytically even at 305 K,§ whilst no
oxygenation was observed for g-SiW10{FeIII(OH2)}2O38

62 at
the same temperature. It has been reported that the commercial
catalyst, Co(oct)2 (oct = 2-ethylhexyl octanoate), was inactive
at 348 K with 3 atm molecular oxygen.21 All these results
demonstrate that g-SiW10{MnIII(OH2)}2O38

62 can catalyze the
selective oxygenation of cyclohexane with high turnover
number and under mild conditions.

Table 1 compares turnover numbers for cyclohexane oxy-
genation with molecular oxygen catalyzed by manganese-
substituted silicotungstates. The turnover numbers for man-
ganese-substituted silicotungstates decreased in the order
g-SiW10{MnIII(OH2)}2O38

62 > a-SiW11{MnIII(OH2)}O39
52

> a-SiW9{MnIII(OH2)}3O37
72 ≈ a-SiW12O40

42 ≈ 0. No
oxygenation proceeded for g-SiW10{MnII(OH2)}2O38

82 in
which the oxidation state of manganese is +2. In addition,
among mono-transition metal-substituted silicotungstates, a-
SiW11{Mn+(OH2)}O39

(823n)2 (M = Mn3+, Fe3+, Cu2+), the
order of turnover numbers was Mn3+ > Fe3+ > Cu2+. These
facts show that manganese is an effective element for catalysis
and that a dimanganese site with the oxidation state of +3 is the
most effective for the oxygenation of cyclohexane with
molecular oxygen.

Small amounts of dicyclohexyl, which is formed by the
reaction of two cyclohexyl radicals, and cyclohexyl hydro-
peroxide were observed. The addition of an alkyl-radical
scavenger, p-tert-butylcatechol, led to complete inhibition.
These facts suggest that the reaction includes a radical-chain
mechanism. Further mechanistic work is in progress.

We acknowledge Dr C. Nozaki for the preliminary experi-
ments of this work. This work was supported in part by a Grant-
in-Aid for Scientific Research from the Ministry of Education,
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† Electronic supplementary information (ESI) available: preparation and
characterization of polyoxometalates. See http://www.rsc.org/suppdata/cc/
a9/a910334l

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a910334l Chem. Commun., 2000, 381–382 381
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Nix(OAc)3}(9+x)2 and g-SiW10{FeIII(OH2)}2O38

62, cobalt-containing alu-
minophosphate and [Co(NCMe)4](PF6)2 catalysts were 0.2 (reaction
temperature, 295 K), 18 (298–318 K), 5 (356 K), 135 (356 K), 167 (403 K)
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§ The selectivity to cyclohexanone and turnover number for g-SiW10-
{MnIII(OH2)}2O38

62 catalyst were 100% and 3, respectively, after 96 h.
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Table 1 Oxidation of cyclohexane with molecular oxygen catalyzed by metal-substituted silicotungstates at 356 Ka

Selectivity (%)

Catalyst
Turnover
numberb Conversionc (%) Cyclohexanol Cyclohexanone

Cyclohexyl
hydroperoxide Dicyclohexyl

[a]-SiW12O40]42 0 0.0 — — — —
[a-SiW11{MnIII(OH2)}O39]52 295 2.4 57 41 2 Trace
[g-SiW10{MnIII(OH2)}2O38]62 789 6.4 51 48 1 Trace
[g-SiW10{MnII(OH2)}2O38]82 0 0.0 — — — —
[a-SiW9{MnIII(OH2)}3O37]72 0 0.0 — — — —
[g-SiW10{FeIII(OH2)}2O38]62 d 135 1.1 53 47 — Trace
[g-SiW10{CuII(OH2)}2O38]82 0 0.0 — — — —

a Reaction conditions: catalyst, 1.5 mmol; solvent, 1,2-C2H4Cl2 (1.5 mL–acetonitrile (0.1 mL); cyclohexane, 18.5 mmol; P(O2), 1 atm; reaction time, 96 h.
b Mol of products/mol of catalysts used. c Mol of products/mol of cyclohexane used. d Cited from ref. 20.
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Nanospray FT-ICR mass spectroscopy provides unambigu-
ous evidence for solvent-dependent aggregation of a substi-
tuted sexithiophene.

We report evidence for the solvent-dependent aggregation of an
a,w-disubstituted sexithiophene, obtained by nanospray Four-
ier-transform ion cyclotron resonance (FT-ICR) mass spec-
trometry1–6 of solutions of varying polarity. Electrospray
ionisation (ESI),3 of which nanospray4–6 is a variant, has been
used for studying aggregation of proteins.7,8 In this work, we
used FT-ICR coupled with ESI (nanospray) to probe aggrega-
tion of an oligomer; high resolution was important in order to
resolve overlapping signals due to differently sized ag-
gregates.

Aggregation in solution is well known for a-oligothiophenes
and poly(thiophenes).9–11 Evidence for aggregation of such
chromophores has been deduced from shifts in UV–VIS
spectra, quenching of photoluminescence, broadening of line-
widths in NMR or observation of a circular dichroism spectrum
for aggregates of chiral chromophores.12,13 Whereas these
techniques give indirect evidence for aggregation, we have
established direct evidence for solvent-dependent aggregation
by FT-ICR mass spectrometry.

We have established a synthesis for
2,2A:5A,2AA:5AA,2AAA:5AAA,2AAAA:5AAAA,2AAAAA-sexithiophene-5,5AAAAA-dicar-
boxylic acid (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyl
ester 1 (Fig. 1) and UV (absorption and emission) and CD
spectroscopic evidence for its temperature dependent chiral
aggregation in solution.13 Compound 1 appears to aggregate in
polar protic solvents such as THF–water mixtures and to be
molecularly dissolved in organic solvents such as pure THF or
CHCl3. We have used nanospray FT-ICR mass spectrometry to
investigate 1 in THF and THF–water mixtures. The nanospray
technique provided the possibility of ionising the oligomer 1,
and its suspected aggregates, without fragmentation.

Experiments were performed using nanospray on a Bruker
BioApex FT-ICR mass spectrometer equipped with a shielded
9.4 T magnet (Magnex Scientific Ltd., Abingdon, UK), a 6 cm
diameter cylindrical infinity cell and electrospray ionisation
source (Analytica of Branford, Branford, USA).14,15 Low
capillary and skimmer potentials were used to minimise any
possibility of the non-covalent bonds of the aggregate being
disrupted in the source. Solutions were made up using THF and
a polar solvent mixture (PSM) containing equal volumes of
ammonium acetate solution (10 mM, pH 6.0) and methanol, and
2% v/v concentrated acetic acid.

In agreement with our previous observations from UV–VIS
and photoluminescence spectroscopy, the results from nano-
spray FT-ICR indicated that 1 did not aggregate in predom-
inantly aprotic solution. Fig. 2 shows the mass spectrum
obtained from a solution of 1 in 90% THF–10% PSM. The
neutral oligomer is designated as 6T in the spectrum. Intense
signals due to the ammonium and sodium ion adducts of the
monomeric compound can be seen in Fig. 2. The experimental
isotope patterns matched the theoretical, confirming that each
cluster of peaks represented a single species. The measured
mass-to-charge (m/z) ratios agreed with those calculated to
within 1 ppm in all cases (all-12C [6T+NH4]+, measured mass
1096.2811 cf. calc. 1096.2802; all-12C [6T+Na]+, measured
mass 1101.2342 cf. calc. 1101.2356). There was no evidence for
aggregation. Nanospray from a more polar solution of 1, (75%
THF–25% PSM), again gave mainly monomeric ammonium
and sodium ion adducts but also a weak signal due to the
dimeric diammonium ion adduct (Fig. 3). Peaks from the
doubly charged dimer can lie underneath those from the singly
charged monomer or appear between the singly charged
monomer peaks. Thus, the all-12C monomer peak and the all-
12C dimer peak both theoretically fall at m/z 1096.2802. The
one-13C monomer peak falls at m/z 1097.2836 but the one-13C
dimer peak falls between these two peaks at m/z 1096.7822 and
is detected as a weak peak. The spectrum (Fig. 3) establishes
that the bonding in the dimer between the constituent monomers
is non-covalent, because the measured mass of the dimer is
exactly twice that of the monomer. If the bonding had been
covalent, loss of two hydrogen atoms might have been
expected; there is no possibility of simple addition dimerisation
of 1. In the case of loss of two hydrogen atoms, there would
have been a detectable peak at m/z 1095.2724 due to the doubly-
charged all-12C dimer, there was no peak at this m/z.

The diammonium ion adduct of the tetramer (Fig. 4), the
diammonium ion adduct of the pentamer (Fig. 5) and the

Fig. 1 2,2A:5A,2AA:5AA,2AAA+5AAA,2AAAA+5AAAA,2AAAAA-sexithiophene-5,5AAAAA-dicar-
boxylic acid (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyl ester 1.

Fig. 2 Compound 1 (50 mM) in THF–PSM (90+10 v+v). Only monomeric
species can be observed. The inset shows the isotope patterns of the
ammonium adduct ion, ([6T]+NH4)+ and of the sodium adduct ion,
([6T]+Na)+. 6T is a designation used for the neutral compound 1.
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triammonium ion adduct of the hexamer were observed when a
solution of compound 1 in 50% THF–50% polar solvent
mixture was investigated.

The diammonium adduct of the tetramer overlays the
ammonium adduct of the dimer (Fig. 4). That the isotope
distributions of the two ions were directly coincident indicates
that the mass of the tetrameric species was exactly twice that of
the dimer, i.e. bonding was non-covalent in the tetramer. The
most intense peak in the isotope distribution of the diammonium
pentamer adduct (Fig. 5) corresponds to the six-13C species; the
all-12C isotopomer cannot be discerned in Fig. 5. The cluster of
peaks shown in Fig. 6 represent isotopes of three species: the
singly charged ammonium adduct of the dimer ([6T]2+NH4)+,
the doubly-charged diammonium tetramer adduct

([6T]4+2NH4)2+ and the triply charged triammonium hexamer
adduct ([6T]6+3NH4)3+.

The size of detectable aggregates is currently limited by the
instrument configuration and the relationship between behav-
iour in solution and in the mass spectrometer source16 is a
matter for continuing study. However, we conclude that
oligomeric aggregates of compound 1, from the dimer to the
hexamer have been observed by nanospray FT-ICR mass
spectrometry when sprayed from polar solution, whereas the
monomer alone was observed when sprayed from THF solution.
Taken together these results constitute unambiguous evidence
for the aggregation of 1 in solution, a process which intensifies
with increasing solution polarity.

We thank Luc Brunsveld for the chiral penta(ethylene
glycol), the European Commission Training and Mobility of
Researchers Network SELOA (contract number ERBFMRX-
CT960083) and the Royal Dutch Academy of Arts and
Sciences. The FT-ICR laboratory at the University of Warwick
is an EPSRC National Facility.
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Fig. 3 Compound 1 (150 mM) in THF–PSM (75+25 v+v). The monomeric
ammonium adduct ion (see also Fig. 2) and the dimeric diammonium adduct
ion, ([6T]2+2NH4)2+ (see arrows) are observed.

Fig. 4 Compound 1 (50 mM) in THF–PSM (50+50 v+v). Peaks due to the
ammonium ion adduct of the dimer, ([6T]2+NH4)+, and the diammonium
adduct ion of the tetramer, ([6T]4+2NH4)2+, are superimposed.

Fig. 5 Compound 1 (50 mM) in THF–PSM (50+50 v:v). Isotopic distribution
of the diammonium adduct ion of the pentamer, ([6T]5+2NH4)2+.

Fig. 6 Compound 1 (100 mM) in THF–PSM (50+50 v+v). Peaks due to the
ammonium adduct ion of the dimer, ([6T]2+NH4)+, the diammonium adduct
ion of the tetramer, ([6T]4+2NH4)2+ (dotted arrows) and the triammonium
ion adduct of the hexamer, ([6T]6+3NH4)3+ (straight arrows) are overlaid.
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The first example of antibody-catalyzed hydrolysis of an N-
methylcarbamate, a highly challenging reaction for antibody
catalysis, was achieved by raising a monoclonal antibody to
a phosphoramidate transition state analogue.

The vast majority of antibody-catalyzed hydrolyses of carbonyl
derivatives, such as esters, amides and carbamates, have been
performed using substrates that are amenable to hydrolysis:
half-lives for the spontaneous reactions usually range from
hours to a few months under the assay conditions.1 Antibody
catalysis of more energetically demanding hydrolytic reactions
of carbonyl derivatives in which the half-life for the sponta-
neous reaction is measured in years, rather than hours to
months, is rare.2a–f As part of a project related to antibody-
catalyzed ‘remote’ prodrug activation,3 we became interested in
examining the possibility of generating antibodies capable of
catalyzing the hydrolysis of N-methylcarbamates. N-methyl-
carbamates are very resistant to hydrolysis4 and there has yet to
be a report describing an antibody capable of catalyzing this
reaction. Several papers have appeared describing antibodies
capable of catalyzing the hydrolysis of N–H carbamates.2e,5 Of
particular note is the work of Wentworth et al.2e These
researchers obtained an antibody, DF8-D5, that catalyzes the
hydrolysis of N–H carbamates of type 1 by raising antibodies to

the phosphonamidate transition state analogue (TSA) 3. Al-
though this antibody did not hydrolyze N-alkylcarbamates such
as 2, the significantly smaller Hammett r value (r = + 0.53)
obtained for the antibody-catalyzed reaction compared to that
obtained for the uncatalyzed reaction (r = +2.68) suggested
that the antibody reaction proceeded via the highly disfavoured
BAc2 mechanism rather than the more favoured E1cB process

found for the uncatalyzed reaction.2e These results suggest that
antibodies raised to an appropriately designed TSA of the BAc2
process for N-methylcarbamate hydrolysis might be capable of
catalyzing the hydrolysis of these stable compounds. Here we
report the first example of antibody-catalyzed hydrolysis of an
N-methylcarbamate, a highly challenging reaction for antibody
catalysis.

Carbamate 4 was chosen as a model substrate for the
antibody-catalyzed reaction (Scheme 1). Although this carba-
mate contains a p-nitrophenol leaving group, it is fairly resistant
to hydrolysis, exhibiting a half life of approximately 5.7 years at
pH 9.0.4a,6 In the TSA used by Wentworth et al.,2e the phenolic
oxygen of the substrate was replaced with a methylene unit.
This was done to promote the BAc2 mechanism over the E1cB
mechanism by minimizing recognition of the phenolate anion,
an important feature of the E1cB transition state.2e However,
during N-methylcarbamate hydrolysis, there is no competing
E1cB mechanism. Consequently, we chose to employ a
phosphoramidate TSA (hapten 5), reasoning that a phosphor-
amidate should be a better mimic of the BAc2 transition state
than a phosphonamidate.

Hapten 5 was constructed† and conjugated to Bovine Serum
Albumin (BSA) and Keyhole Limpet Hemocyanin (KLH) via
its N-hydroxysulfosuccinimide ester, which was prepared
in situ via reaction of 5 with N-hydroxysulfosuccinimide in the
presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC). The degree of conjugation to the carrier
protein was determined using the trinitrobenzene sulfonic acid
(TNBS) assay of Habeeb.7 Balb/c mice were hyperimmunized
with the KLH conjugate and monoclonal antibodies were
obtained using hybridoma technology.8†

Thirty-two monoclonal antibodies were screened for cata-
lytic activity by removing aliquots from a solution containing
antibody ( ~ 4 mM) and substrate 4 (1 mM) in 50 mM bicine, 5%
DMSO, pH 9.0, at various time intervals, and then examining
the aliquots for p-nitrophenol using HPLC. Under these
conditions, we were unable to detect any hydrolysis of 4 in the
absence of antibody after 40 h. Several of the antibodies

† The synthesis and characterization of 4, 5, 6 and 7, preparation of
monoclonal antibodies and ST51 Fab, experimental details for kinetic
studies and Lineweaver–Burk plots are provided as electronic supplemen-
tary information, see http://www.rsc.org/suppdata/cc/b0/b000468p/
‡ Current address: Department of Chemistry, University of Waterloo, 200
University Avenue West, Waterloo, Ontario, Canada N2L 3G1
E-mail: s5taylor@sciborg.uwaterloo.ca
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exhibited catalytic activity. The most active antibody, ST51,
was selected for a more detailed kinetic analysis. The ST51-
catalyzed reaction obeys saturation kinetics and at pH 9.0
exhibited a kcat = 9.1 3 1022 h21, a Km = 2.6 3 102 mM, and
kcat/Km = 3.5 3 1024 mM21 h21. The rate enhancement
obtained for the reaction (kcat/kuncat) is 6.5 3 103, which is in the
range of the average rate enhancement obtained for other
antibody-catalyzed hydrolytic reactions of carbonyl derivatives
such as esters, amides and carbamates.1 The rate enhancement
obtained with 4 and ST51 (6.5 3 103) is approximately 20 times
greater than that obtained by Wentworth et al.2e for the
hydrolysis of 1 when X = NO2 with DF8-D5 (kcat/kuncat =
300). However, when DF8-D5 is assayed with other substrates
(1, X = Br, F and OMe), it exhibits greater rate enhancements
than that obtained with ST51 and substrate 4.2e

That catalysis is indeed a result of the abzyme and not a
contaminating protease or esterase is supported by the following
results. First, the reaction is completely inhibited by stoichio-
metric quantities of the TSA. Second, pure ST51 Fab10

exhibited the same catalytic activity as pure ST51 mAb. Finally,
ST51 did not catalyze the hydrolysis of amide 6 or even ester 7,
two compounds that should be readily hydrolyzed by proteases
or esterases and both of which undergo spontaneous hydrolysis
under the assay conditions more readily than 4.11,12 The fact that
ST51 does not hydrolyze 6 and 7 also indicates that ST51 is a
remarkably selective abzyme compared to other abzymes that
catalyze the hydrolysis of amides2a or carbamates.5a

Although ST51 is also active at pH 10.0 and exhibits a higher
kcat (2.5 3 1021 h21) at pH 10.0 than at pH 9.0, it exhibits a
considerably higher Km (1.3 mM), and lower rate enhancement
(1.8 3 103) at pH 10. ST51 is a robust abzyme, as evidenced by
the fact that it can be stored at room temperature at pH 10.0 over
several days without any loss of catalytic activity. In addition,
ST51 is capable of multiple turnover, indicating that it is not
subject to strong product inhibition as is often the case for
hydrolase abzymes.13 This may be due to the fact that carbamate
hydrolysis yields CO2, as opposed to a negatively charged
carboxylic acid found with ester or amide hydrolysis, which
should experience minimal charge interactions with positively-
charged residues in the active site generated in response to the
negatively-charged TSA.13

In summary, this work represents the first example of
antibody-catalyzed hydrolysis of an N-methylcarbamate, a
highly challenging reaction for antibody catalysis. This was
achieved by raising antibodies to a phosphoramidate TSA.
Studies concerning the application of this antibody to ‘remote’
prodrug activation3 are in progress. In addition, X-ray crystallo-
graphic analyses to determine the structure of ST51 Fab are also
in progress.14 The results of the X-ray analysis and further
kinetic studies will be used to elucidate the mechanism of this
interesting abzyme.

We thank the Medical Research Council (MRC) of Canada
and the Natural Sciences and Engineering Research Council
(NSERC) of Canada (post-graduate scholarship for A. Nicole
Dinaut) for financial support of this work. We would also like to
thank Katherine Majewska for assistance in synthesizing
compounds 6 and 7, and Melanie Lea for assistence with
hybridoma production.
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The activation energy of Ar desorption from solid acids is
determined by temperature programmed desorption (TPD)
using Ar as 9.3, 7.6 and 6.0–6.7 kJ mol21 for sulfated ZrO2,
Cs2.5H0.5PW12O40 and zeolites, respectively; the data in-
dicate that Ar TPD is applicable to evaluation of the relative
acid strengths of solid superacids.

Temperature programmed desorption (TPD) using ammonia is
the most useful technique to evaluate relative acid strengths and
the amount of acid sites on solid acids.1–3 However, there are
several problems when this technique is applied to solid acids
with high acidity such as sulfated zirconia and zeolites. For
instance, the ammonia desorption temperature is elevated owing
to the strong interaction of ammonia with strong acid sites, and
thus the acid sites may be decomposed by reaction with the
adsorbents at such temperatures. Sikabwe et al. reported that Fe,
Mn and Ni promoted sulfated zirconias were partially or
completely decomposed in the temperature range 700–900 K
when ammonia, pyridine or benzene were adsorbed.4 An
interaction of ammonia with both the acidic OH group and the
basic oxygen site next to the acid site is another problem.5
Therefore, accurate acid strengths of solid superacids can not be
evaluated by TPD using probes such as ammonia or pyridine.
To solve these problems, an inert molecule with lower basicity
must be used as the probe molecule.

Argon is completely inert towards superacids, but shows an
acid–base like interaction with acid sites at low temperature.6
Argon has an induced dipole when it interacts with a strong
dipole. The most polarized site on the solid acids must be the
acid sites, and argon would be adsorbed on such sites in a
polarized state. The strength of the interaction between Ar and
acid sites would be expected to depend on the acid strength.
Wakabayashi et al. reported that inert gases including Ar
showed an interaction with acidic OH sites on zeolites giving
1+1 hydrogen-bonded complexes at low temperatures, and there
was a linear correlation between the strength of the interaction
and the proton affinities of the gases.6,7 From their results, it is
expected that the relative acid strength of solid superacids can
be evaluated by TPD using Ar as a probe. Here, Ar TPD was
applied to silica–alumina, several types of zeolites, sulfated
zirconia and a Cs substituted heteropoly acid; the results clearly
showed that Ar TPD was applicable for the evaluation of acid
strength of solid superacids.

Silica–alumina and zeolites used in this study were supplied
by the Catalysis Society of Japan as reference catalysis. Sulfated
zirconia (SO4

22/ZrO2) was prepared by the reported method,8
and the heteropoly acid (Cs2.5H0.5PW12O40) was supplied by
Professor T. Okuhara, Hokkaido University.9 Both of these
materials can convert n-butane into isobutane at room tem-
perature. The solid acid (ca. 15–40 mg) was placed in a glass
sample tube and pretreated in vacuum at 773 K (SiO2–Al2O3
and zeolites) or 473 K (sulfated zirconia and heteropoly acid)
for 2 h. After the pretreatment, the sample was exposed to 6.7
kPa of Ar at room temperature, then cooled to 113 K by N2 gas
which was bubbled out of liquid N2. The sample cooling system
is shown in Fig. 1. The adsorption of Ar was carried out at 113
K for 10 min. Then excess Ar was removed by evacuation at the
same temperature. The final pressure of the system was < 5.0 3

1023 Pa. Ar TPD was performed in the temperature range
113–223 K at a programmed rate of 2–5 K min21. The sample
tube was heated by an electric heater regulated by a temperature
controller. Argon desorbed from the surface of solid acid was
detected by a mass spectrometer and an ionization gauge
connected to the vacuum system.

Ar TPD profiles of solid acids are summarized in Fig. 2. The
signal response (m/z = 40) was normalized by the weight of the
samples. All the samples showed an Ar desorption peak at ca.
120–170 K, i.e. much higher than the boiling point of Ar (87.45
K). There was no relation between the BET surface area and the
relative amounts of desorbed Ar. The profiles thus show
evidence of interaction of Ar with the acid sites on the
surface.

For zeolites, an acid site is constructed from Al3+ in the
framework and the amount of Ar desorbed from the surface is
expected to depend on the quantity of Al3+. The amount of Ar
desorbed from H-mordenite was much larger than that of H-
ZSM-5 reflecting the higher content of Al3+ in H-mordenite
(Table 1). However, the amount of Ar desorption from H-Y was
much smaller than that expected from the Al3+ content. Only a
small fraction of the acid sites on H-Y or SiO2–Al2O3 appear to
show an acid–base interaction with Ar.

An apparent activation energy of Ar desorption was calcu-
lated by applying eqn. (1).10

2lnTm 2 lnb = Ed/RTm + const. (1)

Here, Tm is the peak temperature, b is the rate of temperature
increase and Ed is the activation energy of desorption. Ed values
are obtained from plots of (2lnTm 2 lnb) vs. 1/Tm. For the

Fig. 1 An outline of the sample cooling system for Ar TPD.
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examples shown in Fig. 2, the estimated values of Tm were
131.5, 132.8, 136.0, 139.8, 139.5 and 138.9 K for SiO2–Al2O3,
H-Y, H-ZSM-5, SO4

22/ZrO2, H-mordenite and
Cs2.5H0.5PW12O40, respectively. The calculated activation ener-
gies of Ar desorption are summarized in Table 1. The order of
the activation energies is as follows:

SO4
22/ZrO2 9 Cs2.5H0.5PW12O40 9 H-mordenite

! H-ZSM-5 > H-Y > SiO2–Al2O3

The termination temperature of Ar desorption also followed this
order, viz. 159.0, 158.7, 153.8, 153.9, 151.8 and 149.6 K for
SO4

22/ZrO2, Cs2.5H0.5PW12O40, H-mordenite, H-ZSM-5, H-Y
and SiO2–Al2O3, respectively. The polarization of the Ar
molecule is induced by the polarized sites. The interaction
between Ar and acid sites should be strong when Ar is adsorbed
on strong acid sites because of higher polarization of Ar

molecules on the more polarized acid sites. Therefore, the order
of the activation energy reflects the acid strength of the solid
acid sites. The strength order of zeolites evaluated in this study
was consistent with previous reports.11 From these results, it can
be concluded that Ar TPD is applicable to the evaluation of
relative acid strengths of solid acids of high acidity on the
surface.

The energy of Ar desorption form the solid superacid of
sulfated zirconia was 9.3 kJ mol21 the highest among the tested
catalysts. The highest acid strength of this sample (H0 @

216.04) is reflected by the highest value of the desorption
energy.12 The Cs substituted heteropoly acid had a desorption
energy (7.6 kJ mol21) which was higher than for the zeolites.
Consequently, it can be stated that the heteropoly acid is a solid
superacid.

In summary, the catalysis of solid superacids is characterized
by activities for acid-catalyzed reactions at low temperatue and
reactions are carried out below room temperature in many cases.
The acidity of solid superacids should thus be evaluated at such
lower temperatures. TPD using Ar can be performed in the
temperature range 113–223 K, close to the reaction tem-
peratures used. Destruction of acid sites can be avoided at these
temperatures for themally sensitive sites as found, for example,
in Cs-substituted heteropoly acids. In conclusion, TPD using Ar
is a very useful technique to evaluate the acidity of solid
superacids.

We thank Professor Toshio Okuhara, Hokkaido University,
for his kindness in providing the Cs substituted-heteropoly
acid.
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Fig. 2 Ar TPD profiles of solid acids; temperature programmed rate: 2 K
min21.

Table 1 Solid acids and activation energies of Ar desorption

Solid acid

Surface
area/
m2 g21

Al2O3

content
(wt%)

Activation
energy/
kJ mol21

SiO2–Al2O3 (JRC-SAH-1) 511 28.61 5.5
H-Y (JRC-Z-HY-5.6) 650 22.0 6.0
H-ZSM-5 (JRC-Z5-70H) 1.99 6.6
H-Mordenite (JRC-Z-HM20) 399 7.76 6.7
SO4

22/ZrO2 137 9.3
Cs2.5H0.5PW12O40 135 7.6
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The poly(diarylsilylene) copolymer mainchain helix in
(Ar*2Si)x(Ar2Si)12x [Ar* = 3-(S)-2-methylbutylphenyl, Ar
= 4-butylphenyl, x = 0.2] undergoes a thermally driven
inversion of helical screw sense with a transition tem-
perature of 210 °C.

Functional organic and polymeric materials with potential for
application in devices in capacities such as switches, data
storage, transmission and displays are attracting much attention
owing to their relatively low cost, ease of fabrication of large
area thin films, processability, and chemical tunability of
optoelectronic properties through choice of substituents,1 and
particularly those with physical responses to stimuli, arising
from higher order structural regularity.2 Polymers adopting a
preferential screw sense helical backbone conformation offer
the possibility of a two state, switchable material if the opposite
screw sense is energetically accessible and the helix–helix
transition reversible.3 Such helical inversions are rare and for
discrete molecules in dilute solution responding to a change in
temperature, have been reported only twice, first for a
polypeptide, poly(b-propyl-L-aspartate)4a and very recently for
a polyisocyanate, poly[3-{(S)-sec-butoxycarbonyl}phenyliso-
cyanate].4b There is one example of a solid state helix inversion,
for a polypeptide,5 and change of sign of optical activity upon
aggregation of other polyisocyanates,6 polypeptides7 and poly-
thiophenes3,8 is known.

Recently we showed using circular dichroism (CD) spectros-
copy that poly(diarylsilylene)s (of significance owing to their
electroluminescence (EL) properties)9 with enantiopure chiral
sidechains adopt preferential helical screw sense backbone
conformations in solution.10 Incorporation of the (S)-2-me-
thylbutylphenyl group in polymers of the type [(ArA)(ArB)Si]n

(ArA, ArB = 4-butylphenyl, 4-(S)-2-methylbutylphenyl or 3-(S)-
2-methylbutylphenyl) afforded optically active materials with
positive or negative Cotton effects in the CD spectra (solution
state) for polymers with one or two chiral centres per silicon,
respectively. We then set out to find poly(diarylsilylene)s which

could exhibit either positive or negative Cotton effects,
dependent upon the application of an external stimulus. Such
materials could potentially find application in a polymer-based
chiroptical photonic device (e.g. circularly polarised EL device
or semiconducting small molecule chirality sensor). Now we
report our preliminary findings that the copolymer, poly[{bis-
3-(S)-2-methylbutylphenyl}0.2-co-(bis-4-butylphenyl)0.8sily-
lene] 1 undergoes a reversible, thermally driven helix–helix
transition in solution with a transition point at 210 °C.

Poly(diarylsilylene) copolymers 1–3 were obtained by the
Wurtz coupling of the appropriate dichlorosilane monomer
mixtures in toluene at 70 °C and the compositions, as verified by
13C NMR spectroscopy, corresponded to the nominal addition
ratios (for preparative and NMR details see ESI†). Polymer-
isation and spectroscopic data are given in Table 1.

The polymers show relatively narrow (Dn1/2 ca. 16 nm) UV
absorptions (peak maximum ca. 396 nm) due to the conjugated
Si backbone s–s* transition, mirror image fluorescence
emission spectra, small Stokes’ shifts (ca. 13 nm) and
fluorescence anisotropies in the range 0.20–0.38, indicating
regular, semi-flexible polymer molecules with long segment
lengths.10 The CD and UV spectra of 1 are shown in Fig. 1. A
negatively signed Cotton effect is evident in the CD spectrum at
270 °C, coincident with the absorption due to the Si s–s*
transition, whereas at 50 °C, the effect is positive and at 210 °C
the signal is approximately zero. This indicates a change in the

† Electronic supplementary information (ESI) available: polymer synthe-
ses, fluorescence excitation and NMR data for 1–3. See http://www.rsc.org/
suppdata/cc/a9/a909368k/

Table 1 Polymerisation and spectroscopic data for 1–3

UVb CDb

Ta/°C e/lmax/fwhm De/lmax 104 gabs FL lmax FL-Ac 1023 Mw
d PDIe Yieldf (%)

1 20 24 300/397/14.0 0.24/393 0.10 408.5 0.20–0.30 474 2.77 5.9
2 20 25 700/399/14.6 20.61/400 20.24 410.5 0.20–0.30 271 2.88 3.9
3 20 10 400/393/19.0 21.06/392 21.02 407.5 0.34–0.38 8 1.34 3.3
a UV and CD data in isooctane at 20 °C; fluorescence (FL) and fluorescence anisotropy (FL-A) data in toluene at room temperature (21 °C). b e and De units:
(Si repeat unit)21 dm3 cm21; lmax units: nm; fwhm = full width (nm) at half maximum of lmax. c Fluorescence anisotropy measured over region of backbone
s–s* transition. d Molecular weights determined by size exclusion chromatography (SEC) and relative to polystyrene standards; eluent: THF. e PDI =
polydispersity index: Mw/Mn; given for isolated high Mw fractions. f Isolated yields of high Mw fraction.
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backbone from one prevailing helical screw sense to the other.
The disymmetric ratio,11 gabs, defined as the ratio of CD and UV
molar absorptivities, De/e (and thus more appropriate as a
gauge of helicity than simply De), is small for 1 at the
temperature listed in Table 1 (20 °C), since this is close to the
transition temperature. However, at 270 °C, gabs is 20.38,
greater than that for 2 (20.27), but less than that for 3 (21.57).
By comparison, gabs for the related homopolymer, poly[bis{3-
(S)-2-methylbutylphenyl}silylene],10 at 20 °C is 22.00. The
lower disymmetric ratios for 1–3, therefore, are most probably
the consequence of the coexistence of both helical screw senses
in 1–3, at all temperatures.

Consistent with the above suggestion, at 210 °C, the CD
spectrum of 1 actually has a small negative component at ca.
401 nm in addition to the small positive peak at 390 nm. We
ascribe these two bands to the two different screw senses, which
should be characterised by different screw pitches.12 It is not
possible, however, in the present case to associate a particular
screw sense with the sign of the Cotton effect.

The maximum magnitude of the positive Cotton effect for 1
occurs around 50 °C, but it is less than the maximum negative
magnitude, as may be seen from the plot of CD intensity De vs.
T in Fig. 2. Above 50 °C, the CD signal intensity decreases
again, a feature in common with the poly(diarylpolysilylene)
homopolymers in our earlier study,10 which we attribute to
thermal population of the higher energy screw sense state, but
additionally, though to a much lesser degree, to thermal
broadening of the bands as a result of slight bond length increase
(the molar absorptivities for UV and CD spectra decrease with
increasing temperature).

The corollary of this is an increase in De with decrease in
temperature (in the absence of helical inversion), which has also
been observed by other workers.4b,13,14 Green et al. proposed
that the optical activity of poly(alkyl isocyanate)s increases with
decreasing temperature due to a diminishing number of helix
reversals, allowing greater cooperation of backbone units.14b

A temperature cycling experiment comprising three cycles of
270/50 °C with CD and UV spectra recorded at each
temperature for 1 indicated that the transition is reversible,
negative and positive Cotton effects being observed, re-
spectively. Excluding CD results, the data for polymer 2, with a
ratio of enantiopure chiral monomer to achiral monomer of
0.5+0.5, are similar to those of 1. Polymer 3 (chiral+achiral =
0.8+0.2) with lower Mw (owing to lower solubility during
synthesis) has slightly lower UV molar absorptivity but is
otherwise also comparable to 1, indicating similar polymer
structures for 1–3. The CD data, however, are markedly
different: whereas 1 shows negative Cotton effects at low
temperature and positive at high temperature indicating a
transition from one helical screw sense to the other, 2, 3 and the
above mentioned related homopolymer, poly[bis{3-(S)-2-me-
thylbutylphenyl}silylene],10 show only negative Cotton effects
at all temperatures and thus do not exhibit this phenomenon; i.e.
this function is specific to 1. It is apparent, therefore, that a
subtle interplay of factors permits such a helix–helix transition,
presumably as a result of the enthalpy and entropy terms in the
Gibbs free energy equation being of the same sign, such that the
free energy difference changes sign as a function of tem-
perature, as was proposed in discussions of helix–helix
transitions for certain polyisocyanates.4b,15

In conclusion, we have demonstrated a structure-specific,
reversible, temperature-dependent helical screw sense inversion
for a hybrid organic–inorganic chromophoric and fluorophoric
polymer. Further investigation of poly(diarylsilylene) systems
is in progress.
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Fig. 1 CD and UV spectra of 1 at 270, 210 and 50 °C.

Fig. 2 Plots of CD (De) and UV (e) molar absorptivities per Si repeat unit
vs. temperature for 1 (cubic spline fitting).
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Nano-sized molecular loops based on a trimer of resorcarene
ligands assembled by six cadmium or zinc ions are shown to
strongly bind the spherically shaped fullerene C60 in toluene
and benzene solutions.

The chalice-shaped molecules, calixarenes, serve as excellent
hosts for the binding of organic guest molecules through non-
covalent interactions.1 Pathways to multiple calixarene hosts
employing self-assembly techniques that utilise numerous
metal–ligand or hydrogen bonding interactions have been
described recently.2,3 The potential to exploit these and other
nano-sized hosts as molecular receptors or containers in which
large or multiple substrate molecules can be bound, stored,
transported or even reacted upon has generated much recent
interest in both their synthesis and properties.4 Herein, we
demonstrate the cadmium(II)- and zinc(II)-directed assembly of
nano-sized host architectures based on a trimer of dithiocarba-
mate (dtc)-functionalised resorcarene ligands and show these
loop-shaped hosts strongly bind buckminsterfullerene, C60, in
solution.

The C4 symmetric resorcarenes are particularly suited for the
generation of metal-assembled nano-hosts being easy to
functionalise with a range of coordinating moieties. Reaction of
tetra(bromomethyl)resorcarene with neat propylamine or butyl-
amine yields tetrakis(alkylaminomethyl)resorcarenes Am1,
Am2.† From these secondary amines, the dithiocarbamate
cadmium(II) and zinc(II) resorcarene assemblies 1–4 were
prepared in a one-pot synthesis from potassium hydroxide,
carbon disulfide and metal(II) acetate and isolated as cream
coloured powders. Recrystallisation from pyridine–water solu-
tions afforded the pyridine adducts of the hexametallic hosts as
pale yellow, prismatic crystals. All four compounds have been
characterised by X-ray crystallography; three of the structures
(1, 2 and 3) are presented here (Fig. 1 and Table 1)‡ and 4 is
described elsewhere.2

Metal complexes 1–4 are isomorphous and consist of three
resorcarene cups linked by six divalent metal ions (all of which
are crystallographically equivalent). The cup-shaped resorcar-
ene ligands provide the corners of an equilateral molecular
triangle whose sides are ca. 19–20 Å in length. In 1, 2 and 3 the
six metal(II) ions are five-coordinate with sulfur atoms of the
bidentate dtc unit forming a square-plane [Cd–S
2.590(5)–2.635(5) 1, 2.603(5)–2.641(5) 2, Zn–S
2.444(4)–2.495(4) Å 3]. Axial coordination via a pyridine
molecule [Cd–N 2.35(2) 1; 2.32(2) 2, Zn–N 2.124(9) Å 3]
causes a pyramidal distortion which raises the metal ion slightly
above the square plane [Cd 0.50 1, 0.49 2; Zn 0.53 Å 3]. The
trimeric loop-shaped assembly is formed by two parallel
running sets of dtc–M(II)–dtc units on each side of the
resorcarene bowl connecting to an adjacent resorcarene bowl.

Previously, calixarene and CTV macrocycles have been
shown to bind fullerenes through favourable interactions
between the p-electron system of the calixarene aromatics and
the surface of the carbon sphere.5–7.

Purple solutions of C60 in toluene or benzene turn red–brown
on addition of colourless hosts 1–4. Such a colour change is

† Electronic supplementary information (ESI) available: synthetic, spectro-
scopic and crystallographic date for 1-4. See http://www.rsc.org/suppdata/
cc/b0/b000481m/

Fig. 1 View of the molecular structure of Cd6(L1)3 1. For clarity, n-butyl
chains at the bases of the resorcarenes have been removed.
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indicative of a binding interaction between the host and the
guest.8 To determine the stoichiometry of this interaction, UV–
VIS absorption spectra of mixtures of known concentrations of
host and guest species in toluene were examined using a method
of continuous variance, commonly known as Job’s method.9
Maxima in the curve of the Job’s plot were observed at 1+1
concentration ratios of host and guest for all four compounds.
The strength of binding was probed further by standard UV–
VIS titration experiments of host and guest. Equivalents of host
solutions 1–4 were added to a C60 solution (in benzene or
toluene) and the absorbance in the UV–VIS spectrum mon-
itored. From this data, binding constants for the host–C60
complexes in both toluene and benzene solutions were calcu-
lated using the computer programme Specfit. Table 2 shows all
the host–guest stability constants are of substantial magnitudes
and the binding is significantly stronger in benzene. It is
noteworthy that the cadmium complexes 1 and 2 bind C60 much
more strongly than the zinc complexes 3 and 4, although the
cavity dimensions are very similar. The association constants
determined for cadmium hosts 1 and 2 exceed those reported by

Fukazawa and coworkers who employed mono- and bis-
calix[5]arene derivatives7 and are comparable in magnitude
with a bisporphyrin system reported most recently by Tashiro
et al.10

Space-filling CPK representations based on the crystal
structures of 1–4 show that the cavity is circular with a diameter
of ca. 16–17 Å and therefore suitable for the binding of
spherically shaped molecules such as C60 (Fig. 2). The
interatomic distances and molecular dimensions in 1–4 are all
very similar (Table 1). Thus, it is unlikely that the modest
differences in host size and shape can reasonably account for the
large variation in binding constants observed. Molecular
models of C60 inside hosts 1–4 indicate that a possible mode of
receptor–guest binding is through the sulfur atoms of the dtc
moieties;11 the C60 resting in a cup-shaped cavity formed by
sixteen sulfur atoms and the resorcarene bowl. It is the position
and electronic nature of these donor atoms, which, affected by
the choice of metal ion, may dictate the strength of binding to
the electron-deficient fullerene guest species. Studies are in
progress to elucidate further details of these binding inter-
actions.

Financial support for this work was kindly provided by AWE
Aldermaston. We thank the EPSRC and University of Reading
for funds for the Image Plate System.
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Table 1 Structural parameters for hosts 1–4

Intramolecular distances (Å)
Cavity

Host M(II) R M···M(adj)a M···M(opp)b dimensions (Å)c

1 Cd Bun 6.74 14.65 19.58
2 Cd Prn 6.73 14.72 19.59
3 Zn Bun 6.65 14.59 19.18
4 Zn Prn 6.61 14.69 19.13
a Adjacent metal ions. b Opposite metal ions, i.e. across the cavity.
c Dimensions of the cavity defined by carbon atoms close to the base of the
resorcarene.

Table 2 Association constants (log Kass) for host structures 1–4 and guest
C60 (T = 295 K)

Solvent 1 2 3 4

Benzene 4.7 ± 0.3 > 6a 4.41 ± 0.03 4.07 ± 0.03
Toluene 4.3 ± 0.2 5.1 ± 0.1 3.70 ± 0.05 3.47 ± 0.03
a Owing to the strength of binding a satisfactory convergence in the
fitting program could not be reached.

Fig. 2 Space filling model of host–C60 complex showing the proposed mode
of fullerene binding by loop-shaped hosts 1–4. For clarity, n-butyl chains at
the base of the resorcarenes have been removed.
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Lignin peroxidase can catalyse the N-demethylation of N,N-
dimethylanilines by an electron transfer mechanism, where
the deprotonation of the intermediate radical cation is also
an enzymatic process.

Lignin peroxidase (LiP), a heme-containing glycoprotein
isolated from the ligninolytic cultures of the white-rot fungus
Phanerochaete chrysosporium, is a very important enzyme
capable of performing the oxidative depolymerization of lignin
with hydrogen peroxide.1 For this reason, studies of this enzyme
have been focused so far on the oxidation of non-phenolic
electron rich aromatic lignin model compounds,1c,d,2 while less
information is available about the catalytic activity of LiP in the
H2O2-promoted oxidation of other substrates.3

Here we report on the ability of LiP to catalyse the oxidative
N-demethylation of N,N-dimethylanilines, a process of great
biological importance. We also provide some information about
the mechanism of this reaction via a kinetic deuterium isotope
effect (KDIE) study.

4-X-Substituted N,N-dimethylanilines were reacted with an
equimolar amount of hydrogen peroxide in the presence of LiP
(purified from the Phanerochaete chrysosporium culture me-
dium according to the literature method4) in an argon-degassed
50 mM sodium tartrate buffered solution at pH 4. A clean N-
demethylation reaction was observed, but only when X is an
electron withdrawing group (X = Br, CF3, CN and NO2). The
yields are reported in Table 1. N,N-Dimethylaniline and anilines
with electron donating substituents exhibited no reactivity,
probably due to the fact that they were almost completely
protonated at the low pH value necessary for the enzyme
catalysis. In all cases, beside the demethylated products,
formaldehyde was also formed, which was detected by GC-MS
after conversion into the dimedone adduct.

The capacity of LiP to catalyse the oxidation of electron rich
aromatics (E° @ 1.25 V vs. SCE in water) by an electron transfer
(ET) mechanism is well documented.2c,3d Therefore, it is
reasonable to suggest that an ET mechanism also occurs in the
N-demethylation reaction, as a value as low as 1.1 V vs. SCE5

has been estimated for the redox potential of N,N-dimethyl-
4-nitroaniline, the least oxidizable aniline in Table 1. This
mechanism is also consistent with the absence of reactivity
observed when the aniline is in the protonated form. Moreover,
an ET mechanism has been proposed for the N-demethylation of
N,N-dimethylaniline by other peroxidases.7

According to this mechanism (Scheme 1), an ET occurs
between the substrate and the porphyrinato iron–oxo complex
(Compound I), which is the active oxidant formed by reaction of
the native form of LiP with H2O2. An anilinium radical cation
and the reduced form of Compound I (Compound II) are
obtained. The anilinium radical cation then undergoes deproto-
nation to give an a-amino carbon radical and it has been
suggested by Guengerich and his associates that this process can
either involve the enzyme or take place by a non-enzymatic
pathway, depending on the nature of the peroxidase.7b In the

former case [path (b) in Scheme 1], Compound II is suggested
to be the proton abstracting base. The a-amino carbon radical
then undergoes oxygen rebound to form a carbinolamine that is
eventually converted to the N-demethylated product. In the
second case, the deprotonation is promoted [path (a)] by the
medium (H2O). The a-amino carbon radical (a very easily
oxidizable species) is oxidized to a carbocation which is then
converted into a carbinolamine by reaction with H2O.

Guengerich also suggested, on the basis of intramolecular
KDIE values, that chloroperoxidase followed the enzymatic
path, while horseradish peroxidase followed the non-enzymatic
one, probably due to the difficult accessibility of the ferryl
oxygen in the latter enzyme.7b

In the case of LiP, the size of the substrate-access channel to
the heme is still smaller than in HRP so that the substrate should
have access only to the heme edge, where the electron transfer

Table 1 Products and yields in the reaction of 4-substituted N,N-
dimethylanilines with hydrogen peroxide catalyzed by LiPa

Substrate
(4-substituent)

Product yield
ArNHMe (%)

Material balanceb

(%)

Br 16 > 99
CF3 28c 75
CN 62 86
NO2 20 87

a Experimental procedures are as follows: the oxidant (10 mmol) was
added, over a period of 1 h by an infusion pump, to a stirred degassed
solution of the substrate (10 mmol), LiP (0.96 units, 1.16 nmol) and MeCN
(50 ml) as the co-solvent, in 3 ml of Na–tartrate buffer (50 mM, pH 4) at
25 °C. Products analysis were performed by GC and GC-MS. b The sum of
the moles of unreacted substrate and reaction product relative to the initial
moles of substrate. c In this case 4-trifluoromethylaniline (5%) was also
observed.

Scheme 1
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process can still take place, but not the deprotonation of the
radical cation by the ferryl oxygen.8 One would therefore
predict a non-enzymatic pathway for the deprotonation of the
radical cation in the LiP-catalysed N-demethylation reactions.
However, strong evidence in favour of a deprotonation
promoted by the enzyme has been provided by the complete
masking [kH/kD = 1.04 (± 0.06)] of the intramolecular KDIE
observed for the N-demethylation of N-methyl-N-trideutero-
methyl-2,4,6-trichloroaniline 1 catalysed by LiP (25%
yield).9,10

In this system, due to the steric effect of the two ortho-
chlorine atoms, the two N-methyl groups are forced to stay one
above and the other below the plane of aromatic ring as
confirmed by theoretical calculations based on the Density
Functional approach (DFT), carried out on the radical cation of
N,N-dimethyl-2,6-dichloroaniline, a model compound for 1.11

These calculations moreover show that there is a quite large
barrier (33.5 kJ mol21) to the rotation around the C(aromatic)–
N bond.12 Thus, the absence of a deuterium isotope effect for
this substrate strongly suggests that deprotonation has to take
place in the enzyme pocket, being significantly faster than
rotation of CH3 and CD3 groups around the C(aromatic)–N
bond.13 Under these conditions, the loss of hydrogen or
deuterium will only depend on which one of the two methyl
groups in the radical cation is oriented towards the proton
abstracting center and reasonably there is the same probability
that this group is CH3 or CD3. Thus, the intramolecular KDIE
with this substrate should be completely masked, as is actually
observed. This interpretation is confirmed by the significant
value of intramolecular KDIE (3.36 ± 0.07) found instead in the
oxidation of N,N-bis(dideuteromethyl)-2,4,6-trichloroaniline 2
(27 % yield), where deuterium and hydrogen are bonded to the
same carbon.14 In 2, the KDIE is no longer influenced by the
hindered rotation mentioned before. Further support also comes
from the high intramolecular KDIE value (7.0 ± 0.8) measured
in the oxidation of N-methyl-N-trideuteromethyl-3,4,5-tri-
chloroaniline, where the absence of ortho-substituents allows
the two methyl groups to freely interchange within the enzyme
pocket.

In conclusion, our data clearly show that LiP can catalyse the
oxidative N-demethylation of aromatic tertiary amines with
fairly good efficiency. Moreover, the intramolecular KDIEs
measured with 1 and 2 indicate that the aminium radical cation
is deprotonated by the enzyme. Concerning the basic center,
Compound II seems unlikely, in the light of the already
mentioned current views about the accessibility of the heme in
this enzyme.8 Another hypothesis is that the deprotonation of
the radical cation is promoted by some specific amino acid
residue located in or very close to the active site. Histidine 82
might be a suitable candidate in this respect. An additional
possibility might be a medium induced deprotonation of an
enzyme complexed radical cation.15

This work was carried out with the financial support of the
Ministero dell’Università e della Ricerca Scientifica Tecnolo-

gica (MURST) and the Consiglio Nazionale delle Ricerche
(CNR). We also thank Professor Pietro Tagliatesta, University
of ‘Tor Vergata’, Rome, Italy, for cyclic voltammetry meas-
urements.
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The Mac Donald-type 2 + 2 condensation of the readily
available 5-mesityldipyrromethane with acenaphthenequi-
none leads to the trans (syn and anti) porphodimethenes,
respectively, which, after treatment with KOH or NaOMe in
THF and subsequent oxidation with air, yield the corre-
sponding trans-8-carboxynaphthylporphyrins or their es-
ters.

meso-Substituted porphyrins with rigid anthracene, bipheny-
lene or naphthalene spacers have been widely used to determine
the distance dependency of photo-induced electron transfer1 as
well as to prepare and examine cofacial diporphyrins2 or other
bridged porphyrins with well defined separations and varying
relative arrangements of the porphyrin rings.3 Porphyrins with a
functionalized anthracene or naphthalene group have also found
utility as building blocks for the synthesis of molecular
receptors and for the design of dinuclear complexes.4 Despite
the numerous potential applications for these types of com-
plexes, their development has been severely hampered by the
inability to prepare large quantities of the porphyrin precursors.
The syntheses, in general, require complex procedures for the
preparation of the aromatic side arm and/or a multistep
procedure for the porphyrin backbone. Chang et al.5 and
Therien and coworkers6 have reported the preparation of
porphyrins attached to the 1-position of an 8-functionalized
naphthalene but to the best of our knowledge, a straightforward
synthetic procedure for the synthesis of trans aa/ab porphyrins
bearing two 8-functionalized naphthalene derivatives has yet to
be reported.

As part of our building block approach towards the
preparation of new di- and tri-nuclear porphyrin based com-
plexes, a general two-step synthesis, starting from 5-mesityldi-
pyrromethane, has been developed to provide convenient
amounts of the desired porphyrins. Reaction of commercially
available acenaphthenequinone with 5-mesityldipyrromethane
in the presence of catalytic amounts of BF3·OEt27 gives, after
oxidation with DDQ and subsequent filtration through neutral

alumina, a mixture of the corresponding porphodimethene
isomers in 26% yield. Separation by column chromatography
yields the two isomers [1 (syn), 2 (anti)] in an almost 1+2
ratio.†

The porphodimethenes 1 and 2 are air-stable, bright orange
solids and they exhibit a characteristic absorption maxima in the
visible region at lmax/nm (log e) 440(4.97) (1) and 438(4.93)
(2), which when compared to previously described octaalk-
ylporphodimethenes (414–426 nm) are bathochromically
shifted.8 The N–H and CNO stretch frequencies can be found,
respectively, in the IR at 3345, 1732 cm21 for 1 and 3279,
1720 cm21 for 2. The absolute configuration has been
determined by 1H NMR and by an X-ray structure analysis of
the metallated (Zn2+) porphodimethene 2b. Although the X-ray
structure analysis of 2 reveals a strong roof-like folded structure
of the porphodimethene core,9 only one type of acena-
phtheneoyl can be identified in the 1H NMR spectra of both 1
and 2, suggesting a fast up and down motion of the
acenaphtheneoyl groups together with a flexing of the two
dipyrromethane units along a line joining the two saturated
meso carbons. Even at 223 K, only minor changes were evident
in the NMR spectra of 2. Owing to the lack of aromaticity in the
macrocycle, the signal of the N–H protons appears downfield at
d 13.92 (1) and 14.00 (2), respectively, characteristic of
porphodimethenes.8,10 Metal insertion has been demonstrated
by reaction of 2 with Zn(OAc)2·2H2O in refluxing CHCl3–
MeOH. Complex formation can be easily monitored by UV–
VIS-spectroscopy [Fig. 1, lmax (log e) 475 nm (5.17) (2b)]. As
shown in Fig. 2, the Zn2+ in 2b is complexed by a nearly planar,
C2 symmetric, tetrapyrrole macrocycle, although the metal is
disordered over two positions in the solid-state structure. The

Scheme 1 Reagents and conditions: i, 1. BF3·OEt2, CH2Cl2, room temp., 4
h, 2. DDQ, room temp., 1 h. R = mesityl.

Fig. 1 UV-VIS spectra of 2 upon addition of Zn(OAc)2 in boiling CHCl3–
MeOH. The arrows indicate the direction of change in peaks during
metallation. Spectra were measured at 5 min intervals.
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largest out of plane displacements are observed for the saturated
meso carbon atoms (0.11 Å) which are part of the five-
membered rings of the two 1-acenaphthenone moieties aligned
in an anti position. The Zn atom, coordinated by the four pyrrole
nitrogens and an axial water molecule, resides 0.404 Å above
the plane defined by the nitrogen donor set. The Zn–N bond
lengths vary considerably from 2.038(4) to 2.197(4) Å, but the
average distance of 2.10 Å is significantly larger than the
corresponding linkage in tetra meso-aryl substituted porphyrins
[mean: 2.036(6) Å; ZnTPP].11

Refluxing the porphodimethenes 1 and 2 in THF in the
presence of 30% KOH results in ring opening and formation of
the respective porphyrins without further oxidation by DDQ.
Subsequent protonation with 6 M HCl gives the free acids (3, 4)
in high yields. While the aa isomer 3 is soluble in CHCl3, the
ab atropisomer is virtually insoluble in most common organic
solvents, possibly owing to strong intermolecular hydrogen-
bonding interactions between the carboxylic acid groups.
Accordingly, the ab atropisomer has been fully characterized as
the dipotassium salt.

Porphyrin formation has also been accomplished by reaction
of 1 or 2 with NaOMe in THF–MeOH at room temp. After
bubbling air through the reaction mixture, the corresponding
esters (5, 6) were isolated in moderate yields.‡ All of the
porphyrins exhibit a characteristic Soret band between 425 and
432 nm in the UV–VIS spectra and they have been charac-
terized by IR, NMR and MS. In addition, the ab atropisomer 6
has been characterized by an X-ray structural analysis (Fig. 3),
and although most of the structural parameters of the porphyrin
core are indistinguishable from other meso-aryl substituted
porphyrins, a few particular details are worth noting. The two
mesityl residues are oriented nearly perpendicular to the
porphyrin plane (85.3°) while the naphthalene moieties exhibit
a twist of 61.8° relative to the macrocyclic ring. Owing to the
electronic repulsion of the ester group and the electron rich
porphyrin plane, the functionalized naphthalene groups are

slightly inclined back away from the porphyrin, lifting the two
oxygen atoms above the plane of the macrocycle by 2.667 Å
[O(2)] and 3.087 Å [O(1)], respectively.

In summary, we have demonstrated that acenaphthenone
substituted porphodimethenes can be generated from 5-mesi-
tyldipyrromethane and acenaphthenequinone. Ring cleavage
gives the desired porphyrins bearing two 8-functionalized
naphthalene groups. Work is in progress to extend this reaction
to other vicinale diketones. Other ring opening reactions are
also under investigation.

We thank the Deutsche Forschungsgemeinschaft and the
Research Corporation (Research Innovation Award) for provid-
ing financial support for this work. Support from the National
Science Foundation (CAREER Award) is also gratefully
acknowledged.
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ically; hydrogen atoms were included at calculated positions. At con-
vergence, R1 = 0.0704 [I > 2s(I)], wR2 = 0.2010, GOF = 1.029 for 381
parameters.

6·CH2Cl2: C63H52N4O4Cl2, monoclinic, space group C2/c, a =
25.800(1), b = 12.7094(7), c = 17.6758(9) Å, b = 115.168(1)°, V =
5245.6(5) Å3, T = 173 K, Z = 4, Dc = 1.266 g cm23

, m(Mo-Ka) = 0.177
mm21, data collection, refinement and solution as above, 11 105 reflections
collected, 3433 unique, of which 3006 with I > 2s(I) were used in all
calculations. R1 = 0.0611 [I > 2s(I)], wR2 = 0.1766, GOF = 1.047 for 357
parameters.

CCDC 182/1536. See http://www.rsc.org/suppdata/cc/a9/a907992k/ for
crystallographic files in .cif format.
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Fig. 2 Diagram of 2b; the porphodimethene resides on inversion symmetry
position, relating the prime and unprimed atoms. The zinc atom is
disordered over two positions and the symmetry equivalent Zn(1A) and
O(101A) atoms as well as all hydrogen atoms have been omitted for clarity.
Selected bond lengths (Å) and angles (°): Zn(1)–N(1) 2.116(4), Zn(1)–N(2)
2.197(4), Zn(1)–N(1A) 2.038(4), Zn(1)–N(2A) 2.063(4), Zn(1)–O(101)
2.175(7), N(1)–Zn(1)–N(2) 85.2(1), N(1)–Zn(1)–N(2A) 88.6(1), N(1A)–
Zn(1)–N(2) 87.0(1), N(1A)–Zn(1)–N(2A) 90.7(1), N(1)–Zn(1)–O(101)
97.9(2), N(2)–Zn(1)–O(101) 107.4(2), N(1A)–Zn(1)–O(101) 104.9(2),
N(2A)–Zn(1)–O(101) 94.3(2).

Fig. 3 Diagram of the structure of 6 outlining the atom numbering scheme.
Primed and unprimed atoms are related by a center of inversion. The
hydrogen atoms have been omitted for clarity.
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b-Aminoalkoxyketolactones 2 and 3 obtained from the
TEMPO free radical substitution of iodolactones 1 undergo
fragmentations under basic, acidic and free radical condi-
tions.

Fragmentation reactions of iodoketolactones of general struc-
ture 1, available as single enantiomers,1 with LiOH under
aqueous conditions afford butenolide carboxylic acids and
4-hydroxy-2-cyclohexenones by way of competing additions of
hydroxide ion to the ketone and lactone carbonyl groups.2 The
bicyclo[3.2.1] ring system in 1 locks the conformation of the
two carbonyl groups with respect to the iodo substituent. To
examine the importance of stereoelectronic factors3 in these
fragmentation processes it was desirable to have access to not
only the axial iodo substituent in 1 but also an equatorial leaving
group. We have found that it is possible to carry out an exchange
of iodide in 1 with 2,2,6,6-tetramethyl-1-piperidinyloxy free
radical (TEMPO) to provide both the axial and equatorial
substituted b-aminoalkoxyketolactones 2 and 3 (Scheme 1).4
Herein we describe the fragmentation reactions of 2 and 3 under
basic, acidic and free radical conditions.

Mixtures of b-aminoalkoxyketolactones 2 and 3 were
produced from 1 and were separated by flash chromatography
on silica gel. Treatment of 2a with 2 equiv. of LiOH in a 5+1
mixture of THF and water gave butenolide carboxylic acid 4 in
78% isolated yield with no trace of the 4-hydroxycyclohex-
enone 5 (Scheme 2). Addition of aqueous LiOH to the isomer 3a
with an axial aminoalkoxy group gave mainly the 4-hydroxy-
cyclohexenone 5 along with 18% of 4 (Scheme 2).

That 2a undergoes fragmentation to give 4 rather than 5 is a
result of the antiperiplanar relationship of the leaving group X
and the cyclohexanone C–C bond in the tetrahedral intermediate
generated by addition of hydroxide ion to the ketone carbonyl
group. The formation of 5 is explained by addition of hydroxide
ion to the lactone carbonyl group of 3a followed by a relatively
fast fragmentation of the lactone C–C bond along with
elimination of the antiperiplanar aminoalkoxy group. A com-
peting fragmentation of 3a occurs by addition of hydroxide ion
to the ketone carbonyl group followed by a relatively slow
cleavage of the cyclohexanone C–C bond to give a lactone
enolate; elimination of the poorly oriented aminoalkoxy group
is probably not in concert with C–C bond cleavage, but must

await a conformational adjustment in the enolate to bring
orbitals into proper alignment.3 It is noteworthy that iodo-
lactone 1a also gave a mixture of 4 and 5 on treatment with
aqueous LiOH.4

We were interested in the development of fragmentation
processes initiated by intramolecular carbonyl addition reac-
tions. Hydrogenolysis of the benzyl ether 2c in the presence of
dilute hydrochloric or acetic acids provided the hemiketal 6, and
treatment of 6 with moderately concentrated HCl in ethanol at
25 °C resulted in fragmentation to give the medium ring
lactone-butenolide 7 in 90% yield (Scheme 3).5 Hemiketal 6
also was converted to 7 (88%) by fragmentation under basic
reaction conditions (Et3N in CH2Cl2, 25 °C). By contrast,
hemiketal 8 obtained from hydrogenolysis of the isomeric
benzyl ether 3c did not undergo fragmentation to 7 under
comparable acidic or basic reaction conditions (Scheme 3).

The utilization of aminoalkoxy substituents to initiate acid-
catalyzed fragmentation reactions appears to be without
precedent in the chemical literature. It is thought that fragmenta-
tion of 6 occurs from the N-protonated aminoalkoxy substituent
to provide the oxide of a sec-amine as the leaving group; the
amine oxide would be expected to rearrange to 1-hydroxy-

† Deceased January 20th, 2000.
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2,2,6,6-tetramethylpiperidine.6 Ionization of the protonated
axial aminoalkoxy substituent in 8 does not occur because of the
synclinal relationship of the C–ONR2 bond and the cyclohexane
C–C bond.7 Fragmentation of 6 with Et3N occurs by deprotona-
tion of the hemiketal with concomitant elimination of
R2NO2.

Perhaps the most interesting application of the aminoalkoxy
substituent as a regulator of fragmentation reactions is in the
area of free radical-mediated ring expansions.8 Treatment of the
alkyl iodide 9 with AIBN and Bu3SnH (added over 6 h) in
refluxing benzene gave the nine-membered-ring ketone 10 in
77% yield (88% based on recovered 9) (Scheme 4).9 However,
the isomer 11 with an axial aminoalkoxy substituent gave the n-
propyl derivative 12 with no trace of 10 (Scheme 4).

These data suggest that the primary alkyl radical generated
from 9 undergoes addition to the ketone carbonyl group,
followed by a relatively fast alkoxy radical-induced fragmenta-
tion to give 10 and the TEMPO free radical. The primary radical
generated from 11 probably also undergoes addition to the
ketone carbonyl group (reversible), but without proper align-
ment of the aminoalkoxy substituent this addition is non-
productive; reversion to the alkyl radical and eventual reduction
with Bu3SnH gives the n-propyl derivative 12. It should be
noted that alkyl radical addition to the lactone carbonyl group

and fragmentation to a 2,4-lactone fused-2-cyclohexenone
(structure not shown; cf. 3a ? 5) is not competitive with
reduction of the alkyl radical with Bu3SnH.

In summary, the 2,2,6,6-tetramethyl-1-piperidinyloxy group
has been found to be an effective leaving group in fragmentation
reactions performed under basic, acidic and free radical
conditions. It is important to note that elimination of 2,2,6,6-
tetramethylpiperidine from 2 or 3 to give the corresponding b-
diketone did not occur under any of these reaction conditions.10

The availability of b-aminoalkoxyketolactones 2 and 3 as single
enantiomers1 suggests that these fragmentation reactions ought
to have substantial utility in organic synthesis; the development
of methods to selectively generate 2 and 3 and related substrates
are under investigation.

We thank Dr P. R. Guzzo and Dr L. Pettus for early
contributions to this project and the National Institutes of Health
(GM 26568) for generous financial support.
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An appropriately derivatized phenanthridine is shown to
behave as a novel, reusable linker which is based on a
disubstituted amide anchorage and forms an acid group on
oxidative cleavage, but tolerates exposure to acidic, basic
and reductive reaction conditions.

Recently, a considerable amount of attention has been focused
on the use of the combinatorial library approach for the
discovery of new molecules with desired properties.1 Up to
now, syntheses of a variety of classes of chemical libraries have
been constructed employing solid phase methods.2,3 Many
linkers have, therefore, been developed for anchoring and
selectively removing the desired target molecule from polymer
supports.4–8 As far as we are aware, none of the available linkers
used for carboxylic functions survive through a series of acidic,
basic and reductive reactions and are also stable to N-alkylation
conditions.9–11 This void led us to devise a new type of
recyclable phenanthridine linker for the synthesis of acids,
which possesses greater stability under the above reaction
processes and the capability to be removed by a mild oxidative
reagent. In addition, it can be recycled.

The synthesis of an appropriately functionalized phenan-
thridine 1 is detailed in Scheme 1. The synthesis was initiated
with protection of the acid group of 4-nitrophenylacetic acid as
its methyl ester using SOCl2 and MeOH. Reduction of the nitro
group of the methyl ester was rapidly accomplished by catalytic
transfer hydrogenation with NH4HCO2 as the hydrogen donor
over a Pd/C catalyst.12 Coupling of amine 3 with 2-iodobenzoic
acid was followed by reduction using NaBH4 and BF3·OEt2 to
form the secondary amine 4 in 73% yield for four steps from
4-nitrophenylacetic acid. Attempts to perform an internal biaryl
cyclization of the aryl substituted amide, before NaBH4
reduction, gave an undesired intermolecular coupling dimer.
Acylation of the amino and hydroxy group of compound 4 with
AcBr, followed by intramolecular Heck type cyclization13

employing Pd(OAc)2, PPh3 and Ag2CO3 in MeCN led to the

amide 5 in 70% yield. Oxidative cleavage of the resulting amide
5 with cerium ammonium nitrate (CAN) and subsequent
hydrolysis of the acetate with LiOH afforded the amine-masked
phenanthridine handle 1 as a crystalline compound. Of
particular note is that the synthesis of all intermediates in
Scheme 1 can be carried out on a preparative scale to afford
ample quantities of the desired compound in roughly 40%
overall yield.

The suitability for reductive processing and alkylation of the
new linker and its applicability to peptide chemistry were
demonstrated by the synthesis a trimethylated derivative of
actarit,14 an immunomodulating agent, and a N-acylated
dipeptide on the Merrifield resin as shown in Schemes 2 and 3.
The phenanthridine derivatized solid support 8 (Scheme 2) can
readily be prepared by treating chloromethylpolystyrene with
the sodium salt of phenanthridine in dry DMF at room
temperature for 16 h. In this form the phenanthridine resin is
stable and can be stored for long periods without loss of activity.
Reduction of this functionalized resin furnished the resin-bound
secondary amine, which was first derivatized with 4-nitro-
phenylacetic acid and then subjected to enolate alkylation by
employing commonly used bases such as NaH or LDA.15

Reduction of the nitro group of resin 6 with SnCl2 in DMF
afforded, after acetylation and N-alkylation, the trimethylated
acid-bound resin. Treatment of the resulting resin with 2 equiv.
of CAN in MeCN and water for 10 min resulted in complete
cleavage of the desired acid from the solid support. After
removal of the MeCN, the crude product was dissolved in
EtOAc, washed successively with water and aqueous HCl and
purified to give the trimethylated actarit derivative 7 in 57%
overall yield for eight steps. The regenerated phenanthridine
resin 8 could be reused for another synthetic sequence with only
a slight loss in activity. The yields after one and two recycles are
90 and 84%, respectively. The resin-bound amides in Scheme 2
are stable under either basic or acidic hydrolytic conditions.

Scheme 1 Reagents and conditions: (a) SOCl2, MeOH, 97%; (b) 10% Pd/C,
HCO2NH4, MeOH, 97%; (c) 2-iodobenzoic acid, DIC, MeCN, 84%; (d)
NaBH4/BF3·OEt2, THF, 93%; (e) AcBr, Et3N, MeCN, 87%; (f) PPh3,
Pd(OAc)2, Ag2CO3, MeCN, 70%; (g) CAN, MeCN, H2O, 95%; (h) LiOH,
THF, H2O, 95%.†

Scheme 2 Reagents and conditions: (a) NaH, DMF, linker 1; (b) NaBH4,
BH3·THF, EtOH, 71%; (c) 4-nitrophenylacetic acid, DIC, CH2Cl2; (d) NaH,
MeI, DMF or LDA, HMPA, THF, MeI; (e) SnCl2, DMF, 88%; (f) Ac2O,
Et3N, CH2Cl2; (g) NaH, MeI, DMF; (h) CAN, THF, H2O, 92%.†
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These amides were not hydrolyzed upon treatment with 1 M
HCl or NaOH in THF–H2O solution over 24 h. The further
utility of this linker has been shown by synthesizing an N-
acylated dipeptide 11 (Scheme 3). Similar results were achieved
using a similar strategy to that employed for the previous
syntheses. After N-Fmoc-L-alanine was coupled to the phenan-
thridine linker the resin was submitted to the peptide synthetic
sequence to provide the desired dipeptide 11 in a nonoptimized
yield of 76%, as shown in Scheme 3. At each step, the coupling
efficiency was about 86–95% yield as monitored by photo-
metric Fmoc determination and the ninhydrin method. Controls
during these syntheses proved that the above reaction milieu did
not cause either any premature cleavage or damage of the
linker.

In conclusion, we have developed a new linker for solid phase
organic synthesis of carboxylic acids and have successfully
demonstrated its application. The advantages of this linker are:
(i) it is orthogonal to the Fmoc/Boc and Boc/Bn protecting
group strategies; (ii) it can be prepared in both large quantity
and high purity; (iii) its attachment to the solid support is
straightforward; (iv) it is anchored to the C-terminal residue by
a disubstituted amide and not an ester bond, ensuring stability to
N-alkylation and avoidance of diketopiperazine formation at the
dipeptide stage; (v) the linker is rapidly cleaved under mild
oxidative conditions and the reaction is very clean; (vi) the
phenanthridine resin is sufficiently robust to be recovered and

recycled through the reaction sequence. Therefore, the phenan-
thridine linker should find broad application in the field of solid
phase combinatorial synthesis where orthogonal methods of
release are required. Currently, we are investigating non-
aqueous oxidative cleavage conditions which will afford the
corresponding esters and are exploring the length and attach-
ment position of the alkoxyacyl spacer that is needed to link the
appropriate phenanthridine handle to aminated resins such as
MBHA or BHA resin through an amide bond.

The authors are grateful to the National Science Council,
ROC, for the financial support (NSC 86-2113-M-008-001) of
this work.
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Scheme 3 Reagents and conditions: (a) NaBH4, BH3·THF, EtOH; (b) DIC,
Fmoc-L-Ala-OH, CH2Cl2; (c) 20% piperidine, DMF, 89%; (d) HBTU,
Pri

2NEt, Boc-L-Phe-OH, DMF; (e) TFA, CH2Cl2, 94%; (f) BzCl, Pri
2NEt,

CH2Cl2; (g) CAN, THF, H2O, 91%.
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Methylcyclohexane is converted into a high-quality steam-
cracker feed over acidic zeolites with appropriate pore
systems, thereby opening a new route for the utilisation of
surplus aromatics.

Steamcrackers1 are widely employed for the production of
ethylene and propylene from naphtha,2 ethane or similar light
hydrocarbons. One of the by-products of steamcracking is
pyrolysis gasoline which is rich in aromatics. Given the
forecasted growth in the worldwide demand of ethylene3 and
propylene4 from, respectively, 57 3 106 and 30 3 106 tonne
yr21 in 1990 to ca. 140 3 106 and 75 3 106 tonne yr21 in 2010,
the production of pyrolysis gasoline will necessarily increase as
well. Up till now, pyrolysis gasoline has been used as an
aromatics-rich and, hence, high-octane petrol component. With
the so-called Auto Oil Programme of the European Community,
the aromatics content of petrol has to be diminished from 45 to
< 42 vol% until the year 2000, and to < 35 vol% until 2005.5
Therefore, new outlets for surplus aromatics are urgently
needed. We report here on a novel catalytic chemistry by which
cycloalkanes (or aromatics, since these can easily be hydro-
genated into cycloalkanes by state-of-the-art processes) are
converted predominantly into light linear alkanes (ethane,
propane, n-butane and n-pentane) the mixture of which is a
premium steamcracker feedstock for high ethylene and propyl-
ene yields.6

Previous work on ring opening of cycloalkanes mostly relies
on hydrogenolysis over noble metal catalysts designed predom-
inantly to yield branched alkanes.7–9 Such hydrocarbons are,
however, less suitable as a steamcracker feed, since large
amounts of undesired methane will be formed. Only few reports
deal with cracking of cyclic hydrocarbons over acidic zeolites in
an excess of hydrogen,10–12 and yields of n-alkanes during the
conversion of cycloalkanes or aromatics with seven or more
carbon atoms are reported to be low.

On zeolite H-ZSM-5 at 400 °C, methylcyclohexane is
converted13 with a yield of 70.6% into ethane (9.4%), propane
(47.7%), n-butane (12.4%) and n-pentane (1.1%), see Fig. 1 and
Table 1, whereas on zeolite H-Y, much lower yields (42.8%) of
these desirable products are obtained. On H-ZSM-5, the most
important by-products are branched alkanes, viz. 17.6% iso-
butane, 6.2% isopentane and 0.6% isohexanes. Whereas on
H-ZSM-5 virtually no aromatics are found, the total yield of
aromatics on H-Y amounts to 15.9% (benzene 2.2%, toluene
6.4%, C8-aromatics 5.6% and C9-aromatics 1.7%). We tenta-
tively attribute this difference to the lower activity of the larger-
pore zeolite for cleavage of endocyclic carbon–carbon bonds.14

The difference in selectivities becomes even more pronounced
at lower conversions (Fig. 2) or at high times-on-stream (Table
1, entry 7). The deactivation observed on zeolite H-Y correlates
qualitatively with the mass ratio of carbon in the coke formed on
the catalyst15 and in the methylcyclohexane fed (Table 1, entry
8).

The pronounced differences in the catalytic behaviour of both
zeolites can be accounted for by introducing the so-called
cracking mechanism ratio,16 CMR · (Ymethane + YC2 hydrocarbons)/

Yisobutane (Table 1, entry 9 and Fig. 3), which is considered as a
quantitative measure for the relative contributions of mono-
molecular Haag–Dessau cracking17 versus conventional bimo-
lecular cracking. In the narrower pores of zeolite ZSM-5 and
with increasing temperature, Haag–Dessau cracking, which
produces large amounts of ethane and propane, is favoured over
the spatially more demanding bimolecular mechanism which
leads predominantly to isobutane. In line with this inter-
pretation, much more hydrogen is incorporated into the cracked
products on H-ZSM-5 than on H–Y (Table 1, entry 10): Clearly,
H2 can be activated on acidic zeolites, as demonstrated
previously.12,18,19

In conclusion, methylcyclohexane can be converted over
acidic zeolites with suitable pore systems into a high-quality
synthetic steamcracker feed consisting predominantly of eth-

Fig. 1 Conversion of methylcyclohexane on H-ZSM-5 at various tem-
peratures.

Table 1 Conversion of methylcyclohexane at 400 °C and 30 min TOSa

Entry Catalyst H-ZSM-5 H-Y

1 XM-CHx (%) 99.9 99.5
2 Ymethane (%) 4.0 0.6
3 Yn-alkanes

b (%) 70.6 42.8
4 Yi-alkanes (%) 24.4 39.3
5 Ycycloalkanes (%) 0.2 0.8
6 Yaromatics (%) 0.7 15.9
7 Yn-alk.

b(440 min TOS)/Yn-alk. (30 min TOS) 1.00 0.84
8 mC, coke/mC,M–CHx

c (%) < 0.05 1.76
9 CMRd 0.76 0.15

10 H2 incorporatione 2.3 1.2
a Time-on-stream.b Yield of n-alkanes = Yethane + Ypropane + Yn-butane +
Yn-pentane, the individual yields being defined in the usual manner, e.g.
Yethane = (2/7) 3 (ṅethane, out/ṅM–CHx, in).c Mass ratio of carbon in the coke
formed on the catalyst after 500 min time-on-stream and in the
methylcyclohexane cumulatively fed within the same time.d Cracking
mechanism ratio, see text.e ṅH2, consumed/ṅM–CHx, fed.
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ane, propane and n-butane, thereby opening a new route for the
utilisation of surplus aromatics. Instead of hydrogenating the
aromatics to cycloalkanes and converting the latter into light
n-alkanes separately, one can use a bifunctional form of the
zeolite, such as Pd/H-ZSM-5 or Pt/H-ZSM-5, and produce light
n-alkanes directly from aromatics in a single reactor. Such work
is under way in our laboratories.
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Fig. 2 Selectivity to linear alkanes (excluding methane) as a function of the
methylcyclohexane conversion on zeolites H-ZSM-5 and H-Y after 30 min
TOS.

Fig. 3 Cracking mechanism ratio (CMR) after 30 min TOS as a function of
temperature during the conversion of methylcyclohexane.
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At temperatures > 400 °C, CCl4 reacts with H2O over a MgO
catalyst to yield HCl and CO2.

The destruction of carbon tetrachloride found in ground water
and in effluent streams is typically carried out by using
incineration1 or catalytic oxidation.2 We describe here the
catalytic reaction of CCl4 with H2O to form CO2 and HCl,
which has not been previously reported except for a brief
comment in the patent literature.3 The kinetics of the corre-
sponding uncatalyzed reaction in water was studied by Fells and
Moelwyn-Hughes,4 who observed a rather small second order
rate constant (with respect to CCl4) of k = 1.21 3 1023 L mol21

s21 at 373 K for an initial CCl4 concentration of 0.903 mmol
L21. The rate was unaffected by proton, hydroxide or chloride
ion concentration.

The use of an alkaline earth oxide catalyst is based on a non-
catalytic cycle in which CCl4 was first reacted with BaO to form
BaCl2.5 The BaCl2 was subsequently reacted with aqueous
CO3

22 to produce BaCO3 and aqueous HCl. The BaCO3 could
be converted to BaO at elevated temperatures (600 °C), and the
process could then be repeated. However when CCl4 and H2O
were passed over BaO at 500°C, the catalytic reaction [eqn.
(1)]
CCl4 + 2H2O? 4HCl + CO2DGo

500 °C = 2 390 kJ mol21 (1)
did not occur. Magnesium oxide, however, is an effective
catalyst for this reaction, in part because magnesium chloride is
not extensively formed, and, more importantly, magnesium
carbonate decomposes at temperatures near 400 °C.

The catalyst was prepared by the decomposition of Mg(OH)2
obtained by stirring a slurry of MgO (Fisher, light) and water at
80 °C for 24 h. The Mg(OH)2 (20–40 mesh size) was
decomposed at 400 °C in flowing O2 (100 mL min21). The
reaction of CCl4 with H2O was carried out in a plug flow reactor
at a total flow rate of 80 mL min21 with He as the diluent. Gas
chromatography was used to analyze for CCl4, CO2 and H2O,
while HCl was trapped in water and subsequently titrated with
AgNO3 (aq). X-Ray photoelectron spectra (XPS) were acquired
using a Perkin-Elmer (PHI) model 5500 spectrometer.

The conversions of CCl4 and H2O are shown in Fig. 1 for the
reaction carried out at 500 °C over 0.58 g MgO with P(CCl4) =

2 Torr and P(H2O) = 4 Torr. Under these conditions, the initial
conversion of 88% decreased to ca. 74% during the first hour,
but thereafter the conversion remained nearly constant. After 24
h on stream, the conversion was 68%. The surface area of the
catalyst decreased from 90 to 38 m2 g21, with most of the
decrease occurring during the first hour. At the same partial
pressures of CCl4 and H2O, but with 1.72 g MgO at 525 °C, the
conversion was > 99% (no remaining CCl4 was detected) for 72
h. Thus, nearly complete removal of CCl4 can be achieved over
a long period.

Kinetic results were obtained under differential reaction
conditions, which were achieved either by using a smaller
amount of catalyst or by operating at lower temperatures. Over
the temperature range 400–500 °C with 2 Torr CCl4 and 4 Torr
H2O, the apparent activation energy was 85 kJ mol21. At the
same initial pressures and at 450 °C, the specific activity was
0.167 mmol (g s)21 or 4.1 nmol (m2 s)21 for a catalyst having a
surface area of 38 m2. The reaction orders with respect to CCl4
and H2O are given in Fig. 2. The reaction order with respect to
H2O at 400 °C was slightly dependent on the partial pressure of
CCl4 and increased to n = 0.16 at 6 Torr of CCl4.

The amount of chloride in the sample after reaction was 4
wt%, which corresponds to a Cl/Mg ratio of 0.047. This value
may be compared with a near-surface Cl/Mg ratio of 0.12 (as
determined from XPS spectra), which was nearly the same for
samples that had been on stream for 1 h at 500 °C or for 70 h at
525 °C. After steady state was attained, there was nearly a 100%
chlorine balance between CCl4 reacted and HCl formed.

The results are consistent with the mechanism described in
Scheme 1, which is adapted from an earlier one that was
proposed by Hooker and Klabunde6 for the destructive
adsorption of CCl4. Although phosgene is a potential inter-
mediate, none was detected in the gas phase by IR spectroscopy.
The rate limiting step is believed to be the dissociative
adsorption of CCl4, although this is inhibited by the presence of
chloride ions on the surface, which is consistent with the fact

Fig. 1 Conversion of CCl4 (2) and H2O (!) over 0.58 g MgO at 500 °C
with P(CCl4) = 2 Torr and P(H2O) = 4 Torr.

Fig. 2 Effect of CCl4 and H2O partial pressures on the rate of CO2 formation
over 0.40 g MgO: variation in CCl4 pressure at 400 °C (5) and at 450 °C
(2) with P(H2O) = 9.7 Torr; variation in H2O pressure at 400 ° C (!) and
at 450 °C (“) with P(CCl4) = 2.1 Torr.
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that the reaction order with respect to CCl4 is less than unity.
The dissociative adsorption of H2O to form hydroxide ions is
very rapid at the reaction temperatures used. One might expect
that the formation of carbonate ions, derived from CO2, would
inhibit the reaction, but this is not the case since the addition of
CO2 to the feed, in a 30-fold excess of that produced during the
reaction, did not influence the reaction rate. The presence of
chloride ions may decrease the basicity of the surface7 and
thereby minimize the formation of surface carbonates on MgO
(see below).

The results described to this point were obtained using Fisher
MgO (Ca < 1%, Fe < 0.05%); however, one experiment was
carried out with Puratronic MgO (99.998%), and at comparable
conditions the activity was the same, indicating that impurities
such as iron do not play a role. By contrast, CaO and, as noted
above, BaO were not active as catalysts. Both of these oxides
are more effective than MgO for the activation of CCl4 to form
the metal chloride at 425 °C,5 therefore, the first step in the

reaction mechanism would readily occur. Moreover, the
replacement of Cl2 ions by CO3

22 ions on BaO/BaCl2 can even
take place at 25 °C, albeit slowly. It appears that the formation
of stable carbonates on CaO and BaO inhibits the catalytic
reaction over the temperature range employed in this study. At
a pressure of 2 Torr CO2, the decomposition temperatures of
MgCO3, CaCO3 and BaCO3 are 430, 600 and 970 °C,
respectively.8

In summary, it has been found that MgO is a catalyst that
promotes the reaction of CCl4 with H2O to yield CO2 and HCl.
For environmental purposes, the HCl could be easily removed
from an effluent stream.
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Upon cation complexation, donor–acceptor–donor–substi-
tuted intrinsic fluoroionophore 3 shows red-shifted emission
spectra accompanied by an extraordinarily high fluores-
cence enhancement.

Ionically controlling the fluorescence of molecular systems
which contain an ion-sensitive receptor as an integral part of
their signal generating fluorophore is of particular interest in
fluorometric analysis.1 These so-called intrinsic fluoroiono-
phores usually combine an electron rich donor (D) as the ion-
sensitive receptor and an electron acceptor unit (A) in a p-
conjugated D–A arrangement.2 Many such compounds are
known including, e.g. styryl or stilbene dyes.3 In highly polar
solvents often encountered in sensing applications, the spectro-
scopic behaviour of such dyes is usually governed by an
intramolecular charge transfer (ICT) process which leads to
broad, structureless, and largely Stokes-shifted absorption and
emission bands.2,3 Upon cation binding to the receptor ( =
donor, RD), strong hypsochromic shifts in absorption are found
but the corresponding effects in emission are rather small.2,3

The latter behaviour has been attributed to a decoordination
reaction in the excited complex as a consequence of the ICT
process, where a shift of negative charge from RD to A leads to
electrostatic repulsion between cation and formally positively
charged donor.4 Owing to complexation-induced fluorescence
intensity changes as well as spectral shifts, these dyes are
advantageous in terms of spectral discrimination as compared to
PET (photoinduced electron transfer) systems5 with electron-
ically decoupled fluorophore and receptor. However, besides
small shifts in emission the main disadvantage of intrinsic
fluoroionophores is the relatively small change in fluorescence
intensity (usually factors @5) upon ion binding.

In order to circumvent the problem of cation decoordination
in the excited state and thus to achieve stronger shifts in
emission, other design concepts were realized including D–D-
substituted sensor molecules (e.g. 1) as well as compounds with
a D–A–D arrangement (e.g. 2). Unfortunately, cation com-
plexation to 1 resulted in fluorescence quenching3c unfavoura-
ble in terms of a high signal output and complex specific
fluorescence lifetimes and 2 is already moderately fluorescent
(ff = 0.33) in the uncomplexed state.3a As was shown in
various mechanistical studies of such dyes,6 the excited state
reaction mechanism involves several emissive and non-emis-
sive conformers, closely related to the theory of so-called
twisted intramolecular charge transfer (TICT) and biradicaloid
states.7 Upon complexation, the change in fluorescence yield
critically depends on the change of the relative energetic
positions of the excited species involved and thus on the rate
constants of the competing reactions from planar emissive
locally excited E* to a highly polar single-bond-twisted species

A* or to a non-emissive and weakly polar double-bond-twisted
conformer P* of biradicaloid nature (three-state-model, Scheme
1).6,7 Since for 2, efficient formation of an emissive A* state is
responsible for the moderate fluorescence in the uncomplexed
dye in polar solvents,3a,6a reducing the acceptor strength
promised to decrease the energy gap between emissive A* and
quenching P* state and thus promised to lead to higher cation-
induced fluorescence enhancement. With this in mind we
designed the D–A–D fluoroionophore 3.

Introduction of the electron donating dimethylamino group to
the benzothiazole acceptor leads to slight shifts in both
absorption (bathochromic) and emission (hypsochromic) ac-
companied by an increase in fluorescence quantum yield and
lifetime (4 cf. 5, Table 1). A similar behaviour has been
previously found for 4,4A-bis(dimethylamino)stilbene6b and
corresponding 4-(dimethylamino)stilbene6c and quantum
chemical calculations performed in analogy to those reported in
ref. 6(b) support the validity of this model for 4 and 5.8 Based
on the differences in bulkiness and donor strength of the two
alkylated amino substituents, 3 and 4 show very similar
spectroscopic properties and a slightly higher fluorescence yield
in the case of 3 (Table 1).

Upon cation addition, the absorption band is slightly blue-
shifted (Fig. 1) and the isosbestic points found in a titration
indicate the formation of 1+1 complexes. This is supported by
the fits of the titration data yielding complex stability constants
in a range characteristic for neutral ICT fluoroionophores.2,3

Concerning the cation-induced effects in fluorescence, 3
combines a red shift of the emission spectrum (Fig. 1) with
extraordinarily high fluorescence enhancement factors (FEF),

† Electronic supplementary information (ESI) available: experimental
details including synthesis of 3–5, optical spectroscopy and the determina-
tion of complex stability constants. See http://www.rsc.org/suppdata/cc/a9/
a909899b/

Scheme 1 Three-state-model involving multiple emissive states (A*, E*).
E* is the planar conformer, A* corresponds to the different single-bond-
twisted conformers and P* to the double-bond-twisted conformers.
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normally only found for electronically decoupled PET sys-
tems,5 and cation specific fluorescence lifetimes (Table 1).

These analytically favourable effects can be understood on
the basis of the three-state-model introduced above. For 1, the
D–D substitution pattern is turned into a D–A pattern upon ion
binding (Scheme 2), exemplified by a red shift in emission, and
the decrease in fluorescence yield in the order of 1 > 1 7 CaII

> 4-dimethylamino-4A-cyanostilbene,9 correlates with the in-
crease in acceptor strength and should mainly be related to the
relative energetic positions of E*, A* and P*.6b,9 As follows
from the blue-shifted emission band of 2 7 CaII, complexation
to 2 decreases the strength of D2 (Scheme 2) slowing down the
formation of (probably less) emissive A* and leads to enhanced
emission owing to more efficient formation of an ICT state of
planar conformation involving partial charge transfer from D1
to A.6a This was also observed for highly fluorescent D–A(–A)
benzoxazinone dyes with R1 = H6a or CHO.10 Accordingly, for
3 7 MI/II the bathochromic shift in emission suggests the
conversion of D2 into an acceptor yielding a D1–A–A2 pattern
(Scheme 2) and radiative deactivation of such a highly emissive

CT species successfully competes with any quenching channel
(P*) restoring the fluorescence as a function of the charge
density of the metal ion bound.

In summary, we have shown for the first time that efficient
complexation-induced ‘switching on’ of the fluorescence can be
achieved for simple intrinsic fluoroionophores by careful tuning
of the donor–acceptor substitution pattern.

We gratefully acknowledge the financial support by the
Deutsche Forschungsgemeinschaft.

Notes and references
1 A. W. Czarnik, Chem. Biol., 1995, 2, 423.
2 B. Valeur, Probe design and chemical sensing, ed. J. R. Lakowicz,

1994, Plenum, New York, p. 21.
3 (a) S. Fery-Forgues, M.-T. Le Bris, J.-P. Guetté and B. Valeur, J. Phys.

Chem., 1988, 92, 6233; (b) J.-F. Létard, R. Lapouyade and W. Rettig,
Pure Appl. Chem., 1993, 65, 1705; (c) S. Delmond, J.-F. Létard, R.
Lapouyade, R. Mathevet, G. Jonusauskas and C. Rullière, New J.
Chem., 1996, 20, 861; (d) I. K. Lednev, T.-Q. Ye, R. E. Hester and J. N.
Moore, J. Phys. Chem. A, 1997, 101, 4966; (e) S. I. Druzhinin, M. V.
Rusalov, B. M. Uzhinov, S. P. Gromov, S. A. Sergeev and M. V.
Alfimov, J. Fluoresc., 1999, 9, 33.

4 M. M. Martin, P. Plaza, Y. H. Meyer, F. Badaoui, J. Bourson, J.-P.
Lefèvre and B. Valeur, J. Phys. Chem., 1996, 100, 6879; R. Mathevet,
G. Jonusauskas, C. Rullière, J.-F. Létard and R. Lapouyade, J. Phys.
Chem., 1995, 99, 15709.

5 R. A. Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch, G. E.
M. Maguire, C. P. McCoy and K. R. A. S. Sandanayake, Top. Curr.
Chem., 1993, 168, 223.

6 (a) S. Fery-Forgues, M.-T. Le Bris, J.-C. Mialocq, J. Pouget, W. Rettig
and B. Valeur, J. Phys. Chem., 1992, 96, 701; (b) J.-F. Létard, R.
Lapouyade and W. Rettig, Chem. Phys. Lett., 1994, 222, 209; (c) J.-F.
Létard, R. Lapouyade and W. Rettig, J. Am. Chem. Soc., 1993, 115,
2441.

7 W. Rettig, Top. Curr. Chem., 1994, 169, 253.
8 K. Rurack, J. L. Bricks, J. L. Slominskii, U. Resch-Genger and W.

Rettig, to be submitted.
9 R. Lapouyade, K. Czeschka, W. Majenz, W. Rettig, E. Gilabert and C.

Rullière, J. Phys. Chem., 1992, 96, 9643.
10 M.-T. Le Bris, J. Mugnier, J. Bourson and B. Valeur, Chem. Phys. Lett.,

1994, 106, 124.

Communication a909899b

Table 1 Spectroscopic data for 3 and its cation complexes 4 and 5 in
acetonitrile at room temperaturea

labs/nm lem/nm FEFb tf/ns log Ks
c

3 409 502 1 0.19 —
3 7 LiI 399 517 4.4 1.12 2.96
3 7 NaI 396 522 9.6 1.98 2.43
3 7 KI 405 511 2.6 1.48 n.d.d
3 7 MgII 395 541 26.7 2.87 2.98
3 7 CaII 397 537 31.8 3.20 4.52
3 7 SrII 397 534 26.7 3.12 3.67
3 7 BaII 396 532 28.5 3.03 3.71
4 406 505 0.67 0.14 —
5 395 511 0.22 0.06 —

a Experimental conditions: see caption to Fig. 1, lexc = 425 nm for time-
resolved fluorometry. b FEF relative to 3 (ff = 0.027). c Ks = Complex
stability constant (dm3 mol21). d Not determined.

Fig. 1 Absorption spectra of 3 and 3 7 CaII and fluorometric titration
spectra of 3 and Ca(ClO4)2 in acetonitrile (cprobe = 1 3 1026 M; lexc = 406
nm; 2pCaII = 2log cCa of the titration steps indicated in the plot).

Scheme 2 Change of donor and acceptor strength upon complexation
(arrows indicate CT interactions).
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Asymmetric hydrogenation of nitrones with the iridium
catalyst system, prepared from [IrCl(cod)]2, (S)-BINAP, and
NBun

4BH4, gives the corresponding N-hydroxylamines,
which are important as biologically active compounds and
precursors of amines, with high enantioselectivity (up to
86% ee).

Optically active N-hydroxylamines are of interest as bio-
logically active compounds,1 naturally occurring compounds,2
and precursors of chiral amino compounds. A catalytic method
for synthesis of these compounds is limited to the ruthenium-
catalyzed asymmetric hydrosilylation of nitrones.3 To explore
more convenient and economical methods, we pursued the
catalytic hydrogenation of nitrones which are obtained readily
by catalytic oxidation of secondary amines with hydrogen
peroxide.4 We report herein asymmetric hydrogenation of
nitrones with iridium catalysts to give optically active N-
hydroxylamines. As shown in Scheme 1, catalytic oxidation of
amines 1, followed by catalytic asymmetric hydrogenation of
nitrones 2 thus formed provides an efficient and useful route for
synthesis of optically active N-hydroxylamines 3. Furthermore,
optically active secondary amines 4 can be prepared upon
catalytic reduction of 3.

This method is particularly convenient and useful because of
the configurational stability of nitrones, ease of handling, and
readiness of preparation. Although asymmetric hydrogenation
of imines with homogeneous catalysts has been studied
extensively,5 neither asymmetric nor simple hydrogenation of
nitrones with homogeneous catalysts are, to our knowledge,
known.

We examined the catalytic activity of metal complexes for
the hydrogenation of configurationally pure (E)-N-[1-(4-chloro-
phenyl)ethylidene]methylamine N-oxide 5a, whose stereo-
chemistry was determined by NOE experiments [eqn. (1)].
When ruthenium complexes were used as catalysts, no
hydrogenation occurred. This may be due to the strong affinity
of nitrones for ruthernium complexes. Iridium and rhodium
complexes, however, showed catalytic activity.

Metal complex catalysts bearing the BINAP [2,2A-bis(diphe-
nylphosphino)-1,1A-binaphthyl] ligand6 were examined for
asymmetric hydrogenation and results are summarized in Table
1. Enantioselectivity was not observed with rhodium catalysts
such as [RhCl(cod)]2/(S)-BINAP or [Rh{(S)-BINAP}(cod)]-
ClO4 (entries 1 and 2). The cationic iridium catalyst, 2.0 mol%
[Ir{R)-BINAP}(cod)]BF4 is less reactive, and the enantiose-
lectivity obtained was 27% ee (entry 3). The neutral iridium
catalyst, 1.0 mol% [IrCl(cod)]2/(S)-BINAP (1.0+2.2 mol/mol)
gave N-hydroxylamine (R)-6a in 69% yield with 40% ee (entry
4).

These results indicate that iridium catalysts are promising and
the ligand coordinated to the iridium plays an important role in
the face discrimination of nitrones. A systematic study of
neutral iridium catalysts revealed that catalyst systems obtained
by treatment of the [IrCl(cod)]2/(S)-BINAP complex with
hydride sources such as NBun

4BH4 or NaBH4 gave higher
reactivity and enantioselectivity. The highest enantioselectivity
was obtained, when the iridium catalyst system, prepared from
1.0 mol% [IrCl(cod)]2/(S)-BINAP/NBun

4BH4 (1.0+2.2+2.0
mol/mol) in situ, was used at 0 °C (R)-6a, 82%, 83% ee, entry
5).† The absolute configuration of 6a was determined to be R by
comparison of the optical rotation of the secondary amine
derived from 6a with the reported data.7 The opposite
enantiomer (S)-6a was obtained, when (R)-BINAP was used as
a ligand. In this reaction, hydrogen pressure did not affect the
enantioselectivity in the range 1–80 kg cm22. The effect of the
solvent on the enantioselectivity is dramatic with THF found to

Scheme 1 Catalytic asymmetric synthesis of chiral amino compounds.

Table 1 Asymmetric hydrogenation of nitrone 5a with iridium and rhodium
complex catalystsa

Entry Catalyst
Yieldb

(%)
Eec

(%) Configuration

1 [RhCl(cod)]2/(S)-BINAPd 8f 2 —
2 [Rh{(S)-BINAP}(cod)]ClO4

e 33f 0 —
3 [Ir{(R)-BINAP}(cod)]BF4

e 36 27 (S)
4 [IrCl(cod)]2/(S)-BINAPd 69 40 (R)
5 [IrCl(cod)]2/(S)-BINAP/ 85 73 (R)

NBun
4BH4

d 82g 83g (R)
a Reactions were carried out in the presence of the metal catalyst at 22 °C
in THF under hydrogen (80 kg cm22) for 18 h. b Isolated yield. c The optical
yields were determined by HPLC analysis using a DAICEL CHIRALPAK
AD column. d 1.0 mol%. e 2.0 mol%. f Solvent is benzene–methanol (1+1).
g Reaction carried out at 0 °C.
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be best.† Toluene led to moderate enantioselectivity while
methanol and dichloromethane gave poor results.

Various nitrones can be hydrogenated enantioselectively
with the [IrCl(cod)]2/(S)-BINAP/NBun

4BH4 catalyst system
(Table 2). In the reaction of (E)-N-1-(arylethylidene)methyl-
amine N-oxides, the reactivity and enantioselectivity are
increased noticeably by introduction of an electron-with-
drawing group on the aryl group. The hydrogenation of nitrones
bearing para- and meta-halogens, 5c and 5d, proceeded
smoothly to give the corresponding N-hydroxylamines with
enantioselectivity of 86 and 81% ee, respectively (entries 3 and
4). However, the hydrogenation of ortho-chlorinated compound
5e proceeded slowly (entry 5). The hydrogenation of nitrone 5f
bearing a naphthyl group at the a-position of nitrogen gave the
corresponding N-hydroxylamine with 80% ee (entry 6). The N-
benzyl substituted nitrone 5g was hydrogenated with 75% ee
(entry 7). The absolute configurations of 6b7 and 6g5j were
determined to be R.

We prepared [IrH(h1,h3-C8H12){(S)-BINAP}] 7 in 59% yield
from [IrCl(cod)]2, (S)-BINAP and KOH in methanol–benzene
(1+1). Under the conditions of hydrogenation, the C8H12 group
of 7 is reduced to cyclooctane, and complex 7 would be
converted to [IrH{(S)-BINAP}(THF)n]. Using complex 7 as a
catalyst for the hydrogenation of 5a led to N-hydroxylamine 6a
with 86% ee (R). This result is comparable to the 83% ee (R)
obtained with the [IrCl(cod)]2/(S)-BINAP/NBun

4BH4 catalyst
system above, indicating that iridium–hydride species appear to
form from [IrCl(cod)]2/(S)-BINAP/NBun

4BH4 mixtures and
lead to high enantioselectivity for asymmetric hydrogenation of
nitrones.

This work was supported by Research for the Future
program, the Japan Society for the Promotion of Science.

Notes and references
† Typical experimental procedure: a Schlenk flask was charged with
[Ir(cod)Cl]2 (3.4 mg, 0.0050 mmol), (S)-BINAP (6.8 mg, 0.011 mmol),
NBun

4BH4 (2.6 mg, 0.010 mmol) and degassed THF (2.5 mL) under argon
atmosphere and the mixture stirred for 15 min at room temperature. The
solution of the catalyst was transferred to an autoclave, and (E)-N-
[1-(4-chlorophenyl)ethylidene]methylamine N-oxide 5a (92.2 mg, 0.50
mmol) added under argon. The argon gas in the autoclave was replaced by
hydrogen in three cycles (20 kg cm22) and finally pressurized with
hydrogen to 80 kg cm22. The mixture was stirred at 0 °C for 18 h. After the
autoclave was vented and opened, the reaction mixture was transferred to a
flask. The solvent was evaporated under reduced pressure. The product was
purified by SiO2 column chromatography (6a; 76.1 mg, 0.41 mmol, 82%
yield). The enantiomeric excess was determined to be 83% by HPLC using
a DAICEL CHIRALPAK AD. Optically pure N-hydroxylamine 6a was
obtained by recrystallization from acetone {6a, mp 97.5–98 °C, [a]D +50.0
(c = 1.00, EtOH)}. The corresponding optically pure secondary amine was
obtained by treatment of optically pure 6a with molecular hydrogen over a
palladium catalyst or by treatment with zinc/HCl.
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Table 2 Asymmetric hydrogenation of nitrones with [IrCl(cod)]2/(S)-
BINAP/NBun

4BH4 catalyst systema

Entry Nitroneb Yieldc (%) Eed (%) Configuratione

1 5a 82 83 (R)
2 5b 45 69 (R)
3 5c 76 86 (+)
4 5d 68 81 (+)
5 5e 17 78 (2)
6 5f 64 80 (+)
7f 5g 78 75 (R)
a Reactions were carried out in THF at 0 °C under hydrogen (80 kg cm22)
for 18 h in the presence of catalyst. The catalyst was prepared by mixing
[IrCl(cod)]2 (1.0 mol%), (S)-BINAP (2.2 mol%), and NBun

4BH4 (2.0
mol%). b Nitrones were configurationally pure. The stereochemistry was
determined by NOE experiments. c Isolated yield. d The optical yields were
determined by HPLC analyses using chiral columns. 5a, c–f: CHIRALPAK
AD, 5b: CHIRALCEL OD-H, 5g: CHIRALCEL OJ. e See text. f Reaction
carried out at 22 °C
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The importance of intramolecular OH···OH hydrogen-bonds
(H-bonds) in the effective molecular recognition of carbohy-
drates is highlighted; specifically, the 1,3-cis-diaxial H-
bonded OH groups of 1 are shown to provide an efficient
binding motif for bidentate coordination of the amino-
carbonyl Hoogsteen site of the CG base-pair through the
formation of two cooperative intermolecular H-bonds; this
result suggests that intramolecularly H-bonded carbohy-
drate OH groups may be considered as multidentate units
able to H-bond cooperatively.

Deoxygenated oligosaccharides which are present in natural
products1 and aminoglycoside antibiotics2 are known to directly
interact with a number of DNA and RNA sequences, re-
spectively. However there is limited structural information on
the molecular basis of such a saccharide–nucleic acid recogni-
tion in solution.3

The design of many low molecular weight nucleic acid
ligands has been based on hydrogen-bonding (H-bonding)
recognition of the Hoogsteen sites of the B-DNA grooves.4 One
of the most important characteristics of multiple H-bonded
complexes is the non-additivity of the H-bonds therein; this
property has given rise to the concept of cooperativity.5 As part
of a general project to study H-bonding cooperativity and its
implications in the molecular recognition of carbohydrates, we
present here our initial effort to use H-bonding cooperativity to
efficiently bind sugars in the grooves of B-DNA.

Carbohydrate 1,2- and 1,3-diol motifs are present in many
DNA and RNA binders.1 We have previously demonstrated that
the hydroxy groups of the 1,3-cis-diaxial diol 1 are intra-
molecularly H-bonded (OH-2?OH-4); the presence of this H-
bond polarizes the s O-H bonds and enhances the donor ability
of OH-4 and acceptor ability of OH-2 [Fig. 1(a)].6

Molecular modelling studies of the carbohydrate-derivative 1
and the cytidine–guanosine (CG) base-pair indicate that the
hydroxy groups of 1 are suitably positioned to bridge both
amino-carbonyl Hoogsteen binding sites of CG in a bidentate
fashion [Fig. 1(b)]. A sugar–CG complex† could potentially be
stabilized by two cooperative intermolecular H-bonds (Fig. 2);
this would provide the first example of H-bonding cooperativity
in carbohydrate-base pair recognition.

For the reasons outlined above, the binding of 1 to CG has
been investigated.‡ Binding studies were performed by titrating
1 (0.08 mM) with an equimolar mixture of tri-O-acet-
ylguanosine (G) and tri-O-acetylcytidine (C) (2 mM).7§ Under
these experimental conditions only a 1+1 complex of the diol 1
and CG could be expected. The titration data were fitted to a
1+1 binding model, taking into account the dimerization of CG
(Table 1).8¶ The measured association constant∑ for the 1–CG
complex was 1491 M21. The binding of the aromatic diol 2 to
CG was also studied in the same way with the expectation of
observing induced chemical shifts of the naphthyl proton
resonances and thereby obtaining more data for model fitting.
DG° values for the 1–CG (24.4 ± 0.1 kcal mol21) and 2–CG
(24.2 ± 0.1 kcal mol21) complexes were greater than expected
for a complex stabilized by a single H-bond, or two isolated H-
bonds. This result implies the interplay of cooperative H-
bonding in 1–CG and 2–CG recognition.

To quantify the effect of H-bonding cooperativity on the
stabilization of the 1–CG complex, it is necessary to know the
number of intermolecular H-bonds formed between 1 and CG.
1H NMR variable temperature experiments, NOESY, and
deuterium exchange experiments were carried out with the aim
of determining structural information.

The hydroxy proton resonances of 1 were deshielded upon
complexation with CG, which indicates that the binding process
is mediated by H-bonding of both OH groups of the carbohy-
drate (Table 2). In contrast, the amide proton (NH-3) of diol 1

Fig. 1 Carbohydrate-derivatives and CG base-pair used in the binding
studies.

Fig. 2 Schematic representation of the complex formed by the carbohydrate
1 and the CG base-pair.

Table 1 Stability parameters of the interaction between the CG base-pair
and the carbohydrate derivatives 1–3 (299 K, CDCl3)

Compound 1 2 3
Ka/M21 1491 1091 6.7
DG°/kcal mol21 24.4 ± 0.1 24.2 ± 0.1 21.1 ± 0.1
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showed minimal displacement on complexation. According to
previous reports,6a,9 comparison of Dd/DT of the OH reso-
nances of the free ligand 1 and the 1–CG complex also implies
that both OH groups are involved in intermolecular H-bonds
(Table 2).

NOESY spectra of mixed samples of 1 and CG in different
ratios** revealed cross peaks between the OH proton reso-
nances of 1 and the exchangeable protons of CG; these could
not unambiguously be attributed to chemical exchange or
intermolecular NOEs. However, the same experiments showed
that the C(N4–H)f proton resonates at lower field in the presence
of a higher concentration of diol 1, which further suggests its
involvement in H-bonding with 1.

Additional evidence for the preferred complexation site of
CG was obtained by deuterium exchange experiments. An
equal quantity of deuterated diol 1 (1–D) was added to separate
samples of CG (experiment A: CG 2 mM) and 1+CG in a 2+1
ratio (experiment B: 1+CG 4 mM:2 mM), to facilitate the
formation of the hypothetical 1+2 CG+1 complex. In each case
a control experiment was carried out (experiment A: CG 2 mM;
experiment B: 1+CG 4 mM+2 mM). 1H-NMR spectra were
acquired at t = 0 and 17 days. Both samples containing 1–D
showed complete H–D exchange of the C amino protons after
17 days, while the amino protons of G were only partially
deuterated after the same period of time. In the control
experiments a small and comparable decrease in the signal
intensity of all the exchangeable CG protons was observed.
From this result we infer that on average the C-amino group is
in contact with the deuterated hydroxy groups of 1–D for longer
than the amino protons of G, and that a 1+1 1–CG complex is
favoured over a 2+1 1–CG complex, which is in agreement with
the Job plot determined stoichiometry.¶

Molecular modelling11 of the 1–CG complex supported the
results of our 1H-NMR experiments and confirmed that the
carbonyl group G(C6-O) is the H-bond acceptor best located to
form a second H-bond to OH-4 of 1 .†† The calculated 1–CG
structure also showed that the non-exchangeable protons of the
1–CG complex are very distant from each other, which could
explain why only ambiguous intermolecular NOEs were
detected.

To quantify the influence of the intramolecular OH-2?OH-4
H-bond on the formation of intermolecular H-bonds between 1
and CG, the complexation of monoalcohol 3 with CG was
studied.‡‡ The Ka for the 3–CG complex is 7 M21 (Table 1); the
formation of one H-bond between the monoalcohol 3 and the
CG base-pair thus corresponds to a DG° value of 21.1 kcal
mol21, while the DG° for two intermolecular H-bonds in the
1–CG complex is more than four times greater than this value.
This demonstrates that the formation of H-bonds between 1 and
CG is non-additive (cooperative); furthermore the importance
of intramolecular OH···OH H-bonds in the effective molecular
recognition of carbohydrates is highlighted.

Our work has shown that in the future we may consider the
intramolecularly H-bonded OH groups of carbohydrates as
multidentate units capable of H-bonding cooperatively. Specifi-
cally, the 1,3-cis-diaxial relative configuration of carbohydrate
OH groups serves in apolar medium as an efficient binding
motif for bidentate coordination of the C(N4–H)f/G(C6–O) site
of CG through formation of two cooperative intermolecular H-
bonds.

Financial support by DGES (Grant PB97–0832) and TMR
(FMRX–CT98–0231) are acknowledged. M. L. P. is grateful to
the Comunidad Autónoma de Madrid for a predoctoral

fellowship. We thank Professor C. A. Hunter (University of
Sheffield) for kindly providing the fitting program and Dr
Joanne Hawley for critical reading of the manuscript.

Notes and references
† C (2’,3’,5’-tri-O-acetylcytidine) and G (2’,3’,5’-tri-O-acetylguanosine)
were purchased (Sigma) and used without further purification. Carbohy-
drate-derivatives 1, 2 and 3 were synthesized.10 1–D was prepared by
repeatedly dissolving 1 (1.4 mg, 3.5 mmol) in CD3OD (5 3 0.5 mL) and
evaporating to dryness. The deuterated residue (1–D) was dried under high
vacuum and heated at 40 °C in the presence of P2O5 and dissolved in CDCl3
(2 mL) to give a solution of concentration 1.8 mM.
‡ All binding studies were performed at 299 K using freshly prepared
solutions in CDCl3 which were always passed through basic alumina and
collected over 4 Å molecular sieves prior to use; the alumina and molecular
sieves employed were freshly activated by heating at 600 °C under high
vacuum. Each experiment was carried out at least two times and DG° values
were reproducible within ±0.1 kcal mol21.
§ The feasibility of this titration experiment relied on the high stability of
the CG base-pair7 in chloroform (Ka = 104–105 M21). The imino proton
G(N1–H) experienced minimal chemical shift displacement (upfield) upon
complexation with 1 (Dd < 0.1 ppm), which is consistent with the CG
complex remaining intact during the titrations.8a

¶ The 1+1 stoichiometry of the complex 1+CG was determined by a Job plot
based on the chemical induced shifts of the hydroxy resonances. The CG
base-pair dimerizes in chloroform.8a We have measured a dimerization
constant of 55 M21.
∑ Reverse titration experiments (CG vs. 1) were also performed. Fitting of
the induced chemical shifts of the C(C5–H) proton resonance to a 1+1
complexation model gave a value of Ka (1460 M21) which was in good
agreement with the value determined experimentally from the 1 vs. CG
titrations.
** NOESY spectra (500 ms, 278 K, 600 MHz) were recorded for two
samples of different 1+CG molar ratio: (i) 1+CG 1+3, [1] = 6.7 3 1024 M;
[CG] = 2 3 1023 M; (ii) 1+CG 3+1, [1] = 6 3 1023 M; [CG] = 2 3 1023

M.
†† Molecular mechanics calculations were carried out using MM211a

(carbohydrates) and AMBER11b (nucleosides, CG base-pair and carbohy-
drate–CG complexes) with the GB/SA solvent model for chloroform.11c

Molecular modelling of the complex involing the C(CNO) and G(N–N) of
CG (minor groove of the base-pair) indicated that such a complex is not
stable. This could be explained on the basis of steric hindrance of the
acetylated ribose moieties.
‡‡ The use of 3 allowed us to evaluate the effect of a second OH in a 1,3-cis-
diaxial relative configuration on the energetics of the recognition process
between 1 and CG.
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Table 2 Dd/DT of the exchangeable resonances of 1 in the free and bound
state to the CG base-paira

Resonance of 1 Dd/DT (1)b/ppb K21 Dd/DT (1–CG)c/ppb K21

OH-4 25.2 213.2
OH-2 22.8 26.8
NH-3 22.9 24.5
a Measured between 293–318 K. b [1] = 1.1 3 1024 M. c [1] = 1.1 3
1024 M; [CG] = 1.5 3 1023 M (1+CG = 1+13).
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Racemic crystalline tetra(p-bromophenyl)ethylene was con-
verted into chiral inclusion crystals in the solid state by
contact with gaseous achiral guest compounds.

Chiral crystallization of achiral molecules in the absence of any
external chiral source is of special interest not only for “so-
called” absolute asymmetric synthesis1 but also for its relation-
ship to the prebiotic origin of chirality.2 Such chiral crystals
have been obtained previously during crystallization of achiral
substrates from their solutions. We have now found that chiral
inclusion crystals can be obtained by treatment of a racemic host
compound with the vapor of achiral guest compounds. This is
the first example of the formation of chiral inclusion crystals
from achiral components through gas–solid inclusion com-
plexation.

Recently, we have found that tetra(p-bromophenyl)ethylene
13 forms chiral inclusion compounds with various kinds of
achiral guest molecules. For example, recrystallization of 1
from p-xylene gave 1+1 inclusion crystals (2). The chiral
arrangement of 1 molecules in 2 was easily detected by
measurement of CD spectra of its Nujol mull. Hence, one single
crystal of 2 showed a positive Cotton effect while another
showed a negative Cotton effect (Fig. 1). The host compound 1
also formed chiral inclusion crystals with acetone (1+1),
dioxane (1+1) and benzene (1+1), whereas it formed racemic
inclusion crystals with cyclohexanone (1+1), THF (1+2), b-
picoline (1+1) and toluene (1+1), by recrystallization (Table
1).

Very interestingly, however, when exposed to p-xylene vapor
at room temperature for 24 h, a single crystal of pure 1 prepared
by recrystallization from m-xylene was gradually changed into
the chiral polycrystalline 1:1 inclusion complex (2) of 1 with p-
xylene. The inclusion complex (2) thus obtained showed the
same CD spectrum as that obtained by the recrystallization

method, and its X-ray powder pattern was similar to that
obtained by recrystallization (Fig. 2) Gas-solid reaction of 1
with THF, dioxane, benzene and b-picoline also produced their
inclusion complexes with the same host–guest ratios as those
obtained by recrystallization (Table 1). It is also remarkable that
the inclusion crystals of 1 with THF and b-picoline obtained by
gas–solid reaction were chiral, whereas those obtained by
recrystallization were racemic. Gas–solid inclusion complexa-
tion did not occur, however, in the cases of acetone, cyclohex-
anone and toluene (Table 1). The chiral crystalline lattice
formed by chiral arrangement of 1 molecules is very stable and
still exists after removal of the guest molecules via heating
compound 2 under reduced pressure. The chiral crystalline
powder left after removal of the guest from 2 showed a very
similar X-ray powder diffraction pattern to that of 2. By

Fig. 1 CD spectra of the enantiomeric 1+1 inclusion crystals of 1 with p-
xylene in Nujol mulls.

Table 1 Inclusion complexation of 1 with some guest compounds

Inclusion complex

By recrystallization By gas–solid reaction

Guest host+guest host+guest t/h

Acetone chiral 1+2 — —a 168
Cyclohexanone rac 1+1 — —a 168
THF rac 1+2 chiral 1+2 2
1,4-Dioxane chiral 1+1 chiral 1+1 24
Benzene chiral 1+1 chiral 1+1 24
Toluene rac 1+1 — —a 168
p-Xylene chiral 1+1 chiral 1+1 24
b-Picoline rac 1+1 chiral 1+1 168
a No complexation occurred.
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exposure to xylene vapor, this chiral crystalline powder was
easily converted to the 1+1 inclusion crystals 2 with the same
chirality.

X-Ray analysis of the rac-crystal of 1 showed that two halves
of crystallographically independent molecules of P-1 and M-1
exist in the asymmetric unit (space group: Pccn). (Fig. 3)†
Molecular layers of P-1 and M-1 are arranged perpendicular to
the a-axis and within these layers the molecules are connected
by Br···Br contacts along the c-direction. The P-1 molecule has
a right-handed and the M-1 molecule has a left-handed propeller
structure, respectively (Fig. 4).

The molecules in 2 occupied the chiral space group P212121.‡
The p-xylene molecules are included in chiral cavities formed
by the bromophenyl rings (Fig. 5) In 2, molecular layers are
arranged perpendicular to the a-axis, and within these layers the

molecules are connected by Br···Br contacts along the b
direction. It has been found that halogen···halogen contacts act
as attractive interactions and the inclusion complex is stabilized
by the Br···Br interactions between host molecules.4 This is the
first example of the construction of a chiral inclusion crystalline
lattice by a Br···Br interaction network among achiral host
molecules.

In conclusion, we have found a unique example of racemic-
to-chiral transformation by exposing racemic crystalline mate-
rial to the vapor of an achiral guest compound. This provides not
only a new strategy for construction of chiral crystals but also a
new model for studying the mechanism of generation of
chirality in crystals.

The authors thank Dr M. Shiro of the Rigaku X-ray research
laboratory for determining the X-ray structure of 1.

Note and references
† Crystal data for 1: C26H16Br4, M = 648.03, colorless prisms 0.35 3 0.15
3 0.15 mm, orthorhombic, Pccn, a = 16.173(2), b = 16.512(1), c =
18.024(2) Å, V = 4813(1) Å3, Z = 8, Dc = 1.788 g cm23, m(Mo-Ka) =
67.19 cm21, F(000) = 2496, T = 133 K, final R = 0.033, Rw = 0.032 for
272 variables and 3159 reflections with I > 2s(I). The structures were
solved by direct methods (SIR97) (ref. 5) and refined by full-matrix least-
squares on F2.
‡ Crystal data for 2: C26H16Br4·C8H10, M = 754.2, colorless prisms 0.44 3
0.2 3 0.2 mm, orthorhombic, space group P212121, a = 8.762(1), b =
14.942(2), c = 23.472(4) Å, V = 3073.0(8) Å3, Z = 4, Dc = 1.63 g cm23,
T = 218 K, m(Mo-Ka) = 5.26 mm21, F(000) = 1480, final R = 0.047, Rw
= 0.096 for 345 variables, 4119 reflections and 2148 observed reflections
with I > 2s(I). The structures were solved by direct methods (SHELXS-97)
(ref. 6) and refined by full-matrix least-squares on F2. CCDC 182/1539. See
http://www.rsc.org./suppdata/cc/a9/a909782a/ for crystallographic files in
.cif format.

1 For reviews: M. Sakamoto, Chem. Eur. J., 1997, 3, 684; G. Kaupp and M.
Haak, Angew. Chem., Int. Ed. Engl., 1993, 32, 694.

2 L. Addadi and M. Lahav, in Origins of Optical Activity in Nature, ed.
D. C. Walker, Elsevier, New York, 1979, pp. 179–192.

3 R. E. Buckles, E. A. Hausman and N. G. Wheeler, J. Am. Chem. Soc.,
1950, 72, 2494.

4 A. Farina, S. V. Meille, M. T. Messina, P. Metrangolo, G. Resnati and G.
Vecchio, Angew. Chem., Int. Ed., 1999, 38, 2433.

5 A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo,
A. Guagliardi, A. G. G. Moliterni, G. Polidori and R. Spagna, J. Appl.
Crystallogr., 1999, 32, 115.

6 G. M. Sheldrick, SHELXS-97, Universität Gottingen, Germany, 1997.
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Fig. 2 The X-ray powder patterns of (a) rac-crystals of pure 1, (b) chiral
crystals of 2 prepared by recrystallization and (c) chiral crystals of 2
prepared by gas–solid reaction.

Fig. 3 Crystal structure of 1 viewed along the b-axis.

Fig. 4 Molecular structure of P-1 (right molecule) and M-1 (left molecule)
in the crystal of 1. Thermal ellipsoids are drawn at the 50% probability
level.

Fig. 5 Crystal structure of 2 viewed along the a-axis.
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When 4,4-dimethyl-1-(2-nitrophenyl)pyrazolidin-3-one 9 is
heated in pyridine containing pyridine hydrochloride it is
transformed into 4,4-dimethyl-1-phenylpyrazolidin-
3,5-dione 10 in which the methylene group has been oxidised
and the nitro group has disappeared; two further examples
of the same reaction, of pyrazolidinones 4 and 7, are reported
together with a mechanistic rationalisation of this curious
reaction.

New reactions of aromatic nitro groups are rare. We recently
discovered one during an unsuccessful attempt to synthesise the
1-arylpyrazolidin-3-one 4 from 4,5-dimethoxy-2-nitrophenyl-
hydrazine 1 and 3-chloropivaloyl chloride 2. After an initial
reaction in cold pyridine which gave 3,† mp 163 °C (isolable in
90% yield), the reaction mixture was heated under reflux for 24
h. From this complex reaction we could not isolate any 4, but
only a rather low yield of the 1-arylpyrazolidin-3,5-dione 5,†
mp 189–191 °C (23%), in which the nitro group has been
replaced by hydrogen and the pyrazolidinone methylene group
oxidised to a carbonyl group (Scheme 1). Compound 5 was
synthesised independently from 3,4-dimethoxyphenylhydra-
zine and dimethylmalonyl dichloride. We assume that 1 and 2
are converted via 3 into the desired pyrazolidinone 4, but this
has reacted further to give 5. On heating preformed 3 in pyridine
for 20 h, 5 was again formed as the major product. This
unexpected conversion of 4 into 5 is a novel redox reaction in
which the nitro group has presumably oxidised the adjacent
methylene group and has undergone, most unusually, complete
cleavage from the aromatic ring with overall loss of the
elements of nitroxyl, HNO.

We performed the same reaction (Scheme 2) with the
monomethoxyphenylhydrazine 6 and acid chloride 2 in cold
pyridine, to give the acylic hydrazide intermediate (TLC),
followed by brief heating (2 h) to give the expected 1-arylpyr-
azolidin-3-one 7 as the major product. After extended heating
(20 h) a mixture of 7 (25%) and the denitrated pyrazolidin-
3,5-dione 8 (19%) was isolated. The formation of the mono-
methoxy product 8 is distinctly slower than for the dimethoxy
product 5.

Finally we treated 2-nitrophenylhydrazine with acid chloride
2 in cold pyridine and then at 90 °C for 11 h to give the
nitrophenylpyrazolidin-3-one 9,† mp 196–198 °C (43%)
(Scheme 3). When pure compound 9 was heated in pyridine for
up to 5 days there was very little reaction,‡ but when heated in
pyridine containing pyridine hydrochloride (1 equiv.) to
simulate the conditions of the reactions of 1 and 6, the overall
loss of HNO again occurred to give 1-phenylpyrazolidin-
3,5-dione 10 (mp 180 °C, lit.1 180–182 °C) (23%) after 20 h.
Product 10 was also synthesised from phenylhydrazine and
dimethylmalonyl dichloride.

This new acid-catalysed redox-denitration reaction could
thus be general for the conversion of 1-(2-nitroaryl)pyrazolidin-
3-ones, like 4, 7 and 9, into 1-arylpyrazolidin-3,5-diones, like 5,
8 and 10. A possible mechanism is outlined in Scheme 4, for the
simplest case. Aromatic nitro groups are well known to interact
in thermal, photolytic and catalysed reactions with a range of
ortho substituents,2 often being reduced to nitroso, azo, azoxy
or amino groups, but very rarely with concomitant cleavage of
the aryl–nitrogen bond.3 Since the methylene group would be
activated towards oxidation by the adjacent pyrazolidinone

Scheme 1 Reagents and conditions: i, pyridine, 5 °C, N2, 1 h; ii, pyridine,
115 °C, N2, 24 h.

Scheme 2 Reagents and conditions: i, pyridine, 5 °C, N2, 1 h, then room
temp., 1 h, then 115 °C, 2 h, ii; pyridine 115 °C, N2, 20 h.

Scheme 3 Reagents and conditions: i, pyridine, 50 °C, N2, 1 h, then 90 °C,
11 h; ii, pyridine, py·HCl (1 equiv.), 115 °C, N2, 20 h.
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nitrogen atom, it seems likely that the first step would be an
intramolecular hydride transfer to the nitro group (arrows in 11).
This is exactly analogous to that proposed for tertiary amines,
when the amine replaces our heterocyclic ring (the tert-amino
effect).4 This would give the iminium ion 12 which could
collapse to the nitroso compound 13 or its tricyclic tautomer 14;
13 and 14 would be in equilibrium with each other and with the
hydroxylamine 15.

The final and most unusual step would then be the loss of
nitroxyl, HNO,5 from 15 to give the isolated product 10; this

outcome may depend critically upon the particular structural
features of the starting pyrazolidinones. Since protonation at the
benzene 2-position must presumably be involved, the reaction
should be acid-catalysed (as observed), inter- or intra-molec-
ularly. It could occur, for example, in the conjugate acid 16 of
15 as shown (arrows in 16). In this mechanism (Scheme 4)
various steps would be facilitated by the electron releasing
groups in the mono- and di-methoxy compounds, in accord with
the observed relative rates of reaction. Further work is required
to establish the scope and mechanism of this new reaction.

We are grateful to Kodak Ltd. for permission to publish this
work and to Dr N. E. Milner for support and encouragement.

Notes and references
† The structures of all new compounds are based upon IR, MS, LCMS,
HRMS and 1H NMR spectroscopy.
‡ Some intractable material containing traces of 10 (mass spectrometry)
was formed.
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A 54-ferrocene dendrimer is synthesized by a convergent
route and can be used to modify a Pt electrode in CH2Cl2; it
can be reversibly oxidized in DMF in a single 54-electron
wave (and with NO+).

The redox activity of nanoscopic materials,1,2 in particular that
of dendrimers,3 is of promise in considering applications as
materials devices. Ferrocene dendrimers4 illustrate the potential
access to precise redox active nanoscopic molecules with
original properties. We now report the ferrocenylsilylation of
dendrons and a fast convergent route5 to redox stable den-
drimers using ferrocenyldimethylsilane 1.6 Hydrosilylation has
already been used as an excellent synthetic route to den-
drimers.4e,7 and ferrocenylsilylation has been successfully
carried out by Jutzi et al. with decaallylferrocene.4e

The ferrocenylsilylation of the phenoltriallyl dendron 28

using 1 is achieved with Karstedt’s catalyst9 in the absence of
air without protection of the phenol function (Scheme 1). After
chromatographic separation, the triferrocenylsilane dendron 3†
is obtained in 90% yield. 1H and 13C NMR spectra indicate the
absence of regioisomers, the analytical data are excellent, and
the MALDI TOF mass spectrum shows the molecular peak at
m/z 960.41 (calc. 960.91). A convergent route was developed
for the synthesis of the nonaferrocene dendron. The protected
dendron p-EtO2CC6H4C(CH2CH2I)3

8 reacts with 3 in DMF in
the presence of K2CO3 to give 4† in 60% yield after
deprotection and chromatography. The MALDI TOF mass
spectrum of 4 shows an excellent degree of purity, the molecular
peak being largely dominant at m/z 3110.44 (calc. molecule
3111.09). Dendron 4 reacts with the core hexa(bromome-
thyl)benzene in EtOH in the presence of K2CO3 at 80 °C over
two weeks to give the 54-ferrocene dendrimer 5† in 20% yield
after chromatographic separation (C analysis within 0.3%).

Cyclic voltammograms (CVs) of the ferrocenyl dendrons 3
and 4 and the ferrocenyl dendrimer 5 were recorded on a Pt
anode in dichloromethane and dimethylformamide (DMF).10

Dendrons 3 and 4 show a reversible oxidation wave in a
diffusion process (no adsorption, as indicated by DEp = 60 mV
at 20 °C) in both solvents. The number of electrons involved in
this ferrocene oxidation wave was determined using Bard’s
equation11 and decamethylferrocene as the internal reference.
The experimental number of electrons was found to be in full
agreement within 5% with the actual number of dendritic
branches. In DMF, the CV of 5 also gives a single reversible
wave corresponding to the oxidation of the 54 ferrocene redox
centers in a pure diffusion process as indicated by DEp =
60 mV at 20 °C as for the decamethylferrocene reference. The
number of redox centers determined experimentally as above is
54 ± 3. In dichloromethane, the CV of 5 shows a mixture of
diffusion and adsorption as indicated by a value of DEp =
30 mV at a scan rate of 0.1 V s21. Modified electrodes12 with 5
could be prepared by cyclic scanning between the ferrocene and
ferrocenium regions of potentials on a Pt electrode in dichloro-
methane solution, washing with dichloromethane and drying in
air. Cycling about twenty times is necessary before observation

of a constant curve. When such a derivatized electrode is used
in a new dendrimer-free solution containing only the electro-
lyte, the cyclic voltammogram of the adsorbed dendrimers are
obtained with DEp = 0 and a linear relationship between the
scan rate and the intensity, both features being characteristic of
derivatized electrodes with ferrocene polymers12 and den-
drimers4g (Fig. 1). The orange–red dendrimer 5 can be
instantaneously oxidized by NOPF6 in dichloromethane, and
the blue PF6

2 salt of the 54-ferrocenium dendrimer 554+

obtained as a precipitate can be reduced back to the 54-ferro-

Scheme 1 Reagents and conditions: i, toluene, 40 °C, 1 d; ii, DMF, room
temp., 2 d; iii, 40 °C, 2 d; iv, EtOH, K2CO3, reflux, 14 d.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a908791e Chem. Commun., 2000, 417–418 417



cene dendrimer 5 using the monoelectronic reducing agent
decamethylferrocene. No decomposition of the dendrimer
occurs during these redox processes as indicated by the
indentity of the 1H NMR spectra before and after the
reactions.

Whereas the mechanism of electron transfer in DNA is highly
controversial,13 that in multi-redox dendrimers is also of
interest. The present study concerns a large dendrimer ap-
proaching a globular shape. The electrochemical reversibility
observed for the oxidation of 5 indicates that the structural
rearrangement between 5 and 554+ is small. Since the repulsion
between the positively charged ferrocenium units in 554+

requires that they be at the periphery of the dendrimer with
maximum space expansion, the shape of 5 is relatively closely
related to that of 554+. The fact that a single reversible wave is
observed is due to fast rotation of the dendrimer compared to the
electrochemical timescale, so that all the redox centres come
close to the electrode within this timescale.14b In addition, a
kind of relay-mechanism from a ferrocene site to the next
(hopping electron transfer or via p-stacking14 of the ferrocene
units or via the s bonds between ferrocene units) may
eventually occur. Otherwise, the heterogeneous electron trans-
fer between the electrode and the most remote redox sites of the
globular dendrimer would be slow, as it is when the redox site
is isolated at the center of the dendrimer.4l,m,15 This type of
stable polyredox dendrimer in which the redox centers are all
active and fully chemically and electrochemically reversible at
about the same potential could find use in the future as
molecular batteries and sensors.

Notes and references
† Satisfactory C and H elemental, and MALDI TOF mass spectral analyses
were obtained for 3 and 4. NMR: 3 dH(CDCl3, 250 MHz) 7.12 (d, 2H,
C6H4), 6.75 (d, 2H, C6H4), 4.20 (t, 6H, C5H4), 4.09 (s, 15H, C5H5), 4.01 (t,
6H, C5H4), 1.59 (br s, 6H, CH2Ar), 1.12 (br s, 6H, CH2CH2Ar), 0.61 (br s,
6H, CH2Si), 0.17 (s, 18H, SiMe). dC(CDCl3, 62.9 MHz) 152.55 (Cq,
ArOH), 139.88 (Cq, Ar), 127.66 (CH, Ar), 114.67 (CH, Ar), 72.95 (C5H4);
71.58 (Cq, C5H4), 70.52 (C5H4), 68.12 (C5H5), 43.12 (Cq-CH2), 42.16
(CH2), 18.08 (CH2CH2Si), 17.56 (CH2Si), 21.93 (SiMe). 4. dH(CDCl3, 250
MHz) 7.18 (m, 8H, C6H4), 7.04 (m, 8H, C6H4), 4.23 (br m, 18H, C5H4), 4.02
(s, 45H, C5H5), 3.94 (br m, 6H, C5H4), 3.89 (br s, 6H, CH2O), 1.54 (br s,
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0.16 (s, 45H, SiMe); dC(CDCl3, 62.9 MHz) 156.11 (Cq, ArO), 152.39 (Cq,
ArOH) 140.02 (Cq, Ar), 127.63 (CH, Ar), 127.60 (CH, Ar), 114.64 (CH,
Ar), 113.69 (CH, Ar), 73.21 (C5H4), 71.83 (Cq, C5H4), 70.88 (C5H4), 68.38
(C5H5), 43.20 (Cq-CH2), 42.16 (CH2), 29.50 (CH2CH2Ar), 18.07
(CH2CH2Si), 17.56 (CH2Si), 21.95 (SiMe). 5, dH(CDCl3, 250 MHz) 7.12
(m, 60H, C6H4), 6.77 (m, 60H, C6H4), 5.21 (br s, 18H, PhCH2O), 4.29 (br
m, 108H, C5H4), 4.09 (s, 270H, C5H5), 4.01 (br m, 108H, C5H4), 3.86 (br
s, 36H, CH2O), 1.54 (br s, 108H, CH2CH2Ar), 1.12 (br s, 108H,

CH2CH2Ar), 0.60 (br s, 108H, CH2Si), 0.16 (s, 324H, SiMe). dC(CDCl3,
62.9 MHz) 156.11 (Cq, ArO), 139.56 (Cq, Ar), 127.60 (CH, Ar), 127.3 (CH,
Ar), 114.68 (CH, Ar), 113.72 (CH, Ar), 72.92 (C5H4), 70.62 (Cq, C5H4);
70.58 (C5H4); 68.08 (C5H5); 66.00 (CH2CH2O) 43.99 (Cq-CH2) 41.36
(CH2), 29.73 (CH2CH2Ar), 18.08 (CH2CH2Si), 17.67 (CH2Si), 21.87
(SiMe).
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Fig. 1 Cyclic voltammogram of a Pt electrode modified with a film of the
54-ferrocene dendrimer 5; CH2Cl2, 0.1 M NBun

4PF6. Inset: plot of the peak
intensity vs. sweep rate.
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For the latter half of the ‘Solid State 20th Century’ materials
science has been the engine that propelled technology. As we
enter the ‘Materials 21st Century’ it is abundantly clear that the
insatiable demand for new materials for emerging technologies
is driving materials synthesis and change. Materials chemistry
will play a central role in this endeavor through the creation of
materials with structures and properties able to meet the
demands required by up-and-coming technologies. In this paper
a far-sighted and innovative materials chemistry strategy is
proposed. It takes solid state chemistry beyond fifty years of
thermodynamic phases and microscale structures, to a new era
of self-assembly chemistry focused on metastable phases and
mesoscale structures, with accessible surfaces and well defined
interfaces that determine function and utility. It is an inter-
disciplinary approach that combines synthesis, solid state
architecture and functional hierarchy to create an innovative
strategy for materials chemistry in the new millennium. The
attractive feature of the approach is the ability to assemble
complex structures rationally from modular components and
integrate them into self-assembling constructions for a range of
perceived applications. By creating a series of purposeful design
strategies it is believed that truly revolutionary advances in
materials science and technology can result from this ap-
proach.

Room at the top and bottom
Not so long ago in materials chemistry it seemed that there was
only ‘room at the bottom’.1 The trend was to synthesize and
organize nanoscopic materials. As we enter the new millennium
it is becoming abundantly clear that there is also ‘room at the

top’.2 What has changed and why is this important? In this brief
essay I will make the case that the paradigmatic shift comes
from the realization that self-assembly, templating, patterning,
capping, layering and molding methods have expanded the
materials chemists tool box to include synthesis and organiza-
tion of materials at ‘all’ length scales. Hierarchy has been
introduced into materials chemistry and purely synthetic
integrated chemical systems that are designed to achieve a
particular function are becoming a reality. This augurs well for
the development of materials, composites and systems with
novel properties, new functions and perceived value in a range
of applications in the biomedical, pharmaceutical, aerospace,
automotive, construction, energy, electronics and photonics
user sectors.

Self-assembling materials
This story is about interfaces between organics and inorganics
and how they can be controlled synthetically at the molecular
level to produce composite materials in which structure is
prescribed from angstrom to centimeter length scales. The
construction kit consists of complementary organics and
inorganics that spontaneously assemble through lock-and-key
intermolecular interactions. The driving forces for molecular
organization are quite varied and as summarized in Scheme 1
can be based upon ionic, covalent, hydrogen, non-covalent,
metal–ligand and colloidal bonding interactions, which may
result in structures and properties not found in the individual
components.

In this context, self-assembly may be viewed in terms of a
map of bonding forces that operate between building blocks and
over different length scales. In a self-organizing system, basic
construction-units spontaneously associate to form a particular
structure, the architecture of which is solely determined by the
bonding properties and shapes of the individual components.
The system proceeds towards a state of lower free energy and
greater structural stability. Self-assembly is usually entropically
driven in an aqueous system, where association of modules is
accompanied by exclusion of ordered water molecules. 

Hierarchy
A feature of self-assembly is hierarchy, where primary building
blocks associate into more complex secondary structures that
are integrated into the next size level in the hierarchy. This
organizational scheme, which is illustrated in Scheme 2,
continues until the highest level in the hierarchy is reached.
These hierarchical constructions may exhibit unique properties
that are not found in the individual components. Hierarchy is a
characteristic of many self-assembling biological structures and
is beginning to emerge as a hallmark of supramolecular
materials. Self-assembly is considered to be distinct from
template-directed assembly, which involves structure-directing
additives, often organics or polymers, in addition to the
constituent building-units, which may be inorganics. The

Geoffrey A. Ozin, born 23rd August 1943 in London, England,
received his BSc degree in Chemistry from Kings College,
University of London in 1965, and his DPhil degree in
Inorganic Chemistry from Oriel College, Oxford University in
1967. He was an ICI Fellow at the University of Southampton
from 1967–69 before joining the University of Toronto in 1969
where he is currently Professor of Chemistry. Recently he was
a Canada Council Isaac Walton Killam Research Fellow and
inducted into the Royal Society of Canada. He is a materials
chemist and the current work of his group focuses on micro-,
meso- and macro-structured materials and composites. The
research exploits molecular recognition and self-assembly, to
organize inorganic and organic building-units into materials
with structural features that span angstrom to centimeter length
scales. The methodology embraces concepts in supramolecular,
host–guest inclusion, and biomimetic chemistry. Self-assem-
bling mesostructures emerging from the research may find
utility in areas such as electrically tunable membranes and
chemical delivery systems, chemoselective sensors and solar
cells, batteries and fuel cells, bone implants and photonics,
nanocomposites and environmental clean-up of toxic waste.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a905090f Chem. Commun., 2000, 419–432 419



template can serve to fill space, balance charge and direct the
formation of a specific structure. In this definition, template
assembly is synonymous with co-assembly and distinct from
self-assembly.

Self-assembling materials over multiple length
scales
Simple, elegant and robust attributes of self-assembly are now
being combined with the powerful methods of inorganic and
solid state chemistry to create supramolecular materials with
unprecedented structures, compositions and morphologies. The
paradigmatic shift of utilizing organics for templating,3 cap-
ping,4, layering,5,6 wiring,7 patterning8 and molding9 inorganics
is having a revolutionary effect on the field of materials
research. This is because it enables, for the first time, self-
assembly of most elemental compositions of the periodic table
but without the usual restriction of the dimension of structural
components. This is facilitating purely synthetic approaches to
hierarchical systems with the construction pieces integrated
over micro-, meso- and macro-scopic length scales. This kind of
‘panoscopic’ synthesis, so to speak, has up until very recently
been unparalleled in the field of solid state and materials
chemistry. By combining the methodologies of self-assembly
and microfabrication it has become feasible to assume the
challenge of self-organizing and interconnecting functional

organic, bio-organic, inorganic and polymeric chemical compo-
nents into integrated electronic, photonic, mechanical, analyt-
ical and chemical systems for future ‘panoscale’ (panoscale: of
any sizes, pano, L) devices.10 Part of the motivation stems from
the notion that the architecture of complex macrosystems in
biology and engineering physics are generally based on
hierarchical building principles, that is, smaller units are
assembled into larger ones, which in turn are organized at a
higher dimension. This construction process is continued until
the highest level of structural complexity in the hierarchy has
been attained.

The hallmark of an integrated chemical, physical or bio-
logical system is the assembly of components into a particular
architecture that performs a certain function.11 In the cell of a
higher green plant the photosynthetic chloroplast and oxidative
phosphorylation mitochondrion machines are perhaps two of
the most impressive examples of functional integrated bio-
logical systems. Within the body of a computer the atoms are
assembled into insulators, semiconductors and metals, dopants,
junctions, metal leads and contacts. These are the building
blocks that constitute the transistors, diodes and capacitors of
the integrated circuits, which comprise circuit boards and sub-
assemblies of an integrated microelectronic system. Familiar
integrated chemical systems include heterogeneous catalysts,
photoelectrochemical cells, solid state lithium batteries, hydro-
gen–oxygen fuel cells, instant color photographic film, sensors
and chromatographic stationary phases.

The ability to self-assemble diverse kinds of materials over
‘all’ length scales and spatial dimensions has taken synthetic
chemistry to a new level of structural complexity that begins to
match those found in biology and engineering physics. It is now
feasible to devise strategies for organizing, patterning and
linking chemical components into functional architectures that
were not previously accessible purely through synthesis.
Representative examples taken from the recent literature
include, layer-by-layer assembly of a thin film Zerner diode
from conducting polymers and monodispersed capped semi-
conductor nanoclusters,12 a metal–insulator–metal nanocluster–
insulator–metal (MINIM) single electron transistor (SET),13 a
multicolor pixel voltage-controllable semiconductor cluster–
luminescent polymer light emitting diode (LED)14 an all-plastic
field effect transistor driven light emitting diode (FET-LED),15

and a high density rechargeable ultrathin graphite oxide

Scheme 1

Scheme 2
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nanoplatelet–polyelectrolyte lithium ion battery.16 These few
examples serve to demonstrate the power and versatility of a
self-assembly materials chemistry approach to ‘panostructured’
integrated chemical systems that perform a specific function.

‘Panoscopic’ synthesis can be viewed in terms of molecular
level control of interfaces between organics and inorganics. As
illustrated in Scheme 3, this allows one to embrace molecular,17

supramolecular,18 macromolecular,19 and colloidal crystalline20

assemblies under the umbrella of organic template-based
assembly, facilitating the synthesis of inorganic materials over
multiple length scales, with structural features that may span
angstroms to microns.

Through a creative fusion of organic templating, inorganic
chemistry, soft lithographic patterning and micromolding
methodologies it is feasible to create functional hierarchical
materials of the type sketched in Scheme 4. Entirely through

chemistry one can plan how to synthesize, self-organize and
interconnect different kinds of materials over ‘all’ length scales
to create an integrated chemical system with single or multiple
functions. In the following, I will briefly expand upon this
theme by examining some case studies taken from our recent
research to illustrate where ‘panoscale’ synthesis may find
‘room at the bottom as well as the top’ of the new materials
world.

Faux diatoms and radiolaria
Interest in the synthesis of ‘panascopic’ materials may be traced
to a report in 1995 of surfactant-templated mesolamellar
aluminophosphates whose ‘natural form’ bore a striking
resemblance to those of the lace-like siliceous microskeletons
produced by the single cell marine organisms known as the
diatoms and radiolarians.21 When looking at scanning electron
microscope (SEM) images of these purely synthetic forms it is
sometimes difficult to distinguish them from the real thing,
Fig. 1. This turned out to be the first synthesis that created a
hybrid inorganic–organic material with a shape that mimicked
an entire biomineralized skeleton found in the natural world.

Multianalytical characterization of these synthetic natural forms
revealed a hierarchical structure based upon a layered alumino-
phosphate.21–25 The lamellae were well ordered at the meso-
scale and glassy at the microscale, Fig. 2. Observed morpholo-
gies that emerged from a synthesis exhibited micron scale

Scheme 3

Scheme 4

Fig. 1 Scanning electron micrograph images of synthetic examples of
diatom and radiolarian microskeletons. Reprinted in part with permission
from: Adv. Mater. (London) 1995, 7, 943 (© 1995 Wiley-VCH) (top left,
middle right); Nature (London) 1995, 378, 47 (© 1995 Nature Publishing
Group) (http://www.nature.com) (top right, middle left, bottom right); and
Acc. Chem. Res. 1997, 30, 22 (© 1997 American Chemical Society) (bottom
left).

Fig. 2 Transmission electron microscopy image of the mesolamellar
aluminophosphate material from which the synthetic diatoms and radiolaria
mimics are built.
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patterns on millimeter sized solid and hollow spheres of a kind
that are usually associated with the filigree microskeletons of
diatoms and radiolaria. These aesthetically sculpted biological
minerals continue to be admired in Ernst Haekel’s Art Forms in
Nature26 and avidly read in D’Arcy Wentworth Thompson’s On
Growth and Form.27

How was such morphosynthesis possible in a laboratory
setting? The template used to produce such shapes was
dodecylamine, which in the presence of 85 wt% phosphoric acid
formed dodecylammonium dihydrogen phosphate (DDP). Sin-
gle crystal X-ray diffraction (SCXRD) established an inter-
digitated bilayer structure for DDP in which the ammonium
head group was intricately hydrogen-bonded to the dihydrogen
phosphate counter anion, Fig. 3. Powder X-ray diffraction
(PXRD) and differential scanning calorimetry (DSC) showed
that DDP transforms, under the reaction conditions that
generate the patterned sphere shapes, to a thermotropic smectic
liquid crystal phase. When observed between crossed-polarizers
in a hot stage optical microscope (POM), as a film supported on
a glass slide, the mesophase displayed the focal conic texture
expected for a smectic liquid crystal,22 Fig. 4. The optical
birefringence pattern appeared even more pronounced when the
DDP mesophase was formed in tetraethyleneglycol (TEG),
which was the non-aqueous solvent used in the synthesis to
create the patterned sphere shapes. The patterns seemed to be
diagnostic of a microemulsion in which contiguous assemblies
of phase separated water droplets were coated with a layer of the
phosphate liquid crystal, Fig. 5. These observations suggested
that the texture of the mesophase was ‘fossilized’ as a lamellar
aluminophosphate by a POH + HOAl ? P–O–Al + H2O
condensation–polymerization reaction of the dihydrogen phos-
phate anion with an aluminium(III) glycolate precursor located

in the microphase separated domains of the DDP–TEG–H2O
liquid crystal microemulsion. This provided an appealing
explanation for the origin of the micron-sized patterns observed
on the surface of the mesolamellar aluminophosphate sphere
shapes.

It was the recognition that inorganic liquid crystals could be
used to synthesize inorganic materials with complex form and
structures spanning multiple length scales that raised the
possibility of a purely synthetic approach to functional
hierarchical materials such as bone mimics.

Synthetic bone implant materials
Synthetic analogues of bone are being actively pursued for
biomedical applications in the field of bone replacement,

Fig. 3 Single crystal X-ray diffraction structure of dodecylammonium
dihydrogen phosphate. Reprinted in part with permission from: Acc. Chem.
Res. 1997, 30, 24 (© 1997 American Chemical Society).

Fig. 4 Optical birefringence texture of smectic dodecylammonium di-
hydrogen phosphate mesophase.

Fig. 5 Illustration of the smectic dodecylphosphate dihydrogen phosphate–
tetraethyleneglycol–water liquid crystal microemulsion templating model
for the morphogenesis of synthetic aluminophosphate diatom and radiolaria
mimics.
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augmentation and repair.28 Numerous stringent criteria have to
be satisfied for a biomaterial to be acceptable as a bone implant,
including the ability to integrate into bone and not cause any
side effects. We recently described a biomimetic strategy to a
new type of bone analogue material.29,30 Bone consists of ca.
70% hydroxyapatite Ca10(PO4)6(OH)2, (OHAp), embedded in
an organic matrix consisting mainly of the proteinaceous triple
helix, collagen. Needle or plate-like morphologies of hydroxy-
apatite crystallize at regular intervals along the collagen fibers
with the long c-axes oriented parallel to the fibrils. The presence
of HPO4

22 groups in bone apatites suggests that octacalcium
phosphate Ca8(PO4)4(HPO4)2·5H2O, (OCP), is a precursor to
hydroxyapatite formation in bone. The OCP serves to establish
the final morphology, composition, solubility and interfacial
energy of apatitic materials, as well as controlling the nucleation
and growth of OHAp. These result from the fact that OCP and
OHAp have similar crystal structures and are able to epitaxially
grow together.31 A prime consideration in the preparation and
performance of a bone implant material is the selection of a
surface that is able to induce nucleation of OCP and growth of
new bone.

With this background in mind we set out to synthesize an
analogue of bone that comprised a porous hydroxyapatite–
octacalcium phosphate–calcium dodecylphosphate (CDDP)
composite film grown on a titania–titanium substrate. It has the
hierarchical construction illustrated in Fig. 6. A macroporous

and oriented OHAp–OCP mineral phase was found to nucleate
and grow, under physiological conditions, from TiOH Brønsted
acid and base anchoring sites on the surface of a sputter-
deposited titania film as seen in Fig. 7. The mesolamellar
CaDDP phase was co-assembled with the OHAp phase in a
‘mesoepitaxial’ fashion as seen in Fig. 8. It is envisioned that if

materials of this genre can integrate into bone they may be able
to deliver bioeffectors and drugs, from the hydrophobic region
of the CaDDP mesolamellar phase, to stimulate bone growth
and combat disease. Notably, the macroporous structure of the
material would facilitate the influx of cells and blood vessels to
the site of the bone implant.

Tin sulfide mesh mesophase
The discovery of phosphate liquid crystals raised the possibility
that other inorganic liquid crystals should exist and exhibit
equally fascinating chemical and physical properties. Materials
of this type are rare, they are anticipated to combine the fluidity
of organic liquid crystals with for instance, the charge transport
and optical properties of inorganic materials. This thinking led
to the synthesis of a new class of tin sulfide liquid crystals with
a novel structure based on a mesh mesophase.32,33 The
preparation involved the reaction of tin(IV) chloride with
hexadecylamine and ammonium sulfide in aqueous ammonium
hydroxide. The stoichiometry of the product, HDA2.67SnS2.05,
suggested that the material had a structure with a very large void
volume. In fact, it was found to have a structure based on
regularly perforated layers of tin sulfide sandwiched between a
bilayer of partially protonated and charge-balancing hex-
adecylamine. The room temperature phase was shown to be
crystalline with well ordered inorganic and organic layers. The
illustration depicts the structure of the as-synthesized crystalline
tin(IV) sulfide mesoporous layers at room temperature (top), its
semi-liquid crystalline form at 45 °C (middle) and its liquid

Fig. 6 Hierarchical construction of macroporous hydroxyapatite–octa-
calcium phosphate–calcium dodecylphosphate composite film grown on a
titania–titanium substrate.

Fig. 7 Scanning electron microscopy image of macroporous hydroxy-
apatite–octacalcium phosphate–calcium dodecylphosphate composite film
grown on a titania–titanium substrate.

Fig. 8 Transmission electron microscopy image depicting the ‘mesoepitax-
ial’ relation between the calcium dodecylphosphate lamellar phase co-
assembled with the hydroxyapatite mineral phase.
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crystalline form at 85 °C (bottom), Fig. 9. Tapping mode atomic
force microscopy (AFM) images of the material at room
temperature revealed well ordered mesopores and mesola-

mellae, which was consistent with the results of powder X-ray
diffraction (PXRD) and transmission electron microscopy
(TEM), Fig. 10. The structure appeared to be best described as
a tin sulfide replica of a mesh mesophase. A film of the room
temperature crystalline phase had an electrical conductivity of
5.3 3 1028 W21 cm21. This increased by > 1000 times on
transforming to the liquid crystalline phase where it behaved as
a semiconducting metallogen. Mesh type tin(IV) sulfide was
found to be optically transparent and readily formed electrically
conducting crystalline, semicrystalline or liquid crystalline thin
films. Furthermore, it reversibly adsorbed molecules like H2O
and CO2 with a concomitant and measurable electrical re-
sponse. These observations bode well for the use of this new
class of hybrid inorganic–organic semiconducting liquid crys-
tals for display and chemical sensing applications.

Modular mesostructures
The work with tin sulfide liquid crystals suggested that metal
sulfide cluster-based liquid crystals might be synthetically
accessible and could provide a new and interesting way of
assembling mesostructured metal sulfides from well defined
building blocks. Earlier work involving the organic molecule
templated assembly of adamantanoid Ge4S10

42 clusters into
crystalline microporous metal germanium sulfides showed that
the integrity of the Ge4S10

42 remained intact.34 This suggested
that cluster liquid crystals based on Ge4S10

42 might be a good
starting point to attempt the synthesis of mesostructured metal
germanium sulfides. TMA4Ge4S10 was readily accessible and
could be ion exchanged for cationic surfactants like cetyl-
trimethylammonium chloride to form a lamellar germanium
sulfide cluster mesophase CTA4Ge4S10, Fig. 11. This appeared
to be an attractive precursor for the assembly of mesostructured
metal germanium sulfides, however the material was found to
be insoluble in water, which prevented the formation of a
lyotropic mesophase.

The solution to the problem, illustrated in Scheme 5, was
found by using the interesting solvent formamide, HCONH2, in
which CTA4Ge4S10 is soluble and self-assembles into a
germanium cluster lyotropic liquid crystal.35 Formamide is a
strongly hydrogen-bonded solvent with a dielectric constant and
boiling point higher than water. Moreover, the phase diagram of
surfactants in formamide resembled that of surfactants in water.
Using this knowledge it was discovered that adamantanoid
Ge4S10

42 clusters could be linked by divalent M2+ transition
metal ions around a liquid crystal surfactant assembly in
formamide to give exceptionally well ordered mesostructured
metal germanium sulfide materials. Elemental analysis estab-
lished the stoichiometry CTA2M2Ge4S10, which together with
Raman spectroscopy of the precursor CTA4Ge4S10 and micro-
porous TMA2MGe4S10 analogue proved that the cluster
integrity remained intact, Fig. 12. These materials represented
the first examples of ‘coordination mesostructures’, a new
family of solids in which the Ge4S10

42 cluster functions as a
tetradentate ligand by coordinating through its four terminal
sulfurs to transition metal ions like Co2+, Ni2+, Cu+, Zn2+.35 By
co-assembling the clusters and transition metal ions in this way,
it proved possible to obtain a hexagonal mesostructure with
metal linked adamantanoid clusters comprising the channel
wall, Fig. 13. In the case of Cu+ compound the clusters were
linked by Cu2

2+ dimers to create CTA2Cu4Ge4S10, an unusual
example of a mesostructured material that contained a metal–

Fig. 9 Illustration of the structure of the tin sulfide mesh crystalline (top),
semi-liquid crystalline (middle) and liquid crystalline (bottom) phase.

Fig. 10 Tapping mode atomic force microscopy images of the mesopores
(top) and mesolamellae (bottom) in the crystalline tin sulfide mesh phase.
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metal bond like its microporous counterpart TMA2Cu2-
Ge4S10.34,35 The supramolecular assembly of mesostructured
materials from the linking of clusters was unprecedented. From
consideration of the architecture and composition of meso-
structured metal sulfide materials it is envisioned that they
could prove effective in diverse applications, such as detoxifica-
tion of heavy metals in polluted water streams, sensing of
sulfurous vapors and semiconductor quantum anti-dot de-
vices.

Sol–Gel mesophase
Continuing with the theme of inorganic liquid crystals that can
mineralize into mesostructured inorganic replicas of the
templating mesosphase, raised the possibility that a generalized
non-aqueous synthesis of main group and transition metal oxide
mesostructures could be developed based upon the hydrolytic
condensation–polymerization of a sol–gel mesophase. This led
to the discovery of glycosilicate and glycometallate surfactants
that self-assemble into a hydrolyzable lamellar mesophase.36,37

The surfactant was cationic and the glycometallate functioned
as the charge compensating counter anion, Fig. 14. The main
advantage of hydrolyzable glycometallate surfactants was
found to be the control that could be exerted over the
condensation–polymerization of source reagents like silicates,
titanates, zirconates and niobates. This proved pivotal to the
successful incorporation of two or more metals into the
framework of binary or ternary mesoporous metal oxide
materials. Glycometallate precursors may be considered as

bidentate metal alkoxides. They provide better command over
differential rates of hydrolysis of binary combinations com-
pared to traditional monodentate metal alkoxides or bulk metal
oxide source materials.

Hydrolysis of Si(IV), Ti(IV), Zr(IV) and Nb(V) glycometallates
was found to produce well-ordered mesoporous metal oxides,
Fig. 15. Following treatment with metal alkoxides or disilane
coupling reagents the surfactant template could be removed to
create high surface area narrow pore size distribution mesopor-
ous binary metal oxides. The glycosilicate mesophase showed a
well defined lamellar to hexagonal structural transition, which
appeared to originate from polymerization induced size and
charge density changes in the headgroup region of surfactant.
Binary silica–transition metal oxide, mesoporous materials that
are rich in either the silica or metal component have been
synthesized from a mesophase comprised of mixed glycome-
tallates.

Glycometallate surfactants provide a facile synthetic entry to
electroactive and photoactive mesoporous metal oxide materi-
als. They are anticipated to function as electrodes, electrolytes
and plasticisers in solid state batteries, fuel cells, solar energy
conversion devices, and large molecule chemical sensors.

Mesostructured solid electrolytes
Inorganic liquid crystals again played a central role in the
synthesis of a new class of solid electrolytes coined ‘salted
mesostructures’.38 In a one-pot synthesis, a lithium triflate–
silicate–oligo(ethylene oxide) surfactant mesophase was found
to undergo an acid catalyzed polymerization to generate a
lithium triflate–oligo(ethylene oxide) surfactant–mesoporous
silica nanocomposite film. The optical birefringence fan texture
observed for the film was that expected for a silicified version
of the hexagonal symmetry mesophase, Fig. 16. LiCF3SO3 was
found, by NMR and Raman spectroscopy, to be dissociated into
free lithium (small solid black circle) and triflate (large hatched
circle) ions, which were contained in the oligo(ethylene oxide)
head group region of the surfactant assembly (thin black lines),
all imbibed within the channels (thick black line) of the

Fig. 11 Illustration of the lamellar adamantanoid germanium sulfide cluster
crystalline phase.

Scheme 5
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mesoporous silica, Fig. 17. Nanocomposite materials of this
genre have been found by ac impedance spectroscopy to behave
as fast lithium ion conductors at room temperature, which bodes
well for them finding utility in the important field of polymer
electrolyte, plasticiser and battery technology.

Polymer–mesoporous silica nanocomposites
The ability to control the morphology and mesostructure of
surfactant-templated silica as fibers, films, spheres, gyroids,
discoids, spirals and soft lithographically defined micron scale
patterns depends on the integration of chemical and physical
concepts in surfactant, sol–gel, liquid crystal, surface, colloid
and crystal growth science.39,40 This entailed command over
topological defects, director fields, surface charge, nucleation

Fig. 12 Powder X-ray diffraction pattern (observed dhkl = 100, 110, 200,
210) and transmission electron microscopy image of the hexagonal form of
mesostructured nickel (top) and cobalt germanium sulfide (bottom).

Fig. 13 Illustration of the structure of hexagonal symmetry mesostructured
metal germanium sulfide assembled from metal linked adamantanoid
germanium sulfide clusters around a surfactant mesophase.

Fig. 14 Illustration of sodium glycotitanate(IV) (top) and lamellar
cetyltrimethylammonium glycotitanate(IV) mesophase (bottom).

Fig. 15 Transmission electron microscopy image of mesosporous zirconia
assembled from glycozirconate around a surfactant mesophase.
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and growth of polymerizable silicate micelles and liquid
crystals. The availability of shaped forms of hexagonal
mesoporous silica, like those illustrated in Scheme 6, raised the
interesting possibility of using host–guest inclusion chemistry
to synthesize a range of nanocomposites, nanowires and
nanoclusters, which may possess unique electrical, optical and
mechanical properties. Spatially self-limiting synthesis of this
genre has enabled the production of polymer nanocomposites.
Subsequent etching of the silica host was able to provide a route
to polymer mesofibres with the same diameter as the channels
of the host.

To amplify, phenol and formaldehyde were introduced into
the channels of hexagonal mesoporous silica. Exposure to
gaseous hydrogen chloride induced a condensation polymeriza-
tion of the monomer precursors in the channels to form a cross

linked poly(phenolformaldehyde)–mesoporous silica nanocom-
posite material.41 Proof for the formation of intrachannel
poly(phenolformaldehyde) in mesoporous silica was obtained
by TEM imaging of aqueous HF extracted fibers. They were
found to have a diameter of ca. 20–30 Å and aspect ratios as
high as 104, Fig. 18. Depending on the details of the HF
extraction process the polymer could be formed as either
individual strands or bundles of fibers.

Inorganic polymer–mesoporous silica
nanocomposites
This paradigm has been effectively used to synthesize a
poly(ferrocenylsilane)–mesoporous silica composite, Fig. 19,
by the ring opening polymerization of a silaferrocenophane
within the channels of hexagonal mesoporous silica.42 Tem-
perature controlled heating in the range 500–1000 °C caused the
encapsulated polymer fibers to pyrolyze and form a well
ordered, superparamagnetic ceramic–silica nanocomposite,
Fig. 20. The composite materials were shown to contain
monodisperse superparamagnetic iron nanoparticles embedded
in a SiC/C matrix, housed within the channels of the
mesoporous silica host.

Silicon–silica nanocomposite film
Work of a related kind concerns the synthesis of silicon
nanoclusters in hexagonal mesoporous silica film that displays
bright visible photoluminescence and nanosecond lifetimes.43

This is notably distinct to the longer millisecond and micro-
second emission lifetimes usually observed for nanocrystalline
and bulk forms of silicon.44–46 The process of creating the
luminescent silicon–silica nanocomposite film is purely syn-
thetic and works well under very mild conditions. It is simple to
execute, low cost, may be integrated into existing silicon
technology and could be suitable for mass production. The
methodology may be useful for the fabrication of silicon-based
light emitting diodes, optical interconnections, displays and
chemical sensors.

To amplify, chemical vapor deposition (CVD) of disilane
Si2H6 at 140 °C and 30 Torr in free standing, oriented hexagonal
mesoporous silica film, yielded photoluminescent silicon
nanoclusters. This mild CVD process necessitated the use of an
incompletely polymerized mesoporous silica film that con-
tained a high population of hydroxy SiOH wall sites as well as

Fig. 16 Optical birefringence texture of lithium triflate–oligo(ethylene
oxide) surfactant–mesoporous silica composite film.

Fig. 17 Illustration of the channel architecture of lithium triflate–
oligo(ethylene oxide) surfactant–mesoporous silica composite film.

Scheme 6

Fig. 18 Transmission electron microscopy image of poly(phenolformalde-
hyde) mesofibers extracted from poly(phenolformaldehyde)–mesoporous
silica composite. Scale bar = 10 nm.
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the surfactant template, required to make the film, within the
channels. Exposure of the film to gaseous Si2H6 led to a silicon–
silica nanocomposite film that displayed bright luminescence in
the visible spectrum. Adsorption of Si2H6 into the film appeared
to be facilitated by the surfactant imbibed within the channels.
Anchoring of Si2H6 in the film occured at reactive SiOH sites
located in the silica channel wall. Thermally induced hydrogen-
elimination from anchored Si2H6…SiOH and aggregation of
silicon proceeded in the channel spaces of the film. This process
restricted the growth of silicon clusters to the dimensions of the
mesoscale channels. Raman, solid state NMR and luminescence
spectroscopic techniques indicated that the size of the encapsu-
lated silicon nanoclusters was ca. 1–2 nm and in this range they
exhibited distinct structural and electronic properties compared
to larger silicon nanocrystallites and bulk silicon, Fig. 21. This
is believed to be the origin of the observed nanosecond lifetimes
of the photoluminescence from the silicon–silica nanocompo-
site film.

Buckling silicate liquid crystals
Morphosynthetic control of the nucleation, growth and polym-
erization of a lyotropic silicate liquid crystal has enabled
sculpting of fiber, film and sphere shapes out of hexagonal
mesoporous silica.39,40 While topological defects (e.g. disclina-
tions and dislocations) and colloidal interactions (e.g. electrical
double layer, van der Waals) play a dominant role in the genesis
of a particular form of mesoporous silica, more subtle elastic
and compressive forces have been found to be responsible for
the creation of radial patterns and twisted shapes like those
shown in Fig. 22.

Patterning
Intriguing designs have been found on the surface of mesopor-
ous silica shapes.47 Radial patterns observed on discoid
morphologies are particularly impressive, as judged by Fig. 23.
While the relation between bulk and surface mesostructure,
optical birefringence and morphology provided a useful insight
into morphogenesis of curved mesoporous silica shapes, the
origin of surface patterns remained an enigma and a challenge
for materials chemistry. Analysis of the radial patterns of a large
number of discoids showed the nodal frequency spans from zero
to over a hundred with no obvious trend in the observed values.
To gain an insight into the morphogenesis of radial patterns in
mesoporous silica discoid shapes, the theory of elasticity for
nematics with some modification was considered a logical
starting point. The equilibrium shape of a hexagonal silicate
mesophase confined to a regular discoid geometry (concentric
co-axial director field, 2p line disclination) was obtained by
integrating the free energy density over the volume of the liquid
crystal, taking into account the surface tension term. It was
found that the minimum energy of a regular discoid mesophase
is attained by an elastic deformation to create a discoid with a
radial pattern that was similar to those observed on mesoporous
silica discoid shapes.

Although calculations predicted that radial patterns could
appear on a planar discoid, it was found experimentally that
radial patterns often occur on corrugated and/or sunken discoid
shapes, Fig. 23. Clearly, some other distortion was operative in
the silicate discoid mesophase besides just spontaneous elastic
deformation and that had not been taken into account in the free
energy calculations. The missing contribution to the growth
process was believed to originate from longitudinal and radial

Fig. 19 Illustration of channel architecture of poly(ferrocenylsilane)–
mesoporous silica composite.

Fig. 20 Transmission electron microscopy image of superparamagnetic iron
clusters in a silicon carbide–carbon matrix housed within the channels of a
mesoporous silica host.

Fig. 21 Photoluminescence from 1–2 nm diameter silicon nanoclusters
housed within the channels of hexagonal mesoporous silica film.
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differential contraction of micelle rods that comprised the liquid
crystal discoid and that was induced by polymerization of
silicate to silica. Because growth of a discoid was imagined to
occur from the center and radially outwards, the inner portion of
the discoid was expected to be more polymerized than the outer
region. The outcome of including polymerization induced
differential contraction effects into the calculation of the shape
of the radially patterned mesoporous silica discoid was to create
sunken discoid shapes like those shown in Fig. 23.

Supramolecular origami
Similar kinds of polymerization induced differential contraction
but now confined to a patch of hexagonal mesoporous silica
film were found to be responsible for the morphogenesis of
hollow helicoids of mesoporous silica.48 It was found that a low
acidity and high ionic strength medium favored a slow rate of
silicification in a patch of mesoporous silica film. Hence
polymerization-induced differential contraction of silicate mi-
celle rods became influential in the formation of hollow
helicoids rather than the formation of a mesoporous silica film.
PXRD clearly defined the materials as hexagonal mesoporous
silica and SEM images revealed shapes that resembled an
Archimedian screw, Fig. 22. TEM images recorded for whole-
mounted helicoids revealed that they were hollow with ca. 1 mm
thick ‘shell’. The shell was found to be composed of

hexagonally close-packed ca. 5 nm diameter channels, which
had a ca. 1 nm thick silica wall and appeared to spiral around the
major axis of the helicoid. The dimensions of a significant
collection of hollow helicoids were analyzed by measurements
of SEM images. It was striking that diagnostic dimensions of
the screw, namely pitch width and angle, flute width, and inside
and outside diameter, were found to span a rather narrow range.
Notably, the pitch angle a was centered at 70 and 110°, which,
respectively, corresponded to left and right handed helices that
occurred in essentially equal numbers within the same synthesis
batch. From the collective evidence it was concluded that
hollow helical cylinders originated from polymerization in-
duced differential contraction of a hexagonal silicate liquid
crystal ‘patch’, which contracted further into hollow helicoids
made of hexagonal mesoporous silica, Fig. 24.

The folding mechanism illustrated in Fig. 24 is based upon
both radial and longitudinal contractions across and parallel to
the rods/channels, respectively, induced by polymerization of a
hexagonal silicate mesophase to mesoporous silica. As the
patch grows in area and thickness, older rods must undergo
more polymerization and contraction than younger ones.
Provided radial and longitudinal differential contractions in
thickness are considered, they lead to diagonal bending of the
patch because these two contractions act in mutually orthogonal
directions. Within this diagonally folded patch, the volume of
the micelle rods changes solely by contraction but not
deformation. Therefore, the folded patch is stress-free, that is in
an energetically favorable configuration.

Synthetic shape
The understanding that emerged from these studies has revealed
new ways of controlling the growth and form of composite
inorganic–organic mesostructured materials with novel topolo-
gies. Siliceous hollow helicoids with spiraling channels may
find utility for separating viral or bacterial particles, in the
synthesis of chiral macromolecules, and as micromolds for the
fabrication of magnetically activated screws in microelectro-
mechanical, microfluidic and microanalytical devices. The
ability to intentionally synthesize micron-sized shaped objects

Fig. 22 Scanning electron microscope images of radially patterned discoid
(top) and of hollow Archimedian screw (bottom) shapes both made of
hexagonal mesoporous silica.

Fig. 23 Observed and calculated sunken and radially patterned hexagonal
mesoporous silica discoid.
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begins to point the way to self-assembling ‘synthetic’ micro-
electro-mechanical machines (SMEMS), like the one imagined
in Fig. 25. One might be able to employ this approach as an
alternative or adjunct to currently employed MEMS techniques,
which rely on the fabrication of components. This paradigm
raises some intriguing possibilities for future ‘panoscale’
research aimed at the organization and integration of synthet-
ically shaped materials for functional devices.

New nanocomposites: a fusion of synthetic organic
and solid state materials chemistry
A brand new class of self-assembling nanocomposite materials
called periodic mesoporous organosilica materials (PMOs) has
recently been discovered.49–53 What is so special about these
nanocomposites is that for the first time organic functionality
has been chemically integrated ‘within’ the framework of a
solid state inorganic structure.

These organic–inorganic hybrids are prepared through the
surfactant-templated hydrolytic polycondensation of bis(tri-
ethoxysilyl)organo precursors, (EtO)3SiRSi(OEt)3, in which

two sol–gel moieties are connected by an organic group R.
Bridging organic groups that have been successfully integrated
into the silica framework include ethane, ethene, methylene,
benzene, thiophene, ferrocene and acetylene.49–53 Significantly,
the methodology also enables the synthesis of controlled
morphology PMOs in the form of optically transparent
monoliths and films (see Fig. 26).54 This approach extends the
realm of periodic mesoporous materials to ‘chemistry of the
channel walls’ rather than limiting the ‘chemistry to the channel
space’, which had been the situation until these reports.

The synthesis of PMOs fuses methodologies in organic
synthesis, sol–gel chemistry and supramolecular assembly, to
create a new class of nanocomposites in which the interface
between the organic and inorganic components is under
molecular scale control. What is so appealing about PMOs is the
‘designed integration’ of organic functionality ‘inside’ the
actual framework of a solid state inorganic material, which
exhibits crystalline mesoporosity. This is considered a break-
through for several reasons. It allows the composition, hydro-
phobicity–hydrophilicity, and chemical properties of the me-
soporous host to be tuned using chemistry. There is potential to
chemically change the mesoporous material to modify the
physical and mechanical properties of the mesoporous host—no
other material designed thus far can claim this possibility. The
functional groups do not hinder space inside the channels, as do
terminally grafted organic groups. It permits a greater fraction
(100% loading) of organic species to be placed in the
framework of the material than other synthetic routes, which put
organic groups inside the channel voids and are restricted to
25% loading before all order is lost. Also, it ensures a

Fig. 24 Supramolecular origami: polymerization induced differential
contraction and folding of a patch of hexagonal silicate liquid crystal film to
give a mesoporous silica hollow cylinder (top) which further contracts to a
hollow helicoid (bottom).

Fig. 25 Concept of futuristic synthetic microelectromechanical machines,
SMEMS.
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homogeneous distribution of organic groups inside the walls of
the materials.

Having reactive organic groups chemically integrated ‘in-
side’ the channel wall of periodic mesoporous silicas, rather
than simply grafted to and hanging in the channel spaces, may
prove to be advantageous for many applications. Moreover,
there are additional advantages that may arise from the
incorporation of organics into the ‘backbone’ of the material.
Owing to the flexibility of organic spacers, PMO film and
monolithic samples may be less prone to cracking, a problem
that has always plagued research involving controlled morphol-
ogy mesoporous silica materials. Moreover, the hardness and
density of the bulk mesoporous organosilica may be tuned by
changing the organic groups. This provides a new route to
lightweight periodic mesoporous materials. Clearly, many
opportunities abound for periodic mesoporous organosilicas
with appropriately designed functional organics ‘inside’ the
framework.

Value of panoscopic materials
Ultimately, the scientific and technological impact of any new
class of materials depends on the ability to control the size,
morphology and aggregate structure of primary particles. Self-
assembling ‘panoscopic’ materials are no exception in this
respect. They introduce hierarchy into materials chemistry and
bode well for the development of materials and composites with
novel properties, new functions and perceived utility in a range
of applications in the biomedical, pharmaceutical, aerospace,
automotive, construction, energy, electronics and photonics
sectors. Possibilities for ‘panostructured’ materials include
large molecule catalysis, membrane separation and sensing,
battery electrolytes, low dielectric electronics packaging, chiral
separation stationary phases, bone implants, chemical delivery
vehicles, and toxic clean-up of water streams, The future looks
very bright for self-assembling ‘panoscopic’ materials.
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Indole can function as an amphiphile headgroup, but the
counter-intuitive observation that 3-substituted indoles form
less stable aggregates than the N-substituted isomers has
been addressed by use of a Langmuir–Blodgett trough.

Many proteins that control the passage of cations and small
molecules across membrane boundaries are thought to involve
multiple a-helical strands that organize into a pore.1 In most
cases, this notion is based on a combination of sequence
analysis and hydrophobicity plots2 but firm structural data has
come to hand recently for the KscA channel of Streptomyces
lividans3 and the mechanosensitive ion channel homologue
from Mycobacterium tuberculosis.4 In many cases, the a-
helices are thought to be connected by ‘loops’ that do not
enforce rigid structural arrangements on the transmembrane
segments. It has been postulated, for example, that the
tryptophan residues of gramicidin serve as anchors at the
membrane boundary to stabilize the single-strand, head-to-head
dimer structure.5 The interesting recent controversy over the
active channel structure of gramicidin6 has been argued partly in
terms of indole position within the phospholipid bilayer.7 It has
also been noted ‘that Trp and Leu are equally hydrophobic in
character and able to embed in a bilayer membrane’.8

If transmembrane proteins require alignment of multiple a-
helical segments for effective function, tryptophan is a
reasonable candidate to serve that purpose. Indeed, the known
solvatochromism9 of the indole sidechain and tryptophan-rich10

and highly conserved periplasmic loops11 suggest an anchoring
function. In the first stage of the present work, the strategy was
to determine if vesicles could be formed from single-strand
alkanes12 terminated with a headgroup corresponding to the
tryptophan sidechain.

One measure of a group’s ‘anchoring potential’13 could be
obtained by evaluating amphiphiles in which indole served as
headgroup.14 We felt that the loss of the NH residue resulting
from N-alkylation of indole constituted a stringent test of the
potential for this group to function as an anchor. We thus
prepared several N-alkylindoles and assessed their ability to
form aggregates. When the alkyl chains were of sufficient
length, N-alkylindoles formed stable aggregates that were
characterized by laser light scattering, electron microscopy, and
dye entrapment.15 We report here that the isomeric 3-alkyl-
indoles form aggregates as well but their behavior is quite
different.

3-Methylindole 1 was obtained commercially. Compounds
2–6 were obtained by treatment of indole with LiH in THF
followed by addition of the alkylating agent (Scheme 1). Yields
were modest (20–40%); the major by-products were the N-
substituted isomer and/or the disubstituted compound. The
previously unknown materials 2–6 were obtained either as oils
or low-melting solids.16

Aggregates were formed from aqueous suspensions of the
amphiphiles reported here by using the lipid hydration17 vesicle
preparation method.18 Aggregate size was assessed by using a
standard laser light scattering instrument19 and negative stain
electron microscopy. Aggregates were not observed for 1 or 2,
which have 3-methyl and 3-hexyl sidechains, respectively.

Large aggregates (340 ± 93 nm) were observed for 3 (RA = n-
decyl) and when the 3-sidechain was n-octadecyl (4), the
aggregate diameter was 142 ± 34 nm. The latter value compared
with 138 nm (narrow size distribution) observed when the
octadecyl chain was attached to indole at the 1-position. When
both the 1- and 3-positions of indole were substituted by n-
octadecyl groups, light scattering showed that the liposomes
had an average diameter of 210 nm (size distribution was
broad). Aggregates were further characterized by electron
microscopy. Aggregates formed from 3 are shown in the
accompanying photomicrograph (Fig. 1). These aggregates
proved to be too fragile to stain with 0.2% uranyl acetate,
converting into large, ill-defined structures. Previous studies
with the corresponding N-alkylindoles suggested that the
aggregates formed from those isomers were robust. Moreover,
when an aqueous suspension of N-n-decylindole was main-
tained at ambient temperature in the dark for one week, the
unimodal diameter increased from 272 ± 43 to 373 ± 130 nm.
No other alteration in the system could be detected. In contrast,
an aqueous suspension of the isomer 3 was monitored weekly

Scheme 1

Fig. 1 Photomicrograph of 3 (field of view = 2000 3 2000 nm).
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during one month. The size observed for the aggregates, 340 ±
93 nm, remained constant. However, a foamy residue was
observed to deposit on the walls of the vessel during this period
and the amount of very large particles20 detected by the laser
light scattering instrument increased from 0% to 7%. It thus
appears that some fusion21 and precipitation have occurred.

A dye entrapment study conducted on vesicles formed from
N-decylindole using the fluorescent dye carboxyfluorescein (1
and 100 mM) found inclusion to be 8%.15 When such a study
was undertaken with 3, the observed aggregate size tripled from
340  to ~ 1000 nm. The inclusion was calculated to be 3.5% but
the variation in aggregate size makes the meaning of the
inclusion volume unclear. Alternative attempts to entrap other
dyes, methylumbellyferyl-D-glucopyranose, or Na125I also
proved to be equivocal. The fragility of vesicles formed from
3-alkylindoles, which retain a free NH, compared to the stability
of the N-substituted indoles, was remarkable. This seemed
counter-intuitive as the free NH was expected to make the
indole more capable of hydrogen bonding and thus interacting
with water.

When the alkyl group is attached at indole’s 3-position, the
indolyl NH remains free and available to interact with
proximate water. Hydrogen bonding could, in principle,
compete with the organizational force22 available from p-
stacking.23 When vesicles form, association of the lipid tails
help to stabilize the overall structure. When there is no NH
residue available for H-bonding, the hydrophobic forces are
expected to dominate vesicular organization. The experimen-
tally-determined pressure–area isotherm p–A curves (p =
surface pressure, Langmuir–Blodgett trough) for compounds
4–6 at 20 °C are shown in Fig. 2. The N-alkylated indoles 5 and
6 gave no significant isotherm. 3-Octadecylindole 4 revealed a
transition (20 °C) from expanded to condensed phase (surface
pressure of the condensed phase, pc, of ~ 12 mN m21) typical
of many known amphiphiles when the monolayer is below its
critical temperature.24 The mean molecular area of the
expanded phase at this pressure was 22.5 Å2 molecule21. The
area of the condensed phase was obtained by extrapolating the
condensed isotherm (p = pc). The corresponding value is ~ 20.5
Å2 molecule21. Unlike various other monolayer systems known
in the literature,25 the monolayers formed from 4, which has an
accessible NH functional group, did not collapse. Instead, the
surface pressure rose until the trough barriers could not further
compress the layer.

An important conclusion of the present work is that indole is
capable of serving as a head group in the formation of stable
aggregates, whether the alkyl chain is attached at the 1-(N) or
3-position. As expected for a typical amphiphile, aggregates are
observed only when the alkyl chains are sufficiently long. These
aggregates were characterized by standard methods. The
difference in behavior for the isomeric indole amphiphiles may

be understood in terms of hydrogen bonding. The Langmuir–
Blodgett trough work suggests that lipid–lipid and headgroup
stacking interactions control the formation of aggregates. When
the NH residue is free (3-alkylindoles), the interaction with
water becomes dominant, altering the stability of the ag-
gregates. The multiple indolyl (Trp) headgroups in membrane-
inserted gramicidin are focused to the aqueous boundary and
stabilize the position of the structure. The present results
demonstrate that indole may function generally as an organizing
element in membrane-bound peptide26 and protein structures.

We thank the NIH for grants (GM-36262 to G. W. G.) and
(GM-47969 to D. F. C.) that supported this work.

Notes and references
1 G. Von Heijne, Annu. Rev. Biophys. Biomol. Struct., 1994, 23, 167.
2 T. E. Creighton, Proteins: Structures and Molecular Properties, 2nd

edn., Freeman, New York, 1993.
3 D. A. Doyle, J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.

Cohen, B. T. Chait and R. MacKinnon, Science, 1998, 280, 69.
4 G. Chang, R. H. Spencer, A. T. Lee, M. T. Barclay and D. C. Rees,

Science, 1998, 282, 2220.
5 W. Hu, K.-C. Lee and T. A. Cross, Biochemistry, 1993, 32, 7035; R. R.

Ketchem, W. Hu and T. A. Cross, Science, 1993, 26, 1457.
6 B. M. Burkhart, N. Li, D. A. Langs, W. A. Pangborn and W. L. Duax,

Proc. Natl. Acad. Sci. USA, 1998, 95, 12 950; B. M. Burkhart, R. M.
Gassman, D. A. Langs, W. A. Pangborn, W. L. Duax and V. Pletnev,
Biopolymers, 1999, 51, 129.

7 R. E. Koeppe II, F. J. Sigworth, G. Szabo, D. W. Urry and A. Woolley,
Nat. Struct. Biol., 1999, 6, 609; T. A. Cross, A. Arseniev, B. A. Cornell,
J. H. Davis, J. A. Killian, R. E. Koeppe II, L. K. Nicholson, F. Separovic
and B. A. Wallace, Nat. Struct. Biol., 1999, 6, 610.

8 B. M. Burkhart and W. L. Duax, Nat. Struct. Biol., 1999, 6, 611; W.-M.
Yau, W. C. Wimley, K. Gawrisch and S. H. White, Biochemistry, 1998,
37, 14713.

9 T. B. Truong, J. Phys. Chem., 1980, 84, 964; S. R. Meech, D. Phillips
and A. G. Lee, Chem. Phys., 1983, 80, 317; H. Lami and N. Glasser,
J. Chem. Phys., 1986, 96, 4768.

10 M. Schiffer, C.-H. Chang and F. J. Stevens, Protein Eng., 1992, 5,
213.

11 R. E. Jacobs and S. H. White, Biochemistry, 1989, 28, 3421.
12 T. Kunitake, Y. Okahata, M. Shimomura, S. Yasunami and K. Takarabe,

J. Am. Chem. Soc., 1981, 103, 5401.
13 R. E. Jacobs and S. H. White, Biochemistry, 1986, 25, 2605; 1989, 28,

3421.
14 W. C. Wimley and S. H. White, Biochemistry, 1992, 31, 12 813; A. S.

Ladokhin and P. W. Holloway, Biophys. J., 1995, 69, 506.
15 E. Abel, M. F. Fedders and G. W. Gokel, J. Am. Chem. Soc., 1995, 117,

1265.
16 The spectral properties of all new compounds were as expected and

combustion analytical data within ±0.4% for each element were
obtained.

17 L. Saunders, J. Perrin and D. B. Gammock, J. Pharm. Pharmacol.,
1962, 14, 567.

18 The N-alkylindole suspensions were sonicated using either a bath or tip
sonicator (40 MHz) at ice-bath temperature and the 3-alkylindoles were
irradiated at 40 °C. Sonication was maintained for 20–45 min, shorter
times being required for the 3-alkylindoles.

19 The dynamic light scattering measurements were carried out by using a
Coulter Model N4MD spectrophotometer equipped with a 4 mW
helium–neon laser source, operated at 632.8 nm. The detection angle
was fixed at 90°.

20 The light scattering instrument’s internal calculation program reports
large particles as ‘dust’.

21 F. M. Menger and M. I. Angelova, Acc. Chem. Res., 1998, 31, 789.
22 E. E Tucker and S. D. Christian, J. Phys. Chem., 1979, 83, 426.
23 C. A. Hunter and J. K Sanders, J. Am. Chem. Soc., 1990, 112, 5525.
24 F. MacRitchie, Chemistry at Interfaces, Academic Press, New York,

1990; M. C. Phillips and D. Chapman, Biochim. Biophys. Acta, 1968,
163, 301; M. W. Kim and D. S. Cannell, Phys. Rev. A, 1976, 13, 411; O.
Albrecht, H. Gruler and E. Sackmann, J. Phys. Fr., 1978, 39, 127; K.
Motomura, T. Terazono, H. Matuo and R. Matuura, J. Colloid.
Interface. Sci., 1976, 57, 52; D. A. Cadenhead, F.  Muller-Landau and
B. M. J. Kellner, Ordering in Two Dimensions, ed. S. K. Sinha, Elsevier,
Amsterdam, 1980, p. 73.

25 J. P. Slorte, Biochim. Biophys. Acta, 1992, 326.
26 A. S. Ladokhin, M. E. Selsted and S. H. White, Biophys. J., 1997,

72,794.
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Reaction parameters for the microwave assisted synthesis of
NA-substituted arylpiperazines were optimised via their
rapid synthesis on thin layer chromatography (TLC)
plates.

Piperazines form the backbone of many biologically interesting
molecules.1 Their incorporation into biologically active mole-
cules has even been associated with an increase in potency.2
Recent examples of piperazine-containing molecules include
many fluoroquinolone antibiotics, the HIV protease inhibitor
Crixivan™ and the PDE-5 inhibitor Viagra™, used for male
erectile dysfunction. As part of a program dedicated to the
development of new techniques for combinatorial chemistry,3
we describe herein a simple procedure for reaction optimisation
in microwave assisted synthesis.4 This procedure is exemplified
by the rapid derivatisation of a number of monoarylpiper-
azines.

Previously we synthesised several 2-iodobenzylamines as
radical precursors for an investigation of the a-alkylation of
amines via a 1,5-hydrogen shift.5 During the synthesis of these
precursors it was observed that, in some cases, amines would
react partially with benzyl halides when co-spotted on a TLC
plate.6 After elution a new spot was sometimes seen that
corresponded to that of the expected benzylated amine product.
Product conversion was often poor since considerable amounts
of unreacted starting materials were usually present. We were
able to utilise this information in the design of methodology
toward the rapid and efficient synthesis of the arylpiperazine
derivatives shown in Table 1.†‡

Initial observations for the co-spotting of an arylpiperazine
and an electrophile, either neat or as dilute solutions in CH2Cl2,
onto a TLC plate confirmed the above in that reactions occurred
sporadically if at all, and without complete consumption of the
starting material. It was anticipated that the reactions could be
accelerated by microwave irradiation of the reagents on a glass-
backed TLC plate prior to elution, since the TLC plate would act
as a support without the silica gel absorbing or restricting the
transmission of microwaves. TLC plates (Merck silica gel 60
F254) with preadsorped reagents were irradiated in a domestic
microwave oven with varying power outputs and at various time
intervals. Method of application, loading and stoichiometry of
the reagents were varied as an array on plates in order to
discover the optimum conditions for the reaction. After cooling,
the plates were eluted and viewed under UV light (254 nm) and
by development with either I2 or ninhydrin. The most
convenient method involved the application of reagents in
solution (at a concentration of ca. 1 mg in 1 ml CH2Cl2) in 5 ml
aliquots onto a plate with a 0.2 mm layer of SiO2. Complete
consumption of one or other of the reagents occurred after
irradiation for 5 min at an output of 585 watts. Reactions were
complete under these conditions, regardless of the stoichio-
metry of the reagents. Only one product spot was seen, the Rf
value of which was consistent with that of the expected product.
Confirmation was later afforded through direct synthesis (vide
infra). A rather serendipitous discovery was made in that
excesses of sulfonyl chlorides appeared to degrade under these
conditions to a product with a polar baseline spot, presumably
the corresponding sulfonic acid. Fortunately the degradation

appeared to occur rather more slowly than the desired
transformation, and the reactions remained unaffected since the
arylpiperazine component was completely consumed to yield
the desired product.

Upon identification of the optimum reaction parameters, the
reactions were scaled up to several hundred milligrams in size.
Reagents were dissolved in a minimum amount of CH2Cl2 and
adsorbed onto silica gel (230–400 mesh). After removal of
solvent the mixture was irradiated for 5 min. The silica gel was
allowed to cool and was then washed with CH2Cl2 and the
washings filtered through a Celite pad. Evaporation of the
solvent in vacuo yielded the desired product in high yield and
purity. Although unnecessary, it was often advantageous to use
a slight excess of the amine component to drive the reaction to
completion and facilitate isolation of the final product in pure
form, without the need to resort to chromatography. Reactions
involving equimolar amounts of reagents worked equally as

Table 1 Arylpiperazine derivatives formed via microwave assisted
synthesis
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well, though occasionally the purity of the final product was
compromised due to the presence of small amounts of unreacted
halides. Fortuitously, reactions involving an equimolar amount
or excess of sulfonyl halides were unaffected since the
unreacted material degraded under the reaction conditions (vide
supra). Interestingly, all reactions were high yielding and
afforded NA-substituted products in high purity. The presence of
electron-withdrawing groups on the arylpiperazine, e.g. 1-(4-
nitrophenyl)piperazine in entries 3, 5, and 9, didn’t appear to
impede reaction. It has been reported previously that the
presence of electron-withdrawing groups in the aryl ring of
arylpiperazines diminishes the nucleophilicity of the secondary
amine.7

Reactions on silica gel were performed without incident and
somewhat surprisingly without salt formation. It is thought that
silica gel scavenges any HCl formed in the reaction, thereby
negating salt formation. When reactions were performed in the
absence of silica gel or by using finely ground glass as the
support none of the desired products were isolated. TLC
analysis of these reactions indicated the absence of product.
However, the presence of a new and more polar baseline spot
was seen, presumably the corresponding amine salt formed in
the presence of HCl generated in situ.

In summary, reactions performed on a TLC plate are a
powerful tool for rapid reaction optimisation. The method is
suitable in particular for microwave assisted reactions since the
plate can be used as an inert support. The technique is applicable
to combinatorial chemistry where reactions often have to be
optimised prior to library synthesis. Moreover it is possible to
combine this technique with bioautographical screening and
analytical methods.8 Use of this technology for the synthesis
and screening of combinatorial libraries will be described in due
course.

Aud Bouzga and Ole Saastad are gratefully acknowledged for
NMR and GCMS analysis.

Notes and references
† All compounds gave satisfactory spectral data.
‡ Typical procedure: 1-(a,a,a-trifluoro-m-tolyl)piperazine (0.25 g, 1.1
mmol) in CH2Cl2 (1 ml) and 2-nitrobenzenesulfonyl chloride (0.24 g, 1.1

mmol) in CH2Cl2 (1 ml) were mixed thoroughly with silica gel (Merck
230–400 mesh, 1 g) in a glass vial and the solvent removed under reduced
pressure. The mixture was then irradiated in a domestic microwave oven
(Electrolux NF4884) at an output of 585 watts for 5 min. Water (50 ml) was
placed in another vessel and irradiated simultaneously. After cooling to
room temperature the product was dissolved in CH2Cl2 (ca. 5 ml) and
filtered through a Celite pad. The solvent was removed under reduced
pressure to afford the corresponding sulfonamide as a yellow solid (0.41 g,
91%, > 98% pure by HPLC); Rf 0.55 (MeOH–CH2Cl2, 5%); dH(CHCl3, 300
MHz) 8.01 (1H, d, J 9.3), 7.72 (2H, m), 7.63 (1H, m), 7.37 (1H, t, J 7.7),
7.14 (3H, m), 3.51 (4H, m), 3.31 (4H, m).

1 See for example: M. Perez, C. Fourrier, I. Sigogneau, P. J. Pauwels, C.
Palmier, G. W. John, J.-P. Valentin and S. Halazy, J. Med. Chem., 1995,
38, 3602.

2 M. E. Jung, E. C. Yang, B. T. Vu, M. Kiankarimi, E. Spyrou and J.
Kaunitz, J. Med. Chem., 1999, 42, 3899 and references therein.

3 L. Williams, Proceedings of ECSOC-3, The Third International Elec-
tronic Conference on Synthetic Organic Chemistry, http:/
/www.mdpi.org/ecsoc-3.htm, September 1–30, 1999, ed. E. Pombo-
Villar, R. Neier and S.-K. Lin, CD-ROM edition ISBN 3-906980-04-9, to
be published in 2000 by MDPI, Basel, Switzerland; L. Williams, 6th
Annual Exploiting Molecular Diversity meeting, San Diego, 1999, 4th
Annual High-Throughput Organic Synthesis meeting, San Diego,
1999.

4 For a comprehensive overview of microwave heating in synthesis, see
Microwave-Enhanced Chemistry. Fundamentals, Sample Preparation
and Applications, ed. H. M. Kingston and S. J. Haswell, ACS,
Washington, DC, 1997.

5 K. Undheim and L. Williams, J. Chem. Soc., Chem. Commun., 1994, 883;
L. Williams, S. E. Booth and K. Undheim, Tetrahedron, 1994, 50,
13 697.

6 L. Williams, unpublished results.
7 M. Hepperle, J. Eckert and D. Gala, Tetrahedron Lett., 1999, 40, 5655.
8 Patent pending.
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2-Ethoxycarbonyl-1-silacyclobutanes were synthesized by
intramolecular C–H insertion of carbenes generated photo-
chemically from a-(di-tert-butylsilyl)-a-diazoacetates; they
undergo smooth thermal ring-expansion by a 1,3(C ? O)
silyl shift to form 6-ethoxy-1-oxa-2-silacyclohex-5-enes.

Silacyclobutanes are useful precursors for other organosilicon
compounds (e.g. larger silaheterocycles by ring expansion,1,2

silaethenes by cycloreversion,3 organosilicon polymers by ring
opening4) and can be employed in C–C bond forming processes,
such as the aldol reaction,5 allylation of carbonyl compounds,1,6

and metal-catalyzed cross-coupling reactions.7 Much of this
chemistry has been carried out with silacyclobutanes function-
alized only at the silicon atom, and the synthesis of these
compounds begins typically with a Wurtz-type cylisation
reaction of g-halopropyl(chloro)silanes.8 Silacyclobutanes
bearing functional groups at the ring carbon atoms appear to be
rare; some notable exceptions are 3-alkenylsilacyclobutanes9

and 3-(alkoxycarbonyl)methyl-1-silacyclobutanes.10

During our investigations into the chemistry of silicon-
substituted carbenes,11 it occured to us that the intramolecular
1,4-C,H insertion of these reactive intermediates might offer a
novel route to silacyclobutanes. While the 1,5-C,H insertion of
silylcarbenes or silylcarbenoids under thermal,12 photochem-
ical,13 and transition-metal catalyzed14 conditions is well
documented, the formation of a 1-oxa-2-silacyclobutane from
trimethoxysilylcarbene in an argon matrix15 represents so far
the only reported 1,4-C,H insertion involving a silicon-attached
substituent in a silylcarbene.

We report now that photolysis of a-(di-tert-butylsilyl)-a-
diazoacetates 1 provides convenient access to 2-alkoxy-
carbonyl-1-silacyclobutanes 2. When solutions of 1a–d16 in
toluene were irradiated with 300 nm light, silacyclobutanes 2a–
d were formed (Scheme 1).† From the photolysis of 1a and 1c,
silacyclobutanes 2a and 2c, respectively, were obtained as the
only produts and in high yield. In both cases, only one
diastereomer was detected by NMR. In the absence of
spectroscopic evidence for its configuration (irradiation into the
But resonance did not provide a NOE effect with the ring-CH
proton), a trans-relationship between the But and ester groups is

assumed for steric reasons. Photolysis of 1b,d led to an
unseparable mixture of the expected silacyclobutanes 2b,d,
formed again as single diastereomers, and the isomeric 1-oxa-
2-silacyclohex-5-enes 3b,d. We reasoned that the latter com-
pounds are ring-expansion products of 2, and in fact, conversion
of 2 into 3 was achieved when these product mixtures as well as
the isolated silacyclobutanes 2a,c were heated at ca. 85 °C in
toluene.‡ The constitution of the cyclic O-silylketene acetals 3
was indicated by some characteristic NMR signals [d(NCH)
3.70–3.81; d(Colefin) 154.4 ± 0.3 and 72.0 ± 0.3] as well as by
strong IR absorptions at 1650–1680 cm21 which are assigned to
the CNC stretching mode (Table 1).

The 4 ? 6 ring expansion of silacyclobutanes 2 proceeds by
a 1,3(C ? O) silyl shift. Monitoring of the isomerisation 2c ?
3c by 1H NMR spectroscopy indicated a first-order reaction
with k = 1.25 3 1024 s21 at 70 °C in [D6]benzene,
corresponding to a half-life time of 92.7 min. Compounds 3
constitute cyclic O-silyl ketene acetals, and it should be recalled
that acyclic compounds of this type undergo reverse thermal
isomerisation, i.e. they rearrange to form a-silylcarboxylates.17

Certainly, the smooth ring-expansion of silacyclobutane-2-car-
boxylates is due largely to the relief of ring-strain18 for this four-
membered ring.

The cyclic ketene acetals 3 appear not to be storable for a long
time, and signs of decomposition were detected by 1H NMR
after just a few days. Nevertheless, the different functional
groups in these molecules should allow some useful transforma-
tions. As an example, we treated 3a,d with an excess of LiAlH4
and obtained 3-(hydroxybutyl)silane 4 in yields of 39 and 61%
(Scheme 2).§ The IR absorptions at nmax 2110, 922 and 848
cm21 are in the ranges expected for dialkylsilanes.19

In summary, we have reported a novel synthesis of
silacyclobutanes, namely by intramolecular 1,4-insertion of a
carbene center into the C–H bond of a Si–But group. It appears
that the presence of a SiBut

2X group in (silyl)diazoacetates 1 is

Scheme 1

Table 1 UV-irradiation of diazoacetates 1a–d in toluene and conversion of
silacyclobutanes 2 into 1-oxa-2-silacyclohex-5-enes 3

Diazoacetate X
Product(s) and
relative Yieldsa (%)

Yield of 
3b (%)

1a Cl 2a (100) 36
1b N3 2b (46), 3b (54) 45
1c NNCNO 2c (100) 39
1d NNCNS 2d (26), 3d (74) 67
a According to 1H NMR spectra, product formation was nearly quantitative
(90–95%).  b The yield after thermal isomerization is given and is based on
diazoacetate 1.

Scheme 2
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a favorable case for this type of C,H insertion which has not
been reported so far for closely related a-silyl-a-diazoacetates
with a b-C–H bond in the silyl group. For example, UV
irradiation of the SiEt3 and SiPri

3 substituted diazoacetates in
benzene was unspecific while their copper- or rhodium-
catalysed decomposition gave products derived from other
carbene-type reactions.20 a-Alkoxy(diisopropyl)silyl-a-diazo-
acetates, on the other hand, underwent a photochemical 1,5-C–
H insertion of the carbene at the alkoxy chain but no 1,4-C,H
insertion at the isopropyl substituents.13 In spite of these
apparent structural limitations, it is obvious that the transforma-
tion 1 ? 2 represents an easy entry to silacyclobutanes with
functionalities at both the silicon and the a-position of the ring
which offer opportunities for further synthetic transforma-
tions.

This work was supported financially by the Deutsche
Forschungsgemeinschaft. 

Notes and references
† General procedure for the irradiation of diazoacetates 1: a solution of 1a–
d (3–6 mmol) in dry pentane (80 ml) was irradiated with a high-pressure
mercury lamp (l! 300 nm) until evolution of nitrogen had ceased (2.5–4.5
h). The solvent was evaporated at 0.01 mbar to leave the crude product(s) (2
or 2/3) which, except for 2c, could not be purified further. Selected data for
ethyl 1-tert-butyl-1-chloro-4,4-dimethylcyclobutane-2-carboxylate 2a:
dH(500 MHz, CDCl3) 1.13 (s, 9H, CMe3), 1.22 (s + t, 6H, 4-Me and
CH2Me), 1.26 (s, 3H, 4-Me), 1.91 (dd, 1H, J 12.7, 9.5 Hz, 3-HA), 2.41 (dd,
1H, J 12.7, 9.9 Hz, 3-HB), 2.96 (pseudo-t, 1H, 2-H), 4.03–4.21 (m, 2H,
OCH2). dC(125.77 MHz, CDCl3) 14.46 (CH2Me), 23.03 (CMe3), 25.44 and
25.51 (CMe2), 25.67 (CMe3), 32.36 (CH), 32.77 (CMe2), 35.74 (CH2-ring),
59.95 (OCH2), 172.11 (CNO). For 2b: dH(400 MHz, CDCl3) 1.08 (s, 9H,
CMe3), 1.23 (s, 3H, 4-Me), 1.25 (t, 3H, CH2Me), 1.26 (s, 3H, 4-Me), 1.98
(dd, 1H, J 12.9, 9.6 Hz, 3-HA), 2.41 (dd, 1H, J 12.9, 9.6 Hz, 3-HB), 2.86 (t,
1H, 2-H), 4.10 and 4.21 (2q, 2H, OCH2). dC(100.61 MHz, CDCl3) 14.3
(CH2Me), 21.7 (CMe3), 24.7 and 24.9 (CMe2), 25.6 (CMe3), 31.8 (CH),
32.9 (CMe2), 36.4 (CH2-ring), 60.1 (OCH2), 172.7 (CNO). nmax(film)/cm21

2148 (vs, N3), 1720 (s, CNO). For 2c: bp. 50 °C/0.01 mbar. dH(500 MHz,
CDCl3) 1.09 (s, 9H, CMe3), 1.20 and 1.22 (2s, 6H, CMe2), 1.24 (t, 3H,
CH2Me), 1.93 (dd, 1H, J 12.8, 9.5 Hz, 3-HA), 2.36 (dd, 1H, J 12.8, 9.8 Hz,
3-HB), 2.81 (pseudo-t, 1H, 2-H), 4.05–4.23 (m, 2H, OCH2). dC(125.77
MHz, CDCl3) 14.35 (CH2Me), 21.07 (CMe3), 24.94 and 25.15 (CMe2),
25.42 (CMe3), 30.95 (CMe2), 31.10 (CH), 35.89 (CH2-ring), 60.11 (OCH2),
125.35 (NCO), 172.64 (CNO). nmax(film)/cm21 2273 (vs, NCO), 1720
(CNO). For 2d: dH(400 MHz, CDCl3) 1.10 (s, 3H, 4-Me), 1.13 (s, 9H,
CMe3), 1.16 (s, 3H, 4-Me), 1.23 (t, 3H, CH2Me), 1.96 (dd, 1H, J 12.7, 9.7
Hz, 3-HA), 2.39 (dd, 1H, J 12.7, 9.7 Hz, 3-HB), 2.82 (t, 1H, 2-H), 4.01–4.32
(m, 2H, OCH2). nmax(film)/cm21 2110–1940 (vs, br, NCS), 1725 (CNO).
‡ Diazoacetates 1a–d were photolyzed as described above. The solvent was
replaced by dry toluene (10 ml) and the solution was heated at 85 °C (2c: 82
°C, 2.5 h). The solvent was evaporated, and the residue was fractionated by
bulb-to-bulb distillation. Selected data for 3a: bp 70-80 °C (oven temp.)/
0.01 mbar. dH(500 MHz, CDCl3) 1.10 (s, 3H, 3-Me), 1.14 (s, 9H, CMe3),
1.18 (s, 3H, 3-Me), 1.29 (t, 3H, CH2Me), 1.63 (dd, J 16.2, 6.2 Hz, 1H,
4-HA), 2.34 (dd, J 16.2, 2.6 Hz, 1H, 4-HB), 3.74 (dd, 1H, 5-H), 3.79 (q, 2H,
OCH2). dC(125.77 MHz, CDCl3) 14.47 (CH2Me), 20.81 (CMe2), 21.60
(CMe3), 24.11 and 25.29 (CMe2), 26.30 (CMe3), 37.07 (CH2-ring), 63.21
(OCH2), 72.32 (NCH), 154.14 (C-6). nmax(film)/cm21 1758, 1738, 1681,
1665, 1467, 1395, 1385, 1368, 1332, 1229. For 3b: bp 90–100 °C/0.04
mbar. dH(500 MHz, CDCl3) 1.10 (s, 3H, 3-Me), 1.11 (s, 9H, CMe3), 1.12 (s,
3H, 3-Me), 1.31 (t, 3H, CH2Me), 1.78 (dd, J 16.3, 6.0 Hz, 1H, 4-HA), 2.23
(dd, J 16.3, 3.1 Hz, 1H, 4-HB), 3.73 (dd, 1H, 5-H), 3.81 (q, 2H, OCH2).
dC(125.77 MHz, CDCl3) 14.45 (CH2Me), 20.00 (CMe2), 20.48(CMe3),
24.34 and 24.87 (CMe2), 26.10 (CMe3), 37.00 (CH2-ring), 63.26 (OCH2),
71.88 (NCH), 154.66 (C-6). nmax(film)/cm21 2152 (N3), 1678, 1662, 1466,
1368, 1330, 1229. For 3c: bp 80–90 °C/0.02 mbar. dH(500 MHz, CDCl3)
1.08 (s, 3H, 3-Me), 1.09 (s, 9H, CMe3), 1.11 (s, 3H, 3-Me), 1.30 (t, 3H,
CH2Me), 1.75 (dd, J 16.3, 6.0 Hz, 1H, 4-HA), 2.19 (dd, J 16.3, 3.1 Hz, 1H,
4-HB), 3.70 (dd, 1H, 5-H), 3.78 (q, 2H, OCH2). dC(125.77 MHz, CDCl3)
14.46 (CH2Me), 18.94 (CMe2), 19.61 (CMe3), 23.81 and 25.14 (CMe2),
26.04 (CMe3), 36.92 (CH2-ring), 63.20 (OCH2), 71.62 (NCH), 123.00
(NCO), 154.56 (C-6). nmax(film)/cm21 2287 (NCO), 1679, 1664, 1469,

1368, 1337, 1230. For 3d: bp 70–80 °C/0.01 mbar. dH(400 MHz, CDCl3)
1.12 (s, 9H, CMe3), 1.12 and 1.13 (2s, 6H, 3-Me), 1.30 (t, 3H, CH2Me), 1.63
(dd, J 16.2, 6.2 Hz, 1H, 4-HA), 2.34 (dd, J 16.2, 2.6 Hz, 1H, 4-HB), 3.74 (dd,
1H, 5-H), 3.79 (q, 2H, OCH2). dC(100.6 MHz, CDCl3) 14.4 (CH2Me), 19.2
(CMe2), 19.9 (CMe3), 24.9 and 25.7 (CMe2), 25.9 (CMe3), 36.8 (CH2-ring),
63.3 (OCH2), 71.9 (NCH), 144.3 (NCS), 154.4 (C-6). nmax(film)/cm21

2115–1917 (vs, br, NCS), 1730, 1652, 1458, 1358, 1324, 1225, 1141, 1087,
1006.
§ Compound 2d (547 mg, 1.91 mmol) in diethyl ether (10 ml) was added to
a suspension of LiAlH4 (593 mg, 15.6 mmol) in diethyl ether (30 ml) and the
suspension was heated at reflux for 3 h. Work-up by addition of ice-water
and extraction with diethyl ether yielded 220 mg (61%) of tert-butyl(1,1-
dimethyl-4-hydroxybutyl)silane 4. Selected data: dH(200 MHz, CDCl3)
1.05 (s, 15H, CMe3 and CMe2), 1.33–1.72 (m, 4H, SiCH2CH2), 3.45 (s, 2H,
SiH), 3.62 (t, 2H, OCH2). dC(100.61 MHz, CDCl3) 17.6 (CMe2), 21.0
(CMe3), 26.1 (CMe2), 28.0 (CH2), 28.9 (CMe3), 37.7 (CH2), 63.5 (OCH2).
nmax(film)/cm21 3300 (br, OH), 2110 (Si–H), 922, 848. Anal. Calc. for
C10H24OSi (188.4): C, 63.76; H, 12.84. Found: C, 63.50; H, 12.10%.
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Ab initio calculations and experimental oxidation and
reduction potentials show that the functionalization of
thiophene to the corresponding S-oxide leads to only a minor
change in ionization potential but to a dramatic increase in
the electron affinity.

Owing to their electrical and optical properties, a-conjugated
oligo- and poly-thiophenes are currently the subject of intense
research activity in the field of organic materials. There is great
interest in finding functionalization capable of decreasing the
energy of the LUMO orbital of these compounds. Indeed, easily
reducible compounds are useful for application in a variety of
electrochemical and electrooptical devices.1

Unsubstituted thiophene S-oxide has not yet been isolated;
however, new oxidation methods have recently been developed
that make it possible to obtain stable substituted thiophene S-
oxides.2 Thus, following our research line on thiophene S,S-
dioxides,3 we have commenced a study aimed at elucidating
how the functionalization of the thienyl sulfur of thiophene-
based materials to the corresponding S-oxide affects the orbital
energies and the electrochemical properties of these com-
pounds.

Here, we report ab initio theoretical calculations performed
on the thiophene S-oxide and compare the results with related
physical properties for 2,5- and 3,4-disubstituted counterparts.
The results on thiophene and thiophene S,S-dioxide analogues
are also reported for comparison.

MP2/6-31G* ab initio calculations4 indicate a non-planar
structure for thiophene S-oxide with the sulfur atom lying out-
side the plane formed by the other four atoms by 0.26 Å
(Scheme 1).

The results are in agreement with previous ab initio
calculations at a lower level of theory5 and with the X-ray
structure reported for 2,5-diphenyl2a and 3,4-di-tert-butyl2c

derivatives.
The non-planar geometry implies that thiophene S-oxide

should be less aromatic than unmodified thiophene. Indeed,
using this geometry, we calculated the aromaticity Bird index6a

to be 37.4, which is much lower than that reported for thiophene
(66)6a and similar to that of phosphole (35.5).6b

MP2/6-31G* calculations also show that inversion at the
pyramidal sulfur proceeds through a fully planar transition state

(Scheme 1) with a calculated energy barrier of 13.5 kcal mol21,
in good agreement with the experimental value of 14.8 kcal
mol21 reported for 2,5-di-tert-octylthiophene S-oxide,7 but
much lower than the energy inversion barriers reported for
sulfoxides (37–42 kcal mol21).8 Clearly, in thiophene S-oxide
the increased p-conjugation makes the planar transition state
more aromatic than the ground state (the Bird index calculated
for this planar geometry is 90.8) and furnishes extra stabiliza-
tion that accounts for the lower value of the inversion barrier.

Table 1 reports the ab initio calculated frontier orbital
energies of thiophene, thiophene S-oxide and thiophene S,S-
dioxide (1–3) together with the oxidation and reduction
potentials of the corresponding 2,5-disilylated derivatives (4–6)
and of 3,4-di-tert-butylthiophene S-oxide 7, measured by cyclic
voltammetry (CV); UV maxima and optical edges for 4–7 are
also reported.†

The calculations show that the frontier orbitals of 1–3 are all
p in character. The LUMO orbital of thiophene is spread over
all five atoms of the ring, while the LUMO orbitals of 2 and 3
and the HOMO orbitals of 1–3 are essentially confined to the
four carbon atoms. This indicates that it is the LUMO orbital
that is most affected by the functionalization of thienyl sulfur to
the S-oxide and that it is the first oxidation step that mostly
affects the frontier orbitals. The trend of the electrochemical
potentials of 4–7 is in agreement with the trend shown by the
calculated frontier orbital energies. It appears that the function-
alization of the thienyl sulfur to S-oxide affects the reduction
potential to a greater extent than the oxidation potential strongly

Scheme 1 Selected bond lengths (Å) and angles (°) of the MP2/6-31G*
ground state (I) and transition state (II) structures of thiophene S-oxide.

Table 1 MP2/6-31G* frontier orbital energies (EHOMO, ELUMO/eV) of
thiophene 1, thiophene S-oxide 2 and thiophene S,S-dioxide (3), along with
oxidation and reduction potentials [Ip (A) Ip (C)/V vs. SCE], lmax (CHCl3/
nm) and optical edge values (DE/eV) of the substituted derivatives 4–7
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increasing the electroaffinity and bringing about much greater
variation than the functionalization of the S-oxide to the
corresponding S,S-dioxide. It is interesting that the potential
values of sulfoxides 5 and 7 indicate that these compounds are
both oxidizable and reducible at moderate potential values, in
contrast to thiophene (which is easily oxidized and difficult to
reduce) and thiophene S,S-dioxide (which is easily reduced but
difficult to oxidize).

Examining the optical data, it is seen that the first functional-
ization to S-oxide leads to two distinct maxima, at 256 and 324
nm, the latter showing a strong bathochromic shift with respect
to the parent thiophene 4, and to a substantially smaller optical
edge. Literature data for to 2,5-di-tert-butylthiophene and the
corresponding S-oxide and S,S-dioxide show an analogous
trend.7 Similar lmax and DEedge values were found for
compounds 5 and 7 which have different substituents and
substitution pattern. Taking into account also the similarity of
the oxidation and reduction potentials of 5 and 7, it appears that
it is the type of functionalization of the sulfur atom which is the
main factor affecting the frontier orbitals energies.

A 4 3 4 singly excited CI ZINDO/S//PM3 analysis9

performed on 1–3 shows that the low wavelength absorption in
thiophene S-oxide and in thiophene S,S-dioxide is due to the
mixing of transitions involving both S–O and p orbitals, while
in all the compounds the highest wavelength absorption is due
to the HOMO–LUMO p–p* transition. It is of note that in both
2 and 3 the lone pairs of the oxygen atoms are not involved in
the HOMO–LUMO transition.

In conclusion, theoretical calculations and electrochemical
data show that the functionalization of thiophene to the
corresponding S-oxide produces a dramatic increase in the
electron affinity, without requiring complete de-aromatization
of the molecule as in the case of the S,S-dioxide. In addition,

there is only a minor variation in the oxidation potential.
Therefore, this type of functionalization of thiophene-based
compounds could lead to a novel class of materials with new
and interesting properties.

Thanks are due to MURST (Electrochemical and Electronic
Devices with Polymer Components) for financial support.
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Incubation of squalene with the site-directed mutant of
Ile261Ala of squalene-hopene cyclase from Alicyclobacillus
acidocaldarius afforded multiple triterpenes consisting of
tri-, tetra- and penta-cyclic skeletons, together with a final
product of hopene, among which the previously unknown
6/6/6/6-fused tetracyclic skeletal compounds, denoted pro-
hopene A and B, are included.

Squalene-hopene cyclase (SHC) catalyses the cyclization
reaction of squalene 1 into pentacyclic triterpenes, hopene 2 and
hopanol 3, under a fine regio- and stereo-chemical specificity.
The reaction has been believed to proceed through all pre-chair
conformation,1 but recent studies on the site-directed mutagene-
sis have indicated that the reaction proceeds via two expansion
steps from the 5-membered C- and D-ring intermediates, which
had been previously formed under Markovnikov closure, into
the corresponding 6-membered rings (anti-Markovnikov ad-
duct), as shown in Scheme 1.2a,b The ring-expansion processes
have been further supported by trapping experiments of the
6/6/5-fused tricyclic intermediate 6 and the 6/6/6/5-fused
tetracyclic intermediate 8 (Markovnikov adducts) using the
substrate analogues having a highly nucleophilic hydroxyl
group.2a,b The stereochemistry of 13H in 6 and 17H in 8 have
been established to be of b-configuration; no enzymic products
having the a-configurations have been obtained in the trapping
experiments. Recently, we and Poralla’s group have reported
the isolation of the enzymatic products derived from the
carbocation intermediates of mono- 4,3 bi- 5,4a,c tri- 6,2b,4c and

tetra-cyclic 8;2a,b,4b,c these discrete cationic intermediates were
produced by a single amino acid replacement of D377N
(D377C), F365A, Y420A, F601A, W169F, W169 H or W489F
in A. acidocaldarius SHC (Scheme 1). The abortive cyclization
products formed by each point mutation have revealed not only
the catalytic function of given amino acids but also the
cyclization mechanism for 1; the cyclization is triggered by the
DXDDTA motif;3 D377 stabilises monocyclic cation 4 proba-
bly via the carboxylate anion; and both F3654a and F6012b

stabilise the transient carbocations at each cyclization stage 5 ?
8 possibly via a cation–p interaction. The aromatic residues of
W169, W489 and Y420 are likely to play a significant role for
folding the substrate 1.2a,4c In a series of the site-directed
mutagenesis experiments, we have focused on Ile261 as a next
experiment, which is highly conserved among all the known
SHCs and oxidosqualene cyclases. The mutated SHCs of I261A
produced the unknown 6/6/6/6-fused tetracyclic 14 and 15
(‘unnatural’ natural products) together with the known 11, 12,
13 and 16.5 The stereochemistry at 13- and 17-positions of
premature products 11 and 12 was of a-configuration and in
contrast to those of true intermediates 6 and 8. We report here,
that the appropriate bulk size and shape at position 261 has a
critical role in directing the steric control for constructing the
hopane skeleton.

With the cell-free homogenates (150 ml), prepared from a 3
L culture of E. coli clone encoding I261A SHC, 100 mg of 1 was
incubated for 15 h at optimum catalytic conditions (pH 6 and
55 °C). The GC analysis (30 m DB1, capillary column) showed
six new enzymic products other than 2 in a hexane-extract of the
reaction mixture.

Column chromatography over SiO2 eluting with hexane
afforded five fractions in the following order: 16, 2 + 13, 12 +
14 + 15, 11 and the recovered 1. The complete separation of
each product was achieved by reverse-phase HPLC (C18) with
THF–H2O (6 : 4). The yields of each product, estimated by GC,
were as follows: 4.0, 19.0, 4.1, 4.1, 3.7, 3.2, 48.6 and 3.1 mg for
11, 12, 13, 14, 15, 16, 2 and 3, respectively, and 0.6 mg for the
recovered 1. No other products were observed in a detectable
amount.

Structures of all the isolated compounds were determined as
shown in Fig. 1 by EIMS and NMR spectra (H–H COSY 45,
HOHAHA, NOESY, DEPT, HMQC and HMBC).† The EIMS,
1H and 13C NMR spectra of 11 were identical to those of the
authentic (17E)-(13aH)-malabarica-14(27),17,21-triene,2b the
stereochemistry of H13 being further confirmed to be of a-
configuration by a strong NOE between H9 and H13. The
epimer of 11, (13bH)-malabaricatriene 11A2b with a longer
retention time (rt) on the GC than 11, was never detected in the
reaction mixture. The fragmentation pattern of 12 in the EIMS
spectrum was superimposable to that of 17-epi-dammara-
20(21),24-diene 12A,2a but the rt of 12 on the GC is shorter than
that of 12A, and the NOE between 30-Me and H17 was found,
thus proving the a-orientation of H17 in 12. The double bond of
13 was D13,17 by HMBC correlation both from 30-Me to C13

† Electronic supplementary information (ESI) available: EIMS and NMR
assignments. See http://www.rsc.org/suppdata/cc/b0/b000711k/

Scheme 1
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and from 21-Me for C17. The proton chemical shift of 21-Me
was 0.919 ppm (J 6.7 Hz) in CDCl3, which allowed the
assignment of 20R-stereochemistry.6 The EIMS spectrum of 14
was essentially the same as that of 15. The 6/6/6/6-fused
tetracyclic skeletons of 14 and 15 were revealed by NMR
analyses. An HMBC correlation between 28-Me and C13 was
observed for 15, but not for 14. A strong NOE was observed
between H16 and H19 for 15, while no NOE was seen for 14.
Product 16 differed from 2 only in the double bond position,
which was determined by the HMBC cross peaks of 28-Me/
C17, 29-Me/C21 and 30-Me/C2l.

Tricyclic 11 could be produced via 6A and two tetracyclics 12
and 13, via 8A (Scheme 2). Proton elimination from 21-Me of 8A
could give 12, but a hydride shift to C18 of 8A followed by
deprotonation of the 13H could afford 13. Formation of tri- and
tetra-cyclic skeletons 11–13 may have occurred owing to the
local change, especially near the site(s) responsible for the C/D-
ring formation; the mutated SHC replaced by a smaller bulk size
of Ala could not perfectly fit with 1.7 Compounds 11–13 were
accumulated, while the corresponding epimers 11A and 12A from
6 and 8 were not detected. This suggests that 6A and 8A cannot
undergo further cyclizations, whereas the intermediates 6 and 8,
which had been produced by this mutated SHC, could undergo

subsequent cyclizations to yield 2. Therefore, it is likely that the
(13bH)- and (17bH)-configurations in 6/6/5- and 6/6/6/5-ring
systems are required for the completion of two ring-expansion
processes to give 9. This hypothesis agrees well with the
previous results2a,b that only 6 and 8 were trapped when the
squalene analogues having a hydroxy group were incubated
with the native SHC, but that 6A and 8A were not. The secondary
cation 9 has been assumed as an intermediate in hopene
biosynthesis, but no experimental evidence has been given.
Formation of 14 and 15 gave definitive evidence for the
involvement of intermediate 9. The 1,2-shift of 28-Me to the
C17 cation could give 14 (path a in Scheme 2), whereas
rearrangement of the isoprenoid side chain to the cation could
afford 15 (path b). Triterpenes 14 and 15 have never been
reported before. We propose to denote the prohopane skeleton
for 9, prohopene A for 14 and prohopene B for 15. It is
noteworthy that 8A is the biosynthetic intermediate of some plant
triterpenes.1 A looser binding near the C/D-ring could also
perturb the correct positioning of the D21 double bond in 9, thus
leading to the accumulation of 14 and 15; the appropriate
arrangement of the double bond could allow a further
cyclization to give 10 through the nucleophilic attack of the
double bond toward cation 9. Product 16 could be formed
perhaps due to the erroneous positioning of the deprotonation
site for introducing the D22,29 double bond of 2, which may have
also occurred concomitantly with the local change near the C/D-
rings.

With respect to the mutated I261V SHC, no abortive
cyclization product was found and the kinetic data were almost
the same as that of the wild-type SHC,7 but the mutant I261A
gave a looser affinity and a slower velocity for hopene
biosynthesis.7 Site-directed mutagenesis not only helps to
understand the fundamental issue of the reaction mechanism
(molecular recognition and catalytic function), but also gen-
erates the previously unknown ‘unnatural’ natural products,8a

as represented by 14 and 15. The rational genetic engineering of
the active and/or recognition sites is a promising tool for the
creation of novel natural products.4a,8b

This work was supported by a Grant-in-Aid to T. H. (No.
11660104) from the Ministry of Education, Science, Sports and
Culture, Japan.
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New first and second generation dendritic poly-1,4,7-triaza-
cyclononane molecules have been prepared and shown to
coordinate multiple Cu(II) and Ni(II) metal cations.

The last decade has witnessed an enormous growth in the field
of dendrimer chemistry with current interest being stimulated
by the discovery of specific functions and novel properties that
are a direct consequence of the dendritic architecture.1 Metal-
lodendrimers2 in particular have been shown to exhibit novel
electrochemical and photophysical properties. With a view to
creating new efficient extraction and membrane transporting
reagents for transition metals3 and for the preparation of metal
nanoclusters4,7 we report here, the first examples of dendrimers
containing the well established transition metal coordinating
ligand, 1,4,7-triazacyclononane.5

The new key asymmetric functionalised triazacyclononane
branching synthons 5 and 6 required for convergent and
divergent syntheses of the target dendritic macrocyclic mole-
cules were prepared as shown in Scheme 1. The reaction of 15

with 2 equiv. of 3-nitrobenzyl chloride in the presence of
K2CO3 in MeCN solution gave 2 in 90% yield. Detosylation of
2 using sulfuric acid produced 3 in 50% yield. Refluxing 3 with
1 equiv. of butyl bromoacetate in the presence of K2CO3
afforded 4 as a pale yellow solid in 82% yield. Hydrolysis of 4
with formic acid gave 5 in 80% yield and reduction of 4 using
hydrogen and Raney Ni produced the diamine 6 quantitatively
(Scheme 1).

The dendritic core triazacyclononane derivative 8 was
synthesised via reaction of 1,4,7-triazacyclononane with 3
equiv. of 3-nitrobenzyl chloride to give 7 followed by reduction
with Raney Ni and H2 (Scheme 2).

Using a divergent synthetic procedure the first generation
dendrimer compound 9 was synthesised via a condensation

reaction of 8 with 3 equiv. of 5 in DMF in the presence of
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) and 1-hydroxybenzotriazole hydrate (HOBt) (Scheme
3). After column chromatography using alumina and CH2Cl2, 9
was isolated as a yellow solid in 90% yield. The convergent
preparative approach is illustrated with the synthesis of 10 from
6 and 2 equiv. of 5 using a similar condensation reaction
(Scheme 4).

Raney Ni/H2 reduction of 9 and reaction of the corresponding
amine 11 with 6 equiv. of 5 in DMF gave the second generation
dendrimer 12 in 60% yield (Scheme 5).†

Preliminary transition metal coordination investigations of
dendrimers 9 and 12 with Cu(II) and Ni(II) metal cations have
been undertaken using UV–VIS spectrophotometric titration
experiments. In the absence of dendrimer, MeCN and DMF
solutions of copper(II) acetate exhibit a broad d–d absorption at
710 nm. The addition of dendrimers 9 or 12 causes lmax to
undergo a blue shift to 646 nm which is characteristic of Cu(II)
being bound by amine ligands.5 The spectrophotometric
titration curves (Fig. 1) suggest 9 binds four, and 12 ten Cu(II)
metal cations, one Cu is coordinates to each triazacyclononane
macrocyclic ligand of the respective dendrimer, suggesting the
transition metal is complexed at the core, branches and surface
dendritic recognition sites.‡ This result contrasts with PAMAM
dendrimers which are thought to bind most Cu cations at the
outermost tertiary amine donor sites of the dendrimer structure.7
With Ni(II) preliminary spectrophotometric titration results with
the first generation dendrimer 9 indicate as with Cu(II), each

Scheme 1 Reagents and conditions: i, 2 equiv. 3-nitrobenzyl chloride,
K2CO3, MeCN, reflux; ii, conc. H2SO4, 150 °C; iii, butyl bromoacetate,
K2CO3, MeCN, reflux; iv, formic acid, reflux; v, H2, Raney Ni, MeOH–
THF, 55 °C.

Scheme 2 Reagents and conditions: i, 3 equiv. 3-nitrobenzyl chloride,
K2CO3, MeCN, reflux; ii, H2, Raney Ni, MeOH–THF, 55 °C.

Scheme 3 Reagents and conditions: EDC, HOBt, DMF, room temp.

Scheme 4 Reagents and conditions: EDC, HOBt, DMF, room temp.
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triazacyclononane ligand complexes one Ni(II) cation resulting
in 4 Ni2+: 9 solution stoichiometry.

Further transition metal coordination chemistry investiga-
tions with these novel dendritic poly-triazacyclononane-mole-
cules are in progress.

We thank the Royal Society for a K. C. Wong Fellowship
(D. G.) and the EPSRC mass spectrometry service at the
University of Wales, Swansea.

Notes and references
† All new compounds were characterised by 1H NMR, mass spectrometry
and elemental analysis.

Selected data: 9: 1H NMR (CDCl3) d 2.76 (16H, s, CH2CH2, ring), 2.85
(32H, s, CH2CH2, ring), 3.27 (6H, s, CH2), 3.54 (6H, s, CH2), 3.78 (12H, s,

CH2), 7.06–8.18 (36H, m, aromatics), 9.96 (3H, s, amide). C99H111N21O15

requires C, 63.36; H, 6.35; N, 16.68. Found: C, 62.95; H, 6.41; N, 16.37%.
FAB MS: m/z 1764 (M + H).

10: 1H NMR (CDCl3) d 1.43 (9H, s, CH3), 1.59–2.86 (36H, m, CH2CH2,
ring), 3.27 (2H, s, CH2), 3.52 (4H, s, CH2), 3.60 (4H, s, CH2), 3.78 (8H, s,
CH2), 6.46–8.20 (24H, m, aromatics), 9.96 (2H, s, amide). C70H89N15O12.
FAB MS: m/z 1332 (M + H).

12: 1H NMR (CDCl3) d 2.60–2.86 (120H, m, CH2CH2, ring), 3.20 (6H,
s, CH2), 3.32 (6H, s, CH2), 3.50 (12H, s, CH2), 3.64 (12H, s, CH2), 3.76
(24H, s, CH2), 6.95–8.20 (84H, m, aromatics), 9.96 (9H, s, amide).
C225H273N51O33. ES MS: m/z (2109.87)2+, (1406.9)3+.
‡ This assumes the absorption coefficients are additive. Also the error in
estimating the stoichiometry of metal uptake from the titration data is ±1 or
2.
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3 A. M. Groth, L. F. Lindoy and G. V. Meehan, J. Chem. Soc., Perkin
Trans. 1, 1996, 1553; D. J. White, N. Laing, H. Miller, S. Parsons, S.
Coles and P. A. Tasker, Chem. Commun., 1999, 2077.

4 L. N. Lewis, Chem. Rev., 1993, 93, 2693.
5 P. Chaudhuri and K. Wieghardt, Prog. Inorg. Chem., 1987, 35, 329.
6 J. L. Sessler, J. W. Sibert and V. Lynch, Inorg. Chem., 1990, 29, 4143.
7 M. Zhao, L. Sun and R. M. Crooks, J. Am. Chem. Soc., 1998, 120, 4877;

L. Balogh and D. A. Tomalia, J. Am. Chem. Soc., 1998, 120, 7355.
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Scheme 5 Reagents and conditions: i, H2, Raney Ni, MeOH–THF, 55 °C; ii, 6 equiv. 5, EDC, HOBt, DMF, room temp.

Fig. 1 Spectrophotometric titration of 8 (-) (3 mM) with Cu(OAc)2 in
acetonitrile, absorbance at 646 nm and of 12 (/) (0.5 mM) with Cu(OAc)2

in DMF, absorbance at 600 nm.

444 Chem. Commun., 2000, 443–444



Highly fluorescent and electroactive molecular squares containing perylene
bisimide ligands

Frank Würthner* and Armin Sautter 

Abteilung Organische Chemie II,  Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany.
E-mail: frank.wuerthner@chemie.uni-ulm.de

Received (in Cambridge, UK) 16th December 1999, Accepted 7th February 2000,
Published on the Web, 29th February 2000

Large functional molecular squares have been assembled
with ditopic perylene bisimide bridging ligands and Pt(II)
and Pd(II) phosphine corner units and their optical, electro-
chemical and spectroelectrochemical properties have been
studied.

Interest in functional supramolecular assemblies1 has been
triggered by examples from nature like the light harvesting
system (LHS) in purple bacteria.2 The supramolecular function-
ality of this natural assembly is realized by chlorophyll
molecules organized in cyclic arrangements which control the
electronic coupling of the dye molecules and allow accom-
modation of the reaction center of photosynthesis within the
largest ring of LHS.2 A straightforward access to cyclic
structures in high yields was introduced by Fujita and Ogura3

and Stang and Olenyuk4 via the concept of molecular squares
using ditopic bridging ligands and cis-coordinating square
planar Pt(II) or Pd(II) corners. Some very interesting examples
have been reported based on pyridyl-substituted porphyrin
ligands,5 where functionality is introduced by the ligand but
porphyrin fluorescence is quenched upon metal complexation.
Here, we report on a new ligand based on perylene tetra-
carboxylic acid bisimides6,7 which exhibits fluorescence quan-
tum yields FF near 100%6 as well as redox activity8 and which
conserves these properties in the metal-assembled state: a giant
photo- and redox-active molecular square (metal–metal diago-
nal ca. 3.4 nm).

The perylene ligand 1 was synthesized in 66% yield by
condensation of the corresponding perylene bisanhydride7 with
4-aminopyridine in quinoline with catalytic amounts of zinc(II)
acetate. The ligand exhibits an intense absorption band at lmax
= 585 nm and red fluorescence at lmax = 618 nm with FF =
0.94 for 1 in chloroform.9

Equimolar mixing of ditopic perylene ligand 1 with
dpppM(OTf)2 [M = Pt(II) or Pd(II), dppp = 1,3-bis(diphenyl-
phosphino)propane; OTf = CF3SO3

2] in CH2Cl2 leads ex-
clusively to the formation of molecular squares 2a,b in 90 and
95% isolated yield, respectively (Scheme 1). The squares were
characterized by elemental analysis, 1H and 31P{1H} NMR
spectroscopy and electrospray mass spectrometry (ESI–MS)
(2a).† In the 31P{1H} NMR spectra of 2a,b only one singlet is
observed owing to the high symmetry of the squares, addition-
ally there are Pt-satellites resulting from 195Pt–31P spin–spin
coupling in the spectrum of 2a. A typical change in chemical
shifts of the phosphorus nuclei of ca. 10 ppm results upon
complexation with 1.10 The 1H NMR spectra show only a single
set of signals for the ligand 1 and the dppp moiety with
significant changes in the chemical shifts of the a- and b-
pyridyl protons (ca. 0.3 ppm) owing to metal complexation.10 In
the ESI–MS of 2a (acetone solution) we observed signals at m/z
2575.0 which we assign to the M23OTf species with +3 charge
state (separation of peaks by 1/3 mass unit) which corresponds
to a molecular mass of 7725 for the square minus three triflate
anions in excellent agreement with the calculated mass of
7724.89 (C409H360N16O47F15P8S5Pt4). Furthermore, we ob-
served signals at m/z 1894, 1485 and 1213 which we assign to
(M24OTf)4+, (M25OTf)5+ and (M26OTf)6+ species (THF–
ethyl acetate solution). The less stable corresponding Pd-square

2b has not, as yet, been characterized by the ESI–MS
technique.

The optical and electrochemical properties of the perylene
ligand 1 remain almost unchanged upon formation of the
complexes 2. We ascribe this to the fact that in perylene
tetracarboxylic acid bisimides, the imide substituents have only
a small electronic coupling to the HOMO and LUMO of the
perylene chromophore.8,11 Therefore, the chromophoric per-
ylene unit is largely decoupled of the binding site and only small
bathochromic shifts of Dl = 5–7 nm in the absorption and
emission spectra are observed upon complexation. The absorp-
tion maximum of 2a is located at lmax = 591 nm, the emission
occurs at 625 nm. An even more important consequence is
negligible quenching of the perylene fluorescence in these
complexes with FF (2a, CHCl3) = 0.88.9

The ligand 1 and platinum complex 2a exhibit reversible
electrochemistry which was investigated by cyclic voltammetry
in CH2Cl2. 1 displays two, reversible reductions at potentials of
21.08 and 21.23 V (vs. Fc/Fc+), but oxidation is irreversible
causing adsorption of 1 on the platinum electrode. The
molecular square 2a shows two reversible waves in the
reductive cycle at similar potentials (21.01, 21.14 V vs. Fc/
Fc+) but the oxidative cycle, in contrast to 1 shows a reversible
wave at +0.93 V, probably as a consequence of the pyridyl
nitrogen lone pairs which are now blocked by platinum-
complexation (Fig. 1). The electrochemical studies of the
palladium complex 2b revealed a more complicated behavior
displaying an irreversible reduction at E < 21.15 V which we
attribute to electron transfer processes involving the Pd(II)
corners.

A closer insight into the electrochemical processes was
gained by spectroelectrochemical investigations of 2a and 1. By
increasing the potential in a stepwise manner to the first
reduction wave of 2a (21.01 V) the absorption bands of the
perylene bisimide chromophores at 591 nm decrease while three
bands in the UV–VIS–NIR appear with a maximum absorption
at 791 nm [Fig. 2(a)]. Based on identical spectroscopic changes
observed for the free perylene bisimide ligand 1, we assign these
optical transitions to perylene bisimide radical anionic species.
After a further increase of the potential to the second reduction

Scheme 1 Reagents and conditions: i, dpppM(OTf)2, CH2Cl2, 24 h,
20 °C.
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wave of 2a (21.14 V) the perylene radical anion bands
disappear completely whereas a broad and intense band
appears, with a maximum absorption at 679 nm [Fig. 2(b)],
corresponding to dianionic perylene bisimides. Oxidation to the
radical cationic state results in less pronounced spectral changes
in the visible but new broad bands appear in the NIR at 809, 908
and 1225 nm. The distinct isosbestic points in the absorption
spectra for all redox couples confirm the reversibility of all
oxidation and reduction processes. Therefore, we conclude that
(i) the redox processes take place exclusively at the perylene
ligands with the Pt(II) corner units being inert in the applied
potential range and acting solely as structural building blocks,
(ii) the perylene ligands assembled in the square do not interact
with one another even in a charged state, and (iii) each perylene
ligand in the square is reduced and oxidized at the same time at
the given potentials.12

In summary, we report on a new functional ditopic perylene
ligand 1 which has been used to construct nanosized molecular
squares 2 with Pt(II) and Pd(II) phosphine corner units. The

optical and electrical properties of the ligands are conserved in
the metal-assembled state 2a which shows a fluorescence
quantum yield of almost unity and multiple, fully reversible
redox couples. The giant inner volume of nanosquares 2 seems
ideal to accommodate large functional guest molecules for
studies on redox and photocatalytic processes.

We thank Dr Peter Weber (Scripps, La Jolla) for ESI mass
spectrometry and helpful discussions. We gratefully acknowl-
edge the Fonds der Chemischen Industrie, the BMBF, the DFG
and the Ulmer Universitätsgesellschaft for financial support, the
BASF AG and Degussa-Hüls AG for the donation of chem-
icals.
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7.20 (d, 32H, J 8.4 Hz), 7.09 (d, 16H, J 5.9 Hz), 6.77 (d, 32H, J 8.4 Hz), 3.29
(br s, 16H), 2.20 br s, 8H), 1.24 (s, 144H). 31P{1H} NMR (CDCl3, 85%
H3PO4, 202 MHz), d 215.11 (s). UV–VIS(CH2Cl2), l (e) 591 (217000),
550 (135000), 459 nm (72000 dm3 mol21 cm21). lem, max(CH2Cl2) 625 nm.
MS (ESI, acetone) Calc. (M23OTf)3+ m/z 2575.7. Found 2575.0. Found: C,
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Fig. 1 Cyclic voltammogram of perylene–platinum square 2a in CH2Cl2;
scan rate 100 mV s–1. Working electrode: Pt disc, auxiliary electrode: Pt
wire, reference electrode: Ag/AgCl; concentration 2a = 2.5 3 10–4 M;
supporting electrolyte NBu4PF6 (0.1 M).

Fig. 2 Spectroelectrograms of perylene–platinum square 2a in CH2Cl2 with
NBu4PF6 (0.1 M) as supporting electrolyte. Working electrode: Pt disc;
auxiliary electrode: Pt wire; reference electrode: Ag/AgCl; concentration 2a
= 1.4 3 1024 M. Stepwise increase of the applied potential to radical
anionic perylene species (a) and to dianionic perylene species (b).
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Diaminotriazine–flavin host–guest complexes are kinet-
ically trapped in spin-cast polystyrene films.

Self-assembly is a powerful tool for the creation of nanoscale
constructs. These non-covalently assembled host–guest com-
plexes have been used to fabricate many molecular-scale
components such as wires,1 switches2 and computers.3 Central
to the pragmatic utilization of these constructs, however, are the
issues of immobilization and isolation. These attributes allow
the utilization of molecular components to fabricate useful
devices from the disorganized ensemble of components present
in the solution phase.

Polymer matrix isolation is an effective technique for the
isolation and immobilization of molecules.4 Application of this
methodology to the isolation of host–guest assemblies is
hampered by issues of competition and aggregation. Matrix
formation from polar polymers creates a competitive environ-
ment, disrupting the desired interactions such as hydrogen
bonding. Conversely, creation of matrices using non-polar
polymers can cause aggregation and concomitant phase separa-
tion of polar host–guest complexes. To overcome the issue of
phase separation in non-polar polar matrices, we have explored
methods of trapping host–guest complexes. We report here, the
kinetic isolation of individual hosts and host–guest complexes
in a highly non-polar polystyrene matrix through spin-casting of
polymer solutions.

In preliminary investigations, we explored the fluorescence
behavior of flavin 1 in different volumes of polystyrene films.
The polymer-doped films were prepared by spin-casting5 from
solutions of 0.41, 0.87 and 1.75% w/w polystyrene (Mn = 1,1 3
105, PDI = 2.3) and varying quantities of flavin 16 in CHCl3 on
SiO2 surfaces.7 The optical transparency of these films8 allowed
direct observations of flavin 1 fluorescence behavior.9 Addition
of more equivalents of flavin 1 resulted in an increased
quenching of fluorescence emission for the films prepared from
solutions of 0.41 and 0.87% w/w polystyrene in CHCl3 (Fig.
1).10 This behavior is diagnostic of self-aggregation of flavin 1.
For films prepared from a solution of 1.75% w/w polystyrene in
CHCl3, increasing concentrations of flavin 1 resulted in a linear
increase in fluorescence emission, demonstrating that self
aggregation was effectively suppressed (Fig. 2). Heating of

these films to temperatures higher than the Tg of the polystyrene
(ca. 398 K) resulted in marked reduction in fluorescence and
curvature of the fluorescence vs. concentration plot, both
behaviors diagnostic of flavin aggregation.

To explore the complexation of flavin 1 via hydrogen
bonding in the non-polar polystyrene matrix, films containing
flavin 1 and complementary diaminotriazine-based11 guest 2
were prepared. As shown in Fig. 3, increasing quantities of
guest 2 resulted in only slightly decreased flavin 1 fluorescence
emission for films prepared from solution of 0.41% w/w
polystyrene in CHCl3. This is consistent with non-specific
aggregation between flavin 1 and triazine 2. In contrast,
titrations with 1.75% w/w polystyrene films showed marked
decreases in fluorescence of flavin 1 with increasing concentra-
tions of receptor 2, reaching a limiting value. This is concordant
with solution based investigations, where we established that
hydrogen bonding between flavin 1 and guest 2 effectively
quenches flavin fluorescence (Fig. 4).12 Control experiments
utilizing N(3)-methyl flavin 3 (Fig. 5), a molecule not capable

Fig. 1 Plot of fluorescence emission vs. concentration of flavin 1 in films
prepared from solutions of 0.41, 0.87 and 1.75% w/w polystyrene in CHCl3.
Excitation: 445 nm, emission: 525 nm.

Fig. 2 Plot of fluorescence emission vs. concentration of flavin 1 in films
prepared from a solution of 1.75% w/w polystyrene in CHCl3. Excitation:
445 nm, emission: 525 nm.

Fig. 3 Fluorescence emission changes of flavin 1 upon addition of triazine
2 in films prepared from solutions of 0.41 and 1.75% w/w polystyrene in
CHCl3. Excitation: 445 nm, emission: 525 nm. The curve for the titration
performed with 1.75% w/w polystyrene films represents the best fit to the
1+1 binding isotherm. The line for the titration performed with 0.41% w/w
polystyrene is a linear fit to the data points, and is intended only as a guide
to the eye.
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of complementary binding through hydrogen bonding, in place
of host 1 did not demonstrate any measurable complexation
with guest 2.

After calculating the volume of polymer matrices, the
apparent association constants for flavin 1–triazine 2 complexa-
tion were estimated by fitting the data to 1+1 binding isotherms
for each different titration set of films. We did not observe any
quantifiable recognition between flavin 1 and triazine 2 in films
prepared from 0.41% w/w polystyrene solution, as a result of
flavin 1 aggregation. For the films prepared from 1.75% w/w
polystyrene solution, an estimated binding constant of 53 ± 12
M21 was obtained.13 This is considerably lower than the
binding constant of 555 ± 8 M21 which was obtained for the
same host–guest complex formation in CHCl3,14 despite the
non-competitive nature of the forming polystyrene matrix. This
reduction in binding constant can be attributed to both the
development of stress during polymer film formation15 and the
polymer entanglement during the deposition process, issues that
we are currently exploring.

In summary, we have demonstrated the kinetic isolation of
individual host flavin 1 and host flavin 1–guest triazine 2
complexes in a highly non-polar polystyrene matrix through
spin-casting of polymer solutions. Self-aggregation of polar
flavin 1 in these non-polar polymer films was prevented by
adjusting the ratio between polystyrene and flavin 1 in solution
prior to spin casting. Fundamental and applied studies of this
approach are underway and will be reported in due course.
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Fig. 4 Schematic illustration of isolated flavin 1–triazine 2 host–guest
complexes in a polystyrene matrix.

Fig. 5 N(3)-methyl flavin 3–guest 2.
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A new and selective synthesis of five-membered ring cyclic
carbamates involving nickel-catalyzed CO2 incorporation
into aziridines under mild electrochemical conditions was
carried out in good yields.

Within our ongoing interest in carbon dioxide incorporation into
small heterocyclic ring systems,1,2 we present here our results
on carbon dioxide incorporation into aziridines for the synthesis
of 2-oxazolidones. 2-Oxazolidones are an important class of
heterocyclic five-membered ring compounds.3 These cyclic
carbamates show good antibacterial properties4,5 and are widely
used in pharmaceutical chemistry.6

Their synthesis generally proceeds through the condensation
of 1,2-aminoalcohols with toxic carbonyl derivatives such as
phosgene7 or cyanic acid (from urea decomposition).8 The
direct addition of CO2 to b-amino alcohols at high pressure and
temperature has been described in the patent literature.9 Other
methods of synthesis of 2-oxazolidones include the reaction of
epoxides with cyanuric acid10 or isocyanates11 or the reaction of
alkenes with N-bromosuccinimide and isocyanates.12 2-Oxa-
zolidones can also be obtained from a-ketols and isocyanates or
chloroformates.13

The direct functionalization of aziridines to cyclic carba-
mates has been reported via flash vacuum pyrolysis at 600 °C in
the presence of ethyl chlorocarbonate14 and by reaction with
CO2 at high pressure (50 atm, 60 °C) in the presence of
tetraphenylantimony halides.15

We describe now a new and selective method of 2-oxa-
zolidone synthesis using a simple electrochemical procedure, by
which the cyclic carbamates 2 and 3 can be obtained in good
yields from the direct reaction of substituted aziridines 1 with
CO2. Carbon dioxide insertion into the C–N bond of the
aziridine ring takes place under very mild conditions, at room
temperature and with atmospheric carbon dioxide pressure
(Scheme 1). This new carboxylation reaction widens the field of
utilization of CO2 as a C-1 building block for organic
chemicals.16

The reaction was catalyzed by a Ni(II) complex (10 mol%)
and was carried out in a single-compartment cell fitted with a
consumable magnesium anode and an inert cathode (e.g.
stainless steel). Electrolyses were conducted at constant in-
tensity in DMF as the solvent, and [Ni(bipy)3][BF4]2 (bipy =
2,2A-bipyridine) was shown to be an efficient catalyst for this
carboxylation. This same Ni(II)–bipy complex has already been
used as a catalyst in other carbon dioxide incorporation
reactions (e.g. into alkynes17 or diynes18).

The electrochemical carboxylation of the N-Boc protected
aziridine 1a19 led to the cyclic carbamates as a 60+40 mixture of

two regioisomers 2a and 3a in 83% yield and 60% aziridine
conversion (Table 1, entry 1). The major isomer corresponds to
the incorporation of CO2 at the less hindered side of the
monosubstituted aziridine. No reaction occurred in the absence
of current and in the absence of the nickel catalyst a very low
yield of cyclic carbamates was obtained ( < 10%).

From a mechanistic point of view, oxidation of the magne-
sium rod to Mg2+ ions in solution takes place at the anode. At
the cathode, the reduction of the Ni(II) complex to Ni(0) occurs
reversibly at 21.2 V vs. SCE. Cyclic voltammetry showed that
upon addition of 1a to the Ni(II)–bipy solution, the reduction
peak of the Ni(II)/Ni(0) transition at 21.2 V became irreversible.
This was taken to indicate that the electrogenerated Ni(0)
reacted with 1a by a possible insertion into the C–N bond of the
aziridine ring. The oxidative addition of Ni(0) complexes to
oxirane rings has already been reported.20

Scheme 1

Table 1 Ni-catalyzed electrochemical CO2 incorporation into aziridinesa

Entry Aziridine Catalystb Conditionsc
Conver-
sion (%)

Carbamate
yieldd (%)

Ratio
2+3

1 1a Ni–bipy Mg/st. steel 60 83 60+40
KBr

2 1a Ni–bipy Mg/Ni 20 100 75+25
KBr

3 1a Ni–bpy Mg/C 45 88 50+50
KBr

4 1a Ni–bipy Al/st. steel 30 50 66+34
KBr

5 1a Ni–bipy Mg/st. steel 30 85 76+24
NBu4BF4

6 1a Ni–bipy Mg/st. steel 45 75 73+27
KCl

7 1a Ni–cyclam Mg/st. steel 85 94 75+25
KBr

8 1b Ni–cyclam Mg/st. steel 65 93 67+33
KBr

9 1c Ni–cyclam Mg/st. steel 99 94 78+22
KBr

10 1d Ni–cyclam Mg/st. steel 99 100 86+14
KBr

11 1e Ni–cyclam Mg/st. steel 63 100 84+16
KBr

a General electrochemical conditions: into a single-compartment cell21 of
ca. 50 mL capacity fitted with the corresponding couple of electrodes, 40
mL of freshly distilled DMF, the supporting electrolyte (2 3 1022 M), the
Ni(II) catalyst (0.3 mmol) and aziridine 1 (3 mmol) were introduced. The
solution was stirred at room temperature and CO2 was bubbled into it at
atmospheric pressure. The electrodes were connected to a stabilized
constant current supply (Sodilec, EDL 36.07) and electrolyzed at 60 mA
(corresponding to a current density of ca. 0.3 A dm22) for 7 h, until the
consumption of 1 was negligible. The reaction mixture was then stirred at
50 °C overnight, hydrolyzed with aqueous HCl and extracted with ethyl
acetate. The crude product was analyzed by GC, NMR and mass
spectrometry, purified by column chromatography on silica gel and the
identity of the carbamate products compared to the known compounds.
b Ni–bipy = [Ni(bipy)3][BF4]2, Ni–cyclam = [Ni(cyclam)]Br2; both are 10
mol% with respect to the aziridine 1. c The experimental conditions relate to
the anode/cathode couple of electrodes and the supporting electrolyte (2 3
1022 M). d The carbamate yields of 2 + 3 are calculated on the basis of
converted aziridine.
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On the other hand, electrogenerated Ni–bipy complexes are
also known to catalytically react with CO2 to form its radical
anion,17,22 which, under the reaction conditions, undergoes
reductive dimerization to oxalate.

In the electrocarboxylation of aziridines (Scheme 1), there is
a competition for the electrogenerated Ni(0) complexes between
two processes: (i) Ni(0) insertion into the aziridine ring followed
by further CO2 uptake and ring closure to the carbamate and (ii)
CO2 reduction to oxalate. This competition, which was very
dependent on the reaction conditions, accounts for the limited
aziridine conversion rates in some cases.

The influence of several factors such as the nature of the
electrodes, the supporting electrolyte and of the ligand(s)
attached to nickel were examined in the electrocarboxylation of
1a. As regards the electrode, a magnesium/stainless steel couple
afforded the best results, as compared to the use of carbon fiber
or nickel foam as cathodes (compare Table 1, entries 1–3).
When an aluminium anode was used (with several cathode
materials) low aziridine conversions and low carbamate yields
(e.g. Table 1, entry 4) were observed, with CO2 electroreduction
being favored. Among supporting electrolytes, KBr, KCl and
NBu4BF4 were tested with Mg/stainless steel electrodes. The
use of NBu4BF4 (Table 1, entry 5) afforded a good yield of
carbamate but a low conversion of 1a while KCl led to a
conversion of 45% (Table 1, entry 6); KBr afforded the best
results (Table 1, entry 1).

In the related CO2 incorporation into oxirane rings for the
synthesis of cyclic carbonates,2 we showed that both 2,2A-bipy
and cyclam ligands on nickel (cyclam = 1,4,8,11-tetra-
azacyclotetradecane) were effective for the CO2 insertion
reaction. In the electrocarboxylation of 1a, the use of [Ni(cy-
clam)]Br2 as the catalyst afforded 2a and 3a in 94% yield with
85% aziridine conversion (Table 1, entry 7). With the Ni–
cyclam catalytic system the electroreduction of carbon dioxide
was almost completely inhibited, in favor of aziridine carbox-
ylation. The observed regioselectivity 2a+3a was 75+25.

The reaction was then extended to the carboxylation of
several monosubstituted aziridines 1b–e with [Ni(cyclam)]Br2
as the catalyst. Thus, aliphatic, aromatic or ether substituted N-
Boc aziridines (Table 1, entries 8–10) led regioselectively to the
corresponding carbamates in good yields and excellent conver-
sions (Table 1, entries 9, 10). The electrocarboxylation of the
non-protected N–H aziridine 1e was also efficient and led to a
84+16 regioisomeric ratio of 2e+3e in quantitative yield and
with a 63% conversion (Table 1, entry 11).

In conclusion, a novel catalytic system for incorporation of
CO2 into aziridines for the synthesis of cyclic carbamates was
developed. Use of stable and readily available Ni(II) complexes
of cyclam or bipyridine ligands and application of simple
preparative electrochemical conditions, led to efficient catalytic
insertion of the carbon dioxide into the C–N bond of aziridines
with regioselectivities of 60–86%.

The electrochemical method described here employs very
mild experimental conditions (CO2 pressure of 1 atm, 20 °C), as
compared to existing methods, which require harsh conditions
or the use of toxic starting materials such as phosgene. It is also
worth noting that this reported method utilizes carbon dioxide
as the starting C-1 carbon source, and constitutes a new example
in the field of green and catalytic chemistry.

Notes and references
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Organomet. Chem., 2000, in press.
3 M. E. Dyen and D. Swern, Chem. Rev., 1967, 197.
4 S. Sato, Y. Yoshida and S. Kuwahara, Jpn. J. Microbiol., 1960, 4,

419.
5 D. F. Kefauver and I. Drupa, Antibiot. Chemother., 1960, 10, 688.
6 G. Chakraborty, Indian J. Pediat., 1964, 28, 357; R. M. Stabler,

J. Parasitol., 1957, 43, 280.
7 H. L. Crowther and H. McCombie, J. Chem. Soc., 1913, 103, 27; D.

Ben-Ishai, J. Am. Chem. Soc., 1956, 78, 4962.
8 W. J. Close, J. Am. Chem. Soc., 1951, 73, 95.
9 J. W. Lynn, US Pat. 2 975 187, 1961; A. B. Steele, US Pat. 2 868 801,

1959.
10 R. W. Cummins, J. Org. Chem., 1963, 28, 85.
11 S. Knapp, P. J. Kukkola, S. Sharma, T. G. Murali Dhar and A. B. J.

Naughton, J. Org. Chem., 1990, 55, 5700.
12 C. Heathcock and A. Hassner, Angew. Chem., 1963, 75, 344.
13 W. H. Pirkle and A. K. Simmons, J. Org. Chem., 1983, 48, 2520.
14 M. R. Banks, J. I. G. Cadogan, I. Gosney, K. G. Hodgson and D. E.

Thomson, J. Chem. Soc., Perkin Trans 1, 1991, 961.
15 R. Nomura, T. Nakano, Y. Nishio, S. Ogawa, A. Ninagawa and H.

Matsuda, Chem. Ber., 1989, 122, 2407.
16 A. Behr, Carbon Dioxide Activation by Metal Complexes, VCH,

Weinheim, 1988; T. Inui, M. Anpo, K. Izui, S. Yanagida and T.
Yamaguchi, Advances in Chemical Conversions for Mitigating Carbon
Dioxide, Studies in Surface Science and Catalysis, Elsevier, Am-
sterdam, 1998.
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The reaction of dilithium complex [{1,2-[N(But)C(Si-
Me3)C(H)]2C6H4}{Li2(TMEDA)2}] 1 with SnCl2 yielded an
unusual asymmetric distannene [{1-[N(But)C(SiMe3)C(H)]-
2-[N(But)(SiMe3)CC(H)]C6H4}Sn?Sn{1,2-[N(But)(Si-
Me3)CC(H)]2C6H4}] 2 resulting from intramolecular self-
rearrangements of the ligands; 2 has a tin–tin bond distance
of 3.0087(3) Å.

Ethene analogues of tin containing homoleptic ligands such as
[SnR2]2 have been an interesting topic of research. The first
crystallographically characterized distannene
[Sn{CH(SiMe3)2}2]2 [Sn–Sn 2.768(1) Å] was reported in 1976
by Lappert and coworkers.1 Nearly two decades later,
solid-state structures of three thermally stable compounds
[Sn{Si(SiMe3)3}2]2,2[Sn{2,4,6-(CF3)3C6H2}2]2

3 and [Sn(4,5,6-
Me3-2-ButC6H)2]2

4 having tin–tin bonds [Sn–Sn 2.825(1), 3.64,
2.910(1) Å, respectively] were reported. These compounds
were either partially or completely dissociated to the monomers
SnR2 in toluene or methylcyclohexane. There have been
evidences for formation of an unstable dimer [Sn(2,4,6-
Pri

3C6H2)2]2 from the photolysis of corresponding cyclotrimer
[Sn(2,4,6-Pri

3C6H2)2]3 in methylcyclohexane at 205 K.5 How-
ever, the dimer had not been structurally characterized owing
to its complete reversion to the cyclotrimer at room
temperature. To our knowledge, only two examples of
structurally characterized bivalent tin complexes containing
different ligands attached to each tin atom having a tin–tin
bond have been reported. One of them reported by our group
was a thermally labile compound [{8-(CHSi-
Me3)C9H6N}2Sn?SnCl2] I with an Sn–Sn distance of 2.961(1)
Å,6 and the other compound [{2,6-(Me2N)2C6H3}2Sn?Sn{1,8-

(NCHBut)2C10H6}] II [Sn–Sn 3.087(2) Å] reported recently by
Lappert and coworkers.7 These two complexes were obtained
from the reactions of two tin(II) complexes, where each of the
tin complexes either acts as a Lewis acid or a base. Here, we
report a rare example of an asymmetric distannene having
chelating ligands bonded in different modes to the tin metals
resulted from intramolecular self-rearrangements within the
binuclear tin(II) compound.

This novel distannene [{1-[N(But)C(SiMe3)C(H)]-2-[N-
(But)(SiMe3)CC(H)]C6H4}Sn?Sn{1,2-[N(But)(SiMe3)CC-
(H)]2C6H4}] 2 was prepared from the reaction of the bis(1-
azaallyl) dilithium compound [{1,2-[N(But)C(SiMe3)C(H)]2-
C6H4}{Li2(TMEDA)2}] 1 with SnCl2 (Scheme 1). Dilithium
compound 1 was prepared by the addition of isocyanide ButNC
to a diethyl ether solution of the dilithium dialkyl compound
[{1,2-(CHSiMe3)2C6H4}{Li2(TMEDA)2}]. In this reaction, the
isocyanide inserts into the Li–C bond followed by a 1,2-shift of
the trimethylsilyl group along the carbon chains. Similar
reaction with organonitrile ButCN has been reported earlier.8
Compound 1 has been characterized by 1H and 13C NMR
spectroscopy, EI-MS spectrometry and elemental analysis.‡
The X-ray structure of 1 has been determined.

Subsequent treatment of 1 with a slight excess of SnCl2 led to
the formation of 2 in 64.9% yield. By X-ray structure analysis
of the product, it has found that the ligands bonded to the two
tin(II) atoms undertake different rearrangements. One of the
ligands undergoes two 1,2-shifts of the SiMe3 group from C to
N, and both of the 1-azaallyl arms are bonded to the tin(II) atom
via the carbon atoms. The ligand attached to the other tin(II) core
undergoes a 1,2-silyl migration. This rearrangement results in
the two 1-azaallyl arms bonded to the tin atom in an h1-C and
h2-C,N bonding mode, respectively. Compound 2 is soluble in
toluene, Et2O and THF, and slowly decomposes to tin metal in
solution. It has been characterized by EI-MS spectrometry,
1H, 13C, 119Sn NMR spectroscopy, elemental analysis‡ and X-
ray structure analysis.§ The 1H and 13C NMR spectra of 2 in
C6D6–C5D4N (4+1) showed only one set of signals correspond-
ing to the ligand at ambient temperature. The 119Sn NMR
spectrum displayed a broad singlet at d 333.04.

Compound 2 crystallized from a solvent mixture of THF and
toluene (1+10) as a THF solvate (Fig. 1). It is comprised of two

† Electronic supplementary information (ESI) available: characterization
data for compounds 1 and 2. See http://www.rsc.org/suppdata/b0/
b000268m/

Scheme 1 Synthesis of complexes 1 and 2.
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independent stannylene moieties linked by a tin–tin bond at a
distance of 3.0087(3) Å. The coordination geometries at the tin
atoms are different. The Sn(1) centre adopts a distorted
tetrahedron with the Sn(1)–Sn(2) vector residing on one of the
vertices. The 1-azaallyl ligand attached to the Sn(1) atom
undergoes a further 1,2-shift of the SiMe3 group, resulting in a
C(7)–C(8) double bond [1.352(2) Å] and C(8)–N(1) single bond
[1.431(2) Å]. The other 1-azaallyl skeleton of the same ligand
links to the Sn(1) atom in an h2-C,N coordination mode, with an
Sn(1)–C(16) bond distance of 2.219(2) Å and an Sn(1)–N(2)
bond distance of 2.266(1) Å. The Sn(1)–N(2) bond distance is
somewhat longer than the average Sn–N(amido) distances of
2.092 Å in [Sn{N(SiMe3)2}2],9 and 2.085 Å in II,7 and
comparable to the Sn–N distances of 2.153(4) and 2.288(4) Å in
[Sn{C(SiMe3)2C(Ph)N(SiMe3)}2].10 Unlike most 1-azaallyl
complexes, no distinctive electron delocalization was found
within the C(16)C(17)N(2) part. The C(16)–C(17) bond
[1.539(3) Å] is a normal C–C single bond and the C(17)–N(2)
bond distance [1.279(2) Å] coincides with the C–N double
bond. The angle sum around N(2) is 359.97°, indicative of an
sp2 hybridization. Sn(2) adopts a trigonal pyramidal environ-
ment with an angle sum of 280.65° at Sn(2). This value is
comparable to similar angles in I and II. In I, SnCl2 acts as a
Lewis acid, and the angle sum around Sn is 282.6°.6 In II, the
three-coordinate Sn core behaves as an acceptor with an angle
sum of 279.4°.7 The Sn(2) moiety in 2 can be viewed as an
acceptor, and the Sn(1) fragment as a donor. Both of the
1-azaallyl ligands of Sn(2), undergo a 1,2-SiMe3 migration, and

are bonded to the Sn(2) atom in an h1-C bonding mode. The Sn–
C bond distances of 2.255(2) and 2.209(2) Å in 2 are shorter
than those in [Sn{2-C(SiMe3)2C5H3N}2] [2.334(6), 2.346(6),
2.377(7) Å],11 and [Sn{2-C(SiMe3)(Ph)C5H3N}2] [2.329(4),
2.333(4) Å],12 and comparable to the corresponding Sn–C
distances in I [2.200(8), 2.203(8) Å],6 and II [2.186(6), 2.196(7)
Å].7

This work was supported by the Hong Kong Research Grants
Council Earmarked Grant CUHK317/96P.
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Fig. 1 Molecular structure of [{1-[N(But)C(SiMe3)C(H)]-2-[N(But)(Si-
Me3)CC(H)]C6H4}Sn?Sn{1,2-[N(But)(SiMe3)CC(H)]2C6H4}] 2. Hydro-
gen atoms and solvent molecule have been omitted for clarity. Selected
bond distances (Å) and angles (°): Sn(1)–Sn(2) 3.0087(3), Sn(1)–C(8)
2.208(2), Sn(1)–C(16) 2.219(2), Sn(1)–N(2) 2.266(1), Sn(2)–C(32)
2.209(2), Sn(2)–C(41) 2.255(2); C(8)–Sn(1)–C(16) 89.53(7), C(8)–Sn(1)–
N(2) 91.32(6), C(16)–Sn(1)–N(2) 61.70(6), C(8)–Sn(1)–Sn(2) 144.21(4),
C(16)–Sn(1)–Sn(2) 126.22(5), N(2)–Sn(1)–Sn(2) 106.25(4), C(32)–Sn(2)–
C(41) 90.05(6), C(32)–Sn(2)–Sn(1) 93.42(4), C(41)–Sn(2)–Sn(1)
97.18(4).

452 Chem. Commun., 2000, 451–452



Synthesis and molecular structure of  an unusual –Ga–Ga–Ga– linked
organometallic

Xiao-Wang Li, Pingrong Wei, Brent C. Beck, Yaoming Xie, Henry F. Schaefer III, Jianrui Su and
Gregory H. Robinson*

Department of Chemistry and the Center for Computational Quantum Chemistry, The University of Georgia, Athens,
GA 30602-2556 USA. E-mail: robinson@sunchem.chem.uga.edu

Received (in Columbia, MO, USA) 24th November 1999, Accepted 5th February 2000,
Published on the Web, 1st March 2000

Reaction of [(2,4,6-Pri
3C6H2)2C6H3]GaCl2 with P(SiMe3)3

affords the unusual organometallic compound
[(2,4,6-Pri

3C6H2)2C6H3]Ga{H2PGa(H)PH2}Ga[C6H3(C6H2-
Pri

3-2,4,6)2] 1 characterized by multinuclear NMR, complete
(C, H, Ga and P) elemental analyses, IR spectroscopy and
single crystal X-ray diffraction; 1 is significant as it contains
a rare Ga–Ga–Ga [2.5145(13) and 2.7778(14) Å] linkage
even as its formation is facilitated by the unusual stripping of
the sterically demanding m-terphenyl ligand from the
central gallium atom.

One of the most extensively studied reactions in organo-group
13 chemistry of the past decade has been that of organometallic
moieties with various phosphines.1 The preference for tris-
(trimethylsilyl)phosphine, P(SiMe3)3, as a phosphorus source
may largely be traced to the considerable steric demands (i.e.
large cone angle) of this compound coupled with the robust
nature of the trimethylsilyl leaving groups.2 Herein, we report
the synthesis3 and molecular structure4 of
[(2,4,6-Pri

3C6H2)2C6H3]Ga{H2PGa(H)PH2}Ga[C6H3(C6H2-
Pri

3-2,4,6)2] 1 isolated from reaction of [(2,4,6-Pri
3C6H2)2C6-

H3]GaCl25 with P(SiMe3)3. Compound 1, characterized by

multinuclear NMR, complete elemental (C, H, Ga and P)
analyses IR spectroscopy, and single crystal X-ray diffraction,
is significant as it contains a rare –Ga–Ga–Ga– linkage even as
its formation is facilitated by the unusual stripping of the
sterically demanding m-terphenyl ligand from the central
gallium atom.

The laboratory has had an interest in the organogallium
chemistry of P(SiMe3)3 for some time having previously
reported the synthesis and molecular structure of the phosphino-
gallane dimer [Me2Ga–P(SiMe3)2]2, isolated from reaction of
GaMe3 with P(SiMe3)3.6 This compound contained a planar
Ga2P2 four-membered ring with an independent Ga–P bond
distance of 2.456(1) Å. Reaction of the Lewis acid–base adduct
Me3Ga–PMe3 [Ga–P 2.455(4) Å] with P(SiMe3)3 was shown by
this laboratory to afford [(Me3Si)2P{Me2Ga}2PMe]22 a novel
bicyclic phosphinogallane consisting of two fused Ga2P3 five-
membered rings sharing a common P–P base at a distance of
2.25(3) Å with a mean Ga–P bond distance of 2.44(4) Å.7
Relative to sterically demanding ligands the m-terphenyl moiety
(2,4,6-Pri

3C6H2)2C6H3 has been most prominently utilized in
the stabilization of Na2[{(2,4,6-Pri

3C6H2)2C6H3}–Ga·Ga–

{C6H3(C6H2Pri
3-2,4,6)2}], a novel gallyne possessing a short

Ga–Ga bond distance of 2.319(3) Å.8–10 Thus, as described
herein, we endeavored to examine the organogallium chemistry
of this ligand as a function of P(SiMe3)3.

The formation of 1 is at once both surprising and interesting.
Although the stripping of a large organic moiety from a gallium
center, as with the central gallium atom of 1, is noteworthy, it is
not unprecedented as a Pri

3C6H2 ligand has been shown to be
stripped from a gallium atom.11 While it may be reasonable to
consider the five hydrogen atoms, two on each of the two
phosphorus atoms and one on the central gallium atom, as
having originated from the stripped m-terphenyl ligand, there
are other possibilities. It is also possible, for example, that the
ligand stripping may have initiated hydride abstraction from the
solvent (or vice versa). It is noteworthy that the title compound
has been repeatedly isolated in this laboratory under a number
of conditions.3 The phosphine hydrogen atoms and the gallium
hydride are prominently manifest in IR and NMR spectroscopy.
IR spectroscopic data for 1 indicate the presence of phosphine
hydrogen atoms with bands at 2371 cm21 [nP–H (m)] and 2337
cm21 [nP–H (m)]. These values compare well to 2314 cm21

[nP–H (m)] for {[Me2Ga]4[(m-PH)2(C6H4)]2}12 and to 2343
cm21 [nP–H (sym)] and 2335 cm21 [nP–H (asym)] for the
phosphinogallane trimer [But

2Ga(m-PH2)]3.13 The gallium hy-
dride IR bands at 1801 cm21 [nGa–H (vw)] and 1849 cm21

[nGa–H (vw)] of 1 are comparable to previously reported gallium
hydride IR bands: Me2N–GaH3,14 1829 cm21 [nGa–H (vw)];
[(PhCH2(Me)2NGaH3],15 1835 cm21 (nGa–H) and (Et2O)2Li-
[m-As(SiMe3)2]2GaH2,16 1834 cm21. Similar to 1 which
exhibits two Ga–H IR bands, the organometallic (mono)hydride
K[Ga(H)(CH2SiMe3)3] also exhibits two Ga–H IR bands at
1915 cm21 [nGa–H (vw)] and 1840 cm21 [nGa–H (vw)].17 It is
important to note that our calculated IR spectrum agrees well
with the experimental results of 1 reported herein.18 A
theoretical study of the model molecule CH3Ga{H2PGa(H)-
PH2}GaCH3 at the DZP B3LYP level of theory in this
laboratory reveals harmonic vibrational frequencies corre-
sponding to P–H stretches of 2441, 2441, 2418 and 2415 cm21.
Moreover, the calculated Ga–H IR band appears at 1882 cm21.
In sum, these theoretical predictions are in good agreement
(within 5%) with the experimentally observed IR spectrum.
Although the Ga–H bond could not be unambiguously assigned
in the 1H NMR spectrum, P–H was clearly observed as a
multiplet at d 3.25; moreover the integration is indicative of two
hydrogen atoms on each of the two phosphorus atoms.
Consistent with its diamagnetic nature, the title compound did
not prove to be EPR active.

A number of points are noteworthy relative to structure (Fig.
1) and bonding in the title compound. Compound 1 may be
considered as a Ga3P2 trigonal bipyramidal core bridging the
two m-terphenyl ligands. The Ga–C bonds in 1 of 1.969(6) and
1.982(6) Å are longer than the value reported for
[(2,4,6-Pri

3C6H2)2C6H3]GaCl2 [1.949(8) Å] and yet are con-
siderably shorter than that reported for the Na2[{(2,4,6-
Pri

3C6H2)2C6H3}–Ga·Ga–{C6H3(C6H2Pri
3-2,4,6)2}] gallyne

(2.06 Å). The angles about the {–P–Ga–P–} core connecting the
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two [(2,4,6-Pri
3C6H2)2C6H3]Ga fragments are particularly

acute at angles of 69.68(4), 72.65 and 74.27° for Ga(1)–Ga(3)–
Ga(2), Ga(1)–P(1)–Ga(2) and Ga(1)–P(2)–Ga(2), respectively.
The Ga(1)–Ga(3)–Ga(2) linkage is asymmetric at distances of
2.5145(13) and 2.7778(14) Å for Ga(1)–Ga(3) and Ga(2)–
Ga(3), respectively. It should be noted, however, that compound
1 is not governed by a plane of symmetry or a twofold axis
which would demand a symmetrical –Ga–Ga–Ga– linkage.
Even though these Ga–Ga distances in 1 are rather long, they
compare with a Ga–Ga range of 2.678–2.702 Å for the Ga4-
tetrahedral based [Ga{C(SiMe3)3}]4.19 Indeed, the Ga–Ga bond
distances of 1 compare favorably with the Ga–Ga distances of
2.440(1) and 2.790(1) Å for the recently reported ‘silicon-
capped’ Ga4Si trigonal bipyramidal anion.20

The mean Ga–P distance in 1 is 2.461 Å. With Ga…P
contacts of 3.327 and 3.314 Å for Ga(3)…P(1) and
Ga(3)…P(2), respectively, the possibility of meaningful gal-
lium–phosphorus interactions would appear to be remote.
Likewise, the P(1)…P(2) approach of 3.930 Å is far beyond the
realm of a phosphorus–phosphorus bond as typical P–P single
bond distances are normally in the range 2.25(3)–2.35 Å.21

Lastly, the Ga(1)…Ga(2) approach of 3.031 Å virtually rules
out significant metal–metal interaction.

We are grateful to the National Science Foundation (H. F. S.:
CHE-9815397; G. H. R.: CHE-9520162) and to the donors of
The Petroleum Research Fund, administered by the American
Chemical Society, for support of this work.
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Fig. 1 Molecular structure of 1 (all hydrogen atoms, including that on Ga(3)
and the two each on P(1) and P(2), have been omitted for clarity and only
one position for each disordered phosphorus atoms is shown. Ellipsoids are
shown at the 30% probability level): Bond distances (Å) and angles (°):
Ga(1)–C(37) 1.969(6), Ga(2)–C(1) 1.982(6), Ga(1)–P(2) 2.564(5), Ga(1)–
P(1) 2.660(6), Ga(1)–Ga(3) 2.5145(13), Ga(2)–P(1) 2.449(5), Ga(2)–P(2)
2.455(4), Ga(2)–Ga(3) 2.7778(14), Ga(1)…Ga(2) 3.031, Ga(3)…P(1)
3.327, Ga(3)…P(2) 3.314, P(1)…P(2) 3.930; C(37)–Ga(1)–P(2)
129.98(19), C(37)–Ga(1)–P(1) 130.3(2), P(2)–Ga(1)–P(1) 97.58(10),
C(37)–Ga(1)–Ga(3) 115.97(18), P(2)–Ga(1)–Ga(3) 81.48(15), P(1)–
Ga(1)–Ga(3) 79.96(18), C(1)–Ga(2)–P(1) 124.0(2), C(1)–Ga(2)–P(2)
128.1(2), P(1)–Ga(2)–P(2) 106.5(3), C(1)–Ga(2)–Ga(3) 119.69(18), P(1)–
Ga(2)–Ga(3) 78.78(15), P(2)–Ga(2)–Ga(3) 78.33(13), Ga(1)–Ga(3)–Ga(2)
69.68(4), Ga(2)–P(1)–Ga(1) 72.65(17), Ga(2)–P(2)–Ga(1) 74.27(14).
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When the hydrolysis of substituted benzoyl chlorides is
carried out in a water/oil (w/o) microemulsion, the point in
the substituent s+/lg k plot at which the mechanism changes
from associative to dissociative depends on the water content
of the microemulsion.

Water-in-oil (w/o) microemulsions1 can be considered as
consisting of three compartments in which small solutes may be
located: the aqueous core of the droplets; the continuous non-
polar phase; and the intervening micellar interface made up of
surfactant molecules with their polar head groups facing the
aqueous core.2 They are extensively used for foods, cleaning
products, drug delivery, tertiary oil recovery,1 and as media for
chemical reactions.3 This latter application derives largely from
their ability to catalyse reactions by bringing water-soluble
reagents dissolved in the aqueous compartment into contact, at
the micellar interface, with water-insoluble organic reagents
dissolved in the non-polar compartment; microemulsion cataly-
sis is an alternative to phase-transfer catalysis4 and other
techniques for favouring reaction between water-soluble and
water-insoluble compounds. In addition, however, micro-
emulsions can also bring about catalysis simply by concentrat-
ing water-soluble reagents in the aqueous droplet core and at the
interface, the droplets thus acting as ‘microreactors’.5 Fur-
thermore, reaction rates can be influenced by the altered
properties of the water in droplets with very low water
contents.6,7

In this work, we found that the altered properties of
microemulsion water can affect not only reaction rates, but also
the mechanism by which certain reactions take place. The
specific class of reactions investigated was the hydrolysis of
substituted benzoyl chlorides in water/AOT/isooctane micro-
emulsions [AOT = sodium bis(2-ethylhexyl)sulfosuccinate]
with water contents W = [H2O]/[AOT] ranging from 2 to 50.

The kinetics of the hydrolysis of benzoyl chlorides in
microemulsions can be investigated using our extended pseudo-
phase model of the latter.8 Specifically, since the poor solubility
of benzoyl chlorides in water makes it safe to assume that the
amount of substrate dissolved in the aqueous compartment is
negligible, we applied the model shown in Scheme 1, where KS
{KS = ([Substrate]iZ)/[Substrate]o} governs the partition of
substrate between the organic phase and the interface, the only
region in which the reaction occurs. For the observed rate
constant kobs, this model affords eqn. (1), in which k is the

k
kK

K Zobs
S

S

=
+

(1)

pseudo first-order rate constant for the reaction in the interface
and Z = [isooctane]/[AOT] is the ratio of the molar concentra-
tions of the non-polar solvent and the surfactant.

As predicted by eqn. (1), plots of 1/kobs vs. Z are linear in all
cases studied (errors are always < 10–12% for the intercepts
and ca. 1–2% for the slopes). Fig. 1 shows these results for some
of the benzoyl chlorides used. For each value of W, the values
of k (errors are always < 15%) so obtained were used to
construct the corresponding Hammett plot. Fig. 2 shows the
results for W = 2 and 50.

Mechanistically, the solvolysis of benzoyl chlorides can
proceed via either of two phenomenologically distinct kinds of
mechanism: one in which the rate-limiting step includes a
transition state with little or no cleavage of the bond binding the
leaving group [an associative mechanism, Scheme 2(a)], and
one in which it shows well advanced cleavage of the leaving
group bond [a dissociative mechanism, Scheme 2(b)].9,10 A
positive r+ value provides evidence for an associative transition
state that involves bimolecular attack of water on the acyl
chloride with little or no bond-breaking to the leaving group in
the rate-limiting step. This corresponds to the initial step of an
addition–elimination mechanism, but we do not know if there is
an intermediate with a significant lifetime on the reaction path.
An ‘uncoupled concerted’ reaction pathway may occur, in
which there is no intermediate, but in which bond formation and
bond cleavage are not balanced; i.e. bond-making and bond-
breaking have not occurred to the same extent at the same
time.9

The mechanism of a given reaction depends on the nature of
the substituent and the solvent in which the reaction takes
place.9 The slope of a Hammett plot for solvolysis of benzoyl
chlorides in water changes from negative (indicative of
dissociative reactions, r+ = 23.09) to positive values (indica-
tive of associative reactions) somewhere between the points
corresponding to 3-(trifluoromethyl)benzoyl chloride and 4-ni-

Scheme 1

Fig. 1 Plots of 1/kobs vs. Z = [isooctane]/[AOT] [see eqn. (1)] for the
hydrolysis of substituted benzoyl chlorides at 25 °C in AOT/isooctane/
water microemulsions with W = 18. (-) 4-Cl, (8) 4-H, (5) 4-Me, (2)
4-CF3.
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trobenzoyl chloride, the latter of which reacts faster than the
former.9

Fig. 2 shows that in microemulsions, as in water, there is
indeed a switch from the dissociative to the associative
mechanism. For the microemulsion with W = 50 this occurs at
s+ ca. 0.3, between the points for 4-chlorobenzoyl chloride and
3-chlorobenzoyl chloride: for s+ > 0.3 there is very good
Hammett correlation with a slope of r+ = 3.5 ± 0.3, whereas the
least-squares line through the results for substituents with
s+ < 0.3 has a slope of r+ = 22.7 ± 0.3, close to the value of
23.0 observed for reaction in pure water.9 For the micro-
emulsion with W = 2, the switch occurs at s+ ca. 20.4, just
below the point for 4-methylbenzoyl chloride, with a Hammett
slope of r+ = 1.8 ± 0.2 for s+ > 20.4 (the number of substrates
with more negative s+ values was too few for accurate
calculation of a Hammett slope for the dissociative branch).

As the water content of the medium falls, so too does the s+

value at which the mechanism switch occurs (see Fig. 2, in
which the value at which the switch occurs in bulk water is
shown by a dotted line). This can be attributed to the change in
the properties of micelle-borne water.11,12 The change from a

dissociative to an associative reaction path with increasingly
electron-withdrawing substituents occurs much later in water
than in AOT/isooctane/water microemulsions with W = 50.
The rate of the associative reaction is independent of the leaving
group, while the dissociative reaction is strongly dependent on
the nature of the leaving group and on its solvation.9 For large
values of W, water at the centre of the aqueous micelle core is
similar in nature to that of bulk water, but water in or adjacent
to the interface is devoted to solvating the surfactant head
groups12 and, hence, has a limited ability to assist the leaving
group; in microemulsions with W = 2, all water is of this latter
kind. Consequently, lowering W favours the associative path-
way, with the result that the change in mechanism occurs at
lower s+ values; in the microemulsion with W = 2, even
4-methylbenzoyl chloride, with its electron-donating sub-
stituent, is hydrolysed via the associative mechanism.

In conclusion, in this work we found that carrying out the
hydrolysis of benzoyl chlorides in microemulsions allows not
only the reaction rate but also the reaction mechanism to be
controlled by modifying the quantitative composition of the
microemulsion. The effect on the mechanism can be attributed
to the dependence of the properties of micelle-borne water on
the value of W = [H2O]/[surfactant]. We envisage that this
phenomenon may prove to be of use for investigation of other
reaction mechanisms.
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Fig. 2 Hammett plots for the hydrolysis of substituted benzoyl chlorides in
AOT/isooctane/water microemulsions with different water contents: (5) W
= 50 and (2) W = 2 at 25 °C. The dashed line indicates the point at which
a similar plot for the reaction in water changes from negative to positive
slope (ref. 9).

Scheme 2
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We report a new sensor concept based on an ion-selective
SAM modified microcantilever which can detect caesium ion
concentrations in situ in the range 10211–1027 M and shows
potential for use in developing a new family of real time in
situ metal ion sensors with high sensitivity/selectivity and
low cost, for chemical and biological applications.

Research in the area of sensor development for metal ion
detection in chemical and biological applications has received
considerable attention in recent years.1–3 In particular, the
application of host–guest chemistry to sensor development has
proved to be a very useful detection method.4 Many different
receptors (hosts) including crown ethers, cryptands and calixar-
enes have been synthesized as molecular recognition agents for
the binding of various metal ions (guests).5–7 Recent results
from our laboratory on microcantilever based sensors have
revealed that adsorption-induced stress on microcantilevers can
be used to detect low concentrations (ppb) of chemical vapors.8
This adsorption-induced stress can be detected by the change in
bending9 or resonance frequency10 caused by changes in the
cantilever surface. We have shown that microcantilevers can
operate in both the gas and liquid phase for chemical sensing
applications.8,9 In liquid environments, the preferable mode of
detection appears to be adsorbate induced cantilever bending.
Chemical selectivity for inorganic ions can be obtained by
coating an ion-selective polymer film or modified SAM
containing ion selective binding sites.

Here we report the first example of a selective caesium ion
sensor based on an ion-selective SAM coated microcantilever
capable of detecting caesium ions in the presence of high
concentrations of potassium of sodium ions. Our data shows
that the sensitivity of this cantilever based sensor for in situ
measurements is several orders of magnitude better than the
currently available ion selective electrodes (ISE).

The caesium recognition agent used in this work was
1,3-alternate 25,27-bis(11-mercapto-1-undecanoxy)-26,28-cal-
ix[4]benzocrown-6 1, bound to a gold coated microcantilever.
The crown cavity of the 1,3-alternate conformation of cal-
ix[4]benzocrown-6 has been shown to be very suitable for
accommodating caesium ions with Cs/Na and Cs/K selectivity
ratios in excess of 104 and 102, respectively, by a solvent
extraction technique.11 Binding constant values of 10, 2 3 104

and 2.5 3 106 have also been determined by a fluorescence
technique for Na+, K+ and Cs+ in MeOH–CH2Cl2 (1+1)
solution.12 Based on the high selectivity exhibited by these
compounds, receptor molecule 1 was designed and anchored
onto the gold surface of the microcantilever by standard
techniques.13 Decane-1-thiol was co-absorbed onto the gold
surface in a 2+1 ratio to fill the gaps present between the two
alkyl thiol arms of 1 and the adjacent molecules (Scheme 1) and
to enhance the aqueous stability of the SAM.

The experiments were performed in a flow-through glass cell
where the SAM coated V-shaped microcantilever was im-
mersed in distilled water at a flow rate of 10 mL min21.
Electrolyte solutions (Cs, K or Na nitrate) were introduced
using a syringe pump by switching the syringe delivering pure
water to the syringe containing the desired electrolyte solution.
The volume of the glass cell was selected to be small enough (4

mL) to insure fast replacement of the liquid in contact with
cantilever. The bending of the cantilever was measured by
monitoring the position of a laser beam reflected off the top of
the microcantilever onto a four-quadrant photodiode. The
microcantilever was initially immersed into the cell exposed to
a constant flow of distilled water and its deflection (bending)
was measured as the background and set to 0 nm. Approx-
imately 30 s later, the flow of distilled water was replaced with
caesium ion solution. As the Cs+ ions diffuse to the SAM coated
microcantilever, the bending response of the cantilever changes
reaching an equilibrium within 70–80 s (Fig. 1). Based on the
large complexation constant calculated (vida infra) for caesium
and 1,3-alternate calix[4]benzocrown-6, it is reasonable to
assume that the initial rapid increase in bending response
depends on the concentration of caesium in solution. Fig. 2
shows the observed change in bending response of the
microcantilever as the concentration of caesium ions is varied.
It is clear from the plot in Fig. 2 that the most dramatic response
is exhibited when the concentration of caesium is in the range
1027–10211 M. In contrast, the cantilever response to potassium
ions (the most prevalent interfering ion) in the same concentra-
tion range is very small (e.g. 20 nm deflection for 1 3 1028 M
solution of K+ compared to 330 nm deflection for caesium at the
same concentration, Fig. 2). For Cs+ ion concentrations > 1026

M, the bending response at equilibrium reaches its maximum
value at ca. 330 nm (Fig. 2). A blank test performed on a gold
coated silicon nitride cantilever without the SAM revealed that

Scheme 1 Schematic representation of the molecular structure of receptor
molecule 1,3-alternate 25,27-bis(11-mercapto-1-undecanoxy)-26,28-
calix[4]benzocrown-6 (1) co-absorbed with decane-1-thiol on the gold
surface of microcantilever by the SAM technique. The synthetic procedure
for preparation of the thiol derivative of 1,3-alternate calix[4]arene 1 used
in this work will be published elsewhere. The microcantilever is
commercially available and has the following dimensions: 200 mm long, 40
mm base and 0.7 mm thick (Park Scientific Instruments, CA). The maximum
number of molecules of 1 that can adsorb on the surface of cantilever is @2
3 1010. The sensitivity of detection is 10.58 mV nm21
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even at high Cs+ ion concentration (e.g. 1023 M) the bending
response was unaffected (same as pure water). Such a finding
clearly rules out any contribution to the cantilever bending
response by the caesium ions in the absence of receptor
molecule, and substantiates the role of molecular recognition
agent (receptor) in inducing the observed change in bending
response.

The relationship between the cantilever displacement, z, and
the differential surface stress can be expressed by eqn. (1).

z
v L

t E
s= -

(
( )

)
3 1 2

2 d (1)

where L is the length of the cantilever, v is Poisson’s ratio, E is
Young’s modulus for the substrate, t is the thickness of the
cantilever, and ds is the adsorption-induced differential surface
stress. Since ds is directly proportional to ion absorption by the
microcantilever, eqn. (1) can be re-arranged to eqn. (2) where b
is a constant, K is the complexation constant between the ion
receptor and the ions present in solution (1+1 stoichiometry),
[M] is the concentration of ions in solution, and R0 is the no of
mol of ion receptor present on cantilever before complexa-
tion.

z b
v L

t E

K R

K
= -

+
(

( )
)(

[ ]

[ ]

3 1

1

2

2
0M

M
(2)

Since the change in concentration of ions present in solution
after absorption by the receptor is essentially unchanged in a
continuous flow system, the value of [M] will be the same as the
initial concentration of ions. The complexation constants
determined from the plot of 1/z vs. 1/[M] for caesium (KCs) and
potassium (KK) using eqn. (2) are 2 3 109 M21 and 1.6 3 107

M21, respectively. These values are much higher (three orders
of magnitude) than the corresponding values observed for the
derivatives of similar compounds in MeOH–CH2Cl2 (1+1)
solution12 but the ratio of KCs/KK is essentially the same.
Similar enhancements in the association constant values for

other SAM systems (relative to the free molecule) have also
been reported.14,15 The large value of association constant
observed for Cs+ ions indicates that binding is essentially
irreversible. This notion is further supported by our experi-
mental results that showed cycling pure water through the
system (to rinse the SAM coated microcantilever containing
Cs+ ions) for several hours failed to regenerate the initial
reading (water curve in Fig. 1).

The bending response of the SAM coated microcantilever
upon Cs+, K+ and Na+ complexation was also compared for the
same concentration of each ion (1025 M). The results indicated
that SAM coated microcantilever was much more selective
towards Cs+ ions compared to K+ and Na+ ions (not shown). In
fact, Na+ ions have a minimal effect (if any) on the bending
response while K+ ions exhibit enough sensitivity to interfere
(as a perturbing ion when present) in the detection of caesium
ions.

In summary, our study has shown that the concept of ion-
selective-SAM coated cantilever can be applied successfully to
detect trace amounts (ppb) of caesium ions (in situ) in the
presence of high concentrations of interfering potassium ions
with remarkable sensitivity. This methodology can be applied to
the detection of a wide variety of metal ions of chemical and
biological importance. For example, we envision construction
of a compact device capable of measuring low levels of metal
ions in the blood stream in situ using this technique. This
concept can be further expanded by constructing a multi-panel
array device based on an SAM coated microcantilever for in situ
detection of different metal ions present in solution or biological
fluids. Along these lines, we are currently synthesizing
molecular recognition agents containing different size cavities
capable of complexing different metal ions.
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Department of Energy and in part by an appointment sponsored
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Lockheed Martin Energy Research Corporation for the US
Department of Energy under contract number DE-AC05-
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Fig. 1 Bending deflection response of the SAM coated microcantilever as a
function of time, t, before and after exposure to different concentrations of
Cs+ ions in solution at room temperature. For the y-axis, the voltage has
been converted to nm using the conversion factor 10.58 mV nm21.

Fig. 2 Bending deflection response of the SAM coated microcantilever as a
function of the change in concentration of Cs+ and K+ ions. For the y-axis,
the voltage has been converted to nm using the conversion factor 10.58
mV nm21.

458 Chem. Commun., 2000, 457–458



Synthesis of optically active amino sugar derivatives using catalytic
enantioselective hetero-Diels–Alder reactions

Wei Zhuang, Jacob Thorhauge and Karl Anker Jørgensen*

Center for Metal Catalyzed Reactions, Department of Chemistry, Aarhus University, DK-8000 Aarhus C, Denmark.
E-mail: kaj@kemi.aau.dk

Received (in Cambridge, UK) 17th November 1999, Accepted 5th February 2000,
Published on the Web, 2nd March 2000

A new synthetic method for the formation of optically active
amino sugars using catalytic enantioselective inverse-elec-
tron demand hetero-Diels–Alder reactions of g-amino-
protected b,g-unsaturated a-keto esters with vinyl ethers is
presented; the catalytic reactions proceed in good yield with
high diastereo- and enantioselectivity and fully control of the
stereochemistry at the amino-carbon center.

Sugars containing nitrogen atoms have a variety of different
biological activities; they are, e.g. among the largest group of
carbohydrate mimetics and belong to the strongest known
inhibitors of glycosidases found.1 Furthermore amino sugars are
also applied as pharmaceuticals such as for treatment of
diabetes2 and promising drugs against influenza.3

The synthesis of optically active amino sugars normally takes
its starting point from naturally occurring carbohydrates.4 or
amino acids.5 A simple and convenient procedure for the
formation of optically active amino sugars and their derivatives
(3) could be the catalytic enantioselective inverse-electron
demand hetero-Diels–Alder (HDA) reaction of g-amino-pro-
tected b,g-unsaturated a-keto esters 1 with vinyl ethers 2 [eqn.
(1)]. This approach has previously been used in diaster-
eoselective reactions.6

Here, we present the first catalytic enantioselective synthesis
of amino sugars 3 by inverse-electron demand HDA reactions
using C2-bisoxazoline-Lewis acid complexes as catalysts.7,8†
The reaction has been developed for two different protected g-
amino b,g-unsaturated a-keto esters 1a, b which have the
protected g-amino substituent, trans or cis, respectively, as
these by reaction, e.g. ethyl vinyl ether 2a, will give the two
different diastereomers of the optically active amino sugars 3a
and 4a, respectively [eqn. (2)]. The (S)-But-BOX-Cu(OTf)2

[(S)-5a] and (R)-Ph-BOX-Zn(OTf)2 [(R)-5b] complexes are
found to be good catalysts for the reaction among different C2-
bisoxazoline–Lewis acid complexes tested.

Table 1 presents some results obtained for the reaction of 1a,
b with 2a. It appears that the g-amino-protected b,g-unsaturated
a-keto esters 1a, b react with ethyl vinyl ether 2a in the presence
of the (S)-5a catalyst giving the protected amino sugars 3a and
4a, respectively, in high yield, diastereo (de) and enantiomeric
excess (ee) at room temperature. The reaction of 1a with 2a can
proceed with 5 mol% of the catalyst with very high diaster-
eoselectivity giving only one detectable enantiomer by chiral
HPLC of 3a (entry 2). The reaction can take place in several
solvents and high yield, de and ee are obtained in, e.g. Et2O and
THF (entries 1, 4). However, it is notable that the de is reduced
when THF is the solvent compared with Et2O, and that the
reaction performed in CH2Cl2 gives the exo-diastereomer as the
major diastereomer (deexo 43% and with 90% eeexo). The
reaction of 1b leads to the other diastereomer of the protected
amino sugar (4a) and this reaction proceeds also with high yield,
de and ee using (S)-5a as the catalyst and 4a is obtained in 96%
yield, 74% de and 94% ee (entry 5). The yield of 4a is slightly
improved in the presence of (R)-5b as the catalyst, while the de
is the same and the ee is reduced compared to (S)-5a as the
catalyst (entry 6). The absolute configuration of a related series
of compounds has been determined previously.8e

The application of this catalytic enantioselective approach for
the preparation of various types of different amino sugar
derivatives is shown in the following equations. In eqn. (3) the
reaction of 1a with cis-1-acetoxy-2-ethoxyethene 2b in the
presence of (S)-5a and (R)-5b as the catalysts is presented. The
reaction proceeds in a highly regio-, diastereo- and enantio-
selective manner giving 3b in 82% yield, 85% de and 99% ee
when (S)-5a is the catalyst and an improvement in yield, and
reduction in ee when (R)-5b is the catalyst. The reaction in eqn.
(3) shows that it is possible to introduce two different

Table 1 Reaction of g-amino-protected b,g-unsaturated a-keto esters 1a, b
with ethyl vinyl ether 2a in the presence of (S)-But-BOX-Cu(OTf)2 [(R)-5a]
and (R)-Ph-BOX-Zn(OTf)2 [(S)-5b] at room temperature (r.t.)

Entry Substrate Cat./mol% Yielda (%) endo-deb (%) Eec (%)

1 1a (S)-5a/10e 3a/98 88 98
2 1a (S)-5a/5e 3a/67 95 > 99
3 1a (S)-5a/10e,f 3a/94 90 > 99
4 1a (S)-5a/10g 3a/82 29 99
5 1b (S)-5a/10g 4a/96 74 94d

6 1b (R)-5b/10e 4a/99 70 70d

a Isolated yield. b Diastereomeric excess measured by 1H NMR.c Enantio-
meric excess measured by chiral HPLC using a Daicel Chiralpak OJ
column. d Enantiomeric excess measured by chiral GC using a Chrompack
ChiralsilDex CB column. e Et2O as solvent. f Reaction temperature 0 °C
g THF as solvent.
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protected hydroxy functionalities in the amino sugar fragment
by this reaction.

The results for the reaction of 1a with 2,3-dihydrofuran 2c is
presented in eqn. (4). Both catalysts give good yield of the

amino sugar 3c; the (S)-5a catalyst gives the highest ee (96%) of
the major diastereomer, formed with a de of 57%, while (R)-5b
leads to the highest de (81%), and with only a slight reduction
to 88% ee. It is notable that the same enantiomer of 3b and 3c
in  eqns. (3) and (4) are obtained using the (S)-5a and (R)-5b
catalysts.

The catalytic enantioselective reaction of the activated cyclic
alkene 2d with 1a gives 3d in moderate yield (51%) and de
(66%), and with high ee (92%) [eqn. (5)]. The highest yield of

3d is obtained with the chiral zinc(II) catalyst (R)-5b, while
catalyst (S)-5a only gives 12% isolated yield of 3d, but formed
in a highly enantioselective manner as 97% ee is obtained.

The catalytic enantioselective HDA reaction can also be used
for the preparation of optically active spiro-amino sugars. The
spiroacetal functionality is found in natural products such as
pheromones, steroidal compounds, anti-parasitic agents and
polyether antibiotics9 and eqn. (6) shows how the reaction of

1a with the exo-cyclic vinyl ether 2e catalyzed by (S)-5a leads
to high yield, de and ee of the spiro-amino sugar 3e.

The present work has shown a new development in catalytic
enantioselective HDA reactions for the preparation of optically
active amino sugars. It is demonstrated that the approach can be
used for the synthesis of a series of different types of protected
amino sugars in good yield with control of both the diastereo-
and enantioselectivity. The new synthetic procedure introduces
a new approach for the formation important amino sugars from
simple substrates. Furthermore, can the products obtained also
be considered as cyclic g-amino acid esters. Further work is in
progress in developing optically active highly functionalized
molecules using this approach.

We are indebted to The Danish National Research Founda-
tion for financial support.
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Enone 1a made according to ref. 6(b). 1b was prepared as described in
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Stable single-wall carbon nanotube (SWCNT) colloids in
polar solvents, such as water, ethanol, acetone and DMF,
have been prepared and the third-order optical nonlinearity
of the SWCNTs measured using the femtosecond optical
Kerr effect.

Owing to their novel structural, electronic and mechanical
properties, single-wall carbon nanotubes (SWNTs) are likely to
possess many potential applications.1,2 However, it is difficult
to study their chemical behavior and properties because of their
insolubility in solvents. Chen et al.3,4 obtained an SWCNT
derivative which was soluble in organic solvents obtained from
shortened SWCNTs5 and studied the solution-phase EPR of
such SWCNTs.6 Liu et al.7 successfully deposited individual
short SWCNT segments on chemically functionalized nano-
lithographic templates from a 0.1 mg ml21 carboxylated
SWCNT suspension of DMF. Here, we report the preparation of
stable SWCNT colloids by dispersing carboxylated SWCNTs in
several polar solvents, which will facilitate the study of
chemical properties and the engineering of electronic devices
based upon SWCNTs. The third-order optical nonlinearity of
colloidal SWCNTs in DMF was measured. The high third-order
optical nonlinearity susceptibility obtained indicate potential
applications of SWCNTs in optical information processes.

SWCNTs were produced by the dc arc-discharge method8

and purified to > 90%.9 The SWCNTs had a diameter of ca.
1.3 nm and existed as SWCNT bundles both in the raw-soot and
purified samples. The SWCNT bundles had a diameter of
20–30 nm in the raw-soot and 50–60 nm in the purified sample
with lengths of > 10 mm.9 The preparation of aqueous colloids
was carried out by dissolving 100 mg purified SWCNTs in
120 ml 98% H2SO4–70% HNO3 (3+1) and subjecting to ultra-
sonication for 8 h. The obtained solution was diluted with
deionized water to 500 ml and left to stand over night. After
decanting the solution, 50 ml of deionized water was added to
the residue which was allowed to stand for one day. After
discarding the supernatant, 25 ml of deionized water was added
to the residue to form a colloidal solution of SWCNTs in water.
The pH value of the colloidal solution was ca. 3 for a
concentration of 1.77 mg ml21. The colloid solution remained
very stable for > 1 year.

In order to remove the residual acids, the colloid solution was
passed through a PTFE membrane disc Filter (Gelman, 1 mm
pore size) under vacuum followed by washing several times
with deionized water. The SWCNTs on the membrane disc were
readily dispersed in water, ethanol, acetone and DMF after
ultrasonication for a few minutes to form black colloids in the
absence of surfactants. The saturated concentration of SWCNTs
in water, ethanol, acetone and DMF were 1.16, 0.5, 1.06 and 2.0
mg ml21, respectively, and the pH value of the colloid solution
of SWCNTs in water was 5.5.

In our experiments, the saturated concentration of SWCNTs
in water largely depended on the acidity of the solution. At pH
< 1.5, SWCNTs in water precipitate in 1 or 2 h after standing
while pH at 2.4, 1.97 mg SWCNTs can be dispersed in 1 ml of
water to form a stable colloid. At a pH of 5.5 the saturated
concentration of SWCNTs is reduced to 1.16 mg ml21. Thus,

the pH range 2–3 is favorable for the formation and existence of
stable colloids of SWCNTs in water.

The observation of stable colloids suggests the presence of
carboxylic groups at open ends of the SWCNTs, which was
verified by the characteristic stretching band (nCNO) at
1710 cm21 in the FTIR spectrum.4 The structure of the
SWCNTs was established by Raman spectroscopy. As shown in
Fig. 1, no obvious change occurs in the Raman spectra of
SWCNTs before or after treatment with mixed acids except for
a decreasing peak ratio G+D, which implied that the SWCNTs
were shortened after acid treatment. Compared to Liu’s results
for relatively longer nanotubes,5 it can be anticipiated that
SWCNTs should exist in a non-aggregated state in the various
colloid solutions.

The tube length distribution of SWCNTs in solvents can be
approximately estimated by the hydrodynamic radius via laser-
scattering characterization. SWCNTs in water have a hydro-
dynamic radius in the range 23–300 nm with a mean of 81.1 nm
(Fig. 2). In other words, the length of the SWCNTs ranges from
50 to 600 nm with a mean of ca. 160 nm. The length distribution
is shorter than that reported by Liu et al.5

The successful preparation of the colloids made it possible to
measure the third-order optical nonlinearity of the SWCNTs.
Nonlinear optics (NLO) measurements were performed using
the femtosecond optical Kerr technique10 with a Ti:sapphire
laser (Mira 900F, Coherent Co. Ltd., USA). The operating
wavelength was centered at 820 nm, where the sample shows no
absorption. In our experiments, three SWCNTs colloid solu-
tions of 0.33, 0.22 or 0.13 mg ml21, in DMF were used and the
sample cell thickness was 1 mm. The zero delay point was
determined with a BBO crystal (0.3 mm thick) and the pulse
duration was set at 120 fs.

The ultrafast NLO response of the SWCNT colloids is shown
in Fig. 3 together with that for the reference sample of CS2
under the same conditions. The instantaneous response proves
that the NLO signal is attributed to conjugated p-electrons. The

Fig. 1 Raman spectra of purified (b) and carboxylated (a) SWCNTs at 783
nm.
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signal caused by colloids at different concentrations indicates a
square dependence of the signal on the concentration. The third-
order optical nonlinearity susceptibility, c(3), of the colloid at a
given concentration can be calculated11 and a value of 4 3
10213 esu was obtained for the 0.33 mg ml21 SWCNT colloid
in DMF. In this measurement, the contribution of DMF (ca. 1 3
10214 esu) is reasonably neglected as the c(3) value for DMF is
nearly ten times smaller than that of CS2

12 (1 3 10213 esu).13

Furthermore, the magnitude of the second-order hyperpolariz-
abilities, gc, for each carbon atom can be calculated as 7.7 3
10233 esu, which is much higher than those of C60 and multiwall
carbon nanotubes,14 and close to the value expected from

theoretical calculation.15 This is a remarkably large non-
resonant and instantaneous NLO response for p-conjugated
molecules, which indicates that SCWNTs may be useful as
nonlinear optical materials.

In conclusion, stable SWCNTs colloid solutions in polar
solvents, such as water, ethanol, acetone and DMF, have been
prepared with purified SWCNTs and using a sulfuric acid–nitric
acid mixture. This opens the possibility for template assembly
or functionalization of SWCNTs in polar solvents. For colloids
of SWCNTs in DMF, the third-order optical non-linearity of
SWCNTs was measured and a large nonresonant and instanta-
neous NLO response was obtained, indicating the potential
applications of SWCNTs in optical information process.

This work was supported by the National Natural Science
Foundation of China, No. 29671030 & 29981001.
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Fig. 2 Hydrodynamic radius distribution of an aqueous colloid of SWCNT
measured using 514.5 nm laser-scattering.

Fig. 3 Ultrafast OKE signals of SWCNT colloids in DMF together with a
reference sample of CS2.
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The partially THF-solvated dipotassium salt of the novel bis-
chelating dianion [ButN(Se)P(m-NBut)2P(Se)NBut]22 forms
an infinite network of twenty-membered K6Se6P4N4 rings
involving two types of K···Se interactions.

The coordination chemistry of monoanions of the type
[R2P(E)NP(E)R2]2 1 is a very active area of investigation.1 The
interest in metal complexes of these acetylacetonate analogues
includes their use in catalysis2 or as lanthanide shift reagents,3
as well as the stabilization of unusual geometries at main group
metal centres.4 The dianionic bis(amido) P(III) ligand 2 has also
been studied recently for possible applications in catalysis5 and
as a ligand for main group metals.6 Bischalcogenido derivatives
of 2 are unknown. Such dianionic P(V) ligands 3 would be
especially interesting in view of the possibility of (a) selective
chelation of different metals via S,SA or Se,SeA (soft) and N,NA
(hard) centres or (b) generation of metal-containing polymers
via bis-chelation. Here, we describe the synthesis and X-ray
structures of the first alkali metal derivatives of 3a and 3b.

The dianions 3a and 3b are obtained as their dipotassium salts
6 and 7 in good yields via the deprotonation reaction depicted in
Scheme 1.† The 1H and 13P {1H} NMR spectra of 6 and 7 are
consistent with symmetrical bis-chelation of the dianions to two
K+ ions, but these spectroscopic data do not distinguish between
two possible bonding modes: (a) bis-(N,E) chelation or (b) N,NA
and E,EA chelation. The 31P {1H} NMR spectrum of the
diprotonated precursor 4 shows two pairs of 77Se satellites
attributable to the AAAX spin system of the isotopomer
containing one 77Se (I = 1

2, 7.6%) atom.†7 The value of 1J(31P–
77Se) is reduced from 880 to 684 Hz upon deprotonation
consistent with a decrease in P–Se bond order (cf. 786 and 687
Hz for Ph2P(Se)NHP(Se)Ph2 and its K+ salt).7 The A–AA
[2J(31P–31P)] coupling is 25 Hz in 4, but it is unresolved for 6.
A reliable estimate of the number of THF ligands per K+ ion by
integration of the 1H NMR spectra of 6 and 7 could not be
obtained owing to the facile loss of THF from the crystals.

The X-ray structural analysis of 6 (Fig. 1)‡ reveals that bis-
chelation occurs at the ‘top’ and ‘bottom’ of the dianion (Se,SeA
and N,NA) in preference to ‘side-on’ bis(N,Se) chelation.
Presumably the formation of six-membered KNPNPN and
KSePNPSe rings is preferred over the known four-membered
KNPSe ring9 for the relatively large K+ ion. The mean K–Se
distance in the monomeric unit is 3.312 Å, cf. 3.377 Å for
(K[Ph2P(Se)NSiMe3]·THF)2.9 Fig. 2 shows that dimerization
occurs via two K···Se interactions (3.418(3) Å) to give a central
K2Se2 ring as observed for (K[Ph2P(Se)NSiMe3]·THF)2.9 For 6,
however, the K+ ions involved in these four-membered rings are
bis-solvated (five-coordinate). The X-ray crystal structure of the
sulfur analogue 7 is similar to that of 6 except that both K+ ions
are monosolvated.10 The dimeric units in 6 associate further via
weak···Se interactions (3.644(3) Å) involving the monosolvated
K+ ions and the two-coordinate Se atoms to give an extended
structure. Extended ladder structures involving K···E inter-
actions have been reported previously for the unsolvated
complexes K[Ph2P(E)NP(E)Ph2] (E = S,11a Se11b). For 6 the

Scheme 1

Fig. 1 The X-ray structure of the monomeric unit in 6 showing the
numbering scheme. Selected bond lengths (Å) and angles (°): K(1)–Se(1)
3.354(3), K(1)–Se(2) 3.270(4), K(2)–N(3) 2.766(11), K(2)–N(4) 2.804(10),
P(1)–Se(1) 2.171(4), P(2)–Se(2) 2.163(4), P(1)–N(3) 1.546(10), P(2)–N(4)
1.552(10), P(1)–N(1) 1.735(9), P(1)–N(2) 1.715(10), P(2)–N(1) 1.717(10),
P(2)–N(2) 1.703(8); Se(1)–K(1)–Se(2) 97.14(8), N(3)–K(2)–N(4) 91.2(3),
Se(1)–P(1)–N(3) 119.5(4), Se(2)–P(2)–N(4) 119.8(4), P(1)–Se(1)–K(1)
86.66 (11), P(2)–Se(2)–K(1) 87.64(12), P(1)–N(3)–K(2) 105.1(5), P(2)–
N(4)–K(2) 104.0(5).
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presence of two K+ ions per monomeric building block allows
the formation of an extended network of twenty-membered
(K6Se6P4N4) rings (Fig. 2). The sulfur analogue 7 forms a
similar extended structure.10 By contrast, we note that
the sodium salt of 3a, (THF)2Na[ButN(Se)P(m-NBut)2P(Se)-
(NBut)]Na(THF)2 8, in which both Na+ ions are bis-solvated,
has a monomeric structure similar to that depicted in Fig. 1.10

The 31P {1H} NMR parameters for 8 in d8-THF are d +3.9,
1J(31P–77Se) = 678 Hz and 2J(31P–31P) = 6.1 Hz.

Investigations of the formation of metal-containing coordina-
tion polymers involving the novel bis-chelating dianions 3a and
3b are in progress. Details of the structural characterization of 7
and 8 will be provided in the full account of this work.

We thank the NSERC (Canada) for financial support.

Notes and references
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tained in ca. 80% yield from the reaction of [(ButNH)P(m-NBut)P(NHBut)]
with elemental selenium in boiling toluene for 18 h. NMR (d8-THF): 1H, d
4.56 (s, 2H, NH), 1.68 (s, 18H, But), 1.46 (s, 18H, But); 31P {1H}, d 26.7 (s,
1J(31P–77Se) 880, 2J(31P–31P) 25 Hz; 77Se, d 2128.4 (d, J(31P–77Se) 877
Hz). IR (cm21): 3383 [n(N–H)], 581 [n(PSe)].

A solution of KN(SiMe3)2 (1.66 g, 7.90 mmol) in THF (10 mL) was
added slowly to a stirred solution of 4 (2.00 g, 3.95 mmol) in THF at 23 °C.
After 2 h solvent was removed under vacuum and the product was washed

with hexane (2 3 10 mL) to give 6 (2.07 g, 2.59 mmol) as a yellow powder.
X-Ray quality crystals were obtained from THF–hexane (1+1) solution at
23 °C. NMR (d8-THF): 1H, d 3.58 (m, OCH2CH2), 1.74 (m, OCH2CH2),
1.66 (s, 18H, But), 1.33 (s, 18H, But); 31P {1H}, d 20.03 (s, 1J(31P–77Se)
686 Hz); 77Se, d 13.2 (d, J(31P–77Se) 684 Hz). IR (cm21): 514 [n(PSe)].

Synthesis of 7: complex 7 was obtained in 81% yield as a yellow powder
from KN(SiMe3)2 (5.00 mmol) and 57 (2.50 mmol) in THF (20 mL) by a
procedure similar to that described above for 6. NMR (d8-THF): 1H, d 3.58
(m, OCH2CH2), 1.75 (m, OCH2CH2), 1.60 (s, 18H, But), 1.31 (s, 18H, But);
31P {1H}, d 26.6 (s), IR (cm21): 551 [n(PS)].
‡ Crystal data for 6: C28H60N4K2O3P2Se2, M = 798.87, monoclinic, space
group P21/n (no. 14), a = 10.733(11), b = 14.085(10), c = 26.138(9) Å,
b = 90.99(5)°, V = 3951(5) Å3, Z = 4, Dc = 1.343 g cm23, m(Mo-Ka) =
21.94 cm21. Crystal dimensions 0.50 3 0.30 3 0.20 mm. Data were
measured on a Rigaku AFC6S diffractometer with graphite-mono-
chromated Mo-Ka radiation using w scans. The structure was solved by
direct methods and refined anisotropically using data that were corrected for
absorption. Three carbon atoms of a THF molecule (C18, C19 and C20) had
large thermal displacement parameters. 2135 of the 6958 unique reflections
has I ! 2.00s(I). The final agreement factors were R = 0.0640, Rw =
0.1652.

CCDC 182/1532. See http://www.rsc.org/suppdata/cc/b0/b000357n/ for
crystallographic files in .cif format.
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Fig. 2 The extended structure of 6 showing the two types of K···Se
interactions. For clarity But groups and THF are omitted.
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The synthesis of (+)-nemorensic acid in nine steps is
described; key steps in the route were the stereoselective
Birch reduction of a substituted furan, and addition of
allyltrimethylsilane to an oxonium ion at C-5; an X-ray
crystal structure of (2)-nemorensic acid provided proof of
the relative stereochemistry of the target.

We have recently initiated a research programme aimed at
synthesising the pyrrolizidine alkaloids.1 These alkaloids are a
diverse series of compounds, isolated from the Senecio family
of plants, which display a wide range of biological activities
such as hepatotoxicity and carcinogenic activity; some of these
alkaloids have the ability to cross-link DNA at specific points.2
In particular we were drawn to pyrrolizidine alkaloids contain-
ing a macrocyclic bislactone. Hydrolysis of these bislactone
alkaloids yields a diol (necine base) and a diacid (necic acid).
While the synthesis of necine bases is well established, the necic
acid moiety has received relatively little attention; indeed it is
variation in this part of the molecule that is responsible for much
of the diversity of these plant alkaloids. We now report our
studies on the synthesis of nemorensic acid, which is obtained
from hydrolysis of nemorensine (Scheme 1).3 A survey of the
literature reveals that nemorensic acid has been synthesised by
the groups of Klein (±),4 White (+),5 Mascareñas (±)6 and
Honda (+).7 Our retrosynthetic analysis of nemorensic acid
identified the lactone 1 as a viable precursor for the target; we
know from previous studies that 1 can be prepared from the
commercially available 3-methyl-2-furoic acid via a Birch
reduction on a chiral auxiliary (Xc) laden furan.8

Our synthesis began with 2, which was coupled to (R,R)-
(2)-bismethoxymethylpyrrolidine in excellent yield. We have
already reported that the reductive methylation of 3 proceeds in
high yield and with !30+1 diastereoselectivity.8 Subsequent
Jones (allylic) oxidation gave 5 and hydrogenation with
palladium provided 6 in good overall yield, and with high
selectivity for the isomer shown (Scheme 2).9

The lactone 6 (structure proven by X-ray crystallography)
was treated with ‘Cp2TiMe2’ which was freshly prepared from
Cp2TiCl2 and MeLi, according to Petasis (Scheme 3).10 The
resulting enol ether 7 was rather sensitive to hydrolysis and was,
therefore, converted immediately into the acetal 8 (1+1 mixture
of epimers) with acidic methanol (72% overall yield). Introduc-
tion of carbon functionality at C-5 was accomplished by

reaction of the epimeric mixture of acetals with titanium
tetrachloride and allyltrimethylsilane. The allylated compound
9 that resulted from this reaction was formed as a single
diastereoisomer according to 1H NMR analysis of the crude
reaction mixture. We could assign the stereochemistry of the
product with the aid of NOE experiments which showed a
strong (and reciprocal) enhancement between the allylic
methylene protons and the (cis) methine proton at C-3 (Fig. 1).

† Author to whom correspondence on the X-ray crystal structure should be
addressed.

Scheme 1

Scheme 2 Reagents and conditions: i, SOCl2, then (R,R)-bismethoxy-
methylpyrrolidine, NaOH, 95%; ii, Na, NH3, THF, 278 °C then MeI, 93%;
iii, CrO3, H2SO4, 89%; iv, H2, Pd-C, EtOH, AcOH, 87% (pure cis).

Scheme 3 Reagents and conditions: i, Cp2TiCl2, MeLi; ii, MeOH, HCl,
72% (two steps); iii, allyltrimethylsilane, TiCl4, CH2Cl2, 278 °C, 79%.

Fig. 1
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The sense of diastereoselectivity displayed during the allylsi-
lane addition to acetal 8 is interesting and is consistent with a
recent observation by Woerpel et al. on related systems.11

According to this model, geminal substitution at C-2 is crucial
for high levels of selectivity, and the main reason for addition to
the lower face of the oxonium ion derived from 8 is steric
interaction with the pseudoaxial methyl group at C-2 (Fig. 1).

The synthesis was completed by oxidative cleavage of the
alkene unit with catalytic ruthenium tetroxide; the acid 10 was
immediately treated with aqueous acid to cleave the auxiliary
and liberate nemorensic acid, (65% yield from 9) (Scheme 4).
The relative stereochemistry of the product was confirmed by
X-ray crystallographic analysis (Fig. 2).‡

Nemorensic acid produced by this sequence had spectro-
scopic data (1H, 13C NMR) that were identical with those

reported in the literature. Its melting point was 171–173 °C (lit.3
174–177 °C) and its optical rotation was [a]D +84 (c 0.18,
EtOH) (lit.3 [a]D +87 (c 0.84, EtOH)).

To conclude, we have prepared (+)-nemorensic acid in nine
steps and 25% overall yield using the Birch reduction of furan
as the key step. This synthesis is particularly efficient and is
amenable to the preparation of ample amounts of material.

We thank the EPSRC and Roche Pharmaceuticals for
financial support. Clare Stevenson is thanked for some
preliminary experiments.

Notes and references
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216.23, orthorhombic, a = 8.4556(2), b = 11.4227(2), c = 11.4637(2) Å,
U = 1107.23(4) Å3, T = 123(1) K, space group P212121 (no. 19), Z = 4,
Dc = 1.297 g cm21, m(Mo-Ka) = 0.104 mm21. Data collected on a Bruker
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structure not determined, final difference map +0.21 and 20.15 e Å23.
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software, SHELXTL Structure solution and refinement (G. M. Sheldrick,
University of Göttingen, Germany). CCDC 182/1540. See http://
www.rsc.org/suppdata/cc/b0/b000565g/ for crystallographic data in .cif
format.
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Scheme 4 Reagents and conditions: i, RuCl3 (cat.) NaIO4; ii, 6 M HCl, D,
65% (two steps).

Fig. 2 Nemorensic acid.

466 Chem. Commun., 2000, 465–466



High isolated yields in thermodynamically controlled peptide synthesis in
toluene catalysed by thermolysin adsorbed on Celite R-640

Alessandra Basso, Luigi De Martin, Cynthia Ebert, Lucia Gardossi* and Paolo Linda
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An innovative immobilisation method that allows peptide
synthesis to be performed even at equimolar concentrations,
by controlling water activity, is reported.

Enzymes have proved to be an attractive alternative to chemical
methods in peptide synthesis since several proteases effect
peptide bond formation under mild conditions, with minimum
side-chain protection, and avoiding racemization. In spite of
these benefits, enzymatic methods are not routinely employed,
partly because they suffer from unfavourable thermodynamics
in water.

There are two distinct mechanisms for protease-catalysed
peptide synthesis: thermodynamically and kinetically con-
trolled synthesis. In principle, replacing water with organic
solvents as a reaction medium should be beneficial for both
types of reaction. However, water is essential for proteases such
as thermolysin and a-chymotrypsin, and various studies
confirmed that these enzymes display no activity when
insufficiently hydrated.1 Unfortunately, water/solvent mixtures
are not optimal media for peptidases since high percentages of
co-solvents reduce the activity of the enzyme dramatically.

Owing to these two opposite roles of water in enzymatic
peptide synthesis, various approaches have been developed in
order to search for compromises. These include kinetically
controlled syntheses in solvents containing low percentages of
water 2 or methods to reverse the equilibrium towards synthesis,
such as using an excess of the amino component and extracting/
precipitating the product.3

Kitaguchi and Klibanov1a have given an alternative solution
to the problem by demonstrating that water can be replaced
partially by water mimics such as formamide, maintaining the
activity of the enzyme in the organic solvent while minimising
hydrolytic reactions. Finally, promising results have been
obtained by Halling and coworkers by controlling the hydration
of thermolysin in kinetically controlled peptide synthesis in
hexane4 and, more recently, by developing solid-to-solid
peptide synthesis in the presence of minimum amounts of
water.1b

Aiming to overcome the above drawbacks to a larger
application of enzymes in peptide synthesis, the present work
describes a novel approach for the non-covalent immobilisation
of thermolysin in toluene and its application to thermodynam-
ically controlled peptide synthesis at controlled water activity
(aw). The method exploits the ability of Celite R-640 rods
(Fluka) to adsorb large amounts of water ( > 90% of its weight)
and to maintain the aw constant in a reaction system within wide
defined ranges of water concentrations.5,6 Thermolysin was
adsorbed on dry Celite R-640 according to an innovative and
practical technique illustrated in Scheme 1. The enzymatic
aqueous solution was added to the hydrophobic solvent
containing the dry support. Owing to the presence of the
hydrophobic solvent, a uniform coating of the aqueous phase
formed around the Celite rods and the enzymatic solution was
adsorbed on the Celite within 24 h.

The immobilised catalyst suspended in toluene gave, after
equilibration, aw values between 0.70 and 0.75. Enzymatic
reactions can be carried out simply by adding the reactants to the
toluene used for the adsorption and storage of the enzymes. The

use of the hydrophobic organic solvent makes the leakage of the
enzyme negligible so that the biocatalyst can be recycled. The
hydrophobic solvent leads to further remarkable advantages in
terms of stability, especially if compared to the detrimental
effects of the water miscible solvents largely reported.7 For
instance, the hydrolases immobilised on Celite R-640 in toluene
were stored in the same solvent at a controlled degree of
hydration without any appreciable decrease of activity for at
least 4 weeks. The same immobilisation technique can also be
employed for the immobilisation of a-chymotrypsin and
penicillin G amidase (PGA), which were shown to be effective
in catalysing amino acid esterification and protection of amino
groups, respectively. Table 1 reports some examples of
syntheses catalysed by the three immobilised enzymes in
toluene at controlled aw. The water adsorbed by the porous
support provides the enzymes with the hydration necessary to
display their catalytic activity.2–4 It should be noted that no
reaction was observed when the three native enzymes were
employed in dry toluene or acetonitrile in accordance with our
observation that PGA is also active in organic solvents only
when sufficiently hydrated (aw > 0.4).5

Scheme 1

Table 1 Enzymatic synthesis performed in toluene at aw between 0.70 and
0.75 at 30 °C

Enzymea CO2H donorb Nucleophileb

Final
conversionc

(%) t/h

Thermolysin/Celite Z-L-Phe–CO2H L-Phe–OEt 98 48
Thermolysin/Celite Z-L-Phe–CO2H L-Tyr–OEt 97 144
Thermolysind/Celite Z-L-Phe–CO2H L-Leu–NH2

d 95 96
PGAe/Celite PhCH2CO2Me L-Tyr–OEt 98 24
a-Chymotrypsine/

Celite Z-L-Phe–CO2H MeOH 97 60
a Enzyme dissolved in buffer and adsorbed on 200 mg of Celite rods
according to Scheme 1. b Equimolar concentrations of reactants (80 mmol)
were employed in all reactions. An excess of MeOH (250 mmol) was used
only in the esterification of Z-L-Phe-CO2H. c Conversions calculated by
means of RP-HPLC using an internal standard. Isolated yields of Z-L-Phe-L-
Phe–OEt, Z-L-Phe-L-Tyr–OEt and Z-L-Phe-L-Leu–NH2 were 93, 90 and
76%, respectively. Reactions catalysed by a-chymotrypsin and thermolysin
were monitored also by titrating the Z-L-Phe–CO2H with 0.1 M NaOH
solution. d The enzyme was dissolved in 35 mL of buffer, adsorbed on the
Celite rods and equilibrated for 24 h. Afterwards, a buffer solution (35 mL)
containing L-Leu–NH2 was added to the thermolysin/Celite system and
equilibrated for 3 h. e The enzyme was dissolved in water before
adsorption.
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The use of Celite R-640 as a support for thermolysin and a-
chymotrypsin enables peptide bond synthesis and esterification
to be performed using free carboxylic acids since the water
produced during the reaction is adsorbed by the Celite rods.
Therefore aw was maintained sufficiently low and hydrolytic
reactions were prevented so that nearly quantitative conversions
were achieved even when employing equimolar concentrations
of non-activated, and thus less expensive, substrates. It must be
noted that when native thermolysin was employed in water–
acetonitrile (13% v/v)† in the synthesis of Z-L-Phe-L-Tyr–OEt,
a maximum of 22% of conversion was obtained in 6 h but
during the reaction course aw exceeded 0.90 so that hydrolytic
reactions prevailed, causing a very low final conversion
(11%).

Despite the fact that the poor solubility of peptides has often
been viewed as a restriction for enzymatic reactions in organic
solvents, results in Table 1 indicate that thermodynamically
controlled peptide enzymatic synthesis in hydrophobic solvents
can be carried out employing substrates having very low
solubility and which are present in the reaction medium mainly
as a suspension. This observation is in accord with previous
studies concerning kinetically controlled peptide synthesis4 and
the solid-to-solid synthesis.1b,c

The dipeptide Z-L-Phe-L-Leu–NH2 was synthesised follow-
ing an alternative strategy since the poorly soluble L-Leu–NH2
was previously dissolved in an aqueous buffer and then
adsorbed on the Celite rods where thermolysin had been already
immobilised. However, this second method led to lower isolated
yields (76%) probably owing to some adsorption of the product
on the Celite rods.

The time required to achieve complete conversion is mainly
affected by the fact that equimolar concentrations of the
reactants were used in all peptide synthesis, so that the reaction
rate slows down dramatically at the end of the reaction when the
concentrations of the two reactants become extremely low.
Complete conversions are achievable in shorter times using a
two fold excess of the amino component ( > 98% yield of Z-L-
Phe-L-Tyr–OEt in 48 h). Nevertheless, employing equimolar
concentrations of reactants is advisable since this enables the
recovery and isolation of the products very simply and, most
importantly, avoiding any purification step.‡ As a consequence,
remarkably high isolated yields (93 and 90%) are achievable.
This is a factor of major importance in peptide synthesis,
especially when various subsequent synthetic steps are re-
quired.

Reactions reported in Table 1 catalysed by a-chymotrypsin
and PGA are also of practical use in peptide synthesis since they
are potentially useful for the preparation and protection of
activated amino acids suitable for kinetically controlled peptide
synthesis. It is noteworthy that a-chymotrypsin catalysed the
complete esterification of Z-L-Phe, despite it being previously
reported that the enzyme accepts preferentially the N-acetyl
amino acids,1d which, however, are deprotected with diffi-
culty.

The novelty of our method lies not only in the synthetic
results obtained but also in the immobilisation technique
developed. The use of Celite R-640 allows control of the water
activity, rather than water concentration, during the whole
process, thus controlling effectively both the enzyme activity
and the reaction equilibrium. No devices, such as hydrated
salts,8 equilibration with the atmosphere at known relative
humidity,9 or more complex methods10 for adjusting the aw of
the system are required; also there is no need to remove the
water produced during the process.11 Furthermore, the im-
mobilisation method fulfils the fundamental requirements for a
larger application to biotransformations since the procedure is
simple and inexpensive, it provides very high reproducibility in
terms of enzyme and water content so leading to reproducible
activity and quantitative adsorption yields. Detrimental effects
caused by the removal of water under vacuum or with polar

solvents12–14 are avoided. Moreover, microbial contaminations
are prevented, the support material is stable under the reaction
conditions, and possesses no swelling capacity.

In conclusion, the present work describes the first example, to
the best of our knowledge, of thermodynamically controlled
enzymatic peptide synthesis performed in organic solvent
leading to complete conversions and very high isolated yields
even when equimolar concentrations of the reactants are
employed.

Since it has been already demonstrated that peptidases
catalyse the formation of the bond between oligopeptide
fragments in organic solvents and that PGA is able to remove
phenylacetic groups selectively from amino acids, we are
currently investigating the application of this technique to a
totally enzymatic approach for peptide synthesis competing
with chemical routes.

We thank CNR and MURST (Roma) for financial support to
P. Linda.
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Iron(III) chloride reacts with potassium 2-propanenitronate
to give the homoleptic tris(2-propanenitronato-O,O)iron(III)
complex which in ethanol transfoms to an ethoxy-bridged
diiron(III) 2-propanenitronate complex.

The conversion of nitro compounds to aldehydes and ketones is
one of the most important functional group transformations.1 It
can be achieved conveniently by the Nef reaction, where
conjugate bases of nitro compounds are treated with sulfuric
acid  leading to the hydrolysis of the CNN bond [eqn. (1)].2

Alternative oxidative methods also exist for this reaction in the
literature resulting in better yields and fewer side reactions.3
Biological organisms can also transform aliphatic nitro com-
pounds to the corresponding oxo species and nitrite ion [eqn.
(2)]. Oxygenated flavoenzyme species,4 glucose oxidase, D- and

L-amino acid oxidase,5 extracts of Neurospora crassa6 pea
seedlings and those from the hyphae of a nitrifying strain of
Aspergillus flavus7 and the intracellular enzyme 2-nitropropane
dioxygenase of Hansenula mraki8 oxidatively degrade nitro-
alkanes. The latter is believed to contain iron ions at its active
center. Recently we demonstrated the facile copper-assisted
oxygenation of nitroalkanes according to eqn. (2) and proposed
a mechanism for the reaction.3,9

In order to understand the coordination of alkanenitronates to
iron and their conversion to oxo compounds, we now describe
the first fully characterised 2-propanenitronato-O,O–Fe(III)
complexes and their oxygenation reaction.

Treatment of FeCl3 with an equimolar amount of potassium
2-propanenitronate in benzene at room temperature for 4 h
yielded the red–brown crystalline complex [Fe(C3H6NO2)3] 1
in 24% yield.† If the reaction was carried out in a mixture of
benzene and ethanol or 1 was recrystallised from ethanol the red
crystalline complex [Fe2(C3H6NO2)4(C2H5O)2] 2 was obtained
in 27% yield.† In ethanol complex 1 undergoes ligand
exchange, ethanolate displaces the nitronate ligand and bridges
the two iron(III) ions to form 2 in an equilibrium [eqn. (3)].

The IR spectra of 1 and 2, obtained as KBr pellets, reveal a
particularly diagnostic absorption [n(CNN)] at 1639 and 1644
cm21, respectively. The relative intensity of this absorption
suggests a similar mode of coordination for both complexes and
implies considerable carbon–nitrogen double bond character.10

Magnetic measurements gave values of mB = 5.87 per Fe(III) for
1 and 7.29 per 2Fe(III) for 2 accord with high spin Fe(III) centers,

with a slight antiferromagnetic interaction in complex 2. The
Mössbauer spectra, recorded at 80 K, reflect the different
coordination of Fe(III) in complexes 1 and 2. Although the
identical isomer shift values (d1 = 0.48 mm s21 and d2 = 0.48
mm s21) reveal the same electron density on the iron in both
compounds, the quadrupole splittings (D1 = 0.90 mm s21 and
D2 = 0.53 mm s21) differ significantly owing to different ligand
contributions to the electric field gradient (EFG). The trigonal
distortion of complex 1 makes the EFG rather large; however,
this is considerably reduced upon dimerisation, when the local
environment of the iron becomes closer to octahedral.

The crystal structure of 1,‡ shown in Fig. 1 together with
selected data, shows a distorted octahedral geometry around the

Fig. 1 Molecular structure of [Fe(C3H6NO2)3] 1. Selected distances (Å) and
angles (°): Fe(1)–O(2) 2.021(3), Fe(1)–O(3) 2.026(3), Fe(1)–O(4) 2.016(3),
Fe(1)–O(5) 2.016(2), Fe(1)–O(6) 2.019(3), Fe(1)–O(7) 2.013(3), O(2)–
N(9) 1.342(4), O(3)–N(8) 1.342(4), O(4)–N(10) 1.338(4), O(5)–N(9)
1.346(4), O(6)–N(10) 1.344(4), O(7)–N(8) 1.339(4), N(8)–C(14) 1.293(5),
N(9)–C(11) 1.283(4), N(10)–C(15) 1.288(5); O(2)–Fe(1)–O(5) 66.0(1),
O(3)–Fe(1)–O(7) 66.0(1), O(4)–Fe(1)–O(6) 65.9(1), O(3)–N(8)–O(7)
110.3(3), O(2)–N(9)–O(5) 109.8(3), O(4)–N(10)–O(6) 109.9(3). Displace-
ment ellipsoids are shown at 50% probability level.
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iron atom, with all coordination sites being occupied by the
bidentate 2-nitropropanate ligands. The Fe–O bond distances
are in the range 2.013(3)–2.026(3) Å and the bite-angles of the
ligands lie in the range 109.8(3)–110.3(3)°. 1 exhibits a
propeller-like structure with the iron atom being 0.007 Å out of
the plane of the three N atoms of the three ligands. The crystal
structure of 2,‡ shown in Fig. 2 together with selected data,
shows that there are two very similar ethoxy-bridged diiron
molecules with slightly different bond distances and angles. The
geometry around the iron atoms is aproximately octahedral, the
six coordination sites being occupied by two ethoxy groups and
two bidentate 2-propanenitronate ligands. The average
Fe–O (bridging) bond distance is 1.966 Å with an Fe···Fe
separation of 3.07 Å. The dimer lies on a crystallographic
inversion center, the bridging Fe2O2 is perfectly planar with Fe–
O–Fe and O–Fe–O angles of 102.35(8), 102.58(10) and
77.65(8), 77.43(10)°, respectively. The Fe–O bond lengths of
the nitronato ligands are in the range 2.021(2)–2.053(2) Å while
the N–O bond distances average 1.337 Å, only slightly shorter
than the N–O single bond and larger than the NNO double bond
(N–O 1.40 Å, NNO, 1.21 Å).11 The carbon–nitrogen bonds in
both complexes (1.283–1.291 Å) are essentially double bond in
character (C–N 1.47 Å, CNN 1.27 Å).11

Complex 1 is very sensitive towards dioxygen and moisture
while 2 is reasonably stable to both in the solid state.
Preliminary oxygenation reactions of 2-nitropropane in the
presence of 1 and 2 in pyridine at 90 °C resulted in the formation

of acetone and HNO2. Conversions of ca. 80% could be
achieved at substrate+catalyst ratios of 20–40+1 during 20 h.
The conversion–time profiles of the catalytic reactions were
very similar for complexes 1 and 2 indicating that 2 transforms
to 1 if an excess of 2-nitropropane is present. To our knowledge,
these reactions represent the first examples of iron-catalysed
oxygenation of 2-nitropropane resembling enzyme action, and
indicating the possible role of iron ion as a cofactor. Further
work is in progress for the elucidation of the mechanism of the
reaction.

This work was supported by the Hungarian Research Fund
(OTKA) grants # T-16285 and T-30400 and the French–
Hungarian Joint Project (Balaton) # F-23/96.
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Fig. 2 Molecular structure of [Fe2(C3H6NO2)4(C2H5O)2] 2. Selected
distances (Å) and angles (°): O(4)–N(2) 1.335(3), O(5)–N(2) 1.338(3),
Fe(2)–O(6) 1.958(2), Fe(2)–O(6) 1.964(2), Fe(2)–O(7) 2.030(2), Fe(2)–
O(10) 2.040(2), Fe(2)–O(8) 2.048(2), Fe(2)–O(9) 2.053(2), O(6)–Fe(2)
1.958(2), O(7)–N(3) 1.341(3), O(8)–N(3) 1.335(3), O(9)–N(4) 1.331(4),
O(10)–N(4) 1.337(3), O(1)–Fe(1)–O(1) 77.65(8), O(2)–Fe(1)–O(3)
65.28(8), O(5)–Fe(1)–O(4) 65.13(8), Fe(1)–O(1)–Fe(1) 102.35(8), O(3)–
N(1)–O(2) 110.6(2), O(4)–N(2)–O(5) 110.3(2), O(6)–Fe(2)–O(6)
77.43(10), O(7)–Fe(2)–O(8) 65.13(8), O(10)–Fe(2)–O(9) 4.85(9), Fe(2)–
O(6)–Fe(2) 102.58(10), O(8)–N(3)–O(7) 110.2(20), O(9)–N(4)–O(10)
110.7(2). Displacement ellipsoids are shown at 50% probability level.
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Novel piperidine lactones 1 and 2, which represent direct
precursors to the new C-6 homologues of 1-deoxynojir-
imycin (3) and 1-deoxy-L-idonojirimycin 4, were prepared by
key PdII-catalysed aminocarbonylation of protected ami-
noalkene 10.

The inhibitors of glycosidases, enzymes involved in many
crucial biochemical pathways,1 could be very valuable in the
treatment of serious human diseases such as diabetes,2 cancer3

and viral infections including AIDS.4 The prominent members
of this class of compounds are polyhydroxylated piperidines
(often referred to as ‘azasugars’). There has been an enormous
effort put toward their efficient syntheses as well as toward the
preparation of their various derivatives over the last decade.
However, only a few of the already published synthetic
strategies deal with the preparation of C-6 homologues of
azasugars.5–8 Here we report on the synthesis of new homo-
logues of 1-deoxynojirimycin (3) and 1-deoxy-L-idonojir-
imycin (4), (Fig. 1).

Our synthetic plan relies on the successful PdCl2-catalysed
aminocarbonylation of the benzyl protected aminoalkene 10
yielding the desired lactones 1 and 2. Generally, amino-
carbonylation of 3-hydroxypent-4-enylamines giving pyrroli-
dine lactones proceeds easily,9,10 which is in contrast to
4-hydroxy-hex-5-enylamines producing the corresponding pi-
peridine lactones (Scheme 1).

To the best of our knowledge, there are only a few papers in
the literature which deal with such a transformation on similar
but simpler substrates.10,11 However, reported yields are fairly
low and no further synthetic elaboration of the prepared
piperidine lactones has been reported. The common feature of
almost all published amino-/amido-carbonylations (either pro-
ducing pyrrolidine or piperidine lactones) is the use of electron-
withdrawing protecting groups (tosyl, CO2Me, CO2Bn, CON-
HMe, CONHPh, CONHBn) on the NH function of the

aminoalkenes. However, properties of such protecting groups
(introduction, deprotection, chemical inertness and stability)
were not suitable for our proposed plan for the total synthesis.
Therefore, we decided to explore the applicability of the benzyl
protecting group in the aminocarbonylation producing the
piperidine lactones. We report here the above-mentioned
strategy in the total synthesis of new C-6 homologues of
1-deoxynojirimycin (3) and 1-deoxy-L-idonojirimycin (4).

Thus, the key substrate 10 was prepared by analogy with the
known procedure according to the literature:12 benzylidenation
of the starting methyl-a-D-glucoside 5 afforded the diol 6,
which was subsequently benzylated to a fully-protected com-
pound 7. Acidic hydrolysis of 7 and nucleophilic displacement
of the primary hydroxy function of 8 yielded bromide 9, the
latter being finally converted to the desired (2S,3S,4R)-N-
benzyl-2,3-di-O-benzyl-2,3,4-trihydroxyhex-5-enylamine 10.

First attempts to cyclise 10 under standard carbonylation
conditions11a (1 atm CO, 0.1 equiv. PdCl2, 3 equiv. CuCl2,
3 equiv. AcONa, AcOH, conditions A) at room temperature
failed and always the starting material was isolated. Gratify-
ingly, simply raising of temperature to 50 °C led to the complete
consumption of aminoalkene 10 while the colour of the reaction
mixture changed from dark green to ochre. However, amino-
carbonylation of 10 yielded a complex mixture of compounds
from which desired lactones 1 and 2 were isolated in the ratio
1+4.8 as main products. The major by-product of the reaction
turned out to be N-benzyl-2,3-di-O-benzyl-6-chloro-1,6-di-
deoxy-L-idonojirimycin 11‡ (Scheme 2).

We then searched for reaction conditions that would produce
more of lactone 1 than 2 and suppress the formation of the side
product 11. We were pleased to find that a catalytic system
consisting of 0.1 equiv. PdCl2, 1 equiv. p-benzoquinone,
2 equiv. LiCl, 2 equiv. AcONa in THF under 1 atm CO at room
temperature (conditions B) afforded a mixture of lactones 1 and
2 in the ratio 3.7+1 with no formation of 11. Our suspicion that
CuCl2 (used in excess as reoxidant) might be responsible for the
formation of undesired 11 was thus proved. The definitive
confirmation came from the experiment in which aminoalkene
10 was subjected to conditions A but with exclusion of CO
atmosphere. The only product we were able to isolate was the
chloroderivate 11§ (Scheme 3).

The separation and purification of 1 and 2 by FLC and
subsequent reduction of both lactone rings gave the piperidine† Part of PhD Thesis of P. S. E-mail: szol@chelin.chtf.stuba.sk

Fig. 1 Homologues of 1-deoxynojirimycin and 1-deoxy-L-idonojirimycin.

Scheme 1
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diols 12 [mp = 97–98 °C; [a]D
31
219.4 (c 0.29, CH2Cl2); m/z

417 (M 2CH2OH)+] and 13 [[a]D
31
21.32 (c 0.34, CH2Cl2); m/z

447 (M 2 1)+]. Final catalytic debenzylation of both tetraols
afforded the desired (2R,3R,4R,5S)-2-(2-hydroxyethyl)-
3,4,5-trihydroxypiperidine 3 [mp 177–179 °C; [a]D

26 +30 (c
0.55, MeOH); m/z 177 (M 2 HCl)+] and (2S,3R,4R,5S)-
2-(2-hydroxyethyl)-3,4,5-trihydroxypiperidine 4 (mp
202–203 °C; [a]D

32 +20.2 (c 0.42, MeOH); m/z 177 (M 2HCl)+]
as hydrochlorides (Scheme 4).¶

In conclusion, we have performed the first successful PdII-
catalysed aminocarbonylation of highly substituted 4-hydroxy-
hex-5-enylamine that contains a Bn-protected amine group.∑ In
contrast to the literature precedents,10,11 we observed the
formation of both diastereoisomeric cis- and trans-fused
piperidine lactones. Their ratio depended on the reaction
conditions and these compounds represent direct precursors for
the synthesis of new derivatives of polyhydroxylated piper-
idines. The applicability of this methodology has been demon-
strated in the total synthesis of new C-6 homologues of
1-deoxynojirimycin (3) and 1-deoxy-L-idonojirimycin (4).

In addition, we have observed an interesting type of PdCl2/
CuCl2 catalysed chloroaminocyclisation of substituted 4-hy-
droxyhex-5-enylamine producing the corresponding piperidine
derivative 11 which could be useful in the synthesis of various
piperidine and azepine alkaloids.13 Investigation of the scope
and limitations of the presented methodology is under progress
and will be reported in due course.

We are grateful to Professor V. Jäger (Stuttgart) for very
helpful ideas, discussions and unlimited support. This research
was supported by VW Stiftung (Hannover) and The Slovak
Grant Agency. We thank TauChem Ltd. (Bratislava) for
providing us with carbon monoxide and to Dr Zálupsky for
language corrections.
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Scheme 2 Reagents and conditions: i, PhCH(OEt)2, cat. CSA, CHCl3, 81%;
ii, BnBr, NaH, DMF, 75%; iii, H2SO4, MeOH, 97%; iv, Ph3P, CBr4,
pyridine, 79%; v, Zn dust, BnNH2, NaBH3CN, PrOH–H2O (19:1), 64%; vi,
conditions A, 50 °C, 4–7 h, FLC, 46% of 1 + 2 (dr = 1+4.8), 9% of 11 or
conditions B, room temp., 17 h, FLC, 66% of 1 + 2 (dr = 3.7+1).

Scheme 3 Reagents and conditions: i, conditions A without CO, room
temp., 48 h, FLC, 70%.

Scheme 4 Reagents and conditions: i, LiBH4, THF, room temp., 64–65% ii,
H2, 10% Pd/C, MeOH, HCl, room temp., DOWEX (H+), 82–90%.
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Luminescence enhancement of terbium emission accom-
panies zinc ion binding at pH 7.4 with an apparent
dissociation constant of 0.6 mM in a competitive ionic
background.

Responsive luminescent lanthanide complexes have been
defined recently in which the concentration variation of certain
analytes has been signalled by changes in emission intensity,1
lifetime1,2 or polarisation.3 For this purpose, kinetically robust
complexes of Eu and Tb have been studied in particular and
systems that respond to changes in pH,4 pO2

2,5 and pX6 in water
have been reported. We set out to prepare analogous complexes
which respond sensitively and selectively to changes in metal
ion concentration, in competitive aqueous media at physio-
logical pH. The signalling of zinc ion concentration is of
particular interest in this respect. Although total [Zn2+] have
long been established to be ca. 12 mM in serum,7 there is
considerable interest in defining the concentration of ‘available’
Zn2+—both in the extracellular and intracellular environments.
Different approaches have been adopted,8,9 of which the most
advanced involve the use of fluorescent 8-tosylamide-quinoline
derivatives.10,11 In seeking to prepare a suitable complex, the
requirement for selectivity over Na+, K+ and more particularly
Mg2+ (ca. 0.9 mM) and Ca2+ (1.2 mM extracellular; < 0.1 mM
intracellular) was evident. Accordingly, we resolved to prepare
the ligand L1a and explore the complexation behaviour of the Eu
and Tb complexes in the macrocyclic derivative L2, as model
systems for selective zinc binding.

Stepwise alkylation of o-aminomethylphenol (BrCH2CO2Et,
5% KI, Na2HPO4; O-alkylation with BrCH2CO2Et, KI, K2CO3)
followed by mild nitration (HNO3–HOAc; 220 °C) yielded an
intermediate nitro-ester which was reduced (H2/Pd–C/MeOH)
and acylated with chloroacetyl chloride (Et3N, DEE) to yield
the triethyl ester L1b. Basic hydrolysis of L1b (pH 12, 20 °C, aq.
NaOH) afforded the amino acid L1a which was purified by ion-
exchange chromatography. Reaction of L1b with 1,4,7-tris(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane
(MeCN, K2CO3) followed by treatment with CF3CO2H–
CH2Cl2 and complexation with Ln(NO3)3·5H2O (Ln = Eu, Tb;
pH 5.5; 20 °C) gave the neutral lanthanide complexes;
successive treatment with aqueous sodium hydroxide and then
strong-acid cation exchange resin afforded the desired lantha-

nide complexes, [LnL2].12 Measurements of the rate constants
for decay of the Eu or Tb excited state were made in H2O and
D2O in the absence and presence of 10 mM ZnCl2. Values for
[EuL2] (kH2O = 1.61, kD2O = 0.45 ms21; q (Ln hydration state)
= 1.013) were unchanged in the presence of zinc and data for
[TbL2] (kH2O = 0.55, kD2O = 0.29; q = 1.0) were similarly
unaffected by addition of ZnCl2 or CaCl2.

Addition of ZnCl2 to L1a or [LnL2] was monitored by changes
in absorption, fluorescence and lanthanide emission at pH 7.4.
The ligand L1a absorbed at 248 nm and no change to the position
and intensity of this band occurred on ion binding, suggesting
that the aryl ether oxygen was not participating in ion binding.
For [TbL2], a small blue-shift was observed in absorption (lmax
255 ? 250 nm); in fluorescence emission two bands were
observed at 440 nm and a second, half as intense at 365 nm,
which may be ascribed to internal charge transfer and locally
excited states, respectively. On binding zinc, the former band
shifted (442 ? 430 nm) and reduced in intensity, while the
latter did not shift but increased in intensity. Zinc binding was
also characterised by a small increase in absorbance (lmax. =
250 nm) and with a larger enhancement of lanthanide emission
intensity, following excitation at the isosbestic wavelength
(262 nm). Smaller changes in absorption and emission spectra
were obtained following addition of CaCl2 (e.g. < 3 nm shift in
absorption lmax.) and no significant variations in absorption
wavelength were observed following MgCl2 addition, con-
sistent with reduced or insignificant aryl ether oxygen donation,
in these cases. The enhancement of Tb (and Eu) emission
intensity (26 and 42%, respectively) upon Zn2+ binding is likely
to be related to suppression of a photo-induced electron transfer
from the benzylic nitrogen to the intermediate aryl singlet
excited state.1,2 In addition for [EuL2], the metal based emission
and ligand based fluorescence intensity was ca. 20 times lower
than for [TbL2], owing to quenching of the intermediate singlet
state by the Eu3+ ion.

Such spectral changes allowed titrations to be carried out,
monitoring absorption and luminescence intensity variations as
a function of added metal salt concentration. The data obtained
reveal a consistent selectivity pattern (Table 1), with Zn2+

bound more strongly than Ca2+ or Mg2+ ions. Two other general
features emerged from this analysis: metal ion complexation of
the linking amide carbonyl enhanced the ion-binding affinity of
the potentially pentadentate ligand and a slightly higher
apparent affinity was also found in the excited state for the
lanthanide complexes, i.e. when observing ligand or lanthanide
emission intensity variations. The lanthanide ion may serve to
promote intramolecular charge transfer involving conjugation
of the ether oxygen lone pair in the ground and excited states,
via a through-ring electron withdrawing effect. This may also
lead to a better orientation of the oxygen lone pair, in those cases
(e.g. Zn2+ binding) where chelation of the benzylic N and the
aryl ether O occurs. Such behaviour allowed zinc concentra-
tions to be monitored in the sub-micromolar range, even in a
simulated extracellular environment, i.e. the presence of
0.9 mM MgCl2, 1.26 mM CaCl2, 140 mM NaCl and 4 mM KCl,
with an apparent dissociation constant of 0.6 mmol (pH 7.4,
295 K). The observed zinc ion sensitivity and selectivity with
[TbL2] augur well for the development of practicable signalling

† Electronic supplementary information (ESI) available: representative
examples of spectral changes and of data analysis. See http://www.rsc.org/
suppdata/cc/b0/b000283f/
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systems, in which longer wavelength excitation is of course
required and where changes in the form of the lanthanide
emission are desirable.

We thank BBSRC for support.
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Table 1 Affinity constants (log bML) for cation binding, based on
modulationc of absorption (S0) or lanthanide (Ln*) luminescenced (295 K,
10 mM HEPES, 20 mM NaCl, 115 mM KCl, pH 7.4a)

Ligand/complex (parameter) Zn2+ Ca2+ Mg2+

L1(S0) 5.04 3.91 2.1
[TbL2](S0) 5.48 3.84 2.0
[TbL2](Tb*) 6.35b 4.03 2.5
[EuL2](S0) 5.38 3.90 2.1
[EuL2](Eu*) 5.99 4.06 1.9
a Potentiometric titration of L1 (298 K, I = 0.1 M NMe4NO3) revealed a
pKa for N-protonation of 7.35, echoed by the pH variation of ligand
absorption; for binding constant measurements, the pH was adjusted to 7.4
by addition of ‘Tris’ base and was also monitored at the end of the titration.
b In a simulated extracellular environment (Na, K, Mg, Ca), the apparent
binding affinity for [TbL2], based on Tb emission intensity changes, was
6.22. c Binding constants were obtained by iterative least-squares fitting to
a 1:1 model and showed reasonably good agreement to Hill plot analysis.
d Excitation of the Ln complexes was effected at the isosbestic wavelength
(lexc = 262 nm), while absorption spectral changes were monitored at 240
or 250 nm (294 nm for L1). Excitation was also performed in the tail at 320
nm and emission variation as a function of [M2+] gave slightly higher
binding affinities, e.g. for Ca2+; 4.37 with [TbL2] and 4.67 with [EuL2] with
a luminescence enhancement of 20%.
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Tethering of dienols to hydroquinones under Mitsunobu
conditions followed by oxidation with diacetoxyiodobenzene
in methanol resulted in the development of highly function-
alized cis-decalins via intramolecular Diels–Alder reactions
of in situ generated masked p-benzoquinones.

Because of their widespread occurrence in a large variety of
natural products of biological importance, decalins remain a
focus of attention for synthetic organic chemists.1–3 Function-
alized decalins with proper stereochemistry are possible
intermediates for several terpenoids possessing biological
activity. Not surprisingly, there has been a great deal of interest
in developing methodologies for their synthesis, as evidenced
by the growing number of reports in this area.4–8 Most recently,
we have shown that masked o-benzoquinones (MOBs), i.e.

6,6-dialkoxycyclohexa-2,4-dienones, are efficient intermedi-
ates for the stereoselective synthesis of highly functionalized
cis-decalins.9 Herein, we report a novel method for the synthesis
of highly functionalized decalins via the intramolecular Diels–
Alder (IMDA) reactions of in situ generated masked p-
benzoquinones (MPBs), a class of cross-conjugated cyclohexa-
dienones. To the best of our knowledge this is the first detailed
study of IMDA reactions of MPBs.10

Over the past ten years we have been investigating the inter-
and intra-molecular Diels–Alder reactions of MOBs11 and their
synthetic potential has been exploited.12 In contrast to the case
of MOBs, the Diels–Alder chemistry of MPBs is less ex-
plored.13 This may be due to the fact that the lesser reactivity of
MPBs often requires harsh reaction conditions like high
pressure13a or high temperature13c,d with prolonged reaction
times. We envisioned that this problem could possibly be
overcome by performing these reactions in an intramolecular
fashion14 via the in situ generation of MPBs by oxidizing p-
methoxyphenols with diacetoxyiodobenzene (DAIB) in the
presence of a dienol in a tandem oxidative acetalization process
that would furnish stereoselective and highly functionalized cis-
decalins.

As a prelude to this objective, we have carried out the
reactions of p-methoxyphenols 1 and 2 with 10 equiv. of sorbic
alcohol (6) in the presence of DAIB in different solvents, such
as THF, CF3CH2OH and CH2Cl2. We have isolated the adducts
3 formed via IMDA reaction of in situ generated MPBs in rather
poor yields (Scheme 1). Although the reasons for the lower
reactivity of 1 and 2 with 6 are not known at this point, it is
apparent that, unlike 2-methoxyphenols,11b 4-methoxyphenols
cannot undergo facile tandem IMDA reactions. Consequently,
we have switched our attention to tethering15 the diene moiety
to the hydroquinones via Mitsunobu reaction with dienols prior
to oxidation by DAIB. For this purpose, we have performed the
reactions of hydroquinone 4 and dienols 5–6 under Mitsunobu
conditions to obtain the products in 38–55% yields (Scheme 2).

Attempts to improve the yields by changing the reaction
conditions were not successful. The use of DIAD in place of
DEAD produced slightly better yields. However, we have
conveniently produced the required phenols 13b–27b by
choosing selectively protected hydroquinones 10–12 as starting
materials for Mitsunobu reaction followed by saponification in
very good yields (Scheme 3, Table 1).

Masked p-benzoquinones 13c–27c generated via oxidation of
phenols 13b–27b (0.5 mM) in MeOH (50 ml) using DAIB (0.75
mM) as oxidant underwent intramolecular cyclization at room
temperature (Method A), or at reflux temperature in benzene
(Method B) or in toluene (Method C) to afford the cycloadducts
13d,e–27d,e in 78–90% yield (Scheme 3). Table 2 illustrates
typical results of the IMDA reactions of MPBs.

The gross structures of all the IMDA adducts were deter-
mined by their IR, 1H and 13C NMR, DEPT, low- and high-
resolution mass spectral analyses. The stereochemistries of

Scheme 1 Reagents and conditions: i, DAIB, solvent, room temp., 2 h.

Scheme 2 Reagents and conditions: i, PPh3, DEAD, THF.

Scheme 3 Reagents and conditions: i, PPh3, DIAD, THF, 5–9; ii, K2CO3,
MeOH, 0 °C; iii, DAIB, MeOH; iv, Methods A–C.
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endo-adducts 14d, 16d, 17d, 19d, 21d, 22d and 26d were
established by NOE studies. The endo-adduct 25d and the exo-
adduct 25e were separated from their mixture 25d + e by
recrystallizing from hexane–Et2O to afford the former as an oil
and the latter as crystals, and their stereochemistry was deduced
from NOE studies. The stereochemistry of 25e was further
confirmed from its single crystal X-ray structure.16 The endo
and exo ratios of cycloadducts from entries 1, 3, 6, 8, 11–13 and
15 were determined from their 1H NMR (400 MHz) spectra.

In the IMDA reactions of unsymmetrical MPBs 18c–22c and
23c–27c, the double bond with less electron density, i.e. the
unsubstituted double bond in 18c–22c and the CO2Me-
substituted double bond in 23c–27c, behaved as a dienophile.
The IMDA reactions of MPBs 23c–27c bearing an additional
electron-withdrawing group (CO2Me) (entries 11–15) are faster
than those of 13c–22c (entries 1–10), where such a group is not
present. The two sets of MPBs 13c–22c and 23c–27c show
comparable reactivities. It appears that the reactivity pattern
mainly depends on the tethered diene unit and could be
explained on the basis of the position of the substituents
attached to the diene moiety,17 as shown in Fig. 1.

In most of the cases studied, the endo-adduct was obtained as
either the sole product or the predominant product. The

transformation of transoid to cisoid conformation of the diene
units in MPBs 16c, 21c and 26c (R1 = R2 = H, R3 = Me)
required for Diels–Alder reaction needs more energy as
reflected by the reaction conditions employed (entries 4, 9 and
14). Owing to the disfavored interactions in their exo-transition
states (Fig. 2), endo-adducts 16d, 21d and 26d were formed
exclusively in these reactions.

In summary, we have shown for the first time that masked p-
benzoquinones tethered to a diene moiety undergo efficient
intramolecular cyclization to produce highly functionalized cis-
decalins in very good yields. Our methodology provides an easy
access to a series of stereoselective cis-decalins attached to five-
membered oxygen heterocycles which may otherwise be
difficult to synthesize. Further applications of MPBs in organic
synthesis are under investigation in our laboratory.

We thank the National Science Council (NSC) of the
Republic of China for financial support. R. K. P. thanks the NSC
for a post-doctoral fellowship.
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Table 1 Synthesis of phenols 13b–27b

Phenols
10–12

Dienols
5–9

Dienyl ethers
13a–27a (% yield)

Phenols
13b–27b (% yield)

10 5 13a (82) 13b (98)
6 14a (86) 14b (98)
7 15a (84) 15b (97)
8 16a (87) 16b (99)
9 17a (78) 17b (99)

11 5 18a (87) 18b (81)
6 19a (85) 19b (85)
7 20a (85) 20b (85)
8 21a (83) 21b (88)
9 22a (74) 22b (76)

12 5 23a (85) 23b (98)
6 24a (83) 24b (96)
7 25a (85) 25b (97)
8 26a (83) 26b (97)
9 27a (75) 27b (99)

Table 2 IMDA reactions of MPBs 13c–27c generated from phenols 13b–
27b

Entry Phenol MPB Methoda DA adduct
Yield
(%) endo+exob

1 13b 13c B 13d + e 88 1+1
2 14b 14c A 14d 90 1+0
3 15b 15c B 15d + e 85 3+1
4 16b 16c C 16d 80 1+0
5 17b 17c A 17d 78 1+0
6 18b 18c B 18d + e 85 1+1
7 19b 19c A 19d 84 1+0
8 20b 20c B 20d + e 88 2.5+1
9 21b 21c C 21d 79 1+0

10 22b 22c A 22d 79 1+0
11 23b 23c A 23d + e 83 1+1
12 24b 24c A 24d + e 87 1.2+1
13 25b 25c A 25d + e 88 2.5+1
14 26b 26c Cc 26d 83 1+0
15 27b 27c A 27d + e 82 1+1
a All MPBs were generated at 0 °C and after usual workup, the crude residue
was used as such for Methods B and C. Method A: room temp., 15 min;
Method B: benzene, reflux, 4 h; Method C: toluene, reflux, 40 h.
b Determined by 1H NMR. c Reaction time: 18 h.

Fig. 1 Reactivity series for the diene moiety.

Fig. 2 Diels–Alder transition states.
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Monolithic mesoporous silica samples of ca. 2 3 2 3 1 mm
in dimension with large surface areas ( > 900 m2 g21) and
pore volumes ( > 0.80 cm3 g21) have been readily prepared
via a sol–gel process in the presence of hydroxy-carboxylic
acid compounds as non-surfactant templates, and their pore
structure was observed directly by means of atomic force
microscopy (AFM).

The synthesis and applications of mesoporous materials
prepared using surfactants as templates have attracted great
attention since the discovery of the M41S family of mesoporous
molecular sieves by scientists at the Mobil Corporation.1,2 So
far, most synthetic methods typically yield products in the form
of fine powders resulting from uncontrolled precipitation during
the sol–gel synthesis or template removal. Such powder forms
hamper their use in catalysis and separation technologies. For
example, for potential use in membrane separation, it is
important to be able to process mesoporous structures in the
form of defect-free, oriented films. Mesostructured silica films
with ordered or disordered mesopore channel arrangements
have been prepared using surfactants as templates under very
carefully controlled conditions.3–6 Mesoporous silica materials
with diverse and remarkable morphologies7–9 have been
prepared under some extreme synthetic conditions to prevent
uncontrolled precipitation of the mesostructured silicates.
However, the dimensions of the products which occur as hollow
spheres, tubules or other shapes is still microscopic. Emulsion
biphase chemistry has been demonstrated to yield hollow or
hard mesoporous macroscale spheres.10,11 Recently, Wei
et al.12,13 reported a non-surfactant templating route to
mesoporous silica materials via a sol–gel process. Because of
the mild conditions, this process facilitates the preparation of
mesoporous silica bulk objects. Here, we present the synthesis
of mesoporous silica samples of large size (e.g. 2 mm) via a
non-surfactant sol–gel route with hydroxy-carboxylic acids as
templates.

The synthetic procedure was similar to that in the literature.12

The preparation of colourless, transparent disks (ca. 3 cm in

diameter) of the template-containing silicas was achieved by
HCl-catalyzed sol–gel reactions of tetraethyl orthosilicate
(TEOS) in the presence of organic hydroxy-carboxylic acid
compounds, i.e. citric acid (CA), lactic acid (LA), malic acid
(MA) and tartaric acid (TA). In general, TEOS (Acros Organics,
98%) was prehydrolyzed with deionized water in ethanol using
HCl as catalyst (at TEOS+HCl+H2O+EtOH molar ratios of
1+0.01+4+3) at about 70 °C for 5–6 hours. Upon cooling to
room temperature, the prehydrolyzed solution (e.g. 10.6 ml)
was added to a designed volume of aqueous solution (e.g. 3 ml
of 0.45 g ml21) of hydroxy-carboxylic acid compound under
stirring. The transparent and monolithic template-containing
silica disks were obtained after the gel formed and dried within
about two months at room temperature. The template-contain-
ing silica disks were then broken into smaller pieces instead of
being ground into fine powders as reported in the literature.12

The transparent and monolithic mesoporous silica samples were
readily obtained by removing the templates via Soxhlet

Table 1 Physicochemical properties of the monolithic mesoporous silica materials

Average pore diameter Micropore datab

Sample codea
BET surface
area/m2 g21

Total pore
volume/cm3 g21 BET/nm BJH/nm

Surface area/
m2 g21

Pore volume/
cm3 g21

Si-CA-50 959 0.888 3.7 3.6 42 0.0079
Si-LA-50 865 0.924 4.3 3.7 10 —
Si-MA-40 1053 0.863 3.3 3.4 24 —
Si-MA-50 991 1.028 4.1 3.8 30 0.0016
Si-MA-60 1030 1.474 5.7 4.8 22 —
Si-TA-50 911 0.977 4.3 3.9 42 0.0087

a The two letters in the middle of the sample codes are the abbreviations for the templates: CA = citric acid, LA = lactic acid, MA = malic acid, TA =
tartaric acid. The numbers in the codes indicate the template concentrations (wt.%) in the template-containing silicas, as calculated from the feed composition
under the assumption that TEOS is completely transformed into SiO2. b The surface area and pore volume of micropores were obtained by t-plot analysis
using the Harkins–Jura equation.

Fig. 1 Nitrogen adsorption–desorption isotherm for the sample Si-MA-50.
Inset: BJH pore size distribution curve of the same sample.
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extraction with ethanol for 3–4 days followed by drying. The
samples before and after extraction were monitored by FTIR
using a Bruker Vector22 FTIR spectrometer. Disappearance of
the characteristic absorption band at ca. 1734 cm21 for the
carbonyl of the hydroxy-carboxylic acids indicated the comple-
tion of template removal. The Brunauer–Emmett–Teller (BET)
surface area and pore parameters of the samples as small pieces
after the removal of templates were determined by nitrogen
adsorption–desorption isotherm measurements at 77 K on a
Micromeritics ASAP2100 analyzer. Mesopore size distribu-
tions were calculated from the desorption branch of the
isotherm by the Barrett–Joyner–Halenda (BJH) method using
the Halsey equation. The AFM images were obtained on a
Digital Instruments Nanoscope IIIa SPM by tapping mode
AFM.

The BET surface area data and pore parameters of the silica
samples after the removal of the templates are summarized in
Table 1. Mesoporous materials with large surface areas ( > 900
m2 g21) and pore volumes ( > 0.80 cm3 g21) were obtained with
CA, LA, MA or TA as template. As shown in the MA-templated
synthesis, the pore diameter and volume tend to increase with
the MA concentration. From the t-plot analysis with the
Harkins–Jura equation, we conclude that the contributions from
micropores to the measured surface areas and pore volumes are
negligible.

The nitrogen adsorption–desorption isotherms of all the
samples exhibit type IV-like isotherms with a sharp inflection at

P/P0 ≈ 0.5 (type H2 hysteresis), as shown in Fig. 1. The pore
size distributions are quite narrow in all the samples. As shown
in the inset of Fig. 1, the pore size distribution has a peak pore
diameter at ca. 4.3 nm with a peak width of ca. 0.6 nm at half-
maximum. In contrast, the silica sample prepared in the absence
of template under otherwise identical conditions shows a type I
isotherm and a BET surface area of ca. 50 m2 g21.

Most reported mesoporous materials have been characterized
with established techniques, such as transmission electron
microscopy (TEM) or scanning electron microscopy (SEM).1,2

Atomic force microscopy (AFM) enables resolution at the
atomic level14 and can be used to obtain nanoscale images of the
surface of bulk materials and recently, AFM images of
nanoporous ceramic films have appeared in a report.15 The
mesoporous silica samples obtained in this work are relatively
easily characterized by AFM, as long as a smooth surface on
freshly prepared samples could be identified. Fig. 2 shows AFM
images (top-view and topographic view) of the sample Si-LA-
50. From the images, we can readily identify the mesopores of
ca. 4.5 nm diameter. Some channels are vertical to the observed
surface and two are slanted to the surface, suggesting that the
channel axes are largely disordered and three-dimensionally
interconnected as reported in the literatures using TEM.12

Although the images only reflect the surface pattern of the
mesoporous materials, the inner mesostructures can be inferred
from the large surface area, large pore volume and narrow pore
size distribution as measured with the BET method.

This work was financially supported by the National Natural
Science Foundation of China (Grant No. 29874002, to K-Y. Q.)
and the Outstanding Young Scientist Award from NSFC (Grant
No. 29825004, to Y. W.).
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Fig. 2 AFM images of the surface of the sample Si-LA-50 (the scale bar in
the top-view image is 4.50 nm).
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A novel homochiral magnesium bisamide base system has
been prepared and reacted with a series of prochiral ketones
in the presence of TMSCl to give efficient formation of the
corresponding enol ethers in enantiomeric ratios of up to
95+5.

Optically pure lithium amide bases have proven to be versatile
tools in modern asymmetric synthesis. Indeed, highly enantio-
selective deprotonation reactions have been accomplished for
several sets of substrates, including conformationally locked
ketones, epoxides, and tricarbonyl (h6-arene)chromium com-
plexes.1 In turn, many of the more recent advances in this area
have been accomplished by the development of new homochiral
ligands and the tuning of reaction conditions to improve the
selectivity of these lithium-mediated deprotonations.2 In con-
trast to the Li-based strategies, magnesium reagents have
received relatively little attention for use in asymmetric
synthesis3 and, in particular, as mediators of enantioselective
deprotonation processes.

More recently, studies within our laboratories have shown
how, in a racemic sense, magnesium amides can be employed as
alternatives to their more widely used lithium counterparts in
both enolisation and aldol addition reactions.4 Indeed, advan-
tages of the Mg-bases over the Li-analogues which have already
been noted include their greater thermal stability (which, for
example, allows aldol reactions between ketones to be promo-
ted4b) and, in some instances, higher levels of more general
reaction selectivity.5 Consequently, with a view to developing
asymmetric Mg-based protocols we considered that these
observations, as well as the ability to formally bond two (chiral)
ligands to the Mg centre, would allow good levels of
stereoselectivity in organic transformations to be achieved.
Herein, we report the first use of homochiral magnesium amide
bases as reagents in the enantioselective deprotonation of
conformationally locked ketones.

At the outset of this programme, and based on our recently
reported structural study of the Li-amide (R)-1,6 we chose to
utilise readily available (R)-N-benzyl-a-methylbenzylamine,
(R)-2. In due course, the Mg-amide base was readily prepared
by the addition of dibutylmagnesium to 2 equiv. of the amine
(R)-2 in hexane solution, followed by heating to reflux for 90
min.† Analysis of the reaction mixture by 1H NMR spectros-
copy showed complete amination to the bisamide (R)-3.7

Subsequently, and based on extensive studies as reported in
the chemical literature,1 ketone 4a was the substrate on which
we chose to perform our initial deprotonation attempts. As
shown in Table 1, a range of solvents, with and without HMPA
as an additive,‡ were employed at 278 °C; from entries 1–5 it
is clear that THF in the presence of 1 mol equiv. of HMPA
provided good conversion to the silyl enol ether 5.§ Fur-
thermore and to our delight, even this simple Mg-amide base
system displayed high levels of enantioselectivity for the (S)-

silyl enol ether, (S)-5a.¶ Subsequent reaction optimisation
(entries 5–8) showed that the use of only 0.5 mol equiv. of
HMPA (entry 7) delivered a good reaction conversion and, at
least as importantly, provided an enhanced level of enantiose-
lection with a 91+9 enantiomeric ratio (82% ee) of (S)-5a over
its optical isomer.∑ It should also be noted that reaction at
298 °C in THF, again with 0.5 mol equiv. of HMPA, gave a
similar conversion (80%) and the same e.r. of 91+9, whereas
reactions at more elevated temperatures with (R)-3 led to a
general reduction in enantioselectivity.

With these initial studies in hand and in order to investigate
the wider applicability of this Mg-based strategy, a range of
substituted cyclohexanones were subjected to our optimised
reaction conditions. As can be seen from Table 2, using ketones
4a–e the developed protocol with (R)-3 was shown to
consistently deliver the corresponding enol ethers 5a–e with
good efficiency and enantioselection, up to an excellent e.r. of
95+5 for 5d.

To further extend our studies, as shown in Scheme 1, the less
reactive 2,6-dimethyl ketone 4f (82+18 cis+trans mixture;
trans-ketone 50+50 e.r.) was also transformed with appreciable
asymmetric induction (e.r. 90+10) to enol ether 5f with the (R)-
enantiomer in excess (55% conversion).** Notably, upon
reaction completion the ratio of the returned ketone 4f displayed
a relatively unchanged 80+20 cis+trans ratio. However, the final
enantiomeric ratio of the the trans-isomer of the starting ketone
was 37+63. These latter observations and the elevated enantio-
meric ratio for enol ether 5f affirm that the Mg-amide base (R)-3
had mediated a kinetic resolution process with the trans-ketone,
as well as efficient asymmetric deprotonation with the cis-
isomer.

Table 1 Enantioselective deprotonations of 4a and formation of silyl enol
ether 5aa
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Finally, in attempts to find a more practically acceptable
additive to replace HMPA, equivalent quantities of DMPU were
introduced to reactions of 4a with (R)-3. In THF solvent at
278 °C, when 0.5 mol equiv. of DMPU were used, pleasingly
an enantiomeric ratio of 90+10 in favour of (S)-5a was achieved
in 89% conversion (Scheme 2); use of 1 mol equiv. of DMPU
led to comparable conversion (93%) and e.r. (86+14).

In conclusion, having prepared a novel homochiral magne-
sium bisamide system, we have demonstrated, for the first time,
that such bases can successfully mediate enantioselective
deprotonation reactions. Indeed, significant levels of selection
in these asymmetric processes have been realised, and to an
extent that they are already approaching the optimum enantio-
meric ratios achievable by more complex Li-base systems.1
Furthermore, and more importantly for the widespread use of
the Mg-based approach, this efficient enantioselection has been
achieved using a reagent which is easily prepared from a simple,
readily available, and inexpensive amine. The application of
further Mg-bisamide systems and the development of related
methodology is currently under investigation and will be
reported in due course.
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† Preparation of Mg-amide base (R)-3: a Schlenk flask was charged with a
solution of amine (R)-2 (0.42 mL, 2 mmol) in dry hexane (8 mL) under N2.

To this stirred solution, dibutylmagnesium (0.85 mL of a 1.1 M solution in
heptane, 1 mmol) was added dropwise and the mixture heated to reflux for
90 min. The reaction solution was then allowed to cool followed by removal
of all solvent in vacuo and replacement by the solvent of choice for the
subsequent deprotonation reaction. 1H NMR spectroscopic analysis of the
resultant yellow oil, after removal of the reaction solvent, is consistent with
the formation of the bisamide (R)-3: (400 MHz, C6D6, 25 °C): d 7.22–7.02
(m, 10H, Ph), 3.57–3.48 (m, 2H, 2 3 CH), 3.40–3.35 (m, 1H, CH), 1.11 (d,
J 6.6 Hz, 3H, CH3).
‡ The beneficial use of HMPA as a co-solvent has been reported previously
for various Li-mediated enantioselective reactions.1a,c

§ From the 94% conversion (by GC) shown as entry 5 in Table 1, following
alumina column chromatography, an isolated yield of 64% was obtained for
5a with a 90% recovery of the starting amine (R)-2.
¶ Formation of the (S)-silyl enol ether, (S)-5a, is consistent with the
selectivity of the analogous Li-base (R)-1.8 Additionally, GC analysis, by
comparison with that of Knochel and co-workers2b allowed confirmation of
the assignment of absolute stereochemistry for the enol ether 5a.
∑ The typical procedure for the enantioselective deprotonation reactions is
illustrated by a preparation of 5a: a Schlenk flask containing base (R)-3 (1
mmol) suspended in THF (10 mL) was cooled to 278 °C under N2. The
flask was then charged with TMSCl (0.5 mL, 4 mmol) and HMPA (0.09
mL, 0.5 mmol). After stirring for 20 min at 278 °C, 4-tert-butylcyclohex-
anone (123 mg, 1 mmol) was added as a solution in THF (2 mL) over 1 h
using a syringe pump. The reaction was allowed to stir at 278 °C for a
further 5 h and then quenched by the addition of saturated aqueous NaHCO3

(5 mL). After warming to room temperature the reaction mixture was
extracted with diethyl ether (50 mL) and washed with saturated aqueous
NaHCO3 (2 3 20 mL). The combined aqueous phase was extracted with
diethyl ether (2 3 20 mL), the combined organic phase was then dried over
Na2SO4, followed by removal of solvent in vacuo. The reaction conversion
was determined as 82% by GC analysis [DB 179 fused silica capillary
column, carrier gas H2 (80 kPa), 60–190 °C; temperature gradient: 45 °C
min21, tr = 3.1 min (4a), tR = 3.3 min (5a)]. The resultant yellow oil was
then filtered through a silica plug and washed with a light petroleum–diethyl
ether solution (9+1). This afforded 5a as a colourless oil. The enantiomeric
ratio was determined by GC analysis as 91+9 [Chirasil-DEX CB capillary
column, carrier gas H2 (30 kPa), 80 °C (1 min)–120 °C; temperature
gradient: 1.5 °C min21, tR = 32.2 min [(S)-5a], tR = 32.8 min [(R)-
5a)]].
** Enantiomeric ratios were determined by GC analysis. Additionally, the
absolute configuration of the major and minor enantiomers for 5b, 5c, 5d
and 5f were assigned by correlation of optical rotation measurements with
those of Koga and coworkers;9 for 5e the major and minor isomer
configurations were tentatively assigned by comparison with 5a–d.
Furthermore, all compounds exhibited satisfactory analytical and spectral
data.
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Table 2 Enantioselective deprotonations and silyl enol ether formation with
Mg-amide (R)-3

Scheme 1 Reagents and conditions: i, (R)-3, HMPA (0.5 equiv.), TMSCl (4
equiv.), THF, 278 °C, 65 h.

Scheme 2 Reagents and conditions: i, (R)-3, DMPU (0.5 equiv.), TMSCl (4
equiv.), THF, 278 °C, 6 h.
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Dichlorobis[bis(trimethylsilylamido)]hafnium(IV) reacts
with (R2PNNSiMe3)2CH2 (R = Cy, Ph) cleaving the C–H
bonds of the P–C–P backbone methylene group and
eliminating 2 mol of hexamethyldisilazane to yield the
hafnium methandiide (carbene) complexes 3 and 4, thus
completing the triad of group 4 metal complexes containing
the MNC moiety.

Although extensive systems of group 5, 6 and 7 carbene
complexes are known,1 similar group 4 carbene complexes are
rare2 being limited to a few titanium,3 and zirconium alkylidene
complexes4 and some zirconium Fischer carbene complexes.5
In particular, carbene complexes of hafnium have long eluded
isolation. Whereas hafnium alkylidene species have been
implicated as intermediates in stoichiometric reactions, at-
tempted isolation gave orthometallated6 or dimeric products.7
We now report a novel, high yield synthesis of the first
examples of hafnium bis(iminophosphorano)methandiide com-
plexes which have a hafnium–carbon bond with multiple (hence
carbene) character supported by phosphinimine substituents in
a “pincer” structure. With these hafnium complexes we now
complete the triad of group 4 metal complexes with similar
structural features.8

The reaction of [HfCl2{N(SiMe3)2}2]9 with
CH2(R2P = NSiMe3)2 [R = Cy 1 (prepared by heating
(Cy2P)2CH2

10 with N3SiMe3), or Ph 211] in refluxing toluene
(Scheme 1) gave the electron deficient methandiide complexes,
[HfCl2{C(R2P = NSiMe3)2-k3C,N,N’}] (R = Cy 3 or Ph 4), as
the result of a facile C–H bond cleavage process whereby the
protons of the methylene group in the backbone of the ligand are
removed;† 2 mol of hexamethyldisilazane were eliminated.
This hafnium precursor reacts much more rapidly with the
phenyl substituted bis(iminophosphorano)methane ligand, 2,
compared to the cyclohexyl analog, 1, which we attribute to the
higher acidity of the methylene protons in the former. Under
similar conditions [ZrCl2{N(SiMe3)2}2]9 reacts with 1 and 2 to
yield the zirconium methandiide analogs,
[ZrCl2{C(R2P = NSiMe3)2-k3C,N,N’}, prepared previously8 by
a different route. The hafnium methandiide complexes have a
relatively high thermal stability, as do the Ti and Zr complexes,8
which can be attributed to the steric protection of the carbene
center by the formation of the tridentate chelate “pincer”
structure.

The 31P NMR spectra of complexes 3 and 4 consist of one
sharp singlet showing that the two phosphorus nuclei are

equivalent. The carbene resonances (d 66.6 for 3, 84.6 for 4)
appear as triplet signals because of coupling to two equivalent
phosphorus atoms. The unusual upfield carbon chemical shift
values for these carbene complexes relative to the general range
exhibited by group 4 carbene complexes2 may arise from the
electronic influence of the phosphorus substituents, the pres-
ence of conjugated phosphinimine structures or because of the
constrained geometry of the encapsulated carbene center.12 We
note that these shift values are similar to those of the previously
reported carbodiphosphorane complexes of W13 and Re14

which show definitive MNC character. These latter complexes
have neither the pincer nor the cyclic ring structure, thus the
NMR properties probably devolve from the nature of the
phosphorus–carbon interaction.

The molecular structure of [HfCl2{C(Cy2PNNSiMe3)2-
k3C,N,N’}] 3,‡ shown in Fig. 1,15 is similar to that of the
zirconium analog.8 The key structural feature of the complex is
the relatively short Hf–C(1) bond length [2.162(6) Å] which is
shorter than the Hf–C bonds in other hafnium hydrocarbyl
complexes (mean Hf–CH2C 2.300 Å, Hf–CHC2 2.387 Å16,17).
The two four-membered ring systems defined by the common
HfNC bond are nearly coplanar with a dihedral angle of 5.4(4)°.
The C(1) atom lies above the least square plane defined by P(1),
P(2), N(1), N(2) and Hf by 0.108(7) Å. The structure is
consistent with a considerable degree of multiple bond character
between the metal and the carbene center. A closer look at the
bond lengths within the six-membered frame shows that the Hf–
N bonds [mean 2.167(5) Å] are slightly shorter than values
typical of neutral amine complexes but longer than values
typical of amide complexes.18 If we compare the P–C and P–N
bond lengths in the complex to those of the free ligand,19 we see
that the endocyclic P–C bonds [mean 1.665(7) Å] of the P–C–P
backbone are shorter and the P–N [mean 1.637(5) Å] bonds are

Scheme 1

Fig. 1 An ORTEP15 view of [HfCl2{C(Cy2PNNSiMe3)2-k3C,N,N’}] 3
showing the atom labeling scheme. All cyclohexyl (except the ipso) carbon
atoms and all hydrogen atoms have been removed for clarity. The remaining
atoms are represented by Gaussian ellipsoids at the 20% probability level.
Selected interatomic lengths (Å) and angles (°) Hf–Cl(1) 2.377(2), Hf–Cl(2)
2.389(2), Hf–C(1) 2.162(6), Hf–N(1) 2.164(5), Hf–N(2) 2.170(5), P(1)–
N(1) 1.639(5), P(2)–N(2) 1.635(5), P(1)–C(1) 1.662(7), P(2)–C(1)
1.668(7), P(1)–C(11) 1.834(6), P(2)–C(31) 1.825(6), P(1)–C(1)–P(2)
169.9(4), Hf–C(1)–P(1) 93.5(3), Hf–C(1)–P(2) 93.6(3), N(1)–Hf–N(2)
143.3(2), N(1)–P(1)–C(1) 100.5(3), N(2)–P(2)–C(1) 100.3(3).
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longer which implies delocalization of p-electron density in the
four-membered planes which would arise from the conjugation
of the PNN and the MNC bonds,20 as delineated in Scheme 2.
The central carbon NMR shifts in complexes 3 and 4 suggest
that a tautomeric ylide–carbene formulation may be an
appropriate description.

Having assembled a complete triad of Ti, Zr and Hf
complexes with the same chemical structures we are now in a
position to conduct a comparison of the similarities and
differences in reaction behaviour which derive from the metal
alone. Such comparative reactivity studies are now in pro-
gress.

We thank the Natural Sciences and Engineering Research
Council of Canada, NOVA Chemicals Corporation and the
University of Alberta for financial support.

Notes and references
† Preparation of 3: all experimental manipulations were performed under
rigorously anaerobic conditions using Schlenk techniques or an argon-filled
glovebox. The complex, [HfCl2{N(SiMe3)2}2] (0.2 g, 0.35 mmol) was
dissolved in 10 mL of toluene. Solid CH2(Cy2PNNSiMe3)2 1 (0.204 g, 0.35
mmol) was added to this solution with stirring and the colorless solution was
heated at 140 °C for seven days. The resultant pale yellow solution was
concentrated and cooled to 215 °C for 24 h to obtain colorless crystals
which were isolated by filtration (yield: 0.21 g, 72.1%). IR (Nujol mull):
1447s, 1404w, 1377w, 1356w, 1320s, 1297w, 1260s, 1246s, 1202w,
1192w, 1176w, 1168w, 1112m, 1024s br, 915w, 887m, 836s br, 783m,
771s, 754s, 747s, 707w, 679m, 654s, 635m, 615s, 552s, 542m, 495m, 485m,
464w. 1H NMR (400.1 MHz, C6D6, 298 K): d 2.1–1.1 (br m, 40 H,
methylene-Cy and 4 H, methine-Cy), 0.47 (s, 18 H, SiMe3). 13C{1H} NMR
(100.6 MHz, C6D6, 298 K): d 66.6 (t, 1JPC 158.0 Hz, 1 C, quaternary C-
PCP), 40.7 (m, 4 C, methine-Cy), 26.8 (m, 8 C, ortho methylene-Cy), 26.6
(s, 4 C, para methylene-Cy), 26.4 (s, 4 C, meta methylene-Cy), 26.3 (s, 4 C,
meta methylene-Cy), 3.5 (s, 6 C, SiMe3). 31P{1H} NMR (161.9 MHz, C6D6,
298 K): d 32.6 (2 P). Anal. Calc. for C31H62Cl2HfN2P2Si2: C, 44.84; H,
7.53; N, 3.37. Found: C, 45.04; H, 7.98; N, 3.29%.
Preparation of 4: in a similar fashion, [HfCl2{N(SiMe3)2}2] (0.104 g, 0.18
mmol) in toluene solution was treated with solid CH2(Ph2PNNSiMe3)2 2
(0.102 g, 0.18 mmol) and heated at 140 °C for 3 d. The solution was reduced
to a small volume and layered with hexane. After 2 days at ambient
temperature, colorless crystals were deposited which were isolated by
filtration (yield: 0.11 g, 74.8%). IR (Nujol mull): 1589w, 1574w, 1480w,
1463m, 1436s, 1378m, 1311s, 1251s, 1181w, 1156w, 1111s, 1070m, 1057s,
1037s, 999m, 843s, 787s, 772m, 754m, 738m, 716s, 696s, 654s, 631m,
622s, 615m, 576m, 524s. 1H NMR (400.1 MHz, C6D6, 298 K): d 7.63 (m,
Ph), 6.97 (m, Ph), 6.91 (m, Ph), 0.22 (s, 18 H, SiMe3). 13C{1H} NMR (100.6
MHz, C6D6, 298 K): d 134.7 (m, 4 C, ipso Ph), 131.5 (t, 2JPC 6.0 Hz, 8 C,
ortho Ph), 131.0 (s, 4 C, para Ph), 128.5 (t, 3JPC 5.6 Hz, 8 C, meta Ph), 84.6
(t, 1JPC 145.0 Hz, 1 C, quaternary C-PCP), 2.6 (s, 6 C, SiMe3). 31P{1H}
NMR (161.9 MHz, C6D6, 298 K): d 12.2 (2 P). Anal. Calc. for
HfCl2{C(Ph2PNNSiMe3)2-k3C,N,NA}]·0.5C6H5Me, C34.5H42Cl2HfN2P2-
Si2: C, 48.62; H, 4.97; N, 3.29. Found: C, 48.24; H, 5.21; N, 3.34%.
‡ Crystal data for [HfCl2{C(Cy2PNNSiMe3)2-k3C,N,N’}] 3: monoclinic,
space group, P21/c (no. 14), a = 10.3572(7), b = 20.8156(10), c =
17.8865(10) Å, b = 93.226(5)°, V = 3850.1(4) Å3, Z = 4, Dc = 1.433 g
cm23, m = 7.829 mm21 (Cu-Ka, l = 1.54178 Å), T = 213 K; the structure
was solved by direct methods and refined by full matrix least squares
procedures: R1 = 0.0432 and 0.0495, (wR2 = 0.1100 and 0.1148) for 4864
reflections with Fo

2 > 2s(Fo
2) and all data respectively.

CCDC 182/1543. See http://www.rsc.org/suppdata/cc/a9/a909771f/ for
crystallographic files in .cif format.
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At 168 K crystals of 2C60·3CS2 undergo a reversible phase
transition (from orthorhombic to monoclinic), which is
accompanied by orientational ordering of both C60 mole-
cules in the asymmetric unit.

Carbon disulfide and aromatic hydrocarbons are widely used as
good solvents for C60 and for the higher fullerenes. Both carbon
disulfide and benzene solutions of C60 form crystalline solvates
when they are allowed to evaporate to dryness. The structure of
C60·4C6H6 has been reported1–3 and shown to contain van der
Waals interactions of the types: benzene–benzene, benzene–
C60, and C60–C60. In spite of numerous intermolecular inter-
actions, the C60 molecule is disordered with two orientations of
the molecules occupying a common site at 104 K. Solutions of
C60 in carbon disulfide produce brown crystals of 2C60·3CS2.4–6

Crystallographic studies at room temperature have identified
the space group as either orthorhombic,5 Pbnm, a = 24.97(6),
b = 25.52(3), c = 9.98(1) Å or as orthorhombic,6 Pn21a, a =
25.588(2), b = 9.984(2), c = 24.997(2) Å. The latter study
reported a complete structure determination and showed the
gross packing of molecules. However the resulting R value was
high (0.18), and each of the two independent C60 molecules was
modeled with four different orientations of the C60 molecule at
each of the two independent sites. Additionally, the carbon
disulfide molecules were disordered with two orientations at
each of the three sites, and the structure could only be refined
using a set of bond constraints. In this report we examine the
structure of 2C60·3CS2 at low temperatures and show that a
reversible phase transition occurs at 168 K.

The structure of 2C60·3CS2, obtained by evaporation of a
carbon disulfide solution, was determined at 90 K. At this
temperature the crystals belong to the monoclinic space group
P21/n, with a = 9.8722(12), b = 25.466(3), c = 24.671(3) Å,
b = 90.047(3)°.† The crystal was treated as a pseudo-
merohedral twin. Refinement proceeded satisfactorily with a
model that included two fully ordered C60 molecules and three
ordered carbon disulfide molecules in the asymmetric unit. The
average values and average deviations for the low temperature
form are: fullerene; C–C bond distance (5+6 ring junctions) =
1.382(11) Å; C–C (6+6 ring junctions) = 1.450(11) Å; carbon
disulfide; C–S bond distance = 1.544(6) Å; S–C–S bond angle
= 179.0(4)°. A stereoview of the monoclinic structure
perpendicular to the shortest axis is given in Fig. 1. In this
structure, the set of three CS2 molecules approach one another
end-on to form a triangle with non-bonded S···S contacts
of 3.696, 3.697 and 3.808 Å (Fig. 2). The closest contact
between any sulfur atom and C60 is 3.460 Å (between S6 and
C59), and the next shortest (3.468 Å) involves S3 and C1. The
twenty shortest contacts between sulfur atoms and fullerene
carbon atoms have an average value of 3.602 Å. Interestingly,
one of the sulfur atoms, S5, has no contacts in this group; its
shortest contact to a fullerene carbon is 3.834 Å. The shortest
contact between the central carbon of CS2 and C60 is 3.278
Å.

In view of the similarities of the orthorhombic and mono-
clinic cell parameters, the structure at room temperature was
reexamined, and we confirmed that at room temperature
2C60·3CS2 has an orthorhombic cell with a = 24.988(9), b =
25.602(8), c = 9.984(3) Å. We also confirmed that the structure

cannot be solved in the centrosymmetric space group, Pbnm.
After two days of data collection a 25% reduction in the
intensity of check reflections had occurred, presumably as a
result of loss of CS2.

In order to understand the relationship between the two
crystallographically distinct forms of 2C60·3CS2, variable
temperature crystallographic studies were conducted. The
orthorhombic setting for the high temperature form will match
the monoclinic B setting of the low temperature form if it is
described in the space group P21nb, the cab setting of Pna21,
(no. 33). In this space group the symmetry elements differ from
P21/n by the addition of a b glide, and by a 21 screw axis that lies
along the a-axis instead of the b-axis. Although the presence of

Fig. 1 A stereoview down the short (9.872 Å) axis of the monoclinic
structure of 2C60·3CS2. The two fullerene molecules are differentiated by
using open circles for one and shaded circles for the other.

Fig. 2 A drawing showing selected intermolecular contacts associated with
the CS2 molecules in the monoclinic form.
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the screw axis does not confer any extra conditions; the
presence of the b glide in the orthorhombic form leads to the
condition, hk0, k = 2n, which is distinct from that of the
monoclinic form, for which hk0 has no conditions.

A set of ten strong reflections in the set of hk0, k = 2n + 1
were identified in the low temperature form. A small data set
was collected on these reflections at selected temperatures
between 127 and 183 K. Without exception, extinction was
observed at 168(2) K. This can be seen in the plot of the
intensities of four of these reflections as a function of
temperature shown in Fig. 3. The temperature was raised and
lowered three times through the above range, and no loss in
intensity of the benchmark reflections was observed.

Since the high temperature, orthorhombic, and low tem-
perature, monoclinic, structures are interconvertible without
loss of crystallinity, it is not surprising that they contain similar
arrays of molecules. Each form has two distinct C60 sites and
three CS2 sites. The pattern of packing of these constituents is
exactly the same, and the orientation of the CS2 molecules
matches. The orthorhombic space group has an additional glide
plane, but the principal difference is that in the high temperature
form there are four different orientations of the C60 molecules
and two different orientations of the CS2 molecules at sites
which themselves contain no crystallographic symmetry. How-
ever, as a consequence of the higher orthorhombic symmetry,
there would be higher order in the high temperature form if the
disorder did not occur. Thus, the phase transition results in an
increased disorder upon warming and is entropically driven.

Some compression of the structure at low temperature would
be expected due to the reduction in temperature, and this is
clearly seen by a comparison of the average center-to-center
distances. For the orthorhombic form (298 K), the average value
is 10.051 Å, while for the monoclinic form (90 K), the average
value is 9.961 Å. An accurate comparison of the individual bond
distances and angles cannot be made due to the disorder at room
temperature. Likewise, comparison of temperature-dependent
changes in the contact distances between C60 and CS2 is flawed
by the same inaccuracies due to the disorder, but, based upon the
packing, no remarkable differences are expected.

Despite the ordering observed in this crystallographic study,
the fullerene molecules in 2C60·3CS2 still undergo dynamic
reorientation at low temperatures. Crystalline 2C60·3CS2 has
been studied previously by solid state 13C NMR spectroscopy.7
Over the temperature range 125 to 263 K, the spectrum consists
of a single narrow line which exhibits a minimum in the spin–
lattice relaxation time, T1 at 170 K. Those results were
interpreted to indicate that an orientational ordering transition
occurs and that the fullerene molecules jump between equiva-
lent orientations with a correlation time of < 1025 s. The nature
of the interactions between C60 and CS2 has been examined by
quantum mechanical calculations.8

Reversible phase transitions in molecular crystals are rela-
tively rare occurrences. More commonly, molecular crystals

undergo cooling without phase change or fragment upon
cooling owing to irreversible phase changes which generally
make determination of the structure of the low temperature
phase inaccessible. Reversible phase changes in molecular
crystals are likely to involve an aspect of increased molecular
order at low temperature owing to a reorganization process such
as the molecular ordering seen for 2C60·3CS2 or the side chain
ordering and molecular reorientation observed in cholesterol.9
Since orientational disorder is common in fullerenes, it is likely
that other reversible phase changes will be seen in the large
number of crystals in which a fullerene co-crystallizes with one
or two other molecules. The present study emphasizes the value
of examining fullerene structures at the lowest experimentally
obtainable temperature.

Notes and references
† The crystal used was a dark brown lath of size 0.065 3 0.13 3 0.36 mm.
Data for the structure determination was collected on a Bruker SMART
1000 equipped with a CRYO Industries low-temperature apparatus.
Selection of the monoclinic space group, P21/n, followed directly from the
observation of systematic absences. The unit cell was based upon a least-
squares fit of 5907 reflections with 2.3 < q < 24.3°. Solution of the
structure was achieved with some difficulty from direct methods and
subsequent refinement and difference maps. Refinement of the structure
stopped with an R1 of 0.28, yet there was no indication in the difference
maps of another, rotationally disordered, C60 molecule. At this stage a twin
law was introduced because there were two strong indicators of pseudo-
merohedral twinning.10 One was a mean |E2 2 1| = 0.749, a value near to
that expected for a non-centrosymmetric structure rather than a centrosym-
metric one, and the other was the b angle very near 90°. A twin law
[1 0 0 0 21 0 0 0 21] and twin component of 0.5 were introduced, which
led to a 20% reduction in the value of R1. Another 2% reduction in the R1
value was achieved by the introduction of anisotropic thermal parameters
for all atoms, leading to an R1 of 0.0579 computed for 8239 observed data
[ > 2s(I)] and 1162 parameters. The twin component converged to
0.5032(10) and was subsequently set to 0.5000. The largest difference map
peak had a value of 0.42 e Å23.

Crystal data for 2C60·3CS2, M = 1669.59, monoclinic, space group
P21/n, a = 9.8722(12), b = 25.466(3), c = 24.671(3) Å, b = 90.047(3)°,
U = 6202.5(7) Å3, m(Mo-Ka) = 0.297 mm21, Z = 4, T = 90 K, 60760
reflections collected, 14233 unique (Rint = 0.115), wR(F2) was 0.1224 (all
data). CCDC 182/1546. See http://www.rsc.org/suppdata/cc/a9/a908147j/
for crystallographic files in .cif format.

A Siemens P4 diffractometer equipped with a rotating Cu anode and LT-2
low temperature apparatus was used for the study of the phase change. The
temperature at the crystal and calibration of the readout were determined by
a separate study of the phase transition (at 123 K) of potassium dihydrogen
phosphate. The Bruker SMART diffractometer was funded in part by NSF
grant CHE-9808259.
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Fig. 3 A plot of the reflection intensity as a function of temperature for four
selected hk0 reflections of 2C60·3CS2.
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A new straightforward methodology to prepare poly-
functionalised enantiopure pyrrolizidine systems, based on
the 1,3-dipolar cycloaddition of 2-azetidinone-tethered azo-
methine ylides as the key reaction, is presented.

1,3-Dipolar cycloaddition employing azomethine ylides is an
important process in organic synthesis, acquiring a prominent
place of synthetic strategy for a variety of targets, including
natural products such as azasugars and alkaloids.1 Pyrrolizidine
alkaloids occur in many natural products of potential use in
medicine and agriculture.2 In view of their potent and various
biological activities, pyrrolizidine alkaloids as well as structur-
ally related unnatural compounds are continuosly stimulating
new synthetic approaches.3 On the other hand, the importance
of 2-azetidinones as synthetic intermediates has been widely
recognized in organic synthesis. This usefulness is based on the
impressive variety of transformations which can be derived
from this system.4 The application of b-lactams in stereo-
selective synthesis may be divided into two groups, namely,
those processes based on transformation of the 2-azetidinone by
external reagents and those based on rearrangements of the
four-membered ring. The first type of reactivity is exemplified
by the b-lactam synthon method.5 The second group of
reactions is based on the building of a conveniently function-
alised 2-azetidinone to produce different types of, usually
cyclic, compounds by selective bond breakage and rearrange-
ment.6 Despite the versatility of the 2-azetidinone ring, there is
little information available on the use of b-lactams as chiral
synthons for the synthesis of pyrrolizidine alkaloids, just the
groups of Reuschling7 and Palomo8 have reported b-lactam
routes to simple pyrrolizidines. Our interest in the use of
4-oxoazetidine-2-carbaldehydes as substrates for addition reac-
tions and cyclization processes,9 prompted us to evaluate the
combination of the 1,3-dipolar cycloaddition of alanine (gly-
cine) derived iminoester ylides with rearrangement reactions on
the 2-azetidinone ring as a route to complex pyrrolizidine
alkaloids (Scheme 1). We report here, a straightforward
asymmetric synthesis of different kinds of highly fuctionalised
bi- and tri-cyclic pyrrolizidine systems using b-lactams as chiral
building blocks.

Cyclization precursors, 4-oxoazetidine-2-carbaldehydes 1,
were prepared both in the racemic form and in optically pure
form using standard methodology.9–12 Treatment of aldehydes 1
with various a-aminoesters in the presence of molecular sieves

provided the corresponding aliphatic aldimines 2. Imines 2 were
obtained in quantitative yields and were used for next step
without further purification

We sought to explore the reactivity of 2-azetidinone-tethered
azomethine ylides with cyclic and acyclic dienophiles such as
N-phenyl maleimide and methyl acrylate.‡ The 1,3-dipolar
cycloaddition was achieved via metal ion catalysis at room
temperature. Treatment of aldimines 2 with the appropriate
dienophile in the presence of AgOAc–Et3N in toluene at room
temp. for 40 h gave with reasonable diastereoselectivity
mixtures of cycloadducts 3 and 4 (Table 1) in moderate to
excellent yields (45–90%).§ Fortunately, in all cases the
diastereomeric cycloadducts were easily separated by flash
chromatography. Furthermore, the reaction with an unsym-
metric monoactivated alkene, methyl acrylate, proceeded with
total regioselectivity. The steric properties of the C3 substituent
on the 2-azetidinone ring influence the stereoselectivity of the
cycloaddition, sterically less demanding groups increasing the
diastereoisomeric ratio (Table 1). Next, our aim was to find an
expedient transformation of the cycloadducts into pyrrolizidine
systems. First we tested sodium methoxide as reagent for the
conversion of adducts 3 or 4 into the framework of pyrrolizidine
alkaloids. In the event, the pyrrolizidine skeleton was obtained.
Sodium methoxide works well in maleimide derived cycload-
ducts, however epimerization was observed in adducts coming
from methyl acrylate. This preliminary result encouraged us to
find a more convenient reagent for this transformation. To our
delight, when the reaction was conducted in a saturated solution
of HCl(g) in isopropanol at room temperature for 36 h, optically
pure pyrrolizidine systems 5 and 6 were obtained in moderate to
good yields and without by-products (Scheme 2).¶ However,
bicycle (2)-6b was more efficiently obtained in a saturated
methanolic solution of HCl(g), with some isopropyl transester-
ification being observed when adduct (+)-4d was treated with
HCl(g) in isopropanol. The reaction of (+)-3d in a saturated
solution of HCl(g) in methanol for 36 h gave a quantitative yield
of the monocyclic pyrrolidine (+)-7, which requires 2 h of
heating in toluene under PTSA catalysis to give the expected
tricyclic system (+)-5b.∑ The formation of pyrrolizidinones 5
and 6 involves a selective C–N bond cleavage of the four-
membered ring, followed by a rearrangement under the reaction
conditions. The relative anti-disposition of the ester and amine
moieties in bicycles 6 must be responsible for the failure of the
third cyclization to occur, preventing the formation of a highly
strained tricyclic system. The polycyclic structures (by DEPT,
HETCOR and COSY) and the stereochemistry (by vicinal
proton couplings and NOE experiments) of compounds 5 and 6
were established by one- and two-dimensional NMR tech-
niques.** Taking into account that separated diastereomeric
cycloadducts 3 and 4 could be obtained and cyclized, the
stereochemistry for compounds 3 and 4 was inmediately
deduced by comparison with the NOE results of the polycyclic
systems. Also, the cis-stereochemistry of the four-membered
ring is set during the cyclization step to form the 2-azetidinone
ring and it is transferred unaltered during the further synthetic
steps.

† Permanent address: Department of Chemistry, Faculty of Science at Qena,
South Valley University, Qena, Egypt.

Scheme 1
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In summary, we have demonstrated that the combination of
1,3-dipolar cycloaddition of 2-azetidinone-tethered azomethine
ylides with rearrangement reactions on the 2-azetidinone ring is
a powerful, hitherto unknown, strategy for the asymmetric
synthesis of different types of highly functionalised pyrrolizi-
dine systems. In addition, this methodology is very versatile
offering the possibility of obtaining a variety of complex
pyrrolizidine derivatives just by changing the substituents in
readily available 4-oxoazetidine-2-carbaldehydes, a-amino-
esters or dipholarophiles.

We thank the DGES (MEC-Spain, grant PB96-0565) for
financial support. P. A. thanks the DGES (MEC, Spain) for a
‘Contrato de Incorporación’. J. M. A. thanks the UCM for a
predoctoral grant.

Notes and references
‡ During the evaluation of this manuscript a report appeared describing the
1,3-dipolar cycloaddition of closely related b-lactam azomethine ylides: R.
Grigg, M. Thornton-Pett and L.-H. Xu, Tetrahedron, 1999, 55, 13 841.
§ When DBU was used instead of Et3N, complex mixtures of unidentified
products were obtained, whereas pyridine gave erratic results. Perfoming
the reaction in acetonitrile afforded poor yields of cycloadducts.

¶ Representative experimental procedure for the synthesis of pyrrolizidine
systems: HCl(g) was bubbled, during 1 h, through an unstirred solution of
the appropriate cycloadduct 3 or 4 (0.4 mmol) in isopropyl alcohol (6 ml)
and the reaction solution left to stand in a sealed vessel for 36 h. The reaction
mixture was concentrated under reduced pressure, diluted with dichloro-
methane (10 ml), washed with saturated aqueous sodium hydrogen
carbonate and brine, dried (MgSO4) and concentrated under reduced
pressure. After purification by flash chromatography, pyrrolizidinones 5
and 6 were obtained in analytically pure form.
∑ Tricycle (+)-5b was alternatively obtained via heating overnight the
adduct (+)-3d in methanol using 37% aqueous hydrochloric acid as a
catalyst.
** All new compounds were fully characterised by spectroscopic methods
and microanalysis and/or HRMS.
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Aragonite thin films of calcium carbonate have been
deposited on chitosan matrices by cooperation of chitosan,
poly(aspartate) and MgCl2 in CaCO3 solution, and their
double layered composite structures are obtained by the
alternate operations of chitosan coating and thin-film
crystallization.

Living organisms produce a great diversity of organic/inorganic
composite materials by using interactions between biopolymers
and inorganic substances. The nacre of mollusc shell, one of the
most studied, has a laminated composite structure of CaCO3
crystals in the aragonite polymorph and biological macromole-
cules such as chitin and silk-fibroin-like protein, which provides
high mechanical strength and unusual optical properties.1
Aragonite crystals are considered to enhance mechanical
properties of the nacre owing to the absence of cleavage planes.2
Polymorph control for aragonite crystals has been performed by
the use of proteins extracted from shells,3 synthetic polymers4

and LB films.5 A biofabrication method involving a biosystem,
the mantle and shell of red abalone, led to the formation of flat
aragonite films.6 However, to our knowledge, no aragonite thin
film has been formed by the use of simple polymers in vitro. 
Here, we report a synthetic approach to the fabrication of
aragonite thin films which resemble a part of lamellar sheets in
the nacre by using a cooperative effect of Mg2+ and organic
polymers with simple repeating units.

For calcite and vaterite syntheses, thin films could be
obtained on organic matrices such as polysaccharides7,8 and
aggregated amphiphilic molecules9 in the presence of acid-rich
macromolecules. In the present study, we selected poly-
(aspartate) (pAsp) as an organic additive. It was reported that
aspartate-rich proteins are responsible for the controlled
crystallization of CaCO3 layers of shells.1

CaCO3 was crystallized on chitosan matrices spin coated on
glass substrates from supersaturated calcium hydrogen carbon-
ate aqueous solution by slow evaporation of CO2.† In the
absence of additives, rhombohedral calcite crystals of size 10
mm were deposited, which suggests that the chitosan matrix
does not solely exert any effects on the crystallization. In
contrast, the addition of pAsp to the solution induced the
deposition of thin film states of crystals with a homogeneous
thickness, as shown in Fig. 1(a), for concentrations of pAsp
between 4.4 3 1024 and 1.0 3 1022 wt%. The thickness of
these films is ca. 1 mm. These thin films show circular symmetry
around the center of nucleation. X-Ray diffraction patterns
show that these crystals are mixtures of calcite, aragonite and
vaterite [Fig. 2(a)]. The fraction of aragonite as well as vaterite
increases with the concentration of pAsp.

To prepare thin films of high aragonite content, we added
MgCl2 (Mg2+/Ca2+ = 6) to the solution in addition to pAsp as
Mg2+ is known to induce aragonite formation.10 Thin film
crystals have also been deposited [Fig. 1(b)], although the
appropriate concentration of pAsp is limited to ca. 4.4 3 1024

wt%. The surface of the films is smoother than that without
MgCl2. X-Ray diffraction studies reveal that the fraction of
aragonite in the films is 95 wt% or higher, and vaterite is absent
[Fig. 2(b)]. By contrast, aragonite crystals with needle morphol-
ogy were grown on chitosan matrices by the addition of MgCl2

Fig. 1 Scanning electron micrographs of CaCO3 thin films grown on
chitosan matrices in the presence of pAsp (4.4 3 1024 wt%): (a) in the
absence of MgCl2 and (b) in the presence of MgCl2 (Mg2+/Ca2+ = 6).

Fig. 2 X-Ray diffraction patterns of CaCO3 thin films grown on chitosan
matrices in the presence of pAsp (4.4 3 1024 wt%): (a) in the absence of
MgCl2 and (b) in the presence of MgCl2 (Mg2+/Ca2+ = 6); aragonite (A),
calcite (C) and vaterite (V).
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in the absence of pAsp. These results show that selective
aragonite deposition by the addition of MgCl2 and the formation
of thin film crystals by chitosan and pAsp are compatible for
aragonite thin-film formation. Furthermore, the stability of the
film was so high that no flaking was observed upon microwave
irradiation while needle-like aragonite crystals obtained with
MgCl2 in the absence of pAsp were observed to detach under
such conditions.‡

By alternate operations of chitosan spin coating and aragonite
crystallization,§ we could prepare double layered composite
films of aragonite and chitosan. Fig. 3 shows an example of such
a film; the upper aragonite layer has successfully grown on the
underlying layer. It is expected that multi-layered composite
materials resembling the nacreous structure can be prepared if
adequate control is provided.

In summary, we have succeeded, for the first time, in the
formation of aragonite thin films with a controlled homoge-
neous thickness. Double layer films have also been fabricated
by the cooperative effect of MgCl2 and functionalized organic
polymers. These results offer potential for the design of high-
performance organic/inorganic composite materials by simple
synthetic procedures.

Partial financial support of a Grant-in-Aid for Scientific
Research (No. 10875188) from the Ministry of Education,
Science, Sports, and Culture is gratefully acknowledged.

Notes and references
† Crystals were grown from supersaturated calcium hydrogen carbonate
solution in the presence of poly-L-(aspartic acid) sodium salt (DP = 360)
(pAsp) and/or MgCl2 at 30 °C. The detailed synthetic procedure has been
described previously.7 Polymorphs of CaCO3 were studied by X-ray
diffraction measurements. The fraction of aragonite in the crystals was
calculated from the diffraction peak areas using a calibration curve obtained
from crystal mixtures with known ratios of the polymorphs.
‡ The stability of the crystals formed on the matrix polymers was tested by
microwave irradiation at 140 W for 30 min for the films placed in water.
§ After preparation of the aragonite thin films, chitosan was spin coated on
them, and then CaCO3 was subsequently crystallized.
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Fig. 3 Scanning electron micrograph of double layered aragonite thin films
grown on a chitosan matrix in the presence of pAsp (4.4 3 1024 wt%) and
MgCl2 (Mg2+/Ca2+ = 6) by alternate spin coating and crystallization.
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The triethylborohydride anion [HBEt3]2 transfers intact
from Na[HBEt3] to a calcium center to form the monomeric
organocalcium complex [Ca(HBEt3){1,2,4-C5(Si-
Me3)3H2}(thf)2], which is stable in solution and the solid
state; the [HBEt3]2 anion is coordinated in a multidentate
fashion to the metal, which likely contributes to the failure of
attempts to abstract the triethylborane moiety from the
compound.

Owing to its exceptional nucleophilicity and selectivity, the
triethylborohydride anion ([HBEt3]2) has found extensive use
in organic, organometallic, and materials chemistry as a
reducing agent and hydride source.1–5 Study of the structure and
bonding of the [HBEt3]– anion itself is complicated by its high
reactivity; it is usually encountered only in the form of its Group
1 (Li–K) salts, and is rarely incorporated into complexes
containing other metals.6–8 When the latter is the case, the
stability of the resulting compounds may not be high; the
organolanthanide species [Sm(C5H4But)2(HBEt3)(thf)2]7 and
[Nd(C5H4But)2(HBEt3)],8 for example, cannot be removed
from solution without decomposing. We have been interested in
the [HBEt3]– anion as a synthon for molecular main-group
element hydrides, and in the course of this work discovered the
unusual stability and structural features of the triethylborohy-
dride anion in a Group 2 complex.

Parallels between the structure and reactions of the heavier
Group 2 and divalent lanthanide elements9 suggest that an
alkaline-earth mono(cyclopentadienyl) halide might serve as a
precursor to an organometallic hydride by metathetical reaction
with an appropriate hydride source.10,11 To examine this
possibility, the iodide-bridged dimer {Ca(m-I)[1,2,4-C5(Si-
Me3)3H2](thf)}2

12 was allowed to react in toluene with
Na[HBEt3]; removal of the NaI precipitate and evaporation of
the filtrate left an air- and moisture-sensitive white solid that
could be recrystallized from thf and was characterized as the
triethylborohydride complex [Ca(HBEt3){1,2,4-C5(Si-
Me3)3H2}(thf)2] 1.†

Spectroscopic evidence indicates that the [HBEt3]– anion in
1, which has transferred intact from Na+, is involved in a
bridging Ca···H···BEt3 interaction. A prominent B–H stretch
occurs at 1935 cm21 (KBr) in the IR spectrum, in the region
associated with m-BH bonds.13 This vicinity is where n(BH)
appears in M[HBEt3] salts [1870, 1835 and 1950 cm–1 for M =
Li (KBr), Na (cyclohexane) and K (toluene), respectively].14

The 11B NMR resonance (d213.3 in C6D6; JB–H 50 Hz) of 1 is
characteristic of a bridging BH contact (cf. 60–90 Hz for JB–Hb

in transition metal examples),15 and is also similar to that of
Na[HBEt3] (d 212.5; JB–H 50 Hz).16

An X-ray diffraction study of 1 provided the first details of
the bonding of the triethylborohydride anion to an element other
than a Group 1 metal.‡ The compound crystallizes from thf as
a monomer, with the calcium center surrounded by a
[h52C5(SiMe3)3H2]2 ring, two thf molecules and the [HBEt3]2
ligand (Fig. 1). The average Ca–C(ring) and Ca–ring centroid
distances of 2.707(9) and 2.42 Å in 1 are comparable to those in

{Ca(C5Pri
4H)[C·CPh](thf)}2 [2.713(15) and 2.43 Å, respec-

tively],17 which contains a formally seven-coordinate Ca2+

center.
In 1, the calcium–carbon distances reflect the multidentate

ligation of the triethylborohydride anion to the metal. The
hydrogen atom on B(1) was located from difference maps and
successfully refined, with B(1)–H(1) and Ca(1)–H(1) distances
of 1.13(4) and 2.21(4) Å, respectively, and a Ca(1)–H(1)–B(1)
angle of 110(2)°. These values are similar to those observed for
the [HBEt3]– anion in, for example, the dimeric complex
[Nb2(hexahydropyrimido{1,2-a}pyrimidinate)4•NaHBEt3]
(B–H 1.24, Na…H(B) 2.17 Å; Na–H–B 108°).18 In 1, the
niobium dimer, and in related compounds such as [Pd2(dippp)2-
H2]•[(Li,Na)(BEt4)] [dippp = 1,3-bis(diisopropylphosphino)-
propane]19 and [TaH5(dmpe)2]•[LiBEt4],20 there is a close
contact between the metal center and a methylene hydrogen on
one or more ethyl groups. In 1, the methylene hydrogen
positions are calculated from the carbon atom locations, so the
Ca···H(a-C) distance is not as reliable as is the Ca···H(B)
separation. Even so, the Ca···H(25a) contact in 1 (2.41 Å)

Fig. 1 ORTEP diagram of [Ca(HBEt3){1,2,4-C5(SiMe3)3H2}(thf)2] 1. The
trimethylsilyl groups on C(1) and C(2) were found to be disordered; for
clarity, only one conformation for each is shown. Selected bond distances
(Å) and angles (°): Ca(1)–C(1) 2.733(4), Ca(1)–C(2) 2.764(4), Ca(1)–C(3)
2.685(4), Ca(1)–C(4) 2.676(4), Ca(1)–C(5) 2.679(4), Ca(1)–C(19) 2.84(2),
Ca(1)–O(1) 2.386(3), Ca(1)–O(2) 2.367(3), B(1)–C(23) 1.629(9), B(1)–
C(25) 1.629(8), B(1)–C(27) 1.610(8), B(1)–H(1) 1.13(4); O(1)–Ca(1)–O(2)
86.3(1), Ca(1)–H(1)–B(1), 110(2).
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appears to be structurally significant, and the triethylborohy-
dride group should be regarded as binding through both H(1)
and H(25a).

The triethylborohydride anion in 1 proves to be remarkably
robust, and several approaches to removing the BEt3 moiety
from 1 have been unsuccessful. For example, no reaction is
observed with the competing base PMe3 in toluene, and
refluxing a solution of 1 in toluene leads to decomposition and
the formation of the metallocene [Ca{h5-1,2,4-C5(Si-
Me3)3H2}].21 The bidentate bonding of the [HBEt3]– anion to
the calcium evidently strengthens the attachment of the BEt3
fragment.

Several features of the complex are worth noting. (i) The
similarity of the bonding arrangement of the triethylborohy-
dride anion in 1 to complexes of the alkali metals may indicate
that this is its typical ligation geometry to highly electropositive
metals. The structure of 1 may thus serve as a model for the
triethylborohydride complexes of the lanthanide elements,
which have yet to be structurally characterized.6–8

(ii) The resistance of the BEt3 moiety to removal from 1 may
stem from several factors. Heavy organoalkaline-earth com-
plexes containing the bulky 1,2,4-tris(trimethylsilyl)cyclo-
pentadienyl ligand are kinetically stabilized against ligand
redistribution,12 and the presence of the thf ligands enables 1 to
remain coordinately saturated without having to oligomerise.
These structural features combined with the bidentate ligation
of the [HBEt3]2 ion probably leave it without a facile pathway
for decomposition. Knowledge of these bonding requirements
may help in the use of the triethylborohydride anion with other
metals.

Acknowledgment is made to the National Science Founda-
tion for support of this research.

Notes and references
† To a flask with {Ca(m-I)[1,2,4-C5(SiMe3)3H2](thf)}2 (0.331 g, 0.64
mmol) dissolved in 50 mL of toluene was added a solution of Na[HBEt3]
(0.64 mL of a 1.0 M solution in toluene, 0.64 mmol) at room temperature.
The reaction mixture was stirred for 30 min before filtration, and the filtrate
evaporated to dryness. Recrystallisation of the crude product from thf led to
[Ca(HBEt3){1,2,4-C5(SiMe3)3H2}(thf)2] as air-sensitive, colorless crystals
(0.285 g, 79%), mp 152 °C. Anal. Calc. for C28H61BCaO2Si3: C, 59.53; H,
10.88. Found: C, 58.18; H, 10.61%. The low value for carbon probably
reflects the high air-sensitivity of the compound and/or partial loss of
coordinated thf. Note for [Ca(HBEt3){1,2,4-C5(SiMe3)3H2}(thf)]: C, 58.49;
H, 10.84%. 1H NMR (300 MHz, thf-d8, 20 °C): d20.03 (br, 6H, CH2CH3),
0.20 [s, 9H, Si(CH3)3], 0.27 [s, 18H, Si(CH3)3], 0.79 (t, 3J 7.5 Hz, 9H,
CH2CH3), 6.85 (s, 2H, ring-CH). 13C NMR (75.5 MHz, thf-d8, 20 °C): d 1.0
[s, 1C, Si(CH3)3], 2.5 [s, 2C, Si(CH3)3], 12.7 (s, 3C, CH2CH3), 122.7 [s, 1C,
ring-CSi(CH3)3], 127.8 [s, 2C, ring-CSi(CH3)3], 132.4 (s, 2C, ring-CH). No
signal was observed from the carbon atoms on the boron. Principal IR bands

(KBr, cm21): 2952 vs, br, 2898s, 1935m, br, 1456m, 1427m, 1407m,
1250vs (sh), 1089ms, 1062ms 1024ms, 979m, 831vs, br, 753s sh, 688m.
‡ Crystal data for C28H61BCaO2Si3 1: M = 564.93, orthorhombic, a =
22.306(2), b = 19.9944(9), c = 16.009(2) Å, U = 3568.9(6) Å3, T = 173
± 2 K, space group Pna21 (no. 33), Z = 4, m(Mo-Ka) = 0.297 mm21,
24468 reflections measured, 6321 unique (Rint = 0.055) which were used in
all calculations. The final wR(F2) was 0.1316 (all data) and 0.1175 [for 4440
reflections with I > 2.0s(I)]. Single crystals of 1 were grown from toluene,
attached to the tip of a 0.1 mm diameter glass capillary and transferred to the
cold gas stream of a diffractometer at the University of Minnesota. The
structure was solved using a combination of direct methods and Fourier
difference maps, and refined by full-matrix least squares on F2. CCDC
182/1544. See http://www.rsc.org/suppdata/cc/a9/a908674i/ for crystallo-
graphic files in .cif format.
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Pyrrole as an NMR probe molecule to characterise zeolite basicity
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The 1H NMR chemical shift of the N–H group of pyrrole
adsorbed on alkali metal ion exchanged FAU-type zeolites
depends on the zeolite intrinsic basicity, while, as shown for
zeolite LiY, the NMR of alkali metal nuclei reflects the
interaction of the aromatic cycle with the cations at sites
SII.

Zeolite molecular sieves have been extensively investigated
mainly due to their application as acidic catalysts in the
chemical and petrochemical industry. The large social and
economical impact of such processes when compared with
those using base catalysts can explain why much less attention
has been paid to zeolite basicity. Only recently it has been
realized that basic zeolites can also be successfully used as
catalysts and have gained a growing interest in the last
decade.1,2

Basic zeolites are, by definition, non-protonic, and the
negative charge created by the presence of aluminium atoms
into the network are compensated by extraframework usually
monovalent metal cations. The zeolite oxygen atoms act as
Lewis basic sites, while the compensating cations act as Lewis
acid sites, forming an acid–base pair. The so-called intrinsic
zeolite basicity increases with the negative charge on the
oxygens, which is determined by their framework structure and
chemical composition. The basic strength of zeolites is strongly
enhanced by increasing the framework aluminium content, and
for a given Si/Al molar ratio, when the electronegativity of the
compensating cation decreases. These results can be understood
in terms of the average charges over oxygen atoms calculated
using the Sanderson principle of equalization of electro-
negativities based on the zeolite chemical composition.3
whereas the effect of the crystalline structure was quantified by
the more sophisticated electronegativity equalization method
(EEM).4

The most used method to characterize zeolite basicity uses
pyrrole as an IR probe molecule and is based on the shift to
lower frequencies of the pyrrole N–H stretching band when the
framework basicity increases.1 Pyrrole is an amphoteric
molecule which can interact with zeolite basic sites forming
hydrogen bonds between the N–H group and framework oxygen
atoms, and with cationic acid sites by donation of charge from
its aromatic five-membered heterocycle. Hydrogen bonding is
clearly shown by the shift of the IR N–H stretching frequency,
while the pyrrole–cation interaction is only suggested from the
IR CH out of plane deformation bands5,6 and by theoretical
calculation,6,7 however, no direct experimental evidence has
been reported so far. Here, we show that the 1H NMR chemical
shift of the N–H group of pyrrole adsorbed over basic zeolites
is a very sensitive probe to measure the average intrinsic
basicity, with the advantage that the NMR spectra of alkali
metal nuclei provides direct information about the pyrrole–
cation interaction, as illustrated for zeolite LiY.

The chemical composition of the zeolites X and Y used here
were described previously.8 Zeolites LiY, KY, CsY and LiX,
KX also contains Na+ as compensating cation owing to
incomplete exchange. Samples were heated under dynamic
vacuum at 673 K for 12 h up to a final pressure of < 1025 kPa,
then contacted with the vapor pressure of pyrrole at room

temperature for 5 min and subsequently evacuated at 338 K for
30 min to eliminate physisorbed pyrrole.

The 1H NMR spectra of adsorbed pyrrole (Fig. 1), shows
three peaks of relative intensity 1+2+2 corresponding to the
three types of protons in the molecule. The less intense peak is
due to the N–H group, whereas the other two are from the four
C–H protons in the five-membered heterocycle; the two C–H
groups in a and the two in b positions give rise to the
intermediate and high field resonances, respectively. The N–H
peak of liquid pyrrole appears at d 7.1 and shifts to higher
frequency when it is adsorbed on alkali zeolites X and Y, to an
extent that depends on the sample. From the chemical
composition and the characterization performed by other
methods, the intrinsic basicity of the zeolites used here increases
in the order LiY < NaY < KY < LiX < CsY < NaX < KX.8
Therefore, the N–H proton resonance shifts to higher frequency
when the framework basicity increases, giving differences of up
to 3 ppm between LiY and KX (Fig. 1). This shift can be
understood by the higher polarization of the N–H bond, which
forms hydrogen bonds with the framework oxygen atoms, when
the intrinsic zeolite basicity increases.

At the same time, solid state NMR of alkali metal cations
reveals their interaction with the guest molecules as illustrated
in Fig. 2 for zeolite LiY, where the degassing temperature after
the pyrrole adsorption was varied. Very recently, an upfield
shift of the 7Li resonance has been reported to occur after the
adsorption of benzene over Li-ZSM-5 as a result of 1+1 p-
complexation between Li+ and benzene, as confirmed by ab
initio calculation of 7Li chemical shifts.9 Fig. 2(a) shows the 7Li
NMR spectrum of bare LiY, consisting of a peak formed by two

Fig. 1 1H magic angle spinning (MAS) NMR spectra of pyrrole adsorbed
over the zeolites indicated. The samples were prepared by the method
described in the text and transferred into the rotors in a glove box. The
spectra were recorded at room temperature with a Varian VXR-S 400-WB
spectrometer at 399.9 MHz, using a VT CP/MAS Varian probe with 5 mm
silicon nitride rotors spinning at 13 kHz. p/2 rad pulses of 6 ms and a recycle
delay of 5 s were used.
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overlapping signals at d 20.2 and 21.0 which can be assigned
to lithium atoms in front of six-ring windows at sites SIA and SII
in the sodalite and super-cages, respectively, of the faujasite
structure, in agreement with published results for LiX.10 From
chemical analysis and NMR results the site occupancy per unit
cell in zeolite LiY is 24 Li+ at site SIA and 10 at SII positions. As
shown in Fig. 2(b), after pyrrole adsorption and subsequent
evacuation at 338 K, the peak from 7Li cations at sites SIA
remains at the same position, while the resonance from 7Li
atoms at sites SII shifts to d 22.8 indicating the direct
interaction of accessible Li cations with the p electrons of the
pyrrole ring. As is apparent from Fig. 2(c), these pyrrole species
are desorbed at 423 K and the original 7Li spectrum is
recovered. The corresponding 23Na MAS NMR spectra are
shown in Fig. 2(e)–(h). The 23Na spectrum of bare LiY [Fig.
2(e)] shows a peak at d 23 for cations within the hexagonal
prism at site SI, and two broad bands from quadrupolar signals
of sodium at sites SIA and SII.11 The site population per unit cell
is ca. 0.8 Na+ at SI and 20 Na+ atoms at sites SII and SIA (with
a higher population of SII). After the adsorption of pyrrole, the
signal from Na+ at sites SI remains unchanged while the
quadrupole coupling constant (QCC) of sodium atoms at sites
SII and SIA strongly decreases, as shown in Fig. 2(f). Consistent
with the results for 7Li, the modification of the 23Na NMR
signal of cations at sites SII must be attributed to direct
interaction with the aromatic system of the pyrrole molecules.
The changes observed for the 23Na signal of Na+ at site SIA,
which are inaccessible to pyrrole molecules, could be attributed

to the influence of pyrrole adsorption on nearby oxygen atoms,
or interpreted in terms of cation migration to accessible
positions.12 The 23Na spectrum of bare LiY zeolite is almost
recovered and only some residual pyrrole is evident after
evacuation at 473 K [Figs. 2(f)–(h)]. Simultaneously, the 1H
resonance of the pyrrole N–H group progressively shifts to
higher frequency (up to 0.5 ppm) when the degassing
temperature is increased to 473 K, indicating that pyrrole
species at more basic sites remain.

The results reported here confirm the model proposed for the
adsorption of pyrrole over alkali metal exchanged zeolites of
FAU-type structure based on theoretical calculations.6,7 Pyrrole
adsorbs on zeolites Y at cations at sites SII by interaction of its
aromatic ring, and the N–H group points towards framework
basic oxygen sites forming hydrogen bonds.6,7 For zeolite LiY,
basic centres involving SII sites occupied by Na+ are more basic
than those occupied by Li+, although the overall intrinsic zeolite
basicity is also modified by the type of compensating cation.
Heterogeneity of the basic sites is directly observed by the
appearance of several components in the N–H stretching band
of pyrrole adsorbed over basic zeolites,1,13 which are not
reflected in the 1H MAS NMR spectra because of the different
time scale of both spectroscopic techniques. However, the
interpretation of the IR spectra is still controversial,7,13 and the
use of solid state NMR can shed some light in the knowledge of
the host–guest interactions between the probe molecules and
basic zeolites and the nature of the adsorbed species.

Financial support by the CICYT (Project MAT
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Fig. 2 7Li and 23Na magic angle spinning (MAS) NMR spectra of: (a) and
(e) bare zeolite LiY. Sample LiY after the adsorption of pyrrole at room
temperature and evacuation at: (b) and (f) 338 K; (c) and (g) 423 K; (d) and
(h) 473 K. The 7Li and 23Na spectra were recorded at room temperature with
a Varian VXR-S 400-WB spectrometer at 155.4 and 105.8 MHz,
respectively, using a VT CP/MAS Varian probe with 5 mm silicon nitride
rotors spinning at 13 kHz. To record both 7Li and 23Na MAS NMR spectra,
pulses of 1.5 ms to flip the magnetization p/8 rad and a recycle delay of 1 s
were applied. 7Li and 23Na chemical shifts are referred to 0.1 M solutions
of LiCl and NaCl, respectively.
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tert-Butylcalix[12]arene (H12L) encompasses two uranyl
bimetallic units inside its cavity to form [HNEt3]2[{(U-
O2)2(NO3)(py)}2(H4L)] 1, the first metal complex of a large
calixarene; the comparison of the crystal structures of 1 and
H12L shows a relatively limited influence of metal coordina-
tion on the conformation of the macrocycle.

The coordination chemistry of the calixarenes exclusively
concerns calix[4,5,6,7 and 8]arenes and their various deriva-
tives.1,2 Working with  the large calix[n > 8]arenes is considered
a challenge and very little organic and physical chemistry has
been reported for this class of molecules.3 The calixarene with
the highest number of phenolic units for which structural
information is currently available is calix[8]arene.4 The major
interest of the calix[n > 8]arenes in coordination chemistry is
that these large and flexible polyalkoxide ligands have the
potential to assemble several metallic units inside their cavity
and could lead to new molecular architectures. In an attempt to
widen the use of calixarenes in coordination chemistry, we set
out to study tert-butylcalix[12]arene (H12L)3a,b as a ligand for
the uranyl cation. We report herein, the crystal structure of
H12L·10py, the first of a large calixarene, and comparison with
that of [HNEt3]2[{(UO2)2(NO3)(py)}2(H4L)] 1, the first metal
complex with a ligand of this class. To the best of our
knowledge, 1 is a unique example of an organic macrocycle
binding two bimetallic species inside its cavity.

Crystals of H12L suitable for X-ray crystallography were
obtained from pyridine–acetonitrile (1+1) (0.050 g H12L in 10
ml) that was slowly evaporated at 290(1) K over 180 days.†‡
The structure was solved and revealed H12L·10py a pyridine
solvate of the fully protonated macrocycle (Fig. 1). In the solid
state, H12L is located around a crystallographic centre of
inversion. All its phenolic groups engage in strong H-bonding.
Four successive intramolecular H-bonds are formed between
O(4), O(3), O(2), O(1) and O(6) while O(5) and O(6) bind to
pyridine molecules. The all-in conformation of the calixarene is
at first reminiscent of that described for tert-butylcalix[8]ar-
ene.5 However, a closer look at the dihedral angles between the
adjacent phenolic faces indicates that the conformation cannot
be described as a pleated loop or a cone.6,7 In order to define the

overall shape of the macrocycle, attention was paid to the
relative positions of the phenolic rings [the centroid of the ring
bearing O(n) is denoted X(n)]. X(2), X(5) and their two
symmetry equivalents define a perfect plane above which are
located X(3) and X(4) (+1.37 and +2.50 Å, respectively) and
below which are positioned X(1) and X(6) (24.70 and 23.90 Å,
respectively). With this work, H12L becomes the first large
calixarene to have its solid state conformation determined by X-
ray crystallography.

When UO2(NO3)2·6H2O was treated with H12L in the
presence of NEt3 in pyridine, a red solution typical of a
phenolate complex of uranyl was immediately obtained. The
solution was allowed to stand and after a few days a red
microcrystalline powder of 1 was obtained as the sole reaction
product in 46% yield.†

The synthesis was repeated in a crystallisation vessel (10 mL)
which was allowed to stand at 290(1) K. After 180 days, very
small crystals suitable for X-ray crystallography were isolated
from the same mixture of solvent as for H12L.‡ The structure
was solved and revealed a complex in which four uranyl cations
are encompassed by the macrocyclic ligand (Fig. 2).

As for H12L, 1 is located around a centre of symmetry in the
solid state. The four uranyl dications form two symmetry related
bimetallic units in which the two metal cations are bound by a
tridentate nitrate ligand. Such a bis-chelating binding mode of
[NO3]2 is not unusual for solid state polymers, however, it is
more rarely found for discrete metal complexes.8,9 The
bimetallic units are bound to the macrocycle through five of its
oxygen atoms, four of which are deprotonated [O(1), O(2), O(4)
and O(5)]. The resulting short U–O distances (ca. 2.2 Å) are
typical of uranyl phenolate complexes while the longer U(1)–
O(3) distance [2.62(3) Å] corresponds to the dative bond

Fig. 1 Crystal structure of compound H12L (5% probability). All But groups
and H atoms or solvent molecules not participating in H-bonding have been
omitted for clarity. H-bond donor–acceptor distances (Å): O(1)–O(6)
2.57(3), O(2)–O(1) 2.63(3), O(3)–O(2) 2.61(3), O(4)–O(3) 2.66(3), O(5)–
N(2) 2.82(4), O(6)–N(4) 2.56(4).

Fig. 2 Crystal structure of compound 1 (5% probability). All H atoms,
[HNEt3]+ cations, as well as solvent molecules have been omitted for
clarity. Selected bond lengths (Å): U(1)–O(1) 2.21(3), U(1)–O(2) 2.23(3),
U(1)–O(3) 2.62(3), U(1)–O(11) 2.47(3), U(1)–O(21) 2.49(2), U(2)–O(4)
2.32(3), U(2)–O(5) 2.15(3), U(2)–O(11) 2.41(3), U(2)–O(31) 2.46(3),
U(2)–N(1A) 2.58(2).
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formed by a phenolic group.10 The geometry around the uranyl
ion is five-coordinate pentagonal with one of the uranium atoms
completing its coordination sphere with the nitrogen atom of a
pyridine molecule.

Interestingly, the arrangement of the metallic species in 1 is
reminiscent of that reported for the uranyl complex of an acyclic
hexaphenol where the six oxygen atoms of the ligand are
coordinated to the [(UO2)2(NO3)]3+ core.9 The latter was
presented as an open analogue of calix[6]arene but can also be
viewed as the half of a calix[12]arene. The macrocyclic
geometry of H12L does not enable such flexibility and is
probably the cause of the unprecedented arrangement of the
donor atoms observed for the metallic species of 1, in which one
of the cations is coordinated by five oxygen atoms and the other
by only four, plus a nitrogen atom. To the best of our
knowledge, 1 is the first example of an organic macrocycle
carrying two bimetallic units inside its cavity. The isolation of
1 reinforces the notion that large polyalkoxide ligands such as
calixarenes can be considered as potential ‘cluster-keepers’.3

H12L acts as a double pentadentate ligand. As indicated by
the stoichiometry and the U–O bond distances, only O(3) and
O(6) have been able to retain their acidic proton. The calixarene
is thus deprotonated eight times, with the negative charges
evenly distributed around the macrocycle.11 The conformation
of the macrocycle is a regular succession of distorted pleated-
loops and cones.12 Although its structure appears different from
that of H12L, it essentially only differs by the positive sign of the
fourth dihedral angle f which is negative for the free
macrocycle (24.8°). Had the latter been positive, the conforma-
tion of H12L and 1 would have been similar.13 This result
follows Gutsche’s postulate that flexible calixarenes seek
conformations which possess as much cone and/or pleated loop
character as their geometry permits.1

A good indication of the effect of metal coordination on the
ligand is obtained by comparison of some intramolecular
distances in H12L and 1. The longest distance for the oxygen
atoms of the phenolic groups in H12L is 17.815 Å between O(1)
and O(1A) while the shortest is 4.66 Å between O(5) and O(5A).
In 1, these two distances are 15.68 Å between O(2) and O(2A)
and 9.94 Å between O(5) and O(5A). Whereas the free ligand is
a thin and elongated molecule, 1 is a shorter and wider
compound. The macrocycle is stretched open by metal
coordination inside its cavity, but retains its global geometry.
The side view of the calixarene core (Fig. 3) emphasises best the
shape of the macrocycle in 1 and its resemblance to that of the
free ligand.

In conclusion, the encompassing of two metal dimers into one
macrocycle has a surprisingly limited influence on the con-
formation of what was considered a very flexible molecule. The
use of a large polyalkoxide ligand leads to a new combination of
donor atoms around the uranyl cation and seems highly
appropriate for the design of new metal complex architectures.
Work is in progress to study other large calixarenes.

Notes and references
† General: H12L was prepared by the method described in ref. 3(a).

Synthesis of [HNEt3]2[{(UO2)2(NO3)(py)}2(H4L)] 1 : UO2(NO3)2·6H2O
(0.052 g, 1.04 3 1024 mol) was treated with H12L (0.050 g, 2.6 3 1025

mol) and NEt3 (0.021 g, 2.08 3 1024 mol) in pyridine (2.5 mL) at 313 K for
2 h. After allowing the red solution to stand for 7 days at room temperature,
a red microcrystalline powder of 1 was separated by decanting, washed

twice with acetonitrile (2 mL) and dried for 2 h to afford [HNEt3]2-
[{(UO2)2(NO3)(py)}2(H4L)]·py (0.045 g, 1.2 1025 mol, 46%).
C159H207N7O26U4: Calc. C, 53.28; H, 5.78; N, 2.74. Found: C, 53.36; H,
5.35; N, 2.61%.
‡ Crystal data: for H12L·10py: C182H218N10O12, M = 2737.66, 0.12 3 0.03
3 0.03 mm, triclinic, P1̄, Z = 1, a = 12.232(2), b = 16.072(3), c =
20.841(4) Å, a = 98.25(3), b = 103.53(3), g = 91.77(3)°, V = 3933(2) Å3,
Dc = 1.156 g cm23, F(000) = 1476, 2qmax = 49.34°, m(Mo-Ka) = 0.072
cm21, T = 100 K. The structure was solved by direct methods14 and refined
on F2.15 Of the 23623 reflections measured, 12327 were found to be
independent (Rint = 0.247), 3687 of which were considered as observed [I
> 2s(I)] and were used in the refinement of the 439 parameters, leading to
a final R1 of 0.1212 and a Rall of 0.3481. wRobs and wR2 were 0.2145 and
0.3373, respectively. All hydrogen atoms were introduced in the calculation
as riding on calculated positions except those of the phenolic groups which
were located on the Fourier map. The goodness-of-fit parameter S was 0.989
and the maximum residual density 0.308 e Å23.

For 1·9py: C199H247N15O26U4, M = 4217.22, 0.06 3 0.04 3 0.03 mm,
triclinic, P1̄, Z = 1, a = 10.099(2), b = 22.133(4), c = 25.109(5) Å, a =
114.39(3), b = 94.07(3), g = 97.50(3)°, V = 5019(2) Å3, Dc = 1.395 g
cm23, F(000) = 2120, 2qmax = 41.26°, m(Mo-Ka) = 3.283 cm21, T = 100
K. The structure was solved and refined as above. Of the 16796 reflections
measured, 9436 were found to be independent (Rint = 0.214), 3687 of which
were considered as observed [I > 2s(I)] and were used in the refinement of
the 375 parameters, leading to a final R1 of 0.1397 and a Rall of 0.3007.
wRobs and wR2 were 0.2578 and 0.3604 respectively. Hydrogen atoms were
introduced in the calculation as riding on calculated positions. The
goodness-of-fit parameter S was 1.228 and the maximum residual density
0.988 e Å23. CCDC 182/1545. See http://www.rsc.org/suppdata/cc/b0/
b000909l/ for crystallographic files in .cif format..
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Fig. 3 Side view of the calixarene core in 1.
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Cinnamamides derived from prolinols (e.g. –CH2OH and
–CPh2OH) and from proline amides (e.g. prolineanilide) are
epoxidised with total retention of the alkene configuration,
to give either epoxides or bicyclic derivatives thereof,
essentially enantiopure, using tert-butyl hydroperoxide and
butyllithium.

Recently we disclosed1 that our general method for the
stereocontrolled epoxidation of electrophilic alkenes using
lithium tert-butylhydroperoxide2 was capable of homochiral
application using a,b-unsaturated amides derived from homo-
chiral secondary amines (Scheme 1). However, the method
produced two diastereomers, albeit easily separable, that could
then be further converted into, for example, a,b-unsaturated
ketones with organolithium derivatives. It would be much more
elegant and extremely useful synthetically, if the epoxidation
could be conducted to give solely one or other enantiopure
diastereomer in a predictable manner. This would be especially
worthwhile if the chiral auxiliary were cheap, easily available as
both enantiomers and was recyclable. We herein present our
recent endeavours to achieve these goals.

The first requirement in this search was to understand the
basis of the diastereomeric selection that operates in this
reaction. On the basis of a very large body of work by ourselves
and numerous others, the reaction proceeds with total retention
of the alkene configuration of the epoxide. We have already
proposed2 that this stereocontrol of the epoxidation derives
from the potent ‘lithium bonding’ which ensures a chelate
control of the epoxidation process (Scheme 1). For diaster-
eocontrol of the process, a mechanism whereby a similar
fixation of the geometry of the transition state is required. In
order to achieve optimum diastereoselection we examined a
series of homochiral secondary amines from which were made
cinnamamides 1 (Scheme 2). These alkenes proved universally
disappointing, giving diastereomeric ratios between 1.2+1 and

3+1 (Scheme 2). Clearly, the usual steric or geometric factors
alone were not sufficient to generate a high diastereomeric
excess (de).

We next examined the (S)-prolinol-derived cinnamamides 2.
These compounds reacted very rapidly and generated essen-

tially enantiopure products in reasonable yield. However, the
products were not the expected epoxides but the pyrrolidino-
oxazinones 3. The structures were confirmed both by spectros-
copy and by X-ray crystallography (Fig. 1)† which showed that
the product had the (S,S,S)-configuration.

We then made a series of cinnamamides 4 based on (S)-
proline, with the proline side-chain being varied. Using proline
itself or prolinamide, epoxidation of the cinnamamide (4, R =
H) gave complex mixtures, and thus derivatives were studied.
Some remarkable variations in diastereomeric ratio were
uncovered, the more surprising in that closely similar systems
proved to be either highly effective or of little value (Scheme 3).
In general, the de of the epoxidation increased with the steric
bulk of the group R on the proline side-chain. However,
spectacular ratios were observed using prolineanilide ( > 99+1),
the epoxide always being accompanied by an interesting
bicyclic product. Spectroscopy and ultimately X-ray crystallog-
raphy (Fig. 2)† confirmed that the product was the pyrrolidino-
piperazinedione 5 but surprisingly with (S,R,S)-configuration.

Scheme 1

Scheme 2 Diastereomeric ratios and yields from epoxidation of homochiral
cinnamamides.

Fig. 1 The molecular structure of 3. The hydrogen bonding geometry, (a) is
O…O, H…O 2.66, 1.84 Å; O–H…O 149°.

Scheme 3 Diastereomeric ratios and yields from epoxidation of proline-
derived cinnamamides.
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Short reaction times gave primarily the epoxide (61%) while
longer reaction time resulted in the sole formation of the
potentially useful pyrrolidinopyrazinedione 5 (45%), both in
> 99% de. The related p-chloro-, p-cyano- and p-methoxy-
anilides gave solely the bicyclic analogue of 5, again essentially
enantiopure (41–45%), while proline-N-methylanilide (CON-
MePh) gave only the corresponding epoxide 7 though with poor
diastereo-discrimination (1.4+1, 68%). Both of these cyclic
derivatives 3 and 5 are of considerable interest per se, being
potential sources of novel homochiral amino acids and
dihydroxy acids respectively. It should be underlined that while
the oxazine derivative 3 shows (S,S,S)-stereochemistry the
piperazine 5 is (S,R,S)!

A possible explanation for this stereochemical surprise is
presented in Scheme 4. The prolinol-derived system 4 could
arise either by direct interception of the hydroperoxide
intermediate 6 en route to the epoxide 7 or by ring-opening of

the epoxide 7, in both cases by the pendant OLi group, both
processes being highly enantioselective. The stereochemical
inversion involved in the generation of the compound 5
suggests that a double inversion at the central chiral centre
occurs. Thus, the trans-epoxide 7 is opened rapidly (and
probably reversibly; this reversibility is probably a general,
though degenerate process in all such epoxidations) firstly by
LiOBut, the by-product of the epoxidation, followed by a slow
attack by the considerably less nucleophilic CONPhLi side-
chain. This would explain (a) the comparatively slow formation
of this product compared to the oxygen analogue 3 and (b) the
fact that brief reaction gives the epoxide while prolonged
reaction generates the bicyclic product 5. Treatment of the
isolated epoxide 7 (X = CONHPh) with butyllithium does not
yield the piperazine 5.

As regards the remarkable diastereospecificity observed in
the epoxidation of prolinol and prolineanilide derivatives (not in
the case of NMePh, and other NHR derivatives of proline) we
propose: (a) The preferred conformation of the cinnamamides
prior to epoxidation is as shown (e.g. Scheme 4) to backside
attack by the ButO2Li. This backside attack is further favoured
by side-chain OLi or NLi ‘lithium bonding’ to the carbonyl
oxygen. (b) As shown in the X-ray crystallographic study (Fig.
2) a p–p interaction between the two benzenoid rings of the
prolinamide is favoured; this effect also tends to lock the
preferred conformation for backside attack in the epoxidation,
enhancing the otherwise weaker ‘lithium bonding’ between an
NLi and the carbonyl oxygen. Presumably, this interaction is
weakened by steric factors (e.g. as with the 2,4,6-trimethyl-
anilide).

A fuller explanation of the specificities and mechanisms is
clearly necessary and the application of these epoxidations and
their the interesting downstream derivatives is under active
study.

We thank the EPSRC for a grant that made this work
possible.

Notes and references
† Crystal data: for 3: C14H17NO3, M = 247.3, monoclinic, space group P21

(no. 4), a = 6.269(1), b = 8.642(1), c = 12.173(2) Å, b = 104.16(2)°, V
= 639.5(2) Å3, Z = 2, Dc = 1.289 g cm23, m(Mo-Ka) = 0.90 cm21, T =
293 K, F(000) = 264. For 5: C20H20N2O3, M = 336.4, orthorhombic, space
group P212121 (no. 19), a = 6.271(1), b = 10.994(1), c = 24.771(5) Å, V
= 1707.7(5) Å3, Z = 4, Dc = 1.308 g cm23, m(Cu-Ka) = 7.19 cm21, T =
293 K, F(000) = 712. For 3, 2121 independent reflections, 2q < 60°, were
measured on a Siemens P4 diffractometer with Mo-Ka radiation, and for 5,
1675 independent reflections, 2q < 128°, were measured on a Siemens P4
rotating anode diffractometer with Cu-Ka radiation, using w-scans. The
structures were solved by direct methods and the non-hydrogen atoms were
refined anisotropically by full-matrix least squares based on F2 to give, for
3, R1 = 0.046, wR2 = 0.117, and for 5, R1 = 0.066, wR2 = 0.151, for 1674
and 1071 independent observed reflections [|Fo| > 4s(|Fo|)], respectively.
The absolute chiralities of both structures were determined by internal
reference to the known centre at C(3). CCDC 182/1547. See http:/
/www.rsc.org/suppdata/cc/b0/b000520g/ for crystallographic files in .cif
format.
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Fig. 2 The molecular structure of 5. The ring-centroid ring-centroid
separation (a) is 3.75 Å.

Scheme 4
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The pentafluorobenzamidinate ligand [C6F5C(NSiMe3)2]2
is reported, together with its bis(benzamidinate) vanadiu-
m(III) methyl derivative; the latter is considerably more
active in catalytic ethene oligomerisation than its non-
fluorinated analogue.

Fluorination of ancillary ligands attched to catalytically active
transition-metal centres leads in many cases to a significant
improvement in catalytic properties relative to the non-
fluorinated analogues. Examples of this can be found in the
metathesis catalysts [(CF3)nMe32 nCO]2W(CHCMe3)(NAr) (n
= 0, 1 2; Ar = 2,6-diisopropylphenyl)1 and in the olefin
polymerisation catalysts based on [2-pyridyl–
C(CF3)2O]2Zr(CH2Ph)2.2 The electron withdrawing properties
of the fluorinated ligand renders the metal centre more
electrophilic and, for many reaction types, more reactive. In this
contribution we present the synthesis of a new fluorinated
derivative of a well known ancillary ligand, N,NA-bis(trime-
thylsilyl)benzamidinate, and show that this leads to a significant
improvement in the catalytic performance of an ethene
oligomerisation catalyst, bis(benzamidinate)vanadium alkyl.

The N,NA-bis(trimethylsilyl)benzamidinate monoanionic an-
cillary ligand, [PhC(NSiMe3)2]2, is widely used in transition-
metal chemistry and catalysis,3 for example in the olefin
polymerisation catalysts [PhC(NSiMe3)2]2MCl2/MAO (M =
Ti, Zr, Hf; MAO = methylaluminoxane)4 and Cp*M[PhC(NSi-
Me3)2]Cl2/MAO (M = Ti, Zr, Hf).5 We recently reported the
neutral paramagnetic (S = 1) 12-electron bis(benzamidinate)-
vanadium(III) alkyls [PhC(NSiMe3)2]2VR (R = Me, Et).6 This
neutral alkyl system catalyses the oligomerisation of ethene to
linear alkenes without the need for added cocatalysts. The
productivity of the catalyst system is modest, which is likely to
be due to the relatively low electrophilicity of the metal centre.
We therefore sought to increase this electrophilicity by
preparing a benzamidinate with a more electron-withdrawing
aryl group, pentafluorophenyl, on the ligand backbone.

Lithium N,NA-bis(trimethylsilyl)benzamidinate is readily pre-
pared by reacting benzonitrile with the bis(trimethylsilyl)amide
LiN(SiMe3)2.7 The reaction of pentafluorobenzonitrile with
LiN(SiMe3)2 in THF was recently reported to lead to C–F
activation of the nitrile rather than to formation of the
pentafluorobenzamidinate [C6F5C(NSiMe3)2]Li.8 We observed
that changing the solvent from THF to diethyl ether suppresses
this tendency towards C–F activation. Thus, addition of 1
equivalent of C6F5CN to a suspension of Li[N(SiMe3)2] in
diethyl ether at 240 °C and gradual warming to ambient
temperature yields a clear, pale yellow solution of the desired
pentafluorobenzamidinate that is ready for further use (Scheme
1). For spectroscopic analysis, small solid samples were
obtained by simply evaporating the solvent from an aliquot of
the solution. NMR spectroscopy (1H, 13C and 19F)9 showed
clean formation of a single product with apparent composition

[C6F5C(NSiMe3)2]Li·0.5Et2O and IR spectroscopy showed no
residual nitrile bands.

Reaction of 2 equivalents of [C6F5C(NSiMe3)2]Li with
VCl3(THF)3 in THF resulted in formation of the green
bis(amidinate) complex [C6F5C(NSiMe3)2]2VCl(THF) 1
(Scheme 1), which was isolated in 58% yield. Removal of THF
by heating solid 1 in vacuo at 120 °C for 5 h yields the orange
base-free chloride [C6F5C(NSiMe3)2]2VCl 2. The 19F NMR
spectrum of paramagnetic 2 shows a strong downfield shift of
the o-F resonance (d 2106.8, Dn1/2 380 Hz), and less
pronounced shifts for the p-F (d2144.1, Dn1/2 85 Hz) and m-F
(d 2155.3, Dn1/2 45 Hz) resonances.

It proved to be difficult to obtain single crystals of 2 that were
suitable for X-ray diffraction. For structural characterisation the
benzonitrile adduct [C6F5C(NSiMe3)2]2VCl(NCPh) 3a was
prepared by addition of benzonitrile to a pentane solution of 2
followed by recrystallisation from diethyl ether. Its molecular
structure§ is shown in Fig. 1. For comparison a structure
determination of the non-fluorinated analogue 3b was also
performed.§ This compound is essentially isostructural, and its

† Electronic supplementary information (ESI) available. Synthetic and
spectroscopic details and ethene oligomerisation experiments. See http://
www.rsc.org/suppdata/cc/b0/b000397m
‡ Netherlands Institute for Catalysis Research (NIOK) publication no. RUG
99-4-05.

Scheme 1 Reagents and conditions: i, Et2O, 240 to 20 °C, 16 h; ii,
VCl3(THF)3 (0.5 equiv.), THF, 278 to 20 °C, 16 h; iii, 120 °C, vacuum, 5
h; iv, MeMgCl, THF, 278 to 20 °C, 1 h; v, MeLi, Et2O, 278 to 20 °C,
1 h.

Fig. 1 Molecular structure of 3a (SiMe3 methyl groups omitted for clarity).
Selected interatomic distances (Å) and angles (°): V–Cl 2.3060(9), V–N(1)
2.082(2), V–N(2) 2.067(2), V–N(3) 2.104(2), V–N(4) 2.121(2), V–N(5)
2.153(2), N(1)–C(1) 1.326(3), N(2)–C(1) 1.317(2), N(5)–C(27) 1.139(3);
Cl–V–N(5) 91.33(5), N(1)–V–N(2) 65.59(6), V–N(5)–C(27) 177.5(2).
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molecular structure is not shown here. The metal centre in 3a
has a distorted octahedral geometry, with two bidentate
amidinate ligands and with the chloride and benzonitrile ligands
being cis relative to each other. The pentafluorobenzamidinate
exhibits a normal bidentate coordination mode, and the aryl
substituent is perpendicular to the ligand NCN plane. In this
respect it does not differ significantly from the non-fluorinated
ligand in 3b. The largest differences between the structures of
the two complexes are found in the V–Cl distance and the Cl–
V–N(5) and N(1)–V–N(4) angles [2.306(1) Å, 91.33(3) and
164.63(7)°, respectively, in 3a; 2.350(1) Å, 86.01(8) and
168.6(1)° in non-fluorinated 3b].

Unlike with the non-fluorinated analogue,6 reaction of 1 with
MeMgCl in THF followed by crystallisation from pentane
yields a stable THF adduct of the methyl complex, [C6F5C(NSi-
Me3)2]2VMe(THF) 4 (Scheme 1). The stability of this adduct is
an indication of the enhanced electrophilicity of the metal centre
in the fluorinated benzamidinate complexes. Reaction of the
base-free chloride 2 with MeLi in diethyl ether, followed by
extraction with and crystallisation from pentane, affords the
orange 12-electron methyl complex [C6F5C(NSiMe3)2]2VMe
5a in 52% isolated yield. NMR spectra indicate that this alkyl
compound (without b hydrogens) is thermally robust in benzene
solution at 80 °C (no noticeable decomposition after 18 h).

To illustrate the effect of the fluorination of the amidinate
ligand on the reactivity of the metal complexes, we compared
the catalytic conversion of ethene by the neutral alkyl 5a and its
non-fluorinated analogue 5b. Reactions on NMR tube scale had
already shown that at 80 °C 5b converts ethene to linear
alkenes.6 Initially, linear alk-1-enes are formed which are
isomerised to internal alkenes when the system is starved of
ethene. Autoclave experiments (80 °C, toluene, 4 or 8 bar
ethene pressure) were performed using 5a and 5b as catalysts.
Under these conditions, 5b produces a Flory–Schultz distribu-
tion of linear alk-1-enes ( > 99% by GC) with [Cn + 2]/[Cn] =
0.87(2) over the range C8–C32, that is practically invariant with
ethene pressure. The catalyst productivity for 5b (as determined
from isolated material precipitated with methanol) at 8 bar
ethene (4 h run time) is 1.5 kg (mol V)21 h21 of a material with
Mn = 850 (by NMR). Under the same conditions, the
fluorinated catalyst 5a shows a productivity that is more than
five times higher, 8.1 kg (mol V)21 h21 giving a material with
higher molecular weight (Mn = 1780, Mw/Mn = 2.3 by
GPC).

A series of experiments with 5a at 4 bar ethene pressure and
run times of 2, 4 and 16 h shows that catalyst deactivation
occurs, as the observed overall productivity drops from 7.4 to
4.5 and 1.3 kg (mol V)21 h21, respectively. As vanadium-based
polymerisation catalysts are generally considered to deactivate
through reduction of the metal centre to V(II),10 it is likely that
the electron-withdrawing nature of the fluorinated ligand
accellerates this process.

In conclusion, we have prepared the new N,NA-bis(trime-
thylsilyl)pentafluorobenzamidinate ligand in a convenient man-
ner, and have shown that the fluorination of the aryl substituent
has a significant effect in the reactive properties of the metal
centre in complexes with this ligand. Presently we are extending

the chemistry of this ligand to other catalytically active metal
centres. We are also using the synthesis route to prepare
pentafluoro-derivatives of other trimethylsilylbenzamidinates
(such as the amidinate–amine ligands reported recently by
us11).

This investigation was carried out in connection with NIOK,
the Netherlands Institute for Catalysis Research, and supported
by the Department of Economic Affairs of the Netherlands.

Notes and references
§ Crystallographic data: for 3a: C33H41ClF10N5Si4V, M = 896.44,
triclinic, space group P1̄, a = 10.206(2), b = 13.176(2), c = 17.992(3) Å,
a = 86.41(1), b = 74.73(1), g = 67.63(1)°, U = 2148.1(7) Å, T = 130 K,
Z = 2, Dc = 1.386 g cm23, m = 4.8 cm21, Enraf Nonius CAD4-F
diffractometer, l(Mo-Ka) = 0.71073 Å, 8144 unique reflections, final
residuals wR(F2) = 0.0986, R(F) = 0.0356 for 7274 reflections with Fo >
4s(Fo) and 650 parameters. For 3b: C33H51ClN5Si4V, M = 716.54,
orthorhombic, space group Pbca, a = 20.778(1), b = 17.918(1), c =
21.623(1) Å, U = 8050.2(7) Å, T = 130 K, Z = 8, Dc = 1.182 g cm23, m
= 4.6 cm21, Enraf Nonius CAD4-F diffractometer, l(Mo-Ka) = 0.71073
Å, 6975 unique reflections, final residuals wR(F2) = 0.109, R(F) = 0.051
for 5016 reflections with Fo > 4s(Fo) and 601 parameters. CCDC
182/1548. See http://www.rsc.org/suppdata/cc/b0/b000397m/ for crystallo-
graphic files in .cif format.
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The deoxygenation of tertiary alcohols can be accomplished
by heating their MOM ethers in the presence of a peroxide
initiator and a thiol catalyst: the proposed radical-chain
mechanism is supported by EPR spectroscopic studies.

Several free-radical based procedures are available for the
deoxygenation of secondary alcohols (RsOH). In particular,
methods that involve radical-chain reactions of thiocarbonyl
derivatives RsOC(NS)X with tributyltin hydride have found
wide application in organic synthesis.1 However, because of the
thermal instability of many corresponding thiocarbonyl deriva-
tives of tertiary alcohols, the number of methods available for
the deoxygenation of the latter is more limited.1 Conversion to
an ether is commonly used to protect the alcohol functionality
during chemical manipulations2 and it would be convenient if
appropriate ether derivatives of tertiary alcohols (generalised as
RtOCHR2) could be induced to undergo radical-chain deprotec-
tion and deoxygenation in a single step to yield the deoxy
compound RtH, as shown in Scheme 1. Although the b-scission

step B is expected to be rapid above room temperature,3 the
hydrogen transfer step A will be close to thermoneutral and also
suffer from adverse polar effects in the transition state (a
nucleophilic radical Rt· is required to abstract hydrogen to give
another nucleophilic radical RtOĊR2), making it a relatively
slow process at moderate temperatures.4 Consonant with this
analysis, no 2-methyladamantane 2a was formed after heating
the methoxymethyl (MOM) ether of 2-methyl-2-adamantanol
1a in refluxing octane for 2 h in the presence of the 2,2-di-tert-
butylperoxybutane (DBPB, 2 3 3 mol%) as a thermal source of
initiating alkoxyl radicals. We reasoned that step A should be
subject to polarity-reversal catalysis4 by a protic catalyst such as
a thiol when, in the case of a MOM ether, it would be replaced
by the cycle of polarity-matched reactions (1) and (2). Coupled
with the b-scission reaction (3), this sequence would then
provide a pathway for the thiol-catalysed deprotection and
deoxygenation of the MOM ethers of tertiary alcohols to give
RtH and methyl formate.

When the previously-attempted reductive deprotection of 1a
was repeated in the presence of tri-tert-butoxysilanethiol5
(TBST; 2 3 3 mol%), the reaction now proceeded smoothly and
2-methyladamantane was isolated in 87% yield. Similar
treatment of the tertiary alkyl MOM ethers 1b–d gave the

corresponding deoxy compounds 2b–d in good yields
(Scheme 2); only traces of RtH were formed in the absence of
the thiol catalyst and most of the MOM ether could be recovered
unchanged.‡

In order to explore its applicability to more complex systems,
we made use of the procedure in the conversion of diacetone d-
glucose 3 to 3-deoxy-1,2:5,6-di-O-isopropylidene-3-C-methyl-
a-d-allofuranose 4 [eqn. (4)]. Swern oxidation followed by

treatment of the derived ketone with methylmagnesium iodide
afforded the tertiary alcohol 5,7 which was converted to the
corresponding MOM ether 6. The latter was heated under reflux
in octane in the presence of TBST (3 3 3 mol%), DBPB (3 3
3 mol%) and 2,4,6-trimethylpyridine§ (collidine, 1 3

† On study leave from the University of Bologna, Italy.

Scheme 1

Scheme 2
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10 mol%), to afford, after chromatography, a 91:9 mixture of 49

and its C-3 epimer in a total isolated yield of 90%. The
predominance of 4 in the epimeric product mixture is evidently
a result of the preferential attack by TBST at the exo-face of the
intermediate radical 7.

In order to gain further insight into the mechanism of this
redox process, the reaction of ButOCH2OMe with tert-butoxyl
radicals was investigated by EPR spectroscopy. UV irradiation
of a fluorobenzene solution containing ButOCH2OMe (1.4 M)
and di-tert-butyl peroxide (ca. 20% v/v) at 261 °C, while the
sample was in the microwave cavity of the spectrometer,10

afforded the EPR spectrum shown in Fig. 1. The three radicals
ButOĊHOMe 8, ButOCH2OĊH2 9 and But· are present at this
temperature, while above ca. 235 °C only the spectra of the last
two were detectable. The rate constant (kb) for b-scission of 8 to
give tert-butyl radicals was determined relative to the rate
constant (2kt) for self-reaction of the latter, using the established
‘steady-state’ EPR method,11 and the Arrhenius relation
obtained from measurements in the temperature range 270 to
240 °C is given in eqn. (5), where q = 2.303RT kJ mol21.¶

log10(kb /s21) = (12.0 ± 0.5) 2 (33.8 ± 1.5)/q (5)

The value of kb extrapolated to 126 °C (the boiling point of
octane) is 3.8 3 107 s21. Even at +20 °C, there was no EPR
evidence for the b-scission of 9 to give ButOĊH2 although,
because of line overlap, the latter radical could be difficult to
detect in the presence of a higher concentration of the former.
However, in similar experiments with MeOCH2OMe, only the
spectra of MeOĊHOMe and MeOCH2OĊH2 were observed up
to +72 °C; in particular MeOĊH2 was not detected, supporting
the conclusion that b-scission of 9 to give ButOĊH2 and
formaldehyde must be very much slower than the cleavage of 8
to give But· and methyl formate. Although the selectivity of
ButO· in hydrogen-atom abstraction from ButOCH2OMe will
differ quantitatively from that of (ButO)3SiS·,∑ both radicals are
electrophilic and it is probable that the thiyl radical would also
abstract hydrogen to some extent from the O-methyl group of

the mixed acetal. However, for the tertiary alkyl MOM ethers
examined in this work, the major fate of any radicals of the type
RtOCH2OĊH2 (or of radicals which might possibly be formed
by abstraction of hydrogen from the Rt group)** must be
‘repair’ by hydrogen-atom transfer from the thiol to regenerate
the starting MOM ether.

Financial support for this work was provided by the EPSRC.
We thank Professors K. J. Hale and W. B. Motherwell for
helpful discussions and we are grateful to Peroxid-Chemie
GmbH for a gift of 2,2-di-tert-butylperoxybutane.

Notes and references
‡ Representative procedure: a solution containing the MOM ether 1a
(210 mg, 1.0 mmol), TBST (9 mg, 3 mol%) and DBPB (18 ml of a 50% w/w
solution in mineral oil, 3 mol%) in dry octane (1.2 cm3) was stirred and
heated under gentle reflux (bath temperature 130 °C, pre-heated) under an
atmosphere of argon. After 40 min, more initiator and thiol (3 mol% of
each) were added and heating was continued for a further 2 h. The solvent
was removed by evaporation under reduced pressure and the residue was
subjected to flash chromatography on silica gel (hexane eluent) to give
2-methyladamantane 2a (131 mg, 87%), mp 146–147 °C (lit.6 mp
146–148 °C).
§ The yield was improved in the presence of collidine, probably because this
acts as a scavenger of acid resulting from reactions between the initiator and
the thiol.8 Collidine was also present during the reductive deprotection of 1d
(Scheme 2).
¶ The value of (kb/2kt) at a given temperature is equal to ([But·]/
[8]){[But·] + [8] + [9]}.11 The Arrhenius relation for the self-reaction of tert-
butyl radicals in fluorobenzene was taken12 to be log10(2kt/M21 s21) =
11.6 2 10.2/q and the rate constants for the diffusion-controlled reactions of
But· with 8 and with 9 are assumed to be equal to 2kt.
∑ The relative molar rate constants (k8/k9) for hydrogen abstraction by ButO·

from ButOCH2OMe to give 8 and 9 were determined by measuring relative
radical concentrations in the temperature range 270 to 220 °C.13 The value
of k8/k9 is given by {[8] + [But·]}/[9] and was shown to conform to the
Arrhenius relation log10 (k8/k9) = 20.59 + 4.4/q; the extrapolated value of
k8/k9 at 126 °C is 0.97.
** Epimerisation8 at C-5 did not compete with the reductive deprotection
reaction of 6 to give 4.
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Fig. 1 EPR spectrum recorded during UV irradiation of a fluorobenzene
solution containing ButOCH2OMe and di-tert-butyl peroxide at 261 °C.
The two central ‘lines’ (showing second-order fine structure) from the tert-
butyl radical are indicated by asterisks and the doublet of quartets from 8 by
filled circles; the remaining lines arise from 9. At 261 °C, the splitting
constants for 8 (g = 2.0031) are 11.3 G (1 Ha) and 0.91 G (3 Hg); for 9 (g
= 2.0032) they are 18.0 G (2 Haaverage) and 0.87 G (2 Ht). The central
multiplet in the spectrum of 9 is broadened because rotation about the Ca–O
bond is occurring at an intermediate rate on the EPR timescale.
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intermedium

Simon T. Belt,*a Guy Allard,a Guillaume Massé,ab Jean-Michel Robertb and Steve Rowlanda

a Petroleum and Environmental Geochemistry Group, Department of Environmental Sciences, University of
Plymouth, Drake Circus, Plymouth, UK PL4 8AA. E-mail: sbelt@plymouth.ac.uk

b ISOMer, Faculté des Sciences et des Techniques, Université de Nantes, 2 Rue de la Houssinière, 44027 Nantes
Cedex 3, France

Received (in Liverpool, UK) 8th December 1999, Accepted 16th February 2000

The new sesterterpenoids (5E,8E/Z)-3,9,13-trimethyl-
6-(1,5-dimethylhex-4-enyl)tetradeca-1,5,8,12-tetraene have
been isolated from the diatom Pleurosigma intermedium and
characterised structurally by NMR spectroscopy.

Highly branched isoprenoid (HBI) C25 and C30 hydrocarbons
are ubiquitous chemicals found in environmental matrices
ranging from recent sediments to ancient oils.1 The parent
structures of these geochemicals (1 and 2, Fig. 1) were
established by synthesis1,2 during the 1980s, but it was not until
1994, that Volkman et al.3 reported their occurrence in the
diatoms Haslea ostrearia (C25) and Rhizosolenia setigera (C30)
thus revealing the only known source organisms for these
compounds. In our own studies, we have reported on the
structures of the compounds in H. ostrearia, together with
descriptions of some of the controls governing their unsatura-
tion.4–7 The most common HBIs possess between two and six
double bonds, though pentaenes and hexaenes are relatively rare
in H. ostrearia5 (e.g. structures 3 and 4, Fig. 1). In a recent
report, Rhizosolenia setigera was shown to produce a C25 HBI
pentaene rather than C30 compounds,8 but to date, no further
species or genus of diatoms have been shown to produce this
class of widespread organic geochemicals. In terms of ster-
eochemistry, HBIs exist as single geometric isomers in all cases
(E where appropriate), though they are often reported as
mixtures of configurational diastereoisomers.4,9,10

Here, we report the identification of an entirely different
genus of diatom which biosynthesises C25 HBIs of a previously
unreported structural type, which nonetheless appears to be
common in sediments.

Pleurosigma intermedium is a benthic diatom measuring ca.
130 3 20 mm that is commonly found in estuarine muds. After

large scale (400 L) culture of this species (Bay of Bourgneuf,
France) followed by harvesting, centrifugation and freeze
drying, we isolated a lipid fraction by extraction with hexane.
Subsequent saponification (to remove triglyceride esters of fatty
acids) and extraction (hexane) yielded a hydrocarbon fraction
that was analysed by GC and GC–MS. Analysis of these
chromatograms revealed the presence of n-C21+5, n-C21+6,
squalene and eight compounds possessing related but different
properties to previously reported HBIs.4,5,7 Thus, hydro-
genation of this mixture resulted in the formation of a single
compound having identical GC–MS characteristics1 to that of
the authentic C25 alkane 1. Following purification by column
chromatography (SiO2/hexane) and re-examination by GC–
MS, the two major components ( > 55%) of the hydrocarbon
fraction were assigned as new HBI pentaenes (C25:5, M+ 342, RI
2126,2172 HP-5; 2112,2159 HP-1, relative abundance 1.6+1). The
mass spectra of the two compounds were virtually identical,
suggesting that that they were stereoisomers rather than
positional isomers. Examination of the 1H and 13C NMR
spectra† revealed the presence of four trisubstituted alkene
moieties, together with a vinyl group, a structural feature
common to all known HBIs. For all of these previously reported
HBIs, the main branch point is at C-7, probably as the result of
a biosynthetic coupling of geranyl and farnesyl type pre-
cursors.9 However, for these new sesterterpenoids isolated from
Pleurosigma intermedium, C-7 is unsaturated with a double
bond between C-7 and C-20 (note: the numbering scheme for
NMR assignments is shown for parent alkane 1). The
determination of this double bond position (C7–C20) and of the
other trisubstituted double bonds was established using 2-D
NMR methods (COSY, HMQC, HMBC) resulting in structures
5 and 6 (Fig. 2), namely 3,9,13-trimethyl-6-(1,5-dimethylhex-
4-enyl)tetradeca-1,5,8,12-tetraene. Of particular note is the
absence of any 13C resonances in the 40–50 ppm region
indicative of saturated, branched positions (C-7) observed for
all previously reported HBIs. 4–10 Instead, alkenic C-7 resonates
at d 142.8 and 142.4 for 6 and 5, respectively. To date, we have
not been successful in separating the two C25+5 isomers using
further chromatography including argentation TLC. However,
both spectroscopic (13C NMR) and chromatographic (GC)
separations of these compounds are most consistent with the
presence of two geometric isomers (C9–C10). The mixed
double bond stereochemistry of C9–C10 (and not C7–C20) was
determined by careful examination of the NMR data. Specifi-

Fig. 1 C25 and C30 HBI parent structures and typical alkenes.

Fig. 2 Structures of C25 pentaenes isolated from Pleurosigma inter-
medium.
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cally, unique 1H and 13C (CH3) resonances at d 1.55, 1.69 (H-
18) and d 15.8, 23.4 (C-18) were observed for 5 and 6 (with 6
being the major isomer). Two further 13C resonances for C-11,
each of which correlated with the corresponding H-18 protons
in the HMBC spectrum were also observed. Since the
alternative position for geometric isomerism (C7–C20) does not
possess a CH3 substituent, the position of E/Z isomerism is
limited to C9–C10. In order to determine the stereochemistry of
the C7–C20 double bond, NOE data were obtained for 5 and 6.
Significantly, NOEs were observed between H-6 and H-20,
indicating an E configuration. The remaining six HBIs
consisted of two trienes (C25:3) and four tetraenes (C25:4) on the
basis of their mass spectra (M+ 346 and 344, respectively),
though insufficient quantities of these compounds were present
in the culture to allow for comprehensive NMR analysis.

HBIs in general have been proposed as potential biomarkers
or palaeoenvironmental indicators.11 However, to date, the
environmental record of these compounds does not correlate
well with those compounds structurally characterised from
previous large scale cultures of diatoms including Haslea
ostrearia and Rhizosolenia setigera.4–10 The reason for this may
be that HBIs from these two species undergo relatively mild
diagenetic reactions (e.g. alkene isomerisation) but since the
products of laboratory simulations of these processes do not
produce the sedimentary isomers,12 a more attractive explana-
tion is that other diatoms such as Pleurosigma intermedium are
the producers of many of the common sedimentary HBIs. To
address this more fully, we now intend to isolate and
characterise all of the HBIs produced by Pleurosigma inter-
medium under different culture conditions and to compare the
mass spectra and chromatographic data (retention indices) of
these with the numerous geochemical reports.13 A preliminary
investigation of this type indicates that two of the C25 pentaenes
(RI 2124, 2169 DB-5) reported from the Todos os Santos Bay,
Brazil,14 are HBIs 5 and 6.

We would like to acknowledge the British Council (ALLI-
ANCE program) and the University of Plymouth for funding
(G. A. and G. M.).

Notes and references
† Selected NMR data for 5 and 6 at 270 and 400 MHz for 1H in CDCl3.
(numbering shown for parent alkane 1). 1H, COSY: d 5.74 (ddd, 1H, J 17.5,
10.0, 7.0 Hz, H-23), 5.10 (m, 4H, H-3,9,13,20), 4.93 (m, 2H, H-24), 2.58
(m, 3H, H-6,8), 2.01 (m, 9H, H-4,11,12,21,22), 1.69 (s, 3H, H-18, 6), 1.65
(s, 6H, H-1,15), 1.58 (s, 3H, H-16/19), 1.55 (s, 6H, H-16/19,18, 5), 0.95 (d,
3H, J 6.5 Hz, H-25), 0.94, 0.93 (2 3 d, 3H, J 6.5 Hz, H-17).

13C, DEPT, HMQC, HMBC: d 144.5 (C-23), 142.8 (C-7, 6), 142.4 (C-7,
5), 135.6 (C-10), 131.4, 131.2, 131.1 (C-2,14), 124.9, 124.4, 123.9, 123.3,
123.0, 122.9, (C-3,9,13,20), 112.1 (C-24), 39.8 (C-11, 5), 38.2 (C-22), 35.2
(C-5), 34.4 (C-21), 33.9 (C-6), 31.8 (C-11, 6) 29.2 (C-8, 5), 28.9 (C-8, 6),
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Various subtituted 1,2,3,4-tetrahydroisoquinoline-3-car-
boxylic acid (Tic) derivatives are synthesized via enyne
metathesis and the Diels–Alder reaction.

1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (Tic) is a
phenylalanine analogue in which the dihedral angle c is limited
to a very small range because of its bicyclic nature.1 In
connection with the design of topographically constrained
peptides Tic has been utilized in several instances as a
replacement of phenylalanine or tyrosine.2 Moreover, the
tetrahydroisoquinoline unit is an important structural element in
several important alkaloids and other medicinally useful
products.3 Availability of synthetic methods for the preparation
of various Tic derivatives with varying degrees of steric/
electronic and hydrophobic properties are useful in receptor
mapping and also in designing meaningful QSAR studies.4 In
connection with our building block approach for the preparation
of constrained amino acid derivatives5 we sought a Diels–Alder
strategy to prepare various unknown Tic derivatives 1–3. Most
of the known methods such as Bischler–Napieralski6a Picter–
Spengler6b and among others6c for Tic preparation starts with
the preformed benzene derivatives while our methodology
involves generation of a benzene ring via the cycloaddition
reaction as a key step. Consequently, the present methodology
provides a unique opportunity to efficiently enhance the
molecular complexity of inaccessible Tic derivatives. Here, we
report our preliminary results for the preparation of various Tic
derivatives using enyne metathesis and the Diels–Alder reaction
as key steps.

Retrosynthetic routes for various Tic derivatives via Diels–
Alder strategy as a key step are shown in Fig. 1.  Pathways a and
b in Fig. 1 lead to angularly substituted and pathway c to linearly
substituted Tic derivatives. In exploring the synthesis of inner–
outer ring dienes such as 4 and 5 containing a dehy-
dropipicolinic acid moiety, we conceived a relatively less
explored enyne metathesis reaction as a viable option. Con-
ceptually, cycloiosomerization of a suitably functionalised
1,7-enyne building block is expected to deliver the 4,5-di-
methylene pipicolinic acid derivative (e.g. 6).

Realization of the strategies shown in Fig. 1 require the
preparation of key building blocks 7, 8 and 9. In this regard,
ethyl N-(diphenylmethylene)glycinate 107 was treated with
allyl bromide in the presence of K2CO3 to give allylated product
11 (82%, Scheme 1). Hydrolysis of 11 with 1 M HCl in diethyl
ether gave the amino ester which upon treatment with tosyl
chloride in presence of triethylamine gave 12 in 78% yield [mp
43–44 °C, 13C NMR (CDCl3, 75 MHz) d 170.7, 143.1, 137.4,
131.5, 129.5, 127.4, 119.6, 61.4, 55.2, 37.7, 21.6, 14.0].
Reaction of 12 with propargyl bromide in the presence of
K2CO3 gave 13 in quantitative yield. Under similar reaction
conditions, enyne 14 was prepared in 90% yield.

Towards the preparation of building blocks related to 8,
sequential reaction of ethyl N-(diphenylmethylene)glycinate 10
with propargyl bromide and 3-bromo-1-trimethylsilylprop-
1-yne in the presence of K2CO3 in acetonitrile gave 15 (86%)
and 16 (88%) respectively (Scheme 2). Hydrolysis of 15 with
1 M HCl in diethyl ether gave amino ester 17 (88%) which was
protected as a tosyl derivative using tosyl chloride/triethylamine
in dichloromethane at room temperature to give 19 (mp
48–49 °C). The structure of 19 is established by 1H and 13C
NMR spectral data. During the hydrolysis of compound 16, a
minor amount of desilylated product was obtained which was
separated (11%) after a protection sequence. The required
compound 20 was obtained in 77% yield. Then allylation of
compounds 19 and 20 in the presence of K2CO3 with allyl
bromide gave 21 and 22 in 98 and 90% yields, respectively.

Having accomplished a high yielding synthesis of enyne
building blocks 13 and 21, we then focussed our attention
towards the preparation of inner–outer ring dienes 24 and 25.Fig. 1

Scheme 1 Reagents and conditions: i, allyl bromide, K2CO3, MeCN, 82%;
ii, 1 M HCl, diethyl ether, 85%; iii, TsCl, Et3N, CH2Cl2, 78%; iv, K2CO3,
RC·CCH2Br, MeCN.

Scheme 2 Reagents and conditions: i, RC·CCH2Br, K2CO3, MeCN; ii, 1 M
HCl, diethyl ether; iii, TsCl, Et3N, CH2Cl2, 78%.
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Thus, treatment of 13 with Grubb’s catalyst8 in refluxing
toluene gave 24 in 65% isolated yield after column chromatog-
raphy. Under similar reaction conditions diene 25 was prepared
(70%) from enyne 21 (Table 1). Attempts to convert enynes 14
and 22 to the corresponding dienes by enyne metathesis
conditions were not rewarding.

Next we turned our attention towards the preparation of
silylated dienes 28 and 30. Towards this goal, enyne 14 was
treated with dicobalt octacarbonyl in diethyl ether to give
compound 26 in 83% yield.9 Similarly, enyne 27 was prepared
in 84% yield (Scheme 3).

Refluxing of enyne 26 in toluene followed by oxidative
decomposition with N-methylmorpholine N-oxide yielded the
4,5-dimethylene pipicolinic acid derivative 28 in 53% yield
along with a minor amount of Pauson–Khand product 29 (11%).
The other diene 30 was obtained under similar reaction
conditions in 78% yield along with the enone 31 (7%). It is
worth mentioning that compound 31 is a useful precursor for
tecomanine alkaloid.10

Having the dienes 24, 25, 28 and 30 in hand, we then
examined their Diels–Alder chemistry with the readily available
dienophiles (Table 2). The reaction of dienes 24 and 25 with
different dienophiles and subsequent oxidation of Diels–Alder
adducts with DDQ11 gave angularly substituted Tic derivatives
(32–35). Similarily, the Diels–Alder reaction of dienes 28 (or
30) with dimethyl acetylenedicarboxylate (DMAD) and oxida-
tion with DDQ gave desilylated product 36.

In conclusion, for the first time we have demonstrated an
exceptionally simple and versatile method for the synthesis of
several Tic derivatives using enyne metathesis and the Diels–
Alder reaction as key steps.

We gratefully acknowledge the DST for financial support and
RSIC Mumbai, Professor A. Srikrishna for recording the
spectral data. NS thanks CSIR, New Delhi for the award of
research fellowship.
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Ru(II) diimine complexes having phosphonic acid sub-
stituents adsorb to TiO2 modified ITO electrodes and exhibit
electrogenerated chemiluminescence when potentiostated at
positive voltages in the presence of oxalate in buffered
aqueous solutions.

Luminescence is often observed from chromophores excited by
highly exoergic redox reactions that generate excited states
without direct photonic excitation.1 When the redox reaction is
driven electrochemically the process (electrogenerated chemi-
luminescence, ECL) has several potential applications includ-
ing electroactive display development and trace analysis.2
Many potential applications of ECL can be optimized by using
luminescent electroactive species that are immobilized at an
electrode surface. A number of approaches to surface modifica-
tion for ECL have been developed including (a) covalent or
ionic attachment of the chromophore to a surface bound
polymer,3 (b) formation of thin polymer films from a monomer
containing an ECL active chromophore,4 (c) attachment of a
chromophore to a substrate capable of binding to the surface via
specific molecular recognition (i.e. antibody/antigen inter-
action)5 and (d) direct incorporation of the redox active species
into the electrode material.6,7 For many applications it is
desirable for the ECL active chromophore to be bound to a
highly robust support which is also porous enough to allow for
rapid ion and substrate uptake. This report describes ECL of
Ru(II) diimine complexes adsorbed onto mesoporous TiO2 films
on optically transparent ITO electrode supports.

Among the chromophores most commonly used for ECL are
Ru(II) diimine complexes.8 They are stable upon one-electron
oxidation and reduction and annihilation of the radical ions
leads to formation of a metal-to-ligand (MLCT) charge transfer
excited state. Electrogenerated luminescence can also be
obtained from these complexes by reducing the complex in the
presence of a species which can be reduced to produce a strong
oxidizing agent (such as S2O8

22/SO4·2)9 or oxidizing the
complex in the presence of a species which can be oxidized to
produce a strong reductant (such as C2O4

22/CO2·2).10

Several examples exist of ECL from surface bound Ru(II)
diimine complexes2–7 and recent work has shown the potential
of these complexes in electroluminescent displays.11 The most
chemically flexible and durable of the modified surface ECL
systems consists of ITO with a thin film of Nafion into which
the Ru(II) diimine complex is adsorbed. This system involves a
polymer support for which the porosity, solubility and ion
transport characteristics are intimately dependent on the
medium. The development of porous, insoluble, inert supports
for ECL would expand the opportunities for applications of
ECL in sensing and display development. Very recently Sykora
and Meyer reported ECL from a polymer/SiO2 sol–gel
composite, which has the potential to meet the above criteria.12

We report here, the observation of ECL from Ru(II) diimine
complexes adsorbed onto mesoporous TiO2 films deposited on
ITO optically transparent electrodes. The TiO2 films provide an
inert, robust support for the ECL active Ru(II) complex. Gratzel
and coworkers have recently observed ECL in a similar system
involving reduction of S2O8

22 in DMF at ITO/TiO2 surfaces
having an adsorbed Ru(II) diimine complex; the SO4·2 radical
ion produced oxidizes surface bound Ru(II) which then

annihilates with conduction band electrons to yield lumines-
cence.7

TiO2 modified ITO electrodes were initially prepared as a
means of increasing the photoactive surface area of electrodes
used in dye sensitized photoelectrochemical cells.13 Films are
prepared by deposition of a colloidal suspension of TiO2 onto
ITO surfaces, evaporation and sintering of the subsequent
film.14 Surfaces prepared in this way are typically 1–10 mm
thick and appear by SEM and AFM as packed spherical
particles of the order of 20–50 nm in diameter.15 The films are
known to adsorb dyes having negatively charged substituents
(carboxylates, phosphonates, etc.). In two electrode cells
consisting of the dye modified ITO/TiO2 electrode and a noble
metal counter electrode excitation of particular dyes results in
charge injection into the TiO2 with high efficiency.8 However,
other dyes often exhibit strong photoluminescence when
adsorbed.16,17 The observation of luminescence from Ru(II)
diimine complexes on ITO/TiO2 photoelectrodes is believed to
result from either (a) complex which has desorbed from the
surface16b or (b) complex adsorbed to surfaces for which charge
injection is thermodynamically unfavorable.17

The Ru(II) complex dyes used in this work are adsorbed to the
surface through interaction of phosphonic acid moieties on 2,2A-
bipyridyl ligands. The ligands used are bpppH2 and bpdpH4.
The complexes prepared from these ligands are [(bpy)2Ru-

(bpppH2)]2+, [(bpy)2Ru(bpdpH4)]2+ and [Ru(bpppH2)3]2+, hav-
ing one, two and three phosphonic acid substituents, re-
spectively. The ligand and complex syntheses are reported
elsewhere.18 The complexes were deposited on ITO/TiO2
surfaces by immersion of electrodes in DMSO–H2O (90+10)
solutions of the complex for 12 h.

Observation of ECL from the dye modified ITO/TiO2
surfaces requires that three conditions are met: (a) the adsorbed
Ru(II) complex is oxidized by the electrode, (b) oxidation of the
oxalate occurs in the film and (c) emission is observed from the
adsorbed Ru(II) complex following reaction of Ru(III) with
CO2·2. Fig. 1 shows an oxidative cyclic voltammogram for a
ITO/TiO2/[Ru(bpppH2)3]2+ modified electrode in aqueous pH 7
buffer. There is a large difference in peak potential between the
oxidative and reductive waves reflecting limitations to charge
transport in the thin film.19,20

Spectroelectrochemical studies indicate that nearly complete
oxidation of the complexes in the film can be affected by
potentiostating at voltages more positive than the one-electron
oxidation potential; in addition, the process is reversible.
However, complete oxidation of the complex in the films is
extremely slow (t1/2 ! 15 min). The implication is that only
Ru(II) centers adsorbed near the ITO/TiO2 interface are readily
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oxidized; oxidation of Ru(II) sites adsorbed away from the
interfacial area must be affected by migration of Ru(III) in the
TiO2 thin film or, for films with high complex loading, charge
percolation.8 Cyclic voltammograms obtained following addi-
tion of oxalate exhibit a significant increase in current
associated with the oxidative wave (Fig. 1). The process is
completely irreversible, reflecting the decomposition of the
oxidized oxalate. The result illustrates that oxalate is able to
permeate the porous TiO2 film and is oxidized on the cyclic
voltammetric time scale [either directly at the electrode surface
or by Ru(III) mediated oxidation].

When modified surfaces are potentiostated at > 0.9 V vs. Ag/
AgCl in stirred solutions containing oxalate (0.02 M), lumines-
cence is observed from all the Ru(II) complex modified
electrodes.21 No emission is observed in the absence of oxalate.
The ECL spectrum of [Ru(bpppH2)3]2+, shown in Fig. 2, is
identical to that of the Ru(II) complex in aqueous buffer. The
luminescence intensity increases with increasing potential until
a maximum is reached at +1.25 V and falls off slightly at
potentials above +1.4 V (inset). Thus, luminescence arises from
the MLCT excited state of the complexes and the intensity is
proportional to the relative steady state concentration of Ru(III)
in the films. Whether luminescence arises in these systems from
desorbed complex or from complex adsorbed to sites where
charge injection is not thermodynamically favorable is not
clear.

When the electrode potential is held at a potential positive
relative to E°[Ru(III/II)] in a stirred solution containing oxalate,
the ECL intensity decreases with time. Both [(bpy)2Ru-
(bpppH2)]2+ and [(bpy)2Ru(bpdpH4)]2+ desorb from the TiO2
support and dissolve in the buffer solution. Only the complex
having three phosphonic acid substituents, [Ru(bpppH2)3]2+,
shows no evidence for desorption from the surface. However,
even this complex exhibits a decrease in ECL intensity with
time. The decrease in intensity is not related to depletion of
oxalate in the solution. We are presently investigating the
behavior of the [Ru(bpppH2)3]2+ complex in greater detail, but
preliminary results suggest that the oxidized form of the
complex migrates in the film via desorption and readsorption

processes which lead ultimately to depletion of the complex at
the electrode surface.

In summary, ITO optically transparent electrodes modified
with a clear ceramic thin film of mesoporous TiO2 can serve as
solid supports for generation of ECL from adsorbed Ru(II)
diimine complexes. The Ru(II) complex dyes adsorb via
interaction of phosphonic acid substituents on the diimine
ligands with the surface sites on the TiO2. Initial results suggest
that the stability of the modified surfaces for generation of
sustained ECL is dependent on the number of phosphonic acid
substituents per chromophore. We are currently exploring
covalent attachment of ECL active dyes to these robust,
mesoporous thin film electrodes as a potential approach to
making sensing devices with improved longevity.
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Fig. 1 Cyclic voltammogram of (—) [Ru(bpppH2)3]2+ modified ITO/TiO2

electrode in pH 7 buffer solution (0.1 M) and (----) the same modified
electrode in the presence of sodium oxalate (0.002 M).

Fig. 2 Dispersed emission from a [Ru(bpppH2)3]2+ modified ITO/TiO2

electrode in pH 7 buffer containing sodium oxalate (0.02 M); 5 s exposure.
Inset: integrated emission intensity as a function of applied potential.
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Electroactive conjugated polymers have been synthesized by
electropolymerisation of increasing generations of den-
drimers derivatized by peripheral bithiophene groups.

Dendrimer chemistry is a rapidly expanding field for both basic
and applicative reasons.1 Recently, the synthesis of dendrimers
with conjugated oligomers introduced either at the periphery of
the molecule,2 or as a central rigid core,3 has been reported by
several groups. An interesting further development in this area
involves the attachment of electropolymerisable groups at the
periphery of a dendrimer taking advantage of the electro-
polymerisation process4 to prepare electrodes modified by
electroactive poly(dendrimers).

As a first step in this direction, we describe here the synthesis
and electropolymerisation of dendrimers with peripheral bithio-
phene (BT) groups. The target structures are based on the
association of neutral phosphorus containing dendrimers,5 with
bithiophenes having a linking site at an internal b-position. Such
precursors are known for their better polymerisability compared
to monomers in terms of applied potential, concentration and
steric demand.6

Dendrimers with 3, 6, 12, 24 and 48 peripheral bithiophenes
(G0b–G4b) were synthesized in 80–97% isolated yield† by a
Wittig reaction between dendrimers with carbaldehyde end
groups (G0a–G4a)5 and the phosphonium salt derived from
3-(bromohexyl)-2,2A-bithiophene.6c All compounds were char-
acterized by 1H, 31P and 13C NMR and elemental analysis.

A single potential scan applied to solutions of G0b–G4b in
0.10 M NBun

4PF6–CH2Cl2 shows an irreversible oxidation
peak at 1.25 V typical for 3-alkyl-substituted BTs.6 Upon
application of recurrent potential scans, a broad redox system
corresponding to the doping/undoping process of the growing
polymer progressively develops in the region 0.50–1.10 V. The
steady increase in the intensity of the waves with the number of
scans indicates straighforward polymerisation, as confirmed by
the formation of a dark blue film on the anode surface. A
constant concentration of substrate (0.5 mM) leads to a steep
increase in the intensity of the cyclic voltammetric (CV) waves

Fig. 1 Cyclic voltammograms of poly(Gnb) in 0.10 M NBu4PF6–MeCN, Pt
electrodes, reference Ag/AgCl, scan rate 100 mV s21. The arrows indicate
increasing generation number.
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with the generation number (Gn) owing to the rapid increase in
the number of BT groups. Conversely, CV waves of similar
intensity are obtained for all generations when using a constant
BT concentration (1 3 1022 M). Fig. 1 shows the CV of the five
polymers in a precursor-free electrolyte. In each case two
anodic waves occur around +0.75 and +1.00 V. Increasing Gn
produces a slight negative shift of both waves and an
intensification of the wave at 0.75 V to the detriment of the
second one. This result suggests that raising Gn increases the
number of longer conjugated segments in the polymer thus
enhancing the effective conjugation. Such an evolution of the
polymer structure could be related to the increasing probability
of intra-dendrimer couplings of the BT units as Gn augments.
Thus, whereas poly(G0b) and poly(G1b) essentially contain
inter-dendrimer linkages subject to steric hindrance to planarity,
the higher content of intra-dendrimer linkages in polymers of
higher Gn, should limit intermolecular steric interactions in the
poly(BT) chains. Consequently, the effective conjugation
would approach an hypothetical limit determined by the
bending imposed on the conjugated chains by the spherical
shape of the underlying dendritic scaffolding.

The electrochemical behavior of the polymers has been
analysed in more detail on films deposited potentiostatically
under the same conditions (1 3 1022 M equivalent BT, 1.30 V,
deposition charge Qd = 50 mC cm22). Under these conditions,
the electroactivity expressed by the ratio Qr/Qd (where Qr is the
amount of charge reversibly exchanged upon cycling) increases
from 5.2% for poly(G0b) to 10.3% for poly(G4b). While an
increase in the doping level of the polymer cannot be totally
excluded, these results strongly suggest a greater electro-
polymerization efficiency for high Gn precursors. This phenom-
enon could reflect the increasing proximity of the polymerizable
BT groups.

The aqueous electroactivity of the polymers has been
analysed in 0.10 M LiClO4–H2O. Whereas poly(BT) is almost
inactive in this case, all poly(Gn) are highly electroactive in
aqueous media. The electroactivity increases from 80% of its
value in MeCN for poly(G0b) to practically 100% for
poly(G4b). This enhancement may be related to the decrease in
the relative weight of hydrophobic BT groups [and hence
poly(BT) chains] from 45% for G0 to 30% for G4.

Fig. 2 shows the in situ electronic absorption spectra of
poly(G4) at various applied potentials. The spectrum of the
neutral polymer shows a broad band with lmax around 450 nm.
The 20–50 nm blue shift of lmax compared to some highly
conjugated functionalized poly(BTs),6 indicates a less extended
effective conjugation. Application of increasing potentials

produces a gradual decrease of the p–p* absorption while two
polaronic transitions develop around 700 and 1500 nm. At
potentials higher than 1.00 V, these two bands merge into a
broad band centered around 1050 nm assigned to the formation
of bipolarons.

Attempts to solubilize the neutral polymers of higher Gn in
CH2Cl2, THF or chlorobenzene remained unsuccesful. This
behavior which contrasts with the good solubility of the starting
dendrimers suggests that the outer poly(BT) chains form a
barrier hindering the penetration of solvent molecules inside the
dendrimer cavities.

While the formation, structure and properties of these new
electroactive materials pose many complex problems requiring
further investigation, these first examples of electrogenerated
poly(dendrimers) open interesting perspectives in the field of
modified electrodes for electrocatalysis or electroanalysis. A
particularly exciting topic concerns the entrapment of guest
molecules7 during the electropolymerization process with
possible electrochemical controlled release via the redox state
of the poly(thiophene) outer layer. Work in this direction is now
underway and will be reported in future publications.

R.-M. S. thanks the Fundación Ramón Areces for financial
support.
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Fig. 2 Electronic absorption spectra of poly(G4b) recorded in situ in 0.10 M
NBu4PF6–MeCN, at various applied potentials.
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The solid-phase synthesis and characteristics of ferrocenoyl
propargylamide (FPA)-labeled oligodeoxynucleotides are
described.

Site-specifically labeled DNA is of interest for hybridization
assays, artificial nucleases, anticancer therapies, and DNA-
mediated charge-transfer studies.1–16 Current oligodeoxy-
nucleotide (ODN) labels range from metal complexes12,17 to
organic dyes10,11,18 that are covalently attached to DNA either
at the ribose,19 phosphate20–22 or nucleobase4–6,23–26 moieties.
While synthetic strategies such as oligodeoxynucleotide post-
modification and labeled nucleoside phosphoramidites afford
modified ODNs, these methods are often hampered by
extensive purification, side reactions and low yields. Fur-
thermore, many of these approaches do not allow for systematic
studies to be performed, as labeling is limited to the 3A- or 5A-
terminus. Here, we report the on-column derivatization of
ODNs with ferrocene at the nucleobase using a newly
developed synthetic procedure in combination with standard
automated DNA synthesis.27 This site-specific on-column
procedure requires an alkyne-terminated ferrocene and a halo-
substituted nucleobase for Pd(0) cross-coupling.

Ferrocene was selected as the ODN label as it possesses high
stability as well as reversible and tunable electrochemical and
spectroscopic properties. In addition, ferrocene has been
attached previously to other biomolecules of interest, including
terminal-phosphate-labeled DNA oligomers,3,28 as well as
peptide nucleic acids29 and amino acids.30

The ferrocene precursor for on-column derivatization (ferro-
cenoyl propargylamide or FPA) (Fig. 1) was synthesized by
coupling ferrocene monocarboxylic acid to propargylamine
hydrochloride in the presence of dicyclohexylcarbodiimide
(94% yield). To further evaluate the physical properties of these
novel FPA-modified ODNs, we also synthesized the corre-
sponding FPA-labeled nucleobase, 3A,5A-dibenzoyl-5-(ferrocen-
oyl propargylamide) uridine, FPAU (Fig. 1). FPAU was
synthesized by Pd(0) cross-coupling31 FPA with 3A,5A-dibenzoy-
loxy-5-iodouridine. FPA displayed a reversible one-electron
oxidation in the cyclic voltammogram, with E1

2
= 0.243 V vs.

Ag/Ag+ (1.0 mM compound in CDCl3, 0.1 M NBu4PF6),
compared to 0.103 V for ferrocene. After attachment to uridine,
E1

2
shifts to 0.262 V vs. Ag/Ag+.30 The spectroscopic properties

of ferrocene, FPA and FPAU were similar: all exhibited the
characteristic weak (d–d) band at 444 mm.

The on-column derivatization method was used to site-
specifically label an oligodeoxynucleotides with FPA at the
nucleobase. As shown in Scheme 1, automated ODN synthesis
was performed on an ABI 395 DNA synthesizer using a
standard protocol. 5-Iodo-2A-deoxyuridine (5-IdU) phosphor-
amidite (Glen Research) was incorporated at the desired
position on the ODN. Phosphoramidite couplings for the
standard bases; dA, dC, dG and dT; as well as 5-IdU were
> 95%. Synthesis was then paused,32 and the column was
removed from the synthesizer and dried by flushing with argon.
The ferrocene precursor, FPA (20 mg), Pd(PPh3)4 (10 mg) and
CuI (1 mg) were added to the column, which was then filled

† Electronic supplementary information (ESI) available: experimental
procedures, melting profiles and CD spectra for the duplexes. See http://
www.rsc.org/suppdata/cc/a9/a907568b/

Fig. 1 Ferrocenoyl propargylamide (FPA) and 3A,5A-dibenzoyl-5-(ferrocen-
oyl propargylamide) uridine (FPAU).

Scheme 1 Key: (a) Incorporation of 5-iodo-2A-deoxyuridine phosphor-
amidite (5-IdU) during standard ODN synthesis (B = A, C, G or T); (b)
Pd(0) cross-coupling of FPA and the column-bound iodouridine; (c) normal
ODN synthesis is resumed; (d) the synthesized site-specifically FPA-
labeled ODN is cleaved from the column and protecting groups are removed
by incubation in ammonia at 55 °C for 16 h.
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with DMF–TEA (9:1). The column was shaken at room
temperature for 6 h. It was then rinsed with DMF–TEA, dried
and replaced on the synthesizer. Routine synthesis was resumed
until the desired oligodeoxynucleotide was synthesized. A
series of FPA-labeled ODNs were synthesized in this manner
(Table 1). FPA-modified oligodeoxynucleotides were purified
via reverse-phase HPLC; retention times for labeled and
unlabeled ODNs differed by several minutes (18.8 cf. 14.8 min).
Isolated yields of the labeled ODNs were typically 50%.33

The stabilities of FPA-labeled duplexes are evaluated by
thermal denaturation of the duplexes.34 Table 1 lists the melting
temperatures of several FPA-labeled and unmodified duplexes.
FPA-modified duplex 1+4 which is labeled at the third base
from the 3A-terminus, exhibits similar stability to duplex 2+4,
labeled at the sixth base. These melting temperatures are only
slightly lower than the Tm for the unmodified duplex, 3+4.
Duplex 5+7, a dodecamer labeled at the second base, has a Tm
of 42.6 cf. 41.4 °C for the analogous unmodified duplex 6+7.
The small changes in the melting temperatures of the labeled
duplexes compared with the unmodified duplexes indicate that
FPA derivatization causes minimal disruption of duplex
structure. These data are consistent with previous reports that
the 5-position of uridine tolerates a variety of modifications
without disrupting the duplex.26 CD spectra of the duplexes also
indicate that the FPA-labeled duplexes retain the B-form DNA
structure found in the unlabeled duplexes.

In summary, novel ODNs labeled with ferrocene are
synthesized by solid-phase coupling of a ferrocene derivative to
an ODN containing 5-iodouridine. This facile synthesis pro-
vides a simple method for labeling ODNs at the nucleobase with
a spectroscopic or redox label in good yields, with minimal
purification of the labeled ODN product. Melting profiles and
CD spectra (see ESI) show that the FPA-labeled duplexes are
stable at room temperature and have B-form DNA structure
similar to unlabeled duplexes.

This work was supported in part by NSF (CAREER), Army
Research Office, and Duke University.
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Table 1 Melting temperatures for FPA-labeled and unlabeled duplexes

Duplex Tm/°C

1 5A-TGC TAC AAA CTG TUFPAG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 49.6 ± 0.1

2 5A-TGC TAC AAA CUFPAG TTG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 48.2 ± 0.2 

3 5A-TGC TAC AAA CTG TTG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 50.8 ± 0.3

5 5A-TGC TAC AAA CUFPAG-3A
7 5A-CAG TTT GTA GCA-3A 42.6 ± 0.3 

6 5A-TGC TAC AAA CTG-3A
7 5A-CAG TTT GTA GCA-3A 41.4 ± 0.4

(UFPA) indicates the FPA-labeled uridine
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A photosensitive ultrathin film with G1.5 PAMAM den-
drimers (carboxylate salts) as polyanions and NDR (nitro-
containing diazoresin) as polycations was fabricated via
sequential deposition and subsequent UV irradiation which
causes the linkage between the layers to change from ionic to
covalent.

The large size and globular shape of PAMAM dendrimers make
them suitable building blocks for self-assembled monolayer or
multilayer ultrathin films. Watenabe and Regen1 used the
procedure of repeated deposition of amine terminated PAMAM
dendrimers onto a Pt2+ bearing surface, followed by reactivation
with K2PtCl4, which yielded multilayer films. Wells and
Crooks2 reported the first covalently bound dendrimer mono-
layer, which resulted from linking PAMAM dendrimers to a
mercaptoundecanoic acid self-assembled monolayer via amide
bond formation. Tsukruk’s group fabricated composite molec-
ular films by self-assembly of dendritic macromolecules of two
adjacent generations using electrostatic layer-by-layer deposi-
tion.3 All these examples showed the potential application of
mono- or multi-layer films as chemical sensors,4 size selective
heterogeneous catalysts or a basis for optical filters and optical
devices.5–7 Recently, Cao and coworkers reported the formation
of a stable ultra-thin multilayer film by converting hydrogen or
ionic bonds to covalent bonds under ultraviolet irradiation.8,9

This conversion of the bonding increases the resistance of films
to etching by polar solvents.

Here, we describe, for the first time, the preparation of
multilayer films constructed from poly(amidoamine) den-
drimers (PAMAM) and nitro-containing diazoresin (NDR) via
a layer-by-layer technique and the conversion of the linkage
bonds under UV irradiation.

The PAMAM dendrimers were synthesized according to the
literature.10 The methyl-ester-terminated dendrimer (G = 1.5)
was hydrolyzed with stoichiometric amounts of KOH in
methanol to obtain external carboxylate groups associated with
potassium ions. NDR was prepared according to the method
described in ref. 11. Surface-negatively charged mica was used
as the substrate. The freshly cleaved mica was immersed in an
aqueous solution of 2 mg ml21 NDR for 5 min, rinsed with
deionized water and then dried under a stream of air. After being
totally dried, the mica was dipped into an aqueous solution of 2
mg ml21 hydrolyzed G1.5 PAMAM dendrimer for 5 min,
followed by rinsing and drying. Repetition of this procedure six
times yielded a 12-bilayer self-assembled ultrathin film. All
stages of growth were carried out at room temperature in the
dark.

The absorbance of NDR on mica after each cyclic deposition
was recorded using a UV–VIS scanning spectrophotometer
(Shimadazu UV-2101 PC) to monitor the self-assembly process
(Fig. 1). The peak at 383 nm is assigned to the absorption of the
diazonium group of NDR and increases linearly with increasing
bilayer number. From Fig. 1, it can be seen that the absorbance
increases by ca. 0.016 every two bilayers, indicating smooth
step-by-step deposition.

The twelve bilayer film was then irradiated with UV light for
different times and the resulting absorbances determined (Fig.
2). From the inset plot it can be seen that the photodecomposi-
tion of the film follows the kinetics of a first-order reaction,

where A0 and At represent the absorbance of the film before and
after irradiation for different times t, respectively. The ab-
sorbance at 383 nm (N2

+ group absorption) decreases with
irradiation, which indicates the formation of a covalent linkage.
The conversion of the ionic bonds to covalent bonds is shown in
Scheme 1. Before irradiation, the multilayer film is formed via
electrostatic attraction between the diazonium groups and
carboxyl groups. Under UV-irradiation, the diazonium groups
decompose leading to phenyl cations, which combine with the
carboxyl groups to produce covalent linkages.

The formation of covalent bonds was further verified by
comparing the FTIR spectrum of the self-assembled film before
and after irradiation. Distinct changes were the disappearance of
the absorbances at 2162 and 1580 cm21, assigned to the
stretching vibrations of the diazonium group and the carboxyl
group, respectively. At the same time, the absorbance at 1738
cm21 assigned to the carboxyl group of an ester bond
increases.

From AFM measurements, the four-bilayer film (Fig. 3) is
rather flat and the mean roughness only 1.4 nm which indicates

Fig. 1 Absorbance of multilayer films with different numbers of bilayers.
Bilayer numbers (bottom to top): 0, 2, 4, 6, 8, 10 and 12. Inset: Relationship
between the absorbance at 383 nm and the bilayer number.

Fig. 2 UV–VIS spectra of a 12-bilayer film irradiated for different times.
Irradiation intensity (360 nm): 230 mW cm22, irradiation time (top to
bottom) 1, 2, 3, 4, 5, 6, 10, 20 and 30 min.
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the formation of a uniform multilayer film from PAMAM and
NDR through the step-by-step technique.

The effect of UV irradiation on the stability of the film to
polar solvents was also investigated. The absorbance of the
unirradiated film decreases significantly after etching for 30
min in DMF, while the irradiated film showed no etching under
the same conditions. This shows that the stability of the film
towards polar solvents increases significantly after UV irra-
diation.

In order to determine the film thickness, X-ray diffraction
measurements were performed on a Rigaku DMAX 2400 X-ray
diffractometer. X-Ray data were collected within a scattering
angle range of 1–8° using Cu-Ka radiation. A peak occurs at 2q
= 2.500 and 2.660 for the film before and after irradiation,
respectively and suggests the film can be viewed as being

ordered. According to the Bragg equation, the layer thickness of
the film before and after irradiation is 3.5 and 3.3 nm,
respectively. This change corresponds to the alteration in the
bonding since the layers will become more compact when
covalent bonds form.

In conclusion, an ultrathin multilayer film was fabricated
from PAMAM dendrimers and NDR by a self-assembly
technique. Under UV irradiation, the linkages change from
ionic to covalent.

Studies in progress will focus on fabrication of the multilayer
films by using different generation PAMAM dendrimers. We
are also studying the characteristics of these unique films.

The authors gratefully acknowledge the NSFC (No.
59673010 and 29992590) for financial support of this work.
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Scheme 1 The conversion of the linkage bonds from ionic to covalent in multilayer films fabricated from PAMAM and NDR.

Fig. 3 Morphology of the 4-bilayer film fabricated from PAMAM and
NDR. Mean roughness 1.4 nm.
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Ultraviolet photolysis of hexanes solutions containing
Re2(CO)10 and benzothiophene (BT) give the C–S cleavage
product Re2(CO)7[h2(C2,C3)-m2(C2,S)-BT] 1 which reacts
with PMe3 at room temperature to yield two phosphine-
substituted products, 2 and 3, in which the fragmented BT
ligand is partially displaced from the metals; molecular
structures of 1, 2 and 3 are models for possible intermediates
in the HDS of BT on catalyst surfaces.

Heterogeneous catalytic hydrodesulfurization (HDS), the com-
mercial process used for the removal of sulfur from organo-
sulfur compounds present in petroleum-based feedstocks, is
important in industry and for the environment.1,2 Typically, the
sulfur in crude petroleum is present in the form of organic thiols,
sulfides, disulfides and thiophenes. It is the thiophenic mole-
cules, however, such as benzothiophene (BT) that are the most
difficult to desulfurize under current hydrotreating conditions.3
In order to improve the efficiency of current HDS catalytic
systems, much needs to be learned about intermediates that are
present on transition-metal sulfide-based catalysts during the
HDS of benzothiophene.

The present paper reports preliminary results of reactivity
studies of Re2(CO)10 with BT under mild conditions to produce
the C–S cleavage product 1 containing a Re–Re backbone.
Upon addition of PMe3 to 1, two unexpected phosphine
substitution products are formed (2 and 3) in which both the C–
S and Re–Re bonds have been cleaved (Scheme 1).

Complex 1 was prepared by UV photolysis (Hanovia 450 W,
medium pressure Hg lamp) of a stirred hexanes solution
containing Re2(CO)10 and 2 equiv. of BT in a quartz reaction
vessel under nitrogen for 24–36 h at 10 °C. The progress of the

reaction was monitored by IR spectroscopy of samples taken
during the reaction. The IR bands corresponding to Re2(CO)10
[nCO (hexanes): 2071w, 2015s, 1977m cm21]4 were gradually
replaced by those of 1 [nCO (hexanes): 2099m, 2043s, 2027s,
1981s, 1977s, 1957m, 1947s cm21]. Solvent removal, followed
by extraction with CH2Cl2 and column chromatography on
silica gel packed in hexanes, produced orange 1 in 30–45%
yield.†‡

The molecular structure of 1 was confirmed by single crystal
X-ray structure analysis (Fig. 1). It contains a bridging BT
ligand in which the vinylic C–S bond of the BT has been
cleaved, and three CO ligands  have been displaced from
the Re2(CO)10. The sulfur bridges both Re atoms asymmet-
rically with distances of 2.506(2) Å for Re(1)–S and 2.431(3) Å
for Re(2)–S. The vinyl carbon also bridges the two Re atoms
asymmetrically acting as a h1-ligand to Re(1) and h2 to
Re(2) with distances of 2.142(10) Å for Re(1)–C(8) and
2.208(10) Å for Re(2)–C(8). The Re–Re distance [2.8945(7) Å]
is shorter than that in Re2(CO)10 [3.0413(11) Å].5 Other
previously reported dinuclear complexes, prepared by quite
different methods, that contain a similar bridging BT ligand are
Fe2(CO)5(PPh3)(C8H6S)6 and [Cp*Co]2(m-C8H6S).7

The addition of PMe3 (1–5 equiv.) (1 M in toluene) to a
toluene solution of 1 at room temperature causes an immediate
change from orange to pale yellow with no evolution of CO.
Solvent removal, extraction with CH2Cl2, and fractional
crystallization of the crude residue produced yellow crystals of
2 and white 3. Both complexes have been characterized
spectroscopically‡ and by X-ray structure analysis of their
single crystals.Scheme 1

Fig. 1 Molecular structure of 1 in the solid state. Selected bond lengths (Å)
and angles (°): Re(1)–Re(2) 2.8945(7), Re(1)–S, 2.506(2), Re(2)–S
2.431(3), Re(1)–C(8) 2.142(10), Re(2)–C(8) 2.208(10), Re(2)–C(9)
2.413(11), C(8)–C(9) 1.370(14), S–C(15) 1.805(11), Re(2)–S–Re(1)
71.77(7), Re(1)–C(8)–Re(2) 83.4(3), C(8)–Re(2)–S 82.8(3), C(8)–Re(1)–S
82.3(3), C(8)–C(9)–C(10) 126.6(10).
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The X-ray structure of 2 (Fig. 2) shows that the C(1)–C(2)
double bond is no longer h2-coordinated and the Re–Re bond
has been cleaved. Both Re atoms are pseudo-octahedral and
each contains a PMe3 ligand. The S bridges both Re atoms
almost symmetrically with distances of 2.5027(9) Å for Re(1)–
S and 2.5320(9) Å for Re(2)–S.

A single crystal X-ray analysis of 3 (Fig. 3) shows that there
are no single atom bridges between the two Re centers nor is
there a metal–metal bond. The Re centers are pseudo-octahedral
with respect to the C–Re–C angles between Re and adjacent CO
ligands. The Re(1)–C(1) distance is 2.205(3) Å which is longer
than that in either 1 or 2. The Re(2)–S distance is 2.5086(9) Å
which is similar to those in both 1 and 2.

In the reaction (Scheme 1) of 1 with PMe3, the relative
amounts of 2 and 3 formed are the same whether 1 or 5 equiv.
of PMe3 are used. This means that the tri-phosphine product 3
is not formed from the bis-phosphine product 2 even in the
presence of an excess of PMe3. Therefore 2 and 3 must form by
independent pathways. The structures of 2 and 3 are also
fundamentally different from each other because the terminal
vinyl carbon is bound to the Re(CO)3 unit in 2 whereas in 3 it
is coordinated to the Re(CO)4 group. The formation of these
products may be understood in terms of a mechanism that
involves two forms of 1 resulting (Scheme 2) either from a “flip-
flop” of the vinyl group from one Re to the other, as proposed
for related bridging thiophene complexes {Fe2(CO)6(C8H6S),6

[(C5Me5)Co]2(m-C4H4S)8 and [(dippe)Ni]2(m-C8H6S)9}, or the
migration of a CO group from one Re to the other.

The reaction of isomer 1A with 2 equiv. of PMe3 would lead
to product 2 in which the olefin is displaced and the Re–Re bond
is cleaved, leaving the terminal vinyl carbon coordinated to the
Re(CO)3 unit. On the other hand, the reaction of isomer 1 with
3 equiv. of PMe3 would lead to product 3 with the vinyl carbon
bonded to the Re(CO)4 moiety while undergoing Re–olefin,
Re–S and Re–Re bond cleavages. An attempt to detect the two
isomers of 1 by low temperature (250 °C, CD2Cl2 solvent) 1H
NMR spectroscopy showed only the same isomer that is present
in the room temperature spectrum.‡ However, variable tem-
perature 13C NMR spectra of 1 (250 °C to +20 °C) showed that
the CO ligands are fluxional. Thus, while the two isomers are
not detected by the NMR studies, a low concentration of the
highly reactive 1Awould reasonably account for the formation of
2.

The reactions in Scheme 1 are of special interest because they
indicate the variety of ways that a bridging, C,S-cleaved BT
ligand can bind to two metal centers. Were C–S cleavage to
occur on a HDS catalyst, all three forms of BT represented in
compounds 1–3 would be potential modes of BT adsorption on
the catalyst surface.

The authors thank the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, Chemical Sciences
Division, under contract W-7405-Eng-82 with Iowa State
University for financial support.
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Fig. 2 Molecular structure of 2 in the solid state. Selected bond lengths (Å)
and angles (°): Re(1)···Re(2) 4.2874(3), Re(1)–S 2.5027(9), Re(2)–S
2.5320(9), C(8)–S 1.796(3), Re(1)–C(1) 2.169(3), C(1)–C(2) 1.343(5),
Re(1)–S–Re(2) 116.76(3), C(1)–Re(1)–S 86.51(10), Re(1)–S–C(8)
109.94(12), Re(2)–S–C(8) 105.40(12), P(1)–Re(1)–S 87.24(3), P(2)–
Re(2)–S 88.04(3).

Fig. 3 Molecular structure of 3 in the solid state. Selected bond lengths (Å)
and angles (°). Re(1)–C(1) 2.205(3), Re(2)–S 2.5086(9), C(1)–C(2)
1.327(4), S–C(8) 1.769(3), C(2)–C(3) 1.479(4), Re(1)–C(1)–C(2) 134.8(3),
C(8)–S–Re(2) 113.18(12), P(2)–Re(2)–S 84.54(3), C(1)–C(2)–C(3)
129.8(3), C(1)–Re(1)–P(1) 82.44(8).

Scheme 2
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Significant rate enhancement of p-nitrophenyl phosphate
hydrolysis, catalyst turnover and recycling has been ob-
served for metallated, 9-allyladenine-containing cross-
linked polymers.

Nucleic acids can coordinate to metal ions through the
participation of base keto oxygen atoms, heterocyclic ring
nitrogen atoms, sugar hydroxy groups and phosphate oxygen
atoms.1 The importance of metal ion binding is not simply
limited to phosphate charge neutralization, but is also essential
for stabilization of the nucleic acid structure and for RNA
catalysis.2,3 The design of our dephosphorylation agents has
drawn inspiration from nucleic acids4a–c and we have invoked
metal-ion coordination ability of purine nucleosides and
nucleotides,5a–h for the synthesis of metallated, cross-linked
nucleobase polymers.  These polymeric molecules have been
utilized for the hydrolysis of a model phosphate monoester and
the kinetic parameters have also been determined.

Phosphate ester hydrolysis plays an important role in energy
metabolism and in a variety of cellular signal transduction
pathways in biological systems.6a,b The design of synthetic
models of this reaction has been an attractive area of research
and consequently, a wealth of information regarding artificial
phosphatases and nucleases is available in literature.7a–d Most
of these models utilize ligand bound transition and inner-
transition metal ions for the catalysis of phosphate ester
hydrolysis.8a–k It is assumed that metal ions play an important
role in hydrolysis through the formation of metal–aqua
complexes and by providing electrostatic neutralization of the
negative charge on the phosphate group, thus making it more
susceptible to nucleophilic attack.8c Owing to polarization
effects, water molecules coordinated to metal ions can be
substantially more acidic compared to free water molecules.9

The synthesis of our metallated nucleobase polymers involve
AIBN-initiated polymerization of 9-allyladenine10 with a cross-
linking agent such as 1,4-divinylbenzene (DVB) or ethylene
glycol dimethacrylate (EGDMA), in the presence of added
metal ions. Adenine derivatives have been shown to coordinate
to metal ions such as Cu2+, Mn 2+, Zn2+ and Co2+, predom-
inantly through purine ring nitrogens.5a–h Keeping this fact in
mind, we have prepared a polymeric matrix containing multiple
adenine rings for extensive metal ion coordination. The
metallated polymers so obtained were insoluble in common
solvents and thus the present study is an example of heteroge-
neous catalysis of phosphate monoester hydrolysis. Atomic
absorption spectroscopy and inductively coupled plasma analy-
sis were used to estimate the amount of Cu(II) incorporated
within the polymeric matrix (Table 1). It was found that
incorporation of Cu(II) in EGDMA cross-linked polymer was
2.5 times that when compared to the DVB polymer. A much
higher loading could be explained due to the presence of oxygen
atoms in EGDMA, which can provide additional sites for metal
ion coordination. Preliminary EPR studies have also been
performed with these polymers.11

We have employed p-nitrophenyl phosphate (pNPP), a
routinely used model monophosphate ester substrate, to evalu-
ate the phosphatase activity of our adenine polymers and time-
dependent release of p-nitrophenolate anion (e400 = 1.65 3 104

M21 cm21) was used to determine kinetic constants. Remark-
able rate enhancement was observed for pNPP hydrolysis in the
presence of metallated polymers. The pseudo-first order rate
constants (kobs) were determined and it was found that polymers
1 and 2 displayed ca. 2,700- and 11,000-fold rate enhancement
for pNPP hydrolysis (Table 1), respectively, as compared to the
uncatalyzed reaction (4.92 3 1027 min21, pH 7 at 25 °C8h).
These observations prompted us to perform a more thorough
kinetic evaluation and therefore, the Michaelis–Menten kinetic
parameters for metallated adenine nucleobase polymers 1 and 2
were determined. Lineweaver–Burk plots (1/V vs. 1/[S], Fig. 1)
were used to calculate Michaelis constants (Km) and maximal
velocities (Vmax).  For polymer 1, containing DVB cross-linker,
the Km and Vmax values were found to be 1.01 mM and 2.55 3
1025 mM min21, respectively. While for polymer 2, containing
EGDMA cross-linker, the corresponding Km and Vmax values
were found to be 0.21 mM and 4.6 3 1025 mM min21,
respectively (Table 2, Fig. 1).

We have also evaluated polymer 2 under turnover con-
ditions12e by increasing the substrate concentration, while
keeping the amount of polymer constant. Pseudo-first-order
rates were determined and it was found that polymer 2 displayed
efficient catalysis even in the presence of a 10-fold excess
concentration of pNPP (Table 3). A unique feature of our

Table 1 Estimated copper-loading and pseudo-first-order rate constants for
pNPP hydrolysis in the presence of polymers 1 and 2a

Polymerb

9-Allyladenine:
cross-linker:
Cu(II)

Mg of Cu(II)
(g polymer)21 c kobs/min21 krel

1 DVB, 1+3+1 63.60 1.32 3 1023 2.7 3 103

2 EGDMA, 1+4+1 160.00 5.47 3 1023 1.1 3 104

a All hydrolytic reactions were performed in duplicate in 3 mL of 0.01 M N-
ethylmorpholine buffer in 50% aqueous methanol (pH 8.0, 30 °C).
b Polymer weights were 1 mg in 3mL of buffer, corresponding to 0.33 and
0.84 mM of Cu2+, if polymers 1 and 2 were completely soluble in buffer and
substrate concentrations were 3.3 and 8.4 mM, respectively. c Determined
by AAS (AAS-300 Analyst, Perkin Elmer) and ICP (Integra XL, GBC)
measurements.

Fig. 1 Lineweaver–Burk plot of Cu(II)-metallated EGDMA cross-linked
adenine nucleobase polymer 2.
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polymers is that they could be easily recycled. In a typical
procedure, after pNPP hydrolysis, the reaction mixtures were
centrifuged; polymers were filtered off and washed with
copious volumes of 50% aqueous methanol. Washed and dried
polymers were then reused for the catalysis of a subsequent
hydrolytic reaction. Both of the polymers were reused thrice and
the initial velocities, depending on the release of p-ni-
trophenolate anion, were found to be similar to the values
obtained by using fresh polymeric catalysts (data not shown).

It is tempting to attribute a differential rate enhancement
between the two polymers to the high loading of Cu(II) in
polymer 2. Unmetallated, cross-linked adenine polymers failed
to catalyze pNPP hydrolysis over an extended period of time
(data not shown), thereby indicating a crucial role of co-
ordinated metal ion in accelerating the hydrolytic reaction.
There are some literature reports that describe polymer-based,
non-enzymatic hydrolysis of activated phosphate esters and
RNA.4c,12a–f We have also introduced a novel matrix of cross-
linked nucleobase polymers and have exploited metal coordina-
tion capability of adenine nucleobase for phosphate monoester
hydrolysis. Turnover and recycling experiments indicate that
these molecules are robust, possess high catalytic efficiency,
and are amenable to recycling. Importantly, the heterogeneous
nature of our catalyst can be utilized for its convenient removal
at the completion of reaction.

The precise mechanism of monophosphate ester hydrolysis
by metallated nucleobase polymers is unclear at the present
time. Experiments are underway to elucidate the mechanism
and to evaluate the catalytic assistance of these polymers for the
hydrolysis of amides, esters, dinucleotides and nucleic acids.
Moreover, we are also in the process of developing soluble,
nucleobase containing polymeric matrices for effecting homo-
geneous catalysis of the above mentioned reactions.

We would like to thank Mr D. Saran for his contribution to
the initial phase of this project and FEAT Lab, IIT-Kanpur, for
AAS/ICP measurements. Financial support from the Council of
Scientific and Industrial Research (CSIR) is gratefully ac-
knowledged.
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Table 2 Michaelis constants and maximal velocities of Cu(II)-containing
adenine polymers for pNPP hydrolysisa

Polymerb Km/mM Vmax/mM min21

1 1.01 2.55 3 1025

2 0.21 4.6 3 1025

a All hydrolytic reactions were performed in duplicate in 5 mL of 0.01 M N-
ethylmorpholine buffer in 50% aqueous methanol (pH 8.0, 30 °C), pNPP
concentrations, [S]: 0.5–2.0 mM and 0.25–1.5 mM (for polymers 1 and 2,
respectively). b Polymer weights were 1 mg in 5 mL of buffer, correspond-
ing to 0.2 and 0.5 mM of Cu2+, for polymers 1 and 2 respectively, if the
polymers were completely soluble in buffer.

Table 3 Turnover experimentsa

Molar ratio of Cu(II)
present in EGDMA
adenine polymerb:
pNPP

Pseudo-first-order
rate constant kobs/
min21

1+1 1.69 3 1023

1+3 2.39 3 1023

1+10 5.47 3 1023

a All hydrolytic reactions were performed in duplicate in 3 mL of 0.01 M N-
ethylmorpholine buffer in 50% aqueous methanol (pH 8.0, 30 °C);
b Polymer weights were 1 mg in 3 mL of buffer, corresponding to 0.84 mM
of Cu2+, if polymer 2 was completely soluble in buffer.
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Using a template-based method to molecular self-assembly,
the ability of ferrocene (FcH) and two of its acetylated
derivatives [FcAc, 1,1A-Fc(Ac)2] to induce formation of a
supramolecular deep cavity based upon C-methylcalix[4]re-
sorcinarene 1 and 4,4A-bipyridine 2, 1·2(2), 3, is revealed;
equatorial inclusion of 1,1A-Fc(Ac)2 within 3 promotes a
change in conformation of the guest.

Ferrocenes are attractive guests for studies involving facets of
second sphere coordination in which molecular receptors serve
as hosts.1,2 The cyclopentadienyl (Cp) rings of such complexes
can be readily derivatized and, upon interacting with the surface
of a receptor, may adopt a conformation not exhibited by the
free molecule which, in turn, may influence properties of the
guest (e.g. reactivity).3 Despite this realization, it is surprising
that little structure information exists concerning the interaction
of ferrocene (FcH) with most receptors designed to date, an
observation likely related to the relatively large size of the
complex. a-Cyclodextrin was the first receptor shown to
assemble with FcH in the solid state, in the form of a 2+1
assembly [2(a-CD)·FcH],4 while a hemicarcerand has been
recently illustrated to encapsulate the molecule in a 1+1 host–
guest complex (HC·FcH).5 In each case, the included FcH is
located within a symmetric cavity such that the Cp rings of the
molecule are surrounded by identical chemical environments,
which, in effect, prohibits any degree of discrimination, in terms
of recognition, among the rings.6

Our approach to the construction of a host able to recognize
FcH, and its derivatives (FcR), involves the use of a supramo-
lecular cavity based upon Högberg’s resorcin[4]arenes.7 In
particular, extensive work has demonstrated that co-crystalliza-
tion of C-methylcalix[4]resorcinarene 1 with 4,4A-bipyridine 2
typically yields a one-dimensional, wave-like polymer, 1·2(2),
3, in which the cavity of 1 is deepened supramolecularly,8
interacting with four stacking pyridine units of 2 by way of four
O–H···N hydrogen bonds.9 The cavity created by the five
molecules, which may be induced to form by way of guest
templation,10 is flexible, being able to accommodate either
single or multiple guests by way of a conformational reorgani-
zation of the network 3.9

With the observation that hemicarcerands recognize FcH
realized,5 we sought to determine whether 3 may be exploited in
a similar manner. In contrast to the cavities cited above, the
cavity of 3 is polar and, therefore, may be used to control the
orientation, and possibly the conformation, of a ferrocene guest
in which the structure of the guest is dictated by the electron-
rich, bowl-shaped cavity of 1.6 Here, we reveal the ability of 3
to serve as a host for FcR. In particular, using a template-based
method to molecular self-assembly,10 we demonstrate the
ability of FcH in 3·FcH, and its mono- (FcAc) and 1,1A-di-
acetylated [Fc(Ac)2] derivatives in 3·FcAc and 3·Fc(Ac)2,
respectively, to assemble within 3 such that each FcH guest
interacts with the cavity of 1 in a ‘side-on’, or equatorial
fashion. For 3·Fc(Ac)2, the Cp rings of the complex adopt a 1,1A-
eclipsed conformation11 which contrasts a 1,3A-staggered struc-

ture for the free molecule.12 To our knowledge, 3·FcH, 3·FcAc
and 3·Fc(Ac)2 represent the first examples in which metal-
locenes have been isolated within a resorcin[4]arene in the solid
state.‡

Addition of FcH (0.020 g) to a boiling aliquot of EtOH (5
mL) in the presence of an equimolar amount of 1 (0.058 g) and
two molar equivalents of 2 (0.033 g) yielded, upon slow
cooling, a microcrystalline powder with yellow–orange crystals
of 3·FcH suitable for X-ray analysis within a day. The
formulation of 3·FcH was confirmed by single crystal X-ray
analysis§ and 1H NMR spectroscopy.

A space-filling view of the X-ray crystal structure of 3·FcH is
shown in Fig. 1. The FcH guest, which lies across a
crystallographic mirror plane, has assembled within the wave-
like framework 3 [polymer wavelength (l) 25.4 Å; amplitude
(ampl.) 19.3 Å],9 which is propagated along the crystallo-
graphic b-axis [O···N separations (Å): O(1)···N(1) 2.74(11),
O(2)···N(2) 2.68(13)], such that the sandwich complex interacts
with 1 in an equatorial fashion. In this arrangement, the Cp–Fe–
Cp axis of the iron complex is pointed in a direction that runs
approximately parallel to the direction of the hydrogen bonds of
3 such that the Cp ligands of the guest, which adopt an
approximate eclipsed D5h conformation,13 interact with 1 and 2
by way of C–H···p interactions.14 Notably, the fit displayed by
1 and FcH markedly contrasts that of HC·FcH in which the
sandwich complex is included axially,5 the principal rotation
axes of host and guest being approximately coincident.  In both
2(a-CD)·FcH4 and HC·FcH,5 the Cp rings of the FcH guest
adopt a staggered D5d conformation.13

The observation that 3 may host FcH in the solid state
suggested that 3 may be used to host derivatives of the complex.
Indeed, 3 has been shown to accommodate guests of various
size by modifying the relative orientations of the components of
the host which results in a conformational change of the
network.9 If achieved, we anticipated that it may be possible to
control stereochemical features of a ferrocene guest in which
the substituents of the Cp ligands, owing to their electronic
nature, may be directed either in or out of the cavity of 1.6

To test this hypothesis, 1 (0.040 g) was co-crystallized with
two molar equivalents of 2 (0.023 g) from a boiling aliquot of
EtOH (5 mL) in the presence of a molar equivalent of either

† Published as NRCC no. 43832.
Fig. 1 Space-filling view of guest inclusion in the X-ray crystal structure of
3·FcH.
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FcAc or Fc(Ac)2. Yellow and red crystals of 3·FcAc and
3·Fc(Ac)2, respectively, suitable for X-ray analysis grew within
a day. The formulations of 3·FcAc and 3·Fc(Ac)2 were
confirmed by single crystal X-ray analysis§ and 1H NMR
spectroscopy.

An ORTEP perspective of the X-ray crystal structure
3·Fc(Ac)2 is shown in Fig. 2(a). In a similar way to 3·FcH, the
guests have assembled within 3 such that both complexes lie
within 1 in an equatorial fashion and the Cp rings of the guests,
which run in a direction parallel to the hydrogen bonds of 3
[O···N separations for 3·FcAc and 3·Fc(Ac)2 (Å): O(1)···N(1)
2.660(3), 2.705(3), O(2)···N(3) 2.710(3), 2.683(3), O(5)···N(2)
2.649(3), 2.762(3), O(6)···N(4) 2.758(3), 2.633(3), respec-
tively], interact with 1 and 2 by way of C–H···p forces [3·FcAc
and 3·Fc(Ac)2: polymer l (Å): 27.0, 26.6; ampl. (Å): 18.4, 18.5,
respectively]. In this arrangement, the electron-rich carbonyl
substituents of the guests are directed away from the cavity of 1
such that the substituents, which, as in the free molecules,12,18

are approximately co-planar with the Cp rings, lie above the
wider rim of 1. For 3·Fc(Ac)2, the acetyl groups of the
disubstituted complex, in contrast to free Fc(Ac)2 and most 1,1A-
disubstituted ferrocenes which tend to crystallize in a 1,3A-
conformation,19 adopt a 1,1A-conformation such that the
substituents are eclipsed [Fig. 2b].¶ Indeed, this latter observa-
tion may be attributed, in part, to the electron-rich nature of the
cavity of 3 which, upon maximizing attractive non-covalent
forces between host and guest, has induced the molecule, by
way of second sphere coordination,1,2 to adopt a structure of a
less preferred conformer.12,19

In this report, we have revealed the ability of 1, with a cavity
deepened supramolecularly,8 to entrap FcH, and two of its
acetylated derivatives, in the solid state. Owing to the ability of
1 to interact with the complex in an equatorial fashion, we have
shown that it is possible to effect the conformation of a
ferrocene guest such that, for Fc(Ac)2, the substituents of the
complex lie eclipsed. With such observations realized, we plan
to determine if more reactive derivatives of FcH may be
entrapped within 3 such that the substituents of the Cp rings may
undergo reaction in the solid state.20 We are also investigating
whether 3 may be used as a host for other transition-metal-based
complexes in which the structure behaviours of such organic–
organometallic host–guest materials are expected to be gov-
erned by the supramolecular properties of 3 by way of second-
sphere coordination.1,2

We are grateful for funding from the National Research
Council of Canada (WES undergraduate scholarship, H. A. S.)
and the Natural Sciences and Engineering Research Council of
Canada (graduate scholarship, J. L. R.).
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The potential use of olefin metathesis reactions in carbohydrate
chemistry is discussed. In recent years, the use of olefin
metathesis reactions for the construction of carbon–-carbon
bonds has significantly expanded with the development of
efficient and well-defined catalytic systems (1–7). These cata-
lytic systems have found extensive use through cross-meta-
thesis, ring-closing metathesis and ring-opening metathesis
reactions for the syntheses of many carbohydrate-containing
natural products. In some cases it has been shown that
carbohydrate molecules can be synthesized from non-carbohy-
drate precursors using this simple but efficient procedure.

Introduction
The use of olefin metathesis in organic synthesis has grown
considerably in recent years.1,2 This simple procedure does not
require the use of any additional reagents except for a catalytic
amount of metal carbene, and the only by-product that forms is
volatile ethylene gas. The importance of this carbon–carbon
bond construction method is evident from the huge number of
publications that have appeared within a short span of time.3–5

Olefin metathesis can be categorized into three different
sections: (1) cross-metathesis, in which two different alkenes
undergo an intermolecular transformation to form a new
olefinic product (eqn. 1); (2) ring-closing metathesis, a
procedure which is useful for the formation of cyclic com-
pounds (eqn. 2); and (3) ring-opening metathesis polymeriza-
tion, which involves the metathetic opening of strained cyclic
olefins to give polymeric compounds (eqn. 3).

Although many examples of cross-metathesis, ring-closing
metathesis and ring-opening metathesis reactions are available
in the literature, only carbohydrate-related applications reported
up to September 1999 will be discussed herein. Some
interesting discoveries (cyclotrimerization, isomerization) from
our laboratory using Grubbs’ catalyst will also be discussed.

Catalyst development
The early examples of olefin metathesis employed classical
catalysts which usually included a tungsten chloride or
oxychloride and an alkyl metal species. These catalysts were
less reactive to olefins due to their increased stability and yields
were generally found to be low.6–8 The other established
catalyst is dichlorobis(2,6-dibromophenoxy)oxotungsten,
Cl2(ArO)2WNO.9 Although this system shows good functional
group tolerance and has been used for many syntheses, it is
considered to be unsuitable for industrial applications owing to
its complexity and cost. Olefin metathesis began to receive
more attention in 1993, when Basset and co-workers developed
and applied the tungsten catalysts 1 and 2 for cross-metathesis
reactions.10,11 To date, these have been successfully shown to
be remarkably tolerant to heteroatoms, including sulfur, silicon,
phosphorus, and tin. Since the use of this catalyst is limited
because of its steric demand toward shorter alkenes, such as
allyl groups, researchers have searched for alternative catalytic
systems for olefin metathesis reactions. One of the most useful
catalysts for olefin metathesis reactions is the molybdenum
catalyst (3) developed by Schrock et al.12 Although the major
advantage of 3 is its high reactivity towards a broad range of
substrates with a variety of functional groups, this catalyst also
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has some limitations. Its major drawbacks are that it is air
sensitive and has moderate to poor functional group tolerance.
Much work on the development of catalytic systems has been
done by Grubbs and co-workers using two very important
ruthenium-based catalysts, 413 and 5.14 Although both catalysts
benefit from the same impressive tolerance to air, moisture and
various functional groups, catalyst 5 provides improved initia-
tion rates and can be prepared easily. In addition to the catalytic
systems discussed above, a few other transition metal catalysts
have been prepared for olefin metathesis reactions. Among
them, the water soluble ruthenium catalyst 6,15 also developed
by Grubbs and co-workers, and a photoinducible dichloro(p-
cymene)ruthenium(II) dimer (7), developed by Fürstner and
Ackermann,16 are noteworthy. Many applications of these
catalysts have been recently reported in the literature. Although
several metal carbenes have been mentioned, we have endeav-
oured to cover only the catalytic systems which have been used
in carbohydrate chemistry.

Cross-metathesis
The cross-metathesis reaction, in which two different alkenes
are used to form a new alkene, is shown in eqn. 1. This method
has not found widespread application because of the fact that
general conditions which give rise to high yields and stereo-
selectivity have not yet been discovered. With the development
of new, well-defined metal alkylidenes and a better under-
standing of the nature of the reaction mechanisms involving
these catalysts, some examples of selective cross-metathesis
reactions have recently appeared in the literature. Thus,
Blechert et al.17 have shown that allyltributyl or allyltriphenyl
stannane can undergo selective cross-metathesis reactions with
allyl 2,3,4,6-tetra-O-acetyl-b-D-glucopyranoside (8) using
Schrock’s catalyst 3 (Scheme 1). The cross-metathesized

product 10 could be very useful for nucleophilic additions to
electrophilic carbon centres and for radical reactions.

Descotes et al.18 have chosen this procedure as the most
efficient method for the preparation of sugar bolaamphiphiles
(19–25) in good yields (Scheme 2). Glucosides protected as

acetates (12) or silyl ethers (13) were found to be superior
substrates to benzyl-protected carbohydrates (14) in metathesis
reactions. The same group has also successfully extended this
methodology to the N-acetyl aminosugar 15. Catalysts 1 and 2
were found to be active with pentenyl glycosides, whereas allyl
glycosides did not afford any metathesis products; again the
catalysts were deactivated by competitive coordination of the
ether oxygen to the metallocarbenes. Metathesized products
were synthesized in good yields, but the cis+trans ratios were
not determined.

Recently, Grubbs et al.19 have used the cross-metathesis
reaction between C-allyl a-D-glucopyranoside and disubstituted
olefins to supress the formation of self-metathesis products
(Scheme 3). Homodimer 27 was subsequently used to function-

alize C-allylglycoside (26) in 73% yield as a mixture of cis and
trans isomers in a 3+1 ratio. In order to compare the yield and
isomeric ratios, they performed the reaction with 4 equiv. of the
terminal olefin 29. The cross-metathesized product 28 was
isolated in a marginally lower yield with slightly lower trans-
selectivity (68%, 2.2+1 E+Z).

We have shown that peracetylated O-allyl b-galactoside (30)
can be easily homodimerized in the presence of Grubbs’ or
Schrock’s catalyst (Scheme 4).20 Since, in both cases, the yields
were found to be more or less the same, catalyst 5 was preferred

Scheme 1

Scheme 2

Scheme 3
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because of its operational simplicity. Various other homodimers
were synthesized using the same catalyst 5 (Table 1).

In order to investigate the influence of unprotected glycosides
in metathesis reactions, we have shown21 that the reaction
proceeds smoothly with catalyst 5 at room temperature rather
than under refluxing conditions, where O-allyl (32) and O-
pentenyl mannopyranosides (33) gave homodimers 37 and 38 in
good yields. Compounds 34 and 35 also provided homodimers,
39 and 40 in 95 and 66% yields, respectively (Scheme 5). The
sterically more demanding C-vinyl glycoside (36) can undergo
olefin metathesis reaction at elevated temperatures (70 °C)
albeit slowly (Table 2).

Olefin metathesis has also been used for the synthesis of
divalent sialoside derivatives.22 Treatment of allyl O-a-
sialoside (42) with 5 mol% of Grubbs’ catalyst (5) in refluxing
dichloromethane gave homodimer 44 in 82% yield. The
corresponding thio-analogue, 43, gave homodimer 45 in only
26% yield. Undoubtedly, the lower yield was due to catalyst-
poisoning by the sulfide moiety (Scheme 6).

Synthesis of O- and C-glycosides 30 and 46 with differently
functionalized spacers in the aglycon moiety was also carried
out by cross-metathesis reactions from O-allyl and C-allyl
glycosides in good yields (Table 3).23 These extended glyco-
sides can be further transformed by known methods into useful
neoglycoconjugates including glycodendrimers and polymers.
An interesting application of this reaction was the synthesis of

C-linked pseudodisaccharides, which can be synthesized by the
cross-metathesis between two different sugar moieties, using a
head to tail condensation procedure (Scheme 7 and Table 4).

The cross-metathesis of O- or C-allyl glycosides and N-
alkenyl-containing oligosaccharide derivatives (peptoids) has
been reported by Hu and Roy.24 The treatment of a GlcNAc
derivative (35) with N-allylamine in the presence of Grubbs’
catalyst (5) gave no cross-metathesis product, but dimerization
of 35 was achieved in 30% yield. Alternatively, the use of amine
61 in the cross-metathesis reaction with 35 gave 62 in 41%
yield. This was a surprising result, since free carboxylic acids
are not considered to be good substrates for olefin metathesis
reactions (Scheme 8).

The cross-metathesis reaction involving polymer-bound
olefins has more potential benefits because product isolation
should be easier. In an interesting application of the cross-
metathesis reaction on a solid support, Blechert et al.25 have

Scheme 4

Table 1 Olefin self-metathesis of alkenyl O- and C-glycopyranosides

Scheme 5

Table 2 Olefin self-metathesis of alkenyl O- and C-glycopyranosides

Scheme 6
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reported the metathesis reaction between immobilized allyl
silane 63 with various olefins (e.g., 63a) to give new
immobilized olefins. Product 64 could be cleaved under acidic
conditions to provide the homologated derivative 65 (Scheme
9).

In another solid-support application, Schuster and Blechert26

have reported a catalytic cross-coupling reaction between the
functionalized terminal alkynes 66 and allylsilyl polystyrene,
63, via a more selective ruthenium-catalyzed crossed yne–ene
metathesis reaction. Upon cleavage of 67 by 1.5% TFA, the
procedure afforded the 1,3-diene 68 (Scheme 10).

Ring-closing metathesis
Among all the categories, ring-closing metathesis (RCM)
reactions, which lead to cyclic products, have found the widest
application in synthesis. With the advent of well-defined
molybdenum- and ruthenium-based catalysts, high yielding

Table 3 Isolated yields and E+Z ratios of ruthenium catalyzed cross-metathesis of 30 with alkenes 47–54 to provide extended glycosides

Scheme 7

Table 4 Isolated yields and E+Z ratios of ruthenium catalyzed cross-
metathesis of a C-allyl galactoside derivative (46) with alkenes 55, 57 and
59

Entry Starting
material

Equiv. Product Yield E+Zratio

1 55 2 56 50 100+0
2 55 4 56 75 100+0
3 57 2 58 67 4+1
4 59 2 60 89 2+1

Scheme 8

Scheme 9

Scheme 10
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RCM of smaller ring systems was realized. It has been
successfully used for the synthesis of a variety of carbo- and
heterocyclic products and has also proven to be the key step for
many total syntheses.

Huwe and Blechert27 have chosen this novel strategy for the
synthesis of azasugars from vinyl glycine methyl ester using
catalyst 4. They have shown that compound 69 is not suitable
for olefin metathesis reactions (Scheme 11). Hydrolysis of 69
with NaOH in aqueous ethanol and subsequent treatment with
di-tert-butyldicarbonate [(Boc)2O] gave 71. Olefin metathesis
of 71 with 4 mol% of catalyst 4 gave a good yield of the RCM
product 72 (95%). Compound 72, on subsequent epoxidation
and hydride opening of the epoxide, gave the 1,2-dideoxy sugar
76.

In an another application, the same group28 applied the
Sharpless dihydroxylation method to obtain 1-deoxy azasugars
(e.g., 74 and 75). They also used an analogous strategy toward
the synthesis of the homoazasugar 79 from vinyl glycine methyl
ester (Scheme 12).

Descotes et al.29 have used catalysts 1 and 2 for an
intramolecular carbohydrate macrocyclization. Thus, diluted
solutions of the unsaturated substrates 80–83 in chlorobenzene
when treated with 7 mol% of catalyst 1 at 80–85 °C afforded the
cyclic products 84–87 in reasonable yields (56–73%). It has
been observed that homodimerization of the starting material
did not occur during the metathesis reaction. The results of the
metathesis reaction are summarized in Scheme 13. The
cyclization took place between the substituents at C1 and C6

which are in a cis-configuration. Thus, the chemoselectivity of
the reaction could be controlled by the anomeric configura-
tion.

Sturino and Wong30 have made some interesting observa-
tions. They have reported the ring-closing metathesis of the
vinyl ethers 89, 91 and 93 with Grubbs’ catalyst (5) (Scheme
14). Although compound 89 gave the cyclic product 90 in 69%
yield, compound 91 was inert. They concluded that the presence
of an allylic alkoxy substituent has a negative influence on the
RCM reaction. As an exception to this finding, it was shown that
compound 93 can give 94 due to the Thorpe–Ingold effect of the
gem-dimethyl substituents.

A novel and versatile route to highly functionalized chiral
oxepines, which is based on RCM of differently protected
glycofuranoses,31 has been developed by van Boom et al. Thus,
treatment of 97, which can be easily prepared from 2,3,5-tri-O-
benzyl-D-arabinofuranose (95), with 5 mol% of the Ru-catalyst
5 in toluene at 50 °C for 24 h gave the expected cyclized
product, 98 (Scheme 15). The success of this smooth cyclization
of the vinyl-O-allyl derivatives encouraged this group to
prepare interesting oxepanes, such as 100. The RCM of 99 led
to the formation of 100 as a mixture of diastereoisomers (1+1)
in 55% yield. These compounds are potentially useful synthons
for the construction of higher carbon sugars.

Recently, it has been shown32 that the RCM reaction can be
used as a highly stereoselective route to unsaturated spiroacetals

Scheme 11

Scheme 12

Scheme 13

Scheme 14
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starting from a terminal alkene–O–alkene arrangement at the
anomeric centre of a sugar. Thus, the reaction of 102 in the
presence of Grubbs’ catalyst (5) (6 mol%) at 60 °C for 16 h gave
the 1,6-dioxa-(5R)-spiro(4,5)dec-3-ene derivative 103 in ex-
cellent yield (95%) (Scheme 16). Interestingly, it has also been

shown that similar treatment of diene 105 did not lead to the
expected spiro compound, 106. Instead, a dimeric product was
isolated. The formation of this dimer could not be prevented by
lowering the concentration of the substrate with a larger amount
of catalyst. It has been concluded that the RCM reaction
depends on the site of the ring closure rather than the ring
size.

The ring-closing metathesis of the acryloylated derivatives
111 and 108, derived from allylic and homoallylic alcohols,
appeared conveniently poised to provide five or six-membered
a,b-unsaturated lactones (109 and 112). Unfortunately, this
scenario did not happen to be operational. It could be postulated
that this is due to the formation of unproductive six- (114) and
seven-membered (113) metal chelates, formed between the
ester carbonyl and the intermediate carbene species. These
intermediates were apparently too stable for the subsequent
olefin metathesis reactions to occur.33. However, Ghosh and his
co-workers34 have successfully overcome this problem by
adding the external Lewis acid [Ti(iOPr)4], which can disrupt
such inactive complexes and can provide effective cyclization.
These methods provide convenient access to a,b-unsaturated, g
and d-lactones (109 and 112) in good yields (Scheme 17).

The RCM reaction is an important method for the preparation
of carbohydrate derivatives. Recently, Evans and Murthy35

have developed an interesting silicon-tethered ring-closing
metathesis procedure for the synthesis of C2-symmetrical
1,4-diols (115) (Scheme 18). Dihydroxylation of the cyclic
alkene by the Sharpless-protocol and removal of the protecting
groups afforded the reduced carbohydrate D-altritol (118).

Overkleeft et al.36 reported an efficient synthesis of pyrrol-
izidine (121) and quinolizidine (125) azasugar derivatives by
using catalyst 4 or 5. When g-lactam 120, derived from
aldehyde 119 by Wittig olefination, was subjected to an RCM
reaction with catalyst 4, the expected 5/5 bicyclic pyrrolizidine
azasugar (121) was formed (Scheme 19). Although the reaction
required prolonged reaction time and elevated temperature (50
°C), compound 121 was still isolated in 66% yield. In other
examples, the quinolizidine derivative 125 could be derived
from either 122a or 122b using catalyst 4 or 5.

The same group37 has reported a formal total synthesis of the
important glucosidase inhibitor castanospermine 130 using
olefin metathesis as a key step. It is noteworthy that the
cyclization of diene 126, which contains an a,b-unsaturated
ester (not usually suitable for metathesis reactions), reacted with
catalyst 4 to give the bicyclic lactam 127 in 70% yield (Scheme
20).

In the synthesis of C-aryl glycosides, Schmidt and Sat-
telkau38 have used the RCM strategy as the key step (Scheme
21). An interesting feature of their approach was that protecting

Scheme 15

Scheme 16

Scheme 17
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groups, normally necessary for C-glycoside synthesis, were not
required for the success of the reaction.

Another approach toward the synthesis of C-glycosides was
reported by Calimente and Postema,39 in which RCM was
employed as a key step for the intramolecular cyclization. The
starting material, 138, was prepared from the corresponding
glycal, 137, in a few steps. Exposure of the acyclic enol ether
138 to catalyst 3 in toluene solution produced the C-linked
glycal 139 in 72% yield. It was further suggested by the
authors39 that glycal 139 could then be easily converted into a
C-glycoside (140) by an oxidative hydroboration (Scheme
22).

An efficient and practical method for the preparation of
valiolamine has been described.40 The starting material, 141,
was easily prepared from a D-arabinose derivative and the ring-

closing metathesis reaction proceeded smoothly (92% crude
yield) to provide the substituted cyclohexene derivatives 142
and 143 as a 7+3 mixture of stereoisomers that could be
separated by HPLC (Scheme 23). Interestingly, when the

reaction was subjected to the RCM conditions using Grubbs’
catalyst, the reaction failed, but proceeded effectively using
Schrock’s catalyst at room temperature. After separation of both
isomers, compound 143 was subjected to a cis-aminohydrox-
ylation toward the synthesis of valiolamine (144) and its isomer
(145).

An efficient synthesis of (+)-valienamine from commercially
available D-glucose has been reported by Vasella et al.41 using
a ring-closing metathesis reaction as a key step. The ring-
closing metathesis of 147, derived by vinylation of ketone 146,
was performed in refluxing CH2Cl2 using catalyst 5. Compound
148 was then converted into (+)-valienamine in three steps with
a 47% overall yield (Scheme 24).

Five-, six- and eight-membered annulated sugars along with
spiro systems can also be prepared in good yields.42 The
Grignard reaction between 150 and vinylmagnesium chloride
gave two stereoisomers, 151 and 152 (Scheme 25). The ring
closing metathesis reaction of 151 with catalyst 5 gave the five-
membered annulated sugar 153 in only 15% yield, due to the
steric hindrance from the trans-fused 5-6 ring system in the
product. For six-membered ring annulation, the starting materi-
als (154 and 155) were prepared by the Grignard reaction of 150
with allylmagnesium chloride. Thus, the reaction of 155 and 5
involved ring-closing metathesis to produce the annulated sugar
derivatives 156 in 80% yield. The structures were unambigu-
ously determined by X-ray crystallography. Clearly, there was
no steric impediment to the formation of the cis and trans 6-6

Scheme 18

Scheme 19

Scheme 20

Scheme 21

Scheme 22

Scheme 23

Scheme 24
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ring system in both structures. Analogously, spiro-fused
dihydropyran derivatives, such as 160 and 162 (Scheme 25)
could also be obtained by efficient intramolecular ring-closing
metathesis reactions involving allylic ethers 159 and 161. Both
derivatives were obtained from the same progenitor ketone
(157) following the strategy described for 150 above.

In connection with the synthesis of annonaceous acetogenins
and their analogs, ring-closing metathesis of unsaturated esters
(163–165) has been used toward the synthesis of 9- to
15-membered-ring lactones (166–168) in moderate to good
yields (Scheme 26).43 The RCM reaction proceeded slowly and
the corresponding lactones were isolated together with ca. 10%
of the corresponding dimers. The yield was high in the case of
168 because of the formation of a 9-membered-ring lactone.
Due to polymerization, the isolated yields of the 11- and
15-membered-ring lactones were moderate. When slow syringe
pump addition was carried out, the yields were slightly better,
but the formation of the corresponding dimers (169 and 170)
was not prevented.

Recently, Fürstner and Muller44 have synthesized the
disaccharide fragment of tricolorin A (173) via ring-closing
metathesis as the key step (Scheme 27). Tricolorin A exhibits
significant cytotoxic properties against cultured P-388 and
human breast cancer cell lines. The key intermediate was
prepared via a multistep process. When disaccharide 171 was
treated with catalyst 4, the cyclized product 172 was formed.
The free hydroxy group in the substrate did not interfere with
the RCM, thus illustrating again the excellent compatibility and
selectivity of Grubbs’ catalyst. Hydrogenation of the crude
19-membered cycloalkene (E/Z mixture) afforded the desired
cyclic disaccharide 173 in 77% yield (two steps) and completed
the formal synthesis of tricolorin A.

Ziegler and Wang45 completed the direct synthesis of
(+)-cyclophellitol from a carbohydrate precursor, D-xylose
(Scheme 28). Ru-catalyzed ring-closing metathesis of the diene

175 led to the efficient formation of the cyclohexene 176 in 92%
yield. Compound 176 was converted to the final target
(+)-cyclophellitol 178 in a few further steps.

In the enantioselective total synthesis of the antifungal agent
Sch 38516 (180), Houri et al.46 have again used the RCM
reaction as the crucial step (Scheme 29). The glycoside 179 was
treated with Schrock’s catalyst (3) to provide 180 as a single
cycloalkene in 90% yield.

Scheme 25

Scheme 26

Scheme 27

Scheme 28
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Ring-opening metathesis
The ring-opening metathesis (ROM) reaction is a variation of
the cross-metathesis reaction, where one of the olefin partners is
a cyclic alkene and the driving force is the strain in the starting
material that is released during the process (eqn. 3). Although
this reaction is very useful in synthetic organic chemistry, the
poor chemo-, stereo- and regio-selectivity have limited the
synthetic utility of this reaction and, to the best our knowledge,
there is no example of ROM in carbohydrate chemistry. On the
other hand, in the absence of a second open-chain olefin, the
metal-carbene intermediate formed by the reaction between the
cyclic olefin and the catalyst can react with a series of cyclic
olefins to give polymers. The application of this method
(ROMP) has been greatly expanded by highly active and well-
defined catalysts. Some examples of this method have app-
peared in the literature. A key advantage of the ROMP reaction
is that the polymerization can be living, that is, the elongation
can proceed more rapidly than termination or chain transfer.
This living polymerization method offers new opportunities for
oligomer synthesis.

Nomura and Schrock47 have shown the formation of various
kinds of norbornene-based homopolymers and multiblock
copolymers (182, 184) that contain protected sugars by ring-
opening metathesis polymerizations of 181 and 183 using the
Mo-catalyst 3. The acetal groups in polymers containing
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose residues can
be hydrolyzed rapidly under acidic conditions to afford useful
water-soluble ‘sugar-coated’ polymers (Scheme 30).

The polymerization of an unprotected norbornene N-acyl-
glucosamine derivative 185 has been reported in an aqueous–
organic two phase system by Grubbs and Fraser48 using catalyst
4, since this catalyst is not sensitive to alcohol functionality
(Scheme 31).

Recently, Kiessling and co-workers49 have shown that the
ROMP reaction can be used to create a polyvalent carbohy-
drate-bearing polymer that can block protein-initiated cell
agglutination. Thus, the treatment of 187 with RuCl3·H2O in
H2O afforded a good yield of the glycopolymer 188 (Scheme
32). This novel application of ROMP to the synthesis of

polyvalent carbohydrate polymers offers new opportunities for
the design of materials for modulation of cell adhesion,
immobilization of particular cell types, and study of multi-
valency in extracellular interactions.

In an another application, Kiessling et al.50 described ring-
opening metathesis polymerization to generate collections of
multivalent saccharide displays in which the number of repeat
units within a set was systematically varied (Scheme 33).

Acetylene metathesis
We have recently found that 2-propynyl glycosides can undergo
a cyclotrimerization reaction in the presence of Grubbs’ catalyst
to give a mixture of regioisomeric aryl glycosides (Scheme 34,
Table 5).51 As oligosaccharide mimetics, such molecules may
find biological utility as ‘cluster-type ligands’ and may help to
elucidate binding specificity in multiple carbohydrate–protein
interactions.
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Scheme 30

Scheme 31

Scheme 32

Scheme 33
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Isomerization
An unexpected52 isomerization product, 198, was isolated in
30% yield, instead of the anticipated cross-metathesis com-
pound, when the cross-metathesis reaction between N-allyl-
tritylamine and allyl 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
side 30 was carried out with catalyst 5. Furthermore, neither a
sugar nor a N-allyltritylamine dimer could be detected.
Treatment of 30 with 1,4-diazabicyclo[2,2,2]octane (DABCO)
in the presence of Grubbs’ catalyst (5) afforded only 4% of the
isomerized product, 198, together with 40% of allyl a-D-
galactopyranoside homodimer. Similar results were obtained
when triethylamine was used as base. Neither isomerization nor
metathesis products were detected when diethylamine or
pyridine were used. The isomerized product 198 was obtained
with the highest yield when 30 was treated with diisopropyl-
ethylamine (DIPEA) in the presence of Grubbs’ catalyst (5).
However, all the isomerization yields of these reactions were
still very low in the absence of N-allyltritylamine. When both N-
allyltritylamine and 1 eq. of DIPEA were simultaneously used
in the reaction, the isomerization yield was improved dramat-
ically to 80%. Furthermore, no self-metathesis product could be
detected. The new catalytic system offers a novel procedure for
the cleavage of allyl ethers/acetals to provide reducing sugars
such as 199 (Scheme 35).

Conclusions
The results outlined herein show that olefin metathesis has
already proven to be an efficient method in synthetic organic

chemistry. With the development of well-defined catalytic
systems (1–7) and a better understanding of the nature of these
catalysts, selective cross-metathesis, ring-closing metathesis
and ring-opening metathesis reactions have started to appear in
the literature. It has been shown that this efficient reaction
provides diverse types of new alkenes, including some total
syntheses of carbohydrate-containing natural products which
can not be readily obtained by other known procedures,
especially involving closure of large rings (macrocycles). While
this review was under preparation, several other examples
appeared in the literature53–64 and we apologise to those
investigators whose work could not be summarized herein.
Ongoing work to search for even more active and tolerant metal
complexes promises further interesting and useful work
ahead.
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The aromatic steroid equilenin acetate undergoes regiose-
lective and stereoselective hydroxylation and amidation
catalyzed by a manganese porphyrin using iodosobenzene
(PhIO) and N-tosyliminophenyliodinane (PhINTs) as the
oxygen and nitrogen donor, respectively. 

It is important to develop chemical methods for the re-
giospecific oxidation of natural products such as steroids to
replace microbial fermentations that are currently used.1
Biochemically, such oxidations are normally performed by the
heme-containing cytochrome P-450 class of enzymes, and
metalloporphyrins have been studied as models for these
enzymes.2 We have recently reported the regiospecific catalytic
hydroxylation of steroids, using a water soluble porphyrin
carrying hydrophobic binding units, that performs efficient and
specific oxidations directed by the well defined geometry
between the catalyst and substrates.3–5 Herein, we report that
the aromatic steroid equilenin acetate 1 can be hydroxylated and
amidated at very specific positions with good catalytic turnover
by iodosobenzene (PhINO) and N-tosyliminophenyliodinane
(PhI = NTs),6 catalyzed by chloro[5,10,15,20-tetrakis(penta-
fluorophenyl)porphyrinato]manganese (III) 2.

The metalloporphyrin-catalyzed oxidation of substituted
arenes with several oxidants has been studied by the groups of
Baciocchi7 and Meunier.8 Both groups found that quinones
were the dominant products produced from these reactions,
especially in the case of substituted naphthalenes. However,
when we treated a 54 mM solution of equilenin acetate 1 with
270 mM PhINO in the presence of 54 mM chloro[5,10,15,20-
tetrakis(pentafluorophenyl)porphyrinato] manganese(III) 2, no
quinones were produced after 12 h. Instead, the major product
isolated was the 6-hydroxylated product 3, along with a smaller
amount of the 11b-OH product 4 (Scheme 1). No starting
material was recovered. Analytical HPLC studies using a
catalyst:substrate:oxidant mole ratio of 1:50:250 (CH2Cl2,
23 °C, 12 h) resulted in a 57% conversion of 1 to 42% of 3 and
15% of 4, indicating ca. 25 catalytic turnovers (Scheme 1).† 

The products were characterized by MS and NMR spectra.
Compound 3 had a 1H NMR spectrum with one less aromatic
proton than the starting material. COSY spectroscopy con-
firmed coupling between the 1, 2, and 4 protons as well as the
allylic coupling between the 7 and 14 protons, indicating that
hydroxylation occurred at C-6.

Compound 4 lacked the original C-11 benzylic methylene
group signal at 3.3–3.4 ppm, and had a new peak at 5.77 ppm as
expected for a downshifted C-11. The C-11 proton showed
coupling to a methylene group with no other neighbors (C-12),
and also showed NOE coupling to the C-1 proton. This coupling
indicates that the H on C-11 is equatorial, so the OH is on the b
face. This 11-bOH assignment is also consistent with an upfield
shift of the angular methyl group from 0.80 ppm in 1 to 0.72
ppm in 4. The remaining C-14, C-15, C-16 coupled protons and
the aromatic protons were still present.

We first reported the metalloporphyrin catalyzed amidation
of organic compounds in 1982.9 Most recently, Che and
coworkers reported the asymmetric amidation of substituted
naphthalenes using chiral ruthenium and manganese porphyr-
ins.10 We find that such an amidation can also be performed on
the equilenin steroid substrate 1 with good selectivity. A 60 mM

solution of 1 was stirred for 12 h under argon in 1 ml of distilled
CH2Cl2 containing metalloporphyrin 2 (60 mM), PhINNTs (300
mM) and molecular sieves to produce the 11b-amidation
product 5 and trace amounts of 3 and 4, with complete
conversion of starting material (Scheme 2).† In contrast to
hydroxylation, the amidation reaction went completely to the
11b position of the steroid without any detectable amidation at
the 6 position. A mole ratio of 1+50+250 catalyst:substrate+
PhINNTs afforded an 82% conversion of 1 to 30% 3, 5% 4 and
47% 5, as determined by HPLC assay, so there are ca. 40
turnovers.

Compound 5 had the expected MS, and again a downfield
shifted C-11 proton at 5.43 ppm was coupled to the C-12
methylene and showed NOE coupling to the C-1 proton. Thus
the tosylamide group is attached at the 11-b position. The

Scheme 1

Scheme 2
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angular methyl group shifts strongly upfield from 0.80 ppm in
1 to 0.55 ppm in 5.

The hydroxylation products 3 and 4 reflect hydrolysis of the
MnNNTs intermediate by traces of water in the small scale
analytical runs, and they are minimally present in larger
preparative scales. In previous work, we had found that the
enzyme cytochrome P-450 could aminate cyclohexane with
PhINNTs, but that some hydroxylation also occurred in the
water solution.11 Since the relative amount of hydroxylation
depended on the particular isoform of the enzyme used,
hydrolysis of the metalloporphyrin intermediate was the most
likely explanation. The finding that benzylic substitution in
compounds 4 and 5 occurs on the beta face of the steroid must
reflect the stereoelectronic control of the flat conjugated
benzylic radical intermediate in these reactions.

The readily available manganese porphyrin 2 is able to
catalyze the hydroxylation and amidation of an aromatic
steroid. These reactions are especially interesting for their
apparent differences in regiospecific oxidations. Although not
explicitly stated in the literature, metalloporphyrin catalyzed
oxidations of substituted naphthalene compounds have been
reported to afford mostly quinones after aromatic ring hydrox-
ylation in the presence of oxygen donors, whereas they tend to
produce only amides at previously saturated carbon positions in
the presence of PhINTs as the nitrogen donor.7–10

Apparently the oxidations involve preferential oxygen atom
donation to the aromatic ring before hydrogen loss, while the
tosylamidations involve initial hydrogen removal from a
benzylic position. Perhaps aromatic ring addition is more
sterically demanding, and thus more available to a small oxygen
atom than to a large tosylamide group. We see that this
difference generally holds true in the case of equilenin acetate
and provides a method by which steroids of this class can be
functionalized at different positions. Furthermore, the amida-
tion of a steroid substrate can lead to the development of a novel
class of nitrogen containing steroids that may have useful
biological properties.
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3: 1H NMR (CDCl3, 500 MHz): d 7.86 (1H,d, C4-H), 7.82 (1H, d, C1-H),
7.41 (1H, dd, C2-H), 6.29 (1H, d, C7-H), 3.38 (1H, ddd, C14-H), 2.34 (3H,
s, acetate Me), 0.76 (3H, s, C18-Me), 2.8–1.9 (8H, steroid envelope). CI-
MS: m/z = 342 (M + 1 + NH3), 323 (negative, M 2 1). Product 3 in its 1H
NMR spectrum showed one less aromatic proton as compared to the starting

material. COSY spectroscopy confirmed coupling between the 1, 2 and 4
protons as well as the allylic coupling between the 7 and 14 protons. All
remaining aliphatic protons were identified by COSY, also confirming the
identity of the product as C6-hydroxylated equilenin acetate.

4: 1H NMR (CDCl3, 500 MHz): d 8.38 (1H, d, C1-H), 7.83 (1H, d, C6-
H), 7.60 (1H, d, C4-H), 7.37–7.28 (2H, m, C7-H and C2-H), 5.77 (1H, br m,
C11a-H), 3.43 (1H, m, C14-H), 2.39 (3H, s, acetate Me), 0.72 (3H, s, C18-
Me), 2.83–1.91 (6H, steroid envelope). CI-MS: m/z 342 (M + 1 + NH3).
Product 4 COSY indicated coupling of both C15 hydrogens to the easily
identifiable C14 proton at 3.43 ppm. The C15 protons were coupled to the
C16 protons, indicating that oxidation must have occurred on the C11 or
C12 steroid position. The C11 protons, originally at 3.3-3.4 ppm in 2, were
not present in product 4 and a new CH–OH appeared at 5.7 ppm, consistent
with a benzylic oxidation. The relatively large upfield shift of the angular
C18 methyl is inconsistent with C12 oxidation and is furthermore consistent
only with oxidation occurring on the beta face of the last remaining steroid
carbon position at C11 (most C11 a hydroxlations occur with large
downfield shifts of the C18 methyl). Lastly, strong NOE coupling between
the C1-H and the C11a-H indicated that compound 4 was indeed the 11b
hydroxylated product.

In the analytical runs, the formation of products relative to starting
material were monitored with 2-methoxynaphthalene as an internal
standard, comparing NMR ratios and HPLC responses to calibrate the
relative absorption coefficients of the products and starting material in the
UV-VIS HPLC detector.

5: 1H NMR (CDCl3, 500 MHz): d 7.81 (1H, d, C1-H), 7.77 (1H, dd, C6-
H), 7.72 (2H, d, toluenesulfonamide), 7.52 (1H, d, C4-H), 7.31 (1H, dd, C7-
H), 7.29(2H, d, toluenesulfonamide), 7.09 (1H, dd, C2-H), 5.43 (1H, ddd,
C11a-H), 4.45 (1H, d, N–H), 3.36 (1H, m, C14-H), 2.45 (3H, s, toluene
Me), 2.36 (3H, s, acetate Me), 0.55 (3H, s, C18-Me), 2.66–1.96 (6H, steroid
envelope). CI-MS: m/z 495 (M + 1 + NH3). The same COSY pattern was
present as with product 4. The C14 hydrogen was coupled to both C15
hydrogens, which in turn were coupled to both C16 hydrogens indicating
oxidation at C11 or C12. Again, there was a large upfield shift of the angular
C18 methyl, and the new CH-NH at 5.43 ppm is consistent with a benzylic
oxidation. Also, strong NOE coupling between the C1-H and the C11a-H
confirmed 5 as the 11b amidated product.
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Templated silicate molecular sieves exhibiting templated
super-micropores in the range 1.0–2.0 nm and interesting
pore symmetries bearing similarity to the La, SBA-2 (P63/
mmc) and Ma (cmm) phases have been prepared by
exploiting the novel aggregation properties of a new family
of w-hydroxyalkylammonium bolaform surfactants.

Recently, a series of papers have described the formation of
mesostructured silicates1–3 and microporous transition metals
oxides by exploiting the aggregation properties of bifunctional
‘bolaform’ surfactants.4–8 These new templating systems have
produced pillared-lamellar and M41S type mesostructures and
most recently, an intermediate phase possessing the cmm space
group. Unlike earlier work which focused on known surfactant
systems,1 Stucky and coworkers6 exploited new design in
surfactant molecular structure. Indeed mesostructures have
been prepared that do not mimic any known surfactant liquid
crystal phases.6,9

One of the synthetic goals identified early in the development
of this field was the formation of materials possessing regular
pores in the range 1.2–2.0 nm, that would allow shape selective
catalysis of organic molecules too large to be accessed by
zeolites. It is clear that while normal M41S materials exhibit
great promise in the processing of long-chain and bulky
hydrocarbons, they do not possess desirable shape selectivity.2
The elegant preparation of extra-large pore crystalline alumino-
silicate zeolite compositions such as UTD-1,10 the PCH
materials,11 recent efforts at post-synthesis pore-mouth mod-
ification of MCM-4112 and the ubiquitous pillared-clays13 are
among the somewhat few successful efforts at accessing the
super-microporous region.

Here, we report preliminary results of the exploitation of a
new family of w-hydroxy-bolaform surfactants.14,15 These
surfactants have permitted the a priori design of templated
super-microporous silicate structures. Primarily, the w-hy-
droxy-bolaform surfactants form micelles in aqueous solution
with low aggregation numbers and diameters approximately
half those of the parent alkylammonium halide surfactants.15

Secondly, it is implicit from the geometry of the aggregates that
the polar w-hydroxy groups be located near the micelle surface.
Thus, the hydroxy group could conceivably be involved in
additional H-bonding at the organic/water/inorganic interface
thus modifying the effective surfactant headgroup area and thus
the micelle packing and subsequent pore symmetries.

The bolaform surfactants HO(CH2)16NR3
+Br2 (R = Me or

Et), were evaluated as potential templates. The materials we
describe herein were prepared by substituting the new templates
directly into existing M41S synthesis methods16 from the
following gel compositions: 4.0 SiO2: x HO(CH2)16NEt3+Br2:
3.0 NaCl : 2.0 NaOH : 0.34 NH3·H2O: 236 H2O (x = 0.40, 0.55,
0.70, 0.85). The high Krafft temperature, 63 °C,16 of the
trimethylammonium derivative precluded its use owing to poor
solubility during the preliminary stages of the reaction. The
triethyl surfactant has a much lower Krafft temperature, around
room temperature, and hence an acceptable solubility.

Powder X-ray diffraction (XRD) patterns of selected samples
prepared with different Si+surfactant ratios are presented in
Fig. 1. The pattern in Fig. 1 of the as-prepared sample A (see
Table 1), appears to describe a lamellar (La) phase, exhibiting
strong d100 and weak  d200 reflections. This material does not
completely collapse upon calcination which suggests that a
porous structure not based on a layered motif has been retained.
The calcined material B (Fig. 1) produces a multireflection
pattern that may possibly be indexed to a 3-D cubic (P63/mmc)
array.7 The XRD pattern of the calcined sample C (Fig. 1) is
very similar to that described for the hexagonal Ma (cmm)
liquid crystal phase.18 The major Bragg reflections from all the
materials formed were found at higher angles than those
reported for M41S or SBA-8 type materials.1,6 This is the first
evidence that the repeat units formed are smaller than those of
‘typical’ mesostructured materials.

The formation of super-micropores was further supported by
N2 sorption isotherms (Fig. 2). Neither the Langmuir nor the

Fig. 1 XRD patterns of HO(CH2)16NEt3+Br2 templated super-microporous
silicas with different Si : surfactant ratios as indicated.
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BET model plots from the isotherms of these materials were
linear thereby suggesting incompatabilities of the models with
pores in this size regime. The BET model however, remains the
most accessible and has thus been used here for indicative
surface area determination. Surface areas and pore volumes
(Table 1) of a selection of the materials prepared are relatively
high, indicating that the pore structures of the new materials are
well ordered and accessible. The isotherms of the most well
defined materials  e.g. B in Fig. 2 are typical reversible type IV
curves19 with small hysteresis of the desorption branch. The
most interesting feature is the clear capillary condensation step
at very low relative pressure (P/P0 = 0.15). This is lower than
any previously reported templated mesostructured material. The
presence of an adsorption upturn at high partial pressures is
suggestive of textural or indeed other non-specific meso-
porosity. Pore diameters as calculated by the BJH method19

centre around 1.6 nm, while HK calculations19 centre around
2.0 nm (Table 1). However, the reliability of these common
methods for pore size determination when applied to templated
mesostructured materials has recently been questioned.20

Particle morphologies as determined by scanning electron
micrographs (SEM) show particles of ca. 100 mm diameter that
appear to be agglomerations of primary particles. Transmission
electron micrographs (TEM) of micro-sectioned samples
(Fig. 3) confirm the existence of pores of below 2.0 nm
diameter. The TEM images are ambiguous with respect to the
rigorous determination of pore symmetry and diameter, but do
suggest the presence of hexagonal or similar symmetry among
a generally disordered pore system. TEM data also indicated
that the particles were not ‘solid’ but have highly open internal
structures. This would explain the upturn in adsorption at higher
nitrogen relative pressures. The reason for the formation of
these particle morphologies however, is not known at this
time.

We have been moderately successful, at this stage, in forming
Al and Ti substituted materials with the goal of introducing
catalytic function. As is often observed in M41S syntheses, the
Al substituted materials were less ordered than the pure silica
analogues and possessed smaller pore diameters as is evidenced
in the type I nitrogen isotherm (sample E, Table 1, Fig. 2). The

preparation of further novel super-microporous compositions
from HO(CH2)nNR3

+Br2 surfactants where n = 12 or 14 and R
= propyl and pyridyl is also continuing. It is anticipated that the
reduction in the length of the alkyl chain of the surfactant from
C16 will further reduce the pore diameters into the 1.2–1.5 nm
region, although the increased solubility of these shorter
surfactants may introduce new synthetic challenges. Indeed,
early results indicate that w-HO(CH2)12NEt3Br templated
silicates do have pores in the range 1.0–1.2 nm, but are poorly
ordered owing to the high solubility of the template. Further
increasing the head group size will change the pore symmetries
that are obtained due to packing parameter modification.

This work has been performed as part of a research contract
with the New Zealand Foundation for Science Research and
Technology, contract number CO 8512.7. We thank Karen
Reader of the Victoria University of Wellington Electron
Microscopy Facility for expert electron microscopic analysis,
and Karl Lindsay of Otago University for preparation of
surfactant samples.
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Table 1 Physico-chemical characteristics of super-microporous silica
samples

Pore
diameterb/nm

Sample SiO2+w-OH dhk0
a/nm BJH HK

Surface
areac/
m2 g21

Pore
volumed/
mL g21

A 1.0+0.22 4.7, 2.3 1.4 1.5 950 0.50
B 1.0+0.18 4.0, 2.9 1.6 2.1 1130 0.75
C 1.0+0.14 4.0, 3.1 1.6 2.1 870 0.65
D 1.0+0.10 n.o.e 1.4 1.4 550 0.75
Ef 1.0+0.2 3.3 1.5 1.4 505 0.70
a ±0.1 nm; values taken from most intense XRD reflections. b ±0.1 nm.
c ±10 m2 g21; surface areas calculated using the BET model.
d ±0.05 mL g21; pore volumes calculated from p/p0 = 0.98. e n.o. = Not
observed. f Al incorporated at 2.0 mol% with respect to Si.

Fig. 2 Nitrogen adsorption–desorption isotherms of calcined samples
corresponding to samples B (upper) and E (lower) in Table 1. Isotherm B
has been offset along the Y axis for clarity.

Fig. 3 Transmission electron micrograph of calcined sample B showing (a)
ordered super-micropores and (b) open structure of the particles.
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Intermolecular radical addition of a xanthyl phosphonoace-
tate to a g,d-enone gives rise to an adduct suitable for a base
induced Horner–Emmons ring closure to a cyclohexene
derivative, optionally after the reductive removal of the
xanthate group.

The construction of rings often hinges on the ability to attach
together two reacting partners, which are then made to undergo
an intramolecular combination under suitable conditions.1 In
some cases, such as in the classical Robinson annelation, both
the attachment and cyclisation require similar reaction condi-
tions and can sometimes be accomplished concomittantly. This,
however, imposes various constraints in terms of selectivity that
must be addressed.1b More frequently, one or both of the
reacting functions have to be protected and then unmasked just
before the cyclisation step. A more concise approach would be
to combine an intermolecular assembly process with a ring
closure proceeding through two different mechanisms and
operating under orthogonal sets of conditions: the two reacting
units are thus rapidly brought together whilst avoiding cumber-
some protection–deprotection steps. In view of the importance
of ring structures in essentially all classes of natural products,
numerous combinations of reactions have therefore been
exploited to construct mono- and poly-cyclic derivatives.1 Here,
we describe the use of an intermolecular radical addition to an
unactivated olefin in conjunction with an intramolecular
Horner–Emmons reaction to rapidly access various cyclohex-
ene containing architectures.

Unlike intermolecular C–C bond formation involving radical
additions to activated (usually electrophilic) olefins, clean
bimolecular additions to simple alkenes are not generally easy
to accomplish using common radical processes.2 The rate of the
addition step is often too slow to allow it to compete
successfully with other pathways open to the radical inter-
mediate. In stannane based chemistry for example, premature
hydrogen abstraction from the organotin hydride is difficult to
avoid.3 This limitation may be lifted to a large extent by using
the dithiocarbonate (xanthate) transfer reaction we have
developed over the past few years.4 The main competing
pathway is degenerate: the intermediate radicals acquire an
extended effective lifetime and are thus able to interact with
comparatively unreactive traps. For our present purpose, the
reaction of xanthate 15 derived from triethyl phosphonoacetate
with a g,d-enone would provide in one step the desired
combination of functionality for a subsequent intramolecular
Horner–Emmons ring closure (Scheme 1). Indeed, heating
2-allyl-2-methylcyclohexanone 2a (1.08 mmol) with xanthate 1
(2.17 mmol) in refluxing 1,2-dichloroethane (2 mL) in the
presence of a small amount of lauroyl peroxide (16 mol%) as
initiator under an inert atmosphere delivered the expected
adduct 3a in (80%) yield (Scheme 1). Reductive removal of the
xanthate group with tributylstannane and base-induced (NaH/
THF) cyclisation finally gave bicyclic derivative 5a in high
overall yield. The Horner–Emmons reaction may, if desired, be
performed whilst keeping the xanthate group. In this way, 3a
was efficiently converted into 5b by exposure to a combination
of potassium carbonate and 18-crown-6 in toluene.6 The initial
NaH/THF system did not prove suitable in this case. The

xanthate group in the final product represents a very useful
handle since it provides an entry into the exceptionally rich
chemistry of sulfur. The ring size of the starting cyclic ketone
may of course be modified as illustrated by the conversion of
cycloheptanone 2d into bicyclo [5.4.0] derivative 5c. Fused 6–7
ring systems are found in some terpene families, such as the
sandresolides, the tiglianes (e.g. phorbol), and the daph-
nanes.7

One important feature of this approach is that the unsaturated
ketone precursors are readily available, either by direct
allylation of the corresponding enolate or through the powerful
Claisen rearrangement. The latter route is especially interesting,
since it can provide substituted substrates with controlled
relative (and sometimes absolute) sterochemistry of adjacent
chiral centres.8 Compound 2d was thus obtained by heating
together 1-methoxy-2-methylcyclohexene and crotyl alcohol in
the presence of trifluoroacetic acid.8 Application of the same
sequence gave 5d with a defined relative stereochemistry, again
in good overall yield (Scheme 1).

If a 2-allyl cyclopentanedione component is employed, the
sequence now provides a ready access to the ubiquitous
hydrindane backbone. This is illustrated by the conversion of
2e, prepared by allylation of 2-methylcyclopentane-1,3-dione
with allyl bromide9 followed by ketalisation of one of the
ketone groups, into 5e, as outlined in Scheme 2. This route is
significantly shorter than that previously reported for an
analogue of 5e.10 The presence of the olefin allows access to the
trans-hydrindane system through catalytic reduction.10 For the
ethyl derivative 2f, the Horner–Emmons reaction was per-
formed after acid mediated cleavage of the ketal group but

Scheme 1 Reagents and conditions: i, EtOCSSK, acetone; ii, lauroyl
peroxide (0.1–0.2 equiv.), 1,2-dichloroethane, reflux; iii, Bu3SnH (AlBN),
toluene, reflux; iv, NaH, THF; v, K2CO3/18-crown-6, toluene, reflux.
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without removal of the xanthate. Ring closure took place only
on the ketone group leading to the least congested isomer, 5f,
with the xanthate in the equatorial orientation and in a location
corresponding to the important C-11 position in steroids. There
are several clinically useful steroid drugs with the unnatural
C-13 ethyl group and some, such as the third-generation
contraceptive Desogestrel, also contain a substituent at C-11.11

Surprisingly, a Robinson-type annulation to construct the
C-ring in this series was recently reported to fail.12

Finally, the possibility of performing a non-classical Horner–
Emmons reaction13 on an imide may be exploited as an entry to
indolizidine and quinolizidine alkaloids. An example of the

latter is displayed in Scheme 3. Addition of xanthate 1 to N-
allylglutarimide followed by removal of the xanthate group
using lauroyl peroxide/isopropyl alcohol gave the requisite
adduct 4g in 42% overall yield. We have previously described
the use of this reagent combination as a an economical and
ecologically more acceptable alternative to organotin hydides
for reductively removing xanthates and related groups.14

Treatment of 4g with NaH/THF induced ring closure to furnish
5g in 43% yield. This compound is in principle an immediate
precursor of lupinine.15 The moderate yield in the cyclisation
step must be contrasted with the sole literature precedent of a
Wittig–Horner-type cyclisation on a glutarimide motif, reported
to proceed in only 19%.16

In summary, we have described a new, short and flexible
strategy for accessing cyclohexenes and related structures. The
key radical addition to the unactivated terminal olefin occurs
under mild, neutral conditions, that are compatible with most
functional groups encountered in modern synthesis.

We thank Dr Philippe Mackiewicz (Aventis, Romainville,
France) for a generous gift of 2-ethylcyclopentane-1,3-dione.
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Scheme 2 Reagents and conditions: i, lauroyl peroxide (10–20 mol%)
cyclohexane, reflux; ii, Bu3SnH (AlBN), toluene, reflux; iii, NaH, THF; iv,
(a) p-TSA, acetone; (b) K2CO3/18-crown-6, toluene, 80 °C.

Scheme 3 Reagents and conditions: i, lauroyl peroxide (8 mol%),
1.2-dichloroethane, reflux; ii, lauroyl peroxide (1.46 mol. equiv.), isopropyl
alcohol, reflux; iii, NaH (4.0 equiv.), THF, reflux.
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In acetone and at ambient temperature, the dinuclear
manganese complex of TPTN is able to catalyse the
oxidation of several alkenes to the corresponding epoxides
with high turnovers numbers (up to 900) using H2O2 as
oxidant.

Selective oxidation of alcohols to aldehydes and the formation
of epoxides from olefins are among the key reactions in organic
chemistry. In the ongoing pursuit to develop environmentally
benign synthetic methodology there is currently great interest in
new and more efficient catalytic versions of these oxidations.
Compared to catalytic methods that require oxidants like NaOCl
and ammonium periodates the use of H2O2 offers the advantage
that it is a cheap, environmentally friendly and a readily
available reagent. Since water is the only expected byproduct,
synthetic applications of this reagent are undoubtedly appealing
provided efficient catalysis is accomplished.

Recently a number of metal complexes have been found to be
suitable catalysts for selective epoxidation reactions with H2O2
as oxidant.1–4 Noyori and coworkers reported a catalytic system
based on Na2WO4 dihydrate for the epoxidation of terminal
olefins and turnovers numbers (TON) were found in the range
150–200 per W atom by using 150 mol% H2O2 and 0.2–2 mol%
of the catalyst.1 Methyltrioxorhenium (MTO) is also emerging
as a highly suitable epoxidation catalyst.2 A remarkable
acceleration effect on the epoxidation rate was found by
Sharpless and coworkers by using pyridine and pyridine
derivatives for the MTO catalysed epoxidation of terminal and
internal olefins.3 The Jacobsen catalyst5 and the related Katsuki
catalyst6 are commonly applied for asymmetric epoxidation
reactions of cis-olefins. However, with a few exceptions7

NaOCl is used as oxidant for which TON values in the range of
35–40 were found. Recently it was found that a manganese(iv)
complex based on the N,NA,NB-1,4,7-trimethyl-1,4,7-triazacy-
clononane (MeTACN) ligand is a highly active oxidation
catalyst.4

This dinuclear manganese complex 1 is capable of the
epoxidation of alkenes with TON usually below 1008,9 but in
some cases up to 1000 have been reported using H2O2 as
oxidant.10‡ This complex was also shown by us to be a highly
active and selective catalyst for the oxidation of benzyl alcohols
to benzaldehydes (TON up to 1000).11 Synthesis and modifica-
tions of the MeTACN ligand are, however, not easily accom-
plished due to lengthy and tedious preparation whereas the
sensitivity of the corresponding metal complexes to changes in
the MeTACN structure often leads to completely inactive Mn-
complexes. Therefore a challenge is the design of novel
dinucleating ligands featuring the three N-donor set for each
Mn-site and retaining the high oxidation activity. We present
here, high catalytic epoxidation activity for the manganese
complex 2 based on the ligand TPTN† using H2O2 as oxidant.

Advantages of this type of ligands are the accessibility and the
possibility for ligand modification. The ligands and manganese
complexes examined here were synthesised following literature
procedures and complexes 2 (and 3) have been reported as
mimics for the photosystem II (PS II).12–15 Preliminary
screening in a number of different catalytic epoxidations
showed that complex 3 based on TPEN,† featuring a two-
carbon spacer between the three N-donor sets in the ligand, was
unreactive in epoxidation reactions.§ In sharp contrast, complex
2, based on TPTN with a three-carbon spacer, is able to catalyse
the oxidation of various alkenes to the corresponding epoxides,
with H2O2 as oxidant in acetone and at ambient temperature
(Scheme 1).

Catalytic reactions were performed under a nitrogen atmos-
phere using 1 equiv. of complex 2, 1000 equiv. substrate and
H2O2 was used as oxidant (1 ml of 30% aqueous H2O2, 9.8 mM,
8 equiv. with respect to substrate).¶ During the oxidation
reaction in acetone at room temperature gas bubbles developed
rapidly when the excess of oxidant was added. As for the
reactions using 14,11 part of the H2O2 disproportionates to O2.
An increase of the catalyst TON was obtained by performing the

† Abbreviations TPTN = N,N,NA,NA-tetrakis(2-pyridylmethyl)propane-
1,3-diamine, TPEN = N,N,NA,NA-tetrakis(2-pyridylmethyl)ethane-1,2-di-
amine.
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catalytic reactions in acetone at 0 °C suppressing H2O2
decomposition. For the selected olefins generally up to 300
TONs were found. Addition of a further 1 ml of H2O2 (30%
aqueous solution in water, 9.8 mmol, 8 equiv. with respect to
substrate) resulted in an considerable increase in epoxide yield
after 4 h (total TON up to 900, for cyclohexene). These results
indicate that the catalyst is very robust under the conditions
used. High selectivity is observed and it should be emphasized
that in the epoxidation reaction of cyclic alkenes (especially for
cyclohexene), besides the epoxides, no allylic oxidation
products were found. In control experiments replacing
Mn2O(OAc)2(TPTN) 2 with Mn(OAc)3·3H2O, strong peroxide
decomposition and no epoxide formation was found. Data for
the conversion of various alkenes to the corresponding epoxides
are compiled in Table 1. Styrene epoxidation is accompanied by
the formation of a small amount of benzaldehyde; a feature
commonly observed with epoxidation of this substrate. Cinna-
myl alcohol also showed some cleavage and alcohol oxidation
leading to benzaldehyde and cinnamyl aldehyde, respectively.
A substantial amount of trans-epoxide is obtained in the
reaction of cis-b-methylstyrene with H2O2 in the presence of
catalyst 2 which is usually attributed to the formation of a
radical intermediate with a lifetime sufficient for internal
rotation before ring closure.16 Excellent results were also found
for internal alkenes e.g. entries 5 and 6 whereas slightly lower
yields were found for terminal linear alkenes.

In conclusion, we have demonstrated that the manganese
complex 2 based on TPTN is a promising catalyst in catalytic
epoxidation procedures using H2O2 as the terminal oxidant.

Main advantages of the new catalytic system are the facile
synthesis and possibility for ligand modification. In acetone and
at ambient temperature the manganese complex of TPTN is able
to catalyse the selective oxidation of various alkenes to the
corresponding epoxides, with H2O2 as oxidant. Further studies
towards the elucidation of the mechanism and introduction of
chirality in the ligand are in progress.
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Table 1 Oxidation of selected olefins with Mn2O(OAc)2(TPTN) complex
2a

TON

Entry Substrate Productb
2 h,
298 Kc

4 h,
298 Kd

2 h,
273 Kc

4 h,
273 Kd

1 Styrene Styrene oxide 157 208 176 271
Benzaldehyde 5 75 2 14

2
Cyclohexene Cyclohexene

oxide 247 563 328 868

3
Cyclooctene Cyclooctene

oxide 193 636 262 575
cis-Diol 49 93 61 48

4 Cinnamyl alcohol Cinnamyl oxide 208 219 219 321
Cinnamyl

aldehyde 69 85 70 86
Benzaldehyde 22 47 21 46

5
trans-2-Octene trans-Oct-2-ene

oxide 118 188 178 248

6
trans-4-Octene trans-oct-2-ene

oxide 97 148 153 210
7 1-Decene 1-Decene oxide 28 34 80 97
8 cis-b-Methyl- trans-oxide 19 84 23 115

styrene cis-oxide 43 104 44 147
a Experimental conditions, see text. b All products were identical to
independent samples and identified by GC (HP 6890, column HP1 15 3 0.3
mm 3 2.65 mm, polydimethylsiloxane) and 1H NMR. c Turnover number =
mol product per mol catalyst, 8 equiv. H2O2 with respect to substrate. d 16
equiv. H2O2 with respect to substrate.
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Crystal packing effects in the previously unknown structure
of ortho-xylene are found to induce a high degree of strain to
the phenyl ring which is not observed in high-level ab initio
structure calculations or in the crystal structures of the para
and meta isomers; the potential for aromatic hydrogen
bonding in the structure is discussed.

One motive for performing crystallographic studies on simple
model systems is to reveal structural motifs that may be
applicable to whole classes of compound. The wealth and
understanding of these crystallographic data has led to the
development of crystal engineering1 which is of increasing
interest to organic and physical chemists. In addition such
studies can be used in the derivation and testing of model
potentials2,3 which is the background to the present study.
Though the three isomers of xylene are familiar laboratory
compounds, until recently little was known about their structure
in the solid state.2,4,5 We now describe the crystal structure of o-
xylene at low temperature which, in contrast to the other
isomers, exhibits a strained ring conformation which we suggest
may be attributed to weak intermolecular forces.

A 2 g powder sample of perdeuterated o-xylene was prepared
by the method described in ref. 6 and neutron powder diffraction
data‡ were collected at 2 K on the High Resolution Powder
Diffractometer, HRPD, at the ISIS pulsed-neutron source, UK.
The structure was solved§ routinely from the powder data using
direct methods to reveal a monoclinic phase of cell volume 634
Å3; space group P21/a. The four molecules in the unit cell are
arranged in columns running along the unit cell a axis in a
herring-bone configuration with D···D contact distances of ca.
2.4–2.8 Å.

Examination of the refined molecular conformation (Fig. 1)
reveals the determination of bond lengths and bond angles to be
both precise and accurate as is expected from a high-resolution
study on a structure of this limited complexity. The conforma-
tion shows small but significant deviations from C2v symmetry,
but most striking is the deformation of the carbon skeleton of the
phenyl ring between the two substituted carbon atoms C(1) and
C(2). The observed bond length of 1.433(3) Å is considerably in
excess of the distance expected on consideration of steric
repulsion of the eclipsed methyl groups and possible conjuga-
tion effects due to the substituent methyl groups. This finding is
in contrast to the minor ring deformation observed in the crystal
structures of the meta and para isomers5 determined from
neutron powder diffraction data and, for example, the negligible
deformation seen in the X-ray single crystal study of ortho-
dinitrobenzene,11 all of which are found to be in accord with
expected conjugation effects. Accordingly, a series of high-
level ab initio calculations¶ were undertaken in order to
establish the minimum energy conformation of the ortho, meta
and para isomers.

Calculations for o-xylene (Fig. 1), assuming overall ideal C2v
symmetry, show a significantly reduced distortion to the ring.
In particular the C(1)–C(2) bond length is calculated at 1.412
Å—a discrepancy of 0.22 Å ( > 7 standard deviations) as
compared with the refined solid-state structure. Note, calcula-
tions were also made without the C2v symmetry constraint and
starting from the crystal structure coordinates, but the same
minimum was obtained. Subsequent refinement of a model
assuming C2v symmetry against the neutron powder data,
although resulting in a degraded fit to the pattern, was found to
retain this discrepancy between the minimum-energy and solid-
state conformation. Crystal packing effects in the structure of o-
xylene thus appear to play a significant role in defining the
molecular conformation.

In contrast, the calculated and experimentally determined
solid-state conformations of the remaining isomers show
excellent agreement. For m-xylene the discrepancies in bond
lengths determined in each case were typically 0.004 Å (1
standard deviation) with a maximum discrepancy for one
phenyl-ring bond of 0.007 Å. For p-xylene the discrepancies in

† Electronic supplementary information (ESI) available: neutron diffraction
data and comparison of bond parameters from neutron and ab initio data.
See http://www.rsc.org/suppdata/cc/a9/a908599h/

Fig. 1 (a) ORTEP17 diagram of the molecular conformation of o-xylene at
2 K; thermal ellipsoids are drawn at the 50% probability level. Bond length
(Å) and bond angle (°) values are shown with estimated standard deviations
in parentheses determined from the neutron powder diffraction data. (b)
Bond length (Å) and bond angle (°) values calculated ab initio using the
MP2/6-311G* basis set. (Average values for bond lengths and bond angles
around the methyl groups are: for C(1m) 1.093(3) Å, 110.85(3)°; for C(2m)
1.075(3) Å, 111.86(3) and from ab initio calculation 1.095 Å, 111.27°.)
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bond lengths determined in each case were typically 0.008 Å (2
standard deviations) with a maximum discrepancy for one
phenyl-ring bond of 0.012 Å. The most significant differences
in each case were observed for the torsions of the methyl
groups. Rotations of 6 and 23° compared to the minimum-
energy conformation are observed for m-xylene, and 6° (one
clockwise, one anticlockwise) for p-xylene. However, as the
vibrational frequencies calculated (b3pw91/6-31G*) for these
low energy torsional modes are only 21 and 24 cm21,
respectively, it is not surprising that crystal packing forces have
distorted the ring substituents from their idealised torsional
values.

The o-xylene crystal structure has, on inspection of the inter-
molecular contacts (Fig. 2), the potential for ‘aromatic hydrogen
bonding’ (see for example ref. 12). The closest contact from the
midpoint of the phenyl ring to a methyl, D(21), atom of a
neighbouring molecule is 2.816(4) Å. The distances of this
D(21) atom to the six individual C atoms lie in a broad range of
2.849–3.422 Å. The two shortest contacts with the C(1) and
C(2) atoms are 2.849(4) and 2.908(5) Å, respectively, which is
significantly less that the sum of the van der Waals radii at 3.05
Å, and, most notably the distance from the C(1)–C(2) bond
midpoint to D(21) is only 2.789(4) Å, making an angle of
152.6(3)° with the methyl group C–D bond. No other significant
contacts are made to C(1) and C(2), in contrast with the
remaining four phenyl C atoms which typically have three or
more contacts in the range 2.86–3.1 Å. The contact is made off-
centre to the phenyl ring and in general would be regarded as
less favourable for an interaction, however, in this case it is the
apparent directional (as opposed to isotropic) nature of the
contact which correlates well with the observed molecular
conformation. It is this strong directional nature of the contact
that leads us to suppose it to be a significant interaction.

It is now generally recognised that C–H groups can act as
weak hydrogen bond donors13216 and there is a growing
literature on the subject particularly in the context of crystal
engineering cited earlier. The documentation and character-
ization of these weak interactions is well advanced only in the
case for bonds formed between C–H donors and oxygen
acceptors. The interactions between other weak donor–acceptor
combinations, especially as in the present case of such a weakly
polarized donor group as Me with a p-acceptor, is considerably
less well characterized. Nevertheless, electron donation from a
Me group of a neighbouring molecule into an antibonding
aromatic orbital seems the most plausible explanation for the
unusual lengthening of the disubstituted C–C bond in the solid-
state structure of o-xylene.

We thank Dr C. C. Wilson for helpful discussions during the
course of this work. Acknowledgement is made to the EPSRC
for the provision of beam time at the ISIS Facility and for the
Edinburgh ab initio facilities (grant GR/K/04194).

Notes and references
‡ Data were recorded using a vanadium-tailed helium-flow ‘orange’
cryostat over a time-of-flight range of 30–230 ms corresponding to a d-
spacing range of 0.6–4.6 Å at backscattering ( < 2q > = 168°). Lower angle
(90 and 30°) detector banks enabled d-spacings of, in this case, up to 6.0 Å
to be recorded, albeit at lower resolution, for the purposes of unit cell
indexing.
§ Crystal data for ortho-xylene: C8D10, M = 116.23, monoclinic, space
group P21/a (no.14), a = 12.5114(1), b = 6.0714(1), c = 8.8157(1) Å, b
= 108.6847(4)°, U = 634.36(1) Å3, T = 2 K, Z = 4. The unit cell was
determined automatically from 36 low-order reflections 2.4 < d < 6.0 Å
using program ITO.7 The structure was solved by direct methods
(MITHRIL)8 and refined without the use of bond length or bond angle
constraints using the Rietveld method9 implemented by program TF12LS.10

Only the D atoms were refined anisotropically. Re = 1.62%, Rp = 3.38%,
Rwp = 3.90%, c2 = 3.63 for 6579 observations and 145 basic variables.
¶ All ab initio calculations were performed on a DEC Alpha APX 1000
workstation using the GAUSSIAN 94 program.18 A graded series of
calculations were undertaken for all three compounds using the standard
gradient techniques at the SCF and b3pw91 levels of theory using the
6-31G* basis set. Vibrational frequencies calculated from analytic second
derivatives at the b3pw91/6-31G* level confirmed the C2v symmetry
grouping for o-xylene, Cs for m-xylene and Ci for p-xylene as minimum on
their respective potential energy surfaces. Further calculations were then
undertaken for o-xylene: firstly, to confirm the C2v structure as the global
minimum an optimisation was performed (b3pw91/6-31G*) starting from
the crystal structure coordinates with no symmetry constraints. From an
observation of the absolute energies obtained it was clear that removal of the
symmetry constraints resulted in exactly the same minima being obtained in
the optimisation. Finally, for direct comparison with the crystal structure
parameters one further higher level calculation (MP2/6-311G*) was
undertaken. At this level all geometric parameters were observed to be
effectively converged within the series of calculations performed, with e.g.
C–C bond distances varying by < 0.3 pm and all angles by < 0.2° for
improvements in basis set at the MP2 level. It can therefore be concluded
that any further higher level calculations are unlikely to result in significant
changes in molecular geometry.

1 G. R. Desiraju, Chem. Commun., 1997, 1475.
2 M. Prager, W. I. F. David and R. M. Ibberson, J. Chem. Phys., 1991, 95,

2473.
3 M. Prager, M. Monkenbusch, R. M. Ibberson, W. I. F. David and D.

Cavagnat, J. Chem. Phys., 1993, 98, 5653.
4 H. van Koningsveld, A. J. van den Berg, J. C. Jansen and R. de Goede,

Acta Crystallogr., Sect. B., 1986, 42, 491.
5 R. M. Ibberson, W. I. F. David, S. Parsons, M. Prager and K. Shankland,

J. Mol. Struct., 2000, in press.
6 R. M. Ibberson, J. Appl. Crystallogr., 1996, 29, 498.
7 J. W. Visser, Autoindexing program-ITO. Technisch Physische Dienst,

P.O. Box 155, Delft, The Netherlands, 1988.
8 C. J. Gilmore, MITHRIL a computer program for the automatic solution

of crystal structures from X-ray data (Version 1.0). Department of
Chemistry, University of Glasgow, Glasgow, UK G12 8QQ, 1983.

9 H. M. Rietveld, J. Appl. Crystallogr., 1969, 2, 65.
10 W. I. F. David, R. M. Ibberson and J. C. Matthewman, Rutherford

Appleton Laboratory Report, RAL-92-032.
11 F. H. Herbstein and M. Kapon, Acta Crystallogr., Sect. B, 1990, 46,

567.
12 T. Steiner, S. A. Mason and M. Tamm, Acta Crystallogr., Sect. B., 1997,

53, 843.
13 G. R. Desiraju, Acc. Chem. Res., 1996, 29, 441.
14 T. Steiner, Chem. Commun., 1997, 727.
15 T. Stenier and G. Desiraju, Chem. Commun., 1998, 891.
16 G. Desiraju and T. Steiner, The Weak Hydrogen Bond, Oxford

University Press/International Union of Crystallography, Oxford, 1999
and references therein.

17 ORTEP: M. N. Burnett and C. K. Johnson, ORTEP-III: Oak Ridge
Thermal Ellipsoid Plot Program for Crystal Structure Illustrations, Oak
Ridge National Laboratory, TN Report ORNL-6895, 1996.

18 GAUSSIAN 94 (Revision C.2), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman,
T. A. Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari,
M. A. Al-Laham, V. G. Kakrezewski, J. V. Ortiz, J. B. Foresman, J.
Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y.
Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle,
R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J.
Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez and J. A. Pople,
Gaussian Inc., Pittsburgh, PA, 1995.

Communication a908599h

Fig. 2 Geometry of the aromatic ring–methyl group interactions. (Primed
atoms denote symmetry code 122x, 21

2+y, 2z; m denotes the midpoint of the
phenyl ring.)
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Significant restriction of the rotation of an intermolecular
guest upon binding into a distorted cyclodextrin cavity has
been observed for the first time.

Most enzymes bind substrates in their hydrophobic pockets and
promote the reaction of bound substrates in a strictly controlled
manner. It is not rare that enzymes control multiple reactants so
exactly as to give only one isomeric product during the
formation of multiple chiral centers. In the last three decades,
bioorganic chemists have been investigating the main factors
that predominate in enzyme reactions and have created artificial
enzymes by mimicking the enzyme actions with synthetic
model compounds.1–3 In this endeavour, cyclodextrins (CDs)
are the first and also the most profoundly studied class of
apoenzyme mimics.4,5 Cyclodextrins have a closed-up belt-type
structure usually composed of 6–8 glucopyranose units. Their
cavity can accommodate a variety of guest molecules of suitable
size and shape, mainly via hydrophobic interactions. Since the
hydrophobic binding force is non-directional, the Cn symmetry
of the CD cavity leaves appreciable freedom for the bound
substrates to rotate around the z axis (Scheme 1).6 However, this

rotation should be properly controlled in order to develop more
efficient and sophisticated enzyme mimics. However, this
problem has been essentially ignored up to now. The only work
dealing with this problem appeared ten years ago, concluding
that the hosts having larger binding constants restrict the
molecular motion of guests more significantly.7 Since the
binding site of an enzyme is usually unsymmetrical rather than
symmetrical, a cyclooligosaccharide with a distorted hydro-
phobic cavity may serve as a better model for enzymes than a Cn

symmetrical CD. We found that distorting the hydrophobic
cavity of b-CD remarkably reduces the rotation of bound
2-naphthalenesulfonate, but does not necessarily increase the
binding strength. Herein, we describe NMR evidence for this
first example of cavity-based restriction of guest rotation.

One glucose of b-CD can be readily converted to altrose.8
The resultant mono-altro-b-CD 1 shows distinct NMR signals
(Fig. 1, bottom) for all its protons. Though it no longer has Cn

symmetry, the difference between the glucose units is not very
significant. As a result, the signals of all the non-anomeric C–H
protons are crowded in the narrow range of d 3.9–3.5. However,
significant changes occur in the NMR spectrum of 1 upon
complexation with sodium 2-naphthalenesulfonate (Na–Nas).
By following the spectral change upon addition of Na–Nas to
the host solution, a binding constant of 176 M21 can be derived,
slightly smaller than that of b-CD–Nas.9 In the NMR spectrum
of 90% 1–Nas complex and 10% 1 (Fig. 1), the originally
overlapped signals in the range d 3.9–3.5 are more widely
dispersed over the range d 4.2–2.69, and all the H-1 protons are
clearly separated. Obviously, the guest Nas exercises a very
strong anisotropic effect on each sugar unit of the host.

In order to further understand this phenomenon, the NMR
spectrum of the complex has been assigned in detail with the aid
of various techniques (the assignment is partially depicted in
Fig. 1). As is clear from Fig. 1, inclusion complexation causes
significant shifts for the inner-directed H-3 and H-5 protons.
The drastic upfield shifts of protons 3C, 5C, 3D, 5D, 3G and 5G

Scheme 1 In principle, a guest in a CD cavity has appreciable freedom to
rotate around the z axis.

Fig. 1 500 MHz 1H NMR spectra of mono-altro-b-CD 1 (bottom) and of its 2-naphthalenesulfonate inclusion complex 2 (top, 90% binding) in D2O, assigned
based on 1D TOCSY, 2D COSY, HMBC and NOE experiments. The sugar units are labeled clockwise A–G (viewed from the primary hydroxy side), starting
from the altrose unit. The numbers denote the positions to which the corresponding protons are attached.
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imply that the sugar units C, D and G are under a strong
shielding effect from Nas, while the large downfield shifts of
protons 3B, 5B, 3E and 5E are indicative of a strong deshielding
effect. Careful examination of the NMR data thus reveals that
the host molecule in the complex is under an extremely unusual
anisotropic effect, as represented in Scheme 2. The protons in
the shaded region are shifted upfield while those in the non-
shaded region are shifted downfield. Sugar G is located in the
center of the lower right half of the shielding region and is
subjected to the strongest shielding effect and the largest upfield
shifts are for H-3 and H-5 of sugar G (Dd 20.77 and 21.18
ppm, respectively). The effect becomes much weaker for the
neighboring sugar units A and F, and gradually becomes
deshielding when crossing the two units. On the opposite side of
G, both C and D lie in the upper left half of the shielding region.
Accordingly, protons H-4C and H-1D, although outward-
directed, exhibit a remarkable upfield shift. The inward-directed
H-3 and H-5 protons of the two sugar residues are still strongly
shielded, but obviously to a smaller extent than the correspond-
ing protons of sugar G. The shielding effect is weak for H-4D
and H-1C and becomes deshielding for H-1E and H-4B. Both
the sugar units B and E are fully under a deshielding effect with
their inward-directed protons H-3 and H-5 being significantly
shifted downfield. As a result, each pyranoside in the inclusion
complex experience different anisotropic effects, which repre-
sents, to the best of our knowledge, an unprecedented strongly
anisotropic effect of an intermolecular guest within a cyclooli-
gosaccharide host.

Based on the above result, the structure of the complex (2)
can be visualized as shown in Scheme 3. The pyranose G and
disaccharide C–D are situated on either side of and nearly
parallel to the naphthalene ring, while the naphthalene species
directs its 1-9-8 and 4-10-5 rims towards between the sugar
units B and A or E and F but much closer to the B and E units.
Although Scheme 3 represents a static situation rather than a

dynamic one, it probably represents the most probable rotamer,
if indeed there is any rotation of the guest in the CD cavity,
outweighing any others for the complex to a very large extent.
Were mono-altro-b-CD not restricting the guest rotation, as in
the case of b-CD, the ring-current effect of the guest would be
averaged so that each sugar unit would be subjected to a similar
shielding effect rather than the observed anisotropic effect, and
the inward-oriented protons of all the sugar units would give
NOE on irradiation at the naphthalene protons. Irradiation at the
1-H of the guest gave cross peaks at the frequencies correspond-
ing to protons H-3 and H-5 of B and E whereas no cross peaks
correlating with the protons of C, D and G were observed, which
supports the above assertion.

It is not surprising that the rotation of the bound guest is
substantially restricted as the host adopts a distorted conforma-
tion and 2 is the complex structure expected from the host
conformation. The altrose portion of 1 is an equilibrium of the
0S2 and 1C4 conformers with an approximate 2+1 preponderance
of the latter (Scheme 3).10 The 0S2 makes the overall shape of 1
closely resemble that of b-CD, while the 1C4 conformer
straightens the A–G disaccharide but bends the A–B disaccha-
ride, and leads to a mussel-shaped ellipse shape for the cavity
with its longer axis passing through residues B and E. It is
reasonable to deduce that 1C4 is the preferential conformer
enabling the host to accommodate the flat guest Nas, by
accommodating the guest plane along its longer axis. Indeed,
the binding of Nas into the cavity of 1 increased the coupling
constants J1,2 and J2,3 of the altroside, suggesting a significant
enrichment of the 1C4 conformer upon inclusion.

In conclusion, the introduction of an altrose unit to b-CD
narrows the hydrophobic cavity and enables it to substantially
reduce the rotation of the bound flat Nas guest. In this sense, the
binding of mono-altro-b-CD 1 is more like an enzyme process
than that of normal CDs.

We thank Japan Maize Products Co. Ltd. for a generous gift
of CDs. D.-Q. Y. thanks the NSFC (project 29772023) and the
State Education Ministry of China (project 380).
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Scheme 3 Mono-altro-b-CD 1 and its inclusion complex with sodium 2-naphthalenesulfonate. 2 is a sketch (view from the 6-OH side) for the proposed
structure of the 1–Nas complex: the cylinders denote pyranosides while the plate represents Nas.

Scheme 2 The anisotropic effect that 1 experiences in the complex: the
shaded region denotes a shielding field while the unshaded region
represents a deshielding field.
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RuH2(H2)2(PCy3)2, the first reported stable bis (dihydrogen)
complex crystallizes in the P1 space group; the two
dihydrogen ligands lie in the equatorial plane in a mutual cis
position and are located trans to the hydride ligands; the H–
H distances are ca. 0.85 Å, in agreement with the presence of
unstretched dihydrogen ligands; these results are compared
with previous theoretical calculations using density func-
tional theory.

The chemistry of dihydrogen complexes has developed con-
siderably since the first discovery of dihydrogen coordination
without dissociation in 1984.1 Many different compounds have
now been isolated, characterized, in particular by X-ray
crystallography, and have given rise to reactivity studies.2

The number of complexes containing more than one
dihydrogen ligand remains, however, very limited.3 No tris(di-
hydrogen) complex is known and only a few bis(dihydrogen)
complexes have been isolated, namely RuH2(H2)2(PCy3)2 14

and LRuH(H2)2 [L = hydridotris(3,5-dimethylpyrazolyl)bor-
ate, Tp*; L = hydridotris(3-isopropyl-4-bromopyrazolyl)bor-
ate, Tp’].5 RuH2(H2)2(PiPr3)2 has been observed in solution
following the same procedure as that used for preparing 16 and
recently isolated by Morris using a different procedure.7
Cr(CO)4(H2)2 has been observed in an argon matrix or in liquid
xenon and characterized by IR spectroscopy.8 Crabtree et al.
have characterized the bis(dihydrogen) complex
[IrH2(H2)2(PCy3)2]+ in solution upon protonation of the neutral
precursor IrH5(PCy3)2.9 Finally Caulton and coworkers have
characterized a bis(dihydrogen) osmium derivative
[Os(H2)2(NCMe)2(PPri

3)2]2+ by protonation of
[OsH3(NCMe)2(PiPr3)2]+.10 A number of unstable bis(dihy-
drogen) ruthenium complexes have also been prepared when
studying the reactivity of RuH2(H2)2(PCy3)2.11

In a recent paper, we described the spectroscopic properties
of RuH2(H2)2(PCy3)2, in particular INS spectra demonstrating
the presence of a low rotation barrier for the dihydrogen ligands
and the results of DFT calculations showing that the most stable
structure involved the presence of two mutually cis hydrides
each of which was located trans to a dihydrogen ligand.12

Complex 1 has proven to be important in ruthenium chemistry
and has found applications as a starting material for a great
variety of ruthenium dihydrogen complexes,11,13,14 and com-
plexes containing two s-bonds.15 It has also been used as a
catalyst precursor for hydrogenation13, 16 and silylation reac-
tions17 and as a precursor for carbene derivatives used in
metathesis of alkenes, particularly ring closing metathesis.18

Our synthesis involves the hydrogenation of Ru(cod)(cot) in the
presence of the phosphine ligand PCy3. This synthesis has
proven over the years to be a high yield one, to be reproducible
and to yield a very pure product.4,13 An alternative synthesis has
recently been proposed which is claimed to lead to a better yield
but which produces a yellow complex, probably because of the
presence of impurities mixed with 1.18

We now describe the crystal structure of 1, the first of a
bis(dihydrogen) complex, including the location and refinement
of all hydrogen atoms.

RuH2(H2)2(PCy3)2 1 was prepared as previously reported13

by reacting a pentane solution of Ru(cod)(cot) and PCy3 with
dihydrogen (3 bar). After filtration, the white precipitate was
dissolved in a minimum quantity of toluene by gentle warming
under dihydrogen, concentrated in a dihydrogen stream and left
standing at room temperature under a dihydrogen atmosphere.
The resulting crystals were then mounted on a STOE dif-
fractometer operating at 160 K under dinitrogen.†

The complex crystallizes in the P1 space group and the
molecular structure is shown in Fig. 1. The environment of
ruthenium consists of two phosphines located trans to each
other [P–Ru–P 179.79(11)°] and displaying normal Ru–P
distances (ca. 2.35 Å). In addition, two hydrides and two
dihydrogen ligands are present in the equatorial plane. All Ru–
H distances are within the range expected for such Ru–H and
Ru–H2 bonds (1.5–1.7 Å). The H–H distances within the

Fig. 1 Molecular structure of RuH2(H2)2(PCy3)2. Selected bond lengths and
interatomic distances (Å) : Ru1–H1 1.542(26), Ru1–H2  1.549(26), Ru1–
H3 1.515(26), Ru–H4 1.529(26), Ru1–H5 1.708(38), Ru1–H6 1.687(37),
H1–H2 0.848(37), H3–H4 0.864(38); H2–H3 1.405(65); H1–H6 2.152(57),
H4–H5 2.080(55), Ru–P2 2.329(2); Ru–P1 2.347(2). Selected bond angles
(°): P1–Ru1–P2 179.79(11), H1–Ru1–H2 31.84(14), H2–Ru1–H3
54.56(25), H3–Ru1–H4 32.96(14); H4–Ru1–H5 79.70(23); H5–Ru1–H6
78.92(24), H6–Ru1–H1 83.43(25).
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dihydrogen molecules are found to be ca. 0.85 Å, indicating the
presence of an unstretched dihydrogen ligand (even taking into
account the standard deviations, the H–H distances remain
below 1 Å; see legend to Fig. 1)2 and consistent with previous
spectroscopic and theoretical studies carried out on this
compound.12 All the hydrogen atoms whether belonging to the
hydride or dihydrogen ligands lie in the equatorial plane with no
significant deviation from this plane. The distances between one
hydride and the proton of the next dihydrogen molecule (e.g.;
H6 ···H1 and H5···H4) are both > 2 Å and rule out the presence
of any cis-interaction.22 These data are consistent with the low
rotation barrier found for the dihydrogen ligands in this
complex by INS. However, it is interesting that the distance
between the two dihydrogen ligands [H2···H3 1.405(65) Å] is
relatively short, which may explain the structures found in the
INS spectra, the origin of which was proposed to be the
concerted rotation of both dihydrogen ligands.12

All these data are in complete agreement with previous DFT/
B3LYP calculations.12 In particular, the overall geometry of the
complex, namely mutually cis disposition of the hydride and
dihydrogen ligands, their coplanarity and the trans arrangement
of the phosphines are well reproduced by the calculation. The
Ru–P distances [2.311 Å by DFT/B3LYP calculations for the
optimized most stable geometry cf. the experimental values of
2.329(2) and 2.347(2) Å] are very satisfactorily reproduced
although the calculation was performed using PH3 as a model
for PCy3. Steric interactions are presumably not important in
this complex. The H–H distances within the dihydrogen
molecule are also satisfactorily reproduced [0.853 Å by DFT/
B3LYP; 0.848(37), 0.864(38) Å experimentally]. The only
difference concerns the Ru–H distances which are found to be
larger for the dihydrogen ligands than in the hydrides by X-ray
diffraction, contrary to calculations. However, it is noteworthy
that the X-ray technique only detects the electron density
around the atoms. This density may be polarized towards
ruthenium for these unstretched dihydrogen ligands which have
a partially protonic character, much more than in the hydride
ligands and may contribute to the present observation.

In conclusion, we report the first X-ray crystal structure of a
bis(dihydrogen) complex with RuH2(H2)2(PCy3)2 being first
reported stable bis(dihydrogen) complex. It was originally
formulated as a hexahydride and then correctly reformulated in
1988. Since its original preparation in 1982, this complex has
proven to be very important in the chemistry of ruthenium. The
confirmation of its structure by X-ray crystallography should
induce a new interest for this bis(dihydrogen) complex and will
provide renewed impetus for reactivity studies in our group.

The authors thank CNRS and the Polish Academy of Science/
CNRS exchange program (CNRS/PAN/Projet 2722) for sup-
port.
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Al–Hg mediated chemoselective cleavage of the carbon–
halogen bond of a-halocarboxylates allows for a facile and
clean transformation of halohydrin aldol adducts into b-
hydroxy acid derivatives with no evidence of dehydrox-
yhalogenation.

Chemoselective transformations of halohydrin aldol adducts
into b-hydroxy acid derivatives are very important owing to the
ready availability of the chiral starting materials1 and the
significance of the products as building blocks in the synthesis
of drugs and natural products.2 The recently reported catalytic
hydrogenolysis (H2/Pd–C) of a-bromo-b-hydroxy esters and
tri-n-butyltin hydride mediated radical cleavage of carbon–
bromo bonds provided b-hydroxy acid derivatives with the
added benefit of good to excellent yields.3

However, their utilization is not unproblematic. Chem-
oselective hydrogenolysis of the C–Br bond in the presence of
CNC double bonds is not possible while tributyltin hydride is
relatively unstable, toxic and expensive. Furthermore, the tin
byproducts are not always easy to separate. The invention and
development of a new chemoselective procedure for removing
the halogen from halohydrin aldol adducts would be of great
synthetic value. A promising solution to this problem appeared
to be metal-promoted reductive cleavage of carbon–halogen
bonds. Although this process has been used in reductive
elimination reactions such as zinc-mediated dehydroxybromi-
nation4 and aluminium amalgam-mediated deacetoxybromina-
tion,5 they leave open the question of whether these method-
ologies can be applied to the chemoselective cleavage of
carbon–halogen bonds of halohydrin aldol adducts without
concurrent elimination of the b-hydroxy group. We were
attracted to the Al–Hg mediated process because of the mild
neutral conditions.

Initial work centered on the debromination of various a-
bromo-b-hydroxy esters 1 derived from aldolizations of
bromoacetate enolates with isobutyraldehyde.1 Treatment of
tert-butyl ester 1a with 3–5 equiv. of Al–Hg (mercury content
ca. 2.5%) in aqueous acetonitrile (1+10) at 0 °C led to clean
debromination within 30 min to give 2a in 86% isolated yield
[eqn. (1)]. Dehydroxybromination does not appear to compete
with carbon–hydrogen bond formation, although products
arising from elimination of hydroxy groups would not be
isolable owing to their volatility. To quantify the potentially
small degree of elimination that may be occurring, we chose to
explore the related reductive cleavage of the C–Br bond using p-
methoxybenzyl a-bromo-b-hydroxy ester 1b derived from the
transesterification of thioimide aldol.6 The chemoselective
debromination proceeded efficiently yielding the corresponding
b-hydroxy ester 2b† in excellent yield (96%) [eqn. (2)]. We
were unable to detect any 4-methyl-2-pentenoate, a product of
elimination, under careful analysis of the crude reaction
mixture. In addition, allyl ester 1c, which is particularly prone to
hydrogenolysis, can also be cleanly converted to the corre-
spopnding b-hydroxy ester 2c under our standard conditions
[eqn. (3)]. Switching the bromo ester from allyl to methyl had
little effect. The debromination product 2d was obtained in 80%
isolated yield [eqn. (4)].

Variation of the halogen was briefly explored. Halohydrin
aldols such as iodohydrin 3a, bromohydrin 3b and chlorohydrin
3c were utilized to test the feasibility of Al–Hg promoted
reductive cleavage. On exposure to an excess of Al–Hg in
aqueous CH2Cl2 (1+10) at 0 °C for 2 min, the C–I bond in 3a
was completely cleaved (Scheme 1) while the same conditions
effected complete debromination of 3b within 30 min to afford
b-hydroxy ester 4 in 94% isolated yield. Switching the
halohydrin from bromo to chloro had a rate retardation effect
while maintaining excellent yield. Thus, after 1 h at 0–25 °C, 3c
was cleanly converted to the ester 4 in 90% isolated yield with
no evidence of dehydroxychlorination to the a,b-unsaturated
ester.

Extension of these observations to other carboxylic acid
derivatives confirms the generality of this procedure. We were

Scheme 1
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pleased to find that switching the a-bromo-b-hydroxy acid
derivative from ester 3 to amide 5 had little effect. The
debromination product 6 was obtained in 91% yield under the
usual conditions in 30 min [eqn. (5)].

The broad scope of the reaction is illustrated by the additional
examples provided below. A particularly interesting example
illustrating the chemoselectivity of this process is the debromi-
nation of chiral bromohydrin aldol adduct 7, which by virture of
the sensitivity of allyl-type alcohol requires very mild methods.
Using these standard reduction conditions, only reductive
cleavage of the C–Br bond to give b-hydroxy ester 8 is
observed, without concurrent reductive cleavage of the C–OH
bond or dehydroxybromination [eqn. (6)]. Using an a-bromo
ester bearing a benzyl-type alcohol 9, the identical reaction gave
the corresponding methyl b-hydroxy ester 10 in 90% isolated
yield [eqn. (7)].7

This Al–Hg mediated reductive cleavage of carbon–halogen
bonds represents an extremely simple, practical and efficient
elaboration of various halohydrin compounds into a-un-
substituted b-hydroxy acid derivatives. Its use in the reduction
of halohydrin aldols to b-hydroxy acid derivatives compares
very favorably with other methods such as catalytic hydro-
genolysis or reduction with tri-n-butyltin hydride. Further
studies on the reductive cleavage of isolated halohydrins and

other a,b-difunctional aldol adducts such as a,b-epoxy esters
and amides are currently underway and will be reported in due
course.

We thank the National Science Council of the Republic of
China for support of this work. (NSC 89-2113-M-005-003).
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A metal complex was designed to bind to the protein
carbonic anhydrase strongly and selectively in aqueous
medium.

Strong and selective binding to a pre-determined protein by
synthetic receptors is of paramount importance for drug
design,1 protein purification2 and protein sensing.3 The recogni-
tion of active sites of enzymes leading to very effective
inhibitors has been developed to a high level of sophisti-
cation. 4 Recognition of protein surface patterns by polypeptides
has been used as a model system for studying protein–protein
interactions5 or to design enzyme inhibitors.6 These studies
employed multiple hydrogen bonding or ionic interactions as
the basis of recognition. Herein, we report our results on
selective recognition of a protein, carbonic anhydrase (CA,
bovine erythrocyte) based on its surface histidine pattern,
employing Cu2+–histidine interactions in water (25 mM HEPES
buffer, pH 7.0, 25 °C). To our knowledge, this is the first report
of protein surface recognition using the surface histidine pattern
of the protein. Metal–histidine interactions have been used for
protein purification using immobilized metal affinity chroma-
tography (IMAC).2 However, in IMAC, the proteins are
distinguished based on their surface histidine contents.

Metal–ligand interactions have several advantages in recog-
nition compared to hydrogen bonding, ion-pair or other weak
interactions. Metal–ligand interactions are stronger especially
in aqueous media.7 A variety of transition metal ions are
available and are used by nature in biological systems for
molecular recognition and catalysis.8 This allows fine tuning of
each of the interactions and opens the possibility of catalysis,
following recognition. The spectroscopic properties of the metal
ions can be utilized to monitor the binding process and to get
structural information about the resultant complex.9

CA has five histidines (3, 10, 15, 17, 64) exposed on the
surface (determined using the modeling software insight-II and
discover, version 98.0, Molecular Simulations Inc., Burlington,
MA).10 The distance amongst the histidines 3, 10, 17 (or 15) are
ca. 16 Å. This pattern was mapped into the pattern of Cu2+ ions
by the tris–Cu2+ complex 2. Another shorter tris–Cu2+ complex
3 (distance amongst the Cu2+ ions: ca. 12 Å) was synthesized
for comparative studies. A mono-Cu2+ complex 1 served as the
control for the recognition studies. Structures of the metal
complexes 1, 2 and 3 are shown in Fig. 1. These complexes were
modeled using the software Spartan (version 5.0.3, Wavefunc-
tion Inc., Irvine) employing the Merck molecular mechanics
force field. After energy minization, the resultant structures
were subjected to systematic conformational searches to
identify the lowest energy structures.

Two other proteins with different surface histidine patterns
were used as controls for these studies, chicken egg albumin
(CEA) and chicken egg lysozyme. CEA has six histidines on the
surface (22, 23, 329, 332, 363, 371); lysozyme (chicken egg)
has only one histidine (15) exposed to surface.10 All of these
three proteins are known to interact with transition metal ions
through the surface exposed histidines.11 CEA has a higher
number of surface exposed histidines than the target protein

(CA) but their distributions are different. If the recognition is
based on the contents of surface exposed histidine residues (e.g.
IMAC), then CEA is expected to bind more strongly compared
to CA. Since the studies reported here rely on the histidine
pattern, CEA was chosen as a control protein.

Complexes 2 and 3 were synthesized from the corresponding
bromides and diethyl iminodicetate, using K2CO3 as the base in
acetonitrile solvent. The ester groups were hydrolyzed by LiOH
in methanol–water at 25 °C.12 The complexes were found to be
stable in aqueous buffer solution (25 mM HEPES buffer,
pH 7.0), at room temperature, in air for more than a month. It is
reported in the literature that the IDA–Cu2+ complex binds to
proteins (pH 7.0) primarily through the surface exposed
histidine residues of proteins. Primary amino groups and
carboxylate residues on the protein surface only play weak,
secondary roles.13

Binding studies were conducted in water (25 mM HEPES
buffer, pH 7.0; [protein] = 100 mM, [1] = 0–1.2 mM; [2] or [3]
= 0–500 mM, 25.0 °C) and were followed by isothermal
titration microcalorimetry14 (ITC-4200, Calorimetry Scientific
Corporation, Provo, UT). The software provided by the
instrument manufacturer (Bindworks 3.0) was used for data and
error analysis. The raw data were corrected for the heat of
dilution of the appropriate Cu2+-complex before the curve
fitting process (data for titrations are available as electronic
supplementary information†).

Results for the binding experiments (stoichiometry, binding
constant and enthalpy) are shown in Table 1. The control 1
showed low affinity (K < 4000 M21) for the proteins tested.
With the complex 2, CA was found to bind tightly (K ≈
300 000 M21). CEA showed weak binding with complex 2 (K
< 1000 M21) under the experimental conditions. Lysozyme
was found to precipitate when [2] > 25 mM. With the shorter
complex 3, the affinity for CA was found to decrease (K ≈
75 000 M21) compared to that of 2. Both lysozyme and CEA
bound weakly to complex 3 (no precipitation). Complex 2
bound CA more strongly compared to the control 1 (90+1) or the
shorter tris–Cu2+ complex 3 (4+1). This slight selectivity of CA
for 2 (over 3) may be due to greater strain in binding for 3 (DH
= 215.1 kcal mol21 for 2; 212.2 kcal mol21 for 3) to the
protein. Complex 2 also showed very good selectivity for CA
when compared to CEA (300+1).

In order to demonstrate selective binding of 2 to CA, a
mixture of the protein and the control 1 ([CA] = 100 mM; [1] =
100 mM) was titrated with 2 ([2] = 0–500 mM). No change in
the binding constant of 2 with CA was observed. When a

† Electronic supplementary information (ESI) available: scheme for the
synthesis of 2, 3 and ITC titration data (raw and processed) for the results
reported in Table 1. See http://www.rsc.org/suppdata/cc/a9/a909001k/

Fig. 1 Structures of the tris–Cu2+ complexes 2, 3 and the control 1 used for
recognition of carbonic anhydrase.
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mixture of 2 and CA ([CA] = 100 mM; [2] = 100 mM) was
titrated with control 1 ([1] = 0–1 mM), no binding was
observed. Similar results were obtained with the complex 3.
When a mixture of the three tested proteins (100 mM each) was
titrated with complex 2, the binding constant remained
unchanged (280 000 ± 30 000). If carbonic anhydrase was not
included in the mixture (i.e. CEA and lysozyme, 100 mM each),
very weak affinity ( < 1000) was detected. The binding
selectivity reported here (for complex 2) is distinctly different
compared to that observed with a random distribution of
copper(II) ions (on chelating Sepharose fast flow with iminodia-
cetate–Cu2+, pH 7.0, 22 °C, either in equilibrium binding
experiments or in chromatograhy).15

To demonstrate the role of Cu2+–histidine interactions in the
recognition process, we have studied the binding between CA
and complex 2 by EPR spectroscopy in the solution phase
(9.4 GHz, [CA] = 1.2 mM; [2] = 600 mM, 25.0 °C). Upon
addition of the protein, the g|| value of Cu2+ ions of 2 decreased
from 2.290 to 2.261. These values match well with the reported
g|| values of the iminodiacetate–Cu2+ complex, free and bound
to myoglobin through the histidine residues (2.288 and 2.264,
respectively).16 Also ITC titrations failed to detect any binding
between the metal-free ligands (for 1, 2 and 3) and the
proteins.

The binding of CA with the metal complexes 2 and 3 were
followed by UV–VIS spectrometry. Upon addition of CA to a
solution 2 (or 3, [2 or 3] = 0.5 mM; [CA] = 0.8 mM, 25 mM
HEPES buffer, pH 7.0, 25 °C, 10 3 100 mL additions), the
absorption maxima progressively shifted from 727 to 660 nm.
This indicated the coordination of one imidazole group (of
histidine residues) per copper(II) ion of the complexes.17

Analyses18 of the resultant titration curves corroborated the ITC
results. Circular dichroism studies (80 mM protein, 0–500 mM of
2 or 3, 25 mM phosphate buffer, pH 7.0, 23.0 °C) indicated that
the proteins were not unfolding in presence of the control 1 or
receptors 2 or 3.

Thus these studies demonstrate that the tris–Cu2+complex 2
binds carbonic anhydrase strongly and with good selectivity
compared to two other proteins with different histidine patterns
on the surface. It should be noted that the reported method of
protein recognition is applicable to proteins of known structures
possessing histidine residues on the surface. With rapidly
increasing number of solved protein structures, the method has
wide applicability.

This work was supported by NSF-CAREER award (CHE-
9896083) and an NIGMS - AREA grant (1R15 59594-01, NIH).
The microcalorimeter was purchased through an NSF-EPSCoR
award to North Dakota. We thank Professor Kenton Rodgers for
help with the EPR experiments.
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Table 1 Binding parameters for the receptors 2, 3 and control 1 with carbonic anhydrase, chicken egg albumin and lysozyme

Protein Stoichiometry (n) K/M21 2DH/kcal mol21

Lysozyme 1: 1.2 ± 0.3 (1.6 ± 0.2) 3 103 7.0 ± 0.5
2: nd Precipitation —
3: — < 103 —

Carbonic anhydrase 1: 0.90 ± 0.03 (3.5 ± 0.7) 3 103 39.2 ± 2.0
2: 0.94 ± 0.006 (299 ± 30) 3 103 15.1 ± 0.3
2: 0.81 ± 0.02 (pH 6.0) (199 ± 35) 3 103 (pH 6.0) 10.8 ± 0.5 (pH 6.0)
2: 0.82 ± 0.01 (pH 8.0) (97 ± 16) 3 103 (pH 8.0) 10.2 ± 0.3 (pH 8.0)
3: 1.3 ± 0.01 (75 ± 6) 3 103 12.7 ± 0.2
3: 1.3 ± 0.04 (pH 6.0) (27.5 ± 4) 3 103 (pH 6.0) 12.2 ± 0.7 (pH 6.0)
3: 1.3 ± 0.02 (pH 8.0) (45 ± 5) 3 103 (pH 8.0) 20.6 ± 0.6 (pH 8.0)

Albumin 1: — < 103 —
2: — < 103 —
3: 1.6 ± 0.07 (16 ± 2.5) 3 103 20.9 ± 1.5
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Ru(II)-catalyzed cycloaddition of unsymmetrical 1,6-diynes
gives the desired cycloadducts in high yields with a
regioselectivity meta+ortho = 88+12–98+2.

Transition-metal catalyzed [2 + 2 + 2] cyclotrimerizations of
alkynes has been recognized as a straightforward route to
substituted benzenes.1 The control of both the chemo- and
regio-chemistries in the cyclotrimerization of two or three
different alkyne components, however, have been a crucial
problem. Although the selective cyclocotrimerization of three
different alkynes was achieved using stoichiometric zircono-
cene reagent,2 the regiochemistry problem has remained
unsolved. In addition, catalytic reactions are ideal from both the
environmental and economical points of view. The intra-
molecular cyclization of triynes was pioneered as a completely
chemo- and regio-selective process by Vollhardt in work on the
catalytic reactions of CpCo(CO)2,3 and subsequently, many
triyne cyclizations have been applied for the syntheses of
complex polycyclic systems.4 Intermolecular couplings be-
tween a diyne and a monoalkyne have also been realized as a
successful method to construct bicyclic frameworks.3,5 At the
expense of the complete regio- and chemo-selections, this
partially intermolecular approach becomes more advantageous
than the triyne methodology, because a wide variety of readily
accessible or commercially available diynes and monoalkynes
could directly be used. The chemoselectivity can be improved
using an excess amount of a monoalkyne, although a sat-
isfactory level of regiocontrol has not been achieved in previous
diyne–monoalkyne couplings. Herein, we report the first Ru-
catalyzed regioselective cycloaddition between unsymmetrical
1,6-diynes and monoalkynes.

Recently, we have found that Cp*Ru(cod)Cl 1: (Cp* =
pentamethylcyclopentadienyl, cod = cycloocta-1,5-diene) ef-
fectively catalyzes the selective intermolecular coupling of
1,6-heptadiynes with 2,5-dihydrofuran.6 In order to extend the
catalytic utility of the ruthenium complex 1, we further explored
the catalyzed cross-cyclotrimerization of 1,6-diynes with mono-
alkynes. To the best of our knowledge, ruthenium-catalyzed [2
+ 2 + 2] cyclotrimerizations of monoalkynes has scarcely been
investigated so far,7 and no example of co-cyclotrimerization of
different alkynes was found in previous reports.1,8 At the outset,
dimethyl dipropargylmalonate 2a [X = C(CO2Me)2] and 2
equiv. of hex-1-yne 3a (R = Bu) were treated with 1 mol% of
1 in 1,2-dichloroethane at ambient temperature (Scheme 1). The

starting diyne 2a was completely consumed within 15 min, and
silica-gel column chromatography of the crude reaction mixture
gave the desired indan derivative 4a in 89% yield (TOF = 356
h21; Table 1, entry 1). The undesired competitive dimerization
and trimerization of 2a were effectively suppressed (11%), and
the cyclotrimerization of 3a was not detected in the crude
reaction mixture by 1H NMR spectroscopy. The yield and the
selectivity were slightly improved using 4 equiv. of 3a (entry 2).
The reaction of phenyl acetylene 3b (R = Ph) required a longer
reaction time (14 h) even using 3 mol% of 1a (entry 3). A
biphenyl derivative 4b was obtained in 74% yield. In contrast to
these results, a terminal alkyne possessing a bulky substituent,
tert-butyl acetylene 3c (R = But) gave the corresponding
cycloadduct 4c only in low yield (entry 4). In this case,
substantial amounts of the dimer and the trimer of 2a were
formed. In addition to terminal alkynes, the parent acetylene 3d
(R = H) was found to be an effective monoalkyne component
for our catalyzed cycloaddition. The diyne 2a was treated with
1 at 0 °C for 1 h under acetylene gas (balloon) to afford 4d in
84% yield (entry 5).

Furthermore, this novel protocol using the Ru(II)-catalyst was
successfully applied to other heterocyclic species. The cycload-
dition of N,N-dipropargyl tosylamide 2b (X = NTs) with hex-
1-yne 3a was complete within 10 min at ambient temperature to
afford an isoindoline derivative 4e as the sole product in 80%
yield (entry 6). A phthalan derivative 4f was obtained in 68%
yield along with the dimer and trimer of 2c (entry 7).

We next investigated the regiochemistry in the cycloaddition
of a series of unsymmetrical 1,6-diynes 5 (Scheme 2). The
regiochemistry of the cyclotrimerization key steps have been
examined only to a limited degree: a few examples of
regioselective cycloaddition using ClRh(PPh3)3 have been
reported, but these were limited to alkynes possessing a
hydroxyl group.5f,k In fact, the reaction of a malonate derivative
5a [X = C(CO2Me)2, R1 = Me] with hexyne 3a at 60 °C for 3
days using 5 mol% ClRh(PPh3)3 gave a 5,7-disubstituted indan
derivative meta-6a and its 5,6-disubstituted isomer ortho-6a in

† Electronic supplementary information (ESI) available: experimental
procedures and analytical data for 4 and 6. See http://www.rsc.org/
suppdata/cc/b0/b000466i/

Scheme 1

Table 1 Cp*Ru(cod)Cl-catalyzed cycloaddition of 1,6-diynes 2a–c with
terminal alkynes 3a

Yieldb (%)

Entry X R
Catalyst
(mol%) t 4

Dimer +
trimer

1 C(CO2Me)2 Bu 1 15 min 4a, 89 11
2 C(CO2Me)2 Buc 1 15 min 4a, 94 5
3 C(CO2Me)2 Ph 3 14 h 4b, 74 21
4 C(CO2Me)2 But 1 30 min 4c, 21 53
5 C(CO2Me)2 Hd 1 1 h 4d, 84 9
6 NTs Bu 1 10 min 4e, 80 —
7 O Bu 1 12 h 4f, 68 18
a All reactions were carried out with a terminal alkyne (2 equiv.) in
1,2-dichloroethane at r.t. b Isolated yield. c 4 equiv. d Under acetylene gas
(balloon) at 0 °C.
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61% total yield with a low regioselectivity meta+ortho =
65+35. In our hands, 5a regioselectively reacted with 2 equiv. of
3a in the presence of the catalyst 1 (1 mol%) to afford meta-6a
and ortho-6a in 85% total yield with an excellent re-
gioselectivity meta+ortho = 93+7 (Table 2, entry 1). The
importance of the bulky Cp* ligand of 1 was clearly
demonstrated by the fact that the reaction of 5a and 3a
conducted using CpRu(cod)Cl bearing a smaller Cp ligand gave
cycloadduct 6a in 76% yield with lower selectivity (meta+ortho
= 87+13). Similarly, the reaction of 5a with propyne gas 3e (R2

= H; balloon) or propargyl methyl ether 3f (R2 = CH2OMe)
gave 6b and 6c in 80 and 86% yields, respectively with high
meta-selectivities (entries 2 and 3). The ether functionality at
the propargylic position in 3f did not decrease both the yield and
regioselectivity. Cycloaddition with the less reactive aromatic
alkyne, phenylacetylene 3b, was conducted using an increased
amount of the catalyst, and biphenyl derivatives 6d were
obtained in a comparable total yield (82%) with somewhat
lower selectivity (entry 4). Similar biphenyl derivatives 6e were
also obtained from the reaction of a 1,6-diyne possessing a
phenyl group as a terminal substituent 5b (entry 5). In this case,
the increased amount of the catalyst (10 mol%) was again found
to be effective. The highest yield and regioselectivity were
achieved in the reaction of a diyne 5c having a bulky
trimethylsilyl substituent at the terminal position with 3a (entry
6). The corresponding indan derivatives 6f were obtained in
94% total yield with an isomer ratio of meta+ortho = 98+2. The
regioselective syntheses of highly substituted heterocycles were
also realized using nitrogen- or oxygen-tethered unsymmetrical
diynes 5d and 5e. An isoindoline derivative 6g and a phthalan
derivative 6h were obtained in 82 and 75% yields, respectively,
with high meta-selectivities (entries 7 and 8).

The origin of the high meta-selectivity can be explained by
the insertion mechanism depicted in Scheme 3. A ruthenacyclo-
pentadiene 7 formed from 1 and 5 can be proposed as a key
intermediate.9 In order to avoid the steric interaction with the
terminal substituent R1, a monoalkyne 3 is selectively inserted
into the less substituted Ru–C single bond to form ruthenacyclo-
heptatriene intermediates 8 or 9. At this stage, the bulky Cp*

ligand directs formation of 8 because the steric repulsion
between Cp* and R2 is obviously greater in 9 and reductive
elimination from 8 gives a meta-isomer meta-6 as the major
product.

In conclusion, an Ru(II) complex possessing a bulky planar
ligand, Cp*Ru(cod)Cl, catalyzed the cycloaddition of
1,6-diynes with terminal alkynes at or below room temperature.
Satisfactory chemoselectivity can be achieved using 2 equiv. of
a monoalkyne. Excellent meta-selectivity was observed for the
reaction of unsymmetrical diynes.

We gratefully acknowledge financial support (09305059,
10132222, and 11119223) from the Ministry of Education,
Science, Sports, and Culture, Japan.
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Scheme 2

Table 2 Cp*Ru(cod)Cl-catalyzed cycloaddition of 1,6-diynes 5a–c with
terminal alkynes 3a

Yieldb (%)

Entry X R1 R2
Catalyst
(mol%) t (meta+ortho)c

1 C(CO2Me)2 Me Bu 1 1 h 6a, 85 (93+7)
2 C(CO2Me)2 Me Med 3 18 h 6b, 80 (94+6)
3 C(CO2Me)2 Me CH2OMe 1 3 h 6c, 86 (94+6)
4 C(CO2Me)2 Me Ph 3 24 h 6d, 82 (88+12)
5 C(CO2Me)2 Ph Bu 10 24 h 6e, 80 (95+5)
6 C(CO2Me)2 SiMe3 Bu 5 7 h 6f, 94 (98+2)
7 NTs Me Bu 1 10 min 6g, 82 (93+7)
8 O Me Bu 1 30 min 6h, 75 (95+5)
a All reactions were carried out with a terminal alkyne (2 equiv.) in
1,2-dichloroethane at r.t. b Isolated yield. c Ratios in parentheses were
determined by GC analyses of isolated products. d Under propyne gas
(balloon).

Scheme 3
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A novel cationic conjugated polymer, poly[(9,9-dihexyl-
2,7-fluorene)-alt-co-(2,5-bis{3-[(N,N-dimethyl)-N-ethylam-
monium]-1-oxapropyl}-1,4-phenylene)] dibromide, which is
water-soluble and emits bright blue fluorescence both in
solutions and as films, is synthesized through Suzuki
coupling reaction and a post-polymerization treatment.

Water-solubility of conjugated polymers may offer many new
application opportunities. Potential applications of water-
soluble conjugated polymers include the construction of active
layers in organic light-emitting diodes through a layer-by-layer
self-assembly approach,1 as buffer layer and emissive layer
materials in inkjet printing fabricated organic LEDs,2 and as
highly sensitive fluorescent sensory materials in living bodies.3
Such applications generally favor high molecular weights and
high photoluminescence (PL) efficiencies and require different
ionic types. Water-solubility of semiconducting conjugated
polymers was first demonstrated in 3-substituted polythio-
phenes4,5 and was then extended to poly(para-phenylene
vinylene) (PPV)-based6 and poly(para-phenylene) (PPP)-based
polymers.7,8 The water-solubility in such polymers was
achieved by functionalizing the substituted side chains with
terminal carboxylate or sulfonate groups. These polymers are,
therefore, anionic polyelectrolytes. Until the most recent report
on the synthesis of ammonium-functionalized PPPs from
Reynolds’ group,9 there are no cationic water-soluble conju-
gated polymers available. Fluorene-based conjugated polymers
have received considerable attention in the past few years for
the high efficiencies both in PL and in electroluminescence
(EL).10 Moreover, we recently demonstrated that conjugated
polymers based on alternating fluorene and phenylene back-
bones are promising efficient and stable blue luminescent
materials.11 This work presents the successful effort in
developing a cationic water-soluble conjugated polymer based
on the alternating fluorene and phenylene backbone, which
represents the first example of fluorene-based water-soluble
conjugated polymer and exhibits efficient blue light emission.

The chemical structure of the new water-soluble conjugated
polymer, poly[(9,9-dihexyl-2,7-fluorene)-alt-co-(2,5-bis{3-
[(N,N-dimethyl)-N-ethylammonium]-1-oxapropyl}-1,4-
phenylene)] dibromide (PFP-NMe2EtBr) and the synthetic
route are depicted in Scheme 1. Monomer I, 9,9-dihexyl-
fluorene-2,7-bis(trimethylene boronate), was synthesized from
2,7-dibromofluorene as the starting material.11 Monomer II,
2,5-bis[3-(N,N-dimethylamino)-1-oxapropyl)-1,4-dibromoben-
zene], was prepared from 2,5-dibromohydroquinone by reac-
tion with 2-chloroethyldimethylamine in refluxing acetone in
the presence of an excess of anhydrous potassium carbonate.9
The polymerization was carried out in a mixture of toluene and
aqueous potassium carbonate solution (2 M) containing 1 mol%
Pd(PPh3)4 under vigorous stirring at 85–90 °C for three days.
The neutral polymer, polymer I, was obtained as a fibrous white
solid with a yield of ca. 70% after purification and drying.
Conversion of the neutral polymer to the final water-soluble
polymer was achieved by treatment with bromoethane in
dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF) (1+4).

The structures of both the neutral and the final water-soluble
polymers were confirmed by NMR and elemental analysis.†

The characterization of molecular weight is often a problem
for water-soluble conjugated polymers. The post-polymeriza-
tion approach for the realization of water-solubility allows us to
characterize the molecular weight at the stage of the neutral
polymer. The neutral polymer, polymer I, can be readily
dissolved in CHCl3, THF, toluene and aqueous acid, but is
insoluble in DMSO, methanol and water. Gel-permeation
chromatography (GPC) measurement using THF as eluent and
polystyrenes as the standards indicated the weight average
molecular weight to be 47 000, with a polydispersity of 1.61.
Another advantage of the post-polymerization approach is that
the quaternization degree can be controlled and thus the water-
solubility of the resultant polymer is tunable. The tunable
solubility is useful for the application of such materials as buffer
layers in inkjet printing fabrication of LEDs.2 The degree of
quaternization could be determined by 1H NMR spectra. As
shown in Fig. 1, the neutral polymer exhibits three peaks in the
region d 7.8–7.6 arising from the aromatic protons in fluorene
and one peak at d 7.15 due to the protons in the phenylene ring.
The well resolved peaks at d 4.09, 2.67 and 2.30 correspond to
methylene groups adjacent to the oxygen (–OCH2–) and
nitrogen (–CH2N–) atoms and the methylamino groups
(–NCH3), respectively. After the treatment with bromoethane,
the peaks in the aromatic region remain almost unchanged,
whereas all the signals corresponding to –OCH2–, –CH2N–, and
–NCH3 split into two peaks, which arise from the quaternarized
(lower field) and un-quaternized components, respectively. The

Scheme 1 Chemical structures and synthetic route towards the polymers.
Reagents and conditions: i, 2-chlorotrimethylamine hydrochloride, anhy-
drous potassium carbonate, acetone, reflux, 3 days; ii, toluene/aqueous
potassium carbonate solution (2 M), Pd(PPh3)4, 85–90 °C, 3 days; iii,
bromoethane, DMSO–THF (1+4), 50 °C, 3 days.
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relative integrals of each pair of the split peaks can thus be used
to estimate the degree of quaternization. The highest degree of
quaternization obtained in our experiments is  ca. 80%. With
this degree of quaternization, the resulting polymer shows
solubility characteristics opposite to that of polymer I, being
completely soluble in DMSO, methanol, and water but
insoluble in CHCl3 and THF.

Polymer II also possesses good thermal stability. The onset
degradation temperature of this polymer is 300 °C in nitrogen,
whereas it starts to decompose above 230 °C in air, with a small
amount of water loss at lower temperatures. In air, no residue
remained after heating to 800 °C.

The UV–VIS absorption spectra of polymer I in chloroform
solution and as a film (on quartz plate, spin-cast from
chloroform solution) are almost identical with the same
maximum absorption at 366 nm. The PL spectrum of the
polymer solution peaks at 414 nm, whereas the polymer film
exhibits an emission maximum at 424 nm with a vibronic
shoulder around 444 nm. The emission spectral feature of the
polymer in the film state is very similar to that of the polymer
having the same backbone structure and substitution on fluorene
unit but without the terminal amino group in the phenylene side
chains.11 This implies that the terminal amino groups are
unlikely to affect the conformation of the backbone in the film
state. For the quaternized sample with the highest degree of
quaternization (ca. 80%), the electronic spectra are remarkably
dependent on the solvent, showing a bathochromic shift with a
decrease in solvent polarity. As displayed in Fig. 2, the polymer
shows absorption maxima at 343, 354 and 367 nm in water,
methanol and DMSO, respectively. The corresponding PL
maxima appear at 409, 409 and 419 nm, respectively. Uniform
and transparent films of the polymer on quartz plates were
prepared by spin-casting its aqueous solution. The UV–VIS
absorption and PL spectra of the polymer film are also shown in

Fig. 2. The absorption and emission peaks appear at 359 and 416
nm, respectively.

From the application point of view, one of the most attractive
properties of the polymers is the relatively high PL quantum
yield (Fpl). Both the neutral polymer and the quaternized
polymers display strong blue fluorescence either in solutions or
as films upon exposure to UV light. The Ffl of the neutral
polymer (polymer I) is as high as 97% as measured from its
dilute solution in chloroform.‡ For polymer II (with a degree of
quaternization of 80%), the Fpl was measured to be 86% from
its dilute solution in methanol. When the measurement was
conducted in aqueous solution, the corresponding value of Fpl
is 25%. The decrease of PL efficiency may be attributed to the
aggregation of the polymer in aqueous solution. This was
supported by a further reduced PL efficiency measured in the
solid state (films on quartz plate cast from methanol solution),
which is 4% compared with 9,10-diphenylanthracene as
standard (dispersed in PMMA films with a concentration lower
than 1 3 1023 M, assuming a PL efficiency of 83%).12

In summary, we have synthesized a new cationic water-
soluble conjugated polymer based on the alternating fluorene
and phenylene backbone structure through a facile post-
polymerization approach, which permits a full structural
characterization of the polymer and control of the degree of
cation formation. The polymer emits intense blue fluorescence
both in solutions and in film states. The good water-solubility
and high fluorescence quantum yield make it attractive for
applications in fabricating organic LED devices and as
fluorescent bio-sensory materials.

The work was partially supported by the National University
of Singapore through a research grant (RP970610).
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Fig. 1 1H NMR spectra of polymers I (a) and II (b).

Fig. 2 UV–VIS absorption and photoluminescence spectra of polymer II in
solutions and as films. (a) UV in aqueous solution, (b) UV in MeOH, (c) UV
in film, (d) UV in DMSO, (e) PL in MeOH, (f) PL in aqueous solution,
(g) PL as film and (h) PL in DMSO.
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Diastereoselective and regioselective [1,5]-C,H insertion
reactions of 2A-deoxy-3A-diazomalonate nucleosides afforded
t-butyrolactones of nucleosides as chiral synthons for the
preparation of 2A-C-branched nucleosides.

Since oxetanocin1 was isolated and turned out to show potent
antiviral activity such as inhibition of HIV-1 antigens and
infectivity, C-branched nucleosides bearing carbon–carbon
bonds at the furanose rings have attracted considerable attention
as clinically useful chemotherapeutic agents.2 Moreover, the
discovery of a positive correlation between inhibitory activity
against ribonucleotide reductase and antitumor activity,3 has led
to rational drug design to find potent antitumor agents having
C–C bonds at the 2A-positions.4 The key step in the synthesis of
C-branched nucleosides is stereocontrolled C–C bond forma-
tion at the branching site of the ribofuranose ring. However, it
is especially difficult to construct C–C bonds at the 2A-position
of nucleosides. Intramolecular cyclization is a facile and useful
strategy for stereo- and regio-controlled C–C bond formation to
provide g-butyrolactones of nucleosides as a useful chiral
synthon for the synthesis of C-branched nucleosides.5 The g-
butyrolactones of nucleosides are important key intermediates
to manipulate various 2A-C-branched nucleoside analogues.
Recently Camarasa and coworkers reported that g-butyr-
olactones of nucleosides were prepared by intramolecular
radical cyclization in good diastereoselectivities but low yields6

which might result from reductive deoxygenation, which is a
feature of free radical cyclizations. Intramolecular [1,5]-C,H
insertion reactions of a-diazocarbonyl compounds have been
among the most attractive and effective methods for the
construction of functionalized five membered rings.7 Substrates
can be smoothly cyclized without difficulty by dirhodium(II)-
catalyzed C,H-insertion reactions. However, surprisingly, no
successful C,H-insertion reactions in the modification of
ribofuranose ring of nucleosides have been reported. Efficient
construction of a C–C bond at the branching point has been a
difficult task especially at the 2A-position of nucleosides by
currently available methods. Here, we describe diastereose-
lective intramolecular C,H-insertion of 2A-deoxy-3A-a-diazoace-
tates of nucleosides in the presence of a catalytic amount of
dirhodium tetraacetate to [3.3.0] fused lactones (g-butyr-
olactones) of a series of nucleosides having a new chiral center
at an off-template site of the ribofuranose ring, in high yields, as
shown in Scheme 1.

For the synthesis of the fused g-butyrolactones of nucleosides
we chose 2A-deoxy-3A-diazoacetates of nucleosides (R1 = H,
MeCO, MeO2C, EtO2C) as templates for [1,5]-C,H insertion
reactions. The general strategy is shown in Scheme 2.

The 5A-position of 2A-deoxynucleosides were protected with
tert-butyldiphenylsilyl chloride in dried pyridine at room
temperature. These 5A-O-protected-2A-deoxynucleoside deriva-
tives 10a–e undergo transesterification8 by reaction with the
corresponding methyl ester to give 3A-O-acetoacetyl-2A-deoxy-

nucleosides and 2A-deoxy-3A-O-a-(methoxycarbonyl)acetylnu-
cleosides in moderate yields. Diazo transfer of these esters with
methanesulfonyl azide and triethylamine in acetonitrile9 af-
forded the corresponding 3A-diazoester derivatives 1a–4a and
1b–4b in poor yields (ca. 50%). These low yields might be due
to steric hindrance by furanose rings. It was found, however,
that the satisfactory yields (84–96%) of 1a–4a and 1b–4b could
be smoothly obtained using methyl a-diazoacetate derivatives
instead of methylacetate ones, and a-ethoxycarbonylacetates of
nucleosides 1c and 2c were not formed by this procedure. The
desired products 1c and 2c could be obtained by a coupling
reaction of 5A-O-protected-2A-deoxynucleosides 10a,b with
monoethyl malonate followed by diazo transfer in moderate
yields (56–71%), while 2A-deoxy-3A-a-diazoacetates of nucleo-
sides 1d and 2d could be obtained in good yields (78–90%)
using the modified House–Blankey procedure.11

Our initial studies on stereocontrolled C,H-insertion of 2A-
deoxy-3A-a-diazoacetates of nucleosides were performed in the
presence of dirhodium tetraacetate (1.0 mol%) in dichloro-
methane at room temperature. However, only a trace amount of
product was obtained and starting material was recovered. To
improve the yields, when the reaction mixture was refluxed,
high yields of g-butyrolactones of nucleosides 5–8 were
obtained and results obtained are summarized in Table 1.

Moreover, the C,H-insertion of 2A-deoxy-3A-a-diazoacetates
of nucleosides 1–4 afforded the g-butyrolactones of nucleosides
5–8 with high diastereoselectivities. Through the JH–H coupling
constant (J1B–2A 8.8 Hz) between 1B-hydrogen and 2A-hydrogen
of 6b, the stereochemistry of 1B-position of g-butyrolactone of
nucleoside 6b was determined as exo. Irradiation of the
anomeric proton of 6b caused enhancement of the signal for H-
1B (8%), indicating that the configuration at C-1B of 6b was (S).
A possible mechanism for the stereochemical outcomes of g-

† Electronic supplementary information (ESI) available: NMR data for 2b
and 6b. See http://www.rsc.org/suppdata/cc/b0/b000524j/

Scheme 1

Scheme 2 Reagents and conditions: i, TBDPSCl, pyridine, rt; ii,
R1C(N2)CO2Me, DMAP, toluene, reflux; iii, (1) EtO2CCH2CO2H, DCC,
DMAP; (2) MsN3, Et3N, MeCN; iv, TsNHNNCHCOCl, Et3N, MeCN.
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butyrolactones of nucleosides 5–8 is proposed as shown in
Scheme 3.

The unfavorable steric hindrance between the anomeric
proton and the methyl ester in endo transition state 12 drives the
equilibrium to the left to the exo transition state 11, which gives
the (S) conformer (exo adduct, 5–8) stereoselectively. When
pure 6b was refluxed in CH2Cl2 for 10 h, no epimerization
occurred.

The g-butyrolactones of the nucleosides described above can
be considered as useful chiral synthons for the synthesis of C-
branched nucleosides. In connection with biologically inter-
esting nucleosides containing the 2A-methylene moiety, for
instance (E)-FMC3 and (E)-2A-deoxy-2A-(carboxymethylene)-
5A-O-trityluridine-3A,2A-g-lactone 17,12 the synthesis of 17 was
attempted by employing C,H-insertion of the 2A,5A-cyclouridine
derivative 14 as shown in Scheme 4.

Cyclization of 5A-O-trityluridine 13 by basic diphenylcarbo-
nate gave the 2A,5A-cyclouridine 14 in 81% yield. Exposure of 14
to the House–Blankey protocol afforded the corresponding
diazo compound 15, which could be converted to the g-
butyrolactone of uridine 16 in 65% yield. Product 17 could be
smoothly obtained by an elimination reaction with sodium
hydride in 85% yield.

In conclusion, we have achieved the new stereoselective
syntheses of a-substituted-g-butyrolactones of nucleosides via

[1,5]-C,H insertion reactions of a-diazo-g-butyrolactones of
nucleosides.

Furthermore, this reaction can be applied to the synthesis of
(E)-2A-deoxy-2A-(carboxymethylene)-5A-O-trityluridine-3A,2A-g-
lactone 17, a chiral synthon in the synthesis of 2A-C-branched
nucleosides.

This work was supported by the Center for Molecular Design
and Synthesis at Korea Advanced Institute of Science and
Technology.
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Table 1 Dirhodium(II) tetraacetate catalyzed formation of 5–8

Scheme 3

Scheme 4 Reagents and conditions: i, (PhO)2CO, NaHCO3, DMF; ii,
TsHNNNCHCOCl, Et3N, MeCN; iii, Rh2(OAc)4, CH2Cl2, reflux; iv, NaH,
MeCN.
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The first direct asymmetric synthesis of chiral alkyl 5-oxo-
tetrahydrofuran-2-carboxylates (up to 96% ee), which are
important building blocks in the synthesis of natural
products by heterogeneous cinchona-modified Pt-catalyzed
hydrogenation of a-ketoglutaric acid esters and subsequent
cyclization of hydroxy esters is described.

The growing interest in the synthesis of important chiral
compounds provides significant impetus for asymmetric syn-
thesis. Owing to the recent environmental considerations and
safety concerns, the use of heterogeneous asymmetric methods
such as enantioselective hydrogenation are especially prefera-
ble.1 One of those, the cinchona alkaloid-modified platinum
catalyst system, was found to be especially effective in the
hydrogenation of a-ketoesters and ketoacids1 and ketoacetals.2
The most prominent substrates are ethyl pyruvate,3 pyr-
uvaldehyde dimethyl acetal,2 ketopantolactone4 and 1-ethyl-
4,4-dimethylpirrolidine-2,3,5-trione,5 which can all be hydro-
genated with excellent enantioselectivity (91–98%) over
cinchona-modified Pt/Al2O3 catalysts.

Here, we report a new successful enantioselective synthesis
of alkyl (R)-5-oxotetrahydrofuran-2-carboxylates, via the
asymmetric hydrogenation of a-ketoglutaric acid esters over
cinchona-modified Pt/Al2O3 catalyst.

The target chiral esters are very frequently used synthons in
the synthesis of natural products.6 In addition, their utilization in
the free acid form as chiral derivatizing agents7 or as a template
for acyclic stereoselection through asymmetric synthesis8 is
also well known. The enantioselective hydrogenation of dialkyl
2-ketoglutarates and the subsequent cyclization to alkyl 5-oxo-
tetrahydrofuran-2-carboxylates are shown in Scheme 1.

The existing process for the preparation of the target
compounds is a template synthesis based on the deamination of
enantiopure glutamic acid.9 Asymmetric pathways to their
perparation are enzymatic resolution of the racemic mixtures or
direct bioreduction of ketoglutaric acid esters.10 The former
process provides high enantiomeric excess, however, the yield
is obviously does not exceed 50% in the best case. The
bioreduction, however, is not an efficient method for the
preparation of enantiomers of high purity, since the ee values
(up to 67%) vary considerably and significant decarboxylation
and byproduct formation may be observed. Heterogeneous
hydrogenation carried out on camphor-modified Raney Ni was

also inefficient (24% ee).11 As a consequence, to the best of our
knowledge, no satisfactory enantioselective reduction of a-
ketoglutaric acid derivatives has been developed.

In this study two well known Pt/Al2O3 reference catalysts
(Engelhard 4759, denoted E4759 and Johnson Matthey 94,
denoted JMC94) were used while the two modifiers [cinchoni-
dine (CD) and cinchonine (CN)] and 2-ketoglutaric acid were
all Fluka products. 9-Methoxy-10,11-dihydrocinchonidine
(MeOHCD) was kindly donated by Dr Martin Studer (Novartis,
Basel, Switzerland). The dimethyl and diethyl a-ketoglutaric
acid esters were prepared on the basis of a literature proce-
dure.10 The hydrogenations were performed in an atmospheric
batch reactor or in a Berghof Bar 45 autoclave at 20 °C as
described previously.2,3 After hydrogenation, the hydroxyester
obtained was subjected to a cyclization reaction with p-
toluenesulfonic acid according to the literature procedure.10

During the reaction no racemization or inversion occured, as a
result the ee of the cyclic products corresponded to that of the
open chain hydroxy esters. Product identification was carried
out by GC–MS (HP5890 GC-HP5970 MSD) and 1H NMR
spectroscopy (Bruker AM500), while the enantiomeric excesses
{ee% (|[R] 2 [S]|) 3 100/([R] + [S])} were monitored by chiral
gas chromatography [HP 5890 GC-FID, 30 m long Cyclodex-B
(J&W Scientific) capillary column, carrier gas: He, 15 psi,
125 °C, retention time for (S)-isomer: 31.8 min, for (R)-isomer:
32.5 min]. The ee values were reproducible within 2%.

According to earlier findings1–5 two well known 5% Pt/
Al2O3 references catalysts (E4759 and JMC94) were highly
efficient in the enantioselective hydrogenation of activated a-
oxo-compounds. As a result, these samples were selected for the
enantioselective hydrogenation of diethyl a-ketoglutarate. Tak-
ing into account that in the literature, toluene and acetic acid
have mainly been applied as solvents in these systems, both of
them were tested first to find the most suitable medium, catalyst
and modifier for the hydrogenation. Although the enantiose-
lectivity in toluene is only moderate (up to 63% ee), using acetic
acid as solvent, the results are excellent (up to 93% ee) and
comparable or even slightly higher than those obtained with
ethyl pyruvate.1,2 As generally found,12 the ee was always
higher with the CD modifier than with the CN modifier. The
results obtained in the two solvents, including reaction rates and
optical yields, are tabulated in Table 1.

In the light of the results shown in Table 1 it can be concluded
that the JMC catalyst exhibited a slight but clear increase in both
reaction rates and optical yields (5–6% ee increase) compared to
E4759. It seems also clear that MeOHCD is the best modifier
for the reaction, the ee values obtained mostly exceed by ca.
10% those achieved with cinchonidine.

Since the enantioselective hydrogenation of a-ketoesters
over the Pt-cinchona catalyst system generally shows better
performance (higher reaction rates and optical yields) under
elevated hydrogen pressures, the effect of hydrogen pressure, on
the present system was also studied. According to the literature1

a wide hydrogen pressure (1–100 bar) was studied with acetic
acid as solvent using the JMC94 catalyst and MeOHCD
modifier.Scheme 1
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The ee data indicate that the enantioselectivity of the reaction
shows a slight hydrogen pressure dependence. Starting from
93% ee (1 bar H2) the optical yields increased as a function of
hydrogen pressure up to 96% ee. However, at 20 bar hydrogen
pressure the enantiomeric excess seems to reach its maximum,
and any further increase in hydrogen pressure does not result in
higher optical yields. Under the same conditions (JMC94,
MeOHCD, 20 bar) using dimethyl ester, the product was
obtained in 90% ee. The (S)-isomer can also be prepared in 76%
optical purity in the presence of CN-modified JMC94 catalyst at
elevated hydrogen pressures (20–40 bar). Although the study
currently is of an experimental nature, the kinetic data (Table
1)indicate that the mechanism is most likely similar to that
proposed for ethyl pyruvate and other a-ketoesters. The
cinchona-modified reactions all take place at higher rates than
the modifier-free runs, resulting in a racemic product mixture.
This phenomenon unambiguously indicates a ligand accelerated
mechanism.13 As a result, the highest enantioselectivity was
obtained at the highest reaction rate (entry 11, Table 1).

Taking into account the practical importance of the products,
one of them was prepared and isolated in preparative scale.
Starting from 1.5 g of diethyl 2-ketoglutarate after the

hydrogenation (20 bar) and cyclization, ethyl (R)-
5-oxotetrahydrofuran-2-carboxylate was isolated in 80% yield
and 94% ee optical purity.

In conclusion, the cinchona-modified Pt/Al2O3 catalytic
system was found to be effective in the highly enantioselective
hydrogenation of a-ketoglutaric acid esters providing the first
satisfactory asymmetric synthetic route for the preparation of
chiral alkyl 5-oxotetrahydrofuran-2-carboxylates which are
frequently used as chiral building blocks. In addition, this work
provides an opportunity to widen further the practical applica-
tions and potential of the Pt–cinchona catalytic system.

Financial support by Hungarian Academy of Sciences
(AKP97-4 2,4) and Hungarian National Science Foundation
(OTKA T031707) is highly appreciated.
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Table 1 Enantioselective hydrogenation (and subsequent cyclization) of
diethyl a-ketoglutarate to ethyl 5-oxotetrahydrofuran-2-carboxylate over
5% Pt/Al2O3 catalysts (E4759, JMC94) under 1 bar hydrogen pressure and
at 20 °C (values are the average of three experiments)

Entry Solvent Catalyst Modifiera
r/mmol
min21gcat

21
Product
configuration

ee
(%)

1 Toluene E4759 CD 0.51 (R) 53
2 Toluene E4759 CN 0.34 (S) 25
3 Toluene E4759 MeOHCD 0.53 (R) 47
4 Toluene E4759 — 0.49 Racemic —
5 AcOH E4759 CD 0.50 (R) 78
6 AcOH E4759 CN 0.37 (S) 60
7 AcOH E4759 MeOHCD 0.55 (R) 87
8 AcOH E4759 — 0.12 Racemic —
9 AcOH JMC94 CD 0.75 (R) 83

10 AcOH JMC94 CN 0.46 (S) 66
11 AcOH JMC94 MeOHCD 1.41 (R) 93
12 AcOH JMC94 — 0.34 Racemic —
13 Toluene JMC94 MeOHCD 0.75 (R) 63
a CD = cinchonidine, CN = cinchonine, MeOHCD =
9-methoxy-10,11-dihydrocinchonidine.
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We report the first successful production and isolation of a
new C80 isomer together with 13C NMR structural and UV–
VIS–NIR spectroscopic studies of the purified sample; 13C
NMR results unambiguously suggest that the new C80
isomer has an ellipsoidal structure with D5d symmetry.

C80 has seven structural isomers satisfying the isolated
pentagon rule (IPR).1,2 However, owing to its extremely low
abundance in arc-burning soot, this fullerene has long been
known as one of the three ‘missing’ fullerenes3 between C70 and
C96 (the other two fullerenes are C72 and C74).3 It was not until
recently that a small quantity of C80(D2) was isolated by
Henrich et al.4 Here, we report the production, isolation and 13C
NMR structural analysis of a new C80 isomer.

Fullerene soot containing C80 was produced by the dc arc
discharge method. Graphite/iron composite rods (12.5 3 12.5
3 300 mm, 0.7 atom% Fe/C, Toyo Tanso Co.Ltd.) were used
for the arc discharge at 350 A and 23 V under a 12 l min21 He
flow (90–100 Torr). The resulting soot was succesively
extracted with carbon disulfide and pyridine for 20 h. The
separation of C80 was achieved by a multi-stage HPLC
method5,6 using a Buckyprep column (nacalai Cosmosil, 25 3
250 mm, toluene eluent) at 16.5 ml min21 flow rate and a
Buckyclutcher column (Regis, 20 3 300 mm) at 10 ml min21

flow rate. The first stage was performed on the Buckyprep
column which roughly separates C80(I) and C80(II) from other
fullerenes by collecting the corresponding C80-containing
fractions. In the second stage, the HPLC fractions collected in
stage 1 were re-injected into a 5PYE column (nacalai Cosmosil,
25 3 250 mm, toluene eluent) and recycling HPLC was
performed. The third stage was again a recycling HPLC process
on the Buckyclutcher column which can finally isolate C80(I)
and C80(II) obtained from stage 2. The purity of the isolated
samples [C80(I): > 98%, ca. 5 mg; C80(II): > 98%, ca. 2 mg]
was determined by both positive and negative laser-desorption
time-of-flight (LD-TOF) mass spectrometry.

On the 5PYE column, the C80 isomers I and II have different
HPLC retention times. C80(I) appears immediately after C78. A
13C NMR spectrum of this fullerene has already been reported
by Henrich et al.4 to have 20 near-equal signals, suggesting D2

symmetry. C80(II) has a much longer retention time than C80(I)
and appeared after C86. The relative abundance of C80(I) to
C80(II) is ca. 30+1. C80(II) is light green in carbon disulfide
solution. Fig. 1 shows the VIS–NIR absorption spectra of
C80(II) together with that of C80(D2) for comparison. Aside
from the relative intensity, the band positions in the two
absorption spectra are similar. The characteristic peaks of
C80(D2) are seen at 420(sh), 466(sh), 596, 775, 860, and 882 nm,
whereas for C80(II) the main peaks are observed at 446(sh),
484(sh), 589, 606, 845 and 880 nm. C80(II) shows a strong
absorption band at ca. 600 nm which accounts for the greenish
color of this fullerene in CS2 solution.

Fig. 2 shows a 13C NMR spectrum of C80(II) in carbon
disulfide solution with chromium(III) tris(acetylacetonate) as a
relaxant and benzene-d6 as the internal lock. The spectrum
consists of a series of three distinct lines of near-equal intensity
(lines 1,2,3) and two additional lines at half the intensity (lines
4* and 5*). The position of line 1 (d 128.9) is very close to that
of benzene-d6 (d 128.5). However, its characteristic fullerene
linewidth (ca. 0.02 ppm) unambiguously distinguishes it from

other solvent signals (linewidth > 0.1 ppm). We also performed
13C NMR measurements by using acetone-d6 instead of
benzene-d6 as an internal lock. The results confirm the five
NMR lines and show that no C80 resonant lines were hidden by
the benzene signals. The five signals cover a wide chemical shift
range (d 128.9–163.9), suggesting that C80(II) has an ellipsoidal
shape. C80 has seven IPR isomers (D2, D5d, C2v, C2vA, D3, D5h
and Ih)2,4. The present 13C NMR result unambiguously assigns
C80(II) as the D5d isomer (3 3 20; 2310), where (a 3 b)
indicates (number of NMR lines  3 relative intensity).

The most stable structure of C80 as D5d is inferred from
theoretical optimization by a nonlocal density function B3LYP/
3-21G calculation using the Gaussian 98W program.7 As shown
in Fig. 3, C80(D5d) has an ellipsoidal structure with an aspect
ratio (long axis/short axis) of ca.1.3. C80(D5d) can easily be
obtained by adding one C10 ring on a half cap of C70(D5h) (i.e.,
C30 or C40) or adding two C10 rings successively on a C60(Ih)
hemisphere (i.e., C30). As proposed by Curl,8 C70(D5h) is
formed by dissecting C60 into two C30 hemispheres along a
suitable orientation (rotating one hemisphere 36° with respect to
another hemisphere), and then by adding a ring of 10 carbon

Fig. 1 VIS–NIR absorption spectra of C80(I) and C80(II) in CS2 solution.

Fig. 2 13C NMR spectrum of purified C80(II). The spectrum consists of five
signals: 1(128.9, 13.9), 2(130.2, 12.7), 3(152.4, 12.2), 4*(156.3, 7.6),
5*(163.9, 6.0), in which (d, Irel) represent measured chemical shifts d and
relative intensity Irel, and where lines indicated by * are half-intensity
lines.
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atoms at the equator to combine the two hemispheres. The
C80(D5d) fullerene is formed in a similar way by adding two C10
ring successively at the equator of C60 (i.e., C30 + C10 + C10 +
C30).  On going from C60(Ih) to C70(D5h) to C80(D5d), the
fullerene structure, therefore, progressively acquires tubular
and cap (hemisphere) parts, which leads to 13C NMR lines
spread over a wide range of chemical shift values.

The calculated energy ordering of the seven C80 isomers at
the HF/Am1 level is: D5(D5d) < D2[+2.3] < < C2v[+23.6] <
C3(D3)[+36] < Cs(C2vA)[+38.5] < Cs(D5h)[+49.9] < <
D2(Ih)[+102 kcal mol21], where the stabilization energies are
given relative to the most stable D5(D5d) isomer.4,9 The
D5(D5d)-C80 and D2-C80 isomers are nearly isoenergetic and

their relative energies are much smaller than those of the other
five isomers. The currently isolated C80(D5d) is one of the most
ellipsoidal fullerenes so far produced and isolated.

C. R. W. thanks JSPS for a Post Doctoral Fellowship for
Foreigner Researchers. H. S. thanks JSPS for Future Program
on New Carbon Nano-Materials for financial support of the
present study.
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Fig. 3 The optimized structure of the C80(D5d) isomer based on ab initio
calculation at the B3LYP/3-21G level by Gaussian 98W. (a) Top view along
the main C5 axis and (b) side view. The short/long axis ratio (a)/(b) is ca.
1/1.3.
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Through molecular dynamics and quantum mechanical/
molecular mechanical calculations we found that differ-
ential charge distributions due to the enzyme and to the
different solvents can determine the reactivity of subtilisin in
different media.

The possibility to use enzymes in organic media1,2 has widened
the range of applicability of proteins to almost all synthetic
organic reactions. In these media, the absence of a continuous
aqueous layer around the enzyme makes it possible for it to
interact directly with the non-aqueous solvent, which results in
modifications of the properties of the enzyme in terms of
stability, activity and specificity/selectivity:2 thus, enzymes like
hydrolases and proteases can catalyse esterification and trans-
esterification readily and with high product yields.1 Serine
proteases like subtilisin have also been the subject of many
computational studies involving either the investigation of their
structure–activity relationships3–5 or of their catalytic mecha-
nism using different theoretical approaches.6–8 In a previous
paper9 we have examined the origin of enantioselectivity of the
serine protease subtilisin in DMF through the use of molecular
dynamics (MD) and free energy perturbation (FEP) simulations.
As a model reaction we studied the resolution of a racemic
mixture of sec-phenethyl alcohol by transesterification reaction
with the acylating agent vinyl acetate in organic solvents
(Scheme 1, ESI data†). The transition state (in which enantiose-
lectivity is determined) leading to the ester formation in organic
solvents is the same as the one leading to ester hydrolysis in
water, and is represented by the tetrahedral intermediates (Figs.
1 and 2). A critical aspect of our previous study was the
determination of the charge distribution on the two (R and S)
tetrahedral intermediates and on the residues of the catalytic
triad through the use of a combined quantum mechanical/
molecular mechanical (QM/MM) electrostatic potential (ESP)
fitting methodology. Our approach could reproduce the experi-
mental DDG*(S2R) value very well thanks to the application of

a flexible charge model for the two diastereomeric inter-
mediates. The experimental DDG*(S2R) resulted 0.4 kcal
mol21, while the calculated value was ca. 1 kcal mol21.9

We now extend the QM/MM treatment to other two solvents:
water and hexane. The program ROAR 1.010 was used to carry
out all the calculations, with all-atom AMBER parameters for
the protein,11 OPLS parameters for the organic solvents12 and
TIP3P parameters for water.13 The QM region for QM/MM
ESP calculations comprised the substrate and the residues
involved in catalysis (Ser 221, Asp 32, His 64, Asn 155). The
PM314,15 Hamiltonian was used for the minimisation stage,
while MNDO14,15 was used for the ESP stage. We used the
MNDO Hamiltonian for ESP fitting because MNDO has been
shown to give ESP fitted charges that are well correlated to HF/
6-31G* ESP derived charges, while PM3 does not.14,15 The
systems (R and S complex in the three different environments)
were MD equilibrated for 300 ps, and the structures for QM/
MM calculations were saved every 15 ps over the last 180 ps of
MD.

Two enantiomers in an achiral environment have the same
physico-chemical properties, and hence, the same charge
distribution on the corresponding atoms. The same enantio-
meric substances bound or complexed to the enzyme, however,
experience a chiral environment, which gives rise to two
diastereoisomeric complexes. Lipkovitz et al.16 pointed out that
chiral auxiliaries can induce a desymmetrization of the frontier
orbitals at the reaction site, making them chiral as well. This
desymmetrization will be reflected in the electron (i.e. charge)
distributions. In the tetrahedral complexes we have studied, the
two substrates are perturbed by the chiral environment deter-
mined by the enzyme and thus by differential electrostatic
fields, giving rise to differential charge distributions on
analogous atoms of the substrate in the complex.

The concept of ‘electrostatic stereodifferentiation’,9 together
with steric factors, can be important in the determination of the
energy difference between the two transition states leading to
selectivity. The availability of QM/MM electrostatic potential
fitting methods allows us to carefully take this aspect into
consideration, by explicitly considering polarization and charge
transfer effects due to the solvents (water, DMF, hexane).

† Electronic supplementary information (ESI) available: average charge
values for the reactive intermediate of Scheme 1. See http://www.rsc.org/
suppdata/cc/a9/a909680i/

Fig. 1 Representation of the equilibrated S (a) and R (b) tetrahedral
intermediates in organic solvents.

Fig. 2 Representation of the equilibrated S (a) and R (b) tetrahedral
intermediates in water.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a909680i Chem. Commun., 2000, 559–560 559



The steric factors in the two organic solvents resulted very
similar. Once the complex is equilibrated the phenyl group of
the S-substrate fits very nicely into a hydrophobic pocket
defined by residues 126, 127, 128 and Asn 155, in both DMF
and hexane [Fig. 1(a)]. For the R-enantiomer [Fig. 1(b)] the
phenyl ring is oriented towards the surrounding solvent, giving
rise to favourable hydrophobic solvation interactions with the
organic environment. The methyl group of the alcoholic moiety
of the R-complex is now pointing into the hydrophobic pocket,
and in total, these rearrangements contribute to disrupt the
catalytically essential H-bonds (OD to HE2). We will show later
on that this can have important consequences in terms of charge
distribution.

In water, the phenyl ring tends to be removed from the
unfavourable contact with the polar hydrogen bonding solvent,
and resides in the hydrophobic pocket for both R and S-
complexes. The methyl groups point towards the solvent. The
difference in the two structures can be found in the conforma-
tion around the OD–CB3 bond. In the S-complex, the phenyl
ring is in anti-conformation with respect to the rest of the bulky
tetrahedral intermediate, while, for the R-complex, it assumes a
more hindered and unfavourable gauche-conformation. The
energetically unfavourable conformation of the R-complex will
be a factor in depressing the reactivity of this enantiomer. The
diastereoisomeric arrangement that determines the steric differ-
ences will be reflected in the charge distributions on the atoms
which are directly involved in the formation (organic solvents)
or disruption (water) of the tetrahedral intermediate (Table 1,
ESI data†). Moreover, not only do we notice differences
between enantiomers, but also on the same atoms of the same
enantiomer in different solvents. In particular this is true for the
stereogenic center CB3 and the atoms forming its environment.
In fact, CB3 shows a charge value for the S-complex in water
which is lower than in the two organic solvents. The same
consideration applies also to CB3 in the R-complex, even if the
charge differential among the solvents is less pronounced in this
case. The case of CC (phenyl atom directly bound to the
stereocenter) is also representative of this solvent effect for the
S-complex: the charge on CC has a value of 0.11 in water and
is negative for both hexane and DMF. For the R-complex the
charges for this atom are very similar. Small but noticeable
differences due to solvent effect can be noticed in HB3, as well.
We believe that all these effects involving the differentiation of
charges on analogous atoms of the same enantiomer in different
solvents is mainly due to the differential polarising character-
istics of the solvents.

When the same solvent environment is considered, the most
dramatic differences between analogous atoms of the two
enantiomers can still be noticed on the stereogenic (CB3) center
and in the atoms around this center. This factor can be ascribed
to the stereodifferentiating environment determined by the
enzyme. In particular, we notice that the alcoholic OD has a
higher charge concentration (i.e. more negative charge) in all
solvents for the S-complex. On the other hand, a higher
concentration of positive charge is localized on the tetrahedral
carbon (CB1) in the S-complex in all solvents. This makes the
CB1–OD bond (the one formed in organic solvents and cleaved
in water) more highly polarised in the transition state leading to
the S-product. A higher concentration of negative charge on the
nucleophilic atom, coupled with a higher positive charge on the
electrophilic carbon (CB1), will favour the approach between
the alcoholic moiety and the acyl enzyme in the absence of other
nucleophiles. Moreover, the higher negative charge concentra-
tion on OD will favour the formation of a stable hydrogen bond
between OD and the acidic HE2 hydrogen on His 64 for the S-
complex (the average distance between OD @Ser 221–HE2
@His 64 in this case is 2.6 ± 0.6). On the other hand, in the R-
complex, the catalytically essential hydrogen bond is disrupted
because of both steric and charge factors: OD is, in fact, less
negative than in the S-complex case. These observations
suggest that, in the transesterification reaction the R-alcohol
cannot readily donate its proton to the catalytic residue His 64,

which is essential for catalysis.17 For hydrolysis this very factor
will favour the cleavage of the reactive bond, by concentrating
more negative charge on the more electronegative carbon (OD),
in the tetrahedral intermediate for S-complex. A smaller
polarization is found for the CB1–OD bond in the R-complex in
all solvents. This will slow down the corresponding reaction
leading to the preferential synthesis or hydrolysis of the
compounds with S absolute configuration. By considering the
charge distribution, we can garner deeper insights into how the
electrostatically stereodifferentiating environment imposed by
the enzyme can influence reactivity and selectivity. Our results
are in agreement with, and help us rationalize, the experimental
observation of reactivity in several environments.18

Summarising, we showed that steric and electrostatic factors
play an important role in determining asymmetric induction and
selectivity for enzymes in different environments. The applica-
tion of QM/MM simulation techniques can be of valuable help
in identifying the residues near the active site and of the binding
pocket which are important for catalysis. The steric differ-
entiation between two bound enantiomers can thus be magnified
by mutating non-bulky residues of this region to sterically
demanding ones. Maximising the charge differential between
the two tetrahedral intermediates through mutations of non-
polar to polar residues, which are involved in recognition, can
also improve selectivity. Finally, focussing on the solvation
patterns of the two simulated bound intermediates can help us
find solvents which could better solvate the exposed parts of one
of the two enantiomers.

We thank the Biotechnology Programme of the European
Commission and the National Research Council of Italy (CNR)
Target Project on Biotechnology for funding.
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The luminescence emission of a new dipyridyl-containing
Eu(III) cryptate complex is modulated by pH, due to
protonation of the polyamine chain strategically inserted
within the ligand backbone.

The use of europium and terbium complexes as luminescent
labels in fluoroimmunoassay is limited by the fact that they have
extremely low absorption coefficients.1 This drawback can be
overcome through encapsulation of the metal inside the cavity
of phenanthroline or dipyridyl-containing cryptands.2 These
moieties contain two nitrogen donors which act as binding sites
for the metal cation and can efficiently protect the metal from
the solvent, especially in aqueous solution where metal-bound
water molecules may act as quencher of the emission. In
addition, these efficient chromophore units allow the collection
and transfer of electronic energy to the metal.1 A further
development of this study is the design of water-soluble
cryptate complexes whose fluorescence emission can be
modulated by pH. To this purpose we have synthesized the new
cryptand L.

The major difference from previously reported dipyridyl-
containing cryptands, such as 1,1,2 is the strategic insertion in L
of a polyamine chain within the ligand backbone, which
connects the two dipyridyl chromophore units. We hoped that
this ligand could be able to lead to a stable Eu(III) cryptate
complex in aqueous solution. At the same time, the aliphatic
amine groups, which are more basic than heteroaromatic
nitrogens,3 may be protonated, leading to protonated cryptate
complexes.

Ligand L was obtained, as the sodium complex, [Na—
L]ClO4, by reaction of 2,2A-bis(bromomethyl)dipyridyl4 with
the macrocyclic precursor 2 (MeCN, Na2CO3, reflux). The
latter was obtained by condensation of 2,2A-bis(bromome-
thyl)dipyridyl with 1,13-ditosyl-4,7,10-trimethyl-
1,4,7,10,13-pentaazatridecane,5 by using the procedure of
Richman and Atkins.6 Reaction of [Na—L]ClO4 with EuCl3
(1+1 molar ratio) in aqueous solution (pH 3, 100 °C, 24 h)
affords the protonated complex [EuCl3—LH2](ClO4)2

·4H2O in
64% yield.†

The crystal structure of [EuCl3—LH2]2+ 3 (Fig. 1)‡ shows the
metal enclosed within the cryptand cavity, coordinated by the
dipyridyl nitrogens N(2), N(3), N(5) and N(6) and by the two

bridgehead amine groups N(1) and N(4). The polyamine chain
N(7)–N(8)–N(9) is not coordinated, due to binding of the two
acidic protons within this triamine subunit. The Eu(III) cation
completes its coordination environment by binding three
chloride anions. The coordination geometry is best described as
a distorted tricapped trigonal prism, the two basal planes being
defined by N(5), N(6) and Cl(1) and N(2), N(3) and Cl(2),
respectively. The capped positions are occupied by the N(1),
N(4) and Cl(3) donors. It is also of interest that, although the
metal is lodged inside the cryptand cavity, the protonated ligand
leaves free binding sites at the metal, available for the binding
of exogenous species, such as chloride anions in the present
structure. Most likely, water molecules replace these anions in
aqueous solutions in the absence of chloride.

The Eu(III) cryptate complex can be obtained in aqueous
solution by addition of Eu(ClO4)3 to [Na—L]ClO4 (1+1 molar
ratio, 60 °C, 12 h at pH 7); the luminescence spectrum of the
europium cryptate in aqueous solution shows the characteristic
visible emission of the complexed metal (lmax = 617 nm)
which mainly arises from intramolecular transfer to the metal
ion from the highest energy triplet state of the cryptand.§ The

Fig. 1 ORTEP11 drawing of [EuCl3—H2L](ClO4)2
.4H2O. Selected bond

lenghts (Å) and angles (°): Eu–N(3) 2.606(10), Eu–N(5) 2.607(10), Eu–
N(6) 2.610(9), Eu–N(2) 2.632(10), Eu–N(4) 2.712(9), Eu–Cl(2) 2.713(4),
Eu–N(1) 2.771(9), Eu–Cl(3) 2.800(4), Eu–Cl(1) 2.820(4), N(3)–Eu–N(5)
106.6(3), N(3)–Eu–N(6) 144.4(3), N(5)–Eu–N(6) 62.6(3), N(3)–Eu–N(2)
61.1(3), N(5)–Eu–N(2) 144.1(3), N(6)–Eu–N(2) 106.4(3), N(3)–Eu–N(4)
64.1(3), N(5)–Eu–N(4) 62.7(3), N(6)–Eu–N(4) 124.2(3), N(2)–Eu–N(4)
124.2(3), N(3)–Eu–Cl(2) 76.9(2), N(5)–Eu–Cl(2) 136.3(2), N(6)–Eu–Cl(2)
135.7(2), N(2)–Eu–Cl(2) 76.8(2), N(4)–Eu–Cl(2) 82.0(2), N(3)–Eu–N(1)
122.7(3), N(5)–Eu–N(1) 125.6(3), N(6)–Eu–N(1) 64.0(3), N(2)–Eu–N(1)
62.8(3), N(4)–Eu–N(1) 158.6(3), Cl(2)–Eu–N(1) 80.4(2), N(3)–Eu–Cl(3)
71.8(2), N(5)–Eu–Cl(3) 71.4(2), N(6)–Eu–Cl(3) 72.6(2), N(2)–Eu–Cl(3)
72.7(2), N(4)–Eu–Cl(3) 99.7(3), Cl(2)–Eu–Cl(3) 143.91(12), N(1)–Eu–
Cl(3) 101.7(2), N(3)–Eu–Cl(1) 141.6(2), N(5)–Eu–Cl(1) 72.2(2), N(6)–Eu–
Cl(1) 70.7(2), N(2)–Eu–Cl(1) 139.6(2), N(4)–Eu–Cl(1) 83.2(3), Cl(2)–Eu–
Cl(1) 79.15(12), N(1)–Eu–Cl(1) 81.6(2), Cl(3)–Eu–Cl(1) 136.94(11).
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luminescence emission, however, is strongly affected by pH,
displaying a maximum at neutral pH and significant decreases
both at acidic and alkaline pH, as shown in Fig. 2. pKa values of
2.1, 4.2, 6.3, 8.7 and 10.5 for the Eu(III) complex can be derived
from the titration curve in Fig. 2 by least-squares analysis using
the bracketing technique.7¶ Most likely, the first three constants
correspond to protonation of the complex to give [Eu—
LHn](n+3)+ (n = 1–3) species at acidic pH. This process involves
the aliphatic polyamine chain, as strongly supported by the
crystal structure of the [EuCl3—LH2]2+ cation. Protonation does
not allow the amine groups to bind to the Eu(III) cation, and,
therefore, the ligand donors do not fulfill the coordination
sphere of the metal. The resulting free binding sites at the metal
are occupied by water molecules, which can quench the
luminescence of the complex. This hypothesis is confirmed by
the analysis of the lifetimes (t) of the Eu(III) cryptate at different
pH values in H2O and D2O at 300 K. For instance, at pH 2, t =
0.39 ms in H2O and 1.4 ms in D2O, while, at pH 6.8, t = 0.52
and 1.34 ms in H2O and D2O, respectively. These data account
for the coordination of ca. two water molecules at pH 2 and just
one at pH 6.8.8 Binding of amine groups in the unprotonated
[Eu—L]3+ complex gives a more ‘protected’ metal cation from
the solvent molecules, thus enhancing the luminescence
emission, with a maximum at pH 7.2. Finally, the observed
decrease of the emission at alkaline pH is due to the formation
of the hydroxylated species [Eu(OH)—L]2+ and [Eu(OH)2—
L]+, with pKa values of 8.7 and 10.5, respectively. Binding of
hydroxide anions to Eu(III) gives rise to a quenching of the
emission.

The spectral features of the present complex are similar to
those reported for other dipyridyl-containing Eu(III) cryptate
complexes.1,2,9 At pH 6.8, the quantum yield (F = 0.014 at 300
K), the radiative rate constant (kr = 746 s21), the non-radiative
temperature independent rate constant due to the coupling with
the high-energy O–H oscillators [knr(OH) = 1177 s21], and the
temperature dependent decay rate constant [knr(T)  0], are
somewhat lower than those found for [Eu—1]3+, as expected
considering the replacement of a dipyridyl chromophore unit of
1 by an aliphatic polyamine chain in L. The present complex,
however, still remains an efficient luminescent system. At the
same time, the pH dependence of the emission intensity is a
novel characteristic of our cryptate complex, which can be
defined a ‘pH modulated antenna device’.

Notes and references
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[EuCl3—LH2](ClO4)2
.4H2O. Elemental anal. Calc. for
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mm21, 5638 reflections collected, 5329 unique (Rint = 0.1189) which were
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The structure was solved using direct method (SIR92) and refined by full
matrix least squares on F2 (SHELXL-93).10 An absorption correction was
applied once the structure was solved (DIFABS).10

CCDC 182/1554. See http://www.rsc.olg/suppdata/cc/a9/a909581k/ for
crystallographic files in .cif format.
§ Fluorescence emission spectra at different pH values were recorded on
solutions with [L] = [Eu3+] = 5 3 1025 M using a SPEX F111 Fluorolog
spectrofluorimeter.
¶ The total emission intensity at each pH value is given by Si ci

.ci, where ci

is a constant proportional to the quantum yield and ci the molar fraction of
the ith species. The ci and ci values were calculated by least squares fitting
of the emission data collected at different pH values. The pKa values were
then derived from the calculated ci. The fitting was carried out by using the
emission intensity at 617 nm with an excitation wavelength of 260 nm.
Absolute quantum yields were calculated by least squares fitting of the
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[Eu(OH)2—L]+, 0.0014.
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Fig. 2 Luminescence emission (4) of the Eu(III) complex with L (lexc =
260 nm; lem = 617 nm, [L] = [Eu3+] = 5 3 1025 M, T = 300 K) and
calculated molar fractions of the Eu(III) complexes (——) as a function of
pH.
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Reaction of 6-hydroxy-1,4,8,11-tetrathiacyclotetradecane
(LH) with Cu(BF4)2 in THF yields [Cu(LH)](BF4)2; crystal-
lisation of the complex from MeNO2/Et2O gives brown
crystals of [Cu(LBF3)](BF4), the first example of alkoxide
bridging between BF3 and a metal centre.

The synthesis and coordination chemistry of crown thioethers
has become well established over the past two decades1 with
many complexes of the transition metals, from titanium to
mercury, having been reported.2 We have been interested in the
functionalisation of thioether crowns3 in order to couple their
coordination behaviour to desirable physical and/or chemical
properties, with a particular interest in developing macrocyclic
metallomesogens.4 Because such modification must take place
on the carbon backbone we have been studying the organic and
coordination chemistry of a number of functionalised crown
thioethers including 6-hydroxy-1,4,8,11-tetrathiacyclotetrade-
cane (LH)5 so that we might better understand the interplay
between the macrocyclic core and the pendant functionality.

Addition of a colourless solution of LH in THF to a pale
green solution of a slight excess of Cu(BF4)2 hydrate in THF
immediately affords a fine dark green precipitate which was
isolated in 85% yield (Scheme 1). IR spectroscopic, FAB mass
spectrometric and microanalytical data for this product are in
accord with the stoichiometry [Cu(LH)](BF4)2, 1.† Compound
1 appears to be unstable in MeCN and MeNO2 to give very dark
brown solutions. Deep brown crystals suitable for X-ray
diffraction were formed over several days by the diffusion of
Et2O vapour into a solution of 1 in MeNO2 and a single crystal
structural determination‡ was undertaken in order to confirm
the structure of the product. The single crystal X-ray structure

determination (Fig. 1) confirms the formation of
[Cu(LBF3)]BF4, 2, in which one of the BF4

2 anions from 1 has
condensed with the [Cu(LH)]2+ cation, eliminating HF. Pre-
sumably, HF goes on to combine with the glass walls of the vials
used for crystallisation forming Si–F bonds which provide the
thermodynamic driving force for the reaction. Interestingly,
attempted crystallisation of Ni(BF4)2 with LH from MeOH–
Et2O resulted in the quantitative formation of [Ni(MeOH)6]SiF6
(confirmed by single crystal X-ray structural analysis) support-
ing the mechanism postulated.

Microanalytical data obtained from the sample of 2 from
which the crystal was drawn, in concert with the difference in
colour of 1 and 2, indicate that conversion of 1 to 2 occurs
quantitatively.§ Further evidence that 1 is different to 2 is
provided by the powder X-ray diffraction pattern (Fig. 2)
obtained from 1, which is different to that calculated for 2.
Compound 2 is unstable in air, with hydrolysis via atmospheric
moisture affording a product tentatively assigned as
[Cu(LH)](BF4)(BF3OH), which exhibits a similar electronic
spectrum to 1.

The monocation [Cu(LBF3)]+ in 2 adopts a square-pyramidal
geometry at Cu(II) which is somewhat distorted by the steric
restrictions imposed by the macrocyclic ligand, with Cu, B(1),
O(6), C(6) and C(13) lying on a crystallographic mirror plane.
The Cu–S distances of 2.2677(15) and 2.3312(15) Å in 2 are
similar to those observed6 in [Cu([14]aneS4)]2+, with the Cu–
O(6) distance of 2.311(5) Å in the five coordinate complex 2

Scheme 1

Fig. 1 View of the structure of 2 with numbering scheme adopted. Selected
bond distances (Å) and angles (°): Cu–S(1) 2.2677(15), Cu–S(4)
2.3312(15), Cu–O(6) 2.311(5), B(1)–O(6) 1.441(10), O(6)–C(6) 1.419(9);
S(1)–Cu–S(1A) 95.32(8), S(1)–Cu–S(4) 88.58(6), S(4)–Cu–S(4A)
86.43(8), S(1)–Cu–O(6) 103.29(9), S(4)–Cu–O(6) 83.71(10), Cu–O(6)–
B(1) 139.2(4), Cu–O(6)–C(6) 100.0(4), B(1)–O(6)–C(6) 120.8(6). Minor
parts of disorder omitted for clarity. Atoms carrying the suffix A are related
to the corresponding unsuffixed atoms across a crystallographic mirror
plane by x, 2y + 3/2, z.
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some 0.131 Å shorter than in the related [Cu(trans-6,13-dihy-
droxy[14]aneS4)](ClO4)2 where O atoms occupy the two axial
sites of a Jahn–Teller distorted octahedral Cu(II) centre.7 This
reflects the greater electrostatic interaction expected for the five
coordinate Cu(II) centre in 2 with an apical alkoxide ligand
compared to the six coordinate analogue. The apical O-donor in
2 bridges to a disordered BF3 moiety, O(6)–B(1) 1.441(10) Å
which exhibits a rigorously planar geometry. The unconstrained
B(1)–O(6)–C(6) angle of 120.8(6)° and the fact that the relevant
atoms lie on a crystallographic mirror plane indicate sp2

hybridisation at O(6), supporting the designation of this oxygen
as a bridging alkoxide.8

Significantly, the structure of 2 represents the first example of
an alkoxide bridge between BF3 and a metal ion to be confirmed
crystallographically. Hydrolysis of BF4

2 to give BF3(OH)2 is
not uncommon and several examples of coordination of this
anion via bridging hydroxide have been reported.9 Alcoholysis
has also been observed yielding, for example, the BF3(OEt)2
anion, which has not been seen to coordinate further.10 A small
number of adducts of BF3 and carbonyl compounds have been
isolated11 due to the interest in the use of Lewis acids to activate
such compounds. However, examples of trigonal oxygen in
BF3–alcohol adducts such as the MeOH·BF3 are rare,12 and the
structure of 2 represents, to our knowledge, the first example of
alkoxide bridging between BF3 and a metal centre.

The short Cu–O(6) distance in 2 affords boat conformation
for the Cu–S(4)–C(5)–C(6)–C(5A)–S(4A) chelate ring. We
conclude that the stereochemistry and conformation of the
complexed macrocycle is a key factor governing the formation
of the novel bridging motif observed in 2, the macrocyclic core
allowing O(6) to adopt a position where stabilising interactions
with both BF3 and Cu(II) are possible. The crown thioether
macrocycle, therefore, provides a covalently attached S4-donor
set which supports the close approach of Cu(II) to the
alkoxytrifluoroborate O-centre, resulting in the unusual struc-
ture observed.

We thank the EPSRC for support and Dr David Rees for
assistance with X-ray powder diffraction.
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Fig. 2 Powder X-ray diffraction patterns: (a) calculated for 2 from crystal
data13 and (b) recorded for 1 (Philips X-pert diffractometer; PW3710
diffractometer control unit; Cu-Ka radiation source at 40kV/40mA; step
size 0.02° (0.4 s per step); 2q range 5–80°; divergence slit 1° and receiving
slit 2°).
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Careful hydrolysis of a pentacoordinate chlorosilane gives a
pentacoordinate protonated silanol that resembles the inter-
mediate in the aqueous hydrolysis of silanes.

One of the key areas of organosilicon chemistry is the study of
the mechanism of nucleophilic substitution and in particular the
mechanism of hydrolysis of chlorosilanes.1 Application of
crystal structure correlation has shown that formation of the
nucleophile–silicon bond is accompanied by lengthening of the
silicon-leaving group bond and formation of a trigonal bipyr-
amidal structure with the non-participating groups equatorial.2
Many model pentacoordinate silicon species have now been
prepared and characterised using X-ray crystallography.1c,3

Although a range of ligands have been used to form hypervalent
silicon species, we are unaware of any that contain a water
molecule as a coordinating ligand. Such elusive species are
highly desirable since they mimic the intermediate and/or
activated complex for the hydrolysis of silanes.

Here we report the preparation and characterisation of a
protonated hypervalent silanol, 1. Careful hydrolysis of the
quinoline derivative 24 in acetonitrile followed by slow, partial
evaporation of the solvent led to colourless, needle-like crystals
of 1 (Scheme 1).

The crystal structure (Fig. 1) shows that there is chloride in
the crystal, but it is not bonded directly to the silicon.5 The

closest contact between the silicon and the chlorine atoms is
4.39 Å. By comparison, a typical Si–Cl bond distance is 2.03 Å
and the sum of the van der Waals radii for Si and Cl is 3.85 Å.
The Si–O bond length corresponding to the protonated silanol is
1.9114(14) Å. An additional oxygen atom (O3) is also present
in the unit cell. The closest silicon atom to O3 is 3.97 Å away
while a typical Si–O distance is 1.63 Å6 and the sum of the van
der Waals radii for Si and O is 3.62 Å.

The X-ray analysis revealed the positions of all the hydrogen
atoms which show that O2 is part of a water molecule which is
bonded to the silicon. This water molecule is hydrogen bonded
to a second water molecule containing O3, which in turn is
hydrogen bonded to a chloride ion, as shown in 3. The other

alternative involving a molecule of hydrogen chloride hydrogen
bonded to a water molecule which in turn is hydrogen bonded to
a hypervalent silanol is ruled out by the bond distances. The
covalent O–H bond distances in 3 are between 0.82 and 0.99 Å,
and the O…H hydrogen bond distances are between 2.6 and 3.1
Å.

Solid state silanol structures which do not involve any
hydrogen bonding are known but are comparatively rare.7 Thus,
intermolecular hydrogen bonding in silanols has been ex-
tensively studied and shown to take many forms.8 For example,
diisopropylsilanediol,9 exists as hydrogen bonded dimers which
are linked together in ladder chains by further hydrogen bonds,
and tris(trimethylsilyl)silylsilanetriol10 forms hexameric cages
of hydrogen bonds. As expected, there is extensive inter-
molecular hydrogen bonding throughout the crystal of 1. Each
of the hydrogen atoms associated with the two water molecules
are involved in hydrogen bonding and each chlorine is hydrogen
bonded to three hydrogens, as shown in Fig. 2. Effectively there
are ladders of hydrogen bonding running through the struc-
tures.

Scheme 1

Fig. 1 Structure of 1 in the crystal. Selected bond distances (Å) and bond
angles (°): Si–O1 1.9604(14), Si–O2 1.9114(14), Si–C9 1.8726(19), Si–C10
1.856(2), Si–C11 1.867(2), O1–Si–O2 174.62(7), N–C9–Si 106.54(13),
O1–Si–C9 86.53(8), O2–Si–C9 88.14(8), C9–Si–C10 118.62(10), C9–Si–
C11 119.43(10), C10–Si–C11 121.85(9). Fig. 2 The arrangement of hydrogen bonding within a crystal of 1.
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These are made of puckered, fused 10-membered rings with
hydrogen atoms in alternate positions. The chains extend
indefinitely in parallel along the y-axis repeating every 7.22 Å.
Along the z axis the chains stack one above the other in an ‘AB’
fashion, repeating every 21.45 Å. In the x direction the chains
stack side by side in a repeating ‘AA’ manner every 9.13 Å.
Hydrogen bonding is confined to within a chain.

The Si–O2 distance observed, [1.9114(14) Å] is, as expected,
somewhat longer than that for a traditional Si–O bond. Reed and
coworkers have recently reported the crystal structure of a
protonated tetracoordinated silanol complex, [But

3-
Si(OH2)]+[Br6CB11H6]211. The Si–O distance in this com-
pound is 1.78 Å, which is longer than that of a standard Si–O
bond, reflecting the fact that the silanol is protonated. The Si–
O2 bond distance in the hypervalent species 1 is greater than
that observed for the protonated silanol as a result of the axial
bond length distortion that is expected in five-coordinate silicon
complexes.2

The Si–O1 bond distance in 1 is 1.9604(14) Å, similar to that
for Si-O2. This suggests that the structure resembles a point on
the reaction profile where the extent of bond formation is
equivalent to that of bond breaking. In the absence of ring strain
the structure should be perfectly trigonal pipyramidal. This is
confirmed by the fact that the three equatorial substituents and
the silicon atom effectively all lie in the same plane. The sum of
the three Ceq–Si–Ceq bond angles, 359.9°, is very close to the
360° expected. The sum of the C–Si–C bond angles in Reed’s
protonated silanol was 348°, that is, significantly distorted from
a trigonal bipyramidal structure and moving towards a tetra-
hedral species. The larger value observed by Reed and
coworkers suggests that the protonated silanol has some
characteristics reminiscent of a silyl cation complexed by a
water molecule.12 In this context 1 has some of the features of
a silyl cation complexed by two oxygen atoms, but is better
described as a covalently bonded trigonal bipyramidal mole-
cule.

Macharashvili and coworkers have used a series of penta-
coordinate silicon species involving amide ligands to map
nucleophilic substitution at silicon.2b The maximum extent of
pentacoordination was observed for the chloride derivative
where the carbonyl oxygen–silicon bond distance was ca. 1.95
Å. This is very close to the Si–O1 bond distance in 1,
confirming that maximum pentacoordination is achieved with
two equivalent axial Si–O bond distances.

We thank the EPSRC for financial support for D. J. P.
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A ten-step enantioselective synthesis of an F ring lactone for
CTX antibody assay development, employing vitamin C as a
starting material, is described.

Ciguatera, a disease caused by consumption of ciguateric fish
(i.e. those fish which have accumulated ciguatoxins (CTXs) in
their flesh as a result of ingesting Gambierdiscus toxicus, a
benthic dinoflagellate which synthesizes these toxins) is
endemic throughout the tropics.1 Consequently there is a need
to develop a simple assay for the presence of these toxins in fish.
Because of the very low concentrations ( < 0.1 ppb) of
ciguatoxins in fish such an assay will need to be highly
sensitive, such as an immunoassay.2 Hence as part of a
program3 directed towards the synthesis of immunogenic
domains of the CTXs, we report here, the enantioselective
synthesis of a ring F building block.4

From a synthetic point of view, the ciguatoxins constitute one
of the most synthetically challenging classes of naturally
occurring marine toxins.5 Each of these toxins consists of
thirteen contiguous, fused cyclic ethers ranging in size from five
to nine members. The structures of two potential targets, the
Pacific ciguatoxins 2,3-dihydroxy-P-CTX-3C 1a6 and P-CTX-
3C 1b7 are shown in Fig. 1.

We envisaged the ring F target to be of general structure 4
(Fig. 2). This nine-membered lactone has the correct relative
and absolute stereochemistry in place as well as a reactive
lactone carbonyl. Related oxoninones have been shown to be
valuable intermediates in natural product synthesis.8–10 In
principle 4 should be accessible from vitamin C 2 via bicyclic
lactone 3 (Fig. 2). Indeed an intermediate bicyclic ether, similar

to 3, has recently been reported by Hirama’s group to be a very
useful intermediate in CTX synthesis.11

The synthesis of 4 is shown in the Schemes and begins with
the cyclohexylidene acetal 5 of vitamin C (Scheme 1). (The
corresponding acetonide12 was employed initially, however it
proved to be insufficiently robust in subsequent transforma-
tions). Selective O-allylation of the C4 hydroxyl of 5 in
preference of the hydroxyl at C3, using potassium carbonate/
THF–DMSO/allyl bromide, has been reported for vitamin C
acetonide.12 Unfortunately under these conditions we were not
able to obtain 6 sufficiently pure for further reactions. Selective
C4 O-allylation of 5 was ultimately achieved by treatment with
allyl bromide in aqueous THF maintaining neutral to slightly
alkaline pH. The corresponding C-allyl derivative 7 was
obtained as a 4+1 mixture of diastereomers by heating a toluene
solution of 6 at reflux for 6 h. Next it was necessary to generate
a diene from 7 which could be closed under ring closing
metathesis conditions. Addition of a variety of allyl nucleo-
philes to 7 gave mixtures of diastereomers which proved very
difficult to purify. After considerable experimentation it was
found that addition of allylzinc bromide to the O-trimethylsilyl
derivative 8 (obtainable as a single diastereomer, after purifica-
tion, by silylation of crude 7) gave pure diene 9 in excellent
yield and complete diastereoselectivity. The preference for
attack from the Si-face at C4 is probably due to a combination
of steric hindrance from the C3 allyl group and coordination to
the oxygens at C3 and/or those contained in the side chain
acetal. Although the stereochemistry at C3 and C4 is lost later it

Fig. 1 The structures of two Pacific ciguatoxins: P-CTX-3C and
2,3-dihydroxy-P-CTX-3C.

Fig. 2 The structures of vitamin C 2 and two key synthetic targets.

Scheme 1 Reagents and conditions: i, K2CO3, allyl bromide, DMSO–THF,
r.t., 6 h or allyl bromide, 1 M NaOH–THF pH 7–8, r.t., 24 h; ii, toluene,
reflux, 6 h; iii, TMSCl, imidazole, THF, r.t., 2 h, 20% as a single isomer
from 5; iv, allylzinc bromide, THF, r.t., 30 min, 94%; v, RuCHPh(P-
Cy3)2Cl2, toluene, 60–70 °C, 24 h, 69%.
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proved operationally more practicable to handle a single
stereoisomer through the next sequence of reactions. Thus ring
closing metathesis13 of 9 gave bicyclic lactone 10 in excellent
yield. This crystalline product was subjected to single crystal X-
ray analysis and the relative stereochemistry of the new
stereogenic centres at C3 and C8 was confirmed to be as
shown.

Oxidative ring opening of 10, following adaptations of the
conditions of O’Dell et al.14 and Ito et al.15 yielded oxonintrione
11 in good yield (Scheme 2). We assumed that an intermediate
such as 10a would be generated under these conditions. Such
intermediates have been proposed before for the oxidative
cleavage of silyl ethers.15 With the nine-membered lactone in
hand it remained to reduce the two ketone carbonyls. We found
that this was best achieved in a stepwise manner. Thus treatment
with sodium cyanoborohydride regio- and stereo-selectively
reduced 11 to alcohol 12. The (R)-stereochemistry of the new
centre was confirmed by single crystal X-ray analysis of the
corresponding benzoate (14, R = benzoyl in Scheme 2 and Fig.
3).

Treatment of 13 with L-selectride {LiB[CHMe(Et)]3H} at
278 °C gave 15 as a 6+1 mixture of diastereomers. Lowering
the reaction temperature to ca. 2130 °C improved the
selectivity to 14+1 in favour of the desired isomer. Reduction of
11 with 2 equivalents of L-selectride at ca.2130 °C resulted in
a mixture of products consisting of 60% 16 and a 1+1+1 mixture
of the other three possible diastereomers. The relative ster-
eochemistry of 15 was established by examination of the
coupling between H8 and H9 (J8,9 8.7 Hz). For closely related
nine-membered cyclic ethers, typical coupling constants are
Jtrans 8.5 Hz, Jcis 2.2 Hz.11 The reasons for the remarkably high
diastereoselectivity in the first reduction remain unclear as
initial molecular mechanics modelling failed to reveal a low-
energy conformation likely to lead to the observed ster-
eochemistry at C3. However, the source of the selectivity in the
second reduction appears to be a folded conformation for 13
similar to that shown in Fig. 3 for crystalline 14. If this
conformation is maintained in solution then attack at the Si face
of the ketone is clearly favoured, generating the observed
sterochemistry at C8.

In conclusion, we have demonstrated the usefulness of
vitamin C as an enantiomerically pure starting material for the
synthesis of oxonins. Key steps included (i) a ring closing
metathesis/oxidative cleavage sequence to form the nine-
membered ring and (ii) a sequence of two highly diaster-
eoselective reductions. Compounds such as oxonin 15 represent
valuable intermediates for the synthesis of F-ring containing
CTX domains as well as other naturally occurring oxonins such
as obtusenyne and other nine-membered cyclic ethers of marine
origin.16

We are grateful to Dr Gary D. Fallon for determining the X-
ray structures of 10 and 15. P. P. is grateful to the Australian
Research Council for financial support. S. B. is grateful to the
Australian Government for an Australian Postgraduate Award
scholarship.

Notes and references
1 R. J. Lewis and M. J. Holmes, Comp. Biochem. Physiol. C, Comp.

Pharmacol., 1993, 106, 615.
2 R. J. Lewis, Mem. Queensland Museum, 1993, 34, 541.
3 L. Eriksson, S. T. Guy, P. Perlmutter and R. J. Lewis, J. Org. Chem.,

1999, 64, 8396.
4 M. Inoue, M. Sasaki and K. Tachibana, Tetrahedron, 1999, 55,

10 949.
5 E. Alvarez, M.-L. Candenas, R. Perez, J.-L. Ravelo and J. D. Martin,

Chem. Rev., 1995, 95, 1953.
6 M. Satake, M. Fukui, A.-M. Legrand, P. Cruchet and T. Yasumoto,

Tetrahedron Lett., 1998, 39, 1197.
7 M. Satake, M. Murata and T. Yasumoto, Tetrahedron Lett., 1993, 34,

1975.
8 J. G. Bendall, A. N. Payne, T. E. O. Screen and A. B. Holmes, Chem.

Commun., 1997, 1067.
9 K. Fujiwara, M. Tsunashima, D. Awakura and A. Murai, Tetrahedron

Lett., 1995, 36, 8263.
10 K. Fujiwara, D. Awakura, M. Tsunashima, A. Nakamura, T. Honma and

A. Murai, J. Org. Chem., 1999, 64, 2616.
11 T. Oishi, M. Maruyama, M. Shoji, K. Maeda, N. Kumahara, S. Tanaka

and M. Hirama, Tetrahedron, 1999, 55, 7471.
12 K. Wimalasena and M. P. D. Mahindarate, J. Org. Chem., 1994, 59,

3427.
13 M. Schuster and S. Blechert, Angew. Chem., Int. Ed. Engl., 1997, 36,

2036.
14 D. E. O’Dell, J. T. Loper and T. L. Macdonald, J. Org. Chem., 1988, 53,

5225.
15 Y. Ito, S. Fujii and T. Saegusa, J. Org. Chem., 1976, 41, 2076.
16 D. J. Faulkner, Nat. Prod. Rep., 1998, 15, 113 and earlier reports in this

series.

Communication a910163m

Scheme 2 Reagents and conditions: i, HgO, I2, benzene, hn, reflux, 8 h; ii,
NaCNBH3, AcOH, ca. 13 °C, 20 min, 43% from 10; iii, TMSCl, imidazole,
THF, r.t., 12 h, 99%; iv, (PhCO)2O, Et3N, DMAP, THF, r.t., 2 h, 99%; v,
1 M LiB[CHMe(Et)]3H, THF, ca. 2130 °C, 30 min, 73%.

Fig. 3 Single crystals of C23H26O7 14 were recrystallised from diethyl
ether–hexanes, mounted in inert oil and transferred to the cold gas stream of
the diffractometer. Crystal data: C23H26O7, M = 414.44, monoclinic, space
group P21 (no. 4), a = 10.1336(2), b = 9.5207(2), c = 11.1957(2) Å, b =
104.750(1)°, U = 1044.55(4) Å3, T = 123 K, Z = 2, m(Mo-K) = 0.097
mm21, 14784 reflections measured, 4923 unique (Rint = 0.023) which were
used in all calculations. The final wR(F2) was 0.074 (all data), and flack
parameter c = 0.1(6). CCDC 182/1556. See http://www.rsc.org/suppdata/
cc/a9/a910163m/ for crystallograpic files in .cif format.
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The first chiral auxiliary mediated asymmetric synthesis of
(+)-streptazolin has been accomplished in 13 steps and with
a high degree of stereocontrol.

Streptazolin 1 was first isolated from cultures of Streptomyces
viridochromogenes by Drautz et al. in 1981.1 Streptazolin and a
derivative, 3,9-dihydrostreptazolin, were found to exhibit
antibacterial and antifungal properties.1,2 Some naphthoqui-
none Diels–Alder adducts of 1 have been reported to have

striking bactericidal, fungicidal and protozoacidal activities, as
well as antitumor activity similar to adriamycin on leukemia
L1210 cells.3 The unique structure of the natural product, and its
interesting biological activities, have stimulated synthetic
efforts that resulted in three total syntheses. Kozikowski and
Park4 reported a racemic synthesis of 1, and Flann and
Overman5 completed an enantioselective synthesis starting
from L-tartaric acid. Recently, Kibayashi and coworkers6

reported a total synthesis of (+)-streptazolin also starting from
L-tartaric acid.

As part of a program directed at synthesizing alkaloids using
enantiopure N-acyldihydropyridones as chiral building blocks,7
we developed a strategy for the first chiral auxiliary mediated
asymmetric synthesis of (+)-streptazolin. In addition to effec-
tively installing the required stereocenters, the direct incorpora-
tion of the diene system of 1 in a regio- and stereo-controlled
manner was given high priority. Metallo-enolate addition to
chiral 1-acylpyridinium salts is a useful method for the
enantioselective synthesis of 2-substituted piperidines contain-
ing functionality and stereocenters in the C-2 side chain8 The
piperidine core of streptazolin, with its highly functionalized
cyclopentane apendage, seemed to be an attractive target for this
recently developed methodology. We now report a concise and
highly stereocontrolled asymmetric synthesis of 1.

Our synthesis plan was based on the retrosynthetic analysis
depicted in Scheme 1. The enantiopure N-acyldihydropyridone
3, prepared from chiral pyridinium salt 2, would be converted to
bicyclic carbamate 4. Through a bromination/reduction/elim-

Scheme 1 Retrosynthetic analysis.

Scheme 2 Reagents and conditions: i, 7 (3 equiv.), THF, 278 °C, 3 h, then
10% HCl, 76%; ii, MeONHMe–HCl, AlMe3, CH2Cl2, 25 °C, 1 h, 95%; iii,
prop-1-ynyllithium (2.5 equiv.), THF, 278 ? 215 °C, 1 h, 84%; iv,
NaBH4/CeCl3, MeOH, 250 °C, 95%; v, NaH (2.2 equiv.), THF, 25 °C, 6 h,
81%; vi, formic acid, DEAD, PPh3, THF, 64%.
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ination sequence, vinyl bromide 5 would be prepared from 4. At
this stage, an intramolecular palladium-catalyzed cyclization
would be used to give streptazolin precursor 6, which contains
the diene in the proper position and with the required
stereochemistry. Removal of the alcohol protecting group
would provide 1.

The 1-acylpyridinium salt 29 was treated with zinc enolate 78

to afford dihydropyridone 3 in 76% yield (Scheme 2).†
Conversion of 3 to Weinreb’s amide 8 proceeded in excellent
yield using standard conditions.8,10 Addition of propynylli-
thium11 (2.5 equiv.) to 8 provided ketone 9, which was reduced
under Luche conditions to afford diol 10 ( > 95% de) in high
yield.12 The presence of the bulky C-5 TIPS group allowed the
previous three steps to be carried out without serious side
reactions at the enone functionality. Treatment of 10 with
sodium hydride (2.2 equiv.) effected cyclization to give bicyclic
carbamate 11 with concomitant release of the chiral auxiliary,
(2)-TCC13 (93% recovery). The C-3 secondary alcohol in 11
has the wrong stereochemistry for the natural product. This
stereogenic center was inverted using the Mitsunobu reaction to
provide formate ester 12. The key intermediate 14 was prepared
in good yield from 12 in three steps by removing the TIPS group
through protodesilylation using formic acid, cleaving the
formate ester with refluxing methanol, and reprotecting the
hydroxyl as its TBDMS ether (Scheme 3). At this stage,
conversion of dihydropyridone 14 to vinyl bromide 17 was
needed. Bromination of the lithium enolate of 14 with NBS
gave exclusively the desired trans-bromide 15. Reduction of the
enone moiety with K-Selectride (2 equiv.) provided the cis-
bromohydrin 16 via a one-pot reaction.14 After considerable

effort, conditions were found to convert 16 into vinyl bromide
17. This was carried out by first forming the corresponding
triflate and then effecting a regioselective anti-elimination in
situ with DBU to afford a good yield of 17 as the only vinyl
bromide isolated.15 This intermediate contains three contiguous
stereocenters with the correct configuration for the natural
product, and the alkyne and vinyl bromide are properly
positioned for a palladium-catalyzed cyclization. Subjection of
17 to Grigg’s conditions16 effected ring closure to give the
desired diene 18. Cleavage of the silyl protecting group with
fluoride provided the labile natural (+)-streptazolin 1 in near
quantitative yield. Our synthetic 1 exhibited spectral data in
agreement with reported data for authentic material.6 The
optical rotation, [a]22

D = + 20.6 (c = 0.15, CHCl3), is also in
agreement with the literature value, [a]23

D = + 22 (c = 2.8,
CHCl3).6

In summary, the first chiral auxiliary mediated asymmetric
synthesis of (+)-streptazolin 1 has been accomplished in 13
steps and with a high degree of stereocontrol. The piperidine
ring and two of the required stereocenters were introduced in
one step using a metallo-enolate addition to chiral pyridinium
salt 2. Other key features are the use of a TIPS group to protect
an enone moiety, and the regio- and stereo-specific construction
of the diene system using a palladium-catalyzed vinyl bromide/
alkyne cyclization.

We are grateful to the National Institutes of Health (GM-
34442) for financial support of this research and to Dr C.
Kabayashi for 400 MHz 1H NMR and 13C NMR spectra of
streptazolin.
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Scheme 3 Reagents and conditions: i, formic acid, reflux, 2 h, then MeOH,
reflux, 3 d, 88%; ii, TBDMSCl, imidazole, DMF, 83%; iii, LiHMDS (1.1
equiv.), THF, 278 ?240 °C, NBS (1.1 equiv.), 84%; iv, K-Selectride (2
equiv.), THF, 278 °C, 30 min., 58%; v, Tf2O (1.1 equiv.), CH2Cl2, pyridine
(5 equiv.), 25 °C, 4 h, then DBU (5 equiv.), 25 °C, 10 h, 79%; vi, Pd(OAc)2/
TPP (cat.), sodium formate, THF, 130 °C (sealed tube), 20 h, 50%; vii,
TBAF, THF, 0 °C, 30 min., 95%.
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Polyelectrolyte multilayers have been prepared using both
the neutral and oxidised forms of a poly(alkoxythiophene)
derivative with pendant sulfonate groups and it is shown
that the oxidation state of the polymer affects multilayer
formation.

The fabrication of polyelectrolyte multilayers by consecutive
adsorption of polyanions and polycations on a charged surface
is a facile method for the preparation of stable multicomposite
thin films.1 The strongly interpenetrating layers are held
together principally by electrostatic interactions between multi-
ple ion pairs in the oppositely charged chains. Multilayers of
simple polyelectrolytes have been studied in detail but electro-
chemically active polyelectrolytes have received considerably
less attention.2,3 In particular, multilayers of conducting
polymers carrying pendant ionic groups have scarcely been
characterised at all,4 although multilayers have been prepared
using oxidised conducting polymers as polycations.5 Owing to
their special electrical and optical properties the polyelectrolyte
films containing conducting polymers can have potential
applications in the fields of, e.g., sensors, electrooptics and LED
technology.1,6

With weak polyelectrolytes the charge density can be
controlled by pH with profound effects on the multilayer
formation.7 Analogously, the charge density of conducting
polymers can be controlled by the oxidation state. We report
here the formation and preliminary characterisation of multi-
layers prepared from the neutral or oxidised (referring to the
polymer backbone) sodium salt of poly-3-(3A-thienyloxy)propa-
nesulfonate (P3TOPS) as polyanion and poly(allylamine hydro-
chloride) (PAH, Mw = 5–6.5 3 104, Aldrich) or
poly(diallyldimethylammonium chloride) (PDADMAC, Mw =
4–5 3 105, Aldrich) as polycation. The water-soluble poly-
thiophene P3TOPS was prepared by iron(III) chloride oxidation
of the monomer† in chloroform.8 The crude polymer was
fractionated with a Sephadex G-50 F column using water as
eluent and the highest molecular weight fraction collected.9 The
neutral polymer is blue with lmax at 620 nm and the oxidised
form is bluish grey. The oxidation potential of P3TOPS is ca.
+0.2 V vs. SSCE (sodium saturated calomel electrode) and it is
easily oxidised by oxygen. In solution the polymer stays in the
neutral state only by addition of a strong reducing agent, e.g.,
hydrazine or Na2S2O4. Polyelectrolyte adsorption was carried
out from dilute polyelectrolyte solutions (1 or 10 mM with
P3TOPS or PAH and PDADMAC, respectively) for 30 min
followed by washing with water (3 3 1 min). The substrates
were primed with a layer of physisorbed polycation, poly-
ethyleneimine (PEI, Mw = 25 000, Aldrich; quartz and indium–
tin oxide ITO), or chemisorbed 2-mercaptoethanesulfonic acid
(MESA, Aldrich; gold). The ionic strength was set to 0.6 M with
0.2 M Na2SO4 or Na2S2O4.

Neutral P3TOPS is a polyanion with one negative charge per
monomer unit. Oxidation of the polymer introduces positive
charges in the thiophene backbone and reduces the charge
density. However, both forms can be used for the fabrication of

polyelectrolyte multilayers. Fig. 1 shows the sequential build-
up of P3TOPS/PAH bilayers on quartz. A linear increase of
absorbance indicates a regular increase of adsorbed polymer. If
the charge density of the oxidised polymer is too low multilayer
formation would be hindered. However, oxidation of poly-
thiophenes gives rise to a positive charge of ca. 0.25–0.4 per
monomer unit, which itself is enough to render oxidised
conducting polymers useful as polycations in multilayer
fabrication.5 The spectra of P3TOPS/PDADMAC multilayers
on ITO are shown in Fig. 2. The film, which is electroactive
owing to efficient interpenetration of the layers, displays
behaviour similar to electrodeposited polythiophene films. As
the potential is made more anodic, the p–p* transition of the
neutral form decreases, and the absorbance increases above 800
nm. At high anodic potentials the absorbance at 900 nm again
decreases and a new transition forms in the NIR region above
1000 nm. This implies that these multilayers can be oxidised to
the metallic state in aqueous solutions.

Sequential multilayer fabrication with the neutral and
oxidised P3TOPS was carried out also on gold using a quartz
crystal microbalance (QCM, Fig. 3). In the first case, the
polyanion and polycation (PDADMAC) were adsorbed from
0.2 M Na2S2O4 solutions in order to keep polythiophene in the
neutral state. With oxidised P3TOPS, oxygen saturated 0.2 M
Na2SO4 solutions were used. A regular build-up was observed
after 2–4 bilayers, a common feature with polyelectrolyte

Fig. 1 Polyelectrolyte multilayer formation on quartz. Quartz/PEI/
(P3TOPS/PDADMAC)n using (a) neutral (hydrazine added) and (b)
oxidised P3TOPS. Insets show the increase of absorbance at 600 and 900
nm. [Ordinate values in milliabsorbance units (mAU).]
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multilayers.1,2 QCM studies on polyelectrolyte layers have
shown that viscoelastic properties are not important and data
can be treated in a gravimetric manner.10

With oxidised P3TOPS the average mass increase per
PDADMAC/P3TOPS bilayer was approximately half of that
observed with neutral polymer, showing the effect of the charge
density on multilayer formation. However, contrary to expecta-
tions, lower charge density results in the adsorption of less
material. Lowering the charge density of weak polyelectrolytes
by adjusting the pH of the adsorption solution yields thicker
films because more polymer is needed to compensate the
surface charge.7 Closer inspection of Fig. 3 reveals a more
complex behaviour with P3TOPS. Although irregular growth
persists longer for the neutral (cf. also insets of Fig. 1; the more
regular growth in that case can be attributed to the PEI
underlayer) mass increase (Df < 0) or decrease (Df > 0) is
observed after 3–4 bilayers upon addition of PDADMAC or

neutral P3TOPS, respectively. By contrast, the adsorption of
oxidised P3TOPS leads to a mass increase and the mass stays
constant when PDADMAC is added. Evidently, neutral
P3TOPS, with high charge density, is able to remove some of
the previously adsorbed polycation whereas PDADMAC does
not adhere well to the surface of oxidised P3TOPS having low
surface charge density. Therefore, even though more material is
deposited when neutral P3TOPS is used, more electroactive
polymer is adsorbed for the oxidised material. This conclusion
is supported by electrochemical experiments, which show that
the film oxidation current increases more rapidly with oxidised
P3TOPS as the polyanion.

In summary, we have shown for the first time that
electroactive polyelectrolyte multilayers can be prepared from
ionically substituted polythiophenes using both neutral and
oxidised polymer as a polyanion. The oxidation state changes
the charge density of the polyanion and has a marked effect on
multilayer formation. This behaviour is analogous to that of
weak polyelectrolytes as a function of pH.

Financial support from the Academy of Finland (Grant no.
30579) is gratefully acknowledged.
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Fig. 2 Difference spectra of ITO/PEI/(P3TOPS/PDADMAC)5 multilayers
at potentials indicated (in 0.6 M NaNO3; adsorbed using oxidised P3TOPS).
Spectrum at –0.40 V vs. SSCE taken as reference.

Fig. 3 QCM frequency changes (film side in contact with water) upon
multilayer formation in the Au/MESA/(PDADMAC/P3TOPS)n system.
Open and filled symbols refer to neutral and oxidised P3TOPS, re-
spectively.
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Addition of imine PhNNC(Ar)R (Ar = Ph, R = Me; p-
MeOC6H4, R = H) to (PhN)Mo(TMS-o-pda)(CH2NCMe2) 1
[TMS-o-pda = bis(trimethylsilyl)-o-phenylenediamide] af-
fords the corresponding h2-imine complexes
(PhN)Mo(TMS-o-pda)[PhNNC(Ar)R] 2a and 2b; analogous
reactions with aldimines RNNC(H)Ar (Ar = p-MeOC6H4,
R = CH2Ph, Et) afford products (PhN)Mo(TMS-o-pda)-
[RNC(H)ArC(H)ArNR] 3a and 3b resulting from reductive
imine coupling, providing the first example of facile and
general Mo(IV) h2-imine complex formation.

Current synthetic methodologies affording h2-imine complexes
(azametallacyclopropanes) consist of C–H activation from
methylmetallocene amides,1,2 rearrangements of iminoacyl
complexes,3 reaction between Cp*

2ZrH2 and ArNC,4 reduction
of a low-valent complex with phosphaazaallene,5 and various
in situ methods of h2-imine complex formation.6 Isolation and
characterization of h2-imine complexes generated by direct
reaction of imines with metal reductants has for the most part
been unsuccessful, and although two recent reports detail the
isolation and characterization of ytterbium6 and tantalum7 h2-
imine complexes via such direct methods, examples with other
early transition metals are, to our knowledge, non-existent. We
report herein structural characterization and direct synthesis of
molybdenum(IV) h2-imine complexes obtained by treatment of
the molybdenum(IV) olefin complex (PhN)Mo(TMS-o-
pda)(CH2NCMe2) 18 with appropriate aldimines and ketimines.
Furthermore, aldimine reductive coupling products are isolated
for less sterically demanding aldimines.

Reaction of the aryl amine derived aldimine PhNNC(H)Ar or
ketimine PhNNC(Me)Ph with 1 affords the h2-imine complexes
2a and 2b, respectively,  as green crystals in 70% isolated yield
(Scheme 1).‡ The molecular structure of 2b was determined by
an X-ray crystallographic study, and selected bond distances
and angles for 2b are shown in Fig. 1.§

Complex 2b adopts a five-coordinate square pyramidal
geometry with the imido ligand occupying the apical position.

The short imido Mo(1)–N(3) bond length of 1.736(2) Å is
typical of a Mo–N triple bond interaction.9 The Mo(1)–N(4),
Mo(1)–N(2) and Mo(1)–N(1) bond lengths of 1.944(2),
2.009(2) and 1.996(2) Å, respectively, are all consistent with
Mo–N single bonds.10 The C(31)-centered bond angles of the
imine fragment are all < 120° and support a considerable
amount of azametallacyclopropane character in 2b as does the
N(4)–C(31) bond length of 1.414(3) Å.11

Complete conversion of 2a to the corresponding organic
amine (PhNHCH2Ar) was observed by 1H NMR upon exposure
of a solution of 2a to an atmosphere of 15 psi H2 at room
temperature over a 1 week period.12 Unfortunately no catalytic
activity was observed upon treatment of 2a with excess imine
under low pressures (ca. 15 psi) of H2 gas.

The reaction of aldimines derived from less hindered primary
amines with 1 affords molybdenum(VI) bisdiamide imido
complexes 3a and 3b from reductive imine coupling
(Scheme 2).‡ Complexes 3a and 3b were isolated in 75% yield
from cold pentane–toluene solutions. Interestingly, only the
rac-coupled form of the metal complexes is isolated as
ascertained from 1H and 13C NMR spectroscopy. An X-ray
crystallographic study was performed on a single crystal of
3b.

The molecular structure and selected bond lengths and angles
are shown in Fig. 2.§ The complex adopts a distorted square
pyramidal geometry around molybdenum with the imido ligand

† Electronic supplementary information (ESI) available: spectroscopic data
for 1, 2a, 2b, 3a and 3b. See http://www.rsc.org/suppdata/cc/b0/b000355g/

Scheme 1 The generation of molybdenum(IV) h2-imine complexes.

Fig. 1 Thermal ellipsoid plot of 2b. Selected bond lengths (Å) and angles
(°): Mo(1)–N(1) 1.996(2), Mo(1)–N(2) 2.009(2), Mo(1)–N(3) 1.736(2),
Mo(1)–N(4) 1.944(2), Mo(1)–C(31) 2.200(3), N(3)–C(13) 1.409(3), N(4)–
C(31) 1.414(3), C(31)–C(32) 1.518(4); Mo(1)–N(3)–C(13) 163.0(2), N(2)–
Mo(1)–N(1) 85.28(9), N(4)–Mo(1)–C(31) 39.29(9), N(2)–Mo(1)–N(4)
100.09(9), N(1)–Mo(1)–C(31) 99.20(9), N(4)–C(31)–Mo(1) 60.55(13),
N(4)–C(31)–C(32) 116.9(2), N(4)–C(31)–C(25) 116.6(2), C(32)–C(31)–
C(25) 116.2(2).
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occupying the apical position. The Mo–N(1) bond length of
1.754(3) Å is consistent with a molybdenum nitrogen triple
bond interaction.9 The Mo–N(2), N(3), N(4) and N(5) amide
bond lengths of 2.008(3), 2.065(3), 1.996(3) and 2.021(3) Å,
respectively, are within the range expected for Mo–N single
bonds.10 The hydrogen atoms located on the backbone of the
newly formed diamide ligand are related by an H–C(19)–
C(29)–H torsion angle of 90°. Consistent with this torsion angle
there is no observed coupling between these protons in the
solution 1H NMR spectrum at 300 MHz. Complex 3a displays
similar characteristics in its 1H NMR spectrum.

In summary, we have demonstrated that chelate-supported
Mo(IV) h2-imine complexes can be easily prepared via displace-
ment of olefin from 1 upon reaction with N-aryl imines. In
contrast, imine reductive coupling products were observed for
sterically less demanding imines. We are currently investigating
the reactivity of these h2-imine complexes with unsaturated
organic molecules.

J. M. B. thanks the National Science Foundation (CHE
9523279) for funding of this work. K. A. A. thanks the NSF and
the University of Florida for funding X-ray equipment pur-
chases, and R. T. B. thanks the Science and Technology Base
programs at Los Alamos.

Notes and references
‡ All reactions and manipulations were carried out using standard Schlenk
techniques or a dry box under atmospheres of nitrogen and argon. Synthesis
of 2a and 2b: to a green solution of 1 (0.50 g, 1.05 mmol) in pentane at room
temperature was added a pentane solution of the appropriate imine (0.20 g,
1.05 mmol). After stirring for 12 h the pentane solution was concentrated in
vacuo and cooled, affording the appropriate metal complexes. The synthesis

of 3a and 3b was similar but required the addition of 2 equivalents of the
appropriate imine.
§ Crystal data: for 2b: C32H40N4Si2Mo, M = 632.80, a = 9.8565(5), b =
18.8443(8), c = 17.9089(8) Å, b = 104.6520(1)°, V = 3218.2(3) Å3,
monoclinic, space group P21/c, Z = 4, T = 203(2) K, final R1 = 0.0431,
wR2 = 0.0831, GOF (on F2) = 1.225.

For 3b: C38H53MoN5O2Si2, M = 763.97, a = 9.9600(5), b =
19.0705(9), c = 10.2628(5) Å, b = 97.351(1)°, V = 1933.3(2) Å3,
monoclinic, space group P21, Z = 2, T = 173(2) K, final R1 = 0.0420, wR2
= 0.0775, GOF (on F2) = 1.021.

Both structures were solved using the direct methods option of SHELXS.
Full-matrix least-squares refinements based on F2 were subsequently
performed using SHELXL 97.13 All non-hydrogen atoms were assigned
anisotropic temperature factors, with corresponding hydrogen atoms
included in calculated positions.

CCDC 182/1560. See http://www.rsc.org/suppdata/cc/b0/b000355g/ for
crystallographic files in .cif format.
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Scheme 2 The reductive coupling of imines.

Fig. 2 Thermal ellipsoid plot of 3b with 50% probability ellipsoids. Selected
bond lengths (Å) and angles (°): Mo–N(1) 1.754(3), Mo–N(2) 2.008(3),
Mo–N(3) 2.065(3), Mo–N(4) 1.996(3), Mo–N(5) 2.021(3), N(4)–C(19)
1.476(5), N(5)–C(29) 1.468(5), C(19)–C(29) 1.514(5); Mo–N(1)–C(1)
166.6(3), N(2)–Mo–N(3) 80.65(14), N(3)–Mo–N(5) 85.75(12), N(5)–Mo–
N(4) 77.46(12), N(2)–Mo–N(4) 102.59(12).
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Highly ordered, hydrothermally stable, caged cubic me-
soporous silica structures (Im3̄m) with unusually large pore
size (120 Å) have been synthesized by using hydrophobic
poly(butylene oxide) containing triblock PEO–PBO–PEO
copolymer as a structure-directing agent.

Ordered large pore materials are in great demand because of
their potential applications for catalysis, separation of large
molecules, medical implants, semiconductors, magnetoelectric
devices, etc.1–8 Using triblock poly(ethylene oxide)–poly-
(propylene oxide)–poly(ethylene oxide) (PEO–PPO–PEO) co-
polymers as structure-directing agents, we have previously
reported the synthesis of highly ordered hexagonal mesoporous
silica structures (SBA-15) with large pore sizes of 50–300 Å.2
Three-dimensional cubic mesoporous structures, such as MCM-
48 (Ia3̄d),1 SBA-1 (Pm3̄n)7 and SBA-16 (Im3̄m),2 show
advantages compared to hexagonal mesoporous structures with
one-dimensional channels. However, such cubic structures
could be synthesized only under strict conditions. Calcined
SBA-16 synthesized with PEO–PPO–PEO triblock copolymers
has the largest pore size (54 Å) among these cubic silica
structures, but can only be synthesized with large PEO segment
amphiphilic PEO–PPO–PEO block copolymers, such as F127
(EO106PO70EO106) in a narrow range of reaction compositions
at room temperature.2b The small differences of hydrophilicity/
hydrophobicity between PEO and PPO chains at room tem-
perature might be one of the reasons leading to such a small pore
size.

Here, we report the synthesis of a highly ordered, ultra
hydrothermally stable caged cubic mesoporous silica structure
(FDU-1, Im3̄m) with large, uniform pore size (120 Å) by using
the more hydrophobic poly(butylene oxide) containing triblock
copolymer PEO–PBO–PEO as the structure-directing agent.

Cubic mesoporous silica FDU-1 samples were synthesized
by using the triblock copolymer EO39BO47EO39 [B50-6600
(Dow) Mn = 6800] as the structure-directing agent under acidic
conditions. In a typical experiment, 0.5 g of B50-6600 was
dissolved in 30 g of 2 M HCl. To this homogeneous solution,
2.08 g (0.01 mol) of tetraethylorthosilicate (TEOS) was added
with vigorous stirring for 24 h. The resulting solid was then
aged at 100 °C for a further 24 h. The solid product was filtered
off, washed, and dried in vacuo at room temperature. Calcina-
tion was carried out in an oven at 550 °C for 6 h in air.

Small angle X-ray diffraction (XRD) patterns of as-synthe-
sized and calcined FDU-1 are shown in Fig. 1. As-synthesized
FDU-1 shows a well resolved XRD pattern and the first
diffraction peak appears at a low angle (2q = 0.68). After
calcination the first diffraction peak is shifted slightly (2q =
0.73) due to shrinkage. Calcined FDU-1 shows nine well
resolved Bragg peaks. Combined with TEM analysis (see
below) we can index the diffraction peaks to 110, 200, 211, 220,
310, 222, 400, 411 and 420 reflections for space group Im3̄m
(Q229), respectively. The relative intensity of these observed
peaks follows the trend reported in previous literature reports
for surfactant–water systems.9,10 The values of the cubic cell
lattice parameter, a, are calculated to be 183 and 171 Å for as-
synthesized and calcined FDU-1, respectively.

Transmission electron micrographs (TEM) of calcined FDU-
1 are shown in Fig. 2. Although both simple (P) and centerd (I)
cubic structures show a square lattice along the [100] direction
and a hexagonal lattice along the [111] direction, the value of
d100 relative to d111 is equal to 0.866 (I) and 1.224 (P),
respectively, from geometrical calculations. From bright/dark
TEM images [Fig. 2(a) and (b)] for calcined FDU-1, the value
of d100/d111 is estimated as 0.88, giving further evidence that the
mesostructure is centered cubic with Im3̄m space group. The
cell parameter, a, is estimated as 170 Å from TEM images, in
good agreement with the value determined from the XRD data.
Moreover, TEM measurements also reveal that all areas for
calcined FDU-1 have well ordered mesoscopic arrays and a
three-dimensional caged structure can be observed along the
edge of the sample [Fig. 2(b)], indicating that calcined FDU-1
has a high quality caged cubic mesostructure.

Calcined cubic mesoporous silica FDU-1 synthesized using
B50-6600 yields a type IV isotherm with a large type-H1
hysteresis loop (Fig. 3).11 A narrow pore-size distribution
(FWHM ca. 10 Å) with a mean value of 120 Å (BJH model) is
also obtained from the adsorption branch, indicating that FDU-1
has well defined uniform pore dimensions. The calcined cubic
mesoporous silica has a pore volume of 0.77 cm3 g21 and a BET
surface area of 740 m2 g21. Although the cell parameter for
FDU-1 is similar to that of SBA-16 (176 Å), the pore size and
pore volume for FDU-1 are much larger than those (54 Å, 0.45
cm3 g21, respectively) for SBA-16,2b, suggesting that the pore
size is very dependent on hydrophobic domains. More hydro-
phobic PBO segments relative to PPO segments yields a larger

Fig. 1 XRD patterns of as-synthesized and calcined cubic mesoporous siica
FDU-1 prepared using EO39BO47EO39 triblock copolymer as the structure-
directing agent at room temperature. XRD patterns were recorded with a
Rigaku D/Max-IIA using Cu-Ka radiation.
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mesopore size. To the best of our knowledge, FDU-1 has the
largest pore sizes among all reported cubic silica structures.

Cubic mesoporous silica can be synthesized over a relatively
wide range of reaction mixture compositions at temperatures of
0–60 °C. At room temperature, the cubic structure can be
synthesized over a range of PEO–PBO–PEO concentrations
(0.6–2.4 wt%), with cell parameters (a) in the range 200 to 178
Å. Moreover, a low temperature such as 0 °C yields a large cell
parameter (a up to 220 Å), but may lead to slight disorder for
FDU-1 according to XRD and TEM. At higher temperatures,
the cell parameter and crystalline quality for FDU-1 remain
almost unchanged. Addition of swelling agents, such as
1,3,5-trimethylbenzene (TBM), can slightly enlarge the cell
parameter (up to 220 Å) with a highly ordered mesostructure.
Fig. 2(d) shows a TEM image of calcined FDU-1 obtained with
TMB. The cell parameter is estimated as 220 Å, in agreement
with that determined from XRD.

Despite of such large lattice dimensions, calcined cubic
FDU-1 is hydrothermally stable. After calcined FDU-1 was
heated in boiling water for more than 9 days, at least five
diffraction peaks can be observed in the XRD pattern and the
intensity for the (110) reflection was even increased after the
treatment, indicating that large pore mesoporous FDU-1 is
hydrothermally stable.

In summary, highly ordered, large cage-structured cubic
mesoporous silica FDU-1 has been synthesized with the
hydrophobic PBO containing triblock PEO–PBO–PEO copoly-
mer as a template. The new large cage structure and high
hydrothermal stability for the resulting cubic mesoporous silica
are expected to be of great value in electrochemistry, catalysis
and separation for large moleculars.

This work was supported by the National Science Foundation
of China (Grant No. 29925309 and 29873012) and National
Education Ministry. We thank the Dow Company for providing
block copolymer surfactants.
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Fig. 2 TEM images of calcined cubic FDU-1 synthesized using EO-
39BO47EO39 triblock copolymer without TMB at room temperature: (a)
along the [100] direction, (b) along the [111] direction and (c) along the
[110] direction; (d) calcined cubic FDU-1 synthesized with TMB as the
swelling agent. TEM photographs were obtained with a JEM-1200EX
microscope operated at 80 kV. For TEM measurements, the samples were
ground, embedded in epoxy resin, and ultramicrotomed except the sample
in Fig. 2(a), which was prepared by dispersing the powder products as a
slurry in acetone and subsequently deposited and dried on a holey carbon
film on a Cu grid.

Fig. 3 Nitrogen adsorption–desorption isotherm plots and pore size
distribution curve of calcined mesoporous silica FDU-1. N2 adsorption
measurements were performed at 77 K using a Micromeritics ASAP 2000
analyzer utilizing Barrett–Emmett–Teller (BET) calculations for surface
area and Barrett–Joyner–Halanda (BJH) calculations for pore volume and
pore size distributions for the adsorption branch of the isotherm.
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A luminescent ruthenium(II) complex with six cyclodextrin
binding sites is shown to switch off its emission upon binding
of N,NA-dinonyl-4,4A-bipyridinium bromide and to recover
luminescence upon displacement of the bipyridinium ion by
a steroid.

The design of luminescent cyclodextrin sensor systems which
are able to detect neutral organic compounds, e.g. steroids by a
change in emission properties is an area which has attracted
much interest over the last decade.1 Most of these systems rely
on a decrease in fluorescence intensity when a covalently linked
fluorophore is displaced from the cyclodextrin cavity by a guest.
Few systems exist in which the detection of a guest is
accompanied by an increase in emission intensity.2,3 Here, we
describe the sensor properties of two novel cyclodextrin-based
sensor compounds, containing a central luminescent tris(bipyr-
idyl) ruthenium(II) complex,4 to which six cyclodextrins are
attached. One of these compounds (2) is able to detect steroids
by first turning off the emission of the ruthenium complex by
the binding of a quenching viologen in its cyclodextrin cavities,
and then switching on the original luminescence by displace-
ment of the viologen by the steroid.

The orange ruthenium complexes 1 and 2 were synthesised
by reaction of RuCl3 with 3 equivalents of the dimers 35 and 4,‡
respectively, in boiling water. The resulting mixtures were
poured into acetone to precipitate the complexes as their
chloride salts.‡ The UV–VIS spectra of 1 and 2 showed a
characteristic metal-to-ligand charge transfer (MLCT) absorp-
tion centered at 465 nm and an intense ligand centered (LC)
absorption around 300 nm. No quenching of the emission by
oxygen was observed for either compound probably because the
ruthenium centers are shielded by the cyclodextrins.6

Compound 1 was only weakly luminescent (95% less intense
than 2), probably because the bulky cyclodextrins prevent
optimal coordination of the bipyridyl ligands to the ruthenium
centers. Compound 2 displayed a bright luminescence, twice as
intense as the reference compound Ru(bpy)3

2+ (bpy = 2,2A-
bipyridine). Compound 2 was, therefore, selected for binding
studies with organic guest molecules. When ursodeoxycholic
acid, lithocholic acid, cholesterol or 1-adamantanecarboxylic
acid were added to a solution of 2 in water no change in the
emission spectrum of 2 was observed. This means that there is
no direct or indirect communication between the ruthenium
complex and these guest molecules when they are bound. Since
it is known7 that covalently linked viologens (N,NA-dialkyl-4,4A-
bipyridiniums) are able to quench the emission intensity of
tris(bipyridyl)ruthenium(II) complexes very efficiently via an
electron transfer process, we chose N,NA-dinonyl-4,4A-bipyr-
idinium bromide as a guest molecule. The two long alkyl chains
were attached to this molecule to increase its binding to the
cyclodextrins.8 Upon addition of the bipyridinium compound to

an aqueous solution of 2 the emission intensity gradually
dropped, resulting in 92% quenching at saturation (Fig. 1). Most
importantly, when this guest was added to the reference
compound Ru(bpy)3

2+ under the same conditions (aereated
solution, same concentrations) only a linear decrease of 15% in
luminescence was observed. This implies that the bipyridinium
compound is bound in the cyclodextrin cavities and thereby
facilitates electron transfer.

Analysis of the complex stoichiometry by constructing a Job-
plot (see ESI†) suggested that a 1+1 complex was formed
between 2 and the bipyridinium guest. The observed binding
curve could be fitted to a 1+1 binding model and gave an
apparent association constant (Ka) of 2.8 3 105 M21.

A microcalorimetric titration study of the binding of the
bipyridinium guest in 2 revealed a different picture (Fig. 2).
This time the observed titration curve could not be fitted to a
1+1 model, instead a second (2+bipyridinium = 1+2) equilib-
rium was needed to give a satisfactory fit (Fig. 2, inset). The
data from this study are collected in Table 1. As can be seen the
binding constant for the 1+1 complex matches within experi-
mental error (15%) the observed value from the fluorimetric
determination. Apparently, with the latter method, only the

† Electronic supplementary information (ESI) available: characterisation of
compounds 2 and 4, and a Job-plot for the binding of the N,NA-dinonyl-4,4A-
bipyridinium bromide to 2. See http://www.rsc.org/suppdata/cc/b0/
b000271m/
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formation of the 1+1 complex can be detected. This implies that
the binding of the first bipyridinium center results in almost
complete quenching of the luminescence of 2 and that the
second bipyridium unit has no effect on the luminescence.

Table 1 shows that 2TDS of binding is the same for the 1+1
and the 1+2 complex. This parameter is probably related to the
break up of solvent shells around the alkyl tails of the
bipyridinium guest, which will be the same for the first and the
second bipyridinium unit. By contrast DH of binding is
different, being 1 kcal mol21 smaller for the second step. We
propose that two cyclodextrin moieties are involved in the
complexation of a long chain bipyridinium guest.8 Apparently,
the binding of a second guest in 2 is disfavoured and the binding
of a third guest completely absent, probably owing to a negative
allosteric effect. Further studies are underway to substantiate
this.

Having observed that bipyridinium compounds can quench
the emission of 2 efficiently, we used this property to detect
organic compounds. Displacement of the bipyridinium com-

pound by other guests such as steroids should inhibit the
quenching process and recover the luminescence of 2. This
would then give a sensor system which emits light when a guest
is added. From a technological point of view this is an
advantage since, in contrast to conventional systems, a
luminescent signal is produced against a dark background,
allowing a more sensitive detection in for instance a diagnostic
test. When ursodeoxycholic acid was added to an aqueous
solution of 2 and the bipyridinium ion, full recovery of the
luminescence was observed (Fig. 1). A similar titration curve
was recorded for lithocholic acid and cholesterol, showing the
general applicability of the procedure. The curves for litho-
cholic acid and ursodeoxycholic acid displayed a sigmoidal
shape suggesting that these steroids first displace one bipyr-
idinium which will not result in a significant increase of the
luminescence (vide supra), and only when the second bipyr-
idinium ion becomes displaced the luminescence will be
recovered.§

All steroids must have a binding constant of the same
magnitude as the bipyridinium salt, i.e. 105 M21 or slightly
higher, in order for displacement in 2 to occur. The binding of
ursodeoxycholic acid is strong enough to completely displace
the bipyridinium salt and recover the full luminescence.
Lithocholic acid only restores 30% of the emission, probably
due to a weaker binding. The binding of cholesterol is too weak
to even show a sigmoidal binding curve. Nevertheless, at a
concentration of 2.3 3 1024 M of cholesterol the luminescence
has already doubled. Lithocholic acid shows a 5-fold increase at
the same concentration, while for ursodeoxycholic acid the
increase is 15-fold. This means that this sensor system is able to
differentiate between different steroids which is a prerequisite
for a selective diagnostic test. More detailed studies on this new
sensor system are underway.

We thank the Netherlands Technology Foundation (STW) for
financial support and M. R. de Jong and Dr J. Huskens
(University of Twente) for stimulating discussions and their
help with the microcalorimetry experiments.
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‡ Compounds 1, 2 and 4 were fully characterised by 1H NMR, MS and
elemental analysis.
§ In addition to compound 2 we also prepared a ruthenium complex with
two unsubstituted bipyridines and one molecule of 4 as ligands. This mixed
complex has only one binding site for the bipyridinium guest and therefore
a single competition event should take place. The emission properties of this
complex turned out to be much weaker than those of 2, and, therefore, were
not further investigated.
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Fig. 1 Fluorimetric titration of (-) N,NA-dinonyl-4,4A-bipyridinium to 2 (1.0
3 1025 M). The solid line shows the fitted curve assuming a 1+1
host(2)+guest complex. Similar titration plots of (5) ursodeoxycholic acid,
(8) lithocholic acid and (2) cholesterol to 2 (1.0 3 1025 M) in the presence
of 5.7 3 1024 M of N,NA-dinonyl-4,4A-bipyridinium bromide. All titrations
were performed in an aqueous 0.1 M Tris–HCl buffer at pH 7.0.

Fig. 2 Microcalorimetric titration of N,NA-dinonyl-4,4A-bipyridinium to 2
(1.0 3 1024 M). For conditions see Table 1. The solid line (inset) shows the
fitted curve according to a 1+2 (2+bipyridinium) model.

Table 1 Thermodynamic data for the complexation of N,NA-dinonyl-4,4A
bipyridinium bromide in 2a

Host–guest
complex Ka/M21 DH/kcal mol21 2TDS/kcal mol21

1+1 2.4 3 105 22.4 24.8
1+2 4.0 3 105 21.4 24.9
a Obtained from a microcalorimetric titration of the bipyridinium guest with
2. The data points were fitted assuming a two step (2+guest = 1+1 and 1+2)
equilibrium. The titration was performed at 25.0 °C in an aqueous 0.1 M
Tris–HCl buffer of pH 7.0, by adding small aliquots of a solution of the
bipyridinium salt (3.09 3 1023 M) to a solution of 2 (1.00 3 1024 M). The
data were corrected for the dilution heat of the bipyridinium ion.
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The synthesis and structural characterisation of a novel
metal polyhedron is reported, involving chromium(III) and
isobutyrate; comparison of this product with those obtained
using different carboxylates suggests that the leaving
group—which can be carboxylate, water or both—strongly
influences the structure found.

Recent research on paramagnetic cages has been stimulated by
the discovery of ‘single molecule magnetism’,1,4 i.e. cages
which have an energy barrier to reorientation of their magneti-
sation which is sufficiently high that at low temperature
magnetisation is lost slowly when an external magnetic field is
removed. We have been looking at new routes to high nuclearity
cages, and found that heating small cages to high temperatures
in an inert atmosphere can lead to oligomerisation.5–7 Here we
report a further reaction which gives a quite new metal
polyhedron, but also which indicates that choice of carboxylate
can control the structure of the resulting cage.

Reaction of Cr(NO3)3·9H2O (0.050 mol) with
K(O2CCHMe2) (0.175 mol) in H2O (100 cm3) at ca. 80 °C gives

a blue precipitate ( > 90% yield) which is soluble in PriOH.
Analysis of this solid suggests formation of an oxo-centred
chromium triangle, [Cr3O(O2CCHMe2)6(H2O)3](NO3) 1.†
Heating this precipitate at 400 °C under a stream of N2 for 5 min
gives a dark green solid which can be recrystallised from a
mixture of PrnOH–CH2Cl2 to give green blocks suitable for X-
ray study in 7 days. The yield of crude material is 84%. IR
spectroscopy and elemental analysis confirm the crude and
recrystallised compounds are identical.

Structural analysis‡ reveals a cage of stoichiometry
[Cr12O8(OH)4(O2CCHMe2)16(HO2CCHMe2)4] 2 (Fig. 1). The
cage consists of three face-sharing Cr4O4 heterocubanes, with
the two terminal cubanes capped by further chromium centres
attached to the external m4-oxides. The central cubane, contain-
ing Cr(3), Cr(4), Cr(5) and Cr(6), is held together exclusively
through four m4-oxides [O(3), O(4), O(5) and O(6)]. These
oxides have an unusual geometry, with one Cr–O–Cr angle ca.
164°, and five further Cr–O–Cr angles at between 90 and 101°.
Therefore these four-coordinate oxygens have a ‘saw-horse’
geometry, rather than tetrahedral. This geometry may be found

Fig. 1 The structure of 1. The H-bonds between OH and protonated carboxylates are shown as dashed lines (see text). Bond length ranges: Cr–O(m4-O)
1.947–2.050, Cr–O(O2CR) 1.943–1.997, Cr–O(OH) 1.966–1.986 Å. Av. esd. 0.008 Å. Bond angle ranges: cis O(m4-O)–Cr–O(m4-O) 78.8–89.3, trans O(m4-
O)–Cr–O(m4-O) 163.7–166.1, cis O(m4-O)–Cr–O(O2CR) 89.1–103.0, trans O(m4-O)–Cr–O(O2CR) 169.6–179.2, cis O(O2CR)–Cr–O(O2CR) 81.7–90.8,
trans O(O2CR)–Cr–O(O2CR) 173.0–173.9, cis O(OH)–Cr–O(m4-O) 92.6–93.4, cis O(OH)–Cr–O(O2CR) 87.5–91.5, trans O(OH)–Cr–O(O2CR)
170.1–171.4°. Av. esd. 0.4°.
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because this central Cr8O8 fragment can be considered to be a
fragment of the NaCl structure.

The m4-oxides involved in the external heterocubanes have a
more regular geometry, approximating to tetrahedral. The two
Cr atoms in the face that is shared with the central heterocubane
are each bridged to one of the two external Cr atoms [either
Cr(1) and Cr(2) or Cr(7) and Cr(8)] by 1,3-bridging carbox-
ylates. The final four Cr atoms [Cr(9), Cr(10), Cr(11) and
Cr(12)] are found attached to the m4-oxides, and these are each
further attached to the centre triple-cubane by bridging
carboxylates. Two of these carboxylates bridge to Cr centres at
the exterior of the triple-cubane [e.g. between Cr(9) and Cr(1)],
and one bridges to a Cr centre in the shared-face [e.g. between
Cr(9) and Cr(5)].

The chromium sites therefore fall into three groups. All are
six-coordinate with regular octahedral geometries, but they vary
in the groups attached to them. The Cr sites in the central cubane
are each bound to four m4-oxides and two oxygen donors from
carboxylate bridges. The Cr sites at the exterior of the triple-
cubane are each bound to three m4-oxides and three O-atoms
from carboxylates. The Cr sites capping the tricubane are each
bound to one m4-oxide, three oxygens from bridging carboxy-
lates and two terminal groups that can be described as a
hydroxide and a HO2CCHMe2 group, or a water molecule and
a 2O2CCHMe2. As there is a strong H-bond (O…O 2.47 to 2.53
Å) between these two groups, the exact description is perhaps
unimportant.

The structure of 2 is new, but related to previous cages built
of cubanes. The nearest relation is an octanuclear triple-cubane
of cobalt(III), reported by Christou and coworkers,10 which
lacks the final four capping atoms. Three octanuclear cages,
featuring Cr,6 Fe11 and Co,12 contain a heterocubane capped on
the m4-oxides. 2 combines features from both these previous
structural types. There are also some similarities between 2 and
Ni11 and Mn18 cages we have reported previously, which also
feature face-sharing heterocubanes.13

It appears that the structure of 2 is largely maintained in
solution. Two peaks, due to mono- and di-cationic species,
dominate the electrospray mass spectrum.§ The mono-cationic
species, at m/z 2351.4, can be assigned as (22 2 HO2CCHMe2
2 2H2O)+ (calc. 2353.7), while the dication at m/z 1160.1
matches (2 2 2 HO2CCHMe2 2 2OH 2 2H2O)2+ (calc.
1159.8). Remaining peaks in the spectrum have less than 10%
of the intensity of these peaks.

The reaction to form 2 gives quite different cages if the
carboxylate present is benzoate6 or pivalate (trimethylacetate).7
As the yields are very good (approaching 90%) for all cages, it
is worth discussing the difference in these three examples. For
benzoate, assuming a stoichiometric reaction, a balanced
equation for the reaction at 400 °C would give:

8 [Cr3O(O2CPh)6(H2O)2(OH)]
? 3 [Cr8(m4-O)4(O2CPh)16] + 20 H2O

This implies exclusive loss of water on heating. A balanced
equation for the reaction involving pivalate is:

4[Cr3O(O2CCMe3)6(H2O)2(OH)]
? [Cr12(m4-O)9(m3-OH)3(O2CCMe3)15]

+ 9 HO2CCMe3 + 4H2O

This is mainly loss of carboxylic acid on heating, with some loss
of water. The reaction which gives 2, is intermediate between
these two extremes:

4[Cr3O(O2CCHMe2)6(H2O)2(OH)]
? [Cr12(m4-O)8(OH)4(O2CCHMe2)16(HO2CCHMe2)4]

+ 4H2O + 4HO2CCHMe2

It is noticeable that for benzoate, which has the lowest pKa
(4.19) of the three carboxylates, water is lost and the

carboxylate is retained, while for both pivalate (pKa 5.03) and
isobutyric acid (pKa 4.84) a mixture of acid and water are lost.
This gives us a hypothesis to examine to see if further chromium
cages with new metal polyhedra can be made from this simple
route. It also implies an unusual means of influencing the
structure of a cage by the pKa of the leaving group.

Magnetic studies of 2 are disappointing.¶ The room tem-
perature value of cmT (where cm is the molar magnetic
susceptibility) of 18.1 emu K mol21, is below that expected for
12 non-interacting CrIII centres (22.3 emu K mol21, for g =
1.99). This value indicates moderately strong antiferromagnetic
exchange between metal centres. This is confirmed by the
steady fall in cmT down to 25 K, where the value is 7.2 emu K
mol21. Below 25 K the fall is more rapid, and at the lowest
temperature studied (1.8 K) the cage is almost diamagnetic.

We thank the EPSRC(UK) for funding for a diffractometer,
electrospray mass spectrometer and SQUID susceptometer, and
for a studentship (to A. A. S.)
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While addition of phosphorus ligands such as P(OPh)3 to
Rh(allyl)3 gives monovalent Rh(allyl)L2, the iridium analog
gives stable mixed s/p-tris(allyl) complexes, as evidenced by
the structural characterization of mono-, bi-, and tri-dentate
ligand complexes.

Recent efforts aimed at preparing and characterizing ‘single-
site’ catalysts consisting of well defined, metal–oxide surface-
bound, ligated transition metals have yielded exciting new
catalytic systems for alkane metathesis and polyolefin depoly-
merization.1,2 One particularly well-characterized class of such
sites is derived from reactions of tris(allyl)rhodium, Rh(C3H5)3,
with carefully prepared, high-purity metal oxides.3–5 The use of
these systems for catalysis, however, is hampered by weak Rh–
O bonds to the metal oxide surface and the proclivity of trivalent
rhodium intermediates to undergo reductive elimination.6 We
are investigating the use of tris(allyl)iridium to prepare single-
site catalysts with better thermal and reductive stability. In
expanding the relatively unexplored7 ligand addition chemistry
of M(allyl)3 compounds, we have developed an improved
synthesis of the iridium analog and demonstrated that its
reactions with a variety of phosphorus ligands all afford
trivalent products, including a stable tris(s-allyl) adduct.

The literature procedure8 for preparing Ir(allyl)3 from
Ir(acac)3 (acac = acetylacetonate) and (allyl)MgCl affords the
desired product in ca. 20% yield. Ir(acac)3 is itself prepared in
ca. 10% yield from commercially available IrCl3·xH2O. We
have found that the crystalline yellow tetrahydrothiophene
adduct, IrCl3(tht)3, can be prepared from IrCl3·xH2O in ca. 90%
yield via a slight modification of the original synthesis.9
Reaction of IrCl3(tht)3 with allyllithium in benzene provides
Ir(allyl)3 in > 90% NMR yield [eqn 1)].10

Removal of the solvent in vacuo followed by hexane
extraction, filtration, solvent removal and sublimation of the
brown residue affords colorless, microcrystalline Ir(allyl)3 in
ca. 45% yield. Treatment of isolated Ir(allyl)3 with PPh3 in
toluene gives the 1+1 adduct Ir(s-allyl)(p-allyl)2(PPh3) 1 in
high yield (Scheme 1).‡ Alternatively, the hexane filtrate from
the synthesis of Ir(allyl)3 can be used directly to prepare 1 with
comparable efficiency. Although complex 1 did not react
further with excess PPh3, even at 100 °C, smaller phosphorus
ligands such as PMe3 and P(OPh)3 yielded 1+2 adducts Ir(s-
allyl)2(p-allyl)L2 2a,b. The chelating bis(phosphine)
1,2-(PPh2)2C6H4 gave a similar product 3. Addition of the
tridentate phosphine PhP(CH2CH2PPh2)2 to Ir(allyl)3 gave the
tris(s-allyl) complex 4. Complexes 2–4 were prepared in > 90%
yield.

The tris(allyl)iridium ligand adducts 1–4 were characterized
by elemental analysis, NMR and IR spectroscopy, and, for 1, 3
and 4 by single crystal X-ray diffraction (Fig. 1).§ IR analysis
revealed that all phosphine adducts possess a characteristic CNC
stretch in the region 1600–1610 cm21. 1H and 13C NMR spectra
of 1 confirmed the presence of one s-allyl and two inequivalent
p-allyl groups, even at 100 °C. The PPh3 ligand is located trans
to a methylene group of one of the p-allyl groups, as evidenced
by the large P–C coupling constant (2JPC 38 Hz). Room
temperature spectroscopic characterization of complexes 2a,b
was also consistent with an unsymmetrical structure, but a
dynamic process leads to equivalent phosphorus ligands and s-
allyl groups at 40 °C. The P–C coupling constants for 2a,b (2JPC
32.6, 47.5 Hz, respectively) indicate that the phosphines are
trans to the methylenes of the p-allyl group and the s-allyls are
thus mutually trans. By contrast, complex 3 has inequivalent s-
allyl groups, even at 100 °C, with the two phosphorus donors
trans to one methylene of the p-allyl (2JPC 39.4 Hz) and to one
of the s-allyl groups (2JPC 79.5 Hz), respectively (Fig. 2).
Adduct 4 has two sets of s-allyl groups in a 1+2 ratio, consistent
with Cs symmetry.

For compound 1, the p-allyl ligand trans to P is symmet-
rically bound with typical Ir–C bond distances11 (Ir–CH
2.143[5], Ir–CH2 2.201[5] Å). The other p-allyl ligand is
unsymmetrically bound as a result of the trans influence of the
s-allyl {C(1)–Ir–C(7) 161.6[2]°; Ir–C(7) 2.268[4] cf. Ir–C(9)
2.196[4] Å}. A similar effect is seen in 3 {C(1)–Ir–C(7)
162.1(1)°; Ir–C(7) 2.270(2) cf. Ir–C(9) 2.202(3) Å}.

Reaction of Rh(allyl)3
12 with PMe3 afforded the 1+2 adduct

5 similar to 2a. With triphenylphosphine12 or better p-accepting
ligands such as P(OPh)3, however, only monovalent complexes,
Rh(p-allyl)L2 6a,b were obtained. Analogous complexes have
been reported previously via alternative preparative routes.11,13

The reaction leading to 6b was accompanied by formation of the
C6 hydrocarbons n-hexane, hex-1-ene and 2-methylpentane.¶

In summary, our improved preparation of tris(allyl)iridium
has enabled us to demonstrate that, in contrast to its rhodium
analog, addition of a range of phosphorus ligands gives stable
trivalent adducts which show no tendency to undergo hydro-

† Electronic supplementary information (ESI) available: preparative details
and NMR data for 1–6 and crystallographic data for 1, 3 and 4. See http://
www.rsc.org/suppdata/cc/a9/a910164k/

Scheme 1
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carbon elimination reactions. We are currently extending these
findings to prepare trivalent, ligated iridium moieties on metal
oxide surfaces for use in hydrocarbon functionalization.

We thank the Department of Energy’s Laboratory Directed
Research and Development (LDRD) program for financial
support and Dr David Smith for preliminary experiments. This

paper is dedicated to Professor John P. Fackler, Jr. on the
occasion of his 65th birthday.

Notes and references
‡ Preparation of Ir(s-allyl)(p-allyl)2(PPh3): to a room temperature solution
of Ir(allyl)3 (0.100 g, 0.32 mmol) in toluene (10 mL) was added
triphenylphosphine (0.083 g, 0.32 mmol). The reaction mixture was stirred
for 2 h and then filtered. The filtrate was concentrated to ca. 2 mL and
allowed to sit at room temperature for 24 h to yield 1 as colorless crystals
in 92.7% yield (0.170 g, 0.24 mmol). This procedure is representative of the
syntheses of all of the phosphine complexes with the caveat that the
preparation of 3 and 4 required brief heating (80 °C, 10 min) in order to
dissolve the ligand.
§ CCDC 182/1552. See http://www.rsc.org/suppdata/cc/a9/a910164k/ for
crystallographic files in .cif format.
¶ Preparation of Rh(p-allyl)[P(OPh)3]2: to a room temperature solution of
Rh(allyl)3 (0.031 g, 0.14 mmol) in toluene (5 mL) was added triphenyl
phosphite (0.086 g, 0.28 mmol) with stirring. Approximately 30 min after
the phosphite addition, a brilliant yellow precipitate was observed. The
reaction mixture was stirred for an additional 2 h during which time the
precipitate dissolved. The filtrate was then concentrated to ca. 2 mL and
allowed to stand at 235 °C for 24 h to yield 2b as yellow crystals in 96.7%
yield (0.102 g, 0.13 mmol). GC–MS analysis of a portion of this reaction
revealed that the organic products were n-hexane, 2-methylpentane and
hex-1-ene.
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Fig. 1 Thermal ellipsoid representation of (a) 1, (b) 3 and (c) 4 shown at the
50% probability level. For 1, only one of the two molecules in the
asymmetric unit is shown. For 1 and 4, only one orientation of the
disordered allyl group is shown.§ Hydrogen atoms have been omitted for
clarity.

Fig. 2 Isomeric Ir(p-allyl)(s-allyl)2L2 structures.
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The intramolecular Heck reaction of the iodoaryl compound
1 with a (Z)-allyl silane moiety in the presence of the chiral
ligand (+)-TMBTP 13 leads to the benzazepine 5b with 92%
ee, whereas 3 with an (E)-allyl silane moiety in the presence
of the chiral ligand (R)-BITIANP 14 gives 5a with 91% ee; in
a similar way, 9 and 10 were transformed in the presence of
13 into the tetrahydroisoquinolines 11b and 12b with 86 and
84% ee, respectively.

The Heck reaction,1 the Pd(0) catalyzed coupling of an aryl or
alkenyl halide or triflate with an alkene, is nowadays one of the
most important C–C bond forming transformations and has
been used in numerous syntheses of natural products;2 extensive
work has also been done in the enantioselective series.3 Here,
we describe the enantioselective intramolecular silane termi-
nated Heck reaction3g–i of the substrates 1–4 and 7–10 with the
novel chiral ligands (+)-4,4A-bis(diphenylphosphino)-2,2A,5,5A-
tetramethyl-3,3A-bithiophene [(+)-TMBTP] 134a and (R)-
(+)-2,2A-bis(diphenylphosphino)-3,3A-bibenzo[b]thiophene
[(R)-BITIANP] 144b as well as, for comparison, also with the
well known and widely used ligands (R)-MeO-BIPHEP 155 and
(R)-BINAP 16,6 to give the substituted benzazepines 5a/b and
6a/b and the tetrahydroisoquinolines 11a/b and 12a/b (Scheme
1). In addition, we have used phosphinooxazolines3c,e as chiral
ligands, however, in our systems these ligands show low
reactivity.

We have recently shown that one of the main disadvantages
of the Heck reaction, namely the low selectivity in the
elimination of the LnPd–H species to form the double bond as
the last step in the catalytic cycle, can be overcome by using
allyl silanes as terminating alkenes.3g–i This allowed the
selective formation of tertiary stereogenic centers starting from
acyclic alkenes for the first time. However, the use of this
procedure for the synthesis of chiral heterocyclic compounds
such as benzazepines and tetrahydroisoquinolines with 16 as
ligand was rather disappointing owing to its low enantioselecti-
vity.3i By contrast, employing the novel chiral ligands  13 and
14 (Scheme 2) we are now able to synthesize these heterocycles
with up to 92% ee.

13 had not been used successfully previously for enantiose-
lective transformations, whereas 14 was employed with great
success in the hydrogenation of C–C and C–O double bonds4b

and in intermolecular Heck reactions.3a In our investigations we
used (E)- and (Z)-allyl silanes as substrates, which not only gave
different enantioselectivities using the various ligands, but also
allowed us to control the formation of the different side chains
in the products, namely a vinyl or a trimethylsilylvinyl group.

The selective formation of the (Z)-allyl silanes 1, 2 and 9, 10,
respectively, was performed by a Ni catalyzed hydrogenation of
the corresponding propargyl silanes 17–20. For the synthesis of
the (E)-compounds 3, 4 and 7, 8, respectively, the propargyl
amine 21 was reduced with LiAlH4, the obtained allyl amine 22
alkylated with 23, 24, 25 or 26 and finally treated with
trifluoroacetyl anhydride (Scheme 3).

The Heck reaction of the (Z)-allyl silane 1 in the presence of
triphenylphosphane gave nearly exclusively the benzazepine 5b
with a vinyl side chain (Table 1, entry 1); using the chiral
ligands 15 (entry 2) and 14 (entry 3), 5b again was the main
product, however, the enantioselectivity was < 50% ee; with
(S)-BINAP ent-16 (entry 4), 5b was formed with 64% ee. In
contrast, using 13, the product 5b could be obtained in good
yield, with complete regioselectivity and 92% ee (entry 5).
Similar results were found with the (Z)-allyl silane 2, but here
the highest ee value using 13 as chiral ligand was only 70% ee
(entry 9). This could probably be ascribed to the lower ligand Pd
ratio, which was necessary owing to the low reactivity using
higher ratios. This, however, is a general problem in enantiose-
lective Heck reactions.

Employing the (E)-allyl silane 3 again an excellent enantiose-
lectivity of 91% ee was obtained (entry 10). For the first time in
the enantioselective silane terminated Heck reation, 5a with a

Scheme 1 Syntheses of benzazepines 5 and 6 and tetrahydroisoquinolines
11 and 12 by silane terminated enantioselective Heck reaction. Reagents a,
Pd2dba3·CHCl3, ligand, Ag3PO4 (1.1 eq.), DMF.

Scheme 2 Ligands for the enantioselective Heck reaction: (+)-TMBTP 13,
(R)-BITIANP 14, (R)-MeO–BIPHEP 15 and (R)-BINAP 16.
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trimethylsilylvinyl side chain is the main product, with 14 as the
best ligand; thus, 13 gave 5a with only 8% ee (entry 11).
Interestingly, in the Heck reaction of the (Z)- and the (E)-allyl
silanes with 14 and 13 the opposite enantiomers of 6b were
formed, whereas in the presence of 16 the double bond
configuration had virtually no influence on the facial selectiv-
ity.

Astoundingly, the Heck reactions of the (E)-allyl silanes 7
and 8 were only marginally successful. Here the regio- and
enantio-selectivity were rather low. However, the (Z)-com-
pounds 9 and 10 gave much better results. Using 13 as chiral
ligand, the vinyl substituted tetrahydroisoquinolines 11b and

12b were obtained with high enantioselectivities of 86 and 84%
ee, and complete regioselectivity (entries 20 and 22).

These results together with the investigations of inter-
molecular Heck reactions3a clearly show that the novel ligands
13 and 14 are superior to known ligands, at least in the
investigated transformations.

This work has been supported by the Fonds der Chemischen
Industrie. We thank the Degussa AG for a generous gift of
precious metals and the Hoffmann-La Roche AG for ligand 15.
We are also greatly indebted to Dr S. Console (Chemi SpA) for
providing the new ligands.
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Table 1 Enantioselective silane terminated Heck reactions of the allyl silanes 1–4 and 7–10 to give the benzazepines 5 and 6 and the tetrahydroisoquinolines
11 and 12

Pd Yield (%) Eea (%)
Substrate Catalyst Ligand

Entry (Config.) R Product (mol%) (mol%) t/h T/°C a b a b

1 1 (Z) OMe 5 5b PPh3 (10)c 6 80 4 70 — —
2 1 (Z) OMe 5 3 15 (7) 65 80 15 42 < 5 (S) < 25 (R)
3 1 (Z) OMe 5 3 14 (7) 19 80 2 42 —d < 20 (R)
4 1 (Z) OMe 5 3 ent-16 (7) 40 80 7 72 < 18 (R) 64 (S)
5 1 (Z) OMe 5 1.5 13 (15) 68 80 — 71 — 92 (S)
6 2 (Z) H 6 3 16 (15) 27 90 4 73 —d 48 (R)
7 2 (Z) H 6 3 15 (15) 168 90 6 49 —d 28 (R)
8 2 (Z) H 6 3 14 (15) 24 90 — 72 — 42 (R)
9 2 (Z) H 6 3 13 (15) 27 90 6 71 —d 70 (S)

10 3 (E) OMe 5 1.5 14 (10) 24 80 66 21 91 (S) ≈ 60 (S)
11 3 (E) OMe 5 3 13 (7) 45 80 57 33 8 (R) ≈ 45 (S)
12 4 (E) H 6 1.5 14 (15) 26 80 42 41 86 (S) 22 (S)
13 4 (E) H 6 1.5 13 (15) 16 80 25 43 12 (R) 64 (R)
14 7 (E) H 11 3 16 (7) 20 80 40 32 2 (R) 67 (R)
15 7 (E) H 11 3 14 (7) 14 70 14 51 0 50 (R)
16 7 (E) H 11 3 13 (7) 46 80 38 35 < 5 (R) < 5 (S)
17 8 (E) OMe 12 3 14 (7) 48 80 42 24 30 (R) 34 (R)
18 8 (E) OMe 12 3 13 (10) 48 80 9 56 76 (R) 56 (R)
19 9 (Z) H 11 1.5 13 (10) 65 80 — 80 — 84 (S)
20 9 (Z) H 11 1.5 13 (15) 63 90 — 61 — 86 (S)
21 10 (Z) OMe 12 3 14 (7) 20 80 6 80 < 10 (R) 16 (S)
22 10 (Z) OMe 12 1 13 (20) 64 80 — 73 — 84 (S)
a Determined by chiral HPLC (Baker CHIRALCEL OD-R). b Pd(OAc)2 was used instead of Pd2dba3·CHCl3. c KOAc (4 eq.) and NPr4Br (1 eq.) were used
instead of Ag3PO4. d Not determined.

Scheme 3 Syntheses of the (E)- and (Z)-allyl silane precursors. Reagents
and conditions: a, H2, Ni(OAc)2, NaBH4, ethylenediamine, EtOH; 1: 65%,
2: 90%, 9: 88%, 10: 60%; b, LiAlH4, THF, heat; 50%; c, 1. Pri

2NEt, MeCN–
MeOH, 50 °C; 2. (CF3CO)2O, NEt3, THF, 0 °C ? r.t.; 3: 42%, 4: 40%; d,
1. (CF3CO)2O, NEt3, THF, 0 °C ? r.t.; 2. NaH, DMF, 0 °C ? r.t.; 7: 75%;
e, 1. (CF3CO)2O, NEt3, THF, 0 °C ? r.t.; 2. MsCl, NEt3, CH2Cl2, 0 °C ?
r.t.; NaH, DMF, 0 °C ? r.t.; 8: 39%.
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Tesselation of new supramolecular motifs of the tetra(4-
carboxyphenyl)porphyrin building blocks by metal ion
templates has been demonstrated in crystals, characterizing
the square-planar [Na+·(–COOH)4·X2] and the tetrahedral
[Zn2+·(–COOH)2·(–COO2)2] molecular recognition ele-
ments for effective multiporphyrin assembly.

The meso-tetra(4-carboxyphenyl)porphyrin (TCPP) framework
turned out to be an extremely versatile building block for
effective supramolecular self-assembly and fabrication of new
materials.1–4 We have reported previously the formation of
interpenetrating as well as non-penetrating two-dimensional
arrays of TCPP with large interporphyrin voids through
cooperative hydrogen-bonding between the terminal carboxylic
groups of adjacent porphyrin entities.2,3 Noteworthy is a unique
and remarkably stable molecular sieve structure with nanosized
(15 Å wide) channels.4 Here, we communicate the first
formulations of extended TCPP networks sustained by metal
ion templates through multiple coordination to the carboxylic
substituents.5 Such templates may provide higher enthalpic
driving force for the self-assembly process than the soft
hydrogen bonding interactions alone, by adding ion-pairing
attractions between the assembling entities. They could be thus
more helpful in efforts to tailor porous solids based on robust
multiporphyrin architectures.

Mononuclear and binuclear metallo-carboxylic/carboxylate
assemblies are quite abundant in crystallographic databases.
Yet, these synthons have not been used thus far in the context of
porphyrin supramolecular chemistry. The large and rigid TCPP
is in fact an excellent building block to this aim containing four
coordination sites, each one pointing in a different direction.
Here, we describe two representative examples of TCPP
networks tesselated by metal ion auxiliaries which provide the
supramolecular organizing force by multiply coordinating to the
carboxylic functions (compounds 1 and 2).† The self-assembly
process of the free-base TCPP in the presence of NaCl and
benzoic acid leads to the formation of two-dimensional
multiporphyrin arrays sustained by sodium ions. The resulting
motif of the supramolecular organization, involving TCPP and
sodium benzoate (associated with deprotonation of the benzoic
acid and expulsion of HCl) is illustrated in Fig. 1. It charaterizes
the Na+(–COOH)4 synthon (see also Fig. 3) in which every
alkali metal cation is coordinated (at 2.318–2.360 Å) to the
carboxylic groups of four surrounding porphyrin moieties. The
O(NC) binding sites involved in these interactions form an
approximate square planar arrangement around the central
cation. The coordination sphere around each cation is supple-
mented on one side by a coordinating molecule of the
ethyl benzoate solvent (at Na+…O 2.261 Å). The benzoate
anion provides another enforcement to the layered porphyrin
structure by approaching the sodium cation from the opposite
side, its carboxylate oxygens acting as effective proton
acceptors for the four carboxylic groups of the converging
porphyrins (this forces all O–H proton donors to point in the
same direction, inducing a chiral polar structure in space group
P21). The corresponding O…(H)O distances of these hydrogen
bonds are within 2.57–2.68 Å, reflecting on a relatively strong

attraction. Every TCPP unit associates in this way with four
different sodium benzoate entities (through four partly charged
hydrogen bonds and four coordinative bonds to sodium), thus
yielding a rather robust coordination polymer in two dimen-
sions. Geometric optimization of these interactions results in the
formation of corrugated (‘wavy’) porphyrin layers, adjacent
units being related to each other either by pure lattice translation
or by screw axis symmetry. van der Waals stacking of such
layers one on top of the other in the normal direction (along a +
c), at an average distance of ca. 4.21 Å between the
corresponding porphyrin sections, composes the three-dimen-
sional crystal structure. Additional molecules of the ethyl
benzoate solvent fill effectively the channel voids which
propagate in the lattice between the porphyrin columns of the
stacked layers (Fig. 1).

The formation of the multiporphyrin networks in 2 is
associated (in the absence of other acidic species in the
crystallization environment) with double deprotonation of
ZnTCPP to preserve neutrality. The observed assembly of the
anionic porphyrin arrays templated by zinc ions is shown in Fig.
2. As commonly observed, the zinc ion residing within the
porphyrin core is five-coordinated deviating outward from the
porphyrin plane and attracting one molecule of the ethylene
glycol solvent as an axial ligand. The external zinc cation is
rather strongly coordinated (at 1.948–1.967 Å) to four different
ZnTCPP units, maintaining an approximate tetrahedral geome-
try of coordination around it; it represents the [Zn2+·
(–COOH)2·(–COO2)2] synthon (Fig. 3). This assembly
mechanism via ion-pairing forces is assisted by additional
intermolecular hydrogen bonding between the converging
ZnTCPP units (involving the ethylene glycol axial ligand as
well). Further coordination of any given ZnTCPP moiety to four
different cations yields continuous diamondoid arrays consist-
ing of chain-segments of nearly coplanar porphyrins which
propagate in an alternating manner roughly in perpendicular
directions. The resulting robust arrays thus extend in three
dimensions, and the only way to pack them in a condensed

Fig. 1 Stereoview of the TCPP ‘wavy’ open networks formed in 1, which
are assembled by multiple coordination of the porphyrin units to the sodium
benzoate template (b is horizontal and a–c is vertical). These layers stack
tightly in the crystal along a + c. The interporphyrin channels thus formed
are accommodated by molecules of the ethyl benzoate solvent (one of them
coordinating to the sodium ion as well), as illustrated for clarity only in the
lower right corner. The sodium ion is represented by a large uncrossed
circle.
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crystalline phase must involve interpenetration.6 Fig. 2 illus-
trates this feature, confirming that this is indeed the case. In the
observed interwoven structure overlapping porphyrin bands of
adjacent networks lie parallel to each other (at 4.33 and 4.62 Å)
in the commonly observed offset stacked manner. The glycol–
ZnTCPP22–Zn2+ networks occupy only about 40% of the
crystal volume, reflecting on the geometric rigidity of this
structure. Hexagonally shaped channels, which extend between
the interpenetrating arrays, account for most of the remaining
space. These channels propagate along the c-axis of the crystal
between the concave surfaces of the porphyrin moieties, are
centered at (1

2, 0, z) and (0, 1
2, z), and have an average van der

Waals diameter of 7.5 Å. They are filled in a diffused manner
with numerous molecules (about 100 per unit cell) of the glycol
solvent, which preserves the crystallinity of this open lattice.

The high significance of the metal ion templates to the
formulation of TCPP-based networks with high structural
rigidity has been demonstrated most recently by a successful
crystal engineering of a stable metalloporphyrin zeolite ana-
logue.7 The latter represents three-dimensionally structured
open arrays of interlinked (ZnTCPP)22 and 4,4A-bipyridyl units
sustained by binuclear [(Na+)2·(–COOH)6·(–COO2)2] synthons
(Fig. 3). It has been shown previously that cooperative
hydrogen-bonding and coordination forces are sufficiently
robust to direct concerted intermolecular organization and
formation of stable nanostructures in solution as well.5b,8

Correspondingly, the above described molecular recognition
algorithms can be also useful in the synthesis of discrete
porphyrin-based supramolecular domains for the formulation of
biomimetic photonic models and other molecular devices.9

This research was supported in part by the Israel Science
Foundation administered by Israel Academy of Sciences and
Humanities.

Notes and references
† Crystals of 1 were obtained by dissolving TCPP in a mixture of methanol,
ethyl benzoate and benzoic acid in the presence of NaCl; those of 2, by
dissolving ZnTCPP in a hot mixture of methanol and ethylene glycol in the
presence of Zn(OAc)2. Both crystals turned out to contain a considerable
amount of solvent in interporphyrin channels (see below).

Crystal data: 1, [(C48H30N4O8)·3(C9H10O2)·(C7H5O2)2·Na+]+M =
1385.4, monoclinic, space group P21, a = 9.854(1), b = 32.338(1), c =
11.358(1) Å, b = 110.52(1)°, V = 3389.6(2) Å3, Z = 2, T = 110 K, Dc =
1.357 g cm23, m(Mo-Ka) = 1.00 mm21, 10388 unique reflections
(2qmax = 51.5°). The final R1 = 0.065 for 7865 observations with Fo >
4s(Fo), R1 = 0.095 (wR2 = 0.178) for all unique data, |Dr| @ 0.74 e
Å23.

2, [(C48H26N4O8Zn)22· Zn2+·(C2H6O2)x] : monoclinic, space group C2/c,
a = 27.694(1), b = 19.510(1), c = 32.598(1) Å, b = 92.72(1)°, V =
17593.1(2) Å3, Z = 8, T = 115 K, 13909 unique reflections (2qmax =
50.0°). For x = 13 (see below) M = 1724.2, Dc = 1.302 g cm23, m(Mo-Ka)
= 0.63 mm21. This crystallographic refinement converged at R1 = 0.175
for 6785 reflections with F > 4s(F), R1 = 0.30 and wR2 = 0.42 for all the
data. One molecule of ethylene glycol is coordinated to the five-coordinate
zinc ion residing in the porphyrin center. The remaining solvent molecules
incorporated the interporphyrin voids of the crystal lattice were found to be
heavily disordered, and their structure could not be modeled. The
contribution of the diffused solvent was thus subtracted from the diffraction
pattern by the ‘Squeeze’ method.10 This refinement converged smoothly at
final R1 = 0.076 for 5931 observations with Fo > 4s(Fo), R1 = 0.150 (wR2
= 0.165) for all unique data, |Dr| @ 0.27 e Å23. The integrated total
residual electron density accounted for the presence of at least twelve
additional molecules of ethylene glycol, or a corresponding combination of
ethylene glycol and methanol (which represents about 45% of the overall
electron count), in the asymmetric unit of this structure. CCDC 182/1562.
See http://www.rsc.org/suppdata/cc/b0/b001189o/ for crystallographic files
in .cif format.

1 For recent reviews on noncovalent assembly of porphyrin arrays and
their potential applications see: J.-C. Chambron, V. Heitz and J.-P.
Sauvage, The Porphyrin Handbook, ed. K. M. Kadish, K. M. Smith and
R. Guilard, Academic Press, Orlando FL, 2000, vol. 6, ch. 40; J.-H.
Chou, M. E. Kosal, H. S. Nalwa, N. A. Rakow and K. S. Suslick, The
Porphyrin Handbook, ed. K. M. Kadish, K. M. Smith and R. Guilard,
AP, Orlando FL, 2000, vol. 6, chap. 41.

2 P. Dastidar, Z. Stein, I. Goldberg and C. E. Strouse, Supramol. Chem.,
1996, 7, 257.

3 Y. Diskin-Posner, R. Krishna Kumar and I. Goldberg, New J. Chem.,
1999, 23, 885.

4 Y. Diskin-Posner and I. Goldberg, Chem. Commun., 1999, 1961.
5 Successful tesselation of tetrapyridylporphyrin supramolecular ag-

gregates by transion metal auxiliaries has been reported previously in
the solid state (B. F. Abrahams, B. F. Hoskins, D. M. Michail and R.
Robson, Nature, 1994, 369, 727), as well as in solution (C. M. Drain and
J.-M. Lehn, J. Chem. Soc., Chem. Commun., 1994, 2313; C. M. Drain,
F. Nifiatis, A. Vasenko and J. Batteas, Angew. Chem., Int. Ed., 1998, 37,
2344).

6 O. Ermer, J. Am. Chem. Soc., 1988, 110, 3747.
7 Y. Diskin-Posner, S. Dahal and I. Goldberg, Angew. Chem., Int. Ed.,

2000, 39, in press.
8 H.-A. Klok, K. A. Jolliffe, C. L. Schauer, L. J. Prins, J. P. Spatz, M.

Möller, P. Timmerman and D. N. Reinhoudt, J. Am. Chem. Soc., 1999,
121, 7154.

9 See, for example: C. M. Drain, S. Gentemann, J. A. Roberts, N. Y.
Nelson, C. J. Medforth, S. Jai, M. C. Simpson, K. M. Smith, J. Fajer,
J. A. Shelnutt and D. Holten, J. Am. Chem. Soc., 1998, 120, 3781; J. L.
Sessler, B. Wang and A. Harriman, J. Am. Chem. Soc., 1995, 117,
704.

10 P. Van der Sluis and A. L. Spek, Acta Crystallogr., Sect. A, 1990, 46,
194; A. L. Spek, Acta Crystallogr., Sect. A, 1990, 46, C34. The
‘Squeeze’ method referred therein is widely used in crystallographic
analysis of compounds containing substantial amounts of disordered
solvent which cannot be located precisely from diffraction data.
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Fig. 2 Crystal structure of 2 (stereoview approximately down the b-axis; a
is horizontal). It shows the diamondoid networks of ZnTCPP22 units
templated by external Zn2+ cations, and the way they interpenetrate into one
another. Large channel voids (ca. 7.5 Å in vdW diameter) centered at (1

2, 0,
z) and (0, 1

2, z) extend in the crystal along the c-axis between the concave
surfaces of the porphyrin bands, explaining the large solvent content of this
lattice. The zinc-ion template is represented by a large uncrossed circle.
Hydrogen atoms are omitted for clarity.

Fig. 3 The tesselation modes of TCPP supramolecular networks via metal
ion templates in (a) 1, (b) 2 and (c) the zeolite analogue reported in ref. 7.
Every carboxylic or carboxylate group displayed here belongs to a different
TCPP/ZnTCPP building block of the supramolecular aggregate.
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A new synthetic route to the covalent bonding of an organic
monolayer bearing terminal phosphorylcholine (PC) groups
onto the surface of silicon oxide is reported; such monolayers
prohibit the deposition of enzymes and proteins and can be
used to improve surface biocompatibility.

Phospholipids are a group of molecules with double acyl chains
and zwitterionic head groups. Their existence in membrane
walls is primarily responsible for creating a biocompatible
environment so that proteins, enzymes and platelets in blood do
not foul the surface of blood cells. The dominant phospholipids
on the outer surface of membrane walls have phosphorylcholine
(PC) head groups. The biocompatibility is therefore rendered by
these lipid heads. The role played by these phospholipids has
been known for decades and a great deal of endeavour has been
made to mimic the natural behaviour of these phospholipids.
Most of the activities have focused on creating polymeric
materials containing pendent PC groups1–3 although a great deal
of work has explored other types of biocompatible polymers,
e.g. polyurethane and polymethacrylate grafted with polyethyl-
ene oxide.4 Literature results have shown that PC polymers are
superior to other types of polymers in reducing protein
deposition and the subsequent biological consequences.1–5

Surfaces coated with PC polymers also show much better
performance against thrombosis than heparin derivatized sur-
faces.4

An alternative approach to the coating of PC polymers is via
covalent bonding of an organic monolayer bearing terminal PC
groups onto a solid substrate. We report here, a new synthetic
route to the construction of a PC monolayer onto silicon oxide.
Covalent bonding of a PC monolayer should fulfil the same
anti-fouling function as PC-incorporated polymers, and bring a
number of improved features over polymer coating. First,
although the coated layer is thin, its thickness can be reliably
controlled to an accuracy around a few Å. Second, the coverage
of the PC groups can be directly manipulated. The delicate
chemical environment supporting the PC groups can also be
engineered effectively. Third, the chemically grafted monolayer
is robust and can withstand very harsh conditions. Leaching is
therefore not a problem. These features are critical to a number
of applications where small coating agents are desired. These
include coating the surfaces of the inner pores of ceramic
membranes and dialysis films. As the dimension of the inner
pores within these membranes is usually between 1 and 100 nm
and is comparable to the size of polymers, it is difficult to coat
such pore surfaces with PC polymers. The incorporation of silyl
groups in PC polymers can further intensify the blockage on the
outer surface of membranes. For membranes with larger pore
diameters, it is difficult to control the thickness of the coated
films and the final dimensions of the coated pores will be poorly
defined.

To our knowledge there is no literature work concerning the
formation of a covalently bound PC monolayer on the surface of
silicon oxide. The work of Hayward et al.6,7 has demonstrated
the potential of the formation of PC monolayers, but in their
case the attached alkyl chain bearing terminal PC group is
unstable as a result of the presence of an oxygen between carbon

and silicon. The resulting alkyl silicate structure readily
hydrolyses, with loss of the alkyl chain and its PC functionality.
Our approach is similar to that of Hayward et al., but we sought
direct chemical bonding between the carbon and silicon so that
stable chemical grafting is obtained. Because silica has a surface
layer of hydroxide, a layer of organic compound can be grafted
through silane cross-linking. In comparison with C–O–Si
bonding, the formation of Si–O–Si connections at the end of the
organic monolayer is much more stable. In fact, this part of the
layer is identical to the structure of the underlying silica layer.
The PC groups can be attached through reaction with hydroxy
or amine groups in the outer surface of the organic layer. We
show in the following a route (Scheme 1) via hydroxy groups as
intermediate functionalities. Although different alkyl chain
lengths can be used we choose the covalent binding of
pentadecanol as an example.

The synthesis starts with 1,12-dibromododecane to which an
allyl group is attached to one end and a silane group on the other
via Grignard chemistry, resulting in the formation of 14-penta-
decenyl trichlorosilane. The freshly cleaned silicon surfaces
were treated with 1 mmol of 15-pentadecenyl trichlorosilane in
dichloromethane–hexadecane (1+4, v/v) at 11 °C for 1.5 h. A
number of studies have shown that the coverage and uniformity
of the attached layer are strongly affected by temperature.
Higher temperature tends to lower the surface coverage,
possibly as a result of the thermal motions within the anchored
layer.8,9 In addition, the reaction time is also crucial; while
insufficient time may not allow enough coating to proceed,
immersion of the silicon surface in the solution for too long a
period may lead to the formation of an inhomogeneous layer.
The reaction conditions were optimised through a number of
trial experiments, using spectroscopic ellipsometry to examine
the quality of the coated surface layers. The advancing contact
angle of the alkene surface was found to be 93 ± 2°, consistent
with the value expected for an organic surface with double bond
end groups. Structural information about the coated organic
layer was obtained by fitting a uniform layer model to the two
ellipsometric angles, Y and D measured at the air/solid
interface, where Y measures the change in the amplitude of the

Scheme 1 The synthetic procedure for covalent bonding of an organic
monolayer bearing terminal PC or PA groups. Reagents and conditions: i,
allylmagnesium bromide, 210 to 220 °C; ii, Mg, THF, 20 °C; iii, SiCl4; iv,
silicon block, CH2Cl2–hexadecane (1+4), 11 °C, 1.5 h; v, BH3·THF, 10 min,
20 °C; vi, H2O2/OH2; vii, POCl3, NEt3, 10 to 20 °C.
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beam before and after reflection and D measures the change in
phases. In principle, the fitting directly leads to the thickness (t)
and volume fraction of the layer (f). However, for such thin
surface layers, there is little resolution to decouple t and f
although the ellipsometric measurement is sensitive to the
product of the two. For the layer coated under the optimised
conditions, the fitting suggests a thickness of 17 ± 3 Å if the
density of the layer is taken to be the same as liquid
pentadecene. Thinner layers were detected when shorter
reaction times were used. Under prolonged reaction conditions
(e.g. a few days), layers were found to be well over 30 Å,
suggesting the formation of multilayers. In contrast, the
thickness of 17 ± 3 Å is a good indication of monolayer coating.
The conversion of the double bond into the primary alcohol
functions was achieved by reacting the grafted pentadecenes
with BH3·THF for 10 min, followed by alkaline hydrogen
peroxide for 1 h.9 This treatment did not alter the layer thickness
within the quoted experimental error, as expected, but the
contact angle was found to drop to 54 ± 3°, consistent with the
presence of an organic layer containing terminal hydroxy
groups on silicon oxide.

The subsequent connection of PC groups was achieved by
reaction of the bound organic hydroxy groups with POCl3 in the
presence of triethylamine, leading to the attachment of
phosphoric chloride systems, followed by a reaction with
HOCH2CH2NMe3

+OAc2. A similar process using
HOCH2CH2NH2 in the final step, resulted in the formation of
phosphorylamine (PA) groups. The ellipsometric measurement
showed an increase in layer thickness by some 6 ± 3 Å after PC
groups were attached and the contact angle with ca. 37 ± 2°. For
PA, the layer was found to be thickened by some 8 ± 3 Å and the
contract angle was 41 ± 2°. One would expect that the
attachment of PC groups produces a thicker head group layer
than that of PA groups, but the difference is within the
experimental error.

The successful attachment of PC groups has been further
confirmed using time-of-flight secondary ion mass spectrome-
try (TOF-SIMS). The results listed in Table 1 show the presence

of a number of mass units (e.g. NMe3
+, CH2NMe3

+) that match
the characteristic fragments disintegrated from the PC mono-
layer. These fragments were not observed from the measure-
ments on the surface coated with pentadecanol. Parallel SIMS
experiments were also performed using the thin films of
dipalmitoylglycerylphosphorylcholine (DPPC) and synthetic
polymers grafted with PC head groups;10–12 the results showed
identical mass fragments characteristic of PC head groups,
further confirming the presence of PC groups in the coated
monolayer. Finally, the effectiveness of our C15PC monolayer
as a protein repellant interface has been characterised by
performing ellipsometry measurement at the solid/solution
interface at 25 °C. At a lysozyme concentration of 1 g dm23 and
at pH 7, the surface excess of lysozyme was found to be 0.5 ±
0.3 mg m22, as compared with 3.6 ± 0.3 mg m22 at the bare
silicon oxide/water interface.13 The residual amount of lyso-
zyme adsorption at the C15PC surface is comparable to the
values obtained on the surfaces of two PC polymers,10–12

showing that the surfaces coated with PC monolayers are as
effective as the PC polymers in their resistance to protein
fouling.

We thank the EPSRC for a grant under the ROPA Scheme.
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Table 1 Fragments detected by TOF-SIMS from the pentadecyl monolayer
bearing terminal PC groups

Mass Chemical formula Chemical structure

59 C3H9N+ NMe3
+

73 C4H11N+ CH2NMe3
+

87 C5H13N+ CH2CH2NMe3
+

103 C5H13NO+ OCH2CH2NMe3
+

168 C5H15NO3P+ (HO)2POCH2CH2NMe3
+

185 C5H16NO4P+ (HO)3POCH2CH2NMe3
+
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The photocycloaddition of aliphatic and aromatic aldehydes
with 2,4,5-trimethyloxazole proceeds highly regio- and
diastereoselectively to give bicyclic oxetanes; hydrolytic
cleavage of these adducts gives selectively erythro a-amino,
b-hydroxy methyl ketones.

The photocycloaddition of electronically excited carbonyl
compounds to alkenes (Paternò–Büchi reaction, PBR) is the
important synthetic route to oxetanes which can be subse-
quently transformed into polyfunctionalized products.1 Con-
cerning the regio- and especially diastereoselectivity of the
PBR, recent experimental and theoretical work brought a
remarkable increase in our understanding of triplet 1,4-biradical
behaviour2 which also improved the synthetic significance of
this reaction.3

The regioselectivity of the PBR with unsymmetrically
substituted cycloalkenes is only moderate but can be sub-
stantially increased by using cyclic enol ethers4 and enamines,5
respectively. The majority of these substrates show moderate
simple diastereoselectivities with distinct preference for endo-
products. This selectivity pattern is completely inverted for
carbo- and heterocyclic 1,3-dienes. With respect to regio- and
simple diastereoselectivity, furans have been most extensively
investigated and exo/endo-selectivities of 212+1 (benzaldehyde
addition to furan)6 to 363+1 (mesitaldehyde addition to furan)7

were determined. Similar reactivities and selectivities have been
reported for pyrroles, thiophenes, thiazoles, imidazoles and
pyrazoles as alkene components in Paternò–Büchi reactions.8

To the best of our knowledge, oxazoles have not been
investigated until now. This class of heterocycles can be viewed
as masked a-amino ketones or aldehydes (Fig. 1). Analogous to
the furan–carbonyl photocycloaddition which equals a photo-
Aldol process,9 the oxazole-carbonyl process results in masked
a-amino, b-hydroxy carbonyl compounds.

A similar concept has been evaluated already by the groups of
Sekretar10 and Scharf.11 They used 2(3H)-oxazolones and
2,3-dihydrooxazoles, respectively, as alkene components and
investigated the photocycloaddition with ketones and a-keto
carboxylates. The simple stereoselectivity of these reactions
was high, however, the regioselectivity was low with prefer-
ential formation of the 2-amino-substituted oxetanes in the case
of 2,3-dihydrooxazoles. With phenylglyoxylic esters, the photo-
cycloaddition proceeded efficiently and endo-phenyl ( > 95%)
selectively.12

We photolyzed 2,4,5-trimethyloxazole 1 together with sev-
eral aliphatic and aromatic aldehydes. In all cases, only the
regioisomers 2 were formed with very high (exo) diaster-
eoselectivity ( > 99+1) in near quantitative yields (Scheme 1).

Both regio- and diastereoselectivity are in accord with the
rules reported by us for the carbonyl–furan photocycloaddition
reaction,6 but unusual for the oxazole derivatives mentioned
above. The stereoselectivity decreased for the methyl ester of
phenylglyoxylic acid: a 3+1 mixture of exo/endo-phenyl
substituted oxetanes 2d was isolated, however, still with high
regioselectivity. This result is remarkable because not only has
the stereoselectivity decreased in comparison with the results
described by Scharf and coworkers,12 but also the direction of
stereocontrol was inverted. The resulting bicyclic oxetanes are
thermally as well as hydrolytically labile products and were
ring-opened during chromatography on silica or upon standing
after several days at room temperature in moist solvents. For the
benzaldehyde-derived N-acylated b-aminoalcohol 3c, the pri-
mary product of this processes starting with 2c, the erythro
configuration was proven by means of an X-ray crystal structure
determination.‡ The unprotected b-amino alcohols can be
directly synthesized via treatment of the oxetanes 2 with
trifluoroacetic acid or under milder conditions with acetic acid
and conventional work-up.

From a mechanistic point of view, the stereoselectivity of the
PBR with trimethyloxazole results from a combination of two
factors: (1) the spin–orbit coupling controlled ISC-geometries
favourable for spin inversion and transition to closed-shell
products2 and (2) the methyl-group effect which we have
discovered for cyclic monoalkenes.13 The three projections
shown in Scheme 2 correspond to the three ISC-reactive

† Regarded as Part 10 of the series ‘Stereoselectivity of Triplet Photo-
cycloadditions’, Part 9: A. G. Griesbeck and M. Fiege, in Molecular and
Supramolecular Photochemistry, ed. V. Ramamurthy and K. S. Schanze,
Marcel Dekker, New York, 2000, vol. 6, in press.

Fig. 1

Scheme 1

Scheme 2
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conformations which lead to cleavage reaction, endo- and exo-
product formation, respectively.

Aldehydes (RA = H) show strong preference for bond
formation via structure C and thus give exo oxetanes with high
stereoselectivities. For the unsubstituted furan, ketoesters (R =
alkyl, aryl; RA = CO2RB) prefer structure A and give
preferentially the endo diastereoisomers. If, however, the ring
terminus of the triplet biradical is methyl substituted, additional
steric interactions disfavor structure A. Methyl phenylglyox-
ylate addition to trimethyloxazole corresponds to such a case
and a 3+1 exo/endo (with respect to the position of the phenyl
group) mixture resulted.

In summary, we have shown that the oxazole–carbonyl
photocycloaddition serves as an excellent method for the regio-
and diastereoselective preparation of erythro b-amino alcohols
from aldehydes and keto esters, respectively.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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The first X-ray structurally characterized M3L2 cage-like
complex with tetrahedral metal centres [Zn3(tib)2-
(OAc)6]·xH2O [tib = 1,3,5-tris(imidazol-1-ylmethyl)ben-
zene, x ≈ 4] obtained by reaction of zinc(II) acetate with the
tripodal ligand tib exhibits guest inclusion properties of
neutral molecule such as synthetic camphor in aqueous
solution.

Metal-directed assembly has been proved to be a useful
methodology in supramolecular chemistry.1 Frameworks with
specific topologies such as honeycomb grids and cages have
been obtained by assembly of suitable metal ions with rationally
designed tripodal ligands such as L1, L2 and L3.2–4 Among

these, cage-like complexes have attracted much attention owing
to their interesting properties and possible applications, e.g.
molecular and chiral recognition.5 The groups of Fujita, Steel,
Robson, Stang and Raymond have performed outstanding work
in the construction of cage-like complexes.3–8 Most recently, an
M12L8 type cage was obtained by assembly of a tri-bidentate
ligand with Cu(II),8 and larger cages with four organic moieties
and eight-coordinate copper(III) centres have been reported by
Beer’s group.9 However up to now, to our knowledge, no M3L2
cages have been isolated and characterized by X-ray structural
analysis, although a guest-induced Pd3L2 cage-like complex [L
= 1,3,5-tris(4-pyridylmethyl)benzene] and analogous cages
have been reported.6 Moreover, in reported M6L4 cage-like
complexes, the metal ions are essentially square planar, e.g.
Pd(II), Pt(II) or octahedral e.g. Ga(III), Fe(III),3,4,6,7,10 with no
case of the metal ion being tetrahedral being reported. Herein
we report the assembly and X-ray crystal structure of an M3L2
cage-like complex formed between a novel tripodal ligand,
1,3,5-tris(imidazol-1-ylmethyl)benzene (tib), and zinc ion,
which has tetrahedral configuration. The complex shows the
interesting property of guest inclusion in aqueous solution.

The tib ligand was prepared from 1,3,5-tris(bromome-
thyl)benzene and imidazole in a molar ratio of 1 : 3 in dimethyl

sulfoxide under strong alkali (KOH) conditions.† Its trinuclear
zinc(II) complex [Zn3(tib)2(OAc)6]·xH2O (x ≈ 4), was synthe-
sized by self-assembly of the tib ligand with zinc acetate
dihydrate in ethanol solution.‡ An X-ray crystal structural
analysis provides direct evidence that the complex is an M3L2
cage.§ As shown in Fig. 1, two tib ligands that are both in cis,
cis, cis-conformations adopt a face-to-face orientation and are
joined together by three zinc atoms to generate an individual
three-dimensional cage. Highly disordered water molecules
may present in the cage as suggested by elemental analysis.‡
Each zinc atom is four-coordinate with two oxygen atoms from
two acetate anions and two nitrogen atoms of imidazole from
two different tib ligands. The coordination geometry of the zinc
atoms is distorted tetrahedral with coordination angles ranging
from 101.5(4) to 123.3(7)°. The distance between the zinc
atoms are 9.10 Å and the two benzene ring planes are strictly
parallel with each other with a separation of 9.49 Å.

It is clear from the X-ray structural analysis that the title
complex has a large cavity inside the cage and therefore is

Fig. 1 Perspective view (a) and space-filling representation (b) of the X-ray
crystal structure of [Zn3(tib)2(OAc)6]. Selected bond lengths (Å) and angles
(º): Zn–O1 1.84(2), Zn–N1 2.022(7); O1–Zn–O1A 123.3(7), O1A–Zn–
N1A 110.3(4), O1–Zn–N1A 101.5(4), O1A–Zn–N1 101.5(4), O1–Zn–N1
110.3(4), N1A–Zn–N1 109.6(4).
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expected to have the ability to encapsulate guest molecules.6
Thus we observed remarkable ability of the complex to
encapsulate neutral molecules in its aqueous solution. It has
been reported that 1H NMR spectroscopy is a powerful method
for investigation of host–guest complexation.6,11 Fig. 2(a)
shows the 1H NMR spectrum of the complexation of the
[Zn3(tib)2(OAc)6] with camphor in deuterated aqueous solution.
Two kinds of signal were observed for both the host and guest
species when the guest camphor was added to a D2O solution of
[Zn3(tib)2(OAc)6]. One set remains unshifted compared with
the corresponding signals of the host [Fig. 2(b)] and of the guest
[Fig. 2(c)], i.e. the unshifted signals originate from un-
complexed species. The other set of upfield shifted signals are
from the guest camphor molecules, while for the signals of the
host molecule, both up- and down-field shifts were observed.
These up- and down-field shifted signals for the host and guest
species arise from complexed species.11 The integration ratio of
the host and guest signals in the 1H NMR spectrum confirmed
the 1 : 1 stoichiometry for the complexation between the cage
complex and camphor and indicated that ca. 60% of the
camphor was complexed [Fig. 2(a)]. The results indicate that
the camphor molecule, which has a diameter of ca. 6 Å, is large
enough so that species inside and outside of the cavity of the
complex can be distinguished on the NMR time scale. The
broadening of the signals as observed in Fig. 2(a) is due to slow
exchange between the free and complexed species, since the
signals become much broader when the temperature is raised.
The kinetic process of the complexation of the cage with
camphor was investigated by two-dimensional exchange spec-
troscopy (2D EXSY).¶ The rate constants for the forward
(complexation) and reverse (decomplexation) process are 3.9 3
103 M21 s21 and 32.9 s21, respectively, giving an equilibrium
constant of 117.6 M21. For chain-like molecules such as
ethanol, ethyl acetate, diethyl ether or n-butyl alcohol, no
complexation was observed.

In conclusion, the present study shows that an M3L2 cage is
assembled from five small component molecules by the rational
design of a suitable tripodal ligand and metal ions, and provides
example of supramolecules with interesting properties such as
guest inclusion.

We are grateful for funding from the National Nature Science
Foundation of China for financial support of this work.
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Fig. 2 1H NMR spectra in D2O at 293 K: (a) camphor (3.0 mM) +
[Zn3(tib)2(OAc)6] (3.0 mM); (b) downfield region for [Zn3(tib)2(OAc)6]
(3.0 mM); (c) camphor (3.0 mM). c refers to complexed species; h to host
species and g to guest species.
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The amide I carbonyl stretch in the IR spectrum, together
with 1H NMR Ha chemical shifts, have been used to
investigate the folding of a 16-residue b-hairpin peptide in
water: while Ha shifts are consistent with a significant
population of the folded state (ca. 40%), we see no features in
the IR spectrum in the amide I region to suggest a significant
contribution from interstrand hydrogen bonds, although at
high peptide concentration (!10 mM) the appearance of a
new band at 1616 cm21 is consistent with the onset of
irreversible peptide aggregation.

The question of how the compact, biologically active state of a
protein can assemble reversibly from a relatively disordered
polypeptide chain remains a cornerstone to our understanding of
the relationship between amino acid sequence and three
dimensional structure. One possible mechanism for the folding
process proposes that short range interactions within the
polypeptide chain are responsible for transient formation of
elements of secondary structure (a-helix or b-sheet) which can
subsequently act as nucleation sites for further collapse to the
native folded state.1 Protein fragments or designed peptides
have proved useful in modelling these nucleation events. While
a-helical peptides have been well studied,2 short peptides that
form b-structures, in particular b-hairpins, have been described
only relatively recently.3 There is still some debate as to which
are the dominant factors in stabilising these model b-sheet
structures, with contrasting opinions on the relative importance
of interstrand hydrogen bonding interactions, hydrophobic
burial of sides chains and amino acid conformational prefer-
ences arising from local steric interactions.4 Although it is
widely regarded that the hydrophobic effect contributes sig-
nificantly to the folding of globular proteins,5 thermodynamic
evidence from simpler model systems is more difficult to
obtain.

In several recent studies, we have investigated in detail the
reversible temperature-dependent changes in the 1H NMR Ha
chemical shifts that accompany the folding of b-hairpin peptide
1 (Fig. 1) in aqueous solution.4,6,7 Changes in Ha chemical shift
deviations from random coil values indicate that the b-hairpin
unfolds at temperatures both above and below ca. 298 K. A
thermodynamic analysis of temperature-dependent effects on
Ha chemical shifts shows that folding is entropy-driven at 298
K with a corresponding negative change in heat capacity.4,6

Both of these thermodynamic signatures, including the observa-
tion of ‘cold denaturation’, point to the hydrophobic effect
providing a key driving force for folding, at least in this model
system. However, the contribution interstrand hydrogen bond-
ing interactions make to the stability of the folded state is
unclear.

The sensitivity of vibrational spectroscopy to protein struc-
ture is well documented, particularly the use of the amide I
carbonyl stretch to monitor hydrogen bonding and secondary
structure formation.8–10 Variable temperature IR spectroscopy
has been used to probe protein secondary structure in a model a-
helix,11 in b-sheet rich proteins,12 other b-hairpin systems,10 in
intermolecular b-sheet formation,13 and even in monitoring
peptide aggregation and the onset of amyloid formation.14,15

For the model a-helix, temperature-dependent changes in the IR
spectrum show evidence for unfolding above 298 K with loss of
intramolecular hydrogen bonding. Previous studies of b-hairpin
peptides10 have reported a characteristic amide I band at ca.
1617 cm21 in aqueous solution at a significantly lower
wavenumber than corresponding bands for unstructured ran-
dom coil peptides.

We have investigated by FTIR spectroscopy the conforma-
tion in aqueous solution of the b-hairpin peptide 1, and a
truncated eight residue analogue 2 (Fig. 1). The latter represents
the isolated C-terminal b-strand of the hairpin which we use as
a reference state. FTIR spectra of peptide 2 at 2 mM
concentration show an envelope of strong amide I bands centred
around 1640 and 1670 cm21 [Fig. 2(a)], which exhibit little
temperature-dependence in the range 278–330 K, consistent
with a monomeric, disordered ‘random coil’ conformation.10

Surprisingly, a 2 mM solution of b-hairpin peptide 1 gives a
remarkably similar FTIR spectrum to peptide 2 [Fig. 2(b)].
These spectral features again show little temperature-depend-
ence. Resolution enhancement techniques (derivative spectros-
copy and Fourier self-deconvolution) reveal a very weak band
at 1616 cm21, representing only a few percent of the total
intensity of the amide I envelope. The temperature-dependent
changes in the IR spectrum are very small and reversible, which
we interpret in terms of temperature variation in band shape and
position. To check the extent to which the hairpin is folded in
aqueous solution we have repeated 1H NMR experiments on the
exact same sample used for FTIR analysis. Deviations of Ha
chemical shifts from random coil values (DdHa values) are
shown in Fig. 3 for both peptides 1 and 2. While DdHa values
for peptide 2 are very small, again supporting a random coil
conformation, reasonably large deviations are apparent for
peptide 1, showing the characteristic pattern for a folded b-
hairpin peptide, and DdHa values virtually identical to those
previously described.4

Fig. 1 Schematic representation of the amino acid sequences of peptides 1
and 2, using the one letter amino acid code. The backbone alignment of the
two strands of the b-hairpin peptide are shown to indicate the position of
putative interstrand hydrogen bonding interactions.
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Increasing the concentration of b-hairpin peptide 1 from 2 to
10 mM results in the appearance of a new band in the FTIR
spectrum at ca. 1616 cm21 [Fig. 2(c)], which is highly and
irreversibly temperature-dependent, increasing in intensity
initially as the temperature is increased. Integration of this band
suggests that at its maximum intensity it corresponds to ca. 20%
of the total concentration of the peptide. We readily attribute
these concentration-dependent changes to irreversible peptide
aggregation as reported for a number of model peptides,10 and
partially unfolded proteins that undergo amyloid formation.14

Despite previous IR studies of isolated b-hairpin peptides,
that identify and assign an amide I band at ca. 1617 cm21 to
hydrogen bonding across the b-sheet,10 such features are not a
characteristic of the current system. The thermodynamic profile
for the folding of peptide 1 has already indicated that
hydrophobic contributions from the burial of non-polar side
chains play an important part in stabilising the folded conforma-
tion.4,6 The results presented in this study from FTIR analysis in
aqueous solution suggest that direct interstrand hydrogen
bonding plays, at best, a rather minor role in hairpin stabilisa-

tion, and that water molecules appear to compete effectively for
hydrogen bonding sites. Significant effects on the amide I band
only become apparent in the aggregated state at high concentra-
tions, where arrays of intermolecular hydrogen bonds are co-
operatively stabilised. There is, however, still some disagree-
ment regarding the relative importance of the various
contributions to the observed changes in the amide I band;
hydrogen bonding interactions and other mechanisms involving
adjacent oscillators coupled through the covalent framework,
have already been discussed.8,13,16,17

Although hydrophobic side chains appear to be able to
interact sufficiently to populate the folded state of the
monomeric peptide, as evident from extensive NOE measure-
ments,4,6 the hydrophilic peptide backbone appears to remain
sufficiently solvated that we can detect no significant changes in
the amide I band between the single stranded reference peptide
2 and the folded hairpin 1. Precise details of the nature of the
‘folded state’ remain unclear,6 but explicit consideration of the
role of solvent molecules in such models appears to be a
necessity, with the possibility of water intercalated between the
amide groups of opposing strands. Weakly stabilised b-hairpins
(DG ≈ 0) undoubtedly adopt dynamic conformations in
solution. Molecular dynamics simulations show that hydro-
phobic contacts between strands can be achieved without
greatly restricting the orientation of the peptide backbone, while
retaining some degree of solvent accessibility.6 Measurements
of backbone 3JNH–Ha values for peptides 1 and 2 demonstrate
that the peptide backbone is no more ordered in the folded
hairpin than in the reference peptide,4 suggesting that the amino
acid sequence predisposes the b-strand residues to adopt an
extended conformation, with b-hairpin folding arising from
coalescence of the two b-strand arms.

We are grateful to the EPSRC for studentships to C. S. C. and
S. R. G.-J. and to Roche Discovery, Welwyn, UK for a CASE
award to S. R. G.-J. We thank the Department of Chemistry for
financial contributions to this work and John Keyte in the
School of Biomedical Sciences for peptide synthesis.
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Fig. 2 Variable temperature FTIR spectra of (a) 2 mM aqueous solution of
peptide 2; (b) 2 mM solution of b-hairpin peptide 1; (c) 10 mM solution of
peptide 1, all in the temperature range 278–330 K. FTIR spectra were
collected using a Nicolet Nexus 670 FTIR spectrometer equipped with
MCT detector. Circulating water bath controlled temperatures were
measured with a J-type thermocouple inside the cell. All peptide solutions
were made up in D2O and the pH (uncorrected for the deuterium isotope
effect) adjusted to 5.0 using D2O solutions of NaOD and DCl. Typically IR
spectra were collected as 1000 scans with a resolution of 2 cm21 using a 100
mm cell with calcium fluoride windows. In (a) and (b), the signal intensity
at 1640 cm21 increases with increasing temperature, but in (c) decreases
with increasing temperature in the range 278–330 K.

Fig. 3 Deviations of Ha chemical shifts from random coil values18 (DdHa
values) for b-hairpin peptide 1 and 8-mer peptide 2 (black bars) at 298 K.
NMR data were collected at 500 MHz using reported procedures.4
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We report the synthesis and structure, obtained through
Rietveld analysis of powder synchrotron X-ray diffraction
data, of zinc oxide clusters encapsulated in zeolite LTA.

There is currently considerable interest in the study of zinc
oxide nanoparticles and clusters formed within zeolite crystal-
lites, which is based on potential applications in optics,
electronics, sensors and photocatalysis.1–4 Recent work has
concentrated on the characterisation of the materials by
spectroscopic methods such as UV–VIS and diffuse reflectance
IR spectroscopy,1–3 but to date there is no crystallographic
information on the structure and location of such clusters. A
variety of different synthetic routes have been used for the
preparation of zinc oxide clusters in zeolites.1–4 On account of
our longstanding interest in metal-zeolite reactions,5,6 we have
adopted the method of Lee et al.,3 who synthesised zinc oxide
clusters in zeolite Y through oxidation of the zinc-loaded
zeolite, and have applied it to a range of zeolites. As a first step
we decided to examine the zinc-loaded zeolites prior to
oxidation, and report that in zeolite A (LTA) oxygen-containing
clusters are already present at this stage of the synthesis.

The zinc ion-exchanged form of zeolite A (Zn-A) was
prepared from as-synthesised Na-A by conventional ion-
exchange methods.7 The zinc-loaded material was prepared
through the reaction of dehydrated Zn-A (12 h, 500 °C under
vacuum) with Zn powder in a sealed, evacuated (1 3 1025

mbar) quartz tube. A homogeneous yellow powder was
obtained after reaction for 7 days at 500 °C, with a small excess
of zinc metal deposited on the ends of the tube. For structural
studies to be carried out, a small amount of the sample was
placed in a 0.7 mm diameter glass capillary and sealed with
epoxy resin in an argon-filled glovebox. X-Ray powder
diffraction data were collected at room temperature at station
X3B1 at the National Synchrotron Light Source, Brookhaven
National Laboratory, USA. The wavelength of the radiation
(0.69884 Å) was chosen to minimise any sample absorption
problems.

Least squares refinement of our structural model was carried
out with the GSAS suite of programs.8 The starting model was
based on the framework coordinates for dehydrated Zn-A
obtained by McCusker and Seff,9 who used the primitive cubic
space group Pm3m with a lattice constant of ca. 12.2 Å. A
detailed justification for the use of Pm3m in the analysis of X-
ray diffraction data from zeolite A has been given by Cruz
et al.10 There was no evidence in our data to suggest the need to

use a doubled unit cell. After refinement of the background
(automated linear interpolation), lattice parameter, peak profiles
and framework atomic positions, difference Fourier maps were
used to find the positions of three zinc sites. These sites were
located at the centre of the sodalite cage (0, 0, 0), in the 6-ring
(just inside the sodalite cage) (0.18, 0.18, 0.18) and inside the
sodalite cage along the body diagonal (0.13, 0.13, 0.13).
Refinement of the fractional occupancies of these sites gave a
total zinc content of approximately nine ions per unit cell, three
more than necessary to balance the negative charge of the
framework.

Difference Fourier maps were used to check for any residual
electron density. One peak was found inside the sodalite cage at
(0, 0, 0.17). Examination of the bond distances between this site
and the zinc site at the centre of the sodalite cage suggested that
this new site was actually occupied by oxygen as the bond
length of 2.08 Å would be much too short for a Zn–Zn
interaction. No sites were found in the a-cage. After further
refinement of atomic positions, isotropic thermal parameters
and further fitting peak profiles, final difference Fourier maps
were again calculated and showed no electron density due to
further atomic positions. This refinement (labelled A) con-
verged with c2 = 2.71, Rwp = 7.53%, Rp = 5.83%, Dwd =
0.807 and RF2 = 8.41%. Owing to the pronounced asymmetry
and large intensity of the first peak the refinement was carried
out again with this peak excluded, to avoid excessive bias. This
second refinement (B) converged with c2 = 1.83, Rwp =
7.32%, Rp = 5.37%, Dwd = 1.080 and RF2 = 8.86%. There was
little difference in the structural models obtained from each
refinement; the atomic positions, fractional occupancies and
isotropic thermal parameters were all within two standard
deviations, except for the fractional occupancy of O(4) which
was within four standard deviations. Final atomic coordinates,
fractional occupancies and isotropic thermal parameters for
refinement A are given in Table 1. Observed, calculated and
difference plots are shown in Fig. 1. A close visual inspection
indicates the main features in the difference plot can be
attributed to imperfect modelling of the peak shapes, rather than
a mismatch in intensities.

The presence of a non-framework oxygen site implies that a
cluster comprising only zinc atoms has not been formed.
McCusker and Seff9 also found non-framework oxygen in Zn-A
dehydrated at 600 °C, which was ascribed to water molecules
coordinated to Zn2+. In the present work the average unit cell
composition11 is approximately Zn2.75O2.7/Zn6[Al12Si12O48]. It

Table 1 Crystallographic data from refinement A

Atom x/a y/a z/a Occupancy 102 Uiso/Å2 Site Symmetry Multiplicity

Si/Al 0 0.1839(2) 0.3630(2) 1 1.06(9) m(100) 24
O(1) 0 0.1820(6) 0.5 1 1.2(3) mm2(010) 12
O(2) 0 0.3109(5) 0.3109(5) 1 1.6(3) mm1(011) 12
O(3) 0.1149(4) 0.1149(4) 0.3086(4) 1 2.2(2) m(+ 2 0) 24
Zn(1) 0.1346(2) 0.1346(2) 0.1346(2) 0.76(1) 2.3(1) 3m(111) 8
Zn(2) 0 0 0 0.74(1) 2.2(4) m3m 1
Zn(3) 0.1835(9) 0.1835(9) 0.1835(9) 0.26(1) 4.7(6) 3m(111) 8
O(4) 0 0 0.175(3) 0.45(2) 5.8(17) 4mm(001) 6

a = 11.9061(1) Å.
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is unlikely the extra framework oxygens in this case are due to
residual water molecules as the oxidation state of the added zinc
atoms would then be close to zero. Likewise, if hydroxy groups
were present, the oxidation state of the extra zinc atoms would
be approximately +1. If O(4) is considered as O22, however, the
extra zinc atoms can then be considered to be Zn2+. Rittner
et al.12 have shown that zinc vapour reacts readily with zeolite
H-Y to form a Zn2+-exchanged product. For these reasons we
propose that zinc oxide clusters have been formed as a result of
the reaction of zinc metal with residual water molecules that
remain coordinated to zinc ions within the zeolite after
dehydration at 500 °C.

The model obtained from this refinement shows that clusters
are formed in the sodalite cage of zeolite A (Fig. 2) as opposed
to the larger a-cage as recently proposed by Lee et al.3 The sum
of the fractional occupancies of Zn(1) and Zn(3) is approx-
imately unity, without the use of constraints. This is an expected
consequence of the distance between the two sites, which is too
short for both to be occupied simultaneously. Relatively short
Zn–O bond distances supplemented by bond valence sum
calculations12 suggest that Zn(3), located at the centre of the
6-ring, can be considered as Zn2+ coordinated only to the
oxygen atoms which form the 6-ring. McCusker and Seff9

found a zinc site in approximately the same position in
dehydrated Zn-A. In addition, the fractional occupancies of

Zn(1) and Zn(2) are approximately equal, suggesting that each
atom at Zn(2) is surrounded by eight at Zn(1). It seems logical
to conclude that zinc atoms occupy Zn(1), recessed into the
sodalite cage, only when bonded to O(4) atoms. We therefore
propose that clusters are formed from Zn(1), Zn(2) and O(4) in
approximately 75% of the sodalite cages, and the remaining
25% contain eight Zn2+ ions at Zn(3) coordinated to the 6-rings.
As there is no evidence of a superstructure, the occupancy of the
sodalite cages by the clusters must be random.

The proposed cluster is illustrated in Fig. 2 with a zinc atom
at the centre of the sodalite cage [Zn(2)] surrounded by eight
zinc atoms [Zn(1)] at a distance of 2.78 Å. By symmetry there
are six possible oxygen sites each at a distance of 2.08 Å from
Zn(2) and 2.32 Å from four atoms at Zn(1). As the results
indicate an average of three to four oxygen atoms per cluster,
the exact geometry remains unknown. Although the difference
between the extra zinc and oxygen contents obtained from the
refinement is not significant, there is a possibility that the
clusters are slightly oxygen deficient and this may account for
the yellow colour of the compound. It is possible that the
oxygen content is limited by the small number of water
molecules remaining in the zeolite after high temperature
dehydration.9 Experiments aimed at varying the oxygen content
are in progress.

One further interesting feature of the structure is that at
11.906 Å, the lattice parameter for this sample is one of the
smallest reported for zeolite A. Depmeier has related the lattice
parameters of a wide range of zeolite A samples to a framework
distortion resulting in the O(3) atoms of the 6-ring being drawn
into the sodalite cage and an approximately linear T–O(1)–T
angle.14 It is likely, therefore, that a range of unusual
crystallographic parameters, such as the small lattice parameter
and the T–O(1)–T angle of 178.5°, observed in this compound
result from a framework distortion occasioned in part by cluster
formation in the sodalite cage.
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Fig. 1 Final Rietveld fits for refinement A (first peak included) showing
observed (dots), calculated (solid line) and difference plots.

Fig. 2 Structure of zeolite LTA showing the proposed cluster arrangement
in the sodalite cage. The oxygen sites are partially occupied.
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Pentammineaquocobalt(III) chloride and tetramminedia-
quocobalt(III) chloride cleave chicken hen egg lysozyme
between Ala 110 and Trp 111 at neutral pH and 37 °C.

Metal complexes that can cleave proteins with a high specificity
under mild conditions will be useful for structure–activity
studies of proteins, investigation of protein structural domains,
and in converting large proteins into smaller fragments that are
more amenable for sequencing.1–8 Such reagents are also useful
for the chemical modification of proteins, or for heavy atom
labeling.2–3 Metal complexes have been attached to specific
sites on proteins and subsequent activation resulted in protein
fragmentation via oxidative or hydrolytic chemistry. Hydrolytic
chemistry is preferred over oxidative chemistry as the latter can
potentially damage the protein side chains and the resulting
fragments may not be amenable to sequencing. Exopeptidase
activities of pentammineaquocobalt(III) (CoPA) and terammi-
nediaquocobalt(III) (CoTA) ions (Scheme 1), under mild
conditions, is demonstrated here for the first time.

Metal complexes with labile ligands may bind to the side
chains of amino acid residues such as Cys, His, Trp, Asp and
Lys and such coordination may function as an anchor to position
the reagent for the controlled hydrolysis of protein backbone.2,3

In this context, Cu, Pt and Pd complexes showed significant
artificial metallopeptidase activities.3 Co(III) complexes are
known to induce N-terminal hydrolysis of peptides (endopepti-
dase activity)9,10 but the exopeptidase activity of Co(III) is not
known. Hydrolysis of N-4(1-pyrenyl)butyroylphenylalanine by
CoPA (hydrolysis occurs at the C-terminus) prompted us to
investigate the catalytic hydrolysis of proteins by Co(III)
complexes.11 Chicken hen egg lysozyme was chosen for the
current studies because lysozyme can bind a number of metal
ions,12 its three-dimensional structure is known13 and catalytic
activity of lysozyme provides a convenient handle to test if the
protein cleavage results in the loss of activity.

Incubation of lysozyme (15 mM) with CoPA or CoTA (1
mM) at 37 °C for 21–26 h resulted in facile cleavage of the
protein into two fragments as demonstrated in SDS PAGE
experiments (6% acrylamide, 0.4% bisacrylamide, 13% glyc-
erol; pH 8.4).14 Two new bands with molecular weights of ca.
12 and 2 kDa are clearly visible in Fig. 1(a) (lanes 4 and 6). If
the protein cleavage were to be random, one would have
observed a smear in these lanes. Occasionally, the 2 kDa band
was difficult to see in the gels (lane 2). The rate of protein
cleavage increases with the concentration of CoTA (0.2, 0.5 and
1 mM) and similar activity was observed with CoPA [Fig. 1(b)].

No cleavage was observed when the protein was incubated with
CoPA at room temperature (26 h, lane 4) while CoTA induced
weak but detectable cleavage even at room temperaure (lane 2,
6%). The ratio of the major product band intensity to the sum of
the intensities of the major product and the starting material in
lanes 3 and 5 are 45 and 35%, respectively.

Even though the reaction does not proceed at room
temperature with CoPA [Fig. 1(b), lane 4] and the reaction is
very weak with CoTA [Fig. 1(b), lane 2] self cleavage of
lysozyme at room temperature and at 37 °C was examined in the
absence of the metal complexes (ESI†). No reaction occurs at 37
°C, 26 h (lane 3) or at room temperature (lane 2) indicating that
the reaction is mediated by the metal complexes.

By contrast, no reaction was observed with the cis or trans
isomers of bisethylenediaminediaquocobalt(III) bromide (Fig. 2,
lanes 4, 5). Other cobalt complexes such as chloropentammine-
cobalt(III), chlorotetramminecobalt(III) or chlorotetrammine-
carbonatocobalt(III) also induced protein cleavage, although, at
much slower rates (data not shown). These metal complexes can
undergo hydrolysis under the reaction conditions to give rise to
the corresponding aquo complexes which are active. Hexammi-
necobalt(III) chloride did not induce protein cleavage suggesting
that the Co(III) center with one or more aquo ligands are needed
for activity.

The reaction rate is accelerated with temperature and protein
cleavage products could be detected within 5 h at 45 and 55 °C.
The protein cleavage was optimal at pH 7 and was slowed down

† Electronic supplementary information (ESI) available: self cleavage of
lysozyme at room temperature and 37 °C. See http://www.rsc.org/suppdata/
cc/a9/a907477e/

Scheme 1 Structure of the cobalt(III) metal complexes used to cleave
lysozyme with high specificity. X = NH3 for CoPA and H2O for CoTA.

Fig. 1 (a) Lysozyme cleavage by CoTA at 37 °C. Lane 1 contains molecular
weight markers at 18, 14 and 6 kDa. Lanes 2–7 contain lysozyme (15 mM)
and increasing concentrations of CoTA (lanes 2, 3 contain 0.2 mM, lanes 4,
5 contain 0.5 mM and lanes 6, 7 contain, 1 mM CoTA, respectively). Lanes
2, 4 and 6 were kept at 37 °C (26 h) while lanes 3, 5, 7 were kept at room
temperature (26 h). Two new bands corresponding to lower molecular
weights than the native protein are indicated in lanes 4 and 6. (b) Lane 1
contains molecular weight markers at 18, 14, 6 and 3 kDa. Lanes 2–5
contain lysozyme (15 mM). Lane 2 contains protein treated with CoTA
(1 mM, 22 °C); lane 3, CoTA (1 mM, 37 °C); lane 4, CoPA (1 mM, 22 °C)
and lane 5, CoPA, 1 mM, 37 °C). Facile cleavage of lysozyme at 37 °C
(26 h) by the aquo complexes is evident. In addition to the major new band
in lanes 3, and 5, a faint band with a molecular weight around 2000 Da is
also present.
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at pH 4.5 or 9. Protein cleavage proceeded smoothly when Tris–
HCl buffer was replaced by acetate or phosphate.

The peptide fragments from the gels were isolated and their
molecular weights have been determined from electrospray
ionization mass spectrometry. The larger fragment had a
molecular weight of 11998 Da while the smaller fragment had
a molecular weight of 2343 Da. N-terminal sequencing by
Edman degradation method revealed that the 12 kDa fragment
had the sequence KVFGRCELAAAM, the known N-terminal
sequence of lysozyme (Scheme 2). The N-terminus of the
smaller fragment had the sequence, WRNRCK, a sequence
internal to lysozyme. The cleavage thus occurs between Ala 110
and Trp 111, as inferred from the known sequence of
lysozyme.13 A minor product ( < 3%) of molecular weight 3
kDa had the N-terminal sequence KVFGRCELAAAM, sug-
gesting cleavage of lysozyme at a secondary site, in addition to
the major cleavage site described above.

Catalytic activity of lysozyme was examined before and after
the cleavage by CoTA, using glycol chitin as the substrate.5b

The enzyme activity was unaffected by the protein cleavage
reaction, and this observation is consistent with the location of
the active site in the 12 kDa fragment. The major fragment thus
retains the active site with little or no damage to the key residues
involved in the enzyme catalysis. Preliminary 1H NMR studies
of lysozyme–CoPA solutions (2.9 mM lysozyme, 18 mM
CoPA) indicate a number of shifts when compared to those of
the protein (3 mM) in the absence of the metal complex. Further
studies are needed to assign these changes but the resonances
due to Trp 108 appears to have undergone significant changes.
The known three-dimensional structure of lysozyme13 indicates
that Trp 108 is accessible to the aqueous medium and Trp108
could anchor the Co(III) reagent. Such coordination could
position the metal complex proximate to the Ala 110 and Trp
111 peptide bond where the cleavage was observed.

The mechanism for protein cleavage by Co(III) is expected to
be similar to that reported for amide hydrolysis by CoTA and
CoPA.15,16 The amide hydrolysis rates were higher for
complexes with two open coordination sites.15 Water molecules
bound to the metal ion may participate in acid–base catalysis at

the metal binding site, facilitating peptide bond cleavage. Size is
also important as larger size may preclude the metal complex
from reaching the peptide back bone (ethylenediamine com-
plexes are not active). Current results demonstrate that Co(III)
complexes can cleave internal peptide bonds, possibly via a
hydrolytic mechanism. Chemical proteases derived from in-
organic materials may prove to be useful as tools in molecular
biology.

Financial support from the University of Connecticut Re-
search Foundation, ACS Petroleum Research Fund and the
Naional Science Foundation is gratefully acknowledged. We
are grateful to Mary Moyer and William Burkhart of Glaxo
Wellcome Inc., for the sequencing and mass spectral data.
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Fig. 2 Lane 1 contains molecular weight markers at 18, 14, 6 and 3 kDa.
Lanes 2, 3, 4 and 5 contain lysozyme (15 mM) treated with the metal
complexes (1 mM) under different conditions. Lane 2 contains CoTA at
25 °C; lane 3 contains CoTA at 37 °C; lane 4 contains trans-[Co(en)2Br2]Br
at 37 °C and lane 5 contains cis-[Co(en)2Br2]Br (37 °C). An intense product
band is evident in lane 3, and another faint band at 2000 Da is also present
in this lane. No products were formed with the cis- or trans-ethylene-
diammine complexes treated at 37 °C or at 22 °C even after 21 h.

Scheme 2 Lysozyme sequence that has been targeted by the metal complex
at neutral pH.
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A fullerene derivative in which two oligophenylenevinylene
(OPV) groups are attached to C60 through a pyrrolidine ring
has been prepared and photophysical studies in CH2Cl2
solution show that photoinduced energy transfer from the
OPV moieties to C60 occurs, and not electron transfer.

Following the observation of electron transfer from conducting
oligomers and/or polymers derived from poly(phenyleneviny-
lene) or poly(thiophene),1 and the successful preparation of
photovoltaic cells from such bulk heterojunction materials,2
several examples of covalent fullerene derivatives bearing a
conjugated oligomer substituent have been synthesized in the
past few years.3,4 As a part of this research, we have recently
shown that such hybrid compounds can be incorporated in
photovoltaic devices.4 Whereas the synthesis and applications
of such hybrid compounds have been investigated, their
electronic properties have been probed to a much lesser
degree.

In this paper, we report on the preparation and the electronic
properties of fullerene derivative 1 in which two OPV groups
are attached to C60 through a pyrrolidine ring using the related
OPV derivative 2 and the fulleropyrrolidine FP4 as reference
compounds. Interestingly, the photophysical studies of 1 in
solution show that photoinduced energy transfer from the OPV
moiety to C60 is the main pathway and not electron transfer.

The synthesis of 1 is depicted in Fig. 1 and the functionalisa-
tion of C60 is based on the 1,3-dipolar cycloaddition5 of the
azomethine ylide generated in situ from aldehyde 7.

The electrochemical properties of 1, 2 and FP were
investigated by cyclic voltammetry (CV) in CH2Cl2–0.1 M
Bu4NPF6 solutions (Table 1). In the cathodic region, 1 shows
three reversible one-electron processes followed by a bielec-
tronic peak (IVred), visible only at low temperature. A

comparison of the E1/2 potentials of 1 and FP clearly shows that
the first three waves correspond to fullerene-centred reductions
and the slightly negative shift observed for 1 compared to FP
could be the result of a small interaction between the electron-
accepting C60 unit and the electron-donating OPV groups. The
fourth reduction process seen for 1 appears to be difficult to
assign unambiguously as either fullerene- or OPV-based. In the
anodic region, 1 presents two chemically irreversible and ill-
defined peaks, corresponding to the transfer of three electrons.
They can likely be attributed to the simultaneous oxidation of
the two OPV groups and the bridging dialkyloxybenzene unit,6
since these groups present in both model compounds 2 and FP
are irreversibly oxidized in the same potential region.

The ground state electronic absorption spectrum of 1 is
reported in Fig. 2 and, within the experimental error, it matches
the profile obtained by summation of the spectra of the
component units FP and 2. Importantly, on each moiety of 1, a
fairly good excitation selectivity can be achieved. Indeed, at l >

† Electronic supplementary information (ESI) available: CV curves for 1, 2
and FP, and calculation of energy transfer rate constants. See http://
www.rsc.org/suppdata/cc/b0/b000564i/

Fig. 1 Reagents and conditions: i, CF3CO2H, CH2Cl2, H2O, room temp., 4
h (96%); ii, DIBAL-H, CH2Cl2, 0 °C, 1 h (90%); iii, TsCl, LiCl, DMAP,
CH2Cl2, 0 °C to room temp., 12 h (80%); iv, 3,5-dihydroxybenzyl alcohol,
K2CO3, KBr, 18-crown-6, acetone, D, 24 h (69%); v, MnO2, CH2Cl2, room
temp., 2 h (95%); vi, C60, N-methylglycine, toluene, D, 16 h (40%).

Table 1 E1/2 or Ep values (V vs. SCE) determined by CV on a glassy carbon
electrode at 298 K, unless otherwise noted,b of compounds 1, 2 and FP in
CH2Cl2–0.1 M Bu4NPF6 solutions

Compound IIox Iox Ired IIred IIIred IVred

1 +1.7a,c +1.4a,c 20.66 21.04 21.56 21.98b,d

2 +1.82a +1.28a 21.88b 22.11a,b

FP +1.60a +1.38a 20.62 21.01 21.54 21.90b

a Chemically irreversible processes, peak potentials measured at 0.2 V s21.
b T = 208 K. c Trielectronic process. d Bielectronic process.
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530 nm light is exclusively directed to the fullerene fragment,
whereas at l = 360 nm at least 85% of the incident light is
absorbed by the OPV moieties.

Upon selective excitation of 1 on the fullerene fragment, the
typical fulleropyrrolidine fluorescence and triplet–triplet tran-
sient absorption spectra are observed.6,7 This indicates that the
excited state properties of the C60 fragment are not affected by
the presence of the nearby OPV moieties. On the other hand,
when excitation is directed to the latter (e.g. at l = 360 nm, see
above), intercomponent processes are evidenced. Under such
conditions, the intense fluorescence band characteristic of the
OPV moiety (Fem = 1.0, t = 1.0 ns) is not observed (Fig. 2),
whereas the typical fluorescence band of the fulleropyrrolidine
fragment (lmax = 710 nm, t = 1.3 ns) is detected; in addition,
the fullerene fluorescence quantum yields of 1 and FP obtained
at lexc = 360 nm are identical (Fem = 5.5 3 1024), although
in the former at least 85% of the incident light is absorbed by the
OPV fragments. The excitation spectrum of 1, taken at lem =
715 nm, matches the absorption profile throughout the UV–
VIS, range including the diagnostic band of the OPV moieties
around 360 nm. These findings are consistent with quantitative
occurrence of singlet–singlet energy transfer from the OPV unit
to the fullerene in the multicomponent array 1.

In order to monitor the fate of the lowest triplet state centred
on the fullerene moiety, following excitation of the OPV
counterpart, we performed a series of transient absorption
experiments by setting the excitation wavelength of an
Nd+YAG laser to 355 nm. The reference compound FP displays
a triplet–triplet transient absorption spectrum with lmax = 690
nm and t = 0.54 ms in air-equilibrated solution, which becomes
31 ms in deaerated solution due to the suppression of the well-
known, very efficient quenching of fullerenes by dioxygen.7,8 A
quite similar behaviour is observed for 1, which displays a
fullerene triplet yield formation equal to that of FP and the same
triplet lifetimes. In other words, preferential excitation of the
OPV moieties ( > 85%) quantitatively sensitizes the formation
of the lowest fullerene singlet state, which then populates the
lower lying triplet level (Fig. 3) via intersystem crossing.

From the electrochemical data one can place the energy of the
charge separated state9 of 1 at about 2 eV, i.e. well below the
energy of the lowest singlet excited state of the OPV moieties
(3.1 eV, as derived from the 77 K fluorescence spectrum).
However, even if the population of the charge separated state
following photoexcitation of the OPV units is thermodynam-
ically allowed, this process is not evidenced in CH2Cl2 solution.
The use of polar solvents does not change the observed pattern;
for instance, quantitative evidence for OPV?C60 singlet–
singlet energy transfer is also observed in benzonitrile solution.
We have performed model calculations on the OPV?C60
singlet–singlet energy transfer step by following both the
dipole–dipole and double-electron exchange approaches (for
details, see supplementary data).† The spectral overlap between
the luminescence spectrum of the donor OPV unit and the

absorption spectrum of the fulleropyrrolidine acceptor unit
allows calculation of the overlap integrals JF = 1.4 3 10214

cm6 mol21 and JD = 1.4 3 1024 cm for the two approaches,
and results in estimated rate constants, ken

F; ken
D9 1012 s21 up

to 10 Å of intercenter separation. These estimates suggest that
the energy transfer step is so fast that the competing charge
separation path is not effective.

In conclusion, 1 appears to be a multicomponent array
containing a fullerene unit as a terminal receptor of excitation
energy.10 These results suggest the possibility of building up
more complex arrays where a larger number of OPV fragments
allow an even more pronounced excitation selectivity with an
antenna effect, and the attachment of a suitable electron donor
to the C60 unit would result in multicomponent artificial
photosynthetic systems where light energy harvesting is
followed by charge separation.11
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Fig. 2 Absorption spectra of 1 (full line), FP (dashed line) and 2 (dotted line)
in CH2Cl2 at 298 K; above 400 nm a multiplying factor of 10 is used. Inset:
fluorescence spectra of solutions of 2, FP and 1 (for all samples, optical
density = 0.50 at lexc = 360 nm). Above 660 nm the spectrofluorimeter
sensitivity is increased by three orders of magnitude, due to the weakness of
the FP fluorescence relative to that of 2.

Fig. 3 Sensitized fullerene triplet–triplet transient absorption spectrum of 1
at 298 K in CH2Cl2 air equilibrated solution, upon laser excitation at 355 nm
(energy = 5 mJ pulse21). The spectra were recorded at delays of 100, 300,
600, 900, 2000 ns following excitation (from top to bottom). The inset
shows the time profile of DA (690 nm) from which the spectral kinetic data
were obtained; the fitting is monoexponential and gives a lifetime of 540
ns.
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Reaction of the amidate ligand N-{2-[(2-pyridylmethyl-
ene)amino]phenyl}pyridine-2-carboxamide (Hcapca) with
[VOCl2(thf)2] and MeONa in 1+1+1 molar ratio in MeCN
affords the compound trans-[VOCl(capca)] 1, while reaction
of 1 with NEt4NCS, MeCO2NHEt3 and imidazole yields the
complexes trans-[VO(NCS)(capca)] 2, trans-[VO(Me-
CO2)(capca)] 3 and trans-[VO(im)(capca)]2 4 respectively;
the X-ray crystal structure of 1 is reported; Cw EPR studies
of compounds 1–3 reveal a novel phenomenon of the
reduction of their Az components by ca. 10% compared to N4
reference compounds.

The oxovanadium(IV) cation, VIVO2+, has been successfully
employed as a spin probe in EPR1 and electron spin echo
envelope modulation (ESEEM)1 studies of naturally occurring
vanadoproteins and in proteins where the divalent cations
(Mg2+, Ca2+, etc.) have been substituted by VIVO2+. More
specifically, the z-component of the 51V(I = 7/2) hyperfine
coupling tensor A, has been extensively employed as a
benchmark for the identification of the equatorial donor atom
sets in oxovanadium(IV) complexes.1a,2

Oxovanadium(IV) compounds have usually square pyramidal
or octahedral geometry with a weak sixth ligand in axial
position. To the best of our knowledge, there are only two other
structurally characterized VIVO2+ species with a monoanionic
ligand (Cl2)3 in axial position and obviously the effect of the
charged axial ligand on 51V hyperfine coupling constants has
not been systematically studied. The potentially tetradentate
amidate ligand, N-{2-[(2-pyridylmethylene)amino]phenyl}pyr-
idine-2-carboxamide (Hcapca), was chosen in an effort to force
axial ligation of anionic as well as of neutral ligands. In this
report, we describe the synthesis, the cw EPR, and ESEEM
spectra of the oxovanadium(IV) compounds of the general
formula trans-[VIVOX(capca)]°/+ (X = Cl2 1, SCN2 2,
MeCO2

2 3 and imidazole 4) as well as the X-ray crystal
structure of 1·MeOH with the view to studying the effect of the
charged axial ligands on the 51V-hyperfine coupling constants
and in particular on the parallel component, Az.

The mononuclear brick-red compound trans-[VOCl(capca)]
1 was prepared by refluxing an MeCN solution containing
[VOCl2(thf)2] (3 mmol), Hcapca (3 mmol) and MeONa (3
mmol) for ca. 24 h [eqn. (1)]. The brick-red precipitate was
Soxhlet extracted (CH2Cl2) to remove NaCl and to obtain
1·CH2Cl2.‡

[VOCl2(thf)2] + Hcapca + MeONa ? trans-[VOCl(capca)] +
MeOH + NaCl + 2thf (1)

Crystals of 1·MeOH+ suitable for X-ray structure analysis§
were obtained by vapour diffusion of diethyl ether into a
concentrated MeOH solution (at 4 °C) of the complex. 2, 3 and
4 were prepared according to Scheme 1.‡

The continuous wave (cw) EPR parameters of the four
oxovanadium(IV) compounds (Table 1) were determined by
computer simulation of the experimental cw EPR spectra. The
cw EPR spectrum of 1·MeOH is typical of a monomeric
oxovanadium(IV) (S = 1

2, I = 7/2) species with no evidence for

† Electronic supplementary information (ESI) available: reference
oxovanadium(IV) compounds. See http://www.rsc.org/suppdata/cc/
b0/b000399i/

Scheme 1 Synthesis of the oxovanadium(IV) compounds 1 and 2–4 and X-
ray crystal structure of 1·MeOH. Reagents and conditions: i, MeCN,
[VOCl2(thf)2], MeONa, reflux, argon; ii, MeOH, NEt4NCS; iii, MeCN,
MeCO2H, NEt3, 0 °C; iv, MeNO2, imidazole. Selected interatomic
distances (Å) for 1·MeOH: V–O(1) 1.626(5), V–N(1) 2.171(7), V–N(2)
2.079(6), V–N(3) 2.010(7), V–N(4) 2.120(7), V–Cl 2.569(3).
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magnetic couplings between electron spins, i.e. line-broadening
or splittings in the spectral features. 51V(S = 1

2, I = 7/2) EPR
spectra of the oxovanadium(IV) compounds 2, 3 and 4 are also
typical of monomeric VIVO2+ compounds. The g and A tensors
of 1·MeOH and 2–4 were found to be rhombic (Table 1).

Fig. 1 (open circles) displays a correlation plot of gz vs. Az, for
a series of known oxovanadium(IV) compounds with various
equatorial donor atom sets.2 The data lie approximately on a
straight line with negative slope. This anti-correlation between
gz and Az is well known and simply indicates that increased in-
plane p- and s-bonding results in decreased Az values and
increased gz values.2 Addition of the gz and Az values for
compounds 1·MeOH and 2–4 (filled circles) on the plot reveals
that: (i) the points for compounds 1·MeOH, 2 and 3 deviate
substantially from the locus of the reference data. More
specifically, compound 1·MeOH4 has an Az value of 145 3
1024 cm21, ca. 10% lower than the expected value of ca. 162 3
1024 cm21 for reference compounds5 with an N4 equatorial
donor atom set. A similar reduction of the Az values by ca.
8–10% is also observed for compounds 2 and 3, (ii) in all cases,
the gz values seem to be unaltered, (iii) the Az value for
compound 4, with imidazole in axial position, falls on the main
locus as expected. The shift of the points for 1·MeOH, 2 and 3
relative to 4, as well as relative to the reference data, implies that
the physical mechanism which determines the Az values in
compounds 1·MeOH, 2 and 3 is not the same as in the reference
compounds. In the same context, it is noted that the Ax,y values
(Table 1) in compounds 1·MeOH, 2 and 3 are also lower than
those of compound 4.

The equatorial ligands in compounds 1·MeOH and 2–4 were
studied by electron spin echo envelope modulation (ESEEM)
spectroscopy.6 ESEEM is a pulsed EPR technique, eminently
suited for measuring weak hyperfine couplings.6 Orientation-
selective ESEEM spectra recorded across the EPR spectrum of
compound 1·MeOH, were dominated by two sets of sharp
features at 3–5 and 7–9.5 MHz. According to numerical
simulations, performed as described in ref. 7, the ESEEM
spectra are assigned to 14N(I = 1)-nuclei coupled to the electron
spin S = 1/2. Two classes of almost isotropic 14N-hyperfine
couplings were resolved, with Aiso values of 5.2 and 6.1 MHz,
respectively. These couplings are typical for 14N(I = 1) atoms
equatorially coordinated to VIVO2+.1d,e The ESEEM spectra

recorded for 2–4 are comparable to those for 1·MeOH, and this
indicates that the equatorial coordination environment for
compounds 2–4 is similar to the equatorial environment of
1·MeOH, i.e. an N4 donor-atom set for all complexes.
Moreover, the ESEEM spectra show that in all four cases the
14N(I = 1) hyperfine couplings are comparable, and this means
that the bonding properties of the equatorial ligands in
compounds 1·MeOH and 2–4 are similar. Thus, the ESEEM
spectra of compounds 1·MeOH, 2 and 3 indicate that the
reduction in their Az values compared to N4 reference
complexes is not related to the nature of the equatorial ligands,
but is rather due to the nature of the axial ligands.

In conclusion, a series of octahedral oxovanadium(IV)
compounds, containing charged or neutral axial ligands, with
the amidate molecule Hcapca was synthesized and structurally
(1·MeOH) and spectroscopically characterized. The main effect
of the monoanionic axial ligands on the Az values of VIVO2+

compounds is their reduction by almost 10% compared to N4
reference complexes. Thus, the present data reveal a novel
phenomenon which bears strong relevance to the use of the Az

value as a predictive tool, in vanadoproteins, or VIVO2+

substituted proteins, etc. We are currently exploring analogous
phenomena in VIVO2+-compounds with various combinations
of symmetries/charges of the ligands.

Notes and references
‡ The compounds analysed satisfactorily (C, H, N, V) as 1·CH2Cl2,
1·MeOH(crystals), 2, 3 and 4. Compound 2 was prepared by addition of
NEt4NCS (0.4 mmol) to a stirred suspension of 1·CH2Cl2 (0.4 mmol) in
MeOH (5 mL). Compounds 3 and 4 were prepared in a similar way, except
that MeCN and MeNO2 were used as solvents for the preparation of 3 and
4, respectively.
§ Crystal data: 1·MeOH, C19H17ClN4O3V, Mr = 435.76, monoclinic, space
group P21/a, a = 17.07(2), b = 9.82(1), c = 11.51(1) Å, b = 94.03(4)°, V
= 1925(4) Å3, Z = 4, DC = 1.504 g cm23; T = 298 K; no. of unique
reflections 2457; no. of parameters 310; R1/wR2 [1544 reflections with
I > 2s(I)] 0.0663/0.1453. CCDC 182/1558. See http://www.rsc.org/
suppdata/cc/b0/b000399i/ for crystallographic files in .cif format.
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Table 1 EPR parameters for the oxovanadium(IV) compounds 1·MeOH, 2,
3 and 4 in frozen MeNO2 solutions (20 K) at X-band (microwave frequency
9.42 GHz, modulation amplitude 12.5 G, microwave power 3.2 mW)

1024 cm21

Compound gx
a gy

a gz
a giso

a Ax
a Ay

a Az
a Aiso

a

1·MeOH 1.981 1.979 1.947 1.969 53.0 49.0 145.0 82.3
2 1.981 1.979 1.947 1.969 52.0 48.0 148.0 82.7
3 1.984 1.980 1.949 1.971 52.0 45.0 144.5 80.5
4 1.980 1.978 1.946 1.968 58.0 55.0 162.0 91.7
a Errors: g-values ± 0.002, Ax, y, z values ± 0.5 3 1024 cm21.

Fig. 1 A correlation plot of Az vs. gz for the VIVO2+ compounds 1·MeOH and
2–4 (5) and a series of oxovanadium(IV) compounds (2) with various
equatorial donor atoms.2
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A high quality NaA zeolite membrane, which shows a H2/n-
C4H10 permselectivity of 106, has been synthesized on a
seeded a-Al2O3 support by a multistage synthesis method.

The synthesis of zeolite membranes and their application in
separation and catalysis have attracted great interest in recent
years.1,2 For gas separation, most studies have concentrated on
MFI type (silicalite-1 and ZSM-5) zeolite membranes. Al-
though high separation factors were obtained for mixtures of
organic gases,3–6 MFI zeolite membranes do not show good
separation performance for permanent gases or permanent gas/
organic gas mixtures because of the large pore size and
hydrophobic nature of the zeolite. Thus the investigation of
zeolite membranes with small pore size has attracted much
attention.7–9 NaA zeolite has a smaller pore size (0.41 nm) than
that of MFI zeolite (ca. 0.55 nm). However, most studies on
NaA zeolite membranes focused on the dehydration of liquid
mixtures by pervaporation10,11 and few gas permeation results
were reported.9,12 Furthermore, it was shown, from the gas
permeation results,9,12 that the quality of these NaA zeolite
membranes was poor. Here, a high quality NaA zeolite
membrane has been synthesized on a seeded a-Al2O3 support
by a multistage synthesis method.

A self-made porous a-Al2O3 disk (30 mm in diameter, 3 mm
in thickness, 0.1–0.3 mm pore radius, ca. 50% porosity) was
used as the support. Before synthesis, one side of the support
was coated with NaA zeolite crystals as nucleation seeds by
dipping the support in a 0.5 wt% NaA zeolite suspension in a
single step for 30 s. The 0.5 wt% NaA zeolite suspension was
prepared by peptizing 0.5 g NaA zeolite in 100 ml deionized
water. In order to form a thin and uniform NaA zeolite
membrane on the support surface and to inhibit the formation of
zeolite in the pores of the support, a uniformly sized NaA zeolite
of dimensions ca. 1 mm, larger than those of the pores of the
support, was used as the seed. The synthesis mixture was
prepared by mixing sodium aluminate, water glass, sodium
hydroxide and water. The molar ratio of the resultant gel
mixture was 3Na2O+2SiO2+Al2O3+200H2O. The synthesis was
carried out at 90 °C for 24 h in a stainless steel autoclave with
the seeded support held vertically in the synthesis mixture by a
Teflon holder. After the synthesis, the composite membrane
was washed several times with water until the pH of the
washings was neutral, then dried at 150 °C for 3 h. In order to
obtain a high quality NaA zeolite membrane, the synthesis was
repeated twice more (in all, a three-stage synthesis). The as-
synthesized membrane was characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and gas permea-
tion studies. The permeances of the gases were measured at
different temperatures by a soap-film flowmeter under a
pressure difference of 0.10 MPa. The permselectivity of A/B is
defined as the permeance ratio of gas A to gas B.

The XRD pattern of the as-synthesized membrane prepared
by the three-stage synthesis is shown in Fig. 1. The diffraction
pattern of the as-synthesized membrane is represented by the
sum of the peaks of the a-Al2O3 support and the NaA zeolite,
which indicated that the membrane formed on the a-Al2O3
support is an NaA zeolite membrane. The variation of the
intensity of the diffraction patterns of the NaA zeolite is

possibly caused by the orientation of the zeolite crystals on the
support surface. From the SEM images (Fig. 2), it can be seen
that the surface of the a-Al2O3 support is completely covered
with NaA zeolite crystals and the crystals are highly intergrown.
A continuous membrane was formed on the support surface and
the thickness of the zeolite membrane is ca. 18 mm. In addition,
the zeolite membrane remained firmly bonded to the support
surface even after 15 min of vigorous ultrasonic vibration.
However, XRD and SEM characterization can only indicate

Fig. 1 XRD pattern of the NaA zeolite membrane: (2) a-Al2O3, (*) NaA
zeolite.

Fig. 2 SEM images of the NaA zeolite membrane: (a) top view, (b) cross-
section.
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whether a continuous membrane is formed on the support, and
can not confirm whether a defect-free zeolite membrane is
formed. Such a property of the zeolite membrane can only be
evaluated by gas permeation.5 Taking into the consideration the
opening pore size of the NaA zeolite channels and the
hydrophilic nature of the NaA zeolite, the permselectivities of
H2/n-C4H10 and O2/N2 were selected as the yardstick of the
quality of the NaA zeolite membrane. Since the kinetic diameter
of n-C4H10 (0.43 nm) is larger than the pore size of the NaA
zeolite (0.41 nm), n-C4H10 should not permeate through a
defect-free NaA zeolite membrane; the higher the permselectiv-
ity of H2/n-C4H10, the more perfect is the NaA zeolite
membrane. If the permselectivity of H2/n-C4H10 is near to or
smaller than the Knudsen diffusion ratio of 5.39, large defects
must be present in the NaA zeolite membrane. Since the kinetic
diameter of O2 (0.346 nm) is smaller than that of N2 (0.364 nm),
the permeance of O2 should be higher than that of N2 through a
defect-free NaA zeolite membrane which is the reverse of the
Knudsen diffusion ratio of 0.96 for a mesoporous membrane.
Fig. 3 shows the gas permeation results of the NaA zeolite
membrane. The permeances of H2, N2 and O2 of the supported
NaA zeolite membrane decreased by two orders of magnitude
compared with those of the a-Al2O3 support, which indicated
that a compact zeolite membrane was formed on the porous a-
Al2O3 support. With an increase of the molecular kinetic
diameter, the permeances of the gases decreased, which showed

the molecular sieving effect of the NaA zeolite. At 298 K, the
permeance of O2 was 2.61 times higher than that of N2, which
is the reverse of that of the Knudsen diffusion ratio of 0.96. The
permselectivity of H2/n-C4H10 was 106, a value much higher
than that of the Knudsen diffusion ratio of 5.39, which indicated
that a high quality NaA zeolite membrane was formed on the
support surface. Compared with the gas permeation results of
NaA zeolite membranes in the literature,9,12 the NaA zeolite
membrane synthesized in this study showed a very high H2/n-
C4H10 permselectivity. The reason for the formation of the high
quality NaA zeolite membrane may arise from the use of
uniformly sized seeds and is still under investigation. With an
increase of the permeation temperature, the permeance of the
gases increased. However, the permselectivity of H2/n-C4H10
and O2/N2 at 423 K decreased to 73.2 and 2.22, respectively.

In conclusion, a high quality NaA zeolite membrane was
successfully synthesized on a seeded a-Al2O3 support by a
multistage synthesis method. The permeation of n-C4H10
indicated that the NaA zeolite membrane had intercrystalline
pores larger than those of the NaA zeolite channels. The
permeance of the NaA zeolite membrane was also relatively
low. Methods for the preparation of high permeance or virtually
perfect NaA zeolite membranes are under investigation.

We gratefully acknowledge funding from the National
Science Foundation of China (59789201) and the National
Advanced Materials Committee of China (715-006-0120).
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Fig. 3 Gas permeation properties of the seeded a-Al2O3 support (/), the
NaA zeolite membrane at 298 K (-) and the NaA zeolite membrane at 423
K (:).
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A complex form of cobalt(III) has been successfully im-
mobilised on a chemically modified silica and proven to be
an active catalyst for the selective oxidation of alkylaro-
matics using air as the source of oxygen and in the absence
of solvent.

Cobalt salts are widely used as catalysts in the liquid phase
oxidation of alkylaromatics.1 Reactions are normally carried out
in acetic acid as solvent and in the presence of a promoter such
as a bromide. It has been reported that under such reaction
conditions, the aerial oxidation of Co(II) to Co(III) is a slow
process2 although this can be accelerated by the addition of
bases such as pyridine which stabilises the higher oxidation
state of the metal.3 The heterogenisation of catalysts and their
use in the oxidation of neat substrates are subjects of
considerable interest especially in these environmentally con-
scious days when solvent losses and catalyst losses on
separation can lead to unacceptable levels of waste.4 Several
heterogeneous metal catalysts have been designed for aerial
oxidation reactions5 but limited activities and questionable
stabilities6 have delayed their commercial exploitation. It
seemed to us that if we could design a heterogeneous system
that favours and stabilises Co(III), this should enhance rates of
reaction where the Co(II) to Co(III) step was rate limiting and
should increase catalyst stability owing to the relative substitu-
tional inertness of Co(III). Here, we report our preliminary
results from designing such a catalyst that can indeed be
successfully used to catalyse the aerial oxidation of alkylaro-
matics in the absence of solvents.

The novel catalyst is based on a chemically modified porous
silica.7,8 Cyanoethyl-silica was prepared from the sol–gel
reaction of tetraethylorthosilicate (196 mmol) and cyanoethyl-
triethoxysilane (98 mmol) in aqueous ethanol in the presence of
N-dodecylamine as the templating agent. The resulting precip-
itate was washed with boiling ethanol to remove the template
and then treated with hot aqueous H2SO4 so as to hydrolyse the
CN group to CO2H.9 The resulting silica-(CH2)2CO2H material
was washed with water and ethanol and then dried at 110 °C
before use as a support for the Co(III) complex. Pyridine (40
mmol) was added dropwise to a mixture of the silica material
(5g), Co(NO3)2·6H2O (20 mmol), and sodium acetate (40
mmol) in water (100 ml). Complexation of the cobalt to the
support only occurs on addition of the pyridine as witnessed by
the purple colour of the solid particles. After adding more water
(50 ml), the mixture was heated to boiling and dilute hydrogen
peroxide (80 mmol) was slowly added over 8 h. This resulted in
the apparent oxidation of the immobilised cobalt with a change
in colour of the solid particles from purple to olive green. It is
necessary to treat the supported metal complex with peroxide so
as to form the immobilised Co(III). This solid was separated by
filtration, thoroughly washed with water and acetone and then
dried at 110 °C.

While the precise structure of the surface-bound cobalt
complex is as yet unknown we have carried out a number of
analytical studies to gain information on the cobalt loading and
distribution, the material structure and the surface species

(Table 1). Atomic absorption analysis of the digested material
gives a cobalt loading of 0.68 mmol g21. Optical and scanning
electron microscopic studies on the material reveal a homoge-
neous mass with elemental analysis (EDAX) carried out at
randomly selected spots showing a consistent Co+Si ratio of ca.
1+7. This suggests an evenly distributed cobalt complex rather
than a simple mixture of a cobalt complex with the silica. The
BET isotherms for the supported Co(III) complex and the
intermediate silica-(CH2)2CO2H material have almost identical
appearances and suggest a mixture of micropores and meso-
pores. The BJH pore size distributions of these materials show
ca. 65 and 80%, respectively, of the pore volumes are due to
pores with diameters of < 6 nm. The surface area is also reduced
on going from the intermediate supported carboxylic acid to the
final supported metal complex (from 1041 to 528 m2 g21)
although it is still very high compared to more traditional
supported reagents.10,11 These results are consistent with a
reasonably homogeneous build-up in the surface species as the
metal complex is formed. The powder X-ray diffraction pattern
of the supported Co(III) material shows a weak peak at < 2° with
the strongest peak at 2q ca. 22.5° consistent with a lack of long
range order as expected for materials of this type.8,10 Diffuse
reflectance FTIR (DRIFTS) of the final material reveals bands
characteristic of surface bound CO2

2, pyridine and acetate. The
difference in the wavenumbers of the symmetric and asym-
metric stretching vibrations of the acetato ligand carboxyl group
(125 cm21) is consistent with these ligands bonding in a
bridging fashion. The diffuse reflectance UV–VIS spectrum of
the final material shows an ill-defined absorption maximum at
ca. 580 nm in contrast to the strong band at 545 nm for the
material before treatment with hydrogen peroxide. This is
consistent with a change from Co(II) to Co(III) on peroxide
treatment. Furthermore, by carrying out a similar complex
preparation but in the absence of the support material, the final
cobalt complex, believed to contain the cation [Co3(m3-O)(m-
O2CR)6(py)3]+ 12 (ClO4

– as counter anion) gives an olive green
complex with a very similar UV–VIS spectrum. The measured
C+N ratio of 12+1 in the final material is consistent with the
presence of a similar complex rather than a simple species
containing two pyridines and two carboxylato ligands per cobalt
atom (for which the C+N ratio would be 7+1)

The supported cobalt(III) reagent was tested as a catalyst in
the aerial oxidation of neat ethylbenzene, chlorotoluene and
toluene as representative alkylbenzenes (Table 2). Reactions
were carried out at atmospheric pressure with 400 ml of
substrate and 0.8 g of the catalyst in a baffled glass reactor with
a overhead stirrer operating at 700 rpm, an air feed at 400 ml
min21, chilled water condensers and twin Dean–Stark sepa-
rators to remove the water produced during the reactions.
Reactions could be monitored both by the amount of water

† UK Patent application, 1999.
‡ Current address: Department of Chemistry, Gauhati University, Guwa-
hati 781 014, India.

Table 1 Physical data for the supported Co(III) complex

HMS–Co(III) complex HMS–CO2H

BET surface area/m2 g21 528 1041
Pore volume/cm3 g21 0.315 0.688
Co+Si ratio (EDAX) 1+7 —
Co loading (AAS)/mmol g21 0.68 0
lmax(UV–VIS)/nm 580 —
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produced and by GC/GC–MS. Ethylbenzene was converted to
acetophenone at a rate of ca. 4% h21 at 130 °C, and with no
induction period (in contrast to other reports of heterogeneously
catalysed aerial oxidations13). The absence of an induction
period may be due to the metal existing in its higher oxidation
state at the beginning of the reaction. After 22 h a remarkable
76% of the ethylbenzene had been oxidised with selectivity to
acetophenone of 94%, the remainder being benzoic acid. An
isolated yield of 70% acetophenone can be obtained. We believe
that this is the highest reported yield of acetophenone obtained
from a heterogeneous oxidation of ethylbenzene.5,14 Previous
reports have shown that conversions of > 60% are very difficult
to achieve with neat substrate and this has been linked to the rate
limiting adsorption of the relatively non-polar ethylbenzene
from an increasingly acetophenone-rich mixture.5,13 Here the
rate of oxidation is almost linear up to ca. 70% conversion and
this may be a result of the relatively organophilic surface of the
new catalyst facilitating the adsorption–desorption processes.
Under the same conditions a 25% isolated yield of pure
4-chlorobenzoic acid was obtained from the oxidation of neat
4-chlorotoluene after 22 h simply by filtering the solid product
from the cooled final reaction mixture and washing it with light
petroleum. No other products were observed. This oxidation
occurred at over twice the rate of comparable reactions reported
elsewhere.5,13 We were also able to achieve a small but
significant rate of oxidation for toluene itself. At 100 °C and in
the presence of a small amount of benzaldehyde (1% by
volume) as a promoter,5 we obtained an isolated yield of
recrystallised benzoic acid of 6% after 22 h reaction (the 1%
benzaldehyde remains almost constant throughout the reaction).
This is again a marked improvement in reaction rate compared
to similar systems.5 In none of these reactions was leached
cobalt detectable by atomic absorption spectroscopy in the
organic liquors and the amount of cobalt measured in the
catalyst (after digestion) was always unchanged. However, our

first attempts to reuse the catalysts failed. Closer analysis of the
used catalysts showed that there had been a complete loss of
pyridine during reaction although the cobalt was still present.
By adding a small amount of pyridine (0.48 g) to any of the
substrate–used catalyst reaction systems, or by treatment of
recovered catalyst with pyridine, the rate of reaction returned to
close to the original value and very similar levels of substrate
oxidation and conversions to product were achieved. The facile
loss of pyridine from the catalyst at elevated temperatures was
confirmed from thermal analysis on the material under nitrogen
which shows loss of pyridine at ca. 150–200 °C with
decomposition of the remaining catalyst structure starting at
> 300 °C. We are now investigating methods for stabilising the
catalyst notably the replacement of pyridine by a less volatile
nitrogen base.

We gratefully acknowledge the support of the Com-
monwealth Institute for a Fellowship to B. K. D. and the
RAEng.-EPSRC for a Clean Technology Fellowship to J. H. C.,
as well as the support and advice of the York Green Chemistry
group.
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Table 2 Catalytic oxidations of alkylaromatics using the supported Co(III)
complex (0.8 g) in neat substrate (400 ml) at atmospheric pressure for 22
h

Substrate T/°C Product (isolated yield%)a

PhEt 130 PhCOMe (70)
4-ClC6H4Me 130 4-ClC6H4CO2H (25)
PhMeb 100 PhCO2H (6)
a Purified ( > 99%) product. b 1% added PhCHO which remains constant.
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Jonathan M. Percy* and Stéphane Pintat

School of Chemistry, University of Birmingham, Edgbaston, Birmingham, UK B15 2TT.
E-mail: jmpercy@chemistry.bham.ac.uk

Received (in Liverpool, UK) 4th January 2000, Accepted 15th February 2000

A very short reaction sequence opens with metal-mediated
addition of commercial bromodifluoropropene to aldehydes;
allylation under phase transfer catalysed conditions sets the
stage for a ring closing metathesis (RCM) in the presence of
commercial Grubbs’ catalyst to afford potentially useful
difluorinated dihydropyrans.

Difluorinated carbohydrate analogues are normally prepared by
DAST [(diethylamino)sulfur trifluoride] difluorination of
highly protected precursors in which a ketonic carbonyl group
has been isolated, chemistry which is highly vulnerable to
stereoelectronic effects as demonstrated many times by Cas-
tillón and coworkers.1 Even when such difficulties have been
overcome, the hazardous nature of the DAST reagent precludes
scale-up, while safer versions of the reagent sacrifice reactivity
in the cause of thermal stability.2 Building block chemistry then
appears most attractive and the Reformatsky reaction of ethyl
bromodifluoroacetate with aldehydes and other electrophiles is
a well-worked and productive theme.3 Our own approaches
have relied on metallated difluoroenol derivatives fashioned in
situ from trifluoroethanol but we were struck by the simplicity
of a possible RCM-based approach.4 Scheme 1 shows the
analysis; the route closely follows that published recently by
Carda et al.5 but forms the first instance where RCM technology
has been used for the synthesis of ring-fluorinated hetero-
cycles.

Initially, we were interested in the reproducibility of the
allylindium chemistry described by Momose and coworkers6 in
which bromodifluoropropene adds very smoothly to aldehydes.
With the homoallyl alcohols in hand, we would perform an
allylation and then expose the allyl homoallyl ether to an RCM
catalyst. Both alkenes are made less electron rich by electron-
withdrawing substitutents at the allyl position and we were
concerned that the overall cycle would be slow and that metallo-
[2 + 2] cycloaddition in the fluorinated allyl system could result
in b-fluoride elimination with concomitant formation of a
strong metal–fluorine bond destroying the catalyst.

In the event, our fears were groundless. The allylindium
chemistry was highly reproducible and homoallyl alcohols 2a–
d were synthesised in moderate to high (57–80%) yield
(Scheme 2).

The reactions worked best when the suspensions were shaken
or sonicated, and purification was facile.7 We also explored the
replacement of the indium metal with 325-mesh zinc under the

conditions described by Wilson and Guazzaroni (saturated
NH4Cl, THF).8 The zinc-mediated reaction9 was much more
effective in the case of benzaldehyde, affording the homoallyl
alcohol 2b in 84% yield, but less effective (37%) when the more
interesting and electrophilic benzyloxyacetaldehyde 1d was
present, despite our observation of an extremely clean 19F NMR
spectrum from the crude material. Pinacol coupling of the
aldehyde may be responsible for the low yield though we did not
isolate any products of this type.

Allylation10 was trouble-free as was the RCM reaction11 at
room temperature in dichloromethane, though reaction times of
24 h were required to consume the starting material entirely.

The methallyl ether 5 prepared by an analogous sequence
failed to cyclise at all under these conditions suggesting that the
additional steric hindrance imposed by a methyl group is
enough to prevent coordination and stop the cycle. Dihy-
dropyran 4d, formed in a particularly high isolated and purified
yield is of the type identified in the analysis, while 4c is
potentially interesting for the synthesis of higher sugars and
related species; we are continuing to explore the scope of the
reaction more fully. This short study clearly shows how
potentially important oxygen heterocycles can be assembled in
an extremely concise manner using off-the-shelf reagents.

We wish to thank the EPSRC (GR/K84882) and the
University of Birmingham for financial support and Dr Philip
Walker (Fluorochem Ltd.) for a generous gift of 1-bromo-
1,1-difluoropropene.

Notes and references
1 M. I. Barrena, M. I. Matheu and S. Castillón, J. Org. Chem., 1998, 63,

2184; R. Fernández and S. Castillón, Tetrahedron, 1999, 55, 8497.
2 G. S. Lal, G. P. Pez, R. J. Pesaresi, F. M. Prozonic and H. Cheng, J. Org.

Chem., 1999, 64, 7048.
3 For a full discussion of two-carbon fluorinated building blocks, see:

J. M. Percy, Top. Curr. Chem., 1997, 193, 131.
4 R. H. Grubbs and S. Chang, Tetrahedron, 1998, 54, 4413. For a recent

and most attractive approach to cyclitols, see: L. Hyldtoft, C. S. Poulsen
and R. Madsen, Chem. Commun., 1999, 2101.Scheme 1

Scheme 2 Reagents and conditions: i, H2CNCHCF2Br, In, DMF, sonication,
room temp.; ii, H2CNCHCH2Br, NaOH, CH2Cl2, Bu4NHSO4, room temp.;
iii, 5 mol% Grubbs’ catalyst, CH2Cl2, rt, 24 h.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b000006j Chem. Commun., 2000, 607–608 607



5 M. Carda, E. Castillo, S. Rodríguez, S. Uriel and J. A. Marco, Synlett,
1999, 1639.

6 M. Kirihara, T. Takuwa, S. Takizawa and T. Momose, Tetrahedron
Lett., 1997, 38, 2853. 

7 Preparation: of 2d: 1-bromo-1,1-difluoropropene (0.76 ml, 7.5 mmol)
and benzyloxyacetaldehyde (0.70 ml, 5.0 mmol) were added to a
sonicated suspension of indium powder (0.86 mg) in DMF (20 ml). The
mixture was sonicated at room temperature for 5 h then quenched with
1 M HCl (10 ml). Extractive work up afforded a yellow oil which was
purified by column chromatography [30% diethyl ether–light petroleum
(bp 40–60 °C)] to afford 2d as a pale yellow oil (0.91 g, 80%) (Rf =
0.23). 1H NMR (CDCl3, 300 MHz) d 7.40–7.28 (m, 5H), 6.09–5.81 (m,
1H), 5.72 (dt, 1H, 3JH–Htrans

17.5, 4JH–F 2.6 Hz), 5.52 (d, 1H, 3JH–Hcis
11.0

Hz), 4.6 (s, 2H), 4.10–3.98 (m, 1H), 3.71 (dd, 1H, first half of an AB
quartet, 2JH–H = 9.9, 3JH–H 3.3 Hz), 3.59 (dd, 1H, second half of an AB
quartet, 2JH–H 9.9, 3JH–H 7.0 Hz), 2.76 (d, 1H, 3JH–H 5.2 Hz); 13C NMR
(CDCl3, 75 MHz) d 137.3, 129.9 (t, 2JC–F 25.5 Hz), 128.4, 127.9, 127.7,
120.9 (t, 3JC–F 9.5 Hz), 119.1 (t, 1JC–F 273.7 Hz), 73.6, 72.2 (t, 2JC–F

33.6 Hz), 68.6; 19F NMR (CDCl3, 282 MHz) d2107.3 (dt, 1F, first half
of an AB quartet, 2JF–F 251.8, 3JF–H 10.5 Hz), 2111.3 (dt, 1F, second
half of an AB quartet, 2JF–F 251.8, 3JF–H 11.1 Hz); m/z (ES) 251 (M +
Na, 100); HRMS calc. for C12H14O2F2Na 251.0860, found 251.0872.

8 S. R. Wilson and M. E. Guazzaroni, J. Org. Chem., 1989, 54, 3087.
9 For other difluoroallylation methods or building blocks, see: Z-Y. Yang

and D. J. Burton, J. Org. Chem., 1991, 56, 1037; J. Gonzalez, M. J. Foti

and S. Elsheimer, Org. Synth., 1995, 72, 225; M. Fujita, M. Obayashi
and T. Hiyama, Tetrahedron, 1988, 44, 4135.

10 M. Schlosser and S. Strunk, Tetrahedron, 1989, 45, 2649.
11 Preparation of 4d: a mixture of allyl homoallyl ether 3d (403 mg, 1.5

mmol) and Grubbs’ catalyst (62 mg, 5 mol%) in dry degassed DCM was
stirred for 24 h under an atmosphere of nitrogen. The mixture was
concentrated in vacuo to give a black oil. Purification by column
chromatography using 5% diethyl ether–light petroleum ether (bp
40–60 °C) as eluent, afforded 4d as a pale yellow oil (350 mg, 97%) (Rf

= 0.30). 1H NMR (CDCl3, 300 MHz) d 7.33–7.27 (m, 5H), 6.30–6.24
(m, 1H), 5.95–5.86 (m, 1H), 4.67 (d, 1H, first half of an AB quartet,
2JH–H 12.1 Hz), 4.59 (d, 1H, second half of an AB quartet, 2JH–H 12.1
Hz), 4.37, 4.18 (m, 2H), 3.98–3.94 (m, 1H), 3.90 (dd, 1H, first half of an
AB quartet, 2JH–H 10.8, 3JH–H 2.4 Hz), 3.71 (dd, 1H, second half of an
AB quartet, 2JH–H 10.8, 3JH–H 7.9 Hz); 13C NMR (CDCl3, 75 MHz) d
137.8, 135.7 (t, 3JC–F 9.0 Hz), 128.5, 127.9, 121.4 (t, 2JC–F 28.0 Hz),
113.9 (dd, 1JC–F 243.0, 235.7 Hz), 77.0 (d, 2JC–F, 30.5 Hz), 73.8, 67.1 (d,
3JC–F, 5.7 Hz), 65.2; 19F NMR (CDCl3, 282 MHz) d 2105.6 (ddt, 1F,
first half of an AB quartet, 2JF–F 274.0, 3JF–H 17.8, 8.9, 4JF–H = 8.9 Hz),
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The pathway of the palladium catalysed methoxycarbonyla-
tion of ethene to methyl propanoate has been shown to occur
via a hydride rather than a methoxycarbonyl cycle and all
the intermediates in this cycle have been unambiguously
identified by multinuclear NMR spectroscopy and 13C-
labelling.

The alkoxycarbonylation of alkenes is of increasing scientific
and technological importance. This reaction can give rise to a
broad spectrum of products; for ethene, this can range from high
melting thermoplastic polymers—the so called ‘polyketones’ to
low boiling liquids such as methyl propanoate. The former
materials have attracted more attention in the literature as they
have been developed into commercial products.1 Our work
focuses on methyl propanoate, a key intermediate in the
manufacture of methyl methacrylate, an important monomer
produced annually on a multi-million tonne scale world
wide.2

A new catalyst for the production of methyl propanoate
(MeP) via the palladium catalysed methoxycarbonylation of
ethene has recently been reported.3 The catalyst, generated
in situ via the reaction of [Pd(L–L)(dba)] [L–L =
1,2-(CH2PBut

2)2C6H4; dba = trans,trans-(PhCHNCH)2CO]
with e.g. methanesulfonic acid, gives MeP with a selectivity of
99.98% at a production rate of 50 000 mol product (mol Pd)21

h21 under very mild conditions (353 K and 10 atm pressure of
CO–C2H4). Two alternative mechanistic pathways have been
proposed for this type of reaction, i.e. a hydride or a methoxy
cycle (A and B respectively in Scheme 1).1 Here, we report an
investigation which provides unambiguous spectroscopic evi-
dence for all the intermediates in the hydride catalytic cycle (A
in Scheme 1).

The complex [Pd(L–L)(dba)] reacts in MeOH with HBF4 or
CF3SO3H in the presence of oxygen or benzoquinone (BQ) to
give selectively a new compound, which can be formulated as
either the neutral complex [Pd(L–L)HX] {X = [BF4]2 1a, X =
[CF3SO3]2 1b} or the solvento-cation [Pd(L–L)H(MeOH)]X
{X = [BF4]2 2a, X = [CF3SO3]2, 2b}. We prefer the cationic
formulation 2 since variable temperature 31P and 1H NMR

spectra of the products resulting from the reaction with HBF4 do
not show any coupling to fluorine. Furthermore, the 31P{1H},
31P and 1H NMR spectra of 2b at room temperature in MeOH
are very similar to those of 2a and are entirely consistent with
the proposed structure in which the anion is present only as a
non-coordinating counter ion. Thus, the 31P{1H} NMR spec-
trum of 2b consists of two resonances due to the inequivalent
cis-P-atoms [d 25.8 and 77.5; 2J(PA–PB) 17 Hz] and the
resonance at d 25.8 is assigned to PB since it shows additional
coupling to the trans-hydride [2J(PB–H) 179 Hz]. In order to
avoid H/D exchange, the 1H NMR spectrum was recorded in
MeOH using the 1H/31P correlations measured via zero and
double quantum coherences.4 The hydride resonance consists of
a doublet of doublets at d210 [2J(P–H) 179 and 14 Hz], due to
the trans- and cis-couplings respectively).

On carrying out the above reaction in CD3OD, the new
deuterides [Pd(L–L)D(CD3OD)]X {X = [BF4]2 2c, X =
[CF3SO3]2 2d} can be isolated and their 31P{1H} NMR spectra
are exactly in accord with their formulation; the resonance at d
25.8 due to PB is clearly a sextet [2J(PA–PB) 17 Hz and 2J(PB–D)
27 Hz].

The hydride complex 2 reacts immediately with ethene at
room temperature. Thus, addition of 1 equivalent of ethene to 2
results in the complete formation of the cationic complex
[Pd(L–L)Et(MeOH)]X {X = [BF4]2 3a, X = [CF3SO3]2 3b}
and there is no further reaction on addition of more ethene. The
31P{1H} NMR spectra of 3a and 3b in MeOH at 193 K consist
of two doublets [d 36.1 and 68.0; 2J(PA–PB), 31 Hz] and 2J(PB–
H) has completely disappeared. In order to confirm the
formulation of 3, the reaction of 2b was repeated with
13CH2NCH2. In this case, there is a doublet at d 68 [2J(PA–PB),
31 Hz] in the 31P{1H} NMR spectrum (at 193 K) and a more
complicated multiplet at d 36.1 (Fig. 1). As a result of using
13CH2NCH2, a 1 : 1 mixture of two isotopomers of 3b is formed,
i.e. [Pd(L–L)(CH2

13CH3)(MeOH)]+ 3c and [Pd(L–
L)(13CH2CH3)(MeOH)]+ 3d. For 3c, the phosphorus trans to
the ethyl group (PB) couples only with the cis-phosphorus PA
[2J(PA–PB) 31 Hz] whereas in 3d, PB couples with both PA and
the trans carbon atom [2J(PB–C) 38 Hz], resulting in a doublet
of doublets (Fig. 1). The 13C{1H} NMR spectrum of the 1 : 1
mixture of the two isotopomers 3c and 3d at 193 K consists of
a singlet at d 8 (CH3) and a doublet of doublets at d 31 due to the
CH2 group [2J(PA–C) 5 Hz, 2J(PB–C) 38 Hz]; the proton
coupled 13C NMR spectrum at 193 K shows the expected
couplings due to the CH3 and CH2 groups [1J(C–H) 124 and 158
Hz, respectively].

Scheme 1 Alternative reactive functional groups in the methoxycarbonyla-
tion of ethene (A, hydride cycle; B, methoxycarbonyl cycle).
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The ethyl complex 3 is also quite stable in THF at low
temperature. In this solvent the species [Pd(L–L)Et(THF)]+ 3e
is present [in THF at 193 K, d(PA) 67.9, d(PB) 37.1; 2J(PA–PB)
31.5 Hz]). On adding 1 equivalent of CO to 3e in THF, [Pd(L–
L)(COEt)(THF)]+ 4 is formed immediately and the 31P{1H}
NMR spectrum at 193 K consists of two doublets [d 79.9 and
32.5; 2J(PA–PB) 40 Hz]. On using 13CO, both 31P resonances
become doublets of doublets owing to additional couplings
[2J(PB–C) 82.9 Hz, 2J(PA–C) 18.2 Hz] and, in the 13C{1H}
NMR spectrum at 193 K, the 13C(O)C2H5 group is clearly
identified at d 232 as a doublet of doublets due to cis and trans
2J(P–C).

On addition of a trace of MeOH to a THF solution of 4, even
at low temperature, there is an immediate reaction to regenerate
the palladium hydride complex 2 with the formation of
EtCO2Me (MeP). In methanol solution, 3 reacts immediately,
even at low temperatures, with CO to give 2 and MeP,
presumably via an acyl intermediate analogous to 4.

The synthesis and reactivity of 2 provides important
information on the mechanism involved in the methoxy-
carbonylation of ethene promoted by this particular class of
catalyst. The nature of all the intermediates (2, 3 and 4) involved

in the hydride catalytic cycle (A in Scheme 1) has been
determined and the chemical connections between these
intermediates demonstrated.

It has been previously claimed that both the catalytic cycles,
i.e. A and B in Scheme 1, are involved for the catalysts used for
the synthesis of polyketones.1,5 Moreover, it has been suggested
that the methoxy cycle is the dominant cycle in the presence of
oxidants (e.g. BQ).1 These data have always been explained on
the basis of the fact that Pd–hydrides are usually oxidised to
give Pd–methoxy complexes in MeOH in the presence of
oxidants.1,6 However, we find that 2 is very stable in the
presence of oxidants; oxygen can be bubbled through a
methanol solution of 2 for 20–30 min at temperatures as high as
353 K without reaction; 2 is also stable in the presence of an
excess of BQ ( < 7 equivalents) on the timescale of the catalysis.
In all cases, the only reaction observed on addition of further
BQ is the metallation of the phosphine ligands3 and there is no
evidence for the formation of any methoxy complex. Hence, all
the above data provide strong evidence in support of the
hypothesis that the methoxycarbonylation of ethene promoted
by [Pd(L–L)(dba)] follows the hydride catalytic cycle (A in
Scheme 1).
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Fig. 1 31P NMR spectrum at 193 K of the two isotopomers 3c and 3d formed
on reaction of 13CH2N12CH2 with [Pd(L–L)H(MeOH)]+ 2, in MeOH.
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Ruthenium-catalyzed hydrogen transfer from (S)-a-deu-
terio-a-phenylethanol [(S)-1] to acetophenone with catalyst
3 occurs with retention of deuterium at the a-carbon of the
alcohol product whereas H/D scrambling occurs with
catalyst 2.

Hydrogen transfer reactions in which hydrogen is transferred
from one organic molecule to another is of great importance in
organic synthesis since one can avoid the use of molecular
hydrogen.1,2 In particular the reaction in which one equivalent
of hydrogen is transferred from an alcohol to a ketone [eqn. (1)]

has become useful. This transformation has been known since
19253,4 and in the original version an aluminium alkoxide was
employed as promotor [Meerwein–Ponndorf–Verley (MPV)
reduction and Oppenauer oxidation].1 In these reactions a direct
transfer of a hydride is supposed to take place (Fig. 1, A).5

More recently, transition metal-catalyzed versions of these
reactions have been developed.6,7 The latter reactions are
supposed to involve metal hydride intermediates7,8 (Fig. 1, B)
and recently hydride intermediates were isolated from ruthe-
nium–catalyzed hydrogen transfer reactions.9,10 An interesting
question is whether the metal hydride arises purely from the a-
hydrogen of the secondary alcohol (path I, Scheme 1) or if
hydride on the metal also originates from the OH group (path II,
Scheme 1).

To answer this question and to gain further insight into the
mechanism of hydrogen transfer reactions we have studied the
ruthenium-catalyzed hydrogen transfer from (S)-a-deuterated
a-phenylethanol [(S)-1)] to acetophenone [eqn. (2)].

The use of enantiomerically pure a-deuterated alcohol (S)-1
makes it possible to monitor the progress of the reaction since

the hydrogen transfer catalyzed by the achiral catalyst should
lead to racemization. The alcohol (S)-1 is readily obtained from
the enzymatic resolution of the corresponding racemic alco-
hol.11 The latter was in turn obtained from LiAlD4 reduction of
acetophenone.

Ruthenium-catalyzed reaction of (S)-1 with acetophenone
resulted in moderate to slow racemization of the alcohol. Two
different catalysts 2 and 3 were used in the present study. The

important question is to what extent deuterium is retained in the
racemized alcohol. The racemization of (S)-1 with both
catalysts was carried out in aprotic as well as in protic solvents
(Table 1). The reaction of (S)-1 with 2 as the catalyst in THF in
the presence of base and 0.5% of water resulted in complete
racemization within 4 h (Table 1, entry 1). 1H NMR and MS
analyses showed that a significant loss of the deuterium had
occurred and the deuterium content in the a-position was only
37%. In contrast, when 3 was employed as catalyst in the
racemization of (S)-1, which took 24 h, essentially all of the
deuterium was maintained in the a-position of the alcohol
(entry 2). When the racemization experiment was carried out in
a protic solvent (ButOH) catalyst 2 gave a dramatic drop in the
deuterium content to 15% (entry 3), whereas with catalyst 3 a
high a-deuterium content was still maintained (91% D, entry 4).
Interestingly, when catalyst 3 was employed in toluene, (S)-1
gave a racemized product with 82% deuterium in the a-position.
This suggests that slow aromatic activation of toluene by the
active catalyst takes place leading to some H/D exchange.

The results from the racemization of (S)-1† suggest that
catalysts 2 and 3 operate by two different mechanisms. With
catalyst 2 it is evident that the hydride on the metal arises both
from the a-position and the OH group of the alcohol (path II,
Scheme 1), whereas with catalyst 3 the hydride arises only from
the a-position (path I, Scheme 1). The former mechanism (path

Fig. 1

Scheme 1 Table 1 Racemization of (S)-1 via Ru-catalyzed hydrogen transfera

Entry Catalyst Base Solvent
Water
(%) t/h Resultb

1 2 NaOH THF 0.5 4 37% D
2 3 — THF — 24 95% D
3 3 — ButOH 0.5 72 91% D
4 2 NaOH ButOH 0.5 4 15% D
5 3 — Toluene — 24 82% D
a 2 mol% of the catalyst was employed together with 1 equiv. of
acetophenone at 70 °C. b The deuterium content was determined by 1H
NMR and also by mass spectrometry and refers to the amount in the a-
position.
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II) is expected to give a H/D ratio of 50/50 in the a-position of
the racemized alcohol from (S)-1. With path I (Scheme 1), (S)-1
would give only ruthenium deuteride and as a result the a-
position would be 100% deuterated in the racemized product.

The mechanism for catalyst 3, which follows path 1, probably
involves an intermediate in which the hydrogen transferred to
the carbonyl carbon comes from the metal and the hydrogen
transferred to the ketone oxygen arises from the OH group of the
catalyst (Fig. 2). This may involve insertion of the ketone into
a Ru–D bond followed by protonation of the ruthenium
alkoxide by the OH group. In the reversed reaction a b-
elimination from the alkoxide gives the ruthenium deuteride.
This is in line with the mechanism proposed in our previous
studies on ruthenium-catalyzed hydrogen transfer reactions
with catalyst 3.12

In the hydrogen transfer reaction with catalyst 2 it is known
that the chlorides are eliminated under the formation of a
ruthenium dihydride species.9 With substrate (S)-1 a di-
deuterated complex 4 would be formed, which can react with
the ketone to give a ruthenium(0) complex RuL3 5 after
reductive elimination (Scheme 2). The latter complex should be
in equilibrium with 4.

In the catalytic cycle (Scheme 2) oxidative addition of (S)-1
to 5 would give a ruthenium alkoxide, which on b-elimination
produces acetophenone and DRuHL3 4A. The mixed hydride-
deuteride species 4A can now add to acetophenone, and after
reductive elimination, the alcohol obtained would have deute-
rium scrambled between the a- and oxygen-positions. Any
exchange with protons in the medium (e.g. a protic solvent) at
this stage will lower the deuterium content of 1 by exchange of
deuterium in the oxygen-position (cf. entry 4, Table 1). This is

in contrast to catalyst 3 for which there will be no such H/D
exchange since the hydride on the metal only arises from the a-
position of the alcohol.

In conclusion, the results presented here show that quite
different mechanisms may operate in ruthenium-catalyzed
hydrogen transfer. Evidence is provided that catalyst 2 does not
distinguish between the a-hydrogen and the OH hydrogen in
hydrogen transfer from an alcohol to a ketone. In contrast,
catalyst 3 selectively transfers the a-hydrogen to the carbonyl
group and the OH hydrogen to the keto oxygen in the
corresponding hydrogen transfer.

Financial support from the Swedish Natural Science Re-
search Council and the Swedish Foundation for Strategic
Research is gratefully acknowledged.

Notes and references
† Typical procedure for racemization of (S)-1: the ruthenium catalyst (2
mol%) and the base (10 mol%) were placed in a Schlenk tube, which was
evacuated and filled with argon. Argon was bubbled through a solution of
(S)-1 (123 mg, 1 mmol) and acetophenone (120 mg, 1 mmol) in 1.25 ml of
the appropriate solvent and transferred via a canula to the Schlenk tube
containing the catalyst. The reaction mixture was heated to 70 °C (when
THF was used as the solvent, the Schlenk tube was sealed with the help of
a stopcock). The reaction was followed by chiral GC, worked up by
filtration through a bed of Celite and purified by column chromatography.
The racemized alcohol obtained was analyzed by 1H NMR and MS for the
deuterium content in the a-position.
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Fig. 2

Scheme 2 Hydrogen transfer with catalyst 2.
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A catalytic method for a-hydroxy carbon radical generation
from alcohols has been developed and a convenient and
synthetically useful approach to a-hydroxy-g-lactones con-
structed.

Free radical reactions have attracted much attention in the
synthesis of organic compounds because of their many
advantages over ionic reactions, and therefore a variety of
methodologies have been developed for the generation of
carbon radicals.1 To our knowledge, however, a limited number
of methods, e.g. peroxide-1,2 and photo-1,3 initiated techniques
and redox systems using metal ions,1,4 have been used for the
generation of carbon radicals from alcohols. Therefore, we
believe that the catalytic carbon radical formation from alcohols
and its use in organic synthesis are of interest and very useful as
a synthetic tool. However, such a method has, as yet, not been
realized.

Recently, we have shown that phthalimide N-oxyl (PINO),
generated from N-hydroxyphthalimide (NHPI) and dioxygen,
can abstract the hydrogen atom from alkanes to form alkyl
radicals which are readily captured by O2 to give oxygenated
compounds such as alcohols, ketones and carboxylic acids.5 As
an application of this procedure, we report here, the first
successful catalytic a-hydroxy carbon radical generation from
alcohols using NHPI combined with cobalt species as the
catalyst under O2 (1 atm) and trapping the resulting a-hydroxy
radicals by a,b-unsaturated esters leading to a-hydroxy-g-
lactones which are very difficult to obtain by conventional
methods. Such lactones are very attractive as valuable synthetic
precursors for species such as a,b-butenolides which have
potent biological activity6 as well as fine chemicals which are
expected to be widely used in chemical industry.7

An outline of our approach is shown in Scheme 1: (i) in situ
generation of an a-hydroxy carbon radical Aa from an alcohol
assisted by NHPI/Co(II) under O2; (ii) the addition of the radical
Aa to an a,b-unsaturated ester; (iii) trapping of the radical B by

O2; (iv) the intramolecular cyclization of the resulting 1,3-diol
C to yield a-hydroxy-g-lactone 3.

Initially, the generation of an a-hydroxy carbon radical from
isopropyl alcohol 1a and the trapping of this radical by methyl
acrylate 2a were examined by the use of three different
combined catalytic systems: NHPI/Co(OAc)2 I, NHPI/Co
(acac)3 II and NHPI/Co(OAc)2/Co(acac)3 III under O2 (1 atm)
at 60 °C, leading to a-hydroxy-g,g-dimethyl-g-butyrolactone
3a in 27–78% yields (Fig. 1).† Inspection of Fig. 1 indicates that
the reaction via catalyst I is terminated at an early stage and that
catalyst II gives a higher yield of 3a, although an induction
period of 3 h was observed. The Co(III) ion is well known to be
gradually reduced to Co(II) by organic substrates via a one-
electron transfer process.8 Therefore, it is thought that the
induction period observed in the catalytic system II would
correspond to the time required for the generation of Co(II)
during the reaction. In order to shorten the induction period, we
carried out the above reaction by adding a small amount of
Co(II) ion [as Co(OAc)2] to the NHPI/Co(III) system. As
expected, a reduction of the induction period of the reaction was
observed, and the best yield of 3a (78%) was obtained by the use
of the catalytic system III. On the basis of these results, a
variety of alkenes were treated with 1a under O2 using the
NHPI/Co(OAc)2/Co(acac)3 system (Table 1).

Scheme 1

Fig. 1 Time dependence for the reaction of isopropyl alcohol 1a with methyl
acrylate 2a to give 3a under O2 (1 atm) using NHPI/Co(OAc)2 I, NHPI/
Co(acac)3 II and NHPI/Co(OAc)2/Co(acac)3 III. 2a (3 mmol) was reacted
with 1a (10 equiv.) in the presence of NHPI (10 mol%) under O2 (1 atm),
60 °C in MeCN (0.5 mL). I: Co(OAc)2 (1 mol%), II: Co(acac)3 (1 mol%),
III: Co(OAc)2 (0.1 mol%) and Co(acac)3 (1 mol%).

Table 1 Reaction of various alkenes CHR2NCR1CO2Me with 1aa

Run R1 R2 Alkene T/°C Yield of 3b–d (%)b

1 Me H 2b 70 71 (3b)
2 H Me 2c 70 14 (74/26)c (3c)
3d,e H CO2Me 2df 25 90 (76/24)c (3d)
4d H CO2Me 2e 25 86 (75/25)c (3d)

a 2 (3 mmol) was reacted with 1a (10 equiv.) under O2 (1 atm) in the
presence of NHPI (10 mol%), Co(OAc)2 (0.1 mol%) and Co(acac)3 (1
mol%) in MeCN (0.5 mL) for 8 h. b Isolated yield. c trans/cis ratio.
d Reaction was carried out in the presence of Co(OAc)2 (1 mol%) without
Co(acac)3. e 24 h. Air used. f Maleate.
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From a- and b-methyl substituted acrylates, methacrylate 2b
and crotonate 2c, the corresponding a-hydroxy-g-lactones, 3b
and 3c, were obtained in 71 and 14% yields, respectively. The
lower reactivity of 2c may be due to the b-CH3 group which
exerts steric hindrance towards the attacking radical Aa.9
Reactions with methyl maleate 2d and methyl fumarate 2e
proceeded smoothly even at 25 °C to afford a-hydroxy-b-
carbomethoxy-g-lactone 3d in excellent yields, respectively. It
is known that the incorporation of an electron-withdrawing
substituent into the alkene decreases the SOMO–LUMO energy
difference, and thus increases the rate of addition of alkyl
radicals which possess nucleophilic reactivity.9

This new method for the construction of a-hydroxy-g-
lactones was quite general for a variety of alcohols (Table 2).‡
From cyclic alcohols, a-hydroxy-g-spirolactones, which so far
have been very difficult to synthesize, were obtained in high
yields. Like secondary alcohols, the primary alcohol, hexa-
1-nol 1j, was found to generate the 1-hydroxyhexyl radical
which then adds to 2a, giving the corresponding g-lactone 3j
(41%).

From viewpoints of low cost material, reaction efficiency and
reaction simplicity, the present reaction is an innovative
approach for the synthesis of a-hydroxy-g-lactones which have
considerable industrial potential.10

To gain further insight into the role of the cobalt species in the
present reaction, the reaction of 1a with 2a by the NHPI/Co(II)
system at room temperature was compared with that by the
NHPI/Co(III) system [eqn. (1)]. The reaction via the NHPI/
Co(II) system occurred at room temperature to give 3a in
excellent selectivity (92%) at 37% conversion, while the same
reaction with the NHPI/Co(III) system was not observed even
after 24 h. These results indicate that the presence of Co(II) is

important to initiate the reaction. In a previous paper, we
reported that a Co(III)–dioxygen complex derived from Co(II)
species and O2 accelerates the generation of PINO from NHPI.5
Efforts to expand this method and to elucidate the reaction
mechanisms are currently in progress.

This work was supported by the Japan Society for the
Promotion of Science under the Research for the Future
program JSPS and a Grant-in-Aid for Scientific Research on
Priority Areas from the Ministry of Education, Science and
Culture, Japan.

Notes and references
† Typical procedure for the synthesis of a-hydroxy-g-lactones 3a: to a
solution of alcohol 1a (30 mmol), NHPI (0.3 mmol), Co(OAc)2 (0.003
mmol) and Co(acac)3 (0.03 mmol) in acetonitrile (0.5 mL) in a two-necked
flask equipped a balloon filled with O2 (1 atm) was added 2a (3 mmol).
After the mixture was vigorously stirred at 60 °C for 5 h, rotary evaporation
of the solvent and unreacted alcohol followed by flash chromatography on
silica gel afforded dihydro-3-hydroxy-5,5-dimethyl-2(3H)-furanone 3a
(78% yield).
‡ The present reaction resulted in concomitant formation of oxidation
products, ketones or aldehydes, of the alcohols in the range of 0.6 to 1.2-fold
of the resulting lactones.
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Excellent enantioselectivity (e.g. 92% ee for 2,2-dimethyl-
chromene) has been achieved in heterogeneous asymmetric
epoxidation using a polymer-bound (pyrrolidine salen)-
manganese(III) complex; however, this polymeric catalyst
underwent partial decomposition under epoxidation condi-
tions.

Catalytic asymmetric epoxidation of alkenes presents a power-
ful strategy for the synthesis of enantiomerically enriched
epoxides. Among several catalytic methods, the asymmetric
epoxidation of unfuntionalised alkenes catalysed by chiral salen
manganese complexes, e.g. the compound 1 developed by
Jacobsen et al. is one of the most relevant methods.1

Recently, several attempts to build heterogeneous systems by
the covalent attachment of Jacobsen-type catalysts to insoluble
solid supports have been made.2,3 Facilitation of catalyst
separation, catalyst reuse and an increase in stability of the
catalyst [e.g. minimisation of the possibility of formation of
inactive m-oxo-manganese(IV) species4] are the main objectives
of such research. However, the results obtained so far are rather
disappointing. This is perhaps not surprising since most of
approaches have been focussed on copolymerisation of bis-
styryl derivatives of chiral salen ligands.2a–f Such systems may
show steric restriction for complex formation. Recently,
Sherrington and coworkers2g have reported a series of polymer
supported chiral (salen)Mn complexes, where the chiral cata-
lytic unit was immobilised in a pendant fashion by only one of
its aromatic rings to polymer supports to minimise local steric
restriction. In one case, a very high ee (91%) was achieved in
the epoxidation of 1-phenylcyclohexene, although the yield of
the corresponding epoxide was relatively low (49%).

We now report the synthesis and application of a polymer-
bound chiral (pyrrolidine salen)manganese(III) complex 2, in
which the (pyrrolidine salen)Mn moiety is attached by a single
flexible linkage via the N-atom of the pyrrolidine moiety to the
polymer support.

The dark brown polymeric complex 2 was prepared as shown
in Scheme 1 by the reaction of NovaSyn® TG amino resin LL5

with the chiral pyrrolidine salen derivative 4, followed by
treatment with Mn(OAc)2•4H2O in the presence of an excess of
NaCl. In order to remove soluble (salen)Mn species which
could interfere with the catalysis, the polymeric catalyst 2 was
extracted in a Soxhlet device with MeOH for 24 h. Manganese
analysis of 2 indicated that 0.11 mmol g21 of the (salen)Mn
complex was incorporated. The chiral pyrrolidine salen deriva-

tive 4 was readily prepared in 86% yield by the reaction of 36

with glutaric anhydride in the presence of triethylamine and
DMAP (CH2Cl2, 12 h, room temp.). To compare the catalytic
efficiency in homogeneous and heterogeneous reactions, the
homogeneous analogue 1a was also prepared by a similar
procedure.

Catalytic asymmetric epoxidations were carried out in the
presence of 4 mol% of catalyst using NaOCl–PPNO (4-phenyl-
pyridine N-oxide) or MCPBA–NMO as the oxidant system. The
conditions were typical of those reported in the use of the
soluble Jacobsen catalyst 17 and the results obtained are shown
in Table 1.

As a control experiment, we first investigated the catalytic
efficiency (activity and enantioselectivity) of the monomeric
analogue 1a of the polymeric catalyst 2. We were pleased to
find that this catalyst was nearly as effective as Jacobsen’s
catalyst 1 (Table 1, entries 1 and 2). This result means that the
chiral pyrrolidine salen moiety appears to be an appropriate
chiral scaffold for the asymmetric epoxidation catalyst. With
these results in hand, we turned to studying polymer-bound
catalyst 2. As shown in Table 1, the polymer-bound catalyst 2
exhibited quite satisfactory results, although the activity and
enantioselectivity were still slightly lower than those obtained
with its homogeneous analogue 1a. In general, the reaction with
MCPBA as the oxidant proceeded much faster than with NaOCl
and afforded higher ee values. For example, the epoxidation of
2,2-dimethylchromene with MCPBA was completed in 1.5 h,
affording the corresponding oxide with very high ee (92% ee,
entry 4). On the other hand, the same reaction with NaOCl,

Scheme 1 Reagents and conditions: i, glutaric anhydride, NEt3, DMAP,
CH2Cl2, room temp., 12 h; ii, NovaSyn® TG amino resin LL (ref. 5),
1-hydroxybenzotriazole hydrate, NEtPri

2, 1.3-diisopropylcarbodiimide,
DMF–CH2Cl2, room temp., 15 h; iii, Mn(OAc)2•4H2O, EtOH–toluene, 85
°C, air, 12 h, then NaCl(aq).
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which was carried out under two-phase conditions, required 24
h for a comparable degree of conversion and gave the epoxide
with 87% ee (entry 3). The polymeric catalyst 2 could be simply
recovered by filtration so enabling catalyst recycling. However,
the polymer-bound catalyst 2 underwent partial decomposition
under epoxidation condition. The initially dark brown resin was
more or less decolourised after the reaction. When MCPBA was
used as oxidant, much more severe decolourisation was
observed than when NaOCl was used. This result is in accord
with results of Skarzewski et al., who also observed a fairly high
resistance to degradation when NaOCl is used as an oxidant for
salen complexes with tert-butyl groups at the 5- and 5A-
positions.8 This tendency of salen manganese catalysts to
undergo decomposition under epoxidation conditions could
limit successful recycling of immobilised catalyst.9

In summary, we have prepared a promising class of polymer-
bound catalyst for heterogeneous asymmetric epoxidation of
alkenes. Our results showed that polymeric catalyst 2 showed a
comparable degree of enantioselectivity (92% ee for 2,2-dime-
thylchromene) in asymmetric epoxidation of alkenes to that
obtained with its homogeneous analogue 1a. However, the
activity and enantioselectivity of the polymeric catalyst 2 are
highly dependent on epoxidation conditions, and, moreover, the
degree of decomposition of catalyst also seems to be highly
influenced by oxidation conditions. Therefore, to carry out
heterogeneous asymmetric epoxidation successfully, not only
the design of supported catalysts, but also the selection of
appropriate oxidation conditions are very important. More
detailed studies concerning the optimisation of both catalyst
structure (to increase activity and enantioselectivity by modify-
ing the spacer length and resin morphology, etc.) and reaction

conditions (to minimise catalyst decomposition) are currently in
progress.

This research was supported by a grant from Ministry of
Science and Technology in Korea.

Notes and references
† Asymmetric epoxidation using polymer-bound catalyst 2.

Using NaOCl as the oxidant: resin beads of 2 (202 mg) were stirred in
CH2Cl2 (2 mL) for 1 h. Alkene (0.54 mmol) and 4-phenylpyridine N-oxide
(18.5 mg, 0.108 mmol) were then added and the mixture was cooled to 0 °C.
To this mixture buffered NaOCl (0.81 mmol, pH = 11.3) was added and the
reaction was stirred at 0 °C. At the end of the reaction, the suspension was
filtered off and resin beads were washed with CH2Cl2. The filtrate was
washed with brine and dried (MgSO4). After removal of the solvent under
reduced pressure, the residue was purified by column chromatography.

Using MCPBA as the oxidant: resin beads of 2 (202 mg) were poured into
a solution containing 2.7 mmol (316 mg) of N-methylmorpholine N-oxide
dissolved in CH2Cl2 (4 mL). Alkene (0.54 mmol) was then added and the
mixture was cooled to 278 °C. Solid MCPBA (1.08 mmol, 186 mg) was
then added as a solid in four roughly equal portions over a 2 min period. The
reaction mixture was stirred at 278 °C and the progress of the reaction was
monitored by TLC. At the end of the reaction, the suspension was filtered
off and resin beads were washed with CH2Cl2. The filtrate was washed with
1 M NaOH, brine and dried. After removal of the solvent under reduced
pressure, the residue was purified by column chromatography.

The ee values of products were determined by chiral HPLC or chiral GC:
For 3,4-epoxy-2,2-dimethylchroman: Daicel Chiralpak AD, propan-2-ol–
hexane (5+95), 0.8 mL min21; 9.30 min (3R,4R), 10.63 min (3S,4S); for
3,4-epoxy-6-cyano-2,2-dimethylchroman: Daicel Chiralcel OJ, propan-
2-ol–hexane (30+70), 1 mL min21; 13.95 min (3R,4R), 26.88 min (3S,4S);
for 1-phenylcyclohexene oxide: see ref. 7(b).
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Table 1 Asymmetric epoxidation of alkenes catalysed by polymer-bound
chiral (salen)MnIII complex 2 or its homogeneous analogue 1aa
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Triply-bridged disilver complexes [Ag2(m2-dppa-P,PA)3(an-
ion)2] form selectively and are stabilised by many aromatic
interactions.

Multimetallic ‘coordination clusters’ which assemble from
metal ions and multidentate bridging ligands currently attract
much interest.1 In most cases, their structures can be predicted
from the geometries of the rigid bridging ligand and the metal
ion used (e.g. square planar or octahedral). By contrast,
silver(I)–phosphine complexes exhibit varying coordination
numbers, and often dissociative equilibria. Therefore more
subtle ‘secondary’ factors might control product selectivity in
the formation of a multisilver complex with bridging phos-
phines. Some known multisilver and -copper complexes with
bridging phosphines2 are shown in Fig. 1. Some of these have
quite unexpected structures, e.g. the hexanuclear adamantanoid
triphos cages b.2j With flexible diphosphines Ph2P(CH2)nPPh2,
silver(I) or copper(I) salts with oxo-anions selectively form
dinuclear (2+2) macrocycles, e.g. a. The larger rings of this type
(up to 18-membered) are stabilised by bridging oxo anions. This
stabilisation is enabled by the flexibility of the diphosphine,
which allows the P lone pairs to point inwards, setting up the
metals for anion bridging.

Bis(diphenylphosphino)acetylene (Ph2P–C·C–PPh2, dppa),
by contrast, cannot have inwardly pointing lone pairs owing to
its rigidity. We were therefore interested to discover what type
of stable non-dissociating structure, if any, this ligand would
cause to form.

At room temperature, solutions of equimolar mixtures of
dppa and AgX (X = SbF6 or OTf) in CDCl3–MeNO2 (2+1)
gave 31P NMR spectra (121 MHz) which were broad and did not
show Ag–P coupling, suggesting dissociation of the Ag–P
bonds on the NMR timescale. At 260 °C, this process is slow
on the NMR timescale and only sharp lines characteristic of
coupling to 107Ag and 109Ag were seen. 95% of the spectral
intensity was due to a mixture of three species, each with
distinctly different coupling constants corresponding to AgP
(767 Hz), AgP2 (505 Hz) and AgP3 (377 Hz) coordination

centres.3 The lowest nuclearity structures which could account
for these coordination centres are indicated in Scheme 1.
Therefore the rigid dppa ligand does not selectively produce a
2+2 macrocycle 2, but instead favours some disproportionation
to the 1+2 and 3+2 structures 1 and 3.

We therefore investigated the selective formation of triply-
bridged complex 3, at the appropriate 3+2 ligand to metal ratio.
The reaction of 3 equivalents of dppa with 2 equivalents of
AgSbF6 did indeed lead quantitatively to this product. This
behaviour was further found to be general to the salts AgX (X
= BF4 3a, SbF6 3b NO3 3c, OTf 3d).† Unusually for silver-
phosphine complexes, 3a–d show no evidence of Ag–P
dissociation at room temperature on the NMR timescale (at 121
MHz). A 19F{1H}-HOESY spectrum4 in CDCl3 revealed an
interionic contact between the BF4

2 and the dppa ortho protons
(of < 4.5–5 Å), showing that complex 3 exists as a tight ion-pair
in this solvent.

Crystals obtained from chloroform–nitromethane–diethyl
ether had the composition [Ag2(m2-dppa-P,PA)3-
(BF4)2]·0.5CHCl3·1.5MeNO2 as established by single crystal
X-ray crystallography (Fig. 2).‡ Consistent with the NMR data,
there is trigonal geometry at silver, although with pyramidal
distortion toward the BF4 anions (distances of Ag1 and Ag2
from their P3 planes are 0.55 and 0.54 Å, respectively). The two
Ag(I) centres are linked by three bridging dppa ligands with
outwardly bent P–C·C–P backbones, and C·C–P angles lying
in the range 171.3(4)–175.1(4)°. This strain results from the
mismatch between distorted tetrahedral geometry at phosphorus
and pseudo-cofacial silver coordination centres, and is partially
alleviated by the pyramidal distortion at silver. There is a helical
twist of ca. 27°, about the Ag…Ag axis, taken as the average of
the torsion angles P(1)–Ag(1)–Ag(2)–P(2), P(3)–Ag(1)–Ag(2)–
P(4) and P(5)–Ag(1)–Ag(2)–P(6). The crystalline material is
achiral however, each unit cell containing two molecules of
each enantiomer. There is small void at the centre (dimensions:
Ag to molecular centroid 2.83 Å, typical C·C centroid to
molecular centroid 2.48 Å).

Perhaps importantly, there are sixteen intramolecular aro-
matic contacts of both stacking and C–H…p types in the range

Fig. 1 Multisilver complexes with bridging multidentate phosphines: diphos
macrocycles (a), triphosphine cages (b and c), and a tetraphosphine helicate
(d).

Scheme 1 The distribution of products from equimolar amounts of dppa and
AgSbF6.
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3.5–3.8 Å (C–C distance) between the twelve phenyl groups.
An impression of the clustering of aromatic groups can be
gained from Fig. 3. Though individually weak, in combination
these contacts may contribute significantly to the observed
stability of complexes 3 in solution. Multiple aromatic inter-
actions also occur in the triphos cage complexes [Ag6-
(triphos)4(oxo-anion)]2+, and furthermore, may be responsible
for their unexpected structure.2j The 1H NMR spectrum of 3a
(260 °C, 500 MHz) shows only one type of phenyl group
suggesting that in solution it is either not helical or rapidly
interconverts between enantiomers. Much interest has been
shown in triple helicates,4 and most are based on tris-chelate
metal centres. Relevant exceptions are the Cu3L3 complex of
Potts et al.5a with trigonal coordination, and the Ag3L3 toroidal
triple helix with two-coordination at silver reported by Williams
et al.5b We note with interest that the related dppa complexes
[(CO)3Mo(m2-dppa-P,PA)3Mo(CO)3]6a and [BuTeCu(m2-dppa-
P,PA)3CuTeBu]6b are also helical. In contrast to complex 3a, as
a consequence of their higher coordination numbers and
correspondingly smaller P–M–P angles, these complexes have
longer, narrower central voids (Mo–Mo distance 7.38 Å, Cu–Cu
distance 6.40 Å).

In conclusion, complexes 3a–d are a novel type of stable
disilver complex with triply-bridging diphosphines. They
assemble selectively from a 3+2 ligand to metal ratio, and
unusually their Ag–P bonds do not dissociate on the NMR
timescale at room temperature. Interesting structural features
are the many intramolecular aromatic interactions, the central
void and helical twist. The aromatic interactions may explain

their selective assembly and stability in solution. This has
implications for coordination-based self-assembly with flexible
ligands or where the metal has no clearly preferred coordination
number.

We are grateful to Dr Graham Saunders and Dr Graeme
Hogarth for valuable discussions.

Notes and references
† To a solution of AgX (0.44 mmol) in nitromethane–acetonitrile or
acetonitrile (8 ml) was added a solution of dppa (263 mg, 0.66 mmol) in
CHCl3 (10 ml). Layering with diethyl ether gave colourless prisms in
> 90% yield. 3a (X = BF4) dP 19.4, 1J(109Ag31P) 377 Hz, 3b (X = SbF6)
1J(109Ag31P) 360 Hz, 3c (X = NO3) 1J(109Ag31P) 336 Hz, 3d (X = OTf)
1J(109Ag31P) 336 Hz. dH(CDCl3): 1a (X = BF4) 7.56 (m, 24H, Hortho), 7.27
(t, 1.8 Hz, 12H, Hpara), 7.10 (t, 1.8 Hz, 24H, Hmeta).
‡ Crystal data for 3a. C80H60Ag2B2Cl1.50F8N1.50O3P6, M = 1718.65,
monoclinic, space group P21/n (no. 14), a = 22.1929(16), b = 14.8355(18),
c = 23.8561(13) Å, b = 99.460(6)°, V = 7747.6(12) Å3, Z = 4, Dc =
1.473 g cm23, m = 0.749 mm21. Data collection (2.21 @ q ! 25.00) was
performed at 153 K on a Bruker SMART diffractometer (Mo-Ka, l =
0.71073 Å). The structure was solved by direct methods (SHELXS-97)7 and
refined with full matrix least squares to a final R1 value of 0.0674, for 929
parameters and 13639 unique reflections with I ! 2s(I) and wR2 of 0.1067
for all 14014 reflections. The BF4 anions are each disordered over two sites
with occupancies of 65 and 60% for the major component of each anion.
There are short fluorine contacts to the silver(I) centres and to some ortho-
hydrogen atoms. For the major components, contacts shorter than the sum
of the van der Waals radii (2.67 Å) between fluorine and hydrogen are F11–
H62A 2.593, F21–H12B 2.589 and F22–H36B 2.507 Å. To the Ag centres,
contacts shorter than the combined van der Waals radii (3.19 Å) are F21–
Ag1 2.933(9), F22–Ag1 2.751(7), F11–Ag2 2.861(9) and F12–Ag2
2.656(9) Å. CCDC 182/1549. See http://www.rsc.org/suppdata/cc/a9/
a909683c/ for crystallographic files in .cif format.
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Fig. 2 The structure of complex 3a in the solid state with H-atoms
omitted.

Fig. 3 Space-filling representation of complex 3a to show the clustering of
aromatic groups (H-atoms omitted).
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L-Aspartate aminotransferase, a member of the a-family of
PLP mediated enzymes, which normally catalyses trans-
amination, has been used to catalyse the b-substitution
reaction of stereospecifically labelled samples of the enzyme
inhibitor b-chloro-L-alanine with 2-mercaptoethanol; the
stereochemistry of the products was assigned by independ-
ent synthesis, showing that the abnormal substitution
reaction proceeds with overall retention of stereochemistry,
the usual stereochemical consequence of reactions catalysed
by enzymes of the b-family of PLP mediated enzymes which
have low homology with enzymes of the a-family.

Pyridoxal phosphate (PLP) dependent enzymes catalyse a wide
variety of different reactions, mainly involving amino acids.
Early theories1–3 to generalise and explain the chemical basis
for these widely differing reactions have largely been con-
firmed. Dunathan and Voet4 proposed that PLP-dependent
enzymes evolved from a common ancestor protein, and there is
evidence5 that this is true for one of the three families of PLP
mediated enzymes, the a-family, which contains a predominant
number of enzymes. Homology studies have recently suggested
that the a- and g-families of enzymes may be distantly related
but that enzymes of the b-family are not closely related to either
of these families.5

L-Aspartate aminotransferase (EC 2.6.1.1) is an enzyme of
the a-family, catalysing the transamination of L-aspartic acid to
a-ketoglutaric acid giving oxaloacetic and glutamic acids. b-
Chloro-L-alanine 16,7 has been shown not only to inhibit this
enzyme, but also to be converted to pyruvic acid by it. It has also
been observed that introduction of thiosulfate during the
inactivation of L-aspartate aminotransferase by L-serine-O-
sulfate 2 reversed inhibition and caused production of L-
cysteine-S-sulfonate 3.8 Further, inhibition of D-amino acid

aminotransferase by b-bromo-D-alanine was reversed by addi-
tion of thiols and, when b-mercaptoethylamine was used, S-(b-
aminoethyl)-D-cysteine and D1-thiomorpholine-2-carboxylic
acid were products.9 Thus these enzymes have catalysed b-
substitution reactions typical of enzymes of the b-family, rather
than transamination which is typical of a-family enzymes. This
would suggest that the quinonoid form 4, formed in the ‘normal’
reaction, instead of protonation at C-4A by Lys258, converted to
5 in the inhibition reaction. This may be processed to pyruvate
or an inhibitor complex in the absence of a thiol. In the presence
of a thiol, however, the reaction presumably proceeds as shown
in Scheme 1 eventually to give the final cysteine derivative 6.

The change in role from catalyst for transamination to
catalyst for b-substitution exhibited by aspartate aminotransfer-
ase on change of substrate from L-aspartate to b-chloro-L-
alanine 1 was intriguing and we decided to examine the overall
stereochemistry of the b-substitution reaction in the presence of
thiol to see whether it was in keeping with the retention
generally shown by reactions catalysed by the enzymes whose

normal role this was.10 We therefore prepared samples of b-
chloro-L-alanine 1 which were stereospecifically labelled at C-
3. This was achieved by first converting the labelled samples of
methyl (2S)-N-tritylaziridine-2-carboxylate 7(HB = 2H)11 and
7(HA = 2H)11 to the corresponding urethanes 8† by reaction
with trifluoroacetic acid in chloroform to remove the trityl
group, followed immediately by reaction with benzyl chloro-
formate under Schotten Baumann conditions (Scheme 2). b-
Substitution with chloride ion was achieved by reaction with
TiCl4 in CH2Cl2–CHCl3, and deprotection in refluxing 4 M
H2SO4 then gave the enzyme inhibitors 1.† The 1H and 2H
NMR spectra indicated that the inhibitors 1 were unique
diastereoisomers and, since substitution is accompanied by
inversion of stereochemistry at the labelled b-position, these
were assigned as (2R,3S)-[3-2H1]- and (2R,3R)-[2,3-2H2]-b-
chloroalanine, 1(HB = 2H) and 1(HA = 2H), respectively.

The enzyme L-aspartate aminotransferase (EC 2.6.1.1) was
isolated by a standard purification protocol12 from E. coli
TY10313 which was transformed with plasmid pKDHE19/
AspC.14 It had specific activity of 36.57 units mg21 and
appeared as one major band of molecular weight 43000 Da on
SDS-PAGE. Incubation with (2R,3R)-[2,3-2H2]-b-chloroala-
nine 1(HA = 2H) in the presence of a variety of thiols and under
various conditions was now undertaken. The best results were
obtained at pH 8.4 when mercaptoethanol was employed‡ and
samples of labelled 3-(2-hydroxyethyl)cysteine 9a were ob-
tained in which the a-deuterium atom had exchanged as
expected from the mechanism in Scheme 1. The b-deuterium
atom also exchanged on prolonged incubation, an effect which
had been previously noted in reactions with this enzyme.15,16

However, when the incubation was stopped after 3 h, a sample
of (2R)-3-(2-hydroxyethyl)cysteine 9a was obtained with a 1H
NMR spectrum which showed that there was stereospecific

Scheme 1

Scheme 2
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labelling at C-3 [Fig. 1(d)]. (2R,3S)-[3-2H1]-3-b-Chloroalanine
1(HB = 2H) was therefore incubated for the same time when the
1H NMR spectrum [Fig. 1(e)] of the product 9a indicated that it
was the C-3 epimer.

The trapping reaction was evidently stereospecific and it was
now necessary to determine the absolute stereochemistry of the
overall reaction. This was achieved by independent synthesis of
samples of (2R)-3-(2-hydroxyethyl)cysteine 9b which were
labelled stereospecifically with deuterium at C-3 in an unambi-
guous manner. This is shown in Scheme 3, the labelled
carbobenzyloxyaziridines 8 being reacted with mercaptoethanol
containing a catalytic quantity of boron trifluoride etherate.
Inversion of stereochemistry at the labelled atom, C-3, is
expected and 1H and 2H NMR spectra showed that the labelled
products† were single diastereoisomers. Hydrolysis in refluxing
4 M H2SO4 then gave the free amino acids 9b.

The 1H NMR spectra of the synthetic samples of (2R,3S)-
[3-2H1]-3-(2-hydroxyethyl)cysteine 9b(HB = 2H)† [Fig. 1(b)]
and (2R,3R)-[2,3-2H2]-3-(2-hydroxyethyl)cysteine 9b(HA =
2H)† [Fig. 1(c)] allowed the 3-pro-S and 3-pro-R protons in the
spectrum of 3-(2-hydroxyethyl)cysteine 9 to be assigned and
therefore the absolute stereochemistry of the incubation prod-

ucts to be deduced. It was evident that the product from the
incubation using (2R,3S)-[3-2H1]-3-b-chloroalanine 1(HB =
2H) was (2R,3S)-[3-2H1]-3-(2-hydroxyethyl)cysteine 9a(HB =
2H) [Fig. 1(e)] and that the product when (2R,3R)-[2,3-2H2]-
3-b-chloroalanine 1(HB = 2H) was used was (2R,3R)-[3-2H1]-
3-(2-hydroxyethyl)cysteine 9a(HA = 2H) [Fig. 1(e)].

These results imply that the b-replacement reaction, which in
this case is catalysed by an enzyme of the a-family whose
normal function is transamination, occurs with overall retention
of stereochemistry. This is the general expectation10 for the
PLP-mediated enzymes of the b-family where b-replacement
reactions are the norm and may imply a closer relationship
between families than homology5 suggests.  Although X-ray
structures are available for aspartate aminotransferase17 and
other a-family enzymes, tryptophan synthase (EC 4.2.1.20) is
one of the few enzymes of the b-family whose tertiary structure
has been defined by X-ray cystallography.18 It is interesting
that, in the presence of thiols, tryptophan synthase has been
shown to catalyse transamination and b-replacement of L-serine
by mercaptoethanol.19 Further, the Lys87Thr mutant of trypto-
phan synthase will not turn over the natural substrate serine in
the absence of NH4

+ but it will turn over b-chloro-L-
alanine.20
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Fig. 1 1H NMR spectra in 10% 2HCl–2H2O of (a) synthetic (2R)-
3-(2-hydroxyethyl)cysteine 9, (b) synthetic (2R,3S)-[3-2H1]-3-(2-hydroxy-
ethyl)cysteine 9b(HB = 2H), (c) synthetic (2R,3R)-[2,3-2H2]-3-(2-hydroxy-
ethyl)cysteine 9b(HA = 2H), (d) product from incubation of
(2R,3R)-[2,3-2H2]-b-chloroalanine 1(HA = 2H) with L-aspartate amino-
transferase and (e) product from incubation of (2R,3S)-[3-2H1]-b-chloro-
alanine 1(HB = 2H) with L-aspartate aminotransferase.

Scheme 3
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Molecular beacons attached to glass beads have been
synthesised which are non-fluorescent until exposed to a
complementary target nucleic acid, whereupon they fluo-
resce, indicating hybridisation.

Tyagi and Kramer1 have described a novel technology for the
detection of specific nucleic acids in homogeneous solution.
These probes, denoted ‘molecular beacons’, fluoresce upon
hybridisation to their complementary DNA target. The essential
feature of the probes is their stem–loop structure. The loop
portion is an oligodeoxynucleotide probe for a complementary
target nucleic acid. The stem is constructed of two short
oligodeoxynucleotide arms, one which is terminally labelled
with a fluorophore and the other with a quencher. Annealing of
the arms causes intramolecular energy transfer from the
fluorophore to the quencher. In this ‘closed’ conformation the
probe is non-fluorescent. Hybridisation of the loop to its target
causes the stem to open, the fluorophore and quencher are no
longer in close proximity and fluorescence is emitted (Fig. 1).

Molecular beacons have been used in the detection of specific
complementary sequences,2–7 and the simultaneous detection of
different pathogenic retroviruses has been reported.8 Molecular
beacons are able to distinguish between wild-type and single
point mutations3,9 and in real-time monitoring of the polymer-
ase chain reaction (PCR) amplicon-specific probes lead to an
increase in fluorescence intensity with increasing copy number
of target DNA.

We have developed a modification of this technology that
involves supporting the molecular beacons on solid glass
particles (Fig. 2) and we have shown that glass-bound beacons
exhibit similar properties to their soluble analogues. This
technology could be harnessed in nucleic acid screening as
hybridisation of CPG-bound beacons to target DNA or RNA
generates fluorescent beads that can be isolated and analysed.

Long chain alkyl amino-controlled pore glass (LCAA-CPG)
was derivatised with a polyalkyl linker as shown in Scheme 1:
first, the primary hydroxy group of 12-hydroxydodecanoic acid
was protected as a 4,4A-dimethoxytrityl (DMT) ether.10 Then,
the carboxylic acid moiety was coupled to free amino groups on
the CPG using DIC/HOBT (DIC = 1,3-diisopropylcarbodii-
mide, HOBT = 1-hydroxybenzotriazole) in 1% DIPEA–
CH2CCl2 (DIPEA = N,N-diisopropylethylamine) to create a
stable amide bond between the linker and CPG. The loading of
the linker on the CPG was determined by acid-catalysed
detritylation followed by quantitation at 495 nm using a UV–
VIS spectrometer. The appropriate amount of CPG was used for
0.2 mmol scale oligonucleotide synthesis on a ABI 394 DNA
synthesiser. Coupling efficiencies of > 98.5% were achieved by
extending the coupling time from 45 s to 10 min.

In order to establish suitable conditions for the hybridisation
of CPG-bound oligonucleotides to solution nucleic acids, an
oligonucleotide, CGAGATACGGTTTTCACAGC (OG1), was
assembled† on the LCAA-CPG. The CPG was heated (60 °C) in

Fig. 1 Mechanism of action of molecular beacons in the presence of a
complementary target nucleic acid.

Fig. 2 Stages in assay of CPG-bound beacons.

Scheme 1 Derivitisation of LCAA-CPG with a polyalkyl linker and
oligonucleotide synthesis. Reagents and conditions: i, DMTCl, pyridine,
room temp.; ii, LCAA-CPG, DIC, HOBT, DIPEA, CH2Cl2; iii, 5%
CCl3CO2H, CH2Cl2; iv standard automated DNA synthesis.
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conc. aqueous ammonia–ethanol (4+1 v/v) for 4 h and washed
thoroughly with anhydrous CH2Cl2, to remove the cleaved
protecting groups. An oligonucleotide GCTGTGAAAACCG-
TATCTCG (OG2) of complementary sequence to the CPG-
bound oligonucleotide (OG1) was synthesised and purified
using standard methods. OG2 (0.22 OD) was mixed with the
CPG-oligonucleotide (OG1) in 30 mL of an aqueous buffer of
sodium hydrogenphosphate (10 mmol), EDTA (1 mmol) and
NaCl (1 M) at pH 7.0, such that the CPG-bound oligonucleotide
was in fourfold excess. The heterogeneous mixture was allowed
to stand at room temperature for 3 h after which the absorbance
(260 nm) of the CPG solution gave a reading of 0.035. This
corresponds to a reduction of 84% of oligonucleotide in free
solution. UV melting of the mixture gave a smooth transition as
the oligonucleotide was released from the CPG into solution
(Tm = 83.6 °C).

Two molecular beacons were assembled by solid phase DNA
synthesis on the polyalkylamide LCAA-CPG previously de-
scribed (Scheme 1). Both oligonucleotides were labelled at the
5A end with fluorescein (FAM);

CGCACGCTTAAAGTCACTTCATTTTCGTGCG (OG3) 

CGCACGATGTAGCACATCAGAAGCGTGCG (OG4).

Four hexaethylene glycol (Heg) spacers were incorporated
between the CPG and the methyl red quencher (MeRed) to
minimise steric interference from the solid support (Figs. 3, 4).
Two complementary solution oligonucleotides were synthes-
ised;

AAAATGAAGTGACTTTAAG (OG5), CTTCTGATGTGC-
TACAT (OG6).

The molecular beacon-functionalised CPGs were heated (60
°C) in conc. aqueous ammonia–ethanol (4+1 v/v) for 4 h, to
deprotect the oligonucleotides. Both solutions became fluores-
cent during this period implying loss of oligonucleotide from
the CPG (ca. 70% loss of oligonucleotide from the resin).
However subsequent thorough washing of the CPG afforded
glass beads that remained fluorescent, indicating that some of
the oligonucleotide was still present on the beads. Cleavage of
a proportion of the silicon–oxygen bonds within the glass is
inevitable under these strongly basic conditions. Alternative
deprotection conditions or CPG material may be beneficial for
future applications.

The heterogeneous beacon assay was carried out in two
stages. First, the CPGs (OG3 and OG4, 2 mg) were placed in an
aqueous buffer of sodium hydrogenphosphate (10 mmol),

EDTA (1 mmol) and NaCl (1 M) at pH 7.0 to facilitate
annealing. Then, the complementary oligonucleotides (OG5
and OG6) were added and after 2 h at room temperature any
increase in fluorescence due to hybridisation (stem dissociation)
was noted. Fluorescence was monitored under a fluorescence
microscope (LEITZ DM IL) and photographed (ASHAI
PENTAX K1000).

Addition of a suitable annealing buffer causes the beads to
become non-fluorescent [Fig. 5(a)], indicating the presence of a
hairpin loop. Introduction of a complementary oligonucleotide
in solution causes a significant increase in the fluorescence of
the beads, due to the loop portion of the probe annealing to its
target, allowing the solid-supported molecular beacons to exist
in the fluorescent ‘open’ state [Fig. 5(b)]. Exposure of the CPG-
beacons to a non-complementary oligonucleotide in the same
buffer did not increase the level of fluorescence on the beads.

In summary, we have synthesised CPG-bound molecular
beacon probes. These single-stranded probes have been shown
to detect the presence of their target nucleic acids. At present,
we are investigating the properties of alternative resins that have
more uniform and spherical structures and we are applying the
CPG-bound probes to the differentiation of nucleic acid
sequences by variation of the fluorophore.

We thank the BBSRC and Nycomed Amersham for financial
support of this work.
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Fig. 3 Methyl Red phosphoramidite, the quencher used at the 3A ends of
CPG-bound probes.

Fig. 4 Chemical structure of the CPG-bound molecular beacon probes.

Fig. 5 (a) CPG-beacon in buffer and (b) CPG-beacon in buffer and
complementary target nucleic acid.
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Platinum nanosheets with thickness 2–3 nm containing
hexagonal holes were formed between graphite layers by
hydrogen reduction of platinum chloride–graphite inter-
calation compounds.

The size and shape of metal particles formed in a matrix are
determined by its structural features. Platinum nanowires are
formed in the mesotubes of FSM-161,2 and nanorods and
nanoparticles are produced in the channels of carbon nano-
tubes.3–6 Graphite has a layered structure, and each layer is a
regular hexagonal net of carbon atoms. The interlayer spacing is
equal to 0.335 nm with the layers interacting via van der Waals
forces. Because the interaction between graphite layers is fairly
weak, a variety of chemical substances can be inserted into the
interlayer space to produce graphite intercalated compounds
(GICs). Transition metal particles intercalated in graphite layers
(M–GICs) are formed via the insertion of transition metal
chlorides into graphite and subsequent reduction.7–9 Commer-
cially available M–GICs (Graphimet)10 have numerous applica-
tions for catalytic reactions.11–16 Graphimets are obtained by
treating the graphite–metal chloride with lithium biphenyl at
223 K under a helium atmosphere and small metal particles
(1–10 nm) were observed by HRTEM observations.17 In the
present work using different preparation procedures, we report
the formation of platinum metal nanosheets containing hexago-
nal holes, intercalated within graphite layers.

Platinum(IV) chloride and graphite (KS6, Lonza) were mixed
in a thick walled Pyrex reactor under nitrogen atmosphere and
dried in vacuo at 423 K for 2 h. The intercalation reaction was
performed in the reactor at 723 K for 2 weeks under 0.3 MPa of
chlorine (Takachiho, 99.999%), to obtain the platinum chloride
intercalated compounds (PtCl4–GIC). The PtCl4–GIC samples
were reduced at 573 K for 1 h under 40 kPa hydrogen to produce
the platinum metal intercalated compounds (Pt–GIC).

The XRD pattern of 5 wt% PtCl4–GIC (platinum loading: 5
wt%) shows new peaks at 2q = 10.0, 14.6 and 20.3°.† The
peaks ascribed to platinum chloride disappeared and the (002)
diffraction peak of graphite at 2q = 26.57° was weakened after
the reaction under chlorine atmosphere. The three new peaks
remained unaltered after 12 days exposure to air, indicating that
PtCl4–GIC is stable in air. Peaks ascribed to platinum chloride
and graphite were observed on XRD patterns of a reference
mixture of platinum chloride and graphite [PtCl4/G (mix)]. The
platinum chloride peaks of PtCl4/G(mix) changed after a few
days exposure to air because of the hygroscopicity of platinum
chloride. The diffraction peak positions calculated for (002),
(003) and (004) reflections for PtCl4–GIC of the repeat distance
along the c axis (c = 1.76 nm) were 10.0, 15.1 and 20.2°,
respectively, in good agreement with the experimental peaks.
The distance of 1.76 nm corresponds to the sum of three
graphite layers and one intercalated layer (0.75 nm). This result
shows that platinum chloride is intercalated in every three
graphite layers (stage three structure) in the 5 wt% PtCl4–GIC
sample. With an increasing amount of platinum chloride
inserted from 1 to 15 wt% Pt loadings, the three peaks increased
and the diffraction for (002) of graphite decreased. No other
peaks except for the three peaks and graphite peaks were
observed. The XRD results indicate that platinum chloride is
intercalated in graphite layers with the stage three structure for

1–15 wt% Pt loading. The maximum amount of platinum
chloride that can be intercalated is ca. 38 wt%, and thus
platinum chloride intercalated compounds with the stage three
structure are mixed with the graphite matrix at low platinum
chloride loadings under our experimental conditions. EXAFS
analysis showed the existence of Pt–Cl–Pt bonds in the 5 wt%
PtCl4–GIC sample, indicating that some platinum chloride
molecules aggregate with each other within graphite layers at
low platinum loadings.

Fig. 1(a) shows TEM image of 5 wt% Pt–GIC reduced at 573
K. This image reveals large sheets with a number of hexagonal
holes with the edge angles of the large sheets being 120°. X-Ray
microanalysis (XMA) results confirmed the dark images to be

Fig. 1 TEM images of 5 wt% Pt–GIC showing Pt nanosheets; (a) top view
and (b) side view.
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platinum metal (Fig. 2).‡ Fig. 1(b) shows the presence of dark
images in a parallel rod-like arrangement. XMA scans obtained
from regions 1 and 2 showed that the dark material corre-
sponded to platinum metal while XMA scans obtained from
regions 3 and 4 indicated the absence of platinum metal,
indicating that the dark features correspond to platinum layers.
The TEM images show the structure of the platinum nanosheets,
which are 2–3 nm thick and 5–300 nm wide. The observation of
a number of sheets in parallel presumably indicates that
platinum sheets exist between graphite layers. Platinum chlo-
ride can aggregate only two dimensionally between graphite
layers during reduction because of the steric hindrance of
graphite layers, so that the resulting platinum metal particles of
Pt–GIC have two-dimensional structures. Platinum chloride
molecules are reduced in a small area to produce small particles
(1–10 nm) and do not move between graphite layers upon low
temperature reduction at 223 K.14,15,17 On the other hand,
platinum atoms and/or platinum chloride molecules can migrate
along a regular hexagonal net of carbon atoms during hydrogen
reduction at 573 K. Movement during the reduction will
determine the morphology of the resulting platinum nanosheets
which have hexagonal holes. A number of nanosheets with
hexagonal holes were also observed in TEM images of the 5
wt% Pt–GIC sample reduced at 773 K for 1 h after reduction at
573 K for 1 h. Large spherical particles still were not observed
because the platinum nanosheets are still prevented from
moving freely between graphite layers. For comparison, the
mixture 5 wt% PtCl4/G(mix) upon reduction at 573 K [Pt/
G(mix)] led to spherical platinum particles according to TEM
(Fig. 3).§ For PtCl4/G(mix) samples platinum chloride mole-
cules on the graphite surface can aggregate in a three
dimensional manner and there is no interfering factor for the
growth of metal particles, and so large platinum particles are
formed.

In conclusion, platinum nanosheets can be prepared between
graphite layers for Pt–GIC sample and such complex materials
may show interesting properties owing to their structural
features and metal–graphite interactions.

We thank Dr E. Aoyagi and Dr Y. Hayasaka (High Voltage
Electron Microscope Laboratory of Tohoku University) for the
TEM and XMA analysis.
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§ TEM measurements were performed on a JEOL JEM-2000ExII instru-
ment (200 keV) using copper grids.
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Fig. 2 XMA results of 5 wt% Pt–GIC at points a, b, c and d as indicated in
Fig. 1(a).

Fig. 3 TEM image of 5 wt% Pt/G(mix).
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Three-component coupling reactions of aliphatic aldehydes,
aliphatic amines and ethyl diazoacetate to the corresponding
aziridine derivatives has been achieved by the use of
[Ir(cod)Cl]2 as a catalyst under mild conditions; for instance,
the reaction of n-butyraldehyde, tert-butylamine and ethyl
diazoacetate in the presence of a catalytic amount of
[Ir(cod)Cl]2 in THF at 210 °C gave 1-tert-butyl-2-ethoxy-
carbonyl-3-propylaziridine in 85% yield in high stereose-
lectivity (cis : trans = 96+4).

Aziridines are versatile compounds as precursors for the
synthesis of various types of nitrogen-containing compounds,
which are biologically important, such as amino acids, amino
alcohols and b-lactams, etc.1 There are many reports on the
synthesis of aziridines, e.g. trapping of nitrenes and carbenes by
alkenes2 and imines,3 respectively, and Lewis acid-catalyzed
reaction of imines with ethyl diazoacetate (EDA).4 These
methods are suitable for the synthesis of aziridines derived from
aromatic imines and diazo compounds; however, aziridine
synthesis from aliphatic imines and EDA has not yet been
established. Recently, Nagayama and Kobayashi have reported
a three-component coupling reaction of aldehydes, amines and
EDA in the presence of Ln(OTf)3, although 5 Å molecular
sieves must be added to the reaction system.5 Now we have
found that the three-component coupling reaction of aliphatic
aldehydes, aliphatic amines and EDA to aziridine derivatives
proceeds smoothly using an iridium complex as a catalyst and
without any dehydrating agents [eqn. (1)].

To a solution of [Ir(cod)Cl]2 in THF was added n-butyraldehyde
1a and n-butylamine 2a. After stirring for 10 min, EDA was
added and then the mixture was stirred at 210 °C for 3 h
(standard conditions).† The reaction produced 1-butyl-
2-ethoxycarbonyl-3-propylaziridine 3aa‡ which consists of a
ca. 1+1 stereoisomeric mixture of cis-3aa and trans-3aa in 71%
yield (Table 1, run 1). Table 1 summarizes the results for
various three-component coupling reactions of aldehydes,
amines and EDA under selected reaction conditions. [Ir(cy-
clooctene)2Cl]2 also catalyzed the coupling reaction to form 3aa
in 75% yield, while IrCl3 was inert (runs 2 and 3). Various
solvents could be employed for this reaction. (runs 4–6).

On the basis of these results, the reaction of aldehydes,
amines and EDA was examined in the presence of a catalytic
amount of [Ir(cod)Cl]2 in THF under standard conditions. The
reaction led to the corresponding aziridines in fair to good yields
(runs 7–11). Interestingly, the stereoselectivity of the resulting
aziridines was found to be improved by the use of a bulky amine
such as tert-butylamine 2f. For instance, the reaction of 1a, 2e
with EDA afforded 1-tert-butyl-2-ethoxycarbonyl-3-propyl-
aziridine 3af in 83% yield in excellent stereoselectivity
(cis+trans = 96+4) (run 11).§ In this reaction, ethanol was also

suitable as a solvent, and 3af was obtained in almost the same
yield and stereoselectivity as those in THF (run 12). No
aziridine was detected in the reaction of benzaldehyde 1d,
aniline 2g, and EDA under these reaction conditions (run 13).
These results will be discussed later.

The present Ir-catalyzed three-component coupling reaction
seems to proceed via the formation of imine which then reacts
with EDA. Indeed, N-butylidene-n-butylamine 4aa prepared
independently from 1a and 2a was allowed to react with EDA
under standard conditions to form 3aa (73%) as expected [eqn.
(2)]. Although the La(OTf)3-catalyzed three-component cou-
pling reaction requires the presence of 5 Å molecular sieves,5
the present three-component coupling reaction was performed
without any dehydrating agents. It is noteworthy that the Ir-

Table 1 Three-component coupling reaction of aldehyde 1, amine 2 and
EDAa
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catalyzed aziridination was not affected by water in the reaction
system. When the reaction of imine 4aa with EDA was carried
out in the presence of a small amount of water, 3aa was obtained
in almost the same yield as the reaction in the absence of water
[(eqn. (2)].

Furthermore, the reaction of N-butylidene-tert-butylamine
4af with EDA took place in high stereoselectivity, giving 3af in
85% yield (cis+trans = 95+5) [(eqn. (3)]. For the reaction of N-
benzylideneaniline 4dg with EDA, however, diethyl maleate 5
and diethyl fumarate 6 were formed in 46% yield, and 4dg was
recovered unchanged.

Addtionally, the reaction of a ketimine such as N-(1-ethylpro-
pylidene)-n-butylamine with EDA led to 1-butyl-3,3-diethyl-
2-ethoxycarbonylaziridine in 54% yield.

From the mechanistic point of view, it is of note that the
selectivity of aziridine is affected by the order of the addition of
substrates to the catalyst solution. When 1.0 mmol of imine 4aa
was added to a THF solution containing [Ir(cod)Cl]2 (0.05
mmol) at 210 °C, the solution changed immediately from
orange–red to light yellow, and EDA (2 mmol) was added to
this solution to form aziridine 3aa (73%). However, the addition
of EDA (2.0 mmol) to a THF solution of [Ir(cod)Cl]2 resulted in
a change from orange–red to dark purple, and then 4aa (1.0
mmol) was added to produce 3aa in lower yield (59%) along
with a homocoupling product of EDA, 5 and 6 (13%), the
formation of which may be explained by in situ generation of
carbene from EDA by the action of an Ir complex. Hence, it is
probable that the present Ir-catalyzed aziridine synthesis
proceeds via the formation of an Ir–imine complex rather than
an Ir–carbene complex.

In addition, when imine 4dg was added to a THF solution of
[Ir(cod)Cl]2, no color change was observed, and the aziridine
expected was not obtained and instead, dimers of EDA, 5 and 6
as shown above. Therefore, it is reasonable to presume that the
reaction of 4dg with EDA is difficult to occur owing to the
difficulty of the complexation of 4dg with the Ir-complex.

The high stereoselectivity of the reaction of 1a, 2f and EDA
(Table 1, run 11) may be explained by assuming a similar
reaction path suggested in the Yb(OTf)3-catalyzed reaction of
N-benzylidene-tert-butylamine with EDA (Scheme 1).4f It is
probable that the Ir complex [Ir(cod)Cl]2 coordinates to imine
4af to lead to a complex A.¶ The nucleophilic attack of EDA to
the resulting complex A would take place from the direction to
reduce the steric repulsion between the ester moiety of the
incoming EDA and the tert-butyl group of the imine to form cis-
3af.

In summary, various types of aziridine derivatives, which are
difficult to prepare by the conventional methods, have been
prepared by the three-component coupling reaction of aliphatic

aldehydes, aliphatic amines and EDA, catalyzed by [Ir-
(cod)Cl]2. High stereoselectivity was attained by the reaction of
aldehyde, tertiary amine and EDA.

Notes and references
† Typical reaction procedure: to a THF solution (1.0 mL) of di-
chlorobis(cycloocta-1,5-diene)diirdium {[Ir(cod)Cl]2} (0.05 mmol) was
added aldehyde (1.0 mmol) and amine (1.0 mmol) at 210 °C under Ar.
After stirring for 10 min, EDA (2.0 mmol) was added, and then the reaction
mixture was stirred at 210 °C for 3 h. The reaction was quenched with wet
diethyl ether, and products were isolated by column chromatography
[(230–400 mesh silica gel, ethyl acetate–hexane (1+12) eluent].
‡ Spectral data for 3aa: 1H NMR d 4.25–4.15 (m, 2H), 2.42–2.06 (m, 2H),
2.09 (d, J 6.6 Hz, 1H), 1.72–1.69 (m, 1H), 1.60–1.30 (m, 6H), 1.31 (q, J 7.3
Hz, 2H), 1.27 (t, J 7.3 Hz, 3H), 0.92 (t, J 7.3 Hz, 3H), 0.90 (t, J 7.3 Hz, 3H);
13C NMR d 170.0, 60.8, 60.7, 46.6, 42.6, 31.4, 29.7, 20.6, 20.3, 14.3, 13.9,
13.7; IR (neat) 2959, 1747, 1183 cm21; MS, m/z = 213 (M+), 198, 140, 84;
Anal. Calc. for C12H23NO2: C, 67.57; H, 10.87; N, 6.57. Found: C, 67.25,
H, 10.52; N, 6.62%.
§ The stereochemistry of 3af was determined by comparison of the coupling
constant obtained from 1H NMR spectral data for 3af with that of
2-ethoxylcarbonyl-1,3-diphenylaziridine reported in the literature.4a,f

¶ NMR observation showed the formation of the complex A from
[Ir(cod)Cl]2 and imine; i.e. when [Ir(cod)Cl]2 was added to 1.0 equiv. of 4af
in a NMR tube, the 13C NMR signals at d 164.5 (–CHNN–) and 61.0
(NNCH2–) of 4af were shifted to d 171.6 and 63.6, respectively.
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Scheme 1 A possible reaction pathway for reaction of 4af with EDA.
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Trapping of secondary alkyl radicals with tetrathiafulvalen-
ium tetrafluoroborate (TTF+·BF4

2) leads to S-alkylte-
trathiafulvalenium tetrafluoroborate salts; the solvolysis of
such salts is critically dependent on the presence of
appropriately sited neighbouring groups.

The radical-polar crossover reaction1 (Scheme 1) features a
unique sequence of radical and polar steps in one pot.
Tetrathiafulvalene (TTF) transfers an electron to an arenedia-
zonium salt, dinitrogen is lost and the resulting radical can then
cyclise before being trapped by the radical-cation of TTF to
afford a sulfonium salt and terminate the radical chemistry. In
the polar crossover step, solvolysis of the sulfonium salt occurs
affording a useful functionalisation at the site of the ultimate
radical. The reaction has recently been used as the key step in a
novel route to (±)-aspidospermidine.2

The substitution (solvolysis) step is of particular interest.
Whereas alcohols 8 and 9 were formed on treatment of
diazonium salts 2 and 3 with tetrathiafulvalene 4 in undried
acetone at room temperature, diazonium salt 1 proceeded only
up to the tetrathiafulvalenium salt stage 5. This strongly
suggested that the solvolysis step involved an SN1 substitution;
solvolysis of the salt 5 would not be possible since it would
require the intermediacy of a primary carbocation, while
sulfonium salts 6 and 7 undergo solvolysis without difficulty.
More recently, attempts to force the substitution of the
sulfonium group of 5 uncovered a range of novel fragmentation
reactions.3

Although 5 is resistant to solvolysis, the conversion4 of the
diallylamino diazonium salt 10 to the alcohol 13 suggested that
matters could be more complex. Here, the powerful electron
donating effect of the ortho-amino group must act through the

aromatic ring to assist the departure of the TTF molecule from
11 via a cyclopropane intermediate 12. However, the inability
of the ortho-alkoxy group to trigger the solvolysis of 5 shows
that there are strict demands for solvolysis at a primary carbon.5
However, almost all examples of the radical-polar crossover
reaction have involved substitution at secondary carbon. This
paper provides experimental evidence that neighbouring group
participation is mandatory for solvolysis at secondary carbon
under our usual conditions and reveals the requirements for
substrate structure in order for solvolysis to be observed.

To investigate whether solvolysis could occur at a secondary
carbon in the absence of neighbouring groups, an alkyl radical
free of other functionalities was required to be generated under
radical-polar crossover conditions. This was achieved using
intramolecular radical displacement at sulfur. This reaction has
been investigated by the groups of Kampmeier,6 Beckwith7 and
Schiesser.8 More recently, Crich et al. have used this method to
generate acyl radicals both from iodide9 and diazonium salt10

precursors. Accordingly, the cyclohexyl substrate 14 was
prepared (all amines were prepared by reduction of the
corresponding nitro compounds), diazotised and subjected to
the radical-polar crossover conditions (Scheme 2). This af-
forded benzothiophene 16 (48%), (arising from facile elimina-
tion of methanol from methoxydihydrobenzothiophene 17
together with the salt 18 (32%) as major products. The S-
coupled salt 18 was completely resistant to solvolysis under our
conditions (room temperature, 2% water in acetone, 48 h),
showing that a tetrathiafulvalenium salt linked via a secondary
carbon could not of itself undergo solvolysis under these
conditions.

Because the outcome of the experiment on the cyclohexyl
radical differed from results found with all previously studied
secondary radicals, there was some concern that the sulfur
substitution reaction conditions might in some way have
prevented the normal radical-polar crossover process from
occurring. To test this, the intramolecular sulfur displacement
reaction was used to generate a radical which had been
previously studied under radical-polar conditions, namely 19,
the intermediate in the reaction of 2. The required substrate, 20,
was prepared, diazotised and subjected to the radical-polar
crossover reaction and afforded both dihydrobenzothiophene 21

Scheme 1 Scheme 2 Reagents: i, NOBF4, CH2Cl2; ii, TTF, acetone, H2O.
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(52%) and the alcohol 8 (58%), showing that the radical 19
generated under these conditions was behaving exactly as it had
in the reaction of 2.

The contrast between cyclohexyl TTF salt 18 and salt 6
indicated that a solvolysis of a secondary TTF salt could not
occur without some assistance from neighbouring groups. The
nature and extent of the assistance were now probed directly.
First, to investigate whether some special effect resulted from
the dihydrobenzofuran ring system, amine 22 was prepared and
diazotised to afford a diazonium salt analogue of 2 (Scheme 3).
This duly cyclised to form dihydrobenzothiophene 21 (52%)
and the alcohol 23 (53%). No TTF salts were detected after the
solvolysis.

Next, amine 24, lacking the electron-donating oxygen atom,
was prepared and diazotised affording 25. Surprisingly, the
compound also afforded an alcohol product, i.e. 26 (24%),
indicating that the oxygen atom is not essential for solvolysis.

In contrast, when the diazonium salt derived from 27 was
subjected to the radical-polar crossover reaction, 21 was
produced (45%) as well as the sulfur-coupled TTF salt 28
(21%). Intriguingly, this sulfur-coupled salt was stable to
solvolysis. We deduce that there is a sharp demarcation between
substrates that undergo solvolysis in acetone and those that do
not. Salt 25 features an ortho-dialkylarene and so should be
more electron-rich than the monosubstituted arene in 28; hence
it should more effectively promote neighbouring group partic-
ipation.

The observation of neighbouring group assistance suggests
an answer to one of the key questions on the mechanism of these
reactions. Until now, solvolysis of TTF salts such as 29
(Scheme 4) was thought to involve intermediates such as the
open secondary cation 30. This cation should easily undergo
rearrangement and/or fragmentation (e.g. to products 33 and
34), but this was not observed. With neighbouring group
participation, the delocalised cation 31 can be proposed as the
true intermediate, and this involvement by the aryl ring can
decelerate rearrangements by stabilising the cation and altering
the orbital alignment from that required for rearrangement. (The
delocalised cation could also control the stereochemistry of
attack by the nucleophile water.)

The question now arose about whether groups other than an
aromatic ring could assist the solvolysis step. An immediate
answer was obtained from diazotisation of the silyl ether 35 and
subjection of the product diazonium salt to reaction with TTF
(Scheme 4). This afforded the perhydrobenzofuran 37 (23%
from amine 35) indicating that a side-chain oxygen can
participate. Dihydrobenzothiophene 21 (56% from amine 35)
was also isolated from this reaction.

Summarising the findings: (i) for the first time, radicals have
been produced under TTF-induced radical-polar crossover

conditions which are totally aliphatic. Although we do not
advocate the intramolecular sulfur displacement reaction as a
synthetic route to aliphatic radicals, it allows us to determine the
properties of such systems. The development of more powerful
radical-polar crossover catalysts than TTF should lead to such
products starting from e.g. alkyl and aryl halides, thus extending
the scope of the reaction.

(ii) A TTF salt linked to a secondary carbon will undergo
solvolysis with a little assistance from the arene—the arene
needs to bear at least two alkyl functions to be sufficiently
electron-rich to trigger the solvolysis in acetone under our
conditions. This contrasts with the situation for primary carbon,
where more powerful assistance is required. (The requirement
for neighbouring group participation at a secondary carbon has
important implications for stereochemical control.)

(iii) Groups other than arenes can participate in the
solvolysis. This extends the scope of the radical-polar crossover
reaction.
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Scheme 3 Reagents: i, NOBF4, CH2Cl2; ii, TTF, acetone, H2O.

Scheme 4 Reagents: i, NOBF4, CH2Cl2; ii, TTF, acetone, H2O.
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Tandem methylenation/Claisen rearrangement of cyclic
carbonates derived from vinyl-substituted 1,3- and 1,4-diols
afforded eight and nine-membered unsaturated lactones
respectively.

Medium-ring oxacycles form the core of many natural products
such as obtusenyne1,2 and (+)-laurencin.3 Our approach to
systems of this type has used the ring-expansion Claisen
rearrangement of a vinyl-substituted ketene acetal, generated in
situ from the thermal elimination of a selenoxide precursor (in
turn derived from the oxidation of a selenoacetal) to form a
medium-ring lactone.4 Whilst this methodology provides
efficient access to many medium ring lactones, several
limitations became evident when the vinyl group carried
electron rich substituents. In addition to the toxicity associated
with selenium reagents, the formation of the selenoacetal from
a 1,3- or a 1,4-diol requires somewhat harsh conditions
(refluxing toluene, PPTS). This can be a problem in cases where
the allylic hydroxy group of the diol is prone to b-elimination.
The selenoxide elimination product, benzeneselenenic acid 1,
has been shown to disproportionate under the reaction condi-
tions to benzeneseleninic acid 2 and diphenyl diselenide 3.5 The
latter is postulated to act as a reducing agent, converting the
selenoxide (ketene acetal precursor 4) back into the selenoacetal
5 (Scheme 1).

The disproportionation of benzeneselenenic acid can be
suppressed by the use of non-nucleophilic bases and a
nucleophilic silyl ketene acetal as a selenium scavenger.6 Even
under these optimal conditions, oxygen transfer from 4 to
produce 5 can be a significant side reaction. Finally, selenoxide
elimination and rearrangement require high temperatures
(sealed tube, up to 185 °C). These conditions and the need for

high dilution could make large scale preparations more
troublesome. Here we report the methylenation of cyclic
carbonates derived from vinyl-substituted diols using the
Petasis reagent (dimethyltitanocene)7–9 and the subsequent in
situ Claisen rearrangement of the presumed ketene acetal
intermediate.

Preparation of the 1,3-diols 6a–f (Scheme 2, Table 1) was
carried out according to the methods described previously.4 The
carbonates 7a,c–f were synthesised from the diols using
carbonyldiimidazole.† Alternatively, the carbonates 7a–c were
prepared using a modification of a procedure with tri-
phosgene.10 Dimethyltitanocene was synthesised by the re-
ported procedure,11 and could be stored in the freezer as a
solution in toluene for several months without degradation.
Treatment of the carbonates 7a–f with dimethyltitanocene in
refluxing toluene provided the Claisen rearrangement eight-
membered lactone products 9a–f as single diastereomers (1H
NMR), in reasonable to good yields (Scheme 2, Table 1),
presumably via the ketene acetal intermediates 8a–f. Compar-
ison of the yields over two steps with the combined yields for
the analogous selenium route shows this method to be superior
to the selenoxide route in many cases.4

Nine-membered lactones may also be prepared. The 1,4-diols
10a–c could be prepared from 2-deoxy-D-ribose in three steps.
Treatment of the lactols derived from 2-deoxy-D-ribose by our
previously reported route12 with a variety of vinyl Grignard
reagents provided mixtures of separable diastereomers of each
of the diols 10a–c. Exposure of the diols to triphosgene in
dichloromethane and triethylamine–pyridine gave the carbon-
ates 11a–c which were converted into the lactones 13a–c, as

Scheme 1

Scheme 2 Reagents and conditions: i, carbonyldiimidazole, toluene, reflux;
ii, triphosgene, pyridine, Et3N, 278 °C, 4 Å molecular sieves, CH2Cl2; iii,
Cp2TiMe2, toluene, reflux in absence of light.
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single diastereomers (1H NMR), upon rearrangement of the
in situ generated ketene acetals 12a–c (Scheme 3, Table 2).

In summary, an alternative route to medium-sized lactones by
a tandem methylenation/Claisen rearrangement has been devel-
oped. This milder route avoids the use of toxic selenium
compounds and the problematic side reactions associated with
certain selenoxides under elimination conditions. The applica-

tion of this methodology to the synthesis of fused lactone
derivatives is described in the following Communication.
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Table 1 Preparation of the carbonates 7a–f and lactones 9a–f from the diols
6a–f

Scheme 3 Reagents and conditions: i, triphosgene, pyridine, Et3N, 278 °C,
4 Å molecular sieves, CH2Cl2; ii, Cp2TiMe2, toluene, reflux in absence of
light. P = TBDPS.

Table 2 Preparation of carbonates 11a–c and lactones 13a–c from diols
10a–c

Substrate R1 R2
C-5
Configuration

Yield 11a–c
(%) (t/h)

Yield
13a–c
(%) (t/h)

10a H H R 65 (1.75) 70 (1.2)
10b H H S 69 (0.25) 49 (2)
10c TMS Me S 91 (0.25) 51 (0.5)
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Fused bicyclic medium-ring lactones, carrying identical
ring-fusion to that in the polyether toxins, are prepared by a
Claisen rearrangement sequence.

The polyether neurotoxins have attracted enormous synthetic
interest as a result of their unusual molecular architecture and
biological activity.1 Most recently Nicolaou et al. have
described the total synthesis of brevetoxin A,2,3 and there have
been many contributions from others active in this field.4 Here,
we report the use of the Claisen rearrangement to prepare fused
bicyclic medium-ring lactones having the precise structural
features present in the medium-ring fused polyether segments of
brevetoxin B and ciguatoxin.

Our approach to fused medium-ring lactones follows the
methodology previously developed for the synthesis of obtuse-
nyne5,6 and (+)-laurencin.7 Transformation of a 1,3-diol into a

vinyl-substituted ketene acetal by selenoxide elimination or
carbonate methylenation (see preceding Communication) pro-
vides the desired medium-ring fused bicyclic lactone after
Claisen rearrangement.

Scheme 1† summarises the construction of the bicyclic
lactone 1. Methylenation (72%) of the monocyclic lactone 2,‡
BOM deprotection (94%) and silylation with (Me2SiH)2NH
(100%) provided the silane 3. Rhodium catalysed intra-

Scheme 1 Synthesis of the bicyclic lactone 1. Reagents and conditions: i,
Cp2TiMe2, toluene, reflux, 40 min, 72%; ii, LiDBB (excess), THF, 278 °C,
3 min, 94%; iii, 1,1,3,3-tetramethyldisilazane, NH4Cl (cat.), 60 °C, 18 h,
100%; iv, (bicyclo[2.2.1]hepta-2,5-diene)[1,4-bis(diphenylphosphino)bu-
tane]rhodium(I) tetrafluoroborate (3 mol%), THF, 60 °C, 18 h, then
Na2EDTA·2H2O, 1 h, then 15% aqueous KOH, 30% aqueous H2O2, THF
and methanol, 1 h, then Na2S2O3, 86%; v, p-methoxybenzaldehyde, PPTS
(cat.), benzene, Dean–Stark, 12 h, 85%; vi, DIBAL-H, toluene, CH2Cl2,
278 ? 250 ? 230 °C, 2.5 h, 80%; vii, IBX, Me2SO, room temp., 18 h;
viii, CeCl3, THF, 18 h, then vinylmagnesium bromide, THF, 278 °C, 2 h,
then 5, 278 °C, 1.5 h, 74%; ix, CH2Cl2–TFA (5+1), 220 °C, 10 min, 90%;
x, PhSeCH2CH(OEt)2, PPTS, toluene, reflux, 2 h, 94%, xi, triphosgene,
pyridine, Et3N, CH2Cl2, 4 Å molecular sieves, 278 °C ? room temp., 89%;
xii, NaIO4, NaHCO3, CH2Cl2, methanol, water, 2 h, then DBU, toluene,
reflux, 18 h, 90%; xiii, Cp2TiMe2, toluene, reflux, 1.5 h, 63%. BOM =
benzyloxymethyl; IBX = o-iodoxybenzoic acid; LiDBB = lithium di-tert-
butylbiphenylide.

Scheme 2 Synthesis of the bicyclic lactones 11 and 12. Reagents and
conditions: i, Cp2TiMe2, toluene, reflux; ii, K2CO3, methanol, 85% from 9,
76% from 10; iii, 1,1,3,3-tetramethyldisilazane, NH4Cl (cat.), 60 °C, 18 h,
99% for 13, 98% for 14; iv, (bicyclo[2.2.1]hepta-2,5-diene)[1,4-bis(diphe-
nylphosphino)butane]rhodium(I) tetrafluoroborate (3 mol%), THF, 60 °C,
18 h, then Na2EDTA·2H2O, 1 h, then 15% aqueous KOH, 30% aqueous
H2O2, THF and methanol, 1 h, then Na2S2O3, 61% for cis-15, 57% for
trans-16; v, p-methoxybenzaldehyde, PPTS (cat.), benzene, Dean–Stark; vi,
DIBAL-H, toluene, CH2Cl2; vii, IBX, Me2SO, room temp., 18 h; viii,
CeCl3, THF, 18 h, then vinylmagnesium bromide, THF, 278 °C, 2 h, add
aldehyde, 278 °C, 1.5 h; ix, CH2Cl2–TFA (5+1), 220 °C, 10 min, 58%
from 15, 24% from 16; x, vinyl iodide, CrCl2 1% NiCl2, Me2SO, 72 h; xi,
PhSeCH2CH(OEt)2, PPTS, toluene; xii, NaIO4, NaHCO3, CH2Cl2, metha-
nol, water, 2 h, then DBU, toluene, reflux, 18 h, 58% from 17; xiii,
triphosgene, pyridine, Et3N, CH2Cl2, 4 Å molecular sieves, 278 °C ?
room temp.; xiv, Cp2TiMe2, toluene, reflux, 1.5 h, 38% from 17, 43% from
18. IBX = o-iodoxybenzoic acid.
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molecular hydrosilation5,7 followed by oxidation yielded the
diol 4 (86%) as a single diastereomer (1H NMR). p-Methox-
ybenzylidene acetal formation (85%), reduction with DIBAL-H
(79%) and IBX oxidation8 furnished the labile aldehyde 5.
Exposure of 5 to vinylmagnesium bromide in the presence of
cerium(III) chloride, according to the procedure of Imamoto,9
provided the corresponding allylic alcohols (85%, 5+1 mixture
of diastereomers, Felkin control). The major diastereomer was
deprotected with TFA to furnish the diol 6 (90%). Heating a
solution of 6 and phenylselenoacetaldehyde diethyl acetal in
acidic toluene provided the selenides 7 (94%, mixture of
diastereomers) which were oxidised to the corresponding
selenoxides. Pyrolysis of the selenoxides in toluene at reflux
yielded the desired trans-fused bicyclic lactone 1 (90%, single
diastereomer, Ja,b 9.7 Hz) presumably via the intermediate
ketene acetal 8. Alternatively the diol 6 could be converted into
the corresponding carbonate 9 (89%), which on heating with
dimethyltitanocene provided 1 (63%). Thus the conversion of a
medium-ring lactone into the corresponding trans-fused bi-
cyclic lactone has been achieved in 11 synthetic steps and 25%
overall yield.

In a similar manner the lactones 9‡ and 10‡ were converted
into the corresponding bicyclic lactones 11 and 12 (Scheme 2†).
The silanes 13 and 14 were synthesised from the lactones 9 and
10 by an analogous route to that depicted in Scheme 1. Rhodium
catalysed intramolecular hydrosilation converted 13 into the
diols 15 (61% combined yield, 6+1 mixture of cis+trans
diastereomers, major diastereomer shown) after oxidative
work-up. Similarly exposure of the silane 14 to the hydro-
silation conditions provided the diols 16 after work-up (57%
combined yield, 1.33+1, mixture of trans+cis diastereomers,
major diastereomer shown). Conversion of the major diaster-
eomers cis-15 and trans-16 into the corresponding allylic
alcohols 17 and 18 proceeded without incident. The cis-fused
bicyclic lactone 11 (Ja,b 2.4 Hz) was accessed from the diols 17
via both the selenoacetal route (58% for three steps) and the
carbonate route (38% for two steps) thus demonstrating the
versatility of this method for the synthesis of bicyclic lactones.
It also proved possible to convert the diols 18 into the trans-
fused bicyclic lactone 12 via initial conversion to the corre-
sponding carbonates (90%) followed by heating in the presence
of dimethyltitanocene (48%).

The synthesis of the 8,9-trans-fused bicyclic lactone 19 was
achieved via elaboration of the known nine-membered lactone-
aldehyde 20 (Scheme 3†).10 Treatment of 20 with vinyl iodide
in the presence of chromium(II) chloride in Me2SO11 provided
the allylic alcohols 21 (59%, 2+1 mixture of diastereomers,
Felkin control, major diastereomer shown). The allylic alcohol
21-maj was deprotected (50–69%) and converted into the
crystalline carbonate 22 {78%, mp 126–127 °C (from hexane)}.
Treatment of 22 with dimethyltitanocene in toluene at reflux
provided the crystalline trans-fused bicyclic lactone 19§ [25%
unoptimised, mp 109–111 °C (from hexane)] and recovered
starting material (75%).

In summary, we have shown that the Claisen rearrangement
and hydrosilation methodology, developed for the synthesis of
medium-ring oxygen-containing heterocycles, can readily be
extended to the synthesis of cis- or trans-fused bicyclic
medium-ring lactones which form the basis for the synthesis of
members of the polyether toxin family.

We thank the EPSRC for financial support and provision of
the Swansea MS service, Merck, Sharp and Dohme for a CASE

award (to E. A. A.), the University of Cambridge (Robert
Gardiner Memorial Scholarship), the Cambridge European
Trust (awards to P. T. O’S) and Corpus Christi College,
Cambridge (Research Fellowship, J. W. B.).

Notes and references
† All new compounds exhibited satisfactory spectroscopic and analytical
and/or exact mass data.
‡ The synthesis of the lactones 2, 9 and 10 will be reported in a separate
paper.
§ Selected data for compound 19: white crystalline solid; mp 109–111 °C
(from hexane); Rf 0.6 (diethyl ether–hexane, 1+1); [a]16

D 226.6 (c 0.165 in
CHCl3); nmax(CHCl3)/cm21 2947, 1744 (CO), 1737 (CO), 1340, 1149 and
1068; dH(800 MHz, CDCl3) 5.88–5.82 (1H, m), 5.78–5.70 (3H, m),
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13a), 75.3 (C-6a), 37.6, 34.2, 30.9, 24.9 and 24.3 (C-3, C-4, C-13, C-10 and
C-9); m/z (CI, NH3) 254 [(M + NH4)+, 100%)] [Found: (M + NH4)+, m/z
254.1393. C13H20O4N requires m/z 254.1392].
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Scheme 3 Synthesis of the bicyclic lactone 19. Reagents and conditions: i,
vinyl iodide, CrCl2 1% NiCl2, Me2SO, 18 h, 59%; ii, HF·pyridine, pyridine,
THF, 50–69%; iii, triphosgene, pyridine, Et3N, CH2Cl2, 4 Å molecular
sieves, 278 °C ? room temp., 78%; iv, Cp2TiMe2, toluene, reflux, 1.5 h,
25%.
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Methoxycarbonyl groups in the 4-position of the aromatic
subunits strongly influence the conformational behaviour
and the receptor properties of cyclic peptides composed of
alternating 3-aminobenzoic acid and L-proline

We recently showed that cyclic hexapeptides composed of
alternating natural amino acids and 3-aminobenzoic acid
subunits bind cations and anions with high affinity.1,2 Cation–p
interactions with the aromatic subunits of such cyclopeptides
generally result in inclusion of cations into the shallow dish-
shaped receptor cavity.3 By contrast, anions are only bound
when they are able to form hydrogen bonds to the peptide amide
groups. This latter interaction induces a receptor conformation
in which all NH groups of the peptide point towards the cavity
centre.4 In the absence of suitable anions, the amide groups are
able to rotate more freely. We speculated that suitable
substituents on the peptide subunits would also restrict amide
rotation. Such an approach may have the additional advantage
that the anion complexation could be completely prevented by
locking the NH groups in an orientation unsuitable for
interactions with these guests. Here we report our first results in
this direction.

Inspired by the work of Hamilton and coworkers who have
shown that methoxycarbonyl groups can be used for the
conformational control in oligoanthranilamides,5 we introduced
these substituents at the 4-position of the aromatic subunits of 1.

Methoxycarbonyl groups are able to form hydrogen bonds to
adjacent NH protons and thus induce an amide orientation
parallel to the aromatic rings. They also cause the NH protons to
point away from the cavity centre and make the amides less
available for anion complexation.

Peptide 2 was synthesised from the commercially available
2-aminoterephthalic acid 1-methyl ester by following a proce-
dure similar to that used for 1.1 Whereas 1 possesses a simple 1H
NMR spectrum that represents an averaged C3-symmetrical
structure, the spectrum of 2 is more complicated [Fig. 1(a) and
(c)]. Identical protons of 2 give two signals in most cases, and
even the methyl ester signal is split. Since the spectrum is not
significantly affected by varying the concentration of 2 in the

region 2–0.2 mM, an intermolecular association of the peptide
at these concentrations is unlikely. Instead, the spectrum more
probably represents a non-symmetrical conformation of 2 or
different slowly interconverting peptide conformers. Tem-
perature-dependent 1H NMR spectroscopy of 2 in C2D2Cl4
shows that at 120 °C the flexibility of the peptide is still
somewhat restricted. The rigidity of 2 is certainly caused by the
effects of the additional methoxycarbonyl substituents. The
unusually large downfield shift of the NH protons in the 1H
NMR spectrum of 2 in CDCl3 at d 11.1 [for 1 d(NH) 9.2] and the
strong N–H vibration band at 3303 cm21 in the FTIR spectrum
in CDCl3 indicate that these groups are involved in hydrogen
bonds. The crystal structure of 2 monohydrate (Fig. 2) shows
that, as predicted, these hydrogen bonds are formed between the
amide NH groups and the neighbouring methoxycarbonyl
groups.‡ The overall peptide conformation in this structure is
non-symmetrical, presumably caused by the water molecule,
with one aromatic subunit tilted away from the others. As a
result, one would expect a weak cation affinity of 2.

Nevertheless, a significant upfield shift of the guest protons is
observed upon addition of quaternary ammonium salts such as
n-butyltrimethylammonium picrate (BTMA+ picrate) to solu-
tions of 2 in CDCl3. This shift is generally interpreted in terms
of an inclusion of the cation into a receptor cavity which brings
the guest protons in close proximity to the aromatic subunits.3
The spectrum of the peptide is also affected in the presence of
the cation. On increasing the guest concentration, the spectrum
becomes simpler until, after addition of 4 equivalents of
BTMA+ picrate to a 2 mM solution of 2 in CDCl3, it represents
a symmetrical conformation [Fig. 1(b)]. Complex formation

† Electronic supplementary information (ESI) available: synthesis, IR and
NMR data for 2. See http://www.rsc.org/suppdata/cc/b0/b000568l/

Fig. 1 1H NMR spectra of 2 (a) in C2D2Cl4 (60 °C), (c) in CDCl3 (25 °C)
and (b) after addition of 4 equiv. of BTMA+ picrate in CDCl3 (25 °C). 
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obviously causes a shift of the conformational equilibrium of 2.
The NOESY NMR spectrum shows strong NOE effects
between NH and H(a), which confirms that the NH groups are
oriented towards the methoxycarbonyl substituents. As yet, we
have not been able to obtain crystals of the 2·BTMA+ complex.
However, 2 crystallises from acetone with one solvent molecule
per peptide unit. X-Ray crystallography reveals that the solvent
molecule is located inside the peptide cavity (Fig. 3). Moreover,
the peptide conformation in this structure is more symmetrical
than in 2·H2O. The three aromatic subunits are all tilted into the
same direction with all hydrogen bonds between NH and the
methoxycarbonyl substituents retained. These results indicate
that suitable guest molecules can induce a symmetrical peptide
conformation well suited for guest binding when they are
included into the cavity of 2. The NMR spectroscopic results
demonstrate that certain cations induce a similar conformation
in solution. This mechanism of complex formation is therefore
consistent with an ‘induced-fit’.

The upfield shift of the BTMA+ protons in the presence of 2
can be used to quantitatively determine the complex stability by
NMR titrations.6 When the shifts of the cation protons of
BTMA+ picrate were followed in the titration, a stability
constant Ka was obtained that is almost an order of magnitude
larger than that of the corresponding complex of 1 (Table 1).
This significant increase of cation complex stability can be
attributed to the conformational rigidity of 2.

Whereas a dramatic increase of the cation complex stability
was observed for 1 with iodide or tosylate anions,1 the BTMA+

complex stabilities of 2 decrease when going from picrate to
iodide and tosylate. A similar anion effect has also been
reported for cation complexes of calixarenes.7 Bartsch and
coworkers have shown that the extraction efficiency of certain
crown ether salt complexes correlates inversely with the
hydration enthalpy of the anion.8 In accordance with these
findings, the stabilities of the BTMA+ complexes of 2 decreases
with increasing Gibbs free energy of hydration of the anion.9
The dependence of the complex stabilities on the type of anion
can therefore be attributed to an intrinsic property of the salts
and not to possible peptide–anion interactions. Indeed, the FTIR
spectrum of 2 is unaffected by the different anions, not even
those that bind very strongly to 1.

In summary, we have shown that the NH groups of 2 can be
locked in a defined orientation by hydrogen bonds to methoxy-
carbonyl groups on the aromatic subunits. This results in a
reduction of the conformational freedom of the cyclopeptide
and in improved cation affinity as well as a complete loss of
anion binding ability. Currently, we are investigating effects of
other substituents. The fact that the conformation and hence the
binding properties of these peptides can be influenced by non-
covalent intramolecular interactions give them important ad-
vantages over many other artificial receptors.

S. K. thanks Professor G. Wulff, to whom this paper is
dedicated on the occasion of his 65th birthday, for his generous
support and Mrs D. Kubik for the preparative work.

Notes and references
‡ Crystal data: 2·H2O: C42H42N6O12·H2O, Mr = 840.83, colourless prism,
crystal size 0.44 3 0.54 3 0.58 mm, a = 13.2214(6), b = 17.0958(8), c =
18.0413(8) Å, U = 4077.9(3) Å3, T = 100 K, orthorhombic, space group
P212121 (no. 19), Z = 4, Dc = 1.37 g cm23, m = 0.10 mm21. Siemens
SMART diffractometer, l = 0.71073 Å. 44640 measured reflections,
15293 unique, 8260 with I > 2.0s(Fo

2). The structure was solved by direct
methods and refined by full-matrix least squares on F2 for all data with
Chebyshev weights to R = 0.0595 [I > 2s(Fo

2)], wR = 0.144 (all data),
553 parameters.

2·Me2CO: C42H42N6O12·C3H6O, Mr = 880.89, colourless prism, crystal
size 0.17 3 0.28 30.64 mm, a = 10.5607(6), b = 17.6047(10), c =
22.7991(13) Å, U = 4238.8(4) Å3, T = 100 K, orthorhombic, space group
P212121 (no. 19), Z = 4, Dc = 1.38 g cm23, m = 0.10 mm21. Siemens
SMART diffractometer, l = 0.71073 Å. 48668 measured reflections,
16532 unique, 9124 with I > 2.0s(Fo

2). Structure solution and refinement
as above, R = 0.073 [I > 2s(Fo

2)], wR = 0.172 (all data), 582
parameters.

CCDC 182/1564. See http://www.rsc.org/suppdata/cc/b0/b000568l/ for
crystallographic files in .cif format.

1 S. Kubik and R. Goddard, J. Org. Chem., 1999, 64, 9475.
2 S. Kubik, J. Am. Chem. Soc., 1999, 121, 5846.
3 J. C. Ma and D. A. Dougherty, Chem. Rev., 1997, 97, 1303; P. Lhotak and

S. Shinkai, J. Phys. Org. Chem., 1997, 10, 273.
4 See also: H. Ishida, M. Suga, K. Donowaki and K. Ohkubo, J. Org.

Chem., 1995, 60, 5374.
5 Y. Hamuro, S. J. Geib and A. D. Hamilton, J. Am. Chem. Soc., 1996, 118,

7529.
6 K. A. Connors, Binding Constants, Wiley, New York, 1987; R. S.

Macomber, J. Chem. Educ., 1992, 69, 375.
7 R. Arnecke, V. Böhmer, R. Cacciapaglia, A. Dalla Cort and L.

Mandolini, Tetrahedron, 1997, 53, 4901.
8 U. Olsher, M. G. Hankins Y. D. Kim and R. A. Bartsch, J. Am. Chem.

Soc., 1993, 115, 3370.
9 Y. Marcus, Ion Properties, Marcel Dekker, New York, 1997.

Communication b000568l

Fig. 2 Molecular structure of 2·H2O. Selected interatomic distances (Å):
N1···O7 2.677(2), N3···O9 2.656(2), N5···O11 2.903(3).

Fig. 3 Molecular structure of 2·Me2CO projected onto a plane through the
three amide N atoms of 2 (tilt angles of the aromatic rings to this plane (°):
at N1, +35; at N3, +57; at N5, +31). Selected interatomic distances (Å):
N1···O7 2.668(3), N3···O9 2.692(3), N5···O11 2.678(2).

Table 1 BTMA+ complex stabilities in CDCl3 at 298 K (Ka = stability
constant in M21, error limits of Ka < 20%; Ddmax =  maximum chemical
shift in ppm; DGH =  Gibbs free energy of hydration of the anions in kJ
mol21)

1 2

Anion Ka 2Ddmax Ka 2Ddmax 2DGH

Picrate 1 260 0.70 10 800 0.54 197
Iodide 21 100 1.11 3 310 0.59 283
Tosylate 5 050 000 1.16 740 0.54 318
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Topological analysis of experimental and theoretical charge
densities in tetrasulfur tetranitride clarifies features of the
intramolecular bonding; intermolecular charge concentra-
tions reveal directional ‘key–lock’ interactions correspond-
ing to molecular recognition in the solid state.

Tetrasulfur tetranitride, S4N4, is perhaps the most studied
inorganic heterocycle, yet a full understanding of its bonding
remains elusive. Thus, whilst S–S bonding interactions between
proximal S atoms are established, the nature and extent of
interaction remain unclear,1–3 and the existence of distal S…S
interactions is either claimed1,4 or refuted.2

Two decades ago a low-temperature X-ray diffraction study
provided the most accurate molecular geometry to date, and
reported a preliminary analysis of the charge density distribu-
tion, r(r), in S4N4.1 With the subsequent advances in in-
strumentation, analytical methods and computing power, we
have undertaken experimental and theoretical studies of r(r) for
S4N4

5 and a theoretical study of S2N2 for comparison. Our
geometrical parameters for S4N4 are in good agreement with
those of the earlier study.1 We have clarified several incon-
sistencies still outstanding in the various bonding descriptions
of S4N4, and observed distortions in the experimental charge
density giving rise to directional intermolecular attractions
corresponding to molecular recognition in the solid state.

Intramolecular bonding: in order to reveal both gross and
subtle features of r(r), we have analysed its Laplacian, ∂2r(r),
using the ‘Atoms in Molecules’ (AIM) approach of Bader.6 By
means of a topological analysis of r(r), features such as bond
critical points (CPs) and paths of maximum electron density can
be used to construct a molecular graph representing the network
of bond paths connecting linked atoms. As shown in Fig. 1(a),
we find ten (3, 21) bond CPs,6 corresponding to eight S–N and
two S–S linkages, and four (3, +1) ring CPs,6 in a tetrahedral
array about a central (3, +3) cage CP.6 These conclusions are in
accord with an earlier theoretical study.3 r(r) at the cage CP is
a minimum in all three dimensions, supporting the conclusions
drawn from two theoretical deformation density studies,2,7 and
affording no evidence of significant distal S…S interactions.
The value of r at the bond CPs, r(rc), for the S–S bonds
[r(rc)av = 0.37(1) e Å23; av = average] is significantly lower
than that for the S–N linkages [r(rc)av = 1.54(1) e Å23], being
about one-third that reported for an S–S single bond.8 This,
together with the long S–S distances8 of 2.5995(2) and
2.5950(2) Å and a positive value of the Laplacian,6∂2r(rc)av =
1.61(1) e Å25, may be interpreted in terms of a weak, closed-

shell interaction between the two S atoms. However, analysis of
both kinetic energy densities G(r) and potential energy densities
V(r)10 of the electrons at the bond critical points suggests some
covalent character for the S–S bond [H(rc) = G(rc) + V(rc) =
20.116; G(rc) = 0.228 hartree Å23].9

The shortness of the S–N bond [1.629(1) Å; on average] and
its degree of ellipticity6 [e = 0.17; r(rc)av = 1.54(1) e Å23;
∂2r(rc)av = 210.60(3) e Å25] implies p-contributions. The
bond paths are displaced, respectively, outwards and inwards
for the S–S and S–N bonds, and the S–N bond CPs are located
closer to the electropositive S atoms [Fig. 1(a)]. Calculated
atomic charges11 suggest transfer of ca. 1.3 electrons to N from
S, although monopole charges based on the X-ray multipolar
model suggest a lower figure of 0.3 electrons.

Intermolecular bonding. The solid-state structure of S4N4
consists of helical chains of molecular units along the
crystallographic b-axis. The pronounced polarity of the S–N
bonds orients neighbouring molecules such that electrostatic
S…N contacts are formed [Fig. 2(a),(b)]. r(r) at the inter-
molecular S…N bond CPs is rather small [r(rc)av = 0.085(1) e
Å23], but is substantially greater than, for example, the S…S
intramolecular interactions in 3,3,6,6-tetramethyl-S-tetrathiane
[r(rc) = 0.043(1) e Å23].12 Despite the flatness of the r(r) map,
four intermolecular bond CPs, six ring CPs and one cage CP
have been located; all experimental and theoretical topological
parameters are in good agreement. A more detailed picture
emerges from analysis of the Laplacian, ∂2r(rc), in regions
corresponding to these intermolecular bonding interactions. The
results are depicted in Fig. 2 as contour plots for (a) the NNSASA,
and (b) the SNNASA interactions, respectively. Here maxima in
–∂2r(rc) signal regions of local charge concentration and
minima regions of local charge depletion. In accord with both
the present and an earlier theoretical study,3 we deduce that (i)

† Electronic supplementary information (ESI) available: experimental
details; listing of geometrical and topological parameters; fractional atomic
coordinates and mean square atomic displacement parameters; multipole
population coefficients; expansion and contraction coefficients; description
of the local coordinate systems and basis set information. See http://
www.rsc.org/suppdata/cc/a9/a910209o/

Fig. 1 (a) Location of the critical points denoted by closed circles in the
S4N4 skeleton. The bond critical points along the S–N bonds are shifted
towards the more electropositive sulfur atoms. Important distances (Å) and
angles (°) (average values): S–N 1.629(1), S–S 2.598(1); N–S–N 104.5(1),
S–N–S 112.7(1). (b) Isosurface maps at constant 2∂2r(r) values indicating
bonded and non-bonded charge concentrations on N(1) and S(2) [2∂2r(r)
= 45 and 9 e Å25, respectively].
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two bonded and two non-bonded, and (ii) three bonded and one
non-bonded charge concentrations, respectively, in the valence
shells of the N and S atoms of S4N4 are retained in the solid state
[Fig. 1(b)].

While the bonded charge concentrations constitute the
intramolecular bonds, the magnitude and location of the non-
bonded charge concentrations on the nitrogen and the local
charge depletions on the sulfur atoms should be responsible for
the orientation of the S4N4 molecules in the solid state.3,13

According to a point charge model, optimal interaction should
occur for closest contact of S…NA pairs, giving a value of 90°
for the NNSA angle in the NNSASA plane. In fact, this angle is
100.00(3)° on account of the directionality of the interactions
between the local charge concentrations in the valence shells of
the N atom and the associated regions of charge depletion on the
corresponding SA atom. Fig. 2 clearly shows the resulting ‘key–
lock’ principle of facing charge concentrations and charge
depletions in the valence shells of the nitrogen and sulfur atoms
in the intermolecular NNSASA plane of the (S4N4)2 dimer. A
similar pattern of charge tessellation is displayed by the
Laplacian in the corresponding NSNASA plane of S4N4 and also
in the structurally related model system (S2N2)2,12 as depicted
in Fig. 2(c). For (S2N2)2 the S…NA contacts are significantly
shorter than in (S4N4)2 [2.890(1)14 cf. 3.0882(8) Å], in accord
with the proclivity of S2N2 to polymerise to (SN)x with the
transformation of one S…NA contact into a covalent S–N
bond.

The ‘key–lock’ interaction based on the Laplacian goes
beyond a point charge model which takes no account of the
polarisation of the valence shell and the consequent formation
of local charge concentrations and depletions. Whilst crystal
architecture is often controlled by directional interactions like
hydrogen bonding,17 this appears to be the first experimental
study to reveal a simple three-dimensional directional inter-
action involving facing charge concentrations and charge
depletions as a transferable architectural principle in a molec-
ular crystal. The transferability of the ‘key–lock’ pattern is
remarkable since S2N2 and S4N4 display rather different
geometries and electronic structures. These results suggest that
similar architectural forces encoded in the Laplacian of the
charge density may be more generally revealed by this type of
experimental study. The ability to observe such intermolecular
interactions is an important advance, for it demonstrates the
response of the non-isolated molecule to its chemical environ-
ment, and so holds out the prospect of a better understanding not
just of molecular structure, but of molecular reactivity and
molecular recognition under appropriate conditions.
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Fig. 2 Contour plots of charge concentrations determined experimentally and by calculation [B3LYP/6-311G(3df) level]. Negative values of 2∂2r(r) are
marked by broken lines. (a) 2∂2r(r)exp in the NNSASA plane and (b) 2∂2r(r)exp in the SNNASA plane. The relative orientations of the S4N4 molecules are
indicated by solid lines. Salient distances (Å) and angles (°): S–NA 3.0882(8); N–S…NA 79.43(3); N…NSA 100.00(3). (c) 2∂2r(r)calc in the SNNASA plane
of the (S2N2)2 dimer. In (a) the ‘key–lock’ interaction is marked by arrows.
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Reversible encapsulation is one of the more recent forms of
molecular recognition. Small molecule targets are completely
surrounded by larger molecular assemblies and steric barriers
keep the guest from escaping the host. Calix[4]arenes make
useful modules for capsule construction and the review traces
their history. Applications in physical organic chemistry,
materials science and spectroscopy are described.

Calixarenes are widely used modules in supramolecular
chemistry but I was avoiding them. After all, there were (and
still are) a good number of superbly capable research groups
busy with these molecules. Their work has generated hundreds
of original journal articles, extensive literature reviews and
whole monographs; I did not intend to disappear in this
avalanche of paper. But here I am, tossing another snowball on
the heap, writing more about them. What changed my mind was
the imagination and skill of a graduate student, Ken Shimizu.
He presented me with an accomplished fact: a calixarene that
formed an encapsulation complex. No one else could have
arrived at the same molecules, we thought—but that was a
colossal illusion.

Ken was working in aspects of molecular recognition
chemistry involving cleft-like synthetic shapes and he pos-
sessed a keen eye for molecules with curvature. At that time
more than half of the research group was involved in self-
assembling systems, particularly hollow, pseudo-spherical
structures, and he set out to invent his own version. Instead of
carving up the sphere into a pattern of, say, a tennis ball, Ken felt
that a simpler, hemispherical division would lead to a fertile
formula for assembly. For this he needed a bowl-shaped
molecule that could be usefully functionalized on its rim. He
found it in calixarenes1 when they are in the so-called ‘cone’
conformation (Fig. 1).

This conformation features a gentle curvature on its molec-
ular surface that can be enforced and maintained by placing
sizable groups on the lower rim, on the phenolic oxygens.2 The
cavity left by this shape is what matters; if the calixarene were
constructed from CPK models then filled to the brim with, say,
a quick-setting plaster,3 then the hardened material, when
removed, would resemble not so much a cone as it would (in
miniature) the great pyramid at Giza. The cone descriptor was
devised by Gutsche1 whose heroic synthetic studies have
resulted in calixarenes being articles of commerce. In addition,
Böhmer,4 Ungaro,5 Shinkai,6 de Mendoza7 and others have
worked out the synthetic protocols and the many conforma-
tional possibilities of calixarenes. I am grateful to the advan-
tages their work gave us latecomers.

Shimizu’s idea had been to bring two of these calixarenes
together, rim-to-rim, and the enduring fashion in the group was
to use hydrogen bonding patterns on self-complementary
molecules to accomplish this. The moderate directionality and
reversible formation of hydrogen bonds had been successful in
other ongoing projects and Ken used the nature of ureas to
nurture a seam of hydrogen bonds between the hemispheres. A
circle of eight ureas, four from each hemisphere, assembled
head-to-tail as shown in Fig. 1. This directionality leads to a
reduction of symmetry (at least on the NMR timescale) and no
planes of symmetry are present in the dimer: the two meta
protons of the benzene units are now in different magnetic
environments. It was the coupling constant between these
protons that gave away the structure.

When I first lectured about this work at a conference in
Jerusalem in the summer of 1995, I was disappointed to find that
the calixarene capsule was greeted with some skepticism. Two
other groups had already made molecules having all the
functional aspects of Ken’s, but had not recognized them to be
dimeric capsules. Volker Böhmer proposed that we look for
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Fig. 1 Top. Ways of dividing a spherical surface and the curvature of a
calix[4]arene in a cone conformation. Bottom. The calix[4]arene bearing
ureas on the upper rim forms a dimeric capsule when an appropriate guest
is present.
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meta coupling in our systems, as predicted by a dimeric
structure, and indeed, there was. Böhmer subsequently pub-
lished his capsular system,8 about which more later. David
Reinhoudt favored a ‘pinched cone’ conformation but even-
tually described the cone conformation for anion detection with
his urea and sulfonyl urea calixarenes.9

Even though the NMR spectra in solvents such as CDCl3
were consistent with the formation of a dimeric capsule, it was
not until Shimizu detected a guest inside the capsule that we
were confident enough to publish this work.10 First, it was
necessary to solve the solvent problem and the solution was,
well, in the solution. Still and Chapman11 had shown that
concave surfaces into which solvents do not fit tended to show
high affinities for other small molecules that do. This scenario
was staged by the use of solvents that are too large to be
accommodated in the concavity, provided that they still
dissolved the components of the system. These observations
concerning solvent size vs. cavity size are generally applicable
to encapsulation phenomena and we have used them ex-
tensively. For the case at hand, it meant that solvents such as
CDCl3 that are excellent guests for the cavities, are reluctant to
leave the cavities to solutes. After all, the solvent at ~ 10 molar
concentration has a seemingly insurmountable advantage. To
make matters worse, trace impurities in the solvents can provide
stoichiometric amounts of excellent guests. For example, a
solvent like deuterated p-xylene, for which modeling suggested
an uncomfortably tight fit, was easily displaced by simple
aromatics. Benzene, for example, fits well and when it is added
to such a solution a new resonance in the NMR spectrum
appears, a sharp singlet at ca. 4 ppm. The benzene oozes into the
cavity over the course of about an hour. But when the deuterated
xylene solvent is subjected to fractional distillation to remove
deuterated benzene contaminants, the added benzene guest
enters rapidly.

A different approach to the dimeric nature of the capsule was
provided by Böhmer. He showed that mixing two very similar
calixarene dimers gave a heterodimeric system.8 Shortly
thereafter, Böhmer took all of the doubt out of things by
providing an X-ray crystal structure12 with the hydrogen bonds
of the capsule clearly defined, and a benzene guest inside the
capsule to boot.

Solubility is an ever-present issue for our self-assembling
systems. For the calixarenes we enhanced it by attaching large
groups, such as benzylic groups, to the lower rim and alkyl-
substituted aromatics along the ureas of the upper rim.
Nowadays, we use p-n-heptylphenyl, but in the early days the
best peripherals were tolyl or even normal alkyl chains. Even
with these appendages low solubility in our favorite (large)
deuterated solvent, p-xylene and the pricey (largest) mesitylene
often thwarted our encapsulation attempts. To this very day we
suffer the neglect of commercial concerns for our need of larger,
deuterated solvents.

Our studies centered around what types of guests could be
ushered in. Because of the unusual shape of the cavity (two

square pyramids rotated at 45° from each other) we tried some
correspondingly exotic shapes (Fig. 2). Phil Eaton provided us
with a generous sample of cubane and it proved to be an
excellent guest. Halobenzenes, especially fluorobenzenes were
also readily encapsulated and gave us some information about
their orientation when trapped within. For example, in fluoro-
benzene the chemical shifts of the ortho, meta and para protons
suggest a positioning in which the C–F bond and the para
proton are along the equator (a polar microenvironment),
directed at the seam of hydrogen bonds.13 A semantically
challenging situation arises in the description of these capsules
since the ‘poles’ are not polar but the equator is! The resonance
of the para proton of C6H5F was shifted only moderately
upfield in the NMR spectrum, while the ortho and meta protons,
directed at the eight aromatic faces in the poles of the cavity,
experience the largest upfield shifts. Blake Hamann found that
even the floppy pentane is encapsulated.14 Its terminal methyl
groups appear at higher field than 22 ppm. In any of these
cases, it was possible to ‘denature’ the system, that is, by
flooding the solution with competing ureas the hydrogen bonds
were disrupted and the guest was liberated. Of course, the same
result can be reached by adding a solvent such as DMSO that
competes for the hydrogen bond acceptors. We will discuss
those experiments in due course.

During this time, Christoph Schalley and Gary Siuzdak were
intent on characterizing the capsules in the gas phase.
Historically, it has not been easy to get evidence for hydrogen
bonded assemblies through mass spectrometry, since the protic
solvents required for protonation tend to disrupt the very
hydrogen bonded aggregates that one wishes to detect. A
number of static tactics have been used to overcome this
problem: labeling with alkali ions by covalently attached crown
ethers,15 cation–p complexes with silver ions and suitably
arranged aromatics,16 and even anions17 appended to the
assemblies have been useful. Schalley tested various organic
cations and found that the N-methylquinuclidinium ion was an
excellent guest for the calixarene capsules, both in solution and
in the gas phase. This ion acts simultaneously as a guest and an
ion label. Moreover, this guest is one of the best for the
calixarenes, it even competes with solvent chloroform for the
interior of the capsule.18 Cation–p interactions provide the
driving force. Schalley used this ion in a number of contexts
including heterodimerization experiments19 and with a cova-
lently bound capsule, discussed below.

A number of other functional groups were attached to the
upper rims of the calixarenes then screened for capsule
formation. One of these led to a discovery that had far-reaching
consequences for our program. Ron Castellano and Professor
Byeang Hyean Kim made a sulfonyl urea derivative,20 similar
to one earlier reported by Reinhoudt.9 It was characterized as a
capsule, but in the presence of a aryl urea capsule, dis-
proportionation took place in an exclusive manner: only the
heterodimeric system was observed by NMR! Probably the
superior acidity of the sulfonyl urea finds its counterpart in the

Fig. 2 Left. Cartoon representation of the calixarene capsules used elsewhere in this review. Right. Some of the many guests encapsulated by these
dimers.
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basicity of the aryl urea, but there must be other intermolecular
forces involved since simple alkyl ureas do not show the same
tendency to heterodimerize. Whatever the cause, this phenome-
non helped us characterize a number of systems of increasing
complexity (Fig. 3). For example, using a 1,3,5-trisubstituted
aromatic spacer, we were able to observe an assembly in
solution that was capped by three sulfonyl ureas.21 This is one
of the most complicated assemblies we have prepared to date; it
consists of seven molecules – the centerpiece, three caps and
three guests. It maintains its structure in solution and in the gas
phase when quinuclidinium is the guest.

The calixarenes also allowed us to explore the practical
differences between covalently bound molecules-within-mole-
cules, carcerands22 and reversibly formed capsules.23 Independ-
ently, Sherman was pursuing this very line of inquiry using
resorcinarene-based systems.24 The question dealt with whether
or not we could combine the best aspects of assembly—
reversibility and stability—but side-step the worst aspects—
lengthy syntheses and solubility problems—with capsules that
were hybrids. In both approaches, the tactic was the same; to
covalently attach two of the bowl-shaped molecules at their
upper rims in such a way that they would still form a capsule.
For the calixarenes, a tether was needed that was long enough to
reverse the seemingly divergent directions, and yet short
enough to minimize the problems posed by entropy. Marcus
Brody arrived at the hexyl tether since it modeled well and
provided the distance needed to span the two hemispheres
without causing an undue amount of entropy loss from the
methylenes of the chain. The synthesis was uneventful,
following well-trodden paths.25 Happily, he found enhanced
stability for the new molecule (Fig. 4). It was loathe to
miscengenate with other aryl substituted ureas at comparable
concentrations; it neither dimerized nor polymerized, but it
could be forced to heterodimerize with excess sulfonyl ureas.
The product favored at equilibrium was a dumbbell-shaped
assembly that featured five molecules. Again, it was charac-

terized both in solution and in the gas phase as its quinuclidin-
ium complex.

The capsule exists as a pair of enantiomers but we expected
very little in the way of entantioselective recognition from such
a system. After all, the chirality exists in the lining, in the seam
of the hydrogen bonds, as a clockwise or counter-clockwise
arrangement with respect to the tether. The tether is largely
external and cannot reasonably be expected to influence binding
events inside. The longer-term significance of this molecule is
that the tether also provides a place for covalent attachment of
an entire capsule-forming unit on, say, a solid surface. We have
aims on a sensing device for appropriate guests, but this has not
yet been brought to practice.

Polycaps
Self-complementary structures have fascinated us for some time
as there is a certain economy, even dignity, in a molecule that
recognizes itself in a predictable way. By predictable I include
the contributions of crystal engineering,26 but any molecule that
enjoys a liquid or solid state does express some self-
complementarity, intended or not. When the recognition
surfaces are arranged in a way that all sites find their
complements in a dimer, then additional possibilities arise:
these self-complementary structures can give rise to the
simplest molecular replicators.27 Experiments in the Ghadiri lab
have recently shown that trimeric peptide helix bundles are also
capable of replication,28 and there is no reason to exclude
tetramers or higher order aggregates, even if no specific cases
exist at this writing. What is certain is that recognition surfaces
that diverge on self-complementary molecules lead to open-
ended systems such as polymers. For some years we had been
trying to realize this in the context of the capsular structures, and
the calixarenes gave us the opening we were looking for.

Professor Dmitry Rudkevich and Ron Castellano used
literature precedents to synthesize a calixarene tetraurea bearing

Fig. 3 Aryl and sulfonyl ureas further functionalized on their lower rims are converted into modules. Heterodimerization takes place exclusively to give
predictable nanoscale assemblies.

Fig. 4 Covalent connection of the two hemispheres at their upper rims now leads to capsules in an intramolecular sense. Neither 2+2 dimers (top left) nor
polymers (top right) are formed. However, with excess sulfonyl functionalized calixarenes a dumbbell-like shape is favored (bottom).
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a unique site for functionalization on the lower rim. This had
already been accomplished elsewhere29 to anchor alkali and
alkaline earth ions to a calixarene platform. Dimerization of this
molecule was as expected but gave us a taste of the complex
flavors of isomerism that lay ahead. For example, two
regioisomers of the capsules exist and there are unique
environments for all 8 (downfield) N–H resonances in each!
Nonetheless, they are not very different; these 16 urea
resonances appear within 0.1 ppm of each other in the NMR
spectrum. Two of the monomeric calixarenes were duly linked
through amide bonds to relatively short spacers (Fig. 5).30

Consider, now, the assembly of such a unit in a linear polymeric
array. Capsules appear like beads on a string, and each site is at
a characteristic distance from the end of the polymer. At first
glance, one might think there is symmetry about the center of
the supermolecule, but the two halves of each capsule are
different, each cavity is chiral, that is, the head-to-tail
arrangement of ureas is either clockwise or counterclockwise at
each capsule. For a string of, say, 100 units the number of
isomers due to chirality and regiochemistry approaches 4100.
This figure is many times greater than the total number of
molecules in the sample (or on earth, for that matter). The
symmetry must be broken as described by Eschenmoser.31 That
we were able to observe and interpret the signals for the
polycaps and their encapsulated guests was a triumph of high
resolution NMR.

The polymeric assemblies do show broadened NMR spectra
but the positions of the resonances matched very closely those
of simpler model (dimeric) capsules. Addition of guests resulted
in the emergence of new signals, and the encapsulated species
showed up right where we expected them. The reversibility of
the polymerization was readily established: for example, a few
% DMSO added to the CDCl3 solvent gave a system that
contained roughly equal amounts of monomer and polycap.
When a good guest like p-difluorobenzene was then added, the
growth of a new polycap species was evident at the expense of
both the monomer and the original (solvent-filled) polycap.

A linear polymeric capsule can be of any length and we
attempted to determine the length with size exclusion or gel-
permeation chromatography. The polycaps proved to be at the

limits of the sensitivity of our columns, and the technique, but
we have been fortunate to recruit Professor George Benedek
and Aleksey Lomakin to address some physical aspects of these
systems. They are presently unraveling the complex questions
regarding polymer length, individual association constants of
the polycaps and their effect on reptation, that is, the
entanglements often encountered in covalently bound polymers.
The reversible formation of the polycaps may allow ideal,
untangled arrangements to form. In the meantime, we note that
there are not many examples of reversibly-formed, hydrogen
bonded polymers.32 The uniqueness of the systems at hand have
to do with their ability to function as capsules as well as
polymers.

The formation of heterodimeric systems was likewise
explored by ‘end capping’ experiments. Specifically, the
polycap rapidly broke down to a dumbbell-shaped assembly
when treated with an excess of the simple dimeric capsule. The
dumbbell featured a sharply resolved NMR spectrum that
showed all of the expected resonances. A version capable of
cross-linking was also prepared. This was based on a spacer
derived from a symmetrical 1,3,5-trisubstituted benzene to
which three of the monofunctionalized calixarenes described
earlier21 were attached. The polycap here was insoluble in all of
the solvents in which it assembled, but the monomer proved
useful in nucleating other complex assemblies.

Let me now describe the long-range order of these polycaps.
Colin Nuckolls and Ron Castellano felt confident that the
polycaps could be forced into increasing order, for example,
into liquid crystalline phases, if the appropriate modifications
were made on the surface of the structures. Accordingly, the
monomers were outfitted with long alkyl chains that provided a
liquid-like sheath around the polymer chains; this helps fill the
space between the chains. The resulting polycaps (at high
concentrations) showed birefringence patterns when viewed
between crossed polarizers and gave typical Schlieren tex-
tures.33 These textures reflect the morphology of the liquid
crystals and were found to be a function of what guest was
inside. Lyotropic, nematic liquid crystalline phases were
generally observed with the polycaps. The characterization was
done by our collaborators: Holger Eichhorn in Timothy
Swager’s lab at M.I.T. and Andrew Lovinger at the Bell Labs.
Typically, molecules like difluorobenzene and nopinone were
readily encapsulated in these liquid crystalline phases. Further
characterization by X-ray diffraction patterns showed peaks at
2.4 and 1.6 nm that match well the repeat distances and the
dimensions of the polycaps (Fig. 6).

Fig. 5 Heterodimerization preferences lead to predictable polymer se-
quences from either complementary or self-complementary subunits.

Fig. 6 Covalently-linked calixarenes form polycaps in the presence of a
suitable guest.
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It was also possible to show that external, mechanical forces
can be used to further organize the liquid crystalline phases. For
example, shearing gave fibers that showed a uniform width of
about 6 mm when viewed through a confocal microscope.
Macroscopic samples were also prepared. Specifically, fibers
from liquid crystalline samples could be pulled to cm lengths.
This ability to draw fiber structures from polymeric liquid
crystals is also characteristic of other hydrogen bonded
polymers.34 In short, a hierarchical ordering of the molecules
that ranges from the Å to the cm scale is at hand. Whether we are
able to find applications for these liquid crystals that have
encapsulated guests is not yet clear. After all, liquid crystals are
a dime a dozen (or worse, a dime a pound) and our polymeric
capsules cost a bit more.

While we started this discussion praising the virtues of self-
complementarity, the heterodimerization that we discussed
between the sulfonyl ureas and the aryl ureas took us a long way
in ordering assemblies. There is another way heterodimerization
became an advantage and that dealt with chiral derivatives. The
calixarene tetraureas derived from norleucine in its optically
active form showed a very high preference for forming
heterodimers with the parent aryl urea. Within these the head-
to-tail arrangement of the eight ureas appeared entirely to be
oriented in one direction. In other words, the peripheral point
chirality of the amino acid was being transmitted to the
capsule’s lining (Fig. 7). This heterodimerization was shown to

be exclusive with other amino acids that have b-branched side
chains, like isoleucine and valine.35 Circular dichroic spectros-
copy was used to assign the absolute configuration of these
capsules. The side chains of the amino acids provide contacts
that are vital in the dimeric assembly and eventually lead to
instruction of the clockwise or counter-clockwise arrangement
of the ureas.

Do these asymmetric microenvironments distinguish be-
tween enantiomeric guests? They do, but to date only modestly.
For example, with norcamphor as a racemic guest, the
heterodimer shows two sets of assemblies and there is about a
15% excess of one diastereomeric complex. With smaller guests
such as 3-methylcyclopentanone encapsulation occurs, but no
enantioselective binding is observed. So the many asymmetric
centers in these molecules do not necessarily translate into an
outrageously chiral space. Rather, as is the case with cyclodex-
trins, the bumps and dimples of the lining of these capsules are
smoothed over by the large number of their subunits. On the
positive side, the heterodimerization systems that have emerged

out of the studies of sulfonylureas and b-branched chiral ureas
represent forms of molecular instruction. They have parallels in
base pairing in double-stranded DNA. All of the bases can—and
to some extent, do—homodimerize, but the appropriate hetero-
dimers are far more stable.36

Polymeric systems based on heterodimerization capabilities
of the capsules were also explored by Ron Castellano. For
example, the alternating urea/sulfonyl urea polycap was made
as was the system in which each subunit had one urea and one
sulfonyl urea at each end. Both of these systems gave nearly the
same NMR spectrum. The instructions for heterodimerization
represent a vehicle for information in these systems, and it
becomes possible to consider an informational polymer based
on these molecules. For example, consider a backbone along
which the calixarenes may be appended. One of the simplest
constructs is an amino acid that has the calixarene as the side
chain. Such a system was duly made37 and is recognizable as a
quite large amino acid (Fig. 8). The intent was to build a ladder-
like polypeptide molecule capable of pairing, wherein the
sequence of ureas and aryl ureas could be read by an opposite
strand, very much like a sequence of a nucleic acid is read by the
complementary strand. Would such a system show pairing? Our
early characterization of the molecule answers this question in
the affirmative. Specifically, the dipeptide analog was prepared
and characterized as a self-complementary dimer, but the
molecules have become so large that their characterization,
even for the simplest cases, has become unmanageable by the
conventional techniques we have at hand.

A third and independent means of establishing hetero-
dimerization comes from Ron Castellano, Colin Nuckolls, and
Stephen Craig’s recent experiments with fluorescence reso-
nance energy transfer, or FRET (Fig. 9). Two different dyes are
placed on each of the lower rims of two different calixarenes
and only when they are held in a heterodimeric capsule are the
dyes close enough together to permit energy transfer.38

Excitation of the donor (hn) results in two colors of emitted
light: one fluorescence band at the donor emission wavelength
(hnA), and a second at the acceptor emission wavelength (hnB)
that signals the noncovalent union of three species—donor,
acceptor and guest. By monitoring these wavelengths, assembly
and dissociation processes can be observed in real time.

The FRET process allows for much more than just detection
of the heterodimer; the kinetics and thermodynamics of the
assembly can also be determined. We knew that a donor
sulfonyl urea 1D would heterodimerize exclusively with an
acceptor aryl urea 2A to give a predominance of the desired
complex, 1D·2A, capable of FRET. When these species are
combined, the heterodimer 1D·2A duly forms, FRET occurs,
and the acceptor emission increases until essentially quantita-
tive energy transfer is observed. By using different stoichiome-
tries of donor and acceptor, as well as untagged derivatives, we
were able to determine association and dissociation rates under
pseudo first-order conditions. The corresponding KA’s are, as
expected, high—just shy of 109 M21 for 1D·2A in benzene. By
titrating these dimer solutions with a solvent that can effectively
compete for the hydrogen bonds, such as DMSO, the assembly
process can be reversed, and the donor emission is restored. We
believe that energy transfer fluorescence techniques may be a
general means to investigate the solution behavior of related
assemblies wherein association constants are high and com-
pound availability is low.

The assembly process shown in Fig. 9 can only occur in the
presence of a suitable guest molecule. In our work published to
date that role is played by the solvent itself, but when the solvent
is not a viable guest, then the FRET system may be a sensitive
method for small molecule detection. The analytes remain
chemically unmodified because they are held in capsules by
mechanical as well as intermolecular forces. In the sytem with
heterodimers of calixarenes functionalized with aryl ureas and
amino acid-derived ureas, our initial results are promising;

Fig. 7 The heterodimer formed between a tolyl urea and a chiral urea (L-
valine) as viewed from one of its poles.
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energy transfer is observed only in the presence of the intended
guest.

The molecular encounters described here are matters of
timing and the timescales are huge. A normal diffusion complex
lasts less than a billionth of a second, while molecules held
within the carcerands22 are confined for the lifetime of a
covalent bond, typically a billion seconds. The reversible
encapsulation complexes exist in the midrange of these
extremes on a human-friendly timescale of 1 second, with three
orders of magnitude on either side. Conventional kinetic studies
concerning how guests get in and out of these capsules have
been initiated and we have made some progress on the problem

in the context of ‘softballs’.39 The calixarenes still pose a
challenge that inspires our current efforts.
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A new allylation reaction of carbonyl compounds using
allenes is described; homoallylic alcohols were obtained in
moderate to good yields from aryl iodides, allenes and
carbonyl compounds and an excellent diastereoselection was
exhibited when 2-hydroxycyclohexanone was employed.

In the last decade indium has emerged as the metal of choice to
mediate the allylation of carbonyl compounds because of its
environmentally benign properties allied with a high degree of
chemo-, regio- and diastereo-selectivity especially in aqueous
media.1 Furthermore the reaction requires no activation of the
carbonyl group and produces few by-products.

The indium mediated allylation reaction is an aldol-type
reaction where the nucleophile is an allylindium(I) species
usually generated from an allylic halide and indium(0).2

Here, we describe the formation of allylindium species by
transmetallation3 of p-allylpalladium(II) complexes generated
from aryl iodides and allenes. The resultant allylindium species
subsequently add to the carbonyl compound affording homo-
allylic alcohols (Scheme 1).

There are four synthetic variants of this Pd–In mediated
reaction depending on whether the Pd or the In step are intra- or
inter-molecular.

A first set of examples (class 1 processes) where both the Pd
and the In steps are intermolecular is presented in Table 1. Aryl/
heteroaryl iodides (1.5 mmol) react (DMF, 80 °C, 18 h, Schlenk
tube) with allene (1.0 bar) and aldehydes (1.0 mmol) in the
presence of indium (100 mesh powder, 1.5 mmol), Pd(OAc)2
(0.1 mmol) and tris(2-furyl)phosphine (0.2 mmol). The use of
triphenylphosphine resulted in an incomplete conversion of the
starting materials.

Encouraged by these results we employed a substituted
allene, n-octylallene4 (1.5 mmol) in the process. A reaction time
of 24 h was necessary to achieve complete conversion of the
aldehyde. In both the cases so far explored (Table 2) only one
geometric isomer was produced and their structures were
assigned from NOE data.

A class 2 process (intermolecular p-allyl formation—
intramolecular allylation5) was explored next. The increased
rigidity of the transition state of the aldol-like addition (sub-
optimal approach trajectory) may explain the lower yield
observed in entry 1. The six membered product was obtained in
a better yield (Table 3). The catalytic system comprised
Pd(PPh3)4 (10 mol%) (entry 1) or Pd2(dba)3 (5.0 mol%) and
tris(2-furyl)phosphine (20.0 mol%) (entry 2).

A class 3 process requires an aryl/heteroaryl iodide bearing
an allenic side chain. The Pd catalysed step is then intra-
molecular and is combined with an intermolecular In mediated
reaction. Allenyl (2-iodobenzyl) ether7 (1.0 mmol) was reacted
(DMF, 90 °C, 14 h) with aldehydes (1.05 mmol) in the presence
of Pd(PPh3)4 (0.10 mmol) (Scheme 2).

We have briefly studied the effect of chelating groups a to the
carbonyl group, such as nitrogen,8 hydroxyl9 and alkoxy,10 on

the stereochemical outcome (Table 4) of the reaction of
iodobenzene and allene following the protocol described
above.

Scheme 1

Table 1
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The preliminary results (Table 4) show that the palladium–
indium mediated allylation of carbonyl compounds using
allenes provides easy access to homoallylic alcohols and that
chelation clearly controls its diastereoselectivity.

Further work on these and on the related class 4 processes 
(intramolecular p-allyl formation—intramolecular aldol-like
condensation) are in hand.
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The reaction between L3Zn–OH complexes (L = N3 based
ligand) and CS2 which is an analogue of the carbonic
anhydrase functionality was computed at the B3LYP/6-311
+ G* level to proceed via stable four-center intermediates
[L3Zn–SC(S)OH or L3Zn–SC(O)SH] to give L3Zn–SH and
COS; in agreement with these calculations, the chemical
reaction of TpPh,MeZn–OH with CS2 resulted in the quantita-
tive formation of TpPh,MeZn–SH and COS; in the presence of
1 equivalent of MeOH the reaction yielded TpPh,MeZn–
SC(S)OMe, thus also supporting the existence of the four-
center intermediate L3Zn–SC(S)OH.

It is now generally accepted that hydrolytic zinc enzymes
(carbonic anhydrase, peptidases, phosphatases, esterases, nucle-
ases) owe their high efficiency to their double functionality, in
that they allow electrophilic activation by metal coordination to
a substrate oxygen (CNO, PNO) and they provide the attacking
nucleophile in the form of the Zn–OH unit.1 When only one zinc
ion is present as in carbonic anhydrase or in the many matrix
metalloproteases it performs both functions. This means that
during the catalytic turnover zinc changes its coordination
number from four to five and then back to four, and the essential
intermediate for the general case of ONE–X [E = CR, P(OR)2;
X = OR, NHR] hydrolysis is a four-center species like A.
Several computational studies have considered the details of
this process,2–4 and one of us has recently published structural
evidence for the corresponding reaction trajectory.5

While one would assume that in passing through the
intermediate A, the Zn–O1 bond is broken and the Zn–O2 bond
is formed, i.e. hydroxide is the leaving group, experimental
proof for this reaction course is still missing. Major obstacles to
discerning O1 and O2 by isotopic labelling lie in the mobility of
the OH proton, in the reversibility of the reactions, and in the
high lability of zinc complexes, which for instance leads to rapid
scrambling of 17O from C17O2 over all positions in the TpZn–
OH/CO2 system [Tp = tris(pyrazolyl)borate].6 It was therefore
attractive to investigate a reaction system where homologous
substitution, i.e. of O by S, renders distinguishable the atoms in
question. We chose for this purpose the L3Zn–OH/CS2 system
(L = N based ligand) based on previous experience in both the
computational treatment of the L3Zn–OH/CO2 system7 and
reactivity studies of pyrazolylborate complexes TpZn–OH with
CO2 and similar heterocumulenes.8 This has enabled us to
present a case where the computational results came first and
were only subsequently verified by the experiments.

The quantum chemical investigation on the B3LYP/6-311 +
G* level of theory was carried out for the potential energy
surface of the reaction system comprised of naked [Zn–OH]+

and CS2 (cf. Schemes 1 and 2). It confirmed what might have
been expected from thermodynamic considerations, namely that
the global energy minimum corresponds to [Zn–SH]+ and COS,
and it gave some insight into possible reaction mechanisms
leading there. Scheme 1 presents the relevant intermediates of a
reaction course which corresponds to the Lipscomb mecha-
nism9 of carbonic anhydrase action. It consists of subsequent
proton transfers and implies that the oxygen of Zn–OH becomes
part of O-bound COS (P3) which is then expelled. Scheme 2
shows a reaction sequence according to the Lindskog mecha-
nism,10 the essence of which is an internal rotation of the
coordinated dithiocarbonate (P1) from the O,S- to the S,S-
bound state without a proton transfer. A subsequent proton
transfer then yields Zn–SH and COS which is now S-bound
(P5) before it is expelled.

Our calculations have shown that both pathways are feasible
because their steps have low to moderate activation barriers, and
referred to the separated reactants the overall activation barrier
is +2.4 (Scheme 2) or 23.9 (Scheme 1) kcal mol21. In order to
corroborate the results obtained for this very simple model
system we recalculated all minima of the potential energy
surface for the two well accepted model systems
[(NH3)3ZnOH]+ and [(Him)3ZnOH]+ (Him = imidazole). A
comparison of the relative energies of all three model
complexes is given in Table 1. As expected, the inclusion of a
complete ligand sphere levels the energy differences and yields
no minimum for species like P3 or P5. As compared with the
results for the [ZnOH]+/CS2 system, the relative energies of the
P2/P4 intermediates change to a marked preference for the P2
structures. Furthermore P2 is now similar in energy to the
separated reaction products L3ZnSH and COS, as is P1 to P4,
supporting the notation that four-center intermediates like P1,

Scheme 1

Scheme 2
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P2 and P4 are relevant entities in the reaction course for the CS2
just like for the CO2 reaction system.

The chemical investigation of this reaction system, carried
out with the phenyl-substituted TpZn–OH complex 1, resulted
in full agreement between the calculated and observed reaction.
In water-free dichloromethane 1 and a stoichiometric amount of

CS2 were converted quantitatively to the TpZn–SH complex 2
and COS within 12 h at room temperature.† The analysis of the
gaseous reaction products† revealed that CO2 had formed in
addition to COS. This pointed to the fact that COS is capable of
undergoing the same interconversion, as was verified subse-
quently by reacting 1 with COS.

An indication of possible reaction intermediates was found
when MeOH was present accidentally in the reaction system: a
1+1+1 mixture of 1, CS2 and MeOH then yielded the
xanthogenate complex 3, again quantitatively.† The formation
of 3 can be understood as a CS2 addition to the methoxide
complex TpZn–OMe (which can exist in very small quantities
in equilibrium with 1 and methanol11), in analogy to the
formation of alkali metal xanthogenates from alkali and CS2.
This proposal was verified by reacting TpZn–OMe, the
methoxide derivative of 1,12 with CS2 in dichloromethane,
which produced 3 fast and quantitatively.† The corresponding
intermediate, in analogy to P1, should be P1a. Alternatively,
intermediate P4 might be esterified with MeOH, yielding an
intermediate P4a. We favor the insertion reaction via P1a,

because we see no reason why P4 should be esterified faster
than being interconverted to P5. On the other hand, and in
agreement with our calculations,13 the methoxide in TpZn–
OMe should be a stronger nucleophile than the hydroxide in
TpZn–OH and hence capable of outracing the latter in the
reaction with CS2 even when present in much smaller

concentrations. We have observed similar alcohol incorpora-
tions before when reacting the cumenyl substituted TpZn–OH
with CO2 and CS2.8

The considerations applied and verified here for the CO2/CS2
system are applicable in the same way to the hydrolytic
cleavage reactions of ONC(R)–X with intermediate A (Scheme
3). AA corresponds to P1, a conceivable proton transfer to X
creates a possible intermediate BA corresponding to P2.
Thereafter the course of events is different: HX is eliminated
while HS in P3 stays zinc-bound, and while OCS in P3 leaves,
its equivalent RCOO in BA becomes part of the reaction product,
implying that the Zn–O1 bond in A is broken. If one believes in
the wisdom ‘natura non facit saltus’ this means that the general
pathway for all zinc-catalyzed hydrolytic reactions follows the
mechanism in Scheme 1, i.e. the Lipscomb mechanism.
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Table 1 Relative energies of the minima for the reaction of the three model
complexes with CS2 (energies in kcal mol21)

P1 P2 P4 Product(s)

[ZnOH]+a 228.49 241.65 246.87 272.47/269.90c

[(NH3)3ZnOH]+a 25.36 220.61 210.86 221.82d

[(Him)3ZnOH]+b 26.61 220.84 26.68 224.80d

a B3LYP/6-311 + G*//B3LYP/6-311 + G*. b B3LYP/6-311 + G*//HF/
6-311 + G*; Him = imidazole. c P3/P5. d L3ZnSH + free COS.
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Theoretical prediction, that the nucleophilic substitution of
a range of arylheteroaryliodonium salts by fluoride ion is
regioselective for the aryl ring with the exception of
benzo[b]furan, are borne out by experimental observation.

Iodine, like the other halogens, is found typically existing in
monovalent form (oxidation state: 21), however owing to its
large size and polarisability it is able to form stable poly-
coordinate, multivalent compounds. Compounds of this type,
containing hypervalent iodine, have been known for over a
century and have received considerable attention. The ability of
these compounds to act as both selective reagents and
intermediates has formed the basis for this interest.1–3

Our interest in the most numerous member of this group, the
diaryliodinium salts, arose as it has been demonstrated that they
are suitable precursors for the formation of fluoroarenes by the
action of fluoride ion.4,5 We have extended this methodology to
the introduction of the fluorine-18 label (t1

2
= 109.7 min) in the

form of [18F]fluoride.6,7 This reagent has distinct advantages
over the standard electrophilic procedures, which employ
molecular [18F]F2 and derived reagents, as it is produced in
higher amounts and higher specific radioactivity by several
orders of magnitude.8 This is an important consideration as 18F-
labelled organics are required at very high specific radioactivity
as receptor radioligands in clinical research. Positron emission
tomography (PET) is an imaging technique for the absolute
measurement, in vivo, of positron emitters,9 enabling their
pharmacokinetics and biodistribution to be elucidated by non-
invasive means. It is a well established technique; for example,
L-6-[18F]fluoro-DOPA10,11 is used for the study of brain
dopaminergic neuron density in movement disorders such as
Parkinson’s disease.

The ability to control/predict the regiochemical outcome of
the aromatic nucleophilic substitution process is of paramount
importance. Experimental observations, by us7,12 and oth-
ers,13,14 suggest that it is the interplay of steric demand (the so
called ‘ortho effect’) and/or the electron deficiency of the
aromatic rings that determines the site of nucleophilic substitu-
tion. It has been proposed13,14 that the trigonal bipyramidal
iodine(III) intermediates (see Fig. 1) in this process are fluxional

and that the observations can be explained by the ‘reactive’ ring
occupying the equatorial position syn to the nucleophile. This
simple model does account for a large number of the reported
observations for the nucleophilic aromatic substitution process.
However, there are a number of examples where the outcome is
not as predicted using this approach.4,15 For arylheteroaryl
iodonium salts (RRAI+, R = phenyl, RA = hereroaryl), the model
predicts that the product will always be fluorobenzene, resulting
from substitution of the relatively electron-poor phenyl ring (i.e.
as in the equilibrium in Fig. 1).

We have recently applied computational modelling to the
nucleophilic substitition of the structurally simpler dialkynylio-
donium16 and diphenyliodonium salts15 in an attempt to gain a
better understanding of the processes involved. This study
established, inter alia, that the relative energies of the transition
states for F–aryl extrusion, mediated by electron-withdrawing
and electron-donating substituents, are the opposite of the axial/
equatorial ground state equilibria, and that the latter cannot be
reliably used to predict the regioselectivity of the process.

Here, we extend our model to the fluoridation of arylheteroar-
yliodonium salts in order to establish the method as a viable and
accurate tool for predicting the outcome of such reactions. As
before, quantitative models at the MNDO-d and at the Hartree-
Fock ab initio level using the computationally efficient MIDI
basis set (Table 1) were evaluated. Coordinate files for on-line
viewing of the transition state models are available as ESI
data.‡

The results reveal the phenyl group is more stable in the
equatorial position for the ground state for all the pairs of
isomers. Remarkably, the difference in energy grows along the
heteroatom series N < S < O. However, the geometries and
energies of the two possible transition states show significant
variations from our original model. For the monocyclic systems,
the transition state stability criterion is in the same sense as the
ground state, which results in predicting fluorobenzene as the
major product for all three heterocycles (Table 1, entries 1–3).
The difference in energy between the two transition states
grows in parallel with the aromaticity of the heterocycle. For the
benzo-fused systems, all three ground states predict the phenyl
group to be equatorial. At the transition state, however, we
predict the 2-benzo[b]furyl group to be equatorial, resulting in
2-fluorobenzo[b]furan as the product. For benzo[b]thiophene
this is reversed, and again fluorobenzene is predicted. For
1-methylindole, the energy differences are much smaller, and
we predict a much less selective reaction, with fluoridation of
both the phenyl and the indole rings.

As the prediction for the selectivity of the process did not
appear to follow any simple trend, experimental data to assess
the validity of the theoretical method was sought. Consequently,
a range of arylheteroaryliodonium salts were prepared, in good
yield, from the corresponding 2-trialkylstannyl derivatives by
treatment with Koser’s reagent [Ph(OH)OTs] (ESI‡)17 (Scheme
1).

Fluoridation of the resultant iodonium tosylates was carried
out by treatment with caesium fluoride in acetonitrile at 80 °C

† Undergraduate research participant.
‡ Electronic supplementary information (ESI) available: typical experi-
mental and coordinate files for on line viewing of the transition state
models. See http://www.rsc.org/suppdata/cc/b0/b000868k/

Fig. 1
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overnight (Scheme 2) and the reaction mixture analysed by GC–
MS (ESI‡).

The results from these reactions are summarised in Table 1.
As expected the 2-substituted five-membered rings (Table 1,
entries 1–3) gave fluorobenzene as the sole fluoroaromatic
product. The small value for ETS1 2 ETS2 (20.1, 22.6 kcal
mol21) for the 2-furylphenyliodonium salt (Table 1, entry 1)
suggests that 2-fluorofuran may also be a product. However,
owing to the volatile nature of this material we are not able to
discount its presence.

The fluoridation products from the reaction of the benzohe-
teroaromatics (Table 1, entries 4–6), with the exclusive
formation of 2-fluorobenz[b]furan and the generation of
2-fluoro-1-methylindole, strikingly confirm our transition state
model of stability, and not that adopted by the simple model13,14

where the products should all be fluorobenzene.
We have also included predictions for the 3-substituted series

of heteroaromatics (Table 1). In general, fluorobenzene is
predicted as the product for all the systems. Specific differences
from the 2-series include a much greater specificity predicted
for the phenyl 3-(1-methylindolyl) system, and that the aromatic
rings show little or no preference in the ground state for either
the equatorial or axial position (EGS1 2 EGS2 values are
small).

In summary, we have demonstrated, by the fluoridation of
arylheteroaryliodonium salts, efficiencly prepared from the
corresponding aryltrialkylstannanes, that the computational
techniques employed are a reliable way of predicting the
outcome of the fluoridation process and that the process is
therefore transition state and not ground state controlled.

We thank the EPSRC and the UROP scheme (C. D. C) for
financial support. We also thank Mr J. Barton for GC–MS and
Mr R. Sheppard for 2D NMR.

Notes and references
1 P. J. Stang and V. V. Zhdankin, Chem. Rev., 1996, 96, 1123.
2 A. Varvoglis, Hypervalent Iodine in Organic Synthesis, Academic

Press, London, 1997.
3 A. Varvoglis and S. Spyroudis, Synlett, 1998, 221.
4 M. S. Ermolenko, V. A. Budylin and A. N. Kost, J. Heterocyl. Chem.

(Engl. Transl.), 1978, 752.
5 M. van der Puy, J. Fluorine. Chem., 1982, 21, 385.
6 V. W. Pike and F. I. Aigbirhio, J. Chem. Soc., Chem. Commun., 1995,

2215.
7 A. Shah, V. W. Pike and D. A. Widdowson, J. Chem. Soc., Perkin

Trans. 1, 1998, 2043.
8 M. Guillaume, A. Luxen, B. Nebeling, M. Argentini, J. C. Clark and

V. W. Pike, Appl. Radiat. Isot., 1991, 42, 749.
9 M. J. Phelps, J. Mazziotta and H. Schelbert Positron Emission

Tomography and Autoradiography: Principles and Applications for the
Brain and Heart, Raven Press, New York, 1986.

10 A. Luxen, M. Guillaume, W. P. Melega, V. W. Pike, O. Solin and R.
Wagner, Nucl. Med. Biol., 1992, 19, 149.

11 E. S. Garnett, G. Firnau and C. Nahmias, Nature, 1983, 305, 137.
12 A. Shah, D. A. Widdowson and V. W. Pike, J. Labelled Compds.

Radiopharm., 1997, 39, 65.
13 V. V. Grushin, Acc. Chem. Res., 1992, 25, 529 and references

therein.
14 V. V. Grushin, I. I. Demkina and T. P. Tolstaya, J. Chem. Soc., Perkin

Trans. 2, 1992, 505 and references therein.
15 M. A. Carroll, S. Martı́n-Santamaria, V. W. Pike, H. S. Rzepa and D. A.

Widdowson, unpublished results.
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Table 1 Fluoridation of iodonium tosylates

Scheme 1 Reagents and conditions: i, Ph(OH)OTs, DCM, room temp., 16
h. Monocyclic series: R = Bun,  X = O, 77%; R = Me, X = NMe, 96%;
R = Bun, X = S, 74%. Bicyclic series: R = Me, X = O, 98%; R = Me,
X = NMe, 67%; R = Me, X = S, 96%.

Scheme 2 Reagents and conditions: i, CsF, MeCN, 80 °C, 16 h.
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Two polymorphs of 2,6-di-tert-butylnaphthalene, which
differ by a factor of twelve in the number of crystallo-
graphically independent tert-butyl group environments,
have been characterized by a synergistic combination of low-
frequency 1H NMR spin–lattice relaxation rate measure-
ments and conventional crystallographic structure deter-
minations.

When molecular materials crystallize, the symmetry-inde-
pendent portion of the crystal lattice may consist of an ensemble
of molecules that collectively form the asymmetric unit. This
occurs in about 7–8% of molecular crystals.1 Most often, the
ensemble’s organization has no symmetry relationships among
its members, even though order is often created by hydrogen
bonds or other weak interactions. However, in cases where the
number of independent molecules is greater than two, it often
happens that the molecules are arranged in a manner that almost,
but not precisely, mimics a periodic translation. When such
pseudo-periodic relationships exist among molecules, the
diffraction patterns are commonly dominated by a subset of the
reflections;2 only the very minor differences among molecules
contribute to superlattice (actually, the true lattice) reflections.
Thus, superlattice reflections may be one to two orders of
magnitude weaker than sublattice data and may be undetected
during routine data collections.

Failure to recognize the presence of a superlattice results in
one or more unit-cell dimensions being only 1/n as long as it
actually is, where typically n ranges from 2 to 6. Hence, the
determined ‘structure’ of the molecule will be a more or less
malformed composite of n molecules in slightly different
orientations. Based on our experience, we now believe that
many structures reported to have bond parameters substantially
outside of anticipated ranges (occasionally accompanied by
bizarre chemical claims) may result from unrecognized super-
lattices.

Our current interest in superlattices was aroused by unusual
results obtained in a 1H solid-state NMR spin–lattice relaxation3

study of 2,6-di-tert-butylnaphthalene (2,6-DTN).†

A dynamic process producing a local fluctuating magnetic
field causes nuclear spin–lattice relaxation. For the molecular
solid state, the spin–lattice interactions arise from rotational,
and sometimes translational, motions. For molecular solids like
2,6-DTN, the primary process involves alkyl-group reorienta-
tion, either the tert-butyl group as a whole, the methyl groups
individually, or a synchronized motion of both. Whatever
process dominates relaxation in 2,6-DTN, its C2h (2/m)
symmetry suggests that the two tert-butyl groups will behave
identically. Therefore, it was anticipated that a variable-
temperature study of the nuclear spin relaxation rate (R1 =
T1
21) for 2,6-DTN would have the usual Debye form for a ln R1

vs. 1/T plot, as has been recorded previously for several alkyl-
substituted aromatics.5 Instead, the very complex plots at
Larmor frequencies of 8.50 and 22.5 MHz in Fig. 1 (labeled
‘polymorph E’) were obtained and found to be a composite of
several, partially resolvable Debye relaxation curves.‡

An X-ray diffraction study was initiated on a crystal of
2,6-DTN grown from ethanol (polymorph E).§ Using CCD
detection, it was found that the reflection data contained a
systematic weakness for h ≠ 3n, with the h = n set being
approximately 20 times more intense. The unit-cell volume
indicated that it contained 12 molecules (Z = 12). In the non-
centrosymmetric space group, P21, the only symmetry opera-
tion is the 21 screw. There are, therefore, two equivalent
positions in the unit cell and the asymmetric unit contains six
independent molecules (ZA = 6). In the stereoview of the unit
cell in Fig. 2(a), the arrangement of molecules appears to be
repeated three times along the crystallographic a axis (hor-
izontal), but if viewed from a perpendicular perspective [Fig.
2(b)], the aromatic planes of the three molecules are seen to be
twisted by a few degrees along their long axis, one relative to the
other. Fig. 2(b) also shows the herring-bone packing pattern
formed by the 2,6-DTN molecules. These data for E, although
very weak, were sufficient to explain the origin of the unusual
relaxation data.

With ZA = 6, there are twelve symmetry independent tert-
butyl groups and 36 independent methyl groups in E. Each
slightly different environment has associated with it a different
hindering potential and therefore a different mean reorientation
rate. The localized pseudo-symmetry of the lattice suggests that
similar environments might group into a smaller number of
quasi-environments. The temperature dependence of ln R1 at
two Larmor frequencies for E can be fitted to a multiple-
environment model, but the complexity of the curve makes a
determination of the number of environments impossible. These
environmentally sensitive relaxation studies confirm that the
true repeat distance along a must be an integral multiple of some
sublattice dimension, for only a large number of symmetry
independent environments could account for the complex
relaxation behavior observed.

Fig. 1 Relaxation rate (R1) vs. reciprocal temperature (T21) for E and A of
2,6-DTN at 8.5 and 22.5 MHz.
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We then searched for other polymorphs of 2,6-DTN,
assuming that the likelihood was strong that a more symmetrical
form existed that would be thermodynamically favored at low
temperature. Less symmetrical forms with more degrees of
freedom may prevail at higher temperatures due to their higher
vibrational entropies, but at lower temperatures denser packing
arrangements with greater order commonly prevail.7 Crystals
were grown from 18 organic solvents and unit cells were
obtained for each. E was recovered unchanged from 17
solvents, but a new polymorph (polymorph A) was obtained
from acetone. It is ca. 4% denser, also monoclinic, and
crystallizes in the centrosymmetric space group P21/c with Z =
2 and ZA - 0.5. The unit-cell packing diagram for A is shown in
Fig. 3. Thus, the asymmetric unit for A is half a molecule on a
crystallographic inversion center, which requires all tert-butyl
group environments to be chemically and crystallographically
identical. As expected, the plot of ln R vs. 1/T plot for A Fig. 1)
is the classical, single-environment Debye curve. When heated,
samples of A irreversibly convert to E above 40 °C; no thermal
events are seen on slowly lowering the temperature to 20 °C
from above the transition temperature. The conversion is
accompanied by a small, complex endotherm associated with
the enthalpy of the conversion of A to E.

That a single Debye process is observed in A (in marked
contrast to E) shows that the motion is characterized by a single
thermally activated correlation time tc (and only by a single tc).
R1 is given by R1 = A[J(w) + 4J(2w)], where J(w) = 2tc/(1 +
w2tc2) for Larmor frequency w/2p. The parameter A can be
calculated from the geometry of a tert-butyl group and very
reasonable assumptions about the motion.8,9 The observation of
a single Debye process coupled with the fitted value of A clearly

shows that the tert-butyl groups and their methyl groups all
reorient at the same rate tc, presumably due to some gearing
process. The analysis shows, in addition, that there are no
further motions on the NMR timescale.

13C MAS NMR spectra for E and A reveal only small and
random chemical shift differences of no more than 1.6 ppm at
any site, and only minor differences in line width, despite the
averaging of twelve tert-butyl group environments for E.
Additionally, both agree closely with high-resolution solution
chemical shift data.

Despite an obvious complementary relationship between the
static, long-range information (translational order) available
from X-ray diffraction data, and the dynamic, short-range
information (especially spin–lattice relaxation rates, but also
chemical shifts and coupling constants) available from solid-
state NMR, surprisingly little effort has been made to exploit
these potential synergies.10 We have shown in this study of
2,6-DTN that crystallography and T1 measurements can provide
information essential to the complete understanding of the
other, and that together they provide a very complete picture of
both polymorphic and superlattice phenomena in these van der
Waals molecular solids.

P. A. B. and C. D. acknowledge support of the ACS PRF
Grant AC-33633 during this work.
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Fig. 2 Stereo drawings of the unit-cell packing for E. (a) As viewed with the
a direction horizontal and (b) as rotated 90° with the c direction
horizontal.

Fig. 3 Stereo drawing of the unit-cell packing for A.
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A fluorescent-active molecular dyad comprising a naph-
thalene moiety covalently attached, via a methylene spacer,
to a thiouronium receptor is described where selective anion-
induced fluorescence changes make it of potential use as an
anion chemosensor material.

Our ongoing program aimed at the synthesis of new easy-to-
make optical sensors of biologically and/or chemically im-
portant anions leads us to explore a suitable anion-binding unit
capable of efficient interaction with a built-in chromophore. A
family of thiouronium salts, being known not only as synthetic
intermediates for the conversion of alkyl halides to the
corresponding mercaptans1 but also as classical reagents for the
identification of organic acids,2 has potential as one of key
functional groups for the purpose of molecular recognition of
anion species in the area of supramolecular chemistry3 because
such groups would enhance the acidity of the NH moieties
compared to the corresponding thiourea.4 Indeed, quite re-
cently, Yeo and Hong reported new thiouronium-derived
systems for a carrier of 5A-AMP5 and oxoanion recognition.6 It
occurred to us that a sophisticated combination of the above-
mentioned functional entity and a suitable chromophore such as
naphthalene would, therefore, allow production of a new type of
chemosensor material. The design is mainly based on our idea
that anion recognition events on the electron-deficient binding
site of the thiouronium moiety would be efficiently communi-
cated to the fluorescent property of naphthalene so that an easily
detectable signalling effect would occur in the system. Surpris-
ingly, to the best of our knowledge, although a number of
optical read-out chemosensors of anions have been developed7

a thiouronium-containing system towards this end is, as yet,
unknown. Here, we report the intriguing aspects on the title
system 1.

The synthesis of 1 is shown in Scheme 1: 2-(bromome-
thyl)naphthalene 2 was converted to the corresponding thiourea
3 via amination using potassium phthalimide followed by
NH2NH2

.H2O, and then condensation with methyl isothiocy-
nate. Compound 3 was reacted with 1.1 equiv. of benzyl
bromide followed by anion exchange treatment with AgPF6.

Purification by reversed phase column chromatography af-
forded the desired 1† in excellent yield.

System 1 showed very weak fluorescence in MeCN at 25 °C
([1] = 20 mM), the intensity of which was lower by a factor of
50 than that of 2-methylnaphthalene. This finding indicates that
the electron-deficient thiouronium moiety acts as a quencher for
the singlet state of the appended naphthalene. However, the
addition of AcO2 as a putative response-induced anion was
found to dramatically enhance the fluorescent intensity as
illustrated in Fig. 1. Subsequently, 1 equiv. of AcO2 caused a
remarkable intensity increase of up to ca. 350%. The acetate-
induced signal effect is well explained by efficient emission
retrieval upon an interaction between the anion and the
thiouronium moiety of 1. Further assessment of the receptor–
anion complexation process came from a 1H NMR titration;
aliquots of the tetrabutylammonium salt of the anion were
added to a CD3CN solution of 1 (2 mM). Although NH
resonances of the thiouronium moiety could not be detected in
CD3CN‡ because of the high acidity, significant upfield shifts
(up to 0.2 ppm) of the resonances arising from two types of
methylene (NaphCH2NH– and PhCH2S–) and methyl
(–NHCH3) protons, which are located in the periphery of the
anion-binding site, were observed upon complexation with
AcO2. Judging from the titration, the strong binding of AcO2
allowed the mole ratio method8 to be used in the determination
of the binding stoichiometry, which was found to be 1+1 for the
receptor–anion complex.

Fig. 2 shows the resulting titration curves for the fluorescent
intensity when adding AcO2, (BuO)2P(O)O2§ or Cl2 to an
MeCN solution of 1 at 25 °C, supporting the formation of a 1+1
stoichiometry complex. The association constants (Ka)¶ could
be calculated using nonlinear curve-fitting plots. As a result,
interestingly, the fluorescent response of 1 was found to show a
significant selectivity for the nature of anions in spite of the
simple molecular system of 1 [Ka/M21: AcO2, > 106;
(BuO)2P(O)O2, 5.6 3 104; Cl2, n.d.∑], being probably
correlated with the guest basicity. Of particular note is that 1
shows not only a high susceptibility to AcO2 but also a

Scheme 1 Reagents and conditions: i, K+ phthalamide2 dry DMF; ii,
NH2NH2·H2O, THF–EtOH; iii, MeNCS, CHCl3; iv, benzyl bromide, dry
EtOH; v, AgPF6, dry EtOH.

Fig. 1 Emission spectra of 1 (20 mM) in MeCN at 25 °C excited at 270 nm
upon addition of AcO2 as a NBu4 salt.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b000352m Chem. Commun., 2000, 653–654 653



discernible binding towards oxo-anions. Taken together, it
could allow us to analyze AcO2 quantitatively9 using an easy-
to-detect fluorescent signal response. This would be most
welcome to applications involving medical diagnostics.

As a control experiment, the interaction of AcO2 with
2-methylnaphthalene was investigated in the fluorescent spectra
for which no change was observed. This insight supports the
argument that the fluorescent enhancement of 1 induced by
anions could be based on the significant change on the
photoinduced charge transfer characteristics in system 1 where
the anion binding event decreases the interaction between the
naphthalene and thiouronium moieties.

We conclude that system 1 represents a simple, easy-to-make
and hitherto unexplored class of luminescent chemosensors of
anions. Owing to the unique sensing properties based on the
naphthalene–thiouronium conjugate, the development of highly
functional derivatives will represent an important synthetic
challenge. Indeed, we are currently preparing more elaborate
systems incorporating binaphthalene units.

This work is partly supported by a TORAY Award in
Synthetic Organic Chemistry, Japan.
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Fig. 2 Fluorescent intensity at 336 nm of 1 (20 mM) in MeCN at 25 °C
excited at 270 nm as a function of anion concentration: (5) NBu4OAc, (2)
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654 Chem. Commun., 2000, 653–654



A high-nuclearity Ni–Sb carbonyl cluster displaying unprecedented metal
stereochemistries: synthesis and X-ray structure of [NEt4]6[Ni31Sb4(CO)40]·2
Me2CO

Cristina Femoni, M. Carmela Iapalucci, Giuliano Longoni* and Per H. Svensson

Dipartimento di Chimica Fisica ed Inorganica, Universita’ di Bologna, viale Risorgimento 4, 40136 Bologna, Italy.
E-mail: longoni@ms.fci.unibo.it

Received (in Basel, Switzerland) 21st January 2000, Accepted 10th March 2000
Published on the Web 3rd April 2000

The mild oxidation of [NEt4]2[Ni15Sb(CO)24] in acetone
solution with SbCl3 in a ca. 3+1 molar ratio leads to the new
high-nuclearity [Ni31Sb4(CO)40]62 hexaanion, which dis-
plays two interstitial Ni and four semi-interstitial Sb atoms
with unprecedented stereochemistries.

Several low-nuclearity Ni–Sb carbonyl clusters have been
reported.1–4 All adopt an icosahedral geometry which can be
Sb-centred, viz. [Ni15(m12-Sb)(CO)24]22 122,1 or Ni-centred,
viz. [Ni10Sb2(m12-Ni)(CO)18]n2 2n2,1 and [Ni10(Sb ?
Ni(CO)3)2(m12-Ni)(CO)18]n2 3n2, (n = 2–4),2,3 as well as non-
centred, e.g. [Ni10(SbR)2(CO)18]22 422, (R = alkyl or aryl
substituent).4 Notably, only the Ni-centred 2n2 and 3n2 species
are multivalent and display three stable oxidation states.1–6 It
has been later shown that the presence of interstitial or highly
connected nickel or platinum atoms triggers multivalence in
several carbonyl metal clusters.5,6 Icosahedral species such as
122, 2n2 and 3n2 are potential building blocks of poly-
icosahedral supra-clusters,7 related to
[Ag12Au13(PPh3)10Br8]2,8,9 Ag20Au18[P(C6H4Me)3]12Cl14,10

or Pd59(CO)32(PMe3)21.11 The above consideration, as well as
our interest in redox-active5,6 and paramagnetic metal carbonyl
clusters,12 led us to investigate the chemical behaviour of 122,
2n2 and 3n2 with the aim to synthesise polyicosahedral Ni–Sb
carbonyl clusters of higher nuclearity. We now report our first
result consisting in the synthesis and structural characterisation
of the [Ni31Sb4(CO)40]62 562, hexaanion, which displays
unprecedented stereochemical features.

The 562 salts were spectroscopically detected among the by-
products of the synthesis of 122 by reaction of [Ni6(CO)12]22

with SbCl3. The best synthesis of 562 consists in the mild
oxidation of [NEt4]21 in acetone solution with SbCl3 in a ca.
3+1 molar ratio. [NEt4]65·2 Me2CO [nCO in acetonitrile at
2040vw, 2001s, 1980(sh), 1894m, 1861m, 1846m and 1812(sh)
cm21; no hydride signal in the 1H NMR spectrum in the range
d +25 to 250; diamagnetic] separates out from the reaction
solution on standing as well shaped black crystals (yields up to
30% based on Sb) and has been characterised by X-ray
diffraction studies.† The by-products of the above reaction are
[Ni(CO)3Cl]2, Ni(CO)4 and [NEt4]3 3. As shown by separated
experiments, a mixture of Ni(CO)4 and [NEt4]3 3 also results
from degradation of 562 salts under a carbon monoxide
atmosphere.

The overall structure of 562 is shown in Fig. 1 and a formal
reconstruction of its metal framework is given in Fig. 2(a). The
central Ni19Sb4 moiety of the metal frame is based on two
interpenetrating Ni-centred Ni11Sb3(m14-Ni) 14-hedron display-
ing a distorted bicapped hexagonal antiprismatic geometry. One
of the two 14-hedrons has been emphasised out with filled in
bonds; its idealised C6 axis is almost orthogonal to the plane of
the paper and the in-plane idealised C6 axis of the other moiety.
Each of the two 14-coordinated nickel atoms behaves at the
same time as an interstitial atom of one unit and as an ortho
atom of the Ni5Sb hexagonal ring of the second unit. The second
hexagonal ring of the above 14-hedra displays a para-Sb2Ni4
geometry. The major deviation of the centred Ni11Sb3(m14-Ni)

14-hedron from the idealised bicapped hexagonal antiprism is
due to departure from the mid-point of the Sb–Sb diagonal of
the Ni atoms capping the Ni4Sb2 hexa-rings. These caps become
closer to one of the two pairs of nickel atoms and show Ni…Ni
contacts with the second pair which are beyond the usually
accepted limit for a Ni–Ni bond [3.350(2) and 3.426(2) Å].

The metal framework of 562 is completed by condensing two
Ni6 moieties [Ni–Ni range 2.373(2)–2.944(2) Å], displaying a
polytetrahedral metal arrangement having the architecture of
the Os6(CO)18 prototype,13,14 on two opposite sides of the
central Ni19Sb4 kernel. These Ni6 moieties bind to the two Sb
and surrounding Ni atoms through their butterfly face. As

Fig. 1 The molecular structure of the [Ni31Sb4(CO)12(m-CO)24(m3-CO)4]62

562 ion. The Ni–Ni and Ni–Sb bonding interactions are spread over the
ranges 2.357(1)–3.090(1) and 2.496(1)–2.782(1) Å respectively.

Fig. 2 Formal reconstruction of the metal framework of 562 with omission
of the bonds between the two outer Ni6 moieties with the central Ni19Sb4

kernel (a) and the two coordination stereogeometries shown by the Sb atoms
[(b) and (c)].
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pointed out in Fig. 2(b) and (c), the four Sb atoms display two
pairs of different stereogeometries, being semi-interstitially
lodged in Ni10 and Ni8 incomplete icosahedral moieties, which
are related to the [B10H14]22 and B8H14 arachno-boranes,
respectively.15,16 Semi-interstitial lodging of Sb atoms in a
nickel cluster is not surprising because it has been shown that a
Sb atom is oversized for a Ni12 icosahedral cage.1 In contrast,
the coordination of the two interstitial nickel atoms is more
unexpected and unprecedented in molecular clusters. A metal
coordination number of 14 has been found in intermetallic
phases such as the Ni–V s and Ni–Mo d phases.15 These alloys
also involve 12-coordinated sites of icosahedral geometry, as
partially displayed by 562, as well as 15- and 16-coordinated
sites. Besides, these intermetallic phases show a tendency to
segregate the bulkiest metal atoms in the highest coordinated
sites (14–16), while the other metal atoms occupy the 12- and
14-coordinated sites.15 In this regard, an ideal 14-hedron having
a bicapped hexagonal antiprismatic geometry provides two
6-fold vertices and the interstice as the most suitable sites for the
bulkiest Sb atoms of a centred Ni12Sb3 moiety. Therefore,
centring of the above by the least bulky nickel atom and
segregation of Sb in the two hexagonal rings may appear odd.
However, the segregation observed in 562 could probably be
due to its molecular nature and the need to accommodate the
carbonyl ligand shell. The forty carbonyl ligands can be
approximately classified as terminal (12), edge-bridging (24)
and face-bridging (4).

In conclusion, the condensation of 122 into 562 does not lead
to polyicosahedral supra-clusters, as for the Ag–Au system.7–10

An alternative and unprecedented growth pathway has been
observed, which shows that high nuclearity nickel carbonyl
clusters can be stabilised not only by interstitially lodging small
main group elements such as carbon, e.g. [Ni32C6(CO)36]62 and
[Ni38C6(CO)42]62,17 but also bulkier atoms such as antimony.
Studies of the chemical and physical behaviour of 562 are
underway.

G. L. thanks the MURST (COFIN98) and the University of
Bologna for funding. P. H. S. acknowledges The Wenner–Gren
Foundation, Stiftelsen BLANCEFLOR Boncompagni-Ludo-
visi, född Bildt and Svenska Institutet for a grant.
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Disproportionation of organo-ditin and -dilead compounds
(R3M)2 (M = Sn, Pb) with organic dichalcogenides (RAZ)2 (Z
= S, Se, Te) is efficiently promoted by room light to produce
the corresponding organo-tin and -lead chalcogenides
R3MZRA quantitatively.

Chalcogenides of heavier group 14 metals, R3MZRA (M =
heavier group 14 element; Z = chalcogen element) decompose
upon heating to give composite metal chalcogenides which are
useful for solar cells and other semiconductor applications.1,2

They are also useful reagents in organic synthesis.3 Conven-
tional synthetic routes generally involve troublesome stoichio-
metric salt elimination reactions of R3MX (X = halogen atom)
with alkali metal chalcogenides.3 However, the alkali metal
salts concomitantly formed can be a serious contaminant that
reduces the performance of the semiconductor materials derived
via the MOCVD process of these metal chalcogenides as
precursors.2 Thus, an alternative, clean and salt-free route to
R3MZRA is highly desirable. During an extended research on the
Pt-catalysed disproportionation of (ArS)2 with (SiCl3)2

4 we
accidentally came across a novel light-induced disproportiona-
tion.We disclose herein preliminary results of the light-induced
disproportionation reaction of organic dichalcogenides (RAZ)2
(Z = S, Se, Te; RA = alkyl, aryl) with organo-ditin and -dilead
compounds (R3M)2 (M = Sn, Pb) leading to R3MZRA in
excellent yields [eqn. (1)].5

In a typical experiment, an equimolar mixture of (PhS)2 and
(Me3Sn)2 in C6D6 (0.5 M) was placed in a Pyrex tube under
nitrogen and exposed to room light at 35 °C.6 As confirmed by
1H NMR spectroscopy, the starting materials were completely
consumed within 20 min and PhSSnMe3 was obtained quantita-
tively as the sole product. Irradiation was essential for this
disproportionation; a control experiment carried out in the dark
under similar conditions did not lead to PhSSnMe3 even after 2
h.7,8 The reaction proceeded equally well in other solvents such
as toluene and chloroform. Particularly noteworthy is that even
in the absence of the solvent, the reaction took place as
efficiently. Thus, a colourless liquid of analytically pure
PhSSnMe3 was obtained by simply stirring a heterogeneous
mixture of 10 mmol of (PhS)2 (2.18 g) and an equivalent
amount of (Me3Sn)2 (3.28 g) for 1 h at 35 °C in room light.

Table 1 demonstrates the wide applicability of the present
light-induced disproportionation reaction. Other aromatic dis-
ulfides such as (4-MeC6H4S)2, (4-ClC6H4S)2,
(2,4,5-Cl3C6H2S)2 and (2-pyS)2 all reacted efficiently with
(Me3Sn)2 to afford the corresponding trimethyltin sulfides in
quantitative yields. Primary aliphatic disulfides such as (BuS)2
reacted similarly. However, as the alkyl group became bulkier,

Table 1 Light-induced disproportionation of (R3M)2 (M = Sn, Pb) with (RAZ)2 (Z = S, Se, Te)a

Run (RZ)2 (RA3M)2 t/h Product Yield (%)

1 (PhS)2 (SnMe3)2 < 0.5 PhSSnMe3 quant.
2 (4-MeC6H4S)2 (SnMe3)2 1.5 4-MeC6H4SSnMe3 quant.
3 (4-ClC6H4S)2 (SnMe3)2 1.5 4-ClC6H4SSnMe3 quant.
4 (2,4,5-Cl3C6H2S)2 (SnMe3)2 1.5 2,4,5-Cl3C6H2SSnMe3 quant.
5 (2-pyS)2 (SnMe3)2 1.5 2-pySSnMe3 quant.
6 (BuS)2 (SnMe3)2 1.5 BuSSnMe3 quant.
7 (CyS)2 (SnMe3)2 4 CySSnMe3 60 (95)b

8 (ButS)2 (SnMe3)2 2.5 ButSSnMe3 8
9 (PhS)2 (SnPh3)2 1.5 PhSSnPh3 quant.

10 (4-ClC6H4S)2 (SnPh3)2 3 4-ClC6H4SSnPh3 quant.
11 (4-FC6H4S)2 (SnPh3)2 1 4-FC6H4SSnPh3 quant.
12 (BuS)2 (SnPh3)2 2 BuSSnPh3 quant.
13 (PhS)2 (PbPh3)2 3.5 PhSPbPh3 quant.
14 (BuS)2 (PbPh3)2 6 BuSPbPh3 quant.
15 (PhSe)2 (SnMe3)2 < 0.5 PhSeSnMe3 quant.
16 (PhSe)2 (SnPh3)2 1.5 PhSeSnPh3 quant.
17 (PhSe)2 (PbPh3)2 1.5 PhSePbPh3 96c

18 (PhTe)2 (SnMe3)2 9 PhTeSnMe3 93c

19d (PhTe)2 (PbPh3)2 3 PhTePbPh3 98c

a Unless otherwise stated, the reaction was performed as follows: 0.03–0.5 M benzene solution in a Pyrex tube irradiated with a 40 W fluorescent lamp at
35 °C. b Yields in parentheses obtained after 7 h reaction time.c Traces of decomposition products were also formed.d Irradiation with a 200 W tungsten lamp
at 50 °C.
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the reaction proceeded more slowly; the completion of the
reaction between (CyS)2 and (Me3Sn)2 required > 7 h and the
formation of ButSSnMe3 in the reaction of (ButS)2 with
(Me3Sn)2 under similar reaction conditions was only marginal.
Although slower than (Me3Sn)2, (Ph3Sn)2 reacted with both
aromatic and aliphatic disulfides to produce the corresponding
triphenyltin sulfides in quantitative yields.

Similar disproportionation reactions did not take place with
disilanes such as (Me3Si)2, (MePh2Si)2, (Ph3Si)2 or (SiCl3)2
under the same conditions. Digermanes such as (Me3Ge)2,
(ClMe2Ge)2 and (Ph3Ge)2 did not react either. However, the
reactions of (Ph3Pb)2 with (PhS)2 and (BuS)2 proceeded
smoothly and quantitative yields of the products were obtained.
(PhSe)2 was as reactive as (PhS)2 in the above disproportiona-
tion reactions. Similar reactions with (PhTe)2 proceeded
relatively slowly,8 but ultimately afforded respectable yields.

(Bu3Sn)2 has no absorption maximum in the normal UV
region. However, its lmax at a wavelength < 215 nm displays
strong end absorption that tails to 250–260 nm.9 (Ph3Sn)2 and
(Ph3Pb)2 display absorption maxima in the UV region (lmax
248–260 nm for the former depending on the solvent and 294
nm for the latter).9 Diphenyl dichalcogenides also have
absorption maxima in the UV, near-UV or visible regions.10

Because of these absorptions, various reactions involving
ditins11 or dichalcogenides10 can very efficiently proceed under
photolytic conditions by irradiation with a sunlamp through
Pyrex.12 With these precedents in mind, we envisioned that the
present disproportionation reaction proceeds via a radical
mechanism as shown in Scheme 1.13 However, the initiation
step is uncertain at the present time since precedents suggest
that homolytic cleavage of both M–M11 and Z–Z10 bonds by
light is possible to initiate the reaction. In agreement with the
reactivity trends in other reactions of chalcogen-centered
radicals (S > Se > Te),10 the disproportionation of (PhTe)2
proceeded most sluggishly. The decreasing trends in the
reactivity of aliphatic disulfides, (BuS)2 > (CyS)2 > (ButS)2,
appear to suggest that steric factors of the chalcogen-centered
radicals also play an important role.14

In summary, a clean and salt-free route to single source
precursors for semiconductors has been presented and the
process does not require the use of the volatile organic solvents.
These features appear to meet the requirement for ‘green’
chemistry, which is of contemporary public concern.15
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1,2,5-ortho esters of D-arabinose were found to be ideally
suited building blocks for the stereoselective formation of a
and b arabinofuranosidic linkages after nucleophilic open-
ing of the orthoester with oxygen and sulfur nucleophiles;
the tetrasaccharidic cap of the lipoarabinomannan of
Mycobacterium tuberculosis was then synthesized in a highly
convergent manner.

Lipoarabinomannans (LAMs) are highly antigenic polysacchar-
idic compounds isolated from the cell wall of various species of
mycobacteria.1 They share common structural features, a
phosphatidyl myo-inositol anchor and a mannan core substi-
tuted by an arabinan domain, exclusively composed of D-
arabinofuranosidic units.1 At the ends of this arabinan domain,
are found b-D-arabinofuranosides substituted on position 5 by
small motifs, called caps, variable on the mycobacterial
species.2–5 Strong modulations of the biological properties of
the LAMs were observed for LAMs isolated from different
species of mycobacteria and these variations have been
tentatively correlated to the structure of these caps.2,4–8

In light of the importance of these motifs for the biological
properties of the LAMs in relation with the immunopathoge-
nicity of M. tuberculosis, we now report the expeditious
synthesis of 1 (Scheme 1) the major tetrasaccharide found at the
ends of the LAMs of M. tuberculosis and M. bovis BCG in a
form suitable for further conjugation with a protein.9 Orthoe-
sters 3 and 11 were found to be highly versatile precursors for
the elaboration of the two different arabinofuranosidic rings and
the construction of the crucial b-arabinofuranosidic linkage.
The result is a rapid and convergent synthesis of 1.

3-O-benzyl 1,2,5-benzylidene D-arabinofuranose 3 was read-
ily obtained in 82% yield from the 1,2,5-benzylidene D-
arabinofuranose 2 {[a]D

25 228 (c 0.94, CHCl3) lit.10 +28 for
the enantiomer} after treatment with benzyl bromide and
sodium hydride in dimethylformamide (Scheme 1). SnCl4
catalyzed opening of orthoester 3 with 5 equiv. of methyl
9-hydroxynonanoate9 in CH2Cl2 gave the 2-O-benzoyl-a-D-
arabinofuranoside 4 as the only isolated product in 76% yield.
Complete regio- and stereo-selectivity were observed for the
double orthoester opening11 and none of the isomeric 5-O-
benzoyl arabinofuranosidic compound was observed with this
catalyst. In an analogous manner, ethyl 2-O-benzoyl-3-O-
benzyl-1-thio-a-D-arabinofuranoside 5 was obtained in 80%
yield from the opening of 3 with 1.1 equiv. of ethanethiol under
SnCl4 catalysis, once again with complete stereocontrol of the
orthoester opening.12,13 Unmasking of the hydroxy group on the
2-position of the arabinofuranosidic ring of thioglycoside 5 for
later attachment of the p-methoxybenzyl tether14 was carried
out in two steps and gave alcohol 7 in 73% overall yield
(Scheme 1).

We also looked at the reactions of 3-O-benzyl 1,2,5-di-
chloroethylidene D-arabinofuranose 11, available in 90% yield
(BnBr, NaH, DMF) from known compound 10, prepared in only
two steps from D-arabinose.15 As was expected from electronic
factors, nucleophilic opening of the orthoester function of 11

proved to be more difficult than for 3. 2 Equiv. of SnCl4 at room
temperature were necessary to bring the reaction of 11 with
methyl 9-hydroxynonanoate to completion and a mixture of
2-O- and 5-O-dichloroacetyl a-arabinofuranosides was ob-
tained. a-Arabinofuranoside 12 was isolated in 60% yield after
deacylation with sodium methoxide. Selective pivaloylation of
the primary hydroxy group of 12 (0 °C, ButCOCl, DMAP,
pyridine) gave alcohol 13 ready for glycosylation (80%).
Opening of 11 with ethanethiol was also obtained with 1.2
equiv. of EtSH and 0.2 equiv. SnCl4 at 0 °C, deacylation of the
mixture of dichloroacetates as above gave 9 in 64% overall
yield from 11. Selective silylation of the primary position of 9
with TBDPSCl and imidazole afforded 73% of the previously
prepared 7. Finally, the 4-methoxybenzyl group was introduced
on the 2-position of 7 with 2.5 equiv. of 4-methoxybenzyl
bromide16 and 2.5 equiv. of 2-tert-butylimino-2-diethylamino-
1,3-dimethylperhydro-1,3,2-diazaphosphorine17 (BEMP) in
acetonitrile to give thioarabinofuranoside 8 in 70% yield.

Coupling of the arabinofuranosidic units and elaboration of
the b-arabinofuranosidic linkage were accomplished according
to Ogawa’s internal aglycon delivery approach.14,18 Reaction of
1.1 equiv. of 8 with 13 and 1.5 equiv. of 2,3-dichloro-

Scheme 1 Reagents and conditions: i, NaH, BnBr, DMF, room temp., 1 h,
82%; ii, 5 equiv. methyl 9-hydroxynonanoate, 0.1 equiv. SnCl4, MS 4
Å, CH2Cl2, room temp., 15 min, 76%; iii, 1.1 equiv. EtSH, 0.1 equiv. SnCl4,
MS 4 Å, CH2Cl2, 218 °C, 30 min, 80%; iv, 1.5 equiv. ButPh2SiCl, 1.5
equiv. imidazole, DMF, room temp., 1 h, 92%; v, 0.1 equiv. MeONa,
MeOH, room temp., 79%; vi, 2.5 equiv. BEMP, 2.5 equiv. p-MeOBnBr,
MeCN, 0 °C to room temp., 1 h, 70%. vii, NaH, BnBr, DMF, room temp.,
1 h, 90%; viii, 5 equiv. HOCH2(CH2)7C(O)OMe, 2 equiv. SnCl4, MS 4 Å,
CH2Cl2, room temp., 3 h, then MeONa, MeOH, room temp., 1 h, 60%; ix,
1.5 equiv. ButCOCl, 0.1 equiv. DMAP, pyridine, 0 °C, 1.5 h, 80%.
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5,6-dicyano-1,4-benzoquinone in CH2Cl2 gave the mixed acetal
14 in 84% isolated yield after chromatography (Scheme 2).
Intramolecular glycosylation was promoted with 1.2 equiv. of
iodonium dicollidine perchlorate (IDCP)19 in CH2Cl2 and gave
a rewarding 73% yield of the b-linked disaccharide 15 as the
only isolated product. The b-(d) configuration of the new
anomeric center was firmly established from the 1H and 13C
NMR data (dH-1A 5.15, JH-1A,H-2A 4.5 Hz; dC-1A 101.48).20

Acetylation (acetic anhydride, pyridine) and silyl ether depro-
tection with tetrabutylammonium fluoride in tetrahydrofuran
gave the diarabinofuranoside 16 ready for further elongation
(75% from 15).

The dimannosidic glycosyl donor 21 was efficiently obtained
from orthoester 1721 taking advantage of the higher reactivity of
selenoglycosides over thioglycosides towards activation.22,23

17 was first opened with 1.5 equiv. of selenophenol24 under
HgBr2 catalysis and gave (a-selenoglycoside 18 in 75% yield
(Scheme 2). The known thioglycoside 19,25 obtained in 79%
from 17 after HgBr2-promoted ethanethiol opening, was
deacetylated (MeONa, MeOH) to give glycosyl acceptor 20 in
91% yield. Selective activation of selenoglycoside 18 with 1.1
equiv. of N-iodosuccinimide (NIS) and 10% trimethylsilyl
trifluoromethanesulfonate (TMSOTf),26 and coupling with 1.1
equiv. of thioglycoside 20 in CH2Cl2 at 218 °C gave the
expected a-linked dimannosidic compound 21 in 71% yield
with complete control of the new anomeric center. 21 was
isolated in slightly lower yield (64%) when the original silver
trifluoromethanesulfonate/potassium carbonate combination22

was used as promoter for the glycosylation of 20 with 18.
Final coupling was done by glycosylation of disaccharide 16

with 1.5 equiv. of thiodisaccharide 21 under NIS/catalytic
TMSOTf activation (Scheme 3). A 70% yield of tetra-
saccharidic compounds 22 was obtained as a 4 : 1 a,b anomeric

mixture on the H-1B anomeric center. This mixture could not be
separated at this stage, so the ester groups were removed with
0.5 M sodium methoxide solution in methanol (75%) and the
mixture of triols was chromatographed to give pure 23.
Hydrogenolysis of the benzyl groups [H2, Pd(OH)2/C, MeOH]
gave the target compound 127 in 65% yield.

In conclusion, orthoester derivatives of arabinose and
mannose were used for the efficient synthesis of 1, the
tetrasaccharidic cap of the lipoarabinomannan of M. tuberculo-
sis, via a convergent route using minimal protecting groups
manipulation and selective anomeric activation. Both a- and b-
arabinofuranosides were obtained with complete stereocontrol
from 3-O-benzyl-1,2,5-orthoesters of D-arabinose. Extension of
this methodology to the elaboration of other complex poly-
arabinofuranosidic structures and synthesis of neoantigens from
1 for biological evaluation are currently under way.
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Mixed self-assembled monolayers of pyrene and porphyrin
have been prepared to mimic efficient energy transfer in the
photosynthetic antenna complex.

X-Ray structural determination of the photosynthetic antenna
complex1 has stimulated many organic chemists to design
covalently-linked multichromophores such as linear, circular
and dendritic porphyrin oligomers for mimicry of efficient
energy transfer (EN) process.2,3 An alternative strategy involves
molecular assembly of chromophores in organized media.
Langmuir–Blodgett films and lipid bilayer membranes have
been frequently employed to construct light-harvesting sys-
tems.4–10 However, these systems seem to be inapplicable in
terms of stability, uniformness and manipulation. In contrast,
the use of self-assembled monolayers (SAMs)11 may be a
promising approach to organize chromophores on substrates
because of their uniform and well ordered structures. Here, we
report the first preparation of mixed SAMs of pyrene 1 and
porphyrin 2 on a gold surface (Fig. 1) in which efficient singlet–
singlet EN from 1 to 2 has been detected successfully.

The synthetic route to 1 is shown in Scheme 1. Condensation
of 1-aminopyrene with 12-bromododecanoic acid in the
presence of 2-chloro-4,6-dimethoxy-1,3,5-triazine afforded 3 in
29% yield. Bromide 3 was converted to disulfide 1 via
thioesterification with potassium thioacetate and subsequent
base deprotection of 4. Porphyrin disulfide 2 was prepared by
following the same procedures as described previously.12,13 The
structures of 1 and 2 were verified by spectroscopic analyses
including 1H NMR and MALDI-TOF mass spectra.†

Monolayers of mixtures of 1 and 2 were formed by the
coadsorption of 1 and 2 onto Au(111) mica substrates (denoted
1–2/Au, where / represents an interface). The coadsorption onto
the gold surface was carried out from CH2Cl2 solutions
containing 1 and 2 with a total concentration of 10 mM [molar
ratio of 1+2 = (a) 100+0, (b) 90+10, (c) 50+50, (d) 10+90, (e)
0+100] for 20 h to complete mixed SAM formation. After
soaking, the gold substrate was washed well with CH2Cl2 and
dried with a stream of argon. A cyclic voltammetric experiment
using 1–2/Au in CH2Cl2 containing 0.1 M Bun

4NPF6 electrolyte
with a sweep rate of 50 mV s21 (electrode area, 0.48 cm2) was
performed to estimate the surface coverage (Fig. 2). The
adsorbed amount of 1 and 2 on 1/Au [1+2 = (a) 100+0] and
2/Au [1+2 = (e) 0+100] was calculated from the charge of the
anodic peak of the pyrene and the porphyrin moieties as 2.8 3
10210 mol cm22 ( = 59 Å2 molecule21)‡ and 1.5 3 10210 mol
cm22 ( = 110 Å2 molecule21),12 respectively. These values
indicate the formation of the well packed structures of 1 and 2
on the gold surface. However, an attempt to determine the
adsorbed amounts of 1 and 2 in the mixed SAMs was

Fig. 1 Molecular structure of pyrene and porphyrin dimers 1 and 2.

Scheme 1 Reagents and conditions: i, 12-bromododecanoic acid, 2-chloro-
4,6-dimethoxy-1,3,5-triazine, THF, 29%; ii, potassium thioacetate,THF–
EtOH, 52%; iii, KOH, THF–MeOH, 42%.

Fig. 2 Cyclic voltammograms of 1/Au (—), 2/Au (----), and a mixed SAM
of 1 and 2 on a gold surface (·····) from CH2Cl2 solution using a molar ratio
of 50+50.
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unsuccessful because of the broad wave of the first oxidation
due to the pyrene and porphyrin moieties.

Fig. 3 shows absorption spectra of 1 and 2 in CH2Cl2 and of
1–2/Au [1+2 = (c) 50+50] using the transmission mode in air.12

The absorption band of 1 (lmax = 337 nm) and 2 (lmax = 424
nm) on the gold surface is blue- and red-shifted by 7 and 3 nm,
respectively, as compared to that of 1 and 2 in CH2Cl2.
Assuming that the relative ratio of the molar absorption
coefficients of 1 and 2 in the mixed SAMs are the same as those
in CH2Cl2 [1: 4.90 3 104 M21 cm21 (lmax = 344 nm); 2: 1.08
3 106 M21 cm21 (lmax = 421 nm)], the relative ratios of 1+2
in the mixed SAMs are estimated as (a) 100+0, (b) 99+1, (c)
94+6, (d) 85+15 and (e) 0+100. The strong p–p interactions of
the pyrene moieties compared with the relatively weak
interaction between the porphyrin moieties (as a consequence of
the bulky tert-butyl groups) may be responsible for the
preference of adsorption of 1 over 2 on the gold surface. In
addition, the fact that the pyrene molecules occupy about half
the surface area of the porphyrins would lead to a thermody-
namic preference for pyrene adsorption, since displacement of a
porphyrin for two pyrenes results in an extra S–Au inter-
action.

Steady-state corrected fluorescence spectra of 1 and 2 in
CH2Cl2 were measured with the excitation wavelength at 340
and 427 nm, respectively, and were compared with those of
1/Au and 2/Au. The fluorescence spectrum of 2/Au is
essentially the same as that of 2 in CH2Cl2 as shown in Fig. 4.12

Fluorescence emission of 1 in Fig. 4 overlaps well with
absorption of 2 in Fig. 3. Thus, it is expected that excitation of
the pyrene moiety as an antenna chromophore may lead to
efficient singlet–singlet EN from the pyrene to the porphyrin in
the SAMs. Unfortunately, however, the emission of 1/Au was
too weak to be detected. No detectable fluorescence from the
pyrene or the porphyrin moiety was observed in 1–2/Au under
steady state irradiation. Then, time-resolved, single-photon
counting fluorescence studies were made for 1–2/Au§ [1+2 =
(a) 100+0, (b) 90+10, (c) 50+50, (d) 10+90, (e) 0+100) as well
as for 1 and 2 in solutions with an excitation wavelength at 280
nm, where the light is mainly absorbed by the pyrene moiety. In
each case the decay of the fluorescence intensity at 385 nm and/

or 720 nm (due to the singlet excited states of the pyrene and the
porphyrin, respectively) could be monitored. The decay curve
could be fitted as single exponential except for 1 at 385 nm in
CH2Cl2. The fluorescence lifetimes of 1/Au at 385 nm (23 ps)
and 2/Au at 720 nm (40 ps) were much shorter than those of 1
[7.4 ns (30%), 3.2 ns (70%)] and 2 (8.1 ns) in CH2Cl2. This
indicates that the excited singlet states of the pyrene and the
porphyrin are quenched by the gold surface through EN, as
reported previously.12 The fluorescence lifetimes of the pyrene
moiety in 1–2/Au at 385 nm decreased with an increase in the
relative ratio of the porphyrin to the pyrene [(a) 23 ps, (b) 20 ps,
(c) 11 ps, (d) 8.8 ps].¶ The fluorescence lifetimes of the
porphyrin moiety in 1–2/Au at 720 nm also decreased with an
increase in the relative ratio of the porphyrin to the pyrene [(b)
92 ps, (c) 88 ps, (d) 60 ps, (e) 40 ps]. A likely explanation for
these observations is that efficient EN ( > 62%) occurs from the
excited singlet state of the pyrene to the porphyrin, followed by
energy transfer among the porphyrins.14

In conclusion, we have developed the first mixed self-
assembled monolayers of pyrene and porphyrin in which
efficient singlet–singlet EN takes place from the pyrene to the
porphyrin. Further improvement on the ability of harvesting the
light may be made by choosing a suitable couple of different
chromophores which absorb visible light extensively.

This work was supported by Grant-in-Aids for COE Research
and Scientific Research on Priority Area of Electrochemistry of
Ordered Interfaces and Creation of Delocalized Electronic
Systems from Ministry of Education, Science, Sports and
Culture, Japan. H. I. thanks the Sumitomo Foundation for
financial support.

Notes and references
† Selected data for 1: dH(270 MHz; CDCl3) 7.7–8.3 (m, 20H), 2.68 (t, J 8
Hz, 4H), 2.58 (t, J 8 Hz, 4H), 2.0–1.0 (m, 36H); m/z (MALDI-TOF; positive
mode) 862 (M + H+).
‡ Densely packed monolayer films are known to retard ion transport and
electrochemical accessibility. Since pyrene is a planar aromatic molecule,
the pyrene moiety of 1 may be densely packed owing to the strong p–p
stacking in the monolayers. Thus, the real value of surface coverage may be
larger, as compared to the estimated value using cyclic voltammetry.
§ For the time-resolved fluorescence measurements, gold substrates were
prepared by a vacuum deposition technique with titanium (50–100 Å) and
gold (200–1000 Å) in sequence onto a Si(100) wafer (Sumitomo Sitix
Corp.).
¶ Monomer emission (ca. 400 nm) as well as excimer emission (ca. 500 nm)
were observed for 1 in CH2Cl2, as shown in Fig. 4. The fluorescence
lifetimes of 1–2/Au at 500 nm also decreased with an increase in the relative
ratio of the porphyrin to the pyrene.
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Fig. 3 Absorption spectra of 1 (·····) and 2 (----) in CH2Cl2 and a mixed SAM
of 1 and 2 on a gold surface (—) from CH2Cl2 solution using a molar ratio
of 50+50. The spectra are normalized for comparison.

Fig. 4 Fluorescence spectra of 1 (·····) and 2 (----) in CH2Cl2 and a SAM of
2 on a gold surface (—) with excitation at 340 nm for 1 and 427 nm for 2.
The spectra are normalized for comparison.
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The silica supported tantalum hydride (·SiO)2Ta–H 1,
catalyses the H/D exchange reaction between CH4 and CD4
at 150 °C producing the statistical distribution of all
methane isotopomers.

Methane is the most thermodynamically stable alkane. Its
activation necessarily requires the cleavage of a C–H bond and,
for example, the H/D exchange reaction between CH4 and a
deuterium source (D2, D2O or a deuterated alkane or arene) is a
typical process involving C–H bond activation.1 Some of the
first examples were observed in the 1930s and 1940s using
metal surfaces.2 Numerous examples have appeared since in
heterogeneous catalysis,3 while only few homogeneous systems
are known to perform the catalytic H/D exchange with CH4.4

Surface OrganoMetallic Chemistry (SOMC) lies at the
interface between homogeneous and heterogeneous catalysis
and consists in grafting a molecular organometallic complex
onto an oxide or metal surface to generate ultimately single site
catalysts.5 This strategy has led to the synthesis and the
characterization of a silica supported tantalum hydride,
(·SiO)2Ta–H 1, a highly electrophilic complex (formally a
eight electron complex).6 It can activate the C–H bond of cyclic
alkanes, to form a tantalum cycloalkyl species, (·SiO)2Ta–
CnH2n21.7 It also catalyses both the low temperature hydro-
genolysis of alkanes8 and the new reaction of alkane met-
athesis,9 which transforms acyclic alkanes into their higher and
lower homologues. Here, we report that 1 also catalyses the H/D
exchange reaction between CH4 and CD4, leading to the
statistical formation of all possible isotopomers.

When a 55+45 mixture of CH4/CD4 was contacted with 1 at
150 °C for 10 h, it was converted into a mixture of all the
isotopomers of methane as a statistical distribution (Fig. 1).† At
low conversion, d1- and d3-methanes were formed faster than
d2-methane, suggesting that the H/D exchange was stepwise via
the exchange of one H/D atom at a time [Fig. 1(a)]. This initial
CH4/CD4 mixture gave a mixture of methane isotopomers, of
which CD2H2 was the major product. If a 65+35 mixture of
CH4/CD4 was contacted with 1 under identical conditions, the
evolution toward a different statistical distribution of all
isotopomers was observed. The composition of the equilibrated
mixture according to GC–MS was 24, 40, 24, 12, 0% of d0-, d1-,
d2-, d3- and d4-methanes, respectively, in good agreement with
the calculated statistical distribution (18, 38, 31, 11, 1.5%),
which was no longer centered on CD2H2 since there was an
excess of H- over D-atoms in the initial mixture.

The number of turnovers for this exchange reaction can be
estimated according to eqn. (1) if considering that (a) the
formation of CDH3 and CD3H requires at least one C–H(D)
bond cleavage and formation from CH4 and CD4, respectively,
and that (b) the formation of CD2H2 necessitates at least two C–
H bond cleavages and formations from either CH4 or CD4

TON = [Q(CDH3) + Q(CD3H) + 2 Q(CD2H2)]/Q(Ta) (1)
Q(X) represents the amount (in mol) of the compound X.

The number of turnovers as defined in eqn. (1) is underesti-
mated since it does not take into account degenerate processes
such as the exchange of a D atom with another D atom. The
calculated TON for the H/D exchange is therefore ca. 200 after
6 h of reaction. For a comparison, the metathesis of ethane

catalysed by the same surface complex 1 under similar
experimental conditions has reached a TON of ca. 4 after 6 h.9
The higher activity of 1 for H/D exchange reaction is however
not surprising since this process involves C–H in place of C–C
bond cleavage for alkane metathesis.

A similar H/D-exchange also occurs between deuterated
methane and hydrogen. When a 1+2 mixture of CD4/H2 (Ptot =
200 Torr) was contacted with 1 (52 mg, 5.2 wt% Ta) at 150 °C,
the formation of d0-, d1-, d2-, d3-methanes could be detected
after 40 min by IR spectroscopy. A new stable composition of
the gas mixture, containing all the deuterated methanes, was
reached after several hours, which corresponded to the statis-
tical distribution of all H/D atoms (7.6, 15.8, 35.8, 26.6, 14.2%
of d0-, d1-, d2-, d3- and d4-methanes, respectively, cf. the
calculated theoretical composition of 6, 25, 37.5, 25, 6%). The
initial rates obtained in the exchange of CH4/CD4 and CD4/H2
do not appear to be significantly different, which is in agreement
with the cleavage of the C–H bond being the rate-determining
step for both transformations.

During the reaction with CH4/CD4 mixtures, the evolution of
1 could be followed by in situ IR spectroscopy. The addition at
room temperature of a mixture of d0- and d4-methanes to 1 did
not lead to a significant decrease in intensity of the n(Ta–H)
band, centered at 1825 cm21.6 However, after 45 min at 150 °C,
the n(Ta–H) band was reduced to about half its initial intensity,
and a new band at 1323 cm21 was observed, which corre-

Fig. 1 CH4/CD4 exchange reaction (CH4/CD4 = 55+45; Ptot = 200 Torr;
150 °C, 36 mg of 1 (6.1 wt% Ta)). (a) Isotopomeric composition of the gas
phase vs. time. (b) Distributions of the different isotopomers at the end of
the reaction (2500 min).
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sponded to a n(Ta–D) vibration.‡ No peaks associated with Ta–
CH3 or Ta–CD3 were detected, but these types of surface
species are usually  difficult to observe by IR spectroscopy.7 In
fact, independent experiments showed that hydrolysing the
surface species formed after reacting 1 with CH4 (P = 200 Torr,
T = 150 °C, 2 days) gave methane in the gas phase, which
probably arose from the hydrolysis of a surface tantalum
methyl, (·SiO)2Ta–CH3 2. This consequently shows that 1 can
be converted into 2 under the H/D exchange experimental
conditions although the complete disappearance of both the Ta–
H and Ta–D vibration bands has never been observed.

Two mechanisms for the H/D exchange reaction between
CH4 and CD4 can be proposed. Both rely on a s-bond
metathesis C–H activation step and involve different active
species, i.e. 1 or 2 (Scheme 1).

A two-step experiment, in which 1 is first contacted with CD4
(step 1) and then with CH4 (step 2) under the same conditions,
should provide a different isotopomeric distribution depending
on the reaction mechanism (Scheme 2).

Therefore, the reaction of CD4 (30 Torr) with 1 at 150 °C for
3 h (step 1) led to the formation of CD3H as the sole methane
isotopomer in the gas phase. After removing the gas phase, the
addition of 20 Torr of CH4 (step 2) followed by a 3 h reaction
at 150 °C gave CDH3 as the only deuterated product present in
the gas phase. This shows that despite the probable formation of
Ta–CD3 species in step 1 (vide supra), it does not participate
efficiently in the H/D exchange process since CD3H has not

been observed [mechanism (b), step 2]. Consequently, mecha-
nism (a) which only involves Ta–H bonds instead of Ta–C
bonds [mechanism (b)] appears to be the most consistent to
describe the H/D exchange between methanes. This observation
also agrees with previous data relative to the stability of four-
center intermediates, in which a carbon atom opposite to the
metal [Scheme 1(a)] instead of a hydrogen/deuterium atom
[Scheme 1(b)] is preferred.4e

In summary, the silica supported tantalum hydride 1 catalyses
the H/D exchange reaction in CH4/CD4 mixtures. This reaction
proceeds under mild conditions and leads to the formation of the
statistical distribution of all isotopomers of methane. Its rate is
approximately two orders of magnitude faster than that of the
alkane metathesis reaction. A mechanism in which the tantalum
hydride species is the active intermediate in the catalytic cycle
rather than the Ta–CH3 species is consistent with the experi-
mental observations.

We are grateful to CNRS and ESCPE Lyon for financial
support. We would also like to thank Dr O. Maury, Professors
I. P. Rothwell (Purdue University) and R. A. Andersen (UC
Berkeley) for fruitful discussions.

Notes and references
† A statistical distribution corresponds to a random distribution of all
hydrogen and deuterium atoms among the five possible isotopomers of
methane and can be calculated by the coefficients of the polynom: (d0 +
d4)4, where d0 and d4 represent the initial amount of non-deuterated and
perdeuterated methane, respectively. The consumption of CH4 and CD4 as
well as the formation of the different isotopomers of methane (d1, d2, d3)
were monitored by IR spectroscopy. CH4, CDH3, CD2H2, CD3H and CD4

show characteristic IR bands at 1347 cm21 (CH4), 1156 cm21, (CDH3),
1090 cm21 (CD2H2), 1034 cm21 (CD3H) and 994 cm21 (CD4). The
isotopomeric composition of the gas phase was also measured by GC–MS
at the end of the reaction. The determination of the isotopomeric distribution
was evaluated by minimizing the sum of the square difference of the
respective peaks of calculated theoretical and experimental spectra. The
calculated theoretical spectra were generated by incrementing the selectiv-
ity of various relative amounts of d0-, d1-, d2-, d3- and d4-methanes, which
fragmentation patterns were taken from Compilation of mass spectral data,
ed. A. Cornu and R. Massot, Heyden & Son Limited, London, 1966. The
mass spectrum of a mixture of variously labelled methanes was considered
according to a peak distribution in the range m/z 13–20.
‡ Changes in the intensity of the Ta–D vibration band are not easily
observed since this band appears at the border of the spectral window of
silica and is partially truncated.
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Depending on the crystallisation solvent used, reaction of
2,2A-bipyrazine with AgBF4 results in the formation of either
a chiral three-dimensional adamantoid coordination net-
work or a two-dimensional sheet incorporating five coor-
dinate Ag(I) ions.

Inorganic supramolecular chemistry and in particular the
construction of polymeric coordination networks is an ex-
tremely topical area of research.1 Chiral coordination polymers
are particularly intriguing as such systems have potential future
applications as stereoselective hosts for the separation of
racemic mixtures. One of the most obvious methods of
introducing chirality into coordination polymers is to use
polymeric helicates and this method has been exploited to
generate one-dimensional polymers.2–4 Some of these poly-
meric helices spontaneously resolve through weak p–p3 or H-
bonding4 interactions to give chiral three-dimensional struc-
tures within a given crystal. Structures formed through stronger
metal–ligand bonds are rare5 and resolution often relies upon
weaker interactions6 to induce the chirality within the system.
We are interested in developing a strategy for preparing three-
dimensional coordination polymers in which the chirality of the
system is introduced via these more robust metal–ligand
interactions, an integral feature of the network itself. We have
targeted one of the most commonly studied structural motifs in
coordination polymer chemistry, namely the adamantoid or
super-diamondoid structure.7,8 Such compounds, formed by the
reaction of tetrahedral metal ions [e.g. Cu(I) or Ag(I)] with
linear connecting units (e.g. 4,4A-bipyridyl), may not, at first, be
an obvious choice. However, although conventionally con-
sidered to be built from edge-sharing adamantane units, such
networks may also be thought of in terms of fused 41 and 43
helices.8 These helices display opposing hands so that the
conventional adamantoid structure does not exhibit chirality.

Our strategy was to see whether we could perturb the balance
of these helices in order to remove the racemic nature of their
orientation. In an attempt to achieve this, we have targeted a
ligand system [2,2A-bipyrazine (bpyz)] which provides two
different modes by which it can bridge adjacent metal centres.
This ligand provides not only two independent types of binding
sites, the chelating bidentate site and the two monodentate N-
donor sites, but also two possible modes for bridging metal
centres (Scheme 1). These two bridging modes provide a
possible mechanism for generating two independent helices
when reacted with a suitable metal centre and thus, potentially,
an asymmetric adamantoid network. Two ligands which have a

similar combination of one bidentate and two monodentate
donor sites, 2,2A-bi-1,6-napthyridine and 5,5A-dicyano-2,2A-
bipyridine, have previously been shown to generate one-
dimensional helical structures with Cu(I)9 and Ag(I)10 in the
elegant work of Janiak and coworkers but no examples of three-
dimensional helical structures were prepared.

Single crystals of {[Ag(bpyz)](BF4)}∞ were prepared by
slow mixing of solutions of AgBF4 and the ligand in MeNO2,
followed by diffusion of diethyl ether vapour into the homoge-
neous reaction solution.† Single crystal X-ray diffraction
experiments‡ revealed that {[Ag(bpyz)](BF4)}∞ crystallises in
the chiral tetragonal space group P43212 and that the Ag(I)
centre is coordinated by one chelating ligand and by two
monodentate N-donors from two further bpyz ligands in a
distorted tetrahedral geometry. Each Ag(I) centre is linked to
four nearest-neighbour Ag(I) centres, two via the chelating
ligand and two more through the two monodentate pyrazine-like
donors forming a distorted adamantoid array. Inspection of the
extended lattice viewed down the c-axis confirms that the
structure forms two distinct channels (A and B) which represent
different helices running through the network (Fig. 1). The
square-shaped channel, A (ca. 4.9 Å cross-section), runs
through a 43 helix in which each Ag(I) centre is linked to the
next Ag(I) centre along the helix through a pyrazine unit
(bridging mode 1, Scheme 1) [Fig. 2(a)]. In contrast, the
rhomboid-shaped channel, B (ca. 3.5 Å cross-section), runs
through a 21 helix in which adjacent Ag(I) centres are linked
through bridging mode 2 (Scheme 1) via two monodentate N-
donor ligands [Fig. 2(b)]. Whereas in a conventional adaman-
toid lattice, adjacent helices which have opposing hands are
chemically identical, in {[Ag(bpyz)](BF4)}∞ adjacent anti-
parallel helices are chemically distinct, displaying different
bridging modes and different pitches. Therefore the structure of
{[Ag(bpyz)](BF4)}∞ has an overall chirality and represents the

Scheme 1 Two possible bridging modes demonstrated by 2,2A-bipyrazine.

Fig. 1 View of the two different channels formed in {[Ag(bpyz)](BF4)}∞ .
The square-shaped channels (A) are surrounded by the 43 helices and the
rhomboid-shaped channels (B) by 21 helices (silver, left-hatch; nitrogen,
right-hatch).
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first example of a chiral adamantoid network. The channels are
filled by BF4

2 counter-anions and MeNO2 solvent molecules.
Interestingly the BF4

2 anions sit exclusively in the channel
generated by the 21 helix (channel B) leaving the more open
channels generated by the 43 helix (channel A) open for solvent
inclusion. This channel represents some 45.2%11 of the total
crystal volume and therefore this system appears promising for
potential use as a chiral host material.

When single crystals were grown in an analogous manner but
replacing non-coordinating MeNO2 with the co-ordinating
solvent MeCN, a different product, {[Ag(bpyz)-
(MeCN)](BF4)}∞ , was isolated. Single crystal X-ray diffraction
experiments‡ show that this network adopts an entirely different
structure. In this case, each Ag(I) centre coordinates a MeCN
ligand leading to a distorted trigonal-bipyramidal Ag(I) envi-
ronment. As with {[Ag(bpyz)](BF4)}∞ each Ag(I) centre is
coordinated by one chelating and two monodentate bpyz ligands
resulting in each Ag(I) being linked to four nearest-neighbour
Ag(I) junctions. However, in this case, the coordination of the
MeCN ligand flattens the extended lattice to give a two-
dimensional (4,4) sheet (Fig. 3). Each of these sheets undulates,
with the MeCN ligands protruding from its surface resulting in
interdigitation of adjacent {[Ag(bpyz)(MeCN)](BF4)}∞ layers.
The five-coordinate geometry observed here is rare for Ag(I),
which prefers linear or tetrahedral coordination, and has only
been observed three times before within coordination net-
works.12

In conclusion, we have shown that by using a ligand that can
exhibit different bridging modes we can induce the formation of
a chiral adamantoid network. The effect of solvent of crystal-
lisation upon network structure has also been demonstrated by
the formation of an extended two-dimensional lattice which
incorporates five-coordinate Ag(I) centres. We are currently
investigating whether the chirality of the adamantoid lattice can
be controlled by the use of chiral anions.

We would like to thank the University of Nottingham
(J. E. B. N.) and the EPSRC for support.

Notes and references
† Experimental: {[Ag(bpyz)](BF4)}∞ : a solution of AgBF4 (10 mg, 0.05
mmol) in MeNO2 (10 cm3) was slowly diffused into a solution of 2,2A-
bipyrazine {bpyz} (8 mg, 0.05 mmol) in MeNO2 (10 cm3) to give a
homogeneous reaction solution. Diethyl ether was then diffused into the
reaction solution affording colourless block crystals. Yield (8 mg, 44%).
{[Ag(bpyz)(MeCN)](BF4)}∞ was prepared analogously but replacing
MeNO2 with MeCN. Yield (54%). Satisfactory spectroscopic and analytical
data were obtained.
‡ X-Ray experimental, general procedures: data for both compounds were
collected on a Stoe Stadi-4 four-circle diffractometer using graphite
monochromated Mo-Ka radiation (l = 0.71073 Å). Hydrogen atoms were
placed in geometrically calculated positions and allowed to ride on their
parent atoms.

Crystal data: {[Ag(bpyz)](BF4)·2MeNO2}∞ : C10H12AgBF4N6O4, M =
474.94, tetragonal, space group P43212 (no. 96), a = 11.396(7), c =
13.913(9) Å, U = 1807(2) Å3, Z = 4, Dc = 1.746 g cm23, m(Mo-Ka) =
1.183 mm21, T = 150(2) K. 1595 unique reflections (Rint = 0.0852) [1391
with I > 2s(I)]. Final R = 0.0549, wR2(all data) = 0.1262. Flack parameter
= 20.12(12).

{[Ag(bpyz)(MeCN)](BF4)}∞ : C10H9AgBF4N5, M = 393.90, mono-
clinic, space group P21/n (no. 14), a = 7.326(3), b = 18.423(6), c =
10.218(4) Å, U = 1356.7(9) Å3, Z = 4, Dc = 1.531 g cm23, m(Mo-Ka) =
1.531 mm21, T = 150(2) K. 2384 unique reflections, [1794 with I > 2s(I)].
Final R = 0.0531, wR2(all data) = 0.0913.

CCDC 182/1569. See http://www.rsc.org/suppdata/cc/a9/a909868b/for
crystallographic files in .cif format.
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Fig. 2 (a) View, perpendicular to channel A, showing the 43 helix and
illustrating the propagation of the channel periphery through bridging mode
1; (b) view, perpendicular to channel B, showing the 21 helix and illustrating
propagation through bridging mode 2 (silver, left-hatch; nitrogen, right-
hatch).

Fig. 3 View of the (4,4) two-dimensional sheet formed by {[Ag(bpyz)-
(MeCN)](BF4)}∞ (silver, left-hatch; nitrogen, right-hatch).
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The reaction of (C6F5)2BCl with trimethylsilyl azide results
in the formation of (C6F5)2BN3 1; evaporation of the
stabilizing solvent results in irreversible dimerization yield-
ing [(C6F5)2BN3]2 1a as the first example of a dimeric boron
azide; in the presence of pyridine a stable adduct
(C6F5)2BN3·py 2 is isolated.

Extending the first report in boron azide chemistry by Wiberg
and Michaud in 1954, Paetzold et al. has made remarkable
contributions on this field.1,2a–e To our knowledge all of the
liquid or solid boron azides reported in the literature are
monomeric except for the trimeric boron dihalide azides
(BX2N3)3 (X = F, Cl, Br) and dimethylboron azide which
shows a temperature dependent oligomerization.3a,b The struc-
ture of boron dichloride azide was determined by  Müller in
1971, confirming the six-membered boron nitrogen heterocycle
with diazo groups bound to nitrogen.4 Here, we report on the
synthesis and structural characterization of a novel dimeric
boron azide, which can be considered as a N,NA-diazodiazadi-
boratacyclobutane.

Bis(pentafluorophenyl)boron chloride was reacted with tri-
methylsilyl azide in a toluene solution and the resulting mixture
was monitored by NMR spectroscopy.† A single resonance was
observed in the 11B NMR spectrum at d 43.9, in the region
typical for three-coordinate boron. The 19F NMR spectrum
shows three signals for the pentafluorophenyl substituents at d
2131.4 (o-F), 2146.4 (t, p-F, 3JFF 20.8 Hz) and 2161.0 (m-F).
In the 14N NMR spectrum three resonances for covalent azide
nitrogens are observed d 2144 (Nb), 2160 (Ng) and 2322
(Na).5 The NMR data clearly indicate the formation of
monomeric bis(pentafluorophenyl)boron azide 1. After removal
of the solvent, 1a was obtained as a colorless solid which is
insoluble in common organic solvents. For the NMR study of 1,
the reaction had to be performed in toluene or benzene as a
solvent. In other solvents such as hexane, dichloromethane or
chloroform, 1a precipitated immediately.

The IR spectrum of solid 1a shows a strong absorption at
2202 cm21 which is the typical region for the asymmetric
stretching vibration of azides.6 However, in comparison to the
corresponding asymmetric stretching vibration found for diph-
enylboron azide (2120 cm21), this vibration is significantly
shifted to a higher wavenumber and is almost identical with that
found for trimeric boron dichloride azide (BCl2N3)3 (2210
cm21) which has bridging azides.2e,7 In the Raman spectrum,
nas(N3) was found at 2209 cm21 as a peak of medium intensity
(Fig. 1).

A mass spectrum of 1a recorded in the EI mode did not show
a molecular ion peak M+ and is therefore not expressive
regarding a dimeric structure. The monomer 1 is visible, m/z =
387 (11B), but N2-abstraction of this fragment (12 N2), typical
for azides, is not observed.

The findings of the vibrational data indicate that 1a is not
monomeric in the solid state, which is in contrast to the structure
of the starting material (C6F5)2BCl as determined by single X-
ray diffraction techniques.8 The solid state structure of 1a
(dimeric) has been determined by single crystal X-ray diffrac-
tion and confirmed the oligomeric skeleton proposed on the
basis of vibrational (IR, Raman) spectroscopy (Fig. 2).‡

Single crystals suitable for X-ray diffraction studies were
obtained by cooling a concentrated solution of 1 in toluene. 1a
crystallized in the space group C2/c with four formula units in
the unit cell. The B2N2 ring is planar with a B–N–B angle of
97.2(1)° and a N–B–N angle of 82.8(1)°. The B–N distances of
1.59/1.60 Å have typical B–N single bond character. The azide
group is slightly bent with a N–N–N angle of 177.5(2)° which
is in accord with the structures of other covalent boron azides
previously determined.2b,4,9a,b The N1–N2 bond distance is
1.241(2) Å and comparable with the corresponding N–N
distance found in (BCl2N3)3 (1.25 Å); the N2–N3 distance is
1.113(3) Å indicating considerable triple bond character (N·N
1.098 Å).4,10a–c

Fig. 1 Raman spectrum of 1a.

Fig. 2 ORTEP plot of the molecular structure of 1a with thermal ellipsoids
drawn at the 25% probability level. Selected bond lengths (Å) and angles
(°): B(1)–N(1) 1.591(3), B(1A)–N(1) 1.601(2), N(1)–N(2) 1.241(2), N(2)–
N(3) 1.113(3), B(1)–C(1) 1.607(3), C–F 1.33–1.35; N(1)–N(2)–N(3)
177.5(2), N(2)–N(1)–B(1) 130.3(2), N(1)–B(1)–N(1A) 82.8(1), B(1)–
N(1)–B(1A) 97.2(1), C(7)–B(1)–C(1) 113.5(2), C(7)–B(1)–N(1) 115.2(2),
C(1)–B(1)–N(1) 114.3(2), C(7)–B(1)–N(1A) 113.4(2).
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The results of the X-ray analysis, Raman and IR spectroscopy
prove 1a as the first example of a N,NA-diazodiazadibor-
atacyclobutane. The dimerization can be explained by the
electronic character of the boron atom in 1. The electron-
withdrawing pentafluorophenyl substituents create a highly
electron deficient boron atom which stabilizes itself to a borate
1a with the formation of a s-bond to the a-nitrogen atom of
another molecule 1.

The reaction was also carried out in the presence of pyridine
yielding the new adduct (C6F5)2BN3·py 2 as a colorless solid
[eqn. (1)].†

This adduct 2 is soluble in toluene, dichloromethane, diethyl
ether and chloroform but insoluble in hexane. The IR spectrum
shows a very strong absorption at 2137 cm21 and the Raman
spectrum shows a weak peak at 2138 cm21 which can be
assigned to the asymmetric stretching vibration of the azide
group, and is comparable with those found in other reported
adducts of this type [Ph2BN3·py nas(N3) = 2110 cm21].2e The
NMR data and elemental analysis are consistent with the
product proposed in eqn. (1). The chemical shift for 2 [d(11B)
20.5] is in the region of four-coordinate boron, the 14N NMR
shows four resonances at d 2144 (Nb), 2159 (N-py), 2204
(Ng) and 2308 (Na).

Further investigations of the chemistry of pentafluorophenyl
substituted boron azides are in progress and will be reported in
a full paper.

Financial support of this work by the University of Munich
and the Fonds der Chemischen Industrie is gratefully ac-
knowledged.

Notes and references
† Experimental procedures: CAUTION covalent azides are potentially
explosive and safety precautions should be taken during work with azides.
All manipulations were performed under an inert atmosphere of dry
nitrogen using standard Schlenk techniques. All solvents were dried prior to
use. Higher deviations from the theoretical values of the elemental analyses
are common for boron azides [see refs. 9(a) and (b)].

1, 1a: trimethylsilyl azide (1.0 mmol) was added to a solution of
(C6F5)2BCl (1.0 mmol) in toluene (10 mL) at 278 °C. After stirring for 12
h at ambient temperature the solution was concentrated and cooled to 225
°C. The crystals of 1a which formed, were found to be suitable for X-ray

diffraction studies, were isolated and dried in vacuo. Yield 0.25 g, 65%, mp
73–76 °C (decomp.). Found: C, 38.6; N, 9.9. Calc. for C24B2F20N6: C, 37.3;
N, 10.9%. IR/Raman: 2202vs/2209m [nas(N3)] cm21. 19F NMR (376 MHz,
toluene) d 2131.4 (m, o-F, 2F), 2146.4 (t, p-F, 1F, 3JFF 20.8 Hz), 2161.0
(m, m-F, 2F). 11B NMR (128 MHz, toluene) d 43.9. 14N NMR (29 MHz,
toluene, Dn1/2/Hz) d 2144 (Nb, 220), 2160 (Ng, 300), 2322 (Na, 600).

2: compound 2 was prepared from (C6F5)2BCl (1.0 mmol), trimethylsilyl
azide (1.0 mmol) and pyridine (1.0 mmol) in CH2Cl2 (10 mL) solution
following the method described for 1. Yield 0.37 g, 80%, mp 76–80 °C.
Found: C, 43.2; H, 1.4; N, 11.3. Calc. for C17H5BF10N4: C, 43.8; H, 1.1; N,
12.0%. IR/Raman 2137vs/2138w [nas(N3)] cm21. 19F NMR (376 MHz,
CDCl3) d 2134.1 (m, o-F, 2F), 2154.7 (t, p-F, 1F, 3JFF 20.8 Hz), 2162.3
(m, m-F, 2F). 11B NMR (128 MHz, CDCl3) d 20.5. 14N NMR (29 MHz,
CDCl3, Dn1/2/Hz) d 2144 (Nb, 200), 2159 (N-py, 350), 2204 (Ng, 300)
2308 (Na, 800).
‡ Crystal data: C24B2F20N6 1a M = 773.89, monoclinic, space group C2/c,
a = 15.222(1), b = 10.6024(8), c = 16.895(2) Å, b = 99.73(1)°, V =
2687.4 (4) Å3, Z = 4, m(Mo-Ka) = 0.214 mm21, l = 0.71073 Å, T = 200
K, 9071 reflections measured, 2545 unique (Rint = 0.107) which were used
in all calculations. Final R indices [I > 2s(I)], R1 = 0.055, wR2 = 0.135.
The structure was solved using direct methods and refined by full-matrix
least-squares on F2. CCDC 182/1568. See http://www.rsc.org/suppdata/cc/
b0/b001103g/ for crystallographic files in .cif format.
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Three-component reactions of aldehydes, amines and trie-
thyl phosphite were efficiently catalyzed by scandium
tris(dodecyl sulfate) at ambient temperature in water to give
various a-amino phosphonates in high yields.

a-Amino phosphonates constitute an important class of bio-
logically active compounds, and their synthesis has been a focus
of considerable attention in synthetic organic chemistry as well
as in medicinal chemistry.1 Most synthetic methods reported
utilize reactions of imines with phosphorus nucleophiles.
Recently, it has been shown that three-component reactions of
aldehydes (or ketones), amines, and diethyl phosphite [HO-
P(OEt)2] were efficiently promoted by catalytic amounts of
Lewis acids such as ytterbium triflate2 and indium chloride3 in
dichloromethane (CH2Cl2) or THF at ambient temperature.
Although these procedures do not require the isolation of the
unstable imines prior to the reactions, reaction times of longer
than 10 h are necessary to obtain the desired products in good
yields at room temperature. In addition, the use of harmful
organic solvents such as CH2Cl2 is undesirable from the
viewpoint of today’s environmental consciousness.

In the course of our investigations to develop environmen-
tally friendly synthetic methods, we have found that surfactant-
type Lewis acids function as effective catalysts for aldol
reactions in water without using organic solvents.4 The
catalysts, which we denote Lewis acid–surfactant-combined
catalysts (LASCs), consist of Lewis acidic metal cations such as
scandium(III) and amphiphilic anions such as dodecyl sulfate,
and form stable colloidal dispersions in the presence of organic
substrates in water. Here we report that scandium tris(dodecyl

sulfate) 1, a representative LASC, effectively catalyzes three-
component reactions of aldehydes, amines and triethyl phos-
phite [P(OEt)3] in water to give a-amino phosphonates in high
yields.

First, the reaction of benzaldehyde, benzhydrylamine and
P(OEt)3 was tested as a model reaction in the presence of
various catalysts in water (Table 1). When LASC 1 was used as
a catalyst, the reaction proceeded smoothly to afford the desired
product 2 in good yield (entry 1). On the other hand, sodium
dodecyl sulfate (SDS) or scandium triflate gave 2 in very low
yields (entries 2 and 3). These results indicate that both the
Lewis acidic cation and the anionic surfactant are indispensable
for the efficient catalysis. LASC 1 was much superior to
dodecylbenzenesulfonic acid (DBSA, entry 4), a surfactant-
type Brønsted acid which has been successfully used for three-
component Mannich-type reactions in water.5 Furthermore, the
reaction under neat conditions without any solvents proceeded
slowly (entry 5), indicating that water as a solvent plays an
essential role for acceleration of the reaction. It was interesting
to find that a reaction with HOP(OEt)2, which has been used as

a phosphorus nucleophile in the Lewis acid-catalyzed synthesis
of a-amino phosphonates in organic solvents,2,3 scarcely
proceeded (entry 6). Thus, the use of P(OEt)3 instead of
HOP(OEt)2 is a characteristic of our system. Mechanistically,
P(OEt)3 attacks an imine, which is formed from an aldehyde and
an amine in situ and then activated by the Lewis acid, to
generate phosphonium intermediate 3. In contrast to the
reactions in organic solvents, hydrolysis of 3 to the correspond-

ing phosphonate should occur rapidly in water without causing
any side reactions. This rapid hydrolysis makes the use of
P(OEt)3 possible in the present catalytic system. Unfortunately,
an excess of P(OEt)3 is needed at the present stage, since it is
gradually hydrolyzed to HOP(OEt)2 in water. Under the same
reaction conditions as those in entry 1, the reaction in the
absence of the amine afforded only a trace amount of diethyl
1-hydroxy-1-phenylmethylphosphonate. This result indicates
that imines are activated by 1 more effectively than alde-
hydes.

The reactions of various aldehydes and amines with P(OEt)3
in the presence of 1 in water gave the corresponding a-amino
phosphonates in high yields as shown in Table 2.† Not only
benzaldehyde (entries 1–6) but also other aromatic (entries 7
and 8), heteroaromatic (entry 9) and aliphatic aldehydes (entries
10 and 11) worked well to give the phosphonates in high yields,
although a,b-unsaturated aldehydes such as cinnamaldehyde
(entry 12) afforded the desired products in lower yields. A
characteristic point of these reactions is the extremely short
reaction time. When using aniline-type amines such as aniline

Table 1 Three-component synthesis of a-amino phosphonate 2 in water
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and o-anisidine, the reaction proceeded rapidly, and > 80%
yields of the products were attained in 20–30 min (entries 2, 3,
7, and 8). Thus, the turnover frequencies (TOFs) for these
reactions are 17–26 h21, in contrast to the reported procedures
in organic solvents, in which the TOFs are < 1 h21.2,3 While
several organic reactions in water have been developed so far,6
most of them proceeded slowly in water compared with the
corresponding synthetic methods in organic solvents. It is noted
that the use of an LASC, a new type of Lewis acid, creates
excellent hydrophobic reaction fields to realize the rapid three-
component reactions in water. Use of chiral amines, (R)-
1-phenylethylamine and (R)-1-(1-naphthyl)ethylamine, re-
sulted in modest diastereoselectivities (entries 5 and 6).

In conclusion, three-component reactions of aldehydes,
amines and triethyl phosphite were effectively catalyzed by
LASC 1 to give various a-amino phosphonates in high yields. It
should be noted that these high yields were obtained in water, at
ambient temperature, and at high reaction rates. This reaction
system not only provides a novel method for the synthesis of
biologically important a-amino phosphonates but also extends
the applicability of LASCs in organic synthesis in water to lead
to environmentally friendly chemical processes.

Notes and references
† General procedure for the synthesis of a-amino phosphonates: an amine
(0.25 mmol), an aldehyde (0.25 mmol) and P(OEt)3 (1.0 mmol) were
successively added to a mixture of LASC 1 (0.025 mmol, 10 mol%) in water
(1.5 mL) at 30 °C. The mixture was stirred at the same temperature for 20
–120 min, and then 1 M NaOH (5 mL) was added. After stirring at room
temperature for 15–30 min, brine (5 mL) was added, the mixture extracted
with ethyl acetate (30 mL), dried over Na2SO4, and concentrated.
Purification by silica gel chromatography afforded the desired product.
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Replacing the active site Cys-123 of dienelactone hydrolase
with Ser completely changes the catalysis displayed by the
protein, from hydrolysis of the substrate E- and Z-diene-
lactones to maleylacetate by the native enzyme, to inter-
conversion of the substrates by the mutant, dienelactone
isomerase.

Dienelactone hydrolase (EC 3.1.1.45) from Pseudomonas sp.
B13 (DLH Type III) catalyses the hydrolysis of the E- and Z-
dienelactones 1 and 2 to give maleylacetate 3 (Scheme 1),1 as
part of the chlorocatechol branch of the b-ketoadipate pathway
for the biodegradation of toxic aromatic compounds.2 The
activity of DLH derives from a catalytic triad of amino acids at
its active site, comprising Cys-123 aligned for nucleophilic
attack on the substrates by the adjacent His-202 and Asp-171
residues.3,4 This triad is a hybrid of those found in cysteine
(Cys-His-Asn)5 and serine (Ser-His-Asp)6 proteases, and has
been observed in human and yeast ubiquitin C-terminal
hydrolase7 and engineered in mutant serine proteases such as
thiol-subtilisin8 and thiol-trypsin.9 The mechanism of catalysis
by DLH has been elucidated primarily through crystallographic
analysis of both the native protein and several of its site specific
mutants.10 In one mutant (C123S), Cys-123 was replaced with
Ser, to produce the catalytic triad found in serine proteases. We
now report that this mutation completely changes the catalysis
displayed by the protein, from hydrolysis of the substrates 1 and
2 by DLH to catalysis of their isomerisation by the mutant
protein, dienelactone isomerase (DLI).

The synthesis of the lactones 1 and 211 and the procedures
used to obtain the native and mutant proteins, DLH and
DLI,3,4,10 have been reported previously. The reactions of the
proteins with the substrates 1 and 2 were examined in 0.02 mol
dm23 HEPES buffer containing 0.001 mol dm23 EDTA, at pH
7.0 and 298 K. The products were characterised using HPLC
and a diode array detector, thin layer chromatography and 1H
NMR spectrometry, by comparison with authentic samples. The
kinetics of the reactions were studied by HPLC and by

monitoring changes in absorbance at 280 nm by UV spectros-
copy. The lactones 1 and 2 have lmax values of 276 (e 17200)
and 277 (e 17550 dm3 mol21 cm21) nm, and e values of 17000
and 15625 dm3 mol21 cm21 at 280 nm, respectively, while
maleylacetate 3 shows negligible absorbance in this re-
gion.1,12

The effects of DLH and DLI on the dienelactones 1 and 2 are
illustrated in Fig. 1 and the Km and kcat values characterising
these interactions are summarised in Table 1. Hydrolysis of
each of the lactones 1 and 2 is catalysed efficiently by DLH and
there is no evidence of isomerisation of the substrates in the
presence of this enzyme. In complete contrast, DLI catalyses the
interconversion of the lactones 1 and 2, to the equilibrium
mixture where they are present in the ratio 53 : 47, and little
hydrolysis of either substrate 1 or 2 is discernible, even long
after equilibration of the substrates 1 and 2 is complete. On this
basis, the kcat values for hydrolysis of the lactones 1 and 2 by
DLI are at least 100-fold less than those for substrate
isomerisation.

The contrasting behaviour of DLH and DLI is not due simply
to substrate isomerisation and hydrolysis by DLH and substrate
isomerisation without hydrolysis by DLI. Hydrolysis of the Z-
lactone 2 by DLH is catalysed ca. 25 times more efficiently
(kcat/Km) than that of the E-isomer 1 under the conditions of this
study. Isomerisation accompanying hydrolysis of the E-lactone
1 by DLH would therefore be expected to result in a build-up in
the concentration of the Z-isomer 2, until its proportion of the
residual lactones 1 and 2 approached at least 4%. Isomerisation

Scheme 1

Table 1 Kinetic parameters for interaction of DLH and DLI with the
lactones 1 and 2a

Enzyme Substrate kcat/s21 103 Km/mol dm23

DLH 1 14 ± 1 0.20 ± 0.015
(9.2)b (0.17 ± 0.007)b

DLH 2 19 ± 0.2 0.011 ± 0.001
(30)c (0.016)c

DLI 1 0.63 ± 0.03 4.4 ± 0.10
DLI 2 0.18 ± 0.003 2.7 ± 0.13

a In 0.02 mol dm23 HEPES buffer containing 0.001 mol dm23 EDTA, at pH
7.0 and 298 K. b Data from ref. 4. c Data from refs. 1 and 13.

Scheme 2 (a) DLH, X = S; (b) DLI, X = O.
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of the Z-lactone 2 by DLH would be expected to lead to the
accumulation of an even larger proportion of the E-isomer 1, at
least up to the equilibrium value of 53%. Such proportions
(even the 4%) are well above the limits of detection, so there is
no indication that DLH catalyses substrate isomerisation, only
substrate hydrolysis. With DLI, substrate isomerisation occurs
without hydrolysis.

The reactions of the lactones 1 and 2 with DLH involve
formation of the thioester intermediate 4a (Scheme 2).10 In
principle, DLI could react in a quite different manner, by
reversible Michael addition of the enzyme’s active site serine to
the enolic carbon of the substrates 1 and 2, with isomerisation.
However, this mechanism seems implausible, since a similar
process involving the thiolate of DLH would be more likely to
lead to isomerisation if that was the case, and the distance
between the serine oxygen of DLI and the enolic carbon of the
substrates 1 and 2 is likely to be too great. The crystal structure
of the lactam analogue of the lactone 2 bound in the active site
of DLI indicates that this distance is 4.2 Å.10 Thus it seems more
reasonable that DLI reacts via the ester intermediate 4b
(Scheme 2). The lack of hydrolysis of this species may indicate
that water is not available, at least in the necessary orientation,
in the active site of the mutant protein. Alternatively, it could be
due to non-productive collapse of the tetrahedral intermediate
5b.14 Whereas the intermediate 5a will readily collapse with
loss of the thiolate group, to give maleylacetate 3, the analogous
serine derivative 5b should most readily lose hydroxide to
revert to the ester 4b, which could then recyclise. By analogy,
with UDP-glucose dehydrogenase it has been found that the Ser
mutant, obtained by displacing the active site Cys-260, reacts
with the substrate to give an acyl enzyme, that is less labile
towards hydrolysis than the corresponding putative thioester
formed from the native protein.15 However, the UDP-glucose
dehydrogenase mutant is not active catalytically, unlike the
situation with DLH and DLI, where both proteins are catalysts
but of different processes. Irrespective of the mechanism, this
difference between DLH and DLI is clear. The reaction of DLI
with the lactone 1 affords ready access to the isomer 2, and the

general utility of this interconversion is currently being
explored.

We are grateful to J. B. Kelly for assisting with the
preparation of the Z-lactone 2.
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Fig. 1 Concentrationsa of the E-dienelactone 1 (5), the Z-isomer 2 (2) and maleylacetate 3 (/) in mixtures obtained by treatmentb of (a) the lactone 1 with
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K.
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The first examples of enantiomerically pure metallomeso-
gens containing the chiral centre directly bonded to the
metal are reported; the chiral complexes show different
phase behaviour to the racemic modifications.

There are many examples of chiral liquid crystals. Since the
properties that chirality can confer to liquid crystals, such as
ferroelectricity, are very attractive for technological applica-
tions, interest in chiral liquid crystals is more than purely
academic. Whilst there has been an upsurge of interest in metal
containing liquid crystals (metallomesogens) over the last two
decades,1–3 there have been relatively few examples of chiral
metallomesogens. Most of these metallomesogens have relied
on a chiral centre remote from the central core of the molecule
to induce the asymmetry.4–8 To date, no-one has fully
investigated the effect of directly bonding a chiral centre to a
metal within the metallomesogen. Early examples include a
family of platinum stilbazole alkene complexes which proved to
be unresolvable,9,10 and a family of ruthenium bipyridyl
compounds, where no attempt was made to separate enantio-
mers.11

Sulfoxides are widely used as ligands in platinum chemistry,
normally bonding through the sulfur. Chiral sulfoxides with two
different substituents are configurationally stable, and can be
resolved into enantiomers.12,13 Thus chiral sulfoxides, with two
different alkyl chains, present themselves as ideal ligands for
platinum based metallomesogens. By using a stilbazole ligand
to complete the coordination sphere of the platinum, we can
prepare direct analogues of the alkene complexes reported
earlier.9,10 It has been shown that such a highly unsymmetrical
structure can be very beneficial, with reductions in the melting
and clearing points of up to 100 K.

Enantiomerically pure methyl(n-alkyl)sulfoxides are availa-
ble14 and the methodology for the synthesis of appropriate
platinum complexes is well understood. Crucially, the chirality
at the sulfur has been shown to be configurationally stable on
coordination to platinum with no racemisation observed even on
ligand displacement.15 Thus, using both racemic and enantio-
merically pure sulfoxides we were able to isolate the required
neutral complexes in a simple two step procedure, in effectively
quantitative yield (Scheme 1).† Recrystallization of the prod-
ucts in diethyl ether–chloroform gave analytically pure samples
which were analysed by NMR,‡ elemental analysis,§ polari-
metry,¶ DSC and hot-stage polarised optical microscopy (Table
1).

All the new complexes reported here showed mesogenic
behaviour at accessible temperatures. The phase behaviour of
the new complexes is listed in Table 1 and summarised in Fig.
1. Thus it can be seen that all the complexes showed a melting
transition into a mesophase at around 70 °C and cleared into the
isotropic between 120 and 135 °C.

The most significant observation is the difference between
the thermal behaviour of the racemic and chiral forms. The
racemic compounds clearly exhibit two mesophases: a highly

Scheme 1

Table 1 Thermal behaviour of compounds 3

Racemic T/°C DH/J g21 Chiral T/°C DH/J g21

3a K–SmG 69.9 25.9 K–SmF 87.2 31.6
SmG–SmF 72.5 25.7 K–I 128.3 38.6
SmF–I 124.5 101.3

3b K–SmG 80.9 20.8 K–KA 75.4 5.4
SmG–SmF 84.4 20.0 KA–SmF 92.6 24.6
SmF–I 126.1 76.7 SmF–I 129.3 40.9

3c K–SmG 74.8 17.6 K–KA 72.3 2.3
SmG–SmF 85.1 17.4 KA–SmF 84.3 25.4
SmF–I 118.6 63.3 SmF–I 121.7 28.5

Fig. 1 Phase behaviour of compounds 3.
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ordered crystal smectic G followed by a smectic F∑ at higher
temperatures, whereas the enantiomerically pure compounds
only exhibit the smectic F phase. The melting points of the
enantiomerically pure compounds are all about 10 K higher than
the racemic compounds, though the clearing points are much
more similar.

That the melting points of the chiral and racemic forms show
a large difference is not totally unexpected: the packing
arrangements within the crystal forms (assuming that the
racemic form crystallises with both enantiomers present in the
unit cell) must be substantially different—thus the melting
points must be different. The presence of a short lived crystal
smectic G for the racemic form at a temperature before the
enantiomerically pure compound even melts can also be
attributed to the differing crystal forms. At higher temperatures
the molecules are much more mobile, therefore the inter-
molecular forces are more of an average, and thus less
dependent on the precise structure of the molecule. Hence, the
effect of enantiopurity on thermal behaviours is reduced and the
final transition to the isotropic liquid is much the same for both
racemic and enantiomerically pure compounds.

This type of effect has been seen on a number of occasions
with organic compounds, with perhaps the most graphic
demonstration being the existence of the so-called twist grain
boundary phases,16 though such a large effect has never been
observed before with metallomesogens. This is almost certainly
due to the presence of the chiral centre directly bonded to the
mesogenic core, rather than remote on a chain. One group have
reported the use of chiral carboxylates to bridge palladium
centres within a dimeric metallomesogen, which gives rise to
blue phases which would not have been present in the racemic
mixtures.8

The alkene complexes reported earlier9,10 typically melt into
a smectic A phase at around 50 °C which persists until clearing
at a temperature of around 90 °C. Thus the mesogenic range of
the new sulfoxide complexes is greater than that of alkene
complexes reported earlier, albeit at a slightly higher tem-
perature. However, the major difference is the observation of
the more ordered smectic F phases with the sulfoxide com-
plexes, compared to the relatively disordered smectic A phase
for the alkene complexes. This difference is highly significant,
as it implies much stronger lateral interactions between the
sulfoxide complexes than between the alkene complexes.
Simplistically, one could ascribe this difference to one or both
of two factors: the steric arrangement around the platinum, or
the electronic effects of the different ligands. The geometry of
a coordinated sulfoxide at platinum is known to approximate to
a tetrahedral sulfur,17 thus resulting in a compact arrangement
and allowing the long chains to freely lie along the main axis of
the molecule. In contrast, a coordinated alkene bonds via a face-
like interaction, resulting in the alkyl chain being forced away
from the main axis of the molecule (Fig. 2). Thus these steric
factors would suggest the sulfoxide complexes would be able to
achieve the greater lateral interactions necessary for the smectic
F phase, whereas the alkene complexes could not. The major
electronic difference between the two families relates to the
sulfur–oxygen double bond. However since this bond is known
to only be weakly polarised, any dipole that arises is almost
certainly insignificant. Changing the sulfoxide for the alkene
also has some effect on the melting point—the octadecene
(effectively a 16 carbon chain) complex has a melting point of
64 °C compared with 75 °C for the racemic C-16 sulfoxide 1c

and 84 °C for the chiral analogue. The corresponding clearing
points are 88 °C for the octadecene, and 119 and 122 °C for the
racemic and chiral sulfoxides, respectively. Once again the most
probable cause of the variation is the steric effect of the alkene
which will destabilise both the crystal and the mesophase,
resulting in lower transition temperatures.

We are now investigating the full range of platinum sulfoxide
complexes over the full range of enantiopurity in order to see if
the effects we observe are accentuated with longer or shorter
chain lengths and to fully characterise the effect of enantiopur-
ity on phase behaviour.

We would like to thank the British Council and MURST for
a joint project grant.

Notes and references
† Methyl alkyl sulfoxide 1 (0.30 mmol) dissolved in DMF (4 ml) was added
to a suspension of potassium tetrachloroplatinate (0.30 mmol) in DMF (1
ml). The mixture was stirred (40 °C, 16 h) giving a deep yellow solution.
The solution was filtered to remove KCl and 2 precipitated as a yellow
compound upon addition of diethyl ether (20 ml) followed by hexane (20
ml).

Alkoxy stilbazole (0.10 mmol) dissolved in acetone (5 ml) was added to
a solution of 2 (0.10 mmol) in acetone (50 ml). The solution was stirred (1
h) by which time it had changed to a paler yellow colour. The solution was
concentrated to one third of the original volume and 3 precipitated by
addition of diethyl ether. The product was collected by filtration, washed
with diethyl ether, then methanol and dried in air. Yield: 95% (0.095
mmol).

The chiral sulfoxides used were (S)-1a, (R)-1b and (S)-1c. Note that the
priority at sulfur reverses on coordination to platinum, thus an (R)-sulfoxide
becomes an (S)-platinum complex.
‡ dH(CDCl3, 400.0 MHz): 8.61 (2H, AAAXXA, 3J 8 Hz), 7.50 (2H, AAAXXA,
3J 8 Hz), 7.40 (2H, AAAXXA, 3J 8 Hz), 7.34 (1H, d, 3J 16 Hz), 6.93 (1H,
AAAXXA, 3J 8 Hz), 6.87 (2H, d, 3J 16 Hz), 4.00 (2H, t, 3J 7 Hz), 3.69 (1H,
m), 3.40 (3H, s), 3.38 (1H, m), 2.11 (2H, m), 1.79 (2H, m), 1.4–1.3 (m), 0.87
(6H, t, 3J 7 Hz).
§ Elemental analysis found (calc.): rac-3a: C 54.2 (53.9), H 7.7 (7.6), N 1.5
(1.6); (R)-3a: C 53.8 (53.9), H 7.6 (7.6), N 1.6 (1.6); rac-3b: C 54.0 (54.4),
H 7.6 (7.7), N 1.8 (1.6); (S)-3b: C 54.4 (54.4), H 7.8 (7.7), N 1.4 (1.6); rac-
3c: C 54.6 (54.8), H 7.4 (7.8), N 1.2 (1.5); (R)-3c: C 55.0 (54.8), H 7.7 (7.8),
N 1.6 (1.5)%.
¶ [a]D values at 20 °C: 3a 2 12.2°; 3b + 12.5°; 3c 212.4°
∑ Phases were identified by their optical textures: the smectic F was
distinguished from the smectic I by the lack of point disclinations.
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The transient 8p 1,7-dipolar azafulvenium methides 5 and 8
undergo sigmatropic [1,8] H shifts and the acyl derivatives
12 electrocyclise to give novel pyrrolooxazines 13; the related
diazafulvenium methide 15 can be intercepted in 8p + 2p
cycloadditions with silylated acetylenes.

1,3-Dipolar cycloaddition is an allowed 4p + 2p pericyclic
process and has been of considerable value in organic
synthesis.1 1,4-Sigmatropic shifts2 and electrocyclic reactions3

in 1,3-dipoles are also well established. However, although 1,54

and 1,75-dipolar cyclisation are well recognised reactions, other
pericyclic reactions of extended dipoles (those with more than
4p electrons) are less familiar.6 In designing an extended dipole
suitable for cycloaddition, competing electrocyclisation has to
be prevented and the termini of the dipole must be a convenient
distance apart for bonding to an appropriate cycloaddend. These
principles are illustrated in the oxidopyridinium betaines,
studied by Katritzky et al.,6,7 which function as 4p 1,3-dipoles
with 2p systems but as 6p 1,5-dipoles with dienes. We report
here, our preliminary studies with the novel aza- and diaza-
fulvenium ylide systems 1 (X = CR, N) which, in principle, can
act as 4p 1,3-dipoles or as 8p 1,7-dipoles.

Initial, unsuccessful approaches towards the azafulvenium
methides and imides 1 (X = CR) involved attempted base
catalysed elimination from the pyrrole derivatives 2. Earlier, an
analogous elimination approach to systems of type 1 (X = CR)

by Padwa et al.8 also failed. Padwa had also considered the
thermal extrusion of SO2 from the dihydrothienopyrrole S,S-
dioxide 3 (R = H) but found it to be too thermally stable. Our
own experience with extrusion of SO2 from heterocyclic
sulfones and with flash vacuum pyrolysis (FVP)9 led us to
reinvestigate this thermolysis. The sulfone 3 (R = H) did not
extrude SO2 when heated in solution at 300 °C. However, on
FVP at 700 °C/1023 mm SO2 was eliminated although no
identifiable products arising from the dipole were detected on
the cold receiver. Intermolecular trapping was attempted by
cocondensation of the pyrolysate at 2180 °C with methyl vinyl
ketone or by condensation in a matrix with dichloromethane,
which was allowed to thaw and mix with a solution of N-
phenylmaleimide or dimethyl acetylenedicarboxylate below
2100 °C. No evidence was obtained for the formation of
adducts.

Encouraged by the extrusion of SO2 we designed derivatives
for which the formation of the dipole might be revealed by
intramolecular trapping in the FVP experiment. Introduction of
aryl groups (phenyl, 4-anisyl and 2-thienyl) at the 3-position
was accomplished using the appropriate aldehyde in the
synthesis of the thienopyrrole (Scheme 1). However, on FVP,
there was no evidence for electrocyclisation of the type seen
with ortho-quinodimethanes.9 On the other hand, introduction
of methyl groups at both the 1- and the 3-positions led to
vinylpyrroles 6 and 9, respectively, on FVP. Their formation

can be explained by allowed, suprafacial [1,8] H shifts in the 8p,
1,7-dipolar systems 5 and 8, respectively. Synthesis of the
3-methyl derivative 4 was achieved by use of acetaldehyde in
the route to the thienopyrrole (Scheme 1) and the 1-methyl
derivative 7 was obtained from sulfone 3 (R = H) by
methylation using LHMDS and iodomethane. Subsequent
methylation of the 1-methyl compound 7 gave the 1,1-dimethyl
derivative 10. As expected the 1-proton in 3 (R = H) is more
acidic than the 3-proton since it is activated by the 6-ester
group.

The reaction of the 3-methyl derivative 4 to give the N-
vinylpyrrole 6 was clean but the 1-methyl compound 7 gave the
2-vinylpyrrole 9 contaminated with an unidentified product
showing vinylic H in the NMR spectrum. For sigmatropic shifts
to occur the methyl groups must adopt an inward configuration.
In a delocalised dipolar system there will be a barrier to rotation
around the partial double bonds but rotation at the high
temperatures of the FVP is not unreasonable. The difference
between the two derivatives 4 and 7 may reflect the differing
ease with which the dipoles can attain the required configura-
tions having inward methyl groups (only the inward configura-
tions are illustrated in Scheme 2). Significantly, the reaction of

Scheme 1 Reagents and conditions: i, RCHO; ii, Ac2O/heat; iii, DMAD; iv,
MCPBA.

Scheme 2 Reagents and conditions: i, LHMDS; ii, MeI; iii, 700 °C/1023

mm.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b001521k Chem. Commun., 2000, 675–676 675



the 1,1-dimethyl derivative 10 where one of the methyl groups
must necessarily be inward was cleanest.

A series of 1-acyl derivatives 11† (Scheme 3) was also
obtained by treatment of sulfone 3 (R = H) with LHMDS
followed by an acyl chloride. Optimum conditions involved
sequential treatment with base (1 equivalent), acyl chloride (1
equivalent) followed by further equivalents of base and acyl
chloride. On FVP (600 °C/1023 mm) the benzoyl derivative 11
(R = Ph) gave the pyrrolooxazine 13 (R = Ph), the first
example of this new ring system and further strong evidence for
generation of the desired dipolar system. Introduction of the
acyl group lowers the temperature required for extrusion of SO2
and the reaction, which can be carried out in solution at 200 °C,
is general for all the acyl derivatives (Scheme 3).† The ability to
generate the dipole in solution opened up the possibility of
intermolecular trapping in a cycloaddition but extrusion of SO2
in the presence of N-phenylmaleimide, dimethyl acetylenedi-
carboxylate or bis(trimethylsilyl)acetylene gave only the ox-
azine and no trace of cycloadduct. Prolonged heating of the
oxazine in the presence of the dipolarophiles gave only
recovered starting material and there was no evidence for
reversibility in the electrocyclic ring closure.

The pyrazole analogue 14 was obtained as shown (Scheme
4). Alkylation and acylation of 14 proved difficult but extrusion
of SO2 from this unsubstituted sulfone occurs more easily and
can be achieved in solution. The extra pyrazole ring N thus
appears to exert the same effect as an electron withdrawing acyl
group at the 1-position of the pyrrole system. Extrusion of SO2
in refuxing 1,2,4-trichlorobenzene in the presence of N-
phenylmaleimide or dimethyl acetylenedicarboxylate gave no
adducts but in the presence of bis(trimethylsilyl)acetylene (a
reactive electron rich dienophile at high temperatures10) a
cycloadduct 16 was obtained in 34% yield providing the first
evidence for formation of these dipolar systems by inter-
molecular trapping (Scheme 5).† When the reaction was carried

out in a sealed tube with prolonged heating the aromatised
adduct 17 was isolated (24%) (Scheme 5)†. Under similar
conditions trimethylsilylacetylene gave a mixture of regio-
isomers. It may be significant that the dipolar systems undergo
cycloaddition only with the electron rich dipolarophile and that
addition occurs across the 1,7 and not the 1,3 positions.
Molecular orbital calculations11 for the pyrazole derivative
(Fig. 1) indicate that dipole LUMO–dipolarophile HOMO
interactions are dominant and that the MO coefficients are
larger at the 1 and 7 positions than at the 3 position.

Notes and references
† Selected data: 11 (R = Ph): mp 221–222 °C, dH(CDCl3) 2.47 (s, 3H,
5-Me), 3.58 and 3.86 (2 3 s, 2 3 3H, ester Me), 4.99 (d, 1H, J 11 Hz, H-3)
5.07 (d, 1H, J 11 Hz, H-3A), 6.46 (s, 1H, H-1), 7.57–8.09 (m, 5H, aromatic
H). 13 (R = Ph): oil, dH(CDCl3) 2.41 (s, 3H, 7-Me), 3.85 and 3.86 (2 3 s,
2 3 3H, ester Me), 5.66 (s, 2H, CH2), 6.96 (s, 1H, CH), 7.33–7.71 (m, 5H,
aromatic H). 16: oil, dH(CDCl3) 0.24 and 0.26 (2 3 s, 2 3 9H, SiMe3), 3.75
(t, 2H, J 5 Hz, CH2), 3.82 and 3.92 (2 3 s, 2 3 3H, ester Me) and 4.73 (t,
2H, J 5 Hz, CH2). 17: oil, dH(CDCl3) 0.42 and 0.43 (2 3 s, 2 3 9H, SiMe3),
3.94 and 4.03 (2 3 s, 2 3 3H, ester Me), 8.45 and 8.59 (2 3 s, 2 3 1H,
aromatic H).
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Scheme 3 Reagents and conditions: i, LHMDS; ii, RCOCl; iii, 200 °C/
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Fig. 1 MO coefficients of diazafulvenium methide.
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Vanadium species in tetrahedral and octahedral coordina-
tion in V-MCM-41 molecular sieve are characterized by UV
resonance Raman bands at 1070 and 930 cm21 respec-
tively.

Vanadium-substituted molecular sieves have been found to be
excellent catalysts for many selective oxidation reactions.1–3 In
particular, V-MCM-41 has drawn much interest owing to its
large pore diameter which is suitable for selective oxidation of
large organic compounds.4–6

The catalytic activity and selectivity of vanadium-substituted
molecular sieves are directly related to the coordination
structures of the vanadium species in the molecular sieves. In
general, three forms of vanadium species, isolated tetrahedral,
two-dimensional octahedral species and crystalline V2O5, are
believed to be present.4,5,7,8 The coordination structure of
vanadium species in V-MCM-41 has been investigated by 51V
NMR, UV–VIS absorption spectroscopy and many other
techniques,4,5,8 but identification of vanadium species in
tetrahedral or octahedral coordination environments is not
straightforward. Raman spectroscopy is a potentially viable
technique for the study of the structure of vanadium species in
V-MCM-41, since it has been used to characterize supported
vanadium oxides with both tetrahedral and octahedral coordina-
tion structures.9,10

However, there have been relatively few Raman studies on
vanadium-substituted MCM-41,8 mainly because of fluores-
cence interference and the low sensitivity of conventional
Raman spectroscopy. The limited amount of substituted
vanadium atoms also hinders the application of Raman
spectroscopy in characterization of vanadium atoms in V-
MCM-41.

UV Raman spectroscopy has been proved to be a powerful
technique for the study of catalysts and other solids,11,12

especially, for the identification of isolated transition metal
atoms substituted in the framework of molecular sieves13 or
grafted on metal oxides.14 An increase in the intensity of Raman
signal and decrease in the intensity of fluorescence background
help to increase the sensitivity of the Raman spectra. Moreover,
the resonance Raman effect will selectively enhance the
intensity of the Raman signal by several orders of magnitude
when the excitation laser line is close to the electronic transition
absorption of the samples.

In this work, for the first time, we study the different
vanadium species in V-MCM-41 using UV resonance Raman
spectroscopy. Based on the UV resonance Raman effect the
vanadium species in tetrahedral and octahedral environments in
V-MCM-41 can be successfully identified by UV resonance
Raman spectroscopy.

MCM-41 and V-MCM-41 were synthesized according to the
method reported in the literature.4 V-MCM-41 samples which
possess Si/V ratios of 250, 125 and 60 are denoted V-MCM-41
(250), V-MCM-41 (125) and V-MCM-41 (60), respectively.
The as-synthesized samples show XRD patterns matching well
with these reported in the literature.4,5,15 UV Raman spectra
were recorded on a homemade UV Raman spectrometer.12 244
and 488 nm lines from a Innova 300 FRED (Coherent) laser

were chosen as the excitation sources. The laser power at the
samples were kept below 2.0 mW for the 244.0 nm line and 100
mW for the 488 nm line. The spectral resolution is estimated to
be 2.0 cm21 for UV Raman spectra and 1.0 cm21 for visible
Raman spectra.

Fig. 1 shows Raman spectra of V-MCM-41 and MCM-41
samples excited by the 488 nm line. The signal to noise ratio of
visible Raman spectra is very poor because of both fluorescence
interference and the inherently low sensitivity of visible Raman
spectroscopy. The MCM-41 sample excited by the 488 nm line
showed weak Raman bands at 490, 610, 810 and 970 cm21.
Bands at 490 and 610 cm21 are attributed to the 3 and 4 Si
siloxane rings, respectively,10 while the bands at 810 and 970
cm21 are assigned to the siloxane bridges (Si–O–Si) and surface
silanol groups of MCM-41.8,10 The visible Raman bands of V-
MCM-41 are similar to that of MCM-41 in that no additional
bands of V-MCM-41 due to vanadium species are observed.
This means that the Raman bands associated with vanadium
species in MCM-41 are too weak for detection by visible Raman
spectroscopy.

Compared with visible Raman spectra, UV Raman spectros-
copy gives significantly different spectra, (Fig. 2). Besides the
Raman bands at 490, 610 and 810 cm21 which appear in the
visible Raman spectra, Raman bands in the region 900–1200
cm21 are present in the UV Raman spectra of MCM-41 and V-
MCM-41 samples. The band at 970 cm21 of MCM-41 is
assigned to surface silanol stretching vibrations while weak
bands in the region 1000–1200 cm21 of MCM-41 are attributed
to the asymmetric stretching modes of Si–O–Si bridges. These

Fig. 1 Visible Raman spectra of V-MCM-41 and MCM-41 excited by 488
nm line radiation.
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bands become observable owing to reduced fluorescence
interference when the excitation is changed from 488 to 244 nm.
It is significant that two new bands at 930 and 1070 cm21 are
detected in UV Raman spectrum of V-MCM-41. Taking into
account that the laser line at 244 nm is close to the charge
transfer absorption of the vanadium species in V-MCM-41, the
high intensity of the 930 and 1070 cm21 bands must be a result
of enhancement by the resonance Raman effect.

Two main absorptions bands are present at 275 and 340 nm
in the UV–VIS diffuse reflectance spectrum of V-MCM-41.15

These bands are assigned to low energy charge-transfer (CT)
associated with framework vanadium species in tetrahedral
coordination.8,15 The band centered at 275 nm is very broad
covering the range 230–300 nm. Thus the 244 nm laser line is
within the electronic transition band of tetrahedral vanadium
species. The UV–VIS absorption bands also appear in a similar
region for polymerized vanadium oxides supported on SiO2.16

A band at 250 nm together with a shoulder at 320 nm is
observed in the UV–VIS absorption spectrum of vanadium
oxide. Therefore, the 244 nm laser line can excite both the band
centered at 275 nm associated with the isolated vanadium
species and the band centered at 250 nm of polymerized
vanadium oxides. In other words, the 244 nm laser line can
excite the electronic absorptions of vanadium species in
tetrahedral and octahedral coordination simultaneously. Ob-
viously the 488 nm laser line (visible Raman spectroscopy) lies
outside of the UV–VIS absorption region for vanadium species
in V-MCM-41.

The absence of a typical band at ca. 1000 cm21 of V2O5 in
Fig. 1 and 2 implies that no crystalline V2O5 is formed in V-
MCM-41. This suggests that the vanadium species in V-MCM-
41 are isolated or, at least, are highly dispersed on the surface.
The Raman bands in the 900–1000 cm21 region of supported
vanadium oxides are usually attributed to hydrated polymerized
vanadium oxides.9,17 Thus the band at 930 cm21 can be

attributed to the VNO symmetric stretching mode of polymer-
ized vanadium oxides.9 The band at ca. 1030 cm21 has been
assigned to the VNO stretching vibration of monometric vanadyl
species bound directly to the support. 8,9,10 The VNO stretching
frequencies of VOF3, VOCl3 and VOBr3 occur at 1053, 1035
and 1028 cm21, respectively.18–20 Therefore the band at 1070
cm21 is reasonably assigned to a tetrahedral VNO group bonded
to the MCM-41 host. It should be noted that the band position
(1070 cm21) of V-MCM-41 is higher than that of tetrahedral
vanadate in the literature (ca. 1030 cm21).10 An empirical
relationship between V–O bond lengths and Raman stretching
frequencies has been assumed based on vanadium oxides.21

According to this assumption, a higher frequency position
corresponds to shorter V–O bonds; the highest frequency
position at 1070 cm21 thus corresponds to the shortest VNO
bond distance. This result provides evidence for the isolated
mono–oxo vanadate species in V-MCM-41 molecular sieve
being of tetrahedral structure with strong structural tension.
This structure is metastable and aggregates into the octahedral
vanadium species at high temperature as indicated by the
disappearance of the band at 1070 cm21 and the growth of the
band at 930 cm21 after calcination at high temperatures.

In summary, UV resonance Raman bands of V-MCM-41 at
1070 and 930 cm21 are detected for the first time. These bands
provide direct spectroscopic evidence for vanadium species in
tetrahedral and octahedral environments, respectively. The
vanadium species in tetrahedral coordination is an isolated
species with strong structural tension, while that in the
octahedral form corresponds to highly dispersed polymerized
oxides. This study also demonstrates that UV resonance Raman
spectroscopy is a powerful technique to selectively identify
transition metal species in molecular sieves or on supports.

This work was supported by the National Natural Science
Foundation of China (NSFC) for Distinguished Young Scholars
(Grant 29625305).
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The silver mercurate Ag2HgO2 is accessible by oxygen high
pressure synthesis; the compound crystallizes in a novel
structure type with three interpenetrating Ag–O–Hg (10, 3)
nets.

Following research into high-Tc superconductivity the Hg-
based copper oxides have been found to represent a remarkable
group among the cuprate HTSCs: the highest transition
temperature so far has been found in the system HgBa2-
Can21CunO2n+2+d at ca. 133.5 K. Within a short period it has
been possible to synthesize series of Hg-based homologues,
which differ in the number of CuO2 layers per unit cell.1–4

Compared to the related group of superconducting Tl-based
copper oxides5,6 the differences in the oxidation states and
coordination chemistry of Tl and Hg are significant. Whereas
Tl3+ cations prefer a distorted octahedral oxygen environment,
Hg2+ cations are usually coordinated by two oxygen ions in a
linear ‘dumb-bell’ like arrangement. The higher Tc of HgBa2-
CuO4+d relative to TlBa2CuO52d could be a result of this
difference in the coordination chemistry, which influences the
oxygen stoichiometry in the HgOd and TlO12d layers. Oxygen
depletion in the mercury compound is possible, whereas the
coordination of Tl3+ in the thallium compound only allows a
small amount of oxygen depletion.

As a consequence of the presence of toxic heavy metal
cations in the above mentioned superconducting phases, many
attempts have been made to replace them by non-toxic cations.
A promising candidate for the substitution of mercury in these
layered oxides is silver, owing to its preference to linear
coordination in silver oxides. However, all attemps to synthe-
size superconducting layered oxides containing silver instead of
mercury have so far failed. As a first step towards Ag-based
superconductors we have investigated the synthesis of ternary
silver mercurates that might allow a partial substitution of silver
for mercury by proceeding via solid state reactions of oxide
mixtures, e.g. AgxHgOy/BaO/CuO. The novel material
Ag2HgO2 represents such a precursor, containing Ag+ and Hg2+

cations in the characteristic oxygen ‘dumb-bell’ coordination
mode.

Black crystals of Ag2HgO2 were prepared by solid state
reaction of Ag2O (precipitated from an aqueous AgNO3
solution by adding 3 M NaOH solution) and HgO (Aldrich,
99%) under oxygen pressure. The binary oxides were mixed in
a molar ratio of 1+1 and then annealed for 3–5 days in gold
crucibles placed in stainless steel autoclaves. The optimized
reaction temperature and oxygen pressure were 310 °C and 150
MPa, respectively. As an accelerator 3 ml water or 1 ml 1 M
KOH solution for single crystalline products were added.

According to the structure determination using single-crystal
diffractometer data, Ag2HgO2 shows a novel structure type.†
Both cations are in d10 configuration exhibiting characteristic
linear oxygen coordination (Table 1). The O–Ag–O units (Ag–
O distances: 211.7 and 212.1 pm; O–Ag–O angle: 178.5°) form
zigzag chains along [100] and [010]. These chains are
connected via O–Hg–O units (Hg–O distance: 202.6 pm; O–
Hg–O angle: 165.6°) to a three-dimensional net, consisting of
decagons with oxygen atoms forming the knots (Fig. 1). As a
consequence of these connectivities oxygen attains a threefold
coordination (2 3 Ag, 1 3 Hg). The (10, 3) net is topologically

identical to the net formed by silicon in ThSi2 or by boron in a-
B2O3.7 In this respect, Ag2HgO2 can be regarded as antitypic to
boronoxide. The crystal structure consists of three such
identical (10, 3) nets, interpenetrating each other.

The silver partial structure in Ag2HgO2 shows a structural
feature which is very common to silver-rich oxides: in spite of
their positive charges, the silver cations form cluster-like
agglomerates8,9 with Ag–Ag distances ranging in general from
ca. 280 to 330 pm, some may even be shorter than the distance
in silver metal (289 pm). In Ag2HgO2 the presence of two
different cations in d10 configuration yields an unprecedented
situation. The shortest Ag–Hg distances of ca. 333.4 pm are
somewhat larger than the Ag–Ag contacts, which range
between 297.4 and 308.7 pm, however, they are still less than
the van der Waals distance. This suggests the presence of weak
bonding interactions between all d10 configurated cations in
Ag2HgO2. Considering all Ag–Ag contacts up to the van der
Waals distance for silver of ca. 340 pm, the silver atoms form a
three dimensional network of corner-sharing tetrahedra. Includ-

Table 1 Selected bond lengths (pm) and angles (°) for Ag2HgO2

Hg–Oi 202.6(9) Ag–Agvii 305.6(1)
Hg–Oii 202.6(9) Ag–Agviii 305.6(1)
Ag–Oiii 211.7(10) Ag–Agix 308.7(1)
Ag–Oiv 212.1(10) Ag–Agx 308.7(1)
Ag–Agv 297.4(2) Ag–Hg 333.4(2)
Ag–Agvi 304.6(2)

O–Hg–O 165.6(6) O–Ag–O 178.5(1)

Symmetry codes: (i) 0.5 + x, 1.5 2 y, 0.25 2 z; (ii) 1.5 2 y, 0.5 + x, 20.25
+ z; (iii) –1 + y, x, 2z; (iv) 20.5 + y, 0.5 2 x, 0.25 + z; (v) y, x, 2z; (vi) 2y,
2x, 0.5 2 z; (vii) 20.5 + y, 0.5 2 x, 0.25 + z; (viii) 0.5 2 y, 0.5 + x, 20.25
+ z; (ix) 20.5 + x, 0.5 2 y, 0.25 2 z; (x) 0.5 + x, 0.5 2 y, 0.25 2 z.

Fig. 1 Perspective view of the crystal structure of Ag2HgO2: the three
identical interpenetrating Ag–O–Hg (10, 3) nets are colored white, gray and
black.
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ing mercury the resulting arrangement closely corresponds to
Laves phase MgCu2. In this description the silver cations
occupy the Cu positions, whereas the mercury cations are
located on the Mg positions in MgCu2 (Fig. 2). Thus, the
approach of describing crystal structures of extended non-
metallic solids starting with the partial structures of the
constituting metals applies well to Ag2HgO2.10, 11

The title compound decomposes at 340 °C in one step into its
elements. According to EDX analyses (average of 20 spots), the
Ag/Hg ratio is 1.95+1 and the samples are free of potassium.
Measurements of the magnetic susceptibility show temperature
independent diamagnetic behavior (cobs = 2127 3 106 cm3

mol21; ccal = 2109 3 106 cm3 mol21). In the temperature
range investigated, 50–300 K, Ag2HgO2 is semiconducting
(DEgap = 0.24 eV).

In our view the novel silver mercurate Ag2HgO2 might be of
significant importance in the field of superconductivity either
after doping or for use as a starting material for the synthesis of
Ag/Hg/Ca/Ba/Cu/O phases.

Notes and references
† Crystal data for Ag2HgO2: M = 448.33, tetragonal, space group P43212
(no. 96), a = 617.4(1), c = 842.2(1) pm, U = 321.1(1) 3 106 pm3, Z = 4,
m = 59.54 mm21, 2006 reflections measured, 388 unique (Rint = 0.075),
no. of parameters 25. Final R-values for all data: R1 = 0.032 and wR2 =
0.083.

X-Ray data were collected on a single-crystal diffractometer with a CCD
area detector and graphite monochromated Mo-Ka radiation at room
temperature. The structure was solved using the Patterson technique and
refined by full-matrix least squares on F2. An absorption correction with the
program HABITUS12 was applied. Atomic parameters are listed in Table
2.

CCDC 182/1572. See http://www.rsc.org/suppdata/cc/b0/b000400f/ for
crystallographic files in .cif format.
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Fig. 2 The cation partial structure of Ag2HgO2.

Table 2 Positional and isotropic displacement (Ueq)a parameters for
Ag2HgO2

Atom x y z Ueq/1021 pm2

Hg 0.7825(1) 0.7825(1) 0 23(1)
Ag 0.0023(2) 0.2464(2) 0.1232(1) 28(1)
O 0.3756(16) 0.7525(16) 0.0207(11) 24(2)
a Ueq = 1/3(U11 + U22 + U33).
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A new soluble triphenylamine-based conjugated polymer,
poly[N-(4A-butylphenyl)imino(1,1A+4A,1B-terphenyl-4A4B-
ylene)], (PBPITP), has been synthesized, which emits blue
photoluminescence (PL) with high absolute PL quantum
efficiency (45 ± 3%) but exhibits red electroluminescence
(red shifted by as much as 157 nm from the PL spectrum).

In the last two decades, conjugated polymers have attracted
considerable attention because of their promising applications
in optoelectronic devices.1 In particular, significant progress
has been achieved in the development of light-emitting diodes
(LEDs) based on conjugated polymers.2 The important molec-
ular structures for light-emitting applications have been re-
viewed recently.3,4 In the past few years, some effort has also
been devoted to introducing group 13 and 15 elements, such as
boron and nitrogen, into backbones of conjugated polymers to
explore new functional materials.5–8 Although the conjugation
is limited because of the introduction of B or N atoms, in which
the B or N atoms are connected with C atoms with three s
covalent bonds, extension of p-conjugation along the back-
bones via the vacant p-orbitals of boron atoms or the lone-paired
electrons of nitrogen atoms is observed. Some attractive
properties, such as improved solubility, high PL efficiency and
high stability toward air oxidation, have been demonstrated in
such polymers.5,6 Among the new developed polymers, triaryl-
amine-based ones are particularly interesting because they have
low ionization potentials (Ip) and exhibit good hole transporting
properties in organic LEDs.9,10 Here, we report the synthesis of
a new triarylamine-based conjugated polymer, poly[N-(4-butyl-
phenyl)imino(1,1A+4A,1B-terphenyl-4A,4B-ylene)](PBPITP), and
its unusual light-emitting properties.

The chemical structure and the synthetic route to the new
polymer PBPITP are depicted in Scheme 1. Monomer 1 was
synthesized (30% yield) through a modified Hartwig–Buch-

wald coupling reaction between 4-butylaniline and a 5-fold
excess of 1,4-dibromobenzene in toluene in the presence of
tris(dibenzylideneacetone)dipalladium [Pd2(dba)3], 1,1A-bis(di-
phenylphosphino)ferrocene (dppf) and NaOBut.11,12 Monomer
2 was synthesized (overall yield 60%) in two steps from
1,4-dibromobenzene. 1,4-Dibromobenzene was first converted
to p-phenylenediboronic acid following the procedure in the
literature.13 p-Phenylenediboronic acid was then refluxed with
propane-1,3-diol in toluene to afford monomer 2. Polymeriza-
tion was performed by a Suzuki coupling reaction using K2CO3
as base and toluene as solvent. The polymer was isolated by
pouring the hot (ca. 60 °C) reaction mixture into stirred
methanol and was washed with water, methanol and acetone
successively. The polymer was further purified by re-dissolving
in THF and then precipitated from methanol twice prior to
drying in vacuo at room temperature. The polymer was finally
obtained as a pale yellow powder (yield 36%). The structure of
the polymer was confirmed by 1H and 13C NMR and elemental
analysis.†

The polymer readily dissolves in highly polar solvents, such
as THF, chlorobenzene and 1,3-dichlorobenzene, but shows low
solubility in low polar solvents, such as toluene and xylene
(dissolves upon heating). Uniform and pinhole-free thin films
on substrates can be obtained by spin-coating chlorobenzene
solutions of the polymer. Poor solubility in toluene and xylene
allows the deposition of additional polymer on such films from
these solvents. The molecular weight of the polymer was
measured by gel permeation chromatography (GPC), using
polystyrenes as standard and THF as eluent. The number-
average molecular weight (Mn) and polydispersity (PD) were
determined as 6400 and 1.75, respectively.

Polymer films on a variety of substrates (micro slides, ITO-
coated glasses and quartz plates) emit intense blue light upon
exposure to UV light. Fig. 1 shows the UV-VIS absorption and
fluorescence (excited at 375 nm) spectra (curves 1 and 2) of the
polymer measured from a film on a quartz plate at room
temperature. The absorption spectrum peaks at 375 nm and
onsets at 448 nm. The p–p* band gap, Eg, is estimated from the

Scheme 1 Synthetic route to PBPITP. Reagents and conditions: i,
Pd2(dba)3, dppf, toluene, NaOBut, 90 °C; ii, (1) Mg, THF, (2) B(OMe)3,
THF, 278 °C, (3) H+, 0 °C; iii, HO(CH2)3OH, toluene, reflux; iv,
Pd(0)(PPh3)4, K2CO3(aq), toluene, ca. 100 °C.

Fig. 1 UV–VIS absorption (1) and photoluminescence (excitation at 375
nm) (2) spectra of PBPITP, and EL spectra recorded from ITO/PBPITP/Ca
(3) and ITO/PBPITP/PDHFDDOP/Ca (4).
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onset wavelength as 2.77 eV. The fluorescence spectrum
exhibits a maximum at 461 nm with a shoulder around 440 nm.
The absolute PL efficiency of the polymer as a neat film was
measured in an integrating sphere as 45 ± 3%. These results
indicate that PBPITP is an efficient blue emissive polymeric PL
material.

The redox behavior of the polymer was investigated by cyclic
voltammetry (CV) with a standard three-electrode electro-
chemical cell in a 0.10 M tetrabutylammonium perchlorate
solution in acetonitrile at room temperature. The anodically
scanned cyclic voltammogram is shown in Fig. 2. The oxidative
process starts at ca. 0.6 V (vs. standard calomel electrode, SCE)
and gives a sharp oxidative peak at 1.04 V. The oxidation is
highly reversible, and the corresponding reduction peak appears
at 0.77 V. The energy level of the highest occupied molecular
orbital (HOMO) of the polymer, EHOMO, can be estimated from
the oxidative onset potential, to be 25.0 eV.14 In the cathodic
scan, no reduction peak (down to 22.5 V vs. SCE was
observed). The energy level of the lowest unoccupied molecular
orbital (LUMO), ELUMO, can be estimated by subtracting the
optical band gap energy, Eg, from EHOMO as determined by the
electrochemistry. This leads to an estimate of ELUMO of 22.17
eV.

Single-layered electroluminescent (EL) cells, ITO|PB-
PITP(1000 –1500 Å)|Ca (1500 Å), were fabricated. The devices
emitted bright red light above ca. 15 V under a forward bias
(ITO wired positive). The EL spectrum is shown in Fig. 1 (curve
3) and exhibits a maximum at 618 nm. The EL spectrum is red-
shifted by 157 nm (0.7 eV) in comparison with the PL spectrum.
A layer (1000–1500 Å) of poly(9,9-dihexylfluorene-alt-co-
2,5-didecyloxy-para-phenylene) (PDHFDDOP), an efficient
blue EL polymer,10 was further deposited on the PBPITP film to
fabricate double polymer-layer ITO|PBPITP|PDHFDDOP|Ca
devices, in which the PBPITP film was kept from direct contact
with the calcium electrode by the PDHFDDOP layer. The
double-layered devices also emitted red light. The EL spectrum
(curve 4 in Fig. 1) is almost the same with that recorded from the
single-layered devices. The results reveal that an interface effect
is not the cause of the large red-shift of EL compared with PL.
In addition, the threshold voltages for current flow and light
emission were dramatically decreased to ca. 5 V upon addition
of the PDHFDDOP layer. The external EL quantum efficiency
was increased from ca. 0.01 to ca. 0.025% by the addition of the
PDHFDDOP layer. It is evident that the role of the PDHFDDOP
film is to serve as an electron-transporting rather than as an
emissive layer. The improved EL performance can be attributed
to the lower LUMO energy level of PDHFDDOP (2 2.6 eV)15

compared with that of PBPITP, which results in a smaller

energy barrier for electron injection. Also, the improved EL
demonstrates the good hole transporting property of PBPITP.

It can be concluded from the results that PBPITP is a
promising red EL polymeric material.

In conventional conjugated polymers, PL and EL normally
originate from the same molecular excitation, i.e. singlet
excitons. This results in the EL emission spectrum of a
conjugated polymer closely resembling its PL spectrum. The
large difference between the PL and EL spectra here implies
that the recombination mechanisms of charge carriers for PL
and EL in PBPITP are different. A similar phenomenon was
reported most recently in a binaphthalene-containing conju-
gated polymer.16 Excimer emission might be responsible for the
unusual emissive phenomenon.17 Further investigation is re-
quired in order to understand the origin of the unusual emissive
phenomenon and what mechanisms are responsible for it, and
are actively being pursued.

In summary, a new soluble triarylamine-containing conju-
gated polymer has been synthesized through a Suzuki coupling
reaction. The polymer in the form of a film exhibits high
absolute PL efficiency and good hole transporting properties.
The PL emission of the polymer is blue whereas its EL emission
is red. The wavelength difference between the PL and EL
spectrum is as large as 157 nm. It is evident that the PL and EL
spectrum correspond to different molecular excitations. Such a
polymer provides a good opportunity to understand the PL and
EL processes in conjugated polymers.

Part of the work was carried out in the University of
California, Santa Barbara (UCSB). We would like to thank Dr
Vojislav Srdanov (UCSB) for his kind help in the measurement
of PL quantum efficiency.
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Fig. 2 Cyclic voltammogram of PBPITP. Working electrode: PBPITP film-
coated platinum plate (square, ca. 1 cm2); counter electrode: platinum wire;
reference electrode: Ag/AgNO3 (0.10 M). Scan rate: 20 mV.s21 room
temperature. The arrows indicate the film color change during scan.
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A new high-throughput screening-technique based on IR
spectroscopy has been developed for ruthenium catalysed
asymmetric transfer-hydrogenation by comparing the reac-
tion rate of the reduction of ketones using (R)- vs. (S)-
secondary alcohol as the hydrogen donor.

Combinatorial chemistry and rapid screening techniques are
widely recognised as very promising tools in the development
of novel catalysts.1 Recent research has been focussed on two
important aspects, viz. the parallel synthesis of new catalysts
and the development of new rapid screening techniques. Most
of the screening methods developed so far are based on UV–
VIS, fluorescence spectroscopy and more recently also IR
thermography2 and involve screening of the activity of the
catalyst only. The number of screening methods that have been
reported involving enantioselective catalysis is rather small.3–5

Here we report on a novel technique based on IR spectroscopy
for the rapid screening of enantioselective transfer-hydro-
genation catalysts.

Asymmetric transfer-hydrogenation is an efficient, mild and
clean method for the synthesis of chiral alcohols.6 Only a few
examples are known of the enantioselective transfer-hydro-
genation of functionalised ketones,7 dialkyl ketones8 and
imines9 that finally may lead to useful intermediates for the
fine-chemical industries. Therefore, a combinatorial approach
to develop efficient chiral transition metal catalysts for the
transfer-hydrogenation of different substrates and a method to
rapidly screen and optimise these catalysts is pivotal.

In order to test our proposed new rapid screening technique
we used a known reaction: the reduction of acetophenone in
propan-2-ol (Scheme 1) using (1R, 2S)-ephedrine 1 on (R)-
phenylglycinol 2 in combination with ruthenium(II) as the
catalyst.10 The use of 1 gives rise to a high enantioselectivity
(89%), whereas the use of 2 as the amino alcohol ligand results
in a much lower enantioselectivity (24%) (Table 1).

The carbonyl of the aryl alkyl ketone absorbs at a different
wavenumber in the IR than the dialkyl ketone (1682 and 1707
cm-1, respectively) which allows the reaction to be monitored
by IR spectroscopy (Fig. 1). We performed a test reaction
(reduction of acetophenone using propan-2-ol as the H-donor)
that was followed both by IR and gas chromatography (GC)
giving identical results. This indicates that IR is a reliable
technique (Fig. A, ESI†).

A drawback of the transfer-hydrogenation reaction using an
alcohol as the hydrogen source is its reversibility. At the same

time, however, this property can be utilised for the kinetic
resolution of secondary alcohols.11 When the reduction of
acetophenone occurs with an enantiofacial differentiation of kSi/
kRe ≈ 100, the dehydrogenation of (R)-1-phenylethanol is also
ca. 100 times faster than that of (S)-phenylethanol. Here, we use
the reversibility of the reaction to set up a rapid screening
technique for enantioselective hydrogen transfer catalysts.
Instead of monitoring the transfer-hydrogenation reaction we
screen on the reverse reaction by determining the difference in
dehydrogenation rate using (R)- and the (S)-1-phenylethanol.
The difference in dehydrogenation rate between the (R)- and
the (S)-alcohol is a measure of the enantioselectivity of the
reaction and can be determined rapidly by IR spectroscopy.
Table 1 shows the results of the ruthenium(II)-amino alcohol
catalysts, containing ligands 1 and 2, in the dehydrogenation of
(R)- and (S)-1-phenylethanol (entries 3–6). These reactions
were monitored with time by IR spectroscopy and Fig. 2 shows
the results of experiments with 1 as ligand whereas Fig. B
(ESI†) shows the results for ligand 2.

The reaction rate for the dehydrogenation of (R)-1-phenyl-
ethanol is much faster than the dehydrogenation of (S)-
1-phenylethanol. The initial reaction rate calculated from the IR
data is ca. 15 times higher for (R)-cf. (S)-1-phenylethanol (kR/kS

= 15). This is in very good agreement with the kSi/kRe ratio of
17 calculated from the enantioselectivity in the hydrogenation
reaction (entries 1 and 2). A smaller difference in dehydrogena-
tion rate is observed for the Ru(II)–phenylglycinol catalyst
(Table 1, Fig. B, ESI†). The much smaller kR/kS ratio of 2,
calculated from the IR data, was again in very good agreement
with the kSi/kRe ratio calculated from the enantioselectivity in
the hydrogenation reaction.

To use this technique for rapid screening of novel chiral
catalysts, a single measurement per reaction mixture should
suffice to determine an approximate ee value. Therefore the

† Electronic supplementary information (ESI) available: Fig. A, B and C;
IR, GC, UV–VIS data and Experimental details (see text). See http://
www.rsc.org/suppdata/cc/b0/b000479k/

Scheme 1

Fig. 1 The hydrogen transfer reaction followed by IR spectroscopy.
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difference in dehydrogenation rate between (R)- and (S)-
1-phenylethanol was measured after 30 min and visualised as a
difference spectrum (Fig. 3). Catalysts that give no chiral
induction will give a flat line, whereas active and highly
enantioselective catalysts will result in large peaks. Indeed the
difference in reaction rate between the oxidation of (R)- and (S)-
1-phenylethanol is much larger when Ru(II)–1 is used than
when Ru(II)–2 is used as the catalyst. A good estimation of the
enantioselectivity can be made simply from two IR measure-
ments. Using an automated set up one could easily measure 100
IR spectra per hour,12 which makes this rapid screening
technique an order of magnitude faster than the known
techniques as GC, HPLC and NMR.

Screening catalysts for reduction of dialkyl ketones using
propan-2-ol as the donor using the above method is troublesome
since the signals of acetone 4 and other dialkyl ketones overlap

in the IR spectrum. Therefore acetophenone 3 and benzophe-
none 5 were used as substrates, using (R)- and (S)-hexan-2-ol as
the H-donor, allowing the reaction to be followed by IR
spectroscopy (Fig. C, ESI†). The kSi/kRe ratio calculated from
the IR data was between 1 and 2 for both experiments, i.e. using
ligands 1 and 2. This is again in full agreement with the
hydrogen transfer experiment, since only low ee values were
obtained in the transfer-hydrogenation of hexanon using either
ligand 1 or 2.

In conclusion, IR spectroscopy proved to be a very useful
technique to determine the performance of enantioselective
transfer-hydrogenation catalysts. The reaction can be followed
with time by performing it in the IR cell, or samples can be taken
from a reaction mixture and subsequently analysed. The former
method is especially interesting if non-linear effects are
involved, whereas the single point measurements are more
suited for rapid screening techniques. The difference in
dehydrogenation rate between the (R)- and (S)-alcohol, i.e. the
ratio kR/kS, serves as a reliable prefatory measure for the
enantioselectivity of the transfer-hydrogenation of both aryl
alkyl and dialkyl ketones.

The Innovation Oriented Research Programme (IOP-Kata-
lyse) is gratefully acknowledged for their financial support of
this research.
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Table 1 Ru(II)-amino alcohol catalysed transfer hydrogenationa

Entry Ligand Ketone H-donor
Conv. of
ketone (%)b

Ee (%)
alcoholc,d kSi/kRe

e kR/kS
f

1 1 3 Propan-2-ol 96 89 17
2 2 3 Propan-2-ol 94 24 1.6
3 1 4 (R)-1-Phenylethanol 95 — 15
4 1 4 (S)-1-Phenylethanol 15 —
5 2 4 (R)-1-Phenylethanol 93 — 2
6 2 4 (S)-1-Phenylethanol 60 —

a Reactions were carried out at room temperature using a 0.1 M ketone solution (33.3 mmol) in alcohol. Substrate : [RuCl2(p-cymene)]2 : ligand : ButOK =
400 : 1 : 5: 12.5. b Conversions were determined after 40 min by GLC analysis and/or IR spectroscopy. c Determined by capillary GLC analysis using a chiral
cycloSil-B column. d The product configurations are (R). e kSi/kRe = (100 2 x)/x; x = (100 2 ee)/2. f Determined by IR spectroscopy after 5 min.

Fig. 2 Dehydrogenation of (R)- (top) and (S)-1-phenylethanol (bottom)
using ligand 1.

Fig. 3 IR-difference spectra of the dehydrogenation of (R)- and (S)-
1-phenylethanol taken after 30 min reaction time, using 1 and 2 as the
ligand.

684 Chem. Commun., 2000, 683–684



Characterisation and kinetic behaviour of
H2Rh(PPh3)2(m-Cl)2Rh(PPh3)(alkene) and related binuclear complexes detected
during hydrogenation studies involving parahydrogen induced polarisation

Simon A. Colebrooke,a Simon B. Duckett*a and Joost A. B. Lohmanb

a Department of Chemistry,  University of York, Heslington, York, UK YO10 5DD. E-mail: sbd3@york.ac.uk
b Bruker UK Limited, Coventry, UK

Received (in Cambridge, UK) 21st January 2000, Accepted 14th March 2000
Published on the Web 31st March 2000

When parahydrogen induced polarisation is used to examine
hydrogenation reactions involving [Rh(m-Cl)(PPh3)2]2 and
RhCl(CO)(PMe3)2, binuclear dihydride complexes are de-
tected, characterised, and shown to be capable of alkene
hydrogenation.

The in situ study of H2 oxidative addition reactions using NMR
spectroscopy in conjunction with para-enriched hydrogen (p-
H2)1 has led to the detection of many new dihydride com-
plexes.2,3 This phenomenon enables the generation of a non-
Boltzmann spin population for the ensemble of nuclei originally
in p-H2 which in turn allows their detection via signal strengths
that often exceed the norm by 1000 times.2 Prior work in this
area has shown that monitoring the oxidative addition of p-H2 to
RhCl(CO)L2 and RhClL3 (L = PPh3, PMe3) enables the
detection of binuclear dihydride species.4 Here, we demonstrate
how p-H2 can be used to monitor the hydrogenation process
directly and facilitate the detailed characterisation of species
such as (H)2Rh(PPh3)2(m-Cl)2Rh(PPh3)(alkene). We also show
that the addition of a sacrificial alkene can facilitate the
characterisation of previously uncharacterised dihydrides.

Initially, a series of C6D6 solutions containing ca. 1 mg of
[Rh(m-Cl)(PPh3)2]2 and varying amounts of styrene were
monitored by 1H NMR spectroscopy at 295 K while under 3 atm
of p-H2. At early reaction times these solutions immediately
yielded polarised hydride resonances at d 218.72 and 219.51,
arising from the previously reported complex (H)2Rh(PPh3)2(m-

Cl)2Rh(PPh3)(styrene) 2a.4 A 2D-1H–31P HMQC experiment
[Fig. 1(a)] revealed that this product contains two mutually
coupled phosphorus resonances separated by 1210 Hz, at d
35.23 and 42.73.† The large JPP coupling of 427 Hz confirms
that the two detected phosphines are located in a trans
arrangement in the product.7 The analogous species formed
with hex-1-ene, 2b, also possesses inequivalent phosphines,
although the separation between the 31P signals is reduced to
590 Hz. However, the corresponding species with cis-stilbene,
2c, yields a single 31P resonance in the same experiment which
requires the two phosphines to be equivalent.†

Hence for 2a and 2b the alkene substituents are un-
symmetrically displaced about the plane containing the Rh

centres and thereby render the PPh3 ligands inequivalent. For
the cis-stilbene complex 2c the presence of a mirror plane
makes the phosphines equivalent. These experimental results
are consistent with calculations that show it is favourable for an
alkene to bind to a ML3 fragment with the CNC bond arranged
perpendicular to the plane containing the framework atoms.5
Surprisingly, when 1,2 diphenylethene is employed, the analo-
gous product 2d also contains equivalent phosphines. This
suggests that steric interactions can force the alkene to bind with
the CNC bond arranged in the plane of the two metal centres.

In these studies, the observed hydride signals for species of
type 2 decay rapidly as the hydrogen present in solution is
consumed by alkane formation. However, the absolute intensity
of the hydride signals for 2 increased consistently when
solutions were examined which contain lower alkene, and
identical rhodium and p-H2, concentrations. In order to learn
more about this effect we adapted the 1D NOE sequence of
Keeler for use with p-H2.6 Selective pulses were used in
conjunction with a suitable mixing time (for chemical exchange
and NOE build-up) to probe the behaviour of a single, pre-
selected, hydride resonance. We note that there are several
possibilities for dynamic behaviour involving the hydride

Fig. 1 (a) Selected cross peaks (absolute value display) and projections of
the 1H–31P HMQC spectrum of 2a showing hydride and phosphorus
connectivity. (b) 1H{31P} 1D-NOE spectrum of p-H2 enhanced 2a at 295 K
with resonance selection at d 219.51 and a mixing time of 400 ms.
Intramolecular hydride interchange is indicated. (c) 1H{31P} 1D-NOE
spectrum of parahydrogen enhanced 2a at 295 K with resonance selection
at d219.51, mixing time of 200 ms, and ca. 20-fold reduction in [styrene].
Peaks indicate intramolecular hydride interchange, conversion to ethylben-
zene and exchange with free H2. (d) 1H NMR spectrum showing the hydride
region of a sample containing RhCl(CO)(PMe3)2 and p-H2 in C6D6 at 295
K. (e) 1H NMR spectrum at 295 K showing the same sample used in
recording (d) but after introducing styrene in addition to the p-H2.
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ligands of 2: (i) intramolecular hydride interchange (ii)
exchange with free hydrogen and (iii) transfer into the alkene
(bound or free).

When the hydride resonances of 2a at d 218.72 or 219.51
were probed in separate experiments, NOE connections were
visible, with both selections, to two ortho phenyl resonances at
d 8.20 and 7.85, supporting the conclusion that the two
phosphines of the Rh(III) centre are inequivalent. The spectrum
shown in Fig. 1(b) illustrates the result for the d219.51 hydride
resonance of 2a. The presence of the second peak, at d218.72,
indicates that hydride interchange occurs during the mixing
time. The magnitude of this exchange peak, for a given mixing
time, proved to be independent of the concentration of styrene,
and catalyst, which suggests that the hydride interchange
process is intramolecular. Eyring analysis of the resulting rate
data yielded activation parameters for hydride interchange, DH‡

= 42 ± 4 kJ mol21 and DS‡ = 2100 ± 12 J K21 mol21. A
process involving halide bridge rupture, followed by rotation
about the remaining Rh–Cl bridge, and bridge re-establishment
is consistent with this information (Scheme 1).7

The overall situation is complicated by the fact that the
hydride resonances of 2 also connect to the resonance of free H2.
Surprisingly, as the concentration of alkene in solution falls
both the proportion (rate) of reductive elimination of H2 from 2
and the relative signal intensities of the two hydride resonances
increase. For example, when the alkene concentration was
reduced by a factor of 16, the associated hydride signals of 2a
increased by over 100 times. Significantly, at even lower alkene
concentrations magnetisation transfer from the hydrides of 2a to
the alkyl protons of the hydrogenation product ethylbenzene is
observed [Fig. 1(c)]. This corresponds to direct evidence for the
binuclear metal dihydride complexes themselves being linked
to alkene hydrogenation. In order to account for this complex
kinetic behaviour the hydrogenation process cannot simply
involve bridge opening followed by alkene binding. A logical
option would be for hydrogenation to proceed via binuclear
complex fragmentation with trapping of the resultant
RhClH2(PR3)2 fragment by alkene, rather than halide of a
mononuclear rhodium centre, being productive in this regard.
We therefore examined the hydrogenation activity of
RhCl(CO)(PMe3)2. As a control, a benzene solution of
RhCl(CO)(PMe3)2 was first reacted with p-H2 at 295 K. The
corresponding 1024 scan 1H spectrum, shown in Fig. 1(d),
contained polarised signals due to (H)(Cl)Rh(PMe3)2(m-H)(m-
Cl)Rh(CO)(PMe3) 3a.7 When an identical sample was prepared
and monitored in the presence of a 1.5 fold excess of styrene
relative to RhCl(CO)(PMe3)2, the spectrum shown in Fig. 1(e)
was obtained. Now the new species (H)2Rh(PMe3)2(m-
Cl)2Rh(CO)(PMe3) 3b and HRh(PMe3)2(m-H)(m-
Cl)2Rh(CO)(PMe3) 3c are clearly visible, and there is a

dramatic 16 fold increase in size of the associated hydride signal
intensities of 3a; the spectral features of these species are

similar to those of their iodide derivatives.7 These additional
complexes are visible because p-H2 cycling in 3 is enhanced by
the hydrogenation pathway (in addition to simple reversible H2
exchange).

In summary, these studies have demonstrated that there is a
role for binuclear dihydride species as a ‘hydrogen store’ during
hydrogenation catalysis. For 2, this corresponds to direct
evidence for H2 transfer from the binuclear complex to the
substrate via initial fragmentation to RhH2Cl(PPh3)2. Sig-
nificantly, we have shown that (metal–dihydride)–p-H2 ex-
change reactions can be promoted by the addition of a sacrificial
alkene with the result that previously unseen species become
observable with this technique.
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8.24 (m, o-Ph), 8.09 (m, o-Ph); 31P, d 40.42 (1JRhP 127, 2JPP 417), 36.78
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17), 219.46 (ddt, 2JHH 210.8, 1JRhH 23.0, 2JPH 17); 31P, d 39.6 (1JRhP

126.6). 2d: 1H, d 219.12 (ddt, 2JHH 210.5, 1JRhH 23.7, 2JPH 16), 219.43
(ddt, 2JHH 210.5, 1JRhH 23.8, 2JPH 16); 31P, d 41.2 (1JRhP 132.9). 3a: 1H,
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217.57 (ddt, 2JHH23.2, 1JRhH 24.8, 2JPH 15.5). 3b: 1H, d220.75 (ddt, 2JHH

211, 1JRhH 30.9, 2JPH 19), 221.3 (ddt, 2JHH211, 1JRhH 30.0, 2JPH 22). 3c:
1H d 210.1 (ddddt, 2JHH 27, 2 3 1JRhH 20.2, 2JPH 115, 2JPH 20, 17),
217.95 (ddt, 2JHH 27, 1JRhH 18.5, 2JPH 19, 11).
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High-resolution solid-state MAS 73Ge NMR spectra of
organogermanium compounds have been observed for the
first time; the chemical shifts and half-widths of tetra-
phenylgermane and tetrabenzylgermane were recorded with
and without high-power decoupling.

Though the natural abundance is comparaable with the 29Si
isotope, recording of 73Ge resonances is known to be very
difficult because of the low value of g, along with its nuclear
spin of 29/2 and large quadrupolar moment. These cause
distortion of the electric field gradient around the germanium
nucleus leading to excessive broadening of the signals. In
solution 73Ge NMR spectroscopy, it was observed that when the
symmetry of the structure around the germanium atom is high,
a sharp signal can be observed (as found for 14N NMR) while
the signal tends to broaden as the symmetry is lost. For instance
the half-width of tetramethylgermane, a compound with the
highest symmetry, is only 1,4 Hz1 while corresponding values
of germacyclohexane, 1-methylgermacyclohexane and 1,1-di-
methylgermacyclohexane are 15.4, 22.3 and 15.6 Hz, re-
spectively.2 It was also observed that when either halogen or
oxygen atoms are unsymmetrically substituted, as found in
1-bromo-1-methylgermacyclohexane, an excessive broadening
took place to such an extent that observation of signals was
impossible.

Given these factors, it has generally been accepted that
observation of 73Ge signals in the solid state would be even
more difficult, and to the best of our knowledge, there have been
no reports on 73Ge signals of organogermanium compounds in
the solid state.

In a series of papers on solution 73Ge NMR spectra over the
last 15 years we have accumulated data for a variety of
organogermanium compounds.3 We noted that the rapid
development of NMR hard- and soft-ware has made observation
of 73Ge signals more feasible. We thought that by an appropriate
modification of hardware it might be possible to observe solid-
state high-resolution 73Ge NMR spectra of organogermanium
compounds with the aid of high-field instruments. Thus, we

initiated an investigation to observe 73Ge NMR spectra of solid-
state samples.

We chose tetraphenylgermane 1 and tetrabenzylgermane 2
for over first attempt because of their high symmetry.4 To our
surprise, 1 gave an unexpectedly sharp signal, even without
high-power proton decoupling, after an accumulation of a few
hundred FIDs. Under similar measurement conditions, the half-
width of the signal of 2 is much broader, and required much
more accumulation for signal recording. 73Ge chemical shifts
and the half-width of the signals for 1 and 2 are given in Table
1. There is a small shift, in comparison to values in solution,
arising from a solid-state effect. When high-power proton
decoupling was applied to 1, the half-width became slightly
smaller. Fig. 1 shows the73Ge NMR spectra of 1 and 2.

As is always the case for NMR signals for low-g nuclei, there
is some possibility that the observed signal may be an artifact.
We eliminated this possibility by several means: (i) the FID
shows a clear ringing pattern; (ii) a systematic change of
irradiation frequency yields a corresponding change of reso-
nance frequency; (iii) removal of the sample tube caused the
disappearance of the signal.

It is unusual that there is such a large difference in the half-
width for the two compounds since X-ray crystallographic
analysis indicated a very high symmetry around germanium
atom for both 1 and 2.6 There is, however, a small difference in
the structures (2 exhibits four independent phenyl rings while 1
exhibits only one in the asymmetric unit), which may be the
reason for the difference in half-width.

Given the above encouraging results it will be important and
interesting to delineate the scope and limitation of high-
resolution solid-state 73Ge NMR spectroscopy for organo-
germanium compounds. We believe that most if not all

Table 1 Chemical shifts and half-width of 73Ge signals for 1 and 2 in the
solid state a

Compound db Half-width/Hz

1 (proton decoupled) 231.0 (23.6)c 40 (6)c

1 (proton coupled) 231.0 49
2 (proton decoupled) 0.14 (0.04) ca. 350 (24)
a Values in parentheses are solution data for the same compounds. b We
measured the 17Ge NMR spectrum for tetraethylgermane (liquid) filled in a
cell without rotation and assumed that the chemical shift under this
measurement condition was d 17.3 (the same value as in solution). The
chemical shifts of 1 and 2 in the solid state were referenced to this value.
c Data taken from ref. 1. Fig. 1 Solid-state high-resolution 73Ge NMR spectra of 1 (lower) and 2

(upper).
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symmetrically substituted germanes will give signals. It will
also be of interest whether asymmetrically substituted germanes
can also rise to signals.  A study along such lines is under
progress in our laboratories.
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3835.
2 Y. Takeuchi, M. Shimoda and S. Tomoda, Magn. Reson. Chem., 1985,

23, 580.
3 Y. Takeuchi, Main Group Met. Chem., 1989, 13, 323.

4 The 73Ge NMR spectra were recorded with JEOL ECP 300 spectrometer
operating at 10.48 MHz, equipped with a probe modified for this purpose.
The design of the probe is essentially the same as that used for
observation of 107Ag. To obtain the best matching, a dummy condenser
was attached in series. Cross polarization was not applied. Typically, 208
mg of 1 was packed in a 7 mm (o.d.) cell which was rotated at 4600 kHz.
Pulse width, 45°; pre-delay, 1 s; delay; 5 s; number of accumulation, 1000
for 1 and 400 000 for 2; sweep width, 20 kHz; high-power decoupling, 30
W.

5 A. Karipides and D. A. Haller, Acta Crystallogr., Sect. B, 1972, 28, 2889;
P. C. Chieh, J. Chem. Soc. A., 1971, 3243.

6 G. Ferguson and C. Glidewell, Acta Crystallogr., Sect. C, 1996, 52,
1889.

688 Chem. Commun., 2000, 687–688



      

Direct determination of single-to-double stranded DNA ratio in solution
applying time-resolved fluorescence measurements of dye–DNA complexes

G. Cosa,a K.-S. Focsaneanu,a J. R. N. McLeanb and J. C. Scaiano*a

a Department of Chemistry, University of Ottawa, Ottawa, K1N 6N5, Canada. E-mail: tito@photo.chem.uottawa.ca
b Radiation Protection Branch, Health Canada, Ottawa, K1A 1C1, Canada   

Received (in Corvallis, OR, USA) 28th December 1999, Accepted 3rd March 2000
Published on the Web 30th March 2000

We report the fluorescence lifetimes of the DNA-stain dye
PicoGreen and discuss the difference exhibited in the upon
binding to single-stranded vs. double-stranded DNA; we
here developed a direct method for determining single-to-
double stranded DNA ratios in solution by measurement of
the pre-exponential factors in the fluorescence decay traces
of dye–DNA complexes.

The search for new non-radioactive analytical techniques to
determine minute amounts of DNA in solution and gels brought
about the development of a family of new fluorescent probes.1,2

Many studies have been concerned with determining the
properties of these dyes free in solution,3 and when complexed
to dsDNA.2,4–6 These recently patented7,8 fluorescent stains
derived from unsymmetric cyanine dyes (Scheme 1) exhibit a
high increase (ca. 1000 fold) in their fluorescence quantum
yields upon binding to double-stranded DNA (dsDNA) as
compared to free in solution, making them sensitive probes for
DNA detection. These dyes are free to rotate about their central
methine bridge while in solution, but this non-radiative
deactivation pathway is closed when the dye intercalates
between the DNA base-pairs. This explains their high sensitiv-
ity as dsDNA sensors.4,6

We have explored the possibility that in a complex with
single-stranded DNA (ssDNA) a less rotationally restricted dye
should be present, as compared to that with dsDNA and that this
difference can be reflected in the fluorescence lifetimes. Thus,
we have studied the complexes formed with PicoGreen (PG), a
representative of the family of cyanine dyes of Scheme 1 which
exhibits the greatest sensitivity for selective detection of
dsDNA in solution.7–10 Our results show not only that the dye–
ssDNA complexes are more prone to deactivate non-radiatively,
but also that the different lifetimes characteristic for each of the
complexes (i.e. dye–dsDNA and dye–ssDNA) allow a simple
approach to quantify their relative amount in solution by
determining the pre-exponential factors for the fluorescence
decay in a mixture containing both types of DNA. The choice of
PG is not accidental, preliminary screening of a range of
common dyes showed PG to be that with the best lifetime
discrimination between ssDNA and dsDNA.

Our work was performed on calf thymus DNA (type I) (CT
DNA) and salmon testes DNA (type III) (ST DNA) suspensions
prepared on a TRIS (10 mM) buffer (pH 7.4) solution consisting
of distilled and deionized water with Trizma Pre-set crystals,
Na2H2EDTA (1 mM) and (NaCl) 100 mM. The ssDNA was

obtained after boiling a dsDNA solution for 30 min followed by
immersion in an ice bath. The fluorescence enhancement of PG
upon binding to CT dsDNA, as compared to CT ssDNA was ca.
1.89, measured on a PTI 1.2 X luminescence spectrometer. This
value is slightly higher than the reported one of 1.56.9 We also
noticed a broader fluorescence band for the dye–ssDNA
complex (data not shown), with the maximum red shifted by 3
nm. The unbound dye fluorescence band is also broader than
that of the dye–dsDNA complex, though it is hard to quantify
this shift since the spectrum in the absence of DNA is very
noisy. While the broadening had been previously reported, it
was measured at high dye–DNA base pair ratios (i.e. 1+1);
under this conditions, not only intercalation but groove binding
can occur.5,11 In our work we kept dye/DNA base-pair ratios
always lower or around 1/7 to ensure that the predominant
binding mode would be that of intercalation.5 Specifically, the
preferred concentrations were 11 mM for PG, and 70 and 150
mM for CT and ST DNA, respectively, both expressed as base
pairs.

Assuming that there is only one kind of complex for each
ssDNA and dsDNA, and considering that, for other dyes of the
same family, there exists a single lowest energy excited singlet
state,4 we would anticipate that the lifetimes for each of these
complexes should be monoexponential. Thus, we measured the
lifetimes following picosecond laser excitation using streak
camera detection.12 The results obtained following 355 nm
irradiation of the sample with a @50 ps pulse show a virtually
pure monoexponential decay with a lifetime of 4.5 ns for dye–
dsDNA (for both CT or ST type DNA). The decay obtained for
the complex formed with ssDNA was biexponential, with
lifetimes of 1.16 ns (51%) and 3.09 ns (49%), where the weight
of each exponential is given in parentheses (Fig. 1). The fact that
the trace is biexponential may reflect two different phenomena.
We are either dealing with two types of binding of the dye (vide
supra), or there exists some DNA that renatured before data
acquisition took place. The dye/DNA ratio employed was low
enough as to have only intercalation in the case of dsDNA;
however, ssDNA, that may have a lower binding con-
stant,10,13–15 might show other forms of dye interaction. In
relation to the possibility that some DNA may have renatured,
we tested our method of DNA denaturation by comparing the
absorbance at 260 nm, immediately after the denaturation
process, for a treated sample and an untreated one. We
determined that within the experimental error, all of the sample
had been denatured.16 In principle, some DNA could renature
before data acquisition, however this delay was kept to only 15
min. We cannot rule out either of the two possibilities described,
and, conceivably, we may be dealing with a system presenting
both some traces of renatured DNA, and some non-intercalated
bound dye. This uncertainty does not influence our ability to
discriminate between ssDNA and dsDNA.

The fluorescence broadening does not develop over time;
rather it is evident immediately after excitation (data not
shown). In any event, from the calculated fluorescence lifetime
of the free dye in solution, i.e. shorter than ca. 5 ps, we assume
that rotation takes place too fast for our acquisition setup to
detect it.Scheme 1
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In view of the noticeable difference in fluorescence lifetimes
between dye–ssDNA complex and dye–dsDNA complex, we
attempted and succeeded in developing an analytical technique
that would enable us to monitor in solution the ssDNA/dsDNA
ratio with a simple method devoid of any operator subjectivity.
To that effect, we determined the fluorescence lifetimes in
different mixtures containing known amounts of ssDNA,
dsDNA (we employed both CT DNA and ST DNA) and PG.
From the previous analysis (vide supra), we expect a triexpo-
nential decay in this system [eqn. (1)]; i.e. dye–dsDNA decays
with its characteristic rate constant, and ssDNA complexes
exhibit their biexponential decay.

I = adse2kdst + a2e2k2t + a3e2k3t (1)
where ads is the preexponential factor for dsDNA, and kds the
reciprocal of its lifetime, while a2, a3, k2 and k3 are the
corresponding parameters for ssDNA, and t is the time.

Though complicated in appearance, we know the three decay
rate constants for this system (that of dsDNA, and each of the
two for ssDNA); on the other hand, the addition of the
preexponential factors for the decays has to be equal to unity for
the normalized profile. At this point a six-variable function
initially needed to fit this decay (three pre-exponential values,
and three decay rate constants), is now reduced to one with two
parameters, i.e. the two pre-exponential values. Further, since
the relative values for the two pre-exponential values for the
ssDNA decay are known, and coincidentally they are about
equal, i.e.

ads + a2 + a3 = 1
a2  a3

Combined these factors lead to a one-parameter fit according to
eqn. (2):

I = adse20.22t + [1 2 ads) (e20.86t + e20.32t)/2] (2)
When we plot the recovered pre-exponential value (ads)

corresponding to the dsDNA rate constant vs. the fraction of
dsDNA in the sample (see inset in Fig. 2) for CT DNA and for
ST DNA, a straight line is obtained with a slope of 0.80 and an
intercept of 0.048. The theoretical line should go through the
origin and have a slope of 1.0. The difference is not surprising;
analysis according to eqn. (2) of computer simulated data shows
that only perfect data (i.e. noise-free) leads to perfect recovery
of the pre-exponential factors, particularly for the pure forms,
dsDNA and ssDNA; addition of random noise always leads to
apparent small weights for other DNA components. Effectively,
the percentage of dsDNA present in a sample can be calculated
according to eqn. (3), although we note that different instru-
ments may lead to slightly different deviations from the ideal
equation; in this sense a recalibration may be desirable.

%(dsDNA) = 100(arecovered
ds 2 0.048)/0.80 (3)

It is worthwhile noting that for the fittings, the rate constants
used corresponding to ssDNA (0.32 and 0.86 3 109 s21) and
dsDNA (0.22 3 109 s21) where those determined in the absence
of the other form of DNA, and are the same for CT or ST DNA,
and are not adjustable parameters. We believe this new method

may find application not only in solution, but also in gels where
this information may prove useful for methods such as the
comet assay.17 Finally, we note that while our work involved a
sophisticated picosecond fluorescence system, similar measure-
ments could be developed around less expensive light sources,
such a short pulse diodes.
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Fig. 1 Normalized fluorescence decay profiles measured on static 2 ml
quartz cells in air equilibrated solutions of DNA in TRIS buffer (pH = 7.4)
following 355 nm laser excitation; ST DNA base-pair concentration = 150
mM, PG = 11 mM, for 100, 80, 60, 40 and 20% dsDNA and of dsDNA
alone. Insert: semi-log plot and fit for dsDNA (single exponential) and
ssDNA (double exponential).

Fig. 2 Normalized fluorescence decay profiles measured on static 2 ml
quartz cells in air equilibrated solutions of DNA in TRIS buffer (pH = 7.4)
following 355 nm laser excitation; ST DNA base-pair concentration = 150
mM, PG = 11 mM, for various percentages of dsDNA, showing the fit of the
data to the one-parameter function of eqn. (2); Insert: linear plot of the
recovered dsDNA fraction as a function of the actual fraction in the sample
for (Ω) CT DNA and for (“) ST DNA.
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The reaction between [NiCl2(PPh3)2] and [Li{C(SiMe3)2(Si-
Me2C5H4N-2)}] in tetrahydrofuran gave the monomeric
Ni(I) compound [Ni{C(SiMe3)2(SiMe2C5H4N-2)}(PPh3)],
which shows planar coordination at Ni with Ni–C 2.025(4)

Å, together with the Ni(II) silanolato compound [Ni{C(Si-

Me3)(SiMe2C5H4N-2)(SiMe2O)}]2 as a minor product, how-
ever, the corresponding reaction with [PdCl2(PPh3)2] gave
[Pd(m-Cl){C(SiMe3)2(SiMe2C5H4N-2)}]2, which has a chlo-
ride-bridged structure with an unusual fold angle of 60° at
the Cl···Cl axis.

Organonickel compounds have been widely studied, partic-
ularly because of their applications as catalysts.1 Some catalytic
processes are thought to involve Ni(I) intermediates2 but,
although triorganophosphine and amine complexes have been
obtained,3 attempts to isolate organo–Ni(I) compounds com-
monly lead to precipitation of elemental nickel.

We have previously isolated organometallic compounds of
the s-, p- and f-elements containing ligands C(SiMe3)n(Si-
Me2X)32n in which the groups X have lone pairs of electrons.4
We reasoned that, if the substituents X had p-acceptor
properties, it might be possible to obtain compounds of d-block
elements without unwanted reduction. Reactions of the pre-
cursor Li{C(SiMe3)2(SiMe2C5H4N-2)} 1 to give the novel
derivatives 2–4, show that this is indeed the case.

The Ni(I) compound 2 (the first structurally characterised
compound to contain a Ni(I)–C s-bond, and, apart from the
electrochemically characterised dimeric species [Cu2R2]2+ [R =
C(SiMe3)2(C5H4N-2)],5a the first d9 s-bonded organometallic
compound) was obtained from the reaction of NiCl2(PPh3)2
with 2 equivalents of 1,† and crystals suitable for an X-ray
study‡ (Fig. 1) were isolated from hexane. Compound 2
appeared to be stable in the solid state under Ar, but solutions in
hexane deposited metallic nickel. The EPR spectrum in toluene
at 298 K (g = 2.239) was broad but similar to that of
[NiCl(PPh3)3],6 and the magnetic moment of 1.55 mB at room
temperature was as expected for a d9 complex with one unpaired
electron. The coordination at Ni is planar (sum of angles 360°)
with a bite angle of 98° for the bidentate ligand and a wide C–
Ni–P angle, reflecting the repulsion between the SiMe3 groups
and the phosphine ligand. The dihedral angle between the

pyridine ring and the NiCNP coordination plane is 22°, the Ni–P
bond distance is normal, and the Ni–C and Ni–N distances,
2.025(4) and 2.007(3) Å, suggest that the covalent radius for
Ni(I) is ca. 1.25 Å. Longer Ni–C and shorter Ni–N distances are
found in [Ni{C(SiMe3)2(C5H4N-2)}Cp] and [Ni{C(Si-
Me3)2(C5H4N-2)}2],7 reflecting the greater strain in the four-
membered metallacycles than in the five-membered ring of 2.

We have found no evidence for the presence of an
alkylnickel(II) chloride in the products from the reaction
between [NiCl2(PPh3)2] and 1. Nevertheless such a species is
probably formed at the surface of the sparingly soluble
[NiCl2(PPh3)2] and rapidly reduced to 2 by the excess of 1.
Compound 2 is probably prevented by the steric requirements of
the ligand from giving aggregates with Ni–Ni bonds and
ultimately metallic nickel, and remains in solution as a Ni(I)
species stabilised by the soft PPh3 and C5H4N ligands.
Compound 2 was also the principal product from a 1+1
[NiCl2(PPh3)2]+1 mixture but in this case we isolated a few
crystals of a second compound identified‡ as the silanolato
compound 3 (Fig. 2). Our [NiCl2(PPh3)2] probably contained a
trace of hydroxide and intra- or inter-molecular elimination of
CH4 from [Ni(OH){C(SiMe3)2(SiMe2C5H4N-2)}] could lead to
compound 3. Cleavage of C–Si bonds under mild conditions is
highly unusual, but a few examples are known where an OH
group is held in a favourable position with respect to an SiMe3
group.5b,8 Trialkylsilanolatonickel derivatives have not appar-
ently been reported before.

Fig. 1 The molecular structure of 2. Selected bond lengths (Å) and angles
(°). For mean values, e.s.d’s of individual measurements are given in
parentheses: Ni–N 2.007(3), Ni–C 2.025(4), Ni–P 2.200(1), Si(1)–C(1)
1.826(4), Si(2,3)–C(1) 1.857(4), mean Si–Me 1.880(4); N–Ni-C(1)
98.28(14), N–Ni–P 105.81(10), C(1)–Ni–P 155.67(11), mean Si–C–Si
114.1(2), mean Me–Si–Me 105.4(2), mean C–Si–Me 113.2(2), C(1)–Si–
C(4) 105.36(18), Si–C(4)–N 114.0(3), C(4)–N–Ni 111.8(3), Ni–C(1)–Si
97.20(17), Ni–C(1)–Si(3) 102.52(18), Ni–C(1)–Si(2) 112.85(18).
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The palladium compound 4 is obtained from equimolar
quantities of 1 and [PdCl2(PPh3)2].§ It is stable in the solid state
under Ar but Pd metal is deposited slowly from solutions in
hexane at room temperature. The dimer‡ (Fig. 3) shows no
crystallographic symmetry but there is an approximate C2 axis
perpendicular to and bisecting the Pd···Pd and Cl···Cl vectors.
The coordination at Pd is square planar and the Pd–Cl bonds
trans to C [2.465(3) Å] are longer than those trans to N
[2.325(3) Å], as in similar compounds containing the NCPd(m-
Cl)2PdCN core. The Pd–N bond lengths are normal and the Pd–
C lengths are at the upper end of the usual range. The most
intriguing feature of the structure is the large fold angle (60°) at
the Cl···Cl axis since most Cl-bridged Pt(II) dimers with
bidentate C,N-ligands are planar or nearly so. Two compounds
with fold angles of 37–39°, and one with a fold angle of 58°,
have been reported.9,10 That the palladium compound 4 is much
more easily isolated than the nickel analogue is in accord with
the generalisation that the stabilities of M(II) organometallic
compounds increase in the series from Ni to Pt.

We thank the EPSRC for financial support.

Notes and references
† Formation of complexes 2 and 3: (Me3Si)2[(C5H4N)Me2Si]CH (0.63 g,
2.13 mmol) in thf (15 cm3) was treated with a solution of LiMe (2.16 mmol)
in thf (10 cm3). The resulting solution of 1 was then added to a slurry of
[NiCl2(PPh3)2] (0.70 g, 1.07 mmol) in thf (20 cm3) at 278 °C. The solution

became dark brown as it was allowed to warm to room temperature. The
solvent was then removed, the solid residue extracted with hexane (40 cm3),
and the extract filtered. The filtrate was reduced to 20 cm3 and kept at 230
°C, and the brown solid that separated was filtered off and recrystallised
three times from hexane at 230 °C to give bright orange–red crystals of 2
(0.20 g, 30%), mp 167–168 °C (Found: C, 62.5; H, 7.1; N, 2.2.
C32H43NNiPSi3 requires C, 62.4; H, 7.0; N, 2.2%); m/z 614 (12, M); 599 (4,
M 2 Me), 352 [43, M 2 PPh3 (RNi)], 337 (30, RNi 2 Me), 322 (32, RNi
2 2Me), 294 (35, R), 279 (65, R 2 Me), 262 (100, PPh3), 221 (45, R 2
SiMe3). The reaction between 1 (2.14 mmol), prepared as above, and
[NiCl2(PPh3)2] (2.14 mmol) in thf also gave mainly 2 but a few deep red
crystals observed in the products were separated manually and shown to be
3 (m/z 706.1181. C26H50N2Ni2O2Si6 requires 706.1195).
‡ Crystal data: for 2: M = 615.6; monoclinic, space group P21/n; a =
16.476(2), b = 9.142(3), c = 21.687(5) Å, b = 91.22(2)°, U = 3266(1) Å3,
Z = 4, m = 0.77 mm21; 5932 reflections collected, 5732 unique (Rint =
0.038), 3974 with I > 2s(I); R1, wR2 0.049, 0.102 [I > 2s(I)] and 0.089,
0.118 (all data). For 3: M = 708.64; triclinic, space group P1̄; a =
8.8600(8), b = 10.1220(10), c = 10.6164(11) Å, a = 91.437(6), b =
111.283(7), g = 92.595(5)°, U = 885.4 Å3, Z = 1; m = 1.29 mm21; 8262
reflections collected, 3091 unique (Rint = 0.058); 2618 with I > 2s(I); R1,
wR2 0.066, 0.154 [I > 2s(I)], 0.079, 0.160 (all data). For 4: M = 873.0;
orthorhombic, space group Pbca; a = 13.465(5), b = 23.390(12), c =
25.032(9) Å, U = 7884(6) Å3, Z = 8, m = 1.25 mm21; 13619 reflections
collected, 6907 unique (Rint = 0.128), 3750 with I > 2s(I); R1, wR2 0.082,
0.187 [I > 2s(I)] and 0.154, 0.226 (all data). A CAD4 diffractometer was
used for 2 and 4 and a Kappa CCD diffractometer for 3. Structures were
refined by full matrix least squares refinement (SHELXL-97) with non-H
atoms anisotropic and H atoms in riding mode. For 4 the structure was
disordered 80:20 with only Pd sites located for the low occupancy
orientation.

CCDC 182/1571. See http://www.rsc.org/suppdata/cc/b0/b000374n/ for
crystallographic files in .cif format.
§ A solution of 1 (1.22 mmol) in thf (30 cm3) was added to a slurry of
[PdCl2(PPh3)2] (0.86 g, 1.22 mmol) in thf (25 cm3) at 278 °C and the
resulting solution allowed to warm to room temperature. The solvent was
pumped away, the dark brown residue extracted with hexane (3 3 25 cm3),
and the extract filtered. The filtrate was reduced to 25 cm3 and kept at 5 °C
to give pale yellow crystals of 4 (0.28 g, 53%), mp 193–195 °C (decomp.),
darkens 104 °C (Found: C, 38.7; H, 6.4; N, 3.2. C28H56Cl2N2Pd2Si6 requires
C, 38.7; H, 6.5; N, 2.8%.); dH(C6D6) 0.07 (18 H, s, SiMe3), 0.43 (6 H, s,
SiMe2), 6.70 (1 H, m, 4-H), 7.09 (1 H, t, 5-H), 7.23 (1 H, d, 3-H), 8.63 (1
H, d, 6-H); dC(C6D6) 1.3 (1JSiC 51.8 Hz, SiMe2), 3.4 (1JSiC 51.2 Hz, SiMe3),
15.9 (1JSiC 37.1 Hz, CSi3), 122.3 (4-C), 128.4 (5-C), 133.6 (3-C), 150.9
(6-C), 170.2 (1JSiC 77.4 Hz, 2-C); dSi (C6D6) 26.1 (1JSiC 39.4, 52.2,  77.8
Hz, SiMe2), 20.09 (1JSiC 37.4, 50.7 Hz, SiMe3); m/z 857, (30, M 2 Me),
764 (15, M2 SiMe3Cl), 402, (12, RPd), 385 (22, RPd 2Me), 370, (27, RPd
2 2Me), 312 (100, RPd 2 SiMe4), 206 (80, R 2 SiMe4) [R =
C(SiMe3)2(SiMe2C5H4N)].
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Fig. 2 The molecular structure of 3. Selected bond lengths (Å) and angles
(°): Ni–N 1.881(5), Ni–O 1.891(45), Ni–OA 1.918(4), Ni–C(1) 1.980(6),
mean Si–C(1) 1.852(6), Si–Me 1.875(7), Si–O 1.651(4); O–Ni–O
84.00(18), Si–O–Ni 93.2(2), Ni–O–NiA 96.00(18), Si–C(1)–Si 126.0(3),
115.0(3), 115.6(3), Ni–C–Si(2) 84.5(2), C(1)–Ni–O 84.2(2), Ni–O–Si(2)
93.2(2), Si(2)–C(1)–Ni 84.5(2).

Fig. 3 The molecular structure of 4. Selected mean bond lengths (Å) and
angles (°): Pd···Pd 3.1433(15), Pd–N 2.026(10), Pd–C 2.123(12), Pd–Cl
2.325(3), 2.465(3), Si–C(1,15) 1.877(12), Si–Me 1.873(13), Si–
C(py)1.864(15), N–C(Si) 1.362(16); N–C(C) 1.329(16), N–Pd–C 89.9(4),
N–Pd–Cl 92.0(3), Cl–Pd–Cl, 82.62(11), C-Pd-Cl, 95.6(3); Pd–Cl–Pd 81.95,
Pd–C–Si(py) 100.0(5), C–Si–C(py) 102.6(6), Si–C–N 113.6(8), C(py)–N–
Pd 118.7(8), Si–C–Si 112.8(6), Me–Si–Me 106.4(6). Angles between
pyridyl and Pd coordination planes 26.5, 30°.
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Some solventless reactions involving solid reactants or
products can be accelerated by the influence of subcritical
gaseous CO2.

Although the utility of supercritical carbon dioxide for solvent-
less synthesis has been well publicized,1 it is less well known
that subcritical gaseous CO2 can promote such reactions. At
temperatures above 31 °C and pressures below 74 bar, carbon
dioxide exists as a gas and not a supercritical fluid. It therefore
does not dissolve organic solids or liquids to a significant
extent. However, it is capable of dissolving into organics, and in
so doing can affect the properties of the organic material such as
its viscosity, diffusion coefficient,2 dielectric constant, melting
point,3 glass transition temperature,4 or ability to dissolve
hydrogen.5 In each of these ways, the presence of gaseous CO2
could affect a reaction taking place in the organic phase. These
possibilities have not been much explored. We now present
examples of the effect of gaseous CO2 on reactions involving
organic solids.

Three reactions are offered as examples of the accelerating
effect of CO2. In each case, the reaction performance under
gaseous CO2 is compared to the performance in the absence of
CO2. In the first example, the starting material is a solid at the
reaction temperature, while the product is a liquid. In the second
example, the product is the solid. In the last example, both the
starting material and the product are solids.

The first example is the hydrogenation of 2-vinylnaphthalene
(lit.6 mp 65–66 °C, mp of commercially available sample
62–65 °C) catalysed by RhCl(PPh3)3 (Scheme 1). In the absence
of CO2, this reaction can be performed at temperatures of 36 °C
or higher (entry 4 in Table 1). The fact that it can proceed at
temperatures somewhat below the melting point of 2-vinyl-
naphthalene is probably a result of a slow surface reaction

generating a small quantity of the product, 2-ethylnaphthalene
(mp 27.4 °C),7 which acts as a liquid solvent for further
reaction. Thus one would expect the reaction to proceed very
slowly until enough liquid product has formed, at which point
the system would accelerate. However, at 33 °C no conversion
is observed in 30 min (entry 1).

In the presence of subcritical gaseous CO2, the reaction
proceeds more rapidly.† At 36 °C, the enhancement of the rate
over that observed in the absence of CO2 is at least an order of
magnitude (entries 4 and 5). Complete conversion is obtained
within 90 min (entry 6). At 33 °C, the yield after 30 min is
obviously superior to that in the absence of CO2 (compare
entries 1 and 2). Hydrogen gas seems to be less effective than
CO2 in enhancing the rate (entry 3). Note that in all of the
experiments, the pressure of CO2 (56 bar) is below the critical
pressure of CO2 (73.9 bar),8 while the total pressure of the H2/
CO2 mixture (Ptot = 66 bar) is below the mixture critical
pressure.‡ Thus one can be certain that the gaseous phase is not
supercritical. It is unlikely that the reaction takes place in the
gaseous phase because: (a) at the pressure used, the density of
the gaseous CO2 is so low (ca. 0.14 g mL21 at 36 °C and 56 bar
of CO2)8 that it can dissolve neither the substrate nor catalyst to
any significant extent, (b) the catalyst used here has not been
modified to render it soluble in CO2, and (c) all of the product
mixture was found inside the glass liner at the end of the
reaction. The most likely explanation of the rate enhancement is
the effect of gaseous CO2 on the melting point of 2-vinyl-
naphthalene.

This explanation involves the phenomenon of gas-induced
melting (or gas-induced melting point lowering) of organic
solids. Melting of a solid compound A can not normally be
achieved below the temperature of its triple point. However, in
the presence of a gas B, the melting temperature of A becomes
a function of the pressure of B. The melting temperature of A
can be significantly lowered from its triple point, especially at
pressures approaching the critical pressure of gas B. The degree
of melting point lowering depends on the solubility of B in
molten A, and can be limited by the occurrence of a critical end
point in the binary phase diagram.§ The end result of this phase
behaviour is that solid organic compounds can be made to melt
even at temperatures well below their normal melting points.
This phenomenon is the basis of the recently-developed PGSS
(Particles from Gas Saturated Solution) process for the
micronization of solids.9–11 Note, however, that this effect alone
can not bring the melting point of 2-vinylnaphthalene to as low
as 36 or 33 °C; a combination of the induced-melting effect and
some initial surface reaction is required to explain the rapid rate
at these temperatures.

The hydrogenation of oleic acid to stearic acid, catalysed by
5% Pt/C (Scheme 2), is also affected by the induced-melting
effect. Oleic acid is a model compound for the unsaturated fatty
acids in vegetable oils.12 While oleic acid is a liquid (mp
13–16 °C),13 the hydrogenation product stearic acid (mp
69–70 °C)14 is a solid at room temperature. Therefore, one
would expect that the solventless hydrogenation would proceed

† Electronic supplementary information (ESI) available: experimental
procedures for the hydrogenation of 2-vinylnaphthalene and oleic acid, and
the hydroformylation of 2-vinylnaphthalene See http://www.rsc.org/
suppdata/cc/a9/a909703a/

Scheme 1

Table 1 Hydrogenation of 2-vinylnaphthalene in the absence of added
solventa

Entry T/°C PCO2
b/bar t/h

Conv.
(%) TOFc/h21

1 33 0 0.5 0 0
2 33 56 0.5 52d 310
3 33 0e 0.5 16 96
4 36 0 0.5 5d 33
5 36 56 0.5 73d 430
6 36 56 1.5 100 200

a 7 mg (7.6 mmol) RhCl(PPh3)3, 350 mg (2.27 mmol) 2-vinylnaphthalene,
10 bar H2, vessel size 160 mL. b Calculated as Ptotal 2 PH2

. c Turnover
frequency = mol product per mol catalyst per hour. d Average of two runs.
e H2 pressure 66 bar.

Scheme 2
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readily at temperatures above 4 °C, but the reaction should stop
short of completion because at high conversions the melting
point of the reaction mixture would climb above the ambient
temperature; the conversion at which the reaction ‘stalls’ should
be a function of the reaction temperature. At 50 °C, for example,
the conversion climbs no higher than 95% even after 25 h (Table
2). The reaction in the presence of subcritical gaseous CO2
attains 99% conversion within 4 h.† At 35 °C, the reaction in the
absence of CO2 climbs no higher than 90% even after 25 h,
while it reaches 97% after 1 h in the presence of CO2. Thus
gaseous CO2 has a strong effect on this reaction at high
conversions.

The third reaction to be described is the solventless
hydroformylation of 2-vinylnaphthalene catalysed by
RhH(CO)(PPh3)3 (Scheme 3). This reaction generates
2-(2-naphthyl)propanal (mp 53 °C),15 plus traces of 3-(2-naph-
thyl)propanal (mp 42 °C).16 In the absence of CO2, the melting
point of the reaction mixture starts at 65 °C (the melting point
of 2-vinylnaphthalene), drops after partial conversion (because
a mixture forms), and rises up towards the melting point of the
product as the reaction approaches completion. Thus in the
absence of CO2 and at temperatures below 50 °C, one would
predict that the reaction would start slowly, accelerate after
some product is formed, and become slow again at high
conversions. Indeed, the presence of subcritical gaseous CO2
was found to make the reaction start more quickly (Table 3,
entries 1, 2, and 4) and reach completion more readily (entries
6–8).†

There are many advantages to performing a reaction by
induced-melting rather than in a SCF: (1) the pressure of the
SCF/gas is lower, (2) the volume of vessel required is lower, (3)
the concentration of reagent in the reaction phase is much
higher, which could lead to greater rates, (4) homogeneous
catalysts do not have to be designed to be CO2-soluble, and (5)
depending on the substrate, the polarity of the reaction phase
may be much higher than the very low polarity of scCO2. The
disadvantage of the induced-melting option is that it is only
effective for organic solids which have melting points within
30–40 °C of the reaction temperature. Even for those reactions,
one could perform the reaction by melting the reagent in the
usual manner of raising the temperature, but this may not always
be an option, depending on the temperature dependence of the
selectivity (particularly for enantioselective reactions).

In conclusion, we have demonstrated, with three examples,
the acceleration of solventless synthesis by the application of
subcritical (gaseous) CO2. The hydrogenation and hydro-

formylation reactions of 2-vinylnaphthalene are accelerated by
CO2 pressure, while the conversions obtained from the
hydrogenation of oleic acid and hydroformylation of 2-vinyl-
naphthalene are improved by CO2 pressure. The use of gaseous
CO2 can thus extend the range of temperatures at which ‘neat’
reactions can be performed. Future work will include the testing
of other gases and other reactions.

This material is based upon work supported by the EPA/NSF
Partnership for Environmental Research under NSF Grant No.
9815320. We also acknowledge useful discussions with Dr
Charles Eckert of the Georgia Institute of Technology and
experimental assistance from Mr Philip Stalcup.
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Table 2 Hydrogenation of oleic acid in the absence of added solventa

Conv. (%)

Entry T/°C t/h PCO2
= 0 bar PCO2

= 60 bar

1 35 1 90 97
2 35 4 90 97
3 35 25 90 —
4 50 1 94 98
5 50 4 95 99
6 50 25 95 —

a 100 mg (0.35 mmol) oleic acid, 3.5 mmol Pt (as 5% Pt/C), 10 bar H2, vessel
size 160 mL, vial diameter 12 mm. PCO2

calculated as Ptotal 2 PH2
.

Scheme 3

Table 3 Hydroformylation of 2-vinylnaphthalene in the absence of added
solvent.a

Conv. (%)

Entry T/°C t/h PCO2
= 0 bar PCO2

= 55 bar

1 33 0.5 0 8.5
2 33 2 9.6 24
3 33 16 — 88
4 36 2 14 44
5 43 1 — 74
6 43 2 93 96
7 43 4 — 100
8 43 11 98 —

a 12 mg (13 mmol) RhH(CO)(PPh3)3, 400 mg (2.6 mmol) 2-vinyl-
naphthalene, 10 bar each of CO and H2, vessel size 160 mL, vial diameter
22 mm. PCO2

calculated as Ptotal 2 PH2
2 PCO. The selectivity of the

reaction is high (14+1) for the desired17 branched aldehyde.
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A novel caesium selective fluorescent chemosensor has been
designed and synthesized; the chemosensor exhibited a
selective fluorescent enhancement in the presence of other
alkali metal ions.

The rapid and selective measurement of trace ions in situ has
significant environmental and biological applications.1 The
selective sensing of trace amounts of caesium is important in
detecting leaks from nuclear waste storage tanks (137Cs in
particular), which may cause serious problems to the environ-
ment.2 Currently, there is no method available for in situ
quantitative determination of Cs+ in nuclear solutions. Very
recently, Dabestani and coworkers developed a first-generation
caesium selective fluorescent chemosensor based on a calix-
[4]arene derivative.3 Nevertheless, it is still necessary to
develop more sophisticated and more selective caesium chem-
osensors that can be easily handled.

Recently, we reported a highly selective fluorescent chem-
osensor for potassium, a dicyano-substituted distyrylbenzene
derivative containing two 15-crown-5 rings which has a low
emission quantum yield in acetonitrile (f = 0.001).4 Studies
showed that the high potassium selectivity of the sensor upon
the complexation of potassium ions results from formation of a
sandwich complex between the 15-crown-5 and a potassium ion
that leads to a large enhancement of the fluorescence of the
disytrylbenzene derivative. We have denoted this type of
fluorescence enhancement Self-Assembling Fluorescent En-
hancement (SAFE) since the luminescence is believed to result
from formation of a structure in which each crown of the
fluorophore is part of a sandwich complex.5 Herein, we report a
novel caesium-selective fluorescent chemosensor 1 that con-
sists of a dicyano-substituted distyrylbenzene derivative and
two 18-crown-6 rings.6

In acetone solution, 1 shows a broad absorption at 380 nm.
With the addition of Cs+ ion [Cs(CF3CO2) in acetonitrile], a
slight decrease of the absorption is observed. However, a
significant change is observed in fluorescence spectra of 1 when
Cs+ ions are added as shown in Fig. 1. The fluorescence
intensity is enhanced significantly and the fluorescent peak red-
shifts from 482 to 526 nm. The insert in Fig. 1 shows the
titration curve of 1 with Cs+. Stoichiometry studies indicate that
1 forms a 1+1 complex with caesium ion, indicating that each
Cs+ ion coordinates to two 18-crown-6 moieties. At saturation
in acetone solution the maximum fluorescence intensity of 1
complexed with Cs+ is about 20 times that of free 1. Other alkali
metal ions such as Li+, Na+ and K+ were also examined. No
significant fluorescent enhancement was observed with any of
these, even though 18-crown-6 is known to bind K+ strongly.7
The results strongly suggest the formation of a sandwich

complex consisting of two 18-crown-6 substituents and Cs+. A
similar fluorescence enhancement of ca. 12–15 times was also
observed when CsF was used as a cation source. Stability
constants, expressed as log K, determined assuming 1+1
complex formation are 4.3 in acetone and 5.7 M21 in
chloroform–acetonitrile (9+1, v/v).

The fluorescence behavior of 1 in the presence of Cs+ is
strongly dependent on solvent. In acetonitrile, sensor 1 shows a
similar fluorescent enhancement when Cs+ ions are added, but
the enhancement is significantly lower than that in acetone. The
saturation enhancement is only a factor of 4 in acetonitrile. The
diminished enhancement could be due to a variety of factors
such as differences in the emission quantum yield of the Cs(1)2
sandwich complex in the two solvents or competitive formation
of other Cs+/1 complexes involving acetonitrile displacement of
a crown [i.e. formation of Cs(1)(MeCN)n complexes]. The use
of mixed solvents containing chloroform and a small amount of
acetonitrile (9+1, v/v) results in a much larger fluorescence
enhancement than observed in pure acetonitrile. The titration
curve, monitoring emission at 512 nm, is shown in Fig. 2. An
enhancement of a factor of 20 is observed when two equivalents
of Cs+ ion are added to solutions containing 20 mM 1. However,
the luminescence intensity decreases with increasing Cs+

concentration above Cs+/1 ratios of 2 (no new emission with a
different maximum is observed). The decrease may result from
break-up of the sandwich structure to form 1:1 (Cs++18-crown-
6) complexes with the excess Cs+ present. Results from 1H
NMR measurements support this hypothesis.8 It should be
noted that the fluorescence enhancement observed in acetone in
greatly diminished upon addition of water as a cosolvent. For
instance, acetone–water (9+1, v/v) little change in luminescence
occurs with less than a ten-fold excess of Cs+ and the maximum
enhancement observed is only a factor of 3.5.

Fig. 1 Fuorescence spectral change upon the addition of caesium ions in
acetone, [1] = 2 3 1025 M. The insert shows the titration curve of Cs+ in
acetone (monitored at 526 nm, excited at 350 nm).
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The selectivity of this novel sensor for Cs+ was also
examined by competition experiments. Fig. 3 shows fluores-
cence intensity changes upon addition of Cs+ when either K+ or
Na+ is also present. Although K+ and Na+ each cause some
interference to the fluorescence response at the beginning stage
of the addition of Cs+ ions, the fluorescence is turned on when
[Cs+]/[K+] or [Cs+]/[Na+] reaches ca. 1+4. Further increases in
the Cs+ ion concentration lead to increases in the fluorescence
intensity until a plateau in the emission is reached at [Cs+]/[M+]
and [Cs+]/[1] ratios of 1+3 and 5+1, respectively. Competition
studies between the Cs+ ion and K+ or Na+ ions are also
consistent with the assumption that only the formation of a
sandwich structure will result in the turn-on of the fluores-
cence.

We are grateful to the Tulane/Xavier Center for Bio/
Environmental Research (DOD/ONR) for partial support of this
research.
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Fig. 2 Titration curve of 1 with metal ions ([1] = 2 3 1025 M) monitored at
512 nm.

Fig. 3 The fluorescence intensity change upon the addition of Cs+ ion in
acetone in the presence of K+ and Na+ ([K+] = 3.75 31024 M, [Na+] =
3.75 3 1024 M). The intensity was monitored at 526 nm; [1] = 2 3 1025

M.
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The dilithium salt of tetraphenylbutadiene (1) reacts nor-
mally with phenylethynyltrichlorosilane to give 1-chloro-
1-phenylethynyl-2,3,4,5-tetraphenylsilole (3), but with vinyl-
trichlorosilane the unexpected product is the
silacycloheptadiene 2, and X-ray crystal structures were
obtained for 2 and 3; the seven-membered ring in 2 adopts a
boat conformation, and a possible mechanism for the
formation of 2 is suggested.

The reaction of vinylchlorosilanes with a bulky organolithium
compound such as tert-butyllithium has been reported by Jones
and Lim1 and later extensively studied by Auner2 for almost 20
years. However only one report, by Balasubramanian and
George,3 for the reaction of 1,2,3,4-tetraphenylbuta-1,3-diene
dianion 1 with an alkenylchlorosilane, Me(CH2NCH)SiCl2, to
give 1-methyl-1-vinyltetraphenylsilole has been published.3

Here, we report the reactions of 1 with phenylethynyltri-
chlorosilane and vinyltrichlorosilane. Although many synthetic
routes for siloles have been reported,4 siloles can often be
synthesized in high yield by using our previously reported
method5 in which a solution of the dilithio compound 1 is frozen
with liquid nitrogen, an excess of a chlorosilane is added via a
syringe in one portion and the mixture is slowly warmed.
However, the reaction of 1 with vinyltrichlorosilane using the
method described above gave, surprisingly, a reaction involving
two molecules of the chlorosilane yielding silacycloheptadiene
2 (Scheme 1).† No evidence for the formation of the expected
silole C4Ph4SiCl(CHNCH2) was observed. Even preparative
scale reactions of 1 with just 1 equiv, rather than an excess of
vinyltrichlorosilane, gave only 2 in 50% yield, leaving 50% of
1 unreacted. The reaction produced two enantiomers which
could result from the chiral carbon C(6).

The X-ray crystal structure of 2 was determined and is shown
in Fig. 1.‡ The molecule has two localized double bonds, and
the vinyldichlorosilyl substituent group is attached to carbon
atom C(6), as shown. The conformation of the seven-membered
ring is boat like. The silicon atom Si(1) and carbon atoms C(1),
C(2), C(3) are nearly coplanar, as are carbon atoms C(2), C(3),
C(4),  C(5), but there is a twist (51.3°) between C(2) and C(3),
and a strong bend at the C(4)–C(5) junction (289.8°). The result
is that the silyl substituent group is moved away from the
hindering phenyl groups on the ring.

A possible mechanism for the formation of 2 is shown in
Scheme 2. Nucleophilic reaction of the butadiene anion in 4
with the b-carbon atom of the vinyldichlorosilane moiety could
give an intermediate which could close to give the di-
chlorosilacycloheptadienyl anion 5. This anion could react with
another molecule of vinyltrichlorosilane to give 2. An alter-
native mechanism would involve loss of LiCl from the anion of
5 to give a SiNC bond. This would then be followed by Si–Cl
addition across the Si–C double bond to give the product 2.
However, the reaction of 1 with 1 equiv. of vinyltrichlorosilane

Scheme 1

Fig. 1 Thermal ellipsoid diagram of structure of 2. Selected bond lengths,
(pm): Si1–C1 187.2(4), Si1–C6 186.8(4), Si1–Cl1 205.23(13), Si1–Cl2
207.01(13), Si2–C6 186.7(4), Si2–C31 183.5(4), C1–C2 136.1(5), C2–C3
150.7(5), C3–C4 135.3(5), C4–C5 152.0(5), C5–C6 156.2(5), C31–C32
131.5(6), Intramolecular angles, (°): C1–Si1–C6 111.8(2), Si1–C1–C2
118.8(3), Si1–C6–C5 105.9(2), C1–C2–C3 121.5(3), C2–C3–C4 122.7(3),
C3–C4–C5 122.2(3), C4–C5–C6 110.4(3), Si1–C6–Si2 118.4(2), C6–Si2–
C31 115.0(2), Si2–C31–C32 123.4(4), Cl1–Si1–Cl2 103.83(6), Cl3-Si2–
Cl4 107.32(8). Selected torsion angles, (°): C1–C2–C3–C4 51.3(5), Si1–
C1–C2–C3 20.7(5), C2-C3–C4–C5 3.9(5), C3–C4–C5–C6 289.8(4),
C4–C5–C6–Si1 55.5(4), C4–C5–C6-Si2 2172.9(2), C7–C1–C2–C13
7.5(5), C13–C2–C3–C19 51.2(4), C19–C3–C4–C25 7.8(5).

Scheme 2
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in the presence of a trapping reagent such as a 2,3-dimethylbuta-
diene gave only 2 without any addition product of buta-
1,3-diene across the SiNC bond. This result argues against the
alternative mechanism.

In contrast to the reaction described above, the reaction of 1
with phenylethynyltrichlorosilane proceeded normally to give
the silole 3,§ with no indication of formation of a seven-
membered ring, even when an excess of PhC·CSiCl3 was
present. The crystal structure of 3, shown in Fig. 2,‡ is very
similar to that for previously known siloles.6 The ring is nearly
planar, with a torsion angle C(1)–C(2)–C(3)–C(4) for the
butadiene moiety of 5.3°. The Si(1)–C(29) bond distance of
181.6 pm for 3 is shorter by ca. 3.6–4.6 pm than intra ring bond
distances of Si(1)–C(1) and Si(1)–C(4). The angle Si(1)–C(29)–
C(30) of 174.3° and the torsion angle Si(1)–C(29)–C(30)–C(31)
of 25.0° show that the Si–C·C–C moiety is non-linear; this
distortion may result from crystal packing forces.

Tetraphenylsilole and its polymers have been reported to
exhibit interesting photophysical properties.7 Surprisingly,
silacyclohepta-2,4-diene 2 is also photoluminescent. Com-
pound 2 and 3 exhibit two broad bands at ca. 300 and 380 nm
in their electronic absorption spectra, assignable to the buta-
diene moiety. As shown in Fig. 3, both 2 and 3 have a broad
emission band at ca. 380 nm in the fluorescence spectra.

Although several silacyclohepta-2,4,6-trienes8 and silacyclo-
heptenes9 are known, as are some dihydrobenzosilepins,10 2
appears to be the first example of a silacycloheptadiene. We
plan to extend the method used for the synthesis of 2 to prepare
other new silacycloheptadiene compounds and their polymers.

This research and the purchase of X-ray equipment and
computers used in this research were supported by grants from
the National Science Foundation. H. G. W. is grateful to the
Korea Science and Engineering Foundation (1999). The author
greatly acknowledges the advice and useful discussions pro-
vided by Professor Robert West (University of Wisconsin–
Madison).
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178-–180 °C. Selected data 1H NMR (300.133 MHz, CDCl3), d 6.70–7.55
(br m, 20H, Ph), 6.05–6.35 (br m, 3H, vinyl H), 3.77 (dd, 1H, J 14.0, 12.5
Hz), 3.28 (dd, 1H, J 15.4, 3.3 Hz), 2.17 (dd, 1H, J 14.0, 3.7 Hz); 13C{H}
NMR (75.403 MHz, CDCl3), d = 158.61, 140.70, 139.94, 138.89, 138.68,
138.51, 138.21, 131.60, 131.47, 130.62, 129.89, 129.51, 128.33, 128.00,
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(71.548 MHz, CDCl3), d = 10.58, 8.53; MS(EI): m/z (%): 608 (100) [M+],
481 (5) [M+ 2Si(CHNCH2)Cl2]. High-resolution MS: calc. for
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‡ Crystal data: for 2: C32H26Si2Cl4, Mr = 608.51, monoclinic, P21/n, a =
6.8402(3), b = 20.6247(9), c = 21.2353(10) Å, b = 92.484(2)°, V =
2993.0(2) Å3, Z = 4, Dc = 1.350 Mg m23, F(000) = 1256, l = 0.71073
Å, T = 133(2) K, crystal size 0.35 3 0.25 3 0.03 mm. Intensity data were
collected by the f-scan method (1.38 < q < 26.01°) on a Siemens P4
diffractometer equipped with a CCD area detector. From a total of 11579
measured data, 4952 were independent (Rint = 0.0377). The structure was
solved by direct methods and refined by the full-matrix least-squares
method on F2 using the SHELXTL+ program. R(Fo) = 0.0516, wR(F2, all)
= 0.1215, S = 1.204 for 4949 data and 343 variables.

For 3: C36H25SiCl, Mr = 521.10, monoclinic, P21/n, a = 9.1677(3), b =
16.5631(4), c = 18.6634(6) Å, b = 101.333(2)°, V = 2778.70(14) Å3, Z =
4, Dc = 1.246 Mg m23, F(000) = 1088, l = 0.71073 Å, T = 133(2) K,
crystal size 0.20 3 0.20 3 0.20 mm. Data were collected by the f-scan
method (2.54 < q < 29.17°) on a Siemens P4 diffractometer equipped with
a CCD area detector. From a total of 13288 measured data, 6555 were
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and refined by the full-matrix least-squares method on F2 using the
SHELXTL+ program. R(Fo) = 0.0394, wR(F2, all) = 0.1059, S = 1.022 for
6555 data and 343 variables.
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crystallographic files in .cif format.
§ Synthesis of 3: the method described for 2 was followed, using
PhC·CSiCl3 (5.1 g, 25 mmol). 3 was crystallized from diethyl ether as
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NMR (300.133 MHz, CDCl3), d = 6.82–6.89 and 7.00–7.54 (br m, 25H,
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4.99%. MS(EI): m/z (%): 520 (6) [M+]. High-resolution MS: calc. for
C36H25SiCl, 520.1414; found, 520.1390.
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Fig. 2 Thermal ellipsoid diagram of structure of 3. Selected bond lengths,
(pm): Si1–C1 186.2(2), Si1–C4 185.2(2), Si1–Cl1 205.89(5), Si1–C29
181.6(2), C1–C2 136.1(2), C2–C3 151.4(2), C3–C4 135.9(2), C29–C30
120.5(2), C30–C31 144.1(2). Intramolecular angles (°): C1-Si1–C4
95.35(7), Si1–C29–C30 174.3(2), Si1–C1–C2 105.19(11), Si1–C4–C3
105.34(11), C1–C2–C3 116.80(13), C2–C3–C4 116.95(13), C1–Si1–C29
115.11(7), C29–C30–C31 177.5(2).

Fig. 3 Fluorescence spectra of 2 and 3 at 1025 M in THF. Excitation was at
340 nm.
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A combination of palladium-catalysed N,O-acetal forma-
tion, ruthenium-catalysed ring-closing metathesis and N-
sulfonyliminium ion-mediated C–C bond formation con-
stitutes an efficient and versatile route to a set of
enantiomerically pure 2,6-disubstituted unsaturated pipe-
colic acid derivatives.

The pipecolic acid derivatives 1, heterocycles containing a
variety of functional groups, constitute an interesting compound
class. They are rigid amino acids and may therefore be used to
introduce conformational restriction in peptides.1 Furthermore,
this class of cyclic amino acid derivatives is a versatile starting
point for the construction of (libraries of) biologically active
compounds and for the synthesis of naturally occurring
alkaloids.2 Although a few approaches towards the synthesis of
such systems are known,3 general access to a wide range of
these types of amino acids is still rather limited. Here we present
an efficient and flexible route to the unsaturated 2,6-di-
substituted pipecolic acid derivatives 1 consisting of (i) a novel
amidopalladation reaction of an alkoxy-substituted allene to
form the allylic N,O-acetals 2a and 2b, (ii) Ru-mediated ring-
closing metathesis of these intermediates and (iii) selective
functionalisation at the 6-position via allylic N-sulfonyliminium
ion chemistry (Scheme 1).4 The starting material is enantiomer-
ically pure allylglycine (3), which is commercially available but
alternatively can be efficiently prepared in both enantiomeric
forms.5

This route was inspired by previous work in our group on the
synthesis of oxygen heterocycles, where one of the key steps
consisted of a highly efficient acetal formation via oxy-
palladation of methyl propadienyl ether.6 We envisioned that
formation of the corresponding N,O-acetals should be possible
in a similar fashion.7 However, treatment of Ts-protected
allylglycine methyl ester (4) with methyl propadienyl ether in
the presence of Pd(OAc)2 at 80 °C surprisingly led to the
undesired enol ether 5, formed by reaction of the tosylamide at
the least hindered g-position of the allene (Scheme 2).
Interestingly, a similar reaction with benzyl propadienyl ether8

did not require these refluxing conditions to proceed, but instead

went to completion in one hour at room temperature to
selectively give the desired N,O-acetal 2a in 85% yield.9 Most
probably, at higher temperatures the thermodynamic product is
formed, whereas at room temperature the kinetic product is
produced.

The N,O-acetal formation proceeded well for both the Ts- and
Ns (4-nitrobenzenesulfonyl)-protected allylglycine derivatives
(yield of 2b: 84%; both 2a and 2b were obtained as ca. 1+1
mixtures of diastereomers), but did not work satisfactorily for
the corresponding carbamates. It should be stressed that this
amidopalladation of benzyl propadienyl ether represents a novel
method of generating N,O-acetals. More general application of
this smooth reaction to convert sulfonylamides into the
corresponding N,O-acetals10 in principle paves the way to a
large variety of N-sulfonyliminium ion precursors.4

Having these stable diolefins in hand, the compounds were
subjected to standard ring-closing metathesis conditions using
the well-established Grubbs Ru–benzylidene catalyst11 to give
the desired cyclic N,O-acetals 6a and 6b in excellent yields as
ca. 1+1 mixtures of cis/trans-isomers (Scheme 3)

Treatment of this mixture with BF3·OEt2 at 278 °C led to
isomerisation of 6b to the thermodynamically more stable
vinylogous N,O-acetal 7,† which consisted of an 8+1 mixture of
cis/trans isomers. After comparison with literature data3c and
based on the observed NOE signals in the 1H NMR spectrum,
the major isomer was identified as the cis-product. This
isomerisation was a useful indication of the feasibility of
cationic reactions via such types of N-sulfonyliminium ions.

To establish CC-bond formation, precursors 6a and 6b where
treated with a variety of nucleophiles in the presence of different
Lewis acids. In Table 1, the results with BF3·OEt2 are shown,

† Electronic supplementary information (ESI) available: characterisation
data for compounds 7, 9 and 16. See http://www.rsc.org/suppdata/cc/b0/
b001253j/

Scheme 1 Retrosynthesis.

Scheme 2 Reagents and conditions: i, methyl propadienyl ether, Pd(OAc)2,
dppp, Et3N, MeCN, sealed tube, reflux, 50%; ii, benzyl propadienyl ether,
Pd(OAc)2, dppp, Et3N, MeCN, room temperature, 85%.

Scheme 3 Reagents and conditions: i, Cl2(Cy3P)2RuNCHPh, CH2Cl2, room
temperature; ii, BF3·OEt2, CH2Cl2, 278 °C, 90%.
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since this Lewis acid appeared superior in terms of selectivity
and yield. The most simple nucleophile (Et3SiH, entry 1)
provided selectively the unsaturated pipecolic acid 9 in 88%
yield. The enantiopurity of the product was checked by analysis
of the enantiopure and the racemic product with chiral HPLC
(as in all other entries) to confirm that racemisation during the
N-sulfonyliminium ion reaction does not take place. With
allyltrimethylsilane as the nucleophile (entries 2 and 3),
mixtures of 1,2- and 1,4-addition products were obtained, both
as single diastereoisomers. The stereochemistry of the 1,2-ad-
duct was assigned on the basis of 1H NMR NOE studies after
deprotection to the free amino acid (10% enhancement of H6
upon irradiation of H2 and vice versa) and was in accordance
with previously published observations.3a The cis-configuration
of the 1,4-adduct was concluded via comparison with 1H NMR
data of 7. The regioselectivity of this reaction could not be
influenced by using different Lewis acids, but instead by
applying the more reactive nucleophile allyltributyltin a highly
selective reaction took place at the six-position. In addition,
both trimethylsilylcyanide and 1,2-propadienyltributyltin12 (en-
tries 5–7) reacted solely and with complete diastereoselectivity
at the six-position to give the corresponding cyanide- and
propargyl-substituted product, respectively. Inversely, the
chloromethyl-substituted allylsilane (entry 8) provided again a
mixture of regioisomers.

Eventually, most of the Ns-protected products were con-
verted into the corresponding free pipecolic acid derivatives
(Scheme 4). A straightforward sequence involving (i) cleavage
of the sulfonamide with K2CO3 and PhSH, (ii) LiOH-mediated
hydrolysis of the ester and (iii) purification by ion exchange
chromatography yielded the cyclic amino acids in good to
moderate yields over these two steps without detectable
epimerisation of the stereocentres. Thus, a number of differently
substituted amino acid building blocks were obtained, including
the natural product baikiain (17: [a]D = 2182.6 (c 0.3, H2O);
lit.,132201.6 (c 1, H2O)) and the allylic sulfide 19, which arose
from nucleophilic substitution of the chloride during the
deprotection.

In summary, we developed a practical and concise transition
metal-catalyzed route to a variety of substituted pipecolic acid

derivatives including the natural product baikiain. At present,
we are further extending the scope of the cyclic N,O-acetals as
synthetic intermediates in different (metal-catalysed) types of
C–C bond forming reactions and are also exploring the
possibilities to apply these building blocks in natural product
synthesis.

DSM Research is kindly acknowledged for providing a
research grant to K. C. M. F. T. This research has been
financially supported by the Council for Chemical Sciences of
the Netherlands Organisation for Scientific Research (CW-
NWO).
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Scheme 4 Reagents and conditions: i, PhSH, K2CO3 DMF, room
temperature; ii, LiOH, MeOH–H2O (1+1), room temperature.
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In a novel series of soluble C60–oligo(naphthylenevinylene)
dyads both singlet–singlet energy transfer and intramo-
lecular electron transfer were found to take place and to
compete with each other.

Conjugated, polymeric semiconductors are effective and stable
electron-donor materials. Upon illumination of the polymer, a
valence band electron is excited across the band-gap into the
conduction band and generates a highly reactive donor state.
Charge separation evolving from the latter process is facilitated
by a possible charge delocalization within the polymer or by
structural relaxation. On the other hand, fullerenes also display
strong electron-acceptor properties in their ground and excited
states. In mixed composites of these two donor acceptor
materials ultrafast photoinduced electron transfer can occur
with high quantum efficiency.1 This feature attracted inter-
disciplinary effort to utilize conjugated polymer/C60 blends as
novel materials for photovoltaic cells (i.e. the conversion of
photon energy into electricity).2

The tendency of C60 to phase-separate and crystallize limits
its solubility in conjugated polymers. However, uniformity and
high quality of conjugated polymer/C60 thin films are essential
requirements for opto-electronic device applications. Thus,
soluble functionalized C60 derivatives have been synthesized in
an attempt to suppress the phase separation once these
derivatives are blended with the conjugated polymers.3

A viable alternative for fabricating stable bicontinuous
networks is the synthesis of molecular dyads4 and triads5

bearing conjugated oligomer moieties covalently linked to an
electron acceptor, such as a fullerene.6 Well structured
oligomers allow the possibility for mimicking the basic
structural and electronic properties of the related polymers and,
therefore, have emerged as interesting materials for opto-
electronic applications.7,8

Here, we report the preparation of a covalently linked
[60]fullerene–oligo-2,6-naphthylenevinylene (ONV) derivative
4 as well as that of the [60]fullerene–monomer analogue 6.
Furthermore, a detailed investigation of intramolecular energy
and electron transfer reactions in both dyads is presented.

Among the suitable procedures for the functionalization of
fullerenes, the 1,3-dipolar cycloaddition of azomethine ylides to
C60 emerged as an important methodology for the production of
stable fullerene derivatives.9 We have adapted this synthetic
approach for the preparation of dyad 4 which was obtained in
63% yield (i.e. based on recovered C60) by reacting sarcosine,
C60 and the formylsubstituted trimeric material 3 in refluxing
toluene for 24 h. Oligomer 3 was obtained from the dibromoder-
ivative 110 by using a two step reaction pathway. Treatment of
1 with copper cyanide in dimethylformamide11 under stoichio-
metric control led to a mixture of the monocyanoderivative 2
(49%) and dicyano derivative (21%) which were subsequently
separated by column chromatography. Reduction with DIBAL-
H at 278 °C of oligomer 2 yielded the aldehyde 3 in a 40% yield
(Scheme 1).

Reaction of 2-bromo-6-formyl-1,5-dihexyloxynaphthalene10

with [60]fullerene and sarcosine in refluxing toluene for 24 h
yielded dyad 6 (Scheme 1). The good solubility afforded by the

alkoxy chains allowed full spectroscopic and electrochemical
characterization of both dyads (4 and 6).

The redox properties of the fullerene-linked oligomers were
studied by cyclic voltammetry in toluene–acetonitrile (5+1 v/v)
at room temperature. Dyads 4 and 6 both exhibit an amphoteric
redox-active behaviour. In particular, they show an oxidation
wave at E1/2 ca. 1.4 V, (1.48 V for 3 vs. SCE) due to the
oxidation of the oligomer, and three quasireversible waves at
E1/2 = 20.59, 21.04 and 21.66 V corresponding to the
fullerene reduction.

The absorption spectra of dyads 4 and 6 in dichloromethane
solution disclose superimposed features of the C60 and the
trimeric or monomeric unit, respectively. Taking the electro-
chemical data and the absorption features into consideration, we
reached the conclusion that no significant interactions arise
between the two redox-active moieties in the ground state of the
combined units.

Relative to the strong emission of the oligomer references
[i.e. ca. 400 nm (5) and 430 nm (3)], the trimer and monomer
emission in dyads 4 and 6 is nearly quantitatively quenched.5
Instead, a familiar fullerene fluorescence spectrum was found
with a strong 0?0 emission at 715 nm, despite exclusive
excitation of the oligomer moiety (Table 1).12 To unravel the
mechanism of producing the emission, an excitation spectrum
was measured. The excitation spectra of dyads 4 and 6 were
exact matches of the ground state absorption of the oligomer (3)
and monomer (5) moieties with maxima at 412 and 360 nm
respectively. This implies that there is a rapid transfer of singlet
excited state energy from the photoexcited oligomer to the
covalently linked fullerene.

Scheme 1 Reagents and conditions: i, CuCN, NaI, DMF ; ii, DIBAL-H,
Et2O ; iii, C60, CH3NHCH2CO2H, Tol, heat.
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In ps-resolved transient absorption measurements, oligomer
3 and monomer 5 gave rise to a broadly absorbing transient with
a maximum at ca. 550 nm. On the ps timescale (i.e. up to 6000
ps), no significant decay of the excited state absorption was
observed. C60-oligomers 4 and 6, on the other hand, displayed
a drastically different behavior. The spectral features recorded
immediately after the laser pulse (i.e. maximum at ca. 550 nm)
clearly confirmed the excitation of the oligomer moieties. In
contrast to reference compounds 3 and 5, the excited state
absorption was short-lived. In particular, lifetimes of 66 and 53
ps for dyads 4 and 6 (Table 1), respectively, corroborated the
efficient emission quenching.

Once the rapid disappearance of the excited oligomer
absorption comes to an end (i.e. ca. 200 ps after the laser pulse),
only characteristics of the fullerene singlet excited state
absorption remain. The noted maximum (880 nm) is reminis-
cent of that found for a reference fulleropyrrolidine.13 In line
with an energy transfer mechanism the singlet–singlet absorp-
tion revealed a two step grow-in dynamics. The faster process
stems from the direct excitation of the fullerene core, while the
slower component is ascribed to the actual transfer of excited
state energy. The latter assignment is based on the nearly
identical dynamics [49 ps (4) and 45 ps (6)] observed for the
second components relative to those of the decays at 500 nm.

Another process follows the conclusion of the energy transfer
reaction, the outcome of which on the timescale of a few
thousand ps is the formation of a distinct, new maximum at 700
nm. This absorption is in excellent agreement with the triplet
excited state absorption of a fulleropyrrolidine reference, which
infers that the underlying reaction is an intersystem crossing
(ISC) from the fullerene singlet to the energetically lower-lying
triplet excited state.

In order to quantify the energy transfer, and to probe a
possible contribution from an electron transfer channel, triplet
quantum yields were measured in different solvents. The
quantum yields deviate substantially from unity (Table 1) and
are in the range of 57–63% for 4 and 72–83% for 6. It is
noteworthy that the values are particularly low in polar
solvents.

Taking the redox potential of the electron accepting fullerene
and those of the two oligomers into account (see above), the
possibility of electron transfer is thermodynamically feasible,
especially considering the high energies of the photoexcited
trimer (3; Esinglet = 2.88 eV) and monomer (5; Esinglet = 3.09
eV). None of the photoexcited fullerene states (i.e. Esinglet =
1.76 eV; Etriplet = 1.50 eV) should, however, be powerful
enough to initiate the intramolecular electron transfer and to
yield the charge-separated radical pair (Echarge-separated ca.
2 eV).

In the context of confirming the electron transfer mechanism,
the strong triplet–triplet absorptions (e700 nm = 16 100
M21cm21) should be noted, which dominate in large the ps and
ns spectra. Consequently, to obtain direct evidence in support of
the weaker absorbing radical pair (e1000 nm ca. 8000 M21 cm21)
subtraction of the triplet absorption features from, for example,
the ns spectrum became necessary. The resulting differential
absorption changes reveal a near IR-maximum at 1000 nm and
a visible-doublet at 660 and 800 nm, characteristics of the
reduced fullerene moiety and the oxidized oligomer,14 re-
spectively. Another argument for an intramolecular electron
transfer is the solvent dependence on the triplet quantum yields
mentioned above. Lower F-values in polar solvents correlate
with larger free energy changes (2DG°) for the associated
electron transfer and, in turn, indicate a stronger competition to
the energy transfer.

In summary, with a novel series of fullerene oligomer
composites, we have demonstrated that an intramolecular
electron transfer competes with the dominant singlet–singlet
energy transfer. This observation is in good agreement with the
thermodynamics of the investigated systems that predict a
highly exergonic energy transfer (2DG° ca. 1.25 eV) and a less
exergonic electron transfer reaction (2DG° ca. 1.0 eV). More
important, lowering the energy of the charge-separated radical,
by means of increasing the solvent polarity, enhances the
efficiency of the electron transfer channel.

We are indebted to the DGICYT of Spain (Project PB98-
0818) for financial support. Part of this work has been supported
by the Office of Basic Energy Sciences of the US Department of
Energy. This is document NDRL-4216 from the Notre Dame
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Table 1 Photophysical data of oligo(naphthylenevinylene)–fullerene
dyads

Fulleropyrrolidine Dyad 4 Dyad 6

Fluorescence max/nm 715,a 715b 715,a 715b 715,a 715b

Ffluor. C60 (Tol) 6.0 3 1024 4.68 3 1024 4.98 3 1024

Ffluor C60 (THF) 6.0 3 1024 3.56 3 1024 4.59 31024

kenergy/s21 —/— 1.51 3 1010c

2.04 3 1010d
1.89 3 1010c

2.22 3 1010d

ISC (Tol)/ns 1.35 1.21 1.2
Triplet max/nm 700 700 700
Ftriplet(Tol) 0.98 0.636 0.83
Ftriplet (THF) — 0.595 0.748
Ftriplet(PhCN) — 0.570 0.72
a In toluene. b In THF. c Measured at 550 nm. d Measured at 880 nm.
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Zero NOx emissions are obtained in the catalytic combustion
of simulated biomass mixtures containing substantial
amounts of ammonia by optimisation of NH3 oxidation and
NOx reduction using a 2%Rh–Al2O3 catalyst.

Renewable energy sources will be of increasing importance for
power generation in the future. Attempts have been made to
harness biomass-derived fuels for combined heat and power
generation.1–3 However, gasified biomass contains significant
quantities of NH3 (600–4000 ppm) in addition to substantial
amounts of CO (9.8–17.2%), H2 (9.8–13.2%) as well as CH4,
CO2, H2O and N2.3 The NH3 represents a particular challenge
since its combustion in the gas phase results in the formation of
an equivalent amount of NOx.

The environmental benefits of cleaner power generation has
prompted much interest in catalytically stabilised combustion to
reduce harmful emissions of nitrogen oxides (NOx) and unburnt
fuels.1,2,4 A key question is whether catalytic combustion of
biomass-derived gases can be controlled so as to avoid the
conversion of ammonia into NOx. The novel solution to this
problem which we have discovered,5 and which is reported
here, is to first oxidise all the ammonia to NOx and then utilise
the large excess of CO and H2 in the gas stream to reduce the
NOx to N2 through the NO/CO and NO/H2 reactions.

The catalyst used was 2%Rh–Al2O3 prepared by incipient
wetness impregnation of CK300 Al2O3 (ex Akzo, surface area
200 m2 g21). The dried Al2O3 (120 °C, 24 h) was impregnated
with Rh III nitrate (ex Johnson Matthey) and dried at room
temperature for 24 h, then at 120 °C for a further 24 h prior to
calcination at 700 °C in flowing O2/He for 12 h. A second
catalyst comprising 2%Rh–10%CeO2–Al2O3 was prepared by
sequential impregnation/calcination of Ce(NO3)3·6H2O fol-
lowed by Rh(NO3)3. Catalyst testing (60 mg, prereduced for 4 h
at 700 °C in CO/H2/He) was performed in a standard quartz
flow microreactor at a GHSV of 240000 h21. Product analysis
was by mass spectrometry (Hiden DSMS) with NOx emissions
and residual NH3 levels being corroborated using an external
NH3 oxidation reactor (with independent oxygen supply)
coupled with a NOx chemiluminescence detector (Signal series
4000).

A conventional direct oxidation of NH3 over 2%Rh–Al2O3 at
typical gasifier output temperatures (Fig. 1) shows a low
conversion initially but with a high selectivity to N2. However,
whilst both conversion and N2 yields increase with temperature,
N2O and NO are also formed. N2O and N2 concentrations peak
at ca. 375 °C (ca. 85–90% N2) before decreasing, consistent
with previous results,2,6 whilst NO formation is seen to increase
steadily with temperature to become the major product at T >
500 °C. Fig. 1 therefore illustrates the difficulty of selectively
oxidising NH3 by conventional methods.

However, such problems may be overcome by making use of
the other components of the biomass gas, namely CO and H2
and by controlling the process conditions. Thus, catalytic
reduction of NO by CO is very facile,7 and the reduction of NOx

by H2 has also been demonstrated.8 Therefore, if NH3 is first
oxidised to NOx, the other components of the biomass gas (CO
and H2) could be used for the catalytic reduction of NOx to N2.
Hence by coupling NH3 oxidation with NOx reduction in an
oxygen-limited environment it should be possible to convert

NH3 completely to N2 in a pseudo-two-stage process. Thus, the
strategy we propose is to first catalyse the complete oxidation of
the NH3 to NOx in a limited amount of O2, followed by catalytic
reduction of NOx by the CO or H2 present in the biomass gas.

The main challenge is to selectively oxidise NH3 in the
presence of a large excess of CO and H2. Our success in
achieving this with a Rh catalyst is illustrated in Fig. 2. This
shows that conversion of NH3, rather than reaction selectivity,
is the limiting factor for the selective oxidation. Thus, at low
temperatures NH3 does not react but H2 and CO are very
reactive. In contrast, at higher temperatures, the NH3 begins to
react and by around 600 °C the conversion of ammonia is
effectively 100% whereas the combustion of H2 has dropped to
close to zero. Of course, the overall levels of oxidation are
limited, deliberately, by controlling the O2 concentration.
Clearly, with this catalyst the selective oxidation of NH3 to NOx

in the presence of a large excess of CO and H2 has been
achieved. The second stage, namely, the reduction of the NOx

Fig. 1 Nitrogen-bearing products and NH3 conversion for the selective
catalytic oxidation of NH3 over 2%Rh–Al2O3 (1000 ppm NH3, 18% O2,
balance He). Key: 8, N2; ”, N2O; ∆, NO; 2, NH3 conversion.

Fig. 2 Conversion profiles for the O2 lean combustion of simulated biomass
over 2%Rh–Al2O3 (1000 ppm NH3, 0.275% O2, 1.02% CO, 0.68% H2,
balance He). Key: 2, NH3; 8, CO; ”, H2, 5, NH3 as determined by
external oxidation reactor/chemiluminescence.
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by residual CO and/or H2 occurs sequentially within the same
bed of catalyst because the only nitrogen-containing product
detected is N2. This methodology has also been examined for its
efficacy under more severe conditions for extended periods with
minimal loss of activity (Table 1) underlining its potential for
commercial application. Moreover it should be stressed that in
case of the 2%Rh–10%CeO2–Al2O3 catalyst, a significantly
higher CO/H2 concentration was employed, which in theory
should mitigate against the activation of the NH3 due to
significantly enhanced competition for active sites, when in fact
this sample exhibited almost no deactivation over the duration
of the experiment.

In conclusion, we have developed a strategy for the complete
removal of NH3 from biomass-derived gases by coupling the
total oxidation of NH3 with the reduction of NOx by CO and/or
H2. Experiments have demonstrated that the concept is viable
and provides a novel way to overcome the environmenal
problems associated with the direct combustion of biomass-
derived gas. The strategy is equally applicable to any compara-
ble gasification gas (from coal, or from other renewable
sources). Future work will examine the potential poisoning
effects of sulfur, alkali metals and chloride ions on activity,
although given the net reducing conditions employed in this
new process the impact of the former is expected to be limited

given previous experience of the negligible effect of sulfur on
3-way catalysts.9
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Table 1 Lifetime performance of (1) 2%Rh–Al2O3 and (2) 2%Rh–10%CeO2–Al2O3

Entry %O2+CO/H2+H2O %N2 at 1 h %N2 at 2 h %N2 at 3 h %N2 at 4 h %N2 at 5 h

1 0.275+1.7+0 98.3 97.5 96.7 96.6 96.6
2 0.275+8.9+2.5 100 100 100 99.9 99.8
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Density functional theory calculations have been performed
on Pt, Pd and Ni {111} surfaces showing a considerable
difference in adsorption energies for different sites on Pd
and Ni while Pt shows an almost uniform adsorption energy
which may be linked to the difference in activity of the these
metals for hydrogenation.

Platinum, palladium and nickel, despite their close structural
relationship and their proximity in the periodic table, show
several significant differences in their chemistry. For example,
for a given olefin the ease of hydrogenation over metal catalysts
decreases in the order Pd > Rh > Pt > Ni > > Ru.1 Under low
hydrogen pressure conditions olefin isomerisation can also
occur. Pt shows little isomerisation activity while Pd (together
with Ni) promotes double bond migration via the formation of
p-allyl intermediates. The degree of isomerisation over metal
catalysts tends to decrease in the following order: Pd > Ni >
Rh > Ru > Os  Pt .2,3 From this data it is clear that there are
significant differences in the interaction of olefins and/or
hydrogen with the metal surfaces. In this study we focus on one
aspect of these differences, the interaction of hydrogen.

Molecular hydrogen adsorbs dissociatively on most transi-
tion metal surfaces with heats of chemisorption of between 30
and 60 kJ mol21 (per H atom). Owing to its small size it can
enter a metal surface fairly deeply leading to strong perturba-
tions of the electronic structure. In most cases, including Pt and
Ni, this only results in a relaxation of the first few atomic layers.
However, some metals, including Pd, undergo a surface
reconstruction which can lead to bulk absorption and the
formation of PdH. The presence of sub-surface hydrogen in Pd
has been illustrated by both temperature programmed deso-
rption (TPD)4 and H–D exchange reactions.5

Here, we consider the energertic differences between hydro-
gen atoms adsorbed at alternative sites of the clean {111}
surfaces of Ni, Pd and Pt. We have employed the periodic plane
wave pseudopotential density functional theory (DFT) method
as implemented in the code VASP (Vienna Ab initio Simulation
Program).6 The Kohn–Sham equations are solved self con-
sistently within the generalised gradient approximation, using
the parameterisation derived by Perdew et al.7 k-Point sam-
pling, obtained using the Monkhorst–Pack scheme,8 was used to
treat the extended electronic states of the metal band structure
with convergence accelerated using second order Methfessel–
Paxton smearing9 with a width of 0.1 eV. In this study a k-point
grid of 5 3 5 3 1 was used which has been shown to provide
accurate results.10

The {111} surfaces were constructed using the calculated
equilibrium lattice constants of 3.990 Å (Pt), 3.950 Å (Pd) and
3.526 Å (Ni). These compare well with the experimental values
of 3.924 Å (Pt), 3.891 Å (Pd) and 3.524 Å (Ni). A p(2 3 2)
surface unit cell with three atomic layers, containing 12 metal
atoms, was constructed. A vacuum gap equivalent to three
layers was introduced to create the surfaces (one each side of the
slab) with one hydrogen atom placed on one side of the slab

corresponding to a surface coverage of 0.25 of a monolayer. The
position of the hydrogen atom at each adsorption site was
optimised with the metal surface held rigid. The adsorption
energy is defined as the energy released on adsorption and is
given by

Eads = 2 [E(M + H) 2 E(M) 2 1⁄2 E(H2)]

Where E(M + H) is the energy of the hydrogen adsorbed on the
metal, E(M) is the energy of the bare metal slab and E(H2) is the
energy of a gas phase H2 molecule. A positive value of Eads
implies that chemisorption from gas phase H2 is thermodynam-
ically favourable.

Fig. 1 shows a plan view of the {111} surface illustrating the
four adsorption sites examined, the atop, bridge, fcc hollow and
hcp hollow. Table 1 lists the adsorption energies and structures
of hydrogen adsorbed onto each on these sites on the {111}
surfaces of Ni, Pd and Pt. The differences in the influence of the
H coordination on the adsorption energy for different metals is
striking.

The adsorption onto the {111} surface of Ni increase with the
coordination number of the hydrogen atom. The most stable site
is the three-fold hcp hollow site (63.8 kJ mol21) closely
followed by the three-fold fcc site (63.6 kJ mol21). The least
stable is the atop site (10.1 kJ mol21) with the two-fold bridge
site having an intermediate value (51.4 kJ mol21). The Ni–H
bond lengths also follows the coordination number with the
singularly coordinated atop site having the shortest bond and the
three-fold hollow sites the longest bonds. Table 1 also lists the
height Z(h) of the H atom above the first surface layer, clearly
demonstrating that the atop hydrogen is significantly above the
surface.

The results for Ni are in good agreement with experiment.
Christmann et al.11 found an adsorption energy of 49 kJ mol21

while the stability of the hcp and fcc sites is consistent with the
observed c(2 3 2)-2H structure.12 Previous ab initio calcula-
tions13 at a coverage of q = 1, gave rise to the same trend in the
adsorption energy with the higher coordinated sites having the
largest adsorption energies.

† Current address: Department of Chemistry, Trinity College, Dublin 2,
Ireland. E-mail: watsong@tcd.ie

Fig. 1 Schematic illustration of the four adsorption modes for hydrogen
investigated on the {111} surfaces of nickel, palladium and platinum. The
one-fold atop site, the two-fold bridge site and the three-fold hollow sites
(hcp and fcc) with the metal atoms not shown to scale so that the top, second
(dark) and third (light) metals layers are clearly visible.
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Adsorption on the Pd {111} surface follows closely the
results obtained for Ni {111} but with slightly lower adsorption
energies. In this case the fcc hollow site (49.1 kJ mol21) is
slightly more stable than the hcp hollow site (45.2 kJ mol21).
The bridge site is again slightly less stable (36.4 kJ mol21) and
the atop site the least stable (3.1 kJ mol21). These results are
consistent with thermal desorption spectroscopy,14 which gave
an adsorption energy of 43.4 kJ mol21, and low energy electron
diffraction15 (LEED) which suggests that the hydrogen occu-
pies the fcc hollow site with a Pd–H distance of 1.78–1.80 Å.
Previous calculations13.16,17 also identified the hcp hollow site
as the most stable with the stability reducing as a function of the
coordination of the hydrogen. In the previous computational
studies, the effect of surface relaxation was also investigated
and found to be very small thus justifying our use of rigid
surfaces.

For the Pt {111} surface the results are significantly different.
All four adsorption sites have very similar energies, around 44
kJ mol21 which is also in good agreement with micro-
calorimetric experiments on hydrogen adsorption to Pt pow-
ders18 (45 kJ mol21). Although there is no relationship between
the adsorption energy and the coordination number, surpris-
ingly, the Pt–H distance follows the same trend as for the Ni and
Pd with the atop site the shortest and the hollow sites the
longest. For Pt {111} there are no previous ab initio calculations
with which to compare.

From this it is clear that the interaction of hydrogen with the
surface of Pt is significantly different to Pd and Ni. This is likely
to have significant implications for reactions involving hydro-
gen on the surfaces of these metals. The atop will be more
accessible for reacting with other adsorbed species and for Pd
and Ni it is clear that hydrogen will not occupy this site. For Pt
the atop site is in fact the most stable (although only marginally)
implying that both the atop site and the hollow sites will be
significantly populated and thus hydrogen will be more
accessible for reaction.

More significantly the similar adsorption energies for all sites
on Pt imply that the diffusion of hydrogen across the surface
will be more rapid than for the other two metals. Recent
experimental evidence to this effect has been obtained from
quasi-elastic helium scattering.19 If a hydrogen atom is located
on a fcc hollow site on the {111} surface it will have to pass
through either an atop or bridge site to diffuse across the
surface. For Pt {111}, the energy of these sites is almost
identical, and thus the energy barriers to diffusion are likely to
be small. For Pd and Ni, the lowest energy pathway is through
the bridge site, which is less stable than the fcc hollow site by 12
kJ mol21 for Ni and 13 kJ mol21 for Pd, compared to a
difference of only 1.5 kJ mol21 on Pt {111}. Diffusion over the
Pd and Ni {111} surfaces will thus be hindered since H

adsorbates have to pass through the bridge site creating a
significant energy barrier compared to that on Pt. Evidence for
this effect can be found in the isomerisation data presented
earlier. At low partial pressure of hydrogen Pd and Ni allow
olefin isomerisation while Pt does not. This can be explained by
the rate of the hydrogenation reaction on Pd and Ni being
limited by the transport of hydrogen to the reaction site. On Pt,
owing to the faster diffusion, hydrogen transport will not be a
significant factor.

The results presented indicate that there are fundamental
differences in the interaction of hydrogen on the surfaces of
platinum, paladium and nickel, and that these differences may
contribute to the differences in the hydrogenation activity.
While we have not considered sub-surface hydrogen in our
calculations on Pd, the similarity of our results for Pd and Ni,
where sub-surface hydrogen is known to be less important,
suggest that our conclusions regarding the surface hydrogen
species are valid.

We would like to thank the EPSRC IMI, Synetix, Johnson
Matthey, BP-Amoco, Cambridge Reactor Design, Molecular
Simulations Inc and OCF for financial support.
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Nickel

Atop Bridge hcp hollow fcc hollow

Eads/kJ mol21 10.1 51.4 63.8 63.6
Ni–H distance/Å 1.469 (31) 1.626 (32) 1.708 (33) 1.708 (33)
Z(H)/Å 1.47 1.04 0.92 0.92

Palladium

Eads/kJ mol21 3.1 36.4 45.2 49.1
Pd–H distance/Å 1.552 (31) 1.725 (32) 1.818 (33) 1.818 (33)
Z(H)/Å 1.552 1.012 0.840 0.838

Platinum

Eads/kJ mol21 44.8 42.4 43.2 43.9
Pt–H distance/Å 1.565 (31) 1.772 (32) 1.876 (33) 1.875 (33)
Z(H)/Å 1.565 1.071 0.927 0.922
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The pH dependent ligation of a pendant arylsulfonamide
group allows switching between the q = 0 and q = 2 states
to be reported by changes in lanthanide luminescence
emission over the pH range 5.5–7.5 and in the presence of
serum albumin.

The behaviour of responsive luminescent lanthanide complexes
is being studied actively at present, in which changes in the
lanthanide emission intensity, lifetime or polarisation are used
to signal selectively concentration variations of a target
analyte.1,2 Particular attention has focused on well-defined,
kinetically stable Eu and Tb complexes, and examples of pH,3
pO2

4 and pX5 dependent luminescence have been reported in
high salt aqueous media. These cases rely upon a perturbation
either of the singlet or triplet excited states of the sensitising
chromophore or the longer-lived 5D0 and 5D4 states of Eu and
Tb respectively (Scheme 1). In the latter case, the lifetime and
emission intensity are primarily determined by the nature and
proximity of energy-matched XH oscillators, which quench the
lanthanide excited state by vibrational energy transfer.6 Thus
reversible binding of HCO3

2 to di-aqua Eu or Tb complexes of
chiral heptadentate ligands, causes displacement of the bound
water molecules and an enhancement in emission intensity and
lifetime as well as marked changes in emission polarisation.5b

We now report a new example of controllable modulation of
lanthanide luminescence, whereby variations in pH allow a
switching between q = 0 and q = 2 states associated with the
on/off ligation of an arylsulfonamide group (Fig. 1). Fur-
thermore, by varying the structure of the macrocyclic ligand,
competitive binding by endogenous anions and proteins may be
suppressed, thereby paving the way for the development of
complexes which operate directly in ‘biological’ samples (e.g.
serum).

For the preparation of the initial target complexes (Fig. 1),
advantage was taken of the ring opening reaction of N-p-
methoxyphenylsulfonylaziridines with secondary amines.7 For
example, reaction of N-p-trifluoromethylphenylsulfonyl-azir-
idine with 1,4,7-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetra-
azacyclododecane in MeCN followed by TFA deprotection and
metal complexation (LnCl3, H2O, pH 6) yielded the desired
complexes.8 The rate constants for decay of the Eu (and Tb)

complexes were measured at pH 10 and 4 (lexc = 270 or 397
(Eu)/355 (Tb); 295 K) and gave values (Table 1) that are
consistent with hydration states q, of 0.2 at pH 10 and 1.6 at pH
4. Profound changes in the form and intensity of the Eu
emission spectra, especially the hypersensitive DJ = 2 and DJ
= 4 transitions also characterised this pH change. In addition
the Eu and Tb spectra, following sensitised excitation, were
much more intense in the q = 0 régime, as not only the
quenching bound OH oscillators have been displaced but also
the aryl chromophore is much closer to the Ln centre, enhancing
the efficiency of the intramolecular energy transfer step
(Scheme 1). In accord with the hypothesis, quantum yields
following excitation at 270 nm of 0.39% (pH 10) and 0.11% (pH
4) were recorded for [Eu·1] (R = OMe; 295 K, H2O), and the
corresponding values for [Tb·2] were 3.5% (pH 10) and 0.17%
(pH 4).

† Electronic supplementary information (ESI) available: examples of
representative spectra of Eu and Tb complexes and their pH dependence.
See http://www.rsc.org/suppdata/cc/b0/b001629m/

Scheme 1

Fig. 1 pH Dependence of the europium luminescence (I/I0) of [Eu·1] at 295
K (1 mM complex, 295 K, 0.1 M NaCl; lexc = 270 nm; lem = 612 nm (DJ
= 2); solid lines show the fit to the experimental data).

Table 1 Rate constants k (ms21) and hydration states q, for decay of the
lanthanide luminescence at limiting pH values (295 K, I = 0.1 M NaCl)

pH/D 4 pH/D 10

Complex kH2O kD2O
a qa kH2O kD2O q

[Eu·1](pCF3) 2.35 0.76 1.6 1.09 0.74 0.1
[Eu·1](pMe) 2.27 0.70 1.6 1.20 0.80 0.2
[Eu·1](pOMe) 2.32 0.66 1.7 1.43 0.93 0.3
[Eu·2] 2.21 0.65 1.6 1.11 0.72 0.2
[Tb·2] 0.90 0.56 1.4 0.45 0.40 0
a q Values were estimated using the equations qEu = 1.2 (kH2O 2 kD2O

20.25), qTb = 5 (kH2O 2 kD2O 20.06), which allow for contribution of
unbound water molecules.6a Non-integral values may reflect the presence of
a coordination equilibrium between the q = 1 and 2 states6b or the presence
of a relatively ‘long’ Ln-OH2 bond.6a
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Variation of the p-substituent in the arenesulfonyl group
determines the basicity of the sulfonyl nitrogen and hence the
pH at which protonation of the complex occurs. The pH
dependence of the luminescence emission intensity was meas-
ured (295 K, I = 0.1 M, NaCl) for the series of terbium and
europium complexes, (Fig. 1), showing behaviour in accord
with the change in basicity at N. Thus the p-CF3 europium
complex gave a pKa of 5.7 (±0.05) and the p-Me/p-OMe
analogues yielded values of 6.4 and 6.7 respectively. The large
pH-dependent changes in the form and intensity of the Eu
emission allows the precise definition of pH (amenable in
principle to multivariate calibration) with an estimated toler-
ance of ±0.1 pH units.

A limitation to the application of such complexes in a mixed
salt or ‘biological’ background is the competititve binding of
oxyanions (e.g. HCO3

2, HPO4
22 and lactate/citrate) or proteins

(e.g. human serum albumin) to the q = 2 complex.9 In order to
obviate this problem, polyanionic analogues of the macrocyclic
ligand were prepared by introduction of a carboxyethyl
substituent a to three of the ring nitrogens.8,10 The resultant
complexes are tri- or tetra-anionic, inhibiting intermolecular
anion binding to the q = 2 state. The pH-dependence of the
terbium emission intensity (Fig. 2) was the same in 0.1 M NaCl
and in a simulated ‘clinical-anion’ background—with an
apparent pKa of 6.7 (295 K). Moreover in the presence of an
excess of human serum albumin (0.2 mM complex; 2 mM HSA)
there was no change in the form and relative intensity of the Eu
complex emission spectrum at pH 7.4, 6.9 and 5.5; the emission
decay curves were also identical for each of these pH values.

Such behaviour augurs well for the application of such
complexes in the pH determination of serum samples, for which
longer wavelength excitation (e.g. lexc = 355 nm) may be
achieved by using a 6-phenanthridinesulfonyl group as an
antenna chromophore. Moreover, the characteristics of the Eu/
Tb complexes strongly suggest that the corresponding Gd
complexes may be used as contrast agents to report pH changes
in vivo. This aspect will be reported in a subsequent commu-
nication.

We thank the EPSRC, BBSRC and the COST-D18 action for
support and Professor Silvio Aime for discussions on parallel
work on Gd complexes of alkylated DO3A ligands.
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Fig. 2 pH Dependence of the terbium luminescence (I/I0) of [Tb·2] at 295
K [1 mM complex; filled circles: 0.1 M NaCl, 30 mM NaHCO3, 2.3 mM Na
lactate, 0.13 mM citrate, 0.9 mM NaH2PO4; lexc = 272 nm, lem = 541 nm
(DJ = 1); open circles: 0.1 M NaCl only; pKa = 6.7 (±0.06)].
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Attachment of lateral carboxylate chains to polycatenar
stilbazole complexes of palladium(II) unexpectedly leads to a
series of materials with only nematic phases.

In the study of liquid crystals in general, a major objective is to
be able to control the liquid-crystalline properties of a material
via control of the molecular structure. As the subject advances
and new types of molecules showing liquid-crystal properties
appear, so there is a need to establish whether new structure–
property relationships apply or whether existing principles are
sufficient to understand the observed behaviour. Two of the
more exciting areas of development in recent years have been
the emergence of liquid crystals based on metal complexes1 and
the synthesis of polycatenar mesogens.2

In the former case, the field has developed rather rapidly in
the last 10 years and mesogens based on metals with
coordination numbers from 2 to 9 are known showing all the
major phase types and exhibiting phase types and properties
known for organic systems, such as ferroelectricity.3 In
addition, it is interesting to note that because of the presence of
the metal centre in the molecule, the substitutional possibilities
are enhanced over those offered by purely organic systems
leading to materials with interesting geometric arrangements.
Polycatenar liquid crystals can be defined as those with a rod-
like core which possess three or more terminal chains. Much of
the interest arises as these systems can show the nematic and
lamellar mesomorphism characteristic of calamitic mesogens as
well as the columnar mesomorphism characteristic of disk-like
systems. This is best shown in systems where there are four
terminal chains (tetracatenar mesogens) with each end of the
molecule carrying two of these in the 3- and 4-positions of the
terminal phenyl rings. In such a case, an individual mesogen can
show either nematic or smectic C mesophases at short chain
lengths and columnar phases at long chain lengths, with cubic
phases sometimes being seen at intermediate chain lengths. A
good example of this progression across a phase diagram is
provided by some 5,5A-disubstituted-2,2A-bipyridines which we
reported in 1998.4

We have for some time been interested in metal complexes of
alkoxystilbazoles and have reported mesomorphic systems
based on Ag(I),5 Ir(I) and Rh(I),6 Pd(II) and Pt(II).7,8 In
particular, we draw attention to a comparison which can be
made between some complexes of Ag(I) and related systems
based on Pd(II) (Fig. 1). Thus, we have reported9 that Ag(I)
complexes of 3,4-dialkoxystilbazoles bearing dodecylsulfate
counter-anions (Fig. 1, 1) show either a cubic or columnar phase
depending on the chain length of the stilbazole. We have
interpreted this behaviour in terms of the mesomorphism of
polycatenar mesogens, but we notice that in the phase diagram,
there is no sign of a smectic C phase which would be expected
at shorter chain lengths. This may well be due to the presence of
the dodecylsulfate anion acting as a lateral chain. Analogous
complexes of 3,4-dialkoxystilbazoles have also been syn-

thesised on palladium(II)8 (Fig. 1, 2) and this time we found a
smectic C phase at shorter chain lengths and a columnar phase
at longer chain lengths, but with no complexes showing both
phases and no cubic phase at intermediate chain lengths.

We were interested, therefore, to see whether we could
understand these differences in purely structural terms and so
we set out to synthesise some stilbazole complexes of
palladium(II) bearing lateral chains. In order to do this, we
adopted an approach which we had used previously, namely to
react the stilbazole with palladium carboxylates, [Pd(O2C–
CmH2m+ 1)2], obtained from [Pd(OAc)2]3 and the carboxylic
acid.10 A number of palladium carboxylates can be obtained in
this way and so reaction with 2 equiv. of dialkoxystilbazole will
lead to the complexes shown in Fig. 2.

The reasons we adopted this approach were to do with ideas
about the factors controlling the formation of lamellar, cubic
and columnar phases in polycatenar mesogens. Thus, arguments
are presented in which the curvature at the interface between the
rigid core and the alkyl chains (Fig. 3) determine the mesophase
formed in a manner analogous to that described for lyotropic
systems.11 Thus, at short chain lengths, there is no imbalance
between the volumes of the core and the chains, no interfacial
curvature and hence no barrier to the formation of a lamellar
phase. However, at longer chain lengths, the volume required by
the chains becomes much greater than that required by the core
and so an interfacial curvature is established. When this
curvature is large, the smectic layers are disrupted and columnar
phases can form, with the columnar repeat unit being an
aggregate of typically three or four molecules as shown in Fig.
4. At intermediate curvatures, cubic phases may form. Thus, it

† Present address: IPCMS, Groupe des Materiaux Organiques, 23 rue du
Loess, BP 20CR, 67037 Strasbourg cedex, France.

Fig. 1 Structure of dialkoxystilbazole complexes of Ag(I) and Pd(II).

Fig. 2 Structure of the palladium complexes with lateral chains.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b001268h Chem. Commun., 2000, 709–710 709



is possible to view phase formation as being dependent on the
balance between the volume of the mesogen core and its
chains.

We therefore speculated that in the case of the palladium
mesogens, the rate of change of the volume of the chains (four
methylene groups per homologue – i.e. about 108 Å3) was quite
rapid for the size of the core and so the transition from lamellar
to columnar behaviour would be rather rapid as a function of the
chain length accounting for the fact that this transition happens
at a given chain length. Therefore, we reasoned that we could
influence the volume of the core by introducing lateral
substituents, and so modulate the effect of the increase in the
chain volume. To this end, we synthesised a number of
complexes 3 (Fig. 2) in which we varied the stilbazole chain
length and the carboylate chain length.

The results are summarised in Table 1 and show somewhat
unexpected phase behaviour. Thus, for all dialkoxystilbazoles
examined with all carboxylates from butanoate upwards
(shorter carboxylates did not give mesomorphic materials), only
a nematic phase was seen. Previously, Maitlis and coworkers7a

had shown that palladium complexes of monoalkoxystilbazoles
with lateral carboxylates gave nematic phases, consistent with
the known behaviour of organic systems where the introduction
of lateral chains suppresses smectic phase formation.12 Other
examples of lateral substitution in metallomesogens may be
found as compounds 24–39 in ref. 1a. However, here we are
dealing with a polycatenar mesogen and so we might expect the
lateral chains to behave differently, particularly when the chain
length on the stilbazole was long. Thus, we might have expected
to see a smectic C or columnar phase depending on whether the
chains added to the core or radiated out, respectively. Curious
then to pursue this further, we extended the approach by
accessing the complexes 4 in whch we used a 3,4,5-trialk-
oxystilbazole ligand. All of the palladium dichloride complexes
of these ligands which were mesomorphic showed a columnar
mesophase8 and so we reasoned here that by increasing the
volume of the core with the lateral chains, it would be possible
to find smectic C or even cubic phases. Alternatively and
perhaps most likely, the complex would simply behave as a
classical discotic mesogen with eight peripheral chains and
continue to show a columnar phase. Table 1 shows that even
these thoughts were misplaced and once more we found

complexes which showed only the nematic phase. Thus, for
compounds of this type with six or eight peripheral chains to
show only nematic phases is, we believe, unprecedented.

The questions now arise as to the nature of the nematic phases
of these complexes and why they arise. Are the nematic phases
of complexes 4 ‘discotic nematic’ or are they composed of more
rod-like systems, i.e. how are the chains arranged? What is the
behaviour of the lateral chains in these systems which causes the
formation of only nematic phases irrespective of the nature of
the ligands and unrelated to the phases formed by the parent
dichloride systems? These are clearly quite unique materials
which require further detailed study both to ascertain why
nematic phases are formed exclusively and how their meso-
morphism contributes to the understanding of the mesomorph-
ism of polycatenar liquid crysals. It is also important to note that
a study of this type is greatly facilitated by the substitutional
possibilities offered by the metal centre.

We thank the University of Exeter and the DAAD for support
and Johnson Matthey for generous loans of precious metal
salts.
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Fig. 3 Schematic to show the origin of the interfacial curvature in
polycatenar mesogens.

Fig. 4 Schematic to show the break-up of a lamellar structure into columnar
units.

Table 1 Thermal data for the new complexes

n m Transition T/°C

Compound 3
6 3 Crys–I 181 (decomp)

12 3 Crys–N 111
N–I 123

6 5 Crys–N 125
N–I 131

12 5 Crys–N 95
N–I 109

6 7 Crys–N 115
N–I 123

12 7 Crys–N 90
N–I 100

Compound 4
14 3 Crys–N 69

N–I 77
14 7 Crys–I 55

(N–I) (53)
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Cl2C[P(O)(OMe)2P(O)(OMe)(O2Z+)] selectively reacts with
acetyl chloride to provide a new enzymatically stable
heterocyclic bis(bisphosphonate); the structure is confirmed
by X-ray crystallography.

Methylenebisphosphonates (MBP), such as clodronate
(Cl2MBP), are an important class of drugs which have proven to
be effective in the treatment of various diseases of bone and
calcium metabolism including Paget’s disease, non tumor-
induced hypercalcaemia, and osteoporosis.1 Recently, we
reported2 the synthesis and in vitro evaluation of clodronic acid
dianhydrides as bioreversible prodrugs of clodronate. Explora-
tion3 of new strategies to prepare clodronate anhydrides lead us
to a discovery of the selective synthesis of a new cyclic
bis(bisphosphonate) anion 2. The prepared dimer is the first
approach to the self-prodrug of clodronate in which the number
of promoities are minimised. We report here the selective
synthesis and the X-ray structure of a stable cyclic dimer of
clodronate, and its stability in aqueous buffer and human
plasma.

Triester 1 (0.206 mmol), prepared by known method,4
reacted selectively with acetyl chloride (2.196 mmol) in dry
acetonitrile (4.0 ml) under reflux for 2 h to give a cyclic
bis(bisphosphonate). The mixture was concentrated in vacuo,
dissolved in CH2Cl2 and extracted once with cold water to give
[NMeBu3]22† as a colourless oil in 92% yield after evaporation
of the aqueous phase (Scheme 1). The backbone structure was
assigned by 31P NMR spectroscopy, where peaks with in-
tensities of 1+2+1 appeared as two doublets at d 1.78 (2JPP
16.9 Hz) and 22.17 (2JPP 42.6 Hz), and a triplet of doublets at
d 217.58 (ring phosphorus). This structure was confirmed by
X-ray crystallography‡ (Fig. 1).

This type of selective and quantitative cyclisation reaction is
rather unusual.5–8 According to NMR studies, the reaction starts
with the removal of the methyl group (first step) as MeCl from
the anionic phosphorus 1 to form monoacetyl compound 3. The
formation of anionic bisphosphonates 4–9 was also detected
during the reaction by 2D 31P NMR P,P-COSY. However, all
these species led to selective formation of 2.

X-Ray diffraction study of [NMeBu3]22 showed a strained
six-membered ring as a consequence of the O13–P1–C1 and
O23–P2–C1 angles of 98.8°, 6° smaller than for acyclic
derivatives.9 The bond angle distortion of P1–O13–P3 is ca. 15°
wider than in non-cyclic derivatives.9 The stability of the cyclic
structure is likely due to the short hydrogen bonds between

O12–O43 and O21–O42. Moreover, the two oxygens bonds,
O11(O22) and O12(O21) at P1(P2), are short (1.466 and
1.490 Å) indicating a strong double bond character for both
bonds. Other bond lengths are within normal ranges.

The usefulness of the cyclic structure as a prodrug was
investigated in aqueous buffer and human plasma. Ring 2 was
cleaved to an acyclic dimer 10 (Scheme 2) in 50 mM aqueous

Scheme 1 Preparation of 2.

Fig. 1 Crystal structure of the anion 2.

Scheme 2
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phosphate buffer solution at 37 °C. The half-lives for chemical
degradation of 2 were 60 min (pH 5.0) and 63 min (pH 7.4).
Further hydrolysis of dimer 10 to clodronate was not observed
during 9 h at pH 7.4. Compounds 2 and 10 are resistant to
enzymatic hydrolysis, probably because the bridging carbon
prevents10 stepwise hydrolysis, which is generally observed for
terminal phosphates.

Notes and references
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12H, NCH2CH2), 1.44 (m, 12H, CH2CH3), 0.99 (t, 18H, J 7.2 Hz,
CH2CH3); dP(162.0 MHz, CD3COCD3): 1.78 (d, 2JPP 16.9 Hz), 22.17 (d,
2JPP 42.6 Hz), 217.58 (td, 2JPP 16.9, 2JPP 42.6 Hz); dC(100.6 MHz,
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colorless single crystals were obtained by slow air evaporation of ethyl
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120 K, Z = 2, l = 0.71073 Å, m(Mo-Ka) = 0.492 mm21, 17 094 reflections
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(for 8667 data). CCDC 182/1575. See http://www.rsc.org/suppdata/cc/b0/
b000558o/ for crystallographic data in .cif format.
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A new cyano-bridged Ni(II)–Cr(I) complex, [NiLA]3[Cr-
(CN)5(NO)]2·10H2O (LA = 3,10-dimethyl-1,3,5,8,10,12-hex-
aazacyclotetradecane) with a honeycomb molecular struc-
ture, displays a long-range magnetic ordering at Tc =
4.5 K.

In the area of molecule-based magnets, many chemists have
been interested in the topologies leading to ferromagnetic
interactions between paramagnetic metal ions. The approach of
the strict orthogonality of magnetic orbitals has been most
frequently utilized. On this basis, cyanide-bridged bimetallic
assemblies derived from low-spin [M(CN)6]32 (M = CrIII,
MnIII, FeIII) and high-spin [ML]2+ (M = CuII, NiII, L = neutral
ligand) are anticipated to be ferromagnetic, which has been
verified by many experimental results.1 Some of them exhibit
spontaneous magnetization owing to the efficient propagation
of magnetic coupling through the cyanide bridges and the
hydrogen bonds.

Very recently, square-planar macrocyclic Ni(II) complexes
have been employed to construct cyano-bridged 2D Ni3M2 (M
= CrIII, FeIII) assemblies that exhibit ferromagnetic beha-
viour.1j–m In order to construct new molecule-based magnetic
materials it is desirable to explore alternative building blocks
containing cyanide groups. Most recently, Holmes and Gir-
olami have presented some Prussian blue analogues containing
[CrI(CN)5(NO)]32, and found that the complex
K0.5Mn[Cr(CN)5(NO)]0.83·4H2O·1.5MeOH possesses a cubic
structure based on powder XRD analysis, and that the NO+

group in [Cr(CN)5(NO)]32 is involved in bridging on the basis
of the IR spectrum in which the NNO stretching frequency is ca.
60 cm21 higher than that in K3[Cr(CN)5(NO)] (1630 cm21).2 In
order to gain further evidence on the binding modes of
[Cr(CN)5(NO)]32 with transition metal complexes, we have
studied the reaction of [NiLA]2+ (LA = 3,10-dimethyl-
1,3,6,8,10,12-hexaazacycloctadecane) with [Cr(CN)5(NO)]32,
and obtained a new two-dimensional honeycomb assembly,
[NiLA]3[Cr(CN)5(NO)]2·10H2O 1. The adoption of
[Cr(CN)5(NO)]32 is due to the electronic configuration [3d5,
(3dxz)2(3dyz)2(3dxy)1] of low-spin Cr(I) ion together with the
approximate C4v symmetry of [Cr(CN)5(NO)]32 that is quite
different from the Oh symmetry of [Fe(CN)6]32.3 The magnetic
coupling between the magnetic orbitals of the neighbouring
nickel(II) and chromium(I) ions is expected to be ferromagnetic.
Here, we present the synthesis, single crystal structure analysis
and magnetic properties of the new complex.

To an aqueous solution (15 mL) of [NiLA](ClO4)2
4 (0.3

mmol) was added dropwise, with stirring, a solution of
K3[Cr(CN)5(NO)]·H2O5 (0.2 mmol) in 10 mL of water. This led
to the immediate precipitation of yellow microcrystals that were
collected by suction filtration, washed with water and dried in
air.† The complex is insoluble in most organic and inorganic
solvents and stable in air.

The IR spectrum of the complex shows two sharp bands in the
range 2000–2200 cm21 which are attributed to C·N stretching
modes. The shift of n(C·N) to higher wavenumber (2140 cm21)

compared with that of K3[Cr(CN)5(NO)] (2120 cm21)6 sug-
gests the formation of CN2 bridges, as observed for other
cyano-bridged systems.1 Further, the blue shift of n(NNO) with
respect to that of K3[Cr(CN)5(NO)] (1630 cm21)6 also suggests
the distortion of [Cr(CN)5(NO)]32 from C4v symmetry as a
result of the formation of Cr–C·N–Ni linkages and that the
cyanide ligand trans to the NO ligand has been involved in
bridging.

The structure of 1 was determined by single crystal X-ray
crystallography (Fig. 1).‡ It consists of a neutral stair-shaped
layer network with the stoichiometry [NiLA]3[Cr(CN)5(NO)]2.
Each [Cr(CN)5(NO)]32 unit uses three cis-C·N groups to
connect with three [NiLA]2+ groups, whereas the two remaining
CN2 and the NO+ groups are monodentate. The adjacent Cr···Ni
distances are 5.293(2) Å for Cr···Ni(1), 5.300(1) Å for Cr···Ni(2)
and 5.270(1) Å for Cr···Ni(2a), respectively (a denotes the
symmetry operation 2x + 0.5, y 2 0.5, 2 z + 0.5). Each NiLA
unit is linked to two [Cr(CN)5(NO)]32 ions in trans positions.
Four secondary amine nitrogen atoms of the macrocycle
coordinate to the nickel center with an average Ni–N distance of
2.097(4) Å for Ni(1), 2.074(4) Å for Ni(2). Two nitrogen atoms
of the bridging C·N ligands axially coordinate to the Ni(II) ions
with Ni–Nax contacts of 2.153(3) Å for Ni(1)–N(3) and 2.105(4)
Å (average) for Ni(2)–N, respectively, which are slightly larger
than those of the corresponding Ni–Neq bonds. The bridging
cyanide ligands coordinate to the nickel(II) ions in a bent fashion
with the Ni–N·C bond angles ranging from 164.3(3) to
172.8(4)°. The coordination symmetry about the Cr atom is C4v
or distorted octahedron, and the Cr–N–O and Cr–C–N groups
are nearly linear. The Cr–C distances range from 1.926(5) to

Fig. 1 ORTEP plot of 1 (hydrogen atoms are omitted for clarity).
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2.083(5) Å, whereas the Cr–N distance of 1.866(5) Å is
comparatively long. These compare with the structural results
for the double salt [Co(en)3][Cr(CN)5(NO)]·2H2O.7 The partic-
ular local molecular disposition leads to a honeycomb-like
layered structure (Fig. 2). The shortest interlayer metal–metal
distance is 6.910 Å for Cr···Ni(2m) (m: x, 1 2 y, 20.5 + z).

The magnetic susceptibilities of 1 have been measured on a
Model Maglab System2000 magnetometer in the temperature
range 2.0–280 K. A plot of cmT vs. T for 1 (H = 1 T) is shown
in Fig. 3, where cm is the magnetic susceptibility per Ni3Cr2
unit. The cmT value at 280 K is ca. 4.8 emu K mol21 (6.2 mB),
higher than expected (3.75 emu K mol21) for three high spin
nickel(II) ions (S = 1, g = 2.0) and two low-spin chromium(I)
ions (S = 1/2,5 g = 2.0) in a dilute system, and equal to that
calculated assuming the gNi value of 2.32. With a decrease of
the temperature, cmT increases smoothly down to ca. 50 K and
then sharply reaches a maximum value of 14.2 emu K mol21

(10.66 mB) at 6.4 K, which is much larger than the spin-only
value of 10.0 emu K mol21 (8.9 mB) for ST = 4 resulting from
the ferromagnetic coupling of three nickel(II) ions (S = 1, g =
2.0) and two low-spin chromium(I) ions (S = 1/2, g = 2.0),
suggestive of the occurrence of magnetic ordering. Below 6.4
K, cmT decreases rapidly, which indicates the presence of
interlayer antiferromagnetic interaction and/or the zero-field
splitting effect of the nickel(II) ions. The magnetic susceptibility
above 6 K obeys the Curie–Weiss law with a positive Weiss
constant q = + 10.0 K, which also proves the presence of
ferromagnetic coupling within the Ni3Cr2 sheet of 1. The abrupt
increase in M at ca. 11 K suggests a phase transition in the
complex (Fig. 3).

The onset of a long-range magnetic phase transition is further
confirmed by the temperature dependence of ac molar magnetic
susceptibilities displayed in the inset of Fig. 3. The real part of
the zero field ac magnetic susceptibility, cA(T), has a maximum
at ca. 4.5 K for frequencies of 111, 199, 355, 633 and 1111 Hz,
suggesting that Tc of complex 1 is about 4.5 K. The frequency
independence of cacA and cacB suggests a non-glassy ground
state. The field dependence of the magnetization at 1.75 K
reveals a hysteresis loop with a coercive field of 170 Oe and a
remnant magnetization of ca. 0.19 NmB.

The ferromagnetic interaction between the chromium(I) and
nickel(II) ions is due to the strict orthogonality of the magnetic
orbitals of the low-spin Cr(I) [d5, (3dxy)1] and high-spin Ni(II)
[d8, (dx2

2 y2)1(dz2)1] ions. According to ligand field theory, the
high-spin nickel(II) ion in octahedral surroundings has two
unpaired electrons in dx2

2 y2 and dz2 orbitals that interact with
the MOs of the cyano bridge with the same symmetry producing
a magnetic orbital with s-character. The low-spin chromium(I)
ion in distorted octahedral surroundings has an unpaired
electron in the dxy orbital3 that interacts with the MOs of the
cyano bridge with the right symmetry generating a magnetic
orbital with p-character. Consequently, strict orthogonality is
obeyed and the interaction between Ni(II) and Cr(I) ions through
the cyano bridge should be ferromagnetic.

Notes and references
† Calc. for C40H98N30O12Cr2Ni3: C, 32.65; N, 28.6; H, 6.7. Found: C, 32.8;
N, 27.9; H, 6.6%. IR (KBr, cm21): n(C·N), 2140, 2116; n(O = N), 1678.
Well shaped yellow crystals suitable for X-ray structure analysis are grown
at room temperature by the slow diffusion of an orange MeCN solution (30
mL) of [NiLA](ClO4)2 (0.15 mmol) and a yellow aqueous solution (30 mL)
of K3[Cr(CN)5(NO)]·H2O (0.15 mmol) in an H-tube.
‡ Crystal data for 1: [NiLA]3[Cr(CN)5(NO)]2·10H2O, C40H98N30O12-
Ni3Cr2: Mw = 1471.61, yellow platelet (0.17 3 0.13 3 0.08 mm),
monoclinic, space group C2/c, a = 25.836(5), b = 15.369(3), c =
19.478(4) Å, b = 105.15(3)°, U = 7466(3) Å3, Z = 4, Dc = 1.313 g cm23,
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8871 unique reflections were collected in the range 3.47 < q < 25°, of
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calculations. The structure was solved by the direct method. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were
added geometrically and refined using a riding model. The refinement on F2

converged to R1 = 0.0605, wR2 = 0.191 (all data).
CCDC 182/1578. See http://www.rsc.org/suppdata/cc/b0/b001005g/ for

crystallographic files in .cif format.
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Fig. 2 Projection showing the 2D honeycomb-like layer containing Cr6Ni6
hexagons.

Fig. 3 Temperature dependences of cmT and M for 1. Inset: real, cA (top),
and imaginary cB (bottom) ac magnetic susceptibilities as a function of
temperature taken at 111, 199, 355, 633 and 1111 Hz for 1.
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Millimeter-sized tubular crystals of Ag2Se are successfully
grown for the first time via a hydrothermal reaction route
from AgCl, Se and NaOH at 155 °C.

The synthesis of large three-dimensional (3D) mesoscale
(millimeter- to centimeter-scale) objects has recently been the
focus of much attention.1–3 Existing technologies for making
3D microstructures are the limited stereolithography,4 free-
form laser sintering (slow)5 and traditional casting, machining
and assembly which are difficult with a complex or porous
structure. Whitesides and coworkers reported the fabrication of
open regular 3D mesostructures by self-assembly.1–3 The newly
discovered fullerene-like nest polyhedra (NP) and nanotubules
have been observed for metal dichalcogenides6–8 and microme-
ter-sized hexagonal, hollow needles of CdSe have been
prepared by electrodeposition from molten salts.9 However, a
mesoscale crystal with open structure is, to the best of our
knowledge, hitherto unknown for Ag2Se. Here we report for the
first time the growth of millimeter-sized tubular Ag2Se crystals
by a known hydrothermal reaction route.

The synthesis was carried out in an autoclave and was based
on the disproportionation reaction of Se:
4AgCl + 3Se + 6NaOH ?

2Ag2Se + Na2SeO3 + 4NaCl + 3H2O (1)
An appropriate amount of AgCl (0.383 g), Se (0.160 g) and

NaOH (0.20 g) was put into a Teflon-lined autoclave (50 mL
capacity). The autoclave was then filled with distilled water to
80% of the total volume, maintained at 155 °C for 10 h and then
allowed to cool to room temperature. The products were filtered
off and washed sequentially with distilled water and absolute
ethanol to remove the residual impurities. After drying in a
vacuum at 70 °C for 2 h, metallic-gray crystals were
obtained.

Fig. 1 shows the X-ray diffraction (XRD)† pattern of several
Ag2Se crystals that were crushed. All the reflections could be
indexed to the orthorhombic Ag2Se phase with lattice constants
a = 4.333, b = 7.062, c = 7.764 Å, in agreement with the
reported data for Ag2Se (JCPDS Card File, 24-1041). No
characteristic peaks of other impurities such as Ag2O, Se or
AgCl were observed.

Fig. 2 shows the scanning electron microscopy (SEM)‡
images of as-grown Ag2Se crystals. It can be seen that Ag2Se
crystals show tubular hexagonal prism structure. Typically, this
structure is 10–15 mm in length, 80–120 mm in diameter and
20–25 mm in thickness. It is of considerable interest that some
tubes appear to have one closed-round end [Fig. 2(b)], and
others show hollow cavities which run through the whole length
[Fig. 2(c) and 2(d) are two undersides of one prism crystal].
From these SEM images, we can see that the as-grown tubular
Ag2Se crystals may show near single crystal nature.

To confirm that single crystals of Ag2Se were obtained, we
recorded the transmission X-ray Laue§ photographs of the
tubular crystals. Fig. 3 shows one of these Laue photographs of
the Ag2Se samples. It revealed that the crystal obtained was
nearly a single crystal. From the eight-fold symmetrical patterns
of the X-ray Laue photographs, we can deduce it is due to the
(121) patterns of the characteristic X-ray (Cu-Ka and Cu-Kb)
diffraction. This result was in good agreement with the strong
(121) reflection in the XRD pattern.

To provide further evidence for the formation of Ag2Se
crystals, the samples were also characterized by X-ray photo-
electron spectra (XPS).¶ The two strong peaks in the spectra
(spectra not shown) at 368.00 and 53.65 eV corresponding to
Ag 3d and Se 3d binding energy, respectively, are consistent
with the formation of Ag2Se.10 Quantification of the XPS peak
intensities gave elements with a stoichiometry of Ag2Se1.03. No

Fig. 1 X-Ray powder diffraction pattern of several Ag2Se crystals that were
crushed.

Fig. 2 Scanning electron microscopy images of the as-grown Ag2Se
crystals.
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obvious peaks for silver or selenium oxides were detected,
which indicated a high purity of the Ag2Se crystals produced.

Although the growth mechanism for the tubular crystals is
unclear, the reaction temperature and the change of pH were
critical factors in the formation of this morphology. Structural
studies indicate that Ag2Se exists as a low-temperature phase b-
Ag2Se (orthorhombic structure) and a high-temperature phase
a-Ag2Se (cubic structure) and the transition from b to a takes
place at ca. 136 °C.11 In our hydrothermal route, the essential
temperature range for the tubular form was at 150–160 °C.
However, the tubular Ag2Se crystals existed as the low-
temperature phase. It may be concluded that the temperature
condition falls into the growth thermodynamic stability range of
the tubular morphology. According to Korczynski et al.,12 we
first prepared the Na2Se solution (pH 8–9) through the reaction:
3Se + 6NaOH ? 2Na2Se + Na2SeO3 + 3H2O, and then obtained
Ag2Se by the reaction of AgCl with Na2Se in aqueous media at
150–160 °C. However, the Ag2Se obtained deviated from its
theoretical composition and did not show the tubular morphol-
ogy. For the growth of tubular crystals of Ag2Se, we selected a
one step hydrothermal reaction from AgCl, Se and NaOH. An
initial feedstock pH (NaOH solution) above 13 was needed. In
the hydrothermal process, the pH value of the reaction system
decreased. So, it is believed that the change of pH value was
matched with the nucleation and growth of crystalline Ag2Se.

This matching effect may be beneficial to the formation of the
tubular morphology.

In summary, tubular b-Ag2Se crystals were synthesized
successfully for the first time through a hydrothermal reaction at
155 °C. Group 11 chalcogenides have wide applications in
semiconductors, pigments,13 luminescence devices,14 solar
cells, IR detectors and optical fiber communication.15 It is
believed that hollow tubular crystals should be expected to have
novel properties, and may offer exciting opportunities for both
fundamental research and technological applications. Deeper
understanding of the growth mechanism of tubular Ag2Se
crystals and controlling the reaction kinetics are clearly
needed.

Financial support of this work by the National Natural
Science Research Foundation of China is gratefully acknow-
ledged.
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The crystal structure of {[NaCr(2,2’-bipy)(ox)2]2[bis(1-pyr-
azolyl)methane]•2H2O}n reveals the first 2-D stair-shaped
architecture which constructs a 3-D network via interlayer
p–p interactions with guest water molecules present in the
cavities.

The synthesis and characterization of 2- or 3-D coordination
polymers with well defined pores have been an area of rapid
growth and will continue to grow, especially with development
of materials of new compositions, predetermined structures and
useful properties, e.g. catalysis, magnetism, electronics and
chemical separation.1 In recent years the preparation of porous
materials whose host frameworks can facilitate the removal/
addition of guest molecules has been explored largely owing to
their potential applications.2 In particular, the incorporation of
transition metals into coordination polymers is significant in the
crystal engineering of novel heterogeneous catalytic systems,3
as well as non-linear optical, conducting and ferromagnetic
materials.4 Supramolecular synthons are bridged mainly by two
types of modules a and b. Developments in crystal engineering

have also shown that hydrogen-bonding and p–p stacking
interactions have enormous potential for assembling multi-
component inorganic–organic molecules into well organized
architectures.5 It is clear that the strategy of utilizing transition
metals with rigid or flexible bifunctional ligands affords an
array of new network architectures through self-assembly.6
However, little attention has been paid to alkaline ions acting as
both counter ions and structural elements toward the synthesis
of new multidimensional structure.7 In this contribution, we
report the first 2-D stair-shaped network containing hetero-
bimetallic CrIII–NaI centers, [NaCr(bipy)(ox)2]2(bpm)·2H2O 1
[bipy = 2,2’-bipyridine, ox = oxalate dianion, bpm = bis(1-
pyrazolyl)methane], which forms a 3-D structure containing
cavities which can incorporate small molecules.

The reaction of [NaCr(bipy)(ox)2(H2O)]·2H2O and bpm in
methanol leads to formation of red plates of [NaCr(bi-
py)(ox)2]2(bpm)·2H2O, suitable for single X-ray diffraction.†
The fundamental tetranuclear unit is shown in Fig. 1. The
coordination geometry around the Cr(III) ion is a six-coordinate
distorted octahedron, and is similar to those in related
complexes.8 The sodium atoms are also six-coordinate distorted
octahedral with larger differences in bond lengths (shown in
Fig. 1). Although only the coordinated water molecule has been
replaced by the pyrazole nitrogen atom of bpm, the structure has
changed significantly. Fig. 2(a) shows that the compound exists
as an open railroad framework polymer with channels of 15.0 3
7.3 Å, and shows that the complex molecule is located on a
crystallographic two-fold screw axis along the ox bridge
ligands. The structure can be represented schematically as a
stair-shaped supramolecular architecture as illustrated in Fig.

2(b). This particular supramolecular structure is unprecedented
among molecular frameworks.1b,6c,9

Within a layer, hydrophilic nitrogen atoms (head or tail)
interact with two 1-D inorganic precursors to form two natural
hydrophilic–hydrophobic domains. It is interesting that the
ligand, bpm, acts as a bidentate bridging ligand rather than as a
chelating ligand.10 In particular, between the layers, the stair-
shaped frameworks stack the 2-D structure together via
interlayer p–p interactions of pyridine rings to form a quasi-3-D
structure containing small-pore channels. The narrowest inter-
planar distance of the aromatic moieties (bipy) is ca. 3.560 Å.
The p–p interactions enhance the stability of the complex and
result in a higher dimensional structure with the channels
parallel to the b axis. The effective void size of the channels is
18.6 3 9.3 Å. The cavities are filled with guest water molecules
which are hydrogen bonded to oxalato oxygen atoms (2.911 Å)
(Fig. 3).

Mixed solvents (VMeOH/VH2O = 1+1, VEtOH/VH2O = 1+1,
VEtOH/VH2O = 9+1) were also employed instead of water in the
synthesis, but no alcohol molecules were found in the solids
obtained.

In conclusion, the design of metal-containing coordination
polymers by self-assembly is of great promise. The sizes of the
channels offer appreciable potential for guest molecule uptake,
and the formation of this type of porous metal–organic

Fig. 1 ORTEP view of the tetranuclear unit of 1 in the crystal. Selected bond
lengths (Å): Na1–N5 2.505, Na1–O3 2.424, Na1–O4 2.416, Na1–O7a
2.498, Na1–O8a 2.360, Na1–O9 2.595, Na2–N8a 2.642, Na2–O11 2.362,
Na2–O12 2.478, Na2–O15b 2.366, Na2–O16b 2.472, Na2–O6 2.504, Na1–
Cr1 5.551, Na1–Cr2 4.202, Na1–Na2 5.521, Na2–Cr1 3.980, Na2–Cr2
5.668, Cr1–Cr2 8.118.
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compound demonstrates that this aspect of crystal engineering
has many potential implications for materials science as new
candidates for catalysis or separation processes. We expect that

many new functional solid coordination polymers will be
synthesized and applied based on these results.

We authors gratefully acknowledge the National Natural
Science Foundation of China (29401004 and 29631040) and
Ministry of Education of China for support of this work.
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Fig. 2 (a) The helical structure viewed along the crystallographic ab plane
and (b) a schematic representation of stair-shaped network architecture.

Fig. 3 View of p–p interactions of the pyridyl rings and water molecules in
the channels.
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Novel dendritic macromolecules consisting of uracil units
(LnU-OBn) with the numbers of the nucleobase layers (n) of
2–4 were synthesized; L3U-OBn and L4U-OBn both formed
1+1 complexes with La3+, where the L4U-OBn–La3+ com-
plex, in particular, was highly robust towards methanol-
ysis.

Dendrimers are hyperbranched, three-dimensional macromole-
cules with a pseudo network structure,1 and have a potential for
trapping of guest molecules.2 In particular, dendritic molecules
bearing binding sites for metal ions have attracted great
attention.3–5 Herein, we report the synthesis of the first dendritic
polynucleobase, and highlight its very high activity for
multidentate ligation with lanthanum ion.6

For the synthesis of the dendritic architecture, we chose uracil
as a building block. Synthesis of the dendritic polyuracils (LnU-
OBn; n = number of the nucleobase layers) was carried out by
the convergent approach (Scheme 1) starting from (i) bromina-
tion of 1,3-dibenzyl-5-benzyloxymethyluracil (L1U-OBn) with
HBr–AcOH,7 followed by (ii) an alkaline-mediated coupling
reaction of the resulting 5-bromomethyl derivative (L1U-Br)
with 5-benzyloxymethyluracil 1, to give L2U-OBn. Repetition
of these two steps allowed formation of higher-generation LnU-
OBn (n = 3, 4).8 The absence of structural defects in LnU-OBn
(n = 2–4) was confirmed by 1H NMR, MALDI-TOF-MS and
SEC analyses. For example, LnU-OBn (n = 2–4) all showed a
single MALDI-TOF-MS peak due to [M + Na]+ [Fig. 1(a) (I)–
(III)] and a unimodal SEC chromatogram [Fig. 1(b)]. LnU-OBn
(n = 2–4) were highly soluble in common organic solvents such
as CH2Cl2, CHCl3, benzene, acetone, MeCN and DMF, but
scarcely soluble in protic solvents such as MeOH and water. In

the electronic absorption spectra in MeCN, LnU-OBn (n =
2–4) showed an absorption band due to the uracil units at
274.8–275.6 nm, which is red-shifted from that of non-dendritic
L1U-OBn (270.0 nm), indicating some intramolecular elec-
tronic interactions among the dendritic uracil units.

Dendritic polyuracils bear many heteroatoms and are ex-
pected to show potential for trapping of multi-coordinate metal
ions. La3+ was chosen as a substrate, which is characterized by
the largest ionic radius among rare-earth metal ions, and its
preference to adopt a high coordination number (up to 12).9
Typically, upon titration of an MeCN solution of L3U-OBn
(10 mM) with La(OTf)3 at 25 °C, the absorption band of the
uracil units red-shifted from 275.2 to 281.4 nm with clear
isosbestic points at 248.4 and 275.0 nm (Fig. 2, inset). Plots of
the absorbance at 296.6 nm vs. [La(OTf)3]0 showed a clear
inflection point at a mole ratio [L3U-OBn]0/[La(OTf)3]0 of
unity (Fig. 2). Job plots of DA at 296.6 nm also exhibited a
maximum at a mole ratio [L3U-OBn]0/[La(OTf)3]0 of unity.
Furthermore, MALDI-TOF-MS spectrometry of a mixture of
L3U-OBn and La(OTf)3 (1+2) showed a peak at 2133 due to
[L3U-OBn–La(OTf)2]+ (calc. m/z 2134) in addition to that of a
Na+ adduct [Fig. 1(a) (ii)]. These observations indicate a strong
one-to-one complexation between L3U-OBn and La3+ with an
association constant > 107 M21.10 Likewise, titration of one-
generation larger L4U-OBn with La(OTf)3 (Fig. 2) showed a
similar red shift (275.6 to 281.0 nm) with two isosbestic points
(246.8, 271.8 nm), and a Job plot again indicated a 1+1
complexation of L4U-OBn with La3+. Furthermore, a MALDI-
TOF-MS peak due to the one-to-one adduct [L4U-OBn–
La(OTf)2]+ (calc. m/z 3847) was observed [Fig. 1(a) (iii)].

An MeCN solution of L3U-OBn (2.5 mM) at 25 °C showed
two CNO stretching vibrational bands at 1708 [C(2)NO] and
1665 cm21 [C(4)NO] [Fig. 3(a)].11 On the other hand, when
La(OTf)3 (5.0 mM) was added to the solution, a new IR band at
1609 cm21, assignable to the coordinated CNO functionality,

Scheme 1 Synthetic approach to dendritic polyuracils LnU-OBn (n = 2–4).
Reagents and conditions, i, HBr, AcOH, dioxane, r.t., 12 h; ii, 1, K2CO3,
DMF, r.t., 12 h.

Fig. 1 (a) MALDI-TOF-MS spectra of (I) L2U-OBn, (II) L3U-OBn, (III)
L4U-OBn, (ii) a 1+2 mixture of L3U-OBn and La(OTf)3 and (iii) a 1+2
mixture of L4U-OBn and La(OTf)3. (b) SEC profiles of dendritic
polyuracils LnU-OBn (n = 2–4).
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appeared at the expense of the non-coordinated C(4NO band
[Fig. 3(b)]. Considering also a small shift due to the C(2)NO
frequency (1708 to 1714 cm21), the C(4)NO functionality is
likely involved predominantly in the complexation with La3+.12

As estimated from the decrease in integral area of the free
C(4)NO band at 1665 cm21,13 an La3+ ion accommodates four
out of seven C(4)NO groups in L3U-OBn for complexation. On
the other hand, in the complexation with higher-generation
L4U-OBn having fifteen C(4)NO groups, seven C(4)NO groups
were estimated to coordinate to a La3+ ion.

From the above results, it is expected that La3+ ion is trapped
by L4U-OBn more strongly than lower-generation L3U-OBn.
In fact, the L4U-OBn–La3+ complex was highly robust towards
methanolysis: when an MeCN solution of a mixture of L3U-
OBn (10 mM) and La(OTf)3 (20 mM) was titrated with MeOH
(Fig. 4), the absorption spectral change at 296.6 nm showed a
complete dissociation of La3+ from L3U-OBn at a MeOH
content of 40%. On the other hand, the L4U-OBn–La3+

complex showed a spectral profile of only 30% dissociation
under the same conditions (Fig. 4).

The high activity of LnU-OBn for the complexation with
La3+ is considered to take great advantage of the multidentate
coordination characteristics of the dendritic polyuracil archi-
tecture, since non-dendritic L1U-OBn did not show any
substantial spectral changes upon mixing with La(OTf)3.
Spectral changes were also small when LnU-OBn (n = 3, 4)
were mixed (1+1 mol ratio; in MeCN) with metal ions such as

Na+, K+, Zn2+, Cu+, Cu2+ or Ag+ (triflate salts) having a
preference for lower coordination numbers.

Dendrimer complexes of lanthanide ions have attracted
attention as luminescent materials4 and have also been applied
as MRI contrast agents.5 On the other hand, a nucleobase
complex of a transition metal such as platinum has been studied
for biomedical applications.14 The new metal-ligating nucleo-
base dendrimer consisting of uracil units may therefore have
good potential for a variety of applications in materials science
and medicinal chemistry.
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1 Reviews on dendrimers, see: D. A. Tomalia, Adv. Mater., 1994, 6, 529;
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Fig. 2 Spectroscopic titration of MeCN solutions of LnU-OBn (10 mM) (n
= 3 [8], 4 [5]) with La(OTf)3 at 25 °C monitored at 296.6 nm. Plots of
(Aobs 2 Af)/(Ac 2 Af) vs. [La(OTf)3]0/[LnU-OBn]0. Aobs represents the
observed absorbance, while Af and Ac denote the absorbances of free and
complexed uracil units, respectively. Inset: absorption spectral change.

Fig. 3 IR spectra of (a) L3U-OBn (2.5 mM) and (b) a 1+2 mixture of L3U-
OBn and La(OTf)3 (2.5, 5.0 mM) in MeCN at 20 °C.

Fig. 4 Spectroscopic titration of an MeCN solution of a 1+2 mixture of LnU-
OBn (10 mM) (n = 3 [8], 4 [5]) and La(OTf)3 (20 mM) with MeOH at
25 °C monitored at 296.6 nm. Plots of (Aobs 2 Af)/(Ac 2 Af) vs. vol.% of
MeOH.
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Homologations of boronate esters: the first observation of sequential insertions
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By employing dibromo or diiodomethane as halomethylli-
thium precursors, the in situ double and triple homologation
of boronate esters has been obtained for the first time.

Homologation reactions of boronate esters and other borane
species have been well explored, most notably by Brown et al.1
and Matteson et al.2 We have recently reported a variant in
which the chirality is introduced catalytically via a Rh–binap-
mediated hydroboration with catechol borane.3,4 Homologation
of the intermediate boronate ester with CH2Cl2 or CH2BrCl in
the presence of BunLi yields either 2-arylpropionic acids 1 or
2-arylpropanols 2 respectively [eqn. (1)]. This asymmetric
hydroboration–homologation (AHH) reaction was used in the
synthesis of enantiomerically enriched 2-arylpropionic acids,
such as Ibuprofen™ [eqn. (1)].

During our study of the latter reaction, we were intrigued by
the observed chemoselectivity. In both cases, the products of the
homologation reaction, prior to oxidation, are also boronate
esters and might be expected to undergo homologation
themselves. The boronate ester resulting from homologation
with LiCHCl2 is sufficiently distinct from the starting boronate
ester 3 [eqn. (2)] by virtue of the chlorine substituent. However,
the boronate ester from homologation with LiCH2Cl 7 [eqn. (5)]
should be susceptible to further homologation. Despite this fact,
no such sequential homologation with halomethane reagents
has been reported to the best of our knowledge. Brown et al.
have reported a ring-expansive sequential homologation reac-
tion using halomethane reagents, in which the halomethane
reagent was added in successive portions after isolation of the
previously generated boracycle.5 Shea et al.6 have reported that
sulfur ylides can homologate triorganoboranes sequentially in
the same pot to yield long chain aliphatic alcohols after
oxidation but such a reaction has not been observed with
boronate esters. We wish to report that by adjusting the leaving
group ability of the halomethane reagent, double and triple
homologations can be achieved.

Using our standard protocol, boronate ester 3 is generated by
hydroboration of styrene with catechol borane in the presence of
[Rh(cod)2]+BF4

2 and dppb,† followed by transesterification
with pinacol which permits isolation of the boronate ester by
chromatography [eqn. (2)].4

Treatment of 3 with LiCH2Cl provided, after oxidation, the
expected product 2 (Table 1).‡§ The nature of the halogen
which is transmetallated to generate LiCH2Cl has little effect on
the outcome of the homologation. Thus ICH2Cl gave 79%

homologation while BrCH2Cl gave 88%. However, the nature
of the leaving group was significant. Using BrCH2Br as the
precursor to the homologation reagent, a new product 4 was
observed which resulted from the incorporation of two CH2
units. Diiodomethane also gave the product of double homo-
logation, but with lower overall conversion (entry 4). This is
presumably due to the decreased stability of LiCH2I.7 (Note that
any unreacted boronate ester 3 is converted into 5 after
oxidation with NaOH/H2O2.) Although the amount of the
doubly homologated alcohol could be increased by increasing
the amount of LiCH2Br (see below), no double homologation
was observed with LiCH2Cl even when it was used in excess
(entry 5).

Using dibromomethane as the candidate for further study, the
effect of increasing the amount of the homologating reagent was
examined. As shown in Table 2, the percentage of doubly
homologated alcohol 4 which was formed in the reaction
increased when the amount of LiCH2Br was increased above 1
equivalent. A significant increase was not, however, observed
as the amount of LiCH2Br was increased further. It should be
noted that a 5–10% variance was generally observed in the
relative ratios reported in Table 2, which may be attributable to

Table 1 Observation of single and double homologation

Table 2 Effect of increasing amounts of LiCH2Br
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differences in rates of addition of BunLi, especially as we
attempted to generate increasing amounts of LiCH2Br. At these
higher loadings, we also observed alcohol 6, resulting from
incorporation of three CH2 units. One interesting trend which
can be gleaned from Table 2 is that as the amount of LiCH2Br
used is increased, there is a concomitant increase in the amount
of alcohol 5 resulting from unreacted starting material (compare
entry 1 with 4 and 5).

This observation led us to postulate that homologated
boronate esters such as 7 were more reactive than the seondary
boronate esters 3. This reactivity difference could be ration-
alized by the different steric requirements of 3 cf. primary
homologated derivatives such as 7. To test this hypothesis, we
prepared and isolated 7 and also prepared boronate ester 3A by
hydroboration of p-methylstyrene. A ca. 1+1 mixture of 7 and 3A
was then treated with LiCH2Cl [eqn. (5)]. This homologating
reagent was chosen for two reasons. Firstly, its use would
obviate complications due to double homologations observed
with LiCH2Br; and secondly, as LiCH2Cl is the least reactive of
the homologating reagents, it would presumably be the best
probe of reactivity differences.

Much to our surprise, in the presence of a limiting quantity of
LiCH2Cl (50%), boronate esters 7 and 3A gave equal amounts of
homologated products 4 and 2A (19 and 21% respectively)
indicating no difference in the reactivity of the secondary and
primary boronate esters under these conditions. It should be
noted that the introduction of the para methyl substituent will
skew the results somewhat as it alters the electronic nature of the
migrating group. An isotopically labeled analog of 3 is currently
being prepared and the results of this study will be reported in
due course. Experiments are also underway to elucidate the
reason for the remarkable differences in the reactivity of
LiCH2Cl and LiCH2Br.

In conclusion, we have shown that the homologation of
boronate esters derived from the hydroboration of styrene and
its derivatives can be carried out in a sequential, one-pot manner
depending on the nature of the homologating reagent used.
Homologation with LiCH2Cl yields only the product of single
homologation regardless of the number of equivalents used, and
LiCH2Br yields the doubly homologated product even at 1
equivalent loading. Increasing the amount of this reagent leads
to the incorporation of three CH2 units in a single reaction.

The Natural Sciences and Engineering Research Council of
Canada (NSERC) is gratefully acknowledged for support of this
research in terms of research and equipment grants to CMC. The
Department of Chemistry at UNB is thanked for providing a
Wiesner award to Li Ren.
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isopropyl alcohol bath (bath temperature monitored by a low temp.
thermometer), BunLi (2.17 M in hexane, 0.50 mL, 1.1 mmol) was added
dropwise over 15 min to the center of the flask with vigorous stirring. The
reaction mixture was then allowed to warm gradually to room temperature
overnight under N2. The solvent was removed in vacuo, and the resulting
residue diluted with 10 mL of saturated aqueous NH4Cl. The aqueous layer
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Boronate ester 7, (231 mg), was dissolved in 10 mL of diethyl ether, 2.0
mL of methanol and 4.0 mL of 1 M NaOH (8.0 mmol). The flask was
flushed with nitrogen and 0.285 mL of H2O2 (30% w/v in H2O, 2.27 mmol)
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room temperature under N2 overnight. The ether layer was separated and the
aqueous layer washed with diethyl ether (20 mL 3 3). The combined
organic layers were dried over MgSO4. After filtration and removal of
solvent in vacuo, a mixture of 1-phenethanol 5 (11%), 2-phenylpropanol 2
(74%) and 3-phenylbutanol 4 (15%) was obtained. The ratio was
determined by 400 MHz 1H NMR. The NMR yields (11, 74 and 15%,
respectively) of the aforementioned products were determined by in-
tegration of the peaks of interest vs. added internal standard (p-
nitrotoluene).
§ For spectral data of compound 2, see ref. 4; compound 4 is commercially
available (Aldrich); and for compound 6, the data are as follows: 1H NMR
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Polynuclear compounds of magnetic transition metal ions are
attracting large interest after the discovery that their magnetisa-
tion may relax very slowly at low temperature. Since their
behaviour is similar to that of bulk magnets they may be called
single molecule magnets. Here we review the magnetic proper-
ties of iron(III) clusters showing such features which may be
interesting for future applications, as well as strategies for
designing new molecules with increased performances.

Introduction
The magnetic properties of large polynuclear compounds
containing transition metal and/or rare earth ions have become
the focus of much attention in the last few years,1–4 after the
discovery that the magnetisation of a cluster comprising twelve
manganese ions, [Mn12O12(MeCO2)16(H2O)4]·2MeCO2H
·4H2O.5 Mn12Ac, relaxes so slowly at low temperature that the
individual molecules behave in manner reminiscent of bulk
magnets.6 In fact if a molecule is magnetised at 2 K by applying
a magnetic field, after 2 months the magnetisation is still ca.
40% of the saturation value, if the sample is kept at that
temperature. In order to achieve the same result at 1.5 K it will
be necessary to wait for ca. 40 years! Clusters, which behave

like Mn12Ac, have been called single-molecule magnets.1 In a
sense this is a misnomer, because the term magnet must
rigorously apply only to systems in which the spin correlation
length diverges, i.e. goes to infinite, and this is clearly not
possible in a cluster with a finite size. However the term is
evocative, and in our opinion it can be used, provided its true
meaning is understood.

One of the features of Mn12Ac which has attracted much
interest is that the slow relaxation of the magnetisation gives
rise to hysteresis effects, similar to those observed in bulk
magnets, but of molecular origin: therefore it becomes in
principle possible to store information in one single molecule.6
The second appealing feature of Mn12Ac is that the relaxation
of its magnetisation shows clear quantum effects, and the single
molecule magnets can be used to investigate the macroscopic
range in which quantum and classical behaviour coexist.7,8 In
principle these features can be exploited for developing new
classes of computers in which quantum coherence is used to
store and elaborate information. Currently the most promising
results seem to be achieved using NMR techniques in solution,9
but also Josephson junctions and magnetic nanoparticles can be
taken into consideration.

In order to be considered for real applications, single
molecule magnets must have the highest possible blocking
temperature. The blocking temperature is that below which the
relaxation of the magnetisation becomes slow compared to the
time scale of a particular investigation technique. For instance
for NMR the time scale is 1028–1029 s, while for ac
susceptibility measurements it is 1022–101 s. Therefore the
magnetisation of a molecule may appear as blocked in NMR but
still dynamic in ac susceptibility measurements. Further it is
also important that the molecules show clearly observable
quantum effects.

After Mn12Ac, many attempts have been made in order to
increase the blocking temperature of the single molecule
magnets. In order to reach this goal it is necessary to build
molecules which have the largest possible value of the total spin
S in the ground state. Mn12Ac itself has S = 10 in the ground
state, with the magnetisation corresponding to that of an atom
with twenty unpaired electrons,10 but molecules with up to 33
unpaired electrons have been reported.11 We must emphasize
that in general these molecules have many spin states which are
thermally populated, therefore the properties associated to the
ground state will only show up at low temperatures, when the
excited states are depopulated. Clearly in order to increase the
blocking temperature it is required that the ground state is the
only populated one at relatively large temperatures.

The second requisite for observing single molecule magnet
behaviour is that the ground state must have a high magnetic
anisotropy of the easy-axis (Ising) type. This means that the
magnetisation at low temperature may be stable either parallel
or antiparallel to a given axis, and that an energy barrier must be
overcome during the reversal of the magnetisation, passing for
instance from the orientation ‘up’ to the orientation ‘down’. In† Dedicated to the memory of Professor Olivier Kahn.
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a system with spin S this occurs when the components with M
= ± S lie lowest (2S ≤ M ≤ S). For axially distorted systems
the energies of the M components are given by E(M) = M2D,
where D is the axial zero-field splitting (zfs) parameter.
Therefore an Ising type anisotropy will be observed when D is
negative. For Mn12Ac this condition is met and the barrier for
the re-orientation of the magnetisation has been observed to be
ca. 44 cm21 or 64 K.

Beyond the obvious chemical variants of Mn12Ac,12–14 other
manganese complexes13,15–17 have been found to behave as
single molecule magnets. A few iron,18–20 chromium21–23 and
vanadium24 clusters also exhibit similar properties. Certainly
the goal of a large ground spin state can be most easily achieved
by assembling individual ions with a large ground spin state.
Two ions with S = 5/2 ferromagnetically coupled have a
ground state with S = 5, while it is necessary to assemble a
cluster of ten S = 1/2 ions in order to achieve the same result.
This is the reason why ions with large spin, like high spin
iron(III) (S = 5/2), manganese(III) and iron(II) (S = 2), have
been largely used.

Iron is certainly a very interesting ion in order to prepare
single molecule magnets, not only because of the large spin
state, but also because ferritin, the iron-storage protein in most
living organisms, can be considered itself as a nanosize
magnetic particle. In fact ferritin has been investigated for
quantum tunnelling effects of the magnetisation.25 Many large
iron clusters have been reported, ranging from binuclear up to
thirty nuclear species. We want to show here how several
clusters containing iron behave as single molecule magnets, and
discuss which conditions may favour this behaviour. All the
clusters of this type so far reported are characterised by
antiferromagnetic coupling between the iron(III) ions so that
large spin in the ground state can only arise if the number of ‘up’
spins is different from that of ‘down’ spins. Therefore the
clusters behave as single-molecule ferrimagnets. An example of
a bulk ferrimagnet with a similar type of non-compensation of
magnetic moments is maghemite, g-Fe2O3. Ferrimagnetic iron–
oxo clusters can indeed be considered as models of this
prototype mineral.

Properties of iron(III) ions and exchange
interactions in pairs
In order to understand which are the best strategies for obtaining
single molecule magnets using iron(III) it is necessary to
understand which are the conditions favouring both a strong
magnetic coupling between the iron ions and a large magnetic
anisotropy. The exchange interactions in oxo-bridged iron(III)
pairs have been much investigated both theoretically and
experimentally, also due to the relevance of these systems to
non–heme metallo-proteins containing binuclear iron units in
their active site.26,27 The simplest approach considers two
parameters, the average metal–oxygen distance, P, and the
metal–oxygen–metal angle, a. Magnetic data recorded on a
large series of iron complexes suggest that the P-dependence of
the exchange coupling constant, J, is well represented by eqn.
(1):27

J = 1.753 3 1012 exp(212.663P) (1)

where J is expressed in cm21, P in Å, and the exchange
Hamiltonian is in the form H = JS1·S2. The coupling constant
is largely insensitive to the Fe–O–Fe angle for a > 120°. For
smaller angles an effect is clearly observed, J becoming smaller
as the angle a is reduced. A systematic study has been
performed in a series of binuclear complexes with two alkoxo
bridges28 and similar Fe–O distances. The values of a range
from 102  to 106°, while J varies between ca. 15 and 21 cm21.
The simplest correlation was found to be of the type given by
eqn. (2):

J = 1.48 a 2 135 (2)

with J in cm21 and a in degrees. An extrapolation of eqn. (2)
suggests that for a ≈ 90° the coupling should become
ferromagnetic. A justification for these experimental results was
found on the basis of extended Hückel calculations, which
however indicate that for small angles (a ≈ 90°) the coupling
should become antiferromagnetic again, due to the importance
of direct overlap between the iron(III) magnetic orbitals. In fact
if the Fe–O bond distances are kept constant while the a angle
is progressively reduced, the shortening of the Fe–Fe distance
favours direct exchange. More experimental data are certainly
needed to check this prediction. It should be remarked that the
decrease in the antiferromagnetic coupling constant for a <
120° has been predicted also by a complete exchange model
recently suggested by Güdel and Weihe.29

The anisotropy of the pairs depends on the anisotropy of the
individual ions, and on an additional term that is brought about
by the interaction between the two iron ions.30 The former
contribution is referred to as single-ion anisotropy, while the
latter is known as spin–spin anisotropy. High spin iron(III) has
a d5 configuration, which yields an orbital singlet 6S ground
term for the free ion. The ground state of the complexed ion is
also orbitally non-degenerate, therefore the Zeeman anisotropy
is very low, with gx ≈ gy ≈ gz ≈ 2.0023. However some
admixture with excited states of lower spin multiplicity is
allowed by spin–orbit coupling and the ground S = 5/2 state
does show zero field splitting, which may easily be of the order
of 1 cm21. This splitting determines the single ion aniso-
tropy.

Single ion contributions to the anisotropy cannot be rigor-
ously calculated, and so far even the experimental data are
lacking in the sense that no significant correlation between
structural features and values of D has been established.
Recently Neese and Solomon have suggested31 that it is
possible to calculate the zfs parameters by using a MO
approach, while traditional ligand field models have been
implemented in the Angular Overlap Model, AOM, formal-
ism.32 For instance it has been found that a trigonal distortion
from octahedral geometry yields a negative zfs parameter D for
elongation, and positive for compression. In order to have direct
information on the zfs in model compounds the HF-EPR spectra
of a tris ß-diketonate complex, Fe(dpm)3, where dpm =
2,2,6,6-tetramethylheptane-3,5-dionate, were recorded.20 The
spectra yielded D = 20.18 cm21 and E/D = 0.25. These values
were reproduced in a reasonable way by using the AOM.
However, more experimental and theoretical work is needed in
order to establish useful correlations between structure and zfs
of iron(III) ions. Given their relevance also for biological
systems this seems to be indeed an important task.

The anisotropy associated with the spin–spin interaction can
be described to a good approximation by the interaction
between the magnetic point dipoles centred on the two iron ions.
For a pair of antiferromagnetically coupled ions the dipolar
interaction orients the two spins orthogonal to the vector r
connecting the two centres. In fact the poles of the same sign
would be in contact for an orientation parallel to r. Therefore the
plane perpendicular to r [Fig. 1(a)] is a hard plane for the
magnetisation of the antiferromagnetic dimer, which is more
easily magnetised when the field is applied parallel to the axis
connecting the two spins. Dipolar interactions thus provide an
Ising-type contribution to the magnetic anisotropy.

These considerations can be extended to polynuclear systems
as well. In particular, when antiferromagnetically coupled metal
ions are arranged in a planar structure with axial symmetry, like
in some of the iron(III) clusters described in the forthcoming
sections, nearest-neighbour dipolar interactions determine a XY-
anisotropy with an easy plane of magnetisation when the ground
state has S = 0 [Fig. 1(b)]. In fact, in the lowest-energy
configuration, the individual spins are antiparallel to their
nearest neighbours (owing to exchange interactions) and
perpendicular to the average plane through the metal array
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(owing to dipolar interactions). By contrast, when the ground
state has S different from zero, i.e. in ferrimagnetic clusters, the
system exhibits an Ising-type anisotropy [Fig. 1(c)]. It is
noteworthy that dipolar interactions alone lead to an Ising-type
anisotropy in planar ferrimagnetic clusters, thus giving the
possibility to observe single molecule magnet behaviour. The
topology of the metal ions can thus strongly influence magnetic
anisotropy via dipole–dipole interactions, establishing a direct
connection between the shape of the cluster and its magnetic
properties.

Iron rings: quantum size effects and anisotropy
Using alkoxides or carboxylates as bridging ligands it has been
possible to synthesise six-,33,34 eight, ten-35 and twelve-36

membered iron(III) rings. In all the cases the iron–iron
interaction is antiferromagnetic, yielding a ground S = 0 state.
The energies of the lowest lying S states can be expressed by
eqn. (3):

E(S) = JeffS(S + 1) (3)

where Jeff = 4J/N, with N the number of iron ions in the ring.
Below 1 K the rings are in the non-magnetic ground state, and
consequently under low field conditions the magnetisation is
zero. However, on increasing the field, the excited magnetic
states are stabilised, until eventually they become the ground
state. This gives rise to a typical stepped magnetisation, with a
first jump at the field where the lowest lying S = 1 state
becomes the ground state, then where the S = 2 crosses over to
become the ground state, and so on.35,37 These observations are
clear evidence for quantum effects, corresponding to the fact
that the lowest S = 0 level is separated by a gap from the first
excited level. The larger the ring the smaller the gap, until
eventually the levels must merge in a continuum. In fact the
magnetisation of one-dimensional magnetic materials, that can
be considered as the extrapolation of rings to infinite, does not
show steps.38 Therefore it would be extremely important to
make available larger and larger rings in order to follow the
passage from microscopic to bulk. In fact the thermodynamic
properties calculated for finite rings have long been used to
extrapolate the properties of the infinite chains. Another
interesting goal is that of synthesising odd membered rings of
half integer spins, which should show spin frustration ef-
fects.39

All the measurements referred to above are static measure-
ments, which do not provide any information on the dynamics
of the magnetisation and on possible tunnelling phenomena.
Dynamic measurements can in principle be made with a variety

of techniques, ranging from ac susceptometry to magnetic
resonance. In this respect NMR is particularly appealing,
because it can monitor the variations in the relaxation rate of the
nuclear moments under the influence of the electron magnetisa-
tion. In fact, it can be expected that when two levels cross, the
electron relaxation at low temperature is drastically influenced.
Therefore the field dependence of the nuclear relaxation rate
should show anomalies corresponding to the crossover fields.
This has been recently observed40 in a decanuclear ring, the so-
called ferric wheel, whose structure is shown in Fig. 2. All the
methods exploiting NMR have potential interest for quantum
computing applications, given the recent implementation of
NMR techniques in solution.9

Stepped magnetisation has been observed also in smaller
iron(III) rings, like LiFe6 and NaFe6, whose structure is
depicted in Fig. 3 The alkali-metal ion, Li+ or Na+, is hosted in
the. centre of the ring, which behaves like an inorganic crown
ether.34 Solution studies have shown that the affinity of the Fe6
ring is higher for sodium than for lithium ions. Further, LiFe6
and NaFe6 can be neatly obtained by adding lithium or sodium
ions to a solution of a twelve-membered iron(III) ring which
does not host any alkali-metal ion.36

The magnetisation of small single crystals of LiFe6 and
NaFe6 was investigated through new torque magnetometers
using a sensitive cantilever which directly provided the
magnetic anisotropy of the excited S states.41 The central alkali-
metal ion strongly influences not only the isotropic exchange
interaction, which passes from 14 to 20 cm21 by replacing Li+
with Na+, but also the magnetic anisotropy. In fact the zero-field
splitting of the first excited S = 1 state is D = 1.16 cm21 for the
lithium derivative and D = 4.32 cm21 for the sodium
derivative. The former value corresponds almost exactly to the
calculated dipolar contribution. By contrast, the magnetic
anisotropy of the sodium derivative points to the presence of
large single ion contributions. Minor differences in the
environment of the individual iron(III) centers, such as those
induced by the different size of the guest ion, may thus induce

Fig. 1 Schematic view of the preferred spin orientation due to the dipolar
interaction in an antiferromagnetic dimer (a), in a cyclic antiferromagnetic
cluster (b), and in a ferrimagnetic tetrameric cluster (c).

Fig. 2 View of the structure of the cluster [Fe(OMe)2(O2CCH2Cl)]10, the so-
called ‘ferric wheel’. The iron atoms are in red, oxygen in yellow, carbon in
grey and chlorine in green. The ten iron atoms lie in a plane within ±0.009
Å and the diameter of the cluster, defined as the longest Fe···Fe distance, is
9.80 Å.
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large zfs variations. This clearly indicates that the control of the
magnetic anisotropy of the clusters is a difficult task.

Iron-containing single molecule magnets
The smallest iron cluster showing slow relaxation effects in the
magnetisation at low temperature is [Fe4(OMe)6(dpm)6], Fe4.20

The structure of Fe4 is shown in Fig. 4. A central iron ion is

connected to three terminal ions by three double m-alkoxo
bridges. Crystal symmetry requires a C2 axis in the cluster
passing through Fe1 and Fe2. The three external iron(III) ions
define an almost equilateral triangle. In this case the spin
topology, which for antiferromagnetic coupling orients the
central spin ‘down’ and the external ones ‘up’ determines the
non-compensation of the spins. The ground state has S = 5, and
the ferrimagnetic nature of the cluster is clearly shown by the cT
vs. T curve which goes through a broad minimum at ca. 150 K
and then reaches 14.6 emu K mol21 at low temperature, in
reasonable agreement with an S = 5 state (cT = 15 emu K

mol21, for g = 2.00). The temperature dependence of cT has
been successfully reproduced calculating the energies of the
total spin states using the spin Hamiltonian eqn. (4):

H = J (S1•S2 + S1•S3 + S1•S4) + JA (S2•S3 + S3•S4 + S2•S4)
(4)

The best-fit values are: J = 21.1 cm21, JA = 22.1 cm21, in
reasonable agreement with the values expected using eqns. (1)
and (2).

The anisotropy of the ground state has been determined using
high field EPR spectroscopy, and it has been shown to be quasi
axial, and of the Ising type, with D = 20.20 cm21. This means
that the ground S = 5 state is split in such a way that the M =
±5 levels lie lowest, with M = ± 4 at 1.8 cm21, M = ±3 at 3.2
cm21, M = ±2 at 4.2 cm21 and M = 0 at 5 cm21. If the system
is magnetised at low temperature, the M = 2S state will be
selectively populated. On switching the field off, the system
will revert to thermal equilibrium, i.e. it will equalise the
populations of the M = 2S and M = +S states. At the simplest
level of approximation this cannot occur directly, but the system
must climb all the levels, one at a time, up to M = 0, and then
descend.42 Under this simplifying approximation the barrier for
the re-orientation of the magnetisation is given by the difference
in energy between the lowest M = +S and the top M = 0 level
[eqn. (5)]:

D = |D| S2 (5)

and the relaxation of the magnetisation is expected to follow the
Arrhenius law:

t = t0 exp(D/kT) (6)

where t0 is expected to be proportional to S6/D3. Eqn. (6) is the
same as that appropriate to classical superparamagnets.43

Below 1 K Fe4 shows slow relaxation of the magnetisation in
ac susceptibility measurements. The relaxation time follows the
Arrhenius law with t0 = 1.1 3 1026 s and D/k = 3.5 K. This
means that at 0.2 K, the lowest measurement temperature, the
relaxation time is of the order of one minute. This relaxation is
much faster than that of Mn12Ac,6 as it should be expected
given the smaller S and the lower barrier.

The height of the barrier, calculated with eqn. (5), is larger
than the experimental value. This has been found to be the case
in all systems showing slow relaxation of the magnetisation
investigated so far. It must be concluded that eqn. (5) is only a
loose approximation. In particular, the simplified model does
not take into account direct tunnelling within a formally
degenerate ±M pair. This point will be addressed in detail in the
following section on Fe8.

Given the small number of magnetic ions in Fe4, detailed
calculations were performed of the energies of the spin levels.
Attempts were made also to rationalise the anisotropy of the
ground state. As outlined in a previous section, the dipolar
contribution has the same sign as the observed anisotropy,
although spin–spin interactions alone can not quantitatively
account for it. Attempts were made to calculate the single ion
contributions, using the AOM, but no really acceptable results
were achieved.20 More efforts are needed in this field.

Fe8, the quantum magnet
The structure of [Fe8O2(OH)12(tacn)6]8+, Fe8, where tacn =
1,4,7-triazacyclononane, which Wieghardt et al. originally
reported as the bromide salt,44 Fe8Br, is shown in Fig. 5. The
analysis of the temperature dependence of the magnetic
susceptibility,45 provided evidence for a ground S = 10 state,
which can occur if six spins are up and two down. Since there
are several triangles in the exchange pathways connecting the
iron(III) ions spin, frustration effects39 can be anticipated. This
means that the ground state is not correctly described by simply
putting the spins up or down on different metal ions. However

Fig. 3 View of the structure of the hexanuclear iron cluster [NaFe6(O-
Me)12(pmdbm)6]+, where pmdbm = 1,3-di(4-methoxyphenylpropane)-
1,3-dionate (colour code as in Fig. 2). Li+ can replace the Na+ cation in the
centre with significant changes in the intracluster magnetic exchange
interaction and in the magnetic anisotropy.

Fig. 4 Structure of the ferrimagnetic cluster [Fe4(OMe)6(dpm)6] where
dpm = 2,2,6,6-tetramethylheptane-3,5-dionate (colour code as in Fig. 2).
The arrows correspond to the spin structure in the ground S = 5 state.
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it was possible to obtain a direct picture of the spin density by
using polarised neutron diffraction techniques.46 These showed
that the spin density on Fe3 and Fe4 is negative, and that on all
the other iron ions is positive. These data are in qualitative
agreement with the values obtained from the fit of the
temperature dependence of the magnetic susceptibility. The
spin density however does not correspond to five unpaired
electrons on each iron ion, confirming that the ‘up-down’
description is an oversimplification.

The ground state is largely split in zero field, as evidenced by
HF-EPR19 and inelastic neutron scattering, INS,47 experiments.
When neutrons interact with the clusters they may induce
transitions between the M levels of S multiplets, according to
the selection rules DM = 0, ±1. Therefore, by measuring the
INS it is possible to obtain detailed information on the spectrum
of the M energy levels. The INS of Fe8Br is particularly rich,
and it has shown, for the first time, how the technique can be
fruitfully used also on systems with many protons in the energy
window up to 60 cm21. In fact, after the spectra of Fe8Bt,
recently the spectra of Mn12Ac have been reported48 showing
a similar abundance of absorptions. The INS spectra of Fe8Br
are shown in Fig. 6, together with the assignment of the peaks
to the transitions within the lowest S = 10 multiplet.

The HF-EPR and the INS spectra have provided essentially
the same sets of parameters to describe the splitting of the
ground S = 10 state. In particular, they agree on the fact that the
spin Hamiltonian for describing the zero field splitting requires
the inclusion of both second order and fourth order terms. This
means that the splitting of the ground state is determined by both
quadrupolar terms, described by the parameters D and E, and
hexadecupolar terms described by the B4

0, B4
2 and B4

4

parameters. Single crystal EPR spectra have also provided the
principal directions of the zero field splitting tensors, and
consequently the principal directions of the magnetic aniso-
tropy. The easy axis, i.e. that of prevailing orientation of the
individual spins, makes a small angle, ca. 10°, with the
perpendicular of the plane of the iron ions, while the hard axis

passes through the Fe1 and Fe2 ions. The energies of the M
levels of Fe8Br are shown in Fig. 7. The lowest lying levels

correspond to M = ±S, and on increasing temperature, the levels
are progressively more admixed. This is essentially determined
by the non-zero E parameter that admixes levels differing in M
by ±2. In particular from Fig. 7 we learn that at the top of the
manifold there is not a unique level corresponding to M = 0.
Therefore the meaning of eqn. (5) for defining the barrier for the
reorientation of the magnetisation is completely lost and the
barrier is significantly reduced.49 However, if it is used in a first
approximation, D/k is calculated to be 29 K, and therefore slow
relaxation effects are expected at low temperature.

In Mössbauer experiments, which have a time scale of
1028–1029 s slow relaxation of the magnetisation of Fe8Br is
observed19 below 20 K, while the same effect can be detected by
ac susceptibility measurements only below 3 K. The relaxation
times however do not rigorously obey an Arrhenius type
relation (6). The relaxation time of the magnetisation becomes
so slow below 1 K that hysteresis loops of molecular origin can
be observed.50 The hysteresis, shown in Fig. 8, has a dynamic
nature, as revealed by the strong dependence on the rate of the
field sweep, and the same stepped appearance first reported for
Mn12Ac.7,8 The flat regions correspond to fields at which the
relaxation is slow, while the steps correspond to fields at which
a rapid increase of the relaxation rate is observed. This
behaviour has been attributed to thermally assisted quantum
tunnelling. In a magnetic quantum system the relaxation of the
magnetisation may occur either with the mechanism described

Fig. 5 View of the cluster [Fe8O2(OH)12(tacn)6]8+. where tacn =
1,4,7-triazacyclononane. The arrows correspond to the spin structure
previously suggested by the analysis of the magnetic susceptibility and then
determined from single crystal polarised neutron diffraction experiments
(see ref. 46).

Fig. 6 Inelastic neutron scattering spectrum recorded at 10 K on Fe8Br
cluster microcrystalline powder. The large peak at zero energy corresponds
to the elastic contribution. On the left side the emission spectrum is reported
while on the right side are the absorption lines. The transitions at the
extremes of the spectrum can be easily assigned as shown in the picture
using the basis of the eigenvalues of Sz (1 meV = 8.065 cm21).

Fig. 7 Schematic view of the splitting in zero field of the S = 10 ground
manifold of Fe8Br using the spin Hamiltonian parameters of ref. 47. The
height of the classical energy barrier is shown. Underbarrier transitions
dominate at low temperature. The levels above ca. 22 K cannot be labelled
with M and their assignment on the graph is arbitrary.
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above, where the absorption or emission of a phonon allow the
transition from the M to the M ± 1 level, or by tunnelling
between pairs of degenerate levels. In zero field the lowest lying
pairs of M levels meet the tunnelling condition, and the
relaxation is comparatively fast. In the presence of an external
field the energy of the +M level increases and that of the 2M
level decreases, making quantum tunnelling impossible, as
shown schematically in Fig. 9. However the condition for

tunnelling are restored for fields at which the +M level has the
same energy as of the 2M + n level, where n = 1,2,…etc. The
fields where these conditions are met can be calculated using the
spin Hamiltonian parameters obtained from HF-EPR and INS

experiments. The calculated fields correspond to the fields
where steps are observed in the hysteresis. These tunnelling
processes occur not only between the lowest levels, but also
between the higher thermally populated levels. Therefore the
overall mechanism has been described as thermally assisted
quantum tunnelling.

Direct measurements of the relaxation time of Fe8Br can be
performed at low temperature by first saturating the magnetisa-
tion and then monitoring its time decay.50 In this way it is
observed that below 350 mK the relaxation becomes tem-
perature independent, thus confirming the quantum tunnelling
effects. Under these conditions only the lowest M = 10 levels
are populated, and tunnelling occurs between them. This has
been the first experimental evidence of pure quantum tunnelling
in a magnetic nanoparticle. Attempts to observe this behaviour
in particles obtained by techniques other than molecular
chemistry had failed, essentially because it was impossible to
have absolutely monodisperse particles.

The way the molecules undergo tunnelling is still a matter of
debate, but evidence is accumulating in favour of the mecha-
nism to be discussed below. The M = ±10 levels are degenerate
in axial symmetry. If a transverse anisotropy is present, i.e. a
matrix element different from zero, D/2, connects the two states,
then tunnelling is possible. The two levels are split by the
transverse field, Ht = D/gmB, and the magnetisation can
fluctuate with a frequency proportional to D, the tunnel splitting.
This picture is correct if no additional fields are present. These
however cannot be avoided because the molecule is embedded
in a lattice with other magnetised molecules that generate a
dipolar field, Hd. If this is larger than Ht the effect of the matrix
element is quenched and no tunnelling is observed. In Fe8Br, Hd

is of the order of 1–10 mT, while Ht is of the order of 1029 T,
therefore the condition for tunnelling is not met at this level of
approximation. However the above picture neglects the role of
the magnetic nuclei present in the cluster. The 1H (I = 1/2), 14N
(I = 1), and 79,81Br (I = 3/2) nuclei generate a fluctuating
hyperfine field, Hhy, at the magnetic centres broadening the M
= ±10 levels. The broadening is of the order of 1 mT and it may
restore the tunnelling conditions for the molecules for which Hd

<  Hhy. However, since the distribution of dipolar fields is
broader than that of hyperfine fields, the process should stop
soon. In order to justify the observed continuous quantum
relaxation to thermal equilibrium it must be considered that
when a molecule tunnels it changes its magnetisation. Conse-
quently, the dipolar field felt by the neighbouring molecules
also changes, creating regions in the sample where the condition
Hd < Hhy is met.

Another way of imposing the condition that the tunnel
splitting is larger than the local fields is to apply a field
perpendicular to the easy axis. The applied field will increase
the tunnel splitting which then can be more easily measured.

Using micro SQUID techniques it was also possible to
measure the intrinsic width of the tunnel splitting.51 This has
been experimentally shown to be proportional to the hyperfine
field in Fe8Br.52 In fact when the naturally occurring non-
magnetic Fe isotopes have been substituted with the magnetic
57Fe (I = 1/2) the width of the splitting has been measured to
increase from 0.8 to 1.2 mT as shown in the inset of Fig. 10.
When the 1H nuclei are partially substituted with the less
magnetic 2H nuclei the width decreased to 0.6 mT. The
hyperfine field generated by the nuclei also strongly affects the
relaxation rate of the macroscopic magnetisation, which is
fastest in 57Fe-enriched samples and slowest in the partially
deuterated ones. This is shown in Fig. 10, where the time needed
to relax 1% of the saturation magnetisation is plotted as a
function of the temperature. These results showed the funda-
mental role of nuclei for the relaxation of the magnetisation of
Fe8Br in the quantum regime and open the possibly of
controlling the dynamics of the magnetisation by acting on the
nuclei.

Fig. 8 Hysteresis loops recorded for Fe8Br at 0.30 K and two different field
scan speeds. The dynamic nature of the hysteresis is revealed by the strong
dependence on the sweep rate. The stepped shape is due to the tunnelling of
the magnetisation, which occurs when two levels on the opposite sides of
the barrier are brought in coincidence by sweeping the field, which
accelerates the magnetic relaxation giving rise to the jumps in the
magnetisation. 

Fig. 9 Schematic drawing of the energy barrier for the reversal of the
magnetisation generated by the magnetic anisotropy. The levels correspond
to the M states of the ground spin multiplet and for the sake of clarity an
axial zero field splitting has been considered. In zero applied field the ±M
states are degenerate allowing a shortcut of the barrier through a tunnelling
process. An external magnetic field removes the energy correspondence of
the states on the opposite sides of the barrier, thus hampering the
underbarrier mechanism of relaxation, except for critical values of the field
for which the energy correspondence is re-established.
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Chemical modifications to Fe8Br have been also attempted.
So far the most successful has been the partial substitution of
bromide anions with perchlorate anions. [Fe8O2(OH)12-
(tacn)6]Br4(ClO4)4, Fe8ClO4, has been shown to behave
similarly to Fe8Br, with a ground S = 10 state. However the zfs
of the ground state is slightly different in the two compounds. In
particular the E/D ratio, which determines the rhombic splitting
of the magnetic anisotropy, is larger than that of Fe8Br.
Therefore the blocking temperature and the onset of quantum
regime are different. It may be hoped that these small variations
may provide additional handles to test the theories of quantum
tunnelling.

Perspectives
The field of molecular nanomagnetism is just at the beginning.
The advantage of molecular clusters, compared to all the other
types of magnetic nanoparticles, is that they are all identical to
each other and their structure is known. Further, intermolecular
interactions in the crystal lattice are so weak that in most cases
the response of the crystal is the same as that of an individual
molecule. Therefore it is possible to measure a molecular
response by using traditional macroscopic techniques. On the
other hand, the fact that the molecules are bistable makes them
interesting objects to be addressed individually. Therefore it can
be foreseen that in the next few years techniques to address
single molecules will be developed. Another important devel-
opment to be expected is the synthesis of larger clusters, which
will be investigated for a large number of different properties,
such as those related with biocompatibility (for MRI contrast
agents, or for magnetic drug delivery) and for the development
of new physics. In fact the results already obtained have shown
that these materials open exciting new perspectives in meso-
scopic physics. For instance Fe8Br has for the first time
provided an experimental confirmation of the so-called Berry
phase in magnets,53 a phenomenon long looked for. There are
high expectations for the fundamental contributions that this
highly interdisciplinary area can bring.
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A heated microreactor has been fabricated for heterogeneous
catalysis, employing channels microfabricated in glass using
photolithography and wet chemical etching; the demonstra-
tion reaction is the dehydration of alcohols.

There remains growing interest in miniaturised systems for
chemical analysis and synthesis. These chemical analysis
devices are commonly referred to as micro total analytical
systems (mTAS), and have been reported for a diverse range of
applications. Hadd et al.1 employed laser induced fluorescence
detection to determine a number of acetycholinesterase in-
hibitors after electrophoretic separation on a glass chip. A
polymeric microchip was employed for the analysis of PCR
products of the hepatitis C virus,2 again laser induced
fluorescence detection was employed. Fibre optically linked
spectrophotometric detection of analytes on chip provides a
convenient detection method for on-chip measurements, includ-
ing the determination of nitrite via the formation of an azo dye,3
and orthophosphate via the molybdenum blue reaction.4 The
integration of microfabricated devices with mass spectrometry
offers a potentially powerful analytical tool, for example in the
rapid analysis of proteolytic digests.5 While electrophoretic
processes prove vital for separations on chip, electroosmotic
flow offers a very convenient pumping mechanism for fluidic
manipulation, such as for moving solutions through micro-
machined filters.6

However, while great interest exists in mTAS, the application
of similar devices to synthetic applications is deriving much
interest. One only has to look through the proceedings of recent
conferences (such as IMRET 3, Frankfurt, April 1999) to see the
potential applications of such devices. These include highly
exothermic reactions, e.g. the direct fluorination of aromatic
compounds, the in situ generation of hazardous compounds, e.g.
phosgene, and rapid energy transfer systems, e.g. fuel pumps.
However, one area of interest to us is on chip heterogeneous
catalysis. This represents an important area in organic synthesis,
and there are many potential applications for miniaturised
synthetic reactors able to utilise small amounts of catalysts in
conjunction with very limited reaction volumes. This latter
feature permits very rapid mass transfer and control of reaction
conditions. In addition, the potential to employ electroosmotic
pumping with such devices represents a very attractive feature,
permitting reagents to be pumped by a device with no moving
parts. Within the Hull group, much extensive work is on-going
in the area of microreactors employing catalyst mediation, but
the work reported here is the first in a heated system.
Miniaturised catalytic devices can be used to conveniently gain
kinetic and thermodynamic data for reactions. They are also
convenient for screening new reactions and catalysts. The
screening can either be with respect to the catalyst, i.e. to
determine which catalysts show activity, or with respect to the
reaction, i.e. which reaction shows promise on a certain
catalyst.

Here, we report the dehydration of hexanol to hexene, and
ethanol to ethene (with some degree of cracking). The catalyst
used was sulfated zirconia (zirconia treated with sulfuric acid).
This catalyst is known as a super acid catalyst with well
documented reactions including the conversion of methanol to
hydrocarbons,7 isobutane/but-1-ene alkylation,8 and the

methoxymethylation of alcohols.9 It has also been reported for
the dehydration of alcohols to the associated alkene, with the
added advantage that the reaction conditions are significantly
milder than those required for other acid catalysts, such as
silica-alumina. In a previous paper,10 a 1 mm diameter reactor
was reported to offer conversion efficiencies of only 3% for the
conversion of hexanol to hexene, however in this paper,
conversion efficiencies approaching 100% are reported (com-
pared to the industrial process that only gives ca. 30%
conversion).

Sulfated zirconia (ZrO2/SO4
22) catalyst (MEL Chemicals,

Swinton, Manchester, UK) was first activated by heating to
600 °C for 1 h in a microwave furnace (CEM). The microreactor
used with syringe pumping was constructed from two plates.
The base plate was produced by photolithography and wet
chemical etching. The mask was produced in house and used to
transfer the pattern onto glass coated with chrome and photo
resist layers (Alignrite, Bridgend, South Wales). After etching
in 1% HF·NH3(aq) for 1 h at 70 °C, the remaining photo-resist
and chrome was removed. The channel dimensions were 200
mm wide by 80 mm deep and 30 mm long (in a ‘Z’ shaped
configuration). The top plate was prepared from Sylgard 184
(ISL, West Midlands, UK), a polydimethylsiloxane (PDMS)
resin and cast in a mould containing inserts to form the
reservoirs. After baking for 1 h at 100 °C, the resin was released
from the mould and the inserts removed. The mating face was
then coated with a thin layer of PDMS and activated catalyst
dusted over the surface; it was then baked at 100 °C for 1 h. The
effect of this step was to give a high surface area for the catalyst
reactor, but with the catalyst firmly immobilised. When these
two surfaces were clamped together, the effect was to produce
a reactor with one wall of the channel being catalytically active.
The in situ heater was fabricated from Nichrome wire (Ni90/
Cr10) 0.25 mm o.d. (Goodfellows, Cambridge, UK) im-
mobilised in the PDMS top plate. The heating wire was inserted
into the mould near to the mating face before the liquid PDMS
was poured into the mould. The PDMS was stable to heating up
to 175 °C (this temperature was not exceeded so no data exists
beyond this point). Heating was achieved by a potentiostat
(0–270 V) and monitored via a digital thermometer (Jencons
model 2003) with the temperature probe (RS components)
located close to the reaction channel. Where electroosmotic
flow was used as a pumping method, a 2 cm long tube (0.5 mm
i.d.) was inserted into the base plate, butting up to the start of the
reaction channel. On-chip electroosmotic pumping is at present
unreliable owing to vapourisation of the ethanol on the heated
chip, however, this limitation is being overcome with the aid of
a heat sink.

The hexan-1-ol was obtained from Avocado Research
Chemicals (Heysham, UK), while other alcohols were obtained
from supplies bottled in-house. Alcohols were purged with
nitrogen for 10 min prior to use in order to minimise coking in
the reactor; a frequent problem at high temperatures when trace
oxygen is present. Pumping was achieved using a syringe pump
(Baby Bee, BAS) or an electroosmotic pump fabricated as
previously reported.10

The effect of temperature on the dehydration of hexan-1-ol to
hexene has been studied in prior work, and an optimum
conversion occurred at a temperature of 155–160 °C. This was
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used in this work. Currently, no optimisation of the ethanol
temperature has been undertaken.

Hexan-1-ol was pumped through the reactor chip at a flow
rate of 3 mL min21 and a reaction temperature of 155 °C. The
products were collected and analysed by gas chromatography
using a Porapak Q column at 220 °C. From the gas
chromatogram, a hexan-1-ol to hexene conversion on average
between 85 and 95% could be determined. No additional
products were detected, and the reaction was specific to hexene.
The conversion efficiency is favourable compared to that
observed with large-scale reactors, where 30% is common. The
reactor was used constantly over three working days, and no
degradation of the performance was observed.

Ethanol has been pumped by both electroosmotic flow and by
means of a syringe pump. Initially, ethanol was pumped through
the chip at a flow rate of 3 mL min21 using a syringe pump and
a reaction temperature of 155 °C. The products were collected
and analysed by gas chromatography using a Porapak Q column
at 50 °C. Only trace amounts of ethanol were detected, with
most of the feedstock converted to ethene (68%), ethane (16%),
and methane (15%). The electroosmotic pump produced
repeatable flow rates of 0.9–1.1 mL min21 at a field strength of
200 V cm21, giving a significantly greater residence time for
ethanol in the reactor. The effect of this could clearly be seen in
the GC results obtained where the only detectable product was
methane. This indicates that the reaction has gone beyond
dehydration to complete cracking of the feedstock. Trace
amounts of methanol were also detected.

In conclusion, open channel on-chip microreactors have been
demonstrated for the dehydration of alcohols to the associated
alkene. While excellent results have been obtained with

mechanical pumping, electroosmotic pumping appears to offer
a significant advantage over other types of pumping, namely a
very slow flow rate resulting in long residence times in the
reactor. This can lead to a significant decrease in the required
path length for reaction. Electroosmotic flow has a disadvantage
since many liquids, e.g. hexanol exhibit no flow under applied
potential, indeed the volume flow rate is inversely proportional
to carbon chain length. The obvious outcome of this will be the
further miniaturisation of reactors, and the potential for in situ
production of chemicals.

We express thanks to Mel Chemicals (Manchester) for the
donation of the sulfated zirconia. N. G. W. was funded by the
Department of Chemistry, University of Hull.
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The design, synthesis and X-ray crystal structure of the first
intramolecularly coordinated homoleptic, monomeric and
highly volatile magnesium alkylamide example,
Mg{N[Si(CH3)3](CH2)3N(CH3)2}2, are described.

The majority of structurally characterized magnesium–amide
complexes, monomeric1 or dimeric,2 contain three- or four-
coordinate metal centers, with a few compounds reported
containing two-3 or six-coordinate4 magnesium. Numerous
examples exist with intermolecular Lewis-base complexation,
however, an intramolecular coordination motif for the central
atom is uncommon for magnesium amides. Monomeric magne-
sium complexes possessing bidentate monoanionic ligands also
are rather rare. In an ongoing effort to design and synthesize
precursors for electronic materials, we have focused on
developing highly volatile, thermally robust, ambient atmos-
phere stable, coordinatively saturated, oxygen-free magnesium
alkylamide compounds as potential dopant sources for the CVD
of GaN+Mg.5 The synthesis and structural examination of the
first intramolecularly coordinated monomeric magnesium alky-
lamide, which concomitantly possesses both substantial vola-
tility and vapor phase integrity, are described herein.6

Magnesium bis[(g-dimethylaminopropyl)trimethylsilyl-
amide] 1,† was prepared by reaction of the new secondary
amine, g-dimethylaminopropyl(trimethylsilyl)amine 2‡ with
dibutyl magnesium in hexane. This white solid has a high vapor
pressure (intact sublimation at 80 °C and 1022 Torr),7 sub-
stantial vapor phase stability, and has been demonstrated, by
TGA to have exceptionally clean transport characteristics (Fig.
1). The rather unusual combination of heightened vapor phase
robustness and mild vaporization conditions are, to our
knowledge, unique among magnesium compounds.

A single crystal of suitable quality, obtained from a hexane
solution at 280 °C, was mounted on a diffractometer under a
cooled argon stream. The solid state structure of 1, determined
by X-ray diffraction,§ contains two crystallographically inde-
pendent molecules in the asymmetric unit. Compound 1 is
monomeric, has a four-coordinate distorted tetrahedral magne-
sium center, composed of four nitrogen atoms, two of which
form covalent metal–amide interactions (ORTEP plot: Fig. 2).
Nitrogen atoms bearing three fully saturated aliphatic groups
and available lone pairs intramolecularly coordinate with the

magnesium center, occupying the remaining two coordination
sites.8 The N1–Mg1–N3 (N5–Mg2–N7) interatomic angles of
137.57° (136.01°) are considerably wider than analogous angles
present in di-solvated, four-coordinate, monomeric magnesium
bis(amide) species Mg{N[Si(CH3)3]2}2(THF)2

1a (127.9°),
Mg{N[Si(CH3)3]2}2((2,3,5-collidine)2

1c (120.9) and
Mg{N[Si(CH3)3]2}2(4-picoline)2

1c (125.5). A similar trend is
observed for the N2–Mg1–N4 and N6–Mg2–N8 angles (109.71
and 109.07°), which are substantially larger than the corre-
sponding angles for the O(N)–Mg–O(N) donor interactions
present in the compounds mentioned above: 89.9,1a 87.91c and
86.8°.1c This may be explained by the diminished steric
constraints imposed on the overall geometry of the complex by
the newly designed, flexible, intramolecularly coordinated g-
dimethylaminopropyl(trimethylsilyl)amine ligand. A compara-
bly disordered tetrahedral environment around the central metal
atom (covalent N–Mg–N angles of 135.1 and 138.7°; dative
N?Mg/N angles of 116.8 and 117.8°) also is encountered for
the intramolecularly coordinated complex Mg[N(8-quinolyl)-
(SiMe3)]2,1d which contains the rigid aromatic quinolyl li-
gand.

The interatomic angles present within the rings formed as a
consequence of N:?Mg intramolecular coordination for 1
(114.3–115.4°), well within standard data,9 are evidence of lack
of significant molecular strain, imposed as a consequence of
ring formation. The N3–Mg–N4 plane forms an angle of
80.08(8)° with the Ni–Mg–N2 plane (80.71° for N5–Mg2–N6
and N7–Mg2–N8), thereby lending 1 a pseudo spiro geome-
try.

The magnesium–nitrogen interatomic distances found for 1
can be placed into two categories. Dative bond distances,
resulting from interactions between tertiary nitrogen atoms and
Lewis-acid sites on Mg2+, Mg1–N2 and Mg1–N4 (Mg2–N6 and

Fig. 1 Thermogravimetric analysis of Mg{N[Si(CH3)3](CH2)3N(CH3)2}2,
heating rate 10 °C min21, 1 atmosphere Ar.

Fig. 2 ORTEP Representation of Mg{N[Si(CH3)3](CH2)3N(CH3)2}2 with
30% probability thermal ellipsoids, and all hydrogen atoms omitted for
clarity in viewing. Selected interatomic distances (Å) and angles (°) for
compound 1: Mg1–N1 1.988(2), Mg1–N2 2.190(2), Mg1–N3 1.982(2),
Mg1–N4 2.185(2); N1–Mg1–N2 97.20(8), N1–Mg1–N3 137.57(9), N2–
Mg1–N4 109.71(10), N3–Mg1–N4 98.19(9), Mg1–N1–Cl 116.64(15),
Mg1–N2–C3 114.31(17), Mg1–N3–C9 117.52(16), Mg1–N4–C11
113.23(18).
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Mg2–N8) 2.190(2) and 2.185(2) Å [2.188(2) and 2.198(2) Å]
agree well with previously reported values ranging between
2.096 and 2.259 Å.1,2 The metal–amide distances Mg1–N1 and
Mg1–N3 (Mg2–N5 and Mg2–N7) of 1.988(2) and 1.982(2) Å
[1.977(2) and 1.983(2) Å] represent relatively short inter-
actions, compared with corresponding data for other magne-
sium–amide compositions, which fall into the range of
1.959–2.188 Å.1,2 In the present structure, no significant
perturbation is evidenced in either type of Mg–N interaction for
1, as compared with earlier work involving non-intramolecu-
larly coordinating ligands, be they anionic or neutral in
character. It is suggested that, to a great degree, the observed
combination of high vapor pressure and high vapor phase
molecular integrity for 1 has its origin in these structural details.
The design of an appropriate (i.e. flexible arm on a saturated
alkyl tether) pendant amine to intramolecularly coordinate the
metal center fulfills its requirements as manifested by the
‘normalcy’ of the metrical and geometrical data measured for 2.
As clearly demonstrated in the TGA (Fig. 1), 2 is quite volatile,
even at 1 atm. Unlike simple organic compounds, where vapor
pressure, to a first order, inversely follows molecular weight,
organometallic compounds show not only simple van der Waals
interactions in the condensed state. The dominant inter-
molecular forces for organometallic compounds in the con-
densed state are dipole–dipole interactions. Thus, the unusually
high vapor pressure exhibited by 2 would seem to indicate that
it might have a relatively small dipole moment. In related work,
we have shown recently that such trends serve some predictive
role for zinc bis(amide) compounds.

One interesting feature of 1 emerges upon examination of the
1H and 13C solution state NMR data. The methyl groups
represented by C4, C5, C12 and C13 are magnetically
inequivalent in this environment. This is understood best by
examination of the plane represented by N3–Mg–N4 (or N1–
Mg–N2), and noting that C12 resides on the side of the plane
containing N2, while C13 resides on the N1-containing side.
This is evidenced by a 1H NMR chemical shift difference of
0.44 ppm for the methyl groups, and a 2.0 ppm 13C NMR
chemical shift difference. As expected, the ambient temperature
solution dynamic structure portrays a single environment for the
TMS methyl groups; however, 1H inequivalence also is
exhibited at C3 and C11 (difference of 0.38 ppm) and C1 and C9
(difference of 0.29 ppm), while C2 and C10 experience
equivalence under these conditions. Apparently, ring flip
motion equilibrates the later, while the methylene positions a to
each nitrogen, both amide and amine, bear the influence of
asymmetry. This may be compared with an extremely recent
example of a Mg bis(1-azaalkyl) compound, which has a rigid
chair skeletal conformation in the solid state, yet has solution
NMR data reported which indicate dynamic behavior at ambient
spectrometer conditions on the observational time scale.10

In summary, the first example of intramolecular  coordination
for a monomeric magnesium alkylamide has been designed,
prepared and structurally characterized.12 The two nearly
perpendicular rings, exhibiting negligible strain, as evidenced
by typical interatomic angles, are formed by the simultaneous
occurrence of both tertiary amine donation at the end of a
flexible alkyl tether and ionic amide attachment to the metal
center. Compound 1, highly stable in the vapor phase and
portraying substantial vapor pressure, differs from earlier
intermolecular adducts,2d which can irreversibly dissociate free
Lewis base, penultimately producing lower coordinate tran-
sients that subsequently oligomerize into low vapor pressure
species.12

We gratefully acknowledge the ONR for financial support.
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15.10. Found: C, 51.74; H, 11.14; N, 15.89. MS [EI, 70 eV, 188 °C] 370
[M+], 355 [M+ 2 CH3], 197 [M+ 2 Me2N(CH2)3NSi(CH3)3].
‡ Selected data for 2: bp = 177 °C (determined by DSC); 1H NMR [400
MHz, C6D6, 25 °C] d 2.72 (d/tr, 2H, HNCH2CH2), 2.24 (tr, 2H,
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2353 (s, NSi(CH3)3). Anal. calc. for 1: C, 55.10; H, 12.72. Found: C, 55.16;
H, 12.63. MS [EI, 70 eV] 174 [M+], 159 [M+ 2 CH3], 85, 73, 58.
§ Crystal data for 1: Mg1N4C16H42, Mr = 371.03, crystal dimensions 0.850
3 0.238 3 0.102 mm, triclinic, space group P1̄, a = 10.327(2), b =
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.cif format.
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1-Iodohexa-1,3,5-triyne (I) and hexa-1,3,5-triyne (II) spon-
taneously polymerise in aprotic solution to form a solid
carbonaceous product which contains polyyne-like struc-
tures and multi-walled carbon nanotubes with outer diame-
ter ca. 10–20 nm and length 100–200 nm.

Carbon nanotubes are conventionally produced by high-
temperature (T > 1000 °C) catalytic processes. Nanotubes and
fullerenes can also be prepared, albeit in low yield, at room
temperature by chemical defluorination of perfluorocyclo-
pentene, perfluorodecalin and perfluoronaphthalene.1 Kawase
et al.2 have shown that a totally defluorinated poly(tetrafluoro-
ethylene) (PTFE) can be partly transformed into carbon
nanotubes (10–50 nm diameter, 1 mm length) by irradiation with
fast electrons (100 kV; 103 C cm22) at 800 °C. The process
assumes the presence of reactive polyyne, which is formed by
electrochemical reductive defluorination of PTFE,2 Scheme 1.

However, the polyyne, (–C·C–)n hardly exists in the pure
state.3 The actual precursor of nanotubes in Scheme 1 is,
probably, a disordered graphitic carbon containing some
chemically bound oligoyne segments with conjugation lengths
less than 16 C-atoms.3,4 If the electron/heat treatment in Scheme
1 was omitted, no nanotubes grew.2 Also, no defined carbona-
ceous nanoclusters were found in PTFE defluorinated by alkali
metal amalgams.1

To avoid the poorly defined precursor in Scheme 1, we have
explored whether carbonaceous nanoparticles can be syn-
thesised as in Scheme 1, but from chemically defined low-
molecular-weight oligoynes. The reactants of choice seem to be
hexatriyne derivatives: butadiyne is almost inert against
chemical carbonization,5 but higher homologues are too
reactive to be handled safely.

Hexa-1,3,5-triyne (II), was prepared from prop-2-ynylol.6
1-Iodohexa-1,3,5-triyne (I) was synthesised from hexa-
1,3,5-triyne according to a procedure developed by ourselves5

Briefly, II was monolithiated by a stoichiometric amount of
MeLi in THF at 230 to 240 °C, and Li was subsequently
substituted with iodine.5,7 Both precursors I and II are
ultimately stable only in solution at low temperatures.

‘Poly(iodohexatriyne)’ was prepared as follows: a freshly
made 0.3–0.4 M solution of I in n-hexane–diethyl ether (ca. 1+1
v/v; water concentration < 50 ppm; stored under Ar) was
vacuum evaporated at room temperature over several minutes,
while an insoluble, explosive, brown solid remained. Its
composition was not too far from that of the precursor.
(Elemental analysis: C 39.65, H 1.23, I 57.20%. Calc. for C6HI:
C 36.04, H 0.50, I 63.46%). The solid was, presumably,
produced as a result of radical polymerisation of I, which
progressed according to a brutto scheme (Scheme 2) A more
stable, non-explosive material was prepared by slow polymer-
isation of I. This occurred simply after storing the solution

under Ar for 1–2 d at room temperature. During this time, a dark
brown powder precipitated, and a brown-yellow film deposited
on the walls of the reaction vessel. When the reaction
progressed, the film tended to peel off and roll into fine tubes.
The addition of a small amount of n-undecane to the solution
impeded the film formation and the product was mostly powder.
On the contrary, the film formation was promoted by the
addition of THF or ethyl acetate. The product was isolated by
filtration, washed with hexane and diethyl ether, dried in
vacuum at room temperature and stored under Ar. Elemental
analysis evidenced some carbonisation, as the iodine content
decreased: C 53.50, H 1.17, I 45.20%. [The difference from
100% mostly corresponds to adsorbed Ar (vide infra)]. The loss
of iodine was further promoted by illumination with UV light
(100 W high-pressure Hg lamp). The photo-assisted polymer-
isation–carbonisation of I gave a product containing: C 57.27, H
1.55, I 38.90%. Infrared spectra of ‘poly(iodohexatriyne)’ (both
powder and film) exhibited comparable features with a
characteristic intense band of conjugated sp-bonded carbon
atoms (polyyne-like) between 2184–2194 cm21.

The polymerisation of hexatriyne II in n-undecane or n-
hexane (water concentration < 50 ppm) was considerably faster
compared to that of iodohexatriyne. It occurred within ca. 1 h at
room temperature or within 1 d at 0 °C. The reaction accelerated
with temperature (from 0–60 °C) and the concentration of II (up
to 0.8 M). The addition of THF, diethyl ether or benzene
promoted the formation of a yellow-brown film at the walls of
the reaction vessel. Methanol, on the other hand, blocked any
precipitation, and only soluble products were formed. Ele-
mental analysis of a solid ‘poly(hexatriyne)’ gave: C 88.21, H
3.37%. The sample reversibly lost about 10% of its weight at
250 °C in vacuum, but this was almost completely re-captured
if the outgased sample was exposed to Ar (weight increase
9.2%). This roughly accounts for the difference of analytical
data from 100%, if we assume that Ar adsorbs from the
sample’s environment (calculated for C6H2: C 97.28, H 2.72%).
The ‘poly(hexatriyne)’ exhibited two IR bands at 2110 and
2188 cm21, whose intensity was much smaller compared to
those of ‘poly(iodohexatriyne)’.

A pure ‘one-dimensional’ polymerisation (Scheme 2) seems
to take place only after a fast rise of the concentration of I. Slow
reactions in the solution are dominated be ‘two-dimensional’
polymerisation, which occurs via cross-linking of oligoyne
sections in the precursor and/or in the primary chain-like
polymer (cf. Scheme 2). The cross-linking of hexatriyne to yield
graphene segments is shown in Scheme 3, where R = I, H.
There are numerous theoretical8 and experimental3 arguments
that the two-dimensional polymerisation (Scheme 3) is highly
favoured, while it may produce extended graphite-like struc-
tures. The graphitisation (Scheme 3) seems to also provide a
driving force for the partial splitting off of iodine and hydrogen

Scheme 1

Scheme 2
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from the precursor. However, the mechanism of propagation of
the extended graphene is unknown.

The presence of iodine in the precursor I retards the
polymerisation–carbonisation and stabilises the chain-like
structure (Scheme 2). Hence, hexatriyne II exhibits a larger
tendency towards the two-dimensional polymerisation (Scheme
3). Analogously, iodobutadiyne and 1,4-diiodobutadiyne5 are
inert in n-hexane (they polymerise only after UV excitation).5
Butadiyne in n-hexane exhibited a very slow spontaneous
polymerisation at room temperature in the dark, yielding solely
a thin film at the walls, but the film showed a strong IR band at
2246 cm21. These results match the general conclusion that the
stability of sp-bonded all-carbon chains against cross-linking
increases when the chains contain bulky substituents at defect
sites.3

Transmission electron microscopy (TEM) of both ‘poly-
(iodohexatriyne)’ and ‘poly(hexatriyne)’ revealed a presence of
multi-walled carbon nanotubes (Fig. 1). The nanotubes were
found in all the studied samples except ‘poly(hexatriyne)’
generated at temperatures !40 °C. (At higher temperatures, the
hexatriyne conversion to planar graphene (graphite) seems to
prevail). The highest content of nanotubes was found in
‘poly(hexatriyne)’ polymerised at 0 °C. The nanotubes were not
spread statistically in the sample: they formed agglomerates (as
in Fig. 1) embedded in a material with an amorphous shape.
Hence, the yield of nanotubes cannot be precisely determined.
By comparison with many TEM pictures, we estimate the yield
of nanotubes to be roughly 1% in good samples. Some products
showed also a casual occurrence of spherical onion-like
nanoparticles (cf. Fig. 1). The nanotubes in ‘poly(hexatriyne)’
and ‘poly(iodohexatriyne)’ resemble those generated by re-
ductive defluorination of perfluorocyclopentene.1 Typically,
the nanotubes, are straight, multi-walled, with diameter 10–20
nm and length 100–200 nm, and they are capped by onion-like
hemispheres. The presence of curved moieties (onions, nano-
tube-caps) requires that some five-membered carbon rings are
also formed via the interchain reaction (Scheme 3). However,
the mechanism of pentagon-formation is again unclear. Our
nanotubes (grown at low temperature both from hexatriyne and
fluorocarbons1) are narrower and shorter than those grown from
ex-PTFE ‘polyyne’ by electron bombardment at 800 °C.2

Raman spectra of the nanotube-rich ‘poly(hexatriyne)’
displayed only two broad bands at 1350 and 1600 cm21, which
can be assigned to polycrystalline graphite and/or multi-walled
carbon nanotubes. (These two structures are difficult to
distinguish by Raman spectroscopy). If we assign the Raman
bands at 1350 and 1600 cm21 to the graphite D and G lines,
respectively,4 their intensity ratio (0.43) allows the size of
graphite crystals to be estimated at about 10 nm. (Similar-size
graphite nanocrystals result also from cross-linking of PTFE-
borne ‘polyyne’.3,4) In accord with TEM, no single-walled
carbon nanotubes were detectable in the region of the radial
breathing mode (ca. 200 cm21).

In conclusion, hexatriyne derivatives show a pronounced
tendency towards conversion into disordered graphene-like
nanostructures, viz multi-walled carbon nanotubes. The produc-
tion of nanotubes from hexatriyne seems to be more facile and
more efficient, compared to the processes based on defluorina-
tion of octafluorocyclopentene and similar precursors.1 Further
effort should concentrate on the understanding and optimisation
of the chemical synthesis of nanotubes. This knowledge might
also help us to understand the mechanism of production of
carbon nanotubes in the common high-temperature catalytic
processes.

This work was supported by The Grant Agency of the Czech
Republic (contracts Nos. 203/98/1168 and 203/98/1181) and by
the Ministry of Education of the Czech Republic (Czech-
Japanese cooperation project No. ME164).
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Scheme 3

Fig. 1 Transmission electron microscopy of carbonaceous material prepared
by spontaneous polymerization of hexatriyne at 0 °C.
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Mesoscopic string structures of single 5,5A-dichloro-3,3A-
disulfopropyl thiacyanine J aggregates produced in an
aqueous solution were observed directly by both fluorescence
microscopy and microspectroscopy.

J aggregates are specific organic dye assemblies discovered by
Jelley and Scheibe,1,2 and characterized by a narrow and intense
absorption band that shows a bathochromic shift compared to
the relevant monomer band.3 On the basis of such optical
characteristics, the aggregates have been often used as spectral
sensitizers in photography.4 Recent interest has also focused on
the ability of J aggregates to exhibit coherent excitation
phenomena which provide large optical nonlinearities.5,6 Since
the aggregate structure reflects highly on its spectroscopic
properties such as the spectral line shape and peak energy,
detailed investigations of the structures and/or morphologies of
single aggregates are of primary importance. Previous studies
demonstrated that a pseudoisocyanine (PIC) dye produces J
aggregates at a mica/solution interface, and the single aggregate
has a three-dimensional disk-like island structure in the
mesoscopic size range as elucidated by tapping mode AFM
(atomic force microscopy) in solution.7,8 On the other hand,
although structural and/or morphological differences are ex-
pected between the J aggregates at a solid/liquid interface and
those produced in bulk solution,9 details have been poorly
understood since a real structure of the aggregates in solution
have not been observed in situ. In this study, we report a direct
observation of single thiacyanine J aggregates in an aqueous
solution by both fluorescence microscopy and microspectro-
scopy.

Sample solutions were prepared by dissolving a 5,5A-
dichloro-3,3A-disulfopropyl thiacyanine sodium salt [abbrevi-
ated as TC; chemical structure shown in the inset of Fig. 1;
Nippon Kankoh-Shikiso Kenkyusho (99%)] in an aqueous
NaCl (5.0 mM) solution under moderate heating ( < 60 °C).
Fluorescence microscope images were obtained by using a CCD
camera (Hitachi, Remote Eye) set on an optical microscope
(Nikon, Optiphoto-2). Fluorescence spectroscopy under the
microscope was conducted by using a polychromator–multi-
channel photodetector set (Hamamatsu Photonics, PMA-11)
equipped on the microscope.10 An Xe beam (Hamamatsu
Photonics, L2273) passed through an interference filter (KL-45,
Toshiba Glass) or an Ar+ laser beam (Coherent, Innova 70) at
454.5 nm were used as the excitation sources for fluorescence
imaging and spectroscopy, respectively. A sharp-cut filter (Y-
47, Toshiba Glass) was mounted in front of the CCD camera–
photodetector set to eliminate scattering light of the excitation
beam. Measurements were performed at room temperature.

Fig. 1 shows the absorption and fluorescence spectra of TC in
aqueous NaCl solutions at different concentrations ([TC] = 0.2,
0.1, 0.05 and 0.03 mM) with a set optical path length of 300 mm.
When the concentration of TC is > 0.05 mM, the absorption
spectrum [Fig. 1(a)] showed a sharp and intense J band at ca.
464 nm in addition to the monomer (430 nm) and dimer bands
(408 nm). The peak position and line width of the J band was

constant under these concentrations, indicating that the internal
structure of the J aggregate was unchanged. The fluorescence
spectrum [Fig. 1(b)] does not show a Stokes shift, which is
characteristic of J aggregates.11

In concentrated solutions, distinctive opalescence was ob-
served. Therefore, fluorescence microscopy was conducted to
examine the microstructures of the TC J aggregates. Fig. 2
shows fluorescence microscope images at [TC] ! 0.05 mM,
above which the J band appears and mesoscopic string
structures were clearly observed. Since a characteristic fluores-
cence image was not detected below 0.05 mM, the strings
distributed in solution were considered to be J aggregates of TC.
To the best of our knowledge, this is the first observation of
mesoscopic J aggregates in a solution phase. The length of the
string was several tens of mm while the width was very narrow;
sub- or a few mm. This string structure of the J aggregate is
probably due to anisotropic interactions between TC molecules
in solution (i.e. quasi-one-dimensional stacking interactions),
different from that of PIC J aggregates observed at a solid/liquid
interface.7,8 A single string is likely to bend in an arc form,
suggesting that the mesoscopic J aggregate is flexible and
polycrystalline-like. The fluorescence images also show that
morphologies of the aggregates were dependent on the TC
concentration. With a decrease in the concentration, the density
of the string decreased while the length of the aggregate was
slightly increased. The results are probably due to lower
supersaturation at a low concentration which leads to generation
of fewer nuclei, and the string would grow to a larger size; cf.
microcrystallite formation processes. It is worth noting, fur-
thermore, tha single J aggregates could be optically trapped by

† Present address: Department of Material Science, Faculty of Science,
Himeji Institute of Technology, 3-2-1 Koto, Kamigori-cho, Ako-gun,
Hyogo 678-1297, Japan. E-mail: yao@sci.himeji-tech.ac.jp

Fig. 1 Absorption (a) and fluorescence (b) spectra of TC in an aqueous NaCl
solution ([NaCl] = 5 mM): optical path length = 300 mm.
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a focused laser beam at 1064 nm (optical tweezers) and details
will be described elsewhere.12

Fig. 3 shows fluorescence spectra observed for a single string
and at the periphery of the string {[TC] = 0.05 mM,
corresponding to Fig. 2(c)}. The excitation beam diameter was
ca. 10 mm, and the measurements were conducted at various
positions in the string. However, the spectral band shape did not
change with the observation position in the string. Since the
spectrum was quite similar to that in Fig. 1(b), the strings seen
in Fig. 2 were concluded to be TC J aggregates.13 It is
noteworthy that fluorescence was scarcely observed at the outer
periphery of the strings, indicating that TC in an aqueous
solution produces exclusively mesoscopic-size J aggregates.

Recently, the structures of TC J aggregates with different
counter cations in solution have been studied by synchrotron
XRD and NMR spectroscopy by Tiddy et al.14,15 The results
suggested that the J aggregates involve thousands of molecules,
which generate a liquid-crystalline lamellar phase composed of
ordered dyes and water layers in an aqueous solution. If similar
morphologies are also expected in our system, the observed
single string could show a lamellar phase, and the water content
could be more than ca. 95%, which would probably be the
origin of the flexibility of the aggregates. Thus, detailed
microstructures of the J aggregates are worth studying by
various local sensing tools such as AFM and SNOM (scanning
near-field optical microscopy), and work along such lines is
now in progress.
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Fig. 2 Fluorescence microscope images of the TC J aggregates in aqueous
NaCl solutions. (a), (b) and (c) show images at [TC] = 0.2, 0.1 and 0.05
mM, respectively. The mesoscopic strings correspond to the TC J
aggregates.

Fig. 3 Fluorescence spectra observed for a single string of TC J aggregates
and at the periphery of the string: concentration of TC = 0.05 mM.
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Surface plasmon resonance measurements have been con-
ducted to construct a unique electrochemical enzyme sensor
which detected the reversible change in the refractive index
of a redox film containing an enzyme.

A number of electrochemical biosensors have been constructed
based on the enzymatic consumption of substrates and the
electrochemical regeneration of an active enzyme by electron
mediators. These electrochemical biosensors convert the ana-
lyte concentration to faradic current and this current is
proportional to the concentration gradient of the electro-
chemically active molecules on the electrode surface. Mean-
while, surface plasmon resonance (SPR) has been used to
measure biological reactions in real time. For instance, DNA
elongation by polymerase has been measured in real time using
SPR.1 We have shown that SPR measurements can be used to
detect certain electrochemical reactions.2,3 The combination of
SPR and electrochemical measurements will make it possible to
detect the refractive index of an electrochemically activated
enzyme-mediator film. Here we describe our SPR-based
analysis of immobilized enzyme films for electrochemical
biosensor applications, and propose a novel transducer ele-
ment.

Thin gold film electrodes were coated with a horseradish
peroxidase (HRP)–osmium redox polymer solution and dried
for immobilization.4 It is expected that reduced and oxidized
HRP–osmium films in an electrolyte will have different
refractive indices, and that the refractive index will change with
the electrode potential and can be used to indicate an enzymatic
reaction. However, the refractive index may also depend on the
redox reaction of HRP, osmium ions and their ionic environ-
ment, the substrate/product concentration, and the packing of
the film. When the redox reaction chain is working, all these
values change and this affects the minimum reflection angle in
SPR measurements (qSPR). We investigated the effect of
catalytic electrochemical reactions on qSPR values. First, we
measured qSPR for the HRP–osmium redox polymer im-
mobilized electrode simultaneously with cyclic voltammetry
without the HRP substrate. The cyclic voltammogram (CV)
showed a narrow peak separation and symmetric waves which
are characteristics of reactions of an immobilized species.5 In
the absence of hydrogen peroxide (substrate of HRP), Os3+ ions
are not regenerated by chemical reaction. Therefore, the qSPR
change in the CV was the result of the redox reaction of the
osmium film. The qSPR response showed a bimodal change with
potential (similar to that in Fig. 1). We also observed similar
qSPR changes in a solution containing 1 M NaClO4. The value
of qSPR increased at lower potentials, and the potential at which
the qSPR value showed the steepest change was the same as the
CV peak potential. This is because of the change in the
concentration of ions in the film to compensate the charge
neutrality which depends on the valence state of the osmium
ions.6

In the presence of the HRP substrate the CV shown in Fig. 1
was obtained. In this CV, the hydrogen peroxide was reduced by

HRP and a catalytic current was observed. The dependence of
qSPR on the potential was flat in the potential region far from the
formal potential, indicating that qSPR changes from other factors
is small. In the potential range in which the catalytic current was
observed, oxidized osmium ions (Os3+) were regenerated by the
enzymatic reaction. However, the curve of qSPR vs. potential
showed a bimodal change, and the graph was almost the same as
that obtained without hydrogen peroxide. Therefore, the effect
of the redox state of the enzyme and hydrogen peroxide on the
qSPR was far less than that of the mediator film. In the above
experiments, the maximum concentration gradient in the film
was at the electrode surface when a catalytic current was
observed. When the electrode potential is not controlled, the
mediator will be oxidized chemically by the enzyme until it is
fully oxidized. The concentration ratio of the reduced and
oxidized mediator at the electrode surface can be monitored in
terms of the electrode potential by means of a potentiometric
experiment.

Next, we carried out chronopotentiometry for the catalytic
electrochemical reaction as shown in Fig. 2A. Before the
chronopotentiometry was started (E = 0 mV), qSPR increased
because of reduction of the film. At zero time, the working
electrode was set in the potentiometer mode and qSPR remained
unchanged in the absence of hydrogen peroxide (0 M). In the
presence of hydrogen peroxide, qSPR began to decrease with this
being more marked with an increase in hydrogen peroxide
concentration. This indicates that the ratio of the reduced form
of the film (Os2+) near the electrode surface decreased through
the enzymatic consumption of hydrogen peroxide by HRP. The
rate of change of qSPR can thus be used to determine the
substrate concentration. Moreover, this method does not require
electrochemical instrumentation; we can simply employ the
chemical reduction of a mediator using a flow system. Fig. 2B
shows the potential change measured by chronopotentiometry.
As with the SPR measurement, a potential change was observed
in the presence of hydrogen peroxide owing to a decrease in the
reduced form of the film. At low hydrogen peroxide concentra-

Fig. 1 qSPR (thin line) dependence of the electrode potential measured
simultaneously with cyclic voltammetry (thick line) for an HRP–osmium
redox polymer immobilized electrode in 0.1 M phosphate buffer (pH 7) with
10 mM hydrogen peroxide: scan rate 10 mV s21, geometric surface area =
0.16 cm2.
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tions, the potential change was also smaller than at higher
hydrogen peroxide concentrations. As the concentration ratio of
reduced Os ions (Os2+) approached 0.5, the electrode potential
change became slower, and a potential plateau (Fig. 2B) was
observed.

Fig. 3 shows the relation between qSPR and the electrode
potential of the experiment in Fig. 2. The fraction of reduced
film was calculated from the measured potential (Fig. 2B) based
on the Nernst equation, and qSPR was plotted. Despite the

different substrate concentrations, the trajectories traced the
same curve. This implies that the film reacted uniformly and
qSPR represented the redox state of the mediator film in real
time. The SPR detection of an enzyme containing redox film
can provide a new method of enzyme sensor detection. The
physical sensing space can be greatly reduced because of the
nature of SPR, and a small dead volume sensor can be
constructed. The time response of this method can be improved
using a higher sampling rate for the SPR signal. In addition,
kinetic information on the multistage enzyme reaction can be
obtained. We are currently constructing enzyme sensors using
glucose oxidase.

This work was completed while S. K. was staying at NTT.

Notes and references
1 M. Buckle, R. M. Williams, M. Negroni and H. Buc, Proc. Natl. Acad.

Sci. USA, 1996, 93, 889.
2 Y. Iwasaki, T. Horiuchi, M. Morita and O. Niwa, Electroanalysis, 1997,

9, 1239.
3 Y. Iwasaki, T. Horiuchi, M. Morita and O. Niwa, Sens. Actuators, B,

1998, 50, 145.
4 O. Niwa, K. Torimitsu, M. Morita, P. Osborne and K. Yamamoto, Anal.

Chem., 1996, 68, 1865.
5 M. Vreeke, R. Maidan and A. Heller, Anal. Chem., 1992, 64, 3084.
6 T. Tjaernhage and M. Sharp, Electrochim. Acta, 1994, 39, 623.

Fig. 2 Time course of qSPR (A) and equilibrium potential (B) in the
chronopotentiometry of an HRP–osmium film with various substrate
concentrations. The SPR measurement was initially held a potential at 0 mV
for 1 min and then the working electrode was set in the potentiometer mode
(t = 0) and simultaneous chronopotentiometry was started. The formal
potential (E0A) was evaluated from the peak potentials of the CV in the
absence of the substrate, F is the Faraday constant, R is the gas constant and
T is the measuring temperature.

Fig. 3 Relation between qSPR and surface concentration ratio in the
experiment shown in Fig. 2. The arrows indicate the position at 80 s for each
substrate concentration.
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The crystal structure of cyclo(D-Trp-D-Asp2-Pro-D-Val-
Leu-)·Na+, a potent endothelin-1 antagonist, showed four
conformational isomers and two Na+-caged structures in
pairs.

Endothelin (ET) is an endogenous vasoconstrictor peptide with
21 amino acid residues.1 Two cyclic peptapeptides of
BE18257A and B, isolated from Streptomyces misakiensis,2,3

antagonize the ET induced vasoconstriction by binding to the
ET-A receptor subtype.4 The peptide BQ123, cyclo(-D-Trp-D-
Asp-Pro-D-Val-Leu-), was designed from these leading pep-
tides (Scheme 1).5,6 Many NMR studies have been carried out
on ET,7–11 and it was recently suggested11 that BQ123 partially
resembles the structure of ET-1 determined by X-ray diffrac-

tion.12,13 In spite of such intensive approaches, no structures of
ET antagonists have been elucidated in the solid state. We
reported here, the crystal structure of the sodium salt of
BQ123.† This is the first X-ray structural analysis of an ET
antagonist.

Scheme 1

Fig. 1 Molecular conformation of BQ123. Since the conformations of four
independent molecules are very similar to each other, only molecule 1 is
drawn.

Fig. 2 A caged structure composed of two peptides and a Na+ ion. (a) Top
and (b) orthogonal side (rotated 290° for horizontal axis) views. Hydrogens
and side chains of D-Val, Leu and D-Trp are omitted for clarity. Filled bonds
and balls represent Na–O bonds and coordinated oxygen atoms, re-
spectively. Oxygen atoms of independent molecules 1 and 2 are distin-
guished by underlined labels. This structure corresponds to one of two
similar caged structures in the crystal.

This journal is © The Royal Society of Chemistry 2000
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Four independent peptide molecules are located in an
asymmetric unit. Conformational differences are observed in
the side chain rotation of Trp and the puckering of Pro among
the independent molecules, although their overall conforma-
tions are similar to each other; the rms deviations are 0.10–0.17
Å in the main chains. Fig. 1 shows the conformation of a single
peptide molecule. The conformation of BQ123 is similar to the
solution structure of the Na+-free form in methanol and
chloroform,10 though some local differences are induced via the
interactions with ions. The most prominent feature in the crystal
is the Na+-coordinated form sandwiched between two inde-
pendent peptides in pairs, as shown in Fig. 2. The carbonyl
oxygens (CNO) of D-Asp and D-Val and the carboxyl oxygens
(COO2) of D-Asp are coordinated to the Na+ ion, forming an
octahedral structure. In this form, the carboxyl and the carbonyl
oxygens of the Asp residues are coordinated at the cis and trans
positions, respectively, and these six Na–O bonds range in
distance from 2.2 to 2.5 Å. Intermolecular hydrogen bonds are
formed between the two BQ123 molecules wrapping the Na+

ion (not shown in Fig. 2), and thus the peptide molecules form
a unique caged structure specific for the Na+ ion. Two similar
caged structures are formed in the crystal, and are distinguished
based on interaction modes with the solvents and the two
remaining Na+ ions forming either five- or six-coordinate
bonds.

Although we surveyed the characteristics of the structures of
ET-1 and the Na+-ion and BQ123 complexes, no similarities
were found, except for a number of amino acids (ET-1 is
composed of 21 amino acids, and the total residue number of the
four independent cyclic pentapeptides is 20). However, con-
sidering that both peptides selectively bind to the ET-A
receptor, such differences and the unique structure of the
sodium salt of BQ123 are important information for identifying
the stereospecificity of the ET-A receptor.

Notes and references
† Crystal data for BQ123·Na: 4C31H41N6O7Na·10H2O·8C3H7OH, M =
3192.6, orthorhombic, space group P212121, a = 25.3987(3), b =
34.7167(3), c = 25.7365(3) Å, V = 22693.4(24) Å3, Z = 4, Dc = 0.934 g
cm23, F(000) = 6864, m = 0.076 mm21, l = 0.834 Å, T = 100 °K, 35804
independent reflections were used, qmax = 31.42° (0.80 Å resolution). The
molecular weight of BQ123·Na is > 3000 Da, and all attempts to solve the
structure using the intensity data collected using commercial X-ray
generators (Rigaku RU200/300) failed. The data were, therefore, measured
using a Rigaku RAXIS-4 on a synchrotron, SPring-8/BL24XU-A (the
figure-eight undulator and double-crystal monochromator system), with the
approval of Hyogo prefecture and the Japan Synchrotron Radiation
Research Institute (Approval No. C99A24XU-005N and 006N). The

structure was finally solved by the electron density modification method
using LODEM14 and refined using SHELXL-97.15 The solvent molecules
were located by difference Fourier syntheses, and 8 isopropyl alcohol and
16 water molecules were found between the peptides. Some solvent sites
were disordered: the calculated occupancies of two isopropyl alcohol
molecules were 0.55 and 0.75, and those of 8 water molecules ranged from
0.16 to 0.36. Hydrogens of peptides were calculated in geometrically ideal
positions by the ‘ride on’ method, and the hydrogens of solvent molecules
were found from the Fourier map considering hydrogen-bonding networks.
All hydrogens were included in the calculation of structure factors with
isotropic temperature factors. A total of 2088 refinement parameters were
divided into three blocks, and the positions and temperature factors were
refined in a single refinement cycle. The R1 and wR values converged to
0.0845 and 0.2146, respectively, and goodness of fit = 1.044, Drmax =
0.572 e Å3 and Drmin = 20.383 e Å3.

CCDC 182/1579. See http://www.rsc.org/suppdata/cc/a9/a909413j/ for
crystallographic files in .cif format.
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An Fe ion-exchanged BEA zeolite (Fe-BEA), which effec-
tively performs selective catalytic reduction of N2O with
methane in the presence of excess oxygen, is much more
active than Fe-MFI zeolite reported in the literature.

Nitrous oxide (N2O) and methane (CH4) are strong greenhouse-
effect gases with a global warming potential (GWP) per
molecule of ca. 300 and 30 times that of carbon dioxide (CO2),
respectively.1 N2O is also identified as a contributor to the
destruction of ozone in the stratosphere.2 From the point of view
of the environment, therefore, it is of interest to study selective
catalytic reduction (SCR) of N2O by CH4 which can lead to
simultaneous abatement of N2O and CH4 in emission gases.
Recently, the groups of Segawa3,4 and Turek5,6 reported that the
SCR of N2O by hydrocarbons such as C3H6 and C3H8 took
place effectively over Fe-MFI catalysts even in the presence of
coexistent gases such as excess O2 and H2O. However, little
detailed work with respect to other catalysts and/or reductants in
the SCR of N2O has been performed. We have been studying
the SCR of N2O with hydrocarbons over different Fe ion-
exchanged zeolite catalysts (e.g. Fe-MFI, Fe-MOR, Fe-NaY,
etc.).7 During the course of this study, an Fe ion-exchanged
BEA (Fe-BEA) catalyst was found to be much more active for
the SCR of N2O than Fe-MFI zeolite reported in the literature.
We report here that the Fe-BEA catalyst performs effectively
for the SCR of N2O with CH4 even in the presence of an excess
of oxygen.

Fe-BEA (SiO2/Al2O3 = 27.3) catalyst was prepared by ion-
exchange with a dilute solution of Fe(SO4) at 50 °C for 20 h
under a nitrogen atmosphere, and calcined in air for 12 h at 500
°C.3,4 For comparison, Fe-MFI (SiO2/Al2O3 = 23.8) was also
prepared by the same procedures as Fe-BEA. The zeolite
supports (H-BEA, Na-MFI) were supplied by TOSOH Co. The
loading weight of Fe on BEA and MFI supports was 0.77 wt%
(25 % exchanged with Fe2+) and 2.90 wt% (80% exchanged
with Fe2+), respectively. The reaction was carried out in a
standard fixed-bed flow reactor by passing a gaseous mixture of
N2O (950 ppm), CH4 (500 or 3000 ppm) and O2 (10%) in an He
flow at a total flow rate of 50 cm3 min21 over 50 mg of catalyst
[total pressure: 1 atm; space velocity (SV): 60 000 h21]. The
samples were pretreated at 500 °C with O2 for 1 h in a flow
reactor, followed by a He purge at the initial reaction
temperature. Catalytic experiments on various reaction systems
were performed as detailed in Table 1. The products were
monitored by an on-line gas chromatograph (Shimadzu GC-8A)
equipped with Molecular Sieve 5A (N2, CH4, CO) and Porapak
Q (N2O, CO2, H2O) columns. The catalytic activity for the
reduction of N2O with CH4 was evaluated by the percentage
conversion of N2O and CH4 to N2 and COx (CO2 and/or CO),
respectively.

Figs. 1 and 2 show N2O and CH4 conversions in the different
reaction systems (over Fe-BEA and Fe-MFI catalysts), re-
spectively. As shown in Fig. 1, the catalytic activities of N2O
decomposition on both Fe-BEA and Fe-MFI catalysts were
significantly promoted by adding CH4, while N2O decomposi-
tion was inhibited in the presence of O2. Compared with the

N2O (950 ppm)/O2 (10 %)/CH4 (500 ppm) system, the N2O
conversion curve shifted to lower temperature in the absence of
O2 (O2: 10 ? 0%: No. 3 and 4 in Fig. 1), while the N2O
conversion was scarcely affected by the composition of CH4 in
this range (CH4: 500 ? 3000 ppm: No. 4 and 5 in Fig. 1). For
both Fe-BEA and Fe-MFI, increases of CH4 conversions
correlated well with that of N2O conversions. N2, H2O and CO2
were observed as the main products in the N2O/CH4/O2 system
for both catalysts. Moreover, it was found that there was a
plateau in CH4 conversion after N2O conversion reached 100%
(ca. 350–450 °C, Fig. 2). This is due to the fact that N2O in the
mixture gas was completely consumed by reaction with CH4 at
such temperatures. It should be noted that oxidation of CH4 by
O2 over the Fe-BEA catalyst began above 450 °C (No. 6 in Fig.
2). These results indicate that the reduction of N2O and the
oxidation of CH4 in this reaction system (N2O/CH4/O2)
concomitantly take place at much lower temperature than each
of original reaction temperatures in the N2O decomposition
(N2O alone: No. 1 in Fig. 1) and the CH4 oxidation (CH4/O2

Table 1 List of the reaction systems on the catalytic experiments

Feed composition in mixture gases

Reaction No. Catalyst N2O (ppm) O2 (%) CH4 (ppm)

1 Fe-BEA 950 0 0
2 Fe-BEA 950 10 0
3 Fe-BEA 950 0 500
4 Fe-BEA 950 10 500
5 Fe-BEA 950 10 3000
6 Fe-BEA 0 10 500
7 Fe-MFI 950 0 0
8 Fe-MFI 950 10 0
9 Fe-MFI 950 10 500

Fig. 1 N2O conversion to N2 over Fe-BEA and Fe-MFI. Reaction conditions
(No.) are described in Table 1.
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mixture: No. 6 in Fig. 2). Therefore, O atoms from N2O
molecules are much more efficient in activating CH4 than O
atoms from O2 molecules at low temperature ( < 400 °C).

As also shown in Fig. 1, catalytic activities (per g cat) for the
decomposition of N2O and the selective catalytic reduction
(SCR) of N2O by CH4 over the Fe-BEA catalyst are much
higher than those over the Fe-MFI catalyst. Table 2 shows TOF

values based on the catalytic activities in N2O (No. 1 and 7) and
N2O/O2/CH4 (No. 4 and 9) systems over Fe-BEA and Fe-MFI.
The TOF values were estimated by assuming that all of loaded
Fe (exchanged with Fe2+) act as active sites. These TOF values,
of both the decomposition of N2O and the SCR of N2O by CH4
over Fe-BEA are more than one order of magnitude higher than
those over Fe-MFI. From the above results, it is strongly
suggested that Fe-BEA zeolite is much more active than Fe-
MFI zeolite. The difference in the catalytic activities between
Fe-BEA and Fe-MFI suggests that the decomposition of N2O
and the SCR of N2O by CH4 may be influenced by the structure
of zeolite and/or states of the Fe ions.7 On the other hand, the
TOF values of N2 formation on the SCR of N2O by CH4 were
significantly higher than those for the decomposition of N2O
over both zeolites. This result indicates that the reaction
mechanism for the SCR of N2O by CH4 is substantially different
from that for the decomposition of N2O.

The present results have demonstrated that the SCR of N2O
by CH4 in the presence of an excess of O2 occurs effectively
over the Fe-BEA catalyst. Interestingly, the reaction tem-
peratures for the SCR of N2O by CH4 and the selective
oxidation of CH4 by N2O over Fe-BEA are much lower than
those for N2O decomposition (2N2O ? 2N2 + O2) or CH4
combustion (CH4 + 2O2? CO2 + 2H2O) even in the presence
of excess O2. We are currently undertaking further investiga-
tions in our laboratory with respect to the detailed mechanism,
the effect of coexistent gases (SO2, NO, H2O, etc.) and the
characterization of active sites (Fe ion states etc.).

Notes and references
1 H. Rodhe, Science, 1990, 248, 1217.
2 F. Kapteijn, J. Rodriguez-Mirasol and J. A. Moulijn, Appl. Catal. B,

1996, 9, 25.
3 C. Pophal, T. Yogo, K. Yamada and K. Segawa, Appl. Catal. B, 1998, 16,
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Fig. 2 CH4 conversion to CO2 over Fe-BEA and Fe-MFI. Reaction
conditions (No.) are described in Table 1.

Table 2 Comparison of TOF values for N2O decomposition and SCR of
N2O

1024 TOFa/s21

SCR of N2O by CH4
c

Decomposition of N2Ob

Catalyst N2 formation N2 formation CO2 formation

Fe-BEA 16.8 21.8 4.35
Fe-MFI 1.19 1.73 0.07
a Turnover frequency (TOF: s21): number of product molecules per number
of Fe ions s21. b At 430 °C (reaction No. 1 and 7). c At 300 °C (reaction No.
4 and 9).
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A bisporphyrin substituted bipyridine ligand and several
metal derivatives are described.

There has been great interest in recent years in the photo-
chemical and electrochemical properties of supramolecular
assemblies composed of mononuclear metal polypyridyl com-
plexes.1 Such systems have applications in solar energy
harvesting2 and in molecular device technology.3 These
functions may be achieved by programming such assemblies,
through molecular design, so they transduce energy in one
particular direction. This is possible by using binuclear
complexes with different metals or by having different terminal
ligand substituents.4

We have a particular interest in the assembly of poly-
chromophore systems, especially those involving porphyrins.5
More recently we have been investigating the chemistry of
porphyrins that have pendant groups such as pyridine capable of
acting as ligands.6 Here, we report the expansion of this work to
include the bipyridyl ligand.

Treatment of 4,4A-diformyl-2,2A-bipyridine 1 with 1 equiva-
lent of tetraxylylporphyrin phosphonium salt (TXP-
CH2PPh3Cl) 2 proceeds to give the porphyrin functionalised
bipyridine 3 in 91% yield (Scheme 1). The remaining aldehyde

group can be treated with a further equivalent of 2 to give the
bisporphyrin–bipyridine compound 4. Alternatively, 3 can be
treated with other Wittig reagents such as the tetraphenylpor-
phyrin or variants7 of 2 such as tetra(di-tert-butylphenyl)por-
phyrin5 to give the hetero-bisporphyrin–bipyridines 5 and 6. All
of the compounds 3–6 are insoluble in hexane or alcohols but
are very soluble in most other organic solvents.

The 1H NMR spectrum of 4 is consistent with a symmetrical
compound. In particular the symmetry is demonstrated by the
presence of only three signals associated with the bipyridyl
group. A doublet at d 7.30 (3J 5.2 Hz) identified as the two
equivalent 5-position protons (H5,5A-bpy), the two 3-position
bipyridine protons (H3,3A-bpy) appear as a singlet at d 8.41 while
protons of the 6-position (H6,6A-bpy) give rise to a doublet (3J 5.2
Hz) at d 8.81. The lack of steric restrictions apparent from the
spectrum of 4 is confirmed by its CPK model with no
unfavorable steric interactions being apparent.

Treatment of 4 with suitable transition metal complexes
results in the formation of stable coordination complexes where
it acts as a bidentate ligand. Thus, heating ReCl(CO)5 and 4 in
benzene at reflux temperature gives the rhenium complex 7 in

† Electronic supplementary information (ESI) available: characterisation
data for 3–10. See http://www.rsc.org/suppdata/cc/b0/b000364f/

Scheme 1

Fig. 1 Molecular structures of compounds.
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74% yield. Similar complexes of ruthenium 8 and platinum 9
can be obtained by treating 4 with [Ru(CO)2Cl2]n and
PtCl2(Me2SO)2, respectively (Fig. 1). The 1H NMR spectra for
7–9 are little changed from 3, with only slight shifts observed in
the positions of the resonances.

The reaction of 4 with RuCl2(Me2SO)4 results in the
formation of a complex 10 where 2 equivalents of 4 are
coordinated. The yield is 28%, but all of the unreacted 4 can be
recovered and reused. The 1H NMR spectrum of 10 is
particularly interesting as it enables the geometry of the metal
complex to be established unequivocally. In contrast to 4 and
the complexes 7–9 where the resonances of the protons attached
to the bipyridyl rings give only three signals as expected for
symmetrical coordination, six signals are observed for these
protons in the 1H NMR spectrum of 10. This indicates that the
chloride ligands must be cis to each other, imposing an
asymmetry in the bipyridine ligand.

The electronic absorption spectra of the ligands 4–6 show
porphyrin character with the p? p* band of the bpy evident at
299 nm in 4. The metal complexes 7, 8 and 10 appear to possess
only porphyrin character in their visible spectra but close
examination of the spectra shows a broadening and asymmetry
in the Soret band owing to the presence of the metal to ligand
charge transfer under the Soret. The spectra are effectively the
sum of the spectra of the porphyrin and M(bpy)3 components.8
Emission studies on these systems show similar results to other

bpy–porphyrin complexes8 with significantly reduced por-
phyrin emission, and no emission attributable to the M(bpy)
portion of the system observed. The emission quenching
observed in these systems is thought to be energy transfer
similar to that observed in terpy based systems by Flamigni
et al.8b,c The resonance Raman spectra of 4, 7, 8 and 10 are
shown in Fig. 2. Also present is the spectrum of TXPbb, which
is a vinyl-phenyl substituted tetraxylyl porphyrin, for compar-
ative studies. The spectra for 4, 7, 8 and 10 are largely porphyrin
in nature, with the only feature attributable to the MLCT
transition the band at 1608 cm21 in 7, 8 and 10. In 7 a band due
to the carbonyl can be observed at 2020 cm21. An investigation
of systems such as these in solar energy conversion is currently
underway in our laboratory.

We are grateful to The Public Good Science Fund (MAU602
and MAU809), the Massey University Research Fund, the
Research Institute of Innovative Technology for the Earth, and
the Marsden Fund of New Zealand (MAU810) for support of
this work.
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mM). Excitation wavelength was 457.9 nm (20 mW).
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The heterometallic cubanes [{E2(NCy)4}(MnCp)2] (E = Sb
1, As 2; Cy = C6H11, Cp = C5H5) are the first examples of
complexes in which a paramagnetic metal ion has been
incorporated into a p block ligand framework.

The coordination chemistry of ligand systems based on p block
element imido frameworks has become increasingly studied in
recent years.1,2 Species such as the homologous group 15
dianions [E2(NR)4]2– (E = P–Bi)1,3 offer readily accessible
building blocks for the assembly of cage complexes containing
a broad variety of mixed p block element/main group and
transition element compositions.1a However, so far studies of
the coordination chemistry of imido p block ligands have only
involved main group and transition metal ions which possess
closed-shell electronic configurations (for the transition metals
d0 or d10 only have been reported).1,4,5 A current interest of ours
involves utilising the differing geometric and bonding demands
in homologous ligands of this type to control the degree of
magnetic and/or bonding interactions between the ligand-
supported metal frameworks present in these species.4c The
heterometallic complexes [{Sb2(NCy)4}(MnCp)2] 1 and
[{As2(NCy)4}(MnCp)2] 2, presented here, provide the first
opportunity to investigate ligand control of magnetic properties
in these systems.

[{Sb2(NCy)4}(MnCp)2] 1 and [{As2(NCy)4}(MnCp)2] 2
were prepared by the nucleophilic substitution reactions of
MnCp2

6 with [{E2(NCy)4}2M4] (E = Sb, M = Na;6 E = As,
M = Li3b), with the elimination of CpM (Scheme 1.‡ 1H NMR
studies of both showed only broad ill defined resonances which
are consistent with paramagnetic materials.

The low-temperature X-ray structures of 1 (Fig. 1) and 2 (Fig.
2)§ reveal that both complexes have similar pseudo-cubane
structures in the solid state, which are composed of two
(formally 17e) CpMn+ fragments7 complexed by
[Sb2(NCy)4]22 and [As2(NCy)4]22 dianions. The similarity of
the endo- and exo-cyclic Sb–N and As–N bonds of their
[Sb2(NCy)4]22 and [As2(NCy)4]22 anions with those observed
in the precursor Na complexes [{Sb2(NCy)4}2Na4]8 and
[{As2(NCy)4}2Na4]4c illustrates that, like these complexes, the
anion units have the primary role in dictating the overall
structures of 1 and 2. The reduction in the endo-cyclic Sb–N and
As–N bond lengths from 1 to 2 (of ca. 0.19 Å) has a major affect
on the Mn2N2 rings in both complexes. In order to retain similar

Mn–N bond lengths within these units (ca. 2.20 Å in both
complexes9), this ring is far more puckered in 2 (the angle
between the MnN2 planes being 161.9° in 1 and 142.6° in 2).

† Electronic supplementary information (ESI) available: plots of the
effective magnetic moments of 1 and 2 as a function of temperature. See
http://www.rsc.org/suppdata/cc/a9/a910196i/

Scheme 1

Fig. 1 Structure of the Sb2Mn2 cubane 1 with H-atoms omitted for clarity.
Key bond lengths (Å): Sb(1)–N(1) 2.109(5), Sb(1)–N(1A) 2.128(5),
Sb(1)–N(2) 2.039(5), N(1)–Mn(1) 2.269(6), N(2)–Mn(1) 2.215(5), N(2)–
Mn(1A) 2.217(5), Mn(1)–Mn(1A) 3.041(2), Mn–C range 2.421(7)-2.615(8)
(Cpcentroid–Mn 2.16). Bond angles (°); N(1)–Sb(1)–N(1A) 80.1(2), Sb(1)–
N(1)–Sb(1A) 99.9(2), N(1,1A)–Sb(1)–N(2) mean 88.2, Sb(1)–N(2)–
Mn(1,1A) mean 97.6, Sb(1,1A)–N(1)–Mn(1) mean 93.2, N(1)–Mn(1)–
N(2,2A) mean 80.7, Mn(1)–N(2)–Mn(1A) 87.6(2), N(2)–Mn(1)–N(2A)
91.0(2). Dihedral angles (°) between planes; MnN2 161.9, SbN2 178.4.

Fig. 2 Structure of the As2Mn2 cubane 2 with H-atoms omitted for clarity.
Key bond lengths (Å): As(1)–N(1A) 1.940(8), As(1)–N(1C) 1.816(7),
As(1)–N(1D) 1.912(7), As(2)–N(1A) 1.923(7), As(2)–N(1B) 1.820(7),
As(2)–N(1D) 1.935(7), Mn(1)–N(1B) 2.202(7), Mn(1)–N(1C) 2.170(7),
Mn(1)–N(1D) 2.264(7), Mn(2)–N(1A) 2.278(7), Mn(2)–N(1B) 2.199(7),
Mn(2)–N(1C) 2.253(7), Mn(1)…Mn(2) 2.934(2), Mn–C range
2.39(1)–2.53(1) (Cpcentroid–Mn 2.16). Mean angles (°): N(1A)–As(1,2)–
N(1D) 83.0, N(1C)–As(1)–N(1A,1D) 91.9, N(1B)–As(2)–N(1A,1D) 91.3,
Mn(1)–N(1B,1C)–Mn(2) 83.4, N(1C)–Mn(1,2)–N(1B) 90.8. Dihedral an-
gles (°) between planes; MnN2 142.6, AsN2 176.2.
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Although this distortion has only a small affect on the Mn–N–
Mn and N–Mn–N angles within the Mn2N2 ring units, a
consequence of the presence of the more compact
[As2(NCy)4]22 ligand in 2 is a large reduction in Mn…Mn
separation [from 3.041(2) Å in 1 to 2.934(2) Å in 2]. The
Mn…Mn separation in 2 is almost identical to that in Mn2(CO)10
(2.93 Å).10

Whilst Mn(II) ions are almost invariably high spin, the large
ligand field associated with the p-donor Cp2 ligand makes the
high- and low-spin electronic configurations energetically
similar. Indeed, for manganocenes (MnCpR

2; CpR = substi-
tuted Cp) examples of pure low-spin, pure high-spin and high-
/low-spin equilibria have been observed (depending on the
donor or acceptor character and steric demands of ring
substituents).11,12 For the half-sandwich (MnCpR) derivatives,
pure high-spin behaviour has been observed.13 For 1 and 2, the
possibility of high-/low-spin equilibria is complicated by the
potential for superexchange via the bridging imido ligands.
Preliminary magnetic studies of 1 and 2 (5.5–380 K) show a
marked temperature dependence of meff (ESI†). Even at 380 K,
the observed moments (6.0 and 6.6 mB for 1 and 2, respectively)
are significantly less than that expected for two high-spin Mn(II)
ions per molecule (8.37 mB). The value of meff decreases steadily
on cooling, reaching 2.6 mB for 1 and 1.9 mB for 2 at 5.5 K.
While the value for 1 is consistent with two non-interacting low-
spin Mn(II) ions (2.5 mB), the significantly lower value for 2 may
indicate intramolecular exchange between the Mn ions.

Attempts to model the data for 1 and 2 have so far proved
inconclusive.¶ The suggestion that a high-/low-spin equilibrium
may be occurring over a wide temperature range for both
complexes is apparently inconsistent with the long Mn–C bond
lengths in 1 and 2 [range 2.389(10)–2.615(8) Å], which are
typical of high-spin manganocenes (cf. ca. 2.11–2.14 Å in low-
spin species).12 Although some shortening of the Mn–C bonds
is anticipated for the high-/low-spin equilibrium at the tem-
peratures at which the structures of the complexes were
obtained (180 K for 1 and 223 K for 2), a possible reason for the
maintenance of long metal–ligand bonds in both complexes is
the sterically congested nature of the [E2(NCy)4]22 ligand
frameworks (making closer approach of the Cp ligands
unfavourable12b). A detailed study of the magnetic behaviour
(EPR and solid-state susceptibility) and variable-temperature
X-ray diffraction studies of 1 and 2 will be the subject of a full
paper.

We gratefully acknowledge the EPSRC (A. B., S. J. K.,
J. S. P., M. McP., P. R. R., D. S. W.) and The Leverhulme Trust
(M. A. B.) for financial support. We also thank Dr J. E. Davies
for collecting X-ray data on 1. We are also particularly grateful
to the referees for their helpful comments regarding the
magnetic behaviour of 1 and 2.

Notes and references
‡ Syntheses: 1: solid MnCp2 (0.273g, 1.48 mmol) and [{Sb2(NCy)4}2Na4]
(0.676 g, 0.74 mmol) were mixed together in a glove box under argon. The
mixture was dissolved in toluene (20 ml) and brought to reflux, producing
a fine gelatinous solid of CpNa which was separated by the addition of thf
(10 ml) followed by filtration. The red filtrate was reduced to dryness under
vacuum and the solid residue dissolved by the addition of hexane (10 ml)
and toluene (10 ml) and gentle heating. Storage (25 °C, 12 h) gave red plates
of 1. Yield 0.520 g (81%). Decomp. ca. 200 °C. dH(+25 °C, thf-d8, 250
MHz), 4.75 (Cp), 1.8–0.7 (Cy groups) (Found: C 46.2; H 6.0; N 5.3. Calc.
for 1: C, 46.8; H, 6.2; N, 6.4%).

2: [{As2(NCy)4}2Li4] was prepared in situ by the reaction of As(NMe2)3

(5.0 ml, 2.43 mol dm–3 solution in toluene, 12.15 mmol) with a solution of
CyNH2 (1.39 ml, 12.15 mmol) in toluene (8 ml), followed by the addition
of a suspension of CyNHLi (12.15 mmol) in toluene (8 ml). MnCp2 (2.25
g, 12.15 mmol) in thf (10 ml) was added to this mixture and a white
precipitate of CpLi was formed after bringing to reflux. Filtration gave a
yellow solution which was stored (25 °C, 12 h) to give yellow plates of 2.
Yield 1.62 g (34%). Decomp. ca. 210 °C. dH(+25 °C, thf-d8, 250 MHz), ca.

6.5 (Cp), 2.5–0.5 (Cy groups) (Found: C, 51.5; H, 6.6; N, 6.2. Calc. for 2:
C, 52.4; H, 6.9, N, 7.2%).
§ Crystal data: for 1: C34H54Mn2N4Sb2, M = 872.20, tetragonal, space
group P41212, Z = 4, a = 11.775(2), c = 26.095(5) Å, U = 3618.1(11) Å3,
Dc = 1.601 g cm–3, F(000) = 1752, m(Mo–Ka) = 2.187 mm21, T = 180(2)
K. Data in the q range 1.90–25.06° were collected on a Nonius Kappa CCD
diffractometer. The structure was solved by direct methods. Full-matrix
least-squares refinement on F2 with 190 parameters was based on 3156
independent data (total collected 5231, Rint = 0.044). Final R1 = 0.028 [I >
2s(I)], wR2 = 0.126 (all data).14 Largest peak and hole in the final
difference map 0.808 and 21.750 e Å23. Absolute structure parameter
20.09(6).

For 2: C34H54As2Mn2N4, M = 778.53, monoclinic, space group P21/c, Z
= 4, a = 10.336(2), b = 17.095(6), c = 20.506(5) Å, b = 103.99(2)°, U
= 3516(2) Å3, Dc = 1.471 g cm23, F(000) = 1608, m(Mo-Ka) = 2.615
mm21, T = 223(2) K. Data in the q range 2.03–23.01° were collected on a
Siemens P4 difractometer, and corrected for absorption effects using Y
scans. The structure was solved by direct methods. Full-matrix least-squares
refinement on F2 with 379 parameters was based on 4893 independent data
(total collected 6294, Rint = 0.0509). Final R1 = 0.054 [I > 2s(I)], wR2 =
0.156 (all data).14 Largest peak and hole in the final difference map 0.868
and 20.877 e Å23.

CCDC 182/1581. See http://www.rsc.org/suppdata/cc/a9/a910196i/ for
crystallographic files in .cif format.
¶ Magnetic behaviour of 1 and 2: solid samples were measured between 5.5
and 380 K using a SQUID magnetometer in fields of 100 (for 1) and 1000
G (for 2). They were corrected for diamagnetism using Pascals’ constants.
Attempts to model the magnetic behaviour as a low-spin ground state with
a thermally accessible high-spin state were unsuccessful as was an attempt
to fit the data to two interacting Heisenberg S = 5⁄2 ions. For 1, a high-spin/
low-spin thermal equilibrium fits the data throughout the temperature range
5.5-380 K, and also for the range 25–380 K for 2.
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Paramagnetic signals have been observed in the 1H NMR
spectra of copper-containing nitrite reductases (Mr ≈ 110
kDa), which provide a detailed fingerprint of the type 1
centres in these proteins.

Copper-containing nitrite reductases (NiRs) function in the
dissimilatory denitrification pathway of certain micro-organ-
isms, reducing nitrite to nitric oxide.1 Structural studies have
shown that these proteins are trimeric2–4 with each subunit (Mr
≈ 36 kDa) possessing a type 1 copper site. In addition, the
protein possesses three inter-subunit type 2 copper centres (sites
of nitrite binding) in close proximity to the type 1 centres. The
arrangement of the two copper centres in one of the monomers
of nitrite reductase is shown in Fig. 1. The presence of type 1
centres in NiRs results in them having unique spectroscopic
features, including intense LMCT bands in their visible spectra.
NiRs can be either green or blue, with the distinction due to
differences at the type 1 centre.4–7 Herein, we investigate the
differences at the type 1 centres of the green NiR from
Achromobacter cycloclastes and the blue NiR from Alcaligenes
xylosoxidans using paramagnetic 1H NMR spectroscopy.

Recent studies have demonstrated that isotropically shifted
1H NMR resonances can be observed and assigned for simple,
low molecular weight (Mr ≈ 12 kDa), type 1 copper proteins
(cupredoxins).8,9 In all cases, a number of broad resonances can
be observed and assigned. The assigned spectra provide a
detailed fingerprint of the active sites of the various cupredox-
ins. We now show that similar resonances can be observed for
the type 1 centre in the more complex copper-containing nitrite
reductases. This is possibly the largest copper protein that has
been studied to date using paramagnetic NMR spectroscopy.
Interpretation of the isotropic shifts experienced by these
resonances provides details of the structure of the type 1 copper
centres in these proteins and highlights differences between
blue and green NiRs.

The paramagnetic 1H NMR spectrum10 of the type 2 depleted
(T2D, i.e. with copper removed from the type 2 centres) green
NiR from A. cycloclastes12 is presented in Fig. 2A. Also shown
(Fig. 2B) is the spectrum of the protein which possesses > 80%
Cu(II) at its type 2 centre.14 The spectrum of the T2D blue NiR
from A. xylosoxidans15 is shown in Fig. 2C. The chemical shifts
of the observed resonances are listed in Table 1 along with spin–
lattice (T1) relaxation times.

The spectra of the green NiR and the corresponding T2D
enzyme show no significant differences in chemical shift values
and relaxation times (see Table 1). This clearly demonstrates
that all of the observed resonances are due to protons associated
with the type 1 centre, and that the binding of Cu(II) to the type
2 centre has no effect on the structure, or electronic properties,
of the type 1 site.16,17 The temperature dependence of the
chemical shifts of the resonances observed in Fig. 2A has been
investigated in the range 292–328 K, and in all cases they
exhibit Curie-type behaviour (data not shown).

In previous paramagnetic 1H NMR studies on the oxidised
forms of the cupredoxins amicyanin8 and plastocyanin,9 the
assignment of paramagnetic resonances has relied upon the
ability to correlate these peaks to their counterparts in the
spectrum of the reduced (diamagnetic) protein, utilising the
electron self-exchange reaction. This is clearly not possible in
the case of NiRs. However, a comparison to the assigned
cupredoxin spectra provides a very reliable initial analysis of
the NiR spectra.

The exchangeable resonance d arises from one of the Ne2H of
the two His ligands. Spectra were acquired of the proteins in
H2O–D2O (9+1, v/v) at lower pH values, but there was no
evidence for a second such resonance.18 These observations

Fig. 1 Structure of the Cu(II) sites in one of the monomers of NiR (the
His306 ligand of the type 2 copper centre originates from the adjacent
monomer). Black spheres indicate the copper ions. This picture was
produced using the coordinates of the crystal structure of the protein from
A. cycloclastes.3

Fig. 2 1H NMR spectra of Cu(II) NiRs (500 MHz, 25 °C): A, T2D green NiR
in D2O at pH 7.5 with the inset showing part of the spectrum in H2O at pH
7.5; B, green NiR in D2O at pH 7.0; C, T2D blue NiR in D2O at pH 7.5 with
the inset showing part of the spectrum in H2O at pH 7.5.
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point to peak d belonging to the Ne2H of the more buried His95
ligand in both proteins.19 The corresponding resonance of the
exposed His145 ligand is broadened beyond detection owing to
fast exchange with the bulk solvent.

The two very broad resonances a and b have counterparts in
the spectra of amicyanin8 and plastocyanin,9 and can be
assigned to the two Cd2 protons of the histidine ligands.
Resonance e has an apparent T1 value of 0.46 ms in the T2D
green NiR and is most likely due to one or both of the CgH
signals of the axial Met150 ligand. In the paramagnetic 1H
NMR spectra of other cupredoxins a very broad peak,
comprised of the two Ce1H resonances of the two histidine
ligands, has been found at d ca. 30–35, which could also be
present in the spectrum in Fig. 2A overlapping with one, or
both, of the Met CgH signals. The histidines Ce1H peak is
present in the spectrum of the blue NiR (peak c), whilst peak e
(Met150 CgH) now overlaps with peak f (vide infra).

Resonance f is the least paramagnetic signal in the spectra of
the two T2D NiRs (see Table 1). A corresponding resonance has
been found in the region d ca. 12–18 in all such studies on
proteins possessing type 1 centres. In the published study on
Cu(II) amicyanin8 this resonance was assigned to the CaH of the
coordinated Cys ligand. However, in the Cu(II) plastocyanin
work9 the corresponding resonance has been assigned to the
CaH of Asn38, the backbone amide group of which makes a
strong hydrogen bond to the thiolate sulfur of the coordinated
Cys ligand (the Cys CaH is upfield shifted and has a T1 value of
< 1 ms in plastocyanin, vide infra). The long spin–lattice
relaxation time and relatively small linewidth of peak f clearly
point to it belonging to the CaH of Asn96 in the NiRs, whose
backbone amide makes a hydrogen bond with the St of the
ligand Cys136.

Finally, resonance g is the only upfield shifted signal
observed in the spectra of the NiRs. In studies on amicyanin and
plastocyanin two upfield shifted resonances have been ob-
served. For the former, these have been assigned as the two Cb
protons of one of the His ligands.8 For plastocyanin, the most
upfield shifted resonance has been assigned to the CaH of the
Cys ligand with the other upfield shifted resonance due to a His
CbH.9 Due to the assignment of peak f as the CaH of Asn96 we
conclude that peak g must belong to the CaH of Cys136.

The hyperfine shifts of the 1H NMR signals associated with
type 1 copper centres are made up mainly of a Fermi-contact
contribution, and therefore directly provide information about
the spin density distribution of the unpaired electron. The shifts
observed for the two NiRs are, on the whole, very similar and
are also reminiscent to those observed in the published studies
on type 1 copper centres.8,9 This is especially so for the signals
derived from the two histidines, the Cys CaH and the Asn CaH
resonances, consistent with very similar type 1 architectures in
the various proteins. The major difference between the spectra
of the blue and green NiRs lies in the shifts experienced by the
Met CgH resonances (peak e). This signal in the green NiR lies
at d = 25.1, cf. d < 18 in the blue enzyme. This indicates ca.

1.5 times more spin density on this proton in the green protein,
which cannot be due to differences in the Cu–S(Met) distances
as structural studies have shown this bond length (precision ca.
0.1 Å) to be very similar in the green (2.56 Å)3 and blue (2.64
Å)4 NiRs. These variations are therefore probably due to
differences in the Cu–Sd–Cg–Hg dihedral angles in the two
proteins.20 Further paramagnetic NMR studies on Co(II)-
substituted NiRs are currently underway to clarify this issue.
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described previously.13 The isolated enzyme possesses ca. 10% copper
at its T2 centre and this sample was used for the T2D spectra.

13 S. Suzuki, S. Deligeer, K. Yamaguchi, K. Kataoka, K. Kobayashi, S.
Tagawa, T. Kohzuma, S. Shidara and H. Iwasaki, J. Biol. Inorg. Chem.,
1997, 2, 265.

14 The incorporation of copper at the T2 centre of A. cycloclastes NiR was
achieved by dialysing (Spectra/Por CE DispoDialyzer, MWCO 10000)
the protein in 50 mM Tris buffer at pH 7.0 against a similar buffer
solution containing 1 mM Cu(NO3)2. Dialysis was carried out over 4–7
days immediately prior to the acquisition of NMR spectra. The excess
copper was dialysed out of the protein solution against 50 mM Tris at pH
7.0.

15 The blue NiR from A. xylosoxidans was isolated and purified according
to a literature method.13 The isolated enzyme possesses ca. 70% copper
at its T2 centre. The T2D protein was obtained as described in the
literature13 and contained < 10% copper at the type 2 centre.

16 Spectra of green NiR in the presence of nitrite were also obtained, and
exhibited very little difference to those of either NiR or of the T2D
enzyme. This shows that binding of the substrate at the type 2 centre has
very little effect on the structure and electronic properties of the type 1
site.

17 Spectra were obtained of the blue NiR with and without Cu(II) at its type
2 centre. No significant differences were observed between these
spectra. For example the dobs and T1 values of peak d in blue NiR are
26.5 and 2.9 ms, respectively.

18 In the spectrum of the T2D blue NiR in H2O–D2O (9+1, v/v) there is an
indication of a second exchangeable resonance at d ca. 46. However,
this peak appears to be quite broad and overlaps with resonances a and
b making any definite conclusions impossible.

19 The type 1 ligands are numbered as in A. cycloclastes NiR. The
corresponding residues in A. xylosoxidans NiR are His89, Cys130,
His139 and Met144.

20 Analysis of the crystal structures of the green and blue NiRs reveals that
one of the Cu–Sd–Cg–Hg dihedral angles is in the region 50°–60°. If the
contact shift of the Met CgH2 protons follow a cos2qKarplus law, where
q is the Cu–Sd–Cg–Hg dihedral angle, then small changes in this angle
could result in quite large differences in the observed shift. It should be
noted that in the crystal structures of A. cycloclastes NiR small
differences (greater than the estimated precision of 3°) are observed in
these dihedral angles for the type 1 sites in the different monomers, and
also in the proteins crystallised under different conditions (see ref. 3).

Table 1 Hyperfine shifted resonances in the 500 MHz 1H NMR spectrum of
Cu(II) NiRs at 25 °C

T2D greena NiR Greena NiR T2D Blueb NiR

Resonance dobs
c T1

d/ms dobs
c T1

d/ms dobs
c T1

d/ms Assignmente

a ~ 58 n.d.f ~ 58 n.d. ~ 54 n.d. His Cd2H
b ~ 45 n.d. ~ 45 n.d. ~ 44 n.d. His Cd2H
c ~ 33 n.d. His Ce1H
d 22.7 2.9 26.6 2.6 His95 Ne2H
e 25.1 0.46 25.3 0.40 < 18 n.d. Met150 CgH
f 15.3 6.3 15.1 6.0 16.3 4.8 Asn96 CaH
g 210.8 n.d. 210.5 n.d. 210.5 n.d. Cys136 CaH
a A. cycloclastes. b A. xylosoxidans. c Estimated error ±0.1 for sharp
resonances and ±0.3–0.5 for broader peaks. d Estimated error is ±5%; this is
larger for the very fast relaxing signals. e The numbering of the residues is
as found in NiR from A. cycloclastes. f n.d. = not determined.
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The first examples of negative solvatochromism in neutral
azo dyes containing both strongly electron-donating bis-
(dialkylamino)thiazolyl and electron-withdrawing 4-(tri-
fluoromethylsulfonyl)phenyl or 2-thiazolyl moieties are
reported.

The absorption bands of azo dyes depend on the combination of
electron-donating and -withdrawing moieties in the molecules.1
Recently, (dialkylamino)thiazole dimers, assumed to be very
electron-rich substrates, have been synthesized.2 It was of
interest to examine the solvatochromic behavior of azo dyes
having both strong electron-donating and -withdrawing moie-
ties in a molecule. We report here, the solvatochromism of azo
dyes derived from (dialkylamino)thiazole dimers.

The azo dyes 1a–d and 1aA derived from (dialkylamino)thia-
zole dimers were synthesized in low to good yields by the
diazotisation-coupling reaction shown in Scheme 1.3,4 The
absorption spectrum of 1a is shown in Fig. 1. The azo dye 1a
showed absorption bands at 637 nm (e = 82 000
dm3 mol21 cm21) and 449 (25 000) in dichloromethane, while
the absorption spectra of the other azo dyes are summarized in

Table 1. The lower energy absorption band of 1d, containing a
very strong electron-withdrawing moiety, was most batho-
chromic among the azo dyes 1.

Neutral azo dyes have been reported to show a positive
solvatochromism5–12 while two types of ionic azo dyes,
4-[2-(triphenylphosphonio)phenylazo]phenolates and
2-(1-methylpyridiniumazo)- and 2-(1-methylqunoliniumazo)-
tetracyanocyclopentadienides, have been reported to reveal
negative solvatochromic behavior.13,14

Interestingly, the azo dyes 1 showed either positive and
negative solvatochromism depending on the diazo components.
Typical solvatochromism is shown in Fig. 2 where the lmax
values of the first (lower energy) absorption band are plotted
against the molar electronic transition energy (ET) of the
solvent.15 Azo dyes 1a, 1c and 1d showed negative sol-
vatochromism, especially, so for 1d. While azo dye 1b showed
a positive solvatochromic behavior, azo dye 1aA also showed
negative solvatochromic behavior.16 Thus the azo dyes contain-
ing very strong electron-withdrawing moieties such as 4-(tri-
fluoromethylsulfonyl)phenyl and 2-thiazolyls showed negative
solvatochromism. This result is in contrast to a positive

Scheme 1

Fig. 1 Absorption spectrum of 1a in dichloromethane.

Table 1 Absorption spectra of 1a–d and 1aA in dichloromethane

Compound lmax/nm e/dm3 mol21 cm21

1a 449 25 000
637 82 000

1b 431 29 000
669 64 000

1c 441 35 000
665 48 000

1d 457 51 000
737 24 000

1aA 445 22 000
641 69 000
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solvatochromism of the near-IR absorbing push–pull 5-acetyl-
amino-4-[2-(4-chloro-5-substituted thiazolylazo)]-2-methoxy-
N-(2-hexyl)aniline derivative.17 The structures of the azo dyes
were optimized by a MOPAC AM-1 program and the dipole
moment (m) of the azo dyes in the excited and ground states
were calculated by a CNDO/S program. The m values of 1b in
the ground and excited states were calculated to be 14.58 and
18.98 D, respectively. This calculation is consistent with the
positive solvatochromic behavior of 1b. Interestingly, the
electron-withdrawing nature of the nitro group [sp(NO2) =
0.78] was not strong enough to cause a negative sol-
vatochromism in the azo dyes 1. The ground state of the
4-(trifluoromethylsulfonyl) derivative 1a [sp(CF3SO2) =
0.93]18 was calculated to be slightly more polar (m = 15.96 D)
than the excited state (15.85 D). The ground state of 1d was also
calculated to be more polar (24.67 D) than the excited state
(23.26 D). These results support the negative solvatochromism
of 1a and 1d.19

The possible structures of 1a in the ground and excited states
are depicted in Fig. 3.

More polar charge-separated diazamerocyanine structures A,
AA and AB could be predominant in the ground state and with a
less polar neutral azo form B in the excited state. The other azo

dyes 1c, 1d and 1aA which showed negative solvatochromism
can also have charge-separated diazamerocyanine structures.
This is different from the reported negatively solvatochromic
azo compounds, which can have charge-separated azo and
neutral diazamerocyanine structures in the ground and excited
states, respectively.13,14

In conclusion, we have synthesized azo dyes derived from
strong electron-donating coupling components, (dialkyl-
amino)thiazole dimers. The azo dyes derived from diazo
components with strong electron-withdrawing substituents such
as 4-(trifluoromethylsulfonyl)aniline and 2-aminothiazoles
showed a negative solvatochromism, owing to the ground state
having a predominantly charge-separated polar diazamer-
ocyanine structure.

This work was supported by Grant-in-aid for Scientific
Research (No. 11650869) from the Ministry of Education,
Science, Sport and Culture. The authors are grateful to Dr
Kazuko Shirai and Professor Dr Masaru Matsuoka for the
elemental analysis measurement and useful discussions.
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Fig. 2 Solvatochromism of azo dyes 1. The absorption spectra were
measured in toluene (ET: 33.9 kcal mol21), diethyl ether (34.5), ethyl
acetate (38.1), dichloromethane (40.7), benzonitrile (41.5), dimethyl
sulfoxide (45.1). Azo dyes 1c and 1d were insoluble in diethyl ether.

Fig. 3 Possible structures in 1a.

754 Chem. Commun., 2000, 753–754



Positioning dependent anion recognition by thiourea-based chromoionophores
via hydrogen bonding in aqueous vesicle solutions†

Takashi Hayashita,* Tsunenobu Onodera, Ryo Kato, Seiichi Nishizawa and Norio Teramae*

Department of Chemistry, Graduate School of Science, Tohoku University, Aramaki, Sendai 980-8578, Japan.
E-mail: tera@anal.chem.tohoku.ac.jp

Received (in Cambridge, UK) 13th December 1999, Accepted 28th March 2000
Published on the Web 13th April 2000

A cationic vesicle interface exhibited a filter function for less
hydrophobic anions, and highly selective anion recognition
via hydrogen bonding was achieved by thiourea-based
chromoionophores (Cn-TU) located deep inside the vesicle.

Selective recognition and in situ sensing of biologically
important anions are of current interest in host-guest chem-
istry.1,2 Several synthetic neutral receptors possessing amide,3
urea4 and thiourea moieties5 as a binding site for anion
recognition have been reported, in which the binding takes place
exclusively via hydrogen bonding interaction. Recently we have
shown that thiourea-based chromoionophore (C1-TU) interacts
strongly with anions via formation of hydrogen bonds in non-
aqueous media (Fig. 1) and produces a readily observable color
change with a selectivity of MeCO2

2 > H2PO4
2 > Cl2 > >

ClO4
2, reflecting anion basicity.6 For anion sensing in aqueous

media, however, the hydrogen bonding interaction of the
binding site encounters significant interference from anion
hydration. In biological systems, hydrophobic microenviron-
ments produced by the supramolecular structure of receptors are
cleverly utilized for ion recognition.7 Thus, a simple strategy to
achieve anion recognition in water is to incorporate the
chromoionophore into hydrophobic regions, such as vesicle
media, to shield their binding site from water.8–10

To develop an anion sensing system in water using a
chromoionophore/vesicle complex as a mimic of a biological
system, two factors are important: (i) the positioning of the
thiourea binding site inside the vesicle, and (ii) the role of the
cationic vesicle interface in anion recognition. To elucidate
these factors, we have designed novel thiourea-based chromoio-
nophores having various length of alkyl chains (Cn-TU)11 and
examined their anion recognition function in cationic vesicle
solutions. We report here, the first positioning-dependent anion

recognition by Cn-TU chromoionophore/vesicle complexes in
water.

As a well known cationic amphiphile which forms single
lamellae vesicles in water, didodecyldimethylammonium bro-
mide (DDAB) was selected.12 Films of Cn-TU/DDAB (1+10
mol%) were prepared by evaporation of a chloroform solution
containing 1.0 3 1025 mol Cn-TU and 1.0 3 1024 mol DDAB
on the inside of 100 mL-round bottomed flask. The films were
left under vacuum for 1 day, followed by hydration with 10 mL
of pure water at 40 °C by vortex mixing. The solution
temperature was maintained at 40 °C while being probe-
sonicated for 3 min using a power of 30–40 W. The resultant
clear solution of Cn-TU/DDAB was diluted 203 with 0.01 M
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid buffer
(HEPES, pH 7.50) containing guest anions as sodium salts.

In acetonitrile, all Cn-TU show the same UV-VIS spectra
with lmax at 340 nm (e = 1.4 3 104 M21 cm21), which can be
assigned as an intramolecular charge transfer (CT) absorption
band, despite the difference in their alkyl chain lengths (n =
1–8). However in DDAB solution, the lmax of Cn-TU shifts
monotonously to higher wavelengths with an increase in alkyl
chain lengths from 338 nm (e = 1.1 x104 M21cm21) for C1-TU
to 361 nm (e = 1.5 x104 M21 cm21) for C8-TU (Fig. 2). The CT
absorption bands generally show a bathochromic shift when the
solvent polarity is increased.13 Thus the results in Fig. 2 clearly
reveal that the positioning of chromophore binding sites is
controlled by the alkyl chain length of Cn-TU; the binding site
of Cn-TU bearing a long alkyl chain is located on the surface of
the cationic vesicle (hydrophilic microenvironment), whereas
that of Cn-TU bearing a short alkyl chain is positioned deep
within the vesicle (hydrophobic microenvironment).

The thiourea proton associated with the p-nitrophenyl unit
dissociates under basic conditions and a new peak in the UV–
VIS spectrum appears at 450 nm. Thus the apparent pKa of Cn-
TU in DDAB solution can be assessed by pH titration
analysis.14 Observed pKa values are 9.9 ± 0.1 for C1-TU and 9.5
± 0.1 for C8-TU. The larger pKa value observed for C1-TU
supports the finding that the binding site of C1-TU is located in
the hydrophobic microenvironment. In DMSO-d6, the 1H NMR
spectra of the vicinal phenyl protons in all Cn-TU show the same
chemical shifts at d 7.80/8.16. However in DDAB–D2O
solution, the chemical shifts of these phenyl protons are d
8.00/8.21 for C1-TU and d 8.22/8.39 for C8-TU. The chemical
shifts of C1-TU observed at higher magnetic fields are ascribed

† Electronic supplementary information (ESI) available: response profiles
of Cn-TU in DDAB upon addition of Cl2 and their equilibrium analysis. See
http://www.rsc.org/suppdata/cc/a9/a909758i/

Fig. 1 Anion recognition by thiourea-based chromoionophores.

Fig. 2 UV-VIS spectra of Cn-TU in DDAB; [Cn-TU] = 5.0 3 1025 M in 5.0
3 1024 M DDAB solution, pH = 5.5–6.0 at 25 °C.
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to the hydrophobic effect,15 which is additional evidence that
C1-TU is present deep within the vesicle.

The spectral responses of Cn-TU/DDAB complexes in water
upon addition of anions were examined at pH 7.5 (Fig. 3).
Increasing the anion concentration produced a bathochromic
shift in lmax with an enhanced molar absorptivity. These
spectral changes are ascribed to (i) complex formation of anions
with the thiourea moiety via hydrogen bonding as reported in
acetonitrile,6 and/or (ii) changes in the location of the
chromophore within the vesicle due to the hydrophilic nature of
the anion complexes. It is interesting that Cn-TU/DDAB
complexes in water exhibit no response for MeCO2

2, which
differs from the response selectivity recorded in acetonitrile.6
Since MeCO2

2 is strongly hydrated in water,16 the low binding
affinity of MeCO2

2 on the surface of DDAB vesicle may cause
this poor response. This is a unique filter function of the cationic
vesicle interface. The observed selectivity for C1-TU/DDAB
complex is Br2 > H2PO4

2 > Cl2 > > HCO3
2, MeCO2

2,
reflecting a Hofmeister series [Fig. 3(a)].16 On the other hand,
no distinct selectivity is recorded for the C8-TU/DDAB
complex [Fig. 3(b)]. The spectral change (DAbs) upon addition
of HCO3

2 is even larger for C8-TU than for C1-TU. This
indicates that the binding of fewer hydrophobic anions takes
place mainly on the vesicle surface. For Cn-TU with alkyl chain
lengths from n = 2 to 7, an intermediate response between those
of C1-TU and C8-TU is clearly observed.†

Thus it is apparent that the response selectivity is strongly
affected by the positioning of Cn-TU in DDAB vesicles (Fig. 4).

This is the first report that positioning dependent anion
recognition can be carried out in aqueous vesicle solution.

In summary, the shifts in lmax, pKa, and 1H NMR resonances
revealed that the positioning of chromophore binding sites in
DDAB was successfully controlled by the alkyl chain length of
Cn-TU. This first report of positioning-dependent anion recog-
nition via hydrogen bonding has been achieved by use of Cn-
TU/DDAB complexes in water. Based on the filter function of
the vesicle interface as well as the depth dependent distribution
of the chromoionophores, this molecular assembled system
should provide a new methodology for specific ion and
molecule recognition in aqueous solutions.

This work was supported by a Grant-in-Aid for Scientific
Research (No. 11304054) from the Ministry of Education,
Science, Sports, and Culture, Japan.
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Fig. 3 Effect of anion concentration upon the spectral response of (a) C1-TU
and (b) C8-TU in DDAB. (2) H2PO4

2, (Ω) Br2, (5) Cl2, (:) HCO3
2, (8)

MeCO2
2. [Cn-TU] = 5.0 3 1025 M in 5.0 3 1024 M DDAB solution. pH

= 7.5 (adjusted by HEPES buffer at 25 °C).

Fig. 4 Positioning-dependent anion recognition by Cn-TU in DDAB.
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An unprecedented one-step synthesis of unnatural a-amino
acid and peptide derivatives, in both the racemic and
optically pure forms, using azetidine-2,3-diones as building
blocks has been developed by treatment with primary
amines.

As the defining subunit of peptides and proteins, a-amino acids
play a central role in chemistry and biology, and the develop-
ment of new stereoselective strategies for the synthesis of a-
amino acids has evolved in a very active field in recent years.1
In addition to the need for large-scale preparation of the 20
common proteinogenic a-amino acids, there is an ever
increasing demand for the much rarer nonproteinogenic a-
amino acids. Peptides containing a-amino acids that are not
naturally occurring can also be used in biological studies, either
to provide information on the active conformation of related
peptides,2 or as enzyme inhibitors.3 On the other hand, while the
chemistry of 6-oxopenicillanates and 7-oxocephalosporanates
has been the focus of intense effort,4 little was known about the
synthesis and application of monocyclic azetidine-2,3-diones5

and even less on their optically active derivatives,6 until Palomo
et al. elegantly merged into this field.7 In our ongoing project
directed toward the asymmetric synthesis and synthetic applica-
tions of functionalised 2-azetidinones,8 we have recently
described both the allylation and the stereoselective Baylis–
Hillman reaction of enantiopure azetidine-2,3-diones.9 In
connection with this work, we report here, the unexpected
manner in which azetidine-2,3-diones 1 and a variety of primary
amines undergo reaction to give novel a-amino acid and peptide
derivatives 2 (Scheme 1). The concise and convergent approach
described herein presents a practical opportunity to connect the
rapidly expanding fields of b-lactam chemistry and a-amino
acid and peptides.10

Starting substrates, azetidine-2,3-diones 1, were prepared
both in racemic and in optically pure forms following our
previously reported methods. Racemic compound 1a was
obtained from 3-methylidene-4-phenyl-2-azetidinone by dihy-
droxylation followed by oxidative cleavage with NaIO4.11

Enantiopure azetidine-2,3-diones (+)-1b and (2)-1c were
available in high yield by Swern oxidation of the corresponding
3-hydroxy-b-lactam.9 We sought to explore the reactivity of
azetidine-2,3-diones 1 with various primary amines. To our
surprise, under the usual conditions utilized for imine forma-
tion,† a-amino acid derivatives 2 can be smoothly prepared in
both the racemic and enantiopure forms, instead of the expected
imino-b-lactams (Table 1).‡ This result is in sharp contrast with
the smooth reaction of related indoline-2,3-diones with primary
amines to afford imino-g-lactams.12 Of particular interest was
the reaction of azetidine-2,3-diones 1 with a-amino esters such

as methyl glycinate or methyl alaninate, showing the utility of
this approach in the rapid synthesis of optically pure peptides
(Table 1, entries 4, 8 and 9).§ Treatment of azetidine-2,3-dione
(+)-1b with (S)-alanine methyl ester forms in 55% yield the
peptide (–)-2i, bearing three chiral centers.¶ Compound (2)-2i
showed a single set of signals in 1H NMR spectrum, thus
proving that this transformation proceeded without detectable
racemization.

Palomo et al. have reported the synthesis of some a-amino
acid derivatives from N-carboxy anhydrides (NCA), with NCAs
being obtained through Baeyer–Villiger oxidation of azetidine-
2,3-diones.7 However, our one-step flask synthesis of a-amino
acid derivatives starting from azetidine-2,3-diones is significant
and should have application in organic synthesis.

This process could be rationalized through an initial nucleo-
philic addition of the amine to the ketone moiety of the
azetidine-2,3-dione 1, forming an intermediate carbinolamine 3.
This intermediate 3 may react through two different pathways to
give the expected 3-imino-b-lactam 4 or the intermediate 5, but
presumably evolves to the fused aziridine-b-lactam 5. We
believe that the N1–C2 bond of intermediate 5 should be very
labile, evolving to aziridinone 6. Compound 6 under the
reaction conditions furnish N-formylamide 7. Intermediate 7
appears as the final, not isolable product, in the reaction. It is
well known that N-formylamides, related to 7 smoothly lose CO
under basic conditions to give the corresponding NH-amides.13

Furthermore, heating in a sealed tube at 90 °C may well favour

Scheme 1

Table 1 Synthesis of a-amino acid and dipeptide derivatives 2
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the suggested CO extrusion and hence the shorter time needed
for the thermal process in comparison with the reaction at room
temperature (Scheme 2).

The suggestion that the reactive species involved in the
reaction is the aziridine 5, is presently made to explain the
formation of a-amino acid derivatives rather that of the
expected 3-imino-b-lactams. The different behaviour of azeti-
dine-2,3-diones and pyrroline-2,3-diones may be due to differ-
ences in the carbinolamine presumably involved in the reaction,
perhaps in the easier opening tendecy of the more strained four-
membered ring.

In conclusion, a rapid one-step synthesis of unnatural a-
amino acid and peptide derivatives both in racemic and in
optically pure forms, starting from azetidine-2,3-diones has
been developed. Furthermore, as far as we know, this unusual
reaction of azetidine-2,3-diones with primary amines to afford
a-amino acid derivatives is unprecedented, allowing structure
variability and facile incorporation of functional groups.
Studies concerning the scope and generality of this method-
ology are underway in our laboratory, and further details will be
reported in due course.

We would like to thank the DGES (MEC-Spain, grant PB96-
0565) for financial support. P. Almendros thanks the DGES
(MEC, Spain) for a ‘Contrato de Incorporación’. C. Aragoncillo
thanks the DGI (CEC-Comunidad de Madrid-Spain) for a
fellowship.

Notes and references
† Preliminary experiments were carried out under the usual anhydrous
conditions utilized for the formation of imines, using MgSO4, but we then
realised that this was not necessary. Also, initial experiments with the most
volatile amines were carried out in large excess (10 equiv.), however we
later performed the reaction using equimolecular amounts of amine/
substrate obtaining the same results as previously. Besides, we have carried
out the experiments either with or without argon and with or without
rigurously dry and degassed THF, obtaining similar results in all cases.
‡ No loss of optical purity was evident by 1H NMR spectroscopy in
presence of a chiral shift reagent of europium(III).
§ Representative experimental procedures for the synthesis of a-amino acid
and dipeptide derivatives 2: method A [Compounds 2a–c, (2)-2f–g]: A
solution of the appropriate amine (0.5 mmol) in tetrahydrofuran (1 mL) was

added to a solution of the azetidine-2,3-dione 1 (0.5 mmol) in tetra-
hydrofuran (5 mL) and the solution was heated in a sealed tube at 90 °C for
2–6 h. The reaction mixture was allowed to cool to room temperature, the
solvent removed under reduced pressure and after flash chromatography
eluting with hexanes–ethyl acetate or dichloromethane–ethyl acetate,
compounds 2 were obtained in analytically pure form.

Method B [Compounds 2a, (2)-2d–e, (2)-2h–j]: a solution of the
appropriate amine (0.5 mmol) in tetrahydrofuran (0.1 mL) was added to a
solution of the azetidine-2,3-dione 1 (0.5 mmol) in tetrahydrofuran (5 mL)
and the solution stirred at room temperature for 2–24 h. Compound (2)-2j
required more prolonged reaction time (4 days). The solvent was removed
under reduced pressure and after flash chromatography eluting with
hexanes–ethyl acetate or dichloromethane–ethyl acetate, compounds 2 were
obtained in analytically pure form.
¶ All new compounds were fully characterised by spectroscopic data and
microanalysis and/or HRMS.
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The reaction of SeCl2 with tert-butylamine in THF yields the
acyclic imidoselenium(II) dichlorides ClSeN(But)NSeCl and
ClSeN(But)SeN(But)SeCl, in addition to the six-membered
ring Se3(NBut)3.

Numerous selenium–nitrogen (Se–N) compounds have been
discovered in the past decade.1–3 These include a number of
nitride halides of Se(III) and Se(IV), e.g. the cyclic system
Se3N2Cl+,4 the acyclic cations N(SeCl)2

+ and N(SeCl2)2
+,5,6

and the anion N(SeCl3)2
2.7 Transient selenonitroso derivatives

ArNNSe (Ar = 4-XC6H4, X = Br, Me; Ar = 2-XC6H4, X =
SMe, SeMe) have been trapped as Diels–Alder adducts with
dimethylbutadiene,8 but oligomers of this unit [cyclic Se(II)
imides] have not been described. The only known cyclic Se(II)
imides, Se6(NBut)2 and Se9(NBut)6, contain Se–Se linkages.9
We report here, the preparation and X-ray structures of
ClSe[N(But)Se]nCl (1, n = 1; 2, n = 2), the first two members
of a homologous series of imidoselenium(II) dihalides, which
represent a new class of SeN compounds, and Se3(NBut)3 3, the
first cyclic oligomer of an SeNR unit. There are no sulfur or
tellurium analogues of 1 and 2.

The reaction of SeCl210 with ButNH2 in a 2+3 molar ratio in
THF at 280 °C yields a mixture of 1 and 2,† in addition to the
cyclic Se(II) imide 3. The lower solubility of the imidoselen-
ium(II) dihalides allows them to be isolated as red crystals by
fractional crystallization. Both 1 and 2 are extremely moisture-
sensitive and the crystals of 1 melt below room temperature.
Compound 2 can be isolated in 34% yield when the reaction of
SeCl2 with ButNH2 is conducted in a 1+2 molar ratio. The
identities of 1 and 2 were established by X-ray crystallog-
raphy.

The X-ray analysis of 1‡ revealed an acyclic ClSeNSeCl
arrangement with planar geometry at the nitrogen atom [S <
N(1) = 359.7°] (Fig. 1). The two Cl substituents are in similar
orientations above the SeNSe plane as indicated by the
ClSeNSe torsion angles of 84.8(4) and 292.9(4)°. By contrast,
the related Se(III) system [ClSeNSeCl]+ is planar and both
cis,cis and cis,trans isomers have been observed in the solid
state.5 Presumably the rotation of the Se–Cl bonds away from
planarity in 1 minimises lone pair–lone pair repulsions between
Se and N. The mean Se–N bond distance of 1.810 Å in 1 is
slightly shorter than the value of 1.869 Å found for Se[N-
(SiMe3)2]11 and the predicted Se(II)–N single bond value of 1.86
Å.12 The mean Se–Cl bond length of 2.219 Å is, as expected,
somewhat longer than the corresponding value of ca. 2.15 Å
found for the cation [ClSeNSeCl]+.5

An X-ray structural determination‡ showed that 2 consists of
a U-shaped SeNSeNSe unit terminated by Cl atoms, which
adopt very different orientations (Fig. 2). The torsion angles
Cl(1)–Se(1)–N(1)–Se(3) and Cl(2)–Se(2)–N(2)–Se(3) are
83.0(2) and 2116.5(1)°, respectively. The SeNSeNSe unit is
distinctly non-planar with torsion angles of 40.8(2) and
-69.4(2)° for Se(1)–N(1)–Se(3)–N(2) and N(1)–Se(3)–N(2)–
Se(2), respectively. The marked difference in torsion angles is

apparently reflected in a variation in the Se–N bond lengths.
Those involving N(2) are almost equal, 1.803(3) and 1.822(3)
Å, while the values for the two Se–N(1) bonds differ by 0.19 Å.
The geometry at the nitrogen atoms is approximately planar [S
< N(1) = 355.2°, S < N(2) = 357.0°]. The Se–Cl bond
distances are 2.269(1) and 2.312(1) Å in 2 cf. 2.219 Å for 1.
Negative hyperconjugation [lp(N) ? s*(Se–Cl)] may contrib-
ute to a lengthening of the Se–Cl bonds.5b

The NMR data for 1 and 2 are consistent with their solid-state
structures.† Single NBut environments are observed in both the
1H and 13C NMR spectra. The 77Se NMR spectrum of 1 in
toluene exhibits a singlet at d 1854 and that of 2 shows two
resonances at d 1620 and 1613, which are assigned to NSeCl
and NSeN, respectively, on the basis of their relative in-
tensities.

The formation of 1 and 2 can be envisaged to occur via the
intermediate [ButN(H)SeCl] 4 (Scheme 1). When the molar
ratio SeCl2:ButNH2 is increased to 1:3 a complex mixture of
selenium(II) imides is produced, including the known cyclic
systems Se6(NBut)2 and Se9(NBut)6

9 and a new SeN hetero-
cycle Se3(NBut)3, 3, which was isolated in ca. 10% yield as
yellow crystals by fractional crystallization from n-hexane. An
X-ray structural determination showed that 3 is a six-membered
ring [|d(Se–N)| = 1.833 Å] in a chair conformation analogous

Fig. 1 ORTEP view (50% probability ellipsoids) of ClSeN(But)SeCl 1.
Selected bond lengths (Å) and angles (°): Se(1)–N(1) 1.804(6), Se(2)–N(1)
1.816(7), Se(1)–Cl(1) 2.223(2), Se(2)–Cl(2) 2.215(2), N(1)–Se(1)–Cl(1)
103.9(2), N(1)–Se(2)–Cl(2) 103.8(2); C(1)–N(1)–Se(1) 119.9(5), C(1)–
N(1)–Se(2) 123.1(5), Se(1)–N(1)–Se(2) 116.7(4).
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to that of the tellurium analogue.13 Details of this structure and
our 77Se NMR investigations of these systems will be given in
a full account of this work.

In summary, we have isolated and structurally characterized
the first two members of a novel class of Se(II)–N compound,
the imidoselenium(II) dihalides, 1 and 2, as well as the first
example of a cyclic oligomer of a selenonitroso compound, 3.
The acyclic systems are potentially versatile reagents for the
synthesis of Se(II)–N macrocycles, while 3 can be viewed as a
tridentate Se(II) ligand.

Financial support from the Natural Sciences and Engineering
Research Council (Canada), the Academy of Finland and the
Finnish Cultural Foundation (T. M.) is gratefully acknowl-
edged.

Notes and references
† A solution of SeCl2 (15 mmol)10 in THF (10 mL) was added to a solution
of ButNH2 (2.2 mL, 22.5 mmol) in THF (40 mL) at 280 °C. The reaction
mixture was stirred for 1 h at 280 °C and then for a further 1 h at 23 °C. The
precipitate of [ButNH3]Cl was removed by filtration and solvent was
evaporated under vacuum to give a dark red oil. A hexane solution of this

oil at 222 °C deposited X-ray quality dark red crystals of 1 and red crystals
of 2, which were separated manually. The total yield of 1 and 2 was
estimated to be ca. 50% from the 77Se NMR spectrum of the reaction
mixture.

NMR characterization data: 1 d (1H) (C7D8, 25 °C) 1.10 [s, C(CH3)3]; d
(13C) (C7H8, 25 °C) 74.1 [C(CH3)3], 31.4 [C(CH3)3]; d (77Se) (C7D8, 25 °C)
1857 (NSeCl) (referenced to an external saturated solution of SeO2 at
25 °C); chemical shifts are reported relative to Me2Se(l) at 25 °C [d(Me2Se)
= d(SeO2) + 1302.6].

2 d (1H) (C7D8, 25 °C) 1.16 [s, C(CH3)3]; d (13C) (C7H8, 25 °C) 26.8
[C(CH3)3], not observed [C(CH3)3]; d (77Se) (C7H8, 230 °C) 1620 (NSeCl),
1613 (NSeN).

3 d (1H) (C7D8, 25 °C) 1.23 [s, C(CH3)3]; d (13C) [C7H8–C7D8 (4+1),
25 °C] 64.8 [C(CH3)3], 30.7 [C(CH3)3]; d (77Se) [C7H8–C7D8 (4+1), 25 °C]
1396 (NSeN).
‡ Crystal data: for 1: C4H9Cl2NSe2, M = 299.94, monoclinic, space group
P21/c, a = 7.263(1), b = 10.282(1), c = 12.312(1) Å, b = 92.06(1)°, V =
918.8(2) Å3, Z = 4, Dc = 2.168 g cm23, F(000) = 568, m = 8.553 mm21,
T = 173 K, crystal dimensions 0.30 3 0.25 3 0.15 mm. Data were collected
on a Nonius Kappa CCD diffractometer using graphite monochromated
radiation (l = 0.71073 Å). Total no. of reflections was 4419 of which 2076
had I > 2.00s(I). The structure was solved by direct methods14a and refined
on F2, R1 = 0.0753, wR2 = 0.1947.

For 2: C8H18Cl2N2Se3, M = 450.02, monoclinic, space group P21/c, a =
9.989(2), b = 9.643(2), c = 16.124(3) Å, b = 101.81(3)°, V = 1520.2(5)
Å3, Z = 4, Dc = 1.966 g cm23, F(000) = 864, m = 7.586 mm21, T = 173
K, crystal dimensions 0.20 3 0.10 3 0.10 mm. Data were collected on a
Nonius Kappa CCD diffractometer using graphite monochromated Mo-Ka
radiation (l = 0.71073 Å). Total no. of reflections was 10 567 of which
2629 had I > 2.00s(I). The structure was solved by direct methods14a and
refined on F2,14b R1 = 0.0262, wR2 = 0.0792.

CCDC 182/1587. See http://www.rsc.org/suppdata/cc/b0/b001002m/ for
crystallographic files in .cif format.
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Fig. 2 ORTEP view (50% probability ellipsoids) of ClSeN(But)SeN
= (But)SeCl 2. For clarity, only a-carbon atoms of But groups are shown.
Selected bond lengths (Å) and angles (°): Se(1)–N(1) 1.758(3), Se(2)–N(2)
1.822(3), Se(3)–N(1) 1.948(3), Se(3)–N(2) 1.803(3), Se(1)–Cl(1) 2.269(1),
Se(2)–Cl(2) 2.312(1); Cl(1)–Se(1)–N(1) 109.24(10), Cl(2)–Se(2)–N(2)
98.93(8), Se(1)–N(1)–Se(3) 118.03(14), Se(2)–N(2)–Se(3) 112.97(16),
N(1)–Se(3)–N(2) 96.54(12).

Scheme 1 Reagents and conditions: i, 2[ButNH3]Cl, THF, 280 °C; ii,
SeCl2, ButNH2, 2[ButNH3]Cl, THF, 280 °C; iii, 3ButNH2, SeCl2,
22[ButNH3]Cl, THF, 280 °C.
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Isomorphous substitution of Si by Ti in the framework of
ITQ-7, the crystalline silica polymorph of lowest density, has
been achieved by direct synthesis, affording its three
dimensional system of large pore channels to be used in
selective oxidation reactions.

After the discovery of the medium pore zeolite TS-11 and of its
outstanding properties as a catalyst for the selective oxidation of
organic compounds with aqueous hydrogen peroxide,2 the
isomorphous substitution of Si by Ti in zeolites has received
much attention.3 Aside from a fundamental interest in under-
standing the remarkable catalytic properties of TS-1, there has
been a considerable effort in making new Ti-zeolites that could
enlarge the field of application of these materials in industrially
important oxidation reactions. Within this aim, the search for
catalysts with larger pores allowing processing of larger
molecules and/or the use of oxidising agents larger than H2O2
has been particularly relevant. New materials with larger pores
such as zeolite Ti-beta4 and the non-zeolite mesoporous Ti-
MCM-415 have been developed and their catalytic properties
tested. Although those materials, particularly Ti-beta, have clear
advantages from the point of view of pore size, they are also
intrinsically less active than TS-1. Very interestingly, Ti-beta
presents peculiar differences in catalytic properties when
compared to TS-1 (with regard to catalytic behaviour in
different solvents and selectivity in the epoxidation of olefins
and in the hydroxylation of phenol) which appear to be due to
the different crystalline structure of both materials6 rather than
to differences in their hydrophobicity, Al content or degree of
isolation of Ti in tetrahedral positions as initially assumed.
Unfortunately, a detailed structural investigation of those
differences is hindered by the very complex, severely inter-
grown nature of the structure of zeolite beta.7 Here, we present
Ti-ITQ-7 (structure code ISV), a new three dimensional large
pore zeolite which presents a more ordered structure than
zeolite beta.8 In addition to the opportunities that Ti-ITQ-7 may
offer in the investigation of the structure/activity/selectivity
relationships in Ti-zeolites, its distinct pore architecture could
give rise to differences in its catalytic performance when
compared to Ti-beta.

Ti-ITQ-7 can be prepared in conditions similar to those
described for the pure silica polymorph,8 by first cohydrolyzing
tetraethylorthotitanate (TEOTi) and tetraethylorthosilicate
(TEOS) in an aqueous solution of the hydroxide form of the
structure directing agent (SDA) 1,3,3-trimethyl-6-azonium-
tricyclo[3.2.1.46,6]dodecane. Crystallites of ITQ-7 may be
added as seeds to promote the crystallisation. In a typical
synthesis, 0.76 g TEOTi and 13.87 g TEOS were hydrolysed in
27.77 g of a solution of the hydroxide form of the SDA (1.0
mol kg21). Then, 0.65 g H2O2 (aq. 35 wt.%) were added and the
mixture was stirred at room temperature allowing evaporation
of all the ethanol and of the water needed to obtain the final
composition given below. Then, 1.38 g HF (aq. 48 wt.%) were
added before the final addition of a suspension of SiO2 ITQ-7
crystallites in water (0.20 g zeolite, 2.50 g water). The final

composition of the gel was SiO2+0.05 TiO2+0.10 H2O2+0.5
SDAOH+0.50 HF+3 H2O. The mixture was poured into Teflon-
lined stainless steel autoclaves and crystallised under rotation at
150 °C for 12 days (yield: 27.48 g Ti-ITQ-7 per 100 g synthesis
mixture; Si/Ti ratio of Ti-ITQ-7+120). The solid presents an
XRD pattern characteristic of zeolite ITQ-7 and, in order to
remove its guest species, it can be calcined to 580 °C without
structural damage (Fig. 1).

In the absence of seeds, the crystallisation of Ti-ITQ-7 in the
presence of relatively high Ti contents (Si/Ti ≤ 30) does not
proceed to completion: while the zeolite nucleates and starts
growing, the crystallisation stops at certain point and the
partially crystallised solid remains essentially unchanged by
powder XRD even if heating is extended for an additional
month. At present we do not have a clear explanation for this
observation, which appears difficult to rationalise given that Ti-
ITQ-7 may be crystallised from gels with even higher Ti
contents if seeds are used (see example above). For Si/Ti ratios
of 50 or above in the starting gel, no seeds are required.

The isomorphous substitution of Si by Ti in the framework of
ITQ-7 (the crystalline silica polymorph of lowest density known
to date)8 has been confirmed by the usual techniques. The
diffuse reflectance UV spectra of calcined Ti-ITQ-7 sample
(Fig. 2) show a band at 205–220 nm, typically assigned to a
electronic transition with ligand to metal charge transfer
character involving isolated Ti in the framework of zeolites.9
Only for TiO2 contents of 1.1% or above, does the band have a
tail at high wavelength which suggests the presence of a small
amount of TiO2 anatase. The IR spectra of the calcined
materials in the region of framework vibrations show a band at
960 cm21, characteristic of Ti-zeolites and assigned to the Si–O
stretching in Si–O–Ti groups.10

The activity and selectivity of Ti-ITQ-7 in the selective
epoxidation of hex-1-ene with H2O2 was tested and compared to
the performance of aluminium-free Ti-beta synthesised in
fluoride media6 (Table 1). Three main conclusions may be
derived from the results in Table 1. First, the activity and
selectivity of Ti-ITQ-7 for the oxidation of this alkene is
equivalent to that of Ti-beta with similar Ti content. Second, the

† Current address: School of Chemistry, University of St. Andrews, St.
Andrews, UK KY16 9ST.

Fig. 1 X-Ray diffractograms of (from bottom to top) as-made and calcined
Ti-ITQ-7 and as-made Ti-beta (TiO2 contents: 1.24, 1.24 and 1.40%).

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b000539h Chem. Commun., 2000, 761–762 761



activity of Ti-ITQ-7 is much higher in acetonitrile than in
methanol, in contrast to the known behaviour of TS-1, for which
protic solvents work better,11 and much alike that of Ti-beta.
The better defined XRD pattern of ITQ-7 (Fig. 1) compared to
Ti-beta might allow a more detailed structural study of the
striking observation that Ti-zeolites with different structures
perform much differently when used as catalysts in different
solvents. Finally, the catalytic results support the conclusion,
primarily derived from the characterisation results described
above, that Ti has been successfully substituted for Si in the
zeolite ITQ-7 framework.

Ti-ITQ-7 is the first high-silica zeolite catalyst with a three
dimensional system of large pore channels circumscribed by
windows of 12 tetrahedra since the discovery 30 years ago of the
aluminosilicate zeolite beta,12 and follows the very recent
publication of the non-catalyst all-SiO2 zeolite ITQ-7.8 Despite
the very similar catalytic performance of Ti-ITQ-7 and Ti-beta
in the epoxidation of a small alkene such as hex-1-ene, the
different pore architecture of both materials, especially in the

crystallographic c direction (Fig. 3), might give rise to
differences in shape selectivity if a different, larger substrate of
particular shape is used.

We gratefully acknowledge financial support by the Spanish
CICYT (project MAT97-0723).
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Fig. 2 Diffuse reflectantance UV–VIS absorption spectra of calcined Ti-
ITQ-7 with (from bottom to top) 0.15, 0.31 and 1.24 % TiO2.

Table 1 Results of the selective oxidation of hex-1-ene with H2O2 over Ti-
ITQ-7 and Ti-Betaa

Selectivity (%)

Material %TiO2 Solvent

Hex-1-ene
conversion
(%) Epoxide H2O2

b

Ti-ITQ-7 0.30 MeOH 1.7 100 76
Ti-ITQ-7 0.30 MeCN 8.8 100 100
Ti-ITQ-7 1.14 MeCN 27.1 100 89
Ti-beta 0.76 MeOH 7.6 91 100
Ti-beta 0.76 MeCN 12.9 100 100
Ti-beta 1.40 MeOH 20.0 50 98
Ti-beta 1.40 MeCN 39.2 100 100
a Batch reactor, 50 °C, 17 mmol hex-1-ene, 11.8 g solvent, 0.4 g H2O2

(35 wt%), 100 mg catalyst, 7 h. The Ti-beta catalysts were prepared
according to ref. 6. b H2O2 selectivity is defined in terms of mol of oxidized
products (epoxide and glycols) per 100 mol of H2O2 consumed in the
reaction.

Fig. 3 Comparison of the non-linear large pore channels running along the
[001] direction of ITQ-7 (ISV, bottom) and one of the polymorphs of zeolite
beta (*BEA, top). The frameworks, depicted in a stick model, are viewed in
projection down the [110] (ISV) or [100] direction (BEA) to show the
largest deviation from linearity of the [001] channels, which are drawn as
gray tubes. Both structures show linear large pore channels (not emphasized
in the figure) running along the [100] and [010] crystallographic
directions.
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The triple helix stabilization property of 13H-benzo[6-
7]indolo[3,2-c]quinoline was significantly improved by
changing the electron-donor acceptor properties of the
substituent at position 10 or 11.

Sequence-specific recognition of double-stranded DNA
(dsDNA) by triplex-forming oligonucleotides (TFOs) offers a
promising strategy to control the expression of genetic informa-
tion and to develop new molecular tools.1–3 TFOs bind to the
major groove of dsDNA through formation of Hoogsteen or
reverse Hoogsteen hydrogen bonds with the purines already
engaged in Watson–Crick base pairs.2 For this reason, triplex
helix formation is mainly restricted to oligopyrimidine–
oligopurine tracts of dsDNA. As a triple helix is generally
thermodynamically less stable than a double helix, considerable
efforts have been made to stabilize triple helices, and thus to
extend the scope of dsDNA targeting by TFOs to shorter and
therefore more numerous oligopyrimidine–oligopurine se-
quences. A number of triplex-specific ligands have thus been
developed to promote the formation of triple helices, which
would be otherwise unstable under physiological conditions.4

Recently, we have designed and synthesized a series of 13H-
benzo[6-7]indolo[3,2-c]quinolines (B[6,7]IQ) which are penta-
cyclic crescent-shaped aromatic molecules.5 Characteristic of
the B[6,7]IQ compounds is their great efficacy for triplex
stabilization, and weak binding towards duplexes. Possessing
an extended aromatic surface, B[6,7]IQ derivatives are able to
intercalate into triplexes, and to provide large p orbital overlap
with the neighboring triplets at the intercalation site. In an effort
to further optimize the design of an efficient triplex stabilizer,
we report herein, the synthesis and DNA binding behavior of
B[6,7]IQ derivatives 1–4, bearing either an electron-donating or
an electron-withdrawing functionality at the C–10 or C–11
center.

B[6,7]IQs 1–4 were obtained according to adaptations of the
procedure reported for compound 55 (Scheme 1). The tetralones
6a–d, either commercially available, or obtainable through
reported syntheses,6 were reacted with 4-hydrazinoquinolin-
2-(1H)-one 7 in acetic acid to form the corresponding
hydrazones 8a–d. Compounds 8b–d were subsequently con-
verted directly to the benzoindoloquinolones 9b–d in a ‘one
pot’ process involving thermal Fisher indolization, followed by
addition of palladium/carbon (large excess) to effect aromatiza-
tion of the dihydro intermediate formed. For 8a, the treatment
with Pd/C was accompanied by a further palladium-promoted
reaction of the nitro group by the molecular hydrogen generated
in situ. To circumvent this problem, compound 9a was obtained
by reaction of the isolated Fisher indolization product with a
stoichiometric amount of 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) in DMF. Conversion of benzoindoloquinolin-
6-ones 9a–d to the corresponding 6-chloro derivatives 10a–d
was then achieved through reaction with benzyltriethylammon-

ium chloride, N,N-diethylamine and phosphorus oxychloride.7
These intermediates were then reacted with N,N-dimethyl-
1,3-propanediamine under reflux. This latter reaction proceeded
smoothly for the methoxy-substituted substrates 10c,d yielding
products 4 and 5 in 64 and 93% yields, respectively.5 In a
similar way the acetamido derivative 10b was converted
directly to compound 3 in 75% yield. However, for the nitro-
containing substrate 10a a mixture of both nitro (1) and amino-
containing (2) substitution products (15 and 9%, respectively)
was obtained. Even though the yield of this reaction was poor,
it produced enough material to permit study of both compounds
1 and 2 for their ability to stabilize triple helices.

Triple helix stabilization by ligands 1–4 and 55 was
investigated by thermal denaturation experiments while mon-
itoring the absorbance of double- or triple-helical DNA
complexes at 260 nm (Fig. 1). The extent of duplex and triplex
stabilization was estimated by measuring the melting tem-
perature of the corresponding nucleic acid structures in the
presence and absence of ligands 1–5.

† Electronic supplementary information (ESI) available: experimental. See
http://www.rsc.org/suppdata/cc/b0/b001318h/

Scheme 1 Synthetic pathway and conditions of B[6,7]IQ derivatives (see
text and ESI† for details): i, HOAc, room temp. 18–36 h, 79–99%; ii, for 9a:
(1) Ph2O, reflux 4.5 h, (2) DDQ, DMF, reflux 2 h, 69%; for 9b–d: Ph2O,
reflux 2–3.5 h, then 10% Pd/C, reflux 1–2 h, 44–76%; iii, C6H5NEt2,
PhCH2NEt3Cl, MeCN, POCl3, reflux 24–48 h, 42–95%; iv,
NH2(CH2)NMe2, reflux 3 h, 9–93%.
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In agreement with previously reported studies, it was
determined that all five ligands, which share a common
extended aromatic ring system, are able to stabilize the triplex
more strongly than the duplex. Regardless of the ligand and the
sequence, the differences in melting temperatures for the
transition from duplex to single strands exhibited only modest
variations (+13 to +19 °C). In contrast, the changes in the
triplex-to-duplex melting temperatures were much higher
(between +38 and +65 °C for the 14C3 triplex, or between +29
and +45 °C for the 14C5 triplex) and showed marked
susceptibility to the nature of the R1 and R2 functional groups
(Scheme 1). Thus, whereas the amino-bearing ligands 2 and 3

showed significant stabilization, with a DTm
3?2 of +38 and

+43 °C, respectively, in the presence of the 14C3 triplex
sequence, and +29 and +35 °C in the presence of the 14C5
sequence, the methoxy-bearing ligands 4 and 5 induced
significantly better triplex stabilization (+51 and +50 °C for the
14C3 sequence, and +39 and +41 °C for the 14C5 sequence).

The nitro-containing ligand 1 shows unprecedented triplex-
promoting properties with a DTm

3?2 of +65 and +45 °C in the
presence of the 14C3 and 14C5 sequences, respectively.
Furthermore, this ligand shows only modest affinity for double-
helical structures (the DTm

2?1 for the 14C3 and 14C5
sequences are +15 and +16 °C, respectively: Table 1). Thus,
compound 1 presents a significantly greater specificity for
triplexes as compared to duplexes.

To rationalize the trends that we observed, at least two
parameters need to be taken into account: (i) the electron
withdrawing capacity of the substituent group at position 11:
triplex stabilization increases in the order NH2 < OMe < NO2,
and (ii) the position of the substituent+substitution at position
10 appears to be more stabilizing than at position 11 (at least for
the 14C5 sequence).

According to molecular models,5 substitution at position 10
or 11 occurs in a region which is supposed to interact with
Hoogsteen bases in base triplets. As a consequence, these
substitutions should have a smaller effect on duplex than on
triplex stabilization. The complete set of data is reported in
Table 1.

The observations reported herein show that a significant part
of the binding energy for intercalation of B[6,7]IQ derivatives
into a triplex can be ascribed to the electron-donor acceptor
(EDA) properties of the substituent at position 10 or 11. This
leads us to the conclusion that further improvements in the
design of triplex-stabilizers could take advantage of the fact that
electron-withdrawing groups provide triplex-specific inter-
calators with both improved efficiency and selectivity. Poly-
nitrated or polycyanated structures which not only expand the
hyper-conjugated surface, but also increase the electron-
withdrawing capabilities of intercalator might represent inter-
esting candidates to explore for their triplex stabilizing
properties. Synthetic studies toward such molecules are cur-
rently in progress.
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Fig. 1 Melting curves of 1.5 mM double- and triple-helices 14C3 (thin and
thick lines, respectively) in the presence of 15 mM compound 5. The triplex–
duplex transition is better shown by subtracting the duplex melting curve
from the triplex one (dashed thick line, scaled to the right) than by usual first
derivative plot, owing to closely overlapped transitions. All thermal
denaturation experiments were carried out in 10 mM sodium cacodylate
buffer (pH 6.2) containing 100 mM sodium chloride.

Table 1 Sequences of the triple helices studied in this work (14C3 and
14C5) and the increased melting temperatures of triple- and double-helices
(DTm

3?2 and DTm
2?1, respectively) in the presence of the B[6,7]IQ

derivatives (see the legend of Fig. 1 for experimental conditions). The
oligopyrimidine–oligopurine sequence for triplex formation in the double-
stranded DNA fragment is in bold letters. In the absence of ligands, the
Tm

3?2 of the triplexes 14C3 and 14C5 are 16 and 17 °C, respectively,
whereas the Tm

2?1 of the corresponding duplexes are 62 and 63 °C,
respectively. The accuracy of Tm values is ca. ±1 °C
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Replacing phosphodiester linkages in DNA with neutral 3A-
N-sulfamate groups has little effect on the binding affinity
for complementary DNA or RNA, whereas incorporation of
sulfamide groups into DNA results in considerable destabili-
sation of isosequential duplexes.

Modified oligonucleotides with neutral linkages replacing the
native phosphodiester groups are of interest in the development
of improved antisense and antigene agents.1 Methylphospho-
nates, one of the earliest examples of this class, can only be
efficiently prepared at present as a mixture of diastereoisomers
at the phosphorus atom and have low affinity for com-
plementary nucleic acids.2 More recently neutral methylene-
(methylimino) (MMI),3 amide1 and 3A-thioformacetal4 mod-
ified oligonucleotides have been developed which exhibit
improved affinity for complementary nucleic acids. Fur-
thermore, neutral formacetal5 and dimethylenesulfone6 linkages
have been used effectively in the development of modified
DNA aptamers5 and dsDNA transition state analogues6 that can
bind to specific protein targets.

Earlier we reported the synthesis of dinucleotide analogues in
which the phosphodiester linkage is exchanged for a neutral
sulfamide group.7 Here, the effects of the sulfamide 1 and 3A-N-
sulfamate 2 (Scheme 1) internucleoside linkages on nucleic acid
conformation and duplex stability are described. It was
envisaged that the block synthesis approach could be used to
synthesise chimeric oligodeoxynucleotides in which one or
more of the phosphodiester groups are replaced by the neutral
linkages. With the sulfamide phosphoramidite 10 in hand7 a
route to the 3A-N-sulfamate dinucleosides was required. Al-
though isomeric 5A-N-sulfamate dinucleosides have been pre-
pared before, the synthesis uses explosive sulfuryl chloride
azide (ClSO2N3) and the overall yields are low.8 Therefore, the
development of an alternative method was necessary. Initially
the coupling of 2–hydroxyphenyl sulfamate 57 with the 5A-
alcohol 8 was investigated. However, compound 5 proved
insufficiently reactive and failed to give any of the sulfamate
dinucleoside 11 despite the earlier observation that 5 reacts
smoothly, albeit at high temperature, with the 5A-amine 7 to give
the sulfamide dinucleoside 9. In light of this, the more reactive
4–nitrophenyl sulfamate 6 was prepared by treating the 3A-
amine 3 with 4–nitrophenyl chlorosulfate 4.9 Coupling of 6 with
5A-alcohol 8 was successful resulting in the sulfamate dinucleo-
side 11 in excellent yield at room temperature. Similarly the
sulfamide dinucleoside 9 could also be prepared more effec-
tively at room temperature from 6 and the 5A-amine 7.
Desilylation of dinucleoside 11 and 3A-phosphitylation gave the
required phosphoramidite 12.

The sulfamate dinucleoside d(TnsoT) 2 was also prepared
and its conformation compared with d(TnsnT) 1, and the native
dinucleoside phosphate d(TpT) using NMR spectroscopy. As
expected the sum of the J1A2A and J1A2B vicinal coupling constants
(S1A) for the 5A-terminal ribose ring of d(TnsoT) revealed a
higher proportion of the C3A-endo, or northern (N), sugar
conformation (69% N at 30 °C) than the native d(TpT) which
exists predominantly in the C2A-endo, southern, conformation
(36% N).7 This can be attributed to the lower electronegativity
of the 3A–amino substituent of d(TnsoT) and a reduced gauche
effect between this substituent and the deoxyribose O4A atom.
Furthermore, the shift in the % of N-conformer with change in
temperature for both deoxyribose rings of d(TnsoT) was
virtually the same as that observed for d(TnsnT),7 with the
largest change occurring in the 5A-terminal ring (63% N at 70 °C
increasing to 78% at 10 °C). The native d(TpT) shows little or
no variation in sugar pucker with change in temperature. To
investigate if this effect is due, in part, to an increase in base
stacking of the modified dimers circular dichroism (CD) spectra
of d(TnsoT) d(TnsnT) and d(TpT) were recorded at various
temperatures. All spectra revealed the same basic characteristics

† Electronic supplementary information (ESI) available: Experimental
details for oligonucleotide synthesis and duplex denaturation experiments.
See http://www.rsc.org/suppdata/cc/b0/b001586p/

Scheme 1 Reagents and conditions: i, 4–nitrophenyl chlorosulfate 4,9
4–nitrophenol, Et3N, CH2Cl2; ii, alcohol 8 (2 equiv.), Et3N, 4Å molecular
sieves, CH2Cl2; iii, TBAF, THF; iv, 2–cyanoethyl–N,N,NA,NA–tetra-
isopropylphosphorodiamidite, 4,5–dicyanoimidazole, CH2Cl2; v, 2%
CHCl2CO2H, CH2Cl2. 4,4A–Dimethoxytrityl is abbreviated to DMTr.
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of strong and weak positive bands at 280 and 225 nm,
respectively, as well as a negative band at 255 nm, suggesting
that the native and the modified dimers are adopting similar
overall conformations. Upon increasing temperature all showed
a significant decrease in the intensity of the bands at 280 and
255 nm. Notably the change in band intensity for d(TnsoT) was
twice the magnitude of that observed for d(TnsnT) and d(TpT)
which were virtually identical. This suggests that d(TnsoT) has
an higher propensity to adopt a base stacked helical conforma-
tion than d(TnsnT) and d(TpT), which base stack to a lesser
extent.10

Solid phase synthesis of 16-mer chimeric oligodeoxynucleo-
tides, incorporating 3A–N-sulfamate or sulfamide linkages, was
carried out under standard conditions using the modified dimer
phosphoramidites 10 and 12. The oligonucleotides prepared,
13–18, were characterised by electrospray mass spectrometry
and all have the same sequence GCGT10GCG11 (Table 1). The
duplex melting temperatures (Tm) of modified oligonucleotides
with complementary DNA were then determined by variable
temperature UV spectroscopy and compared with the Tm for the
native duplex. Modified oligonucleotides with one and three
central sulfamide linkages, 14 and 15, both show a similar
change in Tm per modification (DTm/mod.), compared with the
native duplex, of 23.2 °C at 0.02 and 0.1 M salt concentration
[Na+]. At 1.0 M salt concentration the modification was even
more destabilising. In contrast incorporation of one, three and
five sulfamate groups, 16, 17 and 18, has little effect on duplex
stability with complementary DNA and is even moderately
stabilising at low salt concentration with an observed increase in
Tm of 0.3 °C per modification. Upon increasing salt concentra-
tion the Tm dropped by 0.4 °C for one sulfamate modification.
It is likely that the neutral linkages reduce the electrostatic
repulsion between strands which is more evident at low salt
concentration when fewer cations are present to mask the
negatively charged phosphodiester groups. With complemen-
tary RNA at 0.1 M salt concentration, the sulfamide group had
a similar effect on duplex stability with a drop in Tm of ca.
3.0 °C per modification. However the 3A-N-sulfamate modified
oligonucleotides formed slightly less stable duplexes with RNA
than DNA with a drop in Tm of 1.2 °C for one modification and
a more moderate drop in DTm/mod of 0.3 and 0.6 °C for three
and five modifications respectively. It is probable that oligonu-
cleotides with more 3A-N-sulfamate linkages have an higher
proportion of C3A-endo sugar rings and are therefore more likely
to adopt an A–type conformation which is preferred for binding
to RNA.

From these results it is clear that 3A-N-sulfamate modified
oligonucleotides hybridise with complementary nucleic acids
with similar binding affinity as native DNA, whereas the
sulfamide congeners have significantly lower affinity. It is
possible in light of the CD spectra that the sulfamate modified
oligonucleotides are more preorganised into a base stacked
helical conformation, in the single stranded state, which would
reduce the loss of entropy on binding to complementary RNA
and DNA and account for the greater stability of the resulting
duplexes. Furthermore, the 3A-N-sulfamate modified oligonu-

cleotides appear to form more stable duplexes than DNA
incorporating the isomeric 5A-N-sulfamate modification, which
is reported to result in a drop in Tm of 1.5 °C per modification.8
The destabilisation of duplexes by sulfamide and 5A-N-
sulfamate modifications may be accounted for by the 5A-amino
substituent common to both. In the case of isosteric and
isoelectronic N5A?P3A phosphoramidate DNA, the presence of
a 5A-NH group completely abolishes base pairing with com-
plementary nucleic acids.12 This is attributed to poor hydration
and steric clashes between the 5A-amino hydrogen atom and
either the H2A atom of an adjacent deoxyribose ring in an A–
type conformation, or the pyrimidine H6 and deoxyribose O4A
atoms in a B-type conformation.12

The data reported here suggest that the 3A-N-sulfamate
modification may be of use in the development of improved
antisense or antigene agents. Moreover, given that the 3A-N-
sulfamate group causes minimal disruption of nucleic acid
duplexes, is sterically and electronically more similar to the
phosphodiester group than other neutral linkages so far
developed, it might also be useful as a general phosphodiester
replacement for other applications. For example, one can
envisage probing nucleic acid–protein interactions using this
modification to determine which phosphodiester groups are
involved in electrostatic contacts with protein residues. Alter-
natively 3A-N-sulfamate groups might be used to stabilise
aptamers, or hammerhead ribozymes for use in vivo.

We thank the EPSRC for studentships to K. J. F. and D. T. H.,
Polkit Sangvanich for assistance with electrospray mass
spectrometry and the EPSRC National Chiroptical Spectros-
copy Service.
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Table 1 Electrospray mass spectrometry data and duplex melting temperatures for oligonucleotides 13–18

Tm
a (DTm/mod.)b/°C

Electrospray MS/Da DNA d(CGCA10CGC) RNA r(CGCA10CGC)

M+ (calc.) M+ (found) 0.02 M [Na+] 0.1 M [Na+] 1.0 M [Na+] 0.1 M [Na+]

13 d(GCGT10GCG) 4875.2 4875.3 43.2 55.0 66.4 49.0
14 d(GCGT4TnsnTT4GCG) 4873.3 4872.8 40.0 (23.2)b 51.7 (23.3) 60.9 (25.5) 45.9 (23.1)
15 d(GCGTnsnTTTTnsnTTTTnsnTGCG) 4869.5 4869.7 33.7 (23.2) 45.0 (23.3) 54.6 (23.9) 41.0 (22.7)
16 d(GCGT4TnsoTT4GCG) 4874.3 4874.2 43.6 (+0.4) 55.1 (+0.1) 66.0 (20.4) 47.8 (21.2)
17 d(GCGTnsoTTTTnsoTTTTnsoTGCG) 4872.5 4872.5 44.0 (+0.3) 55.5 (+0.2) N.D.c 48.0 (20.3)
18 d(GCGTnsoTTnsoTTnsoTTnsoTTnsoTGCG) 4870.7 4870.6 44.8 (+0.3) 53.3 (–0.3) N.D.c 46.0 (20.6)
a Tm values are accurate to within ± 0.5 °C. b The changes in Tm per modification (DTm/mod.) are shown in parentheses.c Tm was not determined.
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A zinc(II)–neocuproine based ribozyme mimic has been
constructed for the sequence-selective transesterification of
RNA using a begin metal catalyst.

We report the de novo synthesis of a Zn-based ribozyme mimic
that can cleave HIV mRNA in a sequence-specific manner, with
excellent activity. The design of artificial ribonucleases that are
both biocompatible and sequence-specific has attracted much
attention for their potential use as catalytic, gene-specific
therapeutics.1–8 Many of the artificial ribonucleases prepared
thus far are constructs that contain chelates of copper or chelates
of heavy metals. Two of our goals in the construction of
artificial ribonucleases are: (i) the use of bioavailable, in-
nocuous metals such as zinc, and (ii) the optimization of
activity. The most specific artificial ribonucleases are referred
to as ‘ribozyme mimics’ owing to the fact they mimic the
Watson–Crick derived sequence-specific activity of some
ribozymes. With ribozyme mimics, the large catalytic domain
of a natural ribozyme is replaced by a small-molecule
catalyst.

The RNA cleavage ability of free mononuclear and dinuclear
zinc complexes and conjugates has been demonstrated in
previous work from our lab and from other groups, but the
cleavage activity of Zn reagents has generally been low. In
1995, sequence-specific cleavage of RNA was demonstrated by
Lönnberg and coworkers9 when they used a 5A-imidazole DNA
conjugate in concert with free zinc ions to form an active
artificial ribonuclease that cleaved 2–5% of the target RNA in
19 h at room temperature. It was followed by a 1998
communication by Matsuda et al. where a novel dinuclear
Zn(II)–DNA conjugate was used to effect sequence-specific
cleavage of RNA.10 The dinuclear construct cleaved 5% of the
RNA after 3 h at 37 °C ([RNA] = 0.2 mM; [cleavage agent] =
5 mM). Here we report the de novo construction of an active,
sequence-specific artificial ribonuclease containing an internal
serinol-neocuproine residue embedded in a DNA 17-mer
(Fig. 1).

We have previously reported the synthesis and activity of a
ribozyme mimic derived from serinol and copper(II)–terpyr-
idine (Cu–terpy) (Probe 1, Fig. 1).1,11 The serinol residue
introduced an abasic site into the ribozyme mimic–RNA
duplex, and was shown to be three times more efficient at RNA
cleavage than a fully duplexed Cu(II)–terpy derived ribozyme
mimic. The phosphoramidite 1, a serinol-neocuproine con-
jugate, was synthesized according to Scheme 1 and incorpo-
rated into a DNA 17-mer (Probe 2) using standard automated
DNA synthesis.§ This 17-mer is complimentary to a region of
the mRNA from the HIV gag-gene. Probe 3 (Fig. 1), which
contains a three-carbon spacer produced from a commercially
available (Glen Research) phosphoramidite, was used to test for
cleavage associated with the presence of an abasic site in the
RNA/DNA duplex.

The modified DNA conjugates that were synthesized are
shown here where X indicates the modified position. RNA
cleavage reactions were conducted with two RNA substrates: a
159-mer from a relatively well conserved sequence from the
gag mRNA of HIV (775-933), and a 28-mer that contains the
same 17-mer recognition sequence (Fig. 2). The 28-mer
substrate allowed identification of cleavage products and the
159-mer allowed assessment of the sequence-specificity of the
ribozyme mimic in the presence of numerous binding sites.
Reactions were conducted at both 37 and 45 °C, at pH 7.4
(HEPES Buffer).

High-resolution polyacrylamide gel-electrophoresis was
used to analyse the RNA cleavage, and a typical image of the
28-mer reaction mixture is shown in Fig. 1. No sequence-
specific cleavage was observed with probe 2 in the absence of
added metal. In the presence of EDTA, probe 1 gave no

† William Putnam was a 1998 NSF-GOALI fellow at Reliable Bio-
pharmaceutical Company. Current address: Midwest Research Institute,
425 Volker Boulevard, Kansas City, Missouri 64110, USA. E-mail:
wputnam@mriresearch.org
‡ Current address: Monsanto Company R3A, 800 N. Lindbergh Blvd., St.
Louis, MO 63167, USA. E-mail: james.k.bashkin@monsanto.com

Fig. 1 Ribozyme mimic probes.

Scheme 1 Synthesis of phosphoramidite 1. Reagents and conditions: (a)
H2SO4, fuming HNO3, reflux, 5 h, 23%; (b) NH2NH2, Pd/C, EtOH, reflux,
5 h, 81%; (c) succinic anhydride, pyridine, room temp., 12 h, 59%; (d)
EDC–HCl, serinol, DMF, room temp., 12 h, 63%; (e) DMTCl, pyridine,
room temp., 12 h, 51%; (f) 2-cyanoethyl-N,N-diisopropylphosphoramidite,
room temp., 1 h, 82%.
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sequence-specific RNA cleavage. In accordance with previous
reports, EDTA treatment is necessary to suppress cleavage in
the case of probe 1 because of the high binding constant of terpy
for copper. This extremely high affinity allows ribozyme
mimics that contain pendant terpy ligands to scavenge trace
amounts of Cu(II) from commercial buffer salts.11 In the
presence of copper, both probe 1 and 2 form active ribozyme
mimics, and in the presence of zinc, probe 2 forms an active
ribozyme mimic. The products of all of the cleavage reactions
co-migrate with alkaline hydrolysis and Ribonuclease T1 (G
specific) digestion products, which lends strong evidence that,
in the presence of either metal, these ribozyme mimics react via
a biomimetic pathway of transesterification and hydrolysis.

The extent of cleavage is shown in Table 1. The major site of
RNA scission by probes 1 and 2 varies by one base. Probe 1
induces nucleophilic cleavage of the RNA at the 3A side of A16

while probe 2 cleaves on the 5A side of this nucleotide. No
sequence-specific cleavage is observed in the presence of Cu(II)
or Zn(II) alone (with no DNA probe). Probe 3, the control
oligonucleotide containing the abasic site and no pendant
ligand, is completely inactive for RNA cleavage in the presence
of Cu(II) and Zn(II) (data not shown for Zn). This control tested
for any site-specific cleavage derived solely from the presence
of metal ions and an abasic site.

The Zn(II) conjugate of probe 2 is only the third example of
a zinc based artificial ribonuclease derived from Zn(II), and the
second mononuclear example. Direct comparisons of sequence-
specific RNA cleavage efficiencies are very difficult because of
differences in reaction time and temperature, but the zinc–
neocuproine-mediated cleavage reported here is higher than the
sequence-specific cleavage previously reported. We have
demonstrated that high cleavage efficiencies that can be attained
using benign inorganic chemistry. The extent of cleavage by
ribozyme mimics observed in these studies is as follows:

Cu(II)–neocuproine > Zn(II)–neocuproine > Cu(II)–terpy.

The observed trends result predominately from two phenom-
ena: (i) The speciation between metal-bound water and metal
bound hydroxide (the most probable active species) i.e. the
trends in the pKa of the coordinated waters and (ii) the
suppression of bis(m-hydroxide) dimers by the methyl groups of
neocuproine.12

The in vivo concentration of zinc in human serum is
17.2 mM,13 three times greater than the concentration of zinc
used in these in vitro experiments. There remains controversy
over the amount of free zinc in the cell. Note also that the free
copper concentration in vivo has recently been determined to be
approximately zero.14 The large cleavage efficiency of the zinc

based ribozyme mimic bodes well for the production of
biocompatible sequence-specific artificial ribonucleases.

Acknowledgment for partial support of this research is made
to NSF GOALI Grant CHE-9802660, Reliable Biopharmaceut-
ical Inc., and to the donors of The Petroleum Research Fund,
administered by the American Chemical Society.

Notes and references
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(MS). All probes were characterized by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry and electro-
spray mass spectrometry.(Mass spectrometry was provided by the Wash-
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The 159-mer RNA was synthesized by runoff transcription and 5A end
labeled with 32P (We thank Dr Lee Ratner for the plasmid containing the
HIV gag-gene fragment). The 28-mer RNA was purchased (Oligo’s etc.)
and 32P 5-end labeled in a similar fashion. RNA cleavage reactions were
carried out in 10 mM N-(2-Hydroxyethyl)piperazine-NA-(2-ethanesulfonic
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volume = 10 mL. The reactions were heated to the desired temperature and
time. The reactions were quenched by the addition of 5 mL loading buffer,
and loaded on a denaturing polyacrylamide gel (20% 28-mer and 6%
159-mer). The gel image was quantified using a Molecular Dynamics
PhosphorImager™ and the ImageQuant™ software package.
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Fig. 2 RNA Substrates. (a) The 159-mer target RNA strand, a relatively
well-conserved sequence from the gag mRNA of HIV (775-933
HIVHXB2R), is shown, with the 17-mer target region underlined. (b) The
28-mer target RNA strand containing the same 17-mer recognition sequence
from the gag-mRNA of HIV (HIVHXB2R), is shown, with the 17-mer
target region underlined.

Table 1 Sequence-specific cleavage of 28-mer and 159-mer RNA targets by
ribozyme mimics derived from Cu(II) and Zn(II) with probes 1–3 (exact
reaction conditions given in experimental)

Probe no.
(metal)

Cleavage (%) 
(28-mer,
15 h 37 °C)

Cleavage
site
(28-mer)

Cleavage (%)
(159-mer,
10 h, 37 °C

Cleavage
site
(159-mer)

1 (Cu) 14 A16 8 A108

2 (Cu) 65 G15, A16 80 G109, A108

2 (Zn) 25 G15, A16 18 G109, A108

3 0 n/a 0 n/a

Fig. 3 Audioradiogram of the sequence-specific cleavage of the 5A-end
labeled 28-mer RNA substrate 5A-CTA CAT AGT CXC TAA AG-3A by
ribozyme mimics; (a) sequence-specific cleavage by probe 1 (minor site
probe 2), (b) sequence-specific cleavage by probes 2, (c) hot spot for RNA
cleavage.
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Trimesic acid and various alkylamines assemble into or-
dered two-dimensional hexagonal hydrogen-bonded net-
works in both bulk crystals and at the air/water interface.

Interest in low-density open organic frameworks, assembled by
non-covalent interactions, has increased significantly owing to
their potential application as designer solids for separations,
catalysis, and electronic materials.1 Controlling the structure of
porous networks can be complicated by interpenetration of
equivalent frameworks2 and the influence of guest or solvent
molecules on structural isomerism of the framework.1d,3 A
recent study of a single crystal of a 3+1 complex consisting of
dicyclohexylamine and trimesic acid (H3TMA), crystallized
from a 1+1 mixture of butan-1-ol and methanol,4 revealed a
low-density hydrogen-bonded network with the ‘chicken-wire’
motif A, rather than the more symmetrical structural isomer
based on motif B. We report herein, three new compounds that

contain the cyclic R4
4(12) motif B,5 in which both carboxylate

oxygen atoms form hydrogen bonds with the dialkylammonium
protons. The formation of these compounds illustrates the
sensitivity of structural isomerism to different guest molecules.
We also demonstrate that these hydrogen-bonded motifs can be
generated at the air/water interface from long chain aliphatic
amines and H3TMA.

Vapor diffusion of acetone into methanol or isopropyl
alcohol solutions containing H3TMA and dicyclohexylamine
afforded single crystals of [NH2(c-C6H11)2

+]3[TMA32]·Me2-
CO·0.5MeOH 1 and [NH2(c-C6H11)2

+]3[TMA32]·2.5 Me2-
CHOH 2, respectively. Similarly, vapor diffusion of acetone
and di-tert-butylamine into an isopropyl alcohol solution
of H3TMA afforded single crystals of [NH2(But)2

+]3-
[TMA32]·Me2CO 3. Single crystal X-ray diffraction reveals 2D
hydrogen-bonded ‘honeycomb’ networks in each of these
materials.† These networks can be viewed as expanded versions
of the ‘chicken-wire’ motif reported for H3TMA alone.2 Pairs of
ammonium cations acts as ‘spacer’ molecules between pairs of
carboxylate substituents on the TMA32 anions as depicted in
motif B. The 2D sheets pucker to different extents in these
structures, reflecting an intrinsic flexibility that enables this
network architecture to persist despite the differently sized alkyl
groups and solvent molecules included within the networks.
Nevertheless, the formation of motif B apparently is quite
sensitive to the crystallization solvent, given that motif A was

observed in methanol solvated crystals grown from butan-1-ol–
methanol solutions.

Compound 1 crystallizes in the space group P1̄ and exhibits
two crystallographically independent flat 2D hydrogen-bonded
layers (Fig. 1). The cyclohexyl substituents of one of these
layers project into the hexagonal pores, with six cyclohexyl
groups lying in the midplane of the pore, three projecting above
the plane, and the remaining three projecting below the plane.
The second layer (not shown) also has the identical honeycomb
motif but the cyclohexyl substituents are twisted out of the layer
plane to a greater extent. These layer structures reflect the
flexibility of the hydrogen bonds and the ability of the
carboxylate groups to rotate around the C–C bond. The two
independent layers alternate along the a axis with the pores
overlapping, creating a continuous channel along this direction.
This contrasts with the previously reported methanol solvate,
which crystallized in the hexagonal space group P63 and
exhibited 2D hydrogen-bonded sheets that were organized
along the six-fold screw axis such that pores were not
continuous. Disordered acetone and methanol molecules oc-
cupy the pores in 1, filling the void space not occupied by the
cyclohexyl groups. The guest stoichiometry was determined by
thermal gravimetric analysis and 1H NMR spectroscopy.

Compound 2 crystallizes in space group P1̄ and exhibits
hydrogen-bonding motif B. However, two carboxylate groups
of each TMA32 anion each have one oxygen that is hydrogen
bonded to the dialkylammonium protons as well as an isopropyl
alcohol molecule that resides below the plane of the 2D
hydrogen-bonded sheet. Each puckered 2D sheet can be
described as interconnected hexagons with chair-like conforma-
tions. If the hexagon is defined by the centroids of the TMA32

Fig. 1 A portion of one of the two unique 2D hydrogen-bonded networks in
1. Of the twelve cyclohexyl substituents on the interior of each pore, six
project along the midplane of the pore while the remaining six project above
or below the plane. The pore at the upper left is depicted with all its
cyclohexyl substituents; in the remaining two pores these have been denoted
as R for simplicity. The disordered guest molecules are depicted by the
circles in the center of the pores.
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anions, the torsion angles associated with the chair-like
conformations are 19.1, 16.2 and 18.4°. The hexagonal pores in
adjacent sheets are slightly offset but still create a continuous
channel, along the a axis, that is filled with disordered isopropyl
alcohol guests.

Compound 3 crystallizes in the space group P21/n, and
exhibits motif B with hydrogen-bonded sheets consisting of
chair-like hexagons that are more severely puckered than in 2,
with torsion angles measuring 22.9, 23.9 and 25.5°. Two
acetone molecules occupy the void space not occupied by the
tert-butyl groups of the amines within each pore.

The bulk structure of organic crystals can often be described
as 2D molecular layers that stack in the remaining third
dimension. Consequently, these layer motifs can be used as
models for the design of monolayers on solid substrates and at
the air/water interface. The latter requires amphiphiles with
polar head groups capable of organizing at the air/water
interface into motifs that mimic the structure of the 2D layers in
the bulk crystals.3a,6

The pressure–area isotherm measured for the long chain
amphiphile octadecylamine (ODA), spread over an aqueous
subphase of H3TMA, exhibits lift-off at a molecular area of 59
Å2/amine. Extrapolation of the linear compression regime
afforded a molecular area of 51 Å2/amine (Fig. 2). In contrast,
a molecular area of ca. 20 Å2/amine was measured when ODA
was spread over a basic subphase without H3TMA.7 Similar
isotherms were collected for methyloctadecylamine (MODA)
and dioctadecylamine (DODA), both exhibiting linear compres-
sion regimes that were consistent with an area of 54 Å2/amine.‡
The molecular areas measured from the isotherms collected
over H3TMA lie within the range of the molecular areas
occupied by the 2D hydrogen-bonded networks in 1–3 (58.6,
56.6 and 51.5 Å2/amine, respectively). This strongly supports
the formation of a 2D porous hydrogen-bonded monolayer at
the air/water interface having motif B. Notably, the molecular
area for the methanol solvate of 1 and 2 (motif A), based on the
reported crystal structure, is only 45 Å2/amine. Furthermore, the
range of lift-off and extrapolated values reflected by the
different isotherms, suggests that the monolayers possess the
flexibility evident from the bulk crystalline networks.

We anticipate that porous Langmuir monolayers can serve as
structural mimics of isostructural porous 2D networks in
crystalline solids. These monolayers, for which interpenetration
is not possible, may promote the nucleation and growth6,8 of
crystalline phases containing such networks. Porous mono-
layers, transferred to permeable solid substrates by the Lang-
muir–Blodgett method, may also be useful as size exclusion
membranes in which the pore sizes can be adjusted by
molecular design.
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Notes and references
† Crystal data: for 1: C45H75N3O6·(CH3)2CO·0.5CH3OH, triclinic, P1̄, a =
16.9805(3), b = 19.5242(4), c = 20.0428(4) Å, a = 116.268(1), b =
111.491(1), g = 95.189(1)°, U = 5284.2(2) Å3, T = 173 K, Z = 4, m(Mo-
Ka) = 0.062 mm21, 35303 reflections measured, 17825 unique (Rint =
0.0289) which were used in all calculations. There is disordered solvent
present in this structure. Attempts were made to model this, but were
unsuccessful since there were no obvious major sire occupations for the
solvent molecules. PLATON/SQUEEZE9 was used to correct the data for
the presence of the disordered solvent. A potential solvent volume of 1091.1
Å3 was found. 300 electrons per unit cell worth of scattering were located
in the void. The stoichiometry of solvent was calculated independently by
NMR and TGA to be one molecule of MeOH and two molecules of acetone
per unit cell, which results in 228 electrons per unit cell. The modified
dataset improved the R1 value by ca. 10%; final R1 = 0.0563, wR2 =
0.1379.

For 2: C45H75N3O6·2.5(CH3)2CHOH, triclinic, P1̄, a = 10.5401(6), b =
15.815(1), c = 18.711(1) Å, a = 107.648(1), b = 105.627(1), g =
97.211(1)°, U = 2788.3(3) Å3, T = 173 K, Z = 2, m(Mo-Ka) = 0.074
mm21, 22227 reflections measured, 9779 unique (Rint = 0.0385) which
were used in all calculations. Two isopropyl alcohol molecules were found
and refined in the structure. The structure contains disordered solvent in a
channel along (x,1/2,1/2). Attempts to model this were unsuccessful.
PLATON/SQUEEZE was used to correct the data for the presence of the
disordered solvent. A potential solvent volume of 246.9 Å3 located in
the above mentioned channel was found. 38 electrons per unit cell worth
of scattering were located in the void. The electron count suggests the
presence of ca. one isopropyl alcohol molecule per unit cell. The modified
dataset improved the R1 value by ca. 6%; final R1 = 0.0642, wR2 =
0.1895.

For 3: C45H75N3O6·(CH3)2CO, monoclinic, P21/n, a = 9.745(1), b =
18.486(2), c = 23.157(2) Å, b = 101.644(3)°, U = 4090.0(5) Å3, T = 173
K, Z = 4, m(Mo-Ka) = 0.073 mm21, 30377 reflections measured, 7227
unique (Rint = 0.0828) which were used in all calculations; final R1 =
0.0600, wR2 = 0.1752. The dataset was checked for twinning and
disordered solvent, however, no evidence for either was found.

CCDC 182/1580. See http://www.rsc.org/suppdata/cc/a9/a910252n/ for
crystallographic files in .cif format.
‡ Interestingly, the isotherm of DODA initially reveals a linear compression
feature corresponding to 94 Å2/amine, but collapses at 23 mN m21 to the
linear region associated with the 54 Å2/amine value. We surmise that this
value corresponds to a condensed phase in which one of the alkyl chains lies
at the air/water interface until increased compression drives both alkyl
chains away from the air/water interface to form a 2D structure similar to the
monoalkylamine layers.

1 (a) D. D. MacNicol, J. J. McKendrick and D. R. Wilson, in Inclusion
Compounds, ed. J. L. Atwood, J. E. Davies and D. D. MacNicol,
Academic Press, London, 1984, vol. 2; (b) M. Simard, D. Su and J. D.
Wuest, J. Am. Chem. Soc., 1991 113, 4696; (c) O. Ermer and L.
Lindenberg, Helv. Chim. Acta, 1991, 74, 825; (d) K. Endo, T. Ezuhara,
M. Koyonagi, M. Hideki and Y. Aoyama, J. Am. Chem. Soc., 1997, 119,
499.

2 F. H. Herbstein, Top. Curr. Chem., 1987, 140, 108.
3 (a) V. A. Russell, C. C. Evans, W. Li and W. D. Ward, Science, 1997,

276, 575; (b) J. A. Swift, A. M. Pivovar, A. M. Reynolds and M. D. Ward,
J. Am. Chem. Soc., 1998, 120, 5887.

4 R. E. Melendez, C. V. K. Sharma, M. J. Zaworotko, C. Bauer and R. D.
Rogers, Angew. Chem., Int. Ed. Engl., 1996, 35, 2213.

5 M. C. Etter, Acc. Chem. Res., 1990, 23, 120; M. C. Etter, J. Phys. Chem.,
1991, 95, 4601.

6 D. Jacquemain, S. G. Wolf, F. Leveiller, M. Deutsch, K. Kjaer, J. Als-
Nielsen, M. Lahav and L. Leiserowitz, Angew. Chem., Int. Ed. Engl.,
1992, 31, 130.

7 G. L. Gaines, Jr., Insoluble Monolayers at Liquid–Gas Interfaces,
Interscience Publishers, New York, 1966.

8 L. M. Frostman and M. D. Ward, Langmuir, 1997, 13, 330; S. Mann,
B. R. Heywood, S. Rajam and J. B. A. Walker, J. Phys. D: Appl. Phys.,
1991, 24, 154.

9 A. L. Spek, Acta Crystallogr., Sect. A, 1990, 46, C34.

Fig. 2 Pressure–area isotherm of ODA over an aqueous H3TMA subphase,
indicating a molecular area of ca. 59 Å2/amine at lift-off, and 51 Å2/amine
before collapse. The insert depicts the bc plane of compound 1 (cyclohexyl
groups and guest molecules omitted for clarity), which has a calculated area
matching that obtained from the Langmuir isotherm.
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Bis(trimethylsilyl) ketene acetals react successively with
allylic acetates, in the presence of Pd(0) then with H2O2, in
the presence of methyltrioxorhenium, to give d-hydroxy-g-
lactones via g-unsaturated carboxylic acids.

h3-allyl palladium complexes, formed upon oxidative addition
of allylic compounds to Pd(0), have found wide applications, as
intermediates, in their reaction with nucleophiles.1 Much effort
has been devoted to the modification of the structure of the
allylic moiety, the ligands around the metal, and also of the
nucleophiles. It is this last point on which will focus our
attention. Indeed, we have shown recently that bis(trimethylsi-
lyl) acetals of ketenes could be used either as nucleophiles or
versatile precursors of nucleophiles, when suitably activated, in
reactions with a large variety of electrophiles such as carbonyl
compounds, organic and organometallic peroxo derivatives,2
and arene tricarbonyl chromium complexes.3 These acetals lead
directly, in contrast to other precursors, to functionalized
carboxylic acids in high yield. Moreover, for chromium
complexes, a direct double nucleophilic addition of potassium
enolates originating from these acetals on a carbon–carbon
double bond of anisole (and its derivatives) has been brought to
the fore. This one pot reaction leads to functionalized lactones
(Scheme 1).

Alkoxy monotrimethylsilyl ketene acetals have already been
used in palladium(0) catalyzed alkylations in conjunction with
allylic acetates for the preparation of unsaturated esters.4–6

Under the same conditions, bis(trimethylsilyl) ketene acetals
might thus lead to unsaturated carboxylic acids. Moreover, we
have shown7 that g-unsaturated hydroxyalkenes underwent a
high yield catalytic oxidative cyclization to lactols promoted by
the system H2O2/MTO (methyltrioxorhenium),8 a reaction
which has recently been applied to the transformation of g-
unsaturated carboxylic acids into hydroxylactone (Scheme
2).9

Taken together, the interaction of bis(trimethylsilyl) ketene
acetals first with allylic acetates to give unsaturated carboxylic
acids, then with MTO/H2O2 to give hydroxylactones (Scheme
3) would constitute a means for the catalytic addition of two
nucleophiles on a carbon–carbon double bond,10 and would thus

parallel, on a formal point of view, the transformation of anisole
depicted in Scheme 1. And this indeed turned out to be the
case.

Depending on the nature of the starting ketene acetals,
cyclopropane carboxylic acids could be isolated as secondary
products, and epoxycarboxylic acids detected by NMR as
intermediates in the lactonization reactions.

Thus, a mixture of allyl acetate (10 mmol) and bis-
(trimethylsilyl)ketene acetal 1a† (11 mmol) was heated in THF
(70 mL) for 24 h in the presence of Pd(PPh3)4 (0.2 mmol, 2%).
Evaporation of the volatiles, under vacuum, left a residue which
was diluted in dichloromethane and filtered through a pad of
silica gel. Extraction with aqueous sodium hydroxide followed
by acidification and extraction with dichloromethane gave a
mixture of acids. After cooling the solution to 0 °C, MTO (5%
with respect to the unsaturated acids) was added followed by a
30% solution of hydrogen peroxide (1.1 equiv. with respect to
the acids). The biphasic mixture was then stirred for three days
at room temperature, the excess oxidant destroyed with aqueous
sodium bisulfite, and the organic products extracted with
dichloromethane. Treatment of the organic layer with dilute
sodium hydroxide left an organic phase containing the hydroxy-
lactone (5 mmol). Acidification of the aqueous layer followed
by extraction with diethyl ether gave, after evaporation of the
solvents, the cyclopropyl acid (1.5 mmol).

The same reactions were carried out on a series of
bis(trimethylsilyl) ketene acetals and two allylic acetates.† They
led to hydroxylactones and, for the more substituted ketene
acetals, to mixtures of lactones and cyclopropyl acids (Table
1).‡

For cinnamyl acetate 2a (R3 = Ph) and the ketene acetal 1a
(R1 = R2 = Me), the two acids 3a and 4a resulting,
respectively, from SN2 and SN2A reactions, were separated by
crystallization and by silica gel chromatography. Their oxida-
tion led, respectively, to the lactones 6a and 7a (Scheme 4).
Whereas the transformation of 3a into 6a, obtained as a single
isomer was complete within 6 h, the conversion of 4a into 7a
took three days. This result is in agreement with the difference
of epoxidation rate observed for substituted and terminal olefins
with the system H2O2/MTO.8

Scheme 1

Scheme 2

Scheme 3
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That indeed epoxides were formed as intermediates in these
oxidation reactions as for g-hydroxyalkenes7 was demonstrated
as follows: when the acid 3a was subjected to the oxidation
reaction, a labile precursor could be detected by 1H NMR
spectroscopy after 2 h giving a doublet and a multiplet at d 4.92
and 3.95, respectively attributable to the two hydrogens of the
epoxide 5a (Scheme 4). These signals disappeared pro-
gressively in favour of those due to the hydroxylactone 6a at d
5.04 (doublet), and d 4.52 (multiplet). Attempts to isolate the
epoxide 5a by silica gel chromatography failed however, a
result which is reminiscent of previous observations.7

The results described herein allow the following comments to
be made.

As for mono(trialkylsilyl) ketene acetals, no base was
required for the interaction with the allylic acetates: the ketene

acetals are thus nucleophilic enough to interact as such with the
p-allyl complexes of palladium.6,10

In addition, these transformations are interesting from a
double point of view. First, highly substituted, unsaturated
carboxylic acids can be obtained directly in the first step of the
process. Second, for the disubstituted ketene acetals, cyclopro-
pyl acids are formed, yet, up to now, in rather low yield. Their
purification, without the need of chromatography, can easily be
achieved by the use of the second step of the process; indeed, the
separation of the lactones from the cyclopropyl acids, whenever
formed, is possible by a simple extraction process.

The interaction of mono(trialkylsily) ketene acetals with
allylic acetates in the presence of complexes of palladium had
already been shown to give, besides unsaturated esters,
cyclopropyl esters in variable amounts.5 The reasons behind
this dual reactivity of the intermediate p-allyl complexes with
the nucleophiles (central vs. terminal addition) have not been
clearly established since contrasting results have be found in the
literature.12–15 Up to now, no attempts have been made in order
to optimize the yields of the reactions described above by
modifying the nature of the catalyst and the experimental
conditions, or to drive them in one or the other direction. It
seems nevertheless likely that steric factors are important both
as far as the ligands around the metal and the substituents on the
ketene acetals are concerned.

Notes and references
† Selected data for 6 [R1R2 = (CH2)5, R3 = H], colorless oil; IR(Nujol),
1750 cm21; dH(CDCl3, 400 MHz) 4.52 (m,1H, CHO), 3.89 (dd, J 12, 2.5
Hz, 1H, CHOH), 3.61 (dd, J 12, 5.1 Hz, 1 H, CHOH), 2.77 (1H, OH), 2.24
(dd, J 13 and 6.6 Hz, 1H, CHH), 1.88 (dd, 1H, J 13 and 8 Hz, 1H, CHH),
1.81–1.52 (m, 10H, 5 CH2); dC(CDCl3, 100 MHz) 182.0, 77.84, 63.9, 44.9,
34.1, 34.0, 32.1, 25.26, 22.2, 22.1; HRMS: 185.1178 (M+). For 8 [R1R2 =
(CH2)5, R3 = H]: colorless oil; dH(CDCl3) 2.1–1.07 (m, 10H), 0.87 (m, 1H),
0.18 (m, 4H); dC(CDCl3) 183.2, 45.14, 32.18, 25.8, 23.5, 20.9, 0.85; HRMS:
169.122 (M+). For 3a: white crystals, mp 38 °C, dH(CDCl3) 7.11–7.31 (m,
5H, ArH); 6.16 (d, J 16 Hz, 1H, PhCHN), 6.11 (dt, J 16, 7.5 Hz, 1H,
NCHCH2), 2.39 (d, J 7.5 Hz, 2H), 1.17 (s, 6H, 2 Me), dC(CDCl3) 184.3,
137.7, 133.7, 128.9, 127.6, 126.5, 126.0, 43.9, 43.0, 25.1. Anal. Calc. For
C13H14O3: C, 70.91; H, 7.27. Found: C, 70.71; H, 7.31%.
‡ Satisfactory elemental analyses or HRMS were obtained for the various
carboxylic acids and hydroxylactones.
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Table 1 Lactones and cyclopropyl carboxylic acids from allylic acetates and
bis(trimethylsilyl) ketene acetals. The ratios were obtained from 1H NMR
(400 MHz) data, after oxidation. The ratios of 8 vs. 6 and 7 was also
determined upon isolation of 8

Scheme 4
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Growth of a mesostructured silica thin film at the air/water
interface was observed in situ using Brewster angle micros-
copy and surface pressure measurements allowing real time
observation of nucleation of the film and its rapid growth to
full surface coverage at the end of the induction period.

Mesoporous inorganic materials, such as the hexagonally
ordered silica MCM-41, can be synthesized by template-
directed reactions using surfactant or block copolymer self-
assembled templates. Although much work has been carried out
on the preparation of these materials in bulk, powdered forms,
many applications particularly in the fields of filtration,
separation and catalysis, require thin film geometries. Several
groups have reported films formed by dip1,2 or spin coating,3 or
by growth at the air/water,4,5 mica/water,6 and graphite/water
interfaces.7 Although films have been studied by X-ray and
neutron reflectivity,8–10 TEM and SEM,11 AFM and optical
microscopy,12,13 none of these techniques have allowed detailed
examination of the in situ growth of the silicate film. Here, we
report the use of Brewster angle microscopy (BAM) and surface
pressure measurements to trace the real-time evolution of
growing films of mesostructured silica at the air/water interface.
The data provide new insights into the formation mechanism
and growth kinetics of such films as the measurements can be
made on a much finer timescale than was previously possible.
From these measurements it seems that the film is nucleated at
many points across the surface and grows together from nuclei
that are only a few microns across.

The growth of mesostructured silica thin films at the air/water
interface of a synthesis solution† in a Langmuir trough showed
three distinct stages observable by BAM: an induction period; a
period of rapid film growth to cover the interface; and a period
of coarsening of the surface film. The induction period (ca.
330 min from mixing), was characterized by a relatively
constant value in the surface pressure measurements‡ (Fig. 1).
The length of this period decreased with higher concentrations
of CTAB and TMOS but was reproducible to within 10 min for
a given set of conditions. A reproducible fluctuation in the
surface pressure was observed during the induction period that
consisted of a pressure increase followed by a decrease of ca.
1 mN m21 between 125 and 285 min after mixing (Fig. 1).

Corresponding BAM images§ taken during the induction period
showed a uniform background with randomly distributed high-
contrast point features, 5–10 mm in size [Fig. 2(a)]. These
features increased slightly in number with time and moved
across the interface owing to convection currents in the sub-
phase. On the surface of a similar solution, CTAB in 0.2 M HCl
with no TMOS present, such features are visible but are much
less numerous and do not increase in number with time.
Degassing the acid solution prior to adding CTAB and TMOS
did not affect the appearance of the point features, indicating
that they were not gas bubbles.

Taken together, the surface pressure measurements and BAM
images indicate significant changes in the surface behaviour of
the synthesis solutions prior to film formation. The results
suggest that surfactant molecules are partitioned at the air/water
boundary as a surface excess in the form of a continuous
monolayer. Polysilicate binding to the cationic headgroups of
the surfactant then gives rise to domains with modified
thickness or molecular orientation. This is consistent with a
model in which silicate binding in discrete regions under the
monolayer is responsible for preferential nucleation of the
silica–surfactant mesophase at the air/water interface, rather
than bulk deposition in solution, although some precipitation
from the bulk also occurs. An interaction between silica and
surfactant at the surface of a CTAB/tetraethoxysilane solution
has been proposed on the basis of X-ray and neutron
reflectometry measurements.4,9 These showed a slight decrease
in the thickness of the surfactant monolayer from 3 to 2.7 nm
and an increased scattering length density prior to film growth,
indicating silica gathering at the interface. Reflectometry
measurements, however cannot distinguish a low density,
uniform silica/surfactant film from local regions of higher

Fig. 1 Surface pressure changes with time during growth of a surfactant–
silica mesostructured film at the air/water interface.

Fig. 2 Brewster angle microscope images following the evolution of a
silica–surfactant composite film at the air/water interface (a) during the
induction period, (b) just after the onset of film growth, 331 min after
mixing of the reagents, (c) 350 min after mixing and (d) 407 min after
mixing, showing growth and coarsening of the film at the interface. The
horizontal edge of each image corresponds to 430 microns.
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density silica at nucleation sites scattered over the surfactant
monolayer as is observed in the BAM.

The end of the induction period (330 min after mixing) was
marked by a rapid increase in surface pressure over a period of
50 min (Fig. 1) owing to the formation of a densely packed
surface film of mesostructured silica. Further growth resulted in
an apparent decrease in pressure owing to the attachment of the
film to and consequent increase in weight of the Wilhelmy plate.
Corresponding BAM images showed an increase in the
homogeneity of the surface film just prior to the rapid increase
in surface pressure. Many of the point features in the BAM
images became less distinct and merged with the background to
give a lower contrast continuous texture that was still mobile on
the liquid surface. Some point features were still visible, but
their movement became associated with that of the continuous
phase. The onset of film formation was associated with an
increased density of the low contrast texture and a cessation of
individual motion of the points over the whole region
[Fig. 2(b)]. The texture then coarsened and became more
distinct with growing visual contrast between dark and light
regions, producing a dense coverage of 5–10 mm dots over the
surface which began to merge [see Fig. 2(c)]. The lighter
coloured horizontal bands across the image [Fig. 2(b)] were
seen in most film forming preparations, appearing just prior to
visible film formation in the BAM. They move across the
surface in the same manner as the point features, so are
connected with the surface, rather than the sub-phase. They do
not appear in CTAB-only solutions and may be related to
formation of oriented domains of the porous mesostructure in
the growing surface film. Further evolution of the film, over
75 min from its first appearance, produced a network of strands
with none of the original dots or the horizontal bands visible
[Fig. 2(d)]. Similar fibrous structures in the final film have been
reported using laser scanning confocal microscopy.5

The existence of point features with distinct contrast from the
surrounding surface early in the induction period suggests that
the film development process occurs via nucleation at many
discrete points on the surface, rather than as a gradual building
up of more or less uniform structures over the whole surface.
During the induction period gradual condensation of the
hydrolysed TMOS molecules proceeds, resulting in silica
polyanions which interact with the surfactant monolayer at the
interface causing nucleation of domains 5–10 mm across. These
point features observed from the beginning the induction period
are however, large compared to the coherence length expected
from peak width studies of bulk hexagonal phase surfactant
templated materials (several hundred nanometers14). Encourag-
ing the growth of such domains may be a route to increasing
long range homogeneity in these films. Once favourable
conditions are achieved, possibly through concentration of the
reacting species after evaporation of methanol, or by optimisa-
tion of headgroup spacing for the surfactant template by charge
interaction with the polysilicates, the film forming process
accelerates and full surface coverage is reached in a few
minutes. Further condensation of the silica in the local
environment and continuing addition of material from the sub-
phase have been suggested to cause such films5 to warp and
buckle and are probably the cause of the development of ridges
and the fibrous texture ultimately observed here.

Overnight, the film developed to a thickness of ca. 0.1 mm
and showed macroscopic wrinkling, presumably induced by the
confined area of the trough and from microscopic stresses such
as local shrinkage of the system during polymerisation. In situ
X-ray reflectometry on the final film showed two well
developed broad Bragg peaks at Q = 0.132 and 0.257 Å21

indicating formation of an ordered silica–surfactant mesophase.
Reflectometry measurements however were too slow to follow

the growth of the film during the induction period. Further work
on the structural characterization of this material is in
progress.

We thank Arach Goldar for assistance with the X-ray
reflectometry. The financial support of the EPSRC Materials
Committee (Grant no. GR/M15989) is gratefully acknowl-
edged.

Notes and references
† Thin films of mesostructured silica were prepared using a molar ratio of
CTAB+water+HCl+TMOS of 1.53 3 1023 +1:3.63 3 1023+0.011. The
surfactant template, cetyltrimethylammonium bromide (CTAB, Sigma
99%) was dissolved in 0.2 M HCl and tetramethoxysilane (TMOS, Merck
98%) was added dropwise. This clear solution was transferred to a Teflon
Langmuir trough 3.5 mm deep, surface area ca. 40 cm2, so that the liquid
formed a raised meniscus. Other experiments on this system have shown
that at these reactant concentrations, films will grow in sealed containers
where no evaporation can occur, however during these experiments,
evaporation did occur and this undoubtedly affects film growth. Film
formation was nevertheless highly reproducible with respect to induction
time, morphology and surface pressure behaviour.
‡ Surface pressure measurements were made at 30 s intervals by a Wilhelmy
plate method using a Nima surface pressure sensor. The measurements
began 7 min after mixing, during which time the solution was poured into
the trough and initial wetting of the Wilhelmy plate occurred. Evaporation
of methanol generated by TMOS hydrolysis led to a change in plate
buoyancy and an initial decrease in surface pressure; however this leveled
off ca. 100 min after mixing. A similar although less rapid decrease in
surface pressure of 0.7 mN m21 owing to evaporation of water from the sub-
phase was noted for a solution of CTAB in 0.2 M HCl with the same surface
area in the absence of TMOS, over a 90 min period.
§ The Langmuir trough was mounted under a Brewster angle microscope
(BAM2, Nanofilm Technologie GmbH) so that the surface structure and
surface pressure of the synthesis solution could be monitored simultane-
ously. Light from a diode pumped frequency doubled Nd+YAG laser at 532
nm was used. At the Brewster angle, the reflectivity of polarised light at the
interface is zero, so any small changes in interfacial refractive index, such
as the presence of a surface film, are clearly visible. BAM images were
taken every 30 s during the rapid growth phase of the film and every 5–10
min during the induction period. Evolution of the film structure was
monitored in real time with the aid of a video camera attached to the
BAM.
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A tripodal alkythiolate ligand has been assembled on gold
nanoparticles, which upon metathesis polymerization and
particle etching, yields crosslinked spherical hollow polymer
capsules.

In previous reports, we have shown that gold particles are useful
templates for the synthesis of hollow nanoscopic poly(pyrrole)
and poly(N-methylpyrrole) capsules.1 In that work, polymeriza-
tion was initiated in an aqueous suspension of gold particles.
Owing to the insolubility of pyrrole-based polymers in water, a
polymer shell formed around the particle, which upon gold
etching could be converted to a hollow capsule (Scheme 1). The
hollow core volume and shell thickness were easily tuned via
template diameter and polymerization time, respectively; guest
entrapment within the host polymer capsule was demonstrated
by attaching the guest to the gold particle prior to polymer
formation and particle etching.

Here, we demonstrate an alternative strategy for the forma-
tion of hollow polymer capsules. The strategy is similar to that
reported by Mirkin and coworkers recently in which a surface-
bound w-substituted alkanethiol was polymerized to form
polymer/gold composite particles.2 In our work, the alkene-
terminated tripodal ligand A was designed and synthesized in
order to maximize polymer crosslinking. Crosslinking is
important in forming structurally rigid hollow capsules follow-
ing removal of the gold particle. Moreover, as demonstrated
below, polymerization of A leaves alkene functionalities that
may be further modified to manipulate the chemical properties
of the resulting polymer capsule (Scheme 2).

The tripodal ligand was prepared in seven steps from
1-decen-1-ol and 11-bromo-1-undecanol.3 Selective hydrolysis
of the ester/thioacetate intermediate using methanolic po-
tassium hydroxide in the presence of air gave high yields of the
triene functionalized disulfide. Formation of triene function-
alized thiol derivatized gold nanoparticles was then accom-

plished directly from the disulfide using procedures reported
previously.4 The thiol derivatized nanoparticle was purified by
precipitation from toluene with ethanol–methanol followed by
filtration. TEM images revealed spherical nanoparticles, ca. 5
nm in diameter. IR spectral analysis of the thiol-derivatized
nanoparticle clearly indicated the presence of the ester at 1725
cm21 (compared to 1731 cm21 in the free ligand) and, as shown
in Fig. 1(a), the terminal alkene CH bending modes at 908 cm21

(compared to 908 cm21 in the free ligand) and CNC stretching
modes (1632 cm21) are observed. The free disulfide ligand
exhibited a triplet in its 1H NMR spectrum at d 2.67 for the
methylene protons adjacent to sulfur. However, upon com-
plexation to the gold nanoparticle, the signal at d 2.67 was no
longer observed, as expected.4b As shown in Fig. 2(a), the
terminal alkene protons were observed in the 1H NMR spectrum
of the thiol derivatized nanoparticle as very broad multiplets

Scheme 1

Scheme 2

Fig. 1 (a) IR spectrum (neat film) of alkene-terminated thiol-derivatized
gold nanoparticles. * Indicates terminal CNC stretching and alkene CH
bending modes. (b) IR spectrum (neat film) of thiol-derivatized nano-
particles after reaction with Grubbs catalyst. Note lack of terminal CNC
stretching and alkene CH bending modes, while other spectral features
remain intact.

Fig. 2 (a) 1H NMR spectrum (alkene region) of alkene-terminated thiol-
derivatized gold nanoparticles. Alkene resonances appear as broad signals
at d ca. 4.9 and 5.9. (b) 1H NMR spectrum (alkene region) of thiol-
derivatized nanoparticles after reaction with Grubbs catalyst. Note new
alkene resonances at d ca. 5.3.
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centered at d ca. 5.9  and 4.9 which corresponded very well with
the chemical shifts observed in the free triene ligand.

Metathesis of the thiol derivatized nanoparticles was then
carried out using ca. 7 mol% of Grubbs catalyst5 per alkene in
benzene at room temp. Precipitation of the product from
benzene by the addition of ethanol provided a purple waxy
solid. The assumption that intramolecular polymerization to
form a highly crosslinked polymeric surface occurred is
strongly supported by the spectral data of the polymerized
nanoparticles. As shown in Fig. 1(b), the IR spectrum shows a
lack of both the CNC terminal alkene stretches at 1632 cm21 and
the alkene CH bending modes at 908 cm21 for the polymerized
particles. The changes in the IR spectrum are paralleled by the
changes in the 1H NMR spectrum: the signals for the terminal
alkene protons collapsed to a single broad peak at d ca. 5.3, as
shown in Fig. 2(b). The signals for the terminal alkene protons
collapsed to a single broad peak at d 5.4.

Removal of the gold from the thiol derivatized particles under
the same conditions used for the polypyrrole capsules [0.1 M
KCN, 0.002 M K3Fe2(CN)3] was not possible. However,
sonication of a THF–water solution of KCN, K3Fe2(CN)3 and
the particles produced a change from purple to brown,
indicative of particle etching. Treatment of the brown particles
with hydrogen peroxide was necessary to effect complete
removal of the gold. 1H NMR spectra of the hollow polymerized
tripodal ligand also indicated the absence of gold by virtue of
the now sharp and well defined spectrum.4b Treatment  of the
nanoparticles with hydrogen peroxide efficiently oxidized the
polyalkene particle to a polyol particle as evidenced by signals
in the range d 3.6–4.2 in the 1H NMR spectra.

The fate of the sulfur atoms in the linker is unclear from the
data in hand although it is very likely that the sulfur has been
oxidized along with the alkenes. In addition, the internal ester
linkage may have been partially cleaved. IR data shows hydroxy
groups at 3350 cm21, and a significantly diminished CO stretch
at 1723 cm21.

Atomic force microscopy confirmed that the structural
integrity of the polymer capsules was maintained following

gold dissolution (Fig. 3).6 Qualitatively, AFM revealed the
presence of spherical capsules, which were relatively impress-
ible compared to gold particles or hollow polypyrrole capsules.
Quantitatively, the dimensions of the capsules were 10.47 ±
2.54 nm based on the relative height of 25 capsules. This value
agrees well with the diameter expected based on the size of the
template gold particle (ca. 5 nm) and the length of alkythiol
spacer.

In summary, a method has been described for converting
alkylthiolate monolayers on gold particles into hollow polymer
capsules. The synthetic design of the tripodal ligand provides
the potential to ultimately control the functionality present on
the surface of the particle as well as that present internally.

This work was supported in part by grants from the North
Carolina Biotechnology Center and the NSF (DMR-
9900073).
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Fig. 3 Atomic force images of hollow polymer capsules. See text for details.
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Decreasing the flexibility of the Ph2PCH2CH2PPh2 (dppe)
backbone by making the central carbon atoms part of a
cyclobutane ring leads to the formation of Pd(II) catalysts for
CO/ethene copolymerization that are more efficient than
those of dppe by a factor of ten.

Polyketones obtained by alternating copolymerization of car-
bon monoxide and olefins are important innovative materials
prepared on industrial scale by homogeneous palladium
catalysis [eqn. (1)].1

(1)

The diphosphine 1,3-bis(diphenylphosphino)propane (dppp)
is the ligand of choice for the copolymerization of CO and
ethene;2,3 indeed, dppp forms Pd(II) catalysts that are more
efficient than those with the lower homologue 1,2-bis(diphenyl-
phosphino)ethane (dppe) by almost one order of magnitude.1–3

The ability of the chelate ring size (as determined by the number
of carbon atoms separating the PPh2 groups) to modulate the
flexibility of the Pd(P–P) moiety is the factor that, most
commonly, is invoked to account for the dramatically different
activity of the dppp and dppe catalysts.3–5 In particular, several
studies have tried to correlate the greater catalytic activity of the
dppp complexes to the higher flexibility of the dppp backbone
as compared to that of dppe.3–5

In this work, we prove experimentally that efficient Pd
catalysts are formed also with diphosphine ligands containing
two carbon atoms between the PPh2 donors on the condition,
however, that ligand flexibility is substantially reduced.

Reaction of the tetraphosphine cis,trans,cis-1,2,3,4-tetrakis-
(diphenylphosphino)cyclobutane6 (cyclo-tetraphos) with
2 equiv. of either Pd(CO2Me)2 or PdCl2 in CH2Cl2 yielded the
bimetallic complexes Pd2(cyclo-tetraphos)(OCOMe)4 1 and

Pd2(cyclo-tetraphos)Cl4 2, respectively.‡ The latter complex
was quantitatively transformed into the acetonitrile derivatives
[Pd2(cyclo-tetraphos)(MeCN)4]Y4, 3 Y4 (Y = PF6 or BF4) by
treatment with AgY in acetonitrile solution.

Under standard copolymerization conditions (Table 1),2,3 1
and 3 (PF6)4 give rise to the same catalyst system with a
productivitiy of 10 kg of polyketone (g of Pd)21 (entry 2). This
productivity value is higher than that obtained with Pd(dppe)-
(OCOMe)2 4 by a factor of ten (entry 1) and is comparable with
that of the industrial catalyst Pd(dppp)(OCOMe)2.2,3 The
increase in productivity using either 1 or 3(PF6)4 in the place of
4 is not accompanied by a change in the average molecular
weights of the copolymers (ca. 6 kg mol21).3,7

A single-crystal X-ray analysis has been carried out on
3(BF4)4·2MeCN.3.4CH2Cl2.§ As is shown in Fig. 1, a perfectly
planar cyclobutane ring connects two equivalent
(–PPh2)2Pd(NCMe)2 moieties in each of which the Pd(II)
centres adopts a slightly distorted square-planar coordination.
The bond angles and distances in the cyclobutane ring are close
to those of an ideal square. The P–Pd–P chelate angle and the
Pd–P distances are in the usual range for dppe Pd(II) complexes
with nitrogen ligands.8 The two symmetry-related metalla-rings
in 3 adopt an envelope conformation. As a consequence, each
phosphorous centre of the asymmetric unit exhibits one
equatorial and one axial phenyl group with the two axial phenyl
rings being related by a mirror plane. The conformation of the
metalla-ring and the mutual disposition of the phenyl sub-
stituents represent the most striking difference between 3 and
square-planar dppe complexes in which the ligand generally
assumes a twisted conformation and the phenyl groups can be
all equatorial.8,9 Therefore, in terms of steric hindrance
(quadrant effect),10 each palladium centre in 3 has a larger space
for coordination and reactivity than in dppe complexes.

Since the envelope conformation of each metalla-ring is
maintaned in solution, at least on the NMR time scale, the
remarkable increase in catalytic activity of the cyclo-tetraphos

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b0/b000376j/ for crystallo-
graphic data in .cif format.

Table 1 Alternating CO/C2H4 copolymerization catalyzed by Pd(P–
P)(OCOMe)2

a
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complex as compared to the dppe derivative may reasonably be
associated to the substantial rigidity of the former that
ultimately controls the steric hindrance at the metal centre. In an
attempt to verify this hypothesis, the structurally rigid com-
plexes Pd(o-dppbe)(OCOMe)2 5 and Pd(cis-dppen)(OCOMe)2
6 have been prepared and employed as catalyst precursors for
CO/C2H4 copolymerization under the same experimental
conditions [o-dppbe = o-bis(diphenylphosphino)benzene, cis-
dppen = cis-bis(diphenylphosphino)ethylene].‡ Neither 5 and
6 are as efficient as 1 or 3 in the copolymerization reaction
(likely due to the different electronic nature of the phosphine
donors), but still the productivities are ca. six times higher than
that of the dppe precursor 4, yielding copolymers with
comparable chain lengths.3,7

In conclusion, we have shown here that high rigidity of the
control ligand is a structural feature that improves CO/olefin
copolymerization Pd(II) catalysts. Recent studies with dppp-
based catalysts are consistent with the present results as it has
been found that the introduction of methyl substituents into the
dppp backbone has beneficial effects on the copolymerization
rate.11 Conformational rigidity has also been invoked to account
for the higher activity of the C4-bridged bis(tetramethylphosp-
hole) complex [(Me4C4P)2X]Pd(CO2Me)2 [X =
CH2(C6H4)CH2] as compared to C2- [X = (CH2)2] and C3-
bridged [X = (CH2)3] analogs. The copolymerization activity
of the o-xylene-bridged bis(phosphole)-based complex is,
however, quite low [300 g of polymer (g Pd)21 h21].12

Shell International Chemicals B. V. (Amsterdam) is grate-
fully acknowledged for financing a post-doctoral program to
H. M. L. at ISSECC-CNR.
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dC(CD2Cl2, 50.32 MHz) 23.5 (s, OCOCH3), 27.5 (AXXA system, 1JCP 36.6,
2JCP 12.8 Hz, CH2), aromatic carbons [129.6 (s), 131.4 (s), 132.8 (s), 134.1
(s)], 176.6 (s, OCOCH3). 5: dP(CD2Cl2, 81.01 MHz) 56.9 (s) dH(CD2Cl2,
200.13 MHz) 1.60 (s, 6H, OCOCH3), 7.18–7.80 (m, 24H, aromatic
protons). dC(CD2Cl2, 50.32 MHz) 23.5 (s, OCOCH3), aromatic carbons
(128.9–134.6), 176.5 (s, OCOCH3). 6: dP(CD2Cl2, 81.01 MHz) 65.5 (s).
dH(CD2Cl2, 200.13 MHz) 1.70 (s, 6H, OCOCH3), 7.08 (AAAXXA system,
2JHP 60.0, 3JHP 13.0 Hz, 2H, CH), 7.44–7.84 (m, 20H, aromatic protons).
dC(CD2Cl2, 50.32 MHz) 23.4 (s, OCOCH3), aromatic carbons [129.7 (s),
129.9 (s), 132.8 (s), 133.7 (s), 133.9 (s)], 146.2 (dd, 1JCP 48.4, 2JCP 27.0 Hz,
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Fig. 1 ORTEP drawing of 3(BF4)4·2MeCN·3.4CH2Cl2 (coordinated MeCN
ligands are omitted for clarity). Selected bond lengths (Å) and angles (°):
Pd–P(1) 2.2484(8), Pd–N(1) 2.070(3), Pd–P(2) 2.2505(8), Pd–N(2)
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93.94(9), N(2)–Pd–P(1) 174.63(9), N(1)–Pd–P(2) 176.72(9), N(2)–Pd–P(2)
93.85(9).
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Nickelocene in benzene reacts with the Brønsted acid H2O–
B(C6F5)3 to give the salt [(h-C5H5)Ni(h-C6H6)Ni(h-
C5H5)][B3(m-O)3(C6F5)5] which is the first example of a
triple-decker nickel sandwich with a bridging h-benzene
ligand; the borate anion is also unprecedented; treatment of
Ni(h-C5H5)2 with Brookhart’s acid [H(OEt2)2][B(3,5-
(CF3)2C6H3)4] in benzene gives the paramagnetic bis(h-
benzene)nickel derivative {[Ni(h-C6H6)2][B(3,5-
(CF3)2C6H3)4]2·Ni(h-C5H5)2} in which nickelocene is
present as a molecule of crystallisation.

Large and very weakly coordinating anions [BR4]2 [R = 3,5-
(CF3)2C6H3, C6F5] have recently attracted interest owing to
their ability to stabilise highly electrophilic metal cations.1 The
strong Lewis acid B(C6F5)3, is currently of interest as a methyl
abstracting agent and activator of early transition metal Ziegler–
Natta polymerisation systems.2 Recently the mono-aquo adduct
H2O–B(C6F5)3 was reported, and the solution behaviour as a
Brønsted acid was described.3,4

Here, we report reaction between nickelocene and the
Brønsted acids H2O–B(C6F5)3 or [H(OEt2)2][B(3,5-
(CF3)2C6H3)4] (Brookhart’s acid) which give unexpected new
chemistry.

Treatment of nickelocene with Brookhart’s acid
[H(OEt2)2][B(3,5-(CF3)2C6H3)4] in toluene gives green–blue
crystals of the Ni(III) compound [Ni(h-C5H5)2][B(3,5-
(CF3)2C6H3)4] 1†. The nickelocenium cation has been isolated
previously as the BF4

2 salt,5 but no crystal structure was
reported. The cation [Ni(h-C5Me5)2]+ has been structurally
characterised as C60

2 and [HTCNQF4]2 salts.6 The crystal
structure of 1 has been determined and the ORTEP of [Ni(h-
C5H5)2]+ (Fig. 1) shows eclipsed cyclopentadienyl rings as
observed in [Ni(h-C5H5)2].7 The average Ni–C distance of
2.075 Å is slightly shorter than in [Ni(h-C5H5)2] (2.178 Å). The

magnetic moment of 1 at room temperature is 1.69 mB and
corresponds to one unpaired electron, consistent8 with the
ground state configuration d4s2p1.

Treatment of nickelocene with H2O–B(C6F5)3 in CH2Cl2–
benzene, gave brown crystals of the triple-decker sandwich
compound [(h-C5H5)Ni(h-C6H6)Ni(h-C5H5)][B3(m-O)3-
(C6F5)5] 2. In contrast, the reaction between nickelocene and the
Brønsted acid HBF4·Et2O gave the cation [Cp3Ni2]+.9 We
envisage the cation [(h-C5H5)Ni(h-C6H6)Ni(h-C5H5)]2+ is
formed by the addition of two intermediate [Ni(h-C5H5)]+

fragments to a benzene molecule. Each nickel centre is formally
equivalent to the 18-electron centres in [Ni(h-C5H5)(h3-
allyl)].10 The crystal structure of 2 (Fig. 2) shows the rings are
eclipsed with an average Ni–CCp distance of 2.121 Å, and the
C–C–C angles lie between 106.6(5) and 109.2(4)°; the corre-
sponding Ni–Cbenzene distance is 2.168 Å, with the C–C–C
angles between 118.5(6) and 121.8(5)°. This compound is the
first h-benzene–nickel(II) sandwich compound to be structur-
ally characterised. The only other h-benzene–nickel compound
is the Ni(0) phosphine compound, [Ni(h-C6H6)(But

2PCH2-
PBut

2)].11 Nickel(II) compounds with one h-toluene or h-
mesitylene ligand have been structurally characterised.12

The counter ion in 2 is a new dianion. The six-membered
B3O3 ring is surrounded by five C6F5 groups, giving one
neutral, three-coordinate boron, B(1), and two anionic tetra-
hedral boron centres, B(2) and B(3). There are only two non-
solvent moieties present in the crystal structure, and to maintain
electrostatic balance we assign a charge of 22 to the anion. The
average B–O bond distance is 1.448 Å and the average B–O–B
angle is 120.9°. The anion likely results from acidic decomposi-
tion and aryl group loss in H2O–B(C6F5)3.

Treatment of nickelocene with Brookhart’s acid in benzene
gives red–brown crystals of 3 and the crystal structure of 3
shows the presence of Ni(h-C5H5)2, Ni(h-C6H6)2 and two

Fig. 1 Crystal structure of 1. Selected bond lengths (Å) and angles (°):
Cpcent–Ni(1) 1.70, B(1)–C(1) 1.631(8), B(1)–C(9) 1.636(8); C(23)–C(22)–
C(21) 109.3(8), C(22)–C(21)–C(25) 105.3(7), C(23)–C(24)–C(25)
106.6(7), C(22)–C(23)–C(24) 108.4(7), C(24)–C(25)–C(21) 109.1(7).

Fig. 2 Crystal structure of 2. Selected bond lengths (Å) and angles (°):
Cpcent–Ni(1) 1.744, benzenecent–Ni(1) 1.795, B(1)–O(1) 1.349(4), B(2)–
O(2) 1.438(4), B(3)–O(3) 1.549(4); O(1)–B(1)–O(2) 123.8(3), O(2)–B(2)–
O(3) 108.0(2), O(1)–B(3)–O(3) 107.6(2).
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[B(3,5-(CF3)2C6H3)4]2 anions. The room temperature magnetic
moment of 3 is 4.26 mB, corresponding to four unpaired
electrons. These data are consistent with the presence in the
crystal of neutral Ni(h-C5H5)2 and dicationic [Ni(h-C6H6)2]2+;
therefore we formulate this compound as {[Ni(h-
C6H6)2][B(3,5-(CF3)2C6H3)4]2·Ni(h-C5H5)2}, and the nickel-
ocene is present as a molecule of crystallisation (Fig. 3). The
average Ni–C distance in the dication [Ni(h-C6H6)2]2+ is 2.079
Å and the C–C–C angles are between 113.8(9) and 126.2(16)°.
Bis(h-hexamethylbenzene)nickel(II) has been reported,13 but
not structurally characterised.

The new and often surprising reactions are summarised in
Scheme 1.

J. L. P. thanks the Spanish Goverment for financial support.
L. H. D thanks St. John’s College Oxford for a Junior Research
Fellowship.

Notes and references
† Crystal data: 1: C42H22BF24Ni, Mw = 1052.12, monoclinic, space group
C2/c, a = 15.792(3), b = 12.679(3), c = 21.434(4) Å, b = 91.52(3), U =
4290.1(15) Å3, Z = 4, m(Mo-Ka) = 0.588 mm21. T = 150 K, 2802
independent reflections were collected (Rint = 0.0000); R = 0.0948 and Rw

= 0.1973. The fluorine atoms of the CF3 groups were found to be
disordered and modelled as occupying staggerred positions (F121–F123
s.o.f. 84%; F151–F153 s.o.f. 87% and F41–F43 s.o.f. 84%).

2·CH2Cl2: C47H18B3Cl2F25Ni2O3, Mw = 1326.37, triclinic, space group
P1̄, a = 11.873(7), b = 13.526(8), c = 16.304(8) Å, a = 73.658(6), b =
75.969(6), g = 71.607(6)°, U = 2350.0(5) Å3, Z = 2, m(Mo-Ka) = 1.06
mm21. T = 150 K; 8130 independent reflections were collected (Rint =
0.03); R = 0.0462 and Rw = 0.0572.

3: C43H23BF24Ni, Mw = 1065.13, triclinic, space group P1̄, a =
12.889(5), b = 13.191(6), c = 14.420(4) Å, a = 86.902(6), b = 90.131(6),
g = 61.171(6)°, U = 2143.55(14) Å3, Z = 2, m(Mo-Ka) = 0.590 mm21.
T = 150 K; 7199 independent reflections were collected (Rint = 0.0000); R
= 0.0797 and Rw = 0.2037. The fluorine atoms of the CF3 groups have
been modelled as disordered over two staggerred positions (F171–F173
s.o.f 49%, F341–F343 s.o.f 72% and F472–F473 s.o.f 74%).

CCDC 182/1576. See http://www.rsc.org/suppdata/cc/b0/b001190h/ for
crystallographic files in .cif format.
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Scheme 1

Fig. 3 Crystal structure of 3. Selected bond lengths (Å) and angles (°):
benzenecent–Ni(1) 1.713, Cpcent–Ni(2) 1.710, C(51)–C(52)–C(53)
124.2(15), C(56)–C(55)–C(54) 113.8(9), C(52)–C(51)–C(56) 126.2(16),
C(63)–C(62)–C(61) 109.7(7), C(61)–C(65)–C(64) 107.0(7).
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Ordered macroporous zeolite fibres are prepared from the
infiltration of swollen bacterial supercellular threads with
as-synthesized silicalite nanoparticles.

There is considerable interest in the production of inorganic
materials containing frameworks with well defined pore
networks. In general, strategies for synthesising these materials
rely on the use of templates, the size and nature of which dictate
the pore dimensions and architecture. Microporous (nano-
porous) materials, such as zeolites, are prepared using molec-
ular templates1 whilst mesoporous solids, for example MCM-41
silicas, are structured by supramolecular aggregates.2 We have
previously demonstrated how supercellular templates can be
used to extend the length scale of 3D inorganic patterning into
the micrometre dimension.3,4 For example, we were able to
prepare MCM-41 silica-based fibres containing hierarchically
organized pore structures at the meso- and micro-metre scale.3
Subsequently, various other strategies, most notably the use of
colloidal crystal templates,5 have been employed to prepare
ordered macroporous inorganic oxide structures by infiltration
of the void spaces with alkoxide or inorganic precursors.6 Both
meso-6 and micro-scopic7 pores have been introduced into the
macroporous architecture using a dual templating procedure.

Here, we report the synthesis and characterization of
hierarchically structured zeolite fibres containing ordered pores
at the nano- and micro-scopic length scale. In contrast to our
previous work, in which we used in situ precipitation from a
MCM-41 synthesis mixture,3 here we use a stable aqueous
dispersion of preformed zeolite nanoparticles as building blocks
for the infiltration of a bacterial supercellular thread by
reversible swelling. Silicalite nanoparticles are aggregated
specifically within the organized micro-architecture, which
consists of long multicellular filaments (0.5 mm in diameter)
aligned parallel to the thread axis and arranged in a pseudo-
hexagonally packed configuration.8 Subsequent thermal de-
composition of the bacterial template produces an intact zeolite
fibre with ordered macroporous channels lined by 100-nm wide
walls of coalesced silicalite nanoparticles. Because each
nanoparticle consists of a periodic structure of intersecting
nanoporous channels, the porous architecture is hierarchically
ordered.

TPA-silicalite-1 nanoparticles were synthesized from clear
solution by reflux of an aqueous solution containing tetra-
ethylorthosilicate (TEOS) and tetrapropylammonium hydrox-
ide (TPAOH) followed by repeated centrifugation and wash-
ing.† The resulting colloidal suspension was stable in deionized
water at pH values between 10 and 11. Dynamic light scattering
gave a mean hydrodynamic radius of 57 nm for the as-
synthesized TPA-silicalite. This was in close agreement with
transmission electron microscopy (TEM) which showed that the
sample consisted of discrete nanoparticles with irregular surface
texture and narrow particle size distribution (47 ± 10 nm) (Fig.
1). Significantly, the mean particle size was lower than that
previously reported (95 nm),9 possibly due to the reduced
temperature (80 cf. 98 °C) and water content used in our
synthesis mixture. High magnification TEM images suggested
that the individual nanoparticles were constructed from ag-
gregates of smaller primary clusters, and this was consistent
with TEM analysis of the early stages of crystallization, which

showed a predominance of 10 nm-size silicalite particles in
samples extracted 24 h after the start of the reaction.

The crystallinity of the particles was confirmed by electron
diffraction, XRD and FTIR spectroscopy. Powder X-ray
diffraction (PXRD) patterns of the as-synthesized-TPA-silica-
lite-1 samples showed an orthorhombic lattice with broadened
reflections and d spacings (dhkl = 1.13 nm {011}, 1.00 nm
{200}, 0.385 nm {501}, 0.373 nm {033}, 0.366 nm {133})
consistent with the PDF data base.10 Corresponding FTIR
spectra showed typical Si–O–Si framework bands, including
the characteristic double ring vibration at ca. 550 cm21.11 The
sample also showed a shoulder at 960 cm21 and bands at 2980
and 1380–1470 cm21, attributable to Q3 Si–OH groups and
TPA+, respectively.11,12 Thermogravimetric analysis gave a
total weight loss of 20% that included the desorption of water
and TPAOH ( < 260 °C). The weight loss between 260 and 600
°C was 12% owing to decomposition of occluded TPA–OSi and
loss of TPA+ framework counter ions. This value was consistent
with a theoretical value of 11.7 wt% for four TPA+ cations per
unit cell.

Bacterial threads‡ were swollen without loss of structural
integrity in silicalite sols and air-dried to produce composite
fibres consisting of a semi-ordered matrix of multicellular
filaments embedded in a continuous framework of zeolite
nanoparticles. The reversible swelling procedure gave good
infiltration of the inter-filament spaces throughout the macro-
scopic fibre, and produced a highly compacted network of
silicalite nanoparticles after air-drying. The composite fibres
were calcined at 600 °C to remove the molecular (TPAOH) and
supercellular (bacteria) templates. Thermogravimetric analysis
gave a total weight loss of 75%, corresponding to removal of
water, TPAOH and the bacteria template. The remaining
inorganic phase was in the form of an intact white silicalite fibre
with a macroporous internal structure (Fig. 2). Significantly, the
replica consisted of an organized array of ca. 0.5 mm-wide
channels that were oriented approximately parallel to the fibre
axis [Fig. 2(c)]. The channel walls were ca. 100 nm thick as

Fig. 1 TEM image of as-synthesized silicalite nanoparticles used as building
blocks for the construction of porous zeolite fibres, scale bar = 100 nm.
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determined by SEM measurements. TEM images of lightly
ground samples indicated that the wall structure consisted of
closely packed aggregates of 50 nm sized silicalite nano-
particles. Corresponding electron diffraction data on the
particles were consistent with crystalline silicalite. XRD
patterns on the bulk calcined thread showed reflections with
increased intensities, indicating an increase in the crystallinity
of the nanoparticles compared with the as-synthesized zeolite.
FTIR spectroscopy showed the characteristic double-ring
vibration band at ca. 550 cm21, but no shoulder at 960 cm21,
indicating almost complete condensation of the Si–OH groups
in the calcined product.

Our results indicate that silicalite nanoparticles can be
infiltrated into the ordered void spaces of a bacterial template
where they can be used as building blocks for the construction
of a macroporous inorganic framework. The mechanism
responsible for high-fidelity inorganic replication of the
bacterial superstructure has been described previously for
macroporous fibres prepared from amorphous silica colloids.3
The same considerations, such as surface-charge repulsion
between the bacterial cell walls and the silicalite nanoparticles
at high pH, and ionic strength-induced aggregation on deswel-
ling, are likely to be responsible for the irreversible coalescence
and compaction of the zeolite nanoparticles into the patterned
architecture. Removal of both molecular (TPA+) and micro-
metre-scale (multicellular filaments) templates by thermal
degradation affords a zeolite fibre with hierarchical porosity
that might have technological advantages owing to the high
surface area and unidirectionality of the patterned architecture.
Porous zeolite threads could also be aligned in thin films or flow
tubes for separation processes or catalysis. By changing the
template, it should also be possible to produce more complex
macroporous zeolite monoliths by nanoparticle infiltration of
patterned organic materials exhibiting reversible swelling. For

example, recent studies indicate that sponge-like block copoly-
mer gel templates can be used to prepare interconnected
macroporous frameworks of coalesced magnetite or titania
nanoparticles.13

We thank the EPSRC and the University of Bristol for
financial support to S.A.D and B. Z, respectively.

Notes and references
† TPA-silicalite nanoparticles were synthesized from clear solutions
following a modified version of the method described by Persson et al.9
Tetraethylorthosilicate (16.0 g; Aldrich, > 98%) was added to 27.32 g of 1.0
M aqueous solution of tetrapropylammonium hydroxide (TPAOH; Aldrich)
in a polypropylene bottle. The reactant mixture (molar composition: 9
TPAOH : 25 SiO2 : 354 H2O : 100 EtOH) was stirred for 24 h at room temp.
to allow hydrolysis of the TEOS. The colourless solution obtained was
heated under reflux in a preheated paraffin oil bath at 80 °C for 96 h without
stirring. The colloidal particles produced were sedimented by centrifugation
(12000 rpm) and washed by resuspending in deionized water. This process
was repeated until the final pH of the suspension was 10–11. At this pH the
particles have a net negative surface charge, and the dispersion is stable for
several months. Dynamic light scattering and zeta potential measurements
were performed on suitably diluted solutions, using a Brookhaven
Instruments ZetaPlus particle sizer. Specimens for TEM were prepared by
depositing a drop of the suspension onto carbon-coated, formvar-covered
copper grids. Powder samples for XRD, FTIR and TGA were prepared by
air drying the suspension.
‡ Macroscopic bacterial threads were produced from cell cultures of mutant
FJ7 strain of Bacillus subtilis by methods described elsewhere.8 Infiltration
of the bacterial superstructure was achieved as follows. The tip of a 3–5 cm
long prewashed bacterial thread was held by reverse tweezers and the fibre
dipped into the washed silicalite colloidal solution (pH 10–11, 1–4% w/w)
for at least 3 h at room temp. The swollen fibre was then very slowly
withdrawn from the colloidal solution and allowed to dry in air. During the
dipping process, the tweezers were held so that the tip of the thread was not
immersed in the colloidal solution. This aided recovery of the intact
mineralized fibre. Calcined materials were prepared by heating the
composite fibres in a Carbolite furnace to a temperature of 600 °C at a rate
of 2 °C min21. Samples were kept at 600 °C for at least 2 h before cooling
to room temperature.

SEM and EDXA were carried out using a JEOL JSM5600LV instrument
operated at 5 keV for uncoated samples or at 20 keV for gold-coated
samples. The samples were mounted onto Al stubs, using carbon sticky
pads. TGA was performed on a Netzsch TG209 instrument at a heating rate
5 °C min21 from room temperature to 800 °C in a nitrogen atmosphere with
flow rate 90 ml min21. The TGA residues were collected and used for
PXRD and FTIR measurements. Powder X-ray diffraction studies were
carried out on a Siemens D500 diffractometer with Cu-Ka1 radiation, in the
2q range 5–60°. FTIR spectra were recorded on a Bruker IFS 25
spectrophotometer using KBr pellets in the range 400–4000 cm21. For TEM
and SAED analysis the calcined fibres were ground, dispersed in deionized
water and then deposited on carbon-coated, formvar-covered copper
grids.
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Fig. 2 SEM micrographs of silicalite-infiltrated bacterial thread after
calcination at 600 °C: (a) intact zeolite replica, scale bar = 20 mm. (b)
Fractured fibre tip showing the channel-like architecture, scale bar = 10
mm. (c) High magnification image of a thread fractured longitudinally,
showing the continuous zeolite wall structure enclosing co-aligned
channels, 0.5 mm in width, scale bar = 1 mm.
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Reactions of tri- and penta-dentate thio-substituted oligo-
pyridines with Ag(I) yielded two differently coded bi- and
tri-nuclear structures containing strong intraligand p stack-
ing of the heterocycles.

The design and construction of helicates from ligand threads
and metal-ion induced self assembly has been much investi-
gated.1,2 However, alternatives to helicates exist, such as side-
by-side arrangements which represent limiting non-helical
structures formed by metal centres fixed between adjacent
ligand threads.1 These have been theoretically predicted and
discussed in detail2 but their observation is rare.3 Such side-by-
side structures offer the same opportunities for the development
and understanding of the underlying construction principles of
supramolecular chemistry. Both arrangements are driven by
coding requirements, namely, the need to match ligand domains
to the coordination preferences of the transition metal centres.
Typically domains have been linked by non-coordinating
species.1 Incorporation of thioether donors into the linkers
decreases the distance between the potential ligand domains
thus bringing the metal centres closer together. Compressed
conformations of this nature are more likely to favour side-by-
side rather than helical arrangements about metal centres. With
such an array of donors, ambiguity in coding may arise because
of a mismatch of the number of donor atoms to metal-acceptor
sites or a mis-allocation of the ligand domains to the metal
centres. In such circumstances, the metal centres are required to
compensate for this ambiguity. Hence, coordinatively flexible
metal ions such as Ag(I) rather than Cu(I) are more likely to
succeed in complex formation.

As part of our investigation of thio-substituted oligopyridines
we found that the tridentate ligand 1 formed a side-by-side

dimeric silver complex [Ag2(1)2]2+ with strong intraligand p
stacking of the pyridine rings. The coordinatively flexible Ag(I)
ions adopted a three-coordinate planar geometry to code as a [3
+ 3] rather than a [4 + 2] complex. It was of interest to see if on
extending the ligand from the tridentate 1 to the related
pentadentate 2 the same important features of intraligand p
stacking and coding information were retained on complex
formation.

Equimolar reaction of 14 with AgNO3 in MeCN, followed by
treatment with NH4PF6, led to isolation of a cream complex in
46% yield, which analysed with a 1+1 ligand+metal ratio and
gave 1H and 13C NMR spectra consistent with a symmetrical but

dynamic complex.‡ The 1H NMR spectra measured in CD3CN
and d6-acetone remained unchanged down to the temperature
limit for each solvent. Reaction of a related ligand di-2-pyridyl
sulfide with Ag(I) produces a binuclear dimer containing two
ligands.5 This work would suggest 1 may not be ideally suited
to forming mononuclear Ag(I) complexes. Electrospray mass
spectrometry under normal operating conditions showed parent
ions with appropriate isotope patterns for {[Ag2(1)2]PF6}+ at
m/z 790.8 and [Ag2(1)2]2+ at m/z 323.5. In addition using the
Onsager equation,6 dilution conductivity measurements in
MeCN confirmed the presence of a 2+1 electrolyte‡ indicating
the dimer remains intact in solution.

X-Ray crystal structure analysis§ showed the dimer is
constructed from two ligands related by a crystallographic two-
fold axis at the mid-point between the two Ag atoms. Each
ligand experiences strong p-stacking interactions (3.41 Å)
leading to an endo-syn conformation where the pyridine rings
are tilted by 16.4° with respect to each other. The Ag atoms
adopt a distorted trigonal planar geometry (Fig. 1), which links
the two symmetry-related ligands by N,S chelation from one
ligand and NA donation from the other, giving rise to a folded
side-by-side arrangement. This is in contrast to the centrosym-
metric dimer of di-2-pyridyl sulfide in which the four-
coordinate Ag atoms are bound in a NNSA fashion with an O
from a NO3

2 ion completing the coordination sphere.5 In
[Ag2(1)2]2+ the Ag ions are separated by a short Ag···Ag
distance of 3.052 Å which lies in the middle of the range
(2.86–3.22 Å) found for similar systems.3,5,7 The Ag(I) ions
diverge by 0.159 Å from the trigonal planes which are tilted at
61.0° with respect to each other. As a consequence of the
packing, chains of alternating intra- and inter-molecular (3.56
Å) p-stacked rings run along the c axis.

Reaction of 28 with AgNO3 in a 1+1 molar ratio in MeCN
gave an off-white powder which analysed as [Ag3(2)2](NO3)3.
Subsequently, the same compound was obtained in 76% yield
using a 2+3 molar ratio.‡ A 1H NMR spectrum measured in
CD3CN was consistent with a symmetrical structure. Pre-
viously, 2 was found to act as a pentadentate ligand in the
monomeric complex [Co(2)Cl]+.8 Such a coordination prefer-
ence is seemingly inconsistent with the analytical data for the
Ag(I) complex.

† Dedicated to Dr Charles R. Clark on the occasion of his 60th birthday.

Fig. 1 Views of the binuclear [Ag2(1)2]2+ cation, with the non-coordinating
PF6

– anions omitted: (left) Perspective view with thermal ellipsoids drawn
at the 50% level. Selected distances (Å) and angles (°): Ag(1)–N(1)
2.263(3), Ag(1)–S(1) 2.5997(11), Ag(1)–N(2)A 2.190(3); N(2)A–Ag(1)–
N(1) 137.61(11), N(2)A–Ag(1)–S(1) 140.92(7), N(1)–Ag(1)–S(1) 79.77(8);
(right) Space–filling view emphasising the p stacking of the ligands.
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The trinuclear nature of the complex was confirmed by X-ray
structural analysis (Fig. 2).§ The structure consists of three non-
equivalent Ag(I) ions held in a linear chain (Ag···Ag···Ag
175.3°) by two folded ligands arranged in a side-by-side fashion
11.6 Å wide and 8.3 Å long. This linear silver core is
particularly rare in both helicate9 and side-by-side structures10

where to date in helicate formation Cu(I) predominates.11 The
Ag(I) ions adopt [4 + 4 + 2] coordination rather than the
anticipated [3 + 3 + 4], with Ag···Ag distances of 3.204 and
3.232 Å, respectively, lying at the long end of the range for
similar systems.3,5,7 The four-coordinate Ag(I) ions have
distorted-tetrahedral geometries (NSNASA) while the two-coor-
dinate Ag(I) ion has a bent structure (NNA). In addition, two
NO3

2 anions interact weakly with the two-coordinate Ag(I)
centre [Ag(3)···O(23) 2.698 Å, Ag(3)···O(31) 2.712 Å]. The
folding of the ligand is determined by strong intramolecular p
stacking, as in [Ag2(1)2]2+. The pyridine rings are separated
from each other with values in the range 3.29–3.72 Å and are
inclined with respect to each other with values in the range
13.4–26.0°.

Both pentadentate ligands have the same chirality, which
causes the S donors attached to the four coordinate Ag(I) ions to
be diametrically opposite each other. This contrasts with the
structure of [Ag2(1)2]2+ in which the S donors are adjacent. In
the trinuclear complex, such an arrangement would require the
two ligands to have opposite chirality. Chains of alternating
enantiomers are arranged head-to-head and form intermolecular
p-stacked chains (3.42 and 3.61 Å) along the diagonal axes
[1 1 0] and [1 1̄ 0].

The symmetrical nature of the 1H NMR spectrum was at odds
with the unsymmetrical [4 + 4 + 2] coding. Thus in solution
either the complex is symmetrical or is undergoing rapid
dynamic processes which may include equilibria between
species of differing nuclearities. Electrospray mass spectrome-
try showed peaks which could be assigned to a number of
species including a parent ion {[Ag3(2)2](NO3)2}+ at m/z
1154.8, {[Ag2(2)2](NO3)}+ at m/z 983.9, {[Ag2(2)](NO3)}+ at
m/z 630.9 and [Ag(2)]+ at m/z 459.9. However using the
Onsager equation,6 dilution conductivity measurements in
MeNO2 strongly indicated a 1+1 electrolyte‡ suggesting the
trimer does not maintain its integrity in solution. Results from
variable-temperature 1H NMR spectra measured in d6-acetone–
10% CF3CO2D were inconclusive. They showed no changes
other than significant broadening and collapse of peaks down to
188K.

We have shown that side-by-side structures can offer the
diversity found in helicate structures. The intramolecular p
stacking of the ligands was maintained in both complexes
despite the ambiguity of coding being resolved in different ways
to give different structural arrangements of side-by-side
complexes.

We thank Professor Ward T. Robinson and Dr Jan Wikaira
(University of Canterbury) for X-ray data collection and Dr Bill
Henderson (University of Waikato) for  electrospray MS data
and the University of Otago for financial support.

Notes and references
‡ Selected data: for [Ag2(1)2](PF6)2: dH(300 MHz; CD3CN) 8.42 (d, 4H, 3J
7.5 Hz), 7.72 (dt, 4H, 3J 7.5, 4J 1.8 Hz), 7.33 (d, 4H, 3J 7.8 Hz), 7.27 (m,
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equiv.21/2. Colourless crystals were grown from slow evaporation of an
acetonitrile solution.
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vs. √Ceq (MeNO2): [Ag3(2)2](NO3)3 272 ± 11 Ω21 L1/2 equiv.–1/2, standard:
(NEt4ClO4 277 ± 42 Ω21 L1/2 equiv.–1/2. Colourless crystals were grown
from slow diffusion of diethyl ether in an acetonitrile solution.
§ Crystal data: [Ag2(1)2](PF6)2: C12H12AgF6N2PS, M = 469.14, mono-
clinic, space group P2/n (no. 13), a = 13.657(4), b = 8.278(3), c =
14.071(4) Å, b = 103.063(4)°, U = 1549.7(8) Å3, T = 173(2) K, Z = 4,
m(Mo-Ka) = 1.599 mm21, 19 328 reflections measured, 3176 independent
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wR2 = 0.0899, 0.0940 (all data).

[Ag3(2)2](NO3)3·1.5CH3CH2OCH2CH3: C44H53Ag3N9O10.5S4, M =
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solvent molecule was refined isotropically without H-atoms. CCDC
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graphic files in .cif format.

1 E. C. Constable, in Polynuclear Transition Metal Helicates, ed. J.-P.
Sauvage and M. W. Hosseini, Pergamon, Oxford, 1996.

2 C. Piguet, G. Bernardinelli and G. Hopfgartner, Chem. Rev., 1997, 97,
2005.

3 S.-M. Kuang, Z.-Z. Zhang, Q.-G. Wang and T. C. W. Mak, J. Chem.
Soc., Dalton Trans., 1998, 2927; C. M. Hartshorn and P. J. Steel, Inorg.
Chem., 1996, 35, 6902; A. Bilyk, M. M. Harding, P. Turner and T. W.
Hambley, J. Chem. Soc., Dalton Trans., 1995, 2549.

4 H. J. J.-B. Martel and M. Rasmussen, Tetrahedron Lett., 1971, 41,
3843.

5 R. J. Anderson and P. J. Steel, Acta Crystallogr., Sect. C, 1998, 54,
223.

6 D. P. Rillema, R. Sahai, P. Matthews, A. K. Edwards, R. J. Shaver and
L. Morgan, Inorg. Chem., 1990, 29, 167; R. K. Boggess and D. A.
Zatko, J. Chem. Educ., 1975, 52, 649; R. D. Feltham and R. G. Hayter,
J. Chem. Soc., 1964, 4587.

7 J. Zank, A. Schier and H. Schmidbaur, J. Chem. Soc., Dalton Trans.,
1999, 415.

8 G. R. Newkome, V. K. Gupta, F. R. Fronczek and S. Pappalardo, Inorg.
Chem., 1984, 23, 2400.

9 W. K. Wong, L. L. Zhang, F. Xue and T. C. W. Mak, Chem. Commun.,
1997, 1525; J. de Mendoza, E. Mesa, J.-C. Rodriguez-Ubis, P. Vázquez,
F. Vögtle, P.-M. Windscheif, K. Rissanen, J.-M. Lehn, D. Lilienbaum
and R. Ziessel, Angew. Chem., Int. Ed. Engl., 1991, 30, 1331; T. M.
Garrett, U. Koert, J.-M. Lehn, A. Rigault, D. Meyer and J. Fischer,
J. Chem. Soc., Chem. Commun., 1990, 557.

10 R.-H. Uang, C.-K. Chan, S.-M. Peng and C.-M. Che, J. Chem. Soc.,
Chem. Commun., 1994, 2561; C.-M. Che, H.-K. Yip, D. Li, S.-M. Peng,
G.-H. Lee, Y.-M. Wang and S.-T. Liu, J. Chem. Soc., Chem. Commun.,
1991, 1615.

11 M. Greenwald, D. Wessely, I. Goldberg and Y. Cohen, New J. Chem.,
1999, 337.

Fig. 2 Views of the trinuclear [Ag3(2)2]3+ cation with NO3
2 anions, two

weakly coordinating and one non–coordinating, omitted: (left) Perspective
view with thermal ellipsoids drawn at the 50% level. Selected distances (Å)
and angles (°): Ag(1)–N(2) 2.408(6), Ag(1)–N(5) 2.491(6), Ag(1)–S(4)
2.609(2), Ag(1)–S(1) 2.667(2), Ag(2)–N(4) 2.332(6), Ag(2)–N(3) 2.357(6),
Ag(2)–S(2) 2.584(2), Ag(2)–S(3) 2.652(2), Ag(3)–N(1) 2.213(7), Ag(3)–
N(6) 2.228(6); N(2)–Ag(1)–N(5) 133.8(2), N(2)–Ag(1)–S(4) 121.7(2),
N(5)–Ag(1)–S(4) 75.9(2), N(2)–Ag(1)–S(1) 75.5(2), N(5)–Ag(1)–S(1)
114.7(2), S(4)–Ag(1)–S(1) 146.35(7), N(4)–Ag(2)–N(3) 112.7(2), N(4)–
Ag(2)–S(2) 126.6(2), N(3)–Ag(2)–S(2) 79.0(2), N(4)–Ag(2)–S(3) 77.2(2),
N(3)–Ag(2)–S(3) 111.5(2), S(2)–Ag(2)–S(3) 149.44(7), N(1)–Ag(3)–N(6)
150.6(2); (right) Space–filling view emphasising the extensive p stacking of
the ligands.

784 Chem. Commun., 2000, 783–784



Synthesis of carbonyl-bridged peptides containing an a-fluoroglycine residue†

Yoshio Takeuchi,*a Kiyotoshi Kirihara,a Kenneth L. Kirkb and Norio Shibataa

a Faculty of Pharmaceutical Sciences, Toyama Medical and Pharmaceutical University, Sugitani 2630, Toyama
930-0194, Japan. E-mail: takeuchi@ms.toyama-ac.jp

b Laboratory of Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney Disease, National
Institutes of Health, Bethesda, MD 20892, USA

Received (in Cambridge, UK) 15th February 2000, Accepted 29th March 2000

Gabriel reaction of hydantoins with bromofluoroacetate
provides a general method for the synthesis of carbonyl-
bridged peptides containing an a-fluoroglycine residue.

Introduction of fluorine atoms into amino acids is a powerful
and reliable strategy for the design of potent biologically active
amino acid and peptide derivatives.1 Numerous fluorinated
analogues encompassing essentially every class of amino acid
have been synthesized and examined for biological activity. As
part of an ongoing research program committed to preparation
of multifunctional carbon compounds,2 we have selected the a-
fluoro a-amino acids 1 as synthetic targets. Fluorine substitu-
tion at the a-position of a-amino acids is of great interest
because of the profound influence this has on the chemical
properties of the carbonyl carbon and, in particular, the a-amino
group, and the expected accompanying consequences on
biological activity. However, there are few reports for the
synthesis of a-fluoro a-amino acids. Bailey et al. developed
pioneering work for this study in 1989.3 They carried out an
asymmetric synthesis of protected a-fluoroglycines utilizing
the Gabriel reaction of chiral fluoroiodoacetamides with
potassium phthalimide. We also independently reported the
synthesis of a protected a-fluoroglycine in the following year4

and recently applied our method to the preparation of protected
a-fluoroglycine containing dipeptides.5 Despite considerable
effort, however, neither free a-fluoroglycine nor free fluorine-
containing dipeptides have ever been isolated because of rapid
dehydorofluorination under ambient conditions. Whereas we
recognized the importance of a more recent report by Bailey
et al. on the first isolation of a free a-fluoroglycine derivative,
a-fluorobetaine,6 it is obviously impossible to incorporate this
structure into peptides. We herein disclose a general method for
a synthesis of carbonyl-bridged peptides containing the a-
fluoroglycine residue 2 using the Gabriel reaction of hydantoins
3 with bromofluoroacetate.

The design of the target carbonyl-bridged peptides 2 was
based on the following strategies. First, the carbon–fluorine
bond of 2 is stabilized to loss of fluoride by virtue of the electron
attracting effect of the imide carbonyl groups. Second, peptides
in a conformationally restricted environment are important
structural features used in the field of peptidomimetics.7 In
addition, hydantoins are known to possess a broad range of
biological activities, including antiviral, antibacterial, anti-
fungal and herbicidal activity.8 We first examined the synthesis
of hydantoin-a-fluoroglycine-containing dipeptides 4 that are

the key component parts of 2. The Gabriel-type reaction of the
commercially available diphenylhydantoin 3a was performed
by deprotonation, using NaH in DMF, followed by the addition
of ethyl bromofluoroacetate (Table 1, entry 1). Although the
desired 4a was the predominant product, obtained in moderate
yield, this procedure resulted in the formation of a mixture of 4a
and bis-alkylated product 5 along with recovered starting

material 3a. In an attempt to overcome this problem of
selectivity in the alkylation reaction, optimization of the

† Part 4 of series: Synthetic studies for novel structure of a-nitrogenousyl
functionalized a-fluorocarboxylic acids.

Table 1 Synthesis of hydantoin-fluoroglycine-containing dipeptides
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conditions was investigated by examining several bases and
additives in several solvents at different temperatures. The best
result was obtained in the reaction of 3a with NaH, NBu4Br and
ethyl bromofluoroacetate in THF at room temperature to give
4a in 91% yield (entry 3).9 Other hydantoins 3b,c having
different substituents at the 5 position were treated with ethyl or
tert-butyl bromofluoroacetate under the same conditions to give
4b–d in moderate to good yields (entries 4–7). Lower yields
(31–51%) of 4 were observed when unsubstitutued or 5-mono-
substituted hydantoins 3d–g derived from naturally occurring
a-amino acids were used as starting materials (entries 8–11).
However, the yields using these substrates were improved to
55–97% by the use of Boc protected hydantoins 3h–k (entries
12–15) (Table 1).10

With the development of a general method for the synthesis
of hydantoin-a-fluoroglycine-containing peptides 4, we next
demonstrated that 4 could be incorporated into the oligopeptide
2 by normal peptide coupling techniques. Deprotection at the C-
terminus of 4b was nicely achieved with TFA–CH2Cl2 to give
free dipeptide 6 quantitatively. As expected, the free acid 6 is
sufficiently stable for subsequent chemical manipulation under
ambient conditions. Coupling of the carboxylic acid 6 obtained
with glycine ethyl ester in the presence of DCC/HOBT
furnished the tripeptide 7 in 76% yield. Furthermore, N-terminal
chain elongation was achieved by coupling 4b with Boc-Ala–
OH or Boc-Gly–OH using the mixed anhydride method to give
the tripeptides 8 in good yield (Scheme 1).

In summary, we have described the design and synthesis of
fluoroglycine-containing peptides.2 Neither free a-fluorogly-
cine nor free fluorine-containing dipeptides have been pre-
viously isolable.3–6 The carbonyl-bridged strategy employed in
the present work offers one solution to this problem.11

Oligomerization of hydantoin-a-fluoroglycine-containing di-
peptides 4 will be presented in the near future.

We thank the Ministry of Education, Science, Sports and
Culture, Japan for a Grant-in Aid for Scientific Research and for
Encouragement of Young Scientists. Y. T. thanks the Grant
from Asahi Glass Foundation.
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The CFTA method using a-cyano-a-fluoro-p-tolylacetic
acid (CFTA) can be reliable in assigning absolute configura-
tions of chiral secondary alcohols based on both 1H and 19F
NMR spectroscopy, and the most stable and most pre-
dominant conformer of the CFTA esters that can explain the
1H and 19F NMR data were supported by X-ray analysis and
ab initio calculations.

Recent advances in enantioselective synthesis have produced an
increasing demand for convenient and reliable techniques for
assigning the absolute configuration of chiral molecules. A
number of methods using chiral derivatizing agents (CDAs),
such as a-methoxyarylacetic acids and a-methoxy-a-trifluor-
omethylphenylacetic acid (MTPA, Mosher’s agent) by 1H
NMR spectroscopy have been developed for this purpose.1
Among them, the well known modified Mosher method2 using
MTPA is one of the most reliable and widely applicable
techniques to general secondary alcohols except sterically
hindered ones. On the other hand, fluorine-containing CDAs are
very useful with respect both to general applicability and
convenience for the ee determination.1c In this case, the 19F
NMR spectroscopy is particularly useful because the shift
differences are usually larger than those in the 1H NMR spectra
and there is seldom an overlap of signals. However, the 19F-
chemical shifts observed with MTPA2 and fluorinated CDAs3

can not be used for configuration determination because no
general trend is observed. In the course of our continuing
research to improve the utility of CDAs,4 we have developed a-
cyano-a-fluoro-p-tolylacetic acid (CFTA).5 This agent far
surpasses the capabilities of MTPA with respect to both
reactivity and signal resolution ability. We report here, that the
19F NMR-based CFTA method is promising for the determina-
tion of absolute configuration of chiral secondary alcohols. In
addition, the CFTA method using 1H NMR is not only of higher
reliability but also of broader applicability compared to the
modified Mosher method.

By a procedure similar to that used in the modified Mosher
method,2 we obtained the chemical shift difference, DdH (dS 2

dR), for the corresponding protons in the diastereomeric (S)- and
(R)-CFTA esters prepared from ten chiral secondary alcohols
with known absolute configurations (Fig. 1). The results are as
follows: (i) For all CFTA esters examined, the magnitude of
DdH was larger than that of the MTPA esters.6 (ii) The signs of
DdH are distributed symmetrically with respect to the plane
containing the carbinyl proton and the ester carbonyl (desig-
nated as the CFTA plane, Scheme 1). The DdH values on the left
side of the CFTA plane are positive and those on the right side
negative. (iii) One of the most striking features of the CFTA
method can be seen for the results for isomenthol. The signs of
DdH for the CFTA esters followed a regular plus order, while
those for the MTPA esters did not. (iv) Another feature of the
CFTA method can be seen for the application to 10-bromoiso-
borneol.7 The CFTA esters were obtained, while the MTPA
esters of this alcohol were not. These results validate the

Fig. 1 DdH values obtained for the CFTA and MTPA estersa [DdH/ppm =
dS 2 dR].
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usefulness of the CFTA method to elucidate the absolute
configuration of the secondary alcohols. Owing to the larger and
more predictable signs of the DdH values, as well as the higher
reactivity of CFTA chloride compared to MTPA chloride, the
CFTA method based on 1H NMR spectroscopy should be more
widely applicable than the modified Mosher procedure using
MTPA esters.

In addition to the satisfactory results in 1H NMR, the 19F
NMR-based CFTA method is promising. By a procedure
similar to that used in the MTPA method,2 we obtained the
chemical shift difference, DdF (dSR 2 dRR or dRS 2 dSS)8 in the
diastereomeric (S)- and (R)-CFTA esters (Table 1). The larger
DdF values of the CFTA esters compared with the MTPA esters
showed correlations to the absolute configuration of the
alcohols. In contrast, no consistent correlation was found with
the MTPA esters.

The relationship between the sign of DdH and absolute
configuration observed for the CFTA esters can be explained by
the correlation model1d,e,2 depicted in Scheme 1. In the model,
the C–F is synperiplanar (sp) to the CNO bond, to which the
carbinyl C–H is syn. The sp conformer was seen by the X-ray
structure of (R)-CFTA ester of (1S)-neomenthol.9 The signals
due to the substituents that confront the aromatic ring (R2 and
R1 groups in the diastereomers A and B, respectively) are
always shifted upfield by the aromatic ring. Accordingly, the

DdH values for each proton in the R1 group should be plus and
those in the R2 group minus. This model was supported by ab
initio calculations [GAUSSIAN 98, RHF/6-31+G(d)] on the
ground state geometry and energy of the diastereomeric pair of
(R)-a-cyano-a-fluorophenylacetic acid (CFPA)4 esters of (1S)-
and (1R)-menthol.10 Two predominant rotamers regarding the
Ca–CO bond were found: one is the sp described above and the
other is antiperiplanar (ap) with the C–F and CNO bonds.
Calculations predicted a preference of the sp rotamers that can
explain the signs of DdH over the ap ones by ca. 0.94 and 0.55
kcal mol21 for (R,S)- and (R,R)-esters, respectively. The signs
of DdF can be explained on the basis of the calculated chemical
shifts of 19F nuclei in the two rotamers11 and the conformational
bias between these. Since the observed chemical shifts were
averaged between the sp and the ap, and the conformational
equilibrium is more biased to the sp in the (R,S) ester than in the
(R,R) ester, the 19F signal in the (R,S) ester is expected to appear
at lower field than that in the (R,R) ester, as observed.

In order to ensure the reliability of our method and to extend
the range of applications, further investigations are currently
underway.

This work was supported by Grants-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports and
Culture, Japan and partially by grants from Uehara Foundation
and The Mitsubishi Foundation.
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= 103.23(8), b = 97.33(9), g = 111.00(8), V = 465(1) Å3, Z = 1, Dc

= 1.181 g cm23, no. of measured unique reflections = 2143 (2q =
55°), T = 150 K, Mo-Ka radiation (l = 0.71069 Å), Full-matrix least
squares (teXan), R = 0.061 for 1570 observed Fo data [Io > 4.10s(Io)],
Rw = 0.062, GOF = 2.01, Drmax = 0.22 e Å23. At least one of the
methyl hydrogens was located using a difference Fourier map and then
the others were calculated geometrically on the basis of the observed
hydrogen atoms. CCDC 182/1586. See http://www.rsc.org/suppdata/cc/
b0/b001962n/ for crystallographic files in .cif format.

10 The tolyl group of CFTA was replaced by a phenyl group to reduce the
number of atoms. The relative configuration of the (R,S) diastereomer is
the same as that of the (S,R) diastereomer.

11 The 19F chemical shifts of the two rotamers in each diastereomeric ester
were calculated using GAUSSIAN 98 on the calculated structures
described above: dF (dCFCl3 = 0) 2 128.59 (sp) and 2145.33 (ap) for the
(R,S) ester; 2133.05 (sp) and 2146.47 (ap) for the (R,R) ester.

Table 1 DdF values obtained for the CFTA and MTPA esters

Scheme 1
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A series of dendritic BINAP ligands have been synthesised
and their ruthenium complexes used as catalysts in asym-
metric hydrogenation.

In recent years, the attachment of homogeneous catalysts to
soluble polymer supports has been attracting considerable
attention owing to its potential combination of the advantages,
and minimization of the disadvantages, of homogeneous and
heterogeneous catalysis.1–3 Unlike traditional cross-linked
polymer-supported catalysts in which the structure is usually
not clear, soluble polymer-supported catalysts also offer
opportunities for the study of polymer–catalyst interactions to
fine-tune both catalytic activity and stereoselectivity through
systematically adjusting the microstructure of the catalytic sites
in the polymer supports. Recently, we have developed a soluble
chiral polyester-supported Ru(BINAP) catalyst which offered a
higher rate of reaction than the corresponding monomeric
homogeneous catalyst while retaining high stereoselectivity.4
Most recently, dendritic organometallic catalysts have become
a very active field of research.5–7 The dendrimer architecture
might offer a means of better controlling the disposition of the
catalytic species in soluble polymer-based catalysts. Such novel
catalysts are well defined and highly branched three-dimen-
sional macromolecules on the nano-scale size, which may aid
the recycling of catalysts simply by supra-filtration or solvent
precipitation methods.‡ For asymmetric catalysis, chiral den-
drimers are required, however, so far, very few dendritic chiral
catalysts have been described.8–14 Two general strategies for the
construction of chiral dendritic catalysts can be applied:
multiple chiral metal complexes employed at the periphery of
the dendrimer, or chiral metal complexes incorporated in the
core of the dendrimer. For the second strategy the space-filling
nature of the dendritic wedges near the metal center would alter
the structure of the metal complex, and thus possibly influence
the reactivity of the catalyst and/or the substrate selectivity of
the catalytic reaction with increasing generations. This kind of
dendritic catalyst has been thus termed ‘dendrizyme’.6 For

chiral diphosphine-containing catalysts, such as Ru(BINAP),
chiral information is transferred from the ligand to the
catalytically active center via the arrangement of the four
phenyl rings of the diphenylphosphino groups.15 Therefore,
upon incorporation of a chiral diphosphine-containing catalyst
into the core of a dendrimer, the chiral information might be
enhanced by the steric bulk of the dendritic wedges and forced
towards the pocket of the catalyst, in which the enantioselective
reaction takes place.

Here, we report the first use of chiral diphosphine ligands
bearing dendritic wedges for asymmetric hydrogenation.16

BINAP was chosen as a model ligand for this study, since it is
probably the most versatile and effective ligand among all the
chiral phosphine ligands which have been studied for asym-
metric catalysis.15 Both rhodium and ruthenium BINAP
complexes have been extensively studied and several commer-
cial processes based on these catalysts have been developed.17

BINAP itself cannot be easily attached to a dendrimer so (R)-
5,5A-diamino-BINAP (R-1) was synthesized according to the
literature.18 A polyether dendrimer was chosen owing to its
inertness to catalytic reaction. Polyether dendritic wedges 2–4
with carboxyl groups located at the focal point were synthesised
by the convergent-growth approach introduced by Hawker and
Fréchet.19 The chiral dendritic BINAP ligands 5–7 were
synthesised in > 85% yield by condensation of the wedges 2–4
with R-1 in the presence of triphenylphosphite, pyridine and
calcium chloride in N-methyl-2-pyrrolidone (NMP) at 100 °C
(Scheme 1). These ligands were purified by fast column
chromatography and characterized by 1H and 31P NMR
spectroscopy, MALDI-TOF mass spectrometry and elemental
analysis. All results are in full agreement for the proposed
structures.

Asymmetric hydrogenation of 2-[p-(2-methylpropyl)phe-
nyl]acrylic acid 8 was used as the model reaction for the
investigation of the catalytic activity and enantioselectivity of
these dendritic Ru(BINAP) catalysts. In situ catalyst prepara-
tion was attained by mixing a dendritic BINAP ligand with
[Ru(cymene)Cl2]2 in methanol–toluene (1+1, v/v) and stirring
for ca. 40 min at 50 °C. Various generations (5–7) of these
dendritic Ru(BINAP) catalysts were tested, and complete
conversions of 8 were obtained with high enantioselectivities in
24 h with preliminary results summarised in Table 1. For

† Electronic supplementary information (ESI) available: (A) character-
isation of dendritic ligands and in situ catalysts; (B) time-dependent
conversion of 8 catalysed by dendritic catalysts. See http://www.rsc.org/
suppdata/cc/b0/b001503m/

Scheme 1 Synthesis of BINAP ligands with polyether dendritic wedges. Reagents and conditions: (a) NMP, CaCl2, P(OPh3), pyridine, 100 °C, 2 h.
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example, with 0.8 mol% Ru(R-6) catalyst, hydrogenated
product (ibuprofen) was obtained with 92.6% ee and 100%
conversion in 20 h. Confirming the worth of designing
Ru(BINAP) catalysts with dendritic wedges, all of the dendritic
catalysts performed better compared to the parent BINAP
complex. These catalysts showed higher ee values than
Ru(BINAP), although the highest-generation catalyst Ru(R-7)
gave slightly lower enantioselectivity (Table 1, entries 1–4).§
Most interestingly, the size of the dendritic wedges influenced
the reactivity of these catalysts. Unlike common dendritic
catalysts,7a the rate of the reaction increased using higher
generation catalysts. This effect is most pronounced when going
from generation 1 to 2 (Table 1, entries 2–4). The profound size
effect is probably due to the steric bulk of the dendritic wedges
which affects the dihedral angle of the two naphthalene rings in
the Ru(BINAP) complex, and thus leads to a faster rate and/or
better enantioselectivity of reaction. Similar acceleration effects
have been observed in the asymmetric hydrogenation of
unsaturated carboxylic acids catalyzed by Ru(II) catalysts
containing polyester-supported BINAP,4 H8-BINAP20 or a bis-
steroidal phosphine,21 which possess a larger steric bulk than
BINAP itself.

The large molecular size and different solubilities of the
dendritic Ru(BINAP) catalysts in various solvents provided a
convenient and reliable method for the separation and reuse of
the catalysts. For example, upon completion of the reaction,
methanol was added to the reaction mixture and the catalyst
Ru(R-7) was quantitatively precipitated and recovered via
filtration. The recovered catalyst was reused for at least three
cycles with the same activity and enantioselectivity (Table 1,
entries 5–8).

In summary, we have demonstrated the importance of the
dendritic wedges on the catalytic activity and enantioselectivity
of dendritic Ru(BINAP) complexes. This study opens up a new
frontier for the development of highly effective and easily
separable chiral catalysts. Current work is aiming at a detailed
insight of the nature of the dendritic effect and the exploration
of these catalysts in other reactions.

We are grateful to the Foundation of the President of The
Chinese Academy of Sciences and the Foundation of the
Director of Institute of Chemistry, CAS, the National Natural
Science Foundation for Youth of China (projects 29604009 and

29904009) and The Hong Kong Polytechnic University for
financial support.
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reactions in which Ru(BINAP)-type catalysts are less effective.
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A new assignment method based on the periodic ab initio
calculation of 23Na quadrupole coupling information using
the CRYSTAL95 code is described and applied to the multi-
site problem posed by Na5P3O10·6H2O.

Modern solid-state NMR techniques for non-integer quad-
rupolar nuclei, particularly those based on MAS NMR tech-
niques, are now commonly used in the characterisation of a
wide range of materials including simple inorganic salts and
complexes, zeolites, catalysts, minerals and ceramics.1 In the
particular case of the 23Na nucleus (I = 3/2) an extensive body
of experimental information for the quadrupole parameters, that
is the quadrupole coupling constant (CQ = e2qQ/h) and the
asymmetry parameter (h), has now been established. The
assignment of 23Na spectra, however, still remains problematic
even in cases for which a crystal structure is available. One
approach has been to use classical electrostatic modelling
methods, although these are not always reliable.2 Here we
describe an ab initio approach which is specifically designed to
be used in a routine manner for assignment purposes. It is based
on the CRYSTAL95 code.3 This package performs ab initio
calculations of the properties of periodic systems taking into
account the symmetry of the crystal lattice to form crystalline
orbitals from a linear combination of atomic orbitals.

The ability to assign quadrupole parameters to individual
sodium sites in a known crystal structure is important. This is
because the magnitudes of these parameters are directly related
to the nature of the electronic charge distribution surrounding a
given sodium site. A more detailed understanding of this
relationship can provide information on the electronic structure
of a solid as a whole. At a more practical level, the knowledge
gained is useful for more complex assignment problems such as
those associated with glassy and amorphous materials.

We have selected as an example the hydrate of pentasodium
triphosphate, Na5P3O10·6H2O4 since this material is recognised
as presenting a particularly difficult assignment problem.5
It crystallises in the triclinic space group P1̄ with all
atoms in general positions so that there are five different sodium
sites with equal multiplicities.6 The experimental 23Na MAS
NMR spectrum7 is shown in Fig. 1 and, as expected, is complex
with overlapping second-order quadrupolar lineshapes. Using
our periodic ab initio approach we are able to provide a
reasonable interpretation of this spectrum. In principle,
MQMAS methods,8 although experimentally demanding, could
provide better spectral resolution and so comparison between
the present work and any subsequent MQMAS investigation
would be of direct interest.

We have used CRYSTAL95 to calculate the CQ values for
23Na for a wide range of sodium compounds with known crystal
structures (19 in all involving 27 different sodium sites).9 The
Hartree–Fock calculations were based on the relatively small
3-21G molecular basis set of Pople and co-workers10 and the
basis sets for individual atoms were applied consistently across
the whole range of compounds investigated. Only modest
computer resources were required.11 A key criterion was to
obtain a good linear fit between calculated and experimental
values of CQ; exact agreement for each compound was not
required. It can be noted that this approach is independent of the
variability in the published values12 of the nuclear quadrupole

moment for 23Na; in this work we use Q = 0.1089 3 10228 m2.
For sodium, the 3-21G basis set was modified in the manner
usually3 adopted for alkali metal cations by replacing the
valence orbitals by a single sp shell; we used an exponent of
0.18. Unmodified 3-21G basis sets were used for oxygen, sulfur
and chlorine atoms, whereas some modifications to the values
of the exponents for the outermost shells of hydrogen (0.183),
nitrogen (0.273) and carbon (0.132) were required. In the case
of aluminium, the outermost valence orbital of the 3-21G set is
diffuse and this is known to cause convergence problems in
periodic calculations.3 Consequently, this orbital was removed
giving a 3-2G set. The same modification of basis set was also
found to be of benefit for silicon and phosphorus.

Fig. 2 shows a plot of experimental versus calculated CQ
values for 23Na for all of the compounds that we have
investigated.13 The straight line in this figure represents the best
linear fit to the data (R2 = 0.977): the slope of the line is 0.979
± 0.030 and the intercept is 0.084 ± 0.064 MHz. Since the sign
of CQ is usually not obtained in NMR experiments, it is assumed
in Fig. 2 that the experimental value of CQ takes the calculated
sign. Overall we conclude that CRYSTAL95 calculations,
based on the relatively simple 3-21G basis set, can calculate
23Na CQ values with sufficient accuracy to be useful for
assignment purposes in multi-site problems.

In the case of Na5P3O10·6H2O the calculated values of the
23Na CQ for each of the five different sodium sites in the crystal
structure are given in Table 1. These values provide a powerful
starting point, along with the knowledge that the individual
resonances must be of equal intensity, for the simulation of the
experimental 23Na MAS NMR spectrum shown in Fig. 1. The
results of this simulation15 are summarised in Table 1 and the
simulated MAS NMR spectrum is compared with experiment in
Fig. 1.

Fig. 1 Experimental (proton-decoupled) and simulated 23Na MAS NMR
spectrum of Na5P3O10·6H2O. Individual contributions to the simulated
spectrum are also shown.
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The assignment of the individual sodium sites (1–5) in Table
1 is based on the general linear relationship shown in Fig. 2;
individual points corresponding to the assignment are plotted in
this figure. The relatively small differences between the
simulated 23Na CQ values does introduce some uncertainty into
the assignment. Nonetheless, by using a consistent approach for
all 5 sites we obtain, in the absence of any other information, a
reasonable assignment. Potentially, the results also provide a
very good starting point for a more detailed MQMAS
investigation. It is worth noting that the sign of CQ, if available
experimentally, is an important assignment parameter; for
example, in the present work it would resolve any ambiguity in
the assignment of sodium sites 1 and 5.

In a wider context we have found the periodic ab initio
approach described in this communication to be useful in a

number of assignment problems in 23Na solid-state NMR
spectroscopy. In some cases it is sufficiently robust to indicate
errors in published crystal structures.16 In addition, we have
found that it can be applied equally well to other widely-studied
quadrupolar nuclei such as 17O and 27Al.

Acknowledgement is made to the EPSRC for the award of a
studentship (C. J.) and for the use of the Chemical Database
Service at Daresbury, UK.
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Fig. 2 A plot of experimental versus calculated 23Na CQ values for (i)
sodium compounds involving oxyanions of silicon, sulfur, phosphorus,
nitrogen, carbon, aluminium, chlorine and hydrogen (2) and (ii) the
different sodium sites in Na5P3O10·6H2O (:): see Table 1.

Table 1 Information from both ab initio calculation and simulation of the
experimental 23Na MAS NMR spectrum for the different sodium sites in
Na5P3O10·6H2O

Calculation Simulation

Sitea 23Na CQ/MHz 23Na CQ/MHzb h diso,cs(23Na)c Intensityd

1 21.76 1.74 0.29 20.55 0.21
2 2.09 1.97 0.85 25.71 0.18
3 2.37 2.09 0.81 29.09 0.19
4 22.69 2.40 0.51 2.20 0.22
5 1.71 1.69 0.26 24.20 0.21
a The labels correspond to those used in ref. 6. b The sign of these values
cannot be determined from the 23Na MAS NMR spectrum. c Isotropic
chemical shift relative to external solid NaCl. d These values have been
corrected using the method of Massiot et al.14
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The title compounds have a molecular tube-like structure
topologically related to the a-M(dca)2 rutile structure, and
display unusual field-dependent magnetic moments at low
temperature but without long-range order.

Since our initial report on the unusual molecule-based magnet-
ism of a-M(dca)2 [dca = dicyanamide, N(CN)2

2],1 a great deal
of attention has focussed on the structural and magnetic
properties of coordination polymers containing the dca li-
gand.2–4 In the a-M(dca)2 series of compounds, M = Co and Ni
behave as ferromagnets while M = Cr, Mn and Fe behave as
spin-canted antiferromagnets and M = Cu is a paramagnet. All
these compounds are isostructural and possess a rutile-like
topology, with the octahedral metal ions bridged by dca anions
which coordinate through all three nitrogen atoms.

We report here the structural and magnetic properties of a
series of polymeric complexes, M(dca)2(apym) (M = Co 1 or
Ni 2, apym = 2-aminopyrimidine), which form novel ‘molec-
ular tubes’ that are structurally related to the rutile networks
formed by the a-M(dca)2 compounds, and which contain both
two- and three-connecting dca ligands.

Reaction of apym, sodium dicyanamide and the correspond-
ing metal nitrate in water resulted in formation of 1 or 2.† These
compounds are formed from the 1+2 adducts M(dca)2(apym)2,
(M = Co, Ni). The M(dca)2(apym)2 compounds exhibit chain
structures similar to those of M(dca)2L2, (L = MeOH, pyridine,
DMF)2,4b,c full details of which will be published elsewhere.‡
Single crystals of 1 or 2 suitable for X-ray diffraction were
grown by slow transformation of M(dca)2(apym)2 left in the
reaction mixture for several months, and their structures were
determined by X-ray crystallography.§ The IR spectra of 1 and
2 indicated the presence of both bidentate and tridentate dca
ligands. X-Ray powder diffraction was used to prove that the
bulk samples of 1 and 2 had the same structure as the single
crystals, and were free from contamination.

Both structures are isomorphous (identical space groups), and
the structure of 1 is shown in Fig. 1(a). It consists of infinite 1D
‘molecular tubes’ of square cross-section, with metal atoms
occupying the edges and three-connecting dca ligands forming
the sides of the tube. The octahedral coordination of the metal
atoms is completed by chains of two-connecting dca ligands
(with the amide nitrogens uncoordinated) which occupy the
outside of each edge, and monodentate apym ligands. The sides
of the tubes are 4.864 Å wide (4.821 Å in 2).

The structure of the square tubes can be related back to the
rutile-like structures of a-M(dca)2. Fig. 1(b) shows the
(distorted) rutile-like net of a-Co(dca)2, with one of the
channels of the structure highlighted. This highlighted channel
has the same topology as the tubes. In effect, we have isolated
a polymeric 1D section of the rutile-like network of a-M(dca)2.
Interestingly, while the channels in a-M(dca)2 are buckled, the
molecular tubes are not. 

The tubes (all of which are crystallographically equivalent)
pack in the crystal structure with extensive hydrogen bonding
between the tubes via the apym ligands, as shown in Fig. 2. The
apym groups form dimeric hydrogen bonded pairs with apym
ligands in adjoining tubes, such that the amino group of one

ligand hydrogen bonds to the pyrimidine nitrogen of the
adjoining ligand, and vice versa. These hydrogen bonding
interactions (N(7)–H(1)···N(6) 178.6(3)° for 1 [177.4(5)° for 2],
H(1)···N(6) 2.200(3) Å [2.227(5) Å]) connect every alternate
tube in the structure (black tube to black tube and white tube to
white tube in Fig. 2), giving two separate sets of tubes. The two

Fig. 1 (a) Structure of a single molecular tube in Co(dca)2(apym) 1. Selected
bond lengths (Å) for 1 (2 in parentheses): Co(1)–N(1) 2.110(1) (2.074(3)),
Co(1)–N(3) 2.089(1) (2.048(3)), Co(1)–N(5) 2.149(2) (2.126(4)), Co(1)–
N(2)i 2.224(2) (2.201(4)). (b) The rutile-like network of a-Co(dca)2 with a
single channel with the same topology as the tubes highlighted.

Fig. 2 Hydrogen bonding interactions between four tubes in the crystal
lattice. For clarity, only the amino protons are shown. Hydrogen bonding
interactions are shown by thin lines.
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sets of tubes are then connected by weaker hydrogen bonding
interactions between the amino group of the apym ligands and
the amide nitrogens of the two-connecting dca anions (N(7)–
H(2)···N(4) 136.1(3)° for 1 [135.8(5)° for 2], H(2)···N(4)
2.539(3) Å [2.517(5) Å]), white tubes to black tubes in Fig.
2.

Another feature of the packing is the interdigitation of the
apym ligands of adjoining tubes into infinite p-stacked columns
(Fig. 2). The mean planes of the ligands are separated by c/2 =
3.691 (for 1) and 3.655 (for 2) Å.

The magnetic data for 2 will be emphasised briefly here. The
samples measured were shown to be free from any contaminant
by checking the powder X-ray diffraction patterns. It can be
seen in Fig. 3 that meff, per Ni, remains constant at 3.1 mB
between 300 and 100K in a field of 1 T as expected for
octahedral Ni(II) centres. A gradual increase then occurs before
reaching a maximum of 4.9 mB at 3.6K, behaviour indicative of
ferromagnetic coupling. The corresponding c21

Ni vs. tem-
perature data are Curie–Weiss like, with q = +3.1K. As the
applied field is increased to 4 T, the mmax region becomes
broader in shape, with mmax values lower and moving to higher
temperatures. Magnetisation isotherms (M vs. H; 2–10 K) show
rapid increases in M at low H and are indicative of ferromag-
netic coupling, with a saturation value Msat of 2.1 Nb noted at 2
K. Since meff is a derived quantity (meff

2 = 7.997 MT/H) the
unusual shape of meff at high fields and low temperatures to
some extent will reflect this derivation since M is not linear with
H. The shapes are also reminiscent of Zeeman level (MS)
depopulation effects noted in ferromagnetically coupled clus-
ters.6

Measurements in low applied fields also lead to unusual
behaviour. In Fig. 3 it can be seen that meff increases sharply as
H is decreased, then attenuates to a value of 6 mB for H = 200
or 20 Oe. The corresponding M vs. temperature plots are Curie–
Weiss like with no sharp rise which would be indicative of a
transition to long-range order. Other tests for long-range order
such as measuring ac susceptibilities, cA and cB (2–20 K), where
cBwas found to be zero at all temperatures between 4 and 20 K,
or dc magnetisation in field-cooled or zero-field cooled modes,
proved negative. In contrast to these puzzling features observed
for 2, the magnetic behaviour of the linear chain precursor,
Ni(dca)2(apym)2, gives quite normal S = 1 behaviour with very
weak antiferromagnetic coupling and/or zero-field splitting
evident at low temperatures, and independent of H.

Further experimental and theoretical work is in progress on
these novel tube-like materials to try and explain these magnetic
anomalies, which are also present in the Co complex. Prelimi-
nary Heisenberg-type calculations made in collaboration with
Kurmoo,7 using a Ni8 fraction of a tube, reproduce the 20 Oe
data very well.

This work was supported by an Australian Research Council
(Large) Grant (to K. S. M.) and an Australian Postdoctoral
Research Fellowship (to S. R. B.). We thank Professor M.
Kurmoo for stimulating discussions.

Notes and references
† Preparative details: 1: an aqueous solution (7 ml) of Co(NO3)2·6H2O
(368 mg, 1.26 mmol) was added to an aqueous solution (3 ml) of Na(dca)
(200 mg, 2.25 mmol) and apym (107 mg, 1.13 mmol) at room temperature
yielding an instant pale pink precipitate [Co(dca)2(apym)2]. 10 ml H2O was
added and the reaction mixture boiled to dissolve the pink precipitate.
Boiling was continued and the volume of the solution reduced to ca. 10 ml.
A pink–purple microcrystalline powder formed and was filtered off (255
mg, 0.891 mmol, 79%). Found: C, 33.7; H, 1.5; N, 44.2. Calc. for
C8H5CoN9: C, 33.6; H, 1.8; N, 44.1%. Selected IR (dca) (cm21, Nujol):
nas(C·N) 2268m, 2260m; ns(C·N) 2192s, 2182s(sh); nas(C–N) 1356, 1317.
Crystals suitable for X-ray study were obtained by allowing the initial pink
precipitate to transform in solution over several months.

2: a hot aqueous solution (10 ml) of Ni(NO3)2·6H2O (375 mg, 1.29 mmol)
was added to a hot aqueous solution (10 ml) of Na(dca) (200 mg, 2.25
mmol) and apym (110 mg, 1.16 mmol). The solution was boiled and the
volume reduced to ca. 15 ml yielding a blue microcrystalline powder (245
mg, 0.857 mmol, 76%). Found: C, 33.6; H, 1.6; N, 43.9. Calc. for
C8H5NiN9: C, 33.6; H, 1.8; N, 44.1%. Selected IR (dca) (cm21, Nujol):
nas(C·N) 2274m, 2268m; ns(C·N) 2198s; nas(C–N) 1354, 1314.
‡ Reedijk and coworkers5 have just reported the crystal structure of
Cu(dca)2(apym)2. It is the same as those of Ni and Co except for small
symmetry differences owing to Jahn–Teller distortions.
§ Crystal data: 1: C8H5CoN9, M = 286.14, tetragonal, space group P42/
mbc, a = 17.1243(2), c = 7.3816(1) Å, U = 2164.59(5) Å3, T = 123 K,
F(000) = 1144, Z = 8, Dc = 1.756 g cm23, m(Mo-Ka) = 1.582 mm21, red
needle, 31921 reflections measured, 1695 unique (Rint = 0.050), 102
parameters, R1 = 0.0279 for 1471 reflections with I > 2s(I), wR2 = 0.0626
(all data), S = 1.099. The structure of 1 was also solved at 295 K.

2: C8H5NiN9, M = 285.92, a = 17.0863(6), c = 7.3099(2) Å, U =
2134.1(1) Å3, T = 297 K, F(000) = 1152, Dc = 1.780 g cm23, m(Mo-Ka)
= 1.815 mm21, blue needle, 15738 reflections measured, 1653 unique (Rint

= 0.113), 97 parameters, R1 = 0.0530 for 1127 reflections with I > 2s(I),
wR2 = 0.1010 (all data), S = 1.092. CCDC 182/1585. See http://
www.rsc.org/suppdata/cc/a9/a909067c/ for crystallographic files in .cif
format.
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Fig. 3 Plots of the effective magnetic moment meff, per Ni, vs. temperature
for Ni(dca)2(apym) 2. Applied-field values are 20 Oe (D), 200 Oe (+),
10000 Oe (3), 20000 Oe (.) and 40000 Oe (8). The meff values are
independent of field and essentially constant between 100 and 300 K.
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An electrochemical synthesis yielded powdery
[Zn2(L)(H2O)]n [H4L = N,NA-bis(3-hydroxysalicylidene)-
1,4-diaminobutane] and crystals of [Zn8(L)4(H2O)3]·H2O·
0.25MeCN, whose X-ray crystal structure shows an unusual
pseudo-tetrahedral Zn8O13 core assembled by thirteen m-
phenoxo bridges, where Zn(II) ions are pentaco-ordinated.

A large number of S-bridged polynuclear zinc complexes are
described in the literature,1 but not so many examples of high
nuclearity are found containing O- and N-donor ligands. An
interesting approach to design these compounds is the assembly
of simple units into polynuclear molecules.2 The ability of
compartmental or polynucleating ligands to hold closely metal
ions is useful for this.3,4 Therefore, the behaviour of the
hexadentate Schiff base H4L has been studied here. This ligand
was prepared by condensation of 2,3-dihydroxybenzaldehyde
and 1,4-diaminobutane in a 2+1 molar ratio.

The synthesis of the complexes was performed by using an
electrochemical method,4,5 with the cell summarised as:

Zn(+)|MeCN + H4L|Pt(2). An acetonitrile solution of H4L
(0.10 g) was electrolysed (V = 14.5 V) for a calculated time
(195 min) according to: 2Zn(s) + H4L ? Zn2(L)(H2O)x + 2H2(g).
Anodic zinc was dissolved during the reaction (0.065 g), whilst
hydrogen was evolved at the Pt cathode. An insoluble product
[Zn2(L)(H2O)]n,† was easily isolated from solution (yield:
90%). The brown solution obtained was slowly evaporated and
small crystals were collected and later crystallographically
identified as Zn8(L)4(H2O)3·H2O·0.25MeCN.‡

The study of the free ligand and both complexes by IR
spectroscopy indicates that the Schiff base is behaving as
hexadentate, through its potential oxygen and nitrogen donor
atoms.4–7 Positive ion ES mass spectrometry shows for
[Zn2(L)(H2O)]n two peaks related to fragments of the type
Zn2(L)2+ and Zn3(L)2

22 at m/z (abundance) 453 (4 3 103) and
847 (2 3 103), respectively. This seems to be in accordance with
a polymeric nature for the complex.

X-Ray diffraction studies of Zn8(L)4(H2O)3·H2O·0.25MeCN
revealed its molecular structure as a neutral octanuclear

Fig. 1 ORTEP plot of Zn8(L)4(H2O)3. Atoms are represented by their 30% probability ellipsoids. Disordered atoms, H atoms, parentheses and some C atom
labels are omitted for clarity. Angle ranges: Zn–O–Zn 126.8(3)–99.5(2)°; around Zn(1) 78.1(2)–176.8(3)°; around Zn(2) 87.5(2)–175.3(3)°; around Zn(3)
88.1(2)–178.3(3)°; around Zn(4) 88.0(2)–176.0(3)°; around Zn(5) 79.1(2)–137.3(2)°; around Zn(6) 76.5(2)–162.3(2)°; around Zn(7) 76.8(2)–155.5(2)°;
around Zn(8) 77.5(2)–146.4(3)°.
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complex (Fig. 1), where all the Zn ions are pentacoordinated.
Four tetradeprotonated ligand units, L42, assemble the metal
ions in a pseudo-tetrahedral arrangement by means of thirteen
m-phenoxo bridges. This is an interesting example of three-
dimensional supramolecular architecture.

Atoms Zn(1), Zn(2), Zn(3) and Zn(4) lie on the pseudo-
tetrahedron vertexes, having three water molecules bonded to
three of them (Fig. 2). The other four inner Zn atoms [Zn(5)–
Zn(8)] lie on four of the tetrahedron edges, and so they almost
form a square. Additionally, the crystal contains encapsulated
water (one molecule dispersed in five different positions with
occupation factors of 20%) and acetonitrile (25% occupation
factor) in the asymmetric unit.

Zn(x) (x = 1–4), are in N2O3 environments, which are
formed by the inner N2O2 compartment of each L42 unit and an
additional O atom. This corresponds to a coordinated water
molecule O(xw) for Zn(x) (x = 2–4), whilst for Zn(1) a m-
phenoxo bridge to Zn(5), through O(21), completes its coor-
dination polyhedron. These environments can be described as
slightly distorted trigonal-bipyramidal,8 where Zn(1) is the most
distorted. An imino N atom and its opposite inner phenolic O
atom are occupying the axial positions in all cases.

Likewise, each one of these four outer metal centres is bound
to two other inner Zn ions by two m-Ophenolate bridges through
the inner oxygen atoms of their corresponding ligand units
[O(x0) and O(x3)] for Zn(x) (x = 1–4). Additionally, Zn(1) is
also bound through the outer O(21). Thus, Zn(1)…Zn(5)
[3.182(2) Å] is the shortest Zn…Zn distance, the longest being
3.901(2) Å. These values are in the range found for other
polynuclear zinc complexes containing imino or amino ligands
with m-oxo bridges.2,9–11

For the other four inner metal centres, Zn(5)–Zn(8), O5
environments are formed exclusively by the sixteen phenolic
donor atoms, with each metal ion simultaneously bound to three
different ligand units. The polyhedron around Zn(6) can be also
described as trigonal bipyramidal, with two inner O atoms in
axial positions, and three outer phenolic O atoms in the
equatorial plane. By contrast, the environments of Zn(5), Zn(7)
and Zn(8) can be considered as distorted square pyramids.8

Zn–N and Zn–O distances [2.021(7)–2.156(9) and
1.910(6)–2.328(5), respectively], lie within the ranges found for
other polynuclear complexes with N- and O-donor li-
gands.9,12,13

Some related Schiff bases had been previously designed as
potentially compartmental and binucleating, being able to
accommodate, two metal ions (d + f or less commonly d + d) in

different modes.6,7 Here, the intricate bridging behaviour of L42

leads to much higher polynucleating ability. Thus, the ligand
unit containing Zn(2) in its inner compartment is also
coordinated to Zn(1), Zn(5), Zn(6) and Zn(7), whilst the other
three ligand units are each bonded to four metal ions.

This structure is very unusual and one of the rare and recent
examples of oxygen bridged octanuclear Zn(II) complexes.9,14

No Schiff base ligands are present in these two cores, which are
significantly different and contain additional bridging oxo or
hydroxo groups.

Therefore, to our knowledge, this is the first example of an
octanuclear m-phenoxo bridged zinc complex containing Schiff
base ligands. The long methylene chain of L42 appears to
provide enough flexibility to achieve such high nuclearity. This
factor seems to be important. Thus, in the case of an amino
octanuclear complex,9 high nuclearity could not be observed
when the more rigid imino ligand derivative was employed.

We would like to thank the Xunta de Galicia (Spain) for
financial support (XUGA 20903B99).

Notes and references
† Elemental analyses: found(calc.) for [Zn2(L)(H2O)]n: C, 45.4(45.7); H,
4.0(3.8); N, 6.0(5.9); O, 16.5(16.9)%.
‡ Crystal data for Zn8(L)4(H2O)3·H2O·0.25MeCN: C72.5H72.75N8.25-
O20Zn8; Mr = 1902.60; monoclinic, space group P21/n (no. 14), a =
13.606(2), b = 17.608(3), c = 32.497(4) Å, b = 91.698(6), V =
7782.3(19) Å3, T = 293(2) K, Z = 4; m(Cu-Ka) = 3.310 mm21; 33 682
reflections measured, 16 195 reflections unique (Rint = 0.12); R1 = 0.0895,
wR2 = 0.2625 (F > 4s (F); for all data R1 = 0.2279, wR2 = 0.3450.15 One
C atom of a methylene chain was found in two disordered positions [C(408)
and C(48A)]. Their occupancy parameters were fixed and refined anisotrop-
ically and isotropically, respectively. Disperse electronic density could be
found around C108 and C109, but a satisfying disorder model was not
established. Both atoms have been isotropically refined due to the high
values found for the anisotropic thermal parameters. Hydrogen atoms were
included, using a riding model, except for the coordinated water molecules,
where H atoms could be located, fixed and given isotropic displacement
parameters of 0.1 Å2. Five water molecules were also located with
occupancy parameters fixed to 0.2. In addition, a MeCN molecule was
found and fixed with an occupancy parameter of 0.25. Disordered atoms and
solvent molecules were treated with some restraints.

CCDC 182/1582. See http://www.rsc.org/suppdata/cc/b0/b001368o/ for
crystallographic files in .cif format.
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Fig. 2 A drawing of the coordination environments for Zn8(L)4(H2O)3.
Dotted lines highlight the pseudo-tetrahedral shape.
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A new preparation of uniform hammer-like macromolecules
of C60 with designed molecular weight and narrow molec-
ular weight distributions in the range of 1.13–1.37 is
developed by using C60-monoadduct initiator (I) in a copper-
mediated atom transfer radical polymerization (ATRP).

Recently, C60 (fullerene) has attracted much interest in the field
of chemistry, physics and materials owing to its uniquely caged
shape and intriguing properties. The structure, physical proper-
ties and photophysical behavior of C60 have been extensively
studied.1 Since the large-scale preparation of C60 was devel-
oped, there have been considerable reports on the macro-
molecular modification of C60 for practical purposes.2–6,9–12

Since block polymers whose segments with different properties
can be used as building units for aggregates,7,8 it can be
expected that an asymmetric hammer-like polymer containing
C60 would self-assemble into a highly ordered supramolecular
architecture with special electrical and optical properties. On
the other hand, in order to establish the structure–property
relationship of C60-containing polymers, it is necessary to know
the accurate content of C60 in the polymers. However, this has
been proven to not be an easy task. The amount of C60 present
estimated by thermogravimetry (TG), UV–VIS spectroscopy
and gel permeation chromatography (GPC) do not agree well. In
general, the actual amount of C60 incorporated in the polymer is
usually much less than that in the feed.5 Thus, there is an
increasing need to synthesize well-defined C60-containing
polymers. This goal has been achieved partially by using
different methods.9–12 Recently, we tried an approach to
synthesise well-defined C60-containing polymers. In previous
work,12 well-defined bromo-terminated polymers obtained by
ATRP13 were treated with C60 under ATRP conditions to yield
C60-end-bonded PSt (PSt-C60-Br) and PMMA (PMMA-C60-
Br). The final products were characterized to be mainly
monoadducts and had controlled molecular weight with narrow
molecular weight distributions, however, it was difficult to
separate them from homopolymers. Here, we synthesized C60-
monoadduct I first, then it was used as an initiator for the ATRP
of styrene to obtain uniform hammer-like macromolecules of
C60 with designed molecular weight and narrow molecular
weight distributions, Scheme 1.

Shown in Fig. 1 is the ln([M0]/[M]) vs. polymerization time
plot. It can be seen that when the polymerization conversion was
lower than 5%, it showed a linear relationship, meaning that the
number of active species during the polymerization is constant
under these conditions. This observation together with the linear
evolution of molecular weight with conversion (as shown in
Fig. 2) indicates that the initiation is fast so the contribution of
chain breaking, transfer and termination is negligible; thus,
when the conversion is lower than 5%, the process is controlled.
When the conversion is higher than 5%, there is a deviation
from the semilogarithmic kinetic plot, the consumption of
styrene is faster than the initial stage, thus the termination on the
C60 core can not be neglected, and the product obtained is no
more well defined. The reason can be traced to the mechanism
of ATRP. The initial stage of ATRP that generates radicals is a

rate-determining step. In this step, a catalytic amount of the
CuBr/bipy coordination complex reversibly abstracts the bro-
mine atoms from the C60-monoaduct initiator I, switching them
from a dormant state to an active state, and generates a low
concentration of C60-based radicals. Since the concentration of

Scheme 1

Fig. 1 Semilogarithmic kinetic plot of the preparation of C60-end-bonded
polystyrene via ATRP using C60-monoadduct I as an initiator.

Fig. 2 Dependence of molecular weight on conversion of the preparation of
C60-end-bonded polystyrene via ATRP using C60-monoadduct I as an
initiator.
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styrene is much higher than C60-monoaduct initiator I, the
addition of radicals to styrene double bonds occurs almost
exclusively. As the polymer chains propagate, the relative
concentration of styrene against C60-monoaduct initiator I
decrease, and the possibility of termination on the double bonds
of C60 increase, thus making the molecular weight distribution
broader. From the above observation, it is concluded that
hammer-like macromolecules of C60 with designed molecular
weight could be obtained by this method with low conver-
sion.

The presence of C60 in polymers can be characterized by UV–
VIS, DSC and NMR etc. Here we use 2-aminoacetonitrile
(AAN) as an IR label of C60 in the polymers as we had reported
previously.15 Since the reaction between C60 and the aliphatic
primary amino group of AAN proceeded smoothly under mild
conditions via single electron transfer, the cyano group would
display a characteristic peak at around 2250 cm21, while both
PSt and PSt-C60 do not exhibit any absorption peak in the range
2000–2600 cm21. In the IR spectrum of NH2CH2CN-labeled
PSt-C60, an apparent new absorption peak appears at 2369
cm21. In a control experiment, the reaction product of pure PSt
with NH2CH2CN does not absorb in this region. The result thus
confirmed that C60 had been covalently bonded to PSt and this
method can be extended to label other C60 derivatives.

Table 1 demonstrates that narrow molecular weight distribu-
tion C60-bonded polystyrenes with high content of C60 can be
obtained via this method. Since in ATRP, the molecular weight
depends on the polymerization conversion, and the change of
polymer chain length lead to the change of C60 content in the
polymers, then by tailoring the polymer chain length, the
content of C60 in the polymers can be well controlled.

Fig. 3(a) shows the GPC profiles of PSt-C60 with different
molecular weight prepared by using C60-monoadduct initiator I
in THF. In all the GPC profiles the shapes are symmetrical, and
there is no shoulder peak on the profiles of the PSt-C60 samples
2, 3 and 4 obtained by this method as compared to those
obtained by preformed PSt which reacts with C60.15 This
indicates that the sample possesses the designed hammer-like
structure, not a mixture of PSt-C60 and PSt homopolymer.

Fig. 3(b) shows the GPC profiles of C60-end-bonded
polystyrene (sample 1, Mn = 2.64 3 103) obtained by UV and
RI dual detector. The working wavelength of the UV detector
was set at 350 nm where the PSt could not be detected and only
derivatives of C60 can be recorded. Comparing the GPC profiles
of C60-end-bonded polystyrene, the profiles thus obtained are
almost the same. The slight difference between the peaks at
elution time is due to the different distance that the polymers
passed from the pump to the detectors. This result indicates that
C60 is bonded evenly in the polymers and the C60-end bonded
polystyrenes are monoadducts with well-defined structure.

Since the structure of C60-end-bonded polystyrene obtained
was defined with one C60 per polymer chain end, i.e. hammer
shaped, by controlling the polymer chain length, the content of
C60 in the polymers can be altered and the quantification of C60
in the polymers can be achieved thus aiding to establish the
structure–property relationship of the C60-containing poly-
mers.

The preparation and the study of self-assembled aggregation
behavior of these hammer-like macromolecules with well-
defined flexible polymer chains including hydrophilic and
amphiphilic chains are underway.

This work was financially supported by the National Natural
Science Foundation of China (Nos. 59283032 and 29671030).

Notes and references
The C60-monoadduct initiator I was synthesized according to the lit-
erature14,15 as shown in Scheme 1. In a typical run, a mixture of N-
methylglycine and 4-bromoacetoxybenzaldehyde was refluxed in toluene in
the presence of C60. The reaction proceeded readily over 8 h, affording the
monoadduct I of the C60 N-methylpyrrolidine derivative in 35% yield after
chromatography and recrystallization (70% based on C60 conversion). 1H
NMR of C60 monoadduct (CDCl3/CS2) d 7.82 (br, 2H), 7.12 (d, 2H), 4.94
(s, 1H), 4.84 (d, 1H), 4.18 (d, 1H), 3.99 (s, 2H), 2.69 (s, 3H). UV–VIS
(cyclohexane): 213.8, 257.2, 317.4, 430.5 nm.

The polymerizations of styrene were conducted in bulk in sealed glass
tubes. The feed molar ratio was I : CuBr : bipy = 1 : 1 : 2. After the mixture
was degassed three times, the tube was sealed under vacuum, and the
polymerization was carried out in an oil bath of 110 °C for given times. The
crude polymer was obtained by precipitation from methanol, dissolved in
CHCl3, and the solution then passed through a silica column to remove the
catalysts. The polymer was recovered by precipitation from a large excess
of methanol, and then dried under vacuum. A yellow to brown fine powdery
polymer was obtained. UV–VIS (cyclohexane): 215.2, 259.3 nm.
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Table 1 A summary of the conversion, molecular weight and molecular
weight distribution of C60-end-bonded polystyrene prepared via ATRP
using C60-monoadduct I as initiator

Run
Polymerization
time/min

Conversion
(%)

Mn, th

(1023)a
Mn, GPC

b

(1023) Mw/Mn
b

1 60 1.3 2.57 2.64 1.37
2 120 2.3 4.75 4.18 1.18
3 180 4.2 8.61 7.75 1.13
4 300 9.2 19.0 17.7 1.32
a Polymerization conditions for the bulk ATRP of St at 110 °C using C60-
monoadduct I as an initiator: [St]0 = 9.26 M, [CuBr]0 = [bipy]0/2 = [I]0 =
4.63 3 1022 M. b As determined by GPC in THF, low distribution
polystyrenes were used as standards.

Fig. 3 (a) GPC profiles of C60-end-bonded PSt prepared by using C60

monoadduct initiator (I) via ATRP (sample 1: Mn = 2.64 3 103, sample 2:
Mn = 4.18 3 103, sample 3: Mn = 7.75 3 103, sample 4: Mn = 17.7 3 103)
(b) GPC profiles of C60-end-bonded polystyrene (sample 1, Mn = 2.64 3
103) obtained by refractive index (1) and UV–VIS (2) dual detector, the
working wavelength for the UV detector was set at 350 nm.
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Tribochromic compounds, exemplified by 3-dicyclopropylmethylene-
5-dicyanomethylene-4-diphenylmethylenetetrahydrofuran-2-one
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The title compound 2 is obtained as bright yellow metastable
crystals, which on mechanical grinding change to the dark
red stable form; unlike piezochromic compounds, the reverse
colour change does not occur; X-ray crystallographic analy-
ses shows that the yellow form has a folded structure while
the red form has a twisted structure.

We introduce the term ‘tribochromism’ (Greek tribos rubbing,
khroma colour) to describe the new phenomenon of metastable
crystals that undergo a major and irreversible colour change on
mechanical grinding. The coloured form is stable and does not
undergo the reverse change when kept in the dark, on heating or
when dissolved in an organic solvent. In contrast, piezochro-
mism1 defines stable crystals, which give highly coloured
metastable forms on fracture, which undergo the reverse colour
change under the conditions described above.

As part of our studies2 on photochromic dicyanomethylene
derivatives, the severely overcrowded 3-dicyclopropylmethyl-
ene-5-dicyanomethylene-4-diphenylmethylenetetrahydrofuran-
2-one 2 was prepared by reaction of dicyclopropyl-
methylene(diphenylmethylene)succinic anhydride 1 with mal-

ononitrile in THF in the presence of diethylamine (2 equiv.) at
room temperature. The resulting colourless salt was filtered off
and treated with acetyl chloride in dichloromethane. Solvent
and acetyl chloride were removed and the residue purified by
chromatography on silica gel using ethyl acetate and light
petroleum (bp 60–80 °C) as eluent. The deep red solution, on
concentration, gave a first crop of bright yellow crystals 2y (ca.
0.3 g) and a second crop of dark red crystals 2r (ca. 0.1 g). Red
crystals and yellow crystals gave red solutions that showed
identical NMR and UV/visible spectra. Repeat experiments
with recrystallisation from different solvents gave only red

crystals. The deep red solutions gave only red crystals when
seeded with yellow crystals. X-Ray crystallographic analysis
(which presented difficulties with refinement) on the best of the
crude yellow crystals 2y showed that the diphenylmethylene
group is folded (one phenyl lies above a cyclopropyl group and
the other above a cyano group). [X-Ray crystallographic
analyses on compound 3c(y), which was obtained only as
tribochromic yellow crystals, showed a folded structure also.]
X-Ray crystallographic analysis† of dark red crystals 2r showed
that the diphenylmethylene group is twisted (one phenyl lies
above a cyclopropyl group and the other below a cyano group)
(Fig. 1).

Gompper3 has reported that di[1,1-bis(dicyanomethylene)-
indan-2-ylidene] 4 exists in yellow and in red crystal modifica-
tions and that X-ray crystallographic analysis showed that in
yellow crystals, molecules have a folded structure whereas in
red crystals, molecules have a twisted structure.

The tribochromic properties were discovered accidentally.
Since yellow crystals 2y gave deep red solutions, it was not
possible to observe whether compound 2y was photochromic in
solution. To produce a greater surface area to test for

Table 1 Melting points, yields, and lmax values of long wavelength absorption bands for solutions measured in toluene for overcrowded molecules 2 and
3a–i, indicating whether they are obtained as yellow tribochromic crystals (y) or dark red stable crystals (r)

Compound R2CN X Mp/°Ca Yield(%) lmax/nm

2(y)c dicyclopropylmethylene H 183–4 21b 503
2(r)c dicyclopropylmethylene H 188–9 7 503
3a(y) dicyclopropylmethylene F 203–5 59 510
3b(y) dicyclopropylmethylene Cl 197–8 42 514
3c(y)c isopropylidene H 182–3 55 479
3d(r) isopropylidene F 185–8 45 484
3e(r) isopropylidene Cl 193–4 66 484
3f(y) adamantylidene H 213–5 56 486
3g(y) adamantylidene F 235–7 36 495
3h(y) adamantylidene Cl 245–7 48 503
3i(r)c cyclopentylidene H 162–4 41 489

a Gave deep red melts. b An unrepeatable reaction. c X-Ray analysis showed that yellow forms 2(y) and 3c(y) have folded structures and red forms 2(r) and
3i(r) have twisted structures.

Fig. 1 X-Ray structures of yellow crystals 2y and red crystals 2r.
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photochromism in the solid state by irradiation with ultraviolet
light, yellow crystals were ground with a spatula. On grinding,
they turned dark red.

A range of related compounds 3a–i has been prepared in
which the dicyclopropylmethylene group was replaced by
2-propylidene, adamantylidene and cyclopentylidene groups
and in which 4-hydrogens on the phenyl groups were replaced
by chloro and fluoro groups. Compounds were obtained either
as yellow or dark red crystals (see Table 1) but never in both
forms with the exception of 2y and 2r. All compounds obtained
as yellow crystals were tribochromic.

We thank King Abdul Aziz University, Saudi Arabia for
financial support (to A. M. A. A.) and the EPSRC for support
for the X-ray crystallographic work.

Notes and references
† Crystal data for 2y: C27H20N2O2, M = 404.4, monoclinic, space group
C2/c, a = 10.07(3), b = 23.91(5), c = 9.50(5) Å, b = 110.4(2)°, V =
2144(13) Å3, T = 293(2) K, Z = 4, Dc = 1.253 g cm23, R1 = 0.0897, wR2

= 0.2076 for all 2629 data and 257 parameters. For 2r: C27H20N2O2, M =
404.4, monoclinic, space group P21/c, a = 20.349(2), b = 10.095(2), c =
21.338(2) Å, b = 99.06(2)°, V = 4328.6(13) Å3, T = 293(2) K, Z = 8, Dc

= 1.241 g cm23, R1 = 0.0640, wR2 = 0.1743 for all 5500 data and 282

parameters. Data were recorded using a FAST TV area detector dif-
fractometer and Mo-Ka radiation. CCDC 182/1589. See http://
www.rsc.org/suppdata/cc/b0/b001567i/ for crystallographic files in .cif
format.
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Hydrogen bonds A–H…AA, where A and AA are electronegative
atoms have been widely discussed. Weak hydrogen bonds
involving such different arrangements as X–H…A, where X can
be C; X–H…p, with phenyl rings, C·C bonds; X–H…M, where
M is a transition metal; X–H…H–M and X–H…H–B, have also
been described in recent years. While the first types are typical
of organic and inorganic compounds, as well as biological
molecules, those involving transition metal atoms are special to
organometallic chemistry. Theoretical calculations of different
kinds and at several levels have been performed for many
systems, revealing that a similar geometrical arrangement can
hide another type of interaction. This happens for N–H…M
close contacts which can be agostic interactions or hydrogen
bonds, not so easily distinguishable for 16-electron complexes.
M–H…H–X interactions also exhibit a different behavior,
depending on whether the complexes are neutral or ionic. The
AIM approach, by analysing the topological properties of the
charge density with the determination of critical points,
provides another way of looking for bonds, as discussed in
several examples.

Introduction
Hydrogen bonds have been known since the beginning of this
century, but were brought into the common body of knowledge
by Pauling in 1939, in his book The Nature of the Chemical
Bond.1 Strong and weak hydrogen bonds are discussed by
Jeffrey and Saenger, in Hydrogen Bonding in Biological
Structures.2 They consider as strong hydrogen bonds only those
of the types F–H…F2, O–H…O2, and O+–H…O, which are
always two-center bonds, involving short distances and strongly
directional, with typical energies higher than 41 kJ mol21. On
the other hand, the normal or weak hydrogen bonds would be
X–H…A, where the acceptor A is an electronegative atom.
Multicentered bonds start to appear, directionality is lost, and
the bond energies drop to below 20 kJ mol21. The common
feature to all of these bonds is the presence of an electronegative
atom A as acceptor. More recently, other types of hydrogen
bonds were identified. The acceptor can be a p system, usually

a ring, and these are denoted X–H…p hydrogen bonds.3 More
interesting for the inorganic chemist are those involving a
transition metal, either directly in X–H…M interactions,4 or as
a metal hydride, to form X–H…H–M groups.5 A similar
environment can be found when boron takes the place of the
transition metal, giving rise to X–H…H–B interactions.6 This
latter type, where the hydrogen attached to X acts as a proton
and the other as a hydride, has been denoted the dihydrogen
bond, emphasizing the proximity of the two hydrogen atoms
(Scheme 1).6

As the hydrogen bonds become weaker, the difficulty of
distinguishing between hydrogen bonds and van der Waals
interaction becomes relevant and has been discussed.7 The role
of hydrogen bonds in supramolecular chemistry and solid
design is extremely important, as well as in biochemical
environments, namely in protein folding, and many publications
deal with these themes.8

In this work, theoretical studies of the different types of weak
interactions will be addressed, after a brief introduction to the
computational methods that have been used for this purpose,
with more or less success and limitations. Our interest lies
mainly on the study of hydrogen bonds in systems containing
transition metal organometallic complexes. They therefore
constitute the main objective of this review, which is organized
by type of bond, starting from weak X–H…A hydrogen bond,
and moving on to X–H…p, X–H…M, and X–H…H–M(B). In
some systems, the hydrogen bond takes place at the periphery of
the molecules or ions, and the role of the metal is minimum. In
such cases, results involving only main group elements are
comparable. The X–H…H–B interaction also does not neces-
sarily involve transition metals, but is very interesting to
compare with X–H…H–M, in view of the differences between
boron and a transition metal.

Computational methods
Many different approaches have been used to study weak
hydrogen bonds, ranging from semiempirical calculations
(extended Hückel,4a,9 MNDO10) to ab initio studies (HF/
MP2,5c B3LYP,6,11 DFT12). These methods allow either a
qualitative interpretation of the bond (extended Hückel), or
geometry optimization, determination of binding energies, and
calculation of charges and other relevant parameters. MP2 and
B3LYP approaches are compared in a detailed study of
formation of hydrogen bonded complexes of small molecules
with water, where water can behave as donor or acceptor,

Maria José Calhorda is Professor of Inorganic Chemistry at the
Department of Chemistry and Biochemistry of the Faculty of
Sciences, University of Lisbon, since 1996, and has her
research group at the Instituto de Tecnologia Quı́mica e
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dealing essentially with the theoretical study of electronic
structure and reactivity of inorganic systems, and a more recent
one in the design of solids.
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depending on the type of molecule. B3LYP was found, by some
authors,11d superior to MP2 in what concerns the quality of the
results, and has the advantage of a much lower computational
cost. In order to consider short-range, electrostratic, induction,
and dispersion interactions, reliable quantitative calculations
should include correlation effects, which are only taken into
account by DFT and nth order Møller–Plesset methods, the
lowest being MP2.13a,b Correlation determines dispersion
interactions, and influences the others. There is much discussion
about to what extent DFT methods can indeed be used when
dispersion forces are significant, and the accepted view is that
MP2 is better.13 Another difficulty present in the determination
of weak interaction energies is the basis set superposition error
(BSSE). It can significantly reduce the magnitude of a weak
interaction and eventually destroy it. Although its contribution
should always be calculated, it has not been done, especially in
less recent works and the results must be critically con-
sidered.13a–c

The theory of ‘atoms in molecules’ (AIM)14 has been used to
extract chemical bond information from wave functions (and
therefore its ‘value’ depends on the theoretical calculations
behind). An analysis of the topological properties of the charge
density with the determination of critical points can help
determine the presence of a bond and this reasoning has been
applied to the study of hydrogen bonds.15 Carroll and Bader
studied, among others, the hydrogen bond formation between
HF and a series of bases. They calculated critical points of the
charge density, r, corresponding to open shell interactions
(covalent bonds) and compared them with those resulting from
closed shell interactions (Fig. 1).

In the first case, covalent bonds, the laplacian of the charge
density, ∂2r, is negative at the critical point, while ∂2r is
positive for closed shell interactions, such as hydrogen
bonds.14b The determination of critical points in the charge
density and the signal of ∂2r can therefore help in identifying
bonds.

Weak hydrogen bonds of the type X–H…A
Weak hydrogen bonds, where X and A are not simultaneously
very electronegative atoms, are important in organic and in

organometallic chemistry, and a large group comprises C–
H…A interactions, where A is an electronegative atom, such as
oxygen. The use of the Cambridge Crystallographic Data Base
(CSD)16 has been of major importance in their detection. C–
H…O short distances have been identified in organic17 and
organometallic compounds,18 and also in nucleic acid mole-
cules.19

The general properties of the C–H…O interactions were
studied in detail, with an emphasis on the application of crystal
correlation studies.17 Calculated bond energies of organic C–
H…O bonded dimers in vacuum led to values between ca. 2.1
and 15.8 kJ mol21, with an exceptionally high 38.9 kJ mol21 for
NH3

+–CH3…OH2. Of course these values will be changed in
solution, solvation being an important factor, but it is thought
that the energies are essentially below 8.4 kJ mol21. The
shortest contacts are ca. 3.0 Å (C…O) and ca. 2.0 Å
(H…O).17a

C–H…O interactions are very much present in organome-
tallic chemistry, namely in the crystal structures of carbonyl
complexes simultaneously containing cyclopentadienyl, ben-
zene, carbene, or any other group with a C–H group.18

Electrostatic effects are determining in allowing the approach of
C–H to an oxygen atom, and so the charges (positive in the
hydrogen, negative in the oxygen) will play a major role. It is
well known that the amount of back donation from metal centres
to carbonyl ligands increases from terminal, to doubly bridging,
to triply bridging carbonyls, leading to an increasing negative
charge on the oxygen atom. Several families of compounds,
obtained from a search in the CSD, were analysed in a
molecular orbital study.20 Triply bridging carbonyls should be
the best at establishing strong hydrogen bonded networks in the
solids. Would this effect overcome the natural preferences for
carbonyl bonding in each complex? As a matter of fact, it does
not, as covalent bonds are much stronger. Carbonyls bind in
their preferred way to each metal, the trend being that the lighter
the metal, the larger can be the number of bridging carbonyls.
For instance, for the (CpR)3M3(CO)3 clusters (M = Co, Rh, Ir),
one finds, among other structures, (Cp)3Co3(m3-CO)3(m-CO)2

and (Cp)3Ir3(CO)3, bridges being observed for the lighter
element clusters.20b Once the number and type of carbonyl is
defined, the tendency to form stronger hydrogen bonds (defined
here as having shorter distances and angles closer to 180°) lies
with the triply bridging carbonyls.20

C–H…N hydrogen bonds with an estimated short H…N
distance of 2.33 Å and an almost linear C-H…N arrangement
are responsible for the packing in the crystals of bis(2,2A-
dipyridylamido)cobalt(II).7b The authors question that many not
so short C–H…X distances, along with not so linear C–H…X
arrangements, are not indicative of hydrogen bonds, and sustain
that most of them are indeed only classical van der Waals
interactions. A reply has recently come out, giving more
examples from the CSD.7d

A CSD search of hydrogen bonds to halides in organic and
organometallic structures was recently reported, along with a
statistical study, but no theoretical interpretations were at-
tempted. One example of N–H…Cl interactions is found in
2,6-diphenylpyridinium tetrachloroaurate(III), where the Cl
atom is coordinated to gold, and there is a bifurcated interaction
between the N–H of the cation and two chlorides of the anionic
complex.21 The hydrogen bond between the chlorine atom in
OsHCl(CO)(PBut

2Me)2 and the hydrogen atom of alcohols was
studied by NMR and computational methods (B3LYP and
IMOMM, the integrated molecular orbital/molecular mechanics
approach).22 The bulk of the phosphines plays a significant role,
preventing the formation of a Os/O bond, and only the
IMOMM method, including a good basis set in the B3LYP part,
provides a good reproduction of the experimental results. The
role of fluorine in X–H…F hydrogen bonds has been discussed.
Dunitz and Taylor demonstrated that, when covalently bound to
carbon, fluorine does not participate in hydrogen bonds.23 On

Fig. 1 Display of the gradient vector field of the charge density r for (HF)2.
Each line represents a trajectory of ∂r. A nucleus acts as an attractor of the
∂r field, that is, all the trajectories in some open neighbourhood of a
nucleus terminate at that nucleus. These trajectories are lines of steepest
ascent through the charge density. An atom is the union of an attractor and
its basin. Basins of neighbouring atoms are separated by trajectories that
terminate at a bond critical point (denoted by a black dot). A pair of lines of
steepest ascent (also shown as bold lines) originate at each critical point and
terminate, one to each, at the neighbouring nuclei. They define the atomic
interaction lines—lines along which r is a maximum with respect to any
neighbouring line. If the system is at its equilibrium geometry, these lines
are called bond paths.
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the other hand, fluorine in the PF6
2 anion, a very popular ion in

organometallic chemistry, is observed in many X–H…F–P
interactions, believed to be hydrogen bonds.8

Hydrogen bonds of the X–H…p type
Suzuki et al. investigated the benzene–water dimer using MP2
calculations with BSSE corrections and found that the water
molecule stood over the benzene ring, with its centre of mass on
the sixfold symmetry axis. The ring acted as a hydrogen-bond
acceptor toward the two hydrogens. The dissociation energy
was calculated as 7.4 kJ mol21.24a A similar study of the
ammonia–benzene dimer was also carried out. The ammonia
molecule also preferred a position such that its centre of mass
coincided with the sixfold symmetry axis, but in the lowest
energy arrangement only one hydrogen pointed toward the
benzene ring.24b The energy difference to the next arrangement
with two hydrogen atoms pointing toward the ring was very
small.

The observation of X–H…p hydrogen bond has become
frequent in recent years, as more examples of their presence in
organic and organometallic crystals have been reported.25 The
first neutron diffraction study of an O–H…p hydrogen bond
appeared in 1996.25c

A statistical study of these bonds, taking as donors O–H, N–
H, N–H+, sp2 C–H, sp C–H, and S–H, and as acceptors phenyl
or substituted phenyl rings, used the April 1996 version of the
CSD and led to 1537 occurrences, in 530 of which the C6H5 ring
participated.10 The X–H approaches to the ring were classified
in six groups. In group I, the hydrogen atom pointed at the
centre and the X–H bond was perpendicular to the ring, while in
group II X–H was no longer vertical. The other four groups
included X–H bonds more or less near a carbon atom, rather
than the centre, and more or less vertical. Types III and V were
preferred by almost all donors, type I being significant for only
N–H+…C6H5. The authors performed semiempirical calcula-
tions (AM1, PM3) in a wide range of systems and ab initio
calculations [HF with MP2, BSSE, ZPE (zero point energy)
corrections] in a few. The interactions were always found to be
attractive, with binding enthalpies decreasing in the order N–H+

> O–H > N–H > sp2 C–H > sp C–H. The interactions are
described by shallow potentials allowing many binding arrange-
ments (for instance, ammonia pointing with one, two, or three
hydrogen atoms at the centre of the ring) and exhibit a long
range nature.10

Theoretical calculations (GAUSSIAN92/DFT) were also
performed on 5-ethynyl-5H-dibenzo[a,d]cyclohepten-5-ol, a
molecule which dimerizes in the solid (Fig. 2) and exhibits C–
H…p and O–H…p interactions.

In C–H…p, the hydrogen is close to the centre of the ring and
almost vertical, while the O–H in O–H…p is much closer to one

of the carbon atoms. The interaction energies were calculated at
ca. 1.3 kcal mol21 for both types.25a The authors also point out
the softness of the interaction, which allows many different
geometric arrangements with similar energies, although the
minimum energy is observed for the face-on bonds.

Other p bonds have been shown to participate in hydrogen
bonding.26 Philp and Robinson26a searched the occurrence of
C·C–H…p(C·C) short contacts in the CSD (October 1997) and
found 37 hits. They performed ab initio calculations (MP2) in
order to determine cooperative effects when hydrogen bond
networks were found. The energy determined for a C–
H…p(C·C) interaction was 1 kcal mol21, close to that of an O–
H…p(C·C) interaction (1.5 kcal mol21). Cooperative effects
turned out not to be significant, while the ‘independence’ of the
interaction energy from the interaction geometry was again
noted, as well as the poor capabilities of the C·C bond as a
hydrogen bond acceptor. Mingos and coworkers26b also studied
theoretically, using different approaches, the interactions be-
tween HC donors (HCN, C42 nHn) and C2R2 acceptors (R = H,
Na, H3PAu) in a T shaped geometry. They are very weak for
ethyne ( < 10 kJ mol21), but become much stronger (stronger
than most hydrogen bonds) in the gold derivative (10 kJ mol21)
and in C2Na2. Another conclusion of the study was that DFT
methods, of the best quality, always underestimated weak
interaction energies by failing to describe accurately the
dispersion force,26b as pointed out above.13

X–H…p hydrogen bonds with X = Cl, F and the p bond a
CNC or a C·C bond, were studied using the formalism of
AIM,14 and HF/MP2 calculations.27 Their energies ranged from
3.09 kcal mol21 for Cl–H…p(HC·CH), to 4.87 kcal mol21 in
other systems (HF with MP2 corrections) and the values of ∂2r
at the hydrogen bond critical point were all negative, reflecting
an interaction between closed shells.27

The participation of a pyrazole ring as a hydrogen bond
acceptor was reported for the first time recently and was
observed in the [Re3(m-H)3(m-h2-pz)(CO)9(Hpz)]2 complex. In
the crystal structure, one N–H bond points perpendicularly
toward the centre of the ring, and NMR data show that this
interaction remains in solution.25d

Recently, we came across C–H…p intramolecular hydrogen
bonds involving fluorenyl rings. One example is given by
[(C13H9)2ZrCl2], where Zr exhibits the pseudo tetrahedral
coordination environment typical of bent metallocenes. The two
rings are coordinated in a rather asymmetric fashion, one of
them being a characteristically h5 bound ring, while the second
is slipped to an extent that made the authors call it a h3-
fluorenyl, as two Zr–C bonds are 2.8 Å long (the others range
between ca. 2.39 and 2.64 Å).28 There is considerable steric
crowding around the metal. The slippage of the ring can be
compensated by more p-donation from the chlorine atoms to the
metal, and a small stabilization is in principle gained by the
formation of the C–H…p hydrogen bond (Fig. 3).

A similar interaction is observed in [(C13H9)-
(C9H7)2Mo(CO)2], a complex having one h3-fluorenyl and one
h5-indenyl ring. Both in the experimentally determined struc-
ture and in the optimized geometry (DFT calculations, ADF
program, with nonlocal and correlations corrections included in
the calculation of gradients),29 C–H groups from the indenyl are

Fig. 2 The dimer of 5-ethynyl-5H-dibenzo[a,d]cyclohepten-5-ol (the black
circle represents the oxygen). Hydrogen bonds are intermolecular and not
seen.

Fig. 3 The C–H…p hydrogen bonds in [(C13H9)2ZrCl2].
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involved in intramolecular hydrogen bonds with carbon atoms
of the fluorenyl groups.30

X–H…M interactions
Short distances between a hydrogen atom attached to nitrogen
or carbon and a metal have been known for a while, but were
often interpreted as a manifestation of agostic hydrogens.31

They were mainly observed in square planar Group VIII
complexes, formally 16-electron species, where the X–H bond
approached the metal from one of the axial positions.32

Brammer et al. were among the first to assign X–H…M short
contacts as intermolecular hydrogen bonds, in the study of
[NPrn

4][PtCl4][PtCl2(NH2Me)2].4a The structure of this com-
pound was determined at 4 K by neutron diffraction and showed
a short N–H…Pt distance of 2.262(11) Å, with an N–H…Pt
angle of 167.1(9)°. NMR evidence did not agree with the typical
behavior of agostic hydrogens. As similar X–H…M distances
had also been observed in d10 18-electron complexes,33 and
agostic hydrogens were not expected, they were thought to be
ideal systems worth further study. [NHEt3][Co(CO)4] was
chosen,33a and a neutron diffraction study at 15 K revealed a
Co…H–N distance of 2.613 Å, C–H 1.054 Å, and an angle N–
H…Co 180°.4b The authors performed EH calculations, but the
results were not conclusive.4b Previous EH calculations on a
related model [NH4][Ni(CO)(PPh3)3]+, had indicated a weak
attractive interaction, made possible by mixing N–H s* in the
otherwise four-electron repulsive interaction between Ni dz2 and
N–H s.33b The strength of the N–H…Co hydrogen bonds was
further investigated by modifying ligands (to modify the
basicity of the metal centre) or the cation. Indeed, replacing
[NHEt3]+ by protonated DABCO (1,4-diazobicyclooctane), a
less bulky cation, favouring the approach to the metal, the
N…Co distance is reduced from 3.648 to 3.437 Å. Substitution
of a carbonyl by a phosphine in the trans position relative to the
N–H bond, leads to an N…Co distance of 3.294 in (DABCO)-
H+Co(CO)3(PPh3). The authors performed ab initio calcula-
tions (HF) on these systems, and found that transfer of hydride
to cobalt was energetically preferred. The energy minimum for
(DABCO)[HCo(CO)3(PPh3)] was deeper than the minimum for
(DABCO)H+Co(CO)3(PPh3), a result understandable by the
fact that solvent effects were not considered.34

These weak X–H…M interactions are thus important in the
context of metal protonation and reactivity, especially when
square planar metal centres are involved.35 The complex [trans-
Rh(CO)(8-methylquinoline)(PPh3)2][BF4], for instance, is a
16-electron complex containing a square planar d8 species and
exhibits a short C–H…Rh distance 2.21 Å. The authors were
looking for agostic hydrogens, but the weak interaction detected
between the axial methyl and the metal was not unambiguously
an agostic hydrogen.36

In a typical agostic interaction, the metal centre is electron
deficient and receives electrons from a C–H s bond, back
donation from the metal to the s* C–H bond being possible. As
a result, the C–H bond becomes weaker and relatively short
metal…hydride (though much longer than metal–hydride)
distances develop. Such bonds can be described as three-centre–
two-electron bonds (C–H?M), as sketched in the left of
Scheme 2.37

The agostic bond was theoretically studied using the AIM
formalism,38 and it was found that the criteria used to define
hydrogen bonds did not apply in the systems studied
(CH3TiCl2+, C2H5TiCl2+, C3H7TiCl2+), emphasizing the differ-
ence between the two types of bonds. Indeed, in a hydrogen
bond, the metal is not necessarily electron deficient, and the
interaction is a three-centre–four-electron one (Scheme 2,
right).35

NMR was used to distinguish between agostic and hydrogen
bond interactions in 16-electron square planar complexes, as the
proton resonance was shifted upfield for the first case, and

downfield for the second, compared to the free ligand.35 More
recently, the CSD was searched for examples of complexes
containing the X–H…M arrangement.4c The 50 hits included d8

square planar complexes, d6 square pyramidal complexes (the
sixth position of the octahedron being taken by the H–X) and
other systems. Only N–H and C–H bonds were found to interact
with d8 square planar centres. All the N–H groups were oriented
perpendicularly to the plane of the complex, so that the orbitals
of the metal which can overlap are dz2 and pz. As this last orbital
has a very high energy, the interaction belongs to the three-
centre–four-electron type (Scheme 2, right), namely a hydrogen
bond, as in the 18-electron systems. The C–H…M arrangements
were not so clearly cut, as many were not perpendicular and a
final conclusion was not reached. The doubt remains as to
whether a hydrogen or an agostic bond is present, but a weak
hydrogen bond is favored.4c

The dihydrogen bond: X–H…H–M and
X–H…H–B
The term dihydrogen bond was introduced by Crabtree and
coworkers6 to describe X–H…H–M bonds, where X is an
electronegative atom and the metal–hydride s bond behaves as
an acceptor. The complex cis-[IrH(OH)(PMe)4][PF6]39 was the
compound where such an arrangement was seen for the first
time in 1986.39a A low temperature neutron diffraction study
was carried out later,39b showing a short O–H…H–Ir distance of
2.40(1) Å and a short Ir–O–H angle of 104.4(7)°. This weak
interaction was assigned to a dipole–dipole interaction.5e

Another O–H…H–Ir interaction was discovered by Crabtree
and coworkers5a in the iridium complex a shown in Scheme 3,
based on NMR evidence, as no hydrogen atoms could be
detected in the X-ray crystal structure. The H…H distance was
estimated as ca. 1.8 Å from the NMR data. Other related
complexes were prepared and the first N–H…H–Ir (Scheme 3,
b) interaction was observed.5b

Calculations (HF, GAUSSIAN92) were performed on a
model of complex b.5c The energy of the model
IrH3(PH3)2(HNCHNH2) was lower by 60.3 kJ mol21 when the
N–H group was in the same plane as IrH3, as in b, showing a
barrier to rotation due to breaking the N–H…H–Ir interaction.
This value was corrected to 41.5 kJ mol21 to account for the
difference between formamidine (model) and 2-aminopyridine,

Scheme 2

Scheme 3
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in good agreement with the experimental value of 45.1
kJ mol21. The strength of the hydrogen bond was estimated as
29.7 kJ mol21. The ligand trans to the hydride participating in
the hydrogen bond may affect the bond; a poorer s donor will
cause a less negative charge on the hydride, decreasing the
electrostatic interaction between the H2 and the H+, and
therefore leading to a weaker hydrogen bond.5c

Another interesting system, dealing also with N–H…H–Ir
interactions, was reported in 1994. Morris and coworkers
synthesized iridium hydride complexes containing aminothio-
late ligands and exhibiting N–H…H(Ir)…H–N5g or two N–
H…H–Ir interactions.5h The H…H interactions were detected
by NMR experiments, as the position of the hydrogen atoms
could not be located in the X-ray crystal structures. Liu and
Hoffmann studied [Ir{H(h1-SC6H4NH)(PH3)}2] (PH3 instead
of PCy3, in the model) using EH calculations,9 starting by
locating the two hydrides. They found a positive, though small,
overlap population for the H…H interaction and also noticed
the increase in energy upon rotation of the aminothiolate and
consequent disruption of the hydrogen bond. The bond was
found to be weakly attractive and with a significant electrostatic
contribution. Smaller related systems, where similar inter-
actions could arise from intermolecular approaches, such as H–
F…H–Li and H–F…HMn(CO)5, were also studied (HF calcula-
tions). For H–F…HMn(CO)5, an energy minimum (27.4 kJ
mol21) at a distance of 1.683 Å was determined.

The search for H…H intermolecular dihydrogen bonds40 had
the first result in the cocrystallization of the complex
ReH5(PPh3)3 with indole. A neutron diffraction structure
showed that two of the hydrides were interacting with the N–H
bond of the indole (H…H distances 1.75 and 2.25 Å). B3LYP
calculations led to a relatively good reproduction of the
geometrical features (H…H distances 1.92 and 2.48 Å) and
gave an interaction energy of 33.4 kJ mol21.40a Reaction of the
Re precursor with imidazole afforded ReH5(PPh3)2(imidazole),
where two of the hydrides were involved in hydrogen bonding
with the N–H of a free imidazole molecule (H…H distances
1.68 and 1.99 Å).40b The strength of the interaction was
estimated from IR data to be 22.6 kJ mol21.

The related derivatives containing pyridine40c and o- or p-
NHR substituted pyridine, were prepared and the hydride
fluxionality studied by NMR40d and theoretically (B3LYP).40e

The rate was accelerated with the introduction of the o-NHR
substituent in pyridine, and ascribed to intramolecular dihy-
drogen bond formation. Comparisons were made with the p-
NHR derivative as this substituent cannot form intramolecular
hydrogen bonds but electronic substituent effects are similar.
The turnstile mechanism, with simultaneous rotation of three
hydrides, was found to be the preferred both from experimental
and theoretical results, leading to comparable barriers. A
detailed study of the reaction mechanism showed that, for the
2-aminopyridine complex, strong hydrogen bonding was found
in an intermediate along the reaction pathway. There was a
barrier before reaching the transition state, owing to repulsion
between two hydrides, and this prevented more powerful
consequences of hydrogen bond toward lowering the activation
barrier for hydride rotation.

Reviews about these non-classical hydrogen bonds appear-
ed5d–f and several searches in the CSD for crystals exhibiting
short intra- and inter-molecular H…H contacts were
made.12,41,42 Many of the examples refer to intramolecular
interactions involving X–H…H–M, where X is an electronega-
tive atom (O, N, S), starting with the already mentioned cis-
[IrH(OH)(PMe3)4][PF6].39 Other cationic mononuclear com-
plexes belong to this group, such as
[IrH2(CO)(PPh3)2(pzH-N)][BF4]·C6H5Me with H…H 1.998
Å,43 [IrH(Cl)(L)][PF6] (L = 7-methyl-3,7,11,17-tetraazabicy-
clo[11.3.1]heptadeca-1(17),13,15-triene) with H…H 2.335 Å,44

as well as the neutral compounds IrH(Cl)-
(PEt3)2[NHPh(C7H10)] with H…H 2.242 Å,45 Ru(H)2-

(CO)2(PHPh2)(PPri
3)2, with H…H 2.63 Å, and the cis-

dicarbonyl [OsH(CO)2(PHPh2)(PPri
3)2][BF4] with H…H 3.04

and 2.83 Å.46 Spectroscopic evidence suggested the presence of
M–H…H–N interactions in Ru complexes (NMR),47 although
no crystals of the product could be obtained. Polynuclear
complexes and clusters also exhibit short H…H distances
between a hydride and a X–H hydrogen. Examples are given by
Cp2Zr(NHAr)(m-H)(m-NBut)IrCp*, with an H…H distance of
1.717 Å,48 the two related complexes [Rh2H2(m-
SH2)2{MeC(CH2PPh2)3}][BPh4]·HCONMe2

49 and [(m-H)2Ir2-
(m-NH2)2(PEt3)4(NH3)2]·Me2CO,50 with H…H 1.891 Å and
2.260, 2.189 Å, respectively for the Rh and the Ir complex, (m-
H)Ru3(CO)9(m-C6H2-1-NH-2-NH2-4,5-Me2), with H…H 2.383
Å,51 [Ru6(m-H)6(m3-h2-ampy)(CO)14] (ampy = 2-aminopyr-
idine), with H…H 2.064 Å.52 N–H…H–M interactions have
also been detected in compounds without structural character-
ization, such as OsH(NH3)(CO)9,53a and [{h5-
C5H4CH(CH2)4NMe}Ir(PPh3)H2].53b The observation of these
interactions in the polynuclear complexes containing bridging
hydrides is particularly interesting, as these hydrides often
behave like acids. A close observation of the structure, however,
suggests that steric constraints are responsible for the observed
short H…H contacts.12a The M–H bond can also participate in
M–H…O hydrogen bonding,18a as seen from many structures,
but most of the hydrides involved are doubly or triply bridging
hydrides which are very likely to carry a positive charge, so that
the situation is not so surprising from an electrostatic point of
view. Theoretical studies (DFT) were performed on some of the
complexes, the most interesting results relating to the two
cationic species, cis-[IrH(OH)(PMe3)4][PF6] and [IrH2-
(CO)(PPh3)2(pzH-N)][BF4].12 The geometries of the cations
were optimised (using PH3 instead of PMe3 or PPh3) and the
agreement with the experimental structures was not particularly
good. Introduction of the counter ion (PF6

2 or BF4
2) in the

calculations led to a better geometry. The charge distribution in
these complexes is compatible with an electrostatic interaction
between the negatively charged hydride and the positive
hydrogen attached to N or O. The relevant geometric features
can be seen in Scheme 4 for cis-[IrH(OH)(PH3)4][PF6].

The energy increases by 20.8 kJ mol21 when the torsion
angle H–Ir–O–H changes from 0 to 180° in the cation. As the
angle varies, the H…H interaction vanishes. The corresponding
energy difference is 44.1 kJ mol21 when the PF6

2 anion is
present. The relevant conclusion is of a non-negligible role of
the counter ion in helping to stabilize the short H…H
arrangements. In order to understand more about these
interactions, the AIM approach was used to detect the hydrogen
bonds.54 cis-[IrH(OH)(PH3)4][PF6]39 and the neutral complex
IrH3(PH3)2(HNCHNH2), theoretically studied by Eisenstein
and coworkers,5c were chosen, to allow a direct comparison
between neutral and charged species. These two complexes
have iridium as the metal, which is also an advantage, as all the
calculations can be done under the same conditions. The
gradient vector fields and the bond critical points (black circles)
are shown in Fig. 4, in the plane containing the X–H…H–Ir
bonds.

For the neutral IrH3(PH3)2(HNCHNH2) there is a critical
point between the hydride and the N–H hydrogen. The values

Scheme 4
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shown in Table 1 for the density r and the laplacian ∂2r are
typical for hydrogen bonds,15 with positive ∂2r. For compar-
ison, the critical points describing some relevant covalent bonds
are also given. ∂2r is now negative and the different values
indicate, for instance, how the participation of H12 in the
hydrogen bond with the hydride modifies the N2–H12 bond
relative to N2–H13.

The cationic complex is different, because no critical point
exists between the two hydrogen atoms. Instead, there are
hydrogen bonds to the fluorine atoms in the PF6

2 anion. The
H27(O) atom makes one hydrogen bond with F7, while the
hydride is involved in hydrogen bond with the two fluorines, F7
and F11. The first hydrogen bond, H27–F7 is not surprising, as
H27 carries a positive charge and F7 is negative. On the other
hand, both the hydride H14 and the two fluorines F7 and F11 are
negative. The values of ∂2r and r for the bonds given in Table
1 are characteristic of covalent bonds (N–H, O–H) and
hydrogen bonds (H…F). If this interpretation is indeed correct,
the role of the counter ion is even greater than was thought.

The effect of charges in hydrogen bonds has also been
assessed in the study of O–H2…O2 interactions in chains of
oxalate anions (UHF). These are repulsive interactions. The
reason why the atoms hold together is that they simultaneously
participate in attractive interactions with the counter ion, K+.55

This is a situation where a short O–H2…O2 distance does not
indicate a hydrogen bond.18e The point is controversial,56 and
brings forward the question whether distances by themselves
provide an answer to the existence of a bond. As the previous
example shows, short distances in O–H2…O2 chains can
coexist with repulsive interactions, because a stronger cation–
anion electrostatic attraction holds all ions in their place. A
similar effect seems to take place in cis-[IrH-
(OH)(PH3)4][PF6].

Besides the previous examples, which include the oldest
known systems, other intramolecular and intermolecular hydro-
gen bonds have been studied. Sometimes, they may be
considered as the first step in the formation of a H–H bond, to
give M–H2 complexes, for instance. The ReH5(PPh3)3·
indole·C6H6 compound,40 where two hydrides approach the
N–H bond of indole, has already been mentioned. More
recently, an equilibrium between the Ir–H2 complex of
IrH(L)2(bq-NH2) (L = phosphine, bq-NH2 = 2-amino-

10-methylbenzo[h]quinoline) and the Ir–H…H3N species was
found to take place, its extent depending on the phosphine.
Theoretical calculations (B3PW91) reproduce the trend: more
basic phosphines lead to formation of the Ir–H2 complex. An
accurate modeling of the phosphine was critical and surpris-
ingly PH3 was not a good model for PPh3.5i

A hydrogen bond between the H–O group in acidic alcohols
and W hydrido complexes WH(CO)2(NO)L2 (L = phosphine)
was detected by IR and NMR data and the H…H distance
estimated as 1.77 Å, for L = PMe3.57 Ru(dppm)2H2 interacts
with PhOH or 1,1,1,3,3,3-hexafluoroisopropyl alcohol, via Ru–
H…H–O hydrogen bonds and forms the dihydride complex.58

ReH2(CO)(NO)L2 (L = phosphine) also interacts with alco-
hols,59 but both O–H…H–Re and O–H…O–N–Re hydrogen
bonds may be formed, the latter becoming predominant when
the phosphine is bulky (PPri

3). Theoretical calculations (DFT)
were performed in the model compound ReH2(CO)(NO)-
(PH3)2…OH2, allowing both types of approach to take place (to
the M–H or to the O–N bond). The O–H…H–Re bond type is
electronically favoured by 12.5–14.6 kJ mol21, but forces the
OH carrying molecule to be very close to the metal, and this
becomes difficult when two bulky axial phosphines are present.
O–H…O–N–Re hydrogen bonds are then formed for steric
reasons.59

Orlova and Scheiner performed calculations of different
types (HF/3-21G, B3LYP, BLYP, B3PW91) to study the
intermolecular bonding of molybdenum and tungsten hydrides
with HR (R = F, OH, H2O+) complexes.11a The study of the
interaction of HF with Mo(CO)2(NO)(PH3)H led to the
conclusion that the DFT/B3PW91 method was the best, even
taking into account that all DFT methods tend to afford
distances that were too long, and it was chosen for most studies.
The Mo–H…H–F hydrogen bond energy was estimated as ca.
46 kJ mol21. Substitution of the cis ligand PH3 by the better s
donor NH3 increases the strength of the hydrogen bond, while
changing the metal to W does not afford any major change. A
greater acidity of the HR species also leads to a stronger
hydrogen bond and formation of H2-complexes, while, as
expected, bulkier ligands have the opposite effect. The authors
notice the inadequacy of Mulliken charges to adequately
describe the system, but they rely on a Mulliken-type analysis
(overlap populations) to interpret relative trends. The competi-
tion of formation of other bonds, such as F–H…O–N–Mo was
investigated,11a as done previously for Re complexes.59

Orlova and Scheiner11b also addressed the interactions of
CpReH(CO)(NO), CpReH(NO)(PH3) and CpRuH(CO)(PH3)
with several proton donors (H2O, HOCF3, H3O+) with B3PW91
methods. The formation of H2-complexes as a result of H…H
hydrogen bonding and the alternative protonation at the metal to
form dihydride complexes are discussed. CpReH(NO)(PH3) has
a very strong nucleophilic centre at the metal and only the
dihydride forms, while for CpRuH(CO)(PH3) only the H2-
complex forms with strongly acidic HR. When a weaker acid
such as CF3OH is considered, the R–H…H–Ru interaction also
becomes a minimum on the potential energy surface. For the
third complex, CpReH(CO)(NO), the three species (the dihy-
drogen complex, the dihydride complex and the hydrogen
bonded complex with R–H···H–M) can be obtained from the
calculations. The basicity of the metal is therefore an important
factor in determining the formation of hydrogen bonds where
the M–H bond behaves as acceptor.11b

The C–H bond can also engage in weak intra- and inter-
molecular hydrogen bonds of the type C–H…H–M. They were
seen in some of the complexes referred to above, such as [(m-
H)2Ir2(m-NH2)2(PEt3)4(NH3)2]·Me2CO,50 with H…H 2.105 Å,
and ReH5(PPh3)3·indole,40 with H…H 1.903, 1.929 Å. These
and other complexes were hits in a CSD search for short C–
H…H–M distances and the observation of the data suggested a
new mechanism for cyclometallation.60 Some other examples
have been reported since then and structurally characterized.61

Fig. 4 The gradients of charge density and the critical points (black dots)
along bonds in the Ir–H…H–N plane for IrH3(PH3)2(HNCHNH2) (left) and
cis-[IrH(OH)(PMe3)4][PF6] (right).

Table 1 The charge density and the laplacian of the charge density at some
critical points between bonds in model complexes IrH3(PH3)2(HNCHNH2)
and cis-[IrH(OH)(PH3)4][PF6]

IrH3(PH3)2(HNCHNH2) cis-[IrH(OH)(PH3)4][PF6]

Bond r ∂2r Bond r ∂2r

N2–H12 0.352 20.2129 H27…F7 0.193 0.714
N2–H13 0.366 20.2175 H14…F11 0.252 0.782
H9…H12 0.168 0.4251 O1–H27 0.376 20.234

Ir2–H14 0.169 0.344
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Intermolecular C–H…H–M hydrogen bonds are very weak and
normally coexist with other types of not so weak hydrogen
bonds involving N–H or O–H, especially if they are intra-
molecular. Intermolecular C–H…H–M hydrogen bonds are
sometimes alone in holding together two molecules, as seen in
many of the examples taken in CSD search (October 1996).41

[N(PPh3)2]2[W2H2(CO)8] offers an interesting situation,
where one C–H bond of a phenyl group approaches a bridging
hydride on each side of the molecule.62 EH calculations41

indicate that the bridging hydride carries a negative charge,
owing to the large electron richnness of the metal centres.
Therefore, an electrostatic interaction between the negative
hydride and the positively charged H–C is responsible for the
short H…H distances. Only a very small positive overlap
population of 0.01 is found between the hydrogen atoms. In
mer-[(Me3P)IrH(Cl)(C5H4N)],63 each hydride enters an inter-
action with a C–H bond of the pyridine ring of the adjacent
molecule. These two Ir–H…H–C bonds hold together the dimer
(data taken from CSD). Rotating the pyridine out of the plane
disrupts the bond and increases the energy by ca. 58 kJ mol21.41

In the other representative compounds of the group,64 small
positive overlap populations were found, and a charge distribu-
tion consistent with an electrostatic interaction.41

B–H bonds can replace M–H as hydrogen bond acceptors.
This was recognized in 1995 and confirmed with a CSD search
which gave 22 structures with H…H distance < 2.2 Å. The
average H…H distance was 1.96 Å, in a range between 1.7 and
2.2 Å.6

The B–H…H–X bond was studied (PCI-80/B3LYP method)
in the [H3BNH3]2 dimer (Scheme 5, left) and although there is
no available structure of this compound, the features seen in the
optimized geometry are typical of other boron compounds.6

A particularly interesting aspect of these bonds with boron is
that a linear B–H…H–X arrangement is an exception. In
[H3BNH3]2, the calculated B–H–N angle is 98.8° and N–H–H is
158.7°. Although bent bonds were observed in other cases for
weak bonds, here they seem to be rule. An explanation lies in
the large negative charge carried by the boron atom, compared
to the small negative charge carried by the hydrogen. In order to
take advantage of the charge distribution, the H–N points
toward the B–H bond rather than toward H (Scheme 5,
right).6

Epstein et al.65 studied these interactions theoretically (HF)
and spectroscopically, using as models BH4

+…OH2,
BH4

+…HOCH3, H3NBH3…HOCH3, [H3BNH3]2. They deter-
mined minima for the approach of the B–H bond to the donor,
for distances 1.836–2.209 Å, always smaller than the sum of van
der Waals radii (2.4 Å), and small positive overlap populations
between the hydrogen atoms. Contrary to the results of
Siegbahn and coworkers,6 a positive charge is assigned to
boron.

Alkorta et al.66 studied dihydrogen bonds for a variety of
combinations of acid hydrogen atoms (NH4

+, HCN, HC·CH),
basic hydrogen atoms (BH4

2, LiH, BeH2), and an amphoteric
(CH4), using several methods (HF, MP2) and correcting for
BSSE. Frequency calculations were used to check the minima.
The charge density at the critical points and the positive values
of ∂2r, within the AIM approach, indicated strong hydrogen
bonds. The geometries obtained were compared with structures
taken from the CSD, which included B–H…H–N, B–H…H–O,

B–H…H–C, Al–H…H–C, besides the ones described earlier in
ref. 6.

The homonuclear dihydrogen bond?
The CSD searches for short H…H distances also afforded
structures not belonging to any of the previous type, namely
dimeric species, where both hydrogens must have the same
charge and the electrostatic features of hydrogen bonds are not
present.41 The prototype is the dimer of HMn(CO)5.67 The
structure has been determined both by X-ray and neutron
diffaraction,67a and later by electron diffraction in the gas
phase.67b There are two polymorphs in the solid, a and b,
differing in the packing. In a, the hydride was not located. b-
HMn(CO)5 contains dimers with an H…H distance of 2.292 Å,
approaching each other in a non linear way, as seen in Fig. 5.

The monomer, which exhibits a distortion of the equatorial
carbonyls toward the hydride, had been the object of an earlier
theoretical study.68 The approach geometry of the dimer was
optimized using DFT calculations.41 The H…H distance was
found to be 2.008 Å, the Mn–H 1.559 Å and the angle between
Mn–H bonds 147°. The experimental values are 2.292 Å,
1.601(16) Å, and 155.8°, respectively. The interaction energy
was calculated as 0.4 kcal mol21. A qualitative EH analysis
showed that there was some residual bonding character between
the two hydrogens, as if an activated H2 molecule was bridging
the two manganese atoms. This same interaction has been
suggested by other authors.5d A BSSE correction should be
performed before giving a final answer to this problem.

The other example of M–H…H–M interaction is provided by
the dimer [(h5-C5H5)2Zr(m-H)(OSO2CF3)]2·0.5THF with an
H…H separation of 2.122 Å.69 EH calculations indicated a
repulsive interaction between the hydrogens. The monomer
would be [(h5-C5H5)2Zr(H)(OSO2CF3)], a 16-electron bent
metallocene (Scheme 6).

Two monomers interlock, allowing the hydride of each unit
to engage in a bond with the other Zr atom. Although this is a
longer bond, it is a covalent bond. The interaction can be termed
agostic, as one Zr–H bond donates electrons into the empty
orbital of the other Zr.41

C–H…H–C interactions in the methane dimer were studied at
several levels of theory. MP2 provided the best method to study
the approach of two methane molecules. All possible H…H
contact arrangements were atractive, and the stabilization
energy increases with the number of H…H contacts.70

Scheme 5

Fig. 5 The HMn(CO)5 dimer, showing the short H…H distance.

Scheme 6
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Attractive interactions between identical hydrogen atoms can
therefore exist in different contexts, either in organic molecules
involving C–H bonds, or in organometallic complexes through
M–H bonds.

Conclusions
Theoretical calculations of different types have been performed
to study weak hydrogen bonds. Small attractive energies were
determined in many cases, but owing to the size of the systems,
BSSE corrections were not performed routinely, especially for
organometallic systems. On the other hand, many studies rely
on DFT (rather than MP2) calculations, which appear to lead to
long distances and weak bonds, in spite of consideration of
correlation effects. There is still much to be done to reproduce
quantitatively these weak interactions: good models, high levels
of theory and good basis sets are required. In ionic systems, the
role of the counter ion is determining, therefore making
calculations even larger and more difficult. The dihydrogen
bond M–H…H–X in cationic complexes is one of such systems
where the interaction appears to be dependent on the counter
ion, as its introduction in the calculation leads to a better
geometrical agreement with experimentally determined struc-
tures. The ‘atom in molecules’ approach appears to be very
promising to study these weak bonds and to determine their
origin, allowing one to distinguish between agostic and
hydrogen bonds in some ambiguous situations. The quality of
the results depends, however, on the level of theory used in
calculating the electron density.
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The synthesis and crystal structure of decanuclear Co and
nonanuclear Ni cages are reported: the cages feature
carboxylate and pyridonate ligands and demonstrate that
inter-ligand repulsions can lead to novel structures.

Considerable progress has been made in the rational design of
supramolecular systems.1 However, there is little element of
design in the synthesis of large polynuclear cages. At present the
best we can do is take note of similarities between structures,
with the hope that the recognition of trends will lead to targeted
synthesis in the future. A family of cages exists which are based
on tricapped-trigonal prisms (ttps); such cages are known for
the 3d metals chromium,2 iron,3 cobalt4,5 and nickel.5 As this
polyhedron seems so favoured, it appeared the ideal candidate
for examining whether the core could be disrupted by using
ligands which are sterically demanding thus creating unusual
cages. We have reported reactions with pivalate (trimethylace-
tate) which lead to nickel cages based on tetraicosahedral
cores,5 and here we report further studies which indicate that
ligands which are either bigger, such as triphenylacetate, or
where there are Coulombic inter-ligand repulsions, such as
betaine (O2CCH2NMe3), can cause further disruption. We feel
this is a general method for synthesising novel cage struc-
tures.

Reaction of hydrated cobalt chloride (2.1 mmol) with
Na(O2CCPh3) (2.1 mmol) and Na(mhp) (4.2 mmol) (mhp =
6-methyl-2-pyridonate) in MeOH (50 ml) at room temperature
for one day, followed by evaporation to dryness generates a
purple paste. This was then extracted with ethyl acetate (10 ml),
and the resulting purple solution allowed to stand at room
temperature. Over four months the solution required repeated
filtration before small red blocks of [Co10(OH)6-
(mhp)6(O2CCPh3)6(Hmhp)3(HCO3)3] 1 formed in ca. 4%
yield.† X-Ray analysis‡ reveals a centred ttp which lies on a
crystallographic C3 axis (Fig. 1), however, the capping metal
atoms are found on the edges of the prism rather than the faces,
as in all previous ttp based structures.

At the centre of the cage is a Co(III) site [Co(2)], with all
remaining cobalt atoms present in the +2 oxidation state. Both
charge balance, and bond length considerations support this
view. This site lies on crystallographic three- and two-fold axes,
and the metal is surrounded by six m3-hydroxides which each
bridge to one cobalt at a vertex of the prism, and one capping the
edge. The cobalt sites capping the edges of the prism [Co(3) and
symmetry equivalents (s.e.)] also lie on the crystallographic
two-fold axes, while the cobalt sites [Co(1) and s.e.] at the
vertices of the prism are in general positions. Triphenylacetate
ligands bridge in a 1,3-fashion between vertex- and edge-
capping cobalts, and the mhp ligands chelate to vertex-cobalt
sites with the O atom forming a m2-bridge to a neighbouring
vertex cobalt. Thus the upper- and lower-trigonal faces of the
prism are covered by pyridonate ligands, while the sides of the
prism have triphenylacetate groups attached.

This latter feature creates another oddity in the structure. The
triphenylacetate groups do not pack sufficiently well to cover
the surface of the cage, and two coordination sites on each face
of the prism are left vacant. These are occupied by disordered
Hmhp and HCO3

2 groups. While the assignment of a
coordinated Hmhp fragment is uncontroversial, the assignment

as coordinated hydrogencarbonate was only arrived at after
careful consideration of the diffraction data. This indicates the
presence of a trigonal fragment, and charge balance requires a
monoanion in half these sites. Nitrate was not present in the
reaction at any stage therefore it appears that atmospheric CO2
has been incorporated into the structure. The requirement for
formation of hydrogencarbonate may explain the long crystal-
lisation times and low yield of this reaction. Preliminary results
indicate formation of an equivalent cage with 6-chloro-
2-pyridonate (chp). While refinement of this structure is
incomplete owing to severe disorder problems involving lattice
solvent, it is clear that the metal atoms form a tricapped trigonal
prism with the same topology as 1.

Reaction of CO2 is also involved in the chemistry which leads
to the cage [Ni9(CO3)(OH)6(chp)3(Hchp)3(O2CCH2N-
Me3)9Cl]6+ 2. This is formed from the reaction of hydrated
nickel chloride (1 mmol), Na(chp) (1 mmol) and O2CCH2NMe3
(1 mmol) in MeOH (20 ml) followed by evaporation to dryness,
and extraction of the green powder with EtOAc. Crystallisation
takes a period of three months, whereupon green plates are
found in 6% yield.† X-Ray analysis‡ shows the formation of the
nonanuclear cage 2, with a complicated set of anions including
four [Ni(chp)3]2, a half-weight chloride and an anion consisting
of chp hydrogen-bonded to Hchp.

The structure of 2 (Fig. 2), which lies on a crystallographic
threefold axis, is dominated by two features. Firstly, the central
carbonate ion which is m6-bridging, leading to a planar hexagon
of Ni centres [Ni(1), Ni(2) and s.e.]. Secondly, the preference of
the tertiary ammonium groups of the nine betaine ligands to lie
as far apart as possible also supports a very open structure.
Three of the betaines bridge alternate Ni…Ni vectors of the

Fig. 1 The structure of 1 in the crystal, viewed perpendicular to the three-
fold axis which passes through Co(2). One disordered hydrogencarbonate/
Hmhp fragment is shown with open bonds. Selected bond lengths (Å):
Co(1)–O(2P) 2.025, Co(1)–O(1A) 2.036, Co(1)–O(2P)A 2.103, Co(1)–
O(1V) 2.128, Co(1)–O(2Q) 2.183, Co(1)–N(1P)A 2.220, Co(2)–O(1V)
1.898, Co(3)–O(2A) 2.050, Co(3)–O(1V) 2.102, Co(3)–O(2Q) 2.176 Å.
Av. esd. 0.008 Å. (Co, cross-hatched; O, diagonal-shaded; N, speckled; C,
black lines; H, not shown for clarity).
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hexagon in a 1,3-fashion. Three further betaines attach three
additional Ni atoms below the hexagon (Figs. 2 and 3), while the
final three betaines bridge in a 1,1,3-manner, using one O-donor
as a m2-bridge between Ni atoms within the hexagon, and the
second O-donor to bind to one of the Ni atoms below the
hexagon.

There are also six hydroxide anions in the cage. Three are m3-
bridging [O(2) and s.e.], and are also involved in attachment of
the three Ni atoms below the hexagonal plane. These three m3-
OH groups are arranged so that the H atoms point towards the

trigonal axis of the cage, and a chloride anion (Cl in Fig. 3) is
attached at this point through three H-bonds (O…Cl 3.17 Å).
The remaining three OH groups [O(1) and s.e.] are m2-bridging
and lie above the hexagon, with the H atoms now involved in an
interaction with a [Ni(chp)3]2 anion (Fig. 3). The three chp
ligands chelate to the Ni atoms above the hexagon, while the
three Hchp ligands act as m2-bridges through the O-donors,
while forming H-bonds through the protonated N atom (O…N
2.63 Å). We have seen [Ni(chp)3]2 act as a ‘tridentate’ H bond
acceptor in previous structures.5

As in 1, one fragment, in this case carbonate, must have
arisen from reaction of atmospheric CO2 with the complicated
metal–ligand ‘soup’ present during crystallisation. This, along
with the low yields and long crystallisation times suggests that
as syntheses these reactions are extremely poor. Conceptually
something interesting is happening. By preventing formation of
a strongly preferred structure—the ttp cage—we are inevitably
going to lower yields and slow reaction times, but this process
has also led to activation of small molecules, and, in the case of
2, incorporation of a templating carbonate ligand which
imposes structure on the metal array coordinated to it. This
metal array in turn imposes a specific orientation on the
zwitterionic betaine ligands, and probably brings them into a
proximity they would rather avoid.

We thank the EPSRC for funding for a diffractometer and for
a studentship (for A. G.), and the EU for an Erasmus
Scholarship (for S. M.).

Notes and references
† Satisfactory elemental analysis obtained.
‡ Crystal data: for C177H156Co10N9O36·2H2O·CH4O, 1·2H2O·CH4O:
rhombohedral, space group R3̄c, a = 19.054(3), c = 81.85(2) Å, V =
25737(7) Å3, M = 3642.5, Z = 6 (the molecule lies on a threefold axis), T
= 220.0(2) K, R1 = 0.0715.

For C193.5H240.5Cl22.5N30Ni13O65 2·4[Ni(C5H3ClNO)3]·0.5Cl.
1.5(C5H3ClNO…C5H4ClNO)·8.5 C5H10O2: rhombohedral, space group
R3̄, a = 30.603(2), c = 46.202(5) Å, V = 37473(5) Å3, M = 5587.5, Z =
6 (the molecule lies on a threefold axis), T = 220.0(2) K, R1 = 0.0794.

Data collection, structure solution and refinement for both structures
were performed as detailed in ref. 4 using programs SHELXS-97,6
DIRDIF,7 SHELXTL-PC8 and PLATON.9 Full details have been deposited
and will be published later. CCDC 182/1588. See http://www.rsc.org/
suppdata/cc/b0/b000385i/ for crystallographic files in .cif format.
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Fig. 2 The structure of hexacation 2 in the crystal, viewed down the
threefold axis. The carbonate ion is shown with open bonds. Selected bond
lengths: Ni(1)–O(1A) 2.010, Ni(1)–O(2)A 2.017, Ni(1)–O(1) 2.053, Ni(1)–
O(10) 2.057, Ni(1)–O(2B)A 2.073, Ni(1)–O(21)A 2.073, Ni(2)–O(2) 1.987,
Ni(2)–O(1C) 2.005, Ni(2)–O(2A) 2.022, Ni(2)–O(10) 2.076, Ni(2)–O(1)B
2.077, Ni(2)–O(2B)A 2.104, Ni(3)–O(22) 2.000, Ni(3)–O(2) 2.026, Ni(3)–
O(2C) 2.030, Ni(3)–O(21) 2.085, Ni(3)–O(1B) 2.097, Ni(3)–N(12) 2.232,
Ni(4)–N(13) 2.072, Ni(4)–O(23) 2.118 Å. Av. esd. 0.006 Å. (Ni, cross-
hatched; O, diagonal shaded; N, speckled; Cl, heavy random dots; C black
lines; H, not shown for clarity).

Fig. 3 The H-bonding between 2, an [Ni(chp)3]2 unit and a chloride
(shading as Fig. 2).
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Intramolecular and intermolecular glycosidic couplings
have been combined in a one-pot protocol for the synthesis of
a branched trimannan.

In the last few years strategies for stereocontrol in saccharide
synthesis1,2 based on intramolecular glycosidic couplings have
been described,3–15 and the rapid assembly of oligosaccharides
has been addressed through a new chemoselective glycosylation
strategy, the one-pot glycosylation,16–20 which is based on
reactivity differences between glycosyl donors.21–23 Our
group8–10 has been interested in the development of an
intramolecular approach for saccharide synthesis (e.g. I?II,
Scheme 1), in which medium rings8–15 rather than five-
membered intermediates3–7 are formed upon glycosidation.
Here, we disclose some preliminary results of the extension of
this approach for the synthesis of branched oligosaccharides by
intermolecular glycosylation of an external glycosyl donor (e.g.
III) onto the macrocyclic disaccharide (e.g. II?IV, Scheme 1).
More interestingly, the sequence I?IV has also been carried
out in one-pot operations, and applied to the preparation of the
biologically important methyl 3,6-di-O-(a-D-mannopyranosyl)-
a-D-mannopyranose 924 (Scheme 2).

Phenyl thioglycoside, 1, was readily transformed into the
phthaloyl derivative 2, and its carboxylic acid function activated
on treatment with SOCl2 to furnish 3. Dialkylstannilen
mediated coupling25,26 of acid chloride 3 with diol 4 gave mixed
diester 5 which upon removal of the benzylidene ring led to triol
6. Glycosylation of 6 (CH2Cl2, NIS, TfOAg, 0 °C) led to
disaccharide 7.† Intermolecular glycosylation of glycosyl donor
1 with 7 (CH2Cl2, NIS, TfOAg, 220 °C) proceeded re-
gioselectively at O-3‡ to give branched trimannose derivative
8§ (55% yield),¶ which upon deprotection and re-acetylation
afforded methyl 3,6-di-O-(a-D-mannopyranosyl)-a-D-manno-
pyranose derivative, 9.§ A one-pot sequential glycosylation
strategy was next examined in which cycloglycosylation of 6
(CH2Cl2, TfOAg 0.3 equiv., 0.018 M, 213 °C, 20 min) was
followed by addition of 1 (1.1 equiv, 227 °C, 10 min) resulting
in the formation of 8 (39% yield) [Scheme 3(a)]. Reaction of
premixed 1 and 6 at lower temperature (CH2Cl2, TfOAg 0.3
equiv., 0.014 M, 240 °C, 40 min, then 230 °C, 40 min) resulted
in the isolation of pseudotrisaccharide 10 (19%) along with
unreacted 6 (30%) [(Scheme 3(b)], thus showing that inter-

molecular glycosylation had taken place prior to the intra-
molecular coupling.∑ On the hypothesis that the latter result
could be a consequence of the difference in reactivities between
donors 6 and 1, owing to the influence of the electron
withdrawing ester at O-6 in compound 6 when compared with
the OTBDPS substituent at O-6 in 1, as recently reported by Ley
and coworkers in mannose systems,22 we decided to examine
the one-pot glycosylation of 6 and 11. Accordingly, treatment of
compounds 6 and 11 with TfOAg (CH2Cl2, 0.03 M, TfOAg,
28 °C, 10 min) resulted in the formation of a mixture of
saccharides from which the branched saccharide 12 (30% yield)
was the major observed isomer [Scheme 3(b)].** The structure
for trisaccharide 12 was assigned by correlation with compound
13§ which had been prepared from trimannan 8 [Scheme
3(c)].

In our opinion, several aspects of the synthetic scheme
deserve further comment: (i) tethered cyclo-glycosylation of
triol 6 takes place with complete regio- and stereo-control at O-
6 to afford disaccharide 7; (ii) intermolecular glycosylation of
donor 1 and diol 7 occurs regioselectively at O-3 to yield
trisaccharide 8. The regio- and stereo-selectivies in the glycosyl
couplings observed in this work (i, ii) are similar to those
reported by Kaur and Hindsgaul in their relevant synthesis of a
related trimannan by classical non-tethered methods with
minimal hydroxy group protection.24

Scheme 1 Scheme 2
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Another interesting aspect of our results, with implications in
the success of the synthetic scheme, is the striking difference in
behavior between glycosyl donors 1 and 11, which is illustrated
by the contrast between the results in Scheme 3(b) and 3(c).
Thus, while one-pot glycosylation of 6 and 1 [Scheme 3(b)]
resulted in the formation of pseudotrisaccharide 10 (with the
intermolecular glycosylation taking place prior to the tethered
cyclo-glycosylation), the one-pot glycosylation of 6 and 11
[Scheme 3(c)] yielded trisaccharide 12, as the major isomer
formed,** where the cyclo-glycosylation had preceded the
intermolecular glycosyl coupling. The tuning of donor re-
activity, by changes in the protecting group at O-6, in
mannopyranosyl donors, 1 and 11, is thus responsible for this
behavior,22 and, in our opinion, when coupled to further tuning
between intra- and inter-molecular glycosidic coupling could
open a new avenue for the preparation of branched saccharides
and small saccharide libraries.

The procedures outlined here, although not yet optimized,
serve to illustrate a novel concept for one-pot glycosylation
which relies in the kinetic acceleration of an intramolecular
versus an intermolecular glycosidic coupling rather than in large
disparities between the reactivities of different glycosyl donors.
The optimization of this protocol by changes in the concentra-
tion and/or nature of the glycosyl donors is currently under
study.

This research was supported with funds from the Dirección
General de Enseñanza Superior (grants: PB96-0822 and PB97-
1244). M. G. thanks the Ministerio de Educación y Cultura for
a predoctoral scholarship.

Notes and references
† A minor amount of the corresponding a-1,3 derivative was also isolated
3–5%.
‡ When the reaction was carried out at 0 °C in the presence of 1.7 equiv. of
glycosyl donor 1, a tetrasaccharide resulting from the glycosylation of 1 at
positions O-3 and O-4 in 8 was the only isolated compound (68%).
§ Selected data: for 8: [a]D 25.7 (c 0.5, CHCl3); for 9: [a]D +17.6 (c 1,
CHCl3), API-ES positive (M+Na+): m/z 961.2; for 13: [a]D 235.5 (c 0.9,
CHCl3), API-ES positive (M+Na+): m/z 1007.5.
¶ Hydrolysis of the anomeric thiophenyl group was also observed.
∑ Other attempts to carry out the one-pot glycosylation with premixed 1 and
6 (e.g. CH2Cl2, TfOAg 0.3 equiv., 0.03 M, 213 °C, 20 min) gave complex
reaction mixtures.
** Three other saccharides (10–15%) were also present in the reaction
mixture, possibly resulting from the glycosidic coupling of 11 with
hydrolyzed 6.
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A nickel and aluminium system including monodentate
oxazoline ligands catalyzed the regioselective cyclotrimer-
ization of enones and alkynes.

Since the pioneering work by Reppe,1 the cyclotrimerization of
unsaturated hydrocarbons using various transition-metal cata-
lysts has represented a new method for preparing six-membered
cyclic compounds.2 In particular, intramolecular reactions have
been used as an efficient synthetic approach.3 In contrast, two-
or three-component intermolecular cyclotrimerization has not
yet been shown to be useful, since it is more difficult to control
the chemo-, regio-, and stereo-selectivity. We recently reported
a new cyclotrimerization of enones 1 and alkynes 2 by the
synergistic effects of nickel and aluminium catalysts (L = PPh3
in Scheme 1).4 In this reaction, however, regioselection was
dependent on the nature of 2 used (vide infra). We report here,
a more efficient catalytic system for regioselective cyclotrimer-
ization of 1 and 2.

We investigated the effects of some ligands (L) on re-
gioselection in the cyclotrimerization of 2-cyclopenten-1-one
1a with (trimethylsilyl)acetylene 2a by the Ni(acac)2/L/Me3Al/
PhOH catalytic system (Table 1).‡ The cyclotrimerization

adducts (regioisomeric mixture) obtained were treated with
DBU in air to convert them to the corresponding aromatic
compounds 3 and/or 4, owing to the ease of regiochemical
analysis by 1H NMR spectroscopy. The reaction in the presence
of PPh3 or P(C6H4Me-o)3 gave 4aa as the sole product (runs 1
and 2), while the addition of other organophosphorus ligands or
AsPh3 failed (runs 3–6). In sharp contrast, the reaction using
pyridine or 5 led to the selective synthesis of 3aa (runs 7 and 8).
Monodentate oxazoline ligands 6 strongly affected the re-
gioselective cycloaddition (runs 9–14).5,6 Most strikingly, when
the reaction was carried out in the presence of 6d–f, 3aa was
obtained in 95–96% selectivity (runs 12–14). Thus, ligands 6 in
place of triarylphosphines caused switching of the regioselectiv-
ity in the cyclotrimerization. When a bidentate bis-oxazoline 7
(10 mol%) was used in the reaction,7 the yield of 3aa was low,
even after 24 h (run 15).

The results of the catalytic cyclotrimerization of a variety of
enones 1 and alkynes 2 are summarized in Table 2. In our initial
efforts to achieve the regioselective cyclotrimerization of 1 and
2 using a Ni(acac)2/PPh3/Me3Al/PhOH catalytic system, 2b
was reacted with 1a to selectively give 4ab (entry 1).4 However,
when the reaction was carried out in the presence of a Ni/Al
catalytic system using 6e, 3ab was obtained predominantly
(entry 2). A similar tendency was found in the reactions of 2a
with 1b (entry 5 vs. 6). The product ratio of 8 and 9 derived from
the reaction of 1c with 2a also depended on the nature of the
employed ligands (L) (Scheme 2).8 On the other hand, the
reactions of alkyl-substituted alkynes such as 2c and 2d with 1
using 6e gave a higher regioselection of 3 than those using PPh3
(entries 3 vs. 4 and 7 vs. 8).

In summary, we have clarified the effects of monodentate
oxazolines 6, which have scarcely been used as ligands in
catalytic reactions, in the Ni/Al-catalyzed cyclotrimerization of

† Electronic supplementary information (ESI) available: experimental and
characterization data. See http://www.rsc.org/suppdata/cc/b0/b001151g/

Scheme 1 Reagents and conditions: i, Ni(acac)2 (10 mol%), L (20 mol%),
Me3Al (80 mol%), PnOH (200 mol%), THF, room temp.; ii, DBU, air,
overnight.

Table 1 Cyclotrimerization of 1a and 2a in the presence of the Ni(acac)2/L
/Me3Al/PhOH catalytic systema

Run L Time/h
Yieldb (%)
(3aa + 4aa)

Ratioc

(3aa+4aa)

1d PPh3 2 33 0+100
2 P(C6H4Me-o)3 2 49 0+100
3 PBu3 24 Trace —
4 P(OPh)3 24 Trace —
5 dppee 24 No reaction —
6 AsPh3 24 Trace —
7 Pyridine 24 6 72+28
8 5 24 12 80+20
9 6a 2 61 86+14

10 6b 2 60 72:+8
11 6c 2 61 85+15
12 6d 2 59 95+5
13 6e 2 69 96+4
14 6f 2 59 96+3
15 7 24 23 97+3
a Reaction conditions as in Scheme 1. b Yield after purification by silica gel
chromatography. c Determined by 1H NMR. d See ref. 4. e 1,2-Bis(diphe-
nylphosphino)ethane.
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enones 1 and alkynes 2. The reaction using 6 resulted in the
selective formation of 3, independent on the alkynes used.

This work was supported by a Grants-in-Aid for Scientific
Research (No. 11672112) from Japan Society for the Promotion
of Science.

Notes and references
‡ Typical experimental procedure (entry 2 in Table 2): to a solution of
Ni(acac)2 (27 mg, 0.1 mmol) and 6e (0.1 mmol) in THF (4 mL) was added
Me3Al in 1.0 M hexane solution (0.8 mL) at 0 °C under N2. After stirring
for 5 min, PhOH (190 mg, 2.0 mmol) was added, and the mixture was stirred
for 5 min. To the resulting dark red solution were added 1a (1.0 mmol) and
2b (2.0 mmol) at 0 °C. After the addition was completed, the whole mixture
was stirred at room temperature for 2 h. DBU (350 mg, 2.3 mmol) was
added to this reaction mixture in air, and this was again stirred at room
temperature overnight. Aqueous HCl (0.2 M, 30 mL) was added, and
stirring was continued for 10 min. The aqueous layer was extracted with
diethyl ether. The combined organic layer was washed with NaHCO3 and
then with brine, dried over MgSO4 for 30 min, filtered, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(hexane–AcOEt, 14:1) to yield 3ab (67%) as the sole product as a colorless
oil; dH(400 MHz, CDCl3, Me4Si) 1.36 (s, 9 H, CH3), 1.47 (s, 9 H, CH3), 2.66
(t, J 6.1 Hz, 2 H, CH2), 3.07 (t, J 6.1 Hz, 2 H, CH2), 7.29 (s, 1 H, NCH), 7.40
(s, 1 H, NCH); dC(100 MHz, CDCl3, Me4Si) 25.85, 29.75, 31.12, 35.37,
35.95, 37.54 (CH3, CH2 and C), 121.20, 122.26, 132.30, 151.41, 157.81,
158.80 (Ar), 206.07 (CO); IR(neat) 1705 (nCO) cm21; GC–MS (EI, 70 eV)
m/z (rel int, %) 244 (M+, 55), 229 (100). Anal. Calc. for C17H24O: C, 83.55;
H, 9.90. Found: C, 83.51; H, 9.99%.

1 W. Reppe and W. J. Schweckendiek, Justus Liebigs Ann. Chem., 1948,
560, 104.

2 N. E. Schore, in Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, Pergamon, Oxford, 1991, vol. 5, ch. 9.4, p. 1129; D. B.
Grotjahn, in Comprehensive Organometallic Chemistry II, ed. L. S.
Hegedus, Pergamon, Oxford, 1995, vol. 12, ch. 7.4; N. E. Schore, Chem.
Rev., 1988, 88, 1081.

3 K. P. C. Vollhardt, Angew. Chem., Int. Ed. Engl., 1984, 23, 539; M.
Lautens, W. Klute and W. Tam, Chem. Rev., 1996, 96, 49.

4 S. Ikeda, N. Mori and Y. Sato, J. Am. Chem. Soc., 1997, 119, 4779; N.
Mori, S. Ikeda and Y. Sato, J. Am. Chem. Soc., 1999, 121, 2722.

5 D. J. Ager, I. Prakash and D. R. Schaad, Chem. Rev., 1996, 96, 835; K.
Kamata, I. Agata and A. I. Meyers, J. Org. Chem., 1998, 63, 3113.

6 For the efficiency of mono-oxazoline ligands in a catalytic asymmetric
multiple-component domino coupling, see: S. Ikeda, D.-M. Cui and Y.
Sato, J. Am. Chem. Soc., 1999, 121, 4712.

7 A. Pfaltz, Acc. Chem. Res., 1993, 26, 339.
8 Attempted conversion of a mixture of 8 and 9 to the corresponding

aromatic compounds by treatment with base (DBU or NaOH/MeOH)
failed.

Table 2 Cyclotrimerization of 1 and 2 in the presence of the Ni(acac)2/L
/Me3Al/PhOH catalytic system (L = PPh3 vs. 6e)a

Entry 1 2 L
Product(s)
major, (minor)

Yieldb

(%)
(3 + 4)

Ratioc

(3+4)

1d,e 1a 2b PPh3 4ab (3ab) 45 11+89
2e 6e 3ab 67 100+0
3d 1a 2c PPh3 3ac (4ac) 81 92+8
4 6e 3ac 87 100+0
5f 1b 2a PPh3 4ba (3ba) 29 17+83
6 6e 3ba 78 100+0
7d,g 1b 2d PPh3 3bd (4bd) 83 92+8
8g 6e 3bd 81 100+0
a Reaction conditions as in Scheme 1. Unless stated otherwise, the
cycloadditions were performed with stirring for 2 h. b Yield after
purification by silica gel chromatography. c Determined by 1H NMR. d See
ref. 4. e The aromatization was carried out with 0.2 M NaOH in MeOH.
f Reaction time: 24 h. g Reagents: 1+2:Ni(acac)2:L+Me3Al+PhOH =
1+2+0.05+0.1+0.4+4+1.

Scheme 2 Reagents and conditions: i, 1c (1 equiv.), 2a (2 equiv.) Ni(acac)2

(10 mol%), L (20 mol%), Me3Al (80 mol%), PnOH (200 mol%), THF,
room temp., 24 h.
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A new phenol-based tetranucleating macrocycle, having two
N(amine)2O2 and two N(imine)2O2 metal-binding sites in the
macrocyclic framework, forms a CuII

2NiII
2 complex of a

defective double-cubane structure.

Heteronuclear metal complexes are of current interest for their
physicochemical properties and functions arising from an
interplay of dissimilar metal ions in close proximity. In order to
provide discrete heterodinuclear metal complexes, phenol-
based dinucleating macrocyclic ligands containing two differ-
ent metal-binding sites have been developed.1 In contrast, less
attention has been paid to multinucleating ligands that can
provide mixed-metal complexes with higher nuclearities,
though phenol-based macrocyclic ligands having four N-
(amine)2O2 or four N(imine)2O2 metal-binding sites have been
reported.2 We report here, a mixed-metal CuII

2NiII2 complex
derived from a phenol-based heteronucleating macrocycle R42

that has two N(amine)2O2 and two N(imine)2O2 metal-binding
sites (Fig. 1).

The macrocycle was obtained as a by-product in the
cyclization of N,NA-dimethyl-N,NA-ethylenebis(2-aminomethyl-
4-bromo-6-formylphenolato)copper(II)3 ([Cu(LA)]) with ethyle-
nediamine (Scheme 1). A solution of ethylenediamine (0.06 g,
1 mmol) in methanol (5 cm3) was added dropwise to a hot
solution of [Cu(LA)] (0.58 g, 1 mmol) in N,N-dimethylform-
amide (40 cm3), and the mixture was stirred under reflux for 1
h to give a brown precipitate. This was shown to be a mixture of
[Cu(L)] and [Cu2(R)] using FAB mass spectrometry; multiple
signals centered at m/z 600 and 1200 are assigned to {Cu(L)}+

and {Cu2(R)}+, respectively. The separation of the two products
by fractional crystallization was difficult owing to the very low
solubility of the two complexes in common solvents. The
mixture of the complexes (0.20 g) was treated with NiCl2.6H2O
(0.08 g) in methanol to form a CuIINiII complex, [Cu-
Ni(L)Cl2].0.5H2O,4 as dark green microcrystals (0.06 g). The
solution remaining after removal of the CuNi complex was
diffused with diethyl ether to obtain brown crystals, which were
shown to be a mixed-metal tetranuclear CuII

2NiII2 complex,
[Cu2Ni2(R)(Cl)2]Cl2·H2O (0.12 g).5 FAB mass spectrometry
showed signals centered at m/z 1422 and 1387 which are
assigned to {Cu2Ni2(R)Cl3}+ and {Cu2Ni2(R)Cl2}2+, respec-
tively.

The structure of the CuII
2NiII2 complex was determined by

single-crystal X-ray crystallography6 and an ORTEP view is
shown in Fig. 2(a). The asymmetric unit consists of one half of
the macrocycle (R)42, one CuII ion, one NiII ion and two
chloride ions; the remaining two chloride ions and one water
molecule are captured in the crystal lattice. Each CuII resides in
an N(imine)2O2 site and each NiII resides in an N(amine)2O2
site. Thus, the Cu migrates from an aminic site to an iminic site
in the cyclization process as previously observed in the
conversion of [Cu(LA)] into [Cu(L)] and analogues.7,8 The Cu
adopts a square-pyramidal geometry with a chloride ion at the
axial site. The Cu–Cl bond distance [2.563(4) Å] is elongated
relative to the in-plane bond distances (1.93–1.98 Å) owing to
the Jahn–Teller effect. The Ni in the N(amine)2O2 site has a near

Fig. 1 Chemical structure of R42.
Scheme 1 Synthetic scheme for hetero-dinucleating and -tetranucleating
macrocyclic complexes.
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octahedral geometry together with two chloride ions [Cl(1) and
Cl(1)*] in cis positions. The Cl(1) [Cl(1)*] is involved in a m3-
bridge to Cu, Ni and Ni* (Cu*, Ni and Ni*), forming a defective
double-cubane structure [Fig. 2(b)]. The Cu···Ni, Cu···Ni* and
Ni···Ni* separations are 3.375(3), 3.366(3) and 3.543(3) Å,
respectively. The asymmetric nitrogens N(1) and N(4) [N(1)*
and N(4)*] have R and S configurations, respectively.

The electronic spectrum of the CuII
2NiII2 complex in dmso

shows an intense band at 354 nm (e = 14000 M21 cm21 per
molecule), a discernible shoulder near 440 nm and a weak band

at 747 nm (e = 380 M21 cm21). The former intense band is
assigned to the p–p* transition associated with the azomethine
linkage9 and the latter weak band to a d–d band due to CuII. A
shoulder near 440 nm can be assigned to a charge-transfer band
from Cl2 to CuII.8 The d–d transition bands arising from NiII are
not resolved.

The CuII
2NiII2 complex has a magnetic moment of 4.94 mB

(per Cu2Ni2) at room temperature, and the moment decreased
with decreasing temperature to a plateau value of 3.3 mB around
30 K before sharply decreasing below 10 K. Evidently
antiferromagnetic spin-exchange interaction operates within the
tetanuclear core. Detailed magnetic analyses are under way.

A related macrocycle having four N(amine)2O2 metal-
binding sites forms homotetranuclear NiII complexes of a
rectangular or a non-symmetric core structure.2 Mixed-metal
trinuclear CuII

2MII (M = Zn or Mg) complexes have also been
obtained which consist of a dinuclear CuIIMII core and an
isolated CuII center. The present macrocycle possessing alter-
nating dissimilar N(amine)2O2 and N(imine)2O2 sites is a
promising ligand for providing mixed-metal complexes of the
Ma

2Mb
2 type; detailed studies for CuII

2MII
2 complexes (M =

Mn, Co, etc.) will be shortly reported.
This work was supported by a Grants-in-Aid for Scientific

Research (No. 09440231) and an International Scientific
Research Program (No. 09044093) from the Ministry of
Education, Science and Culture, Japan. Thanks are also due to
The Daiwa Anglo–Japanese Foundation and The British
Council for support.
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Fig. 2 (a) An ORTEP view of [Cu2Ni2(R)Cl2]Cl2·H2O and (b) its core
structure. Selected bond distances (Å) and angles (°): Cu–O(1) 1.972, Cu–
O(2) 1.978(9), Cu–(2) 1.93(1), Cu–N(3) 1.93(1), Cu–Cl(1) 2.563(4), Ni(1)–
O(1)* 2.068(9), Ni–O(2) 2.078(9), Ni–N(1)* 2.09(1), Ni–N(4) 2.08(1), Ni–
Cl(1) 2.451(4), Ni–Cl(1)* 2.471(4), Cu···Ni 3.375(3), Cu···Ni* 3.366(3),
Ni···Ni* 3.543(4); Cu–O(1)–Ni* 112.8(4), Cu–O(2)–Ni 112.6(5), Ni–
Cl(1)–Ni* 92.0(1), Cl(1)–Cu–O(1) 81.1(3), Cl(1)–Cu–O(2) 80.6(3), Cl(1)–
Ni–O(2) 81.5(3), Cl(1)–Ni–Cl(1)* 88.0(1), Cl(1)–Ni*–O(1) 81.6(3).
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The nickel-catalyzed coupling of a ruthenium ortho-chloro-
imine complex creates a new vacant bidentate binding site
suitable for generating higher nuclearity ruthenium com-
plexes.

Current interest in ruthenium dendrimers stems from their light-
harvesting properties.1 Enhanced ruthenium content is vital to
ascertain an increased probability of light absorption, however,
there are inherent difficulties in synthesizing large metal-
lodendrimers.2 One synthetically powerfully approach (com-
plexes-as-metals/complexes-as-ligands) calls for an iterative
protection/deprotection sequence, which consumes both time
and material.3 Another drawback to most systems is the slow
increase in metal ion content, which necessitates several more
steps to obtain dendrimers with high ( > 20) metal ion
content.2a,b In this work, we propose to create new binding sites
in metal complexes in order to rapidly increase ion content in
metallodendrimers. Previous work has demonstrated that ruthe-
nium complexes containing anionic ligands may be homo-
coupled,4 however, new chelating sites have never been created
and utilized for further metal complexation.

In our synthetic approach, a ligand (Fig. 1, a) containing a
bidentate binding site and an ortho-chloroimine site forms a
ruthenium complex by selectively complexing a metal ion with
octahedral coordination geometry in the free bidentate site of
the ligand (Fig. 1, b). The ortho-chloroimine site in b is then
coupled to create a new bidentate binding site (Fig. 1, c), which
may in turn bind to another metal ion (Fig. 1, d), form a
‘complex-metal’ [Fig. 1, e; cf., Ru(bpy)2Cl2], or give a closed
dendrimer (Fig. 1, f). Repeating the steps that lead to b and c on
the ‘complex-metal’ e will afford a new ‘complex-ligand’,
capable of forming large metallodendrimers. The total metal ion
content will grow more rapidly than with current approaches.3
Although many stereoisomers may exist, the differences in their
electrochemical and spectroscopic properties are not expected
to be great.5

Our first goal was to outline the conditions for the nickel-
catalyzed coupling reaction. Allowing 4-chloro-2,2A-bipyridine

(Clbpy) to react with Ru(bpy)2Cl2·2H2O gave monometallic
complex 1a in 92% yield.† Mixing 2 equivalents of 1a in DMF
with an in situ generated nickel catalyst6 gave dimetallic
complex 2a in 57% yield,† in which the newly formed
2,2A+4A,4B+2B,2Ú-quaterpyridine (qpy) ligand bridges two metal
centres.7

The absorption spectra (acetonitrile solution) of 1a and 2a are
dominated by ligand-centred (LC) transitions in the UV region
and metal-to-ligand charge-transfer (CT) transitions in the
visible region.‡ A small red shift is noted in the metal-to-ligand
CT band in 2a (465 nm) compared to 1a (448 nm) owing to the
greater extent of electron delocalization in the qpy bridging
(BL) compared to bpy. However, little electronic interaction
between the metal centres is revealed by cyclic voltammetry
(acetonitrile solution vs. SCE). Two chemically reversible
coincidental one-electron oxidations are centred at +1.24 V. A
reversible one-electron reduction at 21.12 V is followed by
three further reductions at 21.42, 21.56 and 21.65 V.

With the proper reaction conditions now available, our next
target ligand was 4-chloro-6-(2A-pyridyl)pyrimidine (ClPpy), as
metal complexation is favoured at the bidentate pyridylpyr-
imidine site rather than the ortho-chloropyrimidine site. Thus,
ClPpy was allowed to react with Ru(bpy)2Cl2·2H2O in ethanol–
water to afford red monometallic complex 1b in 79% yield.† It
is important to note that no protection/deprotection sequence
was required; the bidentate pyridylpyrimidine moiety is a better
binding site than the monodentate, sterically encumbered ortho-
chloropyrimidine site.

Fig. 1 Ligand a [e.g. 4-chloro-6-(2A-pyridyl)pyrimidine] contains a
bidentate and a monodentate binding site, and reacts with a metal ion to give
complex b. Homocoupling complex b creates a new bidentate binding site
in c, which may then form a trinuclear complex d, a ‘complex-metal’ e (cf.,
Ru(bpy)2Cl2), or a closed dendrimer f.
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In complex 1b, the Ru-to-BL CT band (480 nm) is lower in
energy than the Ru-to-bpy CT band (433 nm), as expected based
on earlier work with pyridylpyrimidines.8 The higher energy
UV region is dominated by LC p–p* transitions.9 The first one-
electron reduction is ascribed to the pyridylpyrimidine ligand
(20.92 V) and is followed by coincidental reductions of the two
bpy units (21.52 V).8 The metal-based oxidation (+1.38 V) is at
a slightly higher potential than that of Ru(bpy)3 (+1.26 V),
which is consistent with stabilized metal dp orbitals owing to the
presence of the electron deficient pyridylpyrimidine BL.

The addition of 1b to the Ni-catalyst in DMF6 gave the purple
binuclear complex 2b in 80% yield.†‡§ Thus, the sterically
hindered ortho-chloropyrimidine site in 1b has undergone C–C
coupling to give a bidentate diimine site. The Ru-to-BL CT
band undergoes a red shift to 554 nm as well as a slight blue shift
to 431 nm for the Ru-to-bpy CT band. The latter is expected
owing to the stabilization of the metal orbital due to better p-
backbonding with the extended BL. The former usually occurs
only on binucleation of the same heterocycle.8 In this case, the
electronic conjugation between the two heterocycles is en-
hanced owing to the trans-conformation of the pyrimidine
nitrogen lone pairs (N1p), which minimize N1p–N1p and C–
H…C–H repulsion, leading to a co-planar arrangement.10

The first two reductions (20.57 and 20.99 V) are ascribed to
the BL as the reduction of the bridging qpy in 2a occurs at
21.12 V. Subsequent reductions at bpy (21.49 and 21.78 V)
are in accord with reductions of bpy in diruthenium complexes
of diazine heterocycles.11 The metal-centred oxidations occur at
+1.42 V, with an anodic and cathodic separation of 120 mV,
indicative of metal–metal interaction rather than irreversibil-
ity.12

The effectiveness of our approach was confirmed by the
reaction of Ru(biq)2Cl2 (biq = 2,2A-biquinoline) with 2b, which
gave the green trinuclear complex 3 in 55% yield.† The effect of
binding the Ru(biq)2 unit into the central chelating site was
threefold: it introduced biq LC bands at 271, 360 and 380 nm,
a Ru-to-biq CT band at 567 nm and caused a red shift in the Ru-
to-BL CT out to 616 nm. These effects are similar to those
reported for the polynucleation of Ru(II)(2,3-dipyridylpyr-
azine)3 with three Ru(biq)2 units.13 The oxidation potential is as
expected for a linear trimetallic system; the external Ru centres
oxidize first (+1.58 V), followed by the central Ru centre.
However, the latter oxidation occurs outside of the solvent
potential window ( > +2.00 V) owing to the proximity  of two
Ru(III) ions and the stabilization of the metal dp orbital by
enhanced back-donation to biq.

The first reduction (+0.04 V) is ascribed to the bridging
ligand and is induced by the electron-accepting Ru(biq)2 unit.
The next BL reduction (20.38 V) occurs at a more positive
value than the first reduction potential of 2b. The next two one-
electron reductions (20.83 and 21.20 V) occur on the Ru(biq)2
unit as biq has a lower reduction potential than bpy.9 The next
two waves are two simultaneous one-electron reductions of the
external bpy units at 21.50 and 21.80 V. They are fully
reversible and follow what one would expect in a heteroligand
complex.9

Interestingly, the separation between the first and second
reduction potential of the bridging ligand in both 2b and 3 is
approximately the same. This suggests that the delocalized BL
orbital stays approximately the same ‘size’ in both 2b and 3.
Electron delocalisation appears to be as complete with or

without a metal ion, restricting rotation about the pyrimidine–
pyrimidine C–C bond.

In conclusion, we have introduced a powerful new method
for creating new binding sites for metal ions in polynuclear
complexes. This methodology is extendable to other types of
binding sites and metal ions. We are currently investigating the
formation of dendrimeric complexes by using 2b and analogues
as ‘complex-ligands’ as well as the photophysical properties of
these complexes.
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Singlet oxygen adds easily to a 1,3-diene 1, whose E–Z
double bond isomerization can not take place, to give a
mixture of stereoisomeric 1,4-endoperoxides 2 which rear-
ranges into a thermally stable 1,2-dioxetane 5 selectively on
heating in benzene.

Diels–Alder addition of singlet oxygen to certain 1,3-dienes has
been reported to give 1,4-endoperoxides with lack of ster-
eospecificity, for which two mechanisms have been proposed.
The first is a mechanism where E–Z double bond isomerization
of 1,3-diene proceeds under the reaction conditions and is
followed by a concerted Diels–Alder addition of singlet
oxygen.1 The second is a stepwise addition of singlet oxygen,
including participation of zwitterions, which causes isomeriza-
tion of the initial 1,3-diene unit prior to the intramolecular
cyclization.2 Although these two are crucially different from
each other (concerted or stepwise process), both mechanisms
include, in common, isomerization of the initial double bond in
the substrate followed by cyclization giving the endoperoxide.
However, there formally remain other pathway(s) for Diels–
Alder addition of singlet oxygen leading to a mixture of
stereoisomeric endoperoxides without any isomerization of the
initial double bond in a substrate; especially for the stepwise
mechanism, if the intramolecular attack of a peroxidic inter-
mediate such as peroxirane and zwitterion occurs onto both p-
faces of the remaining double bond, the Diels–Alder addition
would give a mixture of stereoisomeric endoperoxides (the third
mechanism). We report here an example of non-stereospecific
1,4-addition of singlet oxygen for which the third mechanism
would be the most advantageous. In addition, we report a unique
rearrangement of the resulting 1,4-endoperoxides which occurs
simply on heating without any catalyst to yield thermally stable
1,2-dioxetanes exclusively.

In the course of our investigation on the design of highly
efficient chemiluminescent substrates, we attempted to examine
the singlet oxygenation of N-benzyl-4-(4-tert-butyl-3,3-dime-
thyl-2,3-dihydrofuran-5-yl)-2-pyridone 1a. When a pyridone 1a
(100 mg) was irradiated together with a catalytic amount of
tetraphenylporphin (TPP) in dichloromethane (5 mL) with a 940
W Na-lamp at 278 °C, singlet oxygenation proceeded smoothly
(1 h) to give a 65+35 mixture of stereoisomeric 1,4-endoper-
oxides 2a exclusively (Scheme 1).† The mixture was separated
into cis-2a (major isomer, colorless granules, mp
127.0–128.0 °C) and trans-2a (minor isomer, colorless oil) by
silica gel chromatography. These two endoperoxides were
characterized by 1H and 13C NMR, 1H–1H COSY, 13C–1H
COSY, NOE, IR and mass spectral analysis.‡ It should be noted
that little isomerization between cis- and trans-2a was observed
under the reaction conditions and even at higher temperature.
The parent pyridone 1b and N-methyl analog 1c were similarly
oxygenated to give the corresponding mixture of isomeric
endoperoxides 2b and 2c, respectively, though these mixtures
could not be separated into pure isomers. These results provide
the first example wherein singlet oxygenation of a 1,3-diene

gives a mixture of stereoisomeric 1,4-endoperoxides though
neither of the carbon–carbon double bonds of the diene system
can undergo E–Z isomerization.

The rather simple 1,3-diene, (E,E)-hexa-2,4-diene (E,E-3)
undergoes stereospecific 1,4-addition of singlet oxygen to give
a cis-endoperoxide (cis-4), whereas singlet oxygenation of
(E,Z)-hexa-2,4-diene (E,Z-3) affords a mixture of cis-4 (main
product) and its trans-isomer (trans-4).1,2 Gollnick has sug-
gested that the (E,Z)-diene isomerizes to the (E,E)-isomer prior
to the concerted 1,4-addition of singlet oxygen as shown in
Scheme 2,1 and his suggestion has very recently been supported
by Motoyoshiya et al. who have observed a similar phenome-
non for the sensitized photooxygenation of 1-arylpenta-
1,3-dienes.3 On the other hand, O’Shea and Foote have
suggested that the non-stereospecific endoperoxide formation
from E,Z-3 is most likely rationalized by the formation of a
zwitterion which causes the isomerization leading to the cis-
endoperoxide (cis-4) as shown in Scheme 3.2 However, neither
mechanism would apply to the present oxygenation of 1 giving
2 without any revision, since no E-Z double bond isomerization
and only s-cis–s-trans isomerization can occur for the fur-
anylpyridones 1.

The concerted Diels–Alder reaction of singlet oxygen with 1
would give only cis-2 so that this mechanism should be ruled
out for the reaction giving trans-2, though trans-2 could be
formally produced by an antarafacial attack of singlet oxygen.
Thus, a stepwise mechanism should be considered to rationalize

Scheme 1

Scheme 2
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the present non-stereospecific 1,4-addition of singlet oxygen.
Since no E–Z isomerization of the double bond in pyridone and
dihydrofuran rings can occur for 1, the isomerization of an
intermediary zwitterion as in Scheme 3 can not proceed. The
most likely explanation is that the initially formed peroxirane or
zwitterion attacks the remaining double bond of the starting
1,3-diene from both p-faces. This process should be operable
when two ethylene units of the 1,3-diene lie far from apart in the
same plane as illustrated in Scheme 4 in which a peroxirane
intermediate is adopted for convenience. Such structure of a
1,3-diene system is most likely feasible for 1 because of steric
repulsion between the pyridone ring and a tert-butyl group in
the dihydrofuran ring.§ Although singlet oxygen attacks
possibly in the first step to a double bond of the pyridone and/or
the double bond of dihydrofuran for 1, the initial addition of
singlet oxygen to the former may be more likely since the
addition to the latter may lead more or less to a dioxetane as in
the case of 4-tert-butyl-3,3-dimethyl-2,3-dihydrofurans bearing
an aryl4 or a styryl group5 at the 5-position.

Although endoperoxides cis and trans-2a were not iso-
merized to each other, both endoperoxides changed gradually
into a dioxetane 5a even at room temperature. On heating in hot
benzene, 2a was transformed selectively into 5a (colorless
needles, mp 114.0–115.0 °C)¶ which was stable enough for
handling at room temperature though it decomposed into a
ketoester 6a in hot toluene (Scheme 5). It should be noted that
the thermolysis of 5a (90 °C, toluene) gave light (lmax = 411
nm) whose spectrum was in good agreement with the fluores-
cence spectrum of 6a. Both reaction rates for isomerization of
endoperoxide 2a to 1,2-dioxetane 5a and for decomposition of
dioxetane 5a to ketoester 6a followed first-order kinetics. Thus,
these reaction rates were measured in toluene-d8 at various
temperatures by 1H NMR spectroscopy, and their activation

parameters were estimated from Arrhenius plots as summarized
in Table 1, which shows that dioxetanes 5a are far more stable
than endoperoxides 2a. The other endoperoxides 2b and 2c
rearranged thermally also into the corresponding dioxetanes 5b
and 5c, whose thermolysis gave ketoesters 6b and 6c,
respectively. Free energies of activation (DG‡/kcal mol21) for
these peroxides were also estimated as follows; 2b: 24.3–24.4,
2c: 24.4–24.7, 5b: 27.1 and 5c: 28.4.

Various 1,4-endoperoxides have been known to undergo
acid-catalyzed decomposition to carbonyl fragments, pre-
sumably through 1,2-dioxetanes, whose spectroscopic identi-
fication and/or isolation has not been achieved in most cases.
Schaap et al. have reported a successful spectroscopic identi-
fication of a dioxetane formed by the rearrangement of
endoperoxide, and suggested that the relatively unstable
dioxetane as a chemiluminescent substrate can be ‘stored’ as a
precursor endoperoxide and generated when needed.6 In
contrast, the present dioxetanes 5 are far more stable than
endoperoxides 2 so that they can be stored as such rather than be
regarded as precursors.

Notes and references
† Similar singlet oxygenation of 1a at 0 °C gave a 57+43 mixture of cis and
trans isomers of 2a.
‡ Selected data: for cis-2a: dH(500 MHz, CDCl3) 1.11 (s, 3H), 1.15 (s, 9H),
1.25 (s, 3H), 3.81 (d, J 8.2 Hz, 1H), 4.41 (d, J 15.1 Hz, 1H), 4.45 (d, J 8.2
Hz, 1H), 4.82 (d, J 15.1 Hz, 1H), 5.13 (d, J 2.3 Hz, 1H), 5.59 (d, J 5.7 Hz,
1H), 6.95 (dd, J 5.7 and 2.3 Hz, 1H), 7.16–7.20 (m, 2H), 7.28–7.38 (m, 3H);
dC(125 Hz, CDCl3) 18.1, 24.9, 26.4, 36.5, 45.3, 47.0, 78.1, 80.6, 82.6,
106.0, 113.1, 128.1, 128.2, 129.0, 134.9, 135.1, 138.3, 167.4; MS (m/z, %)
369 (M+, 46), 325 (4), 313 (9), 285 (12), 284 (16), 230 (33), 212 (60), 91
(100).

For trans-2a: dH(500 MHz, CDCl3) 1.11 (s, 3H), 1.12 (s, 9H), 1.28 (s,
3H), 3.79 (d, J 8.2 Hz, 1H), 4.31 (d, J 15.4 Hz, 1H), 4.49 (d, J 8.2 Hz, 1H),
5.06 (d, J 15.4 Hz, 1H), 5.23 (d, J 2.3 Hz, 1H), 5.61 (d, J 5.5 Hz, 1H), 6.93
(dd, J 5.5, 2.3 Hz, 1H), 7.19–7.23 (m, 2H), 7.30–7.39 (m, 3H); dC(125 Hz,
CDCl3) 18.0, 24.8, 26.7, 36.3, 45.3, 46.9, 78.8, 80.7, 83.2, 105.7, 113.4,
128.0, 128.3, 129.1, 134.5, 135.2, 138.2, 167.0; MS (m/z, %) 369 (M+, 47),
313 (10), 285 (13), 284 (17), 230 (35), 212 (63), 91 (100).
§ An MM2 calculation suggested that the torsion angle between the
pyridone ring and the dihydrofuran ring in 1a was 73.4° at the most stable
conformation.
¶ Selected data for 5a: dH(500 MHz, CDCl3) 1.08 (s, 9H), 1.13 and 1.31 (2
s, 6H), 3.80 (d, J 8.3 Hz, 1H), 4.54 (d, J 8.3 Hz, 1H), 5.09 (d, J 14.4 Hz, 1H),
5.20 (d, J 14.4 Hz, 1H), 6.32 (dd, J 7.4, 1.8 Hz, 1H), 6.94 (d, J 1.8 Hz, 1H),
7.23–7.38 (m, 6H); dC(125 Hz, CDCl3) 18.2, 24.9, 27.0, 36.7, 45.5, 51.8,
80.7, 105.3, 105.7, 114.7, 121.4, 128.1, 128.1, 129.0, 135.9, 136.7, 147.8,
161.9; MS (m/z, %) 369 (M+, 51), 337 (M+2O2, 2), 313 (11), 230 (39), 212
(71), 185 (15), 91 (100).
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Table 1 Thermal rearrangement of 1,4-endoperoxides 2a to 1,2-dioxetanes
5a and thermal decomposition of 5a to ketoesters 6aab

Peroxide
DH‡/kcal
mol21

DS‡/cal K21

mol21
DG‡/kcal
mol21 t1/2 (25 °C)/yr

cis-2a 29.8 13.9 25.7 0.07
trans-2a 29.1 11.9 25.5 0.05
5a 26.2 29.5 29.1 19.6
a Rearrangement of 2a to 5a was carried out in toluene-d8 at 40–60 °C,
whereas decomposition of 5a to 6a was performed in toluene-d8 at
90–110 °C. b For all the Arrhenius plots, r > 0.999.
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A new type of poly(phenylene vinylene)–polyacrylamide
copolymer has been synthesized by a modified sulfonium
precursor route; the obtained copolymer is composed of
hydrophobic PPV conjugated blocks and hydrophilic poly-
acrylamide segments; these two parts show strong phase
separation and produce a multiphase structure in the solid
state.

Some of the most promising candidates for the active layer in
organic light-emitting diodes (LEDs) are polymers derived
from poly(phenylene vinylene) (PPV).1–5 Fully conjugated PPV
derivatives often show low luminescent efficiencies owing to
non-radiative decay resulting from the movement of excitons to
quenching centers.6,7 Exciton confinement can be achieved by
preparing a polymer with low HOMO–LUMO gap energy
blocks in between high ones. Therefore, attention has been paid
to synthesizing conjugated/non-conjugated PPV derivatives.
One way to realize this structure is to interrupt the conjugation
of the polymer at short intervals with non-conjugated segments
by sample modification during PPV synthesis.8,9 Another way
to obtain a polymer with well defined fluorescent units makes
use of a Wittig condensation of an arylene bisphosphonium salt
with a spacer containing bis(benzaldehyde).10–12

Recently, we found a new method for the synthesis of such
copolymers. Our method originated from investigating the
mechanism in the sulfonium precursor route (SPR) to PPV
derivatives established by Wessling and Zimmerman.13,14 We
observed what happened when water-soluble monomer acryl-
amide (Am) was added in the polymerization of bis(sulfonium)
compound 1 in an aqueous system, and found that copoly-
merization occurred in which the p-quinodimethane inter-
mediate 2 might act as both monomer and free radical initiator.
Scheme 1 outlines the process of the formation of PPV/
polyacrylamide copolymers. Obviously, this copolymerization
strongly supports a free radical mechanism for SPR. In fact, the

copolymerization proceeds so well that the color of the product
can be tuned by the feed ratio of two monomers. In other words,
the conjugated length of the PPV blocks is shortened by the
incorporation of polyacrylamide (PAm) segments in between.
Furthermore, this kind of copolymerization also offers an
opportunity to prepare amphiphilic polymers which may be
very useful for self-assembly into ultrathin films and nano-
composites.

The copolymers were synthesized through the following
procedure: under vigorous stirring and nitrogen atmosphere, a
solution of bis(sulfonium) salt 1 (1.04 g, 2 mmol) in MeOH (10
ml) was added dropwise to a solution of acrylamide and NaOH
(0.08 g, 2 mmol) in 25 ml of water. The temperature was kept
at 0 °C for 1 h. Then additional aqueous NaOH (0.5 M, 10 ml)
was added, and the reaction mixture was heated to 60 °C for
another hour. An orange precipitate was obtained and filtered
off. After washing well with water and MeOH, the product was
dried in vacuo. When the amount of acrylamide exceeded 20 g
the produced copolymer was water-soluble. The polymer was
purified by dialyzing against water for three days (3 3 1000 ml)
to remove unreacted monomers and some acrylamide homo-
polymer (polymers with molecular weight of less than 12 000
were removed). The final solution was poured into a large
amount of MeOH, and a pale yellow polymer was obtained and
washed with refluxing MeOH and then dried in vacuo. Except
for the water-soluble copolymer, the other polymers show poor
solubility in solvents such as THF and DMF, probably owing to
hydrogen bonding between amide groups. However, they are
partially soluble in CHCl3, which allows the photoluminescence
(PL) spectra to be obtained. Such a low solubility, however, is
not sufficient for GPC measurements. Therefore we focused our
attention on the viscosity of the water-soluble copolymer at
various concentrations and the GPC result obtained in aqueous
solution. The composition of the copolymers were calculated
according to the amount of nitrogen obtained by elemental
analysis.

Table 1 summarizes the results of copolymerizations for
different concentrations of acrylamide. With an increase in the
amount of acrylamide in the reaction system, the weight
percentage of PAm segments in the copolymers increase, while
the product changes from red to pale yellow, and the PL peak
shifts from 550 nm (yellow) to 509 nm (green). All these data
showed that the conjugation length of the PPV block became
shorter as more Am units were inserted into the polymer chain.
However, even when a large excess of acrylamide was added to
the reaction system, we failed to produce a copolymer with
sufficiently short conjugated lengths of PPV blocks to produce
blue luminescence. It seems that the present copolymerization is
quite different from those in traditional free radical copoly-
merizations for vinyl monomers. The p-quinodimethane inter-
mediate 2 shows a strong tendency to undergo homopolymer-
ization even under very dilute concentrations and in the
presence of a large excess of Am. The FTIR spectra of all the
prepared copolymers support the structure of copolymer
suggested. Peaks characteristic of PPV blocks such as at 1203
cm21 (C–O stretching), 2961 cm21 (C–H stretching of CH3)
and 970 cm21 (C–H bending of trans vinylene) can be clearlyScheme 1
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observed. Signals from PAm segments including at 3400 cm21

(wide band, N–H stretching of amide) and 1669 cm21 (CNO
stretching of amide) also appear in the spectra.

Fig. 1 shows the viscosity of the water-soluble copolymer and
pure PAm measured at different concentrations in water at
30 °C; hr is the relative viscosity using water as a reference. The
insert is an enlarged plot for the copolymer at very low
concentration. For both polymers, the value of lnhr/C increases
sharply as the concentration of polymer approaches zero.
Obviously, the viscosity of the copolymer is higher than that of
PAm at any concentration. By extrapolation of lnhr/C to C = 0,
it is seen that the intrinsic viscosity of the copolymer ([h] = 700
dL g21) is 24 times as high as that of PAm ([h] = 28 dL g21).
According to the formula [h] = KMha (K = 6.31 3 1023, a =
0.80, T = 30 °C),15 Mh of PAm is calculated as 3.46 3 104.
Owing to the absence of a relationship between Mh and [h], an
exact value of Mh of the copolymer could not be obtained. We
also studied Mw of the two polymers by GPC using sulfonated
polystyrene as a standard in aqueous medium. The result
showed that Mw of PAm and the copolymer were 4.12 3 104

and 9.67 3 104, respectively, with a PDI of 2.13 and 2.74,
respectively. If we calculate the Mh of the copolymer using the
relation KMha, the result is 2 3 106, much higher than Mw of the
copolymer measured by GPC. The above result confirmed that
a high molecular weight copolymer was produced by copoly-
merization. The extraordinarily high viscosity of the copolymer
may well be due to the presence of rod-like and alkyl chain-
bearing PPV blocks which can aggregate with each other and
form hydrophobic domains in aqueous medium. These domains
are dispersed in solution and act as solid particles, or on the
other hand, as physically cross-linking joints which link PAm
segments to form a network and therefore considerably lower
the mobility of the polymer solution. A multiphase structure in
the solid state was revealed by TEM observation after
hydrolysis of the copolymer in KOH solution and then treating
with BaCl2. Barium ions were introduced to increase the
contrast of the two microphases in electron transmission. Fig. 2
is a TEM photograph of the Ba2+-modified copolymer which
can be denoted as poly[2,5-bis(heptyloxy)phenylene vinylene-
co-Ba(acrylate)2]. The light regions correspond to the hydro-
phobic domains occupied by PPV blocks, while the dark regions
correspond to the hydrophilic phase mainly composed of
poly[Ba(acrylate)2] segments. The size of these domains is in

the range of several nanometers. Since the conjugated and non-
conjugated blocks are randomly arranged in the copolymer the
formed multiphase structure is disordered. The above two
results indicate that the copolymer has a rod/coil structure in
which the two different units are not statistically distributed
along the main chain.

This work was supported by National Science Foundation in
China.
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Table 1 Results of copolymerizations using various amounts of acrylamide

Sample Acrylamide/g

Weight of
polymer
obtained/g Colour

PAm segemnt
(wt%)

Solubility
(in CHCl3) lmax (PL) (CHCl3)/nm

1 0 0.76 Red 0 Soluble 550 (lex = 420 nm)
2 5 1.05 Red–orange 38 Slightly soluble 542 (lex = 420 nm)
3 10 1.58 Orange 47 Slightly soluble 536 (lex = 420 nm)
4 15 2.46 Yellow 64 Slightly soluble 524 (lex = 420 nm)
5 20 3.85 Pale yellow 82 Water-soluble 509 (H2O) (lex = 400 nm)

Fig. 1 The dependence of lnhr/C on the concentration of polyacrylamide
(2) or copolymer (5) in water at 30 °C.

Fig. 2 TEM image of poly[2,5-bis(heptyloxy)phenylene vinylene-co-
Ba(acrylate)2]. The white bar corresponds to 20 nm.
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Volatile, thermally robust 1,1-dimethylhydrazidogallane,
[H2GaN(H)NMe2]2 1 has been synthesized from the reaction
of H3Ga(NMe3) with H2NNMe2, whereas reaction of com-
pound 1 with an excess of H2NNMe2 at elevated temperature
afforded a gallium hydrazide derivative, Ga4[N(H)N-
Me2]8(NNMe2)2 2, which possessed a novel structure of two
Ga2N2 rings bridged by NNMe2 groups.

Gallium hydride derivatives with direct Ga–N bonds are
attractive single-source precursors to gallium nitride. Two main
advantages of these compounds over conventional precursors,
such as trimethylgallium and triethylgallium, which are ex-
tensively used in MOCVD processes, are minimization of
carbon contamination and reduction of deposition temperatures.
We1,2 and others3,4 have reported that compounds with the
above features, (H2GaNH2)3 and (H2GaN3)n, formed nano-
crystalline GaN or GaN films at low temperatures. Related
triazidogallium derivatives have also produced GaN nano-
particles.5 Here, we report the syntheses and structures of a
volatile, thermally robust dimeric 1,1-dimethylhydrazidogall-
ane, [H2GaN(H)NMe2]2 1, and a gallium hydrazide derivative
with two Ga2N2 rings bridged by NNMe2 groups, Ga4[N(H)N-
Me2]8(NNMe2)2 2.

Hydrazine and 1,1-dimethylhydrazine have been used in
conjunction with trialkyl-aluminum and -gallium compounds as
alternative nitrogen sources replacing NH3 for the preparation
of AlN and GaN.6–8 Several related group 13 hydrazide
derivatives have been structurally characterized, including
dimeric [Me2GaN(H)N(H)Ph]2,9 [Et2GaN(H)NPh2]2

10 and
[Me2AlN(H)NMe2]2,11 a compound with a ladder-type struc-
ture, Al4[N(H)NMe2]6(NNMe2)4,12 and a compound with a
Ga4N8 cage structure, [MeGaN(H)NPh]4.9

Compound 113 was obtained nearly quantitatively as a white
crystalline solid after removal of the volatiles from the reaction
of H3Ga(NMe3) in excess H2NNMe2 at room temperature for 2
days (Scheme 1). Having an appreciable volatility (ca. 0.07

Torr) at room temperature, colorless crystals were obtained by
sublimation at 55 °C under nitrogen (1 atm). Compound 1
melted at 62 °C and remained a stable liquid up to 90 °C. When
heated at higher temperatures, compound 1 decomposed to
gallium metal. These results suggested that compound 1 is
potentially a clean precursor for deposition of gallium-
containing films. The chemical ionization mass spectroscopic
data of 1 were in good agreement with the formula of
[H2GaN(H)NMe2]2 ([M + H]+, m/z 261.0, 100%). Two strong
nGa–H (KBr pellet) absorptions at 1897 and 1912 cm21 and two
nN–H absorptions at 3099 (broad) and 3145 (sharp) cm21 were
observed. Two singlets at d 2.11 (sharp) and 2.35 (broad) in the
1H NMR spectrum were assigned to N–H groups with the total
integration of 2 H. The hydrides appeared as a broad resonance
at d 5.21. The presence of two N–H groups indicated the
existence of a second isomer in solution. The ratio of the
intensity of the d 2.11 to the d 2.35 resonances increased from
0.66 at 21 °C to 0.77 at 50 °C.

The molecular structure of 114 (Fig. 1) was dimeric with a
planar Ga2N2 core and a trans arrangement of the NMe2
substituents. Along the z axis intermolecular hydrogen bonds
were found between N(1) and N(2) of the neighboring molecule
[N(1)…N(2) 3.238(7) Å, N(1)–H(1N)…N(2) 167(5)°]. The
atoms N(3) and N(4) were not involved in hydrogen bonding.
The hydrides were located on the difference Fourier map, and
the only restraint applied in their refinement was to set similar
the Ga–H bond lengths to the corresponding gallium atoms.

As also shown in Scheme 1, compound 213 was obtained by
refluxing the solution of compound 1 in H2NNMe2 for 4 days,
followed by removal of volatiles and recrystallization from
hexanes (63% yield based on gallium). The 1H NMR spectrum
of compound 2 was consistent with the solid state strtucture14

(Fig. 2); the two unusual downfield shifts (d 5.11 and 5.57) were
assigned to two N–H bonds involved in hydrogen bonding (vide
infra).

Scheme 1

Fig. 1 Structure of 1 showing 50% thermal ellipsoids. Hydrogen atoms in
the methyl groups are omitted for clarity. Selected bond distances (Å) and
angles (°): Ga(1)–N(1) 1.991(5), Ga(1)–N(3) 2.017(5), Ga(1)–H(1G)
1.51(3), Ga(2)–N(1) 1.997(5), Ga(2)–N(3) 2.024(6), N(1)–N(2) 1.454(7),
N(3)–N(4) 1.449(7); N(1)–Ga(1)–N(3) 87.3(2), N(1)–Ga(2)–N(3) 86.9(2),
Ga(1)–N(1)–Ga(2) 93.6(2), Ga(1)–N(3)–Ga(2) 92.1(2).
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An inversion center correlated the two halves of the molecule
2, which were connected by bridging NNMe2 ligands and an
intramolecular hydrogen bond between N(3) and N(2A). The
distance N(3)…N(2A) was 3.214(5) Å and the angle N(3)–
H(3N)…N(2A) was 174.8°. An additional intramolecular
hydrogen bond was found between N(1) and N(8) [3.175(5) Å,
120.1°]. Each Ga2N2 ring adopted a sightly twisted shape with
the gallium ends bending toward and the nitrogen ends away
from the inversion center. The torsion angle N(3)–Ga(2)–N(1)–
Ga(1) was 8.0(2)°. The four gallium atoms [Ga(1), Ga(2),
Ga(1A) and Ga(2A)] and the two bridging nitrogen atoms [N(5)
and N(5A)] were essentially on the same plane. The atom N(5)
adopted a trigonal planar geometry with the sum of the angles
being 360.0°. This suggested delocalization of the lone pair
electrons of the nitrogen to the two adjacent gallium atoms,
however, the bond lengths N(5)–Ga(1) [1.847(3) Å] and N(5)–
Ga(2A) [1.860(3) Å] were not unusual for covalent Ga–N
bonds.15 With the exception of N(5)–N(6) [1.461(3) Å], the N–
N bond lengths ranged from 1.402(4) to 1.427(4) Å, shorter than
those in compound 1 [1.449(7) and 1.454(7) Å], [Et2-
GaN(H)NPh2]2 [1.457(8) and 1.446(8) Å] and [MeGa-
N(H)NPh]4 [1.489(3) Å].

This work is supported by a grant from the National Science
Foundation (CHE-9616501). We also thank Drs Victor G.

Young, Jr. and Maren Pink for their assistance in the X-ray
diffraction experiments.
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A series of Mn porphyrins bearing one to eight b-nitro
substituents were synthesized in high yield in three steps by
using a new general method for selective nitration of a
Zn(meso-tetraarylporphyrin); this Mn porphyrin series ex-
hibits a remarkably wide span of Mn(III)/Mn(II) redox
potentials from 2290 to + 1150 mV (vs. SCE), and the Mn
porphyrins bearing one to five b-nitro groups are partic-
ularly good catalysts for hydroxylation of aromatic com-
pounds with H2O2, with yields up to 98, 83, 80 and 12%,
respectively for anisole, naphthalene, acetanilide and
ethylbenzene.

Cytochrome P450-dependent monooxygenases very efficiently
catalyze the epoxidation of alkenes, the hydroxylation of
alkanes and of aromatic rings, as well as N- or S-oxidations by
O2 or oxygen atom donors.1 Three successive generations of
Fe(III) and Mn(III) porphyrins have been developed during the
last fifteen years as catalysts mimicking cytochrome P450
chemistry.2 Several systems based on such Fe(III) or Mn(III)
porphyrins were found to be very efficient for alkene epoxida-
tion with quantitative yields and high turnover numbers, and for
alkane hydroxylation with satisfactory yields.2 Reproducing the
P450-dependent selective hydroxylation of aromatic rings
appears to be more difficult, presumably because of the very
easy further oxidation of the expected phenol products in the
medium. In fact, systems using strong oxidants such as PhIO
that directly react by themselves with phenols generally led to
low hydroxylation yields.3 The best reported aromatic hydrox-
ylation yields with these systems have been obtained with
H2O2, a milder oxidizing agent.3c,d,f However, even these H2O2-
dependent systems only led to hydroxylation yields of between
10 and 60% for the most reactive aromatic molecules. Some of
the best reported yields were obtained with H2O2 in the presence
of Mn(III) porphyrins bearing several electron-withdrawing
substituents.3d

Based on these data, it appeared to us that it would be
interesting to compare the abilities of Mn-porphyrins bearing
one to eight b-nitro substituents as catalysts for aromatic
hydroxylation with H2O2. We have recently reported4 the
synthesis of a Mn b-heptanitroporphyrin and showed that the
redox potential of this Mn-porphyrin is more than 1 V higher
than that of Mn(TDCPP).5 Much more recently, we have
succeeded in finding a new general method for selective
nitration of Zn(TDCPP) which affords a full series of Zn
porphyrins bearing one through to eight b-nitro groups in high
yield. Here we report that some of the corresponding Mn
complexes are particularly good catalysts for the hydroxylation
of aromatic compounds with H2O2.

Scheme 1 shows the procedure used for preparing the eight
Mn-porphyrins, Mn(TDCPNxP) with (1 @ x @ 8), from
Zn(TDCPP). Titration of Zn(TDCPP) with increasing amounts
of HNO3–CF3SO3H–(CF3SO2)2O selectively afforded the eight
compounds of the Zn(TDCPNxP) series with yields between 50
and 95%. All compounds of the Zn(TDCPNxP) and
TDCPNxPH2 series were fully characterized by elemental
analysis and UV–VIS, 1H NMR spectroscopy and mass

spectrometry. Their detailed synthesis and characteristics will
be published elsewhere.

Preparation of the corresponding Mn complexes was per-
formed by reaction of Mn(OAc)2 with the free bases
TDCPNxPH2. Insertion of Mn(II) was increasingly easier as the
number of NO2 substituents increased. For instance, insertion of
Mn(II) in TDCPPH2 required several hours reaction at 153 °C in
DMF, whereas insertion in TDCPN5PH2 was complete within a
few minutes at 20 °C in CHCl3–CH3OH (80+20). After
purification by column chromatography and treatment with
gaseous HCl in aerobic CH2Cl2, the Mn-porphyrin complexes
bearing between one and four b-nitro groups exhibited UV-VIS
spectra characteristic of Mn(III)Cl porphyrins with a red-shifted
Soret peak around 490 nm (482, 487, 493 and 498 nm for x =
1, 2, 3 and 4, respectively) and a smaller peak around 400 nm.
Their mass spectra (MALDI) showed molecular peaks appear-
ing as isotopic clusters identical to those simulated for
Mn(TDCPNxP)Cl, and major peaks corresponding to
Mn(TDCPNxP). Above x = 4, the Mn(TDCPNxP) compounds
mainly exist as Mn(II) complexes. For x = 5, even treatment
with HCl in aerobic CH2Cl2 led to a mixture of Mn(II)
(TDCPN5P) and Mn(III) (TDCPN5P)Cl. For x = 6, 7 and 8, it
was only possible to isolate the Mn(II) (TDCPNxP) complexes,
which showed a single Soret peak at 466, 467 and 468 nm,
respectively, and molecular peaks by mass spectrometry
(MALDI) corresponding to Mn(TDCPNxP). The existence of
these electron-poor Mn porphyrins as Mn(II) complexes is not
surprising; similar behavior was previously reported for b-
polyhalogenated Mn-porphyrins6 and for Mn(TDCPN7P) it-
self.4 This is also easily explained if one considers the high
redox potentials (vs. SCE) found for the Mn(III)/Mn(II) couple
which vary from +750 mV for x = 5 to + 1150 mV for x = 8.
In fact, the Mn(TDCPNxP) series with x = 1–8 exhibits a
remarkably wide span of Mn(III)/Mn(II) redox potentials that
range from 2290 to +1150 mV (vs. SCE in 0.1 M NBu4PF6–
CH2Cl2). The oxidation states of the Mn complexes were
clearly established on the basis of their UV-VIS and EPR
spectra and of their electrochemical properties.

The ability of these Mn-porphyrin complexes to act as
catalysts for the hydroxylation of aromatic compounds with
H2O2 was studied in the presence of a cocatalyst, ammonium

Scheme 1
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acetate, that was previously described to give good results for
the Mn porphyrin-catalyzed transfer of an oxygen atom of H2O2
to various hydrocarbon substrates.7 Thus, Mn(TDCPP)Cl
catalyzed the hydroxylation of anisole to para- and ortho-
hydroxyanisole with 60 and 4% yields based on starting H2O2
when anisole was used in large excess relative to H2O2. From
various ammonium carboxylates that have been tested as
necessary cocatalysts for that reaction, ammonium mandelate
gave the best hydroxylation yields. The latter cocatalyst was
thus used in our comparison of the various Mn-porphyrins
(Table 1). Interestingly, Mn(TDCPN1P)Cl led to markedly
higher yields of anisole hydroxylation with an almost quantita-
tive use of H2O2 for formation of 90% and 7% para- and ortho-
hydroxyanisole respectively. Mn(TDCPN2P)Cl and
Mn(TDCPN3P)Cl also gave very high total yields based on
H2O2 and were recovered unchanged at the end of the reaction
(ca. 50 turnovers under the used conditions). With more b-nitro
substituents, the hydroxylation yields greatly decreased from
79% with Mn(TDCPN4P)Cl to < 2% with Mn(TDCPN8P).
Similar results were observed for hydroxylation of naphthalene,
the best total yield of formation of a- and b-naphthols being
maximum (83%) for Mn(TDCPN2P)Cl (Table 1). Interestingly,
the regioselectivity slightly changed upon increasing the
number of b-nitro substituents [a+b ratio from 12 with
Mn(TDCPP)Cl to ca. 6 for Mn(TDCPN7P)]. The most
spectacular results were observed in the case of ethylbenzene.
Its Mn(TDCPP)Cl catalyzed oxidation with H2O2 exclusively
led to products arising from hydroxylation of its very reactive
benzylic position, 1-phenylethanol and acetophenone. Upon
introduction of an increasing number of b-NO2 substituents on
the catalyst, para- and ortho-hydroxyethylbenzene were formed
in significant amounts and the aromatic hydroxylation yield
increased up to 12% for x = 4; then it markedly decreased for
x > 5. Thus, the aromatic hydroxylation/benzylic hydroxylation
ratio reaches maximum values ca. 30% for x = 3–5.

The above results illustrate the particular efficiency of Mn-
porphyrins bearing between one and four b-nitro substituents
for hydroxylation of aromatic molecules with H2O2 in the
presence of an NH4CO2R cocatalyst. By a proper choice of the
Mn catalyst it is possible to hydroxylate anisole and naph-
thalene, used in excess relative to H2O2, with yields (based on
H2O2) up to 98 and 83%, respectively. Even ethylbenzene, that
has a very reactive benzylic position, was hydroxylated at its

aromatic ring with yields up to 12%. Another aromatic
compound bearing an electron-donating substituent, acet-
anilide, was hydroxylated with the Mn(TDCPN2P)Cl–H2O2–
ammonium mandelate system, affording p-hydroxyacetanilide
in 80% yield. Benzene itself or aromatic compounds bearing
electron-withdrawing substituents were much poorer substrates,
and lead to phenol yields < 5%.

The origin of the particular efficiency of Mn(TDCPNxP)Cl
catalysts, with x = 1–4, for hydroxylation of electron-rich
aromatic compounds with H2O2, and of the changes observed in
the regioselectivity of these hydroxylations as a function of x
(Table 1) is currently under investigation. It is likely that the
lower activities of Mn catalysts with x = 5–8 are due to their
pronounced tendency to exist in the Mn(II) state.
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Table 1 Hydroxylation of aromatic compounds with H2O2 in the presence of Mn b-polynitroporphyrins and ammonium mandelatea

Substrate Anisole Naphthalene Ethylbenzene

Products p-OH o-OH
Total
yield (%) a-OH b-OH

Total
yield (%)

PhCHOH-
CH3 PhCOCH3 p-OH o-OH

p-OH +
o-OH

arom./
benz. (%)

Mn(TDCPP)Cl 67 6 73 62 5 67 20 22 < 1 < 1 < 2 < 5
Mn(TDCPNP)Cl 90 7 97 72 7 79 23 15 2 1 3 8
Mn(TDCPN2P)Cl 88 8 96 75 8 83 27 15 2 1 3 7
Mn(TDCPN3P)Cl 88 10 98 61 8 69 21 14 6 3 9 26
Mn(TDCPN4P)Cl 71 8 79 43 6 49 26 15 8 4 12 29
Mn(TDCPN5P) 32 5 37 39 5 44 22 5 6 4 10 37
Mn(TDCPN6P) 7 1 8 20 3 23 7 12 < 1 < 1 < 2
Mn(TDCPN7P) 5 < 1 5 18 3 21 4 24 < 1 < 1 < 2
Mn(TDCPN8P) < 1 < 1 < 2 1 < 1 1 1 5 < 1 < 1 < 2
a Conditions: Mn-porphyrin+H2O2+cocatalyst ratio = 1+50+20, [Mn-porphyrin] = 2 mM in CH2Cl2–CH3CN (1+1), 2 h at 20 °C in the presence of substrate
in excess; substrate/catalyst = 3000, 1600 and 500 for anisole, ethylbenzene and naphthalene, respectively. Yields (%) are based on H2O2; p-OH and o-OH
represent para- and ortho-hydroxylated products; arom./benz. is the ratio (%) between aromatic hydroxylation and benzylic oxidation products derived from
ethylbenzene.
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The vapor phase Beckmann rearrangement of cyclohex-
anone oxime has been studied using a novel tantalum
pillared-ilerite as catalyst: the cyclohexanone oxime conver-
sion rate reaches 97.1% and the selectivity for e-caprolactam
is up to 89.1% at 350 °C.

Sulfuric acid as a catalyst plays an essential role in the industrial
mass production of e-caprolactam, a raw material for nylon-6.
However, it poses significant environmental and operational
problems such as generating undesirable salt and causing
equipment corrosion. To overcome these problems, a number of
heterogeneous catalysts for the vapor phase Beckmann re-
arrangement of cyclohexanone oxime have been proposed.
Among typical heterogeneous catalysts for this reaction include
solid acid catalysts such as boric acid, silica–alumina, zeolites
like Y, ZSM-5, TS-1, B-ZSM-5 and tantalum oxide on silica.1–4

Highly siliceous ZSM-5 and ZSM-5 modified with boron
showed high activity and selectivity in the Beckmann rearrange-
ment reaction.5 However, the catalysts gradually deactivated
with time. Solid acid catalysts of high activity with long
catalytic lifetime are still under investigation.

Various types of hydroxy groups in amorphous silica or
zeolites have been investigated as catalytically active sites for
the Beckmann rearrangement reaction. A majority of re-
searchers found that neutral or weakly acidic hydroxy groups
present on the external surface of zeolites are effective for the
Beckmann rearrangement reaction, whereas Brönsted acid sites
of zeolites accelerate the formation of by-products.6,7 This is
suggestive that an efficient solid acid catalyst for the rearrange-
ment reaction can be obtained if the catalyst is designed to
include not only a controlled acidity but also a sufficient number
of hydroxy groups.

In our study, an efficient solid acid catalyst for the vapor
phase Beckmann rearrangement reaction is designed using
layered silicates. A small amount of metal was intercalated
between the silicate layers by the usual pillaring process to
generate moderate acidity as a mixed oxide and to increase the
thermal stability of the layered silicate for use in catalysis.
Layered silicates, such as kanemite (NaHSi2O5·3H2O), maga-
diite (Na2Si14O29·11H2O), kenyaite (K2Si20O4·11H2O), maka-
tite (Na2Si4O9·5H2O) and ilerite (Na2Si8O17·xH2O) are com-
posed of tetrahedral silicate sheets only and the each silicate
sheet is terminated by hydroxy groups.8 Layered silicates,
therefore, possess abundant hydroxy groups oriented in a
crystallographically regular manner, and have a great potential
to act as new catalysts for the vapor phase Beckmann
rearrangement reaction.

Here, the synthesis, characterization and catalytic application
to the Beckmann rearrangement reaction of layered silicate
catalysts pillared with tantalum oxide is presented.

Na-ilerite (Na2Si8O17·xH2O) was synthesized hydrother-
mally at 100 °C for two weeks from a suspension of Ludox-HS
40 and NaOH solution with a molar ratio of SiO2+NaOH+H2O
= 1+0.5+7.9 H-ilerite was prepared by acid titration of Na-
ilerite. A suspension of Na-ilerite in water was titrated with 0.1
M HCl to a final pH of 2.0 and allowed to stand with stirring for

an additional 24 h. The H-ilerite was recovered by filtering off,
washing, and was dried at 40 °C. The sodium content of the
sample was 0.11 wt% as determined by atomic absorption
spectroscopy. Octylamine intercalation was performed to
increase the interlayer spacing of ilerite by allowing H-ilerite to
react with an excess of octylamine at room temperature.

The pillar precusor for tantalum oxide pillaring was prepared
by the hydrolysis of tantalum pentaethoxide.10 A small amount
of octylamine was added to the solution to increase the degree
of hydrolysis of tantalum pentaethoxide. The molar ratio of
Ta(OC2H5)5+H2O+octylamine was adjusted to 1+12+0.3. The
pillar precusor can be represented as TaxOy(OR)z. For compar-
ison, silicon pillared-ilerite was prepared according to the
procedure in the literature.9 The pillar precusor for silicon oxide
pillaring was prepared by mixing octylamine and TEOS in the
molar ratio of 2+5. The pillar precusor solution was added
dropwise to the octylamine-ilerite gel with continuous stirring.
The final suspension was allowed to stand for three days with
stirring at room temperature. The resultant product was washed
with ethanol, filtered off and dried at 100 °C. Samples were
calcined at 700 °C for 1 h to eliminate residual organic
molecules. The tantalum content of tantalum pillared-ilerite
samples, as determined by inductively coupled plasma (ICP)
spectroscopy, ranged from 3.8 to 5 wt%.

The as-synthesized metal pillared-ilerites have basal spacings
of 27.2 Å (Ta) and 29.4 Å (Si) much larger than those of Na- and
H-ilerites, (11.1 and 7.4 Å, respectively).9 Although the basal
spacings gradually decreased with increase in calcination
temperature, the structures of the metal pillared-ilerites were
preserved even after calcination at 700 °C (Fig. 1). Broad peaks
in the XRD powder diffraction patterns indicate that poorly
ordered structures are formed in metal pillared-ilerites. The N2
adsorption–desorption isotherm of tantalum pillared-ilerite after
complete elimination of organic molecules showed type IV
behavior according to the BDDT classification. At high relative
pressure (P/Po > 0.6), hysteresis is observed owing to capillary
condensation in mesopores, caused by pillaring of the layered
silicates.

The BET surface areas of samples calcined at 700 °C are 395
m2 g21 for tantalum pillared-ilerite and 358 m2 g21 for silicon
pillared-ilerite, much larger than those of the H- and Na-ilerites,
(20 and 40 m2 g21, respectively).

The acidic properties of the tantalum pillared-ilerite was
studied to identify the inherent acidity caused by incorporation
of tantalum oxide between the layers of ilerite. In addition, the
acidic properties of silicon pillared-ilerite was investigated to
compare inherent acidities caused by incorporation of Ta or Si
between the layers of ilerite. Acidities were determined by
carrying out NH3-TPD experiments. The TPD profile of the
tantalum pillared-ilerite exhibits a broad desorption peak with a
maximum at 220 °C. On the other hand, the silicon pillared-
ilerite shows no desorption peak. This implies that tantalum
pillared-ilerite contains a large number of acid sites of moderate
acidity, whereas silicon pillared-ilerite shows no acidity.

The Beckmann rearrangement of cyclohexanone oxime was
conducted using a continuous flow reactor under atmospheric
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pressure. Cyclohexanone oxime was dissolved in ethanol and
injected with syringe pump at a WHSV of 0.5 h21 under He
flow with reaction carried out at 350 °C. The product was
analyzed by GC using an SE-54 column.

The results of the rearrangement reaction over tantalum
pillared-ilerite are shown in Table 1. The catalytic activity of
tantalum pillared-ilerite was compared to Silicalite-1 (pure
silica ZSM-5), which is known as the most selective catalyst for
the vapor phase Beckmann rearrangement of oxime to lactam
(Table 1). The tantalum pillared-ilerite showed a higher
conversion of oxime than silicalite-1 while the selectivity for
lactam over tantalum pillared-ilerite was slightly lower than that
over silicalite-1. Also, the data was compared with that of
silicon pillared-ilerite to investigate the effect of the metal as a
pillar. For the tantalum pillared-ilerite catalyst, the cyclohex-
anone oxime conversion rate reaches 97.1% and the selectivity
for e-caprolactam is 89.1% at 350 °C. Tantalum pillared-ilerite
catalyst is superior to the silicon pillared-ilerite in terms of both
conversion and selectivity. Silicon pillared-ilerite shows quite
high conversion and selectivity initially owing to inherent
hydroxy groups from its layered features. However, it is rapidly
deactivated within 8 h, which may be explained by the fact that
it does not possess the moderate acidity required to catalyze the
rearrangement reaction (ammonia TPD).

Although the exact role of the metal is not yet fully
understood, it can be speculated that acidity of hydroxy groups
in the metal pillared-ilerite is controlled by the metal used as
pillar. The acid strength of the assumed species –Ta–O–Si–OH
generated by the pillaring process is adequate enough to
catalyze the rearrangement reaction.

FTIR spectra were measured for metal pillared-ilerite
samples to elucidate the reaction pathway in detail. FTIR
experiments were conducted using an in situ IR cell (Graseby,
specac). Metal pillared-ilerite pellets were preheated at 550 °C
under vacuum for 1 h. After the samples were cooled to room
temperature, FTIR spectra were recorded [Fig. 1(a)]. One drop
of a 1% ethanol solution of cyclohexanone oxime was added to
the pellet held in the in situ cell under He gas flow. After the
evacuation of physically adsorbed oxime at room temperature
for 1 h, FTIR spectra were recorded at increments of 20 °C
min21 [(Fig. 1(b)–(h)].

The IR spectrum of tantalum pillared-ilerite [Fig. 1(a)] shows
absorption bands of hydroxy groups11 at ca. 3700 cm21.
However, these bands disappeared upon adsorption of cyclo-
hexanone oxime and new bands appeared at 1450 and 1663
cm21 due to characteristic vibrations12 of CH2 and CNN groups
of cyclohexanone oxime, respectively. This indicates strong
interaction between the hydroxy groups of the catalyst and the
reactant. For the temperatures above 100 °C, the characteristic
vibration modes12 of CNO and N–H of e-caprolactam at 1635
and 1505 cm21 were detected. However, with a stepwise rise of
evacuation temperature, the CNO and N–H absorptions of e-
caprolactam were weakened around 400 °C and completely
disappeared at 500 °C. The desorption temperature of the
produced e-caprolactam is shifted to a higher value than that
observed in the catalytic reaction and might be due to the fast
temperature increase rate in the FTIR experiment. IR spectra of
silicon pillared-ilerite taken at different temperatures were
similar to those of tantalum pillared-ilerite. However, the
intensities of bands at 1635 and 1505 cm21 due to the
characteristic vibrations of CNO and N–H groups of e-
caprolactam were lower than those on tantalum pillared-ilerite,
which implies that silicon pillared-ilerite has a low catalytic
activity.

From the FTIR data, it is seen that the rearrangement to e-
caprolactam from cyclohexanone oxime over the tantalum
pillared-ilerite takes place around 100 °C, while the desorption
of the produced e-caprolactam occurs at a higher temperature
( > 350 °C). Also this data strongly suggests that the hydroxy
groups are active sites as reported for other zeolite cata-
lysts.6,7

In conclusion, we report the synthesis and characterization of
a novel tantalum pillared-ilerite that is shown to be a new
advantageous catalyst for the vapor phase Beckmann rearrange-
ment of cyclohexanone oxime. The excellent catalytic perform-
ance of tantalum pillared-ilerite for the Beckmann rearrange-
ment reaction is ascribed to a large number of well dispersed
hydroxy groups over the interlayer surface of tantalum pillared-
ilerite and their relatively weak acidity.

This work was supported by the Korea Institute of Science
and Technology under contract 2E15210 and Brain Pool
Program of the Korean Government.
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Table 1 Vapor phase Beckmann rearrangement of cyclohexanone oxime
over various metal pillared-ileritesa

Fig. 1 FTIR spectra of tantalum pillared-ilerite measured at different
temperatures (a) before and (b–h) after adsorption of cyclohexanone oxime
[(a) 25, (b) 70, (c) 100, (d) 140, (e) 200, (f) 300, (g) 400 and (h) 550 °C].
These data were recorded on FTS-175 BIO-RAD FT-IR spectrometer.
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When a water molecule can act as a proton acceptor during
the critical H–H bond heterolytic dissociation step of
formaldehyde hydrogenation, the barrier drops—an ob-
servation which links dihydrogen activation chemistry to
hydride transfer at a detailed molecular level.

The hardness of the H–H molecule is an obstacle to hydro-
genation reactions, and consequently they usually require a
catalyst, often in the form of a transition metal, in order to
proceed. The reverse reaction type, H2 eliminations, has been
the subject of many gas phase studies. For example, detailed
experimental and theoretical work has shown that loss of H2
from protonated molecules of the type CH3XH+ (X = NH2,
OH, F, SH) take place via non-symmetrical 1,2-elimination
mechanisms [Scheme 1(a)].1–3 The resulting tight transition
structures for these and similar H2 eliminations give rise to
substantial potential energy barriers. The dipolar nature of the
emerging H2 molecule during passage of the transition state has
been noted.4

Very interestingly, it appears that intermolecular hydride
transfer5 is related to these hydrogenations/dehydrogenations.
A special hydride transfer mechanism is found in superacid
systems, particularily in the gas phase, where proton transfer
may initiate H2 elimination: AH+ + CH3X ? CH2X+ + H2 + A.
This reaction type has been reviewed in the context of chemical
ionization mass spectrometry.6 A reasonable transition structure
for such a reaction is illustrated in Scheme 1(b). Although
mechanisms of both unimolecular H2 eliminations and hydride
abstractions are reletively well known, the idea behind the
present paper is to see how they are linked together at a detailed
molecular level. We pursue this idea further by specifically

asking if a third molecule, A, may change the reactivity in H2
additions/eliminations.

In order to do this we decided to perform quantum chemical
calculations on a prototype system, hydrogenation of formal-
dehyde, using the methods MP2/6-31G(d,p)7,8 and G29 with
help of the program package GAUSSIAN 98.10 Only the G2
values will be displayed in the following discussion.

According to our calculations hydrogenation of formal-
dehyde to give methanol [eqn. (1)]

CH2O + H2? CH3OH (1)

is exoergic by DE = 278 kJ mol21 and has DGo = 252 kJ
mol21 which is in acceptable agreement with the experimen-
tally known11 exothermicity (at room temperature) of DHo =
293 kJ mol21. The reaction has a critical energy of Eo = 301
kJ mol21 (Fig. 1, upper reaction path via the transition structure
TSa).

Upon protonation [eqn. (2)],

CH2OH+ + H2? CH3OH2
+ (2)

the critical energy is reduced to E0 = 122 kJ mol21 (Fig. 1,
middle path via the transition structure TSb), which still is quite
unfavourable for a direct gas phase reaction, but significantly
below that of reaction (1). At the same time, as the result of the
higher proton affinity of methanol, the overall reaction becomes
somewhat more exoergic, with DEo = 2145 kJ mol21 and DGo

= 294 kJ mol21. The corresponding experimental value11 is
DHo = 2142 kJ mol21.

Upon providing the proton inter- rather than intra-molec-
ularily a further, and substantial, drop in the critical energy is
observed. The termolecular gas phase reaction [eqn. (3)]

CH2O + H2 (+ H3O+) ? CH3OH (+ H3O+) (3)

has barriers (corresponding to TSc and TSd) for which the
potential energies are below that of the reactants (these values
are E0 = 236, 234 kJ mol21, respectively). Water is seen to
promote reaction strongly through either of these closely
parallel mechanisms. In the first step a proton is donated from
the hydronium ion 3 to the oxygen of formaldehyde. Protonated
formaldehyde may then form one of the two complexes 6a (a C–
H…O complex) or 6b (a O–H…O complex) with the waterScheme 1

Fig. 1 Schematic potential energy diagram (G2) for the various routes for hydrogenation of formaldehyde. Potential energies are given in kJ mol21.
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molecule. In the next step of the parallel mechanisms, H2 is
associated with the corresponding complex (6a or 6b). These
new complexes are 7a and 7b, respectively. In the key step (via
TSc or TSd) of the two parallel mechanisms, the H2 molecule
is split in a heterolytic process: the hydride ends up at the carbon
and the proton ends up on water. All along the reaction the water
is docked to the organic part through a hydrogen bond. The final
products are obtained by breaking the hydrogen bonded
complex 8.

The transition structures TSc and TSd, are characterized by
being cyclic. In contrast to TSb which has a tight four-
membered ring, TSc and TSd form loose six-membered rings.
While the H–H bond of TSa is 0.934 Å, it is only 0.804 Å in TSc
and 0.808 Å in TSd, demonstrating that the latter transition
structures are earlier along the reaction coordinate. These values
should be compared to the MP2/6-31G(d,p) value of 0.734 Å for
an intact H2 molecule.

As indicated above, reaction (3), can be regarded from
another perspective. When read from right to left (Fig. 1) TSc
and TSd are the possible transition structures for the weakly
endoergic hydride abstraction of methanol by H3O+.

We are not sure that the findings presented here may be of
immediate practical use; a termolecular reaction through TSc or
TSd is certainly difficult to achieve in the gas phase. This is
illustrated by the fact that the free energies of these transition
structures are +24 and +28 kJ mol21, respectively, compared to
that of the reactants (1 + 2 + 3). In a strongly acidic water

solution, in a suitable supercritical phase, or on an acidic surface
(e.g. in a zeolite) the molecules are solvated, approximately
corresponding to the situation in the complexes 7a and 7b.
Despite this, the results presented here give an optimistic
perspective on a non-transition metal hydrogenation catalysis
chemistry.

We are aware of previous studies that illustrate the mediating
effect of a water molecule in similar situations. As a good
example we would mention that McKee et al.12 showed that a
water molecule slightly lowers the activation energy for the
concerted dihydrogen exchange reaction (4).

CH2O + CH3OH ? CH3OH + CH2O (4)

In this reaction the two hydrogens are transferred through a one
step cyclic relay type mechanism, which has several common
features with reaction (3) above.

In summary we have shown (a) that protonation of formal-
dehyde lowers the energy barrier for hydrogenation, and (b) the
barrier is further lowered upon inclusion of a water molecule.

These calculations were made possible thanks to support
through the NFR (The Norwegian Research Council) Pro-
gramme for Supercomputing.
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Fig. 2 Structures of the found transition structures (MP2/6-31G(d,p)) of the
reactions studied. Black filled circles represent carbon, white open circles
are hydrogen, while the patterned circles are oxygen. Bond lengths are given
in Å and angles are in degrees. The connection between the transition
structures and the minima indicated in Fig. 1 was verified through explicit
calculation of minimum energy paths (intrinsic reaction coordinate).
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We have synthesized 1,3-alternate di-deoxygenated
calix[4](9-cyano-10-anthrylmethyl)benzocrown-6, 1 and
1,3-alternate calix[4](9-cyano-10-anthrylmethyl)benzo-
crown-6, 2 as the second generation of caesium selective
fluorescent probes; probe 1 shows 54-fold fluorescence
enhancement upon caesium complexation while 2 exhibits
only 8-fold enhancement; the selectivity ratios for 1 to
complex caesium ion over potassium and rubidium (KCs/KK
and KCs/KRb) are ca. 10 fold higher than those of 2 for the
same ions; the observed selectivity ratios are consistent with
data reported for other 1,3-alternate calix[4]crown-6 deriv-
atives.

Calix[4]crown-6 ethers in the 1,3-alternate conformation bind
caesium with remarkable strength and selectivity.1 Conse-
quently, significant effort has been directed towards their use in
the sensing, monitoring and remediation of 137Cs, a fission
product present in the wastes generated during the reprocessing
of irradiated nuclear fuels.2 The need for sensitive caesium
sensors has led to the study of calix[4]crown-6 ethers as
fluorescent caesium probes, and we have shown that 1,3-alter-
nate calix[4]-bis-o-benzocrown-63a ethers bearing cyanoan-
thracene fluorophores exhibit 8–12 fold fluorescence enhance-
ment in the presence of caesium ion. The KCs/KK and KCs/KRb
ratios of 133b and 1.3,3b respectively, indicate that the observed
selectivities are consistent with data reported for other 1,3-alter-
nate calix[4]crown-6 derivatives using UV absorption and
potentiometric measurements.4

Recently, it was reported5 that 1,3-alternate di-deoxygenated
calix[4]crown-6 ethers exhibit enhanced selectivity for caesium
over potassium and rubidium compared with their 1,3-alternate
dialkoxy calix[4]crown-6 derivatives. Here, we have taken
advantage of this higher caesium to potassium selectivity to
synthesize a new caesium selective probe 1. Our results suggest
that 1 exhibits not only enhanced selectivity towards caesium,
but also shows a fluorescence turn-on response significantly
higher than any previously reported caesium sensor.

The 1,3-alternate di-deoxygenated calix[4](9-cyano-10-an-
thrylmethyl)-benzocrown-6, 1 was synthesized from di-dehy-
droxylated calix[4]arene and 1,2-bis(5-iodo-3-oxa-1-pentyl-
oxy)-4-(10-cyano-9-anthrylmethyl)benzene3b by a standard
procedure reported earlier.6 The fluorescence of the 9-cyanoan-
thracene is quenched by the benzo moiety owing to a
photoinduced electron transfer (PET) process.7 It has been
shown that binding the oxygen lone pair electrons (on the benzo
moiety) by metal ion complexation partially suppresses the PET
process, causing the fluorescence of the cyanoanthracene to
increase.3a,7

The emission behavior of 1 (1 3 1026 M) in CH2Cl2–MeOH
(1+1) in the presence of five different alkali metal cations is
shown in Fig. 1. The data indicates that probe 1 exhibits a
significant emission enhancement upon caesium complexation
(ca. 20-fold increase compared to uncomplexed probe) at a
concentration as low as 2 3 1027 M where no other alkali metal
ion shows any response (except for Rb+ that shows ca. 2-fold
emission enhancement at the same concentration, Fig. 1). The
fluorescence quantum yields of 1 for various alkali metal
cations shown in Table 1 were determined relative to 9,10-diph-
enylanthracene in MeOH, Ff = 0.94.8 The fluorescence

quantum yield of 1 is enhanced 54 times (relative to free ligand,
Table 1) when fully complexed with caesium at ca. 2 3 1025 M
concentration of caesium ion. This is the most dramatic
emission response upon caesium ion complexation of any
caesium optical sensors reported to date. In comparison, the
fluorescence of 2, 1,3-alternate calix[4](9-cyano-10-anthrylme-

Scheme 1 The structures of 1 and 2.

Fig. 1 Changes in the emission intensity of 1 (1 3 1026 M) in CH2Cl2–
MeOH (1+1) upon addition of alkali metal ions (as acetate salts), lex = 376
nm. Each data point represents the integrated total area under the emission
curve (lem = 400–600 nm).

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/a908720f Chem. Commun., 2000, 833–834 833



thyl)benzocrown-6, with the same fluorophore but based on a
slightly different calix[4]arene platform, showed only 8.2-fold
enhancement when fully complexed with caesium (Table 1).
The dramatic fluorescence increase of 1 compared to 2 could be
attributed to changes in the binding cavity of 1 (vida supra).
Although Rb+ and K+ complexation cause the fluorescence of 1
to increase (42.6- and 35.2-fold, respectively), their maximum
responses occur at higher concentrations (6 3 1025 M and 2 3
1023 M, respectively), indicating that their association con-
stants with 1 are much weaker than that of caesium. Na+ and Li+
ions show little effect on the fluorescence of 1, suggesting a
weak interaction (complexation) between these ions and 1.

The 1+1 complexation constant can be calculated from the
emission intensity and concentration of metal ion, [M], profile
shown in Fig. 1 according to eqn. (1)7
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where I is the emission response of the probe at certain metal ion
concentration, I0 is the emission response of the probe in the
absence of metal ions, I∞ is the emission response when no
further changes occur upon addition of the metal ion, [L]t is the
total concentration of probe molecule (1 or 2) and [M]t

represents the total metal ion concentration. The complexation
constants K reported in Table 1 were calculated using a non-
linear curve-fitting method9 to fit the observed experimental
emission data.

The complexation constant of 1 with caesium (4.0 3 106

M21) is about one-third of the value obtained for 2 (1.2 3 107

M21). On the other hand, the emission enhancement for 1 is
about 7 times higher than that of 2. The more sensitive response
of 1 to caesium complexation suggests a stronger interaction
between the caesium cation and the ether oxygens of the benzo
group in 1. This in turn results in a greater charge dispersion
onto the oxygen of the crowns and subsequently stronger
interaction between caesium and the benzo moiety. Experi-
mental support substantiating the above argument has been
provided by X-ray crystallography data.10 Crystallographic
results for a closely related series of compounds show that the
average Cs–O (benzo oxygen) distance of an analog to 1 is 0.15
Å shorter than the average bond length in an analog to 2.10

The complexation constants of 1 with Rb+ (3.0 3 105 M21)
and K+ (1.2 3 104 M21) are significantly lower than those of 2
(Rb+: 9.1 3 106 M21, K+: 3.2 3 105 M21), resulting in the
selectivity ratios of KCs/KRb = 13.2 and KCs/KK = 347. These
selectivities are ca. 10-fold higher than those calculated for 2
(KCs/KRb = 1.3 and KCs/KK = 38) and other 1,3-alternate
calix[4]benzocrown-6 derivatives reported previously.3,4 Such

observation clearly highlights the remarkable sensitivity of 1 as
a caesium selective sensor for low Cs+ concentrations.

We also measured the change in emission behavior of 1 with
caesium in MeOH and observed only a 6.5-fold enhancement.
In addition, the complexation constants of 1 with caesium and
potassium were much smaller in MeOH than in CH2Cl2–MeOH
(1+1) (8.6 3 105 M21 and 3.0 3 103 M21, respectively). This
could indicate that PET quenching is more efficient in the more
polar MeOH environment because polarity can affect the
energetics of the receptor (crown moiety) relative to that of
fluorophore (to enhance PET effect) and/or MeOH can complex
with the receptor competing with caesium for binding.11 The
effect of solvent polarity on the emission hehavior of 1 and
previously reported probes will be published later.3b

In conclusion, the new di-deoxygenated calix[4]arene de-
rived fluorescence sensor 1 shows a significantly greater
emission response (fluorescence turn on) to caesium compared
to 2 and the other previously reported probes and holds promise
for the development of a highly selective caesium detection and
monitoring system.

This research was funded by the Environmental Management
Science Program, Office of Environmental Management, U.S.
Department of Energy and in part by an appointment sponsored
by the Oak Ridge National Laboratory Postdoctoral Research
Associates Program administered jointly by the Oak Ridge
Institute for Science and Education and Oak Ridge National
Laboratory. Oak Ridge National Laboratory is operated by
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Table 1 Maximum fluorescence quantum yields and the complexation
constants for both 1 and 2 in the presence of different alkali metal ionsa

Free Li+ Na+ K+ Rb+ Cs+

Fem–max of 1 0.012 0.014 0.068 0.405 0.491 0.625
Fem–max of 2 0.010 0.010 0.036 0.044 0.061 0.082
log (K) of 1 — — — 4.06 5.48 6.60
log (K) of 2 — — 2.60 5.50 6.96 7.08
a [1], [2] = 1 3 1026 M in CH2Cl2–MeOH (1+1, v/v). Metal ion
concentrations: [Cs+] = 2 3 1025 M, [Rb+] = 4 3 1025 M, [K+] = 1 3
1023 M, [Na+] = 1 3 1022 M, [Li+] = 0.1 M.
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Thermally stable mesoporous silica molecular sieves with
wormhole framework structures, previously obtainable only
from silicon alkoxides, have been prepared from low cost
soluble silicate precursors in the presence of non-ionic
surfactants as structure directors.

Mesoporous molecular sieve silicas with wormhole framework
structures (e.g. MSU-X,1,2 and HMS3) are generally more active
heterogeneous catalysts in comparison to their ordered hexago-
nal analogs (e.g. MCM-41,4 SBA-35 and SBA-156). The
enhanced reactivity has been attributed, in part, to a pore
network that is connected in three dimensions, allowing the
guest molecules to more readily access reactive centers that
have been designed into the framework surfaces.7–10 All of the
wormhole framework structures reported to date have been
prepared through supramolecular SoIo3 and NoIo1,2 assembly
pathways wherein Io is an electrically neutral silica precursor
(typrically, tetraethylorthosilicate, TEOS), So is a neutral amine
surfactant, and No is a neutral di- or tri-block surfactant
containing polar polyethylene oxide (PEO) segments. One
disadvantage of these pathways, as with other assembly
pathways based on TEOS, is the high cost of the hydrolyzable
silicon alkoxide precursor. Greater use of wormhole framework
structures as heterogeneous catalysts may be anticipated if a
more efficient approach to either SoIo or NoIo assemblies could
be devised based on the use of low cost soluble silicate
precursors, without sacrificing the intrinsically desirable proc-
essing advantages of these pathways (e.g. facile removal and
recycling of the surfactant).

Recently, Guth and coworkers reported the preparation of
disordered silica mesostructures by precipitation from sodium
silicate solutions over a broad range of pH in the presence of
Triton-X 100, an No surfactant.11 The retention of a mesos-
tructure was observed up to a calcination temperature of 480 °C,
but the complete removal of the surfactant at 600 °C led either
to the extensive restructuring of the silica framework, as
indicated by the loss of mesoporosity or the formation of a
completely amorphous material. In contrast, MSU-X mesos-
tructures are structurally stable to calcination temperatures in
excess of 800 °C. The present work demonstrates that
mesoporous molecular sieve silicas equivalent in structure and
thermal stability to MSU-X silicas (denoted MSU-XA) can in
fact be prepared from soluble silicate precursors under the
appropriate assembly conditions.

Our approach, like that of Guth and coworkers, uses a sodium
silicate as the silica source and an No surfactant as the structure
director, but our methodology results in thermally stable
wormhole structures. In a typical synthesis the surfactant and an
amount of acid equivalent to the hydroxide content of the
sodium silicate solution (e.g. 27% SiO2, 14% NaOH, Aldrich)
are first mixed at ambient temperature and then added to the
sodium silicate solution to form reactive silica in the presence of
the surfactant. This allows the assembly of the framework
structure at near-neutral pH and avoids the need for readjusting
the pH once the reactive silica has been formed. The assembly
process is carried out at a molar ratio SiO2/surfactant in the
range 13–7.0 and at a temperature in the range 25–60 °C for a
period of 10–20 h. The surfactant is then removed from the

washed and air-dried products either by solvent extraction with
hot ethanol or by calcination in air at 600 °C.

Fig. 1 illustrates the powder X-ray diffraction patterns of as-
synthesized and calcined MSU-XA silicas prepared at three
different temperatures using Brij 56 [C16H33(EO)10H] as the
structure-directing surfactant. Each product exhibits an intense
reflection at low 2q corresponding to a pore–pore correlation
distance of ca. 63 Å with a broad shoulder in the 2q range 2–3.
These patterns are typical of disordered wormhole-like pore
structures and are similar to those of MSU-X silicas assembled
from the same surfactant, but with TEOS as the silica precursor.
After calcination at 600 °C, the intensities of the pore–pore
correlation peaks are substantially greater than the as-synthe-
sized samples due to the removal of the contrast-matching
surfactant. This result is consistent with the retention of the
framework pore structure upon complete removal of the
surfactant from the framework.

Further evidence for the wormhole framework pore structure
of MSU-XA silicas is provided by the typical transmission
electron micrograph (TEM) image shown in Fig. 2. This
micrograph clearly exhibits disordered wormhole-like pores
similar to MSU-X materials. Fig. 3 illustrates the N2 adsorp-
tion–desorption isotherms and Horvath–Kawazoe pore size
distributions (inset) for the calcined MSU-XA products as-
sembled at 25, 45 and 60 °C. The sample assembled at 25 °C
exhibits the smallest pore size (32 Å) in the series, and the
largest HK pore diameter (50 Å) is observed for the 60 °C
sample. The increase in framework pore size with increasing
assembly temperature is a characteristic feature of an NoIo

assembly pathway.2 The desorption hysteresis observed for the
product prepared at 60 °C is indicative of the necking of the
interconnected wormhole pore structure. In addition, the pore

Fig. 1 XRD patterns of MSU-XA silica molecular sieves formed from
sodium silicate and Brij 56 under neutral pH conditions at 25, 45 and 60 °C,
respectively. Dashed and solid curves are for the as-synthesized and
calcined products, respectively. The numbers adjacent to each diffraction
peak are the pore–pore correlation distances in angstrom (Å) units.
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wall thickness, as obtained from the difference between the
pore–pore correlation distance and the HK pore size, decreases
with increasing assembly temperature (Table 1). This latter
behavior, which is related to the increase in the hydrophobic
character of the PEO block as the surfactant approaches the
cloud point, also is a characteristic feature of NoIo assembly.2
Because Na+ ions are present in the assembly process, there may
also be an electrostatic contribution to framework formation

through complexation of Na+ by the No surfactant. However,
electrostatically controlled [NoM+]Io assembly processes tend
to form ordered hexagonal or cubic framework structures, not
wormhole frameworks.12

Wormhole silica molecular sieves can also be assembled
from water-soluble silicate precursors using No surfactants
other than Brij 56. Table 1 summarizes the textural properties of
wormhole silica assembled from sodium silicate and other Brij
surfactants, a Tergitol [C11–15H23–31(EO)15H] surfactant, and
several alkyl-PEO/furan Tween X surfactants (X = 20, 40, 60
and 80). Table 1 shows that each of these surfactants form
mesostructures with 33–51 Å pore sizes, and surface areas and
pore volumes comparable to MSU-X silicas prepared from
TEOS. TEM analysis of each product conformed the wormhole
pore structure.

The successful assembly of thermally stable mesoporous
silica molecular sieve silicas with wormhole frameworks from
soluble silicate precursors suggests that it may be possible to
substitute soluble silicate precursors for the assembly of many
other silica mesostructures that heretofore have been assembled
exclusively from silicon alkoxide precursors. Future studies
will focus on the assembly of other members of the MSU family
of mesostructures, as well as SBA mesostructures obtained
through an electrostatic No(H+X2)I+ assembly pathway.6
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Table 1 Physicochemical properties of mesoporous silica (MSU-XA) prepared using sodium silicate and non-ionic surfactants

Pore–pore distance/Å

Surfactant
Synthesis
temperature/°C As-synth. Calcineda

BET surface
area/m2 g21 Pore size/Å

Wall
thicknessb/Å

Pore
volume/cm3 g21

Brij 56 25 63.1 50.6 602 32 25 0.36
Brij 56 45 61.3 52.6 769 37 16 0.57
Brij 56 60 63.1 58.1 849 50 8 0.90
Brij 35 60 59.7 52.5 853 33 20 0.65
Brij 58 60 66.9 58.1 821 43 15 0.80
Brij 78 60 69.0 61.4 851 48 13 0.83
Tergital (15-S-15) 60 59.7 53.2 979 40 13 0.86
Tween 20 60 58.9 52.9 883 42 11 0.84
Tween 40 60 65.9 58.9 753 49 10 0.80
Tween 60 60 66.9 58.9 773 48 11 0.75
Tween 80 60 71.2 65.0 867 51 14 0.89

a Calcined at 600 °C for 4 h in air. b The wall thickness was calculated by subtracting the HK pore diameter from the correlation distance.

Fig. 2 TEM image of wormhole pore structure of the calcined MSU-XA
sample prepared from sodium silicate and Brij 56 under neutral pH
conditions at 60 °C.

Fig. 3 N2 adsorption–desorption isotherms for the calcined MSU-XA silica
molecular sieves formed from sodium silicate and Brij 56 under neutral pH
conditions at 25, 45 and 60 °C, respectively. The insert provides the
Horvath–Kawazoe pore size distributions.
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A practical recycling procedure for Jacobsen’s chiral
(salen)MnIII epoxidation catalyst involving the use of the air-
and moisture-stable ionic liquid [bmim][PF6] has been
developed.

Development of practical immobilisation methods1 for chiral
homogeneous catalysts is highly desirable, since immobilised
chiral catalysts offer several practical advantages over soluble
catalysts such as facilitation of catalyst separation from reagents
and products, simplification of methods for catalyst recycling,
and the possible adaptation of the immobilised catalyst for
continuous flow processes. To this end, some homogeneous
chiral catalysts have been immobilised either by anchoring the
catalyst on a solid support1a or by use of a two-phase system.1b

All of these approaches are interesting but usually require
additional modifications of the catalyst. Moreover, such
approaches frequently lead to partial loss of activity and/or
enantioselectivity.

For Jacobsen’s chiral (salen)MnIII epoxidation catalyst,2
[N,NA-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanedi-
amine]manganese(III)] chloride 1, several attempts to im-

mobilise this catalyst have been made.3–6 However, no
successful immobilisation procedure has, as yet, been reported.
Attempts to immobilise Jacobsen’s catalyst up to now consisted
of covalent attachment of the complex to insoluble solid
supports,3 steric occlusion in nano-sized cages of zeolites,4
physical entrapment in a polydimethylsiloxane membrane,5 and
use of a fluorous biphasic system (FBS).6

Recently, a new approach has been adopted for catalyst
separation and recycling in a few types of catalytic reaction
involving the use of ionic liquids,7 i.e. a salt mixture with a
melting point below ambient. Air and moisture-stable room
temperature ionic liquids consisting of 1,3-dialkylimidazolium
cations and their counter anions, in particular, have attracted
growing interest in the last few years.8 In these solvents,
catalysts having polar or ionic character can be immobilised and
thus the ionic solutions containing the catalyst can be easily
separated from reagents and products. Recent applications
include Friedel–Crafts reactions,8a Diels–Alder reactions,8b

alkylations,8c olefin dimerisation and oligomerisation,8d hydro-
genation,8e Heck reaction,8f hydroformylation8g and palladium
catalysed allylation reactions.8h

Herein, we report a practical recycling procedure of
Jacobsen’s catalyst (R,R)-1 involving the use of the air- and
moisture-stable ionic liquid, [bmim][PF6] 2 ([bmim]+ =
1-butyl-3-methylimidazolium cation). The ionic liquid 2 is

conveniently prepared,9 and an excellent solvent for many
organic compounds, but is immiscible with saturated hydro-
carbon solvents, dialkyl ethers and water. Taking into account
the conditions of asymmetric epoxidation (involving the use of
aqueous NaOCl) and the unique solvating properties of 2, it was
selected as a solvent for our experiments among many other
ionic liquids (cf. the BF4

2 or triflate salts which are soluble in
water).

Asymmetric epoxidations† were carried out in the presence
of 4 mol% of (R,R)-1 with 2,2-dimethylchromene, 6-cyano-
2,2-dimethylchromene, indene, cis-b-methylstyrene, and
1-phenylcyclohexene as substrates in [bmim][PF6]–CH2Cl2
(1+4, v/v) using NaOCl as the oxidant at 0 °C. Since the ionic
liquid 2 solidifies at the reaction temperature (0 °C), the co-
solvent system was used. Both the catalyst (R,R)-1 and the ionic
liquid 2 are soluble in CH2Cl2. The results obtained are shown
in Table 1.

As shown in Table 1, conversion of alkenes to epoxides and
enantioselectivity were satisfactory and comparable to those10

obtained without an ionic liquid. In particular, the epoxidation
of 2,2-dimethylchromene and 6-cyano-2,2-dimethylchromene
in [bmim][PF6]-CH2Cl2 afforded the corresponding chromene
oxides in very high ee (96 and 94%, entries 1 and 2). Moreover,
the reaction in the presence of the ionic liquid 2 proceeded faster
than without an ionic liquid. For example, the epoxidation of
2,2-dimethylchromene in the presence of 2 was complete in 2 h
(entry 1) whereas in a control experiment, the same reaction
without 2 required 6 h to achieve a comparable degree of
conversion. Furthermore, both the catalyst (R,R)-1 and the ionic
liquid could be easily recovered after reaction. The recovery
procedure was as follows: the organic phase of the reaction

Table 1 Asymmetric epoxidation of alkenes in ionic liquid 2a
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mixture was washed with water and concentrated. After
extraction of the product with hexane, the brown oily ionic
liquid which contains the catalyst, was recovered, which could
be reused for further catalytic reactions. The above procedure
was repeated five times and results obtained are shown in Table
2. However, the enantioselectivity and the activity of the
recovered catalyst decreased slightly upon successive use
possibly due to minor degradation of the salen catalyst (R,R)-1
under the oxidation conditions.

In summary, we have developed a practical recycling
procedure for Jacobsen’s chiral (salen)MnIII catalyst 1 by use of
ionic liquid 2. Our results showed that the catalyst (R,R)-1 in a
reaction medium containing ionic liquid 2 exhibited comparable
enantioselectivity (96% ee for 2,2-dimethylchromene) in asym-
metric epoxidation of alkenes as those obtained without ionic
liquid and, moreover, showed an increase in activity. At the end
of reaction the immobilised catalyst in ionic liquid 2 could be
easily recycled. In conclusion, the immobilisation method of 1
by using an ionic liquid provides not only simple recycling of
catalyst, but also the additional advantage of use of the catalyst
without any modification of its structure. A detailed study
concerning the optimisation of this process and extension of this
methodology to recycle other homogeneous chiral catalysts are
currently in progress.

This research was supported by a grant from Korea Institute
of Science and Technology.
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Fluorous soluble polymer ligands have been prepared and
shown to be active and selective catalysts when combined
with rhodium for the fluorous biphase hydroformylation of
various olefins.

One of the most interesting recent developments in homoge-
neous catalysis is the concept and application of fluorous
biphase catalysis (FBC).1 The principle of FBC is based on the
limited miscibility of common organic solvents with per-
fluorinated compounds. A very attractive aspect of FBC is that
it provides, by means of phase separation, an elegant solution to
the catalyst/product separation problem associated with homo-
geneous catalysis. Undoubtedly, successful application of FBC
depends on rational design of catalysts that show high affinities
to the fluorous phase. Until now, all the fluorous soluble metal
catalysts have been based on molecular metal complexes
containing conventional ligands modified with fluorinated
groups.2,3 The best known such catalysts are perhaps rhodium
trialkylphosphine complexes appended with fluorous ponytails
such as [RhH(CO){P(CH2CH2C6F13)3}3]. The applicability of
these complexes has been convincingly demonstrated by
Horváth and Gladysz in the fluorous biphase hydroformyla-
tion,4 hydrogenation5 and hydroboration6 of olefins. As with
their nonfluorinated counterparts, however, the rhodium fluor-
oalkylphosphine catalysts exhibit lower activity in the reactions
studied in comparison with complexes containing arylphos-
phine ligands. Fluorinated, low molecular weight arylphos-
phines are less useful in FBC, on the other hand, owing to their
solubility in common organic solvents such as toluene and
hexane.2,7 Herein we describe fluorous soluble fluoropolymer-
supported arylphosphine ligands as an alternative to fluorous
soluble low molecular weight ligands for FBC and the
application of the new ligands in fluorous biphase hydro-
formylation of higher and functionalised olefins. We anticipated
that by incorporating an arylphosphine into a fluoropolymer the
solubility of the former in normal solvents would be minimised.
A fluorous soluble copolymer has recently been reported by
Bergbreiter and Franchina.8

Hydroformylation of higher olefins has been addressed in a
number of publications.9 The focal point is to search for more
active and selective rhodium catalysts in conjunction with easy
catalyst separation and reuse. The difficulty in catalyst
separation encountered in the hydroformylation of higher
olefins lies in the thermolability of conventional rhodium
phosphine catalysts, high boiling points of the aldehyde
product, and limited solubility of higher olefins in water, which
could otherwise be employed to immobilise aqueous soluble
catalysts. Polymer-supported rhodium catalysts including those
that are water soluble have been investigated for the hydro-
formylation of olefins.10–13 These catalysts, while potentially
having the advantages of both homogeneous and heterogeneous
catalysts, often display low catalytic activities.

The poly(fluoroacrylate-co-styryldiphenylphosphine) li-
gands 1 and 2 were prepared by free radical copolymerisation of
1H,1H,2H,2H-perfluorodecylacrylate with styryldiphenylphos-
phine at 65 °C in the presence of AIBN in a,a,a-tri-
fluorotoluene (Scheme 1).14 For the fluoropolymer 1, an

acrylate to styryldiphenylphosphine molar ratio of 5+1 was
used. For 2, the ratio was 9+1. After removing the solvent, the
resultant solid was washed with hot toluene, affording the
polymers as white powders in > 90% yields. As expected, the
polymers are not soluble in normal organic solvents such as
toluene, acetone or alcohols but highly soluble in fluorinated
solvents such as a,a,a-trifluorotoluene and perfluoromethylcy-
clohexane. The IR spectrum of both polymers showed the
disappearance of the absorption due to CNC stretching, in line
with the lack of resonances from olefinic protons in 1H NMR
spectra.  The CNO absorption appeared at 1738 cm21 for 1 and
1740 cm21 for 2 in the IR spectra. The 31P NMR spectrum of
each polymer in a,a,a-trifluorotoluene (CDCl3 external lock)
displayed a relatively sharp singlet at d ca. 26.2. The
phosphorus content of the polymers was estimated to be 1.2%
for 1 and 0.8% for 2 by 31P NMR spectroscopy using
bis(diphenylphosphino)methane as an internal standard. These
values are close to the values of 1.1 and 0.6% calculated on the
basis of the monomer ratios, and are consistent with the high
yields of polymer synthesis.

To demonstrate the feasibility of phase separation when using
the two polymers as ligands in catalysis, [Rh(CO)2(acac)] was
added to a mixture of hexane (2 mL), toluene (1 mL) and
perfluoromethylcyclohexane (2 mL) containing 100 mg of 1 (P/
Rh = 6). The fluorous phase attained a yellow colour
immediately, while the organic phase remained colourless and
phase-separated from the perfluoro solvent at ambient tem-
perature. Upon heating the solvent mixture to ca. 50 °C, a single
homogeneous yellow phase formed and on cooling, the
coloured fluorous phase separated quickly from the colourless
organic phase. However, in the absence of hexane, the phase
boundary remained even at reflux.

The catalytic performance of the fluoropolymer ligands 1 and
2 was tested in the fluorous biphase hydroformylation of alk-
1-enes, styrene and n-butyl acrylate. The reaction was con-
ducted in a batch reactor in a hexane–toluene–perfluoro-
methylcyclohexane (40+20+40, v/v) solvent mixture (10 mL).
The catalyst was formed in situ by adding [Rh(CO)2(acac)] (5
mmol, P/Rh = 6) to the polymer-containing solvent mixture
followed by introduction of syngas (30 bar, CO–H2 = 1+1).
Table 1 summarises the results obtained. The salient features of
the results are (i) the activity of the fluorous soluble polymer
catalysts are significantly higher than those reported for solid
polymer- and aqueous soluble polymer-supported rhodium
catalysts.10213 For example, the average turnover frequency

Scheme 1 Preparation of fluorocopolymer-supported arylphosphines.
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(TOF) for the fluorous biphase hydroformylation of dec-1-ene
is 136 mol aldehyde h21 per mol of rhodium catalyst with an
aldehyde selectivity of 99%. In comparison, a rhodium catalyst
supported on the water soluble polymer poly(enolate-co-vinyl
alcohol-co-vinyl acetate) gave a TOF of 56 (100 °C, 41 bar)
with an aldehyde selectivity < 70% in the aqueous hydro-
formylation of oct-1-ene.13 As might be expected, ligand 1,
which has a higher phosphine loading, gave higher turnovers.
(ii) As with solid polymer-supported catalysts,10 the linear/
branched (L/B) ratio is markedly higher than achievable with
similar P/Rh ratios when using homogeneous rhodium phos-
phine catalysts, e.g. [RhH(CO)(PPh3)3], which yielded a L/B
ratio of 2.9 only in the presence of an excess of PPh3 (P/Rh =
19) in the hydroformylation of pent-1-ene in benzene (100 °C,
27 bar).15 (iii) Smaller olefins appear to give higher turnovers,
probably owing to better miscibility of the olefins with the
fluorous phase. In fact, when hex-1-ene was hydroformylated
under conditions identical to those for dec-1-ene, a conversion
of 70% with an aldehyde selectivity of 98% and a L/B ratio of
4.4 was obtained in 1 h reaction time, corresponding to a
remarkable TOF of 1454. Again, a low olefin isomerisation
selectivity of 1.7% was observed.

The activity and stability of the soluble fluoropolymer
catalysts may also be judged by the hydroformylation of hex-
1-ene when the olefin/Rh ratio was increased to 200 000. At
100 °C and 50 bar syngas with polymer 1 as the supporting
ligand, the catalyst afforded a turnover number (TON, mole of
aldehyde per mol of rhodium) of ca. 140 000 with a 98%
selectivity to aldehyde (L/B = 4.4; 2% isomerisation) for 58 h
reaction time. We also examined the recyclability of the
fluoropolymer catalysts taking the reaction of hex-1-ene as a

model example. The other substrates and related products
should be easier to separate under the fluorous biphase
conditions as they are less miscible with the perfluoro solvent.
At 100 °C and 50 bar with olefin/Rh = 48 000, three
consecutive hydroformylation reactions were run, giving a
combined TON of 70 000 and an average aldehyde selectivity
of 99%. A 1 ppm loss of rhodium accompanied with a 6%
decrease in conversion in each recycle experiment was
measured. This loss in rhodium and in catalyst activity appears
to be largely due to the finite miscibility of the substrate/product
with the perfluorinated solvent. At the end of the third run, all
the perfluoromethylcyclohexane had leached to the product
phase, thus making the polymer catalyst partially soluble in the
product. By optimising the operating conditions, e.g. by varying
the organic solvent, the problem of rhodium leaching can be
minimised.

In conclusion, we have introduced a fluorous soluble polymer
ligand for FBC and shown the arylphosphine-containing ligand,
when combined with rhodium, to be highly active and selective
in the fluorous biphase hydroformylation of various olefins.
Given the easy availability of various vinyl monomers that can
be used for fluoropolymer synthesis and the variability in FBC
conditions, better performing soluble polymer catalysts coupled
with efficient phase separation could be envisioned not only for
FBC but also for fluorous combinatorial chemistry.

We are indebted to the EPSRC and the University of
Liverpool Graduates Association (Hong Kong) for postdoctoral
research fellowships (W. C. and L. X.).
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Table 1 Fluorous biphase hydroformylation of olefins by soluble polymer
catalystsa

Olefin Polymer Olefin/Rh
Conversion
(%)

Selectivityb

(%) L/Bc

Dec-1-ene 1 2120 97 99 4.8/1
2 2120 90 99 5.9/1

Hexadec-1-ene 1 2100 78 98 4.8/1
2 2100 59 99 5.0/1

Styrene 1 3500 85 > 99 1/6.2
2 3500 80 > 99 1/5.4

n-Butyl acrylate 1 2800 100 > 99 Bd

2 2800 100 > 99 Bd

a Reaction conditions: 5 mmol [Rh(CO)2(acac)] (P/Rh = 6), 30 bar CO–H2

(1+1), 100 °C for dec-1-ene and hexadec-1-ene, 80 °C for styrene and n-
butyl acrylate, hexane–toluene–perfluoromethylcyclohexane = 4+2+4
(mL), 15 h reaction time. The products were analysed by 1H NMR and the
conversion and selectivity confirmed by GC. b To aldehyde, olefin
isomerisation accounts for the product balance. c Linear to branched
aldehyde ratio, determined by 1H NMR. d The branched product was a 1+1
mixture of enol and aldehyde, the linear aldehyde was < 1%.
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The rhodium cationic complex [[h5+h1-{3-(NIM)Ind-
P}n = 2]Rh(CO)Me]BF4 (1) reacts with 1-phenylpropyne
regioselectively and stereospecifically to afford the alkenyl
complex [[h5+h1-{3-(NIM)Ind-P}n = 2]Rh{h2-ONC(CH3)-
C(CH3)NCPh}]BF4 (2).

The design and synthesis of novel chiral transition-metal
complexes having a stereogenic metal center provide an elegant
and powerful method for stoichiometric or catalytic asymmetric
transformations.1–5 Nonetheless, chemistry using metal-cen-
tered chirality is much less developed than that using chiral
auxiliaries or ligands.6 In order to accomplish asymmetric
reactions using metal-centered chirality, easy and convenient
methods for the preparation of optically active complexes which
are configurationally stable at the metal center should be
supplied. Recently we have found that the third generation of

the [CpA-P]H ligand, [{3-(NIM)Ind-P}n = 2]H was effective for
controlling the central metal chirality in the oxidative addition
of alkyl halide to the Rh carbonyl complex, compared to the first
and the second generation of the [CpA-P]H ligand.7,8 Thus,
oxidative addition using metal complexes with the third
generation of the CpA-P ligand could become a new preparation
of an optically active complex having a metal-centered
chirality. In order to use the chiral complex as an asymmetric
catalyst, racemization or epimerization at the metal center must
be prevented. Herein we show that the metal-centered chirality
controlled by the {3-(NIM)Ind-P}n = 2 ligand9 is configuration-
ally stable, which causes the stereospecific and regioselective
addition of alkynes to its cationic Rh complex.

The cationic rhodium complex, [[h5+h1-{3-(NIM)Ind-
P}n = 2]Rh(CO)Me]BF4 (1), which was readily prepared from
[h5:h1-{3-(NIM)Ind-P}n = 2]RhI(COMe) and AgBF4,8 is a
mixture of two diastereomers (major+minor = 96+4, 92% de).†
Reaction of complex 1 with 1-phenylpropyne in CH2Cl2 at
room temperature for 48 h afforded the alkenyl complex 2 in
79% isolated yield (Scheme 1).‡ From the 1H or 31P NMR of the
reaction mixture, 2 was found to contain only two isomers
(major+minor = 96+4). The structure of 2-major was confirmed
by the usual spectroscopic methods as well as X-ray crystallog-
raphy (Fig. 1).§ The stereochemistry around the Rh is S, and the
planar chirality is R. Complex 2 was produced through
migratory insertion of CO into the Rh–Me bond in 110 and the
subsequent rhodaacylation of the alkyne,11 followed by intra-
molecular coordination of the acyl oxygen to the Rh. Since four
isomers from each diastereomer of 1, based on the difference in
the metal-centered chirality and the regiochemistry of the

olefin, are possible, this transformation totally has the potential
for the formation of the eight isomers. The results, however,
indicated that only one isomer was produced from each
diastereomer of 1; the isomer ratio of 2 was the same as that of
the starting complex 1.† Thus, the metal-centered chirality did

Scheme 1

Fig. 1 ORTEP drawing of the X-ray crystal structure of the cationic part of
2-major. Selected bond lengths (Å) and angles (°): Rh–O 2.0719(15), Rh–P
2.2690(6), Rh–C(36) 2.023(2), C(36)–C(35) 1.362(3), C(34)–C(35)
1.428(4), O–C(34) 1,258(3); Rh–O–C(34) 114.79(17), Rh–C(36)–C(35)
115.13(19), Rh–P–C(11) 105.86(12), O–C(34)–C(35) 118.5(2), C(36)–Rh–
O 77.98(8), C(34)–C(35)–C(36) 113.5(2). The shortest interatomic distance
between the indenyl group and the phenyl ring is 3.278(4) Å.
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not racemize or epimerize throughout these transformations and
the regiochemistry of the olefinic part was completely con-
trolled.

The mixed ligand complex containing both an indenyl and a
tertiary phosphine ligand which are not connected by a spacer,
[Rh(h5-C9H7)(PPh3)(CO)Me]BF4, did not react with 1-phenyl-
propyne at room temperature. Although the cationic complex
having the second generation CpA-P ligand, [[h5+h1-(Ind-
P)n = 2]Rh(CO)Me]BF4, with 46% de (major+minor = 73+27)
also reacted with 1-phenylpropyne under the same conditions,
the corresponding alkenyl complexes comprised four diaster-
eomers (69+24+5+1).† The third generation of the [CpA-P]H
ligand was much more effective for controlling the ster-
eochemistry in this rhodaacylation.

Reaction of 1 (92% de) with phenyl acetylene in CH2Cl2 at
room temperature for 12 h gave the corresponding alkenyl
complex 3 with 92% de (Scheme 1).† The diastereomer excess
of 3 was also almost the same as that of 1. This reaction also
proceeded stereospecifically. 1H NMR of 3 showed a doublet
with a small coupling constant (J = 1.4 Hz) at d 6.21 for the
olefinic proton and the HMQC spectrum showed that the proton
was correlated to the b-olefinic carbon from Rh. Reaction of
complex 1 (92% de) with trimethylsilylacetylene under the
same conditions afforded the alkenyl complex 4 with 91% de
(Scheme 1).†¶ This reaction also proceeded stereospecifically,
but the opposite regioisomer to the product of the reaction with
phenylacetylene was obtained. The structure of 4-major was
confirmed by the usual spectroscopic methods as well as X-ray
crystallography. 1H NMR revealed a doublet of doublets at d
9.06 (J = 11.8 and 1.6 Hz) for the olefinic proton originating
from the terminal acetylenic hydrogen. When trimethylsilyl-
acetylene was used, the bulkier indenyl Rh moiety would attack
the less hindered acetylenic terminal carbon selectively in the
rhodaacylation process. In contrast, in the rhodaacylation of
1-phenylpropyne or phenylacetylene, the Rh–carbon bond was
formed at the more hindered site.12

We are currently investigating application of the reaction to
the stereoselective synthesis of general substituted olefins using
a catalytic amount of a rhodium complex containing the CpA-P
ligand. This work was supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan, and General Sekiyu Research &
Development Encouragement & Assistance Foundation.
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Ab initio MO and DFT calculations predict that replacement
of a single carbon by an isoelectronic species on the
corannulene skeleton can effectively arrest the bowl shape or
flatten it and the bowl rigidity, curvature and relative
stabilties of the positional isomers are solely controlled by
the size of the substituent and site of substitution.

Corannulene, C20H10, which forms the ‘polar cap’ of the
buckminister-fullerene is the simplest bucky-bowl, where the
warping of sp2-carbon surface enforces the molecule to adopt a
bowl-like geometry. The curvature in bucky-bowls results in
two distinct surfaces, convex and concave, and alters the
properties such as dipole moment, ionization potential, metal
binding etc.1 Despite the substantial curvature present in
corannulene, it is highly fluxional and the bowl-to-bowl
inversion is rapid,2,3 the resulting non-rigidity of its bowl
structure is in contrast to that of fullerenes. Our interest lies in
finding out simpler modifications that are required to effectively
‘lock’ the bowl geometry of corannulene. Previous studies
indicate that locking the bowl structure requires the addition of
one more fused five-membered ring.4 Construction of a
cyclophane bridge seems to be another strategy to lock the bowl
structure.5 Substitution on corannulene is not expected to have
any significant effect on the rigidity or inversion barrier.1b It
occurred to us that the simplest of the strategies might be to look
at the replacement of skeletal carbon atoms on the corannulene
by an electronically equivalent heteroatom substituent, such as
X = B2, N+, P+ or Si. Accordingly, as a first step mono-
substitutions have been placed at three unique positions of
corannulene namely at hub (1), rim-quat (2) and rim (3).

The geometries of all the structures of substituted cor-
annulenes depicted in Scheme 1 are optimized at ab initio
Hartree–Fock level using 3-21G basis set using the GAUSSIAN
94 program package.6 Frequency calculations confirm that all
the bowl structures are minima and planar structures are
transition states corresponding to bowl-to-bowl inversion.† The
effects of inclusion of electron correlation and improving the
basis set quality on energetics are estimated by performing
single point calculations using the B3LYP procedure with the
6-31G* basis set.

The relative energies of the positional isomers in their
minimum energy conformation as well as the TS for bowl-to-
bowl inversions are given in Table 1. The reference structure is
taken as the hub (1) substituted minimum energy isomer, which
in general has a non-planar bowl-like geometry. A strong
preference is shown to occupy the rim position (3) followed by
rim-quat (2) and hub (1) positions for substituents, where X =
B2, P+, or Si. In contrast, a complete reversal of the relative
stabilities of positional isomers is seen for X = N+, which
results in the following increasing order of stability, 3b < 2b <
1b. The thermodynamics of the positional isomers seems to be
solely controlled by the size of the substituent. In this context,
the C–X bond length is taken to gauge the size of X, as C–B, C–
P and C–Si bonds are longer and C–N is shorter than the C–C
bond, B2, P+ and Si are classified as larger substituents and N+

as a smaller substituent. Accordingly, larger heteroatom
substituents when compared to C prefer to occupy the rim
position and smaller ones prefer the hub position, and this
preference seem to be independent of the charge present on the
system, as well as the electronegativity of the substituent. The
relative stabilities of these positional isomers may be directly
traced to the angular strain caused by the substituent, i.e. a larger
atom at hub position will bring in more strain in the corannulene
skeleton where as it relieves the strain at the terminal position.
Accordingly, larger atoms prefer to be substituted at the rim (3)
position, while the smaller at the hub (1) position. The curvature
of the minimum energy bowl structures and the alteration of C–
X bond lengths when going from the bowl structure to the
transition state, which are key geometric changes, are depicted

Scheme 1

Table 1 Relative energies (kcal mol21) of the various structures. Total
energies are given in Eh and the frequencies in cm21

HF/3-31G B3LYP/6-31G*a

Bowl Planar-TS
Imaginary
frequency Bowl Planar-TS

1a 0.0 22.80 140.0i 0.0 22.03
(2745.80417) (2754.91705)

2a 220.15 211.86 107.2i 218.26 211.42
3a 217.34 212.03 95.1i 220.36 216.08
1b 0.0 3.30 83.2i 0.0 4.36

(2775.21444) (2784.58523)
2b 15.43 25.89 116.1i 16.12 26.20
3b 13.81 26.79 124.0i 13.17 24.82
1c 0.0 88.32 184.2i 0.0 67.57

(21059.97337) (21071.10510)
2c 214.83 26.00 102.6i 214.44 24.66
3cb 221.04 212.66 127.9i, 69.1i 219.18 214.70
1d 0.0 90.22 188.9i 0.0 74.33

(21008.55907) (21019.43484)
2d 245.14 239.56 93.4i 239.33 233.55
3d 254.04 253.20 57.3i 252.12 251.41
a Single point calculations at HF optimized geometries. b 3c shows two
imaginary frequencies of which the first represents the bowl-to-bowl
inversion.
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in Table 2. The curvature especially of hub substituted isomers,
depends on the pyramidalization tendency of the substituent.
Thus, second row substituents (P+ and Si) gives deeper and
more rigid bowls compared to their first row analogs (B2 and
N+). This reflects the fact that the structures with higher barriers
show greater changes in C–X bond lengths and vice versa. The
values of f ranging from 1.5 to 78.1° indicate a broad spectrum
of variations in the curvatures of the bowl isomers considered in
the present study.

The most interesting finding is the effect of substitution on
bowl-to-bowl inversion barriers. A clear qualitative difference
between the substituents with larger atomic size than carbon and
those with smaller atomic size is noted. Thus, when X = B2, P+

or Si, the inversion barrier is very high for 1 and decreases while
going to rim-quat (2) and rim (3) substituted ones. In sharp
contrast N+ substituted at hub (1) position, 1b, substantially
reduces the bowl-to-bowl inversion barrier while the rim (3)
substituted isomer, 3b, doubles the inversion barrier compared
to that of the pristine corannulene molecule. Thus, mono-
substitution with larger substituents at hub (1) positions
rigidifies the bowl, while at rim (3) position makes it more
fluxional and flatter compared to the parent corannulene. The
substitution by smaller substituents has exactly the opposite
effect with regards to bowl-to-bowl inversion. The inversion
barrier for all the rim-quat substituted (2) positional isomers,
seems to be less sensitive to the nature of substituent and in all
cases the barrier is of similar magnitude to that of cor-
annulene.

Interestingly, the isomer with largest inversion barrier is
found to be the least stable and possesses the highest f
indicating the maximum curvature. This highlights the inter-
connectivity of the curvature, stability and inversion barriers in
this series of isomers. Therefore, effectively the size and site of
substitution decides the curvature, stability and bowl-to-bowl
inversion barriers. Thus, Si, the largest substituent considered,
when substituted at hub (1) position gives the most rigid bowl
and leads to an increase in the inversion barrier by almost seven-
fold compared to that of unsubstituted corannulene! In contrast,
3d, the rim (3) substituted Si isomer yields the least curved
surface with an insignificant inversion barrier. The magnitude
of the imaginary frequency seems to give a good measure of the
inversion barrier, thus the highest value of 188.9i cm21 and
lowest of 53.2i cm21 correspond to the structures with highest
(1d) and lowest (3d) bowl-to-bowl inversion barriers, re-
spectively.

The stabilities of the mono-substituted corannulenes are
estimated using the isodesmic equation eqn. (1), in which the

(1)

most stable isomer is considered in each case (2a, 1b, 3c and
3d). C5XH6 and C6H6 represent the mono- and un-substituted
benzene ring respectively in eqn. (1). The results indicate that,
except for 1c (P+) and 1d (Si), in all other isomers the
replacement of a C by the isoelectronic X is more feasible
(thermodynamically) in corannulene than in benzene.‡

The present study indicates that in mono-substituted cor-
annulenes, the relative stabilities of positional isomers, curva-
ture and bowl-to-bowl inversion barriers are interconnected and
all of which seem to be mainly controlled by the size of the
substituent. Rational synthetic design of fullerenes in a stepwise
manner is severely hampered owing to the enormous strain
energy build-up in the skeleton which is chiefly attributed to
high incremental jumps in the strain as the curvature increases.7
A rigid bowl with a substantial built-in strain might be a better
precursor for further building-up of the cage structure, com-
pared to a flat or flexible bowl. In this regard, P+ or Si
substituted corannulenes at 1 position promise to be good rigid
frameworks for further fusing of five/six-membered rings en
route to hetero-fullerene cages.

We thank UGC, New Delhi and AICTE for financial
assistance.

Notes and references
† The planar isomer 3c gives two imaginary frequencies in the force
calculation. That with higher magnitude corresponds to bowl-to-bowl
inversion, while the other much lower frequencies (69.1i cm21) can be
ignored and the planar structure can be considered as a TS for all practical
purposes.
‡ The energetics given are at HF/3-21G level.
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Table 2 The pyramidalization angle f (°) and the changes in C–X bond lengths (rn/Å) going from the bowl structure to the transition state at the HF/ 3-21G
level

fa,b 1c 2c 3c

1 2 3 r1 r2 r2 r3 r3 r4

a 13.5 9.3 4.0 1.513 ? 1.468 1.457 ? 1.420 1.469 ? 1.446 1.579 ? 1.604 1.581 ? 1.604 1.513 ? 1.527
b 2.5 3.5 7.2 1.376 ? 1.363 1.331 ? 1.323 1.313 ? 1.296 1.418 ? 1.433 1.396 ? 1.408 1.343 ? 1.361
c 78.0 2.7 3.0 1.815 ? 1.641 1.812 ? 1.606 1.707 ? 1.658 1.821 ? 1.824 1.859 ? 1.799 1.860 ? 1.742
d 78.1 6.6 1.5 1.852 ? 1.692 1.816 ? 1.645 1.716 ? 1.734 1.882 ? 1.858 1.860 ? 1.868 1.778 ? 1.784

a The angle f which is a measure of pyramidalization is defined as f = 360 2 (q1 + q2 + q3) where q1, q2 and q3 are the bond angles around the unique hub
atom, which is X in 1 and C closest to X in 2 and 3. b f = 6.4 for corannulene. c Unsubstituted corannulene shows: r1 = 1.415 ? 1.393, r2 = 1.359 ?
1343, r3 = 1.449 ? 1.467, r4 = 1.368 ? 1.383.
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Two binding sites of the 1,2-bis(pyridinium)ethane type are
built into an extended axle on to which two molecules of
dibenzo-24-crown ether (DB24C8) can thread to produce the
first examples of [3]rotaxanes employing this templating
motif.

[2]Pseudorotaxanes are commonly used as precursors for the
formation of permanently interlocked [2]rotaxanes by addition
of ‘stopper’ components which are bulky enough to prevent
unthreading.1,2 We have recently demonstrated that various
1,2-bis(pyridinium)ethane dications will thread through the
24-membered crown ethers 24C8, B24C8 and DB24C8 to
produce a new series of [2]pseudorotaxanes 1a–e.3

For a 1,2-bis(4,4A-bipyridinium)ethane 1e, (X = py) axle and
a DB24C8 wheel, we have shown that the [2]pseudorotaxane is
easily converted to a permanently interlocked [2]rotaxane.4
This was achieved either by alkylation at the terminal pyridine
nitrogen atoms with bulky tert-butylbenzyl groups, 2, or
stoppering with appropriately large organopalladium frag-
ments, 3.

Herein, we describe the synthesis of both symmetrical and
unsymmetrical [3]rotaxanes by employing extended axles
containing two binding sites for a dibenzo-24-crown-8 ether
molecule. Although the rotaxanes presented here are saturated
and therefore display no translational isomerism, such higher
order [n]rotaxanes (n > 2) are not nearly as prevalent as simpler
[2]rotaxanes.5 The study of these multiple-sited systems is
important for the future development of molecular devices such
as those based on Stoddart’s notion of a molecular shuttle.6,7

The key synthetic intermediate in this work is 4b, which can
be used to alkylate a pyridine derivative to create a second

bis(pyridinium)ethane binding site.8 We reacted 4b with 4-tert-
butylpyridine, to produce 5 (Scheme 1), since the But group can
act directly as a stopper and with 4,4-bipyridine, to yield 6
(Scheme 2), as this provides a terminal pyridine moiety.
Subsequent monoalkylation of 5 and dialkylation of 6 with tert-
butylbenzyl bromide yields the dumbbell shaped axles 7 and 8.

The [3]rotaxanes 9 and 10 were prepared by mixing 5 and 6,
respectively, with four equivalents of DB24C8 in MeCN
solution followed by a two-fold excess of the required
equivalents of tert-butylbenzyl bromide.‡

Non-covalent interactions between axle and wheel are
evident from significant chemical shift differences in the
solution (CD3CN) 1H NMR spectra of 9 and 10 when compared
to 7, 8 and free DB24C8. A network of sixteen C–H…O
hydrogen bonds from axle protons to crown ether O-atoms is
evident in both 9 and 10 from the significant downfield shifts for
all a+-pyridinium (0.30–0.36 ppm) and +NCH2 protons
(0.21–0.42 ppm). In addition, p-stacking between the electron-
rich catechol and electron-poor pyridinium rings is indicated for
both rotaxanes by upfield shifts observed for the b-pyridinium
protons (0.25–0.56 ppm) and crown aromatic protons
(0.17–0.42 ppm). Also, since the tert-butylpyridinium stopper
for the asymmetric [3]rotaxane 9, is one aromatic ring closer to
the center of the molecule, we also observe a C–H…p
interaction between the tert-butylpyridinium methyl protons
and the crown aromatic group (Dd = 20.24 ppm). Un-
fortunately, the different environments of the DB24C8 catechol
rings could not be distinguished by low temperature 1H NMR
spectroscopy owing to the facile nature of the interconversion
process.

An X-ray crystal structure determination§ of 10 verified the
nature of the interactions observed in solution (Fig. 1). The two
DB24C8 rings are threaded on to the centrosymmetric tris(bi-

† Dedicated to Professor Christopher J. Willis on the occasions of his
retirement and 66th birthday.

Scheme 1 Reagents and conditions: i, 4-tert-butylpyridine, MeCN, 60 °C,
3 days, NaBF4(aq), 45%; ii, 4-tert-butylbenzyl bromide, MeCN, 60 °C, 3
days, NaBF4(aq), 25%; iii, 4-tert-butylbenzyl bromide, DB24C8, MeCN,
room temp., 2 days, SiO2 [MeOH–MeNO2–2.0 M NH4Cl(aq), 3+1+1], Rf =
0.47, NaBF4(aq), 18%.
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pyridinium) axle such that the S-shaped crown ether rings stack
stepwise over the three sets of bipyridinium rings. A unique
feature of this particular [3]rotaxane design is that the central
bipyridinium ring is sandwiched between two aromatic rings
from separate crown ether wheels. This has the potential to
allow direct communication between the two binding sites
through the wheel–axle–wheel overlap. The centrosymmetric
[3]rotaxane 10 shows N+…O interactions ranging from 3.51 to
3.65 Å and sixteen C–H…O hydrogen bonds with CH…O
distances in the range 2.26–2.77 Å. The orange–red colour of
the solid material and the UV absorption data in MeCN solution
are consistent with charge transfer interactions between the
electron-rich rings of the crown ether and the electron-poor
rings of the bipyridinium fragments.

It is clear that the 1,2-bis(pyridinium)ethane/24-crown-8
ether templating motif can be extended to multiply interlocked
molecules as demonstrated herein by the synthesis of symmet-
rical and unsymmetrical [3]rotaxanes.

We thank the Natural Sciences and Engineering Council of
Canada for financial support of this research and J. A. W. thanks
the Ontario Graduate Scholarship program for funding.

Notes and references
‡ All new compounds were successfully characterized by 1H NMR
spectroscopy (500 MHz, 298 K) and LSI-MS or ESI-MS. NOESY
experiments were used make individual 1H NMR assignments.

Selected data: for 9: dH(CD3CN): 9.30 (m, 6H), 8.95 (m, 4H), 8.13 (d,
2H, J 6.72 Hz), 8.08 (d, 2H, J 6.76), 7.95 (m, 4H), 7.75 (d, 2H, J 6.85 Hz),
7.59 (d, 2H, J 8.44 Hz), 7.48 (d, 2H), 6.74 (m, 8H), 6.68 (m, 4H), 6.51 (m,
4H), 5.82 (s, 2H), 5.61 (m, 6H), 5.45 (m, 2H), 4.04 (m, 48H), 1.34 (s, 9H),
1.18 (s, 9H). UV/VIS (MeCN, CT band): lmax = 406 nm. ESI-MS: m/z
1894.8 ([M 2 BF4]+). For 10: dH(CD3CN): 9.33 (d, 4H, J 6.84 Hz), 9.30 (d,
4H, J 6.84 Hz), 8.95 (d, 4H, J 6.84), 8.14 (d, 4H), 8.10 (d, 8H), 7.60 (d, 4H,
J 7.81 Hz), 7.49 (d, 4H), 6.68 (m, 8H), 6.49 (m, 8H), 5.81 (s, 4H), 5.48 (s,
8H), 4.07 (m, 48H), 1.34 (s, 18H). UV/VIS (MeCN, CT band): lmax = 399
nm. ESI-MS: m/z 2459.4 ([M 2 OTf]+).

§ Crystal data for 10: C110H126F18N6O34S6, M = 2610.53, monoclinic,
space group P21/n, a = 16.892(4), b = 14.926(7), c = 25.494(13) Å, b =
107.94(2)°, U = 6115(4) Å3, T = 293(2) K, Z = 2, m = 0.219 mm21, 8401
independent reflections (Rint = 0.0583), R1 = 0.1368, wR2 = 0.3516 (I >
2sI), R1 = 0.2204, wR2 = 0.3959 (all data), Goodness of fit (F2) = 1.212.
Data were collected on a Siemens SMART CCD instrument and solutions
performed using the SHELXTL 5.03 Program Library for Structure and
Solution and Molecular Graphics, Siemens Analytical Instrument Division,
Madison, WI, USA, 1997. CCDC 182/1593. See http://www.rsc.org/
suppdata/cc/b0/b001018i/ for crystallographic files in .cif format.
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Scheme 2 Reagents and conditions: i, 4,4A-bipyridine, MeNO2, 60 °C, 3
days, NaCF3SO3(aq), 18%; ii, 4-tert-butylbenzyl bromide, MeNO2, 60 °C,
24 h, NaCF3SO3(aq), 22%; iii, 4-tert-butylbenzyl bromide, DB24C8,
MeCN, room temp., 2 days, SiO2 [MeOH–MeNO2–2.0 M NH4Cl(aq),
3+1+1], Rf = 0.44, NaCF3SO3(aq), 15%.

Fig. 1 A ball-and-stick representation of the X-ray crystal structure of the
[3]rotaxane 8 showing the basic numbering scheme. N(2)+…O distances
(Å); O(1) 3.65, O(8) 3.61. N(3)+…O distances (Å) ; O(4) 3.53, O(5) 3.51.
C–H…O distances (Å) and angles (°): H(19A)…O(6) 2.52, C(19)–
H(19A)…O(6) 149.8; H(20A)…O(2) 2.57, C(20)–H(20A)…O(2) 142.4;
H(22A)…O(5) 2.77, C(22)–H(22A)…O(5) 140.9; H(22B)…O(3) 2.35,
C(22)–H(22B)…O(3) 169.2; H(23A)…O(7) 2.26, C(23)–H(23A)…O(7)
162.0; H(23B)…O(1) 2.45, C(23)–H(23B)…O(1) 152.6; H(24A)…O(6)
2.53, C(24)–H(24A)…O(6) 140.8; H(28A)…O(2) 2.48, C(28)–
H(28A)…O(2) 154.7.
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Coordination to the axial position of the metalloporphyrin
Ru(TTP)(CO) is an effective means to end-cap the
1,2-bis(4,4A-dipyridinium)ethane dication·dibenzo[24]-
crown-8 [2]pseudo-rotaxane and generate the stable por-
phyrinic [2]rotaxane 4.

In order for rotaxanes to be used effectively as architectures
when building nanoscale machines and new materials, the
macrocyclic wheel, once threaded onto the molecular axle, must
be held there to prevent the components from disassembling.1
This task is typically carried out by covalently fastening bulky
stoppers onto the two ends of the axle. Using this strategy,
pseudo-rotaxanes are transformed into permanently interlocked
rotaxanes.2 An alternative approach (slippage), which is a
thermodynamically driven self-assembly process, involves the
threading of a presynthesized axle through the macrocyclic
wheel under the influence of appropriate heating.3 However, the
harsh reaction conditions that tend to accompany the first
strategy may not be conducive for synthesizing rotaxanes
containing highly sensitive molecular components. The slip-
page strategy is also limiting in that rotaxanes can only be
prepared from axles small enough to allow for the wheel to pass
over them. A recently reported solution to these problems
utilizes the dynamic nature of the imine bond to end-cap
pseudo-rotaxanes under thermodynamic control.4 An alter-
native to using reversible carbon–heteroatom bond formation is
to exploit metal-directed self-assembly synthesis, which again
has the advantage of being thermodynamically driven but is
accomplished more rapidly and under milder conditions.
Despite its being introduced almost two decades ago, there are
few examples that utilize this approach to generate interlocking
structures.5

The growing interest in rotaxanes containing chromophores
as stoppers6 prompted us to develop mild porphyrin-based end-
capping methods. Porphyrins are particularly attractive stoppers
not only because of their bulkiness, but also because of their rich
electro- and photo-physical properties, which have played
important roles in synthetic electron and energy transfer
systems.6 In this study, we continue to use axial coordination to
the central metal of Ru(TTP)(CO)† as a means to self-assemble
porphyrin arrays in light of our recent success in rapidly
generating thermodynamically controlled multicomponent ar-
rays.7 What we sought was a pseudo-rotaxane displaying
divergent Lewis-basic sites appropriately distanced from the
threaded wheel so as not to interfere with the self-assembly
process. The 1,2-bis(4,4A-dipyridinium)ethane dication·diben-
zo[24]crown-8 [2]pseudo-rotaxane 3 recently spot-lighted by
Loeb and Wisner5 provided the suitable model rotaxane for our
purpose (Scheme 1).

Dissolving equimolar amounts of 1 and 2 in a 1+1 mixture of
CDCl3 and CD3NO2‡ immediately generated [2]pseudo-rotax-
ane 3 as apparent by 1H NMR spectroscopy. A comparison of
the integrals of the signals for free and bound 1 and 2, both of
which were clearly separated in the 1H NMR spectrum, allows
for facile determination of the association constant (Ka) in the
slow-exchange threading process. This value was measured to
be in the range of 3000–10000 M21 in the mixed-solvent system
(1–3 mM solutions). We prefer to report Ka as being within a
range because we found that the extent of threading was
sensitive to the concentration of 1 and 2 in the sample, with the

magnitude of the association constant increasing as the
concentration of both components are raised.§ We attribute this
unexpected concentration dependency to the trace amount of
residual water in the solvents. Because the solvent shells
surrounding all species (1–3) certainly can include water, it is
reasonable to assume that the concentration of free and bound
water would change throughout the complexation reaction at the
low water concentrations found in these solutions. The result is
that water cannot be eliminated from the thermodynamic
equilibrium equation and will thus have a great effect on the
ability to form the [2]pseudo-rotaxane 3. In this way, the
slightly hydrous nature of the solvents used affects the precision
of our measurements. Our support for this suggestion comes in
the observed lowering of Ka for solutions at any concentration
when additional water was added to the sample. The association
constants leveled out to 800–1000 M21 when enough water
(200–300 equivalents) was added so that its concentration
remains unchanged during the threading process. Despite this,
the strength of the interactions holding the interlocked compo-
nents together compensates for the presence of such a
competitive solvent like water.

Scheme 1 PF6
2 counter ion.
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1H NMR analysis of 3 also revealed the C–H…O hydrogen
bonds and p–p stacking interactions responsible for driving the
threading process.5 When 2 mol equivalents of Ru(TTP)-
(CO)(EtOH) are added directly to the NMR sample, signals for
the hydrogen atoms of both 1 and 2 shift significantly upfield,
as would be expected for protons that reside within the additive
shielding cones of the porphyrin stoppers.¶ The hydrogen atoms
immediately adjacent to the coordinating nitrogen are closest to
the end-caps (2.7 Å average nitrogen-to-porphyrin distance) and
are the most affected by the anisotropic effect (Table 1). The
shielding is minimally felt by the methylene (CH2) protons of
the dication axle which are as far as 10.2 Å from the stoppers,
although it is still significant (Dd = 0.72 ppm). All protons on
the crown ether are also shielded, the most effected being those
on the phenyl ring which are 3.0 and 5.1 Å from the mean centre
of the porphyrin planes.

Addition of an excess of a competitive Lewis basic solvent
such as pyridine to solutions of 4 resulted in the quantitative
displacement of the stoppers as Ru(TTP)(CO)(py) and the
regeneration of the dynamic mixture of pseudo-rotaxane 3 and
the non-threaded wheel and axle. This study reveals the
dynamic nature of the end-capping process.

Crystals of [2]rotaxane 4 suitable for structure determination
were obtained by treating acetone solutions of 1 with excess 2,
end-capping the quantitatively formed [2]pseudo-rotaxane 3
with 2 mol equivalents of Ru(TTP)(CO)(EtOH), followed by
slow evaporation. The crystal structure∑ (Fig. 1) is consistent
with the binding interactions observed in the 1H NMR
spectrum. All methylene protons of 1 are within hydrogen bond
distances to the oxygen atoms of the crown ether (average C…O
distance = 3.54 Å). Also, the phenyl rings of the crown ether
wheel are lying parallel to the heterocycles of the axle within p–
p stacking range (mean Ar–Ar distance = 3.4 Å). The crystal
structure shows that the distance between the porphyrin walls
[Ru(1)…Ru(2) 21.692(3) Å] is just enough to accommodate the
entire crown ether fragment without sacrificing any of the

favourable p–p stacking interactions between the wheel and the
axle.

We have shown that axial coordination is an effective self-
assembly method to convert dynamic [2]pseudo-rotaxanes into
stable interlocked [2]rotaxanes. The stoppers can be removed
under mild conditions by treating 4 with the appropriate solvent.
This end-capping strategy will be useful when removable
stoppers are desired. Photochemical studies are underway in
order to evaluate the influence the porphyrins have on the
charge transfer process that has already been observed in the
[2]pseudo-rotaxane.5

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and the University of
Alberta and by the University of Alberta.

Notes and references
† TTP = 5,10,15,20-tetratolylporphyrinato dianion.
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as nitromethane and acetonitrile, the poor solubility of Ru(TTP)(CO)-
(EtOH) in nitromethane alone eliminated the possibility of using this
solvent. Acetonitrile was avoided as its nitrogen atom effectively competes
as a Lewis base with those on 1 for coordinating to the transition metal.
Once formed, however, the [2]rotaxane 4 is freely soluble in organic
solvents alone such as CHCl3 and CH2Cl2.
§ Representative Ka values were measured to be 4161 M21 (1.2 mM
solution), 4647 M21 (2.2 mM solution) and 9356 M21 (3.3 mM
solution).
¶ Rotaxane 4 was also characterized by IR and ES-MS.
∑ Crystal data for 4: C166.5H169F12N12O17.5P2Ru2, M = 3110.22, mono-
clinic, space group P21/n (a non-standard setting of P21/c (no. 14)], a =
11.655(2), b = 30.385(5), c = 24.340(4) Å, b = 103.745(3)°, V = 8373(2)
Å3, T = 280 °C, Z = 2, m = 0.276 mm21, number of reflections = 41325;
number of independent reflections = 17184, R1(F) = 0.0877 [for 4929 data
with F2 ! 2s (F2)], wR2 (F2) = 0.2673 (all data).

CCDC 182/1594. See http://www.rsc.org/suppdata/cc/b0/b001259i/ for
crystallographic files in .cif format.
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Table 1 Selected 1H NMR data (500 MHz) of 4 in CDCl3–CD3NO2

(1+1)

Axle fragment Wheel fragment

H(a)a H(b) H(c) H(d) H(e) H(f) H(g) H(h)

d 1.65 5.36 6.91 8.60 5.01 5.33 5.94 3.67–3.59
Ddb/ppm 27.18 22.14 21.17 20.72 20.72 21.37 20.76 20.48
a Atom numbering scheme refers to Scheme 1. b Refers to upfield shifts of
the protons relative to those in the spectrum of [2]pseudo-rotaxane 3.

Fig. 1 Molecular structure of [2]rotaxane 4 in the crystal. The thermal
ellipsoids are drawn at the 20% probability level.
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A combination of hydrogen bonding and metal coordination
leads to the formation of the new solid state molecular
capsule [{18-crown-6}7{(Y(H2O)7

3+)1.33(p-sulfonatocalix-
[4]arene42)}2] at pH between 1.0 and 4.0.

Certain rigid, non-planar molecules with curved or bowl shaped
micro-environments have the extraordinary ability to assemble
into capsules or cage molecules or ions.1–12 These species may
form nano-structures of relevance to materials and biological
science, and their encapsulation of guest molecules has
implications for drug delivery and catalysis.13 The hydrophobic,
bowl shaped motif of calixarenes and related resorcinarenes
make them inherently versatile building blocks for the construc-
tion of ionic or molecular capsules. They afford capsules based
on the assembly of two4 or six3 sub-units or supramolecular
tectons in which the assembly is primarily driven by the
interplay of hydrogen bonding between the subunits. This may
involve additional hydrogen bonding associations with solvent
molecules. Capsules derived from aqueous media usually rely
on metal ion complexation to drive the assembly process.10,11

An exception is the ionic capsule [{Na+7(18-crown-
6)(OH2)2}7{p-sulfonatocalix[4]arene42)2} + nH+](7 + n)2,
which incorporates both hydrogen bonding and metal com-
plexation.12

Herein, we report the use of a combinatorial approach for the
synthesis of a complex based on molecular capsules,
[{18-crown-6}7{(Y(H2O)7

3+)1.33(p-sulfonatocalix[4]ar-
ene42)}2] 1.† Combinatorial chemistry has thus far been of
limited application in supramolecular chemistry.14 The supra-
molecular combinatorial library used contains all the interacting
synthons including the degree of protonation of the calixarene
(achieved by varying pH) and the relative ratios of the synthons,
with crystallisation indicative of capsule formation. Its note-
worthy that Atwood et al. have established a rich supramo-
lecular chemistry of p-sulfonatocalix[4]arene and the lantha-
nides in the absence of crown ethers.15,16

Complex 1 crystallises from an aqueous solution of sodium
p-sulfonatocalix[4]arene, 18-crown-6, yttrium(III) chloride, and
hydrochloric acid as the tetrahydrate at a pH between 1.0 and
4.0 (Scheme 1). The highest optimised yield of 68% was for a
pH close to 2.0 with the pH varied by 0.25 pH units. Above pH
4.0 and below pH 1.0 no complex precipitated from solution.
Interestingly using perchloric acid resulted in oxidation of the
calixarene and formation of crystalline Y2(SO4)3(H2O)8 at pH
< 2.0,‡ isostructural with other known Ln2(SO4)3(H2O)8 com-
plexes.17 Complex 1 was characterised by electron microprobe
analysis, which indicated a Y+S ratio of ca. 1+3, as well as
microanalysis, IR spectroscopy and single crystal X-ray
crystallography.§ The IR spectrum displayed a shift in the
sulfonate absorptions from 1186 and 1048 cm21 (for the sodium
salt) to 1166 and 1041 cm21, which is indicative of metal
coordination through oxygen centres.18 Similar reactions were
tried using other lanthanoid salts, and an isostructural Eu3+

complex has also been obtained at an optimal pH 2.5.¶
Complex 1 crystallises in the space group P21/n with the

capsule residing over a centre of inversion. The unit cell also
contains eight solvent water molecules disordered over several

positions. Results are shown in Fig. 1. Yttrium cations
coordinate to the 1,3-sulfonate groups of the calixarene with
two calixarene sub-units encapsulating an 18-crown-6 mole-
cule, and indeed the crown ether may be the primary building
component around which the capsule is formed. Surprisingly
the 18-crown-6 is devoid of Na+, and also Y3+, but this ion is not
well suited to interact with this crown ether.19 The absence of
Na+ is in direct contrast to the ionic capsule [{Na+7(18-crown-
6)(OH2)2}7{(p-sulfonatocalix[4]arene42)2} + nH+](7 + n)2 and
the related perched ‘Ferris wheel’ structure [{La3+7(18-crown-
6)(OH2)3}9{(p-sulfonatocalix[4]arene42 + 2H+)}]+.20

There are two types of Y metal, one of which is partially
occupied and disordered, and both coordinate to seven water
molecules [Y(1)–O 2.324(4)–2.405(4) Å, Y(2)–O 2.31(2)–
2.38(2) Å], and one sulfonato group of the calixarene [Y(1)–O
2.308(4) Å, Y(2)–O 2.30(2) Å]. This is unexceptional for Y3+.21

Both are involved in RSO–Y–HOH…OSR hydrogen bonding
leading to the dimerisation of calixarene sub-units in two
distinct modes, shown schematically in Fig. 1(a). The first
mode, of the ordered Y(1), involves a head-to-head dimerisation
of the calixarenes [Fig. 1(a)(i)] to form the capsule, with
YO…OS separations of 2.71–2.80 Å. This is undoubtedly
facilitated by the encapsulation of the crown ether macrocycle
(as discussed later). The second mode forms an S-type motif and
involves the partially occupied Y(2)(H2O)7, [Fig. 1(a)(ii)]. This
moiety is disordered over two adjacent sites by symmetry and
each site has an occupancy of 1/3, determined by microprobe
analysis, analysis of anisotropic displacement parameters and
charge balance considerations. The YO…OS separations are
2.70 and 2.76 Å. The combination of the two modes of RSO–Y–
HOH…OSR hydrogen bonding leads to a linear chain of

Scheme 1
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capsules, a section of which is shown in Fig. 1(b). It is
noteworthy that the sulfonatophenol group involved in Y(2)
coordination has the largest tilt angle from the calixarene
phenolic O4 plane of 126.3° cf. 119.3, 115.6 and 124.5° for the
other phenols.

The crown ether is at the core of the capsule. Hydrogen
bonding occurs through each oxygen centre to water molecules
coordinated to Y(1) at O…O separations of 2.77, 2.76 and 2.80
Å [Fig. 1(b)]. Driven primarily by this hydrogen bonding, but
also by the complementarity of curvature of the calixarene
cavity with the curvature of the crown ether (which optimises
van der Waals interactions) the crown ether is held in the
hydrophobic interior of the capsule. It is significantly distorted
from its usual ‘crown’ shape due to exo-crown ether cavity
hydrogen bonding, and hydrophobic interplay with the calix-
arenes.

In conclusion, using a combinatorial approach we have
gained access to a novel multi-component capsule containing
either Y3+ or Eu3+. The same conditions for the formation of the
capsule for solutions containing La3+ affords a perched
structure involving one calixarene, one crown ether and a metal
centre.20 Other structural types are likely to be obtained from
subtle changes in metal ion size and pH. We note that in the
absence of crown ether, Ln3+ (Ln = Yb, Eu) can form
complexes with p-sulfonatocalix[4]arene with the metal centre
also bound to one sulfonato group, but ionic capsules do not
form.16 Clearly the presence of the crown ether is important for
the formation of the capsule. However, other molecules with
complementary size and curvature, which are also capable of
hydrogen bonding, may also result in the formation of
capsules.

We are grateful to the Australian Research Council for
support of this work.

Notes and references
† Synthesis of 1: YCl3·6H2O (4.4 mg, 14.5 mmol), 18-crown-6 (5 mg, 18.9
mmol) and tetrasodium p-sulfonatocalix[4]arene (6 mg, 7.25 mmol) were
dissolved in water (700 mL) and the pH adjusted to 2.0 using concentrated
HCl. Colourless crystals of 1 grew overnight (6.1 mg, 68%). The crystals
were sensitive to solvent loss. Electron microprobe results indicate that
sulfur is ca. three times more abundant than yttrium (microanalysis: C, 32.0;
S, 10.44%).

‡ Y2(SO4)3(H2O)8 unit cell parameters: monoclinic, space group C2/c. a =
13.474(2), b = 6.688(1), c = 18.237(2) Å, b = 102.02(1)°.
§ X-Ray Crystallography: a crystal of dimensions 0.25 3 0.13 3 0.10 mm
was grown from aqueous perchloric acid. Data were collected at 123(1) K
on an Enraf-Nonius KappaCCD diffractometer with Mo-Ka radiation. The
structure was solved by a combination of Patterson map and partial structure
expansion (SHELXS-97) and refined using full-matrix least squares on
F2(SHELXL-97). All non-hydrogen atoms were refined anisotropically. All
C–H and calixarene O–H hydrogens were fixed at geometrically calculated
positions. Crystal data for [(18-crown-6)0.5(Y(H2O)7)1.33(p-sulfonatocalix-
[4]arene)]·4H2O 1: C34H58.67O32.33S4Y1.33: Mr = 1231.59; monoclinic,
space group P21/n; a = 12.0226(2), b = 28.2424(7), c = 15.1695(4) Å, b
= 97.512(1)°; Z = 4; U = 5106.6(2) Å3; m = 1.776 mm21 (no correction);
67206 data collected, 13671 unique (Rint = 0.101); number of parameters
= 738, final GOF = 1.062, R1 = 0.0851 [on 8255 observed data with I >
2s(I)], wR2 = 0.2559, (all data).

CCDC 182/1599. See http://www.rsc.org/suppdata/cc/a9/a910256f/ for
crystallographic files in .cif format.
¶ Unit cell parameters for the isostructural complex [(18-crown-
6)0.5(Eu(H2O)7)1.33(p-sulfonatocalix[4]arene)]·4H2O: monoclinic, space
group P21/n, a = 11.9930(4), b = 28.4063(15), c = 15.0737(7) Å, b =
96.890(3)°.
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Fig. 1 (a) Schematic diagram of RSO–Y–HOH…OSR hydrogen bonding
modes in [(18-crown-6)0.5(Y(H2O)7)1.33(p-sulfonatocalix[4]arene)]·4H2O
1, (i) head-to-head dimerisation of calixarenes around an 18-crown-6
molecule, (ii) S-type motif; (b) section of the crystal structure of 1 showing
the linear chian of capsules,¶ Y(1)(H2O)7 is shown in black, while
Y(2)(H2O)7 which is disordered with 1/3 occupancy is white. Hydrogen
atoms have been removed for clarity and implied hydrogen-bonding
interactions are represented by dashed lines. An isostructural complex can
be formed with Eu.
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The reaction of suitable organic groups in combination with
well defined inorganic silsequioxane cores leads to cova-
lently bound organic–inorganic hybrid materials, which
exhibit nematic and smectic C phase behaiour close to room
temperature.

Much attention has been paid to the investigation of nanoscopic
organic–inorganic hybrids which are amorphous, crystalline or
which exhibit bicontinuos, columnar or lamellar morpholo-
gies.1–4 This makes the investigation of systems where a
covalently attached inorganic core is dispersed homogeneously
in a nematic matrix a fascinating proposition.

Our approach is based on molecular designed LC materials
where it has been established that the linkage of polyphilic
groups to nematogenic molecules leads to layered structures.5,6

This requires a systematic approach to arrive at the targeted
nematic materials based on crystalline silsesquioxane cores A,
shown in Fig. 1 as a model system for a monodisperse inorganic
crystal of defined stereochemistry. The linkage of the liquid-
crystalline rod-shaped mesogenic moieties to the inorganic
cores is effected by spacers consisting of organic methylene
groups bonded via 1,1,3,3-tetramethyldisiloxane groups to the
core. Eight mesogenic groups are appended from the cuboid
core leading to a molecular structure, where in the LC phase the
nematic director field is responsible for the deformation of the
spatially isotropic molecules to assemble into the nematic phase
structure.

In order to assure the formation of liquid-crystalline phases
above ambient temperature aromatic core structures of the
mesogenic units were selected containing three and four
aromatic rings, linked by C–C single bonds or ester groups
shown in Scheme 1. In order to assure a suitable stability range
of the liquid-crystalline phase terminal alkyl chains of eight or
eleven methylene groups were selected. The lateral attachment
of the mesogens to the central core was chosen to favour side-on
interactions of the mesogens following an established concept.7
A spacer of five methylene groups and a siloxane unit was used
to obtain a suitable degree of decoupling of the rigid aromatic
mesogens and the silsesquioxane crystalline core.

The synthesis of the functionalised monomer 5 is shown in
Scheme 1. Alkylation of 2,4-dihydroxymethylbenzoate 1 with
1-bromooctane in the p-position of the aromatic ring and
subsequently with 5-bromopent-1-ene in the o-position fol-
lowed by removal of the protective methyl group leads to the
intermediate 2. Compound 4 containing four aromatic rings was

obtained by esterification of 2 with 3, the product of the
esterification of octyloxybenzoic acid with one of the phenol
groups of 4,4A-biphenol. The attachment of a 1,1,3,3-tetra-
methyldisiloxane group B to 4 in a hydrosilylation reaction
using Karstedt’s catalyst leads to the functionalised monomer
5.

The structurally related mesogen 6 containing only three
aromatic rings was synthesised as published earlier and
hydrosilylated as described for 4 leading to the material 7.2

In order to assess whether the phase behaviour is determined
by microphase separation or by the size of the relatively bulky
methyl groups of the siloxane units, 4 was reacted with
1,1,3,3,3-pentamethyldisiloxane C leading to material 8, an
anologue to compound 5. The reaction of 6 with C in a similar
manner yields compound 9, structurally similar to material 6.

Fig. 1 Structures of the siloxane and silsequioxane cores.

Scheme 1 Reagents and conditions: i, K2CO3, KI, butanone, 1-bro-
mooctane; ii, K2CO3, KI, butanone, 5-bromopent-1-ene; iii, NaOH–MeOH,
HCl–H2O; iv, DCC–DMAP, 3; v, 1,1,3,3-tetramethyldisiloxane, Karstedt’s
catalyst.
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The organic–inorganic hybrid materials containing a central
silsesquioxane core were obtained by reacting octavinylsil-
sesquioxane A with 5 in a hydrosilylation reaction leading to
material 10. The bond formation could be monitored by the
occurrence of the signals for the ethylene bridge in the 1H NMR
spectrum and unambiguously in this context by the appearance
of peaks at d 4.1 and 9.8 in the 13C NMR spectra. The fusion of
the inorganic core C in a similar manner with the functionalised
mesogenic side-chain 7 containing three aromatic rings resulted
in compound 11. The materials were purified by column
chromatography, indicating that the incorporation of siloxane
groups in the spacer alters the solubility of these materials, when
compared to related structures.8,9 The eluent for material 11 was
dichloromethane–hexane with the mixture gradient changed
from 1+1 to 4+1 during the elution.

The transition temperatures of the liquid-crystalline materials
4–11 are listed in Table 1. All of these materials exhibit a
nematic phase as the highest stable liquid-crystalline phase,
characterised by a typical schlieren texture when observed
using optical polarising microscopy.

For the four-ring system 4 the side-on attachment of the
microphase seperating tetramethylsiloxane group leads to
a marked decrease of the isotropisation temperature from
173.2 °C for 4 to 123.8 °C for compound 5, a fall of 49.4 °C.

For the three-ring system 6 with an isotropisation temperature
of 72.7 °C fusion to be tetramethylsiloxane group, leading to
compound 7, results in a decrease of the clearing temperature to
39.1 °C, a fall of 33.6 °C.

This modification of the mesogenic moieties by siloxane
groups is additionally accompanied by a strong fall in the
melting temperatures to 67.1 °C for 5 (99.4 °C for 4) and to
18.0 °C for 7 (53.8 °C for 6) when compared to the starting
materials. An interesting feature is the occurrence of a low
temperature smectic C phase characterised by broken focal
conics and a schlieren texture for material 5, a feature very
unusual in rod shaped materials with a lateral side-chain.10–12

The structurally related materials containing a pentame-
thyldisiloxane endgroup, 8 and 9, have similar isotropisation
temperatures as observed for 5 and 7 containing tetra-
methyldisolaxane groups, indicating that the liquid-crystal
phase behaviour is governed mainly by microphase separation

of the organic and siloxane groups. The increase in the melting
points for 8 (76.6 °C cf. 67.1 °C for 5) and 9 (24.8 °C cf. 18 °C
for 7) can be attributed to the more bulky siloxane groups,
leading to more stable crystalline phases.

The material 10 containing an inorganic core has an
isotropisation temperature of 145.8 °C, a rise by 22 °C
compared to the monomer 5, indicating that the incorporation of
a suitably functionalised inorganic core can promote the
stability of the mesomorpic state. The increase of the stability
range of the smectic C phase by 60 °C to 111.3 °C observable
for material 10 is remarkable. This is accompanied by a fall of
the crystallisation temperature to 59.5 °C of this structure.
Additionally a monotropic highly ordered LC phase of
undetermined structure was observed below 33.1 °C.

A special feature of the cuboid material 11, where the
inorganic core is decorated with eight mesogens containing
three aromatic is the absence of a crystalline state, only a low
glass transition temperature of 219.3 °C could be observed.
The material clears from the nematic phase to the isotropic state
at 50.5 °C and shows an underlying smectic phase (smectic X)
at 37.6 °C, confirming thus the versatility of the selected
systematic approach, geared towards low temperature organic–
inorganic anisotropic fluids incorporating nanocrystalline
cores.

We acknowledge the EC for funding in the framework of the
TMR network ‘Molecular Design of Functional Liquid Crys-
tals’ and thank the members of the network for the many helpful
discussions.
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Table 1 Transition temperatures as determined by DSC

Compound Structure Phase transitions/°C

4 4 cr 99.4 N 173.2 Iso
5 4-B cr 67.1 [SmC 51.3] N 123.8 Iso
6 6 cr 53.8 N 72.7 Iso
7 6-B cr 18.0 N 39.1 Iso
8 4-C cr 76.6 [SmC 58.2] N 122.0 Iso
9 6-C cr 24.8 N 39.5 Iso

10 [4-B]8-A cr 59.5 [SmX 33.1] SmC 111.3 N 145.8 Iso
11 [6-B]8-A Tg 219.3 SmX 37.6 N 50.5 Iso
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b Kekulé-Institut für Organische Chemie und Biochemie der Universität Bonn, Gerhard-Domagk Strasse 1, D-53121
Bonn, Germany

Received (in Cambridge, UK) 15th March 2000, Accepted 7th April 2000

In a fourth generation poly(propylene amine) dendrimer
decorated with 32 dansyl units at the periphery and
containing 30 aliphatic amine units in the interior, the strong
fluorescence of all the dansyl units is quenched when a Co2+

ion is incorporated into the dendrimer.

In the last few years there has been a great development in the
field of fluorescent chemosensors.1 These compounds are
usually made of a fluorescent unit connected with a receptor.
Recognition of a substrate by the receptor affects the fluorescent
properties of the fluorophore. For example [Fig. 1(a)], coordina-
tion of a metal ion to the receptor can cause quenching of the
excited state of the fluorophore by energy or electron transfer,
thereby switching off the fluorescent signal. In order to achieve
sensory signal amplification, we have designed and synthesized
compounds in which one transition metal ion is able to quench
the excited state of a great number of fluorophores [Fig.
1(b)].

The described system belongs to the family of dendrimers,
which are well defined macromolecules exhibiting tree-like
structures.2 By suitable design and synthetic strategies, it is
possible to incorporate in a dendritic structure components
exhibiting specific properties whose integration can lead to
useful functions.3 Continuing our investigations in the field of
photoactive dendrimers,4 we have prepared compounds that
incorporate both receptor and fluorophore units, and we have
shown that they can give rise to a strong signal amplification
compared to fluorescence sensors carrying only one fluorescent
unit (Fig. 1).

Because of its strong fluorescence, the dansyl group is often
used as a fluorophore for sensory purposes.5 When the dansyl
unit is linked to a polyamine receptor,6 coordination of a
suitable metal ion by the receptor causes the quenching of the
dansyl fluorescence. We have appended fluorescent dansyl

units at the periphery of poly(propylene amine) dendrimers7

which are able to coordinate metal ions by the aliphatic amine
units contained in the interior of the structure. The formula of
the fourth generation dendrimer 4D, which contains 32 dansyl
units at the periphery and 30 aliphatic amine units in the interior,
is shown in Fig. 2.

In acetonitrile–dichloromethane (5+1 v/v) solution, den-
drimer 4D exhibits intense absorption bands in the near UV
spectral region (lmax = 253 and 339 nm, emax = 357 000 and
113 000 M21 cm21, respectively) and a strong fluorescence
band in the visible region (lmax = 514 nm, F = 0.25, t = 13
ns).† Addition of Co2+ (up to 1.0 3 1024 M, as Co(NO3)2-
·6H2O) to a 4.6 3 1026 M solution of 4D caused a strong
quenching on the fluorescence intensity of the dansyl units
appended at the periphery of the dendrimer, without affecting
the absorption spectrum.

The observed quenching cannot be attributed to a dynamic
process,‡ but it must originate from coordination of metal ions
by the aliphatic amine groups which are present in the interior
part of the dendrimer.8 The 4D dendrimer, in fact, can be
considered as a polydentate ligand. In view of its size and of the
30 amine units, it can be expected that each dendrimer

Fig. 1 Schematic representation of (a) a conventional fluorescent sensor and
(b) a fluorescent sensor with signal amplification. The curved arrows
indicate a quenching process. For more details, see text.

Fig. 2 Structure formula of the 4D fourth-generation poly(propylene amine)
dendrimer decorated with 32 dansyl units.
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coordinates several metal ions, giving rise to a complex titration
curve (Fig. 3). The inset of Fig. 3 shows that for low Co2+

concentrations ([Co2+]/[4D]@0.3) the fluorescence intensity
decreases linearly with increasing [Co2+]. More specifically, in
this concentration range each Co2+ equivalent quenches 32
dansyl units, a number that corresponds to the dansyl units
contained in each dendrimer. This means that at low metal ion
concentration, 1+1 metal ion–dendrimer species are formed in
which the dansyl fluorescence is completely quenched.§
Apparently, upon coordination of a metal ion the dendrimer
shrinks around the metal, thereby allowing all the 32 dansyl
units to be quenched when they are excited.

The titration curve (Fig. 3) is no longer linear on increasing
Co2+ concentration further, which shows that species containing
more than one metal ion per dendrimer are formed. The dashed
curve in Fig. 3 corresponds to the behaviour expected if two
metal ions can independently enter the dendrimer; the lack of
fitting to this titration curve suggests that species containing
more than two metal ions are also formed. Finally, it can be
noted that the luminescence intensity does not fall to zero.
Perhaps, since the metal ion is added as Co(NO3)2·6H2O, at
very high Co2+ concentrations water molecules and/or counter
ions may occupy part of the coordination sphere or even prevent
complete dendrimer–Co2+ association. We have also found that,
at high Co2+ concentrations, the titration curve is somewhat
different when the metal ion is added as a chloride salt.

A most important property of a fluorescent sensor is, of
course, sensitivity. By using dendrimer 4D it is possible to
amplify the sensitivity of a monodansyl compound by 32 times.
The detection limit of Co2+ depends on the concentration used.
Our results indicate that with a 4D concentration of 4.6 3 1026

M, a Co2+ concentration of 4.6 3 1027 M causes a decrease in
the fluorescence intensity of 5%. A signal amplification effect
has already been obtained with polymeric chains of sensors.9
Because of their well defined and fully programmable struc-
tures, dendrimers are more promising species for this kind of
application.10 Of course, several other requirements (e.g.,
selectivity) are needed for useful sensory application.

This work has been supported by MURST (Supramolecular
Devices Project), University of Bologna (Funds for Selected
Topics), and CNR (Sensori Fluorescenti Supramolecolari).

Notes and references
† The equipment used has been described elsewhere.4
‡ Since the lifetime of the fluorescent excited state of the dansyl unit is 13
ns, the metal ion concentration is too low to cause sizeable effects even in
the case of a diffusion controlled quenching process.
§ The straight line shown in the inset of Fig. 3 extrapolates to I/I0 = 0 at
[Co2+]/[4D] = 1, which confirms that at low metal ion concentration 1+1
metal ion/dendrimer species are formed in which the dansyl fluorescence is
completely quenched.

1 R. A. Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch,
G. E. M. Maguire, G. P. McCoy and K. R. A. S. Sandanayake, Top.
Curr. Chem., 1993, 168, 223; A. P. de Silva, H. Q. N. Gunaratne, T.
Gunnlaugsson, A. J. M. Huxley, G. P. McCoy, J. T. Rademacher and
T. E. Rice, Chem. Rev., 1997, 97, 1515; M. D. Ward, Chem. Ind., 1997,
640; Chemosensors of Ion and Molecule Recognition, ed. J. P.
Desvergne and A. W. Czarnik, Kluwer, Dordrecht, 1997; P. D. Beer,
Acc. Chem. Res., 1998, 31, 71; L. Fabbrizzi, M. Licchelli and P.
Pallavicini, Acc. Chem. Res., 1999, 32, 846.

2 D. A. Tomalia and H. D. Durst, Top. Curr. Chem., 1993, 165, 193; N.
Ardoin and D. Astruc, Bull. Soc. Chim. Fr., 1995, 132, 875; E. C.
Constable, Chem. Commun., 1997, 1073; G. R. Newkome, C.
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Fig. 3 Effect of addition of Co2+ ions on the fluorescence intensity of the 4D
dendrimer. The concentration of 4D is 4.6 3 1026 M. Inset shows the results
of a detailed investigation at low Co2+ concentration.
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The use of amorphous silica-supported titanium catalysts in
which the titanium ions display a chemical environment
similar to that of Ti-substituted zeolites, afforded excellent
activity in the epoxidation of terminal linear and bulky
alkenes with dilute solutions of hydrogen peroxide.

Despite numerous reports in the literature, the epoxidation of
terminal alkenes remains a challenge in petrochemistry. Many
different methods have been developed for the preparation of
epoxides. However, in recent years maximum interest has
focused on titanium-substituted zeolites in the framework,
including TS-1,1 Ti-b2 and Ti-incorporated mesoporous silica,3
which are claimed to be good catalysts for epoxidation with
hydrogen peroxide. Although in the presence of methanol as a
solvent all these catalysts display high activity and selectivity
levels towards epoxide, they have poor mechanical strength and
low thermal stability. Non-zeolitic TiO2–SiO2-supported cata-
lysts are effective in the epoxidation of alkenes with organic
hydroperoxides,4,5 but it is generally believed that they are not
effective in the epoxidation of alkenes with hydrogen peroxide.
Nevertheless, titanium silica-supported catalysts have been
reported to be active to the epoxidation of alkenes with
hydrogen peroxide, but with low selectivity towards epoxide.6

Here we report a very simple route for the preparation of
TiO2/SiO2 catalysts with highly dispersed titanium atoms.
These catalysts are relatively inexpensive, easy to synthesise
and regenerate, and at the same time show high conversion rates
without the requirement of methanol as a solvent. Hitherto,
these materials have not been used as catalysts in the
epoxidation of alkenes (oct-1-ene, cyclohexene and norbor-
nene) with hydrogen peroxide solutions.

The catalysts were prepared in the following manner:7 0.75 g
of titanium isopropoxide was dispersed in the solvent (either n-
decane, toluene or cyclohexanol to produce catalysts C3, C2
and C1, respectively) (150 ml). The solution was heated to
423 K (the boiling point of toluene solution) under stirring and
then 5 g of silica (Grace Davison G-952, surface area:
310 m2 g21, pore volume: 1.5 ml g21) was added to the solution,
which was stirred at 423 K for 2 h. The solid obtained was
filtered off and washed twice with 150 ml of hot solvent and
subsequently dried at 383 K and calcined at 773 K for 5 h. As
reference catalysts, a titanium-supported silica (TiF/SiO2), as
described by Jorda et al.,6 and a titanium silicalite (TS-1), as
reported by Taramaso et al.,1 were prepared.

The total amount of titanium introduced into the synthesis
solution was incorporated to catalysts TiF/SiO2, C2 and C3
(Table 1). However, when cyclohexanol was employed as the
solvent (C1), only part of the titanium was incorporated into the
catalyst. For TS-1, the degree of titanium incorporation was
similar to that reported in the literature. The structural FTIR
spectra of the catalysts diluted in KBr were inconclusive
because the silica support displayed a broad peak at 960 cm21,
which overshadowed the Ti–O–Si vibration mode
(960 cm21).8

The DRS UV–VIS spectra (Fig. 1) of catalysts C1, C2, C3
and TiF/SiO2 were clearly different from that of the TS-1
sample. The spectrum of the latter showed a single peak at

210 nm, which can be taken as a clear indication of isolated
Ti(IV) in tetrahedrally coordinated sites. The slight shift in band
position and the increase in bandwidth point to a distorted
tetrahedral environment of the titanium. The broad adsorption
band of the silica-supported samples shifted to high wavelength
values; this can be explained in terms of: (i), the presence of
titanium atoms in octahedral coordination (values between 290
and 333 nm),9 as observed in catalysts C2 and C3, and as a small
component in TiF/SiO2; (ii) the hydrophilic nature of the silica
surface, which favours the presence of hydrated titanium in
tetrahedral coordination (232 nm),9 as already seen for catalyst
C1 and the major proportion of TiF/SiO2. However, the absence
of a band at 370–410 nm rules out the presence of free TiO2 in
all the catalysts.9

High resolution photoelectron spectra of Ti 2p core-levels of
the in situ outgassed samples (Fig. 2) displayed the character-
istics Ti 2p1/2/Ti 2p3/2 doublet. Although chemical information
can be derived from each component, discussion should be
based on the most intense Ti 2p3/2 component. Curve fitting of

Table 1 Characteristics of the catalysts

Catalyst Synthesis

Titanium
content
(%) (XPS)

XPS ratio
(460 eV/
458.5 eV)

C1 Cyclohexanol 0.8 2.1
C2 Toluene 2.6 0.5
C3 n-Decane 2.6 0.1
TS-11 1.7 2.5
TiF/SiO2

6 1.1 —a

a Not determined owing to the presence of fluorinated species.

Fig. 1 DRS UV–VIS spectra of solids in ambient conditions recorded with
a Shimadzu UV-2100 spectrometer.
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the Ti 2p3/2 core level to two components shows the highest
binding energy component (460.0 eV) can be attributed to
titanium in tetrahedral coordination,10 while the lowest binding
energy component (458.5 eV) is usually assigned to titanium in
octahedral coordination10 or in interaction with surface hydroxy
groups. Catalyst C3 shows a large part of the titanium in
octahedral coordination (Table 1). For catalyst C2, the propor-
tion of titanium in tetrahedral sites is higher than in C3, but most
of the titanium still remains in octahedral coordination
(Table 1). Catalysts C1 and TS-1 exhibit a titanium peak in
tetrahedral coordination that is clearly more intense than the
lowest binding energy component. This indicates that titanium
ions are in a very similar environment in catalysts C1 and TS-1,
although the synthesis route of silica-supported titanium
catalyst (C1) is considerably easier than that for the Ti-silicalite
sample. Both DRS UV–VIS and XPS spectroscopic techniques
pointed to the necessity of carefully controlling the incorpora-
tion of titanium into silica (preparation of C1 in cyclohexanol)
to obtain titanium in tetrahedral coordination. This is due to the
fact that cyclohexanol interacts strongly with the titanium
precursor which favours the formation of isolated titanium
species, and also that only a fraction of the titanium added is
incorporated as a consequence of the equilibrium of adsorp-
tion.

These catalysts were tested in the epoxidation of alkenes with
dilute aqueous hydrogen peroxide solutions. Epoxidation was
performed under ambient pressure in a round-bottomed flask
equipped with a condenser and magnetic stirrer. The reaction
procedure was as follows: 0.2 mol of alkene, 11 g of tert-butyl
alcohol and 1 g of catalyst were stirred and heated to the
reaction temperature (353 K). Then, 4 g of a dilute solution of
hydrogen peroxide (6 wt% in 1-phenylethanol) was added
dropwise under stirring over 2 h. Aliquots were taken at regular
intervals. H2O2 consumption was evaluated by iodometric
titration, and organic compounds were analysed by GC to
determine their selectivity. The results are summarised in
Table 2. The reference catalyst TS-1 showed low selectivity

values towards epoxide, which is consistent with the require-
ment of the presence of methanol to obtain high selectivity
values.11 The method for preparing silica-supported titanium
had a strong effect on performance for the epoxidation of oct-
1-ene. The TiF/SiO2 catalyst showed similar conversion and
selectivity values to those reported in previous work,6 but lower
than those of TS-1. Catalysts C3 and C2 showed very low
selectivity towards epoxide, in agreement with the high
proportion of octahedrally coordinated titanium, as revealed by
DRS UV–VIS and XPS spectroscopic techniques. Never-
theless, catalyst C1 had very high (95%) selectivity values
towards epoxide, related to the high proportion of titanium in
tetrahedral coordination as revealed by the DRS UV–VIS
technique, and specifically by XPS spectroscopy. Finally,
catalyst C1 also displayed very good performance in the
epoxidation of bulky alkenes with hydrogen peroxide. In
cyclohexene and  norbornene, 91 and 98% selectivity towards
epoxide, respectively, were reached. Used catalyst C1 was
analysed and the Ti content found to be the same as in the fresh
sample, thus excluding leaching.

In short, using a very simple route, we have prepared
titanium-supported amorphous silica catalysts in which the
chemical environment of titanium atoms is very similar to Ti-
substituted zeolites. The use of cyclohexanol is pivotal to the
production of very active and selective catalysts in the reaction
of alkene epoxidation with hydrogen peroxide. These catalysts
also display excellent performance with linear as well as larger
or bulky alkenes.

Notes and references
1 M. Taramaso, G. Perego and B. Notari, US Pat., 4410501, 1983.
2 P. J. Saxton, W. Chester, J. G. Zajacek, G. L. Crocco and K. S.

Wijesekera, US Pat., 5621122, 1997.
3 J. S. Reddy, A. Dicko and A. Sayari, Chem. Ind., 1997, 69, 405.
4 H. P. Wulff, US Pat., 3923843, 1975; M. Tamura, K. Yamauchi and K.

Uchida, Eur. Pat., 734764, 1996.
5 J. M. Fraile, J. I. Garcia, J. A. Mayoral, L. C. De Menorval and F.

Rachdi, J. Chem. Soc., Chem. Commun., 1995, 539.
6 E. Jorda, A. Tuel, R. Teissier and J. Kerneval, J. Chem. Soc., Chem.

Commun., 1995, 1775.
7 J. M. Campos-Martin and M. P. de Frutos, WO9948884, 1999.
8 E. Astorino, J. B. Peri, R. J. Willey and G. Busca, J. Catal., 1995, 157,

482.
9 F. Geobaldo, S. Bordiga, A. Zecchina, E. Giamello, G. Leofanti and G.

Petrini, Catal. Lett., 1992, 16, 109.
10 T. Blasco, M. A. Camblor, J. L. G. Fierro and J. Perez-Pariente,

Microporous Mater., 1994, 3, 259.
11 M. G. Clerici, G. Bellussi and U. Romano, J. Catal., 1991, 129, 159.

Fig. 2 Ti 2p core-level spectra of outgassed samples in situ at 473 K
acquired with a VG Escalab 200R spectrometer.

Table 2 Data for alkene epoxidation with hydrogen peroxide after 1 h of
reaction (T = 353 K)

Catalyst Alkene
Conversion
of H2O2 (%)

Selectivity to
epoxidea (%)

TS-1 Oct-1-ene 96 70
TiF/SiO2 Oct-1-ene 75 65
C3 Oct-1-ene 96 32
C2 Oct-1-ene 97 56
C1 Oct-1-ene 97 95
C1 Cyclohexene 98 91
C1 Norbornene 98 98
a Selectivity to epoxide = mol of epoxide formed/mol of H2O2 con-
sumed.
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X-Ray crystallographic studies of b-cyclodextrin (b-CD)
inclusion complexes with butyrophenone and valerophenone
characterize these complexes as 2+2 b-CD/guest systems
with the alkyl chains of the included guest molecules
conformationally restricted; the structures explain the re-
ported observation of the modification of the Norrish type II
photoreaction for the included aryl alkyl ketones in crystal-
line b-CD complexes.

The use of controlling media to modify the outcome of
photochemical reactions has been an active area of research
since the late 1970s.1 Understanding how the controlling media
changes the outcome of a reaction is important for designing
future experiments in which a specific outcome is desired. X-
Ray crystallography represents a powerful tool for observing
these influences at a molecular level.
b-Cyclodextin (b-CD), a cyclic oligomer composed of seven

D-glucose units, is an example of one such host system in which
the outcome of photochemical reactions, e.g. the photoreaction
of aryl alkyl ketones, can be modified.2 This Norrish Type II
photochemical process involves photoexcitation of the carbonyl
group and has been rigorously examined for aryl alkyl
ketones.3–5 They undergo g-hydrogen abstraction exclusively
from the (np*)3 state yielding a triplet 1,4-diradical as the
primary intermediate (Scheme 1). Once the 1,4-diradical is
formed, intersystem crossing produces the singlet diradical
which then reacts via one of two pathways. Overlap of radical
orbitals leads to cyclization (C), producing cyclobutanols. The
elimination pathway (E) involves cleavage of the central 2,3 s
bond producing acetophenone and alkenes.

The use of b-CD as a controlling media for modifying the
outcome of the Norrish Type II photoreaction of aryl alkyl

ketones in the solid state has been reported.6 In these studies,
crystalline powder samples of b-CD complexes with various
aryl alkyl ketones were prepared and their photochemical
reactions analyzed. The general observation was that inclusion
in b-CD lead to an increase in cyclization products (as
compared to solution phase studies), and this trend became
more pronounced as the alkyl chain became longer. In an effort
to determine how the b-CD environment influences the
outcome of the photoreaction of the included aryl alkyl
ketones,7 crystallographic studies were pursued. This report
presents the structures of the b-CD/butyrophenone inclusion
complex and the b-CD/valerophenone inclusion complex.

The two crystal structures are very similar.8 Both are
composed of face-to-face b-CD dimers containing two included
aryl alkyl ketone molecules with the b-CD dimers packing in a
channel9 (Fig. 1). The guest molecules are packed with their
phenyl rings face-to-face located in the center of the b-CD
dimer. This leaves the alkyl chains of the ketones extending to
the primary hydroxy ends of the b-CD dimer.

Examination of the structures reveals the influence the b-CD
dimer environment has on the observed reaction outcomes.
Although defined conformations for the included guest mole-
cules could not be unequivocally obtained because of disorder,

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b0/b00282m/
‡ Chemical Insight from Crystallographic Disorder–Structural Studies of
Supramolecular Photochemical Systems, Part 4; Part 3, T. J. Brett, J. M.
Alexander and J. J. Stezowski, J. Chem. Soc., Perkin Trans. 2, 2000, in
press.

Scheme 1 Reaction scheme of the Norrish Type II reaction for butyro-
phenone (BUT) and valerophenone (VAL). Atom numbering shown
pertains to text discussion.

Fig. 1 Structures of the b-CD/butyrophenone (left) and b-CD/valer-
ophenone (right) inclusion complexes. b-CD is shown as gray sticks while
the guest molecules are shown in ball and stick with coloring as follows: red
= oxygen; white = hydrogen; black = carbon. The difference electron
density (Fo 2 Fc) the disordered guest molecules were fit to is shown in
orange (b-CD/butyrophenone) and blue (b-CD/valerophenone).
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the interpretation of this disorder does reveal some relevant
conformational restrictions. With the molecules included in the
b-CD dimer with the phenyl rings packing face-to-face in the
center, the alkyl chains must take on a cisoid conformation
about the 2,3-bond. This helps bring a g-hydrogen into close
proximity with the carbonyl oxygen, as would be required for its
abstraction.10

Once a g-hydrogen is abstracted, the resultant 1,4-diradical is
most surely conformationaly restricted by the b-CD dimer
environment. It is well established that efficient cleavage
requires a 1,4-diradical conformation in which the radical p
orbitals can overlap significantly with the central s bond being
cleaved. If this does not happen, cyclization occurs from a
conformation involving minimal orbital overlap.11,12 Given
these requirements, cyclization can only occur from a cisoid
conformation of the 1,4-diradical while elimination can occur
from either cisoid or transoid forms. With the phenyl rings of
the molecules packed tightly in the center of the b-CD dimer,
any such rotation must occur at the alkyl chain end of the
molecule. Given the boundaries imposed by the b-CD dimer,
the alkyl chains are not be able to undergo free rotations to
transoid geometries.

The fashion in which the b-CD dimers pack also plays a role
in the reaction modification. The observed channel type packing
brings the alkyl chains of included molecules in adjacent b-CD
dimer cavities within close proximity. Extension of the alkyl
chain by one methyl group, i.e. going from butyrophenone to
valerophenone, effectively stuffs the channel more tightly,
limiting the allowed motion of the alkyl chain even more. This
hindered motion accounts for the observed increase in cycliza-
tion products with increasing alkyl chain length.

The b-CD complexes with butyrophenone and valerophe-
none can be considered as ‘reaction nanotubes’ much akin to the
b-CD/coumarin complex.13 The mode of inclusion of the guest
molecules produces conformational restrictions for the alkyl
chains imposed by the surrounding b-CD dimer walls and
intratube packing. Said restrictions produce cisoid conforma-
tions about the central 2,3-bond which will allow for the g-
hydrogen abstraction. The 1,4-diradical produced is also
conformationally hindered in this manner and additionally
restricted because of interactions between molecules in adjacent
dimer cavities in the channel. This effect becomes more
pronounced as the alkyl chain length is increased and is a
contributing factor in the observed increase in cyclization
products with increasing alkyl chain length. Further studies of
inclusion complexes with aryl alkyl ketones possessing longer
alkyl chains (e.g. hexanophenone, heptanophenone and ocata-
nophenone) will shed more light on this affect and are in
progress.

Partial funding for this work was provided by the NSF (CHE-
9812146). We thank Cerestar USA, Inc. (Hammond, IN) for
samples of b-CD.
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The conformation of a previously observed ice-like water
cluster in the solid state proves to be robust to geometric
changes in its surroundings and the hydrogen bonded
arrangement is finally revealed in detail.

Water clusters can play an important role in the stabilization of
supramolecular systems both in solution and in the solid state
and there is clearly a need for a better understanding of how
such aggregates influence the overall structure of their sur-
roundings.1–5 In this context, we recently characterized a solid-
state structure of a [Cu2(H2O)4L4]·nH2O complex 1 (Scheme 1)
featuring an (H2O)10 cluster with an ice Ic-like arrangement of
the water molecules.6 At the time, owing to inherently poor
crystal quality and the lack of low temperature X-ray data
collection capability, the structure was only modestly resolved
and several important points remained to be addressed. First,
although the positions of the water molecules constituting the
decameric cluster were determined unequivocally, the water
hydrogen atoms were never located. While an ordered arrange-
ment of these hydrogen atoms was inferred from the dis-
continuous nature of the cluster (in contrast to the disordered
hydrogen arrangement in the continuous ice lattice7), we were
not able to verify this conjecture experimentally. Second,
disorder of the contents of the macrocyclic cage, coupled with
poor resolution, precluded us from determining the composition
of the interior of the cage with sufficient certainty. Third, it was
not known to what extent the geometry of the water cluster
would be affected by relatively small changes in the overall

geometry of the system (e.g. substitution of Cu by Ni or Co). We
now present a new, well resolved low-temperature crystal
structure that addresses all of the above issues satisfactorily.

Since the metal ion of the Cu2+ complex exhibits Jahn–Teller
distortion along the M…M vector that also passes through the
center of the water cluster, we decided to introduce a slight
geometric change to the system by substituting cobalt for
copper. Crystals of 2 were grown as previously described6 and
the sngle crystal X-ray structure‡ is discussed below. While the
cage complex in 2 is remarkably similar to that of 1, the
extended structures of the two systems are slightly different as
evidenced by the unit cell information given in Table 1.

Both structures consist of linear arrays of the dinuclear cage
complex (aligned parallel to the M…M axis) with the water
cluster effectively acting as an exo-bidentate bridging ligand.
Each of these arrays is surrounded by four identical arrays that
are offset by half a structural unit along the M…M vector. This
staggered arrangement of the globular cage molecules results in
the formation of relatively large voids which are occupied by
the decameric water clusters.

Fig. 1 shows selected portions of the two structures overlaid
in order to illustrate the major differences between them. In the
structure of 1, successive cages are related to one another by 4̄
site symmetry and, accordingly, the orientation of the ligand
amide groups alternates from one cage to the next within each
strand. However, successive cages in 2 are related to one
another by a simple unit cell translation and all the ligand arms
therefore have the same orientation within a linear strand. Note
that the cage complexes of 1 and 2 shown at bottom are almost
identical in geometry with their M…M distances differing by
only 0.441 Å [Cu…Cu 9.582(7) Å, Co…Co 9.141(4) Å].

Fig. 2 shows the arrangement of the water cluster in 2. The
distance across the decamer from O(1W) to O(4W) is 6.287(4)
Å (cf. 6.35 Å in ice Ic)7 while the corresponding distance in 1 is
5.65 Å [average of two unique distances: 5.779(7) and 5.512(7)
Å]. This difference of about 0.6 Å in the length of the water
cluster along the M…M vector is attributed to the longer M–O
coordination bond in the Cu complex (average Cu–O 2.33 Å,
average Co–O 2.10 Å). This clearly demonstrates that the
flexibility of its internal hydrogen bonds allows the cluster to
adjust its geometry in response to small changes in its
environment and that the overall ice-like conformation is quite
robust to such changes. All of the water hydrogen atoms were

† Electronic supplementary information (ESI) available: thermal ellipsoid
plots and labeling schemes for 2. See http://www.rsc.org/suppdata/cc/b0/
b001862g/

Scheme 1

Table 1 Unit cell parameters for [M2L4(H2O)4](NO3)4·16H2O

1 2

M Cu2+ Co2+

T/°C 20 2100
Crystal system Tetragonal Monoclinic
Space group I41/a C2/c

Unit cell dimensions
a/Å 21.9265(8) 21.886(1)
b/Å 21.9265(8) 19.623(1)
c/Å 39.754(2) 22.170(1)
b/° — 90.886(1)
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located in difference electron density maps and the hydrogen
bonded arrangement is indeed as inferred in our report of the
structure of complex 1 (see .cif file for distances and angles
relating to hydrogen bonds). The water cluster is situated on a
two-fold rotation axis passing through O(1W) and O(4W) and

only half of the remaining water molecules are crystallo-
graphically unique. O(1W) donates hydrogen bonds to O(9W)
which in turn donates to O(8W) and O(10W). Similarly, O(4W)
donates to O(7W) which also donates to O(8W) and O(10W).
O(8W) and O(10W) each donates a hydrogen bond to a nitrate
oxygen atom as well as to an amide oxygen atom from a cage
complex of a neighboring strand. With the exception of O(7W)
and O(9W), all water hydrogen atoms participate in the
formation of four relatively strong hydrogen bonds. The closest
non-covalent approach of any atoms to O(7W) and O(9W) are
by the amide nitrogen atoms N(8B) and N(8A) of neighboring
strands at distances of 3.549(4) and 3.357(4) Å, respectively.
These distances are too long to be considered appreciably strong
hydrogen bonds and are due to steric effects that inhibit a closer
approach.

The structure of 1 had not been determined with sufficiently
high resolution to reveal with certainty the contents of the cage
complex. Although 1 was modeled with six water molecules in
the cage, it was thought that at least another two water
molecules resided within the arms of the ligand. However, the
low-temperature structural determination of 2 shows unequivo-
cally that the interior of the cage complex does indeed consist of
four nitrate anions and six water molecules. Two of the latter are
coordinated to the metal cations and form hydrogen bonded
contacts with the remaining four water molecules which, in
turn, hydrogen bond to the nitrate oxygen atoms and this
intricate hydrogen bonded arrangement imparts a high degree of
rigidity to the cage interior.

We are grateful for funding from the National Science
Foundation.

Notes and references
‡ Crystal data for 2: C80H104Co2N20O36: M = 2039.69, dark blue prismatic
crystal, 0.30 3 0.30 3 0.20 mm, monoclinic space group C2/c (no. 15), a
= 21.8855(11), b = 19.6232(10), c = 22.1697(11) Å, b = 90.886(1), Z =
4, V = 9519.9(8) Å3, Dc = 1.423 g cm23, Bruker SMART CCD
diffractometer, Mo-Ka radiation, l = 0.7107 Å, T = 2100 °C, 2qmax =
54.3°, 29439 reflections collected, 10498 unique (Rint = 0.0330). The
structure was solved and refined using the programs SHELXS-97 and
SHELXL-97 respectively.8 The program X-Seed9 was used as an interface
for the SHELX programs, and to prepare the figures. Final GOF = 1.071,
R1 = 0.0673, wR2 = 0.1857, R indices based on 7050 reflections with I >
2s(I) (refinement on F2), 691 parameters, Lp and absorption corrections
applied, m = 0.444 mm21. All non-hydrogen atoms were refined
anisotropically with the exception of those belonging to the minor
component of a disordered nitrate anion. Hydrogen atoms on the ligand
were placed using standard geometric models and with thermal parameters
riding on those of their parent atoms. Water hydrogen atoms were located in
difference electron density maps and refined with nominal geometric
restraints. CCDC 182/1590. See http://www.rsc.org/suppdata/cc/b0/
b001862g/ for crystallograpic files in .cif format.

1 R. E. Dehl and C. A. Hoeve, J. Chem. Phys., 1969, 50, 3245.
2 C. Migchelsen, H. J. C. Berendsen and A. Rupprecht, J. Mol. Biol., 1968,

37, 235.
3 F. Steckel and S. Szapiro, Trans. Faraday Soc., 1963, 59, 331.
4 S. D. Colson and T. H. Dunning, Science, 1994, 265, 43.
5 K. Liu, J. D. Cruzan and R. J. Saykally, Science, 1996, 271, 929.
6 L. J. Barbour, G. W. Orr and J. L. Atwood, Nature, 1998, 393, 671.
7 H. König, Z. Kristallogr., 1944, 105, 279.
8 G. M. Sheldrick, SHELX-97: Structure solution and refinement pro-

grams, University of Göttingen, 1997.
9 L. J. Barbour, X-Seed: Graphical interface to SHELX-97 and POV-Ray,

1999 (http://www.lbarbour.com/xseed).

Fig. 1 Overlay of structures 1 (red) and 2 (blue) showing two cage
complexes linked by an (H2O)10 water cluster.

Fig. 2 Thermal ellipsoid (50% probability) plot of the water cluster in 2.
Asterisks within atom labels denote symmetry equivalent atoms.
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The structures of diacylmannosylerythritols, MEL-A, -B and
-C, are determined; these microbial glycolipid biosurfactants
efficiently self-assemble in water to form giant vesicles,
which show excellent binding affinity towards the mannose-
binding protein, concanavalin A.

The ‘diacyl-mannosylerythritol’ lipids (MELs) are very promis-
ing ‘biosurfactants’,1 owing to their attractive properties (e.g.
easy production conditions, low toxicity, biodegradability,
biological activity) compared to most synthetic surfactants.
MELs are abundantly produced by the yeast strain Candida
antarctica T-34,2a and mainly consist of three components:
MEL-A, -B and -C.2b These yeast glycolipids show not only
excellent surface-activity2c but also remarkable cell differ-
entiation and growth inhibition activities against human
leukemia2d and mouse melanoma cells.2e On the other hand,
glycolipids have received much attention as leading materials
for drug-carrying microcapsules and artificial cells,3 owing to
their stabilizing effect on liposomes.4 Finally, glycolipids also
carry out vital functions in biomembranes, e.g. cell recognition,
histocompatibility, antigenicity, and are of particular interest in
studying surface recognition processes.4c,5

Here we report the complete structural characterization of the
MEL glycolipids (MEL-A, -B and -C). We also describe, for the
first time the spontaneous formation of giant vesicles from each
of these glycolipids; finally, we show that these giant vesicles
show an excellent binding affinity towards a mannose-binding
protein, concanavalin A (Con A).

The three MELs consist of 4-O-[b-D-mannopyranosyl] meso-
erythritol, esterified by two medium-chain fatty acids (C8 to
C12) and one or two acetic acids; the individual esterified
positions, however, remained to be determined precisely.2b

Further structural characterization of the MELs was thus carried
out. The mixture of MELs was obtained as reported pre-
viously,2a and purified by silica-gel column chromatography
with modifications of the elution conditions.

The esterified positions of the individual acetyl and acyl
groups on the mannosyl back-bone were determined by 1H and
13C 2D NMR (CDCl3, 500 MHz) (Fig. 1). HMBC (hetero-
nuclear multiple bond connectivity) long-range correlations
(3JC–H) between the carbonyl carbons of the acyl groups and H-
2A and H-3A of mannose were clearly observed on all the MELs,‡

indicating that the fatty acids are linked to the hydroxy groups
at C-2A and C-3A of mannose. 3JC–H correlations between the
acetyl carbons (dCO 169.6 and 170.9) and the mannose protons
(dH-4A 5.24 and dH-6A 4.23), respectively, were observed
exclusively on MEL-A, which was thus shown to be 4-O-
[(4A,6A-di-O-acetyl-2A,3A-di-O-alkanoyl)-b-D-mannopyranosyl]
meso-erythritol. On the other hand, a 3JC–H correlation between
the acetyl carbon (dCO 171.8) and H-6A (d 4.44) was observed
with MEL-B, while a correlation between the acetyl carbon
(dCO 170.1) and H-4A (d 5.16) was observed only with MEL-C.
From these results, MEL-B and -C were shown to be 4-O-[(6A-
O-acetyl-2A,3A-di-O-alkanoyl)-b-D-mannopyranosyl] meso-ery-
thritol and 4-O-[(4A-O-acetyl-2A,3A-di-O-alkanoyl)-b-D-manno-
pyranosyl] meso-erythritol, respectively. It was also confirmed
that none of the three hydroxy groups in the erythritol moiety is
esterified in any of the MELs.

Membrane-forming properties of these MELs were then
examined by phase contrast microscopy. All the MELs, when
dispersed in water (pH 7.0) at 25 °C, spontaneously formed
giant vesicles.§ Unilamellar vesicles of diameter larger than 10
mm were observed, beside multilamellar structures and tubules.
Vesicle formation was confirmed by fluorescence microscopy,
after addition of the lipophilic fluorescent probe Nile Red to the
pre-formed vesicles (5 mol% to MEL) (Fig. 2). Some synthetic
and natural glycolipids bearing a disaccharide or larger
hydrophilic head group have been reported to form by
themselves vesicular systems;3 however, with the only excep-
tion of rhamnolipids,3e microbial glycolipids do not appear to
have been reported to do the same.

Formation of giant vesicles should lead to surfaces covered
by the multiantennary mannopyranoside residues, which could
act as high affinity receptors for mannose-binding proteins. We
therefore investigated the interaction between these giant
vesicles and concavalin A. Succinyl Con A,6 labeled with a
fluorescence probe (FITC), was dissolved in a phosphate buffer

† Electronic supplementary information (ESI): preparation, optical micro-
scopy details and NMR data for MELs. See http://www.rsc.org/suppdata/
cc/b0/b000968g/

Fig. 1 Structure of diacylmannosylerythritols.

Fig. 2 Phase contrast (left) and fluorescence (right) microscope images of
MEL-C giant vesicles stained with Nile Red. The bar represents 10 mm.
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(pH 7.0) and added to the pre-formed vesicles, and were
observed under fluorescence microscope. With MEL-B and -C
vesicles, a clear fluorescent ring was observed around the outer
edge of the vesicle. This clearly indicates the recognition by the
fluorescence labeled Con A of the mannose residues of the
glycolipid head-groups that are located on the vesicular surface
(Fig. 3). The coating, as judged by the abundance of fluorescent
vesicles, appeared to be efficient on the giant vesicles of MEL-B
and -C; however, no clear coating was observed on those made
of MEL-A.

Interactions of Con A with disk-like assemblies4c or small
vesicles5 of synthetic glycolipids have been previously re-
ported. However, these small lipidic assemblies showed a
tendency to aggregate and precipitate when treated with Con A,
presumably due to interactions of one ConA molecule with
several lipidic systems.5,7 In the case of giant vesicles of MEL-
B and -C, coating of the outer surface was not accompanied by
aggregation and precipitation : the giant vesicles presumably
provide a very large surface relative to the molecular size of Con
A, which probably impedes the binding of the lectin to more
than one vesicle at the same time, and thus aggregation does not
occur.

In addition, most of the carbohydrate–receptor interactions
observed are weak,8 and in order to compensate for this low
binding affinity, different strategies based on multivalent
interactions have been designed, including carbohydrate clus-
ters, glycopolymers and glycodendrimers.5c,9 Our work de-
scribes yet another way of enhancing the interaction between a
receptor (Con A) and a carbohydrate moiety (mannose), which
is based on the spontaneous self-assembly of the glycolipids
onto vesicles, thereby generating a multivalent surface. It
should be noted that only the giant vesicles prepared from MEL-
B and -C, both of which carry a free OH at C-4A or C-6A, bind
efficiently with Con A. There must therefore be a specific mode
of binding, like multivalent interactions, on the vesicular
surface, because Con A mainly recognizes and binds to the
hydroxy groups at C-3A, C-4A and C-6A in D-mannose or D-
glucose.10

We thank Dr R. Graf for NMR experiments, and Drs K.
Haraya and H. Yanagishita, National Institute of Materials and
Chemical Research, Japan, for helpful discussions.
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Efficient routes for the synthesis of norbornadiene-tethered
nitrones have been developed and their intramolecular
1,3-dipolar cycloadditions were found to be highly regio- and
stereo-selective.

Intramolecular cycloadditions with high regio- and stereo-
control are important tools for the efficient assembly of
complex molecular structures. We have recently initiated a
program on the study of various types of intramolecular
cycloadditions of substituted norbornadienes.1 Our long-term
goal is to develop an efficient route for the construction of
angular fused tricyclic frameworks and spirocyclic frameworks
with high regio- and stereo-control. 1,3-Dipolar cycloadditions
offer a convenient one-step route for the construction of a
variety of complex five-membered heterocycles.2,3 Here we
report our initial result on the intramolecular 1,3-dipolar
cycloadditions of 2-substituted norbornadiene-tethered nitrones
(Scheme 1).

Three different types of regioisomers could be formed from
the intramolecular 1,3-dipolar cycloaddition of the norborna-
diene-tethered nitrone 2 (Scheme 2). Cycloaddition on the C2–
C3 double bond would give cycloadducts 6–9; cycloaddition on
the C5–C6 double bond would give 10 or 11, and a [3 + 2 + 2]
cycloaddition with both of the double bonds would give

cycloadducts 12 or 13. Other than regiochemistry problems,
different stereoisomers are also possible. Thus, a total of eight
possible cycloadducts (6–13) could be formed in the cycloaddi-
tion of norbornadiene-tethered nitrone 2.

Efficient routes to the synthesis of norbornadiene-tethered
aldehydes 19, 20, 27–29 and 32 were developed (Scheme 3) and
these aldehydes served as precursors of the required nitrones for
the cycloadditions. Deprotonation of norbornadiene 14 with
Schlosser’s base (ButOK/BunLi)4 in THF at 278 °C, followed
by addition of the resulting norbornadienyl anion to an excess of
1,4-dibromobutane or 1,5-dibromopentane provided the norbor-
nadiene-tethered bromide 15 and 16.1 Conversion of these
bromides to the corresponding alcohols followed by Swern
oxidation provided the required aldehydes 19 and 20. Norborna-
diene-tethered aldehydes with an oxygen atom within the tether
were prepared using a similar protocol. Trapping the norborna-
dienyl anion with paraformaldehyde, ethylene oxide and
3-bromopropan-1-ol provided norbornadiene-tethered alcohols
21–23. A two-carbon homologation to the alcohols 24–26 was
achieved by a two-step sequence5 and Swern oxidation
provided the required aldehydes 27–29. An ester functionality

Scheme 1

Scheme 2 Possible cycloadducts Scheme 3
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within the tether was prepared from alcohol 21. Reaction of 21
with bromoacetyl bromide gave the a-bromo ester 30 which was
converted to the nitrate ester 31 in two steps.6,7 Treatment of the
nitrate ester 31 with sodium acetate in DMSO provided the
required aldehyde 32.6,7

Addition of N-methylhydroxylamine to a solution containing
aldehyde 19, pyridine and 4 Å molecular sieves in toluene at
room temperature lead to the formation of the corresponding
norbornadiene-tethered nitrone which underwent spontaneous
intramolecular 1,3-dipolar cycloaddition at 80 ºC to provide a
single cycloadduct 34 in 51% isolated yield (Table 1, entry 1).
Very little reaction was observed at a lower temperature and
prolonged heating led to decomposition of the cycloadduct.
Although as many as eight different cycloadducts could be
formed in the reaction, only cycloadduct 34 was isolated. With
one more carbon in the tether (entry 2), the only cycloadduct
isolated was 35 but the yield was only 19%. For aldehydes with
an oxygen atom within the tether (entries 3–5), the yields of the
cycloadditions were generally much better than the all-carbon
tethered substrates. Aldehyde 27 provided the 5-membered ring
cycloadduct 36 in 71% yield while aldehydes 28 and 33 gave the
corresponding 6-membered ring cycloadducts 37 and 38 in 60
and 47% yield. In all these reactions, cycloadducts 36–38 were
the only cycloadducts isolated. Formation of a 7-membered ring
cycloadduct 39 was also possible starting from aldehyde 29
(entry 6). In this case, 54% of an inseparable mixture of three
isomers was obtained. Although some literature examples have
shown that as the tether length increases, an alternative
regioisomer (with oxygen attached to C2 and carbon attached to
C3) could be formed as the major regioisomer,8 we are certain
that the two major isomers in this mixture have the same
regiochemistry as in other cases (with oxygen attached to C3

and carbon attached to C2), since 1H NMR showed that both of
these two isomers have two vinylic protons and one proton next
to an oxygen (regioisomers with oxygen attached to C2 and
carbon attached to C3 will not have such a proton peak since the
oxygen is attached to a quaternary carbon center). However, we
are not certain about the regiochemistry of the third minor
isomer in the mixture. Cycloaddition of the substrate with an
ester functionality within the tether (entry 7) gave a single
cycloadduct 40 in 43% yield. As we noticed that most of the
cycloadducts were thermally unstable and they decomposed on
prolonged heating, we attempted the reactions at a lower
temperature with the use of Lewis acid catalysts. Unfortunately
the isolated yields were even lower than the thermal reactions.
The regio- and stereo-chemistry of the cycloadducts were
confirmed by NMR experiments (HCOSY, HSQC and NOESY
experiments). These assignments were also supported by X-ray
crystallography.9

Several factors could control the regio- and stereo-selectivity
of the cycloadditions. Those factors include: the E/Z ratio of the
nitrones generated from the corresponding aldehydes, the
distance and the flexibility of the tether to reach the double
bonds, the exo/endo selectivity of the double bond (C2–C3) in
the norbornadiene in the cycloadditions, and the strain and the
stability of the cycloadducts formed. At this stage, we are not
sure the reasons for the formation of single cycloadducts in the
cycloadditions. Either the E/Z selectivity of the formation of
nitrones was very high and the cycloadditions were highly
regio- and stereo-selective, or other cycloadducts were formed
but were too unstable and decomposed under the reaction
conditions. The cycloadditions can also be reversible and thus
giving rise to the most stable cycloadducts. Nevertheless,
although up to eight possible cycloadducts could be formed in
the cycloadditions, we were able to generate and to isolate
single regio- and stereo-isomers in the cycloadditions.

In conclusion, we have demonstrated the first examples of the
intramolecular 1,3-dipolar cycloadditions of norbornadiene-
tethered nitrones. Single regio- and stereo-isomers were
obtained in moderate to good yields. Further investigation on
the effect of a substitutent at C3 on the norbornadiene in the
cycloaddition (e.g. electron-withdrawing groups on the norbor-
nadiene may activate the alkene component in the cycloaddition
and thus a lower reaction temperature may be possible), as well
as subsequent cleavage reactions of the cycloadducts (Scheme
1) for the construction of angular-fused tricyclic and spirocyclic
frameworks, are ongoing in our laboratory.

We thank the Natural Science and Engineering Research
Council (NSERC) of Canada and the University of Guelph for
the generous financial support of our program. G. K. T. thanks
the Ontario government for a Ontario Graduate Scholarship
(OGS). Dr Alan Lough (University of Toronto) is thanked for
X-ray structure determination and Ms Valerie Robinson from
our department is thanked for NMR experiments.
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The unsymmetrically substituted magnesium alkyl
Mg(Bun){CH[SPh][SiPh2(CH2NC5H10)]} (NC5H10 = 1-pi-
peridyl) with a stereogenic metalated carbon atom is
obtained by deprotonation of an (aminomethyl)[(phenyl-
thio)methyl]silane with MgBunBus and examined by single
crystal X-ray diffraction analysis and theoretical methods.

In selective transformations, enantiomerically enriched metal
alkyls can work as chiral alkyl-transfer reagents. Moreover,
they are valuable tools for studies on the stereochemical course
of transmetalation and protonation reactions. Stereogenic
metalated carbon centres are usually generated by deprotona-
tion using alkyllithium reagents, giving the corresponding
enantiomerically enriched lithium alkyls. These molecules have
been investigated intensively.1 Despite the huge synthetic
potential of magnesium alkyls, only one example of an
enantiomerically enriched magnesium alkyl is described in the
literature.2

In a few reported cases, organomagnesium compounds have
been used to abstract aryl protons (e.g. as part of crown ether
systems3) and to deprotonate C–H-acidic molecules, such as
cyclopentadiene or fluorene.4,5,6 To turn the nucleophilic
magnesium reagent into a deprotonating agent, the metal must
be fixed next to the reactive centre by coordinating donor
groups. (Aminomethyl)silanes, such as 1a and 1b, which are
established in our workgroup,7 intramolecularly provide a
coordinating amino group. These (aminomethyl)silanes can be
deprotonated easily by tert-butyllithium in non-polar solvents
leading to (aminomethyl)(lithiomethyl)silanes that form defi-
nite aggregates in the solid state.8

Here we report the formation and molecular structure of the
unsymmetrically substituted magnesium alkyls rac-2a and rac-
2b with metalated stereogenic centres. Rac-2a,b were generated
by deprotonation reaction with the purchasable MgBunBus in n-
pentane/n-heptane (6+1) in racemic form.

The synthesis of rac-2a,b† was carried out in n-pentane,
kinetically controlled at low temperatures (278 °C), by treating
1a,b with 1 equiv. of MgBunBus (solution in n-heptane). To our
surprise, all attempts of building up the symmetrically sub-
stituted bis{[(aminomethyl)diphenylsilyl]methyl}magnesium
compounds rac-3a,b by treating 1a,b with only 0.5 equiv. of
MgBunBus failed. In all of these experiments, rac-2a,b was
obtained in ca. 50% yield, while half the starting material
remained unreacted. Even when the reaction mixture was
heated to reflux temperature, only mono substitution occured.
Furthermore, neither a sec-butyl-substituted product, nor a
mixture of sec-butyl- and n-butyl-substituted products were
observed. In all reactions, exclusively the MgBun fragment was
transferred to the (aminomethyl)silanes 1a,b (Scheme 1).

Earlier results in reactions of organolithium reagents indi-
cated that there is a significant solvent effect on the reactivity of
such polar metal–carbon bonds.7 No detectable amounts of rac-
2a,b were obtained, when the reaction of 1a,b with MgBunBus

was carried out in THF. This can be explained by the fact that
vacant coordination sites, which are essential for the pre-
coordination of the metal by the aminomethyl ligand, are then
occupied by solvent molecules. The importance of this

intramolecular activation is revealed by the result that dimethyl-
bis[(phenylthio)methyl]silane (4) is not metalated by MgBun-
Bus under the same conditions (Scheme 2).

To the best of our knowledge, the only magnesium alkyls
containing a sulfur–carbon–magnesium unit,
(PhSCH2)2Mg(thf)3 (5) and (MeSCH2)2Mg(thf)3 (6), were
obtained by transmetalation and crystallographically examined
by Steinborn and coworkers.9 In the monomeric molecular
structures of 5 and 6, the magnesium atom is coordinated by
three THF molecules. The crystal data of rac-2a,‡ together with
that of 5 and 6, is important for examining the role of the sulfur
atom with respect to aggregation and reactivity.

Compound rac-2a crystallised from n-pentane/n-heptane in
the triclinic crystal system, space group P1̄. We detected two
symmetry independent dimers of rac-2a in the asymmetric unit
(molecule A and B) that are different in the conformation of the
n-butyl groups and the phenyl substituents (Fig. 1). The central
six-membered ring of two carbon, two magnesium and two
sulfur atoms is built up by the intermolecular S–Mg coordina-
tion, that leads to an S(1)–Mg(1) distance of 275.5(1) pm. The
Mg(1)–C(1) bond, which is 223.2(3) pm long, is part of another
five-membered ring, due to the intramolecular coordination of
the aminomethyl substituent [N(1)–Mg(1) 221.4(2) pm]. In the
crystal, the metal is surrounded by four different substituents,
which makes rac-2a a magnesium alkyl with a stereogenic
magnesium centre. The S(1)–C(1) distances of 5 [177.7(6) pm]
and rac-2a [178.1(3) pm] are nearly identical. This is not true
for the S(1)–C(2) distance, which is 176.6(5) pm for 5 and
179.4(3) pm for rac-2a, as a result of the S ?Mg coordination
for rac-2a. The second dimer (molecule B) of rac-2a may be
described in the same way and will, therefore, not be discussed.
The crystal data of both molecules A and B can be found in
Table 1.

Despite the intensive theoretical studies on organolithium
compounds, the corresponding magnesium alkyls have not been
investigated to this extent.10 Sulfur substituents at metalated
carbon atoms can increase the stability of the configuration at
this centre.11 For a-lithiated organosulfanes the rotation around

Scheme 1

Scheme 2
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the C–S bond is the rate-determining step of the racemisation
process. We tried to reproduce the molecular structure of rac-2a
by applying density functional calculations [at the B3LYP/
6-31+G(d) level] to the model system 7 (Fig. 2).12

Structural features, such as the shortened C–Salkyl distance
and the longer C–Saryl bond, as well as the antiperiplanar
conformation of the C–S–C–Mg unit, could be reproduced by
our density functional calculations. Further studies on model
systems of sulfur-substituted organomagnesium and organoli-
thium compounds are currently in progress.

In order to build up enantiomerically enriched magnesium
alkyls, which have a stereogenic carbon centre, systems of
defined aggregation are necessary. The facile generation of
unsymmetrically substituted dialkylmagnesium compounds
like rac-2a,b opens up a new route to enantiomerically enriched
(magnesiomethyl)silanes by using optically active aminomethyl
substituents as chiral auxillaries. This has already been
successfully demonstrated in the case of enantiomerically
enriched (lithiomethyl)silanes.7,13
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Industrie (FCI) for financial support. B. C. A., D. S. and K. S.
thank the FCI for the grant of three scholarships.
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† Synthesis of rac-2a,b: a colourless solution of 0.50 mmol 1a,b in n-
pentane (3 ml) was cooled to 278 °C. 0.50 ml (0.50 mmol) of MgBunBus

(1.0 M in n-heptane) was added and the reaction mixture was allowed to
warm to room temperature. After 6 to 72 h, single crystals of rac-2a,b could
be isolated that were suitable for single crystal X-ray structural studies.
Spectroscopic data for rac-2a: dH(200.1 MHz, C6D6) 0.50–2.20 [m, 18 H,
SiC(SPh)HMg, NCCCH2C, NCCH2C, SiCH2N, MgCH2CH2CH2CH3],
2.40–3.10 (m, 4 H, NCH2C), 6.80–7.50, 7.80–8.10 [m, 15 H, Si(C6H5)2,
S(C6H5)]; dC(50.3 MHz, C6D6): 0.1 [SiC(SPh)HMg], 8.3 (MgCH2C), 13.9
(CCH2CH3), 14.8 (CH3), 17.4 (MgCCH2C), 22.3 (NCCCH2C), 25.1
(NCCH2C), 40.4 (SiCH2N), 59.8 (NCH2C), 127.1 (C-p), 128.2 [C-p (SPh)],
128.3 (C-m), 129.3 [C-m (SPh)], 135.4 [C-o (SPh)], 136.5 (C-i), 139.8 (C-
o), 142.3 [C-i (SPh)]; dSi(39.8 MHz, C6D6) 27.2. Spectroscopic data for
rac-2b: dH(300.1 MHz, C6D6) 0.06–2.20 [s, 1 H, SiC(SPh)HMg], 0.35–0.55
(m, 2 H, MgCH2C), 0.80–3.40 (m, 17 H, NCCH2C, NCH2C, SiCH2N,
MgCH2CH2CH2CH3), 6.65–8.20 [m, 15 H, Si(C6H5)2, S(C6H5)]; dC(75.5
MHz, C6D6) 0.4 [SiC(SPh)HMg], 8.0 (MgCH2C], 14.9 (CH3), 22.4, 23.1
(CH2), 33.0, 34.4 (NCCH2C), 47.6 (SiCH2N), 57.4, 61.9 (NCH2C), 125.8
(C-p), 126.1 [C-p (SPh)], 128.6 (C-m), 129.0 [C-m (SPh)], 130.0 [C-o
(SPh)], 135.3 (C-i), 135.8 (C-o), 140.7 [C-i (SPh)]; dSi(59.6 MHz, C6D6)
212.4.
‡ Crystal data for rac-2a (colourless crystals from n-pentane/n-heptane,
0.40 3 0.40 3 0.20 mm3): C29H37MgNSSi, M = 464.06, triclinic, space
group P1̄, a = 12.053(3), b = 13.678(3), c = 18.810(4) Å, a = 89.84(2),
b = 81.13(2), g = 68.37(2)°, V = 2843.5(11) Å3, Z = 4, Dc = 1.131 Mg
m23, Type of radiation: Mo-Ka, l = 0.71073 Å, m = 0.195 mm21.
Measurements: Stoe IPDS diffractometer, T = 293 K. The structure was
solved using direct and Fourier methods. 22 940 reflections measured with
q in the range 1.89–24°, 8437 unique reflections; 6024 with I > 2s(I);
refinement by full-matrix least-squares methods (based on Fo

2, SHELXL-
93); anisotropic thermal parameters for all non-H atoms in the final cycles;
the H atoms were refined on a riding model in their ideal geometric
positions, except H(1), H(26a), H(26b), H(30), H(55a), H(55b), which were
refined isotropic; R = 0.0493 [I > 2s(I)], wR2 = 0.1519 (all data).
SHELXS-86 and SHELXL-93 computer programs were used. CCDC
182/1598. See http://www.rsc.org/suppdata/cc/b0/b000494o/ for crystallo-
graphic files in .cif format.
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Fig. 1 Molecular structure and numbering scheme of the two crystallographically independent dimers A and B of rac-2a in the crystal.

Table 1 Selected bond lengths (pm) and angles (°) of the two molecules A
and B of rac-2a, compared with the B3LYP/6-31+G(d)-optimized structure
7

Molecule A/molecule B
Molecular
structure

B3LYP
[6-31 +
G(d)]

S(1)–C(1)/S(2)–C(30) 178.1(3)/176.8(3) 180.4
S(1)–C(2)/S(2)–C(31) 179.4(3)/178.5(3) 184.4
Mg(1)–S(1)/Mg(2)–S(2) 257.4(1)/257.8(1) 262.0
Mg(1)–C(1)A/Mg(2)–C(30) 223.3(3)/224.7(3) 224.3
Mg(1)–N(1)A/Mg(2)–N(2) 221.4(2)/219.4(3) 223.5
C(1)A–Mg(1)–C(26)/C(30)–Mg(2)–C(55) 129.2(1)/129.2(2) 133.0
N(1)A–Mg(1)–S(1)/N(2)–Mg(2)–S(2)A 115.5(1)/114.8(1) 112.4

Fig. 2 B3LYP/6-31 + G(d)-optimized structure of a model system for
ab initio studies on rac-2a (numbering scheme adopted from Fig. 1).
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Both intermolecular and macrocyclic intramolecular cyclo-
propanation reactions occur with greater selectivity for the
cis-(Z)-diastereoisomer than for the trans-(E)-diastereomer
in reactions catalyzed by chiral dirhodium(II) azetidinone-
carboxylates; the influence of the catalyst’s ester alkyl group
on enantiocontrol is substantial but appears to be delicately
balanced by steric factors.

Chiral dirhodium(II) carboxamidate catalysts having the general
structural framework of 1 have been widely employed to
achieve high diastereoselectivity and enantiocontrol in a wide
variety of catalytic metal carbene transformations.1–3 The

methyl ester has been commonly employed because early
investigations showed no significant difference in enantiocon-
trol with ester variation from methyl to octadecyl and from
isopropyl to neopentyl.4–6 However, we recently reported the
preparation of two chiral azetidinone-4-carboxylate-ligated
dirhodium(II) catalysts, Rh2(4S-IBAZ)4 2a and Rh2(4S-
BNAZ)4 2b, whose ester alkyl group seemed to have a
significant influence on enantiocontrol in cyclopropanation7

and insertion8 transformations. We now report, from results
obtained with a broad selection of these catalysts, that the size
of the ester alkyl group has a modest influence on diaster-
eoselectivity but has a substantial, but irregular, effect on
enantiocontrol in addition reactions.

The catalytic reaction of ethyl diazoacetate (EDA) with
styrene is the classic transformation with which stereoselectiv-
ity for cyclopropanation is measured and catalyst effectiveness
is determined.1,9 Products are cis- and trans-2-phenylcyclopro-
panecarboxylate esters 3 and 4.

Chiral copper, ruthenium and cobalt catalysts show a marked
preference for the trans isomer 4, and this is also true for

application of the dirhodium carboxamidate catalyst 1a.1,9 An
exception is the Ru–salen catalyst recently reported by Katsuki
and co-workers.10 However, the use of chiral azetidinone
catalysts 2 provides a distinct preference for the thermodynam-
ically less stable 3 (Table 1), and enantiocontrol for the favored
isomer is quite respectable. With 4-methylpenta-l,3-diene and
dicyclohexylmethyl diazoacetate (DCDA)11 these same cata-
lysts show exclusive regioselection for addition to the less-
substituted double bond (5 + 6), comparable diastereocontrol to
that obtained with styrene/EDA, and exceptional enantiocontrol
in the formation of 5. The absolute configuration for the major
isomer of 3 (and 5) is (1S, 2R); that for 4 (and 6) is (1S, 2S).

As can be seen from the data in Table 1, diastereoselectivity
and enantioselectivity are responsive to the ester alkyl group of
the catalyst ligand. Larger alkyl groups favor the cis-cyclopro-
panecarboxylate isomer more than do the smaller ones (2b and
2c). In addition to suggesting the potential of 2 for predominant
formation of highly enantioenriched cis-substituted cyclopropa-
necarboxylates, however, the data in Table 1 also allow us to
correct data previously reported for Rh2(4S-BNAZ)4

7 which
showed considerably lower enantioselectivities from those
reported in Table 1.

Catalysts 1 have been shown to be particularly suitable for
high enantiocontrol in intramolecular cyclopropanation reac-
tions of allylic diazoacetates, providing the cyclized products in
high yields and with ee values > 94%.1,3,12 With allyl
diazoacetate 7, for example, use of Rh2(5S-MEPY)4 1a gives
the corresponding bicyclic lactone 8 in good yield and with
95% ee. In contrast, chiral azetidinones 2 do not have such high
enantiocontrol in reactions with 7 (Table 2), but they do show a
remarkable variation in % ee as a function of the ester alkyl
group on the catalyst.

Table 1 Stereocontrol in intermolecular asymmetric cyclopropanation
reactions catalyzed by 2a

Ee(%)

Catalyst
Isolated
yield (%)b 3+5(5+6) 3(5) 4(6)

PhCHNCH2 + EDA:c
Rh2(4S-IBAZ)4 2a 62 69+31 76 52
Rh2(4S-BNAZ)4 2b 74 58+42 60 32
Rh2(4S-MEAZ)4 2c 65 55+45 58 32
Rh2(4S-NEPAZ)4 2d 69 66+34 67 34
Rh2(4S-CHAZ)4 2e 68 64+36 70 50

Me2CNCHCHNCH2 + DCDA+d

Rh2(4S-IBAZ)4 2ae 81 54+46 > 98 66
Rh2(4S-BNAZ)4 2b 89 42+58 > 98 70
Rh2(4S-MEAZ)4 2c 86 43+57 91 63
Rh2(4S-NEPAZ)4 2d 91 49+51 > 98 70
Rh2(4S-CHAZ)4 2e 80 53+47 83 60
a Reactions were performed in refluxing CH2Cl2 using 1.0 mol% catalyst.
b Yield of 3 + 4 (or 5 + 6) after chromatography. c [Styrene]/[EDA] = 10;
% ee values obtained by GC on a 30 m Chiraldex B-DM column with cis-
isomers eluting before trans-isomers. d [Diene]/[DCDA] = 4; % ee values
obtained from the methyl esters following saponification and resterification
with analysis on a 30 m Chiraldex G-TA column. e Data from ref. 7.
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Macrocyclization in cyclopropanation reactions has recently
been demonstrated to be a general transformation,13 although
less suitable for enantiocontrolled syntheses with catalysts 1
than with chiral copper(I) bis-oxazoline complexes.14 In the
limit, as the attachment of the carbon–carbon double bond to the
diazoacetate becomes increasingly longer, enantioselectivity is
expected to approach that obtained in the intermolecular
transformation. To further evaluate the macrocyclization proc-
ess, methallyl diazoacetate 9 was treated with each catalyst in
the series of chiral dirhodium(II) azetidinones 2. The (Z)- and
(E)-cyclopropane products 10 were formed in high yield, and

% ee values for (Z)-10 reached moderately high levels (Table 3).
For comparison, intramolecular cyclopropanation of methallyl
diazoacetate using Rh2(4S-IBAZ)4 formed the corresponding
bicyclo[3.1.0]-derivative in 28% ee, which is consistent with
our original hypothesis regarding enantiocontrol in macrocyclic
cyclopropanation reactions.

The overall effectiveness of Rh2(4S-IBAZ)4 for the catalytic
asymmetric cyclopropanation reactions reported here does not
follow size considerations of the ligand’s ester alkyl group. The
isobutyl group is neither the largest nor the smallest alkyl group
in the series. Yet in spite of differences exceeding 20% in
enantiomeric excess, this catalyst consistently gives the highest
level of enantiocontrol.

We are grateful to the National Science Foundation and to the
National Institutes of Health (GM-46503) for their support of
this research.
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Table 2 Enantiocontrol in intramolecular asymmetric cyclopropanation
reaction of allyl diazoacetate by 2a

Catalyst
Isolated yield
of 8 (%)b Ee (%) of 8c

Rh2(4S-IBAZ)4 2a 74 80
Rh2(4S-BNAZ)4 2b 70 56
Rh2(4S-MEAZ)4 2c 77 76
Rh2(4S-NEPAZ)4 2d 63 58
Rh2(4S-CHAZ)4 2e 90 68

a Reactions were performed in refluxing CH2Cl2 using 1.0 mol% catalyst.
b Yield of 8 after chromatography. c Determined by GC on a 30 m Chiraldex
G-PN column at 100 °C; the major isomer elutes first.

Table 3 Stereocontrol in intramolecular asymmetric cyclopropanation
reactions of 9 catalyzed by 2a

Catalyst
Isolated yield
of 10 (%)b (Z)-10+(E)-10

Ee (%) of
(Z)-10c

Rh2(4S-IBAZ)4 2a 64 78+22 69
Rh2(4S-BNAZ)4 2b 74 82+18 53
Rh2(4S-MEAZ)4 2c 78 78+22 56
Rh2(4S-NEPAZ)4 2d 64 82+18 62
Rh2(4S-CHAZ)4 2e 67 83+17 63
a Reactions were performed in refluxing CH2Cl2 using 1.0 mol% catalyst.
b Yield of 10 following chromatography. c Determined following hydro-
genolysis of 10 that converted (Z)-10 to its bicyclo[3.1.0]-derivative with
analysis performed by GC on a Chiraldex G-TA column. 
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Copper(II) chloride complexes were readily prepared within
pores of zeolite X with the modified zeolite found to act as a
heterogeneous catalyst for the oxygenation of a variety of
enamines in the presence of molecular oxygen without
leaching of the active copper species.

Highly selective transformation of organic compounds cata-
lysed by solid materials can contribute to the strong demand of
environmental concerns in chemical processes because of the
following advantages: (i) simple work-up procedures, (ii)
reusable catalysts, and (iii) high thermal stabilities.1–3 Use of
metal catalysts in a liquid phase, however, sometimes leads to
leaching of the active species from the solid surface into
solution4 which causes a serious loss of activity and contamina-
tion of the products. Here, we describe the synthesis of a Cu(II)
chloride complex catalyst within the pores of zeolite X for the
selective oxygenation of enamines in the presence of molecular
oxygen (Scheme 1). This catalyst can be reused without
leaching of the Cu species and retains its high catalytic activity
and selectivity for the above oxygenation.

Copper ion-exchanged X zeolite (Cu–X) was prepared by a
treatment of Na–X zeolite, Na86(Al86Si106O384)·264H2O (Si/Al
= 1.23, Wako Co. Ltd.), with a 0.01 M aqueous solution of
Cu(NO3)2·3H2O. The powder was washed with deionized
water, followed by drying and calcination at 300 °C to give a
sky-blue Cu–X sample. The Cu content in this sample was 12.0
wt%, which corresponds to 83% ion exchange degree of Na+.
Retention of the crystal structure of the X zeolite was confirmed
by XRD. In situ EPR, UV–VIS and Cu K-edge XANES spectra
for the Cu–X sample indicated dispersed divalent Cu2+ with a
centrosymmetric coordination environment, i.e. octahedral.
Curve-fitting analysis of the Fourier-transformed copper
EXAFS showed that the Cu2+ cations displayed Jahn–Teller
distorted CuO6 octahedra5 with four short Cu–O distances (1.91
Å) and two long Cu–O distances (2.28 Å). The Cu–O distance
of 1.91 Å is slightly shorter than the value of 1.97 Å found in
Cu–Y zeolites.6 A lack of a peak at ca. 3 Å in the Fourier
transform of the Cu K-edge EXAFS indicated selective
formation of monomeric Cu2+ species. A coordination sphere of
the CuO6 octahedra within the zeolite pores is proposed as
shown in Fig. 1(a) where the Cu2+ ion is reasonably located in
a vicinity of the exchangeable site II, just outside the sodalite
cage in a large pore with 7.4 Å diameter.7

Cu–X (0.50 g) was further treated with 1,2-dichloroethane
(DCE, 10 mL) at 50 °C for 1 h, followed by drying to afford an
emerald greenish powder, Cu(Cl)–X. The presence of Cu–Cl
bonds was confirmed by XPS measurements and elemental
analysis; the atomic ratio of Cu to Cl was 1+1.8. EXAFS
analysis of Cu(Cl)–X also revealed a Jahn–Teller distorted Cu2+

octahedron with four Cu–O bonds (1.92 Å) and two Cu–Cl
bonds (2.29 Å). The Cu–Cl distance of 2.29 Å is consistent with
a Cu–Cl bond length of 2.30 Å in CuCl2 and a proposed
structure of the monomeric Cu2+ chloride complex is shown in
Fig. 1(b). To our knowledge, this is the first example of the
synthesis of a copper(II) chloride species within a pore of zeolite
X. It has been stated that Cu chloride complexes can not be
formed within the pores of zeolite X by a simple exchange
reaction of Na–X with CuCl2 solution because of destruction of
the faujasite structure of zeolite X.8 In zeolite Y, adoption of
burdensome methods such as chemical vapor deposition6 or a
solid-state ion-exchange8 can afford monovalent copper chlo-
ride species. The chlorine in Cu(Cl)–X originates from a DCE
molecule during the treatment of Cu–X with DCE. The fact is
supported by the formation of dibenzyl ether upon treatment of
Cu–X with benzyl chloride in place of DCE.9

We have already reported that copper chloride compounds
are effective homogeneous catalysts for the oxidative cleavage
of carbon double bonds of enamines in the presence of
molecular oxygen.10 To explore the potential catalytic abilities
of the Cu(II) chloride complexes within the zeolite X,11

oxygenation of enamines using Cu–X was performed.† Typical
results for the oxygenation of enamines with Cu–X in
acetonitrile–DCE are summarized in Table 1.‡ The carbon
double bonds of many enamines were smoothly cleaved to give
the corresponding amides and ketones (entries 1, 2 and 4–8).
For a bulky enamine such as 1-(4-morpholino)-2,2-diph-
enylethene, the oxygenation rate with Cu–X was slower than
that of a homogeneous CuCl2 catalyst (entry 9 vs. 10). This
different activity between the heterogeneous Cu–X and the
homogeneous CuCl2 catalyst might be ascribed to a shape-
selective effect of Cu2+ species within the three-dimensional
zeolite pores. The Cu–X catalyst was also active for the
oxygenation of 2,3-dimethylindole (entry 11).§

The Cu–X catalyst could be easily separated from the
reaction mixture and reused without an appreciable loss of its

Scheme 1

Fig. 1 Proposed schematic structure of Cu2+ octahedral species within the
framework structure of zeolite X. (a) CuO6 octahedral species, (b) CuO4Cl2
octahedral species. The octahedral CuO4X2 species is coordinated to
oxygens of zeolite framework and H2O ligands. The positions of
exchangeable cations are indicated by Roman letters.
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activity for the oxygenation; the first, second and third runs of
the reused catalyst for 1-(4-morpholino)-2-methylpropene gave
N-formylmorpholine in > 90% yield. The loss of Cu content in
the spent Cu–X catalyst after several reuse experiments was
< 1%; the Cu content in the catalyst did not change even after
the third reuse. ICP analysis of copper in the liquid phase after
oxygenation showed that leached copper from the catalyst was
< 1% in the spent Cu–X catalyst.¶ The fact that the active
copper complex does not leach from the zeolite X during the
oxygenation and recycling procedures, indicates a reusable
heterogeneous catalyst for the liquid-phase oxidation.

We presume that the oxygenation catalysed by the Cu(Cl)–X
catalyst might involve one-electron transfer from the enamine to
molecular oxygen in a ternary Cu2+ complex bonded to enamine
and O2, followed by the formation of Cu2+ and a dioxetane
intermediate.10 Strong binding of the Cu chloride complexes on
the zeolite is due to the location of the divalent Cu ions within
large supercages, bound to oxygens of the zeolite framework
[Fig. 1(b)].12 During the oxygenation, facile coordination of
enamine and O2 to the active Cu center can occur since some
ligands such as H2O on the Cu active species are labile.

In conclusion, monomeric copper(II) chloride species within
the pore of zeolite X can be synthesized by a novel and

convenient method, and are found to be effective catalysts for
the cleavage of enamine double bonds in the presence of
molecular oxygen. This zeolite X-encapsulated copper chloride
complex is a unique instance of a heterogeneous and reusable
catalyst which does not undergo leaching of the active
species.
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Research from the Ministry of Education, Science, Sports and
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were carried out under the approval of Japan Synchrotron
Radiation Research Institute (JASRI) (proposal no.
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Photolysis of Al, Ga or In atoms (M) isolated in NH3-doped
Ar matrices gives first the divalent amido derivative
HMNH2 (l = 436 nm) and then the univalent and trivalent
amido derivatives MNH2 and H2MNH2 (l = 200–800 nm);
the measured and calculated properties of H2MNH2 are
outlined.

Amido derivatives of group 13 metals are potentially relevant to
the fabrication and properties of the III–V semiconductor
materials AlN, GaN and InN.1 Such compounds are normally
oligomeric or polymeric, with a coordination number of four or
greater at M; only with the introduction of bulky substituents at
M and N can monomeric compounds with tri-coordinated M
atoms be sustained under normal conditions.2 The properties of
these monomeric amido derivatives have attracted considerable
theoretical attention, mainly in relation to the potential for M–N
multiple bonding.2,3

Matrix isolation offers a highly instructive method of
reconnaissance and characterisation for simple, previously
unknown hydride derivatives of the main group metals.4–6

Hence, for example, photoexcitation of metal atoms contained
in solid Ar matrices doped with NH3 has been shown previously
to result in insertion of the metal into an N–H bond of NH3 with
the formation of the species HMNH2 (M = Al7) and MNH2 (M
= Li8 or Al7). Here we report specifically on the formation of
the simple monomeric compounds H2MNH2 (M = Al, Ga or
In) as products of the reactions set in train by photolysis of NH3-

doped Ar matrices containing the relevant M atoms.9 The
molecules have been identified by their IR spectra, with the
conclusions being underpinned (i) by the observed effects of
exchanging 14NH3 for 14ND3 or 15NH3, and of the isotopes 69Ga
and 71Ga present in natural Ga; (ii) by parallels with the spectra
of related hydrido and amido derivatives, e.g. MH3,4
H2MCl,5,10 and AlNH2

7 (M = Al, Ga or In); and (iii) by
comparisons with the IR spectra forecast by density functional
theory (DFT) calculations.11 In the following account we will
concentrate on the formation and characterisation of H2GaNH2;
the aluminium and indium analogues follow a very similar
pattern, with the results summarized in Table 1.

An Ar matrix containing ca. 0.2% Ga atoms and up to 2%
NH3 gave an IR spectrum including, in addition to the
absorptions characteristic of NH3 and [NH3]n,12 a new absorp-
tion at 1104.2 cm21 attributable to an adduct Ga·NH3 1. There
was also associated with this product a visible absorption
centered at 440 nm. Irradiation of the matrix with radiation
having l = 436 nm for 5 min resulted in the decay of the
spectroscopic features due to 1 and the appearance of new IR
bands at 1721.8, 1528.7, 746.2, 668.5/667.4 494.1 and 210.9
cm21 attributable on the strength of their constant relative
intensities to a second product 2. All the criteria (i)–(iii) indicate
that 2 is the gallium(II) amide HGaNH2, showing clear
spectroscopic analogies with GaH2

4 and CH3GaH.6
Photolysis for a further 30 min, but with broad-band UV–VIS

light (200 < l < 800 nm) led to the decay of the bands due to

Table 1 Structures (distances in Å, angles in degrees), rotational barriers DE (kJ mol21), wavenumbers [cm21, intensities (km mol21) are given in
parentheses] and M–N force constants f(MN) (N m21) for H2MNH2 molecules (M = Al, Ga and In)

Parameter H2AlNH2 H2GaNH2 H2InNH2

M–N 1.7790 1.8211 1.9703
M–H 1.5811 1.5621 1.7252
N–H 1.0100 1.0086 1.0169
H–M–H 124.4 126.7 126.9
H–N–H 110.0 111.7 110.3
DE 50.6 65.7 51.5

Description of
vibrational mode Assignment Obs. Calc. Obs. Calc. Obs. Calc.

nsym(N–H) n1 (a1) 3499.7 3572.0 (11) 3413.4 3581.9 (9) —a 3517.1 (10)
nsym(M–H) n2 (a1) 1891.0 1959.3 (81) 1970.8—c 1995.9 (64) —a 1770.2 (68)
d(NH2) n3 (a1) 1541.6 1631.2 (49) 1530.4 1621.6 (30) 1506.6 1579.4 (23)
n(M–N) n4 (a1) 818.7 830.1 (192) 706.2/704.1 689.0 (124) 616.3 575.8 (153)
d(MH2) n5 (a1) 755.0 754.6 (86) 779.6 740.3 (40) —a 634.2 (84)
Twist n6 (a2) —b 499.9 (0) —b 545.8 (0) —b 480.8 (0)
rout-of-plane(MH2) n7 (b1) 608.7 608.4 (150) 567.7 607.9 (43) —a 535.2 (95)
rout-of-plane(NH2) n8 (b1) 518.3 483.0 (309) 304.9 337.3 (280) —a 177.6 (237)
nasym(N–H) n9 (b2) —a 3655.8 (11) 3510.7 3681.7 (13) —a 3621.9 (18)
nasym(M–H) n10 (b2) 1899.3 1964.2 (288) 1970.8—c 1998.6 (245) 1805.9 1756.9 (272)
din-plane(NH2) n11 (b2) 769.8 767.6 (151) 782.8 789.8 (110) 733.3 696.3 (126)
din-plane(MH2) n12 (b2) —a 433.5 (22) —a 441.8 (26) —a 368.5 (33)

f(MN) 407.5 384.9 315.3
a Not observed. b IR silent.c Both modes contained within a single broad absorption.
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2 with the simultaneous appearance and growth of a new family
of bands having a common origin in a third product 3. Occurring
at 3471.6, 1505.9, 589.3/587.9 and 314.5 cm21, these could be
identified with the gallium(I) amide GaNH2, a conclusion
supported by the criteria (i)–(iii) and by analogy with the IR
spectrum reported for AlNH2.7 Extending the period of
photolysis resulted in the continued accumulation of 3 at the
expense of 2. Additionally, another group of bands, also with
constant relative intensities and therefore associated with a
fourth distinct product 4, was observed to develop (see Fig. 1).
The members of this group were located at 3510.7, 3413.4,
1970.8, 1530.4, 782.8, 779.6, 706.2/704.1, 567.7 and 304.9
cm21, those at 1970.8, 782.8, 706.2/704.1 and 304.9 cm21

being the most prominent. Diagnostic aspects are (i) the strong
absorption at 1970.8 cm21 occurring in the region characteristic
of n(Ga–H) vibrations of terminal Ga(III)–H bonds (cf. GaH3
1923.2 cm21 4 and H2GaCl 1964.6–1978.1 cm21 9); (ii) the
absorptions at 3510.7, 3413.4 and 1530.4 cm21 implying the
presence of an NH2 group; and (iii) the doublet pattern at
706.2/704.1 cm21 attributable to 69Ga/71Ga splitting arising
from the motion of a single Ga atom (see Fig. 1). The criteria
(i)–(iii) leave little doubt that 4 is monomeric amidogallane,
H2GaNH2, more familiar as a trimer which is stable at
temperatures up to nearly 150 °C.13 Out of the 11 IR-active
modes (5a1 + 2b1 + 4b2) expected for planar H2GaNH2 with C2v
symmetry, all but one have been satisfactorily located in the
spectrum measured for 4, the only absentee being n12 (b2) which
is expected to lie near 420 cm21 but is probably obscured by
extraneous absorptions. In other respects the calculations
anticipate remarkably closely the observed wavenumbers,
relative intensities, and isotopic shifts to provide a convincing
basis for the assignments entered in Table 1. For example, the
observed 69Ga/71Ga splitting of 2.1 cm21 displayed by the
absorption near 705 cm21 matches admirably the calculated
value of 1.9 cm21 for the n(Ga–N) mode, n5 (a1).

The amides H2AlNH2 and H2InNH2 have each been formed
and characterised in analogous experiments involving Al and In
atoms, respectively. With the indium compound, formed only in
low concentrations, no more than four weak IR absorptions
could be clearly associated, although the wavenumbers and
isotopic shifts, allied to the circumstances, vouch for its identity.
Nine of the IR-active fundamentals of H2AlNH2 were located
with confidence. Two of the most prominent bands, at 1899.3
and 1891.0 cm21, tally with features reported in earlier matrix
studies7 of the reactions between laser-ablated Al atoms and
NH3 and assigned somewhat tentatively not to H2AlNH2 but to
the quasi-linear, high-energy HAlNH molecule. Experiments
with all three metals and involving different concentrations of
NH3 or mixtures of NH3 and H2 make it clear that H2MNH2 is

formed from HMNH2 or MNH2 by the addition of H atoms
generated by the photodecomposition of HMNH2 (or MH2
when H2 is present4).

Calculated and observed properties of H2AlNH2, H2GaNH2
and H2InNH2 are listed in Table 1. In each case, the global
minimum is calculated to correspond to a planar ethene-like
geometry, although, as noted elsewhere,2 a planar M–NH2
geometry is not necessarily a sign of strong p bonding. The
calculated M–N distances are indeed short, near or below the
lower limits for the observed distances in tri-coordinated amido
derivatives of these elements (1.78, 1.818 and 2.049 Å for M =
Al, Ga and In, respectively);2 with respect to related species the
order is M·NH3 > H3M·NH3 > MNH2 > MN > HMNH2 6

H2MNH2 > HMNHA. The M–N stretching force constants,
based where possible on the measured spectra, vary in the orders
(i) H2MNH26 HMNH26MNH29 H3M·NH39M·NH3, and
(ii) M = B 9 Al 6 Ga > In for H2MNH2. Calculation of the
energy of the transition state in which the H2M and NH2 planes
are orthogonal gives an estimate of the barrier to rotation about
the M–N bond, DE, in H2MNH2. The results included in Table
1 are consistent with those reported elsewhere,2 with DE =
161.9, 50.6, 65.7 and 51.5 kJ mol21 for M = B, Al, Ga and In,
respectively. Gallium may then be seen once again to be out of
line with its neighbours and to show a modest return to the
behaviour of boron,1 but the barriers support the general view
that, with the exception of M = B, the primary influence on the
M–N bonding is not the p interaction but the polarity of the
unit.

We thank (i) the EPSRC for support of this research and the
award of an Advanced Fellowship to T. M. G., and (ii) the
Deutsche Forschungsgemeinschaft for the award of a post-
doctoral grant to H.-J. H.
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Fig. 1 (a) Bottom: IR spectrum of an Ar matrix containing Ga and NH3

following photolysis first at l = 436 nm and then at l = 200–800 nm; top:
calculated IR absorptions for H2GaNH2. (b) Bottom: IR spectrum of
H2GaNH2 in the region around 700 cm21; top: curve fit with two
Lorentzian-type functions with an intensity ratio reflecting the proportions
69Ga/71Ga = 60.1+39.9 in naturally occurring Ga.
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Substituted pyrroles are formed in moderate to good yields
by the Pd-catalysed cyclisation of enamines containing b-
vinyl bromide functionalities.

Pyrrole and its derivatives feature widely in natural products,
drugs, polymers and dyes.1,2 As a result many efficient synthetic
procedures for their preparation have been developed.3 The
synthetic methodology for the preparation of pyrrole and its
derivatives can be classified in terms of the number and location
of the bonds formed in the reaction.3a We are particularly
interested in the Ic approach (Scheme 1) since this approach
although frequently used in the synthesis of indoles,3a,b,4 is
quite rare for pyrrole synthesis. It was expected that easily
accessible enamines of type 1 would provide access to the
desired synthetic procedure Ic (Scheme 1).

The results of an initial experiment are shown in Scheme 2.
The enamine 2 was prepared in 84% yield by reacting amine 3
and alkyne 4 in DMF at room temperature. The cyclisation step
(DMF, 85 °C, oil bath temperature) in the presence of Pd(OAc)2
(10 mol%)/PPh3 (20 mol%) and K2CO3 (2 equiv.) as a base
afforded the expected pyrrole 5 but in only 24% yield.

Assuming that the low yield of 5 could be caused by
instability of the pyrrole product, several other enamines (Table
1) were prepared using similar synthetic procedures in order to
further investigate the cyclisation reaction. With bis-substituted
alkynes (Table 1, entries c, d and h) the reactions were
performed in DMF at 60–65 °C (oil-bath temperature) or in
boiling ethanol5 (Table 1, entry e) producing the required
enamines in good yield. Monosubstituted alkynes (Table 1,

entries a, f and g) afforded the enamines at room temperature.
Enamine 8b was prepared by addition of propenylamine to the
allene in DMF at room temperature. Most of the enamines
comprised mixtures of Z- and E-isomers and these mixtures
were used for the cyclisation reactions without attempts to
separate the stereoisomers.

With 8a–h in hand their conversion to the corresponding
pyrroles was investigated. The reactions were performed in
DMF at 85 °C in the presence of Pd(OAc)2/PPh3 and K2CO3 as
already explained affording 9a–h in moderate to good yields.
The reaction tolerates a range of functional groups and reaction
times are in most cases between 1 and 3 h.

Mechanistically the cyclisation step can be rationalised in
several ways. It is possible that Pd(II) acts as a Lewis acid by
coordinating either the enamine double bond or the electron
withdrawing group (CO2Me, SO2C6H4Me-p) lowering the pKa
of the N–H group. This would facilitate the formation of the
corresponding anion leading to cyclisation via nucleophilic
attack on the vinyl bromide moiety. Interestingly we observed
that for enamine 10, where the pKa of the N–H group is
sufficiently low to allow deprotonation by K2CO3, the Pd-
catalyst is not required (Scheme 3). The expected product 11
was formed by heating 10 in DMF (85 °C) in the presence of
only K2CO3. The reaction with other enamines used in this
study without the Pd-catalyst but in the presence of K2CO3 r-
esulted in recovery of the starting materials. 1H NMR
spectroscopy of the crude reaction mixtures indicated the
presence of a small amount of product only in the case of
enamine 8e after a significantly longer reaction time than for
reaction performed in the presence of Pd-catalyst (6 cf. 1 h).

Another mechanistic rationalisation of the reaction is shown
in Scheme 4. This involves the oxidative addition of Pd(0) into
the C–Br bond followed by coordination to the enamine double
bond to form 12. Formation of the anion 13 and nucleophilic
substitution of bromide at the Pd7 leads to palladacycles 14

Scheme 1

Scheme 2 Reagents and conditions: i, DMF, room temp., 84%; ii,
Pd(OAc)2, PPh3, K2CO3, DMF, 85 °C, 24%.

Scheme 3 Reagents and conditions: i, K2CO3, DMF, 85 °C, 53%.

Scheme 4
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which after reductive elimination and isomerisation produces
the pyrroles.

Nucleophilic substitution at Pd(II) followed by reductive
elimination is a process well known in the literature7 and in the
current reactions more likely than disfavoured 5-endo cyclisa-
tion. Some related synthesis of pyrrolidine8 and pyrroline9

derivatives that involve nucleophilic substitution at Pd(II) are
known.

The same approach was applied for the synthesis of 15, a
potentially important pyrrole for the preparation of compounds
with anti-inflammatory activity10 (Scheme 5). Performing the
cyclisation reaction in the presence of a Pd-catalyst afforded the
desired pyrrole in 94% yield. In this case the anion is formed by
deprotonation at the methylene group adjacent to the ester
functionality.

In conclusion, we report a novel synthetic route for the
preparation of substituted pyrroles. The two step procedure

involving enamine formation followed by Pd-catalysed cyclisa-
tion produces pyrroles in good yields.

We thank the EPSRC and Leeds University for support.
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A catalytic cycle in zirconium-catalyzed alkylation of silanes
with secondary Grignard reagents was completed by addi-
tion of organic halides which were not incorporated in the
products.

We have found and reported catalytic cycles containing a Zr(II)
species and zirconacycles in carbon–carbon bond formation by
the reaction of olefins and/or acetylenes with Grignard
reagents.1–5 One principle of the Zr(II)-mediated or -catalyzed
reactions is the use of facile interchange of its oxidation states,
II and IV. The zirconium(II) species is known to be of good p-
electron accepting ability and oxidatively couples two un-
saturated organic molecules. During the coupling reaction, the
Zr(II) species is converted into Zr(IV). On these bases,
zirconium(II)-catalyzed reactions have been developed involv-
ing olefins1–4 and, in some cases, acetylenes.5 We also reported
not only unsaturated substrates but also dihydrogen2 or silanes3

as partners of unsaturated compounds such as olefins. During
our investigations of zirconium-mediated alkylation reactions
of silanes, we found that addition of organic halides led to a
catalytic cycle in which the organic halides were not incorpo-
rated in the products. Herein, we report a novel type of catalytic
cycle in alkylation of silanes with secondary Grignard reagents
using zirconium.

It is well known that when H2SiPh2 is treated with PrnMgBr
in THF at room temperature, a nearly quantitative yield of
PrnSi(H)Ph2 1 is obtained [eqn. (1)].6 It is interesting that

(1)

H2SiPh2 does not react at all with the more sterically hindered
PriMgBr under the same conditions [eqn. (2)].

(2)

However, we found that when a stoichiometric amount of
(C5H5)2ZrCl2 was added in the presence of a two-fold amount
of PriMgBr, the reaction of H2SiPh2 with PriMgBr proceeded to
give 1a, instead of the expected product PriSi(H)Ph2 2
[eqn. (3)]. A stoichiometric amount of (C5H5)2ZrCl2 is required

(3)

since the outcome of the reaction is explained by the total
conversion to 1a, ‘(C5H5)2Zr,’ n-C3H8 and 2 equiv. of MgX2.
Since the Pri group was changed to an Prn group in the product,
it is reasonable to consider that the Pri group is converted into
propene on zirconium and then reacts with silane to afford
PrnSi(H)Ph2 and the Zr(II) species.

In order to extend this stoichiometric reaction to a catalytic
reaction, oxidation of the built-up Zr(II) species was investi-
gated. We found that certain organic halides were suitable for

oxidation of the ‘(C5H5)2Zr’ species via oxidative addition7–9

and tolerate the reaction conditions.
Under catalytic conditions, typically 10 mol% of

(C5H5)2ZrCl2 and 1 equiv. of an organic halide were employed
[eqn. (4)]. The results of a comparison study using various

(4)

organic halides as additives are shown in Table 1 As a control
experiment, when no organic halide was added, the reaction
gave only 22% yield of PrnSiHPh2 1a. When 1 equiv. of bromo-
or iodo-propane was added, the desired product was obtained in
67 and 91% yield, respectively. This remarkable improvement
clearly showed that a catalytic cycle was achieved. The best
result of 99% yield was obtained when 1,3-dibromopropane
was used as the additive. Though bromobenzene, bromopro-
pane and iodopropane showed fairly good performances,
iodobenzene showed a very poor effect on this reaction, which
may be due to the readily occurring deiodination.9 1,3-Di-
bromopropane was the best choice by far as additive and the
reaction proceeded with as little as 2 mol% of the catalyst. In the
absence of (C5H5)2ZrCl2 1a was not formed.

Similarly, when H2SiPh2 was treated under the same
conditions with 2 equiv. of BusMgCl, BunSiHPh2 1b was
obtained in 89% yield. In spite of our attempts, tertiary Grignard
reagents such as ButMgCl or secondary Grignard reagents such
as cyclohexylmagnesium bromide did not successfully promote
this reaction owing, probably, to the instability of the corre-
sponding disubstituted-olefin zirconium complexes.

To understand the role and the superiority of 1,3-di-
bromopropane, 2-benzyl-1,3-dibromopropane 3 was used as an

Table 1 Reactions of PriMgBr with H2SiPh2 in the presence of a catalytic
amount of (C5H5)2ZrCl2 and various organic halidesa,b

Entry RAX Cp2ZrCl2/
eq

Time/h Yield (%)c

1 — 0.1 24 22
2 1-Bromopropane 0.1 6 67
3 1-Iodopropane 0.1 6 91
4 1,3-Dibromopropane 0.1 3 99
5 1,3-Dibromopropane 0.02 24 93
6 1,3-Dibromopropane 0.01 18 41
7 1,3-Diiodopropane 0.1 3 3
8 Bromobenzene 0.1 6 78
9 Iodobenzene 0.1 1 2d

10 2-Bromopropene 0.1 24 73
a R = Me, corresponding to eqn. (4). b Typical reaction conditions: H2SiPh2

(0.5 mmol), (C5H5)2ZrCl2 (as indicated), PriMgBr (1.5 mmol), RAX (0.5
mmol); room temp.c Yields were determined by GC.d PhI was consumed in
1 h and further reaction did not proceed.
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oxidation reagent and the catalytic reaction was carried out
[eqn. (5)]. A mixture of three products, benzylcyclopropane 4

(5)

and reduction products 5 and 6 were obtained with 5 observed
at an early stage. After completion of the reaction, two products,
4 and 6 were obtained in 44 and 24% yields, respectively. The
formation of the major product 4 is explained by an oxidative
addition of one carbon–bromine bond of 3 to the zirconium(II)
species, followed by nucleophilic ring closure forming a
cyclopropane ring and (C5H5)2ZrBr2.

On the basis of these observations, the mechanism of Scheme
1 is proposed. Zirconium–olefin complex 7 is formed and reacts
with H2SiPh2 (7 ? 8). Reductive elimination of the silylated
compound gives PrnSiHPh2 1. The so-formed ‘(C5H5)2Zr’

reacts with an alkyl bromide (RX) to give 9,7 followed by ligand
exchange with PriMgBr and b-hydride elimination to regenerate
(C5H5)2Zr(C3H6) 7. Alternatively, oxidation of ‘(C5H5)2Zr’
with alkyl bromides might afford (C5H5)2ZrX2 which is also
converted into 7 by the reaction with PriMgBr. An alkyl
bromide plays an important role in reoxidizing the zirconium(II)
species to zirconium(IV). In its absence, regeneration of the
catalyst does not occur and ‘(C5H5)2Zr’ reacts with H2SiPh2
leading to the m-hydride bridged dimer 10.3a

One-pot reaction of H3SiPh with 3 PriMgBr without a
catalyst for 1 h followed by the addition of 10 mol% of
(C5H5)2ZrCl2 and 1,3-dibromopropane selectively afforded
HSi(Pri)(Prn)Ph 11 in 66% yield [eqn. (6)]. An Pri group was

(6)

incorporated directly from the Grignard reagent in the absence
of the catalyst, and an Prn group was incorporated after the
addition of the zirconium catalyst with 1,3-dibromopropane.

We conclude that a zirconium(II) species is efficiently
oxidized by organic halides, which assists regeneration of the
active catalyst. We believe this is the first example of a
zirconium(II)-catalyzed reaction in which an oxidant is explic-
itly added to complete the catalytic cycle. Further studies to
clarify the mechanism are in progress.
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Highly stereoregular poly[3-(11-diethylphosphorylunde-
cyl)thiophene] 2 is soluble in both aprotic and protic
solvents, yet displays a remarkable solvatochromism involv-
ing a hydrogen bond network with the phosphonate
moiety.

Since their discovery and synthesis two decades ago, poly-
thiophenes (pT) have progressed swiftly to applications.1 A
promising area for conducting polymers includes development
of sensors by using macromolecules with specific receptor
groups.1b,2 The search for functional groups influencing the
properties of pTs as well as allowing the design of multi-
dimensional, supramolecular systems for truly molecular appli-
cations is well underway. Among the most important properties
of polythiophenes are thermochromism and solvatochromism.
The origin of both phenomena is the optical response to a
conformon formation, twists in which the planarity of the
backbone has been disrupted. Both features are believed to be
single chain phenomena, that is, the coexistence of two separate
phases in different ratios during the process is responsible for
the chromic behavior.3 Given the diverse conformational
chemistry produced in nature by organophosphorus moieties,
the use of a phosphonate group in the polythiophene structure
provides an attractive approach to developing higher orders of
organization (supramolecular systems). Here, we offer the first
example of a polythiophene containing the dialkylphosphonate
functionality.4 The polymer belongs to a limited group of
polythiophenes soluble in both protic and aprotic solvents, yet
exhibits remarkably divergent behavior in the two solvents.
Polymer 2 was synthesized in a stereocontrolled process
involving nickel-mediated Negishi-type condensation of 15a

obtained in a series of reactions illustrated in Scheme 1.
The resulting polymer was ca. 90% stereoregular, with a

predominantly head-to-tail (HT–HT) connectivity.5a,6 The

polymer displayed a high degree of conjugation in the solid
state, as indicated by the presence of a vibrational structure in
the UV–VIS spectrum and a lmax value at 558 nm with a
shoulder at 606 nm.5 In aprotic solvents (THF, CHCl3) the
absorption spectrum became featureless and the absorption
maximum shifted to 440 nm (Dlmax = 118 nm). Remarkably,
in protic solvents (ethanol, methanol) the shape of the
absorption spectrum remained similar to that in the solid state
with only a small higher-energy shift in the absorption maxima,
Fig.1(a) and (b).

The solvatochromic properties of 2 were observed in a mixed
CH2Cl2–MeOH system, with the results shown in Fig. 1.
Increasing the concentration of the CH2Cl2 caused a reduction
in the intensity of the absorption in the 550–650 nm region, with
concomitant increase in the higher energy region with a
maximum at ca. 440 nm. The presence of a pseudo-isosbestic
point7 suggested two separate species (conformons) existing in
equilibrium at ratios which depended on the concentration of
the protic and aprotic solvents. Interestingly, the vibrational
structure of the absorption is maintained at 10% CH2Cl2 in
MeOH, which suggests the extended conjugation within the
polyaromatic backbone was rapidly lost beyond that point,
owing to the enhanced freedom of rotation. There are at least
three possible self-organization mechanisms to be considered:
self-assembly via alkyl chain association, phosphoryl group
dipole–dipole interaction and hydrogen bonding. Owing to
exceptionally good vibrational characteristics and the sensitiv-
ity of the phosphonate moiety to its microenvironment, IR
spectroscopy has long been an attractive technique in studying
its hydrogen bond interactions. The highly polarized PNO bond
in organophosphorus compounds is an excellent hydrogen bond
acceptor, yielding complexes ranging from weak ( < 1 kcal
mol21)8 to strong ( > 10 kcal mol21)9 as a function of the
hydrogen bond donor. Fig. 2 illustrates the dependence of the
wavenumber shift of the n(PNO) vibration on the solvent
used.

As expected by analogy with adsorption of phosphonates on
transition metal surfaces,10 the major interaction with the
hydrogen donor involves bonding via the lone pair orbitals of

† Dedicated to Professor Przemys/law Mastalerz on the occasion of his 75th
birthday.
‡ First presented in part at The Fifth Chemical Congress of North America,
Cancun, Quintana Roo, Mexico, November 11–15, 1997, p. 123.
§ Electronic supplementary information (ESI) available: solutions of 2 in
CH2Cl2 (left) and MeOH (right). See http: www.rsc.org/suppdata/cc/b0/
b001621g/

Scheme 1 Reagents and conditions: i, BrMg(CH2)11OMOM, Ni(dppe)Cl2,
Et2O, r.t. ? reflux, 2 h, 70%; ii, HCl(aq)/MeOH, reflux, 6 h, 100%; iii,
MsCl, Py, CH2Cl2, 0–5 °C, 5 h, 85%; iv, NaPO3Et2, THF, reflux, 30 h, 89%;
v, NBS, DMF, r.t., 3 h, 88%; vi, I2, HgO, PhH, 12 h, 80%; vii, Zn*,5a THF;
viii, Ni(dppe)Cl2, THF, r.t., 3 d.

Fig. 1 Absorption spectra and solvatochromism of 2: (a) solid film and (b)–
(g) 1024 M solutions in CH2Cl2–MeOH, v/v = (b) 0+10, (c) 1+9, (d) 2+8,
(e) 3+7, (f) 8+2, (g) 10+0.
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the PNO oxygen atom. This leads to a weakening of the PNO
bond and to a lowering of the corresponding mode frequency. In
the gas phase, where the molecule is considered free, this peak
has a maximum at 1276 cm21.8 In our solid polymer film and
the sample saturated with CCl4 the PNO stretch appears at 1244
cm21. In the absence of a hydrogen donor it is likely that a
dipole–dipole interaction between the phosphonate groups
leads to aggregation8,10a,11 and is responsible for the shift.
Saturation of the polymer film with methanol leads to a shift of
the PNO vibration to 1216 cm21. This absorption displays a
shoulder at 1208 cm21. We suggest that the presence of two
vibrational modes relates to the presence of two modes of
interaction of the phosphoryl oxygen atom with the hydrogen
bond donor, the 1208 cm21 peak corresponding to interaction of
the PNO group using both lone electron pairs.8 The frequency
shift of 28 cm21 is considered indicative of a strong hydrogen-
bonding interaction.12 Hydrogen bond interactions were tested
by NMR spectroscopy. 1H NMR spectra for solutions of the
polymer 2 in THF-d8 and CD3OD are shown in Fig. 3(a) and
(b).

While the aromatic proton resonance of 2 in deuterated THF
solution appeared as a sharp singlet at d 7.08 (fast spin–spin
relaxation), the corresponding resonance in CD3OD solution
showed line broadening characteristic of a spectrum of a highly
associated species. The breadth of the aromatic proton signal in
the range d 6.3–7.1 could also arise from paramagnetic line
broadening,13 which is related to the observed extension of the
effective conjugation in the polyheterocyclic chain. This is in
agreement with the results of the UV–VIS spectroscopy. Fig.
3(c) and (d) illustrate 31P NMR spectra of 2 in THF-d8 and
CD3OD. The observed chemical shifts of d ca. 32–34 (vs. 85%
H3PO4, external) are consistent with the dialkyl phosphonate
moiety.14 A sharp, narrow signal at d 32.11 due to an averaged
species appeared in the THF-d8 solution, whereas in CD3OD
solution broader, multiple resonances were observed in the
range d 34.97–34.12  ppm, with the most intense feature at d
34.48. In contrast to the THF solution, for which delocalization
of rapid spin diffusion resulted in a single averaged 31P
resonance, in CD3OD solution the protonated segments of

solvated phosphonate remained distinct on the NMR time scale
giving rise to a multiplet of signals. The downfield shift of the
resonance peak in methanol solution, Dd = 2.4 ppm, is most
likely a result of the deshielding effect due to hydrogen-bonding
interactions. For interactions of diethyl 4-vinylphenylphospho-
nate with 1,1,1,3,3,3-hexafluoroisopropyl alcohol the Dd value
at 0.7 ppm corresponds to an enthalpy of hydrogen bond
formation of 2DH = 8.6 kcal mol21.12b Our considerably
larger value of Dd seems to indicate cooperative interaction of
several factors, leading to a very efficient self-organization of 2
in a protic solvent.

In summary, we describe the first synthesis of a poly-
thiophene containing a phosphonate function. The energy gap
difference of ca. 0.4 eV between the polymer dissolved in a
protic vs. aprotic solvent results in a remarkable solvatochromic
effect. We suggest that a combination of London forces, dipole–
dipole interactions and a hydrogen-bond network involving a
protic solvent and the phosphonate moiety cooperate in
stabilizing an extended conjugated form of the polymer.

Support of this research from the US Department of Energy
is gratefully acknowledged. We thank Dr Tomasz Wãsowicz for
the EPR spectra and Dr David M. Collard for valuable
discussions.
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Treatment of EI4 (E = Si or Ge) with 2 equivalents of
K[P3C2But

2] affords the novel cage compounds P6C4But
4-

SiI2 and P6C4But
4GeI2 respectively, whose molecular struc-

tures, determined spectroscopically and by single crystal X-
ray diffraction studies, are different both in solution and in
the solid state.

Phosphorus substituted analogues of the aromatic cyclopenta-
dienyl anion, CnRnP52n (n = 0–4), are of considerable current
interest.1 In particular, the 3,5-di-tert-butyl-1,2,4-triphospholyl
anion, P3C2But

2
2 1, has been used in the preparation of a range

of transition metal complexes2–7 in which a variety of bonding
modes have been observed such as in [M(h5-P3C2But

2)2] (M =
Fe or Ru), [M(h5-P3C2But

2)(h5-C5Me5){W(CO)5}] (M = Fe or
Ru) and trans-[M(h1-P3C2But

2)2(PEt3)2] (M = Pt or Pd).
In contrast however, examples of main group element

compounds derived from 1 are comparatively rare and to date
are restricted to a handful of examples, namely [In(h5-
P3C2But

2)], P3C2But
2CH(SiMe3)2, [Tl(h5-P3C2But

2)], [M(h5-
P3C2But

2)2] and [M(h5-P3C2But
2)(h5-C5Me5)] (M = Sn or

Pb).8–11 We therefore decided to examine the reaction of 1 (in
the form of its recently synthesised potassium salt),9 with
silicon and germanium tetraiodides.

Surprisingly, although the resulting products both have the
anticipated formulae P6C4But

4EI2 (E = Ge 2, E = Si 3) in
which two iodides may have been expected to have been
replaced by h1-P3C2But

2 ligands, they actually contain two
different novel P6C4But

4 cages which arise from different intra-
molecular coupling reactions of the adjacent 1,2,4-triphospho-
lyl rings.

Thus, treatment of 2 equivalents of 1 with EI4 (E = Si or Ge)
led to the moisture sensitive compounds 2 (E = Ge) and 3
(E = Si), respectively (Scheme 1), which were recrystallised
from diethyl ether (3, orange crystals, mp 190 °C; yield 55%) or
hot heptane (2, red crystals, mp 275 °C; yield 52%). Both
compounds exhibited the expected parent ions in their mass
spectra (m/z 789 for 2; 744 for 3), however the solution 31P{1H}
and 1H NMR spectroscopic data are only consistent with the
proposed cage structures, which were subsequently confirmed
by single crystal X-ray diffraction studies (vide infra).

The 1H NMR spectrum of 2 shows only two singlets for the
two different types of But groups, while the 31P{1H} NMR

spectrum, which has been fully analysed and successfully
simulated as an AAAMMAXXA spin system,† confirms the
symmetric structure and as expected contains no resonances
involving unsaturated phosphorus atoms. The formation of the
cage compound 2 clearly results from the anticipated bis-(h1-
P3C2But

2)–GeI2 intermediate 4 which then rapidly undergoes
two further intramolecular [2 + 2] cycloaddition reactions
generating four new P–C bonds.

The molecular structure of 2‡ which is shown in Fig. 1, shows
some similar features to the recently reported hexaphospha-
prismane P6C4But

4 5 synthesised by Regitz and coworkers12 via
an unusual light-induced valence isomerisation reaction of 6,
but is different from the P5C5But

5 cage structure 7 constructed
by oxidative coupling of P3C2But

2 and P2C3But
3 ring anions.13

Presumably the steric effect of the large iodide ligands attached
to Ge in the presumed intermediate 4 facilitates the ring
coupling reaction leading to 2.

The molecular structure of 3, determined by a single crystal
X-ray diffraction study,‡ which is shown in Fig. 2, un-
expectedly shows that the Si is attached to two carbon atoms
within the cage, resulting in a much more asymmetric structure
than observed for 2 involving a PNC double bond between P(6)
and C(4) and a five-atom phosphorus network P(1)–P(2)–P(3)–
P(4)–P(5). In accord with the above structure, the 1H NMR
spectrum exhibits four distinct resonances for the non-equiva-
lent But groups, while 31P{1H} NMR spectrum of 3 consists ofScheme 1

Fig. 1
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six distinct resonances exhibiting several 1J(PP) couplings in the
range 110–300 Hz. The lowest field signal (d 357.0) which is in
the region typical of PNC bonds and involves only small
couplings clearly corresponds to P(6). The two highest field
resonances (d = 219.1 and 224.4) which exhibit a single large
coupling, can readily be assigned to P(5) and P(1), respectively.
The remaining resonances at d 124.1, 78.4 and 24.6 can be
attributed to P(2), P(3) and P(4), respectively.

The mechanism of formation of 3 is currently unknown but it
seems likely that the first step involves Si–P bond formation.
Attempts to form the novel silylene or germylene species
P6C4But

4E: (E = Si, 8 , E = Ge, 9) by treatment of 2 and 3 with
sodium napthalenide in THF, led in each case to regeneration of
the P3C2But

2 ring anion 1.
The EPSRC is gratefully acknowledged for financial support

of this work.
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1JP(3)P(4)) 150, 2JP(3)P(1)) 12 Hz), 24.6 (m, P(4), 2JP(4)P(6)) 19,

1JP(4)P(3)) 150, 3JP(4)P(1)) 8, 2JP(4)P(2)) 11, 1JP(4)P(5)) 110 Hz), 219.1
(dqt, P(5), 2JP(6)P(5)) 2JP(5)P(2)) 11, 3JP(5)P(1)) 11 Hz, 1JP(5)P(4)) 110
Hz), 224.4 (m, P(1), 2JP(1)P(3)) 12, 2JP(1)P(6)) 20, 3JP(1)P(4)) 8,
3JP(1)P(5)) 11, 1JP(1)P(2)) 303 Hz). Microanalysis. Found: C, 33.1; H, 5.2.
Calc.: C, 32.3, H, 4.9%.
‡ Crystal data: for 2: C20H36P6GeI2, M = 788.70, monoclinic, space group
P21/n (no. 14), a = 11.8196(12), b = 17.491(3), c = 13.850(3) Å, b =
95.009(14)°, V = 2852.4(8) Å3; T = 173(2) K, Z = 4, m = 3.58 mm21, l
= 0.71073 Å, 5261 reflections collected, 5021 independent (Rint = 0.0458),
R1 = 0.046, wR2 = 0.089 for I > 2sI, R1 = 0.090, wR2 = 0.108 for all
data.

For 3: C20H36P6SiI2: M = 744.2, monoclinic, space group P21 (no. 4), a
= 11.827(4), b = 15.837(9), c = 15.626(5) Å, b = 94.87(3)°, V = 2916(2)
Å3; T = 173(2) K, Z = 4, m = 2.54 mm21, l = 0.71073 Å, 9137 reflections
collected, 8776 independent (Rint = 0.020), R1 = 0.033, wR2 = 0.065 for
I > 2sI, R1 = 0.042, wR2 = 0.070 for all data.

The G. M. Sheldrick, SHELX-97 suite of programs for crystal structure
analysis, University of Gottingen, Gottingen, Germany, 1997, were used to
elucidate both structures.

CCDC 182/1601. See http://www.rsc.org/suppdata/cc/b0/b001632m/ for
crystallographic files in .cif format.
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Glucuronamide-based bolaamphiphiles are found to form a
reversible, linear polymolecular array, via a boronate ester
linkage attached to the 1,2-positions of the pyranose or
furanose ring, upon complexation with an aromatic boronic
acid-based homologue in aqueous solutions.

Aromatic boronic acids form complexes with cis diol-type
hydroxy groups of carbohydrates via ester-linkage forma-
tion.1–3 In particular, Shinkai et al. have intensively developed
new aspects on aqueous sugar sensing by employing aromatic
boronic acids.4 Even though there have been some arguments
about the boronate structure in aqueous solutions,5–7 the
complexes should contain a furanose form of the glucose
moiety.8 Norrild and Eggert have confirmed by 1H and 13C
NMR spectroscopy that monoboronic acids bind preferentially
to the 1,2-position and secondly to the 3,5,6-position of a-D-
glucofuranose in aqueous solutions.3 We have so far investi-
gated the self-assembling properties of 1-glucosamide (1)9 and
2-glucosamide bolaamphiphiles (2)10 in water. Although the
former derivative 1 possesses free C-3, C-4 and C-6 hydroxy
groups, it cannot convert into the furanose form. On the
contrary, the latter homologue 2 possessing the same free
hydroxy groups can rearrange to the furanose resulting in free
C-3, C-5 and C-6 hydroxy groups. In line with this molecular
design, we have newly synthesized a glucuronamide-based
bolaamphiphile (3)† possessing free 1,2-diols available for ester
formation with a boronic acid. Comparison of the complex
formation between these three sugar-based bolaamphiphiles (1,
2 or 3) and an aromatic boronic acid-based homologue 4,†
should provide further insight into the complex structures.
Mikami and Shinkai are the first to prepare main-chain sugar-
containing polymers via self-condensation with diboronic acid
under nonaqueous conditions.11 Advantageously, we are also
able to solve a problem concerning the sequential head-to-tail
irregularity of the cyclic sugar-containing polymer. Here we

describe the pH-dependent, reversible polymolecular boronate
complexation between glucuronamide- 3 and boronic acid-
based bolaamphiphiles 4 in aqueous solutions.

The glucuronamide bolaamphiphile 3 was efficiently synthe-
sized in 4 steps from commercially available glucuronic acid, in
a similar manner to that reported by Falkowski et al.12 The
related derivatives, 1-glucosamide (1) and 2-glucosamide
bolaamphiphiles 2 were prepared according to a published
procedure.10,13 The boronic acid-appended bolaamphiphile 4
was also synthesized in the same manner as described by
Kimura et al.14

1H NMR spectroscopy of 3 in DMSO-d6 containing a trace
amount of D2O clearly displayed two sets of well-defined
signals for the H-1 (d 4.32 and 4.93), H-5 (d 3.51 and 3.93) and
hydroxy OH-1 protons (d 6.52 and 6.82). The presence of these
two sets of signals with an average integral ratio of 56+44
implies that the bolaamphiphile 3 exists as a mixture of a-
(56%) and b-anomers (44%) in the solution. 1H NMR spectra of
4 were measured in the weak acidic (pD = 3) and alkaline
aqueous solutions (pD = 10–12). The aromatic proton regions
of the obtained spectra displayed entirely different spectral
patterns under each condition, suggesting that the sp2-hybrid-
ized boron atom can convert completely into the sp3 mode at pH
values above 10.

In order to confirm the linear complex formation between the
cyclic sugar- and boronic acid-based bolaamphiphiles, we
employed 11B NMR spectroscopy‡ since it is very sensitive to
the spin state of the boron atom. Therefore, we can easily
differentiate the neutral sp2, anion sp3 and coordinated sp3 states
of the aromatic boronic acid moiety in the bolaamphiphile.
Actually, 11B NMR spectra of the boronic acid bolaamphiphile
4 (0.1 M) displayed distinct chemical shifts for the boron atom
under weak acidic and alkaline conditions [d 11 and 216,
respectively, Figs. 1(a) and 1(b)]. The addition of equimolar
1-glucosamide bolaamphiphile 1 induced no spectral change in
the 11B NMR of 4 [Fig. 1(c)]. Thus, the potent C-4 and C-6
hydroxy groups of 1 in the pyranose form proved inactive for
the ester linkage formation, resulting in no polymer formation.
In contrast to this spectral feature, two separate 11B NMR
signals (d211 and 216), with an integral ratio of 1+2, appeared
for 4 coexisting with equimolar 2-glucosamide bolaamphiphile
2 [Fig. 1(d)]. The minor signal in intensity (ca. 33%) is
compatible with the presence of a covalently attached sp3-type
boronic moiety. Considering no possibility of the pyranose form
existing, this finding implies that either of the C-3, C-5 and C-6
hydroxy groups of the glucofuranose can participate in binding.
For a linear non-strained polymolecular complex with 4 the
3,5,6-binding mode could be the more probable compared to the
binding of monoboronic acids [Fig. 2(a)].3 On the other hand,
the glucuronamide derivative 3 with the free C-1 and C-2
hydroxy groups was found to produce covalently attached sp3

hybridization, giving a polymolecular complex (ca. 70%)
equilibrated with a small amount of free anions [ca. 30%, Fig.
1(e)]. Whether the complex structure is a pyranose or a furanose
form cannot be concluded at present from any other NMR
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measurements including 13C NMR [Fig. 2(b)]. Detailed struc-
tural analysis remains to be further investigated using single-
head single-chain amphiphile models of 1–4. It is well known
that multiangle laser light scattering (MALLS)‡ detector
measures, from the intensity of the scattering, the molar mass of
biopolymers in solutions.15 Especially, MALLS can provide a
highly sensitive and useful method for the characterization of
polysaccharides and protein oligomers. The weight-averaged
molecular weight (Mw) for the present aqueous 3·4 polymer was
evaulated by MALLS to be 2.04 3 106 g mol21 at pD 10.8.

Dissociation of the boronate polymer complexes into each
component 3 and 4 was investigated by neutralizing the solution
with dilute hydrochloric acid. At neutral pH range (pD = 6.4),
the 11B NMR spectrum of the polymer indicated that a main
signal (ca. 48%) attributable to the boronate complex still

apears at d 211 in addition to three minor signals at d 28 (ca.
24%), 1 (ca. 13%) and 9 (ca. 15%), [Fig. 1(f)]. Complete
dissociation of the polymer was achieved under weak acidic
aqueous conditions (pD = 3). Namely, the decrease in the pH
value of the aqueous solution from 11 to 3 resulted in a down-
field shift of the main signal from d211 to 11 [Fig. 1(g)]. Thus,
a reversible polymer formation and dissociation was realized
depending on the pH conditions of the aqueous solutions. The
monomers are connected to each other through identical cyclic
sugar–boronate ester linkages, unike Mikami and Shinkai’s
cyclic sugar-containing polymer,11 in a one-dimensional poly-
molecular array. This kind of polymer system can be realized
using both cyclic sugar- and boronic acid-based bola-form
derivatives. In addition, the notably different features of 1 and
2 upon complexation with 4 gave unequivocal evidence for the
participation of the furanose form of 2.

Notes and references
† Selected data for 3: yield 28%, mp 198–200 °C (decomp.), FAB mass (in
glycerol) m/z 553 (M+). 1H NMR (in DMSO-d6 plus one drop of D2O at 25
°C) d 1.24 (s, 16H, CH2(CH2)8CH2), 1.38 (dd, 4H, CH2(CH2)8CH2), 3.05
(m, 4H, CH2CH2NHCO), 2.90–3.45 (m, 8H, H-2, H-3, H-4), 3.51 (d, 0.96H,
H-5(b)), 3.93 (d, 1.04H, 2H, H-5(a)), 4.32 (d, 0.88H, H-1(b)), 4.94 (d,
1.12H, H-1(a)), 6.52 (d, 2H, OH-1(b)), 6.82 (d, 2H, OH-1(a)) and 7.91 (dd,
2H, CH2NHCO-). Anal. Calcd. for C24H44O12N2: C, 52.16; H, 8.03; N,
5.07. Found: C, 51.96; H, 8.07; N 4.83%. For 4: yield 36%, mp 210 °C, 1H
NMR (in DMSO-d6 at 25 °C) d 1.98 (m, 2H, CH2CH2CH2), 2.37 (t, 4H,
CH2CH2CONH), 7.24, 7.46, 7.72, 7.85 (s, d, d, t, 8H, Ar-H), 7.97 (s, 4H,
B(OH)2) and 9.84 (s, 2H, CH2CONH). Anal. Calcd. for C17H20O6N2B2: C,
55.19; H, 5.45; N, 7.57. Found: C, 55.02; H, 5.48; N 7.36%.
‡ 1H and 11B NMR spectra were collected with a JEOL 600 Fourier
transform spectrometer operating at 600.05 and 192.45 MHz, respectively.
All solutions were prepared in a mixture of D2O and methanol-d4 (6+4 v/v)
with the spectrometer locked onto D2O. Each pH value of the solutions was
adjusted with NaOD aqueous solutions.11B NMR chemical shifts were
measured relative to external NaBF4. MALLS was measured using a Wyatt
DAWN DSP, coupled with refractive index detectors operated in a
microbatch mode.
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Fig. 1 11B NMR spectral change of the bolaamphiphiles 1, 2 or 3 upon
complexation with 4 (0.1 M, at 25 °C in D2O/methanol-d4 (6+4, v/v)). (a) 4
under weak acidic aqueous condition (pD = 3.0); (b) 4 under alkaline
aqueous condition (pD = 12.7); a 1+1 mixture of (c) 1 and 4 (pD = 10.7);
(d) 2 and 4 (pD = 10.3); (e) 3 and 4 (pD = 10.9); (f) 3 and 4 (pD = 6.4);
(g) 3 and 4 (pD = 3.0).

Fig. 2 Possible structures of the polymer main chains formed from (a) the
mixture of 2 and 4; (b) the mixture of 3 and 4.
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According to a multinuclear NMR study, the cluster
[{Ru(h6-p-MeC6H4Pri)}4Mo4O16] exists as two isomers, the
windmill-like form and the triple-cubane form, which are in
equilibrium in solution, while the tungsten analogue, which
has been obtained together with the double-cubane type
cluster [{Ru(h6-p-MeC6H4Pri)}4W2O10] by reaction of
[{Ru(h6-p-MeC6H4Pri)Cl2}2] with (NBun

4)2[WO4] in acet-
onitrile, only displays the windmill-like structure.

Organometallic derivatives of polyoxometalates now form a
full class of compounds.1 We have recently reported a series of
integrated organometallic oxo(alkoxo)molybdenum clusters
containing fac-{M(CO)3}+ (M = Mn or Re) units.2 The
apparent structural relationships between these clusters and
those of previously reported polyoxo(alkoxo)molybdates un-
derscore the electronic connection between d6-fac-{ML3} (M =
Mn or Re) and d0-fac-{MoO3} or d0-fac-{MoO2(OR)}+ units.
Then we turned towards the reactivity of [{(h6-arene)RuCl2}2]
with oxometalates in order to extend the concept of topological
equivalent units.

The cluster [{Ru(h6-p-MeC6H4Pri)}4W4O16] 2, whose mo-
lybdenum analogue [{Ru(h6-p-MeC6H4Pri)}4Mo4O16] 1 was
recently reported by Süss-Fink et al.,3,4 has been obtained by
reacting [{(h6-p-MeC6H4Pri)RuCl2}2] with (NBun

4)2[WO4] in
acetonitrile.† In the solid state, 2 is isostructural with 1 and
displays the so-called windmill-like structure,3,4 i.e. it consists
of a [W4O16]82 cubic core capped by four {Ru(h6-p-MeC6-
H4Pri)}2+ groups each bound to a triply bridging and two
terminal oxo ligands.‡ The only previous example of a
polyoxoanion-supported organometallic complex based on
[W4O16]82 is [{Ir(cod)}6W4O16].5 The 1H, 183W and 17O NMR
spectra indicate that 2 exists in a single form in chloroform.
Moreover, the 17O NMR spectrum of 2 is fully consistent with
the windmill-like structure. Indeed, it displays four signals in
approximate relative intensities 1+1+1+1 assigned to terminal
(Ot), doubly bridging (there are two sets of four m2-O ligands)
and quadruply bridging (m4-O) oxo ligands, in the order of
increasing shielding (Fig. 1). On the other hand, a different
pattern has been reported for the 17O NMR spectrum of 1 in
CD2Cl2,4 and this prompted us to reinvestigate the behaviour of
1.

During the course of this study, 1 and 1.C6H5Me have been
characterized by X-ray diffraction in addition to 1.2C6H5Me
that was described by Süss-Fink et al.3,4 In the three compounds
1 displays the windmill-like geometry. The 1H NMR spectra of
the three compounds in solution are similar apart from the
signals due to toluene. However the 1H, 17O and 95Mo NMR
spectra are dependent on the solvent and indicate the presence
of two distinct species. Indeed two signals (95Mo) or two sets of
signals (1H and 17O) are observed with nearly equal intensities
in chloroform but quite different intensities in dichloromethane.
The change in solution was shown to be reversible. The major
set of 17O resonances in CH2Cl2 is consistent with the triple-
cubane structure 1b (Fig. 1). Indeed, it is composed of three
signals in relative intensities 2+1+1, assigned to Ot, m3-O and
m4-O, respectively, in the order of increasing shielding. This

assignment, which is at variance with that of Süss-Fink et al.,4
is further supported by the comparison with the 17O NMR
spectrum of the triple-cubane cluster [(Cp*Rh)4Mo4O16].6 The
minor set of signals in CH2Cl2 is consistent with the windmill-
like structure 1a. It follows from this multinuclear NMR study
that 1 predominantly exists in the triple-cubane form 1b in
dichloromethane. Considering the significant change in the
equilibrium constant on going from dichloromethane to chloro-
form, the energy difference between the two forms of 1 should
be low. This stereochemical change, which is slow on the NMR
time scales, does not depend on the residual water content and
could involve a concerted motion of two {Ru(h6-p-MeC6-
H4Pri)}2+ groups (Fig. 1). There are only a few precedents for
the mobility of organometallic cations on polyoxometalates.7 In
addition to the equilibrium between 1a and 1b, there is a faster
dynamic process which exchanges the m2-O oxo ligands in 1a.

Fig. 1 Unlocked 40.7 MHz 17O NMR spectra of enriched samples of 2 (top,
CHCl3, 333 K) and 1 (middle, CHCl3, 297 K; bottom, CH2Cl2, 293 K) and
postulated mechanism for the interconversion between the windmill-like
form 1a and the triple-cubane form 1b (Mo atoms are shown as hatched
spheres and Ru atoms as black spheres; p-cymene ligands have been omitted
for clarity).
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Indeed the signals for the two types of m2-O ligands broaden as
the temperature is raised and are hardly observed above 313 K
(Fig. 2). The most likely mechanism to explain this phenome-
non is a concerted motion of the four organometallic units along
the diagonals of the faces of the central cubic core.

Another cluster, [{Ru(h6-p-MeC6H4Pri)}4W2O10].3H2O
(3.3H2O), was obtained as a by-product in the preparation of 2.
An X-ray structure analysis‡ revealed that 3 displays a double-
cubane framework consisting of two fused [{Ru(h6-p-MeC6-
H4Pri)}2W2O8] cubes (Fig. 3). Discrete mono-cubane,2,8 triple-
cubane6,9 and quadruple-cubane9 clusters have been reported.
To the best of our knowledge, 3 provides the first example of a
discrete double-cubane cluster. The mono-cubane clusters
[{Ru(h6-p-MeC6H4Pri)}2W2O10] (M = Mo or W) are not
expected to be stable because the environments of the two M
atoms would violate the Lipscomb rule.10 Thus such units, once
formed, should undergo condensation processes.

We are currently investigating the influence of the arene on
the equilibium between the two forms of 1 and we are exploring
the potential of these and related species in catalytic reac-
tions.

Notes and references
† Synthesis of 2 and 3. A solution of [{(h6-p-MeC6H4Pri)RuCl2}2] (306 mg,
0.5 mmol) and (NBun

4)2[WO4] (733 mg, 1 mmol) in MeCN (15 mL) was
stirred at room temperature for 5 h upon which a yellow precipitate of 2
formed. It was filtered and washed with 3 mL MeCN (215 mg, 51%). 1H
NMR (300.13 MHz, CDCl3): d 1.345 (d, J 6.9 Hz, 3H), 1.35 (d, J 6.9 Hz,
3H), 2.41 (s, 3 H), 3.05 (heptet, J 6.9 Hz, 1H), 5.34 (d, J 5.7 Hz, 1H), 5.56
(d, J 5.8 Hz, 1H), 5.64 (d, J 5.7 Hz, 1H), 5.75 (d, J 5.8 Hz, 1H); 17O NMR
(40.7 MHz, CHCl3, 333 K): d 27 (4O), 329 (4O), 399 (4O), 676 (4O); 183W
NMR (20.8 MHz, CDCl3): d 351; IR (KBr pellet, n̄/cm21): 935s(WNO),
878w, 803s, 750s, 644w(W–O), 608m, 492m; Anal.: C, 24.29; H, 2.91; Ru,
19.23; W. 37.35. C40H56O16Ru4W4 requires C, 24.86; H, 2.92; Ru, 20.92;
W, 38.05%.

Slow evaporation of the filtrate at 25–30 °C afforded red sticky crystals
of 3·3H2O (40 mg, 10%); 1H NMR (300.13 MHz, CDCl3): d 1.39 (d, J 6.8
Hz, 6H), 2.29 (s, 3 H), 3.07 (heptet, J 6.8 Hz, 1H), 5.29 (d, J 5.9 Hz, 2H),
5.34 (d, J 5.9 Hz, 2H); IR (KBr pellet, n̄/cm21): 916s, 897s (WNO), 652m,
624(sh), 607s, 574m, 512m (W–O); Anal.: C, 31.59; H, 4.19; Ru, 25.13; W,
23.79. C40H62O13Ru4W2 requires C, 31.55; H, 4.07; Ru, 26.55; W
24.14%.

‡ Crystal data: for 2·C6H5Me: M = 2116.83, a = 15.031(5), b =
15.303(5), c = 15.334(6) Å, a = 72.85(3), b = 73.09(3), g = 64.30(3)°,
U = 2982(2) Å3, T = 298 K, space group P1̄, Z = 2. Single crystals of
2·C6H5Me were obtained from a CH2Cl2 solution of 2 layered by toluene;
they decayed during data collection so that accurate structural parameters
could not be obtained owing to an insufficient number of observed data.

For 3·3H2O: M = 1522.90, a = 13.857(7), b = 13.898(8), c = 14.232(6)
Å, a = 114.01(4), b = 91.01(4), g = 112.79(4)°, U = 2257(3) Å3, T = 298
K, space group P1̄, Z = 2, m(Mo–Ka) = 2.24 cm21, 8300 reflections
measured, 7942 unique (Rint = 8.3%). Structure solution (direct methods)
and refinement (full matrix least squares on F2) based on 5326 refgictions
with I > 3s(I) converged at a conventional R of 0.056.

CCDC 182/1597. See http://www.rsc.org/suppdata/cc/b0/b000782j/ for
crystallographic files in .cif format.

1 P. Gouzerh and A. Proust, Chem. Rev., 1998, 98, 77.
2 R. Villanneau, R. Delmont, A. Proust and P. Gouzerh, Chem. Eur. J.,

2000, 6, 1184.
3 G. Süss-Fink, L. Plasseraud, V. Ferrand and H. Stoeckli-Evans, Chem.

Commun., 1997, 1657.
4 G. Süss-Fink, L. Plasseraud, V. Ferrand, S. Stanislas, A. Neels, H.

Stoeckli-Evans, M. Henry, G. Laurenczy and R. Roulet, Polyhedron,
1998, 17, 2817.

5 Y. Hayashi, F. Müller, Y. Lin, S. M. Miller, O. P. Anderson and R. G.
Finke, J. Am. Chem. Soc., 1997, 119, 11 401.

6 Y. Hayashi, K. Toriumi and K. Isobe, J. Am. Chem. Soc., 1988, 110,
3666.

7 C. J. Besecker, V. W. Day, W. G. Klemperer and M. R. Thompson,
J. Am. Chem. Soc., 1984, 106, 4125; M. Abe, K. Isobe, K. Kida and A.
Yagasaki, Inorg. Chem., 1996, 35, 5114; T. Nagata, M. Pohl, H. Weiner
and R. G. Finke, Inorg. Chem., 1997, 36, 1366.

8 K. Isobe and A. Yagasaki, Acc. Chem. Res., 1993, 26, 524; U. Koelle,
Chem. Rev., 1998, 98, 1313; C. D. Abernethy, F. Bottomley, R. W. Day,
A. Decken, D. A. Summers and R. C. Thompson, Organometallics,
1999, 18, 870.

9 Y. Do, X.-Z. You, C. Zhang, Y. Ozawa and K. Isobe, J. Am. Chem. Soc.,
1991, 113, 5892.

10 W. N. Lipscomb, Inorg. Chem., 1965, 4, 132.

Fig. 2 Unlocked 40.7 MHz 17O NMR spectra of enriched samples of 1 in
CHCl3 at 333 K (top), 313 K (middle) and 297 K (bottom). Fig. 3 Molecular structure of [{Ru(h6-p-MeC6H4Pri)}4W2O10] in 3·3H2O.

Selected bond lengths (Å): W(1)–O(11) 1.947(7), W(1)–O(12) 1.932(8),
W(1)–O(101) 1.731(9), W(1)–O(102) 1.748(9), W(1)–O(112) 2.180(7),
W(1)–O(112)A 2.268(7), Ru(1)–O(11) 2.104(8), Ru(1)–O(12)A 2.089(9),
Ru(1)–O(112) 2,084(7), Ru(2)–O(11)A 2.114(8), Ru(2)–O(12) 2.085(8),
Ru(2)–O(112) 2.095(7). Primed atoms are generated by the crystallographic
inversion centre. Carbon atom labels have been omitted for clarity.

Typeset and printed by Black Bear Press Limited, Cambridge, England

884 Chem. Commun., 2000, 883–884



     

Chiral autocatalysis: where stereochemistry meets the origin of life

Martín Avalos, Reyes Babiano, Pedro Cintas, José L. Jiménez and Juan C. Palacios

Departamento de Química Orgánica, Facultad de Ciencias, Universidad de Extremadura, E-06071 Badajoz, Spain.
E-mail: pecintas@unex.es  

Received (in Cambridge, UK) 18th October 1999, Accepted 7th December 1999
Published on the Web 10th April 2000

This article summarizes a series of recent and simple experi-
ments to produce optically active substances from achiral
precursors. These symmetry-breaking processes include either
autocatalytic crystallization or asymmetric autocatalysis, and
provide new insights into the origin of biomolecular homochi-
rality. In addition, support from an extraterrestrial origin of
chiral molecules has also come from recent findings.

Introduction
The question of the origin of life on Earth is invariably linked to
the origin of enantiomerically pure compounds, even if there are
no definitive arguments embracing both premises.1 Ever since
Pasteur’s time, scientists have been fascinated with trying to
understand the origin and amplification of chirality. A prelimi-
nary argument is that perhaps life needed no external influence
beyond chance to choose its handedness. However, many
scientists believe chirality of one or another form was inevitable
because homochirality would have been a pre-condition for life.
Racemic molecules would have been too inefficient for
achieving biological processes such as self-replication, protein
synthesis, regulation, and ultimately gene expression. Likewise,
polymerization reactions affording long-chain stereoregular
polymers (e.g. all-L-polypeptides or all-D-oligosaccharides) will
not proceed in racemic solution since addition of a wrong
monomer tends to stop the process.2

In principle, a biochemistry made up of D-amino acids or L-
sugars should be just as efficient as L-amino acids or D-sugars
found in our terrestrial life. An argument that reinforces this
hypothesis is the fact that alternatives to ribose or deoxyribose
can be synthesized and tried out as the sugar components of
nucleic acids or new bases can be substituted for those nature
uses. Evolution has selected the best available solution and not
necessarily the best possible solution.3 Nevertheless, even
though the initial molecules are achiral, the handedness of the
building blocks or the appropriate helicity of the oligomers had
to be determined at an early stage. In fact only a small
enantiomeric excess (ee) is required because such a value could
be amplified by a series of mechanisms related to the concept of

nonlinear stereochemistry.4 Thus, a partially resolved chiral
catalyst or auxiliary could give a stereoselection higher than its
own ee. The phenomenon may be ascribed to diastereomeric
interactions in solution, but there are also profound kinetic
implications involved,5 including the possibility that the
diastereomeric catalysts have very different reaction rates.6
Unfortunately, most nonlinear effects have been observed with
organometallic reagents and in organic solvents. It is unlikely
that these reaction conditions could be found in the prebiotic
scene. Anyway, as we shall see later these unusual mechanisms
involving cooperativity among the molecules do provide food
for thought.

Cosmic chirality
Before we go any further, a few comments about the inherent
handedness of matter are unavoidable. There are four forces in
nature: electromagnetic, strong, gravitational and weak inter-
actions, but only the latter is chiral. In other words, it can
distinguish between right- and left-handedness in the spin
polarization of elementary particles. Parity violation in the weak
interactions was discovered in the late fifties as the radioactive
decays of polarized 60Co nuclei release more left-handed
spinning electrons than right-handed spinning ones. Likewise,
as far as we know there are no right-handed neutrinos: they are
always left-handed.7 The direct implication of these interactions
is that there is a parity-violating energy difference between two
enantiomers. Unfortunately, this energy shift is too small
( ~ 10–18 eV) to be measured with our current instruments, but
theoretical calculations do confirm that the natural L-amino
acids L-alanine, L-valine, L-serine and L-aspartate are more
stable than their D-enantiomers by 10–17 kT, and D-glycer-
aldehyde was likewise found to be more stable than its unnatural
counterpart by about 10–17 kT.8 Although amplification mecha-
nisms by factors of about 1017 could be suggested to explain the
observed homochirality of molecules,9 alternative hypotheses
appear to be more plausible.

If the foundations of life are chiral cosmic forces operating at
their origin, the finding of extraterrestrial chirality would
provide a reasonable argument. In fact, we have learnt that
circularly polarized light (CPL) or vortices may cause sym-
metry breaking, but even falsely chiral influences such as
magnetic or gravitational fields, under kinetic conditions, might
be sufficient.10 The search for homochiral substances in the
well-known Murchison meteorite reveals that L-enantiomers
predominate slightly over D-enantiomers.11 In particular, Cro-
nin and Pizzarello have concentrated on branched a-amino
acids,11a which are not present in terrestrial proteins, in order to
exclude any sort of contamination from living systems.
Although no appreciable ees were found for a-aminobutyric
acid or norvaline, other ramified amino acids gave ees up to
10% (Scheme 1).

In an irony of fate, astronomers from the Anglo-Australian
Laboratory reported that they had discovered high levels of CPL
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(as much as 17%) in the constellation Orion.12 Such radiation
might have induced asymmetry in interstellar organic mole-
cules, which could be delivered to the primitive Earth by comets
or meteorites, a necessary surmise if one assumes that the
distance from the solar system to the center of the nebula is
estimated at about 1500 light-years!

One objection to this exciting work is that the authors
observed only CPL in the infrared region, whereas UV light is
required to deracemize chiral molecules. However, computa-
tions showed that circularly polarized ultraviolet light should
also be present.12,13

Crystallization–induced resolution and
autocatalysis
It would be interesting to devise a chemical system capable of
producing a slight enantiomeric imbalance comparable with the
levels of ees found in meteorites or achieved by CPL
photolysis,10a which may be as low as 0.1%, but larger than
those predicted by parity violation.

We must first overcome a common misconception taught at
the freshman or even sophomore level: the assumption that
racemates are made of exactly equal amounts of enantiomers.
This belief goes against the logic of statistics, and in fact for n
molecules in a racemate, the dominant component will have
(n/2) + n1/2 molecules.14 As n becomes very large the ratio of the
two enantiomers becomes very close to one. This does mean
that the simple diffusional distance from 50+50 will result in a
macroscopic observation (for instance through the examination
of [a]D values) of an optically inactive mixture.

Crystal growth is a good scenario that takes advantage of the
statistical fluctuations in a system where crystallization of, let us
say, a left-handed crystal acts as a seed and causes other crystals
nearby to be left-handed also. This chiral primary nucleation is
the origin of the known spontaneous resolutions, which will
occur only if the racemate is a conglomerate in the solid
state.15

An unusual enantiomeric resolution by recrystallization of a
racemate has been recently disclosed by Japanese authors.16

Compounds susceptible to this preferential enrichment were a
series of racemic sulfonium sulfonates, and the flow diagram of
Scheme 2 highlights its particular features. Thus, repeated
recrystallization of the racemate results in an alternating
enrichment of the two enantiomers in the mother liquors (up to
100% ee!) and at the same time when crystals with low ee are
recrystallized, the deposited crystals have invariably the
opposite handedness.

As might be expected, the authors were able to identify by X-
ray diffraction analysis the presence of a racemic conglomerate
composed of a regular packing of the R and S enantiomers in the
crystal lattice, whereas compounds existing as disordered mixed
crystals in which sites are occupied by the R and S enantiomers
cannot be resolved.

Spontaneous resolution in fluid systems (e.g. liquid crystals)
is rather unusual due to thermal fluctuations and molecular

diffusion. Nevertheless, Mikami and his associates have
described a spontaneous enantiomeric resolution in a fluid
smectic phase of a racemate.17 Similarly, a racemic liquid
crystalline substance may be resolved on a crystalline graphite
surface.18

Autocatalytic secondary nucleation
Chiral amplification by spontaneous nucleation may in practice
be ineffective. Thus, sodium chlorate, which is an achiral
molecule, may form left- and right-handed crystals by crystal-
lization from a supersaturated solution. A statistically equal
number of (+)- and (–)-NaClO3 crystals are obtained from an
unstirred solution, but if the solution is rapidly stirred, a large
excess of either left- or right-handed crystals results.19 It should
be noted that the direction of stirring had no effect on the
handedness of the crystals. The experiment was reproducible
and could even be videotaped by McBride and Carter,20 who
noted that the process began with a single crystal and massive
crystallization took place when the single crystal first contacted
the stir bar. The overall process is called secondary nucleation,
which involves the formation of new crystals by breaking up the
dendritic structures that are constructed on the parent growing
crystal. Presumably, stirring contributes to spread these secon-
dary nuclei around the solution. Remarkably, the process is a
chiral autocatalysis because the crystal nuclei generated have
the same handedness as the mother crystal (compare with
primary nucleation operating in the spontaneous resolutions
mentioned above). In other words, all of the microcrystals were
homochiral to the parent crystal. Both the stirring rate and the
size of the nucleating crystal are critical parameters on the
distribution of enantiomeric excess.21

The mechanism of secondary nucleation is not fully under-
stood, even though a theory has been recently proposed.22 Be
that as it may, the phenomenon is thought-provoking, as natural
crystals might have experienced this chiral nucleation under
geological conditions.

Spontaneous resolution through stirring can be observed not
only in solution but also in crystallization of a melt. When a
large number of 0.20 g samples of 1,1A-binaphthyl are heated at
180 °C and the melt is then cooled from 180 to 150 °C and
allowed to crystallize (mp is 158 °C) without any intervention,
a statistically equal number of (R)-(2)- and (S)-(+)-crystals (i.e.
a Gaussian-like distribution of optical activity centered around
zero) are formed.23 Alternatively, crystallization carried out
with constant stirring gives rise to large ees (averaging 80%) in
almost every crystallization,24 though R or S enantiomers were
randomly created (Scheme 3). Apparently, stirring suppresses
the slow process of primary nucleation, thereby favoring the
formation of secondary crystals with the same homochirality. In

Scheme 1 Enantiomeric excesses of a-ramified amino acids of extra-
terrestrial origin found in the Murchison meteorite.

Scheme 2 Preferential enrichment by recrystallization.
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addition, owing to stirring, the heat released will increase the
temperature slightly, a factor that will also decrease the primary
nucleation rate.

The authors have likewise studied the effect of seeding 1,1A-
binaphthyl melts with (R)-(+)- or  (S)-(2)-1,1A-bi-2-naphthol.
Thus, a racemic sample of 1,1A-binaphthyl was cooled from 180
to 150 °C and a small amount of (R)-(+)- or (S)-(2)-1,1A-bi-
2-naphthol was added, and the melt was stirred until all of it
crystallized. There was a strong chiral influence of the added
seed since (R)-(2)-1,1A-binaphthyl is isomorphous with (R)-
(+)-1,1A-bi-2-naphthol. All of the samples seeded with (R)-
(+)-1,1A-bi-2-naphthol presented a high value of optical rotation
and close to 100% ee. Similarly, high ees were obtained for the
samples seeded with (S)-(2)-1,1A-bi-2-naphthol.

Autocatalytic asymmetric reactions
In the early fifties Frank proposed a mathematical model of
chiral autocatalysis in which each enantiomer catalyzes its own
formation and suppresses the production of the opposite
enantiomer.25 Owing to statistical fluctuations, a very small ee
in an early stage can be amplified as the reaction proceeds
(Scheme 4).

Autocatalysis implies the growth of the amount of catalyst,
thereby modifying the initial R/S enantiomeric ratio. However,
it can easily be demonstrated that an iterative autocatalytic
process starting from a chiral catalyst with 100% ee and
assuming a very high kinetic ratio kR/kS will inevitably end up
with a lower ee unless nonclassical mechanisms such as a
mutual inhibition of enantiomers are present.4a Furthermore, the
use of catalysts of low optical purity may result in unpractical
ees. Anyhow, a group of Japanese researchers led by Kenso
Soai have found remarkable autocatalytic systems in the
addition reactions of dialkylzincs to aromatic aldehydes.26

Thus, a pyridyl alcohol of (R)-configuration with 86% ee
catalyzes its own formation, although with a rather modest
enantioselection (35% ee after subtracting the contribution of
the catalyst, Scheme 5).

Better results were obtained by treating pyrimidine-5-carbal-
dehyde with diisopropylzinc in the presence of a pyrimidine
alcohol with 2% ee, which gave the same chiral alcohol with up
to 88% ee.26d In an extension of the latter autocatalysis, Soai
et al. have recently reported that a-amino acids (e.g. leucine or
valine) with 1–2% ee can serve as chiral initiators for the same
addition reaction (Scheme 6). The configuration of the product

is dependent on the configuration of chiral initiators. For
example, L-leucine with 2% ee gives rise to an alcohol highly
enriched in the R enantiomer, whereas addition of D-leucine
causes the formation of the S alcohol in high ee.27

Improved results could be obtained with other chiral initiators
such as (R)- or (S)-methyl mandelate and (R)- or (S)-butan-2-ol,
even with 0.1% ee. The importance of this work lies in the fact
that these initiators can be resolved by the action of CPL,
thereby establishing a link between the influence of an external
chiral force and autocatalysis. As mentioned, a process
involving organometallic species in toluene is far from prebiotic
conditions. Likewise, it would also be interesting if the same
results could be obtained by irradiating with CPL the autocata-
lytic reaction in the presence of racemic initiators. In fact, this
experiment will be attempted by these authors.28

An almost perfect asymmetric autocatalysis, in terms of
enantioselectivity ( > 99.5% ee), has been achieved in the
addition of diisopropylzinc to 2-alkynylpyrimidine-5-carbalde-
hydes, albeit the autocatalytic alcohol had to be used with
> 99.5% ee (Scheme 7).29 The enantioselectivity was also

dependent on both structural factors and reaction conditions. A
rapid screening of 2-alkynylpyrimidyl alkanols revealed that a
moderate electron-withdrawing alkynyl group along with a
suitable bulkiness of the entire alkyne moiety are required.
Accordingly, 1-(2-tert-butylethynyl-5-pyrimidyl)-2-methyl-
propan-1-ol was found to be an excellent autocatalyst. On the
other hand, small differences in enantioselectivity were found
when cumene was used instead of toluene, or better yet when a
cumene solution of the organozinc reagent was used. It should
be noted that either (R)- or (S)-pyrimidyl alkanols gave
asymmetric autocatalysis with > 99.5% ee and in almost
quantitative yields. If the reaction is performed consecutively
with the product of one run serving as the autocatalytic reagent
for the next entry, large multiplicative factors (103–107) are
observed after a few rounds. An additional importance of these

Scheme 3 Chirally autocatalytic spontaneous resolution.

Scheme 4 Frank’s hypothesis for chiral autocatalysis.

Scheme 5 Asymmetric autocatalysis in the reaction of pyridyl aldehydes
with organozinc reagents.

Scheme 6 Chiral autocatalysis promoted by nonracemic initiators.

Scheme 7 Chiral self-replication of pyrimidyl alkanols.
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chiral 5-pyrimidyl alkanols, which are obtained as single
products, is their easy conversion into other important building
blocks such as nonracemic a-hydroxycarboxylic acids.

Besides asymmetric autocatalysis, a related process called
asymmetric autoinduction may also amplify a small ee.4 From
a conceptual viewpoint, however, the term autoinduction
implies a certain degree of interaction between the product and
a chiral autocatalyst, which may be different or the same
substance. There must be cooperativity between the two
components through diastereomeric interactions, which antici-
pates any type of nonlinear effect. An enantioselective au-
toinduction has also been reported by Soai and his group in the
addition of diisopropylzinc to aromatic dialdehydes.30 The
catalyst is a chiral titanium complex derived from Ti(OPri)4

with the chiral diol (Scheme 8). This catalyst is different from

the chiral zinc alkoxide which should be the actual intermediate,
and this consideration justifies the term autoinduction rather
than autocatalysis. Unfortunately, the product is obtained in
only 30% ee along with a large amount of meso diol, starting
from a catalytic diol with > 99% ee.

One of the most salient examples of chiral autoinduction has
been reported by Danda et al. in the addition of HCN to
aromatic aldehydes in the presence of small amounts of
cyclopeptides.31 The authors suggested that the catalyst arose
from an in situ combination of the cyclic dipeptide with the
resulting cyanohydrin. This hypothesis could be confirmed by
adding a small amount of (S)-cyanohydrin with high ee to the
cyclic dipeptide, either enantiopure or of low ee, at the
beginning of the reaction (Scheme 9). Thus, catalyst with 2% ee

gave product in 43% yield and 82% ee. Nevertheless, a catalyst
prepared from the cyclic dipeptide in 67% ee plus (S)-
cyanohydrin in 92% ee gave product in 89% yield and 96% ee,
which is higher than the ee of both components of the catalyst.
This does mean that the enantiomeric purity of cyanohydrin
constitutes a key stereocontrolling factor on the catalytic
cycle.

A very interesting autocatalytic reaction involving the
formation of chiral coordination compounds in an aqueous

environnement has been devised by Asakura and his asso-
ciates.32 The chiral octahedral cobalt complex cis-[CoBr-
(NH3)(en)2]Br2 can be prepared by reaction of a diaquacobalt(II)
complex, [Co(H2O)2{(OH)2Co(en)2}2](SO4)2, with ammonium
bromide in water. Despite the fact that all the reactants are
optically inactive, when the reaction is stirred at room
temperature for 1 min or at 50 °C for 5 min, crystalline optically
active complexes are obtained in almost all runs. The ee,
however, fluctuates randomly (Scheme 10).

The chiral complex crystallizes as a conglomerate in which
each crystal consists of either L- or D-enantiomers. In a stirring
system, a crystal of a particular enantiomer can be self-
replicated through secondary nucleation, thereby catalyzing its
own formation. Again, the ee of the product was largely
dependent on the stirring rate. In addition, when the stirred
reactions were carried out in the presence of a tiny amount of
crystals of one enantiomer, that enantiomer was preferentially
produced. If an enantiomer is added in dissolution, such a
preference is not observed. This does mean that an autocatalytic
reaction operating via secondary nucleation requires the
presence of crystals to induce symmetry breaking.

Prospects: symmetry breaking and evolution
If an aspect of chiral amplification dominates molecular
evolution, it must surely be the formation of macromolecules,
since enzymes, nucleic acids, and other biopolymers have
acquired a definite handedness. More than four decades ago,
Wald suggested that the regular secondary structure of peptides
would have resulted from the helical sense preferred by the
major enantiomeric amino acid whose handedness also per-
mitted its own selection and growth.33 Shortly afterwards, this
hypothesis was verified on polypeptides derived from nearly an
equal population of enantiomeric amino acids and on regularly
isotactic vinyl polymers prepared by Ziegler–Natta polymer-
ization.21b,34

Detailed studies and an in-depth interpretation of this so-
called ‘Majority Rule’, which arises from the excess energy of
the opposite helicity, has been recently carried out by Green,
Selinger and their co-workers.35,36 Thus, chiroptical measure-
ments reveal that a polymer made of 98.4% achiral units and
1.6% chiral units, with an ee of only 2.8% among these chiral
monomers, has the same optical activity as a polymer of just the
chiral units with the same ee. Notably, the theory allows
prediction of the helical sense ratio for any ee and, within
certain limits, it is also possible to reduce the chiral component
without affecting the optical purity.36b,e,f In the latter case, the
circular dichroism (CD) spectrum does not show any variation
until the composition of monomers reaches 99.2% achiral and
0.8% chiral.36a It seems that cooperative interactions in helical
systems may lead to an important chiral amplification.37

Homochiral crystals of helical coordination polymers from
achiral components have been obtained by Aoyama and his

Scheme 8 Autoinductive addition of organometallic reagents to aromatic
aldehydes.

Scheme 9 Cyclopeptide-mediated asymmetric autoinduction.

Scheme 10 Autocatalytic nucleation of enantiomeric crystals of coordina-
tion compounds.
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group by treating an achiral pyrimidine derivative with
cadmium nitrate in aqueous ethanol.38 The achiral precursor
itself, orthogonal 9-(5-pyrimidyl)anthracene, forms achiral
P21/n crystals with Cd(NO3)2 in methanol and without
forming helical chains. However, the slow cooling ( ~ 6 h) of a
hot (80 °C) ethanol–water solution of this compound and
Cd(NO3)2 to room temperature afforded an adduct which
crystallizes in chiral space group P21. The metal ion is
hexacoordinated with two pyrimidine ligands, two nitrate ions,
ethanol and water. The crystal structure contains an alternate
arrangement of pyrimidine–metal helical layers and anthracene
layers. The chirality results from a twist of the two pyrimidine
rings and the overall helicity of the pyrimidine–metal array is
maintained in the crystal by interstrand hydrogen bonding
between the nitrate anions and water.

That the crystallization is homochiral is evidenced by the fact
that all the crystals isolated from one crystallization show the
same CD sign and hence the same helicity. Remarkably,
chirality of this helical coordination polymer can be controlled
by seeding. Thus, an achiral adduct can be converted into P or
M helices at will, when the former is coground with a small
amount of P or M adducts, respectively, and then exposed to
vapors of ethanol.

In principle, the formation of chiral crystals from achiral
building blocks is not surprising since achiral molecules can
crystallize in chiral space groups.15,39 However, these sub-
stances are obtained either as an in-crystal racemate or as a
mixture of self-resolved enantiomeric chiral crystals.40 The
work by Aoyama and coworkers provides evidence for
homochiral crystallization, by which achiral molecules afford
spontaneously crystals with the same chirality, which can also
be related to the concept of secondary nucleation mentioned
above.

As long as a polymer can replicate, perhaps to perform a
biological function, it could serve as the seed molecule. Its
autocatalytic ‘nucleation’ would continue in an enantiomer-
ically pure fashion. Thus, the number of copies of the selected
homochiral polymer will become greater and greater while the
number of competing stereoisomers will become fewer and
fewer. The slight enantiomeric imbalance would have provided
the driving force for such a selection, regardless of the
appropriateness of structures or shapes.3 Recent works by
Eschenmoser et al. reinforce the idea that the choices of Nature
were a question of availability. Pyranosyl-RNA has been found
to be not only a stronger pairing system than furanosyl-RNA
(and DNA as well), but also such a pairing is more selective and
Watson–Crick purine–pyrimidine pairing in strictly antiparallel
orientation was obtained.41 Base sequences of pyranosyl-RNA
can be copied with high regioselectivity and chiroselectivity. In
general, the copying proceeds slower when one of the D-
ribopyranosyl units of a homochiral tetramer-2A,3A-cyclophos-
phate is replaced by the corresponding L-unit.

Nevertheless, a general problem associated with the ster-
eocontrol of self-assembly is the fact that the large number of
random sequences from a mixture of right- and left-handed
libraries will hinder the formation of regular cycles with
specific-ordered sequences. At the molecular level effective
self-replication may adopt the form of a hypercycle,42 a type of
nonlinear autocatalysis in which cross-catalysis superposes
onto autocatalytic replication. These processes would have
played a key role in the transition from inanimate to living
systems, and hypercyclic peptide networks have been studied in
detail. Thus, Reza Ghadiri and his associates have recently
described two peptide autocatalysts that not only accelerate
their own formation but also behave as cross-catalysts, each
speeding up the production of the other more efficiently than its
own duplication.43

At a discrete molecular level, only a few autocatalytic
chemical systems contain vestiges of hypercylic organization.44

Still, chiral hypercycles need to be disclosed and understood,

but the above-mentioned transformations by Soai et al.
constitute a good toehold for promising developments.

Conclusions
The ultimate origin of asymmetry in the universe is an
unanswered question. During the last decade, however, a series
of rather simple experiments have demonstrated the feasibility
of producing optically active compounds from achiral materials.
Crystallization processes, not involving spontaneous resolu-
tions, and a few asymmetric reactions have established a direct
linkage with the inherent handedness of prebiotic molecules and
the biopolymers thereof. While we have seen the triumph of
reductionism in explaining life in molecular terms, with
stunning revelations of self-replication and regulation, still the
large gap between molecular chirality and molecular evolution
has become painfully clear. As noted by Avetisov and
Goldanskii,1d this emerges from the lack of knowledge about
the interrelations between the asymmetry of chemical processes
involving simple organics and the chiral specificity of bio-
logical polymers. Accordingly, only a few assertions can be
formulated about the role of symmetry breaking at the chemical
stage of evolution, even though homochirality was forced by the
initiation of enantiospecific functions in living systems. In any
event, other recent studies, especially concerning oligonucleo-
tide systems, suggest mirror symmetry breaking before replica-
tion.39 This also supports the idea of autocatalytic processes
capable of propagating the homochirality from an initial
statistical mixture of chiral molecules. The interesting findings
of enantiomeric excesses in extraterrestrial samples do not
answer definitely the question of the generation of asymmetry,
nor do they conflict with the statistical arguments.14

There will come a time, perhaps ten years from now, perhaps
sooner, when we would not be able to discuss evolution at any
finer level of detail without claiming the origin of enantiomeric
homogeneity. That’s what life is all about.
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A new synthesis of [2,3]naphthoporphyrins using
4,9-ethano-2H-benz[f]isoindole as a synthon of 2H-benz[f]-
isoindole is described; soluble precursors of [2,3]naph-
thoporphyrins are converted into insoluble [2,3]naphthopor-
phyrins by simply heating at 290 °C.

Highly conjugated porphyrins have attracted attention as
conducting materials, near-IR dyes, nonlinear optical materi-
als,1 or photosensitizers for photodynamic therapy (PDT) of
cancer tissues on in vivo studies.2 We and Lash et al. have
reported syntheses of various highly conjugated porphyrins
using pyrroles fused with polycyclic aromatic rings.3 The
requisite pyrroles are prepared by the reaction of polycyclic
aromatic nitro compounds with ethyl isocyanoacetate. How-
ever, this method has a severe limitation. The reaction of
nitrobenzene and nitronaphthalene with ethyl isocyanoacetate
does not give the desired isoindole4 and benz[f]isoindole.5 In
general, such isoindole derivatives are very difficult to prepare
owing to their instability. In addition, highly conjugated
porphyrins and their metal complexes are very difficult to
purify, since they are insoluble in most organic solvents.6 We
have reported a simple solution of these problems using
4,7-dihydro-4,7-ethano-2H-isoindole as a synthon of isoindole
for benzoporphyrin synthesis.7,8 Thus, heating porphyrins fused
with bicyclo[2.2.2]octadiene rings at 200–230 °C results in
clean formation of benzoporphyrins via retro Diels–Alder
reaction; the products are pure and do not require further
purification. Here, we report a new synthesis of [2,3]naph-
thoporphyrins using a similar strategy, in which 4,9-ethano-2H-
benz[f]isoindole is used as a synthon of 2H-benz[f]isoindole.

The synthesis of 4,9-dihydro-4,9-ethano-2H-benz[f]isoin-
dole 6 is summarized in Scheme 1.† 1,4-Dihydro-1,4-ethano-
naphthalene 1 was converted into sulfide 2 by reaction with
PhSCl. Oxidation of 2 with m-CPBA followed by treatment
with DBU gave a,b-unsaturated sulfone 4. The pyrrole 5 was
prepared in good yield by treatment of 4 with ethyl iso-
cyanoacetate in the presence of 2.0 equivalents of ButOK.9 De-
ethoxycarbonylation upon heating 5 with KOH in ethylene

glycol at 165 °C gave 4,9-dihydro-4,9-ethano-2H-benz[f]-
isoindole 6 in 83% yield.

Porphyrin 7a was prepared from pyrrole 5 by reduction with
LiAlH4 at 0 °C followed by subsequent tetramerization and
oxidation. Various metals can be introduced into 7a by the usual
method using metal acetates. Porphyrins 7a,b were purified by
column chromatography (alumina, CHCl3) followed by wash-
ing the resulting powder with MeOH–H2O (ca. 1+1). Porphyr-
ins 7a,b were converted into pure tetranaphtho[2,3-b;2A,3A-g;
2B,3B-l;2BA,3BA-q]porphyrins 8a,b in 100% yield by heating at
290 °C under vacuum (10 mm Hg) for 10 min. Thus, porphyrins
7a,b can be regarded as soluble equivalents of the correspond-
ing tetra[2,3]naphthoporphyrins 8a,b. The reaction of 6 with
benzaldehydes in the presence of BF3·OEt2 followed by
oxidation and metallation gave meso-tetraarylated porphyrin
zinc complexes 9a,b. They were also converted into the
corresponding meso-tetraarylnaphtho[2,3-b;2A,3A-g;2B,3B-l;
2BA,3BA-q]porphyrin zinc complexes 10a,b in 100% yield by
heating at 290 °C in vacuo for 10 min (Scheme 2).

Mono[2,3-b]naphthoporphyrin 13 was also prepared in 100%
yield by heating porphyrin 12 at 290 °C (Scheme 3).† Porphyrin
12 was prepared by the well established 3 + 1 approach
consisting of the reaction of tripyrrane 11 with 3,4-di-
ethylpyrrole-2,5-dicarbaldehyde followed by oxidation.10 The
requisite 11 was prepared by the reaction of 6 with 2.0
equivalents of tert-butyl 5-acetoxymethyl-4-butyl-3-methyl-
1H-pyrrole-2-carboxylate in PriOH–AcOH.

Scheme 1 Reagents and conditions: i, PhSCl, CH2Cl2, 278 °C, 1 h, 99%;
ii, m-CPBA, CHCl3, room temp., 2 h, 99%; iii, DBU, THF, 0 °C, 30 min,
99%; iv, ethyl isocyanoacetate, ButOK, THF, 0 °C, 3 h, 91%; v, KOH,
HO(CH2)2OH, 165 °C, 1.5 h, 83%.

Scheme 2 Reagents and conditions: i, LiAlH4, THF, 0 °C, 1 h; ii, p-TsOH,
CHCl3, room temp., 15 h; iii, p-chloranil, room temp., 24 h, 20% (three
steps from 5); iv, Zn(OAc), CHCl3–MeOH (9+1), room temp., 30 min, 95%;
v, ArCHO, BF3·OEt2, CHCl3, room temp., 4 h; vi, p-chloranil, room temp.,
4 h; vii, Zn(OAc)2, CHCl3–MeOH (9+1), room temp., 30 min (9a = 39%;
9b = 16%, for three steps from 6); viii, 290 °C, 10 min, 100%.
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Absorption spectrum data of [2,3]naphthoporphyrins and
their precursors are summarized in Table 1. As porphyrin 8a
was insoluble in most solvents, its absorption spectrum was
measured in 5% TFA-CHCl3. The Soret and Q bands of the
dication 8a were observed at 464, 697 and 773 nm, respectively.
The absorbance at 773 nm is unusually intense (0.87 3 that of
Soret band), showing behaviour reminiscent of phthalocya-
nines. meso-Tetraphenyltetra[2,3]napthoporphyrin 10a was
moderately soluble in organic solvents such as CH2Cl2 or
CHCl3. The Soret band of 10a was rather weak compared to that
of other porphyrins, owing to steric hindrance between meso-Ph
and fused [2,3]naphthalene rings. By contrast, the intensity of
the absorption at 723 nm is very strong (log10 e = 4.87), this
value is considerably larger than that of known p-extended
meso-tetraphenylporphyrins.3 The UV–VIS spectrum of 13 is
rhodo-type (Q band: III > I > IV > II) which is typical for
monobenzoporphyrins.7

In conclusion, we have succeeded in developing a new
strategy for the preparation of [2,3]naphthoporphyrins using
4,9-ethano-2H-benz[f]isoindole as a synthetic equivalent of 2H-
benz[f]isoindole. This strategy may extend to the synthesis of
other p-extended molecules such as polypyrroles or pyrrole
oligomers, which are fused with naphthalene rings.

The work was partly supported by Grants-in Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture of Japan. We are also grateful to Dr Y.
Takahashi (JEOL) for recording the FAB mass spectra of
porphyrins (8a and 10a).
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Table 1 Selected UV–VIS data for [2,3]naphthoporphyrins and their
precursors

Porphyrin lmax (CHCl3)/nm (log10 e)

7a 392 (5.20), 495 (4.14), 527 (3.66), 563 (3.69), 615 (3.12)
8aa 359 (0.34), 419 (0.50), 464 (1.00), 697 (0.13), 773 (0.87)
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Selective 1+1 complex formation of a square quartet of
9-ethylguanine with small alkali metal cations (Li+, Na+)
was detected by electrospray mass spectrometry

The guanine base is unique as a pair of hydrogen-donating
groups (NH and NH2) and a pair of hydrogen-accepting groups
(CNO and N) are arranged on adjacent edges of the molecule
[Fig. 1(a)]. Thus, a guanine base can form a self-com-
plementary, hydrogen-bonded square quartet [Fig. 1(b)], which
has been widely found in gels of guanosine derivatives 11,2 and
in parallel3 and antiparallel4 quadruple strands of guanine-rich
oligonucleotides such as telomeric DNA.

Pinnavaia et al. and Laszlo and coworkers have independ-
ently reported that the aggregate of guanosine-5A-mono-
phosphate (5A-GMP) in the presence of K+ is a 2+1 complex (a
sandwich complex) composed of two stacked 14 and one K+ ion
[Fig. 2(a)].5 In order to stabilize the sandwich structure,
chelation of cations with phosphate groups is essential,5b,c

although stacking interactions between guanine bases and ion–
dipole interaction between K+ and carbonyl groups may also be
important. In contrast to 5A-GMP, 9-alkylguanines do not have
the ability to show such chelation. In this work, we have
detected a 1+1 complex of guanine quartets with alkali metal
cations by electrospray ionization mass spectrometry (ESI-
MS)6 in the system of 9-ethylguanine 2.†

The ESI-MS spectrum of 2 [Fig. 3(a)] shows prominent peaks
at m/z 202, 381 and 739, corresponding to [2 + Na]+, [22 + Na]+

and [24 + Na]+ in the presence of 0.1 mM NaClO4. Other [2n +

Na]+ (n = 3 and n ! 5) complexes were scarcely observed
under these conditions. When the concentration of Na+ was
reduced to 0.01 mM [Fig. 3(b)], only the [24 + Na]+ ion was
observed. The above results indicate that the 1+1 complex of the
guanine quartet (24) with sodium cation, [24 + Na]+, is
remarkably stable.

Similarly, 2 also gave the corresponding [24 + M]+ along with
[2 + M]+ and [22 + M]+ in the presence of 0.1 mM of other alkali
metal cations (Li+, K+, Rb+ and Cs+) (Fig. 4). The peak intensity
ratios of [24 + M]+/[2 + M]+ for Li+ and Na+ (Li+, 0.69 and Na+,
0.80) are considerably higher than those of the other alkali

Fig. 1 (a) Guanosine-5A-monophosphate 1 and 9-ethylguanine 2, (b) guanine
quartet (14 and 24).

Fig. 2 Schematic representations of (a) a 2+1 complex (a sandwich
complex) and (b) a 1+1 complex of a guanine quartet with alkali metal
cations: 2, guanine base; ("""""), interaction between alkali metal cation
(M+) and carbonyl group; (—), hydrogen bonding between guanine bases;
(-----), chelation of alkali metal cation (Ù) with phosphate groups.

Fig. 3 ESI-MS spectra of 9-ethylguanine 2: in the presence of (a) 0.1 mM
and (b) 0.01 mM NaClO4.

Fig. 4 ESI-MS spectra of 9-ethylguanine 2 in the presence of 0.1 mM
MClO4: (a) M = Li, (b) M = K, (c) M = Rb and (d) M = Cs.
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metals (K+, 0.20; Rb+, 0.20; and Cs+, 0.16), suggesting that Li+
as well as Na+ form a stable [24 + M]+ complex. To confirm this
tendency, ESI-MS measurements were performed in the
presence of a pair of cations both 0.1 mM (Na+–Li+, Li+–K+,
K+–Rb+, or Rb+–Cs+). The relative peak intensities of [24 + M]+

increased as Na+ > Li+ > K+ 9 Rb+, Cs+.
NMR studies of 2+1 complexes [(14)2 + M]+ showed that the

stability increases in the order K+ > Na+, Rb+9 Li+, Cs+.5a The
K+-selectivity in the 2+1 complex shows that size of the cavity
between two 5A-GMP quartets (14) is appropriate to accom-
modate K+ [Fig. 2(a)].5c On the other hand, our results indicate
that Li+ and Na+ bind with 24 more strongly than does K+.7 The
selectivity for Na+ and Li+ is possibly explained by a
correspondence between the size of M+ and that of the central
cavity of 24. Average distances from the center of 24 to carbonyl
oxygens are estimated to be 2.41 Å by molecular orbital
calculation,8,9 close to the experimentally observed Na–O
distance (2.34 ± 0.02 Å) by X-ray analysis.4c Accordingly, Na+

can fit exactly in the central cavity of 24. Li+ (Li–O, 2.04–2.24
Å10) may also be located inside the cavity. On the other hand,
K+, Rb+ and Cs+ (K–O, 2.75–2.81 Å;11 Rb–O, 2.88–2.93 Å;11

and Cs–O, 3.06–3.18 Å12) are too large to fit in the central
cavity of 24 and would be located out-of-plane.

In conclusion, we have observed 1+1 complexes of 24 with
alkali metal cations in the systems of 9-ethylguanine 2 using
ESI–MS. The sodium complex [24 + Na]+ was the most stable,
in contrast to the K+-selective 2+1 complex of 14. The
differences in the composition and in the cation selectivity
between [(14)2 + M]+ and [24 + M]+ may be ascribed to the
difference in stacking ability of 14 and 24. For 24, the absence of
phosphate groups may significantly reduce the stacking inter-
action in comparison with 14. Therefore, the stability of [24 +
M]+ depends on the size of M+ which is located in the central
cavity of 24.

Notes and references
† General procedure. 9-ethylguanine 2 was purchased from Sigma and
purified by reverse phase HPLC. The column (150 mm 3 4.6 mm i.d.)
packed with TSKgel ODS-120T (5 mm particle size) (Tosoh) was used in the
LC-MS system. The solvents used in the LC-MS system were MeOH–H2O

(1+9, v/v) containing MClO4 (M = Li, Na, K, Rb or Cs). 100 ml of 1.0 mM
of an aqueous solution of 2 was applied to the HPLC. The flow rate was 1.0
ml min21. Mass spectra of the 9-ethylguanine fraction were obtained by
introducing the effluent into the ESI-MS apparatus, a Hitachi M–1200HS
mass spectrometer, just before the peak was eluted. The flow-rate of the
pump was kept at 50 ml min21 while the effluent was introduced into the
ESI-MS apparatus.
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A new class of anionic, hybrid chelating ligands is reported
which contain a phosphine moiety covalently linked to an
oxazoline of which the nitrogen atom formally carries a
partly delocalized negative charge; the first metal complex, a
ruthenium derivative, has been characterized by X-ray
diffraction and shown to be active in catalytic transfer
hydrogenation.

The numerous synthetic pathways to oxazolines make them
versatile synthons for ligand design1 and their availability in
enantiomeric pure forms accounts for the increasing use over
the last 10 years of oxazoline-based ligands for asymmetric
reactions catalyzed by transition metal complexes.2 We have
recently investigated the synthesis of Pd and Ru complexes with
the neutral P,N-type ligand (oxazolinylmethyl)diphenylphos-
phine I (abreviated PCH2oxMe2) and studied their catalytic
properties for ethylene/CO copolymerization and asymmetric
transfer hydrogenation of ketones, respectively.3

We then felt it would be of interest to isolate Ru hydrido
complexes of potential catalytic relevance but reactions of
[Ru(H)Cl(PPh3)3] or [Ru(H)(OAc)(PPh3)3] with I were not
selective and although hydrido species were observed by 1H
NMR spectroscopy, no pure complexes could be isolated. We
then reacted [Ru(OAc)(PCH2oxMe2)2]Cl 1,† prepared from
[RuCl2(PCH2oxMe2)2]3b and Tl(OAc), with CsF in acetone in
order to prepare a monofluoride derivative that could be
subsequently cleanly transformed into a hydride complex.4 The
31P{1H} NMR spectrum of the only product formed, 2,
exhibited an AB spin system at d 46.8 and 58.3 with 2J(PP)
35.8 Hz which, surprinsingly, showed no coupling with a 19F
nucleus. The reaction of [RuCl2(PCH2oxMe2)2] itself with CsF
was found to be less selective and not further investigated. An
X-ray diffraction study‡ established the ligand arrangement in 2
and the fact that one of the P,N-ligands had unexpectedly been
deprotonated. The crystals contain two crystallographically
independent, but almost identical, molecules (A and B). A view
of the structure of one of them (A) is shown in Fig. 1. Both
ligands (excepting for the substituents) are roughly planar, but
in the deprotonated one the N(1)C(14)C(13)P(1) moiety is
practically planar. The two Ru–N bond distances in the
octahedral complexes differ remarkably and the shorter,

2.102(3) Å in (A) and 2.111(3) Å in (B), involves the N(1) atom
bearing the partial negative charge. Whereas the double bond is
mainly localized on the C–N bond in the PCH2oxMe2 ligand
[bond distance 1.281(4) Å in both A and B], electronic
delocalization occurs within the N(1)C(14)C(13)P(1) moiety of
PCHoxMe2, as indicated by the values of the C–C [1.370(5) Å in
(A) and 1.371(5) Å in (B)], C–N [1.328(4) Å in (A) and
1.317(4) Å in (B)] and P–C [1.753(3) Å in (A) and 1.754(4) Å
in (B)] bond distances. Consistently, the IR spectrum of 2
contains two bands at 1618 and 1535 cm21 assigned to the CNN
and CÌN vibrations of PCH2oxMe2 and PCHoxMe2, re-
spectively. In the 1H NMR spectrum, each proton in PCH2oxMe2

and PCHoxMe2 appears as a single resonance in agreement with
the lack of any symmetry element in the molecule.

The selective synthesis of 2 was unexpected and found to
depend on the nature of the cation associated with the fluoride
anion. Thus, reaction of 1 with LiF only afforded a low yield of
2. A more rational and general access to the anionic chelate in
2 consisted in the reaction of 1 with ButOK in THF and selective
deprotonation of only one PCH2 group was observed [eqn.
(1)].

† Electronic supplementary information (ESI) available: synthesis and
spectral characterisation of 1–3, See http://www.rsc.org/suppdata/cc/b0/
b002515l/

Fig. 1 View of the molecular structure of one (A) of the two crystallographic
independent (A and B) molecules [Ru(OAc)(PCHoxMe2)(PCH2oxMe2)] 3
together with the atomic numbering system. Selected bond distances (Å)
and angles (°) in molecule A (values in square brackets refer to molecule B):
Ru–P(1) 2.278(2) [2.270(1)], Ru–P(2) 2.226(1) [2.231(1)], Ru–N(1)
2.102(3) [2.111(3)], Ru–N(2) 2.166(3) [2.150(3)], Ru–O(3) 2.236(2)
[2.228(2)], Ru–O(4) 2.209(2) [2.222(2)], P(1)–C(13) 1.753(3) [1.754(4)],
C(13)–C(14) 1.370(5) [1.371(5)], C(14)–N(1) 1.328(4) [1.317(4)], C(16)–
N(1) 1.495(4) [1.479(4)], P(2)–C(31) 1.857(4) [1.851(4)], C(31)–C(32)
1.474(5) [1.481(5)], C(32)–N(2) 1.281(4) [1.281(4)], C(34)–N(2) 1.515(4)
[1.499(4)]; Ru–N(1)–C(14) 116.8(2) [116.5(2)], N(1)–C(14)–C(13)
126.3(3) [126.4(3)], C(14)–C(13)–P(1) 111.9(3) [111.7(3)], Ru–N(2)–
C(32) 119.8(2) [119.6(2)], N(2)–C(32)–C(31) 124.8(3) [124.7(3)], C(32)–
C(31)–P(2) 105.9(2) [106.7(3)].
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(1)

Anionic ligands incorporating an oxazoline ring are few
compared to their neutral analogs and they belong to two main
families. In class A, the anionic charge is carried by an
exocyclic atom (C2,5 O2,6 S2 7) and the nitrogen atom of the
oxazoline formally remains a neutral donor.

Some of their complexes are catalysts for, e.g. ethylene
polymerization,6a sulfide oxidation,8 alkyl- and phenyl-zinca-
tion of aldehydes6b,c and conjugate addition to enones.7 In the
second class of ligands, B, the anionic charge is partly localized
on the nitrogen atom of the oxazoline but only one representa-
tive is known which has led to efficient Ti,9 Cu,10 Zn11 or Mg12

catalysts for several asymmetric reactions, e.g. reduction of
ketones,9b cyclopropanation of olefins,10 allylzincation,11 and
hydrocyanation of aldehydes.12 Although there are two reported
X-ray crystal structures of Cu13 and Rh complexes,14 the
precatalysts were usually prepared in situ and not isolated (Zn,
Mg, Ti).

The new ligand system in II provides an interesting extension
to anionic four-electron donor phosphino enolate ligands of
type III currently much investigated. These and related
phosphorus/oxygen chelates confer special reactivity to their
complexes, as found, e.g. in reactions with various organic or
inorganic electrophiles15 or in the highly selective convertion of
ethylene into linear a-olefins.16 The anionic ligand PCHoxMe2

found in 2 is therefore the first representative of a new class of
hybrid ligands which combine some of the aspects of systems B
and III and its chemistry therefore offers considerable potential.
Preliminary catalytic studies with complex 2 have been
performed for the transfer hydrogenation of aryl alkyl and
dialkyl ketones by propan-2-ol, a reaction of current interest.17

Under standard conditions ([Ru]/[ketone]/[PriONa] =
1+200+5, [ketone] = 0.1 M, T = 82 °C), 2 exhibits very high
to high activity for hydrogenation of acetophenone (98% yield
in 5 min) and cyclohexylmethyl ketone (91% in 5 h)
respectively.§

Access to complexes containing this new anionic P,N-ligand
can be generalized, as shown with Pd since reaction of
[Pd(dmba)Cl(PCH2ox)] with ButOK in THF afforded
[Pd(dmba)(PCHox)] 3 in 84% yield.

Notes and references
‡ Crystal data for 2: C38H42N2O4P2Ru, M = 753.75 monoclinic, space
group P21/c, graphite monochromated Mo-Ka radiation, l = 0.71073 Å, m

= 0.569 mm21, a = 18.256(4), b = 20.590(5), c = 20.454(5) Å, b =
111.28(6)°, V = 7164(3) Å3, Z = 8, Dc = 1.398 g cm23. Philips PW 1100
diffractometer, q–2q scan technique, room temperature. 20871 Unique
reflections measured (3 < q < 30°) and used in the refinement. All hydrogen
atoms placed at their geometrically calculated positions and refined riding
on their parent atoms, excepting those bonded to C(31) and C(13), which
were localized in the final DF map and refined isotropically, wR2 0.0876
and R1 [for 8473 reflections with I > 2s(I)] 0.0369. All calculations were
carried out on the DIGITAL Alpha Station 255 computers of the “Centro di
Studio per la Strutturistica Diffrattometrica “ del CNR, Parma, using the
SHELX-97 systems of crystallographic computer programs.18 CCDC
182/1603. See http://wwww.rsc.org/suppdata/cc/b0/b002515l/ for crys-
tallographic files in .cif format.
§ Catalytic transfer hydrogenation: Typical procedure for the catalytic
transfer hydrogenation of acetophenone: 2 (0.0052 g, 0.0068 mmol) was
dissolved in 13 mL PriOH in a 50 mL two-neck round bottom flask fitted
with a reflux condenser. Acetophenone (0.158 mL, 1.36 mmol) was added
and the yellow solution was brought to reflux. The solution was stirred for
10 min and 0.36 mL (0.034 mmol) of a solution of PriONa in PriOH (0.1 M)
was added. The volume of PriOH was adjusted so that all catalytic runs were
performed with an initial concentration in acetophenone of 0.1 M. The
addition of PriONa was considered as the starting time of the reaction.
Conversion was determined by gas chromatography using a Lipodex A 25
m 3 0.25 mm column.
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A new template synthesis of triphosphorus macrocycles has
been developed based upon the intramolecular hydro-
phosphination of allylphosphine coordinated to the (h5-
cyclopentadienyl)iron(II) cation; the resulting tri-secondary
macrocycle 1,5,9-triphosphacyclododecane is readily alky-
lated with ethene to give (h3-1,5,9-[12]aneP3Et3)Fe(h5-Cp)+

which is in turn liberated as the free ligand stereospecifically
as the syn–syn isomer; related reactions with phenyl-
(allyl)phosphine lead directly to the triphenyl macrocycle
(1,5,9-[12]aneP3Ph3) which is also liberated stereospecif-
ically.

The first examples of C3 symmetrical triphosphamacrocycles
were those based upon the 1,5,9-[12]aneP3 core prepared by a
stereoselective metal template assisted synthesis using a
Mo(CO)3 template.1,2 Early results confirm that they support
relatively very stable facially capped complexes for a range of
transition metals,3 they may also impose unusual structural
distortions on metal centres (e.g. for metals that prefer square
planar geometries).4 These observations highlight distinct
differences in comparison to the behaviour of analogous
nitrogen or sulfur ligands or of related tripodal phosphines. In
view of their influences on structure and reactivity and their
ability to stabilise low oxidation states, the study of their
complexes is of substantial interest.

The current and only route to this class of ligands, by radical
initiated hydrophosphination, does however have significant
preparative limitations. The tris-allylphosphine precursor com-
plexes required for this route are very sensitive to oxygen,
moisture and large scale reactions require fastidious care in
order to be reproducible. Of greater significance is that this
method is currently limited to a minimum ring size of twelve
atoms. We have previously commented upon the inability of the
Mo(CO)3 template, and its smaller chromium analogue, to
support the cyclisation of vinyl phosphines in attempts to
achieve smaller ring sizes.5 These templates lack any possible
steric control over the trans-coordinated precursor phosphines
precluding any freedom to force the ring closure of vinyl
phosphines by compression of the non-bonded P–P distances. In
order to address these problems and to develop a more reliable
synthetic route to tri-phosphines of this nature, we have
undertaken a study of alternative methods. For these reasons we
have chosen to investigate the [(h5-Cp)Fe(h6-arene)]+ class of
complexes which readily form tris-phosphine adducts6 includ-
ing those of acyclic triphosphines (linear6b and tripodal6c) and
of primary phosphines,6d all of which are of course restricted to
facial coordination by the h5-Cp group. This approach has led
us to an entirely new template method for the stereoselective
synthesis of 1,5,9-[12]aneP3R3 triphosphorus macrocycles;
preliminary results of which are presented herein.

The photolytically activated substitution of the aryl ligand in
[(h5-C5H5)Fe(h6-C6H6)]+ (1) in the presence of allylphosphine
gives the tris-primary phosphine complex [(h5-
C5H5)Fe(H2PC3H5)3]+ 2, as the hexafluorophosphate salt, in
quantitative yield (Scheme 1). In the IR spectrum, a peak due to
nP–H is observed (2318 cm21). The microcrystalline solid is
indefinitely air-stable, although in CH2Cl2 solution the complex
decomposes over several days to give a green, NMR silent and
presumably paramagnetic species of undetermined composi-

tion. Complex 2 is readily soluble in most polar solvents, such
as THF and CH2Cl2, but insoluble in hydrocarbons and other
non-polar solvents. The 31P {1H} NMR and 31P NMR spectra
consist of a singlet and triplet, respectively (d 29.0, 1JP–H 328
Hz), consistent with magnetically equivalent coordinated
allylphosphine ligands (cf. for free allylphosphine, d2134.4,
1JP–H 195 Hz).

Cyclotrimerisation of 2 has been attempted in tetrahy-
drofuran (THF), chlorobenzene and anisole, using AIBN
[azobis(isobutyronitrile)] as radical initiator (ca. 1–2% mol
equivalents). In THF, both the cyclisation intermediates and
final macrocyclic product slowly precipitate during the reaction
which remains incomplete as a result, unless performed in dilute
solution. Attempts to separate and characterise these inter-
mediates have not been successful.

In chlorobenzene the cyclisation is more efficient, forming
[(h5-C5H5)Fe(h3-1,5,9-[12]aneP3H3)]+[PF6]2 3, in moderate
yield. Complex 3 has a band due to the P–H stretch in its IR
spectrum (nP–H 2303 cm21) and a doublet in the 31P NMR
spectrum (d 12.7, 1JP–H 336 Hz) assigned to phosphorus atoms
in the coordinated macrocycle. This increase in chemical shift
(Dd 21.8 ppm) and coupling constant is similar to that observed
in the analogous Mo(0) complexes, (H2PC3H5)3Mo(CO)3 and
(h3-1,5,9-[12]aneP3H3)Mo(CO)3, (Dd 27.0 ppm, for the latter
1JP–H 318 Hz).

Hydrophosphination of ethene by 3 gives the tris-ethylated
macrocyclic complex [(h5-C5H5)Fe(h3-1,5,9-[12]ane-
P3Et3)]+[PF6]2 4 which is characterised by a singlet in the 31P

Scheme 1 Reagents and conditions: i > 3 allylphosphine for 2a or > 3
phenyl(allyl)phosphine for 2b, CH2Cl2, hn ( > 400 nm); ii, chlorobenzene,
AIBN (2 mol%), 90 °C; iii, ethene (2 atm), chlorobenzene, AIBN (2 mol%);
iv, [12]aneP3Et3, CH2Cl2, hn ( > 400 nm); v, Na/NH3(l); 5a, R = Et; 5b, R
= Ph.
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{1H} NMR spectrum (d 38.1) and the absence of a band due to
nP–H in its IR spectrum. The identity of 4 is further supported by
its preparation in THF directly from the template precursor
complex 1 by addition of free 1,5,9-[12]aneP3Et3 obtained by
our previously reported route.2 The products obtained by either
method have identical spectroscopic, analytical and physical
properties. This independent confirmation of the nature of 4, in
turn confirms the characterisation of 3 as the secondary
phosphine macrocycle complex. Both 3 and 4 are air stable for
extended periods in both solution and the solid state.

The reaction of [(h5-C5H5)Fe(h6-C6H6)]+ with phenyl-
(allyl)phosphine in a manner similar to that for the formation of
2a, leads to the tri-secondary phosphine complex, 2b, in
excellent yield (99%). Complex 2b is characterised by its
31P{1H} NMR spectrum which has two multiplets from the
presence of both diastereomers and enantiomers arising from
the three chiral phosphines in 2b (d 55.8). The radical induced
cyclisation of the coordinated secondary phosphines in 2b
proceeds to the tri-tertiary phosphine macrocycle complex, 4b.
Intermediates which do not readily cyclise are also observed
after extended reaction times; these are readily separated from
4b upon work up. The resistance of these intermediates to
cyclisation is presumably dependant upon the relative chirality
at adjacent phosphines. Although we have recently reported the
synthesis of the triphenyl macrocycle, 5b,7 this is the first
example of the cyclotrimerisation of a secondary phosphine to
a tri-tertiary triphosphorus macrocycle and may offer direct
routes to tri-tertiary phosphines which might otherwise be
difficult to obtain.

The macrocycle complexes, 4a and 4b, are digested by
sodium in liquid ammonia resulting in the high yield liberation
of the free macrocyclic ligands 5a and 5b stereoselectively as
the syn–syn isomers. The identities and stereochemistries of
both the triphosphines 5a and 5b, are confirmed by singlets in
their 31P {1H} NMR spectra (d231.7 and 234.6, respectively);
their spectra are identical to those previously reported.2,7 In all
cases analytical, conductivity, 1H and 13C{1H} NMR data are
consistent with the formulations.8. In addition to the 31P NMR
data discussed above, a resonance due to PF6

2 is also observed
in each case (d 2144.0, 1JP–F 711 Hz).

This new route to the coordinated secondary phosphine
ligands, the facile alkylation of the secondary phosphine
macrocycle complex 3 to the corresponding tertiary phosphines
and the successful and stereospecific liberation of the free
ligands offers an alternative preparation based upon a more
readily accessible template than the sole current literature route
and via relatively air-stable precursor and intermediate com-
plexes. We are currently investigating the influences of
variations in substituents on the Cp ring upon the course of the
macrocyclisation reactions. We are also investigating the
application of this method to the cyclisation of alternative
phosphine precursors in order to achieve both different ring

sizes as well as different ‘backbone’ bridging functions;
preliminary results are encouraging.

We thank the EPSRC for a studentship (A. J. P.).
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Gram-scale quantities of microcrystalline powdered CeO2–
ZrO2 solid solutions can be produced continuously in a near-
critical water flow reactor at ca. 300 °C and 25 MPa; rapid
hydrothermal co-precipitation leads to nano-particulate
Ce12xZrxO2 (x = 0 to 1), the composition of which is merely
determined by the initial concentrations of Ce4+ and Zr4+

ions in the starting solution.

The synthesis of ceria-containing materials has long been of
considerable scientific interest for applications as diverse as UV
absorbers and solid oxide fuel cells.1 Mixed CeO2–ZrO2
systems show improved oxygen storage capacity and greater
thermal stability compared to CeO2 itself,2–4 which is partic-
ularly important for three-way exhaust catalysts. Ce12xZrxO2 is
prepared conventionally using various methods including high
temperature solid-state reactions,5 use of micro-emulsions,6
high energy ball milling,7,8 the sol–gel method,9,10 and ageing
of solutions.11 However, many of these techniques are quite
time consuming (involving multi-step syntheses or ageing),
energy intensive and/or environmentally unfriendly. When
extremely small particle sizes are needed, the complexity (and
sometimes the cost) of manufacture increases further.

Arai and coworkers12,13 have recently shown that particulate
CeO2 and ZrO2 can be made continuously by decomposition of
the corresponding metal nitrates in super-critical water, scH2O.
The reaction is believed to proceed via hydrolysis to the
hydroxides, followed by dehydration to the oxides. Here, we
show for the first time that the mixed oxide Ce12xZrxO2 can be
obtained continuously by hydrolysis of mixtures of
[NH4]2[Ce(NO3)6] (CAN) and [Zr(ac)4]† in near-critical water,
ncH2O, in the appropriate ratios. The reactor shown in Fig. 1
gave single phase Ce12xZrxO2 at rates close to 10 g h21. The
high diffusivity of the reactants and the fast dehydration
reaction in ncH2O and scH2O result in very high hydrolysis and
dehydration reaction rates. Thus, residence times at the mixing
point of only a few seconds were sufficient. In most cases,
decomposition of the metal precursors appeared to be virtually
complete. The composition in Ce12xZrxO2 mixed oxides could
be changed from x = 0.2 to 0.9 merely by varying the Ce+Zr
ratios in the metal feed solution. Pure CeO2 and ZrO2 oxides
could also be synthesised by using just one of the pre-
cursors.‡

The samples of Ce12xZrxO2 were characterised by powder X-
ray diffraction (PXD), Raman spectroscopy, BET surface area
measurements and, in selected cases, TEM. The PXD patterns
of the materials indicated the formation of CeO2–ZrO2 solid
solutions (Fig. 2). The individual solid phases were identified
by combining PXD and Raman data. A crude estimate of the
apparent particle size was obtained by application of the
Scherrer equation to the PXD line-widths (Fig. 3). For selected
cases, the particle size was also investigated by TEM. For the
1+1 mixture (i.e. Ce0.5Zr0.5O2), the TEM image showed
particles with well-defined edges, well dispersed, between 3 and
5 nm in size, values which agree with the estimates from the
Scherrer equation (4.6 nm). Diffraction rings (TEM) confirmed

the crystallinity of the materials obtained. For pure ZrO2, TEM
showed a fluffy ‘cloud-like’ image with nano-particles of ca. 5
nm (5.6 nm by PXD). All materials have medium to high
surface areas as measured by BET, SBET (Fig. 3). It is also clear
from Fig. 3 that there is a correlation between SBET values and
the apparent particle size. SBET values for the samples appear to
reach a maximum for the oxides with higher zirconium content
(181, 184 and 183 m2 g21 for the 1+4 and 1+9 Ce–Zr materials
and pure ZrO2, respectively).

CeO2 and Ce12xZrxO2 (x = 0–0.5) showed cubic fluorite
PXD patterns. Increasing Zr content in the solid solutions
resulted in a decrease in the lattice parameter, owing to the
incorporation of smaller Zr4+ ions into the fluorite (mainly

Fig. 1 Diagram of the flow reactor for the synthesis of metal oxide powders
and solid solutions in ncH2O. A solution of Ce4+ and Zr4+ salts at room
temperature is mixed with a stream of H2O heated up to 400 °C by the
preheater (PH). The mixture is cooled immediately after the mixing point
(X) by a water cooling (C) and is then passed through the filter (F) (to
remove any large aggregates) and the back-pressure regulator (BPR).
Particles are then collected as a suspension. P denotes pumps.

Fig. 2 Powder X-ray diffraction (PXD) patterns for Ce12xZrxO2 materials
prepared in the near-critical water flow reactor: (a) x = 0 (pure CeO2), (b) x
= 0.2, (c) x = 0.5, (d) x = 0.8, (e) x = 0.9, (f) x = 1 (pure ZrO2).
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Ce4+) lattice. For the samples of Ce+Zr ratios 1+4 and 1+9, a
tetragonal phase was assigned.§ For pure ZrO2, PXD and
Raman data revealed a mixture of monoclinic and tetragonal
phases. Considering the relative intensities of the most intense
reflection in the PXD of both phases, the ratio of monoclinic to
tetragonal phases was estimated to be 40+60.

The precise phase assignment is slightly different from that
reported in the literature.3,14 One possible explanation is that the
Zr content in the solid solutions is lower than the expected.
However, this would not explain why our samples of pure ZrO2
contained a mixture of monoclinic and tetragonal phases rather
than the monoclinic (thermodynamically stable) phase reported
in the literature.14 Therefore is likely that the differences are due
to the small particle sizes of the materials produced. Fornasiero
et al.3 have reported that below a critical crystalline size, the
tetragonal phase is favoured over the monoclinic and, with
extremely small particles, the cubic phase is favoured over the
tetragonal, which is consistent with our phase assignment. As
discussed before, the extremely small particle sizes may be as a
result of the rapid precipitation and relatively low synthesis
temperature. All samples were studied by TGA. In each case,
there was a weight loss (2–12%) at @100 °C, presumably due to
adsorbed water. Some samples showed smaller weight losses
(4–7%) around 250 and 310 °C; IR spectra suggest that theses
losses may be associated with residual nitrate and acetate.

In conclusion, we have reported a new and extremely rapid
one-step synthesis of ceria–zirconia solid solutions (at the
concentrations and flow rates employed in the experiments,
between ca. 8 and 11 g h21, depending on the composition of
Ce12xZrxO2, can be produced continuously). The chemistry is
simple and clean. The reaction does not require the addition of
organic solvents, modifiers (to control pH) or prolonged
reaction times. The temperatures are low (300 °C) compared to
those used in conventional techniques. Most importantly, the
composition of Ce12xZrxO2 can be tuned simply by varying the
amounts of precursors in the starting solution. The products are

completely homogenous. The particles are highly crystalline
(TEM) despite the relatively low temperatures of formation, and
the primary particle sizes are extremely small imparting
relatively high surface areas of up to ca. 180 m2 g21 for the
materials. Currently we are exploring the potential of our
technique for synthesising other solid solutions.
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Octylsilane-grafted hexagonal mesoporous silica removed
low-concentrated nonylphenol, an endocrine disrupter, in
water with high efficiency comparable to that of activated
carbon, while the adsorbent showed no detectable uptake of
phenol.

Mesoporous materials such as MCM-411 and FSM-162 have
been extensively studied as catalyst supports and adsorbents.
They have advantages for the adsorption of large molecules
because of their large pore size and high surface areas. It has
been reported that an as-synthesised surfactant–silica meso-
phase effectively absorbs 4-chlorophenol into its confined
‘micelles’ from aqueous solution.3 Functionalization of the
inner wall by grafting organic or organometallic groups is a
promising strategy in designing the nature of pore spaces at the
molecular levels.4–8 Considering that grafted alkyl groups
provide hydrophobic regions confined within the ionic surface
of the inorganic phase, it is expected that control of the
hydrophobicity would improve the performance of the absorb-
ent for organic moelcules having both hydrophilic hydrophobic
regions.

Alkylphenolic chemicals such as nonylphenol, which are
biodegradaion products of alkylphenol polyethoxylate resin,
have been found to be the major oestrogenic contaminants to
induce feminising effects in fish.9–11 The minimum effective
concentration of nonylphenol was estimated in vitro to be in the
range of 10 nM–10 mM (2.2–2200 ppb).11 For the removal of a
pollutant by adsorption with such a low concentration in sewage
disposal plants, the adsorbent should have a very high molecular
selectivity, otherwise many coexisting compounds with higher
concentrations would saturate the capacity of the adsorbent.

Here we report that the grafting of alkylsilanes with
intermediate chain lengths provides mesoporous silica with a
high molecular selectivity. Octylsilane-grafted mesoporous
silica effectively removed nonylphenol from water, while it
showed no detectable adsorption of phenol. The capacity of the
adsorbent for nonylphenol was comparable to that of an
activated carbon which is currently used in sewage disposal
plants and water purification plants.

Hexagonal mesoporous silica (MPS) was prepared by the
following procedure: 0.011 mol of octadecyltrimethylammon-
ium chloride was dissolved in 25 ml hydrochrolic acid (12.5
wt%) at 328 K. Then 0.011 mol of tetraethoxysilane was added
with stirring to immediately give a white precipitate. After
filtration, the obtained mesophase was dehydrated at 473 K for
2 h and then calcined at 813 K in air for 6 h to obtain MPS. For
synthesis of alkylsilane-grafted MPS, 0.32 g of the MPS was
refluxed in fresh distilled toluene with 9.6 3 1023 mol of n-
octyltriethoxysilane or n-dodecyltriethoxysilane for 48 h. Prior
to the silylation, MPS was dried at 473 K for 2 h in vacuo. After
the silylation, the samples were washed with distilled toluene
and then with anhydrous methanol. During these procedures,
the materials were treated in a glove-box filled with dry Ar
(H2O was monitored to be < 1 ppm). In typical adsorption
experiments, 1 mg of the adsorbent was added to 10 g of an
aqueous solution of nonylphenol (2100 ppb). After the
adsorption with stirring for a given time, the supernatant

solution was separated by centrifugation and the residual
nonylphenol was analysed with an ultraviolet (UV) spectrome-
ter at 278 nm. Blank experiments confirmed that the adsorption
of nonylphenol on the flask wall was low ( < 10%). The data
were corrected using the results of the blank tests. Adsorption of
phenol in water (2000 ppb) was also measured in the same way.
For comparison, an activated carbon (Calgon F-400, surface
area ca. 1000 m2 g21) was used.

Fig. 1 shows the N2 adsorption isotherm for the samples
synthesised in this study. The pristine MPS showed a curve with
no hysteresis, which is typical for materials having cylindrical
regulated pores like MCM-41. For the octylsilane-grafted MPS
(C8-MPS), the amounts of N2 adsorption at relative pressures
above 0.4 were ca. one third of that for MPS and the isotherm
showed no hysteresis. The dodecylsilane-grafted MPS (C12-
MPS) gave a similar curve. This demonstrates that the
alkylsilanes were grafted successfully onto the inner walls of
the mesopores. Since the lengths of grafted alkylchains are
shorter than the template used for the synthesis of MPS, it is
expected that there are spaces at the centre of the pores. An as
plot12 on the basis of the N2 isotherms of C8-MPS (not shown)
gave a shape similar to that of MPS, where the condensation of
nitrogen was observed at lower as (ca. 0.6) for C8-MPS than for
MPS (as = ca. 0.8). These results demonstrated that the pores
are narrower than the original ones. These spaces however, can
still provide pathways for effective molecular diffusion. The
inset in Fig. 1 shows the powder X-ray diffraction (XRD)
pattern of C8-MPS. This pattern shows that the mesostructure of
silica (d100 = 35 Å) was maintained after grafting with the n-
alkylsilane. Thermogravimetry and differential thermal analysis
(TG-DTA) of C8 and C12-MPS gave exothermic weight losses
due to the decomposition of alkyl groups at ca. 493–573 K (not
shown). The molar ratios of the alkyl group to Si were

Fig. 1 N2 adsorption isotherms of non-treated and n-alkylsilane-grafted
mesoporous silica. Filled and open symbols represent adsorption and
desorption branches, respectively. Circles, squares and triangles correspond
to MPS, C8-MPS and C12-MPS, respectively. The inset shows the powder
X-ray diffraction pattern of C8-MPS.
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calculated from the TG data to be ca. 0.18 and 0.14 for C8-MPS
and C12-MPS, respectively. These values are much smaller than
the ratio of surfactant to Si for the as-synthesised mesophase
(0.23), indicating that the materials have adequate space for
molecular adsorption between the grafted alkyl groups in the
mesopores.

Fig. 2 shows the time course of the concentration of
nonylphenol during the adsorption. For the pristine MPS, ca.
30% of nonylphenol was removed. On the other hand, C8-MPS
removed nonylphenol totally within 1 h, showing that the
grafting of alkyl groups is very effective in improving the
performance of MPS. C12-MPS and activated carbon also
completely adsorbed nonylphenol within 1 h under the same
conditions. A comparison between the alkyl-grafted MPSs and
the activated carbon was carried out under much more severe
conditions: 2 mg of the adsorbents were used for 200 g of the
solution (1700–2100 ppb). The amounts of nonylphenol
adsorbed at equilibrium are listed in Table 1. It was found that
C8-MPS showed a superior performance to the activated

carbon. In addition, C8-MPS was highly superior to C12-MPS,
while the differences of their surface areas and pore volumes
were small. This indicates that the hydrophobicity of the
dodecyl group is too strong while the moderate hydrophobicity
of the octyl group is suitable for the effective adsorption of
nonylphenol.

For comparison, adsorption of phenol in water (2000 ppb)
was examined. 1 mg of absorbents were used for 10 g of
solution. The activated carbon adsorbed 95% of phenol while
MPS showed an uptake of 6%. On the other hand, C8-MPS
showed no detectable adsorption of phenol, while nonylphenol
(2100 ppb) was completely removed under the same conditions.
C12-MPS gave the same results as C8-MPS. Clearly, the grafting
of alkyl group on the mesoporous silica provides a high
molecular selectivity of nonylphenol against phenol.

In conclusion, MPS was made more hydorphobic by grafting
alkyl chains on the inner surface of the mesopores and the
resulting materials showed a high adsorption capacity for
nonylphenol, an endocrine disrupter, comparable to that of
activated carbon. The C8-MPS adsorbent showed high molec-
ular selectivity, distinguishing the hydrophobicity of molecules.
These results indicate that the introduction of tuned hydro-
phobic regions in inorganic nanospaces is an effective strategy
to design molecular selective adsorbents.
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Fig. 2 Time courses of concentration of nonylphenol in water. 1 mg of
adsorbent was used for 10 g of solution with an initial concentration of
nonylphenol of 2100 ppb. Filled circles, open circles, open squares and open
triangles correspond to MPS, C8-MPS, C12-MPS and activated carbon,
respectively.

Table 1 Amounts of nonylphenol adsorbed on various adsorbents

Adsorbent
Concentration of
nonylphenol/ppb

Amount of adsorbed
nonylphenol/mol g21

C8-MPS 6.2 3 102 6.5 3 1024

C12-MPS 9.8 3 102 2.3 3 1024

MPS 1.3 3 103 9 3 1025

Activated carbon 6.2 3 102 5.3 3 1024
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Two isomers of a cyanine dye a-cyclodextrin rotaxane have
been synthesised in aqueous solution, and structurally
characterised by 2D NMR spectroscopy; they exhibit en-
hanced fluorescence and photostability, compared with the
free dye.

Cyanine dyes are used as photographic sensitisers, laser dyes
and biological fluorescence probes, and in optical data record-
ing.1,2 Their main limitation is low photochemical stability.3
Here we report the first synthesis of a cyanine dye rotaxane, in
which the chromophore is locked inside the cavity of a
cyclodextrin.4 Two diastereomers of the rotaxane have been
isolated; one of these isomers exhibits substantially enhanced
fluorescence quantum yield and photostability, in oxygen-
saturated dioxane, relative to the unencapsulated dye.

Many dyes form inclusion complexes with cyclodextrins in
aqueous solution, due to hydrophobic binding. These com-
plexes often exhibit enhanced fluorescence5 and photostabili-
ty,5g,6 but they can only be studied in water, in the presence of
excess cyclodextrin, because they readily dissociate; the
equilibrium constants are typically 102–103 M21 in water, and
much lower in other solvents. Rotaxane-encapsulated dyes7 are
similar to inclusion complexes except that they cannot dis-
sociate, because the ends of the dye are too bulky to pass
through the macrocycle, so they can be studied in a wide range
of solvents.

Our strategy for preparing these rotaxanes is to synthesise a
dumbbell-shaped dye in water, in the presence of a macrocycle;
hydrophobic binding between the dye-precursors and the
macrocycle results in rotaxane formation.7 Cyanine dyes are not
usually synthesised in aqueous solution, but we have found that
reaction of 3-(9-julolidinyl)prop-2-en-1-al8 1 with N-(1-ada-
mantyl)-4-methylpyridinium chloride9 2 and a-cyclodextrin in
aqueous sodium hydroxide gives cyanine dye rotaxanes 3a and
3b as well as the free dye 4 (Scheme 1).† a-Cyclodextrin is
cone-shaped; it has a narrow 6-rim (with primary OH groups)
and a wide 2,3-rim (with secondary OH groups). So there are
two possible orientations of the cyclodextrin unit, giving rise to
the two stereoisomers 3a and 3b. The yield of 3a and 3b is low

(6%, based on re-isolated aldehyde 1), which is not surprising
since the reaction involves dehydration in aqueous solution. 1H
NMR showed that this product was a 1+2 mixture of two
stereoisomers 3a and 3b, which were separated by reverse phase
chromatography. There is only one previous report of the
separation of rotaxane stereoisomers of this type.10

The two pure cyanine dye rotaxanes 3a and 3b were both
thoroughly authenticated by 1H and 13C NMR spectroscopy,
and mass spectrometry, and their 1H NMR spectra were fully
assigned using 2D techniques. The vicinal 1H–1H coupling
constants across each alkene unit in 3a and 3b (HE–HF and HG–
HH) are in the range 15.1–15.4 Hz, proving that both isomers
have the trans–trans geometry. NOESY experiments confirmed
that the isomers have different orientations of the cyclodextrin
unit. In rotaxane 3a, NOEs were observed from H3 of the
cyclodextrin (the wide rim) to both the aromatic and benzylic
julolidine signals (HC and HD), and from H5 (near the narrow
rim) to HI at the other end of the dye. The opposite pattern of
NOEs was observed in 3b: from H3 to HI and HJ; from H5 to HD
and from H6 to HC. These NOE measurements not only
elucidate the isomerism in 3a and 3b, but also show that the
cyclodextrin is sitting round the reactive polymethine region in
both rotaxanes. In both cases the NOEs are not consistent with
a single static position of the cyclodextrin, showing that each
isomer is dynamic in solution.

Encapsulation results in a bathochromic shift in the electronic
absorption and emission spectra of both rotaxanes (for 3a, 3b
and 4 in water lmax(abs.) = 525, 535 and 477 nm; lmax(em.) =
710, 718 and 678 nm respectively). The relative fluorescence
quantum yields11 of these three compounds in water, and a
range of other solvents, are listed in Table 1. In water, the
fluorescence quantum yields of both of the rotaxanes are lower
than that of the free dye,12 whereas in other solvents, especially
dioxane, rotaxane 3b is spectacularly more fluorescent. The
fluorescence behaviour of the two isomers 3a and 3b are
surprisingly different, with 3a behaving more like the free dye
4.

The higher fluorescence efficiency of 3b in dioxane is not
consistent with several common explanations for enhanced

Scheme 1
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fluorescence in aqueous cyclodextrin–dye inclusion complexes,
such as the exclusion of water from the dye surface and the
changes in polarity around the dye when it enters the
cyclodextrin.5b,e,f Here the fluorescence is enhanced in a range
of non-aqueous solvents, and especially in dioxane which has a
similar polarity to the cyclodextrin cavity. Cyclodextrin-
encapsulation has been viewed as a way of reducing the
quenching effect of an aqueous environment, whereas here
encapsulation dramatically increases the fluorescence effi-
ciency in a solvent in which the dye is already highly
fluorescent. The enhanced fluorescence of 3a and 3b, compared
to 4, in dioxane is probably due to the reduced flexibility of the
encapsulated chromophore.5i The possibility that this fluores-
cence enhancement is due to reduced aggregation5c,d,i can be
discounted since 4 shows no sign of aggregation under these
conditions.

The photostability of rotaxane 3b was compared with that of
the free dye 4, in both water and dioxane, by monitoring the
decrease in absorbance during irradiation of oxygen-saturated
solutions with visible white light.3c,6 Pseudo first order photo-
bleaching curves were obtained in all cases, as shown in Fig. 1
(see caption for rate constants). The rotaxane 3b exhibits higher
photostability in both solvents (40-fold in water and 2-fold in
dioxane, compared to the free dye 4), and both compounds fade
much faster in dioxane than in water. The mechanism of photo-
bleaching has not yet been elucidated, but whatever process is
involved, the faster bleaching in dioxane is probably related to
the stronger fluorescence in this solvent, since a lower rate of
quenching allows excited states to undergo more photo-
chemistry. Matsuzawa et al.6a have shown that inclusion of
cyanine dyes in b-cyclodextrin can enhance the photostability

both by reducing the rate of singlet oxygen formation and by
reducing the rate of reaction between singlet oxygen and the
dye; both these factors may be involved here. It is remarkable
that, in dioxane, 3b exhibits a 5-fold fluorescence enhancement
simultaneously with a 2-fold photostability enhancement.

The discovery that cyclodextrin encapsulation can increase
the fluorescence and photostability of dyes under solvent
conditions which already favour fluorescence indicates that this
may be a valuable way of improving the stability and brightness
of luminescent and electro-luminescent materials.

We are grateful to Dr T. D. W. Claridge for valuable
assistance with NOE spectroscopy, and to Dr P. Gaffney for
advice on reverse phase chromatography. This work was
supported by the EPSRC.
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Table 1 Relative fluorescence quantum yields of rotaxanes 3a and 3b, and
free dye 4 in a range of solvents11

Solvent ff 3a ff 3b ff 4

H2O 0.71 0.71 1.0
MeCN 1.6 4.8 2.0
Me2CO 2.6 11 2.0
Me2SO 4.8 9.1 4.3
MeOH 2.5 4.0 2.1
EtOH 4.8 10 4.4
PriOH 6.8 21 10
THF 16 46 18
Dioxane 81 124 22

Fig. 1 Photo-bleaching curves for rotaxane 3b in water, free dye 4 in water,
3b in dioxane and 4 in dioxane, fitted to first-order decay curves with rate
constants of 7.1 3 1026, 3.3 3 1024, 5.4 3 1024 and 1.1 3 1023 s21,
respectively. Photolyses were carried out in 10 mm quartz cuvettes and O2-
saturated solvents with light from a tungsten filament bulb, using a 35 mm
slide projector; A is the absorbance at time t and A0 is the initial
absorbance.
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Solutions 0.2–0.4 mol dm21 in GeII and 6 mol dm21 in HCl,
generated by reaction of GeIV with H3PO2, are stable for
more than three weeks and can be diluted 200-fold with
dilute HCl to give GeCl422 preparations that may be
handled by conventional techniques; kinetic profiles for the
reduction of FeIII by GeII, as catalyzed by CuII in this
medium, implicate, for the first time, the odd-electron
intermediate GeIII, which is formed from CuII and GeII (k =
30 M21 s21 in 0.50 M HCl) and is consumed by reaction with
FeIII (k = 6 3 102 M21 s21).

Only a few accounts decribing the preparation and reactions of
germanium(II) species in aqueous solution are at hand,1–4 and no
systematic redox studies of this unusual donor have yet
appeared. This oxidation state (Eo

IV,II = 20.22 V at pH 0) is
described as unstable in aqueous media in the absence of
halide.5

We here report the prepartion of aqueous germanium(II)
solutions which may be handled using conventional techniques.
These have been used to compare the rates at which Ge(II) reacts
with several oxidants in chloride media.

In a modification of the procedure of Jolly and Latimer,1 all
operations were carried out under high purity (99.99%) argon.
1.0 g of GeO2 was dissolved in 5 ml of conc. NaOH, then
reprecipitated and redissolved by adding 20 ml of 6 M HCl. The
resulting GeIV solution was reduced with 7.5 ml of 50% H3PO2
at 100 °C for 5–6 h [eqn. (1)].

GeIV + H2O + H3PO2? H3PO3 + GeII + 2H+ (1)

Germanium(II) hydroxide was precipitated from the cooled
solution by addition of conc. NH3, washed twice with 1 M HCl,
then dissolved in 6 M HCl. Alternatively, crystalline GeCl2 may
separate slowly from the reduced solution and can be dissolved
directly in 6 M HCl. Solutions 0.2–0.4 M in Ge(II) in 6 M HCl
were unchanged after several weeks, but diluted solutions
([GeII] = 1023 M, [Cl2] = 0.08 M, [H+] = 0.3 M) decomposed
slowly (t1⁄2 = 60 min). Germanium(II) hydroxide is not
appreciably soluble in 4 M HClO4. In analogy with the behavior
of Sn(II),6 Ge(II) may be taken to exist predominantly as
GeCl422 at Cl2 concentrations > 0.3 M.

Solutions of Ge(II) rapidly reduce I3
2, IrCl622, and the

quinoxalinium cation, QH+,7 first to its radical, QH•, and thence
to its dihydro derivative, QH2:

k24 °C M21 s21

GeII + I3
2 ? GeIV + 3I2 > 5 3 106 (0.5 M Cl2) (2)

GeII + 2IrCl622 ? GeIV + 2IrCl632 2 3 104 (0.2 M Cl2)(3)

GeII + 2QH+? GeIV + 2QH• 1.3 3 102 (1.0 M Cl2) (4)

Ge 2QH Ge 2QH 3 10 (1.0 M Cl )II
2H

IV
2+ æ Æææ + ¥∑ -

+ (5)

The very slow reduction of Fe(III) by Ge(II) is catalyzed
markedly by Cu(II), even at the 1027 M level. With [Cl2] <
0.2 M, rates are proportional to [GeII] and [CuII] but are
independent of [FeIII], pointing to a slow formation of one or
more active intermediates, the faster reactions of which are
kinetically silent. At higher [Cl2] and [GeII], the linear profiles
become curved, most perceptibly near the end of the conver-
sions, indicating that the initial catalytic act and the loss of FeIII

proceed at more nearly equal rates. Such patterns strongly
support the sequence (6)–(8)

GeII + CuII? GeIII + CuI k6 (6)

FeIII + GeIII? GeIV + FeII k7 (7)

FeIII + CuI? FeII + CuII k8 (8)

Expression of this sequence as a trio of differential equations,
and numerical integration using the program KINSIM8 led,
after slight adjustment for the slow unimolecular loss of GeII (k
= 2 3 1024 s21) to bimolecular rate constants k6 and k7 listed
in Table 1. Values for k8 (the CuI–FeIII reaction) have been
shown by Orth and Liddell9 to vary with both [H+] and [Cl2]
and have been taken from the report of these workers. A curved
calculated in this manner is compared to a representative profile
in Fig. 1. The constants k6 and k7, pertaining to the formation
and oxidation of GeIII, appear to be the first reported kinetic
parameters associated with this odd-electron state. Within the
ranges examined, the rate of formation of GeIII, but not its
oxidation, is proportional to [Cl2]; neither rate is acid-
dependent.

At [Cl2] = 0.8–1.0 M and [GeII] > 3 3 1023 M, decay
curves become exponential, and the unimolecular loss of GeII is
negligible. Combinations of parameters k7, k6 and k8 (the latter
two adjusted for [Cl2]-dependence)9 fit the observed curves

† Present address: Department of Chemistry, BITS, Pilani, Rajasthan
333031, India.

Table 1 Representative kinetic data for the oxidation of germanium(II) by iron(III) as catalyzed by copper(II)a

[H+]/M [Cl2]/M 104[GeII]/M 106[CuII]/M k6/M21 s21 1022 k7/M21 s21 1025 k8
b/M21 s21

0.40 0.50 5.4 5.0 31 6.5 5.4
0.40 0.50 10.0 5.0 34 7.0 5.4
0.40 0.50 10.0 10.0 34 7.0 5.4
1.0 0.20 6.6 5.0 9.8 6.0 1.25
1.0 0.20 10.0 5.0 10.3 5.5 1.25
1.0 0.40 10.0 5.0 23 5.4 2.1

a Reactions were carried out under argon at 24 °C and at ionic strength 1.0 M (Cl2, ClO4
2). [FeIII]initial = 1.0 3 1024 M throughout. Kinetic parameters

k6 and k7 were obtained from the best fit of integrated forms of the sequence (6)–(8) to experimental curves (see text and ref. 8). b Values of k8 were obtained
from data of Orth and Liddell (ref. 9).
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only if an additional term (0.66 M21 s21), pertaining to the
uncatalyzed GeII–FeIII reaction, is included in the treatment.

This non-complementary redox change very probably passes
through GeIII as well. As expected, the initial step is much
slower than the Fe(III)–Ge(III) reaction (k7 = 6 3 102 M21 s21).
In analogy to the In(I,III) system,10 the odd-electron s1

intermediate should be much more strongly reducing than the
parent s2 cation.

We are grateful to the National Science Foundation for the
support of this work; to Dr Shawn Swavey and Dr Ksenija
Namjesnik-Dejanovic for help in experimental procedures, and
to Mrs Arla McPherson for technical assistance.
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Fig. 1 Kinetic profile at 240 nm for the reduction of Fe(III) (1.0 3 1024 M)
by Ge(II) (6.6 3 1024 M), as catalyzed by Cu(II) (5 3 1026 M) in 0.20 M
Cl2 at 24 °C; [H+] = 1.0 M. The solid line represents the experimental
curve whereas the circles denote absorbances calculated from numerical
integration of differential equations based on reaction sequence (6)–(8),
taking k6 as 9.8 M21 s21, k7 as 6 3 102 M21 s21, and k8 = 1.25 3 105

M21 s21 (ref. 9). The extinction coefficient used for Fe(III) is 4.7 3 103

M21 cm21, and other species were considered to be negligibly absorbent.
Optical path length = 1.00 cm.
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Water soluble hybrids of chitosan and sialic acid were
prepared in good yields via reductive N-alkylation of p-
formylphenyl a-sialoside 2 onto chitosan amine function-
alities.

Chitosan 1 is a polysaccharide mainly composed of the b(1-
4)-2-amino-2-deoxy-D-glucopyranose (D-glucosamine) repeat-
ing unit and includes a small amount ( < 20%) of N-acetyl-D-
glucosamine (GlcNAc) residues. At present, several interesting
biological properties have been reported for chitosan alone,
such as wound healing,1 immunological activity,2 and anti-
bacterial effects.3 Moreover, chitosan itself is non-toxic.
Therefore, chitosan is an appealing bioactive polymer for
further development. Additionally, sialic acid-containing poly-
mers4 have been shown to be potent inhibitors of hemag-
glutinination of human erythrocytes by influenza viruses.4–6 N-
Acetylneuraminic acid (Neu5Ac) is the most ubiquitous
member of the sialic acid family of derivatives present on
mammalian cell surface glycolipids and glycoproteins and is the
key epitope recognized as being essential for a number of
pathogenic infections.7 We are now investigating the prepara-
tion and biological properties of sialic acid-bound chitosan
(chitosan–sialic acid hybrid) as a new family of sialic acid-
containing polymers. A noteworthy point is the effect of
chitosan as a backbone polymer for investigating the biological
properties of sialic acid, especially against infection by the
influenza virus and for its immunological activity. We report
herein the first preparation and chemical aspects of chitosan–
sialic acid hybrids.

Reductive N-alkylation8,9 of chitosan with aldehydes is a
very convenient method for its chemical modification. There-
fore, we attempted the direct reductive N-alkylation of chitosan
with p-formylphenyl a-sialoside 2.10 Scheme 1 shows the
preparation of the chitosan–sialic acid hybrid 3† by reductive N-
alkylation using sodium cyanoborohydride (NaCNBH3). The
degree of substitution (DS) of Neu5Ac can be controlled by
increasing the amount of aldehyde 2 in the reaction mixture
(Table 1). The reactivity level of 2 to chitosan was found to vary
in the range 25–48%, which was caused by the simultaneous
reduction of some of the aldehyde groups of 2 under the acidic
reaction conditions. Water soluble material was obtained only at
high DS (DS = 0.53) due to the high level of charged carboxyl
groups.

Hybrids 3 of low DS were insoluble in neutral water and thus
would not be useful for biological evaluation. To improve the
solubility, the remaining amino groups of the hybrids were
transformed by succinylation with succinic anhydride (AcOH,
H2O, MeOH, room. temp., 1 day, neutralized with aq. NaOH
then dialyzed and lyophilized) to give hybrids 4 in 90–100%
yields. Under these mild aqueous conditions and basic workup,
no lactones or cyclic imides were formed.9 The chemical
structures of the succinylated hybrids 4 are summarized in
Table 2. Despite using a large excess of succinic anhydride,
some unreactive amino groups (DS = 0.07–0.17) still re-
mained. Complete succinylation was difficult owing to increas-
ing steric hindrance of the polymer. High field 1H NMR spectra

also indicated that no succinylation had occurred at the N-
glycosylation sites (d H-1 of GclN-Neu5Ac). All succinylated
products 4 were soluble in water. The protein binding properties
of the novel sialylated polysaccharides were initially evaluated
with wheat germ agglutinin (WGA: Triticum vulgaris) which is
a plant lectin specific toward GlcNAc and Neu5Ac residues.
Strong immunodiffusion bands were observed for water soluble
hybrids 3 and 4 when compared to a negative control (N-
succinylated chitosan), thus demonstrating the specificity of the
binding of the Neu5Ac epitope in the hybrid to WGA lectin. The

Scheme 1 Reagents and conditions: (i) succinic anhydride (0.2 g, 2 mmol),
AcOH (50 mg, 0.83 mmol), H2O (8 mL), MeOH (32 mL); (ii) 1% aq. NaOH
(20 mL), room temp., 2 h.

Table 1 Preparation of conjugates 3 with aldehyde 2

Entry 2 (equiv.) DSa Yieldb (%)
Solubility
in H2O MWc

1 0.2 0.06 100 No 27000
2 0.4 0.10 77 No 29000
3 0.6 0.29 76 No 39000
4 0.9 0.44 74 No 48000
5 1.2 0.53 84 Yes 53000

a DS was determined from the peak area of phenyl protons (d 7.0–7.4) and
H-2 of GlcN and N-alkylated GlcN residues (d 3.2: 0.96 H). b Yield
determined by weight recovery and accounting for changes in FW
according to the substitution level determined by NMR spectroscopy. c MW
calculated on the basis of the original chitosan MW of 23 061  (DP = 140)
and accounting for FW changes based on NMR data  (values rounded to the
nearest thousand).
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very faint band shown in N-succinylated chitosan could be due
to the small amount of GlcNAc residues already present in the
initial polymer chain (DS = 96% GlcN; 4% GlcNAc).

In conclusion, water soluble and lectin binding chitosan–
sialic acid hybrids have been successfully prepared. Further
biological evaluation of these promising compounds will be
investigated.

We are indebted to Nippon Gaishi Co., Japan for generously
supplying sialic acid.

Notes and references
† Materials and methods: chitosan 1 [DS = 96% GlcN, 4% GlcNAc,
DP = 140; molecular weight (MW) 23061] was used in this study. The
degree of polymerization (DP) of the initial chitosan 1 was determined by
GPC using pullulan as standard. The DS of the hybrids was determined by
1H NMR spectroscopy (Bruker 500 MHz AMX). The remaining unmodi-
fied primary amino groups of the hybrids were quantitated by colorimetric
determination using ninhydrin at 570 nm.

Typical procedure for the preparation of hybrid 3: Chitosan (50 mg, 0.24
mmol NH2) was dissolved in H2O (8 mL) and MeOH (32 mL) containing
AcOH (50 mg, 0.83 mmol). Various amounts of 2 (Table 1) were added to
the solution which was stirred at room temperature. After 1 h, NaCNBH3

(100 mg, 1.6 mmol) was added and after 1 day, the reaction mixture was
quenched by precipitation with 5% aq. NaOH (2 mL, 2.5 mmol) and acetone
(80 mL). The precipitate was collected by filtration, dispersed with H2O
containing NaOH (100 mg), dialyzed and lyophilized.

Selected data for 3 (DS = 0.53): 1H NMR (0.2 M DCl in D2O) d 1.88 (t,
0.53 H, J3ax–4eq 12.1 Hz, H-3ax of NeuNAc), 2.06 (m, 1.71 H, NHAc of
Neu5Ac and GlcNAc in chitosan), 2.32 (dd, 0.53 H, J3eq–4eq = 5.0 Hz, H-

3eq of Neu5Ac), 3.20 (br, 0.96 H, H-2 of GlcN and N-alkylated GlcN),
3.55–4.10 (m, H-4,5,6,7,8,9 of Neu5Ac, H-2 of GlcNAc, H-3,4,5,6 of GlcN
and GlcNAc), 6.97 (d, 1.06 H, J = 7.44 Hz, H-3 and H-5 of –OPh), 7.27 (d,
1.06 H, J 7.44 Hz, H-2 and H-6 of –OPh); 13C NMR d 25.0 (NAc), 41.7 (C-3
of Neu5Ac), 53.3 (CH2Ph), 55.0 (C-5 of Neu5Ac), 58.8 (C-2 of GlcN), 63.0
(C-6 of GlcN), 66.1 (C-9 of Neu5Ac), 69.5 (C-4 of Neu5Ac), 71.2 (C-7 of
Neu5Ac), 73.2 (C-8 of Neu5Ac), 73.4 (C-6 of Neu5Ac), 77.7 (C-3 and C-5
of GlcN), 79.4 (C-4 of GlcN), 98.1 (C-2 of Neu5Ac), 100.4 (C-1 of GlcN),
119.0 (C-2 and C-6 of Ph), 125.0 (C-4 of Ph), 135.0 (C-3 and C-5 of Ph),
159.8 (C-1 of Ph), 175.9 (NHCO), 177.9 (CO2H of Neu5Ac).

Succinylation of hybrid was performed as described previously.9
Agar gel diffusion experiments were performed in 1% agarose (BDH)

containing 2% poly(ethylene glycol) (MW = 8000, Sigma) in phosphate-
buffered saline (PBS) according to the method of Ouchterlony and
Nilsson.11 The concentration of conjugate 3 was 1 mg mL21 in PBS, and
that of WGA lectin was 2 mg mL21. The precipitation bands were allowed
to form overnight at 4 °C in a humid chamber.

1 S. Minami, Y. Okamoto, A. Matsuhashi, H. Sashiwa, H. Saimoto, Y.
Shigemasa, T. Tanigawa, T. Tanaka and S. Tokura, in Advances in
Chitin and Chitosan, ed. C. J. Brine, P. A. Sandford and J. P. Zikakis,
Elsevier, London, 1992, p. 61.

2 K. Nishimura, S. Nishimura, N. Nishi, I. Saiki, S. Tokura and I. Azuma,
Vaccine, 1984, 2, 93.

3 T. Tanigawa, Y. Tanaka, H. Sashiwa, H. Saimoto and Y. Shigemasa, in
Advances in Chitin and Chitosan, ed. C. J. Brine, P. A. Sandford and
J. P. Zikakis, Elsevier, London, 1992, p. 206.

4 R. Roy, C. A. Laferrière, A. Gamian, M. Chomik and H. J. Jennings,
J. Carbohydr. Chem., 1987, 6, 161; R. Roy and C. A. Laferrière,
Carbohydr. Res., 1988, 177, C1; A. Gamian, M. Chomik, C. A.
Laferriere and R. Roy, Can. J. Microbiol., 1991, 37, 233; R. Roy, F. O.
Andersson, G. Harm, S. Kelm and R. Schauer, Angew. Chem., Int. Ed.
Engl., 1992, 31, 1478.

5 N. E. Byramova, M. N. Mochalova, J. M. Belyanchikov, M. N.
Matrosovich and N. V. Bovin, J. Carbohydr. Chem., 1991, 10, 691.

6 G. B. Sigal, M. Mammen, G. Dahmann and G. M. Whitesides, J. Am.
Chem. Soc., 1996, 118, 3789 and references therein.

7 K. A. Karlsson, Curr. Opin. Struct. Biol., 1995, 5, 622.
8 R. A. A. Muzzarelli, F. Tanfani, M. Emanuell and S. Mariotti,

Carbohydr. Res., 1982, 107, 199; R. A. A. Muzzarelli, F. Tanfani, S.
Mariotti and M. Emanuell, Carbohydr. Polym., 1982, 2, 145.

9 H. Sashiwa and Y. Shigemasa, Carbohydr. Polym., 1999, 39, 127.
10 R. Roy, D. F. Tropper, A. Romanowska, M. Letellier, L. Cousineau,

S. J. Meunier and J. Boratynski, Glycoconjugate J., 1991, 8, 75.
11 O. Ouchterlony and L. A. Nilsson, in Handbook of Experimental

Immunology, ed. D. M. Weir, Blackwell Scientific Publications,
Oxford, 1978, ch. 19.

Table 2 Chemical structures and binding assay of chitosan–Neu5Ac
derivatives to WGA lectin

Functional group (DS)

Compd. –Sugar –Suc –NH2 –NHAc MW
Binding to
lectina

4 0.10 0.79 0.07 0.04 40000 ++
4 0.29 0.53 0.14 0.04 47000 ++
4 0.53 0.26 0.17 0.04 59000 ++
3 0.53 0 0.43 0.04 53000 ++
—b 0 0.50 0.46 0.04 30000 ±
a ++, strong band; ±, very faint band. b N-succinylated chitosan.
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X-Ray crystallographic analysis along with DFT calcula-
tions on the decamethylborocenium cation provide defini-
tive structural and electronic information about this most
tightly-squeezed main group metallocene—the first to adopt
the elusive s/p geometry in the solid state.

The unusual structure of beryllocene, Be(Cp)2 1, has attracted
the attention of chemists for several years.1 In both the solid and
vapour states 1 adopts a ‘slip-sandwich’ structure in which the
parallel Cp rings are attached to beryllium in an h1(p)/h5

fashion.2 In solution 1 is fluxional owing to rapid changes in
ring hapticities.3 The observed structure contrasts with the
h1(s)/h5 structure predicted on the basis of numerous theoret-
ical calculations.3,4

The borocenium cation [B(Cp)2]+, which is isoelectronic
with 1, is not known and unlikely to be stable at ambient
temperature. Although the decamethylborocenium cation
[B(Cp*)2]+ 2 has been characterized by 1H and 11B NMR
spectroscopy,5 such data cannot be used to distinguish between
h1(p)/h5 and h1(s)/h5 structures. It was therefore necessary to
perform an X-ray analysis of a suitable salt of 2.

It was found that a variety of salts of 2 can be generated by
treatment of (Cp*)2BCl5 with e.g. LiB(C6F5)4, Ga(C6F5)3,
GaCl3 or AlCl3. However, from the standpoint of single crystal
growth, the best reaction was that between equimolar quantities
of (Cp*)2BCl and AlCl3 in CH2Cl2–C6D6 solution which
afforded an 86% yield of 2[AlCl4] [mp ca. 60 °C (decomp.)].6
The solid state structure of 2[AlCl4] consists of an array of two
independent cations and anions.† There are no unusually short
interionic contacts and the metrical parameters for the inde-
pendent cations are very similar and hence only one set of data
is discussed here. The decamethylborocenium cation 2 (Fig. 1)
features one h5-bonded and one h1(s)-bonded Cp* substituent,
both of which feature, within experimental error, planar C5
rings. Such an arrangement for a main group metallocene has
been predicted (vide supra) but never observed experimentally
in the solid state. The boron–carbon distance for the h1-bonded
Cp* ring, B(1)–C(1) [1.582(6) Å] is considerably longer than
the boron–h5-Cp* ring centroid distance [1.269(5) Å] and the
C(1)–B(1)–Cp* ring centroid arrangement is nearly lienar
[177.9(5)°]. In contrast to beryllocene, which has an h1/h5

parallel-ring structure in the solid state,7 the Cp* rings of 2 are
non-parallel as indicated, for example, by the 114.4(5)° tilt
angle between the B(1)–C(1) bond and the least squares plane of
the h1-Cp* ring. A further differentiating feature is that the h1-
attached ring of 2 exhibits a typical localized structure with
average Ca–Cb and Cb–Cb bond distances of 1.339(5) and
1.476(6) Å, respectively.

The structure of 2 also contrasts with that of the isovalent
decamethylaluminocenium cation, which adopts a staggered
bis(h5-Cp*) ferrocene-like geometry.8 To provide insight into
the reason(s) for this structural difference, DFT calculations
were performed on [B(Cp*)2]+, [B(Cp)2]+ and [Al(Cp)2]+.
Geometry optimization of 2 at the BP86/A level of theory9

provides excellent agreement with the experimental structure.
Thus, the global minimum is the observed h1/h5 structure with
B(1)–C(1) and B(1)–h5-Cp* ring centroid distances of 1.593

and 1.291 Å, respectively, a C(1)–B(1)–Cp* ring centroid angle
of 179°, and an h1-Cp* ring tilt angle of 123°. Moreover,
calculation of the 11B chemical shift for this structure using the
GIAO method10 (d 243.1) is in excellent agreement with the
experimental value (d 241.5).5,6 The staggered bis-h5 (D5d)
structure of 2 is computed to be 48.95 kcal mol21 higher in
energy than the h5/h1 structure, thus confirming that the
observed geometry is not caused by crystal packing forces.
Examination of space-filling models reveals the existence of
pronounced steric congestion in [(h5-Cp*)2B]+ which is
relieved somewhat in proceeding to the h1/h5 structure.
However, traditional steric effects are not responsible for the
observed geometry of 2 since DFT calculations on the
unsubstituted borocenium cation, [(Cp)2B]+ reveal that the
ground state geometry is also h1/h5 and remarkably similar to
that of 2. More importantly, the difference in energy between
the h1/h5 and bis-h5 structures is essentially the same for both
the Cp*- and Cp-substituted cations (45.39 kcal mol21 for the
latter). Surprisingly, the D5d [(Cp)2B]+ structure is not even a
true minimum (Nimag = 4) on the potential energy surface
(PES). Conversely, no h1/h5 minimum is found for [(Cp)2Al]+;
geometry optimization on the Cs symmetry PES proceeds
smoothly to the D5h bis-h5 structure instead. The difference in
bonding modes is attributable to the higher electronegativity of
boron and greater strength (and lower ionicity) of B–C vs. Al–C
bonding. The smaller size and greater effective nuclear charge
of boron is also important, expecially in comparison to Cp2Be,

Fig. 1 ORTEP drawing of [B(h5-C5Me5)(h1-C5Me5)]+ 2. There are two
independent cations: the bond distances (Å) and bond angles (°) for the
second cation are shown in square brackets: B(1)–C(1) 1.583(5) [1.586(5)],
B(1)–X(1A) (ring centroid) 1.290(5) [1.282(5)], B(1)–C(11) 1.782(6)
[1.770(5)], B(1)–C(12) 1.775(5) [1.769(5)], B(1)–C(13) 1.782(5)
[1.753(5)], B(1)–C(14) 1.757(5) [1.774(5)], B(1)–C(15) 1.757(5)
[1.756(5)], C(1)–C(2) 1.515(5) [1.520(5)], C(2)–C(3) 1.343(5) [1.348(6)],
C(3)–C(4) 1.473(6) [1.465(6)], C(4)–C(5) 1.340(5) [1.339(6)], C(1)–C(5)
1.523(5) [1.521(5)], C(1)–B(1)–X(1A) 177.9(5) [177.2(5)], B(1)–C(1)-
least-squares-plane of (h1-Cp*) 114.4(5) [112.4(5)], B(1)–C(1)–C(6)
112.4(3) [112.9(3)].
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because the putative D5d structure is rendered much less stable
owing to the increased repulsion between the p-clouds on the
Cp ligands. Adoption of the h1(p)/h5 ‘slipped-sandwich’
structure by Cp2Be relieves this strain sufficiently, but the
closer ligand proximity in [(Cp)2B]+ mandates the non-parallel,
p-localized h1(s)/h5 alternative. In effect, the change from Be
to B+ results in a much steeper PES which more clearly favours
the h1(s)/h5 structure.

In conclusion, we have elucidated the structure of, and
bonding in, the first authentic example of an h1(s)/h5 metal-
locene. Because of the small size, combined with the high
effective nuclear charge of the cationic boron(III) centre, we do
not anticipate the isolation of a more tightly squeezed
metallocene. Investigations of the reactivity of salts of 2 are
currently underway.

We are grateful to the National Science Foundation and the
Robert A. Welch Foundation for financial support.

Notes and references
† Crystal data for 2[AlCl4]: C40H60Al2B2Cl8, M = 900.06 (two independ-
ent cation and anion pairs per asymmetric unit), colourless blocks,
monoclinic, space group P21/n, a = 7.133(3), b = 13.611(3), c =
20.493(4) Å, b = 90.30(3)°, V = 4779(2) Å3, Z = 4, Dc = 1.251 g cm23,
m(Mo-Ka) = 0.535 mm21. A suitable single crystal of 2[AlCl4] was
covered with mineral oil and mounted on a Nonius Kappa CCD
diffractometer at 153 K. A total of 19 718 reflections were collected in the
range 5.96 < 2q < 54.98° using Mo-Ka radiation (l = 0.71073 Å). Of
these, 10 898 were considered observed [I > 2.0s(I)] and were used to solve
(direct methods) and refine (full-matrix least squares on F2) the structure

of 2[AlCl4]; Rw = 0.2069, R = 0.0713. CCDC 182/1606. See
http://www.rsc.org/suppdata/cc/b0/b001271h/ for crystallographic data in
.cif format.

1 For a recent review, see: P. Jutzi and N. Burford, Chem. Rev., 1999, 99,
969.

2 Cp*2Zn adopts a similar parallel-ring structure in the gas phase: R.
Blom, A. Haaland and J. Weidlein, J. Chem. Soc., Chem. Commun.,
1985, 266.

3 P. Margl, K. Schwartz and P. E. Blöchl, J. Am. Chem. Soc., 1994, 116,
11 177.

4 See, for example: L. W. Mire, S. D. Wheeler, E. Wagenseller and D. S.
Marynick, Inorg. Chem., 1998, 37, 3099 and references therein; J. K.
Beatty and K. W. Nugent, Inorg. Chim. Acta, 1992, 198–200, 309.

5 P. Jutzi and A. Seufert, J. Organomet. Chem., 1978, 161, 5.
6 1H NMR (300.00 MHz, 295 K, C6D6): d 1.65 (s, 15H, h5-Cp* CH3),

1.49 (s, 3H, h1-Cp* ipso-CH3), 1.63 (s, 6H, h1-Cp* a-CH3), 1.69 (s, 6H,
h1-b-CH3). 13C{1H} NMR (75.48 MHz, 295 K, C6D6): d 9.13 (h5-CH3),
112.93 (h5-Cp* ring C), 15.48 (h1-Cp* ipso-CH3), 51.79 (h1-Cp* ipso
ring C), 10.63 (h1-Cp* a-CH3), 136.36 (h1-Cp* a-ring C), 12.17 (h1-
Cp* b-CH3), 138.10 (h1-Cp* b-ring C). 11B NMR (96.28 MHz, 295 K,
C6D6): d 241.5 (s). 27Al NMR (78.21 MHz, C6D6): d 100 (s).

7 K. W. Nugent, J. K. Beattie, T. W. Hambley and R. S. Snow, Aust. J.
Chem., 1984, 37, 1601.

8 C. Dohmeier, H. Schnöckel, C. Robl, U. Schneider and R. Ahlrichs,
Angew. Chem., Int. Ed. Engl., 1993, 32, 1655.

9 A. D. Becke, Phys. Rev., 1988, 38, 3098; J. P. Perdew, Phys. Rev., 1986,
33, 8822. All DFT calculations were performed using the Gaussian 94
(Revision B2) suite of programs. All-electron basis sets were used for C,
H (6-31G(d)) and the group 13 elements (6-31 + G(d)).
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A simple strategy for (a) expansion and (b) variation of the
internal chemical nature of rigid-rod b-barrels is reported,
and the importance of supramolecular preorganization for
their programmed assembly is discussed.

In nature, barrel-like folds1 serve to recognize antigens2 and
secondary metabolites,3,4 to mediate transport across bio-
membranes,5 to catalyze enolate chemistry,2,6 and to let
jellyfish fluoresce.7 In view of this functional diversity in
nature, it is surprising to note that the design of artificial barrels
has attracted little scientific attention. According to Fujita and
coworkers, the assembly of nanotubes8–11 with precisely
defined length but flexible diameter in isotropic media, i.e.
‘nanobarrels’, was achieved last year for the first time.12,13†
More recently, we have used the unique properties of rigid-rod
molecules to create tetrameric barrel 1 in detergent-free water
by programmed assembly of the complementary tripeptide-rods
2 and 3 (Scheme 1).14 Rigid-rod b-barrel 1 is characterized by
a length of 3.4 nm and an internal diameter of ca. 0.8 nm.14

Constructive electrostatic interactions between lysine and
glutamate residues account for the hydrophilicity of the barrel
surface, while leucine residues produce a hydrophobic interior
that can accommodate planarized b-carotene.14 Several design

strategies for further expansion of rigid-rod b-barrels are
conceivable.15 Here we report programmed assembly of the
hexameric rigid-rod b-barrel 4 in detergent-free water. In this
case, barrel expansion was accomplished by partial replacement
of the internal leucine residues in tetramer 1 by the more bulky
tryptophan residues in hexamer 4 (Fig. 1). We further provide
experimental support that supramolecular preorganization may
play an important general role in the programmed assembly of
rigid-rod b-barrels in water (Scheme 1).

For programmed assembly of expanded rigid-rod b-barrels,
we synthesized and characterized the complementary KWK-rod
5 and EWE-rod 6 following the experimental procedure for
ELE-rod 2 and KLK-rod 3 that has been published in detail.14

Size exclusion chromatogram (SEC) and circular dichroism
(CD) spectrum of KWK-rod 5 in detergent-free water, pH 6.4,
supported the previous observation with KLK-rod 314 that
cationic tripeptide-rods are monomeric under these conditions
(Fig. 2, dashed line). Increasing amounts of ELE rod 2
converted the CD spectrum of KWK-rod 5 into that typical for
rigid-rod b-barrels,13–15 i.e. 4 (Fig. 2, continuous line). Namely,
low energy negative (341 nm, De 25.8) and positive (294 nm,
De +2.0) CD Cotton effects (CEs) centered around the octa(p-
phenylene) 1L transitions (319 nm, e 28.6 mM21 cm21) are
followed by weaker negative and ‘positive’ CD CEs (253 nm,
De 24.0; 242 nm, De 20.5) and two strong high energy CD
CEs (232 nm, De 212.5; 216 nm, De +8.8; not shown). The
circular dichroic absorption at 341 nm increased with decreas-
ing mole fraction x = [5]/([5] + [2]) until a maximal De of 25.8
was reached at x = 0.5 [Fig. 2, inset (a)]. This corroborated the
expected 1+1 stoichiometry of rigid-rod b-barrel 4. An identical
CD spectrum at x = 0.5 was obtained by addition of KWK-rod
5 to ELE-rod 2 [Fig. 2, inset (b)]. The nonlinear mixing curve
suggested that b-barrel formation is inhibited at x < 0.33 [Fig. 2,
inset (b)]. Addition of ELE-rods 2 to preformed barrel 4 (x =
0.5) did not, however, cause barrel deconstruction at x < 0.33
[Fig. 2, inset (c)].

In water, ELE-rods 2 self-assemble into the tetrameric
pinwheel 7 (Scheme 1).16 These supramolecules are composed

Scheme 1 Programmed assembly of rigid-rod b-barrels 1 and 4 by
supramolecular preorganization with pinwheel 7 in water, pH 6.4. One-
letter abbreviations for amino acids are used (E: glutamate, K: lysine, W:
tryptophan, L: leucine). All supramolecules are displayed schematically in
axial view with the benzene rings as bold lines. The first ‘layer’ of arene-
tripeptides is in black, the second in grey, and the following six not shown
for clarity. Amino acids with residues located at the outer barrel surface are
in bold, those at the inner surface not.

Fig. 1 Structure of hexameric rigid-rod b-barrel 4. Amino acid residues
located at the outer barrel surface are in bold, those at the inner surface
not.
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of a core of (presumably) edge-to-face p,p-stacked oligo(p-
phenylene)s that is surrounded by anionic peptide strands in
random-coil conformation.16 The sharp peak of pinwheel 7 at Rt
= 25.8 min [Fig. 3(b)] was used as a reliable internal standard
for the determination of the molecular weight of barrels 4 by
SEC [Fig. 3(c)]. Comparison of oligo(p-phenylene) and trypto-
phan absorption maxima at 319 nm and 282 nm,17 respectively,
confirmed that only the peak at Rt = 23.5 min [Fig. 3(c)]
contained KWK-rod 5. Rigid-rod b-barrel 4 is thus a hexamer
under these conditions.

Programmed assembly of rigid-rod b-barrels using EWE-rod
6 instead of ELE-rod 2 was unsuccessful. Mixing of EWE-rod
6 with KWK-rod 5 resulted in immediate precipitation, and
mixing with KLK-rod 3 did not result in clearly detectable
supramolecular organization. The latter finding was of interest,

because this non-forming barrel (composed of EWE-rods 6 and
KLK-rods 3) is the structural isomer of hexamer 4 (composed of
ELE-rods 2 and KWK-rods 5). This counter-intuitive result thus
suggested that the (presumably) perpendicularly zigzagged
preorientation of the lateral tripeptide strands of 2 in pinwheel
7 may significantly support the programmed assembly of rigid-
rod b-barrels in water (Scheme 1). We further noted that the
apparently reduced supramolecular preorganization in self-
assembled EWE-rods 6 [Fig. 3(a) cf. ELE-rods 2 in Fig. 3(b)]
and the capacity of pinwheel 7 to bind two KWK-rods 5 without
significant suprastructural transformation [Fig. 2, inset (b), x =
0.33] are consistent with this view.

In summary, we have described the design and synthesis of
expanded rigid-rod b-barrel 4 and obtained experimental
support for the importance of supramolecular preorganization
for programmed barrel assembly in detergent-free water.
Compared to tetramer 1,14 hexamer 4 is of particular interest
with regard to its enlarged hydrophobic interior (d > 2.0 nm in
molecular models) and tryptophan residues at the inner barrel
surface. We are currently interested in the influence of these 24
intratoroidal indoles in hexamer 4 on encapsulated chromo-
phores of biological relevance.3,4,7,18

This work was supported by the Swiss NSF (21-57059.99),
the NIH (GM56147), and Suntory Institute for Bioorganic
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Fig. 2 Circular dichroism spectra of KWK-rod 5 (----) in the presence of
increasing (·····) and equimolar amounts of ELE-rod 2 (—). Inset: mixing
curve for b-barrel 4; x = [5]/([5] + [2]). (a) Addition of ELE-rod 2 ( =
pinwheel 7) to KWK-rod 5 (identical with the displayed curves). (b)
Addition of KWK-rod 5 to ELE-rod 2 ( = pinwheel 7). (c) Addition of ELE-
rod 2 ( = pinwheel 7) to KWK-rod 5 ( = barrel 4) did not significantly
change the initial CD spectrum (—). (d) The Cotton effect at 298 nm (De
21.1) was not observed in other peptide-rods13–15 and is expected to
originate from the La transition of the indoles in KWK-rod 5. All
experiments were performed in phosphate buffer (10 mM) at pH 6.4 with
oligo(p-phenylene) concentrations around 10 mM, using a JASCO-710
spectropolarimeter. De values refer to the respective total octa(p-phenylene)
concentration.

Fig. 3 Size exclusion chromatograms of (a) EWE-rod 6, (b) ELE-rod 2 ( =
pinwheel 7) and (c) b-barrel 4 (x = 1.0) with subsequently added ELE-rod
2 ( = pinwheel 7, final concentrations: [2]/[5] = 1.5/1.0). Chromatogram
(b) displays new experiments that qualitatively reproduce previously
reported data.16 All experiments were performed in phosphate buffer (10
mM) at pH 6.4 with oligo(p-phenylene) concentrations around 10 mM, using
a Superdex® 75 HR 10/30 prepacked column from Pharmacia Biotech
(MW 70 000–3000, 1 mL buffer min21) coupled with a Jasco PU-980 pump
and a Jasco UV-970 UV–VIS detector.
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A strain free platinotriangle has been produced using
1,2-phenylene diisocyanide as the ligand determining 60°
angles at the vertices, and trans-Pt(C6F5)2 as the linear link
building the sides.

Compared to the number of metallosquares and metallo-
rectangles reported, where the metal occupies either the vertices
of the polygon (affording two cis coordination positions at 90°),
the sides (affording two trans coordination positions at 180°), or
both, reports on metallotriangles are surprisingly scarce.1
Moreover, the majority of metallotriangles reported are of class
I, with metal fragments offering two cis coordination positions

at 90° occupying the vertices of a distorted equilateral triangle.2
Curiously there are fewer of the apparently more favorable type
II structure, where ligands imposing hexagonally based bonds
at 60° should yield strain free triangles.

A well known family of triangles based on II, is that of [M(m-
pz)]3 (pz = pyrazole or substituted pyrazole; M = Au, Ag)
compounds 1, even though the bonding angle determined by the

two pz nitrogens in a pentagonal ring is too open (ca. 72°).3
Such triangles have been used to make hexagonal columnar
liquid crystals.4 Some years ago a number of complexes with
iminoacyl, [M(CERnNNRA)]3 (M = Au, Ag; ERn = OR, NR2),5
or with 2-pyridyl, [Au(C5H4N)]3,6 as bridging groups were
reported. These make triangles of the same small size as
pyrazolate, and determine M…M distances of 3.3–3.5 Å. For
trimeric mercury derivatives with o-phenylene, o-perfluoro-
phenylene, or 1,2-C2B10H10 at the corners these distances are
3.5–3.7 Å.7 Only very recently a larger triangle has been
reported, in which 4,7-phenanthroline 2 occupies the corners
and the dipalladium fragment 3 makes the sides of the
triangle.8

Isocyanides are known to bind strongly to many different
transition metals. Diisocyanides have been used in the building
of coordination polymers, and mixed donors 1,3- and 1,4-cya-
noisocyanoarenes have afforded interesting mixed Pd–Cu
polymers.9 So far the only discrete metallapolygon reported
involves 1,4-phenylene diisocyanide, making part of a very
large tetragold rectangular ring.10 On the other hand, Takahashi
and coworkers have reported the metallosquare [Pd(PEt3)2{m-
C6H4(C·C)2}]4, with o-diethynylbenzene at the corners. Al-
though the 60° angles determined by the two ethynyl groups are

ideal for an equilateral triangle, steric repulsion of the PEt3
ligands forces a strained square instead.11

1,2-Phenylene diisocyanide 4 is a neutral ligand geometri-
cally equivalent to the dianionic o-diethynylbenzene used by
Takahashi and coworkers.12 We have tested its ability to make
metallotriangles by reacting it with trans-[Pt(C6F5)2(AsPh3)2]
5.13 The pentafluorophenyl derivative 5 was chosen because it
is quite inert towards isomerization, keeping its trans arrange-
ment in substitution reactions. The reaction takes place very
easily in CH2Cl2 at room temp., leading to the formation of
[Pt(C6F5)2{m-C6H4(NC)2}]3 6 in high yield (Scheme 1).†

The molecular structure of 6 is shown in Fig. 1.‡ There is a
Pt atom at the center of each side of an equilateral triangle
determined by the centers of the aryl rings of the diisocyanide
ligands. The non-bonding Pt…Pt distances are ca. 5.65 Å. The
coordination around the Pt atoms is square planar, with two
trans isonitriles and two trans C6F5 groups. It is noteworthy that
the metal atom is bonded only to C-donor ligands. The C6F5
groups are situated perpendicular to the planar triangle and their
planes are more or less coplanar for each Pt(C6F5)2 fragment.
This can be better seen in Fig. 2, a space filling representation

Scheme 1

Fig. 1 Molecular structure of 6. Phenylene hydrogens have been omitted for
clarity. Selected distances (Å) and angles (°): Pt(1)–C(1) 1.918(10), Pt(1)–
C(24) 1.925(10), Pt(1)–C(25) 2.057(9), Pt(1)–C(31) 2.076(10), C(1)–N(1)
1.170(11), C(2)–N(1) 1.402(11), C(2)–C(7) 1.380(12), C(1)–Pt(1)–C(24)
179.3(4), C(1)–Pt(1)–C(25) 90.9(4), C(1)–Pt(1)–C(31) 88.6(4), C(24)–
Pt(1)–C(25) 89.4(4), C(24)–Pt(1)–C(31) 91.0(4), C(25)–Pt(1)–C(31)
178.6(4), Pt(1)–C(1)–N(1) 176.5(8), C(7)–C(2)–N(1) 121.6(8), C(1)–N(1)–
C(2) 178.6(9).
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viewed perpendicular to the plane containing the triangle, where
the C6F5 groups above and below this plane are eclipsing each
other almost perfectly. The usual arrangement found for aryl
ligands in square planar complexes has the aryl plane perpen-
dicular to the metal coordination plane (torsion angle 90°).14 In
the triangle, this would cause them to clash in the center of the
triangle. This is relieved by twisting the pentafluorophenyls
about the Pt–C6F5 bond (we define twist as 0° for the
perpendicular arrangement, thus torsion angle + twist angle =
90°). The average torsion angle around the Pt–Cipso bonds is
54°. The maximum torsion is for C(24)–Pt(1)–C(31)–Cortho =
63°, and the minimum is for C(9)–Pt(2)–C(37)–Cortho = 46°. In
addition there is some variation in the torsion angle along the
Pt…Cipso (phenylene) vectors. These angles give an idea of how
orthogonal are the Pt–Cipso (pentafluorophenyl) bonds to the
‘plane’ of the triangle. They vary between 103.0° [for C(31)–
Pt(1)–C(23)–C(18)] and 77.4° for C(55)–Pt(3)–C(18)–C(23),
and their average is close to 90°. van der Waals distances of the
order 3.1–3.3 Å are found between the internal Fm or Fo of each
ring and the closest carbons of another ring (Cm or Cp for Fm; Co

or Cipso for Fo).15

In the C3h symmetry found in the solid state structure, the F
atoms inside and outside the triangle, as well as the four H atoms
in each phenylene ring, should be diastereotopic (5 F signals and
4 H signals are expected). However only one signal is observed
for each type of fluorine (Fo, Fm or Fp) in the 19F NMR
spectrum, and the hydrogens display an AAAXXA pattern. This
reveals fast rotation or tilting of the C6F5 groups.

A further structural feature worth commenting upon is the Pt–
C6F5 distances: they range from 2.051 to 2.076 Å (average
2.061 Å), similar to other Pt–C6F5 distances and not particularly
long. This suggests that the p back donation, which is
sometimes invoked as a further source of stability for M–C6F5
compared to M–C6H5,16 either is not very important in this case,
or is not very much affected by the tilting.

The structural type found for 6 interesting for further
elaboration. Both the diisocyanide and the R groups on the Pt
can be easily modified to introduce other characteristics. For
instance, p-substituted fluorinated rings have been used to
produce metallomesogens.17 We are currently pursuing these
ideas.
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Científica (Project MAT99-0971). K. S. thanks the Spanish
Ministerio de Educación y Cultura (SB95-BOZ67791015).
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diffraction were obtained by slow diffusion from THF/hexane.
‡ Crystal data for [Pt{m-C6H4(NC)2}]3·2THF (6·2THF): M = 2116.23,
triclinic, space group P1̄ (no. 2), a = 11.732(2), b = 11.907(2), c =
26.506(3) Å, a = 78.77(1), b = 83.180(1), g = 65.11(1)°, U = 3291.5(8)
Å3, T = 163(2) K, Z = 2, m = 6.5 mm21, 30636 reflections measured,
14436 unique (Rint = 0.085), wR2 = 0.111 (for all 14436 data), R1 = 0.053
[for 8872 data with I > 2s(I)].
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Electrochemical reduction of different spiromethanofuller-
enes leads to adduct removal, opening the way to new
protecting–deprotecting groups in fullerene chemistry.

The Bingel reaction has been used as a synthetic tool for the
addition of di(alkoxycarbonyl)methano bridges to fullerenes for
several years.1 The resulting Bingel adducts are relatively stable
thermally2 and under a variety of chemical environments.
However, Diederich and Echegoyen recently reported the retro-
Bingel reaction, an electrochemical reduction reaction which
efficiently removes the cyclopropane ring adduct, resulting in
the formation of the parent C60.3 This electrochemical reduction
reaction has also been employed successfully on other fullerene
systems.4,5 Before the work reported here, to our knowledge the
only fullerene adducts that were removable via electrochemical
reduction were the Bingel adducts.

Fullerenes substituted with electron-donating and electron-
accepting addends have been studied extensively, mainly within
the context of developing optically and electronically active
systems for potential applications.6 Previously, Wudl and
coworkers described the electrochemical properties of the
methanofullerenes 1 and 2, which bear quinone type addends
(Fig. 1).7 These compounds exhibit irreversible electrochem-
istry, presumably resulting from the cleavage of one of the
cyclopropane bonds connecting the addend to C60 upon
reduction.8 These observations, coupled with those of the retro-
Bingel reaction, motivated the work reported here, to observe
the behavior of compounds 1–4 under controlled potential
electrolysis (CPE) for potential adduct removal. Compound 3 is
similar to the Bingel adduct owing to the presence of the two
carbonyls a to the methano bridge carbon. 4 is structurally and
electronically very different from the others, and was used
mainly for comparison.

The synthesis of the spiromethanofullerenes 1 and 2 was
carried out according to the method previously reported in the
literature.9 Compound 3 was synthesized in two steps from
indan-1,3-dione which was transformed into 2-diazoindan-
1,3-dione by reaction with tosyl azide under basic conditions.
Further reaction of 2-diazoindan-1,3-dione with C60 in ODCB
(o-dichlorobenzene) at 120 °C for 4 h afforded spiromethano-
fullerene 310 in 33% yield (62% based on consumed C60).
Compound 3 showed the presence of the carbonyl groups as a
single signal at d 191.7 in the 13C NMR spectrum, which shows

the presence of 17 signals, suggesting a C2v symmetry.
Spiromethanofullerene 4 was obtained from diphenylcyclopro-
penone in two steps, by formation of the tosylhydrazone and
further in situ generation of the intermediate diazo compound
under basic conditions,11 which reacted with C60 by heating in
ODCB to lead to 4 in 20% yield (46% based on consumed C60).
Spiromethanofullerene 4 shows a characteristic signal in the
FTIR spectrum at 1712 cm21 due to the cyclopropene double
bond.

The electrochemistry of 1–4 in dichloromethane was studied
by cyclic voltammetry (CV) and Osteryoung square wave
voltammetry (OSWV) (Fig. 2 and Table 1).12,13 The methano-
fullerenes 1 and 2 both exhibit, besides several reversible
electrochemical processes, an irreversible electrochemical re-
duction wave between the first and third reductions. Compound
3 undergoes a two-electron reduction, followed by two one-

Fig. 1 Novel spiromethanofullerenes for reductive electrochemistry.

Fig. 2 Cyclic voltammograms of the methanofullerenes 1–4.

Table 1 Redox potentials of 1–4 vs. ferrocene in dichloromethanea

E1/mV E2/mV E3/mV E4/mV

3 2859 21119b 21522 21926
4 21038 21383b 21492 21893
5 2971c 21598 22015
6 21035 21426 21929
a Electrochemical measurements were performed using a BAS 100W
Electrochemical Analyzer (Bioanalytical system), GC working electrode, a
Ag wire pseudo-reference electrode and a Pt-mesh counter electrode,
NBu4PF6 was used as supporting electrolyte. b Electrochemically irreversi-
ble. c Two-electron process.
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electron reductions. By contrast, the reference methanofuller-
ene 4, which bears no electron accepting addends, has three
reversible redox waves.

Typically 2–5 mg of each compound were subjected to CPE.
CPE of 1 was performed at a potential ca. 100–150 mV more
cathodic than the second, irreversible, reduction wave (Fig. 2,
arrow 1). This electrolysis consumed ca. 3.9 electrons mole-
cule21 and induced clear changes in the CV and OSWV,
indicating that a chemical reaction had taken place. Subsequent
reoxidation at 0 V and purification of the product mixture by
column chromatography (eluent toluene) yielded fullerene
products in ca. 60% yield. Analysis of this mixture by HPLC,
UV–VIS spectroscopy and MALDI-TOF spectrometry showed
the complete disappearance of the starting material, but no C60
was isolated. Unfortunately, the structure of the products could
not be assigned.14

CPE of methanofullerene 2 was initially performed after the
first reduction wave in order to completely dissolve methano-
fullerene 2 in CH2Cl2 (arrow 3, Fig. 2; 1.0 electron molecule21).
No changes in the CV or OSWV were observed after
electrolysis. Subsequent electrolysis after the third reduction
wave (arrow 4, Fig. 2) consumed ca. 3.7 electrons molecule21.
At that point the cyclic voltammogram had completely changed.
This voltammogram exhibited three reversible electrochemical
waves. After reoxidation and purification, analysis of the
reaction mixture by HPLC and UV–VIS clearly proved the
formation of C60 in a 65% yield. Thus electrolysis leads to the
clean and efficient removal of the spiroanthraquinone adduct.

Electrolysis of methanofullerene 3 was performed after the
first, two-electron, reduction (arrow 5, Fig. 2; 2.3 electrons
molecule21). CV and OSWV clearly showed that chemical
processes accompanied the electrochemical reductions.

Reoxidation, purification and subsequent analysis showed
the formation of the parent C60 in a 58% yield.15

CPE of methanofullerene 4 after the second reduction (arrow
6, Fig. 2) consumed 2.0 electrons molecule21 and is fully
reversible: no changes in the cyclic or OSWV voltammogram
were observed. Electrolysis after the third reduction wave
(arrow 7, Fig. 2; 7.3 electrons molecule21) leads to passivation
of the working electrode and to the formation of insoluble and
intractable products.

In conclusion, the electrochemical measurements described
above show that for all ‘quinone’ type methanofullerenes 1–3,
a chemical reaction occurs after reduction. This reaction leads to
the parent C60 for compounds 2 and 3, in a ‘retro-Bingel’ like
reaction. Thus the range of fullerene adducts that can be
removed via electrochemical reduction is here extended beyond
the Bingel adducts.
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A nucleophilic imidazole carbene featuring acetylene sub-
stituents in the 4- and 5-positions is prepared in three steps
from dialkynyl diimines and is characterised by low
temperature NMR spectroscopy and trapping reactions with
MeI, CS2 and HgCl2.

The remarkable renaissance of nucleophilic carbenes, triggered
by the isolation of the first crystalline imidazol-2-ylidene by
Arduengo et al.,1 is witnessed by recent syntheses of a variety
of derivatives of this class of compounds2 and has culminated in
the development of imidazol-2-ylidenes as versatile ligands in
transition metal complexes for use in catalysis applications.3 In
the course of these investigations it emerged that the variation of
the 4,5-imidazole substituents can have striking effects on the
stability of the corresponding carbenes. For example, the notion
that a CC double bond between these positions is a crucial
prerequisite for the generation of isolable carbenes could not be
maintained after the preparation of a stable imidazolidine
carbene.4 Furthermore, a 4,5-dichloroimidazol-2-ylidene
proved to be the first heterocyclic carbene stable to the air,5 and
an analogous 4,5-bistrifluoromethyl derivative could even be
subjected to bulb-to-bulb distillations.6

We were intrigued by the challenge to introduce seemingly
carbene-incompatible alkynyl groups into the 4,5-positions of
imidazol-2-ylidenes as in 1 (Fig. 1), and are driven by the
prospect to use the acetylene substituents as delocalising
linkages able to connect several carbene sites within one
molecular framework (2). Monomolecular multi-carbene arrays
like 2 are deemed to be of particular interest with respect to
metal coordination and to the exploitation of synergistic metal
cooperativity. We report here the synthesis of a 4,5-dialkynyl
imidazol-2-ylidene as the first representative of this class of
compounds.

We have recently reported two complementary pathways to
dialkynyldiimines such as 3 (Scheme 1) from oxalyl chloride
and bisimidoyl chlorides, respectively.7,8 These building blocks
were deemed to be convenient starting materials for the rapid
assembly of the 4,5-diacetylenyl imidazole core, since ring
closure to the corresponding imidazole-2-thiones can be

effected by quenching diimine dianions with CS2.9 Imidazole-
2-thiones in turn are precursors to Arduengo-type carbenes
which can be obtained either directly by alkali metal reduction
of the thiones10 or via deprotonation of an intermediate
imidazolium salt derived from them.1 Hence, stirring 3 together
with sodium in dry diethyl ether at room temperature furnished
an initially deep blue solution which slowly turned orange-red
to indicate the formation of the dianion of 3. Treatment of this
solution with CS2 led to the imidazole-2-thione 4 in 70% yield.
Attempts to isolate an acetylenic carbene directly from 4 by a
potassium-mediated reductive desulfurisation were unsuccess-
ful and led only to the decomposition of the starting material.
We therefore prepared the dialkynyl imidazolium salt 5 by
oxidative desulfurisation of 4 with dilute nitric acid in THF
followed by anion exchange with sodium tetrafluoroborate.
Gratifyingly, deprotonation of 5 could be effected with BuLi in
THF at 278 °C and resulted in a yellow-coloured solution of
4,5-dialkynyl imidazol-2-ylidene 6. Interestingly, carbene 6
could only be generated from 5 using BuLi or LDA in THF.
With potassium tert-butanolate, sodium or potassium hydride in
either THF or DMSO on the other hand, only decomposition
products were observed even at temperatures as low as
2100 °C.

The acetylenic carbene 6 was clearly identified in the low
temperature 13C NMR spectrum (90.56 MHz, THF with
external D2O-lock, 278 °C) featuring a diagnostic signal for the
ylidene carbon at 214.3 ppm.11 However, and in contrast to
many non-acetylenic imidazol-2-ylidenes, we were unable to
isolate 6 in neat or in crystalline form. THF solutions of 6 could
be kept at 278 °C for several hours without change, but
allowing the solutions to gradually warm to 240 °C led to
brown, unidentified decomposition products. Apparently, a
4,5-diacetylene substitution appears to have a detrimental effect
on the thermal stability of the imidazol-2-ylidene. While this
finding is somewhat unexpected in light of the remarkable
persistence of 4,5-dichloroimidazol-2-ylidene5 and the elec-

Fig. 1

Scheme 1
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tron-withdrawing properties of alkynyl substituents, it should
be noted that nucleophilic carbenes are known to react with
activated acetylenes12 and that 6 therefore may be susceptible to
intermolecular cycloaddition reactions.

The reactivity of 6 even at low temperature prompted us to
further establish its identity by trapping reactions with various
electrophiles (Scheme 2). Hence, treatment of a solution of 6 in
THF with methyl iodide furnished, after anion exchange, the
corresponding 2-methylimidazolium ion 7 in 58% yield.
Similarly, the zwitterionic imidazolium dithiocarboxylate 8
could be obtained from the reaction of 6 with CS2. Lastly, a
further indirect proof of the intermediacy of carbene 6 was
assembled by performing one of Wanzlick’s original experi-
ments,13,14 namely the reaction of 6 with mercury dichloride.
The reaction furnished, after anion exchange, the diimidazol-
2-yl-mercurium salt 9 as a colourless solid. All adducts of 6 are
fully characterised by spectroscopic data and elemental analy-
ses. In addition, a qualitative X-ray diffraction study performed

on crystals of 9 confirmed the presence of a bridging mercury
atom between two imidazole ring structures. Unfortunately,
severe disorder in the crystals caused by the anions and the
floppy triisopropylsilyl groups prevented a refinement of the
observed data below an R-value of 15%.

This work has demonstrated the feasibility of introducing
alkynyl groups into the structural framework of nucleophilic
carbenes and has therefore opened the way for the exploration
of the metal coordination behaviour of these species and for the
assembly of acetylene-linked, multinuclear metal-carbene com-
plexes. Developments along those lines are currently under-
way.

We acknowledge the generous support from Professor Dr R.
Neidlein, Pharmazeutisch-Chemisches Institut of the University
of Heidelberg, Germany and from the Fonds der chemischen
Industrie, Germany.
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A novel complex [FeIII
2(m-O){m-OC(NH2)NH}(tpa)2](ClO4)3

[tpa = tris(2-pyridylmethyl)amine] has been synthesized
and fully characterized; its formation from urea and the
[FeIII

2(m-O)(tpa)2(OH)(H2O)]3+ precursor in aqueous aceto-
nitrile is a reversible multistep process.

Dinuclear metallohydrolases have been recognized as a wide
class of enzymes which utilize two metal cations (Zn, Mg, Mn,
Fe, Co, Ni) for the activation of different organic substrates for
hydrolysis.1 Urease, which catalyses urea hydrolysis, is proba-
bly the best known enzyme in this class. Ureases isolated from
various species of plants, fungi and bacteria have invariably
contained two NiII ions in their active site.1,2 However, relevant
substrates such as ethylurethane can be hydrolyzed by enzymes
utilizing other metals. A urethanase with four FeIII ions per
molecule has been reported.3

The mechanism of urease action remains under debate.
Initially it was proposed that urea binds monodentately to one
NiII ion and is attacked by a hydroxide which is attached to the
second NiII ion.1,2,4 A new proposal for the urease mechanism
suggests that both urea and hydroxide initially form bidentate
bridges between the NiII atoms.5 Two model nickel compounds
with bridging urea anions have been recently characterized.6
Here, we report the first dinuclear iron complex with bridging
ureate having distinct metal sites.

Our approach was based on the rich chemistry of diiron oxo-
bridged complexes with tris(2-pyridylmethyl)amine (tpa).7 The
[FeIII

2(m-O)(tpa)2(OH)(H2O)]3+ precursor 1 reacts with various
ligands HL to form [FeIII

2(m-O)(m-L)(tpa)2]n+ complexes.7c,d,8

Compound 1 can also activate acetonitrile for hydrolysis.7c,d

The complex [Fe2(m-O){m-OC(NH2)NH}(tpa)2]3+ 2 can be
prepared either from 1 and urea in MeCN solution or directly
from Fe(ClO4)3, tpa, urea and Et3N in MeOH.‡ The spectral
characteristics of 2 obtained by either method are identical.†
The UV–VIS and 1H NMR spectra of 2 are similar to those of
relevant acetamidate and acetate bridging complexes, [FeIII

2-
(m-O){m-OC(Me)NH}(tpa)2]3+ and [FeIII

2(m-O)(m-MeCO2)-
(tpa)2]3+.7 A detailed mass spectrometric study allowed the
unambiguous assignment of 2 as a ureate complex. The peak
with m/z 965 {corresponding to [2(ClO4)2]+} is the most
prominent in both the ESMS+ and FAB+ spectra. The peak is
shifted to m/z 967 in the spectra of the sample of 2(ClO4)3
prepared from urea-15N2. Satellite peak intensities and exact
mass determinations confirm the compositions of the m/z 965
and 967 ions as [2(ClO4)2]+ and [(2-15N2)(ClO4)2]+, re-
spectively.

Two different solvated complexes, 2(ClO4)3·2H2O and
2(ClO4)3·0.75CO(NH2)2·0.25H2O, were crystallized and char-
acterized by X-ray diffraction. The molecular dimensions of the
complex dinuclear cation 2 in both are very similar (Fig. 1).
Bond distances and angles in the asymmetric (tpa)Fe–O–

Fe(tpa) unit of 2 are close to those in the relevant carboxylate
bridged [Fe2(m-O)(m-RCO2)(tpa)2]3+ complexes [a(Fe–O–Fe)
= 130(1)°],7 which is in agreement with the isoelectronic
nature and similar sizes of the delocalized carboxylate (–CO2

2)
and amidate groups (–CONH2). The structural parameters of
the planar ureate anion in 2 [d(C–O) = 1.238(12), d(C–NH) =
1.311(13), d(C–NH2) = 1.439(15) Å] are close to those found
in the [NiII4{m3-OC(NH)NH2}(L)2]4+ complex [d(C–O) =
1.254, d(C–NH) = 1.311, d(C–NH2) = 1.427 Å]6b and those
calculated by an ab initio method for OC(NH2)NH2 [d(C–O) =
1.260, d(C–NH) = 1.324, d(C–NH2) = 1.488 Å].9 The bent
(tpa)Fe–O–Fe(tpa) core has two non-equivalent vacant posi-
tions at the potentially hexacoordinate FeIII atoms, one with a
tertiary aliphatic N atom and the other with a pyridine N atom
as trans donors. The ureate anion in 2 coordinates with its
oxygen atom trans to the pyridine N atom, which apparently
allows for a stronger p-interaction along the Oureate–Fe–Npyr
axis versus the possible Nureate–Fe–Npyr alignment.10

The equilibrium and kinetics of formation of 2 from the
precursor 1 and urea were studied in aqueous acetonitrile
(0.05–1.3 M H2O) at 25 °C. In the presence of excess urea, 2 is
stable in these solutions for weeks.

Spectrophotometric titrations gave the equilibrium constant
K = 650 ± 100 M for reaction (1) confirming the release of two
molecules of water.

1 + CO(NH2)2Ù 2 + 2H2O (1)

† Electronic supplementary information (ESI) available: selected data for 2
kinetic data and rotatable 3-D crystal structure diagram in CHIME format.
See http://www.rsc.org/suppdata/cc/b0/b000286k/

Fig. 1 Molecular structure of the complex cation in 2(ClO4)3·0.75-
CO(NH2)2·0.25H2O. Selected distances (Å) and angles (°): Fe1–O1
1.791(5), Fe1–O2 2.001(6), Fe2–O1 1.812(5), Fe2–N1 1.984(8); Fe1–O1–
Fe2 129.9(3), O2–C1–N1 125.1(11), O2–C1–N2 115.2(11), N1–C1–N2
119.7(11).
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The kinetics of reaction (1) were studied by a stopped-flow
technique under concentration conditions, which made the
formation of 2 almost irreversible (yield > 96%). The excess of
urea (8–60 fold) and water ( > 100 fold) also provided pseudo-
first order conditions. Two distinct steps are observed in
reaction (1). In the first step, there is a nearly instantaneous
(within the mixing time of the stopped-flow instrument, 1–2 ms)
change in the optical spectrum when the solutions of 1 and urea
are mixed. The dependence of this initial absorbance change on
[H2O] and [CO(NH2)2] corresponds to the formation of
intermediate 1a in a preequilibrium with K1 = 9 ± 3 (Scheme 1).
It has been shown that the O-bonded urea is usually the first
kinetic product of complex formation.11 Thus, 1a is most likely
the [Fe2(m-O)(tpa)2(OH){h1-OC(NH2)2}]3+ complex.

The following step is observed as a nearly single exponential
change of optical absorbance with the rate constant kobs (0.1–1.8
s21 under our experimental conditions) and corresponds to the
formation of 2 from the preequilibrium mixture of 1 and 1a. The
process is accelerated by urea and decelerated by water. The
simplest model that can account for the concentration depend-
ences is shown in Scheme 1  and eqn. (2) (see also ESI).†
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Optimization of this model by non-linear least squares methods
gave the parameters K1 = k1/k21 = 8.9, k2 = 2.6 s21 and k3/k22

= 0.185 M. Combination of the kinetic data with the
equilibrium constant K = 650 M for the overall process (1) gave
k23 = 6.6 3 1023 s21 (Scheme 1).

The results of this study help us to understand the potential
advantages and drawbacks of the new bidentate mechanism of
urease activity5 when compared to the previously accepted
monodentate mechanism.2,4 It is believed that the hydrolytic
stability of the urea molecule is due to high resonance
stabilization energy, which may be reduced on coordination to
metal ion(s).2,12 Bidentate N,O-coordination of urea leads to
partial loss of resonance as witnessed by a significant
elongation of the C–NH2 bond in the m-OC(NH2)NH2 ligand of
2 [d(C–NH2) = 1.44 Å] versus uncoordinated urea [d(C–NH2)
= 1.34 Å].13 In the neutral m-OC(NH2)NH2 ligand both C–NH2
bonds are elongated [d(C–NH2)endo = 1.42, d(C–NH2)exo =
1.37 Å] as was found in a CoII complex.14 In contrast,
monodentate coordination of urea (typically via the O atom) is
known to preserve its metric parameters [d(C–NH2) = 1.34(1)
Å].15 Thus, the loss of resonance stabilization on bidentate N,O-
coordination might be a key factor in urea activation by two
metal ions in urease.

The protonation state of the bridging urea ligand is another
important issue which was overlooked in the bidentate mecha-
nism of urease action.5 In the monodentate mechanism it did not
arise,2,4 because monodentate O-coordinated urea in model
complexes has almost the same high pKa as the free ligand (13
cf. 13.5).16 However, N-coordination (which can be achieved in

kinetically inert model complexes) is known to change the
acidity of urea protons dramatically, down to pKa = 3(1) in
aqueous solution.16 Quantitative formation of ureate complex 2
in the Et3N/Et3NH+ buffer in MeOH confirms the enhanced
acidity of urea on bidentate N,O-coordination. Because of the
lower polarizing power of the NiII ions, a m-OC(NH2)NH2
ligand coordinated to them will probably be less acidic than that
coordinated to FeIII. However, formation of a bridging urea
anion still should be considered in urease under its optimal
pH 4–8.4 Relatively slow formation of the bidentate ureate and
its hydrolytic stability as seen in complex 2 suggest that
m-OC(NH2)NH2 is unlikely to be the actual activated form of
urea in the enzyme. An alternative possibility is that urease
modulates the pKa of the m-OC(NH2)NH2 ligand to avoid its
premature deprotonation.
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Kaminskaia and N. M. Kostić, Inorg. Chem., 1997, 36, 5917.
12 P. Maslak, J. J. Sczepanski and M. Parvez, J. Am. Chem. Soc., 1991,

113, 1062. 
13 T. Theophanides and P. D. Harvey, Coord. Chem. Rev., 1987, 76,

237.
14 P. S. Gentile, J. White and S. Haddad, Inorg. Chim. Acta, 1974, 8,

97.
15 M. Konrad, F. Meyer, A. Jacobi,, P. Kircher, P. Rutsch and L. Zsolnai,

Inorg. Chem., 1999, 38, 4559 and references thererin.
16 T. C. Woon, W. A. Wickramasinghe and D. P. Fairlie, Inorg. Chem.,

1993, 32, 2190.

Scheme 1

922 Chem. Commun., 2000, 921–922



A heptacyclic polyprenoid hydrocarbon in sediments: a clue to unprecedented
biological lipids†

Emmanuelle Grosjean,a Jacques Poinsot,a Armelle Charrié-Duhaut,a Stéphanie Tabuteau,a Pierre Adam,a Jean
Trendel,a Philippe Schaeffer,a Jacques Connan,b Daniel Dessortb and Pierre Albrecht*a

a Institut de Chimie, UMR 7509 du CNRS, Université Louis Pasteur, 1 rue Blaise Pascal, Strasbourg, 67000 France.
E-mail: albrecht@chimie.u-strasbg.fr

b Centre de Recherche, Elf Exploration-Production, Avenue Larribau, 64000 Pau, France

Received (in Liverpool, UK) 2nd March 2000, Accepted 17th April 2000
Published on the Web 15th May 2000

A novel heptacyclic C37 alkane presenting a regular
polyprenoid structure has been isolated from a biodegraded
bituminous rock and identified by NMR; this hydrocarbon is
the most highly cyclized polyprenoid alkane ever completely
identified; the absence of specific methyl groups give clues to
unprecedented biological precursor lipids resulting from the
extensive cyclization of regular octaprenoids.

Polycyclic hydrocarbons of high molecular weight ( > C30) with
a regular polyprenic skeleton identified in sediments and
petroleum were for a long time restricted to tricyclopolypre-
nanes.1 Recently, the structures and the occurrence of highly
cyclized compounds based on regular polyprenoid skeletons
could be established in various sediments; they were essentially
identified as monoaromatic hydrocarbons2,3 and sulfides.4
Their regular polyprenoid structure strongly suggests that the
biological precursors from which these molecular fossils
originate, most likely derive from proton-induced enzymatic
cyclization of all-trans regular isoprenoids. Biological pre-
cursors have not been observed until now in living organisms
and so these molecular fossils would appear to belong to a new
class of biolipids whose origin and function remain unclear.
More recently, investigation of the saturated hydrocarbon
fraction of sediments from various origins revealed the
occurrence of new sedimentary polycyclic alkanes (four to
seven rings) which were suggested to have a complete regular
polyprenoid structure according to mass spectral data.2,5 We
report here on the first unambiguous identification of a
heptacyclic alkane 1, which is related to this new series of
saturated hydrocarbons.

The studied sample was collected from a quarry (Maestu,
Spain) which consisted of a calcareous reservoir rock of
Campanian age impregnated by a heavy, partially biodegraded,
petroleum.5a The crushed rock sample was extensively ex-
tracted with CHCl3–CH3OH (1/1, v:v) and the resulting extract
chromatographed (SiO2 / hexane) yielding the saturated hydro-
carbon fraction. The major part of the low molecular weight
constituents of the alkane fraction was removed by precipitating
successively the heavy saturated hydrocarbons, including the
polycyclic polyprenoid hydrocarbons, with acetone. Consec-
utive reverse-phase HPLC fractionation performed on the

precipitated fraction led to the isolation of ca. 1 mg of the
heptacyclic compound 1 with a purity of 91% (GC).

The EIMS spectrum of product 1‡ exhibits a molecular ion at
m/z 506 corresponding to the formula C37H62. Two character-
istic fragmentation patterns composed of two sets of major
fragments regularly shifted by 68 Da (one isoprene unit) were
observed (m/z 177, 245, 313 and m/z 135, 203, 271) and were
consistent with a polycyclic polyterpenoid structure.

1D- and 2D-NMR studies including homonuclear (1H–1H,
COSY and NOESY) and heteronuclear (1H–13C, HMQC and
HMBC) correlation experiments allowed us to assign the
signals of all the protons and all the carbon atoms (ESI)† and to
establish unequivocally the structure of the isolated com-
pound.

The 13C NMR spectrum of 1 shows 37 resonances, resolved
into 7 methyl, 16 methylene, 9 methine and 5 quaternary carbon
signals (as deduced from DEPT spectra and 1H–13C correlation
experiments). The 1H NMR spectrum also reveals 7 methyl
signals, including 6 singlets and one doublet. A part of the
carbon skeleton [Fig. 1(b)] could be established using 1H–13C
long-range (2,3J) couplings, the most intense of which are
observed from the methyl groups. Two of the methyls exhibit
remote connections (2,3J) to each other as well as to the same
quaternary, methine and methylene carbons, which implies that
they must be geminal. The sector formed by these geminal
methyl groups (i.e. atoms 26, 30, 32 and 32A) appears to be
isolated from the rest of the molecule. Indeed, C-26 does not
show remote connections with any remaining methyl groups,
thus suggesting the absence of the Me-28A at C-27. The nuclear
Overhauser effects (NOE) observed between H-27 and protons
of both 32A- and 24A-methyl groups [Fig. 1(a)] confirm the
presence of a hydrogen atom at C-27 instead of a methyl group.

† Electronic supplementary information (ESI) available: 13C and 1H NMR
data for hydrocarbon 1. See http://www.rsc.org.suppdata/cc/b0/b001804j/

Fig. 1 (a) Spatial representation of 1 showing the most important NOEs
observed. (b) Carbon sequence (bold) established from inverse long-range
1H–13C correlation experiment. Numbering is based on that of an acyclic
octaprenol. The absolute configuration of compound 1 is not known and has
been chosen arbitrarily.
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The central part of the molecule is constituted by the 12A, 16A,
20A and 24A methyl groups which are linked two by two to each
other through one remote connection (3J) with a methine (C-10,
C-14 and C-18).

The remote connections of the last methyl group 4A with the
methylene (C-2 and C-4) and the methine (C-3) carbons
confirm the position of substitution for this ring. This sequence
Me-4A, C-2, C-3, C-4 also forms an isolated sector as
demonstrated by the 1H–13C long-distance correlation experi-
ment. However, linkage of this sector to the main structure, as
well as final assignment of all remaining 1H and 13C chemical
shifts was made possible through the COSY and NOESY
experiments. Thus, the NOE observed between the proton H-7
and the protons of the 12A-methyl group demonstrates the lack of
a methyl group (replaced by a H atom) on the ring junction at C-
7. The 1H–1H COSY connectivities between H-7 and the
protons of the methylene carbon C-2 confirm the sequence Me-
4A, C-2, C-3, C-4 on the skeleton.

Stereochemical assignments can be made from the NOESY
data: the NOEs observed between Me-32A/H-27, H-27/Me-24A,
Me-24A/Me-20A, Me-16A/Me-12A, Me-12A/H-7 afford evidence
that Me-32A, H-27, Me-24A, Me-20A on one hand and Me-16A,
Me-12A, H-7 on the other hand are on the same side of the
molecule. Moreover, as no correlation between protons 7, 12A,
16A, 20A, 24A, 27 and protons 6, 10, 14, 18, 22, 26 could be
detected on the NOESY spectrum, all the ring junctions are
likely to be trans along the whole structure. As a result of all the
NOEs reported in Fig. 1(a), both sectors comprising, re-
spectively, Me-32A, H-27, Me-24A, Me-20A and Me-16A, Me-12A,
H-7, H-3 present trans–transoid–trans stereochemistries. Un-
fortunately, the determination of the global relative ster-
eochemistry is hindered by the superposition of 1H and 13C
chemical shifts of Me-16A and Me-20A, as well as those of
methylene groups C-13 and C-17. Thus, NOEs are indeed
observed between the group of overlapping axial protons from
methylene groups C-13 and/or C-17 and the overlapping methyl
groups C-20A/C-16A [indicated by dashed arrows on Fig. 1(a)]
but individual interactions cannot be distinguished. This feature
is not surprising in the case of highly symmetrical polycyclized
regular polyprenoids since methyls 16A and 20A, as well as
methylenes 13 and 17, located in the ‘middle’ of the structure
(i.e. far from demethylated positions which induce dis-
symmetry) have almost identical environments. The uncertainty
concerning the global relative stereochemistry which arose
from the interpretation of the NOESY spectrum could, however,
be cleared by interpreting the chemical shift values. A trans–
transoid–trans stereochemistry along the whole structure of
compound 1 is indeed strongly supported by the underscoring of
g-gauche effects reflected by the chemical shifts of 1H and 13C
proton and carbon signals.6 In particular, the resonances of axial
methylene protons Hb-13 and Hb-17 appear at high field (dH
1.35) and those of their related carbons at very low field (dC
17.4). This is concordant with triple g-gauche interactions with
the methyl groups. Furthermore, the strong deshielding of the
methine carbon C-14 (dC 61.7), as well as the shielding of the
corresponding proton (dH 0.73)  can be taken as firm evidence
for an absence of g-gauche effects and thereby confirm the
global relative stereochemistry with all the ring-junction axial
methyl groups on the same side of the molecule. An equatorial
position can reasonably be envisaged for methyl 4A given the
NOE between protons of Me-4A and the axial proton located on
C-2 and those between H-3 and H-4b, H-3 and H-2b.

From its structure, it appears that the new hydrocarbon 1,
which represents the most highly cyclized polyprenoid alkane
ever identified, is likely to result from the diagenetic trans-
formation of polycyclic polyprenoid precursors formed by
proton induced cyclization of regular all-trans octaprenoids.2
Indeed, the isolated compound definitely corresponds to a
demethylated counterpart of a complete polycyclic octaprenoid
hydrocarbon such as 2. Until now, only one example of a
polycyclic biological lipid 3 with more than four rings has been

identified in a living organism (bacterium Streptomyces argen-
teolus).7 This bacterium can probably not account solely for the
large sedimentary record of highly cyclized polyprenoid
structures.2,4,5 Therefore, the biological organisms able to
biosynthesize the precursors of 1 still remain to be discovered.
A wider survey of the occurrence of these new polyprenoid
hydrocarbons in sediments could eventually pin-point the type
of actual natural environments likely to contain their source-
organism(s) and orient further research for their discovery.

Some structural features of the unknown biological pre-
cursors can, however, already be inferred from the structure of
the molecular fossil 1. Thus, the absence of three methyl groups
compared to a complete octaprenoid hydrocarbon suggests
either that these methyl groups were absent within the
biological precursor or, that these positions were functionalized
(e.g. 3) and susceptible to various diagenetic processes (e.g. by
decarboxylation). It can, however, not be excluded, that
functionalization of methyl groups on the precursor polyprenoid
was induced by microbial oxidation processes occurring at the
earliest stages of diagenesis.8
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6-Chloro-2,5,8-trihydroxynaphtho-1,4-quinone does not un-
dergo cycloaddition reactions but the 1,2-diacetate,
2-chloro-5,6-diacetoxy-8-hydroxynaphtho-1,4-quinone,
formed by acetylation-aided tautomerism added (E)- and
(Z)-3-alkoxycarbonyl-2,4-bis(trimethylsiyloxy)penta-
1,3-diene to afford kermesic acid after hydrolysis.

Kermesic acid 1a, the red colourant component of kermes, a
dyestuff of great antiquity and probably the earliest of which

there is a record,1 is also the aglycone of carminic acid2 2, the
colourant principle of cochineal.

Although carminic acid historically, through its brilliant
range of red hues, superseded kermesic acid, dyeing with
kermes is still active.3 Nevertheless, the natural source of
kermesic acid, for example from the wingless insect Kermes
illicis which infects the kermes oak, is not abundant, and it was
of interest to devise a synthetic approach that could provide an
intermediate from which, by different strategies, either ker-
mesic or carminic acid could be obtained. It was desirable to
avoid penultimate tricyclic intermediates having an halogeno
group requiring difficult hydrolysis4,5 to the required hydroxy
group and in another method6 the simultaneous formation of
isokermesic acid. Therefore, effort was focused on the prepara-
tion of 2-halogeno-5,6,8-trihydroxynaphtho-1,4-quinone 3,

(form 2) which, as with naphthazarins generally, could be
expected to exist as the 6-halogeno-2,5,8-trihydroxynaphtho-
1,4-quinone tautomer 3 (form 1) where the halogeno atom is
required to aid subsequent cycloaddition.

The starting point of the synthesis (Scheme 1) was 3-bromo-
2-hydroxy-5-methoxyacetophenone7 4 (X = Br), and its
chloro-analogue 4 (X = Cl), prepared in 80% yield by selective
chlorination of 2-hydroxy-5-methoxyacetophenone with N-
chlorosuccinimide (NCS) in acetic acid containing Mg(OAc)2.
Methylation of 4 with DMS in acetone containing K2CO3
afforded 5 (X = Br) 82% and 5 (X = Cl) 81%. Reaction of each
with dimethyl carbonate in methanolic sodium methoxide gave
the b-ketoesters 6 (X = Br, Cl), both in quantitative yield which
by treatment with oxalyl chloride in nitromethane containing
anhydrous aluminium chloride, a process used to prepare

unhalogenated naphthoquinones,8 afforded the two 3-carbo-
nylmethoxy-6-halogeno-2,5,8-trihydroxynaphth-1,4-quinones
7 (X = Br) 48% and 7 (X = Cl) 56% together with some
partially demethylated quinones. Hydrolysis of the trihydrox-
yquinone esters with either aqueous sodium hydroxide followed
by acidification, or with hot acetic acid containing hydrochloric
acid (the preferred method) then gave the parent compounds 3
(X = Br) 69% and 3 (X = Cl) 53%.

Under a variety of conditions 3 (X = Cl) failed to undergo
Diels–Alder cycloaddition with the dienes (E)- and (Z)-
3-methoxycarbonyl-2,4-bis(trimethylsilyloxy)penta-1,3-diene2

8a. This was attributed primarily to the intramolecular hydrogen
bonding9 of the 2-OH group thus inhibiting the normal
tautomerism of the naphthazarin system and locking the
structure in form 1. Further support for this exclusive structure
was provided by an X-ray structure determination (Fig. 1)† and
that, under mild conditions, 3 (X = Cl) readily underwent: (a)
Michael addition at the 3-position and (b) selective O-
methylation in 77% yield at the 2-OH with BF3·MeOH which
then removed the impediment to tautomerism and was expected
to assist cycloaddition.

Acetylation of 3 (X = Cl) in dichloromethane with pyridine–
acetic anhydride afforded the triacetoxy-compound in 91%
yield as a 2+1 mixture (confirmed by NMR) of 6-chloro-
2,5,8-triacetoxynaphtho-1,4-quinone and 2-chloro-5,6,8-triace-
toxynaphtho-1,4-quinone. However, upon heating 3 (X = Cl) in
acetic anhydride alone at 100 °C the 2-chloro-5,6-diacetoxy

Scheme 1 Reagents and conditions: 4 (X = Cl) from 4 (X = H), NCS,
HOAc, Mg(OAc)2 r.t., 24 h: i, DMS, Me2CO, K2CO3, heat, 24 h; ii,
NaOMe, MeOH, (MeO)2CO, hear; iii, (COCl)2, MeNO2, AlCl3, 0 to 80 °C,
3 h; iv, 10% conc. HCl–HOAc, 100 °C, 5 h.

Fig. 1 X-Ray crystal structure of 6-chloro-2,5,8-trihydroxynaphtho-
1,4-quinone; C–OH: a1, a2, a3 = 1.33, 1.34, 1.35 Å; CNO: b1, b2 = 1.22,
1.24 Å.
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compound 9 resulted quantitatively. It is believed (Scheme 2)
that acetylation of the 2-OH occurs first allowing tautomerism
to form 2 to take place and is then followed by acetylation at the
5-position which locks the structure as form 2. It is conjectural
that since hydrogen-bonded OH groups are more difficult to
acetylate, migration of the 6-acetyl group to the 5-position may
possibly occur enabling the more susceptible 6-OH group to
then react. This tentative notion may explain the non-
acetylation of the hydrogen-bonded 8-OH although we have no
distinct evidence to support this pathway. X-Ray crystallog-
raphy provided confirmation of the structure of the 5,6-diace-
toxy compounds (Fig. 2).†

The diacetyl compound 9 readily underwent cycloaddition
with (E)- and (Z)-3-methoxycarbonyl-2,4-bis(trimethylsilyl-
oxy)penta-1,3-diene 8a followed by aromatisation in boiling
toluene to afford 10, methyl 5,6-diacetoxy-3,8-dihydroxy-
1-methylanthra-9,10-quinone-2-carboxylate in 87% yield after
column chromatography, with definitive proof of structure
being provided by an X-ray study (Fig. 3).† The isopropyl
analogue 8b reacted similarly in 64% yield.

2-Chloro-6-methoxy-5,8-dihydroxynaphtho-1,4-quinone 11,
in which normal naphthazarin tautomerism is able to operate,
although the structure is not locked as with the diacetate, also
underwent cycloaddition with the diene 8a in boiling toluene to
afford after work-up, methyl 6-methoxy-3,5,8-trihydroxy-
1-methylanthra-9,10-quinone-2-carboxylate 12 in 42% yield.
Possibly both forms 1 and 2 are present owing to the fact that
there is no locking of the structure in this compound. Hydrolysis
of 10 in 1% methanolic sodium carbonate followed by
acidification gave methyl kermesate 1b quantitatively and
thence by refluxing in acetic acid containing hydrochloric acid,
kermesic acid 1a was obtained (Scheme 3). Methylation of

methyl kermesate 1b with DMS in acetone solution containing
potassium carbonate gave methyl 3,5,6,8-tetramethoxy-1-me-
thylanthra-9,10-quinone-2-carboxylate 1c, which was identical
with an authentic sample4 kindly made available by Paul
Brassard. Correct spectroscopic, elemental analysis and mass
spectral data were obtained for all compounds.

Finally, it is believed that 3 (X = Cl) also has the potential
utility to facilitate efficient access to carminic acid and work is
continuing in this approach.10
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Scheme 2 Reagents and conditions: i, ii, Ac2O, 100 °C, 3 h; vac. to
dryness.

Fig. 2 X-Ray crystal structure of 2-chloro-5,6-diacetoxy-8-hydroxyna-
phtho-1,4-quinone.

Fig. 3 X-Ray crystal structure of methyl 5,6-diacetoxy-3,8-dihydroxy-
1-methylanthra-9,10-quinone-2-carboxylate.

Scheme 3 Reagents and conditions: i, 9, toluene, 8, heat, 24 h; col chrom.
SiO2, ii, MeOH, 1% Na2CO3; iii, HOAc–HCl, heat; iv, 1b, DMS, Me2CO,
K2CO3, heat 11 from 3 with BF3·MeOH; toluene, 8, heat; col. chrom.
SiO2.
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Density functional calculations show that
[HN(CH2CH2NH)2V] will bind N2 in a sideways fashion;
further reaction with another molecule of
[HN(CH2CH2NH)2V] leads to reductive cleavage of the N2
moiety to form a bridged nitrido dimer,
[HN(CH2CH2NH)2V(m-N)]2; this study provides a model for
the formation of [RN(CH2CH2NR)2V(m-N)]2 (R = SiMe3)
by reduction of [RN(CH2CH2NR)2V(m-Cl)]2 under an N2
atmosphere.

Examples of well-defined molecular systems which completely
reductively cleave the dinitrogen molecule are extremely rare.
The original case is the neutral Mo(III)–tris(anilide) complex of
Laplaza and Cummins which yields a Mo(VI) terminal nitride
upon reaction with N2;1 a comprehensive study has demon-
strated that the mechanism of formation of the latter involves
formation of a binuclear complex containing a linear m-
dinitrogen ligand which subsequently cleaves symmetrically
via a transition state in which the m-dinitrogen ligand is bound
in a zigzag fashion.2 Subsequently Floriani and coworkers
reported an anionic Nb(III)–calixarene dinitrogen complex
which affords an anionic nitrido-bridged dimer on further
reduction.3 The very recent report that reduction of the V(III)
complex [V(N{NB}2)Cl]2, where N{NB}2 = (Me3Si)-
N{CH2CH2N(SiMe3)}2, under a dinitrogen atmosphere com-
pletely cleaves the N·N bond to afford the doubly nitrido-
bridged V(V)–V(V) dimer [V(N{NB}2)(m-N)]2,4 has prompted
us to investigate a possible pathway for this unusual reaction
using density functional methods.5

Use of a mixture of 14N2 and 15N2 shows that both nitrido
bridging atoms in the dimer molecule originate from the same
dinitrogen molecule. If the reduction is carried out under argon
and N2 is subsequently introduced the nitrido-bridged dimer is
not isolated. On the assumption that reaction of
[V(N{NB}2)Cl]2 with potassium graphite in toluene results in
the V(II) species [V(N{NB}2)], a possible route is given by
eqn. (1). The V(II) species first binds dinitrogen and then reacts
with a further V(II) species to give the product.

(1)

We first tested whether theoretical calculations produced a
good model of [V(N{NB}2)(m-N)]2, and whether the structural
features could be reproduced with the SiMe3 groups being
replaced by SiH3 and by H. Geometry optimization of these
three dimers, 1a, 1b and 1c reproduced the trigonal bipyramidal
coordination found for [V(N{NB}2)(m-N)]2, and gave the V–N
distances listed in Table 1. Frequency calculations showed 1a to
be a local minimum. Good agreement with the experimental
distances (Table 1) was found for 1c, and the only significant
change on substitution was the magnitude of the long V–N

(amino) distance which was calculated to be reduced by 0.3 Å
on replacing SiMe3 by the smaller H atom. We thus felt justified
in modeling possible intermediates with the simpler
[HN(CH2CH2NH)2] ligand (denoted L).

A search for stable [LV(N2)] intermediates yielded two
promising candidates, 2 and 3. Structure 2 had the N2 moiety
bound in an end on fashion in the axial site of a trigonal
bipyramid and the quartet spin state was found to be lower in
energy than a doublet for this intermediate. In 3 the N2 was
bound sideways in an equatorial site and in this case a doublet
spin state was lower in energy. V–N and N–N distances for 2
and 3 are listed in Table 2 together with the energy of the
various spin states relative to [LV] and N2. Frequency
calculations showed both 2 and 3 to be local minima. It should
be noted that both [LVN2] intermediates show substantial
binding energies for the N2 molecule and also that 3 is predicted
to be marginally more stable than 2 and to have a longer N–N

Table 1 Calculated and experimental V–N distances (Å) for
[V{RN(CH2CH2NR)}N]2 (R = H, SiH3 or SiMe3)

H (calc.) SiH3 (calc.) SiMe3 (calc.) SiMe3 (exptl.)

V1–N1 1.88 1.86 1.86 1.862, 1.912
V1–N2 1.68 1.67 1.67 1.713, 1.769
V1–N3 2.34 2.48 2.64 2.539
V1–N4 1.87 1.87 1.87 1.877
V1–N5 1.87 1.87 1.87 1.897
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distance. As the N2 unit in 3 lies close to the substituent on the
amino N we were concerned that this binding mode might be
sterically hindered. However, geometry optimization of the
fully trimethylsilylated analogue resulted in a similar structure
with the N2 only slightly displaced away from the amino
substituent. The V–N (amino) distance was also lengthened by
0.061 Å.

Attachment of a second [LV] unit to 2 yielded the minimum
energy structure 4 which had a triplet as the lowest spin state.
The N–N bond was lengthened further (Table 2).

Attachment of a further [LV] fragment to 3 and geometry
optimization of a triplet state led to 5. This was more stable than
4 and had a considerably stretched N–N distance of 1.41 Å
(Table 2) indicative of a bond order of 2 between the N atoms.
The two half filled orbitals of 5 lay very close in energy and
were of au and bu symmetry. This closeness in energy led to
problems with SCF convergence for geometry optimization of
the singlet state. However, when the configuration was fixed
with both electrons occupying the bu orbital, the molecule
optimized to a structure in which the N–N bond was broken and
which was indistinguishable from 1a.

Inspection of the frontier orbitals (Fig. 1) of the [LV]
fragment neatly explains the two different coordination modes
and sites for the N2 molecule in 2 and 3. The 2aA and 3aA orbitals
are those that form s bonds in a trigonal bipyramidal geometry,
2aA providing equatorial coordination and the higher lying 3aA
axial coordination. In 2, with the quartet ground state, the end on
axially coordinated [LV(N2)] intermediate, 3aA is the acceptor
orbital and 1aA and 1aB back donate in a p fashion to the
antibonding pg orbitals of the nitrogen molecule. Both of the
back-donation MOs are singly occupied. The third unpaired
electron occupies the 2aA orbital. In 3, the doublet ground state,
the side-on bound [LV(N2)] intermediate, the 2aA orbital accepts
electron density from the bonding pu orbital and back donates in
a p fashion from the 1aA orbital (doubly occupied) and in d
fashion from the 1aB orbital (singly occupied). The 3aA orbital is
unoccupied. Thus in 3, more electrons are involved in back-
donation to the N2 unit. This results in a longer N–N
distance.

In 4 additional back donation ensues from the p type orbitals,
which are doubly occupied, and further lengthening of the N–N
bond results. However, two unpaired electrons still occupy non-
bonding orbitals of 2aA origin.

The au and bu half-occupied orbitals of 5 are shown in Fig. 2.
The bu orbital has N–N su character and its partial occupancy
results in further lengthening of the N–N bond. When it is

doubly occupied, in the singlet state, all three N–N antibonding
orbitals are receiving maximum input from the electron-rich
vanadium centres and rupture of the N–N bond is achieved.

In essence, cleavage of the N2 unit requires not only donation
into its pg orbitals but also into the antibonding su orbital. This
can only be sensibly achieved by sideways bonding of the N2
unit where the acceptor function of the metal fragment is
spatially separated from the interaction with the su N2 orbital.
There are parallels between the N2 cleavage discussed here and
the relative stabilities of (m-h2+h2-peroxo)dicopper(II) and
bis(m-oxo)dicopper(III) complexes, where donation into the su*
orbitals of O2 is a key step in breaking the O–O bond.11,12

In conclusion a promising pathway for N2 cleavage by
[V(N{NB}2)] to give [V(N{NB}2)(m-N)]2, is side-on binding of
N2 by [V(N{NB}2)] followed by association of a further
molecule of [V(N{NB}2)]. In a singlet state the N–N bond in the
resultant sideways dinitrogen-bridged dimer will break and the
nitrido bridged dimer is formed.

We thank EPSRC (ROPA) for support. Results were obtained
using the resources of the Oxford Supercomputing Centre.
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Fig. 1 Frontier orbitalS of the [HN(CH2CH2NH)2V] (LV) fragment.

Fig. 2 RepresentationS of the bu and au half-occupied orbitalS of 5.
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The rigid syn- and anti-atropisomers of diacids 1 and 2 were
synthesized and assigned by symmetry-based methods and
X-ray crystallography.

Rigid difunctional molecules are key components in synthetic
molecular receptors and shape-persistent molecular poly-
mers.1,2 Reported herein are the syntheses and structures of two
new diacid building blocks 1 and 2. Both maintain highly rigid

and coherent conformations due to aromatic components and
restricted rotation about two linking Nimide–Caryl bonds.3 The
resulting syn- and anti-atropisomers are stable at room tem-
perature but interconvert on heating.

Diacids 1 and 2 were synthesized in high yields by
condensation of the corresponding arylamine and aromatic
dianhydrides (Scheme 1).4 In each case, the presence of
restricted rotation was immediately evident by the isolation of
two spectroscopically similar molecules that interconverted on
heating. The stable atropisomers were readily separated by flash
chromatography and could be derivatized without isomeriza-
tion. To further demonstrate their stability, the individual syn-
and anti-isomers of diamides 3 and 4 were synthesized from the
corresponding isomers of diacids 1 and 2.

The rotational barrier of the Caryl–Nimide bonds was measured
in diamides 3 and 4. Rotational barriers of DG‡ = 29.4 kcal
mol21 (t1/2 = 35 h at 77 °C) for 3 and DG‡ = 34.0 kcal mol21

(t1/2 = 4.1 h at 152 °C) for 4 were determined from the
equilibration rates in DMSO. The higher rotational barrier of
naphthalene diimide 4 appears to be due to increased steric
effects in the six-membered cyclic imides. Molecular modeling
calculations correctly predicted the magnitude and ordering of
this trend.5

For diacids 1 and 2, 1D and NOE NMR experiments could
not lead to assignment of the atropisomers owing to their high
symmetries. Instead, symmetry-based characterization methods
were applied which efficiently identified the syn- and anti-
isomers without the necessity of X-ray crystallography.6
Derivatization of the diacids with a chiral auxiliary reduced the
symmetry of the corresponding isomers in a predictable manner
that yielded characteristic 1H NMR spectra. This was achieved
experimentally by reaction of the individual syn- and anti-
isomers of the diacid chlorides of 1 and 2 with (S)-a-
methylbenzylamine to yield the syn- and anti-isomers of
diamides 3 and 4. The chiral auxiliary accentuates the
differences in symmetry of the syn- and anti-isomers and
allowed assignment based on the chemical equivalence or
inequivalence of the protons of the diimide spacer. For example,
the two protons of the benzene diimide spacer in 3 are
chemically equivalent in the syn-isomer and inequivalent in the
anti-isomer (Fig. 1). A similar analysis of diamide 4 predicts
that adjacent protons in anti-4 and diagonal protons in syn-4 are
chemically equivalent. The corresponding 1H NMR spectra of
anti- and syn-4 exhibited two singlets and two doublets,
respectively.

Corroboration for the symmetry-based assignments was
provided by polarity-based arguments and an X-ray crystal

Scheme 1 Reagents and conditions: i, DMF, reflux, 8 h, (80% yield) or neat,
in vacuo, 150 °C, 12 h, (95% yield); ii, oxalyl chloride, cat. DMF, CH2Cl2,
reflux 2 h; iii, (S)-a-methylbenzylamine, triethylamine, CH2Cl2, 1 h,
(70–80% yield for steps ii and iii).

Fig. 1 Proton NMR spectra (DMSO-d6, 400 MHz) of chiral diamides 3 and
4 and schematic representations showing the symmetry present in each
rotamer; (a) syn-3, (b) anti-3, (c) anti-4, (d) syn-4.
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structure of anti-1. Initially, the atropisomers were tentatively
identified based on polarity as measured by thin layer
chromatography on silica gel. The anti-conformer was expected
to be the less polar (higher Rf) owing to its inversion symmetry.7
For all of the N,NA-diarylimide atropisomers examined thus far,
the symmetry- and polarity-based assignments have been in
agreement. In the case of diacid 1, further evidence for the
correct assignment was provided by an X-ray crystal structure
[Fig. 2(a)] of the anti-isomer, which was crystallized from
MeCO2H–CH2Cl2.† The anti-configuration was immediately
evident from the inversion symmetry of the space group (P1̄)
coupled with the small unit cell that contained approximately
half of the atoms in diacid-1.

The structure also revealed interesting information about the
molecular and extended structures. The positions of the non-
hydrogen atoms of anti-1 were well defined and revealed a
structure with the N-aryl rings rotated 73° out of the plane of the
diimide spacer. In the extended structure [Fig. 2(b)] anti-diacid
1 forms a hydrogen-bonded ribbon polymer with channels along
the a-axis filled with disordered acetic acid dimers which was
the source of the relatively high R-value for the structure.

This work was supported by grants from the NSF (DMR-
9807470) and the Research Corporation (RI0081).
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C,O-Chelated tetracarbonyl[o-methoxyphenyl(methoxy)-
carbene] complexes of molybdenum(0) and tungsten(0) react
with tin tetrahalides SnX4 (X = Cl, Br, I) by oxidative
decarbonylation and incorporation of two halides to form
novel chelated hepta-coordinated Fischer-type tricarbonyl-
(bishalogeno)carbene molybdenum(II) and tungsten(II)
complexes

Heteroatom-stabilized Fischer-type transition-metal carbene
complexes are important stoichiometric or catalytic reagents for
the transformation of organic substrates and for the synthesis of
organometallic compounds.1 For instance, the carbene com-
plexes [(CO)5MNC(OR)RA] (M = Cr, Mo, W; R = Me, Et; RA
= alkyl, aryl, . . .) react with boron trihalides BX3 by abstraction
of OR2 and substitution of a halide ion for a CO ligand to give
carbyne complexes, trans-[X(CO)4M·CRA] (Scheme 1).2 Apart
from boron trihalides, other Lewis acids such as aluminium or
gallium trihalides3,4 or ethyl aluminium dichloride4 have also
been employed in the synthesis of carbyne complexes.5

We now observed that the reactions of chelated alkoxy-
carbene complexes of molybdenum and tungsten with the Lewis
acids SnX4 deviate from this carbene ? carbyne transformation
pattern and report (i) on the facile oxidation of the central metal
in these complexes and (ii) on the formation of novel hepta-
coordinated group 6 metal(II) carbene complexes.

Addition of a solution of SnCl4 to the C,O carbene chelate
complex 1a6 in CH2Cl2 led to an immediate gas evolution. The
originally brown solution turned red and a white precipitate
formed. From the position and the intensity ratio of the n(CO)
absorptions (2049s and 1974vs cm21) in the IR spectrum† of
the reaction solution it followed that very likely a carbyne
complex7 had not been formed. The conclusion was confirmed
by the 1H NMR spectrum of the new complex (Scheme 2, 2a).
The spectrum exhibited, in addition to signals for four aromatic
protons, two singlets at d 4.49 and 4.94 (ratio 4+3+3) indicating
that both MeO groups of 1a were still present in the new
complex. The mass spectrum indicated that two chloride atoms
had been incorporated into the complex.

Finally, from pentane–CH2Cl2, crystals suitable for an X-ray
analysis were grown.‡ The structure of 2a is shown in Fig. 1.
The metal is hepta-coordinated and the complex is Cs-
symmetric. The mirror plane formed by the C,O-chelating
carbene ligand, the tungsten atom and one CO ligand bisects the
Cl–W–Cl angle and one OC–W–CO angle.

Obviously, SnCl4 had not induced the abstraction of the
methoxide substituent from the carbene carbon atom to give a
tungsten(0) carbyne complex but rather acted as an oxidizing
agent to give a tungsten(II) carbene complex.

The conversion of 1a into 2a is quantitative as could be
shown by following the reaction of 1a with SnCl4 in CDCl3 by

1H NMR spectroscopy. Analogously to SnCl4, treatment of 1a
with SbCl5 or TiCl4 also afforded complex 2a. In contrast, when
AlCl3 was added to a solution of 1a only rapid decomposition of
the complex was observed.

The related tungsten(II) dibromo carbene chelate complex 3a
and the corresponding molybdenum(II) complexes 2b and 3b
(Scheme 2) were obtained by reaction of 1a with SnBr4 and of
1b5 with SnCl4 and SnBr4, respectively. The IR spectra of the
resulting complexes were similar to that of 2a indicating a
similar structure.

In contrast, the diiodo carbene chelate complex 4a (Scheme
2), formed when 1a was treated with SnI4, exhibited three rather
than two n(CO) absorptions and three CO resonances in the 13C
NMR spectrum, as compared to two for 2a,b and 3a,b. These
observations indicated that the structure of 4a,b deviates from

Scheme 1

Scheme 2

Fig. 1 Molecular structure of 2a. Selected bond distances (Å) and angles (°):
W(1)–C(1) 2.483(2), W(1)–Cl(2) 2.480(2), W(1)–C(1) 2.008(8), W(1)–
C(2) 1.983(8), W(1)–C(4) 2.133(8), W(1)–O(5) 2.261(5); Cl(1)–W(1)–
Cl(2) 85.1(1), Cl(1)–W(1)–C(4) 130.1(2), Cl(2)–W(1)–C(4) 131.5(2),
Cl(1)–W(1)–C(1) 77.1(2), Cl(2)–W(1)–C(3) 78.8(2), C(1)–W(1)–C(3)
115.7(3), C(4)–W(1)–O(5) 73.6(2), W(1)–O(5)–C(10) 117.8(4).
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that of 2a. Presumably, the structure of 4a is derived from that
of 2a by a mutual halide/CO exchange of two ligands outside
the mirror-plane. The reaction of the molybdenum complex also
proceeded rapidly, however, the resulting compound 4b turned
out to be very labile and could not be isolated. Its formation
could only be established by IR spectroscopy.

Deviating from the tungsten and molybdenum complexes
1a,b the corresponding chromium complex did not react with
SnCl4. Within several hours in solution in the presence of
SnCl4, as well as in its absence, only a slow decomposition of
the carbene complex and formation of [Cr(CO)6] was ob-
served.

From these observations it was concluded that an energet-
ically high-lying HOMO at the metal is required for the
oxidative decarbonylation of 1a,b by SnX4. The assumption is
supported by the absence of a reaction between SnCl4 and the
non-chelated o-anisylcarbene(pentacarbonyl) complex [(CO)5-
WNC(OMe)C6H4OMe-o]. After several hours at room tem-
perature in CH2Cl2 only small amounts of 2a could be detected,
presumably formed via CO elimination to form 1a which then
rapidly reacts with SnCl4. In contrast, the reaction of the
phenylcarbene complex [(CO)5WNC(OMe)Ph] with excess
SnCl4 afforded among other compounds a carbyne complex.

However, chelation of the carbene ligand is not a prerequisite
for the oxidative decarbonylation as is shown by the reaction of
1a with PMe3. Ring-opening of the metallacycle in 1a by PMe3
afforded the cis-carbene(tetracarbonyl)phosphine complex 5
which subsequently was transformed by SnCl4 into the chelated
tungsten(II) carbene complex 6 (Scheme 3).

Tungsten(II) complexes of the type (CO)3(L)2(X)2W have
been shown to catalyze the ring-opening polymerization of
norbornene.8 Likewise, complexes 2–4 are active ROMP
catalysts for norbornene even at room temperature. The highest
catalytic activity was observed with the molybdenum complex
2b which even at room temperature readily induces without a
cocatalyst (i) the ring-opening polymerization of norbornene
and norbornadiene and (albeit slowly) of cyclopentene, (ii) the
polymerization of phenylacetylene, and (iii) the isomerization
of pent-1-ene into pent-2-ene.

Hepta-coordinated Fischer-type Mo(II) and W(II) carbene
complexes are exceedingly rare. Usually, Fischer-type carbene
complexes react with oxidizing agents by oxidative decom-
plexation of the carbene ligand.1a Until now, the oxidative
decarbonylation of group 6 carbonyl–carbene complexes has
only been observed in the reactions of Br2 with some Lappert-
type carbene complexes in which the electron density at the
central metal is increased by cyclic strongly electron-donating
bisaminocarbene ligands NC[N(R)–CH2–]2.9 Our results in-
dicate that Fischer-type Mo(II) and W(II) carbene complexes are
readily accessible by oxidation of Mo(0) and W(0) carbene
complexes as soon as their oxidation potential is reduced by
substitution of a suitable strong donor for a CO ligand.

Financial support of this work by the Fonds der Chemischen
Industrie is gratefully acknowledged.

Notes and references
† Selected spectroscopic data: IR (CH2Cl2): n(CO): 2049s, 1974vs (2a),
2056, 1989vs (2b), 2048s, 1973vs (3a), 2052s, 1986vs (3b), 2040vs, 1975s,
1922m (4a), 2046vs, 1985s, 1936 cm21 (4b); 1H NMR (CDCl3, room
temp., rel. TMS): d(OMe) 4.49, 4.95 (2a), 4.53, 4.85 (2b), 4.51 (86%), 4.74
(14%), 5.06 (3a), 4.55, 4.96 (3b), 4.60, 5.16 (4a); 13C NMR (CDCl3, room
temp., rel. TMS): d(CCarbene) 285.2 (2a), 295.6 (2b), 282.5 (3a), 293.2 (3b),
293.2 (4a); d(CO) 210.8, 214.6 (2a), 216.3, 220.4 (2b), 208.1, 213.3 (3a),
214.0, 219.8 (3b), 211.4, 213.7, 231.3 (4a).
‡ Crystal data for 2a (from pentane–CH2Cl2, 1+1):
C12H10Cl2O5W·CH2Cl2, M = 573.9, monoclinic, space group P21/c, a =
9.567(6), b = 11.994(6), c = 15.986(5) Å, b = 100.57(4)°, V = 1803.3(15)
Å3, T = 246 K, Z = 4, m(Mo-Ka) = 0.71073 Å. 3949 Unique reflections
were collected of which 2782 were observed with F > 4.0s(F) (w-scan).
R(Rw) = 0.035 (0.037) (observed data). The structure was solved by
Patterson methods using the SHELXTL PLUS (VMS) program package.

CCDC 182/1608. See http://www.rsc.org/suppdata/cc/b0/b002228o/ for
crystallographic files in .cif format.
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Pd(0) catalysed termolecular queuing processes involving
cyclisation of aryl halides onto proximate alkynes, allene (1
bar) insertion, transmetallation of the resulting p-allylpalla-
dium(II) species with indium and addition to an aldehyde
affords heterocyclic and carbocyclic dienes.

Our ongoing development of palladium catalysed polycompo-
nent cyclisation-queuing processes has provided powerful

methodology for the construction of carbocyclic and hetero-
cyclic rings with accompanying substantial increases in molec-
ular complexity.1

Recently we reported the palladium–indium mediated Barb-
ier-type allylation of aldehydes with allenes2 and identified four
synthetic variants of this Pd–In mediated reaction depending on
whether the Pd or In step was intra- or inter-molecular.

We now describe the incorporation of this reaction into a
palladium catalysed cyclisation-termolecular queuing cascade.
This cascade involves palladium catalysed cyclisation of an aryl
iodide moiety onto proximate alkynes followed by allene
insertion.3 The resulting p-allylpalladium(II) species then
undergoes transmetallation with indium metal generating an
allylindium species which subsequently adds to the aldehyde
component, affording heterocyclic and carbocyclic dienes
(Scheme 1). Marshall and Grant have described transmetalla-
tion of allenylpalladium(II) species (sp2-C–Pd) with indium
salts4 and very recently a report of the transmetallation of
conventionally generated p-allylpalladium(II) species with In(I)
and In(III) halides has appeared.5

Reaction (DMF, 84 °C, 8–16 h, Schlenk tube) of alkynes
1a–c (1.0 mmol) with allene (1 bar), aldehydes (1.0 mmol) and
indium powder (1.6 mmol) in the presence of a catalytic system
comprising 10 mol% Pd(OAc)2 and 20 mol% tris(2-furyl)-
phosphine afforded the expected six- and seven-memberedScheme 1

Table 1
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carbo- and hetero-cyclic products with aromatic, hetero-
aromatic and aliphatic aldehydes. Products of alkene isomerisa-
tion were not detected under these conditions (Table 1).

We next turned our attention to alkynes 1d and 1e (Table 2).
When these compounds were subjected to the same reaction
conditions as 1a–c the expected cascade ensued but the
resulting products, 6a and 6b, were the isomeric conjugated
dienes.

A possible mechanism, which explains the formation of 6a
and 6b, is shown in Scheme 2. The driving force for the
proposed 1,5-H shift is the developing aromaticity in the
rearrangement transition state. This latter factor is absent in 3a–
d, 4 and 5a–c.

These reactions further emphasise the versatility of the
palladium–indium cascade process. There is clearly consider-

able scope for variation of the carbonyl and allene components
and further developments are in hand.

We thank the EPRSC and Leeds University for support.

Notes and references
1 R. Grigg and V. Sridharan, J. Organomet. Chem., 1999, 576, 65.
2 U. Anwar, R. Grigg, M. Rasparini, V. Savic and V. Sridharan, Chem.

Commun., 2000, 645.
3 R. Grigg and V. Savic, Tetrahedron Lett., 1996, 37, 6565.
4 J. A. Marshall and C. M. Grant, J. Org. Chem., 1999, 64, 8214.
5 S. Araki, T. Kamei, T. Hirashita, H. Yamamura and M. Kawai, Org. Lett.,

2000, 2, 847.
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Two crystal structures containing infinite CuI chains
connected into 2-D layers by non-covalent interactions
demonstrate how coordinate covalent bonds and hydrogen
bonds can be combined in the design of new inorganic/
organic hybrid materials.

Crystal engineering of inorganic/organic hybrid materials is
typically based on a modular approach, where discrete building
blocks are linked into larger networks.1 The construction of
these metal-containing networks has, so far, been achieved
using two different design philosophies: adjacent transition-
metal complexes are linked either through (i) coordinate
covalent bonds2 or (ii) weaker intermolecular forces (e.g.
hydrogen bonds, aryl–aryl interactions, etc.).3 Both methods
have enjoyed considerable success, but there have been few
planned attempts at using a combination of these approaches to
build lamellar or 3-D architectures. Here we present two crystal
structures based on copper(I) iodide and an auxiliary hydrogen-
bonding ligand that demonstrate how the two philosophies can
be forged into a supramolecular tool that has not yet been
employed in a systematic manner.

One of the main challenges in crystal engineering is to control
the assembly and solid state structures in three dimensions. This
task is complicated by the fact that ionic/molecular building
blocks are capable of adopting a vast number of orientations in
the crystal, thus making predictions of the resulting structure
very difficult. Coordination polymers, however, are typically
very robust and the topology of such networks can often be
predicted with the aid of well known principles of coordination
chemistry.4 Thus, by using an infinite coordination polymer
with known topology instead of a discrete complex as a
synthetic module, the resulting assembly process will have
fewer degrees of freedom, which facilitates intermolecular
synthesis. Why then use anything but coordination polymers in
the design of hybrid materials? Weaker intermolecular forces
can impart properties to solids that sometimes offer advantages
over ‘pure’ coordination polymers. Materials held together by
hydrogen bonds tend to be more readily soluble, which is
desirable for reasons ranging from ease of synthetic modifica-
tion and manipulation to crystal growth and structural character-
ization.5 In addition, unlike the more rigid frameworks of
coordination polymers, a network generated through hydrogen
bonds6 can ‘flex’ to accommodate changes in its environment,
and may therefore lend itself to host–guest applications that are
less accessible in a rigid framework.7

Copper(I) complexes with monodentate ligands, (CuXL)∞
(where L is a pyridine derivative and X is a halide), are known
to form robust halogen-bridged 1-D step, stair or chain
structures,8 and several 2-D coordination polymers based on
‘pre-formed’ 1-D copper(I) iodide chains and cross-linking
bidentate ligands have recently been reported.9–11

In order to change network strength and flexibility without
making significant changes to the topology of the structure, we
have replaced the bidentate bridging ligand (e.g. pyrazine or
4,4A-bipyridine) with a supramolecular linker capable of
simultaneous metal coordination and self-complementary hy-
drogen bonding. To this end, we report the syntheses† and

crystal structures‡ of [CuI(3-pyridinealdoxime)]∞ 1 and [CuI-
(isonicotinamide)]∞ 2.

The crystal structure of 1 contains 3-pyridinealdoxime
ligands coordinated to a polymeric ‘staircase’ of CuI. Each
tetrahedral Cu(I) ion is coordinated to three m3-I ligands to
generate an infinite 1-D motif. The 3-pyridinealdoxime ligand
is attached to each Cu(I) ion through the pyridine nitrogen atom
[Cu(1)–N(1) 2.059(3) Å], to complete the coordination sphere.
The oxime ligands are staggered (Npy…Npy internuclear
distance ca. 4.1 Å) along the polymeric CuI chain and protrude
outward. Adjacent oxime moieties are connected via O–H…N
hydrogen bonds [O(7)…N(7), 2.841(3) Å], in a catemer-like
fashion, to propagate the 1-D polymeric chains into an infinite
2-D sheet (Fig. 1). The sheets are non-interpenetrating resulting
in a lamellar structure. There are no short contacts or
noteworthy aryl–aryl interactions between adjacent chains, or
between neighboring sheets.

The crystal structure of 2 is very similar to 1 and also contains
infinite polymeric Cu(I) chains. The isonicotinamide ligand
occupies the fourth coordination site of the Cu(I) center by
coordination through the pyridine nitrogen atom [Cu(1)–N(1)
2.02(2) Å].

Adjacent isonicotinamide molecules form two self-com-
plementary N–H…O hydrogen bonds [N(8)…O(9) 2.87(3) Å]
to yield a head-to-head amide–amide dimer. Through this
intermolecular interaction, the carboxamide functionalities act
as linear, bridging linkers between CuI ‘staircases’ to generate
two-dimensional infinite sheets almost identical to those
displayed by 1, Fig. 2.

The structures of 1 and 2 are very similar to copper(I) iodide
architectures where copper–halide staircases are interconnected
through covalent bonds by bridging bidentate ligands.10 In
general, these staircases are normally aligned parallel to each
other along the short axis of the unit cell. The length of this axis
(which also corresponds to the Cu…Cu separation within a
staircase) is ca. 4.1–4.4 Å for CuI,9,10 3.95–3.98 Å for CuBr,
and 3.75–3.78 Å for CuCl containing motifs. The precise
orientation and separation of neighbouring ribbons is deter-
mined by the specific geometry of the ligand(s). Variations in

Fig. 1 Infinite 2-D sheets of [CuI(3-pyridinealdoxime)]∞ 1. Adjacent oxime
moieties bridge polymeric ‘staircases’ of CuI via catemeric hydrogen
bonds.
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the size and substituent position(s) of the ligand also lead to
modifications of the resulting layer (e.g. planar vs. undulat-
ing).

Although the chemical properties of the hydrogen-bonding
moieties on the two pyridine-based ligands in 1 and 2 are
different, their structural influence is very similar: network
topologies and unit cell dimensions are nearly identical.12 This,
of course, is a benefit of using 1-D polymeric chains as building
blocks; they are structurally reliable and therefore reduce the
task of prediction and control to a much simpler problem. By
extending this combined coordination polymer/hydrogen-bond
design strategy, one can envisage using a ‘pre-formed’ 2-D
coordination polymer in combination with suitable organic
hydrogen-bonding linkers to obtain custom-built porous solids
for host–guest applications, e.g. separation and catalysis.
Further development and applications of this design principle
are currently underway in our laboratories.

We acknowledge financial support from Kansas State
University and DuPont.

Notes and references
† All starting materials were purchased from Aldrich and used as received.
Melting points were determined on a Fisher–Johns melting point apparatus
and are uncorrected. In both cases, yields were ca. 70–75%.

[CuI(3-pyridinealdoxime)]∞ , 1: 3-pyridinealdoxime (0.10 g, 0.82 mmol)
in the minimum amount of diethyl ether was layered on top of CuI (0.16 g,
0.84 mmol) in acetonitrile. The layered solution was covered and allowed to
stand in ambient air. After 1–2 days, yellow rods of 1 were obtained. Mp >
210 °C (decomp.).

[CuI(isonicotinamide)]∞ , 2: acetonitrile was carefully layered over a
solution of isonicotinamide in THF. A saturated solution of CuI in
acetonitrile was then added dropwise to the acetonitrile layer. The layered
solution was allowed to stand in ambient air. Slow diffusion produced
yellow rods of 2 in 1–2 days. Mp > 270 °C (decomp.).
‡ X-Ray crystallography: crystalline samples of 1 and 2 were placed in inert
oil, mounted on a glass pin, and transferred to the cold gas stream of the
diffractometer. Crystal data were collected and integrated using a Bruker
SMART 1000 system with graphite monochromated Mo-Ka (l = 0.71073
Å) radiation at 173 K. The structures were solved using heavy-atom
methods using SHELXS-97 and refined using SHELXL-97 (G. M.
Sheldrick, University of Göttingen). Non-hydrogen atoms were found by
successive full matrix least squares refinement on F2 and refined with

anisotropic thermal parameters. Hydrogen atoms for 1 were located on the
difference map, and those for 2 were placed at calculated positions. All
hydrogen atoms were then refined using a riding model with fixed thermal
parameters [Uij = 1.2 Uij(eq) for the atom to which they are bonded] for
subsequent refinements.

Crystal data: for 1: C6H6N2OCuI, M = 312.57, monoclinic, space group
P21/c, a = 13.544(1), b = 4.1098(4), c = 15.094(1) Å, b = 105.583(2)°,
U = 809.3(1) Å3, Z = 4, Dc = 2.565 g cm23, T = 173(2) K, m(Mo-Ka) =
6.452 mm21, wR2 = 0.0665 (1859 reflections collected, 1752 unique), R =
0.0253 [I > 2s(I)].

For 2: C6H6N2OCuI, M = 312.57, monoclinic, space group P21/c, a =
13.459(2), b = 4.0960(6), c = 16.649(3) Å, b = 109.617(3)°, U =
864.6(2) Å3, Z = 4, Dc = 2.401 g cm23, T = 173(2) K, m(Mo-Ka) = 6.040
mm21, wR2 = 0.3177 (1997 reflections collected, 1768 unique), R =
0.0868 [I > 2s(I)].

CCDC 182/1617. See http://www.rsc.org/suppdata/cc/b0/b001001o/ for
crystallographic files in .cif format.
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The cluster complex PtRu5(CO)15(PMe2Ph)(m6-C) has been
shown to exhibit facile intramolecular exchange of the
phosphine ligand between a platinum and ruthenium atom
that is rapid on the NMR timescale at 160 °C.

The ability of polynuclear metal complexes to rearrange their
ligand frameworks is central to understanding their reactivity.1
Today, there are many examples of dynamical exchange of
ligands between metal atoms in polynuclear metal com-
plexes.1,2 CO, CNR and NO ligands are the most common
examples of ligands that undergo these exchange processes
intramolecularly. Although there is evidence that phosphine
ligands may change sites between metal atoms in polynuclear
metal complexes,3 there has heretofore been only one demon-
strated example of the intramolecular exchange of phosphine
ligand between two metal atoms that is rapid on the NMR
timescale.4 Here, we report the first example of facile
intramolecular exchange of a phosphine ligand between two
different metal atoms in a heteronuclear metal cluster com-
plex.

Reaction of the complex PtRu5(CO)16(m6-C) 15 with PMe2Ph
at 25 °C has yielded two new complexes, PtRu5(CO)15(P-
Me2Ph)(m6-C) 2 (36% yield) and PtRu5(CO)14(PMe2Ph)2(m6-C)
3 (45% yield).‡ Compounds 2 and 3 were characterized by a
combination of IR,§ NMR§ and single-crystal X-ray diffraction
analyses.¶ The molecular structures of 2 and 3 are shown in
Figs. 1 and 2, respectively. Both compounds are structurally
similar to that of 1 and consist of an octahedral cluster
containing one platinum and five ruthenium atoms and a single

carbon atom in the center. The PMe2Ph ligand is terminally
coordinated to the platinum atom in 2, while in compound 3 the
two PMe2Ph ligands are both coordinated to ruthenium atoms
on opposite sides of the cluster. In both compounds there is a
bridging carbonyl ligand between the platinum atom and one of
the ruthenium atoms.

The 31P NMR spectrum of 2 indicates that it exists in solution
as a mixture of two isomers in a 7+3 ratio at 25 °C. The
resonance of the major isomer, d210.52, shows large coupling
(1JPtP 6084 Hz) to the platinum atom indicating that the P and Pt
atoms are mutually bonded. By contrast, a small coupling (2JPtP
115 Hz) to the 195Pt in the phosphorus resonance of the minor
isomer, d 9.51, indicates that the phosphorus atom is co-
ordinated to one of the neighboring ruthenium atoms. This is
supported by the 31P NMR spectrum of compound 3 which
shows that 3 exists as a mixture of three isomers in solution. One
isomer (40% abundance) shows only a single phosphorus
resonance with a small 195Pt–31P coupling of 139 Hz. This is
assigned to the isomer as found in the solid state that has
equivalent phosphine ligands on separate ruthenium atoms. The
major isomer (50% abundance) and the minor isomer (10%
abundance) both show two phosphorus resonances. For both
isomers there is one resonance with large 195Pt –31P coupling,
1JPtP 5999 Hz (major) and 1JPtP 6111 Hz (minor), and one
resonance with small coupling, 195Pt–31P, 2JPtP 63 Hz for the
major isomer (in the minor isomer the 195Pt–31P coupling was
too small to measure). It is proposed that one PMe2Ph ligand is
coordinated to the platinum atom and one PMe2Ph ligand is
coordinated to a ruthenium atom in these two isomers.

1H NMR spectra of the methyl resonances of 2 at various
temperatures are shown in Fig. 3.∑ At 25 °C, two resonances are
observed: d 1.78 (d, 6H, CH3, 2JPH 10, 3JPH = 53 Hz) (major
isomer) and d 1.98 (d, 6H, CH3, 2JPH 10 Hz) (minor isomer).
The major isomer shows significant 195Pt–1H coupling. No
195Pt–1H coupling was observed for the minor isomer. This is
consistent with our interpretation of the 31P NMR spectra of 2.
It was observed that the resonances of both isomers broaden and
coalesce, reversibly, as the temperature is raised, and most
importantly, 195Pt satellites are observed on the resonances in

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b0/b001080o/

Fig. 1 An ORTEP diagram of the molecular structure of PtRu5(CO)15(P-
Me2Ph)(m6-C), 2 showing 40% probability thermal ellipsoids. Selected
bond distances (Å) and angles (°): Pt(1)–P(1) 2.26(1), Pt(2)–P(2) 2.27(1);
Ru(3)–Pt(1)–P(1) 144.5(3), Ru(5)–Pt(1)–P(1) 123.5(3), Ru(10)–Pt(2)–P(2)
145.4(4), Ru(8)–Pt(2)–P(2) 123.6(3).

Fig. 2 An ORTEP diagram of the molecular structure of PtRu5(CO)14(P-
Me2Ph)2(m6-C) 3 showing 40% probability thermal ellipsoids. Selected
bond distances (Å) and angles (°): Ru(3)–P(1) 2.344(2); Pt(1)–Ru(3)–P(1)
81.60(6).
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the averaged spectrum at 160 °C. The 195Pt–1H coupling of 41
Hz observed at 160 °C is a weighted average of the 195Pt–1H
coupling of the two isomers.** These spectra confirm the
existence of a dynamical isomerization process by which the
phosphine ligand interchanges coordination sites between the
platinum atom and one of the ruthenium atoms in 2, and the
observation of the 195Pt–H coupling in the averaged spectra
confirms that the process is intramolecular.6 The exchange
broadened spectra were simulated by line shape calculations∑
that have provided exchange rates and in turn activation
parameters for the process, DH‡ = 15.1(3) kcal mol21 and DS‡

= 27.7(9) cal K21 mol21 for the transformation of the major
isomer to the minor isomer, and DH‡ = 14.5(3) kcal mol21 and
DS‡ = 211.4(9) cal K21 mol21 for the transformation of the
minor isomer to the major isomer.**

A mechanism to explain these observations is shown in Fig.
4. The structure of the major isomer is represented in diagram
2a. The proposed structure of the minor isomer is represented in
diagram 2b. The dynamical isomerization between 2a and 2b
can be explained by a shift of the phosphine ligand from the
platinum atom to one of the neighboring ruthenium atoms. It is
proposed that the phosphine ligand is shifted to the ruthenium
atom positioned opposite to that containing the bridging
carbonyl ligand. The process may be initiated by a series of CO
ligand shifts that traverse the intermediate A. To form A from
2a, the bridging CO ligand is shifted to a terminal position on
the platinum atom and two terminal CO ligands on ruthenium
atoms are shifted to bridging positions across two adjacent Ru–
Ru bonds. The structure of A is analogous to that of the
compound PtRu5(CO)14(PPh2CH2CH2PPh2)(m6-C) 4 recently
reported by Lee and Shapley in which both phosphorus atoms of
the chelating ligand are coordinated to the platinum atom.7 The

exchange process is completed by a shift of the phosphine
ligand from the platinum atom to the ruthenium atom. The
bridging CO ligands are shifted to terminal positions as
indicated by the arrows in A and a terminal CO ligand is moved
into a bridging position across the same Pt–Ru bond that
contained the bridging CO ligand in 2a.

This research was supported by the Division of Chemical
Sciences of the Office of Basic Energy Sciences of the U. S.
Dept. of Energy.

Notes and references
‡ A 12.6 mg amount of 1 (0.011 mmol) was allowed to react with 1.2 mL of
PMe2Ph (0.014 mmol) in 15 mL of CH2Cl2 at 25 °C for 30 min. Separation
by TLC in air using hexane solvent yielded 3.9 mg of 2 (36% yield) and 5.2
mg of 3 (45% yield).
§ Spectral data: for 2: IR nCO/cm21 (CH2Cl2): 2085m, 2066 (sh), 2054vs,
2037vs, 1995 (sh), 1852w, br. 1H NMR (in 1,2-dichlorobenzene-d4): major
isomer 2a: minor isomer 2b = 7+3 at 25 °C. For 2a: d 1.78 (d, 6H, CH3,
2JPH 10, 3JPtH 53 Hz); 31P{1H} NMR (in 1,2-dichlorobenzene-d4): d210.52
(1JPtP 6084 Hz). For 2b: 1H NMR (in 1,2-dichlorobenzene-d4): d 1.98 (d,
6H, CH3, 2JPH 10 Hz); 31P{1H} NMR (in 1,2-dichlorobenzene-d4): d 9.51
(2JPtP 115 Hz). For 3: IR nCO/cm21 (in CH2Cl2): 2069m, 2021vs, 1968 (sh),
1811w, br. 1H NMR (in 1,2-dichlorobenzene-d4): 50% isomer: d 1.85 (d,
6H, CH3, 2JPH 9.8, 3JPtH 51.0 Hz), 1.51 (d, 6H, CH3, 2JPH 10.8 Hz). 40%
isomer: d 1.94 (d, 6H, CH3, 2JPH 9.5 Hz). 10% isomer: d 1.75–2.04, JPtH and
JPH were obscured in this region. 31P{1H} NMR (in 1,2-dichlorobenzene-
d4): 50% isomer: d 213.45 (d, 1JPPt 5999, JPP 8 Hz), 9.62 (d, JPtP 63, JPP 8
Hz). 40% isomer: d 4.35 (s, 2JPPt 139 Hz). 10% isomer: d 211.80 (d, 1JPtP

6111, JPP 7 Hz), 21.11 (d, JPP 7 Hz).
¶ Crystal data: for 2: PtRu5PO15C24H11, Mr = 1270.76, orthorhombic,
space group Pna21, a = 44.897(5), b = 14.590(2), c = 10.208(2) Å, V =
6687(2) Å3, T = 20 °C, m = 6.47 mm21, R1 = 0.050, R2 = 0.080. Two
structurally similar independent molecules in the asymmetric crystal unit;
anisotropic refinement on Pt, Ru and P only.

For 3: PtRu5P2O14C37H28, Mr = 1459.01, monoclinic, space group
P21/m, a = 9.407(1), b = 25.955(7), c = 9.980(1) Å, b = 113.41(1)°, V =
2236.0(7) Å3, T = 20 °C, m = 4.88 mm21, R1 = 0.034, R2 = 0.046.
Compound 2 has mirror symmetry in the solid state; anisotropic refinement
of all non-hydrogen atoms.

CCDC 182/1610. See http://www.rsc.org/suppdata/cc/b0/b001080o/ for
crystallographic files in .cif format.
∑ Lineshape simulations of spectra in the exchange broadened region were
preformed by using the program EXCHANGE written by R. E. D.
McClung, Dept. of Chemistry, University of Alberta, Edmonton, Alberta,
Canada. Variable temperature 1H NMR spectra of compound 3 show that it
is also undergoing dynamical processes indicative of rapid phosphine ligand
exchanges.
** A plot of the temperature dependence of the equilibrium, minor isomer
to major isomer, provided the thermodynamic parameters DH° = 0.58(8)
kcal mol21 and DS° = 3.7(3) cal K21 mol21. From these parameters the
ratio of the major isomer/minor isomer is calculated to be 3.3+1 at 160 °C.
From this ratio, the weighted average of the 195Pt–31P coupling constant is
calculated to be 40.7 Hz.
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Weinheim, 1999, ch. 3.4.

3 G. Bondietti, G. Laurenczy, R. Ros and R. Roulet, Helv. Chim. Acta,
1994, 77, 1869; G. Laurenczy, G. Bondietti, A. Merbach, B. Moullet and
R. Roulet, Helv. Chim. Acta, 1994, 77, 547; S. Bouherour, P. Braunstein,
J. Rosé and L. Toupet, Organometallics, 1999, 18, 4908; P. Braunstein,
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Fig. 3 1H NMR spectra of compound 2 at various temperatures in
1,2-C6D4Cl2 solvent.

Fig. 4 A proposed mechanism for the isomerization of two isomers of
compound 2 by intramolecular shifts of the phosphine and carbonyl ligands
between the metal atoms. The carbon atom in the center of the cluster is
omitted for clarity.
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p-conjugated fluorophores with high electron affinity

Jean-Manuel Raimundo, Philippe Blanchard, Hugues Brisset, Said Akoudad and Jean Roncali*
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Angers Cedex, France. E-mail: jean.roncali@univ-angers.fr

Received (in Cambridge, UK) 24th March 2000, Accepted 17th April 2000

The association of aromatic electron donor groups with
proquinoid acceptors leads to p-conjugated fluorophores
combining tunable emission wavelength at constant geome-
try, high fluorescence efficiency and high electron affinity.

Conjugated fluorophores usable as active materials for light
emitting diodes (LEDs) should ideally combine high emission
quantum yields, tunable emission spectra and high electron
affinity in order to allow electron injection from stable metal
cathodes.1

The difficulty of meeting these various prerequisites with a
single compound has given rise to specific synthetic ap-
proaches. Thus, control of the emission wavelength has been
realized by adjusting the conjugation length of the fluor-
ophore,1,2 while increases in electron affinity have been
achieved by incorporation of electron deficient groups, such as
e.g. cyano or oxadiazole, in the p-conjugated system.1,3

It has been shown that the association of five-membered
heterocycles with electron-deficient systems such as thienopyr-
azine or benzo[c]thiadiazole (BTD) which have a strong
propensity to impose a quinoid geometry on the ground state of
the conjugated system, leads to polymers with small intrinsic
band gaps.4 As part of our continuing interest in band gap
engineering,5 we have synthesized a new series of tricyclic p-
conjugated systems 1–4 based on this approach. Besides their

use as precursors for low band gap polymers,6 these compounds
exhibit original electronic and optical properties which make
them potentially interesting for the design of photoluminescent
materials for LEDs.

Compounds 1, 3 and 4 were synthesized from 4,7-dibromo-
2,1,3-benzothiadiazole.7 Compound 1 was obtained by Suzuki
coupling with phenyl boronic acid and compounds 3 and 4 were
prepared by Stille coupling with the tributylstannyl derivatives
of 3,4-dihexyloxythiophene8 and 3,4-ethylenedioxythiophene,
respectively (Scheme 1). Compound 2 was prepared using a

procedure already described for the synthesis of 2,5-dithienyl-
benzo[c]thiophene.9 Reaction of phthaloyl chloride with 2-mer-
captopyridine led to 1,2-bis[S-(2-pyridyl)]benzenedithioate 6
which was then reacted with 3,4-ethylenedioxy-2-thienylmag-
nesium bromide to give diketone 5. Compound 2 was then
obtained by ring closure with the Lawesson reagent (L.R.).
Compounds 1–4 have been characterized by 1H and 13C NMR
spectroscopy, mass spectrometry and elemental analysis.†

Table 1 lists the cyclic voltammetric (CV) and optical data for
compounds 1–4. Literature data for terphenyls (3P) and
terthienyl (3T) have been included for comparison. Compounds
1–4 are reversibly reduced to their anion radicals and irreversi-
bly oxidized owing to electropolymerisation. The values of the
absorption maximum (lmax) and HOMO–LUMO gap, DE
(estimated from the absorption edge), for 3P and 1 show that
replacement of the median phenyl ring by the BTD group
produces a 100 nm red shift of lmax and a 1.10 eV decrease in
DE. Comparison of the anodic peak potentials (Epa) for 3P and
1 shows that the BTD group scarcely affects the oxidation

Scheme 1

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b002369h Chem. Commun., 2000, 939–940 939



potential but produces a positive shift of the reduction peak
potential (Epr) by more than 1.30 V, indicating a considerable
increase in electron affinity.

As expected, thiophene-based compounds exhibit smaller
DE values than 1 owing to the lower resonance energy of
thiophene and the electron releasing effect of the alkoxy
groups.5

Comparison of the optical data for 3T and 2 shows that the
combined effects of replacement of the median thiophene by
benzo[c]thiophene and electron-releasing ethylenedioxy sub-
stituents produce a ca. 100 nm red shift of lmax associated with
a 0.70 eV decrease in DE. On the other hand, the 0.54 V
decrease in Epa and the 0.20 V positive shift of Epr, indicated by
the CV data, show that the gap reduction is essentially related to
raising of the HOMO level.

Further replacement of the benzo[c]thiophene in 2 by the
BTD group (3 and 4) produces a 6–31 nm red shift of lmax and
a small decrease in DE. However, the 0.40–0.50 V parallel
positive shift of both Epa and Epr shows that the BTD group
induces major changes in the HOMO and LUMO levels, with
again a large enhancement of electron affinity. The small
decrease in DE from 3 to 4 and the slight negative shift of Epa
reflects the stronger electron-donating effect of the ethylene-
dioxy bridge compared to dialkoxy chains.8

The fluorescence properties of compounds 1–4 have been
analyzed in CH2Cl2 and the emission quantum yields (ff) have
been determined against anthracene in 95% EtOH for 1, and
perylene in 95% EtOH for 2–4. Introduction of BTD in the 3P
system produces a 150 nm red shift of the emission maximum
(lem) and a 50 nm increase in the Stokes shift. Whereas the
effect of BTD on ff is difficult to evaluate due to the different
experimental conditions, the measured value of 0.80 for 1
shows that ff remains high.

Comparison of the data for 3T and 2–4 reveals a large red
shift of lem (up to 200 nm for 4) and a 70–80 nm increase in the
Stokes shift for 2 and 4. Furthermore, the three compounds
exhibit a considerable increase in ff which reaches a value as
high as 0.92 for 2. The significant increase in ff compared to the
analog of 2 based on unsubstituted thiophene (ff = 0.67),10

underlines the strong effect of the ethylenedioxy substituents on
the fluorescence efficiency.

To summarize, we have shown that the insertion of
proquinoid acceptor groups in short-chain p-conjugated oligo-

mers leads to fluorophores with a unique combination of
enhanced electron affinity, high fluorescence efficiency and
ready control of the emission wavelength at constant chain
length. In addition to the intrinsic interest of these compounds
as a new class of efficient fluorophores, the above synthetic
strategy could open interesting perspectives for the design of
active molecular or polymeric materials for LEDs.

Notes and references
† 1: yellow powder, mp 127–129 °C. dH(CDCl3): 7.97 (dd, 4H, 3J 8.39, 4J
1.17 Hz), 7.80 (s, 2H), 7.56 (t, 4H, 3J 7.51 Hz), 7.47 (t, 2H, 3J 7.42 Hz).
dC(CDCl3): 154.1, 137.4, 133.3, 129.3, 128.6, 128.4, 128.1. Anal: found
(calc.): C, 74.99 (74.98); H, 4.35 (4.20); N, 9.51 (9.72); S, 11.10
(11.15)%.

2: brown solid, mp 146–148 °C. dH(CDCl3): 7.96 (m, 2H), 7.13 (m, 2H),
6.42 (s, 2H), 4.32 (m, 4H), 4.27 (m, 4H). MS: m/z (%) 414 (M+; 100), 317
(60). HRMS: calc. 414.0058, found 414.0054. Anal: found (calc.): C, 57.58
(56.95); H, 3.49 (3.40); O, 16.02 (15.44); S, 22.96 (23.21)%.

3: orange solid, mp 79–80 °C. dH(CDCl3): 8.39 (s, 2H), 6.37 (s, 2H), 4.10
(t, 4H, 3J 6.60 Hz), 4.02 (t, 4H, 3J 6.60 Hz), 1.82 (m, 4H), 1.70 (m, 4H), 1.50
(m, 4H), 1.36 (m, 12H), 1.24 (m, 8H), 0.92 (m, 6H), 0.84 (m, 6H).
dC(CDCl3): 152.8, 150.3, 144.9, 127.6, 124.5, 120.6, 98.2, 72.9, 70.0, 31.5,
30.1, 29.1, 25.8, 25.6, 22.6, 22.5, 14.1, 14.0. MS: m/z (%) 700 (M+; 100),
615 (20), 531 (20). HRMS: calc. 700.3402, found 700.3412.

4: brown solid, mp 314 °C. dH(CDCl3): 8.4 (1s, 2H), 6.55 (s, 2H), 4.44
(t, 4H), 4.31 (t, 4H). dC(CDCl3): 152.3, 141.6, 140.2, 126.6, 123.6, 113.7,
101.9, 64.9, 64.3. Anal: found (calc.): C, 51.77 (51.91); H, 3.04 (2.90); N,
6.62 (6.73); O, 15.28 (15.37); S, 23.29 (23.09)%.

1 A. Kraft, A. C. Grimsdale and A. B. Holmes, Angew. Chem., Int. Ed.,
1998, 37, 402.

2 B. S. Kang, M.-L. Seo, Y. S. Jun, C. K. Lee and S. C. Shin, Chem.
Commun., 1996, 1167; R. Gomez, J. L. Segura and N. Martin, Chem.
Commun., 1999, 619.

3 N. C. Greeham, S. C. Moratti, D. C. C. Bradley, R. H. Friend and A. B.
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Soc., Chem. Commun., 1995, 2211; W.-L. Yu, H. Meng, J. Pei, Y.-H.
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Table 1 CVa and opticalb data for compounds 1–4

Compd. Epa/V Epr/V lmax/nm DE/eV lem/nm ff

3P 1.80c 22.70c,d 279e 3.97 339e 0.93e

1 1.82 21.36 380 2.87 490 0.80
3T 1.10 22.00f 350 3.05 430 0.066g

2 0.56 21.80 450 2.33 613 0.92
3 1.06 21.28 456 2.29 542 0.73
4 0.92 21.40 481 2.19 630 0.75
a In 0.1 M NBu4PF6–MeCN, ref. SCE, 100 mV s21. b In CH2Cl2. c vs. Ag/
AgCl (ref. 11). d In NBu4Br–DMA (ref. 11). e In cyclohexane (ref. 12). f In
NBu4–DMF (ref. 13). g In dioxane (ref. 14).
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Hydrogenation of arenes, including the lignin model com-
pound 2-methoxy-4-propylphenol, has been effected using a
Rh colloid in biphasic aqueous/supercritical ethane reaction
media; this is the first successful example of an unsupported
colloid-catalysed hydrogenation of a substrate in a super-
critical fluid; the same reaction does not proceed in aqueous/
supercritical carbon dioxide or ionic liquid/supercritical
fluid media.

Catalysis performed in aqueous/organic biphasic media, with
the catalyst in the aqueous phase and hydrophobic substrates
and products in the organic phase, is appealing for industry
because the products can be separated cleanly and easily from
the catalyst with negligible loss of catalyst.1 However, given the
ability of water to retain high levels of organic solvent residues,
the disposal of the aqueous phase can be problematic. A more
environmentally benign alternative is to use aqueous/super-
critical fluid (SCF) biphasic media for catalysis. In such a
scheme the catalyst resides in the aqueous phase and the non-
polar SCF phase dissolves and transports the substrates, reagent
gases (if any) and products. The advantages of using SCFs such
as carbon dioxide (scCO2) or ethane (scC2H6) over liquid
organic solvents include lower environmental impact, enhanced
diffusion rates of H2, ease of recycling, and facile removal of the
SCF solvent from the product and from the aqueous phase.2
Aqueous/SCF biphasic media have been found to be effective
for several types of catalysts, including enzymes,3 antibodies,4
and water-soluble homogeneous catalysts.5,6 We now report the
use of aqueous/SCF biphasic media for arene hydrogenation
with a colloidal catalyst.

Hydrogenation of arenes, an important chemical process in
the synthesis of fine chemicals,7 can be catalysed by Raney
nickel, supported palladium or nickel catalysts, homogeneous
catalysts or colloidal catalysts. Many of the “homogeneous”
catalysts that have been reported for arene hydrogenation are in
fact catalytically active colloidal metal particles.8 Such particles
are known to be quite active and are usually prepared in situ in
biphasic aqueous/organic reaction media.9 Hydrogenations
with this type of catalyst can be achieved at room temperature
and low hydrogen pressure.10,11

Colloid-catalysed reactions in SCFs or aqueous/SCF biphasic
media have not been much studied in the past. Zemanian et al.
reported minimal conversion (0.25–1%) in the hydrogenation of
naphthalene to tetralin using a colloidal CoMoO3 catalyst in
reverse micelles in supercritical butane at 135–155 °C.12 In our
laboratory we have tested the hydrogenation of a series of
arenes in a biphasic, aqueous/SCF using Rh colloids generated
in situ from the complex [RhCl(cod)]2.

The first tests in this series were of the hydrogenation of
2-methoxy-4-propylphenol. This compound was selected be-
cause results published earlier13 showed it to be particularly

difficult to hydrogenate and because it is a model for the
phenolic groups in lignin; the hydrogenation of the aromatic
rings in lignin has been proposed as a method of preventing the
yellowing of mechanical pulps.13,14 The reactions were per-
formed in 1.5 mL aqueous buffer and 29.5 mL of supercritical
fluid, with the catalyst precursor, surfactant (tetrabutylammon-
ium hydrogen sulfate, THS) and arene typically in a
Rh+THS+arene ratio of 1+3+50.

The hydrogenation did not proceed in aqueous/scCO2
biphasic media (Table 1); the likely reason being the low pH due
to the dissolution of CO2 in the aqueous phase (see ESI†).  Rh
colloidal catalysts are particularly sensitive to pH, with
optimum activity at pH 7.4–7.6.10 In order to bypass the pH
problem, attempts were made to use a non-aqueous polar
solvent in place of the water.‡ For example, the ionic liquid
[bmim]BF4 (bmim = 1-butyl-3-methylimidazolium cation) is
insoluble15 in scCO2 and therefore is an appropriate substitute.
Unfortunately, the colloidal catalyst in the present experiments
was not active for hydrogenation in [bmim]BF4/scCO2,
[bmim]BF4/scC2H6, or [bmim]BF4/pentane mixtures. The cata-
lyst may have been inactivated by the ionic liquid itself or by
trace chloride ions16 remaining from the preparation of the ionic
liquid.

In an aqueous/supercritical ethane (scC2H6) biphasic me-
dium, excellent results were obtained (Scheme 1 and Table 1).
At a substrate+Rh ratio of 10+1, complete conversion was
obtained, while at 50+1, the reaction was 88% complete (Table
1). This is the first successful example of the use of an aqueous-
phase colloidal catalyst for the hydrogenation of a substrate in
a supercritical phase. Hydrogenations using liquid C2H6 as the
non-polar phase were also achieved. In all cases, the major

† Electronic supplementary information (ESI) available: experimental
details, description of the effect of changing the buffer, plot of pH of
aqueous buffers under 10 atm H2 and varying pressures of CO2. See
http://www.rsc.org/suppdata/cc/a9/a907193h/

Table 1 Reaction conditions for the hydrogenation of 2-methoxy-
4-propylphenola

Non-polar
Phase S/Rhb Surfactant

Buffer
pH

Ptotal/
bar t/h

Conv.
(%)

At room temp. and 4 bar H2

liq. C5H12 10 THS 7.5 4 46 100
liq. C2H6 10 THS 7.5 49 64 100
liq. CO2 50 THS 7.5 74 66 0

At 36 °C and 10 bar H2

liq. C5H12 50 THS 7.5 10 72 100
scC2H6 10 THS 7.5 240 72 100
scC2H6 50 THS 7.5 240 72 88
scC2H6 50 AOTc 7.5 240 96 4
scCO2 10 None None 240 78 0
scCO2 50 THS 7.5 210 50 0
scCO2 50 THS 11.2d 210 60 8
scCO2 50 THS 7.2e 220 72 0
a The catalyst precursor [RhCl(1,5-cod)]2 was used for all reactions. The
buffer is 0.1 M Na3PO4, 0.05 M citric acid, and 0.2 M boric acid except
where noted. The buffer pH refers to the pH at room pressure. b Substrate /
rhodium mole ratio. c 1 M AOT, conversion determined by GC. d 0.5 M
Na3PO4, 0.05 M citric acid and 0.2 M boric acid. e 1 M MOPS solution.
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product was cis-2-methoxy-cis-4-propylcyclohexanol. The
minor product, which had been observed in small amounts in
earlier studies, was cis-2-methoxy-trans-4-propylcyclohexanol.
The ratio of products was 8+1 in all runs, regardless of whether
scC2H6 or an organic liquid was used. This high selectivity
indicates that the hydrogenation of the arene ring takes place
without the partially-hydrogenated substrate dissociating from
the catalyst.14

Switching the surfactant from THS (0.04 M) to AOT
(dioctylsulfosuccinate, sodium salt, 1 M), which has been used
previously for the preparation of aqueous/scC2H6 emul-
sions,17–20 resulted in a dramatic drop in the catalytic activ-
ity.§

The extension of the method to the hydrogenation of simpler
arenes was also explored (Table 2). In these experiments, an
even higher substrate+Rh ratio of 100+1 was used. Conversions
were high in all cases. The hydrogenation of 4-phenylbutanone
was essentially complete and highly selective for hydrogenation
at the arene ring only. p-Xylene was primarily converted to cis-
1,4-dimethylcyclohexane, although it is interesting that the
selectivity for hydrogenation on a single face was greater for
2-methoxy-4-propylphenol than xylene. One could speculate
that the hydroxy and methoxy groups help anchor the substrate
to the metal surface.

Catalytic activity in this system may be related to the
solubility of the substrates. The range of arenes tested
encompasses hydrophilic and hydrophobic arenes. Phenol,
which is very soluble in water and essentially insoluble in
alkanes, was completely hydrogenated. It is tempting to

conclude that solubility in water is a requirement for efficient
hydrogenation by this method, but the conversion of p-xylene,
which is far more soluble in alkanes than it is in water, was still
fair. Unfortunately, the literature does not contain solubility
data for these arenes in scC2H6, but the solubility is expected to
be similar to that in scCO2. Xylene21 and anisole22 are
completely miscible with scCO2 but benzyl alcohol23 and
phenol24 have limited solubilities of 1–2 mol% at 36–40 °C and
elevated pressures (above 140 bar). Despite this wide range of
solubilities, the extent of hydrogenation was satisfactory for all
substrates.

In conclusion, arene hydrogenation is catalysed by Rh
colloids with high conversion in an aqueous/scC2H6 biphasic
medium. The same reaction in aqueous/scCO2 biphasic medium
does not proceed, probably due to pH problems which could not
be alleviated by the use of buffers. These results are new
examples of transition-metal catalysed reactions in aqueous/
SCF biphasic solvent mixtures.

We acknowledge experimental assistance from Miss Denise
Nakawatase and Mr Christopher Ablan, valuable discussions
with Dr Joan Brennecke (University of Notre Dame), and
funding from the University of California.
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‡ This is complicated by the fact that most polar organic solvents are quite
soluble in scCO2. For example, using a methanol or methoxyethanol
solution of the Rh catalyst precursor gave no conversion, presumably
because the organic solvent entirely dissolved in the supercritical phase.
§ The effect of applying shear to create an emulsion was not tested.
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A new open-framework fluorinated gallium phosphate
(MIL-31) containing the Ga9(PO4)9(H2O)(OH)(OH,F)4

52

anion was hydrothermally synthesized by using long alkyl
chain diamines (C9 and C10) as structure-directing agents;
its crystal structure is built up from hexameric units and
exhibits large one-dimensional hexagonal channels de-
limited by 18-rings.

The search for new large pore materials has received much
attention because of their potential applications in catalysis, ion
exchange or molecular sieving. Historically, most of the porous
solids are zeolite aluminosilicates and metal phosphates. Since
the discovery of AlPO4-n1 in 1982, the syntheses of a large
diversity of new open-framework structures2 have been re-
ported, many incorporating other elements such as B, Be, Ga,
In, Sn, Sb or transition metals as well as oxyfluorides, sulfides,
phosphonates, carboxylates, etc. Phosphate-based three-dimen-
sional architectures contain pores larger than those usually
observed in aluminosilicates. Whereas the pore size limit
encountered in silicates corresponds to 14-membered rings
(UTD-13), some phosphates are characterized by extra large
pore open-frameworks with 16-ring (Ga-ULM-5,4 Ga-ULM-
16,5 Fe-ULM-156), 18-ring (Al-VPI-57), 20-ring (Al-JDF-20,8
Ga-cloverite,9 FePO,10 GaPO11) and very recently 24-ring
channels (Ni-VSB-1,12 Zn-ND-113). We now report here a new
fluorinated gallium phosphate exhibiting a three-dimensional
open-framework with 18-ring channels.

The MIL-31 compounds were synthezised under mild
hydrothermal conditions by using either 1,9-diaminonane
(DAN) or 1,10-diaminodecane (DAD) as structure-directing
agents. There were prepared (180 °C, 3 days, autogenous
pressure) from a mixture of gallium oxyhydroxide [GaO(OH),
prepared from the reaction of gallium metal (4N, Rhône-
Poulenc) with water at 200 °C for 24 h), phosphoric acid
(H3PO4, 85%, Prolabo), hydrofluoric acid (HF, 48%, Prolabo),
tripropylamine [NPrn

3 (TPA), 98% Aldrich], 1,9-diamino-
nonane [H2N(CH2)9NH2, 98% Aldrich] or 1,10-diaminodecane
[H2N(CH2)10NH2, 97% Aldrich] and deionized water. Typi-
cally, the molar ratio was 1 Ga (0.356 g) : 1 P (0.16 ml) : 0.5 F
(0.06 ml) : 80 H2O (5 ml) : 0.4 TPA (0.25 ml) : 0.25 DAN (0.137
g) or 0.25 DAD (0.149 g). TPA was added in order to fix the
reaction pH to between 3 and 4. Without TPA, only dense
quartz-type GaPO4 is formed. The resulting white thin needle-
like crystals were filtered off, washed with water and dried at
room temperature. The XRD patterns of both powdered samples
were new and identical. With DAN, the compound was
obtained with a yield of 90% together with a small amount of
unreacted GaO(OH) whereas the yield is lower (70%) using
DAD. However, only single crystals of the phase using DAD
were suitable for X-ray structure determination† after hydro-
thermal treatment for one month. With DAN, the crystals were
too small (even after a long reaction time). Only cell parameters
can be extracted by using a conventional X-ray source
diffractometer.‡

The structure of MIL-31 consists of the connection of three
crystallographically distinct building units (BU) composed of
three phosphate groups and three gallium polyhedra (Fig. 1).
Two of them are identical to that already observed in the ULM-n
series13 (denoted type I) built up from three PO4 tetrahedra
corner-sharing with one GaO4(OH,F)2 octahedron and two
GaO4(OH,F) trigonal bipyramids. Within these hexameric
units, the octahedron is in a central position and linked to the
two GaO4(OH,F) trigonal bipyramids by corner-sharing via
fluorine or hydroxy groups. These hexameric blocks are
connected to each other whilst conserving strict Ga–P alterna-
tion in order to generate a sheet of composition [Ga6-
(PO4)6(OH,F)4] in the ab plane (Fig. 2). In this layer, two
adjacent units have opposite orientation, as already encountered
in the 3D framework of ULM-165 or the 2D solid ULM-8.14

These hexameric-based layers are connected through a
second type of BU (type II) with Ga3P3 stoichiometry. In this
entity, the three phosphate groups share corners with three
gallium polyhedra which exhibit three different coordinations:

Fig. 1 Hexameric building units of MIL-31: Ga3(PO4)3(OH,F)2 of type I
(left) and Ga3(PO4)3(OH)(H2O) or type II (right).

Fig. 2 View of the structure of MIL-31 along the 18-ring channels (along the
c axis).
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GaO4 tetrahedra, GaO4(OH) trigonal bipyramids and
GaO4(OH)(H2O) octahedra. The gallium bipyramidal unit is in
the central position and has one common hydroxy group with
the gallium octahedral unit. This BU is derived from TO4-based
4-ring units (T = tetrahedral Ga or P species) forming infinite
double-crankshaft chains as found in ULM-16.5 In MIL-31,
additional GaO4(OH)(H2O) and PO4 groups are connected to
the 4-ring unit. This induces a change of the coordination of one
of the GaO4 tetrahedra to give a GaO4(OH) bipyramid. All the
vertices of the gallium polyhedra are shared with the PO4
polyhedra, except the terminal water molecule attached to the
GaO4(OH)(H2O) octahedron [Ga–OH2 2.115(7) Å] pointing
towards the channel centre. Such a situation was previously
observed for the aluminophosphate VPI-515 in which one of the
aluminium sites has an octahedral surrounding. This aluminium
atom is at the center of the Al3P3 hexameric unit and is
coordinated to four PO4 groups and to two terminal water
molecules.

Fluorine chemical analysis gave three fluorine atoms per
Ga9(PO4)9 unit which implies a statistical OH/F occupancy for
the five observed Ga–X–Ga (X = OH or F) bridging positions.
The 19F NMR spectrum indicates only one signal at d 293.8
(ref. CFCl3) characteristic of bridging fluorine, but the spectral
resolution precludes any assignment. However, in BU II the
Ga–X distance ( < Ga–X > = 1.93 Å) is smaller than in BU I
( < Ga–X > = 2.00 Å). As only one peak is visible by 19F NMR
spectroscopy and given the measured fluorine content in the
material, we can assume that the bridging site in BU II is only
occupied by a hydroxy group and the fluorine would thus be
located on the other bridging sites of the BU I.

The connection of these different building units generates a
three-dimensional framework [Ga9(PO4)9(OH,F)4(OH)-
(H2O)]52 composed of large hexagonal-shaped tunnels with 18-
and 6-membered rings running along the c axis (Fig. 2). Two
diprotonated diamines are inserted within the larger channels
whereas two water molecules are trapped in the 6-ring channels.
Each terminal ammonium group of the organic template
interacts with anions of the framework via hydrogen bonds,
with distances in the range 2.8–3.1 Å. These interactions occur
between fluorine or hydroxy anions and one of the terminal
ammonium groups of the template as already found in other
phases of the ULM-n series.14 The water molecules in the 6-ring
channels interact with the ammonium groups via hydrogen
bonding.

Besides the four positive charges from the organic molecules,
an additional positive charge is required for the electroneutrality
of the structure and might come from one H3O+ residing within
the pore system. The pore opening diameter is ca. 12 Å but the
presence of the terminal water of the gallium octahedron
reduces thus to 10 Å along the b axis. The framework density
calculated from the number of cations per 1000 Å3 is 12.6 for
MIL-n and is comparable to that found in the faujasite16

structure (12.7) but lower than that observed in VPI-5 (14.2)
which is also of 18-ring based topology.

The thermal behaviour of the DAN phase was characterized
by X-ray diffraction and thermogravimetric analyses. The TG
curve (Fig. 3) shows three major events. The first step
(30–150 °C) is related to the removal of water (exptl: 4.30%;
calc: 1.84%). The difference between the values would be due
to the departure of five water molecules (calc: 4.50%) per
Ga9(PO4)9 unit, two found in the crystal structure analysis and
three corresponding to adsorbed water. The second event
(300–500 °C) can be assigned to the departure of the
alkyldiamine and the observed experimental weight loss shows
that the organic template is partly removed from the framework
(exptl: 10.51%; calc: 16.51%). Above 600 °C, the weight loss is
continuous and corresponds to 6.61% at 1000 °C. The XRD
diagrams show clearly that the resulting structure is collapsed
and transforms into dense GaPO4 (high cristobalite). The
weight loss can be assigned by assuming the removal of

hydroxy groups and fluorine (exptl: 6.61%; calc: 4.67%) and
additional organic template.

Notes and references
† Crystal data for MIL-31(DAD): Ga9(PO4)9F3(OH)2(H2O)·
N4C20H52·2H2O, M = 1975.93, orthorhombic, space group Pca21, m =
4.549 mm21, R1 = 0.0624, wR2 = 0.1066 [for 8228 reflections with I >
2s(I)], a = 17.4941(1), b = 32.3930(4), c = 10.0749(2) Å, V = 5709.3(1)
Å3, T = 293(2) K, Z = 4, 38201 reflections measured/13247 independent
(Rint = 0.1030). Data collection was performed on a SMART three-circle
diffractometer equipped with a CCD area detector (Mo-Ka radiation). The
alkyldiamine molecules were refined with geometrical restraints. All atoms
except for carbon and nitrogen were refined anisotropically. CCDC
182/1616. See http://www.rsc.org/suppdata/cc/b0/b001948h/ for crystallo-
graphic files in .cif format.
‡ Crystal data for MIL-31(DAN): orthorhombic, a = 17.4442(3), b =
32.1242(4), c = 10.1037(2) Å, V = 5661.921(2) Å3. Elemental analysis:
calc. for Ga9P9O41F3N4C18H56: P, 14.33; F, 2.62; N, 2.87; C, 11.09. Found:
P, 12.35; F, 2.54; N, 2.63; C, 9.78%.
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Fig. 3 Evolution of X-ray diffraction powder patterns as a function of
temperature (30–1000 °C under air) and TG curve of MIL-31 (2 °C min21
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A new family of di-, tri- and tetra-nuclear Ni(II) complexes
containing oxalic amidinates as bridging ligands is described
in which both peripheral Ni centres are catalytically active in
the oligomerization or polymerization of ethylene or in the
selective cross coupling of Ar–X with ArA–MgX.

Di- or oligo-nuclear metal complexes of late d metals connected
via the conjugated p-system of oxalic amidinato ligands
(‘oxam’) are attractive candidates for catalytic reactions,
because the ligands are easily accessible and their steric and
electronic properties can be easily modified. Furthermore,
systems with different metals in peripheral positions enable
catalysts to be designed in which either one or two metals are
catalytically active. In addition, the metal coordinated at the
opposite side of an active metal centre may be used for fine
tuning the catalytic activity.

Since oxalic amidinato ligands tend to form ill-defined
polymers with metal salts1,2 their coordination chemistry is very
limited.3–6 Neither dinuclear d8 metal complexes nor tri- or
oligo-metallic complexes are known. Furthermore, catalytic C–
C-linking reactions are also unknown.

Surprisingly, the Ni(II) complexes 1–4 (Scheme 1, m = 0) are
obtained by reacting Ni(acac)2 in toluene or THF with a variety
of oxalamidines. Recrystallisation from toluene resulted in red–
brown diamagnetic crystalline complexes in 35–60% yields.
According to 1H NMR spectroscopy on 1–5 the ratio of acac to
oxalic amidine ligand was 2+1 supporting dimeric structures
(Scheme 1).‡

The solid state structure of the key complex 4 was determined
by X-ray diffraction and Fig. 1 displays its molecular struc-
ture.§

As expected, the oxalamidinate acts as bridging ligand
connecting two (acac)Ni(II) fragments with both metal centres
essentially planar. Although 4, containing different N-sub-
stituents, may exist as two isomers, to our surprise only one
isomer was observed, in which both metal centres have different
coordination environments: one metal is surrounded by two

mesityl–N groups, the other by two p-tolyl–N groups. The
aromatic substituents are oriented to the ligand plane at an angle
of 90°. The 1H NMR spectrum confirms the presence of only
one isomer in solution. Complexes 1–5 can be considered as the
first members of a series of oxalamidinato complexes of general
composition LnM1(oxam)[M3(oxam)]mM2Ln (m = 0).

The trimetallic complex [(acac)Ni(oxam)Zn(oxam)Ni(acac)]
6 is the first example of the next generation of this series (m =
1, M1, M2 = Ni; M3 = Zn, oxam = tetramesityloxalamidine)
which was prepared by reacting of 2 equiv. of oxam with ZnEt2
in toluene , followed by addition of 2 equiv. of Ni(acac)2 in good
yields.

The Ni2Zn2 complex 7 is the first example of a tetrametallic
complex of the above-mentioned range prepared from 2 equiv.
of ZnEt2 and 3 equiv. of bis(mesityl)bis(p-tolyl)oxalamidine in
THF, followed by reaction with 2 equiv. of Ni(acac)2. Red
crystalline complex 7 was isolated upon recrystallisation of the
product from toluene. Elemental analyses, mass spectra, and the
1H NMR spectrum confirm its composition. Its X-ray structure
(Fig. 2) shows that both peripheral Ni centres have the same
planar environment as in 4, while the two central Zn atoms are
tetrahedrally coordinated.

Table 1 shows that all the complexes are catalytically active
towards ethylene when activated with MAO or Et3Al. In
contrast to the well established Ni catalysts for the SHOP
process,7 in which negatively charged P–O ligands support the
oligomerization of ethylene, we observed both oligomerization
and polymerization of ethylene (Table 1).

A comparison of 2 (runs 1 and 2 in Table 1) and 3 (runs 5 and
6 in Table 1) clearly shows that the p-tolyl groups in 2 promote
the oligomerization of ethylene; however, substitution by

† Electronic supplementary information (ESI) available: general
procedures and full spectroscopic characterisation of complexes 1–7. See
http://www.rsc.org/suppdata/cc/b0/b000791i/

Scheme 1

Fig. 1 Molecular structure of 4. Selected bond distances (Å) and bond angles
(°): Ni1–N1 1.880(8), Ni2–N2 1.886(8), Ni1–O3 1.841(7), Ni1–O4
1.843(7), Ni2–N3 1.879(8), Ni2–N4 1.902(8), Ni2–O1 1.845(7), Ni2–O2
1.854(7), C1–C2 1.518(13), N1–C1 1.304(12), N2–C2 1.311(12), N3–C1
1.316(13), N4–C2 1.334(12); O4–Ni1–N1 90.3(3), O3–Ni1–N2 90.9(3),
N2–Ni1–N1 83.9(3), O3–Ni1–O4 94.8(3), O1–Ni2–N3 89.7(3), O2–Ni2–
N4 91.4(3), N3–Ni2–N4 84.5(4), O1–Ni2–O2 94.4(3).
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mesityl groups (in 3) results in the formation of a selective
polymerization catalyst. In contrast to recently described
1.2-diimine or salicylaldiminato complexes of d8 metals, where
very bulky substituents have to be used for selective polymeri-
zation,8–11 in the oxalic amidinato complexes only two
additional ortho-methyl groups are necessary to switch the
reaction from oligomerization to polymerization of ethylene.
Since both oligomerization and the polymerization of ethylene
occur using 4 as catalyst which contains two different
coordination spheres, we can conclude that both metals are
catalytically active (runs 3 and 4 in Table 1). If the reaction with
3 was carried out heating the reaction mixture from room
temperature to 69 °C within 10 min (50 bar ethylene) then 3.7
g of polyethylene was produced giving a TOF of 102 000
h21.

The catalytic reaction of 6/MAO with ethylene shows that the
Zn moiety in the middle of 6 increases the selectivity towards
polymerization compared with 3 (Table 1, runs 5 and 9). This
demonstrates the possibility for fine tuning the catalytic activity
by using different metals. The tetranuclear complex 7, however,
is a dimerization catalyst when activated with MAO. The
complexes can also be used as catalysts in other C–C coupling
reactions such as the polymerization of styrene (e.g.: 3/300
equiv. MAO/4000 equiv. styrene yielded 94% polystyrene) or
cross coupling, e.g. of mesitylmagnesium bromide (500 equiv.)
with p-tolyl bromide (500 equiv.) to give mesityl–4-tolyl in
99% selectivity and an overall yield of 95% when 4 in THF at
ambient temperature was used.

In conclusion, we have shown that di-, tri- and tetra-nuclear
complexes of late d metals with oxalamidinates can easily be
prepared and used in a number of catalytic C–C-linking
reactions. Both peripheral Ni centres are catalytically active in
these complexes.

This work was supported by Deutsche Forschungsge-
meinschaft und Volkswagenstiftung.

Notes and references
‡ Satisfactory microanalysis have been obtained. Selected spectroscopic
data: for 4: C44H50N4O4Ni2: MS (EI): m/z 816 (42%, M + 2+); dH(toluene-
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s, 4H), 6.37, 6.71 (CH-tol, AAABBA, 8H).

For 7: C112H122N12Ni2O4Zn2: dH(THF-d8, 25 °C): 1.01, 1.04, 1.29, 1.39,
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6.02–6.29 (m, CH-aryl, 23H), 6.44, 6.48, 6.56, 6.61, 6.65 (m, CH-aryl, 6H),
7.08–7.2 (m, CH-aryl, 7H).
§ Crystal data for 4:12 C44H50N4Ni2O4, Mr = 816.30, brown prism, size
0.40 3 0.35 3 0.10 mm, monoclinic, space group P21/n, a = 12.696(2), b
= 8.873(1), c = 36.989(4) Å, b = 98.278(6)°, V = 4123.5(9) Å3 , T = 290
°C, Z = 4, Dc = 1.315 g cm23, m(Mo-Ka) = 9.59 cm21, F(000) = 1720,
4609 reflections with h(213/13), k(0/9), l(241/40), measured in the range
2.81 @ q @ 23.27°, completeness q max = 98.7%, 3331 independent
reflections, Rint = 0.089, 2607 reflections with Fo > 4s(Fo), 487
parameters, 0 restraints, R1obs = 0.080, wR2

obs = 0.231, R1all = 0.108,
wR2

all = 0.271, GOF = 1.074, largest difference peak and hole: 0.385,
20.563 e Å23.

For 7:12 C112H122N12Ni2O4Zn2, Mr = 1948.38, red prism, size 0.32 3
0.28 3 0.20 mm, monoclinic, space group I2/a, a = 22.2023(8), b =
21.6541(6), c = 25.343(1) Å, b = 105.960(2)°, V = 11714.5(7) Å3 , T =
290 °C, Z = 4, Dc = 1.125 g cm23, m(Mo-Ka) = 7.71 cm21, F(000) =
4176, 22567 reflections for h(227/27), k(226/27), l(231/31), measured in
the range 3.01° @ q @ 26.42°, completeness q max = 98.9%, 11922
independent reflections, Rint = 0.091, 6125 reflections with Fo > 4s(Fo),
615 parameters, 0 restraints, R1obs = 0.086, wR2

obs = 0.217, R1all = 0.175,
wR2

all = 0.261, GOF = 1.010, largest difference peak and hole: 0.927,
20.451 e Å23.

CCDC 182/1615. See http://www.rsc.org/suppdata/cc/b0/b000791i/ for
crystallographic files in .cif format.
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Table 1 Catalytic reactions of 1–7 with ethylene in the presence of MAO or Et3Ala

Run Precat. Cocatalyst C4/C6 (%)
Polymer
(%)

Polymer
selectivity (%) Mw Mn D = Mw/Mn

1 2 MAO (300) 33 — — — — —
2 3 MAO (2) — 4 100 357000 244000 1.46
3 3 MAO (6) — 24 100 673000 451000 1.49
4 3 MAO (20) 2 42 95 491000 185000 2.66
5 3 MAO (300) 9 74 89 157000 88000 1.78
6 3 MAO (1000) 6.5 54 89 75000 30000 2.49
7 3 AlEt3 (300) — 62 92 246000 165000 1.49
8 4 MAO (300) 16 16 50 237000 117000 2.02
9 6 MAO (300) 7 82 92 189200 132700 1.43

10 7 MAO (300) 24 2 — — — —
11 Ni(acac)2 MAO (300) 38 — — — — —

a General conditions: 0.031 mmol catalyst, 10 bar ethylene, 20 ml toluene, 16 h reaction time, room temperature; run 9: most of the polymer was insoluble,
only the molecular weight of the soluble fraction was determined.

Fig. 2 Molecular structure of 7. Selected bond distances (Å) and angles (°):
Ni–O1 1.840(4), Ni–O2 1.864(4), Ni–N1 1.897(4), Ni–N2 1.885(4), Zn–N3
2.002(4), Zn–N4 2.007(4), Zn–N5 1.996(5), Zn–N6 2.000(5), C1–N1
1.309(6), C1–N3 1.334(7), C2–N2 1.312(7), C2–N4 1.344(7), C1–C2
1.524(8), C35–N5 1.343(7), C35–N6A 1.338(7), C35–C35A 1.518(12),
dihedral angle between planes (Ni–O1–O2)/(Ni–N1–N2) 6.9(2), (Zn–N2–
N4)/(Zn–N5–N6) 100.8(2). Symmetry transformations used to generated
equivalent atoms: A 2x + 3/2, y, 2z + 1.
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Solutions of [Fe2S2(NO)4]22 or [Fe4S3(NO)7]2 undergo
facile aggregation to new clusters [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2, but do not form the known species [Fe4S4-
(NO)4]z and [Fe6S6(NO)6]22; reactivities and reactions in
solution and gas phases were monitored by electrospray
Fourier transform ion cyclotron resonance mass spectrome-
try, and the probable structures of [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2 were determined by density functional
calculations.

In 1858 Roussin reported salts of [Fe2S2(NO)4]22 1 and
[Fe4S3(NO)7]2 2.1 Since then there have been numerous
publications on derivatives of 1 and 2,2–6 but [Fe4S4(NO)4]z (z
= 0, 21) 37–9 and [Fe6S6(NO)6]22, 410 are the only other

known iron sulfide clusters containing only NO ligands. We
report here the formation of [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2 by a facile aggregation process, which also
yields other larger clusters.

Negative ion electrospray mass spectrometry (ESMS) of a
solution of Na2[Fe2S2(NO)4] in methanol immediately after
preparation shows [Fe2S2(NO)4H]2, which rapidly (ca. 15 min
at 1024 M concentration, 25 °C) converts to a species of m/z
647.† By accurate mass analysis of the isotopomer pattern, and
collision induced dissociation of NO, this species was con-
firmed as [Fe5S4(NO)8]2. Subsequently (40 min),
[Fe5S4(NO)8]2 in this methanol solution converts to a mixture
of [Fe4S3(NO)7]2 and a new species with m/z 883, which is
confirmed to be [Fe7S6(NO)10]2. A solution of Na2-
[Fe2S2(NO)4] in acetonitrile also shows the formation of
[Fe4S3(NO)7]2 and [Fe5S4(NO)8]2, and eventually
[Fe7S6(NO)10]2, together with transitory low intensity species
at m/z 412, 478, only during the early stages.† Solutions of
Na[Fe4S3(NO)7] in methanol also show the formation of
[Fe5S4(NO)8]2 and [Fe7S6(NO)10]2, although generated more
slowly (7 to 14 d at 1024 M and 25 °C).

These spectra are significant also for the species that are
absent. There is no evidence of [Fe4S4(NO)4]z2 or [Fe6S6-

(NO)6]z2 (z = 1 or 2) in any of the numerous spectra recorded.†
Apart from the strong peaks for [Fe4S3(NO)7]2, [Fe5S4(NO)8]2
and [Fe7S6(NO)10]2 the spectra are devoid of peaks in the mass
range 500–900. Additional high mass peaks above m/z 900 have
been observed, but not identified unambiguously.

With ESMS there is a fundamental question whether the
observed species exist in the electrosprayed solution or are
artefacts of the energetic ES desolvation process. The depend-
ence of the spectra on the history of the solutions is strong
evidence for the transformations in solution. Further, we have
adjusted the ES capillary potential to effect controlled fragmen-
tation, which involves only NO dissociation and occurs well
above the threshold capillary voltage for observation of
[Fe5S4(NO)8]2 and [Fe7S6(NO)10]2.† It is significant that
induced fragmentation does not disrupt the FeS cores. The
stability and coordinative saturation of [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2 are demonstrated by their inertness to reactive
NO2 (g) in the FTICR cell. After controlled partial dissociation
of NO from [Fe5S4(NO)8]2 or [Fe7S6(NO)10]2 they do react
with NO2, by oxygen addition.

We have not yet been able to crystallise the new species, but
have investigated their structures by validated density func-
tional calculations,11 evaluating the minimised energies of
postulated structures. For [Fe5S4(NO)8]2 eight structure types
were investigated, and Fig. 1 shows the best structure found,
548A, which is a flattened FeS4 tetrahedron with four edge-
bridging Fe(NO)2, and a spin doublet ground state (HOMO–
LUMO gap of 1.1 eV). This is 22 kcal mol21 more stable than
the next best structure, 548B (Fig. 1). For [Fe7S6(NO)10]2, 29
postulated structures were investigated. The most probable
structure, 7610A (Fig. 2), contains two of the Fe4S3 cores fused
at one Fe: structures 7610B and 7610E are configurational
isomers with Fe4S3 cores linked by Fe–S bonds; 7610C also
contains the Fe4S3 core; while 7610D is [Fe2S2(NO)4] linked to
548A. These four isomers are not strongly differentiated in total
energy (see Fig. 2). One of the isomers for [Fe7S6(NO)10]2 is 5,

† Electronic supplementary information (ESI): representative spectra and
further experimental details. See http://www.rsc.org/suppdata/cc/b0/
b001738h/

Fig. 1 The optimised structures of isomers 548A (symmetry D2d) and 548B
(symmetry C2) of [Fe5S4(NO)8]2: Fe black; S grey, intermediate size; N, O
small. The energy of 548B relative to 548A is +22 kcal mol21.
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which is a logical extension of 2, and is related to the established
metal sulfide cluster type 6,12 but 5 is 38 kcal mol21 less stable
than 7610A. We believe that our geometry searches have
canvassed all reasonable possibilities.

The comparatively fast formation of [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2 suggests facile mechanisms, with uncompli-
cated connectivity changes between the precursors and the
proposed structures. The general absence of observable inter-
mediates during the formation of [Fe5S4(NO)8]2 and
[Fe7S6(NO)10]2 indicates that the mechanisms are associative.
We can propose a facile mechanism for the assembly of 548A
from three [Fe2S2(NO)4], involving the breaking of only three
Fe–S bonds and dissociation of two Fe–NO, with reformation of
five Fe–S bonds [stoichiometry eqn. (1)]. For the assembly of
7610A from [Fe5S4(NO)8]2 in solution according to eqn. (2) we
can propose a mechanism involving the breaking of a total of
only eight Fe–S bonds in concert with transfer of two NO
ligands, and reformation of eight Fe–S bonds.

3 [Fe2S2(NO)4] ? [Fe5S4(NO)8] + [FeS2(NO)2] + 2 NO (1)

3 [Fe5S4(NO)8] ? [Fe7S6(NO)10] + 2 [Fe4S3(NO)7] (2)

An important feature of the reactions observed is that they
occur at ambient temperature and low concentration. This is
associative cluster formation which is thermodynamically
favourable and kinetically facile. In contrast, the formation of 4
(and its precursors) required extended reactions at elevated
temperatures.10 The difference is in the degree of NO

dissociation: the Fe–S–NO clusters easily formed by associa-
tion in solution retain Fe(NO)2 groups, while other established
Fe–S cluster cores have at most one terminal ligand per Fe.

The facility of the associative formation of Fe–S aggregates
described here could be relevant to the biosynthesis of Fe–S
cofactors.13–15

The resources used in this research were provided by the
Australian Research Council and the University of NSW.
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Self-assembly of CdTe-nanoparticles and alkylammonium
surfactants gives stable, hydrophobic surfactant-encapsu-
lated CdTe-clusters that can be isolated as solid materials
which dissolve in common organic solvents, spread at the
air–water interface, and show enhanced photochemical
stability.

Nanoparticles of semiconductors are at the focus of materials
research owing to the novel electronic, catalytic and optical
properties of these materials. The unusual properties can be
attributed to two main factors: the high surface area to volume
ratio and the spatial confinement of electronic states. The
confinement results in discrete transitions with highly polariz-
able excited states that are tunable with particle size.1

The synthesis, purification and isolation of stable, discrete
nanoparticles preferentially with a narrow size distribution and
tailored surface chemical properties represents a considerable
challenge because the large surface energy promotes aggrega-
tion to minimize the surface area. A successful synthesis should,
therefore, result in monodisperse nanoparticles with robust
surface passivation. Essentially, there are three methods to
achieve these goals with varying success.2 A common approach
relies on decomposition of organometallic precursors, where
surface passivation is achieved by coordination of solvent
molecules, such as alkylphosphine oxides, to the cluster surface
in situ.3 In a second method, particle growth is restricted in
confined media, such as polymer micelles.4 Finally, nano-
particles can be synthesized via colloid chemistry where the
particles are capped by suitable stabilizing molecules, such as
thiocarboxylic acids.5

Following our recent work on encapsulated polyoxometalate
clusters,6 we present here, the synthesis and isolation of stable
surfactant encapsulated CdTe-clusters (SECs). This self-assem-
bly strategy relies on an ion exchange process of the cluster
counter ions with surfactants. This approach has been applied to
a variety of particles,7 including gold colloids,8 metal9 and
metal oxide clusters.10 The advantage of our approach is that the
preparation of the parent CdTe-clusters rests on well established
experimental procedures.11 The synthesis of CdTe-SECs is
achieved in a second independent step by treating aqueous
CdTe-solutions with the surfactant dimethyldioctadecylam-
monium bromide (DODABr). Encapsulation of the CdTe-
clusters with surfactants results in hydrophobic SECs, which are
readily isolated as solid powder. These semiconductor clusters
possess many interesting properties and are, therefore, of
considerable technological interest.12

The CdTe-clusters were synthesized by treating a demi-
neralized aqueous solution containing thioglycolic acid and
Cd(ClO4)2·6H2O (0.013 M) at pH 11 with NaHTe in an inert gas
atmosphere,5,11 leading to particles of diameter ca. 4 nm.13 A
4.5 ml aliquot of this solution was diluted to 100 ml with water
and the pH was adjusted to 6 by addition of HCl. 50 mg of
DODABr was then added and the resulting CdTe-SEC was
extracted with chloroform. Quantitative transfer of the CdTe-
clusters into the organic phase was observed by visual
inspection after 20 min: the chloroform phase turned yellow–
brown, while the aqueous phase became colourless. The organic
phase was separated, dried and evaporated to yield the CdTe-
SEC material as a brown–yellow solid, which readily dissolved

in common organic solvents. The solubility properties imply
that the surfactant molecules form a closed, hydrophobic shell
around the CdTe-core with the positive head groups of the
surfactant molecules binding to the surface carboxylates.

UV–VIS and fluorescence spectroscopy demonstrate that the
CdTe-clusters maintain their structural integrity upon encapsu-
lation. The absorbance spectra of the parent CdTe-clusters and
the CdTe-SECs are fairly similar (Fig. 1) with both samples
showing characteristic shoulders at ca. 400 and 600 nm. The
fluorescence spectra have similar band positions and widths,
indicating that the particle size distributions of the two samples
are similar. It is interesting that the apparent fluorescence
intensity for the CdTe-SECs is larger by almost a factor of two.
These observations demonstrate how sensitive the photo-
physical properties of the CdTe-nanoparticles are to surface
derivatization and local field effects.14

A comparison of the long-term development of the fluores-
cence intensity is shown in Fig. 2. The parent CdTe-clusters
show a decay of the fluorescence intensity by an order of
magnitude within 4 h. Also shown is the UV–VIS absorbance as
a function of time. A decrease in absorbance indicates a loss of
material from within the probe beam volume. Although the use
of thioglycolic acid for adjusting the pH of the aqueous solution
extends the photochemical stability of the CdTe-clusters, the
particles are completely decomposed after seven days with the
fluorescence intensity and the absorbance falling close to zero.
Because CdTe-solutions stored in the dark are stable over
extended periods of time, we conclude that a light induced
reaction occurs, which eventually results in precipitation of the
CdTe-clusters. In contrast, the CdTe-SECs show a steady
fluorescence intensity under the same experimental conditions
(Fig. 2).† Even after seven days of illumination, the CdTe-SECs
maintain most of their initial fluorescence. Clearly, the

Fig. 1 UV–VIS spectra (a) and fluorescence spectra (b) of CdTe-clusters
(––––) and CdTe-SECs (- - - -). The fluorescence spectra are normalized for
better comparison (excitation wavelength 400 nm). The spectra of the
CdTe-clusters and the CdTe-SECs are nearly identical, indicating the
structural integrity of the CdTe-clusters within the surfactant encapsulated
clusters.
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surfactant shell effectively protects the CdTe-core from photo-
induced decomposition and precipitation.

The hydrophobic nature of the CdTe-SECs is shown by the
fact that they form stable Langmuir monolayers at the air–water
interface‡ and Fig. 3 shows a representative compression
isotherm which are very reproducible. The area per SEC cannot
be obtained from the isotherm because the molecular mass of

the CdTe-SECs is, as yet, not known. The isotherm does not
show well defined phase transitions, but only a slight shoulder
at 20 mN m21 while the collapse pressure is ca. 42 mN m21.
Upon expansion a slight hysteresis is visible. The collapse
pressure is relatively high, which indicates a good stability of
the monolayer. This behavior is similar to that of structurally
related surfactant encapsulated polyoxometalate clusters.6

In summary, we have presented a facile non-covalent strategy
to tailor the surface chemical properties of semiconductor
nanoparticles, including solubility and surface activity. The
nanoparticles have been synthesized according to an established
experimental procedure. Self-assembly of the charged clusters
and dialkylammonium surfactants results in encapsulation and
formation of discrete, hydrophobically encapsulated CdTe-
clusters. Encapsulation enhances the fluorescence intensity and
photochemical stability of the CdTe-nanoparticles.

The study was supported by the Max-Planck Society.
Helmuth Möhwald and Stefan Kirstein are acknowledged for
valuable discussions.
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Fig. 2 Fluorescence intensity of CdTe-clusters (8) and CdTe-SECs (2) as
a function of time. The CdTe-SECs show a nearly constant fluorescence
intensity under irradiation at the excitation wavelength (400 nm). By
contrast, the fluorescence intensity of parent CdTe-clusters decays under
identical conditions. Also shown is the UV–VIS absorbance at 400 nm of
the CdTe-clusters (-). The diminution with time corresponds to a loss of
material within the probe beam volume (precipitation) which causes the
decrease of fluorescence intensity.

Fig. 3 Representative compression isotherm of a CdTe-SEC at the air–water
interface. The Langmuir monolayers are quite stable as indicated by the
high collapse pressure of ca. 42 mN m21.
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BuLi–Me2N(CH2)2OLi (BuLi–LiDMAE) promoted the clean
C-6 functionalisation of 3-picoline via a methyl to C-6
lithium shift.

The selective lithiation-functionalisation of 3-picoline 1 re-
mains a synthetic challenge since the potential electrophilicity
of the azomethine bond towards alkyllithium reagents as well as
a competitivity between acidic protons of the methyl group and
those of the heteroaromatic ring must be considered. In fact, a
survey of the literature revealed that major studies concern the
abstraction of side-chain protons1 while the selective lithiation
of the pyridinic ring has been performed only via halogen–metal
exchange on the corresponding brominated derivatives.2 To our
knowledge, direct lithiation of the cheap and easily available
parent 1 has not yet been described.

Recently, we have reported the usefulness of BuLi–Me2N-
(CH2)2OLi (denoted BuLi–LiDMAE) for the metallation of
pyridine derivatives in apolar solvents. This new reagent
prevented the classical nucleophilic addition of BuLi while
promoting the regioselective lithiation at C-a of the pyridinic
ring.3 Herein, we describe our investigations on the selective
metallation of 3-picoline 1 with BuLi–LiDMAE and its
efficiency for the synthesis of 2-substituted-5-methylpyr-
idines.

All our initial attempts to metallate the pyridinic ring of 1
with classical lithium reagents failed (Scheme 1). Reaction with
LDA affected exclusively the methyl group1 giving 2 while
BuLi or BuLi–TMEDA led to complex mixtures containing the
nucleophilic addition product 3.

In contrast, when 1 was treated with BuLi–LiDMAE (3
equiv.),4 after subsequent quenching with ClSiMe3, neither
silylation of the methyl group nor addition products were
detected. Moreover, exclusive C-6 silylation of the pyridinic
ring occurred and 4a was isolated in 90% yield. The versatility
of this unprecedented reaction was further nicely illustrated by
condensation of representative electrophiles5 (Table 1).†

As shown, clean C-6 functionalisation was observed and
products 4b–h were isolated in good to very good yields. Note
that the derivatives 4g–j are of particular interest as potentially
reactive precursors for further chemical modifications.

Our attention then focused on the interpretation of the
obtained regioselectivity. At first we felt that owing to the
known higher acidity of side-chain protons,6 lithiation at the
methyl group could be considered as the initial step of the
reaction pathway. Thus, we attempted the metallation of

3-(methyl-d3)pyridine 1-d3 with BuLi–LiDMAE. Deuterium
was here expected to act as a carbon protecting group
preventing methyl proton abstraction owing to a kinetic isotope
effect (KIE).7 As shown in Scheme 2, no silylated product 4-d3

was detected.
This strong KIE clearly indicated that the availability of

methyl protons was critical to ensure functionalisation of the
pyridinic ring. An eventual direct metallation at C-6 was thus
excluded and the reaction pathway probably involves a fast
lithium migration from the side chain to the 6 position.
According to our previous observations,3 this unusual shift is
assumed to be favoured by a strong complexation of BuLi–
LiDMAE aggregates in the neighbourhood of the pyridine
nitrogen atom. Subsequent electrophilic quenching followed by

Scheme 1

Table 1 Preparation of 2,5-disubstituted pyridinesa

Scheme 2

Scheme 3
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spontaneous aromatisation8 would then afford product 4
(Scheme 3).

In summary, we have shown that BuLi–LiDMAE promoted
the unprecedented regioselective C-6 functionalisation of
3-picoline. This efficient method was found to be a direct and
simple route to functional picolinic derivatives which constitute
the key structure of many biologically active compounds.

Notes and references
† All compounds gave satisfactory spectral data (1H, 13C NMR) and new
compounds gave satisfactory elemental analyses. The preparation of 4a is
given as a typical procedure. To a solution of 2-dimethylaminoethanol (1.07
g; 12 mmol) in hexane (5 mL) cooled at 0 °C, was added dropwise BuLi (24
mmol; 15 mL of a 1.6 M solution in hexanes). After 15 min, a solution of
3-picoline (0.37 g; 4 mmol) in hexane (5 mL) was added dropwise and the
orange solution stirred for 1 h at 0 °C. After cooling at 278 °C, a solution
of TMSCl (1.55 g, 14 mmol) in THF (25 mL) was added dropwise. The
reaction mixture was maintained at 278 °C for 1 h and then allowed to
warm to room temperature. Hydrolysis at 0 °C with water (15 mL) was
followed by extraction with diethyl ether (20 mL) and drying over MgSO4.
After evaporation of solvents, the crude product was purified by flash-
chromatography using hexane–AcOEt (85+15) as eluent. 4a was obtained
as an oil (0.59 g, 90%). dH(CDCl3, TMS), 0.32 (s, 9H), 2.31 (s, 3H); 7.41
(s, 1H), 7.42 (s, 1H), 8.62 (s, 1H). dC(CDCl3, TMS), 21.3, 18.95, 128.7,

132.7, 135.0, 151.2, 164.8. m/z (EI): 165 (M+, 59%), 164 (54%), 150
(100%), 93 (18%), 73 (36%), 65 (47%).

1 M. L. Davis, B. J. Wakefield and J. A Wadell, Tetrahedron, 1992, 5, 939;
W. M. Stalick and J. H. Murray, Org. Prep. Proced. Int., 1994, 26,
677.

2 F. Effenberger, A. Krebs and P. Willrett, Chem. Ber., 1992, 125, 1131;
G. A. Kraus and J. Malpert, Synlett, 1997, 1, 107; G. Hanan, U. Schubert,
D. Volkmer, E. Rivière, J.-M. Lehn, N. Kyritsakas and J. Fisher, Can.
J. Chem., 1997, 75, 169.

3 Ph. Gros, Y. Fort and P. Caubère, J. Chem. Soc., Perkin Trans. 1, 1997,
20, 3071; Ph. Gros, Y. Fort and P. Caubère, J. Chem. Soc., Perkin Trans.
1, 1997, 24, 3597; Ph. Gros, C. Ben Younès-Millot and Y. Fort,
Tetrahedron Lett., 2000, 41, 303; S. Choppin, Ph. Gros and Y. Fort, Org.
Lett., 2000, in press.

4 The reaction with 2 equiv. of BuLi–LiDMAE led also to clean C-6
substitution but in lower yield (76%).

5 Condensation with epoxides (styrene oxide and propylene oxide) was
also attempted but was found to be unsuccessful and 3-picoline was
recovered quantitatively in both cases.

6 R. Fraser, T. Mansour and S. Savard, J. Org. Chem., 1985, 50, 3232.
7 Examples using KIE to control the regioselectivity of lithiations have

been reported. See, for example: M. Kopach and A. I. Meyers, J. Org.
Chem., 1996, 61, 6764; J. Clayden, J. Pink, N. Westlund and F. Wilson,
Tetrahedron Lett., 1998, 39, 303.

8 Despite all our efforts we were unable to isolate the hydro inter-
mediate.
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A novel microgravimetric gene sensing system has been
developed using an oligonucleotide anchored on the gold
electrode of a quartz crystal microbalance and an Au
nanoparticle modified oligonucleotide, both of which formed
a sandwich-type ternary complex with the target DNA to
give an amplified frequency response.

The microgravimetric quartz crystal microbalance (QCM) is a
promising candidate for biosensor applications, and its potential
for the detection of DNA hybridization has been demonstrated
recently.1–6 Although the QCM has a high inherent sensitivity
(capable of measuring sub-nanogram levels of mass changes),
methods for improving the detection limit of this device are
being sought to enable wide application of the technique for
DNA hybridization detection. A detection limit of ca. 10218 M,
which corresponds to ca. 10212 g (depending on the number of
DNA base pairs) of target DNA is required for many
applications. The sensitivity can in some cases be improved by
using QCM crystals of higher frequencies7 or by amplification
of the nucleic acids to increase the concentration of the analyte
DNA by polymerase chain reaction (PCR).8 These two
methods, however, have practical limitations, particularly in the
development of automated biosensor systems for genetic
detection: QCM devices of higher frequencies ( > ca. 10 MHz)
are often difficult to operate in liquids because of frequency
stability problems, while use of PCR can be laborious and time
consuming and requires a number of manipulations. Amplifica-
tions of QCM gene sensors by adsorption of an anti-ds-DNA
antibody to the formed ds-DNA complex9 or using dendritic
nucleic acid as sensing probes10 have been reported, but the
sensitivities are not good enough.

Here we describe a novel microgravimetric technique for
gene detection in which a sandwich-type ternary complex
consisting of an oligodeoxynucleotide (ODN) immobilized on a
QCM electrode, the target DNA and a Au nanoparticle modified
oligonucleotide is formed to give an amplified frequency signal
(Scheme 1). Because the mass of each nanoparticle is relatively

large in comparison to the masses of the binding pair members
themselves, the mass coupling of the nanoparticles to the
oscillator surface effectively amplifies the mass increase. As a
result, this method provides an amplified frequency shift and
substantially extends the limits of sensitivity of the QCM
detection system.

All ODNs used in this study were prepared on a fully
automated DNA synthesizer (GENSET CA). The 12-mer
oligonucleotide 1, which includes a hexanethiol residue linked
to the 3A-terminus, has a sequence that is complementary to part
of the target DNA 2. Oligonucleotide 1 was immobilized via
self-assembly on a cleaned Au electrode of the QCM (AT-cut,
10 MHz, ICM Co., 0.204 cm22 area Au electrode; the detection
limit of the QCM instrument in liquid = 1 Hz) from a 10
mg mL21 solution of 1 (0.05 M HEPES buffer, pH 7.5) for 1 h.
The immobilized amount of the probe was estimated to be 7.4 ±
1 pmol cm22 from the frequency change of 6 Hz (in air), which
corresponds to ca. 11% coverage of single strand nucleotide
(area per molecule ca. 2.2 nm2) on the electrode.

Gold nanoparticle modified ODN probes 3, 4 and 5 were
synthesized by derivatizing 1 mL of aqueous 13 nm diameter
Au nanoparticle solution (17 nM )11 with 10.5 mg of
(alkanethiol) oligonucleotide. After standing for 16 h, the
solution was adjusted to buffer conditions (0.1 M NaCl, 0.05 M
HEPES buffer, pH 7.5) and allowed to stand for 40 h, followed
by centrifugation to remove excess reagents. After removal of
the supernatant, the red oily precipitate was washed twice with
0.5 mL of 0.1 M NaCl, 0.05 M HEPES buffer solution,
recentrifuged, and redispersed in 0.5 mL of 0.05 M HEPES
buffer (containing 0.1 M NaCl, 0.01% azide) as stock
solution.

The 1-functionalized QCM was reacted with target DNA 2 at
different concentrations to form 1 and 2 ds-DNA complex. The
frequency decrease resulting from the interaction of the
1-functionalized crystal with 2 is enhanced as the bulk
concentration of 2 increases. This is consistent with the
increased surface coverage of the sensing interface by 2. At a
bulk concentration of 2 corresponding to 3.2 3 1028 M, the
crystal frequency decreases by 12 Hz and levels off to a constant
value after 300 s exposure. Interaction of the monolayer-
functionalized crystal with higher concentrations of 2 does not
increase the crystal frequency change. This implies that the
1-monolayer interface is saturated as a result of the formation of
the ds-DNA complex. At a bulk concentration of 2 correspond-
ing to 1.7 3 1029 M, a frequency change of only 3 Hz is
observed after 300 s exposure. This seems to be the sensitivity
limit according to the IUPAC 3+1 signal to noise guideline.

Fig. 1 illustrates the amplification of the sensing signal by
interaction of the resultant 1 and 2 ds-DNA interface (formed by
interaction of the 1-functionalized crystal with 2 at 1.7 3
1029 M) with the Au nanoparticle modified oligonucleotide 3.
The resulting frequency decrease is enhanced as the bulk
concentration of 3 increases, up to 1.3 3 1027 M where the
largest frequency decrease Df = 67 Hz is observed [Fig. 1(a),
(b) and (c)]. Interaction of the 1 and 2 ds-DNA with
oligonucleotide 3a at 3.5 3 1027 M which is not modified with

Scheme 1 Schematic illustration of the sensing and amplified system based
on the formation of a complementary sandwich-type complex.
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Au nanoparticles results in low frequency changes, Df = 2(6 ±
1) Hz, [Fig. 1(d)]. Increasing the oligonucleotide 3a concentra-
tion further does not change the frequency further. The
frequency change of Df = 2(6 ± 1) Hz at saturated adsorption
for oligonucleotide 3a is consistent with the estimated 100%
hybridization of the 1 and 2 ds-DNA interface. The similar time
dependency of the frequency changes (i.e. the attainment of
steady-state signals within 300 s) observed for Au nanoparticle
modified oligonucleotide 3 as compared with conventional
oligonucleotide 3a indicates that the Au nanoparticle does not
compromise the hybridization kinetics. Control experiments
reveal that the 1 and 2 ds-DNA interface is unaffected upon
interaction with pure Au nanoparticle solution, Df = 2(1 ±
1) Hz, [Fig. 1(e)]. Furthermore, treatment of the 1 and 2 ds-
DNA interface with Au nanoparticle modified oligonucleotide 5
at 7.6 3 1028 M, does not yield any significant change in the
frequency response, Df = 2(2 ± 1) Hz, [Fig. 1(f)].

Note that the oligonucleotide 5 is essentially complementary
to 3. Thus, the lack of frequency change upon interaction of the
1 and 2 ds-DNA interface with 5 indicates that non-specific
oligonucleotide binding is negligible on the interface. The
specificity of the sensing interface with oligonucleotide mutants
was also investigated. Fig. 1(g) shows the interaction of the 1
and 2 ds-DNA with the Au nanoparticle labeled 12-mer
oligonucleotide 4 (6.7 3 1028 M), which has a five-base
mutation in the base order compared to 2. No detectable
frequency decrease is observed, indicating that the removal of
the five-base pair recognition between the sensing interface and
5 is sufficient to eliminate significant binding interactions. Note
that with a fully Au nanoparticle labeled complementary
oligonucleotide 3, a frequency change of 267 Hz was observed
at this bulk concentration. Therefore, the oligonucleotides

modified with Au nanoparticles still preserve the specificity as
that observed on QCM gene sensors with normal oligonucleo-
tide probes.9,10

The results show that Au nanoparticle modified oligonucleo-
tides can be applied to detect target DNA at sub-nanomolar
concentration. The frequency changes after treatment with
different concentrations of the analyte 2 followed by the Au
nanoparticle modified DNA probe 3 were investigated. When
the concentration of analyte 2 > 5 3 1029 M, a constant
frequency change was observed, implying saturation of the
sensing surface. When the analyte 2 is in the concentration
range of 3.2 3 10211 M to 5 3 1029 M, the frequency changes
show a linear behavior. The crystal frequency changes from Df
= 23 Hz at 3.2 3 10211 M of 2 to Df = 2160 Hz at 5 3
1029 M. The linear regression line was Df(Hz) = 0.33C + 3.1
(with C in units of 10211 M) with R2 = 0.98. A detection limit
of ca. 3.2 3 10211 M of the target DNA 2 has been estimated
from the response of the QCM signal according to the IUPAC
3+ 1 signal to noise guideline. The significant sensitivity
enhancement achieved with the Au nanoparticle modified
oligonucleotides compared to the conventional detection sys-
tem (detection limit of 1.7 3 1029 M) is attributed to the high
density of the Au nanoparticles which are capped to the DNA
probes.

In conclusion, we have demonstrated a novel approach for
highly sensitive detection of DNA using Au nanoparticle
modified oligonucleotides as amplifying probes. The sensing
process also showed specificity. This method exhibits extraor-
dinary sensitivity and provides a simple means for rapid
detection of a target oligonucleotide at sub-nanomolar concen-
tration. Although the reported sensitivity is impressive, the
sensitivity of the system may be further enhanced by using
oligonucleotides modified with much smaller Au nanopar-
ticles.

Notes and references
1 S. Yamaguchi, T. Shimomura, T. Tatsuma and N. Oyama, Anal. Chem.,

1993, 65, 1925.
2 H. Su, K. M. R. Kallury, M. Thompson and A. Roach, Anal. Chem.,

1994, 66, 769.
3 J. Wang, P. E. Nielsen, M. Jiang, X. H. Cai, J. R. Fernandes, D. H. Grant,
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Fig. 1 Response of the 1 and 2 ds-DNA functionalized QCM upon addition
of (a) Au nanoparticle labeled DNA probe 3, 2.2 3 1028 M; (b) probe 3, 6.7
3 1028 M; (c) probe 3, 1.3 3 1027 M; (d) 3a, 3.5 3 1027 M; (e) pure Au
nanoparticle solution; (f) probe 5, 7.6 3 1028 M and (g) probe 4, 6.7 3
1028 M.
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Surfactant derivatives of [9]aneN3 and [12]aneN3 are
prepared; micelles are formed at low concentrations in water
while at higher concentrations lyotropic hexagonal, cubic
and lamellar phases are characterised.

The study of surfactant materials is very well established,1 the
materials being used on a vast scale worldwide and in a number
of settings such as soaps, detergents and emulsifiers. Surfactants
are also important in a number of other areas, for example in cell
membranes2 and in the preparation of mesoporous silicates.3
Similarly, the study of macrocyclic materials is also a mature
area of investigation, especially in the development of sensors
for selective cation and anion binding, host–guest chemistry and
in supramolecular chemistry.4

We have become interested in the synthesis and properties of
liquid-crystalline macrocycles with a view to establishing and
understanding their structure/property relationships and to
combine the substrate binding ability of macrocycles with their
known properties as liquid crystals.5 Previously, Neve has
studied difunctionalised derivatives of [18]aneN2S4 which were
treated with AgOTf and AgPF6 to give the corresponding AgI

complexes.6 In the anhydrous state, these complexes showed a
viscous, birefringent mesophase which was investigated by X-
ray scattering which implied an undulating, bilayer mesophase
in which the metal-containing cations describe a ‘U’-shaped
motif. The same materials were also found to show lyotropic
mesomorphism in acetonitrile at concentrations between 15 and
35 wt% complex, giving a lamellar ripple phase (i.e. again, a
modulated phase). Later, Fallis7 reported a related system in
which [9]aneN3 was functionalised with a long-chain secondary
alcohol and then complexed to Ni(II) and Cu(II) centres. In this
case, the neutral macrocycle was poorly soluble in water and
surfactant properties were reported only for the cationic
complexes. As part of our own work in this area,5 we have
begun to investigate surfactant derivatives of simple, un-
complexed aza macrocycles and report herein the synthesis of
new surfactants derived from [9]aneN3 and [12]aneN3.

A general model for a surfactant consists of a polar head
group bound to a non-polar chain and so initially we confined
ourselves to systems bearing one alkyl chain. We argued that the
simplest way of accessing such systems was via orthoamide
protection of the triazamacrocycles (Fig. 1). These are obtained
after a multistep synthesis for the [9]aneN3 derivative8 (1) or
after a one-step synthesis for the [12]aneN3 derivative (2).9
Once obtained, these orthoamides can be reacted with, for
example, a haloalkane which opens up the orthoamide to give a
cationic, N-alkylated macrocycle with two nitrogens still
protected by a bridgehead carbon.10 Our initial attempts focused
on functionalisation using a C12 chain which ought to be
sufficiently long to give rise to surfactant behaviour. However,
following reaction of 1-bromododecane with the orthoamide of
[12]aneN3 in acetonitrile, we were unable to recover a pure,
alkylated macrocycle. This is most likely due to quaternisation

at nitrogen followed by Hoffmann elimination to give ring-
opened products.

However, we were more successful using 4-alkoxybenzyl
bromides which reacted smoothly with the orthoamide deriva-
tives of [9]aneN3 and [12]aneN3 to give the desired products (3
and 4) which were isolated in near quantitative yields (Fig. 1).11

For the methoxy derivative of [12]aneN3 (4a) we were able to
obtain single crystals, and the molecular structure resulting
from the X-ray diffraction study‡ is shown in Fig. 2. The
structure confirms the substitution at the macrocyclic core with
the bridgehead still in place, forming a 6-membered ring within
the macrocycle in an envelope conformation, with the two N–C
bonds [N(2)–C(4) and N(3)–C(4)] being virtually identical in
length [1.308(3) and 1.312(3) Å respectively]. The conforma-
tion of the flexible [12]aneN3 ring is distorted considerably by
the formation of the bridgehead, shown by a comparison of the
torsion angles in the bridge ring [C(3)–N(2)–C(5)–C(6) and
C(6)–C(7)–N(3)–C(8) = 172.0(2) and 174.9(3)° respectively]
with those in the conformationally more flexible region of the
macrocycle [C(9)–C(10)–N(1)–C(1) and C(2)–C(1)–N(1)–
C(10) = 152.0(2) and 143.5(2)° respectively]. An additional
indicator of the strain induced in the macrocycle by the
formation of a 6-membered ring is the observed shortening of
the non-bonded N…N distance about the bridge [N(1)–N(2),
N(1)–N(3) and N(2)–N(3) = 3.11(3), 3.10(3) and 2.33(4)°
respectively]. Further, the structure reveals that the bromide
counter anion is reasonably close to the head group, the average
N–Br distance being 4.3(3) Å.

Thus far, we have synthesised three derivatives of [9]aneN3,
3a–c, and five derivatives of [12]aneN3, 4a–e (Fig. 1) and
evaluation of their critical micelle concentration in water was
undertaken using an automated tensiometer. The trend in cmc

† Electronic supplementary information (ESI) available: Fig, S1. See http://
www.rsc.org/suppdata/cc/b0/b003368p/

Fig. 1 Synthesis of the surfactant derivatives of [9]aneN3 and [12]aneN3.
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values for the [12]aneN3 derivatives is shown in Fig. 3 and
reveals the expected decrease in cmc with increasing chain
length on account of the increasing hydrophobicity of the chain.
While it is perhaps surprising that the cmc of the two longest-
chain derivatives are very similar, we have repeated these
measurements and found them to be reproducible. We did not
attempt to measure the cmc of 3a and 4a which were
synthesised for the purpose of single crystal structural analy-
sis.

Absolute and relative values of the cmc for these materials
deserve some comment. In general, the cmc values for simple
monocationic surfactants are of the order of 1023 mol dm23

while those of neutral surfactants are up to two orders of
magnitude lower.12 The reason for this difference is accounted
for by the greater dirving force required to push together head
groups of like charge. However, the cmc is also affected by the
hydrophobicity of the headgroup and as, in these examples, this
contains not only the macrocyclic ring but a benzyl group, too,
then the fact that the cmc values are < 1024 mol dm23 is not
entirely unexpected. For such an argument to hold, we would
predict that the cmc values for the [9]aneN3 derivatives would
be higher for the [12]aneN3 derivatives since the head group in
this system is smaller, less hydrophobic and more charge-dense.
This prediction appeared to be borne out by initial experiments
which indicated that the cmc value of surfactant 3b was
approximately three times higher than that of 4b. Similar
arguments had been advanced by Fallis et al. to explain lower-
than-expected cmc values in their cationic surfactant com-

plexes.7 However, subsequently we found that the [9]aneN3
derivatives were unstable in water and NMR studies in D2O
implied that between 5–10% decomposed over 24 h. The nature
of the decomposition was not clear, but we suspect that the
instability of compounds 3 was due to the greater ring strain
present when compared to 4. Thus, we cannot say anything
conclusive about the relative cmc values of 3 and 4.

We have studied the properties of one of the surfactants in
more concentrated solution to see whether lyotropic liquid
crystal phases can be observed. Using the Lawrence penetration
method,13 we studied 4b and found that at temperatures of 40 °C
a normal hexagonal (H1) phase was observed, while at 50 °C, a
bicontinuous cubic (V1) phase was also observed (Fig. S1a†).
At much higher temperatures, a lamellar (La) phase was
observed (Fig. S1b†). Thus, we have the possibility of
organising and tuning the behaviour of these macrocyclic
materials in a predetermined fashion.

The present study has shown that rather simple, function-
alised triazamacrocycles can lead to materials which aggregate
on a local (micelle) or extended (mesophase) scale. These
bridgehead-protected materials will not complex to metal
cations and so we are now investigating free-base derivatives
with respect to both solution behaviour and to metal complexa-
tion chemistry. Details of these studies will be reported in due
course.

We thank the EPSRC, Leverhulme Trust and the Royal
Society for financial support.
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Mordenite membranes prepared on a-alumina tubular
supports by in situ hydrothermal synthesis using organic
template-free media showed high water permselectivity for
pervaporation of water–isopropyl alcohol mixtures.

Zeolite membranes have been widely studied in recent years
because of their great potential applications in separations,
membrane reactors and sensors. A continuous zeolite layer can
be grown on various supports, including a-alumina and
stainless steel generally by in situ hydrothermal synthesis.
Different types of zeolites such as MFI, zeolite A, zeolite Y,
mordenite and ferrierite have been synthesized on flat and
tubular supports. Research has so far mainly focused on MFI
(silicalite and ZSM-5) membranes for gas separation because
their pore sizes, which are close to the sizes of gas molecules,
allow separation of molecules based on their size. In addition,
MFI crystals are easily grown on a support with structure-
directing agents (SDAs). Some MFI membranes showing good
separation of hydrocarbon isomers such as n-butane–isobutane
have been reported by several groups.1–3

With respect to pervaporation separation, not only the pore
sizes of zeolites, but also their surface properties (hydro-
phobicity and hydrophilicity) play an important role. Hydro-
phobic MFI membranes exhibit preferential alcohol permeation
for pervaporation of a water–alcohol mixture although the
molecular size of water is smaller than that of the alcohol.4 In
contrast, water permeated much faster than alcohols through
hydrophilic zeolite A and Y membranes.5,6 Since mordenite
zeolite with large channels of 0.67 3 0.7 nm and small channels
of 0.26 3 0.56 nm is hydrophilic, mordenite membranes would
be selective for permeating water against alcohols.

In 1990, Suzuki et al.7 first claimed the synthesis of a zeolite
membrane (mordenite) onto a porous silica–alumina plate using
an in situ hydrothermal synthesis method. Their membrane,
synthesized at 160 °C for 2 days, exhibited Knudsen-diffusion
behavior. Matsukata and coworkers8 applied the vapor-phase
transport method to obtain a mordenite membrane on a porous
a-alumina disk. Their membranes showed a good separation
factor of 160 for pervaporation of a benzene–p-xylene mixture.
Very recently, Santamarı́a and coworkers9,10 synthesized mor-
denite membranes onto a tubular support by in situ hydro-
thermal synthesis using TEAOH and reported the formation of
composite mordenite/ZSM-5/chabazite membranes. They stud-
ied the separation of a water–n-propanol mixture through their
composite membranes by a sweep gas method. Permeance
ratios as high as 70 to 140 for water and n-propanol were
achieved through their membranes. To our knowledge, the
synthesis of mordenite membranes under SDA-free conditions
on tubular supports has not been reported. Here we report the
synthesis of a mordenite membrane onto a tubular support for
pervaporation of a water–isopropyl alcohol mixture.

Mordenite membranes were synthesized on porous 6 cm long
a-alumina tubes (NGK, Ltd.) with 0.1 mm diameter pores by in
situ hydrothermal synthesis. The parent aluminosilicate gel was
prepared as follows. An appropriate amount of alumina sulfate
(Wako Pure Chem. Ind. Co. Ltd.) was added to a NaOH solution
and stirred at room temperature until it dissolved. Colloidal

silica containing 30–31 wt% of SiO2 and 0.6 wt% of Na2O ST-
S, Nissan Chem. Ind. Ltd.) was then added to this solution and
stirred vigorously for 1 h to give a gel of molar composition
0.38Na2O+SiO2+0.025Al2O3+40H2O.7 The tubular support
was washed, coated with a water slurry of seed crystals of
zeolite mordenite (HSZ600, 70A, Tosoh Co.), SiO2/Al2O3 ratio
= 10.2), and then dried at 100 °C for 15 min. The support was
then vertically immersed in the gel. Crystallization was carried
out at 180 °C for a given period. After the crystallization, the
sample was removed, washed carefully with distilled water, and
then dried at 100 °C.

The membranes obtained were characterized by X-ray
diffraction (XRD) with Cu-Ka radiation (Rigaku RINT2000).
Fig. 1 shows the XRD patterns for the products crystallized at
180 °C for 8 and 24 h together with that for the seed powder.
These XRD patterns were consistent with the mordenite
structure. The XRD patterns of the membranes crystallized for
different periods of crystallization showed that the (150)
reflection intensity at 22.24°, became dominant with increasing
crystallization time. Thus, mordenite crystals appear to grow
randomly in the early stages of crystallization, and further
crystal growth occurred mainly with the (150) face parallel to
the support surface. Mordenite crystals were also grown on an
unseeded support and gave almost the same XRD pattern as
those on the seeded supports.

The morphology of the mordenite membranes was studied by
scanning electron microscopy (SEM) (Hitachi S2150) and Fig.
2 shows SEM images for the surface and cross section of the
mordenite membrane crystallized at 180 °C for 24 h. A
continuous, intergrown layer fully covers the surface of support.
The crystal sizes are ca. 6–7 mm, and the thickness of crystal

Fig. 1 XRD patterns for mordenite membranes crystallized at 180 °C for (A)
8 and (B) 24 h, and (C) mordenite seed powder.
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layer is ca. 35 mm. The SiO2/Al2O3 ratio of the mordenite
zeolites determined by EDAX was ca. 12. In addition, the
mordenite crystals have a rectangular form.

The pervaporation (PV) tests for water–isopropyl alcohol,
and water–n-propanol mixtures were carried out at 75 °C using
the pervaporation experimental apparatus described elsewhere.8
The effective membrane area was ca. 15 cm2 and the
permeation side was kept under vacuum. The flux was
calculated by weighing the condensed permeate. The separation
factor was determined as aA/B = (YA/YB)/XA/XB), where XA,
XB, YA and YB denote the mass fractions of components A and
B in the feed and permeate sides. The pervaporation results
through the mordenite membranes crystallized at 180 °C for 24

h are listed in Table 1 and clearly show that water preferentially
permeated through the mordenite membranes. The membrane
synthesized on the seeded support exhibited a very high
separation factor of 3360 for the water–isopropyl alcohol
mixture compared with that of the unseeded support (192). We
propose that the seed crystals increased the density of mordenite
crystals on the support, resulting in a pinhole-free structure in
contrast to the membrane formed on the unseeded support.

Mordenite is formed for Si/Al ratios of ca. 5–6, higher than
those for LTA (Si/Al = 1) and Y (Si/Al ratio = ca. 2.5). Thus,
in comparison with LTA and Y, mordenite has potential
application in acidic solutions under which esterification can
occur. In addition, it is known that the effective pore size of
mordenite can be precisely controlled in the range of ca. 0.3–0.6
nm by ion exchange, possibly leading to a wide variety of
applications such as hydrocarbon separation and use as
membrane reactors.
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Fig. 2 SEM images for the surface and cross section of the mordenite
membrane synthesized at 180 °C for 24 h.

Table 1 Pervaporation results through mordenite membranes

Membranea
Feed solution
(A/B) (wt% of A)

Separation
factor (A/B)b

Flux/
kg m22

M1 Water–n-propanol (10) 1782 0.2
M2 Water–isopropyl alcohol (10) 3360 0.1
M3c Water–isopropyl alcohol (10) 192 0.2
a Membranes were crystallized at 180 °C for 24 h; b PV carried out at 75 °C.
c Prepared without seeds.
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Transformation of carbon–hydrogen bonds to carbon–
fluorine bonds at saturated secondary and tertiary carbon
sites by electrophilic aliphatic substitution processes is
possible using either elemental fluorine or fluorinating
reagents of the N–F class.

The development of effective methodology for the selective
introduction of fluorine atoms into organic molecules has
received much attention recently because of the significant
effects on the physical, chemical and biological properties that
incorporation of one or several fluorine atoms into a substrate
can impart.1 These sometimes unique effects are especially
important in the life-science industries and there are now many
pharmaceuticals and plant-protection agents that are commer-
cially available which owe their biological activity to the
presence of fluorine in their structures.

Synthetic procedures for the selective transformation of
carbon–hydrogen bonds to carbon–fluorine bonds offer, in
principle, efficient, direct processes for introducing fluorine
atoms into organic molecules. In this context, during the last
few years we, and others,2 have been able to demonstrate that
elemental fluorine is a viable reagent for selective introduction
of fluorine into organic compounds, including aromatic sys-
tems3 and a wide range of carbon sites that are nucleophilic, e.g.
dicarbonyl compounds,4 diesters,5 etc. Fluorination of un-
activated sp3 hybridised carbon–hydrogen sites offers sig-
nificant opportunities for the incorporation of fluorine into an
even wider range of hydrocarbon derivatives. However,
selective direct fluorination at saturated carbon sites is largely
limited to the work of Rozen and co-workers6 who demon-
strated that tertiary C–H sites could be fluorinated using
elemental fluorine in a reaction medium of CHCl3/CFCl3 at
278 °C. These reaction conditions are clearly limiting,
especially for scale-up, and therefore we have explored other
systems.

We have now established that acetonitrile as a solvent is
highly beneficial over a variety of other media that we have
investigated. Reactions are conveniently carried out by passing
fluorine gas, diluted to a 10% solution (v/v) in nitrogen, through
a mixture consisting of the substrate and acetonitrile, cooled to
0 °C, and efficient, selective fluorination of a variety of systems
has now been achieved this way (see Table 1). Both secondary
C–H (1a to 2a) and tertiary C–H sites (e.g. 1b to 2b) were
transformed to C–F bonds using these convenient reaction
conditions. Fluorination of cyclohexane 1a, trans-decalin 1b
and norbornane 1c gave a single mono-fluorinated isomer in
each case whereas fluorination of decane 1d led to a mixture of
four mono-fluorinated positional isomers 2f in similar amounts,
indicating that fluorine substitution had occurred at all possible
secondary sites of the alkyl chain. In contrast, fluorination of
ester 1e gave a mixture consisting of four mono-fluorinated
isomers in a ratio of 5.8+3.9+3.2+1 which were identified by
NMR studies to be the 6-, 5-, 4- and 3-fluoroheptanoate
derivatives respectively. Therefore, fluorination occurs prefer-
entially at secondary sites that are furthest removed from the
electron withdrawing ester group. In all cases the yields quoted
are based upon analysis of the crude product obtained after

separation from the acetonitrile reaction medium (i.e. after
washing with water and extraction into dichloromethane). All
reactions were clean, in that no tar formation was observed.
Additional products contained in the crude product were present
in very low concentration and too minor to be identified.
Inevitably handling losses on the scale used (ca. 5 g of starting
material) are relatively high, especially in the cases of very
volatile substrates, but would obviously be reduced by an
increase in scale.

The question of the mechanism of direct fluorination
processes arises and the obvious difficulty of distinguishing
between electrophilic and radical substitution presents a

Table 1 Selective fluorination of saturated systems
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problem. Consequently, we have explored corresponding
reactions between these hydrocarbon systems and Selectfluor™
(available from Air Products), an easily handled, commercially
available fluorinating reagent of the N–F class.7,8 Selectfluor™
and structurally related N–F reagents have themselves been
characterised as electrophilic reagents in mechanistic studies by
Wong9 and Differding10,11 because no evidence of radical
intermediates or products arising from one-electron transfer
processes were obtained in radical-clock experiments.

Fluorinations of 1 were achieved by heating a mixture
consisting of the substrate, Selectfluor™ and acetonitrile at
reflux temperature and, for most of the systems that we have
investigated, nearly parallel results to those observed using
fluorine were obtained. For example, fluorination of decane 1d
using Selectfluor™ led to a similar product distribution to that
obtained when fluorine was used. In the case of decalin,
however, fluorine gave products arising from substitution at the
tertiary site whereas, in contrast, Selectfluor™ gave fluorine
substitution exclusively at the CH2 sites. We attribute this
difference simply to the greater steric requirements of the
Selectfluor™ reagent. Therefore, the general similarity in
product distribution obtained upon fluorination of saturated
systems with both fluorine or Selectfluor™, suggests that these
transformations of C–H bonds to C–F bonds may be considered
to proceed via relatively uncommon aliphatic electrophilic
substitution reactions at saturated sites (SE2) involving 3
centre–2 electron bond transition states12 (see Scheme 1).
Addition of nitrobenzene, a free-radical scavenger, to the direct
fluorination reaction medium does not affect product distribu-
tion or yield, further supporting an electrophilic process.

In the light of the intense interest in electrophilic N–F
reagents8,13 it is surprising that substitution at saturated sites has

been so little developed because the examples shown in Table 1
demonstrate that it is a quite general process. However, Zupan14

and co-workers have reported unusual fluorinations of methyl
groups in tertiary alcohol systems but a mechanism is not
advanced for the process.

In summary, we are confident in describing the reactions of
elemental fluorine, shown here, as electrophilic rather than
fluorine atom processes. Indeed, the electrophilic fluorination
of saturated sites shown here, using either fluorine or N–F
fluorinating reagents, are surprisingly efficient, convenient
processes.

We thank F2 Chemicals (Studentship to M. P.) for funding
and the Royal Society (University Research Fellowship to
G. S.).
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Rhodium(I) complexes of monodentate phosphonites de-
rived from 2,2A-binaphthol and 9,9A-biphenanthrol are com-
pared with diphosphonite chelate analogues as catalysts for
asymmetric hydrogenation; the high ee’s (up to 92%)
obtained with the monodentate systems and the observation
that they are sometimes superior to the chelate analogues are
discussed.

The enantioselective hydrogenation of prochiral alkenes is
perhaps the most important application of asymmetric catalysis
with synthetic catalysts and is decidedly the most studied and
best understood. In 1972 Kagan et al.1 were the first to show that
a diphosphine was more efficient as an ancillary ligand for
asymmetric hydrogenation than corresponding monophos-
phines. Since then, it has been found2 that complexes of
bidentate ligands consistently give higher asymmetric induc-
tions in hydrogenation. This has been rationalised in terms of
the chirality of the phosphorus substituents whose retention is
enforced by the chelate ring. We report here, hydrogenation
catalysis that challenges this received wisdom in that mono-
dentate phosphonite species show, in some cases, higher
enantioselectivity than the analogous bidentate phosphonites.

The resolved monodentate biarylphosphonites 1a–c and 2a–c
and the related diphosphonites 3 and 4 are afforded by the routes
shown in Scheme 1. The corresponding rhodium(I)–mono-
phosphonite complexes 5a–f and rhodium(I)–diphosphonite
complexes 6a,b have been isolated and characterised by a
combination of elemental analysis, 31P, 1H and 13C NMR
spectroscopy; the monophosphonite 2b has been previously
reported3 and while this work was in progress4 Reetz et al.,5
reported the preparation of 3.

The results for the asymmetric hydrogenation of methyl-
2-acetamido acrylate [eqn. (1)] catalysed by our rhodium

(1)

phosphonite complexes are given in Table 1. The mono-
phosphonite complexes give remarkably high enantioselectiv-
ities, up to 92% ee with 5c (entry 3). Furthermore the
monophosphonite complexes 5e and 5f, derived from biphen-
anthrol are much more selective than the corresponding
diphosphonite 6b.

The results for the asymmetric hydrogenation of methyl-
2-acetamido cinnamate [eqn. (2)] are also given in Table 1. For

(2)

this reaction, the diphosphonite complexes 6a and 6b both give
poor ( < 20% ee) enantioselectivities (entries 15 and 16) and in
several cases (see entries 9, 10, 13 and 14) the monophosphonite
analogues give superior enantioselectivities (ee up to 80%).

The phosphonite ligands reported here are therefore an
apparent exception to the rule in enantioselective hydrogenation
that catalysts based on bidentate phosphorus(III) ligands are

superior to their monodentate analogues. This dogma is based
on the idea that the conformational control in metallochelates
provides efficient stereocontrol that is not possible with
monodentate ligands because of a low energy barrier to M–P
bond rotation in the latter case. The most effective mono-
phosphine for asymmetric hydrogenation to date (up to 90% ee)
is PMePh(C6H4OMe-2);6 however this ligand may form a
hemilabile chelate via coordination of the o-methoxy group and
moreover the bidentate analogue (dipamp) gives a much more
enantioselective hydrogenation catalyst.7

The solution 31P NMR behaviour of the rhodium complexes
5b and 5e was unexceptional. In each case a single sharp
doublet was observed at +25 °C which remained essentially
unaltered down to 290 °C. This is consistent with rapid M–P
bond rotation and/or the presence of predominantly one
rotamer.

We have been unable to obtain crystals of salts of the
rhodium(I) complexes suitable for X-ray crystallography but the
crystal structures of [PtCl2(R-2b)2] R,R-7 (an analogue of the
enantiomer of 5e) and [PtCl2(S,S-4)2] S,S-8 (an analogue of 6b)

Scheme 1
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as solvates† have been obtained. The structures of the mirror
image of R,R-7, i.e. S,S-7 (for ease of comparison) and S,S-8 are
shown in Figs. 1 and 2. In both cases the conformation about the

P–O bonds is of note. In S,S-7, both P(1) and P(2) show a and
g2 Pt–P–O–C conformations [i.e. anti (a, Pt–P–O–C torsion
angle ca. 180°) and gauche negative (g2, Pt–P–O–C torsion
angle ca. 280°)] at the P–O bonds as counted clockwise from
the P–C bond, viewed down the M–P bond, see Scheme 2.
Identical behaviour is observed for S,S-8 and a range of > 20
phosphonites and phosphites in which the phosphorus is
incorporated in a seven-membered POC4O ring containing a
biaryl unit.8 The implication of this observation is that the
absolute stereochemistry of the biaryl unit controls the con-
formations of the P–O bonds at the phosphorus in such species
(enforcing ag2 conformations for S and g+a for R biaryls).

The anti arm of the phosphonites in 7 and 8 has the attached
phenanthryl group far from the metal and the gauche arm
phenanthryl closer to it. This arrangement provides a highly
asymmetric ligand profile. Models suggest that as a result,
rotation about the M–P bond in 7 is not possible and that the
observed conformation (with the two anti arm oxygens
essentially in the coordination plane, see Fig. 1 and Scheme 2)
is the only likely rotamer. Similar conclusions seem likely to
hold for other cases where the carbon substituent is significantly
more bulky than the anti arm of the phosphonite (and less bulky
than the gauche arm). Quadrant diagrams for S,S-7 and S,S-8
based on this analysis are shown in Scheme 2. It is notable that
in the chelate species, 8, the quadrant occupied by the gauche
arm of the phosphonite is altered as compared with 7. Hence, in
this instance, it seems the primary effect of chelation is to
change the preferred rotamer rather than to stop rotation about
the M–P bond. Furthermore the rotamer favoured in the chelate
form (as in 8 or 6b) has the gauche arm phenanthryl group
essentially face-on to the coordination plane whereas the
rotamer favoured in the monodentate case (as in 7 or 5e) has the
gauche arm phenanthryl edge-on (see Figs. 1 and 2). The
implication of the higher ee’s observed for 5e as compared with
6b is that the edge-on phenanthryl in the former causes greater
asymmetric induction.

In conclusion, the asymmetric ligand profile caused by the
biaryl backbone in these phosphonites has three consequences:
(i) rotation about the M–P bond in monodentate phosphonites is
prevented; (ii) a different rotamer from that in the chelate
analogues is favoured; (iii) the favoured rotamer causes more
effective chiral induction in the hydogenation catalyses. The
results presented here challenge the view that chelating ligands
are essential for high stereocontrol and open the possibility that
chiral monodentate phosphorus ligands may be designed that
can equal or better their bidentate analogues for hydro-
genation.
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Table 1 Asymmetric hydrogenations of methyl-2-acetamido acrylate and
cinnamatea

Acrylate Cinnamate

Entry Catalyst Conv. %ee Entry Catalyst Conv. %ee

1 5a 76 78(R) 9 5a 100 80(R)
2 5b 100 73(R) 10 5b 100 63(R)
3 5c 73 92(R) 11 5c 100 10(R)
4 5d 100 29(R) 12 5d 97 14(S)
5 5e 100 78(R) 13 5e 100 59(S)
6 5f 30 70(R) 14 5f 100 49(R)
7 6a 100 90(R)b 15c 6a 81 19(R)
8 6b 99 23(R) 16 6b 100 14(R)

a Reaction conditions: methyl-2-acetamido acrylate or cinnamate (3.5
mmol), catalyst (0.0073 mmol) and CH2Cl2 (7.5 cm3) were placed in a
stainless steel autoclave, which was then pressurised to 1.5 atm with
hydrogen and the reaction mixture was stirred at 25 °C for 3 h (acrylate) or
20 h (cinnamate). Conversions and ee’s were determined by GC using a
Hewlett-Packard 5800 A with a L-Chirasil-Val column. b This ee agrees
with the literature report5 but we unambiguously assign the opposite
configuration to the major enantiomer.c In MeOH.

Fig. 1 Molecular structure of S,S-7. Important bond lengths (Å) and angles
(°) include: Pt(1)–P(1) 2.201(2), Pt(1)–P(2) 2.199(2), Pt(1)–Cl(1) 2.346(2),
Pt(1)–Cl(2) 2.344(2); P(1)–Pt(1)–P(2) 100.84(8). Hydrogen atoms have
been omitted for clarity.

Fig. 2 Molecular structure of S,S-8. Important bond lengths (Å) and angles
(°) include: Pt(1)–P(1) 2.189(2), Pt(1)–P(2) 2.183(3), Pt(1)–Cl(1) 2.351(2),
Pt(1)–Cl(2) 2.337(3); P(1)–Pt(1)–P(2) 85.93(9). Hydrogen atoms have been
omitted for clarity.

Scheme 2
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Neutral heterobinuclear triazenide-bridged complexes are
oxidised to paramagnetic monocations; the electron distribu-
tion in the s* metal–metal orbital of rhodium–iridium
complexes may be controlled by the ancillary ligands at the
two metals.

Systematic carbonyl substitution reactions1–3 of the redox-
active [Rh2]2+ complex [Rh(CO)2(m-RNNNR)2Rh(CO)2] (R =
C6H4Me-p throughout) have led to the stabilisation of the
core oxidation levels [Rh2]3+ {e.g. in [Rh(CO)(PPh3-
(m-RNNNR)2Rh(CO)(PPh3)]+}1 and [Rh2]4+ {e.g. in
[RhCl(CO)(PPh3)(m-RNNNR)2Rh(bipy)]+ (bipy = 2,2A-bipyr-
idine)}.2 Moreover, detailed structural and EPR spectroscopic
studies have shown the SOMO of the [Rh2]3+ complexes to be
s* with respect to the Rh–Rh bond.4 We now describe the
synthesis, characterisation and redox properties of novel
heterobinuclear triazenide-bridged analogues, with RhM (M =
Ir or Pd) cores, and show how the electron distribution in the
Rh–Ir bond of paramagnetic [RhIr]3+ complexes is remarkably
dependent on the ancillary ligands at the two linked metals.

Mixing CH2Cl2 solutions of the neutral triazene complexes
[RhCl(CO)2{N(H)RNNR} [n(CO) 2095 and 2025 cm21] and
[IrCl(h4-cod){N(H)RNNR}] (formed from the triazene and
[{Rh(m-Cl)(CO)2}2] or [{Ir(m-Cl)(h4-cod)}2], respectively) re-
sulted in ligand exchange to give a mixture of [IrCl-
(CO)2{N(H)RNNR}] [n(CO) 2082 and 2004 cm21]5 and
[RhCl(h4-cod){N(H)RNNR}]. Subsequent addition of NEt3 to
the mixture then gave a dark red solution containing [Rh(h4-
cod)(m-RNNNR)2Ir(CO)2] 1 which was separated (from the
homobinuclear dimer [Ir(CO)2(m-RNNNR)2Ir(CO)2]5) by col-
umn chromatography (Table 1).† A comparison of the IR
carbonyl spectrum of 1 with those of [M(h4-cod)(m-
RNNNR)2M(CO)2] [M = Rh, n(CO) 2064vs and 2002s; M =
Ir, n(CO) 2049vs and 1986s cm21] suggested the presence of an
Ir(CO)2 unit {rather than Rh(CO)2}, supported by the observa-
tion of two doublet 13C resonances at d 31.2 and 31.0
[J(103Rh13C) 15 Hz], for the pairs of inequivalent rhodium-

bound alkenic carbons of the cod ligand and confirmed by the
X-ray crystal structure (Fig. 1).‡

Passing CO gas through a CH2Cl2 solution of 1 yielded
[Rh(CO)2(m-RNNNR)2Ir(CO)2] 2 which reacted with P-donor
ligands to give the heterobinuclear complexes
[Rh(CO)(PPh3)(m-RNNNR)2Ir(CO)2] 3 and [Rh(CO)L(m-
RNNNR)2Ir(CO)L] [L = PPh3 4 or P(OMe)3 5]. A comparison
of the 31P NMR spectra of 3 {d 38.9 [d J(103Rh31P) 151 Hz]}
and 4 {d 39.2 [d, J(103Rh31P) 154 Hz], 14.3, s} confirms
sequential phosphine substitution at Rh and then Ir. The
preference for the Ir(CO)2 isomers of 1 and 3 and the lower
n(CO) wavenumbers for Ir(CO)2 than for Rh(CO)2 in [Rh(h4-
cod)(m-RNNNR)2M(CO)2] are consistent with the Ir centre
being somewhat more electron rich than the Rh centre in cases
such as 2, i.e. Ir orbital energies are slightly higher than Rh,
other things, such as ancillary ligands, being equal.

Table 1 IR and electrochemical data for [RhLm(m-RNNNR)2MALAn]z

Complex Lm MALAn z Yield (%) Colour
n(CO)/cm21

(in CH2Cl2) E°A/Va

1 h4-cod Ir(CO)2 0 46 Dark red 2052vs, 1984s 0.53, 1.39
1+ b h4-cod Ir(CO)2 1 90 Dark brown 2089vs, 2040s —
2 (CO)2 Ir(CO)2 0 82 Red–purple 2084vs, 2052m, 0.76, 1.40(I)

2019m, 1995w
3 (CO)(PPh3) Ir(CO)2 0 81 Dark red 2049vs, 1987sh 0.43, 1.35(I)
4 (CO)(PPh3) Ir(CO)(PPh3) 0 51 Dark red 1974s, 1953vs 0.07, 1.27
4+ b (CO)(PPh3) Ir(CO)(PPh3) 1 92 Dark orange 2043s, 2011vs —
5 (CO){P(OMe)3} Ir(CO){P(OMe)3} 0 65 Red–purple 1992s, 1970vs 0.08, 1.09(I)
6 (CO)2 Pd(h3-allyl) 0 39 Orange 2071vs, 2009s 0.97
7 (CO)2 PdCl(PPh3) 0 50 Orange–red 2075vs, 2012s 1.09, 21.31(I)c

8 (CO)(NCMe) PdCl(PPh3) 0 61 Brown 1983s 0.67, 1.41(I),
21.54(I)c

a In CH2Cl2, at a platinum electrode, with 0.1 mol dm23 [NBu4][PF6] as supporting electrolyte. For an irreversible (I) process, the oxidation peak potential,
(Ep)ox, is given at a scan rate of 200 mV s21. All potentials are relative to the saturated calomel electrode. Under the experimental conditions, E°A for the one-
electron oxidation of [Fe(h-C5H5)2] is 0.47 V. b Isolated as the [PF6]2 salt. c Irreversible reduction process; (Ep)red at a scan rate of 200 mV s21.

Fig. 1 Structure of 1 (H atoms omitted for clarity); Rh–Ir 2.8462(8) Å.
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Cyclic voltammetry in CH2Cl2 shows that 1–5 undergo two
one-electron oxidation processes (Table 1) the first of which is
fully reversible in all cases (the second is also reversible for 1
and 4). Treatment of the neutral complexes 1 and 4 with AgPF6
and [Fe(h-C5H5)2][PF6] respectively gave near quantitative
yields of the paramagnetic [RhIr]3+-containing cations 1+ and
4+ (as their [PF6]2 salts). X-Ray structural studies on the redox-
related pair 4 and 4+ show a shortening of the Rh–Ir distance on
oxidation, from 2.945(2) to 2.7131(9) Å, consistent with
removal of an electron from a s* metal–metal orbital derived
from the interaction of dz2 orbitals, and the formation of a three-
electron metal–metal bond. A similar structural difference was
observed with the homobinuclear redox pair [Rh(CO)(PPh3)(m-
RNNNR)2Rh(CO)(PPh3)]z (z = 0 and 1).4

Cations 1+ and 4+, and also 3+ and 5+ (generated in situ by
treatment of 3 and 5 with [Fe(h-C5H4COMe)(h-C5H5)][PF6]
and [Fe(h5-C5H5)2][PF6], respectively) show well resolved
EPR spectra in CH2Cl2–thf (1+2); those of 1+ and 4+ at 100 K
are shown in Fig. 2. The spectra show hyperfine coupling to
103Rh (I = 1/2) and to 191,193Ir (I = 3/2), but are complicated by
Ir quadrupole coupling.6 The high-field g-feature is generally
well resolved; the corresponding parameters are given in Table
2. These parameters clearly indicate that the distribution of
unpaired electron density in the three-electron Rh–Ir bond is
strongly dependent on the nature of the terminal ligands at each
metal. Thus, Rh makes the major contribution to the SOMO of
1+ and 3+, whereas Ir makes the major contribution in 4+ and 5+.

In a first-order semi-quantitative analysis the spin density is ca.
75% on Ir in the species 4+ and 5+ in which the ancillary ligand
sets at Ir and Rh are the same. When the iridium centre carries
more electron withdrawing ligands (as in 1+ and 3+) ca. 80% of
the spin density is located at the rhodium centre. This is
consistent with the carbonyl ligands of the Ir(CO)2 unit reducing
the Ir dz2 energy below that of the Rh dz2 (i.e. the reverse of their
order in 1+ and 3+, for example) leading to an inversion of the
dominant contributions to the SOMO (Scheme 1). We therefore
conclude that asymmetry of the ancillary ligand set can overturn
the inherent metal orbital energy difference (as noted above)
and reverse spin localisation in these species.

The preparative route to complexes 1–5 can also be applied to
the synthesis of redox-active rhodium–palladium complexes
[Rh(CO)2(m-RNNNR)2PdLn] [Ln = h3-allyl 6, Ln = Cl(PPh3)
7], i.e. by reacting [RhCl(CO)2{N(H)RNNR}] with [PdCl(h3-
allyl){N(H)RNNR}] and [PdCl2(PPh3){N(H)RNNR}], respec-
tively (again prepared in situ from the triazene and the
corresponding halide-bridge dimer). Subsequent treatment of 7
with ONMe3 in MeCN gave the highly asymmetric complex
[Rh(CO)(NCMe)(m-RNNNR)2PdCl(PPh3)] 8 in which four
different terminal ligands are selectively distributed between
the two different metals.

In summary, the new preparative route described leads to
novel redox-active heterobinculear species which are oxidised
to paramagnetic complexes in which the distribution of
unpaired electron density in a metal–metal bond can be tuned by
systematic ligand variation.

We thank the Royal Thai Government and the EPSRC for
Studentships (to P. K. and O. D. H., respectively).

Notes and references
† All new complexes had satisfactory elemental analyses (C, H and N).
‡ X-Ray data were collected on a Siemens SMART diffractometer at 173 K
for q < 27.5° with l = 0.71073 Å. The structures were solved by direct
methods and refined by least-squares against all F2 values corrected for
absorption.

Crystal data: [Rh(h4-cod)(m-RNNNR)2Ir(CO)2]·0.14CH2Cl2,
1·0.14CH2Cl2 (from CH2Cl2–propan-2-ol): C38.14H40.28Cl0.28IrN6O2Rh,
M = 919.76, monoclinic, space group P21/c (no. 14), a = 15.052(4), b =
13.982(2), c = 17.202(3) Å, b = 98.426(14)°, V = 3581.3(12) Å3, Z = 4,
m = 4.24 mm21, R1 = 0.0470.

[Rh(CO)(PPh3)(m-RNNNR)2Ir(CO)(PPh3)]·3CH2Cl2, 4·3CH2Cl2 (from
CH2Cl2–propan-2-ol): C69H62Cl6IrN6O2P2Rh, M = 1577.00, triclinic,
space group P1̄ (no. 2), a = 12.9339(5), b = 15.1205(8), c = 18.3009(15)
Å, a = 83.50(4), b = 71.74(3), g = 88.57(4)°, V = 3376.7(4) Å3, Z = 2,
m = 2.546 mm21, R1 = 0.0299.

[Rh(CO)(PPh3)(m-RNNNR)2Ir(CO)(PPh3)][PF6]·1.5CH2Cl2, 4+[PF6]2·-
1.5CH2Cl2 (from CH2Cl2–n-hexane): C67.5H60Cl3F6IrN6O2P3 Rh, M =
1595.58, triclinic, space group P1̄ (no. 2), a = 12.967(3), b = 13.714(2), c
= 19.830(3) Å, a = 97.712(12), b = 98.499(19), g = 90.430(12)°, V =
3454.7(11) Å3, Z = 2, m = 2.412 mm21, R1 = 0.0640.

CCDC 182/1602. See http://www.rsc.org/suppdata/cc/b0/b001764g/ for
crystallographic files in .cif format.
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Fig. 2 EPR spectra of (a) 1+ and (b) 4+ at 100 K in CH2Cl2–thf (1+2).

Table 2 EPR spectroscopic dataa for [RhLm(m-RNNNR)2IrLAn]+

Ion Lm LAn ghigh field A(103Rh) A(191,193Ir)

1+ h4-cod (CO)2 2.0246(1) 82.6(2) 17.2(1)
3+ (CO)(PPh3) (CO)2 2.0017(1) 95.9(2) 22.3(2)
4+ (CO)(PPh3) (CO)(PPh3) 1.9827(1) 16.6(2) 51.6(3)
5+ (CO){P(OMe)3}(CO){P(OMe)3}1.9882(4) 19.4(9) 57.4(6)
a High field feature only; A in 1024 cm21.

Scheme 1 Schematic orbital interactions in the three-electron metal–metal
bond of species such as (a) 1+ and (b) 4+ in which the ancillary ligand sets
are asymmetric and symmetric, respectively.

964 Chem. Commun., 2000, 963–964



The arched four-rung ladder structure of the unsolvated dilithium salt of
N,NA-bis(trimethylsilyl)-2-aminobenzylamine, and its structural deformation on
THF complexation

Régis M. Gauvin,a Nathalie Kyritsakas,b Jean Fischerb and Jacky Kress*a
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The X-ray crystal structures of 2-Li(SiMe3)NC6H4CH2N(Si-
Me3)Li 1 and 2-Li(SiMe3)NC6H4CH2N(SiMe3)Li·THF 2
show that both compounds exist in the solid state as discrete
dimers that display an analogous four-rung ladder core,
allowing us to analyse the effect of THF coordination.

The aggregation of lithium amides via so-called ring-laddering
processes is now well documented, and a wide variety of
architectures has been described in the literature.1 In the
absence of coordinating Lewis bases, these compounds gen-
erally adopt polymeric infinite ladder structure, but examples of
shorter arrangements have been reported. On exposure to
solvating ligands, these structures are often broken down to
smaller entities which can however still be assembled into
oligomeric ladders of limited length if only partial solvation has
taken place.1 Here, we present the first structural character-
ization of a heteroditopic dilithium diamide, both in its
unsolvated and THF monoadduct forms. The unsolvated
compound 2-Li(SiMe3)NC6H4CH2N(SiMe3)Li 1 is dimeric and
exhibits an arched four-rung ladder structure which had not
been observed previously for an uncomplexed amidolithium
compound. Coordination of THF to give 2-Li(Si-
Me3)NC6H4CH2N(SiMe3)Li·THF 2 changes the structural
parameters of this edifice, but alters neither its dimeric nature
nor its conformation, providing the opportunity to analyse the
fundamental bond modifications upon lithium complexation in
such ladder frameworks.

Compound 1† was obtained as colourless crystals through
double deprotonation of the diamine 2-NH(Si-
Me3)C6H4CH2NH(SiMe3)2 by BunLi in pentane, followed by
concentrating the reaction mixture under reduced pressure and
cooling the resulting solution to 220 °C. Its high solubility in
hydrocarbons restricted the isolated yield to 58%. Its molecular
structure was established by X-ray diffraction analysis‡ (Fig. 1).
The three fused (NLi)2 rings that build the four-rung ladder are
strictly planar and significantly twisted with respect to each
other, as shown by the average value of the two N–Li–N–Li
edge dihedral angles (51.1°). The chelating 2-benzyl linkages
bridge the nitrogen atoms along each edge and are located on the
same face of the ladder, which imposes the arch-like folding, the
nearly parallel orientation of the two aromatic rings (which is
not the result of p-stacking, the two ring planes being staggered
and distant by ca. 4 Å), and the cisoid configuration of the four
SiMe3 substituents.

The four-coordinate anilinic nitrogens are located in the outer
rungs, while the five-coordinate benzylic nitrogens occupy the
inner positions, leading to a ‘head-to-tail’ arrangement. Al-
though the molecule shows only approximate and not crystallo-
graphic C2 symmetry, the discussion of its dimensional
parameters can be restricted to one half of the dimer.

Interestingly, the two outer lithium atoms are only two-
coordinate with respect to nitrogen ligation and hence highly
electron-deficient, which results in short outer rungs [Li(1)–

N(4) 1.964(4) Å] and close contacts with carbons of the
neighbouring aromatic rings [Li(1)–C(5) 2.350(5) Å, Li(1)–
C(10) 2.627(5) Å]. These relatively strong lithium–carbon
interactions are certainly at the origin of the limited length of
this unsolvated ladder (together with the steric hindrance of the
SiMe3 substituents at the ladder ends), and of its folding down
into an arch. On the other hand, the inner lithium atoms are
three-coordinate with respect to nitrogen ligation and pyrami-
dal. Although less unsaturated, they interact similarly with the
benzylic carbons [Li(2)–C(4) 2.484(4) Å], tying the 2-benzyl
framework even closer to the (NLi)4 core, accounting further for
the severely folded structure of the ladder [Li(1)–N(1)–Li(2)
106.00(2)°, N(1)–Li(2)–N(2) 108.8(2)°], and leading to inner
Li–N edges that are relatively shorter than the inner rungs
[Li(2)–N(1) 2.025(4) Å, Li(4)–N(1) 2.113(4) Å]. 1H NMR
spectra† suggest that this dimeric structure is maintained in
benzene solution, and show that the molecule is fluxional.

It should be pointed out that lithium amides exhibiting a four-
rung ladder structure have been described previously, but are
either solvated at the terminal lithium centers3 (as 2, vide infra)
or folded into stairs.4 Both of these characteristics are found
together in a few compounds.5 The example of unsolvated
dimeric [Li(Dipp)NCH2CH2N(Dipp)Li]2

4 (Dipp = 2,6-diiso-
propylphenyl) is of particular interest owing to its close analogy
with 1. It similarly contains strong lithium–carbon interactions,
but exists as a stepped four-rung ladder.4 We presume this
different geometry arises from the fact that the Li–C inter-

Fig. 1 Molecular structure of 1 showing the atom numbering scheme. The
H atoms have been omitted for clarity. Selected interatomic distances (Å)
and angles (°): Li(1)–N(1) 2.038(4), Li(2)–N(1) 2.025(4), Li(2)–N(2)
2.035(4), Li(1)–N(4) 1.964(4), Li(4)–N(1) 2.113(4), Li(1)–C(5) 2.350(5),
Li(1)–C(10) 2.627(5), Li(2)–C(4) 2.484(4), Li(1)–Li(4) 2.427(5), Li(2)–
Li(4) 2.389(6); Li(1)–N(1)–Li(4) 71.52(2), Li(2)–N(1)–Li(4) 70.47(2),
Li(1)–N(1)–Li(2) 106.00(2), Li(1)–N(4)–Li(4) 74.99(2), N(1)–Li(1)–N(4)
109.2(2), N(1)–Li(2)–N(2) 108.8(2), N(1)–Li(4)–N(3) 108.4(2), N(1)–
Li(4)–N(4) 104.1(2), N(3)–Li(4)–N(4) 110.9(2).
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actions in this latter compound do not involve the edge-hugging
chelating bridges as in 1, but the other nitrogen substituent of
the secondary amides (Dipp in that case).

Compound 2† was obtained serendipitously by the reaction
of 1 with 0.5 equiv. ZrCl4(THF)2 in toluene.6 A single-crystal
X-ray structure determination‡ showed that its molecular
structure is in all respects similar to that of 1, and the same
numbering scheme was thus used for the sake of clarity (Fig. 2).
Coordination of THF occurs at the outer lithium atoms which
become three-coordinate, but the four-rung ladder core of 1 is
not broken down in 2 and its peculiar geometry is furthermore
retained. However, the (NLi)4 arch is significantly flattened, as
shown by the increased distance between the two outer rungs
[from 3.653 Å in 1 to 4.337 Å in 2 for Li(1)–N(2) for instance],
the more obtuse edge angles Li(1)–N(1)–Li(2) and N(1)–Li(2)–
N(2) (+10.7 and +5.5°, respectively), and the less pyramidal
inner lithium atoms, whose average summed angles vary from
323.3° in 1 to 333.6° in 2. Moreover, the ladder framework is
more severely twisted in 2, the N–Li–N–Li edge dihedral angles
increasing to 67° (average value), and, most importantly, the
2-benzyl aromatic rings are considerably withdrawn from the
outer lithium atoms [Li(1)–C(5) 2.762 Å, Li(1)–C(10) 2.906 Å].
Undoubtedly, the outer lithium atoms have become less electron
deficient on complexation by THF, and the above structural
modifications are the consequence of subsequent weakening of
their interactions with the aromatic ring of the 2-benzyl
bridges.

The Li–N bond distances within the ladder core are also
modified accordingly, both edges and rungs involving the outer
lithiums being lengthened by an average value of 0.078 Å. The
electrons of the four nitrogen atoms become thereby more
available for the inner lithium atoms, leading to the strengthen-
ing of the corresponding Li–N bonds and to their average
shortening by ca. 0.045 Å, with the notable exception of the two

inner edges Li(2)–N(1) and Li(4)–N(3). These indeed are
slightly longer in 2 than in 1, [+0.026 Å for Li(2)–N(1) for
instance], as are the lithium–carbon distances between the inner
lithium atoms and the benzylic carbons [+0.062 Å for Li(2)–
C(4)]. THF complexation of the outer lithium atoms hence also
results in higher electron density on the inner ones. This
weakens the lithium–methylene interactions that squeezed the
inner Li–N edges in 1, to such an extent that also these latter
bonds are lengthened in 2.

We dedicate this paper to the memory of Professor John A.
Osborn. We thank the CNRS and the Ministère de l’Education
Nationale, de la Recherche et de la Technologie for funding this
work.

Notes and references
† 1: satisfactory C, H, N analysis; dH(25 °C, 300 MHz, C6D6): 6.94 (dt, 1H,
C5H), 6.84 (dd, 1H, C3H), 6.58 (dt, 1H, C4H), 6.27 (d, br, 1H, C6H), 4.39
and 3.68 (d, 2J 10.3 Hz, br, 1H, ArCHHA and ArCHHA), 0.22 (s, 9H,
ArNSiMe3), 0.05 (s, 9H, CH2NSiMe3); dC(25 °C, 75 MHz, C6D6): 157.26
(C2), 136.53 (C1), 131.60, 129.62, 125.83 and 119.11 (C3, C4, C5 and C6),
48.78 (CH2), 2.96 and 0.60 (ArNSiMe3 and CH2NSiMe3). 2: dH(25 °C, 300
MHz, C6D6); 7.04 (m, 2H, C3H or C6H and C4H or C5H), 6.70 (m, br, 1H,
C3H or C6H), 6.59 (t, 1H, C4H or C5H), 4.10 (s, br, 2H, ArCH2) 3.37 (m, 4H,
OCH2), 1.21 (m, 4H, OCH2CH2), 0.26 (s, br, 18H, ArNSiMe3 and
CH2NSiMe3).
‡ Crystal data for C26H48N4Li4Si4 1: M = 556.81, monoclinic, space group
P21/n, a = 9.7590(2), b = 21.3540(4), c = 16.7940(6) Å, b = 98.073(5)°,
U = 3465.1(3) Å3, Z = 4, Dc = 1.07 g cm23, m = 0.186 mm21 (Mo-Ka,
l = 0.71073 Å), T = 173 K, 25648 data measured, 4455 data with I >
3s(I), R = 0.038, Rw = 0.058.

For C34H64Li4N4O2Si4 2: M = 701.02, monoclinic, space group P21/c,
a = 19.9167(9), b = 9.8818(2), c = 22.1151(9) Å, b = 99.750(2)°, U =
4289.7(5) Å3, Z = 4, Dc = 1.09 g cm23, m = 0.170 mm21 (Mo-Ka, l =
0.71073 Å), T = 173 K, 29787 data measured, 4972 data with I > 3s(I), R
= 0.043, Rw = 0.064. One b carbon atom of one THF molecule occupies
two distinct positions (Fig. 2).

The structures were solved using direct methods and refined by full-
matrix least squares on F.

CCDC 182/1609. See http://www.rsc.org/suppdata/cc/b0/b002004o/ for
crystallographic files in .cif format.
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Fig. 2 Molecular structure of 2 showing the atom numbering scheme. The
H atoms have been removed for clarity. Selected interatomic distances (Å)
and angles (°): Li(1)–N(1) 2.116(6), Li(2)–N(1) 2.051(5), Li(2)–N(2)
1.974(6), Li(1)–N(4) 2.030(5), Li(4)–N(1) 2.063(5), Li(1)–O(2) 1.979(5),
Li(1)–C(5) 2.762(6), Li(1)–C(10) 2.906(5), Li(2)–C(4) 2.546(5), Li(1)–
Li(4) 2.467(7), Li(2)–Li(4) 2.318(7); Li(1)–N(1)–Li(4) 72.3(2), Li(2)–
N(1)–Li(4) 68.6(2), Li(1)–N(1)–Li(2) 116.7(2), Li(1)–N(4)–Li(4) 75.9(2),
N(1)–Li(1)–N(4) 103.8(2), N(1)–Li(2)–N(2) 114.3(2), N(1)–Li(4)–N(3)
110.8(2), N(1)–Li(4)–N(4) 107.7(2), N(3)–Li(4)–N(4) 113.9(2).
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Reaction of 1,3-bis(trimethylsiloxy)buta-1,3-dienes with a-
chlorocarboxylic acid chlorides resulted in chemo- and
regio-selective formation of 6-chloro-3,5-dioxoesters which
were regioselectively converted into functionalized 3(2H)-
furanones.

Domino and consecutive reactions are of great interest in
organic chemistry since they enable the rapid assembly of
complex products in a one-pot process.1 Surprisingly, despite
the simplicity of the idea, only few domino and consecutive
reactions of 1,3-dianions2 with 1,2-dielectrophiles have been
reported so far.3 Several drawbacks are possible for these
reactions: on the one hand, dianions are highly reactive
compounds which can react both as a nucleophile and a base; on
the other hand, 1,2-dielectrophiles often represent rather labile
compounds. Therefore, previous attention in dianion chemistry
has been mainly focused on reactions with monofunctional
electrophiles after which the resultant monoanion is simply
quenched with water following the initial reaction. We have
recently reported the first domino reactions of 1,3-dianion
synthons with oxalic acid dielectrophiles to give g-alkylidene-
butenolides.4,5 Herein, to the best of our knowledge, we report
the first cyclization reactions of 1,3-dianion synthons with a-
chlorocarboxylic acid chlorides. These reactions provide a
convenient, chemo- and regio-selective access to a variety of
functionalized 3(2H)-furanones. A large number of natural
products and pharmacologically important compounds belong
to the group of 3(2H)-furanones: prominent examples include
polyketides from siphonaria pectinata,6a the antitumor active
trachyspic acid,6b antiallergic 4,5-dihydro-4-oxo-2-amino-
3-furancarboxylic acids,6c the mutagenic furaneols,6d pseurotin
A,6e the antitumor active sesquiterpenes eremantholide A-C,6f

lychnophorolide A,6g ciliarin,6h and the recently reported
metabolite longianone.6i,j

A variety of products are, in principle, possible in the reaction
of 1,3-dicarbonyl dianions with a-chloroacetic acid derivatives.
Both the initial attack of the dianion onto the dielectrophile and
the subsequent cyclization can proceed with different chemo-
and regio-selectivities. Reaction of the disodium salt of

acetylacetone 1a with the sodium salt of chloroacetic acid 2a
was reported to give 4,6-dioxoheptanoic acid 3 by attack of the
terminal carbon of the dianion onto the carbon attached to the
chlorine atom.7 Unfortunately, our first attempts to induce a
chemoselective attack of 1,3-dicarbonyl dianions onto the
carbonyl group of chloroacetic acid derivatives in order to
prepare the ester 5a were unsuccessful: reaction of the dianion
of ethyl acetoacetate 1b with ethyl chloroacetate 2b, N-methyl-
N-methoxy-chloroacetic acid amide 2c or chloroacetyl chloride
2d resulted in formation of complex mixtures only (Scheme
1).

In order to overcome these problems, we decided to study the
Lewis-acid catalyzed reaction of 1,3-bis-(trimethylsiloxy)buta-
1,3-dienes, synthons of 1,3-dicarbonyl dianions,8 with chloro-
acetyl chloride 2d. Our initial attempts to realize this concept
were unsuccessful. Reaction of 2d with the diene 4a in the
presence of stoichiometric amounts of BF3·OEt2 or TiCl4
resulted in formation of complex mixtures. Much to our
satisfaction, the use of catalytic amounts of TMSOTf resulted in
chemo- and regio-selective formation of the desired 6-chloro-
3,5-dioxoester 5a (Scheme 2).† Optimal yields (up to 71%)
were obtained when the reaction was started at 278 °C and
slowly warmed to ambient during 12 h. Treatment of 5a with
base resulted in regioselective cyclization9 via the oxygen atom

Scheme 1

Scheme 2
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to give the 3(2H)-furanone 6a.† The use of KOBut resulted in
the formation of a complex mixture from which 6a could be
isolated in only 23% yield. Eventually, we found that optimal
yields (up to 91%) were obtained when 2 equivalents of DBU
were used as the base. It is noteworthy that isolation of 5a was
not necessary: the crude product of 5a could be directly
transformed into 6a which was isolated in 65% overall yield
(from 4a).

In order to study the preparative scope of the new
methodology for the synthesis of 3(2H)-furanones the sub-
stituents of the 1,3-bis(trimethylsiloxy)-1,3-dienes were sys-
tematically varied (Table 1). Reaction of chloroacetyl chloride
2d with the diene derived from methyl acetoacetate and
subsequent cyclization afforded the 3(2H)-furanone 6b in 70%
overall yield. Reaction of 2d with 1,3-bis(trimethylsiloxy)-
1,3-dienes 4c–g, containing methyl, ethyl, butyl, benzyl, and
allyl groups, respectively at the terminal carbon atom, afforded
the 4-alkyl-3(2H)-furanones 6c–g in good yields and with very
good chemo- and regio-selectivities.

A variety of naturally occuring 3(2H)-furanones contain an
oxygen atom at carbon C-4.10 The synthesis of 3(2H)-furanone
6h, containing a methoxy group at carbon C-4, was therefore of
special interest. Dianions cannot be used for the synthesis of 6h
since, besides the severe selectivity problems discussed above,
dianions of methyl 4-methoxyacetoacetate and related sub-
strates cannot be generated. This is presumably due to the fact
that the dianion is destabilized by lone pair–lone pair inter-
actions and by the p-donor effect of the oxygen atom.11 Much
to our satisfaction, reaction of 2d with 4-methoxy-1,3-bis-
(trimethylsiloxy)-1,3-diene 4h12 afforded the 4-methoxy-
3(2H)-furanone 6h in good yield and with very good chemo-
and regio-selectivity. Starting with the 1,3-bis(trimethylsiloxy)-
1,3-dienes 4i–j, which are substituted at the central carbon
atoms, the 3(2H)-furanones 6i,j were isolated in good yields.
Reaction of 2d with the cyclic diene 4k, which is derived from
ethyl cyclohexanone-2-carboxylate, afforded the interesting
bicyclic 3(2H)-furanone 6k in good yield.

Variation of the substituents of the dielectrophile was then
studied. Reaction of diene 4a with 2-chloropropionyl chloride
2e afforded the 6-chloro-3,5-dioxoester 5l which was trans-
formed into the 2-methyl-3(2H)-furanone 6l. Reaction of
2-chloropropionyl chloride with the methyl- and ethyl-substi-
tuted dienes 4b and 4c afforded the 2-methyl-3(2H)-furanones
6m and 6n in good yields and with very good chemo- and regio-
selectivities, respectively. Reaction of 2e with the diene derived
from ethyl cyclohexanone-2-carboxylate afforded the bicyclic
2-methyl-3(2H)-furanone 6o as a 1+1 mixture of diastereo-
mers.

In conclusion, we have developed a new approach for the
synthesis of a wide range of functionalized 3(2H)-furanones
which are of pharmacological relevance and of interest for the
synthesis of natural products.

P. L. thanks Professor A. de Meijere for his support. Financial
support from the Fonds der Chemischen Industrie e. V. (Liebig-
scholarship and funds for P. L.) is gratefully acknowledged.

Notes and references
† General procedure for the preparation of 6a–o: to a CH2Cl2 solution (70
ml) of 2d (5.5 mmol, 0.62 g) and of 4a (5.5 mmol, 1.5 g) was added
TMSOTf (1.65 mmol, 0.35 g) at 278 °C. The temperature of the reaction
mixture was allowed to rise to 20 °C during 12 h. After stirring for 2 h at
20 °C a saturated solution of NaHCO3 was added, the organic layer was
separated and the aqueous layer was repeatedly extracted with diethyl ether.
The combined organic extracts were dried (MgSO4), filtered and the solvent
of the filtrate was removed in vacuo. The residue was purified by column
chromatography [silica gel, ether–petroleum (bp 40–70 °C)] to give 5a as a
colourless oil (805 mg, 71%). To a THF solution (5 ml) of 5a (0.64 mmol,
122 mg) was added DBU (1.28 mmol, 195 mg). After stirring for 2.5 h,
glacial acetic acid (0.4 ml) was added. The solvent was removed in vacuo
and the residue was purified by chromatography to give 6a as a colourless
oil (100 mg, 91%): dH(CDCl3, 250 MHz): 1.22 (t, 8 Hz, 3 H, CH3), 3.55 (s,
2 H, CH2), 4.18 (q, 8 Hz, 2 H, OCH2CH3), 4.48 (s, 2 H, OCH2), 5.66 (s, 1
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185.95, 202.15. MS (70 eV) m/z 170 (M+, 20). Anal. Calc. for C8H10O4: C,
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satisfactory spectroscopic and analytical and/or high resolution mass
data.
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Table 1

6 R1 R2 R3 R4 Yielda (%)

a H H OEt H 65
b H H OMe H 70
c Me H OMe H 54
d Et H OEt H 53
e Bu H OEt H 40
f Bn H OEt H 38
g Allyl H OEt H 54
h OMe H OMe H 56
i H Me OEt H 54
j H Et OEt H 50
k CH2CH2CH2 OEt H 34
l H H OEt Me 56
m Me H OMe Me 40
n Et H OEt Me 32
o CH2CH2CH2 OEt Me 26
a Isolated yields of 6a–o over two steps from 4a–k and 2d–e.
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A diphthalocyanino-dehydro[12]annulene, synthesised by
oxidative coupling of a dialkynylphthalocyanine, has been
characterised by mass spectrometry and UV–VIS spectros-
copy and shown to undergo thermal oligomerisation.

Phthalocyanines (Pcs) are important functional materials, their
18p electron system providing the basis for their characteristic
photophysical, optoelectronic and conductiometric properties.1
More complex structures such as covalently linked binuclear Pc
structures are attracting attention because of interesting effects
arising from the further extension of the p conjugation.2
Formally planar structures in which two Pc cores share a
common benzene ring have been characterised satisfactorily3

and applications of palladium coupling reactions have provided
access to alkynyl Pcs4–6 of which some monoalkynyl deriva-
tives6 have been coupled to give both ethynyl and butadiynyl
linked Pcs. These coupling methods are here applied to the
synthesis of the first example of a diphthalocyanino-dehy-
droannulene 1 which is highly substituted to promote solubility
in organic solvents. A report that annulenes are polymerisable at
a diyne unit7 indicates that phthalocyanino-dehydroannulenes
could act as useful precursors for the synthesis of novel
phthalocyanine network polymers. Preliminary studies of the
thermolysis of 1 are described.

The synthesis of 1 is summarised in Scheme 1. The principal
features are that the dehydroannulene ring is constructed in the
last stage, requiring a non-uniformly substituted Pc as pre-
cursor. The latter is the dibromo derivative 2,† obtained by a
conventional mixed condensation of 3,6-didecylphthalonitrile8

and 3,6-dibutoxy-4,5-dibromophthalonitrile9 (ratio 6+1). Stille

coupling,10 converted 2 into 3.† The conversion of 3 into 1 was
achieved by copper(II) acetate mediated oxidative coupling in
dry THF–pyridine–methanol (1+1+0.25). The reaction was
investigated under various conditions, its progress monitored by
visible region spectroscopy. Fig. 1 (top) shows the spectrum of
3, line (a), with the visible region (Q-band) absorptions at 698
and 729 nm. The spectrum of the reaction mixture after 20 min
at 50 °C under an argon atmosphere shows a broadened
spectrum, line (b), with prominent peaks at lmax 701 and 756
nm. After further time, there is a gradual appearance of a new
peak at 822 nm, whose intensity maximises after 48 h. This
same absorption band envelope was also obtained in a separate
coupling reaction of 3 (39 mg) after 8 h at 80 °C, Fig. 1 (top),
line (c). The crude reaction products were filtered through silica
(eluent: light petroleum (bp 40–60 °C)–THF, 9+1) to remove
copper salts and polymeric material. MALDI-TOF MS of the
filtrate gave a base peak corresponding to 1 with smaller peaks
attributable to a cyclic trimer and cyclic tetramer. Size exclusion
chromatography failed to separate the mixture. However,
purification by repeated column chromatography over silica
(eluent: light petroleum (bp 40–60 °C)–THF, 19+1) afforded 1
as the major fraction (9.5 mg); MALDI-TOF showed an
isotopic cluster at m/z 3206 corresponding to a singularly
charged molecular ion. Scanning to higher mass gave no
indication of higher molecular weight species. The high
resolution FT-ICR MS of 1 using electrospray ionisation in
THF confirmed the structure. The base signal corresponds to the
doubly charged M2+ ion at m/z 1601.1211 (requires 1601.1235),

Scheme 1 Reagents and conditions: i, Bu3SnC·CH, Pd(PPh3)2Cl2/
Pd(PPh3)4; ii, Cu(OAc)2, THF–pyridine–MeOH.

Fig. 1 UV–VIS spectra: (top) line (a), compound 3 as a solution in toluene;
line (b), spectrum (toluene) of oxidative cross-coupling product from 3 after
20 min at 50 °C; line (c), the oxidative cross-coupling product from 3 after
8 h at 80 °C. (Bottom) spectrum of 1 as a solution in cyclohexane, showing
the split Q-band. There is also evidence of splitting of the Soret band in the
UV region.
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isotopic distribution showing a mass difference between each
peak of 0.5 u. Signals are also present for M+ at m/z ca. 3206
(poorly resolved) and M3+, m/z 1067.4227 (requires
1067.4157). The spectrum also indicates the presence of
aggregated structures. A peak cluster at m/z ca. 2138 corre-
sponds to a triply charged two molecule aggregate of 1 and a
very weak peak at m/z ca. 2400 corresponds to a quadruply
charged trimeric aggregate.

Aggregation is also apparent from the 1H NMR spectrum.
Thus unlike the spectra of 2 and 3, the spectrum of 1 (4.5 mg per
0.5 ml benzene-d6) shows broadening of the signals for the
aromatic protons, and the –OCH2 and benzylic protons.
Addition of pyridine-d5 failed to inhibit aggregation at this
concentration. Aggregation of 1 implies the possibility that p–p
interactions lead to a supramolecular structure involving Pc
units stacking to encapsulate a p electron rich channel formed
by the dihydroannulene units. At higher dilution, (ca. 0.9 mg per
0.5 ml benzene-d6), and at 40 °C the 1H NMR spectrum is better
resolved. Apart from aliphatic protons, there are overlapping
signals for the aromatic protons, an 8 proton triplet at d 4.91
(OCH2 protons), a multiplet for 8 benzylic protons at d 4.76 and
a 16 proton multiplet for the remaining benzylic protons at d
4.62.

The Q-band absorption for 1 is split, lmax 822 and 691 nm,
Fig. 1 (bottom). This is expected for metallated macrocycles of
lower symmetry than D4h

11 and is indeed observed for
compounds 2 and 3. However, the splitting is much more
significant for compound 1. A sample of 1 was heated on a
hotstage and analysed by visible region spectroscopy. After
heating for 5 min at 220 °C, the solution phase spectrum of the
material shows reduction in absorbance of the two main
components of the Q-band and growth of a broad band between
them. Continued heating gives a sample whose spectrum shows
an irreversible disappearance of the original bands and a
featureless band envelope in the region 680–820 nm. The
MALDI-TOF spectrum of the product shows broadened high
molecular mass clusters corresponding to multiples of m/z 3206,
the highest centered at m/z ca. 19200. This provides a clear
indication that oligomerisation has occurred. The potential for
developing large and potentially well organised phthalocyanine
networks from these and related materials is under investiga-
tion.

We thank EPSRC for a studentship (M. J. H.), the EPSRC
Mass Spectrometry Service at Swansea for FAB mass spectra,
Ms V. Boote at University of Manchester for running MALDI-
TOF mass spectra, and Dr Helen Cooper at Warwick University
for providing FT-ICR mass spectra.

Notes and references
† Compound 2: found C 70.40, H 8.90, N 6.30. C100H150N8O2Br2Ni
requires C 70.04, H 8.82, N 6.53%. 1H NMR (300 MHz, C6D6): d 7.82 (s,
4H), 7.81 (s, 2H), 4.75 (t, 4H, J 7.5 Hz), 4.66–4.57 (3 overlapping t, 12H),
2.34–2.17 (m, 16H), 1.92–1.11 (m, 88H), 0.95 (t, 6H, J 7.4 Hz), 0.87–0.80
(m, 18H); UV–VIS (3.68 3 1026 M in toluene, log e) l 716 (5.10), 698
(5.03), 636 (4.39) nm; MS (FAB): isotopic cluster at m/z 1716 [M + H]+;
requires 1715.84.

Compound 3: found C 76.99, H 9.56, N 6.98. C104H152N8O2Ni·CH3OH
requires C 77.03, H 9.60, N 6.84%. 1H NMR (270 MHz, C6D6): d 7.81–7.78
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A quantitative synthesis of a novel cyclic tetranuclear ZnII

complex with 3,6-di-2-pyridyl-1,2,4,5-tetrazine (DPTZ),
which was spontaneously resolved as chiral crystals, has
been developed.

The rational design of discrete self-assembling systems is one of
the most challenging tasks in the exploitation of supramolecular
synthons. In particular, the metal-assisted assembly of cyclic
molecular arrays plays an integral part in the development of
inclusion chemistry as well as ‘engineering up’ molecular
architectures. To date, the groups of Fujita,1 Stang,2 and others3

have been exploiting the coordination-based syntheses of
molecular squares or rectangles with right angles at their
corners, which are one of the simplest members of the polygon
family. The creation of a new class of artificial chiral
supramolecular species via spontaneous self-assembly has been
one key to further development of this rapidly expanding field.
Stang and coworkers have explored the syntheses of chiral PtII4
or PdII

4 molecular squares by using either chiral chelating
ligands or C2h-symmetrical bridging ligands.4 As described
previously, there are several ways of creating chiral supramo-
lecular architectures, of which use of an inherently chiral
octahedral metal complex has been recognized as a promising
strategy. Unlike the square-planar PtII or PdII complexes,
octahedral metal complexes are inherently chiral5 and therefore
no chiral auxiliary ligands are required. Recently, Wang and
coworkers have reported a CoII molecular square complex that
exhibits a chiral molecular structure in the solid state,6 where no
chiral auxiliary ligands were employed, and the individual
single crystal was found to consist of one enantiomer only.
However, the reaction yield was low and the solution behavior
of the molecular square remains unsolved.

We report herein a quantitative preparation of a novel cyclic
tetranuclear ZnII complex that was spontaneously resolved as
chiral crystals. The bridging ligand used in this study is 3,6-di-
2-pyridyl-1,2,4,5-tetrazine (DPTZ). Although the two pyridyl
groups of DPTZ can rotate around the C–C bonds between the
pyridine rings and tetrazine ring, upon coordinating to metal
ions the three aromatic rings can become almost coplanar to
bridge two metal centers. We therefore anticipated that DPTZ
would serve as a rigid multitopic spacer ligand and that a
thermodynamically stable yet kinetically labile chiral assembly
could be formed by the use of the ZnII ion which is inherently
chiral in an octahedral coordination geometry.7

The reaction of ZnII(ClO4)2·6H2O with an equimolar amount
of DPTZ in chloroform–acetonitrile at ambient temperature
produced orange prisms of [ZnII

4(DPTZ)4(H2O)4(CH3-
CN)4](ClO4)8·2CHCl3·4CH3CN 1, in 90% yield (Scheme 1).
The structure of 1 was determined by a single-crystal X-ray
diffraction analysis with a Siemens CCD X-ray diffractometer.
Complex 1 crystallizes in the chiral space group C2221.8 As
shown in Fig. 1, complex 1 has a crystallographically imposed

D2 symmetry with half of the molecule being in the asymmetric
unit. As a consequence of the D2symmetry, the four ZnII centers
have identical chirality, i.e. either all D or all L optical
geometry. The Flack parameter was nearly zero, indicating each
individual crystal of 1 consists of a single enantiomer.9 Indeed,
all four ZnII centers of the single crystal used in this analysis
have L geometry and therefore complex 1 is a chiral molecular
box in the solid state.

Space-filling diagrams of the molecular box 1 are shown in
Fig. 2. Each ZnII ion of complex 1 has a typical octahedral
coordination geometry with two DPTZ ligands bridging the
other two ZnII centers. The other two coordination sites of the
ZnII ion are occupied by one acetonitrile and one water
molecule. It is noteworthy that there should be many possible
structures in the four ZnII centers if the acetonitrile and water
molecules occupy their positions randomly. However, all the

Scheme 1

Fig. 1 ORTEP view of the molecular structure of 1 with 50% thermal
ellipsoids and labeling scheme. Perchlorate anions and solvent molecules
are omitted for clarity.
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four acetonitrile and four water molecules coordinate to ZnII in
a highly symmetrical manner, and the formation of a single
diastereomer was observed. The ZnII…ZnII distances along the
corners of the box are ca. 7.2 Å. The dimensions of the box
cavity are estimated to be ca. 4 Å 3 4 Å [Fig. 2(b)]. It is of
interest that one perchlorate ion and two chloroform molecules
are encapsulated within the box cavity of 1, where the two
chloroform molecules interpose the perchlorate ion like two
caps to close the box. Such guest molecules may facilitate the
cyclization and therefore stabilize the resulting cyclic box
structure.

The 1H NMR spectrum of 1 in CD3CN showed one set of
proton signals for the pyridine parts of DPTZ,10 suggesting that
the DPTZs are bridging ligands and are coordinated symmet-
rically between two ZnII centers. The discrete tetrameric
structure of 1 in acetonitrile was confirmed by ESI-TOF mass
spectroscopy. The isotopically resolved ESI-TOF mass spec-
trum of this assembly is shown in Fig. 3. The signals of ZnII

tetrameric species for 1 are centered at m/z 2166.6, 1954.6,
1900.6 and 1664.6, which correspond to the +1 charged cationic
species [Fig. 3(a)].11 For example, the enlarged plot of the
signal for m/z 1954.6 [ZnII

4(DPTZ)4(H2O)3(CH3CN)2(OH)-
(ClO4)6]+ gave excellent agreement between the experimental
and theoretical isotopic distributions, indicating the tetrameric
character of 1 [Fig. 3(b) and 3(c)]. These results establish that
the cyclic ZnII tetramer is stable in solution.

A solution of complex 1 in acetonitrile exhibited an
essentially zero optical rotation, indicating that the bulk of the
crystals is a racemate. Although the single-crystal X-ray
diffraction analysis demonstrated that each individual crystal of
1 consists of one enantiomer only, the question of whether the
single enantiomer of 1 undergoes racemization in solution still
remains unsolved because the individual chiral crystals of 1 are
too small to allow any meaningful kinetic study and circular
dichroism measurement. Attempts for preferential crystalliza-
tion of either enantiomer D or L through seeding of the racemic
supersaturated solution with a seed of one crystal were
unsuccessful.

The present molecular box 1 is the first example of
spontaneous resolution of a quantitatively self-assembled ZnII

molecular box.
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Fig. 2 Space-filling diagrams showing (a) a side-view and (b) a top-view of
the box cavity of complex 1.

Fig. 3 ESI-TOF mass spectrum of complex 1 in acetonitrile: (a) m/z
1300 –3000, (b) theoretical isotopic distribution at m/z 1954.6, and (c)
experimental isotopic distribution at m/z 1954.6.

972 Chem. Commun., 2000, 971–972



      

Novel structural determination of a bilayer network formed by a tripodal
lipophilic amide in the presence of anions

Andrew Danby,a Larry Seib,a Nathaniel W. Alcockb and Kristin Bowman-James*a

a Department of Chemistry, University of Kansas, Lawrence, Kansas 66045, USA.
E-mail: kbowman-james@ukans.edu

b Department of Chemistry, University of Warwick, Coventry, UK CV4 7AL

Received (in Columbia, MO, USA) 15th November 1999, Accepted 31st December 1999

The crystal structure of a protonated tripodal lipophilic
amide, N-{2-[bis(2-octanoylaminoethyl)amino]ethyl}octan-
amide, identified an elegantly architected bilayer hydrogen
bonded structure consisting of ladder-like cascades of the
amide, with the rungs comprised of the lipophilic tails
pointing inward and the poles made up of polar quaternary
ammonium heads lining channels filled with nitrate ions.

In our investigation of the anion binding capabilities of a series
of lipophilic amide receptors of varying chain length, we
recently isolated the nitrate salt of a protonated triamide 1 with

three seven-carbon alkyl chains. The unanticipated structure
shows a novel and elegant bilayer structure comprised of
ladder-like cascades of the amide, with the rungs consisting of
the lipophilic tails pointing inward and the polar heads lining
channels filled with nitrate ions. Because of the high thermal
motion usually exhibited by such chains, crystallographic
determinations are limited. This most unusual structure thus
provides solid state insights into the forces holding such
frameworks together.

Anion complexation is a swiftly emerging field of chemistry
with relevance to biology, the environment, and industry.1 Of
the oxo-anions, nitrate is important because of its prevalence in
soil and groundwater as well as at nuclear waste facilities. Our
interest in nitrate binding began several years ago with the
isolation and structural characterization of the nitrate salt of an
inclusion complex of nitrate with a polyammonium macro-
monocycle,2 and more recently with a dinitrate inclusion
complex within a tripodal bicyclic aza cryptand.3 Drawbacks
associated with polyammonium receptors, however, are their
binding dependency on pH as well as high water solubilities,
which limit their effectiveness in many applications. In this
regard, receptors soluble in organic phases and capable of
binding over a range of pH are desirable. Hence we, along with
a number of other researchers, have begun to explore hosts
containing amide functionalities, a logical choice considering
that Nature employs such moieties in the biological binding and
transport of anions.4

In our study of lipophilic receptors we have synthesized and
characterized a series of tripodal amides with hydrocarbon tails
based on the triamine building block, tren. In earlier work,
Reinhoudt and coworkers examined related tren-based systems,
and were successful in identifying several excellent neutral
receptors for phosphate.5 Only one hydrocarbon chain (with six
carbons) was included in that study,which focussed on aromatic

‘tails’. Potvin and Jairam also have employed similar types of
ligands, but primarily for binding metal ions and especially as
models for zinc enzymes.6 Crystallographic characterization of
such receptors with lipophilic tails tends to be very limited
because of the floppy nature of the hydrocarbon chains, which
generally results in poor crystallinity and in large thermal
motion and very high R factors.7 By contrast, the structure
reported herein was ‘well behaved’, and, as such, provides a
significant addition to the structural database of bilayers.

Synthesis of the tripodal amide receptor from tren and
octanoic acid was found to proceed in high yield using triphenyl
phosphite as a coupling agent.8† To purify the resulting
triamide, the crude product was dissolved in DMSO and
acidified with nitric acid to pH 1. The crystalline product, when
recrystallized from a DMSO–water mixture, gave crystals
suitable for X-ray diffraction.

The crystal structure shows the crystals to be the mononitrate
salt of the amide, singly protonated at the apical nitrogen.‡
While it was initially disappointing to us that the nitrate was not
encapsulated within the tren unit, the reason is apparent: one of
the amide carbonyl oxygen atoms points into the cavity to
hydrogen bond with the endo-oriented proton of the apical
amine [O(2)…N(1) 2.74(1) Å], effectively ‘closing’ the cavity.
The receptor packs in beautifully patterned three-dimensional
arrays reminiscent of bilayer structures, with the hydrophilic
tren ‘heads’ lining open channels for the nitrates [Fig. 1(a) and
(b)]. The bilayer is held together by hydrogen bonding between
pairs of cations, O(1)…N(3A) 2.816(9) and O(3)…N(2B)
2.800(9) Å, in adjacent unit cells. The distance between apical
nitrogens through the bilayer is 25.3 Å, while the distance
between apical nitrogens across the bilayer is 6.2 Å. The torsion
angles in 1 indicate that the carbon chains are highly ordered.
Within the polar head of the tripod, the NapicalCCNamide angles
approximate the gauche conformation, while the hydrocarbon
portion of the tail exhibits a consistent array of trans angles.
One exception to this pattern occurs on the chain in which the
amide oxygen points inward, to hydrogen bond with the apical
nitrogen of the tren unit. In the latter case both the CCN(3)C(O)
[273.1(6)°] and N(3)CC(O)C angles [132.3(5)°] differ sig-
nificantly from their CNamideC(O)C [2124.3(5) and
2139.1(5)°] and NamideC(O)CC [176.6(5) and 177.1(6)°]
counterparts on adjacent tails.

The closest nitrate–nitrate approach along the channels is
5.75 Å between nitrogen centers. Only the two disordered
oxygen atoms on the nitrate are within strong hydrogen bonding
range of one of the amide nitrogens, O(6)…N(4) 2.98(2) and
O(7)…N(4) 2.96(3) Å. One of the two ordered oxygens, O(5) of
the nitrate, lies within a 3.5 Å distance of both N(3) and
N(4).

In conclusion, while 1 is not a selective receptor for nitrate,
having rather similar Kas values for a series of ions,9 this is one
of the few crystallographically confirmed bilayer structures. A
structure of 1,2-dilauroyl-DL-phosphatidylethanolamine with
two chains forming the bilayer, in which the unweighted R
factor was extremely high (0.28), would appear to be the only
crystal structure closely related to 1.7 Thus the structure of the
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nitrate complex of 1 with its three-chain bilayer formation
provides rare evidence of the elegant architectural pattern that is
undoubtedly inherent in these systems in their biological
habitats.
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Fig. 1 (a) View of the ab plane (b along the horizontal axis) looking down c. (b) View of the ac plane (b along the horizontal axis) looking down a.
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The 3-trichloromethyloxaziridine 7 reacts smoothly with
lithium alkoxides, derived from a representative range of
alcohols, transferring an NHBoc function to the oxygen to
provide good to excellent yields of N-Boc-O-alkylhydroxyl-
amines 8–16 by this new O-amination protocol.

In pursuance of our studies of various electrophile-driven
5-endo cyclisation processes,1 we required access to the
hydroxylamines represented by structures 2 and 6 and sought to
obtain these by a Mitsunobu displacement2 using the corre-
sponding and readily available alcohols 1 and 5, as this seemed
the best of a relatively limited number of options.3 Un-
fortunately, both approaches suffered from serious drawbacks.
For the allylic alcohol 1, the Mitsunobu method using N-
hydroxyphthalimide,4 under standard conditions delivered good
yields of the required substrate 2a; in contrast, when N-
(4-toluenesulfonyl)hydroxylamine (TsNHOH)5 was used as the
nucleophile, yields were very poor (Scheme 1). However, when

applied to unsymmetrical substrates, both the SN2 and SN2A
pathways were followed (Fig. 1) to give both possible products

(i.e. hydroxylamines 3 and 4). For propargylic alcohols 5,

Mitsunobu displacement with either nucleophile (R1R2NOH)
gave very variable, precursor dependent yields of the required
products 6 (Scheme 2). Despite these problems, and the
additional necessity of converting the phthalimides (e.g. 2a, 6a),
into the corresponding N-tosylates (e.g. 2b, 6b)we were able to
access the latter substrates in sufficient quantities to demon-
strate that the projected 5-endo-trig and 5-endo-dig cyclisations
generally work extremely well to provide a new entry into

isoxazolidines and isoxazolines, respectively.6 We were there-
fore prompted to find an alternative and more efficient approach
to these classes of compounds (2–4 and 6), both for this reason
and also because approaches to hydroxylamines in general are
somewhat lacking.7 We were attracted by recent reports from
the Vidal–Collet group8 that various electron-deficient oxazir-
idines could behave as positive nitrogen sources (+NHBoc),
rather than as the more familiar positive oxygen sources (+OH),
popularized by the work of Davis and his colleagues.9 However,
while such species were reported to react efficiently with
various amines and enolates and both sulfur and phosphorus
nucleophiles, there was no report of similar reactions with
alcohols or the derived alkoxides.8 Such a transformation has
been achieved using chloramine, but only with a large excess of
alkoxide and in relatively poor yields,10 and it was not until a
very recent report that 3,3A-di-tert-butyloxaziridine reacts with a
range of potassium alkoxides in DMPU and in the presence of
18-crown-6 to provide O-alkylhydroxylamines in 10–86%
yields that such a process had synthetic value.11 We report
herein, that the highly electron deficient oxaziridine 7 reacts

smoothly with lithium alkoxides using very practical condi-
tions, despite our fears that it would simply act as a proton
source for these basic species.

Oxaziridine 7 was prepared as previously described8 starting
from tert-butyl carbazate, diazotization of which provided tert-
butyl azide. This potentially dangerous material was not
isolated but only handled in solution and was immediately
treated with triphenylphosphine in wet ether to give the imine
Ph3PNNBoc; subsequent aza-Wittig reaction with chloral and
oxone® oxidation gave the oxaziridine 7, as previously
reported.8 The compound was purified by column chromatog-
raphy8 and, in our hands, was sufficiently stable for use for ca.
two months if stored below 0 °C, after which repurification was
necessary. We were delighted to find that generation of the
lithium alkoxide of benzyl alcohol using lithium hexamethyldi-
silazide (LHMDS) in tetrahydrofuran at 278 °C followed by
the addition of oxaziridine 7 and slow warming to ambient
temperature delivered an essentially quantitative yield of the O-
benzyl-N-Boc-hydroxylamine 8 after a simple aqueous work-
up.8 Using the same method, we tested its viability with a range
of other alcohols of varying structure and the results are
collected in Table 1. A primary saturated alcohol, phenethanol,

Scheme 1

Fig. 1

Scheme 2
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reacted slightly less efficiently giving the hydroxylamine
derivative 9 in 80% yield. Two secondary alcohols, cyclohex-
anol and cholesterol, similarly gave the hydroxylamines 10 and
11 in 85 and 70% yields, respectively. Even the tertiary alcohol
group in a-terpineol reacted reasonably efficiently to give the
derivative 12 in 50% yield. This contrasts with the use of 3,3A-
di-tert-butyloxaziridine,11 which delivered only a 10% yield
from a similar tertiary alcohol. However, it should be noted that
this latter method leads directly to O-alkylhydroxylamines as
the free bases, which could be useful in some contexts.
Returning to our original substrates, we were glad to find that
yields were again viable, the allylic alcohol derivative 13 being
isolated in almost quantitative yield while the relatively
sensitive propargylic derivative 14 was isolated in 50% yield,
with the material balance being largely unreacted alcohol.
Hence, it appears that the present method is especially efficient
when applied to benzylic or allylic alcohols. Other oxygen-
based nucleophiles also react successfully. Thus, under the
same conditions, (E)-hex-3-enoic acid was converted into the
O-acylhydroxylamine 15 and 4-methoxyphenol into the O-
arylhydroxylamine 16, both in excellent yields. In general, all of
the foregoing derivatives appeared rather sensitive to chroma-
tography over silica gel; Grade II alumina was more suitable but
its use still often resulted in losses of some 10–20%12

deprotection to give the corresponding O-alkylhydroxylamines
(i.e. 2, 6; R1 = R2 = H) has ample literature precedent,13 which
we have confirmed during the present work, during which we
have also been able to exchange the N-protecting group from
Boc to TS (e.g. 13? 2b) in an efficient manner.

The ease with which alkoxides in general can be formed led
us to briefly investigate some alternative protocols, using
benzyl alcohol 17 as a test substrate. As outlined in Scheme 3,
generation of the sodium alkoxide using sodium hydride in

diethyl ether at ambient temperature followed by addition of the
oxaziridine 7 again gave an excellent yield of the hydrox-
ylamine 8 as did the use of butyllithium as base. Finally, we
have succeeded in preparing suitable substrates for the 5-endo-
dig cyclisations by a very direct, ‘one-pot’ method (Scheme 4).
Thus, condensation of hex-1-yne 18, after deprotonation using
butyllithium, with phenylacetaldehyde, addition of the oxazir-
idine 7 to the resulting alkoxide and warming to ambient
temperature gave a 55% yield of the desired hydroxylamine 19.
These results suggest that there could well be a number of
(substrate-dependent) modifications which could usefully be
applied to this type of chemistry. Further studies along these
lines are underway, along with work on the 5-endo cyclisations,
which is now viable in the light of the foregoing results.

We are very grateful for some helpful referees comments and
to the EPSRC mass Spectrometry Centre (University College,
Swansea) for the provision of mass spectral data and to the
EPSRC for financial support.
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TiO2 photocatalytic 2e2-reduction of azobenzene to hydra-
zobenzene is found to occur at lex > 300 nm while loading
of nanometer-sized Pt particles on TiO2 induces NNN bond
cleavage via 4e2-reduction; only photoisomerization occurs
in the absence of TiO2.

From the viewpoint of “green chemistry”, it is important to
develop new processes for synthesizing useful compounds or
detoxifying harmful compounds utilizing solar energy. Hetero-
geneous photocatalytic oxidations derived from valence band
holes (h+

vb) are attracting a great deal of attention for
application to environmental problems.1,2 Much less interest
has been shown in reductive photochemistry despite the fact
that conduction band electrons (e2cb) have a potential to induce
highly selective reduction because of their mild reducing
power.3–6 Most of the azo dyes used widely in textile industries
are carcinogenic and resistant to bacterial degradation, thus
requiring effective wastewater treatment. The groups of Kiwi7
and Oliveira-Campos8 have recently reported photocatalytic
oxidation of azo dyes using TiO2 and Fe2O3. On the other hand,
to our knowledge, the present work is the first study on
heterogeneous photocatalytic reduction of azo dyes. Particular
emphasis is placed on the loading effect of Pt nanoparticles on
a TiO2-photocatalyst.

Anatase TiO2 particles (average diameter = 180 nm, BET
surface area = 9.0 m2 g21) were supplied from Tayca Co. (JA-
1) and 0.1 wt% Pt was deposited on them by photodeposition
(Pt/TiO2).9 The particles (20 mg) were suspended in a 1.0 3
1024 M solution [50 mL, solvent H2O–EtOH (9/1 v/v)] of
azobenzene (AB, > 95%, Tokyo Kasei Co.) in a double-
jacketed cell. After the suspension had been purged with N2 for
15 min, irradiation (lex > 300 nm) was carried out with a 400
W high-pressure mercury arc (H-400P, Toshiba); the light
intensity integrated from 320 to 400 nm (I320–400) was measured
as 3.4 mW cm22. N2 bubbling and magnetic stirring of the
suspension were continued throughout the irradiation while the
reaction temperature was maintained at 31 ± 1 °C by circulating
thermostatted water around the cell through the outer jacket.
Product analysis was performed by both UV–VIS spectroscopy
and high performance liquid chromatography [HPLC measure-
ment conditions: column = Fluofix INW425 4.6 3 250 mm
(NEOS); mobile phase H2O–MeOH (1/1 v/v); flow rate = 3 mL
min21; l = 230 nm].

High-resolution transmission electron micrograph (HRTEM)
images of Pt/TiO2 demonstrated that Pt particles of diameter
2–5 nm are dispersed on the surface of TiO2. The degree of
adsorption of AB increased with loading of Pt (4.3 3 1027

mol g21 for TiO2 and 2.6 3 1026 mol g21 for Pt/TiO2 at an
equilibrium concentration of 4.0 3 1025 M), whereas the
degree of adsorption of EtOH was essentially invariant with Pt
loading. This finding indicates that AB and EtOH preferentially
adsorb on Pt and TiO2 surfaces of Pt/TiO2, respectively. The
interaction between AB and Pt would involve both s-bonding
[p orbital (AB) ? d orbital (Pt)] and p-backbonding [d orbitals
(Pt) ?p* orbital (AB)]. Aliphatic alcohols are known to adsorb
strongly on the surface of TiO2.10

The electronic absorption spectrum of AB showed two
absorption bands at 423 and 321 nm assignable to the n?p* and
p?p* transitions, respectively, for the trans isomer. The
absorptivity of the p?p* band for the trans isomer is 3.3 times
that for the cis isomer.11 The visible absorption at l > 400 nm
vanishes when the NNN bond of AB is broken. Accordingly, the
n?p* band is a good indication of the presence of the NNN
bond. Without either TiO2 (or Pt/TiO2) or irradiation, the
intensity of the n?p* band was almost invariant, while that of
the p?p* band significantly decreased. This fact suggests that
only trans–cis isomerization occurs under these conditions.12

Also, Pt loading on TiO2 increased the rate of isomerization in
the dark. This is probably due to the decrease in the energy
barrier for molecular rotation around the NNN bond with
adsorption of AB on Pt surfaces. No products other than AB
were detected from the irradiated solution by HPLC, which
supports the above conclusion.

Fig. 1 shows the variation of the concentrations of AB and
products in the presence of TiO2 as a function of irradiation time
(t). AB is slowly reduced to hydrazobenzene (HAB) with a
selectivity of 97% at 0 < t < 3 h. Since the turnover frequency
is calculated to be ca. 3 at t = 3 h, this reaction can be regarded
as photocatalytic. In the absorption spectra, the n?p* band
gradually weakened concurrently with a rapid decrease in the
p?p* band intensity. Providing direct evidence for cleavage of
the NNN bond.

Fig. 2 shows time profiles of the concentrations of AB and
products with irradiation in the presence of Pt/TiO2. The rate of
reduction of AB to HAB markedly increases with loading of Pt
[conversion ca. 100%, selectivity (HAB) = 91% at t = 1 h].
Noticeably, further reduction of HAB to aniline (AN) occurs
[selectivity(AN) = 19.2% at t = 3 h]. In the absorption spectra,
the n?p* band of AB completely disappeared at t = 1 h and
new absorption bands appeared at 280 and 230 nm at 3 h that are
in accordance with the positions for the n?p* and p?p*

Fig. 1 TiO2 photocatalytic reduction of AB at 31 ± 1 °C: initial pH = 6.4;
TiO2 20 mg/50 mL.
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bands, respectively, of AN. These facts are consistent with the
results of Fig. 2. The pH of the Pt/TiO2 system decreased from
6.5 (t = 0) to 5.6 (t = 1 h), while the corresponding change was
very small for the unmodified TiO2 system (D pH = 0.2).
Product analysis by gas chromatography confirmed generation
of MeCHO and CO2 in each system. Evidently, EtOH acts as a
reductant in the present photocatalytic reaction.13 It has been
established that EtOH exerts a current doubling effect in TiO2
photocatalysis,14 which would also be responsible for the
reduction to proceed.

The results above clarified the two effects of Pt loading; one
is to increase the rate of 2e2-reduction (AB?HAB) and the
other is to enable 4e2-reduction (AB?AN). Pt loading
enhances both the adsorption of AB (adsorption effect)4 and the
charge separation of e2cb···h+

vb pairs (charge separation
effect).15 In addition, selective adsorption of the reactant (AB)
on reduction sites (Pt) and the reductant (EtOH) on oxidation
sites (TiO2) is observed (reasonable delivery effect).16 The
remarkable increase in the reduction rate can be explained in
terms of these effects. Also, inspection of Fig. 1 and comparison
with Fig. 2 suggests that Pt loading leads to the absence of an

induction period. Further the surface multi-electron transfer is
thought to be assisted by an electron-pool effect of Pt with a
large work function.

In conclusion, the 2e2-reduction of AB to HAB proceeds
selectively by using TiO2 as a photocatalyst, whereas only
photoisomerization occurs in the absence of TiO2. Loading of Pt
on TiO2 not only accelerates the reduction but also enables the
4e2-reduction of AB to AN. Our work thus represents a novel
method for treating wastewater containing azo dyes via
reductive cleavage of the NNN bonds.

We express sincere gratitude to Professor Masakuni Yoshi-
hara (Kinki University) for permission to use HPLC and to Dr
Tomoki Akita (Osaka National Research Institute) for the
HRTEM measurements.
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An expedient synthesis of benz-1,2-oxazine derivatives
involving nitrene insertion on a methoxy group is de-
scribed.

Our findings1,2 in the course of synthesis of novel photo-
conducting materials consisting of electron donor and acceptor
molecules linked by polymethylene spacers induced us to
synthesize the linear tricyclic system 1, which is expected to be

a good electron donor. This system can be conveniently
accessed by annelation of a pyrrole ring to the 4-methoxy-
1-benzothiophene core, through insertion of vinyl nitrene,
incipiently liberated by thermolysis of the corresponding vinyl
azide. We have previously used this methodology developed by
Rees and coworkers3 in the synthesis of angular thienoin-
doles.4

The vinyl azide 2 obtained from 4-methoxy-1-benzothio-
phene-5-carbaldehyde and methyl azido acetate, afforded upon
heating for 2.5 h in xylene, a mixture of two compounds,
separable by careful chromatography over silica gel. The
desired 2-methoxycarbonylthieno[3,2-f]indole 1 (R =
2-CO2Me) was eluted with light petroleum (bp 60–80 °C)–ethyl

acetate (23+2) while the second compound, eluted with ethyl
acetate–light petroleum (bp 60–80 °C) (1+9) was found to be
2-methyl-3-methoxycarbonylthieno[2,3-h]benz-1,2-oxazine 3
the structure of which was confirmed from elemental analysis
and spectral data.†

Thermolysis of vinyl azides derived from 2-methoxy-
1-naphthaldehyde, 1-methoxy-2-naphthaldehyde and 2,6-di-

methoxybenzaldehyde afforded the corresponding condensed
1,2-oxazines 4, 5 and 6, respectively,† showing the general
applicability of this methodology. However, the vinyl azide
derived from 2-methoxybenzaldehyde afforded 2-carbo-
methoxy-4-methoxyindole 7† as the exclusive product.

Insertion of nitrene on to the adjacent methoxy group
followed by rearrangement plausibly leads to benz-1,2-oxazine
(Scheme 1).

The methyl migration most likely involves a radical pathway
since a concerted pathway appears unlikely.5

In summary, a simple method is reported which accesses
benzo-1,2-oxazines, little reported in the literature, presumably
owing to the absence of expedient synthetic routes.6 Further
work is in progress to establish the general nature and
mechanism of this reaction by thermolysis of vinyl azides
derived from other o-methoxyarylaldehydes.

We thank Professor Charles W. Rees for helpful discussion.
S. C. G. thanks the Council of Scientific and Industrial Research
(New Delhi) for a Senior Research Fellowship.

Notes and references
† Selected data: for compound 1: yield 55%, mp 170–172 °C; dH(300 MHz,
CDCl3) 8.73 (br s, 1H, NH), 7.56 (s, 1H, Ar), 7.51 (s, 1H, Ar), 7.49–7.47 (d,
1H, J 5.7 Hz, Ar), 7.18–7.16 (d, 1H, J 5.7 Hz, Ar), 4.28 (s, 3H, CO2CH3),
3.96 (s, 3H, OCH3); dC(300 MHz, CDCl3) 53.76 (OCH3), 62.14 (CO2Me),
106.64 (CH), 118.03 (C), 120.06 (CH), 122.52 (CH), 125.90 (C), 127.11
(C), 127.37 (CH), 138.18 (C), 143.23 (C), 152.73 (C), 165.76 (C). Anal.
Calc. for C13H10O3NS: C, 59.77; H, 4.21; N, 5.36. Found: C, 59.81; H, 4.15;
N, 5.26%.

For compound 3: yield 45%, dH(300 MHz, CDCl3) 7.69–7.66 (d, 1H, J
8.7 Hz, Ar), 7.51–7.49 (d, 1H, J 5.7 Hz, Ar), 7.49–7.47 (d, 1H, J 5.7 Hz, Ar),
5.22 (s, 1H), 4.08 (s, 3H, CO2CH3), 3.83 (s, 3H, NCH3); dC(300 MHz,
CDCl3) 37.52 (CH), 52.01 (NMe), 60.99 (CO2Me), 98.48 (CH), 116.04 (C),
118.86 (CH), 120.31 (CH), 122.8 (C), 124.65 (CH), 132.84 (C), 140.09 (C),
148.71 (C), 162.09 (C). Anal. Calc. for C13H10O3NS: C, 59.77; H, 4.21; N,
5.35. Found: C, 59.50; H, 4.20; N, 5.40%.

For compound 4: yield 77%, mp 52–54 °C; dH(300 MHz, CDCl3)
7.90–7.88 (d, 1H, J 8.4 Hz, Ar), 7.83–7.81 (d, 1H, J 5.7 Hz, Ar), 7.80–7.78
(d, 1H, J 4.8 Hz, Ar), 7.51–7.46 (m, 1H, Ar), 7.39–7.34 (m, 1H, Ar),
7.31–7.28 (d, 1H, J 8.7 Hz, Ar), 6.84 (s, 1H), 3.99 (s, 3H, CO2CH3), 3.85
(s, 3H, NCH3); dC(300 MHz, CDCl3) 52.46 (NMe), 56.65 (CO2Me), 103.00
(CH) 113.4 (CH), 123.81 (CH), 124.77 (CH), 126.51 (CH), 128.21 (CH),
129.39 (CH), 112.82 (C), 117.72 (C), 129.10 (C), 133.60 (C), 153.99 (C),
165.83 (C). Anal. Calc. for C15H13O3N: C, 70.57; H, 5.13; N, 5.48. Found:
C, 70.50; H, 5.20; N, 5.00%.

For compound 5: yield 74%, mp 76–78 °C; dH(300 MHz, CDCl3)
8.11–8.07 (m, 1H, Ar), 7.88–7.85 (m, 1H, Ar), 7.70–7.67 (d, 1H, J 8.7 Hz,

Scheme 1
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Ar), 7.59–7.53 (m, 2H, Ar), 7.52–7.49 (d, 1H, J 8.4 Hz, Ar), 5.37 (s, 1H),
4.04 (s, 3H, CO2CH3), 3.86 (s, 3H, NCH3); dC(300 MHz, CDCl3) 37.44
(CH), 53.82 (NMe), 62.98 (CO2Me), 115.90 (C), 119.14 (C), 122.40 (CH),
125.00 (CH), 125.35 (CH), 126.7 (CH), 127.18 (CH), 127.40 (C), 128.33
(CH), 135.35 (C), 153.98 (C), 165.62 (C). Anal. Calc. for C15H13O3N: C,
70.57; H, 5.13; N, 5.48. Found: C, 70.50, H 5.21, N, 5.35%.

For compound 6: yield 45%, mp 90–94 °C; dH(300 MHz, CDCl3)
7.35–7.26 (dd, 1H, J 8.49 Hz, Ar), 6.60–6.57 (d, 2H, J 8.4 Hz, Ar), 5.38 (s,
1H), 3.86 (s, 6H, CO2CH3, OCH3), 3.80 (s, 3H, NCH3); dC(300 MHz,
CDCl3) 31.98 (CH), 53.48 (NCH3), 56.09 (CO2Me, OCH3), 104.06 (CH),
115.99 (C), 128 (C) 130.85 (2 CH), 132.4 (C), 166.45 (C), 157.65 (C). Anal.
Calc. for C12H13O4N: C, 61.27; H, 5.56; N 5.95. Found: C, 61.07; H, 5.90;
N 5.89%.

For compound 7: yield 90%, mp 135–136 °C; dH(300 MHz, CDCl3) 9.12
(br s, 1H, NH), 7.34 (s, 1H, Ar), 7.25–7.20 (m, 1H, Ar), 7.02–7.00 (d, 1H,
J 8.1 Hz, Ar), 6.51–6.48 (d, 1H, J 7.8 Hz, Ar), 3.94 (s, 3H, CO2CH3), 3.91
(s, 3H, OCH3); dC(300 MHz, CDCl3) 51.88 (OMe), 55.25 (CO2Me), 99.66
(CH), 104.75 (CH), 106.43 (CH), 118.88 (C), 125.69 (C), 138.21 (C),

154.53 (C), 162.43 (C). Anal. Calc. for C11H10O3N: C, 64.69; H, 4.93; N,
6.85. Found: C, 64.70; H 4.90; N, 6.90%.

1 M. Maiti, S. Sinha, C. Deb, A. De and T. Ganguly, J. Lumin., 1999, 82,
259.

2 C. Deb, A. De, M. Maiti and T. Ganguly, Paper presented in The XVIIIth
European Colloquium on Heterocyclic Chemistry, 4–7 October, 1998,
Rouen, France.

3 L. Henn, D. M. B. Hickey, C. J. Moody and C. W. Rees, J. Chem. Soc.,
Perkin Trans. 1, 1984, 2189.

4 S. Datta and A. De, J. Chem. Soc., Perkin Trans. 1, 1989, 603; S. S.
Samanta, S. C. Ghosh and A. De, J. Chem. Soc., Perkin Trans. 1, 1997,
3673.

5 We thank one of the referees for pointing out such a possibility.
6 M. Sainsbury, in Comprehensive Heterocyclic Chemistry, ed. A. J.

Boulton and A. Mckillop, Pergamon Press, Oxford, 1984, vol. 8,
p. 995.
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The first examples of the hydrosilylation of organic com-
pounds such as aldehydes and an aldimine using a catalytic
amount of a gold complex, which accomplished versatile
regio- and chemo-selective reduction of carbonyl com-
pounds, are described.

The exploration of catalytic reactions using soluble gold
complexes has been a challenging area in organic synthesis.1,2

The design of synthetic reactions using gold complex catalysts
is still considered to be a difficult subject, though some
successful systems have been reported. A considerable number
of transition metal complexes have been employed as catalysts
for the hydrosilylation of organic compounds.3 However, to our
knowledge, no examples of hydrosilylation catalyzed by gold
complexes have been reported. Recently, we found a highly
reactive catalysis by a gold complex for the dehydrogenative
dimerization of a hydrostannane, offering new clues to the
further development of gold complex-catalyzed reactions.4
Here we describe the first example of the hydrosilylation of
organic compounds using a gold complex as a catalyst. These
results reveal the novel reactivity of the gold complex as well as
its versatile selectivity in the reduction of organic com-
pounds.

We first examined the hydrosilylation of benzaldehyde 1a
using a catalytic amount of chloro(triphenylphosphine)gold(I)
alone [eqn. (1), Table 1, entry 1].5 After the addition of

(1)

dimethylphenylsilane 2 (2.0 mmol), the colorless mixture of
chloro(triphenylphosphine)gold(I) (0.03 mmol), benzaldehyde
1a (1.0 mmol) and dry DMF (1.0 ml) changed to a deep-purple
solution and precipitation of metallic gold was observed within
10 min at 70 °C.6 No silylated product was found under these
conditions. We next examined a combination of chloro-
(triphenylphosphine)gold(I) and triphenylphosphine as catalyst,
which gave good results in our previous study of gold catalysis;
however, here it gave a similar disappointing result (entry 2).4
Use of tributylphosphine, which is more basic and is strongly
coordinating, as an additive ligand to chloro(triphenylphos-
phine)gold(I) provided remarkable catalytic activity for the
hydrosilylation of 1a (entry 3). Compound 2 (2.0 mmol) was
added to a mixture of chloro(triphenylphosphine)gold(I) (0.03
mmol), tributylphosphine (0.20 mmol), 1a (1.0 mmol) and
DMF (1.0 ml) under nitrogen. After stirring for 1.5 h at 70 °C,
the quantitative formation of the corresponding silyl ether 3a,
the hydrosilylation product of 1a and 2, was observed by 1H
NMR spectroscopy, and alcohol 4a was isolated in 90% yield
after acidic hydrolysis.7,8 In sharp contrast to the previous two

systems, the reaction mixture was colorless and a precipitate of
metallic gold was not observed. Although this catalytic system
was compatible with other solvents, DMF was found to be
optimal (entries 4–6).9 The generality of this gold complex-
catalysed hydrosilylation was successfully demonstrated by
reaction with various aldehydes [eqn. (2), Table 2]. In

(2)

particular, cinnamaldehyde, which contains a conjugated dou-
ble bond, was converted to the 1,2-addition product with high
selectivity, and the corresponding allyl alcohol 4c was ex-
clusively obtained in 94% yield after hydrolysis (entry 2).3,10

When this catalytic system was applied to the reduction of
ketone 1f, no reduced product was obtained (entry 5). The
versatile chemoselectivity of the catalyst was clearly shown by
the selective reduction of the aldehyde 1b irrespective of the
presence of ketone 1f under modified conditions
[eqn. (3)].3,10

(3)

Reduction of an aldimine was also carried out with
hydrosilane in the presence of the gold catalyst [eqn. (4)].

(4)
† Studies on Organosilicon Chemistry: no. 152. For no. 151, see K. Miura,
K. Tamaki, T. Nakagawa and A. Hosomi, Angew. Chem., Int. Ed., 2000, in
press.

Table 1 Gold complex-catalyzed hydrosilylation of benzaldehyde 1a under
various conditions

Entrya Additive/equiv. Solvent Conditions
Yieldb of
4a (%)

1 — DMF 70 °C, 1.5 h 0
2 PPh3, 0.2 DMF 70 °C, 1.5 h 0
3 PBu3, 0.2 DMF 70 °C, 1.5 h 90
4 PBu3, 0.2 Toluene 70 °C, 11 h 65
5 PBu3, 0.2 THF 70 °C, 3.0 h 92
6 PBu3, 0.2 MeCN 70 °C, 5.0 h 77
a To a solution of benzaldehyde 1a (1.0 mmol), AuCl(PPh3) (3 mol%, 0.03
mmol), and phosphine (0–20 mol%, 0–0.20 mmol) in dry DMF (1.0 ml) was
added dimethylphenylsilane 2 (2.0 equiv., 2.0 mmol) under nitrogen.
b Isolated yield after hydrolysis.
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Although it took four days for the reaction to be complete, the
corresponding reduced product 6 of aldimine 5 was obtained in
good yield (83%).

The effect of the amount of the additional ligand on the
reactivity is shown in Fig. 1. Monitoring of the reaction by 1H
NMR spectroscopy showed that the hydrosilylation product was
formed continuously at 50 °C in the presence of 3 mol% of
chloro(triphenylphosphine)gold(I) and 20 mol% of tributyl-
phosphine with the reaction almost complete after 600 min
(experiment A) during which the reaction mixture was colorless
and transparent throughout. In experiment B, which was carried
out with a lower amount of tributylphosphine (10 mol%) than in
experiment A, considerable rate retardation was observed as the
reaction time approached 400 min, though the initial reaction
rate in experiment B was slightly higher than that of A within
200 min. A deep-purple coloration was observed immediately

after adding the hydrosilane to reaction mixture and the slow
precipitation of gold(0) was observed in experiment B. These
results indicate that the role of the excess tributylphosphine is
the prevention of catalyst decomposition rather than increasing
the reaction rate.

Although the active species of this catalyst is still unclear at
this stage, we propose that colorless monomeric gold complexes
stabilized  by the excess tributylphosphines play an important
role in this reaction and that the predominant deactivation
process is the formation of gold clusters and metallic gold(0)
upon reduction of gold(I).

In conclusion, we have described the unprecedented hydro-
silylation of organic compounds by a gold complex catalyst
with high chemoselectivity. The deactivation of the gold
catalyst was suppressed in the presence of an additional ligand
(tributylphosphine). These results provide an important princi-
ple for the design of gold complex-catalyzed systems.

This work was partly supported by Grants-in-Aid for
Scientific Research and Grants-in-Aid for Scientific Research
on Priority Areas (No. 706: Dynamic Control of Stereo-
chemistry) from the Ministry of Education, Japan, Pfizer Inc.,
and Hitachi Chemical Co., Ltd. We thank Dow Corning Toray
Silicone Co., Ltd., Chisso Co., Ltd., and Shin-Etsu Chemical
Co., Ltd. for a gift of organosilicon compounds.
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Table 2 Gold complex-catalyzed hydrosilylation of various carbonyl
compounds

Entrya Carbonyl compounds 1 Conditions
Yieldb of
4 (%)

1 3-Phenylpropanal 1b 70 °C, 1.5 h 4b, 93
2 Cinnamaldehyde 1c 70 °C, 5.0 h 4c, 94c

3 Decanal 1d 70 °C, 1.5 h 4d, 51
4 Cyclohexanecarboxaldehyde 1e 70 °C, 11 h 4e, 78
5 4-Phenylbutanone 1f 70 °C, 15 h 4f, 0d

a To a solution of carbonyl compound 1 (1.0 mmol), AuCl(PPh3) ( 3 mol%,
0.03 mmol) and tributylphosphine (20 mol%, 0.20 mmol) in dry DMF (1.0
ml) was added dimethylphenylsilane 2 (2.0 equiv., 2.0 mmol) under
nitrogen. b Isolated yield after hydrolysis. c Only a 1,2-reduced product was
detected. d The starting material was recovered in good yield (1f, 93%).

Fig. 1 Product formation vs. time for reactions carried out with
benzaldehyde 1a (1.0 mmol), dimethylphenylsilane 2 (2.0 mmol), 3 mol%
of chloro(triphenylphosphine)gold(I) (0.03 mmol) and 20 mol% of
tributylphosphine (0.2 mmol) (experiment A, 5) or 10 mol% of tri-
butylphosphine (0.1 mmol) (experiment B, 8) in DMF (1.0 ml) at 50 °C.
Yields determined by 1H NMR spectroscopy.
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The first poly(ethylene glycol)-linked dimers of D-myo-
inositol 1,4,5-trisphosphate have been synthesised as probes
for multi-subunit binding proteins of this ubiquitous second
messenger.

D-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] acts as an
intracellular second messenger in almost all mammalian cells
by evoking the release of Ca2+ ions from intracellular stores
through Ins(1,4,5)P3-gated ion channels1 [Ins(1,4,5)P3 re-
ceptors, IP3Rs] located in the endoplasmic reticulum. IP3Rs are
tetramers, composed of four subunits, each with a single
Ins(1,4,5)P3 binding site, surrounding the central ion channel.
This suggests the possibility of designing multivalent ligands
for IP3Rs, in which two or more copies of the natural ligand
connected by a linker may be able to access multiple binding
sites simultaneously, potentially giving enhanced potency,
selectivity or other novel effects. To this end, a synthesis of
bivalent and tetravalent analogues has been reported in which
two or four molecules of a synthetic carbohydrate-based
Ins(1,4,5)P3 mimic were directly attached to a small hydro-
phobic hub.2 As the IP3R is large (12 nm width, estimated from
electron microscopy3) and the locations of the Ins(1,4,5)P3
binding sites are unknown, a more promising and versatile
approach may be to use bivalent ligands with hydrophilic
polymeric linkers in a realistic range of lengths. This strategy
has been successfully employed, using very simple chemistry,
to identify super-potent dimeric ligands for tetrameric cyclic
nucleotide gated (CNG) channels of photoreceptor and olfac-
tory neurones by using a series of dimers of the 8-thio derivative
of the natural ligand (cGMP) linked by PEG chains.4 These
PEG-linked dimers of cGMP also showed partial agonist
properties at photoreceptor CNG channels, and some were
membrane-permeant.

Application of this approach to Ins(1,4,5)P3 is, however,
synthetically much more difficult. Nevertheless, studies have
shown that bulky groups may be attached to the axial 2-oxygen
atom of Ins(1,4,5)P3 with minimal reduction in affinity for the
IP3R,5 suggesting that at the Ins(1,4,5)P3 binding sites of the
IP3R this area may be open to solvent. We therefore chose to
synthesise Ins(1,4,5)P3 dimers linked via the 2-position (Fig. 1).
The synthetic strategy was first explored using a short PEG

linker derived from hexa(ethylene glycol) (estimated4 r.m.s.
length 1.5 nm), and then three larger dimers were synthesised
from PEGs with average molecular weights 1450, 3350 and
8000 (estimated rms lengths 3, 5 and 8 nm, respectively).

The synthesis begins with diol 16 (Scheme 1). Stannylene-
mediated regioselective alkylation of the equatorial 1-OH group
with p-methoxybenzyl chloride in the presence of CsF gave the
alcohol 2 in 80% yield. Alkylation of 2 with bromoacetonitrile
and sodium hydride in acetonitrile at reduced temperatures7

then gave the 2-O-cyanomethyl derivative 3 {mp 120–121 °C,
[a]D

18 +56 (c 1, CHCl3)} in 83% yield. The nitrile was
smoothly reduced with LAH in THF to the primary amine,
which was not isolated but temporarily protected as the
trifluoroacetamide by reaction with ethyl trifluoroacetate in
THF at room temperature.8 Finally, the acid-labile butanediace-
tal (BDA) and PMB protecting groups were cleaved using TFA,
exposing the hydroxy groups at positions 1, 4 and 5. The
trifluoroacetyl protection was not affected under these condi-
tions, and the triol 4 {mp 130–131 °C, [a]D

18 +3 (c 1, CHCl3)}
was obtained in 77% overall yield from 3. Phosphitylation using
bis(benzyloxy)(N,N-diisopropylamino)phosphine and 1H-tetra-
zole followed by in situ oxidation with MCPBA gave crystalline
5 {mp 85–87 °C, [a]D

20 26 (c 1, CHCl3)}.

It was now necessary to expose the primary amine by
selective removal of the trifluoroacetyl group. Treatment of 5
with methanolic ammonia or K2CO3 in aqueous methanol was
only partially successful; long reaction times were required,
leading to the formation of various polar products, presumably
from partial cleavage of benzylphosphate esters. However, it
was found that the trifluoroacetyl group could cleanly be
removed by treatment with LiOH in THF–MeOH–H2O9 for 1 h.Fig. 1 Ins(1,4,5)P3 dimers could target multiple receptor binding sites.

Scheme 1 Reagents and conditions: i, (a) Bu2SnO, MeOH, 4 Å sieves,
Soxhlet, reflux, 16 h; (b) PMBCl, CsF, DMF, 50 °C, 5 h, 84%; ii, NaH,
BrCH2CN, CH3CN, 220 to 240 °C 5 h then room temp., 16 h, 83%; iii, (a)
LAH, THF, room temp, 1 h, (b) ethyl trifluoroacetate, THF, room temp., 1 h,
(c) TFA–CH2Cl2–H2O (19+20+1), room temp., 30 min, 77% from 3; iv,
(BnO)2PNPr1

2, 1 H-tetrazole, CH2Cl2, room temp., 1 h, then MCPBA,
278 °C to room temp., 30 min (96%); v, LiOH·H2O (10 equiv.) in THF–
MeOH–H2O (2+2+1), room temp., 1 h, 91%. Bn = benzyl, PMB = p-
methoxybenzyl.
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Within this time there was little effect on the benzylphosphate
groups. The amine 6 was found to be unstable, and was
therefore freshly prepared for each cross-linking reaction and
used immediately.

Cross-linking of two molecules of 6 was first attempted using
the bis(p-nitrophenylcarbonate) derivative† 7a of hexa(ethylene
glycol) (Scheme 2). Reaction of 7a with 3 equivalents of 6 in
DMF gave the protected PEG-linked dimer 8a, which was
isolated in moderate yield (58% based on 7a) yield after
purification by flash chromatography on silica gel. The 1H
NMR spectrum of 8a confirmed that it was a dimer‡ and the 31P
NMR spectrum showed three signals, each corresponding to
two equivalent phosphorus atoms in 8a. Removal of all sixteen
benzyl groups from 8a was easily achieved by hydrogenation
over Pd–C. Purification by ion-exchange chromatography on Q-
Sepharose Fast Flow resin, eluting with a gradient of triethyl-
ammonium hydrogencarbonate buffer gave 9a as the triethyl-
ammonium salt, which eluted between 0.7 and 0.9 mol dm23

buffer. The structure of 9a was confirmed by 1H and 31P NMR
spectroscopy, and by negative ion FAB mass spectrometry§
before accurate quantification by total phosphate assay.10 The
larger protected dimers 8b, 8c and 8d were then synthesised by
reaction of 6 with bis(p-nitrophenylcarbonate)-PEGs 7b, 7c and
7d under the conditions established for 7a. In each case, the
product was purified by flash chromatography and its dimeric
structure was confirmed by 1H NMR spectroscopy before
deprotection as for 8a. Finally, purification of each dimer by ion
exchange chromatography as for 9a gave 9b, 9c and 9d as their
triethylammonium salts, which were all freely soluble in
water.

Thus we have demonstrated, for the first time, a viable
synthetic route to high molecular weight bivalent ligands as

potential pharmacological tools to probe the IP3R. Other
proteins are known to have multiple binding sites11 for
Ins(1,4,5)P3 or phosphatidylinositol 4,5-bisphosphate and the
Ins(1,4,5)P3 dimers could also be used to investigate these. A
particularly attractive application might be to use Ins(1,4,5)P3
metabolising enzymes to convert Ins(1,4,5)P3 dimers into
dimers of other inositol phosphates, which may have their own
intracellular targets proteins.

We thank the Wellcome Trust for Programme Grant support
(045491) and Drs S. W. Garrett and I. S. Blagborough for
valuable advice.

Notes and references
† 7a: this was synthesised by reaction of hexa(ethylene glycol) with 6
equivalents of bis(p-nitrophenyl) carbonate in DMF in the presence of
diisopropylethylamine, and was purified by flash chromatography on silica
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‡ Selected data for 8a–8d: 8a dH(CDCl3, 400 MHz) 3.24–3.30 (4H, m,
OCH2CH2N), 3.38 (2H, dd, J 10.0, 2.1 Hz, 3-H), 3.50 (4H, s, OCH2CH2N),
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PEG CH2), 4.18 (2H, ddd, J 9.7, 7.3, 2.3 Hz, 1-H), 4.48 (2H, ddd, J 9.4, 9.4,
9.1 Hz, 5-H), 4.47, 4.57 (4H, ABq, JAB 11.7 Hz, OCH2Ph), 4.62–4.68 (2H,
0.5 of ABq with 3JHP coupling, JAB 11.7, JHP 8.5 Hz, POCH2Ph), 4.74–5.07
(28H, m, 4-H and 6.5 AB systems of OCH2Ph), 5.60 (2H, br t, J 5.3 Hz,
NH), 6.96–6.98 (4H, m, Ph), 7.08–7.36 (76H, Ph); protected dimers 8b–8d
had similar 1H NMR spectra to 8a, except; 8b: d 3.55–3.70 (approx. 130H,
m, CH2 of PEG), 8c: d 3.55–3.70 (approx. 300H, m, CH2 of PEG); 8d: d
3.55–3.70 (approx. 700H, m, CH2 of PEG).
§ Selected data for 9a–d: 9a: dH(CD3OD, 400 MHz) d ca. 3.3 [4H, m
(buried), OCH2CH2N], 3.61–3.70 (22H, m, 3-H and 10 3 PEG CH2),
3.77–3.85 (2H, m, OCHHCH2N), 3.92–4.00 (6H, m, 5-H, 6-H and
OCHHCH2N), 4.01–4.06 (4H, m, 1-H and 2-H), 4.14–4.20 (4H, m, 2 3
CH2 of PEG), 4.32 (2H, ddd, J 9.4, 8.9, 8.6 Hz, 4-H); dP(CD3OD, 162 MHz)
2.06 (2 P), 3.19 (2 P) and 3.66 (2 P); MS m/z (2ve ion FAB, relative
intensity); 1281 (90%), 1259 [M2, 80%], 97 [H2PO4

2, 100%]; Accurate
mass FAB2: calc. for C30H61N2O39P6

2, 1259.127; found 1259.122. Dimers
9b–d had similar 1H NMR spectra to that of 9a, except for the increasing
integral of the signal at d ca. 3.60–3.70 corresponding to CH2 of PEG. Their
31P NMR spectra were also similar to that of 9a.
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Scheme 2 Reagents and conditions: i, 6 (3–4 equiv.), DMF, room temp., 24
h, 31–58%; ii, Pd–C, H2, 50 psi, room temp., 24 h, 52–65%. Bn = benzyl,
PNP = p-nitrophenyl. *a, n = 4; b, n ≈ 30; c, n ≈ 75; d, n ≈ 180.

984 Chem. Commun., 2000, 983–984



     

Passerini multicomponent reaction of protected a-aminoaldehydes as a tool for
combinatorial synthesis of enzyme inhibitors

Luca Banfi,* Giuseppe Guanti* and Renata Riva

Università di Genova, Dipartimento di Chimica e Chimica Industriale, and C.N.R., CSCCCA, via Dodecaneso 31,
I-16146 Genova, Italy. E-mail: banriv@chimica.unige.it, guanti@chimica.unige.it

Received (in Liverpool, UK) 10th March 2000, Accepted 20th April 2000

Three-component Passerini condensation of N-Boc-a-ami-
noaldehydes with various isocyanides and carboxylic acids
leads, after Boc-deprotection/transacylation, to complex
peptide-like structures containing an a-hydroxy-b-aminoa-
cid unit or, after oxidation, an a-oxo-b-aminoacid unit.

Isocyanide employing multicomponent reactions have emerged
as very powerful tools for the combinatorial synthesis of various
pharmacologically important derivatives.1 Of the two classical
reactions belonging to this family, the Ugi condensation has
been more widely studied and used in the generation of
chemical libraries. On the other hand, the Passerini reaction,
although older, has been employed less in combinatorial
chemistry.2 The reasons for this lower success are associated
with the fact that a four-component condensation (Ugi)
introduces a higher degree of diversity than a three-component
one (Passerini). Moreover, the two amide bonds that link the
components in Ugi adducts are more suitable for the synthesis
of peptidomimetics, than the combination of one ester and one
amide bond produced in the Passerini reaction. Finally,
intramolecular variants declass the Passerini process to a two-
component reaction, making it less suited for combinatorial
chemistry.

In this work we show that, when protected a-aminoaldehydes
are employed in Passerini condensation, a simple rearrangement
of the reaction products allows an easy combinatorial entry to
peptide-like structures, making this old methodology more
valuable, particularly in the field of peptidomimetics and
enzyme inhibitors.

The general strategy is depicted in Scheme 1 and involves
condensation of N-Boc protected a-aminoaldehydes 1 with
various isocyanides and various carboxylic acids, followed by
one-pot Boc deprotection and acyl migration. This two step
protocol gives rise to complex peptide-like substances 3
possessing a central a-hydroxy-b-aminoacid unit. This type of
monomer has been widely used in the synthesis of enzyme
inhibitors.3 Moreover, a simple oxidation will produce oligo-
peptides 4 containing an a-oxo-b-aminoacid unit, which is an
even more attractive structure, thanks to its similarity with
protease transition state.4

Only two examples of Passerini reactions involving protected
a-aminoaldehydes have been reported previously.5 In one case,
however,5a the carboxylic component was not retained during

course of the synthesis; in the other case the yields were low and
no further manipulation of the condensation adduct was
attempted.5b

The L-N-Boc protected a-aminoaldehydes employed in this
work are all known4c,6 and have been prepared either through
LiAlH4 reduction of Weinreb hydroxamates,6b or by Swern
oxidation of the corresponding N-Boc aminoalcohols,6d,e in turn
prepared by BH3·Me2S reduction of the N-Boc aminoacids.6a

The latter are all commercially available compounds except for
O-methyl-N-Boc-serine, which was prepared as previously
described.7

Table 1 reports the results obtained in this two-step protocol
for various combination of six N-Boc-a-aminoaldehydes, six
isocyanides and ten carboxylic acids (including also protected
aminoacids). In particular, isocyanides and carboxylic acids
were chosen in order to check the effect of various kinds of side
chains with different steric and electronic requirements. All
isocyanides and carboxylic acids were commercially available,
apart from benzyl 3-isocyanopropionate, which was prepared in
two steps (1, BnOH, DCC, DMAP, 70%; 2, diphosgene, N-
methylmorpholine, CH2Cl2, 215 °C, 67%) from known N-
formyl-b-alanine.8

Although we did not perform all the 360 possible combina-
tions, we think that the 20 examples shown represent a good
‘statistical sample’, which gives an idea of the generality of the
presented methodology. In all cases, even when the reaction
involved bulky substrates (e.g. entry 18), the yields of the
Passerini condensation were satisfactory. Surprisingly, notwith-
standing the wide variety of substrates employed, the ster-
eoselectivity was at nearly the same level in all cases, being ca.
2+1. In view of combinatorial applications, the modest
diastereoselection is not necessarily a drawback. Moreover, if
the final targets are a-oxoamides 4, diastereoselection at this
level is unimportant.

When enantiomerically pure carboxylic acids were employed
(entries 10–12, 14 and 15), only two diastereoisomers were
detected by NMR spectroscopy, indicating that the starting a-
aminoaldehydes do not undergo significant racemization under
the reaction conditions. For entries 14 and 15 the diaster-
eoisomeric mixtures were also checked by HPLC, which
showed only 2–5% of isomers deriving from aldehyde racemi-
zation. This percentage was shown to depend on the method of
preparation of the a-aminoaldehyde, the reduction–oxidation
protocol turning out better from this point of view.

In most cases, treatment of the Passerini adducts 2 with
CF3CO2H led to both Boc cleavage and in situ transacylation to
give directly the oligopeptides 3. However under these
conditions, the acyl migration was not always complete and in
some cases (entries 16–18) it did not take place at all. Thus the
procedure of choice involves brief treatment with Et3N in
CH2Cl2 after CF3CO2H removal. For adducts deriving from
Boc-protected aminoacids as the acid component (entries 12, 14
and 15) this procedure cleaved both Boc groups producing the
expected transacylated compounds, whose identity was further
confirmed by acylation with various reagents of the free amino
group.

The overall yields of the sequence leading to 3 from 1 were
in all cases > 50% and often > 70%.Scheme 1
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It is worth noting that purification of Passerini adducts 2
could be performed quite simply by fast chromatography of the
crude reaction solution on silica gel or alumina. The isocyanides
(in excess) in all cases elute much faster than 2, while the
carboxylic acids, especially when alumina is used, remain
adsorbed on the column. On the other hand the adducts 3 are
usually pure enough to be used as such for further reactions (the
only significant by-product being Et3NH+CF3CO2

2 which can
be removed by extraction with H2O). Thus several parallel
preparations of compounds 3 can be run and processed in two
days by a single operator even without the aid of automatic
synthesizers.

Compounds 3 obtained as described in entries 10 and 11 of
Table 1 were converted in high yields (NaOClO, KBr, cat.
TEMPO·, 91 and 80%)4c into the corresponding a-ketoamides 4
(R1 = Et, R2 = H, R4CO = (Z)-L-leucyl, R3 = Bun or
CH2CH2CO2Bn), which are very similar to recently discovered
potent calpain inhibitors (where R3 = Et or Prn).4a,c This
straightforward three-step synthesis of complex peptidomi-
metics is a clear example of the potentiality of this reported
methodology. Accepting a wide variety of substrates, it appears
ideally suited for the combinatorial synthesis of oligopeptides
containing an a-hydroxy-b-aminoacid or a-oxo-b-aminoacid
unit, which are of paramount interest as enzyme inhibitors.

We thank Dr Emiliano Calcagno for his important contribu-
tion to this work and CNR, University of Genova, and MURST
(COFIN 98) for financial support.
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Table 1 Synthesis of oligopeptides 3 via Passerini condensation of N-Boc-a-aminoaldehydes followed by deprotection/transacylationa

Entry R1 R2 R3 R4CO2H
Yield
of 2a (%) Dr of 2b

Yield
2? 3c (%)

Overall
yield of 3 (%)

1 PhCH2 H Bn PhCH2CO2H 81 67+33 81 77
2 PhCH2 H Bn PhCO2H 67 62+38 96 64
3 PhCH2 H But PrnCO2H 82 71+29 86 71
4 PhCH2 H MeO2CCH2 PhCH2CO2H 91 64+36 99 90
5 PhCH2 H MeO2CCH2 BusCO2H 73 63+37d 68 50
6 Me H Bn PrnCO2H 85 65+35 94 80
7 Me H c-C6H11 p-Toluic acid 80 67+33 77 62
8 Me H MeO2CCH2 PhCH2CO2H 71 63+37 84 60
9 Et H But PhCH2CO2H 83 69+31 89 74

10 Et H Bun L-(Z)-Leu 65 61+39 91 59
11 Et H BnO2CCH2CH2 L-(Z)-Leu 69 66+34 92 64
12 Et H MeO2CCH2 L-(Boc)-Leu 59 66+34 83 49
13 Pri H MeO2CCH2 (Z)-Gly 77 60+40 75 58
14 Pri H MeO2CCH2 L-(Boc)-Phe 95 52+48 75 71
15 Pri H MeO2CCH2 D-(Boc)-Phe 89 63+37 77 72
16 –(CH2)3– c-C6H11 PhCH2CO2H 85 69+31 99 85
17 –(CH2)3– Bn Prn 93 62+38 80 65
18 –(CH2)3– But PhCH2CO2H 94 65+35 97 91
19 MeOCH2 H Bn Prn 95 57+43 98 93
20 MeOCH2 H c-C6H11 PhCH2CO2H 95 61+59 82 78

a Transformation of 1 into 2 was carried out in CH2Cl2 at r.t. for 20–40 h, using 1.1 equiv. each of isocyanide and carboxylic acid. Isolated yields (after
chromatography) reported. b Diastereoisomeric ratio, determined by 1H NMR spectroscopy and/or HPLC. Relative configuration not determined.
c Transformation of 2 into 3 was performed by: 1, CF3CO2H–CH2Cl2 (1+3 v/v), r.t., 1 h; 2, (after evaporation of CF3CO2H)+ Et3N–CH2Cl2 (1+3 v/v), 1 h.
Isolated yields are reported. d The ratio of the diastereoisomeric couples differentiated by the relative configuration between CH–N and CH–O is given.
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Copper(I) trifluoromethanethiolate reacts with a range of
diazonium salts containing electron-withdrawing groups to
give the corresponding trifluoromethyl aryl sulfides in high
yield; it is also possible to carry out the diazotisation and
trifluoromethylthiolation in one pot directly from the
anilines.

Incorporation of a SCF3 group into an aromatic molecule is of
interest to the pharmaceutical and agrochemical industries,
where the high lipophilicity and high electron-withdrawing
ability of the group have important implications.1 Current
industrial methods for the formation of trifluoromethyl aryl
sulfides generally involve multi-step processes which requires
harsh conditions, restricting the nature of the other substituents
on the ring as well as being environmentally damaging.2 A
simple, direct method for the formation of these compounds is
thus highly desirable. One pot methods for preparing tri-
fluoromethyl aryl sulfides have been reported but these are
based on preformed thioaryl units (ArSCl and ArSCN) and
require excess quantities of both of the expensive reagents
CF3SiMe3 and Bu4NF.3 The Sandmeyer reaction is a well
known method for the formation of chloro-, bromo- and cyano-
arenes via reaction of the diazonium salts with copper(I)
chloride, bromide or cyanide respectively.4 However, despite
copper(I) trifluoromethanethiolate (CuSCF3) being used for the
formation of trifluoromethyl aryl sulfides via reaction with
iodobenzenes at high temperature5 there are no reports of its
reaction with diazonium salts. We have found that it is possible
to form trifluoromethyl aryl sulfides from the corresponding
diazonium tetrafluoroborates or directly in one pot from the
anilines simply by reacting with CuSCF3.

Addition of a solution of 2-nitrobenzenediazonium tetra-
fluoroborate 1a6 to an acetonitrile solution of CuSCF3 at 50 °C7

leads to rapid evolution of gas with concurrent formation of a
deep yellow colour8 1H NMR, 19F NMR and GC of the solution
all show that the major aromatic product is the 2-nitrophenyl
trifluoromethylsulfide 2a. Phenol, biphenyl or azo compounds,
which are often observed as byproducts in diazonium reactions,
were not formed in this system9 although a small amount of
nitrobenzene was detected.10 At room temperature, the reaction
is slower, but leads to a very similar product distribution. Other
diazonium salts (Fig. 1) containing electron-withdrawing
groups react similarily (Table 1). Halo, nitro and cyano groups

all survived the reaction. Steric factors do not appear to have an
important effect: 2-, 3- and 4-nitrobenzenediazonium tetra-
fluoroborates all reacted immediately under the same conditions
to give very similar product yields and impurity profiles,
whereas it can be difficult to synthesise ortho-substituted
derivatives by traditional means.11

Unfortunately, when electron-donating groups are present,
the product yields are generally low (Table 1). This is due to a
lack of reaction selectivity, thus while 2-diazobiphenyl tetra-
fluoroborate completely reacts the major product is the amide
(Fig. 2). Such reactions have been reported to occur via reaction
of a diazonium salt with acetonitrile.12 In benzonitrile, no
reaction of this substrate with CuSCF3 was observed, with the
only detected product being 2-hydroxybiphenyl. This was also
the major product when the reaction was carried out in acetone.
Methylbenzenediazonium tetrafluoroborates reacted similar-
ily.

In an effort to avoid the isolation of the diazonium
intermediate, we investigated other diazotisation methods.
Because CuSCF3 reacts with acids to give HSCF3, a non-protic
system was required. Although, classically, diazotisation is
achieved using sodium nitrite and a mineral acid, alternative
methods do exist.13 Doyle et al. have decribed the conversion of
aryl amines to the corresponding halides in one-pot using tert-
butyl nitrite and a copper(II) halide.14 We have found that it is
possible to effect a similar one-pot conversion of an aryl amine
to a trifluoromethyl aryl sulfide (Fig. 3). Hence, when tert-butyl
nitrite in acetonitrile was added to a pre-heated solution of
2-nitroaniline and CuSCF3 in acetonitrile at 50 °C, the solution

Fig. 1 Conversion of aryl diazonium tetrafluoroborates to trifluoromethyl
aryl sulfides.

Table 1 Yields of ArSCF3 from two-stage dediazoniations

Diazonium salt
Yield of
ArSCF3

a (%) Diazonium salt
Yield of
ArSCF3

a (%)

1a 89 (83) 1g 60
1b 97 1h 95 (67)
1c 98 (76) 1i 91
1d 95 1j 17
1e 98 1k 7
1f 92 1l 3
a Yields calculated on the basis of GC  area, unoptimised isolated yields in
parentheses.

Fig. 2 Product from the reaction of 2-diazobiphenyl tetrafluoroborate with
CuSCF3.

Fig. 3 One-pot synthesis of trifluoromethyl aryl sulfides from anilines.
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gradually became black. The formation of 2-nitrotrifluor-
omethylphenyl sulfide (29%) was detected, along with ni-
trobenzene (34%) and 2-nitrophenol (2%). It occurred to us that
while it is not possible to use a Brønsted acid to improve the
reaction, a Lewis acid may be beneficial.  Repeating the one-pot
reaction of 2-nitroaniline in the presence of BF3 improved the
selectivity to the 2-nitrotrifluoromethylphenyl sulfide to 45%.
This method proved to be even more successful with 3-nitroani-
line (72%) and 4-nitroaniline (66%), and moderately successful
with other activated substrates and aniline itself (Table 2).15

Substrates containing electron donating groups gave no appre-
ciable yield of the desired trifluoromethyl aryl sulfide.

In conclusion, we have demonstrated a new approach to
trifluoromethyl aryl sulfides which is applicable to a wide range
of substrates. This has advantages over current method-
ologies—the yields and product purity are high after a very
simple work up procedure; the route is shorter than the
traditional multi-step methods; and a wider range of functional
groups is accessible owing to the mild conditions utilised.
Unfortunately, this methodology is apparently restricted to
substrates which are not electron-rich. It is also possible to form
trifluoromethyl aryl sulfides in one pot directly from the
anilines in a clean, safe and efficient direct route to these
important compounds.

We gratefully acknowledge the support of the EPSRC
(ROPA grant), the EPSRC/RAEng (Clean Technology Fellow-
ship to J. H. C.) and the Royal Society (University Research
Fellowship to D. J. M.). We would also like to thank Alec
Taylor for helpful discussions.
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Table 2 Yields of ArSCF3 from one-pot reactions of anilines

Aniline
GC yield of
ArSCF3 (%)

Aniline 42
2-Nitroaniline 45
3-Nitroaniline 72
4-Nitroaniline 66
3-Trifluoromethylaniline 46
3-Chloroaniline 18
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Non-racemic chiral bases have been proven to be of significant
use in the synthesis of a wide range of enantiomerically enriched
organic molecules. Their use in the synthesis of organometallic
reagents and catalysts, however, is still in its infancy. This
article reviews one of the first areas of organometallic chemistry
to be examined in this context, i.e. asymmetric functionalisation
of tricarbonylchromium(0) complexes of arenes using non-
racemic chiral bases.

Introduction
The use of chiral lithium amide bases1 and alkyllithiums in
conjunction with chiral ligands2 to desymmetrise organic
molecules began in earnest in the late 1980s and early 1990s. In
view of the excitement generated by the pioneering studies in
this area, it was clear that this approach to the synthesis of non-
racemic chiral molecules would have applications in organome-
tallic chemistry and, in particular, the study of organometallic
complexes used in organic synthesis. Tricarbonylchromium(0)
complexes of aromatic compounds have received much atten-
tion as building blocks for organic synthesis, partly because of
the intriguing changes in reactivity that occur on complexation
of an aromatic compound to the tricarbonylchromium(0) unit,
and partly because of the inherent stereochemical properties of
complexes of polysubstituted arenes. Two major changes that
occur when an arene ring is complexed to a tricarbonylchro-

mium(0) unit are: (i) an increase in the acidity of the hydrogens
attached to the aromatic ring,3 and (ii) an increase in the acidity
of any benzylic hydrogens associated with the arene.4 Thus, it is
not too surprising that some of the first attempts to exploit chiral
bases in organometallic chemistry focused on the introduction
of chirality into tricarbonylchromium(0) complexes of arenes.
This article reviews progress to date on the application of chiral
bases to aromatic functionalisation and benzylic functionalisa-
tion of tricarbonylchromium(0) complexes of arenes.

Aromatic functionalisation
Aromatic functionalisation of tricarbonylchromium(0) com-
plexes of arenes using a chiral amide base or an alkyllithium/
chiral ligand combination was first reported in 1994. Indeed,
there was a flurry of publications in this year from three groups,
all of whom had identified and realised the potential of chiral
bases in this area. Although the overall goal was the same, i.e.
selective functionalisation of one of the ortho positions of a
monofunctionalised arene complex, the methods of achieving
this goal differed. Each group obtained success with a different
directing group and a different chiral base or alkyllithium/chiral
ligand combination. The introduction of a trimethylsilyl
substituent was examined by each group and the result obtained
was either typical or optimal. The Simpkins group successfully
desymmetrised the tricarbonylchromium(0) complex of anisole
1 ([Cr] = tricarbonylchromium(0)) using chiral base (R,R)-2 to
give the planar chiral complex 3 in very good yield and
enantiomeric excess,5 the Kündig group successfully de-
symmetrised the prochiral carbamate complex 4 using chiral
base 5 to give the trimethylsilyl derivative 6,6 and the Uemura
group successfully desymmetrised the Boc-protected amine
complex 7 using diamine 8 in conjunction with ButLi to yield 9
(Scheme 1).7 These results, and the many others described in
these papers, demonstrated for the first time that planar chirality
in (arene)tricarbonylchromium(0) complexes could be created
using chiral bases. In parallel, the Schmalz group had been
considering the possibility of using enantioselective ortho-
deprotonation/silylation of 1,2-dimethoxyarene complexes in
connection with their work on the synthesis of calamenen,
pseudopterosin and helioporin. They discovered they were able
to desymmetrise the disubstituted complex 10 using (S,S)-2 to
give the trisubstituted planar chiral complex 11 in excellent
yield and enantiomeric excess.8

In the course of the studies described above, a problem was
encountered with arguably one of the most synthetically useful
classes of (arene)tricarbonylchromium(0) complexes, i.e. ben-
zaldehyde acetal complexes; benzylic deprotonation often
competed effectively with ortho-lithiation. This problem was
addressed by the Green group using organolithium reagents
derived from (1R)-menthyl chloride and (1R)-8-phenylmenthyl
chloride. Reaction of these two reagents with the acetal complex
12 followed by addition of chlorotrimethylsilane afforded
enantiomers (R)-13 and (S)-13, respectively, in acceptable yield
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and enantiomeric excess (Scheme 2).9 A solution to the
enantioselective functionalisation of (benzaldehyde)tricarbo-
nylchromium(0) itself was provided by the Alexakis group,

which although strictly outside the scope of this review is
nevertheless of interest in this context. In a typical example of
their approach, reaction of complex 14 with 15 gave an amino
alcoholate with an appended tertiary amine; subsequent addi-
tion of n-butyllithium followed by chlorotrimethylsilane gave
complex 16 in notable enantiomeric excess (Scheme 3).10

Recently, the reaction of complex 4 with lithium amide 5 has
been used to initiate an anionic ortho-Fries rearrangement.

Warming the anion generated to 220 °C and stirring for 12 h
induced the rearrangement; after quenching, product 17 was
isolated and shown to be enantiomerically enriched (Scheme
4).11

The chiral base approach to enantiomerically enriched
(arene)tricarbonylchromium(0) complexes is starting to be
applied in the synthetic arena. Thus complex 3, made using the
Simpkins method, has been used at the start of two synthetic
studies. Kündig used a nucleophilic addition to (+)-3 followed
by an electrophilic quench and in situ hydrolysis to form the
substituted cyclohexenone 18. A subsequent Pauson–Khand
reaction gave diastereomerically pure tricycle 19 in enantio-
meric excess equal to that of (+)-3 (Scheme 5).12 Elaboration of

(2)-3 by the Schmalz group followed by nucleophilic addition
and work-up gave substituted cyclohexenone 20.13 This was
subsequently converted into (+)-ptilocaulin nitrate, an anti-
microbial and cytotoxic metabolite of a Caribbean sponge
(Scheme 6).14 In both of these studies, the stereochemical
information introduced using the chiral base is relayed first of
all across the complexed arene ring to the chiral centre
constructed on addition of the nucleophile. The stereochemistry
of this chiral centre subsequently controls the formation of the
remaining chiral centres in the product.

Benzylic functionalisation
Ethers: simple functionalisation

In 1996, we decided to examine the possibility of using chiral
base methodology to asymmetrically functionalise the benzylic
position of (arene)tricarbonylchromium(0) complexes. We
selected the tricarbonylchromium(0) complex of benzyl methyl
ether 21 as our test substrate as: (i) it was readily available and
(ii) it had been demonstrated previously that it could be
alkylated in good yield using n-butyllithium followed by
quenching with a range of alkylating reagents.15 That said, we

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5
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were somewhat concerned that the high degree of conforma-
tional flexibility of complex 21, compared to other substrates
that had been successfully desymmetrised by chiral base
technology, would render discrimination between its two
benzylic sites difficult.

In an initial exploratory experiment, the well-established
chiral base (R,R)-2 was used to deprotonate 21 and diphenyl
disulfide was used to quench the reaction. Workup provided the
novel complex (+)-22 in 52% yield. Complex 22 proved easy to
analyse by chiral HPLC and its ee was found to be a moderate
22% (Scheme 7). In view of our reservations about the

conformational flexibility of 21, we were highly encouraged by
this seemingly modest result and decided to undertake further
experiments with different bases. The next base used was the
C2-symmetric vicinal diamide 23. A straightforward two-step
synthesis of this base had been reported in 1994,16 but its
potential as a chiral base had not been explored in any detail.
Using this base, the reaction of complex 21 to give the a-
phenylsulfenyl derivative (2)-22 proceeded in 86% yield and,
to our delight, the ee of the product was found to be 97%
(Scheme 7).17

In order to glean information about the absolute stereo-
chemistry of the products of this highly enantioselective system,
the reaction between ether complex 21 and chiral base
(R,S,S,R)-23 was next quenched with iodomethane. This gave
the a-methylbenzyl methyl ether complex 24 in 96% yield and
97% ee (Scheme 8). Comparison of the [a]D of this material
with literature data18 revealed that the absolute configuration of
24 was R.

In parallel to our benzylic deprotonation studies on the
acyclic ether 21, the Simpkins group had been examining the
effect of chiral bases on the cyclic ether complex 25.19 In a

typical example from their work, (1,3-dihydroisobenzofuran)-
tricarbonylchromium(0) 25 was treated with the monoamide
base (R,R)-2 in the presence of chlorotrimethylsilane. The
product of benzylic functionalisation 26 was isolated in 82%
yield and 76% ee (Scheme 9). Thus, in this case, in contrast to

the acyclic ether case, the well-established monoamide base
(R,R)-2 led to good enantioselectivity. The absolute configura-
tion of 26 was assigned by analogy with the product of
methylation, the stereochemistry of which was rigorously
determined by chemical correlation.

A little later, the reactions of the cyclic ether complex 25 with
monoamide base (R,R)-2 and the diamide base (R,S,S,R)-23
followed by a benzophenone quench were reported by Simp-
kins.20 Interestingly, switching from the monoamide base to the
diamide base raised the enantioselectivity of this reaction from
75% to 99% (Scheme 10). Moreover, the absolute configuration

of the product 27 changed from R to S with the change of base,
an observation reminiscent of the change from (+) to (2)
observed with acyclic ether complex 21 in the production of
sulfur derivative 22.

Ethers: further elaboration

As a result of the studies described above, it was clear that
asymmetric functionalisation of the benzylic position of ether
complexes using the diamide base (R,S,S,R)-23 was a high-
yielding and highly enantioselective reaction. At this point, we
decided to examine whether or not the reactivity discovered
could be used as a basis for further elaboration of ether
complexes and the generation of enantiomerically enriched
products.

Synthesis of tertiary ethers. The synthesis of enantiomer-
ically enriched tertiary alcohols is more challenging than their
secondary counterparts, which are now readily available by a
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variety of reliable and versatile routes. In 1996, Hoppe and
Dewing reported that enantiomerically enriched secondary
alcohols 28, derived from racemic mixtures by enzymatic
hydrolysis, could be converted into enantiomerically enriched
tertiary alcohols via deprotonation/electrophilic quench se-
quences on carbamate derivatives 29 (Scheme 11).21 Some of

the electrophilic quenches proceeded with retention of config-
uration, others with inversion. We thus decided to probe
whether or not optically active complexes of secondary benzyl
ethers. such as 24, could be converted into optically active
complexes of tertiary benzyl ethers by a deprotonation/
electrophilic quench protocol. If so, it would be of interest to
determine whether the reaction proceeded with retention or
inversion of configuration.

Complex 24 (98.5% ee and R configuration) was deproto-
nated with tert-butyllithium in THF at 278 °C, and, after 90
min at this temperature, the anion was quenched with
deuteriomethanol. Work-up gave a 90% yield of complex D-24
(91% D incorporation) which HPLC analysis revealed had an ee
of 98.5% and was also of R configuration (Scheme 12). Thus the

deprotonation/quench sequence had clearly proceeded with
overall retention of configuration, presumably via a configura-
tionally stable anion.22

Having ascertained that the lithium anion of 24 is configura-
tionally stable at 278 °C, our attention turned to synthetically
more interesting electrophiles. Whilst deprotonation of (±)-24
followed by quenching with iodomethane and chlorotrime-
thylsilane has been shown to proceed in yields of 93 and 53%,
respectively, indicating that the formation of carbon–carbon and

carbon–heteroatom bonds in this system is chemically fea-
sible,23 the stereochemical consequences and the synthetic
scope of this type of process needed to be determined. We
examined several systems varying both the benzylic substituent
on the secondary ether and the electrophile used in the quench.
In a typical example, complex 24 was deprotonated and
quenched with benzyl bromide. Work-up led to the isolation of
the novel complex 30 of essentially the same enantiomeric
purity as its precursor in 87% yield (Scheme 12). An X-ray
crystallographic analysis of this product revealed that its
absolute configuration was S. Thus the deprotonation/benzyla-
tion of 24 proceeds with overall retention of configuration. This
may be rationalised as follows: abstraction of the benzylic
proton of 24 from a conformation that places it antiperiplanar to
the tricarbonylchromium(0) unit gives the chromium-centred
and configurationally-locked anion 31 (Scheme 13). The

incoming electrophile then approaches the sterically less-
hindered exo-face of the intermediate to give the observed
product under excellent stereochemical control.

[2,3]-Wittig rearrangement. Our attention turned next to
stereochemical control of the [2,3]-Wittig rearrangement. This
is a useful carbon–carbon bond-forming reaction24 and, as such,
asymmetric versions of it are a desirable goal.25 Research in
recent years has produced several approaches, the greatest
success being achieved using chiral auxiliaries.26 Enantiose-
lective versions of the [2,3]-Wittig rearrangement involving an
achiral substrate and a chiral non-racemic base are synthetically
more attractive, but this approach has been much less
successful. The best result to date for a cyclic system is the
conversion of the 13-membered ether 32 into the 10-membered
alcohol 33 in 69% ee and 82% yield using (S,S)-2 (Scheme 14).

This success was attributed to special conformational effects as
the same base gave a poorer result with a 17-membered
homologue, and racemic products when applied to acyclic a-
(allyloxy)acetic acids and amides.27 Typical results to date for
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linear systems are exemplified by reactions carried out using a
norpseudoephedrine/BuLi combination.28 Thus Wittig rear-
rangement of dialkyne 34, under the influence of 35, produced
alcohol 36 in moderate yield and ee, whilst rearrangement of
unsaturated ether 37 gave a moderate yield of a diastereomeric
mixture of alcohols each of poor optical purity (Scheme 15).

In view of the high enantioselectivities and yields obtained
for the asymmetric functionalisation of tricarbonylchromium(0)
complexes of alkyl benzyl ethers, and earlier reports that
tricarbonylchromium(0) complexes of allyl benzyl ethers un-
dergo [2,3]-Wittig rearrangements,29 we decided that it would
be of interest to determine whether or not such Wittig
rearrangements could be performed under good enantiomeric
control using non-racemic chiral bases.

The first reaction to be examined was that of parent allyl
benzyl ether complex 38 with diamide base (R,S,S,R)-23. This
was found to proceed in good yield (80%) and excellent ee
(96%) (Scheme 16).30 In order to determine the absolute

configuration of the product 39, the tricarbonylchromium(0)
unit was removed by photolysis and the [a]D of the resulting
alcohol compared with literature values.31 This revealed that the
absolute configuration of 39 was R, a result consistent with the
sense of asymmetric induction observed for the functionalisa-
tion of complex 21 with external electrophiles.

A series of rearrangements were examined in order to
determine the effect of substituents on chemical yields and
enantioselectivities. In the first series of experiments, sub-
stituent patterns were chosen which would lead to products
containing just one chiral centre. These experiments gave
products of very good optical purity (84–94%), but the chemical
yields ranged from good to poor (82–25%). Next the rearrange-

ment of complex 40 was examined, as this gives rise to two
chiral centres, raising the issue of diastereoselectivity. Pleas-
ingly, the but-2-enyl complex 40 rearranged smoothly to give a
good yield (82%) of alcohol 41 (Scheme 16). The diaster-
eomeric ratio of the product complex was found to be 95+5 and
the relative stereochemistry of the major isomer was identified
as syn by comparison of its spectroscopic data and the data of its
decomplexation product with literature values obtained from a
racemic sample. HPLC analysis of 41 revealed that its ee was
96%. Thus the yield, diastereoselectivity and enantioselectivity
observed for the rearrangement of 40 to 41 under the influence
of base (R,S,S,R)-23 compare well with the rearrangement of the
non-complexed material 37 under the influence of the norpseu-
doephedrine/BuLi combination.

Thioethers

The configurational instability of a-sulfur substituted alkyl-
lithium compounds 4232 and benzyllithium compounds 4333 is

well documented and attempts to use these species in asym-
metric synthesis have met with little success to date. Indeed, the
first examples of enantiomerically enriched a-sulfur substituted
alkyllithium compounds, whose chirality is determined solely
by the stereogenic carbon centre, were prepared only quite
recently. Thus, generation of a-sulfur substituted alkyllithiums
by deprotonation of 44 with BusLi/(2)-sparteine and sub-
sequent quenching with carbon dioxide or chlorotrimethylsilane
gave products in 77–95% yield and 40–60% ee
(Scheme 17).32

In view of (i) the recognised instability of a-sulfur substituted
lithium compounds, and (ii) the emerging potential of chiral
sulfides as ligands in asymmetric synthesis,34 we wanted to
determine whether or not anions of tricarbonylchromium(0)
complexes of alkyl/aryl benzyl sulfides would be sufficiently
configurationally stable to undergo bond-forming reactions and
produce enantiomerically enriched products.

A series of thioether complexes was easily and efficiently
prepared by reacting (benzyl alcohol)tricarbonylchromium(0)
with a range of thiols in the presence of tetrafluoroboric acid.15

After some experimentation, it emerged that enantioselectivity
was a function of the thioether substituent and that methyl and
benzyl substituents gave the best results. In a typical experi-
ment, thioether complex 45 was reacted with (R,S,S,R)-23 and
quenched with benzyl bromide to give the benzylic substitution
product 46 in 91% yield and 88% ee (Scheme 18).35 In order to
determine the absolute stereochemistry of the chiral sulfides
generated by this new approach, we subjected the silyl
substituted complex 47 (Scheme 18) to X-ray crystallographic
analysis. To our surprise, this revealed that 47 was the opposite
enantiomer to the one we had predicted based on the results
obtained with the analogous ether complexes.

In order to probe this change in stereochemical outcome
further, the ether complex 48 (97% ee) was reacted with benzyl

Scheme 15
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Scheme 17

Chem. Commun., 2000, 989–996 993



thiol in the presence of acid. Work-up gave a thioether complex
in 65% yield and HPLC analysis of this material revealed that it
was the opposite enantiomer to that obtained by the deprotona-
tion/quench route (Scheme 19). As acid catalysed substitutions

of this type are known to proceed with retention of configura-
tion,36 this result is stereochemically consistent with the X-ray
crystallographic analysis of 47. It thus appears that deprotona-
tion of tricarbonylchromium(0) complexes of benzyl sulfides
with the chiral base (R,S,S,R)-23 proceeds in the opposite
stereochemical sense to deprotonation of the corresponding
ethers.

The Simpkins group also examined the effect of chiral bases
on tricarbonylchromium(0) complexes of thioethers, but their
focus was on the cyclic system 49. Initially, 49 was reacted with
the monoamide base (R,R)-2 and subjected to a range of
quenches, but these reactions gave products of very low ee (ca.
5%) (Scheme 20).19 On re-examining the system with the

diamide base (R,S,S,R)-23, however, they were able to generate
products in excellent yield and ee.37 Addition of benzophenone
to 49 using (R,S,S,R)-23, for example, generated 50 in 88%
yield and 95% ee (Scheme 20). Interestingly, comparison of 50
with (2)-27 obtained from the cyclic ether 25 indicates that the
change in stereochemistry observed in the acyclic systems is not
repeated here. This may be a function of the increased rigidity
of the cyclic system.

In summary, diamide base (R,S,S,R)-23 can be used to
asymmetrically functionalise complexes of benzylic sulfides.

Although the enantiomeric excesses observed in the acyclic
system are slightly lower than those observed in the correspond-
ing oxygen ether system, the relatively high selectivity
compared to other a-sulfur substituted lithium systems suggests
that the anion involved possesses unusually high stereochemical
stability. This is attributed to the delocalisation of the negative
charge onto chromium (and beyond onto the carbonyl ligands)
which raises the energy barrier to rotation about the ipso
carbon–benzylic carbon bond.

Amines

The efforts of our group and the Simpkins group to use chiral
bases to asymmetrically functionalise tricarbonylchromium(0)
complexes of benzylic amines, or their derivatives, have, to
date, proved unsuccessful. Nevertheless, we have demonstrated
that it is possible to access this important class of compounds
using the reliable and robust ether chemistry.

Initial experiments were carried out using complex 24 of 99%
ee. It was hoped that nucleophilic substitution of this complex
using a nitrogen nucleophile would give us access to enantio-
merically enriched amines. Literature precedent, however, was
not encouraging: although substitution of a-oxygenated
(arene)tricarbonylchromium(0) complexes with acid/nucleo-
phile combinations via a chromium-stabilised carbocation
intermediate 51 (Scheme 21) is well-established for carbon,

hydrogen, and oxygen nucleophiles, the use of nitrogen
nucleophiles is rare and inefficient. Thus, reactions of ammonia
and primary and secondary amines with benzyl alcohol
complexes in the presence of hexafluorophosphoric acid gives
low yields of substitution products.38 Indeed our initial
reactions of complex 24 with a wide range of amines in the
presence of tetrafluoroboric acid were disappointing, providing
only very low levels of nitrogen incorporation and complex
mixtures of products. In contrast, protonation of 24 at 240 °C
with tetrafluoroboric acid followed by addition of commercially
available tert-butyl-N-hydroxycarbamate gave the nitrogen
substitution product 52 in 85% yield (Scheme 21). Moreover the
ee of the novel complex 52 was measured by chiral HPLC and
found to be 99%.39

The absolute configuration of the nitrogen substitution
product 52 was determined by chemical correlation. Reduction
of the nitrogen–oxygen bond using titanium trichloride in
aqueous methanol proceeded smoothly. Subsequent oxidative
removal of the tricarbonylchromium(0) unit gave carbamate 53
(Scheme 21), the optical rotation of which was essentially
identical to a sample prepared from authentic (R)-a-me-
thylbenzylamine. Thus the absolute configuration of 52 is R and
the conversion of 24 to 52 proceeds with retention of
configuration, presumably via a chromium stabilised carboca-
tion 51.

Scheme 18
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Scheme 21
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In order to probe the effect of increasing steric hindrance
around the benzylic position on the nitrogen substitution
reaction, complexes 54 and 55 bearing ethyl and iso-propyl
groups, respectively, were prepared and reacted with tert-butyl-
N-hydroxycarbamate. The reactions gave products 56 and 57 in
moderate yield and 96 and 91% ee respectively (Scheme 22).

Thus, increasing steric hindrance on going from methyl to iso-
propyl leads to notable yield reduction and a small but
significant stereochemical leakage. These effects are attributed
to a reduced rate of addition of the nitrogen nucleophile to the
intermediate carbocation, the increased lifetime of which leads
to byproducts and rotation about the ipso carbon–benzylic
carbon bond.

Mechanistic probes

Several studies have been carried out in order to probe the
mechanism of the highly selective reactions described above.

Addition of diamine after BuLi. In order to test whether the
benzylic asymmetric functionalisations described in previous
sections were due to asymmetric deprotonations or to asym-
metric electrophilic quenches, we performed an experiment in
which the substrate was deprotonated with the achiral base n-
butyllithium and the chiral diamine was added afterwards.40

Thus methyl ether complex 21 was treated with 1.1 equiv. of
butylithium followed by 1.1 equiv. of diamine 58 (and 1 equiv.
of lithium chloride). The reaction was subsequently quenched
with 2 equiv. of diphenyl disulfide to give the expected product
22 in 79% yield (Scheme 23). The ee of 22 was measured and

found to be zero. Thus the racemic anion generated in this
experiment did not undergo an asymmetric electrophilic quench
under the control of the chiral diamine present in the reaction
mixture. This result is consistent with the asymmetric control
observed in the benzylic functionalisations originating in the
deprotonation step rather than the quench step.

Effect of base structure. As diamide base (R,S,S,R)-23 was
only the second base we had examined in our initial studies on
the functionalisation of oxygen ether 21, we thought it prudent
to screen other chiral bases to establish whether or not the high
yields and ees obtained with (R,S,S,R)-23 were unique to this
structure. Amides 59–64 were used in the conversion of ether 21
to sulfur derivative 22 and found to give only moderate yields
and enantioselectivities compared to (R,S,S,R)-23.41 We also

synthesised and tested bases 65 and 66 to probe whether all the
features of (R,S,S,R)-23 were essential to the high yields and

selectivities. These studies revealed that both the backbone and
the side chain chirality were necessary for optimum results.41

Finally, in order to ascertain whether the second lithium amide
was necessary for success, base 67 was synthesised42 and tested
on substrate 21 (Scheme 24). This gave a good yield (80%) and

moderate ee (40%) of the R enantiomer of 22, a finding which
was later used to explain results obtained by varying the
equivalents of BuLi used in the reaction (vide infra).

Effect of BuLi stoichiometry. All the reactions described
above were carried out using 2.2 equiv. of BuLi and 1.1 equiv.
of diamine. In an effort to minimise the amount of BuLi
required in these experiments, 21 was converted to 22 using 1.1
equiv. of BuLi and the effect on yield and ee determined. In
order to determine the effect on ee of reducing the equivalents
of BuLi used still further, reactions using 0.55 and 0.275 equiv.
of BuLi were also performed (Scheme 25). Pleasingly, use of

1.1 equiv. of BuLi had negligible detrimental effect on yield and
ee, producing 22 in 96% yield and 95% ee. It was interesting to
note that although reduction of the equivalents of BuLi to 0.55
and 0.275 gave the expected drop in yield (60 and 21%
respectively; an experimental error of ±5% in BuLi measure-
ment accounts for the unreasonably high yield in the first case),
the enantioselectivity of the reaction remained very high (92
and 96% respectively).

The results obtained by varying the equivalents of BuLi may
be explained as follows. The dilithiated species (R,S,S,R)-23 (or
an aggregate thereof) is clearly a highly enantioselective

Scheme 22
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reagent. If we assume that the monolithiated species 68 is
relatively unselective, a hypothesis supported to a degree by the
low ee (40%) obtained with 67, then it follows from the results
obtained on reducing the number of BuLi equivalents that (i)
there is a ready exchange of lithium cations between all the
nitrogen sites in the system, and (ii) (R,S,S,R)-23 is more
reactive than 68 with respect to complex 21. In conclusion, it

appears that all the deprotonation power of the BuLi is
channelled through the highly selective diamide species rather
than the relatively unselective monoamide species.

Conclusion
Studies carried out in the last five years have demonstrated that
chiral bases provide an excellent entry into enantioenriched
tricarbonylchromium(0) complexes of arenes. Moreover, the
products of these studies are starting to be used in synthetic
endeavours. It is anticipated that in the next few years, chiral
bases will be used to generate a wide variety of enantioenriched
organometallic complexes which will find uses both in
synthesis and catalysis. Whilst the selectivities that can be
achieved are impressive and useful, discovery of the origin of
this selectivity in both the organometallic systems described
here and the organic systems developed over the last fifteen
years remains a significant challenge.

Acknowledgements
The authors wish to thank the past members of the Gibson group
who initiated and developed asymmetric benzylic functionalisa-
tion: Mark H. Smith, P. Caroline V. Potter, Gary R. Jefferson
and Domenico Albanese; our industrial and academic collab-
orators: E. Lucy M. Cowton, Michael J. Schneider, Peter Ham
and Peter O’Brien; the following organisations for financial
assistance: Associated Octel Company, Zeneca Pharmaceuti-
cals, SmithKline Beecham, The Accademia Nazionale dei
Lincei/The Royal Society and EPSRC, and Surojit Sur and
Hasim Ibrahim for proof reading and helpful comments.

References
1 For reviews of this area, see: P. J. Cox and N. S. Simpkins, Tetrahedron:

Asymmetry, 1991, 2, 1; P. O’Brien, J. Chem. Soc., Perkin Trans. 1, 1998,
1439.

2 For reviews of this area, see: P. Beak, A. Basu, D. J. Gallagher, Y. S.
Park and S. Thayumanavan, Acc. Chem. Res., 1996, 29, 552; D. Hoppe,
Angew. Chem., Int. Ed. Engl., 1997, 36, 2282.

3 M. F. Semmelhack, in Comprehensive Organometallic Chemistry II, ed.
E. W. Abel, F. G. A. Stone and G. Wilkinson, Pergamon, Oxford, 1995,
vol. 12, p. 1017.

4 S. G. Davies and T. D. McCarthy, in Comprehensive Organometallic
Chemistry II, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson,
Pergamon, Oxford, 1995, vol. 12, p. 1054.

5 D. A. Price, N. S. Simpkins, A. M. MacLeod and A. P. Watt, J. Org.
Chem., 1994, 59, 1961; D. A. Price, N. S. Simpkins, A. M. MacLeod and

A. P. Watt, Tetrahedron Lett., 1994, 35, 6159; R. A. Ewin, A. M.
MacLeod, D. A. Price, N. S. Simpkins and A. P. Watt, J. Chem. Soc.,
Perkin Trans. 1, 1997, 401.

6 E. P. Kündig and A. Quattropani, Tetrahedron Lett., 1994, 35, 3497.
7 M. Uemura, Y. Hayashi and Y. Hayashi, Tetrahedron: Asymmetry,

1994, 5, 1427.
8 H-G. Schmalz and K. Schellhaas, Tetrahedron Lett., 1995, 36, 5515.
9 M. J. Siwek and J. R. Green, Chem. Commun., 1996, 2359.

10 A. Alexakis, T. Kanger, P. Mangeney, F. Rose-Munch, A. Perrotey and
E. Rose, Tetrahedron: Asymmetry, 1995, 6, 2135.

11 A. Quattropani, G. Bernardinelli and E. P Kündig, Helv. Chim. Acta,
1999, 82, 90.

12 A. Quattropani, G. Anderson, G. Bernardinelli and E. P. Kündig, J. Am.
Chem. Soc., 1997, 119, 4773.

13 H-G. Schmalz and K. Schellhaas, Angew. Chem., Int. Ed. Engl., 1996,
35, 2146.

14 K. Schellhaas, H-G. Schmalz and J. W. Bats, Chem. Eur. J., 1998, 4,
57.

15 J. Blagg, S. G. Davies, N. J. Holman, C. A. Laughton and B. E. Mobbs,
J. Chem. Soc., Perkin Trans. 1, 1986, 1581.

16 K. Bambridge, M. J. Begley and N. S. Simpkins, Tetrahedron Lett.,
1994, 35, 3391.

17 E. L. M. Cowton, S. E. Gibson (née Thomas), M. J. Schneider and M. H.
Smith, Chem. Commun., 1996, 839. 

18 S. Top, G. Jaouen and M. J. McGlinchey, J. Chem. Soc., Chem.
Commun., 1980, 1110.

19 R. A. Ewin and N. S. Simpkins, Synlett, 1996, 317.
20 R. A. Ewin, A. M. MacLeod, D. A. Price, N. S. Simpkins and A. P. Watt,

J. Chem. Soc., Perkin Trans. 1, 1997, 401.
21 C. Dewing and D. Hoppe, Synthesis, 1996, 149.
22 S. E. Gibson (née Thomas), P. C. V. Potter and M. H. Smith, Chem.

Commun., 1996, 2757.
23 J. Blagg, S. G. Davies, C. L. Goodfellow and K. H. Sutton, J. Chem.

Soc., Perkin Trans. 1 , 1987, 1805.
24 T. Nakai and K. Mikami, Org. React., 1994, 46, 105.
25 T. Nakai and K. Tomooka, Pure Appl. Chem., 1997, 69, 595.
26 For example, see: D. Enders and D. Backhaus, Synlett, 1995, 31;

O. Takahashi, K. Mikami and T. Nakai, Chem. Lett., 1987, 69.
27 J. A. Marshall and J. Lebreton, J. Am. Chem. Soc., 1988, 110, 2925.
28 S. Manabe, Chem. Commun., 1997, 737.
29 M. Uemura, H. Nishimura and Y. Hayashi, J. Organomet. Chem., 1989,

376, C3; J. Brocard, M. Kahmoudi, L. Pelinski and L. Maciejewski,
Tetrahedron Lett., 1989, 30, 2549; M. Uemura, H. Nishimura, T.
Minami and Y. Hayashi, J. Am. Chem. Soc., 1991, 113, 5402; M.
Mahmoudi, L. Pelinski, L. Maciejewski and J. Brocard, J. Organomet.
Chem., 1991, 405, 93.

30 S. E. Gibson (née Thomas), P.  Ham and G. R. Jefferson, Chem.
Commun., 1998, 123.

31 E. J. Corey and S. S. Kim, Tetrahedron Lett., 1990, 31, 3715.
32 B. Kaiser and D. Hoppe, Angew. Chem., Int. Ed. Engl., 1995, 34, 323

and references therein.
33 H. Ahlbrecht, J. Harbach, R. W. Hoffmann and T. Ruhland, Liebigs

Ann. Chem., 1995, 211 and references therein.
34 See for example: G. A. Cran, C. L. Gibson, S. Handa and A. R.

Kennedy, Tetrahedron: Asymmetry, 1996, 7, 2511.
35 S. E. Gibson (née Thomas), P. Ham, G. R. Jefferson and M. H. Smith,

J. Chem. Soc., Perkin Trans. 1, 1997, 2161.
36 S. G. Davies and T. D. McCarthy, in Comprehensive Organometallic

Chemistry II, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson,
Pergamon, Oxford, 1995, vol. 12, pp. 1049–51.

37 A. Ariffin, A. J. Blake, R. A. Ewin and N. S. Simpkins, Tetrahedron:
Asymmetry, 1998, 9, 2563.

38 S. Top, B. Caro and G. Jaouen, Tetrahedron Lett., 1978, 787.
39 D. Albanese, S. E. Gibson (née Thomas) and E. Rahimian (now

Reddington), Chem. Commun., 1998, 2571.
40 S. E. Gibson (née Thomas) and E. Reddington, unpublished results.
41 S. E. Gibson (née Thomas) P.  O’Brien and E. Rahimian (now

Reddington), J. Chem. Soc., Perkin Trans. 1, 1999, 909.
42 A. Alexakis, T. Kanger, P. Mangeney, F. Rose-Munch, A. Perrotey and

E. Rose, Tetrahedron: Asymmetry, 1995, 6, 2135.

996 Chem. Commun., 2000, 989–996



      

Electrodeposited nickel and gold nanoscale metal meshes with potentially
interesting photonic properties

Lianbin Xu,ab Weilie L. Zhou,b Christoph Frommen,b Ray H. Baughman,c Anvar A. Zakhidov,c Leszek
Malkinski,b Jian-Qing Wangb and John B. Wiley*ab

a Department of Chemistry, University of New Orleans, New Orleans, LA 70148-2820, USA. E-mail: jwiley@uno.edu
b Advanced Materials Research Institute, University of New Orleans, New Orleans, LA 70148-2820, USA
c Honeywell Int., Corporate Technology, Morristown, NJ 07962-1021, USA

Received (in Irvine, CA, USA) 11th January 2000, Accepted 14th April 2000
Published on the Web 22nd May 2000

Nickel and gold meshes having three-dimensional periodic-
ity at optical wavelengths and nanoscale structural fidelity
have been prepared by electrodeposition within close-
packed silica sphere arrays.

There is major current interest in the fabrication of nanoporous
metal arrays.1–4 Routine access to such materials could impact
a variety of areas including photonics, magnetics, catalysis,
electrochemical applications and thermoelectrics. Recent re-
ports have described the formation of 3-D metal meshes within
colloidal silica or polymer membranes through the use of
molten metal infiltration, nanoparticle infiltration and electro-
less methods.4–6 Though metal electrodeposition methods have
been effectively used for membranes with one-dimensional
pore structures,7 the extension of this technique to three-
dimensional structures has not been reported. This electro-
chemical method has the major advantage of readily producing
well defined metal meshes of materials melting at such high
temperatures that melt infiltration is prohibited by template
structural instability. Herein, we describe the use of this
approach for the fabrication of nickel and gold arrays having
three-dimensional periodicity at optical wavelengths.

Silica membranes (opal) were prepared by published meth-
ods.8 Silica spheres with a diameter of ca. 300 nm diameter
were initially prepared from tetraethylorthosilicate (TEOS).
The spheres were then formed into close-packed lattices
through a sedimentation process over several months. This
precipitate was then sintered at 120 °C for two days and then
750 °C for 4 h, producing a robust opalescent piece that could
be readily cut into smaller sections. Electrodes were formed
from the opal (typically 7 3 10 3 1.5 mm) by first depositing
ca. 0.5 mm thick copper films on one side of the piece by
magnetron sputtering. A length of wire was attached to the
copper backing with silver paste (Ted Pella, Inc.) and the
copper/wire side of the electrode, as well as the edges, were
sealed off with neoprene glue (Elmer’s). For metal deposition,
the electrodes were immersed into nickel or gold plating
solutions (Technic, Inc.) with a platinum wire counter electrode.
Electrodeposition was carried out by a constant current method
over a 36 h period; a low current density (0.50 mA cm22) was
used in an effort to achieve even deposition within the opal
membrane. Low current densities such as that used here have
been found to be effective in the growth of nanowires. After
deposition, the opal was washed thoroughly with distilled water
and the neoprene layer peeled off. To remove the silica matrix,
the metal–opal pieces were soaked in a 2% HF solution for 24
h. This resulted in a dark opalescent metal membrane (ca. 100
mm thick). Scanning electron micrographs (SEM) were obtained
on a JEOL JSM 5410 SEM. Magnetic measurements on the
nickel mesh were performed on a Quantum Design MPMS-5S
SQUID susceptometer. The mesh was fixed between two pieces
of Kapton tape and placed in a commercially available soda
straw. No correction for the diamagnetic contribution of the
sample holder was taken into account because it was by at least
three orders of magnitude smaller than the response generated

from the Ni-mesh. The field dependence was studied at various
temperatures (2, 10 and 300 K) in external fields up to ±5 T. The
temperature dependence was measured in a zero-field cooled
(zfc) and a field-cooled (fc) cycle at 1000 G.

This electrodeposition method produces well-defined metal
meshes. Fig. 1(a) shows a cross-section of the closed-packed
silica membrane (10 0003 magnification). Stacking faults are
present on (111) planes in the original opal, which will be
replicated in the metal mesh. Electrodeposition fills the void
space between the close-packed spheres. Fig. 1(b) shows a
section of a nickel metal mesh (10 0003) after dissolution of the
silica spheres. This image highlights the packing variation for
these spheres. Different sections corresponding to (111), (100)
and (110) orientations can be observed. Fig. 2(a) and (b) are
views of predominately the (100) and the (110) planes,
respectively. Fig. 2(c) is a higher magnification (50 0003) of
the (100) plane. The square features are essentially cubes with
concave sides that arise from filling the octahedral sites in the
close-packed structure. Each cube is connected to eight other
cubes through its vertices via tetrahedra [Fig. 2(d)]. The
structure is akin to the fluorite structure (CaF2) where the
calcium ions, representing the cubes, are eight coordinate and
the fluoride ions, representing the tetrahedra, are four coor-
dinate. Based on the diameter of the closed-packed spheres of
ca. 300 nm, one would predict minimum diameters of ca. 50, 70
and 120 nm for the interconnects, tetrahedra and cubes,
respectively, as is observed. Since the metal mesh crystals are
interpenetrating air- and metal-phase networks, they are

Fig. 1 (a) Scanning electron micrograph of a silica opal piece at 10 0003 in
the (111) plane. (b) Electrodeposited nickel mesh after dissolution of the
opal membrane (10 0003).
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metallo-dielectric photonic crystals, which are predicted to have
an unusual metallicity bandgap.1

Interestingly, the extended nickel metal arrays maintain their
structure after removal of the silica membrane, while the gold
arrays appear to collapse in on themselves. Fig. 3 shows a low
magnification image (75003) of gold. Some areas of the mesh
appear spherical in what look like ‘florets’; localized structural
features, however, are still quite apparent between the regions.
Though this effect may simply be due to incomplete filling
during electrodeposition, it is also possible that it may be
associated with the greater malleability of gold relative to that of
nickel. A possibly related effect has recently been described by
Jiang et al.,6 who reported curling of gold films made by the
electroless method.

Magnetic measurements on the nickel mesh show size effects
due to the nanometer dimensions of the components. The
material exhibited a coercive field (Hc) of 500 G at 2 K that
decreased slightly with increasing temperature (Hc = 300 G at
300 K). This value is much higher than that found in bulk nickel,
which is on the order of a few tens of G. Such an enhancement
in the coercivity is well known for other size-constrained
magnetic systems.9 The presently observed coercive field is
about four times smaller than reported for 53 nm diameter
electrodeposited Ni wires10 (2000 G at T = 5 K), which is
possibly due to the absence of a ‘true’ quantum confinement
and/or structural disorder. The temperature dependence of the
magnetization (Fig. 4) shows a sharp inflection at 15 K, a broad
inflection at 210 K and a merging of the fc and zfc curves at 330
K. It is not clear at this point how these features relate to the
combined superparamagnetic effects of the components in the
metal meshes, interconnects, tetrahedra and cubes. Micro-
magnetics calculations may give some insight into the response
of these arrays.
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Fig. 3 SEM photograph showing the spherical morphology of the gold mesh
(75003).

Fig. 4 Zero-field cooled (zfc), field-cooled (fc) cycle in an external field of
1000 G for the electrodeposited Ni-mesh after removal of the opal
matrix.
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It is demonstrated that in our atmosphere sulfur trioxide
(SO3) is hydrated rather than the much more abundant
sulfur dioxide (SO2), i.e. atmospheric oxidation precedes
hydration.

In our atmosphere sulfur dioxide is converted to sulfuric acid, a
major component of acid rain, and sulfates, which increase
Earth’s reflectance by forming nuclei for cloud condensation.
The pathway of this conversion is constituted of both an
oxidative and hydration step. Whether SO2 is first oxidized, as
proposed by Stockwell and Calvert,1 or first hydrated is still not
fully clear. The direct oxidation of SO2 by the hydroxyl radical
proceeds either without2 or with a very small energy barrier.3
Also the activation barrier for oxidation of ‘hydrated SO2’
(HOSO2

2) by H2O2
4,5 or O2

6 is rather low. Vincent, Hillier and
Palmer conjectured that in fact SO2 and not the hydrogensulfite
anion (HOSO2

2) is oxidized.5 These low barriers indicate that
both oxidations are fast. In order to investigate which of the two
possible hydrations is fast or slow, we have performed direct
dynamics calculations on reactions (1) and (2)

SO2 + nH2O " SO2·nH2O " {H2SO3·(n 2 1)H2O} (1)

SO3 + nH2O " SO3·nH2O " H2SO4·(n 2 1)H2O (2)

where the size of the involved water-cluster varies from n = 1
to 3. For reaction (2) both laboratory studies7,8 and direct
dynamics studies by us9 on the atmospheric reaction rate
constants showed that owing to hydration to sulfuric acid, the
lifetime of SO3 is comparable to that of SO2 which undergoes
oxidation by hydroxyl radicals. The good agreement in the
obtained rates demonstrates the reliability of the theoretical
methods, namely variational transition state theory corrected for
microcanonical optimized multidimensional tunneling on the
basis of a hybrid density functional theory potential energy
surface [B3LYP/6-31+G(d)].10,11 Because of the thermo-
dynamic instability of ‘sulfurous acid’ (H2SO3) this species has
never been isolated, and accordingly no experimental studies
have been performed on reaction (1). This instability has been
noted in the literature12 and is here confirmed to amount to 6.8
kcal mol21 in electronic energy at the CCSD(T)/aug-cc-pVDZ/
/MP2/aug-cc-pVDZ level of theory. Application of the theoret-
ical approach to the unimolecular isomerization in reaction (1)
leads to the reaction rates shown in Fig. 1. It becomes clear that
the hydration of SO3 is much faster than the hydration of SO2 if
more than one water molecule is allowed to participate for all
temperatures prevailing in our atmosphere. Only in the case of
very low water vapor pressures, under which conditions no
complexes of > 1+1 stoichiometry form, and at temperatures
below 150 K the hydration of SO2 is faster than the one of SO3.
However, ‘faster’ here in fact means ‘less slow’ as both
conversions are unmeasurably slow under such conditions. In
contrast to the facile and fast reactions in aqueous solution (k =
3.4 3 106 s21)13 and the gas–liquid interface14 the pure gas-
phase process involving SO2–water clusters15 is very slow. As

a consequence, the reaction path not involving hydration of
SO2, namely oxidation of SO2 with subsequent hydration of
SO3, will be favored under atmospheric conditions. This arises
mainly from the fact that the barrier for the SO2 hydration
decreases from 33 kcal mol21 (n = 1) to 20 kcal mol21 (n = 2)
and 13 kcal mol21 (n = 3), whereas the barrier for hydration of
SO3 decreases from 28 kcal mol21 (n = 1) to 4 kcal mol21 (n
= 3, rotary)9 according to the B3LYP/6-31+G(d) level of
theory. At the CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
level of theory taking electron correlation more accurately into
account, the barriers are different by at most 10%. In the
literature at the G216 and QCISD(t) levels12 the barriers are also
found to be similar.

Additionally, the preassociation reaction forming the hydro-
gen bonded complex is more favorable for SO3 than for SO2, as
indicated by a gain in electronic energy of 19.8 kcal mol21

compared to 14.7 kcal mol21 [CCSD(T)/aug-cc-pVDZ//MP2/
aug-cc-pVDZ values for n = 2]. Therefore, the difference in the
overall rate constant is increased by four orders of magnitude at
250 K in addition to the difference seen in Fig. 1. For a first
order rate law for SO2 or SO3 this implies that the SO2 pressure
has to be 10 orders of magnitude higher than the SO3 pressure
at 250 K and as much as 20 orders of magnitude higher at 150 K
for SO2 hydration to become competitive. However, at an
altitude of 30 km the steady state concentration of SO3 of ca.
105 molecules cm23 compared with that of SO2 of ca. 1010

molecules cm23 is only lower by 5 order of magnitude.8 It is,
therefore, safe to assume that the dominant mechanism
converting S(IV) to S(VI) species if first the oxidation of SO2 by
OH• and second the isomerization of a SO3–H2O cluster of a

Fig. 1 Arrhenius plot of the hydration reactions of sulfur trioxide (––––) and
sulfur dioxide (······) in the presence of up to three water molecules in the
unimolecular complex. The meaning of n is explained in Fig. 2 for SO2 and
in our previous work for SO3.9
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stoichiometry of 1+2 or higher, since slow hydration of SO2 is
circumvented.
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Reaction of (NH4)2MoS4 and (NH2OH)2·H2SO4 under hy-
drothermal conditions led to the new compound (NH3-
OH)3.9MoS4.8 I, which crystallises from acetone solution
producing hollow tubules of nanoscopic size (50–500 nm
diameter, 0.1–20 mm length); thermal decomposition of I led
to the formation of highly dispersed tubular MoS2.

The recent discovery of hollow graphite tubules of nanometer
dimensions1 has greatly stimulated the study of nanoscopic
structures. Nanotubes are envisaged for potential applications in
several areas such as catalysis, composite materials and
nanowires, up to artificial muscles and intramolecular junc-
tions.2 Several types of nanotubes (and generally, hollow
microtubules) have been synthesised. Arc discharge or high
temperature treatment of molecular precursors have been
applied to elaborate the nanotubes of simple materials such as
C,1 MoS2

3 or BN.4 Fullerene-like nanoparticles and nano-
tubules of the MS2 sulfides (M = Mo, W) could be obtained
using high temperature reactions of the corresponding oxides
with H2S, or by means of sonoelectrochemical syntheses.5
Different types of nanoscopic tubules were obtained at low
temperatures, using templating reactions with organic surfac-
tants. This approach has led to hollow tubules of oxides such as
SiO2

6 or V2O5.7 Tubular MoS2 has been prepared by decom-
position of (NH4)2MoS4 within the pores of an alumina
membrane, followed by dissolution of the templating oxide in
aqueous NaOH.8

Here, we report on a new type of inorganic hollow tube,
formed at low temperature without addition of template. A
newly synthesised compound (NH3OH)xMoSy, (3 < x < 4, 4 <
y < 5) prepared hydrothermally, led to tubules upon crystalliza-
tion at room temperature.

The preparation technique was as follows. To a stainless steel
vessel were added solutions of 2.8 g (NH4)2MoS4 (ATM) in 100
ml of water and 8 g (NH2OH)2·H2SO4 dissolved in 100 ml of
water. An H2S pressure of 20 bar was then applied to the
reaction mixture and after 30 min at 493 K a brown powder was
filtered off, washed with distilled water and dried in air. The
product was then treated with acetone in a Soxhlet apparatus for
2 h. A dark red washing solution of I was obtained and a brown
insoluble residual II (ca. 1 g) was collected from the filter. The
acetone solution was cooled to room temperature and evapo-
rated in a glass vessel in air. After evaporation of the acetone,
0.7 g of light brown powder I was obtained.

The solids were characterised by several physico-chemical
techniques, including X-ray diffraction (XRD), FTIR spectros-
copy and surface area measurements. High resolution transmis-
sion electron microscopy (HREM) combined with EDX
analysis was performed on a JEOL 2010 microscope. EXAFS
measurements were performed at the Laboratoire d’Utilisation
du Rayonnement Electromagnétique (LURE), on the XAS2
spectrometer. Measurements were carried out in transmission
mode at the Mo K edge in the range 19900–21000 eV at 8 K.
The EXAFS data were treated with SEDEM9 and FEFF10

programs. X-Ray photoelectron spectra (XPS) were measured
on a VG ESCALAB 200R spectrometer using Al-Ka radiation.
Thermal decomposition of solids was studied using a mass-
spectrometer Gas trace A instrument (FISONS Instruments).

Dispersed MoS2 for catalytic applications is often obtained
from the decomposition of ATM. To prepare dispersed MoS2 in
an aqueous medium, we studied the reactions of ATM in the
presence of inorganic reducing agents, such as hydroxylamine
and hydrazine.11 If a solution of (NH2OH)2·H2SO4 was added at
room temperature to aqueous ATM, an MoS3 suspension was
formed according to reaction (1), due to the acidic pH of the
reaction medium.

(NH4)2MoS4 + 2 H+? MoS3 + 2NH4
+ + H2S (1)

However, under the mild hydrothermal conditions used (20
bar H2S, 493 K, 30 min), MoS3 reacted further to give a dark
brown solid I which was insoluble in water but partially soluble
in acetone. According to chemical analysis, solid I had
composition (NH3OH)3.9MoS4.8, close to the idealised formula
(NH3OH)4MoS5.

The insoluble brown residual II had chemical composition
MoS7.88, close to the MoS8 stoichiometry. The amounts of
nitrogen and oxygen in solid II were < 0.5%.

Scanning electron microscopy revealed that I consists mostly
of hollow tubes of different diameters and lengths. The external
diameter of tubules varied from 50 to 500 nm whereas the length
was between 0.1 and 20 mm. Some irregular spherical
agglomerates were also observed. Transmission electron mi-
croscopy (Fig. 1) showed that the tubes are hollow, with straight
walls. Electron diffraction did not reveal any crystal ordering in
the tubules or spherical agglomerates.

Solid II consisted of shapeless agglomerates and was XRD
amorphous but was fairly homogeneous according to HREM

Fig. 1 Transmission electron micrograph of tubules of solid I.
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and EDX studies. Formation of II has been observed under
different reaction conditions. A solid of composition MoS7.6
was obtained at 1 bar of H2S and 373 K (in this case an acetone-
soluble product was not formed). We suggest therefore that
solid II is a distinct compound close to the MoS8 composi-
tion.

The preparation of microtubules I was reproduced under
various reaction conditions. For example, at 473 K and for a
reaction time of 1 h, a solid of composition (NH3OH)3.4MoS4.7
was obtained, in somewhat lower yield and with a decreased but
still high number of tubules. Tubules I could be repeatedly
redissolved in acetone and reprecipitated by slow evaporation,
either at ambient conditions or at 313 K.

The role of hydroxylamine in the synthesis is, as yet, not clear
but is certainly important, since without addition of hydrox-
ylamine only poorly crystallised MoS2 was obtained under the
same reaction conditions. Our attempts to prepare single
crystals of I suitable for structure determination, via crystallisa-
tion from alcohols or methylformamide were not successful.

The powder XRD pattern of I [Fig. 2(a)] showed only a broad
peak, corresponding to an interplanar distance of ca. 1.08 nm.
Solid II [Fig. 2(b)] was also XRD amorphous, with broad
maxima close to those of the MoS3 reference sample [Fig.
2(c)].

In the IR spectrum of I, intense absorptions at 499 and 350
cm21 were observed, characteristic for Mo–S bonds.12 The IR
spectrum of II showed the same Mo–S features, and a broad
peak at ca. 520 cm21 attributed to S–S stretching vibrations.
Comparison of the IR spectra suggests that II contains many S–
S bonds whereas they are absent in I.

XPS binding energies were studied at the Mo 3d and S 2p
levels (C 1s reference binding energy = 284.5 eV). The binding
energies are estimated at an accuracy of ca. 0.2 eV. Single
molybdenum species were observed in both I and II. The Mo
3d5/2 binding energies in I and II were 229.8 and 229.1,
respectively, suggesting that in I the electron density on Mo is
lower, than in II. The sulfur S 2p binding energies are 163.2 and
162.8 eV for I and II, at the positions of ionic (sulfoxide)
sulfur13 and terminal bidentate S2

22 species, respectively.14

Both changes of molybdenum and sulfur signals from I to II
correspond to the removal of S–S bridges with simultaneous
formation of terminal Mo–S species, in which sulfur is probably
coordinated to nitrogen or oxygen.

Results of EXAFS studies of I and II are listed in Table 1 and
compared to the literature data on Mo coordination in some
reference compounds. For the EXAFS fit for I and II, the energy
shift DE0 was 4 eV for the Mo–S and 9 eV for the Mo–Mo shell.
Debye–Waller factors for both shells were in the range ca.
2.10–5 nm2. According to the EXAFS fitting results, molybde-

num has approximately the same number (N) of S and Mo
neighbours in I as in MoS3, but a considerably longer Mo–Mo
distance. By contrast, a short Mo–Mo distance was observed in
II, but the number of S neighbours is significantly higher than
in MoS3, and even higher than that in MoS4.7.15

Both I and II are chemically derived from MoS3 (which itself
possesses a poorly organized, probably chainlike structure). It
can be suggested that I and II are formed by addition of sulfide
ions or of zerovalent sulfur to the MoS3 chains, giving,
respectively, MoS5

22 (solid I) or MoS8 (solid II). Since I is
soluble in acetone it is probably oligomeric with short chains,
whereas II is insoluble in any solvent, which suggests a three-
dimensional or chainlike structure. The reason why a tubular
morphology is adopted by I is not yet understood and the
reaction mechanism requires further clarification.

Heating compound I under an inert gas flow at 823 K leads to
its decomposition with formation of pure MoS2 [Fig. 2(d)].
Decomposition of I was monitored by mass spectrometry which
established a multistep process with formation of water and
ammonia at ca. 435 K, and water and nitrogen at 683 K.
According to thermogravimetric analysis, the mass loss at 823
K was 64%, whereas the calculated value for (NH3OH)4MoS5
decomposition to MoS2 is 59%. The MoS2 obtained from I
showed a specific surface area of 65 m2 g21 with retention of the
same tubular morphology as the precursor. The synthesis
reported here provides therefore a route to large scale
production of hollow microtubules of the technologically very
important MoS2.

Notes and references
1 S. Iijima, Nature, 1991, 354, 56.
2 Z. Yao, H. W. Ch. Postma, L. Balents and C. Dekker, Nature, 1999, 402,

273.
3 L. Margulis, G. Salitra, R. Tenne and M. Talianker, Nature, 1993, 365,

113.
4 A. Loiseau, F. Willaime, N. Demoncy, G. Hug and H. Pascard, Phys.

Rev. Lett., 1996, 76, 4737.
5 Y. Mastai, M. Homyonfer, A. Gedanken and G. Hodes, Adv. Mater.,

1999, 11, 1010.
6 F. Miyaji, S. A. Davis, J. P. H. Charmant and S. Mann, Chem. Mater.,

1999, 11, 3021.
7 M. E. Spahr, P. Bitterli, R. Nesper, M. Müller, F. Krumeich and H. U.

Nissen, Angew. Chem., Int. Ed., 1998, 37, 1263.
8 C. M. Zelenski and P. K. Dorhout, J. Am. Chem. Soc., 1998, 120,

734.
9 D. Aberdam, J. Synchrotron Radiat., 1998, 5, 1287.

10 J. J. Rehr, S. I. Zabinsky and R. C. Albers, Phys. Rev. Lett., 1992, 69,
3397.

11 P. Afanasiev, G.-F. Xia, G. Berhault, B. Jouguet and M. Lacroix, Chem.
Mater., 1999, 11, 3216.

12 Th. Weber, J. C. Muijers and J. W. Niemantsverdriet, J. Phys. Chem.,
1995, 99, 9194.

13 B. J. Lindberg, K. Hamrin, G. Johansson, V. Gelius, A. Falhmann, C.
Nordling and K. Siegbahn, Phys. Scr., 1970, 1, 286.

14 J. C. Muijers, Th. Weber, R. M. van Hardeveld, H. W. Zandbergen and
J. W. Niemantsverdriet, J. Catal., 1995, 157, 698.

15 S. J. Hibble, D. A. Rice, D. M. Pickup and M. P. Beer, Inorg. Chem.,
1995, 34, 5109.

16 S. P. Cramer, K. S. Liang, A. J. Jacobson, C. H. Chang and R. R.
Chianelli, Inorg. Chem., 1984, 23, 1215.

17 A. Muller, W. O. Nolte and B. Krebs, Inorg. Chem., 1980, 19, 2835.

Fig. 2 Powder XRD patterns of (a) solid I, (b) solid II, (c) reference MoS3

and (d) MoS2 obtained from decomposition of I at 823 K.

Table 1 EXAFS fitting results of molybdenum coordination in I and II as
well as for some reference sulfide compounds

Sample (statea) Mo–S N(S) Mo–Mo N(Mo) Ref.

I (am) 2.33 1.3 3.05 1.08 —
2.49 3.8

II (am) 2.40 4.1 2.75 0.92 —
2.48 4.5

MoS3 (am) 2.43 6 2.75 1 15
MoS4.7 (am) 2.44 7.33 2.78 1.33 15
MoS3 (am) 2.44 5.5 2.75 1–2 16
(NH4)2Mo2S12·2H2O (cr) 2.38–2.5 8 2.82 1 17
a am = Amorphous, cr = crystalline.
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2D correlation IR spectroscopy (2D-COS) allows quantita-
tive monitoring of xylene isomers in the pores of H-MFI
zeolite under working conditions; coke bands invisible in the
direct spectra are detected, indicating traces of coke
localised on specific OH groups.

IR spectroscopy is nowadays used routinely for the study of the
surface of working heterogeneous catalysts in catalytic reactors
equipped with IR transparent windows. It has, for example,
been applied to xylene isomerisation in zeolites.1 The main
difficulty resides in the complexity of the spectra, and in the
choice of adequate bands for the characterisation and quantifi-
cation of species of interest. Detection of trace compounds is
often a problem because of the low signal to noise ratio obtained
at high temperatures in the IR cell. New data treatment methods
such as 2D correlation IR spectroscopy (2D-COS) have led to
significant improvements in this area.2,3 We report here, the
application of 2D-COS to the in situ IR study of o-xylene
isomerisation in H-MFI zeolite under working conditions. This
led to an improvement in the quantitative monitoring of xylene
isomers in the micropores of the solid and to the detection of
traces of coke in the catalyst. A correlation was found between
the degree of coke incorporation and the perturbation of specific
hydroxy groups in the solid.

Experiments were performed in a microreactor-IR cell
already described elsewhere,4 in which the spectra of both the
self supported wafer of the catalyst and the adsorbed species can
be recorded during the reaction up to 725 K. A nitrogen gas
stream was diverted to a saturator filled with o-xylene and
maintained at a constant temperature (300 K) and the resulting
mixture fed to the reactor/IR cell. The reaction conditions were:
473–573 K, 8 Torr o-xylene partial pressure, WHSV: 2.7 h21.
The reaction products exiting the reactor were analysed by gas
chromatography. The spectrometer was a Nicolet Magna 750,
used at 2 cm21 resolution (Happ-Genzel apodisation func-
tion).

The spectrum of the activated zeolite at 473 K shows in the
n(OH) stretching vibration region two intense bands at 3738 and
3602 cm21, assigned to the stretching vibrations of silanols and
acidic bridged hydroxy groups, respectively. Upon o-xylene
adsorption at this temperature, the intensities of both bands
immediately decreased. Attenuation is moderate for the silanol
band (10%), indicating only a weak interaction. By contrast, the
intensity decrease of the acidic hydroxy band is much more
substantial (70% reduction) and can be assigned to the
formation of hydrogen bonds with the aromatic molecule. The
perturbed OH leads to a broad band centred at 3200 cm21. At
the same time, a complex group of bands appears between 1380
and 1600 cm21, assigned to vibrations of the adsorbed o-xylene.
During the first few minutes of reaction, a new band appears at
1605 cm21, assigned to the n8a or n8b vibration of m-xylene
(1610 cm21 in the liquid phase). Although p-xylene should
exhibit an intense and characteristic band (1515 cm21 in the
liquid phase), this is not observed on the surface, although p-
xylene is present in the reaction products (GC analysis). This is
probably related to its fast diffusion in the pore system
preventing its building up and detection inside the catalyst pores
under our reaction conditions (2 ± 0.2% conversion).

2D-IR spectroscopy was introduced by Noda et al.,2 and was

initially based on time resolved IR spectroscopy of a sinusoidal
perturbation such as that produced by the mechanical strain of
a vibrating polymer. Noda later proposed to generalise his
method to non-sinusoidal perturbations such as irradiation or
electrochemical perturbations,3 leading to significant increases
in sensitivity and resolution of complex band groups. Here, we
consider the chemical reaction as the perturbation. We used 2D-
COS analysis of a series of spectra recorded between 4 and 14
min reaction time in the o-xylene isomerisation reaction to
resolve the aromatic vibration bands (Fig. 1).

2D-COS allows analysis of spectral changes with time.
Spectra can be obtained either by a Fourier transform of the
interferograms recorded at regular time intervals, or by a simple
covariance analysis in the spectral series, by use of eqn. (1)
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where N is the total number of spectra recorded, Ai(n1) the
absorbance at n1 for the ith spectrum, Ā(n1) the absorbance at n1

for the reference spectrum and r(n1, n2) the correlation
coefficient between intensities at wavenumbers n1 and n2. The
reference spectrum is generally the arithmetic mean spectrum
but the first spectrum or the spectrum at steady-state can also be
used. sn1, sn2 are the standard deviations at n1 and n2,
respectively. A 2D display of the covariance or correlation
between all frequencies in the spectrum gives information on
the relationship existing between various bands, depending on
their simultaneous or independent intensity variations. In the
following, we elect to split the graphical display into two
separate sets for positive and negative covariance, to identify
bands varying in the same way (positive covariance, Fig. 2) or
in opposite ways (negative covariance, not shown). During
isomerisation, o-xylene is progressively replaced by m-xylene
which accumulates in the pore system. A negative correlation

Fig. 1 Some spectra recorded between 4 and 14 min reaction time at 473 K.
Inset: spectra of the clean catalyst (——) and of the catalyst under working
conditions (·····).
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should therefore appear between the o-xylene bands (whose
intensities decrease) and the m-xylene bands (whose intensities
increase). On the other hand, bands having contributions from
o-xylene are autocorrelated, as are bands having contributions
from m-xylene. Assignment of bands is thus considerably eased.
Additionally, it was possible to detect very weak bands which
are invisible in the normal 1D spectra. At 473 K, m-xylene
bands occur at 1605, 1590, 1535, 1515, 1482 and 1381 cm21,
and o-xylene bands are at 1495, 1466, 1458, 1423, 1412 and
1390 cm21. The regions exhibiting the most intense negative
correlation were chosen for the in situ quantitative monitoring:
1605 cm21 for m-xylene and 1466 cm21 for o-xylene.
Approximate extinction coefficients for these two bands were
determined by adsorbing the two pure isomers on the catalyst at
400 K (highest temperature achievable without isomerisation)
under the same conditions in the IR cell and in a thermogravi-
metric MacBain balance. The obtained values were e1605 =
0.026 ± 0.004 cm mmol21 and e1466 = 0.029 ± 0.004 cm
mmol21. The IR intensities of these two bands can be used to
measure the concentrations of the isomers in the pore system
and their change with time on stream (Fig. 3).

2D-COS is particularly powerful when applied to spectra
recorded at higher temperature, with low signal to noise ratio,
during the reaction at 573 K. When the steady state is reached
after the initial adsorption step, no change is observable in the
1D spectra, but 2D-COS clearly shows a cross-peak in the
region of aromatic vibrations at 1596 cm21 (Fig. 4, left). A very
weak band is found at this wavenumber in the 1D spectra, which
is masked by overlapping xylene bands. The negative covari-

ance map between the region of aromatic vibrations and n(OH)
bands (Fig. 4, right) indicates a link between the 1596 cm21

band and a decrease of the intensity of two bands located at
3727 and 3656 cm21 assigned to low frequency silanols and to
extraframework AlOH groups, respectively.5 By flushing the
catalyst surface with pure helium at the reaction temperature,
adsorbed xylenes are eliminated, and the corresponding bands
disappear. A species, however, remains adsorbed on the surface,
and is characterised by a band at 1596 cm21. Additionally
n(OH) bands are not completely recovered, and (very) weak
negative bands appear in the difference spectrum at 3727 and
3656 cm21. These correspond to the perturbation of the low
wavenumber silanols and of the extraframework AlOH groups
detected in the course of the reaction by 2D-COS. We interpret
this result in terms of traces of coke (bands around 1600 cm21

are generally observed after coke formation on zeolites in
hydrocarbon conversion reactions),6,7 localised on these spe-
cific silanol and AlOH groups, but not on the acidic (bridged
OH) sites. Coke is only present in trace amounts and the activity
remains constant throughout the reaction. A slight increase in
para-selectivity is however observed by GC analysis of the
products. Unambiguous determination of the localisation of
these OH groups in the microporous structure is currently in
progress.

2D-COS treatment of the spectra is therefore a powerful new
technique; it enables a much more detailed analysis of IR
spectra, in particular for the monitoring of the working catalyst.
Non-interfering bands can be chosen for the quantitative
measurement of surface species under reaction conditions at
473K. At higher temperature (lower signal to noise ratio), traces
of coke can be detected on H-MFI zeolite, linked to the
perturbation of specific OH groups (not those of the acidic
sites).
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Fig. 2 2D positive covariance map obtained with 34 spectra recorded
between 4 and 14 min reaction time at 473 K. The spectra shown on the axes
are the mean spectra in the series.

Fig. 3 Concentration of isomers in the pores at 473 K determined by IR
using bands studied by 2D-COS.

Fig. 4 Left: positive covariance analysis of the 1360–1650 cm21 region
during isomerisation at 573 K (188 spectra, 60 min). A large covariance
peak centred at 1596 cm21 was detected which could not be assigned to a
xylene isomer. The weak signal to noise ratio in the direct spectra did not
allow its observation without 2D-COS. Right: negative covariance analysis
of the same series of spectra between the band at 1596 cm21 and the n(OH)
region. Although adsorbed m-xylene led to the band at 1600 cm21, the
maximum negative correlation was observed at 1596 cm21. It should be
noted that the perturbation of the acidic sites [n(OH) at 3600 cm21] was not
linked to the perturbations described here. The spectra on the axes are not
normal 1D spectra, but are mean spectra of the series which are displayed
for clarity.
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A novel poly(terthiophene) species provides the first exam-
ple of an annelated TTF-thiophene derivative which can be
polymerised electrochemically.

In general, the electropolymerisation of a conducting polymer is
of particular interest for the following reasons: (i) the process is
relatively cheap and can be performed on a small scale; (ii) the
‘clean’ reaction proceeds in the absence of a catalyst or other
chemical reagents; (iii) the electrochemistry of the polymer can
be investigated almost immediately and (iv) the electronic
bandgap of the polymer can be measured by cyclic voltammetry
and is usually comparable to the optical bandgap measured by
UV–VIS spectroscopy.

Although we have recently prepared polymer 1 using
chemical coupling methods,1 the electropolymerisation of
thiophene units bearing fused 22 or covalently attached2,3 TTFs

has so far eluded the field. The consensus of opinion points
towards the fulvalene acting as a radical scavenger which,
together with some degree of intramolecular coulombic repul-
sion between charged oxidised intermediates, renders the
thiophene moiety inert to oxidative coupling reactions. The
electrosynthesis of polythiophenes, linked to TTF units via
saturated spacer groups, has been well established by the group
of Roncali,4 yet the successful electropolymerisation of conju-
gated TTF-thiophene monomers remains a challenge. In
response to this, we have prepared compounds 3 and 4, which
are terthiophene analogues of 2. The propensity towards
electropolymerisation for these derivatives should be improved
by the increased donor ability of the thiophene functionality (the
oxidation potential of oligothiophenes decreases with an
extension of the chain length).

The target compounds were prepared using standard phos-
phite-mediated cross-coupling reactions of 1,3-dithiole-2-chal-
cogenones (Scheme 1).5 Thus, terthiophenes 56 and 67 were

reacted with dithiole 78 in the presence of triethyl phosphite at
120 °C, to afford compounds 3 and 4 (30–40% yield in both
cases).‡

The electrochemical behaviour of compounds 2–4 is sum-
marised in Table 1.§ All three compounds show two sequential
reversible oxidation waves corresponding to the formation of
the TTF radical cation and dication, respectively. It is
noteworthy that the oxidation values for the two terthiophene
derivatives are almost identical, thereby indicating that any
inductive effect due to the 1,4-dithiin ring is negligible.
However, each oxidation of the TTF moiety in 2 is shifted to a
more positive value by ca. 100 mV, compared to derivatives 3
and 4. The electronic effect of the fused thiophene ring upon the
TTF unit can be explained by a s electron-withdrawing effect in
2, which is reduced by a counter-active p-resonance effect of
the two peripheral thiophene rings in 3 and 4.

The high value for the irreversible oxidation of the thiophene
ring in 2 (E3 = +2.18 V)9 is unfavourable for electro-
polymerisation, however, the corresponding oxidation proc-
esses for compounds 3 and 4 are reduced to +1.55 and +1.52 V,
respectively. These values are relatively high for terthiophene
derivatives in general and are probably due to an electron
withdrawing effect of the TTF dication. For electropolymerisa-
tion experiments, repetitive scanning over the range 0.0 to +1.6
V was performed, using a Ag/AgCl reference electrode and a
gold disk working electrode in a dichloromethane–hexane (2+1)
solution containing tetrabutylammonium hexafluorophosphate
(0.1 M) as the supporting electrolyte. As we have observed
previously,9 monomer 2 failed to polymerise; however, we were
quite surprised to discover different electrochemical reactivities

† New address: Department of Chemistry, University of Manchester.

Scheme 1 Reagents and conditions: i, P(OEt)3, 7, 120 °C, 6 h.

Table 1 Cyclic voltammetric data for compounds 2–4

Compound E1
1
2/V E2

1
2/V E3/Va

2 +0.74 +1.10 +2.18
3 +0.64 +1.02 +1.55
4 +0.64 +0.99 +1.52

a Irreversible peaks.
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for compounds 3 and 4, despite the close similarity in redox
potentials. Although, in the case of 3, we observed the formation
of a red film on the surface of the electrode, cyclic voltammetry
clearly showed that this was not of polymeric nature. Con-
versely, reproducible films of poly(4) were obtained under
identical conditions; a typical trace showing polymer growth
over 10 cycles can be seen in Fig. 1. The proportionally higher
increase in current between scans for E2

1
2, compared to the first

oxidation wave, has been seen previously in poly(bithiophenes)
linked to TTF units via saturated spacer groups.4c This type of
behaviour shows that the second oxidation of the TTF species
develops independently of charge-transport through the film,
which is not the case for E1

1
2.

Fig. 2 features cyclic voltammograms of poly(4) at various
scan rates (25–500 mV s21) in monomer-free acetonitrile
solution. The relationship between the maximum peak current
and the scan rate (100–500 mV s21) is linear with a high
correlation coefficient (r > 0.996). This behaviour is typical of
an electroactive polymer attached to an electrode surface and
exemplifies the stability of poly(4) towards p-doping up to +1.3
V. At higher potentials the CV behaviour becomes ambiguous.
Although the polymer does not appear to decompose or break
down in the range 21.5 to +2.0 V, the CVs obtained within
these limits are poorly defined and irreproducible.

Poly(4) was prepared on ITO glass and the electronic
spectrum of the film was recorded. Two broad peaks are
observed at lmax = 459 and 833 nm (lmax for compound 4 in
dichloromethane is at 344 nm, Fig. 3). The latter peak indicates
that the as-grown polymer remains in the oxidised state,
however, since doped polythiophene and TTF4+ species absorb
in this region, the identity of the oxidised species is uncertain.
Rinsing the polymer film thoroughly with hydrazine had no
effect on the electronic spectrum of poly(4), showing that the
polymer is quite stable in the doped state. However, after
repetitive cycling of the polymer film over the range 20.3 to 0.0
V for 2 h, we were able to obtain the electronic spectrum of the
neutral polymer (Fig. 3). A broad band is observed (lmax = 449
nm), extending to ca. 736 nm, which is typical behaviour for a

polythiophene system. The absence of a second peak above 800
nm confirms the neutral state of poly(4) and the optical bandgap
of the neutral polymer (1.69 eV) was found to be somewhat
higher than the bandgap determined electrochemically (1.39
V).

In summary, we have presented a logical strategy towards the
design of a polymerisable fused TTF-thiophene derivative.
Beginning with a monomer unit 2 which has been acknowl-
edged as being a priori for the formation of a regiospecific TTF-
thiophene polymer,10 we have highlighted the problems which
arise from unfavourable interactions between the two redox
units towards electropolymerisation. On one hand, the use of a
terthiophene building-block is essential for a low oxidation
value of the polymerisable moiety. Secondly, since 3 cannot be
polymerised electrochemically, the incorporation of a fused
1,4-dithiin bridging unit in 4 presumably ensures a favourable
spin density distribution in the radical trication for polymer-
isation to take place. We conclude that, in order to understand
the nature of poly(4) at higher and lower potentials, a detailed
spectroelectrochemical investigation would be extremely
worthwhile.

We thank The Royal Society and NATO for a Postdoctoral
Fellowship (to I. M. S.).
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Fig. 1 Electropolymerisation of 4 in dichloromethane–hexane (2+1).

Fig. 2 Cyclic voltammograms of poly(4) in monomer-free acetonitrile
solution at scan rates of 25, 50, 100, 150, 200, 250, 300, 350, 400, 450 and
500 mV s21.

Fig. 3 Electronic absorption spectra of compound 4 in dichloromethane
(- - - - -), oxidised poly(4) on ITO glass (······) and neutral poly(4) on ITO
glass (––––).

1006 Chem. Commun., 2000, 1005–1006



Colloids as redox sensors: recognition of H2PO4
2 and HSO4

2 by
amidoferrocenylalkylthiol–gold nanoparticles

Agnès Labande and Didier Astruc*

Groupe de Chimie Supramoléculaire des Métaux de Transition, LCOO, UMR CNRS N°5802, Université Bordeaux I,
351 Cours de la Libération, 33405 Talence Cédex, France. E-mail: d.astruc@lcoo.u-bordeaux.fr

Received (in Oxford, UK) 27th March 2000, Accepted 4th May 2000
Published on the Web 23rd May 2000

Gold colloids containing a mixture of alkylthiol and
amidoferrocenylalkylthiol (AFAT) ligands are new redox
sensors for H2PO4

2 and HSO4
2.

A promising approach towards nanoscopic materials is the
investigation of their supramolecular properties which may lead
to new sensors, catalysts and nanoscale electronic devices.1
Only a few molecular recognition studies have been reported
with colloids, however.3 We wished to combine the effect of the
topology in alkylthiol–gold nanoparticles and the supramo-
lecular properties of their redox-active termini for their use as
exo-receptors.4 In order to attain this goal, we have synthesized
functional alkylthiol–gold nanoparticles containing a mixture of
alkylthiol ligands and amidoferrocenylalkylthiol (AFAT) li-
gands (Fig. 1). We then monitored the titration of NBun

4
+ salts

of H2PO4
2 and HSO4

2 by these nanoparticles using cyclic
voltammetry (CV). These ligands have been introduced and
studied by Creager on gold surfaces,5 and ferrocenylalkylthiol
colloids are known,6 but the introduction of an amido group
close to the ferrocene center now adds the supramolecular
aspect to these colloids.

Recognition of anions is an important topic because a number
of anions are found in biological systems.7 In particular, Beer
showed that amidoferrocenyl groups linked to endo-receptors
are able to sense anions.4a–c We now find that the redox
potential of the amidoferrocenyl group is sufficiently perturbed
by the synergy between the hydrogen-bonding, electrostatic
interaction and topology in alkylthiol–gold nanoparticles con-
taining AFAT ligands (unlike in alkylamidoferrocene mono-
mers) to recognize H2PO4

2 and HSO4
2.

The AFAT-containg colloids were synthesized by ligand
substitution using Brust’s colloids, leaving the gold core
unchanged.2 We have applied this technique with a variable
proportion of amidoferrocenylalkylthiol ligands of variable

lengths (11 and 6 C atoms)11 and verified using TEM that the
core size is not modified upon ligand substitution. Indeed, the
combination of elemental analysis, 1H NMR spectroscopy and
TEM leads, for instance, to an average number of 269 gold
atoms per core of 2 nm diameter and 80–106 dodecanethiolate
chains.8 Table 1 shows the proportion of AFAT ligands
(determined by 1H NMR) which is introduced onto the
nanoparticles as a function of the amount engaged in the ligand-
substitution reactions. Saturation is reached for 38 AFAT
ligands per particle. These thermally stable nanoparticles are
unaffected by air and are soluble in CH2Cl2.

The CVs of these colloids containing a variable amount of
AFAT ligands always show a reversible ferrocene/ferrocenium
wave (Pt, CH2Cl2, 0.1 M [NBun

4][PF6]) at E1/2 = 0.220 V vs.
FeCp2

0/+ in CH2Cl212 with some adsorption indicated by the
Epa–Epc values (typically 20 mV) lower than the 58 mV value
expected at 20 °C for classic monoelectronic waves. The
observation of a single wave is due to the fact that all the redox
centers of a particle appear identical and independent of the
electrochemical time scale, indicating that the rotation of the
particles and H-bonding formation and cleavage are faster than
this time scale. Mediation of electron transfer among the
ferrocenyl sites may also occur.9 Addition of [NBun

4][H2PO4]
to a CH2Cl2 solution of these nanoparticles leads to the
appearance of a new, cathodically shifted, wave the intensity of
which increases at the expense of the initial wave. The
replacement of the initial wave by the new one is complete after
addition of 1 equivalent [NBun

4][H2PO4] per AFAT branch
(Fig. 2), indicating a 1+1 interaction between the anion and the
amidoferrocenium group. It is remarkable that the potential shift
upon addition of the anion is large (DE° = 220 mV) and
constant whatever the proportion of AFAT ligand in the
nanoparticles (from 7 to 38%) and its length (6 or 11 CH2 units).
This shift is much larger not only than that obtained for the
alkylamidoferrocene monomer FcCONHCH2CH2OPh (45 mV)
but also for the tripod PhC(CH2CH2CH2NHCOFc)3 (110 mV),
and is analogous to the value observed with a nona-branched
amidoferrocene dendrimer.9 Thus, it is probable that the
channels defined between the parallel ligands create sufficient
steric strain to provide a favorable particle effect comparable to

Fig. 1 Gold nanoparticles containing, on average, 29% of AFAT ligands
(29-Fc).

Table 1 Results of ligand-exchange reactions between AFAT– and
dodecanethiol (DT)–gold nanoparticles

AFAT/DT ratio AFAT/DT
AFAT members in %AFAT in
chain length Reactiona Productb productc productd

C11 1+4 1+13 8/97 7
C11 1+1 1+8 10/70 13
C11 1.5+1 1+5 21/85 20
C11 1.75+1 1+3.5 31/75 29
C11 2+1 1+2.6 39/64 38
C6 2+1 1+5.5 16/70 18
a Mole ratio of AFAT ligand to nanoparticle-bound DT ligands in ligand-
exchange reactions. b Average mole ratio of AFAT/DT ligands in the
nanoparticles. c Average numbers of AFAT/DT ligands in the particles.
d Average percentage of AFAT ligands in the nanoparticles.
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the dendritic effect observed with metallodendrimers. This DE°
value means that the apparent association constant K(+) between
H2PO4

2 and the polyferrocenium form of the particle is 5350 ±
550 times larger than that, K(0), related to the neutral
polyferrocene form (electrostatic effect).10

Gratifyingly, this technique also allows confirmation of the
number of AFAT ligands in the particles determined by 1H
NMR, viz. 10–30% AFAT ligands on the particles (Table 2). It
is also possible to titrate [NBun

4][H2PO4] in the presence of
both [NBun

4][HSO4] and NBun
4Cl (in addition to the electrolyte

[NBun
4][PF6] in large excess), but the initial wave is now

progressively shifted cathodically instead of being progres-
sively replaced by another wave. This dramatic change of
behavior may be understood in terms of a dynamic equilibrium
among various anion complexes and by the fact that the kinetics
of complexation can be different in the presence of a single
anion or a mixture of anions.11

Finally, it is possible to titrate [NBun
4][HSO4] alone since the

initial wave of those particles which have a low content of
AFAT ligands (10–20%) is progressively shifted cathodically
by addition of this anion up to 40 mV after addition of 1
equivalent of [NBun

4][HSO4], which again corresponds to a 1+1
interaction, with an apparent association constant K(+) = 480 ±
120 mol21 L at a concentration of 1022 M.10 It is noteworthy
that the DE° value is much smaller for HSO4

2 than for H2PO4
2,

which shows the selectivity of the recognition by these
nanoparticles. When the AFAT ligand content of the particles is
larger (29–38% AFAT) or the chain shorter (C6), this 1+1

interaction is no longer found, and equivalence points are 
reached with a lower quantity of added [NBun

4][HSO4]. This
distortion might best be accounted for by intramolecular amide–
amide double hydrogen-bonding of two neighboring AFAT
ligands at high AFAT ligand content. This effect is also more
pronounced for HSO4

2 than for H2PO4
2. The moderate

adsorption as monitored by the Ea 2 Ep values along these
titration studies changes slightly during the titration, but does
not disturb the titrations. These particles do not recognize
chloride, bromide and nitrate anions and thus there is a
selectivity for the above oxo-anions. We are now continuing our
research with other particles of similar and different types to
extend the scope of the present reasults and investigate
solvation and pH effects.

In conclusion, these particles are used as exo-receptors which
can sense H2PO4

2 and HSO4
2 owing to their hydrogen-

bonding capacity with these oxo-anions, and excellent selectiv-
ity between the two oxo-anions has been found. They can be
compared to dendrimers, but they show effects which are
different, although the particles are as efficient as nona-
amidoferrocene dendrimers to sense HPO4

2 (some of our
polyamidoferrocene dendrimers9b do not recognize HPO4

2).
The particles also present a great advantage in that they are
synthesized in one step whereas dendritic syntheses require a
large number of steps.

We thank Michel Chambon for accurate TEM studies and the
Institut Universitaire de France, the CNRS, the Université
Bordeaux I and the Région Aquitaine (thesis grant to A. L.) for
financial support. This paper is dedicated to the memory of John
Osborn.
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Fig. 2 Titration of the 20-Fc (AFAT) nanoparticles with [NBun
4][H2PO4]

monitored by CV. Decrease of the intensity of the initial ferrocene CV wave
and increase of the intensity of the new wave vs. the number of equivalents
of [NBun

4][H2PO4] added per Fc (AFAT) branch; nanoparticles: 5 3 1026

M in CH2Cl2; [NBun
4][H2PO4]: 1022 M in CH2Cl2, [NBun

4][PF6]: 0.1 M,
20 °C, reference electrodes: SCE and FeCp2; auxiliary and working
electrodes: Pt, scan rate: 200 mV s21. Plots of these intensities with particles
containing various numbers of Fc (AFAT) branches (see text) gave
analogous results: (:) initial wave, (5) new wave.

Table 2 Determination of the average number of AFAT ligands in the
nanoparticles

Total number of AFAT ligands

Titration by CV

H NMR H2PO4 H2PO4
2a HSO4

2

7-Fc (C11) 8 8.3 — —
13-Fc (C11) 10 9.5 9 10.25
20-Fc (C11) 21 22 19 18
29-Fc (C11) 31 29 25 17b

38-Fc (C11) 39 32 29.5 13b

18-Fc (C6) 16 14 — 9b

a Titration carried out in the presence of excess [NBun
4][HSO4] (5 3 1026

mol) and NBun
4Cl (2.5 3 1026 mol). b Low value due to intramolecular H-

bonding at high content of the AFAT ligand (see text).

1008 Chem. Commun., 2000, 1007–1008



 

The kinetic resolution of allylic alcohols by a non-enzymatic acylation catalyst;
application to natural product synthesis†

Stéphane Bellemin-Laponnaz, Jennifer Tweddell, J. Craig Ruble, Frank M. Breitling and Gregory C. Fu*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA.
E-mail: gcf@mit.edu

Received (in Corvallis, OR, USA) 7th March 2000, Accepted 24th April 2000
Published on the Web 22nd May 2000

A planar-chiral DMAP derivative is shown to serve as an
effective catalyst for the kinetic resolution of allylic alcohols;
to illustrate its practical utility, the catalyst is applied to the
resolution of two alcohols that have been employed as
intermediates in recent natural product total syntheses.

During the mid-1990s, Evans et al.1 and Vedejs and Chen2

reported the first stoichiometric chiral acylating agents that are
effective for the kinetic resolution of alcohols [selectivity factor
(s) > 10],3 work that marked an important first step in the
development of non-enzyme-based methods for enantiose-
lective acylation.4 Soon thereafter, the groups of Vedejs,5
Oriyama,6 Fuji,7 Miller8 and ourselves9 described the first chiral
non-enzymatic acylation catalysts that are effective for the
kinetic resolution of alcohols. With regard to substrate scope,
the generality that has been reported to date follows the order:
arylalkylcarbinols10 > cycloalkanols11 > propargylic alco-
hols12 > allylic alcohols.13

Our work on catalytic enantioselective acylation has focused
on the application of planar-chiral DMAP derivative 1 to the
kinetic resolution of arylalkylcarbinols and of propargylic
alcohols.9 In addition, we observed in a 1997 study that we
could resolve two allylic alcohols with good selectivity.9a,14

Herein, we report a systematic investigation of the kinetic
resolution of allylic alcohols by catalyst 1 [eqn. (1)], establish-
ing fairly broad substrate scope and applying the method to two
alcohols that have served as key building blocks in recent
natural product syntheses.

(1)

We have found that catalyst 1 can effect the kinetic resolution
of most families of allylic alcohols with good selectivity [Table
1; 1.0–2.5% (+)-1, Ac2O, NEt3, t-amyl alcohol, 0 °C]. Allylic
alcohols that do not possess a substituent either geminal or cis
to the hydroxy-bearing group are usually resolved with modest
selectivity (entry 1). A notable exception to this generalization
occurs when there is a phenyl group in the trans position, in
which case the selectivity factor increases dramatically (entry
2).

Allylic alcohols that possess a substituent geminal to the
hydroxy-bearing group are usually resolved effectively by

catalyst 1 (entries 3–8); again, the presence of a phenyl
substituent in the trans position leads to substantially improved
enantioselection (entry 9 vs. entries 3–8). Similarly, kinetic
resolutions of allylic alcohols that possess a substituent cis to
the hydroxy-bearing group generally proceed with good
selectivity (entries 10–12). Furthermore, tetrasubstituted allylic
alcohols are acylated with high stereoselection (entry 13).

† Electronic supplementary information (ESI) available: full experimental
details. See http://www.rsc.org/suppdata/cc/b0/b002041i/

Table 1 Kinetic resolutions of allylic alcohols catalyzed by (+)-1 (Ac2O,
NEt3, t-amyl alcohol, 0 °C)
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In order to demonstrate the utility of this method, we have
applied catalyst 1 to the kinetic resolution of two allylic alcohols
that have served as key intermediates in recent natural product
total syntheses. For example, Brenna et al. employed (2)-2 in a
1997 synthesis of (2)-baclofen,15 which is used as a muscle
relaxant. We have determined that catalyst 1 effects the kinetic
resolution of racemic 2 with a selectivity factor of 37 [eqn. (2)].
This reaction was run on a 2 g scale, exposed to air, thereby
illustrating the practicality of the process. At the conclusion of
the kinetic resolution, 96% of the catalyst was recovered.

(2)

Aldol adduct (+)-3 is a key intermediate in the recent Sinha–
Lerner synthesis of epothilone A,16 an exciting new potential
anti-cancer drug.17 Adduct (+)-3 has itself been the focus of
much attention, owing to the fact that it can be generated by an
aldolase antibody through kinetic resolution of racemic 3 (96%
ee at 60% conversion » s ~ 17).16,18 We have determined that
catalyst 1 can also effect the kinetic resolution of this
compound, with a selectivity factor of 107 [eqn. (3); reaction
run exposed to air on a 1.2 g scale; acetylated 3: 52% yield,
91.8% ee].19

(3)

In conclusion, we have established that planar-chiral DMAP
derivative 1 is the most versatile non-enzymatic acylation
catalyst for the kinetic resolution of allylic alcohols that has
been reported to date, furnishing good selectivity for most
substrates. Furthermore, we have illustrated the usefulness of
this method by applying it to the kinetic resolution of two
alcohols that have served as intermediates in recent natural
product total syntheses.
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Achiral cationic palladium catalysts, modified with 1,2-bis-
(diarylphosphinomethyl)benzene ligands with different elec-
tronic properties, can efficiently produce poly(propene-alt-
CO) with essentially complete regioregularity and high
isotacticity, depending on the aryl substituent; the stereo-
chemistry of the copolymers obtained is barely, if at all,
influenced by the regiochemistry of the olefin insertion.

The alternating copolymerization of aliphatic olefins with
carbon monoxide has attracted much attention in the last few
years.1–5 Useful catalytic systems in terms of productivity for
this process are cationic palladium complexes of the type [(P–
P)Pd(S)2](X)2 [P–P is a chelate diphosphine ligand, typically

1,3-bis(diphenylphosphino)propane 1a (Fig. 1), S is a solvent
molecule and X a weakly coordinating anion].6

When 1-olefins are used as the substrate, the microstructure
of the produced copolymers depends on the characteristics of
the regio- and stereo-chemistry of the step that corresponds to
the migratory insertion of the olefin.7 For the series of
1,3-propanediyl ligands tested so far in the copolymerization of
aliphatic olefins, two factors have been identified as playing a
role in the production of stereo- and regio-regular copolymers:
chirality of the catalytic system, which brings about efficient
enantioface discrimination and basicity of the ligand necessary
to achieve regiospecificity during the insertion process.8 The
two selectivities seem to influence each other. Whereas the
prototypical catalyst precursor 1a leads to the production of
stereoirregular poly(propene-alt-CO) (Scheme 1), which has a
maximum head-to-tail (ht) diad content of ca. 60%,9 the ht diad
content for 2 can be as high as 90%8 and is ca. 100% for 1b10

or for similar alkyl substituted ligands. At the same time a shift
towards the preferential formation of l-sequences is observed.

The activity of ligand 3 was similar to that of ligand 1a, but it
showed somewhat better regioselectivity.6,9

Based on the above results, it was expected that 4a would
produce a substantially stereoregular material, which however
is not the case.9,11 Even 4b did not seem to be very efficient
from a stereochemical point of view, considering that the
reported optical rotation of the produced copolymer is quite
low.12,13 The characteristics of these catalytic systems are
clearly influenced to a considerable extent by the size of the
coordination ring on the metal. We have continued our study,
the aim of which is the identification of the factors involved in
the regio- and stereo-chemical control of the insertion of the
olefin substrate for this important carbonylation reaction, with
the ultimate goal of achieving syndiotactic copolymerisation of
aliphatic 1-olefins. We made the unexpected observation that
electronic factors can substantially influence the regioselectiv-
ity and the enantioface discrimination of the efficient and
largely regioregular copolymerization of propene with carbon
monoxide caused by ligand 5a.

Starting with ligands 5 (5a and 5c have already been used for
related copolymerization reactions14,15), the corresponding [(P–
P)Pd(H2O)2](CF3SO3)2 derivatives 6 were synthesized16 and
used as catalyst precursors for the copolymerization of propene
with carbon monoxide as well as for the triple carbonylation to
dimethyl 3- and 4-methyl-2-oxopentanedioates (Table 1 and
Scheme 1).17 The catalytic activity of 5a is about four times
larger than that of 1a under the same reaction conditions.
Electron withdrawing and electron donating aryl substituents
result in lower catalytic activity. The activity loss is larger for
the latter substituents, particularly in conjunction with steric
effects (5b and 5c). Moreover, the results presented in Table 1
and in Fig. 2 reveal the good performance of the tested catalysts,
especially of 5d, with respect to regio- and stereo-chemistry.
The concentration of the band associated to the isotactic pentad
(82%) implies that the content of l-diads is > 96%.18

The regioselectivity of the olefin insertion is inferred from
the isomeric ratio of 3- to 4-methyl-2-oxopentanedioate

Fig. 1

Scheme 1
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(Scheme 1), which is affected by the tendency of propene to
insert with primary or with secondary regiochemistry into a
LnPd–CO–OMe intermediate.17 Catalysts 5c and 5d display an
essentially reversed regioselectivity but, nevertheless both
systems give poly(propene-alt-CO) with quite high regio-
regularity and a largely prevailing isotactic structure. Even
though 5c and 5d are regioisomerically different, the position of
the trifluoromethyl substituent in 5d should have no influence
on the electronic characteristics of the catalytic system.19

Considering the achiral nature of the ligands,20 it seems obvious
that the enantioface discrimination during the copolymerization
process is chain-end controlled. Chain-end control and secon-
dary insertion result in the formation of syndiotactic copolymers

during the related styrene copolymerization.21 Therefore the
reported results raise doubts about the accessibility of syndio-
tactic copolymerization of aliphatic 1-olefins with catalyst
precursors containing diphosphines.
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Table 1 Copolymerization of propene with carbon monoxide using 6a

Regioregularityc

Ligand Reaction time/h
Productivityb/
g(g(Pd) h)21 hh ht tt Stereoregularityd Regioselectivitye

5a 21.5 233 0.04 1.00 0.05 79 66/34
5b 142 11 0.06 1.00 0.11 54 34/66
5c 26.3 89 < 0.01 1.00 0.04 73 19/81
5d 5.6 126 < 0.01 1.00 0.02 82 ~ 100/0

a Reaction conditions: 19 g of propene in 75 ml THF and 4.5 ml MeOH; 0.03 mmol catalyst precursor; 80 bar CO; 1.5 mmol 1,4-naphthoquinone; 44 °C.
b Mean molecular masses were 5100, 9700, 4100 and 3500, respectively. c Relative intensity of signals centered at d ca. 223, 219 and 214, respectively (Fig.
2). d Intensity (%) of the most intense band in the ht range of the CO signals in the 13C NMR spectra (Fig. 2). e Isomeric ratio of 3- to 4-methyl-
2-oxopentanedioate, both of which are formed under similar reaction conditions but in the presence of excess of 1,4-benzoquinone.

Fig. 2 13C NMR [125 MHz, (CF3)2CDOD] spectrum of the carbonyl region
of poly(propene-alt-CO) prepared with catalysts 5 (from the bottom to the
top: 5d, 5b, 5a and 5c).
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The trans-sialidase from Trypanosoma cruzi efficiently
catalyses transfer of a-sialyl residues from p-nitrophenyl
sialic acid (p-nitrophenyl N-acetylneuraminic acid) to ac-
ceptors containing b-galactose units.

The sialic acids are a class of C9 monosaccharides comprising
over thirty five variants.1 The archetypal member is N-
acetylneuraminic acid 1. Colloquially this is referred to as

‘sialic acid’ unless another member of the family is indicated.
Sialic acids are ubiquitous components of mammalian glyco-
proteins.2 They are present in numerous other glycoconjugates1

and are crucial determinants of their biological properties.3
Non-enzymatic syntheses of sialic acid-containing oligo-

saccharides4 suffer from the drawbacks of a requirement for
multiple protection–deprotection sequences and problems of
control of configuration at the anomeric centre. In addition
yields may be affected by side reactions involving 2,3-elimina-
tion. Accordingly, enzymatic methods have received much
attention. Sialyl transferases catalyse sialylation regiospecif-
ically and in high yield.5 A major drawback to their use is that
they require cytidine monophosphate N-acetylneuraminic acid
(CMP-NeuAc) as sialyl donor. Although non-enzymatic syn-
theses of CMP-NeuAc have been reported6 enzymatic methods
have been preferred7 and have been developed to permit
multigram production8 and in situ regeneration of the sialyl
donor.9

Owing to the complexity of the donor and the limited
availability of appropriate enzymes, sialylations with sialyl
transferases have usually been limited to the preparation of
sialylated oligosaccharides on the mmol scale. Sialyl transfers
catalysed by sialidases has been demonstrated but proceed in
extremely low yields ( < 15%).10

Against this background, the report of a novel retaining a-
trans-sialidase in the parasite Trypanosoma cruzi was of
particular interest.11 Noteworthy was the finding that sialyl
transfer was catalysed with much greater efficiency than
hydrolysis.12 The trans-sialidase required sialyl glycosides or
oligosaccharides as sialyl donors. It was stated to be selective
for transfer to b-galactosyl units; a-galactosides were reported
not to be acceptors.13

The trans-sialidase has been shown to transfer sialyl residues
a(2 ? 3) on to galactose residues using sialyllactose,14–17

4-methylumbelliferyl a-sialoside18–20 or p-nitrophenyl a-sialo-
side13,21,22 as donors. However, the full synthetic potential of
the enzyme has not been realised. The studies described above
were carried out either on an analytical scale or, if preparatively,
on a scale of < 10 mmol. We have now developed an approach
that permits the synthesis of sialyl galactosides on a mmol or
greater scale. The key to the improvement reported here is the
use of the irreversible sialyl donor p-nitrophenyl a-sialoside 2
made readily available by improvement of a published synthe-

sis23 and the use of the recombinant form of the T. cruzi trans-
sialidase referred to above, and which consists of the N-terminal
catalytic domain. This fragment expresses the full catalytic
activity of the wild-type enzyme.24

The effectiveness of the trans-sialidase is evident in the
synthesis, on a mmol scale, of sialyllactose 3 and sialyl-N-
acetyllactosamine 4 (Scheme 1). Yields of sialylated products
are essentially quantitative; the data in Scheme 1 relate to pure,
isolated products. It was noteworthy that hydrolysis of the sialyl
donor 2 occurred to a significant extent only in the absence of
acceptor.

Because it had been reported that the trans-sialidase does not
catalyse transfer to a-galactosides,13 the acceptor behaviour of
methyl a- and b-galactopyranosides 5 and 6, respectively, was
studied (Scheme 2). The b-anomer was an efficient acceptor
giving the sialylgalactoside 7 in 81% yield. Surprisingly, the a-
anomer was also sialylated to give glycoside 8 with moderate
efficiency (54% yield). Clearly, a small aglycone in the a-
anomeric position does not constitute a total barrier to trans-
sialylation. However, it was considered that the presence of a
bulky carbohydrate moiety in place of the much smaller methyl
group in glycoside 5 would indeed create problems. Accord-
ingly we studied the acceptor properties of disaccharide
glycoside 9. To our surprise, this was efficiently sialylated but
the product was found to be the branched trisaccharide 10
(Scheme 3), formed in 89% yield. Thus the barrier to sialylation
of a-galactosides is clearly expressed but the predeliction for
sialylation of b-galactosides was not negated by substitution at
C-6 in the acceptor.

Scheme 1 Reagent: i, trans-Sialidase from Trypanosoma cruzi.

Scheme 2 Reagent: i, trans-Sialidase from Trypanosoma cruzi.

Scheme 3 Reagent: i, trans-Sialidase from Trypanosoma cruzi.
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With b-D-Galp-(1 ? 6)-b-D-Galp–OMe 11 as acceptor a
mixture of three products was obtained (Scheme 4). The major
component (88% isolated yield) proved to be a 1+1 mixture of
the 3- and 3A-monosialylated products 12 and 13 which required
HPLC separation. The third, minor product, formed in 5%
isolated yield, proved to be the bis-sialylated product 14. It was
established that both of the monosialylated compounds 12 and
13 were converted quantitatively into the tetrasaccharide 14.
The selectivity for b-configured oligosaccharide acceptors and
the specificity for a-(2 ? 3) transfer were emphasised by the
failure of sialyl transfer to a-D-Galp-(1 ? 3)-b-D-Galp-(1 ?
4)-D-GlcNAcp, a-D-Galp-(1 ? 3)-b-D-Galp–OMe and a-D-
Galp-(1 ? 3)-a-D-Galp–OMe.

The studies reported here establish the T. cruzi trans-sialidase
as a highly efficient catalyst for the sialylation of b-galactosides
on a mmol scale. Moreover, they reveal the previously
unsuspected ability of the enzyme to catalyse the formation of
branched structures. We find that the enzyme is readily
immobilised (Eupergit C) and retains its activity undiminished
over at least nine catalytic cycles. Clearly, it should now be
considered as a viable alternative to CMP-sialic acid-dependent
sialyl transferases for a-2,3-sialylation of b-galactose-termi-
nated oligosaccharides and with the added potential for
sialylation of C-6-subsituted internal b-galactose units.

Besides its importance for the synthesis of sialyl oligo-
saccharides, the T. cruzi trans-sialidase provides a paradigm for
the development, through mutagenesis, of glycosidases that
would have high glycosyl transfer but low hydrolytic activity.
The T. cruzi enzyme is homologous (ca. 70% identity for 640
amino acids) with the sialidase from T. rangeli, which lacks
trans-sialidase activity. The latter enzyme has been crystallised.
X-Ray structures have been determined at 2.2 Å resolution for
the enzyme and at 2.9 Å resolution for the complex between the
enzyme and 2,3-didehydro-2-deoxy-N-acetylneuraminic acid.25

Homology modelling combined with mutagenesis studies have
revealed several structural features that are crucial for the
expression of trans-sialidase activity in the T. cruzi en-
zyme.25,26 The acceptor studies reported here will also contrib-
ute to the elucidation of the trans-sialidase/sialidase mecha-
nistic dichotomy.

Field and coworkers have also obtained evidence for the
formation of branched sialyl galactosides (cf. Schemes 3 and
4).27 We thank Professor Field for a useful exchange of
information.

In a typical procedure, the p-nitrophenyl glycoside of sialic
acid (0.1 g, 0.223 mmol) and N-acetyllactosamine (0.5 g, 1.31
mmol) in sodium acetate buffer (50 mM, pH 6.0, 7 cm3) were
incubated at 30 °C with recombinant trans-sialidase (1.38 U
cm23, 0.225 cm3) for 9 h. The reaction was stopped by filtration
through a PTFE filter (0.45 mm pore size). The filtrate was
applied to a Bio-Gel P-2 column which was eluted with water to
give sialyl-N-acetyllactosaminelactose [a-Neu5Ac-(2 ? 3)-b-
D-Galp-(1 ? 4)-D-GlcNAcp] 4 (Scheme 2), 0.133 g (85%).

We thank Glaxo Wellcome for a gift of sialic acid and the
BBSRC for financial support.
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The self-assembly of long chain alkoxy-substituted benzoic
acids around tribasic core 1 provides a simple and flexible
way to supramolecular liquid crystals with columnar
mesophases.

During the last years several groups have developed a number
of supramolecular approaches to the preparation of liquid
crystals with columnar mesophases.1 Disc-shaped mesogens
can result, for example, from the association of a varying
number of amphiphilic molecules whose incompatible polar
and non-polar parts segregate on a microscopic scale. Micro-
segregation is seen as an important driving force in the
formation of smectic, columnar and cubic phases; the type of
liquid-crystalline phase depends on the curvature of the
interface.2 Typical examples for columnar systems are Latter-
mann’s monoaryl esters of cis,cis-1,3,5-cyclohexanetriol,3
Praefcke’s inositol derivatives,4 Tschierske’s laterally substi-
tuted terphenyls,2 and Percec’s taper-shaped benzo-crown
ethers.5 The dimerisation of mesogenic benzamides,6 of
phenanthridinones,7 the trimerisation of phthalhydrazides,8
complexes of a 2,4,6-triarylamino-1,3,5-triazine with benzoic
acids,9 and complexes of certain pyridine derivatives with
carboxylic acids10,11 illustrate how the discotic unit can be made
up of a defined number of components that are held together by
hydrogen bonding. Non-covalent complexation between non-
identical components has so far led to columnar phases in only
a few exceptional cases.9–11

We have recently described that non-convalent complexes
are readily obtained from carboxylic acids and trisimidazoline
base 1; these are held together by hydrogen bonds and salt
bridges in non-polar solvents.12 Two X-ray crystal structures
indicated that such carboxylic acid complexes have an almost
disc-like flat shape and therefore fulfill one of the structural
requirements for discotic liquid crystals.12a,13 Here, we report a
new type of supramolecular liquid crystal based on the
assembly of benzoic acids, which are substituted with a
sufficient number of long alkoxy side chains, around a tribasic
core 1.

Long chain alkoxy-substituted benzoic acids 2a–d14 and
tris(imidazoline) base 112 were prepared as described in the
literature. All compounds were used after extensive purifica-
tion, which included gradient sublimation of 1 at 310 °C/
1024 mbar. Complexes 3a–d were prepared by dissolution of
the respective benzoic acid 2a–d (3 equiv.) and base 1 (1 equiv.)
in hot ethanol (ca. 80 mL per mmol of 1). The hot solution was
filtered and, if necessary, concentrated until the still warm
solution became cloudy. The salts crystallised in analytically
pure form upon standing at room temperature (Scheme 1). All
complexes gave satisfactory 1H NMR, 13C NMR, IR and
elemental analysis data.

As might be expected from multiple substitution with long-
chain alkoxy groups, complexes 3a–c showed high solubility in
non-polar organic solvents, such as chloroform (solubility

typically > 200 mg mL21), toluene, or even hexane, whereas
polar solvents (DMSO, alcohols) were generally found to be
non-solvents. The diagnostic downfield 1H NMR chemical
shifts for the NH signal (dH ≈ 13) as well as for the singlet
assigned to the core’s aromatic protons (dH ≈ 10.1 in CDCl3 or
C6D6) emphasised that the equilibrium between the salt and its
ionic components lies on the side of the hydrogen-bonded 3+1
complex in non-polar solvents.12 No evidence for dissociation
was observed for any of the carboxylic acid complexes in
chloroform solutions at concentrations > 1025 M. It is therefore
expected that dissociation is even more unfavourable in the
condensed phase.

Although neither 1 nor benzoic acids 2 are mesogenic,
differential scanning calorimetry (DSC) and polarising optical
microscope (POM) experiments confirmed that complexes 3a–
c transform to birefringent, shearable liquid-crystalline meso-
phases at ca. 80 °C (Table 1). The clearing temperatures of the
mesophases of all three complexes were above 200 °C. Crystal–
mesophase melting transitions exhibited large enthalpic
changes (138 J g21 for 3c), whereas enthalpies for the clearing
transition from the mesophase to the isotropic liquid were much
smaller (17 J g21 for 3c) albeit still considerably higher than for
a typical smectic phase.

A very fine texture was observed during the first heating of
complexes 3a–c. Subsequent slow cooling (cooling rate @2 °C
min21) from the isotropic melt led—after significant super-
cooling (ca. 15 °C for 3a)—to the dendritic growth of
homeotropic finger-like contours (Fig. 1) that are characteristic
for columnar mesophase formation.15 Further cooling to room
temperature again produced a fine-structured texture, and even
the previously homeotropic regions finally showed birefrin-
gence. The thermal stability of the mesophases was, however,

Scheme 1
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somewhat limited. After prolonged annealing at 170 °C or
heating at temperatures > 200 °C for more than a few minutes,
extended domains evolved which lacked birefringence and were
surrounded by brown shades indicating decomposition of the
textures. Interestingly, the liquid-crystalline domains of the
3,4-disubstituted 3b–c were found to be larger than those of the
symmetrical complex 3a, both during the first heating process
and subsequent cooling. Although complex 3d became mallea-
ble upon heating above 70 °C, a single dodecyloxy group per
benzoic acid unit was evidently insufficient to stabilise a liquid-
crystalline phase.

X-Ray scattering experiments confirmed the presence of
liquid-crystalline mesophases in the high temperature regime of
complexes 3a–c. Fig. 2 shows a typical scattering pattern with
a maximum at low angles, corresponding to Bragg spacings in
the range of 3–4 nm, a broad maximum due to liquid-like
arrangement of the terminal alkyl chains and a well defined
maximum at wide angles, corresponding to a Bragg spacing of
0.36 nm. The value of the Bragg spacing associated with the

scattering maximum at small angles clearly indicates that the
scattering units are significantly larger compared to the
dimensions of either the tribasic core or the benzoic acid
derivatives. The Bragg spacing of 0.36 nm points towards a
regular stacking of the aromatic components, a feature which is
well known from structural studies on mesophases formed by
covalently bonded discotic mesogens.16 The presence of only a
single maximum at low angles in the scattering pattern from
non-oriented systems does not allow an assignment of the
specific type of columnar arrangement; however, we obtained
reasonable estimates for the macroscopic density by assuming
hexagonally ordered columns of regularly stacked hydrogen-
bonded complexes. Further studies on the morphology using X-
ray scattering and AFM are in progress.

We thank Professor G. Wulff, to whom this paper is
dedicated on the occasion of his 65th birthday, and the Deutsche
Forschungsgemeinschaft for continuing support, Ms S. Johann
for experimental help, and Professor W. Mormann (University
of Siegen) for stimulating discussions.
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First heating/°C 63 214 79b 244 72 240 62 188
DH/J g21 53 9 111 19 138 17 34 36

a K: crystalline phase, M: mesophase, I: isotropic phase; heating and cooling rates 10 °C min21. b An additional endothermic transition with a peak at 71 °C
can be detected if the crystallised sample was dried at < 60 °C prior to DSC measurements.

Fig. 1 Representative optical polarised micrograph showing the dendritic
growth of homeotropic contours at 200 °C after slow cooling of complex 3b
from the isotropic melt (polarisers not completely crossed).

Fig. 2 Typical X-ray scattering diagram of hydrogen-bonded complex 3b
taken at 150 °C in the mesophase region.
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Alkylboronic esters give rise to free-radical alkylation
products in the presence of phenylcarbonyloxy(pyridine-
2-thione) (Barton’s ester) and a variety of Michael acceptors
under irradiation.

The use of organoboranes in free-radical reactions1–5 suffers
from a notable limitation. The radicals generated from these
compounds using, for example, molecular oxygen fail to add to
certain good radical traps such as unsaturated esters, nitriles or
sulfones.1–3 The reason for this lack of reactivity is the
unfavourable equilibrium in the postulated enol radical2
required in the propagation step of the chain process. The design
of a simple chain sequence, which eliminates the problem of the
propagation step, is therefore of interest.

The boronate intermediates 2a–d were prepared by hydro-
boration of olefin 1a using borane–dimethylsulfide complex,
followed by addition of NEt3 and quenching of the aminoborane
intermediate with alcohol or phenol derivatives (Scheme 1).
The homolytic fragmentation of the boronates has been studied
in the presence of phenylcarbonyloxy(pyridine-2-thione)
(PTOC ester) 3† (2 equiv.),6 and irradiation at 0–5 °C, using a
commercial halogen lamp (300 W).7‡ In all experiments, the
reaction afforded the desired thiopyridyl derivatives 5a and 5b
in a 6+1 trans–cis selectivity, independent of the ligand used. In
addition, a variable amount of thiopyridyl dimer, characteristic
of the Barton reaction, and benzoic acid arise from the
decomposition of the postulated intermediate 4 (vide infra,
Scheme 4) under the hydrolytic work-up.

Among the tested derivatives, dimethyl boronate 2a afforded
poor yield of 5 (13% combined). Better yields were obtained
using aryl boronates such as 2b (43%). Similarly to oxygen
initiated reactions, the best results were observed using the
catechol derivative 2c (68%).5 Ligands substituted by electron
withdrawing groups such as the salicylate 2d afforded lower
yields of 5 under the same conditions (23%).

The radical alkylation reaction was examined in the presence
of the conventional Michael acceptors, 6a–e, shown in Scheme
2. The catechol boronates were prepared, as before, by

hydroboration of olefins 1a–d followed by quenching with an
equimolar amount of catechol and were not isolated. These
intermediates were irradiated, respectively, in the presence of
PTOC ester 3 (2 equiv.) and an excess of Michael acceptors 6a–
c (3–5 equiv.) (Scheme 2). The reaction afforded the adducts
7a–h as inseparable mixtures of the diastereomers.§ In each
reaction, a good selectivity, in favour of the trans isomer was
observed and was determined after the cleavage of the
thiopyridyl group (vide infra).¶ Likewise, b-pinene 1d was
hydroborated using either borane–dimethyl sulfide complex or
thexylborane under standard conditions10 followed by fragmen-
tation and quenching of the corresponding aminoboranes with
equimolar amounts of catechol. As before, the boronate was not
isolated. Fragmentation in the presence of an excess (2 equiv.)
of PTOC ester 3 and alkylation using methyl acrylate afforded
the desired adduct 7i.∑ The isolated yield of this transformation
was considerably lower (30%) than that of the alkylation of
secondary radicals. This difficulty in alkylation of primary
radicals follows the earlier observed trends.1–5

The relative stereochemistry of the carbon–carbon formation
step was established after removing the thiopyridyl group.
Although the a-keto thiopyridyl derivative 7g (Scheme 3, entry
7) was reduced easily using samarium(II) iodide, other deriva-
tives such as nitriles 7a and 7f, phosphonate 7b, esters 7d,e and
7h and phenyl sulfone 7c remained inert under these conditions.
In these cases, the thiopyridyl esters were converted into the
corresponding sulfones and were reduced using samarium
iodide11,12 in the presence or in the absence of HMPA as
cosolvent (Scheme 3). Under these conditions the correspond-
ing alkanes 8 were obtained upon quenching the organosama-
rium intermediates with water. The reaction conditions were not

Scheme 1 Reagents and conditions: i, BH3·Me2S (1.25 equiv.), THF,
0–5 °C, 2 h; ii, NEt3 (1.25 equiv.), 0–5 °C, then alcohol or phenol (1.25
equiv. per OH), room temp.; iii. 3 (2 equiv.), hn, CH2Cl2/PhH, 0–5 °C, 2 h.
Yields (for three steps combined): a, 13%; b, 43%; c, 68%; d, 23%.

Scheme 2 Reagents and conditions: i, BH3·Me2S (1.25 equiv.), THF,
0–5 °C, 2 h; ii, NEt3 (1.25 equiv.), 0–5 °C, then catechol (1.25 equiv.), room
temp.; iii, 3 (2 equiv.), olefin 6a–e (3–5 equiv.), CH2Cl2/PhH, hn, 0–5 °C,
2.5 h.
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optimised for this reductive step and the low isolated yields
observed for 8a, 8d and 8e can be attributed to the volatility of
the reduced products. In the examples discussed, this mild
cleavage of the thiopyridyl group allowed unambiguous
establishment of the stereoselectivity of the crucial carbon–
carbon formation step (Scheme 3).

In the postulated mechanism of the reaction (Scheme 4) the
formed arylcarbonyloxyl radical 9 reacts with the boronic ester
2 resulting in selective fragmentation of the weak B–alkyl
bond.** The use of the PTOC esters also offers a logical
solution to the chain propagation problem, this being assured by
the presence of the thiopyridyl group, and eliminating the
necessity of formation of the enol radical form of the addition
product.

In summary, a method, which combines the predictable and
high degree of stereoselectivity of boron chemistry with a
flexible method for radical carbon–carbon bond formation, is
described.4 In contrast to the previously developed meth-
ods,1–3,5 the alkylation reaction can be extended to a seemingly
unrestricted array of Michael acceptors. The reaction proceeds
with addition of a thiopyridyl group in the a position of the
radical trap. This function eventually can be selectively
removed using SmI2 after converting the thiopyridyl ether to the
corresponding sulfone. Whilst organoboronates can be obtained
in highly enantioenriched form using asymmetric hydro-
boration reactions,13 this free-radical fragmentation/alkylation
process may be of interest to develop new arrays of free-radical
alkylation reactions in asymmetric synthesis. Beyond this, the
synthetic value of the combination of boron and PTOC
derivatives should also be contrasted with the generation of

radicals by more conventional methods using organotin rea-
gents.14

The CNRS, La Ville de Paris and the Fondation pour la
Recherche Médicale (grant No: 40001838-01) are gratefully
acknowledged for financial support.
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Scheme 3 Reagents and conditions: method A: SmI2 (3 equiv.), 0–5 °C, 20
min., then H2O, room temp.; method B: i, MCPBA (3 equiv.), CH2Cl2,
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Scheme 4 Free-radical alkylation of alkylboronates 2 in the presence of
phenylcarbonyloxy(pyridine-2-thione) 3 (Barton’s ester) and olefin 6.
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The 1:1 intermediate generated by the additon of cyclohexyl
isocyanide to dimethyl acetylenedicarboxylate is trapped by
aldehydes to yield 2-aminofuran derivatives in good yields.

The addition of nucleophilic carbenes such as isocyanides to
dimethyl acetylenedicarboxylate has been investigated in
detail.1–3 The initially formed 1:1 zwitterionic species undergo
further reaction with DMAD and isocyanide in different molar
proportions, ultimately leading to a variety of complex
heterocyclic systems.4–9 This highly reactive intermediate 1 can
manifest carbanion or carbene character or even resemble a
cyclopropenone imine (Fig. 1).

In the context of our general interest in the synthesis of
heterocyclic compounds by the reaction of dipolar species with
carbonyl compounds,10,11 we were intrigued by the possibility
of trapping the zwitterionic intermediate† derived from iso-
cyanides and DMAD with aldehydes. It is noteworthy that
previous attempts to trap 1 with various olefinic dipolarophiles
have failed.6 The preliminary results of our investigations
validating the usefulness of this process, leading to a novel
aminofuran synthesis are presented here.

A mixture of 3-nitrobenzaldehyde and dimethyl acet-
ylenedicarboxylate in dry benzene at 80 °C, when treated with
cyclohexyl isocyanide afforded aminofuran 1a in 69% yield
(Scheme 1).‡

In the 1H NMR spectrum, the two carbomethoxy groups were
observed at d 3.79 and 3.94 as two singlets and the NH proton
resonated at d 6.70 supporting the IR absorption at 3367 cm21.
The 13C signals for the two ester carbonyls were seen at d
165.20 and 164.62.

Similar results were obtained with a number of other
aldehydes and results are summarised in Table 1.§

A mechanistic rationale for the formation of the aminofurans
is presented in Scheme 2.

In conclusion, we have found that the one pot reaction of
isocyanides and DMAD with aldehydes leads to a facile
synthesis of aminofuran derivatives. It should be mentioned that

recently aminofurans have been found to undergo facile Diels–
Alder reactions leading to hexahydroindolinones;12 they also
serve as useful intermediates in the synthesis of aromatic as well
as aliphatic molecules.13 It is conceivable that the novel three
component reaction described herein will be applicable to the
synthesis of a variety of heterocycles; further studies are in
progress.

A. U. V. thanks CSIR, New Delhi, for a research fellowship.
Thanks are also due to Dr Mangalam S. Nair and Ms Soumini
Mathew for recording high-resolution NMR spectra.

Fig. 1

Scheme 1

Table 1 Reaction of aldehydes with DMAD and cyclohexyl isocyanide
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† Earlier we reported on the addition of the zwitterion generated from
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lactones.14

‡ Experimental procedure and selected data for 1a: a mixture of
3-nitrobenzaldehyde 1 (0.200 g, 1.32 mmol) and DMAD (0.207 g 1.45
mmol) in dry benzene (15 ml) was purged with argon at 80 °C. Cyclohexyl
isocyanide15 (0.159 g, 1.45 mmol) was added to this mixture by syringe and
refluxing was continued for a further 3 h. The solvent was then removed
under vaccum and the residue on chromatographic separation on silica gel
using hexane–ethyl acetate (85+15) gave aminofuran 1a as a yellow solid
(0.365 g, 69%); mp 122–123 °C (CH2Cl2–hexane) (Calc. for C20H22N2O7:
C, 59.68; H, 5.51; N, 6.96. Found: C, 59.62; H; 5.47; N, 6.71%); nmax/cm21

3367 (NH), 2943, 2849, 1726 (CNO), 1663 (CNO), 1620, 1532; dH(300
MHz, CDCl3) 8.33 (s, 1H, ArH), 8.06 (d, 1H, J 8.05 Hz, ArH), 7.80 (d, 1H,
J 7.71 Hz, ArH), 7.51 (t, 1H, ArH), 6.70 (d, 1H, J 7.80 Hz, NH), 3.94 (s, 3H,

OMe), 3.79 (s, 3H, OMe), 3.79 (m, 1H, CH), 2.07–1.39 (m, 10H, 5 3 CH2);
dC(75 MHz; CDCl3) 165.20 (CNO), 164.62 (CNO), 161.51, 148.79, 138.32,
130.95, 129.75, 129.71, 121.73, 119.21, 116.34, 88.23, 52.84, 51.70, 51.34,
33.59, 25.53, 24.58.
§ All new compounds were fully characterised.
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The novel cyclophane diradical 1 possesses a singlet ground
state with a singlet–triplet energy gap (DEST)  of 20.20 and
20.24 kcal mol21, as measured with SQUID magnetometry
and EPR spectroscopy, respectively. This large DEST may in
part be associated with the two parallel 3,3A-biphenyl
exchange coupling pathways (ECPs).

Elucidation of the structural factors affecting the singlet–triplet
energy gap (DEST) in organic diradicals is of primary
importance in the design of building blocks for molecular
magnets and extended polyradicals.1–5 The value of DEST may
also be viewed as a measure of covalent bond strength in
typical, singlet ground state, molecules.6 Both the sign and
magnitude of the DEST are predominantly determined by the
through-bond exchange coupling.1,2 As we wish to probe the
dependence of |DEST| on the number of connecting exchange
coupling pathways (ECPs) between the radicals,7,8 we have
designed a cyclophane-based diradical 1, in which two 3,3A-
biphenyl units correspond to two parallel ECPs.2,8 A molecule
with one ECP, an analogue of 1, is diradical 2.9 (Diradical 1 may
be related to the extended polycarbene proposed by Mataga in
1968 and 2 is a derivative of the well known Schlenk
hydrocarbon.10,11)

In the Heisenberg Hamiltonian model for a diradical (H =
22JS1·S2, S1 = S2 = 1⁄2), DEST = 2J. Here, J is the effective
exchange interaction, which may be expressed in terms of the
spin densities, ri and rj, and the effective exchange integral,
Jij

eff, between the connecting sites i and j,12,13 giving

J = Jij
effrirj, for the one-ECP system (1)

J = 2Jij
effrirj, for the two-ECP system (2)

Therefore, |DEST| should be exactly doubled when the introduc-
tion of the second identical ECP does not affect the Jij

effrirj

terms. The disjoint character of 1 and 2 is an important factor in
minimizing the perturbation of ri and rj.14 However, conforma-
tions of 1 and 2 will affect both rirj and Jij

eff. Consequently, 1
should be viewed as an initial attempt to address the problem of
multiple ECPs in diradicals. This novel approach to control

exchange coupling should have implications for organic
magnetism and weak covalent bonding.

Negishi coupling of compound 3 gave the macrocyclic
diether 4. Two stereoisomers of 4 were isolated in an overall
yield of ca. 30% (Scheme 1).15,16† Both isomers possess
qualitatively similar spectral data. FAB MS of 4 are dominated
by the isotopic cluster ions corresponding to (M 2 OCH3)+, as
expected for triarylmethyl ethers. 1H and 13C NMR spectra for
4 show the expected symmetry: all four benzene rings of the
macrocycle are equivalent and the two 4-tert-butylbenzyl ether
moieties are  also equivalent.

Diradical 1 is generated from 4 using the previously
developed carbanion methodology for polyarylmethyl radicals
such as 2 (Scheme 1).9,17 NMR spectra for carbodianion 122 as
its lithium salt in tetrahydrofuran-d8 (THF-d8) at an ambient
temperature show analogous molecular symmetry to that of 4.17

The EPR spectrum of 1 in frozen 2-methyltetrahydrofuran–
tetrahydrofuran (2-MeTHF–THF) at 70 K shows a six-peak
pattern in the Dms = 1 region, characteristic of a triplet (S = 1)
state with the center peak assigned to S = 1⁄2 impurities
(Fig. 1).18 The presence of the S = 1 state is confirmed by a
weak transition in the Dms = 2 region. For 1, the zero field
splitting parameters (zfs), |D/hc| = 0.0081 cm21 and |E/hc| ≈ 8
3 1024 cm21, are somewhat larger than those for 2 (|D/hc| ≈
0.005 cm21 and |E/hc| ≈ 0 cm21). Because 1 is constrained to
the ‘syn’ conformation and 2 was previously established to
possess the ‘syn’ conformation,9 this difference in |D/hc| values

† Electronic supplementary information (ESI) available: synthesis and
characterisation data for 4; minimum conformation for diradical 1. See
http://www.rsc.org/suppdata/cc/b0/b001273o/

Scheme 1

Fig. 1 EPR spectroscopy for diradical 1, ca. 0.003 M in 2-MeTHF–THF (ca.
5/1).
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may arise from a significant delocalization of spin density into
the proximate biphenyl moieties in 1.18,19 Furthermore, macro-
cyclic 1 is relatively persistent; more than half of the EPR signal
intensity of 1 in 2-MeTHF–THF is left intact after 2 days at
room temperature. However, attempts to isolate 1 as a solid
were not successful.

At 4 K, the EPR spectrum for the S = 1 state becomes almost
undetectable, suggesting that the observed S = 1 state is
thermally populated. Measurement of the intensity (I) of the
Dms = 2 signal vs. temperature (T) gives a curve with a
maximum near T = 70 K. A numerical fit, based upon a simple
two-center Heisenberg Hamiltonian (H = 22JS1·S2), gives J/k
= 253 ± 3 K (Fig. 2).2

For 0.04 M 1 in THF, a plot of magnetization (M) vs. T in the
range 5–100 K shows a broad maximum at Tmax ≈ 60 K and an
upward turn at low temperatures, consistent with a singlet
ground state of 1 and the presence of S = 1⁄2 impurities.20 A
three-parameter fit to M vs. T gives J/k = 260 ± 2 K (Fig. 2).
At very low temperature, such as 3 K, M of a diradical with J/k
≈ 260 K should be negligible. Numerical fits of M vs.
magnetic field (H) data at 3 K to the Brillouin function with
variable S and M at saturation (Ms) give S = 0.5, as expected for
an S = 1⁄2 impurity. Ms is within a few percent of the calculated
value from the M vs. T fit.

Diradical 2 was reported to have J/k in the range 221 to
223 K.9 Therefore, both 1 and 2 have singlet (S = 0) ground
states and thermally populated S = 1 states; DEST = 2J for 1
(20.20 to 20.24 kcal mol21) is about 2–3 times the value of
DEST = 2J for 2 (20.08 to 20.09 kcal mol21).

Previous work on derivatives of 2 indicated that the steric
hindrance, causing out-of-plane twisting of the p-conjugated
system, diminishes |DEST|.2,21 Possible conformations of 1 and
2 were obtained from MacroModel calculations.22 The prefer-
ence for the ‘syn’ over the ‘anti’ conformation in 2 (3
kcal mol21) is in agreement with the EPR data. The torsional
angles indicate that the 3,3A-biphenyl moieties are significantly
more twisted and bent in 1 (59–68°) vs. 2 (30°) (see ESI†); this
implies that the Jij

eff in 1 is smaller than in 2. However, the
torsional angles between the 3,3A-biphenyl and arylmethyl
moieties in 1 and 2 are ~ 30 and 44°, respectively. This suggests
that both ri and rj in 1 may be larger than in 2. Therefore, it is
reasonable to assume that the Jij

effrirj terms in eqns. (1) and (2)
are comparable.23

In conclusion, the singlet–triplet energy gap in diradical 1,
with two parallel exchange coupling pathways, is more than
doubled when compared to diradical 2, with one exchange
coupling pathway.

This research was supported by the National Science
Foundation (CHE-9806954). The mass spectra were obtained at
the Nebraska Center for Mass Spectrometry. The initial
synthetic studies toward 4 were carried out by Chris Focke. We
thank Professor Clark Stille of Columbia University for his help
with parametrization of MacroModel for arylmethyl radicals.
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Freebase- and metallated-tetrapyridylporphyrins self-or-
ganize through multiple hydrogen bonding to carboxylic
acid terminated self-assembled monolayers on gold surfaces,
thereby producing surfaces with two additional functional
sites, the porphyrin cavity and the terminal pyridyl
groups.

Self-assembled monolayers (SAMs) with terminal functional
groups can be used to construct organic surfaces with a variety
of functional properties. SAMs derive their chemical selectivity
from the outermost few angstroms of the film,1 and in recent
years, there have been many examples of self-assembly and
self-organization to rationally synthesize novel functional
materials.2 We have recently demonstrated design strategies for
solid-state supramolecular arrays containing both mixed-metal-
lated and freebase porphyrins leading to multichromophoric
arrays of defined rigidity, dimensionality, porosity, and se-
lectivity.3 Organization of porphyrinic chromophores on thin
film organic surfaces through hydrogen bonds provides another
powerful means for the design of novel systems with useful
functional properties (e.g. magnetic materials, sensors, and
artificial photosynthetic systems).4 Recent strategies to prepare
SAMs with porphyrinic chromophores have relied on either the
modification of the porphyrin periphery with thiol side-
chains,5,6 or on the coordination of thiols terminating in N-
donor heterocycles to metal ions4,7 or P-ligands8 already
bonded in the porphyrin cavity. These approaches permit only a
single attachment site, and in the case of the metallated-
porphyrins, do not allow for the presence or use of the freebase
porphyrin. In this communication, we report our strategies to
link freebase and metallated porphyrinic chromophores to
surface-confined monolayers of functionalized organomercap-
tans through multiple hydrogen bonds.

It is well known that carboxylic acid groups preferentially
bind with pyridines, amines, and aminopyridines through O–
H…N or N–H…O hydrogen bonding, either in solution9 or in
the solid state.10 Recently, acid-terminated SAMs have been
used to bind vapor phase bases, such as pyridine, pyrazine, and
decylamine through hydrogen bonding, but these hydrogen-
bonded bases partially desorb upon exposure to nitrogen gas.11

It occurred to us that stable hydrogen-bonded supramolecular
arrays on acid terminated surfaces can be generated with the aid
of multifunctional organic ligands where multiple hydrogen
bonds formed between the organic ligand and acidic surface
substantially enhance the stabilization energy. For this purpose,
we have considered freebase- and metallated-tetrapyridylpor-
phyrins (TPyP) as potential building blocks.

We constructed carboxylic acid-terminated monolayers of
11-mercaptoundecanoic acid, HS(CH2)10COOH (MUA), and
4-mercaptobenzoic acid, HS(C6H4)COOH, on gold surfaces for
studying the hydrogen bonding properties of TPyP. SAMs were
prepared by immersing thin gold films (ca. 100 nm thick
deposited onto chromium primed Si(100) wafers) in ca. 1 mM
methanolic solutions of the organomercaptans for 12–24 h. The
acid-terminated monolayers obtained were thoroughly rinsed
with ethanol and dried with argon before being immersed in ca.
0.1 mM chloroformic solutions of TPyP or ZnTPyP. After 1–12
h, the samples were removed and copiously rinsed with
chloroform. The latter step is critical to yield reproducible

results, since the chloroform rapidly evaporates when the
sample is removed from solution. Also, it should be mentioned
here that our attempts to generate acid-terminated SAMs
hydrogen-bonded with porphyrins directly by dissolving both
porphyrin and mercaptoacids together in methanol or chloro-
form did not yield reproducible thin films.

The presence of TPyP and ZnTPyP on carboxylic acid
terminated SAMs was detected by X-ray photoelectron spec-
troscopy (XPS). The characteristic peaks for N and Zn
identified the metallated-porphyrin along with O and S from the
SAMs, as shown in Fig. 1. Analysis of the XPS data yielded a
coverage of 0.04 monolayers of ZnTPyP, or approximately 6 3
1013 ZnTPyP molecules per cm2. Several control experiments
were conducted to verify the hydrogen bonding requirement to
form the porphyrin monolayer. For example, XPS indicated that
freebase or metallated TPyP does not adsorb to a methyl-
terminated SAM [HS(CH2)9CH3] and tetraphenylporphyrin
(i.e. no acceptor group available for hydrogen bonding) does not
adsorb to a MUA/Au surface.

Low contact angle measurements of water on MUA/Au (28°)
and MBA/Au (31°) are in accord with the hydrophilic nature
imparted to the surfaces by the acid terminal groups. The
contact angles were 6–10° higher when measured with the
porphyrin-terminated groups (ZnTPyP/MUA/Au, 36°;
ZnTPyP/MBA/Au, 37°; TPyP/MUA/Au, 38°; TPyP/MBA/Au,
37°), indicating the partial hydrophobic nature (caused by the
large aromatic moieties) of these monolayers.

Ellipsometry was used to measure the thickness of TPyP on
MUA/Au. In order to limit experimental errors in calculating
the thickness of the organic layers on the gold surface, we have
considered the average of three measurements at different
points on each sample surface.12 The thickness of the por-
phyrinic layer on MUA surfaces is calculated by subtracting the
height of the acids MUA/Au (16.3 Å)13 and the hydrogen
bonding distance of carboxylic acid–pyridine (2.7 Å) from the
total height above the gold surface Au/MUA/TPyP (27.9 Å).
The thickness of the porphyrin layers is thus calculated to be ca.
10.2 Å.

The consistent thickness of about 10 ± 2 Å obtained for
porphyrin layers on MUA/Au surfaces indicates the nature of
the hydrogen bonding to TPyP. In principle, TPyP can hydrogen
bond with the acidic moieties in three different ways, which
involve hydrogen bonding of one, two, or possibly even four
pyridyl groups, as shown in Fig. 2. The thickness of the
porphyrins in these three different modes can be approximated

Fig. 1 XPS of ZnTPyP on MUA.
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as 16.0 Å (type-I), 10.8 Å (type-II), and 3.0 Å (type-III), if the
O–H…N distance is taken into account. Within experimental
uncertainty, the ellipsometry measurements correlate closely to
the type-II hydrogen bonding, which is similar to that found in
the solid state.

Further support for the model above comes from structural
characterization of a cocrystal prepared by layering TPyP [0.5
mmol in TCE (1,1,2,2-tetrachloroethylene), 20.0 mL] with
mercaptoacetic acid [2.0 mmol in MeOH, 10 mL]. Dimerization
of the mercaptoacetic acid and inclusion of solvent led to the
crystallization14 of [(S2C4H12O4)2(TPyP)]·3TCE. The crystal
structure (Fig. 3) reveals the formation of linear 1D tapes with
adjacent TPyP molecules bridged by hydrogen bonds to both
ends of two mercaptoacetic acid dimers. These hydrogen
bonded tapes are exactly analogous to the 1D tapes formed by
coordination of HgX2 to the external pyridyl moieties.3

The work presented here demonstrates a strategy to form
stable hydrogen bonded arrays of both freebase- and metallated-
porphyrins on acid-terminated gold surfaces for the design of
functional materials. Some of the important implications of this
include: (i) using multiple hydrogen bonds, the extended
functional arrays are even stable enough to be seen in XPS
studies. (ii) The optical properties of the surfaces can be fine-
tuned by the organization of multiple porphyrinic chromo-
phores in controlled metallation states and orientations at the
interface. (iii) Use of the freebase porphyrin allows additional
metal ion coordination in situ (as, for example, in applications
involving metal ion sensors where the chromophoric response
changes with metallation state). (iv) The pyridyl ligands of
TPyP exposed on the surface (i.e. those not involved in the
hydrogen bonding) serve as binding sites for systematically
generating mixed multiple layers through additional hydrogen
bonds.
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Dendritic amplification of DNA analysis is accomplished by
the application of 5A- and 3A-terminated oligonucleotide-
functionalized Au-colloids complementary to the analyte
DNA.

The development of DNA sensors attracts recent research
efforts directed to gene analysis, identification of genetic
disorders, tissue matching, and forensic applications.1,2 Pho-
tonic detection of DNA was accomplished by the use of
fluorescence-labeled oligonucleotides,3 the use of surface
plasmon resonance, SPR,4 and through the application of
oligonucleotide-modified Au-nanoparticles which exhibit plas-
mon absorbance.5,6 Electronic transduction of oligonucleotide–
DNA recognition events, and the amplified transduction of
DNA sensing, are major challenges in DNA-based bio-
electronics.7 Electrostatic attraction of transition metal com-
plexes8 or dyes9 was used for the voltammetric probing of the
formation of double-stranded assemblies. Amplified electronic
transduction of DNA sensing events was accomplished by the
application of enzyme labels that bind to the double-stranded
(ds) assembly,10 the use of protein labels,11 or the use of
branched oligonucleotides.12 Other amplification routes of
DNA sensing events included the application of enzymes that
biocatalyze the precipitation of an insoluble product on the
transducer,13 or the use of liposomes that bind to the ds-DNA
assembly.14,15 Electrochemical12–15 or microgravimetric,
quartz-crystal-microbalance,11,16 methods have been applied as
electronic transduction signals for the sensing events. Here, we
report on a novel method to amplify DNA sensing events by the
application of oligonucleotide-functionalized Au-nanoparticles
for the amplified sensing of DNA by a dendritic-type amplifica-
tion route. Microgravimetric, quartz-crystal-microbalance
(QCM) experiments are used to follow the amplified DNA-
sensing processes.

Scheme 1(a) shows the method of the amplified sensing of a
target DNA. A primer thiol-functionalized oligonucleotide 1 is
assembled on the Au-electrode, and the target analyte DNA 2,
hybridizes with the sensing interface. The primary amplification
of the sensing process is performed by the interaction of the
surface with the 3-functionalized Au-particles. The secondary,
dendritic-type amplification is performed by the interaction of
the resulting interface with the analyte sample 2 that is pre-
treated with the 1-functionalized Au-nanoparticle. The mass
associated with the Au-nanoparticles linked to the crystal in the
primary hybridization step, and the dendritic structure formed in
the secondary hybridization process, amplify the sensing of 2.
Note that the amplifying Au-nanoparticles that are used in the
two modification steps have different modification layers, and
are functionalized with the 3A-terminated and the 5A-terminated
thiolated oligonucleotides, 3 and 1, respectively. Both oligonu-
cleotides, 3 and 1, are complementary to the two ends of the
analyte 2. The 1- and 3-functionalized Au-nanoparticles were
prepared according to the literature6 by the reaction of citrate-
stabilized Au-nanoparticles (12 ± 1 nm, 5 mL) with the thiolated
oligonucleotides 1 or 3 for 20 h.

Fig. 1(A), curve (a), shows the frequency changes of the Au-
quartz crystal (AT-cut, 9 MHz) functionalized with 1 (surface
coverage 1.4 3 10211 mol cm22) as a result of interaction with
the analyte 2 (2 3 1028 M). A frequency decrease of ca. 9 Hz
is observed. Treatment of the resulting interface with the
3-functionalized Au-nanoparticles results in an additional
frequency change of ca. 60 Hz [Fig. 1(A), curve (b)], indicating
that the binding of the Au-nanoparticles indeed amplified the
primary sensing of 2. The amplified sensing of 2 is specific and
the interaction of the sensing interface with the non-com-
plementary DNA 2a, at a high concentration (5 3 1026 M),
does not yield any change in the crystal frequency (ca. 21 Hz)
even after its interaction with the 3-functionalized Au-nano-

Scheme 1 (a) Dendritic amplified DNA-sensing using oligonucleotide-functionalized Au-nanoparticles. (b) Immobilization of the thiolated oligonucleotide
1 on a glass support.
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particles [Fig. 1(A), curves (c) and (d), respectively]. The
specificity of the sensing process is observed for at least three-
base mismatches between the analyte and the probe monolayer
interface. The crystal frequency changes resulting upon the
primary amplified sensing of different concentrations of 2, and
those originated upon the secondary dendritic-type amplifica-
tion, are shown in Fig. 1(B) and its inset, respectively. Note that
the frequencies of the crystals resulting in the secondary
amplification process are measured in air. The primary
amplification path enables the sensing of the analyte 2 in the
concentration range 2 3 1028–1 3 10210 M, where no
noticeable frequency changes can be observed as a result of the
hybridization of 2 with the sensing interface itself. The
secondary amplification step results in a dendritic type, non-
linear amplified transduction of the initial sensing process [Fig.
1(B), inset]. For example, while the primary binding of the
3-functionalized Au-nanoparticle to the sensing interface
treated with 2 3 1028, 1 3 1028, 1 3 1029 or 1 3 10210 M of
2 results in frequency changes of 270, 240, 212 and 28 Hz,
respectively, the secondary amplification process introduces a
net decrease in the crystal frequencies corresponding to 2250,
2115, 245 and 220 Hz at these concentrations of 2. The non-
complementary DNA 2a (1 3 1026 M) does not show any
frequency change of the crystal upon an attempt to follow the
two-step amplification route. At a concentration of 2 3 1028 M
of the analyte 2, the degree of amplification of the primary
hybridization process by the two-step Au-nanoparticle array is
ca. 30-fold within a probing time-frame of 50 min (Df changes
from 8 to 245 Hz). The dendritic-type amplification of the
sensing of 2 by the two Au-nanoparticles probes is further
supported by optical measurements (Fig. 2). The primer

oligonucleotide 1 was immobilized on a glass support as shown
in Scheme 1(B). Treatment of the 1-functionalized glass with
the analyte 2 and then with the 3-functionalized Au-nano-
particles, results in the spectrum shown in Fig. 2, curve (b),
consisting of the characteristic plasmon absorbance of Au-
nanoparticles. Upon treatment of the sensing interface with the
second amplification step, the Au-nanoparticle absorbance band
is enhanced ca. 2.5-fold.

In conclusion, we have demonstrated the use of oligonucleo-
tide-functionalized Au-nanoparticles as amplifying probes for
microgravimetric QCM DNA-sensing. By the use of two
different Au-nanoparticle probes consisting of oligonucleotide-
functionalized  Au-nanoparticles, complementary to the two
ends of the analyte DNA, non-linear amplification of the
sensing event was observed.

This research project is supported by the Israel–Japan
Binational Program.
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Fig. 1 (A) Time dependent frequency changes of a 1-functionalized Au-
quartz crystal upon interaction with: (a) the analyte DNA 2 (2 3 1028 M).
(b) After treatment of the double-stranded assembly of 1 and 2 with the
3-functionalized Au-nanoparticles. (c) After treatment of the sensing
interface with 2a (5 3 1026 M). (d) After treatment of the resulting surface
with the 3-functionalized Au-nanoparticles. All measurements were
performed in 2 3 SSC buffer, pH = 7. (B) Frequency changes of the
1-functionalized Au-quartz crystal upon the dendritic amplified sensing of
different concentrations of the analyte DNA 2: (a) upon the association of
the analyte 2 with the sensing interface. (b) Upon the amplification of the
primary double-stranded assembly of 1 and 2 with 3-functionalized Au-
nanoparticles. (c) Upon the dendritic amplification of the primary
1–2–3–Au-nanoparticle array with the 2–1–Au-nanoparticle probe. The Df
values reported in curves (a) and (b) were measured in solution (2 3 SSC,
pH = 7.0). The Df values reported in curve (c) were measured in air. The
double-stranded oligonucleotide–DNA assemblies in the first or second
amplification steps were interacted for 25 min with the 3-functionalized Au-
nanoparticles or the 1-functionalized Au-colloid. (SSC = 10 mM sodium
citrate and 150 mM NaCl.)

Fig. 2 Absorption spectra of a glass support: (a) after modification with 1
according to Scheme 1(B). (b) After interaction of the 1-functionalized glass
with 2 and then with the 3-functionalized Au-nanoparticles. (c) After
amplifying the primary 1–2–3–Au-nanoparticle array with the 2–1–Au-
nanoparticle probe solution.
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The Ti-mediated allylsilane addition to bicyclic lactams
occurs with high stereoselectivity and combined with a ring
closure metathesis provides the title compounds in high ee.

Indolizidines represent an important class of biologically active
compounds, including such alkaloids as slaframine, castano-
spermine (a potent glycosidase inhibitor) and a number of
poisonous-frog alkaloids typified by pumiliotoxin B1 (Fig. 1).
Development of a general method to access these 1-azabicyclo-
[4.3.0]nonanes would provide a useful tool in studying a host of
derivatives.

The construction of optically pure heterocycles using the
bicyclic lactam template has been of great interest in our group,2
and over the years we have published3 applications of the
[4.3.0] bicyclic lactam to access a variety of alkaloids (e.g.
1-deoxy-6-epicastanospermine and coniceine), Fig. 2.

We now report a general protocol utilizing bicyclic lactams
1a–d for the construction of a variety of enantiomerically pure
indolizidines (Scheme 1) including the naturally occurring
parent ring system, (2)-coniceine 6a.

The synthetic route to the 1-azabicyclic systems 6 began by
the addition of allyltrimethylsilane to a dichloromethane
solution of the enantiomerically pure bicyclic lactam and
titanium tetrachloride to furnish the 5-substituted pyrrolidinone
2 with diastereomeric ratios ranging from 6+1 to 11+1. After the
diastereomers in 2 were separated (silica gel column chroma-
tography) the chiral auxiliary was removed by dissolving metal
reduction using calcium metal (NH3, 278 to 230 °C over 4 h)
affording 3. It is noteworthy that for compound 2d containing
two possible benzylic cleavage sites only the exocyclic N-
benzyl bond was cleaved. Introduction of the N-allyl group to
give 4 proceeded smoothly by addition of allyl bromide to the
sodium salt of the pyrrolidinone. The bis-olefin 4 was subjected
to a ring-closing metathesis (10 mol% 7 as catalyst, 25 °C,
1,2-dichloroethane) to afford the indolizidinones 5 in excellent
yields.4 Hydrogenation of the olefinic bond and reduction of the
lactam carbonyl provided the target compounds 6a–d in
32–51% overall yield. In the case where R = H, the reaction
sequence provided a 49% overall yield of (2)-coniceine, which

was identical with a sample previously reported from these
laboratories.3a

To further illustrate the versatility of this methodology, the
oxygenated derivatives of 6 were obtained by dihydroxylation
of metathesis product 5b providing the 3,4-dihydroxy in-
dolizidinone 8 as a 4+1 mixture of diastereomers which were
separable by column chromatography (Scheme 2). In order to
simplify the purification and reduce water solubility of the diol
8, it was protected as the acetonide 9 and reduced to the
indolizidine 10 using lithium aluminium hydride. This route
provides enantiomerically pure hydroxylated derivatives of
1-azabicyclo[4.3.0]nonanes.

In summary, a general method for the construction of a
variety of optically pure indolizidines using the chiral non-
racemic [3.3.0] bicyclic lactams 1a–d in combination with ring-
closing metathesis has been illustrated. The utility of this
method is exemplified by the synthesis of (2)-coniceine with
excellent stereocontrol and overall yield.5

Fig. 1

Fig. 2

Scheme 1 Reagents and conditions: i, allyltrimethylsilane, TiCl4, 68–79%
6+1–11+1 dr; ii, Ca/NH3, 73–89%; iii, NaH/allylbromide, 81–92%; iv, cat.
7 (10 mol%), 89–93%; v, H2, Pd(OH)2, 92–96%; vi, LiAlH4, 83–89%.

Scheme 2 Reagents and conditions: i, OsO4/NMO, 73% 4+1 dr; ii,
2,2-dimethoxypropane, TsOH, 94%; iii, LiAlH4, 89%.
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Enantiomeric silanes 4a, 4b and 4c were obtained from the
corresponding racemic silyl chlorides via diastereomeric
derivatives with (R)-[1,1A]binaphthalenyl-2,2A-diol; the opti-
cal purity of silanes 4a and 4c was determined ( > 98% ee) by
HPLC using a chiral cyclodextrin-based column.

Increasing attention has been recently paid to the preparation
and synthetic applications of organosilicon compounds with a
stereogenic silicon atom.1,2 Chiral tri(alkyl/aryl)silanes appear
to be the most important reagents and synthetic intermediates in
this field, owing to their facile reactions with carbon–carbon
multiple bonds3 and easy transformations into other organosili-
con compounds, among others, to silyl halides. The pioneering
work on tri(alkyl/aryl)silane stereochemistry has been con-
ducted long ago using methyl(naphthyl)phenylsilane4,5 which is
crystalline and relatively easy to obtain in an optically pure
form. Some other optically active silanes (non-crystalline in the
majority of cases when the naphthyl group is not present) have
been prepared only recently. Masuda and coworkers6 have
reported the preparation of several optically active tri(alkyl/
aryl)silanes by asymmetric synthesis involving chiral auxilia-
ries. It has been shown that enzymatic methods have a
considerable potential in synthesis of optically active organo-
silicon compounds.7–9 Since racemic silane derivatives are
readily available, a racemate resolution may provide a conven-
ient and amenable to large-scale approach to a variety of
optically active silanes. Along such lines, a method for the
preparation of enantiomers of tert-butyl(methyl)phenylsilane
4a (Scheme 1) from racemic tert-butyl(methyl)phenylsilyl
chloride 2a, based upon resolution of a particular racemic
intermediate with enantiomeric 2-aminobutanols has been
developed in our laboratories.10 However, all our attempts to
extend this method to other alkyl/arylsilanes failed. In the
search for a more general procedure for racemic silane
resolution we have chosen enantiomeric [1,1A]binaphthalenyl-
2,2A-diols (BINOLs) as the resolving agents. These easily
accessible crystalline compounds have found broad application
as ligands and chiral recognition agents;11,12 however, to the

best of our knowledge, their use as resolving agents has not been
reported. We present here a method for the preparation of
enantiomeric silanes 4a–c with use of BINOLs. We also report
the first direct determination of optical purity of silanes by GC
with a chiral column, which provides an important tool for
further work with optically active silanes.

Treatment of the lithium derivative of (R)-BINOL 1 with
racemic tert-butyl(methyl)phenylsilyl chloride7 2a yielded
diastereomeric derivatives 3a quantitatively. This diastereomer
mixture was separated on a silica gel column to give pure
crystalline diastereomers 3a(SiR) and 3a(SiS) and some mixed
fraction.† Complete separation of 3a(SiR) and 3a(SiS) was
achieved using preparative HPLC‡ and their yields and some
physical data are given in Table 1. The absolute configuration of
the diastereomer 3a(SiR) (more mobile on chromatography)
follows from its single crystal X-ray analysis,§ and a plot of the
X-ray structure of 3a(SiR) is shown in Fig. 1. In a similar
manner BINOL derivatives of n-butyl(phenyl)methylsilane 3b
and phenyl(isopropyl)methylsilane 3c were prepared and their
respective diastereomers were separated by chromatography.
The yields and some physical properties of these compounds are
given in Table 1. Neither of the diastereomers of 3b or 3c could
be obtained in crystalline form.

Table 1 Preparation and some properties of 2A-alkyl(methyl)phenylsilanyloxy-[1,1A]binaphthalenyl-2-ols 3a–c obtained from (R)-BINOL 1 and recemic
alkyl(methyl)phenylsilyl chlorides 2a–c

More mobile isomer Less mobile isomer

R Yield (%) Rt/min Mp/°C Config. Rt/min Mp/°C Config.

3a, But 95 19.73a 129–130 SiR 20.57a 133–134 SiS
3b, Bun 73 34.20b — SiR 39.92b — SiS
3c, Pri 84 16.15a — SiR 17.36a — SiS

a Rt refers to HPLC, analytical column,‡ eluent: 1% ethyl acetate in hexane. b Eluent: 0.5% ethyl acetate in hexane.

Scheme 1
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In order to generate optically active silane and to recover the
BINOL, diastereomer 3a(SiR) was reduced with LiAlH4 in
diethyl ether. Silane 4a(S) was obtained in 83% yield, 95% ee.
Specific rotation¶ and optical purity of this product (determined
by GC analysis on a chiral column, vide infra) are presented in
Table 2. Transformation of 3a(SiR) into 4a(S) indicates that
LiAlH4 reduction of the BINOL derivative occurred with
retention of configuration around the Si atom, as expected by
analogy to other O–Si derivatives.13 Reduction of the more
mobile diastereomer 3b(SiR) afforded dextrorotatory silane
4b(S).

Similarly, reduction of all other diastereomeric silyloxy
derivatives afforded optically active silanes with yields and
some properties compiled in Table 2. The optical purity of
enantiomeric silanes 4c was very high while the enantiomeric
purity of 4b could not be determined (vide infra). The absolute
configuration of silanes 4b and 4c could not be determined by
X-ray measurements. However, comparison with 4a and some
other silanes described14 indicates an SiS configuration for the
dextrorotatory enantiomers.

An attempt was made to use BINOL as a template for
asymmetric synthesis of silanes. Treatment of rac-BINOL 1
(Scheme 2) with 2 mol equivalents of n-butyllithium followed
by dichloro(methyl)phenylsilane (THF, 278 °C) gave an
unstable intermediate which could not be isolated, presumably
the [1,3,2]dioxasilepane derivative 6. However, treatment of 6
in situ with 1 mol equivalent of n-butyllithium (THF, 278 °C)
afforded 3b as a mixture of diastereomers in a 1+1 ratio.
Interestingly, stable [1,3,2]dioxasilepane derivatives with bi-
phenyl frameworks have been prepared.15

Determining the optical purity of silanes 4a–c was crucial for
their intended use in asymmetric synthesis. An attempt was
made to apply several analytical methods, including HPLC on
chiral columns and NMR measurements in the presence of shift
reagents. Eventually, it was found that GC analysis using a
commercial cyclodextrin-based chiral column (B-DM; ASTEC;
50 m 3 0.32 mm) provided base-line separation of enantiomers
4a at 70 °C [Rt = 75.51 min, (R); Rt = 77.00 min (S)] and 4c
at 120 °C [Rt = 25.37 min (S); Rt = 26.95 min (R)].
Conversely, silane 4b bearing an n-butyl group showed no
enantiomer separation even for a much longer retention time. To
the best of our knowledge, GC chiral column separation of 4a
and 4c represents the first direct determination of enantiomeric
purity of tri(alkyl/aryl)silanes.

In conclusion, a method for preparation silanes 4a–c of high
enantiomeric purity has been developed. It has been shown that
the enantiomeric purity of virtually unpolar silanes may be
determined by GC using a cyclodextrin-based chiral column.

Financial support from the State Committee of Scientific
Researches, Poland and the Volkswagen Foundation, Germany,
is gratefully acknowledged.

Notes and references
† Important 1H NMR data of new compounds (200 MHz, CDCl3, d/ppm):
3a(SiS): 5.10 (s, 1, OH); 0.40 (s, 3, SiMe); 3a(SiR) 4.9 7 (s, 1, OH); 0.46 (s,
3, SiMe); 3b(SiS): 5.07 (s, 1, OH), 0.26 (s, 3, SiMe); 3b(SiR): 5.03 (s, 1,
OH), 0.26 (s, 3, SiMe); 3c(SiS): 5.03 (s, 1, OH), 0.20 (s, 3H, SiMe); 3c(SiR):
4.94 (s, 1, OH), 0.31 (s, 3H, SiMe).
‡ Analytical HPLC was performed using a Nucleosil 50-5 column (250 3
4.6 mm), flow rate 1 ml min21, UV detector (254 nm); preparative HPLC
was carried out using a Nucleosil 50-7 column (three units in sequence 250
3 20 mm).
§ Crystal data for C31H30O2Si 3a(SiR): M = 462.64, orthorhombic, space
group P212121, a = 8.3530(10), b = 13.3170(10), c = 23.5330(10) Å, U
= 2617.7(4) Å3; T = 293 K, Z = 4, m(Cu-Ka) = 1.54 mm21. The final
wR(F2) was 0.1063.

CCDC 182/1624. See http://www.rsc.org/suppdata/cc/b0/b001440k/ for
crystallographic files in .cif format.
¶ Specific rotations were measured with a Perkin-Elmer Model 141
polarimeter using an 8 cm3 capacity cell (10 cm path length) for hexane
solutions of distilled samples. Distillation of silanes was required to remove
solvents and other volatile impurities.

1 T. H. Chan and D. Wang, Chem. Rev., 1992, 92, 995.
2 I. Fleming, A. Barbero and D. Walter, Chem. Rev., 1997, 97, 2063.
3 I. Ojima, in The Chemistry of Organic Silicon Compounds, ed. S. Patai

and Z. Rappoport, John Wiley & Sons, Chichester, 1989, ch. 25.
4 L. H. Sommer, C. L. Frye, G. A. Parker and K. W. Michael, J. Am.

Chem. Soc., 1964, 86, 3271.
5 R. J. P. Corriu, C. Guerin and J. J. E. Moreau, Top. Stereochem., 1984,

15, 43.
6 K. Kobayashi, T. Kato, M. Unno and S. Masuda, Bull. Chem. Soc. Jpn.,

1997, 70, 1393.
7 R. Tacke, K. Fritsche, A. Tafel and F. Wuttke, J. Organomet. Chem.,

1990, 388, 47.
8 A. Djerourou and L. Blanco, Tetrahedron Lett., 1991, 32, 6325.
9 S. Bienz, Chimia, 1997, 51, 133.

10 P. Jankowski, E. Schaumann, J. Wicha, A. Zarecki and G. Adiwidjaja,
Tetrahedron: Asymmetry, 1999, 10, 519.

11 R. Noyori and H. Takaya, Chim. Scr., 1985, 25, 83.
12 L. Pu, Chem. Rev., 1998, 98, 2405.
13 R. J. P. Corriu and C. Guerin, Tetrahedron, 1981, 37, 2467.
14 A. Holt, A. W. P. Jarvie and G. J. Jervis, J. Chem. Soc., Perkin Trans.

2, 1973, 114.
15 T. Takada, M. Arisawa, M. Gyoten, R. Hamada, H. Tohma and Y. Kita,

J. Org. Chem., 1998, 63, 7698.

Table 2 Preparation of optically active silanes by LiAlH4 reduction of diastereomeric BINOL derivatives

SiR SiS

R Yield (%) [a]D(c) Ee (%)a Yield (%) [a]D (c)‡ Ee (%)a

4a, But 78 24.1(6.15) > 98 83 +4.2(8.04) > 98
4b, Bun 95 26.2(6.50) — 78 +6.5(7.10) —
4c, Pri 82 23.9(8.39) 98.7 80 +3.9(7.87) 98.2

a Determined by GC analysis using a chiral column (B-DM; ASTEC; 50 m 3 0.32 mm; 100 kPa).

Fig. 1 X-Ray crystal structure of 3a(SiR).

Scheme 2
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The cyclooctadiene ligand within the square planar Pt(II)
complex [PtCl2(C8H12)] undergoes nucleophilic attack from
a siloxo group of the thallated polyhedral silsesquioxane [(c-
C5H9)7Si7O9(OSiMe3)(OTl)2], to yield [(c-C5H9)14Si14O18(O-
SiMe3)2O4(h4-C8H12)PtTl2]; given the analogy between the
silsesquioxane moiety and a silica surface, the presence of an
SiO–C bond between the siloxo-cage and the Pt-bound
olefinic ring is significant in the context of surface non-
innocence in heterogeneous catalysis.

Metalla-derivatives of partially condensed silsesquioxanes
(POSS) provide an appropriate manifold for gaining molecular
insight into the nature of silica-supported heterogeneous
catalysts.1 Complexes of metallic POSS with centres are known
to display close structural and chemical resemblance to their
heterogeneous counterparts.1 Here, we wish to report the
structure of a highly novel mixed-metal silsesquioxane complex
[[(c-C5H9)7Si7O9(OSiMe3)O2]2(h4-C8H12)PtTl2] 2 that dis-
plays an unprecedented siloxo-metallacycle derived from the
formal oxidative-addition of a Pt–OSi bond across a carbon–
carbon double bond of a coordinated diolefin. Such interaction
models a direct involvement of a ‘non-innocent’ silica surface
into the activation of an unsaturated substrate. To date, no other
molecular model for such ‘support–catalytic center’ interaction
had been reported.

Upon addition of [PtCl2(cod)] (cod = cycloocta-1,5-diene)
to a benzene solution containing 2 equivalents of [(c-
C5H9)7Si7O9(OSiMe3)(OTl)2] 1,2 the mixed-metal compound 2
is formed in low yield (ca. 6%) (Scheme 1).† Compound 2 may
also be isolated by fast addition of [PtCl2(cod)] to an equimolar
solution of 1, followed by rapid work-up of the reaction
mixture. Conversely, if [PtCl2(cod)] is added slowly to an
equimolar benzene solution of 1 and the mixture allowed to
stand for 56 h, elimination of 2 equivalents of TlCl is observed
and the metalla-silsesquioxane [(c-C5H9)7Si7O9(OSi-
Me3)O2Pt(h4-C8H12)] 3 can be isolated in moderate yield (53%)
(Scheme 1). Compound 2 has also been found to react with 1
equivalent of [PtCl2(cod)] to give 3.

Compound 2 was initially characterised by its 1H NMR
spectrum in C6D6 which clearly indicates that the Pt(cod)
moiety is coordinated to the silsesquioxane cage. However, a
complete elucidation of the structure based on the NMR data is
hindered by the overlap of cyclopentyl and cyclooctadienyl
resonances. The molecular structure of compound 2 was
elucidated by single-crystal X-ray diffraction analysis (Fig.
1).‡

Compound 2 consists of two silsesquioxane moieties bridged
by a trinuclear (C8H12)PtTl2 core. The metallic unit shows a Tl–
Tl distance of 3.7382(13) Å and a Tl–Pt distance of 3.2393(15)
Å. The central thallium atom [Tl(I)] forms an angle with its
neighbours of 63°43A. The geometry at the platinum metal,
excluding the thallium contact, is square planar with mean
deviation from the plane of 0.1712 Å. The thallium atom sits
above the plane, forming an angle with the perpendicular to the
plane of 27°. The Pt(II) centre completes its coordination sphere
with two Pt–O bonds [2.142(9) and 2.064(10) Å], one Pt–C s-
bond [2.05(3) and 2.16(4) Å, in the two disordered rings present
in the solid state structure] and a Pt–CNC p bond [with Pt–C
distances of 2.10(2) Å]. Such coordination results form the
cyclooctadiene ring having undergone nucleophilic attack from
a siloxo moiety. The structural disorder results from the SiO2
nucleophilic attack occurring at both possible sites of the CNC
1,2-double bond. The oxidative addition yields reaction both on
Pt–C and a SiO–C bond [O–C 1.55(3) Å]. The C–C distances of
1.53(3) and 1.49(3) Å in the disordered structure show
substantial lengthening with respect to the coordinated olefinic
CNC bond [1.36(2) Å]. Both oxygen atoms involved in the Pt–O
bonds are also involved in a Tl–O bond [2.514(11) and
2.681(11) Å]. This m2-siloxo-binding mode contributes one
electron to the overall electron count for the platinum centre.
The apparent electron deficiency at the Pt(II) centre may be
taken to explain the presence of the thallium–platinum contact.
Thallium(I)–platinum(II) bonds are known,3 although in scarce

Scheme 1

Fig. 1 Molecular structure of 2. No H and only ipso carbons of cyclopentyl
rings are shown for clarity. Only one of the two disordered cod rings is
shown for clarity. See text for selected bond lengths and angles.
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number. They vary in length between 2.860 Å3c and 3.135 Å,3b

making the presently reported one the longest to date. The
bonding geometry encountered here is reminiscent of those
previously reported, with the Tl–Pt vector approaching the
prependicular of the square planar Pt(II) complex.3b

The most striking feature of compound 2 is the presence of a
s bond between the siloxane frame and the metal coordinated
cyclooctenyl ligand. To our knowledge, this would appear to be
the first derivative that displays activation of a metal ligand by
the silsesquioxane frame. The only two previously reported
platinasilsesquioxanes are [(c-C5H9)7Si7O9(OSi-
Me3)O2Pt(dppe)]4 (dppe = diphenyldiphosphinoethane) and
[(c-C6H11)7Si7O9(OSiMe3)O2Pt(h4-C8H12)].1b While no exper-
imental details are available for the latter, the former has been
fully characterised, and consists of a square planar Pt(dppe)
complex of the dipodal silsesquioxane cage. The chemistry at
the platinum centre can be described as resulting from the
exchange of two chloride ions from the appropriate Pt(II) salt
with a dipodal silsesquioxane frame, with no other variation in
the remaining coordination sphere of the metal centre. This
reaction, which is the most used synthetic strategy for obtaining
metalla silsesquioxanes,1c has been applied successfully in this
work and compound 3 obtained [see reaction (2) in Scheme 1].§
This has been characterised by analytical and spectroscopic
techniques, and its molecular structure determined by a single
crystal X-ray diffraction study (Fig. 2),‡ making it the first
organometallic platina-silsesquioxane structurally character-
ised.

The structure of 3 is similar to the dppe derivative described
above. The Pt(cod) moiety retains most of its structural
characteristics upon grafting onto the silanol. The presence of
two distinct 1H NMR resonances for the olefinic protons
confirms the asymmetry in the ring-coordination arising from
the presence of the POSS cage. This complex is also related to
the complex [(h4-cod)Pt(OSiPh3)2],5 obtained from the reaction
of [PtCl2(cod)] with triphenylsilanol.

The structures of compounds 2 and 3 shed considerable light
into the nature of silica-supported platinum-based catalysts.
With compound (h4-cod)Pt(OSiPh3)2,5 they are the only
reported organometallic siloxo complexes of platinum(II), and
therefore constitute the only available models for silica
supported organoplatinum catalysts. Such heterogeneous sys-

tems are of interest, given their use as catalysts in the
heterogeneous hydrogenolysis of hydrocarbons.5 As with
supported heterogeneous catalysts in general, the molecular
structure of their active site is seldom known with precision. In
such materials the activity is normally believed to reside at the
metal centre, although the existence of a ‘support-effect’ in the
solid state has been invoked.6 Compound 3 shows no interaction
of the ‘silica-like’ silsesquioxane frame with the coordinated
unsaturated substrate. Such structural motif models a catalyst
supported on an inactive silica surface, and modeled in POSS
chemistry. In contrast, compound 2 exemplifies the opposite
situation; the coordinated unsaturated bond establishes a direct
bond with the ‘silica-like’ part of the metalla-POSS emphasis-
ing the possible non-innocence of a silica surface.

Financial support from the European Union (TMR grant to
E. A. Q.) is gratefully acknowledged.

Notes and references
† Synthesis of 2: solid [PtCl2(cod)] (20 mg, 0.054 mmol) was added to a
benzene solution (5 mL) of 1 prepared in situ from [(c-C5H9)7Si7O9(OSi-
Me3)(OH)2] (100 mg, 0.106 mmol).2 The immediate precipitation of a fine
white powder ensued. After 5 h of stirring, the suspension was filtered off
and the colorless supernatant was dried under vacuum. The residue was
extracted with benzene (3 mL) and, by slow diffusion of MeCN in the
solution, pale yellow needles were obtained and studied by X-ray
diffraction. dH(C6D6): 4.35 (br m, 2H, CHNCH), 4.15 (m, 1H, CHCHNCH),
3.15 (br, 1H, CHOSi), 2.40 (m, 2H), 2.15 (m, 2H), 1.80–1.30 [br m, c-
CH(CH2)2], 0.90 [br m, 7H, c-CH(CH2)2], 0.15 [m, 9H, Si(CH2)3].
‡ Crystal data: for 2: C84H156O24PtSi16Tl2, M = 2603.36, triclinic, space
group P1̄ a = 14.613(2), b = 19.703(2), c = 20.723(2) Å, a = 98.04(4),
b = 101.92(4), g = 92.99(3)°, U = 5760.3(11) Å3, Z = 2, m = 4.229
mm21, T = 180(2) K, 14691 independent reflections, final R index [Io >
2s(Io)] = 0.0803, RA = 0.2040, GOF = 1.045.

For 3: C46H84O12PtSi8, M = 1248.94, triclinic, space group P1̄, a =
11.0900(4), b = 11.7050(4), c = 23.3350(9) Å, a = 75.9010(19), b =
80.6610(19), g = 83.003(2)°, U = 2888.16(18) Å3, Z = 2, m = 2.649
mm21, T = 230(2) K, 10099 independent reflections, final R index [Io >
2s(Io)] = 0.0530, RA = 0.1228, GOF = 1.010. CCDC 182/1618. See
http://www.rsc.org/suppdata/cc/b0/b000992j/ for crystallographic files in
.cif format.
§ Synthesis of 3: a benzene solution (5 mL) of [PtCl2(cod)] (45 mg, 0.120
mmol) was added dropwise to a benzene solution (10 mL) of 1 prepared as
above from [(c-C5H9)7Si7O9(OSiMe3)(OH)2] (115 mg, 0.121 mmol). An
immediate precipitation of a fine white powder ensued. After 48 h of
stirring, the suspension was filtered off and the pale yellow supernatant was
dried under vacuum. The residue was extracted with benzene (3 mL) and
dried again leaving a white powder (32 mg, yield as 3: 53%). By slow
diffusion of MeCN in a benzene solution, pale yellow needles were obtained
and studied by X-ray diffraction. Elemental analysis for C46H84O12PtSi8:
found (calc.): C, 43.89 (44.24); H, 6.98 (6.78). dH(C6D6) 5.12 (m, 2H,
CHaNCHb), 4.94 (m, 2H, CHaNCHb), 2.82 (br, 2H, CH2 in cod), 2.64 (m, 2H,
CH2 in cod), 2.14 (m, 4H, CH2 in cod), 1.76 (br, 7H, CH2 in c-C5H9), 1.40
(br, 7H, CH2 in c-C5H9), 0.98 (br m, 7H, CH in c-C5H9), 0.11 [m, 9H,
Si(CH3)3].
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111, 1741; (b) F. J. Feher, T. A. Budzichowski, R. L. Blanski, K. J. Weller
and J. W. Ziller, Organometallics, 1991, 10, 2526; (c) R. H. Baney, M.
Itoh, A. Sakakibara and T. Suzuki, Chem. Rev., 1995, 95, 1409.

2 F. J. Feher, K. Rahimian, T. A. Budzichowski and J. W. Ziller,
Organometallics, 1995, 14, 3920.

3 (a) J. K. Nagle, A. L. Balch and M. M. Olmstead, J. Am. Chem. Soc.,
1990, 110, 3191321; (b) I. Ara, J. R. Berenguer, J. Fornı́es, J. Gomez, E.
Lalinde and R. I. Merino, Inorg. Chem., 1997, 36, 6461 and references
therein; (c) L. Hao, J. J. Vittal and R. J. Puddephatt, Organometallics,
1996, 15, 3115.

4 H. C. L. Abbenhuis, A. D. Burrows, H. Kooijman, M. Lutz, M. T. Palmer,
R. A. van Santen and A. L. Spek, Chem. Commun., 1998, 2627.

5 A. Fukuoka, A. Sato, Y. Mizuho, M. Hirano and S. Komiya, Chem. Lett.,
1994, 1641.

6 K. Foger, Catalysis Science and Technology, ed. M. Boudart, Springer–
Verlag, Berlin, 1984, vol. 6, p. 227.

Fig. 2 Molecular structure of 3. No H atoms and only ipso carbons of
cyclopently rings are shown for clarity. Selected interatomic distances (Å)
and angles (°) (CNT is the centroid of the coordinated double bond): Pt1–O1
1.987(5), Pt1–O2 1.990(5), Pt1–C1 2.16, Pt1–C2 2.139, Pt1–C5 2.143(7),
Pt1–C6 2.131(7), Pt1–CNT1 2.015, Pt1–CNT2 2.021, C1–C2 1.376(10),
C5–C6 1.387(11); O2–Pt1–O1 90.4(2), O1–Pt1–CNT1 90.3(3), CNT1–
Pt1–CNT2 89.4(3).
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The heterodinuclear cryptate [DyCuL(DMF)](ClO4)2·
MeCN [where L denotes the deprotonated anionic cryptand
obtained by condensation of tris(2-aminoethyl)amine with
2,6-diformyl-4-chlorophenol] has been obtained by a step-
wise method; the presence of copper(II) and dysprosium(III)
in the cavity of the cryptand was evidenced by X-ray
structure analysis and ESMS spectroscopy.

Heterodinuclear complexes have received much attention
owing to their electronic, electrochemical, and magnetic
properties arising from the metal–metal interaction,1 and
mimicking of the active centers of some metalloenzymes, for
example, copper–zinc superoxide dismutase,2 cytochromic
oxidase,3 hydrogenase,4 etc. Heterodinuclear complexes of
dinucleating ‘Robson-type’ macrocycles5 have been recognized
for many years.6 Most of these are two-dimensional macro-
cyclic complexes encapsulating transition metal ions. A few d–f
heteronuclear macrocyclic complexes have been reported.7
Since it was found that the Gd(III)–Cu(II) intramolecular
interaction in the complexes is ferromagnetic,8 interest has been
aroused in the synthesis of d–f heteronuclear macrocyclic
complexes in order to develop new functions. The cryptates
have good thermodynamical stability and kinetic inertness
toward metal dissociation. The first homodinuclear lanthanide
cryptate was synthesized in 1999,9 but up to date no examples
of heteronuclear d–f cryptates have been described in the
literature. Here, we report the first example of a d–f hetero-
nuclear Dy(III)–Cu(II) complex of a Robson-type cryptand
together with its crystal structure. The mononuclear dysprosium
cryptate was synthesized by metal-templated reaction between
2,6-diformyl-4-chloro-phenol (dcp) and tris(2-aminoethyl)-
amine (tren) in the presence of hydrated dysprosium nitrate in
3+2+1 mol ratio in absolute methanol. After refluxing for 3–4 h,
the yellow mononuclear dysprosium cryptate was produced,
which was used as a precursor to synthesize the heteronuclear
complex. The yellow complex (117 mg, 0.1 mmol) was
dissolved in methanol (20 cm3) containing a small amount of
DMF. The pH of the solution was ca. 6. After adding an excess
of CaH2 powder, the pH of the solution changed to 7–8. After
filtering the solution, copper perchlorate (0.1 mmol) in
methanol (5 cm3) was added resulting in a green solution. After
refluxing for ca. 2 h a red solid was produced. Slow diffusion of
diethyl ether into an acetonitrile solution of the complex gave
red prismatic crystals of [DyCuL(DMF)](ClO4)2·MeCN suita-
ble for an X-ray study,†‡ where L is the deprotonated anionic
cryptand obtained by condensation of tren with dcp
(Scheme 1).

The ESMS spectra display intense peaks corresponding to the
fragments [DyCu(L 2 3Cl)(DMF)(MeCN)]2+ (100), [DyCu(L
2 3Cl)(DMF) + (Cl2) + 2(MeOH)]+ (42) and [DyCu(L 2
3Cl)(DMF) + (Cl2) + 2(MeOH) + (MeCN)]+ (24%), confirm-
ing the presence of the Dy(III)–Cu(II) core in the cryptate. It is
found that the chlorine atom of the phenyl rings can be lost
under ESMS conditions, whereas the Dy(III)–Cu(II) macrobi-
cycle remained intact and [DyCu(L 2 3Cl)(DMF)(MeCN)]2+

appears with 100% base peak intensity.

Structural analysis of this complex comfirmed the presence
of the Dy(III)–Cu(II) unit in the cavity of the macrocycle. The
crystals contain the cation [DyCuL(DMF)]2+, two independent
perchlorate anions and an acetonitrile molecule. Fig. 1 illus-
trates the structure of the cation.

The Dy(III) ion is located at one end of the cavity and is eight
coodinated with the bridgehead nitrogen atom [N(1)], three
imino-nitrogen atoms [N(2), N(3), N(4)], the three m-phenolate
oxygen atoms [O(1), O(2), O(3)] and the oxygen atom O(4) of
DMF. The coordination polyhedron is best described as
distorted dodecahedral. The Dy–N(imino) distances are in the
range 2.443–2.509 Å, with Dy(III)–N(1) 2.617 Å, shorter than
found in a Dy(III) mononuclear cryptate reported by Fenton and
coworkers,10 however the Dy(III)–O(phenolate) distances are
longer than those reported in the literature.10 The other end of
the cavity is occupied by the Cu(II) ion. Three m-phenolate
oxygen and three imino-nitrogen atoms coodinate to Cu(II),
forming a distorted octahedron. The Dy…Cu distance is

Scheme 1 Anionic cryptand L.

Fig. 1 Crystal structure of [DyCuL(DMF)]2+.
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3.255 Å. The Dy(III)–O(1)–Cu(II), Dy(III)–O(2)–Cu(II) and
Dy(III)–O(3)–Cu(II) angles are 92.1, 90.0 and 97.1°, re-
spectively. The distance between the two bridgehead nitrogens,
N(1)…N(8) 9.003 Å, is larger than that found for a mononuclear
dysprosium(III) cryptate (8.361 Å)10 or in a homobinuclear
Lu(III) cryptate (8.65 Å),9 and slightly shorter than that in
[Cd2L]2+ (9.01 Å),11 revealing that the cryptand (L) can expand
or contract as appropriate to encapsulate one or two metal
ions.

Previously we have described a mononuclear neodymium(III)
cryptate of ligand L in which one water molecule was
encapulated as a guest.12 In the present work we have extended
the work via a stepwise synthesis to introduce a 3d metal ion
which occupies the position of the water molecule in the cavity.
Further d–f heteronuclear cryptates consisting of transition
metals [copper(II), nickel(II), etc.] and other lanthanide ions
have also been synthesized and will be reported elsewhere.

This project was supported by the National Science Founda-
tion of China.

Notes and references
† [DyCuL(DMF)](ClO4)2·MeCN yield 40% (Found: C, 38.20; H, 3.75; N,
10.45; C41H46Cl5N10O12CuDy requires: C, 38.65; H, 3.64; N, 10.99%).
lmax/nm (e/dm 3 mol21 cm21) (MeCN) 245(75 214), 380(14 511) 490(402).
nmax(KBr)/cm21 1650s(CNN), 1540s(C–O) and 1097(ClO4

2). Lm(DMF,
298 K): 150 s cm2 mol21. The complex is soluble in methanol, acentonitrile
and DMF.
‡ Crystal data: [DyCuL(DMF)](ClO4)2·MeCN, C41H46Cl5N10O12CuDy, M
= 1274.17; red prism, 0.28 3 0.16 3 0.06 mm, monoclinic, space group
P21/c, a = 19.6358(7), b = 11.8049(4), c = 21.5544(8) Å, b =
98.2600(3)°, V = 4944.4(3) Å3, Z = 4, Dc = 1.712 Mg m23, m = 2.270

mm21. Using Mo-Ka radiation (l = 0.71073 Å) at 293(2) K, a total of
17 965 reflections was collected (1.05 < q < 25.05°), of which 8693 were
independent. Refinement converged to R1 = 0.0658, wR2 = 0.1109 [I >
2s(I)] and R1 = 0.1570, wR2 = 0.1450 (all data).

CCDC 182/1622. See http://www.rsc.org/suppdata/cc/a9/a909926n/ for
crystallographic files in .cif format.
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A novel and highly efficient approach to angularly fused
tricycles has been developed through the employment of
selective tandem ring closing metathesis reactions.

Angularly fused tricycles represent a structurally intriguing unit
present in many natural products and have attracted the
attention of synthetic chemists for a number of years.1 Amongst
prominent targets of this class of compounds are triquinanes and
marine alkaloids, of which there are a plethora of examples with
a variety of biological activities. In the process of our
investigations into the scope of tandem ring closing metathesis
(RCM) reactions2 for the synthesis of functionalised carbon
skeleta,3,4 we have turned our attention to the application of this
technique to the formation of angularly fused tricycles by
employing the general strategy outlined in Fig. 1. Specifically,
we were interested in observing the relative ease of tricycle
formation (mode a cyclisation) versus that of spirocyclisation
(mode b cyclisation), and additionally, whether spirocycles
would themselves participate in tricycle formation. In this
regard, the groups of Grubbs4a and Mioskowski4e have shown
that tandem metathesis (mode a type) cyclisation products are
highly favoured, and can indeed be generated by ring opening/
closing metathesis of mode b type substrates.

We prepared a suitable model system through a routine two
step procedure, which provided both syn- and anti-diols 2 and 3
which were readily separated by column chromatography
(Scheme 1).

With the desired tetraenes in hand, we turned our attention to
the tandem RCM reaction paying particular regard to the
selectivity of tricycle versus spirocycle formation. Subjection of
syn-tetraene 2 to 20 mol% Grubbs’ catalyst PhCHNRu(P-
Cy3)2Cl2 I for 48 h gave a complex reaction mixture5 from

which the desired tricycle 4 could be isolated in 38% yield as a
stable crystalline solid (Table 1, entry 1). In contrast to 2, the
anti-diol 3 underwent smooth and selective cyclisation to
tricycle 5 in high yield (Table 1, entry 2).6‡

We were intrigued that the potentially competing spiro-
cyclisation process was not evident under any of the reaction
conditions employed, however, we could not rule out the
possibility that the spirocycles were formed transiently and
reacted in situ to furnish the observed tricyclic products. In an
attempt to further clarify this issue, we prepared the appropriate
spirocycles by the route shown in Scheme 2.

Surprisingly, RCM of diene 6 was rather sluggish and
required extensive heating and relatively high catalyst loadings
to achieve useful product yield.7 Nonetheless, the subsequent
Grignard alkylation reaction proceeded smoothly to provide a
mixture of syn- and anti-diols in good yield.

Both spirocyclic substrates 8 and 9 were stable to the Ru-
catalyst at 25 °C but provided the corresponding tricycles in

† Electronic supplementary information (ESI) available: general experi-
mental and synthetic and spectral data for the new compounds. See
http://www.rsc.org/suppdata/cc/b0/b002136i/

Fig. 1

Scheme 1 Reagents and conditions: i, CH2NCHCH2OAc, 0.8% Pd(PPh3)4,
DBU, 74%; ii, CH2NCHCH2MgCl, 73%, 6+1 syn+anti.

Table 1 Ru-catalysed preparation of angularly fused tricyclesa

Scheme 2 Reagents and conditions: i, 10 mol% I, 60 °C, DCE, 48 h, 67%;
ii, CH2NCHCH2MgCl, 66%, 5+1 syn+anti.
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comparable yields to those from the appropriate tetraenes in the
presence of 10 mol% I at elevated temperatures (entries 3 and 4
of Table 1). These results demonstrate that whilst spirocycles 8
and 9 have not been observed in the RCM reactions of 2 and 3,
they cannot be ruled out as intermediates in the reaction
process.

In extending this chemistry to six-membered ring analogues
we encountered some surprising differences in reactivity.
Firstly, all attempts to add allyl magnesium halides to
2,2-diallylcyclohexa-1,3-dione (10 in Scheme 3) failed to
furnish the desired tetraene substrate. We therefore turned our
attention to the preparation of the corresponding spirocyclic
substrates as outlined in Scheme 3.

In sharp contrast to the RCM reaction of diene 6, cyclohexane
analogue 10 underwent smooth ring closure at room tem-
perature in the presence of 2 mol% I to provide the spirocycle
11 in excellent yield. Additionally, this substrate was readily
alkylated to give the expected diols 12 and 13 in good yield.

Once again, in contrast to the cyclopentanedione spirocycles,
we have found the corresponding cyclohexane analogues to be
extremely unreactive towards Ru-catalysed tricycle formation.
As outlined in Scheme 4, the syn- and anti-spirocycles 12 and
13 were inert to metathesis even on prolonged heating with 20
mol% Ru-catalyst. Protection of the diol unit as mono-silyl
ether 15 provided bridged bicycle 16 in 64% overall yield, after
removal of the TBS-group, as the only metathesis reaction
product. In this particular case, it is likely that the increased
steric demands of the OTBS unit provides a greater concentra-
tion of the diaxial diene conformation and facilitates seven-
membered ring closure. We therefore tethered the diol units in
the axial position by the preparation of cyclic carbonate 14,8
however, once again this substrate was found to be un-
reactive.

The notable difference in reactivity of the cyclopentane-
derived spirocycles in comparison to the cyclohexane analogues
is unclear at present, however, the relative ease of RCM of diene
10 in comparison to 6 and the ready conversion of spirocycles
8 and 9 versus that of 12 and 13 suggests that these differences
may originate from the relative strain in the respective
cyclopentene moieties.9 Nonetheless, we have shown that

tandem RCM is a viable method for the rapid assembly of
cis,trans- and cis,cis-fused tricyclic skeleta.10 The application
of this methodology in target orientated synthesis and the
further study of the selectivity issues raised in this communica-
tion are currently under investigation.

We are grateful to the EPSRC for studentships (M. J. B. and
A. S. E.) and to AstraZeneca for financial support.

Notes and references
‡ Crystal data for C13H18O2 5 at 150 K: M = 206.27, orthorhombic, space
group Pbca (no. 61), a = 8.6041(5), b = 13.1932(7), c = 19.0521(10) Å,
U = 2162.7(2) Å3, Z = 8, Dc = 1.267 g cm23. Mo-Ka radiation (l =
0.71073 Å), m(Mo-Ka) = 0.083 mm21, F(000) = 896. Data were collected
in the range 3.02 < q < 28.27°, 2624 independent reflections (Rint =
0.0679), final R = 0.0572, with allowance for the thermal anisotropy of all
non-hydrogen atoms.

CCDC 182/1621. See http://www.rsc.org/suppdata/cc/b0/b002136i/ for
crystallographic files in .cif format.
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Reaction of 1,4-dilithiotetraphenylbutadiene with phos-
phorus(III) bromide affords bis(tetraphenylbutadienyl)di-
phosphine, (Ph4C4)P–P(C4Ph4), with a phosphorus–phos-
phorus bond length of 2.2051(11) Å.

Bis(2,4,6-tri-tert-butylphenyl)diphosphene, (But
3C6H2)PNP-

(C6H2But
2),1 the first compound shown to contain a formal

phosphorus–phosphorus double bond [P–P 2.034(2) Å], was
prepared by the magnesium metal reduction of (But

3C6H2)PCl2.
Indeed, alkali (or alkaline earth) metal reduction is one of three
general routes to diphosphines (the other two being heating a
phosphinous halide, R2PCl, with a secondary phosphine or with
an alkali metal phosphine),2 a significant development in main
group chemistry. Furthermore, as evidenced by subsequent
studies concerning (But

3C6H2)PNP(C6H2But
3),3 the chemistry

of diphosphenes and diphosphines continues to be of interest to
both synthetic and computational chemists. Crucial in the
stabilization of (But

3C6H2)PNP(C6H2But
3) was the utilization of

the sterically demanding 2,4,6-tri-tert-butylphenyl ligand. In a
related vein, this laboratory has recently examined the organo-
group 13 (III) chemistry of 1,4-dilithiotetraphenylbutadiene
resulting in two interesting complexes: (a) a spirogallane
anion,4 [(Ph4C4)Ga(C4Ph4)]2 I; and (b) an In2C8 ten-membered
ring, (Et2O)2Li(Br)2In{(C4Ph4)}2In(Br)2Li(OEt2)2 II.5

Herein, we report the synthesis6 and molecular structure7 of
bis(tetraphenylbutadienyl)diphosphine, (Ph4C4)P–P(C4Ph4)
III, readily isolated from reaction of 1,4-dilithiotetraphenylbu-
tadiene,8 prepared by the action of an excess of metallic lithium
on diphenylacetylene, with phosphorus(III) bromide (Scheme
1). This compound, characterized by 1H, 13C and 31P NMR

spectroscopy elemental analyses and single-crystal X-ray
diffraction (Fig. 1), is significant as it represents an interestingly
facile, if unexpected, one-pot route to a diphosphine.

The past two decades have witnessed a number of studies
concerning compounds containing phosphorus–phosphorus
bonds.9 Indeed, this laboratory has had an interest in the
preparation of diphosphines having previously reported the
synthesis and molecular structure of [(Me3Si)2P{Me2-
Ga}2PMe]2,10 isolated from reaction of Me3P–GaMe3 with
P(SiMe3)3, having a P–P single bond length of 2.25(3) Å.
Relative to diphosphenes it is important to note the previously
reported s-bonded pentamethylcyclopentadienyl-based diph-
osphene, bis(pentamethylcyclopentadienyl)diphosphene, (s-
C5Me5)PNP(s-C5Me5).11 The phosphorus atoms in (s-
C5Me5)PNP(s-C5Me5) are two-coordinate (s-bonding to one of
the carbon atoms of the ring and to the other phosphorus atom)
with a P–P double bond length of 2.031(3) Å.

A number of points regarding the structure and bonding in
(Ph4C4)P–P(C4Ph4) are relevant. As expected, the five-mem-
bered butadienyl rings are planar about the phosphorus atoms
with the phenyl rings arranged in a propeller-like fashion.
Indeed, the molecule resides in a trans configuration. The
environment about the phosphorus atoms must be considered
distorted pyramidal thereby precluding significant interaction
of the phosphorus lone electron pairs with the conjugated
system of the tetraphenylbutadienyl moieties. The P–C bond
lengths are generally unremarkable. Clearly. the phosphorus–
phosphorus bond of 2.2051(11) Å in (Ph4C4)P–P(C4Ph4) must
be considered a single bond. Moreover, the 31P NMR resonance
of d215.98 in (Ph4C4)P–P(C4Ph4) is also consistent with a P–P
single bond. For comparison, the 31P resonance of (s-
C5Me5)PNP(s-C5Me5) was reported at d 504 (121 MHz, C6D6)

Scheme 1

Fig. 1 Molecular structure of (Ph4C4)P–P(C4Ph4). Bond distances (Å) and
angles (°): P(1)–C(22) 1.797(3), P(1)–C(1) 1.799(3), P(1)–P(2) 2.2051(11),
P(2)–C(29) 1.796(3), P(2)–C(50) 1.799(3); C(22)–P(1)–C(1) 91.16(12),
C(22)–P(1)–P(2) 108.13(9), C(1)–P(1)–P(2) 100.16(9), C(29)–P(2)–C(50)
91.26(14), C(29)–P(2)–P(1) 106.14(10), C(50)–P(2)–P(1) 99.92(10).
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while that for the [trans-{[Fe(CO4)]2[PCH(SiMe3)2]2}] diph-
osphene was reported at d 384.55 (external 85% H3PO4) [P–P
2.039(1) Å].9b

It is significant that the tetraphenylbutadienyl moiety con-
tinues to find utility in main group chemistry. It is noteworthy
that the title compound bears some resemblance to the
previously reported bis[1-(trimethylsilyl)-2,3,4,5-tetraphenyl-
1-silacyclopentadienyl] compound isolated in 54% yield from
the sonication of 1,1-dichloro-2,3,4,5-tetraphenyl-1-silacyclo-
pentadiene in the presence of three equivalents of metallic
lithium.12

We are grateful to the National Science Foundation (G. H. R.:
CHE-95-9520162) and to the donors of the Petroleum Research
Fund, administered by the American Chemical Society, for
support of this work.
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Pentamethylmolybdenum has been prepared and charac-
terized by single crystal structure determination, EPR, and
Raman spectroscopy.

The total number of homoleptic1 neutral metal methyl com-
pounds is small. Ti(CH3)4 has never been obtained free of donor
molecules.2 Nb(CH3)5 and Ta(CH3)5 have been obtained in the
pure state,3 and the structure of the latter has been determined
by electron diffraction.4 W(CH3)6 and Mo(CH3)6 are known
including their peculiar crystal structures,5–7 as is Re(CH3)6.6,8

Here we describe the formation of Mo(CH3)5.
In attempts to obtain Mo(CH3)6 by reacting MoOCl4 with

Zn(CH3)2
7 we have occasionally observed that in high vacuum

a blue compound sublimed off into a 2196 °C cold trap. We
have been able to obtain a single crystal from this material
which has been identified as Mo(CH3)5 by a single crystal
structure determination. Subsequently we developed a pre-
parative route from MoCl5 (1.63 mmol) and a slight excess of
Zn(CH3)2 (5.87 mmol) in 20 ml diethyl ether between 278 and
220 °C.9 After pumping off all volatile materials at 278 °C, 15
ml n-pentane was added, and the suspension stirred for 30 min
at 278 °C. At 220 °C the solvent was pumped off, and the tail
of this vacuum distillation contained a light blue compound.
Most of the solvent was pumped off at 278 °C and
recrystallisation from CF3CH2CF3 between 240 and 260 °C
afforded turquoise needles, which turned black upon contact
with traces of oxygen or upon warming above 210 °C.
Mo(CH3)5 is thus thermally less stable than Mo(CH3)6.

The result of the single crystal structure determination is
shown in Fig. 1† which shows that the molecule is a square
pyramid. For comparison we also prepared Ta(CH3)5 and
succeeded in obtaining single crystals of it by crystallizing a
sample from CF3CH2CF3 between 240 and 278 °C.† Both
molecular structures are virtually identical, in spite of the fact
that one is a d0 and the other a d1 system. The structural
similarity is strikingly different from the W(CH3)6 (Mo(CH3)6)/
Re(CH3)6 pair, where the d1 system is different from the d0

systems.5,6

The only, but still marginal, differences between the
Mo(CH3)5 and Ta(CH3)5 structures are (i) the larger Capical–M–
Cbasal angles in Mo(CH3)5, and (ii) the larger bond length
difference between apical and basal metal–C bonds for
Ta(CH3)5.

We also calculated the structures of Mo(CH3)5 and Ta(CH3)5
using a density functional (DFT) approach, using electron core
potentials10 for Mo and Ta atoms and the 6-311 G(d,p) basis set

for C and H.11 The square pyramidal (SPY) structure is
energetically strongly favored over the trigonal bipyramidal
structure (TBPY). For the square pyramidal structures all
geometric parameters have been refined independently. In order
to obtain energetic and structural data for the trigonal bipyr-
amidal structures one C–M–C angle has been fixed at 180°,
while all other variables have been set free. The energy
difference between the SPY and TBPY structures is calculated as
53.4 kJ mol-1 for Ta(CH3)5, (cf. 32.2 kJ mol-1 in an earlier
calculation12). For Mo(CH3)5 the energy difference is even
larger at 97.5 kJ mol-1. At present it cannot be said with
certainty if this large energy difference is a consequence of
imperfect calculations, due to the open shell system. If it is real,
this would indicate a strong steric activity of the d1 electron
which would be very unusual. Table 1 gives a summary of
experimental and calculated structures of both compounds.

Table 1 Bond lengths (pm) and angles (°) for the tetragonal pyramidal structures of Mo(CH3)5 and Ta(CH3)5

Mo(CH3)5 Ta(CH3)5

X-Ray
DFT
calculationa X-Ray

Electron
diffractionb

DFT
calculation

MP2
calculationc

M–Capical 206.8(1) 209.9 207.3(14) 211(2) 214.7a 215.4
M–Cbasal 211.1(1) 215.2 215.0(7) 218.0(5) 218.2 218.7
Capical–M–Cbasal 113.6(2) 114.5 111.1(2) 111.7(13) 112.1 111.6
Cbasal–M–Cbasal 80.8(1) 80.0 82.6(2) 82.9(9) 81.8 82.2

a For details see text. b See ref. 4. c See ref. 14.

Fig. 1 (a) Crystal structure of Mo(CH3)5. ORTEP with 50% probability
ellipsoids. (b) View along the fourfold axis. The hydrogen positions of the
apical methyl group are fourfold disordered and only one orientation is
shown. The ORTEP for Ta(CH3)5 is essentially the same.
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The Raman spectrum of Mo(CH3)5 shows bands (relative
intensities in parentheses) at 1181(10), 960(10), 90(50),
882(10), 783(10), 672(60), 620(30), 565(15), 523(100),
507(70), 451(15), 366(25), 308(100), 267(10) and 167(10)
cm21 while the region above 2700 cm21 is obscured by the
solvent pentane.

Mo(CH3)5 is paramagnetic and shows an EPR spectrum
which is in full agreement with its structure (Fig. 2). Hyperfine
splitting due to the two isotopes 95Mo and 97Mo (15.92 and
9.5% natural abundance), both with nuclear spin 5/2 and
virtually identical gyromagnetic moments gives rise to six
satellite resonances, two of which are obscured by the central
line. The further fine structure is well resolved in the second
derivative representation, and fits to a 1H hyperfine structure
due to an even number of equivalent hydrogen atoms and
particularly well to a binomial distribution of 12th degree.
Hyperfine structure due to the three apical hydrogen atoms is
not resolved  (Fig. 2). In agreement with this the calculation
reveals that the unpaired electron has approximately two thirds
Mo 4dz2 and one third Mo 4dx2

2y2 character.

Notes and references
† Crystal data: MoC5H15: M = 171.1, a = 768.0(2), c = 649.0(2) pm, V
= 382.8 3 106 pm3, tetragonal, space group I4, Z = 2, m = 1.6 mm21, 1306
measured, (including Friedel pairs), 340 independent reflections, 25
parameters, R = 0.026, wR2 = 0.047. Refinement in space group I4/mm
under the assumption of disorder of the C1 atoms gives essentially the same
result. Refinement in space group I4/mm without disorder and C1 in special
position x,0,z results in strongly elongated vibrational amplitudes for these
atoms. Keeping the neighborhood of the basal methyl groups in adjacent
molecules in mind the non-disordered but twinned solution has been
chosen.

TaC5H15: M = 256.1, a = 784.8(1), c = 647.3(1) pm, V = 398.7 3 106

pm3, tetragonal, space group I4, Z = 2, m = 13.8 mm21, 883 measured, 802
independent reflections, 20 parameters, R = 0.023, wR2 = 0.059. In
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twinning.

CCDC 182/1626. See http://www.rsc.org/suppdata/cc/b0/b000987n/ for
crystallographic files in .cif format.
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Fig. 2 Isotropic EPR spectrum of Mo(CH3)5 in n-pentane solution at 130 K,
9.44 GHz. g = 1,993, a(95Mo/97Mo) = 4.8(1) mT, aHA = 0.54(1) mT: (a)
first derivative and (b) second derivative spectrum.
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The oxidative-addition reaction of Pt(PEt3)3 with the
phosphine–borane adducts PhPH2·BH3 and Ph2PH·BH3
leads to regioselective insertion of the Pt(PEt3)2 fragment
into the P–H bond to afford the hydride complexes trans-
[PtH(PPhR·BH3)(PEt3)2] (R = H 1, R = Ph 2); reaction of
2 with PhPH2·BH3 leads to an unusual ligand exchange
reaction which generates 1 and Ph2PH·BH3.

The discovery of new synthetic methods for the formation of
homonuclear or heteronuclear bonds between main group
elements is of importance for the construction of inorganic
polymer chains and also for the general development of p-block
chemistry.1,2 Transition metal-catalyzed routes represent a
particularly attractive approach to this problem.2,3 Recently we
reported a novel metal-catalyzed route to linear and cyclic
oligomeric and also high molecular weight poly(phosphinobor-
anes) which involved dehydrocoupling of phosphine–borane
adducts in the presence of late transition metal complexes
(Scheme 1).4,5 A plausible first step in these reactions involves
insertion of the transition metal into either the P–H or B–H bond
of the adduct. Subsequent steps may involve s-bond metathesis
and/or oxidative addition/reductive elimination processes. Sig-
nificantly, no homodehydrocoupling products with P–P or B–B
bonds have been detected from these reactions to date. It should
be noted that the insertion of transition metals into the P–H
bonds of secondary phosphines has ample precedent. For
example, oxidative addition of P(III)–H bonds at Pt(0) or Pd(0)
centers has been demonstrated and such processes are believed
to be a key step in the catalytic hydrophosphination of alkenes
and alkynes.6 On the other hand, a range of mono- and di-
nuclear boryl complexes have recently been reported as a result
of the ambient temperature reactions of the B–H bonds in
Me3P·BH3 or Me3P·BH2BH2·PMe3 at metal centers.7,8 In order
to investigate potential pathways during the transition metal
mediated P–B bond formation reactions we are studying the
hitherto unexplored coordination chemistry of phosphine–
borane adducts with both P–H and B–H bonds. Here, we report
the oxidative-addition reactions of Ph2PH·BH3 and PhPH2·BH3

with the electron rich Pt(0) complex Pt(PEt3)3 and a preliminary
reactivity study of the resulting phosphine–borane complexes.

Reaction of the primary phosphine–borane adduct
PhPH2·BH3 with a stoichiometric amount of Pt(PEt3)3 in
toluene at 60 °C and subsequent crystallization from hexanes
resulted in the formation of a yellow solid 1 (23% isolated yield,
quantitative by 11B and 31P NMR before workup) which was
characterized by multinuclear NMR spectroscopy in CDCl3.†
The spectroscopic data for the product was consistent with a
structure 1 in which insertion of Pt into a P–H bond rather than
the B–H bond had taken place. For example, the product
displayed two distinct sets of signals in the 31P NMR spectrum:
a doublet at d 17.9 was assigned to the PEt3 ligands attached to
platinum, showing coupling to another phosphorus nucleus (JPP
19.4 Hz) as well as 195Pt satellite signals (JPPt 2572 Hz).
Furthermore, a broad doublet at d ca.248.7 indicated coupling
to a quadrupolar boron nucleus and one hydrogen substituent
(JPH 299 Hz) and showed 195Pt satellites with the magnitude JPPt
ca. 1440 Hz. This signal was assigned to the phosphorus of the
fragment Pt–PPhH·BH3. The 11B NMR spectrum showed a
single broad resonance at d233.2 which is in the region typical
for BH3 adducts of phosphines. The key 1H NMR spectroscopic
feature is the low-frequency hydride resonance at d 25.74,
which appears as a doublet of triplets with a larger coupling to
one phosphorus atom (JHP 124.6 Hz) and a smaller coupling to
two phosphorus atoms (JHP 15.4 Hz) as well as 195Pt satellites
(JHPt 872 Hz). This suggested the presence of one trans
substituent (PPhH·BH3) and two cis substituents (PEt3), with
respect to the hydride ligand.

Scheme 1

Fig. 1 Molecular structure of 1 (30% displacement ellipsoids). Hydrogen
atoms attached to carbon are omitted. Selected bond lengths (Å) and angles
(°): Pt(1)–P(1) 2.3477(14), Pt(1)–P(2) 2.2863(13), Pt(1)–P(3) 2.2771(14),
P(1)–B(1) 1.953(7), P(1)–H(1P) 1.32(6); P(3)–Pt(1)–P(2) 168.26(5), P(3)–
Pt(1)–P(1) 92.83(5), P(2)–Pt(1)–P(1) 98.87(5), B(1)–P(1)–Pt(1) 119.8(2).
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The molecular structure of compound 1 was confirmed by
single crystal X-ray analysis‡ and is consistent with the solution
NMR data. A SHELXTL drawing is shown in Fig. 1. The
geometry around the Pt(II) center is close to square-planar with
trans PEt3 ligands. Although the platinum hydride ligand was
not observed in the X-ray study its presence is clearly indicated
by the large P(3)–Pt(1)–P(2) angle of 168.26(5)° and, as
discussed, from the 1H NMR spectroscopic data. The lengths of
the bonds Pt(1)–P(2) [2.2863(13) Å] and Pt(1)–P(3)
[2.2771(14) Å] are shorter than the Pt(1)–P(1) bond [2.3477(14)
Å], presumably as a consequence of the trans influence of the
hydride ligand. A similar observation was made in the hydride
complex cis-[PtH(P(O)Ph2)(PPh2(OH))(PEt3)].9

A similar reaction was observed between the secondary
phosphine–borane adduct Ph2PH·BH3 and 1 equivalent of
Pt(PEt3)3 (Scheme 2). The orange–yellow platinum complex 2
was isolated in 67% yield. For 2, signals in the 31P NMR
spectrum are observed at d 16.7 (PEt3) and d 23.7 (PPh2·BH3)
and in the 11B NMR spectrum at d 231.4. Fig. 2 shows the
hydride region of the 1H NMR spectrum of 2 with the
characteristic dt coupling pattern which is flanked by 195Pt
satellite signals (JHPt 805 Hz).

Compound 1 represents the first example of a metal complex
of a primary phosphine–borane adduct and only two other
examples of transition metal complexes of secondary phos-
phine–borane adducts analogous to 2 are known; a tetrahedral
iron complex, [Fe(h5-C5Me5)(CO)2(PPh2·BH3)],10 and a
square-planar palladium complex, [Pd(dppp)-
(C6F5)(PPh2·BH3)] [dppp = 1,3-bis(diphenylphosphino)pro-
pane], a proposed intermediate in the Pd-catalyzed coupling of
secondary phosphine–boranes with aryl halides.11 However, the
synthesis of the latter compounds involved nucleophilic
substitution steps rather than insertion of the transition metal
fragment.

The isolation of novel complexes 1 and 2 via oxidative
addition suggests that P–H bond activation may be the key
initial step in the late transition metal-catalyzed formation of P–
B bonds. In order to explore the reactivity of the complexes, a
solution of 2 in C6D6 was treated with another equivalent of
PhPH2·BH3. After 8 h at room temperature the solution had
changed from orange to yellow, however, no P–B coupling
reaction was observed by 31P NMR spectroscopy. Surprisingly,
a complete exchange of the phosphine–borane ligand had
occurred to form exclusively complex 1 together with
Ph2PH·BH3 (Scheme 3).

The demonstration of a novel phosphine–borane ligand
exchange reaction at the Pt center indicates that relatively
complex reaction chemistry may need to be unravelled if a full
mechanistic understanding of late transition metal-catalyzed P–
B bond formation reactions is to take place. Detailed studies of
the reactivity of novel complexes such as 1 and 2 and analogs
directed towards this goal are in progress.

We wish to acknowledge the Petroleum Research Fund
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Forschungsgemeinschaft (DFG) for a postdoctoral fellowship
for H. D.
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Scheme 2

Fig. 2 1H NMR spectrum (300 MHz, C6D6) of the hydride region of 2
[JHP(trans) 124.4 Hz, JHP(cis) 16.9 Hz, JHPt 805 Hz, PtH].

Scheme 3
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A first demonstration, using a four-component system of
complementary and single base-mismatched oligonucleo-
tides, that double fluorescence resonance energy transfer
(FRET) can be used to interrogate multicomponent inter-
actions in molecular complexes.

The study of intermolecular interactions is key to the under-
standing of fundamental biological processes. It is well
established that many important biological complexes rely upon
binding interactions between multiple components. A number
of experimental approaches exist for the study of such non-
covalent interactions, but few are capable of conveniently
providing information about interactions between several
components. Fluorescence resonance energy transfer (FRET)1

between donor and acceptor fluorophores has been usefully
employed in the study of molecular interactions in homoge-
neous solution.2,3 Furthermore, the theory is sufficiently well
understood to carry out inter- or intra-molecular distance
mapping experiments,4 typically in the 10–100 Å range. FRET
experiments to study intermolecular interactions are usually
carried out for two components (i.e. with a single donor and
single acceptor). However, if a donor fluorophore is brought in
proximity to more than one type of acceptor fluorophore, there
exists the possibility of multiple FRET interactions resulting
from irradiation at a single wavelength (Fig. 1). In principle it
should be possible to simultaneously obtain information about
multicomponent binding interactions. FRET has been used to
study nucleic acid interactions in examples that include; duplex
hybridisation,5 triple helix6 and DNA tetraplex formation,7 and
also for DNA diagnostic assays using molecular beacons to
analyse point mutations.8 We report a homogeneous system of
oligonucleotides in which double FRET interactions have been
used to study specific binding interactions between four
components. The studies comprise of sequence-specific nucleic
acid interactions and the localisation of single base mismatches,
but the general principle will apply more broadly to other
mutually binding systems.

The design of this four component system (Fig. 1) comprises
a 27mer oligonucleotide (M) and three labelled 9mer oligonu-
cleotide sequences (R, F and T), each of which is com-
plementary to discrete, adjacent sections of the 27mer.9 Each
9mer included a 5-propargylamino-modified thymidine base,10

which was postsynthetically modified by reaction with the
activated N-hydroxysuccinimide ester of either rhodamine-X
(ROX), fluorescein (FAM) or carboxy-X-rhodamine (TMR) as
indicated in Fig. 1. The excitation and emission maxima of these
fluorophores are resolvable and the emission spectrum of FAM
overlaps significantly with the excitation spectra of both TMR
and ROX. On binding of all three 9mers to the target 27mer to
give a fully assembled complex, the donor fluorophore (FAM)
is ca. 20–25 Å from both acceptor fluorophores (TMR and
ROX) such that excitation of FAM would lead to significant
energy transfer to both TMR and ROX.11 This was monitored
by observing both the donor quenching effects and the
sensitised emission of the two acceptor fluorophores.

The fluorescence spectrum for the matched four component
system (R+F+T+M) is shown in Fig. 2(a) along with spectra of

the individual two component systems (R+M, F+M, T+M) that
contribute to the former. Three additional target 27mers (MR2,
MF2 and MT2) were designed each with a single central A+A
base mismatch to perturb binding of oligonucleotide component
R, F or T respectively and examine the effect on energy transfer
between the donor and both acceptors (Fig. 1).12 The fluores-
cence spectra of these mismatched systems (R+F+T+MR2,
R+F+T+MF2, R+F+T+MT2) are presented in Fig. 2(b) where it
is clear that mismatches are distinguished by distinct differences

Fig. 1 Schematic of the four-component system, with the sequences used
shown below. Z = 5-propargylamino dT, ROX = carboxy-X-rhodamine,
FAM = carboxyfluorescein, TMR = carboxytetramethylrhodamine. The
underlined bases represent T–A single base substitutions. The ROX (R),
FAM (F) and TMR (T) labelled oligonucleotide probes bind contiguously
on the target (M). Oligonucleotide targets MR2, MF2 and MT2 incorporate
a single internal A+A mismatch opposite probes R, F or T, respectively.

Fig. 2 Relative fluorescence profiles (arbitrary units) for; (a) the basis two-
component systems R+M, F+M, T+M (- - - -) and the matched four-
component system R+F+T+M (——). Also shown is the scaled contribu-
tions of R+M, F+M and T+M (· · · · · ·) to R+F+T+M where x = 5.33, y =
0.46, z = 2.75; (b) mismatched systems R+F+T+MR2 (- - -) R+F+T+MF2

(· · · · · ·) and R+F+T+MT2 (··——··——); (c) control systems F+T+M
(- - -), R+T+M (· · · · · ·) and R+F+M (··—··—).
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in the fluorescence profiles. Melting temperature studies
confirmed that the unlabelled (non-fluorescent) 9mers exhibited
good discrimination between matched (80–87% bound at
25 °C) and mismatched ( < 20% bound at 25 °C) targets.

Control experiments [Fig. 2(c)] were performed on three-
component matched systems containing two of the three
fluorescent 9mer oligonucleotides bound to the 27mer target.
These were the ROX–FAM FRET couple (R+F+M), the TMR–
FAM FRET couple (F+T+M) and the ROX–TMR non-FRET
pair (R+T+M).

In order to determine the variations in the relative fluores-
cence contribution of individual fluorophores to each system,
the fluorescence spectra were deconvoluted using a set of
simultaneous equations.13 Using this method, each of the three
hybridised matched systems R+M, F+M and T+M was
assigned a standard value of 1 for the individual contribution to
the fluorescence signal of ROX, FAM and TMR, respectively at
their respective maximum emission intensities (610, 525, 585,
nm). The contributions to the fluorescence resulting from FRET
were then determined relative to these values. The relative
fluorescence intensities and the calculated contributions from
ROX, FAM and TMR to the single four-component matched
system, the four-component mismatched systems and controls
are summarised in Table 1. The matched system (R+F+T+M)
exhibited FRET between the donor and both acceptors, as
indicated by a decrease in the relative fluroescence of FAM (1.0
to 0.46) and an increase in the relative fluroescence of ROX (1.0
to 5.33) and TMR (1.0 to 2.75).

In R+F+T+MR2, the mismatch will significantly reduce the
proportion of R binding. In this case, the system should be very
similar to the F+T+M control system. The relative emissions of
FAM (0.53) and TMR (4.65) compare well with the F+T+M
system (relative emissions of 0.48 and 5.26 respectively). The
second mismatch system (R+F+T+MF2) will reduce the
binding of F, which results in no observed FRET between the
donor and either acceptor. This resembles the control system
R+T+M, in which F does not bind, and ROX or TMR produces
no significant FRET emission signal. The final system
(R+F+T+MT2) positions a mismatch that prevents binding of T.
The result is FRET between FAM and ROX only, as in the
control system R+F+M. The two systems compare well, with
the relative emissions of FAM (0.69) and ROX (7.37) being
very similar to the R+F+M system (relative emissions of 0.75
and 7.40, respectively).

An alternative format for analysis involved fluorescence
imaging of samples in a multiwell plate. Samples containing
each of the three 9mers (R, F, T) and one of the four matched
(M) or mismatched (MR2, MF2, MT2) targets were irradiated at
488 nm and emission measured through a 530(±15) nm (FAM),
570(±15) nm (TMR) or 610 nm (ROX) longpass filter. Data
were obtained for multiple repeats of each four-component
system and analysed using the simultaneous equation method.13

A plot of relative ROX vs. relative TMR emission for each
sample from both the earlier fluorimeter studies and fluorimager
microtitre plate assays is shown in Fig. 3. Data points were

observed to fall into four distinct regions corresponding to the
four target types. Region A represents the situation in which
both TMR and ROX emission are observed (i.e. the matched
system, R+F+T+M). Region B defines the R+F+T+MR2

mismatched system, in which there is TMR emission but no
ROX emission. Region C represents the R+F+T+MF2 mis-
match, which does not exhibit FRET because the donor (FAM)
oligonucleotide does not bind. Finally, region D defines the
R+F+T+MT2 mismatch, in which there is only ROX, but no
TMR emission.

These studies provide an insight into the fluorescence
behaviour of a double FRET system. The results have shown
that a single base mismatch can be detected and mapped in a
four component system. Careful design and judicious selection
and placement of fluorophores, will enable the general principle
to be applied to the study of other multimolecular complexes,
and address whether specific combinations of molecules
complex under a given set of conditions. The microplate studies
also suggest that double FRET can be utilised in a multiplexed
format for a more routine analysis of multicomponent inter-
actions.
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zTc = Ic where Ra–c, Fa–c and Ta–c are the emission intensities of R+M,
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Table 1 Fluorimeter Assay. Relative fluorescence intensities (arbitrary
units) and the contributions from ROX, FAM and TMR to the four
component matched and mismatched systems and the three component
controls. The relative contributions x, y, z are solved by simultaneous
equations13

I525 I585 I610 x y z

R+M 0 0.01 0.04 1 0 0
F+M 2.06 0.36 0.12 0 1 0
T+M 0 0.12 0.06 0 0 1
R+F+T+M 0.95 0.56 0.44 5.33 0.46 2.75
R+F+T+MR2 1.08 0.76 0.39 0.96 0.53 4.65
R+F+T+MF2 1.55 0.43 0.19 0.47 0.75 1.26
R+F+T+MT2 1.43 0.52 0.48 7.37 0.69 1.51
F+T+M 0.99 0.79 0.33 21.20 0.48 5.26
R+T+M 0 0.05 0.03 0.23 0 0.38
R+F+M 1.55 0.37 0.40 7.40 0.75 0.08

Fig. 3 Relative contributions of both TMR and ROX to fluorescence on
binding 9mers to each of the four 27mer targets. Region A corresponds to
the matched four component system R+F+T+M and regions B, C, D to the
mismatched systems R+F+T+MR2, R+F+T+MF2 and R+F+T+MT2 re-
spectively. Fluorimager data (2) have been normalised to the TMR
contribution in the matched four-component system of the fluorimeter data
(0).
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A simple one-pot procedure for the synthesis of ruthenium
benzylidenes (Grubbs’ catalyst) has been developed in which
a novel, highly reactive 14-electron ruthenium mono-
hydride, prepared from [RuCl2(cod)] and two bulky phos-
phines in boiling propan-2-ol without the use of hydrogen
gas, is reacted with hydrogen chloride, an alkyne and
styrene.

The discovery and isolation of the first well-defined ruthenium
carbenes of the type [RuCl2(NCH–CHNCPh2)(PR3)2]1 by
Grubbs and coworkers in 1992 followed by the second
generation of the type [RuCl2(NCHPh)(PR3)2]2 have changed
the impact of the olefin metathesis reaction in many chemical
applications dramatically.3 Because of our long standing
interest in metathesis chemistry,4 we, as did many others,
investigated the use of these well-defined ruthenium carbene
catalysts intensively. We found that with these ruthenium
carbenes the total catalyst loading in, for example, the
polymerization of dicyclopentadiene (DCPD) dropped sig-
nificantly compared with our recently published method using
an arene ruthenium catalyst, such as [(p-cymene)RuCl2(PCy3)]
(Cy = cyclohexyl).5 However, the existing syntheses for these
ruthenium carbenes rely on barely accessible or unstable and
toxic organic compounds which act as the carbene source, e.g.
phenyl diazomethane for the synthesis of ruthenium benzyli-
denes. Therefore, for successful commercial applications, new
synthetic routes have to be developed which can be scaled-up
more easily. Parallel to our efforts, Werner and coworkers
developed a new route to benzyl substituted ruthenium
carbenes,6 whereas Grubbs and coworkers developed novel
routes to vinyl and phenyl substituted ruthenium carbenes.7 In
both synthetic routes the key intermediate is the ruthenium
monohydride dihydrogen species [RuHCl(H2)(PCy3)2], pre-
pared from [RuCl2(cod)] (cod = cycloocta-1,5-diene) and PCy3
in an atmosphere of dihydrogen, which is subsequently reacted
with phenyl acetylene or a propargylic chloride, respectively.
We now report a simple one-pot procedure for the synthesis of
ruthenium carbenes in which the key intermediate, a novel
14-electron species, is prepared starting from [RuCl2(cod)], 2
equivalents of a bulky phosphine, and an appropriate base, but
without the use of dihydrogen.8

Recently, Werner and coworkers published their results on
treating a ‘red solution’ formed upon heating [RuCl2(cod)] with
an excess of PPri

3 in butan-2-ol under an atmosphere of
dihydrogen with phenyl acetylene.6 This reaction led to the
formation of [RuCl2(NCHCH2Ph)(PPri

3)2] in ca. 65% yield.
The active ruthenium species in the ‘magic’ red solution,
however, was unknown. Addition of diethyl ether to this red
solution led to the isolation of the ruthenium(IV) complex
[RuH2Cl2(PPri

3)2]. It was reported that this ruthenium(IV)
dihydride species reacts with phenyl acetylene predominantly
yielding the five-coordinate vinylidene complex
[RuCl2(NCNCHPh)(PPri

3)2] with the above mentioned benzyl
substituted ruthenium carbene [RuCl2(NCCH2Ph)(PPri

3)2] only
as the side product. It was speculated that the active species in
the red solution which led to the ruthenium carbene complex
was the monohydride–dihydrogen complex [RuHCl(H2)(P-
Pri

3)2]. Surprisingly, when we carried out the reaction without
the use of dihydrogen, the reaction worked as well. We prepared

a ‘red solution’ by boiling [RuCl2(cod)] for 3 h with 2 equiv. of
PPri

3 and 1 equiv. of NEt3 in propan-2-ol under an argon
atmosphere. 1H NMR investigations on this solution showed a
broad triplet at d 217, indeed indicating the possible presence
of the above mentioned ruthenium monohydride dihydrogen
species [RuHCl(H2)(PPri

3)2].9 By slowly cooling this red
solution from 80 °C to room temperature we could isolate the
hydride as blocky, orange crystals. Surprisingly, an X-ray
structure determination on these crystals revealed the hydride
species to be a tetracoordinate, 14-electron d6 species with
formula [RuHCl(PPri

3)2] 1.† Fig. 1 shows the molecular
geometry of 1 which can be best described as a square-planar
structure with the bulky triisopropylphosphines in trans posi-
tions.‡

Very recently, Caulton and coworkers also described a
14-electron ruthenium monohydride as the intermediate in the
synthesis of heteroatom substituted ruthenium carbene com-
plexes using vinyl ethers as the carbene source.10 However, this
hydride, prepared by dehydrohalogenation of [Ru(H)2Cl2-
(PR3)2] with lithium 2,2,6,6-tetramethylpiperidide, appears to
be a halide bridged dimer.11

Subsequent addition of phenyl acetylene and styrene to the
red solution containing 1 resulted in the isolation of the
‘Grubbs’ catalyst’ [RuCl2(NCHPh)(PPri

3)2] in moderate yields.
However, when we first added an extra equivalent of hydrogen
chloride to the hydride solution at 220 °C, subsequently added
the acetylene and styrene, warmed the reaction mixture to room
temperature and stirred it for an additional hour, the yield could
be increased to 75%.§

In the first step of the reaction, the preparation of mono-
hydride 1, the formation of 3 equivalents of acetone were
detected by gas chromatography; 1 equivalent is the result of the
hydride formation whereas the other 2 equivalents originate
from the reduction of cod to cyclooctane, which was detected by
gas chromatography. Upon addition of the HCl solution in
diethyl ether the typical sharp 1H NMR hydride signal at d217
disappeared and a very broad signal at d25 could be observed.
Unfortunately, we were unable to isolate a distinct compound.
However, in analogy to the previously described HCl addition

Fig. 1 ORTEP drawing of 1. Selected bond distances (Å) and angles (°):
Ru(1)–P(1) 2.3704(9), Ru(1)–Cl(1) 2.434(3), Ru(1)–H(1Ru) 1.5983; P(1)–
Ru(1)–H(1Ru) 90.3, P(1A)–Ru(1)–H(1Ru) 89.7, P(1)–Ru(1)–Cl(1)
89.47(5), P(1A)–Ru(1)–Cl(1) 90.53(5).
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to a similar osmium carbonyl complex,12 we propose that the
intermediate is the ruthenium(II) dichloride dihydrogen com-
plex 2. This dihydrogen complex reacts upon addition of phenyl
acetylene to generate a short-lived 14-eletron alkenyl complex
3 along with the formation of a molecule HCl. 3 immediately
reacts with HCl to form the more stable benzyl substituted
ruthenium carbene 4. A simple metathesis reaction with styrene
then gives the Grubbs ruthenium benzylidene catalyst 5 which
can be easily isolated by filtration and purified by washing with
cold methanol. The complete postulated reaction mechanism is
depicted in Scheme 1.

These results demonstrate a very simple one-pot synthesis
procedure for the preparation of multigram quantities of the
Grubbs catalyst without the use of dihydrogen gas, and utilizing
only commercially available starting materials. The novel
intermediate monohydride complex was isolated and fully
characterized and appeared to be a mononuclear, square-planar,
14-electron species. The reactivity of this monohydride species
in other reactions, e.g. hydrogen transfer reactions, is currently
under investigation.

Notes and references
† An X-ray structure determination of the deuterium analog of 1, i.e.
[RuDCl(PPri

3)2] 1D prepared in propan-2-ol-d8, revealed exactly the same
structure. To have absolute proof of this unexpected result we also
determined the structure of the tricyclohexylphosphine analogue
[RuHCl(PCy3)2] 1Cy, prepared using DBU as base instead of NEt3. This
complex also has a square-planar geometry with the two bulky phosphines
in trans positions.
‡ Crystal data for 1: C18H43ClP2Ru, M = 457.98, monoclinic, space group
P21/c (no. 14), a = 8.0682(5), b = 8.9506(8), c = 16.6435(12) Å, b =
92.76(1)°, V = 1200.5(2) Å3, Z = 2, m(Mo-Ka) = 0.895 mm21, 9038
reflections measured, 2295 unique (Rint = 0.042), observed 1938 [I >
2s(I)], Final R1 = 0.038 (obsd. data), wR2 = 0.122 (all data).

For 1D: C18H42DClP2Ru, M = 457.98, monoclinic, space group P21/c
(no. 14), a = 8.0641(8), b = 8.9361(6), c = 16.6840(15) Å, b = 92.74(1)°,
V = 1200.9(2) Å3, Z = 2, m(Mo-Ka) = 0.895 mm21, reflections measured
8559, independent 2272 (Rint = 0.022), observed 1977 [I > 2s(I)]. Final R1

= 0.042 (obsd. data), wR2 = 0.1421 (all data).
For 1Cy: C36H67ClP2Ru, M = 698.36, triclinic, space group P1̄ (no. 2),

a = 9.8438(8), b = 10.2011(8), c = 10.8356(9) Å, a = 114.29(1), b =
108.48(1), g = 90.82(1)°, V = 927.4(13) Å3, Z = 1, m(Mo-Ka) = 0.603
mm21, 6747 reflections measured, 3181 independent (Rint = 0.025),
observed 2953 [I > 2s(I)]. Final R1 = 0.041 (obsd. data), wR2 = 0.128 (all
data). Twinned crystal with 6% overlapped reflections, which were omitted.
Full spheres of intensity data were collected at 223 K on a Stoe Image Plate
Diffraction system using Mo-Ka graphite monochromated radiation. Image
plate distance 70 mm, f oscillation scans 0–200°, step Df = 1°, 2q range
3.27–52.1°, dmax2dmin = 12.45–0.81 Å.

The structures were solved by direct methods using the program
SHELXS-97.13 The refinements and all further calculations were carried out

using SHELXL-97.14 The alkyl group H-atoms were included in calculated
positions and treated as riding atoms using SHELXL-97 default parameters.
In all three compounds the hydride (H1Ru) could be located from a final
difference map (ca. 1.7 e Å23), at a distance of 1.6–1.8 Å from the Ru atom.
In the final refinement cycles it was held fixed with a Uiso = 1.5Ueq(Ru) Å2.
The non-H atoms were refined anisotropically, using weighted full-matrix
least squares on F2. An empirical absorption correction was applied for all
three compounds but a small amount of residual density was still located
near the Cl atoms. All three structures are centrosymmetric implying
disordered structures with the Cl and hydride sites being 50% occupied.

CCDC 182/1627. See http//www.rsc.org./suppdata/cc/b0/b002298p/ for
crystallographic files in .cif formed.
§ Synthetic procedure: a suspension of [RuCl2(cod)] (5.00 g, 17.8 mmol) in
125 ml propan-2-ol was treated with PPri

3 (7.0 ml, 36.6 mmol) and NEt3
(5.0 ml, 36.0 mmol) and refluxed under argon for 3 h. The resulting red
coloured, clear solution was cooled to 220 °C and changed to an orange
suspension. To this suspension was added dropwise 35 ml of a 1 M HCl
solution in diethyl ether over a period of ca 15 min keeping the temperature
around 220 °C. The reaction mixture was stirred for an additional 10 min,
and phenylacetylene (4.0 ml, 36.4 mmol) was added dropwise keeping the
reaction mixture below 215 °C. Subsequently, the reaction mixture was
stirred for 2 h at between 220 and 215 °C. The resulting purple suspension
was treated with styrene (8.0 ml, 70 mmol), the temperature was slowly
raised to room temperature and the reaction mixture was allowed to stir for
an additional hour. The reaction mixture was partially concentrated and the
product filtered off. The purple product was washed with methanol (2 3 10
ml), and dried in vacuo. This procedure yielded 7.7 g of [RuCl2(NCHPh)(P-
Pri

3)2] (75%). A similar procedure can be used for the synthesis of
[RuCl2(NCHPh)(PCy3)2], except that DBU has to be used as base instead of
NEt3.
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A meso–meso-linked porphyrin dimer 1 bearing four boronic
acid groups shows high selectivity for maltotetraose (n = 4)
among maltooligosaccharides (n = 1–7), indicating that this
class of porphyrins acts as a novel scaffold to design
oligosaccharide receptors.

The specific interaction between phenylboronic acids and
saccharides or related compounds has been attracting increasing
attention as a novel force for sugar recognition in aqueous
systems.1–8 Since one phenylboronic acid reacts with two OH
groups to form a cyclic boronate ester, monosaccharides usually
bearing five OH groups tend to form 1+2 monosaccharide–
phenylboronic acid complexes.1,9–13 However, the stability
order of these complexes is always the same, which is governed
by the inherent structure of monosaccharides.2–4,14,15 Of such
monosaccharides, fructose has a high association constant
whereas glucose has a low association constant.14,15 In contrast,
diboronic acids which can react with four of the five OH groups
to form intramolecular 1+1 complexes show a different stability
order, which is related to the specific spatial position of two
boronic acid groups. This implies that one can recognise a
specific saccharide by appropriate manipulation of two boronic
acids in the same molecule and the concept may be extended to
the selective binding of oligosaccharides. This idea has been
tested with a few diboronic acid systems bearing a ‘long’
spacer: e.g. diphenyl-3,3A-diboronic acid, stilbene-3,3A-di-
boronic acid and cis-5,15-bis[2-(dihydroxyboronyl)phenyl]-
10,20-diphenylporphine show some selectivity for certain
disaccharides but the selectivity observed so far is not very
high.16–18 We thus considered that one should look for a ‘long’
and ‘rigid’ scaffold by which one might finely tune the distance
between two boronic acid groups. Recently, it was found that
the meso–meso coupling reaction of Zn(II) porphyrinates is
efficiently mediated by AgPF6

19 to yield oligomeric porphyrins.
These new compounds seem to satisfy the prerequisites
mentioned above. As a preliminary step to use these compounds
as scaffolds for saccharide recognition, we designed compound
1. Very interestingly, we have found that 1 shows a high affinity
with maltotetraose among maltooligosaccharides. To the best of
our knowledge, this is the first artificial saccharide receptor
which shows selectivity for oligosaccharides.

Compound 1 was synthesised from 4-(1,3-dioxaborinan-
2-yl)benzaldehyde and dipyrrylmethane according to Scheme 1
and identified as its propane-1,3-diol-protected species by 1H
NMR and MALDI-TOF mass (m/z 1386.9) spectra and
elemental analysis.‡ Since 1H NMR spectroscopy showed that
the protecting groups are readily eliminated in aqueous media to
yield 1, it was used for the spectroscopic measurements without
deprotection treatment. From examination of Lambert–Beer
plots, we found that 1 tends to aggregate in water-rich solvents.
We thus chose a water (pH 10.5 with 50 mmol dm23 carbonate
buffer)–MeOH (2+3 v/v) mixture into which 1 was solubilised
discretely.

The absorption spectrum of 1 showed a split Soret band
(412.0 and 448.0 nm) and a few Q bands (516.0, 560.0 and
594.5 nm). When maltooligosaccharides (Mn: a-1,4-linked
oligomers of D-glucose) were added, the absorption spectra
were scarcely changed, indicating that the skeleton of com-
pound 1 is fairly rigid. In the circular dichrosim (CD) spectra, on
the other hand, exciton-coupling-type CD bands appeared in the
Soret band region (Fig. 1). It is seen from Fig. 1 that the CD
spectra consist of two exciton-coupling bands: for the 1·M4
complex (Fig. 1), a negative band at higher wavelength and the
positive band at shorter wavelength. The strongest peak appears
at 417 nm where two CD bands overlap. The CD intensity at 417
nm is summarised in Table 1. It is seen from Table 1 that: (i) the
complex with D-glucose (M1) is almost CD-silent, (ii) maltose
(M2) and maltotriose (M3) give a weak negative 417 nm peak
whereas maltotetrose and higher-order maltooligosaccharides
(M5–M7) all give a positive 417 nm peak and (iii) a particularly
strong CD band is observed for M4. The results indicate that (i)

† Electronic supplementary information (ESI) available (i) Fig. A and B
(Job plot for 1+M4 and possible binding mode for 1/M4, respectively). See
http://www.rsc.org/suppdata/cc/b0/b003365k/

Scheme 1 Reagents and conditions [yields]: i, TFA, CH2Cl2, r.t. then
chloranil, reflux [30%]; ii, Zn(OAc)2, CHCl3–MeOH, r.t. [88%]; iii,
propane-1,3-diol, benzene, reflux [98%]; iv, AgPF6/MeCN, CHCl3, r.t.
[4%].

Fig. 1 CD spectrum of 1 (5.00 3 1026 mol dm23) with a 1 cm cell in the
presence of maltotetraose (50 mmol dm23) in a water (pH 10.5 with 50
mmol dm23 carbonate)–MeOH (2+3) mixture at 25 °C. A similar CD
spectral shape was also observed (although the intensity was different) in
the presence of other maltooligosaccharides.
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D-glucose is too small to bridge two boronic acid groups, (ii) the
two porphyrin planes are oriented in opposite directions for the
M2, M3 complexes and M4–M7 complexes, respectively, and
(iii) M4 forms a particularly stable complex with 1.

To obtain further insights into the binding mode, the complex
stoichiometries were estimated by a Job plot method for M4–M7
which show measurable CD intensity. A typical example for M4
is shown in Fig. A(ESI):† a maximum is observed at ([1]/[1] +
[M4]) = 0.33. This supports the view that 1 binds two M4 guests
to form the stable complex. Similar 1+2 stoichiometries were
also observed for M5, M6 and M7. The computational studies
(Discover 3/Insight II 98.0) predict that in the most stable
conformation the two porphyrin planes cross at 90°, in which
the distance between two boron atoms is 1.58 nm. This distance
is comparable with that between the 1,2-diol and 4,6-diol in the
two terminal D-glucose units of M4 (ca. 1.5–1.8 nm). One may
thus illustrate a binding mode for the 1+2 1/M4 complex as
shown in Fig. B(ESI).†§

The CD spectra measured as a function of M4–M7 concentra-
tions provided several isosbestic points. As typical examples,
plots of CD intensity at 417 nm vs. [M4] and [M5] are shown in
Fig. 2. The sigmoidal curvatures indicate that the 1+2
complexes are formed in a cooperative manner. Similar
sigmoidal dependences were also observed for M6 and M7. The
binding of the guest to 1 is cooperative. This cooperative guest
binding profile can be analysed with the Hill equation: log [y/(1
2 y)] = mlog[guest] + log K, where K and m are the association
constant and Hill coefficient, respectively, and y = K/
([guest]2m + K).20 From the slope and the intercept obtained
using the linear portion at log [y/(1 2 y)] = 0–0.8 we obtained
K and m values for M4–M7. The determination of K values for
M1–M3 was difficult because of their weak CD intensity, but
measurements were obtained by a substitution method using the
1·M4 complex, that is, by the CD intensity decrease induced by
addition of M1–M3, and the results are summarised in Table 1.
Examination of Table 1 reveals that: (i) the magnitude of K is

correlated with the CD intensity, (ii) the largest K is observed
for M4, which is 48- and 39-fold larger, respectively, than those
of M5 and M6 and (iii) the m values are smaller than 2.0,
indicating the weak positive allosterism and the presence of the
1+1 species in the low saccharide concentration region. This
novel binding mode implies that the binding of the first guest
which intramolecularly bridges two boronic acid groups
suppresses the rotational freedom of the porphyrin rings and
preorganises the two residual boronic acids so that they can
easily complex the second guest.

In conclusion, it was shown that the meso–meso-linked
porphyrin dimer is a useful scaffold to separate two boronic acid
groups so that they can show selectivity for oligosaccharides.
We believe that this study is very important in revealing boronic
acid–saccharide interactions toward selective recognition of
oligosaccharides.

Notes and references
‡ In step iv (Scheme 1), by-products were detected in which the boronic acid
groups were substituted by OH groups. The raw yield of 1 estimated by
HPLC was ca. 20%.
§ Conformations with low potential energy encountered during a 100 ps
MD simulation at 300 K were selected. The system was minimised using
conjugate gradient and Newton–Raphson methods until convergence was
attained for a gradient of 0.01 kcal mol21 Å21. The force field used in this
study was the ESFF.
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Table 1 CD intensity at 417 nm and binding parameters obtained from
Hill’s plots and substitution methods

Saccharide
CD intensitya/
mdeg

Kb/dm6

mol22 mb
Kc/dm6

mol22

Glucose (M1) 0.2 — — 2.5 3 103

Maltose (M2) 20.5 — — 1.5 3 103

Maltotriose (M3) 20.2 — — 2.0 3 103

Maltotetraose (M4) 6.8 6.3 3 105 1.7 —
Maltopentaose (M5) 1.9 1.3 3 104 1.8 —
Maltohexaose (M6) 1.4 1.6 3 104 1.8 —
Maltoheptaose (M7) 1.7 2.0 3 103 1.5 —
a See caption of Fig. 1. b Determined from Hill’s plots. c The 1+2 to 1+2
substitution (e.g. from 1·(M4)2 to 1·(M1)2) is assumed for the calculation.

Fig. 2 Plots of CD intensity (417 nm) for 1 (5.00 3 1026 mol dm23) vs. [M4]
and [M5].
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In the course of investigations on new Ziegler–Natta-
analogous catalyst systems, the first ‘constrained geometry’
complexes of titanium with a bridging boron atom have been
conveniently obtained by a high yield synthesis and were
structurally characterized.

Since 19901 ‘constrained geometry’ complexes as catalysts for
olefin polymerization have attracted considerable interest, since
they show some distinct advantages in comparison to metal-
locene-based Ziegler–Natta type catalysts,2 such as formation
of copolymers and an increased stability towards MAO even
under thermally harsh reaction conditions.1d‡ Very recently it
was shown by us3 and others 4 that [1]borametallocenophanes
of group 4 elements are easily accessible, highly active catalysts
for the polymerization of ethene and propene.

In order to combine the properties of the small and Lewis
acidic bridging boron atom with the advantages of constrained
geometry catalysts we prepared the compounds [{h5+h1-
C5H4B(NPri

2)NPh}TiX2] (X = NMe2, 1; X = Cl, 2).
Similarly to the synthesis of the corresponding [1]bora-

titanocenophanes [{(h5-C5H4)2BNR2}Ti(NMe2)2],3a complex
1 is obtained in a convenient three-step synthesis according to
Scheme 1 as an orange, crystalline material in 80% yield.
Subsequent treatment of 1 with an excess of Me3SiCl gave the
corresponding dichloro complex 2 in almost quantitative yield
as a yellow solid. The structures of 1 and 2 in solution were
derived from the multinuclear NMR data.§ In the 1H NMR
spectra both compounds show the expected two pseudo-triplets
for the cyclopentadienlyl protons forming an AAABBA spin
system. Double sets of signals for the isopropyl groups in the 1H
and 13C NMR spectra indicate a hindered rotation with respect
to the boron–nitrogen double bond in 1 and 2. The 11B NMR
spectra show signals at d 27.8 (1) and 28.4 (2), in the expected
range for aryl(diamino)boranes.

Suitable single crystals of 1 (Fig. 1) for an X-ray structural
analysis¶ were obtained from hexane at 230 °C. The compound
crystallises in the triclinic space group P1̄ and the molecule
adopts C1 symmetry in the crystal. Both atoms B and N2 are
trigonal planar, and the planes C20–N2–C23 and N1–B–C1 are
almost coplanar with a dihedral angle of 2.2(3)°. The B–N
distances of 1.428(3) Å (B–N1) and 1.409(3) Å (B–N2) are in
the expected range for B–N double bonds, and the Ti–N
distances were found to be ca. 1.91 Å for N3 and N4,

respectively, while the Ti–N1 distance is markedly longer at
2.020(2) Å.

Preliminary polymerisation experiments showed compound
2 to be an effective catalyst for the polymerisation of ethene in
the presence of MAO. In a typical experiment polyethylene with
a molecular weight of ca. 470 000 was obtained with an activity
of 500 kg polymer (mol cat h)21. As to be expected,5 complex
1 showed a considerably lower activity towards the polymer-
isation of olefins. Further investigations of the catalytic
properties of compound 2 and related complexes for ethene/
styrene-copolymerisation are in progress.

This work was supported by the Deutsche Forschungsge-
meinschaft, the Fonds der Chemischen Industrie, and the BASF
AG Ludwigshafen.

Notes and references
‡ For a recent review on non-metallocene catalysts see ref. 1(f).
§ Spectroscopic data: 1: 1H NMR (499.658 MHz, CD2Cl2): d 0.90 (br, 6H,
CHCH3), 1.45 (br, 6H, CHCH3), 2.97 (s, 12H, NMe2), 3.31 (br, 2H,
CHCH3), 5.94 (m, 2H, C5H4), 6.44 (m, 2H, C5H4), 6.73 (m, 2H, C6H5), 6.83
(m, 1H, C6H5), 7.14 (m, 2H, C6H5). 11B NMR (160.310 MHz, CD2Cl2): d
27.76. 13C NMR (125.639 MHz, CD2Cl2): d 21.36 (br), 27.01 (br), 44.62
(br), 46.11 (br), 47.90 (NMe2), 120.95 (C5H4), 124.00 (C5H4), 115.81,
119.99, 128.16, 155.48. MS (EI) (m/z, %): 402 (M+, 45), 387 (M+2Me, 5),
358 (M+ 2 NMe2, 65), 314 (M+ 2 2NMe2, 100), 93 (C6H5NH2

+, 95), 64
(C5H4

+, 45). Correct elemental analysis.
2: 1H NMR (499.658 MHz. CD2Cl2): d 0.90 (d, 6H, 3J 6.71 Hz, CHCH3),

1.54 (d, 6H, 3J 6.71 Hz, CHCH3), 3.14 (m, 1H, 3J 6.71 Hz, CHCH3), 3.41
(m, 1H, 3J 6.71 Hz, CHCH3), 6.44 (m, 2H, C5H4), 7.08 (m, 2H, C5H4), 6.91
(m, 2H, C6H5), 7.14 (m, 1H, C6H5), 7.38 (m 2H, C6H5). 11B NMR (160.310
MHz, CD2Cl2): d 28.29. 13C NMR (125.639 MHz, CD2Cl2): d 21.40, 27.72,
45.20, 47.28, 122.52 (C5H4), 125.71 (C5H4), 124.32, 127.21, 129.62,
152.39. MS (EI) (m/z, %): 384 (M+, 15), 369 (M+ 2 Me, 30), 348 (M+ 2

† Electronic supplementary information (ESI) available: experimental and
polymerisation studies. See http://www.rsc.org/suppdata/cc/b0/b000380h/

Scheme 1 Reagents and conditions: i, hexane, 0 °C, Na(C5H5); ii, toluene,
0 to 25 °C, Li(NPhH); iii, toluene, 278 to 40 °C, [Ti(NMe2)4], 78%; iv,
hexane, 0 °C, Me3SiCl, 98%.

Fig. 1 Molecular structure of 1. Selected distances (Å) and angles (°): B–
N(1) 1.428(3), B–N(2) 1.409(3), Ti–N(1) 2.020(2), Ti–N(3) 1.9045(19),
Ti–N(4) 1.913(2), N(3)–Ti–N(4) 103.44(9), N(1)–B–N(2) 131.0(2), C(1)–
B–N(1) 103.57(18). Thermal ellipsoids are drawn at the 30% probability
level.
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Cl, 50), 333 (M+ 2 Cl 2 Me, 20), 318 (M+ 2 Cl 2 2Me, 20], 93
(C6H5NH2

+, 70), 64 (C5H4
+, 25). Correct elemental analysis.

¶ X-Ray structure determination of 1: ENRAF-Nonius CAD4 diffract-
ometer, Mo-Ka radiation, incident beam graphite monochromator (l =
0.71073 Å), T = 213 K, orange platelet of approximate dimensions 0.70 3
0.60 3 0.15 mm directly mounted in dry air flux (Whatman 75-52).

Crystal data: triclinic, space group P1̄, a = 9.464(6), b = 9.754(4), c =
13.596 Å, a = 101.94(2), b = 102.32(4), g = 103.37(4)°, V = 1149 Å3,
Z = 2, Dc = 1.17 g cm23, m = 3.8 cm21. 4351 reflections, 4068
independent, qmax = 26°, solution with direct methods (SHELXS97),6
refinement on F2 (SHELXL97),8 252 variables, wR2 (all data) = 0.1162, R1
[for 3347 data with I > 2s(I)] = 0.0444, max./min. electron density from
final difference Fourier map, 0.437 and 20.200 e Å23.

CCDC 182/1628. See http://www.rsc.org/suppdata/cc/b0/b000380h/ for
crystallographic files in .cif format.
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Imidazolate-bridged Cu(II)–Zn(II) heterodinuclear and
Cu(II)–Cu(II) homodinuclear hydroperoxo complexes are
generated in the reactions between imidazolate-bridged
heterodinuclear and homodinuclear complexes and H2O2 in
the presence of triethylamine base and characterized spec-
troscopically as reaction intermediate models of Cu,Zn–
SOD.

Copper–zinc superoxide dismutase (Cu,Zn–SOD) contains an
imidazolate-bridged Cu(II)–Zn(II) heterodinuclear metal center
in its active site.1–6 This enzyme catalyses a very rapid two-step
dismutation of superoxide to dioxygen and hydrogen peroxide
through an alternate reduction and oxidation of the active-site
copper ion as shown in Scheme 1.5–7 An outer-sphere electron
transfer from superoxide to the Cu(II) center occurs to produce
O2 and a Cu(I) center which may be oxidized by another
molecule of superoxide in the presence of protons to produce
H2O2 via a hydroperoxo–Cu(II) species (Scheme 1).6,7 The
hydroperoxo–copper(II) species is a key intermediate in bio-
logical oxidations catalyzed by copper enzymes including SOD.
However, hydroperoxo–copper(II) complexes have been rarely
characterized,8 and there has been no report on the character-
ization of SOD model hydroperoxo–copper(II) complexes.

Several imidazolate-bridged heterodinuclear complexes have
so far been reported as models of Cu,Zn–SOD using two
independent mononuclear complexes and a bridging imidazo-
late ring.9 However, the lack of binding site of O2

– in these
dinuclear complexes has precluded the characterization of the
hydroperoxo–copper(II) intermediate. We have recently pre-
pared imidazolate-bridged Cu(II)–Zn(II) heterodinuclear and
Cu(II)–Cu(II) homodinuclear complexes with a newly designed
dinucleating ligand, Hbdpi {Hbdpi = 4,5-bis[di(2-pyridylme-
thyl)aminomethyl]imidazole}.10

These SOD model complexes have a pentacoordinate
structure at each metal ion including a solvent molecule which

can be readily replaced by a substrate. We report herein the first
characterization of SOD model hydroperoxo–Cu(II) inter-
mediates generated by the reactions of hydrogen peroxide with
imidazolate-bridged Cu(II)–Zn(II) heterodinuclear and Cu(II)–
Cu(II) homodinuclear complexes.

The addition of a large excess of hydrogen peroxide to a
MeOH solution of [CuZn(bdpi)(MeCN)2](ClO4)3·2MeCN 1 or
[Cu2(bdpi)(MeCN)2](ClO4)3·MeCN·3H2O 2 in the presence of
a base such as triethylamine at 280 °C resulted in slight color
change from greenish blue to green. The absorption spectra of
the resulting solutions are shown in Fig. 1, where an intense
band at 360 nm is observed in each case.

No decay of these bands was observed at 280 °C but they
disappeared at room temperature. The absorbance of the

Scheme 1

Fig. 1 Absorption spectra of (a) complex 1 (0.2 mM) and (b) 2 (0.2 mM) and
those observed upon addition of a large excess of H2O2 to a MeOH solution
of (c) 1 and (d) 2 in the presence of triethylamine at –80 °C.
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intermediate 3 derived from complex 1 is about half that of
intermediate 4 derived from the same concentration of 2.

The resonance Raman spectrum of 3 in MeOH measured at
280 °C (laser excitation wavelength 351 nm) shows (Fig. 2) a
strong resonance-enhanced Raman band at 848 cm21, which
shifted to 802 cm21 (Dn = 46 cm21) when 18O-labeled H2O2
was used. The resonance Raman spectrum of 4 was essentially
the same as that of 3 (H2

16O2: 848 cm21, H2
18O2: 802 cm21, Dn

= 46 cm21). The n value (848 cm21) of 3 is slightly lower than
the value (856 cm21) reported for the mononuclear hydro-
peroxo–Cu(II) complex [Cu(II)(bppa)(OOH)](ClO4) [bppa =
bis(6-pivalamide-2-pyridylmethyl)(2-pyridylmethyl)amine],
which is the only example of a structurally characterized
hydroperoxo–Cu(II) complex.8c The Dn value of 3 corresponds
exactly to that of [Cu(II)(bppa)(OOH)](ClO4) (46 cm21) in
H2

18O2.8c The hydroperoxo–Cu(II) complex also has an intense
absorption band at 380 nm which is slightly red-shifted as
compared to 3 (Fig. 1).8c The intense absorption band has been
assigned to the charge-transfer transition of the hydroperoxo
group to copper(II) ion (LMCT).8c

The resonance Raman and absorption spectra in comparison
with those of [Cu(II)(bppa)(OOH)](ClO4) strongly indicate
formation of hydroperoxo–Cu(II) intermediates, [CuZn-
(bdpi)(OOH)]+ 3 and [Cu2(bdpi)(OOH)2]+ 4 in the reactions of
1 and 2 with H2O2. This assignment is consistent with the half
intensity in the absorption band at 360 nm of 3 as compared to
4 (Fig. 1), since 4 contains two Cu–OOH moieties.

Formation of hydroperoxo–Cu(II) intermediates was further
confirmed by the ESI mass spectra of 3 and 4 in MeOH at
280 °C, which exhibited signals at m/z 651 and 681,
respectively.11 The observed mass and isotope patterns corre-
sponded to the ions [CuZn(bdpi)(OOH)]+ and [Cu2(bd-
pi)(OOH)2]+, respectively. The use of H2

18O2 instead of H2
16O2

resulted in the expected change of mass numbers of 3 and 4 to
m/z 655 and 685, respectively.

The EPR spectrum of 3 was typical of a trigonal-bipyramidal
copper complex (g|| = 2.09, g4 = 2.22, A|| = 8.9 mT and A4
= 11.3 mT at 77 K in MeOH). These EPR parameters are quite
close to those of 1 (g|| = 2.10, g4 = 2.25, A|| = 10.4 mT and A4
= 11.5 mT at 77 K in MeOH) and the X-ray structure of 1
shows a trigonal bipyramidal coordination environment of the 

copper ion.10 Thus, the copper coordination site of 1 occupied
by a solvent molecule may be substituted with hydroperoxide in
the reaction with H2O2 in the presence of triethylamine base
without changing the copper coordination geometry. The EPR
spectrum of 4 gave a fairly broad signal centered at g  2.13
without hyperfine structure, and this spectral feature is the same
as that of 2. This also indicates that the structure of the
intermediate 4 maintains the imidazolate-bridged structure.

These results clearly demonstrate that hydroperoxo–Cu(II)
complexes 3 and 4 are generated from imidazolate-bridged
Cu(II)–Zn(II) and Cu(II)–Cu(II) SOD model complexes 1 and 2
which utilize their binding sites by reaction with H2O2 in the
presence of triethylamine base. The hydroperoxo–Cu(II) com-
plexes characterized in this study could serve as SOD
intermediate models, providing valuable insight into the SOD
catalytic mechanism.

We are grateful to Professor Osamu Yamauchi, Nagoya
University, for valuable discussions. This work was partially
supported by Grants-in-Aid for Scientific Research Priority
Area (Nos. 11228205, 11136229, 11116219 and 11118244)
from the Ministry of Education, Science, Culture and Sports of
Japan.
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A contracted Ni2+ coordination site distorted in the direction
of Ni…Mg and Ni…Ni was found to be responsible for
catalytic N2O decomposition when Ni2+ is diluted in a MgO
matrix (Ni2+/Mg2+ atomic ratio ≈ 1.0) based on a local
structure study by nickel K-edge X-ray absorption fine
structure spectroscopy.

Nitrous oxide is one of the gases which affects the environment.
Catalysts for nitrous oxide decomposition have not been well
developed compared with various catalysts for nitric oxide
decomposition.1 Nickel–MgO2 and cobalt–MgO3,4 are reported
to form solid solutions. Metal ion-exchanged zeolites have been
reported to be unstable to the effects of formed water during NO
or N2O decomposition reactions. A thermally and water-stable
Co–MgO solid solution has been applied to N2O decomposi-
tion.4 The formation of an fcc structure-based solid solution was
demonstrated by EXAFS (extended X-ray absorption fine
structure) within the range of Co atom% [i.e. Co/(Co + Mg) 3
100] of 0–5. However, a severe decrease of catalyst surface area
and activity was found when the cobalt content exceeded ca. 10
atom% owing to the formation of the Co3O4 spinel phase.4
Herein, the structure of Ni–MgO catalysts was investigated by
EXAFS, XANES (X-ray absorption near-edge structure) and
XRD (X-ray diffraction). Solid solution formation and the
correlation between the local coordination structure of Ni ions
and N2O decomposition reactivity are discussed.

Powders were prepared by the impregnation of nickel nitrate
into MgO and were heated in air at 1173 K for 24 h and in H2
at 573 K for 1 h. With increase of nickel concentration, the BET
surface area monotonously decreased from 50 m2 g21 (MgO) to
14 m2 g21 (Ni–MgO, Ni 33.6 atom%) and then remained
constant upon further increase of nickel content. The decom-
position of N2O (0.1%) in helium (balance to 101.3 kPa) was
monitored at 873 K in a flow system (flow rate 100 ml min21,
0.2 g catalyst used). The steady-state formation rate of N2 (and
O2) per unit BET surface area increased linearly from 2 mmol N2
h21 m22 (MgO) to 51 mmol h21 m22 (Ni–MgO, Ni 50.0
atom%), and then gradually decreased to 22 mmol h21 m22

(NiO). The presence of nickel at the catalyst surface is essential
for increased N2O decomposition, but an excess of nickel ( > 50
atom%) was detrimental to the performance of the catalyst.

Normalized Ni K-edge XANES spectra for Ni–MgO cata-
lysts and NiO are shown in Fig. 1A.5 The rising edge was
always within 8339.4–8339.8 eV, demonstrating the valence
state of nickel was +2 in the range of Ni 1.5–100 atom%. As the
nickel content increases, the two peaks at 8342 and 8355 eV
gradually decreased. The peaks at 8362 and 8389 eV for Ni 1.5
atom% [Fig. 1A(a)] gradually shifted, and finally reached 8365
and 8398 eV, respectively, for NiO [Fig. 1A(f)]. The peak
intensity at 8389–8398 eV gradually decreased.

These experimental spectra were compared to XANES data
generated by ab initio calculations. A code FEFF8 was applied
to fcc-based model clusters within 6.0 Å from the absorbing Ni
atom in self-consistent field (SCF) and multiple scattering
calculation modes.6,7 The imaginary optical potential used in
the calculations of the exchange-correlation potential was fixed
to 1.5 eV. The XANES spectrum was generated for an isolated
Ni2+ model which contains only one Ni2+ ion at the center of a
MgO cluster matrix (Fig. 1B, solid line). The peaks at 8342,
8349 (main peak) and 8389 eV in the XANES of Fig. 1A(a) (Ni
1.5 atom%) were reproduced in the spectra by FEFF8, but the
calculated peak at 8359 eV did not correspond to any peaks in
Fig. 1A. The gradual decrease in the peaks at 8342 and 8389 eV
with increase of Ni2+ content was reproduced by FEFF8 (Fig.

Fig. 1 (A) Ni K-edge XANES for Ni–MgO for Ni atom% of 1.5(a), 4.4(b), 9.5(c), 33.6(d) and 50.0(e) as well as for NiO(f). (B), (C) Ni K-edge XANES
generated by FEFF8 for Ni2+ isolated in MgO (B, —) or at surface of MgO (B, -----), models A and B and for NiO (C).

Scheme 1 Ni–MgO models. Model A: Ni 25 atom% unit cell model. Model
B: Ni 50 atom% unit cell model. Half of the unit cell is drawn for B. All
XANES calculations using FEFF8 were performed for complete (undis-
torted) fcc coordinates.
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1B and C). The peak at 8359 eV in Fig. 1B shifted to 8362 eV
for models A and B (Scheme 1) and then to 8365 eV for the NiO
model (Fig. 1C).

Based on these trends (peak position and intensity), the local
structure of Ni2+ in Ni–MgO (Ni 1.5 atom%) corresponds to
model A. The experimental spectra for Ni–MgO (Ni 4.4 and 9.5
atom%) were similar to theoretical XANES for model B. The
spectra for Ni 33.6 and 50.0 atom% [Fig. 1A(d), (e)] were more
similar to theoretical XANES for model B than that for NiO
(Fig. 1C). Each peak in the theoretical XANES spectra for the
surface isolated Ni2+ model was smeared out (Fig. 1B, dotted
line), and did not resemble any spectra in Fig. 1A. Hence,
impregnated nickel appears to be distributed statistically inside
the MgO matrix and less appears at the MgO surface. Although
imaginary optical potential values and Debye–Waller factors
were varied, the shoulder peak at 8355 eV in Fig. 1A was not
reproduced in theoretical XANES spectra.8

Ni K-edge EXAFS spectra for Ni–MgO catalysts were
analyzed.9 The model parameters of Ni-O, Ni…Mg, and
Ni…Ni bonds were generated by FEFF8 in SCF mode. The
application of SCF FEFF8 parameters to this system was
validated by the curve fit for NiO (Table 1 entry f) which was
in accord with crystallographic data (entry g).10 The coordina-
tion number had an error of 12–26% for Ni–O and Ni…Mg and
an error of 30–80% for Ni…Ni due to the fit procedure and
FEFF theoretical parameters. For Ni–MgO catalysts, the best fit
results and fit errors based on 10–20 relatively good fits (Rf <
2.0%) for each spectrum are listed in Table 1. Obtained Ni–O
and Ni…Mg distances for Ni 1.5 atom% indicate the same or
slightly smaller ( < 0.007 Å) coordination distance compared to
the pure MgO framework (a = 4.2112 Å). Ni–MgO, (Ni 1.5
atom%) corresponds to either model A (Scheme 1) or an
isolated single Ni2+ atom model in bulk MgO, in both cases
there is no second shell Ni…Ni bond.

With an increase of Ni content above 4.4 atom%, NNi–O and
rNi–O remained almost constant while the NNi…Ni/NNi…Mg ratio
gradually increased (Table 1, entries b–e). Model B (Scheme 1)
has eight Ni…Mg and four Ni…Ni bonds, corresponding to
Table 1, entries d and e. XANES generated for a model with one
to two Ni2+ at next-nearest sites (intermediate between models
A and B) was similar to XANES generated for model B (four
next-nearest Ni2+), consistent with obtained local coordination
by EXAFS (Table 1, entries b and c). The value of a according
to XRD monotonously decreased from 4.211 ± 0.002 Å (Ni 4.4
atom%) to 4.190 ± 0.001 Å (Ni 50.0 atom%).11 When the Ni2+

ion concentration is nearly one per unit cell (Ni–MgO, Ni 4.4
atom%), the Ni2+ site is locally contracted in an undistorted cell
with a ≈ 4.17 Å. With two Ni2+ ions per unit cell (Ni–MgO, Ni
33.6 and 50.0 atom%), the Ni2+ sites are locally contracted and
distorted in the direction of Ni…Mg and Ni…Ni (2.87–2.92 ±
0.02 Å), smaller than A2rNi–O [2.950–2.953 (±0.007 Å)] by
0.03–0.08 Å.

Models with locally contracted Ni2+ sites (Table 1, entries
c–e) shows significantly different Ni…Mg and Ni…Ni dis-
tances (2.97–2.94 Å) in the whole range of Ni (0.02–100
atom%) of ref 12. The lower calcination temperature of Ni–
MgO samples (773 K)12 may be the reason for this discrepancy,
compared to the temperature of 1173 K used in this work and
1473 K in ref 3. Solid solution formation from supported NiO
particles over MgO was suggested to proceed at > 1073 K.2

The reason for the dependence of N2O decomposition rates
on Ni2+ content in catalysts can be addressed based on the
determined Ni2+ local structure. Contracted Ni2+ sites at the
surface are responsible for the dissociation of the N2–O bond.
As the nickel content increases, the number of contracted Ni2+

site increases and therefore the N2 formation rate per unit BET
surface area increases to Ni 50 atom%. The next elementary
step, O(ads) + O ? O2, relates to the activity decrease above Ni
50 atom%. An isotope study utilizing 18O labeling of the
catalyst surface and 16O(ads) resulted in exclusive 16O18O
formation, i.e. the step O(ads) + O(surf) ? O2. The Ni2+ local
coordination for a Ni content of 50.0 atom% (Table 1, entry e)
corresponds to model B (Scheme 1). The rate of 16O18O
formation was in the order, Ni–MgO (Ni 50.0 atom%) > MgO
> NiO, suggesting that surface oxygen bonded to Mg2+ is more
reactive and diagonal distortion of Ni…Mg and Ni…Ni
destabilizes lattice oxygen. The nitrous oxide adsorption was
weak and not detected by FTIR. Raman and IR spectroscopy
may give further insight of distorted lattice vibration around
doped Ni2+.13

Notes and references
1 M. Shelef, Chem. Rev., 1995, 95, 209.
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Table 1 Ni K-edge EXAFS curve fitting results for Ni–MgO catalysts and NiO

Ni–O Ni…Mg Ni…Ni

Entry Ni atom% N R/Å D(s2)/1023 Å2 N R/Å D(s2)/1023 Å2 N R/Å D(s2)/1023 Å2 Rf
a

a 1.5 4.7 2.105 0.17 12.0 2.971 2.6 1.9
(±1.2) (±0.005) (±0.93) (±2.8) (±0.003) (±1.4)

b 4.4 4.9 2.086 0 11.2 2.95 20.4 1.0 2.94 22.2 0.92
(±1.2) (±0.005) (±1.1) (±1.4) (±0.02) (±1.7) (±0.8) (±0.01) (±3.2)

c 9.5 6.0 2.087 1.1 10.0 2.92 0.2 2.2 2.91 0.3 1.7
(±0.8) (±0.004) (±0.8) (±1.2) (±0.02) (±1.3) (±0.9) (±0.04) (±5.4)

d 33.6 5.1 2.088 1.0 7.6 2.918 0 4.1 2.91 5.8 1.4
(±0.9) (±0.005) (±1.0) (±1.8) (±0.007) (±1.2) (±1.5) (±0.02) (±2.5)

e 50.0 4.8 2.086 5.3 7.8 2.91 21.3 4.4 2.872 7.0 0.71
(±1.1) (±0.003) (±1.9) (±2.0) (±0.01) (±2.2) (±1.3) (±0.007) (±3.2)

f NiO 5.2 2.093 1.0 12.1 2.954 2.8 1.2
gb NiO (6) (2.089) (12) (2.954)
a Rf = ∫|k3c(obs.) 2 k3c(fit)|2dk/∫|k3c(obs.)|2dk. b According to X-ray crystallography.
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Reaction between CpMo(CO)3I and Ag[CB11H12] eventually
affords CpMo(CO)3(h1-CB11H12), via the dimeric compound
[CpMo(CO)3I·Ag{CB11H12}]2 which represents the first
structurally characterised intermediate in a silver salt
metathesis reaction.

The ubiquitous silver halide metathesis reaction, used to
generate vacant sites on a metal fragment, finds application in
many transition metal-mediated reactions, especially in situ
catalyst generation.1 Typically, the counter ion paired in such
transformations is triflate, [OTf]2, [BF4]2 or [PF6]2, and halide
metathesis is considered to be rapid. Over ten years ago, Reed
and coworkers reported2 that very weakly coordinating anions,
such as the monocarborane [closo-CB11H12]2,3 could dramat-
ically slow the rate of metathesis when paired with Ag+,
suggesting that the exceptionally low nucleophilicity of the
anion was a limiting factor in these reactions. Reaction between
CpFe(CO)2I (Cp = h5-C5H5) and Ag[CB11H12] was proposed
(by 1H NMR and IR data) to proceed through an intermediate
adduct, CpFe(CO)2I·Ag[CB11H12], similar to Mattson and
Graham’s4 proposed intermediate adduct, formed between
CpFe(CO)2I and Ag[BF4]. However, neither of these transient
species (or other related5 compounds) have been placed on a
firm structural footing. Given the widespread use of the silver
salt metathesis reaction, the identity of the intermediates in
these reactions is of significant interest.

We have a current interest in the transition metal chemistry
associated with carboranes such as [CB11H12]2, and as part of
this investigation have been studying the reactions of CpMo-
(CO)3X (X = Cl, I) with Ag[CB11H12] and derivatives, with the
anticipation of forming complexes via extrusion of AgX. We
report here, the isolation and full characterisation, including the
X-ray crystal structure, of the intermediate formed in this silver
salt metathesis reaction.

Reaction between CpMo(CO)3Cl and Ag[CB11H12] in
CH2Cl2 over 2 days resulted in the precipitation of AgCl and the
isolation, in essentially quantitative yield, of CpMo(CO)3(h1-
CB11H12) 2 (Scheme 1). Compound 2 has been fully charac-
terised by multinuclear NMR spectroscopy† and by an X-ray
diffraction study6 and shows the expected2 3c–2e Mo–H–B
agostic bonding. Compound 2 displays two CO stretching
modes in its IR spectrum, at 2071 and 2001 cm21. Monitoring
the reaction by IR spectroscopy showed that the reaction
proceeded through an intermediate species [as found for
CpFe(CO)2I2], but at no time was there a single component

observed in the reaction mixture. Moving to CpMo(CO)3I
resulted in a slowing down of the reaction, so that formation of
2 now took 7 days, while after ca. 3 h of stirring there was only
one component in the reaction mixture, which displayed IR
stretches at 2054 and 1973 cm21, intermediate between the
starting material and product. Monitoring this reaction by IR
and 1H NMR spectroscopies showed that this was indeed an
intermediate species, continued stirring for 7 days resulting in
the clean formation of 2. Careful recrystallisation of this
intermediate overnight at 230 °C afforded small red crystals in
reasonable isolated yield (50%), which were pure by IR,
microanalysis and NMR spectroscopy,‡ and shown by X-ray
diffraction§ to be [CpMo(CO)3I·Ag{CB11H12}]2 1: the first
structurally characterised intermediate in a silver salt metathesis
reaction.

The solid state structure of 1 is shown in Fig. 1. It is apparent
that it adopts a centrosymmetric dimeric structure, with an I–
Ag–I–Ag central core hinged around the Mo(1)–I(1)–I(1A)–
Mo(1A) vector by 123.2°. The two Ag–I lengths are sig-
nificantly different, Ag(1)–I(1) 2.9748(10) Å and Ag(1)–I(1A)
2.7599(9) Å. While similar central cores to 1 are known,7,8 the
presence of two additional [M]–I–Ag bridges appended to such
a motif is unprecedented. However, there are silver adduct
species of transition metal halides that show similar features,9
such as the recently reported complex [{TpRe(NC6H4Me-
p)(Ph)I}2Ag][PF6]10 [Tp = tris(pyrazolyl)borate] in which
silver bridges two {[Re]–I} fragments. The carborane anion is
intimately connected with silver, showing a short (1.96 Å) Ag–
H–B interaction [Ag(1)–B(12) 2.659(10) Å]. The cages are
orientated syn to one another with respect to the Mo–I–I–Mo
vector, leaving the silver atoms with an apparent vacant
coordination site. Inspection of the packing diagram for 1
reveals that this site is occupied by another short (1.96 Å) Ag–
H–B interaction arising from an adjacent carborane cage in the
lattice, meaning that each cage bridges two silver centres
[through H(12) and H(7)]. This results in a chain-like structure

Scheme 1

Fig. 1 Structure of the dimeric unit in complex 1. Atom labels suffixed ‘A’
are generated crystallographically. Hydrogen atoms [except H(7)] are
omitted for clarity. Selected bond lengths (Å) and angles (°): Mo(1)–I(1)
2.8599(8), Ag(1)–I(1) 2.9748(10), Ag(1A)–I(1) 2.7599(9), Ag(1)–B(7)
2.659(10), Ag(1)–H(7) 1.96; Ag(1)–I(1)–Ag(1A) 71.19(3), I(1)–Ag(1)–
I(1A) 97.10(3).
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along the ‘a’ axis in the crystal (Fig. 2). A similar bridging motif
has been observed in the simple salt Ag[CB11H12]·2C6H6,2
while dimeric structures formed from single Ag–H–B inter-
actions have also been reported.11,12

Although it is unlikely that this polymeric structure persists
on dissolution in CH2Cl2, evidence for coordination of the
carborane cage to Ag in solution comes from inspection of the
11B NMR spectra. The room temperature 11B{1H} NMR
spectrum (128 MHz) shows two peaks at d211.1 and 214.6 in
the ratio 1+10 (latter peak a 5 + 5 coincidence), significantly
different from the free anion (vide infra), the unique boron
resonance being shifted upfield by ca. 5.5 ppm with respect to
Ag[CB11H12] [d11B 25.4 (1B), 210.6 (5B) and 212.3 (5B) in
d6-acetone]. This chemical shift difference suggests sustained
Ag–H–B interaction(s) in solution and is consistent with the
observed Ag–H–B contacts in the solid state. In the room-
temperature 1H{11B} NMR spectrum the unique BH is
observed at d 2.12 and shifts slightly to d 1.92 on cooling to
290 °C, showing no Ag–H coupling, although such interactions
are rarely observed. The 109Ag NMR spectrum displayed a
single sharp line at d 1335, shifted significantly downfield from
the normal range (d109Ag ca. 500) expected for Ag(I) centres.13

Overall metathesis can be dramatically suppressed in this
system by moving to the less nucleophilic and sterically bulkier
carborane anion Ag[CB11H6Br6]. Stirring for 1 h results in the
clean formation of the analogous intermediate complex to 1,14

but, surprisingly, no subsequent metathesis was observed, even
after extended stirring for 7 days. This result is in accord with
the previous observation that the relative nucleophilicity of the
conjugate anion in these reactions is rate determining.2
Nevertheless, the cessation of this reaction at the intermediate
stage is, to our knowledge, without precedent. It should be
noted, however, that metathesis does not proceed to completion
when Vaska’s complex and Ag[CB11H12] are combined, but in
this system a strong Ag–Ir bond is formed instead,15 very
different from the structure of 1.

In summary, we have presented here the first fully charac-
terised (NMR, X-ray diffraction) intermediate in a silver salt
metathesis reaction, and found it to have a dimeric {[Mo]–I}–
Ag–{[Mo]–I}–Ag core in the solid state. This result leads us to
speculate upon the motifs accessible using combinations of
other CpMLnXy fragments and monocarborane anions, and we
are currently actively pursuing this. Moreover, the lack of
metathesis consummation with Ag[CB11H6Br6] demonstrates
that there is a significant degree of kinetic control in a reaction
that is normally considered very facile. This has potential
implications for the synthesis of transition metal complexes

bearing very weakly coordinating anions via silver salt
metathesis.
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tion for the provision of computing equipment (J. W. S.). The
Royal Society (A. S. W.) and the University of Bath (N. J. P.)
are thanked for financial support. Dr Mary Mahon is thanked for
useful discussions and Dr J. P. Rourke is thanked for his
assistance in obtaining the 109Ag spectrum of 1.
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‡ Spectroscopic data for 1: 273 K: dH{11B}(CD2Cl2) 5.75 (5H, s), 2.56 (1H,
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[1B, d, J(HB) 119 Hz], 214.6 [5B + 5B, app. d, J(HB) ca. 144 Hz]. 183 K:
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(10B, br). d109Ag(18 MHz, CD2Cl2) 1335 (s). Found: C, 17.8; H, 2.8. Calc.
for C9H17AgB11IMoO3: C, 17.4; H, 2.7%. IR (KBr, cm21) 2556m, 2531m,
2041s, 1971s, 1950s, (CH2Cl2): 2570m, 2054s, 1973s br.
§ Crystal data for 1: C9H17AgB11IMoO3, M = 622.85, l = 0.71073 Å,
orthorhombic, space group Pnna, a = 13.8843(4), b = 15.7193(4), c =
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Ternary nitrides Fe3Mo3N, Co3Mo3N and Ni2Mo3N, exhibit
high catalytic activities in ammonia synthesis; promotion of
Co3Mo3N with caesium results in higher activity than that of
the commercial multi-promoted iron based catalyst.

During the 20th century the catalytic ammonia synthesis has
grown to be among the most important industrial processes.
More than 1% of the total global energy consumption is
currently used for ammonia production. Therefore, improve-
ments in this process could have a significant impact on the
consumption of fossil fuels. Consequently, a continuous effort
has been made to improve both the Haber–Bosch process and
the promoted iron based catalyst discovered by Mittasch and
coworkers. Despite these efforts, the preferred industrial
ammonia synthesis catalyst is still a multi-promoted iron
catalyst very similar to that developed almost a century ago. It
was realized by the group of Haber that both osmium and
ruthenium catalysts exhibit high ammonia synthesis activ-
ities.1

Detailed accounts of the previous work on non-iron catalysts
have been published.2,3 Recently, a promoted ruthenium
catalyst supported on a special graphite carrier was introduced
in commercial operation.4,5 However, it is not clear whether the
improved activity of such catalysts is justified by the sig-
nificantly higher cost and shorter life-time relative to the
traditional iron catalyst. Clearly, it would be very desirable to
develop new, active and stable catalysts that do not contain
noble metals. We have found that the ternary nitrides Fe3Mo3N,
Co3Mo3N and Ni2Mo3N are active and stable ammonia
synthesis catalysts at industrially relevant conditions. Addition
of a small amount of Cs to Co3Mo3N results in a catalyst with
a higher activity than that of the commercial multi-promoted
iron catalyst.6

Ternary nitrides were obtained by two different routes. The
first is based on ammonolysis of solid oxide precursors as
reported in the literature.7 The oxide precursors were obtained
by mixing a solution of the desired metal nitrate salt (M = Fe,
Co, Ni) with a solution of ammonium heptamolybdate. The
mixture was evaporated to dryness and calcined at 400 °C for 2
h. The resulting MMoO4·xH2O was heated at 0.1 °C min21 to
600 °C in a stream of 4.5% NH3 in 3+1 H2–N2. After cooling to
room-temperature it was confirmed by X-ray powder diffrac-
tion that pure Fe3Mo3N, Co3Mo3N and Ni2Mo3N were formed
when Fe+Mo = 1, Co+Mo = 1 and Ni+Mo = 2/3, respectively.
It was also found that if a Ni+Mo ratio of 1 was used, the X-ray
powder patterns could be assigned to a mixture of Ni2Mo3N and
NiMo alloy and not to Ni3Mo3N as previously suggested.8
Alternatively, the ternary nitrides were prepared from high
surface area molybdenum nitride obtained by temperature
programmed reaction of MoO3 with NH3 as described by Volpe
and Boudart.9 The resulting Mo2N with a surface area of > 200
m2 g21 was successively impregnated with saturated solutions
(followed by drying) of the desired metal nitrate solution to
obtain the correct stoichiometry. Subsequently, the sample was
dried and heated at 0.1 °C min21 to 600 °C in a stream of 4.5%
NH3 in 3+1 H2–N2. It was confirmed by X-ray powder
diffraction that Fe3Mo3N, Co3Mo3N and Ni2Mo3N were also
formed by this procedure.

Addition of controlled amounts of caesium nitrate to the
catalysts could be achieved either by impregnation of the oxide

precursors prior to ammonolysis or directly onto the nitride
catalyst before testing.

X-Ray powder patterns were recorded by slow scanning on a
Philips vertical goniometer equipped with a q-compensating
divergence slit and a diffracted beam graphite monochromator
utilizing Cu-Ka radiation. Crystal sizes were estimated from the
broadening of the diffraction peaks using the Scherrer equation.
In situ X-ray powder patterns were obtained as previously
described.10

Surface areas were obtained from isotherms measured with a
Quantachrome Autosorb using N2 as adsorbant at 77 K.

Catalytic ammonia synthesis activities were recorded at
pressures from 1 to 100 bar, temperatures between 320 and
500 °C, and in 3+1 and 1+1 H2–N2 gas mixtures using the set-up
previously described.11 The reported activities are based on the
mass of catalyst loaded into the reactor and given as ml
ammonia (at STP) produced per hour per gram of catalyst.

In order to conclusively establish that the ternary nitrides are
stable under ammonia synthesis, an in situ XRPD experiment
was conducted. A small amount of NH5(CoOHMoO4)2 was
loaded into a capillary reactor and transferred to the in situ
XRPD set-up. A stream of pure ammonia was passed through
the sample while it was heated at 0.5 °C min21 to 600 °C at
ambient pressure. It was seen that the starting material,
NH5(CoOHMoO4)2 (prepared by precipitation from a cobalt
nitrate and ammonium heptamolybdate solution kept at pH = 8
for 3 days) initially transformed into Co and MoO2 at 470 °C
and a little later MoO2 transforms into g-Mo2N. Finally,
Co3Mo3N is formed at 600 °C from Co and g-Mo2N. From this
reaction sequence it was natural to attempt the preparation of
Co3Mo3N by impregnation of g-Mo2N with a metal salt
followed by ammonolysis. In principle, this method might be
applicable for the preparation of a wide range of ternary or
quarternary nitride materials. When formation of Co3Mo3N was
confirmed in the in situ XRPD set-up the sample was cooled to
400 °C and the gas changed to a 3+1 mixture of H2–N2 at 25 bar.
No further changes in the X-ray powder pattern were observed
and it was possible to detect formation of ammonia using a
Baltzers quadrupole mass spectrometer connected to the exit
stream from the capillary reactor.

Fig. 1 shows the X-ray powder pattern obtained at 400 °C, 25
bar in a 3+1 mixture of dihydrogen and dinitrogen. All

Fig. 1 In situ X-ray powder pattern obtained from Co3Mo3N at 400 °C, 25
bar in a 3+1 mixture of dihydrogen and dinitrogen. Calculated positions of
the diffraction lines for Co3Mo3N are also shown.
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diffraction lines are assigned to Co3Mo3N and it is concluded
that Co3Mo3N is stable under ammonia synthesis conditions. In
situ XRPD experiments were not conducted with Fe3Mo3N and
Ni2Mo3N. However, no other compounds or phases were found
using XRPD on spent catalyst samples.

Table 1 summarizes selected properties of the ternary nitrides
prepared by ammonolysis of mixed oxide precursors. For
comparison g-Mo2N is also included. It is seen that significantly
lower surface areas are obtained for the ternary nitrides
compared to that of g-Mo2N. The surface areas are in reasonable
agreement with those estimated from the average crystal sizes.
Promotion of the catalysts with ca. 5 wt% caesium did not result
in a significant change in crystal size or surface area.

Catalytic activities were measured at 400 °C and 100 bar
pressure. The inlet gas contained 4.5% ammonia in 3+1
dihydrogen–dinitrogen. The flow rate was adjusted to obtain
12% ammonia in the exit gas. Table 2 summarizes the activities
of the unpromoted and caesium-promoted catalysts. It is
observed that the activities are significantly enhanced by
caesium promotion. For comparison the activity of a commer-
cial multi-promoted iron catalyst, KM1,12 is ca. 750 ml
ammonia h21 g21 under similar conditions but at 410 °C.13 Fig.
2 directly compares the activity of the caesium-promoted
Co3Mo3N with that of the commercial catalyst at 400 °C and 50
bar in a 3+1 mixture of dihydrogen and dinitrogen. The feed
flow was varied to study the influence of the exit concentration
of ammonia on the activity. It is seen that both catalysts are
inhibited by ammonia. Under these conditions the Cs/Co3Mo3N
catalyst is significantly more active than the commercial iron
catalyst. An activation energy of 54 kJ mol21 was found for Cs/
Co3Mo3N at constant conversion using the activity data at 50
bar and 320, 360, 400 and 440 °C. It should be noted that all
activities reported here are based on the mass of catalyst.
Industrially, the volume-based activities are usually more
relevant and in this context it is important to note that the bulk

densities of the nitride catalysts are as high as those of iron
based catalysts.

Previously, molybdenum nitride has been reported to exhibit
high activity in catalytic ammonia synthesis.14 However, it is
seen that the activities of the ternary nitride catalysts are
significantly higher. Particularly, the caesium promoted
Co3Mo3N catalyst appears interesting. Since the ternary nitride
catalysts are formed by ammonolysis at 600 °C they are
expected to be very stable during the conditions of ammonia
synthesis. The activity shown for Cs/Co3Mo3N was unchanged
after two weeks at 400 °C and 50 bar. Possibly, other ternary
nitrides will also be active ammonia synthesis catalysts.

I would like to thank A. M. Molenbroek for obtaining the in
situ XRPD patterns and J. Hartvig and L. Jensen for measuring
the catalytic activities.
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Table 1 Selected properties of molybdenum nitride and ternary nitride
catalysts

Catalyst Space group
BET surface
area/m2 g21

Average
crystal size/nm

g-Mo2N Pm3m 203 3.6
Fe3Mo3N Fdm 8 45.0
Co3Mo3N Fd3m 11 39.0
Ni2Mo3N P4132 7 44.0

Table 2 Catalytic ammonia synthesis activities of molybdenum nitride and
ternary nitride catalysts at 400 °C, 100 bar and ca. 8% ammonia

Catalyst
Ammonia
production/ml h21 g21

g-Mo2N 30
Fe3Mo3N 90
Co3Mo3N 120
Ni2Mo3N 80
Cs/Fe3Mo3N 440
Cs/Co3Mo3N 1040
Cs/Ni2Mo3N 530

Fig. 2 Catalytic activities of caesium-promoted Co3Mo3N and a commercial
multi-promoted iron catalyst.
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A reactive magnesium enolate intermediate has been identi-
fied containing the remarkable composition of four metals,
eight enolates (six bridging and two terminally bound) and
two unenolised ketones, and its implications in the aldol
addition reaction are discussed.

Enolate anions are key intermediates in numerous transforma-
tions including alkylations, Michael reactions, protonations,
acylations and aldol additions.1 We have recently begun an
investigation into the use of magnesium bisamides, (R2N)2Mg,
as reagents and have found significant differences in their
reactivity, and more importantly in their selectivity, compared
with their Li analogues. Recently reported uses of Mg-
bisamides include the regio- and stereo-selective synthesis of
kinetic silyl enol ethers,2 the formation of secondary and tertiary
b-hydroxy ketones via aldol addition reactions,3 and as
asymmetric induction reagents in enantioselective deprotona-
tion reactions.4 Herein, we discuss the formation and structure
of a novel magnesium bisenolate and consider its role as a
model complex in the aldol addition reaction.

The organometallic complexes produced by the reaction of
magnesium bishexamethyldisilazide 1 with 2,4,6-trimethylace-
tophenone 2 (between 2 and 6 mol equiv.) in hexane solution
were initially determined by 1H NMR spectroscopic analysis of
the solids precipitated from solution.† Only enolate and
unenolised ketone were present in the solids, and the absence of
any amide suggested formation of a magnesium bisenolate. This
is in marked contrast with our previous studies3 of the reaction
between 1 and 2 mol equiv. of a series of methyl ketones
[ONC(Me)R, where R = But, Ph, Bun, Pri or cyclohexyl], which
undergo aldol addition reactions. Furthermore, the aldol
reaction sequence is supported by the structural characterisation
of the amido(aldolate) [{(Me3Si)2NMg(m-OC(Me)tBuCH2C-
(tBu)NO)}2] 3,3 i.e. enolisation followed by aldol addition with
retention of one amido unit attached to the metal. Following
initial formation of an amido(enolate), two distinct routes are in
competition either enolisation or aldol addition (Scheme 1).
Formation of a bisenolate in preference to an amido(aldolate)
for the reactions involving 2 is most likely due to a combination
of the steric crowding and the electronics of the ketone which
retard the addition reaction.5 The presence of an amido(enolate)
intermediate in these reactions was confirmed by in situ 1H
NMR spectroscopic monitoring of the equimolar reaction
between 1 and 2. In addition, bisenolate was also detected in
these mixtures demonstrating a competitive reaction even at this
stage. Further support for an amido(enolate) reaction inter-

mediate comes from the recent structural elucidation of
[{(Me3Si)2NMg{m-OC(Ph)NCHMe}·THF}2] 4, formed by re-
action of 1 with 1 equiv. of propiophenone.2b

Repeated attempts at crystal growth from the reactions
between 1 and 2 resulted in the formation of crystallites too
small for conventional single crystal diffraction but were
suitable for analysis using synchrotron radiation.‡ This study
revealed the complex [Mg4{OC(Mes)NCH2}8·{ONC(Mes)-
Me}2·(C6H5(Me)2] 5 (Mes = 2,4,6-Me3C6H2), which is
centrosymmetric and contains the novel composition (ignoring
the inclusion solvent toluene) of four magnesiums, six bridging
enolates, two terminal enolates (O2 and O2*) and two ketones
(O1 and O1*) coordinated to the terminal metal centres (Fig. 1).
The linear arrangement of the metals in a limited tetrameric
complex represents a completely new structural motif in
magnesium coordination chemistry.6 Although rare, tetrameric
conformations, where the metals form either rhombohedral or
tetrahedral geometries respectively, are known.6 The structure
of 5 can be described as a section of polymeric bisenolate
consisting of linked orthogonal Mg2O2 rings which has been
intersected by donor solvent, interestingly in this case un-
enolised ketone.

Scheme 1 Formation of (i) bisenolate or (ii) amido(aldolate) via an
amido(enolate); aggregation state is ignored.

Fig. 1 Molecular structure of 5 with hydrogen atoms and solvents of
crystallisation omitted for clarity. The ketone ligands are highlighted with
hatched ellipses. Selected bond lengths (Å) and angles (°): Mg(1)–O(1)
2.012(3), Mg(1)–O(2) 1.845(3), Mg(1)–O(3) 1.991(3), Mg(1)–O(4)
1.970(3), Mg(2)–O(3) 1.969(3), Mg(2)–O(4) 1.965(3), Mg(2)–O(5)
1.978(3), Mg(2)–O(5*) 1.963(3); O(1)–Mg(1)–O(2) 110.08(13), O(1)–
Mg(1)–O(3) 114.54(12), O(1)–Mg(1)–O(4) 108.28(12), O(2)–Mg(1)–O(3)
117.88(13), O(2)–Mg(1)–O(4) 122.24(14), O(3)–Mg(1)–O(4) 81.16(10),
O(3)–Mg(2)–O(4) 81.83(11), O(4)–Mg(2)–O(5) 125.96(12), O(3)–Mg(2)–
O(5) 117.87(11), O(3)–Mg(2)–O(5*) 135.08(12), O(4)–Mg(2)–O(5*)
121.39(11). * Indicates the transformation 1 2 x, 1 2 y, 1 2 z.
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Diphenylmagnesium adopts a polymeric structure7 similar to
the core of 5 but deaggregates only to monomers on addition of
either THF or TMEDA.8 The highly unusual tetrameric
framework adopted by 5 may be explained by analysis of the
structure. The two central aromatic rings, connected to O(5) and
O(5*), are oriented anti to one another, whereas the aromatic
groups of the terminal rings, connected to O(3) and O(4), are syn
with respect to each other and are directed towards the terminal
metal, Mg(1). If the polymeric form of the bisenolate has a
similar structure the steric crowding induced by the syn
aromatic groups may result in weak links in the polymer chain,
leading to preferential scission at these sites. Alternatively, 5
may be the end product of chain growth with the syn aromatic
groups on O(3) and O(4) blocking any further propagation.

The geometric parameters within 5 are in accord with those
expected for Mg-alkoxides.6 Each metal is four coordinate with
no significant interactions to either the arene rings or the
olefinic groups (all Mg–C are > 3 Å). The central Mg2O2 ring
is strictly planar, whereas the two terminal rings are buckled,
with each of the atoms deviating from the mean plane by 0.56(1)
Å, and with an interplanar angle between the central and outer
rings of 80.13(9)°.

A remarkable feature of 5 is the presence of solvating ketone
in addition to enolate groups, hence 5 can be considered as a
model, aggregated, pre-aldol intermediate. Although there has
been much speculation about the importance of pre-solvation in
similar transformations, in particular for Li-mediated reac-
tions,9 surprisingly little direct evidence for its existence has
been reported.10 In part, this is due to the high reactivity of these
complexes. In this instance the aldol addition reaction is
disfavoured facilitating the isolation of 5. Nevertheless, the self-
coupled tertiary b-hydroxy ketone derived from 2 was detected
in low yield ( < 5%) on extended reaction times. In contrast,
secondary b-hydroxy ketones could be readily prepared ( > 80%
yield) by reaction of the enolate solutions with aldehydes.

Finally, it is intriguing to speculate on the orientations
adopted by the terminally bound enolate and ketone groups
within 5. The olefinic carbons C(17) and C(18) are essentially
equidistant to the carbonyl carbon C(6) of the ketone and hence
the centre of the p-bond is oriented appropriately for nucleo-
philic attack of the carbonyl through a six-membered transition
state similar to that postulated in the Zimmerman–Traxler
model (Fig. 2).11 Such a mechanism would involve aldol
addition via the terminal and not the bridging enolate groups of
the aggregate.

Notes and references
† 5: a solution of 1 (3 mmol) in hexane (10 mL) was cooled to 278 °C and
2 (6–18 mmol) was added dropwise by syringe over a period of 2 min. The
mixture was allowed to warm to ambient temperature after 15 min and
stirred for a further two days. The resulting white solids were filtered off,
washed with hexane and analysed by 1H NMR spectroscopy. Subsequent
recrystallisation of the solids from hexane–toluene yielded small crystals,
which were used for the X-ray diffraction analysis. The varying amount of
unenolised ketone present (between 0.1 and 0.8 equiv.) is consistent with
more than one type of solvated enolate present, most likely dimers or
monomers. However, these could not be separated for unambiguous
analysis and limited the analysis of the products to NMR spectroscopy. In
situ 1H NMR spectroscopic studies indicated complete reaction of 1 with
available ketone after several hours at ambient temperature. 1H NMR (400
MHz, [2H5]pyridine, 25 °C); bisenolate: d 7.00 (s, 2H, m-H, Mes), 3.91,
3.81 [d, 2J(HH) 1.7 Hz, 1H, CNCH2] 2.63 (s, 6H, o-CH3), 2.33 (s, 3H, p-
CH3); unenolised ketone: d 6.78 (s, 2H, m-H, Mes), 2.42 (s, 3H, p-CH3),
2.19 (s, 9H, m-CH3 and CH3); amido(enolate): d 6.89 (s, 2H, m-H, Mes),
4.48, 3.91 [d, 2J(HH) 1.3 Hz, 1H, CNCH2), 2.59 (s, 6H, o-CH3), 2.27 (s, 3H,
p-CH3), 0.29 (s, 18H, SiMe3).
‡ Crystal data for 5: C124H148Mg4O10, M = 1895.66, T = 150(2) K,
measurements were performed at Station 9.8, Daresbury SRS with Si111
monochromated radiation (l = 0.6884 Å). A single crystal of dimensions
0.18 3 0.08 3 0.02 mm was mounted in inert oil and transferred to the cold
N2 gas stream of the diffractometer. Triclinic, space group P1̄, a =
11.8142(7), b = 11.8617(7), c = 20.5469(13) Å, a = 74.844(2), b =
84.437(2), g = 83.078(2)°, U = 2752.5(3) Å3, Z = 1, m = 0.185 mm21, Dc

= 1.144 Mg m23, 2qmax = 45 °, 10156 reflections collected, 7669 unique,
(Rint = 0.0425) all were used in the calculations. All non-hydrogen atoms
were treated anisotropically and all hydrogens included in a riding model.
The final wR(F2) was 0.1823, conventional R was 0.0680 and S = 1.002 for
637 parameters. Highest residual electron density 0.260 e Å23. Programs
were standard (G. M. Sheldrick, University of Göttingen, Germany)
diffractometer control software and members of the SHELX family. The
structure was solved using direct methods and refined by full-matrix least-
squares refinement on F2. The unit cells of several crystals from different
reaction batches were checked to confirm that the synthesis of 5 was
reproducible.

CCDC 182/1629. See http://www.rsc.org/suppdata/cc/b0/b002892o/ for
crystallographic files in .cif format.
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monophosphate

Ching-Yeh Chen,a Fang-Rey Lo,a Hsien-Ming Kaoa and Kwang-Hwa Lii*ab

a Department of Chemistry, National Central University, Chungli, Taiwan 320. E-mail: liikh@cc.ncu.edu.tw
b Institute of Chemistry, Academia Sinica, Nankang, Taipei, Taiwan 115

Received (in Cambridge, UK) 17th March 2000, Accepted 8th May 2000

The title compound is unique in such a way that among the
vast number of synthetic phosphates and naturally occur-
ring phosphate minerals it is the first example in which four
different types of monophosphate, PO4, H0.5PO4, HPO4 and
H2PO4, are present in the same structure.

Metal phosphates have been the subject of intense research
owing to their rich structural chemistry and potential applica-
tions as ion exchangers, ionic conductors, catalysts and
nonlinear optical materials.1–6 In addition to the metal phos-
phates prepared in laboratories, phosphate minerals are also
found in natural rocks; one example is the well known naturally
occurring iron phosphate, cacoxenite, with a remarkable open-
framework structure.7 Some of the synthesized aluminophos-
phates or derived materials adopt structures that are similar to
the naturally occurring aluminosilicates.8 Anhydrous phos-
phates such as LiTi2P3O12 and LiZr2P3O12 have been prepared
using high-temperature solid-state reactions. Many other metal
phosphates containing PO4, HPO4, H2PO4 or combinations of
the three have also been synthesized by hydrothermal methods.
Hydrogen bonds are often formed in these crystalline hydrogen
phosphates and unsymmetrical O–H···O bonds are usually
observed. Symmetrical hydrogen bonds, which occur in many
dicarboxylates with O···O distances of < 2.5 Å, are rarely found
in phosphates. Here, we present the synthesis and character-
ization of a novel gallophosphate [Ga4(C10H9N2)2(PO4)-
(H0.5PO4)2(HPO4)2(H2PO4)2(H2O)2]·H2O 1. Among the vast
numbers of metal phosphates that have been synthesized, none
has the unique composition of 1 which contains four different
types of monophosphates, viz. PO4, H0.5PO4, HPO4 and H2PO4,
in the same structure. For H0.5PO4 there is an inversion center at
the center of the short, symmetrical O–H–O bonds. We have
prepared the monophasic phase and single-crystal X-ray
diffraction and 31P magic angle spinning (MAS) NMR have
been applied to study the four different coordination environ-
ments for phosphorus.

Solvothermal reaction of Ga(NO3)3·4H2O, 4,4A-bipyridine,
H3PO4, H2O and butan-1-ol in the molar ratio of
1+3+8+55.5+76.5 in a Teflon-lined acid digestion bomb at
165 °C for 3 d produced compound 1 in 66% yield based on Ga.
A suitable colorless crystal was selected for structure determi-
nation by single-crystal X-ray diffraction.† The bulk product is
monophasic as judged by powder X-ray diffraction (Anal.
Calc.: C, 18.25; H, 2.27; N, 4.01. Found: C, 18.21; H, 2.37; N,
4.25%). 31P MAS NMR spectra were acquired at a 31P
frequency of 161.73 MHz on a Bruker DSX-400 spectrometer
under conditions of high-power proton decoupling. A pulse
length of 4 ms (p/4) and a repetition time of 30 s were used. The
31P chemical shifts were reported relative to 85% H3PO4 as
external reference. The Hartmann–Hahn condition for 1H to 31P
CP experiments was determined using (NH4)2HPO4. The 1H ?
31P CP spectra were recorded using a single-contact pulse
sequence with reversal of spin temperature in the rotating frame
and with proton decoupling during the 31P signal acquisition.
This pulse sequence was used for ordinary CP experiments as
well as for TH

1r and TP
1r relaxation measurements.

Compound 1 has a one-dimensional chain structure. The
fundamental building unit consists of two Ga(1)O5N octahedra,
two monoprotonated 4,4A-bipyridine molecules which coor-
dinate to Ga(1), two Ga(2)O4 tetrahedra and seven phosphates
of four different types. The connectivity between units is made
by P(1)O4 groups that join the GaO5N and GaO4 polyhedra to
those in the neighboring units and thus form infinite chains
parallel to the [001] direction (Fig. 1). H0.5P(4)O4 coordinates to
one GaO4 tetrahedron and two GaO5N octahedra. The hydrogen
atom in H0.5PO4 lies on an inversion center and is shared by two
H0.5P(4)O4 groups on the adjacent chains. The O–H bond length
in the symmetrical O–H–O bonds is 1.231 Å.9 HP(3)O4 has one
oxygen bridging to GaO4 and extends away from the chain as a
pendant group, which accounts for the relatively larger thermal
parameters of the atoms in the group. Of the three remaining
P(3)–O bonds, the longest one constitutes the P–OH group,
while the other two receive hydrogen bonds from adjacent
chains. H2P(2)O4 is connected to GaO5N and GaO4 with the two
hydroxo groups being H-bonded to two adjacent chains. All H
atoms except those for Ow were found in difference Fourier
maps and refined isotropically. The infinite chains are held in
position by a network of hydrogen bonds, generating tunnels
parallel to [001], within which the monoprotonated 4,4A-
bipyridine and lattice water molecules reside (Fig. 2). The
lattice water molecule has a site occupancy of 0.5 and is held in
the crystal lattice by hydrogen bonds.

Fig. 3 shows the room temperature 31P MAS NMR spectrum
of 1. Four resonances at 20.4, 29.2, 211.3 and 217.9 ppm
with relative intensities very close to 1+1+1+0.5 respectively are
observed. These signals correspond to the four distinct
crystallographic phosphorus sites. In studies of a series of
layered Ti, Zr and Al phosphates by MAS NMR spectroscopy,
Nakayama et al. reported that the isotropic 31P chemical shifts
of H2PO4, HPO4 and PO4 groups appear around 210, 220 and
230 ppm, respectively.10 Turner et al. noted that with
increasing radius of the metal ion within one group of elements,
the 31P signal shifts downfield (e.g. BPO4: 229.5 ppm, AlPO4:

Fig. 1 Section of an infinite chain in 1 viewed along the [010] direction.
GaO5N octahedra are medium gray, GaO4 tetrahedra are dark gray and PO4

tetrahedra are light gray. Solid circles and stippled circles are the C and N
atoms of 4,4A-bipyridine ligand, respectively.
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224.5 ppm, GaPO4: 29.8 ppm).11 Wessels et al. indicated that
for microporous gallophosphates chemical shifts in the range
from 210 to 220 ppm generally correspond to Q4 groups,
whereas values close to 25 ppm correspond to Q3 groups.12

Based on the above results we conclude that for gallophosphates
the isotropic 31P chemical shifts move to high-field values with
decreasing protonation and the signals of Q4 groups shift upfield
relative to Q3 groups. Consequently, the component at 217.9
ppm is assigned to P(1) (PO4 group), which is also in agreement
with the peak intensity. The other three peaks at 20.4, 29.2 and
211.3 ppm can be assigned to the three distinct P sites P(2)
(H2PO4 group), P(3) (HPO4 group) and P(4) (H0.5PO4 group),
respectively. The HPO4 peak is located at nearly equal distance
from the H2PO4 and PO4 peaks.

1H ? 31P CP experiments at various contact times have been
performed to estimate the proximity of the protons and the
phosphorus atoms. In theory, the growth of the 31P CP intensity
depends on the contact time, the rate constant of magnetization
transfer (Tcp), the 31P/1H population ratios (e) and the T1r values
for both nuclei. The poor CP efficiency for the resonance at
217.9 ppm indicates that the phosphorus atom is not in close
proximity to the protons, consistent with the assignment of this
resonance to the PO4 group. On the other hand, the enhance-

ment of signal intensities for the resonances at 20.4, 29.2 and
211.3 ppm at short-contact times is observed. T1r values
measured for the 1H spins (ca. 22 ms) are much shorter than
those of the 31P spins in the different phosphate groups
(320–580 ms). Fits to these CP intensity data with the measured
T1r values, using modified versions of the expressions by
Mehring13 and Walter et al.14 and ignoring the contributions
from distant water and bipyridyl molecules, demonstrate that
the 31P/1H population ratios involved in the CP transfer for the
resonances at 20.4, 29.2 and 211.3 ppm are close to 0.5, 1.1
and 2.1, respectively. In addition, Tcp values, which are related
to the dipolar coupling between 1H and 31P nuclei, are 0.6, 0.85
and 2.15 for the resonances at 20.4, 29.2 and 211.3 ppm,
respectively. Both 31P/1H population ratios and Tcp values are
reasonably in agreement with the above assignment.

In summary, this work illustrates that a novel 1-D gallium
phosphate with an unique composition is synthesized under
solvothermal conditions and structurally characterized by
single-crystal X-ray diffraction and 31P MAS NMR spectros-
copy. The compound is unique in that, among the vast number
of synthetic phosphates and naturally occurring phosphate
minerals it is the first example in which four different types of
phosphate, PO4, H0.5PO4, HPO4 and H2PO4 are present.

Notes and references
† Crystal data for [Ga4(C10H9N2)2(PO4)(H0.5PO4)2(HPO4)2(H2PO4)2-

(H2O)2]·H2O: monoclinic, space group C2/c (no. 15); a = 26.4161(6), b =
8.0416(1), c = 20.3515(4) Å, b = 111.194(1)°; V = 4030.8(1) Å3, Z = 4,
3120 absorption corrected reflections with Fo > 4s(Fo) out of 4388 unique
reflections (2qmax = 56.1°) measured at 23 °C for a colorless crystal of
dimensions 0.135 3 0.063 3 0.027 mm on a Siemens Smart-CCD
diffractometer on convergence gave final values of R1 = 0.0429, wR2(F2)
= 0.0906, GOF = 1.068, residual electron density between 20.59 and 0.69
e Å23. Bond-valence calculations indicated that O(3), O(5), O(8), O(9),
O(10), O(11) and O(15) had valence sums of 1.33, 1.20, 1.33, 1.17, 1.37,
1.17 and 0.31, respectively, and all other oxygen atoms had values close to
2. The site occupancy factor of Ow is 0.5. All non-hydrogen atoms were
anisotropically refined, and all hydrogen atoms except those for Ow were
located in difference Fourier maps and refined isotropically. Atoms O(3),
O(5) and O(9) are hydroxo oxygens. O(15), which is coordinated to Ga(1),
is a water oxygen. The valence sums of O(8) and O(10) are satisfied by
forming hydrogen bonds with phosphate groups on different chains.

CCDC 182/1632. See http://www.rsc.org/suppdata/cc/b0/b002182m/ for
crystallographic files in .cif format.
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Fig. 2 Structure of 1 viewed along the [001] direction. Open circles are
water oxygen atoms.

Fig. 3 Proton-decoupled 31P MAS NMR spectrum of 1 acquired at a
spinning frequency of 10 kHz. The isotropic chemical shifts are labeled; all
other peaks in this spectrum are spinning sidebands. The peaks from left to
right are assigned to H2PO4, HPO4, H0.5PO4 and PO4 groups, re-
spectively.
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Uniform Ag nanowires have been synthesized within nano-
scale channels of mesoporous silica SBA-15 by a simple
chemical approach, which involves AgNO3 impregnation,
followed by thermal decomposition.

Owing to their high surface areas and uniform pore sizes,
mesoporous silica materials have been widely used as host
materials for loading catalysts,1,2 polymers,3–7 metals8 and
semiconductor nanoparticles9–13 that have potential catalytic,
environmental14 and optoelectrical applications.15,16 While
there was certain success with the formation of continuous
polymer nanofibers within mesoporous silica, inorganic metal
or semiconductor nanowire formation within mesoporous
MCM-41 materials has been largely elusive and in many cases
incomplete filling or nanoparticles were observed. Here we
report a simple chemical methodology for the formation of
uniform Ag nanowires within mesoporous silica SBA-15.17

This process involves AgNO3 solution impregnation followed
by thermal decomposition. Transmission electron microscopy
studies on these samples show unambiguously that these
continuous Ag nanowires are made of long polycrystalline
domains. They have uniform diameters of 5–6 nm, and large
aspect ratios between 100 and 1000. Thus, the current process
represents a viable approach for synthesizing uniform metallic
nanowires and may be applicable for making other inorganic
nanowires with complex compositions.

Mesoporous silica SBA-15 was synthesized in accordance
with the published procedure17 using tri-block copolymer
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) EO20PO70EO20 as template in acidic conditions. Briefly,
a solution of EO20PO70EO20+2 M HCl+TEOS+H2O =
2+60+4.25+15 (mass ratio) was prepared, stirred for several
hours at 40 °C, and then heated at 100 °C overnight. The solid
products were filtered off and calcined at 500 °C for 5 h. Low-

angle X-ray diffraction [Fig. 1, inset (a)] and transmission
electron microscopy [TEM, Fig. 2(a)] studies on these samples
indicate they are mesoporous silica consisting of well-ordered
hexagonal packed channels with diameters of 5–6 nm.

To prepare nanowires within these nanoscale channels, 20
mg of SBA-15 powder was soaked in 10 ml of 0.2 M AgNO3
EtOH–H2O (1+1 v/v) solution and the suspension was stirred
overnight at room temperature. The product was filtered off,
rinsed with deionized water, and subjected to thermal treatment

Fig. 1 High-angle X-ray diffraction pattern (Siemens, D5000) of the silver
nanowire/SBA-15 composite. The low-angle X-ray diffraction patterns for
SBA-15 before (a) and after (b) Ag nanowire loading are shown in the
inset.

Fig. 2 (a) TEM (Topcon 002B, 200 KeV) image of the as-made SBA-15
mesoporous silica recorded along the [110] zone axis. (b) Low magnifica-
tion TEM image of SBA-15 mesoporous silica after the Ag nanowire
loading; Ag nanowires appear as dark lines in the image. (c) High-
magnification TEM image of the Ag nanowires within the SBA-15. A
selected area electron diffraction pattern recorded on several Ag nanowires
is shown in the inset of (c).
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at 300 °C in air for 2 h to decompose the impregnated AgNO3
and form Ag nanowires.

The AgNO3 impregnated sample was colorless while
a brown/grey color appeared once the sample was treated at
300 °C. X-Ray diffraction indicates the mesoscopic ordering of
SBA-15 was maintained after the AgNO3 loading and the
thermal treatment with the observation of low angle peaks that
can be indexed as (100), (110) and (200) reflections of the
hexagonal mesostructure of SBA-15 [Fig. 1, inset (b)].
Meanwhile, high angle diffraction peaks were observed after
the thermal treatment. These diffraction peaks can be readily
indexed according to the crystalline Ag structure with cubic
lattice constant of a = 4.07 Å.

The thermally treated sample was also characterized by TEM
[Fig. 2(b), (c)]. While there is a small amount of spherical Ag
particles (5–30 nm in diameter) on the external surface of the
SBA-15, extensive Ag nanowire formation can be seen in the
large area view of the sample [Fig. 2(b)]. A high-magnification
image of the sample [Fig. 2(c)] clearly indicates that these
nanowires are continuous and essentially follow the curvature
of nanoscale channels. They have uniform diameters of 5–6 nm,
which are consistent with the sizes of the nanoscale channel
templates. These nanowires also possess large aspect ratios
from 100 to 1000, which have not been seen previously in many
studies using MCM-41,8 carbon nanotubes18 or porous alu-
mina19 as host matrices. By performing an over-focus and
under-focus imaging series in the microscope, it is confirmed
that these nanowires are actually embedded within the channels
instead of being located on the external surface. Furthermore,
the highly crystalline nature of the Ag nanowires was confirmed
by selected area electron diffraction measurement made on
these nanowire arrays [Fig. 2(c) inset]. The diffraction spots/
rings can be again indexed as (111), (200), (220) and (311)
reflections according to the cubic structure of Ag. The
appearance of diffraction rings/spots indicates that the Ag
nanowires are comprised of polycrystalline domains with large
aspect ratios.

It was found that in order to achieve complete filling of the
mesopores within SBA-15, a proper selection of the initial
impregnation solution is critical. For example, we attempted
using AgNO3 solution in pure water or EtOH–H2O (3+7 or 8+2
v/v), in all cases, only spherical Ag particles were obtained after
the thermal treatment with a low percentage of channel filling.
This incomplete filling is directly related to the very different
surface tensions of H2O and ethanol (71.99  and 21.97 mN m21,
respectively, at room temperature).

N2 sorption measurements were also carried out on the
samples before and after the Ag loading. It was found that the
pore volumes decrease from 0.93 cm3 g21 for as-made SBA-15
to 0.61 cm3 g21 for Ag-loaded samples. This further confirms
that Ag nanowires are indeed located inside the host channels
and the loading efficiency is comparable with previous
experiments using MCM-41/48.3,9,11 The capability of nano-
wire array formation within SBA-15 clearly indicates that the
mesopores used to template Ag nanowires are highly ordered

with few local defects [Fig. 2(a)] and they are also robust
enough to sustain the thermal treatment. Thus we believe SBA-
15 should be an ideal host material for making nanowire arrays
of metals and many other systems. Initial results indicate that it
is possible to form Co, Ni, NiO, Fe2O3 and polymer nanowire
arrays within the SBA-15 matrix using a similar procedure.

We have also characterized the optical properties of these Ag
nanowire arrays. Two plasmon absorption bands (410 and 580
nm) were observed in our preliminary studies. Further studies of
the physical properties of these nanowires are currently in
progress.
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The trianion of C60 reacts readily with the commonly used
electrochemical solvent dichloromethane to form methano-
fullerenes of the type C60 > (CH2)n, signaling a cautionary
warning against the use of this solvent for electrochemical
studies of fullerenes and opening up a new synthetic avenue
for these adducts.

Since the discovery of C60 in 19851 and its subsequent
preparation in large scale in 19902 the rich electronic properties
of this fullerene have been probed by electroanalytical tech-
niques such as cyclic voltammetry (CV) and Osteryoung square
wave voltammetry (OSWV).3 Many different experimental
conditions have been used for these studies including a wide
variety of supporting electrolytes and solvents (e.g. chloro-
benzene, tetrahydrofuran, pyridine, nitrobenzene, N,N,-dime-
thylformamide and dichloromethane).4 However, a very com-
mon choice has been dichloromethane, and a very large number
of fullerene derivatives have been and continue to be investi-
gated in this solvent.5 Preliminary reports identifying the
instability of C60

32 in CH2Cl2 were published in 1991 and 1992,
but no details nor product analyses were presented.6,7 Since we
have also performed electrochemical studies of fullerenes in
CH2Cl2 and observed quite unusual behavior8 and since we
published the electrosynthesis of [6,6]methanofullerenes by
reacting the C60 monoanion and dianion with dihalomethano
compounds (X2CRRA; X = Br, I; R = H, RA = CN or CMe3),9
see Scheme 1, we decided to investigate the behavior of the C60
anions in this solvent under bulk electrolytic conditions.

In a typical experiment, ca. 2 mg of C60 were suspended in
dichloromethane and the anions of this fullerene were generated
by controlled-potential bulk electrolysis. We followed the
stability of these anions in situ by CV and OSWV.† The
generation of the monoanion (at 20.85 V vs. a Ag-wire pseudo-
reference electrode) and dianion (at 21.25 V) was straightfor-
ward and resulted in well defined electrochemistry [see Fig. 1(a)
for the dianion]. No apparent reaction of the mono- or di-anion
with the solvent was noted during or after electrolysis.10 The
trianion was generated by controlled potential electrolysis
(CPE) applying a potential ca. 150 mV more cathodic than the
third reduction potential of C60 (21.60 V). This resulted in a
steady current after a few minutes, instead of the typical and
expected current exponential decay observed during CPE
generation of the monoanion and dianion of C60, indicating that
a chemical reaction occurs during electrolysis. Arbitrarily, the

electrolysis was interrupted when ca. 8 electrons per C60
molecule were discharged (reaction time: 30 min). The OSWV
was completely changed at this point [Fig. 1(b)] with the waves
being much broader. Reoxidation of the reaction mixture and
subsequent purification by column chromatography resulted in
fullerene products in ca. 75% yield. Analysis of the reaction
mixture by HPLC, UV–VIS spectroscopy, MALDI-TOF mass
spectrometry and NMR spectroscopy showed that scarcely any
C60 remained. UV–VIS spectroscopy showed a broad peak at
ca. 425–435 nm while the characteristic C60 peak at 406 nm had
disappeared. HPLC measurements [eluent hexane–toluene
(10+1)] indicated the presence of several products, all slightly
more polar than C60 itself. These products were assigned by
MALDI-TOF mass spectrometric analysis (see Fig. 2), which
showed the formation of several adducts of C60, with
C60 > (CH2)2 as the main product (1: 2%; 2: 20%; 3: 50%; 4:
15%, based on HPLC, see Scheme 1 for structure assign-

Scheme 1 Formation of methanofullerenes from the anions of C60.

Fig. 1 OSWV of C60 in dichloromethane at the dianionic (a) and trianionic
(b) states.

Fig. 2 Maldi-TOF spectrum of the reaction mixture after electrolysis at the
trianionic state.
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ments).11 In practice, two different isomers can form in this
reaction ([6,6] closed methanofullerenes or [5,6] open metha-
noannulenes).12 Based on 1H NMR spectroscopy, which
showed several resonances (due to regioisomers of the bis- and
tris-adducts) in the range d 3.4–3.9 for the bridgehead CH2-
protons, but no AB quartets at d 2.9 and 6.4 (expected for the 5,6
isomer),12 the isolated isomers were assigned to be of the [6,6]
closed methanofullerene type.13 Therefore, reaction of the C60
trianion with the solvent dichloromethane leads to the same type
of fullerene derivatives as those formed during the reaction of
the C60 monoanion and dianion with the diiodo and dibromo
reagents previously described.9 Interrupting the electrolysis at
an earlier stage led to the formation of fewer adducts. A reaction
time of ca. 15 min (ca. 4 electrons per C60) resulted in a product
ratio of 1+1 of C60 (1) to C60 > CH2 (2) (overall yield: 85%), as
determined from HPLC and MALDI-TOF spectrometric
measurements.

In conclusion, our experiments clearly showed that C60 in its
trianionic state is not stable in dichloromethane, and reacts with
the solvent to form methanofullerenes. The lower reactivity of
this chlorinated compound compared to the corresponding iodo
and bromo compounds is compensated by its high abundance.
Therefore, this solvent should be used only with extreme
caution in the electrochemistry of fullerenes. Additionally, the
potential application of the reaction of dichloromethane with the
trianion of C60 to electrosynthesize methanofullerenes with a
variable number of CH2 groups ranging from one to six is
currently under investigation. Of special interest is the re-
gioisomeric distribution observed, to see how it compares with
that obtained from other synthetic strategies. Generally, the
results described in this study and in previous work show that
the anions of C60 react with dihaloalkyl compounds in three
different ways: the monoanion reacts with activated dihalome-
thano compounds [Br2CH(CN)],9b the dianion reacts with non-
activated dihalomethano compounds (I2CH[CMe3]),9a and the
trianion reacts with the non-activated and less reactive dihalo-
methano compounds (Cl2CH2).

Financial support for this work from the National Science
Foundation through grant CHE-9816503, and the Netherlands
Organization for Scientific Research (NWO, talent stipendium,
M. W. J. B.) is greatly appreciated.
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An MFI-type zeolite membrane containing boron has been
prepared on the surface of a boron–silicon porous glass disc
by substrate self-transformation in the vapor of ethylamine
(EA) and H2O; both XRD and SEM show that the zeolite
crystals on the surface of the porous glass disc were in
random orientation; the thickness of the membrane layer
was ca. 10–20 mm; permeation of O2 and N2, and the
chemical composition of the membrane were measured.

In the last decade, the study of zeolite membranes has become
an important research topic in the area of inorganic membrane
materials because of their uniform microporous structure, and
high thermal and chemical stability. Many methods for
preparing zeolite membranes on various substrates have been
developed, including: hydrothermal crystallization;1 in situ
hydrothermal synthesis,2 vapor phase synthesis,3 sol–gel meth-
ods,4 zeolite-filled (embedded) methods,5 chemical growth,6
galvanic metal deposition,7 leakage-blocked method,8 synthesis
by microwave heating,9 etc. Supports used include porous
ceramic discs2 or tubes,10 porous glass discs11 or tubes,12

porous sintered stainless steel discs,13 various kinds of metal
discs,1 glass discs or pipes,4 Teflon slabs and sleeves,11 single-
crystal silicon wafers,1 filter paper,14 quartz plate, mica discs,
cordierite discs, mullite, stainless steel networks1 and liquid
mercury.15

Zeolite ZSM-5 and ZSM-35 membranes were synthesized
using the vapor phase method according to Dong et al.3 in
which a glass disc or pipe was put on the surface of
aluminosilicate gels, or embedded in the gels. These syntheses
were carried out at 473 K in amine vapor for 3–7 days. ZSM-35
membranes and ZSM-5 membranes were obtained in the vapor
of n-propylamine(PrNH2)–H2O and diethylamine(Et2NH)–
H2O or ethylenediamine(EDA)–triethylamine(Et3N)–H2O, re-
spectively. Since this work, zeolite membranes have been
synthesized via vapor phase methods by many researchers.
Here, we report a novel finding related to the synthesis of an
MFI-type zeolite membrane in the vapor phase. The zeolite
membrane was prepared on the surface of a boron–silicon
porous glass disc by substrate self-transformation in ethylamine
(EA)–H2O vapor.

A porous glass disc (18.5 3 17.5 3 2.5 mm, Shanghai
Silicate Institute), was used as the starting substrate. The
chemical composition of the glass, as measured by chemical
titration, was B2O3 = 2.5 wt%, Al2O3 = 0.37 wt%, SiO2 =
96.68 wt%, Na2O = 0.44 wt%. The chemical composition of
the membrane was determined with a Field Emission Auger
Microprobe, MICROLAB 310F, (VG Scientific, Surface Anal-
ysis Company) using Mg-Ka radiation at an X-ray power of
300 W, under a vacuum of 3.0 3 1028 Mbar. The most probable
pore diameter of the substrate was 7.5 nm. The disc was placed
in a Teflon holder in a 35 ml stainless steel autoclave,
containing ca. 10 ml of 50 wt% ethylamine aqueous solution.
The porous glass disc was placed in a position so that the disc
did not directly contact with the liquid mixture at both room and
reaction temperature. The synthesis reaction was carried out in
an oven at 180 ± 2 °C for 144 h. After cooling to room
temperature, the disc was removed, and dried at 80 °C for 12 h.
Both surfaces (A and B) of the disc were transformed to MFI

zeolite crystals after this treatment in vapor. Calcination of the
membrane was conducted in a crucible oven. One of the two
surfaces of the disc (B) was polished before calcination.
Permeability of gases on both the calcined zeolite membrane
and the substrate was studied at room temperature with the
supported membrane and substrate mounted in a special
separator. The flow rate of the gas was measured with a soap
bubble flowmeter, and the difference of the pressure between
two sides of the disc kept at 0.1 MPa.

Fig. 1 shows typical XRD patterns of MFI-type zeolite on
both sides of the disc after reaction [Fig. 1(a) and (b)]. The XRD
patterns show that the zeolite crystals are in random orientation
on the surfaces of the disc. The surfaces of the initial porous
glass disc are amorphous [Fig. 1(c)].

SEM shows that the surfaces of the initial porous glass disc
are rough and uneven [Fig. 2(a)]. After synthesis, both sides of
the disc are covered by MFI zeolite crystals with random
orientation [Fig. 2(b)–(d)], consistent with the XRD results. The
size of the crystals is ca. 15–25 mm [Fig. 2(b)], and the thickness
of the membrane layer is ca. 10–20 mm [Fig. 2(c) and (d)]. There
are no zeolite crystals on the inner surfaces of the disc [Fig. 2(c)
and (d)], indicating that the zeolite crystals only formed on the
outer surfaces of the disc.

The chemical composition of the membrane, measured by
surface analysis, is B2O3 = 3.70 wt%, Al2O3 = 0.55 wt%, SiO2
= 95.25 wt%, Na2O = 0.50 wt%. The permeabilities of O2 and
N2 through the substrate are 5.06 3 1028 and 5.56 3 1028 mol
m22 s21 Pa21, respectively. The calculated ideal selectivity of
O2/N2 (0.91) is very close to the Knudsen value (0.94), showing

Fig. 1 XRD patterns: (a) surface A of the membrane, (b) surface B of the
membrane and (c) surface of the initial porous glass disc.
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that the substrate shows no preferential selectivity for the
penetration of O2 and N2. On the calcined boron-containing
MFI-type zeolite membrane, the permeabilities of O2 and N2 are
0.095 3 1028 and 0.15 3 1028 mol m22 s21 Pa21, respectively.
The calculated ideal selectivity of O2/N2 (0.63) is obviously
lower than that for Knudsen behaviour and for the substrate. The
fact indicates that the membrane selectively permeates N2

We are very grateful to Professor Zi Gao for her helpful
suggestions and discussions.
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Palladium catalyzed phosphination of substituted aryl
bromides using triarylphosphines as the phosphinating
agents has been developed; this method tolerates ketone,
aldehyde, ester, nitrile, ether and chloride functional
groups.

Triarylphosphines constitute one of the most important class of
ligands in transition metal catalyzed reactions.1 Although there
is a necessity to incorporate functional groups in aromatic
phosphines in order to tailor the phosphines for modifying
catalysis, synthetic methods available are limited in scope.
Traditional methods for preparation of these phosphines can be
classified into two major categories. The first method involves
the reactions of aryl Grignard or organolithium reagents with
chlorophosphine, but it is limited to compounds that are not
base sensitive.2 The second method is transition metal catalyzed
phosphination. Though it is useful, limitations do exist. Both
nickel catalyzed phosphination of aryl triflates using diph-
enylphosphine3 or chlorodiphenylphosphine4 require use of air-
and moisture-sensitive phosphinating reagents and the latter
method is not tolerant to easily reducible functional groups
since Zn metal is used.4 The Pd/Ph2P(O)H route requires
subsequent reduction by trichlorosilane.5 The Pd/(trimethylsi-
lyl)diphenylphosphine system is limited to aryl iodides and
cannot tolerate aldehyde functional groups.6 The Pd/phos-
phine–borane method requires an extra deprotection step and
cannot tolerate amine containing functional groups.7 Generally,
the above methods require the use of air-sensitive reagents and
are limited in functional group tolerance. Herein, we report
palladium catalyzed phosphination using readily available
triarylphosphines as the phosphinating agent and functionalized
aryl bromides as substrates to synthesize functionalized aro-
matic phosphines [eqn. (1)].

(1)

4-Bromoacetophenone was reacted with 2.3 equivalents of
triphenylphosphine in the presence of 10 mol% palladium
acetate catalyst in DMF at 110 °C to yield 4-(diphenylphosphi-
no)acetophenone in 40% yield (Table 1, entry 1).† In addition,
4-bromobenzaldehyde can be phosphinated by triphenylphos-
phine to form 4-(diphenylphosphino)benzaldehyde in 32%
yield (Table 1, entry 2). In contrast, the previous method for the
preparation8 of this phosphine, which finds many applications
for water soluble polymers9 and water soluble porphyrins,10

involved a muti-step synthesis which required protection of the
aldehyde.8 Other functional groups, such as esters, nitriles,
methyl ethers and halogens, are tolerant to this phosphination
reaction (Table 1, entries 3–7). In contrast, previous syntheses
of ester and nitrile containing phosphines required a long
synthetic pathway.11

Similar rates of reaction were observed for electronically
different non-coordinating aryl bromides (Table 1, entries
1,5,7). The rate of the reaction of coordinating substrates which
contain ester, aldehyde or nitrile groups (Table 1, entries 2–4),
required a longer reaction time. Presumably strongly coordinat-

ing substrates rendered the complex coordinatively saturated
and hence reduced the catalytic efficiency. For 3- and
4-bromoanisole, the reaction times are similar but the yield of
3-(diphenylphosphino)anisole was higher (Table 1, entries 5
and 6).

Either Pd(PPh3)4 or Pd(OAc)2 can catalyze this reaction.
Pd(OAc)2 was employed as the catalyst since other triaryl-
phosphines can be used as phosphinating reagents, such as
trixylylphosphine, tri(p-methoxyphenyl)phosphine and tri(p-
tolyl)phosphine (Table 2, entries 1–3). Therefore, a variety of
different substituted phosphines can be readily prepared
through this direct methodology.

A plausible mechanism (Scheme 1) for this phosphination
starts with the in situ reduction of Pd(OAc)2 by triphenylphos-
phine to Pd(0).12 Subsequent oxidative addition with aryl
bromide yields a aryl Pd(III) species. Reductive elimination with
triphenylphosphine gives a phosphonium salt,13 which then
undergoes oxidative addition with the palladium species to

Table 1 Palladium catalyzed phosphination of different aryl bromides with
triphenylphosphine
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generate the coordinated phosphine product.14 Finally ligand
substitution by the other triphenylphosphine regenerates the
Pd(0) species and substituted phosphine product.

In conclusion, our phosphination method tolerates a number
of functional groups including ketones, aldehydes, esters,
nitriles, methyl ethers and chloride. This palladium catalyzed
phosphination avoids the problems of traditional raw materials
and utilizes the most cost effective triphenylphosphine as the
phosphinating reagent. This process has a great potential to
tailor a variety of substituted phosphines by using different
triarylphosphines as the reagent. Studies are continued to extend
the scope of this reaction.

We thank the Research Grants Council of Hong Kong
(EI00014) for financial support.
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chromatography on silica gel using a solvent mixture of hexane–ethyl
acetate (20+1) as the eluent to give 4-(diphenylphosphino)acetophenone in
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From the reaction between [60]fullerene and MeLi, we have
isolated C60Me5O2OH, which has been characterised by both
1H and 13C NMR spectroscopy and by single-crystal X-ray
analysis; uniquely, both epoxide groups bridge 5 : 6-bonds in
the same pentagon.

The significance of epoxyfullerenes has yet to be fully
recognised. They may be formed by: (i) partial hydrolysis of a
halogenofullerene to a cis halohydroxy derivative, followed by
adjacent elimination of hydrogen halide, giving for example, the
abundance of epoxides amongst the products of fullerene
fluorination;1 (ii) ozonolysis;2 (iii) epoxidation of the fullerene
with a peracid;3 (iv) direct reaction with oxygen, either in the
arc-discharge reactors used for fullerene production,4 or on
standing5 (this can be photochemically accelerated).6 The
extent to which cage addends moderate the latter process is not
yet known, but it is probable that all fullerene derivatives
undergo this oxidation to some extent.

The formation of the only bis-epoxy fullerenes characterised
previously, C60O2, involves addition of oxygen across the 1,2-
and 3,4-bonds in a given hexagon;7 this motif is also believed to
be present in C60O3.8 In the heterocycle C60Ph4(C6H4)O2, we
conjectured that one oxygen is present as an epoxide bridging a
5+6-bond in the central pentagon.9

There are few reports of the methylation of fullerenes. Olah
and coworkers detected the addition of up to 24 methyl groups
(with C60Me6 and C60Me8 being prominent) from the reaction
of [60]fullerene with Li–MeI.10 Both 1,2- and 1,4-Me2C60 have
been obtained by electrochemical reduction,11 and we have
described preliminary results on the formation of  C60Men (n =
4, 6, 8) and C70Men (n = 2, 4, 6, 8, 10).12 Polyhydroxyfuller-
enes have been investigated extensively,13 but, to date, only one
monohydroxyfullerene (C70Ph9OH) has been characterised.14

We now report the isolation and full characterisation of the
first methylated fullerene, (and methylated fullerenol) and the
first bis-epoxide with both oxygens bridging a 5+6-bond. The
structure was characterised by NMR spectroscopy, the inter-
pretation of the latter being shown to be correct by single crystal
X-ray crystallography.

An xs. of MeLi solution (4 ml of 1.0 M solution in THF–
cumene, 110+90) was stirred under N2 with C60Cl6 (100 mg),15

at room temp. The orange solution turned brown–black
immediately and stirring was continued overnight. Normal
work-up followed by column chromatography (70–230 mesh
silica gel), gave a major fraction (9+1 cyclohexane–toluene
elution) and then a minor fraction (1+1 cyclohexane–toluene
elution). This latter was purified further by HPLC using a 10
mm 3 25 cm Cosmosil ‘Buckyprep’ column at a solvent flow
rate of 4.7 ml min21 to give C60Me5O2OH, which eluted after
4.8 (toluene) or 8.8 min (1+1 toluene–heptane), and crystallised
as ruby-red hexagonal plates.

The EI mass spectrum (Fig. 1) shows a peak due to the parent
ion at 844 amu; notably, the C58 fragmentation ion peak at
696 amu is 40% of the intensity of the 720 amu peak. This is
much higher than is found in the EI mass spectrum of C60 and
arises because of the more facile loss of 2 CO molecules, which
we have noted previously in the mass spectra of phenylated

epoxides of [60]fullerene, where the intensity of the 696 amu
peak was 30% of that of the 720 amu peak.16 When the epoxide
functions straddle 5+6-bonds, CO elimination creates a
7/5-membered ring combination, stabilised by the presence of
sp3 carbons bearing the addends.16

The IR spectrum (KBr) shows bands at 3520 (broad), 2971,
2924, 2857, 1438, 1384, 1099, 1074, 1047, 1037, 1016, 941,
665, 658, 572, 553, 535 and 513 cm21.

The 1H NMR spectrum shows peaks at dH 3.88 (1 H, s, OH),
1.99 (3 H, s, MeA), 1.86 (6 H, s, MeC), 1.75 (6 H, s, MeB). The
peaks were identified by NOE couplings of 2.4, 2.5 and 0.6%
between OH and MeA, MeB, and MeC, respectively, and of 0.9
and 0.3% between MeA and MeB. Saturation transfer to water
confirmed the presence of an OH group; the NOE couplings
between OH and all three methyls confirmed that OH must be
present in the central pentagon.

The 13C NMR spectrum shows 24 2 C and 2 1 C peaks for the
cage sp2-carbons at dC (all 2 C except where indicated) 151.56,
148.79, 148.72, 148.69, 148.68, 148.59, 148.49 (1 C), 148.45,
148.44, 148.03, 147.99, 147.90, 147.87, 147.57 (1 C), 147.12,
145.13, 144.39, 144.03, 144.01, 143.97, 143.72, 143.38 (4 C),
143.30, 143.25, 143.08; the half-intensity on-symmetry plane
peaks appear in the usual 147–149 ppm range. The sp3-carbons
appear at dC 86.60 (2 C, COC), 75.11 (1 C, COH), 72.35 (2 C,
COC), 53.12 (1 C, C1Me), 47.21 (2 C, C15,30Me), 46.49 (2 C,
C4,11Me), 27.38 (1 C, MeA), 24.88 (2 C, MeC), 24.20 (2 C,
MeB).

The compound thus has Cs symmetry and was deduced to
have the two epoxide functions in the central pentagon, since the
only other reasonable locations would be across the 16,17- and
28,29-positions (Fig. 2). However, little difference in the

Fig. 1 EI mass spectrum (70 eV) for C60Me5O2OH.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b002254n Chem. Commun., 2000, 1071–1072 1071



chemical shifts for carbons C-17 and C-28, compared with C-16
and C-29 would then be expected, whereas an experimental
difference of 14 ppm is found. This is consistent with two of the
epoxide carbons being adjacent to that bearing the OH group
(Fig. 2). The structure was confirmed by X-ray crystallography
(Fig. 3).†

The structure is thus unique in having two epoxide functions
straddling 5+6-bonds bonds in the central pentagon. The addend
locations in C60X6 structures requires placing two double bonds
in the central pentagon, thereby increasing the strain; this can be
partially relieved by addition across these bonds. The C–C
bonds bridged by the epoxide function are short, at 1.48 Å,
whereas all other cage C–C bonds in the central pentagon area
and the cage–Me bonds, have an average bond length of 1.55 ±
0.02 Å. The C–O–C bond angles are 61.5°, and some repulsion
between the epoxides and the OH group is manifest in the C-
3–O-3 bond (1.459 Å), which is longer than the O-3–C-14 bond
(1.437 Å).

A notable feature (and one which we have found recently
with phenylated [84]fullerene as well) is that on strongly
heating the KBr disc (250 °C) of C60Me5O2OH, a very sharp
peak appears at 2170 cm21 after 3 h and grows in intensity with
heating during the next 24 h. This is consistent with the presence
of matrix-isolated C5,17 and parallels earlier work in which

similar treatment of KBr discs of insoluble [84]fullerene
residues, produced a sharp band at 2035 cm21 attributed to
matrix-isolated C3.18 We hope to investigate this aspect more
fully at a later date.

We thank Kuwait University for a research grant (to
H. A.-M.).
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Fig. 2 Structure of symmetrical C60Me5O2OH, showing numbering.

Fig. 3 X-Ray structure of C60Me5O2OH.
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Monofunctionalization of the calix[4]arene upper-rim is
achieved by lithiation with BunLi, followed by phosphina-
tion with Ph2PCl of monobromotetra-n-propoxycalix[4]ar-
ene; subsequent reactions with [Cp*RhIIICl2]2 and
Cp*RhI(CO)2 provide the corresponding Cp*[Ph2(ca-
lix)P]RhIIICl2, which can be converted to Cp*[Ph2(ca-
lix)P]RhIII(H)2 and Cp*[Ph2(calix)P]RhI(CO), respectively.

Substituted derivatives of the bowl-like calix[4]arene are easy
to synthesize and extremely rich chemistry has emerged from
this simple molecule, primarily due to the pioneering work of
Gutsche.1 Many applications in the area of cation binding and
transport are now known, and highly selective receptors and
novel sensors for polyanionic species have been discovered
with this host.2 Recently, several researchers have prepared
transition metal complexes of this platform molecule, mainly
via the lower-rim section,3 but some rare upper-rim functional-
izations have also appeared in the literature.4 Of particular
interest, Matt and coworkers synthesized conic calix[4]arene
complexes using two anchoring phosphine groups placed
opposite to each other in the upper-rim.5 Complexation induced
a loop structure where the calix[4]arene cavity was blocked by
the transition metal fragment, hence, losing its important
hydrophobic hosting function. We now report the first mono-
functionalization of the calix[4]arene upper-rim, using the Ph2P
complexing fragment, along with some of its Rh complexes.
The complexation of an Rh residue near a hosting device offers
the hope of convenient regioselective reactivity in situations
where the reacting molecule reversibly binds the calix[4]arene
cavity. Many Cp*Rh complexes are known to activate C–H
bonds,6 and anchoring this fragment onto the supramolecular
calix[4]arene represents a unique opportunity of potential
regioselective C–H bond activation. This work describes the
syntheses and characterization of three (h5-pentamethylcyclo-
pentadienyl)rhodium complexes of diphenylphosphinocalix-
[4]arene.

The entry into the monofunctionalization proceeds via the use
of the known monobromotetra-n-propoxycalix[4]arene 1.7 In
this case, simultaneous standard lithiation and phosphination
procedures produce the monophosphine ligand: [eqn. (1) and
(2)].

(PrO)4calix–Br + BunLi ? (PrO)4calix–Li + BunBr (1)

(PrO)4calix–Li + Ph2PCl ? (PrO)4calix–PPh2 + LiCl (2)

The latter is easily oxidized to its oxo form in the presence of
air in solutions as evidenced from the X-ray structure determi-
nation to be described elsewhere, and therefore inert conditions
must be used at all times.

The complexation routes of 2 with Cp*Rh complexes are
shown in Scheme 1. Complex 3 is conveniently synthesized by
directly reacting the known dimeric [Cp*RhCl2]2

8 with 2, and is
obtained in 85% isolated yield. Complex 3 is relatively stable

and has been structurally characterized by X-ray methods.‡ Fig.
1 shows the X-ray structure and confirms the expected
monofunctionalization of the calix[4]arene. The coordination
environment of the RhIII metal center is relatively similar to that

† Electronic supplementary information (ESI) available: synthesis and
characterisation of compounds 2–5. See http://www.rsc.org/suppdata/cc/
b0/b001485k/

Scheme 1 Synthesis of 2–5. Reagents and conditions: i, BuLi/THF/278 °C;
ii, ClPPh2/THF/278 °C; iii, [Cp*RhCl2]2/EtOH/reflux 5 h; iv, NaBH4/
EtOH/reflux 1 h; v, Cp*Rh(CO)2/benzene/reflux 24 h.

Fig. 1 ORTEP drawing of 3. Ellipsoids are shown at 10% probability and H
atoms are not shown for clarity. Selected bond and distances (Å) and angles
(°): Rh–C11 2.3835(18), Rh–C12 2.4053(20), Rh–P 2.3354(18), av. Rh–Cl
2.19(3); C11–Rh–C12 93.54(8), C11–Rh–P 85.71(6), P–Rh–C12
93.50(7).
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of the reported less encumbered [Cp*Rh(Cl)2P(Me)2CH2]2
complex.9

The key feature of this structure is that 3 exhibits calix C–P
and P–Rh single bonds and at least 12 conformations are
possible. Rotation around this C–P bond provides two rotamers
where part of the cavity opening is covered by phenyl groups,
and one where the metallic residue occupies this specific above
position (Cs point group). The single crystal data shows one of
the former described rotamers (Ph group on top of the cavity),
and the Cp*RhCl2 fragment adopts a conformation exhibiting a
minimum of steric hindrance between Cp* and Ph, as shown in
Fig. 1. 1H NMR spectroscopy clearly established the presence
of fluxionality in 3. Between 218 and 343 K, the spectra exhibit
three main regions including the aromatic, methylene and
propyl 1H region, which all undergo coalescence processes. The
most striking observation is that both the PPh2 proton and
aromatic signals coalesce at the same temperature of ca. 268 K,
corresponding to  2.2 kJ mol21. This result strongly indicates
that the fluxion must involve cooperative motions of the Ph
groups and the calix[4]arene aromatic fragments. The most
probable motion is rotation of the Cp*(PPh2)RhCl2 group
around the calix C–P single bond, where the Ph groups also
rotate to pass over the bowlic structure of the calix[4]arene
residue. Computer modellings clearly demonstrate that indeed
rotations around the calix C–P bond must be accompanied by
cooperative rotations of the Ph–P bond, somewhat similar to a
‘merry-go-round’ motion, allowing the Ph substituents to hop
over the calix[4]arene ‘walls’.

Complex 3 predictably reacts with NaBH4 in refluxing
ethanol to produce the corresponding dihydride 4. The latter is
very reactive, particularly in the presence of light and air, and
must be freshly prepared prior to further studies. The presence
of hydride groups in 4 is readily illustrated from its 1H NMR and
IR spectra which exhibit a characteristic resonance at d –13.07
(1JHRh = 28 Hz, 1JHP = 38 Hz ), and an absorption at 2080
cm21 (nRhH), respectively. Complexation of monophosphine
ligand 2 can also be performed with the mononuclear
Cp*RhI(CO)2 complex10 via a simple thermally induced CO
substitution, to form 5. A single and characteristic nCO
absorption is indeed observed at 1960 cm21 in the solid state,
and a complete characterization by standard methods (NMR,
FAB mass, chemical analysis), confirms the identity and purity
of this novel complex. Complex 5 is somewhat more stable than
the dihydride 4, but decomposition can also be observed upon
UV–VIS light irradiation. Preliminary results show that indeed
both 4 and 5 either thermally or photochemically eliminate H2
and CO, respectively, to generate the very reactive species
Cp*RhIL (L = phosphine ligand, here 2).11 This important
intermediate postulated as Cp*Rh[Ph2P(calix)], is anticipated to
activate C–H bonds,12 and regioselectivity would be an
unprecedented asset. Preparation of the more basic and less
encumbered R2P–calix ligand (R = Pri) and its Cp*Rh complex

has been successful. Their structural properties and reactivities
are under investigation, and will be published in due course.

We acknowledge NSERC (Natural Sciences and Engineering
Research Council), FCAR (Fonds Concertés pour l’Avance-
ment de la Recherche) and le Bureau de la Recherche de
l’Université de Sherbrooke for funding and graduate scholar-
ships.

Notes and references
‡ Crystal data for C62H72Cl2O4PRh 3: M = 1085.98, monoclinic, space
group P21/c, a = 18.009(7), b = 15.401(2), c = 21.996 (5) Å, b =
110.34(2)°, U = 5720(3) Å3, T = 293 K, Z = 4, m(Cu-Ka) = 1.54060 Å,
18919 reflections measured, 9703 unique (Rint = 0.07) which were used in
all calculations. The final wR(F2) was 0.1897 (all data). Single crystals of
Cp*[Ph2P(calix)]RhCl2 3 were obtained from recrystallization in ethanol.
These dark red crystals were air-stable and one of them was mounted at 298
K on an Enraf-Nonius CAD-4 automatic diffractometer. The full structure
was solved using direct methods and refined by full matrix least-squares on
F2.
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Oxidative addition of allylic substrates to coordinatively
unsaturated ruthenium(II), (h5-C5Me5)Ru(amidinate) com-
plexes, afford cationic ruthenium(IV) compounds, [(h5-
C5Me5)Ru(amidinate)(h3-allyl)]+, which have been charac-
terized by spectroscopic analysis and X-ray structure
determination.

Studies on the structures and reactions of coordinatively
unsaturated transition metal complexes have received much
attention from organometallic chemists, because these com-
pounds are believed to be involved in many transition metal-
mediated organic reactions as important intermediates.1 In
particular, the structures and reactions of coordinatively
unsaturated ruthenium(II) complexes have been actively investi-
gated recently;1 these studies contribute to the understanding of
the factors leading to the stabilization of these complexes, e.g.
steric effects, presence of p-donor ligands, metal-bond strength
and their tendency towards oxidative addition of H2 and
HSiR3.1–3 Although the oxidative addition of allylic substrates
to ruthenium(II) complexes4 is an important elementary reaction
in the catalytic transformation of an allyl moiety,5 that to
isolated coordinatively unsaturated ruthenium compounds has
not, as yet, been studied.1–3 We have recently reported a novel
reactive complex, (h5-C5Me5)Ru(amidinate) 1, which shows
signs of coordinative unsaturation, in which the amidinate
ligand contributes to stabilizing the formally 16-electron
configuration.6 The fact that 1 is highly reactive towards the
reaction with a variety of two-electron donor ligands stimulated
us to explore the possibility that 1 may also be reactive towards
oxidative addition reactions.6 Here, we report that 1 readily
reacts with an allylic substrate to give the corresponding
cationic Ru(IV) allylic compound as shown in Scheme 1. This is
the first example, to the best of our knowledge, of oxidative
addition of allylic substrates to isolable coordinatively un-
saturated ruthenium complexes. Additionally, the product is a
rare example of an organoruthenium(IV) compound coordinated
to nitrogen donor ligands.

Complex 1a was treated with a stoichiometric amount of allyl
chloride at 278 °C and the mixture was allowed to warm to

room temperature. After 1 h, the solvent was removed in vacuo.
Spectroscopic evidence suggests that the resulting yellow solid
is [(h5-C5Me5)Ru(amidinate)(h3-allyl)]Cl 2a (yield of the crude
product > 95%) containing ca. 5% of (h5-C5Me5)Ru(h3-
allyl)Cl2.

4a This new h3-allyl complex 2a is not very stable in
solution and gradually decomposes to a mixture of intractable
products. In contrast, 3a, a stable analogue of 2a, was
successfully isolated as a yellow solid in 48% yield by exchange
in CHCl3 of the counter anion Cl2 to PF6

2 followed by
recrystallization of the crude product. Complex 3a could also be
obtained directly from 1a by treatment with allyl chloride in the
presence of NaPF6. The oxidative addition of allyl acetate or
allyl methyl carbonate in the presence of NaPF6 offers an
alternative synthetic method for 3a without formation of by-
products; 3a was isolated in quantitative yield. In a similar
fashion, 3b, a methallyl analogue of 3a, and a compound 3c,
bearing a different amidinate ligand, were successfully prepared
and characterized as shown in Table 1.

Complex 3a was fully characterized by spectroscopic
methods (1H NMR, 13C NMR, IR),‡ elemental analyisis and an
X-ray crystal structure determination§ and an ORTEP drawing
of 3a is shown in Fig. 1. Complex 3a has a square-pyramidal
structure, with two nitrogen atoms of the amidinate ligand and
terminal carbons of the h3-allyl ligand at the basal positions.
The orientation of the allyl group is endo, and variable
temperature NMR studies showed that there is no equilibrium
with the corresponding exo isomer. This endo orientation is also
seen in (h5-C5Me5)Ru(h3-allyl)X2 reported previously.4a The
crystal structure of 3a, in comparison with that of the starting

† Electronic supplementary information (ESI) available: typical procedures
and spectroscopic data. See http://www.rsc.org/suppdata/cc/b0/b002927k/

Scheme 1 Method A; allyl–Cl in pentane followed by NH4PF6 in CHCl3; method B; allyl–X (X = Cl, OAc, OCO2Me) and NaPF6 in THF. For 1–3: a, R
= But, R1 = Ph, R2 = H; b, R = But, R1 = Ph, R2 = Me; c, R = Pri, R1 = Me, R2 = H.

Table 1

Precursor R2 X Method Product
Isolated
yield (%)

1a H Cl A 3a 48
1a Me Cl A 3b 55
1c H Cl A 3c 62
1a H Cl B 3a 64
1a Me Cl B 3b 39
1c H Cl B 3c 62
1a H OCOMe B 3a 97
1a H OCO2Me B 3a 97
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material 1a reveals that the Ru–N and Ru–C bonds (average)
become longer [1a: Ru–N 2.073(3) Å, Ru–Cav 2.158(4) Å].

The chemical reactivity of the h3-allyl moiety is an
interesting problem for the exploration of stoichiometric and
catalytic reactions mediated by 1 or 2. Preliminary studies on
the reactivity of 3a revealed that it reacted with nucleophiles
such as PhLi and sodium dimethyl methylmalonate but not with
electrophiles such as aldehydes and unsaturated molecules such
as ethylene and CO. The stoichiometric reaction of 3a with PhLi
in THF gave a mixture of 1-phenylprop-1-ene and 1-phenyl-
prop-2-ene in a ratio of 1+2. Similarly, treatment of 3a with
sodium dimethyl methylmalonate resulted in formation of
dimethyl allylmethylmalonate. In both of the reactions, re-
generation of 1a was also observed. The latter allylation
reaction can be extended to a catalytic reactions when allyl
methyl carbonate is used as the allylic substrate; 1a (10 mol%)
successfully catalyzed the reaction of allyl methyl carbonate
with dimethyl methyl malonate in THF at room temperature to
give the product in 90% yield (Scheme 2).

In conclusion, oxidative addition of allylic substrates to the
isolable coordinatively unsaturated complex (h5-C5Me5)Ru(h-
amidinate), has been observed which leads to a new cationic
organoruthenium(IV) complex [(h5-C5Me5)Ru(h3-allyl)(h-ami-
dinate)]+ stabilized by a nitrogen-donor ligand. This oxidative
addition is envisioned to be extendable to stoichiometric and
catalytic transformations of allylic substrates mediated by 1–3,
as already evidenced by our preliminary studies on the reactions
of 3a with nucleophiles.

We are grateful to Kouki Matsubara (Kyushu Univ.) for his
help in the X-ray analyses. Part of this work is financially
supported by the Japan Society of the Promotion of Science
(Grant-in-Aid for Scientific Research 10450343).

Notes and references
‡ Representative spectroscopic evidence: 3a; 1H NMR (CDCl3): d 0.95 [s,
18H, C(CH3)3], 1.81 [s, 15H, C5(CH3)5], 2.22 (d, J = 10.2 Hz, 2H, anti-CH
of the allyl group), 4.53 (d, J = 6.1 Hz, 2H, syn-CH of the allyl group), 5.36
(dt, J = 6.1, 10.2 Hz, 1H, central-CH of the allyl group), 7.16 (m, 1H,
C6H5), 7.24 (m, 1H, C6H5), 7.32 (m, 1H, C6H5), 7.35 (m, 1H, C6H5), 7.44
(m, 1H, C6H5). 13C{1H} NMR (CDCl3): d 10.9 [C5(CH3)5], 35.5 [C(CH3)3],
58.0 [C(CH3)3], 59.7 (CH2 of the allyl group), 97.2 (CH of the allyl group),
106.6 [C5(CH3)5], 127.4, 127.6, 127.8, 129.9, 132.8, 138.6 (C6H5), 178.9
(NCN). Anal. Calc. for C28H43N2PF6Ru: C, 51.45; H, 6.63; N, 4.29. Found:
C, 51.22; H, 6.62; N, 4.34%.
§ Crystal data for C28H43F6N2PRu 3a: M = 653.68, orthorhombic, space
group Pbca, a = 31.771(6), b = 14.038(4), c = 13.366(5) Å, V =
5961(3) Å3, T = 293 K, Z = 8, m = 0.637 mm21, 6849 reflections
measured, 6848 unique (Rint = 0.0409), 4403 observed ( > 2s), final
residuals R1 = 0.0492, wR2 = 0.1418 [I > 2s(I)]; R1 = 0.0917, wR2 =
0.1620 (all data). CCDC 182/1633. See http://www.rsc.org/suppdata/cc/b0/
b002927k/ for crystallographic files in .cif format.
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Fig. 1 ORTEP drawing of 3a showing 50% thermal ellipsoids. PF6
2 omitted

for clarity. Selected bond lengths (Å) and angles (°): Ru(1)–C(1–5)av

2.263(4), Ru(1)–N(1), 2.128(3), Ru(1)–N(2) 2.125(3), Ru(1)–C(11)
2.193(5), Ru(1)–C(12) 2.132, Ru(1)–C(13) 2.206, C(11)–C(12) 1.385(8),
C(12)–C(13) 1.379(8); N(1)–Ru(1)–N(2) 61.98(12), C(11)–Ru(1)–C(12)
64.1(2), C(11)–C(12)–C(13) 115.2(5).

Scheme 2
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{Mn(OH2)2[Mn(bpym)(OH2)]2[Fe(CN)6]2}∞ , a two-dimen-
sional cyanide-bridged polymer, exhibits canted ferrimag-
netism with TC = 11 K.

Molecule-based magnets are the focus of considerable current
research effort, from both the fundamental and device-related
perspectives. One of the more exciting developments in recent
years is the design of magnets from a consideration of the sign
and magnitude of superexchange between adjacent para-
magnetic metal centers. The family of magnets based on the 3-D
Prussian Blue structural motif nicely illustrates this strategy.1 In
these materials, deliberate choices of metal ions at the two ends
of the CN2 bridge lead to well established ground states, and the
symmetry of the magnetic orbitals allows for a reasonable
prediction of the nature of the superexchange (antiferro- versus
ferro-magnetic).2 For example, V[Cr(CN)6]0.86·2.8H2O orders
ferrimagnetically at 315 K1h (due to direct overlap of t2g
magnetic orbitals) whereas CsNi[Cr(CN)6]·2H2O orders ferro-
magnetically at 90 K1g (due to orthogonality of the t2g and eg
magnetic orbitals). In addition to the high-symmetry Prussian-
Blue architectures, hexacyanometallate building blocks are
found in other structural motifs, for example in the 3-D
ferrimagnet [Ni(tren)]3[Fe(CN)6]·6H2O synthesized from
[Fe(CN)6]32 and [Ni(tren)]2+ [tren is the tetradentate capping
ligand tris(2-aminoethyl)amine].6e A number of 1-D chains,4
2-D layered materials5 and 3-D networks6 have also appeared in
the literature, the common theme among all examples being the
incorporation of cyanometallates into networks with metal ions
that possess a capping ligand(s).

Our involvement in the chemistry of cyanide compounds is
directed at the formation of clusters or low-dimensional
materials from specifically tailored precursors.7 For example,
we reasoned that 1+1 reactions between cis-
[Mn(bpym)2(H2O)2]2+ and [Fe(CN)6]32 would yield a square
with cis-[Mn(bpym)2]2+ corners linked by [Fe(CN)6]32 edges
or a zigzag bimetallic chain. Both of these hypotheses are based
on the expectation that the only leaving groups would be the two
water molecules on MnII. Herein, we report an entirely
unexpected result, namely that the 2,2A-bipyrimidine chelates
are also very good leaving groups in favor of the nitrogen end of
a cyanide group in such reactions.

Brown crystalline needles are formed reproducibly by slow
diffusion of a solution of [Mn(bpym)2(OH2)2][SO4] (bpym =
2,2A-bipyrimidine) in MeCN into a solution of K3[Fe(CN)6] in
H2O.8 X-Ray crystallographic studies† revealed that the
product is the neutral, 2-D polymer {Mn(OH2)2[Mn(bpym)-
(OH2)]2[Fe(CN)6]2}∞ 1. The asymmetric unit of the structure
consists of one [FeIII(CN)6]32 unit connected to two different
types of MnII centers by cyanide bridges. One Mn atom (Mn2)
has retained only one bpym ligand while the other one (Mn1)
has lost both of its original bpym ligands. For simplicity in
describing the repeat pattern, the building blocks of the layers
are defined as [Fe(CN)6]32 (Fe1), trans-[Mn(OH2)2]2+ (Mn1),
and fac-[Mn(bpym)(OH2)]2+ (Mn2) units. Each FeIII ion forms
bridges to three Mn2 and two Mn1 centers, which leaves one
terminal CN2 ligand. The trans-[Mn(OH2)2]2+ units are linked

to four FeIII ions, and each fac-[Mn(bpym)(OH2)]2+ building
block is connected to three independent [Fe(CN)6]32 anions.
The resulting polymeric framework can be described as being
composed of individual 1-D chains formed by edge-sharing
{[Mn(bpym)(OH2)]2[Fe(CN)6]2} squares. These chains, which
exhibit a staircase motif, are stitched into layers by trans-
[Mn(OH2)2]2+ bridges that serve to link Fe atoms of adjacent
chains and creates two new {[Mn(bpym)(OH2)][Fe(CN)6]2-
[Mn(OH2)2]} squares that share a corner (Mn1) [see Fig. 1(a)].
As the simplified diagram in Fig. 1(b) reveals the framework
resembles a 2-D array of fused Mn4Fe3 cubes that are missing
one vertex. It is of further interest to point out that the bpym
ligands of adjacent layers are interdigitated to form a stacked
column along the c axis with a mean spacing of 3.35 Å.

Magnetic studies were performed on a 3.3 mg batch of
crystals using a MPMS-XL SQUID magnetometer. Between 50
and 300 K, the molar susceptibility cm can be fit to a Curie–
Weiss law with C = 13.8 emu K mol21 and q = 212.8 K (inset
in Fig. 2). The Curie constant is in good agreement with the
expected spin-only value (13.875 emu K mol21) for three S =
5/2 Mn(II) and two low spin S = 1/2 Fe(III) centers. The sign of
the Weiss constant indicates that local antiferromagnetic
interactions dominate as expected for FeIII–CN–MnII bridges
where there is direct overlap of the t2g magnetic orbitals. Below
50 K, cm deviates from the Curie–Weiss behavior and
undergoes an abrupt increase at ca. 11 K which suggests the
onset of magnetic ordering (Fig. 3). This state corresponds to a
ferrimagnetic ordering, since the FeIII and MnII spin centers
interact antiferromagnetically with non-cancellation of spins.
As Fig. 3 shows, the magnetization increases gradually, but
saturation is incomplete at 7 T (M = 11.6 mB cf. the expected
value of 13 mB). This behavior is a signature of a complicated
magnetic structure (competing magnetic interactions with
possibly some degree of spin canting), which is not unexpected
in view of the crystal structure. No hysteresis was observed in
the field dependence of the magnetization. Susceptibility

Fig. 1 (a) View of the two-dimensional network down the b axis. (b)
Scheme emphasizing the partial cubane motif in the 2-D network.
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measurements of the ac type confirm the ferrimagnetic ordering
at 11 K (Fig. 4) and reveal no significant frequency depend-
ence.

The result presented here underscores the structural diversity
of materials containing cyanometallate building blocks. The
slow loss of 2,2A-bipyrimidine ligands from cis-
[Mn(bpym)2(H2O)2]2+ in H2O–MeCN contributes to the growth
of crystals rather than the rapid deposition of powders which is
the outcome of reactions that do not involve capping ligands.
We are currently investigating reactions of other ligand-
protected cations with hexacyanometallate anions, the results of
which are forthcoming.

K. R. D. gratefully acknowledges the National Science
Foundation for support of this work (NSF CHE-9906583) and

for funding the CCD diffractometer (CHE-9807975) and the
SQUID instrumentation (NSF-9974899).

Notes and references
† Crystal data for Mn(OH2)2[Mn(bpym)(OH2)]2[Fe(CN)6]2·9H2O: Inde-
pendent batches produce crystals with the same unit cell dimensions.
C28H38Fe2Mn3N20O13, Mw = 1139.30, monoclinic, space group P21/c, a =
13.209(3), b = 26.694(5), c = 7.443(2) Å, b = 105.57(3)°, V = 2528.1(10)
Å3, T = 110(2) K, Z = 2, Dc = 1.497 Mg m23, graphite monochromatized
Mo-Ka radiation (l = 0.71069 Å), Bruker CCD diffractometer, F(000) =
1154, m = 1.361 mm21, 0.08 3 0.02 3 0.01 mm, 18980 reflections
measured, 6134 of which were unique (Rint = 0.2250). The structure was
solved by direct methods (SIR97)9 followed by Fourier synthesis, and
refined on F2 (SHELX-97).10 All non-hydrogen atoms were refined
anisotropically, except for the disordered interstitial water molecules. The
final refinement gave R(F2) = 0.0715 and R2

w (F2) = 0.1630, by using
1490 reflections [I > 4s(I)]. H-atoms are in calculated positions as riding
atoms.

CCDC 182/1623. See http://www.rsc.org/suppdata/cc/b0/b001513j/ for
crystallographic files in .cif format.
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Fig. 2 Thermal dependence below 30 K of cm at 100 G for 1. Inset:
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Fig. 3 Field dependence of the magnetization at 2 K.

Fig. 4 Temperature dependence of the ac susceptibilities (in-phase, cA, and
out-of-phase, cB) below 13 K [ac measuring field 1 G (1024 T); frequency
of 1 Hz; no external dc field].
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A novel approach to the stereoselective synthesis of the
11-oxabicyclo[6.2.1]undecane system found in the cladiellin
(eunicellin) family of marine natural products is described.

Cladiellins (eunicellins) such as litophynin E,1a litophynin I1b

and sclerophytin B2 are highly oxygenated marine natural
products that are part of a much larger family of cembranoids
also comprising the briarellins, sacrodictyins and asbestinins.3
Members of this family of natural products share an oxa-
bicyclo[6.2.1]undecane sub-structure, and many of them pos-
sess potent anti-cancer, anti-inflammatory, insecticidal or anti-
mollusc activity.3

In the course of our research programme directed towards the
synthesis of the highly oxygenated sesquiterpene neoliacinic
acid,4,5 we have discovered that it is possible to effect an
unusual rearrangement reaction of the oxabicyclo[5.3.1]unde-
cane system of this terrestrial natural product to give the
oxabicyclo[6.2.1]undecane system found in the marine cem-
branoids. We now present the results of our studies and
demonstrate that the reaction can be used to prepare the core
structure of litophynins E and I.

The (E)-bicyclo[5.3.1]bicycloundecene 9† required for our
rearrangement studies was prepared from the commercially
available compound (R)-g-butyrolactone-g-carboxylic acid 1,
which we obtained from (R)-glutamic acid (Scheme 1).6 Ring
opening of the lactone 1 was effected using a sub-stoichiometric
amount of 10-camphorsulfonic acid (CSA) in a mixture of n-
butanol and toluene at reflux,7 and the resulting diester was then
converted into the allyl ether 2 by silver(I) oxide promoted
alkylation of the free hydroxy group with excess allyl bromide.8
Saponification of the diester 2 and treatment of the resulting
diacid with acetic anhydride provided the substituted glutaric
anhydride 3. Reaction of the cyclic anhydride 3 with a large
excess of diazomethane resulted in contrasteric opening of the
ring to afford the diazoketone 4 in reasonable yield, without
formation of the other possible regioisomeric diazoketone
product.‡ The diazoketone 4 was then treated with a sub-
stoichiometric amount of Rh2(O2CCPh3)4, which delivered the
3(2H)-furanone 5 resulting from intramolecular C–H addition
of the intermediate rhodium carbenoid.4,9 Regioselective and
stereoselective introduction of a methyl substituent was accom-
plished by treatment of the ketone 5 with trimethylaluminium at
low temperature.4,10 At this stage, some of the lactone produced

by transesterification of the methyl ester with the tertiary
alcohol was obtained, but the process was reversed by treatment
of the mixture with triethylamine in methanol at reflux. The
tertiary alcohol 6 was converted into the acid 7 by sequential
acetylation and selective hydrolysis of the methyl ester, and the
carboxylic acid 7 was then transformed into the diazoketone 8.
Treatment of the diazoketone 8 with copper(II) hexafluor-
oacetylacetonate generated an electrophilic copper carbenoid
that underwent tandem oxonium ylide formation and [2,3]-sig-
matropic rearrangement with ring expansion.11 The reaction
delivered the strained bridged-bicyclic ether 9 containing an
(E)-alkene as the key intermediate.4b The corresponding (Z)-
alkene isomer was prepared in 79% yield by treatment of 9 with
AIBN and a sub-stoichiometric amount of ethanethiol in
benzene at reflux.4a

It was immediately apparent that the rather unstable (E)-
alkene 9 had unusual reactivity. Attempted epoxidation of the
alkene 9 with m-CPBA in dichloromethane at reflux afforded a
complex mixture of products and delivered a major compound
that contained an m-chlorobenzoate group rather than the
expected epoxide. In contrast, the (Z)-alkene isomer of 9
underwent conventional epoxidation under identical conditions
to deliver the expected product as a ca. 3+1 mixture of
diastereoisomers. Attempted epoxidation of the (E)-alkene 9
with milder oxidants such as DMDO also failed to yield the
expected epoxide.

We suspected that the unusual reactivity of the (E)-alkene 9
was due to transannular reaction of the bridging ether oxygen,

Scheme 1 Reagents and conditions: i, BunOH, CSA (cat.), PhMe, Dean–
Stark, reflux (78%); ii, CH2CHCH2Br, Ag2O, Et2O, reflux (89%); iii, LiOH,
THF, H2O, reflux; iv, Ac2O, reflux (83% over two steps); v, CH2N2, 0 °C
? r.t., CH2Cl2–Et2O (59%); vi, Rh2(O2CCPh3)4, CH2Cl2, r.t. (50%); vii,
AlMe3, CH2Cl2, 278 ? 210 °C, then Et3N, MeOH, reflux (71%); viii,
Ac2O, DMAP, CH2Cl2, r.t. (88%); ix, K2CO3, MeOH, H2O, r.t.; x, (COCl)2,
CH2Cl2, r.t., then CH2N2, Et2O, CH2Cl2, 0 °C (67% over two steps); xi,
Cu(hfacac)2, CH2Cl2, reflux (50%).
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which is forced to lie in close proximity to the alkene. In order
to probe the reactivity of 9, we investigated the reaction of this
compound with electrophilic selenium reagents. Upon treat-
ment with phenylselenenyl chloride, the E alkene 9 underwent
rearrangement to provide the crystalline oxabicyclo[6.2.1]unde-
cane 10 in good yield. In contrast, treatment of the (E)-alkene 9
with phenylselenenyl trifluoroacetate afforded the crystalline
rearrangement product 11 in moderate yield. The structures of
both the rearrangement products 10 and 11 were confirmed by
X-ray crystallography;§ the rearrangement product 11 was
found to exist as the hemiacetal 11b¶ rather than the ring-
opened tautomer 11a in both the solid state and in solution. It is
significant that the (Z)-isomer of the alkene 9 did not undergo
rearrangement when treated with either selenium reagent, but
instead reacted to give complex mixtures of products.

The formation of the rearranged bridged-bicyclic ethers 10
and 11 can be accounted for as shown in Scheme 3. Reaction of
alkene 9 with either electrophilic selenium reagent results in
stereoselective formation of the selenonium ion 12 and
subsequent transannular attack of the bridging ether oxygen
atom affords the tricyclic oxonium ion 13. In the presence of
chloride ion, nucleophilic attack occurs at the electrophilic site
a to the carbonyl group (path a) and the bridged-bicyclic ether
10 is produced. In the presence of trifluoroacetate ion, the
oxonium intermediate 13 does not suffer immediate attack by
the weakly nucleophilic counterion. Instead, the acetate group
participates in intramolecular SN2 opening of the tricyclic
oxonium ion (path b), and the oxonium intermediate 14 is
produced. The ion 14 probably survives until work up, at which

stage water attacks and the acetate group is transferred from the
tertiary site to the less sterically congested secondary hydroxy
group.

The rearrangement product 11a contains most of the
functionality that adorns the oxygen-bridged core of litophynins
E and I.1 The compound also possesses the correct absolute and
relative configuration at the four oxygen-bearing stereogenic
centres. Thus, we have prepared an advanced intermediate for
the synthesis of litophynins E and I in 12 steps from the
commercially available compound (R)-g-butyrolactone-g-car-
boxylic acid 1 (Scheme 1).

We are currently exploring the optimisation of the rearrange-
ment reaction (9? 11, Scheme 3), completion of the synthesis
of litophynins E and I, and elaboration of tautomer 11b to give
sclerophytin B. The results of these studies will be reported in
due course.

We thank the EPSRC for financial support. We are very
grateful to Dr A. J. Blake and Dr C. Wilson for obtaining X-ray
crystal data for compounds 10 and 11b.

Notes and references
† Compound 9 has been prepared by us using an alternative route [see ref.
4b)].
‡ The only other product obtained was the dimethyl ester (9%) resulting
from hydrolysis of the anhydride 3 and esterification of the resulting
diacid.
§ Crystal data: 10: C19H23ClO4Se, M + 429.78, monoclinic, space group
P21, a = 5.2491(2), b = 21.3577(10), c = 16.4109(8) Å, b = 90.709(3)°,
V = 1839.66(14) Å3, Z = 4, m = 2.207 mm21, T = 150(2) K, 12 2734
reflections collected of which 6208 (Rint = 0.101) were independent and
4081 [I > 2s(I)] were observed; R1 [I > 2s(I)] = 0.0583, wR2[I > 2s(I)]
= 0.0894.

11b: C19H24O5Se, M = 411.34, monoclinic, space group P21, a =
6.0174(8), b = 20.717(3), c = 7.6596(10) Å, b = 108.215(3)°, V =
907.0(2) Å3, Z = 2, m = 2.096 mm21, T = 150(2) K, 3210 independent
reflections collected of which 2792 [I > 2s(I)] were observed; R1 [I >
2s(I)] = 0.0278, wR2 [I > 2s(I)] = 0.568.

CCDC 182/1635. See http://www.rsc.org/suppdata/cc/b0/b002511i/ for
crystallographic data in .cif format.
¶ Selected data for 11b: mp 119–120 °C (Found: C, 55.44; H, 5.73.
C19H24O5Se requires C, 55.48; H, 5.88%); nmax(CHCl3)/cm21 3590, 2938,
1729, 1374, 1103, 1046, 990, 972; dH(500 MHz; CDCl3) 1.21 (3H, s),
1.66–1.84 (3H, m), 1.94–2.05 (3H, m), 2.10 (3H, s), 2.38 (1H, br),
2.63–2.70 (1H, m), 2.84 (1H, dd, J 8.9, 13.4 Hz), 4.00 (1H, ddd, J 3.6, 8.4,
8.4 Hz), 4.19 (1H, d, J 7.5 Hz), 4.44–4.47 (1H, m), 4.52–4.54 (1H, m),
7.26–7.30 (3H, m), 7.57–7.59 (2H, m); dC(126 MHz; CDCl3) 21.1(q),
22.9(t), 29.9(q), 30.6(t), 35.4(t), 43.4(d), 46.1(t), 72.2(d), 76.1(s), 85.0(d),
87.2(d), 96.8(s), 127.8(d), 129.2(d), 129.6(s), 134.4(d), 170.5(s); MS (EI)
m/z 412 (M+, 14%), 410(9), 408(4), 255(22), 195(50), 157(27), 85(53),
43(100) (Found: M+, 412.0789. C19H24O5

80Se requires M, 412.0789).
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New methodology for the synthesis of functionalized a-
fluorophosphonates which utilizes organocopper-mediated
reduction has been developed and applied to the preparation
of a monofluoromethyl-substituted phosphoserine mimetic-
containing peptide.

Naturally occurring phosphate-containing molecules play im-
portant roles in various cellular processes, including signal
transduction.1 Therefore, nonhydrolyzable phosphate mimetics
have received considerable attention, with a,a-difluorophos-
phonates serving as potential phosphate mimics,2 extensive
synthetic and biological studies of which have been made.3 In
contrast, evaluation of a-monofluorophosphonates4 as bio-
logical phosphate mimics has been somewhat limited due to
lack of flexibility of practical synthetic methodology5 for this
kind of molecule. In our efforts to prepare difluoromethyl
(CF2)-substituted phosphothreonine mimetics,6 we attempted
conjugate addition of a methyl group to 3-(diethylphosphonodi-
fluoromethyl)but-2-enoate 1† using an organocopper reagent to
construct the secondary phosphonate unit. Unexpectedly, the
reaction predominantly afforded an organocopper-mediated
reduction product, a-fluorovinylphosphonate 3, and not the
corresponding conjugate addition product 2 (Scheme 1). This is
the first example of organocopper-mediated reduction of g-
difluoro-a,b-enoates yielding g-fluoro-b,g-enoates.

The a-fluorovinylphosphonate7 represents a potential syn-
thetic intermediate for the preparation of a-fluorophosphonates.
Accordingly, we describe herein the feasibility studies of our
newly found reaction and its application to the synthesis of the
monofluoromethyl (CHF)-substituted phosphoserine (pSer)
mimetic 2-amino-4-fluoro-4-phosphonobutanoic acid (FPab) in
a form suitably protected for the preparation of pSer mimetic-
containing peptides.

Initially, we chose a difluoromethylphosphonate-bearing
conjugate (2S)-bornane-[10,2]-sultam (Xs-sultam)-imide8 4 as
a substrate for the copper-mediated reaction in order to allow
subsequent stereoselective introduction of amino functionality
under chiral auxiliary control. The sultam-imide 4 was treated
under various conditions9 and the results are shown in Table
1.‡

Reaction of 4 with either MeCu(CN)Li or Me2Cu(CN)Li2 in
the presence of LiCl and/or AlCl3 at 278 °C proceeded without
accompanying alkylation, but rather provided the correspond-

ing reduction product 5 with (E)-configuration§ in up to 80%
isolated yields. Similarly, using methyl copper reagents, the
formation of an alkylated product was also not observed. Use of
methyl copper reagents was critical for conversion of 4 to 5,
since exposure of 4 to a butyl-copper reagent (run 14) afforded,
besides 5, a Bu-substituted Michael adduct (24%). The reaction
presented here, different from other published protocols,7,10 is
conceptually a new methodology for the preparation of a-
vinylphosphonates. Hydrogenation of the resulting a-vinyl-
phosphonates affords the corresponding a-monofluorophos-
phonates, possessing a carboxy functionality which is amenable
to further derivatization. Furthermore, starting from a common
difluoromethylphosphonate intermediate, both the monofluoro-
and corresponding difluoro-methylphosphoryl counterparts can
be obtained.

Next, we applied this methodology to the synthesis of CHF-
substituted pSer mimetic (FPab) as shown in Scheme 2.
Hydrogenation of a-vinylphosphonate 5 over Pd–C in AcOEt
proceeded without diastereoselectivity to yield a-monofluor-
ophosphonate 6 in quantitative yield. Reaction of 1-chloro-
1-nitrosocyclohexane11 in THF (blue) with the Na-enolate,
resulting from treatment of 6 with NaHMDS in THF at 278 °C,
proceeded with high diastereoselectivity to instantaneously
afford a colorless solution of nitrone. Treatment of this solution
with aqueous 1 N HCl, followed by extractive work-up, gave
crude hydroxylamine 7, which was taken to the next step
without further purification. Reduction of 7 with Zn–AcOH in
THF, followed by introduction of Boc protection onto the
resulting NH2 group using (Boc)2O, gave Boc-protected 8. The
sultam moiety was then converted to the benzyl ester 9 utilizing

Scheme 1

Table 1 Reduction of 4 with several organo copper reagents
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Ti(OPri)4–benzyl alcohol in toluene at 120 °C. Hydrogenolytic
debenzylation (H2/10% Pd–C in AcOEt) of 9 gave the protected
L-CHF-substituted pSer mimetic (Boc-FPab(OEt)2-OH 10).
Application of a similar sequence of reactions to 4 gave
enantiometically pure L-CF2-substituted pSer mimetic12

(F2Pab) 11. We speculate that FPab derivative 10 possesses the
2S configuration (L-amino acid), by analogy to F2Pab derivative
11, which is obtained from a difluoromethylphosphonate-
containing Xs-sultam utilizing a similar reaction sequence and
has the 2S configuration. To our knowledge, this is the first
synthesis of a CHF-substituted pSer mimetic.

In order to examine the general applicability of protected
FPab 10 to peptide synthesis, 10 was incorporated into the
peptide sequence (H–Gly–FPab–Val–Pro–Met–Leu) using a
standard Boc-based solid-phase protocol. The resulting pro-
tected peptide resin was treated with a one-pot, two-step
deprotection methodology13 consisting of high-acidity [1 mol
dm23 TMSOTf–thioanisole in TFA, m-cresol, ethanedithiol
(EDT)] and low-acidity (1 mol dm23 TMSOTf–thioanisole in
TFA, m-cresol, EDT + DMS–TMSOTf), which was developed
for practical deprotection of protected phosphoamino acid-
containing peptide resins, to yield a crude deprotected peptide
without accompanying partially Et-deprotected peptides.¶ After
HPLC purification, an FPab-containing peptide was obtained in
63% yield. In order to confirm the 2S configuration of FPab,
purified peptide was subjected to enzyme digestion using
leucine amino peptidase (LAP).∑ Interestingly, it was found that
the parent peptides were converted to 5-residue peptides, H–
FPab–Val–Pro–Met–Leu–OH, with rates that varied between
the diastereomers derived from the fluorine substitution in FPab
and with only 10% of FPab being released from the resulting
5-residue peptide after 24 h of LAP treatment. On the other
hand, D-FPab-containing peptides remained intact after 24 h
digestion using LAP. The present methodology should allow
the facile preparation of functionalized a-fluorovinylphospho-
nates and a-fluorophosphonates. Furthermore, it is tempting to
speculate that FPab-containing peptides could serve as in-
hibitors against both proteases and phosphatases since peptides
having FPab residues at the N-terminal position are resistant to
the action of LAP.

We thank Dr Terrence R. Burke Jr., NCI, NIH, Bethesda, MD
20892, for proofing the manuscript. This work was supported in
part by The Japan Health Sciences Foundation and Grants-in-
Aid for Scientific Research from the Ministry of Education,
Science and Culture of Japan.

Notes and references
† (Z)-3-(diethyldifluoromethyl)but-2-enoate 1 was prepared by coupling of
ethyl (Z)-3-iodobut-2-enoate with BrZnCF2(O)(OEt)2 in the presence of
CuBr in DMF.14 The (E)-isomer was synthesized according to the literature
method.15 Sultam-imide 4 was synthesized via the following sequence of
reactions: (i) transesterification of ethyl (Z)-3-iodobut-2-enoate to the
corresponding p-methoxybenzyl (PMB) ester using Ti(OPri)4 in PMB-OH;
(ii) CuBr-mediated coupling, as mentioned above; (iii) removal of the PMB
group with 95% aqueous TFA; (iv) coupling of the sultam.
‡ To a solution of CuCN·2LiCl in THF (1 mol dm23, 4.2 cm3) was added
MeLi·LiBr in Et2O (1.5 mol dm23, 5.6 cm3) at 278 °C. The mixture was
allowed to warm to 0 °C and stirred at this temperature for 1–2 min. After
re-cooling to 278 °C, 4 (763 mg, 1.68 mmol) in THF (5 cm3) was added
with a syringe. After being stirred at 278 °C for 1.5 h, the reaction was
quenched by addition of sat. NH4Cl–28% NH4OH solution. Usual work-up
followed by flash chromatography gave 5 (639 mg, 87% yield).
§ Coupling constants of 5 (3JHF = 38.6, 3JHP = 7.3 Hz) are consistent with
those of a-fluorovinylphosphonate possessing (E)-configuration (3JHPtrans

= 39–40, 3JHPcis = 7.6–10 Hz).16

¶ Protected peptide resin (Boc–Gly–FPab(OEt)2–Val–Pro–Met–Leu–PAM
resin, 0.05 mmol) was treated with 1 mol dm23 TMSOTf–thioanisole
(molar ratio 1+1) in TFA (2.5 cm3) in the presence of m-cresol (125 mm3)
and EDT (125 mm3) at 4 °C. After being stirred at 4 °C for 60 min, DMS
(0.75 cm3) and TMSOTf (0.5 cm3) were successively added to the reaction
with additional stirring at room temperature for 2 h. The reaction was
quenched by addition of EtOH–H2O. The aqueous layer was subjected to
HPLC purification, yielding 22 mg of the desired peptide. Ion-spray MS m/z
calcd for C27H49N6O10SFP (MH+) 699.76; found 699.50. Purified peptides,
consisting of diastereomers derived from FPab, were eluted as two peaks
incompletely resolved on HPLC.
∑ Peptides possessing L-phosphotyrosine mimetics as an FPab replacement
were completely hydrolyzed by leucine amino peptidase, while D-
phosphotyrosine mimetic-containing peptides remained intact.17
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Scheme 2 Reagents: (i) H2/Pd–C, AcOEt; (ii) NaHMDS (1.1 eq.), 1-chloro-
1-nitrosocyclohexane (1.1 eq.). THF then 1 N HCl aq.; (iii) Zn (40 eq.).
AcOH (50 eq.) then (Boc)2O (2.0 eq.), CH3CN; (iv) Ti(CPri)4 (2.0 eq.),
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A new arsenic-containing betaine, trimethyl(2-carboxy-
ethyl)arsonium inner salt 2, has been identified in fish
muscle tissue by liquid chromatography–mass spectrome-
try.

Arsenic is a common constituent of marine organisms where it
occurs in a wide range of chemical forms.1 The major form in
marine animals is arsenobetaine 1, while arsenic containing
carbohydrates (dimethylarsinoylribosides) are the predominant
forms in marine algae. The biogenesis of the various arsenic
compounds is still not known, although plausible pathways
have been proposed.2,3 Unknown arsenic compounds have also
been reported in marine samples, the most widespread of these
being a cationic arsenical present in fish, molluscs and
crustaceans.4–9 This unknown compound was detected in
aqueous (or aqueous methanol) extracts of tissues by HPLC
with arsenic-specific detectors, such as an inductively coupled
plasma mass spectrometer (ICPMS),4–8 or an atomic fluores-
cence spectrometer.9 Determination of the precise chemical
structure of this compound may help elucidate biogenetic

pathways for arsenic.
Recently, we analysed (HPLC–ICPMS) aqueous extracts of a

range of tropical marine organisms, and found that a coral reef
fish, Abudefduf vaigiensis (Pomacentridae), contained sig-
nificant amounts of the unknown compound (8% of the total
arsenic), in addition to arsenobetaine, which constituted ca.
90% of the arsenic. The extract from A. vaigiensis was subjected
to TLC (cellulose on a glass plate; butan-1-ol–acetic acid–water
60+15+25); the cellulose support was then cut into narrow
bands (5 mm), each of which was extracted with water (2.0 mL)
and a portion (20 mL) of the extract analysed for arsenic by
graphite furnace atomic absorption spectrometry. Arsenic was
detected in three adjacent fractions in an apparently homoge-
neous band centred at Rf 0.54, matching the Rf for arsenobe-
taine. Subsequent HPLC–ICPMS analyses, however, showed
that the two slower running TLC fractions contained all their
arsenic as arsenobetaine, whereas the faster running fraction
contained both arsenobetaine and the unknown arsenical (2+1 in
terms of arsenic). The concentration of the unknown in this
solution (175 ng As cm23) was now sufficient to enable
detection of arsenic (m/z 75, As+) by positive ion LC
electrospray MS.10

Cation-exchange LC electrospray MS of the solution at 200
V fragmentor voltage and measuring m/z 75 yielded only two
peaks with retention time 1.83 (arsenobetaine) and 4.31 min
(unknown). The analysis was then repeated at 70 V fragmentor
voltage and the eluent was analysed in scan mode measuring
m/z 141–160 (we made the initial assumption that, under these
conditions, we were seeing predominantly the [M + H]+

molecular species). This process was repeated scanning from
m/z 161–180, and so forth, up to m/z 400. Only one ion (m/z
193), eluting at 4.33 min matched the retention time for the

unknown arsenic peak; the closest other ions had retention times
of 4.02 (m/z 162) and 4.74 min (m/z 151). The procedure was
then carried out at variable fragmentor voltages,10 which
enabled simultaneous detection of m/z 75 (arsenic) and 193
(presumed [M + H]+ for the unknown); the retention times for
the two peaks agreed exactly (Fig. 1).

The chromatographic properties and mass spectral data for
the unknown were consistent with the structure of the arsenic
betaine 2. An authentic specimen of 2, prepared11 by reacting
trimethylarsine with 1-bromopropionic acid, was then analysed
by LC electrospray MS. It produced retention time and mass
spectral data (Fig. 1) matching those obtained for the unknown.
Our previous experience with the unknown had revealed a

Fig. 1 LC electrospray mass chromatograms of partially purified extract
from coral reef fish and authentic compound 2 at m/z 75 and 193. Intensity
baselines for the fish extract have been offset (600 units for m/z 75 and 1500
units for m/z 193) to facilitate comparison with chromatograms for authentic
compound 2. LC conditions were: Ionospher C cation-exchange column (3
3 100 mm, 5 mm) from Chrompack; mobile phase was 20 mM aqueous
pyridine pH 2.6 (adjusted with HCOOH) mixed with methanol (9+1) at
30 °C and flow rate 1.0 mL min21; 5 mL injection; ions were detected with
a G1946A MSD single quadrupole mass spectrometer (Hewlett Packard,
Waldbronn, Germany) equipped with an atmospheric pressure ionization
(API) LC-MS interface operating at variable fragmentor voltages 70 (m/z
193) and 200 V (m/z 75).

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b002392m Chem. Commun., 2000, 1083–1084 1083



marked decrease in retention time (cation-exchange) as the pH
of the mobile phase was increased, behaviour consistent with a
bipolar compound. In the present study, when the chromatog-
raphy was repeated at pH 4.0, the peaks (m/z 75 and 193) for the
unknown and for authentic compound 2 both moved to retention
time 1.65 min. Characteristic m/z fragments for compound 2
were then determined, and the optimal fragmentor voltage was
found for the major fragments at m/z 120 (Me3As+) and 105
(Me2As+). LC electrospray MS with variable fragmentor
voltages enabling simultaneous detection of the four ions
characteristic of compound 2 (m/z 75, 105, 120 and 193), was
performed on the fish extract, authentic compound 2, and a co-
injected mixture of the two; the mass chromatograms showed
coincidence of peaks in all cases (Fig. 2). On the basis of these
data, we assigned the new arsenic species from A. vaigiensis as
trimethyl(2-carboxyethyl)arsonium inner salt 2. Subsequent
HPLC–ICPMS analyses of the sample and authentic material
produced data entirely consistent with this assignment.

An unknown cationic arsenic compound (considered to be the
same compound) has been reported as a constituent of several
certified reference materials4,5,9 including DORM-25 (dogfish
muscle tissue from the National Research Council of Canada,
Ottawa, Ontario, Canada). LC electrospray MS of an aqueous
extract of DORM-2 indicated the presence of compound 2.
However, although the m/z 193 molecular species gave a clear
signal, the low concentrations of 2 resulted in only a small m/z
75 peak. Verification of the new arsenic betaine 2 in DORM-2
was provided by HPLC–ICPMS (a more sensitive technique for
determining arsenic ions) by co-chromatography with the
authentic standard. The concentration found in this work
(0.17 ± 0.05 mg As kg21 dry mass, n = 3) is in good agreement
with previously published data.5 Possibly, in future studies on
the new arsenic betaine, DORM-2 can serve as a reference

sample for those laboratories that do not have access to
synthetic material.

The chromatographic properties of the arsenic betaine 2
match those for the unknown arsenic cation reported in certified
reference materials and in a range of marine organisms.4–9

Consequently, we consider it likely that 2 will prove to be a
common constituent of marine animals, in many cases occur-
ring together with arsenobetaine 1, albeit at much lower
concentrations. The presence of the two arsenic betaines 1 and
2 in marine animals offers some insight into the biogenesis of
arsenic-containing natural products. A previously proposed
pathway2 suggested that arsenobetaine 1 might be derived from
dimethylarsinoylribosides (common metabolites of algae), with
the carboxymethyl group of 1 being formed from C4 and C5 of
the ribose. Dimethylarsinoylribosides, however, seem less
likely to be implicated in the biogenesis of 2 (i.e. as a source of
the carboxyethyl group) and hence their involvement in the
biogenesis of arsenobetaine 1 might also be questioned. A
scheme recently proposed by Edmonds3 may more readily
account for the presence of both 1 and 2 in marine organisms. In
that scheme, the possible ‘arsenylation’ of 2-oxo acids by a
process analogous to their amination to amino acids was used to
explain the origin of several naturally occurring arsenic
compounds, including arsenobetaine. The proposed agent for
‘arsenylation’ was dimethylarsinous acid (Me2AsOH), the
reduced form of the common arsenic metabolite dimethylarsinic
acid. Reaction of dimethylarsinous acid with the common 2-oxo
compound oxaloacetic acid in the general scheme outlined by
Edmonds3 could give rise to compound 2.

Identification of other unknown arsenic compounds detected
in marine samples will improve our understanding of arsenic-
containing natural products. Possibly, these compounds are also
arsenic betaines, and structural information might quickly be
obtained by mass spectrometric studies (LC–MS and MS/MS)
focussing on such compounds.

We thank Jürgen Gailer for synthesising compound 2, and
John Edmonds for making available the contents of ref. 3 before
it was published.
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Fig. 2 LC electrospray mass chromatograms of partially purified extract
from coral reef fish (5 mL) co-injected with a solution (10 mL) of authentic
compound 2 (mixture was 1:1 in terms of concentration of 2). LC-MS
conditions were as described in Fig. 1, except that variable fragmentor
voltages were 70 (m/z 193), 150 (m/z 120, 105), and 200 V (m/z 75).
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The photooxidation of a-pinene (a-PE) and trans,trans-
1,4-diphenyl-1,3-butadiene (DPB) sensitized by 9,10-di-
cyanoanthracene (DCA) in mixed surfactant vesicles was
selectively directed toward either the singlet oxygen medi-
ated or the superoxide radical anion mediated products by
controlling the status and location of the substrate and
sensitizer molecules in the reaction media.

Dye-sensitized photooxidation of alkenes has been extensively
investigated.1 There are two well established types of dye-
sensitized photooxidation: an energy-transfer pathway and
electron-transfer pathway.2 The energy-transfer pathway in-
volves energy transfer from the triplet sensitizer to ground-state
oxygen to generate singlet oxygen (1O2) which then reacts with
the substrate. In the electron-transfer photosensitized oxidation,
electron-deficient sensitizers are generally used. Electron
transfer from the alkene to the sensitizer in its excited states
results in formation of the alkene radical cation and the
sensitizer radical anion, which subsequently reduces O2 to give
the superoxide radical anion (O2·2). The generated superoxide
radical anion then reacts with the alkene radical cation to yield
the oxidation products. Unfortunately, in many cases the two
types of photooxidation occur simultaneously, and the selectiv-
ity of the oxidation reactions is poor. Of the various approaches
to increase selectivity, use of organized and constrained media
has shown considerable promise.3 Here, we report the photo-
oxidation of a-pinene (a-PE) and trans,trans-1,4-diphenyl-
1,3-butadiene (DPB) sensitized by 9,10-dicyanoanthracene
(DCA) in mixed surfactant vesicles. We found that the
oxidation could be directed selectively toward the products
derived either from the energy transfer pathway or the electron
transfer pathway by controlling the status and location of the
substrate and sensitizer molecules in the reaction media.

The vesicles used in the present study were prepared by
sonicating an equimolar mixture of a cationic surfactant
(octyltrimethylammonium bromide, 8.2 3 1022 M) and an
anionic surfactant (sodium laurate, 8.2 3 1022 M) in buffered
solution (pH = 9.2 ) for 30 min at 50 °C.4 These vesicles were
found to be stable at room temperature and the dispersion
solution was optically clear. The photosensitized oxidation was
performed in two modes. In the first (mode 1), the sensitizer
DCA was incorporated in the bilayer membrane of one set of
vesicles and the substrate solubilized in another set of vesicles.
Equal volumes of the two sets of vesicle dispersions were then
mixed to prepare the samples for photolysis. Although sonica-
tion was performed during preparation of the component
solutions, the final mixture was not sonicated. In this way
intermixing of the solubilizates was prevented. In the second
mode (mode 2) both the sensitizer and the substrate were
incorporated in the bilayers of the same set of vesicles.
Generally, the concentration of the olefins was ca. 1.0 3 1023

M corresponding to thousands of substrate molecules in each
vesicle, while the concentration of the sensitizer was generally
ca. 1.0 3 1024 M. The samples were irradiated under oxygen by
using light with wavelength l > 400 nm, ensuring the absence
of direct excitation of the alkene substrate. After irradiation, the
products were extracted with CH2Cl2 and analysed by gas

chromatography. The material balance for all the reactions was
generally > 95%.

Photooxidation of a-PE sensitized by DCA in homogeneous
solution followed by reduction of the reaction mixture with
sodium sulfite solution gave the ene product pinocarveol 1 and
the non-ene products myrtenal 2, epoxide 3 and aldehyde 4, as
shown in Scheme 1. The ene and the non-ene products have
been proposed to be derived from the energy- and electron-
transfer pathways, respectively.5 The product distributions in
acetonitrile and dichloromethane are given in Table 1. The
product distribution of the photosensitized oxidation of a-PE in
vesicles is dramatically altered compared with that in homoge-
neous solutions, and is remarkably dependent on the experi-
mental mode. Photooxidation in mode 1 exclusively produced
the ene product 1 (Table 1). In contrast, photooxidation in mode
2 only gave the non-ene products 2–4 (Table 1). These
observations can be easily understood by consideration of the
status and location of the substrate and sensitizer molecules in
the reaction media. It has been established that DCA can act
both as an energy-transfer sensitizer and an electron-transfer
sensitizer.6 In mode 1, the isolation of a-PE in one set of
vesicles from DCA in another set of vesicles prevents them
from undergoing electron transfer. Thus, no non-ene products
were detected. On the other hand, 1O2 can be generated in the
DCA-incorporating vesicles by energy transfer from the triplet
excited state of DCA to the ground state of oxygen. The species
1O2 is small and uncharged and has a relatively long lifetime
and properties which allow it to diffuse freely from one set of
vesicles to another set of vesicles where reaction with the

Scheme 1

Table 1 Product distribution in the DCA-sensitized photooxidation of a-PE
and DPB in solutions and in vesicles

PE DPB

Media 1 2 3 4 5 6 7 8 9 10

MeCH 52 32 13 3 80 80 2 13 0 5
CH2Cl2 85 10 5 0 75 75 12 3 5 5
Vesicles (mode 1) 100 0 0 0 100 100 0 0 0 0
Vesicles (mode 2) 0 55 4 41 53 53 23 0 24 0
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olefins produces the ene product 1. In mode 2, the DCA
molecule is surrounded by a number of a-PE molecules. The
high “local concentration” of a-PE and the close contact
between DCA and a-PE molecules in the confined bilayer of
vesicles leads to efficient quenching of the singlet excited state
of DCA by a-PE via an electron-transfer process, generating
DCA radical anions and a-PE radical cations. As a result,
intersystem crossing from the singlet excited state to the triplet
state of DCA can not compete with the quenching process by a-
PE. Thus, subsequent triplet energy transfer to O2 can not occur,
and no singlet oxygen mediated product is produced. On the
other hand, the generated DCA radical anions will efficiently
undergo electron transfer to oxygen to produce superoxide
radical anions, which subsequently react with a-PE radical
cations located in the same vesicle to yield the non-ene products
2–4.

Photosensitized oxidation of DPB in homogeneous solution
has been extensively investigated.5,7 Irradiation of an oxygen-
saturated DPB solution in CH2Cl2 containing DCA with visible
light gave benzaldehyde 5, cinnamaldehyde 6, epoxide 7,
ozonide 8, 1-phenylnaphthalene 9 and endoperoxide 10
(Scheme 2) and the product distribution is shown in Table 1. 10
is a product of 1,4-cycloaddition of singlet oxygen (1O2) to
DPB. Products 7–9 are derived from the electron-transfer
pathway. Products 5 and 6 could be produced either via an
energy- or electron-transfer pathway.6 The photosensitized
oxidation of DPB in vesicles in mode 1 gave 5 and 6 as the
unique products (Table 1 and Scheme 2). We believe that these

products are derived from the singlet oxygen pathway. In
contrast, the photosensitized oxidation of DPB in vesicles in
mode 2 only produced the electron-transfer mediated products
5–7 and 9 (Table 1) and no singlet oxygen products were
detected. These observations demonstrate once again that the
selectivity in photosensitized oxidation of alkenes can be
directed by incorporation of the sensitizer and substrate in
different or the same set of vesicles.

It is of note that the products in the reaction of DPB with
singlet oxygen in vesicles are remarkably different from those
in homogeneous solutions. The reaction in homogeneous
solution yielded endoperoxide 10, a 1,4-cycloaddition product
of the diene to 1O2, as the unique product (Scheme 2). In sharp
contrast, the photosensitized oxidation in vesicles produced
benzaldehyde 5 and cinnamaldehyde 6 in quantitative yield.
Evidently, these products were derived from an intermediate
dioxetane, a 1,2-cycloaddition product. It has been established
that DPB in solution exists mainly in its transoid conformer,7
and the cisoid form amounts to ca. 1%. The 1,4-cycloaddition of
singlet oxygen to the 1,3-diene to form the endoperoxide is
concerted and requires a six-membered ring transition state;
only the cisoid conformer can satisfy such a requirement.
Obviously, the organized semirigid environment in vesicles
prevents DPB from undergoing transoid to cisoid conforma-
tional change and thus only the 1,2-cycloaddition products were
obtained.

In conclusion, vesicles can be used to direct the photo-
sensitized oxidation of olefins either toward the singlet oxygen
mediated or the superoxide radical anion mediated products by
controlling the status and location of the olefin and sensitizer
molecules in the reaction media.

We thank the National Science Foundation of China, and the
Bureau for Basic Research, Chinese Academy of Sciences for
financial support.
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A series of tris(2-aminoethyl)amine (TREN) derivatives
functionalized on the arms with pyridine or methylimidazole
ligands bind very strongly to a trisporphyrin derivative via
apical coordination, with formation of molecular cages; the
strength of the binding (Kb up to 108.8 mol21 dm3) depends
on the structure of the TREN derivative as well as on its
coordination to Zn(II).

The self assembly of proteins to elicit new and unique functions
is a common feature in the biological world.1 A case in point is
HIV-1 protease, whose activity is dependent on a hydrogen
bond-driven dimerization of two protein units.2 The possibility
of realizing molecules of controlled geometry and shape in the
laboratory by assembling easily synthesized subunits is an
appealing goal which is attracting enormous interest, demon-
strated by the continuous flow of contributions appearing in the
chemical literature.3 Such ‘supermolecules’ may find useful
application in molecular recognition and selective substrate
transformation, sensing, signal transduction and, eventually, in
the realization of miniaturized nanostructures. Metal–ligand
coordination is one of the driving forces exploited for the
assembly of these structures.4 Examples are  provided by the
work of the Stang,5 Fujita,6 Hamilton,7 Sauvage,8 and Lehn9

groups. Self-assembling porphyrin oligomers towards macro-
cycles or polymers have been reported by  Hunter et al.,10 while
Tabushi and coworkers, as early as 1985,11 elegantly demon-
strated allosteric binding to a Zinc-gable porphyrin.

We report here on the formation of molecular cages driven by
apical coordination of the terminal bases of tripodal ligands 1a–
c to the three zinc porphyrin units of 2. The possibility of
modifying the conformation of the tris(2-aminoethyl)amine
(TREN) platform of derivatives 1a–c via metal coordination
gives the system a tunable geometry for controlling the binding
to 2.

Ligand 1a was readily obtained by reaction of 3-pyr-
idinaldehyde with TREN followed by reduction with NaBH4.
Ligands 1b,c were prepared via condensation of TREN with the
4-formylbenzenamide derivatives, obtained by reaction of
4-formylbenzoyl chloride with 4-aminopyridine (1b) or me-
thylhystamine (1c), followed by reduction with NaBH4.† The
trisporphyrin derivative 2 was prepared by coupling 1,3,5-ben-
zene tricarbonyl trichloride with the corresponding aminopor-
phyrin,12 followed by metallation with zinc acetate.† Porphyrin
2, as well as the free bases 1a–c, are soluble in chlorinated
organic solvents. The solubility of the 1+1 Zn(II) complexes of
the TREN derivatives in these solvents depends on the nature of
the counterions: more hydrophilic nitrates are insoluble, while
more lipophilic hexafluorophosphates are freely soluble in these
media.

Trisporphyrin 2 shows a typical UV–vis spectrum, with
maxima at 420 nm (e = 430,000 mol21 dm3 cm21) and 550 nm
(e = 37,000 mol21 dm3 cm21), indicating that there is no
intramolecular interaction between the porphyrins. Binding of
an apical ligand causes a shift of these peaks to 430 and 565 nm,
respectively. The very intense absorptions in the 420–430 nm
region can be used for determination of the affinity constant
with apical ligands and, in the present case, for the formation of

cage complexes between 2 and 1. Fig. 1 shows the changes in
the absorption spectrum of 2 upon addition of increasing
amounts of 1a in CH2Cl2. The presence of a well-defined
isosbestic point is suggestive of the formation of a single
complex, and the fact that all the zinc porphyrin sites are fully
complexed after the addition of one equivalent of ligand implies
that a 1+1 cage complex has been formed. The complex so
formed does not convert into species of different stoichiometry
in the presence of up to a twofold excess of the TREN
derivative, contrary to recent observations for a bisporphyrin
receptor in the presence of multiarmed amines.13 Clearly, a key
role is played here by the complementary structure of the two
subunits involved in the formation of the supramolecular cage
complex. Analysis of the absorbance vs. concentration data‡
leads to a well-behaved complexation curve (Fig. 1, inset)
which gives a very high binding constant (log Kb = 8.81) for the
1+1 complex. Similar curves were obtained for tripodal ligands
1b,c and 1a,b–Zn(II) complexes.
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The titration data are summarized in Table 1, along with the
values determined for model ligands 3–5. The values of the
parameters EM and b are also listed in the table. EM§
corresponds to the ratio {(Kb)cage/[(Kb)model]3}0.5 and is the
effective molarity for the intramolecular cyclizations required
to form the cage. b14 is simply the ratio (Kb)cage/(Kb)model and
gives an indication of the absolute strength of binding
associated with the formation of the cage, with respect to the
single apical coordination of the model compound to one
porphyrin. Inspection of Table 1 reveals that tripodal ligand 1a
shows the highest binding constant to 2, which reduces 30-fold
upon Zn(II) binding to TREN. In the case of 1b, the binding
constant is lower and coordination of Zn(II) to TREN does not
induce any significant change. Allowing for the stronger
binding interaction of methylimidazole to the Zn-porphyrin
(compared with pyridine), the least effective ligand is 1c, with
EM and b values significantly lower than those of 1a and 1b.
The b values indicate that cooperative binding of the tripodal
ligands to the three porphyrins leads to a higher affinity than
single apical ligands (up to five orders of magnitude in the case
of 1a). Inspection of molecular models reveals that, in the case
of 1b, the length of the tripodal arms and their flexibility is such
that coordination of Zn(II) does not significantly affect their
binding geometry. However, this flexibility reduces the strength
of binding with respect to 1a, due to the freezing out of
conformational mobility on complexation.14 The disadvantage
of flexibility is further evidenced by the relatively low values of
EM and b for 1c, which has even longer arms. For 1a, the length
of the arms¶ is such that apical binding to the porphyrins
requires the latter to move out of the plane of the central
benzene by rotation around the amide bonds pointing inwards
(Fig. 2). Complexation of Zn(II) to the TREN platform further
reduces the distance between the three pyridine nitrogens,

imposing a more stringent geometric constraint for binding,
resulting in a smaller binding constant.

In conclusion, we have shown that tripodal molecules, based
on complementary porphyrins and pyridine or imidazole
ligands, give highly symmetrical molecular cages with very
strong binding constants which are potentially suitable for
molecular recognition and selective transformation of sub-
strates trapped in the cavity: work aimed at this goal is ongoing
in our laboratories.

This work was supported in part by a grant within the frame
of the British–Italian Collaboration in Research and Higher
Education.
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Fig. 1 Change in the absorbance of a 60 mM solution of 2 in CH2Cl2 upon
addition of 1a. Inset: binding isotherm of the data at 427 nm. The solid line
represents the computer-generated best fit for a 1+1 complex.

Table 1 Binding constants of trisporphyrin 2 to tripodal ligands 1a–c and
model ligands 3–5 in CH2Cl2a at 25 °C

Ligand log Kb
b EMc bc

3d 3.75 ± 0.02 — —
1a 8.81 ± 0.07 6.0 3 1022 1.1 3 105

1a·Zn 7.36 ± 0.05 1.1 3 1022 4.1 3 103

4d 3.98 ± 0.03 — —
1b 7.75 ± 0.09 8.0 3 1023 5.9 3 103

1b·Zn 7.64 ± 0.05 7.1 3 1023 4.6 3 103

5d 5.37 ± 0.07 — —
1ce 7.50 ± 0.09 5.0 3 1025 1.3 3 102

a In the presence of 1% CH3CN. b Binding constant are expressed in mol21

dm3. c See  the text for the definition of EM and b. The units of EM are mol
dm23, and b is dimensionless. d Binding constants of the model ligands are
the microscopic values determined assuming independent binding to each
porphyrin of 2. e The binding of 1c·Zn(II) to 2 does not follow a well
behaved isotherm; for this reason it has been omitted.

Fig. 2 Schematic diagram of the molecular cage formed by binding of 1a
to 2.
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Replacement of one planar CNC unit in Hückel 4n + 2
aromatic rings by a twisted CNCNC results in chiral 4n p
Möbius aromatic rings.

The history of aromatic chemistry is dominated by the concept
of planar ring systems containing 4n + 2 conjugated p electrons,
the so-called Hückel rule of aromaticity. Heilbronner1 in 1964
was the first to suggest that applying a Möbius twist to the ring
would create an aromatic species if 4n p electrons were
conjugated. The Möbius concept has been widely applied to
considering the aromaticity of pericyclic transition2 states, but
only recently have candidates for stable Möbius aromatics been
suggested. Schleyer and coworkers have reported that a Möbius
twisted conformation of the 4n p system C9H9

+ is aromatic3 on
the basis of calculated nucleus independent chemical shifts
(NICS),2 a technique which appears reliable and useful at
quantifying aromaticity. We recently reported calculations on
two conformations of [16]annulene,4 one being conventionally
antiaromatic, but the other having a pronounced Möbius-like
twist not associated with any particular region of the ring. This
isomer exhibited a NICS value consistent with mild aromaticity
rather than antiaromaticity. Here we suggest further candidates
for consideration as Möbius aromatics.

Our initial focus was on the chiral species cycloheptatetraene
5. The presence of a CNCNC substructure in the 7-membered
ring reduces the dihedral angle between the 1,3 allene
substituents from 90 to 47–50°, which has the effect of breaking
the degeneracy of the two highest occupied allene orbitals
(Fig. 1; see ESI†). Interaction of both resulting orbitals with the
remaining ring p orbitals would create a similar Möbius
topology to that envisaged by Heilbronner, the specific case of
5 resulting in what could be termed a [7]Möbius annulene. A
NICS calculation (26.5 ppm, Table 1) establishes that this
orbital interaction results in a mildly aromatic system, being
rather less so than benzene itself (NICS 210 ppm). NICS
calculations on benzannulated derivatives of 5 were reported5

but the aromaticity of the allene-derived ring was not discussed.
The ~ 40° distortion at the allene unit in 5 is clearly
destabilising, since the species is isolable only at low tem-
peratures, dimerising at higher temperatures via a p2 + p2

cycloaddition (a process known to be inhibited by bulky groups
at the 1,3 positions6). The calculated bond lengths for 5 also
show some alternation, indicative of a reactive species (Fig. 2).
The HOMO and HOMO 2 1 AM1 orbits computed for 5 are
both symmetric with respect to C2 axis and derive from the
twisted allene system, but are now delocalised over the entire
ring, and show Möbius topology (Fig. 2). Heilbronner predicted
the HOMO for a pure Möbius aromatic would exhibit
degeneracy,1 but purely in a Hückel MO context. No degenerate
representations in C2 symmetry are necessary in 5, although we
do note that the energy difference between HOMO and HOMO
2 1 (1.6eV/AM1) is less than that for allene at this twist angle
(2.2 eV, Fig. 1†).

As a ligand, 5 is unusual in binding metals to both ‘faces’
concurrently (e.g. 7),7 but this is perhaps not unexpected if one
considers it having only a single p-face! We also estimate one
consequence of 5 (and its metal complexes) being chiral. Thus
a typical model chiral auxilliary (e.g. R = CHClI or R =
camphorsultamil8) results in diastereoisomers differing in
energy by about 0.4–0.6 kcal mol21 (AM1), a relatively small
discrimination, but possibly one capable of being increased by
suitable design. 5 interconverts with its mirror image via the
Hückel 4n + 2 p aromatic 6 (cycloheptatrienylidene),9 which at
the correlated level (CASPT2) has recently been shown to be
the transition state for this process (barrier ~ 20 kcal mol21).

Elaborating the theme of substituting CNCNC for CNC
(Table 1) we noted that the small ring systems 1 and 2 would be
classified as antiaromatic; 2 as a conventional 4p antiaromatic
Hückel system with a triplet ground state and 1 as a 4n + 2 6p
Möbius antiaromatic system. 1 appears not to exist as a
minimum at the ab initio RHF level, whilst singlet 2 reveals an
antiaromatic (positive) NICS value. No minimum for the anion
3 could be located for this putative 8p Möbius aromatic, all
optimisations resulting in the aromatic Hückel valence bond
isomer 4, probably because twisting the allene component in 3
to accommodate a 6-membered ring requires too much energy.
This is a lesser problem in the larger ring monocation 8, which
appears to be a C2 symmetric 8p Möbius system exhibiting
NICS aromaticity, as is the 8p dication 9. The singlet neutral
form of 9/11 as an antiaromatic 4n + 2 10p annulene distorts to
remove all symmetry and localise the bonds, whereas the triplet
neutral 9/10 retains C2 symmetry as might be expected of a 4n
+ 2 excited state Möbius aromatic, although the NICS value
shows only slight aromaticity (21.3 ppm).10 Chiral 12p
monoanion 10 and the dianion 11 also show aromatic NICS
values and have non-planar twisted geometries (Table 1). Each
ring of the chiral bicyclic analogue of naphthalene 12 shows
only modestly aromatic NICS values. In this instance, the
carbene valence bond isomer 13, a bridged [10] 4n + 2 Hückel
aromatic annulene, is substantially lower in energy, making it
unlikely that 12 is a viable synthetic target. System 14 is derived
from the novel Hückel-aromatic S/N systems discovered by
Rees and Surtees.11 As an 8pMöbius, 14 has an aromatic NICS
value (Table 1). The 12p system 15 has a much smaller NICS
value, which might be related to the larger dihedral angle at the
allene termini (75°, Table 1) reducing the Möbius like orbital
mixing (c.f. Fig. 1†). Our results do imply that optimum Möbius
aromaticity may be achieved at allene twists of ~ 30–60°.

The presence of two or more allene-like chiral Möbius
components raises the possibility that these can oppose or
cooperate. An even number of the former becomes equivalent to
Hückel; but if the latter the topological implications become
more complex. For 17 two conformations can indeed be located,
one with CS (Hückel) and the other with C2 (Möbius) symmetry,
the latter being lower in energy and higher in aromaticity
(Table 1). In the 10p Hückel aromatic conformation of the
alkyne 17, the triple bond appears to act purely as a two electron
contributor whereas in the C2 form, a possible four-electron
alkyne contribution results in 12p Möbius aromaticity. The
alkene analogue 18 has smaller NICS aromaticity values and
relative energies, due in part to the significant non-planarity of
18. More intriguingly the higher aromaticity of 17 may be due

† Electronic supplementary information (ESI) available: AM1 allene
orbitals (Fig. 1),  computed 3D coordinates (as PDB files) and
selected orbitals (as 3DMF files). See
http://www.rsc.org/suppdata/cc/b0/b002462g/
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to in-plane trannulene like aromaticity.12 The alkyne in 16
appears to act as a Möbius contributor, cooperating with the
allene component to give a modestly aromatic 12p system. The
isomers 19 and 20 also have two conformations. Hückel 19 as
an 8 or 12p 4n antiaromatic has the expected positive NICS
value, whilst C2 symmetric 19 is slightly Möbius aromatic.
Compared to 19, isomers 20 show reversed NICS values (Table
1), and may be indicative of more complex topological
contributions to the aromaticity. A single Möbius component
inserted into e.g. [14]trannulene 21 appears much less aromatic
than the trannulene itself (Table 1), but it does conform to a 4n
rather than a 4n + 2 rule for aromaticity. Finally we note that C2
symmetric 22 has three allene contributions and as a 12p system
it would be expected to be Möbius aromatic. Two isomers were
identified, one with C2 and a lower energy and more aromatic
form with C3 symmetry in which all three allene units
cooperate.

We conclude that a diverse range of Möbius 4n p aromatic
systems can be constructed by using one or more twisted allene
fragments as an initiator. The origins of the Möbius and Hückel
contributions to the aromaticity and the nominal electron
contributions (4n vs. 4n + 2) of these systems may be quite
subtle. A dissection of these origins will be reported in a future
article.
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Table 1 Energies [kcal mol21 for AM1, Eh (Hartree) for RHF/6-31G(d)] and NICS values (ppm) for the ground state structures

Fig. 2 Calculated geometry (a) (Å, AM1 (RHF-6-31G(d)) [B3LYP/
6-31G(d)] and form of the AM1 HOMO (b) and HOMO 2 1 (c) orbitals for
5.
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Iron (S)-1-(p-bromoacetamidobenzyl)ethylenediaminetetra-
acetate (FeBABE) with the sequence-non-specific cleavage
activity of nucleic acids and proteins was conjugated to protein
Cys residues, and used for mapping the contact sites of both the
a-subunit carboxy-terminal domain of Escherichia coli RNA
polymerase on promoter UP elements and the s70 and s38

subunits on the respective promoters. The same chemical
nuclease was also used as a chemical protease for mapping the
subunit–subunit contact sites within the RNA polymerase. By
using 2-iminothiolane as a linker, FeBABE could be conjugated
to protein Lys residues and successfully used for mapping the
contact surfaces of some E. coli transcription factors on the
RNA polymerase holoenzyme.

Most of the biological reactions involved in transfer of genetic
information such as replication, transcription and translation are
carried out by macromolecular complexes consisting of a large
number of proteins and nucleic acids. Regulation of these
processes is mediated by rearrangements of protein–DNA,
protein–RNA and protein–protein interactions. For instance, the
transcription apparatus is composed of the DNA-dependent
RNA polymerase, which consists of 4–5 (in the case of
prokaryotes) to 12–18 subunits (in the case of eukaryotes), and
hundreds of accessory transcription factors. Identification of the
protein–DNA, protein–RNA and protein–protein contact net-
works within the transcription apparatus is crucial for under-
standing the molecular events carried out in transcription and its
regulation. In order to meet the increasing demand for technical
innovation for the molecular anatomy of these multi-component
assemblies, a variety of new physical, chemical and genetic
methods have been developed recently.

Use of metals for cleavage of nucleic acids and
proteins
Transition metals are known to catalyze a number of oxidative
chemical reactions with deleterious effects in biological
systems.1–5 Iron promotes the formation of reactive radicals
such as hydroxyl radicals, which indiscriminately damage all
cellular components, even though iron is an indispensable
element and the most abundant metal for living organisms. The
high reactivities of iron have been put into practical use to
explore the properties of macromolecular complexes.6–11

Initially free Fe2+ or FeEDTA was used to study the
conformation of nucleic acids and their complexes.12–18 The
potential value of such reagents for protein mapping was first
recognized by using untethered free FeEDTA, and a number of
different approaches have been developed to use the metal
complexes to map the overall surface of proteins.19–21 Such
methods are often called ‘protein footprinting’. The broad
specificity of hydroxyl radicals for attack at the backbones of
nucleic acids and proteins permitted probing of nearly all the
nucleotides and amino acids. FeEDTA complex offers the most
general measure of surface accessibility, because its distribution
around the target molecule is insensitive to charge, compared
with free Fe2+.4

The inception and development of methods for site-specific
cleavage of nucleic acids and proteins with FeEDTA have led to
development of artificial reagents with nucleolytic and proteo-
lytic activities. Various attempts have been made to conjugate
FeEDTA to proteins for monitoring of proximity mapping. For
this purpose, bifunctional chelating agents were considered as
linkers which possess both a strong metal-binding moiety and a
group that binds to a biological molecule.22 Applications of
Cys-linked FeEDTA complexes have exploited oxidative
chemistry to cut DNA23 or RNA.24,25 Most of these procedures
are based on the high reactivity of H2O2 or O2 and iron, which
depends on the nature of the iron chelate involved.4,26 For
oxidative scission of nucleic acids, the generation of electro-
philic species such as hydroxyl radicals is important.14–16

Likewise the artificial non-enzyme proteases have been
developed in many laboratories.27–29 It is essential that the
protein cutting is only due to the tethered reagent and not to
unchelated metal coordinated directly to sites on the protein.
Protein-conjugated small metal chelates were shown to cleave
polypeptide chains at sites determined by proximity to the
chelates, apparently independent of the amino acid residues
involved.10,11,30 The net reaction involves hydrolysis, but not
oxidation, of the peptide backbone. The peptide cleavage results
from generation of a powerful nucleophile that selectively
attacks peptide carbon rather than hydroxyl radicals.31 The
hydrolysis of protein backbones appears to be dominated by
nucleophilic iron-peroxo complexes.31 In the presence of H2O2
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or O2 and ascorbate, FeEDTA forms an intermediate oxygen-
activated complex that leads to nucleophilic attack by oxygen
on the carbonyl carbon of the peptide bond. The reactivities of
nucleophiles, HO–O2 and CH3O–O2, toward carboxylic esters
are 100 times higher than hydroxide.

Development of chemical nucleases and proteases
A sulfhydryl-specific EDTA derivative, EDTA-2-aminoethyl
2-pyridyl disulfide (EPD) was developed to tether FeEDTA to
protein Cys residues32 and used for mapping the resolvase-
binding site on DNA23 and the binding sites of some RNA-
binding proteins.33 The newly developed method allowed the
identification of regions or surfaces of proteins that are in close
proximity to DNA or RNA, and of the portions of DNA or RNA
that are closest to each EDTA-derivatized Cys, because the
DNA cleavages are highly localized and their efficiency drops
rapidly as a function of the distance between the Fe2+EDTA
complex and the DNA targets. EPD-Fe has also been applied for
analysis of the protein–protein contact network within the non-
native equilibrium protein folding intermediate.32 Cys-linked
FeEDTA chelates have since been used to study non-native
conformation of Staphylococcal nuclease during folding of the
protein.14,32

To avoid the need to add iron after conjugation of such metal-
chelating reagents as EPD to target molecules, an iron-bound
probe, iron (S)-1-(p-bromoacetamidobenzyl)ethylenediamine-
tetraacetate (FeBABE) was developed (Fig. 1),29,34 which can

be handled in a manner analogous to many other protein-
labeling reagents, such as fluorescent probes or cross-linkers.
FeBABE can be tethered to proteins preferentially at Cys
residues. Protein–FeBABE conjugates are formed under mild
reaction conditions and are stable for long periods in the
absence of activating reagents. Activation of the chelate iron is
accomplished by a brief exposure, for instance for about 10 s, to
H2O2 in the presence of ascorbate. This generates a highly
reactive hydroxyl radical which induces cleavage of the
backbones of DNA and RNA. In the presence of H2O2 and
ascorbate, FeBABE forms an intermediate oxygen-activated
complex which leads to nucleophilic attack by oxygen on the
carbonyl carbon of the protein peptide bond and causes peptide
hydrolysis.31

The chemistry of FeBABE was characterized by using
proteins of known sequence or structure.10,11,31 Since direct
contact is required between FeBABE and the carbonyl carbon
for protein cleavage to take place, the reaction is limited to

peptide bonds that are within about 12 Å of the site of
attachment of FeBABE (see Fig. 1). Because of this distance
limitation and the required orientation for nucleophilic attack on
the peptide carbon, it is expected that the number of cleaved
sites will be relatively small. Using the human carbonic
anhydrase as a model substrate, the efficiency of cleavage was
estimated by measuring the cleaved fragments, as determined
by the N-terminal sequences, to be 50–70%, indicating most of
the cleavage was the hydrolysis of a peptide bond.31 The high
yield of products provides sufficient cleaved materials for
sequence analysis. FeBABE is a powerful probe of protein
structure, usable with relative ease in any system where Cys-
linked reagents are applicable. The cleavage reaction is fast,
highly selective, and proceeds in high yield under physiologial
conditions. It forms hydrolytic products that are readily
characterized by standard N-terminal sequencing of the re-
solved peptides. The results provide direct information on the
proximity of the tethered probe to particular peptide bonds
regardless of amino acid residue type, easily exceeding the
scope and resolution of chemical cross-linking reagents.

Mapping of RNA polymerase contact sites on
promoter DNA
FeBABE has been successfully used for the mapping of protein-
bound sequences on DNA and RNA. In particular, a systematic
search has been carried out in two cases: the RNA polymerase-
contact sites on promoter DNA35–39 and ribosomal protein-
binding sites on rRNA.40–44 The contact sites of proteins on
DNA or RNA can be easily identified from the terminal
sequences of fragments generated after cleavage with Fe-
BABE.

The RNA polymerase core enzyme of Escherichia coli is
composed of two a-subunits and one each of the b- and bA-
subunits. The carboxy (C)-terminal domain (CTD; amino acid
residues 234–329) of the RNA polymerase a-subunit plays a
key role in molecular communications with class-I transcription
factors and upstream (UP) elements of promoter DNA.45,46 In
order to identify possible differences in the functional roles of
the two a-subunits, we established an in vitro reconstitution
system of hybrid RNA polymerases containing two distinct a-
subunit derivatives in a defined orientation.35 In order to
identify the binding sites of two aCTDs on the UP element
DNA, a mutant a-subunit without a Cys residue was prepared,
from which a number of a-derivatives with a single Cys residue
at various positions along the CTD were constructed. After
conjugation of FeBABE to the single-Cys mutant a-subunits,
each was used, together with untethered wild-type a, for
reconstitution of hybrid RNA polymerases containing one intact
and one FeBABE-tethered mutant a-subunit. The reconstituted
RNA polymerases were used for formation of promoter DNA
complexes with or without a UP element, and the complexes
were subjected to hydroxyl radical-based DNA cleavage
mediated by FeBABE for identification of the contact DNA
sequence of each aCTD. In the case of the P1 promoter of
E. coli ribosomal RNA gene (rrnB) promoter, the two a-
subunits were found to bind in tandem to two helix turns of the
UP element, the b- and bA-associated a-subunits being bound to
the promoter proximal and distal regions, respectively
(Fig. 2).

The RNA polymerase s-subunit is responsible for sequence
recognition of DNA promoters, and in general bacteria contain
multiple molecular species of the s-subunit, each recognizing a
specific set of promoter sequences. For instance, E. coli
contains seven different s-subunits.47 The s family proteins
carry four regions of the conserved sequence. The contact-
dependent DNA cleavage method was then applied for mapping
spacial relations between the evolutionary conserved regions of
various s-subunits and each DNA strand along the respective
promoter DNA. The library of single Cys mutants has been

Fig. 1 Chemical probes with nuclease and protease activities. (a) Iron (S)-
1-(p-bromoacetamidobenzyl)EDTA [FeBABE] can be conjugated to pro-
tein Cys residues.29 (b) FeBABE in combination with 2-iminothiolane (2IT)
can be conjugated to protein Lys residues.53
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constructed for s70 (the s major subunit for transcription of
growth-related genes) and s38 (the s-subunit for stationary-
phase genes). Results of the DNA cleavage mapping of open
complexes using FeBABE-conjugated s-subunits indicated that
each conserved region of both s70 and s38 makes contact with
different regions along the promoter DNA (Fig. 3).37–39 The

results agreed well with the prediction from mutant studies of
essential roles for two hexanucleotide sequences located at
promoter -35 and -10. In addition, the determination of direct
contact sites by the novel method revealed hitherto unidentified
contacts involving sequences other than the -35 and -10
sequences. The comparison of promoter cleavage mapping by
s-conjugated FeBABE also revealed different modes of
promoter DNA interaction between different s-subunits.

Mapping of subunit-subunit contact sites within
RNA polymerase
Proximity relationships between the two a-subunits of E. coli
RNA polymerase were studied using a set of single Cys mutant
a-subunits, each harboring a single Cys at various positions
along the entire a polypeptide (Fig. 4). FeBABE conjugated to
each of these Cys residues introduced both intramolecular and
intermolecular cutting of the a-subunit in the presence of

ascorbate and H2O2.48 The intramolecular cutting was observed
only within an individual N- or C-terminal domain, in
agreement with the structural organization of a-subunits.45,46

From the intermolecular cleavage mapping, the N-terminal
assembly domains of two a-subunits were found to be
assembled in an antiparallel fashion (Fig. 5).

The RNA polymerase core enzyme acquires the promoter
recognition activity by binding one of the s-subunits. To
characterize the proximity between the core enzyme and various
s-subunits, we analyzed the protein-cutting patterns produced
by a set of covalently tethered FeEDTA probes positioned in or
near all the four conserved regions. The protein cutting was
identified at specific regions of both of the two large subunits,
b and bA.49,50 The s-contact sites on the core enzyme are
essentially the same between s70 (or sD), the major s-subunit
for recognition of growth-related genes, and s38 (sS) for
recognition of the stationary phase-specific genes (Fig. 5). As
proposed by Ghaim et al.,51 Cys residues on the RNA
polymerase fall into three categories: a small number of Cys
residues are unreactive toward Fe-BABE, some are alkylated
but produce no cleavage products upon treatment with ascorbate
and peroxide, and some produce intra- and intersubunit
cleavages.

Fig. 2 Identification of the contact sites of RNA polymerase a-subunit on
promoter UP element. FeBABE was conjugated at a single Cys residue
(position 269) on the UP element contact surface of the a-subunit C-
terminal domain (CTD). The reconstituted RNA polymerase holoenzyme
containing the FeBABE-tethered a-subunits was used for mapping of the
aCTD contact sites on the UP element of the E. coli ribosomal RNA (rrnB)
gene, after sequencing the DNA cleavage sites by hydroxyl radical
generated from the protein-tethered FeBABE upon addition of H2O2 and
ascorbate.35 The cleavage sites are shown by arrows.

Fig. 3 Identification of the contact sites of RNA polymerase s-subunits on
promoters. FeBABE was conjugated at a single Cys residue located at
various positions of single-Cys mutant s70 and s38 subunits of the E. coli
RNA polymerase. The reconstituted RNA polymerase holoenzymes
containing the FeBABE-tethered s-subunits were used for mapping of the
s-subunit contact sites on the respective promoters, after sequencing the
DNA cleavage sites by hydroxyl radical generated from the protein-tethered
FeBABE upon addition of H2O2 and ascorbate.37–39 The cleavage sites are
shown by arrows. The s family proteins contain four conserved regions. The
regions 2, 3 and 4 are composed of 4, 2 and 2 subregions, respectively. In
the case of the major s70 subunit, the region 2.4 is involved in promoter -10
recognition while the region 4.2 recognizes the promoter -35 sequence.

Fig. 4 Contact-dependent cleavage of proteins by the protein-conjugated
FeBABE. (a) FeBABE can be conjugated to specific Cys residues of
proteins (see Fig. 1). The polypeptide backbone of proteins, which are
located near the protein-tethered FeBABE, is cleaved in the presence of
ascorbate and H2O2. The protein–protein contact sites can be identified by
tethering FeBABE at specific sites of the proteins using single Cys mutants.
(b) FeBABE can also be conjugated to Lys residues using 2-iminothiolane
(2-IT) as a linker (see Fig. 1). Lys is often involved in protein functions and
exposed on protein surfaces. For mapping of protein–protein contact
networks, mixtures of FeBABE-tethered proteins, each carrying a single
FeBABE conjugation on average at one Lys residue, can be used for the
peptide cleavage reaction after addition of H2O2 and ascorbate.

Fig. 5 Subunit–subunit contact sites within the RNA polymerase. FeBABE
was conjugated at various positions of the a- or s-subunits using collections
of the respective single Cys mutant derivatives. The contact surfaces of
these two small subunits on the two large subunits, b and bA, of the core
enzyme were determined after identification of the contact-dependent
cleavage sites by FeBABE in the presence of H2O2 and ascorbate.48,49
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The functional specificity of RNA polymerase holoenzymes
(core s-complexes) is further modulated by interaction with one
or two of a total of 100–150 transcription factors.47.52 The
contact sites of these factors on RNA polymerase holoenzymes
can also be monitored by using FeBABE tethered to each factor
protein. For a large scale survey of the holoenzyme–transcrip-
tion factor contact sites, a bifunctional linker probe, 2-imino-
thiolane (2-IT), was used for conjugation of FeBABE at Lys
residues (see Fig. 1).53 Transcription factors were conjugated
with FeBABE at Lys residues, and the cutting sites of core
enzyme subunits were successfully determined after mixing
FeBABE-tethered transcription factors and holoenzyme fol-
lowed by treatment with ascorbate and H2O2. The contact sites
of s70 and s38 subunits on the b and bA subunits determined
using the newly developed method of a combination of 2IT and
FeBABE were essentially the same as by direct conjugation of
FeBABE to single Cys mutant s-subnits. In addition to the s
family proteins, the contact sites have been determined for
transcription elongation factors, NusA and GreA, and the RNA
polymerase chaperon, owega.51

Protein-conjugated chemical probes with nucleolytic or
proteolytic activities will be widely used for determining the
molecular anatomy of multi-component complexes, in partic-
ular those involved in replication, transcription and transla-
tion.
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A coordination polymer in which copper acetate dimers are
bridged by 3-connecting tpt ligands reveals an alternative
means to interpenetration whereby frameworks with very
large holes may achieve efficient space filling, namely, by
forming p–p associations between tpt units of sheets X and
X + 2 inside the holes of sheet X + 1.

The promise of ultimately being able to generate by deliberate
design new solid materials with useful tailor-made properties
provides much of the driving force for the present interest in
coordination polymers. An outstanding feature of many coor-
dination polymers is the presence of a number of independent
networks which participate in mutual interpenetration, whereby
favourable non-bonded interactions can be maximised and more
efficient 3D packing achieved.1 In a very loose and general
sense it can be said that the larger the windows in a 2D or 3D net
the more likely is interpenetration to occur and the larger is the
number of independent nets passing through a particular
window likely to be. The coordination polymer we describe
below which consists of hexagonal grid (6,3) sheets is unusual
in that interpenetration does not occur despite the fact that the
hexagonal holes within the sheets are much larger than those
present in numerous other (6,3) sheet systems which do
participate in interpenetration.1 The system we describe reveals
an alternative means to interpenetration whereby a network with
large holes can maximise favourable non-bonded interactions
and achieve efficient space filling.

The vast majority of coordination polymers so far investi-
gated have involved single metal centres linked together in a
variety of ways by bridging ligands. Relatively little work has
focussed on 2D and 3D networks in which bridging ligands link
together metal clusters2 with their interesting electronic,
magnetic and catalytic properties. The copper acetate dimer,
which we make use of here, is one of the simplest imaginable
cluster species with the potential to provide an effectively linear
link between donors; indeed, a number of 1D polymeric chains
are known.3 In order to generate 2D and 3D coordination
polymers it is obvious that bridging ligands providing the nodes
for the network will be required to have connectivity three or
higher. We know of only two examples in which metal acetate
dimers are connected into 2D or 3D networks.4,5

We report here the 2D (6,3) sheet polymer formed when
copper acetate dimer units are linked together by the m3 bridging
ligand 2,4,6-tri(4-pyridyl)-1,3,5-triazine, tpt, which has pre-
viously been shown to afford a number of high symmetry 3D
coordination polymers.6 Reaction of Cu2(O2CCH3)4(H2O)2 in
methanol with tpt in benzyl alcohol yields green crystals of
composition [{Cu2(O2CCH3)4}3(tpt)2]·2MeOH (1),† whose
structure was determined by single crystal X-ray diffraction.‡

Giant hexagonal grid sheets are present, a ring from which is
shown in Fig. 1. As can be seen, the tpt units provide the
3-connecting nodes of the net and copper acetate dimers link
node to node, the separation between which is ca. 18 Å. This
generates very large holes. 

The way in which efficient 3D packing is achieved without
resort to interpenetration is most simply understood by

considering the hypothetical stacking of idealised planar (6,3)
nets in a manner which parallels that observed in the less regular
real system. Any pair of neighbouring sheets are arranged in this
idealised situation with half the nodes of one vertically above or
below the mid-points of the hexagonal holes of the other, the
remaining nodes of both sheets being located vertically above
and below each other. By stacking the sheets in this manner to
generate the ABCABC... sequence shown in Fig. 2(a) all nodes
become equivalent (a real example of this arrangement is b
rhombohedral graphite). As can be seen in Fig. 2(a) three types
of columns of nodes perpendicular to the sheets are thereby
generated. One type contains nodes from A sheets and B sheets
but not from C sheets, which contribute only holes to these
particular columns. If we refer to these columns as A/B
columns, equal numbers of equivalent A/C and B/C columns are
also present. One such column, the central one, is highlighted by
the dashed line in Fig. 2(a). If the separation between sheets is
d, the spacings between nodes in any one of the columns
follows the sequence d, 2d, d, 2d, d, 2d... as can be seen in
Fig. 2(a).

By making each of the initially planar trigonal nodes
pyramidal in the appropriate direction and to the appropriate
degree it is possible to contract each of the 2d separations within
columns to d, as represented in Fig. 2(b). The individual sheets
thereby acquire an undulating character and the overall structure
becomes much more compact, the volume being reduced in the
idealised case by close to one third. Pyramidalisation of the
3-connecting nodes allows new attractive node-to-node con-

Fig. 1 A single hexagonal window in the (6,3) sheets of 1. The ring
‘diagonals’ are ca. 34–37 Å.
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tacts to be made, which, it is interesting to note, involve nodes
belonging to sheets that are not immediate neighbours. In effect
the holes in any sheet are occupied by nodes belonging to the
sheets on each side that come together to make favourable
contact with each other around the centre of the hole. This can
be easily seen by noting the effect of converting planar nodes in
Fig. 2(a) to pyramidal nodes in Fig. 2(b) whereby the contact,
highlighted by the dashed line, between the central node of the
upmost sheet and the central node of the sheet depicted with thin
bonds becomes shortened from 2d to d; this contact can be seen
to be made through the ring of the intermediate sheet (shown
with open bonds).

The 3D arrangement is a deformed version of the idealised
structure shown in Fig. 2(b). The 3-connecting nodes in this
real case are tpt units which remain internally approximately
planar despite the fact they constitute pyramidal centres in the
sense that lines drawn between triazine centroids make
angles significantly less than 120o. The bending required to
produce this pyramidalisation occurs mainly not within tpt units
but between them; the most pronounced bending is seen at
Cu(2) which is located 0.503 Å out of the plane of the
coordinated pyridine ring. The node-to-node contacts indicated
by a vertical dashed line in the idealised situation shown in Fig.
2(b), in the real system are p–p stacks of tpt units. Not only are
the individual sheets distorted from hexagonal regularity but the
columns are no longer perpendicular to the sheets; in addition
the centres of the tpt triazine rings in the columns do not fall on
a straight line nor are the average tpt planes perpendicular to the
direction of the column. An outstanding feature of some highly
symmetrical coordination polymers of tpt reported earlier6 has
been the appearance of tight pairs of tpt units with their triazine
rings in close face-to-face p contact, one rotated 60° relative to
the other around a 3-fold axis passing through the mid-points of
both rings and perpendicular to them; these are examples of
Piedfort pairs.7 In the present structure there appears to be a
dominant, structure-determining driving force for each tpt unit

to become p-associated not with a single partner but with one on
each side to generate an extended p stack. The closest non-
hydrogen contacts between tpt units in the columns are not
triazine-to-triazine but rather triazine-to-pyridine and the high
symmetry of the Piedfort pairs is lost. The closest atom-to-atom
contact on one side of a tpt unit to a tpt unit of an adjacent sheet
is 3.327 Å, whilst on the other side the closest contact of 3.352
Å is to a tpt unit two sheets removed.

The methanol of solvation is hydrogen bonded to a particular
one of the acetate units in the Cu(1)···Cu(2) dimer (O···O,
2.876 Å).

The variation of magnetic susceptibility of 1 with tem-
perature is very much like that of the antiferromagnetically
coupled parent complex Cu2(O2CCH3)4(H2O)2. Fitting of the
data to the Bleaney–Bowers equation8 for an isolated CuII dimer
yielded parameter values g = 2.0, J = 2153 cm21, Na = 60
3 1026 cm3 mol21, fraction monomer = 0.02 (cf.
Cu2(O2CCH3)4(H2O)2 J = 2148 cm21). Thus there are
negligible or very weak dimer–dimer interactions propagated
by the tpt group. Related linear chains linked by pyrazines
behave similarly.9

In conclusion, the structure reported here reveals an alter-
native means to interpenetration whereby large holes in the
individual 2D sheets may be satisfactorily occupied by tpt nodes
from the sheets on opposite sides which are attracted together to
form p–p associations inside the hole.

Notes and references
† A buffer layer of benzyl alcohol (5 ml) was carefully layered over a
solution of tpt (25 mg, 0.080 mmol) in benzyl alcohol (10 ml), and a layer
of Cu(O2CCH3)2·H2O (38 mg, 0.19 mmol) in methanol (10 ml) was
carefully placed on top of the buffer layer. Green crystalline 1 formed after
3 days (23 mg, 0.013 mmol, 41%). (Found: C, 41.44; H, 3.29; N, 9.79. Calc
for Cu6C62H68N12O26: C, 41.47; H, 3.89; N, 9.52%).
‡ Crystal data for 1: Cu6C62H68N12O26, M = 1778.52, green plate, crystal
dimensions 0.03 3 0.1 3 0.17 mm, monoclinic, P21/n (no. 14), a =
7.976(1), b = 30.996(5), c = 15.559(2) Å, b = 104.47(1)°, U = 3724.5(9)
Å3, T = 150 K, Z = 2, m(CuKa) = 2.60 mm21, 8827 reflections collected,
7634 unique (Rint = 0.0618), 4340 observed (I > 2s(I)), 482 parameters, R1

= 0.0739 (I > 2s(I)), wR2 = 0.1952 (all data), S = 1.020. CCDC reference
number 182/1631. See http://www.rsc.org/suppdata/cc/b0/b002193h/ for
crystallographic files in .cif format.
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Fig. 2 (a) Four idealised planar (6,3) sheets stacked in the ABCA... pattern.
(b) Hypothetical ‘pyramidalisation’ of the 3-connecting nodes that were
planar in (a).
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Bridged triene h6-chromiumtricarbonyl complexes have
been shown to undergo regioselective addition reactions with
a range of nucleophiles including organolithium reagents
and enolates.

Formation of the corresponding h6-chromiumtricarbonyl com-
plex provides a versatile method for enabling nucleophilic
addition to aromatic compounds, and can result in the formation
of substituted aromatic complexes or non-aromatic products.1
Less well known are the corresponding seven-membered
complexes derived from tropone, cycloheptatriene, and related
heterocyclic systems.2 These compounds have been demon-
strated to undergo formal cycloaddition reactions with either
alkynes or 1,3-dienes, e.g. eqn. (1)2c,3

(1)

Cycloheptatriene complex 1 undergoes efficient cycloaddi-
tion with bistrimethylsilylacetylene to give the bridged product
complex 2 in good yield.† It seemed to us that the type of
activation towards nucleophilic substitution seen in the arene
complexes might also be operative in triene complexes such as
2, although, as far as we are aware, this mode of reactivity has
not been demonstrated.4 Here we describe the first examples of
additions to such complexes, which occur in a highly re-
gioselective fashion with a range of nucleophiles.

The readily available bis-silylated complex 2 was used for the
majority of our initial studies, and also because the vinyl silane
functionality in the products could be synthetically useful.
Addition of a number of nucleophiles to a solution of 2 in THF
at 278 °C, followed by protic work-up, resulted in the
formation of the metal-free adducts 3 and/or 4 as shown in Table
1.‡

The complex reacted with several varied alkyllithiums,
dimethylcyanocuprate, the lithium enolates derived from ethyl
acetate or N,N-dimethylacetamide, two examples of lithiated
nitriles and a lithiated sulfone.§ In every case the initial addition
reaction appears to be highly regioselective for the terminus of
the complexed diene, whereas the position of subsequent
protonation appears to be highly dependent upon the nature of
the group being introduced. In most cases the presumed
intermediate anionic dienyl complex undergoes protonation
distal to the entering substituent, to give exclusively or mainly
isomer 3, whereas in a few cases the alternative isomer 4
predominates.

Although the proposed structures accorded with our expecta-
tions, and were supported by high field NMR data, we were
concerned by the variable ratios of the two products formed and
could not entirely rule out the possibility that the isomers
formed were alternative regio- or stereoisomers. Fortunately we
were able to obtain X-ray crystal structure determinations of
certain derivatives, including the nitrile 3 (R = CH2CN) and the
sulfone 4 (R = CH2SO2Ph), which are illustrated in Fig. 1 and
2, respectively.¶

Table 1 Nucleophilic addition to complex 2

Fig. 1 Crystal structure of nitrile adduct 3 (R = CH2CN).
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These two structures confirm that the initial nucleophilic
addition to 2 is indeed highly regioselective for the diene
terminus, and also that the new substituent is exo-orientated in
the bridged product. The structures also confirm the contrasting
alkene regiochemistry assigned by NMR, but at present we have
no convincing explanation for the isomer ratios seen with the
different nucleophiles.

It was of interest to briefly examine the transformations
possible with these types of product, for example the alkenyl
ether product 3 could be converted into the a,b-unsaturated
ketone 5 on treatment with dilute acid, eqn. (2).

(2)

Treatment of this product under more vigorous acidic
conditions (TFA, CH2Cl2, reflux) resulted in complete desilyla-
tion to give enone 6. This type of desilylation was also shown to
be possible on an alternative type of adduct, compound 3 (R =
Ph), on reaction under the same conditions, to give product
diene 7.

In conclusion, we have demonstrated for the first time that
efficient nucleophilic addition to bridged chromium complexes
is possible. In the near future we hope to extend the chemistry
to heterocyclic complexes, which could lead to a novel

synthesis of the alkaloid anatoxin-a, and to provide further
details of the scope and limitations of the chemistry.∑

We would like to thank the Engineering and Physical
Sciences Research Council (EPSRC) and AstraZeneca for
support of R. E. J. B. We also acknowledge EPSRC for funding
for a diffractometer.

Notes and references
† We obtained a yield of 69%, with even higher yields being possible (80%)
according to ref. 3(b).
‡ Typical experimental procedure: A solution of the appropriate nucleo-
phile in THF was added dropwise to a stirred solution of the bridged triene
chromium complex (usually 2) in THF at 278 °C. The resultant solution
was stirred at this temperature until reaction appeared complete by TLC
(typically 1 h), and then saturated NH4Cl(aq) solution was added and the
mixture warmed to room temperature prior to extraction with Et2O (3 3 5
ml). The combined organic extracts were back washed with water, brine,
dried (MgSO4) and concentrated in vacuo. Flash chromatography on silica
gel afforded the addition adducts 3/4 as indicated in Table 1.
§ Nucleophiles which did not give clean reactions include the lithium
enolate from acetophenone, PhMgCl, and the lithiated derivatives from
benzylcyanide, 1,3-dithiane, methoxy methyl ether, N-boc-pyrrolidine and
2,3-dihydrofuran. It is unclear why some of these reactions failed, whereas
closely related reactions indicated in Table 1 were successful. We have not
so far been successful in quenching the intermediate anion with carbon
electrophiles.
¶ For both 3 and 4 a crystal was encapsulated in a film of RS3000
perfluoropolyether oil and mounted on a glass fibre before transfer to the
diffractometer.

Crystal data for 3: C17H29NSi2, M = 303.59, monoclinic, a = 11.370(2),
b = 16.982(4), c = 19.115(4) Å, b = 103.657(4), U = 3587(2) Å3,
T = 150(2) K, space group P21/c (no 14), Z = 8, Dc = 1.125 g cm23,
m(Mo-Ka) = 0.190 mm21, 8422 unique reflections measured and used in
all calculations. Final R1 [4937 F ! 4s(F)] = 0.0484 and wR (all F2) was
0.125. For 4: C22H34O2SSi2, M = 418.73, triclinic, a = 6.8685(12), b =
9.314(2), c = 19.746(4) Å, a = 102.190(3), b = 95.424(3), g = 98.875(3),
U = 1209.3(6) Å3, T = 150(2) K, space group P1̄ (no. 2), Z = 2, Dc =
1.150 g cm23, m(Mo-Ka) = 0.247 mm21, 4685 unique reflections
measured and used in all calculations. Final R1 [F ! 4s(F)] = 0.0510 and
wR (all F2) was 0.148. CCDC 182/1642. See http://www.rsc.org/suppdata/
cc/b0/b002256j/ for crystallographic files in .cif format.
∑ One result employing the complex derived from diphenylacetylene
indicated that the same type of nuclophilic addition process is possible.
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tallic Chemistry II, ed. E. W. Abel, F. G. A. Stone, G. Wilkinson and L.
S. Hegedus, Pergamon, Oxford, 1995, vol. 12, p. 979; (b) E. P. Kundig,
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73, 386; (c) E. P. Kundig, M. Inage and G. Bernadinelli, Organome-
tallics, 1991, 10, 2921.

2 (a) C. A. L. Mahaffy and P. L. Pauson, Inorg. Synth., 1979, 19, 154; (b)
C. G. Kreiter and S. Z. Ozkar, Z. Naturforsch., Teil B, 1977, 32, 408; (c)
J. H. Rigby, H. S. Ateeq, N. R. Charles, S. V. Cuisiat, M. D. Ferguson,
J. A. Henshilwood, A. C. Krueger, C. O. Ogbu, K. M. Short and M. T.
Heeg, J. Am. Chem. Soc., 1993, 115, 1382.
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124, 2857; (b) K. Chaffee, P. Huo, J. B. Sheridan, A. Barbieri, A. Aistars,
R. A. Lalancette, R. L. Ostrander and A. L. Rheingold, J. Am. Chem. Soc.,
1995, 117, 1900.

4 For related additions to iron complexes, see: W. A. Donaldson, in
Comprehensive Organometallic Chemistry II, ed. E. W. Abel, F. G. A.
Stone, G. Wilkinson and L. S. Hegedus, Pergamon, Oxford, 1995, vol.
12, p. 623; for additions to cycloheptatriene complexes, see: M.-C. P. Yeh
and C.-N. Chuang, J. Chem. Soc., Chem. Commun., 1994, 703; W. Chen,
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Fig. 2 Crystal structure of sulfone adduct 4 (R = CH2SO2Ph).
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The dibenzyl-substituted carbamic acid (PhCH2)2NC(O)OH
(1), its deprotonation product [(PhCH2)2NH2]-
[(PhCH2)2NCO2] (2) and CoCl(NO)2[PhP(OCH2CH2)2N-
C(O)OH]·2MeCOMe(3·2MeCOMe) are reported, the dif-
fractometric study showing the carbamic acids 1 and 3 to be
paired through hydrogen bonds.

Carbamic acids R2NC(O)OH (R = alkyl, aryl) have been until
now elusive compounds, even for primary amines,1 owing to
their tendency to undergo decarbonation2 under reduced
pressure of carbon dioxide [eqn. (1)] or deprotonation in the
presence of amine [eqn. (2)]. Carbamic acid itself,
H2NC(O)OH, has not been isolated so far although it has been
detected by IR at low temperature,2 and some of its properties
have been calculated theoretically.3,4

R2NH + CO2Ù R2NC(O)OH (1)

R2NC(O)OH + R2NH Ù [R2NH2][R2NCO2] (2)

Thus, although N-substituted carbamic species are believed
to be key intermediates in biological carbonations,5 and in the
photosynthetic carbon cycle promoted by Rubisco (ribulose
1,5-biphosphate carboxylase),6 no simple member of this class
has been isolated and no crystal data are available. This paper
covers this gap.

Secondary amines R2NH (R = Bun, Pri, c-C6H11) as neat
liquids were reacted with CO2 at atmospheric pressure over
reaction times of several hours up to constant volume, gas
volumetric measurements showing the CO2/R2NH molar ratio
to be close to 0.5, namely 0.56 (Bun, 9.6 °C), 0.44 (Pri, 19.3 °C)
and 0.53 (c-C6H11, 24.9 °C). Accordingly, the corresponding
dialkylammonium dialkylcarbamate is the predominant product
of the reaction. By contrast, for R = PhCH2, a CO2/
(PhCH2)2NH molar ratio close to 1 was observed at 10.3 °C,
showing the preferential formation of N,N-dibenzylcarbamic
acid (PhCH2)2NC(O)OH 1. By operating in heptane at ca. 9 °C,
the carbonation, monitored by gas volumetry, corresponded to
the complete conversion to 1. Well formed crystals of 1 were
obtained from heptane (vide infra).

The carbonation of dibenzylamine was monitored by IR in a
PCTFE medium. When dibenzylamine was submitted to a CO2
atmosphere at room temperature, the spectrum corresponded to
the formation of 2. Cooling the PCTFE mull at ca. 5 °C under
CO2 led to the almost exclusive formation of 1 after several
hours. The process can be reversed by increasing the tem-
perature and/or reducing the partial pressure of CO2. The n(CO)

band of the carbamic function at 1640 cm21 suggests the
presence of intermolecular hydrogen bonds, in substantial
agreement with theoretical calculations and spectroscopic data
at low temperature2–4 for the NH3/CO2 system.

When the carbonation of dibenzylamine was conducted with
a CO2/amine molar ratio not exceeding 0.5, 2 was obtained.‡
The corresponding IR spectrum shows bands centred at 1530,
1432, 1410, 1330 and 1316 cm21. The 1530 cm21 band is
assigned to nas(CO) of the O2CN moiety, which compares well
with those at 1525 and at 1550 cm21 for [NH4]O2CNH2]9 (thin
film, 2190 °C), and [Me2NH2][O2CNMe2] (neat liquid),
respectively.10

The structure of 1 consists of two crystallographically
independent molecules‡ (Fig. 1), whose main bond distances
and angles are listed in the figure legend. In agreement with
earlier theoretical studies,3 the molecule does not crystallize as
its zwitterionic form. The adopted conformation meets the
requirement of maintaining the bulky benzyl groups relatively
far from the –CO2H function. The main difference between the
two molecules is in the torsion angles N(1)–C(9)–C(10)–C(11)
and N(2)–C(24)–C(25)–C(26) differing by 34°. Within the
same molecule, the C–O bond distances differ by 0.08 or 0.06
Å, the longer distance being connected with the oxygen
carrying the hydrogen. The carbamate moieties are substantially

† Dedicated to Professor Heinrich Vahrenkamp on the occasion of his 60th
birthday anniversary in recognition of his outstanding contributions to
inorganic chemistry.

Fig. 1 The asymmetric unit of 1. Thermal ellipsoids are at 50%
probability. The hydrogen-bonded pairs are represented, together with the
most populated positions of the disordered C(3)–C(8) ring. Relevant
bond distances (Å) and angles (°). N(1)–C(2) 1.461(3), N(1)–C(9) 1.464(2),
N(1)–C(1) 1.345(3), C(1)–O(1) 1.246(3), C(1)–O(2) 1.321(3), O(2)…O(1A)
2.556(2), N(2)–C(17) 1.465(3), N(2)–C(24) 1.468(3), N(2)–C(16) 1.340(3),
C(16)–O(3) 1.254(3), C(16)–O(4) 1.315(3), O(3)…O(4B) 2.590(3); C(1)–
N(1)–C(2) 123.5(2), C(1)–N(1)–C(9) 119.1(2), C(2)–N(1)–C(9) 117.5(2),
O(1)–C(1)–N(1) 122.1(2), O(2)–C(1)–N(1) 115.1(2), O(1)–C(1)–O(2)
122.8(2), C(16)–N(2)–C(17) 123.1(2), C(16)–N(2)–C(24) 119.7(2), C(17)–
N(2)–C(24) 116.8(2), O(3)–C(16)–N(2) 121.4(2), O(4)–C(16)–N(2)
115.8(2), O(3)–C(16)–O(4) 122.8(2). A = 3/2 2 x, 21.2 2 y, 1 2 z; B = 2
2 x, 2y, 2 2 z.
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planar (maximum deviation from planarity 0.07 Å). The N(1)–
C(1) and N(2)–C(16) bond distances of 1.345 and 1.340 Å to the
–C(O)OH function are substantially identical to the distance of
1.34 Å indicated by ab initio calculations.3

As in carboxylic acids, each molecule is connected through
two end-on hydrogen bonds, which are shown in Fig. 1, in pairs
related by an inversion centre.

Single crystals of 3 were obtained from an acetone solution of
CoCl(NO)2[PhP(OCH2CH2)2NH]11 upon carbonation at atmos-
pheric pressure at 230 °C. The carbamic acid fragment‡ is
paired through two end-on hydrogen bonds, similarly to 1. The
intermolecular O…O bond distance of 2.580 Å implies the
existence of hydrogen atoms in between. The N–C(O)OH
fragments in 1 and 3 do not differ significantly in bond distances
and angles and, as expected, the C–O bonds are not equiva-
lent.

Computational studies on the decomposition of ammonium
carbamate3,4 favour carbamic acid H2NC(O)OH as the inter-
mediate, and its zwitterionic form as the transition state. The
isolation of carbamic acids 1 and 3, in the present study, shows
for the first time that, under carbon dioxide at atmospheric
pressure, carbonation of the secondary amine to the correspond-
ing carbamic acid can be in fact a thermodynamically
favourable process provided the appropriate substituents and
reaction conditions are chosen, probably a determining factor in
the stabilisation of the system being the hydrogen-bond network
in the solid state, as previously observed in Ag(O3SOH).12 The
dialkylammonium carbamate may further slowly undergo
carbonation to the acid or be kinetically or thermodynamically
stabilized as such, depending on the nature of the group R. The
zwitterionic form of the acid, {R2NH+CO2

2}, may be a
kinetically relevant intermediate undergoing fast deprotonation
in the presence of amine.

The present findings are believed to be relevant, inter alia, to
the problem of carbon dioxide fixation by amino groups in
biopolymers in the solid state.13

We wish to thank the Ministero dell’Università e della
Ricerca Scientifica e Tecnologica (MURST), Programmi di
Ricerca Scientifica di Rilevante Interesse Nazionale (Cofi-
nanziamento 1998–9), and the Centre National de la Recherche
Scientifique for financial support.

Notes and references
‡ Crystallography: reflection intensities were collected on a Siemens P4
diffractometer for 1 and 2, and on a Nonius CAD-4 diffractometer for 3,
both equipped with graphite-monochromatized Mo-Ka radiation (l =
0.71073 Å). All data were collected in the w–2q scan mode.

Crystal data: for 2 at 173(2) K: C29H30N2O2; colourless monoclinic
prisms. Cell parameters: a = 15.339(1), b = 8.850(1), c = 18.402(2) Å, b
= 101.68(1)°, V = 5057.8(14) Å3, Z = 4, Dc = 1.192 Mg m23, m(Mo-Ka)
= 0.084 mm21, space group P21/n (no. 14), 3575 intensities collected
between q = 2.26 and 24.0° in the range 217 @ h@ 0, 0 @ k@ 8, 220 @
l @ 21, and corrected for Lorentz and polarization effects; after merging
(Rint = 0.0215), 3438 independent reflections; structure solved by direct
methods (SIR92),7 and refined (SHELXTL).8 The nitrogen-bonded hydro-
gen atoms of the cation were located in the difference Fourier map, and were
not refined; the other hydrogen positions were allowed to ride on the

corresponding carbon atoms, obtaining R1 [I > 2s(I)] = 0.0447 and wR2 =
0.1039 (298 parameters, without restraints).

For 1 at 173(2) K: C15H15NO2; colourless needle-like prisms. Cell
dimensions: a = 39.397(7), b = 5.545(1), c = 24.783(3) Å, b =
110.90(1)°, V = 2443.7(4) Å3; monoclinic crystal, Z = 16, Dc = 1.267 Mg
m23, m(Mo-Ka) = 0.075 mm21, space group C2/c (no. 15) or Cc, 4675
intensities collected between q = 2.21 and 24.0° in the range 244 @ h @
1, 25 @ k @ 1, 226 @ l @ 28, and corrected for Lorentz and polarization
effects; after merging (Rint = [S|Fo

22 Fo
2(mean)|/S(Fo

2)] = 0.0260), 3557
independent reflections; structure solved in the centrosymmetric space
group (SIR92),7 and refined (SHELXTL).8 The abnormally large thermal
ellipsoids of the aromatic ring suggested the presence of local rotational
disorder. Two different phenyl rings of fixed geometry and rotated by
slightly different angles around the C(2)–C(3) bond were then introduced in
the same position, by fixing to unity the total occupancy of the site. The
hydrogen within the C(O)OH group was located on the difference Fourier
map and introduced in the calculations without refining; the other hydrogen
atoms were introduced in calculated positions and allowed to ride on the
corresponding carbon atoms. The final refinement cycles (353 parameters,
no restraints) gave the reliability factors R1 [I > 2s(I)] = 0.0411 and wR2

= 0.1012 (all data).
For 3 at 243(2) K: C17H26ClCoN3O8P; dark-brown prisms. Cell

parameters: a = 9.612(2), b = 11.936(3), c = 12.371(4) Å, a = 73.34(2),
b = 69.94(2), g = 66.18(2)°, V = 1201.4(6) Å3, Z = 2, Dc = 1.453 Mg
m23, m(Mo-Ka) = 0.937 mm21, triclinic, space group P1̄ (no. 2), 3918
independent observed intensities collected between q = 1.89 and 30.0° in
the range 212 @ h @ 13, 216 @ k @ 16, 0 @ l @ 10, and corrected for
Lorentz, polarization effects and absorption (y-scan method); structure
solution by direct methods and refined (SHELXTL).8 The asymmetric unit
turned out to contain two acetone molecules, one of them being affected by
some orientational disorder. The hydrogen atoms were introduced in
calculated positions and allowed to ride on the connected atoms. The final
refinement cycles with anisotropic thermal factors for heavy atoms and
isotropic ones for hydrogen atoms (280 parameters, no restraints) gave R1 [I
> 2s(I)] = 0.0915 and wR2 = 0.1321.

CCDC 182/1613. See http://www.rsc.org/suppdata/cc/b0/b002479l/ for
crystallographic files in .cif format.
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Solubilization of fullerenes in water by nucleophilic addition
of cyclodextrin-R-monoamines to C60, where R represents
iminoalkyl and iminoaryl residues, is reported and studies
involving the host–guest characteristics, free radical scav-
enging and DNA-cleaving properties indicate that this class
of compounds has potential for a number of biological and
medical applications.

Fullerenes are extraordinarily susceptible to attack by a variety
of chemical reagents.1 They exhibit high reactivity towards
multiple addition of organic free radicals2 and have been
demonstrated to cleave DNA in the presence of light.3 It has
been reported recently that certain mutagenic and carcinogenic
properties, and a number of neurodegenerative diseases, are
associated with free radicals.4 Hence, water-soluble fullerene
compounds are suitable for potential biomedical applications.
Previous approaches to the preparation of water-soluble
fullerenes,5 such as inclusion complexation with cyclodextrin or
cyclodextrin prepolymers, multi-hydroxylation, 1,3-dipolar cy-
cloaddition, nucleophilic cyclopropanation, polymer embed-
ding etc., are characterized by significant alteration of the
fullerene molecule by modification. Our approach involves
covalent binding of fullerenes with cyclodextrins (CD) leading
to high water solubility and biocompatibility.

Nucleophilic additions of primary and secondary amines are
known reactions and have been investigated for functionaliza-
tion of the fullerene cage.6 Preparation of fullerenylated
aminopolymers has also been reported.7 Synthesis of the
fullerene–cyclodextrin conjugate (4) (Scheme 1)† was achieved
by adding small volumes of a cyclodextrin monoamine (3)
solution to a C60 solution at intervals of six hours, until about
30% of the fullerene remained unreacted.7 The CD-amine–
fullerene was purified by subsequent membrane filtration.8
Separation from any higher derivatives was achieved by using
membranes with a molar mass cut-off (MMCO) of 2000 g
mol21 and low-molecular weight components, if any, by
membrane of MMCO of 1000 g mol21. FT-IR spectra of a
model compound [60]fullerene-deoxy-6-(1,4-diiminophenyl)-
b-cyclodextrin (4a) display the distinct features of the fullerene
component. The UV–Vis spectrum (Fig. 1) shows considerable
peak broadening beyond 350 nm for 4a. Several authors have

ascribed this behavior to aggregation of the molecules in water,
confirmed further from dynamic light scattering studies.5f,g The
13C NMR spectrum showed resonances due to the fullerene
carbons at ca. 140 ppm.

To rule out the possibility of a competitive host–guest
complexation reaction typical of cyclodextrins,9 we synthesized
the b-CD-1,4-diaminobenzene host–guest complex and charac-
terized the material by various spectral techniques. Though the
IR of both the inclusion complex and the covalently bonded
CD-diamine (3a) did not show any significant differences, there
were typical distinguishing patterns in the UV–Vis, 1H NMR,
TGA, and DSC data.

Cyclodextrin cage compounds have been demonstrated to be
useful for several medical applications involving the host–guest
complexation strategy and controlled release of the guest drug
molecule.10 In order to prove that the CD ring is still available
for formation of inclusion complexes, we used p-nitrophenol
(PNP) as a model molecule. The reaction between 4a and PNP
was monitored and compared with the reaction between b-CD
and PNP by recording the change in the UV–Vis absorption
pattern. It was seen that, with time, the peak at 405 nm gradually

Scheme 1 Synthesis of fullerene–cyclodextrin conjugates.

Fig. 1 UV–Vis spectra of C60 in hexane and p-phenylenediamine (PPD),
mono-6-deoxy-6-(1,4-diiminodiphenyl)-b-cyclodextrin (CD-PPD), and
[60]fullerene-deoxy-6-(1,4-diiminodiphenyl)-b-cyclodextrin (CD-PPD-
C60, 4a) in water.
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increased in intensity for both the 4a–PNP and b-CD–PNP
experiments, whereas this absorption for PNP alone was not
significant. The molar ratios 4a+b-CD+PNP for 4a–PNP and b-
CD–PNP inclusion experiments were 1+2+8. It was observed
that the rate of increase in the absorption intensity for b-CD–
PNP complexation was nearly twice than that for the 4a–PNP
reaction, which means that the CD ring in 4a is as active as that
in free CD molecules.

It is known that C60 readily adds simple alkyl and aryl
radicals2 and undergoes radical polyreactions.11 The stable free
radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) has been used to
study the antioxidant activities of phenols and catechol.12 We
utilized this radical for the reaction with 4a in ethanolic solution
and monitored the absorbance at 517 nm. The reaction
proceeded with a gradual decrease of absorbance at 517 nm,
with a visual bleaching of the pink color of the radical solution,
indicating that 4a is an effective radical scavenger.

The interaction potential of fullerenes with biological
molecules has been recently recognized, especially their ability
to cleave DNA nucleotides3b,c via a singlet oxygen transfer at
the guanosine base sequence.3d We conducted a screening
experiment in which a sample of DNA oligonucleotide, which
was purified by membrane filtration prior to use, was treated
with 4a in aqueous media. The UV–Vis spectrum of the solution
mixture shows two peaks, one at 260 nm, characteristic of the
DNA component, and another broad absorption with a max-
imum at 343 nm due to the fullerene compound. It was observed
that the fullerene peak intensity gradually decreased, indicating
that there had been a reaction with the DNA in which 4a was
gradually consumed. There was no noticeable decrease in the
intensity of the DNA peak.

Upon diafiltration of the fullerene compound–DNA solution
mixture (20 mL) through the membrane (MMCO 10 000 g l21,
used for purification of crude DNA) with 800 mL water
(filtration factor, Z = 40), the amount of DNA in the permeates
sharply decreased and only a very small quantity of the DNA
component was left in the retentate. This was ascertained from
a rapid decrease in the characteristic DNA absorbance at 260
nm in the permeates. The molar mass of the DNA in these
samples was measured by GPC. It was found that almost the
entirity of the DNA had undergone cleavage, leaving behind no
high molecular mass species.

We are grateful to KOFST and K-JIST, Korea, for partial
financial support and to B. J. Choi and S. J. Choi for technical
assistance.
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Changing the order in which oxidic W and Ni convert to
sulfides by adding 1,2-cyclohexanediamine-N,N,NA,NA-tet-
raacetic acid (CyDTA) as a chelating agent for nickel in the
preparation of NiWS–SiO2 catalysts is the key ingredient in
obtaining a high activity for thiophene hydrodesulfuriza-
tion.

Stringent future legislation for low-sulfur diesel fuel places
increasingly higher demands on the performance of hydro-
treating catalysts.1,2 Supported sulfides of molybdenum or
tungsten promoted with nickel or cobalt are widely applied to
this end.2 In the preparation, sulfidation of the oxidic precursors
in a mixture of H2S–H2 or in the sulfur-containing hydrocarbon
feed is an essential step. The sulfidation of supported MoO3 and
oxidic CoMo and NiMo catalysts has received considerable
attention.3–10 The generally accepted view is that in order to
obtain active CoMoS and NiMoS catalysts, sulfidation of
molybdenum should precede that of cobalt and nickel, such that
the reactive edges of the MoS2 slabs can serve as anchoring sites
for the promoter atoms.8–10 Chelating agents such as nitrilo-
triacetic acid (NTA)9,10 and ethylenediaminetetraacetic acid
(EDTA)4,5 assist in stabilizing nickel and cobalt, such that their
conversion to sulfides is retarded with respect to molybde-
num.

Much less is known about tungsten sulfidation. Tungsten
oxide is more difficult to convert to sulfides than molybde-
num.3,11 Shimizu et al.12 report that chelating agents improve
the activity of NiW–Al2O3 catalysts in hydrodesulfurization of
benzothiophene and hydrogenation of o-xylene. The origin of
the promotional effect is not clear, however.

Our purpose is to demonstrate that addition of 1,2-cyclohex-
anediamine-N,N,NA,NA-tetraacetic acid (CyDTA) as a chelating
agent for Ni in the preparation of NiWS–SiO2 catalysts leads to
a 2.3-fold increase in thiophene hydrodesulfurization activity,
as compared to a standard NiWS–SiO2 catalyst. We correlate
the catalytic activity with the order in which nickel and tungsten
convert to sulfides, as measured by X-ray photoelectron
spectroscopy (XPS). To measure XPS spectra at improved
resolution, we used model supports consisting of a thin
hydrophilic SiO2 layer on a silicon substrate.13

SiO2 supports were prepared by oxidizing Si(100) at 750 °C
for 24 h in air. Oxidized wafers were cleaned in H2O2–NH3(aq)
(3+2 v/v) at 65 °C and hydroxylated in boiling water for 30 min.
The sample was covered with an aqueous solution of ammo-
nium metatungstate (Merck), nickel nitrate [Ni(NO3)2·6H2O;
Merck] and 1,2-cyclohexanediamine-N,N,NA,NA-tetraacetic acid
(C14H22N2O8·H2O; Merck) and spin coated under N2 at 2800
rpm.14 Concentrations were adjusted to result in loadings of 6 W
atoms nm22 and variable Ni loading between 1 and 6 atoms
nm22. The amount of CyDTA added was equal to the amount of
Ni present. Catalysts prepared without CyDTA were calcined
(500 °C, 30 min), whereas NiW-CyDTA–SiO2 catalysts were
used without calcination. Sulfidation was carried out in a glass
tube reactor with 10% H2S in H2 at a heating rate of 5 °C min21

(2 °C min21 for NiW-CyDTA–SiO2) to the desired tem-
perature, after which samples were kept at that temperature for

30 min. Next, the sample was cooled to room temperature under
helium and transported to the XPS under N2 atmosphere.

XPS spectra were obtained on a VG Escalab 200MK
spectrometer, at a constant pass energy of 20 eV. Binding
energies were corrected with reference to the Si 2p peak of SiO2
at 103.3 eV.

Thiophene hydrodesulfurization was carried out with 5 cm2

of model catalyst in a microflow reactor operating in batch
mode (1.5 bar, 400 °C, with 4% thiophene in H2), after
sulfidation at 400 °C. Gas samples were taken with a syringe for
gas chromatograph (GC) analysis of the products. All activity
results presented are the average of at least six different
measurements, which showed good reproducibility.

Fig. 1 shows W 4f and Ni 2p XPS spectra of the NiW-
CyDTA–SiO2 model catalyst after sulfidation at the indicated
temperatures. The W 4f spectrum of the fresh catalyst shows a
doublet at 35.6 eV characteristic of W(VI) oxide.15 The small
peak at 41.6 eV corresponds to the W 5p3/2 state. As Fig. 1
shows, sulfidation of W starts at 150 °C and is completed at 300
°C, where the W 4f spectrum shows a doublet at 32.6 eV,
characteristic of WS2.15 Sulfidation of a Ni-free W–SiO2
sample (not shown) proceeded similarly to the progression
shown in Fig. 1A. Addition of CyDTA to W–SiO2 in the
preparation had no measurable effect on the sulfidation rate of
tungsten.

Sulfidation of Ni, however, is greatly affected by CyDTA.
The Ni 2p spectrum of fresh NiW-CyDTA–SiO2 (Fig. 1B)
exhibits the pattern characteristic of Ni2+, with the Ni 2p3/2 peak
at 855.4 eV accompanied by shake-up features.15 The Ni 2p3/2
binding energy, however, is 1.5 eV lower than that of Ni in
CyDTA-free Ni–SiO2 and NiW–SiO2 catalysts, evidencing
complexation of nickel by CyDTA. As Fig. 1B shows, the
complexed nickel is stable in H2S–H2 upto temperatures just
below 250 °C. In contrast, NiO reacts in H2S at room
temperature, and conversion to nickel sulfide (Ni 2p3/2 binding
energy of 854.0 eV15) is complete at 100 °C. The same is true
for Ni sulfidation in NiW–SiO2 catalysts, however, the Ni 2p3/2
peak shifts to a higher binding energy of 854.5 eV after
complete sulfidation of W at sulfidation temperatures around
300 °C. We take the additional 0.5 eV shift of the Ni 2p3/2 peak
as evidence that the initially formed Ni3S2 rearranges, and
redisperses over the reactive edges of the WS2 slabs, as
proposed by Reinhoudt et al.11

Fig. 1B shows that CyDTA retards the sulfidation of Ni to ca.
250–300 °C. This temperature range coincides with the
disappearance of the N 1s signal characteristic of the CyDTA
ligand, indicating that the decomposition of the latter deter-
mines the rate of Ni sulfidation.

The activity of the catalysts for thiophene hydrodesulfuriza-
tion is shown in Fig. 2. The blank silica support in the reactor
has an order of magnitude lower activity than W–SiO2, and
shows mainly cracking products. The W–SiO2 catalyst calcined
at 500 °C is detectably active, with a product distribution
showing predominantly 1-butene as the primary product. The
Ni–SiO2 catalyst calcined at 500 °C exhibits lower activity.
Synergism is clearly observed in the standard NiW–SiO2 model
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catalyst, for which the total activity is more than twice that of
Ni–SiO2 and W–SiO2 combined. The highest activity is
observed with NiW-CyDTA–SiO2, which is about 2.3 times
more active than a standard NiW–SiO2 sample of the same
nominal composition. The C4-product distribution of this
catalyst is: 40% 1-butene, 36% trans-2-butene and 24% cis-
2-butene. Optimum activity was observed with NiW–SiO2
catalysts containing 4 Ni atoms or more, in addition to 6 W
atoms nm22 on SiO2. This level of conversion corresponds to a
pseudo-turnover frequency of 4 3 1022 mol (thiophene) mol(W
+ Ni)21 s21. Increasing the Ni loading further did not influence
the activity significantly. Interestingly, the optimum Ni/W
atomic ratio of 0.66 equals that in commercial NiW–Al2O3
catalysts.2

We attribute the high HDS activity of NiW-CyDTA–SiO2 to
the retardation of nickel sulfidation by the chelating agent to
temperatures where WS2 has already formed. As a result, Ni
atoms released by CyDTA can move to the edges of WS2 to
form a finely dispersed NiW sulfide. A similar phase,
commonly referred to as CoMoS, has been identified as the
active phase in sulfided CoMo catalysts by Topsøe and
coworkers.2 A similar structure may be invoked to explain the
high activity of sulfided NiW catalysts. The reason that standard
NiW–SiO2, in which Ni-sulfidation is not retarded by complex-
ing agents, shows appreciable promotion of desulfurization
activity is that the Ni3S2 phase which forms at low temperatures
redisperses at higher temperatures and may still end up in the
form of suboptimal clusters on the edges of WS2, as recently
proposed by Reinhoudt et al.11 However, application of
sufficiently stable chelating agents such as CyDTA, that retard
Ni sulfide formation to temperatures where WS2 has formed,
results in the most active form of the NiWS catalyst, as
demonstrated in this paper.
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Fig. 1 (A) W 4f and (B) Ni 2p XP spectra of NiW-CyDTA–SiO2/Si(100)
model catalysts during sulfidation at various temperatures. The spectra
show that CyDTA retards the sulfidation of Ni such that the sulfidation of
W precedes that of Ni.

Fig. 2 Thiophene HDS activity as a function of Ni-content in NiWS–SiO2/
Si(100) model catalysts containing 6 W atoms nm22 (batch reaction at
400 °C, runtime 1 h).
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A square-shaped p-conjugated porphyrin tetramer has
prepared: the excitation energies of both the Soret and Q
bands, 19 880 (503) and 15 180 cm21 (659 nm), respectively,
are quite low compared with those for the monomer and
reported cyclic porphyrin oligomers.

Interdisciplinary research on porphyrin oligomers (POs) has
been attracting much attention over the last two decades.1
Studies are focused on the elucidation of the function of
naturally occurring POs, such as the cyclophane-like dimeric
special pair in the photosynthetic reaction center,1 as well as the
creation of component molecules for novel advanced materi-
als.2–8 Recently, many efforts have been made to prepare cyclic
porphyrin oligomers (CPOs) motivated by the wheel-shaped
oligomeric porphyrinoid architecture found in the light harvest-
ing proteins.9 After the pioneering work of Sanders and
Anderson in 1989,10 several CPOs have been reported, in which
each porphyrin is connected by covalent11–13 or coordination
bonds.14 However, the linkages are only limited to aryl-based
meso-groups in which the porphyrin and linker p-systems are
orthogonal. Therefore, the electronic interaction between the
neighbouring chromophores in the ground state remains small.7
With the aim of creating a highly conjugated CPO, we chose a
diacetylene unit to connect porphyrins directly at the meso-
position.4–8, 15 Here we report the synthesis and some basic

properties of a new cyclic p-conjugated porphyrin tetramer 1
(Fig. 1).

The synthetic route to 1 is shown in Scheme 1. An important
key intermediate, 5,10-bis(3,5-di-tert-butylphenyl)porphyrin 3,
which acts as the corners of the square 1 was prepared in 3%
yield by the coupling reaction of 3,5-di-tert-butylphenylbenzal-
dehyde and pyrrole with tripyrrane 2, as reported by Taniguchi
and coworkers,16 in the presence of powdered NaCl.17 After
metallation of 3, functionalization reactions were performed at
the meso-positions, i.e. bromination (affording 5), introduction
of acetylene groups (to give 6), and the removal of the TMS
groups (providing 7).† Glaser–Hay coupling4 of 7 at a 2.6 mM
concentration gave moderately soluble, brown coloured crude
products. The resulting reaction mixture was analyzed by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry to give a main peak for M+ at m/z 3160, along with
a weak one at m/z 2371. This clearly indicates the tetramer was
formed exclusively (m/z calc. for M+ of the cyclic tetramer,
C208H200N16Ni4: 3159; m/z calc. for M+ of the acyclic trimer,
C156H152N12Ni3: 2371). Separation of the tetramer was success-
fully achieved using preparative gel permeation chromatog-
raphy. The absence of C·C–H and asymmetric C·C stretching
bands in the IR spectrum of 1, characteristically observed for 7
at 3310s and 2106m cm21, respectively, suggest the tetramer to
be cyclic. The simple pattern of 1H-NMR peaks† also supports
the cyclic structure having D4h symmetry (vide infra). In a

Fig. 1 Compound 1 along with 1H-NMR assignments.

Scheme 1 Reagents and conditions: (i) 2.0 eq. 3,5-di-tert-butylphe-
nylbenzaldehyde, TFA, NaCl, CH2Cl2; (ii) excess Ni(CH3CO2)2·4H2O,
(CH2Cl)2, reflux; (iii) 2.05 eq. NBS, CH2Cl2, 220 °C, (iv) 3.0 eq. TMS–
C·CH, Cu2Cl2, Pd(PPh3)4, NEt2H, (v) nBu4NF, CH2Cl2 (vi) Cu2Cl2,
TMEDA, CH2Cl2. The values in parentheses for 7 are 1H-NMR assign-
ments.
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typical reaction, 41.3 mg of 7, 400.0 mg of Cu2Cl2, 0.55 mL of
TMEDA, and 50 mL of dry CH2Cl2 gave 8.9 mg of the tetramer
1 as a lustrous dark-green solid (22% yield). It should be
emphasised that this relatively high yielding formation of cyclic
1 occurred in the absence of template;12 the isolated yield of the
structurally similar square was 7% at most.11

The 1H-NMR chemical shift of the internal protons (Ha:
10.09 ppm) is informative about the structure of 1 from the
following two view points. First, compared to the corresponding
protons of 7 (HaA: 9.55 ppm), Ha is shifted to low field by +0.54
ppm. Although a similar downfield shift was observed for the
linear porphyrin oligomers connected by the diacetylene
linkages, e.g. +0.22 ppm for the dimer,8 the shift for 1 is more
than double this value. Second, the difference in the chemical
shifts of the internal (Ha) and the external protons (Hb: 9.66
ppm) adjacent to the diacetylene units of 1 is +0.43 ppm. This
value is also larger than that observed for 7 (+0.09 ppm: 9.55
ppm for HaA and 9.46 ppm for HbA). These results suggest that the
Ha-protons of 1 are affected by the ring current, not only of the
two adjacent porphyrin rings, but also of the diagonal porphyrin
in the square and also clearly suggests 1 to be cyclic.

The electronic spectra of 1 and 6 are shown in Fig. 2. The
spectrum of 1 is composed of two main bands: Q-band-like
band I and Soret-band-like band II.† Reflecting the highly
conjugated structure, band I and band II appear at 15 180 (659)
and 19 880 cm21 (503 nm), respectively. Both band I and band
II are shifted to lower energy compared with those of the
monomer 6 by about 2900 cm21. Although these bands appear
at much longer wavelengths than those of the porphyrin square
connected by meso-aryl-based linkages reported by Lindsey and
coworkers (lmax = 23 260 cm21; 430 nm),11 these wavelengths
are similar to the corresponding linear tetramer.6 The intensity
of band I normalized per chromophore was increased compared
with that of 6. Conversely, the intensity of band II was
decreased. This phenomenon suggests that the degeneracy of
the a1u and a2u orbitals of the porphyrins is lifted7 and that a new
p-electronic system in the square is formed.

In conclusion, a novel and highly conjugated porphyrin
square was prepared. In addition to the expanded p-system of
the molecule, our square has a central cavity corresponding to
the size of molecules such as hexamethylbenzene.18 These
characteristics will allow us to use the square as an advanced
host molecule. We are currently investigating the photo-
chemistry of the corresponding free base and zinc complex, as
well as contraction and expansion of the square by replacing the
diacetylene units with –C·C– and –(C·C–)n (n > 3) linkers,
respectively, keeping the p-conjugation between the four
porphyrins.
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Hz, 2H), 1.54 (s, 36H), 23.27 (bs, 2H). 4: 1H-NMR (CDCl3) d 9.88 (s, 2H),
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J = 2, 4H), 7.76 (t, J = 2 Hz, 2H), 1.50 (s, 36H). 5: 1H-NMR (CDCl3) d
9.39 (s, 2H), 9.34 (d, J = 5, 2H), 8.69 (d, J = 5, 2H), 8.62 (s, 2H), 7.72 (d,
J = 2, 4H), 7.64 (t, J = 2 Hz, 2H), 1.39 (s, 36H). 6: 1H-NMR (CDCl3) d
9.50 (s, 2H), 9.41 (d, J = 5, 2H), 8.75 (d, J = 5, 2H), 8.64 (s, 2H), 7.79 (d,
J = 2, 4H), 7.70 (t, J = 2, 2H), 1.45 (s, 36H), 0.54 (s, 18H). UV–vis lmax

(CHCl3): 310 (log e = 3.77), 438 (4.89), 554 (3.76) nm. 7: 1H-NMR
(CDCl3) d 9.55 (s, 2H), 9.46 (d, J = 5, 2H), 8.79 (d, J = 5, 2H), 8.68 (s,
2H), 7.81 (d, J = 2, 4H), 7.72 (t, J = 2, 2H), 4.05 (s, 2H), 1.46 (s, 36H) ppm.
1: 1H-NMR (CDCl3) d 10.09 (s, 8H), 9.66 (d, J = 5, 8H), 8.88 (d, J = 5,
8H), 8.68 (s, 8H), 7.87 (d, J = 2, 16H), 7.75 (t, J = 2, 8H), 1.55 (s, 144H).
UV–vis lmax (CHCl3): 324 (log e = 3.94), 423 (sh, 4.37), 503 (4.85), 562
(4.12), 659 (4.44) nm.
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In the crystalline state a resorcarene dimer linked by ten
hydrogen-bonding water molecules encapsulates  the hydro-
gen-bonded complex Et3N+–H···OH2 while bromide anions
are positioned outside the cavity.

Supramolecular encapsulation is a topic of considerable current
interest.1 Designed self-complementary molecules form di-
meric2 or tetrameric3 hydrogen-bonded capsules including
charged and neutral guest species. Resorcarenes 1 linked by
smaller hydrogen-bonding molecules assemble into dimeric4

and hexameric5 hollow structures in the solid state. Molecular
encapsulation of dimeric hydrogen-bonded complexes has been
discovered recently in apolar solutions6 however much less is
known about such complexation in the crystalline state.7

Herein we describe the first single crystal X-ray structure of
a hydrogen-bonded molecular capsule encapsulating the hydro-
gen-bonded heterocomplex Et3N+–H···OH2.

Co-crystallization of 1a with a ten-fold excess of Et3NHBr
from aqueous EtOH results in cubic crystals which, although
unstable without solvent, were suitable for single crystal X-ray
analysis.† The resorcarene molecules adopt a perfect cone
conformation stabilized by four intramolecular hydrogen bonds
between neighboring hydroxy groups. Two molecules of 1a,
sitting on a two fold crystallographic rotation axis, form a dimer
held together by ten hydrogen-bonded water molecules dis-
ordered over 16 sites (Fig. 1). One 2+ and one hydrogen-bonded
water molecule [N1A···O12a 2.735(7) Å] are encapsulated in
such a dimeric cavity.8 Two opposite orientations  occur for the
encapsulated Et3N+–H···OH2 with occupancy factors of 0.7 and
0.3. Furthermore, in each orientation the ethyl groups are
strongly disordered owing to the fact that the three-fold axis of
2+ coincides with the two-fold axis of the capsule. Encapsulated
2+ is shifted by 0.28 Å from the center of the cavity9 towards
resorcarene molecule B. Several close non-bonded contacts
(3.49–3.67 Å ) were found between carbon atoms of Et3N+–H
and resorcinol rings of 1a which manifest C–H···p attractions.
The encapsulated water molecule (O12a) is located deep in the
resorcarene socket of molecule A forming four close non-
bonded contacts to the aromatic C–H atoms of the resorcinol
rings with O–C distances of 3.327(4) and 3.335(4) Å.10 Such an
arrangement allows O–H···p interactions between the encapsu-
lated water molecule and the resorcinol rings. The hydrogen
bonding in Et3N+–H···OH2 should theoretically increase the
positive charge on the hydrogen atoms of the water molecule
and thus facilitate O–H···p attractions.

The bromide anion is positioned outside the cavity and lies
within the shallow pocket formed by four pendant CH2 groups
of molecule A11 and is solvated by four disordered hydrogen-
bonded water molecules (Fig. 1). The shortest N···Br distance
[8.212(6) Å] is ca. 2.5 times longer than in 2+ Br2.12 The
distance of the bromide anion to the carbon atom of the CH2
group is 4.004(4) Å reflecting weak C–H···Br2 interactions.
The hydrogen-bonded array of the resorcarene dimer is not
saturated and therefore four symmetry related bromide anions
are hydrogen bonded to the bridging water molecules (Fig.
1).

1H NMR spectroscopy shows that no complex is formed
between 1 and 2+ in polar solvents such as methanol-d4 or
DMSO-d6. However, in CDCl3 saturated with H2O, lipophilic
resorcarenes 1b,c strongly interact with 2+ X2 (X2 = Cl 2,
Br2, ClO4

2). At [2+ X2 ]/[1b,c] ! 0.5, 1H NMR spectra show
sharp signals of methyl and methylene protons of the com-
plexed cation which are both shifted upfield by ca. 1.3 ppm
(Fig. 2). The exchange of complexed and free 2+ is slow on the
NMR timescale at 303 K (500 MHz) and the integration shows
that two resorcarene molecules complex one cation 2+. The
signal of the water protons (5–6 H per 1c) is shifted downfield
(Dd = 1.9 ppm) and the multiplet of resorcinol OH groups is
centered at d 9.5 owing  to strong hydrogen-bonding. These
results suggest that hydrogen-bonded water molecules partici-
pate in the formation of the 2:1 capsule also in CDCl3.13 These
results are also in agreement with the fact that in dry CDCl3 the
systems 1b,c + n 2+X2 exhibit broad 1H NMR spectra, most
probably owing to the formation of ill defined hydrogen-bonded
aggregates. Detailed NMR investigations of these complex
systems in apolar solvents are currently in progress and will be
reported in due course.

In conclusion, the solid-state encapsulation of ammonium
cations by a water linked dimer of 1a is strongly dependent on

Fig. 1 Single-crystal X-ray structure of [(1a2·10H2O)-
@(2+·H2O)]Br2·4.8H2O. All hydrogen atoms are omitted for clarity.
Hydrogen bonds are indicated by dotted lines. The most populated
orientation of the disordered cation and water molecule is indicated. The
nitrogen atom of 2+ and oxygen atom of encapsulated water molecule are
shown with arbitrary radii. Distances between hydrogen-bonding oxygen
atoms are between 2.606(3) and 2.791(5) Å. Distances between the
hydrogen-bonded Br anion and water molecules are between 3.323(6) and
3.348(5) Å.
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the structure of the guest. For the previously studied complex
with Et4N+14 no anion is found while the negative charge was
distributed over all oxygen atoms of the capsule. The smaller
volume of Et3NH+ and the presence of the hydrogen bonding
N–H group seem to be crucial for the encapsulation of Et3N+–
H···OH2 in the cavity of the resorcarene dimer. The incomplete
saturation of the hydrogen-bonded array within the hydrogen
bonded shell determines the strong hydrogen-bonding inter-
action of the capsule with external bromide anions. This feature
is being currently explored for the rational design of externally
tuned supramolecular containers.

Notes and references
† X-Ray crystal structure analysis: Data were recorded with a Kappa CCD
difractometer using graphite monochromatised Mo-Ka radiation [l(Mo-
Ka) = 0.71073 Å]. The data was processed with Denzo-SMN v0.93.0 [Z.
Otwinowski and W. Minor, Processing of X-ray Diffraction Data Collected
in Oscillation Mode, Methods in Enzymology, vol. 276: Macromolecular
Crystallography, Part A, ed. C. W. Carter, Jr. and R. M. Sweet, Academic
Press, New York, 1997, pp. 307–326]. The structures were solved by direct
methods (SHELXS-97: G. M. Sheldrick, Acta Crystallogr., Sect. A, 1990,
46, 467) and refinements, based on F2, were made by full-matrix least-
squares techniques (SHELXL-97, G. M. Sheldrick, A program for crystal
structure refinement, 1997, University of Göttingen, Germany). The
hydrogen atoms were placed in calculated idealized positions with isotropic
temperature factors (1.2 times the C temperature factor) and refined as
riding atoms. The hydrogen atoms of water molecules and disordered cation

were not located. The atoms of the cation in the less populated orientation
as well as two strongly disordered water molecules were treated iso-
tropically.

Crystal data: [(1a2·10H2O)@(2+·H2O)]Br2·4.8H2O: crystal size 0.4 3
0.3 3 0.25 mm, tetragonal, space group I41/a , a = 20.2620(5), c =
43.1040(7), V = 17696.3(7) Å3, Z = 8, Dc = 1.214 g cm23, m = 0.542
mm21, 2qmax = 49.44 ° , F(000) = 6824, R1 = 0.0539, wR2 = 0.15875 [for
5042 reflections with I > 2s(I)], Rint = 0.0525, R1 = 0.0792, wR2 =
0.1800 (for all 7537 reflections), 590 parameters, S = 1.106.

CCDC 182/1639. See http://www.rsc.org/suppdata/cc/b0/b002144j/ for
crystallographic files in .cif format.
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Fig. 2 1H NMR spectrum of 2 1b + 2+Cl2 {[1b ] = 3 3 1022 M, 500 MHz,
303 K, CDCl3}. The signals of the complexed cation are: a, NH; b, CH2; c,
CH3.

1108 Chem. Commun., 2000, 1107–1108



A versatile approach to the total synthesis of the pseudomonic acids

Catherine Mckay,a Thomas J. Simpson,a Christine L. Willis,*a Andrew K. Forrestb and Peter J. O’Hanlonb

a School of Chemistry, University of Bristol, Cantock’s Close, Bristol, UK BS8 1TS.
E-mail: chris.willis@bristol.ac.uk

b SmithKline Beecham Pharmaceuticals, New Frontiers Science Park, Third Avenue, Harlow, UK CM19 5AW

Received (in Liverpool, UK) 17th April 2000, Accepted 12th May 2000
Published on the Web 8th June 2000

The total synthesis of pseudomonic acid C is described using
an approach which gives access to analogues and putative
biosynthetic precursors; the key step is installation of the C7
side-chain via alkylation of a trisubstituted d-lactone with
complete stereocontrol and in 85% yield under conditions
which avoid the possible competing elimination of a
protected hydroxy group b to the carbonyl.

Pseudomonic acid C is one of a family of C-glycopyranosides
produced by Pseudomonas fluorescens.1 These compounds are
potent inhibitors of Gram positive bacterial and mycoplasmal
pathogens2 and pseudomonic acid A (with a 10,11-epoxide) is
used clinically for the treatment of bacterial skin infections.
More recently new pseudomonic acid derivatives such as
thiomarinol have been isolated from marine organisms.3

Despite their biological importance, the biosynthesis of these
polyketide derived secondary metabolites4 has not been estab-
lished. Results of feeding studies with oxygen-18 precursors
indicate that the oxygens attached to C-1, C-5, C-7 and C-13 are
all derived from acetate whereas the oxygen at C-6 must
originate from either the atmosphere or water.5 These results are
in accord with the proposal that the tetrahydropyran ring is
formed either via an intramolecular conjugate addition of 5-OH
to an enone or via an intramolecular SN2 type attack of the 5-OH
onto an activated 16-hydroxy group. However, the mechanism
of cyclisation has not been established and its timing relative to
other steps such as hydroxylation at C-6 or esterification at C-1
is not known. Therefore our goal was to develop a new and
flexible approach to the synthesis of pseudomonic acid which
would give access to acyclic compounds to examine these
processes as well as to analogues for biological assessment.
Previous routes have involved either elaboration of carbohy-
drates or the modification of dihydropyrans.6 These approaches
do not give access to the required putative biosynthetic
intermediates and hence a new strategy was required.

The key features of this strategy (Scheme 1) are: (i) the
enantioselective synthesis of a suitably protected functionalised
d-lactone II from the bicyclic lactone I; (ii) preparation of the
C7 side-chain III with a good leaving group to act as the
electrophile for reaction with the enolate of II; (iii) installation
of the C7 side-chain with complete stereocontrol under

conditions which avoid the possible competing elimination of a
protected hydroxy group b to the carbonyl in II to give IV; (iv)
reduction of the lactone IV to a tetrahydropyran followed by
further manipulation of the side chain to methyl ketone V and
chain extension with a known phosphonate7 to the target
compound. Lactone IV would be the precursor of the acyclic
compounds required to examine the ring closure reactions.

The first step was introduction of a cis-vicinal diol which was
achieved via treatment of cis-bicyclo[3.2.0]hept-7-en-2-one 1
with catalytic osmium tetroxide giving a 9+1 mixture of
exo+endo vicinal diols.8 (2)-(1S,5R)-Bicyclic ketone 1 required
as the starting material was prepared with 95% ee via resolution
of the bisulfite adduct.9 The syn diols could be protected as
either the acetonide or benzyl ethers but, for ease of manipula-
tion at later stages of the synthesis, the tert-butyldimethylsilyl
(TBS) ether 2 was preferred (Scheme 2) Baeyer–Villiger
oxidation proceeded as expected10 with complete regiocontrol
giving the required lactone 3 in 68% yield over the three steps
from 1.

Elaboration of bicyclic lactone 3 to the required d-lactone 7
was accomplished by a straightforward sequence involving
initial reduction of 3 with LiAlH4 to diol 4. Selective protection
of the primary alcohol of 4 as either the benzoate, trityl ether or
TBDPS ether proceeded in excellent yields ( > 90%), but the
best protecting group for later stages of the synthesis proved to
be the TBS ether. Oxidation of alcohol 5 with TPAP11 followed
by treatment of the resultant cyclopentanone 6 with MCPBA
gave d-lactone 7 possessing the stereogenic centres which
would become C-5, C-6 and C-7 of pseudomonic acid.

The key stage of the total synthesis was the alkylation to
introduce selectively the C7 side chain of pseudomonic acid.
Examples of alkylation of d-lactones have been reported,12 and
Seebach et al.13 showed that stereocontrol of the methylation of
a d-lactone possessing a free hydroxy group b to the carbonyl
could be achieved using chelation control with the alkoxide.
However, we found no literature precedents for alkylation of a
d-lactone possessing a b-silyl ether and it was anticipated that
b-elimination to give the a,b-unsaturated lactone may be a
competing process.

Allylic bromides have been used as electrophiles in the
alkylation of simple d-lactones in natural product synthesis14

Scheme 1

Scheme 2 Reagents and conditions: i, OsO4, NMO (N-methylmorpholine
N-oxide), Me2CO; ii, TBSOTf, CH2Cl2, pyridine; iii, m-CPBA, NaHCO3,
CH2Cl2; iv, LiAlH4, THF; v, TBSCl, imidazole, CH2Cl2; vi, TPAP
(tetrapropylammonium perruthenate), NMO, CH2Cl2.
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and so we carried out model studies using allyl bromide.
Treatment of trisubstituted d-lactone 8 with LDA followed by
addition of allyl bromide gave, at best, 20% yield of the
alkylated product 9 (Scheme 3). HMPA has been used to
improve yields in the alkylation of d-valerolactone,15 but on
addition of HMPA to our reaction, b-elimination occurred
giving the a,b-unsaturated lactone 10 as the major product.
However, when the reaction was repeated with the more
reactive allyl iodide as the electrophile, 9 was obtained in 84%
yield. From NMR studies it was evident that a single product
had been isolated and the X-ray crystal structure confirmed that
the allyl group in 9 was indeed on the opposite face to the
protected vicinal diol as required for the synthesis of pseudo-
monic acid.

The next stage was the preparation of the C7 side chain III
with iodide as the leaving group. The enantioselective synthesis
of the analogous alcohol 15 (92% de) has been described by
Keck and Tafesh.16 We adopted a similar approach to 15
(Scheme 4) but used the known alcohol 1117 to establish the two
asymmetric centres. Protection as the TBS ether 12 and
reductive cleavage of the auxiliary using DIBAL-H at 278 °C
gave aldehyde 13 in 93% yield over the two steps. Chain
extension of 13 to 14 followed by reduction with DIBAL-H
gave the required allylic alcohol 15 ( > 99% de). Reaction of 15
with DIPHOS and I2 at 0 °C18 gave allylic iodide 16 in
quantitative yield. The key alkylation of the lithium enolate of
d-lactone 7 with allylic iodide 16 in the presence of HMPA led
to the required tetrasubstituted d-lactone 17 in 85% yield after
purification (Scheme 5).

Having created all the necessary asymmetric centres around
the central d-lactone core, the next goal was reduction to the
analogous tetrahydropyran using a modification of the proce-
dure described by Kraus et al.19 Treatment of lactone 17 with

DIBAL-H in CH2Cl2 at 278 °C gave lactol 18 which could be
reduced directly to the tetrahydropyran with triethylsilane in the
presence of BF3·Et2O. However, an improved yield was
obtained by acetylation to 19 prior to the triethylsilane
reduction. The reaction conditions led to the concommitant
selective removal of the TBS ether to unmask the primary
alcohol 20 required for the next stage of the synthesis. Oxidation
of 20 with PDC to the corresponding aldehyde, introduction of
C-17 using MeMgBr and a second oxidation with TPAP then
gave methyl ketone 21 in 74% yield from 20.

The final carbon–carbon bond forming reaction was the
Horner–Emmons coupling of ketone 21 with phosphonate 22
(prepared in 75% yield by the DCC/DMAP mediated coupling
methyl 9-hydroxynonanoic acid with diethyl phosphonoacetic
acid) giving the E-unsaturated ester 23. Deprotection of the TBS
ethers with TBAF gave methyl pseudomonate C 24, with
spectroscopic data in accord with those previously reported7,20

and with [a]D +10.0 (c 0.15, CHCl3). Interestingly our literature
search revealed no [a]D value for methyl pseudomonate C
derived from natural sources and only that for material prepared
by total synthesis.20 Hence a sample of pseudomonic acid C
isolated from Ps. fluorescens was methylated giving ester 24
with [a]D +10.7 (c 0.3, CHCl3), in good agreement with the
value obtained for our synthetic sample. The methyl ester may
be hydrolysed20 to pseudomonic acid C.

We are grateful to the EPSRC and SB for funding (to C. M.),
Dr T. M. Peakman for NOE studies and to Ms K. M. Anderson
and Professor A. G. Orpen for X-ray studies.
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Scheme 3

Scheme 4 Reagents and conditions: i, TBSOTf, pyridine, CH2Cl2; ii,
DIBAL-H, CH2Cl2, 278 °C; iii, (EtO)2POCHCO2Et, BuLi, THF; iv,
DIPHOS (1,2-bis(diphenylphosphino)ethane), I2, 0 °C.

Scheme 5 Reagents and conditions: i, LDA, HMPA, 278 to 5 °C; ii,
DIBAL-H, CH2Cl2, 278 °C; iii, Ac2O, pyridine; iv, Et3SiH, BF3·Et2O,
CH2Cl2, 278 °C; v, PDC, CH2Cl2 then MeMgBr, Et2O, 25 °C then TPAP,
NMO, CH2Cl2; vi, 22, KHMDS, THF; viii, TBAF, THF.
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Newly prepared octakis{4-[N-(4A-heptyloxyphenyl)imino-
methyl]phenoxy}cyclotetraphosphazene, consisting of a cy-
clotetraphosphazene ring backbone and Schiff base side-
chain groups has been found to generate an enantiotropic
smectic A phase; this is a first example of a mesomorphic
cyclotetraphosphazene.

Cyclotetraphosphazenes are cyclic compounds of general
formula (PNX2)4, in which tetracoordinated phosphorus atoms
alternate regularly with the nitrogen atoms (Fig. 1). Several
cyclotetraphosphazenes have been synthesized by introducing
functional side chains into them.1,2 Although some examples of
mesomorphic transitions in cyclotriphosphazenes have been
described3–7 no liquid crystalline phases of cyclotetraphospha-
zenes have been observed.5,7 In particular, in a previous paper,
we reported our studies on phase transitions of cyclotetra-
phosphazenes and cyclotriphosphazenes with the same 4-octy-
loxybiphenyl mesogenic side groups.5 We found no liquid
crystalline phase for octakis[4-(4A-octyloxy)biphenoxy]-
cyclotetraphosphazene 1 but an enantiotropic smectic C phase
was observed for hexakis[4-(4A-octyloxy)biphenoxy]cyclotri-
phosphazene 2. These results were interpreted in terms of the X-
ray single crystal structure analyses of octakis(4-biphenoxy)-
cyclotetraphosphazene (OBCP) and hexakis-
(4-biphenoxy)cyclotriphosphazene (HBCP), which have shown
the side chains lining-up randomly in the former but in a
relatively regular fashion for the latter.8 A similar situation
might be assumed for compounds 1 and 2. In tetramer 1, the
eight side chains are directed essentially randomly so prevent-
ing the formation of a mesomorphic layer structure. However,
in trimer 2, each of the three side chains of the cyclo-
triphosphazene molecules point almost perpendicularly up-
wards and downwards from the cyclotriphosphazene ring plane,
which aids in the formation of a mesomorphic layer structure.
The molecular structure of compound 2 assuming an all trans
conformation for the octyloxy side chains based on the crystal
structure of HBOP.4 The architecture of the mesomorphic phase
is reminiscent of arrangements of the mesomorphic phase in a
cyclotetrasiloxane,9 a dendric octasilsesquioxane,10 and a
fullerene derivative.11

Schiff bases have a strong tendency to produce mesomophic
phases.6,12,13 Therefore, for attempted generation of liquid
crystalline behavior, we synthesized octakis{4-[N-(4A-heptylox-
yphenyl)iminomethyl]phenoxy}cyclotetraphosphazene 3 (Fig.
1), with side chains containing Schiff bases with long alkoxy
tails, laterally linked to the cyclotetraphosphazene ring. We
studied its phase transitions and mesogenicity using polarizing
microscopy and DSC measurements, and the obtained results
were compared with those for the cyclotriphosphazene, hex-
akis{4-[N-(4A-heptyloxyphenyl)iminomethyl]phenoxy}cyclo-
triphosphazene 4 with similar mesogenic side groups (Fig. 1).
This paper presents the first evidence for the formation of a
mesophase in cyclotetraphosphazenes.

Compound 1 was synthesized as follows. 4-Heptyloxy-
acetanilide 5 was prepared from 4-hydroxyacetanilide (25 g,
0.16 mol), bromoheptane (28.5 g, 0.16 mol) and KOH (11 g,
0.17 mol) in ethanol (200 ml) under reflux for 6 h. 4-Heptyloxy-
aniline 6 was synthesized from 5 (20 g, 83 mmol) and KOH (15
g, 0.23 mol) in ethanol (200 ml) under reflux for 24 h.
Hexakis(4-formylphenoxy)cyclotetraphosphazene 7 was pre-
pared from hexachlorocyclotetraphosphazene (5.0 g, 10.6
mmol) (Nihon Soda Co., Ltd.) and the sodium salt of
4-hydroxybenzaldehyde in THF (125 ml) under reflux for 3 h.
The sodium salt was prepared from 4-hydroxybenzaldehyde
(17.5 g, 0.143 mol) and NaH (5.73 g, 0.143 mol) in THF under
reflux for 2 h. Finally, compound 3 was prepared by the reaction
of 6 (2.7 g, 13 mmol) and 7 (1.0 g, 0.87 mmol) in benzene (50
ml) under reflux for 6 h. Water produced in the solution was
removed by molecular sieves in a Dean–Stark tube. The
obtained crude products were separated by filtration and
recrystallized three times from benzene and once from THF–
cyclohexane (1+1) after being separated by filtration. Com-
pound 3 was characterized by 1H and 31P NMR, IR spectros-
copy and elemental analysis.14 Phase transitions were studied
using Seiko DSC 210 and SSC 5500 systems from room
temperature to above the melting point at heating/cooling rates
of 5 K min21. The textures of the mesophase were observed
using a polarizing microscope (Nikon, Optiphot-pol XTP-11)
with a temperature controlled hot stage (Mettler, FP-80) at
heating/cooling rates of 5 K min21.

The DSC thermograms of octakis{4-[N-(4A-heptyloxy-
phenyl)iminomethyl]phenoxy}cyclotetraphosphazene 3 for the
first cooling (1c) and second heating (2h) processes are shown
in Fig. 2. For the first cooling process, two exothermic peaks
were observed at 429 and 422 K. According to polarizing
microscopy, upon cooling from an isotropic liquid, batonnets
were observed at 429 K which grew into a fan texture at ca.
428.8 K, suggesting the presence of a smectic A phase.15 In the
first heating process, two endothermic peaks were observed at
428 and 430 K. According to polarizing microscopy, melting of
compound 3 was observed at 428 K and between 428 and 430
K a fan texture similar to that in the first cooling process was
seen, which establishes the existence of the smectic A phase.
The view become black at 430 K, which corresponds to the
SmA–I phase transition. This is the first case of a mesomorphic
phase in cyclotetraphosphazenes.

Fig. 1 Chemical formulae of octakis{4-[N-(4A-heptyloxyphenyl)imino-
methyl]phenoxy}cyclotetraphosphazene 3 and hexakis{4-[N-(4A-heptyl-
oxyphenyl)iminomethyl]phenoxy}cyclotriposphazene 4, octakis[4-(4A-
octyloxy)biphenoxy]cyclotetraphosphazene 1 and hexakis[4-(4A-
octyloxy)biphenoxy]cyclotriphosphazene 2.
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Table 1 shows a comparison of the phase transition
temperatures, phase transition enthalpies and entropies for the
pairs of tetramers (1, 3) and trimers (2, 4) bearing the same
mesogenic substituents: octyloxybiphenoxy (1, 2) and 4-{N-[4A-
heptyloxyphenyl]iminomethyl}phenoxy groups (3, 4). The
thermodynamic values were obtained from the second heating
process via DSC measurements. For the tetramers, the deriva-
tive 3 with substituents containing the Schiff base (compound 3)
has a narrow enantiotropic liquid crystalline phase with a
temperature range of only 2 K, while no mesomorphic phase
was observed for the derivative with octyloxybiphenoxy side
chains (compound 1).5 The trimer with the Schiff base
substituents (compound 4) shows the enantiotropic meso-
morphic phase transition sequence Cr–Sm1–SmC–SmA–I.6 It
displays a high SmA–I transition temperature (512 K) and wide
mesomorphic phase transition region (DT = 52 K). By contrast,
the trimer with octyloxybiphenoxy side chains (compound 2)
undergoes an enantiotropic mesomorphic phase transition, Cr–
SmC–I.3–5 The SmC phase was confirmed by X-ray photo-
graphy under a magnetic field.3 The SmC–I transition tem-
perature (457 K) is lower, and the mesomorphic phase transition
region (DT = 17 K) is narrower than those for the trimer with
the Schiff base substituents (compound 4). The compounds with
the Schiff base side chains appear to have a higher thermal
stability in the mesomorphic phase and higher mesomorphic
phase generation ability than those with 4-octyloxybiphenoxy
side chains. Two possible interpretations for the observed
differences may be considered. In the first, the molecular
structure of the tetramer with Schiff base side chains is assumed
to differ significantly from that of the tetramer with octyloxy-
biphenoxy side chains. The other possible interpretation is that
the intermolecular interactions might be much stronger for the
Schiff base derivative 3 than for the octyloxybiphenoxy
derivative 1 even if the molecular structures do not differ very
much from each other. Based on this assumption, the meso-
morphic ability of the compounds with Schiff base side chains
would be high. Assuming this, and that compound 3 retains this
molecular structure after melting, it would appear to be difficult

to form a mesomorphic phase because of the random orientation
of the side groups. Probably, the cyclotetraphosphazene rings
would soften and the Schiff base side chains can form a smectic
A layer structure. This behavior was observed in the SmA phase
of the cyclotriphosphazene with dodecylbiphenoxy side groups,
in which the local order parameter around the P atom obtained
by 31P NMR spectroscopy was ca. 0.44.4 This value is lower
than that in a typical sectic A phase and suggests the presence of
disorder in the cyclotriphosphazene. The difference in the
mesogenicity of tetramers and trimers is a result of their
differing molecular structure.

In conclusion, we have introduced mesogenic side groups
containing Schiff base functionalities onto the cyclotetra-
phosphazene ring and obtained the first N4P4 derivative capable
of generating a mesomorphic smectic A phase. The liquid
crystalline behavior results from assistance from the Schiff base
to the formation of a layer structure due to the favorable
intermolecular interactions of the laterally linked mesogenic
units, which may override the formation of random orientations
of the side chains typical in cyclotetraphosphazenes.

We are grateful to Nihon Soda Co., Ltd. for providing
octachlorocyclotetraphosphazene.

Notes and references
1 H. R. Allcock, Chem. Rev., 1972, 72, 319.
2 C. W. Allen, in The Chemistry of Inorganic Homo- and Heterocycles,

Academic Press, New York, 1987, ed. I. Haiduc and D. B. Sowerby, vol.
2, pp. 501.

3 A. M. Levelut and K. Moriya, Liq. Cryst., 1996, 20, 119.
4 K. Moriya, H. Mizusaki, M. Kato, T. Suzuki, S. Yano, M. Kajiwara and

K. Tashiro, Chem. Mater., 1997, 9, 255.
5 K. Moriya, T. Suzuki, H. Mizusaki, S. Yano and M. Kajiwara, Chem.

Lett., 1997, 1001.
6 K. Moriya, T. Masuda, T. Suzuki, S. Yano and M. Kajiwara, Mol. Cryst.

Liq. Cryst., 1998, 318, 267.
7 K. Moriya, T. Suzuki, Y. Kawanishi, T. Masuda, H. Mizusaki, S.

Nakagawa, H. Ikematsu, K. Mizuno, S. Yano and M. Kajiwara, Appl.
Organomet. Chem., 1998, 12, 771.

8 H. R. Allcock, D. C. Ngo, M. Parvez, R. R. Whittle and W. J. Birdsall,
J. Am. Chem. Soc., 1991, 113, 2628.

9 G. H. Mehl and J. W. Goody, Chem. Ber., 1996, 129, 521.
10 I. M. Saez and J. W. Goodby, Liq. Cryst., 1999, 26, 1101.
11 T. Chuard, R. Deschenaux, A. Hirsch and H. Schönberger, Chem.

Commun., 1999, 2103.
12 W. Spratte and G. M. Schneider, Mol. Cryst. Liq. Cryst., 1979, 51,

101.
13 A. Wregeleben, L. Richter, J. Deresch and D. Demus, Mol. Cryst. Liq.

Cryst., 1980, 59, 329.
14 Characterization data for compound 3: mp 425 K; IR (KBr) 2932, 2856,

1625, 1604, 1578, 1251, 1220, 1174, 1161, 985, 846 cm21; 1H NMR
(CDCl3) d 0.9 (t, J 7.0 Hz, 3H), 1.3–1.8 (m, 10H), 3.9 (t, J 6.6 Hz, 2H),
6.8 (d, J 9.0 Hz, 2H), 7.0 (d, J 9.0 Hz, 2H), 7.1 (d, J 9.0 Hz, 2H), 7.7 (d,
J 8.8 Hz, 2H), 8.4 (s, 1H); 31P NMR d 212.7 (s). Anal. Calc. for
C160H192O16N4P4: C, 72.16; H, 7.27; N, 6.31 Found: C, 71.94; H, 7.08;
N, 6.25%. 1H NMR (solvent CDCl3) and 31P NMR (solvent CDCl3)
spectra were recorded on a JEOL A-400 spectrometer using TMS as the
internal standard for the former and 85% H3PO4 as the external standard
for the latter.

15 D. Demus and D. Richter, in Textures of Liquid Crystals, Verlag
Chemie, Weinheim, 1978, p. 32.

Table 1 Phase transition temperatures (T/K) and (in parentheses) phase transition enthalpies (DH/kJ mol21) and entropies (DS/J K21 mol21) of compound
1–4

Compound Side chain Backbone Cr Sm1 SmC SmA I

1 C8H17OC6H4C6H4O P4N4 · 411(76,185) — — — ·
2 C8H17OC6H4C6H4O P3N3 · 440(79,180) — · 457(15,33) — ·
3 C7H15OC6H4NNCC6H4O P4N4 · 428(77,180) — — · 430(28,66) ·
4 C7H15OC6H4NNCC6H4O P3N3 · 460(74,161) · 482(1,3) · 499(0.5,1) · 512(18,35) ·

Fig. 2 DSC thermograms of octakis{4-[N-(4A-heptyloxyphenyl)iminome-
thyl]phenoxy}cyclotetraphosphazene 3 for the first cooling (1c) and second
heating (2h) processes.
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Natural abundance deuterium NMR spectroscopy in a chiral
polypeptide liquid crystal solvent (PBLG) is used to success-
fully discriminate between chiral alkanes.

The enantiomeric differentiation of saturated chiral hydro-
carbons is an interesting but difficult task using NMR
spectroscopy. Among this class of compounds, 3-methylhexane
1, -heptane 2 and -octane 3 are excellent illustrative exam-
ples.

Although the separation of 3-methylhexane by gas chroma-
tography using undiluted cyclodextrin derivatives as a chiral
stationary phase is noteworthy,1 to the best of our knowledge,
all isotropic NMR techniques have failed to discriminate
between such chiral alkanes, as no successful results have been
reported to date. This situation occurs mainly because these
compounds do not possess any functional groups, making the
derivatisation of the chiral molecule or the preparation in situ of
specific complexation agents impossible.2 Consequently, only
NMR analytical approaches in which shape recognition plays an
important role in the chiral discrimination mechanisms, com-
pared with the electrostatic interaction contributions, are likely
to produce successful results.

In this preliminary work, we demonstrate for the first time
that enantiomeric discrimination of chiral alkanes is possible
using natural abundance deuterium (NAD) NMR spectroscopy
in a chiral polypeptide liquid-crystalline solvent composed of
poly-g-benzyl-L-glutamate (PBLG) dissolved in chloro-
form.3,4

Four different reasons justify the use of this unusual NMR
tool. First, we have recently shown that the shape of solutes
plays a important role in the differential orientation effect
(DOE) of two enantiomers in the PBLG phase.5,6 Second, since
it may be expected that the difference in the interaction between
the R and S isomers and the polypeptide helices will generate a
rather small DOE, it is necessary to observe a very sensitive
order-dependent NMR interaction, such as the quadrupolar
interaction for deuterium (I = 1) nuclei.3 Indeed, when the
orientational difference between the R and S isomers is small,
the relatively large magnitude of the deuterium quadrupolar
coupling constant for a C–D bond (QCC ≈ 170 kHz)7 can give
a sufficiently large difference in their residual quadrupolar
splittings (DnR

Q 2 Dn
S
Q), enabling their observation. Third,

since the detection of rare spins such as deuterons in natural
abundance is not an insurmountable obstacle in terms of
sensitivity (i.e. detection using standard NMR equipment and
reasonable experimental time), the site-specific labelling of the
chiral molecules is not required, avoiding time-consuming
synthetic work.3 Finally, all possible deuterated sites of the
molecule can be simultaneously probed, thus increasing the
probability of observing a chiral differentiation.3

Proton-decoupled NAD NMR spectra in organic solutions of
PBLG consist of the superposition of independent quadrupolar

doublets, DnQi
, corresponding to all non-equivalent deuterons

in each of the two enantiomers.3,4 Thus, in the case of (±)-1,
(±)-2, and (±)-3, 20, 24 and 28 different chiral isotopomers exist
in the mixture respectively, and a maximum of 20, 24 and 28
doublets, respectively, are expected to be detected if all
deuterated sites show a chiral discrimination. Consequently,
even if dipolar couplings between two rare atoms cannot be
detected, the correlation between the two components for each
quadrupolar doublet is not always simple, mainly due to
overlapping of peaks, and requires the use of proton-decoupled
deuterium 2D-NMR experiments.4

Fig. 1 reports the NAD 2D Q-COSY spectrum† of (±)-1‡ in
the PBLG–CHCl3 phase recorded at 298 K over 16 h at 61.4
MHz.4 In this 2D spectrum, we can observe 12 different
quadrupolar doublets. This result clearly indicates that two
deuterons in the molecule are differentiated between, as only 10
doublets would be observed if no chiral separation occured. To
confirm this result, we have recorded the NAD 2D Q-COSY
spectrum of (±)-1 in a racemic mixture of PBLG and PBDG (the
enantiomer of PBLG) in CHCl3.6,8 In this mixture, the fast
exchange between chiral solutes and the vicinity of PBLG and
PBDG eliminates the chiral discrimination, hence only 10
quadrupolar doublets can be (and were) observed. The assign-
ment of each doublet is non-trivial because all deuterons in
methylene groups are diasteorotopic (non-equivalent),3,4 and
deuterium chemical shift dispersion in apolar alkanes is rather
small. However, we can indirectly identify them from analysis
of HMQC (1H–13C) and INADEQUATE (13C–13C) 2D spectra
of (±)-1 in an isotropic state, which enable a clear assignment of
13C and 1H signals. Assuming that deuteron chemical shifts in

Fig. 1 2D contour plot of a NAD Q-COSY experiment obtained for (±)-1
(a). The two columns extracted after tilting of the 2D spectrum show a chiral
discrimination of the deuterons denoted e(b) and f(c). The doublet due to
each enantiomer is arbitrarily labelled with (5) and (2). The chloroform
doublet is not shown in the spectrum.
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PBLG are similar to those of protons measured in neat CHCl3,
it becomes possible to unambiguously assign almost all
deuterium quadrupolar doublets. In addition, this assignment
can be confirmed by measuring the proton–carbon dipolar
couplings, DC-H, in the carbon-13 spectrum of (±)-1 in PBLG.9
Since the ratio IDnQC–D

/DC–HI can be quantified as 11.8 ± 0.2
(because SC–D = SC–H), we may a priori calculate the
magnitude of DnQC–D

of the deuterons for a given assigned
carbon and then compare with experimental values. Using this
procedure, we were able to confirm that the deuterons e and f are
discriminated between [Fig. 1(b) and (c)], while deuterons b, b’
and c show broad peaks, indicating an unresolved chiral
discrimination. In contrast, no chiral discrimination was
detected between the methyl signals (a, d, g).

Fig. 2 reports the NAD 1D-NMR spectra† of (±)-2‡ and
(±)-3‡ recorded at 298 K in the PBLG–CHCl3 phase. Notably,
we can unambiguously observe the doubling of numerous
peaks, indicating that enantiomers of (±)-2 and (±)-3 are
discriminated between in the PBLG–CHCl3 phase. Here again,
the assignment procedure previously described shows that the
largest chiral separations are measured for the diastereotopic
deuterons denoted b’ and g, and b,b’,h,h’ and g for (±)-2 and
(±)-3, respectively. As for (±)-1, none of the methyl groups is
discriminated between, but a small chiral separation has been
observed on the deuteron attached to the asymmetric carbon on
these compounds.

The successful enantiomeric differentiation of chiral flexible
alkanes using deuterium NMR spectroscopy in PBLG is

possible because the polypeptide helices are able to interact
enantioselectively with non-functionalized enantiomers and
because the sensitivity of the quadrupolar interaction to the
DOE is sufficiently large to reveal small orientational differ-
ences. This result establishes the significant role of shape
recognition in chiral discrimination mechanisms involved in the
PBLG phase. An evaluation of the potential of this approach on
a wide range of saturated and unsaturated chiral hydrocarbons is
currently underway and will be extensively discussed in a
subsequent publication.

We thank Professor Henri B. Kagan for stimulating discus-
sions and Dr Claude Brevard from Bruker SA, France for the
loan of a 5 mm selective 2H probe with 19F lock.
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Substantially reduced NOx emissions are obtained in the low
temperature catalytic combustion of NH3-bearing simulated
biogas by use of a novel 1%Pt/20%CuO/Al2O3-trapping
catalyst and cyclic operation between fuel lean and rich
conditions.

The exploitation of renewable energy sources to both limit CO2
emissions and extend fossil fuel reserves is a subject of
considerable interest with the former aspiration being embodied
in the landmark Kyoto agreement.1 This interest is exemplified
by the various attempts to harness biomass-derived fuels for
combined heat and power generation.2–7 However, during
gasification, biogenic nitrogen, fixed during plant growth, is
converted into significant quantities of NH3 (600–4000 ppm) in
addition to the main fuel components, CO (9.8–17.2%) and H2
(9.8–13.2%) as well as CH4, CO2, H2O and N2.2 The presence
of this NH3 is a particular obstacle to the exploitation of biogas
as a fuel since its combustion in a conventional burner results in
the formation of significant amounts of nitrogen oxides (NOx)
which are well-known atmospheric pollutants.8

Attempts to overcome this problem by catalytic combustion
of the NH3/fuel mix have met with limited success with N2
yields of < 70% being typical.3,4 In contrast, we have
demonstrated substantially improved performance using either
redox-acid catalysts, such as 12-tungstophosphoric acid which
yield ca. 85% N2,5 or by use of a catalyst which can couple NH3
oxidation and NOx reduction using the fuel components of the
biogas mixture6 giving close to 100% N2 selectivity. However,
in order to achieve these high conversions of NH3 to N2, both
catalysts must be operated at temperatures ! 600 °C. We have
now discovered for the first time a procedure for the selective
oxidation of NH3 to N2 in simulated biogas, which can operate
at temperatures as low as 200 °C.

The catalyst used was 1%Pt/20%CuO/Al2O3 (hereafter
referred to as PtCu) prepared by sequential incipient wetness
impregnation of Al2O3 (Criterion CK300, surface area 200 m2

g21). The dried Al2O3 (120 °C, 24 h) was first impregnated with
CuSO4·5H2O (ex Aldrich 98%) dried (24 h at room tem-
perature, 24 h at 120 °C), and calcined (500 °C, 24 h). The
process was repeated for the addition of 1% Pt (PtDNDAaq ex
Johnson Matthey, 2.28% Pt). The preparation of 1%Pt/Al2O3
was performed in an identical manner. Catalyst testing (60 mg)
was performed in a standard quartz flow microreactor described
previously7 at a gas flow rate of 300 cm3 min21, (GHSV of ca.
240 000 h21). NOx emissions and residual NH3 levels were
determined using an external NH3 oxidation reactor (with
independent oxygen supply) coupled to a NOx chemilumines-
cence detector (Signal series 4000 with data logging at 1 s
intervals using Signal SIGLOG). Switching between lean and
rich fuel conditions was achieved using a pressure-balanced
three-way valve immediately prior to the O2 mass flow
controller. This enabled the oxidant to be ‘switched’ from 20%
O2/He (lean conditions) to 1%O2/He (rich conditions).

Fig. 1 illustrates both the lean steady state and switching
activity of the PtCu for the oxidation of NH3 under compar-
atively mild conditions (1000 ppm NH3, 1.02% CO, 0.68% H2).
The steady-state N2 yield was ca. 94%, already a significant
improvement upon previous data3,4 and is ascribed to the

establishment of an internal selective catalytic reduction
(iSCR) mechanism5,7

However, unlike previous metal and metal oxide systems for
NH3 oxidation, the PtCu catalyst is unique and may be
considered to be a composite material with a strong synergy
between two very specific but different active sites. Pt provides
the first site whose function is the activation of NH3, which has
been shown to be the rate limiting step of the iSCR
reaction.7,9,10 The second site then resides on the Cu, which
adsorbs NH3 to produce an NHx(ads) species (as shown by NH3
TPD11) These NHx(ads) species then react with the NOx formed
on the Pt to give N2, consistent with the proposals of Janssen et
al.12

The synergistic effect is particularly apparent when compar-
ing the activity of the PtCu with both 10%Cu/Al2O3 and 1%Pt/
Al2O3. 10%Cu/Al2O3 was found to require temperatures of ca.
400 °C to produce high yields of N2 ( > 90%) while although
1%Pt/Al2O3 was active at lower temperatures it gave only a
very low selectivity (ca. 29% N2 at 200 °C).

The high N2 yields of the PtCu were further improved by
transient switching of the oxidant (15 s rich, 45 s lean). Indeed,
by switching it was possible to obtain peak N2 yields of 100%
before N2 production decreased over some 500 s to the values
obtained under steady state conditions. This reflects the
buffering of the system via the reservoir of NHx(ads) species on
the Cu. Under lean conditions these species are ‘titrated’ by in
situ NO but in the absence of sufficient O2 for full reaction the
Cu accumulates an NHx(ads) adsorbate layer, thus preventing
NH3 ‘slip’.

The importance of transient operation is seen even more
clearly when we compare the activities of 1%Pt/Al2O3 with the
PtCu catalyst in a more realistic feed stream containing high
levels of the fuel components (5.1% CO and 3.4% H2) (Fig. 2).
In this case under lean conditions NH3 conversion was again
100%, but in both cases NH3 was predominantly converted into
NO, reflecting an interception of any NO–NH3 reaction.
Moreover, as can be seen in Fig. 2 (filled diamonds) oxidant

Fig. 1 N2 production from the selective catalytic oxidation of NH3/CO/H2

over 1%Pt/20%CuO/Al2O3 at 200 °C (1000 ppm NH3, 1.02% CO, 0.68%
H2, with either 2.1% O2 (lean conditions) or 0.1% O2 (rich conditions),
balance He). Key: i, first 200 s of operation is under lean conditions; ii,
cyclic operation 15 s rich/45 s lean for 300 s; iii, final 500 s operation is
under lean conditions.
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cycling had a minimal effect on N2 yields for the 1%Pt/Al2O3
catalyst. In contrast, with the PtCu catalyst (filled circles), under
transient conditions there was a sudden and dramatic improve-
ment in catalyst selectivity, with > 98% N2 production being
recorded.

These observations are entirely consistent with the proposed
iSCR reaction, and may be rationalised as follows: in the case of
the PtCu sample only, on switching to rich operation, the CuO
was partially reduced by NH3 to produce a reservoir of
NHx(ads). Then, on switching to lean conditions, all the gas
phase NH3 was again fully oxidised to NO on the Pt, but the NO
formed is reduced to N2 by NHx(ads) on the Cu. However, this
reduction process is limited by the concentration of NHx(ads)
and once these species are consumed excess NO is observed, in
agreement with our experimental observations.

Further evidence of the trapping mechanism is found by
examination of the effect of switching time on activity. Fig. 3
illustrates the activity of PtCu, under dilute fuel conditions at
200 °C when the rich phase is extended to 120 s. Again the
initial increase in N2 is observed (cf. Fig. 1). However,
extending the period under rich conditions leads to a saturation
of the trap and the breakthrough of NH3/loss of N2, clearly
demonstrating the link between cyclic operation and high N2
yields.

In conclusion, we have developed a potential strategy for the
low-temperature removal of NH3 from biomass-derived gases
by the cyclic operation of a regenerable NH3 trap catalyst which
facilitates an iSCR-type reaction. Experiments have demon-
strated that the concept is viable and provides a further novel
method to overcome the environmental problems associated
with the direct combustion of biogas. The strategy may be
equally applicable to any comparable gasification gas derived
from coal, or other renewable source. The concept is a further
example of the advantages which may be gained by forcing
catalysts to work harder by periodic perturbation of the reaction
conditions.13–15
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5.1% CO, 3.4% H2, 9.3% O2 (lean conditions) or 0.5% O2 (rich conditions),
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Pt/Al2O3, (4) 1%Pt/20%CuO/Al2O3.

Fig. 3 N2 production from the selective catalytic oxidation of NH3/CO/H2

over 1%Pt/20%CuO/Al2O3 at 200 °C (1000 ppm NH3, 1.02% CO, 0.68%
H2, with either 2.1% O2 (lean conditions) or 0.1% O2 (rich conditions),
balance He). Key: i, first 180 s of operation is under lean conditions; ii, rich
operation for 120 s; iii, final 500 s operation is under lean conditions.
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The SO2Cl2 chlorination of 5,6-dihydro-1,3-dithiolo[4,5-b]-
[1,4]dithiine-2-one affords the corresponding mono- and
trans-di-chloro derivatives which eliminate HCl upon treat-
ment with KF/18-crown-6 or LiBr/HMPA, offering an easy
route to the unsaturated vinylenedithiotetrathiafulvalene
(VDT-TTF).

Halogen…halogen intermolecular interactions1 have been re-
cently used for the resolution of racemic bromoalkanes2 and for
the elaboration of novel organic conductors based on bromo- or
iodo-tetrathiafulvalenes.3,4 The strongly decreased donor abil-
ity of the analogous chlorinated TTFs prompted us to look for
novel derivatives where the halogen atoms are not conjugated
with the p-redox TTF core. Since the direct halogenation of the
ethylenedithio moieties of the oxidation-sensitive bis(ethylene-
dithio)tetrathiafulvalene (BEDT-TTF) is not possible, we
investigated the electrophilic halogenation of its precursor, i.e.
5,6-dihydro-1,3-dithiolo[4,5-b][1,4]dithiine-2-one5 1 and re-
port here on the synthesis and reactivity of the mono- and di-
chloro derivatives of 1.

The chlorination of 1 was efficiently performed with 1 equiv.
of SO2Cl2 in refluxing CCl4 to afford racemic (R,S)-2 in 91%
yield (Scheme 1).† With two equiv. of sulfuryl chloride, trans-
5,6-dihydro-5,6-dichloro-1,3-dithiolo[4,5-b][1,4]dithiine-2-
one 3 was obtained in 60% yield as a racemic mixture of (R,R)
and (S,S) enantiomers without any (R,S) isomer, as confirmed
by the presence of a single 1H NMR signal and the X-ray crystal
structure resolution of 3 (Fig. 1).‡ The molecule is located on an
mm2 site in which the two chlorine atoms adopt axial positions
while the carbon atoms are disordered, a consequence of the
(R,R) and (S,S) racemic mixture. This trans addition, also
observed in the dichlorination of 1,4-dithiane,6 derives from the
lowered nucleophilicity of the sulfur atom of 2, a to the CHCl
group (Scheme 2). The electrophilic reagent thus reacts on the

second sulfur atom and the migration of the Cl+ moiety occurs
on the less hindered side, followed by HCl elimination to afford
3. Note also that only traces of the trichloro derivative were
obtained with an excess of chlorinating agent, while prolonged
refluxing only led to product degradation.

In an attempt to obtain the corresponding mono- and di-
fluoro derivatives of 1 by substitution of the chlorine atoms, 2
and 3 were reacted with KF/18-crown-6 as described, for
example, in the reaction of PhSCH2Cl to give PhSCH2F.7 Under
those conditions however, we observed that HCl elimination
took place instead, affording in both cases the corresponding
vinylic derivatives 4 and 5 in 50 and 60% yield, respectively
(Scheme 1). This reaction thus provides easy access to the
vinylic dithiolone 4, otherwise prepared in low yield from the
dmit22 dianion.8,9 This is all the more appealing since 4 can be
used as a starting material for a number of attractive target
molecules, such as bisvinylenedithiotetrathiafulvalene (BVDT-
TTF),10 the unsymmetrically substituted vinylenedithiotetra-
thiafulvalene (VDT-TTF) as well as metal dithiolene complexes
which can now be prepared from 4.

A first illustration of this potential is given here by the chloro
diester derivative 7, obtained by P(OMe)3 cross-coupling of 2
with 6,11 which directly affords VDT-TTF in 60% yield upon
treatment with LiBr/HMPA in a one-pot reaction (Scheme 3) in
which the two ester groups are hydrolysed and decarboxylated

Scheme 1 Reagents and conditions: i, 1 equiv. SO2Cl2, CCl4, reflux, 24 h;
ii, 2 equiv. SO2Cl2, CCl4, reflux, 24 h; iii, 4 equiv. KF, 0.2 equiv. 18-crown-
6, MeCN, reflux, 18 h.

Fig. 1 Two views of the dichloro derivative 3, showing the statistical
distribution of the (R,R) (unbroken line bonds) and (S,S) (dashed line bonds)
enantiomers in the crystalline form.

Scheme 2 Postulated mechanism for the chlorination of 2.
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while HCl is simultaneously eliminated under these basic
conditions. Note that the reported synthesis of VDT-TTF
involved the coupling of 4 with 6 in 8% yield and further
decarboxylation in 18% yield.12 Recrystallization from toluene
afforded red crystals the X-ray crystal structure of which prove
them to be isostructural with the saturated EDT-TTF analogue
(Fig. 2).‡ Of particular note are the folding angles of the five-
and six-membered rings along the S…S axes, 16.9(2) and
22.9(2)° in the dithiole rings along S2…S3 and S1…S4,
respectively and 48.6(1)° along S5…S6 in the dithiine ring.13

The availability of VDT-TTF will allow thorough investiga-
tions of its radical cation salts with various counter anions as
well as reactivity studies, particularly in lithiation experiments
where both types of vinylic hydrogen atoms of VDT-TTF might
compete for metallation.

The efficient halogenation reactions described here, and the
reactivity of the chlorinated species will prompt us to in-
vestigate the preparation of the corresponding halogenated
tetrathiafulvalenes and their radical cation salts. Furthermore,
other chlorinating agents are also being investigated with 1 for
the synthesis of the tetrachloro derivative, while preliminary
results on its direct fluorination showed the Selectfluor® reagent
to be effective.

Notes and references
† Selected data for 2: white crystals; mp 84 °C (CCl4), dH(200 MHz,
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(dd, 3J 6.9; 3.3 Hz, 1H). dC(50 MHz, CDCl3): 188.7, 114.4, 114.1, 59.2,
39.7. nmax(KBr)/cm21: 1675 (CNO). MS (70 eV, EI): m/z (%) 244 (6), 243
(52), 242 (13, M•+), 241 (91), 213 (57), 88 (63), 76 (100) (Anal. Calc for
C5H3ClOS4 (242.795): C, 24.73; H, 1.25; Cl, 14.60. Found: C, 24.80; H,
1.11; Cl, 14.88%). For 3: light yellow platelets; mp 157 °C (CCl4), dH(200
MHz, CDCl3): 5.52 (s, 2H). dC(50 MHz, CDCl3): 187.1 (1C), 110.5 (2C),
62.1 (2C). nmax(KBr)/cm21: 1670 (CNO). MS (70 eV, EI): m/z (%) 278 (17),
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(1C), 123.9 (2C), 117.2 (2C). nmax(KBr)/cm21: 1665 (CNO). MS (70 eV,
EI): m/z (%) 206 (84, M•+), 178 (100), 88 (78), 76 (78) (Anal. calc. for
C5H2OS4 (206.334): C, 29.11; H, 0.98; S, 62.16. Found: C, 29.07; H, 0.92;
S, 60.30%). For 5: white crystals; mp 160 °C (CCl4), dH(200 MHz, CDCl3):
(s, 1H). dC(50 MHz, CDCl3): 191.2, 127.7, 120.1, 119.0, 118.4. nmax(KBr)/
cm21: 1663 (CNO). MS (70 eV, EI): m/z (%) 239 (96, M•+), 211 (88), 136
(100), 76 (57) (Anal. Calc for C5HClOS4 (239.860): C, 24.94; H, 0.42; Cl,
14.72; S, 53.27. Found: C, 25.07; H, 0.52; Cl, 14.84; S, 51.77%). For 7:
black needles; mp 128 °C (toluene–cyclohexane, 3+7), dH(200 MHz,
CDCl3): 3.30 (dd, 3J 13.4, 7.0 Hz, 1H), 3.50 (dd, 3J 13.4, 3.6 Hz, 1H), 3.83
(s, 6H), 5.72 (dd, 3J 3.6, 7.0 Hz, 1H). dC(50 MHz, CDCl3): 159.8 (2C),
131.9, 129.0, 116.0 (2C), 115.4 (2C), 59.1, 53.5 (2C), 39.5. nmax(KBr)/
cm21: 1720 (CNO). MS (70 eV, EI): m/z (%) 444 (28, M•+), 381 (63), 261
(100), 218 (38), 76 (29) (Anal. Calc. for C12H9ClO4S6 (445.046): C, 32.39;
H, 2.04; Cl, 7.97; O, 14.38; S, 43.23. Found: C, 32.88; H, 1.99; Cl, 8.00; O,
14.23; S, 42.04%). For VDT-TTF: red platelets; mp 185 °C (toluene),
dH(200 MHz, CDCl3): 6.34 (s, 2H), 6.54 (s, 2H). dC(50 MHz, CDCl3):
129.0, 128.3, 125.3, 124.7 (2C), 118.9 (2C). MS (70 eV, EI): m/z (%) 291
(59, M•+), 146 (100), 88 (38) (Anal. Calc. for C8H4S6 (291.864): C, 32.85;
H, 1.38; S, 65.77. Found: C, 33.05; H, 1.32; S, 65.73%).
‡ X-Ray data for 3 and VDT-TTF were collected on a Stoe Imaging Plate
Diffractometer (IPDS) with Mo-Ka radiation, l = 0.71073 Å at T = 293(2)
K. The structures were solved by direct methods and refined against F2

using the SHELXTL5.04 set of programs. Hydrogen atoms in VDT-TTF
were found in the Fourier difference map and refined isotropically.

Crystal data for 3: C5H2Cl2OS4, M = 277.240, orthorhombic, space
group Pmmn, a = 7.0595(21), b = 7.4252(20), c = 9.3827(22) Å, V =
491.8(4) Å3, Z = 2, Dc = 1.875 g cm23, m = 1.456 mm21, data collected
= 2833, unique data = 2091 (Rint = 0.0337) of which 323 with I > 2s(I),
R(F) = 0.0357, Rw(F2) = 0.0871.

For VDT-TTF: C8H4S6, M = 292.47, monoclinic, space group P21/n, a
= 6.4203(13), b = 14.905(3), c = 11.648(2) Å, V = 1112.4(4) Å3, Z = 4,
Dc = 1.746 g cm23, m = 1.182 mm21, data collected = 8649, unique data
= 2142 (Rint = 0.0515) of which 5988 with I > 2s(I), R(F) = 0.0268,
Rw(F2) = 0.0565.

CCDC 182/1640. See http://www.rsc.org/suppdata/cc/b0/b001996h/ for
crystallographic data in .cif format.
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Scheme 3 Reagents and conditions: i, P(OMe)3, reflux, 3 h; ii, 11 equiv.
LiBr, HMPA, 80 °C, 30 min, 150 °C, 60 min.

Fig. 2 The X-ray crystal structure of VDT-TTF. Left: projection view of
the unit cell along a. Right: ORTEP view and numbering scheme of the
VDT-TTF molecule (with 50% probability displacement ellipsoids) and
folding angles of the dithiole and dithiine rings.
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A model reaction is described for extradiol catechol cleavage
involving FeCl2 or FeCl3, 1,4,9-triazacyclononane (TACN),
pyridine and dioxygen which shows similar cofactor and
regio-selectivity to the extradiol catechol dioxygenases.

The oxidative cleavage of catechol and other dihydroxy
aromatics is a key step in the biodegradation by soil bacteria of
naturally occurring aromatic molecules and many aromatic
environmental pollutants.1

The catechol dioxygenases are a class of non-haem iron
enzymes that catalyse the oxidative cleavage of catechols.
These enzymes can be divided into two subclasses (Scheme 1):
the intradiol dioxygenases, which utilise a non-haem iron(III)
cofactor, catalyse the cleavage of the carbon–carbon bond
between the two catechol oxygens; and the extradiol dioxyge-
nases, which utilise a non-haem iron(II) cofactor, catalyse the
cleavage of the carbon–carbon bond adjacent to the catechol
oxygens.2

The intradiol cleaving enzymes require non-haem Fe3+ to
effect oxygen activation, which is ligated by two His and two
Tyr moieties.3 The extradiol cleaving enzymes require non-
haem Fe2+ as an active site cofactor,2,4 ligated by two His and
one Glu ligands. Many attempts to model the catechol
dioxygenases have been reported, but most catalysts give
intradiol cleavage products.5 However, there are three reported
examples of extradiol cleavage by synthetic iron complexes.
Funabiki et al.6 found that FeCl2 or FeCl3 in THF–H2O cleaves
3,5-di-tert-butylcatechol to substituted 2-pyrones, which were
believed to derive from decarboxylation of the extradiol-
cleavage intermediate a-keto lactone. Dei et al. found that the
complex [FeIII(TACN)Cl(dbc)] afforded 2-pyrone upon expo-
sure to O2 in 35% yield.7 Ito and Que used the same complex to
give an almost quantitative yield of 2-pyrone using a modified
procedure.8 However, none gave the authentic extradiol reac-
tion product. Here, we report the first observation of extradiol
ring fission product 2-hydroxymuconic aldehyde by an iron-
dependent model reaction shown in Scheme 2. An investigation
of the catalytic properties of FeCl2 and FeCl3 in the presence of
a series of macrocyclic ligands, namely 1,4,7-triazacyclononane
([9]aneN3, TACN), 1-oxo-4,7,10-triazacyclododecane
([12]aneN3O), 1-oxo-4,7-diazacyclononane ([9]aneN2O),
1,5,9-triazacyclododecane ([12]aneN3), for extradiol catechol
cleavage was carried out in methanol by UV–VIS spectroscopy
(0.1 mM of catechol in methanol). Reaction of FeCl2 or FeCl3
in the presence of 1.0 equiv. TACN gave a new product
absorbing at 315 nm. Upon addition of NaOH, the absorption
maximum shifted immediately to 405 nm (Fig. 1), then over a

period of 2 h to 378 nm, the characteristic lmax for the extradiol
ring fission product. The free acid form 3 of ring fission product
2 is reported to show an absorption maximum shift from 322 nm
(pH 3) to 378 nm (pH 8) on passing from the enol to the enolate
form.9 The UV–VIS data suggested that the initial product was
the methyl ester enol 2, which was converted into the
corresponding enolate, then hydrolysed to give the disodium
salt of acid 3. Reaction of FeCl2 or FeCl3 in the presence of each
of the other macrocyclic ligands gave no absorbance above 300
nm, indicating no extradiol cleavage.

To confirm the identity of the reaction product, a large scale
model reaction of catechol with O2 in the presence of FeCl2 or
FeCl3, pyridine and TACN with a ratio of 1+1+3+1 (cat+Fe+py-
+TACN) was carried out in methanol by bubbling dioxygen gas
into the solution for 3 h (for FeCl2) or 5 h (for FeCl3).† The 1H
NMR spectrum of the reaction product displayed signals

Scheme 1

Scheme 2

Fig. 1 UV–VIS spectra of (A) mixture of 0.1 mM catechol, 0.1 mM TACN,
0.3 mM pyridine, 0.1 mM FeCl2 in methanol(recorded immediately after
mixing), (B) the product 2 formed after 1 h, (C) methyl ester enolate upon
adding NaOH (0.3 mM, final conc.) to B(recorded immediately after adding
NaOH), (D) hydrolysis product 3 (recorded 2 h after addition of NaOH).
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corresponding to 2-hydroxymuconic semialdehyde methyl ester
2 as the major product, by comparison with NMR data for an
enzymatic extradiol cleavage product,11 and muconic acid
monomethyl ester 4 as the minor product confirmed by
comparison with authentic NMR spectral data (Scheme 2).12

This is the first reported reaction to give 2-hydroxymuconic
semialdehyde as the major product from a biomimetic model
reaction of extradiol dioxygenase. Its derivative 3,5-dibutyl-
2-hydroxymuconic semialdehyde has been detected as a minor
product previously from a reaction of 3,5-di-tert-butylcatechol,
identified by Funabiki.6 The extradiol cleavage product has also
been generated using KO2/DMSO.10

No ring fission was observed when either TACN, pyridine or
Fe(II)/Fe(III) was omitted, indicating that all these reagents are
essential for this reaction. The reaction was found to proceed
using DBU in place of pyridine at a lower rate, but not using
2,6-lutidine or 4-dimethylaminopyridine. The absorption max-
imum at 315 nm was still observed using ethanol instead of
methanol, but was not observed when the reaction was
attempted in aqueous buffer. No activity was observed using
CuCl2, CoCl2 or MnCl2. Similarly, no activity was observed
using FeSO4 or Fe(NH4)2(SO4)2.

Interestingly, the reaction in the presence of FeCl2 gave
extradiol product 2 (50% yield by NMR spectroscopy using
DMF as internal standard) and intradiol product 4 (7.5%) in a
ratio of 6.7+1, while the reaction in the presence of FeCl3 gave
the products in a ratio of 2+1. Monitoring of A315 (correspond-
ing to extradiol cleavage product only) revealed the reaction is
twice as fast in the presence of 0.1 mM FeCl2 (kobs = 0.035 DA
min21) than 0.1 mM FeCl3 (kobs = 0.018 DA min21) (Fig. 2).
These observations imply that there is some intrinsically higher
activity and specificity of Fe2+ for extradiol cleavage, which
gives some insight into the fact that Fe2+ is the cofactor for the
extradiol dioxygenase family.2

Furthermore, the treatment of 3-methylcatechol under the
same conditions gave ketone 5 and aldehyde 6 in a ratio of 7+1
(only a trace amount of intradiol cleavage product) by NMR,
which demonstrates that the model reaction also shows
regioselectivity for the site of C–C cleavage. It is of interest that
the model reaction shows the same selectivity as is found for
extradiol dioxygenases which cleave 3-substituted catechols,2
for example, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase
(MhpB) from Escherichia coli, which cleaves in the same way
to give a ketone ring fission product whose 1H NMR spectrum
is almost identical to 5.11

These observations raise the question of what the active iron-
containing species during the reaction are. TACN has pre-
viously been shown to form a mononuclear, octahedral iron(III)
complex with 3,5-di-tert-butylcatechol.7 Monitoring of the

FeCl3-containing reaction at 0.4 mM TACN concentration by
UV–VIS spectroscopy reveals the immediate formation of a
complex (lmax 456, 712 nm), which decays as product is
formed, and whose UV–VIS spectrum matches that of the
complex formed anaerobically between FeCl3, TACN and
catechol, indicating that an Fe(III)–TACN-catechol complex is
formed. Monitoring of the FeCl2-containing reaction at 0.4 mM
TACN concentration by UV–VIS spectroscopy reveals im-
mediate product formation at 315 nm, but only gradual
formation of the Fe(III)–TACN-catechol complex, indicating
that some oxidation of iron(II) is taking place during the
reaction, but that a separate iron(II) complex is responsible for
the majority of extradiol product formation. The formation of
distinct iron(II) and iron(III) complexes, whose structures remain
to be determined, would account for the different product
distributions formed by FeCl2 cf. FeCl3.

In conclusion, this model reaction shows several features
which closely mimic the extradiol dioxygenases. The extradiol
ring fission product 2 is obtained as the major product; the
reaction shows an inherent preference in extradiol selectivity for
Fe2+ over Fe3+, shows a similar regioselectivity to the extradiol
dioxygenases, and demonstrates a selectivity for the TACN
ligand which parallels the facial tridentate coordination found in
the extradiol dioxygenase active site. It will be of interest to
study the scope and the mechanism of this model reaction, and
compare its properties with the enzyme-catalysed reaction.

This work was supported by a grant (B10351) from
BBSRC.
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High temperature calcination of boria-supported zirconia
leads to highly selective and regenerable B2O3/ZrO2 catalysts
for the synthesis of e-caprolactam by Beckmann rearrange-
ment of cyclohexanone oxime.

The Beckmann rearrangement of cyclohexanone oxime is an
important industrial reaction for the production of e-capro-
lactam. The conventional technology makes use of fuming
sulfuric acid as the catalyst in the liquid phase.1 This technique
is not environmentally friendly and is considered to be one of
the most inefficient chemical processes, since it produces 2–5
equivalents of valueless by-product (ammonium sulfate) for
every unit of the desired lactam product. It has long been hoped
that this process could be replaced with one based on a solid
acid catalyst.2 However, the development of such a specific
solid catalyst has proven to be a big challenge in heterogeneous
catalysis. Borias supported on oxide supports are reported to be
efficient catalysts for the Beckmann reaction.3–7 The main
obstacle to the practical use of these catalysts comes from the
rapid deactivation and poor regeneration properties of these
catalysts.8,9 Since supported boria was believed to be volatile
above 400 °C, the preparation of supported boria catalysts in the
literature was deliberately developed in order to avoid using
high calcination temperatures to activate the impregnated boria
catalysts. Thus, calcination at 350 °C has become a ‘standard’
activation procedure for preparing supported boria catalysts.3–7

Following the ‘standard’ preparation, we reported recently that
boria supported on zirconia, B2O3/ZrO2, was highly active and
selective for lactam synthesis; the average lactam yield during a
6 h reaction over properly prepared B2O3/ZrO2 catalyst was
greater than 90%.10,11 ‘Pure’ zirconia containing no boria
showed very poor selectivity for the lactam synthesis.11 Here,
we show that activation of boria-loaded zirconia with high
temperature (600–700 °C) calcinations produces highly se-
lective (96–98%) catalysts for the Beckmann reaction. Al-
though the loading of boria affects the catalyst activity and
selectivity, deactivated catalysts can be regenerated, regardless
of the boria loading, to their initial activity and selectivity by
calcination at 600 °C.

Samples of B2O3/ZrO2 were prepared by impregnation of the
zirconia support with an aqueous solution of boric acid.10,11 The
boria loading in the catalyst was determined by ICP-MS
analysis, and is expressed as a weight percentage of the catalyst
sample. Zirconyl hydroxide, which was obtained by hydrolysis
of ZrOCl2·8H2O with an aqueous solution of ammonia (25–28
wt% NH3), was used as the precursor for the support. Before
introduction of the boria, this support precursor was precalcined
in air at various temperatures. After the support had been loaded
with boria, the catalyst sample was activated by a further
calcination at elevated temperatures in air. Both the calcination
of the support and of the catalyst was carried out for 10 h. The
Beckmann rearrangement reaction was performed on a down-
flow fixed bed reactor at 300 °C with 10wt% cyclohexanone
oxime in benzene (solvent), and with N2 as the carrier gas. The
weight hourly space velocity (WHSV) of the oxime reactant
was 0.32 h21. Experimental details for the catalyst preparation

and the gas-phase Beckmann reaction have been described
elsewhere.10,11 Regeneration of the deactivated catalyst was
performed by calcination in air at 600 °C for 8 h.

The precalcination temperature (PCT) of the support pre-
cursor [ZrO(OH)2·xH2O] before loading with boria, the loading
of boria, and the catalyst activation (calcination) temperature
(CAT) after the loading are important parameters for catalyst
preparation.12,13 When the CAT is fixed for the preparation, the
catalyst activity and selectivity at a fixed loading of boria can be
significantly modified by changing the PCT. When the
temperature for the catalyst activation is kept at or below 500 °C
(CAT @ 500 °C), support precalcination at 300 °C (i.e. PCT =
300 °C) leads to the highest oxime conversion activities among
10% B2O3/ZrO2 samples with various PCT histories.13 Cata-
lysts with PCT !300 °C also effectively reduce the formation of
undesirable by-products when compared with samples prepared
using lower PCTs.13 In this work, the PCT is fixed at 300 °C for
the catalyst samples to examine the effect of varying the CAT
on the Beckmann reaction. A catalyst loaded with 9.5% B2O3
has been used for this prupose. This loading of boria is close to
the optimum load with the ‘standard’ preparation (CAT = 350
°C) on a zirconia support precalcined at 500 °C (PCT = 500
°C).11 Table 1 shows that oxime conversion and the selectivity
and yield of the lactam are little affected over the entire period
on an 8 h reaction time on stream (TOS) when the CAT is
increased from the ‘standard’ activation temperature (350 °C) to
500 °C over this 9.5% B2O3/ZrO2 catalyst. However, a further
increase in the CAT to 600 °C results in dramatically improved
selectivity and yield of the desired lactam; the selectivity
increases from 70–80% to values greater than 95%, and the
average lactam yield increases from ca. 70% to 92%. The last
group of data at the bottom of the Table 1 gives the results of the
reaction over a ‘pure’ zirconia support that was activated at 600
°C. Except at the very beginning of the reaction, the desired
lactam product is basically not produced. This observation
agrees with our conclusions from earlier work that the active
catalytic sites for the Beckmann reaction are connected with
boria in the sample.13 ICP-MS analysis showed that the B2O3
loading in the three samples with CAT = 350, 500 and 600 °C
are in the range 9.0–9.7%, which indicates that no significant
loss of boron occurs during catalyst activation (calcination) with
CAT > 400 °C. It is, therefore, clear that high temperature
activation (calcination) is essential for the preparation of highly
efficient B2O3/ZrO2 catalysts. The ability of B2O3 to withstand
the high temperature calcinations suggests a strong interaction
between B2O3 and the support surface.

With CAT = 600 °C for the catalyst preparation, samples of
B2O3/ZrO2 catalysts were prepared with various loadings of
boria. Fig. 1 presents the time course of the oxime conversion
over two B2O3/ZrO2 samples with 5 and 13.5% B2O3 by weight,
respectively. While the oxime conversion decreases more or
less with reaction time, no significant change ( < 2%) in the
lactam selectivity is observed over both catalysts; the lactam
selectivity is 81–83% with the 5% B2O3/ZrO2 sample and
96–97% with the 13.5% B2O3/ZrO2 sample (not shown in the
figure). Experiments were undertaken in order to ascertain the
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reusability of the deactivated catalyst when regenerated by
calcination in air at 600 °C for 8 h. Quantitative measurement of
boron in the samples revealed that the difference in boria
loading between the fresh and corresponding regenerated
samples is less than 6% of the loading in the fresh sample.

It is evident from Fig. 1 that these two catalysts do not lose
any activity for the Beckmann reaction, even after two repeated
deactivation–regeneration cycles. Also, no meaningful change
in the lactam selectivity was detected over these two catalysts in
the deactivation–regeneration cycles. Very similar behavior
was also observed with samples containing higher boria
loadings, e.g. 20% B2O3. These observations may be very
important, since complete restoration of catalyst activity and
selectivity could prove attractive for industrial application. The
effect of boria loading on the catalytic performance of ‘fresh’
B2O3/ZrO2 catalysts has been a focus of discussion in other
publications.11,13

For the 10% B2O3/ZrO2 catalysts prepared with CAT =
600 °C, it has been shown that the precalcination temperature
(PCT = 110–500 °C) of the support precursor has little effect
on the catalytic efficiency for the lactam synthesis.13 Attempts
were therefore made to impregnate boric acid directly onto
zirconyl hydroxide that had been dried at 110 °C, but with an
even higher temperature (700 °C) used for the catalyst
activation. This preparation produced even more efficient B2O3/
ZrO2 catalysts (boria loading 8–15%) that are able to yield 98%
e-caprolactam for longer than 10 h TOS, which further
demonstrates that high temperature catalyst activation/calcina-
tion is beneficial for the production of highly efficient and
regenerable solid acid catalysts based on supported boria. This
conclusion could be important for the development of a
practical boria catalyst for industrial application. Additionally,
the discovery that zirconia-supported boria catalysts are able to
withstand high temperature (600–700 °C) calcination seems of
interest for fundamental research. Further study is required to
understand the chemistry of the interaction between boria and
the surface of the zirconia support.

Financial support of this work is provided by the Foundation
for Fundamental Research of Tsinghua University and NSFC
(grant no. 2890018).

Notes and references
1 J. E. Kent and S.  Riegel, Handbook of Industrial Chemicals, 8th edn.,

van Nostrand, New York, 1983, p. 402.
2 K. Tanabe, Appl. Catal., 1994, 113, 147.
3 BASF, Ger. Pat., 1,227,028, 1967.
4 W. F. Yates, R. O. Downs and J. C. Burleson, US Pat., 3,639,391,

1972.
5 H. Sato, K. Urabe and Y. Izumi, J. Catal., 1986, 102, 99.
6 H. Sato, S. Hasebe, H. Sakurai, K. Urabe and Y. Izumi, Appl. Catal.,

1987, 29, 107.
7 T. Curtin, J. B. McMonagle and B. K. Hodnett, Appl. Catal., A, 1992,

93, 91.
8 T. Curtin, J. B. McMonagle and B. K. Hodnett, J. Catal., 1993, 142,

172.
9 T. Ushikubo and K. Wada, J. Catal., 1994, 148, 138.

10 S. B. Cheng, B. Q. Xu, D. Q. Wang, F. Wang, T. X. Cai and X. S. Wang,
Chin. J. Catal. (Cuihua Xuebao), 1996, 17, 282.

11 B. Q. Xu, S. B. Cheng, S. Jiang and Q. M. Zhu, Appl. Catal., A, 1999,
188, 361.

12 S. B. Cheng, B. Q. Xu, T. X. Cai and X. S. Wang, Chin. J. Catal.
(Cuihua Xuebao), 1996, 17, 330; S. B. Cheng, B. Q. Xu, T. X. Cai and
X. S. Wang, 1996, 17, 404.

13 B. Q. Xu, S. B. Cheng, X. Zhang and Q. M. Zhu, Catal. Today, in
press.

Table 1 Effect of catalyst activation/calcination temperature (CAT) on the Beckmann rearrangement of cyclohexanone oximea

TOS/h

Sample 1 2 3 4 5 6 7 8 Average

CAT = 350 °C
Oxime conv. (%) 98.2 100 100 100 100 98.9 85.3 88.0 96.3
Lactam selec. (%) 76.5 73.6 70.9 74.5 75.7 74.4 81.6 80.0 76.5
Lactam yield (%) 75.1 73.6 70.9 74.5 75.7 73.6 69.6 70.4 73.7
CAT = 500 °C
Oxime conv. (%) 100 100 100 100 100 97.4 89.6 80.9 96.0
Lactam selec. (%) 71.4 68.7 69.0 69.0 69.4 69.3 74.7 79.3 71.4
Lactam yield (%) 71.4 68.7 69.0 69.0 69.4 67.5 66.9 64.2 68.5
CAT = 600 °C
Oxime conv. (%) 100 100 100 100 100 96.1 89.9 81.8 96.0
Lactam selec. (%) 96.7 96.1 96.3 96.2 96.0 95.8 95.7 95.0 96.0
Lactam yield (%) 96.7 96.1 96.3 96.2 96.0 92.1 86.0 77.7 92.1
ZrO2-600b

Oxime conv. (%) 73.5 — 16.9 — 0.2 — 0.1 0 18.2
Lactam selec. (%) 4.2 — 0 — 0 — 0 0 0.9
Lactam yield (%) 3.1 — 0 — 0 — 0 0 0.6

a Catalyst: 9.5% B2O3/ZrO2; reaction temperature: 300 °C; WHSV: 0.32 h21; solvent/carrier: benzene/N2. b Zirconia support calcined at 600 °C.

Fig. 1 Time course of cyclohexanone oxime conversion over fresh and
regenerated 5% B2O3/ZrO2 (A) and 13.5% B2O3/ZrO2 (B) catalysts.
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Isocyanides undergo [3 + 1] cycloadditions to ReS4
2 to give

dithiocarboimidate derivatives, Re(S)(S4)(S2CNR)2 and
Re2S5(S2CNR)2

22, which undergo S-atom transfer and, in
the case of the monometallic species, N-alkylation.

Cycloadditions to oxo- and thio-metallates represent an im-
portant class of reactions related to atom transfer catalysis, e.g.
by OsO4.1 In these transformations, the substrate adds wholly or
in part to the main group atom, the metal playing a secondary
role. Such cycloadditions to metal sulfides are relevant to
catalyst–substrate interactions in hydrodesulfurization (HDS)
catalysis.2 Virtually all metal-based cycloadditions proceed via
2 + 2 or, more commonly, 3 + 2 pathways,3,4 3 + 1 pathways
have not been observed.

Metal sulfides have been shown to catalyze the conversion of
CO into thioesters and other biologically significant functional-
ities, although the mechanisms of such reactions are unclear.5,6

The pathways for such reactions might be elucidated through
studies on the interactions of isoelectronic analogues of CO
with soluble metal sulfides under well defined conditions. Of all
the soluble metal sulfides,7 ReS4

2 1 exhibits the greatest

reactivity toward alkenes and alkynes.8–11 Compound 1 was
therefore selected for an investigation of the reactions of metal
sulfides with isocyanides, which are isoelectronic with CO.

With rigorous exclusion of light and adventitious oxidants,
solutions of 1, as its NEt4+ or PPh4

+ salts, are unreactive towards
MeNC. The reaction of MeNC and 1, however, proceeds briskly
when in the presence of elemental sulfur. Addition of 1–2
equivalents of elemental sulfur to solutions of (PPh4)1 and
MeNC afforded brown microcrystalline 2 whose (2)ESI-MS
spectrum shows molecular ions at m/z 372 (z = 22) and 743 (z
= 12) corresponding to Re2S9(CNMe)2

22 (isolated yield:
35%).† The IR spectrum of 2 exhibits peaks at 1586 and 526
cm21 for nCNN and nReNS, respectively. The 1H NMR spectrum
in CD3CN shows a PPh4

+/Me ratio of 1; a pair of equally intense
Me signals (d 3.25 and 3.274) is attributed to the unsymmetrical
environment of the square-pyramidal Re centers such that the
Me can be trans to persulfide or sulfide (Scheme 1). In part due
to its low solubility, (PPh4)2 2 was not obtained as X-ray quality
crystals.

The addition of further equivalents of S8 to MeCN slurries of
2 gave (PPh4)[Re(S)(S4)(S2CNMe)] 3a over the course of
several hours at room temperature. In this reaction, the two
isomers of 2 are consumed at comparable, but not identical
rates. The new species can be more easily prepared by treatment
of 1 with MeNC in the presence of an excess of sulfur, the yields
being ca. 60%. The poorly soluble side products in this reaction
absorb at ca. 1580 cm21 (nCNN); (2)ESI-MS of these solids
revealed ions corresponding to [ReS4]m[MeNC]n

m2 (where m
and n = 1 and 2). The structure of 3a was established by single
crystal X-ray diffraction (Fig. 1).‡ The rhenium atom is square
pyramidal; the square base is defined by the tetrasulfido bridge

and the dithiocarboimidate (MeNCS2
22) ligands, a terminal

sulfur atom occupying the apical position. The rhenium atom
lies 0.4570 Å out of the plane formed by the basal sulfur ligands.
The CNN distance is 1.24 Å, which is consistent with a double
bond, and resembling previously described dithiocarbodimidate
complexes.12,13

Analogues of 3 were prepared using tert-butyl isocyanide
(ButNC) and cyclohexyl isocyanide (CyNC) to give the
corresponding derivatives 3b and 3c, respectively.§ No RNC
exchange was observed when solutions of 3a were treated with
an excess of ButNC or solutions of 3b were exposed to MeNC.
Warm solutions of 3a react with 1 and 1 equiv. of MeNC to give
2, indicating that intermetallic S-atom transfer is facile.

Methylation of 3a with MeOTf gave the dithiocarbamate
Re(S)(S4)(S2CNMe2) 4, confirming the relationship between
dithiocarboimidate and the more familiar dithiocarbamate
ligands. Dithiocarbamate complexes are usually prepared from
preformed dithiocarbamates or thiuram disulfides,14 not by N-
alkylation routes.

The mechanism by which 2 and 3 arise involves generation of
a reactive derivative by the addition of sulfur atoms to 1
followed by trapping with RNC. We have previously shown that
such solutions bind nitriles (via a 3 + 2 cycloaddition process9).
Further work is underway to identify this reactive intermediate.

Scheme 1 Reagents and conditions: i, S8, MeNC (25 °C); ii, excess S8; iii,
1, MeNC; iv, MeOTf.

Fig. 1 Structure of 3a with thermal ellipsoids drawn at the 50% probability
level. Selected distances (Å) and angles (°): Re–S(1) 2.088(1), Re–S(2)
2.257(1), Re–S(5) 2.291(1), Re–S(6) 2.355(1), Re–S(7) 2.344(1), C(1)–
S(7) 1.776(7), C(1)–S(6) 1.802(7), C(1)–N 1.248(8), N–C(2) 1.467(10);
S(6)–C(1)–N 131.2(6), S(7)–C(1)–N 125.0(6), C(1)–N–C(2) 118.2(7),
S(2)–Re–S(5) 92.41(7), S(6)–Re–S(7) 73.66(6).
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The important conclusion is that isocyanides add across the
SNMNS functionality7 via an unprecedented 3 + 1 cycloaddition
process. Isocyanides have been shown to add to m-S ligands in
binuclear molybdenum compounds.15

This research was sponsored by the U.S. National Science
Foundation.

Notes and references
† Satisfactory CHN analyses were obtained for 2, 3a–c, and 4.
‡ Crystallographic data for 3a: C26H23NPReS7, M 791.12, T 193(2) K,
monoclinic space group P21/c a = 11.0148(7), b = 19.6065(13), c =
13.6281(9) Å, b = 98.89°, V = 2907.8(3) Å3, Z = 4, m = 4.755 mm21,
18817 reflections (Rint = 0.1019), 6944 independent reflections, for
observed data R1 = 0.0427, wR2 = 0.0898, for all data R1 = 0.0947, wR2

= 0.1043. 
CCDC 182/1636. See http://www.rsc.org/suppdata/cc/b0/b000932f/ for

crystallographic files in .cif format.
§ 3b: 1H NMR (CD3CN, 500 MHz): d 1.43 (s). (2)ESI-MS: m/z 494. 3c: 1H
NMR (CD3CN, 500 MHz): d 1.3–1.9(m). (2)ESI-MS: m/z 520.
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A newly-synthesized 4A-[bis(diphenylphosphino)methane]–
2,2A+6A,2B-terpyridine-based (dppm–terpy) ligand forms
complexes by selective complexation of the terpy or diphos
segment, respectively, with Fe(II) or Pd(II) salts; in the latter
case, an X-ray structural analysis reveals the formation of a
neutral square-planar complex assembled from the deproto-
nated ligands.

The 2,2A+6A,2B-terpyridine (terpy) molecule is widely used in
transition metal chemistry as a meridionally coordinating and
tridentate chelating ligand. Multiple applications have been
found in the areas of analysis and the design of molecular
electronic devices.1 Phosphine-functionalized terpy entities,
such as terpyPPh2

2 and terpyPO3H2,3 readily complex many
different transition metals and bind strongly to certain semi-
conductors. We have shown recently that terpyCH2P(O)Ph2 can
be deprotonated under mild conditions to produce a useful
synthon for the preparation of carotenoid-based photoactive
molecular-scale wires.4 In light of the rich coordination
chemistry of bis(diphenylphosphino)methane (dppm), a species
well known in organometallic chemistry as a monodentate,
bidentate or bridging ligand,5 it was anticipated that the hitherto
unreported terpy analogue (dppm–terpy) might be a valuable
building block for the construction of multimetallic networks.
Interest in such polynuclear assemblies is stimulated by the
study of intramolecular electron or energy transfer processes6 as
well as by the coupling of luminophoric metal centers to
photoactive catalytic sites.

We present here, the synthesis and coordination behaviour of
a hybrid diphos/terpy ligand where the complexation behaviour
is governed by the choice of the metal precursor. Ligand L is
prepared in a stepwise fashion from the deprotonated mono-
phosphine-terpy ligand 1, followed by nucleophilic substitution
with PPh2Cl as illustrated in Scheme 1. The dppm–terpy ligand
L is characterized by a 31P NMR signal at d 23.7 (singlet),
compared to intermediate 1 which gives a singlet at d28.5. The

corresponding phosphine oxide L(O)2, obtained under phase
transfer conditions with NaIO4 as oxidant, shows a 31P NMR
signal at d 29.5, with the CH proton appearing as a triplet at d
= 5.00, JHP 14.4 Hz. A strong IR absorption band is found at
1210 cm21 (nP=O).

The ambivalent reactivity of dppm–terpy is demonstrated by
virtue of its interaction with Fe and Pd precursors. Thus,
reaction of L with Fe(ClO4)2

.6H2O gives a deep-violet complex
whose structure is assigned as C1.† Both the intense MLCT
absorption band centred at 562 nm (e = 20450 dm3 mol21

cm21) and the slightly shifted singlet observed (d 3.2 in CDCl3)
in the 31P NMR spectrum are indicative of complexation at the
terpy segment. Note that the related Fe(II) complex formed from
L(O)2 gives a singlet at d 30.0 (CD3CN). In contrast, ligand L
reacts with [Pd(acac)2] (acac = acetylacetonate) to form a
sparingly soluble, deep-yellow compound (lmax = 407 nm, e =
43450 dm3 mol21 cm21) that lacks the signal characteristic of
the CH fragment in the proton NMR spectrum but displays a 31P
NMR signal at d 229.9 (singlet in CD2Cl2). The presence of
uncomplexed terpy fragments within this latter complex,
labelled as C2 in Scheme 2, was confirmed by an X-ray
diffraction study (vide infra). The dppm–terpy ligands are
deprotonated during the process so that the overall product is a
neutral palladium(II) complex. It is likely that the acac anion
operates as a buffer to deprotonate the ligand.7

Scheme 1 Reagents and conditions: i, BunLi, Pri
2NH, THF, 278 °C; ii,

Ph2PCl, THF.

Scheme 2 Reagents and conditions: i, Fe(ClO4)2
.6H2O, methanol–

dichloromethane; ii, [Pd(acac)2], THF; iii, [Ru(terpy)(dmso)Cl2], methanol,
AgBF4, 80 °C; all reactions were carried out using argon degassed
solutions.
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The single-crystal X-ray analysis‡ (Fig. 1) indicates that the
palladium atom is in a square-planar environment with the four
P atoms coordinated to the metal centre and with two
uncoordinated terpyridines. The crystals consist of discrete
neutral centrosymmetric molecules, the Pd atom being located
on an inversion centre. As expected, all six N-atoms are in a
transoidal arrangment that minimizes electronic interactions.8
An angle of 16.0(0)° between the planes defined by the two
pyridine rings containing N(5A) and N(15A) and a dihedral
angle of 16.8(0)° between the planes of the external rings
containing N(15A) and N(9A) illustrate twisting about the
interannular C–C bonds, as well as the slight distortion within
the terpy subunit. Owing to the anionic nature of the coordinated
diphos–terpy ligands the C–P bond distances (ca. 1.76 Å) are
shorter than in related Pd(II)-phosphine complexes.9 The bite
angle P(1)–Pd–P(2) of 70.91(5)° and the twist of the phenyl
rings around the P atom versus the plane defined by the square
containing the palladium (71–75°) are in good agreement with
values expected for a regular square-planar coordination
polyhedron.

This mononuclear Pd(II) complex is of interest as a potential
metallo-synthon for the construction of more elaborate molec-
ular architectures in which the electronic interaction between
both sites could, in principle, be tuned by the oxidation state of
the central metal. In order to demonstrate this principle, we
chose to complex the free terpy moieties with [Ru(terpy)(dm-
so)Cl2]10 under mild conditions. The heterotrinuclear complex
C3 has a characteristic MLCT absoption band at 482 nm (e =
43000 dm3 mol21 cm21), and exhibits a singlet in the 31P NMR
spectra at d210.6 (CD3CN). The MALDI-TOF mass spectra is
in keeping with the proposed structure.†

The redox behaviour of these complexes was studied by
cyclic voltammetry in MeCN (for C1 and C3) or dichloro-
methane (for C2) containing NBun

4PF6 (0.1 mol dm23) as
supporting electrolyte. The Pd(II) complex C2 exhibits two
irreversible oxidation waves at Epa(1) = 0.69 and Epa(2) = 1.04
V vs. SCE using ferrocene as internal reference (Fc/Fc+ = 0.41
V). No peaks are seen upon reductive scans, at least above 22.0
V vs. SCE. The oxidative processes can be ascribed to the
successive oxidation of the anionic terpy–diphos ligands.
Within the mixed Ru/Pd complex C3, ligand-based oxidation
steps are found at Epa(1) = 0.87 and Epa(2) = 1.06 V vs SCE.
This complex also exhibits a single metal-based oxidation at

1.34 V vs. SCE (DEp = 80 mV) and two irreversible terpy-
based reductions at Epc(1) = 21.28 V and Epa(2) = 21.49 V.
It is surmised that the unusual irreversibility of the ligand
reduction is due to the strong electron density provided by the
anionic Ph2PC̄PPh2 fragment appended to the terpy units. As
expected, complex C1 exhibits three well-defined and reversible
redox processes; namely, a single oxidation at 1.26 V (DEp =
70 mV) and two ligand-centered reductions at 21.20 V (DEp =
74 mV) and 21.39 V vs. SCE (DEp = 66 mV). The easier Fe(II)
oxidation vs. Ru(II) in C3 is in keeping with related un-
substituted terpy complexes.11

Preliminary steady-state emission studies show that complex
C2, in the solid state (0.5% dispersed in MgSO4), exhibits an
intense but structureless emission band at 590 nm when excited
at 400 nm. This emission is not observed in deoxygenated
acetonitrile solution. Additional photophysical measurements
will be carried out in order to explore the photoreactivity of
C3.

In summary, we describe a simple strategy for the synthesis
of hybrid ligands carrying hard and soft complexation centres.
The diphos or the terpy part of the ligand can be complexed with
good selectivity, using either Pd(II) or Fe(II), respectively.
Further complexation of the free terpy centers with redox-active
Ru(II) fragments facilitates preparation of linear heterotrinu-
clear complexes in a controlled manner. On-going experiments
will study the chemistry of these novel multitopic systems.

Notes and references
† Synthetic details will be reported elsewhere. All new compounds gave
satisfactory elemental analyses and were authenticated by 1H and 13C NMR,
FTIR and MS. All 31P NMR chemical shift are referenced using H3PO4

(85% in water) as internal standard. Selected data: for C1; FAB m/z (m-
NBA) 1386.0 [M 2 ClO4]+. Found: C, 64.49, H, 4.13, N, 5.41.
C80H62N6O8P4Cl2Fe requires C, 64.66; H, 4.21; N, 5.66%. For C2; FAB+

(m-NBA): m/z 1335.0 [M+H]+. Found: C, 71.85, H, 4.47, N, 6.17.
C80H60N6P4Pd requires C, 71.94; H, 4.53; N, 6.29%. For C3; MALDI-TOF
m/z 2439.4 [M 2 PF6]+, 2294.9 [M 2 2PF6]. Found: C, 51.57, H, 3.48, N,
7.53. C110H82N12P8PdRu2F24.2C2H3N requires C, 51.35; H, 3.33; N,
7.35%.
‡ Crystal data for C2: C80H60N6P4Pd, M = 1335.62, monoclinic, space
group P21/n, yellow crystals, a = 11.477(4), b = 25.327(9), c = 11.595(5)
Å, b = 98.54(4)°, V = 3333(2) Å3, Z = 2, T = 293 K, Dc = 1.331 g cm23,
m = 0.425 mm21, F(000) = 1376. The final conventional R1 factor is
0.0705 for 4185 data and 398 parameters, and 0.11 for all data, wR2 =
0.1423 (all data), goodness of fit = 1.068; largest peak and hole in the final
difference map were within +0.59 and 20.45 e Å3. CCDC 182/1638. See
http//www.rsc.org/suppdata/cc/b0/b002586k for crystallographic files in
.cif format.
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Fig. 1 ORTEP drawing of complex C2 (Displacement ellipsoids are shown
at the 50% probability level); Hydrogen atoms have been omitted for clarity.
Selected bond lengths (Å) and angles (°): Pd–P(1) 2.317(2), Pd–P(2)
2.315(2), P(1)–C(terpy) 1.756(4), P(1)–C(phenyl) 1.826(5), P(1)–C(phe-
nyl) 1.822(5), P(2)–C(terpy) 1.764(4), P(2)–C(phenyl) 1.818(4), P(2)–
C(phenyl) 1.823(5), P(2)*–Pd–P(2) 180.0, P(2)–Pd–P(1)* 109.09(5), P(2)–
Pd–P(1) 70.91(5), P(1)–C(terpy)–P(2) 99.5(2).
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A protein-based and noncovalently-linked donor–sensitizer–
acceptor triad has been prepared by self-assembly via
mechanical linkages and hydrophobic interactions, and its
photoinduced electron transfer properties have been stud-
ied.

Multi-step electron transfer (ET) in protein matrices is the key
process of biological energy transduction in photosynthetic and
mitochondrial respiratory systems.1,2 A number of efforts have
shown that model proteins suitably modified with an electron
donor or acceptor are valuable for understanding such compli-
cated ET mechanisms.3 Most of the models reported so far,
however, are simple donor–acceptor diads because of serious
limitations for modifying native protein matrices. We recently
reported a donor–sensitizer–acceptor triad attached to protein
matrices using cofactor reconstitution methods.4 Here, we
describe a novel strategy for the construction of a triad by self-
assembly. The protein-based triad, which consists of cyclodex-
trin(CD)–appended Zn–myoglobin (Zn-Mb-CD), an adaman-
tane-modified Ru(bpy)3 and a bis(viologen)cyclophane
(BXV4+), is noncovalently connected by elaborately employing
mechanical linkages5 and hydrophobic interactions.

The b-CD-modified protoporphyrins IX (1a and 1b) were
synthesized according to Scheme 1. Protoporphyrin IX (PP)
mono-ethylester was condensed with 6-monoamino-peracety-
lated-b-CD in the presence of BOP to yield a CD-appended
heme 2. Subsequent metal insertion into the heme center
followed by hydrolysis of the ester groups gave the target
compound 1. Tris-heteroleptic Ru(bpy)3 derivatives (3, 4) used

herein were synthesized according to the synthetic route
reported previously by us.4,5 All of the compounds were
characterized by FT-IR, NMR, MALDI-TOF mass spectrome-
try, and elemental analysis.

Reconstitution of 1a and 1b with apo-Mb were carried out
according to the literature reported by us.4 The yield of Zn-Mb-

CD and Fe(III)-Mb (Fe-Mb-CD) were 36% and 40%, re-
spectively. The absorption and/or fluorescence spectra of Zn-
Mb-CD and Fe-Mb-CD are very similar to those of their
corresponding native forms, Zn-Mb and Fe-Mb.6 Spectroscopic
titration experiments clearly show that 1 equiv. of 1 is
quantitatively complexed with apo-Mb (data not shown). In Fe-
Mb-CD, the spectroscopic changes due to the ligand exchange
and redox and oxygen-binding reactions were almost identical
to native Mb.6 These results undoubtedly imply that the heme
unit of 1 is located in the natural heme crevice of Mb.

Binding of Ru(bpy)3 derivatives bearing adamantane units to
the CD-appended Mb’s was monitored by emission quenching
of Ru(bpy)3 of 3 by Fe-Mb-CD. The emission lifetime of 3 was
determined to be ca. 500 ns in the absence of Fe-Mb-CD. By
addition of Fe-Mb-CD (10 mM) to a solution of 3 (1+1 ratio), we
observed a faster decay (64%, the lifetime of 100 ns) of the
emission at 600 nm, as well as the normal lifetime of 500 ns
(36%). The shorter lifetime is attributable to the fraction of 3
bound to Fe-Mb-CD.7 Based on these fractions, the binding
constant of the adamantane unit of 3 with the CD unit of Fe-Mb-
CD was estimated to be ca. 5 3 105 M21, suggesting that the

† Visiting professor at the Institute of Molecular Science, Myodaiji,
Okazaki, 444-8585, Japan.

Scheme 1 Reagents and conditions: a, 6-monoamino-peracetylated-b-
CD, BOP (1 equiv.), DIEA (1 equiv.), dry DMF, N2, r.t., 9 h, 35%; b,
Zn(OAc)2 (10 equiv.), CHCl3–MeOH (1+1, v+v), r.t., 5 h, 95%; c, FeCl2
(12 equiv.), dry DMF, N2, 65 °C, 5 h, 48%; d, 1 N NaOH (42 equiv.),
MeOH–THF (1+1, v+v), r.t., 17 h, 89% (1a) and 76% (1b).
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Ru(bpy)3 derivatives 3 and 4 can form tight complexes with Zn-
Mb-CD or Fe-Mb-CD.

Next, a donor–sensitizer–acceptor triad system was prepared
by spontaneous assembly of Zn-Mb-CD with the Ru(bpy)3-
based diad 4. Fig. 1a shows the transient absorption spectrum
obtained by photoexcitation of an aqueous solution containing
Zn-Mb-CD (10 mM)/4 (20 mM) at 460 nm (MLCT band of
Ru(bpy)3; —5—) and 596 nm (Q-band of ZnPP; ········).
Photolysis at 460 nm led to the immediate appearance of
absorption bands due to the viologen radical and the ZnPP
radical at 610 nm and 670 nm, respectively, in addition to the
ZnPP triplet absorption at 470 nm.4,5,8 In contrast, the viologen
and ZnPP radicals are not photo-produced in a mixture of native
Zn-Mb and 4 (i.e. without CD; ––––) under the same conditions.
This is direct evidence for the formation of a pseudo
intramolecular Zn-Mb-CD/4 complex, in which a charge-
separated (CS) state between ZnPP and cyclic viologen is
generated by photolysis of the MLCT band of Ru(bpy)3
(460 nm). Interestingly, the CS state was not observed by
photoexcitation of Zn-Mb-CD/4 at 596 nm excitation, indicat-
ing that a direct electron transfer from the excited ZnPP to cyclic
viologen does not occur. Moreover, both the excited singlet and
triplet states of the ZnPP unit of Zn-Mb-CD were not
considerably quenched by 4. This implies that an energy
transfer from excited ZnPP to Ru(bpy)3 does not take place in
the Zn-Mb-CD/4 complex. Conceivably, the CS is photo-
generated by a stepwise electron transfer as shown in Fig. 2.
Initial electron transfer occurs from the photo-excited
RuII(bpy)3 to the cyclic viologen,5 followed by reduction of the
produced RuIII(bpy)3 by ZnPP to yield the final CS state.4 It is
noteworthy that both ET steps occur in noncovalently linked
donor–acceptor pairs.

The kinetic behavior of the CS state of Zn-Mb-CD/4 was
monitored at 670 nm. As shown in Fig. 1b, the absorbance at
670 nm appears within 50 ns, indicating that steps 2 and 3 of
Fig. 2 proceed faster than 50 ns. Unfortunately, the precise rate
constants for steps 2 and 3 have not been determined due to
instrumental limitations. The lifetime of the CS state was
determined to be ca. 640 ns from the decay process shown in
Fig. 1b.9 The quantum yield of the CS state was estimated to be

0.03 by using 5,10,15,20-tetraphenylporphyrin as a refer-
ence.10

In conclusion, we have successfully prepared a noncovalently
linked donor–sensitizer–acceptor triad on a myoglobin surface
using a rational combination of mechanical bonding and
hydrophobic interactions. The present approach may extend to
the utilization of various kinds of donors and/or acceptors in
semisynthetic systems, by which one can obtain valuable
insight into ET events occurring in a protein matrix.

H. Takashima is a fellow of the Japan Society for the
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Y.-Z. Hu is a JSPS postdoctoral fellow. This research was
partially supported by a specially promoted area (Biotargeting,
No. 11132261) and a COE formation program (Molecular
Assembly) from the Ministry of Education, Science, Sports and
Culture of Japan.
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Fig. 1 (a) Transient absorption spectra observed after laser excitation of
Zn-Mb-CD (10 mM)/4 (20 mM) and Zn-Mb (10 mM)/4 (20 mM) complexes
in deaerated phosphate buffer (pH 7.0, 50 mM) solution at the delay time of
50 ns. (—5—) Zn-Mb-CD/4, lex = 460 nm; (·······) Zn-Mb-CD/4, lex =
596 nm; (––––) Zn-Mb/4, lex = 460 nm. (b) Time profile monitored at
670 nm in Zn-Mb-CD/4 after laser excitation at 460 nm.

Fig. 2 Schematic energy diagram for the photoinduced reactions in the
Zn-Mb-CD/4 complex.
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Extended cavity ester (4) and amide (5) calix[4]pyrrole
macrocycles have been synthesised and shown to bind
fluoride exclusively in deuteriated DMSO solution.

The coordination chemistry of anionic species by abiotic
receptor species is an area of supramolecular chemistry that
continues to attract the attention of coordination chemists.1 One
of the major goals in molecular recognition is to produce
receptors that are highly selective in their guest binding
properties. The discovery that calix[4]pyrroles (such as meso-
octamethylcalix[4]pyrrole (1)) are effective anion binding
agents2 in solution has led to the synthesis of a variety of new
calixpyrrole macrocycles that have been used for anion
binding,3 sensing4 and in new anion separation technologies.5
Recently Sessler and co-workers6 and Floriani and co-workers7

have independently reported the syntheses of extended cavity
calix[4]pyrroles derived from 4-hydroxyacetophenone. The
aaaa-isomer of this species (2) possesses an array of phenol
moieties that resembles that present in lower-rim unfunction-
alised calix[4]arenes in the cone conformation. Sessler and co-
workers have studied the anion recognition properties of the
isomers of 2 together with OMe derivatives (3) and found anion
selectivity trends in line with those observed for other
calix[4]pyrrole species.6 We have modified the phenol groups
of compound 2 with a variety of ‘longer’ and bulkier functional
groups than methyl and have obtained tetra-ester (4) and -amide
(5) macrocycles with ‘super-extended cavities’. These macro-
cycles show interesting highly selective anion coordination
properties in solution that are atypical of calix[4]pyrrole
macrocycles.

Compound 4 was synthesised by reaction of compound 2
with ethylbromoacetate in dry acetone in the presence of K2CO3
with heating at reflux for 5 days. The tetra-ester derivative was
isolated as a white powder in 76.5% yield. Compound 5 was
synthesised by reaction of compound 2 with 2-chloro-N,N-
diethylacetamide and potassium iodide in dry acetone with
stirring for 5 days and was isolated in 50% yield. These
compounds may be regarded as pyrrolic analogues of the lower-
rim functionalised calix[4]arenes synthesised and studied in the
1980s by McKervey, Ungaro and co-workers.8

Solution binding properties of 4 and 5 were investigated
using 1H NMR titration techniques in deuteriated DMSO
solution. Previous studies in deuteriated dichloromethane with

compound 12 and deuteriated acetonitrile with compounds 1, 2
and 36 have shown downfield shifts of the calix[4]pyrrole NH
proton on addition of chloride and dihydrogen phosphate anions
consistent with the formation of 1+1 receptor–anion solution
complexed species. However, it was found that addition of 20
equivalents of Cl2, Br2, I2, H2PO4

2 or HSO4
2 anions (as

tetrabutylammonium salts) to deuteriated DMSO solutions of 4
and 5 caused no changes in the NMR spectra of these
calixpyrroles.9 Compounds 4 and 5 therefore do not interact
with these putative anionic guests in DMSO solution. On the
other hand, upon addition of fluoride anions, new resonances
(for the NH, ArH, pyrrole CH and ArOCH2C protons) were
observed in the 1H NMR spectra of 4 and 5 corresponding to the
formation of fluoride complexes with slow complexation/
decomplexation kinetics relative to the NMR timescale (Fig. 1).
In addition, coupling is observed between the NH protons of the
calixpyrroles and the bound fluoride anions (confirmed by 19F
NMR spectroscopy) at room temperature (21 °C) with coupling
constants of 47 Hz for both compounds 4 and 5. This
coordination coupling has only previously been observed in a

† Electronic supplementary information (ESI) available: synthesis details,
NMR and MS, and titration curves. See http://www.rsc.org/suppdata/cc/b0/
b003229h/

Fig. 1 NMR spectra of compound 5 in deuteriated DMSO solution on
addition of aliquots of tetrabutylammonium fluoride. Proton resonances
corresponding to the free receptor and fluoride complex can be seen in
addition to coupling between the NH proton and 19F2 nucleus.
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calix[4]pyrrole–fluoride complex at low temperature (193 K) in
deuteriated dichloromethane solution.10 The concentration
profiles of compounds 4 and 5 and their fluoride complexes
during the NMR titrations (calculated by integration of the
relevant NH resonances in the NMR spectra) are shown in Fig.
2.

In order to compare the solution binding properties of 4 and
5 with meso-octamethylcalix[4]pyrrole 1 and the extended
cavity calix[4]pyrrole 2, titrations of these species with fluoride
and chloride anions were conducted in deuteriated DMSO
solution. In the case of compound 1, upon addition of fluoride
anions, a broadening of the ‘free’ NH resonance at 9.4 ppm
occurred and the appearance of a new resonance at 12.8 ppm
(after the addition of 1.4 equivalents of fluoride) was observed.
Upon addition of chloride anions to solutions of 1 in the same
solvent, shifts of the NH proton were observed with a maximum
shift to 11.1 ppm after 3.3 equivalents of chloride. Least squares
non-linear fitting of the titration results (pyrrole CH protons)
with fluoride and chloride to a 1+1 anion/calixpyrrole binding
model with the EQNMR computer program11 afforded stability
constants of 1060 and 1025 M21 (errors estimated to be < 15%)
with compound 1 and fluoride and chloride respectively.
Similar behaviour was observed with compound 2 and chloride,
however the shift of the NH proton was small (a downfield shift
of 0.1 ppm after seven equivalents of chloride) and the binding
profile did not reach a plateau. This suggests that only a weak
interaction is occurring with chloride, making the accurate

calculation of a stability constant difficult. The evolution of new
resonances corresponding to a solution complexed species was
observed upon addition of fluoride anions to compound 2 in
deuteriated DMSO solution.

Compounds 4 and 5 therefore show unique solution anion
binding properties in that they only bind fluoride in deuteriated
DMSO solution. These receptors do not interact with the other
anions studied, behaviour not observed with other calix[4]pyr-
roles. It appears that the presence of an extended cavity in
compound 2 and a ‘super-extended’ cavity in compounds 4 and
5 serves to decrease (2) and switch off (4 and 5) the affinity of
this class of receptor for anions other than fluoride in DMSO
solution. We are currently continuing to study the unusual
coordination properties of these and other new calix[4]pyrroles
in deuteriated DMSO. The results of this work will be reported
in due course.

P. A. G. would like to thank the Royal Society for a
University Research Fellowship and the EPSRC for a project
studentship (to S. C.). Helpful discussions with Dr Pavel
Anzenbacher, Jr. (present address: Bowling Green State
University, Ohio, USA) are gratefully acknowledged.
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Efficient oxidation of alkanes, including methane and
ethane, with H2O2 in the presence of catalytic amount of an
Os complex in MeCN (addition of nitrogen-containing
heterocycles significantly enhances the yield of the products)
or in MeCO2H gives the corresponding ketones and alco-
hols.

Unlike aromatic and olefinic hydrocarbons, alkanes are known
to exhibit only negligible reactivity in reactions with a variety of
normal reagents and the yields of the products are usually low,
especially in the case of light saturated hydrocarbons (methane,
ethane and propane).1 Osmium compounds, particularly OsO4,
oxidize unsaturated hydrocarbons and some other organic
compounds stoichiometrically and catalyse their oxygenations
with various reagents.2,3

Here, we report that soluble osmium derivatives, especially
OsCl3, catalyse efficiently the oxygenation of saturated hydro-
carbons with hydrogen peroxide. All reactions4 were carried out
at 80 °C. The oxidation of cycloheptane (0.4 mol dm23) in
MeCN with H2O2 (1.0 mol dm23) in the presence of OsCl3 (1.0
3 1023 mol dm23) gave after 3 h cycloheptanol (0.05 mol
dm23) and cycloheptanone (0.013 mol dm23), the total turnover
number (TON) being 63. Addition of a small amount of
pyridine (0.125 mol dm23) gave rise to a noticeable increase in
the yield and to the predominant formation of the ketone (after
90 min: cycloheptanol, 0.020 mol dm23; cycloheptanone, 0.092
mol dm23; TON, 112). Other nitrogen-containing heterocycles
also promote the oxidation: for example, the reaction with n-
heptane in the presence of 3-methylpyrazole (Fig. 1) affords
predominantly isomeric ketones (after 60 min total concentra-
tion 0.028 mol dm23) as well as isomeric alcohols (total 0.04
mol dm23). Heptanal has been detected only in negligible
concentration. The reaction is accompanied by non-productive
H2O2 decomposition to give molecular oxygen, and the
oxidation decreases when hydrogen peroxide concentration
becomes low (after approximately 1 h, as shown in Fig. 1). By
varying the additive, it is possible to control the ketone/alcohol
ratio (Table 1). Lower alkanes can be easily oxidized in MeCN,
if pyridine is added to the reaction solution (Table 2). In contrast
to methane which is the least reactive hydrocarbon in this
reaction and affords methanol as the main product, ethane and
propane give mainly carbonyl compounds and only smaller
amounts of alcohols with TON values of 102 and 150,
respectively.

The selectivities of the alkane oxidations catalysed by OsCl3
are higher than those determined for analogous hydroxylations
by the systems ‘H2O2–hn’ and ‘H2O2–FeSO4’ as well as
‘H2O2–VO3

2–pyrazinecarboxylic acid (PCA)’7 which are be-
lieved to produce free hydroxyl radicals (Table 3). It is
noteworthy that selectivities significantly increase when pyr-
idine is added to the reaction solution. Moreover, while the
oxidation of cis-decalin with H2O2–OsCl3 in MeCN occurs
without retention of the configuration (the trans/cis ratio of the
products formed being more than unity), in the presence of

Fig. 1 Accumulation of heptan-2-one (1), heptan-3-one (2), heptan-4-one
(3), heptan-2-ol (4), heptan-3-ol (5), heptan-4-ol (6) and heptan-1-ol (7) in
the n-heptane (0.4 mol dm23) oxidation with H2O2 (1.0 mol dm23)
catalysed by OsCl3 (1023 mol dm23 ) in MeCN in the presence of
3-methylpyrazole (0.12 mol dm23) at 80 °C.

Table 1 Oxidation of cycloheptane (0.4 mol dm23) with H2O2 (1.0
mol dm23) in MeCN (80 °C, 2 h)4

Products/mol dm23

Catalyst Additive

Cyclo-
heptanol
(OL)

Cyclo-
heptanone
(ONE)

Ratio
OL/ONE

OsCl3 2,5-Dichloropyridine 0.076 0.014 5.4
OsCl3 None 0.049 0.010 4.9
OsCl3 2,2A-Bipyridine 0.059 0.026 2.3
Na2OsCl6 3,5-Dimethylpyrazole 0.022 0.026 0.85
Na2OsCl6 3-Methylpyrazole 0.030 0.070 0.45
OsCl3 3-Methylpyrazole 0.035 0.077 0.45
OsCl3 Pyridine 0.020 0.092 0.2
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pyridine the reaction becomes more selective, the trans/cis ratio
decreasing with increasing pyridine concentration. It is im-
portant to note that in MeCO2H the reaction exhibits a high
value of the trans/cis parameter (0.26) and the parameter RCcis

= 100(ccis 2 ctrans)/(ccis + ctrans) = 58%. The value of the
trans/cis parameter for the system ‘H2O2–OsCl3’ in MeCO2H is
only slightly higher than that (trans/cis = 0.12) for the
hydroxylation in MeCN by the system ‘H2O2–LMnIV(O)3-
MnIVL+–MeCO2H (L = 1,4,7-trimethyl-1,4,7-triazacyclono-
nane)’ described recently.8

On the basis of the results obtained and especially taking into
account the selectivity parameters, one may assume that
oxidation by the system H2O2–OsCl3 starts with hydrogen atom
abstraction from the alkane by an oxo osmium complex, and the
reaction occurs in a solvent cage. The alkyl radicals formed
react then with dioxygen to generate the corresponding alkyl
hydroperoxide which decomposes to afford the corresponding
ketone and alcohol. The system described here can be
considered as a model for the oxidations of C–H compounds
catalysed by iron-containing enzymes, osmium being an iron
homologue in the Periodic System. Indeed, oxidations with
participation of cytochrome P-450, methane monooxygenase
and chloroperoxidase are believed to begin with hydrogen atom
abstraction by a high-valent iron oxo species.1,9 Coordination of
a nitrogen-containing heterocycle (and/or acetate) to osmium

may produce a catalytically active oxo species surrounded with
voluminous ligands, and the relatively high bond- and stereo-
selectivities of the alkane oxidation may be due in this case to
the bulkiness of the ligands at the reaction centre.

We thank the Russian Basic Research Foundation and the
Swiss National Science Foundation for support.
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Table 2 Oxygenation of lower alkanes (H2O2 = 1 mol dm23, OsCl3 = 1 3
1023 mol dm23, py = 0.125 mol dm23; MeCN 80 °C, 1.5 h)4

Alkane
(pressure/bar) Products/mol dm23

Methane (40) CH3OH (0.017); HCHO (3.0 3 10–5)
Ethane (20) CH3CHO (0.08); CH3CH2OH (0.022)
Propane (6) CH3CH2CHO (0.034); CH3COCH3 (0.054);

CH3CH(OH)CH3 (0.018); CH3CH2CH2OH (0.044)
n-Butane (2) CH3CH2CH2CHO (0.011); CH3COCH2CH3

(0.026); CH3CH(OH)CH2CH3 (0.011);
CH3CH2CH2CH2OH (0.002)

Table 3 Selectivities of alkane oxidations by various systems

Substrate System Selectivitya

n-Heptane C(1)+C(2)+C(3)+C(4)
H2O2–hn in MeCN 1.0+7.3+6.3+8.1
H2O2–FeSO4 in MeCN–H2O 1.0+5.0+4.8+4.6
H2O2–OsCl3 in MeCN 1.0+11.8+9.8+3.5

2,2,4-Trimethyl-
pentane 1°+2°+3°

H2O2–hn in MeCN 1.0+1.75+6.2
H2O2–FeSO4 in MeCN–H2O 1.0+2.75+6.0
H2O2–Bu4NVO3–PCA in MeCN 1.0+3.0+4.8
H2O2–OsCl3 in MeCN 1.0+2.2+8.7
H2O2–OsCl3 in MeCN–py
(0.125 mol dm23)

1.0+2.1+18.3

cis-Decalin trans/cis
H2O2–hn in MeCN 1.3
H2O2–hn in py 1.9
H2O2–FeSO4 in MeCN–H2O 3.4
H2O2–Bu4NVO3–PCA in MeCN 2.1
H2O2–OsCl3 in MeCN–py
(0.125 mol dm23)

1.2

H2O2–OsCl3 in MeCN–py
(6.25 mol dm23)

0.56

H2O2–OsCl3 in MeCO2H 0.26
a Parameter C(1)+C(2)+C(3) is normalized (i.e. calculated taking into
account the number of hydrogen atoms at each position) relative reactivities
of hydrogens at carbon atoms 1, 2 and 3 of the alkane chain, respectively;
parameter 1°+2°+3° is normalized relative reactivities of hydrogen atoms at
primary, secondary and tertiary carbons, respectively; parameter trans/cis =
[trans-decal-9-ol]/[cis-decal-9-ol], where [trans- and cis-decal-9-ol] are
concentrations of trans- and cis-decal-9-ol formed in the oxidation,
respectively.
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Aromatics with 6 to 9 carbon atoms can be converted
catalytically with hydrogen on bifunctional zeolites, such as
Pd/H-ZSM-5, into a high-quality steamcracker feed, thereby
opening a direct route for the utilisation of surplus pyrolysis
gasoline.

In view of the predicted over-supply of aromatics,1 novel
catalytic routes for their conversion into valuable products are
urgently needed. One of the major sources of aromatics is so-
called pyrolysis gasoline, a by-product of steamcracking in
which ethylene and propylene are made from light hydro-
carbons, such as straight-run naphtha,2 LPG3 or ethane. In a
preceding communication4 we have shown that cycloalkanes
(which are readily obtained from aromatics by catalytic ring
hydrogenation) can be converted on acidic zeolite catalysts,
such as H-ZSM-5, into a high-quality steamcracker feed
consisting mainly of ethane, propane and n-butane. Here, we
demonstrate that, as an alternative to this two-stage route (ring
hydrogenation followed by ring opening), aromatics can be
directly converted with hydrogen into the same type of synthetic
steamcracker feed, if bifunctional zeolite catalysts, e.g., Pd/H-
ZSM-5, are used. The literature on catalytic ring opening of
aromatics in an excess of hydrogen is very scarce,5–8 and on the
catalysts used so far, the yields of n-alkanes with two or more
carbon atoms, i.e. the most desirable hydrocarbons for a
synthetic steamcracker feed, are reported to be low.

Results of the conversion of toluene9 on 0.2Pd/H-ZSM-510

are displayed in Fig. 1. Whereas the conversion of toluene is
100% throughout the temperature range covered, the types of
reaction occurring vary drastically: at 200 °C, hydrogenation to
methylcyclohexane is the predominant reaction, and part of the
methylcyclohexane is isomerised in consecutive reactions via
the well known11 bifunctional mechanism into ethylcyclo-
pentane and dimethylcyclopentanes. With increasing tem-
perature, more and more ring opening occurs. At 320 °C,
virtually all cyclic hydrocarbons are converted into alkanes,12

and increasing the temperature further brings about a diminu-
tion of the yield of isoalkanes which undergo secondary
cracking reactions into propane and ethane. At 400 °C toluene

is converted with a yield of 72.8% into C2+-n-alkanes (cf. Table
1, column 4). It is noteworthy that no aromatics occur in the
product under any reaction conditions, and very little methane is
formed even at 400 °C. For various reasons (high hydrogen
consumption and exothermicity, methane does not form
ethylene or propylene in the steamcracker), methane is a very
undesired product.

Upon increasing the palladium content of the catalyst from
0.2 to 0.5 and 1.0 wt.%, the yields at a reaction temperature of
400 °C do not change significantly. From this we conclude that,
under the conditions applied in this work, ring opening and the
formation of light alkanes proceed via the bifunctional hydro-
cracking mechanism13 and Haag–Dessau cracking,14 rather
than via hydrogenolysis15 on the noble metal.

Table 1 shows results obtained at 400 °C with different feed
hydrocarbons. No products other than alkanes were found with
any feed hydrocarbon under these conditions. The yields of
methane are low throughout (around 3–4%, Table 1, entry 2).
Interestingly, the yields of the desired C2+-n-alkanes (Table 1,
entry 7) do vary significantly with the nature of the aromatic

Table 1 Conversion of aromatics on 0.2Pd/H-ZSM-5 at 400 °C

Feed

Entry Benzene Toluene o-Xylene p-Xylene Ethylbenzene
1,2,4-Trimethyl-
benzene

1 Xa (%) 100 100 100 100 100 100
2 Ymethane

b (%) 3.7 3.3 4.0 4.1 2.5 3.0
3 Yethane

b (%) 14.4 7.9 15.6 14.9 30.6 13.6
4 Ypropane

b (%) 62.8 48.6 49.1 46.7 49.0 49.4
5 Yn-butane

b (%) 11.9 15.9 14.2 15.0 9.5 15.2
6 YC5+-n-alkanes

b (%) 1.2 0.4 3.4 3.8 1.1 2.7
7 YC2+-n-alkanes

b,c (%) 90.3 72.8 82.3 80.4 90.2 80.9
8 Yisoalkanes

b (%) 6.0 23.9 13.7 15.5 7.3 16.1
a X is the conversion of the aromatic feed hydrocarbon. b Y is the yield of the product indicated and defined in the usual manner, e.g., Yn-butane = (4/7) 3
(ṅn-butane, out/ṅtoluene, in), ṅ being the molar flux. c Sum of entries 3 to 6.

Fig. 1 Conversion of toluene on 0.2Pd/H-ZSM-5 at various temperatures (X:
conversion; Y: yield; M-CHx: methylcyclohexane; E-CPn: ethylcyclo-
pentane; DM-CPns: dimethylcyclopentanes).
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feed hydrocarbon. This yield is lowest for toluene and above
90% for both benzene and ethylbenzene. Note also that very
large amounts of propane are formed from benzene (which can
be rationalized in terms of a so-called type C b-scission16,17 of
hexyl cations), while an unusually high yield of ethane is
observed in the product from ethylbenzene (which we tenta-
tively ascribe to a deethylation reaction).

Regardless of the hydrocarbon used as feed, there was no
significant change in the product yields with time-on-stream. In
Fig. 2, results are shown which were obtained with toluene as
feed on 0.2Pd/H-ZSM-5. During the initial 10 h, the yield of
C2+-n-alkanes amounted to ca. 73%. For the next 50 h (not
shown in Fig. 2) toluene was converted on this catalyst sample
at lower temperatures in the range 200–350 °C. Thereafter, the
reaction temperature was again raised to 400 °C for 10 h.
Significantly better yields of the desired C2+-n-alkanes (ca.
80%) were attained than with the fresh catalyst. We interpret
this selectivity gain in terms of a so-called coke selectivation,
i.e. at the lower reaction temperatures between the two runs at
400 °C, some dimerization and/or disproportionation reactions
of methylcyclohexane18 or toluene inside the zeolite pores must
have taken place, whereby larger product molecules were
formed which ultimately led to some carbonaceous deposits
with a concomitant narrowing of the pores. Similar effects have
been observed by others, e.g. in the disproportionation of
toluene on H-ZSM-5.19

In conclusion, we have demonstrated that aromatics can be
directly converted with hydrogen into a high-quality steam-
cracker feed on bifunctional zeolite catalysts of the Pd/H-ZSM-
5 type. This direct route will have to compete with the two-stage
variant consisting of ring hydrogenation in the aromatics over a
hydrogenation catalyst followed by ring opening of cycloalk-
anes on monofunctional zeolites.4 The main technological
advantage of the direct route described here is a single catalytic
reactor for the manufacture of synthetic steamcracker feed from
pyrolysis gasoline. On the other hand, advantageous features of
the two-stage variant are (i) the possibility to optimise the ring
hydrogenation of aromatics and the ring opening of the resulting
cycloalkanes separately and (ii) the generation of the exo-

thermic heat in two separate reactors and, hence easier removal
of this heat. It remains to be seen whether the direct route or the
two-stage variant is economically more attractive.
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Fig. 2 Coke selectivation in the conversion of toluene on 0.2Pd/H-ZSM-5.
(During the initial 10 h and from 60 to 70 h on-stream time, the reaction
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We have synthesised polypeptides that mimic the binding
properties of natural receptors with high affinity and
selectivity towards the steroid hormone estradiol, perform-
ing a template polymerisation in aqueous medium and
without creating rigid structures.

Selective recognition systems are usually created in synthetic
polymers obtaining a three-dimensional structure that has been
shaped to match the template, after its removal. As a
consequence, artificial systems of recognition are available for
nucleotides,1 inorganic ions,2 amino acids3,4 and herbicides.5
We employed the template polymerisation method to synthesise
oligopeptides that were templated with the steroid hormone
estradiol. The application of this technique is completely new
because until now the literature only gave examples on cross-
linked organic macroporous polymers, whereas we performed
the polymerisation in aqueous medium without the formation of
rigid structures. The initial idea was that an amino acid mixture
could generate polypeptidic systems, thus establishing non-
covalent bonds with molecular species present in the polymer-
isation mixture. Polypeptides are structures that are well suited
for the design of systems with molecular recognition properties,
above all for the large structural heterogeneity in the amino acid
lateral chain that gives rise to a great variety of chemical
properties and non-covalent interactions useful in template
polymerisation.

The amino acid composition of the mixtures that we
polymerised is similar to bovine serum albumin. Two different
amino acid mixtures were polymerised: the first—branched
mixtures— contained branched monomers (Gly, Ala, Leu, Pro,
Phe, Tyr, Trp, Ser, Met, Arg, His, Lys, Asp, Asn, Gln, Glu, Cys-
Cys), the second—linear mixtures— contained the same amino
acids apart from Lys, Asp, Glu, Cys-Cys and were richer in Leu
and Gly. This enabled us to study the binding properties of both
cross-linked and linear structures. Furthermore, for each
mixture the polymerisation was performed in the presence
(template mixtures) and in the absence (blank mixtures) of
estradiol to compare the binding properties, and were performed
for different reaction times (1, 3 and 30 h) to evaluate the
influence of this variable on the binding constants.6

To remove the estradiol we used anion exchange chromatog-
raphy on a DEAE-Sephacel column.7

The concentration of the oligopeptides was determined by
spectrophotometric measurements, and the recoveries were
between 94 and 97%.

After purification of the mixtures, we characterised the
oligopeptides by determining the average molecular weights by
HPLC using an Alltech Macrosphere GPC 60 A 7 mm (250 mm
3 4.6 mm).8 The average Mw was between 2000 and 6000 Da,
increasing with the polymerisation time, and so, considering an
average amino acid Mw of 130 Da, the degree of polymerisation
was between 15 and 46, with an average value of 30.

The spectrophotometric titration of the template oligopep-
tides with estradiol performed at 274 nm shows that the
stoichiometry of binding is close to 1+1, but an evaluation of the
binding constant was not possible due to the absence of
curvature in the equivalence region.

To evaluate the binding affinity of the oligopeptides we used
immunocompetition where the oligopeptides competed with an

immobilised anti-estradiol antibody for tritium labelled estra-
diol. The anti-estradiol antibody was immobilised into the wells
of microtitre plates previously coated with goat anti-rabbit IgG
antibodies, according to the literature.9 The measurement of
estradiol bound to the antibody in the presence of the
oligopeptides allowed us to determine the binding constants K
(by fitting a proper mathematical equation to the experimental
data) of the oligopeptide mixtures. This defines the ratio
between the binding of the tritium labelled estradiol with the
antibody in the presence of the oligopeptides and without the
oligopeptides, as a function of the binding constant of the
antibodies for estradiol, the concentration of the solid phase,
binding site antibodies, the tritium labelled estradiol concentra-
tion, the concentration of the oligopeptides and the binding
constant of the oligopeptides for the estradiol. The first two
parameters were determined in separate experiments as reported
in the literature,9 thus, knowing the tritium labelled estradiol
concentration and the concentration of the oligopeptides we
could obtain the binding constants of the oligopeptide mixtures
for estradiol from the competition curves (Fig. 1). The binding
constants are shown in Table 1.

As all these results could be affected by contributions from
residual estradiol, we performed a template and blank polymer-

Fig. 1 Immunocompetition of branched mixtures polymerised for 1 hour.
The plot of B/B0, where B is the binding of the tritium labelled estradiol with
the antibody in the presence of the oligopeptides and B0 without the
oligopeptides, vs. the oligopeptide concentration, gives competition curves
from which the binding constant of the oligopeptides towards estradiol can
be calculated. The branched template oligopeptides (2) and the branched
blank oligopeptides (8) are shown.

Table 1 Binding constants of oligopeptide mixtures

Oligopeptide
mixtures

Polymerisation
time/h

Template
K/M21

Blank
K/M21

Branched 1 9.0 3 108 9.0 3 106

3 1.2 3 109 1.5 3 107

30 6.6 3 109 1.3 3 109

Linear 1 4.4 3 108 2.2 3 106

3 5.8 3 108 2.8 3 106

30 1.4 3 109 3.6 3 108
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isation in the presence of labelled estradiol.10 After purification,
the amount of bound estradiol was determined by this method,
and only 3–4% of the template polypeptides contained bound
estradiol. Control experiments were therefore carried out to
investigate the effect of bound estradiol. Therefore, we
corrected the mathematical equation, including a parameter that
allowed us to take into account the presence of some residual
estradiol. Fitting this last equation to the experimental data, we
observed that the binding constants were essentially unchanged.
So, the reported results are not affected by any contribution
from residual estradiol, as the great excess of high affinity
oligopeptides prevents the effective displacement of labelled
estradiol from antibody binding sites by the residual template
molecule.

To further verify the absence of artefacts in the evaluation of
binding constants (due to the presence of residue template
molecules), we performed some preliminary ultrafiltration
experiments.11 All values of binding constants obtained are
about one order of magnitude lower than those obtained by
competitive binding experiments, both for blank and template
mixtures, but are affected by great imprecision. The reason for
this is related to the partial adsorption of estradiol on the
ultrafiltration membrane and also to the partial ultrafiltration of
the oligopeptides, as determined in separate experiments with
tritium labelled oligopeptides. The method is thus insensitive to
residual estradiol but the partial ultrafiltration of oligopeptides
leads to an underestimation of the binding. For these reasons we
abandoned the ultrafiltration technique in favour of the
competitive binding assay, which is simple to perform and gives
better results.

In order to verify that there were no interactions between the
rabbit anti-estradiol antibodies or the goat anti-rabbit g-globulin
antibodies and the oligopeptides, we checked the interactions of
labelled oligopeptides (template and blank mixtures) with the
immobilised antibodies.12 In both cases we registered no
significant binding to the solid phase. So, the inhibition of
binding between labelled estradiol and its antibody is caused
only by the binding properties of the oligopeptide mixtures that
bind the steroid.

From the previously reported results, we note the very high
affinity of the oligopeptides for the templating molecule. The
difference between the binding constants of the template and
blank mixtures shows the importance of the template effect on
the amino acid mixtures and the efficacy of these systems as
competitors of the antibodies themselves. For all mixtures the
binding constants increase with the polymerisation time; this
effect can be explained by the formation of more and more
complex structures which are able to interact better with
estradiol. The ratio between template and blank decreases when
we increase the polymerisation time, probably because in the
blank mixtures a longer reaction time increases the formation of
more complex oligopeptide structures able to rearrange them-
selves around the steroid molecule to obtain a greater inter-
action. Instead, in the template mixtures this effect is less
important as the binding properties are mainly due to the
imprint.

An important parameter to consider is the specificity of
binding. We performed an immunocompetition using the
branched oligopeptides (1 h, 30 h) to evaluate the binding
constant of this mixture for structural homologues, such as the
steroids, testosterone and progesterone. The experimental
procedure was similar to those used previously.13 The results

indicate that the oligopeptides do not have significant affinity
for these molecules. For template branched oligopeptides (1 h)
the binding constant for the testosterone is 1.2 3 105 M21 vs.
9.0 3 108 M21 for the estradiol, whereas for the blank ones K
is 3.3 3 104 M21 vs. 9.0 3 106 M21. The binding constants
obtained for the branched oligopeptides polymerised for 30 h
(template: 7.7 3 105 M21; blank: 4.8 3 106 M21 for
testosterone) confirm the hypothesis that longer reaction times
can result in structures which can rearrange themselves to better
match the steroid molecule without loss of selectivity (this
remains unchanged), thus indicating that the imprinting effect is
operative in all cases. For progesterone it is possible only to
estimate an upper limit for the binding constant (1.0 3 104

M21). This is further evidence of the high affinity and high
specificity of recognition toward the templating molecule.
Moreover the template mixtures have selectivities similar not
only to usual antisera, but also to the molecular imprinted
polymers.14
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Both 1H-phosphirenes and their P-W(CO)5 complexes
readily dimerise in the presence of Ni(II) or Pd(0) catalysts to
give the corresponding 1,2-dihydro-1,2-diphosphinines.

The ready dimerisation of borirenes into 1,4-diboracyclohex-
adienes is well documented and has been studied in some depth
from a theoretical standpoint.1 Similarly, silirenes readily give
1,4-disilacyclohexadienes in the presence of a palladium
catalyst.2 In both cases, no head-to-head dimers were detected.
In the silicon case, although no mechanism was proposed for the
dimerisation, the intermediacy of a 1-metalla-2-silacyclobutene
appeared likely.3 Since we knew from preceding experiments
that both Pd(0) and Pt(0) readily insert into the P–C bonds of 1H-
phosphirenes and phosphirene complexes,4,5 it was tempting to
explore the possible dimerisation of these phosphirenes in the
presence of palladium catalysts.

Preliminary experiments were carried out with 1,2,3-triphe-
nylphosphirene6 and its P-W(CO)5 complex.7 Heating 1,2,3-tri-
phenylphosphirene with [Pd(PPh3)4] in toluene at 85 °C
overnight led only to decomposition products. After several
experiments, we finally found that clean dimerisation was

achieved with a Ni(II) catalyst at room temperature (Scheme
1).

The structure of 2† unexpectedly corresponds to a head-to-
head dimer (Fig. 1).‡ The ring is highly distorted with two trans
phosphorus lone pairs and some strain as indicated by the rather
small P–P–C(ring) angles of 91.09(5) and 91.27(5)°. The P–P
bond is short for a single bond at 2.193(2) Å. Compound 2
displays surprising instability. It decomposes completely upon
heating at 65 °C for 20 min in toluene. Looking for more stable
derivatives, we decided to investigate the dimerisation of
phosphirene P-W(CO)5 complexes. The complex of 1 appeared
to be rather inert. We reasoned that a 1,2-disubstituted species
would be more reactive. Accordingly, we prepared the
(1-phenyl-2-trimethylsilylphosphirene)pentacarbonyltungsten
complex 3† by the usual technique7 and studied its evolution in
toluene at 85 °C in the presence of [Pd(PPh3)4]. Overnight we
observed the formation of the head-to-head dimer 4† which was
isolated in 60% yield (Scheme 2).

The dimerisation is regio- and stereo-selective (Fig. 2).‡ The
regioselectivity can be easily explained by a preferential
insertion of Pd(0) into the less hindered P–CH intracyclic bond.

Scheme 1 Reagents and conditions: (i) 150 mg of 1, 10 mg of
[NiCl2(Ph2PCH2CH2PPh2)], CH3CN, 25 °C, 2 d, 70% yield.

Fig. 1 Crystal structure of 2. Significant bond distances (Å) and angles (°):
P(1)–C(1) 1.857(2), P(1)–C(5) 1.831(2), P(1)–P(2) 2.193(2), P(2)–C(35)
1.839(2), P(2)–C(4) 1.855(1), C(1)–C(2) 1.357(2), C(2)–C(3) 1.493(2),
C(3)–C(4) 1.355(2); C(5)–P(1)–C(1) 102.67(6), C(5)–P(1)–P(2) 101.38(5),
C(1)–P(1)–P(2) 91.09(5), C(35)–P(2)–C(4) 102.04(6), C(35)–P(2)–P(1)
101.19(5), C(4)–P(2)–P(1) 91.27(5), C(2)–C(1)–P(1) 118.9(1), C(1)–C(2)–
C(3) 123.1(1), C(4)–C(3)–C(2) 122.7(1), C(3)–C(4)–P(2) 119.9(1).

Scheme 2 Reagents and conditions: (i) 530 mg of 3, 30 mg of [Pd(PPh3)4],
toluene, 85 °C, 16 h.

Fig. 2 Crystal structure of 4. Significant bond distances (Å) and angles (°):
P(1)–C(1) 1.817(3), P(1)–C(5) 1.828(3), P(1)–P(2) 2.227(1), P(2)–C(4)
1.815(3), P(2)–C(11) 1.824(3), P(2)–W(1) 2.5277(7), Si(1)–C(1) 1.896(3),
Si(2)–C(4) 1.905(3), C(1)–C(2) 1.352(4), C(2)–C(3) 1.463(4), C(3)–C(4)
1.351(4); C(1)–P(1)–P(2) 101.3(1), C(1)–P(1)–C(5) 102.3(1), C(5)–P(1)–
P(2) 105.7(1), C(4)–P(2)–C(11) 106.7(1), C(4)–P(2)–P(1) 105.7(1), C(11)–
P(2)–P(1) 100.9(1), C(4)–P(2)–W(1) 114.2(1), C(11)–P(2)–W(1) 119.2(1),
P(1)–P(2)–W(1) 108.52(3).
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The ring is almost undistorted. The intracyclic angles at
phosphorus are normal at 101.3(1) (PIII) and 105.7° (PW). The
P–P bond is also in the normal range at 2.227 Å. In contrast to
2, the stereochemistry at the phosphorus atoms is cis and 4 is
quite stable.

At the moment, we have no precise explanation for this
unexpected head-to-head dimerisation. The only argument
which can be pointed out has a thermodynamic basis. The
formation of one P–P and one C–C bond is more energetically
favourable than the formation of two P–C bonds: 61 + 88 > 2
3 65 kcal mol21.8 Unlike phosphorus, both silicon and boron
have much lower electronegativities than carbon and the
dimerisation of silirenes and borirenes is probably controlled by
the polarity of the Si–C and B–C ring bonds. Whatever its
origin, this head-to-head dimerisation of phosphirenes provides
a direct access to the almost unknown 1,2-dihydro-1,2-di-
phosphinine ring. At the moment, only a 1,2-disulfide has
appeared in the literature, prepared by a low-yield multi-step
procedure.9 The chemistry of this ring is now open for
investigation.

Notes and references
† Selected analytical and spectroscopic data: 2: Precipitates as yellow
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1H NMR (CDCl3): d 0.29 (s, SiMe3), 8.89 (d, 2JPH 24.9 Hz, ring H); 13C
NMR (CDCl3): d 21.15 (s, SiMe3), 136.95 (d, 1JCP 15.5 Hz, ring CH),
139.48 (d, 1JCP 7.6 Hz, Ph-Cipso), 142.83 (d, 1JCP 36.6 Hz, C-SiMe3), 196.54
(d, 2JCP 9.1 Hz, cis-CO), 198.34 (d, 2JCP 32.5 Hz, trans-CO); m/z (184W)
530 (M, 23%), 388 (M 2 5CO, 100); Anal. Calc. for C16H15O5PSiW: C,
36.25; H, 2.85. Found: C, 36.87; H, 2.68%. 4: Purified by chromatography
on silica gel (hexane–CH2Cl2, 10+1); yellow crystals (60%): 31P NMR
(CDCl3): d268.0 (PIII) and 26.3 (P-W), 1JPP 277 Hz; 1H NMR (CDCl3): d
0.00 (s, SiMe3), 0.08 (s, SiMe3); 13C NMR (CDCl3): d 20.87 (d, 3JCP 3.7
Hz, SiMe3), 0.57 (s, SiMe3), 140.59 (d, 2JCP 28.0 Hz, ring CH), 142.38 (s,
ring CH), 197.58 (pseudo t, cis-CO); m/z (184W) 709 (M 2 CO, 22%), 596

(M 2 5CO, 100); Anal. Calc. for C27H30O5P2Si2W: C, 44.03; H, 4.11.
Found: C, 43.94; H, 4.13%.
‡ Crystal data for 2: C40H30P2·1/2CH2Cl2, M = 615.04 g mol21, triclinic,
a = 6.069(5) Å, b = 12.180(5) Å, c = 22.035(5) Å, a = 97.030(5)°, b =
92.580(5)°, g = 96.690(5)°, V = 1602.7(15) Å3, T = 150.0(1) K, space
group P1̄, Z = 2, m(Mo-Ka) = 0.247 cm21. 14341 reflections measured,
9228 unique (R(int) = 0.0285) which were used in all calculations. The
final wR(F2) was 0.1472 (all data), R1 = 0.0482. For 4: C27H30O5P2Si2W,
M = 736.48 g mol21, monoclinic, a = 12.6004(3) Å, b = 12.2493(3) Å,
c = 20.1311(5) Å, b = 96.1640(10)°, V = 3089.19(13) Å3, T = 150.0(1)
K, space group P21/c, Z = 4, m(Mo-Ka) = 3.953 cm21. 16625 reflections
measured, 8897 unique (R(int) = 0.0578) which were used in all
calculations. The final wR(F2) was 0.0928 (all data), R1 = 0.0247. CCDC
182/1641. See http://www.rsc.org/suppdata/cc/b0/b001304h/ for crystallo-
graphic files in .cif format.
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A general photochemical synthesis of large thiohelicenes
containing nine and eleven rings is discussed along with the
organisation of racemic thiohelicenes in crystals: hetero-
chiral assembling is dominant except in the nine-ring system
where interactions involving terminal ring S atoms favour
the segregation of close-packed homochiral molecules in
planes.

Helicenes are intrinsically chiral helical molecules structurally
characterised by ortho-fusion of aromatic rings. Nonracemic,
appropriately substituted systems exhibit a spontaneous organi-
sation in macroscopic fibrous structures in the solid state, while
in concentrated solutions and thin films a gigantic rotation of the
plane of polarised light was evidenced.1–3 The polyconjugated
chiral structure of helicenes makes them interesting candidates
for optoelectronic applications4 and molecular devices.5 Higher
carbohelicenes are endowed with an inherent propensity to
homochiral molecular recognition.6

Some studies on lower heterohelicenes containing thiophene
rings were published long ago.7–9 Here, we report on a general
synthetic approach we used to prepare a series of hetero-
helicenes formed by alternate thiophene and benzene rings:
trithia[5]heterohelicene 4, tetrathia[7]heterohelicene 7 and, for
the first time, large molecules such as pentathia[9]heter-
ohelicene 10 and esathia[11]heterohelicene 13. We also investi-
gated the electronic and self assembling properties of these
systems with the aim of establishing whether the preference for
heterochiral molecular aggregation shown by the racemic five-
and seven-member thiaheterohelicenes in crystals8,9 persists in
higher members of the series, specifically with reference to the
crystal structure of 10.

Substituted helicenes are obtained in good yield by chemical
synthesis both in racemic or enantiomeric form.11,12 We
obtained a series of unsubstituted thiohelicenes using a general

procedure for the preparation of racemic molecules, shown in
Scheme 1, where the photochemical cyclisation represents the
final step. With this synthetic route it was possible to obtain
molecules as large as the nine- and eleven-membered thiohe-
licenes.

Two approaches were in principle possible to synthesise large
condensed systems. The first consists of the double photo-
chemical ring closure of a molecule containing two 1,2-di-
substituted ethylenes. In this case the bis-ethylene molecule
needs only to contain a heteroaryl moiety that does not exceed
three members and can be easily prepared. The second
possibility, preferable in the case of higher thiohelicenes,
consists of a single photochemical cyclisation of a 1,2-diheter-
oarylethylene and larger heteroaryl substituents, such as
thio[5]heterohelicenes, are necessary.

The synthesis of thio[n]helicene (n = 7, 9 condensed rings)
starts by reacting thio[n 2 4]helicene with Vilsmeier reagent
[POCl3 and PhN(Me)CHO in boiling toluene] in order to obtain
the corresponding 2-carbaldehyde. The phosphonium salt 5 is
produced from the 2-carbaldehyde 2 with a sequence of
reactions illustrated in Scheme 1 and described elsewhere.13

The Wittig reaction between the phosphonium salt and the
2-carbaldehyde of the thio[n2 4]helicene gives a 1,2-dihetero-
arylethylene. The racemic thio[n]helicene can be easily ob-
tained in high yield by the photoinduced cyclodehydrogenation
of appropriate 1,2-diheteroarylethylenes.† The synthesis of the
larger esathia[11]helicene 13 begins with the reaction between
the 2-carbaldehyde-thio[5]helicene 8 and the phosphonium salt
of the thio[5]helicene 11, followed by photocyclisation of the
1,2-diheteroarylethylenes 12.†

Electronic absorption spectra of the thiohelicene series in
solution are shown in Fig. 1. Upon increasing the number of
condensed rings, the absorption bands shift to lower energy
owing to the lengthening of the p-conjugation in the helical

Scheme 1 Reagents and conditions: i, POCl3, PhN(Me)CHO, toluene; ii, (C4H3S)CH2PPh3Br, NaOMe, anhydrous MeOH; iii, hn: 350 nm or visible light;
iv, NaBH4, EtOH–THF; v, SOCl2, benzene–Py; vi, PPh3, benzene; vii, NaOMe, anhydrous MeOH.
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system. The photoluminescence spectra show a similar behav-
iour, with emissions that are red-shifted increasing the molec-
ular size.‡

Fig. 2 and 3 show views of the packing of the nine ring
helicene 10 as obtained by single crystal X-ray diffraction.§ The
structure of the eleven ring system 13 will be presented
elsewhere.14 The tendency to stacking of antipodes9 in
interdigitated columnar structures is apparent (Fig. 2) for all of
the thiohelicene racemic structures including 10. The stacking
interactions involve especially the third and/or the fourth rings
(from the molecular ends) of enantiomeric pairs, and vary
depending upon the particular molecule. In all the systems
investigated specific interactions engaging sulfur15,16 and
hydrogen atoms at distances slightly shorter than the sum of the
van der Waals radii (1.80 Å for S and 1.20 Å for H) were found.
They always involve atoms of terminal rings and are quite
probably attractive playing a role in molecular recognition and
self assembly. The contacts are S…S 3.544 Å and S…H 2.89 Å
in the case of the five- and seven-ring systems respectively. In
the case of 10 S…H interactions§ at 2.87 Å appear a key feature
of the microsegregation of homochiral, tubular molecules in
planes parallel to the ab lattice plane (ca. Fig. 3). The helical
axes of all molecules within a plane are parallel and form an
angle of ca. 40° with c, while the twofold intramolecular axes
are all parallel to b. The adopted C2/c space group corresponds
to that predicted to yield best packing for racemic molecules
preserving their C2 symmetry in the crystal.17

We can conclude that for larger oligomers of thiohelicenes
homochiral lateral aggregation of helices becomes more
favourable. Interactions between terminal units are still im-
portant in the recognition pattern also for the nine- and eleven-
ring systems. In the supermolecular tubular structures formed in
racemic systems the two enantiomers alternate along a tube
(Fig. 2). The role played by sulfur in the intermolecular
interactions allows rationalisation of the different behaviour as

compared to carbohelicenes. Attempts at optically resolving 10
and 13 are in progress to determine their chiroptical properties
and characterise the self assembling properties of large
homochiral thiohelicenes.

Notes and references
† Tetrathia[7]heterohelicene: photochemical cyclisation yield 85%; m/z
402; d 6.76 for the a hydrogen of thiophene. Pentathia[9]heterohelicene:
photochemical reaction quantitative; m/z 508; d 5.52 for the a hydrogens.
Esathia[11]heterohelicene: photochemical reaction yield 60%; m/z 614; d
5.25 for the a hydrogens.
‡ Emission spectra of chloroform solutions: tetrathia[5]heterohelicene
emission maximum 360 nm; tetrathia[7]heterohelicene 410 nm; pentathia-
[9]heterohelicene 440 nm; esathia[11]heterohelicene 480 nm.
§ Crystal data for 10: C28H12S5, Mr = 508.68, monoclinic, space group
C2/c (no. 15), a = 14.655(1), b = 10.656(1), c = 13.976(1) Å, b =
100.25(1)°, V = 2147.7(3) Å3, Z = 4, Dc = 1.57 g cm23, m = 5.098 mm21,
3662 reflections (1875 unique, Rint = 0.078) were collected on a Siemens
P4 diffractometer. The structure was solved by direct methods using the
SIR97 program and refined by full-matrix least squares with SHELXL97.
The final stage converged to wR(F2) = 0.048 (Rw = 0.123). To better
evaluate intermolecular contacts standard neutron C–H distances of 1.08 Å
were used. CCDC 182/1649. See http://www.rsc.org/suppdata/cc/b0/
b002581j/ for crystallographic files in .cif format.
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Fig. 1 Electronic molar absorption spectra of molecules in chloroform
solution: A trithia[5]heterohelicene, B tetrathia[7]heterohelicene, C penta-
thia[9]heterohelicene and D esathia[11]heterohelicene.

Fig. 2 Crystal packing of pentathia[9]heterohelicene evidencing both the
stacking of enantiomers along the c axis direction and planes of isochiral
molecules parallel to the ab plane. The molecular chirality is made apparent
by the graphic codes of the sulfur atoms.

Fig. 3 Packing of pentathia[9]heterohelicene showing the arrangement of
isochiral molecules in quasi-hexagonal planar assemblies parallel to the ab
plane. Short S…H interactions are evidenced.
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‘Dispoke protected lactate’ derived from (S)-lactic acid was
converted into the enantiopure isoprene epoxides (S)-
2-ethenyl-2-methyloxirane and (2R,2AS)-2-methylbioxirane.

The mechanistic toxicology of isoprene is a subject of
considerable current importance.1 In this context, samples of
single enantiomers of isoprene epoxides are required for the
preparation of reference standards of DNA adducts. We
describe efficient syntheses of enantiomerically pure (S)-
2-ethenyl-2-methyloxirane 1 and (2R,2AS)-2-methylbioxirane 2,
using as starting material the ‘dispoke protected lactate’ 3
derived from (S)-lactic acid.2 An eight-step synthesis of (S)-
2-(1-methylethenyl)oxirane (88% ee) from D-mannitol has been
reported.3 This was oxidised with MCPBA to a mixture of
(2S,2AR)- and (2R,2AR)-2-methylbioxirane.

There is concern about the toxicology of isoprene because of
its structural similarity to buta-1,3-diene, which is a multi-organ
carcinogen in rodents.4,5 This has raised the question of the
effect of the methyl group in isoprene on its toxicity and
carcinogenic potential. Studies with isoprene have shown that
its carcinogenicity towards rodents is much lower than buta-
1,3-diene.6 It is therefore important to determine the sig-
nificance of these findings for the cancer risk from human
exposures to isoprene, which are unavoidable because isoprene
is produced during normal metabolism.7,8 Human exposures
can also occur due to the presence of isoprene in tobacco
smoke,9 automobile exhaust gases,9 emissions from plants and
trees10 and industrial sources.11

In vitro studies have shown that the mammalian metabolism
of isoprene is similar to that of buta-1,3-diene and involves
cytochrome P450 oxidation to mono- and then di-epoxides,
which may be metabolites responsible for toxicity. It is
important to clarify the influence of the stereochemistry of these
epoxides on isoprene’s toxicology, as well as determining the

effect of the methyl group. We have previously shown
stereochemical differences between rat, mouse and human in
the formation of the mono-epoxides of isoprene by liver
preparations in vitro.13

A key intermediate for the preparation of (S)-2-ethenyl-
2-methyloxirane 1 is (S)-2-hydroxy-2-methylbutenoic acid 4.
Several approaches to prepare 4 in enantiopure form were tried
using Evans’ chiral oxazolidinone chemistry,14 but none were
successful. Furthermore, we were unable to resolve racemic
2-hydroxy-2-methylbutenoic acid, either via diastereoisomeric
salts with optically active amines, or by lipase-catalysed
hydrolysis of its esters. The failure of these approaches may be
due to the similarity of the methyl and vinyl groups, which leads
to diastereoisomers derived from 2-hydroxy-2-methylbutenoic
acid having similar physical and chemical properties. However,
(S)-2-hydroxy-2-methylbutenoic acid 4 could be readily pre-
pared from the ‘dispoke protected lactate’ 3 (Scheme 1).‡ Ley
and his coworkers2 have shown that condensation with
acetaldehyde of the carbanion derived by deprotonation of 3
with LDA gives predominately diastereoisomer 5. We con-
verted 5 into its triflate 6, which underwent smooth DBU-
induced elimination to 7. Deprotection of 7 by treatment with
95% TFA gave (S)-2-hydroxy-2-methylbutenoic acid 4. The
synthesis of 1 was completed by reduction of 4 to (S)-
2-methylbut-3-ene-1,2-diol 8, tosylation of 8 to 9, treatment of
9 with base and direct distillation of 1 from the reaction mixture
in the manner described.15 The high enantiomeric purity of 1
{[a]D + 17.6 (c 6.2 g/100 ml in ethyl acetate at 19 °C)} was
confirmed using 1H NMR spectroscopy in conjunction with the
chiral shift reagent europium tris[3-(heptafluoropropylhydroxy-
methylene)-(2)-camphorate] in deuterioacetonitrile.

(2R,2AS)-2-Methylbioxirane 2, was also readily prepared
from the ‘dispoke protected lactate’ 3. Condensation of the
carbanion derived by deprotonation of 3 with LDA with
2-(4-methoxybenzyloxy)acetaldehyde16 gave predominately
diastereoisomer 10, which was converted into lactone 11 by
treatment with 95% TFA. Reduction of 11 to tetraol 12 was

† Present address: AstraZeneca Central Toxicology Laboratory, Alderley
Park, Alderley Edge, Cheshire, UK SK10 4TJ.

Scheme 1 Synthesis of (S)-2-ethenyl-2-methyloxirane 1. Reagents and conditions: i, LDA + DMPU/BunLi in THF; MeCHO, 93% (cf. ref. 2); ii, triflic
anhydride/pyridine in CH2Cl2, 100%; iii, DBU in CH2Cl2 71%; iv, 95% TFA, 88%; v, LiAlH4 in diethyl ether, 100%; vi, TsCl/pyridine in toluene, 51%; vii,
NaOCH2CH2OH in HOCH2CH2OH, 80%.
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followed by selective mesylation of the primary hydroxy groups
to give 13 and finally base-induced ring closures to diepoxide 2.
The resulting 2 {[a]D 20.4 (c 5.8 g/100 ml ethyl acetate at
19 °C)} was shown to be enantiomerically and diastereomer-
ically pure using 1H NMR spectroscopy with the same chiral
shift reagent as above. A racemic reference sample of both
diastereoisomers of 2-methylbioxirane was prepared from rac-
2-ethenyl-2-methyloxirane by oxidation with MCPBA in di-
chloromethane.3

The work described herein makes the isoprene epoxides 1
and 2 available in sufficient amounts for the preparation of
adduct standards from proteins and DNA. The kinetics and
mechanisms of biologically relevant reactions of isoprene
epoxides are currently under study in our laboratory.

This work was supported by Shell International Chemicals
BV. We thank Professor S. V. Ley for a helpful discussion.
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‡ All new compounds gave analytical and spectroscopic data in accord with
their assigned structure.
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Scheme 2 Synthesis of (2R,2AS)-2-methylbioxirane 2. Reagents and conditions: i, LDA + DMPU/BunLi in THF; pmbOCH2CHO, 73%; ii, 95% TFA, 78%;
iii, NaBH4 in MeOH, 100%; iv, MsCl in pyridine, 37%; v, NaOCH2CH2OH in HOCH2CH2OH, 49% (pmb = p-methoxybenzyl).
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An inner C-tolyl substituted Pd2+ complex of a doubly N-
confused porphyrin (N2CP) was obtained from the reaction
of N2CP and Pd(OAc)2 in toluene and the structure was
revealed by a single crystal X-ray analysis.

‘N-Confused porphyrin’ (NCP) or ‘inverted porphyrin’ is a
porphyrin isomer wherein one of the pyrrolic rings is in-
verted.1,2 Owing to the inner core carbon and outward pointing
nitrogen, NCP coordination chemistry differs greatly from that
of normal porphyrins.3–5 For example, NCP can serve as both a

divalent (NCP22) and a trivalent (NCP32) ligand with d8 metals
such as Ni2+ and Ag3+.2,5 Recently, we have succeeded in
synthesizing ‘doubly N-confused porphyrin (N2CP)’ and dis-
closed its trivalent (N2CP32) ligand nature in the complexation
of Cu3+ and Ag3+.6 If the multi-valence property observed in
NCP was common in all NCP families,7 other valences, such as
N2CP22 or N2CP42, could be expected for divalent (M2+) or
tetravalent (M4+) metal coordination. By keeping this point in
mind, we have examined Pd complexation with N2CP because
square planar coordination of Pd2+ and/or Pd4+ is well known.8
Interestingly, the synthesized complex was Pd2+–N2CP bearing
a solvent molecule at an inner core carbon. In this communica-
tion, the X-ray structure and absorption spectrum of a novel Pd
complex, Pd2+–N2CP–Tol (2), are reported.

When N2CP, 2-ethoxy-5,10,15,20-tetrakis(pentafluorophe-
nyl)-3,7-diaza-21,22-dicarbaporphyrin (1), 6 was treated with 2
equiv. of Pd(OAc)2 in refluxing toluene for 5 h, a yellow-
greenish product was obtained in 18% yield. A FABMS peak at
m/z 1217.8 indicated the attachment of a tolyl group to the Pd–
N2CP complex. The 1H NMR signals of the complex showed
distinctly in the range from 11 to 1 ppm in CD2Cl2, which
suggested that the Pd oxidation state of the complex was
diamagnetic, either Pd2+ (d8) or Pd4+ (d6). The tolyl signals

derived from the solvent were observed in the high field region
(5.61–6.36 ppm), which indicated that the tolyl group was
located on the porphyrin core, presumably at an inner carbon or
nitrogen. The methyl groups on the tolyl substituent were found
to occur at the para and meta positions in a 1+2 ratio. Moreover,
an outer NH signal was observed at 10.37 ppm, which suggested
N2CP22 type ligand formation, that is, Pd2+ coordination. Pd2+–
N2CP–Tol (2) was isolated as a single product and the formation
of neither Pd3+–N2CP nor Pd4+–N2CP was observed (Scheme
1). By using CHCl3 or C6H6 as the solvent, the complexation
reaction did not proceed and N2CP (1) was recovered. However,
in the presence of C6H6 and toluene (1/1 v/v), both C-phenyl
and C-tolyl Pd–N2CP complexes were formed. Furthermore,
the formation of a C-arylated complex was observed in m-
xylene but not in p-xylene in which the steric hindrance was
significant.

The explicit structural details of the Pd2+–N2CP–Tol (2)
complex was derived from a single crystal X-ray diffraction
analysis (Fig. 1).9 Surprisingly, a solvent tolyl group is bound to
the inner carbon of a confused pyrrole ring which does not have
an ethoxy group. The tolyl-substituted confused pyrrole ring is
bent at 56.3° and the tolyl group stands almost vertically (88.6°)
at the opposite side of a mean N2C2 plane consisting of core

† Electronic supplementary information (ESI) available: synthesis details,
1H and 13C NMR spectra, thermal ellipsoid plot showing all atoms, unit cell
packing diagram for 2. See http://www/rsc.org/suppdata/cc/b0/b003022h/ Scheme 1 Reaction of N2CP (1) and Pd(OAc)2.
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nitrogens and carbons. The Pd–C bond distances are 1.97(1) and
2.202(9) Å, and the Pd–N distances are 2.09(1) and 2.056(8)
Å.10 Reflecting the tilting of the confused pyrrole ring and the
different carbon atom types, sp2 and sp3, the two Pd–C bond
distances differ greatly (0.23 Å). On the other hand,  the Pd–N
bond distances are slightly longer than in Pd2+–tetraphenylpor-
phyrin, 2.009 Å.11 In the single crystal, the tolyl group was
disordered and refinement of the structure was well performed
with the assumption of a para+meta ratio of 2+3, in agreement
with the 1H NMR data. Similar structures, such as a perpendicu-
lar orientation of the C-substituted group and/or the strong
tilting of the coordinating 5-membered ring, have been
observed in N-alkylporphyrin and Pd–thiaporphyrin com-
plexes.4,12 The absorption spectrum of 2 displays three broad
bands with peak maxima at 318.0, 410.0 and 662.0 nm
indicating the distortion of the porphyrin ring (Fig. 2).

Mechanistically, it is not clear which Pd oxidation state,
either Pd2+, Pd3+ or Pd4+, is formed before the tolyl group is
incorporated at the inner carbon. One of the possible mecha-
nisms is the initial formation of the unstable Pd3+–N2CP
complex, like Ag3+ and Cu3+, which is then attacked succes-
sively by a toluene molecule at either Pd or the Pd-connected
carbon. As the Pd3+ (d7) species is paramagnetic, a radical
mechanism could be involved in the formation of 2 (Scheme
2).13 Supporting this, the ratio of the obtained tolyl complex
shows the statistical distribution, p+m = 1+2.14 The H-radical
derived from toluene would change to H+ eventually, because

palladium black (Pd0) is always associated with this reaction. It
is reported that Pd(OAc)2 causes the facile palladation of
aromatic compounds to afford biaryls.15,16 Although we have
not detected bitolyl in this reaction, the other mechanism
involving a tolyl–Pd complex before the formation of a Pd–
carbon bond with the confused pyrrole can not be excluded. As
this reaction implies the possibility of aromatic C–H activation,
detailed study of the mechanism in addition to investigations
with other group 10 metals is currently underway.17
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Chem. Soc., 1996, 118, 5690; P. J. Chmielewski and L. Latos-
Grażyński, J. Chem. Soc., Perkin Trans. 2, 1995, 503; P. J. Chmielewski
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Fig. 1 X-Ray structure of Pd–N2CP–Tol (2). Solvents and penta-
fluorophenyl groups are omitted for clarity. Selective bond lengths (Å) and
angles (°): Pd–C1, 1.97(1); Pd–C2, 2.202(9); Pd–N3, 2.09(1); Pd–N4,
2.056(8); C1–Pd–C2, 90.1(5); C2–Pd–N3, 90.6(4); N3–Pd–N4, 90.1(4);
N4–Pd–C1, 89.2(4); C1–Pd–N3, 179.1(3); C2–Pd–N4, 170.5(3).

Fig. 2 Absorption spectrum of Pd–N2CP–Tol (2) in CHCl3.

Scheme 2 A possible intermediate Pd3+–N2CP. 
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Thiol- and amino-functionalized SBA-15 silicas with uni-
form mesoporosities were prepared and employed for
removing heavy metal ions from waste water; the thiolated
SBA-15 adsorbent exhibited a higher complexation affinity
for Hg2+, while the other metal ions (Cu2+, Zn2+, Cr3+ and
Ni2+) showed exceptional binding ability with its aminated
analogue.

To synthesize improved adsorbents for the removal of toxic
heavy metal ions from waste water is a continuing research
objective of environmental pollution control processes. Con-
siderable efforts have been devoted to the preparation of
mesoporous silica-based adsorbents due to their unique large
surface area, well-defined pore size and pore shape and well-
modified surface properties.1–5 This application generally
requires the materials to exhibit specific binding sites for heavy
metal ions, but most mesoporous materials themselves do not
have such surface properties. Accordingly, an efficient ap-
proach has been developed so that functional monolayers are
chemically bonded to the surfaces of supports. The function-
alized hybrid materials show great adsorption capacity and
specificity for metal ions. For instance, a few metal ion
adsorbents have been prepared by grafting thiol ligands onto the
surface of a MCM-41 support, which are extremely efficient in
removing mercury and other heavy metal ions.1,2 The effective-
ness of such adsorbents has been ascribed to the complexation
chemistry of grafted ligands with metal ions. Continuing our
efforts in synthesizing and improving the hydrothermal stability
of mesoporous materials and in investigating their applica-
tions,6–8 we prepared in this study two novel thiol- and amino-
functionalized SBA-15 materials and investigated their com-
plexation affinities for heavy metal ions. The more regular
structure and much thicker silica walls of SBA-15 (31–64 Å)
may impart significant hydrothermal stability in comparison to
MCM-41. In addition, amino groups grafted on an SBA-15
support are expected to show considerably higher binding
ability to relatively harder metal ions such as Cu2+, Zn2+, Cr3+

and Ni2+.
Synthesis of the parent mesoporous SBA-15 was achieved by

the use of a triblock copolymer surfactant in acidic media.9 The
calcined material has a surface area of 814 m2 g21 and an
average pore size of 76 Å, as determined using the nitrogen
adsorption technique and transmission electron microscopy
(TEM). The X-ray powder diffraction pattern of this material
shows a very intense peak (100) and two additional high order
peaks with lower intensities, indicating a significant degree of
long range ordering of the structure and well formed hexagonal
pore arrays of the sample. SBA-15 functionalized with
3-mercaptopropyl groups [SBA-15(SH)] (5.6% C, SBET 461
m2 g21 and Vt 0.66 m3 g21) and primary 3-aminopropyl groups
[SBA-15(NH2)] (9.5% C, SBET 279 m2 g21 and Vt 0.45 m3 g21)
were obtained through the treatment with chloroform solution
of 3-mercaptopropyltriethoxysilane and 3-aminopropyltri-
ethoxysilane, respectively. It was found that, upon functional-
ization, the surface area, total pore volume and pore size
decreased significantly, revealing that the surface modification

indeed occurred inside the primary mesopores of the SBA-15.
However, the XRD analysis indicated that, in addition to a very
intense peak (100), two higher order peaks were still observed.
Therefore, the chemical bonding procedure did not diminish the
structural ordering of SBA-15.

The 29Si and 13C NMR spectra and peak assignments for
functionalized samples SBA-15(SH) and SBA-15(NH2) are
depicted in Fig. 1 and 2, respectively. In the 29Si NMR spectrum
of SBA-15(SH) (Fig. 1(a)), the three peaks at 2113.8, 2105.6
and 296.3 ppm are attributed to silicon in the siloxane binding
environment without hydroxyl groups [(SiO)4Si], isolated
silanol groups [(SiO)3Si-OH] and to geminal silanol groups
[(SiO)2Si-(OH)2] of the silica support. In addition to these
signals, two additional signals can be observed at 271.9 and
263.4 ppm, which correspond to two different environments
for the siloxane groups in the functionalized monolayers:10 (i)

Fig. 1 29Si NMR spectra of organic monolayers on SBA-15: (a) SBA-
15(SH) and (b) SBA-15(NH2).

Fig. 2 13C NMR spectra of organic monolayers on SBA-15: (a) SBA-
15(SH) and (b) SBA-15(NH2).
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cross-linked groups bound to two neighboring siloxanes and (ii)
isolated groups and terminal groups bound to only one
neighboring siloxane. In the case of sample SBA-15(NH2)
(Fig. 1(b)), only two distinguishable peaks at 2115.0 and
2105.5 ppm were recorded for the silica support. An increase of
the Q4 peak intensity was also observed, along with a reduction
in the signal intensity of the Q3 site. In agreement with higher
coverage of amino monolayers for SBA-15(NH2) (9.5% C),
these observations indicate that, compared with the mercapto-
propyl groups in SBA-15(SH) (5.6% C), more aminopropyl
groups have been grafted onto Si-OH groups of the silica
support, and thus more Q4 silica sites are subsequently formed.
It should be noted that relative peak intensities in the 29Si NMR
spectra are not strictly quantifiable due to differences in
relaxation behavior. In the 13C NMR spectrum of SBA-15(SH)
(Fig. 2(a)), the peak at 13.8 ppm is ascribed to the methylene
carbon group C3 that is directly bonded to the silicon atom. The
strong signal at 29.6 ppm is attributed to the other two
methylene carbons (C2 and C1). However, for sample SBA-
15(NH2), three distinct peaks are clearly observed at 13.1, 24.9
and 45.6 ppm, which can be assigned to the carbons C3, C1 and
C2, respectively. We believe that the better resolution of the
peaks for the three carbons in SBA-15(NH2) is associated with
the higher ordering orientation of the carbon chains with respect
to the silica surface.1

The functionalized materials exhibited unique selective
affinity for binding heavy metal ions. Table 1 lists the ion
concentrations of simulated waste water solutions before and
after treatment with SBA-15(SH) and SBA-15(NH2). It can be
seen that a single treatment with SBA-15(SH) reduced the
mercury concentration to below the detection limit, but it
exhibited little or no affinity for other metal ions. On the other
hand, the aminated SBA-15 adsorbent efficiently removed the
metal ions from the waste solution with the exception of Hg2+.
Note that no significant concentration change for all metal ions
was observed when unmodified SBA-15 was directly treated
with the waste water solution under identical conditions. Thus,
the concentration change is indeed attributed to the complexa-
tion reactions between metal ions with grafted ligands. It has
been well recognized that softer transition metal ions are prone
to forming stable complexes with ligands carrying softer donor
atoms, and vice versa. Sulfur has been regarded as a softer donor
atom compared with nitrogen, and therefore it is understandable
that the thiolated adsorbent exhibited higher complexation
affinity for the softer metal ion Hg2+, while the other relatively
harder metal ions (Cu2+, Zn2+, Cr3+ and Ni2+) demonstrated
considerably higher binding ability with its aminated ana-
logue.

The hydrolytic stability was tested by treating mercury-
loaded SBA-15(SH) and copper-loaded SBA-15(NH2) in water
at 70 °C for 12 h. Elemental analysis indicated that only a very
small amount of metal was released during this process (0.5%
Hg and 0.8% Cu were released from SBA-15(SH) and SBA-
15(NH2), respectively). To regenerate the used adsorbents, the
metal-loaded functionalized SBA-15 adsorbents were washed

with conc. HCl, resulting in complete removal of the loaded
metal. The regenerated SBA-15(SH) and SBA-15(NH2) materi-
als were treated with Hg(NO3)2 and Cu(NO3)2 solutions,
respectively. An Hg loading of 292 mg g(SBA-15(SH))21 and
a Cu loading of 46 mg g(SBA-15(NH2))21 were obtained,
corresponding to about 60% of the original loading capacities.
Similar results were obtained for a third regeneration and reuse
cycle. These results indicated that both adsorbents remained
effective even after extended regeneration and reuse cycles. In
good agreement with the results, BET analyses of the
regenerated adsorbents indicated that the surface area and pore
volume for both adsorbents only slightly decreased (ca. 5%
decrease), while the pore size essentially remained unchanged
[68 Å for SBA-15(SH) and 63 Å for SBA-15(NH2)]. IR spectra
showed that the bonds corresponding to grafted ligands were
still present. This result clearly demonstrates that both the
mesoporous SBA-15 silica and the organic monolayers appear
to essentially retain their structures even after extended use.

For the purpose of comparison, thiolated and aminated
MCM-41 were also prepared and tested in this study. The
effectiveness of these adsorbents is comparable to their SBA-15
analogues. However, the regeneration process resulted in a
significant decrease in surface area and pore volume for both
functionalized MCM-41 adsorbents: the surface area and pore
volume of the regenerated MCM-41(SH) are 465 (665) m2 g21

and 0.41 (0.61) cm3 g21; for MCM-41(NH2), 282 (460) m2 g21

and 0.26 (0.41) cm3 g21 (the corresponding original values are
indicated in parentheses). This result is in good agreement with
the report that SBA-15 is much more stable than MCM-41.9 A
great loss in adsorption capacity to heavy metal ions was
observed accordingly: an Hg loading of 160 mg g(MCM-
41(SH))21 and a Cu loading of 28 mg g(MCM-41(NH2))21

were obtained, corresponding to about 35% of the original
loading capacities.

Less attention has been focused on the synthesis and
applications of SBA-15 mesoporous silica since it was dis-
covered in 1998.11–13 However, we believe that this unique
mesoporous material can provide more possibilities for the
design and synthesis of open pore structures because of its high
surface area  and easily controllable uniform pore size that may
be extended to ca. 300 Å. In addition, compared with MCM-41,
the more uniform pore structure and thicker silica walls of SBA-
15 (31–64 Å) are shown to impart significant stability to the
material under hydrothermal conditions.9

We are grateful to the National University of Singapore and
the National Science and Technology Board of Singapore for
the support of this research (Grant No. RP960608A).
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Table 1 Analyzed concentrations of toxic metal ions in waste water
solutions before and after adsorption treatment (concentration in ppm)a

Hg Cu Zn Cr Ni

No treatment 10.1 5.21 10.1 5.21 10.2
After treatment with SBA-15 10.2 5.12 10.2 5.13 10.3
After treatment with SBA-15(SH) 0 3.18 9.91 4.72 5.10
After treatment with SBA-15(NH2) 2.15 0.01 0 0 0
a 10 mL of waste solution was mixed with 100 mg of adsorbent at room
temperature with agitation overnight. The remaining metal concentrations
in solution were analyzed using inductively coupled plasma spectroscopy
(ICP).
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Substituted pyrazoles and pyrrolo[1,2-c]pyrimidines were
prepared from the reaction of arylchlorocarbenes with
1,2-diazabuta-1,3-dienes and 4-vinylpyrimidines, respec-
tively.

We recently reported the successful application of aryl-
chlorocarbenes generated from arylchlorodiazirines to the
synthesis of indolizines and pyrroles (Scheme 1, reactions (i)
and (ii)).1,2 The key step of the described approach produces a
nitrogen ylide, followed by 1,5-intramolecular cyclization and
HCl elimination. We now report further application of this
methodology to the synthesis of a wider array of heterocycles
containing two nitrogen atoms, such as pyrazoles and pyr-
rolo[1,2-c]pyrimidines (Scheme 1, reactions (iii) and (iv)).
Pyrazoles have attracted the attention of many chemists because
of their applications in organometallic chemistry as ligands, in
synthesis, in particular of bioactive compounds, as well as their
thermal reactions, spectroscopic applications and theoretical
calculations.3 Pyrrolo[1,2-c]pyrimidines, the aza analogues of
indolizines, have attracted substantial interest because of their
ability to facilitate easy ring cleavage, their variety of ring
transformations and recyclizations,4 and for their role as starting
materials to N-bridged heteroaromatics.5 However, the known
synthetic routes to these compounds are lengthy and result in
poor yields.5,6 In this respect, these highly reactive carbenes
have been harnessed and utilized to achieve difficult synthetic
tasks which other reactive intermediates cannot easily per-
form.

The arylchlorocarbenes 2a–c were generated from aryl-
chlorodiazirines 1a–c7 by thermolysis. Phenylazostilbene 7 was
prepared from acetoxydeoxybenzoin and phenylhydrazine.8
Thermolysis of arylchlorodiazirines 1a–c in the presence of
phenylazostilbene 7 leads to 1,3,4,5-tetrasubstituted pyrazoles

5a-c in good yield (74–83%). Attanasi and coworkers have
developed an effective approach to pyrazoles based on a
preliminary 1,4-addition of a nucleophilic reagent to the
1,2-diazabuta-1,3-diene substrates, which also gave a 70–80%
product yield.9 Vinylpyrimidines 8a,b were prepared from
4-methylpyrimidine according to previously described proce-
dures.10,11 Thermolysis of arylchlorodiazirines 1a-c in the
presence of vinylpyrimidines 8a,b leads to 6,7-disubstituted
pyrrolo[1,2-c]pyrimidines 6a–c in a 17–22% yield. The yields
and physical data of obtained pyrazoles 5a–c and pyrrolopyr-
imidines 6a–c are given in ref. 12.†

In general, solutions of chlorodiazirine 1a–c (2 mmol) and
phenylazostilbene 7 or vinylpyrimidine 8a,b (1 mmol) were
refluxed in absolute benzene (10 mL) for 24 h. After workup,
the pyrazoles 5a–c were purified by column chromatography on
silica gel with 10+1 hexane–diethyl ether eluent, followed by
crystallization from propan-2-ol–hexane (1+3); pyrrolopyr-
imidines 6a–c were purified by column chromatography on
Al2O3 (basic) with 4+1 hexane–diethyl ether eluent.

Vinylpyrimidines 8a,b are transparent at 351 nm, which is
not the case for phenylazostilbene 7. In order to learn whether
the reaction of chlorodiazirines 1a–c with vinylpyrimidines
8a,b goes through an N-ylide intermediate, we undertook laser
flash photolysis (LFP) studies14 of this system to examine the
kinetics of nitrogen ylide formation and the rate of 1,5-dipolar
cyclization.

LFP irradiation at 351 nm of a solution of chlorophenyldi-
azirine 1a in benzene (A = 1.0 at l = 376, 392 nm) at 25 °C
produces a transient absorption at 310 nm due to the formation
of the chlorophenylcarbene 2a, whose decay rate constant is
2.02 3 105 s21. In the presence of pyrimidine derivative 8b, a
new transient attributed to the pyrimidinium ylide appears at
550 nm. The plot of the observed pseudo-first-order rate
constants for the growth of the absorption at 550 nm vs.
concentration of 8b is linear, and the rate constant for the
reaction of chlorophenylcarbene 2a and pyrimidine 8b at 25 °C
is kylide = 3.24 3 108 M21s.21 The intercept of the straight line
(2.78 3 105 s21) is the chlorophenylcarbene 2a decay rate
constant in the absence of 8b, which is similar to that detected
at 310 nm (2.02 3 105 s21). The pyrimidinium ylide (at 550 nm)
decays in benzene with a lifetime equal to 102.2 ms at 22 °C,
independent of the concentration of 8b. Therefore, the rate
constant for the 1,5-dipolar cyclization of pyrimidinium ylide is
k1,5-cycl = 9.78 3 103 s21. The temperature dependence
(0–55 °C) of the pyrimidinium ylide decay to form the

Scheme 1 Scheme 2
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1,5-cyclization product yielded the following Arrhenius param-
eters: Ea = 10.0 kcal mol21 and A = 2.36 3 1011 s21.

We have shown that chlorocarbenes can be successfully
applied to the synthesis of 1,3,4,5-tetrasubstituted pyrazoles and
6,7-disubstituted pyrrolo[1,2-c]pyrimidines. This methodology
is simple and effective. We have also demonstrated the
existence of nitrogen ylides as intermediates in these reactions.
The kinetics of the 1,5-dipolar cyclizations of pyrimidinium
ylides to yield pyrrolo[1,2-c]pyrimidines are reminiscent of the
cyclization of 2-vinylpyridinium ylides to indolizines1 and
azomethine ylides to pyrroles.2

M. T. H. L. and Yu. N. R. wish to thank the NSERC of
Canada for its generous financial support. We also thank Dr Wei
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(S)-1-Methylheptyl 2-[4-(4-dodecyloxybenzoyloxy)phenyl]-
pyrimidine-5-carboxylate and its racemic modification are
synthesised; miscibility studies, investigations of defect
textures, differential scanning calorimetry and electrical
field studies show that this material exhibits an antiferro-
electric twist grain boundary TGBC*A analogue of the
Abrikosov flux phase found in superconductors.

The prediction1,2 and discovery3,4 of the twist grain boundary
smectic A* (TGBA*) phase led to the unification of phase
transition theory in liquid crystals with those of super-
conductors. Subsequent to these seminal contributions, TGB
phases were found to be ubiquitous in the field of self-
organising systems where they have been encountered at
transitions from either the isotropic liquid or the chiral nematic
(N*) phase to the lamellar, smectic (Sm) state.5–7 At the normal
chiral nematic to smectic transition, the helical ordering of the
chiral nematic phase collapses to give the layered structure of
the smectic phase. However, for strongly chiral systems, there
can be competition between the need of the molecules, due to
their chiral packing requirements, to form a helical macro-
structure and the need for the formation of a lower energy
layered structure. This frustration is relieved by the formation of
a helical structure with its heli-axis parallel to the planes of the
layers. The helix and lamellar structures are, however, in-
compatible with one another and cannot co-exist without the
formation of defects. The co-existence is achieved by having
small blocks/sheets of molecules, with a local smectic structure,
which are rotated with respect to one another via sets of screw
dislocations located at their interfaces, thereby giving a quasi-
helical structure.2 In this way the twist distortions are localised
in defects that periodically punctuate the normal smectic state
which is analogous to how lines of flux punctuate the Abrikosov
vortex state in type II superconductors.

Frustrated equivalents of the smectic A* and C* phases have
been found, with both having commensurable or incommensu-
rable variants that are dependent on the rational number of
smectic blocks/sheets with respect to the pitch of the phase.8,9

For the TGBC modification a number of subphases have been
discovered which are dependent on; (i) the presence (TGBC*)
or expulsion (TGBC) of the local heli-axis of the smectic C*
phase which is oriented perpendicular to the layers of molecules
and to the heli-axis of the TGB phase; (ii) the direction of the
local spontaneous polarization relative to the heli-axis (parallel
or perpendicular); (iii) the inversion of the handedness of the
helix in the TGBC phase as a function of temperature;10 and (iv)
the formation of a 2D modulated structure with respect to the
tilt.11

Here we report on the liquid crystal properties of (S)-
1-methylheptyl 2-[4-(4-dodecyloxybenzoyloxy)phenyl]pyrimi-
dine-5-carboxylate A, and its racemic modification B. Through
miscibility studies, investigations of defect textures, differential
scanning calorimetry, and electrical field studies, we suggest
this material exhibits the first example of a twist grain boundary
(TGBC*A) phase that has a local antiferroelectric structure.

The transition temperatures, and the associated enthalpies for
each phase transition, for (S)-1-methylheptyl 2-[4-(4-dodecyl-

oxybenzoyloxy)phenyl]pyrimidine-5-carboxylate A, and its
racemate B, were determined by thermal polarized microscopy
and differential scanning calorimetry, and are given together in
Table 1. Firstly, we note from the Table 1 there are considerable
differences in transition temperatures between the enantiomer
and the racemate, however, we also emphasise that the purities
of the materials were found to be better than 99.5%. Therefore
the differences in temperatures are real, as are the variances in
phase sequences and phase types, and both are associated with
the effects of chirality on the self-organising processes.
Importantly the isotropization temperature for the racemate is
higher than that for the enantiomer, whereas the transition to a
tilted smectic phase is lower, these results are at variance with
problems associated with the effects of impurities.

Homogenous, homeotropic, uncovered droplets, and free-
standing film specimens of A were examined by transmitted,
polarized-light, thermal microscopy. The phase first formed
from the isotropic liquid was iridescent and clearly helical. The
phase did not exhibit either focal-conic, platelet or schlieren
defect textures, and was not typical of either the TGBA or
TGBC phase. Nevertheless, at lower temperatures the transition
to and from the smectic C*A phase was characterised by the
formation of filaments typical of a TGB phase.12 A Grandjean
plane texture, typical of a helical phase was obtained for A in a
homogeneously aligned (perpendicularly oriented layers) cell
with a ca. 5 mm spacing that had been antiparallel-buffed. The
fact that the heli-axis forms normal to the glass substrates of the
cell indicates that the twist is in the direction of the planes of the
layers, i.e. typical of a TGB phase. The presence of filaments
and a heli-axis in the plane of the layers confirm that the phase
formed first on cooling the isotropic liquid of the enantiomer is
a twist grain boundary phase, however, the lack of a
characteristic texture suggested that the phase was not of the
same class as those characterised so far.

Table 1 The transition temperatures (°C) and the associated enthalpies of
transition [DH/kJ g21] for (S)-1-methylheptyl 2-[4-(4-dodecyloxybenzoyl-
oxy)phenyl]pyrimidine-5-carboxylate A and its racemic modification B;
* denotes the enthalpies that were too small to be evaluated.

Chiral compound A

Iso–TGBC*A TGBC*A–SmCA* SmCA*–Cryst Mp/°C

93 91.6 68.3 86.4
[20.87] [20.22] [228.8]

Racemic modification B

I–SmA SmA–SmC SmC–SmCalt SmCalt–Cryst Mp/°C

96 90.5 89.2 43.6 72.6
[29.12] [2]* [2]* [234.8] [75.6]
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Comparing the results obtained for racemate B with those for
enantiomer A yields some interesting and contrasting observa-
tions. The mesophase formed first on cooling the isotropic
liquid of the racemic modification exhibits a focal-conic texture
that is characterised by its elliptical and hyperbolic lines of
optical discontinuity, and a homeotropic optically extinct
texture. The presence of these defect textures characterises the
mesophase as smectic A. Subsequent cooling leads to the
homeotropic areas becoming schlieren, and the focal-conic
domains becoming broken, both of these textures are character-
istic of the formation of a smectic C phase. As the temperature
is lowered there is the formation of a third phase, again
characterised by the presence of a schlieren texture, but this
time the focal-conic domains are not as broken as they were in
the smectic C phase. These observations are in keeping with the
third phase being an anticlinic smectic Calt phase, where the tilt
directions of the molecules alternate on passing from one layer
to the next, i.e. the tilt direction rotates through an angle of 180°
on passing from one layer to the next. Thus racemate B appears
to exhibit a SmA, SmC, SmCalt phase sequence, whereas the
enantiomer A exhibits a TGB and SmC*A sequence.

Differential scanning calorimetry was used to investigate the
nature of the phase transitions and to determine their associated
enthalpy values, see  Table 1. Fig. 1 shows the cooling scans for
both the racemate and the enantiomer. For the racemate (dotted
line) the smectic A phase forms first on cooling from the
isotropic liquid at 96 °C. On further cooling a smectic C phase
is formed at 90.5 °C, but as the transition is second order it is
detected only as a baseline step in the DSC. As the temperature
is lowered a weak first order transition is found for smectic C to
smectic Calt at 89.2 °C.

A, solid line in Fig. 1, shows strong pretransitional effects in
the isotropic liquid just before the transition to the TGB phase.
Transitional effects in the isotropic liquid are typical for
systems that are about to form TGB phases and are associated,
like those of superconductors, with entangled or disentangled
flux phases, i.e. the amorphous liquid has some long range order
associated with it.13 The transition to the TGB phase is strongly
first order, but the associated enthalpy is much lower than that
obtained for the clearing point of the racemate. However, the
enthalpy for the isotropic liquid to smectic A transition is
approximately equal to the sum of the enthalpies associated
with the pretransitional effect in the liquid and the isotropic
liquid to TGB phase of the enantiomer.3,4

The magnitude of the spontaneous polarization for A,
determined using the triangular wave method, was found to
reach a maximum value of approximately 60 nC cm22.
Examination of the current flow as a function of temperature
and time showed that as the material is switched from one stable
ferroelectric state to the other, two separate events occur which
correspond to switching from one ferroelectric state to the
antiferroelectric state and on to the other ferroelectric state. As

the temperature is reduced, so the antiferroelectric state
becomes more stable, which is probably reflected in a higher
viscosity. At the transition to the TGB phase there is no
appreciable change in the switching process indicating that the
phase formed from the TGB phase on cooling is indeed
antiferroelectric, confirming the observations made from the
miscibility studies, i.e. that enantiomer A does not exhibit either
a smectic A* or smectic C* phase that corresponds to the achiral
phases of the racemate. It is also interesting to note the events
that take place prior to and during the switching of the TGB
phase. When the cell is filled from the isotropic liquid the
homogeneous alignment causes the formation of a helical
macrostructure, associated with the TGB phase, perpendicular
to the glass substrates. As the field is applied the helix unwinds
to give a bookshelf-like geometry, as the field is increased a
helix, associated with an antiferroelectric phase, now forms
perpendicular to the layers and parallel to the planes of the glass
substrates. Increasing the field induces this phase to unwind to
give a stable unwound antiferroelectric phase, which as the field
is increased gives way to a stable switched ferroelectric phase.
These investigations suggest that the polarization vector
associated with the ferroelectric layers in the antiferroelectric
phase lies perpendicular to the heli-axis as shown in Fig. 2.

In conclusion, we have demonstrated that (S)-1-methylheptyl
2-[4-(4A-dodecyloxybenzoyloxy)phenyl]pyrimidine-5-carboxy-
late exhibits a novel TGB which we believe to be antiferro-
electric. This result represents the addition of a new frustrated
state of matter to the family of twist grain boundary phases.

We thank the University of Hull Overseas Research Student
Scheme, the Department of Chemistry, University of Hull, the
EU TMR programme (Optical Research of Chiral Systems
ORCHIS), and DERA for financial support.
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Fig. 1 Differential scanning thermograms obtained on cooling for the (S)-
enantiomer, A (solid lines) and its racemic modification, B (dotted lines),
the scan rate was 2 °C min21.

Fig. 2 A cartoon of the proposed structure of the antiferroelectric TGBC*A

phase.
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Pt and Pd nanoparticles can be modified with surface-
attached cyclodextrin receptors leading to water-soluble
materials that exhibit catalytic activity for the hydro-
genation of allylamine.

The modification of metal1 and semiconductor2 nanoparticles
with organic monolayers has become a very fruitful and active
field of research in modern chemistry. An attractive aspect of
recent developments in this area is that the final materials may
exhibit combined properties from their inorganic nuclei and
their organic surfaces. Our group is particularly interested in the
modification of metal nanoparticles (metal clusters or colloids)
with organic monolayers prepared with suitable, synthetic
molecular hosts. We have recently reported several examples
illustrating the use of cyclodextrins (CDs) for the modification
of gold colloidal3 or cluster4 particles. In this report, we
demonstrate the surface attachment of CDs to platinum and
palladium nanoparticles that catalyze the hydrogenation of
allylamine. As opposed to classical Pt and Pd catalytic
materials, these novel nanocomposites are soluble in aqueous
media and can be easily recovered by precipitation with
ethanol.

Ulman and coworkers have recently reported the preparation
of platinum nanoparticles protected with alkanethiol mono-
layers.5 Inspired by this report, we decided to adapt our
published procedure for the preparation of CD-modified gold
clusters4 to the synthesis of Pt and Pd nanoparticles derivatized
with chemisorbed CD hosts. To this end, solutions of PtCl422 or
PdCl422 sodium salts in DMSO–H2O were readily reduced with
BH4

2 in the presence of per-6-thio-b-cyclodextrin6 (HS-b-CD,
see structure below), leading to the isolation of dark precip-
itates.‡ These materials show FTIR spectra which are very
similar to that exhibited by free HS-b-CD, indicating the

presence of the thiolated CD in the dark solids (ESI, Fig. S1†).
Furthermore, close inspection of these IR spectra reveals that
the weak S–H stretching peak at ca. 2560 cm21, which is clearly
visible in the spectrum of free HS-b-CD, disappears in the
spectrum of the dark precipitates collected from the reduced Pt
and Pd complex solutions. This is consistent with the antici-
pated conversion of the H–S bonds in HS-b-CD to metal–
thiolate bonds as the CD host chemisorbs on the surface of the
metal nanoparticles.3b 1H NMR spectroscopy also provides
experimental evidence that supports the presence of HS-b-CD
in the dark precipitates. However, the proton resonances from
the CD receptors appear as broad peaks, a result of their relative

proximity to the metal particles.4,7 These spectroscopic features
must result from the presence of HS-b-CD molecules attached
to the metal nanoparticles, since any free HS-b-CD molecules
were washed away before spectroscopic analysis.‡

TEM measurements recorded on the precipitates collected
from the reduction of the Pt (or Pd) complex in the presence of
HS-b-CD verified that these solids materials are composed of
metal particles with dimensions in the nanometer range. Typical
TEM images are shown in Fig. 1 and histograms showing the
particle size distributions (obtained from individual measure-
ments on at least 100 particles) are given as ESI (Fig. S2).† The
average diameters were 14.1 ± 2.2 and 15.6 ± 1.3 nm for the Pt
and Pd particles, respectively. Both the Pt and Pd nanoparticles
exhibit limited polydispersity and their sizes fall clearly into the
colloidal particle domain.

All these results clearly indicate that the derivatization of the
Pt and Pd nanoparticles with surface-attached, thiolated b-CD
receptors proceeds smoothly, yielding reasonably monodis-
perse, CD-modified Pt (or Pd) colloidal particles. Unlike
modification with alkanethiols,5 which passivates the particle
surfaces and renders them catalytically inactive, we anticipated
that these CD-covered Pt (and Pd) nanoparticles will exhibit
catalytic activity. Therefore, in order to substantiate this
hypothesis, we selected the hydrogenation of allylamine as a

† Electronic supplementary information (ESI) available: Fig. S1 (FTIR
spectra) and S2 (size distribution histograms). See http://www.rsc.org/
suppdata/cc/b0/b002423f/

Fig. 1 TEM images of (a) CD-modified Pt nanoparticles and (b) CD-
modified Pd nanoparticles.
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straightforward test reaction. Our experimental results clearly
verified the activity of these nanoparticles as ‘homogeneous’
catalysts8 (Table 1). Under the surveyed reaction conditions,‡
both CD-modified Pt and Pd colloids catalyzed the hydro-
genation of allylamine to propylamine. In a set of experiments,
using 10 mg of each catalyst and 6 h reaction time, the surface
modified Pt and Pd colloids achieved full conversion. In a
second series of experiments, using 5 mg of each catalyst and a
shorter reaction time of 1 h, the CD-modified Pd nanoparticles
were more efficient than the CD-modified Pt nanoparticles. As
an illustrative example, Fig. 2 shows the 1H NMR spectra
recorded before and after 6 h of hydrogenation catalyzed by 10
mg of the CD-modified Pd nanoparticles. We should note here
that both types of CD-modified metal nanoparticles were
soluble in the reaction medium and could be easily recovered at
the end of the reaction by precipitation with ethanol.

In conclusion, we have demonstrated that the surface
modified Pt and Pd colloidal particles reported in this work are
active catalysts for the hydrogenation of allylamine in aqueous

solution. These novel materials may find applications in ‘green
chemistry’ and, perhaps, lead to ‘selective’ catalytic activity,9
modulated by the molecular recognition properties of the
surface-attached hosts. We are currently working towards this
important goal.

We are grateful to the National Science Foundation for the
support of this research work (to A. E. K., CHE-9982014). E. R.
thanks the University of Miami for a graduate Maytag
fellowship.
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Catalytic experiments: the CD-modified Pd and Pt colloids prepared in
this work were tested for catalytic activity under identical reaction
conditions. A solution of a measured amount of the catalyst in 2 mL of D2O
was stirred in a 5 mL peak-shaped flask and saturated with hydrogen gas for
10 min. Allylamine (136 mL, 1.8 mmol) was added with a microsyringe and
a 1H NMR spectrum was recorded just prior to the hydrogenation reaction.
The flask was then sealed with a rubber septum under a hydrogen
atmosphere (760 mm Hg) and left for the selected reaction time. At the end
of this time, another 1H NMR spectrum was recorded to monitor the extent
of conversion from allylamine to propylamine.
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Table 1 Percentage conversion from allylamine (1.8 mmol) to propylamine
under 1.0 atm H2(g) at room temperature in D2O solution (2.0 mL)

Catalyst Amount/mg t/h Conversion (%)

CD-mod. Pt 10 6 > 95
CD-mod. Pd 10 6 100
None — 6 0
CD-mod. Pt 5 1 10
CD-mod. Pd 5 1 30

Fig. 2 1H NMR spectra of a 0.9 M solution of allylamine in D2O containing
10 mg of CD-modified Pd colloids before (top) and after (bottom) 6 h of
exposure to an H2(g) atmosphere at 760 mm Hg.
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ruthenium(II)-nitrosyls and NO-mediated activation of guanylate cyclase
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Hydroxamic acids are shown for the first time to be effective
NO donors by their ability to readily form ruthenium(II)-
nitrosyls, and to cause vascular relaxation of rat aorta by
NO-mediated activation of the iron-containing guanylate
cyclase.

Hydroxamic acids, a group of weak organic acids of general
formula RC(O)N(RA)OH, fulfil a variety of roles in biology and
medicine, for example, as siderophores for iron(III),1 as potent
and selective inhibitors of enzymes such as peroxidases,2
ureases,3 and matrix metalloproteinases,4 and as hypotensive,5
anti-cancer, anti-tuberculous and antifungal agents.6 While
some of these roles are undoubtedly due to the chelating ability
of the hydroxamate group, others, such as the hypotensive
effects (a known nitric oxide property), may be due to their
ability to release nitric oxide, a view strengthened by the now
established importance of NO in many physiological proc-
esses.7 We report herein the first evidence that hydroxamic
acids can indeed act as NO donors, as shown by the fact that
they readily transfer NO to ruthenium(III) and cause vascular
relaxation in rat aorta by activation of the iron-containing
guanylate cyclase enzyme.

Reaction of K[Ru(Hedta)Cl]·2H2O (200 mg, 0.40 mmol),
with benzohydroxamic acid (177 mg, 1.29 mmol) in aqueous
solution (30 cm3) at room temperature resulted in an immediate
colour change from straw-yellow to red. A brown product was
obtained (ca. 55% yield without attempted optimisation)
following purification on a Sephadex LH 20 column and
removal of solvent. The unambiguous formation of a ruthenium
nitrosyl complex was confirmed by microanalysis,† IR, mass
and 1H NMR spectra, which were consistent with the formula-
tion K2[Ru(edta)(NO)Cl], containing a linear, diamagnetic
Ru2+–NO+ group8 (IR+distinctive nNO at 1880 cm21, broad,
strong nCO at 1660 cm21, no absorption at 1730 cm21,
confirming fully depronated edta9 and nRu–Cl at 300 cm21; ESI-
MS: mass peaks at 420 and 390 amu, corresponding to
[Ru(edta)(NO)]2 and [Ru(edta)]2, respectively, with correct
isotopic abundances; 1H NMR: d 3.6 due to ethylenic protons,
3.8, 4.1, 4.3 and 4.4 due to CH2COO2 protons, in D2O
solution). This complex is similar to the previously reported six-
coordinate Ru(H2edta)(NO)Cl·2H2O,9 but contains fully depro-
tonated tetradentate edta with two pendant carboxylate groups.
A related complex, [Ru(edta)NO]2, is formed in solution by
reaction of NO with K[Ru(Hedta)Cl].10 Similar reactions of
K[Ru(Hedta)Cl]·2H2O with acetohydroxamic acid and sali-
cylhydroxamic acid also gave the same product in high yields.
The products of the denitrosylation reactions were shown to be
the corresponding carboxylic acids by TLC, UV and 1H NMR
analysis.‡§ Reaction of RuCl3·xH2O with aceto-, benzo-,
salicyl- and anthranilic hydroxamic acids in ethanol followed by
purification on Sephadex LH 20 columns also gave ruthen-
ium(II) nitrosyl complexes, all of which have very distinctive
nNO bands at ca. 1885 cm21.¶

The ability of hydroxamic acids to release nitric oxide in
simple biological systems was shown by vascular relaxation of

endothelium-denuded rings of rat aorta.11 These were set up in
organ baths for isometric tension recording. Rings were
contracted with the a1-adrenoreceptor agonist phenylephrine (1
mM), and the ability of increasing concentrations of hydroxamic
acid derivatives to produce relaxation was examined; the results
are shown in Fig. 1. Of the hydroxamic acids investigated,
benzohydroxamic acid proved most effective, causing approx-
imately 45% relaxation of rat aorta at a concentration of 300
mM. Although this value is higher than that quoted for the well
known NO donor 3-morpholinosydnonimine, SIN-1 (1 mM), it
compares favourably with that of another NO donor 4-(3-bu-
toxy-4-methoxybenzo)-2-imidazolidilone, Ro-20-1724 (100
mM).12 Relaxation occurred by activation of the enzyme
guanylate cyclase (a definitive receptor for NO),13 as shown by
the fact that methylene blue (10 mM), a known inhibitor of this
enzyme,14 prevented the relaxation (e.g. relaxation to 300 mM
acetohydroxamic acid: vehicle (distilled water) treated,
31.4±10.9% relaxation; methylene blue treated, 6.4±3.1%
relaxation, n = 4, P < 0.05).

In this work, we have shown conclusively that hydroxamic
acids can act as effective NO donors by demonstrating that they
can readily transfer NO to ruthenium(III), the first reported
metal nitrosyl complexes formed from hydroxamic acids.
Furthermore, hydroxamic acids can cause vascular relaxation in
rat aorta by NO-mediated activation of the iron-containing
enzyme guanylate cyclase, thus confirming the biological
relevance of our novel results.

We thank Mr Brendan Harhen, Department of Clinical
Pharmacology, RCSI, for mass spectra, The Microanalytical
Laboratory, University College Dublin for the microanalysis,
Dublin Institute of Technology for 1H NMR and far IR spectra,
and the Irish Government for financial support under its
‘Programme for Research In Third Level Institutions’ and EU
COST D8.

Fig. 1 The effects of hydroxamic acids on relaxation of rat aorta.
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Notes and references
† Microanalysis: found: C, 21.03; H, 2.78; N, 7.51; Cl, 9.11. K2[Ru(edta)-
(NO)Cl]·0.5HCl·H2O (C10H14.5N3O10Cl1.5K2Ru) requires C, 21.10; H,
2.57; N, 7.39; Cl, 9.34%.
‡ An aqueous mixture of benzohydroxamic acid and an excess of
[Ru(Hedta)Cl]2, after completion of the reaction, was analysed by TLC
[silica plates and a toluene–ether–acetic acid–methanol (120+60+18+1) or
ethanol–water–ammonia (8+1+1) solvent mixture] which confirmed the
presence of benzoic acid and the absence of benzohydroxamic acid. The UV
spectrum in H2O has a band at 224 nm due to benzoic acid which is not
present in the spectrum of the nitrosyl complex. The 1H NMR spectrum of
a D2O solution containing [Ru(Hedta)Cl]2 and a twofold excess of
benzohydroxamic acid, to ensure complete removal of the paramagnetic
ruthenium(III) complex, showed a signal at d 8.01 which is characteristic of
benzoic acid, but not of benzohydroxamic acid. The acid-catalysed
hydrolysis of hydroxamic acids to carboxylic acids (half-life ca. 1 h at 88
°C) has previously been reported.15

§ A possible mechanism for the denitrosylation of the hydroxamic acid
(RC(O)NHOH) involves aquation of [Ru(Hedta)Cl]2, followed by nucleo-
philic attack by the hydroxo conjugate base ligand on the hydroxamic acid
carbonyl group, giving an intermediate from which hydroxylamine is
eliminated. Abstraction of NO from this causes displacement of the
carboxylate ligand (RCOO2) and this, together with displacement of
coordinated edta carboxylate by chloride in the work up procedure, gives
[Ru(edta)(NO)Cl]22.
¶ IR(Nujol mull): strong nNO at 1885 cm21 (acetohydroxamate complex),
1885 cm21 (benzohydroxamate), 1883 cm21 (salicylhydroxamate) and
1885 cm21 (anthranilic hydroxamate).
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3-Bromobarekoxide, an unusual diterpene from Laurencia luzonensis
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A new, rare diterpene characterized by a cycloheptane ring
trans-fused to a trans-decalin moiety was isolated from
Laurencia luzonensis and its absolute structure determined
by X-ray crystallography.

The red alga of the genus Laurencia and the sea hares that feed
upon it have been a bountiful source of metabolites. So far more
than 300 have been characterized, most of which are sesqui-
terpenes and C15 acetogenins. However a few di- and triterpenes
have also been described.1 We now report on a rare diterpene
consisting of a seven-membered ring fused to decalin (1) which

was obtained from the hitherto unexamined species Laurencia
luzonensis.

A sample (3.5 kg), collected off the coast of Kudaka Island,
Okinawa, in May 1998, was extracted by steeping with 95%
ethanol. Concentration of the extracts and partitioning between
water and ethyl acetate gave an oil (12.5 g). Successive
chromatography over silica gel with solvent mixtures ranging
from hexane, dichloromethane, and ethyl acetate afforded a
fraction which was purified by HPLC (LiChrosorb Si60,
hexane/AcOEt, 10:1). Subsequent recrystallization from CCl4
furnished 1 (58.5 mg) as colorless crystals, mp 165 °C, [a]D

24

= 6.18 (c 0.3, CHCl3).
The molecular formula C20H33OBr was deduced from the

13C NMR spectrum and LR EIMS. The monobrominated nature
of the compound was immediately evident from the molecular
ion peak which appeared as a doublet of equal intensity (m/z
368, 370). The absence of olefinic and carbonyl signals in the
NMR spectrum suggested a tetracyclic entity. The carbon
signals at d 60.52 (s) and 60.45 (d) together with the proton
signal at d 2.70 (dd, J = 7.5, 7.5 Hz) indicated an epoxide
(Table 1). Therefore the remaining three rings are carbocyclic.
Analysis of the 1D and 2D NMR spectra (COSY, HMQC,

HMBC, NOESY) led to a diterpene structure composed of
trans-decalin and an epoxide fused to a common seven-
membered ring. Comparison of the NMR data of 1 (Table 1)
with those reported for barekoxide (2), a related terpene isolated
from the sponge Chelonaplysilla erecta,2 revealed good
agreement apart from the obvious differences between the A
rings. Therefore, we initially assumed that 1 was simply the 3b-
bromo derivative of 2 in which the A/B and B/C junctions are
trans and cis-fused respectively. However, as the absolute
configuration of 2 was unknown, determining that of 1 would
provide an convenient proof of structure for both molecules.
Accordingly, a single crystal of 1 was submitted to X-ray
analysis.† It is immediately seen that the decalin moiety is
certainly trans, but that the B/C ring junction is trans as well
(Fig. 1). Despite the syn-axially disposed methyl groups, the
cyclohexane and cycloheptane rings adopt chair conformations.
Evidently, the structure previously assigned to 2 is doubtful.
Clarification was secured by treating 1 with tributyltin hydride
and AIBN in DMSO.‡ Reductive debromination gave the
parent hydrocarbon 3 as colorless crystals, mp 140 °C, [a]D

24 =
5.2 (c 0.256, CHCl3). The 1H and 13C NMR spectra of 3 were
essentially the same as those recorded for barekoxide (2).§ We
therefore conclude that structure 2 is incorrect and should be
revised to that of 3. Furthermore, the sign of the specific rotation
indicates that barekoxide of sponge origin¶ must have the same
absolute configuration as the alga-derived product 3.

Table 1 1H and 13C NMR chemical shifts (ppm) of 3-bromobarekoxide (1)
and long range CH correlations as obtained in the HMBC experiment

Carbon
number dC

dH

(multiplicity, J in Hz) CH correlation

1 41.68 t 1.80 (dt, 13.0, 3.5)
1.00 (br dd, 13.0, 3.5)

H2, H20

2 31.00 t 2.18 (dq, 12.5, 3.5)
2.07 (m)

H1, H3

3 69.52 d 3.98 (dd, 13.0, 4.5) H1, H2, H18, H19
4 39.80 s H2, H3, H18, H19
5 56.77 d 0.90 (dd, 11.5, 3.0) H1, H6, H18, H19,

H20
6 20.10 t 1.50 (m), 1.25 (m) H5, H7
7 44.04 t 1.60 (m), 1.50 (m) H5, H6, H15, H17
8 37.32 s H7, H9, H15, H17
9 64.28 d 0.82 (br d, 10.0) H11, H12, H15, H17,

H20
10 38.82 s H1, H2, H5, H9, H20
11 19.97 t 1.70 (m), 1.50 (m) H9, H12
12 35.92 t 2.00 (m), 1.35 (m) H9, H11, H16
13 60.52 s H12, H15, H16
14 60.45 d 2.70 (dd, 7.5, 7.5) H15, H16
15 47.07 t 1.85 (dd, 14.0, 7.5)

1.20 (dd, 14.0, 7.5)
H7, H9, H17

16 22.42 q 1.32 (s) H12, H14
17 19.55 q 1.02 (s) H9, H15
18 18.13 q 0.93 (s) H3, H5, H19
19 30.50 q 1.05 (s) H3, H5, H18
20 15.93 q 0.87 (s) H1, H5, H19
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The present findings correctly establish the absolute structure
and confirm the novelty of the diterpene framework of the
barekoxides. The tricyclic entity of trans-decalin fused to
cycloheptane is extremely rare in nature and is only encountered
in strobal3 and strobic acid (4).4 Significantly, the configuration
of the C(5), C(9) and C(10) atoms in 1 and 3 is the same as in
4. Clearly, all three metabolites arise by a similar stereoselective
biogenetic pathway. Bromination or protonation of geranyllina-
lool (5) creates a steroid-like tetracyclic array affording 1 or 3,
whereas proton-initiated cyclization followed by oxidation of
the C(19) methyl group, 1,3 methyl shift, and elimination
accounts for 4 (Scheme 1).

Notes and references
† Crystal data for 1: C20H33OBr, M = 369.4, orthorhombic, P212121, Z =
4, a = 7.6677(6), b = 11.419(1), c = 21.001(1) Å, U = 1838.8(2) Å3,

F(000) = 784, m(Cu-Ka) = 3.029 mm21, Dc = 1.334 g cm23, T = 200 K,
2651 measured reflections, of which 2141 were observable (|Fo| > 4s(Fo)).
Rint for equivalent reflections 0.022. Data were corrected for Lorentz and
polarization effects, and for absorption (Tmin,max = 0.4460, 0.5262). The
structure was solved by direct methods and refined (on F) by full matrix
least squares. The absolute configuration was determined (Flack parameter
x = 0.02(3)).5 R = 0.031, wR = 0.030 for 255 variables and 2141
contributing reflections. Non-Me hydrogen atoms were observed and
refined with a fixed value of isotropic displacement parameters (U = 0.05
Å2); Me-hydrogen atoms were refined with restraints on bond lengths and
bond angles (free rotation) and blocked in the final cycles. Calculations
were carried out using the XTAL system.6 CCDC 182/1646. See
http://www.rsc.org/suppdata/cc/b0/b002530p/ for crystallographic files in
.cif format.
‡ 3-Bromobarekoxide (1, 6 mg) was treated with tributyltin hydride (50 mL)
and AIBN (3 mg) in DMSO (0.2 mL) at room temperature overnight. The
reaction mixture was worked up in the usual manner and the product
purified by HPLC (Lichrosorb Si60, hexane/AcOEt, 10+1) to yield 3 (4.2
mg, 88%).
§ Some of the proton signals cited in ref. 2 for 2 were incorrectly assigned.
Our assignments for semi-synthetic 3 (formerly 2) are as follows: 1H NMR
(C6D6) d 2.59 (t, J = 7.5 Hz, H-14), 1.88 (dd, J = 14.0, 8.0 Hz, H-12), 1.71
(dd, J = 13.5, 6.0 Hz, H-15), 1.58 (m, H-1), 1.55 (m, H-2), 1.55 (m, H-6),
1.50 (m, H-11), 1.42 (br t, J = 13.0 Hz, H-12), 1.38 (m, H-1), 1.35 (m, H-2),
1.30 (m, H-3), 1.29 (m, H-7), 1.25 (m, H-6), 1.22 (m, H-15), 1.22 (s, H-16),
1.15 (m, H-11), 1.10 (m, H-3), 1.02 (m, H-7), 0.86 (s, H-17), 0.84 (s, H-18),
0.80 (s, H-19), 0.70 (s, H-20), 0.60 (m, H-9), 0.58 (m, H-5).
¶ We thank Professor Y. Kashman and Dr A. Rudi of Tel Aviv University,
Israel, for kindly measuring the optical rotation ([a]D) of an old, stored
sample of sponge-derived barekoxide which they found to be 13.9.
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4 D. F. Zinkel and B. P. Spalding, Tetrahedron, 1973, 29, 1441.
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6 S. R. Hall, H. D. Flack and J. M. Stewart, XTAL3.2 User’s Manual,

Universities of Western Australia and Maryland, 1992.

Fig. 1 Perspective view of the crystal structure of 1. Ellipsoids are
represented with 40% probability.

Scheme 1
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(Z)-(2-Acetoxyalk-1-enyl)phenyl-l3-iodanes, on treatment
with triethylamine in methanol in the presence of triphenyl-
phosphine, undergo Wittig olefination with aldehydes,
which involves the intermediacy of a-iodanyl ketones
generated by in situ protonation of monocarbonyl iodonium
ylides.

Recently, we reported that the ester exchange reaction of (Z)-
(2-acetoxyalk-1-enyl)phenyl-l3-iodanes 1 with EtOLi quantita-
tively generates the unstabilized monocarbonyl iodonium ylides
2 in THF at 278 °C with the liberation of ethyl acetate (Scheme
1).1 In a marked contrast to the stable iodonium ylides derived
from b-dicarbonyl compounds,2 the monocarbonyl iodonium
ylides 2 are moderately nucleophilic and undergo nucleophilic
attack towards carbonyl compounds and activated imines. In
general, ylides react with carbonyl compounds in either of two
possible reaction modes, Wittig type reaction yielding alkenes
and Corey type reaction leading to the formation of epoxides,
depending on the nature of ylides and carbonyl compounds.3
Because of the very high reductive nucleofugality of the l3-
phenyliodanyl groups,4 monocarbonyl iodonium ylides 2
exclusively undergo alkylidene transfer reactions (Corey type)
with aldehydes yielding epoxides:1a thus, the reaction of 1 with
aldehydes in the presence of EtOLi gives a,b-epoxy ketones 3
in good yields with trans-isomers as the major product. No
formation of the Wittig type olefination products 5 was
observed in this reaction. The reaction course, however, was
dramatically altered to the Wittig olefination pathway, when
both the base and the solvent were changed to triethylamine and
methanol, and the reaction was carried out in the presence of
triphenylphosphine. We report herein triphenylphosphine-
mediated Wittig olefination of aldehydes with (Z)-(2-acetox-
yalk-1-enyl)phenyl-l3-iodanes 1, which involves an efficient
generation of (2-oxoalkyl)phenyl-l3-iodanes 4 under mild
conditions.

To a stirred solution of (Z)-2-acetoxydec-1-enyl(phenyl)-l3-
iodane 1b and triphenylphosphine (2 equiv.) in MeOH was
added triethylamine (1.3 equiv.) at room temperature under
nitrogen and the mixture was stirred for 30 min. A solution of
benzaldehyde (1.5 equiv.) in MeOH was added and the mixture
was heated at 60 °C for 24 h. After usual workup, preparative
TLC [hexane–ethyl acetate (10+1)] afforded a 98+2 mixture of

(E)- and (Z)-1-phenylundec-1-en-3-one 5c in 73% yield. No
evidence for formation of the epoxide 3 (R = C8H17, RA = Ph)
was observed in this reaction. The results of the Wittig type
reaction of aldehydes with the vinyl(phenyl)-l3-iodanes 1 are
summarized in Table 1. The vinyl-l3-iodanes 1a–c readily
undergo Wittig olefinations with aromatic aldehydes containing
electron-withdrawing or -donating substituents as well as with
aliphatic aldehydes to give a,b-unsaturated ketones 5 with high
trans selectivity. With a,b-unsaturated aldehydes, selective
reaction at the carbonyl group was observed with no evidence
for Michael addition yielding cyclopropanes (entries 9 and 16).
With the use of the sterically demanding l3-iodane, b-tert-
butylvinyliodane 1d, the Wittig olefination becomes sluggish
(entry 17).

As illustrated in Scheme 2, a mechanism for the Wittig
olefination of aldehydes upon reaction with (Z)-(2-acetoxyalk-
1-enyl)-l3-iodanes 1 in the presence of triethylamine and
triphenylphosphine in MeOH might be assumed to involve the
following key steps: (i) ester exchange of b-acetoxyvinyl-l3-
iodanes 1 with MeOH under basic conditions generating the
monocarbonyl iodonium ylides 2 with the liberation of methyl
acetate, (ii) formation of (2-oxoalkyl)-l3-iodanes 4 via protona-
tion of the ylides 2 with the resulting Et3NHBF4, (iii)
bimolecular nucleophilic substitution of 4 with triphenylphos-
phine yielding (2-oxoalkyl)phosphonium salts 6, and (iv) Wittig
olefination of aldehydes with b-acylphosphonium ylides 7
produced from 6 by reaction with regenerated triethylamine.
This mechanism involves the in situ generation and conversion
of the monocarbonyl iodonium ylides 2 which undergo Corey
type reaction to the monocarbonyl phosphonium ylides 7 which

Scheme 1

Table 1 Wittig olefinations of aldehydes with b-acetoxyvinyl(phenyl)-l3-
iodanes 1a

Product (yield (%))b

Entry 1 RACHO (RA) t/h 5 Ratioc

1 1a Ph 24d 5a (62) 93+7
2 1a n-C9H19 48d 5b (60) 100+0
3 1b Ph 24 5c (73) 98+2
4 1b p-MeOC6H4 24 5d (45) 99+1
5 1b p-MeC6H4 24 5e (64) 99+1
6 1b p-ClC6H4 24d 5f (85) 91+9
7 1b p-NO2C6H4 40d 5g (86) 93+7
8 1b n-C9H19 48 5h (65) 100+0
9 1b E-MeCHNCH 42d 5i (57) 100+0

10 1c Ph 24 5j (58) 92+8
11 1c p-MeC6H4 24 5k (62) 100+0
12 1c p-MeOC6H4 24 5l (75) 95+5
13 1c p-ClC6H4 24 5m (60) 99+1
14 1c p-NO2C6H4 24 5n (82) > 99+1
15 1c n-C9H19 24 5o (53) 100+0
16 1c E-MeCHNCH 24 5p (48) 100+0
17 1d p-ClC6H4 24 5q (10) 99+1
a Reactions were carried out at 60 °C under N2. b Isolated yields. c Trans+cis
ratio. d Reactions were carried out at 25 °C under N2.
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undergo Wittig olefination. Alternatively, the (2-oxo-
alkyl)iodanes 4 might be directly produced via triethylamine-
mediated ester exchange of vinyliodanes 1 with MeOH.

Several experimental observations are in line with this
proposed mechanism. Reaction of 1b with triethylamine (1.1
equiv.) in MeOH (25 °C, 1 h) afforded a mixture of a-methoxy
ketone 8 (43%), hydroxy dimethylacetal 9 (35%) and methyl
acetate (91%) (Scheme 3). Without triethylamine, 1b was
recovered unchanged in MeOH. High yield formation of methyl
acetate clearly indicates the intervention of the ester exchange
between b-acetoxyvinyliodane 1b and MeOH under basic
conditions. Bimolecular nucleophilic substitution of (2-oxo-
alkyl)iodane 4b with MeOH will produce the a-methoxy ketone
8. Furthermore, formation of the hydroxy dimethylacetal 9
under basic conditions strongly suggests the intermediacy of the
(2-oxoalkyl)iodane 4b in this reaction (Scheme 3), as reported
by Moriarty et al.5 It has been reported that the presence of the
l3-phenyliodanyl group raises the CH acidity of malonic esters

by eight orders of magnitude.6 Based on these data, the acidity
(pKa) of a-methylene protons of (2-oxoalkyl)iodanes 4 is
estimated to be ca. 12. Therefore, it seems reasonable to assume
that Et3NHBF4 with similar acidity (pKa = 11.0),7 undergoes
proton transfer to the monocarbonyl iodonium ylides 2 yielding
the (2-oxoalkyl)iodanes 4.

It is possible to isolate the intermediate (2-oxoalkyl)phos-
phonium salts 6: treatment of 1b with triethylamine and
triphenylphosphine in MeOH at room temperature, after
acidification of the reaction mixture with 5% aqueous HBF4
solution, afforded the phosphonium tetrafluoroborate 6b in 89%
yield. Without acid treatment, the monocarbonyl phosphonium
ylide 7b was obtained, thereby illustrating the occurrence of
transylidation between iodonium and phosphonoim ylides
under such conditions. The formation of phosphonium ylides 7
is compatible with the reported acidity of acetonyl(triphenyl)-
phosphonium salt 6a (R = Me, pKa = 6.6), i.e. more acidic than
Et3NHBF4.8

In conclusion, we have developed an efficient one-pot
procedure for Wittig olefination of aldehydes with (Z)-
(2-acetoxyalk-1-enyl)phenyl-l3-iodanes 1. In addition to the
reported Corey type alkylidene-transfer reaction of the mono-
carbonyl iodonium ylides to aldehydes, this new strategy
developed here makes vinyl-l3-iodanes 1 valuable progenitors
in monocarbonyl onium ylide chemistry.
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A commercially important synthetic approach to highly
ordered mesoporous silica materials (SBA-family) with 2-D
hexagonal (P6mm), 3-D hexagonal (P63/mmc) and cubic
(Im3m and Pm3m) structures, using sodium silicate as the
silica source and amphiphilic block copolymers as the
structure-directing agents is demonstrated.

It is well known that mesoporous silica materials are syn-
thesised by synergistic self-assembly between surfactant and
silica species to form mesoscopically ordered composites.1,2

Generally, two types of surfactants are used for the formation of
mesoporous silica materials: ionic surfactants such as alkyl-
trimethylammonium bromide1,3 and nonionic surfactants such
as alkylamine4 and poly(ethylene oxide)-type copolymers.5–7

The ionic surfactants interact electrostatically with inorganic
species, whereas the nonionic surfactants result in the formation
of mesocomposites through hydrogen bond or van der Waals
interaction. The nonionic surfactants give commercially im-
portant advantages compared with the ionic surfactants. They
are easily removable, nontoxic, biodegradable and relatively
inexpensive. Pinnavaia and coworkers6 have reported the
synthesis of MSU-X mesoporous materials with several non-
ionic surfactants. These materials are composed of worm-like
channels, which are disorderedly arrayed. Stucky and cowork-
ers7 have reported the synthesis of SBA mesoporous silica
materials, which have well-ordered channel and cage structures,
using amphiphilic di- and triblock copolymers as the structure
directing agents at or below the isoelectric point (pH @ 3).
However, these synthetic procedures using nonionic surfactants
are not as commercially viable as they might be due to the use
of tetraethyl orthosilicate (TEOS) as a silica source. Recently,
Guth and coworkers8 have pointed this out and reported the
synthesis of mesoporous silica material using nonionic surfac-
tant and sodium silicate in the pH range 3–10.5. However, the
mesoporous materials thus obtained exhibit irregular or dis-
ordered channel connectivity and broad pore size distribu-
tions.

Here, we report the synthesis of highly ordered mesoporous
silica materials that include 2-dimensional (2-D) hexagonal
SBA-15 (P6mm), 3-dimensional (3-D) hexagonal SBA-12
(P63/mmc) and cubic SBA-16 and SBA-11 (Im3m and Pm3m)
using sodium metasilicate as the silica source and nonionic
amphiphilic block copolymers as the structure-directing
agents.

Triblock copolymers such as Pluronic P123 (EO20PO70EO20,
Mav = 5800) and Pluronic P85 (EO26PO39EO26, Mav = 4600)
and diblock copolymer, CnH2n+1(OCH2CH2)xOH (CnEOx, n =
12–18, x = 9–23), were used as received from BASF, Aldrich
and Sigma. Sodium metasilicate (Na2SiO3·9H2O) and concen-
trated hydrochloric acid (c-HCl, 37.6%) were obtained from
Fisher Scientific. In a typical synthesis batch, 3.0 g of C18EO10
was dissolved in 57.4 g of distilled water and then 8.8 g of
sodium metasilicate was added at room temperature with
magnetic stirring, giving a clear solution. To this reaction
mixture, 17.7 g of c-HCl was quickly added with vigorous
magnetic stirring. The resulting gel mixture was stirred for 1 day
at room temperature and subsequently heated for 1 day at 373 K

in an oven to increase the degree of silanol group condensation.
In the case of Pluronic triblock polymers, the reaction
temperature was 313 K before heating to 373 K. The solid
product was filtered off and dried at 373 K. The product was
then slurried in ethanol–HCl mixture, filtered off, washed with
ethanol, dried in an oven, and calcined in air under static
conditions at 823 K. The product yield in a typical synthesis
batch was above 90% on the basis of the silica recovery. 

Fig. 1a–c show powder X-ray diffraction (XRD) patterns for
SBA-15 materials, obtained from C12EO9, EO26PO39EO26 and
EO20PO70EO20, after calcination. All exhibit XRD patterns
with a very intense diffraction peak and two or more weak
peaks, which are characteristic of a 2-D hexagonal (P6mm)
structure.1,5,7 The SBA-15 obtained from EO20PO70EO20 shows
(210) and (300) peaks, which indicates excellent textural
uniformity of the material. There were no significant changes
upon calcination, except for the expected increase in XRD peak
intensity and lattice contraction (7–12%). Fig. 2a is a transmis-
sion electron microscopic (TEM) image for SBA-15 (Fig. 1c).
The TEM image also indicates that the material has a highly
ordered 2-D hexagonal structure, similar to that of SBA-15
obtained from TEOS.7 Other 2-D hexagonal silica materials in
Fig. 1a and b give similar TEM images except for their different
channel sizes. The N2 adsorption–desorption isotherms and
pore size distribution curves for the present SBA-15 materials
are essentially the same as those of SBA-3 and SBA-15.3,7

Lattice parameters and pore sizes are listed in Table 1.
Fig. 1d and e show XRD patterns for the mesoporous silica

materials obtained from C12EO23 and C16EO20, respectively.
The XRD patterns can be indexed as cubic Im3m for Fig. 1d and
cubic Pm3m for Fig. 1e.7 It is interesting and important that
cubic Im3m mesoporous silica (SBA-16) can be obtained using

Fig. 1 XRD patterns for the mesoporous silicas obtained from (a) C12EO9,
(b) EO26PO39EO26, (c) EO20PO70EO20, (d) C12EO23, (e) C16EO20 and (f)
C18EO10. XRD patterns were collected with a Cu-Ka X-ray source using a
Sintag X2 instrument.
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the C12EO23 diblock copolymer as well as with the triblock
copolymer EO106PO70EO106 (Pluronic F127).7 TEM images for
the cubic materials are shown in Fig. 2b and c. The images show
well-ordered structures viewed along the [001] direction,
suggesting that both mesoporous silica materials have highly
ordered cubic structures.

Fig. 1f and Fig. 2d are the XRD pattern and TEM image,
respectively, for the mesoporous silica obtained from C18EO10.
The XRD pattern can be indexed as a 3-D hexagonal (P63/mmc)
structure with cell parameters a = 7.43, 12.03 nm. The cell
parameter ratio (c/a) is 1.62, which is very similar to ideal ratio
(1.633) for a typical hexagonal close-packed (hcp) phase and
those of SBA-127 and SBA-2.3 Fig. 3 shows N2 adsorption–
desorption isotherms and pore size distribution curves for the
3-D hexagonal material. The N2 isotherm is of type IV with a
H2 hysteresis loop, which indicates this material has bottle
shaped pores similar to those of SBA-2.3

In conclusion, we have developed a new synthetic method for
highly ordered mesoporous silicas using sodium metasilicate as
the silica source and amphiphilic block copolymers as the
structure-directing agents. The replacement of TEOS by sodium
metasilicate leads to the low cost production of mesoporous
silica materials for practical applications. In addition, other
substituents such as aluminium, titanium, etc. can be incorpo-
rated into the silica framework of the present SBA materials for
applications such as catalysis and ion exchange.

This work is supported by the National Science Foundation
and the Army Research Office.
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Fig. 2 TEM images and ED patterns for the calcined mesoporous silicas
obtained from (a) EO20PO70EO20, (b) C12EO23, (c) C16EO20 and (d)
C18EO10. The TEM image was taken with a 2000 FX JEOL instrument
operating at 200 kV.

Table 1 Lattice parameter, pore diameter and BET surface area of
mesoporous silicas

Polymer Mesophase
Cell
parameter/nma

Pore size
nmb

Surface
area/m2

g21

C12EO9 2-D hexagonal 4.79 3.8 1055
C12EO23 cubic Im3m 6.70 3.5, 4.3c 701
C16EO20 cubic Pm3m 13.25 4.2, 5.0c 637
C18EO10 3-D hexagonal 7.43, 12.02d 4.5, 5.4c 572
EO26PO39EO26 2-D hexagonal 8.83 5.6 849
EO20PO70EO20 2-D hexagonal 10.68 7.6 600
a Lattice parameters calculated from d spacings in XRD patterns. b Pore size
distribution obtained from N2 adsorption–desorption isotherms following
the BdB analysis with cylindrical and spherical models.9,10 c Numbers
denote pore opening size and largest diameter in spherical cage structure,
respectively. d Numbers represent lattice parameters a and c, respectively.

Fig. 3 N2 adsorption–desorption isotherms for the mesoporous silica
material obtained from C18EO10 and the corresponding pore size distribu-
tion curves. N2 adsorption isotherms were obtained at liquid N2 temperature
using a Micromeritics ASAP 2000 instrument and pore size distributions
were calculated by the BdB (Broekhoff and de Boer) method9,10 with a
spherical model.
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The crystal structure of AlPO4-14 in its calcined form was
predicted using lattice energy minimisation and an initial
model derived from its as-synthesised templated form,
highlighting the possibility of using computational ap-
proaches for exploring thermodynamic stabilities of as-
synthesised open-framework structures upon template ex-
traction.

The evergrowing field of open-framework inorganic materials
is in part related to the extensive development of synthetic
routes involving organic amines.1 The template molecules or
structure-directing agents are incorporated in the final structure,
acting as compensating charges or allowing the production of
micropores with tailored size and shape. In a number of cases,
for example aluminophosphates (AlPOs), the non-framework
species may be removed, leaving behind an open-framework
structure with potential adsorption or catalytic properties.
However, the removal of the template is often a critical step and
the production of the related stable open-framework compound
cannot be easily anticipated.

In the recent years, computational tools have played a key
role in the study of the structure and energetics of open-
framework materials,2 with the widespread use of energy
minimisation techniques. For example, in the field of zeolites,
energy minimisations have made it possible to locate extra-
framework cations,3 elucidate the adsorption sites of sorbate
molecules4 and to solve structures.5 Also, the relative thermo-
dynamic framework stabilities of various inorganic systems,
such as silica polymorphs6 and aluminophosphates,7 have been
successfully studied using appropriate forcefields.

Here we present an attempt to use energy minimisation to
anticipate the calcined crystal structure of an as-synthesised
aluminophosphate structure. Our main interest is to predict the
stability and the crystal structure of the inorganic framework in
the absence of the structure directing agent or template, starting
from the knowledge of the as-synthesised structure only. We
describe illustrative results for the AlPO4-14 system, for which
validating experimental structural data are available, both for
the as-synthesised and calcined forms, from a synchrotron
powder X-ray diffraction study.8

Diffraction results8 show that the as-synthesised AlPO4-14
structure comprises alternating Al and P atoms, linked by
bridging oxygen atoms, with P atoms in a tetrahedral environ-
ment and the Al atoms possessing various coordinations (IV, V
and VI) as a consequence of the extra-framework species
becoming bonded. While two of the four inequivalent Al atoms
are in tetrahedral coordination, one is in fivefold coordination
and the other in octahedral coordination. The arrangement of
AlOx and PO4 polyhedra constructs a three-dimensional 8-ring
channel system in the a and b directions. The structure also
contains hydroxy groups and non-framework species, i.e.
protonated isopropylamine templating agents and water mole-
cules. Each hydroxy group bridges three Al atoms: a five
coordinate one and two six coordinate aluminium atoms. The
isopropylamine template is protonated and balances the charge

on the hydroxy group. Fig. 1 shows the above features in a
selected view of the as-synthesised AlPO4-14. The calcination
of AlPO4-14 leads to a zeotype open-framework structure
where all Al and P atoms are in tetrahedral coordination, that
retains the three-dimensional 8-ring channel system.

Our calculations were carried out using the lattice energy
minimisation code GULP.9 The interatomic potentials used
were those developed by Gale and Henson using an empirical fit
to the crystal structure plus elastic and dielectric properties of
berlinite.10 This formal charge shell model forcefield has been
shown to reproduce the experimentally determined structures of
aluminophosphates with good accuracy and to yield estimates
of their relative framework stabilities that are consistent with
thermodynamic data.7

The experimental crystal structure of the as-synthesised
AlPO4-14, Al8P8O32(OH)2(C3H10N)2(H2O)2, proposed by
Wilson et al.8 was taken as a starting point for our calculations.
This structure was then modified prior to energy minimisation
as follows: atoms that are presumed to evacuate upon
calcination, i.e. bridging hydroxy groups, isopropylamine
templates and water molecules, were removed, leaving behind a
neutral open-framework structure, namely, Al8P8O32. This
results in a structure where all four inequivalent Al atoms are in
tetrahedral coordination, retaining two Al atoms in highly
distorted environments (with O–Al–O angles ranging from 90
to 167°) that emanate from the two six-fold and five-fold
coordinated Al atoms of the as-synthesised structure (see Fig.
2). In a final step, the modified structure was submitted to a
constant pressure (i.e. allowing both cell parameters and
fractional coordinates to relax) minimisation in space group P-1
since this was the space group of the as-synthesised structure.

In Fig. 3(a), we show the calcined structure of AlPO4-14 as
predicted by our energy minimisation. Clearly, the agreement
with the observed calcined structure [Fig. 3(b)] proposed by
Wilson et al.8 is very good. In Table 1, we show a comparison

Fig. 1 Partial view of the as-synthesised AlPO4-14 structure, Al8-
P8O32(OH)2(C3H10N)2(H2O)2 from crystal data in ref. 7. Water molecules
and organic template molecules are trapped in adjacent cages. A selection of
three Al atoms with bipyramidal and sixfold coordination is represented
with solid polyhedra, where the bridging hydroxy group participates in the
coordination of all three Al atoms.
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of our calculated lattice parameters for the predicted calcined
AlPO4-14 with those of the observed structure. Interestingly,
our initial model of calcined AlPO4-14, with an initial lattice

energy of 12374.8 kJ mol21 per tetrahedral unit, converged
rapidly towards the structure where all Al atoms are in regular
tetrahedral environment, with a final lattice energy of 12924.9
kJ mol21 per tetrahedral unit. This makes the structure of
AlPO4-14 11.7 kJ mol21 less stable than a-berlinite per T site.
For comparison, the work of Henson et al.7 demonstrates that
the most pure aluminophosphates are between 4 and 13 kJ
mol21 less stable than the thermodynamically favoured poly-
morph under ambient conditions, making AlPO4-14 a relatively
unstable structure. Our energy minimisation predicts the
observed calcined structure of AlPO4-14 remarkably well,
especially as the initial model had large distorsions arising from
the deletion of ligand atoms in the coordination spheres of the
Al atoms from the as-synthesised form. Also, we checked that
minimisations from both points, the initial model of calcined
AlPO4-14 or the observed calcined structure, lead to the same
structure.

Another important use of potentials is that they can test space
groups for possible lower symmetry distortions, as found for
other AlPOs.7 The phonon spectrum at the G point of the
calcined structure of AlPO4-14 was calculated to check the
space group as P-1. The structure was found to be phonon stable
in this space group verifying that the symmetry is at least
P-1.

In summary, energy minimisation allows us to estimate the
thermodynamic stability of calcined AlPO4-14 and to predict its
crystal structure, starting with the knowledge of the as-
synthesised structure and anticipating the species removed
during the calcination process. The further viability of this
approach has been recently demonstrated through the prediction
of the calcined form of a newly synthesised templated
aluminophosphate, where atomic coordinates of the calcined
form, which has a structure different from the as-synthesised
form, were obtained from the simulation, allowing their direct
use for future powder diffraction refinement.11

We are grateful to Dr T. Loiseau and C. Sassoye for helpful
discussions.
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Fig. 2 Initial model for calcined AlPO4-14, Al8P8O32, used in our
calculations and constructed from its as-synthesised form, removing the
templating agent, water molecules and bridging hydroxy groups. The so-
modified structure is left with Al atoms in highly distorded tetrahedral
environment (shown in black).

Fig. 3 (a) Predicted structure for calcined AlPO4-14 from energy
minimisation of the initial model, Al8P8O32. (b) Observed structure of
calcined AlPO4-14 proposed by Wilson et al.8

Table 1 Cell dimensions of the observed and predicted AlPO4-14 structure
in its calcined form

Observed structure of
calcined AlPO4-14
from diffraction8

Predicted structure of
calcined AlPO4-14 from
its as-synthesised forma

Cell dimensions (P-1)
a/Å 9.704 9.674
b/Å 9.736 9.751
c/Å 10.202 10.269
a/° 77.81 77.46
b/° 77.50 76.50
g/° 87.69 87.14

a This work
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Vinylselenols and vinyltellurols have been prepared by slow
addition of tributyltin hydride to the corresponding di-
vinyldiselenide or divinylditelluride in tetraglyme.

Several a,b-unsaturated heterocompounds bearing one or
several hydrogen atom(s) on the heteroatom exhibit interesting
properties. For instance, base-induced keto–enol or imine–
enamine tautomerism is a consequence of the high acidity of the
hydrogen linked to the heteroatom.1 Recently, evidence for a
similar increase of acidity between saturated and a,b-un-
saturated phosphines and arsines was provided by FT-ICR mass
spectrometry and theoretical calculations.2 From a synthetic
viewpoint, the rearrangement of such a,b-unsaturated com-
pounds provides an efficient method for the preparation or the
chemical trapping of the corresponding carbon–heteroatom
multiple bond derivatives.3 Although primary a,b-unsaturated
derivatives of mercury, silicon, germanium, tin, nitrogen,
phosphorus, arsenic, antimony, oxygen and sulfur have been
reported,4 no primary a,b-unsaturated selenol or tellurol
derivatives have been isolated so far.5 Such compounds, which
are probably unstable in a variety of experimental conditions,
cannot be easily prepared by conventional approaches used for
other heterocompounds.

Flash vacuum pyrolysis is an efficient technique to prepare
derivatives of the elements of the first and second rows of the
periodic table and vinylthiols have also been prepared by this
method.6 However, with the elements of subsequent rows, the
energy of the carbon–heteroatom bond is often too low to
withstand high temperatures. The preparation of thiols, selenols
or tellurols via LAH or other reducing agents such as
borohydrides requires an acidolysis of the resulting salt to
isolate the free product.7 Although quite stable compounds such
as vinylthiols have been prepared in this manner,8 such
approaches are not viable for sensitive a,b-unsaturated deriva-
tives of selenols and tellurols.

Since 1994, we have been involved in the synthesis of
primary low boiling a,b- or b,g-unsaturated phosphines,
arsines, stibines, stannanes and mercury hydrides.3,9–12 We
have developed an efficient procedure for the preparation of
these compounds using vacuum line techniques, via the
reduction of the corresponding halo derivatives with excess
tributyltin hydride. This approach cannot be used to prepare SH,
SeH or TeH derivatives because these products would quickly
react with the tin hydride to form the corresponding S–Sn, Se–
Sn or Te–Sn derivatives. However, Crich et al. have recently
shown that a selenol (PhSeH) can be detected for a short time by
addition of Bu3SnH to a solution of diphenyldiselenide.13 By
combining this approach with the experimental technique
developed in our laboratory, we looked into the preparation of
kinetically unstable selenols and tellurols. We now report here,
the synthesis of low boiling vinylselenols and tellurols starting
from the corresponding divinyldiselenides or ditellurides.

The synthesis of divinylditellurides has been reported by
Dabdoub and Comasseto.14 The arial oxidation of the product
formed by insertion of tellurium in vinyl Grignard reagents led
to compounds 1a–c (Scheme 1). Starting from a mixture of Z-
and E-isomers of 1-bromopropene, only the Z-dipropenyldi-
telluride 1b was obtained. The simple divinyldiselenides have
never been reported before. We prepared the divinyldiselenides

2a–c starting from selenium and vinyl Grignard reagents using
dibromine as the oxidizing reagent (yields: 52–73%). Com-
pounds 2a–c have been unambiguously characterized by 1H,
13C, 77Se NMR and high resolution mass spectrometry
(HRMS). The 77Se NMR signals were observed between d 236
(1c) and d 407 (1bA).15

The vinylselenols 3a–c and vinyltellurols 4a–c were prepared
by slow addition of 1.5 equiv. of Bu3SnH to a solution of 2a–c
or 1a–c, respectively, in tetraglyme (Scheme 2).† The products
were continuously distilled in vacuo from the reaction mixture
and condensed in a cold trap. They were thus isolated before
their reaction with the tin hydride. Vinylselenols 3a–c were
obtained in good yields (73–83%) but only moderate yields

Scheme 1 Reagents and conditions: i, Mg; ii, Te, reflux, 30 min; iii, air; iv,
Se, room temp.; v, Br2, 220 °C.

Scheme 2 Reagents: i, Bun
3SnH.
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(32–43%) were observed for the more reactive tellurols
4a–c.‡

All compounds 3a–c, 4a–c were unambiguously charac-
terized by 1H, 13C, 77Se or 125Te NMR spectroscopy and
HRMS.§ In the 1H NMR spectrum, the presence of an
unsaturated group on a heteroatom usually leads to a downfield
shift of the signals of hydrogen(s) attached to the heteroatom
and an increase in the coupling constants.9,11 In the 1H NMR
spectra of selenols 3a–c, the signal of the hydrogen on the
selenium atom was observed ca. 1.5 ppm downfield to that of
the saturated derivative (Table 1). A similar downfield effect
was observed for the tellurols. The 1JSeH and 1JSeC coupling
constants of the unsaturated compounds 3a–c are higher than
those of the saturated compounds [1JSeC (3a): 93.2 Hz, 1JSeC
(EtSeH): 45.0 Hz]. This can be attributed to an increase of the
s character of the Se–H and Se–C bonds. Although a similar
increase was observed for the 1JTeC coupling constant of
tellurols [1JTeC (4a): 247.3 Hz, 1JTeC (EtTeH): 114.9 Hz], an
opposite effect was observed for the 1JTeH coupling constants.
To the best of our knowledge although a upfield signal has been
observed for the proton on the mercury atom of the vinyl
derivative,12 such a decrease of a 1JXH coupling constant for a
vinylic derivative has never been reported.

Vinylselenols and vinyltellurols exhibit a low stability at
room temperature: the half-life of selenols 3a–c diluted in
CDCl3 is ca. one day and ca. 60 min for the tellurols 4a–c. Only
insoluble black decomposition products were observed after a
few days.

In conclusion, we have successfully prepared vinylselenols
and tellurols by reaction of Bu3SnH with the corresponding
diselenide or ditelluride derivatives. By reaction with a hydride
(Bun

3SnH), compounds bearing an acidic hydrogen (RSH,
RSeH, RTeH) were prepared via a radical reaction thus
providing a new route which is an alternative to the hydrolytic
method. Further investigation into the synthesis of other
unsaturated selenols and tellurols, and spectroscopic studies are
currently under progress in our lab.

We thank the PNP (INSU-CNRS) and the CNES for financial
support and Dr M. Davies for helpful suggestions in writing the
paper.

Notes and references
† Typical experimental procedure: (CAUTION: Selenols and tellurols are
potentially highly toxic compounds and must be used with great care under
a well-ventilated hood). The apparatus already described for the reduction
of dichlorostibines was used.10 The flask containing the precursor [2 mmol
of 1a–c or 2a–c diluted in tetraglyme (5 mL)] was fitted on a vacuum line
and degassed. Bun

3SnH (3 mmol) was then slowly added (30 min) at room
temperature with a syringe through the septum. During and after the
addition, vinylselenols 3a–c or tellurols 4a–c was distilled off in vacuo

(1021 mbar) from the reaction mixture. A cold trap (260 °C) removed
selectively the less volatile products and compounds 3a–c, 4a–c were
condensed on a cold finger (2196 °C) connected at the bottom to a flask or
an NMR tube. A co-solvent can be added at this step. After disconnecting
from the vacuum line by stopcocks, the apparatus was filled with dry
nitrogen; liquid nitrogen was subsequently removed. The product was
collected in a Schlenk flask or a NMR tube and kept at low temperature
( <250 °C) before analysis.
‡ Under these experimental conditions, we have also prepared alkylthiols
(EtSH, yield: 96%), vinylthiols (MeCHNCHSH, yield: 91%), arylthiols
(PhSH, yield: 77%), alkylselenols (EtSeH, yield: 89%) and alkyltellurols
(EtTeH, yield: 83%). The reaction with EtSeSEt led to ethanethiol (yield:
92%) and traces of EtSeH suggesting that the ethylseleno group acts as a
protecting group for the thiol.
§ Selected data: 3b,bA: bp (0.1 Torr) ≈ 270 °C. Yield: 83%. t1/2 (5% in
CDCl3) ≈ 25 h. (E)-3b: dH(400 MHz, CDCl3, 240 °C) 0.78 [d, 1H, J 5.3,
1JSeH 60.7 Hz (d), SeH], 1.72 (d, 3H, J 6.4 Hz, CH3), 5.98 (dq, 1H, J 15.3,
6.4 Hz, CH), 6.10 (m, 1H, CH). dC(100 MHz, CDCl3, 240 °C) 20.2, 107.4,
133.7. dSe(57.2 MHz, CDCl3, 240 °C) 31.0. (Z)-3bA. dH(400 MHz, CDCl3,
240 °C) 0.69 (d, 1H, J 6.9 Hz, SeH), 1.67 (d, 3H, J 6.6 Hz, CH3); 6.04 (dq,
1H, J 8.7, 6.6 Hz, CH), 6.31 (dd, 1H, J 8.7, 6.9 Hz, CH). dC(100 MHz,
CDCl3, 240 °C) 16.0, 110.6, 128.4. dSe (57.2 MHz, CDCl3, 240 °C) 75.4.
HRMS: calc. for (C3H6

80Se·)+ (Z + E): m/z 121.9634; found: 121.963. 3c:
bp (0.1 Torr) ≈ 260 °C. Yield: 77%. t1/2 (5% in CDCl3) ≈ 20 h. dH(400
MHz, CDCl3, 240 °C) 0.61 [d, 1H, J 5.9, 1JSeH 60.5 Hz (d), SeH]; 1.72 (s,
3H, CH3), 1.80 (s, 3H, CH3), 5.95 (d, 1H, J 5.9 Hz, CH). dC(100 MHz,
CDCl3, 240 °C) 20.9, 26.0, 101.8, 138.3. dSe(57.2 MHz, CDCl3, 240 °C)
26.0. HRMS calc. for (C4H8

80Se·)+: m/z 135.9791; found: 135.979. 4b: bp
(0.1 Torr) ≈ 250 °C. Yield: 43%. t1/2 (5% in CDCl3): 1 h. dH (400 MHz,
CDCl3, 240 °C) 23.43 [d, 1H, J 5.4, 1JTeH 26.2 Hz (d), TeH], 1.71 (d, 3H,
J 6.3 Hz, CH3), 6.33 (dq, 1H, J 9.0, 6.3 Hz, CH), 6.61 (dd, 1H, J 9.0, 5.4 Hz,
CH). dC (100 MHz, CDCl3, 240 °C) 20.6, 94.5, 136.0. dTe(94.7 MHz,
CDCl3, 240 °C) 295.4. HRMS: calc. for (C3H5

130Te.)+: m/z 171.9539;
found: 171.953. 4c: bp (0.1 Torr) ≈ 250 °C. Yield: 34%. t1/2 (5% in
CDCl3): 1 h. dH (400 MHz, CDCl3, 240 °C) 22.78 [s, 1H, 1JTeH 28.5 Hz
(d), TeH], 2.34 (t, 3H, J 1.3 Hz, CH3); 5.40 (q, 1H, J 1.3 Hz, HCH); 5.75 (q,
1H, J 1.3, HCH). dC(100 MHz, CDCl3, 240 °C) 34.1, 116.3, 125.6. dTe

(94.7 MHz, CDCl3, 240 °C) 182.5. HRMS: calc. for (C3H6
128Te·)+: m/z

171.9539; found: 171.954.
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Alkenes and allylic alcohols have been epoxidized in an
ambient-temperature ionic liquid for the first time using
methyltrioxorhenium (MTO) and urea hydrogen peroxide;
excellent conversions and selectivities for the epoxides of a
wide number of substrates were observed.

One of the pressing issues for chemists in the twenty-first
century is the pursuit of ‘clean’ or ‘green’ chemical transforma-
tions.1 A particular source of chemical waste that is often taken
for granted is the use of volatile molecular solvents.2,3 The use
of non-volatile ionic liquids, or molten salts, in chemical
synthesis and catalysis has received attention in recent years;2
however, the utility of these compounds remains largely
unexplored. We report the first catalytic epoxidation system that
makes use of a room-temperature ionic liquid as the solvent.
Alkenes and allylic alcohols have been oxidized to their
corresponding epoxides using the well studied methyltrioxo-
rhenium (MTO) catalyst and urea hydrogen peroxide (UHP)
with the ionic liquid 1-ethyl-3-methylimidazolium tetrafluoro-
borate, [emim]BF4, as the solvent.

Numerous low-melting ionic salts are known, including
chlorocuprates, halogenoaluminates, and alkylphosphonium,
N-alkylpyridinium, alkylammonium, and N,NA-alkylimidazo-
lium cations with various anions.2 Chlorocuprates are not
suitable for catalytic oxidations because of their oxygen
sensitivity, and halogenoaluminates are difficult to work with
because of their instability in the presence of water. We chose to
use the 1-ethyl-3-methylimidazolium cation because: (i) its
synthesis is facile,† and (ii) it is neither oxygen nor water
sensitive (but is hygroscopic). Furthermore, with BF4

2 as the
counteranion, the salt melts at 15 °C.4

The discovery by Herrmann in 1991 of MTO’s ability to
catalyze the epoxidation of olefins has led to a wealth of
information regarding the efficiency and versatility of this
catalyst.5 This discovery has also fueled many efforts aimed at
developing ‘environmentally friendly’ oxidation systems, as the
only byproduct of the MTO–peroxide system is water. The
creation of two active oxygen-transfer complexes, a monoper-
oxo- and a diperoxorhenium species, during the catalytic cycle
has been well established, as have the mechanisms of oxygen
transfer (Scheme 1). We refer the reader to the many reviews
that have been written on the subject of MTO-catalyzed
oxidations, for further information.6–9

Urea hydrogen peroxide has been shown to be a water-free
peroxide source for MTO-catalyzed epoxidations.10 The only
disadvantage, thus far, to using UHP is that it is insoluble in
organic solvents, such as chloroform, methylene chloride, and
acetonitrile. Hence, the MTO–UHP system in organic media is
heterogeneous.

In this work, the advantageous properties of the MTO–UHP
oxidation system and [emim]BF4 have been combined to give
an exceptionally clean environment for catalytic oxidations.
One major advantage of this system is that both UHP and MTO
are soluble in the ionic liquid, as are the peroxorhenium species.
This gives an oxidation solution that is completely homoge-
neous. The formation of the peroxorhenium species is evident
by the appearance of an intense yellow color in the solution; this
color is attributable to the monoperoxo- and the diperoxo-
rhenium intermediates. UV–Vis experiments have confirmed
the presence of the diperoxorhenium complex, as indicated by
its absorption maximum at 360 nm.

The results in Table 1 show that several different olefinic
substrates have been oxidized to epoxides, with yields ranging
from fair (in the case of 1-decene) to excellent. Aqueous
hydrogen peroxide (30%) was used in one experiment (entry 4)
to illustrate the ring-opening of sensitive epoxides in the
presence of large amounts of water, as previously reported in
molecular solvents.5,11,12 In contrast, the reaction in entry 3 was
performed with molecular sieves to ensure the complete
removal of water from the system. As a result, only the epoxide

Scheme 1

Table 1 Epoxidations of various substrates with MTO–peroxide in
[emim]BF4

a
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was obtained. It is also interesting to note the poor conversion in
the reaction of 1-decene (entry 10). Better conversions for this
reaction have been obtained with other MTO–peroxide epox-
idation systems;11–13 however, after 72 h, we observed that the
reaction mixture was still intensely yellow, indicating that the
catalyst is still active and, apparently, highly stable in this ionic
medium. The poor conversion of 1-decene may be the result of
heterogeneity in the solution; 1-decene was the least soluble
substrate in the ionic liquid. The results in Table 1 also indicate
that the time required for the epoxidation of these substrates is
quite comparable to that required for previously reported
results.5,11,12 Additionally, as shown in previous work,10 the use
of UHP eliminates the epoxide ring-opening that is commonly
observed when using aqueous hydrogen peroxide. This is
because the urea that is produced during the consumption of
UHP modulates the pH of the solution and prevents acid-
catalyzed ring opening.

As shown in Table 1, two equivalents of UHP were used
relative to the substrate. Although two equivalents of oxidant
leads to faster epoxidation rates, only a single equivalent is
required, as evidenced by experiments with 1,5-cyclooctadiene
using one and two equivalents of UHP per double bond, which
yield the same product distributions.

Remaining reactants and products are both easily removed
from the reaction mixture via extraction with diethyl ether,
which is immiscible with the ionic liquid used in this work. This
method of removing reactants and products is also advanta-
geous because MTO, the peroxorhenium species, and the urea
byproduct are insoluble in diethyl ether. Careful evaporation of
the ether extracts gives the reactant–product mixture, which can
then be analyzed by NMR and GC–MS.

In summary, the advantages of this oxidation system are
numerous: (i) urea hydrogen peroxide and MTO are completely
soluble in [emim]BF4, giving a homogeneous oxidation solu-
tion. (ii) The oxidation solution is nearly water-free, so
conversion of the substrates yields only the epoxides and not the
diols. (iii) Left-over reactants, if any, and products are easily
separated from the oxidation solution by extraction with an
immiscible solvent. (While it is true that molecular solvents
have been used for isolation of the reactants/products in this
work, one can easily imagine a large-scale system in which the
reactants and products are distilled from the reaction mixture,
thereby  completely eliminating the use of organic solvents.)
(iv) Most rates of epoxidation in this system are at least
comparable to previously published data. Current work in

progress includes the determination of equilibrium constants K1
and K2 (Scheme 1) in [emim]BF4 and characterization of the
kinetics. We also hope to expand the use of this oxidation
solution to substrates other than olefins, such as amines,
alcohols, hydrocarbons, and aromatics.

We are grateful to the National Science Foundation
(CAREER Grant CHE-9874857), the Arnold and Mabel
Beckman Foundation for a Young Investigator Award to M. M.
A. O., and the University of California Toxic Substances
Research and Teaching Program (UCTSR&TP) for financial
support of this research. We would like to thank Professor
Thomas Welton for helpful discussions.

Notes and references
† The 1-ethyl-3-methylimidazolium cation is readily synthesized from
1-methylimidazole and bromoethane. Subsequent metathesis with sodium
tetrafluoroborate gives the desired ionic liquid, which is purified by passage
through neutral alumina.14 The conversion in the metathesis step is rather
important, as bromide competes with alkenes for oxidation to hypo-
bromite.15

1 R. T. Baker and W. Tumas, Science, 1999, 284, 1427.
2 T. Welton, Chem. Rev., 1999, 99, 2071.
3 M. J. Earle, P. B. McCormac and K. R. Seddon, Green Chem., 1999, 1,

23.
4 J. S. Wilkes and M. J. Zaworotko, J. Chem. Soc., Chem. Commun.,

1992, 965.
5 W. A. Herrmann, R. W. Fischer and D. W. Marz, Angew. Chem., Int. Ed.

Engl., 1991, 30, 1638.
6 W. A. Herrmann and F. E. Kuhn, Acc. Chem. Res., 1997, 30, 169.
7 C. C. Romao, F. E. Kuhn and W. A. Herrmann, Chem. Rev., 1997, 97,

3197.
8 J. H. Espenson, Chem. Commun., 1999, 479.
9 G. S. Owens, J. Arias and M. M. Abu-Omar, Catal. Today, 2000, 55,

317.
10 W. Adam and C. M. Mitchell, Angew. Chem., Int. Ed. Engl., 1996, 35,

533.
11 J. Rudolph, K. L. Reddy, J. P. Chiang and K. B. Sharpless, J. Am. Chem.

Soc., 1997, 119, 6189.
12 A. K. Yudin and K. B. Sharpless, J. Am. Chem. Soc., 1997, 119,

11 536.
13 C. Coperet, H. Adolfsson and K. B. Sharpless, Chem. Commun., 1997,

1565.
14 T. Welton, personal communication, 1999.
15 J. H. Espenson, O. Pestovsky, P. Huston and S. Staudt, J. Am. Chem.

Soc., 1994, 116, 2869.

1166 Chem. Commun., 2000, 1165–1166



A new and versatile diamide–diamine donor ligand set in early transition metal
chemistry†

Michael E. G. Skinner, David A. Cowhig and Philip Mountford*

Inorganic Chemistry Laboratory, South Parks Road, Oxford, UK OX1 3QR.
E-mail: philip.mountford@chemistry.oxford.ac.uk

Received (in Cambridge, UK) 28th March 2000, Accepted 22nd May 2000

Straightforward, multigram synthesis of the new diamide–
diamine proligand H2N2NNA [N2NNA = (2-NC5H4)-
CH2N(CH2CH2NSiMe3)2] is described along with a prelimi-
nary survey of the five- and six-coordinate, neutral and
cationic, single- and multiply-bonded complexes of groups 3,
4 and 5 that it can support; the related bis(alkoxide)–
diamine proligand H2O2NNA is also described where
H2O2NNA = (2-NC5H4)CH2N(CH2CMe2OH)2.

The bis(cyclopentadienyl) ligand set has been the dianionic
environment par excellence for organotransition metal chem-
istry for ca. four decades.1 Driven by the search for new
fundamental and catalytic chemistry, the last ten years in
particular have established the importance of polydentate di-
and tri-anionic N-donor ligands as environments for early- to
mid-transition metal coordination and organometallic com-
plexes.2

Among the tetradentate ‘N4’ donor ligands, the porphyrins2b

and tetraaza[14]annulenes2c are probably the best established
dianionic ligands. They provide a really quite rigid, square-base
donor environment. In contrast, the trianionic triamidoamine
‘tren’ systems generally provide four vertices of a trigonal
bipyramid or octahedron. Such ligands have been extremely
successful in developing p-block, early-mid transition metal,
lanthanide and actinide chemistry.2d,3 Despite these successes,
however, as a trianionic species the versatility of this ligand is
hampered in certain regards for developing new lanthanide, and
groups 3 and 4 chemistry in particular since there is only one
(group 4) or no (lanthanide, group 3) metal electrons remaining
for binding additional anionic ligands. Dianionic ‘N4’ ana-
logues of the tren systems will help advance early transition
metal and lanthanide chemistry, and compliment the extensive
studies of tridentate diamido-donor systems.2a Indeed, it was
recently reported that addition of an extra donor arm to
bis(alkoxide)-donor systems can lead to enhanced ethylene
polymerisation capability.4

The straightforward syntheses of the new proligands
H2N2NNA 2-H2 and H2O2NNA 3-H2 are shown in Scheme 1.‡
The intermediate tetra-amine 1 has been previously described,5
but we have found that the alternative synthesis shown from
2-aminomethylpyridine is more convenient on a large scale.
The proligand 2-H2 is conveniently converted (BunLi) to its
lithiated derivative Li2N2NNA 2-Li2. The new proligands can all
be prepared in multigram quantities: e.g. 5.4 g of 1 yields 7.1 g
(75%) of 2-H2 and lithiation of this gives 4.2 g (57%) of
Li2N2NNA 2-Li2.

The ready availability of H2N2NNA 2-H2 and Li2N2NNA 2-Li2
has allowed us to develop a representative range of new five-
and six-coordinate, neutral and cationic, single- and multiply-
bonded complexes of groups 3, 4 and 5 (Scheme 2). They are
formed by salt- (for 4–6), and alkane- or amine- (for 7 and 8)
elimination reactions; the applicability of a range of such
protocols will clearly permit these new ligands to be incorpo-

rated into a wide range of transition, lanthanide and main group
metal derivatives. Thus reaction of Li2N2NNA 2-Li2 with
[Ti(NAr)Cl2(py)3]6a (Ar = C6H3Pri

2-2,6) or [Ta(NBut)-
Cl3(py)2]6b gives the five- and six-coordinate imides, [Ti-
(NAr)(N2NNA)] 4 and [Ta(NBut)Cl(N2NNA)] 5, respectively.
Transition metal imides continue to attract considerable inter-
est,7 and those of group 4 with p-donor coligands can have a
particularly rich reaction chemistry.2a,7,8 Reaction of 2-Li2 with
YCl3 in pyridine affords the ‘ate’ complex 6, formulated as
‘[YCl(N2NNA)(py)]·1.5LiCl’ on the basis of elemental analyses
and 7Li NMR spectroscopy. Nonetheless, preliminary reactivity
studies of 6 show that it behaves as though it were simply
[YCl(N2NNA)(py)], and that it is a useful synthon with the Y-
bound Cl ligand being readily substituted by bulky monoanionic
donors.

† Electronic supplementary information (ESI) available: experimental
details and characterisation. See http://www.rsc.org/suppdata/cc/b0/
b002455o/

Scheme 1 Reagents and yields: i, N-tosylaziridine (74% for this step) then
conc. H2SO4 83% (61% overall); ii, 2 Me3SiCl, 4 Et3N, 75%; iii, 2.2 BunLi,
57%; iv, 3-isobutylene oxide, 25%.

Scheme 2 Reagents and yields: i, (with 2-Li2) [Ta(NBut)Cl3(py)2], 36 h,
29%; ii, (with 2-Li2) [Ti(NC6H3Pri

2-2,6)Cl2(py)3], 58%; iii, (with 2-Li2)
YCl3, 71%; iv, (with 2-H2) for 7: [ZrCl2(CH2SiMe3)2·2Et2O], 87%; for 8:
[Zr(NMe2)4], 55%; v, PhCH2MgCl, 87%; vi, LiMe (2 equiv.), 88%; vii,
B(C6F5)3, 61% [counter ion = B(CH2Ph)(C6F5)3

2]; viii, B(C6F5)3, 60%
[counter ion = BMe(C6F5)3

2].
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The group 4 compounds [Zr(X)2(N2NNA)] (X = Cl 7 or
NMe2 8) are readily obtained from 2-H2 and [Zr(CH2Si-
Me3)2Cl2·2Et2O]9 or [Zr(NMe2)4], respectively. Such cis-X2
complexes are of great importance in the study of new
stoichiometric and catalytic group 4 reaction chemistry.10 The
bis(alkoxide) analogues of 7 and 8, namely [Zr(X)2(O2NNA)] [X
= Cl 9 or NMe2 10, eqn. (1)] can be similarly prepared from

(1)

H2O2NNA 3-H2. The compounds 9 and 10 will provide
interesting comparisons with their more sterically-shielded
tetraaza homologues 7 and 8, and with very recent
bis(phenoxide)–diamine ligands that are active ethylene poly-
merisation catalysts.4

We have structurally confirmed that the N2NNA ligand can
readily accommodate both five- and six-coordinate metal
centres. Views of the X-ray structures of [Ti(NAr)(N2NNA] 4
and [ZrCl2(N2NNA)] 7 are shown in Fig. 1 and 2, respectively.§
The structure of 4 reveals an approximately trigonal bipyr-
amidal geometry at the five-coordinate Ti centre. The structure
of 7 reveals an approximately octahedral Zr centre; the chloride
ligands are mutually cis. In both 4 and 7, and indeed in all the
derivatives to date of the N2NNA ligand, including the crowded
bis(dimethylamide) complex 8, the pyridyl donor is firmly
bound to the metal centre and establishes a well defined
coordination environment.

One or both chloride ligands in [ZrCl2(N2NNA)] 7 can be
substituted using organo-magnesium or -lithium reagents
forming the mono- and di-alkyl derivatives
[Zr(CH2Ph)Cl(N2NNA)] 11 and [ZrMe2(N2NNA)] 12 in ca. 90%
yield. There is no evidence in any of the reaction chemistry
herein for metallation or other attack at the pyridyl donor group.
cis-Dialkyl compounds such as 12 are potential precursors to

Ziegler–Natta olefin polymerisation catalysts.10 Treatment of
12 with B(C6F5)3 or [CPh3][B(C6F5)4], however, affords the
TMS-metallated cation 13 with counter anion [MeB(C6F5)3]2
or [B(C6F5)4]2; there is no evidence for interaction between 13
and the [MeB(C6F5)3]2 anion in solution. The [MeB(C6F5)3]2
salt of 13 is thermally stable at r.t. in both the solid state and
CD2Cl2 solution, and has been fully characterised by NMR and
elemental analysis. Cation 13 presumably forms via an
intermediate cation [ZrMe(N2NNA)]+ (not observed) followed
by s-bond metathesis with one of the SiMe3 C–H bonds. Similar
reactions have been seen in group 4 triamidoamine chemistry,11

but can, in principle, be circumvented by use of alternative
amide N-substituents: such protocols are well established.2a,12

Indirect evidence for a five-coordinate cationic intermediate
comes from the formation of the cation [ZrCl(N2NNA)]+ 14 from
the monobenzyl complex [Zr(CH2Ph)Cl(N2NNA)] 11 and
B(C6F5)3. Salts of the cation 13 react sluggishly with ethylene
(1 atm), but work is in progress to develop analogues of
H2N2NNA with other, more robust amide N-substituents.

In summary, we have described the new diamido–diamine
ligand H2N2NNA and a survey of its versatile complexation
chemistry.

This work was supported by the EPSRC and Royal Society.
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[Zr(NMe2)4] and Dr D. J. Watkin for help with the X-ray data
collection.
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Alkyl-substituted polyphenylene dendrimers with a tetra-
hedral or disk-like shape form self-assembled monolayers on
graphite (HOPG) which show complex supramolecular
structures, such as parallel rods of 6 nm diameter or two-
dimensional crystals. 

The construction of supramolecular structures by self-assembly
of molecules is a topic of great current interest in relation to the
fabrication of new materials.1–3 Dendrimers are attractive
building blocks to form such materials because they are
monodisperse macromolecules with well-defined shapes and
dimensions.4,5 In this paper, we report on the structure of self-
assembled dendritic monolayers on the basal plane of graphite.
Dendrimers binding to graphite are the ideal model system to
study the adsorption of macromolecules to surfaces because
adsorbant and adsorbent are well defined.

Different dodecyl-substituted polyphenylene dendrimers
were synthesized (Fig. 1) and monolayers were formed by
spontaneous adsorption from solution on the basal plane of
graphite. The structure of these monolayers was imaged with an
atomic force microscope (AFM). Formation of self-assembled
dendritic monolayers is possible because the alkyl chains adsorb
strongly to graphite; the adsorption energy is roughly 7 kJ

mol21 per methylene unit.6,7 In addition, each phenylene
subunit in close contact with the graphite surface is expected to
contribute an adsorption energy of roughly 15 kJ mol21.8

Dendrimers 1 and 2 were prepared divergently via reiterative
Diels–Alder cycloaddition according to the procedure described
in ref. 9. The synthesis starts from a polyfunctional central
building block, tetra(4-ethynylphenyl)methane for 1, and
1,3,5-triethynylbenzene for 2. To introduce dodecyl alkyl
chains on the periphery of the dendrimer, tetraphenylcyclo-
pentadienones alkylated with dodecyl chains were added by
Diels–Alder cycloaddition as the last layer of the dendrimer.
The dendrimers were characterized by MALDI-TOF mass
spectrometry, NMR spectroscopy and GPC, and revealed that
the products were pure. Due to the polyphenylene backbone and
the high number of twisted, interlocked benzene rings, these
dendrimers show a high shape persistence, with diameters of 5.5
and 3.8 nm for dendrimers 1 and 2, respectively.10 According to
force field calculations and X-ray diffraction studies, dendrimer
1 shows a tetrahedric structure, whereas dendrimer 2 has a more
planar propeller-like structure (Fig. 1).11,12

Dendrimer layers were prepared with the spin coating
technique. A drop of solution was deposited on a freshly cleaved
HOPG (highly oriented pyrolytic graphite) substrate and the

Fig. 1 2D- and 3D-structure (MM2 molecular mechanic simulation with CERIUS2  program package, Molecular Simulations Inc., Waltham, MA, USA) of
the investigated alkyl-substituted polyphenylene dendrimers; RNC12H25.
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sample was rotated at 810 rpm for 10 s. Dendrimers were
dissolved in dichloromethane at a concentration of 0.002 mg
ml21 (2.7–4 3 1027 M). Samples were imaged at room
temperature with a commercial AFM (Nanoscope III, Digital
Instruments, Santa Barbara, California) in tapping mode using
rectangular silicon cantilevers (Nanosensors, 125 mm long, 30
mm wide, 4 mm thick) with an integrated tip, a nominal spring
constant of 42 N m21, and a resonance frequency of 330
kHz.

When preparing layers of dendrimer 1, most of the graphite
surface was covered with a diffuse layer. In addition, some
distinct structures were observed. Some of the most remarkable
structures were regions covered by parallel rows of 5.9 ± 0.7 nm
spacing (Fig. 2). Typically, the regions were 50–100 nm wide
and 70–800 nm long. Usually only a few percent of the total
surface area was covered with a rod-like structure. However, in
2 out of 11 experiments, almost the whole surface was covered
by rods. The rods were stable and could be imaged for several
hours. Different rod-like regions were oriented parallel (0°) or at
60 or 120° with respect to each other. This indicates that the
underlying graphite with its hexagonal structure determines the
orientation of the dendrimer rods.

When forming monolayers from dendrimer 2, in 4 out of 6
experiments, two-dimensional crystals (Fig. 3) were formed.
The primitive unit cell can be described by the lattice constants
a = 10.2 ± 0.3, b = 7.4 ± 0.4 nm and an angle of 122.8 ± 2°.
Like the rod-like regions, these lattices were oriented parallel
(0°) or at 60 or 120° with respect to each other, indicating that
the underlying graphite determines their orientation. Each unit
cell probably contains at least two molecules. This is indicated
by the unit cell area of 63 nm2. An upper limit for the area

occupied by one dendrimer can be estimated from the extension
of a polyphenylene chain with 10 phenylene rings plus two
dodecyl chains, which is roughly 6 nm. When hexagonally close
packed, circles of 6 nm diameter would occupy an area of 31
nm2. In addition, each protrusion in a unit cell had an elongated,
oval and not spherical shape. This shows that individual
molecules do not form separate units, but that real supramo-
lecular structures are formed. The two-dimensional crystals
were stable and could be scanned many times. In one
experiment we observed rod formation, as with dendrimer 1.
The spacing between the rods was again 6 nm. The rods were
not stable and disappeared after scanning them few times.

The formation of rods on surfaces has been observed from
dendritic nanorods.13 However, to the best of our knowledge,
this is the first observation of rod formation from the self-
assembly of dendrimers which are tetrahedral (dendrimer 1) or
shaped like a disc (dendrimer 2) in solution.

Since it is a requirement for the formation of regular
structures, it is ideally that single dendrimers on bare graphite
are mobile. Hydrocarbon chains are strongly adsorbed to
graphite and, once they are adsorbed, it is unlikely that they can
leave the surface spontaneously. They can, however, diffuse
laterally. Computer simulations of individual alkyl chains on
graphite revealed negligible activation energy for translation
along the chain.6 The same is true for the polyphenylene
subunits, because benzene molecules are able to diffuse
laterally, even at temperatures of 85 K.14 Hence, the dendrimers
can probably diffuse on bare graphite. This explains why we
were never able to image half-covered graphite. Either the
surface was totally clean (this was the case when preparing
layers from concentrations of < 0.002 mg ml21) or an almost
complete monolayer was observed.

The requirement of high lateral mobility also explains why
thiol-substituted dendrimers on gold do not form regular
structures.2 They bind to gold and remain at the point of first
encounter, held by the strong localised thiol–gold bond. In
contrast, dendrimers which form a monolayer at the air–water
interface and which are laterally mobile also show two-
dimensional crystalline packing.15

This project was supported by the Deutsche Forschungsge-
meinschaft Graduiertenkolleg ‘Physik und Chemie Supramole-
kularer Systeme’ (S. L.) and the Fonds der Chemischen
Industrie (U.-M. W.). We also acknowledge the financial
support of the Bundesministerium für Bildung und Forschung
(03C0299 7).
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Fig. 2 AFM amplitude image (scan size 639 nm) of a dendrimer 1 layer on
HOPG.

Fig. 3 AFM height image of a dendrimer 2 layer on HOPG showing a region
with two-dimensional crystals (scan size 578 nm, 1 nm height). The insert
shows details of a crystal. The lattice constants are indicated.
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The stereoselective synthesis of new simplified Dynemicin
analogues is reported: key steps of the sequence are the
regio- and diastereo-selective functionalization of a quino-
line nucleus, bearing a substituent with a stereogenic centre,
and the formation of the 10-membered cyclic enediyne
system by Pd-catalyzed Stille-like reaction.

Enediynes constitute an important family of recently discovered
natural derivatives. Owing to their unusual molecular structure
and strong cytotoxic activity, via unique double strand cleavage
of DNA, in recent years these compounds have attracted the
attention of many research groups. Dynemicin A 1 is certainly
one of the most representative examples of this class of
substances and the synthesis of this enediyne has been
reported.1 However, since its molecular structure is complex,
many efforts have been made to synthesize simplified ana-
logues, hopefully mimicking the activation mechanism.2

We recently performed a regio- and diastereo-selective
nucleophilic addition of magnesium acetylides onto 2-(4-quino-
lyl)propan-1-ol and showed that the extent of induction was
determined by the nature of the hydroxy protecting group.3
Based on this methodology, compounds such as 5 and 6 (see
Scheme 2) could be prepared in high chemical yield and
moderate to good diastereomeric ratio.

Within our project in the enediyne field,4 we planned to
transform these adducts into enediynes 2a,b, which are
simplified analogues of 1 (Scheme 1). Although compounds
with similar structure have been recently prepared by Isobe and
coworkers,5 we focused our attention on a completely different
synthetic approach. The most critical step of our plan was
undoubtedly the formation of the 10-membered cyclic enediyne
system. For this purpose two different strategies were envis-
aged: (1) route A, in which the acyclic system already bears all
the required ten carbon atoms; in this case the ring closure could
be induced by the base-induced coupling of a bis(propargyl
bromide)6 or by an intramolecular pinacol coupling performed
on a bis(aldehyde);4b (2) route B, in which the acyclic system,

bearing only eight carbon atoms of the incoming enediyne, is
coupled with a suitable two-carbon unit.1a,7

We first explored route A. For this purpose, after deprotec-
tion of the alcoholic function of 5 (R1 = TBDMS) and 6 (R1 =
triphenylmethyl (Tr)), obtained as 68+32 and 87+13 diaster-
eomeric mixtures respectively, and chromatographic separation
of the epimeric 7a and 7b, we separately transformed them into
the diacetylenic intermediates 11 and 12, following the
procedure reported in Scheme 2. Owing to the propensity of
8a,b to epimerize, the oxidation of the primary alcoholic
function to the aldehyde was troublesome, either under Dess–
Martin conditions, which were successfully used for the
preparation of enediyne intermediates,8 or under standard
Swern conditions. Finally, we succeeded in performing the
reaction under slightly modified Swern conditions9 and 8a,b
were used just after aqueous work-up. The homologation of the
aldehyde function of 8a was first attempted through the one-pot
sequence proposed by Ohira,10 which directly allowed the
preparation of 11a in quite good yield (59%), but with extended
epimerization, leading to a 7+3 mixture of 11a and 11b,
probably due to the basic reaction conditions. We then
examined the possibility to utilize the Corey–Fuchs11 proce-
dure. While the preparation of dibromides 9a,b was realized
without problems, the transformation of them to give alkyne
moieties was more difficult than expected: after many attempts,
in which all the possible factors affecting this transformation
were examined, the optimal conditions were found to be
treatment of 9a,b with BunLi for 15 min at low temperature
under argon; on the other hand, working under nitrogen, the
reaction was sluggish and the isolated yields of 10a,b were
never higher than 40%! C-Desilylation under basic conditions
gave 11a,b, and the overall chemical yield from 7a,b was higher
(72 and 76% respectively) than that obtained by the previously
attempted one-step sequence and, most importantly, no epimer-
ization was observed. Epoxidation of the double bond to give
12a,b was straightforward and completely stereoselective, as
expected from literature data.5a

With 10a,b, 11a,b and 12a,b in hand, we tried to perform the
homologation of the acetylenic functions. However, all attempts
to substitute the acetylenic hydrogens with an alkoxymethyl
moiety or a synthetic equivalent were unsuccessful.

At this point we turned our attention to route B and examined
the possibility to build the enediynic system through a Stille
double coupling reaction. This approach was not straight-
forward; indeed this methodology has been applied only in a
few cases to generate cyclic 3-ene-1,5-diyne systems,1a,7 but
always on partially rigid systems, for which the ring closure
should be easier than in our case. For this purpose we prepared
the diastereomeric bis(iodides) 13a and 13b by simultaneous
iodination with N-iodosuccinimide/AgNO3

12 of both alkyne
functions of 12a,b and then performed the Pd(0)-catalyzed
cross-coupling reaction with (Z)-bis(trimetylstannyl)ethylene.
The first attempts were unsuccessful, but eventually, after a
careful optimization of reaction conditions [solvent, tem-
perature, choice of Pd(0) source, use of additives, high dilution
in order to minimize intermolecular attack of tin reagent], we
were able to obtain the epimeric enediynes 2a,b in satisfactory
yields. The different yields (60% for 2a cf. 76% for 2b)Scheme 1
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confirmed our expectations, based on molecular mechanics
calculations performed with the CS Chem3D program (Cam-
bridge Soft, Cambridge, MA, USA, version 4.0). For both
iodides we found about eight further stable conformations with
similar energy, as expected for systems which are not
conformationally blocked. The distance between the two iodine
bearing sp carbons is in the range 5.0–6.0 Å for 13a and 4.1–4.4
Å for 13b. As a result, 13b is therefore best suited for the new
C–C bond forming reaction, owing to the proximity of the two
terminal sp carbons.

Finally, we tested the propensity of these compounds to
undergo Bergman cycloaromatization, which is responsible for
the biological activity of most enediyne derivatives. On
Dynemicin and analogues, cycloaromatization usually takes
place as soon as the epoxide is opened.1,2,5a,7a,13 For this reason
we submitted both 2a,b to epoxide opening in the presence of p-
toluenesulfonic acid.5a,13a To our surprise, after a reaction time
of one day, we isolated two different compounds, the mono-
tosylate 14 from 2a and diol 15 from 2b, for which the relative
configuration at the benzylic carbon is only tentatively assigned
based on literature data5a,13a and molecular mechanics studies.
At the moment we do not have an explanation for the different
behaviour of the two epimers during the acid-induced cyclo-
aromatization process, although we think that different mecha-
nisms could take place, probably due to a different conforma-
tion of the molecule in the two epimers.

From our results it seems clear that a relative configuration
like that of 7b seems to be preferable for the synthesis of the
enediyne moiety, although this is not the preferred stereoisomer
in the initial stereoselective addition step. However, we believe
that this is not a real problem, since, thinking to extend our
protocol on (S)-3-acetoxy-2-(4-quinolyl)propan-1-ol deriva-
tives,14 the enantiodivergency of this chiral synthon and the
diastereodivergency of compounds analogous to 5 and 6 should
be exploited to obtain the most useful diastereoisomer for the
transformation into the corresponding enediyne. Studies in this
field are still in progress in our laboratories.
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(i) m-CPBA, CH2Cl2, 0 °C; (j) NIS, AgNO3, THF, r.t., dark; (k) (Z)-Me3SnCHNCHSnMe3, Pd(PPh3)4, LiCl, DMF, 70 °C; (l) i, p-TSA (0.5 M sol. in THF),
benzene, cyclohexa-1,4-diene, r.t., 30 min; ii, Et3N, r.t., 24 h.
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Porous TiO2 electrodes sensitized using merocyanine dyes
containing a carboxyl group and a long alkyl chain, in
particular 3-carboxymethyl-5-[2-(3-alkyl-2-benzothiazoli-
nyldene)ethylidene]-2-thioxo-4-thiazolidinone, showed re-
markably high solar–energy efficiency (4.2%, AM-1.5, 100
mW cm22).

Since Grätzel et al. reported a highly efficient solar cell
(incident solar light–power conversion efficiency, hsun = 10%)
based on a nanocrystalline TiO2 semiconductor electrode
sensitized by a Ru complex,1,2 the studies on dye sensitization
of porous oxide semiconductors have been actively investi-
gated. Most papers on the Grätzel type solar cell so far have
focused on metal complex dyes such as bipyridyl and porphyrin
derivatives, and little attention has been shown to the use of
organic dyes as photosensitizers. There are some early works on
the spectral sensitization of non-porous semiconductors using
organic dyes,3 however, the efficiencies were quite low. It is
worthwhile to develop highly efficient organic dye sensitizers
from the standpoint of low cost, saving of limited precious
metal resources and the easy handling for cell recycling without
removal of metal, however, the efficiencies of Grätzel type cells
sensitized by organic dyes were relatively low (hsun <
1.3%).4–10 Here we investigated various kinds of merocyanine
organic dyes containing a carboxyl group as an anchor to attach
the dye on the semiconductor surface. Merocyanine dyes have
been studied on dye multi-layer photovoltaic cells based on a
Shottky-type barrier at the metal/dye film contact,11–13 but have
been rarely investigated on Grätzel cells. We report here, for the
first time, that some merocyanine dyes show excellent effi-
ciencies up to hsun = 4.2% on porous TiO2 semiconductor
electrodes, and also investigate the relationship between solar
cell efficiency and the structure of the dyes.

All dyes were synthesized by Hayashibara Biochemical
Laboratories Inc. The preparation of the porous TiO2 film
electrode on a conducting glass support (F-SnO2,10 W sq21)

was via the published procedure.2 TiO2 powder (Nihon Aerosil,
P-25) was mainly used in order to prepare a TiO2 paste for
coating. Adsorption of a dye on the TiO2 surface was carried out
by soaking the TiO2 electrode in a 220 mg dm23 dry ethanol
solution of the dye at 80 °C for 1 h, and the electrode was
washed with ethanol. The dye-sensitized TiO2 electrode was
incorporated into a thin-layer sandwich-type solar cell with a Pt/
conducting glass as counter electrode and electrolyte solution.
To investigate the efficiency of dyes (Table 1), an Xe lamp with
suitable band pass filters (3–4 mW cm22) and UV cut off filter
was used as the light source. The incident solar light–electric
energy conversion efficiency (hsun) was measured with a solar
simulator (AM-1.5, WACOM Co.).

We mainly investigated the photoelectrochemical properties
of indole type [Ma, X = C(CH2)2] and benzothiazole type (Mb,
X = S) merocyanines, a widely used merocyanine dye, as
shown in Scheme 1. Both Ma(2)-N and Mb(2)-N dyes
containing a carboxyl group adsorbed strongly on the TiO2
surface, and showed significantly high efficiencies. On the other
hand, the Mb(2)A dye containing no carboxyl group scarcely
adsorbed on TiO2 and the cell efficiency was negligible,
suggesting that the presence of anchoring groups to adsorb on
the semiconductor surface is essential for efficient dye-
sensitization. In the studies of solid photovoltaic cells using dye
multi-layer electrodes without semiconductors,11,13 various
kinds of merocyanine dyes including Ma and Mb dyes were
examined, and the carboxyl group was not essential in contrast
to the dye-sensitized semiconductor cells studied here. The

Table 1 Photoelectrochemical properties of porous TiO2 semiconductor solar cells sensitized with various merocyanine dyesa

Dye structure

Dye X Y Z lmax
b/nm lthreshold

b/nm IPCEc (%) Iscd/mA Vocd/V ffd (%) hXe
d (%)

Ma(2)-N CMe2 CH2CO2H C2H5 490(520) 550(600) 38.0 3.50 0.61 60 1.6
Mb(2)-N S CH2CO2H C2H5 520(560) 570(660) 33.3 3.92 0.62 60 1.8
Mb(5)-N S CH2CO2H C5H11 520(560) 570(660) 36.7 4.68 0.68 60 2.4
Mb(10)-N S CH2CO2H C10H21 520(570) 570(660) 41.7 5.35 0.68 60 2.7
Mb(18)-N S CH2CO2H C18H37 520(590) 580(670) 41.8 5.50 0.62 54 2.3
Mb(2)A S Me Et 520(—) 570(—) < 0.1 < 0.01 — — < 0.1
Mb(2)-M S Et CH2CO2H 520(550) 570(650) 45.7 4.28 0.52 58 1.6
Ma(2)-NM CMe2 CH2CO2H CH2CO2H 500(540) 580(630) 26.5 2.30 0.50 63 0.9
a TiO2 film (thickness 7 mm,  area 1 cm2) prepared from P-25. The electrolyte solution was a mixture of tetrapropylammonium iodide (0.5 M) and iodine
(0.05 M) in ethylene carbonate–dry acetonitrile (60+40 v/v). b In ethanol; values in parentheses were measured on TiO2. c IPCE was measured by
monochromatic light at near lmax using band pass filters. d Under white light from an Xe lamp > 420 nm (80 mW cm22).

Scheme 1 Structure of merocyanine dyes; for the identity of X, Y and Z see
Table 1.
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incident photon–current efficiencies (IPCE) of the dye-sensi-
tized semiconductor cells in our study were superior to those of
solid photovoltaic cells (IPCE < 22%).11–13

Fig. 1 shows the light absorption spectra of Mb(2)-N in
ethanol solution (a) and Mb(2)-N on a TiO2 electrode (b), in
addition to the IPCE action spectrum of the Mb(2)-N/TiO2 cell
(c). The absorption peak maximum (lmax) and the absorption
threshold (lthreshold) of various dyes in ethanol and on TiO2 are
also shown in Table 1. All merocyanine dyes had a narrow
absorption band in ethanol solution, and the peak at around 500
nm was assigned to the monomer.12 By adsorbing the dye on the
TiO2 electrode, a broadening of the absorption spectrum and a
large red shift of the absorption threshold were observed in all
electrodes. The IPCE action spectrum was as broad as the
absorption spectrum on TiO2. Similar broadening and red shifts
have been reported on several merocyanine multi-layer elec-
trodes without semiconductors.11,12 Therefore, it is suggested
that the interaction between neighboring dyes causes the red
shift and the broadening of the absorption. The changes of
absorption on the merocyanine multilayer electrode are ex-
plained on the basis of exciton phenomena, calculated from the
molecular packing structure of the dye aggregate and the
coupling of transition dipoles.11 It was reported that a J-
aggregate of Mb(2)-N, which showed a large red shift and a
sharp absorption peak at 610 nm, was formed in the TiO2
mesoporous network after aqueous solution treatment.14 In our
experiments, while a large red shift of the absorption was
observed, no sharp absorption peak at ca. 610 nm was observed.
Therefore, we speculate that small J-like aggregates were
formed on the TiO2, and that chemical anchoring on the TiO2
surface restricted the formation of large and highly oriented J-
aggregates.

We investigated the merocyanines [Mb(m)-N] with long
straight alkyl chains (carbon number: m = 2, 5, 10 and 18) in
detail, since it has been reported that the formation of J-
aggregates is more facile with increasing length of alkyl chain
in the study of dye multi-layer electrodes.12,13 The peak
maximum and threshold of absorption for Mb(m)-N on TiO2
were slightly shifted to the longer wavelength with an increase
in m (Table 1). In addition the rise of absorption at the threshold
became sharp with increasing m. The IPCE of Mb(m)-N/TiO2
cells at ca. 520 nm increased with an increase of m, and these
electrodes had the same values of light harvesting efficiency at
520 nm. Therefore, it is suggested that the intrinsic sensitization
efficiency, i.e. quantum efficiency, increased with the length of
alkyl chain.

In discussing the relationship between the sensitization
efficiency and the presence of long alkyl chains the electron
injection process from the excited state of the dye to the TiO2
generally competes with other undesirable processes, and

photo-isomerization is one of the major decay pathways for
merocyanine.10 The presence of long alkyl chains and aggregate
formation probably prevents isomerization by the restriction of
rotation around the methine chain. Moreover, in the J-aggregate
crystal structure of Mb(2)-N sodium salt octahydrate,14 the
alkyl chain is located at the opposite side of the carboxyl group,
and the formation of single isomers and uniform orientation of
the dye seem to be important factors for good J-aggregation. It
is speculated that the repulsion between long alkyl chains and
the TiO2 surface might help form the predominant isomer, in
which the alkyl chain lies far apart from the carboxyl group
anchoring on the TiO2 surface. Mb(2)-M, which has a carboxyl
group at another position Z instead of position Y, showed
almost same efficiency as Mb(2)-N. On the other hand, the
photocurrent of Ma(2)-NM containing two carboxyl groups was
very low compared with that of Ma(2)-N containing one
carboxyl group. The configuration and aggregation of Ma(2)-
NM on TiO2 were very restricted by two anchors, and this might
affect the photocurrent. From all the results, it is concluded that
the control of configuration and aggregation of the merocyanine
dye are very important factors in improving the solar cell
efficiency.

Finally, we improved the efficiency of the Mb(18)-N/TiO2
solar cell using thicker TiO2 films (ca. 13 mm thickness)
prepared by the alkoxide method using a different electrolyte
solution consisting of a mixture of LiI (0.1 M), 1,2-dimethyl-
3-propylimidazolium iodide (0.6 M), iodine (0.05 M), 4-tert-
butylpyridine (1 M) and methoxyacetonitrile as solvent.2,15 The
maximum hsun value under solar simulated light (100 mW
cm22, AM-1.5, 0.25 cm2) was ca. 4.2% (Isc: 9.7 mA cm22,
Voc: 0.62 V, ff: 69%), the best value among organic dye
systems reported so far.3–10 The stability of these dyes in a
sealed solar cell is now under investigation.
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Fig. 1 Absorption spectra of Mb(2)-N in ethanol solution (a), Mb(2)-N on
TiO2 electrode (b) and IPCE action spectrum of the Mb(2)-N/TiO2 cell (c).
The TiO2 electrode and the electrolyte were same as indicated in Table 1.
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cis-[Ru(PMe3)4(H)2] (1) reacts by two distinct photochem-
ical pathways resulting in the formation of [Ru(PMe3)4] and
[Ru(PMe3)3(H)2]; derivatives of these intermediates are
generated in the presence of CO and Ph2SiH2.

Photochemical loss of H2 from cis-metal dihydride complexes
is a general phenomenon widely employed to generate reactive
unsaturated species.1 We have demonstrated by laser flash
photolysis, matrix isolation and steady state photolysis of the
complexes [Ru(R2PCH2CH2PR2)2H2] (R = Me, Et, Ph, C2F5)
that irradiation induces efficient loss of H2 and formation of
square-planar [Ru(R2PCH2CH2PR2)2] intermediates.2 It is
therefore puzzling that UV irradiation of cis-[Ru(PMe3)4(H)2]
(1) in the presence of R3SiH (R = Me, Ph) results in
quantitative loss of PMe3 and formation of [Ru(PMe3)3-
(SiR3)(H)3].3,4 Here we present an investigation of the low-
temperature matrix, transient-solution and steady-state photo-
chemistry of 1. We show that the reaction with R3SiH creates
the illusion of a single pathway. Our evidence reveals two
photochemical pathways involving 16-electron intermediates,
one gives rise to [Ru(PMe3)4] (2) and the other to [Ru-
(PMe3)3(H)2] (3).

When 1 was irradiated under CO in [2H6]benzene (or [2H8]-
toluene), two monocarbonyls cis, mer-[Ru(PMe3)3(CO)(H)2]
(4)5 and [Ru(PMe3)4(CO)] (5)6 and two dicarbonyls [Ru-
(PMe3)2(CO)2(H)2] (6)7 and [Ru(PMe3)3(CO)2] (7),8,9 were
identified by their characteristic 1H and 31P NMR as well as
their solution IR spectra (ESI†). The number of CO groups in
each species was counted via the 31P NMR spectrum with 13CO
labelled material.10 The identity of the products obtained by
steady-state solution photolysis suggests the occurrence of
photochemical loss of H2 in competition with the loss of PMe3
established previously.3,4 In order to test this hypothesis, we
turned to matrix isolation in conjunction with time-resolved
spectroscopy in solution.

Complex 1 was isolated in an Ar matrix at 12 K.11 After UV
irradiation (17 min, 273 < l < 400 nm), the originally
colourless matrix turned purple and the area of the n(Ru–H)
bands (1820 cm21) decreased by 11%. A weak new band in the
n(Ru–H) region was observed at ca. 1790 cm21. The UV–VIS
spectrum showed new bands at 543 and ca. 304 nm (Fig. 1).
Subsequent selective photolysis (l > 520 nm) depleted the
principal initial photoproduct leaving bands of another species
with lmax = 503, ca. 610 nm. UV irradiation (273 < l < 400
nm, 30 min) of 1 in an Ar + 1.5% CO matrix, resulted in new
bands in the n(CO) region assigned to 4, 5 and 7 (Table 1,
ESI†).

Laser flash photolysis (308 nm)12 of 1 in cyclohexane
solution under argon generated a transient within the in-
strumental response time, which decayed by second order
kinetics (k2/el = 2.9 3 105 s21). The spectrum under 400 Torr
of H2 recorded by this method (lmax = 550 ± 5 nm) greatly

resembled the one obtained after photolysis in inert matrices
(Fig. 1). The transient reacted with a variety of reagents giving
pseudo-first order rate constants which varied linearly with the
concentration of added quencher (Fig. S1, ESI†). The resulting
second order rate constants are: k(CO) = (8.9 ± 0.4) 3 108 >
k(H2) = (5.6 ± 0.4) 3 108 > k(Et2SiH2) = (2.2 ± 0.1) 3 107

> k(PMe3) = (1.1 ± 0.1) 3 106 > k(Et3SiH) = (2.8 ± 0.1) 3
105 > k(PEt3) = (2.7 ± 0.8) 3 105 > k(C2H4) = (1.8 ± 0.1) 3
105 dm3 mol21 s21.13

When the decay of the transient generated under H2 was
complete, no net change in absorbance was observed at any
wavelength from 350 to 800 nm. In contrast, a high net change
in absorbance at 350 nm in the presence of PMe3 ( < 0.1
mol dm23) implicated a longer-lived photoproduct.14 This
behaviour can be understood if the extinction coefficient in the
visible region of 2 greatly exceeds that of 3. The principal
transient species observed by UV–VIS spectroscopy is then 2.
Reaction of 2 with H2 would regenerate 1, while treatment with
PMe3 would result in [Ru(PMe3)5] (probably unstable).

Further kinetic information was obtained by time-resolved
infrared (TRIR) spectroscopy. A cyclohexane solution of 1
under CO was irradiated with a pulsed laser (266 nm) and the IR
spectrum measured in a point-by-point fashion.15 The TRIR
spectrum showed a well-defined band at 1929 cm21 due to 4
(Fig. 2). The second order rate constant for formation of 4 was
determined [p(CO) = 150 to 760 Torr] as k2 = (5.1 ± 0.6) 3
107 dm3 mol21 s21. Since this value is about 17 times smaller
than the rate constant for reaction of the UV–VIS transient with
CO (see above), we postulate that 2 is the only transient
observable by flash photolysis with UV–VIS detection.16

† Electronic supplementary information (ESI) available: IR spectral data for
4–7 (Table 1) and kinetic data (Fig. S1). See http://www.rsc.org/suppdata/
cc/b0/b002297g/

Fig. 1 (a) UV–VIS spectrum following photolysis of 1 in an argon matrix
at 12 K (17 min, 273 < l < 400 nm). (b) Point-by-point transient spectrum
at 300 K measured 100 ns after laser flash photolysis (308 nm) of 1 in
cyclohexane under 400 Torr H2.
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At this stage, we knew that laser flash photolysis of 1
generates 2 which reacts with Et3SiH, presumably to give
[Ru(PMe3)4(SiEt3)H]. In apparent contradiction, steady state
photolysis of 1 with Me3SiH or Ph3SiH only gives [Ru-
(PMe3)3(SiR3)(H)3] (R = Me, Ph), derived from loss of
PMe3.3,4 We therefore investigated the products of irradiating 1
with silanes by NMR spectroscopy. Low temperature photo-
lysis in [2H8]toluene at 195 K in the presence of HSiMe3 or
HSiEt3 generated the trihydrides but did not reveal the
anticipated H2-loss products. Reasoning that silanes with a
smaller cone angle would stabilise [Ru(PMe3)4(SiR3)H], we
irradiated 1 in the presence of dihydridosilanes. Photolysis of 1
with Ph2SiH2 yielded cis-[Ru(PMe3)4(SiPh2H)H] and [Ru(P-
Me3)3(SiPh2H)(H)3]17 with an initial ratio of quantum yields of
ca. 1+4.5 respectively.18 Similar results were obtained with
Et2SiH2, HSi(OMe)2(allyl) and HSiMe2(allyl).

Our evidence from a variety of methods now provides a
consistent view of the photochemistry of 1 (Scheme 1). Two
photochemical pathways act in competition: loss of PMe3
occurs with a quantum yield ca. 4.5 times that for loss of H2 in
solution. We postulate that the H2-loss products, cis-[Ru-
(PMe3)4(SiR3)H], are generated initially with all silanes, but if
the silane is bulky (R = Me, Et, Ph), these products are labile
and are converted to [Ru(PMe3)3(SiR3)(H)3]. Rapid displace-
ment of PMe3 by H2 from cis-[Ru(PMe3)4(SiR3)H] has also
been observed by Berry.19 Competitive photodissociation of

dihydrogen and phosphine has been encountered in the
tetrahydride system [Os(H)4(PMe2Ph)3],20 but H2 photodisso-
ciation is the sole pathway in [Ir(h5-C5Me5)(PMe3)(H)2].21

We are grateful for support from CONACYT (México), ORS
Awards, The British Council-Alliance Programme and to
Professor D. H. Berry, Dr J. N. Moore and Dr S. B. Duckett for
helpful discussions.
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P. J. Carroll and D. H. Berry, J. Am. Chem. Soc., 1999, 121, 8391; (b)
We further tested this hypothesis by placing a 1+1 solution of cis-
[Ru(PMe3)4(SiPh2H)H] and [Ru(PMe3)3(SiPh2H)(H)3] under di-
hydrogen and heating to 80 °C. After 2 h the ratio of the products
changed to 1+3.9 respectively.

20 J. W. Bruno, J. C. Huffman, M. A. Green, J. D. Zubkowski, W. E.
Hatfield and K. G. Caulton, Organometallics, 1990, 9, 2556.

21 A. Arndtsen, R. G. Bergman, T. A. Mobley and T. H. Peterson, Acc.
Chem. Res., 1995, 28, 154.

Fig. 2 Growth of n(CO) band at 1929 cm21 of 4 measured by TRIR
spectroscopy after flash photolysis (266 nm) of 1 in cyclohexane under 300
Torr CO. Inset shows partial spectrum 23 ms after flash.

Scheme 1 The photoreactivity of 1 showing the reactions of the primary
photoproducts with CO and Ph2SiH2. The methods employed for detection
are indicated: MI = matrix isolation, FP = flash photolysis, TRIR = time
resolved IR, SSIR = IR spectroscopy following steady-state irradiation and
NMR = NMR spectroscopy following steady-state irradiation.
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[(ButN)2Cr(CH2Ph)2] 1 and [(NCMe2CH2CH2CMe2N)Cr-
(CH2Ph)2] 2 are robust single-component catalysts for the
polymerisation of acrylonitrile, which afford high-molec-
ular-weight PAN and also allow acrylonitrile–methyl me-
thacrylate copolymerisation; owing to its strained seven-
membered chelate ring, 2 exhibits exceptionally small imido
bond angles.

The polymerisation of a-olefins by titanocene- and zircono-
cene-based catalysts is of great technological relevance.1
Nevertheless, there is increasing interest in the development of
novel non-metallocene catalysts for olefin polymerisation, since
these may allow, inter alia, an even greater control over
polymer properties. Several new catalyst families have been
described in this context,2 one of them being di(organoimido)-
chromium(VI) complexes of the type (RN)2CrX2 (X = Cl, Me,
CH2Ph),3 which have proved to be excellently suited to the
polymerisation of ethylene in the presence of a cocatalyst.4
Owing to their comparatively low Lewis acidity, catalysts based
on group 6 metals may be more tolerant towards polar,
functionalised olefins than group 4 metal systems. For example,
complexes of the type (RN)2CrCl2 have been shown to tolerate
ester groups in the cyclopropanation of olefins.5 We report here
on the polymerisation of acrylonitrile by di(organoimido)chro-
mium(VI) complexes.

We have utilised [(ButN)2Cr(CH2Ph)2]3a 1 and the novel
ansa-di(organoimido) complex [(NCMe2CH2CH2CMe2N)-
Cr(CH2Ph)2] 2‡ as catalysts. 2 bears an isolobal relationship to
group 4 ansa-metallocene derivatives.6 Its structure has been
determined by single-crystal X-ray diffraction (Fig. 1)§ and
resembles that of 1.3b Both compounds contain an h1- and an h2-

benzyl ligand. In solution, however, only one set of 1H NMR
resonances is observed for the two benzyl ligands even at low
temperatures owing to rapid averaging. The most striking
differences between 1 and 2 are due to the strained seven-
membered chelate ring present in 2, which causes exceptionally
small imido bond angles (Table 1). A similar structural effect
was recently observed in the chemistry of molybdenum.6a A
variable-temperature 1H NMR study (500.1 MHz, [2H8]toluene
solvent) reveals that the chelate ring is moderately flexible in
solution. At room temperature, a single, averaged signal at d
1.82 is observed for the four protons of the CH2CH2 unit, which
is compatible with an averaged C2v-symmetric structure. The
singlet shows coalescence at ca. 210 °C. At 270 °C two well
separated signals (2 3 2 lines) are observed at d 1.25 and 2.35,
which is in agreement with the AAABBA spin system expected
for a rigid C2-symmetric ligand framework. DG# is ca. 48 kJ
mol21 for the ring inversion.

Complexes 1 and 2 are active catalysts for the polymerisation
of the polar, functionalised olefin acrylonitrile (AN). No
cocatalyst is needed.¶ In all cases studied the polymerisation
started immediately and continued for an extended period of
time (Fig. 2). Initially, the polyacrylonitrile (PAN) yield
increased linearly, and during the course of the reaction it
approached an upper limit. After a while the clear solution
became cloudy and a white precipitate was observed. At the
same time the viscosity started to increase. The molecular
weight reached remarkably high values, and the polydispersity
(Mw/Mn) decreased slightly with the conversion (Fig. 2). The
PAN produced by 1 and 2 had approximately the same tacticity
(Table 2).7 Copolymerisation experiments were performed with
acrylonitrile and methyl methacrylate (MMA). The low glass

† New address: Fachbereich 18 (Physik), Universität Gesamthochschule
Kassel, Heinrich-Plett-Str. 40, D-34132 Kassel, Germany. E-mail: sieme-
ling@uni-kassel.de.

Fig. 1 Molecular structure of 2 in the crystal. Selected bond lengths (pm)
and angles (°): Cr(1)–C(1) 242.0(4), Cr(1)–C(7) 207.0(4), Cr(1)–C(14)
208.5(4), N(1)–C(17) 146.6(5), N(2)–C(20) 145.9(5); C(1)–Cr(1)–C(7)
37.03(14), Cr(1)–C(7)–C(1) 84.6(2), C(7)–Cr(1)–C(14) 130.89(16), Cr(1)–
C(14)–C(8) 113.9(3).

Table 1 Comparison of bond lengths (pm) and angles (°) in 1 and 2

1 2

Cr–N 162.5(2)/163.2(2) 163.1(3)/163.3(3)
N–Cr–N 116.09(8) 104.19(16)
Cr–N–C 166.07(13)/160.60(13) 146.8(3)/147.3(3)

Fig. 2 Polymerisation of acrylonitrile with 1 and 2 {PAN yields [(5) 1, (2
2] and molecular weights [(:) 2]}: Molecular weights and polydispersity
for 2 after 3/4/6 h: Mn = 420 000/427 000/464 000; Mw =
1 200 000/1 200 000/1 300 000; Mw/Mn = 2.9/2.8/2.8.
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transition temperature Tg in comparison with Tg of the
respective homopolymer PAN and PMMA indicates that the
products obtained must be copolymers (Table 3).

The metal-catalysed polymerisation and copolymerisation of
acrylonitrile is unprecedented. We are currently investigating
the polymerisation mechanism. We note that with rigid ligand
architectures of appropriate symmetry the formation of stereo-
regular functionalised polyolefins may be feasible, if the
polymerisation mechanism is essentially metal-centered.

This work was generously supported by the Bundesministe-
rium für Bildung und Wissenschaft, Forschung und Techno-
logie.

Notes and references
‡ Complex 2 was synthesised in analogy to the three-step route developed
for 1, starting from the silylated diamine (Me3Si)HNCMe2CH2CH2-
CMe2NH(SiMe3) and CrO2Cl2. Selected spectroscopic data: dH(500.1
MHz, CDCl3, 298 K) 7.00 (m, 10 H, Ph) 2.53 (s, 4 H, CH2Ph) 1.83 [br s, 4H,
(CH2)2], 0.99 (s, 12H, Me). dC(125.8 MHz, CDCl3, 298 K) 141.0 (Cipso Ph)
130.8 (Cortho Ph) 129.0 (Cmeta Ph) 124.9 (Cpara Ph) 74.2 (CMe2) 43.7
(CH2Ph) 40.6 [(CH2)2] 27.4 (Me). MS (CI) m/z 375 (100%) [M]+.
§ Crystal data for 2: C22H30CrN2, M = 374.5, monoclinic, space group
P21/n, a = 8.471(4), b = 16.716(10), c = 14.781(6) Å, b = 100.21(3)°, V

= 2059.9(18) Å3, Z = 4, m(Mo-Ka) = 0.561 mm21, F(000) = 800, orange
plate (0.6 3 0.4 3 0.1 mm), 2qmax = 50.0°, 3886 reflections measured,
3627 unique (Rint = 0.0558) which were used in all calculations; R(F) =
0.0570 for 2346 reflections with I > 2s(I), wR(F2) = 0.1222 for all data.
A single crystal was mounted in inert oil and transferred to the cold gas
stream of a Siemens P21 four-circle diffractometer. The structure was
solved using direct methods and the non-hydrogen atoms were refined
anisotropically using full-matrix least-squares based on F2 (programmes
used: Siemens SHELXTL PLUS and SHELXL 97).

CCDC 182/1659. See http://www.rsc.org/suppdata/cc/b0/b002310h/ for
crystallographic files in .cif format.
¶ Experimental procedures: polymerisations of acrylonitrile were carried
out under argon in a 100 ml flask equipped with a magnetic stirrer and a
cooling jacket. Typically, polymerisations were run with 0.012 mmol of 1
or 2 and 300 mmol of acrylonitrile in toluene solution (40 ml) at 20 °C. The
reactions were carried out in the dark to exclude radical formation, since
usually polyacrylonitrile is prepared by radical polymerisation. The
reactions were quenched with methanol. The white fine powder which
precipitated was filtered off and dried in vacuo at 60 °C for 12 h.
Copolymerisation experiments with acrylonitrile and methyl methacrylate
were made under essentially identical conditions, utilising 0.02 mmol of 1
or 2 in toluene solution.

1 For leading reviews, see: W. Kaminsky, J. Chem. Soc., Dalton Trans.,
1998, 1413; C. Janiak, in Metallocenes, ed. A. Togni and R. Halterman,
Wiley-VCH, Weinheim, 1998, vol. 2, pp. 547–623; M. Bochmann,
J. Chem. Soc., Dalton Trans., 1996, 255; H. H. Brintzinger, D. Fischer,
R. Mülhaupt, B. Rieger and R. Waymouth, Angew. Chem., 1995, 107,
1255; H. H. Brintzinger, D. Fischer, R. Mülhaupt, B. Rieger and R.
Waymouth, Angew. Chem., Int. Ed. Engl., 1995, 34, 1143; Ziegler
Catalysts, ed. G. Fink, R. Mülhaupt and H. H. Brintzinger, Springer,
Berlin, 1995.

2 For a recent review, see: G. J. P. Britovsek, V. C. Gibson and
D. F. Wass, Angew. Chem., 1999, 111, 448; G. J. P. Britovsek, V. C.
Gibson and D. F. Wass, Angew. Chem., Int. Ed., 1999, 38, 428.

3 (a) M. P. Coles, C. I. Dalby, V. C. Gibson, I. R. Little, E. L. Marshall,
M. H. Ribeiro da Costa and S. Mastoianni, J. Organomet. Chem., 1999,
591, 78; (b) M. P. Coles, C. I. Dalby, V. C. Gibson, W. Clegg and M. R.
J. Elsegood, J. Chem. Soc., Chem. Commun., 1995, 1709; (c) M. P. Coles
and V. C. Gibson, Polym. Bull., 1994, 33, 529.

4 Homogeneous chromium catalysts for olefin polymerisation have been
reviewed, see: K. H. Theopold, Eur. J. Inorg. Chem., 1998, 15.

5 D. Jan, F. Simal, A. Demonceau, A. F. Noels, K. A. Rufanov, N. A.
Ustynyuk and D. N. Gourevitch, Tetrahedron Lett., 1999, 40, 5695.

6 Related complexes have already been described for Mo and W, see: (a)
E. A. Kretzschmar, J. Kipke and J. Sundermeyer, Chem. Commun., 1999,
2381; (b) U. Siemeling, T. Türk, W. W. Schoeller, C. Redshaw and V. C.
Gibson, Inorg. Chem., 1998, 37, 4738; (c) C. Redshaw, V. C. Gibson, W.
Clegg, A. J. Edwards and B. Miles, J. Chem. Soc., Dalton Trans., 1997,
3343; (d) V. C. Gibson, C. Redshaw, W. Clegg, M. R. J. Elsegood, U.
Siemeling and T. Türk, J. Chem. Soc., Dalton Trans., 1996, 4513.

7 M. Minagawa, K. Ute, T. Kitayama and K. Hatada, Macromolecules,
1994, 27, 3669.

Table 2 The triad microtacticity of polyacrylonitrile as obtained from 75.5
MHz 13C NMR spectra in [2H]6DMSO

Triad tacticity (%)

Specified group mm mr rr

Cyano 31a 45a 24a

25b 48b 27b

Methine 27a 53a 20a

27b 52b 21b

a 1. b 2.

Table 3 Results of acrylonitrile–methyl methacrylate copolymerisation
runs using 1 and 2

Run AN/mmol MMA/mmol Yield/g Tg
a/°C

1b 400 100 2.02 84.64
2b 100 400 4.57 92.04
3c 200 100 0.94 78.63
4c 75 150 0.71 87.49
a Tg (PMMA) = 128 °C and Tg (PAN) = 144 °C with 1 and 2. b 1. c 2.
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a-LNA, locked nucleic acid with a-D-configuration
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The bicyclic thymine monomer of a-LNA (aTL) was
efficiently synthesised and used in the synthesis of a-LNA
sequences: incorporation of single aTL-monomers in a-
configured oligothymidylates destabilises the affinity to-
wards both complementary DNA and RNA, whereas a fully
modified a-LNA sequence displays a very efficient recogni-
tion of complementary RNA.

Conformationally restricted oligonucleotide analogues have
been intensively investigated for their abilities in high affinity
nucleic acid recognition.1 As a prime example, LNA (locked
nucleic acid)† has recently been introduced as a nucleic acid
analogue displaying unprecedented affinity towards DNA and
RNA.2 The anomeric inverted analogue of DNA (a-DNA) has
been demonstrated to hybridise efficiently with complementary
DNA and RNA with a parallel strand orientation, and to be
highly resistant towards degradation by nucleases.3 Chemically
modified analogues of a-DNA have also been investigated,4
including the introduction of a-configured bicyclic nucleoside
monomers.5

The a-2A-deoxynucleoside monomers in a-DNA as well as
the b-2A-deoxynucleoside monomers in DNA exist in an
equilibrium between the two low-energy N- and S-type
conformational ranges.6,7 In none of the a-DNA analogues,
investigated so far,4,5 have the monomers been efficiently
restricted towards N-type conformations. Hoping to obtain an
unprecedented parallel nucleic acid recognition and, thereby, a
new tool in the development of diagnostic probes and antisense
therapeutics, we therefore decided to examine the incorporation
into oligonucleotides of an a-nucleoside analogue which is
conformationally locked in an N-type conformation, i.e. a-
LNA.‡

In order to synthesise the a-LNA thymine monomer (aTL, 4,
Scheme 1) we first investigated the coupling of thymine to
appropriate bicyclic carbohydrate precursors.9 However, this
approach has never been optimised to give the target compound
in a satisfactory yield, and we hereby introduce an alternative
synthetic strategy. The starting methyl furanoside 1 was
obtained, as described previously,9 and used in a modified
Vorbrüggen nucleobase coupling reaction (Scheme 1). After
varying the reaction conditions, the best result in terms of yield
and ratio of products was obtained by using in situ TMS-
protection of both the 2A- hydroxy functionality in 1 and the
thymine, followed by coupling by using TMS-triflate as the
Lewis acid in refluxing acetonitrile for seven days. After
desilylation, the mixture of nucleosides was reacted with
sodium hydride to give the anomeric mixture 2 (a+b ≈ 1.3+1
according to 1H NMR) in 57% overall yield. After removal of
the benzyl groups by hydrogenation, the b- and a-LNA
monomers (32 and 4,9 respectively) were obtained in 98% yield
and separated. The configuration of 4 was confirmed by
comparison of NMR data with its exact enantiomer8d and by
NOE-difference spectra as mutual contacts were observed
between H-1A and H-3A and between H-5B and H-6, respectively.
The aTL monomer 4 was prepared for incorporation into
oligonucleotide sequences by protection, by using the dime-
thoxytrityl (DMT) group to give 5, followed by phosphitylation
to give the phosphoramidite synthon 6.§ This compound was
used in automated solid phase synthesis of oligonucleotides by
using the phosphoramidite approach.10 In connection with the
a-thymidine (aT) phosphoramidite, the a-LNA sequences were
obtained (Table 1) by using tetrazole activation and 10 min
coupling times giving > 98% stepwise coupling yields. The
modified oligomers 8–10 and 12, 13 were synthesised by using
the DMT-ON mode on universal CPG-support (Biogenex),
which allowed the synthesis of fully modified sequences after
cleavage from the solid support by using LiCl in aqueous

Scheme 1 Reagents and conditions: i, (a) TMS-Cl, N,O-bistrimethylsilyl-
acetamide, thymine, MeCN, then TMS-OTf, (b) TBAF, THF; ii, NaH, DMF
(57%, three steps); iii, H2, Pd(OH)2/C, EtOH (98%); iv, DMT-Cl, AgNO3,
Py, THF, DMF (80%); v, EtN(Pri)2, NC(CH2)2OP(Cl)N(Pri)2, CH2Cl2
(79%). T = thymine-l-yl.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003104f Chem. Commun., 2000, 1179–1180 1179



ammonia. The oligomers were purified by using disposable
reverse phase chromatography cartridges (Cruachem), which
yielded products with > 90% purity, as judged from capillary
gel electrophoresis. The compositions of a-LNA sequences
were verified from MALDI-MS spectra.¶

The a-LNA sequences 9, 10 and 13, as well as their a-DNA
counterparts 8 and 12, were mixed with their DNA and RNA
complements and the resulting hybridisation data are shown in
Table 1. Compared to the unmodified sequence 7, the affinity of
the unmodified a-sequence 8 towards dA14 is, as expected,3
similar. However, the introduction of one or four a-LNA
monomers (9 or 10, respectively) results in strongly decreased
affinities towards dA14. Towards complementary RNA, rA14, 8
has a higher affinity than 7 and the destabilising effect of one or
four a-LNA monomers is even more pronounced. However, in
both cases, the introduction of a block of a-LNA monomers
diminishes the combined destabilising effect (comparing DTm
for 9 and 10). This suggests that the N-type conformation a-
LNA monomers do not have the ability to alter neighbouring
nucleosides and, thereby, change the overall single strand
conformation towards a form which is more preferable for
duplex formation. As judged from NMR studies, this is an
important feature of the original (b-)LNA.11

The fully modified a-LNA sequence 13 displays strong
recognition of the complementary RNA-strand (DTm = +1.2 °C
per monomer compared to a-DNA 12 and +2.5 °C compared to
the unmodified oligodeoxynucleotide sequence 11). On the
other hand, no clear cooperative transition was seen when 13
was mixed with dA14. This indicates either that a-LNA is
unable to recognise DNA and is thereby extraordinarily RNA-
selective or, alternatively, that the two sequences might form a
secondary structure not detectable by UV-spectroscopy at 260
nm. Thus, a broad non-cooperative transition at 40–45 °C is
seen in the mixture, but a similar transition is also observed for
13 alone. Even though the possibility of self-melting has been
described earlier for longer a-oligothymidylate sequences,12

the broad transition and low hyperchromicity observed for 13
alone does not indicate the melting process of a duplex
structure, but rather a transition between secondary forms of
single strands. The presence of a duplex between 13 and rA14
was confirmed by the fact that a clear melting transition of a
duplex between 13 and a mis-matching complementary se-
quence was observed with Tm decreased by 8 °C (Table 1).
Furthermore, thermal stabilities measured at higher ionic
concentrations (data not shown) were increased, as expected,
for all the duplexes involving 11–13 and RNA-complements as
well as 11 and 12 with dA14, whereas no clear cooperative
transitions at increased temperature were observed with
13+dA14 or with 13 alone.

In conclusion, a-LNA is able to form a duplex with
complementary RNA with a high thermal stability comparable
to other stereoisomers of LNA,8 even though the original
(b)LNA still displays the highest affinity towards com-
plementary nucleic acids. Nevertheless, a-LNA in the present
oligothymidylate sequence displays the highest affinity towards
RNA of any a-D-configured oligonucleotide analogue. How-
ever, from the sequences presented here we are not able to
determine whether a-LNA prefers a parallel strand orientation
upon hybridisation. This subject is under investigation in our
laboratories via the synthesis of a-LNA sequences with mixed
nucleobase compositions, in addition to further examination of
the properties and applications of a-LNA.

The Danish Natural Science Research Council is thanked for
financial support. Ms. Britta M. Dahl, Department of Chem-
istry, University of Copenhagen, is thanked for synthesising
oligonucleotide sequences. Dr Henrik M. Pfundheller, Exiqon
A/S, is thanked for recording MALDI-MS spectra.

Notes and references
† LNA is defined as an oligonucleotide containing one or more LNA
monomers which are bicyclic nucleosides preorganized in N-type con-
formations. a-LNA is therefore defined as an oligonucleotide containing
one or more monomeric a-D-LNA nucleosides in connection to unmodified
a-D-nucleosides.
‡ Three other stereoisomers of LNA have been recently introduced8 and
their affinities towards both complementary RNA and the enantiomeric L-
RNA have been investigated.8c In that sense, an a-LNA sequence has been
examined in form of the duplex between its enantiomer a-L-LNA and L-
RNA, but only as an (almost) fully modified sequence and only against
RNA.8c

§ Selected data for 6: dP(CDCl3, 121.5 MHz with 85% H3PO4 as external
standard) 150.9, 151.1.
¶ MALDI-MS: m/z ([M 2 H]2 (found/calc.): 9 (4227.1/4223.8); 10
(4309.2/4307.8); 13 (3261.6/3260.1).
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Table 1 Hybridisation data for a-LNA sequences and reference strands

dA14

complement
rA14

complement

Sequence Tm/°Ca DTm/°Cb Tm/°Ca DTm/°Cb

rA6CA7

complement
Tm/°Ca

7 5A-T14 33.0 30.0 n.d.c
8 5A-aT14 32.0 43.0 n.d.c
9 5A-aT7TLT6 25.5 26.5 35.0 28.0 n.d.c

10 5A-aT5TL
4T5 26.0 21.5 24.5 24.6 n.d.c

11 5A-T10 22.0 20.0 n.d.c
12 5A-aT10 18.0 33.5 22.0
13 5A-aTL

10 no TM
d 45.0 +1.2e;

+2.5f
37.0

a Melting temperatures (Tm) obtained from the maxima of the first
derivatives of the melting curve (A260 vs. temperature) recorded in a buffer
containing 10 mM Na2HPO4, 100 mM NaCl, 0.1 mM EDTA, pH 7.0 using
1.5 mM concentrations of the two complementary sequences, assuming
identical extinction coefficients for all thymine nucleotides. b The change in
Tm value per modification compared with the reference strand 8. c Not
determined. d No clear cooperative transition was seen. e Compared with
12. f Compared with 11.
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The iodide induced dimerisation of a dppm-/diphenylphos-
phido-bridged Pt2

2+ system leads to a 56 CVE Pt4 butterfly
cluster which is diprotonated by HO3SCF3 to give a 60 CVE
rectangular Pt4 cluster.

An electron count of 56 or 54 for tetranuclear platinum clusters
in tetrahedral geometry with a latitudinal or longitudinal ligand
arrangement is predicted by theoretical studies based on
Pt(PH3)2 fragments.1 54-electron CVE clusters are proposed to
be stabilised by bridging dppm or phosphido ligands, which
might be able to retain the less favourable longitudinal ligand
arrangement. Taking into account that two additional electrons
lead to a butterfly geometry of the Pt4 core, we report here on a
ligand controlled stabilisation of an unusual cluster electron
count: a Pt4 butterfly cluster with the hitherto unknown valence
electron count of 56 is readily accessible via dimerisation of the
diplatinum(2+) system in a suitable ligand sphere. The
protonation of the cluster is associated with a novel structural
rearrangement of the cluster core to a rectangular 60 CVE Pt4
skeleton.

Treatment of [Pt2(m-dppm)(m-PPh2){h2-bicyclo(2.2.1)hept-
2-ene}2](O3SCF3)2 1, (Scheme 1) with 1 mol equiv. of NBu4I in
toluene–dichloromethane (4/1) produces quantitatively the
tetranuclear cluster [Pt4(m-dppm)2(m-PPh2)2I2] 2 (Scheme 1,
Fig. 1†) as dark red red crystals which are sparingly soluble in
all common organic solvents. The reaction proceeds via the
substitution of one bicyclo(2.2.1)hept-2-ene by iodide‡ which
may in turn induce the dissociation of the remaining bicyclo-
(2.2.1)hept-2-ene resulting in a reactive intermediate. The
formation of 2 represents a ring opening dimerisation, the
overall oxidation state of the platinum centres of +1 is
maintained. We do not know whether the Pt2(m-PPh2) or the
Pt2(m-dppm) ring is opened. The molecular structure of 2
exhibits a butterfly shaped Pt4 skeleton. Complying with a
crystallographically imposed C2 symmetry, the two dppm and
two diphenylphosphido ligands alternately bridge between the
hinge and wingtip platinum atoms. One terminal iodide ligand
is attached to each wingtip.

The wingtip to hinge Pt–Pt distances are 274.03(8) pm for the
dppm-bridged and 287.40(8) pm for the diphenylphosphido-
bridged platinum atoms. The distance between the two hinge Pt
atoms of the butterfly framework amounts to 269.33(11) pm.
The dihedral angle between the two wings [144.27(2)°] is
substantially larger compared with other Pt4 butterfly clusters

(83.7–96.8°).3 The Pt2P2C rings formed by the dppm ligands
adopt twist conformations. The structure seems to be retained in
solution according to 31P NMR spectroscopy.§

The protonation of 2 with 50% aqueous trifluoromethane-
sulfonic acid quantitatively produces the yellow tetranuclear
dihydrido cluster [Pt4(m-dppm)2(m-PPh2)2(m2-H)2(m2-
I)2](O3SCF3)2 3 (Scheme 1, Fig. 2†) which is slightly soluble in
CH2Cl2. The formation of 3 is accompanied by a rearrangement
of the Pt4 shape to a rectangle, a change of the geometry of the
phosphido phosphorus relative to the dppm phosphorus atoms
from cis/trans in 2 to cis/cis in 3 and a change to a bridging
bonding mode of the iodide ligands. The phosphido bridged
edges of the Pt4 rectangle involve relatively short Pt–Pt
distances [279.92(3) and 277.28(3) pm], whilst the distances of
the dppm bridged platinum atoms [296.85(3) and 300.58(3) pm]
indicate that the Pt–Pt interactions are weak. All sides are
doubly bridged, either by dppm and iodide or by diph-
enylphosphido and hydride ligands making a 60-electron CVE.
The hydride and iodide ligands are on the same side of the Pt4
plane. The hydride ligands could be located via X-ray structure
analysis and their position is confirmed by NMR spectroscopy:¶
the intensity of the hydride signal of the isotopomer containing
one 195Pt nucleus demonstrates a m2-H bonding. The P–H
coupling constants involving the dppm and phosphido phospho-

Scheme 1

Fig. 1 Molecular structure of 2. The phenyl groups have been omitted for
clarity.
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rus atoms are 87.7 and 13.2 Hz respectively. This indicates the
H–Pt–Pdppm angle to be distinctly larger compared with the H–
Pt–Pphosphido angle and this requires the hydride ligands to
bridge the same edge as the phosphido ligands. The hydride
ligands are kinetically stable on the NMR time scale at ambient
temperature.

Dimerisation reactions related to the formation of 2 exist for
the dipalladium(2+) system: the product of [Pd2(m-dppm)2Cl2]
and NaBH4 was recently identified as [Pd4(m-dppm)4(m4-H)2]2+

and the reaction with [Cu(MeCN)4]+ gave [Pd4(m-dppm)4(m2-
Cl)2]2+.4,5 The X-ray structure of the latter product showed a
rectangular Pd4 skeleton [Pd–Pd 259.4(2) and 374.2(3) pm]
consisting of two isolated Pd2 moieties whereas no solid state
structure of [Pd4(m-dppm)4(m4-H)2]2+ is available. Analogous
reactions of the platinum congener [Pt2(m-dppm)2Cl2] leave the
[Pt2(m-dppm)2] arrangement unchanged.6 The different re-
activities of the platinum and palladium [M2(m-dppm)2Cl2]
complexes have been attributed to different M–P bonding
strengths. The reactivity of 1 in contrast to [Pt2(m-dppm)2Cl2] is
apparently due to the presence of both dppm and di-
phenylphosphido ligands.

Notes and references
† Crystal data for 2: C74H64I2P6Pt4, M = 2173.23, monoclinic, a =
1272.88(5), b = 2578.7(2), c = 2115.80(10) pm, b = 97.689(4)°, V =
6.8824(7) nm3, T = 218(2) K, space group C2/c (no. 15), Z = 4, Mo-Ka
radiation (l = 71.073 pm), 15160 reflections measured, 4166 reflections

unique (Rint = 0.0597), reflections with I > 2s(I) 3670, R1 [I > 2s(I)] =
0.0478, wR2 [I > 2s(I)] = 0.1055, Goodness of fit 1.253. The structure was
solved by direct methods (SHELXS-86),7 and refined by full matrix least
squares methods on F2 (SHELXL-93).8

For 3: C76H66F6I2O6P6Pt4S2·2.5HO3SCF3·4H2O·0.5CH2Cl2, M =
2963.11, triclinic, a = 1452.98(2), b = 1850.66(2), c = 1873.47(3) pm, a
= 104.854(1), b = 96.059(1), g = 99.961(1)°, V = 4.73613(11) nm3, T =
218 (2) K, space group P1̄ (no. 2), Z = 2, Mo-Ka radiation (l = 71.073
pm), 83252 reflections measured, 14013 reflections unique (Rint = 0.0661),
reflections with I > 2s(I) 12327, R1 [I > 2s(I)] = 0.0326, wR2 [I > 2s(I)]
= 0.0767, Goodness of fit 1.017. The structure was solved by direct
methods (SHELXS-86),7 and refined by full matrix least squares methods
on F2 (SHELXL-93).8

CCDC 182/1656. See http://www.rsc.org/suppdata/cc/b0/b003101l/ for
crystallographic files in .cif format.
‡ NMR data for [Pt2(m-dppm)(m-PPh2){h2-bicyclo(2.2.1)hept-2-ene}I]. 31P
NMR (CD2Cl2): d 198.3 [P1 (phosphido), J(P1P2) 332.1, J(P1P3) 181.3,
J(Pt1P1) 2422, J(Pt2P1) 3152 Hz], 7.3 [P2 (dppm, phosphorus cis to I),
J(P2P3) 62.8, J(Pt1P2) 54, J(Pt2P2) 3493 Hz], 22.7 [P3 (dppm, phosphorus
cis to bicyclo(2.2.1)hept-2-ene), J(Pt1P3) 2896, J(Pt2P3) 105.9 Hz]; 195Pt
NMR (CD2Cl2): d 25807 [Pt1 (Pt bound to bicyclo(2.2.1)hept-2-ene),
J(Pt1Pt2) 3137 Hz], 25240 [Pt2 (Pt bound to I)].
§ NMR data for 2 (labelling of the atoms as in Fig. 1). 31P NMR (CD2Cl2):
d 170.0 [P1, J(PtP1) 2563, 2343, 238 Hz], 9.5 [P3, J(PtP3) 3865, 813 Hz],
22.4 [P2, J(PtP2) 2824 Hz].
¶ NMR data for 3 (labelling of the atoms as in Fig. 2). 31P NMR (CD2Cl2):
d 142.2 [P5, J(Pt1P5) 3236, J(Pt2P5) 54 Hz], 17.3 [P1, J(Pt1P1) 3974, J(Pt4P1)
274 Hz]; 1H NMR (CD2Cl2): d 27.39 [2J(PH) 13.2 (PPh2), 87.7 (dppm),
1J(PtH) 403 Hz].
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Fig. 2 Structure of the cation of 3. The phenyl groups have been omitted for
clarity.
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A palladium porphyrin has been covalently linked to a chiral
lanthanide complex and effectively sensitises near-IR emis-
sion from Nd and Yb; sensitisation is enhanced in the
absence of oxygen and in the presence of a nucleic acid. 

The use of ‘antennae’ chromophores (such as substituted aryl,1
bipyridyl2 and phenanthridyl3 groups) to sensitize lanthanide
emission is now well established, particularly for lanthanide
complexes which emit in the visible region of the spectrum, e.g.
Eu(III) and Tb(III). The triplet energies of porphyrins (typically
12 000–17 000 cm21) render them suitable chromophores for
sensitization of the relatively low-lying excited state(s) of
lanthanide ions such as Yb(III) (10 200 cm21) and Nd(III)
(11 360 cm21). Lanthanides with emission bands in the near-IR
region of the spectrum have a variety of potential applications,
including time-resolved luminescence imaging,4 beyond the
range of biological absorption or emission (e.g. from NADPH,
haematoporphyrin). Previous work has demonstrated that Yb–
porphyrin complexes possess rapid rates of energy transfer
( > 107 s21) from the porphyrin antennae to the bound Yb ion5

and the Yb emission intensity is primarily limited by quenching
of the 2F5/2 excited state involving vibrational energy transfer to
bound OH oscillators.6 In these cases, the Yb emission is
insensitive to oxygen quenching of the intermediate excited
porphyrin triplet. When an Yb ion is further away from the
sensitising chromophore, the energy transfer step is less
efficient and deactivation of the intermediate triplet state by
oxygen may compete. Palladium porphyrin complexes possess
particularly long-lived triplet states7 and are subject to quite
efficient oxygen quenching in polar media. Tetracationic Pd–
porphyrins have been shown to bind to DNA8 and the
intercalation suppresses oxygen quenching, enhancing the
phosphorescence by factors of up to 20.

With this background in mind, we have prepared a set of Pd–
porphyrin conjugates which are linked to a well defined
cationic, chiral lanthanide moiety. The strongly helical tetra-
amide complexes of Eu, Tb and Yb, incorporating an inter-
calating phenanthridinium moiety, have recently been shown to
bind to DNA stereoselectively and with a factor of 50 in GC vs.
AT base-pair differentiation.9 The aim of the work described
herein was to explore the sensitising ability of the proximate
Pd–porphyrin chromophore for Nd and Yb emission and the
effect of oxygen in the presence and absence of a simple
oligonucleotide.

2-Aminoporphyrin 1 was prepared following the method
described by Crossley and King.10 Amide coupling of 1 with
chloroacetic acid, using standard amide coupling conditions,
followed by Pd complexation afforded the corresponding
porphyrin chloroacetamide, which was then treated with an
excess of KI in THF–MeCN to give the porphyrin iodoaceta-
mide 2. Reaction of 2 with an excess of cyclen in THF at 50 °C

gave an almost quantitative yield of the monosubstituted-{Pd–
porphyrin}-12-N4. Introduction of the three chiral pendant arms
onto the remaining ring nitrogens was carried out by reaction
with either (S)- or (R)-2-chloro-N-(methylbenzyl)ethanamide to
afford (SSS-S)-L1 and the (RRR-R) isomer, respectively.
Alkylation also occurred at the rather acidic amide NH position
on the porphyrin periphery. Reaction of L1 with lanthanide
trifluromethanesulfonates (Yb, Nd, Gd) afforded cationic
complexes which were purified by alumina preparative plate
chromatography. Complexes gave ESMS, microanalyses and
1H NMR spectra in accord with the proposed structures. For
example, for [YbL1]3+, ESMS analysis revealed peaks at m/z
738 [M]3+ and 1181 [M + CF3SO3]2+ and the 1H NMR spectrum
in CD3OD(293 K, 200 MHz) showed a single set of resonances
( > 87%) for the most shifted ring axial proton for both
stereoisomers at d +100.8, 95.5, 78.2 and 72.9. Such chemical
shift values are in a similar range to those observed for related
tetraamide Yb complexes with a capping water molecule, in
which the complex adopts a square antiprismatic coordination
environment.11

The circular dichroism spectra for the (RRR)-[NdL1]3+,
(RRR)-[YbL1]3+ and (SSS)-[YbL1]3+ complexes, in the visible
range, are shown in Fig. 1. The CD spectra are dominated by the
porphyrin chromophore, with the characteristic Soret band at
ca. 422 nm (log e = 5.36 M21 cm21), and the a and b bands at
520 (log e 4.37) and 560 nm (log e 3.57), respectively (295 K,
MeOH). The weak induced CD obtained for the (RRR)-Yb

† Electronic supplementary information (ESI) available: emission spectra.
See http://www.rsc.org/suppdata/cc/b0/b002452j/

Fig. 1 CD spectra of (RRR-R)-YbL1 (upper bold), (RRR-R)-NdL1 (dashed)
and (SSS-S)-YbL1 (lower) (295 K, MeOH).
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complex resembles that of the Nd complex, with gabs values of
+1.7 3 1024 (560 nm) and +0.8 3 1024 (423 nm). Intriguingly
the CD spectrum of the (SSS) stereoisomer showed a split Soret
band (perhaps related to the change in the tertiary amide
configuration in the two complexes, giving a different orienta-
tion of the porphyrin chromophore with respect to the Yb ion)
and a reduced ICD at 420 and 566 nm. The chirality of the
excited state of the lanthanide centre is conveniently probed
using circularly polarised luminescence spectroscopy (CPL);12

the first examples of CPL in the near-IR, following sensitised
excitation in the near-UV, have only recently been reported.13

With (RRR)-[YbL1]3+, weak CPL was observed following
excitation at 529 nm, with gem = 20.04 (985 nm) and  +0.05
(963 nm) and a very similar spectrum, with the opposite
polarisation was observed for the (SSS) complex. CPL spectra
were also measured for the (RRR)-Nd complex and, for the first
time, small, but measurable, CPL was observed for the 4F3/2 –
4I9/2 transitions [e.g. gem = +0.015 (884 nm)] and for the 4F3/2–
4I11/2 transition [gem = 20.006 (1055 nm)].

The total emission spectra for the Yb and Nd porphyrin
conjugates were measured in aerated and degassed MeOH and
CD3OD (Fig. 2), following excitation at 529 nm. Enhanced
emission from the Ln ion was observed in the deuteriated
solvent (a factor of 4 for Yb and 2.5 for Nd), reflecting the
known sensitivity of the excited ion to quenching by OH
oscillators.6 In the absence of oxygen, the phosphorescence
from the Pd–porphyrin appeared as a broad emission with
maxima at ca. 735 and 800 nm, while that due to the lanthanide
was also enhanced (a factor of 7 for Yb and 2 for Nd). The
excitation spectra of degassed samples, observing the emission
from Yb at 980 nm and Nd at 1064 or 870 nm, revealed the same
spectrum which matched the porphyrin absorption spectrum of
the separate complexes. Taken together such behaviour is
consistent with competitive rates of energy transfer and triplet
quenching by oxygen. The energy transfer to Nd is considerably
more efficient than to Yb, as a consequence of the better spectral
overlap integral (Nd: absorption maxima at 740, 794 and 865
nm (with e values of 6, 9 and 3 dm3 mol21 cm21, respectively)
overlap well with the porphyrin emission band, but poorly with
Yb at 980 nm (2 M21 cm21). The absence of the porphyrin
emission in aerated solution reflects the efficiency of the
bimolecular quenching process (values of kq[O2] of ca. 1 3 109

s21 have been reported for palladium porphyrins).8 In addition,
the very presence of Ln emission is an indication that the rate of
intramolecular energy transfer is relatively fast. The Yb
emission from the stereoisomeric (SSS)-YbL1 complex was
identical in form but was 40% lower in intensity.

Preliminary time resolved studies have allowed the decay of
the porphyrin triplet and the grow-in and decay of the Nd or Yb
emission to be monitored. The rate constant for oxygen
quenching was calculated to be 5 3 108 M21 s21 for the Nd
complex. Complex decay profiles were observed consistent
with the similar rates of decay of the Yb excited state and the
rate of dissociative solvent exchange.11 However, qualitative
agreement between the rate of triplet decay and the rate of Ln
‘grow-in’ was observed, consistent with the conventional
mechanism of triplet-mediated lanthanide sensitisation.2,6

In the presence of a 20 mol excess of [(CG)6]2 oligonucleo-
tide or calf-thymus DNA, in aerated solution {20% D2O–
CD3OD, 296 K, 5 mM (RRR)-[YbL1]3+, lexc 529 nm}, the
porphyrin emission re-appeared to 30% of its value in
deoxygenated media; the Yb emission also increased by a factor
of 2, i.e. also to ca. 30% of the value in deoxygenated solution.
Very similar behaviour was observed with the (SSS) stereo-
isomer. Evidently binding to the nucleic acid inhibits quenching
of the porphyrin triplet by oxygen. That the porphyrin moiety
might be interacting with the CG base pairs was suggested by
the observation of a red-shift (9 nm) and a pronounced
hypochromicity of the Soret band (40%) on binding.

The behaviour reported here is of interest with respect to
time-resolved near-IR imaging studies. The sensitivity of the
Nd and especially Yb emission to pO2 may also be of interest in
defining regions of low oxygen tension.

We thank EPSRC, the Royal Society, the Commissioners of
the Exhibition of 1851 (L. J. G.), and BBSRC for support.

Notes and references
1 A. Casnati, C. Fischer, M. Guardigli, A. Isernia, I. Manet, N. Sabbatini

and R. Ungaro, J. Chem. Soc., Perkin Trans. 2, 1996, 395; M. P. Oude-
Wolbers, F. C. J. M. Van Veggel, B. H. M. Snellink-Ruel, J. W.
Hofstraat, F. A. J. Guerts and D. N. Reinhoudt, J. Am. Chem. Soc., 1997,
119, 138.

2 N. Sabbatini, M. Guardigli and J.-M. Lehn, Coord. Chem. Rev., 1993,
123, 201.

3 D. Parker, K. Senanayake and J. A. G. Williams, J. Chem. Soc., Perkin
Trans. 2, 1998, 2129.

4 M. I. Gaiduk, V. V. Grigoryants, A. F. Mironov, V. D. Rumyantseva,
V. I. Chissov and G. M. Sukhin, J. Photochem. Photobiol. B, 1990, 7,
15.

5 T. F. Kachura, A. N. Sevchenko, K. N. Solov’ev and M. P. Tsvirko,
Dokl. Akad. Nauk SSSR, 1974, 217, 1121; M. Gauterman, C. D.
Schumaker, T. S. Srivastava and T. Yaneta, Chem. Phys. Lett., 1976, 40,
456.

6 A. Beeby, I. M. Clarkson, R. S. Dickins, S. Faulkner, D. Parker, L.
Royle, A. S. de Sousa, J. A. G. Williams and M. Woods, J. Chem. Soc.,
Perkin Trans. 2, 1999, 493; M. P. Oude-Wolbers, F. C. J. M. van
Veggel, B. H. M. Snellink-Ruel, J. W. Hofstraat, F. A. J. Guerts and
D. N. Reinhoudt, J. Chem. Soc., Perkin Trans. 2, 1998, 2141;
M. H. V. Werts, J. W. Verhoeven and J. W. Hofstraat, J. Chem. Soc.,
Perkin Trans. 2, 2000, 433.

7 P. M. Gewehr and D. T. Delpy, Med. Biol. Eng. Comput., 1993, 31, 2;
P. M. Gewehr and D. T. Delpy, Med. Biol. Eng. Comput., 1993, 31, 11;
D. B. Papkovsky, Anal. Chem., 1995, 67, 4112; P. Hartmann and W.
Trettnak, Anal. Chem., 1996, 68, 2615; A. Beeby and S. Faulkner,
Chem. Phys. Lett., 1997, 266, 116 and references therein.

8 A. M. Brun and A. Harriman, J. Am. Chem. Soc., 1994, 116, 10 383.
9 L. J. Govenlock, C. E. Mathieu, C. L. Maupin, D. Parker, J. P. Riehl, G.

Siligardi and J. A. G. Williams, Chem. Commun., 1999, 1699. 
10 M. J. Crossley and L. J. King, J. Chem. Soc., Chem. Commun., 1984,

920.
11 A. S. Batsanov, A. Beeby, J. I. Bruce, J. A. K. Howard, A. M. Kenwright

and D. Parker, Chem. Commun., 1999, 1011.
12 J. P. Riehl and F. S. Richardson, Chem. Rev., 1986, 86, 1; J. P. Riehl and

F. S. Richardson, Methods Enzymol., 1993, 226, 539.
13 C. L. Maupin, D. Parker, J. P. Riehl and J. A. G. Williams, J. Am. Chem.

Soc., 1998, 120, 10 563.

Fig. 2 Emission spectra for (RRR-R)-YbL1 (295 K, 20% D2O–CD3OD, 5
mM) in degassed solution (top), in aerated solution (bottom) and in the
presence of 0.1 mM [(CG)6]2.
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For a diruthenium complex, charge migration between
different moieties of a bridging ligand with extended
conjugation is directly monitored for the first time by using
time-resolved emission and absorption spectroscopy.

In recent years, luminescent Ru(II) complexes containing bpy-
like polypyridine ligands with extended conjugation have
received extensive attention because of their possible use as
building blocks for multicomponent systems. These include
stereochemically pure metallodendrimers,1 molecular wires,2–4

topologically controlled dyads and triads,5 and compounds
designed to behave as luminescent DNA probes.6–11

During the progress of these studies, some interesting and
somewhat unexpected results have been obtained, in particular:
(i) a dramatic effect of solvent or microenvironment on the
luminescence properties of these species, which led to the so-
called ‘light-switching’ behaviour of some of these species with
respect to DNA interations;6,7,10 (ii) a relatively small electronic
coupling between metal-based chromophores connected by
large and conjugated planar bridges,1–4 implying relatively slow
photoinduced electron and energy transfers across the bridges.

Recent investigations1,10 pointed out that most of these
results could be rationalised by taking into account the presence
of multiple metal-to-ligand charge-transfer (MLCT) excited
states (Fig. 1). According to this view, these states are localised
on different moieties of the polypyridine ligands with extended
conjugation, with their relative energy ordering and inter-
conversion rates subject to the influence of the micro-
environment. This assumption however relies on dynamics of
interconversion between states which have been only margin-
ally addressed.10,11

Here, we present direct evidence for the excited state
interconversion between luminescent MLCT levels involving
the tetrapyrido[3,2-a+2A,3A-c3B,2B-h+2Ú,3Ú-j]phenazine bridg-
ing ligand (tpphz). The interplay of these MLCT levels is
responsible for the photophysical properties of the dinuclear
complex [(phen)2Ru(m-tpphz)Ru(phen)2](PF6)4 1 (phen =
1,10-phenanthroline; the structural formula of 1 is shown in Fig.
2),1 and the dynamics of the process are described on the basis
of the results obtained from time-resolved absorption and
luminescence spectroscopy.

The redox behavior, ground state absorption spectra, and
steady-state luminescence spectra of 1 in acetonitrile fluid
solution at room temperature and in a MeOH–EtOH (4+1, v/v)
rigid matrix at 77 K have been previously reported.1 The results
are consistent with the following description. Direct irradiation
first leads to population of the singlet Ru ? tpphz CT state
involving the phenanthroline moiety of the tpphz ligand, which
very rapidly decays to the corresponding triplet state. At 77 K in
rigid matrix, this latter state deactivates to the ground state,
giving rise to a 3MLCT luminescence peaking at 585 nm. By
contrast, in fluid solution at room temperature a charge
reorganization process occurs within the (formally) reduced
tpphz bridging ligand. Here, the extra electron initially localized
on the phen moiety migrates towards the central, pyrazine-
based part of the bridge. Thus, the charge-reorganization
process leads to population of a triplet Ru ? tpphz CT state
involving the pyrazine moiety of tpphz, which is the lowest
energy excited state of 1.1 In turn, this level deactivates to the
ground state (lem

max = 710 nm, t = 100 ns; data in argon-
purged acetonitrile).

In an attempt to study in further detail the dynamics of the
excited-state interconversion taking place in 1, we have
performed time-resolved studies in different solvents.12 In
acetonitrile solution at room temperature the shape of the
luminescence spectrum, as registered at the end of a 35 ps laser
pulse, is constant in a time window of 7 ns, and essentially
similar to that obtained from steady-state experiments. A
possible explanation can be sought in the rate constant of the
process, which could be faster than our experimental resolution
time (30 ps). If this is the case, the interconversion process has
to be slowed down to be detectable. For this reason, we decided
to perform the experiments in dichloromethane because in this
low-polarity solvent, CT levels are expected to be destabilized
with respect to what happens in acetonitrile. Because of the
different donor–acceptor separation in the two possible MLCT
states involving the large bridging ligand, the extent of this
effect should be larger for the final, lower-lying MLCT level
(with reference to Fig. 1, this level could be described as a M-to-
B CT state) than for the upper-lying MLCT state initially
populated (which may be described as M-to-A CT, Fig. 1). As
a consequence, in dichlomethane and with respect to acetoni-
trile, the lower-lying MLCT level should be destabilized (or less

Fig. 1 Schematic representation of the MLCT transitions (arrows) from a
metal M (solid circle) to a planar ligand A–B with extended conjugation,
which give rise to multiple MLCT excited states. To underline the different
localization of the two ligand orbitals involved in the transitions, the ligand
A–B is represented as a segmented species, in which A and B are different
moieties. Additional ligands and complex charges are neglected. M-to-A
CT may convert into M-to-B CT by an A-to-B electron-transfer process. Fig. 2 Structural formula of 1.
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stabilized) with respect to the upper-lying level, so that the
driving force of the interconversion process between the two
MLCT states is expected to be less favourable and the related
rate constant slower and accessible to the time resolution of our
equipment.

Actually, the luminescence properties of 1 are time-depend-
ent in dichloromethane solution at room temperature (Fig. 3). In
this solvent, the luminescence spectrum registered within the
time gate 0–250 ps peaks at ca. 610 nm, while the spectrum
registered within the time interval 1200–1450 ps is significantly
red-shifted, peaking at ca. 630 nm (this spectrum is sub-
stantially similar to the steady-state emission spectrum in
dichloromethane). These results suggest that at least two excited
states contribute to the emission of 1 in dichloromethane at
room temperature. The kinetic analysis of the streak image in
the high- and low-energy wavelength regions of the emission
spectra clearly indicates that the lower-energy emissive state is
produced from the excited state responsible for the higher-
energy emission. Actually, this latter emission decays with a
lifetime of 220 ps, whereas the lower-energy emission exhibits
a risetime of 200 ps, Fig. 3. Further evidence for the two-state
interconversion comes from transient absorption spectroscopy,
Fig. 4. Here we see that the absorption spectrum which is
present at the end of the laser pulse, exhibiting a maximum

around 625 nm, evolves to a new spectrum with a slightly blue
shifted maximum, 620 nm, and a higher extinction coefficient.
The rate of formation of the new species is 230 ps, see inset of
Fig. 4, in good agreement with the luminescence results.

On the basis of the spectroscopic results as observed for the
time windows of Fig. 3 and 4, we assign the detected process to
formation of the Ru ? tpphz CT state involving the pyrazine
moiety of the tpphz bridging ligand (MLCT0) from the initially
produced Ru ? tpphz CT level involving the phenanthroline
moiety of tpphz (MLCT1). Over longer timescales, subsequent
decay of the MLCT0 state to the ground state takes place (not
shown in the Figures). From the time evolution of the spectra
the rate constant for the charge-migration process leading the
interconversion from MLCT1 to MLCT0 is found to be 5 3 109

s21. Given that rate constants of the order of 1012–1013 s21

might be expected for an intramolecular conversion step
between states of the same multiplicity, this suggests that a non-
negligible energy barrier exists.

In conclusion, we have reported on the experimental
observation of the interconversion dynamics of two MLCT
excited states localised on the tpphz ligand, a bridge with an
extended conjugation incorporated within a Ru(II) dinuclear
species. We believe that our results may provide a useful basis
for studies concerned with photoinduced intramolecular energy
and electron transfer processes occurring in multinuclear
species and across large-sized ligands.

This work was supported by MURST (Progetto ‘Dispositivi
Supramolecolari’), CNR, EC-TMR Program (Contract no.
FMRX-CT-980226), and the Robert A. Welch Foundation
(Grant Y-1301).
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Fig. 3 Time-resolved luminescence spectra of 1 in CH2Cl2 following a 35
ps laser pulse (355 nm, 4 mJ); (2) integrated spectrum in the time interval
0–250 ps after the laser pulse; (5) integrated spectrum in the time interval
1200–1450 ps after the laser pulse. The inset shows the luminescence time
profiles at 570 nm (5) and 670 nm (2) with the fitted exponential
functions.

Fig. 4 Time resolved absorption spectra of 1 in CH2Cl2 following a 35 ps
laser pulse (532 nm, 7 mJ); absorbance at the end of the laser pulse (2) and
at 850 ps after the laser pulse (5). The inset shows the time evolution of the
absorbance at 620 nm with the fitted exponential function.
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A double helical architecture generated from a readily
prepared ferrocenyl-containing bisthiosemicarbazone ligand
is described together with its application to the self-assembly
of novel supramolecular hydrogen-bonding cavities.

A theme of considerable interest in supramolecular chemistry is
the spontaneous and selective formation of organized supramo-
lecular architectures via self-assembly.1 The double-helical
structures generated by the complexation of two ligands around
metal ions lying on the helical axis retain a unique fascination
since life itself is encoded within a double-helical architecture.
While the basic features of the design necessary to assemble a
double helix are now fairly well established,2,3 challenges in
defining the precise topography or conformation of the helical
superstructure remain.

Here, we introduce a ferrocene bridged bisthiosemicarbazone
ligand (Fig. 1) to generate a double-helical zinc complex via
self-assembly. The ferrocene group was chosen as a spacer to
separate the two metal binding sites, not only because this
spacer is suitable to assemble double-helices,3 but also because
host molecules containing metallocene units can accommodate
metal ions at their coordination sites and undergo redox
changes.4

Thiocarbazones and thiosemicarbazones have been used to
assemble supramolecular architectures.5 The hydrogen atoms
attached to the amino nitrogen atoms of the thiosemicarbazone
moiety have the ability to form donor hydrogen bonds. This
kind of non-covalent bond has the potential to assemble smaller,
simpler fragments into the desired cavities under favourable
conditions, which is important in host–guest chemistry and has
applications in chemistry, biology and materials science.6

When diacetylferrocene was treated with thiosemicarbazide
in ethanol, a red crystalline solid formed readily.‡ Elemental
analysis and crystal structure analysis‡ indicated the formation

of a bisbidentate ligand NH2C(S)N(H)NNCMe(C5H4)-
Fe(C5H4)CMeNNN(H)C(S)NH2 H2L.† The ligand shows a cis-
configuration with two thiosemicarbazone moieties positioned
at the same side with the torsion angle C(2)–C(4)…C(13)–
C(14) being 210.8°. Each thiosemicarbazone moiety is copla-
nar with the Cp ring to which it is attached (the mean deviation
from the best plane is 0.09 Å on average). The C–S bond lengths
of 1.69 Å agree well with those in related compounds,
indicating that the Schiff-base compound H2L remains as the
thione tautomer. The two thiosemicarbazone moieties of the
ligand adopt a configuration in which the hydrazone nitrogen
atoms N(3) and N(6) are trans to S(1) and S(2), respectively.
Rotation of the H2NCS fragment by 180° about the C(1)–N(2)
and C(16)–N(5) bonds places each pair of the sulfur atoms and
the hydrazone nitrogen atoms on the same side, thus enabling
H2L to function as a double anionic N2S2 ligand.

Reaction of H2L with Zn(MeCO2)2·2H2O in methanol at
reflux gives the binuclear neutral complex Zn2L2 1 via self-
assembly.† Complex 1 is a stable pale-orange precipitate which
is insoluble in most organic solvents. Recrystallization of the
compound from DMF by dichloromethane diffusion afforded
X-ray quality crystals.‡ The structure of one of the two
enantiomers is shown in Fig. 2 and confirms the formation of a
double-helix composed of two anionic ligands L22 wrapped
around two Zn(II) ions which are separated by 7.74 Å. The
complex possesses a crystallographic C2 axis perpendicular to
the helical Zn…Zn axis, with the four coplanar metal atoms
forming a slightly distorted rhombus with sides of 5.0 Å and
interior angles of 79 and 101°. Each zinc center occupies a four-

Fig. 1 ORTEP8 plot of the ligand H2L, showing the non-hydrogen atoms as
50% probability thermal ellipsoids. Selected bond lengths (Å): S(1)–C(1)
1.686(6), N(1)–C(1) 1.336(8), N(2)–C(1) 1.349(7), N(2)–N(3) 1.386(6),
C(2)–C(3) 1.494(8), S(2)–C(16) 1.693(5), N(6)–C(16) 1.322(7), N(5)–
C(16) 1.343(7), N(4)–N(5) 1.375(6).

Fig. 2 ORTEP plot of the coordinated zinc(II) complex Zn2L2, showing the
non–hydrogen atoms as 50% probability thermal ellipsoids. The solvent
molecules and hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (°): Zn(1)–N(13) 2.073(9), Zn(1)–S(11) 2.280(3),
S(11)–C(1) 1.730(1), S(12)–C(16) 1.739(1), N(11)–C(1) 1.348(2), N(12)–
C(1) 1.289(2), N(12)–N(13) 1.401(1), N(14)–N(15) 1.396(1), N(15)–C(16)
1.305(1), N(16)–C(16) 1.350(2); N(14A)–Zn(1)–N(13) 130.4(3), S(12A)–
Zn(1)–S(11) 125.4(8), N(13)–Zn(1)–S(11) 86.6(3), N(14A)–Zn(1)–S(12A)
87.5(2), N(13)–Zn(1)–S(12A) 116.3(3), N(14A)–Zn(1)–S(11) 115.3(3),
Symmetry code A: 12x, y, 12z.
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coordinated pseudo-tetrahedral environment bound to atoms
S(1) and N(3) from one L22 ligand, and S(2A) and N(4A) from
a second ligand (Fig. 2). The dihedral angle between the two
coordinated planes is 77°. The Zn–S distances of
2.266(3)–2.274(4) Å and Zn–N distances of 2.059(9)–2.068(9)
Å agree well with those in related compounds. The thiosemi-
carbazone moieties are twisted by ca. 50° from the Cp rings to
which they are attached with dihedral angles between the two
thiosemicarbazone moieties of 73.5°. Coordination to the metal
center also forces twisting between the two side chains with a
torsion angle C(2)–C(4)…C(13)–C(14) of 128°. No significant
deformation of the almost parallel Cp ring is observed. The
measured C–S bond distances range from 1.736(11) to
1.748(11) Å and are within the normal range of a C–S single
bond,7 indicating that the thiosemicarbazone moieties L22

adopt the thiol tautomeric form in acting as a doubly charged
negative ligand. The C–N and N–N bond distances in L22 are
intermediate between formal single and double bonds, pointing
to extensive electron delocalization over the entire molecular
skeleton.

While both the dichloromethane molecules and water
molecules lie outside the cavity of the helix, X-ray diffraction
analysis of the complex reveals that helices of each enantiomer
interact with each other through hydrogen bonds forming an
infinite tube as shown in Fig. 3. The imino nitrogen atoms of the
thiosemicarbazone moieties act as H-bond acceptors while the
amino nitrogen atoms act as donors, these pair up with the
corresponding imino and amino nitrogen atoms of a parallel
helix forming hydrogen bonds. The N…N separations are
3.18(1) and 3.16(1) Å for N(11)…N(15B) (12x, 1+y, 12z) and
N(16)…N(12C) (12x, 21+y, 12z), respectively, while N–
H…N angles are 156(1) and 171° for N(11)–H(11B)…N(15B)
and N(16)–H(16A)…N(12C), respectively. The one-dimen-
sional tube contains alternate cavities and walls (the double-
helix molecules) reminiscent of a train. Each ‘coach’ includes
two hydrogen bonded dimeric water molecules with an O…O
separation of ca. 2.93 Å. The O…O vector occupies a C2 axis
perpendicular to the helical Zn…Zn axis. No obvious hydrogen
bonds are seen between the guest molecules and the host.

The ferrocene-bridged double-helical complex derived here
from an inexpensive and readily prepared bisthiosemicarbazone
ligand and its novel hydrogen-bonding supramolecular ‘train-
like’ system with each ‘coach’ of the train including two water
molecules is interesting in that it provides an unusual example
in metallo-supramolecular chemistry. This self-assembled
nano-structure showing host–guest interactions shows potential
for broadening the scope for further work in self-assembly. The
development of new ligand systems containing the functional
ferrocene group and application to assemble supramolecular
cavities are in progress.

This work is supported by the National Natural Science
Foundation of China.
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crystallographic files in .cif format.
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1,4-Bis(trimethylsilyl)buta-1,3-diyne in the presence of
GaCl3 reacts with aromatic hydrocarbons at 290 to 2100 °C
yielding 2-arylbut-1-en-3-ynes; the reactions exhibit an
unusually high tendency to alkenylate the o-position of alkyl
substituents; toluene, ethylbenzene and isopropylbenzene
react predominantly to exclusively at the o-position while o-
xylene and 1,2,3,4-tetrahydronaphthalene react at the 3 and
5-position, respectively.

Ortho–para selectivity in electrophilic aromatic substitution is
an issue still not fully understood. Particularly, selective o-
alkylation is rare, since a slight increase in the steric bulk of the
substituent directs the reaction to the p-position.1 Several
benzene derivatives possessing heteroatom functionalities are
known to exhibit such o-selectivity, which is ascribed to the
interactions between the electrophile and the substituent.2 Only
modest levels of o-selectivity are observed in some reactions of
toluene, where such an interaction is unavailable3 while o-
selectivity is rare for ethylbenzene or isopropylbenzene.
Described here is an o-selective aromatic alkenylation reaction
using GaCl3 and 1,4-bis(trimethylsilyl)buta-1,3-diyne 1. We
previously reported the b-silylethenylation reaction of arenes
with trimethylsilylethyne 2 in the presence of GaCl34 involving
C–C bond formation between an organogallium ethenyl cation
and an arene exhibiting para-selectivity. By contrast, examina-
tion revealed that the electrophile derived from 1 shows an
unusually high tendency to alkenylate the o-position of alkyl
substituents.

Arene (5 mol equiv.) and 1 (1 mol equiv.) were reacted with
GaCl3 (2 mol equiv.) in CH2Cl2 at 290 to 2100 °C for 1–2 h.‡
THF was then added, and the mixture stirred for 0.5 h at 290 to
2100 °C. Aqueous workup gave (Z)-1,4-bis(trimethylsilyl)-
2-arylbut-1-en-3-yne 3 and 4-trimethylsilyl-2-arylbut-1-en-
3-yne 4 (method A) as shown in Scheme 1.5 For some arenes
such as p-xylene or m-xylene, addition of another portion of
GaCl3 (2 mol equiv.) increases the total yield (method B). The
reaction can be carried out using an equimolar amount of p-
xylene and 1 with only a slight decrease in the yield. Addition
of THF prior to the water improves the yield of the products.
The (Z)-stereochemistry of 3 was determined by NOE studies.
The reaction sites of the arenes were confirmed unambiguously
by spectroscopic methods. The isomer distribution of 3 is
similar to that of 4. The olefinic trimethylsilyl group of 3 can be
removed producing 4 by careful treatment with CF3CO2H in a
mixture of diethyl ether and water with the temperature
gradually increased from 278 °C to room temperature. For
example, (Z)-1,4-bis(trimethylsilyl)-2-(2,5-dimethylphenyl)-
but-1-en-3-yne 7 was monodesilylated in 70% yield. Reactions
of 1, which is a stable alternative to buta-1,3-diyne, have
attracted considerable attention in organic synthesis. For
example, silicon substitution with electrophiles occurs in the
presence of Lewis acids or methyllithium giving diyne
compounds.6 Organometal addition producing enynes has also
been reported.7 Electrophilic addition to 1 as well as to the
parent buta-1,3-diyne has been little studied.8

It may be reasonably assumed, based on the employment of
similar reagents and reaction conditions, that the present
reaction and the b-silylethenylation4 involve similar electro-
philic substitution mechanisms. However, several differences
are noted. First, the orientation of these reactions differs
considerably. The directing effect of the methyl group to its o-
position is unusually high in the present reaction; indeed toluene

† Electronic supplementary information (ESI) available: full experimental
and spectroscopic data. See http://www.rsc.org/suppdata/cc/b0/b003215h/

Scheme 1 Yield of 3 + 4 is shown. Figures in parentheses indicate the ratio
of 3+4. ?: Reaction site. [ ]: Isomer ratio of 3. a 20 mol equiv. of arene used.
b Method B employed. c 1 mol equiv. of arene used. d 1,4-Bis(triethylsilyl)
buta-1,3-diyne used, the isomer ratio is very similar to the reaction of 1.
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reacts exclusively at the o-position. This is in contrast to the
observation that the b-silylethenylation predominantly occurs at
the p-position.4 Ethylbenzene and isopropylbenzene also pre-
dominantly react at the o-position. Notably, tert-butylbenzene
gives the m-isomer as the major product. Disubstituted
benzenes also show a tendency to react at positions adjacent to
the alkyl substituents; o-xylene is predominantly alkenylated at
the 3-position, 1,2,3,4-tetrahydronaphthalene exclusively reacts
at the 5-position while a considerable proportion of m-xylene
reacts at the 2-position. The dominant reaction sites in b-
silylethenylation are at the 4-, 6- and 4-positions for these three
substrates, respectively.4 It is known from detritiation experi-
ments that the p-position in toluene is about twice as reactive as
the o-position.9 Similarly, the 4-position of o-xylene, the
6-position of 1,2,3,4-tetrahydronaphthalene and the 4-position
of m-xylene are more reactive than the others.9 Detritiation is
considered to reflect the reactivity of the aromatic sites
excluding steric effects. The orientation of b-silylethenylation
using 2, therefore, can be understood by taking into account
both electronic and steric effects. The orientation of the present
reaction using 1 is unusual with reaction at the less reactive and
more hindered sites predominating. The following examples
also show the anomalous orientation of this reaction. 1-Methyl-
naphthalene predominantly reacts at the 2-position. While
1,3,5-trimethylbenzene is inert to b-silylethenylation, the
reaction of 1 proceeds smoothly. The substituent on the silicon
atom of 1 is not essential for o-selectivity, since 1,4-bis-
(triethylsilyl)buta-1,3-diyne reacts with ethylbenzene also at the
o-position.

Second, a difference in the behavior of 1 and 2 is observed in
deuteration experiments. When the reaction of p-xylene and 1
was quenched with D2O, product 7 was not deuterated at the
olefin moiety. Whereas b-silylethenylation using 2 produced a
b-deuterated product.4 Since the reaction of 1, as for 2, is likely
to proceed via the organogallium electrophile 5, an arenium
cation 6 should be formed (Scheme 2). The above result of the
deuteration experiment suggests that protodegallation of 6 takes
place in the reaction mixture, regenerating GaCl3. Unfortu-
nately, 10 or 50 mol% of GaCl3 does not effectively promote the
catalytic reaction.§

Third, the present reaction proceeds at a temperature lower
than that for b-silylethenylation.4 While the latter reaction does
not take place at 290 °C, the former reaction occurs efficiently
even at 2100 °C. The electrophilic species derived from 1
appears to be more reactive than that from 2.

A higher polyyne compound can also be used for alkenyla-
tion. Reaction of 1,8-bis(triethylsilyl)octa-1,3,5,7-tetrayne 810

and toluene yields 2-aryloct-1-en-3,5,7-triyne 9 (Scheme 3).
Since the p-product predominated here, the anomalous orienta-
tion in the reaction of 1 can be attributed, at least in part, to its
diyne structure.
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The formation of a transient Michael adduct, triggering an
in-situ isomerization of the heterodiene, is postulated to
explain the reversal of the diastereoselectivity of high
pressure-promoted hetero-Diels–Alder reactions carried out
in the presence of pyridine.

Application of high pressure in organic synthesis is a rapidly
developing research area.1 In particular, the use of these
extreme conditions in [4+2] cycloadditions not only causes a
marked acceleration of the reactions due to negative volumes of
activation, but also often imposes efficient stereocontrol by
favouring the more compact transition state, namely the endo
state.2

Pursuing our work on the hetero-Diels–Alder reaction of a-
phosphono-substituted heterodienes 1 [W = (RO)2P(O)] with
electron-rich dienophiles 2 (Scheme 1),3 we recently observed
an unexpected reversal of the diastereoselectivity of the
resulting cycloadduct 3, at high pressure, when the b-phenyl
group of the diene was replaced by a pyridyl group.4 Having
postulated a possible in situ (E)- to (Z)-isomerization of the
pyridyl-substituted diene, we decided to study, more generally,
the possibility of modifying the selectivity of such high
pressure-promoted cycloadditions by adding pyridine to the
reaction mixture. We report here our first significant results
(Table 1).

The synthesis of the phosphono-heterodienes (E)-1a–c were
previously described.3,4 The non-phosphonic diene 1d was
prepared according to a modification of the literature proce-
dure,5 giving a ca. 40+60 mixture of (E)/(Z)-isomers, which
could be separated by HPLC. 6 Dienophiles 2a,b are commer-
cially available. The reactions of 1 with a ten-fold excess of 2
(acting also as solvent), at 20 °C and 11 kbar, led to the
cycloadduct 3 as a mixture of two diastereomers, whose relative

configuration was deduced from 1H–1H NOESY, 1H and 13C
NMR spectra.3,4 In the first set of experiments, we studied the
reaction of the pair (E)-1a/2a. As we reported,4 in the absence
of pyridine the expected cycloadduct 3a was obtained in very
good yield after 72 h, with a predominent trans-diaster-
eoselectivity (Table 1, entry 1), in agreement with the
expectation of a preferred endo-transition state. In the presence
of 1 equiv. of pyridine (entry 3), the reaction was complete after
24 h, giving 3a in excellent yield, and with a high cis-selectivity
(de = 82%), which was not altered by using an excess of
pyridine (4 equiv., entry 4). However, with 0.5 equiv. of
pyridine, the cis-selectivity of the cycloaddition dropped
significantly (entry 2). At this stage, we checked that the 68/32
t-3a/c-3a mixture obtained in the first experiment was un-
changed in the presence of 1 equiv. of pyridine for 48 h at 20 °C
and 11 kbar. In addition, we verified that pure (E)-1a was
configurationally stable at high pressure in the absence of
pyridine, whereas we noticed that, in the presence of 1 equiv. of
pyridine at 20 °C and 11 kbar for 48 h, it was partially
isomerized into a 98+2 (E)-1a/(Z)-1a mixture. These accumu-
lated results led us to think that the predominent cis-
diastereoselectivity of the cycloaddition observed in the
presence of pyridine was due to an equilibrated in situ
isomerization of the (E)-heterodiene into its (Z)-isomer,7 whose
rate constant k2 (reaction path b) should be higher, for steric
reasons, than that (k1) of its (E)-partner (reaction path a), via an
endo-transition state assumed to be predominent in both cases
(Scheme 2). We propose that such an unusual pyridine-
promoted (E) Ô (Z) isomerization8 could take place through the
formation, in hyperbaric conditions, of a transient adduct 4
resulting from a Michael-type addition of pyridine to (E)-1a.9
The progressive decrease of the trans-selectivity from entry 1 to
entries 3 and 4 seems to be in agreement with stoichiometric
consumption of the (E)-heterodiene by the pyridine, to give the
stabilized ionic adduct 4, which likely decomposes into the (Z)-
isomer by a retro-Michael release of pyridine, the overall
process being equilibrated. Moreover, in order to account for
the global selectivity of the cycloaddition, a minor contribution
of the exo-approach mechanism (reaction paths c and d, in
Scheme 2) could also be considered.

The results obtained in the following seem to agree with the
mechanism proposed in Scheme 2 and illustrate the advantage
and easiness of the method. In particular, the phosphono-
heterodienes 1a–c, for which only the (E)-isomers are availa-
ble,3,4 were efficiently transformed, as depicted in Scheme 1,
into very interesting dihydro-pyrans or -thiopyrans 3, usually
obtained as their predominent trans-diastereoisomers, but often
with a modest selectivity (Table 1, entries 1, 5, 7, 9 and 11).10

The addition of 1 equiv. of pyridine to the reaction mixture,
under the same conditions, allowed us to accelerate the reaction,
as well as to reverse its selectivity, giving access to the less
common cis-isomer (entries, 3, 6, 8, 10 and 12), occasionally
with a diastereomeric excess up to 97% (entry 6).

Scheme 1 Reagents and conditions: i, without solvent, 2 in ten-fold excess,
n equiv. of pyridine, 11 kbar, 20 °C.
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Finally, we report the cycloaddition of the cetoester 1d with
the dienophile 2a, leading to the dihydropyran 3e (entries
13–16). As observed above, in the absence of pyridine the diene
(E)-1d gave 3e with modest trans-diastereoselectivity (entry
13),10 whereas in the presence of 1 equiv. (or an excess) of
pyridine the cis-isomer became greatly predominant (entry 14).
Interestingly, the same selectivity was obtained by using the
diene (Z)-1d in the absence (entry 15) as well as in the presence
of pyridine (entry 16). The remarkable similarity of these last
three results suggests that in these three cases, and in particular
for the first of them, the main reaction path was path b (Scheme
2). Moreover, we found that when pure diene (E)-1d was treated
with 1 equiv. of pyridine in an inert solvent at 20 °C and 11 kbar
for 48 h, it was isomerized into a 43+57 (E)-1d/(Z)-1d mixture.
The same ratio was obtained when starting from pure (Z)-1d,
indicative of a thermodynamic (E)/(Z) equilibration of 1d at
high pressure in the presence of pyridine.

In conclusion, this communication describes a straightfor-
ward method allowing, by addition of pyridine, the reversal of

the diastereoselectivity of some high pressure-promoted hetero-
Diels–Alder reactions, giving access, at room temperature, to
unusual cycloadduct isomers. This method is especially useful
when only the (E)-isomer of the heterodiene is available. In
order to explain the observed results, a mechanism involving a
transient Michael addition of pyridine to the starting (E)-
diene,11 and allowing the in situ formation of the more reactive
(Z)-isomer, is proposed.
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Table 1 Selectivity and yield of the high pressure-promoted synthesis of cycloadducts 3a–f, in the presence or absence of pyridine

Entry Diene Dienophile Equiv. Py (n) Productsa
Selectivityb

trans/cis Yieldc (%)

1d (E)-1a 2a 0 t-3a/c-3a 68+32 88
2 0.5 16+84 87
3 1 8+92 90
4 4 9+91 88
5 (E)-1a 2b 0 t-3b/c-3b 66+34 84
6 1 1.5+98.5 88
7d (E)-1b 2b 0 t-3c/c-3c 86+14 83
8 1 6.5+93.5 86
9e (E)-1c 2a 0 t-3d/c-3d 75+25 95

10 1 30+70 93
11 (E)-1c 2b 0 t-3e/c-3e 93+7 89
12 1 18+82 91
13 (E)-1d 2a 0 t-3f/c-3f 64+36 92
14 1 14+86 93
15 (Z)-1d 2a 0 13+87 92
16 1 15+85 92

a The experimental procedure was described in ref. 3. b Determined after pressure release, on the crude mixture, by 31P and/or 1H NMR integration
measurements. c Yields of purified oily products. Purification by flash chromatography over silica gel [eluent: ether/MeOH (95+5) for 3a and 3e; ether/
CH2Cl2 (70+30) for 3b and 3c; ether for 3d; heptane/AcOEt (80+20) for 3f]. Purity checked and structures established by 1H and 13C NMR spectroscopy.
Satisfactory microanalyses or HRMS were obtained. d Results taken from ref. 4. e Results taken from ref. 3.

Scheme 2 Proposed mechanism for the pyridine-induced cis-diaster-
eoselectivity of the [4+2] cycloaddition of 1 to 2, at high pressure.
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The monolayers of azobenzene (Az)-containing urea amphi-
philes show clear odd–even effects of the alkylene spacer
length in respect of the spreading behavior on water and the
packing state of the Az chromophore on a quartz sub-
strate.

The urea moiety is very simple in structure but provides a
particularly useful building block1 in supramolecular chem-
istry.2,3 Urea derivatives associate via intermolecular bifurcated
NH…ONC hydrogen bonds (see Fig. 1) and these paired
hydrogen bonds afford a robust and highly directional inter-
molecular joint. On the surface of water, the monolayers of long
chain alkylureas are known to exhibit a unique thermally-
induced area change.4 The monolayer of alkylureas, unlike
other amphiphiles, exhibits a sudden contraction at an intrinsic
transition temperature on heating. It is assumed that the rupture
of the bifurcated hydrogen bonds among the urea heads is
responsible for this thermal change in the molecular packing.

Our recent work using an azobenzene (Az)-containing long
chain urea showed that this monolayer on the surface of water
adopts a characteristic packing structure in which the trans-to-
cis photoisomerization is completely prevented.5 More inter-
estingly, when the monolayer is transferred onto a hydrophilic
substrate, the atmospheric humidity change sharply switches
the assembled state and hence the photoreactivity of Az in the
assembly.6 We report herein a new aspect of the molecular
design of the Az–urea monolayer system. It is found here that
the carbon parity (odd/even number) of the alkylene spacer
connecting the urea and the Az unit obviously results in the
alternation of the spreading behavior and the molecular packing
nature. Examples of odd–even effects affecting the thermal
properties in thermotropic liquid crystals are widely known.7 In
two dimensional monolayer or bilayer assembly systems,
various surface-mediated phenomena, such as wetting of
liquid,8 ice nucleation,9 liquid crystal alignment10 and electro-
chemical properties11 are altered by the carbon parity. This
paper presents a new example involving the photochromic
monolayer.

The family of Az–urea compounds, N-(5-{4-[(4-hexylphe-
nyl)azo]phenoxy})alkylurea (1, n = 3–7), used in this work are
shown in Fig. 1. These compounds were synthesized in a similar

manner to that described in ref. 5 for n = 10. The corresponding
Az-containing carboxylic acid derivatives, the starting com-
pounds, were converted to isocyanates and then a subsequent
reaction with ammonia gas was performed.12 The spreading
behavior of Az-containing monolayers was evaluated on pure
water (Milli-Q grade, 18 MW cm21, pH = 5.8) using a Lauda
FW1 film balance in subdued red light. After evaporation of the
solvent, monolayers were compressed at a speed of 30 cm2

min21, and the surface pressure was recorded versus the
molecular area. The absorption spectra were taken on a JASCO
MAC-1 spectrophotometer, which was principally designed for
low absorbance measurements.

Surface pressure–area (p–A) isotherms of 1 (n = 3–7) in the
trans form obtained at 20 ± 0.5 °C are shown in Fig. 2. As
indicated, the limiting area per molecule, which was estimated
by extrapolating the steepest slope to zero pressure, indicated
systematic alternation with n (see Fig. 2 inset). For the
compounds with an odd number of carbons in the spacer (n = 3,
5 and 7), the limiting area was in the range 0.29–0.30 nm2. On
the other hand, the monolayers of 1 having an even numbered
spacer (n = 4 and 6) showed significant area expansions with
higher compressibility. Since the cross section of vertically
aligned Az is 0.25 nm2, as estimated from the X-ray diffraction
data of crystals,13 it can be thus interpreted that the molecules in
these monolayers are tilted with respect to the surface normal.
The degree of molecular tilting for the even numbered carbon
spacers should be greater than that of the odd numbered ones.

The shape of p–A curves also showed regular changes with n.
The even numbered (n = 4 and 6) compounds gave a
continuous smooth slope in the p–A curves. In contrast,
monolayers of the odd carbon series (n = 3, 5 and 7) showed a
sharper increase in the curve, indicative of lower compressibil-
ity. Furthermore, a characteristic inflecting region around 33
mN m21 was observed for the odd numbered series only. We
have not yet elucidated the process involved in this phase
transition.

Single layers of 1 (n = 3–7) on water were deposited onto a
clean quartz plate by the vertical lifting procedure at 20 mN
m21. The transfer ratio was 1.0 ± 0.1 in all cases. Fig. 3 displays
the transmission UV–vis absorption spectra of the monolayers
of 1 on both sides of the quartz plate measured in the dry state.
From these spectral features, the effect of the carbon parity of

Fig. 1 Schematic representation of the bifurcated hydrogen bonds between
the urea units (above), and the chemical structure of the Az–urea
amphiphiles used in this study (below).

Fig. 2 Surface pressure–area isotherms of monolayers of 1 (n = 3–7) on
pure water at 20 °C. In the inset, the limiting occupying area is plotted
against the alkylene spacer length (n).
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the spacer on the packing state of Az can be evaluated as
follows.

Firstly, the aggregation state of Az was altered by the carbon
number. The peak position of the p–p* band attributed to the
long axis transition of Az (lmax), which indicates the aggrega-
tion state of the chromophore,14 showed a zigzag change with
increasing n (open circles in Fig. 3 inset). The Az units in the
transferred monolayers formed H-aggregates in all cases,
judging from the considerable hyprochromic shifts of lmax
(317–327 nm) from the value in chloroform solution (352 nm).5
As a general tendency, lmax shifted to shorter wavelengths with
increasing spacer length, indicating that a stronger H-type
aggregation is formed in the monolayer with the longer spacers,
due to stronger van der Waals interactions. Among these, lmax
for the odd numbered series showed significant hypsochromic
shifts.

Secondly, the molecular orientation was altered. The absorp-
tion ratios of the two p–p* bands, i.e. the absorption intensity of
the short-axis transition (peaking below 250 nm) relative to that
of the long-axis transition (300–400 nm) (Ashort/Along), are
plotted as a function of n (filled squares in Fig. 3 inset). The
value of Ashort/Along was less than 1.0 for the even numbered
series, whereas it exceeded 1.0 for the odd numbered series.
This absorbance ratio can be related to the degree of molecular
tilting. In the transmission mode measurements, the smaller
value of Ashort/Along indicates a larger molecular tilt from the
surface normal. Therefore, the monolayers of 1 with the even
numbered spacers should be tilted to a greater extent than those
of the odd numbered series. This observation is in good
agreement with the above mentioned results of (i) the larger
expansion in the spreading behavior on water (Fig. 2) and (ii)
the less hypsochromic shifts of the p–p* band in the absorption
spectrum (open circles in Fig. 3 inset) for the even numbered
series.

We assume the origin of the odd–even effects observed here
is as follows. The formation of the bifurcated hydrogen bonds

fixes the head groups firmly and molecular motion is thereby
strongly hindered. When the alkylene spacer chain takes the all-
trans zigzag conformation, then the orientation of the Az moiety
should be affected alternately by the carbon parity. A precise
understanding of the packing state requires further exploration
using techniques such as X-ray analysis, Fourier transform
infrared spectroscopy and microscopy observations, which will
be the subject of future investigations.

In conclusion, this work revealed a new carbon parity effect
observed in the packing state of photochromic Az units in a
monolayer assembly. Since the packing state of Az governs the
trans-to-cis photoisomerization behavior,5 the findings ob-
served here may have implications for the design of various
photochromic functions.
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Fig. 3 UV–Vis absorption spectra of monolayers of 1 (n = 3–7) transferred
at 20 mN m21 onto both sides of a quartz plate. The inset shows lmax (open
circles) and Ashort/Along (filled squares, see text for definition) plotted
against the alkylene spacer length (n).
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Novel N,S- and N,Se-ligands with planar chirality derived
from [2.2]paracyclophane have been synthesized and ap-
plied in palladium-catalyzed allylic alkylation reaction, in
which ligands 5 and 9 with the two substituents at benzylic
and benzene ring positions give the highest ee values.

The design and synthesis of new chiral ligands play a crucial
role in transition metal catalyzed asymmetric reactions.1
Recently, ligands possessing planar chirality have attracted
greater interest amongst various chiral ligands in asymmetric
catalysis. In comparison with ferrocene derivatives2 and arene
transition metal complexes,3 little attention has been paid to
ligands derived from [2.2]paracyclophane, a structural frame-
work capable of introducing planar chirality, and only a
limited number of reports have appeared on studies of chiral
[2.2]paracyclophanes,4 especially their uses in asymmetric
catalysis,4e–h,k although these ligands are linearly chiral,5
chemically stable6 and undergo racemization only at relatively
high temperature.7 As part of a program aimed at the
applications of planar chirality in asymmetric synthesis8 we
studied the role of [2.2]paracyclophane-type planar chirality in
asymmetric induction. Herein we disclose our results on the
synthesis of novel N,S- and N,Se-ligands with planar chirality
and central chirality based on the [2.2]paracyclophane back-
bone and their use in the palladium-catalyzed allylic alkylation
reaction.9

From racemic 4-carboxy[2.2]paracyclophane 1 as starting
material10 and by using literature procedures11 oxazoline 3 was
obtained as a mixture of two diastereoisomers. Direct ortho-
lithiation of oxazoline 3 with BunLi and an equimolar amount of
TMEDA followed by quenching with PhSSPh gave rise to the
expected products 4a and 4b (Scheme 1). To our surprise, a
third product 5 was obtained in addition to the expected ortho-
lithiation/electrophile quenching products 4a and 4b. The
structure of 5 was determined by 1H NMR spectroscopy and
confirmed by X-ray crystallography.† The planar chirality of
these three products were readily determined by comparison
with that of products obtained by using optically pure 1a and
1b10 as starting materials and repeating the same procedure. In
addition, the absolute configuration of C-2 in 5 was assigned as
(R) based on the (S)-configuration of C-19 in the oxazoline
moiety (Fig. 1). Possibly the benzylic substituted cyclophane 5
was produced owing to the nonplanarity of benzene ring of the
cyclophane12 and the steric effect of isopropyl group of the
oxazoline.13

To examine the efficiency of these planar chiral N,S-ligands
in asymmetric synthesis, palladium-catalyzed allylic alkylation
was chosen as the model reaction (Scheme 2). The experiment
was carried out at r.t. in the presence of [Pd(h3-C3H5)Cl]2 and
the ligands. A nucleophile was generated from dimethyl
malonate in the presence of N,O-bis(trimethylsilyl)acetamide
(BSA) and a catalytic amount of salt. The results were
summarized in Table 1. It was found that all ligands 4a, 4b and
5 can catalyze the reaction to afford the substitution product 7 in
almost quantitative yields. In comparison with the results

obtained by using benzene ring substituted compounds 4a and
4b as ligands, the reaction using the benzylic substituted
cyclophane 5 provided far better enantioselectivity, and the
reactivity of 5 was also much higher than that of 4a and 4b
(entries 4, 5 cf. entry 6).

The structure of ligand 5 is unique in the planar chiral
cyclophane family. Its enantioselectivity and reactivity are also
notable. Therefore similar N,Se-ligands 8a, 8b and 9, with the
latter having the same skeleton as 5, were prepared by using
similar procedures from intermediate 3 (Scheme 1) and tested
further for the efficiency of planar chiral ligands with the two

Scheme 1
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coordinating atoms at benzylic and benzene ring positions in
asymmetric synthesis. It can be seen that a higher ee value was
obtained for benzylic substituted ligand 9 relative to 8a and 8b
(entry 9 cf. entries 7,8 in Table 1). As for the N, S-ligand, the
reactivity of the benzylic derivative (9) as ligand is higher than
that using ring-substituted cyclophanes 8a and 8b as ligands.
These results clearly show that the ligand with the two
coordinating atoms at benzylic and benzene ring-positions is
more effective than that with both the coordinating atoms at
benzene ring-positions. This is presumably due to the increased
tether length between the donor atoms which coordinate
palladium in 5 and 9, bringing the asymmetric environment
closer to the allyl species during the reaction.15 Interestingly, 4a
and 8a with the same Sp planar chirality afforded 7 in (R)-
configuration, whereas 4b, 8b with Rp planar chirality gave rise
to 7 in (S)-configuration, even though all of these ligands
showed the same central chirality at the oxazoline. It seems that
the central chirality is not a decisive factor in controlling the
absolute configuration of the product in our reaction.8b,e

In summary, novel N,S- and N,Se-ligands bearing the two
coordinating atoms at benzylic and benzene ring positions
showed excellent enantioselectivity and reactivity in palladium-
catalyzed allylic alkylation reaction. The synthesis of further
similar ligands via introduction of other coordinating atoms at

the benzylic position and further investigations on the role of
these in asymmetric reactions in more detail are in progress.
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14.633(2), b = 19.668(4), c = 7.749(2) Å, V = 2230.0(8) Å3, Z = 4, Dc =
1.274 g cm23, T = 293 K, l(Mo-Ka) = 0.7107 Å, m = 1.657 cm21, 2938
measured reflections, 2555 observed reflections, R = 0.0430, R1 = 0.0540,
S = 1.800, pmax, pmin = 0.431, 20.344 e Å23. CCDC 182/1650. See http:/
/www.rsc.org/suppdata/cc/b0/b002679o/ for crystallographic files in .cif
format.
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Fig. 1 ORTEP drawing of 2-(R)-19-(S)-(Sp)-5 with the atomic number-
ing.

Scheme 2

Table 1 The effect of different ligands on the enantioselective palladium-
catalyzed allylic substitution reaction using planar chiral N,S- and N,Se-
ligandsa

Entry Ligand Solvent Salt t/h
Yield
(%)b

Ee
(%)c

Config-
urationd

1 4a PhMe LiOAc 40 98 54 R
2 4a CH2Cl2 LiOAc 24 98 50 R
3 4a CH2Cl2 KOAc 36 98 53 R
4 4a MeCN KOAc 32 98 54 R
5 4b MeCN KOAc 21.5 98 63 S
6 5 MeCN KOAc 1.5 98 94 S
7 8a MeCN KOAc 20 98 57 R
8 8b MeCN KOAc 30 98 73 S
9 9 MeCN KOAc 2 98 93 S
a Molecular ratio: [Pd(h3-C3H5)Cl]2+ligand+6+dimethyl malonate+BSA
+salt = 2+6+100+300+300+3. b Isolated yield after flash chromatography.
c Ee determined by HPLC (chiralel OJ column). d Absolute configuration of
the product 7 was assigned by comparison with the sign of specific rotation
according to literature data.14
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Rich electrochemistry and strong electronic couplings across
the carbon bridges are revealed for compounds composed of
two tetra(m-N,NA-2-anilinopyridinate)diruthenium(II,III)
termini bridged by either butadiynediyl (1) or ethynediyl (2)
ligands.

The proposal of constructing molecular wires from linear arrays
of covalently-linked metal-complexes (M) and elemental car-
bon chain (Cm) has been inspired by the pioneering work of
Nast1 and Hagihara.2 Extensive electronic delocalization along
the –(M–Cm)∞ – backbone holds the promise for new generation
electronic and optoelectronic materials.3 Much of the work
during this decade has focused on the M–Cm–M type molecular
compounds.4,5 The degree of delocalization between two
equivalent termini M is gauged by the comproportionation
constant Kcom for the following equilibrium:

[ ] [ ] [ ]M – C – M M – C – M M – C – M
com

m m

K

m+ + +2 2[| (1)

Kcom ( = exp{F[E1/2(2+/1+)2E1/2(1+/0)]/RT}) can be com-
puted from the electrode potentials E1/2(2+/1+) and E1/2(1+/0).6
Significant delocalization along the Cm-bridge (Kcom ca.
108–1012) has been achieved with termini of CpFe(P–P),7
CpRe(P)(NO),8 CpRu(P)2

9 and Mn(P–P)2I10 (P and P–P are
mono- and bi-dentate phosphines, respectively), all mono-
nuclear transition metal complexes. We report the first
examples of capping elemental carbon chains (C2 and C4) with
a bimetallic terminus, [Ru2(m-ap)4]+ (ap = 2-anilinopyridinate),
which is the valence-averaged (not mix-valence!) diruthenium
species with a 2.5 Ru–Ru bond order.11,12

It has been established that the mono-capped complexes
[Ru2](C·CR) (3) with R as Ph, H (3a), SiMe3 (3a) and
CH2OCH3 (3c) can be obtained from the transmetalation
reaction between [Ru2]Cl and LiC·CR.12,13 Similarly, treating
[Ru2]Cl with either 0.5 equiv. of LiC·CC·CLi or 1 equiv. of
LiC·CLi yields 1 and 2, respectively.† Formulation of (C·C)n-

bridged dimers was established by both the elemental analysis
and FAB-mass spectrometry.† Further confirmation of (C·C)n-
bridging structural motif is provided by an X-ray diffraction
study of molecule 1.‡ Asymmetric unit of the crystal 1 contains
the halves of two independent molecules, and each is related to
the other half via a crystallographic inversion center. Metric
parameters of the two independent molecules are very similar,
and the structural plot of one of them is presented in Fig. 1,
where a linear array formed by the bridging C4-chain and two
[Ru2] termini is clear.

Compared with [Ru2](C·CSiMe3) (3b),13 the ‘half’ molecule
of 1, the coordination geometry of the 2-anilionopyridinates
around the Ru2 core in 1 is essentially unchanged as evidenced
by the averaged Ru(II)–N and Ru(III)–N bond lengths 2.050 and
2.095 Å in 1, and 2.046 and 2.096 Å in 3b. Room temperature
effective magnetic moments of 1 and 2 are respectively 4.2 and

3.8 mB per [Ru2], indicating a S = 3/2 ground state that has been
observed for many Ru2(II,III) compounds including 3 and
[Ru2]Cl.11–13 Hence, the termini of both 1 and 2 are globally
isoelectronic with 3 and [Ru2]Cl. Some small but notable
differences, however, do exist between 1 and 3b: the Ru–Ru
(2.331(2) Å) and Ca·Cb (1.258(16) Å) distances in 1 are
elongated from that of 3b (2.3162(5) and 1.207(6) Å), while the
Ru–Ca distance is shortened (2.047(14) Å in 1 and 2.077(4) Å
in 3b). The Cb–CbA (·C–C·) distance, 1.33(2) Å, is identical to
that found for the highly delocalized [Mn(dmpe)2I]2(m-C4),10

but shorter than 1.367[9] Å found for trans-[Pt(PPh3)2Cl]2(m-
C8), a molecule lacking delocalization.14 Although barely
significant, all these changes are consistent with the strengthen-
ing of the Ru–C p interaction and concurrent weakening of the
p(C·C) bond. The valence structure of the [Ru2]2(m-C4)
backbone may contain a significant contribution of cumulenic
resonance structure B in addition to the predominant resonance
structure A depicting the localized carbon–carbon triple
bonds.

Cyclic voltammograms (CV) of 3 indicate two quasirever-
sible redox processes (CV for 3a shown in Fig. 2): an oxidation
(3a+/3a) around 462 mV and a reduction (3a/3a2) around 2873
mV and an irreversible couple at more positive potential (ca.
1300 mV). Upon a change from simple axial coordination of
C·CR to (C·C)n-bridge, both 1 and 2 undergo four quasirever-
sible and one irreversible one-electron redox processes between
21600 and +1200 mV (Fig. 2). Therefore, there are six
accessible oxidation states in both molecules 1 and 2, surpassing
the record of five established for [CpRu(P)2]2(m-C4).9

Based on the established electrochemistry of 3,13 the
quasireversible redox couples in both 1 and 2 can be
unambiguously assigned as:

Redox couples I and II correspond to the one electron reduction
couple in 3, and III and IV correspond to the oxidation couple
in 3. DE1/2(II/I) and DE1/2(IV/III), the differences in electrode

Fig. 1 ORTEP of 1 at 20% probability level. Selected bond lengths and
angles: Ru(1)–C(91), 2.047(14) Å; C(91)–C(92), 1.258(16) Å; C(92)–
C(92A), 1.33(2) Å; Ru(1)–Ru(2), 2.3311(15) Å; Ru(2)–Ru(1)–C(91),
179.5(4)°; Ru(1)–C(91)–C(92), 177.8(12)°; C(91)–C(92)–C(92A),
176.1(19)°.
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potentials, are respectively 389 and 157 mV in 1, and 667 and
285 mV in 2, which are undoubtedly the result of strong
electronic coupling between two [Ru2] termini mediated by the
(C·C)n-bridges. Corresponding comproportionation constants
Kcom(red) and Kcom(ox) are 3.8 3 106 and 506 for 1, and 1.9 3
1011 and 6.6 3 104 for 2, and Kcom(red) for 2 is comparable to
the largest Kcom determined for other (C·C)n-bridged com-
plexes with CpFe(P–P) (1.6 3 1012),7 CpRe(P)(NO) (1.1 3
109),8 CpRu(P)2 (1.5 3 1011),9 and Mn(P–P)2I (5.4 3 1010)10

termini. Distance-dependence of the coupling is evident: Kcom
of C4-bridged 1 is several orders of magnitude smaller than that
of C2-bridged 2. Furthermore, Kcom(red) is much larger than
Kcom(ox) in the same molecule, indicating that the Ru–C p-
bonding is much stronger in the reduced form than in the
oxidized form. Both linear and square arrays of bimetallic units
covalently linked by dicarboxylates have been reported re-
cently,15 and Kcom as high as 1.3 3 1012 was determined for
[W2(O2CtBu)3]2(m-oxalate).

Effect of electronic delocalization over the Cm-bridge is also
evident from the UV–VIS–NIR spectra (Fig. 3). The ‘half’
molecule 3a absorbs strongly at 465 (A) and 745 nm (B), which
may be respectively attributed to s(Ru–C) to d*(Ru2) and
p(Ru2) to p*(Ru–N) transitions in analogy to the case of
Ru2(O2CR)4Cl.16 Upon establishing the Cm bridge, each band is
‘split’ into two intensified bands (A1 and A2; B1 and B2), and
the emergence of bands A2 and B2 accounts for the color
change from the dark green for all Ru2(ap)4(C·CR) species12,13

to the dark blue and red–purple colors for 1 and 2, respectively.
Clearly, the strong electronic coupling across the Cm bridge
results in a significant orbital mixing between two [Ru2]

termini. The energy splitting of either the ground state or the
excited state due to the mixing is sufficiently large that each of
transitions A and B evolves into two bands.

The unprecedented number of accessible oxidation states in a
Cm-bridged complex discovered for 1 and 2 clearly demon-
strates the advantage of using bimetallic units as terminal
electron reservoirs in constructing molecular conductors. The
presence of multiple reversible redox couples in 1 and 2 may
furthermore allow access to both the anionic (e.g. 12 and 122)
and cationic derivatives (1+ and 12+). Isolations of these
derivatives and the analogs with longer Cm bridges are being
explored in our laboratory.

Generous support from the University of Miami (Start-up
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for the access of electrochemical apparatus.
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† 1 and 2 were obtained by treating Ru2(ap)4Cl with either LiCCCCLi (0.6
equiv.) or LiCCLi (1 equiv.) in THF at room temperature for 12 h under
argon. After the mixture was washed with brine, the solvent was removed
from the organic layer to yield a purple solid. Residual starting material was
removed via rinsing with CH2Cl2 till the washings became colorless.
Recrystallization in THF yield dark purple microcrystalline solids (53% for
1 and 42% for 2). Compound 1: Anal. for C92H72N16Ru4, Found (calcd.): C,
61.24 (61.18); H, 4.06 (4.02); N, 12.37(12.41); MS-FAB (m/z, based on
101Ru): 1808 [M+]. UV–VIS in THF l, nm (e/M21 cm21): 467(sh),
578(31 900), 757(16 100), 910(sh). CV data (E1/2(mV)/DEp(mV)/ipa/ipc)):
I, 21173/61/0.94; II, 2784/64/1.10; III, 334/59/1.65; IV, 491/63/0.66; third
oxidation, 1115/71/4.72. Compound 2: Anal. for C90H72N16Ru4, Found
(calcd.): C, 60.64 (60.66); H, 4.05 (4.07); N, 12.35 (12.58). MS-FAB (m/z,
based on 101Ru): 1784 [M+]. UV–VIS in THF l, nm (e/M21 cm21):
465(sh), 558(33 000), 743(17 900), 892(13 500). Cyclic voltammetry data
(E1/2(mV)/DEp(mV)/(ipa/ipc)): I, 21555/75/1.97; II, 2888/57/1.142; III,
223/58/1.22; IV, 508/78/1.45; third oxidation, 1079/63/5.40.
‡ Crystal data for 1·8H2O: C92H88N16O8Ru4, M = 1933.94, triclinic, P1̄, a
= 10.0838(17), b = 20.023(3), c = 22.504(4) Å, a = 95.518(3), b =
95.250(3), g = 93.827(4)°, U = 4490.7(13) Å3, Z = 2, m(MoKa) = 0.723
mm21, T = 300 K, 19970 reflections measured, 12401 unique (Rint =
0.0696), final R1 = 0.075, wR2 = 0.159. CCDC 182/1662. See http:/
/www.rsc.org/suppdata/cc/b0/b002777o/ for crystallographic files in .cif
fomat.
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Fig. 2 Cyclic voltammograms of compounds 1, 2 and 3a recorded at a scan
rate of 100 mV/s in 0.20 M (Bun)4NPF6 solution (THF, N2-degassed) on a
BAS CV-100W voltammetric analyzer with a glassy carbon working
electrode, a Pt-wire auxiliary electrodes, and a Ag/AgCl reference
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Fig. 3 UV–VIS spectra of compounds 1 (dash), 2 (solid) and 3a (dot)
recorded in THF.
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A chiral Eu3+–chelate complex was built into the biotin-
binding sites of an avidin tetramer by the binding of biotin-
linked thienoyltrifluoroacetones.

Eu3+–b-diketone complexes are known to exhibit distinct
luminescence when irradiated under UV light.1 The emission
properties have been intensively studied and have found a
variety of chemical and biological applications, e.g. as sensitive
fluorometric probes.2 However, conventional bidentate b-
diketone chelators form rather unstable complexes with Eu3+,
and their luminescence intensity is often very weak, especially
in aqueous media. In order to overcome this problem,
Matsumoto and coworkers synthesized a new type of Eu3+

chelate in which two bidentate b-diketone moieties are
covalently linked.3,4 The tetradentate ligand formed a very
stable complex with Eu3+, and the complex emitted strong
luminescence.4

The finding of luminescence enhancement in the above
tetradentate chelate motivated us to build a supramolecular Eu3+

complex of two bidentate ligand molecules arranged on a
protein framework. A tetrameric avidin was chosen as the
protein framework, since it strongly binds biotin5 or biotin
derivatives6 through non-covalent interactions. The X-ray
crystallographic data of the avidin tetramer7 indicates that two
of the four biotin-binding sites face one side of the tetramer and
the two biotins in the binding sites take a right-handed screw
configuration with a chirality factor of 0.90.8 The dis-
symmetrically arranged biotin-binding pockets can be used to
incorporate two biotin-labeled bidentate ligands in a chiral
configuration. The structure and synthesis of the biotin-linked
bidentate ligand 2 (Bi-TTA), are shown in Scheme 1.

Complexation of the Bi-TTA with avidin was confirmed by
the fluorescence quenching of tryptophan in avidin. Fig. 1
shows the fluorescence spectra of avidin in the presence of
different amounts of Bi-TTA. The peak position of tryptophan
fluorescence shifted to a shorter wavelength9 and decreased

upon addition of Bi-TTA. The decrease stopped when the avidin
units were saturated by the Bi-TTA molecules. The extent of
fluorescence quenching was much larger than the quenching by
biotin,6 presumably owing to an energy transfer process from
the singlet excited state of the tryptophan to the triplet state of
the b-diketone group.

The formation of the Bi-TTA–Eu3+ complex on the protein
framework was monitored by the increase of luminescence
intensity of a solution of Bi-TTA and Eu3+ upon addition of
avidin. As shown in Fig. 2, the narrow luminescence band at
613 nm increased with the addition of avidin, and the increase
ceased after almost all the Bi-TTA molecules were bound to
avidin. The luminescence intensity of the Bi-TTA–Eu3+

complex in the presence of avidin is 25 times larger than that of
the free Bi-TTA and Eu3+ mixture in the absence of avidin. No
luminescence band at 613 nm was observed for a mixture of
Eu3+ and avidin in the absence of Bi-TTA.

When an excess of avidin was quickly added to a fresh
mixture of Bi-TTA and Eu3+ up to a tetrameric avidin+Bi–TTA
ratio of 5+1, the luminescence emission at 613 nm decreased  to
17% of the intensity for the tetrameric avidin+Bi-TTA ratio of
1+4. The reduced Eu3+ emission in the presence of an excess of
avidin suggests that the emission enhancement at 613 nm
originates from interactions between the metal chelates on the
avidin tetramer and Eu3+ that are most effective when the
tetrameric avidin+Bi-TTA ratio is 1+4.

The ligand+Eu3+ ratio was determined to be 1+1 from the
luminescence titration curve of the mixture of tetrameric
avidin:Bi-TTA (1+4) with the addition of Eu3+. The lumines-
cence intensity at 613 nm increased with the addition of Eu3+,
and the increase ceased when the Eu3++Bi-TTA ratio reached

Scheme 1 Reagents and conditions: i, chlorosulfuric acid, 0 °C ? room
temp., 30%; ii, N-a-Boc-L-a,b-diaminopropionic acid, DMF, carbonate
buffer (pH 9.3), r.t., 80%; iii, TFA, 0 °C, 100%; iv, N-hydroxy-
succinimidobiotin, TEA, DMF, r.t., 100%.

Fig. 1 Fluorescence spectra of avidin–Bi-TTA mixtures in PIPES–NaCl
buffer at pH = 6.5. lex = 290 nm. The molar ratios are indicated: [avidin
(tetramer)] = 7.8 3 1028 M.
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4+4. The Eu3++ligand ratio indicates that each TTA moiety
binds a single Eu3+ ion, and the luminescence intensity
increases when two TTA–Eu3+ complexes self-assemble on one
side of the tetrameric avidin framework.

The formation of the two TTA–Eu3+ complexes was also
confirmed from CD spectra. As shown in Fig. 3, a marked CD
doublet appeared at 333 and 365 nm with the addition of avidin
to a mixture of Bi-TTA and Eu3+. The CD peak was saturated
when all the Bi-TTA molecules were bound to avidin. No CD
signal was observed in a tetrameric avidin:Bi-TTA (1+4)
solution in the absence of Eu3+. When Eu3+ was added to the
latter solution, a similar CD spectrum as in Fig. 3 appeared,
indicating the formation of the ligand–Eu3+ complex.

The luminescence and CD data indicate the formation of a
chiral dimeric ligand–Eu3+ complex on the protein framework.
The chiral lanthanide complex may find applications in
enantioselective catalysis for the cleavage of nucleic acids10 or
proteins.11
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Fig. 2 Luminescence spectra of avidin–Bi-TTA mixtures in the presence of
EuCl3 in PIPES–NaCl buffer at pH = 6.5. The molar ratios of avidin
(tetramer)/Bi-TTA are indicated: lex = 343 nm. The TTA moiety is
selectively excited under the conditions: [Bi-TTA] = 3.1 3 1027 M,
[EuCl3] = 1.2 3 1024 M.

Fig. 3 CD spectra of Bi-TTA in the presence of EuCl3 and different amounts
of avidin in PIPES–NaCl buffer at pH = 6.5. The molar ratios are indicated;
[Bi-TTA] = 4.0 3 1024 M,  [EuCl3] = 3.0 3 1023 M.
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Irradiation of a benzene solution containing 3-cyano-
2-methoxypyridine (0.02 M) and benzofuran (0.5 M) resulted
in the formation of stereo-isomeric 1:1 adducts, endo and
exo-7-cyano-2-methoxy-4-methyl-9-oxa-3-aza-10,11-benzo-
tricyclo[6.3.0.04,7]undeca-2,5-diene, accompanied by
5-cyano-2-methoxypyridine and a pyridine dimer; the struc-
tures of the adducts were established by X-ray structural
analyses.

The photochemistry of heteroaromatics is an underdeveloped
area compared with the carbon aromatics, such as benzene,
naphthalene and anthracene derivatives, the photochemical
behavior of which has been extensively studied from both
mechanistic and synthetic perspectives.1–7 In particular, the ring
expansion or transformation of a pyridine ring with photo-
chemical 4 + 4 or 2 + 2 cycloaddition is quite difficult.8 We are
interested in investigating the photochemical aspects of hetero-
aromatics and their utilization for the synthesis of new
heterocycles. Recently, we reported that 2-alkoxy-3-cyano-
pyridines show comparatively high photochemical reactivity
for promoting a variety of photochemical reactions, such as
dimerization and 4 + 4 cycloaddition with furan.9–11 The high
reactivity of these pyridines compared with a simple pyridine is
dependent on the polarization within the pyridine ring from the
conjugate relationship of the cyano and alkoxy groups. We have
identified a new photochemical 2 + 2 cycloaddition reaction
between two heteroaromatics, pyridine and benzofuran.

When a benzene solution of 3-cyano-2-methoxy-6-methyl-
pyridine 1a (0.02 M) containing 0.05 M of benzofuran was
irradiated with Pyrex filtered light, two types of 1+1 adducts of
1a and benzofuran (2a, 32%; 3a, 25%) were obtained,
accompanied by 4a and the pyridine dimer 5a, in 7 and 33%
yields, respectively, at 59% conversion (Table 1). The struc-
tures of the adducts, 2a and 3a, were determined on the basis of
elemental analyses and the spectral data. Finally, the stereo-
isomeric structures were established by X-ray structural
analyses (Fig. 1 and 2).‡ In the cases of the transpositional
isomer 4a and the dimer 5a, we have already reported their
formation by the direct irradiation of 1a.9 Irradiation of 1b and
1c also gave two stereoisomeric adducts as shown in Table 1,
their structures were determined by comparison of the spectral
data of 2a and 3a.

Usually, an electronically excited pyridine is not observed to
undergo any radiative relaxation; however, this pyridine 1
shows strong emission of fluorescence at 310 nm. The emissive
singlet excited state of pyridine reacts with the ground state of
benzofuran, because the addition reaction was not quenched by
triplet quenchers, such as 2,5-dimethylhexa-2,4-diene, penta-
1,3-diene or stilbene, and also the sensitization by benzophe-
none or xanthone was quite inefficient. The formation of the
adducts 2 and 3 is explainable in terms of the 2 + 2 cycloaddition
taking place at the C-2 and C-3 positions of the singlet excited
state of the pyridine ring with the C-3 and C-2 positions of
benzofuran leading to 6 (Scheme 1). A subsequent ring-opening

reaction gives cyclooctatriene 7, which is followed by electro-
cyclization to the tricyclic adducts 2 and 3.

The mechanism is also supported by Frontier-MO calcula-
tions using the PM3 Hamiltonian.12 The orbital energies and
coefficients of the singlet excited state for 1a (HSOMO and
LSOMO) and those of the ground state of benzofuran (LUMO
and HOMO) were obtained (Fig 3). The energy gap (DE)
between the LSOMO and HOMO is smaller than that between
the HSOMO and LUMO, and this frontier orbital interaction is
most important in this photocycloaddition. The coefficients at

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b0/b002396p/

Table 1 Photoreaction of the pyridine–benzofuran system

Fig. 1 ORTEP drawing of pyridine–benzofuran adduct 2a. Selected bond
lengths (Å) and angles (°); N(1)–C(10) 1.442(6), C(1)–C(9) 1.663(7), C(9)–
C(10) 1.698(7), C(9)–C(13) 1.618(7), C(10)–C(14) 1.617(7), C(13)–C(14)
1.322(7), C(10)–C(9)–C(13) 84.3(4), C(9)–C(10)–C(14) 85.1(4), C(9)–
C(13)–C(14) 95.6(4), C(10)–C(14)–C(13) 94.8(4), O(1)–C(1)–C(9)–C(13)
47.1(6), N(1)–C(10)–C(9)–C(13) 107.6(6), N(1)–C(10)–C(14)–C(13)
2115.0(6), C(1)–C(9)–C(10)–C(14) 124.1(5), C(1)–C(9)–C(13)–C(14)
120.1(5), C(2)–C(1)–C(9)–C(13) 270.3(6).
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the 3-position in the LSOMO of the singlet excited state of the
pyridine ring and those at the 2-position of the HOMO in the
ground state of furan are larger than those at any other positions.
It is concluded that the initial bond formation occurs between
the C2–C3 positions of pyridine and the C3–C2 positions of
benzofuran, leading to 6.

Gilbert and Heath reported the photochemical addition of
2-cyanoanisole to vinyl ether leading to a 2 + 2 adduct, and
subsequently followed by ring-opening to a cylcooctatriene.13

The cyclooctatriene cyclizes to a secondary photoproduct, a
bicyclo[4.2.0]octa-2,7-diene structure, upon irradiation. The
reversibility of the photochemical reaction and the thermal
conversion between the cyclooctatriene and the bicyclo-
[4.2.0]octa-2,7-diene were confirmed. In our present reaction,
the thermal and photochemical reactions of 2 and 3 were carried
out to obtain further supporting information on the reaction.
However, the pyrolysis and the photolysis at 254 nm of the
photoadducts gave polymerized materials, furthermore, when
the addition reaction was followed by 1H NMR spectroscopy,
primary cyclobutane 6 or cyclooctatriene 7 could not be
detected on irradiation in an NMR tube. The high reactivity of
6 may be due to steric crowding or the bond-weakening
character of the cyano and methoxy groups facilitates the ring
opening to the cyclooctatriene, subsequently leading to 7.14

In conclusion, we have detailed the first example of a
photochemical reaction between two heteroaromatic com-
pounds, a pyridine and benzofuran system, leading to 1+1
cycloadducts. Attempts at photoaddition with benzothiophene,
indole or N-methylindole instead of benzofuran proved un-
successful. We are continuing to explore the details and the
scope of the photochemical reactions of heteroaromatics.

Notes and references
‡ Crystal data: for 2a; colorless prismatic crystal, C16H14N2O2, ortho-
rhombic space group Fdd2, a = 17.024(6), b = 29.192(7), c = 11.183(4)
Å, V = 5557(3) Å3, Z = 16, Dc = 1.273 g cm23, m(Cu-Ka) = 6.93 cm21.
The structure was solved by the direct method and refined by full-matrix
least squares, where the final R and Rw were 0.057 and 0.065 for 1410
reflections.

For 3a; colorless prismatic crystal, C16H14N2O2, triclinic space group P1̄,
a = 9.903(2), b = 10.132(2), c = 7.430(1) Å, a = 91.75(1), b =
105.73(2), g = 108.74(1)°, V = 673.8(2) Å3, Z = 2, Dc = 1.312 g cm23,
m(Cu-Ka) = 7.14 cm21. The structure was solved by the direct method and
refined by full-matrix least squares, where the final R and Rw were 0.055 and
0.066 for 2777 reflections.

CCDC 182/1655. See http://www.rsc.org/suppdata/cc/b0/b002396p/ for
crystallographic files in .cif format.
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Fig. 2 ORTEP drawing of pyridine–benzofuran adduct 3a. Selected bond
lengths (Å) and angles (°); O(1)–C(9) 1.459(4), N(1)–C(4) 1.453(4), C(1)–
C(2) 1.526(4), C(1)–C(4) 1.610(4), 1.521(4), C(2)–C(3) 1.317(6), C(3)–
C(4) 1.526(4), C(2)–C(1)–C(4) 84.4(2), C(1)–C(2)–C(3) 95.6(3), C(2)–
C(3)–C(4) 95.4(3), C(1)–C(4)–C(3) 84.6(2), O(1)–C(9)–C(1)–C(2)
170.3(3), O(1)–C(9)–C(1)–C(4) 93.0(3), O(1)–C(9)–C(1)–C(6) 240.4(3),
N(1)–C(4)–C(1)–C(2) 2111.6(3), N(1)–C(4)–C(1)–C(5) 136.2(3), N(1)–
C(4)–C(3)–C(2) 117.1(3), C(1)–C(4)–C(3)–C(2) 20.3(3), C(2)–C(1)–
C(4)–C(3) 0.2(2), C(3)–C(2)–C(1)–C(4) 20.3(3).

Scheme 1

Fig. 3 Estimated energies and coefficients of 3-cyano-2-methoxy-6-
methylpyridine 1a and benzofuran obtained from the PM3 Hamiltonian
contained within the MOPAC program.
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A concise and divergent total synthesis of mansonone F has
been accomplished via an efficient construction of the
oxaphenalene skeleton by facile peri ring closure of the
naphthol ether, and an effective preparation of the cycliza-
tion precursor starting from readily available 5-methoxy-
1-tetralone by employing a palladium-induced aromatiza-
tion of the naphthalinol.

Mansonone F (1) and biflorin, which are members of the
naturally occurring ortho-naphthoquinone family, contain the
unusual oxaphenalene skeleton.1 Biflorin, the first oxaphena-
lene natural product, was found to have antibiotic properties.2
More interestingly, mansonone F, a tricyclic sesquiterpenoid,
has been reported as a phytoalexin325 which is accumulated in
the heartwood of the genus Ulmus in response to infections.
Recently, mansonone F has also been isolated from the root bark
of Ulmus davidiana, which has been traditionally used as a
medicinal plant for treatment of infections in Korea. In addition,
the highly potent anti-MRSA activity of mansonone F,
comparable to that of vancomycin, has been studied in our
laboratory.6 However, the paucity of natural mansonone F, as
well as its inherent structural constraint, has limited the
optimization of its biological properties by structural modifica-
tion and its therapeutic application. These reasons prompted us
to develop a practical and divergent synthetic route to
mansonone F, although an elegant synthesis of mansonone F
employing intramolecular Diels–Alder addition of benzynes to
furans has already been reported.7 We report herein a concise
and divergent synthesis of mansonone F starting from readily
available 5-methoxy-1-tetralone.

Our synthetic strategy (Scheme 1) envisions a highly efficient
construction of the tricyclic oxaphenalene skeleton via peri ring
closure8 by an intramolecular Friedel–Crafts acylation of the
dimethylnaphthol ether 2 or 3. The cyclization precursors 2 and
3 are readily accessible from the commercially available
methoxytetralone 5 by sequential introduction of the alkyl
substituents and an effective aromatization of the tetralinol
intermediate.

Our synthesis (Scheme 2) commenced with preparation of the
methylnaphthol 4. The first methyl substituent, corresponding
to the C6-methyl of mansonone F, was conveniently introduced
by methyl Grignard addition to the carbonyl of the tetralone 5.
Aromatization9 of the resulting carbinol by palladium-induced
concurrent dehydration and dehydrogenation and then deme-
thylation of the resulting methoxynaphthalene by boron tri-
bromide provided the methylnaphthol 4. The methylnaphthol 4
was transformed in a straightforward manner into the cycliza-
tion precursor 2 by a three step sequence. The second methyl

substituent corresponding to the C9-methyl of mansonone F
was effectively introduced by benzeneboronic acid-assisted
hydroxymethylation10 followed by hydrogenolysis of the
resulting benzyl alcohol. O-alkylation of the naphthol 6 with
bromoacetate afforded the dimethylnaphthol ether 2 as a
cyclization precursor. The key tricyclic oxaphenalene skeleton
of mansonone F was efficiently constructed by a facile peri ring
closure8 of the dimethylnaphthol ether 2. Conversion of the
ester 2 to an acid halide and then intramolecular Friedel–Crafts

Scheme 1 Synthetic strategy.

Scheme 2 First synthetic route to mansonone F. Reagents and conditions: i,
MeMgI, Et2O, reflux, 1 h; ii, 10% Pd/C, triglyme, reflux, 2 days; iii, BBr3,
CH2Cl2, 278 °C, then warm to room temp. (94% in 3 steps); iv, PhB(OH)2,
(CHO)n, propionic acid, PhH, reflux, 1 h, then H2O2, THF; v, 10% Pd/C, H2,
MeOH, 5 h (63% in 2 steps); vi, BrCH2CO2Me, K2CO3, acetone, reflux
(82%); vii, LiOH·H2O, THF–H2O, 10 min; viii, (COCl)2, PhH, reflux, 1 h,
then AlCl3, CH2Cl2 (74% in 2 steps).
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acylation of the acid halide afforded the advanced intermediate
7, which was transformed into mansonone F by a known
procedure.7

Our alternative synthetic route for the transformation of
methylnaphthol 4 into mansonone F is summarized in Scheme
3. The tether for peri ring closure was introduced to the
bromonaphthol 8 by sequential O-alkylation with bromoace-
tone and carbonyl protection. Addition of the methyl substituent
corresponding to the C9-methyl of mansonone F was achieved

by halogen–metal exchange followed by methylation. Finally,
construction of the oxaphenalene skeleton was executed by
facile peri ring closure induced by polyphosphoric acid, to give
the key intermediate 10. In order to complete the synthesis, the
ortho-quinone moiety of mansonone F was elaborated by
application of the reported procedure.7 The synthetic man-
sonone F was identical in all aspects to the naturally occuring
compound.1,10

In summary, the total synthesis of mansonone F has been
accomplished via a 10 step sequence, starting from the readily
available 5-methoxy-1-tetralone (5). The key part of this
synthesis involves the efficient preparation of 1,6-dimethyl-
5-alkoxynaphthalene as a divergent cyclization precursor and
its facile conversion to form the oxaphenalene skeleton by peri
ring closure. This concise and practical synthetic procedure,
providing a variety of substituents at the C3, C6 and C9
positions, offers a useful synthetic route to this important
prospective anti-MRSA drug.

This research was supported by grant CHMP-00-CH-
15-0014 from the Ministry of Health & Welfare and in part by
1999 BK21 project for Medicine, Dentistry and Pharmacy.
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Scheme 3 Alternative synthetic route to mansonone F. Reagents and
conditions: i, NBS, CH2Cl2, 0 °C (60–70%); ii, BrCH2COMe, K2CO3,
acetone, reflux (96%); iii, (CH2OH)2, PTSA, PhH, reflux (89%); iv, BunLi,
MeI, THF, 278 °C, then warm to room temp. (95%); v, PPA, 100 °C (87%);
vi, Cu(NO3)2·xH2O, Ac2O (83%); vii, 10% Pd/C, NaBH4, MeOH, then
Fremy’s salt, 0.06 M NaH2PO4, acetone (41%).
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1,2;5,6-Naphthalenetetracarboxylic dianhydride has been
consecutively photolyzed in a low-temperature argon matrix
by wavelength-selective irradiation; dec-5-ene-1,3,7,9-tetra-
yne, which is the second C10H4 isomer, was generated as the
final product.

Benzdiyne and naphthdiyne, in which two triple bonds are
contained within one aromatic system, are challenging reactive
intermediates. Recently, we reported the direct observation of a
benzdiyne derivative by photolysis of 1,4-bis(trifluoromethyl)-
2,3;5,6-benzenetetracarboxylic anhydride in a low-temperature
argon matrix, which was the first finding that a benzdiyne could
be trapped by the matrix isolation method.1 However, we were
unable to confirm the generation of parent benzdiynes (C6H2)
by the consecutive photolysis of the corresponding pre-
cursors.2–4 In a series of experiments, we confirmed the
generation of hexa-1,3,5-triyne, the most stable C6H2 isomer, as
a final photoproduct. This final product was formed by the ring
opening of the benzdiynes.4 Ring-opening reactions resulting in
the generation of an acetylenic compound have also been
reported in the case of benzyne.5 These findings suggested that
arynes containing diyne species are good precursors for
acetylenic compounds, which are difficult to prepare by normal
synthetic methods.

These acetylenic compounds, oligoynes and the compounds
with a cross-conjugated p-system, have attracted much atten-
tion in the past. For example, Diederich et al. have thoroughly
investigated such compounds in a series of research on
molecular and polymeric carbon allotropes,6,7 reporting the
synthetic preparation of tetraethnylethene,8 which is the only
isomer with a C10H4 molecular formula identified so far. The
acetylenic compounds are of interest as a building block for
novel carbon networks.

Here, we report the consecutive photolysis of 1,2;5,6-naph-
thalenetetracarboxylic dianhydride 19 in a low-temperature
argon matrix (Scheme 1). The photolysis, which used several
lasers, was carried out in an attempt to generate naphth-
1,5-diyne. A novel acetylenic compound with a cross-conju-
gated p-system was observed as the final product, as well as
stepwise-produced reactive intermediates.

Crystallites of 1 were vaporized at 145 °C and co-deposited
with argon (99.9999%) onto a CsI or CaF2 plate in a sample
chamber whose pressure was kept at < 1025 Torr.10 Precursor 1
was photolyzed using a XeCl excimer laser (308 nm, 5 Hz, ca.
10 mJ cm22 pulse21). The photolysis was followed by FTIR
and UV–VIS absorption spectroscopies. Upon irradiation, new
IR bands ascribable to photogenerated species appeared, while
the IR bands of 1 decreased. The appearance of IR bands arising
from CO and CO2 indicated that decarboxylation and dec-
arbonylation of 1 were induced upon irradiation at 308 nm. This
photolysis resulted in the generation of an intermediate having
a naphthyne structure, 2. Prolonged irradiation at 308 nm
caused the formation of ketene species 3 by the addition of CO

to 2, which was confirmed by the appearance of the character-
istic IR bands at 2082 and 2087 cm21.11 The intermediates 2
and 3 were identified on the basis of their FTIR spectra being in
good agreement with the theoretical IR spectra calculated by
density functional theory (B3LYP/6-31G** level).12 The ob-
tained intermediate 2 was photolyzed upon irradiation at 248
nm (KrF excimer laser, 5 Hz, 8 mJ cm22 pulse21). During the
initial stage of irradiation, generation of 3 was the dominant
process. However, upon prolonged irradiation, the generation of
3 was diminished and the generation of CO and CO2 became the
dominant process. Since the IR bands of 2 decreased upon
irradiation, it was suggested that this process resulted in the
formation of naphth-1,5-diyne (C10H4, 4). However, IR bands
ascribable to 4 were not observed. Upon irradiation, only two
weak IR bands at 621 and 3323 cm21 appeared, other than the
increasing peaks of CO and CO2. These weak bands were
ascribable to the C–H bending and stretching modes of
acetylenic compounds. Moreover, upon further irradiation at
248 nm, 3 was also photolyzed slowly. Even at this stage,
increases in the IR bands of CO, CO2 and the acetylenic species
was still observed.

Taking into account benzyne5 and benzdiynes,2–4 it is
plausible that acetylenic compounds may be generated by ring-
opening of 4. Certainly, the acetylenic C–H stretching band at
3323 cm21 was observed at almost the same position as that of
butadiyne (3324–6, 3340 cm21), hexatriyne (3324–7 cm21), or
hex-1-ene-3,5-diyne (3324 cm21), which were formed by ring-
opening reactions of benzyne5 and/or benzdiynes2–4 or the
photo-decomposition of benzene.13 It should be noted that
several peaks were observed when several kinds of acetylenic
compounds were formed simultaneously.3,13 In our experiment,
one C–H stretching peak accompanied by a shoulder on its
higher wavenumber side was observed at 3323 cm21 as shown
in Fig. 1. Moreover, no peaks ascribable to other photo-

† Electronic supplementary information (ESI) available: synthesis of 1,
theoretically estimated IR data for cis- and trans-dec-5-ene-1,3,7,9-tetrayne
and details of TD-DFT calculations. See http://www.rsc.org/suppdata/cc/
b0/b002555k/

Scheme 1
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generated species were observed. Thus, the acetylenic C10H4
species was solely or dominantly generated: fragmentation of
the C10H4 species can be excluded as a minor process. The
species formed upon irradiation at 248 nm showed specific UV–
VIS absorption bands as shown in Fig. 2. After irradiation by the
XeCl excimer laser, absorption bands at 305, 296, 250 and 205
(broad) nm were observed. The bands at 250 and 205 nm were
assigned to 2, which was the major species existing upon
irradiation at 308 nm and photolyzed upon irradiation at 248
nm. In contrast, the bands at 305 and 296 nm were assigned to
3, since these bands also grew up in the initial irradiation at 248
nm. During this stage, increases in the bands at 372, 354, 338
and 305 nm were clearly observed, which were also assigned to
3. Under prolonged irradiation, the absorption bands of 3
decreased slowly, and other bands emerged at 317, (296), 280,
213, 203 and 195 nm. These bands were assigned to the
acetylenic C10H4 compound showing the C–H stretching band
at 3323 cm21. Similar vibronic absorption bands have fre-
quently been observed in acetylenic compounds.14,15 As
mentioned above, it was assumed that the acetylenic C10H4
compound was generated by ring-opening of 4. Compound 4
has C2h structure, in which two o-benzyne molecules are
symmetrically fused. Considering that hex-1-ene-3,5-diyne was
formed by ring-opening of benzyne,5 we tentatively assigned
the compound to dec-5-ene-1,3,7,9-tetrayne (C10H4, 5), which
has not been isolated before. This assignment was supported by
the following discussions. The theoretical prediction shows two

C–H bending bands (581 and 587 cm21) and one C–H
stretching band (3354 cm21) with intensities > 90 km mol21.
On the other hand, the experimental results showed one C–H
bending band (621 cm21) and one C–H stretching band (3323
cm21) with a shoulder as described above. Only one bending
band would be ascribed to two neighboring bands and the
appearance of the shoulder on the stretching band would be
explained by matrix splitting.16 Although tetraethynylethene,
which is also a C10H4 species, would seem to be a possible
candidate, it can be dismissed because it shows a quite different
UV–VIS absorption spectrum.8 The lowest transition band of
the acetylenic C10H4 compound (317 nm) was seen in a longer
wavelength region than that of hex-1-ene-3,5-diyne (275 nm in
an Ne matrix).5 This indicated that the p-conjugation system of
the observed acetylenic compound was extended more than that
of hex-1-ene-3,5-diyne. Electronic absorption spectra can be
well described by time-dependent density functional theory
(TD-DFT) calculations.17 Transition energies and oscillator
strengths of 5 calculated by the TD-DFT method are shown by
bars in Fig. 2, which show favorable correspondences with the
experimental result.18 Thus, the observed acetylenic C10H4
compound was assigned to dec-5-ene-1,3,7,9-tetrayne.

In conclusion, the reactive intermediates 2 and 3 were
identified on the basis of their FTIR spectra being in good
agreement with calculated IR spectra. The aromatic C10H4
species, naphth-1,5-diyne, converted to a C10H4 species with
acetylenic C–H moieties by ring-opening reactions. The
acetylenic C10H4 species was dec-5-ene-1,3,7,9-tetrayne, the
second C10H4 isomer, which has not previously been pre-
pared.

Notes and references
1 M. Moriyama, T. Ohana and A. Yabe, J. Am. Chem. Soc., 1997, 119,

10 229.
2 M. Moriyama, T. Ohana and A. Yabe, Chem. Lett., 1995, 557.
3 M. Moriyama and A. Yabe, Chem. Lett., 1998, 337.
4 M. Moriyama, T. Sato, T. Uchimaru and A. Yabe, Phys. Chem. Chem.

Phys., 1999, 1, 2267.
5 J. G. Radziszewsky, B. A. Hess, Jr. and R. Zahradnik, J. Am. Chem.

Soc., 1992, 114, 52.
6 F. Diederich, Nature, 1994, 369, 199.
7 F. Diederich, Pure Appl. Chem., 1999, 71, 265.
8 Y. Rubin, C. B. Knobler and F. Diederich, Angew. Chem., Int. Ed. Engl.,

1991, 30, 698.
9 Compound 1 was synthesized from 2,6-dimethylnaphthalene following

the literature procedure [Y. Dozen and S. Fujishima, Yukigoseigaku,
1972, 30, 964 (Japanese)]. Details of the synthesis are provided as
ESI†.

10 Spectroscopic data for 1 (Ar matrix, 11 K) UV–VIS l/nm: 362, 355,
350, 329, 319, 306, 250, 242, 221, 198. FTIR n/cm21 3094vw, 1862s,
1790vs, 1625w, 1389w, 1385w, 1292s, 1231w, 1175m, 1132m, 921vs,
869m, 790vw, 749m, 707w, 635w, 598w, 565m, 531w.

11 T. Sato, M. Moriyama, H. Niino and Y. Akira, Chem. Commun., 1999,
1089.

12 This data will be published elsewhere.
13 J. L. Laboy and B. S. Ault, J. Photochem. Photobiol. A: Chem., 1993,

74, 99.
14 T. Böhm-Gössl, W. Hunsmann, L. Rohrschneider, W. M. Schneider and

W. Ziegenbein, Chem. Ber., 1963, 96, 2504.
15 E. Kloster-Jensen, H. Haink and H. Christen, Helv. Chim. Acta, 1974,

57, 1731.
16 In the results on DFT calculations for 5 (C2h structure), another

symmetrically forbidden C–H stretching mode (Ag 3354.6 cm21, 0 km
mol21) was observed at higher wavenumber than that of the symmet-
rically allowed mode (Bu 3354.2 cm21, 341 km mol21). In the argon
matrix, compound 5 may not be able to form an ideal symmetrical
structure because it confined within a matrix cavity. In this case, the IR
band corresponding to the Ag mode could be observed as a weak
shoulder on the high wavenumber side of main C–H stretching band. As
another possibility, we should consider the trans-confomer formed by
cis–trans isomerization of the central CNC bond under photoirradiation
(two acetylenic C–H stretching modes of the trans-conformer are
predicted at higher wavenumbers: B2 3355.2 cm21, 138 km mol21; A1

3355.7 cm21, 120 km mol21).
17 M. E. Casida, C. Jamorski, K. C. Casida and D. R. Salahub, J. Chem.

Phys., 1998, 108, 4439.
18 TD-DFT calculations were performed: see ESI.†

Fig. 1 FTIR spectra (C–H stretching band) upon photoirradiation of 1 with
a KrF excimer laser: (a) before irradiation, (b) after 9000 pulses, (c) after
21000 pulses, (d) after 66000 pulses and (e) after 1800 pulse irradiation with
the ArF excimer laser.

Fig. 2 (Top) UV spectra of the photolysis of 1 with a Nd+YAG laser (THG),
XeCl and KrF excimer lasers in an argon matrix at 11 K: (——) after
irradiation with Nd:YAG laser (THG) and XeCl excimer laser, (– – –) after
successive irradiation with 3000 pulses and (·····) 9000 pulses of the KrF
excimer laser. Inset: UV spectra of 1 observed before irradiation in the
argon matrix. (Bottom) transition energies and oscillator strengths of 5
calculated by the TD-DFT method.
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The X-ray crystal structures of the 1+1 complexes formed by
calix[6]pyrrole 1b with Bun

4NCl and Bun
4NBr show the

macrocycle to adopt D3d symmetry and to encapsulate the
halide ions within the macroring cavity via six N–H···X–

hydrogen bonds; the macrocycle subtly adjusts its conforma-
tion to accommodate the differently sized anions; prelimi-
nary extraction experiments indicate that 1b is a dramat-
ically stronger chloride ion complexing agent than its
smaller analogue calix[4]pyrrole 1a.

Molecular receptors for cations and neutral guests have been
extensively studied for many years.1 In contrast, macrocycles
capable of binding anions have attracted considerably less
attention. However, because of the key role of anions in
fundamental aspects of chemistry and biology, the search for
novel and selective hosts for anions is a rapidly developing area
of supramolecular chemistry.2

Significant progress in this field has been made by the
discovery that, for example, pyrrole-based analogues of the
calix[4]arenes such as 1a are capable of binding fluoride and

chloride ions.3–5 However, complexation occurs by means of a
facial arrangement involving hydrogen bonding interactions
between the four pyrrole N–H and the anions and not by
inclusion within the macrocyclic cavity, which is too small for
either the fluoride or the chloride ions.

These observations led us to synthesise6 the larger cal-
ix[6]pyrrole 1b from the known furan-based analogue 2. This
new synthesis provided a novel route to 1b which, unlike its
smaller analogue 1a, is not readily isolated from the mixture of
compounds obtained by the previously employed condensation
reaction of pyrrole and acetone.3b We were thus able to
investigate, for the first time, the behaviour of 1b as a molecular
receptor for halide ions. We expected 1b to be an appreciably
better complexing agent for the halide ions than 1a both in terms
of strength (it has the potential to form an additional two N–
H···X– hydrogen bonds) and selectivity (owing to the possible
inclusion of the ion within the larger macroring cavity—and
hence achieve size-discrimination).

In order to estimate the improved binding of 1b towards
chloride and bromide with respect to that of 1a, we compared
the ability of the two macrocycles to complex and transfer these
ions from a water phase to a lipophilic dichloromethane phase.
The tests were extended to include also fluoride and iodide. In
a series of extraction experiments, solutions of Bun

4NF,
Bun

4NCl, Bun
4NBr and Bun

4NI in D2O (10–2 M) were extracted
with equal volumes of solutions containing 1a or 1b (1022 M)

in CD2Cl2 under identical conditions and temperature (16 °C).
After separation of the two phases, the amount of anion
transferred in each case was calculated from the 1H NMR
spectra of the CD2Cl2 solutions using the ratios between the
integration values for the resonances of the protons of the
macrocycles and those of the ammonium ion (which has to
follow the halogen ion into the organic phase).† The values
obtained were also confirmed by the corresponding decrease of
the amount of salt in the D2O phase which was measured by
integration of 1H NMR peak profiles with respect to a known
amount of dioxane added as an internal standard.

In order to single out the contributions of the macrocycles to
the phase transfer of the anions from other factors (halogen
lipophilicity and phase transfer due to the Bun

4N+ cation) the
partition of these salts between the two phases was also
determined in the absence of 1a or 1b. Macrocycles 1a and 1b
are insoluble in water.

The results obtained (Table 1) indicate that the contribution
of 1a to the phase transfer of fluoride, chloride, bromide and
iodide (if it exists) is marginal and its magnitude is at most
within the experimental error. On the other hand, 1b can
effectively bind and transfer both chloride and bromide ions
into a DCM phase and shows a ca. six-fold selectivity factor for
chloride with respect to bromide.

The 1H NMR spectra of 1b in the presence of chloride and
bromide (at the percentage concentration extracted) also show
significant shifts of the pyrrole N–H resonances from its
uncomplexed value of d 7.67 towards higher values (up to d
10.93 for chloride and d 8.40 for bromide) which are certainly
due to the involvement of the N–H protons in hydrogen bonding
interactions with the halogen ions. A line broadening of the C–
H resonances is also observed especially for the chloride
complex.

Encouraged by these results, and to test the potential for
inclusion as a function of the anion size, as well as to gain
information on the mode of binding, we subjected 1+1 solutions
of 1b with Bun

4NCl and with Bun
4NBr in DCM to slow

evaporation of the solvent to give, in each case, single crystals
of 1+1 complexes suitable for X-ray analysis (mp 232–234 and
189–191 °C, respectively).

Table 1 Transfer of Bun
4NF, Bun

4NCl, Bun
4NBr and Bun

4NI (% ) between
D2O and CD2Cl2 at 16 °C with and without 1a and 1b. The figures indicate
the percentage variation in the concentration of salt in each phase after
equilibration and were reproducible within a ±2% error

Macrocycle

None 1a 1b

D2O CD2Cl2 D2O CD2Cl2 D2O CD2Cl2

Bun
4NF a b a a a a

Bun
4NCl 24 b 24 +4 265 +65

Bun
4NBr 220 b 222 +22 231 +31

Bun
4NI 286 b 286 +86 286 +86

a Value within experimental error ( < 2%).  b The percentage variation was
not measured.
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The X-ray analysis of the 1+1 complex‡ formed between the
calix[6]pyrrole 1b and chloride shows (Fig. 1), that to achieve
binding, the host macrocycle undergoes a substantial conforma-
tional change from that observed for the 1+1 complex with
water.6 In the water complex the macrocycle adopts a tennis-
ball-seam (D2d) conformation whereas here with chloride the
symmetry approximates closely to D3d. The chloride anion is
positioned centrally with respect to the six pyrrole nitrogen
atoms (which are coplanar to within 0.02 Å) and displaced out
of this plane by 0.37 Å along the molecular C3 axis. Binding is
via six N–H···Cl hydrogen bonds for which the N···Cl and H···Cl
distances (Å) range between 3.265(5) and 3.305(5) [cf. a range
of 3.264(7)–3.331(7) in the tetrapyrrole structure7], and 2.39
and 2.42 respectively; the N–H···Cl angles are in the range
166–177°. The small displacement of the chloride ion out of the
plane of the six pyrrole nitrogens is accompanied by a slight
‘flowering’ of the macrocycle, the mean C···C separations
between the inwardly directed methyl groups of the ‘upper’ and
‘lower’ set of isopropylidene groups being 5.25 and 4.40 Å,
respectively.

The expectation that this ‘flowering’ in the case of the
bromide complex would be more pronounced than in the
chloride, owing to the larger anion size, was confirmed by X-ray
analysis‡ (Fig. 2). Surprisingly, despite the inclusion in both
structures of substantial amounts of disordered solvent, the
structures are isomorphous. In the bromide complex the anion is
again centrally positioned within the macrocycle which adopts
a more distorted conformation but one which still approximates
to D3d. The bromide ion is bound by six N–H···Br hydrogen
bonds with N···Br and H···Br distances ranging between

3.344(5) and 3.404(5), and 2.46 and 2.51 Å respectively; the N–
H···Br angles are in the range 160–178°. Accompanying the
increase in anion size (and lengthening of the hydrogen bonds)
is an increase in the displacement of the anion (Br2) from the
plane of the six pyrrole nitrogen atoms (0.69 Å) and ‘flowering’
of the macrocycle, the Br2 adopting a ‘perching’ geometry
analogous to that of, for example, ammonium ions with
18-crown-6. Here, the mean C···C separations (a–f in Fig. 2)
between the inwardly directed methyl groups of the ‘upper’ and
‘lower’ set of isopropylidene groups are 5.62 and 4.31 Å,
respectively. The anions, cations and solvent are, in both
structures, well separated and there are no significant inter-
molecular interactions. The differences in the two solid state
structures are consistent with the ability of 1b to discriminate by
size between the two halogen anions chloride and bromide.

Work is in progress in our laboratory to determine the values
of the association constants of 1b with the halogen ions.
Selectivity tests will include competitive binding experiments
and transport across liquid membranes.
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Fig. 1 Plan view of the X-ray structure of the 1+1 complexes formed
between calix[6]pyrrole 1b and Cl2 and Br2. The hydrogen bonding
geometries: N···X, H···X distances (Å), and N–H···X angles (°) are in the
ranges 3.265(5)–3.305(5), 2.39–2.42 and 166–177 in the chloride and
3.344(5)–3.404(5), 2.46–2.51 and 170–178 in the bromide.

Fig. 2 Elevation of the X-ray structure of the 1+1 complex between
calix[6]pyrrole 1b and Br2 showing the ‘perching’ geometry of the
hydrogen bonded Br2 ion within the ‘flowered’ macrocyclic conformation.
The distances a–c and d–f between the inwardly directed isopropylidene
methyl carbon atoms are in the ranges 5.46–5.72 and 4.26–4.38 Å
respectively (cf. 5.11–5.37 and 4.34–4.48 Å respectively, in the chloride
complex).
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Chain growth in the reaction of ethylene with
Cp*CrMe2(PMe3) activated with methylaluminoxane is
restricted by a fast Cr/Al transmetalation process.

A range of metal ligand combinations exists for catalyzing the
polymerization1 and oligomerization2 of olefins. The varying
structures control the polymerization process to different
extents and provide a means to tailor the polymer structure and
the ensuing physical properties. The ‘single site’ technology is
making a profound impact in the manufacture of this important
class of commodity materials.3

Within this context, we recently reported that boratabenzene
complexes of chromium(III), such as (C5H5B–Me)Cr-
Me2(PMe3) 1, lead to active ethylene polymerization catalysts

upon activation with methylaluminoxane (MAO).4 Since the
reactivity of boratabenzene catalysts differs from the perform-
ance of their isoelectronic cyclopentadienyl-based counter-
parts,5 it was of interest to compare 1/MAO against
Cp*CrMe2(PMe3)/MAO (2/MAO). Compound 2 has been
prepared previously and investigated because complexes of this
type exhibit extreme 1H and 2H NMR parameters,6 however
little is known on its reactivity potential. In this contribution we
show that the 2/MAO catalysts react with ethylene to produce a
distribution of low molecular weight oligomers with an odd
number of carbon atoms.

Addition of a solution of 2 to MAO in toluene (50 mmol Cr;
[Cr] = 1 3 1023 M; Al/Cr = 1000, 23 °C) results in a color
change from dark purple to red. Fast consumption of ethylene is
observed when this solution is exposed to 1 atm of the
monomer.7 An activity of 87 kg[product]/(mol Cr h)21 was
determined by measuring the amount of ethylene incorporated
into the reaction vessel over a 30 min period. No precipitate was
observed under these conditions. Using the same experimental
setup, the Cp2ZrCl2/MAO catalyst system consumed 85
kg[ethylene]/(mol Zr h)21 to give high molecular weight
polyethylene. Thus, under these conditions the affinity of
2/MAO toward ethylene is comparable to those that character-
ize group 4 metallocene catalysts.

The mixture obtained from the 2/MAO reaction was
quenched with water and worked up with aqueous base.
Analysis of the organic product by GCMS [Fig. 1(a)] reveals
that the major product (ca. 98%) is a distribution of straight
chain n-alkanes with an odd number of carbon atoms. The minor
component corresponds to the homologous progression of even
numbered alkanes.

Scheme 1 provides a plausible reaction pathway for the
formation of the main product. In analogy to metallocene-type
catalysts,8 and taking into consideration the known reactivity of
14 and the work of Theopold and coworkers,9 it is likely that the

reaction between MAO and 2 leads to catalytic species of the
type [Cp*(Me3P)Cr–Me]+ ([Cr]–Me in Scheme 1). Insertion of
ethylene leads to the propagating chain I in Scheme 1. Transfer
to aluminium gives the aluminium alkyl II and regenerates
[Cp*(Me3P)Cr–Me]+. The reaction sequence shown in Scheme
1 provides odd carbon alkanes upon hydrolysis of II.

The chemical structure of ‘[Al]–Me’ in Scheme 1 is not
precise, in part because of the complex and poorly defined
structure of MAO and because commercially available MAO
contains varying amounts of trimethylaluminium. To explore
the effect of increasing the concentration of ‘[Al]–Me’ an
additional 415 equiv. of Al2Me6 were added to the catalyst
solution and the reactivity with ethylene measured. As shown
by the GCMS chromatogram in Fig. 1(b), the additional Al2Me6

Fig. 1 GCMS analysis of C13 through to C23 products obtained from the
following reactions: (a) 2/MAO/C2H4; (b) 2/MAO/C2H4 with 415 equiv.
Al2Me6; (c) 2/MAO/C2H4, after removal of volatiles from MAO in vacuo;
(d) 2/MAO/C2H4 with 830 equiv. ‘AlEt3’. For all reactions: 50 mmol Cr;
[Cr] = 1 X 1023 M; Al/Cr = 1000; 1 atm C2H4.

Scheme 1
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shifts the distribution in favor of the shorter alkanes, however
the overall activity decreases to 34 kg[product]/(mol Cr h)21.

To examine the effect of reduced Al2Me6 concentration, the
commercially available MAO solution was placed under
vacuum for 16 h.10 The resulting MAO solids were redissolved
in toluene and the reaction with 2 and ethylene was carried out
as before. Under these conditions, the activity was measured at
133 kg[product]/(mol Cr h)21 and polyethylene precipitates out
of solution, accounting for ca. 85% of the product. The
distribution of soluble alkanes gives a greater proportion of the
heavier products [Fig. 1(c)]. Also relevant in this context is that
only polyethylene is produced when 2 is activated by
B(C6F5)3.4

The overall trends illustrated in Fig. 1(a)–(c) are consistent
with the mechanism proposed in Scheme 1. Additional Al2Me6
increases the rate of chain transfer to aluminium and gives rise
to a distribution of shorter chain alkanes. The slower rate of
ethylene consumption with the additional Al2Me6 may be due to
the formation of bridging species such as III. It is anticipated

that the coordination of AlMe3 to [Cr]–Me in III decreases the
concentration of the active species thereby decreasing overall
ethylene uptake. Removing free trimethylaluminium from
MAO has the opposite effects—longer chains are obtained and
more ethylene is consumed. Finally, we propose that the small
fraction of even alkanes observed in the product results from a
small fraction of ethyl and/or hydride found in the MAO.11

When triethylaluminium is added (830 equiv. of ‘AlEt3’) to
2/MAO (50 mmol Cr; [Cr] = 1 3 1023 M; Al/Cr = 1000,
23 °C) the product is a homologous distribution of n-alkanes
with an even number of carbon atoms [Fig. 1(d), activity = 97
kg[product]/(mol Cr h)21].

In summary, the 2/MAO combination is an active catalyst for
the oligomerization of olefins. Chain growth is limited by
efficient Cr/Al transmetalation reactions.12 After aqueous
workup the product is a distribution of linear alkanes. The
overall cycle shown in Scheme 1 reduces to the Cr-catalyzed
insertion of ethylene into the Al–C bond.13 It is also noteworthy
that the isoelectronic boratabenzene–cyclopentadienyl substitu-
tion for the chromium catalysts (1 vs. 2), has a different effect
than in zirconium catalysts. Under similar reaction conditions,
the combination Cp*2ZrCl2/MAO gives high molecular weight
polyethylene, while [C5H5B–OEt]2ZrCl2/MAO2b produces low
molecular weight 1-alkenes. In the zirconium case differences
in reactivity stem from faster rates of b-hydride elimination for
the boratabenzene complexes. For chromium, boratabenzene
complexes exhibit slower rates of transmetalation with alumin-
ium functionalities in MAO, leading to higher molecular weight
polymer.

We are grateful to the Department of Energy for financial
assistance.
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Six metalloporphyrins spontaneously assemble into octahe-
dral arrays through a metal-directed synthesis; 1H NMR
provides a convenient means for tracking the progress of the
self-assembly process and highlights that the rates in which
the octahedral complexes form are influenced by the steric
demands of the building blocks.

The power of self-assembly synthesis lies in its ability to rapidly
generate large and sophisticated molecular architectures from
readily accessible building blocks with maximum efficiency.
Extensive hands-on synthetic steps are minimized because the
pathway to the formation of the assemblies is guided by the
nature of the recognition surfaces programmed into the
components. This provides access to high yields under
thermodynamic control. Self-assembly synthesis has been
applied to the area of coordination chemistry to produce a
variety of elegant structures including helicates,1 squares,2
closed-shell capsules,3 linear ribbons, two-dimensional nets and
three-dimensional weaves.4 We are taking advantage of this
strategy to create molecular arrays with well-defined archi-

tectures based on metalloporphyrins and other transition metal
complexes.5 Porphyrins are particularly attractive supramo-
lecular building blocks as they have rich photo- and redox
properties and, to date, numerous polymolecular assemblies
held together by covalent or non-covalent interactions have
been used to model solar energy capture and transfer in
naturally occurring photosystems, as well as to create artificial
photoactive molecular devices.6

We recently reported the preparation of linear multi-
component porphyrin arrays in which a central metal atom
positions two pyridyl Lewis bases that, in turn, axially
coordinate to ruthenium-based metalloporphyrins.5,7 The ter-
pyridine scaffold, however, is restricted in its use. Only linear
arrays can be conveniently synthesized. A ligand displaying
multiple, divergent Lewis basic sites provides a means to extend
the self-assembly strategy to three-dimensional metal-tem-
plated porphyrin arrays. The tetrapyridyl ligand [4,4A-di(4B-
pyridyl)-2,2A-bipyridine, 1]8 is ideal for this purpose. We report
here the spontaneous assembly of three-dimensional ruthenium
arrays 2(TTP) and 2(OEP) via axial coordination of ruth-
enium(II) porphyrin building blocks to a modified tris(bipyr-
idine)ruthenium(II) metal template where the Lewis basic lone
pair vectors are extensions of the octahedral geometry of the
central metal–ligand complexes. We also describe a one-pot

† Electronic supplementary information (ESI) available: synthesis and
spectral data for 2, 2(TTP), 2(OEP) and 3(TTP). See http://www.rsc.org/
suppdata/cc/b0/b002562n/

Scheme 1 Reagents and conditions: i, RuCl3·xH2O, ethylene glycol, reflux, then excess NH4PF6; ii, 2, acetone, room temp; iii, FeBF4·6H2O, acetone–
methylene chloride, room temp.
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synthesis of an octahedral iron analog 3(TTP) from its simplest
molecular components.

Multigram quantities of ligand 1 can be conveniently
prepared in one step by dehydrogenating 4,4A-bipyridine
according to known methods.8 The octahedral ruthenium core
unit 2 was prepared by heating RuCl3·xH2O with three molar
equivalents of 1 and was isolated as its hexafluorophosphate salt
(Scheme 1). Arrays 2(TTP) and 2(OEP) were synthesized by
treating the core template with six equivalents of [Ru(TTP)-
(CO)(EtOH)] and [Ru(OEP)(CO)(EtOH)], respectively, in
acetone with gentle heating (Scheme 1). Arrays 2(TTP) and
2(OEP) were isolated as air-stable red solids in yields greater
than 95% and characterized by UV–VIS, IR and 1H NMR
spectroscopy, and mass spectrometry.†

All arrays exhibit significantly upfield-shifted signals in their
1H NMR spectra, corresponding to the protons on the core unit
which are completely surrounded by the shielding cones of as
many as six porphyrin building blocks. The most significant
shift corresponds to the protons directly adjacent to the axially
directed nitrogen atoms (Dd as much as 8.3 ppm upfield), as it
is these hydrogen atoms that are buried deepest within each
porphyrin’s shielding cone and experience the greatest aniso-
tropic effect.

The most notable feature of the self-assembly process arises
from the steric bulk expressed by the porphyrinic building
blocks and is highlighted by the different rates at which 2(TTP)
and 2(OEP) form in solution. 1H NMR studies of 2(TTP) reveal
that the self-assembling process is slow on the NMR time scale
and sharp peaks for the statistical mixture of fully assembled
and lower-generation arrays were clearly visible, even when six
molar equivalents of [Ru(TTP)(CO)(EtOH)] were added [Fig.
1(b)]. Only upon heating to 45 °C did the spectrum simplify to
signals that correspond to 2(TTP) alone [Fig. 1(c)].‡ On the
other hand, despite the fact that the ruthenium atom in the
octaethylporphyrin is a weaker Lewis acid,9 complex 2(OEP)
assembles at a significantly greater rate than 2(TTP), as

illustrated by the immediate appearance of major signals for the
fully assembled array [Fig. 1(d)]. We attribute these phenomena
to the relative steric bulk of the tolyl and ethyl groups. The need
to input additional energy in the case of 2(TTP) was not
unexpected as the tetratolylporphyrin traces out a circle of a
diameter that is significantly larger than that inscribed by the
octaethyl analog (18.5 vs. 12.7 Å). The result is that the
CH3 groups on the tolyl overlap with those on adjacent
porphyrin rings in 2(TTP).

The octahedral iron analog 3(TTP) is readily synthesized in
greater than 70% isolated yield in one step when a 1+2 mixture
of solid 1 and solid [Ru(TTP)(CO)(EtOH)] is dissolved in a
acetone-d6/CD2Cl2 solution of Fe(BF4)2·6H2O with gentle
heating. This particular iron synthon was chosen for these
studies because the highly labile nature of the metal’s ligands
allows for the rapid generation of the octahedral core fragment
in high purity at room temperature, avoiding the harsh
conditions required to form the ruthenate counterpart. Here, ten
molecular species must organize and form twelve dative metal–
ligand bonds in this assembly pathway. It is clear that, under
these conditions, the self-assembly process results from the
reading of both ruthenium and iron’s inherent coordination
algorithms and from the binding information stored in ligand
1.

The absorption spectra in the UV–VIS region of 2(TTP) and
2(OEP) are essentially the sums of the spectra of the arrays’
constituents. Initial steady-state emission spectra of these
complexes, however, argue that there is a significant difference
between the excited states of each array and their building
blocks. Detailed results of the photophysical studies will be
described elsewhere.

This work was supported by a grant from the Natural
Sciences and Engineering Research Council of Canada and the
University of Alberta.
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Fig. 1. 1H NMR (300 MHz, acetone-d6) spectra of (a) 2, (b) 2 + 6 equiv.
[Ru(TTP)(CO)(EtOH)] before and (c) after heating at 45 °C for 2 h, and (d)
2 + 6 equiv. [Ru(OEP)(CO)(EtOH)] at room temperature. Peak assignments
correspond to the atom labels in Scheme 1.
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Two a-amino acids, 3-phosphono-2-aminopropionic and
4-phosphono-2-aminobutyric, are used to link zinc atoms in
three-dimensional structures where the three phosphonic
and one of the carboxylic oxygen atoms coordinate to the
metal, while the protonated amino groups and the second
carboxylic oxygen atom are not coordinated and remain
terminal in the voids of the framework.

Multifunctional ligands have attracted much interest in recent
years mainly due to the possibility to build infinite frameworks
by coordination to metal centers.1 Such hybrid inorganic–
organic compounds have the potential for use in shape
recognition,2 and more importantly, in stereoselectivity when
chiral linkers are used.3 Linkers with two or more different
functional groups are even more interesting since they can
provide different modes of coordination, different stability, and
different structural dimensionality and motifs. Extended struc-
tures of such organic moieties with two different end groups that
are both coordinated to the metal centers are actually quite rare.
Known and structurally characterized are one such amino-
phosphonate with a zeolite-like structure,4 three carboxylate-
phosphonates with layered structures,5 and three of the latter
type but with three-dimensional framework structures.6 We
have now taken one step further in the complexity, and have
studied organic linkers with three different functional groups,
i.e. species with an amino, carboxylic and phosphonic groups.
Reported here are the structures and the IR and TGA
characteristics of two framework compounds of zinc and
phosphonated a-amino acids, Zn(O3PCH2CH(NH3)COO) (1)
and Zn(O3PCH2CH2CH(NH3)COO) (2), where the zinc atoms
are coordinated by oxygen from the phosphonic and the
carboxylic groups. Our ultimate goal is to achieve layered
compounds with non-coordinated carboxylic and amino groups
that are potential candidates for stereoselective intercalation due
to the chiral a-carbon. In the pursuit of this same goal, layered
inorganic compounds such as zirconium phosphate have been
intercalated with amino acids where the latter interact electro-
statically or van der Waals-like with the host.7

Compounds 1 and 2 were synthesized hydrothermally in
autoclaves at 130 °C (2 d) from Zn(NO3)2·6H2O, and DL-
2-amino-3-phosphonopropionic or DL-2-amino-4-phosphono-
butyric acids (from Sigma), respectively, in molar ratio 1+4 and
resulting pH of about 1.5. The latter is perhaps very near the
isoelectric point of these very acidic amino acids, and as a result
they exist as zwitterions in the product. The resulting solids
were filtered, washed with water, ethanol and acetone, and were
dried at room temperature. Compound 1 crystallizes as large
polyhedral crystals, while the crystals of 2 are extremely small
and very thin rectangular plates. Correspondingly, the structure
of 1 was determined from X-ray diffraction data collected on a
regular four-circle diffractometer, while a CCD area detector
was used for the structure of 2.†

The structure of compound 1 is a hybrid of alternating
inorganic and organic layers (Fig. 1). The inorganic layers,
made of oxygen-connected tetrahedra centered by phosphorus
and zinc, are linked by the amino acid molecules. The
connectivity is achieved via the carbon–phosphorus bond of the

phosphonated amino acid and with the coordination of one of
the carboxylic oxygens to Zn (Fig. 1 and in the TOC). The other
oxygen of the latter is noncoordinated as is the protonated
amino group of the amino acid. Thus, unlike other examples of
bi-coordinated organic moieties such as diphosphonates or
carboxylates-phosphonates and poly-carboxylates, the organic
species here are highly functionalized with hydrophilic groups,
i.e. with the > CNO and NH3

+ functionalities. These functional
groups point toward the one-dimensional inter-linker apertures
(4.36 Å O–O diameter) that exist along the b direction (Fig. 1),
and are hydrogen bonded between themselves.

The structure of compound 2 presents very similar features.
Its carboxylic groups are also coordinated via only one oxygen
atom, and therefore, the second one is terminal, and the amino
groups are again protonated to –NH3

+ (Fig. 2 and in the TOC).
Crystallographically, there are two different phosphono-amino
acids as well as zinc atoms in this structure but they are all
nearly identical in coordination, bond distances and angles.
Similar to 1, the structure of 2 (Fig. 2) contains phosphonate–
zinc inorganic layers that are grafted by the amino acid moieties.
Nevertheless, there is an additional feature in this structure,
inorganic chains of PO3/ZnO4 running along the a axis (the
viewing direction of Fig. 2). The chains are positioned between
the inorganic layers and are linked to the two neighboring layers
by the amino acids. This leads to increased separation between
the layers, 17.5 Å (half the b axis), since they are formally
connected by amino acid–PO3–ZnO4–amino acid composite
linker. These linkers are not perpendicular to the layers but are
rather tilted, most likely due to the rigidity of the carbon angles,
and give the impression that the layers are offset or shifted along
the c direction with respect to each other. Long narrow gaps of
about 19.3 Å (measured in O–O distance) are formed between

Fig. 1 A general view of the structure of compound 1, Zn(O3PCH2CH-
(NH3)COO), along the b axis. The carbon and nitrogen atoms are shown as
small and large black circles, respectively, while the non-coordinated
oxygen of the carboxylic group is shown as an open circle. The darker and
lighter shaded tetrahedra are centered by Zn and P, respectively.
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the composite linkers. All pendant amino groups and carboxyl
oxygen atoms point into these gaps and are extensively
hydrogen bonded through that space (3 bonds per amino group
and one bond per carboxylic oxygen). Both structures are
centrosymmetric and contain racemic mixtures of the corre-
sponding amino acids.

The compounds are thermally stable up to about 350 °C in a
flow of air, according to TGA measurements. At this tem-
perature, in a single sharp step, they lose the organic fraction in
the form of CO2, NH3 and H2O, and end up as ZnHPO4. The IR
spectra of the compounds (in KBr pressed pellets) show the
antisymmetric and symmetric vibrations of the carboxylic
groups. For compound 1 they are observed at 1627 and 1414
cm21, respectively, while doublets at 1636 and 1621 cm21 for
the antisymmetric and at 1446 and 1429 cm21 for the symmetric
vibrations are observed for compound 2. The splitting is due to
the two crystallographically different amino acids, i.e. the two
slightly differently bonded carboxylic groups in the compound.
The vibrations of the phosphonic groups are observed in the
region 900–1200 cm21, as expected.

The existence of these framework compounds proves that it is
possible sometimes to teach ‘an old dog’, the amino acids, ‘new
tricks’. The next step is to find a way to anchor only the
phosphonic groups in a layer-type compound, and use the two
functionalities COOH and NH3, and the chiral a-carbon for a
variety of intercalation and chiral molecular recognition
reactions.

Such supported amino acids can be used for a number of
organic reactions in the interlayer spacing, including formation
of peptide bonds and longer chains of different residues. The
two compounds presented here are not layered or microporous,
and guest molecules can not access the inside of the structures,
but they clearly have the right structural motifs and are on the
right track towards more open frameworks.

We thank Chris Cahill for help with the data collection, and
the National Science Foundation (DMR-9701550) for the
financial support and for the Summer Program in Solid State
Chemistry.
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In recent years, methods for the asymmetric epoxidation of
electron-deficient olefins, particularly a,b-enones, have at-
tracted widespread attention. A critical review is presented of
these methods, which include epoxidations with chiral metal
hydroperoxides, asymmetric phase-transfer methods, the use of
polyamino acid catalysts and the use of chiral dioxiranes.

1. Introduction
Epoxidation holds a venerable place in the history of catalytic
asymmetric synthesis. The development by Sharpless in the
early 1980s of a system which can efficiently and predictably
produce either enantiomer of an epoxide from an allylic alcohol
using substoichiometric quantities of titanium and tartrate,
paved the way for much of today’s catalytic asymmetric
synthesis.1 Following this discovery, much progress has been
made towards the asymmetric epoxidation of other classes of
olefins; in particular the manganese–salen reagents of Jacobsen
and Katsuki perform admirably in the asymmetric epoxidation
of unfunctionalised, and particularly conjugated (Z)-disub-
stituted olefins.2 More recently, the work of several groups has
indicated that dioxiranes generated in situ from Oxone® and
chiral ketones show great promise as asymmetric epoxidation
reagents for a range of alkenes.3

On the other hand, no system for the asymmetric epoxidation
of electron-deficient olefins has gained widespread popularity
amongst synthetic organic chemists. Indeed, only recently have
systems been described which allow the epoxidation of a wide

range of enones with high enantioselectivity. This review
introduces and compares the most significant and general of
these epoxidation methods.

Most of the methods for the enantioselective epoxidation of
electron-deficient alkenes are essentially asymmetric variants
of the Weitz–Scheffer epoxidation4 using alkaline H2O2; they
are thus selective for electron-deficient alkenes in the presence
of other olefins. A number of more general epoxidation methods
have been applied to electron-poor olefins, and these are
presented towards the end of this review.

As this survey is designed to cover those methods which may
be generally applicable and synthetically useful for a range of
olefins, we have chosen to exclude methods which rely on a
different structural feature (such as an allylic alcohol) for the
asymmetric epoxidation of an electron-deficient alkene.5 In
addition, isolated reports of epoxidations not developed with
synthetic utility in mind, such as the isolation of a cell-free
extract with quinone mono-oxygenase activity,6 have been
omitted.

2. Chiral ligand–metal peroxide systems
Several methods for the asymmetric epoxidation of electron-
deficient alkenes rely on the use of a chiral ligand coordinated
to the metal atom of a metal peroxide, which then executes a
Weitz–Scheffer reaction. A number of metals, including zinc,
lithium, magnesium and various lanthanides, have been used for
this purpose and these methods are discussed in further detail
below. In addition, Strukul and coworkers have described an
asymmetric epoxidation process mediated by a platinum–
diphosphine–peroxide complex, but the yields and enantiose-
lectivities obtained in this reaction are moderate at best.7

a. Zinc-mediated asymmetric epoxidation

In 1996, Enders et al. disclosed that (E)-a,b-unsaturated
ketones can be epoxidised in asymmetric fashion using
stoichiometric quantities of diethylzinc and a chiral alcohol,
under an oxygen atmosphere, to give trans-epoxides (Scheme
1).8 Following screening of 35 optically active alcohols,
(1R,2R)-N-methylpseudoephedrine (1) was selected as the
alcohol which gave the best enantioselectivities. Furthermore, it
was found that 1 could be recovered in almost quantitative yield
from the reaction mixture.

More recently, Pu and coworkers have reported the use of a
chiral polybinaphthyl 2 in similar reactions;9 slightly in excess
of 1 equivalent (based on the monomer binaphthyl unit) of 2 was
necessary for the reaction to proceed.

As can be seen from Table 1, Enders’ system gives excellent
yields for several classes of enone for which the Pu conditions
lead to much lower yields.10 Furthermore, while the two
methods are comparable in giving a moderate ee for the
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epoxidation of chalcone, Enders’ system also shows high
asymmetric induction for alkyl-substituted enones.

Enders’ reagent has also been used for the asymmetric
epoxidation of a series of b-alkylidene-a-tetralones (Scheme 2,

Table 2).8b It appears that the enantioselectivity of the process
generally increases as the substituent, R, increases in size. The
reaction, however, fails for other a-substituted enones; it was
surmised that this may be due to the requirement for an s-cis
conformation of the enone moiety.

In addition to enones, the diethylzinc/oxygen/1 system has
been used for epoxidation of some (E)-nitroalkenes (Scheme 3,
Table 3).11 The absolute stereochemistry of the nitroepoxides
was assumed by analogy with the enone substrates.

Both Enders and Pu have proposed similar reaction path-
ways, based on the Weitz–Scheffer mechanism, for their

asymmetric epoxidations (Scheme 4). It is suggested that
diethylzinc reacts with the chiral ligand (1 or 2) to give a zinc

alkoxide 3, with the loss of ethane. Reaction of 3 with molecular
oxygen then gives rise to a chiral metal peroxide 4. Stereo-
selective conjugate addition of this peroxide to an enone 5
affords intermediate zinc enolate 6, which then collapses to the
chiral epoxide 7 and a zinc dialkoxide.

Improving upon the stoichiometric process described above,
Pu and coworkers have developed a variant which is catalytic in
zinc and ligand, using the modified polybinaphthyl 8.9 In this
epoxidation process, oxygen is replaced as the stoichiometric
oxidant by tert-butyl hydroperoxide (TBHP) (Scheme 5, Table
4). Under these adapted conditions, both chalcone derivatives
and alkyl-substituted enones are epoxidised with high yields
and acceptable levels of enantiocontrol.

For this catalytic process, a slight modification of the
mechanism in Scheme 4 has been proposed (Scheme 6). In this
case, the initially formed chiral zinc alkoxide 3 reacts with
TBHP to give zinc peroxide species 9, with the loss of a second
ethane molecule. Following formation of the epoxide, ligand
exchange of tert-butyl alcohol for a TBHP molecule regenerates
the chiral zinc peroxide 9.

b. Lanthanide-BINOL systems

Shibasaki et al. have developed a series of complexes of general
form LnM3(BINOL)3, AlM(BINOL)2 and GaM(BINOL)2 (Ln

Scheme 1

Table 1 Comparison of the Enders8 and Pu9 ligands

R1 R2 Methoda Yield (%) Ee (%)

Ph Ph A 94 61
B 41 71b

Pri Ph A 97 92
B 18 25b

Me Ph A 96 85
Ph(CH2)2 But A 99 90
a A = 1 (2.4 equiv.), Et2Zn (1.1 equiv.), O2; B = 2 (1.1 equiv.), Et2Zn (1.05
equiv.), O2. b The predominant isomer was the enantiomer of that
illustrated.

Scheme 2

Table 2 Epoxidation of alkylidenetetralones using Enders’ ligand8b

R Yield (%) Ee (%)

H 40 3
Me 85 80
Et 65 90
Pri 98 > 99
Ph 62 64

Scheme 3

Table 3 Epoxidation of nitroalkenes using Enders’ ligand11

R Yield (%) Ee (%)

Ph(CH2)2 64 37
Pri 53 42
But 57 82

Scheme 4

Scheme 5

Table 4 Catalytic asymmetric epoxidation using Pu’s ligand9

R1 R2 Yield (%) Ee (%)

Ph Ph 95 74
p-ClC6H4 Ph 81 79
Pri Ph 94 81
But Ph 67 64
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= lanthanide, M = alkali metal) which have been shown to
catalyse a range of transformations, such as Diels–Alder
cyclisation, aldol condensation and Michael addition, in an
asymmetric fashion.12 It is believed that these bimetallic
catalysts are effective owing to the presence of a Brønsted basic
and a Lewis acidic site which serve to orientate the substrate and
reagent in a chiral environment such that reaction may occur;
Shibasaki compares this to the behaviour of some enzymes.

It was found that LaNa3[(R)-BINOL]3 catalyses the epoxida-
tion of chalcone by tert-butyl hydroperoxide (TBHP) to afford
(2S,3R)-epoxychalcone in 92% yield and 83% ee. Unfortu-
nately, this epoxidation method did not prove to be generally
applicable to other enones.13a

In the case of some Michael additions, Shibasaki and
coworkers had previously found that alkali metal-free com-
plexes were effective catalysts. Following this precedent, it was
found that reaction of an equimolar mixture of (R)-BINOL 10
and La(OPri)3 in the presence of 4 Å molecular sieves generates
a complex capable of catalysing the asymmetric epoxidation of
a range of (E)-enones. In this case, cumene hydroperoxide
(CMHP) proved to be the most effective oxidant (e.g. chalcone
was epoxidised in 93% yield and 83% ee). Alternative ligands
were investigated and a substantial improvement in enantiose-
lectivity was observed with 3-hydroxymethyl-BINOL 11

(Ln(OPri)3 : 11 = 1:1.25). It was found that the optimum
lanthanide was dependent on the nature of the enone; aryl
ketones were more effectively epoxidised using a La–
11–CMHP system whilst alkyl ketones responded better to Yb–
11–TBHP (Scheme 7, Table 5, methods A and B).13a Recently,
Shibasaki and coworkers used this method for a diastereo-
selective epoxidation as part of a synthesis of some prosta-
glandins.13b

Shibasaki has made some interesting observations concern-
ing the mode of action of these catalysts. He suggests (citing 13C
NMR evidence) that they adopt an oligomeric structure,
allowing one Ln–BINOL moiety to act as a Brønsted base to
deprotonate the hydroperoxide whilst a second Ln–BINOL unit

acts a Lewis acid, activating and controlling the orientation of
the enone. A chiral amplification effect, whereby the ee of the
product epoxide can exceed that of the ligand, was provided as
evidence for this dual role.13a

More recently, Shibasaki and coworkers14 have reported a
method for improving the activity of the Yb–BINOL 10–TBHP
system allowing enantioselectivities to be attained which are
comparable with the more expensive Yb–11 catalyst. Addition
of water (4.5 equivalents relative to Yb(OPri)3) to a catalyst
generated from Yb(OPri)3 : BINOL 10 (2+3) was found to give
optimal results (Scheme 7, Table 5, method C). Surprisingly, it
was found still to be necessary to add molecular sieves to this
system in order to obtain effective catalysis. The catalysts
generated from ligand 11 are not improved by the addition of
water in an analogous manner and it should be noted that, as the
above modification is of the ytterbium-based catalyst, ees are
lower in the case of aryl ketones. Shibasaki has advanced an
explanation for the effect of water, suggesting that it coordinates
to ytterbium and controls the orientation of the hydroperoxides
to form an appropriate asymmetric environment for the
epoxidation.

Inanaga and coworkers have investigated the effect of a range
of additives on Shibasaki’s La–BINOL 10 catalyst. Comparison
of lutidine-N-oxide, 1,3-dimethyl-2-imidazolidinone, tri-n-bu-
tylphosphine oxide, triphenylphosphine oxide, tri-o-tolylphos-
phine oxide, tri-p-tolylphosphine oxide and HMPA revealed
that triphenylphosphine oxide is the most effective additive.15

For the epoxidation of chalcone the addition of triphenylphos-
phine oxide (15 mol%) produced an improvement in ee from 73
to 96%. Similarly high ees were found for three alkyl ketones;
unlike Shibasaki’s lanthanum complexes, this catalytic system
is applicable to alkyl and aryl enones (Scheme 7, Table 5,
method D). It was suggested that the activation is due to the
disruption of the oligomeric structure of the catalyst by
coordination of the phosphorus-based ligand.

Shibasaki has shown that the unmodified Yb–11 catalyst is
also effective for the epoxidation of (Z)-enones to the
corresponding cis-epoxides (Scheme 8, Table 6).16 The trans-

formation proceeds with good yields and high stereoselectivity
for aliphatic enones. In the case of aromatic enones, the reaction
is less effective owing to formation of substantial (up to 32%)
amounts of the unwanted trans-epoxide. Interestingly the use of
a given enantiomer of the BINOL derived ligand 11 generates

Scheme 6

Scheme 7

Table 5 Comparison of lanthanide–BINOL based epoxidation sys-
tems13a,14,15

R1 R2 Methoda Yield (%) Ee (%)

Ph Ph A
C
D

93
99
99

91
81
96

Pri Ph A
D

95
89

94
93

Ph Me B
C
D

83
92
92

94
94
93

n-C5H11 Me B 71 91
Ph Pri B

C
D

55
82
67

88
93
96

a A = (La(OPri)3–11) (5 mol%), CMHP (1.5 equiv.), 4 Å sieves;13a B =
(Yb(OPri)3–11) (5–8 mol%), TBHP (1.5 equiv.), 4 Å sieves;13a C =
(Yb(OPri)3–10) (5 mol%), TBHP (1.5 equiv.), 4 Å sieves, water (22.5
mol%);14 D = (La(OPri)3–10) (5 mol%), TBHP (1.5 equiv.), 4 Å sieves,
triphenylphosphine oxide (15 mol%).15

Scheme 8
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the opposite sense of stereochemistry at the b-carbon compared
to the epoxidation of (E)-enones; thus the (R)-11 catalyst
converts (Z)-enones to the (2S,3S)-epoxides. The Yb–11
catalyst also proved effective in the epoxidation of a trisub-
stituted enone, Me2C = CHCOPh being converted to the
corresponding epoxide in 78% yield and 87% ee.16

c. Diethyl tartrate-metal peroxides

Jackson and coworkers have reported the epoxidation of enones
using metal peroxides modified by chiral ligands.17 Initial work
investigated the effect of stoichiometric quantities of a range of
chiral ligands on the addition of lithium tert-butyl peroxide
(generated in situ from tert-butyl hydroperoxide (TBHP) and n-
butyllithium) to chalcone. Diethyl tartrate (DET) was found to
be the most effective ligand and an equivalent of lithium tert-
butoxide was required for the reaction to proceed. The use of 1.1
equivalents of (+)-DET in a non-coordinating solvent, typically
toluene, afforded the (2R,3S)-epoxide in 71–75% yield and 62%
ee.

Attempts to use substoichiometric quantities of the ligand in
this reaction were ineffective; however, replacement of n-
butyllithium by dibutylmagnesium gave a system in which the
use of only 11 mol% of DET and 10 mol% of the base was
necessary for high levels of asymmetric induction on a range of
chalcone-type enones (Scheme 9, Table 7). Interestingly the
catalytic magnesium system generates epoxides antipodal with
those obtained using the stoichiometric lithium system.

3. Phase-transfer catalysis
Phase-transfer catalysis, developed initially in the mid-1960s,
typically uses an organic salt (such as a quaternary ammonium
salt) to transport inorganic ions into an organic phase. By using
chiral ammonium salts, it is possible to induce asymmetry in
reactions such as enolate alkylations, Michael additions and
Darzens reactions.18

The most common phase-transfer reagents used for the
asymmetric epoxidation of enones are alkylated Cinchona
alkaloids. A handful of papers using other chiral phase-transfer
salts has appeared,19 but ees for these epoxidations are low
(@37%).

The possibility of using a chiral phase-transfer salt in a
biphasic Weitz–Scheffer epoxidation was first investigated by
Wynberg and coworkers in the mid-1970s. A series of papers
was published in which phase-transfer catalysts 12 and 13 were

produced by N-benzylation of quinine and quinidine re-
spectively.20

These compounds proved capable of catalysing the asym-
metric epoxidation of a wide range of enones using aq. H2O2,
tert-butyl hydroperoxide (TBHP) or sodium hypochlorite as
oxidant; the ees obtained were in the range 0–54%. In an
isolated example, an ee of 78% was obtained by Harigaya et al.,
using 12 as the catalyst in the epoxidation of a 2-aryl
naphthoquinone.21

Kawaguchi and coworkers have reported phase-transfer
epoxidation using a related set of catalysts: a C2-symmetrical
pair, 14 and 15, derived by reaction of the alkaloids cinchoni-
dine and cinchonine respectively with a,a’-dibromo-o-xylene;
and N-(9-fluorenyl)quininium bromide (16). These salts cata-
lyse the epoxidation of cyclohexenone with ees up to 63%.22

More recently, 12 and similar phase-transfer catalysts based
on Cinchona alkaloids have been utilised by Taylor and
coworkers for the asymmetric synthesis of the manumycin class
of natural products. Best results were obtained using N-
benzylcinchonidinium chloride (17), which mediated the epox-
idation of enone 18 in 32% yield and 89% ee (Scheme 10).23

Two recent reports have shown significant improvements in
phase-transfer catalysed asymmetric epoxidation. In 1998,
Lygo and Wainwright described the use of catalysts 20 and 21,
derived from cinchonidine and cinchonine respectively; these
differ from catalysts of the Wynberg type (12 and 13) as they
incorporate a 9-anthracenylmethyl group in place of the benzyl
group on the quinuclidine nitrogen, and bear a benzyl group on
the secondary alcohol. In the presence of sodium hypochlorite
as stoichiometric oxidant, these catalysts mediate the epoxida-
tion of a wide range of substituted chalcones and alkyl-
substituted enones with complete diastereoselectivity and with
ees in the range 69–90% (Scheme 11, Table 8, method A); 12
and 13 provide products with opposite senses, but similar
magnitudes, of stereoinduction.24

Table 6 Epoxidation of (Z)-olefins to afford cis-epoxides16

R1 R2 Yield (%) Ee (%)

n-C5H11 Me 74 94
Prn (CH2)2Ph 78 93
n-C5H11 Prn 80 96
Me Ph 60 82
Prn Ph 51 88

Scheme 9

Table 7 Asymmetric epoxidation using Jackson’s system17

R1 R2 Yield (%) Ee (%)

Ph Ph 61 94
p-ClC6H4 Ph 54 81
p-MeC6H4 Ph 36 84
Ph 2-Naphthyl 46 92
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More recently, Corey and Zhang have shown that the use of
catalyst 20 with potassium hypochlorite as the stoichiometric
oxidant and a reaction temperature of 240 °C, gives epoxida-
tion of a range of enones with ees of 90–99% (Scheme 11, Table
8, method B).25 Epoxidation of b-alkylidene-a-tetralones,

however, gives ees of only 61 and 76%; Corey interprets this as
an indication that a non-planar enone geometry is favoured in
the epoxidation reaction (vide infra).

Further Cinchona catalysts have been developed by Arai
et al., who surveyed the alkylation of cinchonine with a range of
substituted benzyl bromides.26 Notably, N-(4-iodobenzyl)cin-
choninium bromide (22) allows highly stereoselective oxidation
of chalcone derivatives, although the ees are lower for alkyl-
substituted enones (Scheme 11, Table 8, method C). Intrigu-
ingly, the epoxides obtained using this cinchonine-derived
catalyst are generated with the opposite sense of stereoinduction
to those from Lygo’s cinchonine-derived catalyst 21. The same
authors also described a quinidine-based phase-transfer catalyst
which was used to epoxidise substituted naphthoquinones and
acyclic enones with ees ranging from 17 to 76%.27

Corey and Zhang25 have posited a three-dimensional arrange-
ment of ammonium cation 20, benzal-4-fluoroacetophenone
and hypochlorite ion to account for the observed ster-
eoselectivity (Fig. 1). In this model, the fluorophenyl ring of the
substrate is twisted out of conjugation with the carbonyl group
and is wedged between the ethyl and quinoline substituents of
the catalyst. The hypochlorite ion is contact ion-paired with the
charged nitrogen and the carbonyl oxygen is placed as close to
the N+ as is permitted by van der Waals forces. This
arrangement places the nucleophilic oxygen of the hypochlorite
ion in proximity to the b-carbon of the enone, and positioned
such that only one face of the enone is accessible.

4. Polyamino acid catalysed epoxidation28

In 1980 Juliá et al. reported the poly-L-alanine catalysed
asymmetric epoxidation of chalcone (Scheme 12).29 The Juliá
reaction conditions were triphasic, consisting of the insoluble
polyamino acid catalyst, an aqueous solution of NaOH and
H2O2 and a solution of chalcone in an organic solvent. The
polyamino acid catalyst could readily be prepared from the
corresponding amino acid via conversion to the N-carboxy-
anhydride (NCA) and then treatment with an initiator such as
water, a simple primary amine or a polystyrene-bonded
amine.30 It was found that enantioselectivity of the epoxidation
increased as the average chain length increased from 10 to 30
residues. Over a series of papers the group of Juliá and Colonna
investigated this method for the epoxidation of chalcone and
simple analogues.29,31 Their contribution to this field has
recently been reviewed elsewhere.28c An important feature of
the Juliá–Colonna epoxidation is that the insoluble catalyst may
be readily separated from the reaction products, washed and
reused. It was reported, however, that on reuse the catalyst
frequently gave reduced enantioselectivity, a phenomenon
ascribed to degradation of the catalyst under the strongly basic
reaction conditions.31c A limitation of the Juliá-Colonna
methodology is the length of reaction; even relatively reactive
substrates such as chalcone and simple derivatives require 24
hours for complete conversion.31a Less reactive substrates

Scheme 10

Scheme 11

Table 8 Comparison of the Lygo,24 Corey25 and Arai26 epoxidations

R1 R2 Methoda Yield (%) Ee (%)

Ph Ph A 90 86
B 96 93
C 97 84

Ph p-BrC6H4 A 99 88
B 92 93

p-MeOC6H4 Ph A 87 82
B 70 95

Cy Ph B 85 94
m-MeC6H4 Ph C 100 92
n-C6H13 p-BrC6H4 A 89 84
n-C5H11 p-FC6H4 B 90 91
Ph But A 40 85
But Ph C 90 55
a A = 20 (0.1 equiv.), NaOCl (2 equiv.), 25 °C; B = 20 (0.1 equiv.), KOCl
(5 equiv.), 240 °C; C = 22 (0.05 equiv.), aq. H2O2 (10 equiv.), LiOH (3
equiv.), 4 °C.

Fig.  1
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either generate products in low yield and ee or fail to form any
epoxide. In particular enolisable substrates such as 23 (60%
yield, 62% ee)32 and 24 (decomposition)33 are poor substrates
for the triphasic reaction conditions.

Nonetheless, a reasonable range of epoxides has been
prepared using the triphasic reaction conditions by Juliá and
Colonna and by others (Scheme 12, Table 9).

The limitations of poor catalyst recycling and low reactivity
have been overcome in modifications reported by Roberts and
coworkers. Two biphasic procedures have been developed
which reduce reaction times for chalcone to under 30 minutes.
The first of these is essentially anhydrous in nature.33,40

Peroxide is delivered in the form of an anhydrous complex,
typically urea–H2O2. Such complexes are cheap, stable and
easy to handle and are safer than concentrated solutions of H2O2

in organic or aqueous solvents.41 The inorganic base employed
by Juliá and Colonna is replaced with a strong amidine base,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and the reaction is
performed in an organic solvent such as THF. Under these
conditions enolisable substrates, such as simple alkyl ketones,
can be readily epoxidised.33 These biphasic conditions con-
stitute the most widely tested and reliable of the new class of
polyamino acid catalysed epoxidation systems (Scheme 14,
Table 12, method A). Examples reported by Roberts and
coworkers typically use polyleucine, however it has recently
been disclosed that poly-L-neopentylglycine can offer advan-
tages of increased reaction rate and enantioselectivity.42

In order to maximise both rate and stereoselectivity for the
biphasic reaction it is necessary to activate the catalyst under
conditions analogous to the triphasic procedure. This activation
procedure consists of stirring the polyamino acid in a mixture of
4 M aq. NaOH and toluene for 1–5 days (the exact activation

time appears to depend on the batch of catalyst), before filtering,
washing and drying the catalyst.43

It has been demonstrated that the poly-L-leucine catalyst can
readily be recycled under these conditions; for example it has
been shown that for the epoxidation of chalcone, catalyst used
for five previous reactions still afforded epoxide in 96% ee,
albeit with increased reaction time. For less reactive substrates
the activity of the catalyst was found to drop more rapidly with
recycling, however it was found that the original activity could
be recovered by submitting the recycled material to the
activation procedure.44

A disadvantage of the aforementioned biphasic conditions is
that they are rather more expensive than the triphasic conditions
owing to the use of a more costly oxidant and of 1.5 equivalents
of DBU (attempts to use substoichiometric quantities have
proved unsuccessful); thus these conditions are not ideal for
large-scale work. An alternative procedure employs inex-
pensive sodium percarbonate (NaPc) as both oxidant and
base.43 Screening of a range of solvent systems for this oxidant
revealed that organic–water mixtures are most effective, in
particular DME–water gives rates and enantioselectivities
comparable with the urea–H2O2/THF/DBU system (Scheme
14, Table 12, method B). The non-catalysed background
reaction under these conditions was found to be considerably
slower than under the urea–H2O2/THF/DBU conditions; thus
increased substrate to catalyst ratios may be employed with
minimal reduction in ee (Table 10).

The sodium percarbonate–DME–water conditions have
proved particularly useful for the diastereoselective epoxidation
of enones with an oxy-substituted g-chiral centre. Use of
sodium percarbonate–DME–water at 23 to 0 °C gives reason-
able selectivity for the epoxidation of such substrates in both the
matched and mismatched sense (Scheme 13, Table 11).45

One further improvement reported by Roberts and coworkers
is the introduction of a silica-supported polyamino acid
catalyst.46 It has been shown in the field of biotransformations
that the immobilisation of enzymes on silica affords material

Scheme 12

Table 9 Substrates epoxidised under Juliá–Colonna conditions

R1 R2 Catalysta Yield (%) Ee (%) Ref.

Ph Ph PLA 85 93 29
Ph o-MeOC6H4 PLA 54 50 31a
Ph 2-Naphthyl PLL 90 93 34
Ph 2-Furyl PLL 85 87 34
Ph 2-Pyridyl PLL 74 79 34
o-[Ph(CH2)8]C6H4 2-Naphthyl PLL 82 95 35
p-MeSC6H4 2-Naphthyl PLL 65 96 36
Ph 2-Thienyl PLA 96 80 31a
2-Furyl 2-Naphthyl PLL 75 > 96 34
2-Pyridyl Ph PLL 84 72 34
4-Pyridyl 2-Naphthyl PLL 67 > 96 34
p-MeOC6H4 o-MOMO-

C6H4

PLA 64 66 37

Ph But PLL 92 > 98 34
Ph Cyclopropyl PLL 85 77 38
But Ph PLL 85 90 34
b-Styryl 2-Naphthyl PLL 78 > 96 34
b-Styryl But PLL 90 > 97 34
PhCO Ph PLL 76 76 38
ButCO But PLL > 95 > 95 38
ButO2C Ph PLL 66 !95 38
Bun

3Sn Ph PLL 90 > 99 39
a PLL = poly-L-leucine, PLA = poly-L-alanine; see references for
examples using poly-D-amino acids.

Table 10 Epoxidation of chalcone using poly-L-leucine43

10 mol% catalysta 2 mol% catalysta

Conditions Yield (%) Ee (%) Yield (%) Ee (%)

Urea–H2O2/DBU/THF 85 > 95 92 89
NaPc/DME/H2O — 96 87 94
a Based on a single polymer chain as the catalytic unit.

Scheme 13

Table 11 Diastereoselective epoxidation of 2545

Catalyst syn 26+anti 27 Yield (%) Matching

None 1+3.0 94 None
Poly-D-leucine 1+34 97 Matched
Poly-L-leucine 3.8+1 98 Mismatched
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more active than the native enzyme when used in organic
solvents. In addition, it has been found that this material is more
readily recycled. Polyleucine was stirred as a suspension in THF
with a range of solid supports and the properties of the resultant
adsorbed materials were investigated. It was found that silica
provided the best combination of improved activity and ease of
filtration/recycling. Generally the silica-adsorbed material is
active enough to allow as little as 2.5 mol% catalyst (based on
1 equivalent being a single polyamino acid chain) to be used
without any reduction in enantioselectivity (Scheme 14, Table
12, method C).46

The polyleucine catalysed epoxidation shows some inter-
esting selectivity. For example, the diene 28 is selectively
epoxidised on the disubstituted double bond to afford the mono-
epoxide 29 in reasonable yield and good ee (Scheme 15).48

Generally a-substituted enones, such as a-methylchalcone
are unreactive under polyleucine catalysed conditions. One
exception to this is the case of cyclic enones derived from
tetralone, indanone or benzosuberone (Scheme 16).49 A similar
explanation to that proposed by Enders et al., in which an s-cis
conformation is required for epoxidation to occur, may account
for this difference in reactivity.8b

Of all the epoxidation methods discussed in the current article
the polyamino acid catalysed reaction is probably the one which
is the least well understood from a mechanistic standpoint. A
number of fundamental questions remain to be answered. The
primary issues are the nature of the interaction between
polyamino acid, substrate and/or oxidant and the relationship
between the structure and the activity of the catalyst. Of these,
the latter question is the more readily addressed. Studies by
Juliá, Colonna and coworkers31c and by Roberts and cowork-
ers42 have found that polyleucine, polyalanine, polyisoleucine
and poly(neopentylglycine) are effective catalysts. Of these the
first two are known to favour an a-helical structure whilst

polyisoleucine is reported to form a b-sheet. This seems to
suggest that the secondary structure of the polyamino acid is not
directly related to the catalysis. Less effective polyamino acids
include polyvaline,31c polyphenylalanine31c and polypro-
line.31d

Polyamino acids containing mixtures of L- and D-leucine
have been prepared with a view to examining the importance of
different regions of the polyamino acid chain. Investigation of
material prepared by sequential polymerisation of D- and L-
leucine N-carboxyanhydrides (NCAs) suggested that the amino
terminal region plays a dominant role in determining which
enantiomer of the product is generated.50 In order to investigate
this phenomenon further, Roberts and coworkers first demon-
strated that a 20-mer of polyleucine prepared using a peptide
synthesiser exhibits catalytic behaviour like that of the material
prepared by NCA polymerisation. Such material is bound at the
C-terminus via a hydroxymethyl phenoxyacetic acid linker and
a polyethylene glycol graft to a polystyrene resin and is thus
termed H-(L-Leu)20-PEG-PS.51 A series of oligopeptides of
defined primary structure was then prepared and their behaviour
as catalysts was examined.52 It was shown that as few as five D-
leucine residues at the N-terminus of a 20-mer of polyleucine is
sufficient to overcome any catalytic effect of the 15 L-leucine
residues which make up the rest of the polymer chain. Under the
urea–H2O2/DBU/THF conditions the catalyst H-(D-Leu)5-(L-
Leu)15-PEG-PS generated the epoxide corresponding to that
afforded in the presence of poly-D-leucine in 52% ee. Moreover,
the peptide H-(D-Leu)7-(L-Leu)13-PEG-PS catalysed formation
of the same epoxide in 83% ee. In order to confirm that the bias
towards the N-terminal region is not a reflection of the polymer
support bound to the C-terminus the H-(D-Leu)5-(L-Leu)15-
PEG-PS catalyst was cleaved from the support using TFA,
recovered and tested again; although the ee was somewhat
diminished by this procedure (21%), the major product was still
the epoxide configured by a poly-D-leucine catalyst.

5. Bovine serum albumin catalysed epoxidation
In a series of papers, Colonna et al. have reported the use of
bovine serum albumin (BSA) as an additive to Weitz–SchefferScheme 14

Table 12 Substrates epoxidised under Roberts’ conditions

R1 R2 Methoda Yield (%) Ee (%) Ref.

Ph Ph A 85 > 95 33
B 87 94 43
C 100b !93 46a

Ph o-O2NC6H4 A 91 91 47
Ph o-MeC6H4 A 94 81 47
Ph o-MeNHC6H4 A 62 96 47
Ph o-NH2C6H4 A 81 > 98 47

C 85 93 46a
Ph p-NH2C6H4 A 0 — 47
Ph 2-Naphthyl A 91 91 44
p-ClC6H4 Ph A 62 62 47
p-ClC6H4 o-NH2C6H4 A 91 > 98 47
Ph Me A 70 80 33
Ph Pri A 56 89 46a

C 78 93 46a
Ph But A 76 94 33

B 94 94 43
p-MeOC6H4 But A !90 !96 33
Ph Bui A 87 96 44
Ph Prn A 85 94 44
Ph Et A 80 82 44
Cy Ph A 91 89 33
b-(E)-Styryl 2-Naphthyl A 85 96 48
(E)-ClCHNCH Ph A 57 86 48
(E)-ButO2CCHNCH Ph A 95 90 48
(E)-MeO2CCHNCH Ph A 90 90 48
(E,E)-MeCOCHNCHCHNCH Ph A 43 90 48

a A = poly-L-leucine, urea–H2O2, DBU, THF; B = poly-L-leucine, sodium percarbonate, DME, water; C = poly-L-leucine–SiO2, urea–H2O2, DBU, THF.
b Italicised values refer to conversion rather than yield.
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epoxidations of naphthoquinones.53 Both the magnitude and the
sense of enantioselectivity in the reaction were found to be
strongly dependent on the nature of the side chains R and RA
(Scheme 17, Table 13). The best enantioselectivities were
obtained using tert-butyl hydroperoxide (TBHP) as the oxidant,

in an alkaline buffer solution (slightly higher ees were obtained
in pH 9 buffer than in pH 11 buffer).53b Further improvements
in enantioselectivity could be obtained by addition of small
amounts of isooctane to the reaction mixture.53c

6. Epoxidation with chiral dioxiranes
The first attempts to effect asymmetric epoxidation using chiral
dioxiranes were reported by Curci et al. in the mid-1980s.54 It is
only recently, however, that chiral ketones, the precursors of the
corresponding dioxiranes, have been developed which will
allow the epoxidation of a wide range of alkenes with good
enantioselectivity.

While chiral dioxiranes can, in theory, epoxidise most classes
of olefin, Baeyer–Villiger reaction of the chiral ketone from
which the dioxirane is derived frequently competes with
epoxidation for unreactive substrates. As a result, only a few
chiral dioxiranes have been used successfully to epoxidise
electron-deficient alkenes. In particular, the ketones 32 and 33,
derived from (2)-quinic acid, have been developed by Shi and
coworkers; on treatment with Oxone® these are believed to
generate chiral dioxiranes which then epoxidise the enones
shown in Scheme 18 and Table 14, regenerating the chiral
ketones.3,55 An ester, ethyl cinnamate, was also epoxidised with
good enantioselectivity, albeit in low yield.

The tropinone derivative 34, developed by Armstrong and
Hayter56 as a chiral dioxirane precursor, has also been applied
to the epoxidation of an electron-deficient olefin; methyl
cinnamate was epoxidised with 33% yield and 64% ee using this
catalyst under conditions similar to those employed by Shi and
coworkers.3,55

7. Miscellaneous methods
Among the numerous substrates which have been epoxidised
using manganese–salen catalyst 35 are several electron-
deficient alkenes. A series of (Z)-cinnamate esters has been
studied by Jacobsen et al.; on epoxidation with sodium
hypochlorite in the presence of 35, both cis- (36) and trans-
epoxides (37) are obtained (Scheme 19, Table 15).57 Two
general trends can be extracted from these data: the presence of
electron-donating groups (R1) on the aromatic ring minimises
the extent of ‘leakage’ to the trans-epoxide 37, but gives the
lowest enantiopurity in the cis-product 36; and for a given R1,
increasing the bulk of R2 increases the enantioselectivity.

Furthermore, various isoflavones have been epoxidised by
Lévai et al. using catalyst 35 and its enantiomer (Scheme 20,
Table 16);58 in this case, although good ees were obtained for
certain substrates, the yields are disappointing.

Scheme 15

Scheme 16

Scheme 17

Table 13 Epoxidation of naphthoquinones in the presence of BSA53

R RA Yield (%) Ee (%)

Me H 34 20
Bui H 62 77

56a 90a

Bun H 35 14b

n-C6H13 H 29 30b

n-C8H17 H 66 100b

Cy H 64 70
Et Me 22 54c

a Epoxidation performed in the presence of 5 mol% isooctane. b The
predominant isomer was the enantiomer of that illustrated. c The absolute
stereochemistry was not determined.

Scheme 18

Table 14 Epoxidation using Shi’s chiral dioxiranes3,55

R1 R2 Ketone Yield (%) Ee (%)

Ph Ph 32 80 94
33 85 96

Ph Me 33 75 82
Ph Pri 33 70 89
Ph OEt 32 34 86

33 35 89
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An isolated report by Kumar and Bhakuni in 1996 outlined
the use of MCPBA localised in a chiral liposomal bilayer as a
reagent for asymmetric epoxidation.59 Five electron-deficient

olefins were oxidised with moderate to good enantioselectivity
using this reagent, with esters displaying higher ees than
ketones (Scheme 21, Table 17).

The groups of Colonna60 and Takahashi61 have both reported
on the modification of Weitz–Scheffer conditions by the
addition of cyclodextrins. Under Colonna’s optimised condi-
tions, the ees recorded for the epoxidation of a range of
naphthoquinones and chalcone derivatives were below 48%; the
highest ee observed by Takahashi and coworkers in the
epoxidation of cinnamaldehyde was 2.5%.

In a related study, Sakuraba and Tanaka have shown that
crystalline chalcone–cyclodextrin complexes, when dispersed
in water, can be epoxidised by sodium hypochlorite with high
yield and ca. 30% ee.62

8. Summary
It is clear from the above review that no single approach for the
epoxidation of electron deficient olefins stands out from the
methods discussed. The variation in selectivity observed
between the different approaches means that they should all be
considered as potential candidates for a given synthetic
transformation. In order to aid this selection process Table 18
compares the effectiveness of the different methodologies for
the epoxidation of various key classes of olefin. For the sake of
clarity, it has not been possible to include all of the methods, and
we have chosen to concentrate on a representative selection of
the most general and effective. One caveat which should be
borne in mind when consulting Table 18 is the tendency for a
range of yields or ees to reflect unrepresentative, extreme
results, particularly when a larger number of examples has been
reported.

Despite the lack of a general method a number of high
yielding and highly stereoselective methods exist; with judi-
cious choice the chemist can epoxidise a wide range of electron
deficient olefins. This fact, coupled with the potential of
epoxides substituted with electron withdrawing groups as
synthetic intermediates,28c should ensure that these methods
gain increasing acceptance amongst the synthetic organic
community. Moreover, it seems likely that we will witness
many new and interesting developments in this field over the
coming years. It remains to be seen, however, whether one
single method will be developed to such an extent that it
dominates epoxidation of enones in the way that the Sharpless
reaction has become the pre-eminent method for the epoxida-
tion of allylic alcohols.

Scheme 19

Table 15 Epoxidation of cinnamate esters using Jacobsen’s catalyst57c

R1 R2 cis 36+trans 37
cis 36
Ee (%)

trans 37
Ee (%)

OMe Me 11.7+1 72 66
Me Me 7.0+1 79 41
H Me 5.7+1 85 62
CF3 Me 1+1.25 79 55
NO2 Me 1+3.7 91 53
H Et — 92 —
H Pri — 96 —

Scheme 20

Table 16 Epoxidation of isoflavones using Jacobsen’s catalyst58

R1 R2 Yield (%) Ee (%)

H H 25 65
OMe H 26 77
OMs H 23 56
OMe OMe 30 90
OMs OMe 31 94

Scheme 21

Table 17 Epoxidation using liposomised MCPBA59

R1 R2 Yield (%) Ee (%)

Ph OMe 75 92
m-MeOC6H4 OMe 70 95
Ph Ph 65 70
o-ClC6H4 Ph 63 68
Ph m-ClC6H4 67 62
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Reaction of toluene solutions of tris(aryl)gallium(III) com-
pounds with water results in intra-molecular biaryl coupling
(70% yield) and an oligomeric organogallium(III) hydroxide/
oxide [Ga12O14H4(aryl)12], whereas reaction in THF with
water leads to hydrolysis, formation of arylH, and for aryl =
Ph the trimeric THF hydrogen bonded trimer, [Ph2Ga(m-
OH)]3·3THF.

Recent years have seen major developments in the synthesis and
characterisation of galloxane (organogallium(III) oxide) and
organogallium(III) hydroxide/oxide compounds.1–13 Controlled
hydrolysis reactions of organogallium(III) compounds, GaR3,
and reactions with excess water lead to the formation of
hydroxide or mixed hydroxide/oxide species. These include (a)
dimeric species, [Ga(Mes)2(m-OH)]2, Mes = 1,3,5-trimethyl-
phenyl,11 and [Ga2{C(SiMe3)3}2Me2(OH)(m-OH)(H2O)],8 (b)
trimeric species, [RRAGa(m-OH)]3, R = RA = But,4,5 = Me,6
and R = Me, RA = C(SiMe3)3,8 and (c) clusters,
[Ga6(Mes)6(m3-O)4(m3-OH)4],7 [Ga12But

12(m3-O)8(m-O)2(m-
OH)4],2 and [Ga4{C(SiMe3)3}4(m-O)2(m-OH)4].8 Thermolysis
of [Ga(Mes)2(m-OH)]2 gives [Ga9(Mes)9O9] as a unique,
structurally authenticated galloxane.8

All of the condensation reactions of GaR3 with water arise
from hydrolysis of one or more of the Ga–C bonds. We now
show that treatment of tris-arylgallium(III) compounds,
Ga(aryl)3,† in toluene with water results in the formation of C–
C bi-aryl coupled compounds and oligomeric arylgallium(III)
hydroxide/oxide species. In contrast, treatment of the same
compounds with excess water using tetrahydrofuran as a phase
transfer reagent leads to Ga–C hydrolysis of one or two aryl
groups with only a trace of the bi-aryl coupled compound being
formed. These results are summarised in Scheme 1. The
formation of bi-aryl coupled compounds has implications in
organic synthesis, and is relevant to the actively pursued Suzuki
aryl coupling reactions involving boronic acids and esters,14,15

which require a transition metal catalyst in the presence of
oxygen, unlike in the present reactions. Moreover, the reaction
of organometallics with water is of interest in the search for
environmentally benign synthetic protocols.16

For the two phase toluene/water reactions the bi-aryl coupled
compounds are isolated from the organic phase, and the
gallium(III) hydroxide/oxide cluster compounds are isolated
from the aqueous phase. The bi-aryls are formed in yields
exceeding 70% (based on two aryl groups being converted to
the bi-aryl) with a trace of the expected hydrolysis product, R =
H, Me (o-, m-, p-), and p-Ph (GC). Conversely the single phase

reaction in THF gives mainly hydrolysis products and a trace of
the bi-aryl product.

The metal containing by-products of these reactions were
investigated as part of a detailed understanding of the
mechanism of the reactions. Mass spectrometry (electrospray:
methanol/methylene chloride) of the rapidly formed white
micro-crystalline product obtained from the coupling reactions
revealed the formation of singly and positively charged clusters
of composition [Ga12O14H4(aryl)12], 1. The dominance of these

ions in the mass spectra shows the stability of the ions, and that
the dominant species in solution is a single cluster. The same
clusters are also formed in mildly acidic and basic solutions. A
likely structure for these clusters is a central polyhedral core of
twelve fused six-membered rings, 1, as found in the structure of
[Ga12But

12(m3-O)8(m-O)(m-OH)4],2 albeit with the position of
hydrogen atoms on the bridging hydroxy groups not defined.
For the reaction of GaPh3 with water in THF we were able to
intercept and isolate some of the intermediate hydrolysis
species, trimeric [Ph2Ga(m-OH)]3, 2, the final product being 1.
Compound 2 was authenticated using X-ray diffraction data as
the hydrogen bonded tris-THF adduct.‡ While bis-alkyl ana-
logues of the trimer are known,4–6,8 this is the first example of
a bis-aryl system. [Ph2Ga(m-OH)]3 crystallises in the mono-
clinic space group C2/c, and consists of diphenylgallium
bridged to two other diphenylgallium units via two m-OH
bridges with each gallium in a distorted tetrahedral geometry,
Fig. 1. THF molecules are H-bonded to the OH bridges with two
THF molecules related by a crystallographic C2 symmetry axis
disordered equally over two positions. Phenyl groups are close
to being co-planar with an adjacent Ga–O bond and this allows
maximum access to the OH groups for hydrogen bonding to
THF.

As to the mechanism of the bi-aryl coupling reactions we
have established that it is an intra-molecular process since
hydrolysis of a mixture of the two compounds, Ga(aryl)3, aryl =
Ph or p-tolyl, in toluene gave exclusively the symmetrical bi-
aryls. This also implies that Ga(aryl)3 species themselves are
non-labile and that the synthesis of mixed tris-arylgallium(III)
species is possible which would be a route to unsymmetrical bi-
aryl compounds on hydrolysis. Competition experiments, bi-
aryl coupling versus hydrolysis, were investigated for the
reaction of Ga(C6H4Ph-p)3 in THF with excess water with
increasing amounts of toluene relative to THF. The bi-aryl
coupling diminishes dramatically only when the THF concen-
tration is ca. 30% in toluene, even for two-phase reactions. Thus
the THF plays an important role in initially coordinating to theScheme 1
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metal centre and/or hydrogen bonding to a water molecule on
the metal centre as found in [Ga(Mes)3(OH2)]·2THF11 and in
the structure of 2. The oxidant in the aryl coupling reactions is
water with evolution of one equivalent of hydrogen gas
(experimentally determined); note also that controlled experi-
ments excluding oxygen afforded the same products. The
hydrolysis reactions are rapid and under these conditions there
would be insufficient oxygen delivered to account for the bi-
aryl formation. The bi-aryl coupling is likely to proceed through
a five coordinate bis-water adduct, [Ga(aryl)3(OH2)], at the
interface between the water and toluene, leading to a bis-
hydroxide, [Ga(aryl)(OH)2], on elimination of the biphenyl,
which then oligomerizes. However a reductive elimination of
bi-aryl leading to a Ga(I) species which is then oxidized by
water cannot be ruled out. In the presence of THF competition
between complexation of THF and water would block such a bi-
molecular water process.

Roesky et al.11 have established that the controlled reaction
of [Ga(Mes)3] in THF with water initially gives a four
coordinate adduct of water, then a proposed five coordinate bis-
adduct, followed by [Ga(Mes)2(m-OH)]2 then [Ga6(Mes)6(m3-
O)4(m3-OH)4], and that the latter compound is formed on
reaction of [Ga(Mes)3] with water in toluene. The lack of aryl
coupling here presumably relates to the steric impediment of
two bulky aryl groups connecting at the metal centre and/or two
water molecules coordinating to the metal centre necessary to
effect a bimolecular water process for aryl coupling. Steric
hindrance is also noteworthy in giving a smaller cluster,
[Ga6(Mes)6(m3-O)(m3-OH)4],7 either as an unstable hexa-
tetrahydrofuran solvate7 or its mono-tetrahydrofuran solvate
which was isolated in the present study.§ We note that
substitution of one of the o-positions of the aryl groups by Me
still gives the biaryl, R = Me, Scheme 1. For o-OMe and o-Ph,
however, the amount of coupling is reduced, 40 and 35%
respectively. Substitution in both positions (aryl = mesitylene)
gives arylH. This is consistent with some steric influence,
including the formation of chelate rings in the gallium complex
which may shut down the coupling reaction by blocking binding
of two water molecules to the metal centre.

It is thus possible to prepare symmetrical bi-aryl compounds
from tris-arylgallium(III) species. An inherent problem from the
organic synthesis perspective, however, is the loss of one of the
aryl groups to the gallium(III) hydroxide/oxide species. This

aspect is being addressed along with developing the method for
the synthesis of unsymmetrical bi-aryls.

We are grateful to the Australian Research Council for
support of this work.
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The long-debated origin of the narrow line-width signal in
the EPR spectrum of C60

2 is shown to be C120O2, arising
from unavoidable C120O impurity in air-exposed samples of
C60.

A vexing problem in C60 chemistry has been the origin of a
narrow line-width signal or “spike” superimposed on the broad
EPR spectrum of C60

2 (Fig. 1). In the nine years since it was
first observed, no fewer than six different hypotheses have been
forwarded to explain its existence, but none has been confirmed.
In a recent comprehensive review of the literature on this
subject,1 we concluded that the most likely explanation lies in
C120O, a recently discovered, inevitable impurity in air-exposed
samples of C60.2 In this communication, we provide data that
confirm this hypothesis.

If C120O impurity is the source of the sharp signal, three
experiments of proof suggest themselves. (a) The EPR
characteristics of pure C120O2 should match those reported for
the narrow line-width signal. (b) Addition of an authentic
sample of C120O to a standard sample of C60

2 should enhance
the sharp signal at precisely the same g value and line width. (c)
The preparation of high purity C60, free of detectable C120O,
should allow a spike-free EPR spectrum of C60

2 to be
obtained.

A sample of C120O was prepared by literature methods3 and
purified by standard HPLC methods.2 One-electron reduction to
C120O2 was achieved with < 1 equiv. of cobaltocene in o-
dichlorobenzene. As shown in Fig. 2, the EPR spectrum at 100
K is characterized by a sharp signal at g = 2.0013 and DHpp =
1.42 G (calibrated against DPPH). These parameters closely
match those of the major signal observed when a two-electron
electrochemical reduction of C120O is carried out in o-
dichlorobenzene (g = 2.0016, DHpp = 1.1 G at 77 K).4 This
suggests that C120O22may be EPR silent (or weak) under these
conditions and that the observed sharp signal results from
C120O2, present because of the difficulty of carrying out a
precise, quantitative two-electron reduction. The temperature
dependence of the line width of the C120O2 signal is minimal,
decreasing to 1.33 G at 225 K. The variation of signal

parameters with solvent is also small. For example, in
2-methyltetrahydrofuran at 100 K, g = 2.0005 and DHpp = 2.0
G. In tetrahydrofuran at 100 K, the values are g = 1.9988 and
DHpp = 2.6 G. The signal characteristics of C120O2 are clearly
compatible with the ‘spike’ in C60

2 where, depending on
conditions, g values are reported in the range 1.9995–2.0012
and DHpp = 0.1–3.5 G.5

To explore whether this compatibility means identity, small
additions of [Co(Cp)2

+][C120O2] were made to solutions of
[Co(Cp)2

+][C60
2] to ascertain whether the sharp signal in-

creased relative to the broad signal. As shown in Fig. 3, this is
exactly what happens. Moreover, the peak positions are
precisely those of the spike. Experimental error and reproduci-
bility variances are < 0.08 G. The data in Fig. 3 provide

† Visiting Scientist from the Central Salt and Marine Chemicals Research
Institute, Bhagnavar, India.
‡ Present address: TDA Research, 12345 West 52nd Ave., Wheat Ridge,
Colorado 80033, USA.

Fig. 1 Typical EPR spectrum of C60
2 prepared from off-the-shelf C60

showing the broad signal (major) and the sharp signal or ‘spike’ (minor).
Conditions: [Co(Cp)2][C60] in tetrahydrofuran at 140 K, microwave power
5.7 mW, modulation 5 G.

Fig. 2 EPR spectrum of [Co(Cp)2][C120O] in o-dichlorobenzene at 100 K
(microwave power 5.7 mW, modulation 1.25 G).

Fig. 3 EPR spectrum of C60
2, prepared by cobaltocene reduction of freshly

purified C60, (a) and as a function of increasing increments of added C120O2
(b and c) (conditions same as Fig. 1).
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compelling evidence that the spike in C60
2 is due to C120O

impurity.
Finally, we purified C60 by HPLC to try to obtain a spike-free

EPR spectrum of C60
2. Purification of C60 was carried out using

a Cosmosil Buckyprep column with toluene as eluent. Double
passage gave C60 with essentially undetectable quantities of
C120O (monitoring at 330 nm) and a middle cut was collected
anaerobically with exclusion of light. As shown in Fig. 4, the
EPR spectrum of a cobaltocene-reduced sample of this material
gave a spike-free spectrum at 100 K (g = 1.9963, DHpp = 16.4
G). Interestingly, however, when we chose measurement
conditions which optimized the observation of the sharp signal
relative to the broad signal (higher temperatures where the
broad signal becomes even broader and the use of the lowest
possible microwave powers because the spike saturates more
easily than the broad signal), traces of the C120O2 signal could
still be detected as shoulders in the inflection region. This is
partly a reflection of the extraordinary sensitivity of the EPR
technique but it also shows how difficult it is to rid C60 entirely
of C120O. Traces of O2 convert C60 to C120O with extraordinary
ease.2

In summary, it now appears certain that all air-exposed
samples of C60 contain C120O and that all EPR work using such
samples has been compromised by its presence. It is likely that
most (if not all) of the sharp signals observed in the EPR spectra
of discrete C60

n2 fulleride ions (n = 1–4) arise from C120On2

species (n = odd) or decomposition products therefrom. Further
studies are in progress to investigate the full extent of the C120O
influence in spectra of the more highly charged fulleride anions.

There have been a number of reports of sharp signals increasing
significantly at the expense of broad signals upon aging of C60

2

salts.1 We do not find this to be the case with the present
samples. The solution of [Co(Cp)2][C60] that gave rise to Fig. 1
was kept in a torch-sealed quartz EPR tube for several weeks. Its
spectrum has remained essentially unchanged, even with
exposure to laboratory light. It is likely that release of oxygen
from the walls of containers or aerobic leakage are responsible
for reports to the contrary. C60

2 would be preferentially
oxidized (to EPR silent C60) giving the appearance of an
increase in C120O2 concentration. (The overlay of the two
signals, and their very different line-widths, has typically
precluded reliable measurements of absolute intensities). In the
extreme (i.e. room temperature, low reduction levels, low
signal-to-noise ratios) the observation of only a sharp signal6,7

can be explained. Even the metal-intercalated fulleride materi-
als such as A3C60 (A = Na, K, etc.) are reported to have the
sharp signal of an ‘impurity phase’ superimposed on the broad
signal arising from conduction electrons.8 Perhaps it also arises
from C120On2 defects (n = 5 or 7). Indeed, a number of
complex explanations for multiple signals in fullerides9 may
have more straightforward interpretations.

We thank the US National Institutes of Health for financial
support.
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In the neutron diffraction study of the 1+1 adduct 2-me-
thylpyridine–pentachlorophenol, a very short O–H…N hy-
drogen bond is found with a sharply defined proton position,
and distances of O–H = 1.068(7), H…N = 1.535(7) and
O…N = 2.588(3) Å; the bond order of H…N is about 0.24
valence units.

There is great current interest in the strongest types of hydrogen
bonds, in particular in the context of chemical reactivity.1
Whereas strong homonuclear hydrogen bonds O–H…O are
today quite well investigated,2 the experimental material on the
very important heteronuclear N–H…O and O–H…N hydrogen
bonds is still far from satisfactory. N–H…O and O–H…N
hydrogen bonds are in most cases only of moderate strength, but
can in some situations also become very strong. An interesting
example are adducts of amines and phenols with suitably small
values of DpKa [DpKa = pKa(NH+) 2 pKa(OH)].3 In a certain
‘critical’ range of DpKa, the systems can be found in crystals as
molecular adducts linked by hydrogen bonds O–H…N, as ionic
adducts linked by N+–H…O2 interactions, or even as an
equilibrium between the two.4 In all these situations, hydrogen
bond distances N…O can be < 2.6 Å. Strong intramolecular N–
H…O and O–H…N hydrogen bonds have been described for
resonance-assisted cases,5 but they suffer from steric restric-
tions and have longer H…O separations than the more linear
interactions in molecular adducts. Some of the most poorly
described properties of strong heteronuclear hydrogen bonds
are the distance characteristics at the H-atom, which cannot be
deduced from X-ray diffraction data, but require neutron
diffraction experiments. For strong O/N–H…N/O
hydrogen bonds, not even one neutron diffraction study has
been published as yet (for a survey, see ref. 6).

To perform a neutron diffraction study of a strong O–H…N
hydrogen bond, we have selected as a model system the adduct
of 2-methylpyridine and pentachlorophenol, 1, which grows
crystals of the large size that is required. X-Ray diffraction
crystal structures of several related compounds have been
published, as found surveyed in ref. 4. Neutron diffraction data
on a single crystal of 1 were collected at 30 K at the instrument
SXD of the ISIS facility.7† In the crystal, a molecular (not an
ionic) adduct is formed, as is shown in Fig. 1. The hydrogen
bond connecting the molecules has a geometry of O–H =
1.068(7), H…N1A = 1.535(7), O…N1A = 2.588(3) Å, O–
H…N1A = 167.5(6)°, and is directed almost ideally at the
electron lone-pair of the pyridyl N-atom [H…N1A…C4A =
172.7(3)°]. This is by far the shortest O-H…N bond for which
neutron diffraction data are available. The H(O) atom is a
relatively short distance from one of the methyl H-atoms,
H…H72A = 2.33(1) Å; this probably repulsive interaction
might be responsible for a significant rotation of the methyl
group out of the minimum energy conformation [torsion angle
N1A–C2A–C7A–H72A = 17.8(7)°; note that H and H72A are
displaced in opposite directions from the pyridyl plane, Fig.
1(b)]. Some further parameters of the molecular geometries are
given in the legend of Fig. 1.

With very short hydrogen bonds, an important question is
how sharply the hydrogen atom is located, and if there possibly
is proton disorder. A look at Fig. 1 shows that the mean square
displacement of the proton in the hydrogen bond is small, even
smaller than those of the protons of the hydrogen atoms bonded
to C. Numerically, its mean square displacement Ueq is 0.021(1)
Å2 compared to an average Ueq = 0.025(1) Å2 of the C(sp2)–H
and 0.038(2) Å2 of the methyl protons. This means that the
proton in the hydrogen bond is very sharply located. To study
the possibility of hydrogen atom disorder, O–H…N Ô O–…H–
N+, a hypothetical and partially occupied proton position at the
N-atom was included in test refinements (compare the related

Fig. 1 Structure of 1 at 30 K, displacement ellipsoids are drawn at the 50%
probability level. (a) View on the pyridine plane, (b) view perpendicular to
the pyridine plane. Relevant geometrical parameters: O–H = 1.068(7), C1–
O = 1.317(3) Å, C–O–H = 117.1(5), C2–C1–O–H = 2140.3(6)°, N1A–
C2A = 1.338(3), N1A–C6A = 1.335(4) Å, C2A–N1A–C6A = 119.2(2)°,
H…N1A = 1.535(7), O…N1A = 2.588(3) Å, O–H…N1A = 167.5(6)°,
H…Cl6 = 2.728(6), O…Cl6 = 2.963(3) Å, O–H…Cl6 = 91.9(4)°. 
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refinement of a disordered hydrogen bond in benzoic acid, ref.
8). In free refinement, the occupancy of the proton at the O-atom
remained at 1.0, whereas that of the hypothetical proton at N
dropped to 20.02. This means that an ionic adduct, if present in
the crystal, at 30 K can only be populated spuriously.

An important general feature of X–H…Y hydrogen bonds is
an elongation of the X–H bond compared to free X–H groups.
This points at the hydrogen bond being an incipient proton
transfer reaction.9 In Fig. 2, the dependence of the O–H from the
H…N distance is shown for all published neutron diffraction
data (substances and references given in the Figure legend). The
elongation of the O–H bond in 1 exceeds by far that in all
previous studies, following trends that are much better studied
in homonuclear hydrogen bonds.9 If bond orders s of the O–H
and H…N bonds are calculated from the distances using the
Pauling approximation with the most recent set of numerical
parameters,6 one obtains sOH = 0.71 and sH…N = 0.24. The rule
of bond order conservation (sOH + sH···N = 1.0) is not ideally
fulfilled, indicating that the parameters in ref. 6 are only roughly
valid for very short hydrogen bonds. Nevertheless, it becomes
clear that the bond order of H…N is about 1⁄4 of a valence unit,
meaning that the ‘incipient proton transfer’ characterizing a
hydrogen bond has reached already quite an advanced stage in
1. This gives particular importance to the observation of a
sharply located proton with a small vibration amplitude, and
disfavours widespread concepts that in very short hydrogen
bonds, the proton would oscillate in a potential that is deep but
relatively flat at the bottom. Published views that heteronuclear
hydrogen bonds cannot be very short (in H…X) by principle are
disfavoured too, and it may be assumed that O–H…N hydrogen

bonds can be made even shorter by suitably tuning the pKa
values of the donor and/or acceptor molecules.

Notes and references
† Crystal data: Single crystals of 1 (C6H7N·C6HCl5O, M = 359.47) were
obtained by slow evaporation of a CCl4 solution of pentachlorophenol
(Fluka) and an excess of 2-methylpyridine (Merck). A single crystal of
dimensions 2.5 3 2 3 1 mm, V ca. 5 mm3, was wrapped in aluminium foil
and mounted on the time-of-flight Laue diffractometer SXD of the ISIS
spallation neutron source.7a Crystals are sensitive to atmosphere of high
humidity, requiring swift handling. Diffraction data were collected at 30(1)
K, and reduced to 4303 independent structure factors7b (wavelength range
0.5–5.0 Å, total of 48 frames with a three weeks interruption after seven
frames due to a failure of the source; because of continued cooling only 20%
reduction in the sacttering after this delay). Unit cell dimensions at 30 K are
a = 9.227(5), b = 11.668(6), c = 6.849(4) Å, a = 104.61(3), b =
105.06(3), g = 99.87(3)°, U = 666.5(6) Å3, with space group P1̄ (no. 2).
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idine–pentachlorophenol11 as the search fragment. Anisotropic refinement
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converged at an R value of 0.0735 [wR(F2) = 0.1830].

CCDC 182/1663. See http://www.rsc.org/suppdata/cc/b0/b001179g/ for
crystallographic files in .cif format.
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Fig. 2 Plot of O–H against H…N distances in O–H…N hydrogen bonds
studied by neutron diffraction. Standard uncertainties are shown as bars,
unless they are smaller than the central graphical symbol. 1: this work. 2, 3:
3-aminophenol and 2-aminophenol, respectively.12a 4: 3-amino-1,6-anhy-
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Hydrogenated fullerenes derived from the Birch reduction
and from hydrogen transfer reduction of [60]fullerene have
been examined by matrix-assisted laser desorption ioniza-
tion; applying 9-nitroanthracene as the matrix, it has been
possible to desorb and ionise the samples with such a low
degree of fragmentation as to enable the establishment of the
amount of hydrogen bound to the fullerene; in contrast to the
currently assumed polyhydrofullerene distribution featuring
C60H36 only as a minor component, evidence has been
obtained which re-establishes C60H36 as the major product of
the Birch reduction.

The hydrogenation of fullerenes has been achieved by a large
variety of synthetic methods including the Birch reduction,1
transfer hydrogenation,2 reactions with elemental hydrogen,3
reduction in metal/acid systems4 and others.5 Thirty-six often
represents a ‘magic number’ for the quantity of hydrogen
attached to [60]fullerene. According to semiempirical and ab
initio SCF calculations, the thermodynamically most stable
structure of C60H36 possesses T symmetry.6 This structure was
initially suggested by Taylor7 and is characterised by four
isolated benzenoid rings located at the corners of a tetrahedron.
A recent X-ray investigation provides evidence for the existence
of the benzenoid rings in C60H36.8 Two isomers in a ratio of 2+1
have been found applying 3He NMR9 and their structures have
been proposed to exhibit C3 and T symmetry. The coexistence
of the C3 isomer, which is thermodynamically less stable than
the T isomer, probably indicates that kinetic factors play an
important role in the hydrogenation of C60. It seems reasonable
to assume that variations in the way the reduction is achieved
can lead to the formation of alternative structures of C60H36. It
has even been proposed that in the case of the Birch reduction,1
C60H36, which is commonly referred to as the first ever
synthesised fullerene derivative, is only a minor product of the
obtained distribution of hydrogenated [60]fullerenes of the type
C60Hx, with x ranging from 18 to 36.10 These conclusions were
derived from mass spectrometry-based experiments in which
the reaction product resulting from the Birch reduction of C60
has been laser-desorbed into the gas phase to be in a second step,
subsequently laser-ionised. A distribution of C60Hx

+ ions was
obtained which was centred at x = 30 and 32 with only a minor
contribution attributed to C60H36. The fact that signals due to
C60

+ fragment ions were entirely absent was taken as evidence
for the softness of the method revealing the true distribution of
the hydrogenated [60]fullerenes. A similar distribution was
obtained using liquid secondary ion mass spectrometry
(LSIMS) and an almost perfect fit to a theoretical distribution
based on Monte Carlo calculation supported the experimental
findings. The comparison with other approaches for ionization,
especially when electron impact (electron ionization, EI) was
used, for which the sample had to be heated to achieve
evaporation, revealed a clear shift in the observed C60Hx

+

distribution towards C60H36. However, since C60
+ was also

prominently observed under these conditions, it was concluded
that the excitation of the sample resulted in the dissociation of
the initial C60Hx species with x being centred at around 30 and
that the observed ions with a larger hydrogen content represent
more stable species which resist dissociation. Interestingly, for
the transfer hydrogenation of [60]fullerene by 9,10-dihydroan-
thracene (DHA), C60H36 has been established beyond any doubt
as the major product utilising field desorption mass spectrome-
try.2 Roger, Birkett and Campbell (RBC) have recently re-
examined the hydrogenated product from transfer reduction of
C60 with DHA by matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry.11 A matrix combination of
5-methoxysalicylic acid and NaBF4 was found to provide the
softest conditions, and a spectrum was recorded which
consisted almost entirely of only one signal arising from
C60H35

+, which can be taken as direct evidence for the exclusive
production of C60H36. The Birch reduction1 and the hydrogen
transfer reduction2 differ in the actual reaction mechanism. The
Birch reduction proceeds via anionic intermediates and the
transfer reduction most probably involves neutral radicals, so
that the findings by RBC11 are not necessarily in conflict with
those obtained by Banks et al.10 In order to reveal whether or
not the two reductions lead to different product distributions, we
investigated the products derived from both reactions by
MALDI time-of-flight mass spectrometry. In line with recently
reported experiments by others,12 our own initial efforts to
apply the above mentioned matrix combination were un-
successful, as the desorption/ionization process was always
accompanied by efficient fragmentation. The reason for this has
to be seen as due to slightly differing experimental conditions
from those reported originally,11 rather than in a failure of the
method as such. RBC pointed out that the wavelength of the
laser light, the laser fluence and the pulse duration were of
crucial importance.11 Employing a nitrogen laser of 337 nm
wavelength with a variable laser fluence, the most pronounced
difference in the present experiments is the pulse duration of 3
ns, which is two orders of magnitude longer and is probably the
cause of the enhanced fragmentation. Unexpectedly, a much
simpler approach was found to be more suitable for the present
study. Using 9-nitroanthracene (9-NA) as the matrix (using a
matrix+analyte ratio of 50+1) led to conditions which allow
conclusive insight. Although there exists no comprehensive
screening of matrices for the analysis of fullerene derivatives by
MALDI, 9-NA has been used successfully in several earlier
investigations involving related compounds.13–17 The signals
obtained at the threshold for ion formation from hydrogenated
[60]fullerene, derived by transfer reduction2 from DHA for
which the synthetic details have been published elsewhere,18 are
depicted in Fig. 1(a). The base peak corresponds to C60H35

+ in
line with the findings reported by RBC11 and very little
fragmentation is observed. The same experiment performed
with the sample derived from the Birch reduction1 gave rise to
the spectrum shown in Fig. 1(b), which is almost identical to the
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spectrum in Fig. 1(a). When the laser fluence is only slightly
increased, the spectrum depicted in Fig. 1(c) results. Caused by
enhanced fragmentation, a clear shift of the ion distribution is
observed with C60H33

+ now prevailing. Fig. 1(d) shows the
liquid secondary ion mass spectrum (LSIMS) of Birch-reduced
C60 using 3-nitrobenzyl alcohol (3-NBA) as the matrix. With
C60H35

+ as the major signal and no evident C60
+ peak, LSIMS

confirms the MALDI findings. In all spectra, small satellite
peaks are observed, arising from oxygenated species. We
assume that these are indicative of a partial oxidation of the
hydrogenated samples, although we have recently established19

that oxygen transfer from 9-NA to the analyte can be very
pronounced during the desorption/ionization process in
MALDI. The observation of these satellite peaks does not affect
the interpretation of the present findings, as these species were
also observed in the work performed by Banks et al.10 In
contrast to the assumption that C60H35

+ results under these
conditions from protonation of C60H34,10 RCB have provided
evidence, that at least in the MALDI experiments, the C60H35

+

is directly formed from C60H36.11 A comprehensive MALDI
investigation on related, organic ligand-bearing fullerene deriv-
atives confirms that protonation is not important for the ion
formation in the present experiments.19 The observed C60Hx

+

ions (with x representing an odd number of hydrogen atoms) are
thus indicative for the neutral C60Hx+1 species. In contrast, the
close match reported earlier10 for the experimental distribution
and the distribution derived from a Monte Carlo simulation was
based on the assumption that the odd numbered C60Hx

+ ions
would represent C60Hx21 neutrals. On the basis of the present
experiments it has to be concluded that the earlier experiments

suffered from the partial dissociation of C60H36. Obviously,
conditions were met by which a certain amount of hydrogen was
readily evaporated from C60H36 without the complete loss of all
attached hydrogen atoms, suggesting soft ionization conditions
and leading to a distribution of ions which do not represent the
neutrals which were initially present. In this context it is
interesting to note that, in line with the assumptions made by
Banks et al.,10 fragment ions such as C60

+ are primarily the
result of neutral dissociation followed by ionization, rather than
caused by fragmentation of energised ions. Recent investiga-
tions into the dissociation behaviour of size-selected, hydro-
genated fullerene ions reveal that cage rupture efficiently
competes with hydrogen losses in these cases.20 This means the
direct formation of C60

+ from C60H36
+ is unlikely.

In summary, using 9-NA as the chosen matrix for the MALDI
analysis of hydrogenated fullerenes creates desorption/ioniza-
tion conditions which are sufficiently free of fragmentation to
allow the establishment of the hydrogen content. These findings
re-establish C60H36 as the major product derived by Birch
reduction of C60.

The work at Warwick was financially supported by The
Leverhulme Trust.
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20 M. Möder, M. Nüchter, B. Ondruschka, G. Czira, K. Vekey, M. P.
Barrow and T. Drewello, Int. J. Mass Spectrom., 2000, 195/196, 599.

Fig. 1 (a) Threshold positive-ion MALDI mass spectrum of C60H36 derived
from transfer reduction. (b) Threshold positive-ion MALDI mass spectrum
of Birch-reduced C60. (c) Positive-ion MALDI mass spectrum of Birch-
reduced C60 at slightly higher laser fluence than in (b). (d) Positive-ion
liquid secondary ion mass spectrum of Birch-reduced C60.
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We report evidence from plane-wave (PW) pseudo-potential
calculations, which suggests that neutral, molecular oxygen
dissociates exothermically at bridging oxygen vacancies on
the SnO2 (110) surface, supporting recent experimental
data.

Stannic oxide (SnO2) is widely used industrially as a selective
catalyst in oxidative dehydrogenation and is also a highly
tuneable gas sensor, used in the detection of reducing gases.
Although a wealth of experimental literature exists on SnO2
reaction kinetics and profiles,1,2 speculations on reaction
mechanisms are a subject of contention. One such area of debate
is the question of how oxygen gas effects the observed,
substantial increase in surface conductivity. Of general interest
is the need to establish how feasible homolysis of O2 is at the
surface. We have established previously that the adsorption
energy of neutral oxygen at the surface is extremely small3
( < 0.02 eV). Here, we describe a theoretical study to elucidate
the thermodynamic viability of the dissociation of O2 with the
reduced (110) SnO2 surface. On a reduced surface, the bridging
oxygen vacancies can facilitate the first step in the Mars and van
Krevelen4 reaction, which underpins its catalytic and sensing
properties.

Experiment1 and previous calculations (including atomis-
tic5–7 and PW studies8–10) have shown the (110) surface to be
energetically the most stable surface under ambient conditions.
To generate a model for the surface, we first performed a
constant pressure relaxation of the bulk unit cell using the
VASP11–13 code. We used an energy cut-off of 495 eV, an ultra-
soft pseudo-potential for the Sn and O ions and the Ceperley–
Alder expansion for local exchange. The resulting relaxed
lattice parameters of a = b = 4.725 and c = 3.180 Å, are in
excellent agreement with the experimentally measured values
of 4.737 and 3.186 Å, respectively, and reproduce the
experimental c/a ratio of 0.673. We then constructed a cell to
describe the (110) surface, containing three cell layers forming
a slab, comprising a total of 72 ions. We selected a vacuum
width of 5.0 Å having verified complete convergence of the
surface energy at 4.51 Å. Upon relaxation of the surface, we
obtained a surface energy of 1.19 J m22 in close agreement with
previous atomistic5–7 and PW studies.8–10

We verified the quality of the oxygen pseudo-potential by
calculating the spin-polarised, relaxed bond length and binding
energy for the molecular oxygen triplet. The oxygen bond
length of 1.225 Å compares well with the measured value of
1.216 Å.14 The binding energy (BE) of oxygen is overestimated
at 7.0 eV compared with the experimental value of 5.1 eV;14 this
is a generic feature of LDA based methods. Although we would
expect gradient corrections to improve the agreement with
experiment for the molecular binding energy, we in fact
obtained considerably poorer lattice constants for SnO2 using
GGA pseudo-potentials. Therefore, for methodological con-
sistency, we have used LDA pseudo-potentials throughout.

Fig. 1 shows a schematic of the dissociation process. Light
spheres indicate oxygen, dark spheres represent tin and black
spheres signify dissociated oxygen. Site A is a bridging oxygen,
whilst Site B is a five coordinate tin site and C is the oxygen
vacancy. The first step in this process is the formation of a
bridging oxygen vacancy; the second is the dissociation of
oxygen at the vacancy with encapsulation of an oxygen atom in
the vacancy, and the adsorption of the monoatom at a
neighbouring five-fold Sn site.

Table 1 summarises the total energy of formation for the
configurations calculated using an identical cell geometry.

The energy of dissociation can be expressed as the difference
between the undissociated and dissociated surfaces, where the
initial configuration is simply one where oxygen is non-
interacting with the defective surface, i.e. the energy of the
isolated oxygen molecule plus the energy of the defect-
containing surface. Thus, the dissociation of oxygen is exo-
thermic, releasing a net energy of 0.59 eV. In considering the
equilibrium between molecular and atomised oxygen, we note
that the energy of adsorption of the monoatom to the five-fold
Sn site is 21.25 eV, whilst the vacancy formation energy is
+2.84 eV. (We have assumed the vacating oxygen atom
combines with another gaseous oxygen monoatom to form
paramagnetic molecular oxygen). The monoatom is adsorbed
2.02 Å above the five-fold tin site, and its spin is reduced to a
singlet.

Using these calculations, we can consider the end-points of
dissociation for two other reactions; first that where oxygen
dissociates to occupy two adjacent bridging oxygen vacancies

Fig. 1 Schematic oxygen dissociation process. The darker atoms in the final state come from the O2 molecule: one atom fills the O vacancy (C), and the other
is adsorbed on the five-coordinated Sn site (B).
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(A) and secondly, where two adjacent adatoms are formed (B)
and compare with the main study here, where one bridging
vacancy is occupied and one adatom is formed (C). Reactions A
and C are exothermic; 25.68 and 20.59 eV, respectively,
whereas reaction B is endothermic, +4.48 eV. Therefore, in the
absence of specific activation barrier heights, we would expect
reaction A to proceed more quickly than C and that reaction B
will not occur at low temperatures.

The fact that the dissociation process is predicted to be
exothermic for reaction C is our fundamental result, since this
strongly supports the proposition that oxygen dissociates at
bridging oxygen vacancies, filling the vacancy and producing
an oxygen adatom. This evidence corroborates the recent
postulate of Henderson and coworkers15 who reported TPD
(temperature programmed desorption) measurements with iso-
topically labelled oxygen. The authors suggested that below 600
K, oxygen on TiO2 dissociates at bridging oxygen vacancy sites
to fill oxygen vacancies and form adsorbed oxygen monoatoms
at adjacent in-plane titanium sites on the TiO2 (110) surface, a
surface which is isostructural with the SnO2 surface considered
here. In addition, we have shown how two reactions (A and C)

are concerted first steps in the generalised Mars and van
Krevelen oxidative process.

We are grateful to EPSRC for providing time on the T3E
facility at Manchester.
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1-Butyl-3-methylimidazolium hexafluorophosphate, a room
temperature ionic liquid, has been used as solvent for the
copper(I) mediated living radical polymerisation of methyl
methacrylate; the rate of reaction is enhanced and narrow
polydispersity polymers are obtained which are easily
isolated from the catalyst.

Transition metal mediated living radical polymerisation is
rapidly developing as an efficacious new route for the
controlled polymerisation of vinyl monomers.1–3 We have been
utilising a system based on CuIX with alkylpyridylmethanimine
ligands.4,5 These Schiff base ligands are easily synthesised, and
can be readily manipulated in order to vary the properties of the
catalyst (e.g. solubility). One of the main constraints of this
chemistry is the high level of catalyst required for acceptable
rates of polymerisation, often equimolar with respect to
initiator. This leads to contamination of products necessitating
catalyst removal. Although this is relatively easily achieved in
a laboratory, for most polymers, it would be advantageous for
this extra process to be eliminated, especially with regards to
exploitation of the technology. In order to achieve this we have
been examining a number of routes including the use of solid
supported catalysts6,7 and fluorous biphasic conditions.8

Room temperature ionic liquids have been found to be
excellent solvents for a number of chemical reactions, e.g.
hydrogenation, alkylation, Diels–Alder reactions, etc.9,10 How-
ever, the only polymerisation reactions reported in ionic liquids,
to date, are the Ziegler–Natta polymerisation of ethylene,11 the
oligomerisation of butene12 and the formation of conducting
films by the electropolymerisation of arenes.13 All of which
have been carried out in water sensitive chloroaluminate(III)
ionic liquids.

Imidazolium ionic liquids have been developed as air and
water-stable reaction media which are tolerant to many
functional groups.14 This permits the use of a wide range of
monomers in polymerisation reactions. As such it offers an
excellent alternative method to address the problems of
transition metal mediated living polymerisation. We have used
the room temperature ionic liquid, 1-butyl-3-methylimidazo-
lium hexafluorophosphate, [bmim][PF6],15 as a solvent for the
CuI catalysed living radical polymerisation of methyl methacry-
late (MMA). Our initial findings are reported which represent
the first example of an ionic liquid being used for living radical
polymerisation and indeed the first example of a new generation
non-hygroscopic ionic liquid used as a polymerisation me-
dium.

The addition of N-propyl-2-pyridylmethanimine to a deoxy-
genated suspension of CuIBr in [bmim][PF6] in a 1+1 molar
ratio results in the formation of a dark brown homogenous
solution at room temperature. Mixtures in toluene, the more
normal solvent, only become homogeneous at, or near, reaction
temperature (typically 90 °C). Polymerisation of MMA, with
ethyl-2-bromoisobutyrate, as initiator, in this solution proceeds
readily, reaching 87% conversion after 90 min at 70 °C (Table
1).† This is a fast reaction when compared to polymerisation in
non-polar solvents. The increase in rate is manifested by a
broadening of the polydispersity to 1.43, ascribed to free
radical–free radical termination reactions. A similar increase in
the rate has been observed with other polar/co-ordinating

solvents, including water16 and is thought to be due to co-
ordination of the solvent to CuI. This is highly likely in the
present case where only one equivalent of N-propyl-2-
pyridylmethanimine with respect to copper is used precluding
the exclusive presence of tetrahedral L2Cu species. These
observations led us to lower the reaction temperature, in an
attempt to avoid excessive premature termination. Polymer-
isation proceeds efficiently at 50 and 30 °C reaching 45%
conversion after 180 min at 30 °C.

Increasing the ratio of N-propyl-2-pyridylmethanimine to CuI

to 2+1 (entries 4 and 5, Table 1) results in the rate of
polymerisation approximately doubling indicating the reaction
is approximately first order in ligand over this range. All
reactions at 30 °C show very good first-order kinetic behaviour
(Fig. 1) indicating a low amount of termination under these
conditions. This taken together with the relatively low PDI
values and low Mn of the products indicates that the polymer-
isation shows living characteristics as observed in more
conventional organic solvents. When the [M]/[I] was doubled
from 50 to 100 (reactions 4 and 5) an approximate doubling of
the Mn is observed, as would be expected for a living
polymerisation. Fig. 2 shows the evolution of the Mn as a
function of conversion for reaction 4, which increases linearly
again as would be expected for living polymerisation. Polymer
produced at early stages in the reaction is of higher mass than

Table 1 Final molecular mass and conversion data for PMMA synthesised
in this work

Reactiona
Tempera-
ture/°C

Time/
min

Conver-
sion (%)b Mn

c PDIc
kp[pol*] 3
104/s21 d

1e 70 90 87 6440 1.43 5.67
2e 50 90 89 7390 1.41 4.13
3e 30 180 45 6420 1.30 0.56
4f 30 150 69 8390 1.36 1.36
5g 30 300 90 15 500 1.35 1.33
a All reactions carried were 50% v/v MMA in [bmim][PF6]. b Conversion
from integration of 1H NMR. c Determined using SEC against pMMA
standards. d From slope of first order kinetic plot. [MMA]–[CuIBr]–
[Ligand]–[Initiator]: e = 50+1+1+1; f = 50+1+2+1; g 100+1+2+1.

Fig. 1 First order rate plots for the polymerisation of MMA in [bmim][PF6]
at 30 °C. (-) reaction 3, (5) reaction 4 and (:) reaction 5.
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would be predicted which is ascribed to radical–radical
coupling which occurs efficiently with low mass species as is
often observed with living radical polymerisation.5

The CuI catalyst is very soluble in [bmim][PF6], which in turn
is immiscible with organic solvents, such as toluene. This
allows the reaction solution to be washed with toluene so as to
extract the poly(methyl methacrylate) (PMMA) product. The
catalyst remains in the ionic liquid layer allowing isolation of
the polymer product whilst leaving the catalyst solution for
potential re-use. Analysis of the PMMA (reaction 4) for residual
copper by ICP, shows a copper content of 3.4 3 1023% (2%
expected if no copper is removed).

In summary, the room temperature ionic liquid [bmim][PF6]
has been demonstrated to be an excellent solvent for CuI–N-
propyl-2-pyridylmethanimine mediated living radical polymer-
isation of MMA. Reactions are relatively fast as has been
observed for other polar/co-ordinating solvents. The polymer is
recovered essentially copper free by a simple solvent wash.
Optimisation of this process and the potential to recycle the
recovered ionic liquid–catalyst mixture are currently in pro-
gress.

Notes and references
† In a typical polymerisation reaction [bmim][PF6] (10 cm3) and CuIBr
(0.142 g, 0.990 mmol) were placed in a Schlenk tube and degassed by
pumping in vacuo for 30 min. MMA (5.34 cm3, 49.9 mmol) was added and
the mixture freeze–pump–thawed three times. N-Propyl-2-pyridylmethani-
mine ligand (0.309 cm3, 1.98 mmol) was added to give a brown solution and
a final freeze–pump–thaw cycle carried out. The Schlenk tube was
immersed in a thermostated oil bath at 30 °C. When the contents stabilised
at the reaction temperature, ethyl-2-bromoisobutyrate (0.146 cm3, 0.995
mmol) was added via a degassed syringe. The polymerisation was sampled
at suitable time periods throughout the reaction. Polymer for SEC analysis
was obtained by an extraction of the reaction mixture with toluene followed
by removal of the toluene in vacuo. Copper content of extracted polymer
was obtained by ICP analysis at Warwick.
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Fig. 2 Evolution of molar mass with conversion for reaction 4, line drawn
is the linear regression fit through the data.
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A novel water-soluble Pd complex containing pyridine
carboxylate and TPPTS as ligands is a highly active catalyst
for the carbonylation of vinyl aromatics under biphasic
conditions and provides high regioselectivity to 2-arylpro-
pionic acids.

Biphasic catalytic reactions using water-soluble transition metal
complexes are of much current interest since they provide the
unique advantages of homogeneous catalysis as well as
facilitating the easy separation of the catalyst from the
products.1 While biphasic hydroformylation of olefins using
water-soluble Rh catalysts has been practiced industrially,2 the
biphasic hydrocarboxylation of olefins is still at an exploratory
stage, mainly due to the low catalytic activity and selectivity
offered by most of the catalyst systems studied so far. An
important application of hydrocarboxylation is in the synthesis
of 2-arylpropionic acids, a class of non-steroidal anti-in-
flammatory agents, from the corresponding vinyl aromatic
compounds3 or aryl ethanols.4 Biphasic carbonylation using in
situ prepared Pd(TPPTS)3 catalyst along with acidic promoters
provided only very low catalytic activity (TOF = 1.5–50 h21)
and 2-arylpropionic acid selectivity (50–70%) under mild
reaction conditions of 60–120 °C and 40–60 bar.5 A maximum
regioselectivity of 90.2% was reported at higher CO pressure
(140 bar), but with very low catalytic activity (TOF = 5 h21).5a

Cationic water-soluble Pd complexes containing bidentate
diphosphine 2,7-bis(SO3Na)-Xantphos was reported recently to
catalyse the hydrocarboxylation of olefins, which also provided
low catalytic activity (TOF = 5 h21) and 2-arylpropionic acid
(35%) selectivity.6 Here we report for the first time a novel
water-soluble Pd catalyst system for the biphasic carbonylation
of vinyl aromatic compounds, which provides significantly
improved turnovers and 2-arylpropionic acid regioselectivity.

Recently, we have reported a novel PdII complex containing
pyridine carboxylate, PPh3 and TsO– ligands (I), which was
found to be an efficient carbonylation catalyst under homoge-
neous conditions.7 Here, we demonstrate that a novel water-
soluble Pd catalyst prepared† by exchanging the PPh3 ligand of
complex I with TPPTS [tris(m-sulfophenyl)phosphine tri-
sodium salt] (Scheme 1), is a highly active catalyst for the
carbonylation of vinyl aromatics under biphasic conditions
(Scheme 2). For instance, in the case of carbonylation of
styrene, high catalytic activities (TOF) up to 550 h21 (ca.10
times higher than the previously reported catalyst systems) were
achieved with high regioselectivity to CH3CHPhCO2H (up to
95%) at lower CO pressure (54 bar). The catalyst system PdCl2–
4TPPTS gave only a very low reaction rate (TOF = 34 h21) and
CH3CHPhCO2H selectivity (41%) under the present set of
conditions. In a typical carbonylation experiment,‡ the aqueous
catalyst, LiCl, TsOH and the substrate dissolved in toluene were

charged to a stirred pressure reactor and the reaction was carried
out at 54 bar of CO partial pressure at 115 °C under 1100 rpm
for a specified time. The reaction mixture was analyzed by GC§
and the products were confirmed by GC-MS and NMR.

An attempt was made to characterize the water-soluble Pd
complex formed after the exchange of PPh3 with TPPTS, by
isolation from H2O by precipitation using EtOHl.¶ The pale
yellow complex obtained was stable in the solid state and in
solution under Ar but its aqueous solution gradually decom-
posed to a red solution within 2–3 days on exposure to air. IR of
the isolated complex showed CNO stretching vibrations at 1636
cm21 and Pd–N vibrations at 524 cm–1. 31P NMR in D2O
showed a strong signal at 35.31 ppm and a weak signal at 36.13
ppm, which may be due to the trans (N trans to TPPTS) and cis
(N cis to TPPTS) isomers respectively. 1H NMR and elemental
analysis were consistent with the structure of II given in
Scheme 1.∑

The typical results of carbonylation of styrene are presented
in Table 1. The best catalytic activity and selectivity was
achieved with 2 equiv. of TPPTS to Pd, unlike the classical
PdCl2–TPPTS system where 4–6 equiv. TPPTS to Pd were
required to obtain the highest catalytic activity. Further increase
in TPPTS concentration lowered the catalytic activity as well as
the CH3CHPhCO2H selectivity significantly.

Scheme 1 Synthesis of water-soluble Pd complex II.

Scheme 2 Carbonylation of vinyl aromatics to 2-arylpropionic acids.

Table 1 Biphasic carbonylation of vinyl aromatics using the novel water-
soluble Pd catalysta

Selectivityb (%)
Conver-

Run Substrate Time/h sion (%) TOF/h21 2 3

1c 1a 1.42 94.5 302 92 7.2
2 1a 1.5 93 282 90.7 8.7
3d 1a 4 78 89 45 54.6
4e 1a 1.42 93 100 88 11.8
5f 1a 1.5 91 550 95 4
6f,g 1a 4 30 34 41.2 58
7h 1a 2.5 76.5 139 76.5 23
8i 1a 3.5 78 102 41 59
9f 1b 5 81 147 98 1.5

10f 1c 3 90 273 96.6 2.8
11j 1d 12 45.5 10 93 6.5
12 4b 5 20 18 98 2
a Conditions: Pd (0.0629 mmol), TPPTS/Pd = 3, substrate (28.8 mmol),
TsOH (11.2 mmol), LiCl (11.2 mmol), H2O (6 ml), toluene (15.5 ml), PCO

(54 bar), T (388 K). b Traces of bis(a-methylbenzyl) ether was also
detected. c TPPTS/Pd = 2. d TPPTS/Pd = 6. e Substrate (9.62 mmol).
f Substrate (57.7 mmol). g Catalyst = PdCl2–4TPPTS. h HCl instead of
TsOH–LiCl. i In the absence of LiCl. j Substrate (16.67 mmol).
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Reaction rates were highly dependent on substrate concentra-
tion as well as promoters. The TOF increased steadily with
styrene concentration of up to 32% (57.7 mmol), presumably
due to the increase in concentration of styrene in the aqueous
catalytic phase in equilibrium with organic phase. The concen-
tration of promoters (TsOH–LiCl) also showed a significant
effect on the reaction rates; at lower concentrations the TOF and
yields being extremely low. In the absence of LiCl the catalytic
activity and selectivity decreased considerably (see run 8, Table
1), suggesting a possible role of LiCl in the formation of
phenylethyl chloride as the active carbonylation substrate. The
formation of phenylethyl chloride was also confirmed by the
analysis of intermediate organic phase samples. In addition, a
small amount of phenylethyl alcohol was also detected in the
intermediate samples, which may form by the acid catalyzed
reversible hydration of the olefin. However, in the final reaction
mixture only negligible amounts of the alcohol were detected.

Substituted vinyl aromatic compounds such as 4-isobutyl-
styrene (TOF = 147 h21), and 4-tert-butylstyrene (TOF = 273
h21) also gave good reaction rates though comparatively lower
than that of styrene. 4-Isobutylstyrene gave high Ibuprofen
selectivity of 98% while 6-methoxy-2-vinylnaphthalene gave
93% selectivity to Naproxen under these conditions (TOF = 10
h21). Since secondary arylethanols can be dehydrated to vinyl
aromatic compounds under acidic reaction conditions, carbony-
lation of 1-(4-isobutylphenyl)ethanol (p-IBPE)8 (4b) was also
studied. TOF up to 18 h21 was achieved with an Ibuprofen
selectivity of 98%. Such a lower rate is expected considering the
sluggish dehydration of IBPE to 4-isobutylstyrene under
biphasic conditions.

In order to check whether the catalyst was reusable after the
reaction, a few recycle experiments were carried out after phase
separation. The recycle of catalyst after a reaction at 115 °C
showed only very low catalytic activity (TOF = 25 h21).
However, recycle experiments under lower temperatures
(100–105 °C) showed only negligible loss in catalytic activity.
In all these cases analysis of Pd content in the organic phase
after a reaction showed only < 0.05–0.1 ppm of Pd indicating
negligible leaching of Pd to the organic phase. The catalyst was
efficiently reusable even at 115 °C when fresh styrene was
added to the reaction mixture under CO atmosphere. The
analysis of the organic layer for Pd content after two such
recycles also showed only < 0.1 ppm of Pd. These observations
indicate that the catalyst is stable during an experiment and
efficient recycle of the catalyst can be carried out under CO.
High conversions (91%) achieved even at higher substrate
concentrations (32%, see run 5, Table 1) also support this
argument. Traces of colloidal Pd formation were observed
under certain conditions mainly at higher temperatures ( > 115
°C). Since the reaction is passing through the Cl derivative as
the active carbonylation substrate, either of the two catalytic
cycles involving Pd0/PdII or PdII/PdIV seems to be possible.
However, further studies on the nature of catalytic species under
reaction conditions are essential to understand the actual
reaction mechanism, which are currently in progress at our
laboratory.

In conclusion, we have demonstrated a novel water-soluble
Pd catalyst system, which is highly active for the regioselective
carbonylation of vinyl aromatics to 2-arylpropionic acids under
biphasic conditions and provides significant improvement over

the current state of art for the biphasic carbonylation of vinyl
aromatics.

S. J. and A. S. thank CSIR (Council of Scientific and
Industrial Research), India for a research fellowship.

Notes and references
† I was dissolved in methyl ethyl ketone (MEK) (10 ml) and shaken
vigorously with 2 or 3 equiv. of TPPTS in H2O (6 ml). The yellow colour
of the MEK layer disappears and the aqueous layer becomes yellow
indicating the formation of II in water. For carbonylation reactions the
aqueous layer was used after washing with pure MEK a few times (traces of
MEK remain in the aqueous layer). All the solvents were degassed with Ar
before use.
‡ The carbonylation reactions were carried out in a Parr Hastelloy C
autoclave (50 ml). In a typical reaction, the substrate (28.8 mmol), catalyst
(0.0629 mmol) (prepared as above) in 6 ml degassed water, LiCl–TsOH
(11.2 mmol) and toluene (15.5 ml) (degassed) were charged to the
autoclave. The contents were flushed a few times with N2 followed by CO
and heated to the desired temperature (115 °C). The autoclave was then
pressurized with CO (54 bar) and the reaction was started by agitation (1100
rpm) and was continued for the specified time. TOF = Turnover Frequency
= number of moles of carbonylation product formed per mole of Pd per
hour.
§ The analysis of the liquid samples was carried out using a gas
chromatograph (HP 5890) using a HP-FFAP capillary column.
¶ A yellow fine powder was precipitated as a suspension, which was
allowed to settle, and the supernatant solution decanted. The precipitate was
washed many times with EtOH and then with Et2O and dried under vacuum.
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Photolysis of H2Te in CO or 1% CO/Ar matrices at ca. 10 K
results in the formation of carbonyl telluride; the assignment
of the nCO modes of OCTe (1965.3 cm21), O13CTe (1920.0
cm21) and 18OCTe (1921.3 cm21) in neat CO matrices is
confirmed by DFT calculations.

Carbonyl telluride (OCTe) is the only member of the carbonyl
chalcogenides (apart from carbonyl polonide) that has not been
spectroscopically identified or characterised, either in the solid,
vapour or in cryogenic matrices. Reference to it in the chemical
literature is very fleeting, including the first report of its
preparation in 1944 which contained no experimental or
characterisation details, but which did indicate that it was less
stable than the analogous carbonyl selenide.1 In 1993 Sonoda2

reported that carbonyl telluride had not yet been identified, and
we cannot find any subsequent reports. There are however, a
couple of earlier papers containing predictions of its vibrational
modes,3 and calculations of its proton affinity and structural
parameters.4 As carbonyl selenide has been identified as the
catalytic intermediate in the selenium assisted carbonylation of
amines,2 and it is also known that tellurium catalyses this
reaction5 we have initiated a study of the interaction of tellurium
atoms with carbon monoxide to spectroscopically identify and
characterise carbonyl telluride so that its presence in tellurium
mediated organic transformations can be identified. One of the
most common ways of stabilising reactive species is matrix
isolation, but there is a distinct paucity of tellurium atom
cryochemistry because the predominant vapour phase species
above heated elemental tellurium are dimers, tetramers, etc.,
and even when the vapour is superheated, the fraction of
tellurium atoms remains low.6 In this work we report the
photolysis of H2Te as an alternative source of tellurium atoms,
and whilst this has been used previously to obtain tellurium
atoms in argon matrices for Mössbauer experiments,7 it has not
been exploited as a cryochemical synthetic tool. In addition to
being a source of atomic tellurium, Donovan et al.8 have shown
that when H2Te is photolysed by UV light, some of the resultant
Te atoms are in a 1D2 excited state rather than the 3P2 ground
state expected from thermal evaporation, and this may result in
lower activation barriers for subsequent reactions.

When H2Te was matrix isolated in solid N2 and photolysed
with UV radiation,9 the intensities of the three IR active bands
at 2085.2 cm21 (n1), 865.1 cm21(n2) and 2092.0 cm21 (n3), (in
good agreement with the previous high resolution10 and
nitrogen matrix11 IR data) were reduced considerably, with no
sign of the growth of any other bands. We have noted that this
photobleaching is much more efficient using UV rather than
visible irradiation, and that photolysis during deposition also
increased the photobleaching of the H2Te bands. In a neat CO
(12C16O) matrix, the H2Te stretching modes were obscured by
the bands due to the various CO isotopomers. On UV photolysis
in neat CO the n2 mode of H2Te at 863.0 cm21 decreased, and
a new band (in the nCO region associated with carbonyl
complexes) grew in at 1965.3 cm21, as well as features12 due to

HCO (ca. 1860 cm21) and H2CO (ca. 1740 cm21) [Fig. 1(a)].
When 13CO was used [Fig. 1(b)] the 1965.3 cm21 band shifted
to 1920.0 cm21 and the use of 12CO:13CO ( ≈ 1:1) mixed
matrices [Fig. 1(c)] confirmed the presence of only one CO
group in the moiety giving rise to these bands. With the use of
C18O [Fig. 1(d)], the shift from a CO (1965.3 cm21) to a C18O
matrix (1921.3 cm21) was less than that for a 13CO matrix
(1920.0 cm21). When H2Te was trapped in a 1% CO/Ar matrix,
the only band observed after photolysis in the 2000–1680 cm21

region was at 1970.7 cm21, which is the counterpart of the
1965.3 cm21 feature in the neat CO matrices, with no evidence
of any HCO or H2CO. When D2Te was isolated and photolysed
in a 1% CO/Ar matrix, the band at 1970.7 cm21 was also
present with no sign of any deuterated analogue, and photolysis
of H2Te in 1% 13CO/Ar yielded a new feature at 1924.7
cm21.

The presence of HCO and H2CO in the neat CO matrices
confirms that the photolysis of H2Te yields hydrogen and
tellurium. The assignment of the features at 1965.3, 1920.0 and
1921.3 cm21 in neat CO matrices to the nCO modes of the
isotopomers of a monocarbonyl species is straightforward on
the basis of the mixed CO:13CO experiments, and the fact that
in 1% CO/Ar matrices the 1970.7 cm21 band is not affected by
deuteration confirms the lack of hydrogen in the species giving
rise to these features. As OCS is one of the products formed
when H2S is photolysed in solid CO,12 it is reasonable to assign
the features at 1965.3, 1920.0 and 1921.3 cm21 to the nCO
modes of OCTe, O13CTe and 18OCTe, respectively. The lack of
bands other than these in the 1% CO/Ar matrices confirms this
assignment as it has been noted previously that HCO is only
observed in dilute CO/Ar matrices when vac-UV photolysis
rather than UV–VIS photolysis is employed.13 The isotopic
ratios, in conjunction with the experimental data for the nCO
modes of OCSe (OC80Se, 2023.525064 cm21; O13C80Se,

† Electronic supplementary information (ESI) available: DFT calculations
for OCTe, COTe and (OC)2Te. See http://www.rsc.org/suppdata/cc/b0/
b003721o/

Fig. 1 Matrix isolation IR spectra of the photolysis products of H2Te in neat
CO matrices at ca. 10 K: (a) 12C16O (CO); (b) 13CO; (c) CO:13CO ( ~ 1:1);
(d) C18O.
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1973.82425 cm21; 18OC80Se, 1983.54657 cm21)14 and our
DFT calculated15 frequencies of the nCO modes of OCTe
(OCTe, 1981 cm21; O13CTe, 1933 cm21; 18OCTe, 1939 cm21),
all reinforce the conclusion that these bands are the nCO modes
of carbonyl telluride. The DFT calculations also indicated that
the intensity of the nCTe and dOCTe modes would be too low to
be observed in the experimental spectra.16

Our previous DFT calculations17 have shown that the
bonding between a main group metal and CO can be described
in an analogous way to the synergic mechanism used for
conventional transition metal carbonyls. In the case of OCTe the
DFT calculations predict that the Te s-accepts ca. 0.6 e2 and p-
backdonates ca. 0.7 e2 to CO, resulting in a lengthening of the
CO bond and a reduction of the CO bond order and nCO
frequency. The Te–CO bond energy for OCTe with respect to
Te(3P) and CO(1S+) was calculated to be 2187 kJ mol21, and
OCTe was favoured over the COTe isomer by 152 kJ mol21

with markedly different values for nCO of 1981 and 1835 cm21,
respectively. The linear dicarbonyl telluride [(OC)2Te] was
found to be 36 kJ mol21 less stable than OCTe, and (OC)3Te
was unstable with respect to decomposition.

Therefore, using the first spectroscopic identification and
characterisation of carbonyl telluride, this work has demon-
strated that the photolysis of hydrogen telluride is an excellent
source of both hydrogen and tellurium atoms for use in
cryochemical synthesis. The identification of the nCO modes of
OCTe will be useful in identifying whether this is an
intermediate in organic transformations.

We gratefully acknowledge the support of The University of
Hull and the EPSRC for an award of a studentship (NH) and for
equipment (GR/H 29117, GR/K 17514).
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One-step size-controlled synthesis of ZnSe quantum dots is
studied and the obtained QDs are luminescent with the
emission wavelength varying over a wide range (up to 100
nm) depending on the particle size; the single-molecular
precursor is an air-stable bis(phenylselenolato)zinc
N,N,NA,NA-tetramethylethylenediamine (TMEDA) complex,
which effectively affords different sizes of ZnSe QDs
depending on growth temperatures.

Nanomaterials are of great interest owing to the novel optical,
electronic and catalytic properties that arise from the quantum
size effects and large surface areas that are characteristic of
these species. In particular, quantum dots (QDs) of semi-
conducting materials have received special attention because
their electronic band gaps can be tuned, thus varying their
optical response from the IR to the UV depending on the size of
the dots.1–5 The tunability of the band gap makes QDs useful for
many applications such as light emitting diodes5 and as
ultrasmall luminescent tags for biological studies.6

Bulk materials that absorb or emit in the blue to near-UV
regions of the electromagnetic spectrum are being extensively
studied owing to their potential uses in optical sensors and
lasers.7,8 The best known bulk semiconductors with band gaps
in this region are GaN (Egap = 3.4 eV) and ZnSe (Egap = ca. 2.7
eV). Synthetic studies on QDs of these two materials with
decent electronic band tunings, however, have been very
limited.9,10 For isolated colloidal ZnSe QDs, the use of a
diselenocarbamate single-source precursor and a dual source
precursor system are two successful demonstrations.10

One of the important current issues of nanomaterials research
is the controlled synthesis of QDs. In many cases, however,
successful nanostructured materials syntheses1,11 with desired
size and shape criteria, require multi-step processes and thus
developing a simple and controlled method of synthesizing QDs
is of particular interest.

Here we present a one-step synthesis of ZnSe QDs the sizes
of which can be precisely tuned by simple temperature control.
We demonstrate that these are luminescent in the blue region
and that the emission wavelength varies over a very wide range
(up to 100 nm) depending on the particle size. The key to this
synthesis is the proper choice of a molecular precursor which
has good solubility, adequate thermal stability, and simple
ligand elimination processes that produce desired materials.
Notably, our obtained QDs have a high monodispersity without
size selective precipitation.

The compound bis(phenylselenolato)zinc, Zn(SePh)2,12 is
polymeric and poorly soluble in organic solvents, and is thus not
particularly convenient as a precursor for the synthesis of QDs.
We observe, however, that the polymer reacts with N,N,NA,NA-
tetramethylethylenediamine (TMEDA) to form a soluble, air-
stable, monomeric adduct of stoichiometry Zn(SePh)2-
(TMEDA) (Fig. 1).13–15 As similarly observed by Yamamoto
and Steigerwald in related work on alkyl- or phenyl-chalcoge-
nolate ligand systems, this ligand is more thermally stable than
other bulky selenolate ligands such as SeSi(SiMe3)3, and
thermolysis of its complexes produces clean QDs with reduced
contamination caused by undesired ligand fragmentation
processes.16

One-step size controlled synthesis of QDs was carried out by
the thermolysis of Zn(SePh)2(TMEDA) (eqn. 1).17,18

[ ][ ]Zn(SePh) TMEDA ZnSe + TMEDA + Ph Se2
heat

2æ Æææ (1)

In a typical QD synthesis, Zn(SePh)2(TMEDA) (0.5 g, 0.101
mmol) was dissolved in trioctylphosphine (10 ml) and the
resulting solution injected into hot trioctylphosphine oxide
(3.92 g, 10.1 mmol). The latter solution is kept at one of four
different temperatures: 320, 340, 367 or 385 °C. After 1 h, the
resulting yellow solution was cooled to 80 °C and treated with
an excess of methanol to generate a yellow flocculate, which is
separated by centrifugation and washed with methanol. The
resulting pale yellow powder was readily redispersed in toluene.
No further size selection is carried out.

The QDs obtained are highly monodispersed with sizes that
depend on the growth temperature. Relative to the position of
the 460 nm (2.7 eV) absorption band edge for bulk ZnSe, the
absorption band edges of the ZnSe QDs are blue-shifted. Larger
shifts are seen for higher growth temperatures. Thus, the
absorption band shifts are 0.95, 0.37, 0.29 and 0.17 eV for QDs
grown at 385, 367, 340 and 320 °C, respectively. Similar blue
shifts are also observed in the photoluminescence spectra: the
band maxima are 387 (3.20 eV), 429 (2.89 eV), 443 (2.80 eV)
and 451 nm (2.75 eV) for samples grown at 385, 367, 340 and
320 °C, respectively (Fig. 2). These results show that smaller
quantum dots are obtained at higher growth temperatures where
more nucleation sites are present and relatively less ZnSe
material is available for each nucleus during growth kinetics.
High resolution transmission electron micrographs show that
the ZnSe QDs are roughly spherical and that the particles within
a single sample have relatively uniform sizes (Fig. 3). The
average sizes of the ZnSe QDs are 2.7 ± 0.2, 4.0 ± 0.35 nm, 4.4
± 0.35 and 4.9 ± 0.29 nm for samples grown at 385, 367, 340,
320 °C, respectively (Fig. 2C). The ZnSe particles are in the
cubic phase, as determined by X-ray diffraction and selected
area electron diffraction.18 Energy dispersive X-ray emission
analysis of the QDs confirms that the particles have a 1+1 Zn+Se
stoichiometry.

The results above demonstrate that monodispersed ZnSe QDs
can be prepared by means of a simple and convenient one-pot

Fig. 1 ORTEP drawing of Zn(SePh)2(TMEDA). Selected bond distances
(Å) and angles (°): Se(1)–Zn(1) 2.398(2), Se(2)–Zn(1) 2.399(2), Zn(1)–
N(1) 2.120(9), Zn(1)–N(2) 2.147(9); Se(1)–Zn–Se(2) 125.54(6), N(1)–
Zn(1)–N(2) 86.3(3).
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synthesis from an air-stable monomeric molecular precursor.
The growth of QDs follows a simple ligand elimination reaction
and by varying the growth temperature it is possible to control
their size. The results constitute a good demonstration of
controlling the size of semiconductor QDs with band gaps in the
blue region of the electromagnetic spectrum. We believe that
this strategy can be extended to facile size controlled synthesis
of QDs of other materials that, at present, are difficult or
complicated to prepare.

This work was supported by the KOSEF (1999-1-122-001-5)
and we thank KBSI and KRISS for the TEM analyses.
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similarly used to prepare other II/VI semiconducting materials. See: (a)
J. G. Brennan, T. Siegrist, P. J. Carrol, S. M. Stuczynski, L. E. Brus and
M. L. Steigerwald, J. Am. Chem. Soc., 1989, 111, 4141; (b) J. G.
Brennan, T. Siegrist, P. J. Carrol, S. M. Stuczynski, P. Reynders, L. E.
Brus and M. L. Steigerwald, Chem. Mater., 1990, 2, 403; (c) K. Osakada
and T. Yamamoto, J. Chem. Soc., Chem. Commun., 1987, 1117. 

17 Upon themolysis of Zn(SePh)2(TMEDA), the generation of Ph2Se was
identified by 1H NMR spectroscopy.

18 X-Ray diffraction spectra show three broad peaks at 2q = 27.41 (111),
48.04 (200) and 68.76° (311), similar to the cubic phase observed in
CdSe.4 Interestingly, the synthesis of hexagonal ZnSe QDs has
previously been reported.10a

Fig. 2 Optical spectra and size distribution of ZnSe QDs grown at (a) 385
(b) 367 (c) 340 (d) 320 °C. (A) UV–VIS absorption spectra, (B)
photoluminescence spectra and (C) size distribution.

Fig. 3 HRTEM images of ZnSe QDs grown at 340 °C.
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Palladium(II)-supported hydrotalcite acts as a reusable
catalyst for the oxidation of alcohols to aldehydes and
ketones in the presence of pyridine under atmospheric
pressure of oxygen.

Heterogeneous catalysts are currently receiving considerable
attention from the standpoint of environmental and economical
concerns because of their unique properties such as easy
handling, simple separation and reusability.1 Hydrotalcite
[Mg6Al2(OH)16CO3·4H2O] is a naturally produced basic clay
mineral which has a layered structure consisting of positively
charged brucite-like layers and negatively charged counter ions
located in the interlayers.2 It has been used as a solid base
catalyst in several reactions3 and also some modified hydro-
talcites have been prepared and used for aerobic oxidation of
alcohols.4 The utility of hydrotalcite as a support for transition
metals has also been investigated5 and further elaboration of its
use in organic synthesis is awaited.

Recently we have reported the palladium-catalysed oxidation
of alcohols to aldehydes and ketones using a catalytic amount of
Pd(OAc)2, pyridine and 3 Å molecular seives (MS3A) under
atmospheric pressure of oxygen.6 In order to construct a high-
performance catalytic system, we have attempted heterogeniza-
tion of this system to produce a reusable and efficient solid
catalyst. Among several clay supports examined, we found that
hydrotalcite was an effective support for Pd(II) in the oxidation
of alcohols. We report here, the synthesis of a new heteroge-
neous catalyst, a palladium(II) salt supported hydrotalcite
[Pd(II)-hydrotalcite] from commercially available reagents, and
its application as a catalyst for aerobic oxidation of alcohols
under oxygen.7

Pd(II)-hydrotalcite† (1.56 mmol g21 Pd) was prepared by
mixing Pd(OAc)2, pyridine and hydrotalcite in toluene at 80 °C
for 1 h, followed by filtration, washing and drying under
reduced pressure at room temperature.8 A residue was scarcely
observed in the filtrate after removing solvents under reduced
pressure, showing that virtually all of the Pd(OAc)2 initially
employed was adsorbed on hydrotalcite. The basal spacing
(d003) of the commercially available hydrotalcite was 7.8 Å as
estimated by a sharp peak obtained from X-ray diffraction
(XRD) analysis, while that of the prepared Pd(II)-hydrotalcite

was essentially the same with no differences of peak pattern
between hydrotalcite and Pd(II)-hydrotalcite being observed.
This result suggests that the palladium salt is immobilised on the
surface of hydrotalcite.9

Initially the catalytic oxidation of benzyl alcohol 1a using
Pd(II)-hydrotalcite‡ was performed (Scheme 1), and typical
results are listed in Table 1. The oxidation of benzyl alcohol 1a
(1 mmol) in toluene at 80 °C for 2 h in the presence of 5 mol%
Pd(II)-hydrotalcite (0.05 mmol Pd) under O2 afforded benzalde-
hyde 2a in 62% yield (Table 1, entry 1). By further addition of
pyridine (0.2 mmol) in the reaction media, efficient oxidation
proceeded to give a quantitative yield of 2a (entry 2). The
amount of the catalyst could be reduced to 1 mol%, although a
longer reaction time was required to achieve the complete
conversion of 1a (entries 3 and 4). Other benzylic alcohols (1b
and 1c) were also smoothly oxidized to the corresponding
aldehydes in high yields (entries 5 and 6). Non-activated
primary and secondary aliphatic alcohols 3a–c were easily
transferred to the corresponding aldehydes and ketones in high
yields (entries 7–9). In the latter case, however, the reaction was
slower and an excess of pyridine (1.0 mmol) was required
(entries 8 and 9). The reactions of alkenic alcohols using Pd(II)-
hydrotalcite or Pd(OAc)2/pyridine/MS3A (homogeneous cata-
lytic system; abbreviated as MS-system)6 were then carried out
and compared, the results of which are summarized in Table 2.
In the oxidation of geraniol 5 and nerol 7, the presence of an
excess of pyridine was required (entries 1–3). When the reaction
of 5 was carried out using the MS-system, the yield of the
corresponding aldehyde 6 was low (56%) even after long

Table 1 Pd(II)-hydrotalcite-catalysed oxidation of alcohols by molecular oxygena

Entry Substrate Catalyst
Pyridine/
mmol

Reaction
time/h Product

Conversion
(%)

Isolated
yield (%)b

1 1a 0.30 g, 5 mol% — 2 2a 74 62c

2 1a 0.30 g, 5 mol% 0.2 2 2a 100 quant.c
3 1a 0.06 g, 1 mol% 0.2 12 2a 98 91c

4d 1a 0.60 g, 1 mol% 2.0 12 2a 94 87c

5 1b 0.30 g, 5 mol% 0.2 2 2b 97 90
6 1c 0.30 g, 5 mol% 0.2 2 2c 98 92
7 3a 0.30 g, 5 mol% 0.2 6 4a 97 86
8 3b 0.30 g, 5 mol% 1.0 11 4b 100 93
9 3c 0.30 g, 5 mol% 1.0 11 4c 100 92

a Reaction conditions: Pd(II)-hydrotalcite (1.56 mmol g21 Pd), alcohol (1.0 mmol), pyridine, toluene (10 mL), 80 °C, O2. b Based on alcohol employed. c GLC
yield. d 10-Fold scale reaction.

Scheme 1
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reaction times and the E+Z ratio was seriously disturbed (E+Z =
63+37), while the Pd(II)-hydrotalcite catalysed reaction
smoothly proceeded to give 6 in 91% isolated yield without
geometrical isomerization (E+Z = 96+4, entry 2). Similarly,
aldehyde 8 was obtained highly selectively from 7 in high yield
using Pd(II)-hydrotalcite (89%, E+Z = 6+94), while both
product yield and selectivity were low using the MS-system
(entry 3).10 Although the reason for this high catalytic activity
and selectivity arising from immobilisation of a palladium(II)
salt on hydrotalcite is not yet clear,10 this catalyst is shown to be
especially effective for the oxidation of unsaturated alcohols.

The catalyst could be easily separated from the reaction
mixture by simple filtration and recycled. For example, Pd(II)-
hydrotalcite could be recycled at least three times in the
oxidation of benzyl alcohol 1a although the catalytic activity
decreased with the third use (1st: 98%, 2nd: 93%, 3rd: 77%).

In summary, we have demonstrated that a novel Pd(II)-
supported hydrotalcite worked as an efficient catalyst for the
oxidation of alcohols under oxygen. Especially, in the oxidation
of geometrically isomerizable allylic alcohols such as geraniol
and nerol, the corresponding aldehydes were obtained in high
yield without any isomerization. The catalyst can be easily
separated and recycled. Further characterization of this catalyst
and application to other reactions are now in progress.

We gratefully thank Kyowa Chemical Ind., Ltd. for the gift of
hydrotalcite [Mg6Al2(OH)16CO3·4H2O, brand name ALCA-
MAC < L > ®]. T. N. gratefully thanks a Fellowship of the Japan
Society for the Promotion of Science for Young Scientists.

Notes and references
† Procedure for the preparation of Pd(II)-hydrotalcite: to a mixture of
Pd(OAc)2 (375 mg, 1.67 mmol) and toluene (100 mL) in a 200 mL two-
necked flask was added pyridine (331 mg, 4.18 mmol) at 80 °C during
which the brown suspension turned yellowish white. Then, hydrotalcite
(ALCAMAC < L > ®, 10.0 g) was added and the mixture was stirred
vigorously for 1 h at 80 °C. The obtained slurry was cooled to 0 °C, followed
by filtration and washing with diethyl ether (20 mL 3 2). The resulting solid
was dried in vacuo at room temp. to give a yellowish white powder of Pd(II)-
hydrotalcite. Elemental analysis; found: N, 0.35% [calc. N, 0.44% assuming
that Pd(OAc)2·2C5H5N formed in situ was completely adsorbed].
‡ Procedure for Pd(II)-hydrotalcite catalysed oxidation of alcohols using
molecular oxygen: to a suspension of Pd(II)-hydrotalcite (300 mg, 0.05
mmol Pd) in toluene (6 mL) in a 20 mL two-necked flask was added
pyridine (0.2–5.0 mmol) and the resulting mixture was stirred. Oxygen was
then introduced into the flask from an O2 balloon under atmospheric
pressure and the mixture was heated to 80 °C for ca. 10 min with stirring.
Then, an alcohol (1.0 mmol) in toluene (4 mL) was added and the mixture

was stirred vigorously for 2 h (or appropriate time) at 80 °C under oxygen.
After the reaction the catalyst was separated by filtration through a glass
filter. Removal of the solvent from the filtrate under reduced pressure left an
oily residue which was subjected to column chromatography (Merck silica
gel 60; hexane–diethyl ether as eluent) to give the product.

1 M. Balogh and P. Laszlo, Organic Chemistry Using Clays, Springer-
Verlag, New York, 1993; J. H. Clark, Catalysis of Organic Reactions by
Supported Inorganic Reagents, VCH, New York, 1994; R. L.
Augustine, Heterogeneous Catalysis for the Synthetic Chemist, Dekker,
New York, 1996.

2 F. Cavani, F. Trifiró and A. Voccari, Catal. Today, 1991, 11, 173.
3 Recent examples of the reactions catalysed by hydrotalcite, see: B. M.

Choudary, M. Lakshmi Kantam, Ch. Venkat Reddy, K. Koteswara Rao
and F. Figueras, J. Mol. Catal. A, 1999, 146, 279; T. Raja, T. M. Jyothi,
K. Sreekumar, M. B. Talawar, J. Santhanalakshmi and B. S. Rao, Bull.
Chem. Soc. Jpn., 1999, 72, 2117 and references therein.

4 K. Kaneda, T. Yamashita, T. Matsushita and K. Ebitani, J. Org. Chem.,
1998, 63, 1750; T. Matsushita, K. Ebitani and K. Kaneda, Chem.
Commun., 1999, 265.

5 For example: T. Tatsumi, K. Yamamoto, H. Tajima and H. Tominaga,
Chem. Lett., 1992, 815; B. F. Sels, D. E. D. Vos and P. A. Jacobs,
Tetrahedron Lett., 1996, 37, 8557; M. P. Kapoor and Y. Matsumura,
Chem. Commun., 2000, 95.

6 T. Nishimura, T. Onoue, K. Ohe and S. Uemura, Tetrahedron Lett.,
1998, 39, 6011; T. Nishimura, T. Onoue, K. Ohe and S. Uemura, J. Org.
Chem., 1999, 64, 6750.

7 For recent examples of aerobic oxidation using heterogeneous palla-
dium catalysts, see: M. Hronec, Z. Cvengrosová and J. Kizlink, J. Mol.
Catal., 1993, 83, 75; K. Kaneda, M. Fujii and K. Morioka, J. Org.
Chem., 1996, 61, 4502; G. Noronha and P. M. Henry, J. Mol. Catal. A,
1997, 120, 75; K. Kaneda, Y. Fujie and K. Ebitani, Tetrahedron Lett.,
1997, 38, 9023; K. Ebitani, Y. Fujie and K. Kaneda, Langmuir, 1999,
15, 3557.

8 The Pd(OAc)2(py)2 complex is formed by the reaction of Pd(OAc)2 with
pyridine, see: S. V. Kravtsova, I. P. Romm, A. I. Stash and V. K. Belsky,
Acta Crystallogr., Sect. C, 1996, 52, 2201; T. A. Stephenson, S. M.
Morehouse, A. R. Powell, J. P. Heffer and G. Wilkinson, J. Chem. Soc.,
1965, 3632.

9 The presence of pyridine in Pd(II)-hydrotalcite was detected by TG/MS
analysis, while desorption of pyridine was not observed from hydro-
talcite which was treated with pyridine in toluene and washed by the
same procedure as in the preparation of Pd(II)-hydrotalcite. We
postulate that the Pd(II)-pyridine complex was adsorbed on the surface
(not between layers) by ionic bonding between the Pd(II)-pyridine
complex and hydroxy groups on the surface of the hydrotalcite.

10 Low catalytic activity of the MS-system might be due to strong
complexation of palladium by the olefin. In Pd(II)-hydrotalcite,
however, such complexation may be inhibited because of the steric bulk
of hydrotalcite surface and this may be a reason for very low geometric
isomerizations observed with the Pd(II)-hydrotalcite system.

Table 2 Catalytic oxidation of geraniol and nerol using Pd(II)-hydrotalcite and Pd(OAc)2/pyridine/MS3Aa

1246 Chem. Commun., 2000, 1245–1246



Pyridine functionalised N-heterocyclic carbene complexes of palladium

Arran A. D. Tulloch,a Andreas A. Danopoulos,*a Robert P. Tooze,b Sean M. Cafferkey,a Sven Kleinhenza and
Michael B. Hursthouse*a

a Department of Chemistry, University of Southampton, Highfield, Southampton, UK SO17 1BJ.
E-mail: ad1@soton.ac.uk

b Ineos Acrylics, Wilton, PO Box 90, Middlesbrough, Cleveland, UK TS90 8JE

Received (in Basel, Switzerland) 28th March 2000, Accepted 26th May 2000
Published on the Web 20th June 2000

The pyridine functionalised N-heterocyclic carbene com-
plexes (C–N)PdMeBr, C–N = 3-R-1-(2-picolyl)imidazolin-
2-ylidene, (R = But 1a, R = mes 1b, mes = mesityl) are
described; they are excellent catalysts for the Heck arylation;
1b is monomeric with a chelating C–N ligand; the product
obtained by interaction of 1a with AgO2CCF3 shows a
[Pd(C–N)]4 framework with bridging C–N ligands.

N-heterocyclic carbenes have recently emerged as a new family
of ligands with electronic characteristics similar to those of the
phosphines.1 The great interest in their complexes with
transition metals has been stimulated by the realisation that they
can act as catalysts or catalyst precursors to important
transformations, such as Pd-catalysed Heck and Suzuki cou-
plings, CO–ethylene copolymerisations, Ru-catalysed olefin
metathesis and Rh catalysed hydrosilylations.2 Furthermore,
electronic and steric optimisation of the catalytic site should be
achievable via ligand design. Recent reports on the synthesis of
functionalised hemilabile N-heterocyclic carbene complexes3,4

and their use as catalyst precursors prompted us to communicate
our results describing the full characterisation of three novel
pyridine functionalised N-heterocyclic carbene complexes of
palladium, including two crystal structures and preliminary
studies on their catalytic activities in Heck coupling and
amination reactions.

The complexes (C–N)PdMeBr, C–N = 3-R-1-(2-picolyl)-
imidazolin-2-ylidene, (R = But 1a, R = mes 1b, Scheme 1)
were prepared in good yields by careful deprotonation at low
temperatures of 3-R-1-(2-picolyl)imidazolium bromide, [H(C–
N)] Br, (R = But, mes), with LiNPri

2 in THF, followed by
trapping of the in situ formed carbene with (cod)PdMeBr.
Complexes 1a,b are air-stable solids and 1b can be crystallised
from CH2Cl2 by slow evaporation.† The structure of 1b was
determined by X-ray crystallography and is shown in Fig. 1.‡
The chelating ligand is coordinated to the square planar
palladium centre with the carbene end disposed trans to the
bromide. The carbene plane forms an angle of 64.2° with the
square plane of the palladium. The resulting six-membered ring
is puckered to release conformational strain.

Abstraction of the halide from 1a by Ag(O2CCF3) in
acetonitrile results in isolation of complex 2† the structure of
which is shown in Fig. 2.‡ In this case the C–N ligand is
bridging with carbene and pyridine ends occupying mutually
trans positions. The four Pd atoms occupy the corners of a
distorted tetrahedron and the ligands bridge four of the six sides
in a way which leaves two opposite sites free.

Compounds analogous to 1 (R = Me) have recently been
reported by McGuinness and Cavell,4 however, they could not

obtain crystallographic data. In the absence of such data for
comparison, we note with interest that there are several other
aspects of their paper, which point towards important differ-
ences between their complexes and the ones reported herein.
Mention is made of the unselective reaction of bases with the
precursor imidazolium salts, which precludes the use of the
simple synthetic technique employed by us to synthesise the
palladium complexes. They also note that their complexes once
formed are unstable towards strong bases,which limits their use
in amination catalysis. Both problems are believed to arise from

Scheme 1

Fig. 1 Molecular structure of 1b. Selected bond lengths (Å) and angles (°):
Pd1–C1 1.964(4), Pd1–C10, 2.147(3), Pd11–N3 2.183(3), Pd1–Br1
2.4969(6); Br1–Pd1–C1 177.5(1), Br1–Pd1–C10 90.51(8), Br1–Pd1–N3
92.59(8).

Fig. 2 Molecular structure of 2. Selected bond lengths (Å): Pd–N
1.99(2)–2.11(2), Pd–O 2.145(15)–2.170(15), Pd–Cmethyl 1.94(2)–2.10(2),
Pd–Ccarbene 1.89(3)–1.96(3).
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undesired deprotonation of the methylene protons linking the
carbene to the heterocyclic donor, or even the methyl sub-
stituent of the carbene. We believe these initial observations
may presage structure–property relationships in similar cata-
lysts.

Complexes 1a and 1b are excellent precatalysts for the Heck
coupling and show good activity for amination reactions (see
Table 1). The activity of 1a does not seem to decrease with time,
implying high thermal stability under the reaction conditions. It
is highest in N-methylpyrrolidone and N,NA-dimethylacetamide
but is dependent on reaction temperature. The highest turnover
frequencies are observed when triethylamine is used as base;
other bases such as Na2CO3 or NaO2CMe have also been used
successfully but require longer reaction times. The results for
the coupling of aryl iodides with acrylates are comparable to the
best systems known.5 Although the mechanism and the nature
of the active species in the Heck reaction is far from clear,6 our
results show that (i) highly active palladium catalysts are
obtained by using hemilabile carbene complexes, (ii) the
presence of other labile ligands in the coordination sphere of the
metal makes predictions of the nature of the catalytic species
difficult and (iii) higher nuclearity complexes such as 2 may be
precursors to the active catalyst which could be obtained by
dissociation of the labile end of the ligand. Catalysis by higher
nuclearity complexes, especially under Heck conditions, is less
likely.

Studies on the reactivity of the new complexes, extension of
the methodology to other transition metals and the synthesis of
other functionalised N-heterocyclic carbene ligands with a
variety of other donor functionalities is under way.

We are indebted to Ineos Acrylics, EPSRC and the University
of Southampton for support.

Notes and references
† Spectroscopic data: 1a: MS (ES): m/z 377, [Pd(C–N)Me(MeCN)]+. 1H
NMR (300 MHz, CDCl3): d 9.14 (d, 1H, a-N-pyridyl H), 7.70 (dt, 1H, g-N-
pyridyl H), 7.33 (t, 1H, b-N-pyridyl H), 7.24 (d, 1H, HCCH), 7.14 (d, 1H,
HCCH), 6.66 (m, 1H, b-N-pyridyl H), 5.23 (m, 1H,NCHH), 5.92 (m, 1H,
NCHH), 1.95 [s, 9H, C(CH3)3], 0.56 (s, 3H, PdCH3). 13C{1H} NMR (100.5
MHz, CDCl3): d 175.2 (NCN), 159.7, 152.7, 137.9 (pyridyl C), 123.6,
122.2, 120.4, 119.1 (pyridyl C, NCCN), 59.3 (NCH2), 54.3 [C(CH3)3], 30.2
[C(CH3)3], 27.5 (PdCH3).

1b: MS (ES): m/z 439, [Pd(C–N)Me(MeCN)]+. 1H NMR (300 MHz,
CDCl3): d 9.33 (d, 1H, a-N-pyridyl H), 7.76 (dt, 1H, g-N-pyridyl H), 7.50
(d, 1H, b-N-pyridyl H), 7.34 (m, 1H, b-N-pyridyl H), 7.27 (d, 1H, HCCH),
6.93 (s, 2H, mes CH), 6.78 (d, 1H, HCCH), 5.50 (br, 2H, CH2), 2.31 (s, 3H,
mes CH3), 2.08 (s, 6H, mes CH3), 0.22 (s, 3H, PdCH3). 13C{1H} NMR
(100.5 MHz, CDCl3): d 174.4 (NCN), 153.3, 152.8, 138.7 (pyridyl C),
135.6, 134.9 (mes C), 129.2, 128.8 (mes CH), 124.5, 124.2, 122.2, 121.7
(pyridyl C, NCCN), 55.5 (NCH2), 21.2, 18.5 (mes CH3), 213.9 (PdCH3).

2: MS (ES): m/z 377, [Pd(C–N)Me(MeCN)]+. 1H NMR (300 MHz,
CD3CN): d 8.8 (d, 1H, a-N-pyridyl H), 7.5 (dt, 1H, g-N-pyridyl H), 7.2 (m,
1H, b-N-pyridyl H), 7.1 (d, 1H, b-N-pyridyl H), 7.0 (d, 1H, HCCH), 6.4 (d,
1H, HCCH), 5.3 (br, CH2), 0.56 (s, 3H, PdCH3), 1.7 [s, 9H, C(CH3)3].
13C{1H} NMR (100.5 MHz, CDCl3): d 174.0 (NCN), 158.5 (pyridyl C),
151.5 (PdCO2CF3), 150.5, 138.2 (pyridyl C), 123.3, 122.8, 121.4, 120.3
(pyridyl C, NCCN), 97.6 (CF3), 58.4 (NCH2), 56.1 [C(CH3)3], 31.8
[C(CH3)3], 29.2 (PdCH3).
‡ Crystal data: for 1b: C19H22BrN3Pd, M = 478.71, rhombohedral, space
group R3̄h (no. 148), a = 24.521(4), c = 20.201(4) Å, U = 10519(3) Å3,
T = 150 K, Z = 18, m(Mo-Ka) = 2.507 mm21, 25874 reflections
measured, 4782 unique (Rint = 0.047) which were used in all calculations.
The final wR(F2) was 0.1142 (all data) and R = 0.0439 [F > 2s(F)]. The
structure contains highly disordered solvent CH2Cl2 which is located in
channels along the c axis (1035 e cell21) and was treated in the manner
described by Sluis and Spek.7

For 2: crystals were obtained by layering of CH2Cl2 solution of 2 with
ether: C60H80F12N12O8Pd4·(x THF (x ≈ 4), Mr = 1749.04, triclinic, space
group P1̄ (no. 2), a = 9.852(2), b = 20.026(4), c = 21.056(4) Å, a =
89.95(3), b = 90.19(3), g = 90.04(3) °, U = 4154.2(14) Å3, Z = 2, T = 150
K, m = 0.935, 34221 reflections measured, 10208 reflections observed, R =
0.1095, Rw = 0.2539. The crystals were of particularly poor quality, and the
data reported is the best of four data collections and refinements tried.
Recognising the approximate C2 symmetry of the molecule and or-
thorhombic cell geometry, we have explored the possibility of higher
symmetry structure. Whilst strong data merge reasonably well for
orthorhombic (Rint = 0.13), monoclinic (Rint = 0.062; cf. Rint = 0.056 for
triclinic) we were not able to solve or refine in the higher symmetries.

CCDC 182/1666. See http://www.rsc.org/suppdata/cc/b0/b002645j/ for
crystallographic files in .cif format.
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Table 1 Selected results of Heck reactions catalysed by 1a

Aryl halidea Alkeneb/amine t/h T/°C Catalyst (mol %) Base Yield (%)d TON

PhI mac 3 130 7 3 1023 Na2CO3 90 12 900
PhI mac 1 130 7 3 1024 NEt3 85 121 400
PhI mac 2 130 7 3 1024 NEt3 95 135 700
PhI mac 3 130 7 3 1024 NEt3 100 142 900
PhI mac 6 130 3.5 3 1024 NEt3 100 285 800
PhI mac 18 140 7 3 1025 NEt3 98 1400 000
PhI mac 38 140 3.5 3 1025 NEt3 100 2858 000
4-NO2C6H4Br bac 18 140 0.5 NaOAc 95 190
4-MeCOC6H4Br bac 18 140 0.5 NaOAc 100 200
PhBrc PhNHMe 24 65 7 3 1024 NEt3 10 14 300
PhBr mac 75 130 7 3 1023 NEt3 10 1 400
PhBr mac 152 130 7 3 1023 NEt3 20 2 900

a ArX, 5 mmol; alkene/amine, 6 mmol; NEt3, 7 mmol; NaOAc, 7 mmol; Na2CO3, 3.5 mmol; N-methylpyrrolidone used as solvent. b mac = Methyl acrylate;
bac = n-butyl acrylate. c Determined by GC, based on the aryl halide. d THF used as solvent.
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Palladium catalysed Suzuki cross-coupling reactions have
been conducted in the ambient temperature ionic
liquid,1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]), exhibiting unprecedented reactivities in
addition to easy product isolation and catalyst recycling.

The continuing depletion of natural resources and growing
environmental awareness has necessitated changes in the
practices of both the chemical industry and academia. One
strategy that addresses these issues is the replacement of
deleterious molecular solvents with environmentally more
benign, reaction enhancing alternatives. Of the novel solvents
that have emerged, ambient temperature ionic liquids consisting
of 1,3-dialkylimidazolium cations have shown great promise
(Fig. 1).1 Their negligible vapour pressure, ease of handling and
potential for recycling, circumvent many of the problems
associated with volatile organic solvents. Furthermore, their
high compatibility with transition metal catalysts and limited
miscibility with common solvents, enables easy product and
catalyst separation with the retention of the stabilised catalyst in
the ionic phase. These and related ionic liquids have been
successfully employed as the media in a number of reactions,
which include hydrogenations,2 alkene dimerizations,3 Diels–
Alder4 and Friedel–Crafts5 reactions.

The Suzuki6 cross-coupling reaction is an extremely versatile
methodology for the generation of new carbon–carbon bonds
and is employed most successfully in the synthesis of biaryls.7
The reaction, however, suffers from a number of drawbacks
such as catalyst loss into the product, catalyst decomposition
and poor reagent solubilities. We postulated that these problems
might be resolved by the use of ionic liquids. Recently, the
closely related Heck8 and Trost–Tsuji9 coupling reactions have
been conducted in ionic liquids with great success. We report
herein the first examples of the more complex palladium
catalysed Suzuki cross-coupling reactions in the ambient
temperature ionic liquid, [bmim][BF4]. [bmim][BF4] has a
liquid range in the order of 300 °C, it is stable in air and is
known to solubilize many organometallic compounds.10 These
properties, in addition to its controllable miscibility with water
and immiscibility with ether, make [bmim][BF4] a potential
solvent for Suzuki reactions.

The reaction of 4-bromotoluene with phenylboronic acid in
[bmim][BF4] was initially investigated using the original
Suzuki conditions.11 This afforded 4-methylbiphenyl in a 30%
yield after 6 h, with catalyst decomposition evidenced by the
precipitation of a black solid (Table 1, entry 6). Further
investigation revealed that modifying the original conditions
significantly boosted yields of the desired products, enhanced

reaction rates and prevented catalyst decomposition. The new
conditions involved heating the catalyst with the arylhalide in
[bmim][BF4] at 110 °C with vigorous stirring until complete
solution occurred. The catalytic solution is cooled to ambient
temperature and the reaction started by the addition of the
arylboronic acid and an aqueous solution of Na2CO3.12

Adopting this procedure with a reduced catalyst concentration,
Pd(PPh3)4 (1.2 mol%, based on arylhalide), afforded 4-me-
thylbiphenyl in a 69% yield after 10 min, without catalyst
decomposition (Table 1, entry 7). The reaction can also be
achieved with one-tenth the catalyst concentration generally
required, Pd(PPh3)4 (0.3 mol%, Table 1, entry 8). Once the
catalytic solution has been generated the reaction can be
conducted under air with analogous results and no catalyst
decomposition (Table 1, entry 9).

The scope of the reaction in [bmim][BF4] was investigated
with electron-rich and electron-deficient arylhalides (Table 1).
The reactivity exhibits dramatic enhancements over the condi-
tions generally employed. For example, conducting the reaction
of bromobenzene with phenylboronic acid under the original
Suzuki conditions affords biphenyl with an 88% yield in 6 h (5
TON h21).11 In [bmim][BF4] a 93% yield is achieved in 10 min
(455 TON h21, Table 1, entry 2), which is over 90 times the
original reactivity. Notably, 4-methoxybiphenyl is afforded in a
40% yield in 6 h (2 TON h21) applying the original
conditions.11 In [bmim][BF4] an 81% yield is afforded in

Fig. 1

Table 1 Scope of the Suzuki cross-coupling reaction in [bmim][BF4]:
variation of the arylhalide
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10 min (401 TON h21, Table 1, entry 10.1), which is in the order
of 200 times the original reactivity. We are continuing to
explore the generality of this result. Despite these enhance-
ments, chlorobenzene was still inactive even after 3 h, with only
a trace of biphenyl being detected, presumably due to homo-
coupling of the arylboronic acid (Table 1, entry 3).13

The effect of the arylboronic acid partner on the Suzuki
reactions in [bmim][BF4] was also investigated (Table 2). The
results of the functionalised arylboronic acids seem to parallel
those obtained with the same functional groups on the
arylhalide. This suggests that both the nature of the arylhalide
and the arylboronic acid affect the reaction, apparently in an
analogous manner. We are continuing to investigate these
interesting results.

Isolation of the biaryl products from the [bmim][BF4]
reaction mixture can be achieved by extraction with diethyl
ether, sublimation or precipitation by the addition of water, all
without any apparent leaching of palladium species into the
product. Extraction with diethyl ether was found to be a
generally applicable method for all biaryls and led to the highest
yields. Biphenyl, mono-, and di-functionalised biaryls can
easily be sublimed from the reaction mixture by heating at 80 °C
in vacuo. With water insoluble products, isolation and catalytic
solution recovery and recycling was most effective with water.
Typically, the reaction mixture was allowed to cool to ca. 60 °C,
warm water was added and the mixture left to cool to ambient
temperature whereupon the biaryl products crystallised out.
These were collected by filtration and washed with cold water
to afford the desired product with a purity > 98% (determined
by GC). The only impurity being the homo-coupled product.
The negligible amount of homo-coupled products detected in
the reactions can be avoided by adding the phenylboronic acid
to the reaction mixture over a period of an hour.

The by-products (NaHCO3 and Na[XB(OH)2]) generated in
the reaction modify the miscibility of water with [bmim][BF4]
such that two phases are formed at ambient temperature. The
by-products are preferentially soluble in the large excess of
added water. This enables the removal of the by-products with

the water, affording the cleaned, ionic liquid, catalytic solution.
The ability to isolate product and recover the catalytic solution
permits repetitive catalytic runs. The catalytic solution was re-
used three times without loss of activity in the reaction of
4-bromoanisole with phenylboronic acid (Table 1, entries
10.2–10.4. Once the catalytic solution has been prepared in the
first run, it can be re-used with no further modification. The
product was extracted with diethyl ether and the catalytic
solution washed with water after each run.

In summary, we have demonstrated that Suzuki cross-
coupling reactions can be successfully conducted in the ambient
temperature ionic liquid, [bmim][BF4], with a number of
advantages: (i) The reactions show a significant increase in
reactivity at reduced catalyst concentration, especially with
respect to non-activated arylbromides. (ii) Homo-coupled
products can be eliminated, affording isolated products in high
purity avoiding laborious purification procedures. (iii) The
reactions can be performed under air without loss of yield or
catalyst decomposition. (iv) The procedures developed permit
repetitive catalytic runs without loss of catalyst activity. Further
investigations concerning the nature of the active catalytic
species and the mechanism of reaction are currently in
progress.

This work was supported by EPRSC and a ZENECA CASE
award (P. J. S.). We would like to thank Karsten Tonn (Imperial
College) for performing GC-MS analysis and Dr Michael A.
Carroll (Imperial College) for informative discussions. We
would also like to thank Johnson Matthey for the kind loan of
palladium.
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Table 2 Scope of the Suzuki cross-coupling reaction in [bmim][BF4]:
variation of the arylboronic acid
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A three-dimensional open-framework cadmium oxalate,
K[C3N2H5][Cd(C2O4)2], in which both the amine and the K+

ion participate in the formation of the structure, has been
synthesized and characterized for the first time.

Amongst the variety of open-framework inorganic materials,
those of the metal carboxylates constitute a new family.1–3

While the literature abounds in reports of the synthesis and
characterization of aluminosilicates and metal phosphates with
open architectures,4 recent studies of metal carboxylates have
also brought out certain novel structural features.1,2 For
example, OZn4 clusters have been observed in zinc benzenedi-
carboxylates2a and Co–O–Co layers in a cobalt succinate.1c

Metal oxalates synthesized hydrothermally in the presence of
organic amines exhibit two- and three-dimensional archi-
tectures.5,6 In the latter type of metal oxalates, the oxalate units
lie in the plane of honeycomb-type layers and also provide the
out-of-plane bridges to form the three-dimensional structure.
The oxalate unit also plays a dual role in metal oxalate–
phosphates where it forms an integral part of the layer structure
predominantly constituted by the phosphate network and also
acts as the link to create the third dimension.7 Up to now open-
framework metal oxalates synthesized in the presence of
structure-directing amines have been restricted to those of Sn(II)
and Zn. We have been exploring ways of preparing open-
framework cadmium oxalates for some time. Here, we report
the first successful synthesis and characterization of a Cd
oxalate of the formula K[C3N2H5][Cd(C2O4)2] I, with open
architecture and possessing channels.

The cadmium oxalate I was synthesized by employing
hydrothermal methods. Typically, 0.5 g of cadmium oxalate
was dispersed in a mixture of 4.3 ml of butan-2-ol (BuOH) and
1.1 ml of water. To this, 0.328 ml of glacial acetic acid and
0.24 g of imidazole were added, followed by a small quantity of
KCl (0.04 g). The approximate molar ratio of the reaction
mixture was 5CdC2O4+KCl+5.5C3N2H4+9MeCO2H+
75BuOH+100H2O. The mixture was homogenized for 30 min at
room temperature (298 K), sealed in a 23 ml Teflon-lined acid
digestion bomb and heated at 110 °C for 46 h. The product, a
crop of tiny colorless diamond-shaped crystals, was recovered
by suction filtration, washed with deionized water and dried at
ambient temperature and conditions. Powder X-ray diffraction
(XRD) indicated that the product was a new material, the pattern
being entirely consistent with the structure determined by single
crystal X-ray diffraction. Thermogravimetric analysis (TGA)
under a nitrogen atmosphere (50 ml min21) from room
temperature to 700 °C (heating rate = 10 °C min21) shows only
one mass loss in the region 280–380 °C. The mass loss of 53.2%
corresponds well with the loss of the oxalate and amine (calc.
55.6%). The powder X-ray diffraction pattern of the decom-
posed sample indicated that it was amorphous.

A suitable single crystal was carefully selected and subjected
to X-ray diffraction using a Siemens SMART diffractometer
with a CCD detector† and the structure was solved by direct
methods. The asymmetric unit contains 20 independent non-
hydrogen atoms. The structure of I consists of a network of
cadmium and oxalate units forming an anionic framework with

formula [Cd(C2O4)2]22. Charge neutrality is achieved by the
monoprotonated amine and potassium ions. Two K+ ions
occupy special positions with a site occupancy factor (SOF) of
0.5 per framework formula unit. The framework is built-up of
four oxalate units, linked via the oxygens to the cadmium atoms
with Cd–O distances in the range 2.327(3)–2.528(3) Å [(Cd–
O)av = 2.422 Å] and O–Cd–O angles in the range
67.5(1)–151.3(1)° [(O–Cd–O)av = 88.6°]. The cadmium atoms
are eight-coordinated with respect to oxygens forming a
dodecahedral arrangement as shown in Fig. 1(a). The dodecahe-
dral arrangement of oxygen atoms around the cadmium is of
note since Cd atoms are generally octahedrally coordinated.

The complex framework structure of I can be understood in
terms of simpler building units. Thus, the in-plane connectivity
between the oxalate units [C(2)–C(3)O4 and C(4)–C(4)O4] and
Cd results in the formation of honeycomb-like layers with
twelve-membered apertures (six Cd and six oxalate units) along
the [011] direction, as shown in Fig. 1(b). The remaining oxalate
unit [C(1)–C(1)O4] bridges (out-of-plane connection) these
layers giving rise to one-dimensional elliptical channels (10.4 3

Fig. 1 (a) The environment of cadmium atoms in I. Note that the oxygen
atoms form a dodecahedral arrangement around Cd. (b) In-plane con-
nectivity between the oxalates and cadmium in I, along the bc plane,
showing honeycomb-like layers.
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7.2 Å, shortest atom–atom contact distances not including the
van der Waals radii), along the a axis. The imidazolium and K+

ions reside in these channels (Fig. 2). The linkages between
C(2)–C(3)O4 and C(1)–C(1)O4 oxalates and Cd (in-plane)
result in a layer with twelve-membered rectangular apertures,
along the ab plane. These layers are pillared by the C(4)–C(4)O4
oxalate units (out-of-plane) forming another one-dimensional
channel of width (4.1 3 11.3 Å) along the c axis. To our
knowledge, I is the first example of an open-framework
cadmium oxalate possessing channels.

The structure of I shows close similarity to that of
[NH4][Ti(C2O4)2]·2H2O.8 In the latter, the Ti atom is sur-
rounded by eight oxygens forming a square antiprism. Con-
nectivity between the Ti and oxalate units results in a three-
dimensional structure with channels containing [NH4]+.
Connectivity between Cd and the two oxalates in I leads to
layers, which are then connected by another oxalate leading to
three-dimensional connectivity.

In summary, the synthesis and structure of a novel open-
framework cadmium oxalate I has been accomplished. It is
likely that the formation of such an architecture is facilitated by
the presence of two types of structure-directing species, the
protonated organic amine and the alkali metal cation. The
formation of channels in the presence of alkali metal cations is
reminiscent of aluminosilicate zeolites,9 and paves the way for
possible ion-exchange and related studies. Since I is the first
example of an open-framework cadmium oxalate it would be
profitable to explore the formation of similar or related

compounds by employing structure-directing agents. Work in
this direction is in progress.

Notes and references
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Fig. 2 Structure of K[C3N2H5][Cd(C2O4)2] I along the a axis, showing one-
dimensional channels. Note that both K+ and imidazolium cations occupy
the same channels.
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Five novel peptide-based cationic gemini surfactants have
been synthesised and their ability to transfect plasmid DNA
containing the luciferase gene has been examined. Three of
these detergents, differing in the number of positive charges
per molecule at neutral pH, mediated transfection on their
own. However, their efficiency increased markedly on the
addition of a neutral colipid and a basic polypeptide.

Over the last ten years various cationic lipids have been
synthesised for complexation with DNA and the in vitro
delivery of genes to mammalian cells, leading to successful
expression of the corresponding proteins.1–3 The hydrophobic
‘tails’ of the majority of these cationic detergents consist of one
or two saturated or mono-unsaturated hydrocarbon chains
containing 16 to 18 carbon atoms; examples are cetyl-
trimethylammonium bromide (CTAB) and 2,3-dioleoyloxy-N-
{2-[1,4-bis(3-aminopropymino)-2-butylcarboxamido]ethyl}-
N,N-dimethyl-1-propylammonium bromide (DOSPA).4

The polar ‘head-groups’ of cationic lipid vectors have
generally consisted of monovalent quaternary ammonium salts

(as in CTAB and 1,2-dioleoyloxypropyl-N,N,N-trimethylam-
monium chloride, DOTAP). However, lipids such as DOSPA
with a multivalent ‘head-group’ have been found to transfer
genes in vitro more efficiently than the monovalent ana-
logues.5

We report a novel class of non-viral gene-transfer vectors
based on gemini surfactants (Fig. 1). Unlike several cationic
lipids used in gene transfection studies, GS1 to GS5 gemini
surfactants are solids, easy to handle and readily soluble in
aqueous media over a wide range of pH. We use a thioether
rather than the disulfide linkage for reasons of chemical
stability. However, the amide linkages in the ‘head-groups’ and
between the ‘head-groups’ and the hydrophobic alkyl chains
confer a degree of biodegradability, reducing the potential
cytotoxicity of these detergents.

Complexation of cationic lipids with DNA is a key design
factor for these vehicles. The binding interaction between the
cationic gemini molecules and DNA was confirmed by agarose
gel electrophoresis studies (Fig. 2). Various concentrations of
gemini surfactants were incubated with the pCMV-luciferase

Fig. 1 Chemical structures of gemini surfactants GS1 to GS5. All details on the synthesis of these surfactants are provided in patent application, WO 99-29712
(SmithKline Beecham plc).
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plasmid DNA complexed with ethidium bromide.† These
mixtures were then electrophoresed in agarose gel, and
subsequently visualised under ultraviolet light. These experi-
ments indicate that all five molecules were effective in releasing
the nucleic acid from the DNA–ethidium bromide complex,
consistent with binding of the cationic gemini to the DNA.

Relative transfection efficiencies for surfactants GS2, GS4
and GS5 are shown in Fig. 3. GS2 and GS5 are most efficient at
about 10 mM, whereas for gemini GS4 the optimal concentration
is slightly higher, at 13 mM. Concentrations used in the
transfection experiments are well below the cmc values (0.3 ±
0.1 mM) so that the formation of micelles or liposomes
(multilamellar forms) does not appear to be necessary for
transfection to occur. Although the electrostatic nature of
complex formation of these gemini molecules with DNA is
likely to be important for complexation with DNA, it is not the
only factor that influences gene transfection. Thus surfactants
GS1 and GS3 complex with DNA, but do not mediate
transfection. It may be that the complexes formed by these two
surfactants are too strong to release DNA at a critical point, or
that interactions other than electrostatic contribute to transfec-
tion efficiency. 

It is well known that the DNA transfection efficiency of
cationic lipids improves in the presence of a neutral colipid
(‘helper’) and/or a basic polypeptide.6,7 Thus LIPOFECTA-
MINE PLUS™ (Life Technologies), one of the leading
commercial products for in vitro gene transfection, consists of a
mixture of DOSPA, dioleoylphosphatidylethanolamine

(DOPE) and a basic peptide. The transfection efficiencies of
GS4 alone and in the presence of (i) DOPE, (ii) the ‘Plus’
reagent (a basic peptide) and (iii) DOPE and the ‘Plus’ reagent
is shown in Fig. 4. Addition of either the neutral lipid or the
basic peptide increases transfection efficiency more than
twofold. However, the biggest increase in efficiency occurs
when both neutral lipid and basic peptide are added to GS4. It
is remarkable that overnight incubation of the DNA with serum
in the presence of GS4, DOPE and the ‘Plus’ reagent gave the
maximum protection from degradation by serum nucleases. A
similar result was reported recently for the transfection vehicle
3b-[N-(NA,NA-dimethylaminoethyl)carbamyl]cholesterol in the
presence of polylysine.7 In the majority of experiments, the
observed expression level with GS4 was of the same order of
magnitude as that with LIPOFECTAMINE PLUS™ (data not
shown).

Notes and references
† The IUPAC name for ethidium bromide is 3,8-diamino-5-ethyl-6-phenyl-
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Fig. 2 Interaction of gemini surfactants with DNA in the presence of
ethidium bromide. Agarose gel electrophoresis assay with GS3 and GS5.

Fig. 3 Transfection experiment in CHO-K1 cells. The cells were incubated
overnight at 37 °C with DNA and different concentrations of GS2, GS4 and
GS5 or GS without DNA (M). Luciferase activity was measured using the
stable light signal reporter gene assay and the counts per second from eight
wells were averaged.

Fig. 4 Transfection experiment in CHO-K1 b-gal cells. The cells were
incubated in Opti-MEM® or complete medium with the transfection
mixtures overnight (ON) or 3 h at 37 °C. GS4 was used alone or in
combination with DOPE (+D), with ‘PLUS’-reagent (+P) or in a
combination of both (+D+P). The luciferase activity of eight wells was
normalized against the corresponding b-galactosidase activity. As controls,
various amounts of DOPE and ‘PLUS’-reagent alone were incubated with
DNA and used for transfection (over night/Opti-MEM®).
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Practicable regiospecific bifunctionalization onto the A,B-
secondary hydroxyl face of a- and b-cyclodextrins, such as
diepoxidation and diamination, has been made possible by
staple-disulfonation with benzophenone-3,3A-disulfonyl imi-
dazole and molecular sieves in DMF.

Regiospecific multifunctionalization techniques on the primary
and secondary hydroxyl groups of cyclodextrins have been
investigated in order to enhance the ability of cyclodextrins to
act as acceptors or artificial enzymes. Several significant
regiospecific disulfonations on the primary hydroxyl groups
have been developed to modify the primary face1 and, as a
result, some elegant bifunctional catalyses have been achieved.2
However, regioselective bifunctionalization on the secondary
face has proven more difficult to accomplish.3 Hence, no
absolutely regioselective bifunctionalizations have, as yet, been
developed. Two reported disulfonations on two secondary
hydroxyl groups of a-, and b-cyclodextrins were not absolutely
regiospecific, but afforded mixtures of the regioisomeric
2A,2B-, 2A,2C-, and 2A,2D-disulfonates in extremely low
yields.4 Additionally, inconvenient separation techniques were
necessary to isolate the products. Accordingly, an investigation
into the bifunctionalization of the secondary hydroxyl groups
was undertaken and led to the development of a very useful and
efficient method for the exclusively regiospecific preparation of
2A,2B-disulfonates of a- and b-cyclodextrins, with no 2A,2C-
and 2A,2D-disulfonate isomers. This preliminary communica-
tion details the new method and shows that the 2A,2B-
disulfonates are effectively converted to the corresponding A,B-
dimannoepoxido and 3A,3B-diamino compounds, useful for the
functionalization of cyclodextrins.

Recently, an interesting regiospecific monosulfonation on the
secondary hydroxyl groups of cyclodextrins using a combina-
tion of sulfonyl imidazole and molecular sieves has been
reported,5 although the mechanism of the sulfonation is not yet
clear. This method is extremely encouraging in practical
cyclodextrin chemistry because the mild non-alkaline reaction
conditions do not induce decomposition of the sulfonates.
Furthermore, the reaction occurs independently of the nature of
the sulfonyl groups. In this study, the use  of benzophenone-
3,3A-disulfonyl imidazole,† easily prepared from benzophe-
none-3,3A-disulfonyl chloride, imidazole and triethylamine,6 as
a 2A,2B-disulfonation ‘stapling’ reagent (see Scheme 1) has
been investigated. A mixture of a- or b-cyclodextrin (0.01 mol),
benzophenone-3,3A-disulfonyl imidazole (0.01 mol), and
freshly activated powdered molecular sieves 4 Å (10 g) in N,N-
dimethylformamide (DMF) (200 ml) was stirred at 30 °C for 20
h. The molecular sieves were removed by filtration and the
filtrate concentrated under reduced pressure. Warm 20%
aqueous MeOH (400 ml) was added to the residue and the
insoluble solid, containing a small amount of 1-a or 1-b and
more complex sulfonated cyclodextrins, was removed by
filtration. The filtrate was passed through a simple open reverse-
phase chromatography column (50 3 120 mm, Fuji Silisia

Chromatorex-ODS DM1020T). Elution with water and 10%
aqueous MeOH removed the remaining unreacted cyclodextrin.
Stepwise gradient elution to 50% aqueous MeOH gave pure
‘staple-2A,2B-disulfonate’ 1-a and 1-b in 30 and 33% yields,
respectively. No other mono- or disulfonate isomers, such as
staple-2A,2C-disulfonates, staple-2A,2D-disulfonates, 6-sulfo-
nates or 3-sulfonates, resulting from the reaction were observed
by HPLC analysis of the reaction mixture and 1H NMR
spectroscopy on the reaction products. The structural assign-
ments of 1-a and 1-b were made from 1H NMR, H–H COSY,
ROESY, HOHAHA, 13C NMR, H–C COSY, and FAB-MS
spectra,† and by further derivativisations. The FAB-MS spectra
of 1-a and 1-b indicated that the disulfonation of each
cyclodextrin molecule was performed by a single benzophe-
none-3,3A-disulfonyl molecule. The 1H NMR spectra, assigned
from the H–H COSY experiments, exhibit an appreciable
downfield shift of the resonances due to the H-1, H-2 and H-3
protons of the two glucose units of 1-a and 1-b, as shown in Fig.
1. In particular, the chemical shifts of the H-2 protons show a
larger downfield shift than do the H-3 protons. The 13C NMR
spectra, assigned from the H–C COSY experiments, show an
upfield shift of the C-1 and C-3 carbon resonances and a
downfield shift of the C-2 carbon peaks of the two glucose units
of 1-a and 1-b. These data show that the two sulfonyl groups of

† Electronic supplementary information (ESI) available: spectroscopic data.
See http://www.rsc.org/suppdata/cc/b0/b002445g/ Scheme 1
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the benzophenone-3,3A-disulfonyl molecule are located at the C-
2 oxygen of the two glucose units. The regiochemistry of the
disulfonyl groups of 1-b was determined using a 2D ROESY
NMR experiment (Fig. 2), whereas for 1-a, this could not be
done because the H-4 protons of the sulfonated glucose units
and those of adjoining glucose units could not be assigned
definitely (see Fig. 1[A]). The 2D ROESY NMR spectrum of
1-b shows that the H-1B proton of one sulfonated glucose unit
has a cross peak with the H-4A proton of another sulfonated
glucose unit, indicating that the two units adjoin. Therefore, the
structure of 1-b is 2A,2B-disulfonated b-cyclodextrin, as shown
in Scheme 1. Treatment of 1-a and 1-b with 0.1 mol l21

aqueous NaOH (10 equiv.) at 20 °C for 1 h followed by simple
open reverse-phase column chromatography afforded the
corresponding pure di-2,3-manno-epoxides 2-a and 2-b in 87
and 90% yields, respectively. Their 1H and 13C NMR spectra
were seen to be identical with published spectra for authentic
A,B-di-2,3-mannoepoxides.4 Hence 1-awas assigned as 2A,2B-
disulfonated a-cyclodextrin, as shown in Scheme 1, and
furthermore, the structure of 1-b was reconfirmed as 2A,2B-
disulfonated b-cyclodextrin.

The conversion of the hydroxyl groups of cyclodextrins to
amino groups is one of the important techniques for the
modification of cyclodextrins. Hence, the transformation of
2-mono- or di-O-sulfonylcyclodextrins to 3-amino-3-deoxy-
2(S),(3R)-cyclodextrins via 2,3-mannoepoxidocyclodextrins
has been investigated.7 However, a straightforward method for
absolutely regiospecific A,B-diamination on the secondary face
has never been reported.

Investigation into selective A,B-diamination on the secon-
dary face showed that the staple-A,B-disulfonates prepared in
the present study were very useful substrates for diamination.
The treatment of 1-a and 1-b in 28% aqueous NH3 at 37 °C for
5 days, followed by ion-exchange column chromatography
(Sephadex CM-25) efficiently yielded the corresponding pure
3A,3B-diamino-3A,3B-dideoxy-(2S),(3R)-cyclodextrins 3-a and

3-b in 86 and 84% yields, respectively. The 1H and 13C NMR
spectra of 3-a were seen to be thoroughly identical with
authentic published spectra7b and the structure of 3-b was
confirmed by 1H and 13C NMR and FAB mass spectroscopies
(ESI†).

Studies on the scope and limitations of the present strategy
for the absolutely regiospecific disulfonation are currently in
progress.

The author thanks the Japanese Ministry of Education,
Science, and Culture for a Grant-in-Aid for Scientific Research
[(C) 10640520 and 11660106] and the Naito Foundation. The
NMR instrument used in this research was installed at the
Cooperative Research Center of Mie University.
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Fig. 1 [A] 1H NMR spectrum of 1-a [500 MHz, DMSO-d6 containing 5% D2O, 60 °C, ref. DMSO (d 2.49)]. [B] 1H NMR spectrum of 1-b [500 MHz, DMSO-
d6 containing 5% D2O, 80 °C, ref. DMSO (d 2.49)]. The assigned signals are numbered according to the usual convention, shown in Scheme 1, and the glucose
units are lettered A to F or G. The letters A and B refer to the sulfonated glucose units.

Fig. 2 Partial 2D ROESY NMR spectrum of 1-b [500 MHz, DMSO-d6

containing 5% D2O, 80 °C, ref. DMSO (d 2.49)].
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Analysis of the inelastic neutron scattering rotational
spectrum of sorbed dihydrogen in a cobalt aluminophos-
phate catalyst shows that dihydrogen molecules confined in
the internal space of the CoAlPO behave as 1D rotors,
rotating with the H–H axis aligned with the internal electric
field, and as 2D rotors, rotating in a plane and bound
sideways at surface sites.

As part of a continuing study1 of the binding and activation of
dihydrogen at catalytic centres and hydrogen atom spillover, we
report the interaction of H2 with the compound CoAlPO-18.
The inelastic neutron scattering (INS) spectrum (energy loss
vibrational spectrum) of the bound H2 molecule enables us to
observe and assign the H2 rotational transitions and to describe
the H2 interactions. The H2 molecule through its INS spectrum
may be used as a local structural probe of a porous material.

Cobalt containing microporous materials are important
selective oxidation catalysts in, for example, liquid phase
oxidation of alkenes with dioxygen2 and selective oxidation of
cyclohexane to cyclohexanone.3 The synthesis of the CoAlPO-
18 catalyst is accomplished by standard hydrothermal sol–gel
techniques.4 Removal of the template is effected by calcination
in oxygen; the cobalt(II) is oxidised to cobalt(III).5 The catalyst
is subsequently reduced in hydrogen to generate Brönsted acid
sites. The interaction of the hydrogen molecule with the Co(III)
centre is therefore crucial. The CoAlPO provided an opportu-
nity to study the binding and activation of the H2 molecule at a
well defined site since the cobalt is known to reside in the
framework before and after calcination and reduction. Here we
report a study of the interaction of the dihydrogen molecule with
the Co(III) site, both experimentally with inelastic neutron
scattering (INS) on the TOSCA spectrometer at the Rutherford
Appleton Laboratory, and theoretically with perturbation the-
ory.

Inelastic Neutron Scattering Spectra (INS) measurements on
the compound CoAlPO-18 were made on the TOSCA instru-
ment at the ISIS Facility at the Rutherford Appleton Labo-
ratory,6 and cover the molecular vibrational range (16–4000
cm21) in one spectrum. A sample of CoAlPO-18 (15.7 g) was
contained in a standard zirconium INS cell. This was heated in
oxygen at 773 K to ensure conversion of Co to Co(III) and
complete removal of the template. The sample was then dosed
in situ with hydrogen at 20 K to a concentration of ca. 1 H2 per
cavity. When the CoAlPO-18 dosed with hydrogen was
evacuated at 30 K the peaks at 58 and 168 cm21 both
disappeared. This is entirely consistent with them being
associated with H2 adsorbed on the same site.

The INS spectrum (0–250 cm21) after background subtrac-
tion (CoAlPO and the cell) is shown in Fig. 1. We observe sharp
rotational transitions of the H2 molecule and a broad recoil tail.
The peaks have been fitted as Lorentzians.

In solid dihydrogen, the molecules rotate freely and have
almost the same value for the rotational constant, B, as in the gas
phase (B = 59.3 cm21). The energy level scheme is that of a

linear rotor in three dimensional space [eqn. (1)].7 For

EJ = J(J + 1)B (1)

dihydrogen adsorbed on graphite the rotational states are
slightly hindered but they can still be represented as perturbed
three-dimensional rotor states.8–10 The rotational ground state is
nearly pure J = 0. The lowest band of excited states, nominally
J = 1, is separated from the ground state by an average energy
of 2BJ and is split by ca. 20.2–21.8 cm21. In our previously
reported INS spectrum of H2 on a Ru/C catalyst the lowest
energy transition was seen as a sharp strong band at 120 cm21

(B = 60 cm21).1 This was the J(0–1) rotational transition (para-
to ortho-H2, allowed in INS although strongly forbidden in
photon spectroscopy).11 It is striking, however, that in the
spectrum of H2 adsorbed on CoAlPO-18 (Fig. 1) the lowest
energy band is at 58.4 cm21, generally a featureless region of
the spectrum. Clearly we cannot treat all our sorbed H2 as an
unconstrained rotor.

As the out-of-plane forces securing the H2 to the surface
increase in strength the molecule becomes more constrained.
Ultimately these rotational states will, themselves, become
hindered.12 Here, however, we shall assume that translations
and rotations parallel to the surface are unhindered; a potential
that governs the rotational motion of the molecule is given by
eqn. (2),13 where q is the angle between the H–H bond and the

V(q,f) = sin2 (q)[a + bcos(2f)] (2)

preferred orientation in space (z axis), f is the azimuthal angle
in spherical coordinates, and a, b are constants. For b ≈ 0, if a

Fig. 1 Inelastic neutron scattering spectrum of H2 in CoAlPO-18 showing
the rotational modes. The peaks are deconvoluted as Lorentzians.
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> 0 the molecule will tend to align with the z axis (1D case)
whereas if a < 0 the molecule will tend to lie in a plane
perpendicular to that axis (2D case). Different values of b
correspond to different hindrances to rotation within the plane
perpendicular to the z axis. If the value of a < 0 is large enough,
the rotor is effectively constrained to rotate in a plane, the so
called two-dimensional rotor.14 The energy levels are EJ = J2B
and the lowest energy band appears at B. To obtain the transition
energies from the ground state to excited rotational states, the
Schrodinger equation for a quantum rotor in a potential given by
eqn. (2) was solved numerically with a spherical harmonic basis
set, Ylm, for values of the parameters a/B and b/B.13 The
parameters were evaluated by fitting to the INS spectrum.

Fig. 2 shows the behaviour of the rotational energy transitions
from the ground state as a function of the value of a for b = 0B
and 0.2B. For a = 0 we have the three-dimensional free rotor
(3D rotor); negative values of a correspond with the 2D case and
positive values with the 1D case. Transitions in agreement with
the INS spectrum are shown by vertical arrows in Fig. 2 and

assignments are given in Table 1. The fitted values of the
parameters a and b [eqn. (2)] are for the 1D rotor (a = 4.6B and
b = 0), whereas for the the 2D rotor, a = 2.8B and b =
0.2B.

Finally we consider whether it is possible to associate
features of the INS spectrum with particular components of the
CoAlPO-18. We note that the intensity ratio of the 58 cm21

peak to the 96 and 100 cm21 peaks is ca. 1/17, the same as the
Co/Al ratio if one Al3+ in each unit cell is replaced by one Co3+.
It is, therefore, possible that it is the Co3+ which aligns the H2
molecule as the 1D rotor (58 cm21 peak) (cf. the perpendicular
orientation towards Co3+ of acetonitrile in CoAlPO-18).15 The
2D rotor peaks then derive from H2 molecules rotating in a
plane and bound sideways at surface sites comprising Co3+ or
framework AlPO. Density functional theory calculations are in
hand to calculate the rotational frequencies of H2 molecules
bound at various sites of the CoAlPO-18.

We thank the EPSRC for funding (GR/M90627) and access
to the ISIS neutron beam (GR/L13834); Professor Richard
Catlow for his interest; Dr G. Sankar (Royal Institution) for
helpful comments on the CoALPO structure and Dr J.
Tomkinson (ISIS) on the hydrogen INS. Dr John Turner (Royal
Institution) was involved in the initial planning of the project.
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Fig. 2 Rotational states of constrained H2: energy in units of the rotational
constant B vs. the perturbation parameter a of Fig. 1 with b = 0.2B. Vertical
arrows locate peaks in the INS spectrum.

Table 1 Assignment of the rotational modes in the INS spectrum of H2 in
CoAlPO-18

Peak

cm21 B
Relative
area

Width/
cm21 Transition Assignment

58.4 0.985 0.125 2.77 |0,0Å? |1,0Å 1D rotor
96.4 1.63 1.000 7.27 |0,0Å? |1,1Å 2D rotor
110 1.86 0.896 11.4 |0,0Å? |1, 21Å 2D rotor
134 2.26 0.055 2.28 |0,0Å? |1,0Å 2D rotor
145 2.45 0.584 2.28 |0,0Å? |1,0Å 2D rotor
168 2.83 0.116 7.59 |0,0Å? |1,1Å 1D rotor
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The prototype of an organometallic linear-rod building
block incorporating the saturated s-donating 16-TMC
macrocycle, peripheral pyridine moieties for versatile liga-
tion, and the p-conjugated trans-[Ru(C·Cpy-4)2] fragment
along the molecular axis, is described and applied to the
assembly of trimetallic arrays.

The development of molecular rods and wires1,2 has gained
importance in view of their potential applications in the
emerging fields of molecular-scale electronics and devices.3 An
attractive pursuit in this area is the design of rigid building
blocks with readily tuneable electronic, steric and photophysical
characteristics.4 In this context, we became interested in metal–
acetylide units as components in organometallic supermole-
cules. The unique nature of the M–C·CR interaction allows
delocalisation of electron density in principle and has been
harnessed in several active areas of material science,5 but
reports of supramolecular metal–acetylide systems are rela-
tively sparse.6

We present the bis(s-pyridylacetylide) derivative trans-
Ru(16-TMC)(C·Cpy-4)2 (Ru, 16-TMC = 1,5,9,13-tetrame-
thyl-1,5,9,13-tetraazacyclohexadecane) as a supramolecular
bridging module for multinuclear rod-like assemblies.7 The
unique combination of properties that has been incorporated
into the design of the neutral complex Ru include: (a) enhanced
dp(Ru) ? p*(C·Cpy) back-bonding due to the saturated s-
donating 16-TMC amine ligand, as observed for the aryl-
acetylide analogues;8 (b) versatile coordination to adjacent units
by the pendant pyridine moieties, to yield multicomponent
systems with well-defined structures; (c) the electronic effect
conferred upon Ru by the 16-TMC macrocycle and the p-
overlapping Ru–C·Cpy interaction can afford anisotropic
properties.

Reaction of a methanolic solution of [Ru(16-TMC)Cl2]Cl
with zinc amalgam, sodium methoxide and 4-ethynylpyridine
yielded Ru as a yellow crystalline solid.‡ We suggest that the
sterically bulky nature of the 16-TMC ligand leads to prefer-
ential ligation of acetylide groups at the Ru(II) centre rather than
pyridyl moieties. Treatment of Ru with two equivalents of
[Re(N–N)(CO)3(MeCN)]OTf (OTf = CF3SO3) under reflux in
THF afforded the trimetallic complexes [{Re(N–N)(CO)3}2{m-
(4-pyC·C)2Ru(16-TMC)}](OTf)2 (a–cRe2Ru, see Fig. 1) as
dark red solids in moderate yields (50–60%).‡ These deriva-
tives are thermally stable > 200 °C (e.g. decomposition occurs
at 220–222 °C for Ru; 207–210 °C for bRe2Ru).

The IR spectrum of Ru displays an intense band at 1990
cm21 for the asymmetric C·C stretch. This value is slightly
lower than that for the arylacetylide congeners (2002–2012
cm–1),8 and is one of the lowest ever reported for a simple metal
bis(s-acetylide) derivative.5 The strongly electron-donating
nature of 16-TMC is apparent, resulting in improved p back-
bonding from the electron-rich Ru(II) core. The nas(C·C) values

for a–cRe2Ru are shifted to 2028–2030 cm21 upon coordination
of Re(I) centres at the pyridyl sites. The FT Raman spectra of the
trimetallic complexes show a symmetric C·C stretch at
2010–2024 cm21. The electrospray mass spectra for a–cRe2Ru
are all dominated by two clusters of signals, the intensities of
which correspond to the calculated isotope patterns of the [M]2+

(peaks separated by 0.5 u) and [M + OTf]+ species respectively.
The 13C NMR resonance for the a-acetylide carbon in a–cRe2Ru
(assigned by 1H–13C COSY, DEPT-135 and by comparison
with precursors) appears at d 155.4–156.7. This downfield shift
compared to related Ru s-acetylide complexes5,7 again in-
dicates strong ruthenium-to-acetylide p back-bonding. The
cyclic voltammograms for Ru and a–cRe2Ru all exhibit a well-
defined reversible/quasi-reversible couple at 20.28 to 20.40 V
vs. Cp2Fe0/+ (DEp 50–130 mV), which is assigned to the Ru(III/
II) couple.

While numerous multinuclear molecular rods have been
described, structural elucidations are rarely provided. X-Ray
crystallographic analyses have been performed on Ru and
aRe2Ru·Et2O,§ and their molecular structures are shown in Fig.
2. The metal atoms in Ru and aRe2Ru all reside in distorted
octahedral environments. The salient features of these structures
are their linearity along the molecular axis and the coplanarity
of the pyridine ring systems. The former illustrates the potential
application of Ru as a linear rigid-rod motif, while the latter
implies that the p orbitals within the trans-[Ru(C·Cpy-4)2]
fragment are able to undergo favourable overlap in the crystal
lattice. For aRe2Ru, a facial arrangement of the carbonyl
ligands is observed, while the end-to-end Re···ReA distance is
19.1 Å. The Ru–C [Ru: 2.065(7) Å, aRe2Ru: 2.040(10) Å] and
C·C [Ru: 1.20(1) Å, aRe2Ru: 1.207(13) Å] bond lengths are
comparable to those reported for related Ru(II) s-acetylide5 and
s-pyridylacetylide7 derivatives.

The UV-Vis absorption spectrum of Ru in dichloromethane
(Fig. 3) contains an intense absorption band at lmax 430 nm (e
= 4.7 3 104 dm3 mol21 cm21). Because the saturated 16-TMC
ligand is optically transparent in the UV-Vis spectral region,
this absorption is assigned to a dp(Ru)?p*(C·Cpy) metal-to-
ligand charge transfer (MLCT) transition. The trimetallic
derivatives a–cRe2Ru display characteristic UV-Vis absorptions
at lmax 355–430 (sh, e ≈ 1 3 104 dm3 mol21 cm21) and 516 (e
≈ 7 3 104 dm3 mol21 cm21) nm (Fig. 3 for aRe2Ru). With

† Electronic supplementary information (ESI) available: experimental
details, characterisation details. See http://www.rsc.org/suppdata/cc/b0/
b002674n/ Fig. 1
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reference to previous spectroscopic studies on rhenium(I)
diimine systems,9 the former are attributed to dp(Re) ?
p*(diimine) MLCT transitions. The highly intense 516 nm
absorption band is tentatively assigned to be
dp(Ru)?p*(C·Cpy) MLCT in nature. The observed red shift
from Ru is in accordance with the Lewis acidity of the pyridine-
bound Re(I) centres. Furthermore, the identical lmax value of
this band for a–cRe2Ru suggests that the transition concerned
contains negligible contribution from the different diimine
ligands. Complex Ru is non-emissive in solution or solid states.
While [Re(diimine)(CO)3(py)]+ complexes are known to ex-
hibit a long-lived Re?p*(diimine) MLCT excited state in
solution at room temperature, this photoluminescence is
quenched in the trinuclear arrays a–cRe2Ru. A possible
mechanism for the quenching process involves fast inter-
component energy transfer (ReI*–RuII–ReI ? ReI–RuII*–ReI),
leading to a non-radiative Ru?p*(C·Cpy) charge transfer
excited state.10

We are grateful for financial support from The University of
Hong Kong and the Research Grants Council of the Hong Kong
SAR, China [HKU 501/96P]. We thank Prof. K. Y. Wong for
assistance in electrochemical measurements.
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unique reflections (Rint = 0.074) was collected on a MAR diffractometer
(2qmax = 56°). The structure was solved by direct methods and refined by

least-squares treatment on F2 using the TeXsan program: R = 0.064, wR =
0.078 for 1530 reflections with I > 3s(I) and 169 parameters. For
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2qmax = 53°). The structure was solved by direct methods and refined by
least-squares treatment on F2 using the SHELXL-93 program (the 16-TMC
ligand is disordered, with major and minor occupancies of 0.6+0.4
respectively for positions rotated by 45°): R = 0.065, wR = 0.133 for 4349
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CCDC 182/1600. See http://www.rsc.org/suppdata/cc/b0/b002674n/ for
crystallographic files in .cif format.
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Rapid and reversible olefin coordination to silver ions in
AgBF4–poly(vinyl methyl ketone) membrane has been
characterized using FTIR and UV spectroscopy.

Olefin/paraffin separation by facilitated transport membrane
using silver salts as carriers has been considered as a promising
alternative to the conventional energy intensive distillation
process.1,2 The basis for the separation is the ability of silver
ions to react reversibly with olefins forming silver–olefin
complexes.1–4 In general, facilitated transport phenomena have
been mostly observed in supported liquid membranes and ion
exchange membranes.5 However, such membranes show facili-
tated olefin transport only in the presence of water, which is a
serious drawback for practical application.5 A solution to this
problem is the development of dry polymer membranes in
which silver ions can interact with olefins even in the absence of
water.6 Despite the extensive research on facilitated olefin
transport phenomena in the water-free state, only a few dry
polymer membranes have been developed. Accordingly, very
little information has been obtained about phenomena occurring
on the solid polymer membrane such as reversible interactions
of silver salts with olefins and/or the polymer matrix, which is
of pivotal importance in the development of high performance
dry polymer membranes.7

It is well known that silver–olefin complexes are extremely
unstable and lose olefin easily upon exposure to air.8 Therefore,
in order to characterize reversible olefin coordination to silver
ions in a solid polymer membrane, the polymer matrix should
contain some functional group(s) to stabilize the silver–olefin
complexes to a certain extent. In addition, appropriate equip-
ment should be used for the spectroscopic measurements in an
inert or olefin atmosphere. Antonio and Tsou suggested that the
stability of silver–olefin complexes could be enhanced by weak
interaction between silver ions and oxygen atoms.9 Among
various oxygen-containing polymers, poly(vinyl methyl ke-
tone) (PVMK) was chosen since it has a relatively simple
structure and contains carbonyl functional groups the absorp-
tion peaks of which can be clearly seen by IR spectroscopy. A
pressure cell is employed for the spectroscopic characterization
of reversible interactions of silver salts with olefins and/or the
polymer matrix in an inert or olefin atmosphere.10

We report the direct spectroscopic observation of rapid and
reversible coordination of olefins to silver ions in dry PVMK
membranes and of the interaction of silver ions with carbonyl
groups in PVMK using FTIR and UV spectroscopy. We also
report that the facilitated transport membrane consisting of
AgBF4 and PVMK exhibits excellent performance for olefin/
paraffin separation.

All the samples for spectroscopic characterization11 and
permeation tests12 were prepared in a dry box under argon to
avoid contact with water. Spectroscopic characterization was
carried out using a pressure cell equipped with two CaF2 or
quartz windows10 and permeation tests were performed in a
stainless steel separation module described elsewhere.13

The series of IR spectra in Fig. 1 demonstrate the solid state
interaction of AgBF4 with PVMK and reversible olefin
coordination to silver ions dissolved in the solid AgBF4–PVMK
membranes. The peak at 1709 cm21 in Fig. 1(a), associated with
the CNO stretching frequency of uncoordinated PVMK, shifts to
a lower frequency upon incorporation of AgBF4, demonstrating
the coordination of carbonyl groups to silver ions. The
membrane with a molar ratio AgBF4+PVMK = 1+4 shows a
strong carbonyl absorption peak at 1681 cm21 and a shoulder
peak at ca. 1709 cm21 which are assigned to coordinated and
free carbonyl groups, respectively [Fig. 1(b)]. However, the
membrane with a molar ratio of 1+2 shows a single absorption
band implying that the maximum coordination number of silver
ion by carbonyl groups is approximately two.

When the membrane (AgBF4+PVMK = 1+2) was exposed to
30 psig of propylene and then purged with N2, a new IR
absorption peak at 1586 cm21 appeared [Fig. 1(d)]. This new
peak represents the C = C stretching vibration of coordinated
propylene (cf. nCNC of free hex-1-ene = 1640 cm21).7 It is
interesting that the peak at 1586 cm21 remains even after
outgassing at 1025 Torr for 4 h at room temperature. However,
exposure of the propylene coordinated membrane to 30 psig of
buta-1,3-diene and subsequent treatment with N2 gives a new
peak at 1558 cm21 with concomitant disappearance of the peak
at 1586 cm21. The peak at 1558 cm21 can be assigned to the
CNC stretching frequency of coordinated buta-1,3-diene
[Fig. 1(e)]. The peak at 1558 cm21 is replaced by a peak at
1586 cm21 upon introduction of propylene into the gas cell
containing the buta-1,3-diene-coordinated AgBF4–PVMK

Fig. 1 IR spectra for the solid state interactions of AgBF4 with PVMK and
olefins: (a) PVMK, (b) AgBF4+PVMK = 1+4, (c) AgBF4+PVMK = 1+2,
(d) propylene-coordinated membrane, (e) buta-1,3-diene-coordinated
membrane.
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membrane. These results strongly indicate that the coordinated
olefins are not rigidly held to silver ions in the membranes.
Therefore, olefins can diffuse from the feed stream across the
membrane to the permeate side thereby resulting in selective
separation of olefins from the olefin/paraffin mixture.

The coordination of olefins to silver ions in the AgBF4–
PVMK membrane results in some significant changes in the
absorption band of the coordinated carbonyl groups. As shown
in Fig. 1(e), the IR spectrum of the buta-1,3-diene-coordinated
membrane shows two carbonyl stretching bands at 1682 and ca.
1704 cm21. The shoulder peak at ca. 1704 cm21 can be
tentatively assigned to free carbonyl groups of PVMK, and this
result strongly suggests that olefins and carbonyl groups
compete with each other for coordination to silver ions.

Reversible olefin coordination was also observed by spectral
changes in the UV absorption as shown in Fig. 2. Fig. 2(d)
shows a strong and broad absorption band at 220–230 nm for
propylene coordinated AgBF4–PVMK (AgBF4+PVMK =
1+2). When the propylene coordinated membrane was exposed
to buta-1,3-diene atmosphere followed by an N2 purge, the
absorption band at 220–230 nm disappeared and a new band
appeared at ca. 258 nm associated with coordinated buta-
1,3-diene [Fig. 2(e)]. This result again indicates that co-
ordinated propylene is labile enough to be readily replaced by
other olefins. In the same manner, the absorption band of
coordinated propylene at 220–230 nm reappeared when propyl-
ene was introduced into the cell containing the buta-1,3-diene
coordinated membrane.

The separation of an olefin/paraffin mixture (1+1, v/v) was
performed to evaluate the facilitated transport effect of silver
ions in PVMK. Fig. 3 shows the effect of the molar ratio of
AgBF4/PVMK on the selectivity for olefins over paraffins. The
selectivity for propylene (ethylene) over propane (ethane)
increases with increasing molar ratio of AgBF4+PVMK up to

1+1 and then decreases with further increases in the molar ratio.
Such a selectivity dependence on the molar ratio of
AgBF4+PVMK implies that the coordination environment of
silver ions in PVMK has a significant effect on the facilitated
transport of olefins. The higher selectivity for ethylene/ethane
in comparison with that for propylene/propane can be ascribed
to the difference in diffusion rates of the mixture gas and/or to
the difference in affinities for the olefins to silver ions in the
membrane.

XPS analysis of AgBF4–PVMK membranes is under way to
characterize the chemical states of silver, carbon and oxygen
atoms in AgBF4–PVMK membranes.

We acknowledge financial support from the Ministry of
Science and Technology of Korea through the Creative
Research Initiatives Program.
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Fig. 2 UV spectra of olefin coordinated AgBF4–PVMK membranes:
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1+2), (d) propylene-coordinated membrane, (e) buta-1,3-diene-coordinated
membrane.

Fig. 3 Effect of molar ratio of AgBF4/PVMK on the selectivity for olefins
over paraffin selectivity.
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The first asymmetric synthesis of (+)-loline has been
achieved in 20 steps from (2)-malic acid by a route
incorporating intramolecular hetero-Diels–Alder cycloaddi-
tion of an acylnitrosodiene.

The lolium alkaloids comprise a small group of pyrrolizidine
bases which possess a unique ether linkage bridging C2 and
C7.1 The principal member of the lolium group, (+)-loline 1,
was first isolated in 1955 from the rye grass Lolium cuneatum
and its structure was initially misassigned.2 Subsequently,
lolium alkaloids were also found in the pasture grass tall fescue
(Festuca arundinacea),3 and most recently have been dis-
covered in the roots of the tropical liana Argyreia mollis.4
Acylated derivatives of loline are toxic to larvae of the horn fly
(Haematobia irritans), an important arthopod ectoparasite of
cattle.5 A previous synthesis of (±)-loline 1 was reported in
1986 by Tufariello et al.6

Our plan for the synthesis of (+)-1 envisioned formation of
the bridging ether of loline at a late stage from a suitably
functionalized pyrrolizidine core 2 (Scheme 1). Appropriate
substituents X and Y could, in principle, be installed by
oxidation of an unsaturated pyrrolizidine precursor. The latter
was envisioned from a 3,6-dihydro-1,2-oxazine, itself acces-
sible via intramolecular hetero-Diels–Alder cycloaddition of
acylnitrosodiene 3. Acylnitroso compounds are highly reactive
dienophiles7 and their cycloaddition chemistry has been
exploited in several pyrrolizidine8 and indolizidine9 alkaloid
syntheses.

The synthesis of a suitable precursor for 3, hydroxamic acid
10, began with (S)-(2)malic acid 4 (Scheme 2). Conversion of
4 to diene 7 was accomplished in six steps by modification of an
existing route to the analogous (R)-benzyl ether.10 Thus,
reduction of 4 with BH3·SMe2 was followed by acid catalyzed
acetalization of the resulting triol to yield dioxane 5, [a]23

D + 9.9
(c 0.96, CHCl3), as a single diastereoisomer in 64% overall
yield. Swern oxidation of the remaining free hydroxy group
yielded an unstable aldehyde which was immediately reacted
with allylidene triphenylphosphorane to afford diene 6 (E+Z =
3+7) in 40% yield (two steps). Since only two isomers were
observable in both the 1H and 13C NMR spectra of 6 it was
concluded that no epimerization of the aldehyde had occurred
during the Wittig reaction. Treatment of 6 with 5 equivalents of
DIBAL-H selectively reduced the less hindered acetal C–O
bond to yield a primary alcohol with concomitant formation of
an internal p-methoxybenzyl ether. Subsequent iodine (1 mol%)
catalyzed photoisomerization (medium pressure mercury lamp,
no filter) yielded diene 7 (63% from 6), [a]23

D 260.3 (c 1.10,
CHCl3), with E+Z ! 95+5 by 1H NMR analysis. A second
Swern oxidation gave an aldehyde which was further oxidized
to the carboxylic acid 8 with buffered sodium chlorite. The latter

was converted to O-succinimidyl ester 9, and the activated ester
was then amidated with hydroxylamine to yield hydroxamic
acid 10, [a]23

D 230.2 (c 0.97, CHCl3), in 75% overall yield from
7.9a

Initial studies of the hetero-Diels–Alder reaction were carried
out with the protected hydroxamic acid 12, previously prepared
from diacetone-D-glucose.11 Oxidation of 12 with a periodate
salt generates a highly reactive acylnitroso intermediate which
is trapped by the pendant diene to afford a mixture of the
diastereomeric oxazines, 13c and 13t. A range of reaction
conditions for 12 was surveyed in the hope that good selectivity
for the desired cis oxazine 13c could be achieved (Table 1).
Initial results in non-polar solvents were encouraging (entries
1–3) in that 13c was the major product of the cycloaddition;
however, the yield and selectivity were only moderate. Changes
in temperature generally had little effect, although carrying out
the reaction in refluxing benzene (entry 4) improved the overall
yield at the expense of cis selectivity. The latter conditions are
similar to those employed in the dienophile transfer technique
reported by Keck and Nickell,8 which gave very similar results.
More polar solvents (entries 5–7) afforded better yields, but the
reaction was not selective. Addition of water to the reaction
medium resulted in a preference for the unwanted trans oxazine
13t (entry 8); the effect of water on selectivity in an analogous
reaction was noted previously by Kibayashi and coworkers.10

The most practical conditions for preparation of 13c (entry 7),
when applied to 10 (entry 9), gave a 57+43 mixture of 11c+11t.
The oxazines 11c, [a]23

D + 86.0 (c 0.71, CHCl3), and 11t, [a]23
D

275.5 (c 2.45, CHCl3), were readily separated by silica gel
chromatography.

Conversion of oxazine 11c into pyrrolizidine lactam 14 was
readily accomplished in three steps (Scheme 3). Reductive
scission of the N–O bond of 11c with excess sodium amalgam
afforded a monocyclic allylic alcohol in 91% yield. After
quantitative mesylation of the hydroxy group, exposure to LDA
resulted in smooth cyclization to bicycle 14 (88%), mp
55–56 °C, [a]23

D 272.0 (c 0.50, CHCl3), upon warming.

Scheme 1

Scheme 2 Reagents and conditions: i, BH3·SMe2, B(OMe)3, THF, 0 °C to
r.t.; ii, PMPCH(OMe)2, PPTS, CH2Cl2, reflux; iii, (COCl)2, DMSO,
CH2Cl2, 260 °C, then Et3N, 260 °C to r.t.; iv, allyltriphenylphosphonium
bromide, BuLi, THF, 230 °C to r.t.; v, DIBAL-H, CH2Cl2, 0 °C to r.t.; vi,
I2, hn, C6H6, r.t.; vii, NaClO2, NaH2PO4·H2O, 2-methylbut-2-ene, ButOH–
H2O, 0 °C to r.t.; viii, CF3CO2SUC, Py, THF, r.t.; ix, HONH2·HCl, Et3N,
CH2Cl2, 0 °C.
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Exploratory attempts to functionalize the olefinic bond of 14 led
us to the discovery that 14 could be aminohydroxylated with the
desired regioselectivity under the conditions used by Chang and
Sharpless.12 Thus, treatment of a mixture of 14 and chiral ligand
(DHQD)2PHAL (25 mol%) in ButOH–H2O (1+1) with chlor-
amine-T (2 equiv.), followed by portionwise addition of
potassium osmate (1 mol% every 24 h for 3 days), afforded
40–52% of readily separated amino alcohols, 15 and its
regioisomer, in a ratio of 3+1, respectively, together with 21%

of a diol. All products were the result of oxidation of 14 from the
exo face.

Selective methylation of the sulfonamide NH of 15 yielded
76% of 16, [a]23

D + 49.0 (c 0.55, CHCl3); mesylation of the free
alcohol then gave a 99% yield of the crystalline lactam 17, mp
187–190 °C, [a]23

D + 66.1 (c 0.70, CHCl3). The latter was
reduced with a large excess of BH3·SMe2 (30 equiv.), and the
resulting pyrrolizidine–borane complex was decomposed by the
combined action of Pearlman’s catalyst and methanol to give
18, [a]23

D + 73.3 (c 0.51, CHCl3), in 73% overall yield.
Oxidative removal of the PMB ether of 18 with DDQ was
sluggish and required over 60 h to afford 19, mp 175 °C
(decomp.), [a]22

D + 45.8 (c 0.28, CHCl3), in 70% yield.
Unexpectedly, 19 failed to cyclize to the cage structure of

loline under a variety of basic reaction conditions, giving only
the elimination product 21 instead. In contrast, direct thermol-
ysis of the hydroxy mesylate in the absence of a base afforded
N-tosylloline 20, [a]22

D + 40.9 (c 0.11, CHCl3), in 74% yield
with no trace of 21. N-Tosylloline prepared by tosylation of a
sample of natural loline had [a]22

D +38.0 (c 0.10, CHCl3).
Reductive removal of the tosyl substituent from 20 was effected
with sodium naphthalenide and afforded (+)-loline 1, isolated as
its dihydrochloride salt in 48% yield. The 1H and 13C NMR
spectra of synthetic material matched exactly those reported for
the natural material.13

We are grateful to Professor Lowell P. Bush, University of
Kentucky, for a sample of loline dihydrochloride and to
Professor Joseph J. Tufariello, State University of New York at
Buffalo, for the NMR spectra of (±)-loline and its dihy-
drochloride. One of us (V. K. S.) thanks the Deutsche
Forschungsgemeinschaft for a Fellowship. Financial support
was provided by the U.S. National Institutes of Health
(GM58889).
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A novel function is proposed to calculate the conditional
equilibrium constants of reactions in aqueous solution; two
parameters characterise a non-electrolyte-specific response
to increasing ionic strength ( < 5 M) and temperature
( < 250 °C).

How chemical equilibria in solution respond to changing
experimental conditions is of considerable theoretical and
practical importance. A good function is needed to model
natural and industrial systems and to analyse the vast array of
experimental data on which such models depend. Since
electrolyte solutions depart strongly from ideality, this has
proved elusive1 and, consequently, many different functions
have been employed.2

Among the most common approaches nowadays are the
Pitzer,3 the Brønsted–Guggenheim–Scatchard Specific Ion
Interaction (SIT),1 the Helgeson–Kirkham–Flowers (HKF)4

and the Density5 models. However, none is the obvious method
of choice and, of the many tens of thousands of reactions of
interest, only a small fraction have been characterised using
these functions.6

The main problem with the Pitzer, SIT and HKF models lies
in the numerical fitting of parameters that they use to describe
individual chemical systems. Although very good agreement
with experimental data can be achieved, many ‘interaction
coefficients’ are typically involved. Predictions are then put in
doubt because (a) the fitted parameters do not capture the
essence (i.e. only the predominant factors) of the underlying
general physicochemical behaviour and (b) unique character-
isation becomes difficult, and extrapolations thwarted, by
mathematical correlation (covariance).

In contrast, the parameters of the Density model are much
fewer, are entirely fundamental and can be measured independ-
ently. The Density model thus provides an excellent means for
assessing and predicting data under ideal conditions, i.e. at
infinite dilution. It has been used extensively for these purposes
at the U.S. Oak Ridge National Laboratories (ORNL),8 whose
results comprise by far the largest single body of reliable
equilibrium constants in aqueous electrolyte solutions, espe-
cially at higher temperatures.7

Unfortunately, the Density model as described by Andersen
et al.5 does not deal directly with the effects of ionic strength.
Extraneous and varied means are invoked to extrapolate
measurements to infinite dilution, a notoriously difficult task
even at ambient temperatures with plenty of data. A failure to
record properly in databases the particular smoothing function
used, and the parameters so obtained, exacerbates the problem.
Sometimes more than ten fitting parameters are employed.

To extend the Density model to finite concentrations, I
propose here, a novel function that calculates the conditional
equilibrium constants of reactions in aqueous solution. The
function is based on just two additional semi-empirical
parameters that characterise the effects of increasing ionic

strength and temperature in a non-electrolyte-specific manner.
The need for, and magnitude of, specific interaction coefficients
is thus much reduced.

The scientific description of the effect of ionic strength on
equilibria in electrolyte solutions has recently been reviewed.2
Soon after Debye and Hückel demonstrated the dominance in
dilute solutions of coulombic interactions between ions, Hückel
suggested that the expression for the mean ionic activity
coefficient, g±, could be extended to higher concentrations by
introducing a linear term, ascribed to ‘ion-solvent interactions’.
Guggenheim then proposed a formula for mixtures in which this
linear term is expanded into a summation involving the so-
called ‘ion interaction coefficients’. This formula underpins the
SIT model in current use today.

There is considerable experimental evidence showing that
activity coefficients (and, hence, conditional equilibrium con-
stants) vary in a way that accords with this linear behaviour.
However, no theoretical explanation has prevailed, allowing the
proliferation of correction functions described above.

An equation that works satisfactorily8 at constant tem-
perature (t) has the form
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where KA is the conditional equilibrium constant at finite ionic
strength, K0 is the equilibrium constant (at infinite dilution), and
A and DZ2 are the usual Debye–Hückel factors. Both B and the
factor in the denominator, shown here as 1.5 to accord with the
SIT model,1 must be nearly constant to maintain thermody-
namic consistency but their exact values are somewhat arbitrary
on account of the covariance between them.

The key observation of the present work is simply that the
value of B itself changes linearly with temperature. To represent
this behaviour in accord with the Density model (for which all
parameters refer to a reference temperature) this variation is
conveniently expressed as B = GC + GM (t 2 25), where the
symbols GC and GM refer to the intercept and slope respectively
of the Guggenheim factor B at 25 °C.

The linearity of the expression for B is important in the
maintenance of thermodynamic consistency when the function
is applied to reactions in general. Also important is the low
correlation between the five parameters of the extended Density
model (log K0, DH0, DCp

0, GC and GM).
The new function has been applied in the characterisation of

reaction data in the JESS Thermodynamic database.6 Although
much is still to be done, it is clear that in this way the vast
majority of compiled equilibrium constants can be rationalised
to well within their experimental error. Very few exceptions
have been encountered and these exhibit no discernable pattern,
leaving experimental error as their most likely explanation.

A very demanding test was provided by the ORNL data,
comprising more than 700 equilibrium constants of unsurpassed
precision and accuracy for over 30 reactions. All these chemical
systems were fitted satisfactorily. The median deviations
between observed and calculated data were typically better than
0.05 log K units and the worst rarely greater than 0.1 units.

† Electronic supplementary information: plots for 38 chemical systems of
conditional equilibrium constants as a function of ionic stength and
temperature. See http://www.rsc.org/suppdata/cc/b0/b003157g/
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These differences are small compared to the changes in the
measured equilibrium constants which over the intervals 0 @ I
@ 5.0 M and 0 @ t@ 250 °C typically vary by as much as 3 log
K units. It may even be possible to improve on these predictions
for data at higher temperatures by taking account of density
change in the electrolyte medium, but this remains to be
done.

Three examples, representing quite different types of behav-
iour, are shown in Fig. 1. Plots for 38 chemical systems have
been deposited as ESI.†

Despite the formal mathematical similarity between the
function being proposed here and that of the SIT method, the
two approaches differ diametrically. Whereas the (temperature-

dependent) SIT parameters are many (one for each ion–counter
ion, ion–neutral and neutral–neutral interaction1) and represent
specific interactions, just two values, GC and GM, are used in
this work to characterise the non-specific response of the
reaction to changing conditions. It seems much better to
attribute specific properties only to the differences in equilib-
rium constants observed in different background electrolytes at
the same ionic strength and temperature: this isolates behaviour
that is common to all electrolytes, such as caused by the general
reduction in water activity with increasing concentration, and it
keeps the magnitude of the specific factors to a minimum. The
effects of individual electrolytes can then simply be described
as a direct association between species (see e.g. ref. 9), which
generally yields even better fits of the data.

The observed data are nonetheless modelled well, albeit not
exactly, by the non-specific function on its own. This has all the
flexibility needed to follow the main trends exhibited by
equilibria to high concentrations ( ≈ 5 M) and high temperature
( ≈ 250 °C). It also possesses the three chief attributes necessary
to rationalise diverse experimental data and to predict values
beyond the range of parameterisation, namely it (a) appears
applicable to all types of reaction, (b) involves only a few
parameters and (c) offers a reasonable physicochemical basis
for avoiding optimisation of values when this is not warranted
by the data available.

Financial support from Murdoch University and from the
Australian Government under its Cooperative Research Centres
Program is gratefully acknowledged.
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Fig. 1 Illustrative plots of observed and predicted values for conditional
equilibrium constants as a function of ionic strength and temperature with
three different types of chemical reaction: (a) the hydrolysis of water,10 (b)
the first protonation of succinate11 and (c) the solubility of gibbsite.12
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The hydrothermal crystallisation of barium titanate,
BaTiO3, has been studied for the first time by in situ time-
resolved neutron powder diffraction; we deduce that BaTiO3
is  formed  from  solution  by  reaction  between  [Ti-
(OH)x](42x)+

(aq) and [Ba(OH)x](22x)+
(aq) species, rather than

by a heterogeneous reaction between solid TiO2 and Ba2+
(aq)

ions.

Tetragonal barium titanate, t-BaTiO3, finds widespread applica-
tion in the electroceramics industry. The ferroelectric properties
and high permittivity of t-BaTiO3 are exploited in, for example,
thermistors, capacitors, and electro-optic devices. Traditional
routes to the synthesis of the material employ direct solid-state
reaction between barium carbonate and titanium dioxide at
elevated temperature ( > 900 °C). Hydrothermal routes to
BaTiO3 have been the focus of much recent research as an
efficient low temperature method for its manufacture (see, for
example, refs. 1–3). The reaction of a number of barium and
titanium sources in water at temperatures as low as 80 °C has
enabled the production of t-BaTiO3 and by varying reaction
conditions and choice of starting materials it has proved
possible to change the particle size and morphology of the
material produced. Particular attention has been paid to the
production of ultrafine (submicron) powders1–4 and to the
production of thin films5–7 by the hydrothermal method. Such
control of morphology is extremely desirable and has huge
potential value, both in the manufacture of miniaturised
devices8,9 and in the production of dense fine-grained ceramics
by sintering of the fine powders initially prepared.10

An understanding of the formation mechanism will be vital if
controlled growth of t-BaTiO3 is to be performed and the
potential applications described above are to be exploited.
Although the kinetics and mechanism of hydrothermal barium
titanate production have been discussed by several authors,11–14

no agreed description of its formation mechanism has been
reached. Two extreme models have been postulated: one
involving a homogenous solution phase reaction between
titanium and barium hydroxy anions (the dissolution–precipita-
tion mechanism) and another involving the reaction between
solid TiO2 and soluble barium species (the in situ heterogeneous
transformation mechanism).12 The data previously used to
probe the kinetics of barium titanate crystallisation were derived
entirely from quenching experiments, whereby material was
removed from the reaction cell after given period of time and
examined.

Because of the absorbing nature of the sample, we were
unfortunately unable to probe the barium titanate crystallisation
using in situ time-resolved synchrotron X-ray diffraction
experiments, which are now well established.15,16 Powder
neutron diffraction, however, offers an alternative means of
following the crystallisation. In recent months we have
developed a gold coated, null-scattering (67.7 atom% Ti, 32.3
atom% Zr) environmental cell that enables us to record in situ
high-resolution powder neutron diffraction patterns of highly

reactive and/or corrosive materials reacting under hydrothermal
conditions.17 Only one previous report of the use of neutron
diffraction to follow reactions under hydrothermal conditions
appears in the literature, and this did not overcome the problem
of significant scattering from the reaction vessel appearing in
the diffraction patterns, which seriously limited the amount of
quantitative and structural information that could potentially be
extracted.18 Here, we describe the first use of the Oxford-ISIS
hydrothermal cell to study a hydrothermal synthesis using in
situ neutron diffraction.

Fig. 1(a) shows the time-of-flight powder neutron diffraction
patterns of the crystalline starting materials [TiO2 (2.12 g)
Ba(OD)2·8D2O (9.81 g), Ba+Ti ratio of 1.1+1] as a suspension
in 10 ml D2O in the hydrothermal cell before heating.† The cell
was then heated to 125 °C and neutron diffraction patterns

Fig. 1 Powder neutron diffraction data obtained from within the hydro-
thermal cell. for (a) Ba(OD)2·8D2O (upper tick marks) and TiO2 (lower tick
marks) in D2O and (b) for the barium titanate produced by heating the
mixture at 125 °C for 12 h (lower tick marks are unreacted TiO2). The points
are the experimental data, the full line the result of the whole pattern fitting,
and the lower line the difference curve.
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recorded every 15 min for a period of 12 h. Fig. 1(b) shows the
sum of the four final diffraction patterns obtained, i.e. 1 h of data
in total. These data can be successfully modelled as arising from
cubic BaTiO3. At 125 °C we would have expected t-BaTiO3 to
have formed since at temperatures below 130 °C the lower
symmetry form is thermodynamically more stable. These
synthesis conditions, however, produce submicron-sized parti-
cles of BaTiO3 and as has previously been pointed out, it is very
difficult to identify the BaTiO3 polymorph using diffraction
methods when the Bragg reflections are considerably broadened
by the small particle size.2,19

Integrated intensities of the well resolved Bragg reflections
were determined by Gaussian-fitting and this enabled decay and
growth curves of both the starting materials and products to be
quantitatively determined. Fig. 2 shows the extent of reaction (a
= I/I∞ ) curves vs. time derived from integrated intensities of
TiO2 and BaTiO3 as a typical reaction mixture was heated at
125 °C. The growth curves for all the resolved Bragg reflections
of BaTiO3 were identical suggesting that crystal growth is
isotropic, which is not unexpected given the spherical morphol-
ogy of particles typically produced by this hydrothermal
synthesis. We also have investigated the use of amorphous
TiO2·H2O as a titanium source, which has recently been used to
prepare submicron BaTiO3 particles,2 and confirmed that the
rate of reaction is considerably more rapid compared to the
crystalline source.

The neutron diffraction data clearly show that the crystalline
barium source, barium deuteroxide octahydrate dissolves
rapidly before any other changes in crystallinity are apparent in
the reaction mixture; in all cases the Bragg reflections of
Ba(OD)2·8D2O disappear in less than 1 h and always before the
appearance of any BaTiO3. All previously discussed mecha-
nisms for the hydrothermal crystallisation of barium titanate
suggest that the barium source is in solution and our in situ
results provide clear evidence for this assumption. Most
significantly, when crystalline TiO2 is used as the titanium
source its initial decay is rapid and more than 50% of the TiO2
dissolves before the appearance of any of the BaTiO3 product.
This strongly suggests that a dissolution–precipitation mecha-
nism is taking place, i.e. that barium titanate is formed by
reaction between dissolved Ba2+

(aq) and [Ti(OH)x](42x)+
(aq)

species. If reaction between Ba2+ ions in solutions and solid
TiO2 particles was taking place, then we would expect the rate
of formation of BaTiO3 to mirror the decay of TiO2. Some
previous studies have assumed the latter in situ heterogeneous
transformation mechanism,11 but more recent studies using
electron microscopy techniques find no evidence for this model;
for example Pinceloup et al. examined the quenched material
from barium titanate crystallisations after various periods of
time and always observed distinct titania or barium titanate
particles, and that there was no relationship between particle
size distribution in the titanium oxide starting material and the
barium titanate product.14 Our study thus provides independent
evidence for the dissolution–precipitation mechanism by a
novel technique.

The kinetic crystallisation curves can be analysed quantita-
tively using the Avrami–Erofe’ev expression for a nucleation-

growth mechanism.20–23 We find that the power dependence (n)
of the rate expression is 1.1 ± 0.5. A value of n = 1 suggests that
the rate determining step of reaction is the reaction at the phase
boundary, i.e. the chemical reaction taking place at the
nucleation sites between solution Ba2+ and [Ti(OH)x](42x)+

anions. This study has thus provided a firm foundation on which
to base a mechanism for the hydrothermal crystallisation of
barium titanate.

In summary, we have demonstrated in this paper that neutron
diffraction has the potential to be a powerful technique for the
study of chemical processes under non-ambient conditions. It
offers the potential for collecting new data not available using
other sources and also data complementary to that available
from analogous in situ synchrotron X-ray diffraction experi-
ments. We believe with the ongoing improvements in available
neutron flux and in detector technology it will be possible to
collect data of higher quality in shorter time intervals from
reaction vessels such as we have described.

We thank the EPSRC for financial support and provision of
beam-time at the ISIS Facility.
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Reaction of AlMe3 or [AlMe3·py] with the pendant arm OH-
funtionalised 1,4,7-triazacyclononane proligands, HL1 or
HL2, affords the four- and five-coordinate derivatives
[Al(L1)Me2] 1 or [Al2(L2)2Me4] 2 in which the pendant
alkoxide O-donor and only one macrocycle N-donor is
bound to Al; methyl anion abstraction from 1 yields cationic,
pentacoordinate [Al(L1)Me]+ in which L1 has a tetradentate
coordination mode [L1 = 1-(2-hydroxy-3,5-di-tert-butylben-
zyl)-4,7-diisopropyl-1,4,7-triazcyclononane; L2 = 1-(2-hy-
droxy-2-methylethyl)-4,7-diisopropyl-1,4,7-triazacyclono-
nane].

Pendant-arm macrocycles offer the ability to modify and tune
the electronic and stereochemical properties of a range of metal
centres,1 and may be regarded as potent protecting groups for
catalytic reactions. We were therefore interested to explore the
potential of pendant arm triazacyclononane ligands in neutral
and cationic organoaluminium chemistry, for which there is no
precedent in the literature, although several examples of
compounds involving N-substituted 1,4,7-triazacyclononane
ligands with the group 13 elements are known. Aluminium
compounds in general are widely used as reagents or catalysts
across a range of organic and inorganic chemistry, and cationic
complexes, in particular, can lead to enhanced reactivity
through more effective substrate coordination and activation.2
We report herein preliminary results, including the first
structurally authenticated examples of complexes having a
triazacyclononane ligand coordinated through only one ni-
trogen, together with the first example of a cationic p-block
organometallic complex of a triazacyclononane ligand.

Reaction of AlMe3 or AlMe3·py with HL1 or HL2 causes
elimination of methane and affords the mono- or bi-nuclear

compounds [Al(L1)Me2] 1 and [Al2(L2)2Me4] 2 in good to fair
yield (Scheme 1).†3a The molecular structures of 1 and 2 are
shown in Figs. 1 and 2, respectively.‡ The compound
[Al(L1)Me2] 1 possesses an approximately tetrahedral Al(III)
centre [range of angles subtended at Al(1): 95.0(2)–119.8(2)°],
the coordination sphere of which comprises two methyl groups,
the oxygen atom of the pendant phenoxide group and only one
N-donor of the triazacyclononane ligand. The compound
[Al2(L2)2Me4] 2 features two approximately trigonal bipyr-
amidal Al(III) centres [e.g. N(1)–Al(1)–O(28) 151.0(2)°; sum of
the angles subtended at Al(1) by O(13), C(14), C(15) = 360.1°]
with the pendant oxygen donors bridging them. The most
important and highly unusual feature of 1 and 2 is that only one

of the three macrocyclic N-donors binds to the Al(III) centre.
That 2 forms a binuclear, m-O-bridged complex is attributed to
steric factors, the greater steric bulk of L1 stabilising the
mononuclear complex.

The low temperature, high-field NMR spectra of the highly
fluxional compounds 1 and 2 are consistent with the solid state
structures.† Of special note for both compounds is the presence
of two low-field multiplets in the range d 4–5 of the 1H NMR
spectra; these are assigned to two of the macrocylic ring
methylene hydrogens. These shifts appear to be particularly
diagnostic of the mono-N-coordinated mode of ligation of the
ligands L1 and L2, as such features are absent from the 1H NMR
spectra of structurally authenticated tri-N-coordinated transition
and main group metal complexes of pendant arm derivatives of
triazacyclononanes.3a,4

The reaction of HL2 or [Al2(L2)2Me4] 2 with 2 equiv. of
AlMe3 cleaves the dimer and gives binuclear [Al(L2·Al-
Me3)Me2] 3 (Scheme 1) in which AlMe3 is bound to the pendant
alkoxide oxygen,‡§ rather than forming a product with the
AlMe3 bound to a nitrogen lone pair of L2. As for 1 and 2, the
triazacyclononane ring in 3 binds through only one nitrogen,
and the 1H NMR spectrum shows a diagnostic pair of multiplets
in the region d 4–5. In contrast, [Al(L1)Me2] 1 does not react at
all with AlMe3, suggesting that neither the phenoxide oxygen
nor the macrocycle nitrogen lone pairs are accessible.

Scheme 1 Reagents and conditions: i, HL1, hexane, r.t., 2 h, 57%; ii,
B(C6F5)3, CH2Cl2, r.t., 30 min, quantitative; iii, HL2, hexane, r.t., 2 h, 30%;
iv, 0.5 HL2, hexane, r.t., 2 h, 71%; v, 2 AlMe3, C6D6, r.t., 5 min,
quantitative.
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The mono-N-coordination modes for L1 and L2 in com-
pounds 1–3 are unique in the now very extensive and important
field of triazacyclononane ligand coordination (transition and
main group metal) chemistry.1,3 While there are a few examples
of triazacyclononane ligands bonding through only two ni-
trogen ligands, these are found only for later transition metals
where ligand field effects (e.g. those associated with d8 square
planar complexes) are particularly dominant.5 Only one triaza-
cyclononane complex of aluminium has been previously
structurally characterised, namely six-coordinate [Al(L)] where
L is the tris(pendant arm) ligand 1,4,7-(O2CCH2)3[9]aneN3.6

As mentioned above, there is considerable current interest in
well defined, cationic organoaluminium compounds.2c–g Reac-
tion of [Al(L1)Me2] 1 with B(C6F5)3 gives [Al(L1)Me]-
[MeB(C6F5)3] 4 (Scheme 1). We have not yet obtained
diffraction-quality crystals of 4 and so this complex has been
characterised by non-crystallographic techniques.† The 1H and
19F NMR data for the [MeB(C6F5)3]2 anion show that there is
no interaction with the [Al(L1)Me]+ cation in which L1 now
bonds to Al through all three macrocyclic nitrogens.7 This
coordination mode is suggested by the ca. 0.3–0.9 ppm
downfield 1H NMR shifts of the NPri group resonances

compared to those in 1–3 (consistent with bonding to a cationic
metal centre) and the absence of any macrocyclic ring
methylene resonances in the region d 4–5 which would be
expected for a mono-N-coordinated L1. Analogous trigonal
bipyramidal coordination modes have been reported for
[Zn(L1)Cl] and its homologues.3a

Compound 4 is the first example of a cationic p-block
organometallic complex of any triazacyclononane ligand.
Moreover, the interconversion of coordination modes (mono-N-
bound in 1 to tri-N-bound in 4) has never before been observed
for triazacyclononane complexes, and the current work suggests
that the hemilability of functionalised [9]ane3 ligands can be
used to control and tune the reactivity of the Al centre.
Preliminary studies of the reactions of other complexes
[Al(L)Me2] (L = monopendant arm functionlised triazacyclo-
nonane) with B(C6F5)3 show that other examples of organoalu-
minium cations related to 4 can be prepared, and reactivity
studies of these cations towards organic substrates are in
progress.

This work was supported by the EPSRC and Royal Society.
We thank Dr N. A. H. Male for helpful discussions.
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CCDC 182/1658. See http://www.rsc.org/supp data/cc/b0/b003019h/ for
crystallographic files in .cif format.
§ The X-ray structure of [Al(L2·AlMe3)Me2] 3 has been determined and
will be reported in full elsewhere.4
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Fig. 1 Displacement ellipsoid plot of [Al(L1)Me2] 1. Hydrogen atoms are
omitted for clarity and displacement ellipsoids are drawn at the 40%
probability level. Selected bond lengths (Å): Al(1)–O(17) 1.759(4), Al(1)–
N(1) 2.011(4), Al(1)–C(18) 1.965(5), Al(1)–C(19) 1.953(5).

Fig. 2 Displacement ellipsoid plot of [Al2(L2)2Me4] 2 Hydrogen atoms are
omitted for clarity and displacement ellipsoids are drawn at the 40%
probability level. Selected bond lengths (Å): Al(1)–O(13) 1.849(3), Al(1)–
N(1) 2.245(4), Al(1)–C(14) 1.977(5), Al(1)–C(15) 1.972, Al(1)–O(28)
1.935(3), Al(2)–O(28) 1.845(3), Al(2)–N(16) 2.265(4), Al(2)–C(29)
1.966(5), Al(2)–C(30) 1.983(5), Al(2)–O(13) 1.946(3).
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Impregnation of a mesoporous xerogel or of MCM-41 with
an organic solution of the heterometallic cluster [NEt4]-
[Co3Ru(CO)12], followed by thermal treatment under an
inert atmosphere, leads to highly dispersed magnetic nano-
particles under milder conditions than when conventional
metal salts are used as precursors.

The confinement of molecular clusters in the cavities of meso-
or nano-porous inorganic matrices is attracting increasing
interest as a way to stabilise highly dispersed metals in the form
of atoms, clusters or colloids and prevent their coalescence into
larger, ill defined aggregates. There are obvious implications for
the fabrication of microelectronic devices1 and for catalytic
reactions whose selectivity will critically depend on the size and
dispersion of the metal particles and also on the shape of the
cavity in which they are embedded.2 Numerous recent reports
have emphasised the specific magnetic, optical, electro-
chemical, chemical and catalytic properties of nanostructures
constructed from molecular clusters or colloids.3 The sol–gel
process is being increasingly applied to the design of new
materials using functional building blocks4 and it has already
been used to incorporate mono- and bi-metallic species into
inorganic matrices.2c,5 Furthermore, solids with a template-
based morphology control, such as zeolites and MCM-41, are
currently attracting increasing attention as a way to stabilise
highly dispersed metal particles endowed with unique proper-
ties (e.g. magnetic, catalytic, etc.).6 A challenging development
concerns the use of molecular mixed-metal clusters since
microalloy particles could be obtained that would not be
accessible by other, more conventional approaches.

With the aims of studying the influence of the structure of the
inorganic matrix on the metal particles obtained after thermal
treatment of confined molecular Ru/Co clusters, we have
compared a mesoporous silica of the MCM-41 type with
mesoporous silica xerogels.

A sample of MCM-417a (pore diameter ca. 27 Å, specific
surface area 1000 m2 g21) was impregnated with a dark red
saturated THF solution of [NEt4][Co3Ru(CO)12],8 resulting in a
Co/Si molar ratio of 0.07 (EDX analysis). When a 1 3 1023 M
solution of the cluster was used, its discoloration from dark red
to light red optically indicated adsorption of the cluster onto
MCM-41. The solid was then rinsed with THF until the filtrate
was colourless and drying under primary vacuum at room
temperature (24 h) afforded an ochre powder which was kept
under argon. The IR spectrum in the n(CO) region contained the
fingerprint absorptions of the molecular cluster.8 X-Ray powder
diffraction showed the absence of crystallised [NEt4][Co3-
Ru(CO)12], consistent with a high dispersion of the molecular
cluster. The typical IR n(CO) pattern was lost around 200 °C

whereas the unsupported cluster decomposes at ca. 150 °C,
which is consistent with a stabilising effect of the matrix.
Furthermore, for the first time to our knowledge, the thermal
evolution of the impregnated MCM-41 was followed by
magnetic measurements in original lab-built equipment allow-
ing heating of the sample under either reducing (H2, N2–5% H2)
or inert atmospheres (Ar). Magnetisation at 1 Tesla pro-
gressively increases above 250 °C to reach a maximum at ca.
550 °C [Fig. 1(a)]. Further heating results in a decrease of the
magnetisation consistent with a Curie point at ca. 980 °C. In
comparison, a similar experiment on the pure cluster showed an
increase in the magnetisation by 180 °C and a Curie temperature
around 650 °C. In both cases, the Curie temperature is lower
than in pure bulk cobalt (ca. 1115 °C), which may be interpreted
as resulting from the formation of Co/Ru alloys and/or from the
small size of the particles. This will be further investigated by
variable temperature XRD experiments under an inert atmos-
phere.

A crushed mesoporous xerogel9 (pore diameter ca. 35 Å
along with microporous domains, specific surface area 750
m2 g21) was impregnated, dried and thermally treated in the
same manner. The Co/Si molar ratio was ca. 0.025 (EDX
analysis). Magnetisation at 1 Tesla increases above 200 °C in a
stepwise manner and reaches a maximum around 550 °C with a
Curie temperature around 1000 °C [Fig. 1(b)]. For consistency,
the magnetisation is expressed as per gram of cobalt to account
for the different metal content in the samples.

Thermal treatments under argon were realised at 250, 350 and
500 °C on both materials. In all cases, TEM observations
showed metal particles which for MCM-41 were well dispersed
with a narrow size distribution (Table 1) whereas in the
xerogels, the dispersion is less regular. At 500 °C, the small
particles (ca. 30 Å) coalesce to form larger, ill defined
aggregates (ca. 200 Å). This clearly points to a structural effect

† Dedicated to the memory of Professor O. Kahn, who made so many
brilliant contributions to inorganic chemistry.

Fig. 1 Dynamic magnetic measurements under Ar of MCM-41 (a) and silica
xerogels (b) impregnated with a saturated THF solution of [NEt4][Co3-

Ru(CO)12].
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of the inorganic matrix. Electron diffraction patterns performed
on the particles observed after a thermal treatment at 500 °C
show the presence of three different metallic phases: pure
hexagonal cobalt, pure fcc cobalt, and pure hexagonal ruthe-
nium; no alloy was formed at such low temperature. In contrast,
X-ray diffraction after thermal treatment at 900 °C showed that
a Co/Ru hexagonal alloy is also present besides pure metallic
fcc cobalt and hexagonal ruthenium. Using Vegard’s law, we
have determined the composition of this alloy to be 86 atom%
Co.

Hysteresis loops recorded at ambient temperature on the
different samples are consistent with the particles sizes, since no
open loop is observed for the doped MCM-41 treated below
350 °C. The xerogels show a ferromagnetic behaviour when
treated at or above 350 °C (Fig. 2). In the other samples,
superparamagnetic behaviour is observed. Particularly note-
worthy is that, irrespective of the matrix, metal particles could
be obtained at such a low temperature, without the use of a
reductive atmosphere, which cannot be achieved when metal
salts [e.g. cobalt(II) nitrate]10 are used since a hydrogen
atmosphere is required to generate metallic behaviour. This is
clearly due to the low oxidation state of the molecular precursor
used.

Finally, the differences observed, on the one hand between
the impregnated and the unsupported precursor and on the other,
between the two impregnated materials, clearly indicate that the
magnetic properties originate from particles inside the porous
materials and not from intact molecular precursor or metal salts
resulting from its decomposition, present at the external surface
of the grains.

The approach presented here, which involves in the impreg-
nation of well defined heterometallic, low oxidation-state,
organometallic clusters into a given porous silica matrix,
followed by thermal treatment under an inert atmosphere leads
to the formation of magnetic metal particles at temperatures as
low as 250 °C. The differences observed between the two kinds
of materials concerning the repartition and sizes of the
nanoparticles, as well as their magnetic behaviour highlights the
structural effect of the inorganic matrix that should allow
control of the particle size in the nanometer range and,
accordingly, their magnetic properties.

We are grateful to Dr M. Drillon for valuable discussions and
the Centre National de la Recherche Scientifique and the
Région Alsace for support (Doctoral grant to F. S).
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Table 1 Sizes of the particles (Å) observed by TEM on MCM-41 and
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T/°C

250 350 500
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Xerogel 30 60 30/200

Fig. 2 Isothermal magnetic measurements at room temperature of MCM-41
(a) and silica xerogels (b) impregnated with a saturated THF solution of
[NEt4][Co3Ru(CO)12], after 1 h treatment under Ar at 500 °C. Inset:
expansion near zero shows an increase of the coercitivity for the
monoliths.
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Self-assembled nano-sized stripes are obtained sponta-
neously by electrostatic adsorption of bolaform amphiphiles
onto mica sheets. The ordered stripes are separated from
each other by about 10 nm, and the ordered region can
extend over macroscopic areas.

Amphiphiles at interfaces are a traditional but challenging topic
in colloid chemistry, and now especially in supramolecular
science.1,2 Bolaform amphiphiles are molecules containing two
hydrophilic moieties connected by a hydrophobic chain.3 It is
shown that bolaform amphiphiles have different aggregation
behaviors,4 and cationic bolaform amphiphiles can form a self-
assembled monolayer on negatively charged substrates.5,6

Surface patterning with microscopically defined structures is
another rapidly developing topic.7 Some interesting results have
recently been reported concerning the regular packing of two-
dimensional aggregates formed by amphiphilic molecules at the
air–water interface and transferred onto solid substrates.8,9 The
self-assembled monolayer of the polyether dendron can lead to
the formation of a patterned surface with nanometer-sized
features and the nanostructure can be controlled by the size of
the dendron.10,11

Combining the above two fields, we herein report not only
the interfacing self-assembly of bolaform amphiphiles, but also
an approach for creating ordered nano-sized surface structures.
They are obtained spontaneously by electrostatic adsorption of
bolaform amphiphiles containing rigid hydrophobic azoben-
zene groups and hydrophilic pyridinium head groups onto mica
slides. The size of the structure is in the nanometer region and
it is formed by molecular self-assembly at the liquid–solid
interface. Our main interest is to establish a method for surface
patterning and to understand how the experimental conditions
or chemical structure influence the molecular packing in the
self-assembled nano-structures.

The bolaform amphiphiles included in this work are azo-
benzene-4,4A-dicarboxylic acid bis(pyridiniohexyl ester) di-
bromide (azo-11), and azobenzene-4,4A-dicarboxylic acid bis-
(pyridinioundecyl ester) dibromide (azo-6) (Scheme 1). The
syntheses of the substances are described elsewhere.4 Scanning
force microscopy (SFM) observation of the self-assembled
nano-structures was carried with commercial instruments
(Digital Instrument, Nanoscope III, Dimension 3000™ and
Multimode™), operating in tapping mode.

To construct nano-sized stripes on mica a clean mica sheet
was immersed into aqueous solution of azo-11 (c. = 1.0 3 1024

M, unless given otherwise). After adsorption for a certain time,
the mica sheet was taken out and dried for about 30 min in a
desiccator (P2O5). Except for the kinetics study, adsorbing time
was 30 min for azo-11 and azo-6.

Confocal Raman of the mica sheet after immersion in azo-11
solution for 30 min confirmed that dicationic azo-11 was

successfully adsorbed. We observed four peaks at 1403, 1457,
1497 and 1602 cm21, where the former two peaks corresponded
to azo Fermi, and the latter two peaks were attributed to
benzene.

The adsorption kinetics were studied by analyzing the film
coverage from SFM images. This increases rapidly for azo-11
with adsorption time initially.  From SFM, within about 2 min,
the film coverage reaches equilibrium and remains almost
constant thereafter. It is conjectured that electrostatic attraction
between the substrate and adsorbing molecules is the driving
force for adsorbtion of cationic molecules onto the negatively
charged surface.

SFM observation reveals that azo-11 forms well-ordered
stripes on a freshly cleaved mica sheet (Fig. 1A). The mean
distance of ordered stripes is about 10 nm. They show a
preferred orientation (Fig. 1B). The dark areas seen here are
uncovered regions. The stripes are packed parallel to the
elongated defects. The ordered regions with the same orienta-
tion can extend to large areas, up to centimeters. The nanometer
size of the ordered stripes indicates that such an ordered
structure is not formed by regular packing of single molecules
but rather by molecular assemblies. Considering the fact that the
azo-11 concentration used for adsorption is above the critical
micelle concentration (cmc), we speculate that the formation of
the structure should be related to the micelle in the solution.

In order to confirm the above speculation, we varied the azo-
11 concentration systematically. We found that stripe structures
are formed for concentrations of 5.0 3 1025 M and above, even
at 1.0 3 1023 M, although the ordered structure shows a slight
change at this concentration compared with the normal one.
However, there is a critical concentration, 3.3 3 1025 M, at
which ordered structures and irregular aggregates co-exist (Fig.
1C). Below this, e.g. at 2.5 3 1025 M, stripe structures may be
completely lost. Instead, only irregular aggregates exist on the
mica sheet (Fig. 1D). The cmc of azo-11 was measured to be 3.4
3 1025 M by the dramatic change of fluorescence with
concentration.

Ourselves and others have used similar bolaform amphiphiles
to fabricate the layer-by-layer assemblies previously, but no
such nano-sized structure has been found. The reason could be
that the concentration of bolaform amphiphile used for
assemblies is often chosen to be lower than the critical
concentration in order to avoid micelles and to ensure isotropic
monomer deposition for multilayer construction.5,6 Further
evidence to support the above argument is given by UV/Vis
irradiation experiments. After the azo-11 solution was exposed
to UV/Vis irradiation for up to 30 min, the film was prepared
under the same conditions as above. Although mostly ordered
regions were observed, we found that there are also some
irregular regions. One possible reason is the trans–cis iso-
merization of azobenzene in between the bolaform amphiphile,
which could partially destroy the structure of elongated micelles
in solution. The UV/Vis absorption spectra support our
assumption that the trans–cis isomerization can not be complete
for the system, and some cis–trans mixture exists even after
UV/Vis irradiation for 30 min.

For a similar bolaform amphiphile but with a shorter spacer,
azo-6, we cannot find any similar structures even when we varyScheme 1 Chemical structures of bolaform amphiphiles.
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the concentration and prolong adsorbing time. It is inferred that
the compromise between aggregation behavior of the com-
pounds in solution, electrostatic interaction and van der Waals
forces etc. plays an important role in molecular organization at
the liquid–solid interface.

It is also found that the ordered packing of stripes could not
form without a crystalline template i.e. a mica sheet. By
depositing two layers of polyelectrolytes of diazo-resin and
poly(sodium styrene sulfonate) alternately onto the mica sheet,
a modified mica sheet with a negative charge but an amorphous
surface was obtained. With this modified mica sheet, we
repeated the previous experiments and found that the bolaform
amphiphile azo-11 can adsorb onto the negative charged
surface. Unfortunately, no regular supramolecular structures
were formed. Furthermore, by replacing the mica sheet by a
glass slide, azo-11 spread well onto the glass slide, but did not
form any ordered structures.

In conclusion, we have demonstrated a very simple way to
create ordered surface structures, based on the self-assembly of
bolaform amphiphiles at the liquid–solid interface. As a result,
it enhances many of the unique features of the ordered structure,
like stability on a nanometer scale and over very large areas.
Considering the great diversity of bolaform amphiphiles, we
anticipate that this type of pattern fabricating method might
open up other possibilities for surface modification.
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The development of a new boron-based strategy for ‘trace-
less’ solid-phase synthesis of aromatic compounds is re-
ported. A resin capture process can precede the cleavage
step.

The combinatorial library approach is increasingly used for the
discovery and development of new drugs, catalysts and
materials.1 Most of the organic chemical libraries reported to
date have been constructed using solid-phase methods. A key
aspect of these strategies is the linkage element, which acts as a
tether to the polymeric support material. Typically, linkage to
the polymeric support is based on a protecting group. However,
after cleavage from the support, the presence of the functional
group previously used for the attachment may have a negative
effect on the biological or chemical properties of the target
compounds. To overcome this disadvantage, alternative ap-
proaches were developed where linkage through a functional
group can be excised efficiently, when desired, leaving behind
no trace or ‘memory’ of the solid-phase synthesis (formation of
a new C–H or C–C bond).

Only a few ‘traceless’ linkers have been reported so far for
the synthesis of aromatic compounds, none of which are
general.2 As part of a program to develop new solid-phase
synthetic methodologies, we became interested in exploring the
use of polymer-supported arylboronates. We have prepared
recently a macroporous support 1 which was found to be
efficient in immobilizing a wide variety of arylboronic acids
under mild and neutral conditions.3,4 Since protonolysis of
arylboranes is a well-documented reaction,5 we planned to use
the boronate functionality as a new traceless linker for the solid-
phase synthesis of aromatic compounds. Furthermore, since the
polymer 1 is extremely selective in its reactions with boronic
acids, the boronate linker can be used in another strategy where
the synthesis is initiated in solution and the material is
subsequently captured by solid support before performing
‘traceless’ cleavage. In each approach, the cleavage step is
associated with the regeneration of the resin 1 (Scheme 1).

In order to find an efficient procedure for the traceless
cleavage of supported arylboronates, preliminary experiments
have been performed on the resin-bound m-nitrophenylboronic
acid (Table 1). Protodeboronation of arylboranes usually occurs
under drastic hydrolytic conditions, catalysed by conc NaOH6

or conc HCl.7 Due to the incompatibility of these procedures
with various acid or base sensitive functional groups, transition
metal salts have attracted our attention as mild protonolysing
reagents.8 After some unsuccessful experiments, it was found
that nitrobenzene can be obtained using an aqueous solution of
Ag(NH3)2NO2 in EtOH at rt (entry 1)9 and that the use of THF
instead of EtOH significantly improved the yield (entry 2). The
optimized conditions required 10 equiv. of 0.5 M aq.
Ag(NH3)2NO3 in THF at 75–80 °C for 8 h (yield 75%, purity
> 95%)(entry 4). The use of a gel-type glycerol-PS resin10 led
to < 50% of deboronation under the same conditions, clearly
underlining the benefit of macroporous resin 1. This cleavage
was further examined with different aryl ring systems and the
liberated products were isolated in moderate to good yields
(entries 5–7).

The solutions obtained after filtration of the resin were
evaporated to dryness, the residue was taken up in a mixture of
EtOAc and H2O, and, after separation of the layers, the organic
solvent was evaporated. In all cases, the remaining products
were > 85% pure as determined by GC or NMR.11

Of particular interest to combinatorial chemistry is the use of
resin 1 to immobilize functionalized boronic acid templates and
carry out different solid-phase transformations. As an example,
butan-1-ol was coupled to resin-bound p-carboxyphenylboronic
acid 2, to afford the corresponding ester 3 in 56% after cleavage.
Similarly, resin-bound m-aminophenylboronic acid 4 was

Scheme 1

Table 1 Protodeboronation of resin-bound arylboronic acids using an
aqueous silver ammonium nitrate complexa

Entry Ar Conditions
Yield
(%)b

Purity
(%)c

1 3-NO2-C6H4 Ag(NH3)2NO3 (2 equiv.),
EtOH–H2O (1+1), 48 h, rt

36 > 95

2 3-NO2-C6H4 Ag(NH3)2NO3 (2 equiv.),
THF–H2O (1+1), 48 h, rt

60 > 95

3 3-NO2-C6H4 Ag(NH3)2NO3 (10 equiv.),
THF–H2O (1+1), 48 h, rt

75 > 95

4 3-NO2-C6H4 Ag(NH3)2NO3 (10 equiv.),
THF–H2O (1+1), reflux, 8 h

77 > 95

5 1-Naphthyl Ag(NH3)2NO3 (10 equiv.),
THF–H2O (1+1), reflux, 8 h

95 > 95

6 3,4-OCH2O-C6H4 Ag(NH3)2NO3 (10 equiv.),
THF–H2O (1+1), reflux, 8 h

80 85

7 4-MeO-C6H4 Ag(NH3)2NO3 (10 equiv.),
THF–H2O (1+1), reflux, 8 h

35 86

a Aqueous silver diamine nitrate (0.5 M) was prepared by titrating silver
nitrate solution with sufficient ammonia to dissolve all precipitate (pH 7–8).
b Yields of isolated product (based upon loading of resin 1, 1 mmol g21).
c GC purity of the crude reaction mixture.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003487h Chem. Commun., 2000, 1275–1276 1275



transformed into sulfonamide 5 upon treatment with p-
methylphenylsulfonyl chloride (Scheme 2).

The exact mechanism of the silver ion catalyzed proto-
deboronation has not been clearly demonstrated, but the
hypothesis of an arylmetal intermediate is strongly favoured.8
Note that, after washing (water, THF and Et2O), the filtered
slightly green resin can be reused for another attachment
without requiring a regeneration step and with no apparent loss
of activity.

The resin capture strategy is very promising for library
generation since it combines the flexibility of solution synthesis
with the purity of solid-phase products. In this regard, resin 1
could be very useful in capturing only organoboron products
from complex reaction mixtures and, subsequently, to perform
‘traceless’ cleavage. For example, some transformations in the
solution-phase of functionalized boronic acids have been
realized using an excess of various reagents. m-Aminophe-
nylboronic acid 6 was transformed into anilide by treatment
with benzoyl chloride and p-formylphenylboronic acid 9 was
subjected to a reductive amination with benzylamine. The crude
products of these reactions were combined with resin 1 at reflux
in THF to afford 7 and 10. The desired products 8 and 11 were
obtained in excellent purities and yields after cleavage. As
another significant demonstration of the interest of such an
approach, an UGI four-component condensation12 was carried
out with 12, benzylamine, benzylisonitrile and isobutyr-
aldehyde in MeOH at 60 °C for 12 h. After evaporation of the
solvent, the crude product was treated with 1 to selectively
afford 13. After cleavage, the a-(acylamino) amide 14 was
obtained in 57% yield and with a high purity ( > 90%), as shown
in Scheme 3. To the best of our knowledge, this constitutes the
first example of resin capture which releases product with
formation of a carbon–hydrogen bond in place of the resin
attachment.

In conclusion, we have developed a new ‘traceless’ linker
technology for solid-phase chemistry. The conditions of
cleavage are compatible with the presence of functional groups
such as amines, amides, esters, ethers and sulfonamides.13 The
boronate linker system is distinct from the existing alternatives
by its ability to regenerate the polymer, and its use in a resin
capture process. Other reactions of polymer-supported bor-
onates in the formation of a new carbon–carbon bond instead of
the initial boron–carbon bond are currently in progress in our
laboratory.

We thank Dr B. Maillard (Université de Bordeaux 1) for
fruitful discussions.
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Rhodium complexes of unsymmetrical diphosphines of the
type Ph2PCH2CH2PAr2 are catalysts for the carbonylation
of methanol; several features of the catalysis are reminiscent
of iridium carbonylation catalysts.

Methanol carbonylation (eqn. (1)) is one of the most successful
industrial applications of homogeneous catalysis and is cur-
rently carried out on a scale of several million tonnes per
annum.1 The rhodium–iodide catalysed process gives acetic
acid in better than 99% selectivity and the mechanism has been
thoroughly reviewed by Maitlis et al.2 The new Cativa process
uses an iridium–iodide catalyst and offers many advantages
over the rhodium system.3 The conditions shown in eqn. (1)
limit the use of phosphine modified catalysts because of the
potential problem of quaternisation of the ligand.1 Thus, while
the rhodium complexes of P,O-, P,N- and P,S-donor ligands
have all been reported4–8 to be methanol carbonylation
catalysts, either the conditions used were not the industrial
conditions of eqn. (1) and therefore the process would not be
viable,4–6 or the catalysts were found to be unstable.7,8 Here we
report that rhodium complexes of unsymmetrical ethylene
diphosphine ligands are more efficient catalysts than their
symmetrical dppe analogues for methanol carbonylation and
longer-lived than any previously reported ligand-modified
catalysts under the harsh conditions of eqn. (1).9

(1)

The diphosphines 1a–f, some of which are known,10,11 were
made according to eqn. (2) and fully characterised. The

(2)

catalysts were prepared by addition of diphosphines 1a–f or 2a–
d to [Rh2(m-Cl)2(CO)4] in methanol [eqn. (3)]. Under these
conditions the complexes 3a–f and 4a–f are formed in
approximately 1+1 ratio in each case; these isomeric mixtures
have been isolated and fully characterised. Similarly the iodo
analogues 5e and 6e have been prepared and characterised as a
1+1 mixture.

The carbonylation catalysis was carried out under the
conditions given in eqn. (1) and the results are presented in
Table 1.† In each case the conversion of methanol was greater
than 98% and the selectivity for acetic acid was greater than
99%; the rates for the diphos systems (entries 1–11) were all

lower than the commercial [RhI2(CO)2]2 catalyst. The follow-
ing observations suggest that the catalyst is a diphosphine–

(3)

rhodium complex throughout and not [RhI2(CO)2]2. IR spectra
obtained in situ during catalysis with ligand 1e showed the
absence of the intense n(CO) bands for [RhI2(CO)2]2 at 2059
and 1988 cm21. At the end of the catalysis, when the solution
cooled, a homogeneous orange solution or red crystalline
precipitate was present and 31P NMR and IR spectra showed the
presence of a mixture of diphosphine rhodium(III) carbonyl
complexes (1J(RhP) ca. 100 Hz, n(CO) ca. 2090 cm21). The
product fac-[RhI3(CO)(1b)] 7 was isolated from the reaction
mixture using the catalyst derived from 1b and the crystal
structure of its pentane solvate was determined (see Fig. 1). The
octahedral geometry at the rhodium(III) centre is somewhat
distorted (iodine atoms I(1) and I(2) lie 0.140 and 0.184 Å
respectively from the RhP2 plane). The carbonyl ligand lies cis
to the diphosphine phosphorus atoms, which show identical
Rh–P bond lengths, any difference in the values being masked
by the disorder.‡ The rate of catalysis is constant throughout a
run and, after all the methanol was consumed, a second aliquot
of methanol was injected and the rate was the same as in the first
run. This final observation not only confirms the integrity of the

† Electronic supplementary information (ESI) available: typical experi-
mental procedure for catalysis. See http://www.rsc.org/suppdata/cc/b0/
b002802i/

Table 1 Methanol carbonylation data†

Entry Ligand Ratea CH3CH2CO2Hb

1 1a 2.0 6
2 1b 5.0 45
3 1c 5.6 50
4 1d 8.5 79
5 1e 7.6 54
6 1f 2.9 31
7 1b + Ruc 13.7 188
8 2a 1.9 4
9 2b 2.0 13

10 2c 2.3 20
11 2d 1.7 12
12d — 18.5 276
a At 10% conversion, in mol l21 h21 with estimated errors of 5–10%.
b Concentration in ppm. c [RuI2(CO)4] (0.576 g, 1.23 mmol) added to the
catalyst mixture. d Catalyst is [RhI2(CO)2]2.
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catalyst but also shows its longevity is greater than any previous
rhodium–phosphine catalyst under these conditions7 since it
shows that all the diphosphine catalysts undergo over 500
turnovers without noticable diminution of activity.

In the following respects, the rhodium–diphosphine catalysts
resemble the iridium Cativa catalysts. The main inefficiencies
in traditional rhodium-catalysed methanol carbonylation are the
water gas shift reaction and the formation of by-products such
as MeCHO, EtI and CH3CH2CO2H; this problem is much
reduced with the iridium catalysts.3 The amount of propionic
acid reported in Table 1 for the diphosphine catalysts (entries
1–10) is significantly less than with [RhI2(CO)2]2 as catalyst
under these conditions (entry 12). 31P NMR studies in CH2Cl2
show that oxidative addition of MeI to 5e/6e is very rapid. The
greater nucleophilicity of [RhI(CO)(diphosphine)] complexes12

than [RhI2(CO)2]2 may partly explain the similarities between
the rhodium–diphosphine and the iridium catalysts.

Since the iridium catalysts are promoted by iodide-abstract-
ing ruthenium complexes,3 we investigated whether
[RuI2(CO)4] would also promote the rhodium catalyst from
diphosphine 1b; by comparing entries 7 and 2 in Table 1, it is
clear that the addition of the Ru complex has more than doubled
the rate.

From the data in Table 1, it can be deduced that the influence
of the phosphorus substituents is complicated. The rate data are
plotted in Fig. 2 as a function of the Hammett constants for the
aryl substituents. The plot shows that increasing the electron-
withdrawing power of the substituents on the aryl rings in the
unsymmetrical diphosphines generally increases the catalyst
activity up to a point, beyond which the rate decreases. The
significance of the maximum in the curve might be interpreted
in terms of a balance of s-donor and p-acceptor qualities being
required to optimise the rate. However entries 4 and 9 in Table
1 are with ligands 1d and 2b which would be expected to have
similar overall donor/acceptor properties by virtue of the same
number of meta-fluoro substituents and yet they show very
different catalytic performance. In fact, all of the symmetrical
diphosphines 2a–d yield catalysts of similarly low activity
(entries 8–11). Thus the asymmetry of the diphosphine is
apparently crucial. Casey et al.10 have shown that un-
symmetrical diphosphines are superior to the symmetrical
analogues for hydroformylation catalysis and associated this
with a preference of the better s-donor for the axial site in the
trigonal bipyramidal intermediates. It is notable that P,O-, P,N-
and P,S-donor ligands used previously4–8 for methanol carbo-
nylation are all unsymmetrical with one strong and one medium
or weak donor. For the best one (Ph2PCH2CH2P(S)Ph2), Baker
et al.7 showed that only one isomer (with the S-donor trans to
CO) is formed in the reaction of [Rh2I2(CO)4] with the ligand.
By contrast, we find no such diastereoselectivity in the reaction
of diphosphines 1a–f with [Rh2X2(CO)4] (X = Cl or I). In the
presence of CO, 31P NMR spectroscopy shows that the
diastereoisomers 3/4 and 5/6 interconvert rapidly (eqn. (3) and
thus the ca. 1+1 mixtures observed represent the thermody-

namic proportions. Hence there is little difference in the
stability of the [RhI(CO)(diphos)] precursors under ambient
conditions in CH2Cl2 but it is possible that under the radically
different conditions of the catalysis, one of the isomers is
preferred or one is significantly more reactive.

In conclusion we have established that unsymmetrical
diphosphine–rhodium complexes are very active and selective
catalysts for methanol carbonylation under industrially sig-
nificant conditions and these catalysts have several features in
common with the iridium Cativa catalysts.

We thank BP Chemicals and the EPSRC for financial
support.
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‡ Crystal structure analysis of [Rh(CO)I3[Ph2P(C2H4)P(3-C6H4F)2]·
0.5C5H12, 7·0.5C5H12. Crystal data: C29.5H22F2I3OP2Rh, M = 976.02,
orthorhombic, space group Pbca (no. 61), a = 18.850(3), b = 15.338(4), c
= 20.992(4)Å, T = 173 K, U = 6069(6) Å3, Z = 8, m = 3.755 mm21, 6885
unique data, R1 = 0.038. The fluorine atoms are disordered occupying one
meta site on each of the four aryl rings equally as a consequence of the
enantiomers of 7 crystallising at the same site in the unit cell. CCDC
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graphic files in .cif format.
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Fig. 1 The molecular structure of 7 showing one of the two orientations of
the meta-C6H4F groups. Important molecular dimensions include: bond
lengths (Å) Rh(1)–C(3) 1.885(6), Rh(1)–P(1) 2.335(2), Rh(1)–P(2)
2.3370(15), Rh(1)–I(1) 2.7337(7), Rh(1)–I(2) 2.7296(7), Rh(1)–I(3)
2.6869(6); bond angle (°) P(1)–Rh(1)–P(2) 86.03(6).

Fig. 2 Plot of the rate of methanol carbonylation (from Table 1) as a function
of the Hammett substituent constant, s for the Ar substituents in the ligands
Ph2PCH2CH2PAr2. The error bars represent a 7.5% error in the rate
measurement.
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A three-dimensional neutral framework of a novel deca-
vanadate ion [VIV

8VV
2O26(m-H2O)] containing an AsO4

tetrahedral bridge has been synthesized hydrothermally and
structurally characterized by X-ray diffraction.

One of the great challenges of modern chemistry is to create
multifunctional structures which have well defined cavities and
surfaces with sites or areas of different reactivity by linking
preorganised robust building blocks.1 Given the significance of
transition metal oxide surfaces2 and proven roles of poly-
oxometalates and their derivatives in catalysis and materials
science,3 it is conceivably valuable to attempt to design and
prepare transition metal oxide based materials with desired and
controllable properties by assembling metal oxide clusters
which provide remarkably diverse and well defined building
blocks.4 Although the mechanism by which the assembly is
organised remains elusive, a popular strategy in the realisation
of materials engineering involves combined applications of the
hydrothermal synthesis method and structure-directing tem-
plates.5 On-going research has demonstrated that transition
metal (e.g. Fe, Co, Ni, Cu, Zn and Mn) coordination complexes
may serve as inorganic bridging ligands linking polyoxoanion
clusters into one-, two- and three-dimensional networks.6

Owing to their exceptional ability to form mixed-valence
compounds that exhibit rich electronic and magnetic properties,
polyoxovanadates have been extensively studied with many
structurally characterized examples now known.7 Recently, a
decavanadium cluster with a [VV

10O22]62 core has been
reported, and an X-ray structural analysis shows that it is a
discrete ion with a chiral framework formed by nine square-
pyramidal VO5 polyhedra surrounding one VO4 tetrahedron
linked through the vertices.8 Although decavanadate ions as
discrete entities are common, synthetically prepared examples
of extended structures with decacavanadate ions are relatively
rare. According to our literature search, only one example,
[Cu(en)2]2[VIV

4VV
6O25], has been reported, which consists of

Cu(en)2
2+ groups linked through layered vanadium oxides into

a three-dimensional network.9 Khan et al. reported several
three-dimensional frameworks which consist of spherical
[V18O42(XO4)] clusters linked by bridging [M(H2O)4] groups
(X+V, S; M+Fe, Co, Mn, Zn).10 Here, we report an entirely new
type of mixed-valence decavanadate ion [VIV

8VV
2O26(H2O)] as

a building block which is bridged by AsO4 tetrahedra leading to
a three-dimensional neutral network [AsVIV

8VV
2O26(m-

H2O)]·8H2O 1. There are many structures reported in which
AsO4 terahedra are encapsulated in mixed-valence VIV/VV as
well as VIV polyoxoanions. To our knowledge, AsO4 tetrahedra
linking polyoxoanions in a bridging mode has not been
described to date.

Compound 1 was prepared hydrothermally from a mixture of
V2O5, H3AsO4, H2C2O4, en and  H2O heated to 160 °C for three
days.† The en is not incorporated into the structure of 1, but is
necessary to maintain the pH of the reaction. H2C2O4 was
employed as a reducing agent. The IR spectrum of the product
exhibits characteristic bands at 972 and 958 cm21 assigned to

n(VNOt) and a number of bands in the range 750–900 cm21

associated with n(V–O–V) and n(V–O–As).
The extended highly symmetrical structure of 1‡ (Fig. 1),

consists of a three-dimensional neutral network of
[VIV

8VV
2O27] cages with crystallographic Td symmetry, with

each cage connected to four other neighboring units via AsO4
bridging groups. This generates a network of [–{V10O27}–
AsO4–{V10O27}–]∞ arrays running along two mutually perpen-
dicular directions. The building block units in the structure of 1
may be viewed as a ‘rugby ball’-like [VIV

8VV
2O26] shell

encapsulating a central water molecule which is covalently
bonded to two V(1) atoms in a m-bridging mode with a V(1)–
O(6) distance of 2.450 Å. The symmetry at O(6) is 222. Indeed,
an unusual property of reduced polyvandates is their tendency
to form cages encapsulating a guest molecule.11 Compound 1
represents a most unusual member of this class of clusters with
the central bridging encapsulated water molecule.

The [VIV
8VV

2O27] unit is a new type of decavanadium ion.
The vanadium exhibits two types of coordination: pyramidal
[V(1) and V(3)] and octahedral [V(2)]. The octahedral geome-
try around vanadium V(2) is defined by a terminal oxo group
[O(1)], four m-oxygen atoms [O(5)] of the shell, and one m-
oxygen atom [O(6)]. The square-pyramidal geometry around
V(1) and V(3) is formed by four basal m3-oxo [O(4), O(5)]
groups from the shell and an apical terminal oxo groups. Two
V(1)O5 and two V(3)O5 pyramids are corner-shared by a m3-
O(5) atom to form a [V4O16] ring. These vanadium atoms are all
co-planar. Two such [V4O16] rings are joined to each other by
sharing edges in a parallel manner with two V(2)O6 octahedra
capping oppositely disposed faces of these two rings, re-
spectively, forming a rugby ball-like structure. The surface of

Fig. 1 Unit cell of structure 1 down the crystallographic a axis showing the
rectangular channels parallel to this axis. Water molecules have been
omitted for clarity.
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the cluster exhibits four open windows. Curiously, the four
AsO4 tetrahedra cap on the windows by edge-sharing through a
m3-oxo group [O(4)] leading to a three-dimensional neutral
network.

According to bond valence sum (BVS) calculations12 and
charge balance, compound 1 is formulated as [AsVIV

8VV
2-

O26(H2O)]·8H2O. The assignment of oxidation state for the
vanadium and arsenic atoms are consistent with their coordina-
tion geometries and are confirmed by valence sum calculations
which gives values for V1, V2, V3 and As of 4.06, 5.06, 4.15
and 5.10, respectively. The valence sum calculations associated
with O(6) (BVS = 0.28) identify it as a water molecule, a
feature consistent with the significant lengthened bond dis-
tance.

It is noteworthy that the structure of 1 possesses large
rectangular and hexagonal channels, which are filled with water
molecules of crystallization (eight water molecules per unit cell)
(Fig. 1 and 2). The rectangular channels run along all three
crystallographic axes with mean diameters of 10.508 Å while
hexagonal channels extend along the diagonal direction of the
unit cell with a mean diameter of 11.986 Å. The arsenic atoms
reside on a 4̄ axis. In addition, two perpendicular 4̄ axes pass
through the center of the [V10O27] unit. Owing to the
crystallographically imposed 4̄ symmetry, these channels may
be viewed as a cylinder, not observed previously in other metal
oxide cluster frameworks. Whereas transition metal coordina-
tion complexes acting as bridges are well established, it is seen
here that AsO4 tetrahedra may play an important role in the
assembly of a specific structural motif.

The room-temperature EPR spectrum of a crystalline sample
of 1 consists of one signal (g 2.034), indicating the presence of
VIV centers. Although no hyperfine structure was observed, the
linewidth was extremely narrow, which suggests significant
exchange coupling.

The magnetic susceptibility cm of 1 was measured between 2
and 300 K. The value of cmT shows a gradual decrease as the
temperature is decreased, indicative of weak antiferromagnetic
exchange coupling. Because no suitable theoretical model is
available in the literature13 for such a complex system, detailed
magnetic analyses were not performed for the present com-
pound.

This work has important implications for the conversion of
discrete cluster anions into three-dimensional networks14 and
demonstrates that the use of hydrothermal techniques is a vital
tool for the realisation of materials design. This novel structure

and building principle may provide further insight into
designing new porous materials as well as other supramolecular
architectures.

We thank National Natural Science Foundation of China, and
Key Lab of Supramolecular Structure and Spectroscopy for
financial support.

Notes and references
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was neutralized to pH = 8 with en (2 ml). The sample was then sealed in a
Teflon-lined reactor which was heated to 160 °C for three days. After
cooling to room temperature, black prism-shaped crystals were isolated in
ca. 40% yield (based on vanadium). Anal. Calc. for H18As2V10O35: As,
12.11; V, 41.17; H, 1.47. Found: As, 11.92; V, 41.10; H, 1.52%.
‡ Crystal data for 1: [AsVIV

8VV
2O26(H2O)]·8H2O: cubic, space group:

I4̄3m (no. 217), a = 16.7083 Å, V = 4360.6 Å3, Z = 4. A black crystal of
dimensions 0.23 3 0.213 0.11 mm was mounted on a glass fiber. Data were
collected on Siemens P4 four circle diffractometer at room temperature in
the range 2 < 2q < 50° using the w scan technique. A total of 4600
reflections was collected of which 978 with I > 2s(Io) were used. No
attempt was made to locate the water hydrogen atoms. The structure was
solved by direct methods and refined using SHELXTL (Version 5.01).
Attempts to resolve the structure in the centric space group Im3m proved
unsatisfactory. Structure solution and refinement based on 587 reflections
and 31 parameters gave R(Rw) = 0.0567 (0.1098).

CCDC 182/1671. See http://www.rsc.org/suppdata/cc/b0/b003359f/ for
crystallographic files in .cif format.
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A simple solid phase lipid synthesis (SPLS) is proposed for
construction of an artificial glycolipid library; this method is
so convenient and flexible that we have efficiently con-
structed a glycolipid library; some of these glycolipids
formed into stable bilayer aggregates in aqueous solution,
suggesting that the glycolipids obtained by SPLS are useful
as a suitable model of naturally occurring glycolipids.

Recent development in the field of glycobiology has clearly
established that naturally occurring glycolipids have various
key functions in biological systems.1 Despite such important
roles, fundamental questions on the relationship of the functions
to the molecular structures are poorly understood. This is
partially due to the complicated and diverse structures of natural
glycolipids. An appropriate model and synthetic scheme are
now required.2 We describe herein a simple and convenient
strategy for synthesis of artificial glycolipids based on a solid
phase method (SPLS). Using the present method we efficiently
constructed a small glycolipid library.

Typical examples of the designed artificial glycolipids are
shown in Fig 1. Since the artificial glycolipids can be divided
into several structural modules to provide flexibility to SPLS,3
we planned to combine these modules on a resin in sequence
(Scheme 1). The Merrifield resin modified with a 3-hydox-
ymethyl-4-nitrophenoxy linker was employed as a solid
support.4 Initially, phenylisopropyl Fmoc-aspartate as a con-
nector part is attached to the resin using a condensation reagent
(DIC). After deprotection of the Fmoc group, succinic anhy-
dride was reacted with the amine site to introduce succinic
amide as a spacer, followed by condensation of dialkylamine
with the remaining carboxylic acid site to form a hydrophobic

tail.5 Then, the phenylisopropyl group was cleaved by 2% TFA
to afford a free b-carboxylic acid of the aspartic acid connector,6
which was next connected with aminoethyl glycoside,7, 8 a polar
head group. Finally, the artificial glycolipid thus synthesized,
was released from the solid support. Two distinct methods were
used for the cleavage from the resin, (i) hydrazinolysis,9 or (ii)
photolysis followed by methanolysis.4 In the hydrazinolysis,
cationic lipids bearing a hydrazide were afforded,† whereas
anionic lipids bearing a carboxylate were obtained in the
photolysis sequence.† All glycolipids were purified by gel
chromatography [Sephadex LH20, eluent : CHCl3–MeOH
(1/1)], and identified by MALDI-TOF mass and NMR spectros-
copies.† The overall yield for the six or seven steps ranges from
33 to 91%. Using this SPLS method, a small library was
prepared as summarized in Table 1.

In order to confirm the fundamental capability to form a lipid
membrane, we next investigated aggregation properties of the
artificial glycolipids using conventional physicochemical meas-
urements. Glc-asp(NH2)-2C2 and Glc-asp(NH2)-2C6 were solu-

† Details of the release of Glc-asp(NH2)-2C12 from resin 5 and the synthesis
of Glc-asp(CO2H)-2C12 are available as electronic supplementary informa-
tion (ESI). See http://www.rsc.org/suppdata/cc/b0/b002545n/
‡ Visiting professor at the Institute of Molecular Science, Myodaiji,
Okazaki, Japan.

Scheme 1 Typical synthetic route towards artificial glycolipids (Gal-asp(NH2)–2C12, and Gal-asp(CO2H)–2C12). Reagents and conditions: (a) Fmoc-
Asp(Pip)-OH (3.0 equiv.), DIC (3.0 equiv.), DMAP (3.0 equiv.), HOBT (4.0 equiv.), DMF, 25 °C, 10 h, 83%; (b) piperidine (20%), DMF, 25 °C, 30 min.;
(c) succinic anhydride (4.0 equiv.), DIEA (4.0 equiv.), DMF, 25 °C, 14 h; (d) didodecylamine (3.0 equiv.), pyBOP (3.0 equiv.), DIEA (3.0 equiv.), DMF,
25 °C, 10 h; (e) TFA (2%), CH2Cl2, 25 °C, 3 h; (f) 2-aminoethyl-O-tetraacetyl glucopyranoside (3.0 equiv.), pyBOP (3.0 equiv.), DIEA (3.0 equiv.), DMF,
25 °C, 10 h; (g) NH2NH2·H2O (50 equiv.), THF–MeOH (4/1, v/v), 25 °C, 5 h, 67% over six steps; (h) hn, THF, 25 °C, 24 h; (i) NaOMe (1.0 equiv./unit),
CH2Cl2–MeOH (3/1, v/v), 25 °C, 3 h, 39% over seven steps. Pip = phenylisopropyl, DIC = N,NA-diisopropylcarbodiimide, DMAP =
4-dimethylaminopyridine, HOBT = 1-hydroxybenzotriazole, DIEA; = N,NA-diisopropylethylamine, pyBOP = benzotriazol-1-yl-oxytrispyrrolidinophos-
phonium hexafluorophosphate.

Fig. 1 Typical examples of artificial glycolipids. The glycolipids are
abbreviated as ‘sugar–connector(charge)–tail’. Sugar denotes the sugar
head structure (Glc, Gal, Man), connector denotes the connection part of the
lipid (asp), charge denotes the surface charge [NH2 (cationic) or CO2H
(anionic)], and tail denotes the hydrophobic tail group (2C12, 2C14, 2C16

etc.).
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ble in water without sonication whereas Glc-asp(NH2)-2C18
was not dispersed even by prolonged sonication. Other
glycolipids swelled in water, and then yielded a homogeneous
dispersion displaying light-scattering properties upon sonica-
tion. The size distribution of the glycolipid aggregates in
aqueous solution was studied by dynamic light scattering
measurement (DLS, Otsuka DLS 7000). For Glc-asp(NH2)-2C2
and Glc-asp(NH2)-2C6, no or less than a few nm diameter of
aggregates was determined, suggesting that these were dis-
solved as monomers or small micelles. DLS for the other lipids
dispersed in aqueous solutions showed aggregate sizes is in the
range 40–1230 nm.

Direct observation of these aggregates was conducted by
transmission electron microscopy (TEM). No aggregates were
observed for Glc-asp(NH2)-2C2 or Glc-asp(NH2)-2C6, con-
sistent with data of their solubilities and DLS measurements.
Fig. 2 shows typical TEM images of the artificial glycolipids.
Both Glc-asp(NH2)-2C12 and Glc-asp(CO2H)-2C12 predom-
inantly form into unilamellar vesicles. The layer width of these
vesicles was roughly estimated to be 10 nm, which corresponds
to the bimolecular length of Glc-asp(NH2)-2C12. Similarly,
spherical vesicles were observed for Gal-asp(NH2)-2C12 and
Man-asp(NH2)-2C12, indicating that the morphology of these
aggregates is not dependent on the head group structure of the
monosaccharide. When the tail part becomes longer as for Glc-
asp(NH2)-2C14 and Glc-asp(NH2)-2C16, more developed struc-
tures such as helical rods and/or long tubes were observed, as
well as vesicles.

Membrane fluidity of these aggregates was estimated by
differential scanning calorimetry (DSC). The glycolipids bear-
ing didodecylamine [Glc-asp(CO2H)-2C12 and Glc-, Gal- or
Man-asp(NH2)-2C12], do not show any endothermic peaks,

suggesting that the phase transition temperature (Tc) is lower
than 0 °C. Glc-asp(NH2)-2C14 shows a rather broad peak at ca.
4–5 °C and the Tc of Glc-asp(NH2)-2C16 was determined as
23–25 °C. The corresponding phase transition enthalpy (DH )
was also determined to be 4–5 kcal mol21 for Glc-asp(NH2)-
2C14 and 8–9 kcal mol21 for Glc-asp(NH2)-2C16, comparable to
that of typical natural phospholipids. It is clear that Tc gradually
rises with an increase in the hydrophobic chain length, but these
artificial glycolipids are still in the fluidic liquid crystal phase at
room temperature.

In conclusion, we have developed a convenient SPLS method
and successfully applied it to the construction of a small library
of artificial glycolipids. All physicochemical data clearly
demonstrated that some glycolipids form into stable aggregates
consisting of bilayer membranes in aqueous solution. The
proposed SPLS scheme is so flexible that we may envision a
large library of glycolipids which confers valuable insights for
the design of novel saccharide-based biomaterials, as well as
elucidation of biological functions of natural glycolipids.

We are grateful to Professor K. Fukase (Osaka University)
for his helpful comments on O-glycoside synthesis at the initial
stage of this research. This research was financially supported
by a Germinating Research grant (11878109) from the Ministry
of Education, Science, Sports and Culture of Japan, and
TERUMO life science foundation.
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Table 1 Yields and aggregation properties of artificial glycolipids synthesized by SPLS

Aggregation properties in water

Compound Total yield (%) Diametera/nm Morphologyb Tc
c/°C

Gal-asp(CO2H)-2C12 39 40–350 Vesicles < 0
Gal-asp(NH2)-2C12 67 120–690 Vesicles < 0
Man-asp(NH2)-2C12 91 660–1230 Vesicles < 0
Glc-asp(NH2)-2C2 49 < 5 No aggregates Not measured
Glc-asp(NH2)-2C6 56 < 5 No aggregates Not measured
Glc-asp(NH2)-2C10 68 170–810 Vesicles < 0
Glc-asp(NH2)-2C12 81 50–90, 200–810 Vesicles < 0
Glc-asp(NH2)-2C14 59 90–370 Vesicles, helical rods 4–5
Glc-asp(NH2)-2C16 60 140–430 Vesicles, helical rods, tubes 23–25
Glc-asp(NH2)-2C18 33 Not dispersed

a The aggregates were assumed to be spherical in calculation of diameters. b All samples were negatively-stained with uranyl acetate. c Phase transition
behaviors of the bilayer membrane were estimated by DSC.

Fig. 2 TEM images of aggregates formed in 1.0 mM aqueous dispersions of
artificial glycolipids. All samples were incubated at 35 °C for 12 h, followed
by staining with uranyl acetate. The pH of the dispersed solution was ca.
6.2. (a) Gal-asp(NH2)–2C12, (b) Glc-asp(NH2)–2C12, (c) Glc-asp(NH2)–
2C14.

1282 Chem. Commun., 2000, 1281–1282



The first fluorescent sensor for boronic and boric acids with sensitivity at
sub-micromolar concentrations

Wei Wang, Greg Springsteen, Shouhai Gao and Binghe Wang*

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204, USA.
E-mail: binghe_wang@ncsu.edu

Received (in Cambridge, UK) 15th March 2000, Accepted 15th May 2000
Published on the Web 26th June 2000

An anthracene-based PET sensor which uses a diethanol-
amine recognition site is selective for boronic and boric acids,
showing up to a 19-fold fluorescent intensity enhancement
upon binding.

Boronic acids and boric acid are ubiquitous compounds in
chemistry and biology. Boronic acids are important organic
intermediates that have been widely used in Suzuki cross-
coupling reactions,1 protection of diols,2 Diels–Alder reactions3

and asymmetric synthesis of amino acids.4 In addition, this class
of compounds has been used for the development of sensors for
carbohydrates and amino acids;5,6 selective transporters of
nucleosides, saccharides and nucleotides;7 inhibitors of pro-
teases;8 and therapeutic agents in boron neutron capture therapy
(BNCT) of certain brain tumors.9 Therefore, fluorescent sensors
for boronic acids could be used for the analysis and detection of
such compounds in a variety of applications. Boric acid plays an
essential role in plant growth.10 However, the cellular and
molecular mechanisms through which boric acid functions in
plant cells are far from clear. Appropriately designed sensors
could be used for probing the detailed biological functions of
boric acid at the cellular and molecular levels. To the best of our
knowledge, no fluorescent sensors for either boronic or boric
acids have been reported.

The design presented here takes advantage of the known high
affinity binding of boronic and boric acid moieties with
diethanolamine through boronate formation.11 This boronate is
stabilized by the donation of the nitrogen lone pair electrons to
the open shell of the boron atom,12 which allows for the
formation of two five-membered rings (e.g. 2, Scheme 1). Such
binding has been used for the stabilization, purification and
characterization of boronic acids.13 Furthermore, it is known
that the nitrogen lone pair electrons of 9-aminomethylan-
thracene can quench the fluorescence of the anthracene moiety
through photoinduced electron transfer (PET).5,6,14 Masking of
the nitrogen lone pair electrons causes a suppression of this
fluorescence quenching and, therefore, results in fluorescence
intensity increases.6,12 We envisioned that the diethanolamine
recognition motif could be incorporated into an anthracene
molecule so that its binding with boronic and boric acids would
lead to the formation of boronate/borate 2, which has a boron

atom ideally positioned to accept, and therefore mask the
nitrogen lone pair electrons. This masking of the nitrogen lone
pair electrons could then lead to a fluorescence increase of the
anthracene moiety. A fluorescent sensor, N-(9-anthrylme-
thyl)diethanolamine 1, was designed, synthesized, and eval-
uated for its binding with boronic and boric acids (Scheme 1). In
the absence of boronic and boric acids, the sensor displayed
very weak fluorescence. However, upon addition of boronic or
boric acid, the fluorescence intensity of the sensor increased by
> 16-fold, at saturation concentrations (data not shown).

N-(9-Anthrylmethyl)diethanolamine 1 was readily synthe-
sized from 9-(chloromethyl)anthracene through reaction with
diethanolamine (6.0 equiv.) in the presence of K2CO3 (10.0
equiv.) and a catalytic amount of KI (0.3 equiv.) in a mixture of
CHCl3 and MeCN under reflux for 2.5 h (97% yield). In a
typical binding experiment, the sensor was dissolved in
methanol and was added to the solutions of different concentra-
tions of boronic or boric acid in MeOH. The final concentration
of the sensor was fixed at 1025 M.

In the absence of boric or boronic acids, the sensor exhibited
very low fluorescence owing to the quenching of the anthracene
fluorescence through PET. For the boronic acid binding studies,
phenylboronic acid was used as a model compound. Upon
addition of phenylboronic acid, the sensor solution showed
concentration-dependent fluorescence intensity increases from
34% at 1026 M (Table 1, Fig. 1) to 16-fold at saturation (50 mM,
data not shown). The sensor responded to boric acid with a
107% intensity increase at 1027 M (Table 1, Fig. 1) and a
19-fold increase at saturation (500 mM, data not shown).

Scheme 1 The tight binding of boronic acid/boric acid with sensor 1.

Fig. 1 Relative fluorescence intensity changes (I/I0) as a function of
log[boronic or boric acid] with 1 or 3 (1.0 3 1025 M) in MeOH at room
temperature, lex = 370 nm, lem = 419 nm. PhB(OH)2 with sensor 1 (/);
B(OH)3 with sensor 1 (-); PhB(OH)2 with control 3 (:); B(OH)3 with
control 3 (3); PhCO2Na with sensor 1 (5); PhOP(O)(ONa)2 with sensor 1
(+). Inset: a typical set of fluorescence emission spectra of sensor 1 (1.0 3
1025 M) with PhB(OH)2 in MeOH from 0 M to 1 3 1023 M.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b002089n Chem. Commun., 2000, 1283–1284 1283



It is well known that aminomethylanthracene-based fluores-
cent sensors are sensitive to pH changes.15 Therefore, incidental
changes in pH due to the addition of the boric or boronic acids
were a possible contributing factor in the fluorescence intensity
changes observed with sensor 1, which could complicate the
interpretation of the results. To examine whether the fluores-
cence intensity changes were due to unintended changes in the
pH of the solution, we also synthesized compound 3 as a control
by following the same procedure for the preparation of 1. If
incidental pH changes were not the reason for the fluorescence
intensity changes observed with 1, we would not expect 3 to be
sensitive to boronic and boric acids because compound 3 lacks
the two hydroxy groups (Scheme 2), which are critical for the
formation of the tight complex of 1 with boronic and boric acids
(Scheme 1). Indeed, it was found that compound 3 showed
minimal fluorescence intensity changes upon addition of boric
or boronic acids at concentrations up to 1025 M (Fig. 1, Table
1). Even at 10 mM, the fluorescence intensity changes were
small [1.6- to 2.2-fold cf. 5.0- to 6.0-fold with 1, (Table 1)].
Such results indicate that the fluorescence intensity changes
observed with sensor 1 are not primarily due to unintended
changes in pH. Furthermore, the minor changes in the
fluorescence intensity of 3 may be due to the non-specific weak
complexation of the nitrogen atom of 3 with boronic or boric
acid (4, Scheme 2).

To examine the selectivity of the sensor for boronic and boric
acids in the presence of other anions, we also studied the effect
of sodium benzoate and disodium phenyl phosphate on the
fluorescence intensity of sensor 1. These anions were not able to
increase the fluorescence intensity of the sensor and actually
caused a slight lowering of the intensity (Fig. 1). A 1H NMR

spectral comparison of the complexed and uncomplexed forms
of sensor 1 shows that the sensor/analyte binding is in a 1+1
molar ratio for both phenylboronic acid and boric acid.

In conclusion, the first fluorescent sensor 1 for boronic and
boric acids shows high sensitivity and selectivity. Further work
in this area may be beneficial to chemical process monitoring,
impurity detection, examination of the intracellular functions of
boric acid in plant cells, and biological analysis of medicinally
useful boronic acid compounds.

This research has been supported by the National Institutes of
Health (DK55062).
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Table 1 The effect of PhB(OH)2/B(OH)3 on the fluorescent intensity of 1
and 3

I/I0
a

PhB(OH)2
b B(OH)3

b

Conc(M) 1 3 1 3

1.0 3 1027 — — 2.07 ± 0.17 1.22 ± 0.10
1.0 3 1026 1.34 ± 0.17 1.05 ± 0.07 2.20 ± 0.29 1.23 ± 0.16
1.0 3 1025 1.38 ± 0.01 1.04 ± 0.02 2.63 ± 0.38 1.32 ± 0.06
5.0 3 1025 2.28 ± 0.22 1.28 ± 0.04 2.79 ± 0.37 1.28 ± 0.10
1.0 3 1024 2.88 ± 0.43 1.37 ± 0.14 2.79 ± 0.40 1.36 ± 0.13
2.5 3 1024 3.03 ± 0.31 1.50 ± 0.15 2.86 ± 0.33 1.27 ± 0.08
5.0 3 1024 4.04 ± 0.37 1.85 ± 0.07 3.48 ± 1.18 1.47 ± 0.11
1.0 3 1023 6.58 ± 0.21 2.15 ± 0.08 4.96 ± 0.24 1.59 ± 0.25
a I0: the intensity of 1 or 3 (1.0 3 1025 M) in the absence of phenylboronic/
boric acid; I the intensity of 1 or 3 (1.0 3 1025 M) in the presence of
phenylboronic/boric acid. b The ratio is listed as the average of three runs
with the standard deviation.

Scheme 2 The weak interaction of boronic acid/boric acid with control
compound 3.
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Reactions of butadiynediyldimetal complexes, Fp*–C·C–
C·C–M(h5-C5R5)(CO)2 1 [M = Fe, Ru; R = Me, H; Fp* =
FeCp*(CO)2], with group 8 metal carbonyls result in
migration of a s-bonded metal fragment along the C4 rod to
form novel highly conjugated polycarbon–metal systems; the
zwitterionic m-but-2-yn-1-ylidene-4-ylidyne complex
Ru3(CO)10(m3-C–C·C–m-C)Fe2Cp*2(CO)3 2, and the di-
merized product with a cumulenic m-C8 ligand (Cp*Fe)4-
Ru2(CO)13[m6-C8–C(NO)] 3, via 1,4-migration and the zwit-
terionic acetylide cluster-type product Fp*+[Cp(CO)2Ru-
(h2-C·C)–(m3-C·C)Fe3(CO)9]2 4, via 1,3-migration.

Increasing attention focused on polycarbon–transition metal
complexes stems originally from their relevance to surface
bound carbide intermediates1 and recently from their intriguing
chemical and physical properties which are potentially applica-
ble to new molecular devices.2 However, neither interaction
modes nor synthetic methods have been thoroughly exploited.
During the course of our synthetic study of polycarbon cluster
compounds derived from polyynediyldimetal complexes M–
(C·C)n–M [n = 1–6; M = Fe or Ru(h5-C5R5)(CO2],3 we
observed formation of novel highly conjugated polycarbon–
transition metal systems resulting from migration of a s-bonded
metal fragment along the carbon rod. Herein we report results of
interaction of butadiynediyl complexes 1 (n = 2) with group 8
metal carbonyl species.

Reaction of the butadiynediyldiiron complex 1a [Scheme 1,
Fp* = FeCp*(CO)2; Cp* = h5-C5Me5]3b with Ru3(CO)12 in
refluxing CH2Cl2 gave a mixture of products, from which two
compounds 2 and 3a were isolated after TLC separation (silica
gel). For the purple red product 2,† the single Cp* NMR signal
and the highly deshielded 13C NMR signal (dC 347.1) suggested
formation of a symmetrical cluster compound 2A bearing a
cumulenic > CNCNCNCFe2 fragment but X-ray crystallography
of its h5-C5Me4Et derivative 2#‡ [Fig. 1(a)] revealed a mirror
symmetrical zwitterionic but-2-yne-1-ylidene-4-ylidyne struc-
ture5 with (i) a C4 bridge showing long–short–long bond
alternation and (ii) m3-coordination of the C4 and C23 atoms.
Contribution of the neutral butatrienetetrayl structure 2A,

however, is evident, since (i) the C4 rod is slightly tilted toward
Ru3 as indicated by the C3–C4–Ru angles and (ii) the C–C
distances of the m-C–C·C–C moiety are averaged to some
extent. It should be noted that the (m-C4)Fe2Cp*2(CO)3
structure results from 1,4-migration of the iron fragment along
the C4 rod, i.e. the FeCp*(CO)n fragment is shifted from one end
of the C4 bridge to the other upon interaction with Ru3(CO)12.
The NMR spectrum of the other deep purple red complex 3a†
contained four sets of Cp* signals indicating oligomerization of
1a, and X-ray crystallography‡ [Fig. 1(b)] revealed a hex-
anuclear structure with a dimerized C8 skeleton. Again,
formation of the new C8 carbon linkage involves 1,4-migration
(C5 ? C8) of the iron fragment. The migration induces a
change of part of the polyyne structure into a cumulenic moiety
(C8NC7NC6NC5) with similar C–C distances. Although the
pentatetraenylidene structure 3aA p-bonded to the two ruthe-
nium atoms is a possible canonical structure of 3a, the bent C5–Scheme 1

Fig. 1 Molecular structures of 2# (a) and 3a (b) drawn at the 30% probability
level. Selected parameters: 2#: Fe–C1 1.906(6), 1.885(9), C1–C2 1.31(1),
C2–C3 1.25(1), C3–C4 1.34(1), C4–Ru 2.093–2.120(9), Ru–Ru
2.749–2.781(1), Fe1–Fe2 2.530(2) Å; Fe–C1–C2 137.4(6), 138.8(7), C1–
C2–C3 179(1), C2–C3–C4 177.4(8), Ru1–C4–C3 133.4(6), Ru2–C4–C3
132.3(7), Ru3–C4–C3 126.0(6)°. 3a: C1–C2 1.202(8), C2–C3 1.443(8),
C3–C4 1.408(7), C3–C9 1.538(8), C4–C5 1.415(7), C5–C6 1.315(8), C6–
C7 1.308(7), C7–C8 1.285(7), Fe1–C1 1.912(6), Ru2–C3 2.291(5), Fe2–C4
2.024(5), Ru2–C4 2.279(5), Ru1–C5 2.228(5), Ru2–C5 2.128(5), Ru1–C6
2.458(5), Fe3–C8 1.934(6), Fe4–C8 1.924(6), Ru1–C9 2.118(6), Ru1–Ru2
2.7453(7), Fe3–Fe4 2.542(1) Å; Fe1–C1–C2 176.4(5), C1–C2–C3
168.7(6), C2–C3–C4 128.2(5), C2–C3–C9 114.7(4), C4–C3–C9 113.0(4),
C3–C4–C5 112.5(5), C4–C5–C6 144.1(5), Ru1–C5–Ru2 78.1(2), C5–C6–
C7 168.4(6), C6–C7–C8 176.4(6), Ru1–C9–C3 110.3(3)°.
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C4–C3 moiety with similar C–C and Ru2–C distances reveals
h3-allyl coordination to Ru2. The linear C3–C2–C1–Fe1 moiety
is a normal h1-acetylide structure. Coordination of the perpen-
dicularly projected, adjacent cumulenic p orbitals of the C6–C5
and C5–C4 bonds to the two ruthenium atoms connected by a
Ru–Ru bond6 leads to strain, which is relieved by formation of
a larger membered ring structure via CO-insertion [CO(9)]. The
C8 bridge was also characterized by 13C NMR spectroscopy.†
Except for the deshielded C8 signal (dC 254.7), the other signals
appeared in a rather narrow range (dC 157–107).

The isostructural C8 complex 3b† was obtained from the Fe,
Ru-mixed metal butadiynediyl complex, Fp*–C·C–C·C–
RuCp*(CO)2 1b,4 upon treatment with Ru3(CO)12.§ Complex
3b consisted of a mixture of two inseparable isomers, 3bA and
3bB (Chart 1), as indicated by NMR data containing two sets of
signals as well as the successful X-ray structural analysis taking
into account a disordered structure containing two components.
It should be noted that no homometallic complexes (M1 = M2
= Ru or Fe) were detected by NMR and FD-MS analyses
suggesting an intramolecular mechanism for the migration.

Another example of metal migration was observed for
reaction of Fp*–C·C–C·C–RuCp(CO)2 1c [Cp(h5-C5H5) de-
rivative of 1b] with Fe2(CO)9, a group 8 metal carbonyl.§ The
deshielded 13C NMR signal (dC 193.7) of the resultant purple
Fe3-adduct 4 (Chart 1)† suggested formation of a m-acetylide
cluster compound,7 and X-ray crystallography‡ revealed a
pentanuclear structure consisting of a cationic dinuclear m–
h1+h2-acetylide complex part and an anionic trinuclear m3-
acetylide cluster type structure. The structure of each compo-
nent is normal, and the diamagnetic nature of 4 can be
interpreted in terms of the zwitterionic structure, each metal
center in which is coordinatively saturated.

In conclusion, interaction of the butadiynediyl complexes 1
with group 8 metal carbonyls results in the formation of novel
highly conjugated polycarbon–metal cluster systems. The
structures of 2 and 3 suggest the occurrence of stepwise metal
migration along the carbon rod, and the C8 linkage in 4 is
formed via 1,4-migration on a ruthenacyclopentadiene inter-
mediate 5 resulting from oxidative metallacyclization of 1
(Chart 1).8 Noteworthy features of the present system are as
follows. The formation of zwitterionic structures such as 2 and
4 are regarded as typical of electron transfer through un-
saturated carbon rods. Another feature is the flexible coordina-
tion mode of the C(sp)n system. For example, in the case of
interaction with trimetallic species, the C4 ligand can behave as
a three- (m3-h1-C4 like C4 in 2) to seven-electron donor (m-h3-
propargylidene-ketene).3c When combined with coordination of
CO ligands, which can act as either one- or two-electron donors,
various intermediates have many opportunities to attain coor-
dinative saturation by switching coordination modes of the C4
and/or CO ligands.

We are grateful to the Yamada Science Foundation for
financial support of this research.
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While conformationally favourable thiocarbamates bearing
an aromatic methoxy group undergo intramolecular ipso-
substitution of the methoxy group by treatment with
tris(trimethylsilyl)silane (TTMSS) and AIBN, either con-
formationally flexible or favourable ketones easily cyclise
into a five- or six-membered rings by treatment with SmI2.

Radical cyclisation is one of the most useful methodologies for
formation of a wide variety of carbon skeletons.1 Particularly,
the intramolecular reaction of the radical with an aryl group
would provide an efficient synthetic route for constructing
polycyclic systems containing an aromatic ring. During the

course of our program directed toward the synthesis of
macrocarpals,2 we observed an unusual ipso-substitution of an
aromatic methoxy group by treatment of the thiocarbamate 1
with TTMSS3 and AIBN, yielding a cyclised product 2 (Scheme
1). A search of the literature revealed that there is no report
describing the successful radical aromatic ipso-substitution of a
methoxy group.4 Accordingly, we undertook an investigation to
identify the essential factor for the progress of this unusual
cyclisation.5

First, we prepared racemic thiocarbamates 3–6 bearing the
substituted phenyl group, and exposed them to the radical
cyclisation conditions described above. As shown in Scheme 2,

Scheme 1

Scheme 2 Scheme 3
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we observed no cyclisation by treatment of 3 or 4 with TTMSS–
AIBN. However, conformationally more restricted thiocarba-
mates 5 and 6 gave the desired cyclised products 7 and 8,
respectively. In sharp contrast, the respective epimers of 5 and
6 at the benzylic position led to undesired reduction (deoxygen-
ation or removal of thiocarbamate) under identical reaction
conditions.

Based on these results, it is apparent that TTMSS-induced
ipso-substitution is highly dependent on the steric nature of the
starting thiocarbamates. Although the ground state and the
reactive conformer are not necessarily the same, the conforma-
tion of radical intermediates, because of their low activation
energy, is understood to have a significant effect on the course
of the reaction. According to calculations,6 the location of the
alkyl radical generated from 5 and 6 is close to the reaction site
(3.46 and 3.49 Å, respectively) in the most stable conformer.

This novel cyclisation is expected to be applicable to a wide
range of substrates if the distance between the radical and aryl
methoxy group could be shortened in some way. We then turned
our attention to the strong chelating ability of samarium.7 Since
no information was available as to whether the aromatic
methoxy group could be appropriately replaced by a ketyl
radical, we initially explored SmI2-induced cyclisation of the
conformationally favoured ketones 9 and 10. As shown in
Scheme 3, these ketones were treated with 3.5 equivalents of
SmI2 in THF at room temperature, affording cyclised products
11 and 12, respectively. Next, it was found that sterically more
flexible ketones 13 and 14 could also be cyclised into 15 and 16
by exposure to SmI2, as we expected. It should be clearly noted
that in the TTMSS-induced reaction, we could obtain no
cyclised products using the thiocarbamates 3 or 4 derived from
the ketones 13 and 14 (Scheme 2). Interestingly, while 17a gave
the cyclised product 18a in 50% yield, the ketone 17b led to
recovery of the unchanged starting material (64%) along with
isolation of a small amount of the alcohol as a reduction product
(22%).

Based on these observations, we propose the mechanism of
chelation-induced cyclisation, as shown in Fig. 1. The ketyl
radical intermediate A, generated by the reaction of the ketone
17a with SmI2, would be folded like B by the chelation of
Sm(III) with the oxygen of both the methoxy and the ester group.
Such chelation might attract the ketyl radical close to the
reaction site, which enables the ketyl radical to attack the
aromatic carbon. The resulting dienyl radical C was then
reduced to the anionic species D by single electron transfer by
SmI2, followed by elimination of methoxide and hydrolysis to
give 18a.

In conclusion, we have developed a novel cyclisation
reaction by radical ipso-substitution of an aromatic methoxy
group. While TTMSS-induced cyclisation is highly dependent
on the structure of the starting materials, SmI2-mediated
cyclisation was found to be applicable to conformationally
flexible substrates. The scope and limitation of this novel
cyclisation, and application to the synthesis of natural products
are now being investigated in this laboratory.
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Japan, for which the author’s thanks are due.
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Reaction with allylmagnesium bromide of N,2,3,4,6-penta-
benzyl-D-glucopyranosylamine 2, obtained from tetraben-
zylglucose and benzylamine, afforded stereoselectively the
open chain amino alcohol 3, which was converted into the C-
glycoside of nojirimycin 6 by full protection of the amino
function by Fmoc, oxidation of the free hydroxy group,
hydrolysis of the Fmoc group and final intramolecular
reductive amination with NaBH(OAc)3; compound 6 was
also converted into methyl ketone 7, by manipulation of the
allylic appendage.

Deoxynojirimycin (1,5-dideoxy-1,5-imino-D-glucitol, DNJ) is a
sugar-like plant alkaloid with inhibitory activity of a variety of
glucosidases.1 In particular, the capacity of deoxynojirimycin to
inhibit trimming glucosidase I and II, interfering in N-linked
oligosaccharide processing,2 makes this molecule particularly
attractive as a potential drug. It is well established that many
pathological processes such as viral infections3 and adhesion of
tumour metastasis to endothelial cells,4 involve complex N-
linked oligosaccharides. Furthermore, inhibitors of glucosi-
dases can find application in regulation of carbohydrate
metabolic disorders.5 In view of current interest in anti-HIV
activity, the synthesis of DNJ derivatives and their analogues,
which can reduce replication and infectivity of HIV, has
attracted particular attention. Homologues,6 deoxygenated,7 N-
alkylated,7,9 O-glycosylated7 and other DNJ derivatives have
been synthesised by chemical8 and enzymatic9 methods.
Investigation of their activity led to the interesting observation
that short lipophylic appendages, e.g. a butyl group, at the N
atom, strongly enhance the biological response.10

We wanted to find an efficient method for the introduction of
a lipophylic substituent at position 1 of protected DNJ instead of
at the N atom, particularly one affording stereoselectively the a-
derivative, since the trimming a-glucosidases are the most
interesting enzymes to be inhibited. We identified the allyl
group as the substituent of choice, since its transformation into
other functional groups, and its exploitation in the synthesis of
neoglycoconjugates and C-disaccharides is widely de-
scribed.11

Protected a-1-allyl-1-deoxynojirimycin has already been
synthesised12 from glucose through the key intermediate
1-fluoro-1-deoxynojirimycin, using a complex multistep se-
quence. We herein report an efficient approach allowing the
stereoselective synthesis of protected a-1-allyl-1-deoxynojir-
imycin in 6 steps and 36% overall yield, using tetra-
benzylglucose (1) as commercially available starting material
(Scheme 1). This requires first the introduction of the amino
function, secondly of the allylic appendage and finally the
cyclisation to the desired piperidine derivative. From a
stereochemical point of view, the allylation reaction and the
cyclization are crucial to the effectiveness of the synthesis, and
must be highly stereoselective. The amino group was in-
troduced by reaction of 1 with benzylamine in CH2Cl2, in the
presence of 4 Å molecular sieves and 1 equiv. of toluene-p-
sulfonic acid. The resulting glycosylamine 2 (80% yield) was
then treated with allylmagnesium bromide (10 equiv., Et2O), in
order to introduce stereoselectively the allylic appendage. The
Grignard reaction occurs at the imino function, in equilibrium
with the glycosylamine, via a Cram-chelated intermediate,

affording stereoselectively the threo isomer 3 (81% yield, 90%
de).13 The cyclisation of 3 to the ‘allyl-a-C-glycoside’ of 6, was
accomplished by oxidation followed by reductive amination,14

which turned out to be troublesome. Oxidation of the free –OH
group of 3 with PCC resulted in over-oxidation and partial
degradation of the product.15 Swern oxidation with DMSO–
Ac2O provided the desired ketone with concomitant acetylation
of the amine, and failed when Ac2O was replaced with P2O5 or
oxalyl chloride. These results clearly suggested that the amino
group must be fully protected in order to perform a successful
oxidation, and then deprotected to afford the cyclic azasugar by
reductive amination. Both the protection/deprotection and the
reductive amination reactions were difficult. Different protect-
ing groups and reducing agents were tested. In terms of yields
and stereoselection, the best results were obtained as follows: 3
was protected as 4 (FmocCl, Na2CO3, dioxane–H2O, 89%
yield), oxidised with PCC (CH2Cl2, 4 Å molecular sieves, 90%
yield) to ketone 5, then the amino group of 5 was deprotected
with piperidine in DMF. Reductive amination of the crude
product with Na(OAc)3BH (AcOH, dry Na2SO4, 1,2-dichloro-
ethane, 235 °C) afforded 6,† the protected allyl-a-C-glycoside
of nojirimycin, in 78% yield and 90% de.‡ As an example of
manipulation of the allylic appendage, 6 was treated with
catalytic Na2PdCl4 (0.3 equiv.) and CuCl2 (1 equiv.) in DMF–
THF–H2O (8/5/1) affording 7§ in 50% yield. Alternatively, the
allylic appendage can undergo a 5-exo iodocyclization–de-
benzylation, involving the benzyloxy group in the g position.16

Treatment of 6 with NIS in THF, afforded stereoselectively the
bicyclic compound 8¶ (2AR, determined by NOE experiments,
as the only detected isomer) in 42% yield. Deprotection of 6 by

Scheme 1 Reagents and conditions: i, PhCH2NH2 10 equiv., PTSA 1 equiv.,
CH2Cl2, 4 Å m.s., 80% yield, 5 days; ii, CH2NCHCH2MgBr 10 equiv., dry
Et2O, 81% yield, 90% de; iii, FmocCl, dioxane–10% aq. Na2CO3, 89%
yield; iv, PCC 3 equiv., CH2Cl2, 4 Å m.s., 90% yield; v, piperidine, DMF;
vi, NaHB(OAc)3, AcOH, dry Na2SO4, 1,2-dichloroethane, 235 °C, 78%
yield, 90% de.
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hydrogenolysis [H2, Pd(OH)2, AcOH, AcOEt–EtOH 1+1]
afforded 912 in quantitative yield.

The procedure herein reported allows the synthesis of
protected allyl-a-C-glycoside of nojirimycin through a highly
stereoselective (80% de) and high yielding procedure (36%, 6
steps), from commercially available tetrabenzylglucose. The
manipulation of the allylic appendage, widely reported in C-
glycosides and to some extent also in iminosugars, allows the
synthesis of a variety of functional groups and derivatives. The
reported approach will be exploited in future projects devoted to
the synthesis of imino-C-disaccharides.

We thank the Ministero dell’Università e della Ricerca
Scientifica e Tecnologica (MURST) for financial support and
Paolo Petroni for contributing to the experimental work.
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Thermotropic ionic nematics with moderate transition
temperatures are obtained by dissolving alkali metal salts
within nematogens bearing a crown ether moiety; in these
media, the ions show a significant ‘apparent ionic order’ as
measured by quadrupolar NMR spectroscopy.

Functionalized liquid crystals, which show the ordered struc-
tures of solids and the mobility of liquids, provide a combina-
tion of very innovative properties for numerous applications.1 It
is with this intent that grafting of poly(ethylene oxide)2–6 or
crown ether moieties has been already researched.6–10 These
segments are intriguing because they can dissolve organic
molecules and ionic compounds.11 However, when these polar
units are linked to nematogen cores, microsegregation occurs
between the different segments and leads to highly ordered self-
organized phases.12 The nematic phase is most suitable for
NMR studies owing to its easy orientation in the magnetic
field.

In this work we show that liquid crystals CBSn, CHAn and
CRA6 containing lateral chains and terminal crown ethers
display a nematic phase at moderate temperatures over a wide
temperature range, even when significant amounts of salt are
dissolved within the phase. The cation binding ability of these
new nematogens was analysed by thermal analysis and NMR
studies. The three series of compounds were synthesized
following standard steps which have already been re-
ported.4,13

The transition temperatures of the compounds CBSn and
CHAn are plotted in Fig. 1. The CBSn compounds show
monotropic behaviour while all compounds in the CHAn and
CRA6 families show an enantiotropic nematophase over a wide
temperature range. As expected, the mesogenic behaviour is
very sensitive to the properties of the rigid core. The CBSn

series is based on three conjugated aromatic units. The balance
between the mobility induced by the three alkoxy chains, the
rigidity of the conjugated core and the relative rigidity of the
crown ether leads to compounds presenting monotropic behav-
iour with a large temperature difference between the melting

and the isotropic–nematic transitions.13 Lenghtening of the
rigid core in the CHAn series leads to the formation of
enantiotropic nematophases at fairly high temperatures relative
to the CBSn series.

To our knowledge, molecules of the CHAn series are the first
nematogens containing a crown ether moiety which show a
large liquid crystalline range and reasonably low transition
temperatures. This can be explained by the presence of three
alkyl chains which increases the fraction of the mobile
components which perturb the molecular cooperative packing
by decreasing the segregation between aromatic, polyether and
aliphatic fragments.13 This effect has been also observed in
polycatenar compounds.14 In order to decrease the transition
temperatures we have introduced lateral substituents. The
liquid-crystalline properties of the CRA6 compounds are listed
in Table 1. As expected, the presence of lateral substituents
substantially decreases the transition temperatures.

Crown ether derivatives are widely studied for their ability to
dissolve salts by complexing cations leading to ‘host–guest’
entities.11 Consequently, Li+ and Na+ salts were introduced
inside the CHA4 compound. Measured quantities of salt and
nematogen were dissolved in CHCl3–THF and heated for 1 h.
Then the solvents were removed in vacuo and further dried (0.1
mm Hg, 70 °C, 3 h). The mixtures were then studied by DSC
and polarizing microscopy. The phase diagrams are shown in
Fig. 2 as a function of the molar ratio x (x = cation/crown ether
moiety). CHA4 mixed with LiBF4 or NaCF3SO3 behave
similarly with a nematic phase observed for x up to 0.5, and a
more ordered smectic phase for higher values of x.

This molecule shows an unexpected nematic phase for a wide
range of x, whereas molecules described elsewhere in the
literature always show very ordered phases, even for low values
of x. These ordered phases are generally explained by the

† Electronic supplementary information (ESI) available: synthesis of CBSn

and CRA6. See http://www.rsc.org/suppdata/cc/b0/b000501k/

Fig. 1 Nematic range for CBSn and CHAn; transition temperatures
measured by DSC (10 °C min21) (Cr: crystalline, N: nematic, I:
isotropic).

Table 1 Nematic range for CRA6 compounds

R Cr N I
H 131.7 • 163.9 • 158.8 • 65
Me 137.5 • 159.8 • 157.5 • 119
OMe 120.7 • 129.3 • 126.1 • < 30
OC6H13 75.9 • 88.4 • 83.7 • < 30
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stacking of two molecules sharing one cation or by the
segregation of the ionic motives in columnar mesostructures.6
In these new systems, the observation of nematic phases over a
large compositional range (x) can be explained by the three
alkyl chains which prevent ionic interactions between cations,
counter anions and molecules. The size of the crown cavity is
larger than Li+ but fits Na+ ions well, while larger cations such
as Cs+ do not fit11 and attempts to obtain mesogenic phases with
this ion failed.

NMR of quadrupolar nuclei (i.e. with nuclear spin I > 1
2) is a

very sensitive method for probing the local anisotropy inside
oriented media.15 In isotropic solvents the averaged electric
field gradient (efg) is zero and each non-equivalent nucleus
gives a single line in the fast reorientation regime. In contrast,
when ions are dissolved in anisotropic media, host–guest
interactions may lead to the partial orientation of the dissolved
entities and to a polarization of the electronic cloud, leading to
a partially ordered efg of the cation which leads to 2I equally
spaced lines. The existence of a quadrupolar splitting indicates
that ions are effectively distorted and oriented inside anisotropic
media. The measured quadrupolar splitting, Dn(ion)

Q , represents
the so-called ‘apparent ionic order’.16

7Li and 11B (I = 3
2) NMR spectra obtained for CRA6 (R = Me)

mixed with 0.2 equivalents of LiBF4 [nematic range
136.6–152.4 °C (heating cycle) and down to 85 °C (cooling
step)]  are shown in Fig. 3. At 433 K, single lines are observed,
thus showing the isotropy of the medium. Narrow linewidths
were measured for both ions (ca. 20 Hz) which indicates their
high mobility inside the fluid system. In the nematic state (400
K), triplets (intensities 3+4+3) were observed for both nuclei,
indicating that both cations and anions experience the aniso-
tropy of the media. The quadrupolar splittings, Dn(Li)

Q and Dn(B)
Q

are ten times larger than those measured in swollen oriented
DNA fibers17 or lyotropic liquid crystals.18 An enlargement of
the 11B central signal also indicates a quintet structure, which
corresponds to the dipolar splitting T1

B–F = 66 Hz. An ‘apparent
ionic order’ S = 5 3 1023 was calculated for the anion inside
these structures. This low value may be attributed to anisotropic
tumbling and distortion of the anion from its initial Td
symmetry.18

Further studies are in progress to understand the orientation
inside these systems and to correlate these values with ion-
crown complexation and ion-pairing.
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Fig. 2 Phase diagrams for CHA4 alkali salt mixtures. Fig. 3 7Li and 11B NMR spectra of LiBF4 (0.2 mol dm23) dissolved in
CMeA6, in the isotropic and nematic state. Spectra are shown to an absolute
scale.

1292 Chem. Commun., 2000, 1291–1292



Novel synthesis of alkali and quaternary onium hydroxides via liquid anion
exchange; an alternative concept for the manufacture of KOH and other
hydroxide salts

Gadi Rothenberg,† Harold Wiener, Zohar Lavie and Yoel Sasson*

Casali Institute of Applied Chemistry, Hebrew University of Jerusalem, 91904, Israel. E-mail: ysasson@vms.huji.ac.il

Received (in Cambridge, UK) 19th April 2000, Accepted 7th June 2000
Published on the Web 26th June 2000

Alcohols enhance the extraction of a basic potential through
a liquid membrane in the presence of quaternary ammonium
salts, thus enabling preparation of caustic solutions without
direct transport of hydroxide ions.

Production of potassium hydroxide (KOH) in the US in 1993
was 276 kilotons.1 It is used principally in the manufacturing of
K2CO3 and KMnO4, and for the production of pesticides,
fertilizers, soaps and detergents.1 Quaternary onium hydroxides
are mainly used as phase-transfer catalysts and as templating
agents in the synthesis of molecular sieves.2

Currently, KOH is produced industrially by the electrolysis
of KCl, using diaphragm cells, mercury cells, or ion-exchange
membrane cells. Because of high energy costs and product
impurities associated with diaphragm cells, most of the KOH is
produced using ion-exchange membrane cells or mercury cells.
Obviously, environmental awareness is a prime concern in
KOH plants employing the latter protocol. Other electrolytic
and electrodialytic methods are known for the preparation of
MOH-type salts3,4 and quaternary onium hydroxides5 on a
small and medium scale, but all of these alternatives are capital
and energy intensive, with product cost very sensitive to plant
size.

We have previously shown that quaternary ammonium
hydroxides could also be produced on a laboratory scale in a
batch solid-liquid extraction process.6 However, since it was
necessary to use a methanolic solution, no phase separation was
obtained, leading to a complicated protocol which precluded
large-scale applications.‡

It is well known that direct liquid/liquid extraction of
hydroxide anions using onium salts is practically impossible.7
However, we have now discovered8 that contacting a weak
organic acid (pKa > 16; e.g. an alcohol) with a quaternary
onium halide in a hydrophobic medium, creates a liquid
membrane that can selectively extract and release a basic
potential between two aqueous solutions. This enables the
preparation of various hydroxide salts, in good yields and
purities, without physically transferring hydroxide ions through
the membrane. The process requires only simple extraction
equipment and utilises NaOH, the cheapest and most widely
available caustic source.

Our process is based on two extraction stages. First, a
concentrated aqueous solution of NaOH is contacted with a
hydrophobic solvent which contains a quaternary onium halide
QX (X = Cl, Br, I) and a lypophilic alcohol, ROH. The
differences in lipophilicity between the alkoxide ion, RO2, and
the halide, result in the formation of QOR in the organic phase,
with concurrent extraction of the halide into the aqueous phase
[eqns. (1) and (2)].

(1)

(2)

In the second stage, the phases are separated, and the organic
phase is contacted with an aqueous solution of the appropriate
alkali (or alkali-earth or quaternary onium) halide salt. The
basicity potential is extracted into the aqueous phase as the
QOR moiety reacts with the water and MX to form ROH and
QX in the organic phase and MOH in the aqueous phase
[eqn. (3)]. The organic phase is then recycled, with no further
treatment, back to stage 1.

(3)

Successive extractions increase OH2/X2 ratios in the
product solution after each pass, depending on the total
equilibrium constant for the above reactions (i.e. the extraction

† Current address: York Green Chemistry Group, Chemistry Depart-
ment, The University of York, Heslington, York, UK YO10 5DD.
E-mail: gr8@york.ac.uk

Table 1 Two-stage hydroxide extraction under various conditionsa

Entry
Parameter
changed

KOH formed
(% per cycle)

Extractant
capacity (%
per cycle)b

NaOH used
(% per cycle)

Alcohol
1c Hexan-1-ol 4.5 18.0 0.6
2c Octan-2-ol 2.5 10.0 0.5
3c Pentan-2-ol 2.5 10.0 0.5

Aliquat 336 concentrationd

4e 0.5 mol kg21 4.5 18.0 0.6
5e 1 mol kg21 7.7 15.0 1.5
6e 1.5 mol kg21 13.2 17.3 2.6

Alcohol
7 Hexan-1-ol 7.7 15.0 1.5
8 Octan-2-ol 4.5 11.0 1.1
9 None 4.1 8.0 0.8

NaOH concentration
10d,e 10 mol kg21 4.5 18.0 0.6
11d,e 10 mol kg21 4.6 18.0 0.7
12e 10 mol kg21 7.7 15.0 1.5
13e 12.5 mol kg21 8.5 17.0 1.4

Alcohol
14f Hexan-1-ol 8.5 17.0 1.4
15f Octan-1-ol 8.6 17.0 1.4
16f Pinacol 19.2 37.9 3.1
17f Octanane-1,2-diol 16.4 33.0 2.6
a Reaction conditions (unless noted otherwise): 10 mol kg21 NaOH; 2
mol kg21 KCl; 1 mol kg21 extracting agent in hexane. b Extracted
hydroxide concentration relative to the theoretical hydroxide concentration
that would have been obtained if the first extraction stage [eqns. (1) and (2)]
was shifted completely to the right. c 0.5 mol kg21 extracting agent.
d Tricaprylmethylammonium chloride. e Hexan-1-ol used. f 12.5 mol kg21

NaOH.
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is better for systems where K1K2 and K3 are large). This can be
explained by considering the selectivity constants§ of the
various anions involved. Since the second extraction equilib-
rium is readily shifted to the right, the overall equilibrium
constant (K1K2K3) is determined by the selectivity constant of
the alkoxide anion formed in the organic solvent. In the absence
of the alcohol, the miniscule selectivity constants of the
hydrophilic hydroxide anions lead to the relatively poor basicity
extraction during the first extraction stage. However, the much
higher selectivity constants of the alkoxide anions enhance the
desired basicity extraction into the organic phase.9,10

The synthesis of KOH from KCl and NaOH, using different
extracting agents, was chosen as a typical case study.¶ The
results of extraction experiments under various conditions are
summarized in Table 1. Repeated experiments showed that
good yields of KOH were obtained from KCl using this method.
6–8 cycles were typically required to reach equilibrium. CsOH,
LiOH and NMe4OH, were similarly prepared from the corre-
sponding chloride salts. Ammonium salt losses were typically
< 2% after 20 cycles, depending on solvent and concentra-
tion.

It can be seen that the extraction efficacy depends on the type
of alcohol, in the order diols > primary alcohols > secondary
alcohols. The high activity of diols may be attributed to possible
formation of an intramolecular hydrogen-bonded complex.10

In conclusion, we present here a novel concept for the
preparation of hydroxide salts, which is effected through a
series of simple liquid anion exchange extractions. This concept
may be conveniently adapted into a continuous process using
mixer-settler techniques, as shown in Scheme 1, and may
therefore constitute a practicable, cheap, and eco-friendly
alternative to existing mercury-cell technologies.

Notes and references
‡ Lipophilic ammonium hydroxides (with at least two alkyl chains above
C8) may be obtained by extraction of hydroxide ions into an alcohol organic
phase with lipophilic ammonium chlorides.11 However, this method cannot
be used for the manufacture of hydrophilic ammonium hydroxides.
§ For a given pair of anions Y2 and Z2, the selectivity constant, Ksel

(Z/Y) is
defined as the equilibrium constant for the biphasic exchange reaction
QY(org) + Z2(aq) " QZ(org) + Y2(aq), i.e. Ksel

(Z/Y) = {[Y2(aq)][QZ(org)]}/
{[Z2(aq)][QY(org)]}.12

¶ Representative experimental procedure: a source solution A was prepared
by dissolving 50 g of NaOH in 50 g of water (50% w/w soln, 12.5 mol kg21

NaOH). An extractant solution B was prepared by dissolving 40 g of
Aliquat-336 and 12 g of pinacol in 48 g of hexane (1 mol kg21 A-336 and
pinacol). A destination solution C was prepared by dissolving 15 g of KCl
in 85 g water (15% w/w soln, 2 mol kg21 KCl). Solutions A and B were
contacted at 25 °C, and, following phase separation, the organic (lighter)
phase B was contacted with solution C at 25 °C. The phases were separated
and solution C was analyzed for Cl2 and OH2 content by volumetric
titration (HNO3 0.01 mol kg21 for titrating OH2 ions, using phenolphthal-
ein as indicator; AgNO3 0.05 M for titrating chloride ions, using K2CrO4 as
indicator). After the first cycle, the KCl solution contained 20 mol% KOH.
The process was repeated until analysis of the chloride content of solution
C showed that an equilibrium was reached (ca. 80 mol% KOH after eight
cycles). Evaporation and filtration of the destination solution C precipitated
the remaining KCl to yield up to > 98% pure KOH soln.13
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Scheme 1 Schematic representation of continuous MOH production.
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Phenol and resorcinol can be acetylated to the corresponding
esters and ketones in aqueous and neat acetic acid at high
temperature (250–300 °C) to substantial equilibrium conver-
sion without any added acid catalyst.

Friedel–Crafts and other acylations generally require stoichio-
metric quantities of strong mineral acids, such as H2SO4,
H3PO4, and HCl, or nonregenerable Lewis acids, such as
AlCl3.1 These acids require neutralization and disposal, and
disposal costs can be considerable. The conventional acylation
of one mol of phenol with acetic acid consumes stoichiometric
quantities of AlCl3. Neutralizing this AlCl3 requires land-filling
several pounds of Al(OH)3 salt for every pound of product
produced.2,3 In addition, many of these reactions require polar
organic solvents, such as methylene chloride, that can simulta-
neously dissolve the reactants as well as the reactant–catalyst
complex.1,3

Aromatic acylations have also been performed successfully
without salt production over solid acids, such as zeolites,4 as
well as polymer supported alkyl sulfonic acid.5 Heterogeneous
catalysis of this type, however, generally requires the operating
expense of vaporizing the reactant and the increased capital cost
of the large vessels needed for solid–vapor contacting. In
addition, the need for periodic regeneration or replacement of
the rapidly deactivating zeolite catalysts may preclude their use
in commercial applications where reactants readily form coke.
Ghibaudi and Colassi attempted the Fries rearrangement of
phenyl acetate at low pressure and very high temperatures (T >
675 °C) without catalyst, but only phenol and ketene were
detected as products.6 Photo-Fries rearrangements of phenyl
acetate7 and 2,5-dimethylphenyl acetate8 have been run suc-
cessfully to produce the corresponding ketones.

Another alternative to acid catalysts that require neutral-
ization and disposal are polar-protic solvents at elevated
temperature that can simultaneously act as the solvent, catalyst,
and, in certain cases, the reactant. Liquid water (Tc = 374 °C)
in the nearcritical region (250–300 °C) exhibits some beneficial
properties that make it a good solvent and catalyst for acid-
catalyzed organic reactions. As the temperature is increased
from room temperature to 275 °C, the dieletric constant
decreases from 80 to 20, and nearcritical water readily dissolves
both organic and ionic compounds. Even non-polar organics,
such as toluene, become miscible above 300 °C.9–10 In addition,
the dissociation constant of water increases by three orders of
magnitude from room temperature to 275 °C, making it a source
of hydronium and hydroxide ions that may catalyze reactions.
Nearcritical water has been used as a solvent, catalyst, and
reactant for a number of hydrolyses that require added mineral
acid at ambient conditions.9,12–15 It has also been successfully
used for the Friedel–Crafts alkylation of phenol and p-cresol
with tert-butyl alcohol.16

Nearcritical acetic acid (Tc = 319 °C) is another polar, protic
solvent that may simulatenously act as the solvent, catalyst, and
reactant in some reactions. Similar to nearcritical water,
nearcritical acetic acid readily dissolves organics, and it has a
higher acid strength and dissociation constant than water.
Acetic acid can also be distilled from reaction products unlike
other Lewis acid catalysts, such as AlCl3, that require
neutralization to salts and subsequent disposal.

We have successfully acetylated phenol and resorcinol in
nearcritical water, as well as in neat acetic acid, in the
temperature range 250–300 °C without any added acid catalyst
or UV light. Performing Friedel–Crafts acylations and Fries-
rearrangements in neat or aqueous acetic acid at elevated
temperatures is also attractive as no additional organic solvent is
required, and any unused acetic acid may be recycled for further
reaction.

The reactions were performed in 3.2 ± 0.2 ml titanium batch
vessels as described elsewhere.16 Each vessel was loaded with
phenol or resorcinol, an excess of acetic acid (Aldrich, HPLC
grade), and, in certain experiments, deoxygenated water
(Aldrich, HPLC grade). For reactions in neat acetic acid, the
molar ratio of reactant to acetic acid was 1:50. For reactions in
aqueous acetic acid, the molar ratio of reactant to acetic acid to
water was 1+12+47, respectively. Products were identified by
GC–MS (EI mode) and by comparison of the GC retention
times and EI mass spectra to those of commercially available
compounds. The composition of the each product mixture was
quantified by GC-FID.

The Friedel–Crafts alkylations of phenol and p-cresol with
tert-butyl alcohol in nearcritical water previously reported16,17

were found to be reversible, with equilibrium yields of ca. 20
mol%. In this work, we report that the acetylations of phenol
and resorcinol are also reversible at high temperature in the
presence of water, but with less favorable equilibrium yields.
These acylations are generally irreversible with traditional
Friedel–Crafts catalysts due to the complexation of the acid
catalyst with the carbonyl oxygen of the product. In this work,
however, products were not stabilized by complexation with
catalyst and were free to react back to starting material. In
aqueous acetic acid at 290 °C, phenol was primarily converted
to 2A-hydroxyacetophenone, 4A-hydroxyacetophenone, and
phenyl acetate in roughly equal amounts, with a combined
equilibrium yield of less than 1%. Under the same conditions,
resorcinol was converted to primarily 2,4-dihydroxy-
acetophenone (Scheme 1) with a modest equilibrium yield of
4%.

To determine the effect of water on the equilibrium limitation
of these reactions, the stability of the products was checked in
water at nearcritical conditions. The product of the forward
reaction of resorcinol and acetic acid, 2,4-dihydroxyacetophe-
none, was placed in liquid water at 250 °C. The concentration

Scheme 1
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vs. time data of the almost complete conversion of 2,4-dihy-
droxyacetophenone back to the corresponding amounts of
resorcinol and acetic acid are shown in Fig. 1. The products of
the phenol acetylation, 2A-hydroxyacetophenone, 4A-hydroxy-
acetophenone, were also converted to phenol and acetic acid
when high-temperature water was used as a solvent.

The tunable solvent properties of nearcritical water allow for
the facile separation of products upon cooling, but excess water
imposes too severe an equilibrium limitation on this reaction.
To overcome the equilibrium limitation in the presence of
excess water, the acetylations of phenol and resorcinol were run
in neat acetic acid. Unlike water, acetic acid does not require
elevated temperature to solubilize organics, so phenol was first
refluxed in neat acetic acid for 24 h (ca. 117 °C). This resulted
in an equilibrium conversion of 16% entirely to phenyl acetate
with no detectable quantities of 2A-hydroxyacetophenone or 4A-
hydroxyacetophenone. In neat acetic acid at 290 °C, however,
phenol was converted to 2A-hydroxyacetophenone, 4A-hydroxy-
acetophenone, and phenyl acetate, with a combined equilibrium
yield of 8 mol% (Fig. 2). Byproducts included 2-methyl
chromone and 4-methyl coumarine. These same byproducts
have been found in the Fries rearrangement of phenyl acetate
over zeolites and are a result of the intramolecular reaction of
2-acetoxyacetophenone.18 Under the same conditions, re-
sorcinol was successfully converted to primarily 2,4-dihydroxy-
acetophenone, with an equilibrium yield of more than 50%, in
less than 12 h. The yield of 2,4-dihydroxyacetophenone vs. time
is shown in Fig. 3.

Although no water was added initially, the reactions in neat
acetic acid remain equilibrium limited. In contrast to the Fries
rearrangement of phenyl acetate, however, water is produced
from the reaction of acetic acid and phenol or resorcinol. This
implies that the water produced by the forward reactions in neat
acetic acid may also promote the reverse reaction to phenol or

resorcinol and acetic acid. The production of water could be
avoided by starting the reaction with the corresponding
monoesters of phenol and resorcinol.

In summary, Friedel–Crafts acylations of activated aromatic
compounds can be run homogeneously at high temperature in
nearcritical water without added Lewis acid catalysts, which
have an undesirable environmental impact. While nearcritical
water allows for subsequent separation of products upon
cooling, it limits the reaction equilibrium yield of desired
products when present in excess. Running the same reaction in
neat acetic acid allows for a ten-fold increase in yield, while still
avoiding the unwanted salt byproducts associated with strong
mineral and Lewis acid catalysts.
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Fig. 1 Back reaction of 2,4-dihydroxyacetophenone (5) to resorcinol (8)
and acetic acid (2) using water at 250 °C as solvent.

Fig. 2 Reaction of phenol (8) and acetic acid to phenyl acetate (5), 2A-
hydroxyacetophenone + 4A-hydroxyacetophenone (2), and byproducts (:)
at 290 °C.

Fig. 3 Reaction of resorcinol and acetic acid to 2,4-dihydroxyacetophenone
(5), resorcinol monoacetate (2), and resorcinol diacetate (8) at 290 °C.
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The crystal structure of {[Cu(en)2][KCr(CN)6]}∞ reveals a
novel three-dimensional porous framework in which
[Cu(en)2]2+ acts as a template and K+ as a connecting
unit.

For years, chemists have devoted their efforts and have dreamt
about the ability to assemble compounds, by using building
units and connecting units in similar way that a bricklayer
would erect a building. With the development of crystallog-
raphy and synthesis chemistry, the assembly of polymer
compounds1 on the basis of simply adding building units and
connecting them, is now achievable. Recently, a successful
example of this process was construction of cyano bridged
complexes2 in which the cyanometallate anion behaves as the
bridging moiety to build a multidimensional structure with a
second coordination center and the resulting complexes demon-
strated unique properties. These complexes are usually com-
posed of a cyanometallate [M(CN)n]m2 (building unit), and a
guest molecule and/or a complementary ligand. In general, the
choice of the cyanometallate is limited, since the geometry of
the complexes are restricted to, e.g. linear as in [Ag(CN)2]2,2a

trigonal as in [Cu(CN)3]22,3 tetrahedral as in, [Cd(CN)4]22,4
square planar as in [Ni(CN)4]22,5 and octahedral
[M(CN)6]32.2b,c The second coordination center, however, can
be almost any metal ion in the Periodic Table. Usually, the
transition metal ion is selected because of the existence of a s–p
feedback bond between the selected metal ion and the cyano
group which enables production of more stable complexes. The
guest ion is often associated with organic molecules or other
ions,4,5 such as H2O, unidentate aliphatic amines, ambidentate
a,w-diaminoalkanes, aromatic amines, pyrazine or piperazine.
These compounds are necessary to fill up the void space so
stabilizing the crystal structure.

We have recently prepared and structurally characterized
a new polymeric supramolecular compound
{[Cu(en)2][KCr(CN)6]}n 19 (en = ethylenediamine) through a
one-step self-assembly reaction of the complex [Cu(en)2]-
(ClO4)2 and KCr(CN)6 in aqueous solution. The compound
assembles itself via hexacyanochromium {[Cr(CN)6]32} as the
building unit, and potassium cations as the connecting units.
The copper(II) complex [Cu(en)2]2+ acts as the template/guest
molecule. This is also a novel example where the potassium ion
acts as a connecting unit to form a three-dimensional porous
framework with the [Cr(CN)6]32 ion. It is uncommon that the
complex ion [Cu(en)2]2+ acts both as a special template, whose
size, shape and charge match that of the cavity in the host lattice,
and as a guest which stabiizes the crystal lattice. In fact, without
[Cu(en)2]2+, K3[Cr(CN)6] cannot form a three dimensional
porous structure.

The IR spectra of complex 1 shows two sharp nCN bands at
2124 and 2111 cm21 which are at lower wavenumber than that
of the bridging cyano group (2150 cm21 for the linear Cr–CN–
Ni moiety2c) or a non-bridging cyano group {2128 cm21 for the
complex K3[Cr(CN)6]6} and indicates that these two cyano
groups are neither linear bridging linked to two transition metals
(Cr3+, Cu2+), nor non-bridging. Indeed the cyano group
coordinates to potassium ions, as has been established by
crystallography.

The asymmetric unit of 1 consists of a [Cr(CN)6]32 ion, a K+

and a [Cu(en)2]2+ ion and the structure is shown in Fig. 1. The
geometry of the Cr3+ ion is octahedral with coordination of six
carbon atoms of the cyano groups. The Cr–C bond lengths are
2.065(3), 2.080(2) and 2.085(2) Å, similar to values found
in K3[Cr(CN)6] (2.057, 2.075, 2.100 Å)7 and
PPh4[Ni(pn)2][Cr(CN)6]·H2O (pn = 1,3-propanediamine)
(2.062, 2.083 and 2.087 Å).2c The six nitrogen atoms of
the cyano groups coordinate to a potassium cation. According to
the bond lengths (K–N) and bond angles (C–N–K) the six cyano
groups can be divided into two groups. The first group is found
in linear Cr–C–N–K chains, with K–N distances of 2.846 and
2.766 Å, and C–N–K bond angles of 172.3 and 178.6°. The

† Present address: Department of Welding and Material Engineering, East
China Shipbuilding Institute, Zhengjiang 210093, P.R. China.

Fig. 1 Projection of the 3-D network structure of 1 in which the [Cu(en)2]2+

cations act as templates.
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second group comprises non-linear Cr–C–N–K chains with the
CN group coordinating sideways,8 with K–N distance of 3.229
Å, much longer than the linear bond distance. IR spectroscopy
provides additional evidence with two nCN bands being
observed with the intensity of the low wavenumber band at
2111 cm21 being more intense than that of the high wav-
ebumber band at 2124 cm21. The first band is due to the four s
bonded cyano groups linearly attached to a potassium cation
while the second band results from the two cyano groups
bonded sideways to potassium cations. This assignment is
consistent with the molecular structure, in which four cyano
groups donate their s bonding electrons to the empty d2sp3

hybrid orbitals of the K+ ions to form four s-bonds which
decreases the wavenumber, nCN. Another two cyano groups,
which are part of the same hexacyanochromium ion, coordinate
to K+ ions sideways,8 which owing to the orientation of the
frontier orbitals, leads to poorer overlap. Consequently, the
wavenumber of the cyano group is higher for the sideways
coordination mode than for a linear s bond.

The spontaneous assembly process of Cu(en)2(ClO4)2 and
K3[Cr(CN)6] is a very specific one-step reaction. The
[Cu(en)2]2+ ion acts both as a template and a guest while the
structure of the host {[KCr(CN)6]22}∞ is dependant upon the
shape, size and charge of the guest ion. The cavity is very tight,
and use of bulkier substituents {[Cu(nmen)2]2+, [Cu(dmen)2]2+,
[Cu(tmen)2]2+, [Cu(pn)2]2+; nmen = N-methylethylenedia-
mine, dmen = N,N-dimethylethylenediamine, tmen = tetra-
methylethylenediamine, led to different types of complexes. In
the self-assembly process of 1, other than its shape, size and
charge, the chemical properties of the [Cu(en)2]2+ ion is another
important factor. Using [Ni(en)2]2+ (same symmetry) in place of
[Cu(en)2]2+ ion, led to a different polymer complex
{[Ni(en)2]3[Cr(CN)6]}∞ .

This work was supported by the National Nature Science
Foundation of China for key project No. 29823001.
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The reaction of Cp*WCl4 with LiSeBut in THF in the
presence of ButNC gave rise to Cp*W(SeBut)(CNBut)3 3,
while treatment of the Cp*WCl4/LiSeBut reaction mixture
with Li2Se2 followed by cation exchange with PPh4Br in
MeCN afforded (PPh4)[Cp*WSe3] 1.

The chemistry of terminal selenido complexes is much less
developed than that of the familiar metal oxides and sulfides.1
This is mainly because many of the traditional reagents used in
metal oxo and sulfido chemistry are not simply transferable to
their selenido congeners.2 In the course of our studies of group
6 transition metal chalcogenido chemistry, we previously
isolated the half-sandwich tri(sulfido) complexes [Cp*MS3]–

(M = Mo, W).3,4 Carbon–sulfur bond rupture of thiolato
complexes gives ready access to thiolato/sulfido derivatives and
eventually [Cp*MS3]2. Here we report the synthesis of
(PPh4)[Cp*WSe3] 1 via C–Se bond cleavage.

For the selenolation reagent, the readily accessible LiSeBut

was employed, which is prepared by the reaction of LiBut with
1 equiv. of selenium in THF at 278 °C. We have reported facile
C–S bond cleavage of tert-butylthiolato complexes of group 5
and 6 metals,3 and C–Se bond activation was expected to occur
for the analogous selenolato complexes. Addition of 4 equiv. of
LiSeBut to Cp*WCl4 in THF at 278 °C gave a red solution.
After stirring for 30 min, the solution turned brown, from which
Cp*2W2Se2(m-Se)2 2 was obtained in 40% yield (Scheme 1).
Spectral data show that 2 is a mixture of syn- and anti-isomers.
In a separate experiment, a freshly prepared Cp*WCl4/LiSeBut

mixture was quickly transferred into a THF solution of Li2Se2 to
give a dark red suspension. Cation exchange with PPh4Br in
MeCN provided the intriguing tri(selenido) complex 1 as dark
red crystals in 23% yield concomitant with 2 (14%).† This
synthetic route to 1 is reminiscent of the preparation of
[Cp*MoS3]2 by the reaction of Cp*MoS2(SBut) with Li2S2 and
supports the generation of the hypothetical Cp*WSe2(SeBut)
intermediate in the Cp*WCl4/LiSeBut reaction.3 While the

reaction of Cp*WCl4 with LiSBut afforded Cp*W(SBut)3,
Cp*WS2(SBut), and Cp*2W2S2(m–S)2, all attempts to isolate
the expected Se analogues, such as Cp*W(SeBut)3 and
Cp*WSe2(SeBut), have failed.

Fig. 1 shows the three-legged piano-stool structure of the
anion of 1.‡ The average W–Se distance of 2.322 Å in 1 is
similar to that of (PPh4)2[WSe4] [2.314(1) Å].5 The IR spectrum
of 1 shows the WNSe stretching frequency at 284 cm–1

comparable to that of [WSe4]22.6 The 77Se NMR signal (d
1437) lies in the range of chemical shifts for terminal selenido
ligands.7 The UV–VIS spectra of 2 and its sulfur congener
(PPh4)[Cp*WS3] are similar, showing a strong absorption at
437 and 377 nm, respectively, assignable to charge-transfer
transitions from selenium and sulfur to the vacant d orbital of
tungsten. The red shift on going from sulfide to selenide (0.45
eV) compares well with the difference in the first ionization
potentials of S and Se.8

In another experiment, we carried out the Cp*WCl4/LiSeBut

reaction in the presence of ButNC, from which Cp*W(Se-
But)(CNBut)3 3 was isolated as brown crystals in 41% yield
(Scheme 1).§ The X–ray structure of 3‡ shows the metal
surrounded in a distorted trigonal-bipyramidal geometry
wherein the Se and C(20) atoms occupy axial positions, if the
Cp* ligand is viewed as a monodentate ligand (Fig. 1). While
two of the three ButNC ligands are nearly linear [C–N–C =
175.8(8), 164.3(7)°], the other contains essentially an sp2–type
N atom with a C(15)–N(1)–C(16) angle of 128.7(6)° amongst
the smallest of known bent isocyanides (122–156°).9 The
presence of the bent isocyanide is ascribed to extensive p–back
donation from the electron-rich W(II) metal ion to the
isocyanide. The bent isocyanide also has a shorter W–C bond
[1.984(7) Å] and a longer Cipso–N bond [1.220(9) Å] relative to
the corresponding values in two linear isocyanides (mean 2.032
and 1.151 Å). This structural feature is consistent with the two
N–C stretching frequencies at 2038 and 1813 cm–1 observed in
the IR spectrum. The W–Se distance of 2.6271(7) Å is
comparable to that of CpW(CO)3(SeCH2Ph) [2.623(1) Å].10 On
the other hand, the 1H NMR spectrum of 3 in C6D6 at room
temperature shows three singlets assignable to tert-butyl groups
in an intensity ratio of 2+1+1, indicating that the complex is
fluxional in solution. Previously, we reported the isolation of

Scheme 1 Reagents and conditions: i, Li2Se2, THF; ii, PPh4Br, MeCN; iii,
30 min, 278 °C, THF; iv, ButNC, THF.

Fig. 1 Molecular structure of the anion of 1. Selected bond lengths (Å) and
angles (°): W–Se(1) 2.322(1), W–Se(2) 2.326(1), W–Se(3) 2.319(1); Se(1)–
W–Se(2) 105.42(4), Se(1)–W–Se(3) 103.87(4), Se(2)–W–Se(3)
104.25(4).
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the W(IV) thiolato complex Cp*W(SBut)3(CNBut) from the
Cp*WCl4/LiStBu reaction in the presence of ButNC.4 The
isolation of a W(II) selenolato complex, 3, is in accord with the
tendency of selenolato complexes to favor lower oxidation
states.

Notes and references
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solution was evaporated to dryness. The residue was dissolved in MeCN (30
mL) to give a dark red solution and a brown solid. A solution of PPh4Br
(0.47 g, 1.12 mmol) in MeCN (20 mL) was added to the dark red
supernatant. Concentration and cooling to 220 °C afforded 0.38 g of 1 as
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25.18; H, 3.17. Found: C, 25.01; H, 3.30%.

‡ Crystal data: for 1: C34H35Se3PW, M = 895.35, orthorhombic, space
group Pbca, a = 18.284(5), b = 20.171(7), c = 17.758(5) Å, V = 6549(2)
Å3, Z = 8, T = 293 K, m(Mo-Ka) = 69.37 cm–1, Rigaku-AFC7R, 6360
measured reflections (2qmax = 50°). The structure was solved by Patterson
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For 3: C29H51N3SeW, M = 704.55, monoclinic, space group P21/n, a =
9.7349(8), b = 18.9776(5), c = 17.4477(3) Å, b = 97.1791(7) °, V =
3198.1(2) Å3, Z = 4, T = 173 K, m(Mo-Ka) = 47.74 cm–1, Rigaku-AFC7
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reflections (2qmax = 55°). The structure was solved by Patterson methods
and refined by full-matrix least squares (TEXSAN). At convergence, R =
0.077, Rw = 0.063, and GOF = 1.47 for 307 variables refined against all
7147 unique reflections.

CCDC 182/1672. See http://www.rsc.org/suppdata/cc/b0/b003303k/ for
crystallographic files in .cif format.
§ ButNC (1.0 mL, 8.8 mmol) was added to a mixture of Cp*WCl4 (0.46 g,
1.06 mmol) and LiSeBut (4.24 mmol) in THF (30 mL) at 278 °C. The
solution was warmed to room temperature and stirred for 0.5 h. The
resulting brown solution was evaporated to dryness. The residue was
crystallized from hexane to give 3 (0.31 g, 41%). 1H NMR (400 MHz,
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The synthesis (1–3 and 5) and structures (1–5) of the
crystalline, hydrocarbon-soluble metal amides [M{m-N(Si-
Me3)(SiMe2Ph)}(NCBut)n]2 [n = 0 and M = Li 1 (cis), M =
Na 2 (trans) having intermolecular Na…C contacts, or n =
1 and M = Na (cis) 3], [Li{m-N(SiMe3)Ph}-cis]2[m-
{N(SiMe3)Ph}Li-cis]2 4 and trans-[Na{m-N(SiMe3)Ph}-
(tmen)] 5 are reported.

Bulky crystalline metal amides display a diversity of struc-
tures.1 In the absence of a neutral coligand, they are polymers,
e.g. [Na{m-N(SiMe3)2}]∞ , trimers, e.g. [M{m-N(SiMe3)2}]3

(M = Li or Na),2 or, for [M{m-NC(Me)2(CH2)3CMe2}]4,3
tetramers. Crystalline bis(trimethylsilyl)amides of the heavier
alkali metals are dimers.2 Addition of tmen to a bulky Li or Na
amide results in its fragmentation into a crystalline mono- or bi-
nuclear compound, such as [Li{N(SiMe3)2}(tmen)],4 trans-
[Li{m-N(Me)Ph}(tmen)]2,5 or trans-[Na{m-N(Pri)C6H11-c}-
(tmen)]2.6

We now report on the synthesis (1–5) (Schemes 1 and 2) and
structures (1, 2 and 4) of the crystalline Li and Na trimethylsily-
lamides having an additional a- or b-phenyl N-centered

substituent: cis-[Li{m-N(SiMe3)(SiMe2Ph)}]2 1, trans-[Na{m-
N(SiMe3)(SiMe2Ph)}]2 2, trans-[Na{m-N(SiMe3)(Si-
Me2Ph)}(NCBut)]2 3, [Li{m-N(SiMe3)Ph}-cis]2[m-{N(Si-
Me3)Ph}Li-cis]2 4 and [Na{m-N(SiMe3)Ph}(tmen)]2 5.

Treatment of {phenyl(dimethyl)silyl}(trimethylsilyl)amine7

with n-butyllithium or benzylsodium in pentane or hexane at
low temperature yielded 1 or 2, respectively. Addition of
2-cyano-2-methylpropane to 2 in pentane, irrespective of
stoichiometry, afforded the 1+1 adduct 3. Each of 1–3 furnished
X-ray quality crystals from hexane for 1 and 3 or benzene for
2.

Similar low temperature reactions between N-trimethylsilyl-
aniline8 and n-butyllithium in hexane or bis(trimethylsilyl)ami-
dosodium in diethyl ether yielded 4, or a white precipitate of the
presumed sodium analogue which with tmen in pentane–
toluene gave 5. X-Ray quality crystals of 4 (from toluene) or 5
(from pentane) were obtained upon recrystallisation. Com-
pound 4 had previously been made similarly8 and used to make
corresponding amides of Zn, Cd and Hg.9 A material related to
4, and believed to have been [Li{N(SiMe3)Ph}]2·OEt2, was
used in situ for the synthesis of [MA{N(SiMe3)Ph}3Cl] (MA = Zr
or Hf); it was obtained from aniline and successively LiBun,
Me3SiCl, LiBun and Et2O.10 In our hands, this procedure
afforded trans-[Li{m-N(SiMe3)Ph}(OEt2)]2 6.

The new colourless (1–4 and 6) or pale pink (5), air-sensitive,
benzene-soluble, compounds 1–3, 5 and 6 gave satisfactory
analyses and ambient temperature benzene solution multi-
nuclear NMR spectra. Such data for 4 were similar to those in
the literature,10 but 29Si and 7Li spectral details are new (ESI†).
The X-ray structures of each of 1–5 have been elucidated; those
for 3 and 5 will be reported in the full paper.§

Numerous neutral donor-free lithium amide crystals struc-
tures are known; those for 1 and 4 display new features.

As for 1 (Fig. 1), only a single previous example of a
dinuclear complex, albeit of opposite stereochemistry, trans-
[Li{m-N(SiMe3)C6H3Pri

2-2,6}]2 7 was known.11 Each Li atom
in 1 and 7 has a close ( < 2.45 Å) contact to its ipso-carbon,
which is g- in 1 but b- in 7; in the latter there are two further
more distant [2.76(2) Å] contacts to the g- and d- (CHMe2)
carbon atoms.11 The LiNLiN core in 1, unlike in 7, deviates
from a planar rhombus, the Li–N bonds ranging from 1.980(3)
to 2.019(3) Å, the four atoms alternating above and below the
plane by ca. 0.033 Å. The amide 1 has a two-fold symmetry
axis; 7 is centrosymmetric.

† Electronic supplementary information (ESI) available: spectroscopic and
analytical data, details of crystallography, and comparative data for 1–4, 7
and 8. See http://www.rsc.org/suppdata/cc/b0/b003169k/
‡ No reprints available.

Scheme 1 Synthesis of the crystalline Li and Na amides 1–3 (yields are for
crystals, from C6H6). Reagents and conditions: i, LiBun in C6H14, C5H12,
270 to 20 °C; ii, NaCH2Ph, C6H14, 278 to 35 °C; iii, 2 ButCN, C5H12, 278
to 20 °C.

Scheme 2 Synthesis of the crystalline Li and Na amides 4–6 (yields are for
crystals, from PhMe 4, C5H12 for 5 and Et2O for 6). Reagents and
conditions: i, LiBun, C6H14, 0 to 20 °C (cf. ref. 8); ii, NaN(SiMe3)2, Et2O,
0 to 20 °C; then tmen to the precipitate in C5H12–PhMe; iii, LiBun, Et2O, 0
to 20 °C.

Fig. 1 Molecular structure (ORTEP) of 1 with atom labelling, H omitted for
clarity.
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The tetranuclear, crystalline lithium amide 4 (Fig. 2) has an
unprecedented structure. Unlike its only prior tetranuclear
neutral donor-free complex, the planar octacyclic [L{m-
NC(Me)2(CH2)3CMe2}]4,12 the centrosymmetric 4 has two
distinct and different lithium atom environments. The four
lithium atoms are arranged in a stair-like fashion, the central
two, Li(1) and Li(2), are separated by 2.601(9) Å, while the two
terminal, Li…Li(1 or 2) distances are longer at 3.121(9) Å, the
Li–Li(1 or 2)–Li angles being 118(1)°. The atoms Li(1) and
Li(2) are each bound to three nitrogen atoms at distances of
2.057(9) to 2.183(9) Å. Each of the terminal lithium atoms is
bound slightly more tightly to a terminal nitrogen atom [Li(3 or
4)–N(3 or 4) 2.004(9) or 1.983(10) Å] and also has close h6-
contacts to the phenyl ring attached to a bridging nitrogen atom
[av. Li(3 or 4)…M(1 or 2) 2.17(2) Å], the N–Li–M angle being
128.8(5) or 134.1(5)° at Li(3) or Li(4), respectively [M(1) and
M(2) are the centroids of the phenyl rings attached to N(1) and
N(2), respectively]. The Li(1)–N(1)–M(1) and Li(2)–N(2)–
M(2) angles are 95.1 and 97.2°, respectively, compared with
Li(1)–N(1)–C(1) and Li(2)–N(2)–C(10) angles of 95.6 and
98.0°, respectively; hence the Ph rings are essentially flat. The
central (LiN)2 ring is puckered, the torsion angle between the
Li(1)N(1)Li(2) and Li(1)N(2)Li(2) planes being 14.6(4)°. The
substituents at N(1) and N(2) are arranged in a cis fashion, while
the two terminal {N(SiMe3)Ph}Li(3 or 4) fragments attached to
Li(1 or 2) also have the cis-orientation.

The crystalline sodium amide 2 (Fig. 3) is a polymer made up
of linked dinuclear units; each is attached to its neighbour by
close intermolecular Na…C contacts. Neutral donor-free dinu-
clear Na amides are, we believe, unprecedented. Like its
isoleptic complex 1, each monomer unit of 2 has a two-fold
rotation axis along Na(1)Na(2), but differs from 1 in having a
trans-arrangement of the substituents at the N atoms and in
having different environments for each of the alkali metal

atoms. Each sodium atom has four additional Na…C close
contacts: for Na(2) from the ipso-[2.686(1) Å] and one of the
adjacent ortho-[2.884(2) Å] carbon atoms of the aromatic rings
and for Na(1) from the C(1) carbon atoms of the trans-SiMe3
groups [2.948(2) Å] and from the C(3) carbon atoms of an
inversion centered related molecule [3.060(2) Å]. The Si–N–SiA
angle is slightly wider in 2 [av. 126.3(1)°] than in 1 [av.
123.9(5)°], but narrower than in its ButCN complex 3
[129.9(1)°].13 As for [Li{m-N(SiMe3)2}(NCBut)]2,14 3 may be
regarded as a model MRA(NCR) intermediate for reaction of
RCN with an organometallic compound MRA.

The crystalline, dinuclear trans-sodium amide 5 is broadly
similar to others, such as trans-[Na{m-N(Pri)C6H11-c}-
(tmen)]2.6 Comparative data on 1–4, 7 and 8 are listed
(ESI†).

The tetranuclear lithium amide 4 at 163 K in toluene-d8
showed two 7Li environments of equal intensity at d 0.89 and
24.6, corresponding to the central and terminal lithium atoms
in the crystal, whereas at higher temperatures various exchange
processes (2D 7Li EXSY) were observed.

The present results serve to highlight (cf. also ref. 1) the
diversity of structural motifs available to alkali metal amides;
the role of complexes 1–5 as reagents is being explored.

We thank the European Commission for the award of a Marie
Curie fellowship for P. M. and the EPSRC for other support.

Notes and references
§ Crystallographic data for each of 1, 2 and 4 were collected at 173(2) K on
an Enraf-Nonius Kappa CCD (1 and 2) or CAD4 (4) diffractometer
(ESI†).

1: C22H40Li2N2Si4, M = 458.8, monoclinic, space group P21/n (no. 14),
a = 14.2980(3), b = 13.6936(3), c = 15.2530(3) Å, b = 98.635(1)°, U =
2952.6(1) Å3, Z = 4, Dc = 1.03 g cm23 m(Mo-Ka) = 0.21 mm21. Final
residual was R1 = 0.041 for the 5613 reflections with I > 2s(I) and wR2 =
0.113 for all the 6948 reflections. 2: C22H40N2Na2Si4, M = 491.0,
monoclinic, space group C2/c (no. 15), a = 16.6414(6), b = 14.6700(5), c
= 11.6899(4) Å, b = 93.187(2)°, U = 2849.4(1) Å3, Z = 4, Dc = 1.14 g
cm23 m(Mo-Ka) = 0.25 mm21. Final residual was R1 = 0.038 for the 2958
reflections with I > 2s(I) and wR2 = 0.103 for all the 3364 reflections. 4:
C36H56Li4N4Si4, M = 684.97, triclinic, space group P1̄ (no. 2), a =
10.103(4), b = 10.873(5), c = 20.223(7) Å, a = 99.82(3), b = 91.76(3),
g = 113.16(3)°, U = 2001(1) Å3, Z = 2, Dc = 1.14 g cm23 m(Mo-Ka) =
0.18 mm21. Final residual was R1 = 0.073 for the 4136 reflections with I
> 2s(I) and wR2 = 0.194 for all the 7003 reflections. CCDC 182/1657. See
http://www.rsc.org/suppdata/cc/b0/b003169k/ for crystallographic files in
.cif format.
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We report on the mapping of functional group distributions
at flat, functionalised polymer surfaces with a sub-50 nm
resolution by means of pH-dependent AFM force titration
measurements using chemically modified tips.

The presence and spatial distribution of functional groups in
polymer coatings or surface-treated bulk polymers play an
important role in determining the interfacial properties of these
materials.1 While there are numerous techniques available
which allow one to identify and analyse the functional groups
introduced by, e.g. a surface modification reaction, the
determination of the lateral spatial distribution of these
functional groups, and the characterisation of their local
environment on a sub-100 nm scale remains difficult to
impossible with these techniques.2,3

As shown here for the first time, atomic force microscopy
(AFM) with chemically functionalised tips was successfully
applied to tackle this problem. The work described here
combines the strategies of AFM tip modification4 and active
external control of tip–sample interactions in nanometer-scale
AFM adhesion measurements on polymers which contain
ionisable functional groups.5–8 In particular, it is shown that pH-
dependent force titration measurements allow one to map
functional group distributions with a sub-50 nm resolution. The
results obtained on three different polymer model systems, i.e.
oxyfluorinated isotactic polypropylene (iPP),9 plasma poly-
merised allylamine (PPAA),10 and ammonia plasma modified
polypropylene (PP), will be discussed.11

The interfacial properties of three different types of polymer
surfaces were investigated in AFM force-distance measure-
ments. The model surfaces differ in the type and local
environment of the functional groups which are exposed at the
free film surface. As shown in previous studies, PPAA contains
amino groups,10 oxyfluorinated iPP carboxylic acid groups,12

and ammonia plasma modified PP basic (amino) groups.11 The
adhesion properties of these samples can be expected to differ
strongly as a result of the different surface chemistry.

Gold-coated AFM tips were functionalised with w-hydroxy-
substituted thiols in order to adjust the interactions between tip
and sample surface.4,5,7–9,13 In an aqueous medium, hydroxy-
terminated tips were previously shown to possess pH independ-
ent adhesion properties.5 In these experiments the ionisation
state of the exposed functional groups in the polymer films was
varied systematically in situ by adjusting the pH of the aqueous
medium while maintaining a constant ionic strength.14

Pull-off forces were evaluated from 100 force–distance
curves for each pH.15 Depending on the pH exclusively
repulsive, both attractive and repulsive, or exclusively attractive
interactions were detected.

The average pull-off force as a sum of attractive (van der
Waals and dipolar) and repulsive (electrostatic) forces was
calculated as peak maximum of a Gaussian distribution fitted to
the corresponding histograms. The mean value found depended
on the pH of the aqueous solution. As is shown in Fig. 1, the
average pull-off forces exhibited a behaviour similar to
conventional titration experiments. Force titration experiments
have been performed previously by Lieber and coworkers5 and
van der Vegte and Hadziioannou,7 without being accompanied
by force volume imaging. For low pH values the PPAA and PP
samples, which contain basic amino groups, showed negligible
pull-off forces, while at pH > 5 the adhesion was quite
pronounced. An opposite trend was observed for the carboxylic
acid-containing oxyfluorinated iPP, while the untreated iPP
(without functional groups) showed no pH dependent pull-off
forces.

The reduction of the pull-off forces as a result of repulsive
interactions can be attributed to the presence of protonated
amino groups for the PPAA and PP (low pH), and deprotonated

Fig. 1 Force titration data acquired with hydroxy-terminated tips for representative samples of the three model surfaces studied. For PPAA (left) and ammonia
plasma modified PP (middle) the average pull-off forces are shown, for the untreated and oxyfluorinated iPP (right) the values were normalised to the values
found for pH 3.8 (errors bars correspond to the standard deviation of the mean determined from the pull-off force distribution histograms). The dotted lines
have been added to guide the eye.
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carboxylic acid groups in the iPP (high pH), respectively. The
inflection points (force pKa) are closely related to the thermody-
namic surface pKa values.16 It is obvious that the force pKa
values are shifted relative to the known pKa values (in solution)
for carboxylic acids and amino groups (acetic acid: pKa 4.8;
ethylamine: pKa 10.7). The force pKa values are shifted to a
higher pH for the acidic groups, while for basic groups they are
lower. Similar shifts were previously observed experimen-
tally5,17 and were related to the hydrophobicity of the local
environment of the corresponding functional groups. This
general interpretation is corroborated by recent simulations.18

The more hydrophobic the local environment, the more difficult
it becomes to create a charge due to the lower dielectric constant
of the environment.

The shift of the force pKa values observed in average force
measurements can be used to differentiate between functional
groups in different local environments. Depending on the
hydrophobicity of the environment and on the local density of
(electrostatically interacting) functional groups, these will
either be ionised or neutral at pH values close to complete
ionisation/neutrality. As indicated in the average adhesion
measurements (vide supra) the adhesion properties are dramat-
ically different for these two cases. Thus, by carefully adjusting
the pH of the solution, areas where ionisation begins can be
detected with a spatial resolution of 20 nm or better. This is
shown in Fig. 2.

At pH 3.8 the amino groups of the PPAA are completely
deprotonated which results in negligible adhesive forces. When
the pH of the solution is adjusted to values close to the force
pKa, the spatial distribution of the pull-off forces is inhomoge-
neous. In the areas with pronounced adhesion the amino groups
are neutral (dark patches in Fig. 2, right), while in the other areas
repulsive or only weakly adhesive force are detected (bright
areas in Fig. 2, right). The observed inhomogeneous distribution
of amino groups at the surface of PPAA is most probably related
to inhomogeneous temperature distribution in the plane of the
film during the polymerization or different reaction pathways
due to inhomogeneous initial coverage or initially deposited
reaction products. This may lead to a heterogeneous restructur-
ing of the polymer and the reorientation of the amino groups
upon initial aging of the films in air similar to the processes
observed previously.19

The data shown here constitute to our knowledge the first
results on laterally resolved imaging of functional group
distributions on polymers on a sub-50 nm level using scanning
force microscopy with chemically modified tips (‘chemical
force microscopy’). pH-dependent pull-off force measurements
carried out on various functional polymers using OH-function-
alised tips revealed laterally inhomogeneous pull-off forces.
These inhomogeneous forces can be related to variations of
local ‘pKa’ values and different local hydrophobicity, and thus
to inhomogeneous distribution of the polar functional groups
present at the polymer surface.

The oxyfluorinated iPP samples were kindly provided by
SOLVAY S.A. and SOLVAY ALKOR-DRAKA Snc. The
authors acknowledge financial support by the Council for
Chemical Sciences of the Netherlands Organisation for Scien-
tific Research (CW-NWO) in the priority program materials
(PPM).
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Fig. 2 Pull-off force images of a plasma polymerised allylamine film (peak
power 175 W, duty cycle 10/10)10 at different pH. In the force images dark
regions indicates high adhesion (20.1, 20.5 nN for pH 3.8 and 5.2,
respectively), bright regions indicates low adhesion (ca. 0 and 20.1 nN for
pH 3.8 and 5.2, respectively).
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Remarkable carbene-induced transformation of
2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene, P3C3But

3, to the 1,2,4-triphosphole,
P3C2But

2CBut(carbene). Crystal and molecular structure of the planar
triphosphole complex [Mo(CO)3(h5-P3C2But

2CBut(carbene))] [carbene =
C(N(Me)C(Me) = C(Me)N(Me))]†
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Treatment of 2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene,
P3C3But

3, with the stable carbene 1,3,4,5-tetramethylimida-
zol-2-ylidene affords the planar 1,2,4-triphosphole,
P3C2But

2CBut(carbene), [carbene = C(N(Me)C(Me)NC-
(Me)N(Me))] which has been structurally characterised as its
h5- ligated [Mo(CO)3] complex; theoretical calculations are
presented on the mechanism of this novel reaction.

The synthesis and ligating properties of compounds containing
P–C multiple bonds is of considerable current interest.1–4 The
availability5–7 of 2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene
P3C3But

3 1 has enabled its chemistry to be developed and we
recently described an unusual [1+4]-cycloadditon reaction with
a stable silylene.8 We now describe the remarkable reaction of
1 with the stable ‘Arduengo’ type carbene 1,3,4,5-tetra-
methylimidazol-2-ylidene 29 which involves extrusion of a
CBut fragment from the six-membered aromatic ring to
quantitatively afford the 1,2,4-triphosphole, P3C2But

2CBut(car-
bene) 3 (carbene = 1,3,4,5-tetramethylimidazol-2-ylidene).
(Scheme 1) This type of behaviour is unprecedented and has no
parallel in conventional organic chemistry.

To our knowledge, contractions from aromatic six-membered
rings to aromatic five-membered rings are unknown in organic
chemistry. In sulfur chemistry, reactions with electrophiles are
known to cause six- to five-membered ring contractions in
nonaromatic systems with S–S bond formation.10,11 While ring
expansion of arenes12 and aromatic phosphabenzenes13,14 are
known to occur with carbenes, no ring contractions have been
reported to date.

Thus, addition of the 1,3,5-triphosphabenzene 1 to the
carbene 2 in solutions of benzene, toluene or THF immediately
led to a deep red solution of the 1,2,4-triphosphole 3 which
could be isolated as an air and moisture-sensitive red oil.‡ 3 is
highly soluble in benzene, toluene, THF and diethyl ether but
only sparingly soluble in saturated hydrocarbon solvents.

The structure of 3 was established by its mass spectrum and
its characteristic 1H, 13C and 31P NMR spectra, the latter
exhibiting a very similar pattern of lines to that of the known,
structurally characterised, triphosphole P3C2But

2CH-

(SiMe3)2.15 The 31P NMR spectrum of the triphosphole 3
consists of three doublets of doublets in the unsaturated region
at d 209.2, 163.3 and 121.4 with the expected large 1J(PP)
coupling of 519.6 Hz, indicating a highly delocalised p-system,
and the two smaller 2J(PP) couplings of 40.3 and 27.2 Hz.
While the 13C and 1H NMR specta are in good agreement with
the proposed structure, several accidental coincidences should
be noted. Though chemically inequivalent, in both the 13C and
1H NMR spectra, the two N-methyl groups and two carbene
backbone methyl groups appear as singlets at their respective
chemical shifts.

Confirmation of the proposed structure came from a single
crystal X-ray diffraction study of the h5-ligated molybdenum
tricarbonyl complex 4 which was made by treatment of 3 with
[Mo(CO)3(cycloheptatriene)] at room temperature.‡ Crystals
suitable for single crystal X-ray diffraction were grown at –25
°C from a saturated toluene solution layered with light
petroleum (bp 40–60 °C).§

The molecular structure of 4, shown in Fig. 1, reveals the
following interesting features which are strongly indicative of a
significantly delocalised system: (i) the sum of the bond angles
at the tricoordinate phosphorus P(2) is 358.5°, (ii) the sum of the
bond angles within the triphosphole ring is 539.97°, (iii) the
C(14)NC(19) bond is 1.452(3) Å, (iv) the P(2)–C(14) bond
outside the triphosphole ring is very short [1.7130(19) Å], (v)
the P–C bond distances within the triphosphole ring are almost
identical, [1.760(2), 1.7623(19), 1.763(2) and 1.774(2) Å,
respectively].

The molybdenum tricarbonyl complex 4 was also charac-
terised by 31P, 13C and 1H NMR spectroscopy and mass

† Electronic Supplementary information (ESI) available: spectroscopic data
for 3 and 4, B3LYP/6-31+G* level generated structure of 3, and reaction of
3 with [PtCl2(PR3)]2. See http://www.rsc.org/suppdata/cc/b0/b001285h/

Scheme 1

Fig. 1 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
P(1)–C(4) 1.774(2), P(1)–P(2) 2.1214(7), P(2)–C(14) 1.7130 (19), P(2)–
C(5) 1.760(2), P(3)–C(5) 1.7623(19), P(3)–C(4) 1.763(2), Mo–M(1)
1.986(2), C(1)–O(1) 1.161(3), C(14)–C(19) 1.452(3), N(1)–C(19) 1.361(2),
N(1)–C(20) 1.388(3), N(1)–C(22) 1.456(3), N(2)–C(19) 1.356(3), N(2)–
C(21) 1.388(3), N(2)–C(25) 1.461(3), C(20)–C(21) 1.350(3); C(4)–P(1)–
P(2) 95.20(6), C(14)–P(2)–C(5) 129.43(9), C(5)–P(2)–P(1) 104.64(7),
C(5)–P(3)–C(4) 101.40(9), P(3)–C(4)–P(1) 122.73(11), P(2)–C(5)–P(3)
116.00(10), C(19)–C(14)–C(15) 119.50(16), C(15)–C(14)–P(2)
119.68(14), C(14)–P(2)–P(1) 124.44(7).
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spectrometry. As was observed in the h5-ligated Mo(CO)3
complex of the triphosphole P3C2But

2CH(SiMe3)2,16 we ob-
serve a large upfield shift for the ring phosphorus resonances as
well as an inversion in the chemical shifts of the two formally
unsaturated P centres. Furthermore, the 13C and 1H NMR
spectra of 4 revealed that the chemical shift coincidences of
methyl groups in the parent triphosphole mentioned above,
were no longer present.

We have investigated the mechanism of the above trans-
formation of 1 to 3 by theoretical calculations17 at the B3LYP/
6-31+G* level. The parent 1,3,5-triphosphabenzene, P3C3H3 ,
and the diaminocarbene, C(NH2)2,  were used initially to model
the entire reaction path. In order to take the most important
steric effects into account, additional new calculations were
performed at all the minima ( product and intermediates), to find
the corresponding structures derivable from 2,4-dimethyl-
6-tert-butyl-1,3,5-triphosphabenzene and 1,3-dimethylimida-
zol-2-ylidene. Since no significant changes were observed in
the relative energies of the minima on the reaction path, apart
from some destabilisation of the first intermediate, we consider
that the transition structures are not significantly affected.

From the reaction of the diaminocarbene and the triphospha-
benzene a complex 5 (Fig. 2) is obtained in which the charge of
the carbon atom of the diaminocarbene unit becomes more
positive by 0.6 than in the free diaminocarbene, while each of
the three phosphorus ring atoms become more negative by ca.
0.2 electrons. Thus 5 can be described as an ylid in which the
negative charge is delocalised over the PCPCP unit. Inter-
mediate 7 is formed from 5 via the transition state 6TS as a
result of a ring closure and the product 9 is formed via transition
state 8TS. Despite a careful search, no transition state linking 5
directly to 9 was found. Furthermore, the Gibbs free energies of
5, 6TS, 7, 8TS and 9 are lowered by 4.4, 3.0, 6.6, 4.7 and 21.5
kcal mol21, respectively, from that of the reactants and since the
transition structures lie just slightly higher in energy than the
intermediates, the reaction should proceed smoothly.

The structure of the experimentally observed 3 has also been
optimised at the B3LYP/6-31G* level (neglecting the two b
methyl groups on the imidazole ring). The calculated structural
parameters are very similar to those obtained for the molybde-
num complex 4, except that the tricoordinate phosphorus atom
is somewhat less planar (S bond angles 348.6 °). The calculated
C(14)NC(19) bond length for the uncomplexed triphosphole
system is 1.413 Å and the P(2)–C(14) bond length is 1.780 Å,
while the remaining bonding distances are even closer to those
obtained from the X-ray structure.

Finally, of special interest is the reversible nature of the
triphosphabeneze–(triphosphole-carbene) interconversion.
Thus treatment of 3with [PtCl2(PR3)]2 (PR3 = PMe3or PMe2Ph),

at room temperature over 4 days leads to removal of the carbene,
forming mixtures of the Pt(ii) complexes trans-[PtCl2(PR3)(car-
bene)], cis-[PtCl2(PR3)2] and [PtCl2(carbene)2] with simultane-
ous regeneration of the triphosphabenzene ring 1, as the major
product, as evidenced by 31P NMR spectroscopy. Mechanistic
information comes from theoretical calculations on the parent
system which suggest that triphosphabenzene, P3C3H3, which
arises from loss of the carbene C(NH2)2 from 9 by metal
complexation, results from the isomerisation of the planar
compound 10 (Fig. 2), which has a singlet ground state and is less
stable than triphosphabenzene by 59.3 kcal mol21. The Gibbs free
energy of the transition state 11TS for this reaction lies 17.5 kcal
mol21 higher than that of 10.

We thank NSERC of Canada for a scholarship (for S. B. C.),
the Royal Society and OTKA TO 26335 (for joint funding of
J. F. N. and L. N.), EPSRC for their continuing support (to
J. F. N.) for phospha-organometallic chemistry and Lisa
Titcomb for the sample of 1,3,4,5-tetramethylimidazol-2-yli-
dene.

Notes and references
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2CBut(carbene) 3: to a solution of
C{N(Me)}2C2Me2 (63.6 mg, 0.512 mmol) in THF (5 mL) was added a
solution of P3C3But

3 (153.8 mg, 0.512 mmol) in THF (5 mL) with stirring.
The resulting red solution was stirred for 2 h before removing the solvent in
vacuo to afford a red oil in quantitative yield by 1H and 31P NMR
spectroscopy.

[Mo(CO)3P3C2But
2CBut(carbene)] 4: to a solution of C{N(Me)}2C2Me2

(83.0 mg, 0.668 mmol) in benzene (10 mL) was added a solution of
P3C3But

3 (200.7 mg, 0.668 mmol) in benzene (10 mL) with stirring. The
resulting red solution was stirred for 1 h prior to the addition of a red
solution of [Mo(CO)3(cycloheptatriene)] (190.3 mg, 0.699 mmol) in
benzene (10 mL) with no colour change. After a further 72 h stirring, the
reaction mixture was filtered and the solvent removed in vacuo to give an
orange solid, which was washed with hexane (10 mL) at 250 °C to afford
4 as a fine orange powder (313.1 mg, 78%).
§ Crystal data for 4: C25H39MoN2O3P3, M = 604.3, triclinic, space group
P1̄(no. 2), a = 10.5667(3), b = 10.9262(3), c = 13.8900(4) Å, a =
90.436(2), b = 96.562(2), g = 114.401(2)°, U = 1448.18(7) Å3, Z = 2,
Dc = 1.39 Mg m23, crystal dimensions 0.4 3 0.3 3 0.2 mm, F(000) = 628,
T = 173(2) K, Mo-Ka radiation (l = 0.71073 Å) Data collection: Kappa
CCD. Of the total 5046 independent reflections measured, 4645 having
I > 2s(I) were used in the calculations. The final indices [I > 2s(I)] were R1
= 0.024, wR2 = 0.058 and R1 = 0.028, wR2 = 0.059 (for all data). CCDC
182/1651. See http://www.rsc.org/suppdata/cc/b0/b001285h/ for crystallo-
graphic files in .cif format.
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By using a slight molar excess of the IPy2BF4 reagent in an
acid containing medium, activated aromatic residues on Tyr
derivatives and peptides selectively react yielding, as major
products, the monoiododerivatives; this level of reaction
control cannot be achieved by other iodinating methods.

The methods available for either labeling complex bio-
molecules throughout radioiodination1 or extending the re-
activity of organic molecules by iodination2 share similar
problems. For most applications of iodinated aromatic com-
pounds, monoiodination will be ideal, but known iodinating
methods usually yield mixtures of mono-, diiodinated and
unreacted species.3 Accordingly, efficient control of the
iodination of phenol-like compounds4 at room temperature, that
would result in a practical approach to monoiodinate target Tyr
containing peptides still remains to be developed. The iodonium
reagent IPy2BF4 that we are currently investigating5 is very
effective at iodinating aromatic functions of both simple organic
molecules6 and more complex polyfunctional peptides.7 The
performance of IPy2BF4 is dependent on factors such as reagent
to substrate stoichiometry, the solvent and the presence of
acid.8

In searching for conditions for the selective and direct
preparation of monoiodinated Tyr derivatives as new building
blocks for use in combinatorial chemistry and Tyr containing
peptides, starting from 1 we have established conditions for its
regioselective conversion to 2 at rt, as outlined in Scheme 1.
Thus, mixing HBF4 with 1 in CH2Cl2 prior to the addition of
stoichiometric amounts of IPy2BF4 results in the formation of 2
in 90% yield (the presence of minor amounts of the 2-regioi-
somer was noticed by 1H NMR analysis of the crude reaction
mixture). Next, we explored the iodination of 3 under the same
conditions and 4 was obtained in 93% isolated yield (Scheme
2).

Then, we examined the reaction conditions shown in Table 1
on the protected Tyr derivative Fmoc-Tyr-OH 5. As expected, if
no acid was present, the sole reaction product was the
diiodinated derivative when an excess of IPy2BF4 was added to
a CH3CN solution of Fmoc-Tyr-OH. Under the same condi-
tions, stoichiometric amounts of the reagent produced mixtures
of mono-, diioiodinated and unreacted species. However,

addition of an equimolar quantity of HBF4, in CH3CN or
CH2Cl2, or 10% TFA in CH2Cl2, and a slight excess of the
reagent, the monoiodinated building block Fmoc-Tyr(3A-I)-OH
6 was the exclusive reaction product (Scheme 3).

For comparison to the traditional Chloramine T iodinating
method,9 Fmoc-Tyr-OH was reacted in CH3CN with excess of
both NaI and Chloramine T and the diiodinated derivative was
produced. However, in conditions involving stoichiometric
amounts of the iodinating reagents,9c low yields of Fmoc-
Tyr(3A-I)-OH were obtained.

† Electronic supplementary information (ESI) available: experimental and
characterization data for compounds 4, 6, 7–13. See http.//www.rsc.org/
suppdata/cc/b0/b003064n/

Scheme 1

Scheme 2

Table 1 Conditions assayed for the monoiodination of Fmoc-Tyr-OH

Entry
IPy2BF4

(equiv.) Acid Solvent

1 2.2 — CH3CN
2 1.1 — CH3CN
3 1.1 1 equiv. HBF4 CH3CN
4 1.1 1 equiv. HBF4 CH2Cl2
5 1.5 10% TFA CH2Cl2

Scheme 3
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The potential of this method was also explored on different
peptides. The opioid pentapeptide (Leu-enkephalin: H-Tyr-
Gly-Gly-Phe-Leu-OH 7) provided a simple model, showing
both Tyr and Phe residues with aromatic side chains that may
react towards aromatic electrophilic iodination with our reagent
in acidic conditions. To facilitate the identification of the
possible iodination products, a series of reference peptides were
synthesized from commercially available building blocks.
Thus, peptides 8, 9 and 10 (Scheme 4) were prepared and
characterized by RP-HPLC, MALDI-TOF-MS and 1H-NMR.
Reaction of 7 in 10% TFA in CH2Cl2, which are conditions
frequently applied in peptide chemistry, with 1.5 equiv.
IPy2BF4, afforded the Tyr monoiodinated species 8 as a major
product (Scheme 5). The monoiodinated derivative, with an
approximate conversion of 60%, was isolated by RP-HPLC and
was further characterized by MALDI-TOF-MS and 1H-NMR.
After HPLC and NMR data comparison with 8, 9 and 10
(Scheme 4), no trace of iodination on Phe residues could be
observed, which confirmed the selectivity of the reagent
towards Tyr side chains.

These reaction conditions were also successfully tested on
biologically active peptides with acid labile post-translational
modifications such as in the case of glyco- and phosphopep-
tides,10 11 and 12, (containing O-glycosyl and phosphoseryl
residues, respectively) (Scheme 6). This method may also be of
potential application on larger and water-soluble peptides and
proteins; preliminary evidence was gathered after assaying
these iodination conditions on 13 in aqueous solution. Thus,
oxytocin, which has only one Tyr residue in its sequence

(Scheme 6), was reacted in 10% TFA aqueous media with 1.3
equiv. IPy2BF4 and the monoiodinated derivative was observed
as a major product with 50% conversion. HPLC and MALDI-
TOF-MS analysis confirmed the identity of this product, which
holds its disulfide bridge in place.

In summary, a method for controlling iodination reactions on
activated aromatic residues of peptides is proposed for the first
time. The procedure can be carried out in aqueous media and
reaction conditions are mild enough for application to acid-
labile glyco- and phosphopeptides. Work is in progress to
extend these procedures to protein chemistry.

Financial support from the Spanish DGES (PB97-1271), and
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Slow diffusion of K3[Fe(CN)6] and [NiL](ClO4)2 (L =
3,10-diethyl-1,3,5,8,10,12-hexaazacyclotetradecane) yields a
novel cyano-bridged 2D brick wall-like assembly which is
ferromagnetically ordered below 9.1 K with considerably
strong hard magnetic behaviour.

It is well known that the cyanide ion can coordinate to one metal
ion through the carbon atom acting as a monodentate ligand or
connect two metal ions as a bridging ligand through both the
carbon and nitrogen atoms. Recently, magnetic interactions
between paramagnetic metal ions through the cyanide bridge
have been extensively investigated. In particular, the cyanide-
bridged 3D bimetallic assemblies of Prussian Blue type, derived
from [M(CN)6]32 (M = CrIII, FeIII) and simple transition metal
ions [MA]n+, have attracted great attention owing to the fact that
many of them exhibit a considerably high magnetic critical
(Curie) temperature.1 However, the difficulty in obtaining
single crystals suitable for X-ray diffraction analysis precludes
the clarification of the magneto–structural correlation. Fur-
thermore, the face-centred cubic structures (based on powder
XRD results) they usually possess result in low or no magnetic
anisotropy, which would give low or no magnetic coercivity.1
To overcome these problems, hybrid Prussian Blue analogues
have been synthesized by the reaction of coordinately un-
saturated transition metal complexes [MAL]m+ (L = polydentate
ligand) with hexacyanometalate building blocks [M(CN)6]32

(M = Fe, Cr or Mn).2,3 Consequently, the introduction of
organic ligands could lower the symmetry of the lattice, and
afford various molecular structures.2,3

Most recently, stair-shaped 2D honeycomb networks, [Ni-
(cyclam)]3[Cr(CN)6]2·20H2O,3a [Ni(cyclam)]3[Fe(CN)6]2·
xH2O,3b,c [NiL1]3[Fe(CN)6]2·9H2O3d and [NiL1]3[Cr(CN)5-
(NO)]2·10H2O3e (L1 = 3,10-dimethyl-1,3,6,8,10,12-hexaaza-
cyclotetradecane 3,10-dimethyl-1,3,6,8,10,12-hexaazacyclo-
tetradecane) have been reported. According to Mallah et al., for
Ni3M2 systems containing trans nickel macrocyclic complexes
a meridional arrangement might lead to either a 2D flat brick
wall-like layer or a double chain stair-like structure. However,
this arrangement of five moieties [two M(CN)6 and three
Ni(macrocycle)] in a plane imposes a steric hindrance between
the macrocycle ligands.4 Therefore, only stair-shaped 2D
honeycomb networks have been obtained so far. We have
found, however, that the reaction between a bulky planar
macrocyclic nickel(II) complex [NiL](ClO4)2

5 (L = 3,10-di-
ethyl-1,3,5,8,10,12-hexaazacyclotetradecane) and K3[Fe(CN)6]
afforded a complex of similar formula, [NiL]3-
[Fe(CN)6]2·12H2O 1, which does have the flat brick wall-like
structure.

Well shaped red–brown crystals of 1 for X-ray structure
analysis† and magnetic measurements were grown at room
temperature by the slow diffusion of an orange DMF solution
(30 mL) of [NiL](ClO4)2 (0.15 mmol) and a yellow aqueous
solution (30 mL) of K3[Fe(CN)6] (0.15 mmol) in an H-tube.‡

The structure consists of neutral flat layers with slightly
distorted rectangles. Unlike the honeycomb-like complexes

mentioned above, in which three [Ni(cyclam)] or [NiL1] groups
connect with three cyanide groups in a fac arrangement at an
iron(III), chromium(II) or chromium(III) cation,3 in the present
complex each [Fe(CN)6]32 unit uses three cyanide groups in a
meridional arrangement to connect with three trans-[NiL]2+

units [Fig. 1(a)]. This particular local molecular disposition
extends to give rise to a brick wall-like structure [Fig. 1(b)], as
predicted by Mallah et al.4 The bridging cyanide ligands
coordinate to the nickel(II) ions in a considerably bent fashion
with Ni–N·C bond angles of 148.5(9)° for C(1)–N(1)–Ni(2),
151.4(9)° for C(4)–N(4)–Ni(1) and 152.1(9)° for C(3)–N(3)–
Ni(3), which prevents the steric hindrance of L. The coordina-
tion environment of the nickel ions can be described as axially
elongated octahedral. Adjacent Fe…Ni distances are 5.003(2) Å
for Fe…Ni(1), 4.987(2) Å for Fe…Ni(2) and 4.985(2) Å for
Fe…Ni(3), respectively. In the crystal, the layers align along the

Fig. 1 (a) ORTEP plot of complex 1. Selected bond distances (Å): Ni(2)–
N(10) 2.050(9), Ni(2)–N(11) 2.053(9), Ni(2)–N(1) 2.126(8), Ni(3)–N(13)
2.064(8), Ni(3)–N(14) 2.066(8), Ni(3)–N(3) 2.111(9), Ni(1)–N(8)
2.072(10), Ni(1)–N(7) 2.074(8), Ni(1)–N(4) 2.139(10). (b) Projection along
the a axis showing the brick wall-like backbone containing Fe6Ni6
rectangles.
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[110] direction with a separation of ca. 8.33 Å, and the nearest
interlayer metal–metal distance is 8.53 Å for Ni(2)…Fe. Water
molecules are positioned between the layers and are linked to
the terminal CN2 ligands of Fe(CN)6

32 and other water
molecules via hydrogen bonding.

The magnetic susceptibility of 1 has been measured on a
crystalline sample confined within a gelatine capsule under a
field of 10 kOe in the temperature range 2–280 K. A plot of cmT
vs. T is shown in Fig. 2, where cm is the magnetic susceptibility
per Ni3Fe2 unit. The cmT value at 280 K is ca. 5.3 emu K mol21

(6.5 mB) which increases smoothly and then sharply with
decreasing temperature, reaching a maximum value of 15.9 emu
K mol21 (11.3 mB) at 7.8 K, strongly suggestive of the
occurrence of magnetic ordering. Below 7.8 K, cmT decreases
rapidly, which may be due to interlayer antiferromagnetic
interactions, a saturation effect and/or the zero-field splitting
effect of nickel(II) ions in axially elongated octahedral sur-
roundings. The magnetic susceptibility above 8.4 K obeys the
Curie–Weiss law with a positive Weiss constant, q, of +7.0
K.

The onset of a long-range magnetic phase transition is
confirmed by the temperature dependence of the ac magnetic
susceptibility displayed in the inset of Fig. 2. The real part of the
ac magnetic susceptibility, cA, has a maximum at ca. 9.1 K for
a frequency of 111 Hz, suggesting that Tc of complex 1 is ca. 9.1
K. The weak frequency dependence of cacA and cacB suggests a
degree of glassy behaviour.

The field dependence of the magnetization (0–50 kOe)
measured at 1.6 K shows rapid saturation of magnetization
reaching a value of 7.4 Nb at 50 kOe which is close to the
expected S = 4 value of 8 Nb for a ferromagnetic Ni3Fe2
system. A hysteresis loop at 1.6 K was observed with a coercive
field as large as 1500 Oe and a remnant magnetization of ca.
1.36 Nb per Ni3Fe2 unit, typical of a hard ferromagnet. To our
knowledge, the coercivity in 1 is the highest measured for

hybrid Prussian Blue analogues, probably due to the presence of
the magnetic anisotropy of the paramagnetic ions, the grain size
of the sample used and/or irreversible movements of the domain
walls.1a,2b,6 Magnetic studies on samples of different sizes
should bring some insights into the origins of the large coercive
field and remnant magnetization. Further work to this end is in
progress in our laboratory.

In conclusion, we have obtained a hybrid Prussian Blue
analogue with a unique brick wall-like molecular structure
which serves as a new molecule-based ferromagnet showing
hard magnetic behaviour.

This work was supported by the State Key Project of
Fundamental Research (G1998061306), the National Natural
Science Foundation of China (29771001 and 29831010) and the
Excellent Young Teachers Fund of MOE, P.R.C.
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Oxidation of cyclohexane in TFA using 30% aqueous H2O2
or urea–H2O2 (UHP) gives cyclohexyl trifluoroacetate in
good yield, although the reaction is not accelerated by
rhodium or ruthenium catalysts casting doubt on earlier
claims on the role of transition-metals in oxidations in
TFA.

The oxidation of unactivated C–H bonds in alkanes is often
regarded as one of the Holy Grails of organic chemistry.1
Whereas in Nature such oxidations are efficiently carried out by
enzymes, there exists no single general laboratory or industrial
method, despite the undoubted commercial importance of such
a process. Nevertheless a number of methods have been
developed which do effect the oxidation of unactivated C–H
bonds: these include oxidations in superacid media,2 using
peroxide type reagents (including peracids, dioxiranes and
oxaziridines),3 ozone,4 various cytochrome P450 models,5 and
a range of metal mediated oxidations,6 including Gif chem-
istry.7 Much of the current work in this area focuses on the use
of transition-metal catalysed processes, and in view of our own
interest in reactions catalysed by dirhodium(II) carboxylates,8
we were intrigued to see a Chemical Communication in which
dirhodium tetraacetate was reported to catalyse the oxidation of
cyclohexane by hydrogen peroxide in TFA.9 As a prelude to
investigating the role of dirhodium(II) catalysts in other
oxidation reactions, we have reinvestigated this original work,
and report our results herein.

In their communication, Nomura and Uemura reported that a
variety of rhodium salts (0.1–0.3 mol%) catalysed the oxidation
of cyclohexane by 30% aqueous hydrogen peroxide in TFA.
The yields of cyclohexyl trifluoroacetate were consistently
62–65% irrespective of the rhodium salt used, and the authors
suggested a mechanism involving a highly reactive oxorhodium
species.9 The use of strongly acidic media is quite common in
metal catalysed oxidations of hydrocarbons since (a) the
conjugate base of a strong acid is a poor s-donor and therefore
enhances the electrophilicity of the metal ion, and (b) the
esterification of the alcohol, the primary product of alkane
oxidation, protects it from further oxidation.10 However, it
appears that the authors did not carry out a blank reaction in
TFA in the absence of the rhodium salt.9 This is somewhat
surprising since many years earlier Deno and Messer also
reported the oxidation of cyclohexane to cyclohexyl tri-
fluoroacetate (73% yield) under more or less identical condi-
tions (30% aqueous H2O2 in TFA) but in the absence of any
metal salt.11 Therefore our initial experiments were designed to
investigate this apparent anomaly (Scheme 1). When cyclohex-
ane (5 mmol) was treated with 30% aqueous H2O2 (15 mmol) in
TFA (12 ml) in the presence of dirhodium tetraacetate (1 mol%)
at room temperature, oxidation to cyclohexyl trifluoroacetate

did indeed occur as evidenced by gas chromatographic analysis
which clearly showed disappearance of the hydrocarbon and
formation of the ester over 12 h (Fig. 1). When the blank
experiment was run under identical conditions but in the
absence of the rhodium complex a very similar plot was
obtained (Fig. 1). The results show that this particular oxidation
of cyclohexane clearly proceeds in the absence of the metal
complex, and furthermore dirhodium tetraacetate does not
catalyse the reaction.

In order to obtain rate constants for the oxidation of
cyclohexane in TFA, aqueous H2O2 was replaced by the urea
hydrogen peroxide complex (UHP), a convenient solid source
of anhydrous H2O2. This enabled the use of a large excess of
peroxide to create pseudo-first order reaction conditions. Under
these conditions (2.5 mmol cyclohexane in 2 ml CH2Cl2, 22
mmol UHP, 10 ml TFA), rates for the oxidation of cyclohexane
in the presence (k = 2.9 3 1025 M21 s21) and absence (k = 3.3
3 1025 M21 s21) of dirhodium tetraacetate were readily
obtained (Fig. 2). Given the error in the determination of rate
constants (estimated as ±10%), the rates of these two reactions
are clearly similar. In both the 30% aqueous H2O2–TFA and
UHP–TFA oxidations, trace amounts of cyclohexanol were also
observed. In a separate blank experiment it was shown that
cyclohexanol is readily esterified in TFA, and therefore the
alcohol is presumably the initial product of oxidation.

We also investigated the use of ruthenium catalysts based on
the RuCl3–TFA system reported by Murahashi et al.,12 which
was also thought to involve a metal oxo complex as the oxidant.
Again it was evident that RuCl3 also had no effect on the rate of
cyclohexane oxidation in TFA (k = 3.1 3 1025 M21 s21).
Therefore, we conclude that claims of transition-metal catalysed
oxidations of hydrocarbons in peroxide–TFA systems should be
viewed with caution in cases where the appropriate blank
experiments have not been carried out. This view concurs with
that of Hogan and Sen who have independently concluded that
the role of the metal in C–H oxidation reactions carried out in
TFA needs to be reassessed.10,13

Scheme 1

Fig. 1 Cyclohexane consumption and cyclohexyl trifluoroacetate formation
vs. time in 30% aqueous hydrogen peroxide–TFA in the absence (2/Ω) or
presence (5/:) of dirhodium tetraacetate.
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In the work of Deno et al. using 30% aqueous H2O2 in
TFA,11,14 it was assumed that the active oxidant was peroxytri-
fluoroacetic acid which participated in a concerted oxidation
mechanism via a cyclic transition state, the electrophilic nature
of the oxidant being further enhanced by protonation (Scheme
2). To shed further light on the mechanism of the UHP–TFA
oxidation, we compared the rate of oxidation of cyclohexane
with its perdeuterated analogue (k = 1.4 3 1025 M21 s21) (Fig.
2). The observed kinetic isotope effect of 2.3 ± 0.2 is in accord
with previous studies using peracids as oxidants, and is possibly
indicative of a concerted (cf. Scheme 2) or oxenoid type
mechanism.3a Unfortunately alternative mechanisms involving
radical hydrogen abstractions cannot be completely ruled out,
since although such reactions usually exhibit a significantly
larger deuterium isotope effect (kH/kD ≈ 4–8),15 the isotope
effect can be as low as 1.16

The preparative oxidation of hydrocarbons was briefly
investigated, and some illustrative examples are shown in Table
1. Cyclohexane, cycloheptane (k = 6.4 3 1025 M21 s21) and
cyclooctane were all oxidized to the corresponding esters;
norbornane gave the ester of exo-norborneol as the major
product, and although adamantane was rapidly oxidized to the
tertiary ester, with no sign of the secondary ester by GC, the
product was unstable under the reaction conditions. n-Hexane
gave a mixture of 2- and 3-hexyl trifluoroacetates (ratio =
47+53) with no evidence for oxidation at the terminal methyl
group. Compounds containing aromatic rings (n-propylben-
zene, cumene, tetralin) were completely decomposed in either
30% aqueous H2O2–TFA or in UHP–TFA.17

In summary, we have shown that UHP–TFA is a simple
system for the oxidation of unactivated C–H bonds in alkanes;
such reactions are not accelerated by rhodium or ruthenium

catalysts, and therefore claims of metal catalysis of related
reactions in TFA should be viewed with caution.

This work was supported by the EPSRC.
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Fig. 2 Oxidation of cyclohexane by UHP–TFA in absence (2) or presence
(5) (1 mol%) of dirhodium tetraacetate, and oxidation of cyclohexane-d12

(.), where [A]0 is the initial concentration of cyclohexane.

Scheme 2

Table 1 Preparative scale hydrocarbon oxidation using UHP–TFA
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The 1,2,4-triphenylcyclopentadienyl ligand and the CHR
carbene ligand, bound respectively to the Co and W atoms
in [(h5-C5H5)W{m-CButCC(CO2Me)NC(CO2Me)CH}(m-
PPh2)Co(h5-C5Ph3H2)], are derived from the oligomerisa-
tion and cleavage of three molecules of phenylacetylene in
the reaction of [(OC)(h5-C5H5)W{m-C(CO2Me)CC(C·C-
But)(OMe)O}(m-PPh2)Co(CO)2] with this acetylene.

The catalytic cyclo-oligomerisation of alkynes mediated by
mononuclear, binuclear and polynuclear transition metal com-
plexes to give organic compounds such as benzenes, fulvenes
and cyclooctatetraenes has been well documented.1–4 Some-
times stable organometallic complexes can be isolated in which
the metal atom is ligated by the cyclised oligomer or is
incorporated in a metallocyclic ring with the oligomeric moiety
as in [(h4-Ph4C4)RhCl]2 (from the dimerisation of diph-
enylacetylene),5 [(h6-C6Me6)Co(h5-C5H5)] (from the trimerisa-
tion of dimethylacetylene)6 or [Co2(CO)4{m-C(But)-
CHCHCHCHC(But)}] (from the co-trimerisation of tert-buty-
lacetylene and acetylene).7 Reports of the oligomerisation and
cleavage of an acetylene to give a C5R5-ring and CR unit (R =
H, alkyl or aryl) are considerably more scarce. The few
examples that have been reported all feature reactions of
trinuclear or higher nuclearity homometallic cluster complexes
and furnish organometallic products only in low8 to very low
yields.9

Recently, we have been interested in C–C coupling reactions
of alkynes or acetylides on mixed-metal dinuclear transition
metal centres. For example, the reaction of the alkyne-bridged
complex [(OC)2(h5-C5H5)W{m-C(CO2Me)C(CO2Me)}Co-
(CO)3] with PPh2C·CBut leads to [(OC)(h5-C5H5)W{m-C-
(CO2Me)CC(C·CBut)(OMe)O}(m-PPh2)Co(CO)2] 1 in which
an acetylide fragment, generated from P–C bond cleavage
within the PPh2C·CBut ligand, has coupled with the bridging
alkyne.10 Here, we report that phenylacetylene undergoes C·C
bond scission and oligomerisation on reaction with 1 to form a
tungsten–cobalt complex containing an h5-bound triphenyl-
cyclopentadienyl ligand and a terminal CHR carbene ligand
(Scheme 1) both derived from phenylacetylene.

Treatment of 1 with excess phenylacetylene in toluene at 383
K for 6 h affords air stable [(h5-C5H5)W{m-CButCC(CO2-
Me)NC(CO2Me)CH}(m-PPh2)Co(h5-C5Ph3H2)] 2 as the sole
product in 46% yield.† The product was isolated by TLC on
silica [hexane–ethylacetate (3+1) as eluent] as a brown
crystalline solid and characterised on the basis of 1H, 13C and
31P NMR spectroscopy,‡ FAB-MS and X-ray diffraction.§

The molecular structure of compound 2 is depicted in Fig. 1.
The molecule comprises a tungsten–cobalt core [W–Co
2.704(1) Å] with both metal atoms being bound terminally by
mutually cis h5-cyclopentadienyl ligands [C5H5 on W and
1,2,4-C5Ph3H2 on Co] and bridged by a PPh2 group and a six-
electron donor CButCC(CO2Me)NC(CO2Me)CH ligand. The
organic bridging ligand can be considered as a h2+h2A-bridging
alkyne [via C(45) and C(46)] with one of the alkyne substituents
being a But group and the other a C(CO2Me)NC(CO2Me)CH
group. This latter group further coordinates to W via the CH
carbene carbon atom [WNC(53) 2.000(7) Å]. The metal-
locyclopentadienyl ring so formed, [W(1)–C(46)–
C(47)NC(50)–C(53)N], is almost planar [maximum deviation
from plane 0.039 Å, C(46)] with the other end of the bridging
alkyne [C(45)], sitting out of this plane. Both cyclopentadienyl
groups are essentially planar with the phenyl rings in the
1,2,4-triphenylcyclopentadienyl ligand being located slightly
out of the plane of the C5 ring [C(11) elevation 0.243 Å, C(17)
elevation 0.335 Å, C(23) elevation 0.297 Å] and tilted with
torsion angles of 28.9° [C(24)–C(23)–C(9)–C(10)], 34.9°
[C(12)–C(11)–C(6)–C(10)] and 49.9° [(C(18)–C(17)–C(7)–
C(8)] with respect to the plane of the ring.

The key features of the structure of 2 are the presence of the
1,2,4-C5Ph3H2 ligand and the W(1)NC(53) double bond. The
formation of the carbene and the substituted cyclopentadienyl
ring requires the cleavage of the C·C triple bond in phenyl-
acetylene to give PhC and CH fragments. The C5 ring is formed
by the linking of two unbroken phenylacetylene ligands with the
C–Ph fragment, whereas the CH fragment inserts into the W–C
bond of the bridging ligand in 1, with resultant displacement of
the coordinated vinyl and ester groups, to form a m-CButCC-
(CO2Me)NC(CO2Me)CH ligand. Examples of crystallograph-
ically characterised homo- and hetero-bimetallic tungsten
complexes containing a terminally bound carbene ligands are
rare11 with the W(1)NC(53) bond distance [2.000(7) Å] in 2
falling in the mid-range. It is noteworthy that the organic
transformation mediated by 1 has resulted in the loss in 2 of all
the terminal carbonyl groups in 1.

The spectroscopic data for 2 is consistent with the solid state
structure being maintained in solution. In the IR spectrum two
weak bands at 1727 and 1698 cm21 can be attributed to the
ketonic carbonyls of the MeO2CCNCCO2Me unit. The 1H NMR
spectrum of 2 displays, in addition to phenyl and alkyl
resonances, a downfield singlet at d 11.8 which is assigned to
the carbene CH proton. Similarly, a downfield shift is observed
for the carbene carbon atom in the 13C NMR spectrum at d 234.3

Scheme 1 Reagents and conditions: i, Ph2PC·CBut, heat; ii, PhC·CH, heat, 6 h.
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while the carbon atoms of the 1,2,4-substituted cyclopentadie-
nyl ring are seen as upfield singlets at d 106.7 (C–Ph) and 87.0
(C–H).

The mechanism by which the transformation of 1 to 2 occurs
is uncertain but it is remarkable that only one product is formed
in significant yield from such a complex reaction. A notable
feature is that the acetylenic-based bridging ligand in 1 does not
participate in the formation of the substituted cyclopentadienyl
ligand.12 Although the yield for the reaction of 1 to give 2 has
not been fully optimised it still represents a considerable
enhancement of the low yields previously obtained in the
cluster-mediated formation of cyclopentadienyl and carbene
ligands from acetylenes.8,9,13 Further work is underway to
assess the scope of the transformation and this will be the
subject of a future publication.

We wish to thank the Cambridge Commonwealth Trust and
Professor B. F. G. Johnson for funding (to K. S.).

Notes and references
† Synthesis of 2: phenylacetylene (0.2 cm3, 1.80 mmol) was added dropwise
to a solution of [(h5-C5H5)(OC)W{m-C(CO2Me)NC(CCBut)C(OMe)O}(m-

PPh2)Co(CO)2] 1 (0.30 g, 0.37 mmol) in toluene (50 cm3) and heated at 383
K for 6 h. After the removal of volatiles under reduced pressure, the residue
was loaded on to the base of silica TLC plates and eluted with hexane–
ethylacetate (3+1) to give 2 as a brown crystalline complex (0.18 g, 46%).
FAB mass spectrum, m/z 1022 [M+]. Found: C, 63.02; H, 5.11. Calc. for
C53H48CoO4PW 2: C, 62.24, H, 4.73%).
‡ Selected spectroscopic data for 2: IR (hexane) n(CO)/cm21: 1727w,
1698w: NMR (CDCl3): 1H, d 11.8 (s, 1H, NCH), 8.0–6.7 (m, 25H, Ph), 5.5
(s, 7H, C5H5 and C5Ph3H2), 3.4 (s, 3H, CO2Me), 3.3 (s, 3H, CO2Me), 0.82
(s, 9H, But): 13C-{1H}, d 234.2 (s, NCH), 167.7 (s, CO2Me), 167.1 (s,
CO2Me), 153.6 (s, CCO2Me), 146.0 (s, CCO2Me), 137–125 (m, Ph), 106.7
(s, CPh), 95.7 (s, Cp), 87.0 (s, CH), 50.9 (s, CO2Me), 50.6 (s, CO2Me), 44.9
(s, CMe3), 33.0 (s, CMe3): 31P-{1H}, d 89.3 (s, m-PPh2).
§ Crystal data for 2: C53H48CoO4PW, M = 1022.66, monoclinic, space
group P21/n, a = 10.402(5), b = 21.565(5), c = 19.623(5) Å, b =
100.70(2)°, V = 4325(3) Å3, Z = 4, Dc = 1.570 g cm23, m(Mo-Ka) =
3.125 mm21, F(000) = 2056, T = 180(2) K; orange/red prisms, 0.10 3
0.10 3 0.10 mm, Rigaku RAXIS-IIC imaging plate, three sets of 35, 25 and
60 frames (each with crystal in a different orientation), 3° rotation per frame
and 30 min exposure per frame, 7611 (Rint = 0.0780) independent
reflections. The structure was solved by direct methods and the non-
hydrogen atoms of the complex were refined anisotropically using full-
matrix least squares based on F2 to give R1 = 0.0491, wR2 = 0.0949 for
5765 independent observed reflections [I > 2s(I)] and 562 parameters.

CCDC 182/1680. See http://www.rsc.org/suppdata/cc/b0/b003296o/ for
crystallographic files in .cif format.
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Fig. 1 The molecular structure of [(h5-C5H5)W{m-CButCC(CO2Me)NC-
(CO2Me)CH}(m-PPh2)Co(h5-C5Ph3H2)] 2 with all hydrogen atoms except
for H(53) omitted for clarity. Selected bond lengths (Å) and angles (°):
W(1)–Co(1) 2.704(1), W(1)–C(53) 2.000(7), W(1)–C(46) 2.157(6), W(1)–
C(45) 2.045(6), W(1)–P(1) 2.354(2), W(1)–(C5H5)centroid 2.053(6), Co(1)–
C(46) 2.007(6), Co(1)–(C5Ph5H2)centroid 1.739(6), Co(1)–C(45) 2.096(6),
Co(1)–P(1) 2.187(2), C(45)–C(46) 1.443(8), C(46)–C(47) 1.429(8), C(47)–
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A dinuclear Zn(II) complex of N2d,N2d,N2Ad,N2Ad-tetrakis(2-
pyridylmethyl) derivative of cyclic peptide gramicidin S
markedly accelerated the cleavage of the phosphodiester
linkage of the RNA model substrate 2-hydroxypropyl p-
nitrophenyl phosphate.

Rational design of functional molecules mimicking biologically
important species such as enzymes is one of the most
challenging fields in modern chemistry. Peptides and peptido-
mimetics are promising building blocks for the construction of
such systems. While numerous studies using a-helical peptides
as well-defined structural units were reported, functional
molecules based on b-structured peptides were few. The cyclic
decapeptide gramicidin S (GS, Fig. 1) possesses a stable
antiparallel b-sheet conformation with two type IIA b-turns at the
D-Phe-Pro sequences.1 The amino groups of the two Orn
residues of GS are located at one side of the b-sheet, and are
suitable for the introduction of various functional groups.

It has been shown that the active sites of many enzymes
contain two metal ions which operate cooperatively.2 Artificial
models for the dinuclear metalloenzymes were reported in
which pyridine-containing ligand groups were linked to a
molecular scaffold such as a calix[4]arene framework.3 Since
the dinuclear Zn(II) complex of the simple diamine derivative
[(PyCH2)2NCH2]2CHOH was shown to promote hydrolysis of
the phosphodiester linkage of a diribonucleotide,4 we have
prepared a GS derivative containing two bis(2-pyridylmethyl)
amino groups in place of free amino groups, namely [Orn(Py-
CH2)2

2,2A]GS (1). In the present study, the Zn(II) ion-chelating
behavior of 1 and phosphodiester bond cleavage mediated by
the dinuclear Zn(II) complex have been examined.

N2d,N2d,N2Ad,N2Ad-Tetrakis(PyCH2) derivative 1 was pre-
pared from GS•2HCl in 57% yield by treatment with 2-PyCHO
and NaBH3CN in MeOH.5 For comparison, a GS derivative
containing only one (PyCH2)2N group, namely [Orn(PyCH2)2

2,
Orn(Tfa)2A]GS (2), was prepared in a similar manner from the
singly protected [Orn(Tfa)2]GS.6 An alternative bis(PyCH2)

derivative in which each Orn side chain carries a PyCH2NH
group, namely [Orn(PyCH2)2,2A]GS (3), was also prepared by
treatment of GS•2HCl with PyCHO followed by catalytic
hydrogenation in 70% yield.

The pyridylmethyl derivatives 1–3 exhibited similar CD
spectra to that of the parent GS, although the molecular
ellipticity of 1 was slightly smaller than GS (Fig. 2a). The 1H
NMR spectral characteristics of 1 in DMSO-d6 were also
similar to those of GS, but the NH proton signal of the D-Phe
residue of 1 (d 8.59, d, J = 4.8) was more shielded, possessing
a larger NaH–CaH J value compared with the corresponding
signal for GS (d 9.04, d, J = 2.8). A similar spectral feature was
observed for the GS derivatives lacking a main chain-side chain
H-bonding interaction between NdH(Orn) and CNO (D-Phe).7,8

Therefore 1 was assumed to adopt essentially the same b-sheet
conformation as that of GS, although the conformation was
slightly distorted or disordered due to the absence of the H-
bonding stabilization.

Zn(II) ion-binding properties of these pyridylmethyl deriva-
tives were studied by spectrometric titrations. A CD spectral
change between 245 and 280 nm upon the addition of aliquots
of ZnCl2 to the solution of 1 in MeOH as shown in Fig. 2b
suggested stepwise formation of the 1+1 and 1+2 complexes
between 1 and Zn2+. A similar spectral change was also
observed in buffered aqueous CH3CN (pH 7.0) which was
employed as the solvent for kinetic experiments described later.
Formation of the stable dinuclear complex 1•(Zn2+)2 was
further supported by UV spectroscopic titration. The CD
spectrum of the dinuclear complex‡ in MeOH below 250 nm
which was assumed to reflect the main chain conformation was
similar to the CD spectral curve of unmodified GS (Fig. 2a). 1H
NMR analysis in DMSO-d6 indicated a C2 symmetrical
structure for the dinuclear Zn(II) complex 1•(Zn2+)2. ROESY
experiments revealed steric proximity of one of the pyridyl
groups in each side chain of the Orn residues and the a-protons
in the Pro-Val sequences. The NH proton of the D-Phe residue
exhibited a similar signal (d 9.06, d, J < 3.0) to that of natural
GS. Taking into account these spectral characteristics the
dinuclear complex was assumed to adopt the stable GS-type b-
sheet conformation. Instead of the i to i + 2 type

Fig. 1 The structures of gramicidin S (GS) and the 2-pyridylmethyl (PyCH2)
derivatives 1–3.

Fig. 2 (a) CD spectra in MeOH of GS•2HCl (5), 1 (< ) and 1 with Zn2+:
[ZnCl2]/[1] = 2.4 (Ω). (b) Change of [q] at 250 nm (2) and 271 nm (:)
upon the addition of ZnCl2 to 1 in MeOH.
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NdH(Orn)… CNO(D-Phe) H-bonding found in GS and its
derivatives8 the metal ions might play some role in the
conformational stabilization. As expected, the bis(PyCH2)
derivative 2 formed only the mononuclear 1+1 complex and no
complex-forming tendency with Zn2+ was observed for the
other derivative 3.

Activity of the Zn(II) complexes of 1 and 2 for the cleavage
of the linkage of 2-hydroxypropyl p-nitrophenyl hydrogen
phosphate (HPNP) as an RNA model substrate was examined.
For comparison, a dinuclear Zn(II) complex of the propane-
diamine derivative [(PyCH2)2NCH2]2CH2 4 lacking the peptide
moiety was prepared and was also subjected to the kinetic study.
The complexes were generated in situ in buffered aq. CH3CN
solution (pH 7.0) and the reaction progress was monitored by
the absorbance at 400 nm due to the liberated p-nitrophenolate
ion from HPNP.§ The obtained pseudo-first-order rate constants
(kobs) of the Zn(II) complex-mediated reaction are summarized
in Table 1. The dinuclear complex 1•(Zn2+)2 was found to
accelerate the reaction drastically. The effect of the mono-
nuclear complex 2•Zn2+ was much lower, indicating the
importance of the cooperative participation of the two Zn(II)
centers in the reaction process. Since the rate constant of the
dinuclear complex 4•(Zn2+)2 lacking the peptide moiety was the
same order as that of the mononuclear complex, the relative
arrangement of the two Zn(II) centers linked to the rigid b-sheet
framework by a moderately flexible trimethylene chain was
considered to furnish a desirable reaction site enabling cooper-
ative functioning of the two metal ions.

The pH dependence study of the reaction rate using 1•(Zn2+)2
demonstrated the optimal activity at pH 7.0. Metal ion-bound
water in a hydrophobic environment is known to be highly
acidic (pKa ≈ 7 to 8)9 and in our case the Zn2+–OH– species
generated near the antiparallel b-strands of GS moiety acts as a
nucleophile, attacking the b-OH group of HPNP. As shown in
Fig. 3 another Zn(II) ion was assumed to coordinate to
phosphate oxygen, assisting the nucleophilic attack of the
resulting anionic b-oxygen atom in HPNP to accomplish the
intramolecular transesterification. The presence of the neigh-
bouring hydroxy group was essential since the complex did not
enhance the hydrolysis of di(p-nitrophenyl) hydrogen phos-
phate examined as a DNA model substrate.

In summary, we have demonstrated that the dinuclear Zn(II)
complex 1•(Zn2+)2 possessing a b-sheet framework remarkably
promoted phosphodiester bond cleavage of the RNA model
substrate HPNP.¶ Very recently, Scrimin et al. reported
transesterification of HPNP by a dinuclear Zn(II) catalyst based
on water-soluble 310-helical peptide.10 A cyclodextrin-based
dinuclear Cu(II) complex which hydrolyzes an amide bond was
reported by Fujita’s group.11

We are grateful to Dr Taka-aki Okamura (Department of
Macromolecular Science, Osaka University) for mass spectral
measurements and to Nikken Kagaku, Co. Ltd. for the supply of

GS•2HCl. This work was supported by Grants-in-Aid from the
Ministry of Education, Science, and Culture, Japan.

Notes and references
† Present address: Faculty of Engineering, Gunma University, Kiryu
376-8515, Japan.
‡ 1•(Zn2+)2 was prepared from a MeOH solution of 1 (26 mg, 0.017 mmol)
and Zn(NO3)2•6H2O (17 mM, 2 ml) by evaporating the solvent and
lyophilization as a white solid (33 mg). ESI-MS: m/z 817.4 [1 + 2Zn 2
2H]2+, (C84H111N16O10Zn2)2+ requires m/z 817.4. The complex thus
obtained was water-soluble although 1 itself was almost insoluble in
water.
§ A typical kinetic experiment was undertaken in 50% CH3CN–20 mM
HEPES buffer (pH 7.0) as follows: After mixing the solutions of 1 (0.5 mM,
3.0 ml) and Zn(NO3)2 (50 mM, 60 ml) for 1 min, HPNP (75 mM, 10 ml) was
added and the pseudo-first-order rate constant kobs was calculated by initial
slope method using the absorbance at 400 nm.
¶ The corresponding D-Tyr analog of 1, namely [Orn(PyCH2)2

2,2A, D-
Tyr4,4A]GS, possessing phenolic hydroxy groups to which a variety of
functional groups (e.g. substrate binding sites) could be introduced was also
prepared. The dinuclear Zn(II) complex exhibited similar activity to
1•(Zn2+)2 (kobs = 2200 s21).
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Table 1 Pseudo-first-order rate constant of Zn(II) complex-mediated
phosphodiester bond cleavage of HPNPa

Complex kobs/s21 Relative rate

None 0.51 1
1•(Zn2+)2 3300 6500
2•Zn2+ 11 22
4•(Zn2+)2 41 80

a Assays were carried out in 50% CH3CN–20 mM HEPES buffer (pH 7.0)
except 2•Zn2+ (80% CH3CN–20 mM HEPES buffer).

Fig. 3 A possible mechanism for the transesterification of HPNP mediated
by the dinuclear Zn(II) complex of 1.
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The novel organometallic cluster polymer of probable
formula [Ru6C(CO)15Ph2PC2PPh2]n (n = ca. 1000) 1 has
been prepared and, on irradiation in an electron beam, forms
first nanoparticle chains and then conducting wires.

The potential of simple organic and inorganic molecules as
precursors in the formation of electronic devices by direct
chemical synthesis is substantial. Well-studied examples in-
clude carbon nanotubes,1 novel resists,2 metal3 and semi-
conducting colloids4 and conducting and semiconducting
polymers.5 A wealth of physical phenomena have been
observed for these examples varying from zero-dimensional
electronic confinement6 to a wide variety of field-effect
transition (FET) structures.7

Here we report a further type of compound which offers
considerable potential in its application to new electronic
devices. Until recently, carbonyl clusters have received little
attention in this connection, partly because of their relatively
small size, and partly because of the difficulty in performing
standard microelectronic fabrication. We now report that these
difficulties may be largely overcome by the use of materials
containing clusters bonded within a polymer backbone.

A number of organometallic polymers have been reported
previously. These range from those with pendant organome-
tallic fragments attached to polymeric organic backbones8 to
those with metallic species incorporated into the backbone.9 A
common method of incorporation of a metal as a pendant is by
performing a polymerisation on a functionalised unit, e.g. the
free radical polymerisation of vinylferrocene.10 Other polymers
in this class include rigid-rod transition metal–acetylide poly-
mers which usually involve group 10 metals or gold; these
polymers consist of metals linked by organic spacers with a
minimum capacity to bend. This is achieved by using alkyne or
aromatic groups alternately to form rigid rods. In these systems

the metal has been shown to coordinate in a trans fashion.11 The
electrical and electrochemical properties of such materials have
not been investigated in detail.

Here, we report: (i) the synthesis and characterisation of the
first organometallic polymer with carbonyl clusters in the
backbone formulated as [Ru6C(CO)15Ph2PC2PPh2]n and (ii) the
processing of this material by electron beam exposure into
nanowires with tunable conduction characteristics.

The new cluster based polymer [Ru6C(CO)15(Ph2PC2PPh2)]n

was synthesised from the direct reaction of [Ru6C(CO)17] with
the alkyne linking reagent [Ph2PC2PPh2] in tetrahydrofuran
under reflux. After 5 h, removal of the solvent, followed by
precipitation from dichloromethane, hexane gives the poly-
meric derivative [Ru6C(CO)15Ph2PC2PPh2]n 1 as a dark brown
powder which is soluble in dichloromethane.† Other products
2–4 may also be separated from other reaction stoichiometries.
These have been identified as [Ru6C(CO)16PPh2C2PPh2] 2,
Ru6C(CO)15{PPh2C2PPh2}2] 3 and [Ru5C(CO)13PPh2C2PPh2]
4.† Significantly, in a separate experiment, we have observed
that compound 3 undergoes reaction with a stoichiometric
amount of [Ru6C(CO)17] to yield polymer 1. We believe that the
polymer consists of [Ru6C(CO)15] units linked by
[Ph2PCCPPh2] ligands (Fig. 1). The polymer 1 has been
identified by routine chemical analysis. Elemental analyses (C,
H) are totally in accord with the proposed empirical formula,
and the presence of phosphorus is further confirmed by the solid
state 31P NMR† which exhibits a broad band at d220. In the IR
spectrum a broad n(CO) band is observed† consistent with a
polymer containing a large number of bonded CO ligands. A
molecular weight of 1000–1020 has been estimated from
electon microscopy carried out on several samples. This
technique has been developed from our TEM studies of other
systems.12 In brief, a monolayer of polymer was deposited from
solution onto holey carbon microscopy grids. The images over

Fig. 1 The proposed structure of [Ru6C(CO)15(Ph2PC2PPh2)]n.
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time showed that the polymer was very beam sensitive but from
the initial images of chains of clusters an estimate of chain
length could be determined. Further studies were made on the
polymer supported on silica spheres (ca. 5 nm in diameter) to
confirm and follow the nanoparticle growth induced by the
electron beam (vide infra). This work will also be dealt with in
a more detailed manner in a full paper.

Silicon substrates coated with 200 nm of high-quality oxide
were prepared with micro-fabricated contacts composed of 10
nm Cr and 30 nm of Au (Fig. 2). The contacts defined a region
for investigation of 4 3 5 mm, orientated with the shorter
direction along the current path. A freshly prepared solution of
polymer 1 in dichloromethane (200 mg ml21) was filtered
through Teflon (200 nm pore size) and then spin-coated onto the
substrate forming a layer ca. 120 nm thick. The layers were
smooth and uniform and largely free from visible imperfections.
Following preparation, exposures were performed on the
samples in the usual way by electron-beam lithography
(accelerating voltage 60 kV, current 1 nA, beam diameter ca.
250 nm). Exposures were conducted at 25 °C in a vacuum of
1024 Pa or better. After development for 1 min, the polymeric
material was observed to behave as a negative electron beam
resist, with a sensitivity of 400 C m22. Atomic force
microscopy (AFM) was used to determine the thickness of the
material after development. At this stage the conductivity of the
material was found to be immeasurably small. However, after
more extensive electron beam exposures (accelerating voltage
60 kV, current 10 nA, beam diameter 1 mm at doses ranging
from 103 to 4 3 106 C m22) the films showed conductivity
increasing in a power law as a function of dose. The conduction
mechanism was found to be variable range hopping in two
dimensions13 (Fig. 3). Using a finely focussed electron beam, it
was possible to make wires as small as 100 nm in width. A
typical device is shown in Fig. 2. The current–voltage
characteristics near room temperature are well fitted by a
hyperbolic sine, as predicted by variable-range hopping theory.
However, at low temperatures, the current is strongly sup-
pressed at low bias voltage.

We postulate that in the initially formed polymer the cluster
units are surrounded by the non-conducting carbonyl sheath but
that on initial irradiation with the electron-beam this sheath is
lost to produce nanoparticle chains thus accounting for the
observed contraction in volume. Weight loss as measured by tga
tends to support this view. Further irradiation is then considered
to bring about the fusion of groups of these particles into larger
clusters, forming a conducting chain. We consider that this
conductivity is brought about by an electron hopping process
between nanoparticle groups rather than through the formation
of a continuous metal wire. At low temperature, the device
characteristics observed are consistent with charging-sup-
pressed transport through these groups.

We thank the EPSRC and ICI for a CASE award
(K. M. S.).

Notes and references
† Compound 1 identified as [Ru6C(CO)15Ph2PC2PPh2]n [FTIR: u(CO)
2009br cm21 br; 2 identified as [Ru6C(CO)16PPh2CCPPh2)] [m/z 1492.26
(M + MeO2); FTIR: u(CO) 2084.6w cm21, 2032.8s cm21]; 3 identified as
Ru6C(CO)15[PPh2CCPPh2]2 [m/z 1859.43 (M + MeO2); dP(H3PO4

230.4(s), 12.3 (s); FTIR: u(CO) 2065.9m, 2018.4vs, 1970.2 (sh) cm21]; 4
identified as Ru5C(CO)13PPh2CCPPh2 by X-Ray crystal analysis. [m/z
1306.9 (M + MeO2); FTIR: u(CO) 2075.3w, 2053 s, 2016.5 cm21 s, 1991.7
(sh) cm21; solid state MAS NMR: dP220 (s, br) with side bands at d 280
and +40; dC 125 (qnt, br)]

1 M. Bockrath, D. H. Cobden, P. L. McEuen, N. G. Chopra, A. Zettl, A.
Thess and R. E. Smalley, Science, 1997, 275, 1922.

2 J. Fujita, Y. Onishi, Y. Ochiai and S. Matsui, Appl. Phys. Lett., 1996, 68,
1297.

3 T. Sato, H. Ahmed, D. Brown and B. F. G. Johnson, J. Appl. Phys.,
1997, 82, 696; L. Clarke, M. N. Wybourne, M. Yan, S. X. Cai and
J. F. W. Keana, Appl. Phys. Lett., 1997, 71, 617.

4 D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos and P. L. McEuen,
Nature, 1997, 389, 699.

5 C. J. Drury, C. M. J. Mutsaers, C. M. Hart, M. Matters and D. M. de
Leeuw, Appl. Phys. Lett., 1998, 73, 108.

6 V. Erokhin, S. Carrara, H. Amenitch, S. Bernstorff and C. Nicolini,
Nanotechnology, 1998, 9, 158.

7 S. J. Tans, A. R. M. Verschueren and C. Dekker, Nature, 1998, 393,
49.

8 C. E. Carraher, Jr. and C. U. Pittman, Jr., in Metal Containing Polymeric
Systems, ed. J. E. Sheats, C. E. Carraher, Jr. and C. U. Pittman Jr.,
Plenum, New York, 1985

9 P. Nguyen, P. Gómez-Elipe and I. Manners, Chem. Rev., 1999, 99,
1515.

10 F. S. Arimoto and C. H. Haven Jr., J. Am. Chem. Soc., 1955, 77,
6295.

11 T. B. Marder, G. Lesley, Z. Yuan, H. B. Fyfe, P. Chow, G. Stringer,  I. R.
Jobe, N. J. Taylor, I. D. Williams and S. K. Kurtz, in Materials for
Nonlinear Optics: Chemical Perspectives, ed. S. R. Marder, J. E. Sohn
and G. D. Stucky, ACS, Washington DC, 1991.

12 W. Zhou, D. S. Shephard, J. M. Thomas, T. Maschmeyer, B. F. G.
Johnson and R. G. Bell, Science, 1998, 280, 705; D. S. Shephard, W.
Zhou, T. Maschmeyer, J. M. Matters, C. L. Roper, S. Parsons, B. F. G.
Johnson and M. J. Duer, Angew. Chem., Int. Ed., 1998, 37, 2718.

13 M. D. R. Thomas, H. Ahmed, K. M. Sanderson, D. S. Shephard, B. F. G.
Johnson and W. Zhou, Applied Phys. Lett., 2000, 76, 1773.

Fig. 2 SEM micrograph of a typical device. The polymeric nanowire (300
nm in width) lies on top of the gold contacts.

Fig. 3 Conductance/dose characteristics for two nanowires. All fits are
hyperbolic sine functions.
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The reaction of cobalt(II) sulfate with 1,2-bis(4-pyridyl)-
ethane gives a crystalline polymeric species comprised of
chiral quintuple layers with five decks of linear chains
rotated by 120° from level to level, that are perpendicularly
joined via five-metal helical motifs; furthermore, each of
these two-dimensional frames is catenated by the neighbour-
ing layers to give an overall three-dimensional chiral
nanoporous architecture.

There is much current interest for the crystal engineering of
coordination frameworks,1 not only because of their potential
applications as zeolite-like materials, for molecular selection,
ion exchange and catalysis, but also for their intriguing
architectures, new topologies and intertwining phenomena.
Some recent examples have shown that topological types
unprecedented in inorganic chemistry and in minerals can be
achieved within the area of networked coordination polymers.2
Moreover, new types of supramolecular intertwinings of infinite
motifs have been discovered, that open interesting perspectives
in the study of these materials. Particularly attractive are
polymeric systems sustained by supramolecular entanglements
reminiscent of the mechanical bonds in molecular rotaxanes and
catenanes, exhibiting constituent motifs of dimensionality
lower than that of the resulting overall architecture. Known
examples include polyrotaxanes3 and polycatenated one-dimen-
sional4 and two-dimensional motifs.5 Species like these are
expected to be of comparable robustness but more flexible than
the usual networks entirely based on coordinative bonds with
similar ligands.6 We report here on a new member of this class
of polycatenated motifs, [Co5(bpe)9(H2O)8(SO4)4]-
(SO4)·14H2O [bpe = 1,2-bis(4-pyridyl)ethane] 1, that presents
a new remarkable chiral three-dimensional architecture sus-
tained by the catenation of chiral five-fold decked layers.

Compound 1 forms as beautiful flat hexagonal pink crystals
by slow evaporation of solutions obtained on mixing bpe in
ethanol and Co(II) sulfate in water, with metal-to-ligand molar
ratios from 1+1.7 to 1+2. The crystals are stable in the air at
room temperature for an extended time but start to lose solvated
water molecules when heated above ca. 40 °C. The powdered
material obtained in good yields by fast evaporation of more
concentrated solutions of the reagents corresponds to almost
pure 1, as confirmed by X-ray powder diffraction methods.

The crystal structure of 1† shows the presence of multiple
layers containing five levels of one-dimensional linear poly-
mers, all lying perpendicular to the crystallographic c axis, that
are formed by Co(II) ions joined by bpe ligands in a trans
conformation (Co…Co distances of 13.69 Å). These polymers
run on the five decks in different directions rotated by 120°
about the c axis on passing from one level to the successive one,
thus resulting in a ABCAB sequence. The decks are connected
along the normal direction via five-metal helical motifs,
illustrated in Fig. 1, all exhibiting homochirality (left handed
chirality for the crystal examined). The resulting chiral
multilayer thus formed is schematically shown in Fig. 2.

The cobalt ions of the two external levels are three-connected
to bpe ligands (T-shaped geometry) while those of the three
internal levels are four-connected to such ligands (square-planar
geometry). The coordination spheres of the cobalt ions are
completed by oxygen atoms of the sulfates and by water
molecules (three mer H2O for the two external Co, two sulfates
for the central cobalt, one H2O and one sulfate for the other two
metal ions), resulting in all cases in distorted octahedral
geometries. The five-metal helical chains are terminated at both
ends by axial H2O ligands, i.e. the external ‘surfaces’ of the
multilayers are covered by coordinated water molecules.
Though other examples of multiple layers are known within
coordination polymers,7 the two-dimensional motif of 1 is

Fig. 1 A lateral (left) and a top (right) view of a single helical motif joining
perpendicularly the quintuple layer (different colours are used to evidence
the five decks). A two-fold axis passes through the central metal.

Fig. 2 A schematic view of a single five-decked layer with the same colours
as in Fig. 1.
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unique in terms of topology, number of decks and thickness (see
Fig. 2). To our knowledge, it is the largest two-dimensional
coordination polymer ever reported.

We can rationalize this two-dimensional polymeric motif as
a five-layer section of the chiral three-dimensional four-
connected framework described by O’Keeffe as the ‘dense’
net.8 This shows an ABCABC infinite sequence of levels and
exhibits the unusual (759) topology. The first real example of
this frame-work (three-fold interpenetrated) has been recently
observed in a copper(II) polymeric species.2a

The stacking distance between two adjacent levels of each
quintuple layer lies in the range 12.26–13.10 Å, so that the
resulting overall height is as large as 50.5 Å. Identical layers are
superimposed along the c crystallographic axis, with an
interlayer gap of 13.4 Å (see Fig. 3). Two other sets of quintuple
layers are generated by the 31 symmetry axis, exhibiting
sequences of their five levels of the BCABC and CABCA type,
respectively, resulting in an overall chiral packing. The three
sets are entangled in such a way that each layer is catenated not
only by the two nearest neighbouring (upper and lower) layers
but also by the two second nearest neighbouring ones, as
illustrated in Fig. 3. Thus each layer is intertwined in a ‘parallel
fashion’1b with the other four, to give a fascinating poly-
catenated array. Infinite catenation of polymeric motifs repre-
sents a type of supramolecular entanglement that is still quite
uncommon. Known examples include polycatenated one-
dimensional ladders that give two-dimensional4b or three-
dimensional arrays,4a,c as well as two-dimensional simple,5c

double5a and quadruple layers,5b resulting in three-dimensional
architectures. We have very recently reported also on a
catenated three-dimensional system based on different poly-
meric motifs, i.e. one-dimensional ribbons of rings and two-
dimensional (4,4)-layers, that exhibits a peculiar sponge-like
nanoporous behaviour.6b

The polycatenation in compound 1 is not sufficient to fill all
the free voids, corresponding to ca. the 19.6% of the cell volume
(calculated by neglecting the chlatrated H2O molecules and the
uncoordinated sulfates). These spaces are comprised of isolated
cavities (three major cavities each of volume ca. 450 Å3)
containing solvated water molecules that can be removed by

heating. Thermogravimetric analyses of 1, under a nitrogen
flux, show that both the solvated and the coordinated water
molecules are completely lost in a continuous fashion in the
range 40–120 °C. Above this point the product loses crystal-
linity and becomes unstable,‡ but if the samples are heated only
up to ca. 80 °C the solvent loss (ca. 8% of the total weight,
corresponding approximately to the solvated water molecules)
can be regained by exposure to water vapour overnight, as
confirmed by TGA and XRPD.

Since catenation of polymeric frameworks can allow a certain
flexibility of the whole architecture, it can potentially favour
solvent exchange processes, as observed in previous examples.6
Compound 1 can be, therefore, considered as a model species
for nanoporous arrays that present the additional features of non
rigidity and chirality.

Notes and references
† Crystal data for compound 1: [Co5(bpe)9(H2O)8(SO4)4](SO4)·14H2O, M
= 2829.43, trigonal, P3121 (no. 152), a = b = 13.690(2), c = 63.880(9)
Å, U = 10368(3) Å3, Z = 3, Dc = 1.359 Mg m23, Mo-Ka radiation (l =
0.71073 Å), m(Mo-Ka) = 0.745 mm21, 61444 reflections measured, 9999
unique (Rint = 0.043), final R1 = 0.088 for 9343 independent reflections [I
> 2s(I)]. The data collection was performed at 293 K on an SMART-CCD
Bruker diffractometer, by the w-scan method, within the limits 2 < q < 24°.
The structure was solved by direct methods (SIR97) and refined by full-
matrix least squares (SHELX97). The non coordinated sulfate anion is
statistically distributed over two positions and was refined with half
occupancy. One bpe ligand is statistically disordered by a two-fold axis
passing through N1 and N2 and was refined using a half weight model. The
handedness of the crystal was determined by testing the two enantiomeric
models.

CCDC 182/1664. See http://www.rsc.org/suppdata/cc/b0/b002021o/ for
crystallographic files in .cif format.
‡ Two other weight losses are observed. The first in the range 120–250 °C
(ca. 19%) corresponds approximately to three ligand molecules. The
corresponding XRPD spectrum shows a completely different pattern arising
from a new violet anhydrous phase. The second weight loss (ca. 36–37%),
occurs in the range 280–430 °C and leads to a final residue of CoSO4, as
evidenced by XRPD.
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Fig. 3 The catenation of the two-dimensional quintuple layers. Three
colours are used to evidence the different sets of layers generated by the 31

axis. Inside one layer the two interpenetrating nearest neighbours are also
entangled between themselves (the inner red and blue layers inside the
central green one).
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The hydrothermal reactions of Cu2O, the appropriate
polypyridine ligand, Na3VO4, H3PO4 and H2O at 200 °C
yield the two-dimensional material [{Cu(bpy)}2(VO)3-
(PO4)2(HPO4)2]·2H2O and the one-dimensional phosphate
[{Cu(terpy)}2(VO2)3(PO4)(HPO4)2], examples of the struc-
ture-directing role of secondary metal–ligand subunits on
the architectures of vanadium phosphates.

One approach to the design of novel materials exploits the often
dramatic influence of organic molecules on inorganic micro-
structures.1,2 Zeolites,3,4 mesoporous materials of the MCM-41
class,5 and open framework metal phosphates6,7 are examples of
families of materials which incorporate organic cations as
structure-directing agents. An alternative approach introduces
the organic component as a ligand, linking metal sites into
complex metal–organic scaffoldings.8,9 A variant of this
strategy as applied to molybdenum oxides employs secondary
metal–ligand complex subunits, not only as charge-compensat-
ing and space-filling components, but also as intimate structural
components of bimetallic oxide composite materials, exempli-
fied by copper–molybdenum oxides such as [Cu(4,4A-bipyr-
idylamine)MoO4], [Cu(o-phen)MoO4] and [Cu(tetraphenylpor-
phyrin)Cu2Mo3O11].10–12 Since both the ligand geometry and
spatial extension, as well as the coordination preferences of the
secondary metal site can be manipulated, considerable flex-
ibility may be achieved in the spatial transmission of the
structural information inherent at the ligated metal site. The
success of this approach in the evolution of a wealth of new
materials in the molybdenum oxide family encouraged us to
explore the structure-directing role of copper–organonitrogen
subunits in the industrially significant oxovanadium phosphate
family of materials. The coordination preferences of the copper
and the consequences of increased ligand bulk and denticity are
evident in the structure of two novel bimetallic oxide phosphate
materials, two dimensional [{Cu(2,2A-bipyridyl)}2(VO)3-
(PO4)2(HPO4)2]·2H2O (1) and one-dimensional [{Cu(terpyr-
idyl)}2(VO2)3(PO4)(HPO4)2] (2).

Compound 1 was prepared as dark green rhombi in 40% yield
from the hydrothermal reaction of Cu2O, 2,2A-bipyridine,
Na3VO4, H3PO4 and H2O at 200 °C for 95 h.† Substitution of
terpyridine for bipyridine in the reaction mixture and heating at
200 °C for 50 h yielded 2 as emerald green rhombi in 50% yield.
The infrared spectra of 1 and 2 exhibit strong bands in the
920–970 cm21 range attributed to n(VNO) and a series of bands
characteristic of the phosphate group in the 1100–1600 cm21

range.
As shown in Fig. 1, the structure of 1‡ consists of copper–

vanadium oxide–phosphate layers, decorated with 2,2A-bipyr-
idyl groups projecting above and below into the interlamellar
region. The network is constructed from the corner- and edge-
sharing polyhedral connectivity of copper(II) square pyramids,
vanadium(IV) octahedra and square pyramids and phosphate
tetrahedra. The Cu(II) coordination geometry is defined by the
nitrogen donors of the bpy ligand and three oxygen donors from
each of two {PO4}32 groups and the –OH group of the
{HPO4}22 unit. The Cu–O and P–O bond lengths of 2.35 and
1.61 Å, respectively, and valence sum calculations13 establish

this as the protonation site. The square pyramidal V(IV) site
consists of a terminal apical oxo-group and four phosphate
oxygen donors from each of four {PO4}32 or {HPO4}22

groups, while the octahedral V(IV) site features a terminal oxo-
group and five oxygen donors from four {PO4}32 groups. One
phosphate group bridges three vanadium centers and a copper
site, while the second bridges three vanadium and two copper
sites, sharing two vertices with both vanadium and copper
centers.

The structure of 1 may be best described as {Cu2(bpy)2-
(VO)2(PO4)2(HPO4)2} chains linked through square pyramidal
{VO5} units into a 2-D network. Embedded within the chain are
{Cu2(bpy)2(VO)2(PO4)2} clusters, constructed of a central ring
of edge- and corner-sharing {VO6} octahedra and {PO4}
tetrahedra capped by two {CuO3N2} square pyramids. The
phosphate groups of this cluster motif each link two copper and
two vanadium sites, participating in edge-sharing with a

Fig. 1 (a) A space-filling view of the structure of 1, parallel to the oxide
layer. Red spheres, oxygen; dark blue spheres, copper; black spheres,
carbon; light blue spheres, nitrogen. Hydrogen atoms have been omitted for
clarity. (b) A view of the structure of 1, normal to the plane of the bimetallic
phosphate layer. The square pyramidal vanadium sites are represented as
yellow polyhedra linking the {Cu2(bpy)2(VO)2(PO4)2(HPO4)2} chains with
the vanadium octahedra in yellow, the copper sites in blue and the phosphate
groups in violet. (c) A polyhedral representation of the {Cu2(bpy)2-
(VO)2(PO4)2(HPO4)2} chain. Selected bond lengths (Å): V1–Ot, 1.586(4);
V1–Ophosphate, 1.964(3), av. of 4; V2–Ot, 1.607(2); V2–Ophosphate, 2.071(4),
av. of 5; P–O, 1.531(4), av.; P–O(H), 1.605(2); Cu–O, 1.975(4), av; Cu–
O(H), 2.349(2).
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vanadium polyhedron and contributing two triply-bridging
oxygen donors. The fourth vertex of each of these phosphate
groups serves to bridge to the square pyramidal vanadium site.
The individual clusters are linked into the chain motif through
four corner-sharing {PO4} tetrahedra. The fourth vertex of each
of these phosphate sites again bridges to the square pyramidal
vanadium center. One consequence of this unprecedented
polyhedral connectivity is to generate eight polyhedral connect
rings [V4P4O8] which create network cavities. The water
molecules of crystallization are situated within these cavities
and strongly hydrogen-bonded to the phosphate oxygens and
the protonated phosphate oxygen. Since these intralamellar
cavities are contained within hydrophobic regions defined by
the bipyridyl groups, there is no facile pathway for removal of
H2O from the crystal. This observation is confirmed by the
thermal gravimetric analysis of 1 which exhibits no weight loss
below 250 °C, whereupon water is lost in two steps (250–275 °C
and 310–375 °C). Ligand loss occurs above 400 °C to give an
amorphous gray powder at 650 °C.

The structural consequences of increasing ligand bulk and
denticity are apparent in the one-dimensional structure of 2,
shown in Fig. 2. The chain consists of exclusively corner-
sharing vanadium(V) tetrahedra, square pyramids and trigonal
bipyramids, copper square pyramids and {PO4}32 and
{HPO4}22 tetrahedra. There are three distinct vanadium
centers: an ‘isolated’ {VO4} tetrahedra site (i.e. no V–O–V
linkages) and a binuclear site consisting of an oxo-bridged
{VO5} trigonal bipyramid and {VO5} square pyramid. The
{PO4}32 group participates in corner-sharing to bridge the
vanadium sites of the binuclear unit, the tetrahedral vanadium
site and the copper. The remaining phosphate sites each bridge
three metal centers and exhibit a pendant and protonated oxygen
site. The terpy ligand occupies three coordination sites on the
copper and introduces significant steric constraints, leaving two
coordination sites available for linking to the oxovanadium
phosphate chain. One copper site coordinates to two oxygen
donors from two phosphorus tetrahedra, while the second bonds
to a phosphorus oxygen and a bridging oxo-group of the trigonal
bipyramidal vanadium site. The presence of three distinct
vanadium polyhedra in 2 is a structurally unique feature for the
oxovanadium phosphate family of materials.

Oxovanadium phosphates have received considerable atten-
tion as a result of their catalytic properties in organic

oxidations14,15 and their intercalation properties.16 Significant
activity has focused on structural modification and design of
vanadyl phosphates through the introduction of organic sub-
structures as templates and charge-compensating cations.6,17

The approach to hybrid oxometal–phosphate/organic solids
illustrated by the isolation of 1 and 2 employs secondary metal–
organic ligand subunits as covalent linkers to the oxometal
phosphate substructure. This strategy not only yields novel
structural types, but appears to afford primitive control over the
dimensionality of the solid through manipulation of the steric
requirements and denticity of the ligand. The evolution of
synthetic design in such solids appears inherent in the
systematic variation of the secondary metal and its coordination
preferences, the organic ligand, and the hydrothermal reaction
conditions.

This work was supported by NSF grant CHE9617232. The
thermogravimetric analyzer was purchased with a grant from
Allen Trust and Deluxe Check Corporation.

Notes and references
† Reactions were carried out in Teflon-lined Parr acid-digestion bombs at
30% fill volume. Reaction conditions summary: 1, mole ratio for Cu2O:
2,2A-bipy: terpy: Na3VO4: H3PO4: H2O of 1.4: 1.1: 1.0: 1.3: 15.3: 1750;
200 °C, 95 h, 2, Cu2O: terpy: Na3VO4: H3PO4: H2O of 1.9: 1.0: 2.2: 19.6:
2060; 200 °C, 50 h.
‡ Crystal data for: C10H11N2O10.5P2CuV1.5 1: triclinic P1̄, a = 8.1496(5),
b = 9.7211(6), c = 11.9472(7) Å, a = 106.811(1), b = 98.943(1), g =
110.429(1)°, V = 813.64(9) Å3, R1 = 0.040 for 3665 reflections. For
C30H24N6O18P3Cu2V3 2: triclinic P1̄, a = 8.9915(5), b = 11.3011(6), c =
19.4556(11) Å, a = 106.762(1), b = 91.208(1), g = 103.984(1)°, V =
1828.0(2) Å3, R1 = 0.0519 for 8486 reflections. CCDC 182/1679.
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Fig. 2 A polyhedral representation of the structure of 2 using the same color
scheme as for Fig. 1. Selected bond lengths (Å): tetrahedral vanadium: V1–
Ot, 1.614(4) and 1.633(3); V1–Ob, 1.838(3) and 1.861(3); trigonal
bipyramidal vanadium: V2–Ot, 1.594(4); V2–Ob(–Ve), 1.703(3); V2–
Ophosphate, 1.956(5), av.; square pyramidal vanadium: V3–Ot, 1.620(3); V3–
Ob(–Cu), 1.647(3); V3–Ob(–V2), 1.987(3); V3–Ophosphate, 1.985(4), av.;
Cu1–Ophosphate, 1.923(3) and 2.099(3); Cu1–N, 2.052(6), av.; Cu2–Ob(–
V3), 2.241(3); Cu2–Ophosphate, 1.921(4); Cu2–N, 1.993(6), av.
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Reactions of aryl alkyl ketones with 1-fluoro-4-hydroxy-
1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (Ac-
cufluorTM NFTh) in methanol result in selective and almost
quantitative formation of the corresponding a-fluoroke-
tones, while in acetonitrile exclusive fluorofunctionalisation
of the activated aromatic ring take place.

The strategic introduction of a fluorine atom into organic
molecules has attracted considerable current interest in related
fields of chemistry1 since this element often induces beneficial
changes in the physicochemical and biological properties2 of
organic compounds. The ever increasing application of these
fluorofunctionalised compounds has given a strong impetus to
the academic as well as the industrial evaluation of new reagents
and methods for selective fluorination under mild reaction
conditions. In the last decade the introduction of numerous
organic molecules incorporating a reactive N–F bond as
versatile, mild, electrophilic fluorinating reagents3 has created
new challenges and revolutionarily influenced achievements in
this field of organic chemistry.

Fluorofunctionalisation of organic compounds bearing a
carbonyl functional group has been of special interest,1 since
this reactive moiety is often present in bioactive molecules or in
potentially valuable building blocks for the synthesis of more
sophisticated organofluorine derivatives. The position a to the
carbonyl seems to be the most strategic one for the introduction
of fluorine,4 but when using electrophilic  fluorinating reagents
prior activation through enolate anions or enol ethers is
necessary, except for sufficiently activated 1,3-dicarbonyl
substrates. The presence of other active sites, such as an
activated aromatic ring, in a target molecule often provokes
lower regioselectivity of fluorofunctionalisation, thus making
the task considerably more difficult. We now report the
reactions of 1-fluoro-4-hydroxy-1,4-diazoniabicyclo[2.2.2]oc-
tane bis(tetrafluoroborate) (AccufluorTM NFTh5) with alkyl
aryl ketones bearing a strongly activated aromatic ring.

In a typical experiment we treated 6-methoxy-1-indanone
with NFTh in acetonitrile solution under reflux and in the crude
reaction mixture established a high yield (68%) of 7-fluoro-
6-methoxyindan-1-one (3a, Scheme 1). The observed re-
gioselectivity of the reaction was quite different from that in the
case of the same reaction of unsubstituted indan-1-one where
regiospecific fluorination of the a-carbonyl position was
observed.6 Although the result of this reaction was expected
since the aromatic part of the substrate is strongly activated and
suitable for fluorofunctionalisation,3 we checked the effect of
the solvent on the course of the reaction and found that by using
methanol as the reaction medium, the regiochemistry of the
fluorination process changed dramatically, leading the reaction
towards quantitative formation of 2-fluoro-6-methoxyindan-

1-one (2a, Scheme 1). Encouraged by the possibility that the
regioselectivity of fluorination of these types of ketones could
be regulated only by the solvent used, we further investigated
the reactions of NFTh with a series of methoxy substituted
benzocycloalkan-1-one derivatives‡ and found that in methanol
7-methoxy-3,4-dihydronaphthalen-1(2H)-one was transformed
to 2-fluoro-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (2b)
in over 90% yield, while in acetonitrile the fluorofunctionalisa-
tion of the aromatic ring took place regioselectively at position
8, thus forming 8-fluoro-7-methoxy-3,4-dihydronaphthalen-
1(2H)-one (3b). Solvent directed regioselective fluorination
was also observed in the case of 5-methoxyindan-1-one or
6-methoxy-3,4-dihydronaphthalen-1(2H)-one: 2-fluoro deriva-
tives 4 were exclusively formed in methanol, while in
acetonitrile fluorination of the aromatic ring was again found to
be favoured but not regiospecific and two isomers 5 and 6 in a
relative ratio of 3+1 were isolated from the crude reaction
mixture.

Direct fluorination of methyl aryl ketones in the a-carbonyl
position was found to be considerably less effective than the
corresponding functionalisation of dialkyl or alkyl aryl ke-
tones,6 but by using methanol as reaction medium the NFTh
mediated transformation of acetophenone to fluoromethyl
phenyl ketone was readily accomplished in over 80% yield.
This fact encouraged us to also use the protocol described for
the fluorofunctionalisation of methyl aryl ketones bearing an
activated aryl part of the molecule. 1-Acetylnaphthalene was,
following reaction with NFTh in methanol, thus effectively and
regioselectively transformed to fluoromethyl 1-naphthyl ketone
7, while the reaction in acetonitrile was in this case found to be
unselective and up to six mono and difluoro isomers of the
substrates were detected in the crude reaction mixture. On the
other hand, the analoguous reaction of 9-acetylphenanthrene
resulted in the formation of high yield fluoromethyl 9-phenan-
thryl ketone 9 if methanol was used as the solvent, while
exclusive formation of 9-acetyl-10-fluorophenanthrene 10 was
established when the reaction was performed in acetonitrile. We
further found that strong electron donating substituents on the
para position of acetophenone did not interfere with the
effectiveness of the reactions. Fluorination of 4-hydroxy- or
4-methoxyacetophenone resulted in the high yield formation of
the corresponding fluoromethylacetophenones 11 and 3-fluoro
substituted derivatives 12, respectively, depending on the
solvent used. Similar results were also obtained with ortho
substituted acetophenones: fluoromethyl-2-methoxyacetophe-
none 13 was formed in methanol and a 1+1 mixture of 3-fluoro-
(14) and 5-fluoro-2-methoxyacetophenone (15) in acetonitrile
mediated reactions. Unfortunately, derivatisation of acet-
ophenone with an electron donating substituent at the meta
position caused complete loss of the selectivity of the reaction,
and in both solvents only a complex mixture of fluorinated
products was observed.

Considering the results obtained, we can point out some
important facts which in general facilitate the task of fluor-
ofunctionalisation of ketones considerably. Using AccufluorTM

† The results of characterisation of 2a, 2b, 3a, 3b, 4a, 4b, 5a, 6a and 9 are
available as electronic supplementary information (ESI). See http://
www.rsc.org/suppdata/cc/b0/b003488f/
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NFTh direct and selective fluorination can be effectively
achieved even of those ketones bearing an activated aromatic

part of the molecule, while alkyl aryl regioselectivity of
fluorofuctionalisation could be regulated by the solvent. When
methanol is used as solvent the substrate is regioselectively
fluorinated at the a-carbonyl position, while in acetonitrile
medium the same molecule reacts as an activated aromatic
substrate and fluorination of the aryl ring is favoured. In
addition, reaction is also effective with methyl aryl ketones,
which makes the method convenient for direct a-carbonyl
fluorination of a comprehensive range of ketones. Mechanistic
elucidation of these reactions is in progress and on the basis of
preliminary results we can assume that a subtle interplay of
keto–enol tautomerism of the studied ketones plays a crucial
role on the course of these reactions. In methanol, the keto–enol
equilibrium lies sufficiently on the side of an enol form and a
substrate reacts with NFTh as an alkene, following the reaction
pathway similar to our recent observations,7 resulting in a-
fluoroketones. This assumption is reasonable since we already
established that in the case of fluorination with N–F reagents
activated alkenes7 are for several decades more reactive than
activated aromatics.8 In acetonitrile keto–enol equilibrium is
less favourable and the activated aromatic ring became the most
reactive part of the substrate.

The authors are grateful to the Ministry of Science and
Technology of the Republic of Slovenia for financial support,
and to T. Stipanoviĉ and Professor B. Stanovnik for elemental
combustion analysis.

Notes and references
‡ To a solution of 2 mmol of ketone in 20 mL of methanol or acetonitrile
1.35 g of AccufluorTM NFTh (2.1 mmol of active compound) was added and
the suspension heated under reflux for 0.5 to 4 h until KI starch paper
showed the consumption of the fluorinating reagent. The reaction solvent
was removed under reduced pressure and the crude reaction mixture
dissolved in CH2Cl2 (50 mL), insoluble material filtered off, the solution
washed with water (50 mL), dried over Na2SO4 and the solvent evaporated.
The isolated crude reaction mixtures were analysed by 1H and 19F NMR.
The amounts of fluorinated products were determined from the 19F NMR
spectra of crude reaction mixtures using octafluoronaphthalene as an
additional standard and yields between 90–95% for a-fluoro carbonyl
products or 70–75% of fluoro aromatics (3, 5 + 6, 10, 12 and 14 + 15) were
obtained. Since crude a-fluoro carbonyl derivatives were often formed
mainly in dimethylketal form, hydrolysis with 10% HCl solution in MeCN,
followed by crystallisation of a-fluoro ketone was necessary in order to
obtain pure products (75–85% yield) 2, 4, 7, 9, 11, and 13, while fluoro
aromatic derivatives were purified by preparative TLC (SiO2, CH2Cl2) and
55–65% yield of satisfactory pure products obtained. New compounds were
fully characterised by NMR, MS, and IR spectroscopy and their purity
verified by combustion analysis.†
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Scheme 1 Reaction conditions: i, MeOH, reflux for 0.5–4 h, if necessary
hydrolysis with 10% HCl in MeCN; ii, MeCN, reflux for 0.5–4 h.
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A single-crystal X-ray structure determination of the main
isomer of C60F18O shows it to be an intramolecular fullerene
ether rather than an epoxide, and thus the first example of
an oxa-homo[60]fullerene.

Formation of oxides is a major feature of fullerene chemistry.
Hitherto, these oxides have been either characterised (e.g.
C60O,1 C70O,2 C60O2,3 C60O3,4, C60On,5 C60Me5O2OH6), or
conjectured (e.g. C60Ph4C6H4O2,7 fluorofullerene oxides8,9) as
epoxides. Strong circumstantial evidence for the epoxy form of
fluorofullerene oxides was provided by identification of
components in the moisture-induced reactions: C60Fn ?

C60Fn21OH ? C60Fn22O (for various values of n), HF loss
being manifest also in container etching. It was also notable that
the isolated oxides were associated with precursors which
possessed two additional fluorine atoms. A further indication of
the presence of epoxides was the dramatic increase in oxide
content when either fluoro[60]- or [70]fullerenes were reacted
with aq. MeOH.9

Recently we described the isolation and 19F NMR character-
isation of the main isomer of C60F18O.10 This has Cs symmetry,
and the data were consistent with the presence of an in-plane
epoxy oxygen atom (addition across a 6,6-double bond, 1), but
we also considered the possibility of insertion into various
6,5-single bonds. Insertion of oxygen into 6,6- and 6,5-bonds of
[60]fullerene is predicted to be quasi-isoenergetic,11 though no
example of the latter has been observed; one of us conjectured
that this was the first step in the spontaneous formation of
C60Ph8O4 from C60Ph8.12

However, three features seemed somewhat anomalous re-
garding the structure 1. First, for the oxide to be an epoxide,
there should be evidence of a precursor C60F20 molecule, and
although traces of a component of this formula were seen, the
amount was very small.10 Secondly, the necessary precursor
structure required the addition of two fluorine atoms remote

from the rest, which contradicts the pattern for which we are
finding increasing evidence (see e.g. ref. 13), that addition take
places in a contiguous fashion. Thirdly, although traces of other
oxides appeared to be present, there was no obvious energetic
reason for 1 to be preferred; indeed, calculations indicated that
an epoxide was not the structure of overall lowest energy for the
formula.

We recently have scaled up our production of C60F18
(100–200 mg yield) and found that substantial quantities (ca.
50 mg) of the previously described isomer10 of C60F18O are also
produced. This was separated by HPLC as described previously,
but using a larger column of 10 mm diameter and 4.7 mol min21

toluene flow rate. On standing, a toluene solution of this
material deposited lemon-coloured plates, which single crystal
X-ray characterisation† (Fig. 1) showed to be 2.

This is thus the first intramolecular fullerene ether to be
characterised and also the first having oxygen inserted into a
6,5-bond. The numbering of C60F18 is shown in 3 and hence this

Fig. 1 Two projections (ORTEP) of C60F18O.
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ether is 1,2,3,4,8,9,10,16,17,18,22,23,24,36,37,38,39,40-octa-
decafluoro-1,2,3,4,8,9,10,16,17,18,22,23,24,36,37,38,39,40-
octadecahydro-2a-oxa-2(3)a-homo[60]fullerene. This com-
pound complements the homofullerenes and aza-homofuller-
enes, which have -CR2- and -NR-, respectively, inserted into
5,6-bonds; these were first reported in 1991–199314 and
numerous examples are now known.

The preference for this insertion may have a simple
rationalisation. Recently we reported the single crystal X-ray
structure for C60F18

15 which showed that the lengths (Å) of the
FC–CF bonds in the molecule are: 1.557 (1,2); 1.672 (2,3);
1.623 (1,9); 1.558 (9,10). Semi-empirical calculations on this
structure give the same ordering of bond lengths with the
2,3-bond at 1.69 Å (AM1), 1.71 Å (MNDO) exceeding the
1,9-bond by 0.4 Å (AM1), 0.3 Å (MNDO). Thus the 2,3-bond
being the longest should also be the weakest, and hence the most
amenable to oxygen insertion. In 2 the long (2,3) bond of C60F18
has opened out by 0.53 Å. The fact that oxides are major by-
products of fullerene fluorination suggests that the reaction is
also enhanced by electron withdrawal.

Previously, we compared the experimental results with semi-
empirical calculations of the stability of Cs C60F18O isomers
involving incorporation of oxygen at various epoxide and ether
sites. For the latter we considered only those bonds which
connect carbons having no fluorine addends. These calculations
(italicised data) are reproduced in Table 1.

One epoxide and one ether, involving addition to the central
benzenoid ring, were clearly ruled out by their extremely low
stabilities. The remaining data showed that the ethers should be
the more stable, but each was ruled out by the 19F NMR data
(which consisted of 8 3 2 F + 2 3 1 F peaks, as follows: (i) one
of the 2 F peaks was shifted substantially downfield (ca.
40 ppm) and this could not be accounted for by the remote
oxygen in the 47,48-isomer. (ii) The 55,56-isomer required a
downfield shift of one of the 1 F peaks, which was not observed.
The data were however fully consistent with the 13,30-epoxide
(1).

We have now calculated the heats of formation for all of the
possible epoxides and ethers, including for the latter, insertion
between carbons each or both of which are bonded to fluorine.
The results (non-italicised) are given in Table 1 and it is very
satisfying to see that of all the possible isomers, the one that is
isolated in by far the largest yield is the one that is predicted to
be the most stable. MNDO has a known tendency to favour

ether over epoxide formation even in the bare [60]fullerene,11

but the differences here should be more reliable indications of a
real chemical preference, as they are much larger and stem from
a clear geometric effect.

One unexpected feature however is the relatively small
downfield shift for the resonances of the fluorines immediately
adjacent to the oxygen. We have obtained significantly greater
downfield shifts of some fluorine resonances in other fluor-
ofullerene oxides, which may be attributable to differential
electron withdrawal as a function of the number of sp3 addend-
bearing carbons. Further work on isolation and characterisation
of oxides of fluorofullerenes is in hand.

O. V. B. thanks the RSC for an authors grant, and O. V. B.
and R. T. thank the Royal Society for a Joint Project award. The
TMR networks USEFULL (CT 960126) and BIOFULL (CT
980192) are thanked for financial support.

Notes and references
† Crystal data: C60F18O·(C7H8), M = 1170.7, Monoclinic, P21/n (no. 14),
a = 11.4675(4), b = 21.2128(9), c = 16.9247(6) Å, b = 101.769(3)°, V =
4030.5(3) Å3, z = 4, m(Mo-Ka) = 0.17 mm21, T = 173 K. 27044
reflections measured on an Enraf-Nonius Kccd diffractometer, 5545 unique
(Rint = 0.103), refinement on all F2, R1 = 0.052 [for 4276 reflections with
I > 2s(I)], wR2 = 0.114 (for all reflections). CCDC 182/1682. See http:
//www.rsc.org/suppdata/cc/b0/b003753m/ for crystallographic data in .cif
format.
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Romanov, M. Saunders, H. A. Jiménev-Vázquez, K. G. Owens and R. J.
Goldschmidt, J. Org. Chem., 1996, 61, 1904; V. N. Bezmelnitsin, A. V.
Eletskii, N. G. Schepetov, A. G. Avent and R. Taylor, J. Chem. Soc.,
Perkin Trans. 2, 1997, 683.

3 A. L. Balch, D. A. Costa, B. C. Noll and M. M. Olmstead, J. Am. Chem.
Soc., 1995, 117, 8926.

4 T. Hamano, T. Mashino and M. Hiroba, J. Chem. Soc., Chem. Commun.,
1995, 1537; C. Fusco, R. Seraglia and R. Curci, J. Org. Chem., 1999, 64,
8363.

5 M. P. Barrow, N. J. Tower, R. Taylor and T. Drewello, Chem. Phys.
Lett., 1998, 293, 302.

6 H. Al-Matar, P. B. Hitchcock, A. G. Avent and R. Taylor, Chem.
Commun., 2000, 1071.

7 A. G. Avent, P. R. Birkett, A. D. Darwish, H. W. Kroto, R. Taylor and
D. R. M. Walton, Chem. Commun., 1997, 1579.

8 R. Taylor, J. H. Holloway, E. G. Hope, G. J. Langley, A. G. Avent, T. J.
Dennis, J. P. Hare, H. W. Kroto and D. R. M. Walton, J. Chem. Soc.,
Chem. Commun., 1992, 665; R. Taylor, G. J. Langley, J. H. Holloway,
E. G. Hope, A. K. Brisdon, H. W. Kroto and D. R. M. Walton, J. Chem.
Soc., Perkin Trans.2, 1995, 181; O. V. Boltalina, J. H. Holloway, E. G.
Hope, J. M. Street and R. Taylor, J. Chem. Soc., Perkin Trans. 2, 1998,
1845.

9 R. Taylor, G. J. Langley, J. H. Holloway, E. G. Hope, H. W. Kroto and
D. R. M. Walton, J. Chem. Soc., Chem. Commun., 1993, 875.

10 A. G. Avent, O. V. Boltalina, P. W. Fowler, A. Yu. Lukonin, V. K.
Pavlovich, J. P. B. Sandall, J. M. Street and R. Taylor, J. Chem. Soc.,
Perkin Trans. 2, 1998, 1319.

11 K. Raghavachari, Chem. Phy. Lett., 1992, 195, 221; K. Raghavachari
and C. Sosa, Chem. Phys. Lett., 1993, 209, 223.

12 P. R. Birkett, A. G. Avent, A. D. Darwish, H. W. Kroto, R. Taylor and
D. R. M. Walton, J. Chem. Soc., Chem. Commun., 1995, 1869.
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Table 1 Heats of formation (kcal mol21) for Cs C60F18O structures

MNDO AM1

(i) Epoxides 6,6-bond to which oxygen is added
5,6 263.9 17.8

13,30 2111.7 218.0
58,59 2122.4 227.3
11,12 2113.5 23.2
28,29 2117.4 23.2

(ii) Ethers 6,5-bond in which oxygen is inserted
20,21 256.7 21.2
55,56 2115.8 229.2
47,48 2130.1 241.7
1,6 243.9 217.9
2,12 2113.5 234.1
9,10 2122.8 243.5

10,11 2129.2 250.3
1,2 2129.3 250.5
1,9 2142.3 266.2
2,3 2150.9 274.5
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The enantio- and chemoselective hydrogenation of several
2,4-diketo acid derivatives to the corresponding 2-hydroxy
compounds with cinchona modified Pt catalysts can be
carried out with chemoselectivities of > 99% and enantiose-
lectivities up to 86% (R) and 68% (S), respectively, and
enrichment to > 98% ee was possible for several compounds
by one crystallization, opening up an efficient technical
synthesis of (R)-2-hydroxy-4-phenylbutyric acid ethyl ester,
a building block for several ACE inhibitors.

Chiral 2-hydroxy-4-keto acid derivatives are interesting starting
materials for the synthesis of a wide variety of intermediates and
active substances.1–3 Considering that many different 2,4-dioxo
keto esters are easily synthesized via a Claisen condensation of
methyl ketones with oxalate esters,4 a chemo- and enantiose-
lective reduction would give direct access to the desired
compounds (Scheme 1). However, this enantioselective hydro-
genation has not been reported until recently2 due to the
difficulty of discriminating between the two keto functions. The
Pt–cinchona system is known to be very specific for the
enantioselective hydrogenation of 2-keto esters5 and a few other
activated CNO bonds,6–8 whereas unfunctionalized ketones are
not suitable substrates. This high specificity is usually a
disadvantage, but this paper shows that the underlying chemo-

selectivity can also be used to good advantage. Here, we report
the hydrogenation of various 2,4-diketo acid derivatives with
excellent chemoselectivity and medium to high ee’s, and
describe a new synthesis of enantiomerically pure (R)-2-
hydroxy-4-phenylbutyric acid ethyl ester (HPB-ester), a build-
ing block for the synthesis of several commercially important
ACE inhibitors1 (Scheme 2).†

Because 1 and 4 are cheap and easily accessible precursors
for the HPB-ester,4 their hydrogenation was investigated in
some detail (selected results are summarized in Table 1). Based
on our experience with the enantioselective hydrogenation of
2-keto acid derivatives,5 heterogeneous Pt catalysts modified by
10,11-dihydrocinchonidine (HCd) and 10,11-dihydrocincho-
nine (HCn) were our favorites to obtain the (R)- and (S)-HPB-
ester. With these modifiers, an extensive screening of the
influence of catalyst type, solvent and reaction conditions was
carried out. As hoped for, the chemoselectivity of all modified
systems was always > 95% at 25 °C, regardless of catalyst type
and solvent, provided that the reaction was stopped after the
uptake of one mole of hydrogen. It is well known that for ethyl
pyruvate or 4-phenyl-2-oxobutyric acid ethyl ester, by far the
highest ee’s are obtained with O-methyl-10,11-dihydrocincho-
nidine (MeOHCd) in AcOH.5 In contrast, the highest ee for 1 of
86% (R) as well as the highest rate were observed in toluene
with HCd and 5% Pt–Al2O3 catalysts. Pt on SiO2 or other
supports always gave lower ee’s and most of the time lower
rates. Other apolar or slightly polar solvents like benzene,
xylene, cyclohexane, hexane, ethyl acetate, or diisopropyl ether
led to ee’s between 85 and 71%. In protic solvents like t-BuOH,
AcOH or EtOH ee’s between 40 and 61%, and in DMF an ee of

Scheme 1 Hydrogenation of 2,4-diketo acid derivatives, structure of
substrates and modifiers.

Table 1 Screening of support and solvents for the enantioselective hydrogenation of 1 and 4 with supported Pt catalysts modified with HCd, MeOHCd and
HCn: effect on ee and rate

Entry Substrate Solvent Catalyst Pressure/bar Modifier Ee (%)
Rate/mmol
g21 min21

1 1 Toluene JMC 94a 60 HCd 86 (R) 6.4
2 1 AcOH JMC 94a 60 HCd 45 (R) 3.6
3 1 EtOH JMC 94a 60 HCd 40 (R) 5.2
4 1 Toluene E 4759b 60 HCd 86 (R) 3.4
5 1 Toluene E 4759b 5 HCd 80 (R) 1.5
6 1 Toluene E 4759b 135d HCd 87 (R) 4.0
7 1 Toluene F 340c 60 HCd 74 (R) 1.9
8 1 Toluene E 4759b 60 HCn 59 (S) 0.9
9 1 AcOH E 4759b 60 HCn 48 (S) 0.8

10 4 Toluene JMC 94a 60 MeOHCd 23 (R) 0.2
11 4 EtOH JMC 94a 60 MeOHCd 52 (R) 3.4
12 4 THF JMC 94a 60 MeOHCd 56 (R) 0.9

Conditions: See experimental. a 5% Pt/Al2O3 (Johnson Matthey). b 5% Pt–Al2O3 (Engelhard). c 5% Pt–SiO2 (Degussa). d 0 °C.

Scheme 2 Synthesis of (R)-2-hydroxy-4-phenyl butyric acid ethyl ester.
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25% were obtained. Temperature and pressure affected the
results only slightly. The optimal modifier concentration was
5.3 3 1024 M at a modifier to catalyst ratio of 1+10 (w/w),
similar to the results obtained with ethyl pyruvate.9 Analogous
experiments were carried out with the pseudoenantiomeric HCn
as modifier. All trends were similar, but the best ee’s in toluene
were always lower by about 20%. Furthermore, the reactions
were always slower by a factor of about three and a doubling of
the modifier concentration was necessary for the highest ee.
Surprisingly, the ee’s in AcOH were comparable, as described
by LeBlond et al. for ethyl pyruvate.10 Obviously the small
difference between HCd and HCn (attachment point of the side
chain in the quinuclidine unit) is quite important in toluene but
not so much in AcOH. For the 2,4-diketo acid 4, the ee’s were
significantly lower than for the corresponding ethyl ester 1.
More polar solvents gave better results as observed for mono
keto acids, where the highest ee’s were obtained in a EtOH–
H2O mixture.11

To obtain the HPB-ester with the desired ee of > 99%, further
enrichment of the 2-hydroxy-4-keto ester was necessary. This
worked remarkably well: a single crystallization from iPr2O
brought the ee from > 72% to > 99% with a chemical yield of
approx. 50–60%. Hydrogenolysis of the keto group with Pd–C
in EtOH–HCl finally gave the desired HPB-ester in high yield
with an ee of > 99% (overall yield starting from 1 approx.
50–60%).12

In order to expand the scope of this chemo- and enantiose-
lective reaction, substrates 1a–c, 2 and 3 were also tested (Table
2), and proved to be highly chemoselective. This is remarkable
considering that only a few of the homogenous catalysts
mentioned above showed high chemoselectivity for 2 and 3, and
even fewer both high chemo- and enantioselectivity.2 As
observed for 1, the highest ee’s (70–80%) were usually obtained
in toluene. The only exception was 3, where AcOH gave 74%
and toluene 63% ee. For all esters investigated, the reactions in
EtOH proceeded with the lowest ee’s but often the highest rates.
Comparing 1, 1a, 1b and 1c, it seems that electron withdrawing
groups on the Ph groups give slightly higher ee’s and rates. For
all these substrates, HCn was also investigated as modifier to
give the (S)-2-hydroxy-4-keto esters. The ee’s were again lower
by 20–30%. Enrichment by recrystallization to > 98% ee was
possible for 1a, 1b and 1c but not for 2 and 3 which are not
crystalline at rt.

The hydrogenation of all 2,4-diketo esters with the unmodi-
fied Pt catalysts was slower than the modified systems, typically
by a factor of 3–60 (ligand accelerated catalysis5,10). However,
all rates were relatively low compared to ethyl pyruvate (rates
up to 300 mmol g21 min21) or 4-phenyl-2-oxobutyric acid ethyl
ester (rates up to 40 mmol g21 min21).13 For ethyl pyruvate it
was demonstrated by reaction with D2 that hydrogenation
occurs by addition across the CNO bond.5 In contrast to mono
keto esters where only the keto form is observed, diketo esters
showed > 80% enol in the solvents used for the hydrogenation
(NMR results). Therefore, one possible explanation for these
rate differences between mono and diketo esters could be the
different keto–enol ratio. Unfortunately, a reaction with D2 was
not conclusive due to a massive exchange of H/D in the starting
material and product, and it is uncertain whether the keto or the
enol form is hydrogenated. In addition, the modified catalyst
gave significantly less 2,4-dihydroxy ester than unmodified
catalyst. This improved chemoselectivity is mainly due to the
acceleration of the hydrogenation of the 2-keto group, but there
are also indications that the reaction of the 4-keto group is
slowed down.

In conclusion, the scope of the cinchona modified Pt catalysts
has been expanded to the enantio- and chemoselective hydro-
genation of various 2,4-diketo ester derivatives. For a range of
2-hydroxy-4-keto esters enrichment to > 98% ee is possible by
a simple crystallization thereby enabling an efficient technical
access to enantiomerically pure building blocks for ACE
inhibitors and related compounds.

This project was carried out for and in collaboration with the
Life Science Molcules Unit of Ciba Specialty Chemicals (Ciba
LSM). We thank P. Herold, H. P. Jalett, F. Spindler and A.
Hafner for valuable discussions and G. Thoma for careful
experimental work.
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Table 2 Screening of solvents and modifiers for the enantioselective
hydrogenation of various 2,4-diketo esters with Pt–Al2O3 catalysts: effect
on ee and rate

Entry Substrate Solvent Modifier Ee/(%)
Rate/mmol
g21 min21

13 1a Toluene HCd 84 (R) Nd
14 1a Toluene HCn 68 (S) 1.3
15 1b Toluene HCd 82 (R) 5.0
16 1b Toluene HCn 64 (S) Nd
17 1c Toluene HCd 79 (R) 2.0
18 1c Toluene HCn 49 (S) Nd
19 2 EtOH — 0a 0.3
20 2 EtOH HCd 56 (R) 13
21 2 Toluene HCd 78 (R)b 3.5
22 2 Toluene HCn 57 (S) Nd
23 2 AcOH MeOHCd 65 (R) 7.5
24 2 AcOH HCn 63 (S) Nd
25 3 EtOH — 0c 0.1
26 3 EtOH HCd 34 (R) 0.7
27 3 Toluene HCd 63 (R) 0.5
28 3 Toluene HCn 42 (S) Nd
29 3 AcOH MeOHCd 74 (R) 1.5
30 3 AcOH HCn 54 (S) Nd

Conditions see Experimental. Catalyst for 1a—E 4759, for 2 and 3—JMC
94, 60 bar, 25 °C. a 4% diol. b 5 °C. c Diol not detectable by NMR.
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A variety of aromatic substrates were treated with 2-acetoxy-
D-glucal in the presence of HF–pyridine to give 1-arylhex-
3-enopyranosiduloses in high yield and in high a-selectiv-
ity.

C-Glycosylarenes or C-aryl glycosides are C-glycosides found
in natural products.1 These compounds often exhibit interesting
biological activity, such as antibacterial, anti-tumor, enzyme
inhibitory effects, and inhibition of platelet aggregation.2
Therefore, the study of the synthesis of C-glycosylarenes is of
interest to synthetic organic chemists. The most straightforward
synthesis of C-glycosylarenes should be the Friedel–Crafts type
reaction between glycosyl donors and aromatic compounds.3,4

We recently reported the reaction of acetylated and unpro-
tected D-glucal with trimethylsilyl cyanide which led to the
synthesis of 2,3-unsaturated glycosyl cyanides.5 During the
course of this study, we became interested in the reaction of D-
glucal with aromatic compounds, which should be an efficient
synthetic route to C-aryl glycosides.6 Here we would like to
report the Friedel–Crafts type reaction of acetylated D-glucal
with aromatic compounds.

First, we examined the reaction of 3,4,6-tri-O-acetyl-D-glucal
with mesitylene (1,3,5-trimethylbenzene) in the presence of a
variety of Lewis acids such as Me3SiOTf, BF3·OEt2 and
Sc(OTf)3. However, all reactions resulted in the formation of
complex mixtures and the desired 1-aryl glycoside was not
obtained. Then we employed the reaction of 2,3,4,6-tetra-O-
acetyl-D-glucal (1) with mesitylene using the above Lewis
acids. In these cases, 1-arylated hex-3-enopyranosidulose (6)
was obtained in high yield.7 Some of the results are summarized
in Table 1. Among the Lewis acids we examined, Me3SiOTf

showed the best results (20 mol%, 0 °C, 1 h, 90% yield, a+b =
88+12). The configuration of the major anomeric center was
determined as a by 1H NMR spectral analysis.

Interestingly, rare-earth metal triflates other than Sc(OTf)3,
such as Sm(OTf)3, Y(OTf)3 and Yb(OTf)3 were inactive in the
above reaction. HF–pyridine was found to work as an effective
promoter and to be superior to the conventional Lewis acids as
for a variety of aromatic compounds (Table 2). HF–pyridine is
used as a fluorinating agent,8 for example in the synthesis of
glycosyl fluorides.9 However, in the present case, HF–pyridine
worked as a promoter in the Friedel–Crafts coupling reaction.
As shown in Table 2, a variety of a-1-arylated hex-3-enopyr-
anosidulose products were obtained in high yields. As for the
relative reactivity, among the aromatic compounds we exam-
ined, anisole reacted with 1 faster than the other aromatic
compounds. For methylated benzene derivatives, the order of
the reactivity is as follows; mesitylene > m-xylene > o- and p-
xylene, toluene. Isomerization was not observed under the
reaction conditions, indicating that the observed stereochemical
outcome resulted from kinetic control.

The reactions proceed via a Ferrier type reaction.10 The
reaction is initiated by the reaction of 2-acetoxy-D-glucal with
HF–pyridine to generate an oxocarbenium ion which then reacts
with aromatic substrates such as xylene and mesitylene to give
1-aryl-2,3-unsaturated glycosides, though these compounds
were not isolated. Then deacetoxylation at the 4-position
affords the 1-arylhex-3-enopyranosiduloses. In the case of the
reaction of 3,4,6-tri-O-acetyl-2-bromo-D-glucal with mesity-
lene, a Ferrier type product, that is, the 2,3-unsaturated
1-arylated product was obtained in 86% yield (a+b =
77+23).

A typical experimental procedure is as follows: In a 50 mL
polyethylene vessel, 2,3,4,6-tetra-O-acetyl-D-glucal (1.0 g,
3.04 mmol) and mesitylene (0.84 mL) were placed. To this
mixture was added 70% HF–pyridine (1.5 mL) at 0 °C and the
whole mixture was stirred for 1 h at 0 °C. After the confirmation
of the completion of the reaction by TLC, the mixture was
poured into saturated NaHCO3 solution and extracted with ethyl
acetate (20 mL 3 3). The combined organic layer was washed
with brine (20 mL 3 3), and then evaporated. Chromatography
of the residue on a silica gel column afforded 6 (777 mg, 90%).
Separation of the anomers was effected by column chromatog-
raphy on silica gel (1+2 ethyl acetate–hexane as an eluent): 6a
(less polar) [a]D

23 2149.1° (c. 1.2, CHCl3); 6b (more polar)
[a]D

22 253.1° (c. 1.2, CHCl3).
In conclusion, we have developed a HF–pyridine promoted

Friedel–Crafts type arylation of 2-acetoxy-D-glucal with a
variety of aromatic compounds which facilitated the synthesis
of 1-aryl-2-hex-3-enopyranosiduloses.

We would like to acknowledge Dr Hidemitsu Uno of the
Center for Advanced Chemical Analysis and Instrumentation of
Ehime University for his help in the structure determination of
compound 6. Support from Monbusho (Grant-in-Aid for
Scientific Research on Priority Areas, No. 706: Dynamic
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When substituted for Ru in the ferromagnetic super-
conductor RuSr2GdCu2O8, both Sn4+ and Nb5+ suppress the
ferromagnetism in the RuO2 layers, but they respectively
enhance and diminish superconductivity in the CuO2 planes
through hole transfer to and from the CuO2 layers, showing
that these materials are underdoped with an estimated
maximum Tc of 65 ± 10 K.

Ferromagnetism and superconductivity are considered to be
incompatible in homogenous solids, but a remarkable coex-
istence of these properties has recently been discovered in the
mixed oxide RuSr2GdCu2O8.1–10 This has a tetragonal ‘1212’
type structure, similar to that of YBa2Cu3O7, with layers
stacked in the sequence . . . RuO2.SrO.CuO2.Gd.
CuO2.SrO. . . 6,9,10 Resistivity measurements show that this
material displays bulk superconductivity in the CuO2 planes,
with a critical temperature (Tc) of up to 46 K, whilst the
ferromagnetic transition at TM = 136 K results from ordering of
moments in the RuO2 planes.4,5,7 The presence of ferromagne-
tism is confirmed by hysteresis loops in magnetisation vs. field
measurements, with remnant and saturated moments of 0.1 and
1.0 mB per Ru atom. However, recent neutron diffraction
measurements detected only an antiferromagnetically ordered
component,8 so that the overall magnetic arrangement may be
canted with both ferro- and antiferro-magnetic components.
This canting may result from antisymmetric exchange between
Ru moments as a result of local rotations and tilts of the RuO6
octahedra owing to a size mismatch between the ruthenate and
cuprate layers.6,9,10 RuSr2GdCu2O8 is cation and oxygen
stoichiometric, and the hole-doping (oxidation) of the CuO2
planes needed to induce superconductivity arises from the
overlap of the Ru t2g and the Cu dx2

2y2 bands. The formula may
thus be written as Ru522p0Sr2Gd(Cu2+p0)2O8 to show the
average Ru and Cu oxidation states. Transport measurements
suggest that the intrinsic hole doping is p0 ≈ 0.07,7 showing that
this material is strongly underdoped, as optimum super-
conductivity in copper oxides is generally found for a hole-
doping of p ≈ 0.16. The average oxidation states are thus
Ru4.86+ and Cu2.07+.

To investigate the relationship between the charge distribu-
tion, superconductivity and magnetism in RuSr2GdCu2O8
further, we have attempted to replace Ru by non-magnetic,
fixed valent cations. Samples of Ru12xSnxSr2GdCu2O8 were
previously prepared with nominal compositions x = 0–0.4.11

Tin doping was found to suppress TM and enhance Tc, but firm
conclusions about the origin of this effect could not be drawn as
the samples were not phase pure. We have subsequently
prepared phase pure Sn-doped samples for x < 0.1, and a series
of > 98% pure Nb doped samples, as summarised here.

Ceramic samples of Ru12xMxSr2GdCu2O8 (M = Sn: x = 0,
0.025, 0.05, 0.075; M = Nb: x = 0, 0.05, 0.1, 0.15, 0.2) were
prepared by solid state reaction of stoichiometric powders of
RuO2, SnO2, Nb2O5, SrCO3, Gd2O3 and CuO. These were

ground, die-pressed into pellets and reacted in flowing nitrogen
at 1010 °C for 20 h, in flowing oxygen at 1050 °C and at
1055 °C for 10 h each, then at 1060 °C for 4 days, and finally
slow cooled to room temperature. X-Ray diffraction patterns
demonstrated that the Ru12xSnxSr2GdCu2O8 solid solutions
were phase pure, however there was a trace of SrRuO3 in the
Ru12xNbxSr2GdCu2O8 samples. The greatest amount was
estimated to be 2.2(1)% SrRuO3 in the x = 0.20 sample by
Rietveld analysis. Thermogravimetric analyses gave oxygen
contents between 7.95 and 8.05 for all samples, showing them
to be stoichiometric within the experimental error of ±0.05.

Magnetisations were measured on a Quantum Design SQUID
magnetometer in an applied field of 1 kOe after zero-field
cooling. A broadening of the magnetic transition and a
reduction in the Curie temperature TM (Table 1) is observed
with increasing Nb [Fig. 1(a)] or Sn substitution. Variable field
measurements between ±50 kOe at 10 K revealed hysteresis
loops for all samples. The hysteretic parameters all decrease
smoothly with Nb or Sn substitution; the coercivity falls from
410 Oe in the undoped material to 320 Oe for 7.5% Sn
substitution and 240 Oe for 20% Nb substitution and the
remnant Ru moments are 0.13, 0.09 and 0.05 mB, respectively.
The saturated Ru moments, estimated by subtracting the Gd
contribution following a procedure described elsewhere,11 are
1.0, 0.8 and 0.6 mB in the same three samples. These results are
all in keeping with a dilution of the ferromagnetism in the RuO2
layers by substitution of diamagnetic Sn4+ or Nb5+.

The resistivities of sintered polycrystalline bars were meas-
ured between 7 and 300 K using the standard four-probe ac
technique. Superconducting transitions are observed for the
Ru12xNbxSr2GdCu2O8 samples with x = 0–0.15 [Fig. 1(b)] but
not for x = 0.2 down to 7 K. All the Ru12xSnxSr2GdCu2O8
samples are superconducting and the onset Tc increases up to 50
K for x = 7.5%. The thermoelectric powers of the same sintered
bars were measured at 290 K. The derived Seebeck coefficient
decreases from 80 mV K21 in the undoped material to 70 mV
K21 in Ru0.925Sn0.075Sr2GdCu2O8 but increases to 120 mV K21

in Ru0.8Nb0.2Sr2GdCu2O8. The proportion ( < 2%) of SrRuO3 is
too small to affect these bulk transport measurements.

The charge distribution in the doped materials may be written
as (Ru522p0)12xMq

xSr2Gd(Cu2+p+
Dp)2O8 where the extrinsic

† Electronic supplementary information (ESI) available: Rietveld refine-
ment patterns [Fig. 1(a)–(c)] and characterisation data (Table 1). See http:
//www.rsc.org/suppdata/cc/b0/b002669g

Table 1 Variations of the hole doping level p, the onset superconducting
critical temperature Tc, and the Curie temperature TM for Ru12xMxSr2Gd-
Cu2O8 solid solutions with values of x for Nb and Sn substitution as
shown

p xNb(%) xSn(%) Tc/K TM/K

0.064 20 — — 103
0.068 15 — 19 110
0.072 10 — 19 118
0.076 5 — 29 127
0.080 0 — 37 136
0.080 — 0 38 136
0.091 — 2.5 45 126
0.101 — 5 46 117
0.112 — 7.5 50 103
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doping introduced by the substituents M of charge q is Dp = (5
2 q 2 2p0)x/2. This assumes that the substituent does not
change the intrinsic band structure. This description is verified
by the transport data for the Ru12xMxSr2GdCu2O8 solid
solutions, which show that the electronic doping can be
increased or decreased relative to the intrinsic level. Substitu-
tion of Ru4.86+ by Nb5+ leads to removal of holes from the CuO2
planes (chemical reduction), so that the materials become more
underdoped and Tc decreases. This is supported by the increase
of the 290 K Seebeck coefficient with x in the Ru12xNbxSr2Gd-
Cu2O8 series, as this is known to increase from ≈ 0 in optimally
doped materials with p ≈ 0.16 to ≈ 102 mV K21 in very
underdoped materials.12 NbSr2GdCu2O8 was previously re-
ported to be non-superconducting and could not be doped
sufficiently to induce superconductivity,13 but we note that this
is achieved for > 85% replacement of Nb by Ru. The trend in
superconductivity of the Ru12xSnxSr2GdCu2O8 solid solutions
is opposite to that of the Ru12xNbxSr2GdCu2O8 series. The
replacement of Ru4.86+ by Sn4+ transfers more holes into the
CuO2 planes (chemical oxidation), so Tc increases and the
Seebeck coefficient decreases.

The variation of Tc with doping level has been established in
many cuprate superconductors and to a good approximation
varies quadratically as Tc = Tc

max[1 2 82.6(p2 0.16)2].14 This
equation has been fitted to the onset Tc values in Table 1 by
writing p = p0 + Dp, giving values of p0 = 0.080(5) for the
intrinsic doping, in good agreement with the previous value of
0.07,7 and Tc

max = 65(10) K as an estimate for the maximum Tc
at optimum doping. This is somewhat lower than the highest Tc
of ≈ 105 K in comparable 1212 cuprates such as
(Tl0.5Pb0.5)Sr2(Ca,Y)Cu2O7.15 This suppression could reflect a
pairbreaking interaction with the ferromagnetic moments in the
RuO2 plane, but this effect should be greater in the undoped
compound than in the less ferromagnetic Ru12xMxSr2GdCu2O8
derivatives, leading to a greater reduction of Tc at p ≈ p0 which
is not observed in Fig. 2. Lattice strain from the mismatch of the
cuprate and ruthenate layers is a more probable explanation for
the low Tc’s in this system. This has previously been evidenced
by the unusually short apical Cu–O bond of 2.16 Å in

RuSr2GdCu2O8,6 suggesting that the geometry of the structure
is not optimal for superconductivity.

In conclusion, this study shows that up to 20% Nb5+ or 7.5%
Sn4+ can be substituted for Ru in RuSr2GdCu2O8. These
diamagnetic substituents tune the physical properties by
lowering the magnetic ordering temperature and ferromagnetic
moment of the ruthenate layers, and respectively removing or
adding holes to the copper oxide planes. The Ru12xMxSr2Gd-
Cu2O8 materials behave as typical underdoped cuprates and the
maximum Tc that could be obtained at optimum doping is
estimated to be 65 ± 10 K, which is less than those in
comparable materials. This could reflect a magnetic pairbreak-
ing effect but more probably results from lattice strains in the
cuprate layers.

We thank EPSRC for provision of Research Grant No. GR/
M59976 and a studentship for A. C. M., and S. Rycroft and J. R.
Cooper for help with transport measurements.
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Fig. 1 Temperature variations of (a) magnetisation/field and (b) electronic
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Fig. 2 The variation of the superconducting critical temperature (Tc) and the
Curie temperature (TM) with doping level p (lower scale) and %Nb or Sn
substitution (upper scale) in the Ru12xMxSr2GdCu2O8 solid solutions. The
Tc values are fitted by the quadratic expression given in the text.
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Cationic rhodium complexes of 2-phenylquinazolin-4-yl-
2-(diphenylphosphino)naphthalene catalyse the hydrobora-
tion of indene, tetrahydronaphthalene and a range of
styrenes in high yields, regioselectivities and with enantio-
mer excesses of up to 97%

The report by Männig and Nöth1 that Rh–phosphine complexes
successfully catalysed the hydroboration of olefins added a new
dimension to the hydroboration methodology developed by
Brown.2 With catecholborane as the borane source, the
catalysed variant offered potential advantages in terms of
chemo-, regio- and enantioselectivity.3 Burgess4 first reported
catalytic enantioselective hydroboration and Hayashi subse-
quently used Rh–BINAP complexes for the hydroboration of
styrene in ees of up to 96%.5 Togni applied Rh complexes of the
diphosphine Josiphos 1 (92% ee) and the related pyrazole-

containing phosphinamine 2 (98% ee).6,7 Brown used the
axially chiral phosphinamine ligands QUINAP 3 (91% ee)8 and
PHENAP 4 (67% ee)9 and also extended the standard
hydroboration–oxidation sequence to include hydroboration–
amination.10 We have recently reported the synthesis and
resolution of the related ligand, 2-phenylquinazolin-4-yl-
2-(diphenylphosphino)naphthalene 5, and, in view of the
success of 3 and 4, we wished to test its enantiodifferentiating
ability in Rh-catalysed olefin hydroboration and we now report
our preliminary results.11

The required cationic Rh catalyst was prepared in a standard
manner from TMS triflate and (cycloocta-1,5-diene)(pentane-
2,4-dionato)rhodium(I) and (R)-5.12 Because of its susceptibil-
ity to oxidation, the catalyst was freshly made in situ and we
also used freshly distilled catecholborane. We focused on
vinylarene substrates, paying particular attention to those which
would highlight the effect on reactivity and enantioselectivity of
different aryl substituents and b-substitution, as exemplified by
olefins 6–12. In each of the reactions the catalysed hydro-
boration was followed by direct oxidation with H2O2 to afford
the corresponding alcohol. The results of our investigations are
given in Table 1.

The a+b regioselectivity obtained using phenylethene 6 was
found to increase using lowered reaction temperatures and the
optimised values obtained were 80+20 with an ee value of 79%
after a reaction time of 2 h. This ee value compares favourably
with PHENAP 4 (67%) but is lower than that obtained with
QUINAP 3 (88%) and our regioselectivity was poorer than both
3 and 4 (97+3 and 90+10, respectively).8a,9 The sense of

Table 1 Catalytic hydroboration of stilbenesa

Entry Olefin T/°C a+bb
Conversion
(%)b

Ee (%)
(R)c

1 6 25 68+32 100 63d

2 6 0 80+20 100 79d

3 7 25 75+25 100 77d

4 7 0 77+23 91 81d

5 8 25 78+22 100 46d

6 8 0 83+17 100 49d

7 (E)-9 25 91+9 100 94d

8 (Z)-9 25 92+8 100 91d

9 10 25 88+12 87 88d

10 10 0 89+11 72 92d

11 11 25 93+7 75 97d

12 11 0 91+9 65 93d

13 (E)-12 25 — — —
14 (Z)-12 25 — 100 59e

15 (Z)-12 0 — 100 62e

a Typical procedure: Freshly distilled catecholborane (0.5 mmol) in THF (1
ml) was added dropwise to a solution of olefin (0.5 mmol) and [(R)-
diphenyl[1-(2-phenylquinazolin-4-yl)(2-naphthyl)]phosphine]rhodium(cy-
cloocta-1,5-diene)trifluoromethanesulfonate (5 mmol) in THF (1 ml). The
solution turned brown and was stirred at room temp. for 2 h. The reaction
was placed in an ice bath and quenched with EtOH (1 ml). 30% H2O2 (aq.)
(3 ml) and 1 M NaOH (aq.) (3 ml) were added and the mixture was allowed
to warm and stirred for 1 h at room temp. The mixture was transferred to a
separating funnel and Et2O was added (10 ml). The organic extracts were
washed with 1 M NaOH (aq.), brine and then dried over MgSO4. The
solvent was removed in vacuo to give the product as an oil. 1H NMR
obtained gave % conversion and regioselectivity. Enantioselectivities were
determined by either GC or HPLC. b Regioselectivities and conversions by
1H NMR. c Absolute configuration assigned by similarity in order of elution
in the GC analysis and from the sign of the optical rotation.8 d Enantiomeric
excesses were determined by GC (b-Dex®120 column, 30 m 3 0.25 mm,
0.25 mm film thickness). e Enantiomeric excesses were determined by
HPLC (Chiralcel OD column 99.5+0.5 Hex–iPrOH.
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asymmetry was identical to 3 and 4, i.e. the (R)-ligand affords
the (R)-product alcohol. The more electron-rich 4-methox-
yphenylethene 7 gave similar regioselectivities and an increased
ee of 81%, but again lower than the 94% ee value observed with
QUINAP 3.8a The electron-deficient substrate, 4-chloropheny-
lethene 8, afforded similar regioselectivities but significantly
lowered ees of 46–49%, which is in agreement with trends
observed employing QUINAP 3 and analogues.8b More promis-
ing results in terms of regio- and stereoselectivity were obtained
using b-substituted arylethenes. Both the (E)- and (Z)-isomers
of propenylbenzene 9 demonstrated a preference for reaction at
the benzylic position and similarly in high ees of 94 and 91%,
respectively. Similar values were obtained with QUINAP 3 and
PHENAP 49 whereas BINAP afforded an ee of 42% for (E)-9
and 18% for (Z)-9.5 (Z)-Propenyl-4-methoxybenzene 10 was a
similarly successful substrate giving up to 92% ee in 72% yield
after reaction for 6 days at 0 °C. The combination of an even
more electron-rich arene and b-substituted olefin 11 gave the
best ee of 97% using ligand 5. Again it was noted that increasing
the electron richness of the arene was beneficial in terms of
enantioselectivity but led to a retardation of the reaction as seen
by the poorer yields obtained. In order to determine the effect of
increasing the bulk at the b-position we tested (E)- and (Z)-
stilbene 12 and found that (E)-12 was an unreactive substrate
whereas (Z)-12 afforded up to 62% ee in excellent yield. This
result is similar to that obtained with QUINAP 3 where high ees
(85–91%) were obtained with both isomers, although it was
noted that (E)-12 reacted at a significantly lower rate (45
turnovers after 20 h).8b The best ee reported for (Z)-12 using
BINAP was significantly lower at 16%.5

The cyclic olefins, indene 13 and 1,2-dihydronaphthalene 14,
are two of the most challenging substrates in Rh-catalysed

hydroboration. We tested Rh complexes of 5 with these
substrates and the results are shown in Table 2. Excellent
conversions and regioselectivities were obtained and optimised
ees of 84% and 89% were obtained with 13 and 14, respectively.
The result for 13 is slightly lower than that reported for
QUINAP 3 (86%),8b but compares favourably to PHENAP 4
(64%)9 and even more so when compared to BINAP (19%).5 A
similar trend is observed for substrate 14 as our result of 89% is
again lower than that reported for QUINAP 3 (96%),8b but is
higher than the value obtained with PHENAP 4 (84%)9 and in
this case no result has been quoted for BINAP.

All the reactions noted in Table 1 were run on a 0.5 mmol
scale with 1 mol% catalyst. In a further study, the hydroboration
of (E)-propenylbenzene 9 was carried out using 0.5 mol%
catalyst and our results are given in Table 3. Using 0.5 mol%
catalyst, the ee obtained after 15 min was slightly lower than the
values obtained after 1 h (94% ee), 4 h (96% ee), and 16 h (95%
ee) which were not lowered in comparison with the value
obtained with 1 mol% catalyst (Table 1, entry 7).

In conclusion, our results demonstrate that 5, applied in Rh
catalysed hydroboration of substituted arylethenes, b-substi-
tuted arylethenes and cyclic olefins, gives excellent conver-
sions, good regioselectivities and ees of up to 97%. For
substituted arylethenes our ligand, 2-phenylquinazolin-4-yl-
2-(diphenylphosphino)naphthalene 5, as with QUINAP 3 and
PHENAP 4, afforded lower ees than both BINAP and Josiphos
1. However, for b-substituted arylethenes and cyclic olefins
these axially chiral phosphinamine ligands are far superior. This
can be explained by inferring that the increased steric demand of
the olefin is more easily accommodated by these less sterically
demanding ligands. Further hydroboration studies employing
structurally related quinazoline-containing ligands13 are in

progress and will be reported in due course from these
laboratories.14

We are indebted to Dr John Brown, University of Oxford, for
his interest in this work and for supporting the visit of M. McC.
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performed. Financial support from Enterprise Ireland [Basic
Research Award (SC/94/565) and a Research Scholarship (BR/
94/158) to M. McC.] is gratefully acknowledged as is the award
of the 1997 BOC Gases Postgraduate Bursary to M. McC. We
thank the EPSRC for the award of a studentship to M. W. H.
Many thanks to Shane Robinson of this department for his help
with ee determinations using HPLC.
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Table 2 Catalytic hydroboration of cyclic olefins

Entry Olefin T/°C a+ba
Conversion
(%)a

Ee (%)
(R)b

1 13 25 98+2 98 84c

2 13 0 98+2 99 81c

3 14 25 > 99+1 100 89d

4 14 0 > 99+1 > 99 88d

a Regioselectivities and conversions by 1H NMR. b Absolute configuration
assigned by similarity in order of elution in the GC analysis and from the
sign of the optical rotation.8 c Enantiomeric excesses were determined by
GC (Supelco 2-4310 a-Dex®120 column, 30 m 3 0.25 mm, 0.25 mm film
thickness). d Enantiomeric excesses were determined by GC (b-Dex®120
column, 30 m 3 0.25 mm, 0.25 mm film thickness).

Table 3 Variation of catalyst concentration in the hydroboration of (E)-9

Entry
Mol %
Catalyst Time/h

Conversion
(%)

Ee (%)
(R)

1 0.5 0.25 17 92
2 0.5 1 31 94
3 0.5 4 75 96
4 0.5 16 100 95
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A polyrotaxane composed of g-cyclodextrin and azobenzene
containing polyester undergoes UV light induced isomeriza-
tion of trans- to cis- azobenzene, whereas the reverse
isomerization does not occur under the usual conditions of
irradiation with visible light.

Interactions of various compounds with photoisomerizable
azobenzene groups with cyclodextrins have been investigated to
develop new photoresponsive materials.1 Much attention has
been directed toward cyclodextrin-based polyrotaxanes and
pseudopolyrotaxanes of azobenzenes.2 Recently, a rotaxane
system composed of cyclodextrin (CD) and an azobenzene-
containing polymer exhibited quick and reversible molecular
shuttle type behavior induced by photoisomerization of the
azobenzene group.3 In the course of our study of the preparation
and properties of various pseudopolyrotaxanes with cyclodex-
trins,4 we observed a significant influence of the host CD
molecules on the photoinduced cis–trans isomerization of the
azobenzenes. Here we report syntheses of a new pseudopolyr-
otaxane of polyazobenzene and of a corresponding CD free
polyazobenzene, as well as the effect of CD on the photo-
isomerization of polyazobenzene.

A 1+1 inclusion complex of butane-1,4-diol diglycidyl ether
(BDGE) [1,4-bis(2,3-epoxypropoxy)butane] and g-CD (1)5

reacts with azobenzene-4,4A-dicarboxylic acid (ABDA) in the
presence of a catalytic amount of [Et3NCH2Ph]+Cl2 to afford
the pseudopolyrotaxane 2(trans), which, on average, contains
0.21 g-CD unit per repeating unit as evaluated from elemental
analysis and NMR spectroscopy (Scheme 1). The azobenzene
groups in the polymer take the trans configuration, as revealed
by UV-vis spectroscopy. The pseudopolyrotaxane 2(trans)
gives a DSC scan which is quite different from that of a physical
mixture of 2(trans) and g-CD. Analysis by GPC gives values for
Mn of 9500 and Mw of 17 100 (vs. polystyrene standards).

Cyclodextrin-free polyester (3(trans)) having azobenzene
groups with Mn = 8750 and Mw = 15100 was also obtained as
an orange solid (76%) in a similar fashion from the polyaddition
of BDGE to ABDA (Scheme 2). The ratio of –CH(CH2OH)–
and –CH2–CH(OH)– linkages formed via a- and b-cleavage of
the oxirane ring, respectively, is determined to be 0.62+0.38.

Similar ratios have been reported for polymers obtained by the
ring-opening polyaddition of diglycidyl ethers and dicarboxylic
acids.6 An attempt to prepare 2(trans) from a mixture of g-CD
and 3(trans) was not successful, indicating that the polymers,
once formed, do not form the supramolecular system with g-
CD, presumably due to the presence of the bulky azobenzene
units.

Photoisomerization of the azobenzene group7 of 2(trans) and
3(trans) was investigated, and the results were compared. Upon
irradiation of a DMSO solution of 2(trans) with UV light (245
nm), the absorption peak at 331 nm due to the p–p* transitions
of the trans azobenzene unit decreased accompanied by growth
of the peak at 433 nm due to the n–p* transition of the cis
azobenzene unit.8 Fig. 1 shows changes in the absorption
spectrum during the reaction, which follows first-order kinetics
with a rate constant of 1.7 3 1023 s21 at 30 °C and 1.5 3 1023

s21 at 25 °C. The g-CD free polyester 3(trans) undergoes a
similar trans to cis photoisomerization under irradiation with
UV light (245 nm) and gives a first-order rate constant (1.3 3
1023 s21, 25 °C) comparable to that of 2(trans). These results
clearly indicate the occurrence of the photoinduced isomeriza-
tion of 2(trans) and 3(trans) to 2(cis) and 3(cis), respectively.

As for 3(cis), irradiation with visible light ( > 440 nm) causes
a reverse isomerization, increasing the strength of the peak at
330 nm and decreasing the strength of the peak at 432 nm. It has
been reported that various azobenzenes undergo a similar
reverse photoisomerization under irradiation with visible light.
However, irradiation of the DMSO solution of 2(cis) with
visible light ( > 440 nm) caused no observable isomerization of
2(cis) to the original 2(trans). Heating of 3(cis) at 50 °C also
leads to its isomerization to 3(trans) within 15 min, whereas
2(cis) does not undergo such thermally induced isomerization.
Since 2 and 3 have similar molecular weights and poly-
dispersities, the large difference in the photo and thermally
induced isomerization may be ascribed to a difference in the
molecular structure or aggregation behavior between 2 and 3 in
solution.

Fig. 2 shows plots of hsp/c against c for 2(trans), 3(trans),
2(cis), and 3(cis). As shown in Fig. 2, 2(cis) gave a larger hsp/c
value and a larger slope in the hsp/c vs. c plots, compared with

Scheme 1
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the other three polymers. The larger slope suggests the presence
of intermolecular interactions between the polymer molecules.
On the other hand, for polyamide type polyazobenzenes
–(amide unit–NNN–)n–, it is reported that the cis and trans
polymers give the same slope in the hsp/c vs. c plots.9 In this
case, photoinduced cis to trans isomerization proceeds
smoothly. The viscometric results of 2(cis) suggest the presence

of significant intermolecular interactions between 2(cis) mole-
cules assisted by CD, which may effect the cis to trans
isomerization of the azobenzene group. Chart 1 depicts a

schematic drawing of intermolecular interactions between the
pseudopolyrotaxane molecules caused by N…H–O hydrogen
bonds. The cis azobenzene group is sterically less crowded and
has a higher proton affinity than the trans-azobenzene groups.
By forming the hydrogen bond, the cis form of azobenzene
seems stabilized. Addition of large excess amounts of g-CD to
a DMSO solution of 3(cis) retards the photoinduced cis to trans
isomerization, but g-CD contained in 2 (0.21 molarity of the
monomer units) blocks the isomerization much more effec-
tively. This may also be due to stabilization of the cis-
azobenzene unit by hydrogen bonding with g-CD. The
retardation effect appears to be more effective in 2(cis) which
has the g-CD unit in its own polymer chain.
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Research from the Ministry of Education, Science, Culture, and
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Scheme 2

Fig. 1 Change of the absorption spectra of DMSO solution of 2 during
isomerization from the trans to the cis form irradiated with UV light (245
nm) at 30 °C. The spectra were recorded at t = 0, 2, 4, 6, 8, 10, 12, 14, 16
and 18 min.

Fig. 2 Viscosity of 2(trans) and 3(trans) in DMSO at 25 °C before and after
irradiation with UV light (245 nm).
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Dopamine interaction with a polyamine cryptand of 1H-pyrazole in the
absence and in the presence of Cu(II) ions. Crystal structure of
[Cu2(H21L](ClO4)3·2H2O
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The crystal structure of the binuclear Cu2+ complex
[Cu2(H21L)](ClO4)3·2H2O of the cryptand L =
1,4,7,8,11,14,17,20,21,24,29,32,33,36-tetradecaazapentacy-
clo[12.12.12.16,9.119,22,1,31,34]hentetraconta-6,9(41),19(40),
21,31,34(39)-hexaene is presented; evidence for the forma-
tion in solution of binary L–dopamine and ternary Cu2+–L–
dopamine complexes is presented.

Supramolecular chemistry has developed through the prepara-
tion of sophisticated molecular receptors which are able to
discriminate and induce characteristic properties in given
substrates.1 Tridimensional cryptand-like receptors with appro-
priate arrangements of binding sites have yielded interesting
patterns in many aspects of molecular recognition like metal ion
or anion coordination chemistry.1,2 We have previously re-
ported the synthesis, basicity and complexing properties of
polyamine coronands of 1H-pyrazole able to form Zn2+ and
Cu2+ pyrazolate salts.3,4 Herein we report on a polyamine
cryptand of related structure.5 We advance the results of a study
on its interaction with Cu2+ and on the formation of mixed
complexes with the biologically relevant neurotransmitter
dopamine.6

Ligand L was prepared as reported in ref. 5 by reacting
3,5-pyrazoledicarbaldehyde and tris(2-aminoethyl)amine in
3+2 molar ratio in MeOH, followed by reaction in situ with
NaBH4. Crystals of [Cu2(H21L)(ClO4)3]·2H2O 1 were prepared

mixing methanolic solutions of free L (57 mg, 0.1 mmol) and
Cu(ClO4)2·6H2O (74 mg, 0.2 mmol). Evaporation of the
solution gave a blue solid that after re-dissolution in a minimum
amount of hot water, gave crystals of [Cu2(H21L)-
(ClO4)3]·2H2O 1 suitable for X-ray diffraction analysis.† The
crystal structure of 1 consists of [Cu2(H21L)]3+ cations, ClO4

2

anions and water molecules. The coordination geometry around
each Cu2+ is square pyramidal, the base of the pyramid being
formed by two secondary nitrogens of the bridge and two
nitrogen atoms of two different pyrazolate moieties which act as
exobidentate ligands. The axial positions are occupied by the
bridgehead nitrogen atoms, with distortion being more pro-
nounced in one of the two sites [Cu(1)–N(1) 2.29(2) Å, Cu(2)–
N(6) 2.403(9) Å]. The Cu2+–L distances involving the sp2

pyrazolate nitrogen atoms [Cu(1)–N(3) 1.90(1) Å, Cu(1)–N(9)
1.93(1) Å, Cu(2)–N(4) 1.92(1) Å, Cu(2)–N(8) 1.91(1) Å] are
much shorter than those of the secondary nitrogen atoms

[Cu(1)–N(2) 2.11(1) Å, Cu(1)–N(10) 2.06(1) Å, Cu(2)–N(5)
2.08(1) Å, Cu(2)–N(7) 2.11(2) Å]. The Cu(1)…Cu(2) distance
is 3.960(3) Å. Similar coordination features were observed in
the crystal structure of the binuclear complex [Cu2(H22L1)]-
(ClO4)2, in which L1 is the coronand ligand that constitutes the
base of cryptand L,3 and in several crystal structures of pyrazole
containing ligands.7 Interestingly, we have observed that Cu2+

leads to the ready deprotonation of the two pyrazole fragments
involved in the coordination, without requiring any addition of
base (vide infra). However, the pyrazole in the non-coordinating
bridge of L (see Fig. 1) does not deprotonate, and lies to one side
of the macrocyclic cavity. One of the nitrogen atoms of the
aliphatic chains is protonated and hydrogen bonded to a water
molecule [N(11)…O(1) 2.79(2) Å] placed at one side of the
macrocyclic cavity and further connected to the sp2 nitrogen of
the pyrazole group through an additional hydrogen bond
[N(12)…O(1) 3.12(2) Å]. The distances of the water molecule
to the non-protonated nitrogen atom of the bridge and to the
other pyrazole nitrogen are much longer (5.38 and 3.79 Å,
respectively). The other water molecule, which is located
completely outside of the cavity, is hydrogen bonded to N(10)
[N(10)…O(2) 2.98(2) Å].

The coordination arrangement keeps both Cu2+ metal ions
close to one face of the cage [the elevation of the Cu atoms over
the mean plane defined by the nitrogen donors of the base of the
square pyramid are 0.142(7) and 0.272(7) Å for Cu(1) and

Fig. 1 ORTEP drawing of the [Cu2(H21L)]3+ complex cation also showing
the hydrogen bonds to the water molecules. Selected distances (Å) and
angles (°): Cu(1)–N(3) 1.90(1), Cu(1)–N(9) 1.93(1), Cu(1)–N(10) 2.06(1),
Cu(1)–N(2) 2.11(1), Cu(1)–N(1) 2.29(2), Cu(1)–Cu(2) 3.96(3), Cu(2)–N(8)
1.91(1), Cu(2)–N(4) 1.92(1), Cu(2)–N(5) 2.08(1), Cu(2)–N(7) 2.11(2),
Cu(2)–N(6) 2.403(9), O(1)–N(11) 2.79(2), O(1)–N(12) 3.12(3), O(2)–
N(10) 2.98(2); N(10)–Cu(1)–N(2) 103.7(5), N(2)–Cu(1)–N(3) 81.4(6),
N(3)–Cu(1)–N(9) 94.7(6), N(9)–Cu(1)–N(10) 79.6(6), N(1)–Cu(1)–N(2)
82.0(5), N(10)–Cu(1)–N(1) 81.4(5), N(3)–Cu(1)–N(1) 102.9(6), N(9)–
Cu(1)–N(1) 111.3(5), N(8)–Cu(2)–N(4) 94.6(5), N(4)–Cu(2)–N(5) 80.2(6),
N(5)–Cu(2)–N(7) 101.4(7), N(8)–Cu(2)–N(7) 81.4(6), N(4)–Cu(2)–N(6)
123.7(6), N(5)–Cu(2)–N(6) 81.1(4), N(7)–Cu(2)–N(6) 81.7(5), N(8)–
Cu(2)–N(6) 105.6(5).
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Cu(2), respectively] leaving enough free room within the cavity
to allow the encapsulation of further substrates as exogenous
ligands. Owing to the biological relevance that ternary Cu2+–
dopamine complexes have in enzyme mimicking and neuro-
transmitter regulation, we have preliminarily studied this
system.

pH-Metric analysis shows that free L displays up to six
protonation steps in the pH range 2.5–10.5 with pKa values in
the range 9.5–5.2.8 This makes this compound highly charged in
solution at physiological pH and a promising receptor for
encapsulating anionic or polar substrates.

The cryptand heterocyclophane L displays high affinity for
Cu2+ forming in aqueous solution very stable binuclear
complexes of stoichiometries [Cu2L]4+, [Cu2H21L]3+ and
[Cu2H22L]2+,9 at a molar ratio Cu2++L = 2+1, which are the
only species over a wide pH range ([Cu2L]4+ from pH 3 to 5,
[Cu2H21L]3+ from pH 5.5 to 8 and [Cu2H22L]2+ above pH 8.5).
Taking into account that in the crystal structure of 1, the two
pyrazole groups involved in the coordination of Cu2+ are
deprotonated and that the constant of the equilibrium [Cu2L]4+

= [Cu2H21L]3+ + H+ is log K = 25.37, Cu2+ coordination to
L induces a decrease of more than six pH units in the
protonation constant of pyrazole with respect to the free
heterocycle. A similar behaviour has also been observed in the
system Cu2+–L1,10 and in a related system containing two
1,4,7-triazacyclononane units linked by a 3,5-pyrazole
bridge.7

The interaction of L with dopamine (Do) has been analysed
in the pH range 2.5–9.0 with 1+1 dopamine+receptor species
being detected with degrees of protonation varying between 7
and 1. Around physiological pH, the magnitude of the
interaction reaches values close to 5 logarithm units (Kapp =
S[DoHi+j·L]/S[HjDo]S[HiL] = 105:11 therefore, the neuro-
transmitter forms a remarkably stable complex with the
receptor. UV studies confirm this interaction. UV spectra of
solutions containing a constant amount of L and variable
amounts of dopamine at pH 7 show an increase in absorptivity
and eventual saturation of an absorption band centred at 214 nm.
Fitting of the absorbance vs. [Do]/[L] plots confirms the 1.1
Do+L stoichiometry and allows an estimation of an affinity
constant of ca. 5 logarithmic units, in agreement with the pH-
metric studies. Molecular models suggest the possibility of a
partial inclusion of the dopamine molecule in the cavity of the
receptor and its stabilisation by a variety of intermolecular
forces such as electrostatic and/or hydrogen bonding inter-
actions (Scheme 1).

Finally, we comment on the formation of ternary complexes
Cu2+–L-dopamine of stoichiometry [Cu2H2LDo]5+,
[Cu2HLDo]4+, [Cu2LDo]3+ and [Cu2H21LDo]3+ which, taking
into account the pH range of their formation, can be formulated
formally as deriving from the following equilibria: H2Do+ +
[Cu2L]4+ = [Cu2H2LDo]5+, log K = 3.7; H2Do+ +
[Cu2H21L]3+ = [Cu2HLDo]4+, log K = 4.0; H2Do+ +
[Cu2H22L]2+ = [Cu2LDo]3+, log K = 3.7; HDo + [Cu2H22L]2+

= [Cu2H21LDo]2+, log K = 4.0.
The formation of the ternary complexes implies breaking of

the Cu–N axial bonds and their replacement by strong Cu–
phenolate bonds12 as suggested by modelling of the system. An
interaction of the ammonium group of dopamine with the sp2

bond of the pyrazole moiety might also contribute to the final
stabilisation of the complexes (Scheme 1).

The observed recognition patterns and crystal structure
suggest interesting developments of this receptor in the fields of
medicinal chemistry and enzyme mimicking.

We thank SAF 96-0242-CO2 y SAF99-0063 and PB96-
0796-CO2 for financial support.
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Of the four chromene compounds; 3,3-diphenyl-5,10a-
dihydro-3H-benzo[f]chromene (CHR1), 6-methoxy-
2,2-diphenyl-2H-benzo[h]chromene (CHR2), 2,2-diphenyl-
2H-benzo[h]chromene (CHR3) and 6,7-dimethoxy-2,2-
diphenyl-2H-chromene (CHR4), CHR2–4 exhibited crystal-
line state photochromism.

Solution and dispersed state photochromism are well known
phenomena, however there are relatively fewer examples of
crystalline state photochromism.1–5 Photochromic crystals are
especially unusual, although not unknown,3–5 when the photo-
chromism involves large structural changes such as cis–trans
isomerisation. This is due to the small free volume in a crystal
lattice. In the case of spiropyrans and spirooxazines such
crystalline photochromism, involving a minimum of two
isomerisation steps, has been reported using femtosecond laser
pulses where there is a laser fluence threshold that must be
reached before any colouration reaction is observed.5 Prior to
our work, photochromic chromene (CHR) crystals, having a
similar photochemistry to the spirooxazines, had not been
reported.6 The CHR reaction mechanism in solution7,8 is shown
in Scheme 1 exemplified for CHR1. As can be seen the reaction
is complex involving several isomerisation steps.

CHR1–4 were synthesised by Great Lakes Technology using
the standard synthetic routes.6,9 UV/VIS spectra were measured
using a Hewlett Packard HP8452 diode array spectrophot-
ometer in reflectance mode. Macroscopic UV irradiation was
carried out using a nitrogen laser at 337 nm (10 nanosecond
pulse duration, repetition rate 100 Hz, 0.1 mW pulse21 cm22) or
a 100 W Hg lamp emitting in the visible and UV. HPLC was
used to assign CHR2 photochromic reaction products with a
reverse phase C-18 column on an HP 1090 chromatograph with
a 1+9 ratio of water to acetonitrile at a flow rate of 1 mL min21

with diode array UV/VIS detection. X-Ray diffraction data10

were collected before and after 1 h of irradiation of a single
CHR2 crystal (0.5 3 0.5 3 0.4 mm) using the nitrogen laser.

After UV irradiation (nitrogen laser or CW source) pale
yellow CHR2 crystals turned deep orange. The orange colour
was partially photobleachable with visible light, but did not
thermally bleach. This is shown in Fig. 1. The non-permanent
component of the CHR2 colouration could be cycled between
photocoloured and photobleached states.

For CHR2 it is possible to isolate the TT isomer from the TC
isomer since it can crystallise in a mixed lattice with the CHR2
form.12 From solutions of such mixed crystals HPLC retention
times were established for the CHR2-form (5.45 min) and the
TT isomer (6.55 min). From HPLC on mixtures of the TT, TC
and CHR2-form, produced photochemically in acetonitrile, the
TC isomer retention time (8.31 min) was also found. The lmax
of the TT isomer was blue shifted by only 10 nm with respect to
that of the TC isomer. Retention times from HPLC carried out
on dissolved photocoloured crystals (nitrogen laser 1 h) showed
that the crystals contained a mixture of mainly the CHR2 form,
but with TT and TC isomers also present. The integrated
absorption/elution time profiles of TT and TC were approx-
imately equal, implying similar fractional conversion to TT and
TC if we assume similar extinction coefficients. The overall
fraction of photoconversion to TT and TC suggested from this
HPLC and separately determined by 1H NMR was < 1% even
after prolonged irradiation (nitrogen laser 1 h). Also from X-ray
analysis of a single CHR2 crystal we found no detectable
increase in the bulk lattice disorder even after prolonged
irradiation (nitrogen laser 1 h). We must therefore conclude that
under these conditions photoisomerisation is probably not a
feature of every lattice site, although this may be because
conversion is concentrated at the surfaces by consideration of
Beers Law.

Using HPLC on photoconverted and subsequently photo-
bleached CHR2 we found that photobleaching reduces the

† Microscopic colour images showing photo-colouration and bleaching are
available as electronic supplementary information (ESI). Microscopic
images were obtained with a Nikon Eclipse E800 Fluorescence microscope
using the microscope’s Hg lamp excitation source to photo-convert the
crystals. See http://www.rsc.org/suppdata/cc/b0/b003480k/

Scheme 1

Fig. 1 Diffuse reflectance spectra (Kubelka Munk)11 of CHR2 crystals
before and after UV irradiation and during and after photobleaching.
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proportion of the TC isomer relative to the TT form. The TT
isomer is persistent both photochemically and thermally.
Conversely CHR3 and CHR4 crystals photocoloured with UV
light could be almost fully photo and thermally bleached back to
the CHR-form. This is shown in Figs. 2 and 3.

All of the compounds CHR2–4 could be photoconverted with
relatively weak CW UV irradiation sources. For example,
photocolouration was even observed after irradiating the
samples with the excitation beam from a standard fluorimeter
(Shimadzu RF5300PPC 350 nm). From this we conclude that
this colouration reaction is activated by a single photon non-
cooperative (no simultaneous excitation of adjacent sites
required5) solid-state reaction. We also note that CHR1 did not
exhibit any photochromism in its the crystalline state.

This work was funded by the European commission (J. H.,
BRITE EURAM contract No. BRPR-CT96-0328, project No.
BE-3380, fellowship No. BRMA-CT 97-5041 and by JISTEC
(J. H., STA fellowship).
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Fig. 2 Diffuse reflectance spectra (Kubelka Munk)11 of CHR3 crystals
before and after UV irradiation and during and after photobleaching. For
microscopic colour images showing photo-colouration and bleaching see
http://www.rsc.org/suppdata/cc/b0/b003480k/

Fig. 3 Diffuse reflectance spectra (Kubelka Munk)11 of CHR4 crystals
before and after UV irradiation and during and after photobleaching.
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The synthesis of (2)-calicheamicinone (2), the carbohydrates
88, 101, 111, 119 and 120, and the hexasubstituted benzene 139,
is described; these compounds formally represent the subunits
of the antitumor antibiotic calicheamicin g1

I (1).

The antitumor antibiotic calicheamicin g1
I (1)1 has attracted

much attention as a synthetic target.2 Two syntheses have been
reported,3 but the structure is so complicated that further
synthetic work will surely provide many opportunities for new
discoveries.

Synthesis of calicheamicin g1
I is a major undertaking—both

chemical and financial—and a suitably cautious approach
would be guided by the dominant structural characteristic that
the compound is composed of several subunits—the aglycone
(2), four carbohydrates, and a hexasubstituted benzene ring.
Accordingly, synthetic work would first involve construction of
each subunit, and the information thus gained might then be
used in the more complex task of modifying the routes so that
they can be integrated harmoniously into a composite synthesis
of the whole structure. We describe here our own work4–6 on the
simpler of these tasks—synthesis of the subunits.7,8

Synthesis of (2)-calicheamicinone
The aglycone, (2)-calicheamicinone (2), presented the most
difficult synthetic problem among the subunits of calicheamicin
g1

I, because the substance is a rare structural type which had not
been made before when we began our studies; in contrast, the
carbohydrate segments and the aromatic unit—unusual though
they are—did at least possess much in common with well-
known compound classes.

Synthetic plan

Exploratory work by the Magnus group9 had indicated that the
allylic trisulfide of 2 should be accessible from the correspond-
ing alcohol. Further analysis of the synthetic problem showed
that two very suggestive features of calicheamicinone are the
tertiary and secondary acetylenic alcohols. Their presence
suggested that they might be assembled by acetylide addition to
a suitably protected form of the hypothetical dicarbonyl subunit
3 (see arrows). It was then obvious that the enediyne might be
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added in several ways: as an intact six-carbon enediyne unit, as
an acetylene and an enyne, or as two acetylenes, followed by
addition of a two-carbon unit and, in the event, this last process
(see 4, arrows), was the one we eventually used.

Although the above analysis is straightforward, the proper
choice of dicarbonyl compound (cf. 3) required a great deal of
experimental effort before a promising structure was identified.
This was based on the Diels–Alder reaction summarized
(without stereochemical implications) in Scheme 1.

Mild hydrolysis of the initial adduct 7 would be expected to
afford 8, which has many of the features of the schematic
structure 3: the carbonyl groups at C(5) and C(9) could serve as
points of attachment for the acetylene units, the nitro group
could eventually provide part of the carbamate, and the chain at
C(4) would serve as the precursor to the allylic trisulfide. The
choice of a cyclic ketal (see 8) was based on the expectation that
this form of protection would be more stable than the
corresponding dimethyl ketal.

A number of ketene acetals (cf. 5) had been reported10 and an
analogy for the proposed cycloaddition (cf. 5 + 6? 7) was also
available.11 On the basis of this encouraging background, we
then proceeded with work along the lines of Scheme 1.

Formation of the central ring by Diels–Alder reaction

The readily available b-keto ester 912 was subjected to ester
exchange with 2-chloroethanol (9 ? 10), and the resulting
(2-chloroethyl) ester was converted into the required acyl
ketene acetal 11 by the action of anhydrous potassium carbonate
in DMF (Scheme 2).10b Attempts to effect the cyclization with
sodium hydride were unsuccessful.

The next task was to convert the acyl ketene acetal into the Z
silyl enol ether 5, the Z geometry being preferred to facilitate the
intended Diels–Alder reaction. For generating the silyl enol
ether, LDA, lithium hexamethyldisilazide, and the very hin-
dered base (Me2PhSi)2NLi were evaluated, but only the latter

produced the required geometry, which it did exclusively, and
silylation in situ then gave 5. This compound is not very stable
but, fortunately, it can be used without purification, as even in
the presence of (Me2PhSi)2NH it reacts (Scheme 3) with the

nitro ester 6, and mild acidic workup affords crystalline ketone
12 in 56% yield overall from the acyl ketene acetal 11.

Keto ester 12 is a key intermediate, and its structure was
confirmed by X-ray analysis. From 12, the first task was to
protect the C(5) carbonyl. This was best done by simple
reduction to give, in the event, a 2+1 mixture of alcohols, which
were then silylated and separated (12 ? 13 ? 14). Although
efficient and stereoselective ketone reduction was not possible,
both of the C(5) epimers could be used; they were each
subjected to the same reactions and, after several steps, both
epimeric series converge to a single compound. These circum-
stances make the whole process quite efficient.

Next, the ester group in 14 (and in its 5a epimer) was reduced
and the resulting alcohol protected by pivaloylation (14 ? 15
? 16). At that point, with the C(5) and C(9) oxygen functions
protected, it was appropriate to remove C(10) and introduce an
oxygen at C(8), as these operations would adjust the side chain
to the correct length and appropriate functionality.

Cleavage of the C(8)-C(10) double bond under classical
conditions (Scheme 4), with osmium tetraoxide and sodium
periodate, and reduction of the resulting aldehyde 17 gave the

expected alcohol; this was protected with p-anisyloxymethyl
chloride (16 ? 17 ? 18 ? 19). Each of these steps was
efficient in both the 5b series shown in Scheme 4, and in the
corresponding 5a series.

Scheme 1

Scheme 2 Reagents and conditions: i, 2-chloroethanol, Ti(OPr-i)4, 55 °C,
16 h, 75 °C, 24 h, 63%; ii, K2CO3, DMF, 80%; iii, (Me2PhSi)2NLi,
Me3SiCl, THF, 278 °C.

Scheme 3 Reagents and conditions: i, methyl (E)-2-nitropropenoate (6),
THF, 0 °C, 1.5 h; aqueous NH4Cl, 2 h, room temperature, 56% from 11; ii,
NaBH4, MeOH, 0 °C, 99%; iii, t-BuMe2SiOTf, 2,6-lutidine, CH2Cl2, 65%
5b epimer, 33% 5a epimer from 12; iv, DIBAL-H, CH2Cl2, 99% for 5b,
99% for 5a; v, t-BuCOCl, DMAP, PhMe, 99% for 5b, 99% for 5a.

Scheme 4 AOM = CH2OC6H4OMe-p. Reagents and conditions: i, OsO4,
NaIO4, CCl4, H2O, t-BuOH, 73% for 5b, 77% for 5a; ii, NaBH4, MeOH,
96% for 5b, 92% for 5a; iii, p-MeOC6H4OCH2Cl, i-Pr2NEt, DMAP, PhMe,
91% for 5b, 89% for 5a.
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With 19 and its 5a epimer in hand, the time had come to
reduce the nitro group. Reduction of aliphatic nitro compounds
is not as easy as in the aromatic series, but we found that the
reagent generated by sonication of nickel(II) chloride hexahy-
drate and sodium borohydride13 works very well (Scheme 5,

19 ? 20) for both C(5) epimers. In each case, the resulting
amine was protected as its allyl carbamate and, finally, the C(5)
oxygen function was deprotected and oxidized by the Collins
procedure (21? 22).

At the stage of the resulting ketone (22) both of the C(5)
epimers converge to the same product, and in both series
identical reactions have been used, with almost identical
results.

Attachment of two acetylene units

Ketone 22 gave a complex mixture with lithium trimethylsilyl-
acetylide—a result that was very worrying—but we quickly
found that it reacts cleanly (91%) with the corresponding
cerium salt14 to afford alcohol 23 (Scheme 6), in which the

acetylide has added from the same face as the nitrogen
substituent. The hydroxy group was then protected by silylation
(23? 24), and preparations could now be made to introduce the
second acetylene.

To that end, the pivaloyl group at C(9) was removed by the
action of DIBAL-H, and the resulting alcohol was oxidized by
the Collins procedure (24 ? 25 ? 26), with all the steps
proceeding in high yield.

Treatment of aldehyde 26 with the cerium salt of trimethylsi-
lylacetylene at 290 °C gave a 7+2 separable mixture of the
required alcohol 27 and its C(9) epimer 28 (Scheme 7).

Attempts to improve the stereoselectivity by running the
reaction at an even lower temperature, or by use of the ytterbium
salt15 of the acetylene were not successful. Fortunately,
oxidation of the undesired isomer 28 gave a ketone that was
reduced stereoselectively (11.6+1) to 27, by sodium borohy-
dride; thus, the overall transformation of 26 into 27 is quite
efficient (92%), but required several experiments.

Introduction of the C(4)–C(7) double bond

With both acetylenic units in place, the next task was to
incorporate the two-carbon chain at C(4) into a ring, so as to be
able to generate the C(4)-C(7) double bond with the correct
geometry (see 2). Ring formation was accomplished by the
straightforward operations summarized in Scheme 8.

Protection of the C(9) hydroxy as a chloroacetate (27? 30),
followed by removal of the p-anisyloxymethyl group by
exposure of the chloroacetate to ceric ammonium nitrate, gave
an alcohol that was oxidized with the Collins reagent. Treatment
of the resulting aldehyde 31 with dilute aqueous ammonium
hydroxide released the C(9) hydroxy group, and this closed
spontaneously onto the aldehyde group, so as to afford a mixture
of lactols 32. Another Collins oxidation then gave lactone 33.

At this point the C(4)–C(8) chain is restrained within a ring so
that the C(4)–C(7) double bond could be introduced (see
Scheme 9) with the required E geometry. Phenylselenenylation

Scheme 5 AOM = CH2OC6H4OMe-p. Reagents and conditions: i, NaBH4,
NiCl2.6H2O, MeOH, sonication, 95% for 5b, 95% for 5a; ii, allyl
chloroformate, pyridine, THF, 82% for 5b, 82% for 5a; iii, Bu4NF, THF,
95% for 5b, 96% for 5a; iv, CrO3, pyridine, CH2Cl2, 95% for 5b, 90% for
5a.

Scheme 6 AOM = CH2OC6H4OMe-p. Reagents and conditions: i,
Me3SiC·CLi, CeCl3, THF, 278 °C, 91%; ii, t-BuMe2SiOTf, 2,6-lutidine,
CH2Cl2, 97%; iii, DIBAL-H, CH2Cl2, 95%; iv, CrO3, pyridine, CH2Cl2,
90%.

Scheme 7 AOM = CH2OC6H4OMe-p. Reagents and conditions: i,
Me3SiC·CLi, CeCl3, THF, 290 °C, 79% for 27, 16% for 28; ii, PCC, 4 Å
molecular sieves, CH2Cl2, 93%; iii, NaBH4, MeOH, 0 °C, 88%

Scheme 8 AOM = CH2OC6H4OMe-p. Reagents and conditions: i,
(ClCH2CO)2O, pyridine, 99%; ii, (NH4)2Ce(NO3)6, pyridine, MeOH, H2O,
89%; iii, CrO3, pyridine, CH2Cl2, 91%; iv, NH3(aq), MeOH, 0 °C; v, CrO3,
pyridine, CH2Cl2, 92% from 31.
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at C(7) and oxidation with dimethyldioxirane—an excellent
reagent for use in selenoxide elimination—gave the desaturated
lactone 34. The intermediate phenyl selenide is not very stable
and was not characterized, but the fact that it undergoes the
selenoxide fragmentation indicates that the phenylseleno group
must be on the same face as the C(4) hydrogen. We next
removed the nitrogen protecting group by the action of
tetrakis(triphenylphosphine)palladium(0) in the presence of
dimedone,16 the latter nucleophile being the best of several we
tried. The resulting amine (35) was crystalline, and X-ray
analysis confirmed the structure.

Introduction of the C(2)–C(3) double bond

Introduction of the C(2)–C(3) double bond required a great deal
of exploratory work before we identified the structural features
that would allow efficient desaturation. This exploratory work
guided many details of the synthetic plan discussed so far and
directed us to the route leading ultimately to 35, which has the
two features we identified as important: the presence of a C(4)–
C(7) double bond and incorporation of C(7) and C(8) into a
ring.

Freshly prepared t-butyl hypochlorite converted 35 into its N-
chloro derivative, and treatment with an excess of DABCO
generated the corresponding imine, which underwent tautomer-
ization to afford the fully conjugated enamide 36 and its C(9)
epimer in an 8:1 ratio. The mixture of enamides is not very
stable, and it was necessary to convert them promptly into the
corresponding isocyanates, by treatment with triphosgene; the
isocyanates, in turn, were immediately quenched with metha-
nol. These operations gave carbamate 37 as an 8+1 mixture of
C(9) epimers, the predominant one being that shown in Scheme
9. Neither of the epimer mixtures—enamide or carbamate—
could be separated, but separation and isomerization of the anti
isomer into the desired syn compound was easily achieved after
the next step.

We assume that isomerization occurs by ring opening (see
arrows in 37A), followed by reclosure.

Formation of the enediyne ring

Our plan for closing the enediyne ring called for use of a double
Stille reaction, and so we had first to remove the acetylenic
silicon groups from 37. Treatment with tetrabutylammonium
fluoride did indeed give the corresponding terminal acetylene
(Scheme 10), but under the reaction conditions further epimer-
ization occurred at C(9). Fortunately, the epimeric acetylenes 38
and 39 were very easily separated, and the anti bisacetylene

could be converted in 100% yield into a 4+6 mixture in favor of
39. After one recycling the yield of 39 was 69% from the
mixture of 37 and its C(9) epimer. X-Ray analysis of the desired
syn bisacetylene showed that the distance between the terminal
acetylenic carbons is 4.154 ± 0.005 Å.

The acetylenic hydrogens were next replaced by iodine (39
? 40), using N-iodosuccinimide in the presence of silver
nitrate.17 Finally, a double Stille coupling of the diiodide with
(Z)-1,2-bis(trimethylstannyl)ethene (41) gave the cyclic ene-
diyne 42 in 72% yield, bringing the synthesis to a point where
we needed to build up the allylic trisulfide and remove any
remaining protecting groups.

Second route to the syn bisacetylene 39

During our development of the above route to 39 we
encountered so many unexpected difficulties that we took the
precaution of seeking another route to the same compound; in
the event, this additional work had unusual and beneficial
consequences.

The second route begins with the same Diels–Alder adduct
used earlier and, as before, this was converted into alcohol 15
(see Scheme 3) and its C(5) epimer. In the first route the C(9)
hydroxy group was protected before cleavage of the pendant
double bond, but in the present case (Scheme 11), the double
bond was cleaved without hydroxyl group protection and, as
expected, the lactols 43 were formed. These were then protected
by treatment with pivaloyl chloride. During the reaction
epimerization of 43 occurs at C(8), so as to give only the product
44, with the pivaloyl group equatorial. The nitro group was then
reduced in high yield, again using the sodium borohydride–
nickel chloride combination, and the resulting amine was
protected as its allyl carbamate (44? 45).

Finally, the C(5) oxygen was desilylated and oxidized, just as
before (45? 46). An identical set of reactions was done in the
5a series, and, at the stage of ketone 46, both series converge to
the same product, just as in the earlier route. Although both C(5)
epimers were processed individually, the same reaction condi-

Scheme 9 Reagents and conditions: i, LDA, THF, PhSeBr, 278 °C; ii,
dimethyldioxirane, 242 °C, 67% from 33; iii, (Ph3P)4Pd, dimedone, THF,
80%; iv, t-BuOCl, Et2O–THF; v, DABCO, PhMe; vi, Cl3COCO2CCl3,
pyridine, CH2Cl2; vii, MeOH, 78% (as an 8:1 isomer mixture) from 35.

Scheme 10 Reagents and conditions: i, Bu4NF, THF, 39% for 38, 46% for
39; ii, Bu4NOAc, 100% of a 4+6 mixture of 38 and 39; iii, NIS, AgNO3,
acetone, 89%; iv, 41, (Ph3P)4Pd, DMF, 60 °C, 72%.
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tions were used for both, and in each step the corresponding
yields were almost identical.

Second route—introduction of the first acetylene

For introducing the first acetylene unit we again used the cerium
salt of trimethylsilylacetylene and obtained, in high yield,
alcohol 47 (Scheme 12), in which the acetylide had entered anti

to the nitrogen, in contrast to the result in the first route (cf. 22
? 23, Scheme 6). The stereochemical assignment in the present
case was made by X-ray analysis. The alcohol was protected by
silylation (47? 48), and the pivaloyl group was then removed
by treatment with DIBAL-H. Oxidation of the resulting lactols
took the route to a point (50) where we had again to introduce
double bonds at C(4)–C(7) and at C(2)–C(3). Both of these
operations were done by the methods that had worked well in
the first route.

The C(4)–C(7) double bond was introduced by phenyl-
selenenylation and dimethyldioxirane oxidation of the inter-
mediate selenide (Scheme 13, 50 ? 51), for which we again
assume on mechanistic grounds that the phenylseleno group is
syn to the C(4) hydrogen. Removal of the allyloxycarbonyl
group (51 ? 52) by the action of a palladium catalyst in the

presence of dimedone liberated the free amine and, once again,
that was chlorinated with tert-butyl hypochlorite. Exposure to a
hindered base—in this case DBU—gave an imine, which
immediately isomerized to the fully conjugated enamide 53.
This was converted into its isocyanate, which was quenched
with methanol, thereby generating the required methyl carba-
mate 54.

Second route—introduction of the second acetylene

Introduction of the second acetylene—that at C(9) in lactone
54—required, of course, that the C(9) carbon be oxidized. In the
event, we were very pleased to find that our first attempt at
oxidation was successful (Scheme 14). We took advantage of

the fact that the C(9) hydrogens are allylic and are part of an
ether subunit; consequently, these hydrogens should be suscep-
tible to free radical reactions, and treatment with NBS under
standard bromination conditions (dibenzoyl peroxide, tungsten
lamp irradiation) gave a mixture of epimeric bromides 55.
These were hydrolyzed with aqueous silver nitrate to an
aldehyde acid which, though it existed largely as a mixture of
epimeric hydroxy lactones (OH instead of Br in 55), was easily
trapped as the methyl ester 56 by reaction with diazomethane.

Scheme 11 Reagents and conditions: i, OsO4, NaIO4, CCl4, H2O, t-BuOH,
98% for 5a, 98% for 5b; ii, t-BuCOCl, pyridine, CH2Cl2, 96% for 5a, 96%
for 5b; iii, NaBH4, NiCl2·6H2O, MeOH, sonication, 95% for 5b, 91% for
5a; iv, allyl chloroformate, pyridine, THF, 94% for 5b, 93% for 5a; v,
Bu4NF, THF, 97% for 5b, 95% for 5a; vi, PCC, 4 Å molecular sieves,
CH2Cl2, 91% for 5b, 92% for 5a.

Scheme 12 Reagents and conditions: i, Me3SiC·CLi, CeCl3, THF, 278 °C,
91%; ii, t-BuMe2SiOTf, 2,6-lutidine, CH2Cl2, 93%; iii, DIBAL-H, CH2Cl2,
96%; iv, CrO3, pyridine, CH2Cl2, 97%.

Scheme 13 Reagents and conditions: i, LDA, THF, PhSeBr, 278 °C; ii,
dimethyldioxirane, 85%; iii, (Ph3P)4Pd, dimedone, THF, 93%; iv, t-BuOCl,
Et2O–THF; v, DBU, PhMe, 81% from 52; vi, Cl3COCO2CCl3, pyridine,
CH2Cl2, then MeOH, 91%.

Scheme 14 Reagents and conditions: i, NBS, (PhCO)2O2, light, CCl4; ii,
AgNO3, THF, H2O, pyridine; then CH2N2, 77% from 54; iii, Me3SiC·CLi,
CeCl3, THF, 278 °C, 91%; iv, Bu4NF, THF, 46% for 58, 42% of the C(9)
epimer of 58.
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During hydrolysis the acetylenic trimethylsilyl group is lost,
but it would eventually have had to be removed and so its loss
at this stage was of no consequence. The overall yield from 54
to 56 was 77%—a value that is most satisfactory in view of the
fact that several transformations have been performed in one
operation on a rather complex and sensitive structure.

We were now ready to introduce the second acetylene.
Naturally, we intended to use the cerium salt of trimethylsilyl-
acetylene, but we had no idea of what stereochemical outcome
to expect, and so we really were very pleased to find that a single
compound (57) was formed in excellent yield (91%) and with
the desired syn stereochemistry. When we removed the
acetylenic trimethylsilyl group, the product (58) was, of course,
identical to the material obtained by the first route. Two points
need to be made about the formation of 58. The first is that,
during the desilylation, epimerization occurs at C(9), but this
problem was handled in the same way as in the first route: the
undesired anti bisacetylene was treated with tetrabutylammon-
ium acetate to obtain an equilibrium mixture of the syn and anti
isomers, so that the yield of the desired syn material was 71%
from 57 after one recycling.

The second point also concerns stereochemistry. Up to this
point we have been dealing with racemic compounds, but
representing them by a single enantiomer. In the two routes, the
first acetylene [at C(5)] has a different stereochemical relation-
ship to the nitrogen function, being in one case syn (cf. 23) and
in the other anti (cf. 47). However, all the stereogenic centers in
47 except C(5) are ultimately converted into sp2 hybridization,
and so both racemic monoacetylenes give the same racemic
product, i.e. 58 and 39 are identical, but are drawn in different
ways merely to emphasize the initial relationship between the
C(5) acetylene and the nitrogen. Later on we were able to make
good use of this stereochemical outcome in order to prepare
optically pure material.

Formation of (±)-calicheamicinone

By the time we had made the cyclic enediyne 42 Danishefsky
and coworkers7a and Nicolaou and coworkers8 had shown how
substances of very similar structure could be converted into
calicheamicinone, and we used a method similar to theirs.

Lactone 42 was first reduced with DIBAL-H (Scheme 15) to
a mixture of lactols (59) and then the silicon protecting group
was removed in the usual way (42? 59? 60). The DIBAL-H

reduction must be done before desilylation in order to avoid
solubility problems with the desilylated lactone and, in turn,
desilylation must precede installation of the trisulfide because

the latter is sensitive to tetrabutylammonium fluoride. Thus, the
timing of the last two reactions is critical. Lactols 60 were
further reduced with sodium borohydride to triol 61, and at this
point it was necessary to protect the secondary hydroxy group
so as to block its participation in a subsequent Mitsunobu
reaction. Selective protection was achieved by silylating both
the primary and secondary hydroxy groups and then storing the
resulting product (62) in a mixture of acetic acid, THF and
water. Under these conditions the primary allylic hydroxy group
was released (62? 63), and the stage was set to introduce the
trisulfide unit.

The primary hydroxy group was replaced by a thioacetyl
group, under typical Mitsunobu conditions (Scheme 16, 63 ?
64), and the free thiol was then liberated by treatment with

DIBAL-H. The next step proved to be troublesome until we
recognized that freshly chromatographed thiol must be used. As
soon as that was established, we found that treatment of 65 with
an eight-fold excess of reagent 66 gave the desired trisulfide 67
in 88% yield over the two steps from 64. Finally, the remaining
protecting groups were removed by mild acid hydrolysis,
affording (84%) racemic calicheamicinone as a white foam.

Synthesis of optically pure and crystalline
(2)-calicheamicinone

In the two syntheses of racemic calicheamicinone described
above, the stereochemical relationship between the first acet-
ylene and the nitrogen is different, but both modes of acetylide
addition ultimately lead to the same racemic product. However,
if the initial Diels–Alder adduct is made optically pure, then
each route would give a different enantiomer of calicheamici-
none. Moreover, the absolute stereochemistry of the initial
Diels–Alder adduct is immaterial—provided it is known—since
calicheamicinone of natural or unnatural stereochemistry can be
reached from either enantiomer of the Diels–Alder adduct
simply by selecting one or other of the two routes. With this
unusual situation as background, we set out to prepare optically
pure calicheamicinone,5 a task for which the only new problem
was the preparation of the Diels–Alder adduct in optically pure
form and the determination of its absolute configuration.

In our initial Diels–Alder reaction (cf. Scheme 1) we had used
the methyl ester of b-nitroacrylic acid; consequently, ni-
troacrylates such as 68 and 69 were obvious candidates for use
in an asymmetric Diels–Alder reaction.

Our first choice was the oxazolidinone derivative 68, but we
were unable to prepare it. Perhaps we were too impatient but, in

Scheme 15 Reagents and conditions: i, DIBAL-H, CH2Cl2, 98%; ii, Bu4NF,
THF, 94%; iii, NaBH4, MeOH, 76%; iv, Et3SiOTf, 2,6-lutidine, CH2Cl2,
95%; v, AcOH, THF, H2O, 94%.

Scheme 16 Reagents and conditions: i, i-PrO2CN = NCO2Pr-i, Ph3P, AcSH,
94%; ii, DIBAL-H, CH2Cl2; iii, N-(methyldithio)phthalimide, CH2Cl2, 88%
from 64; iv TsOH·H2O, THF, H2O, 84%.
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any event, our second choice—the 8-phenylmenthol derivative
69—served the desired purpose admirably. Preparation of 69
was initially problematic, but it did not take long to devise an
acceptable route (Scheme 17).

Optically pure 8-phenylmenthol18 was acylated with acryloyl
chloride and the double bond in the product 7019 was cleaved by
the Lemieux–Johnson method to provide a mixture of the
glyoxylate 71 and its hydrate 72. This mixture underwent a
Henry reaction with nitromethane in the presence of neutral
alumina20 to give a mixture of nitro alcohols (71, 72 ? 73),
which was easily dehydrated by mesylation and spontaneous
elimination.

For the asymmetric Diels–Alder reaction the diene compo-
nent 5 was again generated in situ; it reacts smoothly with the
optically pure nitroacrylate to give, after mild acid workup, the
ketone 74 in slightly higher yield than for the methyl ester—64
versus 56%. X-Ray analysis of the ketone showed that the
absolute configuration was as drawn in Scheme 18. The C(5)

carbonyl was reduced as before to a mixture of epimeric
alcohols, and these were then silylated (74? 75? 76). Finally,
the chiral auxiliary was removed by treatment with DIBAL-H,
first at 278 °C and then at 230 °C. With proper temperature
control the two optically pure alcohols 77 (52% from ketone 74)
and 78 (27%) can be obtained, and the chiral auxiliary is
recovered (96%). Alcohols 77 and 78 correspond to the racemic
compounds used earlier (see Scheme 3), and the absolute

configuration of ketone 74 indicated that the second route
(Schemes 11–14) developed with racemic material would lead
to calicheamicinone of natural configuration. Accordingly, the
earlier experiments were repeated using both 77 and 78; the
sequence afforded (2)-calicheamicinone. Our material was
crystalline, and we were able to obtain the first X-ray
crystallographic data for calicheamicinone.

Synthesis of model compounds representing the sugar
units

Once the aglycone had been completed we began work on the
sugars and the aromatic unit. We arbitrarily decided to make
each of the sugars from materials in the chiral pool—but
excluding other sugars—or by asymmetric synthesis.

Synthesis of a ring E model

Our starting material for the ring E unit (see structure 1) was
serine, which is easily converted21 into the N-ethyl ester 79. N-
Carbamoylation and silylation of the remaining hydroxy group
(see Scheme 19) gave the fully protected derivative 81 (79? 80
? 81). DIBAL-H reduction furnished aldehyde 82, and

condensation with methyl bromoacetate, mediated by samarium
iodide,22 served to generate the required carbon skeleton (82?
83). The condensation gave a mixture of isomers with the major
one having a stereochemistry at the hydroxy-bearing carbon
opposite23 to that required. Consequently, an oxidation-reduc-
tion sequence (83 ? 84 ? 85) was needed to adjust the
stereochemistry; alcohol 85 was obtained in 89% ee. Methyla-
tion and desilylation then led directly to lactone 87, and
DIBAL-H reduction gave the lactols 88, corresponding to a
protected version of the ring E sugar of calicheamicin g1

I.24

Synthesis of a ring B model

Synthesis of the ring B unit began with methyl (R)-lactate,
which was converted by silylation and reduction into aldehyde
89 (Scheme 20), following a literature procedure.25 Addition of
the magnesium acetylide derived from ethyl propiolate afforded

Scheme 17 Reagents and conditions: i, NaIO4, OsO4, H2O, dioxane, 98%;
ii, MeNO2, alumina, 90%; iii, MsCl, Et3N, 89%.

Scheme 18 Reagents and conditions: i, THF, 278 °C, 35 min, then aqueous
NH4Cl, 4 h, 64% based on 11; ii, NaBH4, MeOH, 99%; iii, t-BuMe2SiOTf,
2,6-lutidine, CH2Cl2, 100%; iv, DIBAL-H, CH2Cl2, 278 to 230 °C, 52%
for 77 and 27% for 78.

Scheme 19 Reagents and conditions: i, allyl chloroformate, K2CO3, THF,
water, 0 °C, 94%; ii, t-BuMe2SiOTf, imidazole, DMF, 97%; iii, DIBAL-H
(added over 1 h), CH2Cl2, 278 °C, 30 min; iv, SmI2, THF, 278 °C,
MeO2CCH2Br, 1 h, 56% from 81; v, PCC, 4 Å molecular sieves, CH2Cl2,
1 h; vi, NaBH4, MeOH, 0 °C, 83% from 83; vii, MeOSO2CF3, 2,6-di-tert-
butyl-4-methylpyridine, CH2Cl2, reflux, 82%; viii, 3:1:1 AcOH–THF–
water, 24 h; azeotrope with PhMe; PhMe, AcOH, 80 °C, 5 h, 86%; ix,
DIBAL-H, CH2Cl2, 278 °C, 88%.
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a 9.6+1 mixture of alcohols 90, in which the minor isomer was
the desired one.25 Accordingly, the alcohols were subjected to
Jones oxidation (90? 91) and then treated with K-Selectride,
so as to generate the required stereochemistry (91? 92).25 The
hydroxy group was now protected as its MEM ether, and the
other oxygen was deprotected with aqueous HF in acetonitrile
(92 ? 93 ? 94). Semihydrogenation gave the Z alkene 95,
which lactonized (95? 96) on heating in the presence of acetic
acid. At this point, treatment with benzyl alcohol and mercuric
acetate served to effect alkoxymercuration of the double bond,
and reduction with sodium borohydride released the desired
benzyloxy lactone 97.26 The C(4) oxygen was next deprotected
with iodotrimethylsilane, generated in situ, and sulfonylated
with triflic anhydride (97 ? 98 ? 99). These operations took
the route to a point where a thioacetyl group could be introduced
by SN2 inversion, using potassium thioacetate in DMF (99 ?
100). Finally, DIBAL-H reduction at 295 °C gave the lactols
101 (94%), the thioacetyl group remaining intact. Lactols 101
represent a model of the ring B sugar unit of calicheamicin
g1

I.27

Synthesis of a ring A model

Our ring A model is one having a hydroxy group at C(4) that can
be converted into a leaving group (for displacement by a
hydroxylamine nitrogen), a C(2) hydroxy group for glycosyla-
tion with a suitable ring E precursor, and C(1) blocked as a
methyl glycoside. Structure 111 satisfies these requirements,
and the route we used to prepare it should allow differential
protection of the C(2) and C(3) oxygen functions.

Intermediate 93, used in the synthesis of the ring B model,
served as the starting point for the ring A model. The acetylenic
ester unit was converted by reduction (LiAlH4) and oxidation
into aldehyde 103 (see Scheme 21), and the latter was converted
in one step into the E olefinic ester 104. The double bond was
then hydroxylated, giving as the major product (80% yield) the
desired diol 105, this structural assignment being made after
ring closure. Selective benzoylation of the C(2) hydroxy group

afforded 106 and, when the silyl group was removed, under
standard conditions, spontaneous lactonization occurred, gen-
erating lactone 107. For convenience in this model study we
chose to mask the C(3) hydroxy group as a benzoate (107 ?
108). At that point, DIBAL-H reduction selectively modified
the lactone carbonyl, providing a mixture of lactols (109), and
the C(4) oxygen was deprotected, using iodotrimethylsilane,
generated as before, in situ. Finally, the anomeric position was
blocked as a methyl glycoside (110? 111).28

Synthesis of a ring D model

We arbitrarily decided to prepare our ring D model by
asymmetric synthesis rather than from rhamnose; consequently,
our route, which is closely related to prior methods,24f is longer
than that starting with a preformed sugar, but does offer
additional possibilities for incorporating isotopic labels.

The (S) furyl alcohol 11229 (Scheme 22) was prepared by
asymmetric29,30 transfer hydrogenation from the corresponding

ketone. Following a literature procedure,31 bromination in
methanol (112? 113) and treatment with formic acid then gave
a mixture of the desired pyranosidulose 11432 (61%) and the a-
anomer (20%), both of which were used in the synthesis, as
described below.

Scheme 20 aR3 = Me2Bu-t. bMEM = CH2OCH2CH2OMe. Reagents and
conditions: i, EtO2CC·CMgBr, THF, HMPA, 89 in CH2Cl2, 278 °C, 72%;
ii, Jones reagent; iii, K-Selectride, THF, 278 °C, 68% from 90; iv, MEMCl,
i-Pr2NEt, CH2Cl2, 86%; v, 48% aqueous HF, MeCN, 94%; vi, 5% Pd–
BaSO4, quinoline, H2, 1 atm, 86%; vii, PhMe, AcOH, 80 °C, 95%; viii,
BnOH, Hg(OAc)2, HClO4, 2 days; then THF, aqueous pH 8 buffer, NaBH4,
52% overall, 71% corrected for recovered 96; ix, Me3SiCl, NaI, MeCN,
86%; x, (CF3SO2)2O, pyridine, CH2Cl2; xi, AcSK, DMF, 48% from 98; xii,
DIBAL-H, CH2Cl2, 295 °C, 90%.

Scheme 21 Reagents and conditions: i, LiAlH4, THF, 83%; ii, MnO2,
hexane; iii, MnO2, NaCN, MeOH, AcOH, 87% from 102; iv, OsO4, NMO,
t-BuOH, 8:1 acetone–water, 78% (isolated) plus an isomer (16%); v,
PhCOCl, Et3N, DMAP, CH2Cl2, 0 °C, room temperature, 84%; vi, Bu4NF,
THF, AcOH, 92%; vii, PhCOCl, pyridine, DMAP, CH2Cl2, 98%; viii,
DIBAL-H in CH2Cl2, THF, 278 °C, 87%; ix, Me3SiCl, NaI, MeCN,
220 °C; x, (MeO)3CH, camphorsulfonic acid, MeOH, reflux, 78% from
109.

Scheme 22 Reagents and conditions: i, Br2, MeOH, 240 °C, 89%; ii,
HCO2H, MeOH, 61% 114, 20% 115; iii, LiAlH4, Et2O, 250 °C, then warm
to room temperature, 94%; iv, t-BuCOCl, pyridine, DMAP, CH2Cl2, 93%;
v, OsO4, t-BuOH, NMO, 9:1 acetone–water, 97%; vi, Bu2SnO, 10+1
MeOH–PhH, reflux 70 min, cool, MeI, 45 °C, 17 h, 95%; vii, LiOH·H2O,
4+1 MeOH–water, 5 days, 85 or 95%, corrected for recovered 119.
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Reduction of the ketone with lithium aluminium hydride
proceeded31 with the required stereochemical result in high
yield (114? 116, 94%). At this point, the optical purity of the
compound was confirmed by NMR comparison of its Mosher
ester with corresponding material made from racemic 112. The
C(3) hydroxy group was now protected as its pivaloyl ester, and
dihydroxylation, under standard conditions, produced diol 118,
which could be selectively and efficiently (95%) methylated33

(Bu2SnO, MeI) on the C(3) oxygen (118 ? 119). Mild basic
hydrolysis gave diol 120. Both 119 and 120 serve as models for
the D ring.34

The ring closure step from 113 afforded as a byproduct the a-
anomer 115 in 20% yield, but the stereochemistry could be
adjusted (Scheme 23), so that some of this material could be
used for the main sequence of Scheme 22.

Reduction of ketone 115 with sodium borohydride, and
pivaloylation gave 122 as the predominant product. Without
purification, this was subjected to conditions for acetal
exchange, so as to form mainly the a-glycal. Finally, dihydrox-
ylation gave pure 118 in 75% overall yield from 122. We did not
investigate the use of other hydride agents, in an attempt to
improve the isomer ratio (ca. 3+1) in the first step.

Synthesis of the aromatic unit

The carbohydrate domain of calicheamicinone is interrupted by
the hexasubstituted benzene, which is flanked by a mono-
saccharide and a trisaccharide. Before we began our own work,6
methods had been published for making the parent aromatic
system 123 (R = H),35 the corresponding ester 123 (R =

Me),21,35 and the nitrile 124.24f We prepared ester 123 (R =
Me) by two routes, using very simple reactions. Both routes lead
to compound 130 (Scheme 24), from which the target is easily
reached, as described below.

Our first route begins with the known nitro acetate 12536

(Scheme 24), which is available in good yield from vanillin by
acetylation (Ac2O, aqueous NaOH; 94%) and nitration (fuming
HNO3; 83%). Catalytic hydrogenation served to reduce both the
nitro and formyl groups, and in this way the required methyl and
amino functions are introduced (125 ? 126). Sandmeyer
reaction, acetate hydrolysis, and allylation of the resulting
phenol then gave the bromo allyl ether 127. This rearranged in
high yield when heated in refluxing decalin, to produce the
ortho allyl phenol 128, which was methylated under standard
conditions. Finally, halogen–metal exchange and acylation with
methyl chloroformate gave 130, which is an advanced inter-
mediate common to both the routes we developed to the
aromatic ring.

The second route (Scheme 25) starts with piperonal. The
derived cyclohexylimine (ca. 97%) is easily converted into
aldehyde ester 131 by lithiation and treatment with methyl
chloroformate (88%).37 Hydrogenolysis again converts the
formyl group into a methyl, and then the phenolic hydroxy

groups were released by the action of aluminium tribromide in
ethanethiol. The critical next step (133 ? 134) involved
selective methylation of the C(2) hydroxy group. This was
accomplished38 by using methyl iodide and lithium carbonate in
DMF at room temperature and, under these conditions, it was
possible to isolate the desired monomethyl ether 134 in
acceptable yield (50%, or 71%, after correction for recovered
133). The remaining hydroxy group was then allylated as
before, and Claisen rearrangement gave the new phenol 135.
This was then methylated (135? 130), bringing the sequence
to a point that overlaps with the first route.

Having a supply of 130 in hand, we had next to degrade the
allyl pendant to a formyl group (Scheme 26). To this end, the

Scheme 23 aYield of C(4) epimer 22%. Reagents and conditions: i, NaBH4,
THF, water, 0 °C; ii, t-BuCOCl, pyridine, DMAP, CHCl3, 66% 116, 22%
for the C(4) anomer; iii, camphorsulfonic acid, MeOH; iv, OsO4, t-BuOH,
NMO, 9:1 acetone–water, 75% from 115.

Scheme 24 Reagents and conditions: i, AcOH, MeOH, Pd-C, H2, 93%; ii,
(a) NaNO2, HCl, CuBr, (b) MeOH, KOH, heat, 81%, (c) K2CO3, allyl
bromide, acetone, 96%; iii, refluxing decalin (ca. 190 °C), 91%; iv, K2CO3,
Me2SO4, acetone, 92%; v, n-BuLi, THF, MeOCOCl, 81%.

Scheme 25 Reagents and conditions: i, AcOH, MeOH, Pd–C, H2, 93%; ii,
AlBr3, EtSH, 93%; iii, Li2CO3, MeI, DMF, 71%, after correction for
recovered 133 (30%); iv, (a) K2CO3, allyl bromide, acetone, 92%, (b)
refluxing decalin (ca. 190 °C), 86%; v, K2CO3, Me2SO4, acetone, 97%.

Scheme 26 Reagents and conditions: i, RhCl3·3H2O, EtOH, heat, 89%; ii,
OsO4, NaIO4, t-BuOH, CCl4, H2O, 83%; iii, MCPBA, CH2Cl2, then MeOH,
KOH, water, 81%; iv, ICl, CH2Cl2, 95%.
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double bond was shifted into conjugation with the aromatic
ring, using rhodium trichloride in refluxing ethanol,39 and
oxidative cleavage of the product (136) under Lemieux–
Johnson conditions gave aldehyde 137. At that point, Baeyer–
Villiger oxidation and base hydrolysis produced the known
phenol 138,35 which reacted with iodine monochloride to afford
in 95% yield the target 139—a substance that represents the
aromatic unit of calicheamicin.

Conclusion
Our synthetic work has led to each of the subunits of
calicheamicin g1

I, including the first preparation of crystalline
(2)-calicheamicinone, for which the molecular dimensions
were established by X-ray analysis. At several points a
remarkable level of stereoselectivity was observed with alkynyl
cerium reagents, and the stereochemical aspects of the synthesis
of 2 are very unusual.
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Single crystals of a symmetrically substituted molecule,
1,3,5-triazine-2,4,6-triaminehexaacetic acid, (TTHA) and its
Ca2+ salt have been synthesized, the analysis of which
reveals the existence of novel channel type cavities and
helical packing organizations in the crystals.

Nanoporous inorganic structures of widely varying three-
dimensional arrangements are well known.1 However, organic
molecules are generally more amenable to chemical functional-
ization. Consequently there has been a steady rise in attempts to
design organic molecules that can self-assemble via non-
covalent interactions.2 Indeed, intelligent use of the directional
nature of the hydrogen bonding and other structure directing
forces have generated solids with a whole variety of structural
motifs from man-made organic templates.3,4

Due to our continuing interest in the synthesis of organic
solids5 with controllable crystalline packing, we considered the
design of solids with framework structures, in which the
building blocks within the individual infinite networks are
linked either via H-bonds, or through metal-to-ligand bonds.
One way to develop solids with predictable 3D organization
requires design of a molecule with a symmetrical and well-
defined spatial arrangement of subunits, that can associate
through one or more non-covalent interactions. For this purpose
we chose the aromatic triazine nucleus in melamine as a core
which possesses -NH2 substituents at the 2-, 4- and 6-positions.
The ability of the melamine pendant residues to undergo H-
bonding interactions with other molecules or ions has been
exploited in both solution and the solid state.3 It occurred to us
that the -NH2 groups in melamine could be replaced by
-N(CH2CO2H)2 moieties, giving a core triazine nucleus with
three symmetrically placed, strongly metal-complexing bi-
dentate sites. The resulting ligand, 1,3,5-triazine-2,4,6-triamine
hexaacetic acid (TTHA, 1)† provides a symmetrical array of

three bidentate sites at which selected metal ions can be strongly
bound, each site closely resembling those in the ‘textbook’
chelating agent EDTA and related derivatives. One important
feature of the connecting ligands providing three bidentate
residues on the triazine hub is that when a metal ion binds to
three of them, the metal itself adopts the role of three nodal
points from which further connections could be engineered.
Therefore ligands like TTHA should be well poised to generate

a range of supramolecular framework structures in the solid
state.

Crystallization of TTHA from its aqueous solution yields a
solid which could be examined by single-crystal X-ray
diffraction.‡ In monoclinic crystals of 1 four molecules of
TTHA were found to be packed in the unit cell in the space
group C2/c, the molecular symmetry in the crystal lattice being
C2(2) which passes through the atoms N(11), C(12) and N(22)
(not shown). The nature of the intramolecular bond lengths in
the aromatic core is indicative of extensive p-electron delocal-
ization, which results in the planarity of this molecular entity.
From the values of the torsional angles it is clear that the
conformations of each -N(CH2CO2H)2 side-chain are slightly
different. These conformations adjust according to the need to
accommodate efficient intermolecular H-bonding interactions
in the lattice and deviate out of the plane of the triazine rings.

TTHA forms H-bonded (O–H…O) dimers through the
CO2H residues. Other weak interactions such as C–H…O and
C–H…N also exist. The supramolecular architecture produced
upon non-covalent association of TTHA, results in a ‘crinkled’
molecular tape supported by O–H…O H-bonds, which extend
in the direction of the c-axis (not shown). All six CO2H groups
in TTHA participate in such interactions and this association
extends infinitely (Fig. 1). Such supramolecular sheets of
TTHA are stacked along the a-axis giving exquisite channels of
various sizes. While the polar CO2H ends maintain the
channels, the columns in the channels in such aggregates are
made of triazine rings. The arrangement is reminiscent of
pillared inorganic layered structures, the CO2H residues

Fig. 1 Crystal packing of layers of TTHA in 3D showing the superposition
of eight layers of TTHA molecules leading to the formation of channels.
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forming pillars between the layers formed by TTHA in
TTHA.

This observation prompted us to explore the possibilities of
generating an open-framework metal-coordination polymer of
TTHA, using an oxophilic metal such as the Ca2+ ion. Indeed,
crystals of a suitable quality for single-crystal X-ray diffraction
of the Ca2+ salt of TTHA‡ were obtained upon prolonged
incubation in water. The structure of the Ca2+ salt of TTHA
consists of two molecules of TTHA, bound to two Ca2+ ions in
the asymmetric unit (not shown). The two crystallographically
independent TTHA molecules are related by an approximate
non-crystallographic centre of symmetry. However, the side-
arm -N(CH2CO2

2)2 anions projecting from the same triazine
hub show appreciable differences in their conformations.

From the crystal structure it is also evident that the two Ca2+

ions, Ca1 and Ca2 are octa-coordinated and are bridged by two
carboxy groups maintaining a distance of 4.84 Å. As many as
eight water molecules in the asymmetric unit are also found to
be involved in the formation of a 3D network of O–H…O H-
bonds. The most predominant feature of the solid state
organization is that Ca2+ and the water molecules are confined
to the crystal space between the two independent TTHA
molecules. This feature is shown in Fig. 2, which omits the
intermolecular H-bond connectivities for clarity. This also
shows that the supramolecular architecture of the molecules
along the b-axis is stabilized by O–H…O H-bonds. The planar
triazine part of the TTHA moieties is essentially perpendicular
to the c-axis of the unit cell. In this situation, the side-arms of
TTHA project out in such a manner that its terminal carboxy
groups not only participate in the intermolecular O-H…O H-
bonds but are also able to ligate with the Ca2+ ions. The planar
rings of the crystallographically independent triazines are
parallel to one another, separated by ~ 3.5 Å. However, the
triazine rings do not overlap completely and are partially
displaced from one another. Further inspection shows that a
helical organization exists in this polymeric network where
multiple, short triazine–triazine p or C–H…p triazine contacts
probably assist in stabilizing such helical organizations.

In summary, we were able to design a new supramolecular
scaffold utilizing TTHA as a central tecton which can form self-
organized entities in the solid state. The results presented herein
augur well for the future generation of a whole variety of
crystalline coordination polymers based on templates bearing

aminediacetic acid (EDTA and related ligands) with a wide
choice of metal centers, in some cases with channel-like
organizations. In view of the increasing demand for the
synthesis of planar molecular templates with trigonal and
hexagonal symmetry for materials design,6 TTHA should
provide convenient routes to prepare a new family of solids, the
packing organizations of which could be controlled by crystal
engineering. Other metal substitution may allow the generation
of porous solids with redox or charged subsites and these might
offer new matrices with altered physical properties for specific
catalytic and separation science applications. Synthesis and
investigation of the properties of these novel solid materials are
underway.

We thank Professor C. N. R. Rao for helpful discussions. This
work was supported by the Swarnajayanti Fellowship Grant of
the Department of Science and Technology, Govt. of India.
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space group P1, a = 10.407(1), b = 10.990(2), c = 20.543(8) Å, a = 92.82
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The condensation reaction of an overcrowded dihydrosti-
bine with dibromobismuthine using 1,8-diazabicy-
clo[5.4.0]undec-7-ene as a base afforded the first stable
stibabismuthene, the formation of which was evidenced by
UV–VIS and Raman spectra and its chemical reactivity.

In recent years there has been much interest in compounds with
a double bond between heavier group 15 elements. Since the
first isolation of a stable diphosphene (Mes*PNPMes*; Mes* =
2,4,6-tri-tert-butylphenyl) in 1981,1 a number of examples of
kinetically stabilized diphosphenes (RPNPR)2 and diarsenes
(RAsNAsR)2c,3 have been isolated and fully characterized.
Recently, we have succeeded in the synthesis and character-
ization of the first stable distibene (TbtSbNSbTbt)4 and
dibismuthene (TbtBiNBiTbt),5 even heavier congeners of azo
compounds, by taking advantage of an efficient steric protection
group, Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl.6 Very
recently, Power and coworkers also synthesized another type of
stable distibene and dibismuthene substituted by bulky
2,6-Ar2C6H3 groups (Ar = mesityl or 2,4,6-triisopropylphe-
nyl).7 As for the case of heteronuclear double-bond compounds
between heavier group 15 elements, several phosphaarsenes3a,8

and phosphastibenes8,9 have been synthesized as stable com-
pounds. However, there are no examples of a heteronuclear
doubly bonded system between antimony and bismuth, i.e.
stibabismuthene. Although the successful results on the kinetic
stabilization of distibene and dibismuthene (TbtENETbt; E =
Sb, Bi) naturally prompted us to apply the Tbt group to the
synthesis of stable stibabismuthene, we were apprehensive that
the extremely low solubility of the Tbt-substituted doubly
bonded system of heavier group 15 elements may prevent us
from utilising the possible synthetic approaches or spectroscop-
ically detecting the reaction products. On the other hand, during
the course of our investigation on the kinetic stabilization of
low-coordinated highly reactive species we have developed
another bulky aromatic substituent, 2,6-bis[bis(trimethylsi-
lyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl (Bbt),10 which
is expected to be a potentially more useful steric protecting

group than TbT. In fact, a new distibene and dibismuthene
substituted by Bbt groups, which have relatively high solubility
compared with TbtENETbt (E = Sb, Bi), have been successfully
synthesized and characterized.11 We now report the successful
application of the Bbt group to the synthesis of the first stable
stibabismuthene, BbtSbNBiBbt 1.

The condensation reaction of BbtBiBr2 with BbtSbH2, which
was prepared by the reaction of BbtSbBr2 with LiAlH4, in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in THF
at 295 °C afforded stibabismuthene 1‡ as red–purple crystals
quantitatively (Scheme 1). Stibabismuthene 1 showed sat-
isfactory spectral data, as discussed below.

In the Raman spectrum (in the solid state) of 1, a strong line
attributable to the Sb–Bi stretching was observed at 169 cm21.
This wavenumber lies between the value of the Sb–Sb
stretching vibration in TbtSbNSbTbt (207 cm21)4 and that of the
Bi–Bi stretching vibration in TbtBiNBiTbt (135 cm21),5 and is
higher than the Sb–Sb and Bi–Bi stretching frequencies for
Ph2E–EPh2 (E = Sb, Bi).12 The UV–VIS spectrum of 1 in
hexane shows two absorption maxima at 709 nm (e 200 dm3

mol21 cm21) and 516 (7500), which are most likely assignable
to the forbidden n ? p* and the allowed p? p* transitions of
the SbNBi chromophore, respectively.

These results are consistent with the characteristic red-shifts
in the electronic spectra of previously reported heavier
congeners of azo compounds, and the lmax value for the p?p*
transition of 1 lies between those of BbtSbNSbBbt 2 [lmax 490
nm (e 6000 dm3 mol21 cm21)]11 and BbtBiNBiBbt 3 [lmax 537
nm (e 6000 dm3 mol21 cm21)].11 These spectral data suggest
that 1 features a double bond between antimony and bismuth in
solution as well as in the solid state. The reason for the
additional red-shift for the n ? p* transition of 1, which is 39
nm longer than that of 3 [lmax 670 nm (sh, e 20)], is not clear at
present.

The molecular structure of stibabismuthene 1 was also
supported by X-ray crystallographic analysis, but definite
structural parameters for 1 have not been obtained yet owing to
the inevitable disorder of the antimony and bismuth atoms,
which cannot be solved by data collection with a number of
different single crystals of 1 even at low temperature
(2180 °C).§

Stibabismuthene 1 is stable at ambient temperature in
hydrocarbon solvents in the absence of air and light. When a
solution of 1 in benzene-d6 was heated at 70 °C, 2 and 3 were
formed very slowly as judged by 1H NMR spectroscopy

† Present address: Institute for Chemical Research, Kyoto University,
Gokasho, Uji, Kyoto 611-0011, Japan. E-mail: tokitoh@boc.kuicr.kyoto-
u.ac.jp
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Scheme 2
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(Scheme 2). Heating a solution of 1 at 80 °C for 20 days led to
the formation of a mixture of 1, 2 and 3 with the ratio of
1+1.4+1.1, respectively. On the other hand, when a solution of
1 in benzene-d6 was irradiated with a medium pressure mercury
lamp (100 W) in a sealed Pyrex NMR tube at room temperature,
the disproportionation reaction was complete in 4 h to give a
1+1 mixture of 2 and 3. The results of the thermal and
photochemical disproportionation reactions of 1 into the
homonuclear double-bond species 2 and 3 can be regarded as
chemical evidence for the formation of stibabismuthene 1.

Taking the previous reports on the reactivities of diphos-
phenes2,13 into consideration, two different pathways can be
postulated for the disproportionation reactions of stibabismu-
thene 1 (Scheme 3). The first is the dimerization of 1 by heating
or irradiation followed by decomposition of the resulting four-
membered dimer  4 into the homonuclear double-bond species
2 and 3 (path A), while the other is based on the dissociation of
1 giving the corresponding monovalent species, i.e. stibinidene
5 and bismuthinidene 6, both of which might undergo ready
dimerization leading to the formation of 2 and 3, respectively
(path B).

Although we have examined the thermolysis and photolysis
of 1 in the presence of 2,3-dimethylbuta-1,3-diene in expecta-
tion of trapping the intermediary monovalent species 5 and 6, no
[4 + 1] cycloadducts of 5 and 6, but only distibene 2 and
dibismuthene 3, were obtained in high yields. Since we have
already found that the stibinidene 5 generated by thermal
cycloreversion of the corresponding overcrowded stibolene
derivative readily undergoes [4 + 1] cycloaddition with
2,3-dimethylbuta-1,3-diene to give the stable stibinidene ad-
duct,10,11 the disproportionation reaction of stibabismuthene is
not rationalized by the mechanism via stibinidene and bismuthi-
nidene intermediates but most likely interpreted in terms of the
association–dissociation mechanism via the head-to-head di-
merization of 1.

In summary, we have succeeded in the synthesis of the first
stable stibabismuthene 1 by taking advantage of kinetic
stabilization afforded by a new and effective steric protecting
group, Bbt. Further investigations on the physical and chemical
properties of stibabismuthene and syntheses of other variations
of heteronuclear doubly bonded systems between heavier main
group elements are currently in progress.

This work was partially supported by Grants-in-Aid for
Scientific Research on Priority Areas (No. 09239101 and

11166250) from the Ministry of Education, Science, Sports and
Culture of Japan. T. S. thanks Research Fellowships of the
Japan Society for the Promotion of Science for Young
Scientists. We acknowledge Professor Y. Furukawa of Waseda
University for measuring the Raman spectra. We are also
grateful to Shin-Etsu Chemical Co. Ltd., for the generous gifts
of chlorosilanes.

Notes and references
‡ Spectral data for 1: red–purple crystals, mp 259–260 °C (decomp.); 1H
NMR (400 MHz, C6D6) d 0.31 (s, 36H), 0.34 (s, 36H), 0.39 (s, 27H), 0.40
(s, 27H), 1.98 (s, 2H), 2.07 (s, 2H), 7.19 (s, 2H), 7.53 (s, 2H); 13C NMR (100
MHz, C6D6) d 1.37 (q), 2.42 (q), 2.82 (q), 5.76 (q), 21.42 (s), 22.15 (s),
41.35 (d), 43.64 (d), 124.23 (d), 128.95 (d), 145.48 (s), 148.54 (s), 151.81
(s), 152.20 (s), 153.70 (s), 195.34 (brs). FT-Raman (Nd+YAG laser 1064
nm) 169 cm21 (nSbNBi). UV–VIS (hexane) lmax/nm (e/dm3 mol21 cm21)
709 (200), 516 (7500). FAB-MS: m/z 880 ([BbtBiSb 2 Si(CH3)3]+), 832
([BbtBi]+), 745 ([BbtSb + H]+).
§ Crystal data for 1: C60H134Si14BiSb, M = 1579.64, triclinic, space group
P1̄ (no. 2), a = 12.574(2), b = 18.056(2), c = 9.318(1) Å, a = 92.756(3),
b = 98.623(4), g = 88.678(8)°, V = 2088.9(5) Å3, Z = 1, Dc = 1.256 g
cm23, Mo-Ka (l = 0.71069 Å) radiation, m(Mo-Ka) = 26.54 cm21, T =
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CCDC 182/1683. See http://www.rsc.org/suppdata/cc/b0/b001900n/ for
crystallographic files in .cif format
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Dicobalt(II) cofacial bisporphyrins anchored by dibenzo-
furan (DPD) and xanthene (DPX) are efficient electro-
catalysts for the four-electron reduction of oxygen to water
despite their ca. 4 Å difference in metal–metal distances,
suggesting that the considerable longitudinal ‘Pac-Man’
flexibility of the pillared platforms is the origin for the
similar catalytic reactivity of these structurally disparate
systems.

Enzymatic systems are remarkable in their ability to accom-
modate the large range of motion required for the binding and
catalysis of small molecules. In many cases, the kinetic steps of
the processes involved are ultimately predicated on conforma-
tional changes of the active site upon substrate binding,
activation, and/or product release. An outstanding example is
the binding and biological reduction of dioxygen to water by
cytochrome c oxidase (CcO).1 The critical O–O bond cleavage
chemistry is mediated by a flexible, dinuclear iron–heme/
copper (Fea3/CuB) assembly.1,2 Nevertheless, the pursuit of
structural and functional models for O2 activation have
emphasized, for the most part, bimetallic reaction centers poised
within well-defined, rigid pockets.3–7 For example, pillared
cofacial dicobalt bisporphyrins bridged by anthracene (DPA)
and biphenylene (DPB)8–11 impair ring slippage, and as a result,
these complexes efficiently electrocatalyze the direct four-
electron reduction of oxygen to water (as opposed to the two-
electron pathway involving peroxide) with little structural
reorganization of juxtaposed subunits. Can efficient oxygen-
activation chemistry be preserved when this cofacial structural
motif exhibits a large range of motion? To address this issue, we
have developed methods for the facile assembly of new cofacial
bisporphyrins, incorporating dibenzofuran (DPD)12 or xanthene
(DPX)13 pillars that exhibit variable pocket sizes with minimal
lateral displacements. Herein, we report that dicobalt(II)
complexes of both DPD and DPX efficiently mediate the direct
four-electron reduction of oxygen to water despite a ca. 4 Å
difference in their metal–metal distances (as determined from
their X-ray crystal structures), suggesting that the longitudinal
‘Pac-Man’ flexibility of these molecular clefts allows the
designed binding pocket to structurally accommodate reaction
intermediates during multielectron catalysis.

Co2(DPD) 1 was obtained in excellent yield (91%) from
reaction of the corresponding free base bisporphyrin with CoCl2
and 2,6-lutidine.† Crystals suitable for X-ray diffraction studies
were grown from dichloromethane–methanol solutions.‡ The
structure of 1 (Fig. 1) shows that two methanol solvent
molecules are coordinated inside the bisporphyrin pocket to the
two cobalt(II) centers. In order to accommodate the two
exogeneous ligands, the DPD framework opens its ‘bite’
considerably. The interplanar angle between the two macro-
cycles is 56.5°, resulting in metal–metal (8.624 Å) and center-

to-center (8.874 Å) distances that are markedly larger than
found in Zn2(DPD) (dZn–Zn = 7.775 Å, dCt–Ct = 7.587 Å).12

The Co(II) cores adopt an approximate square-pyramidal
geometry, as the N–Co–N bond angles are 90 ± 1.3° and the N–
Co–O bond angles are 90 ± 5.3°. The Co centers are displaced
slightly from the porphyrin meanplane (dav = 0.1355 Å) toward
the axial ligand. The average axial Co–O bond length (2.272 Å)
is significantly longer than that of the average equatorial Co–N
bond (1.982 Å), owing to the occupancy of the dz2 orbital by a
single unpaired electron in Co(II). A conformational analysis of
the two macrocycles indicates inequivalent ring systems. The
porphyrin ring containing Co(1) exhibits an S4 ruffle with a
mean deviation from planarity of 0.1416 Å. In contrast, the ring
with Co(2) is essentially flat (average deviation 0.0307 Å).
Lastly, the most important structural feature of 1 in relation to
its O2 reactivity (vide infra) is the small tortional twist (9.3°,
defined as the torsion angle between the two meso-carbon to

Fig. 1 Molecular structures of 1 and 2 with hydrogen atoms omitted for
clarity. Thermal ellipsoids are drawn at the 30% probability level.
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spacer bonds) between the porphyrinic subunits, giving a
cofacial binding pocket with a directed longitudinal reaction
coordinate for substrate binding and activation.

Cyclic voltammograms of 1 in nitrobenzene give a single,
reversible oxidative wave at +0.33 V (vs. AgCl/Ag), consistent
with two non-interacting metal centers. The complex was
screened as an electrocatalytst for the reduction of dioxy-
gen.14,15 Fig. 2(a) displays a rotating ring-disk voltammogram
for the reduction of O2 at a graphite electrode coated with 1.
Remarkably, 1 catalyzes the reduction of oxygen at the
unusually positive potential of 0.37 V (vs. AgCl/Ag) with 80%
of the O2 reduction proceeding along the four-electron pathway
to produce water; the longitudinal ‘Pac-Man’ flexibility of this
molecular cleft apparently allows it to ‘bite’ down on the O2
substrate resulting in efficient catalytic activation.

We sought to compare the reactivity of 1 to a dicobalt(II)
cofacial complex where the bite size of the cleft is preorganized
for oxygen activation. The six-membered center ring of the
xanthene spacer of Co2DPX 2† causes the two porphyrin
macrocycles to bend slightly in toward each other (Fig. 1),
giving a mean interplanar distance of 3.519 Å between the two
porphyrin rings,‡ which is quite similar to that found in
Co2DPB (3.381 Å).10,11 However, the torsional twist (21.1°)
between the two rings results in a metal–metal distance of 4.582
Å (Co2DPB, 3.726 Å). The square geometry for the Co(II) cores
is confirmed by the N–Co–N bond angles of 90 ± 1.7°. As
observed for 1 and for other structurally characterized DPX
metal complexes,13 the two ring systems of 2 are structurally
inequivalent in the solid state. The macrocycle with Co(1)
exhibits a pronounced ruffled conformation with a mean
deviation from planarity of 0.2227 Å, while the macrocycle
containing Co(2) has a less pronounced ruffle with a mean
deviation from planarity of 0.1118 Å. The more compressed
structure of 2 engenders mixed-valence behavior, as two
reversible electrochemical oxidations are observed at +0.28 and
+0.17 V; the Co(II)/Co(III) DPX complex reacts with dioxygen
in the presence of 1,5-dicyclohexylimidazole to give a 15-line
EPR spectrum typical of a symmetrical biscobalt(III) superoxo
complex (g = 2.02, ACo = 11.14 G).8–10 Nevertheless, 2
efficiently catalyzes the reduction of oxygen at a potential (0.38
V vs. AgCl/Ag) and with a selectivity for the four-electron
pathway to produce water (72%) commensurate to 1 [Fig.
2(b)].

The observation that both complexes are efficient catalysts
for the four-electron reduction of oxygen to water, despite their
notable differences in structure and redox behavior, is striking.
The results suggest that the longitudinal open-to-closed con-
formational change in the presence of oxygen, especially
dramatic in the DPD framework, involves only a small change
in conformational energy. The structure of the bisiron(III) m-oxo
complex of DPD provides further evidence of the ‘Pac-Man’
effect, as the framework readily closes its structure to give a

complex with a compressed metal–metal distance of 3.504 Å.12

Accordingly, the conformational flexibility of these ‘Pac-Man’
porphyrins provides a directed reaction coordinate for facile
substrate activation and product release. With the synthetic
availability of both the DPD and DPX frameworks, we are
poised to incisively investigate structural and electronic effects
on the small-molecule reactivity of these pillared cofacial
bisporphyrins. Current studies are aimed at photoactivating the
dioxygen molecule to address mechanistic issues concerning
the proton-coupled O–O bond cleavage chemistry16 of these
and related complexes.

C. J. C. gratefully acknowledges the National Science
Foundation for a predoctoral fellowship. We thank A. Heyduk
for help with the X-ray crystallography. This work was
supported by the National Institutes of Health GM 47274.
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cofacial bisporphyrin with CoCl2 and 2,6-lutidine in refluxing THF. X-Ray
quality crystals were obtained from slow evaporation of dichloromethane/
methanol solutions. Characterization data: 1: C76H76Co2N8O: calc. C,
73.89; H, 6.20; N, 9.54; found C, 73.82; H, 6.26; N, 8.94%. HRFABMS
(M+): calc. m/z 1234.4806; found: 1234.4801. 2: C79H82Co2N8O: calc. C,
74.24; H, 6.47; N, 8.77; found: C, 73.86; H, 6.42; N 8.71%. HRFABMS
(M+): calc. m/z 1276.5276; found 1276.5257.
‡ Crystal data: 1: C80H84Cl2Co2N8O4, M = 1410.31, triclinic, space group
P1̄, a = 10.9872(2), b = 13.0824(2), c = 27.2127(10) Å, a = 84.68, b =
87.2850(10), g = 71.8840(10)°, U = 3700.93(9) Å3, Z = 2, Dc = 1.266 g
cm23. A total of 15393 reflections were collected in the q range 1.50–
23.68° at 183(2) K on a Siemens SMART CCD diffractometer, of which
10494 were unique (Rint = 0.0334). The largest peak and hole in the
difference map were 1.651 and 20.756 e Å23, respectively. The least
squares refinement converged normally giving residuals of R = 0.0795,
wR2 = 0.2186, and GOF = 1.121. 2: C79H82Co2N8O2, M = 1277.39,
monoclinic, space group C2/c, a = 24.1310(5), b = 10.6260(2), c =
50.2717(10) Å, b = 99.5120(10)°, V = 12713.2(4) Å3, Z = 8, Dc = 1.335
g cm23. A total of 25472 reflections were collected in the q range
1.64–23.42° at 183(2) K, of which 9225 were unique (Rint = 0.1088). The
largest peak and hole in the difference map were 0.445 and 20.461 e Å23,
respectively. The least squares refinement converged normally giving
residuals of R = 0.0829, wR2 = 0.1479, and GOF = 1.149.

CCDC 182/1685. See http://www.rsc.org/suppdata/cc/b0/b001620i/ for
crystallographic files in .cif format
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Fig. 2 Rotating Pt ring-disk voltammograms for reduction of O2 at pyrolytic
graphite disks coated with (a) 1 and (b) 2. Rotation rate, 100 rpm; disk
current, S = 10 mA; ring current, S = 5 mA; supporting electrolyte, 0.5 M
HClO4–1.5 M CF3CO2H saturated with air.
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The title compound, a labile but isolable substance owing to
appreciable steric protection, shows substantially higher
electron affinity than the corresponding 1,4-benzoquinone
and is reduced by water. 

While p-benzoquinones have been extensively studied,1 little
has been known about the corresponding sulfur analogues. A
major reason may be the general lability of thiocarbonyl
compounds that makes their handling and isolation in pure form
difficult.2 Bock and co-workers have reported the pyrolytic
generation and spectroscopic characterization of the parent
dithio- and monothio-1,4-benzoquinones, 1 and 2, in low
temperature matrices.3 Recently 2,6-dialkyl-4-thio-1,4-benzo-
quinones 3 have been generated and trapped by cycloaddition
with 1,3-dienes.4 The only isolable, related monothioquinone so
far known is monothioanthraquinone 4.5 We have recently
reported the synthesis and properties of thioquinone methides 5
in which tert-butyl groups give steric protection to a consider-
able extent.6 Here we report the synthesis and characterization
of 2,6-di-tert-butyl-1-thio-1,4-benzoquinone 6, the first isol-
able, monothio-1,4-benzoquinone.

We have already described the generation of lithium 2,6-di-
tert-butyl-4-lithiothiophenoxide 7 as the key synthon for 5.6
The exposure of a THF solution of 7 to O2 at 270 °C followed
by the usual work-up afforded bisphenol disulfide 8† in 50%
yield. A major byproduct was 2,6-di-tert-butylthiophenol, a
reduction product. Obviously, the two tert-butyl groups at the
ortho-positions are not bulky enough to hinder the coupling of
the intermediate thiophenoxy radical as reported for the 2,6-di-
tert-butylthiophenoxy radical itself.7 The initially expected
mercaptophenol 9† was obtained by reduction of 8 with zinc
powder in acetic acid (60%). The attempted oxidation of 9 to 6
with DDQ in benzene or acetone resulted, however, in the
formation of 8. We therefore expected that oxidation of 8 to its
bis(phenoxy radical) 10 would cause cleavage of the rather
weak disulfide bond, leading to the generation of 6. In fact,
NMR monitoring of a mixture of 8 and excess DDQ (3.5 equiv.)

in deaerated benzene-d6 in a sealed tube at room temperature
gave rise to new proton signals as singlets at d 1.14 and 6.48 and
a 13C signal at d 233.45 (CNS) which are reasonable for the
desired 6. However, in spite of the use of excess DDQ, the
reaction seemed to form a 2+1 equilibrium mixture of 6 and 8
probably by mediation of DDQ and its hydroquinone. Although
the signals of 6 remained almost unchanged in the solution for
at least two months, the attempted isolation of 6 from the
mixture failed because of its lability. This failure suggests that
the isolation of 6 from solutions should be difficult. In the end,
the isolation of 6 in almost pure form was achieved in 70% yield
by its sublimation to a water-cooled cold finger from a solid-
state mixture of 8 and PbO2 (1+30 w/w) heated at 140 °C under
vacuum.

The monothiobenzoquinone 6† thus obtained is a greenish
yellow solid. Although relatively stable in the solid state as well
as in neutral aprotic solvents such as benzene and acetone at
room temperature, 6 is sensitive to moisture and other protic
substances. The IR spectrum of 6 shows an intense carbonyl
absorption at 1639 cm21 and a less intense thiocarbonyl
absorption (intense in the Raman spectrum) at 1141 cm21. This
thiocarbonyl stretching frequency is considerably lower than
that of 4 (1212 cm21)5 and even lower than the significantly
dipolar 4H-pyran-4-thione (1168 cm21).8 The electronic spec-
trum of 6 exhibits a weak absorption (e = 32) at 758 nm, which
is assignable to the n ?p* transition of the thiocarbonyl group,
as well as a strong absorption at 321 nm. The visible absorption
of 6 is at an appreciably longer wavelength than those of 2 (500
nm)3 and 4 (697 nm).5 The IR and visible absorption spectral
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results suggest a substantial polarization of the thiocarbonyl
group of 6. In this context, a semiempirical theoretical
calculation (PM3) predicts that 6 should take the boat form, due
to steric congestion, with bow and stern angles of 50° and 27°,
respectively. This molecular deformation from planarity could
be responsible for the enhanced polarization (elongation) of the
thiocarbonyl bond.

Thiocarbonyl compounds are usually more easily reduced
than the corresponding carbonyl compounds.9 Upon cyclic
voltammetry, 6 shows two irreversible reduction waves at
20.60 and 21.33 V (both peak potentials vs. Ag/Ag+, in 0.1 M
n-Bu4NClO4–CH3CN, ferrocene/ferrocene+ = 0.10 V). These
reduction potentials are about 0.5 V lower than those of 2,6-di-
tert-butyl-1,4-benzoquinone 11 (the corresponding peak poten-
tials: 1.07 and 1.88 V) measured under the same conditions,
indicating that 6 is a substantially strong electron acceptor.
Surprisingly, 6 was found to be reduced rather than hydrolysed
by water: when a small amount of D2O was added into an
acetone solution of 6 either in the dark or light at room
temperature, the signals of 6 at d 1.37 (s) and 6.46 (s)
disappeared within 1 h with the concurrent appearance of new
signals at d 7.00 (s), 6.93 (br s), 6.73 (br s) and 6.52 (s) in the
olefinic to aromatic region. The products were identified to be
monothiohydroquinone 9, disulfide 8 and benzoquinone 11,
formed in a 45+50+5 ratio (1H NMR and TLC comparison with
those of the authentic samples). The formation of 8 (probably
also 9) points to the intermediate formation of the correspond-
ing thiophenoxy radical. In addition, the ferricyanide test as a
preliminary qualitative test afforded a positive result, conform-
ing the formation of hydrogen peroxide in the solution. Thus,
hydrolysis of 6 to 11 is a very minor process, different from the
usually easy hydrolysis of thioketones to ketones.

In conclusion, although the two tert-butyl groups at the ortho
positions are not bulky enough for steric protection, 2,6-di-tert-
butyl-1-thio-1,4-benzoquinone 6 was synthesized as a labile but
isolable compound at around room temperature and was found
to show a considerably high electron affinity and to undergo an
unusual reaction with water. We are now investigating the
detailed chemical properties of 6.

This work was supported by a Grant-in-Aid for Scientific
Research of Special Field (No.10146102) from the Ministry of
Education, Science, Sports and Culture, Japan.

Notes and references
† Selected physical and spectroscopic data; 6: mp 87–88 °C; MS (EI) m/z
238 (M+ + 2H, 100%), 236 (M+, 20), 221 (M+2CH3, 27), 180 (M+2C4H8,
25), 165 (M+ 2 71, 69); IR: n (KBr)/cm–1 2963 (s), 1639 (s, CNO), 1556
(m), 1456 (m), 1366 (m), 1302 (m), 1261 (m), 1232 (m), 1200 (m), 1141 (m,
CNS), 1096 (m), 1072 (m), 1022 (m), 910 (m), 801 (m); dH (400 MHz,
C6D6) 1.13 (s, 18H), 6.49 (s, 2H); dC(100 MHz, C6D6) 30.98, 36.87, 121.94,
163.58, 189.94 (CNO), 233.45 (CNS); UV–Vis (cyclohexane) lmax/nm (e)
321 (14 300), 456 sh, 758 (32); 8: mp 210–213 °C; MS (EI) m/z 474 (M+,
12%), 238 (M+/2 + 1, 100), 181 (M+/2 2 C4H9, 16); dH(270 MHz, CD2Cl2)
1.04 (s, 18H), 1.60 (s, 18H), 4.84 (br s, 2H, OH), 6.65 (s, 2H), 6.86 (s, 2H);
The NMR spectra show restricted rotation of the S–S or C–S bond with an
estimated energy barrier of DG‡ = 16.5 ± 0.2 kcal mol21 (Tc = 75 °C in
benzene); see also ref. 10; 9: mp 124–127 °C; MS (EI) m/z 238 (M+, 100%),
181 (M+ 2 C4H9, 17); dH(270 MHz, CDCl3) 1.58 (s, 18H), 3.24 (s, 1H),
4.57 (s, 1H), 6.89 (s, 2H).
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[Co4(m-Cl)6Cl2(thf)4(MeOH)2]n, a catena-polycobalt(II)
complex with an unusual linear chain of octahedral/
tetrahedral/octahedral cobalt sites, is obtained quantita-
tively from the reaction between cobalt chloride hydrate and
trimethylorthoformate in THF.

Literature reports on infinite polymeric chains based on copper,
manganese or cobalt, indicate the most common routes to
obtaining catena-complexes are to use polydentate ligands as
bridges between metallic units,1–5 or to take advantage of
potential intermolecular hydrogen bonding.6 Numerous copper
complexes,2,6 and a few cobalt compounds were obtained in
these ways.1,3–5 Halide-bridged polymeric structures have also
been characterised for these metals.7 Interestingly, X-ray
structure determinations describing chain-type cobalt com-
plexes still remain scarce, apparently because these polymeric
structures are difficult to grow as single crystals.8 Of the
reported structures the majority feature repeating linear chloro-
bridged chains of monomeric cobalt octahedra,7b or elegant
halide-bridged ‘zigzag’ chains (non-linear) as the polymeric
network.8–10 We report the isolation and structural character-
isation of a new family of inorganic polymers of cobalt,
showing an unprecedented chain of three different cobalt
sites.

[Co4(m-Cl)6Cl2(thf)4(MeOH)2]n 1 was obtained in quantita-
tive yield from a mixture of CoCl2·6H2O and trimethylortho-
formate in tetrahydrofuran solution.‡ Crystals used for X-ray
diffraction were kept under dry diethyl ether to prevent any
decomposition before measurements.§ The structure of 1
consists of an infinite regular chain of three distinct successive
cobalt sites (Fig. 1) connected in different ways. Co(1) and
Co(3) are located on crystallographic inversion centres linked,
respectively, by two and one bridging chloride ions to Co(2)
centres. This creates a repeating pattern of tetranuclear units
[–Co(thf)2(m-Cl)2CoCl(m-Cl)Co(MeOH)2(thf)2(m-Cl)CoCl(m-
Cl)2–], or more simply [Co4(m-Cl)6Cl2(thf)4(MeOH)2]. The
strict asymmetric unit, from which the entire chain can be built,
is formulated [Co2Cl4(thf)2(MeOH)]. The geometry around
Co(1) is octahedral having four m-chloro bridges in equatorial
sites, linked to two symmetry related Co(2) centres, and two thf
molecules in axial positions, Co(1) thus being part of a CoCl4O2
chromophore. Each Co(2) centre is in a distorted tetrahedral
environment made up of a terminal chloride and three m-chloro
bridges; two connected to Co(1) and the third bridged to Co(3).
The bridging properties force the tetrahedral Cl(1)–Co(2)–Cl(2)
angle to contract to 97.31(3)°, whilst the mono-bridged angle
Cl(2)–Co(2)–Cl(4) has opened to 118.44(3)°. The coordination
sphere around Co(3) consists of four oxygen donors atoms from
two trans-thf and two trans-methanol molecules located at the

equatorial positions. The axial positions are occupied by the
bridging atoms Cl(4) producing a CoCl2O4 chromophore. The
longer Co(3)–Cl(4) distances relative to Co(3)–O, result in a
tetragonal elongation along the pseudo-four-fold axis of the
Co(3) octahedral environment. The Co(1)–Cl(2) bond length is
very long, 2.5488(7) Å, so that in this case a pronounced
compressed octahedral geometry, i.e. a tetragonal contraction
along the pseudo-four-fold axis is suggested around the Co(1)
atom.

The Co–Cl bond distances are in agreement with the values
reported for tetrahedral and octahedral chloride geometries in
related cobalt/chloride complexes.7,11,12 The terminal chloride
on Co(2) is involved in a O–H…Cl hydrogen bond interaction
to the cis-methanol molecule coordinated to Co(3). A closely
related trinuclear cobalt chloride anion, [Co3Cl8(thf)2]22, has
recently been described.13 The X-ray structure determination
revealed three successive cobalt sites: tetrahedral/octahedral/
tetrahedral each connected via di-m-chloro bridges. The molec-
ular structure of [{Co4(m-Cl)6Cl2(thf)4(H2O)2}·2THF]n 2§ (Fig.
2) is very similar to 1, except that the methanol molecules
coordinated to Co(3) are replaced by water molecules, and two
additional thf molecules per tetranuclear unit have cocrystal-
lised in the lattice. The most significant difference between the
two complexes involves the hydrogen bonding network; both
complexes form an intramolecular OH…Cl(terminal) inter-
action [O(1)…Cl(3) 3.041(2) Å, O(1)–H(1)…Cl(3) 170(4)° in
1; O(1)…Cl(3) 3.117(2) Å, O(1)–H(1B)…Cl(3) 168(3)° in 2].
In 2 the water molecule forms an additional strong inter-
molecular bond with the thf molecule in the lattice. This results

† Electronic supplementary information (ESI) available: elemental analysis,
FTIR, VIS–NIR, temperature dependence of magnetic moment, data and
apparatus for 1. See http://www.rsc.org/suppdata/cc/b0/b003213l/

Fig. 1 Schematic representation of the crystal structure of 1: H atoms
omitted for clarity. Selected bond lengths (Å) and bond angles (°): Co(1)–
Cl(1) 2.4600(6), Co(1)–Cl(2) 2.5488(7), Co(1)–O(10) 2.0381(18), Co(2)–
Cl(1) 2.2918(8), Co(2)–Cl(2) 2.2861(7), Co(2)–Cl(3) 2.2533(8), Co(2)–
Cl(4) 2.2898(8), Co(3)–Cl(4) 2.5049(7), Co(3)–O(1) 2.067(2),
Co(3)–O(20) 2.0696(19); Cl(1)–Co(1)–Cl(2) 86.64(2), Cl(1)–Co(1)–O(10)
88.43(5), Cl(2)–Co(1)–O(10) 89.97(6), Cl(1)–Co(2)–Cl(2) 97.31(3), Cl(1)–
Co(2)–Cl(3) 115.20(3), Cl(1)–Co(2)–Cl(4) 108.37(3), Cl(2)–Co(2)–Cl(3)
110.39(3), Cl(2)–Co(2)–Cl(4) 118.44(3), Cl(3)–Co(2)–Cl(4) 107.24(3),
Cl(4)–Co(3)–O(1) 89.72(6), Cl(4)–Co(3)–O(20) 89.52(6), O(1)–Co(3)–
O(20) 91.22(8), Co(1)–Cl(1)–Co(2) 86.29(3), Co(1)–Cl(2)–Co(2) 84.34(2),
Co(2)–Cl(4)–Co(3) 119.47(3), Co(3)–O(1)–H(1) 112(3). Hydrogen bond-
ing geometries : distances (Å), O(1)–H(1)…Cl(3) 2.33(4), O(1)…Cl(3)
3.041(2); angle (°), O(1)–H(1)–Cl(3) 170(4).
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in a slight contraction of the tetranuclear unit in 2 compared to
1 [intra Co(1)…Co(3) distances in the two complexes:
7.3608(2) Å for 1 and 7.0407(3) Å for 2].

VIS–NIR spectroscopy in diffuse reflectance of 1 shows the
dominance in intensity of tetrahedral coordination typical bands
(a broad band at 6600 cm21, and a more intense band at 15000
cm21). The bands corresponding to an octahedral environment
around cobalt are present but partially obscured (shoulders at
12000 and 19000 cm21). Temperature dependent solid-state
magnetic susceptibility (cm) measurements on crystals of 1
were performed. The effective magnetic moment (meff/Co2)
slowly decreases from 7.27 mB at 260 K to 6.91 mB at 80 K, and
then more steeply to 4.72 mB at 12 K. It then increases rapidly
to 6.66 mB at 5 K. The observed mB of 7.27 at 260 K is close to
the spin-only value of 6.93 mB for a dinuclear high-spin CoII

2 (S
= 3) system. Octahedral and tetrahedral CoII ions can behave as
spin-1/2 and spin-3/2 depending on temperature and spin–orbit
coupling. The temperature dependence of meff is thus consistent
with linear repeating CoII dimers with S = 3/2 at higher
temperatures. The decrease of meff between 100 and 12 K is
likely due to depopulation of higher Kramers levels, and the
increase at 12 K is ascribed to weak ferromagnetic interactions
possibly occurring between di-m-chloro linked CoII.7a

Previously, tetranuclear [M4(m3-Cl)2(m-Cl)4Cl2(thf)6] species
(M = Co, Fe) have been synthesised from anhydrous metal
chlorides in THF, and only in the case of manganese was a
polymeric compound isolated.9 It has now been shown that
cobalt in presence of THF can also form polymeric species.
Compound 2 has been isolated repeatedly from attempts of
recrystallisation of a cobalt chloride oxime microcrystalline
powder,14,15 in a mixture of THF–diethyl ether as solvent;
experiments are ongoing to obtain the product by a more direct
route. The mechanisms of formation of 2, and especially the
insertion of residual water molecules are not yet completely
understood; nevertheless, we assume that the weak oxime
ligands are readily replaced by water and THF molecules during
the time of crystallisation. From the previous observations, it is
clear that the thermodynamic driving force leading to this
family of self-assembly compounds should be important. If we
consider 1, MeOH is generated in situ from the action of
trimethylorthoformate on water following the global equation:

HC(OMe3)3 + H2O ? 2 MeOH + ONCHOMe

as a consequence the MeOH+THF molar ratio is ca. 1+20.
Assuming the coordination abilities of THF and MeOH are
similar, the explanation for the formation of the complex should
be self-assembly likely continuously carried out in the coordina-
tion sphere of cobalt or at least in a close vicinity to the metal
centres. This means that methanol molecules should be readily
accessible to grow the structure, despite their poor ratio relative
to THF. These two examples show that unusual self-assembly
can occur even in the absence of polydentate ligands. Further
studies are in progress to extend this class of compounds.

Financial support has been provided by the Dutch Ministry of
Economic Affairs (BTS 98141). This work was also supported
(A. L. S., D. D. E.) by the Council for Chemical Sciences of the

Netherlands Foundation for Scientific Research (CW-NWO).
We are grateful to Mr O. Roubeau for working on magnetic
susceptibilities measurements. We thank Dr S. T. Warzeska, Mr
A. Eikelboom and Dr J. Bieleman for fruitful discussions.

Notes and references
‡ Although the synthesis can be carried out in air, experiments under inert
atmosphere using Schlenk techniques and a vacuum line ensure the
protection of the sensitive final product. To 0.2 g (0.85 mmol) of
CoCl2·6H2O was added an excess of trimethylorthoformate (1.5 ml). The
mixture was gently heated (50 °C) in 15 ml of THF until complete
dissolution of the solid. After cooling to ambient temperature for 30 min, the
deep blue solution was evaporated to dryness resulting in a shiny blue
powder which is very moisture sensitive (0.17 g, 0.39 mmol, yield 92%).
From a diethyl ether–tetrahydrofuran two layer recrystallisation, nice shiny
blue prisms suitable for X-ray diffraction can be obtained after a few
hours.
§ Data were collected on a Nonius Kappa CCD area detector, using Mo-Ka
radiation with a graphite monochromator (l = 0.71073 Å), on a rotating
anode at 150 K. Lorentz polarisation and absorption corrections were
applied in both instances. Refinement was carried out using full-matrix least
squares on F2 (SHELXL-97).

Crystal data: for 1: C9H20Cl4O3Co2, Mr = 435.91, monoclinic, space
group P21/c (no. 14), a = 10.9390(3), b = 12.1510(4), c = 12.6313(3) Å,
b = 103.068(2)°, V = 1635.47(8) Å3, F(000) = 880, Z = 4, m(Mo-Ka) =
2.677 mm21. 15654 reflections measured, 3728 independent, Rint = 0.0501.
Refinement converged at wR2 value of 0.0682, R1 = 0.0330 [for 2975
reflections with Fo > 4s(Fo)].

For 2: C8H18Cl4O3Co2·C4H8O: Mr = 493.99, triclinic, space group P1̄
(no. 2), a = 8.6714(3), b = 10.8418(3), c = 11.8514(5) Å, a = 76.563(2),
b = 77.804(2), g = 68.245(2)°, V = 996.81(6) Å3, F(000) = 504, Z = 2,
m(Mo-Ka) = 2.210 mm21. 10959 reflections measured, 4520 independent,
Rint = 0.0381. Refinement converged at wR2 value of 0.0651, R1 = 0.0314
[for 3674 reflections with Fo > 4s(Fo)].

CCDC 182/1676. See http://www.rsc.org/suppdata/cc/b0/b003213l/ for
crystallographic files in .cif format.
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Fig. 2 Schematic representation of the crystal structure of 2: hydrogen
bonding geometries: distances (Å), O(1)–H(1B)…Cl(3) 2.36(3),
O(1)…Cl(3) 3.117(2), O(1)–H(1A)…O(50) 1.81(3), O(1)…O(50)
2.625(3); angles (°), O(1)–H(1B)–Cl(3) 168(3), O(1)–H(1A)–O(50) 174(3).
Bond lengths and angles generally differ from 1 by < 0.05 Å and 2°
respectively, except for Cl(2)–Co(2)–Cl(4) 109.57(3)° [118.44(3)° in 1 ].
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Inclusion crystals of 7-bromo-1,4,8-triphenyl-2,3-ben-
zo[3.3.0]octa-2,4,7-trien-6-one (1) showed a reversible color
change from yellow to green on exposure to UV-light, and
this depends on the guest molecules present.

Organic photochromic compounds have received considerable
attention in recent years due to their potential applications such
as information storage, electronic display systems, optical
switching devices, ophthalmic glasses, and so on.1 Several
types of organic photochromic compounds such as naphthopyr-
ans, spiropyrans, fulgides (dialkylidenesuccinic anhydrides),
anils (N-phenyl imines), hydrazones, stilbenes, and diaryle-
thenes have been discovered and their properties investigated.2
Recently, we have reported the novel photochromism of
crystalline biindenylidene, which shows a reversible color
change from yellow to reddish-purple upon photoirradiation.3
We have now found that the title compound 14 forms inclusion
complex crystals with various kinds of organic guest molecules
and some of these inclusion crystals show a reversible color
change from yellow to green upon photoirradiation in the solid
state (Scheme 1). It was also found that the stability of the
photochromism depends on the type of guest molecule
included. This is the first example of guest-dependent photo-
chromism in host–guest inclusion crystals.

When a mixture of 1 and various kinds of guest compounds
was recrystallized from AcOEt solution, inclusion complex
crystals of 1 were obtained† (Table 1). Some of these inclusion
crystals show a reversible color change from yellow to green
upon photoirradiation in the solid state, although 1 itself does
not show any photocoloration. For example, upon photoirradia-
tion yellow crystals of the 2+1 inclusion compound of 1 with p-
dimethoxybenzene turned green. These crystals revert to yellow
on storage in the dark for 6 h at room temperature or quickly on
heating at 60 °C. The UV spectral change of the 2+1 inclusion
crystals is shown in Fig. 1. Similarly, the inclusion crystals with
acetone (1+1), butan-2-one (1+1), cyclopentanone (1+1), cyclo-
hexanone (1+1), dioxane (1+1), carbon tetrachloride (1+1),
1,1-dichloroethane (1+1), 1,1,2,2-tetrachloroethane (1+1), ben-
zene (1+1), o-xylene (1+1), p-xylene (2+1), anisole (2+1), m-
dimethoxybenzene (2+1) and 2-picoline (1+1) showed photo-
chromism in the solid state. Interestingly, the photochromism of

the inclusion crystals of 1 was very sensitive to the structure of
the guest compounds. For example, cyclopentanone shows
photochromism, while pentan-3-one does not. Similar structural
effects were observed in the following cases: dioxane vs.
tetrahydropyran, 1,1-dichloroethane vs. 1,2-dichloroethane, o-
dimethoxybenzene vs. m- and p-dimethoxybenzene and 2-pico-
line vs. 3- and 4-picoline. An electronic effect of the guest
compounds may be important, because the dimethoxybenzene
derivatives as guest showed photochromism, while dichloro-
benzene derivatives did not (Table 1).

It is also remarkable that the stability of the photochromism
depends on the type of guest molecule. For example, the
bleaching times of the green color which developed upon
photoirradiation of the various inclusion crystals of 1 were 3 h
(benzene), 4 h (cyclopentanone), 5 h (2-methylpyridine), 6 h (p-
dimethoxybenzene), 9 h (m-dimethoxybenzene), 10 h (cyclo-
hexanone and 1,1-dichloroethane), 12 h (anisol and o-xylene),
24 h (p-xylene), 164 h (butan-2-one), and 504 h (acetone and
dioxane), respectively.

The solid-state IR spectrum of the green crystals was
identical with that of the yellow crystals, and no EPR signal
developed upon photoirradiation. The photochromic properties
of 1 are probably due to p–p interactions owing to its suitable
molecular packing in the inclusion crystals, because photo-
irradiation of 1 in solution did not show any photochromic
properties. Further detailed studies of the relationship between
crystal structures and photochromic properties of the inclusion
complexes of 1 are in progress.

Scheme 1

Fig 1 UV spectral changes of the 1+1 inclusion complex of 1 with p-
dimethoxybenzene in the solid state. Successive measurements were
recorded every 30 min from the top (after irradiation) to the bottom (after
keeping 6 h in the dark).
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Notes and references
† Representative procedure for preparation of inclusion crystals and
measurement of the diffuse reflectance UV spectra: When a mixture of 14

and p-dimethoxybenzene was recrystallized from ethyl acetate in the dark,
a 2+1 inclusion crystal of 1 and p-dimethoxybenzene was obtained as pale
yellow prisms (mp 165–169 °C). The colored inclusion crystals were
developed by photoirradiation with a high-pressure Hg lamp through a
Pyrex filter for 10 min under aerobic conditions, and their diffuse
reflectance UV spectra monitored by using a Shimadzu MPS-2000
spectrophotometer.
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Water increases the selectivity in the Rh–phosphine cata-
lysed hydroformylation of N-allylacetamide; an aqueous–
organic biphasic system, containing a hydrophobic Rh-
catalyst, provided facile catalyst/product separation, after
which the aqueous product phase could be used in a one-pot
synthesis of N-acetyl-5-methoxytryptamine (melatonin).

Olefin hydroformylation is one of the most commercially
important reactions that makes use of a homogeneous catalyst.1
Rh–phosphine complexes are active catalysts for this reaction
with high selectivities towards linear aldehydes and a number of
successful methods for the recycling of these catalysts have
been developed.2 Unfortunately, the feedstock is mainly
restricted to linear, non-functionalised a-olefins, such as
propene, styrene, etc.

Aldehydes bearing various functional groups are widely
applied in the synthesis of, for example, flavours, fragrances
and pharmaceuticals.3 Their preparation by hydroformylation
of a hetero-atom functionalised olefin, however, is not straight-
forward since these substrates react slowly, require high catalyst
loadings and harsh reaction conditions, which leads to the
formation of condensation products, such as acetals, hemiace-
tals, imines, etc.4

In connection with an alternative synthesis of N-acetyl-
5-methoxytryptamine (melatonin), a human hormone which
regulates sleep,5 we required 4-acetamidobutanal. When com-
bined with 4-methoxyphenylhydrazine this aldehyde affords an
intermediate hydrazone, which in the presence of an acid
undergoes a Fischer-indole reaction (Scheme 1).6 4-Acet-
amidobutanal was previously prepared by hydroformylation of
N-allylacetamide in THF using 1% of HRh(CO)(PPh3)3.7 After
18 h at 80 °C and 83 bar (CO+H2 = 1+1), a conversion of 76%
was reached with the product distribution: 4-acetamidobutanal
(11%), 3-acetamido-2-methylpropanal (63%), N-acetylpyrroli-
dine (13%) and 2-formyl-N-acetylpyrrolidine (13%).

We found that the Rh–PPh3 catalysed hydroformylation of N-
allylacetamide gave the best results in a polar, protic solvent,

such as methanol. Since N-allylacetamide is also soluble in
water, we decided to carry out the hydroformylation in a one-
phase aqueous medium, employing the water-soluble Rh–tppts
catalyst (tppts = P(C6H4-m-SO3Na)3). To our surprise we
found that the reaction proceeded smoothly under mild
conditions. At 70 °C and a 10 bar pressure of a H2–CO (1+1)
mixture, the reaction was completed in 45 min using as little as
0.04% catalyst (Table 1, Exp. 2), with an initial rate of 3891
turnovers h21. The isomeric aldehydes were obtained in 99%
selectivity. It was demonstrated by Mortreux and co-workers
previously that the hydroformylation of acrylesters, such as
methylacrylate, into their a- and b-formylesters also proceeds at
a faster rate in a toluene–water two-phase system, employing
the Rh–tppts catalyst, compared to the rate of Rh–PPh3 in
toluene alone (initial TOF = 545 vs. 225 h21 (50 °C, 50
bar)).8

In a series of MeOH–H2O mixtures we found that both the
reaction rate and the selectivity towards the aldehydes increased
with the water content. A direct comparison of the two catalysts
in neat MeOH showed that Rh–PPh3 is slightly more active than
Rh–tppts and yields a product mixture with a slightly higher
linear/branched (l/b) ratio (1.15 vs. 1.05, Table 1). The rather
low regioselectivity compared to non-functionalised linear
olefins, such as propene (l/b = 23),2 suggests that coordination
of the amide may take place during the insertion of the olefin
into the Rh–hydride bond. The possible formation of a
6-membered chelate ring (Scheme 2) is expected to enhance the
formation of the branched aldehyde.

† Catalytic conversions in water, part 18. (Part 17: G. J. ten Brink,
I. W. C. E. Arends and R. A. Sheldon, Science, 2000, 287, 1636.)
‡ Experimental details are available as electronic supplementary informa-
tion (ESI). See http://www.rsc.org/suppdata/cc/b0/b003715j/

Table 1 The hydroformylation of N-allylacetamide in organic, aqueous and biphasic media

Exp.a Catalyst Solvent Time/min Conv./% Yield/% 1/b ratio TOFf/h21

1 Rh–PPh3 MeOH 180 98.6 92.3 1.15 1342
2 Rh–tppts H2O 45 98.9 97.9 1.30 3891
3 Rh–tppts MeOH–H2Od 120 99.9 95.3 1.09 1459
4 Rh–tppts MeOH 180 99.9 93.4 1.05 1239

5 Rh–tppts Toluene–H2Oe 60 97.4 96.8 1.34 2946
6 Rh–PPh3 Toluene–H2Oe 270 81.6 80.2 1.54 578
7b Rh–Xantphos Toluene–H2Oe 1320 26.4 24.4 20.0 31
8c Rh–Xantphos Toluene–H2Oe 600 99.6 96.4 15.3 177
a Reaction conditions: 0.010 mmol Rh(acac)(CO)2, 0.25 mmol ligand, 25 mmol N-allylacetamide, 70 °C, 10 bar H2O–CO (1/1), 1000 rpm, 125 ml total
reaction volume. b 0.010 mmol [Rh(acac)(CO)2], 0.050 mmol Xantphos. c 0.050 mmol [Rh(acac)(CO)2], 0.250 mmol Xantphos, 90 °C. d MeOH–H2O = 1/1
(v/v), 125 ml total. e 100 ml toluene, 100 ml H2O. f TOF = initial turnover frequency in mol aldehyde per mol catalyst per hour.

Scheme 1 Alternative synthesis of N-acetyl-5-methoxytryptamine.
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The high partition coefficients of 4-acetamidobutanal and
3-acetamido-2-methylpropanal in the water layers forestalled
our attempts to extract them from the aqueous reaction mixtures
with an organic solvent. Especially in the synthesis of
pharmaceuticals the presence of traces of heavy metals is
undesirable. In order to achieve efficient product/catalyst
separation, we turned to an ‘inverse two-phase catalyst system’,
containing the hydrophobic Rh–PPh3 catalyst in a toluene–
water mixture. In such a system the catalyst remains dissolved
in the organic phase, while the products will move to the water
layer; the opposite of standard aqueous biphasic catalysis.

In the biphasic system, the Rh–PPh3 catalysed reaction (Exp.
6) proceeded considerably slower compared to Rh–tppts (Exp.
5), consistent with our observation (see above) that the reaction
rate decreases when the hydroformylation is carried out in an
apolar solvent, such as toluene. In addition, due to mass transfer
limitations, the reaction rate decreased substantially after ca.
50% conversion (see Fig. 1). Such a decrease was less
pronounced in the case of Rh–tppts, that operates in the aqueous
layer, where the substrate concentration remains sufficiently
high, resulting in a zero-order reaction profile until ca. 80%
conversion. Nevertheless, due to the presence of water, the
selectivity towards the aldehydes remained high (98%, Exp. 6)
and the Rh–PPh3 catalyst could conveniently be separated from
the aqueous product phase.

To increase the regioselectivity towards the linear aldehyde,
generally, rigid diphosphine ligands with a large bite angle are
used.9 We tested the Rh–Xantphos combination10 (Xantphos =
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) in our in-
verted two-phase system and, indeed, the l/b ratio increased to
20. The reaction rate, however, decreased dramatically to 31
h21 (Table 1, Exp. 7). At 90 °C, in the presence of 0.2% catalyst,
a nearly quantitative conversion was reached in 10 h reaction
time with a small compromise in the l/b ratio. The organic

catalyst phase could be recycled in 5 consecutive runs without
loss in activity. Rh-analysis of the water layers by means of
atomic absorption spectrometry confirmed a quantitative
( > 99%) catalyst/product separation.

N-Acetyl-5-methoxytryptamine was subsequently prepared
in a one-pot procedure starting from allylamine (see ESI). By
successive acetylation of allylamine, selective hydroformyla-
tion, hydrazone formation with 4-methoxyphenylhydrazine
(HCl salt) and a Fischer indole reaction, melatonin was isolated
from the aqueous reaction mixture in 44% yield (not opti-
mised).

In conclusion, we have demonstrated that the hydro-
formylation of N-allylacetamide proceeds smoothly in a one-
phase aqueous medium, as well as in an aqueous–organic two-
phase protocol under mild reaction conditions. Although we
could not take full advantage of the rate accelerating effect of
water in the inverted two-phase catalyst system, the linear
aldehyde was obtained in high selectivity and efficient catalyst/
product separation was achieved. The organic soluble catalyst
was recycled and the aqueous product phase was applied
without purification in the synthesis of N-acetyl-5-methoxy-
tryptamine. Mechanistic details and the scope of the inverted
two-phase system are currently under investigation.

We thank Dr G. Papadogianakis and Dr G. Besenyei for the
fruitful discussions and Mr J. Padmos for the Rh-analysis.
Financial support by NWO-CW is also gratefully acknowl-
edged.
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Scheme 2 Proposed intermediates in the Rh/tppts catalysed hydro-
formylation of N-allylacetamide.

Fig. 1 Reaction profiles of Exp. 5 and Exp. 6.
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Treatment of a mixture of epicatechin and epigallocatechin
with extracts of fresh tea leaf or banana fruit generated a
new pigment named theanaphthoquinone, which has a
1,2-naphthoquinone moiety oxidatively derived from the
benzotropolone unit of theaflavin.

Theaflavins and thearubigins are major pigments of black tea
and it is generally accepted that these are formed from flavan-
3-ols (catechin) during tea fermentation.1 Although structures
and biogenesis of theaflavins having a benzotropolone unit are
well studied, little is known about thearubigins despite many
spectroscopic and chemical studies on these heterogeneous
polymers.2 Biochemical studies on tea fermentation indicated
that oxidation of theaflavins might participate in thearubigin
formation.1

For the purpose of clarification of the oxidative metabolism
of flavan-3-ols in tea fermentation and characterization of
thearubigins, a mixture of (2)-epicatechin (EC) and (2)-epi-
gallocatechin (EGC), the major flavan-3-ols of tea leaf, was
treated with aqueous extract of fresh tea leaf (Camellia sinensis
var. sinensis). Prior to the reaction, almost all flavan-3-ols in the
tea extract were removed by homogenization with Polyclar AT
and subsequent filtration.3 Analysis of the reaction mixture by
HPLC equipped with a photodiode-array detector showed
accumulation of theaflavin (2) at the initial stage (5 h).
Subsequently, a peak due to an unknown product (1) having an
absorption maximum at 440 nm appeared (10–20 h). Although
an attempt to isolate 1 from the reaction mixture failed owing to
the presence of many minor products, we found that 1 and 2
were also synthesized in a similar reaction using banana fruit
instead of tea leaves.

Separation of 1 and 2 from the reaction mixture treated with
banana fruit was much easier than that in the tea leaf experiment
(isolation yield from EGC: 1, 16%; 2, 39%).4 Extracts of apple,
potato, sweet potato, persimmon and black mushroom were also
examined and found to be capable of synthesizing 2; however,
1 was not detected in their reaction mixtures.

Structure elucidation of the dark yellow pigment 1, named
theanaphthoquinone, was as follows: 1H and 13C NMR spectra5

resembled those of 2 and showed signals arising from two sets
of A and C rings of flavan-3-ols. The 13C NMR spectrum
indicated the presence of two conjugated carbonyl groups [dC

180.62 (C-a) and 183.38(C-b)] and 8 sp2 carbons besides those
of the A and C rings. The HMBC correlation6 of these carbons
with three aromatic protons [dH 6.789 (H-c), 7.327 (H-g),
7.441(H-e)] and H-2 (dH 5.377) and H-2A (dH 5.163) of the two
C-rings revealed the presence of a 1,2-naphthoquinone struc-
ture. In addition, the appearance of a signal due to a phenolic
hydroxy group at very low field (dH 12.28) indicated an
intramolecular H bond with one of the CNO groups. The
negative FABMS showed a pseudo-molecular ion peak at m/z
535, which was two mass units larger than that expected (m/z
533 [M 2H]2), and probably arose from a reduction product of
1, because similar phenomena are known for some quinones
with low redox potentials.7 The final confirmation for the
structure was made by condensation with o-phenylenediamine
affording a phenazine derivative 1a (m/z 605 [M 2H]2) and its
spectral analysis (Scheme 1).8

1 and 2 were not detected when EC and EGC were treated
separately with banana extract, and it was clear that 2 was

Scheme 1 Scheme 2
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synthesized from a combination of EC and EGC.1 Therefore, it
is suggested that 1 is biosynthesized from 2 with the aid of
polyphenol oxidase as shown in Scheme 2. The discovery of 1,
the first pigment generated by oxidation of 2, is of great interest
from the viewpoint of food manufacturing. In addition, a
prolonged experiment using tea leaf extract until 30 h showed a
decrease of 1 and 2 and an increase of polymeric substances,
since only a broad peak was detected on HPLC analysis,
suggesting that 1 was further metabolized during tea fermenta-
tion and might be related to thearubigin formation.

This work was supported by a Grant-in-aid for Scientific
Research No. 12680594 from the Japan Society for the
Promotion of Science.
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Alcohol dehydrogenase from Geotrichum candidum was
found to be active in supercritical carbon dioxide at 10 MPa;
high activities and excellent enantioselectivities were ob-
served for the asymmetric reduction of aromatic and cyclic
ketones.

Supercritical fluids have been used as solvents for organic
synthesis as well as for extraction and chromatography by
taking advantage of both their gas-like low viscosities and high
diffusivities and their liquid-like solubilizing power.1 More-
over, the tunability of these properties is unique to supercritical
fluids; small changes in pressure or temperature lead to
significant changes in density-dependent solvent properties
such as the relative permittivity, the solubility parameter, and
the partition coefficient.1 Among many fluids, supercritical
carbon dioxide (scCO2) has the added benefits of an envir-
onmentally benign nature, nonflammability, low toxicity, high
availability, and ambient critical temperature (Tc = 31.0 °C)
that make it suitable for biotransformations.1 The attraction of
combining natural catalysts with a natural solvent has been the
driving force behind a growing body of literature2 on the
stability, activity and specificity of enzymes in scCO2.1 Since
the first report on biotransformations in supercritical fluids in
1985 by Randolph et al.,3 Hammond et al.4 and Nakamura
et al.,5 the benefits of using supercritical fluids for bio-
transformations have been demonstrated by Mori et al.6 and
Kamat et al.:7 e.g. improved reaction rates, control of
selectivities by pressure, etc.

However, most of the biocatalysts used in supercritical fluids
are hydrolytic enzymes1–7 such as lipases and proteases with the
exception of cholesterol oxidase,8 and no report on the use of
alcohol dehydrogenases in supercritical fluids has yet been
published, despite the fact that they are an important class of
enzymes for the asymmetric reduction of ketones to produce
chiral alcohols. There is growing demand for such alcohols as
the chiral synthones for natural products, pharmaceuticals,
agrochemicals, and ferroelectric liquid crystals. Here we report
the first achievement of a highly enantioselective reduction of
ketones by alcohol dehydrogenase in scCO2 (Scheme 1).

The resting cells of a fungus, Geotrichum candidum9 IFO
5767, were employed for the reduction of ketones owing to its
high reactivity with unnatural substrates and the simplicity of its
growth. The whole-resting cell instead of an isolated enzyme
was used for the reduction, and thus the addition of expensive
coenzyme was not necessary and the solubilities of the
coenzymes in scCO2 did not need to be considered. The cell was
immobilized on a water-absorbing polymer9c to spread it on the
large surface of the polymer. At first, the reduction of o-
fluoroacetophenone in scCO2 at 10 MPa was conducted, which
resulted in (S)-1-(o-fluorophenyl)ethanol at 81% after 12 h. A
control experiment to prove that the reduction did not proceed
before the supercritical condition was also conducted.10 The

time course of the reaction (Fig. 1) shows that the yield
increased with the reaction time, which proved that the alcohol
dehydrogenase catalyzed the reduction even in the supercritical
condition.

The substrate specificity was investigated, and as listed in
Table 1, the biocatalytic reduction in scCO2 proceeded for
various ketones. Acetophenone, acetophenone derivatives,
benzyl acetone and cyclohexanone were used as substrates, and
it was found that all of them were reduced by the alcohol
dehydrogenase in scCO2. The effects of fluorine substitution at
the ortho, para and a positions of acetophenone were obvious.
Compared with the unsubstituted analogue, substitution at the
ortho or a position increased the yield, whereas substitution at
the para position decreased the yield. Systematic study of the
relationship between the effect of the fluorine substituent and
the effect of properties of scCO2 as well as isolation of the
enzyme responsible for the reduction, tasks which are in
progress in our laboratory, would give a better understanding of
the fluorine recognitions by the protein.

The finding that the alcohol dehydrogenase is active in scCO2
is significant, but not sufficient for practical use; high
enantioselectivity of the reduction is also necessary for
synthetic purposes. In our case, very high enantioselectivities
( > 99% ee) were obtained for the reduction with the majority of
the substrates tested, while slightly lower enantioselectivities
(96, 97% ee) were observed for a few of them. The
enantioselectivities obtained in this system are superior to or at
least equal to those for most other biocatalytic and chemical
systems.11

In a typical experiment, G. candidum IFO 5767 was grown as
described previously.9d The freshly prepared cell (0.25 g wet
wt) was suspended in H2O (0.75 mL) and propan-2-ol (0.050
mL), and immobilized on water absorbing polymer (BL-100®,
0.125 g) as described previously.9c In the experiment, we used
a stainless steel pressure-resistant vessel (Taiatsu Techno, Co.,
Osaka, TVS-N2 type, 10 mL) equipped with a stop valve
(Whitey Co. SS3NBS4G), manometer (Taiatsu Techno, Co.,
Osaka, 15 MPa), and HPLC pump (Jasco PU-1580 pump)
connected to a cooler (25 °C) and CO2 gas cylinder. In this
vessel, the immobilized cell, a magnetic stirrer, and a ketone
(0.017 mmol, placed in a glass tube to prevent it from contacting
the biocatalyst before achieving the supercritical conditions)
were charged. Then the vessel was warmed to 35 °C, and CO2
preheated to 35 °C was introduced until a pressure of 10 MPa
was reached. The mixture was stirred at 35 °C for 12 h, and the
CO2 was liquefied at 210 °C and then the gas pressure was

Scheme 1
Fig. 1 Time course of reduction of o-fluoroacetophenone in scCO2 at 10
MPa.
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released. The resulting residue was dissolved in ether, and the
mixture was put on Extrelut and quickly eluted with ether.
Chemical yield and ee were measured using a chiral GC-column
(Chirasil-DEX CB; 25 m; He 2 mL min21). The absolute
configurations were determined by comparing the GC retention
times with those of authentic samples.

In conclusion, the alcohol dehydrogenase from G. candidum
was found to be active in scCO2 at 35 °C and 10 MPa and to
catalyze asymmetric reduction of various ketones with excellent
enantioselectivities. For practical use, there has so far been
some hesitation to use alcohol dehydrogenases in spite of their
high enantioselectivities because of the difficulties in extracting
the product from aqueous solvents. We believe that this report
opens up new possibilities for asymmetric reduction by an
enzyme with a natural and easily-removable solvent.
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Metal–ligand co-ordination frameworks of 4,4A-bipyridine-
N,NA-dioxide (L) have been prepared; {[Sm(L)2-
(NO3)3]·0.5H2O}∞ 1, {[Er2(L)3(NO3)6]·2CH3OH}∞ 2; 1
shows rare two-fold interpenetrating three-dimensional
CdSO4-like nets, and 2 shows an unprecedented two-
dimensional 4.82 network.

The construction of inorganic co-ordination networks and
crystal engineering have developed rapidly in recent years, the
vast majority of reported work being based upon the use of
polydentate ligands bound to d-block transition metal ions.1
Ligands based upon aromatic N-donor ligands, such as 4,4A-
bipyridine, have been particularly studied as they can be readily
varied, giving a high degree of control over co-ordination
framework structure. Aspects of such ligands that can be tuned
include: denticity, ligand donor-atom separation, and, conse-
quently, the degree of interpenetration, steric and electronic
properties, and even the degree of inter-ligand interaction.

Far less common has been the use of lanthanide ions as nodes
in the construction of co-ordination framework polymers.2 Such
structures can be expected to be more difficult to control than
their d-block metal analogues due to the higher co-ordination
numbers of lanthanide ions. However, the inherent flexibility of
their co-ordination geometry is particularly attractive for the
preparation of new network types as this greater structural
ambivalence will lead to the synthesis of unprecedented
structures. Based on the fact that lanthanide ions have a high
affinity for hard oxygen-containing ligands, we have developed
a new, widely applicable strategy using, for the first time, 4,4A-
bipyridine-N,NA-dioxide (L) as a bridging ligand in the construc-
tion of fully characterised co-ordination networks. This strategy
using poly(N-oxide) ligands offers exciting possibilities as the
degree of structural manipulation seen in d-block coordination
frameworks can now be developed for networks based upon f-
block metals.

Although the co-ordination of pyridine-N-oxides to lantha-
nide ions in discrete molecular compounds is reasonably well
established,3 we are aware of only one report in the
literature of a complex of 4,4A-bipyridine-N,NA-dioxide,4
with another of a copper(II) co-ordination polymer of the related
azobis(pyridine-4,4A-dioxide).5 We now report two compounds
with very different structures, {[Sm(L)2(NO3)3]·0.5H2O}∞ 1
and {[Er2(L)3(NO3)6]·2CH3OH}∞ 2 (L = 4,4A-bipyridine-
N,NA-dioxide).

Yellow crystals of 1, and pale pink crystals of 2, were
prepared‡ by slow diffusion of Sm(NO3)3 or Er(NO3)3 and 4,4A-
bipyridine-N,NA-dioxide in a MeOH–CH2Cl2 solvent mixture,
the latter component acting to slow the rate of diffusion and thus
the reaction. The crystals of 1 were very stable in air and did not
decay upon continuous exposure to moisture, but crystals of 2
lost crystallinity quickly following removal from the mother
liquor. Single crystal X-ray analyses§ confirm that these
materials have polymeric structures, based on networks of ten-
co-ordinate lanthanide centres for 1 and nine-co-ordinate
centres for 2, with L bridging the metal centres. Whereas the
Sm(III) ions in 1 have a regular SmO10 co-ordination environ-

ment with the oxygen atoms forming a hexadecahedron (Fig.
1a), the Er(III) ions in complex 2 have an ErO9 co-ordination
environment, with nine oxygen atoms forming a distorted
tricapped trigonal prism (Fig. 1b), reflecting the reduction in the
ionic radius from Sm(III) to Er(III).

1 adopts a two-fold interpenetrating three-dimensional
CdSO4-like framework (a in Scheme 1, Fig. 2). The 4,4A-
bipyridine-N,NA-dioxide ligands sustain a 3-D framework motif
through two different linkages. The first propagates along the
two diagonal directions of the ab face; the ligand is slightly
bent, with the two pyridyl rings twisted at an angle of 14.8° and
bridging two Sm(III) centres at a distance of 12.7 Å. The other
linkage exists as a zigzag line propagating along the c axis; in
this case the ligand is more bent, with the two pyridyl rings
twisted at an angle of 29.9° and bridging the two Sm(III) centres
at a much shorter distance of 11.6 Å. The framework found here

† Electronic supplementary information (ESI) available: colour version of
Fig. 2 and 3. See http://www.rsc.org/suppdata/cc/b0/b002363j/

Fig. 1 Metal co-ordination environments in 1 (a) and 2 (b).

Scheme 1 Schematic representation of (a) a CdSO4 3D-net and (b) a 2D 4.82

net.
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is a severely distorted CdSO4-like net,6,7 The previous examples
of CdSO4-type nets, {Cu[1,2-bis(4-pyridyl)ethane]2(NO3)2}∞
reported by Zaworotko et al.6 and the related ‘dense-net’
structure of copper complexed with 1,2-bis(4-pyridyl)ethyne
reported by Ciani et al.,7 are both constructed from d-metal
junctions. As the conformation of the linking ligands is flexible,
the junction at Sm(III) is distorted from square-planarity causing
the connection propagating along the c direction to develop into
a zigzag line. When viewed along the c direction, the structure
is seen to contain 12.0 3 12.0 Å channels (Fig. 2). However,
these channels are occupied by a second interpenetrating
independent framework.

The smaller ionic radius for Er(III) compared to Sm(III) results
in nine-co-ordinate Er(III) centres in 2 via six oxygen donors
from three nitrates and three from three 4,4A-bipyridine-N,NA-
dioxide ligands. These latter ligands link the Er(III) ions to form
a 2-D sheet of 4.82 topology (b in Scheme 1, Fig. 3). This type
of net, predicted by Wells8 but not previously observed for co-
ordination frameworks, consists of three connected nodes
shared by one tetragonal square unit and two octagons. The
octagonal unit forms an 88-membered ring, comprising eight
metal ions and eight ligands, of ca. 2.6 nm diameter. This large
cavity is occupied by the four-membered ring motif of an
adjacent layer thus inhibiting interpenetration. When viewed
along the c axis, tetragonal channels with dimensions of 10.0 3
10.0 Å can be seen (Fig. 3), in which methanol solvent
molecules are accommodated.

The isolation of complexes 1 and 2 suggests the possibility of
constructing designed inorganic networks with lanthanide metal
salts and bridging pyridine-N-oxide ligands. We have every
reason to believe that, in the same way that polypyridines are
important for d-block metal ions, poly(pyridine-N-oxides) may
become equally important for f-block metal ions, thus leading to
a new family of inorganic co-ordination networks and frame-
work materials.

This work was supported by the Royal Society (K. C. Wong
Fellowship to D.-L. L.) and the Engineering and Physical
Sciences Research Council.
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techniques on F2.10 All non-hydrogen atoms were refined anisotropically
and hydrogen atoms were placed in geometrically calculated positions and
allowed to ride on their parent atoms.

Crystal data for [Sm(4,4A-bipyridine-N,NA-dioxide)2(NO3)3]·0.5H2O 1:
C20H17N7O13.5Sm, M = 721.76, orthorhombic, space group Pbcn (no. 60),
a = 16.529(4), b = 17.616(5), c = 17.244(5) Å, U = 5021(2) Å3, T =
150(2) K, Z = 8, Dc = 1.907 Mg m23, m(Mo-Ka) = 2.424 mm21. 4919
unique reflections [Rint = 0.0852] [4144 with I > 2s(I)]. Final R1 = 0.033,
wR2(all data) = 0.077.

{[Er2(4,4A-bipyridine-N,NA-dioxide)3(NO3)6]·2CH3OH} 2: C32H32-
Er2N12O26, M = 1335.22, tetragonal, space group P4̄21c (no. 114), a =
26.435(6), c = 7.584(2) Å, U = 5300(2) Å3, T = 220(2) K, Z = 4, Dc =
1.673 Mg m23, m(Mo-Ka) = 3.235 mm21. 4422 unique reflections, [3542
with I > 2s(I)]. Final R1 = 0.076, wR2 (all data) = 0.179.

CCDC 182/1647. See http://www.rsc.org/suppdata/cc/b0/b002363i/ for
crystallographic files in .cif format.
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Fig. 2 Packing diagram of compound 1 showing one component of the two
interpenetrating frameworks (viewed down the c axis). Nitrate groups,
solvent molecules and hydrogen atoms are omitted for clarity.

Fig. 3 View of the 4.82 nets in compound 2 with two adjacent layers in
different colours. Nitrate groups, solvent molecules and hydrogen atoms are
omitted for clarity.
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Zn0.999Ni0.001S photocatalysts (energy gap = 2.3 eV) heat-
treated at 773 K in an N2 flow showed activity for hydrogen
evolution from aqueous solutions containing K2SO3 and
Na2S as reducing reagents under visible light irradiation
without co-catalysts such as Pt. 

Water splitting using photocatalysts is an important reaction
from the viewpoint of global energy and environmental
concerns. Although some photocatalysts have been reported to
show high activities for the water splitting, they are active only
under UV-light irradiation.1,2 However, photocatalysts which
are active for the water splitting under visible light irradiation
have not been developed. Even in the presence of sacrificial
reagents, the only well-known photocatalysts that can produce
hydrogen or oxygen from aqueous solutions under visible light
irradiation are Pt/CdS and WO3.3–5 Therefore, development of
new visible-light-driven photocatalysts is a priority. One of us
has recently found that BiVO4 prepared in an aqueous process
showed high activity for oxygen evolution from aqueous
solutions containing Ag+ as an electron scavenger.6,7 On the
other hand, it is important to develop new and less harmful
visible-light-driven photocatalysts than Pt/CdS for hydrogen
evolution from aqueous solutions. We have studied the
development of new visible-light-driven photocatalysts based
on ZnS and have previously reported a CuS–ZnS solid solution
photocatalyst.8 However, this CuS–ZnS photocatalyst has poor
thermal and chemical stability. The present work reports
thermally and chemically stable Ni-doped ZnS photocatalysts
for hydrogen evolution from aqueous K2SO3 and Na2S
solutions under visible light irradiation.

Ni-doped ZnS photocatalysts were prepared by mixing an
aqueous Zn(NO3)2 and Ni(NO3)2 solution with an aqueous
Na2S solution. The obtained precipitates were washed with
distilled water using a centrifuge and then were heat-treated at
773 K in an N2 flow. Photocatalytic reactions were carried out
in a closed gas circulation system by using a 300 W Xe
illuminator (CERMAX, LX300) and optical cut-off filters. The
Ni-doped ZnS photocatalyst (1 g) was dispersed in aqueous
K2SO3 and Na2S solutions in a Pyrex reaction cell. The amounts
of H2 evolved were determined by using a gas chromatograph
(Ohkura, Model 802, TCD, Ar carrier). Quantum yields were
measured using an interference filter (lmax: 420 nm, half width;
11 nm) and chemical actinometry measured using ammonium
ferrioxalate.

Fig. 1 shows photocatalytic H2 evolution from an aqueous
solution containing K2SO3 and Na2S as reducing reagents on
Zn0.999Ni0.001S powder heat-treated at 773 K in an N2 flow
under visible light irradiation. H2 efficiently evolved even
without co-catalysts such as Pt. The rate of H2 evolution was
280 mmol h21, a relatively large value under the present
experimental conditions (300W Xe lamp, l > 420 nm). The
turnover number of reacted electrons to the amount of Ni doped
reached 170 at 8 h of the reaction time and the quantum yield at
420 nm was 1.3%. More than 7500 mmol of H2 was formed in
a prolonged experiment ( > 50 h). The number of electrons
reacted exceeded the amount of the catalyst (10 mmol),

indicating the reaction proceeded photocatalytically with negli-
gible photocorrosion.

Fig. 2 shows diffuse reflectance spectra of non-doped ZnS
and Zn0.999Ni0.001S heat-treated powders. The spectrum of
Zn0.999Ni0.001S showed a visible light absorption band with the
onset around 540 nm in addition to the UV light absorption band
derived from ZnS. The energy gap estimated from the onset of
the visible light absorption band was 2.3 eV. The color of the
photocatalyst was pale yellow and did not change after
photocatalytic reactions. The shape of the diffuse reflectance
spectrum of Zn0.999Ni0.001S indicates that the doped nickel
forms a new energy level in the band structure of ZnS. The
visible light absorption band is assigned as due to the transition
from the Ni 3d level to the conduction band level of ZnS, since
the Zn0.999Ni0.001S photocatalyst possesses highly active H2
evolution sites as well as ZnS. Unless the conduction band was
not derived from that of ZnS, such a high activity for the H2
evolution without co-catalysts as evidenced in Fig. 1 would not
be obtained. The photoexcitation of electrons from the Ni 3d
level to the conduction band suggests that the photocorrosion

Fig. 1 Photocatalytic H2 evolution from an aqueous K2SO3 (0.5 mol l21)–
Na2S (0.005 mol l21) solution (300 ml) on Zn0.999Ni0.001S powder (1 g)
heat-treated at 773 K in an N2 flow under visible light irradiation (l > 420
nm). Light source: 300 W Xe lamp.

Fig. 2 Diffuse reflectance spectra of Zn0.999Ni0.001S (a) and ZnS (b) powder
heat-treated at 773 K in an N2 flow.
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observed for ZnS photocatalysts under band gap irradiation
should be suppressed in the present system.

The wavelength dependence of the photocatalytic H2 evolu-
tion on the Zn0.999Ni0.001S photocatalysts was investigated as
shown in Fig. 3. The number of incident photons was increased
as the wavelength of cut-off filters was shortened. Although
Fig. 3 is different from an ordinary action spectrum, it indicates
the following points. When a cut-off filter of 540 nm was used,
H2 evolution was clearly observed. This wavelength corre-
sponds to the onset of the diffuse reflectance spectrum as shown
in Fig. 2. The Zn0.999Ni0.001S photocatalyst showed con-
siderably higher activity than non-doped ZnS even under full-
arc irradiation (l > 320 nm). It is often observed that doping
transition metals with partly-filled d orbitals into photocatalysts
such as TiO2 strongly decreases the photocatalytic activities.
However, such an suppression effect by the doping was not
predominant in the present metal ion-doped ZnS photocatalyst
system.

There were some problems concerning the thermal and
chemical stability for the previously reported Cu-doped ZnS

photocatalyst.8 When the Cu-doped ZnS photocatalyst was
dried or heat-treated to obtain good crystallinity, the photo-
catalytic activity for H2 evolution was drastically decreased and
the color of the photocatalyst changed after the photocatalytic
reaction. In contrast to the Cu-doped ZnS photocatalyst,
although the activity of the Ni-doped ZnS photocatalyst was
lower, it was thermally and chemically stable. Moreover, the
energy gap of Ni-doped ZnS (2.3 eV) was smaller than that of
Cu-doped ZnS (2.5 eV) indicating that Ni-doped ZnS can utilize
a wider spectral region of visible light than Cu-doped ZnS. The
Ni-doped ZnS photocatalyst can produce H2 using reducing
reagents of sulfur compounds which are formed as by-products
in petrochemical industries. Therefore, the Ni-doped photo-
catalyst is expected to be a practically useful photocatalyst.

In conclusion, Ni-doped ZnS has been developed as a new
visible-light-driven photocatalyst for H2 evolution from aque-
ous solutions. The development seems to suggest a way in
making UV respondent photocatalysts respondent also to
visible light.

This work was supported by New Energy and Industrial
Technology Development Organization (NEDO)/Research In-
stitute of Innovate Technology for the Earth (RITE), Core
Research for Evolutional Science and Technology (CREST),
and a Grant-in-Aid (No. 11640601) from the Ministry of
Education, Science, Sports, and Culture, Japan.
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Fig. 3 The dependence of photocatalytic activities for H2 evolution from an
aqueous K2SO3 (0.5 mol l21)–Na2S (0.005 mol l21) solution (300 ml) over
Zn0.999Ni0.001S (dotted bar) and ZnS (hatched bar) powder heat-treated at
773 K in an N2 flow upon wavelength (controlled via cut-off filters). Light
source: 300 W Xe lamp.
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The synthesis of the first water-soluble polyfullerene is
accomplished by nucleophilic reaction of a diamine supra-
molecularly shielded in a cyclodextrin cavity with fullerene,
leading to a versatile new field for main-chain fullerene
polymers.

Although a versatile derivatization chemistry of fullerenes has
been developed,1 solubilizing fullerenes in water while preserv-
ing the intrinsic properties of the carbon allotropes has met with
limited success and consequently only a few reports are
available in this field.2 Previous attempts to synthesize fullerene
main-chain polymers have been based on multi-step synthetic
concepts and resulted in water-insoluble products.3 In view of
the potential biological and biomedical applications of water-
soluble fullerene compounds,4 we synthesized polyfullerenes
following a general strategy, which we call the supramolecular
masking concept, in which fullerene molecules are connected in
the polymer main chain with bifunctional guest compounds that
are supramolecularly shielded by a macrocyclic host. In a
typical experiment, the cyclodextrin–amine complex (2), dis-
solved in dimethylformamide, was treated with a solution of
[60]fullerene in dichloromethane, at room temperature, facili-
tating a nucleophilic polyaddition reaction between the acces-
sible amino groups of the diamine moiety in the cyclodextrin
cavity and C60, leading to the water-soluble polyfullerene (3)
(Scheme 1).

Initially, we thought of using p-phenylenediamine (PPD) as
the simplest aromatic diamine for complexation with b-
cyclodextrin (CD), the cyclic glucose hepta-oligomer, and
subsequent use of the complex (CD–PPD) as the monomeric
precursor for the synthesis of the fullerene main-chain polymer.
The result was a species with a molecular mass of ~ 2.8 kg

mol21 (GPC data). Spectral data provided evidence of reaction
between the inclusion complex and C60. Formation of a short
segment instead of a polymer was ascribed to the low
probability of reaction of C60 with the PPD nitrogens (N–N
distance 576 pm) embedded in the depth of the CD cavity (780
pm).

A similar reaction between the inclusion complex CD–bis(p-
aminophenyl) ether (CD–BPE, N–N distance 968 pm) and C60
resulted in polymer 3, (poly[(b-cyclodextrin–bis(p-aminophe-
nyl)  ether)-co-[60]fullerene], Mn = 18.9, Mw = 20.0 kg mol21;
polydispersity 1.06) that exhibited a high solubility in water
( > 10 mg ml21). The inclusion complex registered absorption
peaks in the UV-Vis spectrum at 243 and 295 nm, whereas 3
registered peaks at 243, 286, and 343 nm (Fig. 1). Additionally
there was substantial peak broadening beyond 350 nm (inset).
Dynamic light scattering studies of water-soluble fullerenes
have established that this peak broadening is due to scattering

† A colour version of the space-filling model of the supramolecularly
shielded polyfullerene (Fig. 2) is available as electronic supplementary
information (ESI). See http://www.rsc.org/suppdata/cc/b0/b003881o/

Scheme 1 Reaction scheme for the synthesis of polyfullerene (3).

Fig. 1 UV-Vis spectra of C60 inclusion complex CD–BPE, and the
polyfullerene CD–BPE–C60 (3).
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by fullerene aggregates.5 The FT-IR spectra of the polyfullerene
had distinct differences from the inclusion complex. In the case
of the species from the reaction of CD–PPD and C60, the
fullerene peak was seen at 527 cm21, whereas for 3, this peak
was prominent at 513 cm21.

The 1H NMR spectrum of the complex CD–BPE was well-
defined, with the aromatic protons at 6.48, 6.51, 6.59, 6.62 ppm,
contrary to the weak aromatic proton peaks of the CD–PPD
complex, possibly due to the guest being deeply embedded in
the CD cavity. The aromatic ring carbon atoms were registered
at 114.7, 118.8, 144.0 and 148.3 ppm. All the characteristic
peaks of the CD and BPE components were present in the
polyfullerene 3. Additionally, in the 13C NMR spectra, there
were peaks between 139–144 ppm assigned to the fullerene
component.

In a comparative study without CD, C60 and BPE reacted to
furnish a water-insoluble product. The material was charac-
terized and found to be a polysubstituted fullerene, as could be
expected of fullerene–amine reactions. Interestingly, such
polysubstitution could be effectively prevented by the simple
routine of placing the amine moiety within a cyclodextrin ring.
The spatial dimensions of the macrocycle effectively prevented
multifunctionalization of the fullerene units. At the moment we
have not ascertained if C60 is connected at the trans-1 positions
with the diamine and if there is any branching. Branching would
mean strong stereochemical constraints, since each fullerene
ball in the copolymer chain is already flanked by two CD units
(see Fig. 2 for a space-filling model). Studies in this direction
are being pursued, examining the spatial dimensions of the
macrocycle and the fullerene in the molecular models.

In exploring the application potential of this novel polymer,
preliminary experiments have shown that the material could be
useful in biological and biomedical fields. The polyfullerene
was found to strongly scavenge a living free radical, 1,1-diph-
enyl-2-picrylhydrazyl, even more strongly than [60]fullerene
itself. Furthermore, the polymer was also found to cleave DNA
oligonucleotide in the presence of light, which was ascertained
from the GPC studies in conjunction with membrane filtration
of the nucleotide before and after cleaving experiments. These
preliminary results indicate that the polymer has retained the
properties of the pristine [60]fullerene.

Although the above model reaction involves b-cyclodextrin
and [60]fullerene, it is rather unlikely that the results described

here are confined to these specific molecules. It might also
allow the direct use of other fullerenes of the fullerene family
such as higher homologues and exo- and endohedrally modified
species, and the macrocyclic part may also be modified using a
great variety of building units. The materials are expected to
have a strong application potential in the biomedical area due to
their hydrophilicity, but also many other applications of these
interesting molecules can be envisaged such as their use as
building blocks for molecular machines and robotics.6 Further
studies to elucidate the full potential of the approach are in
progress.

Financial support from KOFST and K-JIST, Korea, is
gratefully acknowledged.
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Iminophosphorane Cl3PNNAr (Ar = 2-fluorophenyl) is an
active carbodiimide metathesis catalyst and the cycloaddi-
tion product, a 1,3-diaza-2-phosphetidine, is an inter-
mediate in the reaction.

We study the metathesis of CNN bonds with the intention of
developing the diverse synthetic and polymerization applica-
tions that depend on a single, well-defined reaction site. Until
now, both our efforts1–3 and those of others4 have focused on
metal–imide-mediated process. There are intriguing examples
in the literature of stoichiometric metathesis of iminophosphor-
anes with carbodiimides as well as catalytic disproportionation
of isocyanates using phosphine oxides.5–9 These examples of
heterocumulene reactivity inspired us to extend our search for
CNN metathesis catalysts to include phosphorus systems. Here,
we describe our discovery that iminophosphoranes can act as
catalysts for metathesis of carbodiimides, and we provide
evidence for a diazaphosphetidine intermediate.

Trichloroiminophosphoranes can self-dimerize in solution, a
behavior that should, theoretically, correlate with a potential for
reactivity with the similarly polarized CNN bond. In particular,
we have focused on the o-fluorophenyl derivative, 1 which is
known10 to exist as an equilibrium mixture of dimer and
monomer (Keq = 0.17 dm3 mol21 at 50 °C, Scheme 1). 31P
NMR spectroscopy easily differentiates the two forms: 245.2
ppm (monomer) and 276.4 ppm (dimer).

The addition of an equivalent of diisopropylcarbodiimide to
the iminophosphorane equilibrium mixture, followed by heat-
ing to 50 °C for 24 h gives a single product† by 31P NMR
spectroscopy (258.2 ppm). 1H NMR spectroscopic data‡ are
consistent with the formulation of diazaphosphetidine 2 arising
from the addition of the CNN bond across the PNN bond, with
the expected N-to-P regiochemistry. The observed 31 Hz
phosphorus coupling of the methyne proton of one of the two
inequivalent isopropyl groups is diagnostic for this product.

X-Ray diffraction studies of a single crystal,§ isolated from a
preparative scale reaction, confirmed the guanidinate-type
structure (Fig. 1). Complex 2 crystallized into a pseudo-TBPY
geometry with one chlorine and the aryl-substituted nitrogen
located in axial positions. Although electronegativity arguments
would predict two axial chlorines, the small guanidinate ring
size dictates that the more electronegative of the two nitrogens,
the N-2-fluorophenyl, will occupy one axial site. The notably
unsymmetric ring can then be explained by normal axial/
equatorial bond length differences.

Although one example of a similar guanidinate-type structure
was found in a search of the Cambridge Crystal Database,11 the
compound was not prepared by cycloaddition. Analogous urea-
derived structures are more common.12 It is interesting to note

that Molina et al., as part of their extensive studies on the
preparation of heterocycles from carbodiimides, isocyanates
and iminophosphoranes, isolated and characterized crystallo-
graphically an example of a zwitterionic, betaine form of this
type of intermediate.13

Heating diisopropylcarbodiimide and di(p-tolyl)carbodi-
imide at 120–125 °C in toluene in the presence of iminophos-
phorane 1 (10 mol%) induced metathesis of the carbodiimides
as indicated by the growth of 1H NMR resonances associated
with the mixed carbodiimide (Scheme 2). No NNR exchange
was noted when the carbodiimides were heated without catalyst
present. The reaction proceeded in < 24 h to give equilibrium
mixtures of the carbodiimides. In an independent experiment,
the same carbodiimides were metathesized at a similar rate in
the presence of 10 mol% of the guanidinate complex 2. The
parallel activity of the guanidinate complex is consistent with its
role as an intermediate in the catalytic process, although further
studies will be required before other mechanisms, such as acid-
or amine-catalyzed reactions,4a can be ruled out.

The similarities of Wittig chemistry and metal-catalyzed
metathesis are interesting. Until now, however, phosphorus-
ylide and -imine reactions have nearly always exploited the
formation of a thermodynamically more stable PNE (E = O,S)
bond as a driving force. In contrast, the preliminary results
described here establish that truly catalytic metathetical proc-
esses are also possible for phosphorus. We are currently
investigating the generality of these reactions.
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Fig. 1 Molecular structure of 2 indicating the atomic numbering scheme.
Selected bond lengths (Å) and angles (°): P–Cl(1) 2.1029(12), P–Cl(3)
2.0352(12), P–N(1) 1.783(3), P–N(2) 1.6511(4), N(1)–C(1) 1.398(4), N(2)–
C(1) 1.432(4); Cl(1)–P–Cl(3) 90.95(5), Cl(2)–P–Cl(3) 108.06(6), N(1)–P–
Cl(1) 170.44(13), N(2)–P–Cl(1) 94.93(11), N(1)–C(1)–N(3) 138.5(3),
N(1)–C(1)–N(2) 96.4(3), N(2)–C(1)–N(3) 125.1(3).
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Notes and references
† Synthetic procedure for 2: 1,3-diisopropylcarbodiimide (0.400 mL, 2.56
mmol) was added to a toluene solution (20 mL) of 1 (0.631 g, 2.56 mmol),
in a reaction vessel equipped with a Teflon stopcock. After stirring for 48 h
at 50 °C, the solvent was removed to give a white solid. Recyrstallization
from CH2Cl2–hexanes (1+6) at 235 °C gave a 50.2% yield of 2. Anal. Calc.
for C13H18N3PFCl3: C, 41.90; H, 4.88; N, 11.27. Found: C, 41.71; H, 4.93;
N, 11.09%.
‡ Spectral data for 2: 1H NMR (300 MHz, C7D8): d 6.64–6.75 (m,
aromatics), 4.35 (d/sept, PNCH), 3.35 (sept, NCNNCH), 1.49 (d,
NCNNCHCH3), 1.02 (d, PNCHCH3), 0.91 (d, PNCHCAH3). 31P{1H} NMR
(121 MHz, C7D8): d 258.2 (s).
§ Crystallographic data for 2 at 210(2) K: C13H18Cl3FN3P, M = 372.62,
monoclinic, space group P21/n, a = 9.2930(19), b = 17.376(4), c =
10.822(2) Å, b = 93.02 (3)°, V = 1745.1(6) Å3, D = 1.418 g cm23, Z =
4, m = 0.622 mm21. Of the 2503 reflections collected (2.22 @ 2q@ 26.00°)
with Mo-Ka radiation (l = 0.71073 Å), the 2288 with Fo

2 > 2 s(Fo
2) were

used in the final least-squares refinement to yield R(Fo) = 0.0360 and
Rw(Fo

2) = 0.0931.
CCDC 182/1681.
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The synthesis, spectroscopic and structural characterisation
of the symmetrically bridged boryl complex CpFe(CO)2-
BO2C6H2O2BFe(CO)2Cp are reported, together with analy-
sis of the bonding by structural and DFT methods.

Transition metal boryl complexes (LnMBR2) have been the
subject of considerable recent research effort,1 in part because
of their involvement in versatile organic transformations such as
the metal-catalysed hydroboration and diboration of multiple
bonds.1,2 Furthermore, derivatives of the type (C5R5)M(CO)n-
BO2C6H2Me2 (M = Fe, Ru, n = 2; M = W, n = 3) have been
shown to functionalise alkanes under photolytic conditions,
with the unusual activity and regiochemistry of the reaction
being tentatively ascribed to the presence of a ligand with Lewis
acidic properties.3,4 Recent studies have sought to probe the
nature of the metal–boron interaction in metal boryl complexes
by spectroscopic and crystallographic methods.1 Almost ex-
clusively,5 such studies have focussed on monodentate boryl
ligands adopting a terminal mode of coordination with respect
to the metal centre.1 Here, we describe a novel synthetic route
to metal complexes featuring bidentate boryl ligands together
with the structural and spectroscopic characterisation of the
symmetrically bridged (m2,h1,h1) boryl system CpFe(CO)2-
BO2C6H2O2BFe(CO)2Cp 4. Comparison of the mode of
coordination of the bridging boryl ligand with that found for
terminally bound analogues allows significant insight into the
nature of the metal–boron interaction.

In our recent work we have been seeking to develop synthetic
approaches to multifunctional boranes and boron halides based
on polyhydroxybenzene frameworks (e.g. 3) as potential
precursors to multinuclear metal boryl complexes.6 The syn-
thetic route to compound 4 is outlined in Scheme 1; fuller details
of the preparation of the trimethylsilyl and chloroborane
precursors have been reported recently.6 Addition of a toluene
solution of 3 to 2 equivalents of CpFe(CO)2Na suspended in
toluene at 230 °C, followed by warming to room temperature
and stirring for 1 week led to the formation of an orange–red
solution and a beige precipitate. Removal of the supernatent by
filtration, extraction of the beige precipitate with CH2Cl2 and

subsequent crystallisation by layering with 40/60 petroleum led
to the formation of 4 in 45% yield. This compound is air
sensitive, although thermally robust enough to survive un-
changed at room temperature for several weeks under an argon
atmosphere. It is sparingly soluble in non-polar organic media
and decomposes rapidly in donor solvents such as thf or diethyl
ether. Compound 4 has been characterised† by 1H, 13C and 11B
NMR, IR spectroscopy, high-resolution mass spectrometry,
elemental analysis and single crystal X-ray diffraction.

The single 11B NMR shift at dB 48 is entirely consistent with
the formation of a symmetrically bridged molecule in which
both of the B–Cl linkages in 3 have been replaced by Fe–B
bonds, being very similar to those reported by Hartwig et al. for
the terminally coordinated Bcat (cat = ortho-O2C6H4) com-
plexes (C5R5)Fe(CO)2Bcat [dB 51.8 (R = H)4 and 54.3 (R =
Me),4 respectively]. Similar chemical shifts have also been
reported by Braunschweig et al. for other terminal boryl ligands
bound to iron.7,8

A single crystal X-ray diffraction study was undertaken on
4,‡ the results of which confirm the formulation predicted on the
basis of spectroscopic data and are illustrated in Fig. 1. The
molecular structure consists of two piano-stool CpFe(CO)2X
fragments linked in m2,h1,h1 fashion by the BO2C6H2O2B
ligand.

The synthesis and structural characterisation of 4 allows, for
the first time, the opportunity to compare the coordination
behaviour of a bridging boryl ligand (BO2C6H2O2B) with that
of the analogous terminally bound ligand (Bcat). The complex
CpFe(CO)2Bcat features near co-planarity of O–B–O and B–
Fe–Cp centroid moieties consistent with the existence of a Fe–B
p interaction involving the CpFe(CO)2 HOMO and the ligand-
based LUMO.4 In the case of 4, however, the crystal structure
reveals a near orthogonal relationship [82.2(1)°] between the
corresponding planes and implies no p interaction between
ligand LUMO and Fp HOMO. This observation is consistent
with the fact that the n(CO) stretching frequencies for 4 are
somewhat lower than those observed for CpFe(CO)2Bcat (2006
and 1954 cm21 vs. 2024 and 1971 cm21).4 Given that the steric

Scheme 1 Synthesis of the bridged boryl complex 4. Reagents and
conditions: i, Me3SiCl (10 equiv.), Et3N, toluene, 12 h at room temp., 78%;
ii, BCl3 (2 equiv.), 40/60 petroleum, 3 h at 50 °C, 89 %; iii, CpFe(CO)2Na
(2 equiv.), toluene, 1 week at room temp., 45%.

Fig. 1 Molecular structure of CpFe(CO)2BO2C6H2O2BFe(CO)2Cp, 4.
Relevant bond lengths (Å) and angles (°): Fe(1)–B(1) 1.971(2), Fe(1)–
C(10) 1.751(2), Fe(1)–C(9) 1.758(2), Fe–Cp(centroid) 1.721(2), B(1)–O(1)
1.406(2), B(1)–O(2) 1.406(2); C(9)–Fe–C(10) 93.97(8), B(1)–Fe–C(9)
88.32(8), B(1)–Fe–C(10) 87.35(8), O(1)–B(1)–O(2) 109.15(14), O(1)–
B(1)–Fe(1) 121.94(12), O(2)–B(1)–Fe(1) 125.79(13), O(1)–B(1)–Fe(1)–
Cp(centroid) 82.2(1).
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requirements at the iron centre of the terminal Bcat and bridging
BO2C6H2O2B ligands are likely to be very similar it seems
evident that the difference in ligand coordination is due to
electronic factors. The presence of two extra oxygen-based
substituents on the central benzene ring in 4 might be expected
to render the ring more electron rich, thereby increasing the
degree of O–B p interaction and reducing the p acidity of the
boron centre with respect to the iron.

Interestingly, although these structural and spectroscopic
observations imply a weaker Fe–B interaction, the Fe–B bond
length is lengthened only marginally in 4 compared to the
terminally bound CpFe(CO)2Bcat system [1.971(2) vs.
1.959(6) Å].4 Conceivably this may reflect the fact that the bond
length in such systems is relatively insensitive to the p
contribution to bonding. However, the Fe–B distance in 4 is also
significantly shorter than that found in any other terminally
bound iron boryl complex for which the B–Fe–Cp centroid and
BR2 planes are close to orthogonal [average 2.048(5) Å§]. Such
a shortening of the Fe–B bond might also be consistent with a
weak p interaction between the boryl LUMO and the Fp HOMO
2 2 (a 1aA p type MO which is perpendicular to the HOMO9).
Such an interaction has been suggested for the complex
CpFe(CO)2BPh2 [which, at 2.034(3) Å,4 has a markedly longer
Fe–B bond than 4] and has been discussed by Hoffmann and
coworkers in their analysis of ligand orientation in Fp–carbene
complexes.9

Comparison of the bonding in 4 and CpFe(CO)2Bcat was
further aided by DFT calculations10 carried out for the model
compound CpFe(CO)2BO2C2H2, 5, the preliminary results of
which are reported here.¶ Total energies were calculated for
various rotamers of the molecule 5 in which the angle between
the B–Fe–Cp centroid and O–B–O planes was varied by
rotation about the Fe–B bond in 10° intervals between 0 and
90°. Energy minima are found for q = ca. 10 and 80°. These
observations are indeed consistent with the presence of weak p
type interactions between the Fp HOMO and boryl-based
LUMO for the near parallel orientation of the B–Fe–Cp centroid
and O–B–O planes and between the Fp HOMO 2 2 and boryl
LUMO for the perpendicular orientation. The calculated energy
difference between these two minima is very small (0.1
kJ mol21 at the gradient corrected DFT level of theory), such
that the adoption of one particular orientation in the solid state
may well be influenced by crystal packing forces.

The structure of 4 illustrates the coordination behaviour of a
symmetrical m2,h1,h1 boryl ligand and demonstrates significant
differences in metal–boron interaction compared to terminal h1

analogues. The synthetic methodology outlined in Scheme 1,
together with the recent synthesis of the bis(borane) HBO2-
C6H2O2BH,6 open up routes to a wide range of bridging boryl
complexes via metathetical or oxidative addition pathways.

The support of the Nuffield Foundation, the Royal Society
and Cardiff University are gratefully acknowledged. We would
also like to thank the EPSRC National Mass Spectrometry
Service. The calculations presented in this paper were carried
out with the help of support from the EPSRC, Synetix and OCF.
In addition, J. W. S thanks the EPSRC and King’s College
London for the provision of the X-ray diffractometer and the
Nuffield Foundation for the provision of computing equip-
ment.

Notes and references
† Spectroscopic data for 4: MS(EI): M+ = 514, isotopic pattern
corresponding to 2 B, 2 Fe atoms, fragment ion peaks at m/z 486, 458, 430,
402 corresponding to sequential loss of four CO molecules, exact mass
(calculated) m/z 513.9417, (observed) 513.9424. 1H NMR ([2H6]benzene,
21 °C), d 4.95 (s, 10H, Cp), 6.99 [s, 2H, CpFe(CO)2BO2C6H2O2BFe-

(CO)2Cp]. 13C NMR ([2H6]benzene, 21 °C), d 82.85 (Cp), 94.68 (aromatic
CH), 143.83 (aromatic quaternary), 212.54 (CO). 11B NMR (toluene,
21 °C), d 48 (br). IR(KBr disk, cm21) n(CO) 2006s, 1954s. Elemental
analysis: calc. for C20H12B2Fe2O8, C, 46.74, H, 2.35. Found: C, 46.22, H
2.14%.
‡ Crystallographic data for 4: C20H12B2Fe2O8, monoclinic, space group
P21/n, a = 6.4542(3), b = 12.2543(4), c = 12.4180(6) Å, b = 93.604(3)°,
U = 980.22(7) Å3, Z = 2, Dc = 1.740 Mg m23, M = 513.94, T = 100 K.
6704 reflections collected, 2243 independent (Rint = 0.0340) which were
used in all calculations. R1 = 0.0257, wR2 = 0.0582 for observed unique
reflections [I > 2s(I)] and R1 = 0.0315, wR2 = 0.0605 for all 2243 unique
reflections. The max. and min. residual electron densities on the final
difference Fourier map were 0.331 and 20.255 e Å23, respectively.

CCDC 182/1684. See http://www.rsc.org/suppdata/cc/b0/b003901m/ for
crystallographic data in .cif format.
§ Reported Fe–B distances (Å) for iron boryl complexes in which B–Fe–Cp
centroid and BR2 planes are close to orthogonal [torsion angle (°) in square
brackets]: CpFe(CO)2BPh2 2.034(3) [75],4 CpFe(CO)2B(NMe2)B(N-
Me2)Cl 2.090(3) [92.4],7 Cp*Fe(CO)2B(NMe2)Cl 2.027(5) [87.4],8 [CpFe-
(CO)2]2B3N3H3Cl 2.041(1) [90.6 and 94.5].5 The complex Cp*Fe-
(CO)2BH2·PMe3, containing four-coordinate boron11 was not included in
this analysis.
¶ Details of DFT calculations: The ADF 1999.0212,13 suite of programs was
used for DFT calculations, employing Becke’s gradient-corrected exchange
functional14 and Lee–Yang–Parr’s correlation functional (BLYP).15 Triple-
zeta Slater type orbitals were used as basis functions with a polarisation
function added for H through Ar and Ga through Kr. The level of frozen core
approximation for C and O was the 1s orbital and for Fe orbitals up to 2p
were fixed. The geometry of each molecule was optimised at the BLYP
level of theory with no symmetry restrictions.
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Photocontrol of Na+ transport across a phospholipid bilayer
membrane can be undertaken by using a new calix[4]arene
carrier bearing two anthracene moieties.

Photoresponsive compounds are of great interest for the
development of photocontrolled transport systems where ion
and electron fluxes across membranes can be regulated by
light.1 Since a first report2 of photoresponsive crown ethers, a
number of the photocontrolled ion transport systems using
bulky liquid membranes have been reported.3 However, there
are very limited studies of photocontrol of ion fluxes across
lipid bilayer membranes.4 The photoresponsive ionophores, by
which ion fluxes across lipid bilayers can be controlled, are
expected to be useful for the study of the response of cellular
systems to ion concentrations. Here, we report the first example
of photocontrol of Na+ transport across a phospholipid bilayer
containing a bisanthroylcalix[4]arene carrier 1.

Calix[4]arene esters are known to have selective complexing
abilities5 toward Na+ ions, and act as selective Na+ carriers6–8 in
lipid bilayer membranes. It has been shown that the rates of Na+

transport by a calix[4]arene ester across a phospholipid bilayer
membrane are comparable to the rates by an antibiotic
ionophore, monensin.6 To synthesize a phoresponsive calix-
[4]arene-based Na+ carrier, we introduced two photo-dimeriz-
able anthracenes into the terminal positions (-OCH2COR) of
sodium binding sites in a calix[4]arene ester.9 Anthracene

appended calix[4]arenes 1 and 2 were prepared from the
reaction of p-(9-anthroyloxy)phenacyl bromides (Molecular
Prob. Inc.) and bis- or trisethoxycarbonylmethyl ether10 of p-
tert-butylcalix[4]arene in the presence of K2CO3 in THF. The
compounds were identified by 1H NMR and field desorption
mass spectroscopy.† The signal patterns in ArCH2Ar protons
confirmed that both 1 and 2 adopted cone conformations in
CDCl3. The Na+ complexing abilities of 1 and 2 were checked
by the 1H NMR titration experiments.5

Photoirradiations were carried out in THF at 25 °C using a
150 W Xe lamp through a band pass filter (l 360 nm). As shown
in Fig. 1(a), the UV irradiation of the solution of the
bisanthroylcalix[4]arene 1 caused a decrease in the absorbance
of anthracene moieties with two isosbestic points. However, the
UV irradiation of the solution of the monoanthroyl calix[4]ar-
ene 2 did not cause a significant spectral change (Fig. 1(b)).
These results indicate that the photodimerization of the two
anthracene moieties in 1 readily takes place in THF (Scheme 1),
but not in 2. The slight decrease in the absorption of 2 may be
explained by the photobreaching of the anthracene moiety. In
the case of 1, the thermal decomposition of the photodimeric
form was hardly observed even after 24 h in the dark, suggesting
that the photodimeric form of 1 is very stable compared to the
monomeric form of 1.

The ion transport experiments were conducted by a planar
bilayer membrane11 (soybean phospholipid) with the aid of a
voltage-clamp technique.‡ The ion transport selectivity of 1 was
evaluated by the measurements of the current–voltage relation-
ships in the unsymmetrical ionic conditions of LiCl (cis)–NaCl
(trans) and KCl (cis)–NaCl (trans), where the salt concentra-
tions in two chambers were set to 100 mM containing 25 mM
HEPES–Tris Buffer (pH 7.2). The reverse potentials were
obtained as 280 and 237 mV for the LiCl–NaCl and KCl–
NaCl systems at 25 °C. From the Goldman–Hodgkin–Katz
equation,12 the ion permeability ratios (PX+/PNa+) across the
bilayer membrane were calculated as PLi+/PNa+ = 0.044 and
PK+/PNa+ = 0.24, showing that 1 can act as a selective Na+

carrier in a phospholipid bilayer membrane.
Fig. 2 shows the effect of UV ( > 310 nm) irradiation on the

membrane currents resulting from Na+ transport by 1 and 2.
Upon UV irradiation of the bilayer membrane containing 1, the
Na+ currents (at 100 mV) immediately decreased (Fig. 2(a)),
while UV irradiation of the membrane containing 2 did not
cause any change (Fig. 2(b)). This behavior is consistent with
the results of the spectral change of 1 and 2 in THF by UV
irradiation. In the case of 1, it should be noted that the Na+

currents are going to recover after the light-off, which can be
explained by the increase in the concentration of the monomeric

Fig. 1 The absorption spectra of 1 (a) and 2 (b) in THF before and after UV
irradiation (360 nm) : (a) 0 s; (b) 30 s; (c) 1 min; (d) 5 min.
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form of 1 in the membrane region at the aperture in a Teflon
film. This may be due to the lateral diffusion of the monomeric
form of 1 from the membrane which is not irradiated by light. In
fact, after a long irradiation time (ca. 30 min), the membrane
current decreased to be the current (0.5 pA) of a control level.
The increase in Na+ currents, which result from the thermal

decomposition of the dimeric form of 1, was not observed
within 1 h. These results indicate that the photodimerization of
two anthracene moieties in 1 takes place in the lipid membrane
and the Na+ transport activity diminishes in the photodimetric
form of 1.

In conclusion, we have demonstrated that photocontrol of
Na+ fluxes across a bilayer membrane can be undertaken by
using a bisanthroylcalix[4]arene 1. This is the first report of a
photoresponsive Na+ carrier which is active in a phospholipid
bilayer. We believe that the new calix[4]arene 1 has potential
for use as a photoresponsive Na+ carrier for the regulation of
Na+ concentrations in biological membrane systems.

The author thanks Dr G. Nishimura and Mr T. Ohta for
technical support. The author also thanks Mr E. Yamada for the
measurements of 1H NMR spectra.
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Scheme 1

Fig. 2 The changes in Na+ currents across the lipid bilayer membrane
containing 1 (a) or 2 (b) at 100 mV by UV irradiation ( > 310 nm). Two
chambers were filled with 100 mM NaCl aq. solutions (pH 7.2, 25 mM
HEPES–Tris buffer). The bilayer membranes were prepared by the lipid–
calix[4]arene mixtures (lipid: 1 or 2 = 100: 1 w/w). The UV irradiation (3.2
mW mm22) was performed through a glass fiber, where the spot of the light
was ca. 5 mm diameter.
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Quantitative extraction (30–70%) of alkali metal ions (K+,
Na+: 1.7 3 1024 mol dm23) from aqueous solutions with
supercritical carbon dioxide (40 °C, 10–18 MPa) could be
achieved using glymes (triethylene glycol dimethyl ether
(triglyme: 3G), tetraethylene glycol dimethyl ether (tetra-
glyme: 4G)) and the addition of pentadecafluoro-n-octanoic
acid (HPFOA) that supplies a CO2-philic counter ion and
makes the metal–ligand complex soluble in the CO2 solvent
via counter ion exchange.

CO2 in its supercritical state (scCO2) is being proposed for
many analytical and industrial applications. Although scCO2

can dissolve many non-polar organic compounds,1–3 it has
difficulty in solubilizing metal ions due to its low relative
permitivity. To address this, many researchers have examined
the use of added ligands, surfactants or microemulsions. Some
success in extracting transition metals such as Cu2+, Pb2+, Hg2+,
and lanthanoids, has been found using ligands (b-diketones,
dithiocarbamates, organic phosphorus acids, etc.) via chela-
tion,4–6 but this technique seems unsuitable for alkali metals,
since these do not form coordinate bonds with the above-
mentioned ligands. Alkali metal ions, e.g. Na+ or K+, form
complexes with only a few ligands, e.g. crown ethers or non-
macrocyclic compounds such as surfactants having polyoxy-
ethylene (POE) groups.7–9 The polyethylene glycol compounds,
glymes (CH3(OCH2CH2)nOCH3), are attractive because of their
ability to coordinate to metal ions. Darr et al. synthesized
Ag+(fluorinated-b-diketone)(glyme) complexes10 and Pollard
et al. examined Ce3+(fluorinated-b-diketone)3(glyme)11 with
the hope of obtaining scCO2 soluble complexes. However, there
are no reports of using glymes for extracting alkali metal ions
with scCO2.

In previous work, we developed a technique whereby alkali
metal ions could be extracted with scCO2, using an appropriate
ligand with the addition of a small amount of additive that
supplies a CO2-philic counter ion.12,13 The technique was
applied to the extraction of Na+ and K+ using crown ether ligand
and perfluorocarboxylic acid additive. Semi-quantitative (ca.
50%) recoveries were obtained. The perfluorocarboxylic acid
additive made the metal ion–ligand complex soluble in scCO2

by generating a CO2-philic counter anion that exchanged with
the anion of the metal–ligand complex. In this work, we report
the experimental results on glymes, which are a new class of
ligands that have not previously been identified as being
applicable to alkali metal extractions with scCO2 and which
provide an inexpensive and practical alternative to crown
ethers.

Materials NaCl (99.5%), KCl (99.5%), triethylene glycol
dimethyl ether (triglyme: 3G, 93%), tetraethylene glycol
dimethyl ether (tetraglyme: 4G, 98%), pentadecafluoro-n-
octanoic acid (HPFOA, 95.0%) and HCl (analytical grade) were
purchased from Wako Pure Chemical and used without further
purification. The extraction apparatus used in this work has
been previously described.10 Briefly, an aqueous solution (6 ml)
of the alkali metal salt (1.7 3 1024 mol dm23; ionic strength (I)
= 1.0 3 1021 mol dm23 (H, Cl)), a given amount of ligand and
HPFOA (molar ratio; metal+ligand+HPFOA =

1+30–300+30–300) were loaded into an extraction cell (internal
volume: 50 ml). The cell was immersed in a water bath (40 °C)
and then pressurized by introducing CO2 (99.9%). The solution
in the cell was stirred by a magnetic stirrer for about 30 min to
ensure complex formation and phase partitioning equilibrium.
After equilibration, a vapor phase sample was taken by opening
the stop valve and depressurizing. The extract in the vapor phase
was trapped in a collection vessel that contained 10 ml of EtOH.
After sampling, the residual aqueous phase in the cell was
analyzed by HP 4500 ICP-MS to determine the metal ion
concentration. The pH of the aqueous phase after extraction was
also measured. The amount of metal in the collection vessel was
analyzed to check the mass balance. The extraction recovery
was determined by the difference in concentration of metal ions
in the cell before and after extraction and was calculated by the
following equation: Recovery = ([metal]init 2 [metal]resid)/
[metal]init, where [metal]init and [metal]resid represent the initial
and residual concentration of metal ion in the cell, re-
spectively.

Fig. 1 shows the extraction results for K+ using 3G with
scCO2 at 40 °C. The recovery was negligibly small with only
3G, indicating that glymes may form complexes with K+ but
that their equilibrium constant is either very small or their
solubility in scCO2 is low. On the other hand, the addition of
HPFOA gave a recovery that was between 10 and 20%. This can
be explained by the fact that glymes form a complex with K+,
which has a low solubility in scCO2. When HPFOA is added,
the acid dissociates and gives a CO2-philic PFOA2 anion. The
PFOA2 anion undergoes exchange with the Cl2 anion of the
complex in the aqueous phase, and consequently the affinity of
the complex for scCO2 increases due to the scCO2-philic PFOA
chain. This mechanism seems to be similar to that described in
our previous work on crown ether ligands.10,11 More im-
portantly, the recoveries are semi-quantitative for this type of
ligand. However, for the case of 3G, the recoveries were not as
high as those obtained for the crown ether ligands, which could
be attributed to the difference in the formation constants (K)
between the alkali metal ion and glymes or crown ethers, those
logarithmic values in MeOH at 25 °C were reported as 1.72 and
6.10, respectively.14

We examined the concentration dependence of HPFOA on
the complex. The metal ion concentration ratio (D) between the

Fig. 1 Variation of recovery with pressure for K+ using 3G. Extraction
conditions: 40 °C, molar ratio; alkali metal+ligand = 1+100.
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supercritical phase and aqueous phase was calculated from the
data and plotted on a logarithmic scale against [HPFOA](sf) for
the KCl–3G–HPFOA system as shown in Fig. 2, where (sf)
refers to species in the supercritical phase. The log D increased
proportionally with an increase in [HPFOA](sf) and its slope was
found to be about unity, indicating that one HPFOA molecule
took part in the extraction for each alkali metal ion–glyme
complex. This trend is similar to that observed for extractions
made with crown ether ligands in scCO2.13 However, when we
plotted log D versus log [ligand] as in the previous work, a
linear relationship was not obtained as shown in Fig. 3.

We considered that the range of ligand and additive
concentrations studied might affect the observed recoveries.
Since the ligand and additive concentrations were higher than
that of the metal ions, strong HPFOA–glyme interactions in the
liquid phase may occur. To check this, UV measurements of
aqueous samples were made at 20 °C and atmospheric pressure.
The spectra did not provide any evidence for HPFOA–glyme
interaction. Another possibility is consecutive complex forma-
tion that might occur between alkali metal ion and glyme in
aqueous phase such as 1+2 (metal+glyme), 1+3, etc. This would
lead to a decrease in metal ion recovery since the larger complex
would make ions unavailable for extraction if only the 1+1
complex was assumed to be extracted via counter ion exchange.
Regardless of the solution interaction, at 3G concentrations of
log [3G] from 22 to 22.7, the recovery increased remarkably
up to around 80%.

We ran additional experiments with a longer oxyethylene
chain glyme, 4G (see Table 1). Two molar ratios were
considered at 40 °C and 13.7 MPa. At conditions of 1+100+100
(metal+glyme+HPFOA), recoveries were higher for K+ than
Na+ for both glymes and it was found that 4G gave higher
recoveries than 3G for the corresponding Na+ and K+

extractions. These results can be explained to some extent by the
difference in complex formation ability. For the Na+–4G and
K+–4G systems, the 1+1 (metal+ligand) formation constants
(log K) in MeOH at 25 °C are 1.28 and 1.72, respectively.14

However, when we changed the ligand concentration to
1+33+100, the recoveries did not follow the formation constant
data. In conclusion, the molar ratios are not optimized for the
highest recoveries, but with the use of glyme ligands and a CO2-
philic counter ion exchange technique, we demonstrate quanti-
tative extraction. Our next step in this research is to perform
more detailed measurements and to develop a model based on
successive complex formation.

The authors wish to acknowledge the financial assistance of
the New Energy and Industrial Technology Development
Organization (NEDO), the Intelligent Cosmos Research (ICR)
and the Ministry of Education, Science, Sports and Culture.
This research was partly performed as part of the Regional
Consortium Energy Project.
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Fig. 2 Variation of log D with [HPFOA] using 3G. Extraction conditions:
40 °C, 13.7 MPa, molar ratio; alkali metal+ligand+HPFOA =
1+100+30–300.

Fig. 3 Variation of log D with 3G concentration. Extraction conditions:
40 °C, 13.7 MPa, molar ratio; alkali metal+ligand+HPFOA =
1+30–300+100.

Table 1 Recoveries (%) for alkali metal ions using 3G and 4G ligands and
HPFOA additive. Extraction conditions: 40 °C, 13.7 MPa

Molar ratioa Alkali metal 3G 4G

1+100+100 Na+ 14.8 20.5
K+ 16.5 23.6

1+33+100 Na+ 36.0 40.9
K+ 71.8 32.9

a Metal+glyme+HPFOA.
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Condensation of coordinated propargylamine into the
unprecedented 1,3-di(propargylimino)propylateanion, an
analogue of the acetylacetonate anion, is initiated by
dioxygen in the Co(II) polymeric trimethylacetate complex/
NH2CH2C·CH system; molecular structures of the
intermediate complex, Co(O2CCMe3)2(H2NCH2C·CH)4
and final product Co(O2CCMe3)2(NH2CH2C·CH)2[N,NA-
(HC·CCH2NCHCHCHNCH2C·CH)] were established by
X-ray analysis.

The chemistry of transition metal complexes with propargylic
amines is rather poorly studied. Here, we describe unexpected
condensation of Co(II) coordinated propargylamine into the
unprecedented 1,3-di(propargylimino)propylateanion bound to
a Co(III) centre.

Upon reacting the cobalt(II) containing polymeric complex
[Co(OH)n(O2CCMe3)2-n]x or oligomeric complex Co6(m3-
OH)2(O2CCMe3)10(HO2CCMe3)4

1 with propargylamine under
an anaerobic atmosphere, the paramagnetic mononuclear com-
plex Co(O2CCMe3)2(H2NCH2C·CH)4 1 was obtained as the
main product (95% yield)†. The four propargylamine molecules
occupy the four positions in the equatorial plane [Co–N
2.206(2)–2.214(2) Å] of the octahedral Co(II) atom according to
X-ray diffraction data‡ as shown in Fig. 1.

Complex 1 is fairly stable under Ar atmosphere in toluene
solution containing an excess of propargylamine up to the
solvent boiling point. However, complex 1 readily transforms in
the diamagnetic cobalt(III) complex, Co(O2CC-
Me3)2(NH2CH2C·CH)2[N,N-(HC·CCH2NCHCHCHN-
CH2C·CH)] 2, upon reaction with an excess of propargylamine
(CH2Cl2, 20 °C) in air; even traces of air initiate the reaction
(Scheme 1).§

According to an X-ray diffraction study‡ the Co(III) atom has
an octahedral environment with two propargylamine ligands
occupying apical positions [Co–N 1.974(2) Å] and three anionic
ligands [two O2CCMe3 groups (Co–O 1.976(2) Å) and one
N,NA- coordinated RNCHCHCHNR (R = propargyl) fragment
(Co–N 1.936(2)Å)] in the equatorial plane of the complex
coordination sphere as shown in Fig. 2. The metal atom and the
planar C–NNCHCHCHNN–C fragment lie in the same plane

Fig. 1 Molecular structure of Co(O2CCMe3)2(H2NCH2C·CH)4 1; Co–O
2.064(1), C–N 1.452(3)–1.453(3), C·C 1.158(4)–1.162(4) Å.

Scheme 1 Interconversions of cobalt(II/III) complexes. Reagents and
conditions: i, 4 equiv. propargylamine, CH2Cl2, Ar atmosphere; ii, 1–2
equiv. propargylamine, CH2Cl2 or toluene, in air.

Fig. 2 Molecular structure of Co(O2CCMe3)2(NH2CH2C·CH)2[N,N-
(HC·CCH2NCHCHCHNCH2C·CH)] 2: C·C 1.167(5) Å in the propa-
rgylamine ligands and 1.172(6) Å in the 1,3-di(propargylimino)propyla-
teanion).
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forming an aromatic system with shortened CNN bonds
[1.303(4) Å] lying in the same plane of the H atoms [C–C–H
118.4(9)° ] and equivalent C(H)–C(H) bonds [1.375(4) Å]. This
geometry is very similar to that observed in six-membered
metal–acetylacetonate rings.2,3

Complex 2 could be also prepared via direct reaction between
a cobalt trimethylacetate polymer and propargylamine (reagent
ratio Co: L = 1: 5–6) in air in toluene solution at 20 °C.

The reaction of an oligomeric nonanuclear nickel(II) complex
and an excess of propargylamine gives rise to the complex
Ni(O2CCMe3)2L4 3.4 Geometric parameters of complex 3 are
very similar to those of complex 1. Unlike cobalt complex 1, the
nickel compound 3 is stable in air and does not react with
propargylamine present in excess even at elevated temperature
in solution. This fact suggests that the redox properties of the
metal centre and its capability to be involved in one-electron
transfer reactions are of importance for the observed amine
condensation to form complex 2. A study addressed toward
mechanistic aspects of the reaction is in progress.

We thank Professor AndrewWojcicki for fruitful discussions
and the Russian Foundation for Basic Research (Projects
99-03-33091 and 99-03-32805) for financial support.
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solution (40 ml) of Co6(m3-OH)2(O2CCMe3)10(HO2CCMe3)4 (0.322 mmol,
0.583 g) or 0.5 g of the polymeric complex [Co(OH)n(O2CCMe3)22n]x

(ratio propargylamine+Co = 4+1) under Ar atmosphere and the solution
was stirred at 20 °C. Then the solvent was evaporated in vacuo to 10 ml and
cooled to 25 °C. Pale-pink crystals of complex 1 which formed were
separated and dried in vacuo (yield 95%). Single crystals suitable for X-ray
investigation were prepared by slow cooling of the hot concentrated
solution of 1 in CH2Cl2. [Co(O2CCMe3)2(H2NCH2C·CH)4] 1. Anal. Calc
for C22H38CoN4O4: C, 54.89; H, 7.90; N, 11.64. Found: C, 55.1; H, 8.0; N,
11.7%. IR, (KBr pellet), n/cm21: 3450m, 3352m, 3308s, 3234m, 2963s,

2944s, 2870m, 1672s, 1579vs, 1481vs, 1419vs, 1363s, 1221s, 1098m,
1011s, 980w, 894m, 795w, 645m, 635s, 610s, 570m. meff = 4.96 mB (293
K).
‡ Crystal data: for 1: C22H38CoN4O4, M = 481.49, triclinic, space group
P1̄, m(Mo-Ka) = 6.63 cm21, R1 = 0.0463, wR2 = 0.1310; a = 6.528(3),
b = 10.634(4), c = 11.041(4) Å, a = 66.36(2), b = 79.60(2), g =
75.89(2)°; V = 678.0(5) Å3; T = 20 °C; Z = 1, collected/independent
reflections 3675/3388 (Rint = 0.0265). For 2: C25H37CoN4O4·0.5C6H6, M
= 555.58; monoclinic space group, C2/c, m(Mo-Ka) = 6.63 cm21; R1 =
0.0483, wR2 = 0.1214; a = 14.830(3), b = 15.354(3), c = 15.282(3) Å, b
= 94.83(3)°, V = 3467.4(12) Å3; T = 20 °C; Z = 4, collected/independent
reflections: 3101/3101. 
§ Propargylamine (19.91 mmol, 1.095 g) was added gradually to an toluene
solution (40 ml) of Co6(m3-OH)2(O2CCMe3)10(HO2CCMe3)4 (0.553 mmol,
1 g) or 0.9 g of polymeric complex [Co(OH)n(O2CCMe3)22n]x (ratio
propargylamine+Co = 5–6+1) and the pink suspension of complex 1 was
stirred in air at 100 °C for 1–2 h. until formation of a red–brown solution.
This solution was kept at 20 °C for 7–9 days after which brown prisms of
Co(O2CCMe3)2(NH2CH2C·CH)2[N,N-(HC·CCH2NCHCHCHNCH2-
C·CH)] 2 were formed. Crystals of complex 2 were separated and dried in
vacuo (yield 18%). Anal. Calc for C25H37CoN4O4: C, 58.14; H, 7.17; N,
10.85. Found: C, 57.8; H, 7.4; N, 10.5%. IR, (KBr pellet), n/cm21: 3296m,
3222m, 3024m, 2963m, 2938m, 2887m, 1771w, 1740w, 1672w, 1610s,
1592s, 1573s, 1511vs, 1462w, 1407s, 1376s, 1345s, 1221s, 1036s, 894w,
746m, 63 vs, 542m. Single crystals suitable for X-ray investigation were
prepared by slow cooling of a hot concentrated solution of 2 in benzene.

CCDC 182/1652. See http://www.rsc.org/suppdata/cc/b0/b000004n/ for
crystallographic files in .cif format.
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Addition of diazonium tetrafluoroborates to an acyl chloride
pyridine mixture affords hydrazonoacid derivatives in
smooth conditions; this new Japp–Klingemann reaction
emphasizes the synthetic potential of electrophilic addition
to ketenes.

Hydrazones are associated with a wealth of well-known
reactions such as the Wolff–Kishner,1 the Shapiro2 reactions or
the Eschenmoser rearrangement.3 Numerous asymmetric cata-
lytic reductions of compounds with carbon–nitrogen double
bonds have been carried out,4 among these a-hydrazonoesters
have shown a great potential as enantiopure amino acid
precursors.5 The importance of these reductions has given us the
impetus to search for new selective access to these valuable
intermediates.
a-Hydrazonoesters are usually prepared by a Japp–Klinge-

mann6 reaction between an arenediazonium salt and a malonic
acid derivative. It is a two step process involving coupling of the
active methylene compounds followed by a final decarboxy-
lation. Simple acid derivatives are not acidic enough and their
use as starting materials for Japp–Klingemann reactions often
requires preliminary carboethoxylation of the compound.
Recently Sakakura et al.7 described a direct preparation of a-
hydrazonoester from ester via ketene silyl ketals but their
reaction requires the use of a strong base (e.g. LDA) which may
not be compatible with sensitive substrates.

In connection with our previous study on the trifluoroacetic
anhydride additions to ketenes,8 we believed that a-hydrazo-
noesters could be prepared in one step directly from the acid
chloride. This reaction would involve electrophilic diazonium
salt attack on the corresponding ketene generated under weak
base treatment. Electrophilic attacks on ketenes are well
precedented9 but this reactivity has been poorly explored in
comparison to nucleophilic attack. Indeed, by adding diazonium
salt 2b to a mixture of acid chloride 1a and pyridine, we
observed the formation of a-hydrazonoester 3b with a yield of
63% (Scheme 1, Table 1).

The interest of this method lies in the generation of the ketene
with a large excess of pyridine (3 equiv.) which avoids ketene
dimerisation by forming zwitterion A. The latter can be attacked
by the diazonium giving the azocompound B and C through
further deprotonation (Scheme 2); ethanolysis of C finally gives
hydrazonoesters 3.

The reaction is performed at room temperature in dichloro-
methane using 3 equiv. of pyridine and 1.1 equiv. of diazonium
salt (added 10 min after the ketene–pyridine adduct formation).

Scheme 1 Addition of diazonium salts to acyl chlorides.

Table 1 Formation of hydrazones 3 from diazonium salts 2

Chloride 1 Diazonium 2 Product 3a Yield (%)

1a 2a 3a 33
1a 2b 3b 63
1a 2c 3c 66
1a 2d 3d 56
1a 2e 3e 55.5
1b 2b 3f 78
1b 2c 3g 67
1c 2b 3h 83
1d 2b 3i 40
1e 2b 3j 65
1f 2b 3k 41
1g 2b 3lb 63
1g 2c 3mb 55
1h 2c 3nb 57

a To a dichloromethane solution of acid chloride (0.25 M) was added
pyridine (3 equiv.) and after 10 min the diazonium salt 2 (1.1 equiv.).
b Same procedure but with 0.12 M concentration.
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The reaction is best carried out at 0.25 M concentration except
for steroids 3n, 3o, 3p for which it was reduced to 0.12 M. The

results, reported in Table 1, show that moderate to good yields
were obtained for most diazonium salts tested and that this new
method is compatible with various sensitive functions such as
esters and ketones (3n, 3o, 3p).

The strength of this approach is further underlined by the
manifold provided by the final treatment: when ethanolysis
gives esters, hydrolysis can form directly free a-hydrazonoacids
whereas addition of N-methylpyrrole in the mixture forms
pyrrole substituted derivatives in a Friedel–Craft acylation type
reaction (Scheme 3).

The potential of this new reaction as well as other additions
of electrophiles to ketenes are still under investigation in our
research group.

We wish to thank Drs Samir Zard and Jean Boivin for help
and encouragement.
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Metal-assembled cages form grids in the solid-state and pack
into a manner that creates a material with pores and
channels.

Zeolites are very valuable because of their extensive use as
molecular sieves, catalysts, and ion exchange materials.1 One
essential feature to zeolites is their porous structure. We have
synthesized a porous material, Ca4Co412·xH2O, composed of
metal and organic components that has a zeolite like porous
structure and adsorbs water. This material is a part of an
expanding area of metal–organic frameworks which have
porous structures, but are not based on silicates or aluminates.2
These new materials are important because they have different
properties than those of zeolites, and may be used as specific
catalysts for organic transformations or selective trapping
agents. Even though part of their framework is organic, these
materials retain their structure after water or solvent molecules
are removed and up to temperatures of 300 °C.2

Similar to porous metal–organic materials are the metal-
assembled supramolecular compounds that form squares,
arrays, grids, ladders, sheets and even cages.3 The assembly of
nonporous metal compounds, like the formation of porous
metal–organic frameworks, relies on the coordination ability of
metal ions and the proper choice of organic ligand. Both of these
classes of compounds may have infinite structures, however, the
porous materials have often been investigated for adsorptivity.
The non-porous metal-assembled compounds sometimes have
cavities that encapsulate guests or solvent molecules.4 The
metal-assembled cages act as molecular boxes that bind guests
until the cages are signaled by pH change to open and allow
guest release.

During our research on metal-assembled cage molecules
(Scheme 1), we have discovered that the cages assemble into
arrays linked by coordinating cations. The array formation is
promoted by the presence of carboxylate groups on four sides of

the cages, which are positioned 90° apart in a nearly planar
arrangement. Carboxylate groups, having two oxygens and
more than one lone pair of electrons on each oxygen, can bind
to more than one metal ion and in some cases help create porous
materials. Examples of bridging carboxylate groups are very
common in metalloproteins and small molecule models of
metalloproteins, where metal centers are linked by carboxylates
from amino acids or alkyl carboxylates.5 The four carboxylate
groups in Ca4Co412·xH2O come from 1, which is a cup-shaped
resorcinarene molecule that has four pairs of carboxylates
positioned on its upper rim. These carboxylates coordinate to
transition metal ions and, in the process, form octaanionic cage
complexes.6 One can think of the carboxylate groups on the
cages as four metal binding sites equally spaced from each other
around the middle of an ellipsoid.

Owing to the anionic nature of these metal-assembled cages,
counter cations are associated with them. When calcium is the
counter cation and an aqueous solution of cobalt-assembled
cages is allowed to crystallize by slow diffusion of isopropyl
alcohol, the calcium ions coordinate to oxygen atoms of the
carboxylates and in so doing form Ca4Co412·xH2O.† This
bonding of oxophilic calcium ions to carboxylate oxygens is not
unusual, but what is novel is that the calcium ions coordinate to
carboxylates from two cages and create a bridge between two
cages. In addition to coordinating to carboxylate oxygens, the
calcium ions also coordinate to water molecules, which
complete their coordination sphere. As the calcium ions bring
together two cages, they assemble a two-dimensional array of
cages (Fig. 1)‡ The cages are ca. 18 Å apart from each other
(center of one cage to the center of the next nearest cage). When
the rows of cages line up, voids are formed which would have
diameters of ca. 15 Å, except that they contain water molecules
that are a part of a ring of molecules hydrogen-bonded together
around the cages. Thus, the voids have edge lengths of ca. 9.5
Å (Ca to Ca van der Waals radii).

The placement of the next layer of cages is also of interest.
Though the voids of one layer would seem to be the optimum
place for the cages of the next layer, the cages do not position
themselves there, but rather lie over the cation bridges of the
first layer.7 In so doing, rhombic pores and channels form

Scheme 1

Fig. 1 A top view of Ca4Co412 from the X-ray crystal structure showing the
packing of the cages into two-dimensional arrays with linking calcium ions.
Note the four carboxylate groups are on the exterior of the cages, 90° apart,
and help connect the cages together.
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(Fig. 2). Cages line two sides of the pores while carboxylates
and calcium ions occupy the other four sides. Owing to the
presence of both phenyl, methyl, and carboxylate groups on the
cages, the pores have both a nonpolar and polar nature. Since the
carboxylates do not fill the whole side of a pore as the cages do,
channels lead into the pores from two directions. The pores are
roughly shaped like hexagons, 9.5 3 9.5 3 21 Å, with two of
the long sides occupied by cages. The connecting channels have
5 3 12 Å edges and since they are lined with carboxylate
oxygens and water molecules bound to calcium ions, they are
expected to be hydrophilic and variable in size depending on the
amount of water bound to calcium. Fig. 2 shows that a line of
cages is linear in one direction and zigzaged in the other. This
is because the bridging carboxylate arms of the cages are side-
by-side or one on top of the other.

An important property of porous materials is their ability to
retain molecules within their pores. The pores of Ca4-
Co412·xH2O are occupied by water and isopropyl alcohol
molecules. Some water molecules are bound to the counter
cations, some hydrogen bonded around the cages, and others
disordered within the pores. This is similar to zeolites, where
water is bound to cations within a silica or alumina framework.
In an attempt to understand the material’s affinity for water, we
used thermogravametric analysis to measure the change in mass
of the material as a function of temperature. When the
temperature of the material is raised at a rate of 1 °C min21 from
25 to 250 °C, initially, a fast rate of weight loss is observed up
to 120 °C, after which weight is lost more slowly until the
weight of the material becomes constant. The total weight loss
accounts for 20% of the material and gives a 40+1 water to
Ca4Co412 ratio. A composition of 20% water ranks this material
with zeolites in water content.1 The water to complex ratio of
40+1 is in good agreement with the ratio found by X-ray
crystallography: 43+1.

Not surprisingly, after releasing water, this material adsorbs
water. When the dehydrated material is cooled in the presence
of a stream of water vapor (20 mm Hg), an initial fast rate of
water uptake is observed below 90 °C, which leads into a slower
rate of water adsorption as the temperature reaches ambient.
The amount of water that was lost is regained. This process of
dehydration and adsorption can be repeated without a sig-
nificant change to the amount of water adsorbed. This is an
indication that the material’s internal structure remains intact
and that heating and water removal do not cause decomposition.
Another indication of retention of structural integrity is that the
external block-shape of the crystals does not change during
adsorption and dehydration. Further studies on the retention of
structure are under way.

In conclusion, Ca4Co412·xH2O is a new metal–organic
porous material composed of elaborate organic cage molecules
and cations. Four perpendicular carboxylate-binding groups on
the cage part of Co412

82 provide sites for calcium binding and

the assembly of the cages into arrays. The packing of the layers
of cages over the bridges of other layers creates pores and
channels within the material. Metal-assembled cages and water
molecules line the channels that link the pores. These pores and
channels contain water, which can be removed and adsorbed.
Future research will focus on the use of C4CO412 as a small
molecule trapping agent, and the affect on pore size by the
substitution of the calcium ions by other metal ions.

We thank Brigham Young University for supporting this
research.
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Fig. 2 A side view of Ca4Co412 showing the packing of three layers of cages
and the channels connecting the pores. The cages in the middle layer are
behind the first and third layers. The first and third layers are separated by
carboxylate groups of the middle layer. The water molecules within the
channels have been omitted for clarity.
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The title bis(imidazol-4-yl)porphyrin 1 gave supramolecular
assemblies through hydrogen bonding; efficient excited
energy transfer followed by electron transfer to quenchers
has been observed in toluene.

Chromophore assemblies play important roles in light-harvest-
ing antenna functions of photosynthesis. In bacterial antenna
complexes, 181a or 161b bacteriochlorophylls are arranged in a
macro-ring with slipped cofacial structures by coordination of
imidazolyl side chains from transmembrane a-helices in
B850,1a,b and 91a or 81b bacteriochlorophylls are arranged in a
macro-ring of coplanar orientation in B800.1a,b In contrast to
these well-organized structures in bacterial antennae, antenna
complexes from plant sources are more or less disordered.1c In
both cases the arrangements are provided by non-covalent
interactions, and supramolecular assembly formation by hydro-
gen bonding and metal-to-ligand coordination is thought to be a
promising way to achieve the construction of artificial antenna
models.2,3

In this communication, we introduce the use of bis(imidazo-
lyl)porphyrin 1 to mimic light-harvesting antenna function by
supramolecular assembly formation through hydrogen bonds
between imidazol-4(5)-yls substituted at two facing meso
positions of the porphyrin ring.4 5,15-Bis(imidazolyl)porphyrin
1 was prepared conventionally5 from imidazol-4(5)-yl-2,2A-
dipyrrylmethane and 4-dodecyloxybenzaldehyde as shown in
Scheme 1.

The 1H NMR spectrum of 1 in CDCl3 gave broad peaks,
which were sharpened gradually by the addition of CD3OD.

Fig. 1 shows the titration behaviour of the imidazolyl, pyrrolic
and aromatic protons. The characteristic up-field shift with
decreasing CD3OD concentration was observed most specifi-
cally at the meso-imidazol-4-yl proton (H1),6 and less sig-
nificantly at one of the b-pyrrolic protons (Hb). Other peaks
were insensitive to CD3OD addition. The shift behaviour is
accounted for by the breaking of hydrogen bonds between
imidazolyl substituents by the addition of CD3OD. The
selective shielding of the H1 proton compared to H2 in the
aggegrate suggests that H1 is brought above the facing
porphyrin plane by hydrogen bond formation between imidazo-
lyl substituents of different porphyrins. Therefore, the slipped
cofacial arrangement 1 is proposed as the structural unit of
hydrogen bonded porphyrin rather than the head-to-tail one.
The former orientation can be stabilized by cooperative
interaction of maximal hydrogen bonds of imidazolyls and p-
stacking of porphyrins and is thought to be the more stable. In
accord with this orientation, the Hb proton received the second
largest up-field shift with decreasing CD3OD concentration. In
contrast, monoimidazolyl-substituted porphyrin 2, gave quite a
normal NMR spectrum without any specific shielding or peak
broadening.

This porphyrin–porphyrin interaction is sensitively reflected
in their UV spectra. Characteristics of the Soret band of 1 are
compared with those of mono- and non-imidazolyl substituted
porphyrins 2 and 3, respectively, in Table 1. The half bandwidth
of 1 (29 nm) in a CHCl3 solution (free from EtOH) is
significantly broadened compared with that of 2 (16 nm) at the
same concentration in the same solvent. A further broadening is

† Electronic supplementary information (ESI) is available: experimental
details and 1H NMR of 1 in CDCl3. See http://www.rsc.org/suppdata/cc/b0/
b003267k/

Scheme 1 Preparation of bis(4-imidazolyl)porphyrins.

Fig. 1 NMR Titration of 1 (4 mmol dm23) in CDCl3 with CD3OD at
20 °C.

Table 1 Comparison of absorption spectral characteristics of 1 and
porphyrin analogs in various solvents

lmax (Half band width)/nm

Compound MeOH CHCl3a Toluene Cyclohexane

1 418(24) 424(29) 426(34) 426(84)
2 419(16) 424(16) 424(16) 422(18)
3 421(13) 420(13) 420(13) 420(13)

[porphyrin] = 1.6 mmol dm23; a EtOH free, CHCl3 was used.
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observed in toluene for 1, but there is observed solvent
dependence in the halfwidth of the Soret band observed for 2.
This behaviour is explained by exciton coupling theory for two
porphyrin chromophores in a slipped cofacial orientation,7
where two transition moments interact in face-to-face and
parallel orientations to give rise to blue and red shifts,
respectively. The peak splitting could not be observed in the
present case and the overall spectral maxima shifted to longer
wavelengths. The increased broadening of Soret bands of 1 in
increasingly less polar solvents was incompatible with the idea
that they contained split absorptions as components. In the case
of 3, having no hydrogen bonding group, no solvent dependence
was observed for MeOH, CHCl3 and toluene either for
absorption maxima or half bandwidths. Monoimidazolyl-
substituted porphyrin 2 seemed to be too weak to interact
significantly in this fashion and showed behaviour similar to
unsubstituted porphyrin 3 in the range 2 3 1023–4 mmol dm23.
This may suggest the cooperation of hydrogen bonds and p-
stacking interaction in the present supramolecular structure
formation.8 Interestingly, the fluorescence intensity of bis(imi-
dazolyl)porphyrin 1 remained almost constant for the change of
solvent from MeOH to toluene as shown in Table 2. This result
indicates that bis(imidazolyl)porphyrin 1 in the supramolecular
assembly showed no significant self-quenching by supramo-
lecular complex formation.

In order to obtain direct evidence of assembly formation, the
toluene solution of 1 was analyzed by static light scattering at
26 °C. From a Zimm plot9 of the data obtained at 3.3, 6.6, 9.9
and 13 mmol dm23, the radius of gyration was estimated as 23
nm. Although the molecular weight could not be obtained
because the refractive indices of the solution and pure solvent
were too close, we could observe particles from 1 in similarly
dilute concentrations (3.3–13 mmol dm23) in toluene.

The efficiency of energy–electron transfer from the assembly
to external acceptors was estimated by fluorescence quenching
experiments. Stern–Volmer plots for two acceptor molecules,
chloranil and tetraphenylporphyrinatoMn(III) chloride
(ClMntpp) in toluene, are illustrated in Figs. 2a and b,
respectively, together with the plot obtained by using non-
imidazolyl substituted porphyrin 3 as the reference.

Chloranil quenched the fluorescence of 1 2.9 times faster than
that of 3. This result suggests that the supramolecule 1 is a more
efficient energy–electron donor than the monomeric species.
There is a possibility, however, that chloranil becomes a better
acceptor through the formation of a hydrogen bonded complex
with the imidazolyl part of 1, but not with 3. This possibility was
excluded by experiment: ClMntpp, having no hydrogen bond
site, quenched the fluorescence of 1 more efficiently than that of
3 by the same factor of 2.9. The possibility that 1 specifically
interacts with ClMntpp through coordination of an imidazolyl

group to Mn was safely excluded by there being no shift of the
Soret band of ClMntpp, in accord with the small coordination
equilibrium constant reported for imidazole and ClMntpp.8 A
possible explanation for efficient energy transfer and/or elec-
tron transfer from the supramolecule may be based on the idea
that the excitation energy is delocalized over the whole
supramolecule and transferred to acceptors from any compo-
nents of the supramolecule as in the oxinylporphyrin.10 These
results establish the usefulness of the supramolecular porphyrin
assembly as a mimic of the energy storage function of light
harvesting antenna complexes (see Scheme 2).

In conclusion, imidazolyl porphyrin is a useful component
for obtaining porphyrin assemblies, not only through hydrogen
bonding but also by metal coordination.3 Further applications
for bis(imidazolyl)porphyrin 1 and its derivatives are now under
active investigation.
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3 Supramolecular assemblies of imidazolylporphyrin: Y. Kobuke and H.
Miyaji, J. Am. Chem. Soc., 1994, 116, 4111; Y. Kobuke and H. Miyaji,
Bull. Chem. Soc. Jpn., 1996, 69, 3563.
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carbons appeared at 135 and 120 ppm, respectively.
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Lett., 1999, 308, 323. Another possibility was suggested by a referee,
who pointed out that lowering of S1 or even S0 could affect either the
pre-exponential or Marcus like terms and mediate the rate favourably.
Photophysical studies may address the mechanism and will be reported
elsewhere.

Table 2 Comparison of fluorescence intensities of 1 in various solvents

Relative intensity at peak maximum (lmax/nm)

Compound MeOH CHCl3a Toluene cyclohexane

1 507 (662) 442 (668) 428 (669) 36 (664)

[1] = 1.6 mmol dm23; a EtOH free, CHCl3 was used.

Fig. 2 Stern–Volmer plots for 1 (1.6 mmol dm23, -) and 3 (1.6 mmol dm23,
5) with (a) chloranil and (b) ClMntpp in toluene.

Scheme 2 Excitation energy storage in supramolecular bis(imidazolyl)por-
phyrin assembly.
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The first comprehensive investigation of S atom transfer
between two different metal centers is presented using the
reaction of the terminal chalcogen atom bearing complex
[CyNC(tBu)NCy]2SnS with [CyNC(tBu)NCy]2GeII; this
multielectron redox reaction between GeII and SnIV pro-
ceeds via a second-order process with an inner sphere
mechanism involving a m-S intermediate as the proposed
pathway; results of S and Se atom transfer between
[CyNC(tBu)NCy]2Ge and PPh3 are also presented.

Atom transfer reactions are an active area of fundamental
investigation that have attracted considerable attention in large
part due the manifest role of oxygen atom transfer in many
oxidation processes and in several biological processes.1,2 The
oxygen atom transfer reactions that have been studied are
dominated by metal–oxo donor reactions with a non-metal
acceptor. In comparison, transfer of heavier group 16 elements
and/or complete inter-metal transfer of a multivalent atom are
less established.3,4 Some chalcogen complexes of Ti(IV) are
known to function as effective sources of chalcogen atoms.
However, the atom transfer reactivity of Cp2TiE5 (E = S, Se)5

and of (OEP)TiE2 (OEP = octaethylporphyrinato; E = O, S,
Se)6 are based on ligand reduction and are therefore categorized
as secondary atom transfer reactions. When attention is
focussed on main group metal complexes the number of clear
examples of this class of reaction dwindles to a single detailed
investigation.7 In fact this example, shown by eqn. (1),
represents the sole comprehensive study for inter-metal two
electron transfer mediated by heavy elements of group 16 (i.e.
S or Se) and involved the reversible transfer of sulfur and
selenium atoms between tin porphyrin complexes of meso-
tetraphenylporphyrinato (TPP) and meso-tetra-p-tolylporphyr-
inato (TTP) ligands.

(1)

The limited examples of primary atom transfer reactions
involving sulfur and selenium atoms include the exchange
between the terminal chalcogenido complexes [h4-Me8taa]SnE
(E = S, Se; Me8taa = octamethyldibenzotetraazaannulene) and
the Ge(II) species [h4-Me8taa]Ge [eqn. (2)].8 More recently the
preparation of terminal selenido complexes of gallium and
indium supported by tris(3,5-di-tert-butylpyrazolyl)hydrobor-
ato (tBuTp) ligation allowed for the observation of selenium
atom transfer from indium to gallium [eqn. (3)].9 Kinetic
parameters have not been established for either of these
systems.

(2)

(3)

Our interest in the formation of multiple bonds between main
group elements and the subsequent reactivity of these unusual
species led us to prepare a family of amidinato complexes of Ge
and Sn [CyNC(tBu)NCy]2ME [M = Sn, E = S (1S); M = Ge,
E = S (2S), Se (2Se)] that possess terminal chalcogenido
functions.10,11 These compounds were prepared by oxidative

addition of styrene sulfide or elemental selenium to the
corresponding M(II) precursors, [CyNC(tBu)NCy]2M [M = Sn
(1), Ge(2)]. These results now allow us to report the first
comprehensive study of heteronuclear inter-metal sulfur atom
transfer reactions.

When the bis(amidinato)tin(IV) sulfide species 1S and
bis(amidinato)germanium(II) complex 2 are mixed at room
temperature complete sulfur atom exchange between these
complexes can be achieved according to eqn. (4) in Scheme 1.

At room temperature this reaction proceeded smoothly over
several days and could be conveniently monitored by 1H NMR in
C6D6. The tBu groups for the four different amidinate complexes
provided an excellent spectroscopic handle to monitor this
reaction. For example, as the reaction progresses, the tBu
resonances of 1S at d 1.17 continuously decrease in intensity
concomitant with the appearance of new tBu resonances at d1.35,
signifying the formation of 1.

The corresponding tBu resonances for the germanium
complexes are slightly more complicated. Instead of having both
amidinate ligands bidentate and equivalent as with compounds 1
and 1S, both 2 and 2S are known to exhibit one bidentate and one
monodentate (‘dangling’) ligand as shown in Scheme 1. This
feature has been demonstrated through structural and spectro-
scopic characterization for both 2 and 2S and is a general feature
for a number of other germanium amidinate complexes that we
have prepared.12 As a result, the two amidinate ligands in the Ge
complexes are inequivalent and two separate tBu signals are
observed for 2 and for 2S. Thus, during the progress of the
reaction, two new tBu resonances appear at d 1.70 and 1.07
signifying the formation of 2Swhile the two resonances for the tBu
groups of 2(d1.61, 1.16) simultaneously decrease in intensity.

The progress of S atom transfer between 1S and 2 can be
monitored by following the changes in integration of the tBu
resonance of any of the four complexes in Scheme 1. In all kinetic
runs, the data for this transfer reaction was found to obey an
integrated rate law for second-order reactions.† Plots of reciprocal
concentration vs. time were linear for more than two half lives. In
all cases the data indicated a complete, non-reversible transfer of a
terminally bonded sulfur atom from Sn to Ge.

Rate constants for this reaction could be determined over a
temperature range of 40 °C and a summary of this data is given in

Scheme 1

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003146l Chem. Commun., 2000, 1391–1392 1391



Table 1. Measurements from 25 to 65 °C resulted in k values that
ranged from 1.18 3 1023 to 2.14 3 1022 M21 s21 with resulting
half-lives of 18 h to 31 min. The thermal decomposition of 2S
precluded studies at higher temperatures. An Eyring plot of these
results indicated a linear relationship with associated activation
parameters of DH‡ = 17.6 ± 0.2 kcal mol21 and DS‡ = 214.4 ±
0.3 cal K21mol21.

The first-order dependence of the reactants was confirmed by
imposing pseudo-first-order conditions on the reaction by having
1S in large excess compared to 2. Under these circumstances the
disappearance of 2 and subsequent formation of 2S exhibited first
order behavior.

The only comparable system for which kinetic information is
available is given by eqn. (1). In this case the kinetic analysis was
consistent with a reversible second-order reaction.7 The equilib-
rium constant for this reaction was near unity between 240 and
210 °C in toluene-d8. Kinetic measurements for eqn. (1) at
temperatures ranging from 30 to 60 °C resulted in kf values from
0.40 to 2.39 M21s21.

The rate law and activation parameters that we obtained for eqn.
(4) in Scheme 1 support an inner-sphere mechanism which likely
proceeds via interaction of the chalcogen atom on tin and the Ge(II)
center resulting in a sulfur bridged intermediate (Scheme 1).
While this species was not observed in our experiments, the
negative entropy of activation (DS‡ = 214.4 cal K21 mol21) is
consistent with an associative type reaction involving a m-sulfido
intermediate. This observation is in line with the value of DS‡

(224.1 cal K21 mol21) determined for eqn. (1) for which a similar
m-S species was suggested.7Consistent with this proposition is the
low DH‡ value, which suggests that significant bond formation
between Ge and the bridging sulfido ligand that offsets the energy
are required for the cleavage of the SnNS during the transfer. Again
the DH‡ value obtained for eqn. (4) is similar to that obtained for
the homonuclear exchange reaction shown in eqn. (1) (DH‡ =
10.9 ± 0.9 kcal mol21).7

The direction of this sulfur atom exchange reaction demon-
strates the thermodynamic stability of the terminal GeS bond
relative to the corresponding SnS bond. This is consistent with the
notions that both the tendency to engage in multiple bonding and
the stability of M(IV) vs. M(II)13 decreases for the heavier
congeners of the group 14 elements (Ge > Sn > Pb). This is
further supported by the fact that the p-bond energy associated
with the SnNS bond has been estimated to be 31.8 kcal mol21

which is considerably lower than that of the GeNS bond (40.0 kcal
mol21).14

Keeping in mind that the common acceptors for oxygen atom
transfer reactions are tertiary phosphines1,2 we also examined the
chalcogen atom exchange reactions between the germanium
complexes 2, 2Sand 2Se and Ph3PE/Ph3P (E = S, Se). This should
also provide some indication of the relative bond strengths for
these species. Complex 2 reacts with 1 equiv. of triphenylphos-
phine selenide‡ in C6D6 according to eqn. (5). 1H NMR
spectroscopy indicated a complete conversion of Ph3PNSe to Ph3P
while germylene 2 was converted to 2Se. Under these conditions
complete selenido atom exchange was achieved from the
phosphorus to the germanium in < 4 min at room temperature with
no indication of remaining starting materials. However, when the
same reaction was performed with Ph3PS in place of the Ph3PSe,
no reaction with 2 was observed even at elevated temperatures.

(5)

We have found complete primary sulfur atom exchange
between tin and germanium amidinates can be achieved and the
kinetic parameters of this reaction have been fully determined.
This represents the first comprehensive study of a heteronuclear
inter-metal two-electron sulfur atom transfer. The data indicate an
inner-sphere mechanism with m-S formation. Chalcogen atom
exchange between PPh3 and 2 provide results that are consistent
with increasing strength of interaction for the terminal sulfido
species in the order [CyNC(tBu)NCy]2SnS 1S < [CyN-
C(tBu)NCy]2GeS 2S < Ph3PS while for terminal selenido species
the order appears to be Ph3PSe < [CyNC(tBu)NCy]2GeSe 2Se.
Our current efforts are directed at extending this investigation of
inter-metal chalcogen atom transfer and exploring transfer to non-
metal acceptors.

Notes and references
† All kinetic measurements were carried out in duplicate and were
monitored by NMR spectroscopy using a Bruker 500 MHz or a Gemini 200
MHz spectrometer. Benzene-d6 was distilled from Na/K alloy and used as
solvent and internal standard. [CyNC(tBu)NCy]2SnNS 1S and [CyN-
C(tBu)NCy]2Ge 2 were prepared according to literature procedures.10,11

Solutions of 1S and 2 were prepared at concentrations ranging from 0.011
to 0.075 M and in ratios from 1+1 to 7+1. Samples were monitored in a
temperature controlled NMR probe for at least two half lives. During remote
1H NMR experiments, spectra were obtained at regular intervals that varied
with temperature (e.g. 45 min at 35 °C and 3 min at 65 °C). For
measurements at 25 °C, a temperature controlled water bath set at 25.0 °C
was used and spectra were recorded manually every 2 h. Pseudo-first-order
conditions were investigated at 35 °C where the initial concentrations were:
[(CyNC(tBu)NCy)2SnNS] = 0.075 M and [(CyNC(tBu)NCy)2Ge] = 0.011
M.
‡ Ph3PNSe was prepared by dissolving triphenylphosphine (2.038 g, 7.78
mmol) in 35 ml THF followed by addition of excess elemental selenium
(1.023 g, 13 mmol). The mixture was stirred for 24 h and filtered. The
product was subsequently recrystallized from THF in 66% yield (1.66 g).
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Table 1 Rate constants for eqn. (4) in C6D6

T/°C k M21 s21

25 (6.28 ± 0.84) 3 1024

35 (1.46 ± 0.13) 3 1023

45 (4.19 ± 0.06) 3 1023

55 (1.08 ± 0.04) 3 1022

60 (1.53 ± 0.06) 3 1022

65 (2.14 ± 0.05) 3 1022
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Selective formation of 2,5-dialumina-3,6-diaza- and 2,5-di-
galla-3,6-diaza-norbornane is achieved by reaction of bis(li-
thiomethyl-methylamino)methane with dimethylaluminium
and dimethylgallium chloride by simultaneous formation of
two metal–carbon and two metal–nitrogen bonds accom-
panied by two ring closure reactions; the norbornane-basket
structures are favoured over potential isomers containing
three-membered rings and over polymeric aggregation.

Small molecule nitrogen compounds of aluminium and gallium
are the subjects of recent interest owing their potential as
molecular precursors for III/V materials.1 Investigations on
both donor–acceptor adducts and metal amides have been
intensely pursued.2 Recent interest in compounds with acceptor
and donor atoms in geminal position revealed various types of
possible aggregates, either intramolecular via formation of
three-membered ring systems as in compounds containing
BCN,3 BNN,4 AlCN5 and AlNN6 but also SiON,7 GeON8 and
SnON9 units or intermolecular via formation of dimers with
cyclohexane-like six-membered rings as in [(H2BCH2SMe)2],10

[Me2Al(CH2PMe2)]2 and [Al(CH2PMe2)3]2,11 and [(Me3C-
CH2)2InCH2PPh2]2.12 We intended to construct systems with
two ECN functions joined by a bridging unit which have at least
three possibilities for aggregation as depicted in Scheme 1 two
three-membered rings (A), six-membered rings in either
polymeric aggregation (B) or aggregated to form a norbornane-
like structure (C).

In this contribution we demonstrate by preparation of the first
alumina- and galla-azanorbornanes that the structural motif C is
preferred for the saturated AlCN and GaCN systems. The
reaction of a slurry of Karsch’s dilithiated aminale [LiCH2-
(Me)N]2CH2

13 with 2 equiv. of dimethylaluminium chloride or
dimethylgallium chloride in toluene at 278 °C leads to a
simultaneous formation of four chemical bonds and two ring
closures to give the norbornane-like aggregates depicted in
Scheme 2.‡ The reactions proceeds uniformly, and no sign of
structures of type A and B were observed.

Compounds 1 and 2 show the typical NMR spectra of
norbornane units with two non-equivalent signals for the two
geminal methyl groups at Al or Ga (E) and the geminal
hydrogen atoms at the carbon atom connecting E and N. These
signals do not coalesce upon heating toluene solutions to

110 °C, proving the absence of rapid rearrangement reactions
involving cleavage of the donor acceptor bonds, required for a
positional exchange of the metal bound methyl groups.

Single crystals of both compounds, obtained from toluene
solutions upon cooling, were examined by X-ray diffraction,
and the structure of 1 is shown in Fig. 1.‡§ Compound 1 and the
isostructural 2 are the first structurally characterised aminome-
thyl-aluminium and -gallium compounds. The molecules reside
on C2 axes passing through the aminal carbon atom and are
chiral, but occur in the crystal as a racemate. The methylene
bridge between the two N atoms causes the E2C2N2 six-
membered ring to adopt a boat conformation with compressed
angles at the metal centres [1: 86.2(1)°, 2: 85.1(1)°] and
widened angles at the methylene groups in the six-membered
ring [1: 105.8(1), 2: 106.3(2)°] relative to the C2v symmetric
hydrocarbon norbornane where the C–C–C angles at the
methylene groups in the six-membered ring are 102.7°.14 This
leads to a geometry at the metal atoms which deviates
drastically from an ideal tetrahedron. The endocyclic E–N and
E–C bond lengths are long when compared to the gas phase
values of simple reference compounds such as Me3Al–NMe3
[Al–N 2.099(10), Al–C 1.987(5) Å]15 and Me3Ga–NMe3 [Ga–
N 2.09(3), Ga–C 1.992(6) Å].16

The N–C bonds involving the metallated carbon atoms in the
norbornane cages of 1 and 2 (N–C2) are ca. 3 pm longer than the
N–C1 and N–C2 bonds. This elongation of bonds within the
ring system indicates the presence of some strain. B3LYP/
6-311G(d) calculations were conducted to obtain an estimate for

† Electronic supplementary information (ESI) available: selected geometry
parameters for 1 and 2 (X-ray and DFT). See http://www.rsc.org/suppdata/
cc/b0/b003813j/

Scheme 1

Scheme 2

Fig. 1 Molecular structure of (Me2AlCH2MeN)2CH2 1. Selected in-
teratomic distances (Å) and angles (°) for 1: Al–C2 2.020(1), Al–C4
1.971(1), Al–C5 1.962(1), Al–N 2.028(1), N–C1 1.481(1), N–C2 1.514(1),
N–C3 1.482(1); AlA–C2–N 105.8(1), Al–N–C2A 110.2(1), N–C1–NA
106.2(1), N–Al–C2 86.2(1), C1–N–Al 102.2(1), C1–N–C2 107.1(1), C2–
Al–C4 112.3(1), C2–Al–C5 120.6(1). Selected interatomic distances (Å)
and angles (°) for isostructural 2: Ga–C2 2.026(3), Ga–C4 1.991(4), Ga–C5
1.977(4), Ga–N 2.124(3), N–C1 1.476(4), N–C2 1.503(4), N–C3 1.475(4);
GaA–C2–N 106.3(2), Ga–N–C2A 110.7(2), N–C1–NA 106.7(3), N–Ga–C2
85.1(1), C1–N–Ga 100.7(2), C1–N–C2 108.5(2), C2–Ga–C4 112.9(2), C2–
Ga–C5 122.0(2).
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the difference in energy between the monomolecular structures
A and C, which were predicted to be 162 and 206 kJ mol21 for
1 and 2, respectively, and their three-membered ring isomers.
As the norbornane structures of 1 and 2 cannot be regarded as
strain-free, although much less strained than the three-mem-
bered-ring isomers, these values indicate that the AlCN units in
the three-membered-ring isomers contain at least 80 kJ mol21

more strain energy relative to their six-membered ring dimers.
The observation of compounds containing AlCN and also AlNN
three-membered rings can therefore only be rationalised by
steric shielding of the small ring unit.

The compact structures of 1 and 2 leads to their compar-
atively high volatility, and both can be sublimed at ca. 90 °C
under a pressure of 0.01 mbar without decomposition. The
volatility of 1 and 2 leads to the expectation of a small molecular
dipole moment for 1 and 2. Calculations give estimates for
dipole moments of 3.95 and 3.43 D for 1 and 2. The value for 1
is higher than for its three-membered-ring isomer (2.14 D).

We have shown that introduction of two linkages containing
acceptor and donor atoms in geminal positions are useful for the
synthesis of organometallic heterocyclic systems without the
necessity for sterically demanding ligands. Variations of the
donor and acceptor centres and the bridging unit opens a field
for many novel structural motifs generated through intra- and
inter-molecular coordination and for the construction of new
macrocyclic compounds.

We are grateful to the Deutsche Forschungsgemeinschaft, the
Leonhard–Lorenz-Stiftung and the Fonds der Chemischen
Industrie for financial support. Selected geometry parameters
for crystalline 1 and 2 accompanied by the results of B3LYP/
6-311G(d) calculations is available as ESI.†

Notes and references
‡ Preparation of 1 and 2: Me2ECl (E = Al, Ga) (10 ml of a 1 M solution
in n-hexane, 10 mmol) was slowly added at 278 °C to a stirred suspension
of [LiCH2N(Me)]2CH2 (0.57 g, 5.00 mmol) in toluene (40 ml). The reaction
mixture was gradually warmed to room temperature and stirred for 1 day.
The solvents were evaporated under reduced pressure and the residue was
dissolved in n-hexane (20 ml) and filtered. Storage at 220 °C afforded
colourless crystals.

Compound 1: yield: 0.72 g (67%), mp 118–119 °C. CI-MS [m/z (%)]: 198
(100), [M+2 CH3]; 1H NMR (400.05 MHz, 298 K, C6D6): d20.67 (s, 6 H,
AlCH3), 20.34 (s, 6 H, AlCH3), 0.97 (d,1JHH 12.8 Hz, 2 H, AlCH2N), 1.82
(s, 6 H, NCH3), 2.11 (d,1JHH 12.8 Hz, 2 H, AlCH2N), 2.16 (s, 2 H, NCH2N);
13C{1H} NMR(100.50 MHz, 298 K, C6D6): d 210.50 (AlCH3), 28.92 (s,
AlCH3), 45.88 (NCH3), 47.52 (AlCH2N), 81.71 (AlCH2N); 27Al NMR
(104.05 MHz, 298 K, C6D6): d 178 (n1

2
1700 Hz).

Compound 2: yield: 1.11 g (74%), mp 114–116 °C. CI-MS [m/z (%)]: 284
(100), [M+2 CH3]; 1H NMR(400.05 MHz, 298 K, C6D6): d20.35 (s, 6 H,

GaCH3), 20.09 (s, 6 H, GaCH3), 1.16 (d,1JHH 11.35 Hz, 2 H, GaCH2N),
1.88 (s, 6 H, NCH3), 2.11 (s, 2 H, NCH2N), 2.26 (d,1JHH = 11.35, 2 H,
GaCH2N), 13C{1H} NMR (100.50 MHz) ): d 27.32 (GaCH3), 25.93
(GaCH3), 45.73 (NCH3), 49.21 (GaCH2N), 82.32 (GaCH2N).
§ Crystal data: 1, C9H24Al2N2, M = 214.26, monoclinic, space group P2/n,
a = 7.802(2), b = 7.351(1), c = 11.923(2) Å, b = 101.36(1)°, V =
670.4(2) Å3, Dc(Z = 2) = 1.061 g cm21. 2067 reflections collected on a
Turbo-CAD4 four circle diffractometer [w-scan, 2qmax = 54°, Mo-Ka
radiation, l = 0.71073 Å, T = 143(2) K] merged to 1463 unique (Rint =
0.036) refining to R1 = 0.023 for 1347 data [Fo > 4s(Fo)] and wR2 = 0.069
for all 1463 data. Anisotropic refinement of all thermal displacement
parameters for non-H-atoms, isotropic for H-atoms.

2, C9H24Ga2N2, M = 299.74, monoclinic, space group P2/n, a =
7.7786(3), b = 7.4037(3), c = 11.8506(6) Å, b = 101.475(3)°, V =
668.8(2) Å3, Dc(Z = 2) = 1.488 g cm21. 2447 reflections collected on a
Nonius DIP2020 image plate diffractometer [2qmax = 53°, Mo-Ka
radiation, l = 0.71073 Å, T = 133(2) K] merged to 1372 unique (Rint =
0.011) refining to R1 = 0.034 for 1220 data [Fo > 4s(Fo)] and wR2 = 0.090
for all 1372 data. Anisotropic refinement of all thermal displacement
parameters for non-H-atoms, isotropic for H-atoms.

CCDC 182/1689. See http://www.rsc.org/suppdata/cc/b0/b003813j/ for
crystallographic files in .cif format.
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The temperature dependence of bimolecular rate constant
and product cage escape yields for the photoelectron transfer
reaction between [Ru(bpy)3]2+ and MV2+ in the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate is re-
ported.

Ionic liquids have been the subject of considerable interest in
recent years. Potential applications include battery electrolytes,1
solvents for homogeneous catalysis or other organic reactions,2
novel extraction solvents3 and liquid crystals.4 The interest is
stimulated in particular by their potential application as ‘green’
solvents in industrial processes.5 However, there is very little
quantitative information regarding their influences on chemical
reactions. To date there are also only three papers that describe
the use of ionic liquids as solvents for photochemical reac-
tions.6

The simplest of all chemical reactions is electron transfer;
this type of process occurred in the photochemical systems so
far investigated in ionic liquids.6 We decided to start a
quantitative examination of the influence of ionic liquids on
reaction rates in one of the most thorougly investigated of
photoinduced electron transfer systems: the ruthenium tris(4,4A-
bipyridyl)/methylviologen ([Ru(bpy)3]2+/MV2+) couple. The
effects of the medium on this reaction have been studied
extensively with variation in temperature, solvent, pH and ionic
strength.7 These results may be summarised with reference to
Schemes 1 and 2.

First there is the forward electron transfer step (Scheme 1)
involving the reaction between the photoexcited [Ru(bpy)3]2+,
*R2+, and methylviologen, MV2+, forming an encounter
complex/exciplex [*R2+···MV2+]. This occurs with a bimo-
lecular rate constant corresponding to diffusion control, kd.
Once formed, [*R2+···MV2+] can either regenerate reactants
with a unimolecular rate constant kd, or electron transfer may
occur from *R2+ to MV2+ with a rate constant ke. The composite
bimolecular rate constant for the overall luminescence quench-
ing reaction, kq, is given by eqn. (1)

kq = kdke/(k2d + ke) (1)

After forward electron transfer has occurred within the
encounter complex, there are two competing reaction pathways
as summarised in Scheme 2.

Back electron transfer within the [R3+···MV·+] cage, with a
rate constant kb, competes with diffusion apart of R3+ and MV·+,
which occurs with a rate constant k2d. The cage escape
efficiency, hce, is given by eqn. (2)

hce = k2d/(kb + k2d) (2)

This photochemical system has a number of features that
could be influenced by a purely ionic environment. It has
previously been shown that ion pairing of the encounter
complexes with a variety of solvated anions in aqueous solution
increases kq and decreases hce.8 In an ionic liquid, there is the
question as to the extent to which solvent anions will reduce
electrostatic repulsion between the two reactant cations via a
charge screening effect on formation of an encounter complex.
Such effects may also reduce k2d. Furthermore, kb could be
affected by alterations in electronic coupling between caged
donor/acceptor pairs, or changes in DG and solvent reorganisa-
tion energy. A combination of these effects would be expected
to result in significantly different kq and hce values in ionic
liquids.

We have examined the temperature dependence of kq and hce
in the ionic liquid 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([bmim][PF6]) using laser flash photolysis methods.9
The value of kq was determined from plots of the first order rate
constant for the decay of *R2+, kobs, as a function of MV2+

concentration at a series of temperatures over the range 6–70
°C. The concentrations of MV2+ employed ranged from 5 to 15
mM. The results are shown in Fig. 1 together with the resulting
Arrhenius plot. The Arrhenius behaviour fits the equation ln kq
= 33.98 (±1.7) 2 5003 (±480)/T, giving an activation energy
(Ea) of 41.6 (±4) kJ mol21 and a pre-exponential factor of 5.72
3 1014 mol21 dm3 s21 for the luminescence quenching
reaction. At 20 °C, this corresponds to a kq value of 2.19 3 107

mol21 dm3 s21. This should be compared with values of 1.7 3
109 and 2.2 3 107 mol21 dm3 s21 previously recorded at this
temperature in water and acetonitrile respectively.10 The
viscosity of [bmim][PF6] at 20 °C is 0.330 Pa s, compared with
0.001 and 0.00036 Pa s for water and acetonitrile, respectively.
Given the high viscosity of [bmim][PF6], we would anticipate
that this reaction becomes diffusion controlled, i.e. ke ì k2d,
and therefore kq = kd. To this end, we determined an Ea for
viscous flow of 37.6 kJ mol21 in [bmim][PF6] over the
temperature range 10–70 °C. Clearly, Ea for the reaction
between MV2+ and *R2+ is very close to that of viscous flow.
Electrostatic repulsions should result in an increase in the
barrier to formation of an encounter complex/exciplex between
two divalent cations in a typical, non-ionic solvent. This leads
us to conclude that such repulsions contribute no more than ca.
4 kJ mol21 to our observed activation energy in [bmim][PF6],
which is effectively our estimated error in Ea. Finally, the pre-
exponential factor is extremely large for a bimolecular reaction,

Scheme 1

Scheme 2
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and corresponds to a value of DS = 29.3 (±14) J K21 mol21 at
298 K. Such a positive DS‡ value suggests a structure-breaking
process involving the freeing up of solvent ions on formation of
the encounter complex. This in turn suggests that the solvent
itself is a significantly ordered environment, as has previously
been indicated from NMR studies on related ionic liquid
systems.11 We are currently investigating the influence of solute
charges on diffusion-controlled reaction rates within ionic
liquids and will report our results in due course.

Values of hce were calculated by measuring the intensity of
the signal observed for MV·+ at 605 nm relative to that of *R2+

at 450 nm (values previously reported in acetonitrile of 1.37 3
104 and 21.0 3 104 mol21 dm3 cm21 respectively were used
for the difference molar absorptivities).10 The rate of formation
of MV·+ was always the same as the rate of decay of *R2+

fluorescence. The calculated values of hce range from 0.35 at
25 °C to 0.8 at 60 °C, compared with 0.29 at 20 °C and 0.45 at
65 °C in acetonitrile.10 Such large values of hce are unexpected
in a viscous ionic solvent due to the much larger Ea reducing
k2d in the ionic liquid with respect to that a non-viscous solvent
such as acetonitrile. Previous studies have clearly shown that
hce decreases with increasing ionic strength, primarily because
of the anionic counter ions counteracting the electrostatic
repulsion between R3+ and MV·+ within the encounter complex.
This leads to k2d decreasing with respect to kb as ionic strength
increases, which in turn results in a decrease in hce.8 Clearly, our
results are in complete contrast to these earlier studies. Our
assumption that the relative molar absorptivities of *R2+ and
MV·+ are independent of solvent may of course be incorrect;
nonetheless we do not expect such ratios to alter greatly in
different solvents. For comparable cage escape yields to be
observed in [bmim][PF6] and acetonitrile at room temperature
(assuming Schemes 1 and 2 are valid), kb must decrease in the
ionic liquid relative to acetonitrile in order to compensate for the
lower k2d value in the former solvent. Back electron transfer
from MV·+ to R3+ is thought to occur in the so-called Marcus
inverted region.12 Therefore reduction in kb in [bmim][PF6]
with respect to acetonitrile must either be due to DG becoming
more negative, or else a smaller solvent reorganisation energy in
[bmim][PF6], or a combination of both. At this stage we do not
have reliable estimates of DG in this solvent, nor can we
reliably estimate the reorganisation energies; these are usually
estimated using the dielectric continuum model. Using pyr-
enecarbonaldehyde fluorescence as a probe of solvent di-

electric, e, we estimate e < 10 for [bmim][PF6] at 20 °C.13 It is
quite possible that DG is more negative and the solvent
reorganisation energy is smaller in [bmim][PF6] than acetoni-
trile, given such a low dielectric in the former solvent. We are
currently determining the temperature dependence of DG in a
range of ionic liquids, and will report our results in full at a later
date.

However, there may be a non-electrochemical explanation
for the large hce values in the ionic liquid. A weak dependence
of kb on DG has been reported for a number of [Ru(diimine)3]2+/
MV2+ systems;12 a suggested explanation is that significant
molecular reorientation is required within the solvation sphere
prior to back electron transfer. In such a situation the
reorientation step is rate determining and competes with
diffusion apart of the products. Our results are consistent with
this hypothesis: both the diffusion apart of the charge separated
pair and geometric reorganisation could be expected to require
significant contributions from those processes driving viscous
flow. The activation energies of both k2d and kb would then be
affected by [bmim][PF6] solvation to a similar extent, and
therefore cage escape yields are not greatly altered with respect
to less viscous solvents such as acetonitrile.

In conclusion, we have been able to show that the
photoelectron transfer reaction between *R2+ and MV2+ in
[bmim][PF6] occurs, within experimental error, at a diffusion-
controlled rate. We believe this is the first detailed report of
quantified reaction kinetics in an ionic liquid, and also the first
indication of the magnitude of diffusion-controlled rate con-
stants in such media. The yield of MV·+ is surprisingly larger
than expected for such a viscous medium. We are currently
investigating the influence of solvent viscosity on diffusion-
controlled processes and cage escape yields with a range of
ionic liquids, and will report our results in due course.

We thank the Royal Society of Edinburgh for the award of a
BP Research Fellowship (C. M. G.), EPSRC (C. M. G.) and the
University of Paisley (A. M.) for financial support, Mr Jim
Morrow for assistance with viscosity measurements, and Mr
David Stirling for assistance with the flash photolysis measure-
ments.
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N. Papageorgiou, K. Kalyanasundaram and M. Grätzel, Inorg. Chem.,
1996, 35, 1168.

12 T. Ohno, A. Yoshimura, D. R. Prasad and M. Z. Hoffmann, J. Phys.
Chem., 1991, 95, 4723.

13 We would like to thank a referee for drawing attention to the empirical
correlation between the wavelength of maximum fluorescence intensity
of the probe and e for a wide range of solvents. See ref. 11(b) for
details.

Fig. 1 Arrhenius plot for the bimolecular rate constant for the reaction
between *[Ru(bpy)3]2+ and Mv2+ in [bmim][PF6]. Insert (a) *[Ru(bpy)3]2+

emission recorded at l = 630 nm (lex = 355 nm) and 19 °C under N2-
saturated conditions; (b) plot of kobs as a function of [MV2+] over the
temperature range 5–70 °C.
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Thermally stable fatigue resistant near infrared active photochromic
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The title pale yellow photochromic compound 11b in
toluene, on irradiation at 366 nm, cyclises to the thermally
stable infrared active blue–green photochrome, 8-amino-
7-cyano-4,4-dicyclopropyl-3a,4-dihydro-6-hydroxy-2,3a-di-
methylnaphtho[2,1-b]furan-5,6-carbolactone, 12b which has
a lmax value of 720 nm for its broad long wavelength
absorption band.

E-Fulgides, (E)-3-[1-(2,5-dimethyl-3-furyl)ethylidene]-4-iso-
propylidenetetrahydrofuran-2,5-dione 1a, (E)-3-[1-(2,5-dime-
thyl-3-furyl)ethylidene]-4-(cyclopropylmethylene)tetrahydro-
furan-2,5-dione 1b, (E)-3-[2,5-dimethyl-3-thienyl)-

ethylidene-4-isopropylidene tetrahydrofurandione 1c and (E)-
3-[2-methyl-5-phenyl-3-thienyl)ethylidene-4-(dicyclopropyl-
methylene)tetrahydrofuran-2,5-dione 1d reacted with mal-
ononitrile and diethylamine in THF to give exclusively
(E)-2-dicyanomethylene derivatives 3a–d which, in toluene,
cyclised to photochromes 4a–d on irradiation at 366 nm. The
thermally stable blue photochromes 4a–d underwent reverse
reactions on exposure to white light. Previous papers1,2 reported
erroneously that E-fulgides (e.g. 1a) gave the corresponding
(E)-5-dicyanomethylene derivatives (e.g. 8a) on reaction with
malononitrile (1 equiv.) and diethylamine (2 equiv.) in THF,
followed by cyclisation with acetyl chloride.

Z-Fulgides 6a–d gave exclusively the corresponding pale
yellow (Z)-5-dicyanomethylene derivatives 7a–d under similar
experimental conditions. The latter, in toluene, isomerised to E-
isomers 8a–d and cyclised to photochromes 9a–d on irradiation
at 366 nm. The thermally stable blue photochromes 9a–d
underwent reverse reactions to pale yellow E-isomers 8a–d on
exposure to white light.

Deprotonation of the methyl group syn to the dicyano-
methylene group in (Z)-2-dicyanomethylene derivative 3b, by
boiling with diisopropylamine in THF, gave anion 5b, which
reacted with the adjacent cyano group to form imine 10b, which
isomerised to 6-amino-7-cyano-3-(dicyclopropylmethylene)-
4-(2,5-dimethyl-3-furyl)-1-benzofuran-2(3H)-ones 11b,† ob-
tained as bright yellow crystals (from chloroform–petrol). Its
structure was confirmed by X-ray crystallographic analysis
(Fig. 1). Amines 11a–d were prepared in a similar manner.

All new compounds were fully characterised. Spectral data,
melting points and yields are given in Table 1.

On irradiation at 366 nm, amines 11a–d in toluene cyclised to
thermally stable blue-green photochromes 12a–d (Table 2)
which underwent the reverse reactions on exposure to white
light.

Photochromes 2a–d, 4a–d, and 9a–d showed bathochromic
shifts when the push-pull effect is enhanced, as reported for
infrared active dyes.3 Photochromes 12a–d have increased
intramolecular charge-transfer character, due to the tendency to

Fig. 1 The X-ray structure of the photochromic compound 11b.
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retain the benzene ring, as indicated by resonance forms 13a–d,
which results in the broad absorption band in the region
750–800 nm. The spectra of coloured forms, thermal stability,
fatigue resistance and high efficiencies for colouring and
bleaching make the photochromic system based on compounds

11a–d well suited for optical memory devices and security
printing. The major changes in the spectra of these photo-
chromes by molecular tailoring are illustrated in Fig. 2.

We thank Philips Research, Eindhoven, The Netherlands and
at Redhill, UK and EPSRC for a CASE studentship to N. G. R.
and for support of the X-ray crystallographic work.
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V = 18212 A3, T = 293(2) K, Z = 4, Dc = 1.315 g cm23, R1 = 0.0380, wR2
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graphic files in .cif format.
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Table 1 lmax Values for solutions in toluene after photocyclisation, melting points, and yields of photochromic compoundsa

Compound 3a 3b 3c 3d 7a 7b 7c 7d 11a 11b 11c 11d

lmax/nm 318 323 323 341 353 358 335 333 349 374 348 378
Mp/°C 153–154 155–156 177–178 150–151 184–185 182–183 177–178 151–152 227–229 180–181 212–214 237–238
% Yield 62 62 35 49 39 67 35 90 39 65 31 47
a a X = O, R1 = R2 = Me; b X = O, R1 = Me; R2 = cyclopropyl; c X = S, R1 = R2 = Me; d X = S, R1 = Ph, R2 = cyclopropyl.

Table 2 lmax Values for the long wavelength absorption bands of photochromes in toluene after the photocyclisation of precursors, illustrating the major
bathochromic shifts that can be achieved by molecular tailoringa

Photochrome 2a 2b 2c 2d 4a 4b 4c 4d 9a 9b 9c 9d 12a 12b 12c 12d

lmax/nm 496 514 520 566 601 594 598 653 610 634 642 669 698 720 681 776
a a X = O, R1 = R2 = Me; b X = O, R1 = Me; R2 = cyclopropyl; c X = S, R1 = R2 = Me; d X = S, R1 = Ph, R2 = cyclopropyl.

Fig. 2 The spectra of compounds 2b, 4b, 9b and 12b (1 3 1024 molar
solutions in toluene) after irradiation at 366 nm to the photostationary
state.

1398 Chem. Commun., 2000, 1397–1398



    

Side chain elongation causes a change from enthalpy driven to entropy driven
binding in the molecular recognition of tetraanionic peptides†

Xavier Salvatella,a Mark W. Peczuh,b Margarida Gairí,c Rishi K. Jain,b Jorge Sánchez-Quesada,d Javier de
Mendoza,d Andrew D. Hamilton*b and Ernest Giralt*a

a Departament de Química Orgànica, Universitat de Barcelona, Martí i Franqués 1-11, 08028 Barcelona, Spain.
E-mail: giralt@qo.ub.es

b Department of Chemistry, Yale University, New Haven, CT 06520, USA. E-mail: andrew.hamilton@yale.edu
c Unitat de Ressonància Magnètica Nuclear, Serveis Científico-Tècnics, Universitat de Barcelona, Martí i Franqués

1-11, 08028 Barcelona, Spain
d Departamento de Química Orgánica, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain

Received (in Cambridge) 10th May 2000, Accepted 21st June 2000
Published on the Web 7th July 2000

In binding to tetraguanidinium compounds, the average side
chain length of tetraanionic peptides determines the thermo-
dynamics of binding, the degree of helix induction and the
rigidity of the complex formed.

Protein–protein interactions play an essential role in the
regulation of biochemical events in living organisms.1 Although
the increasing number of structures deposited in the structural
databases reveals some interesting trends in the biophysical
properties of protein–protein interfaces,2 the design of protein
surface receptors able to disrupt such interactions remains a
challenge. However, peptide surface binding by synthetic
receptors has been studied intensively and is providing
interesting candidates for protein surface recognition.3,4 We
have reported the association between tetraguanidinium re-
ceptor 1 and peptide 2 with an i, i + 3, i + 6, i + 9 arrangement

of aspartate residues in 10% aqueous methanol.4 Although side
chain length has been shown to affect important properties of
amino acids such as helical propensity5 and the ability to make
side chain-to-backbone hydrogen bonds6 little attention has
been paid to its importance in peptide and protein recogni-
tion.

With the aim of further developing the approach to protein
surface receptors we have now investigated the effect of
increasing side chain length. We have sequentially replaced
aspartate by glutamate so that the Asp–Glu ratio spans gradually
from the all aspartate peptide 2 to the all glutamate peptide 6.
This family of peptides has been studied by CD, NMR and
isothermal titration calorimetry (ITC) in order to explore which
molecular recognition parameters are affected by increasing
side chain length. As reported below we have found that
lengthening the side chain has a dramatic effect on the
thermodynamics of binding, which shifts from enthalpically
driven to entropically driven.

The helical content of the peptides in solution was assessed
by circular dichroism spectroscopy and showed (Table 1) that
replacement of aspartate by glutamate gradually increases the
helical content of the peptide (Heli) as predicted from their helix
propensities.

Binding of 1 to 2 causes a large increase in the helicity of the
peptide because the alignment of atoms necessary for inter-
molecular hydrogen bond formation requires that the peptide
adopts a helical conformation. CD binding7 titrations of 3 to 6
were carried out to assess the effect of side chain length on helix
induction. The results (Table 1) show that the effect of the step-
wise replacement of aspartate by glutamate is a gradual
decrease in the helical induction due to complex formation
(DHel). The absolute increase of fractional helicity decreases
from 24% for 2 to nearly no conformational change for 5 and
6.

ITC was used to detect binding and measure affinity
constants in the cases where there was no change in ellipticity at
222 nm. The data confirm the 1+1 stoichiometry of complexa-
tion and give an independent measurement of Ka for peptide 2,
validating the results previously reported by CD. Peptide 2
shows an overall negative enthalpy change (25.64 kcal mol21)
whereas 6 shows a positive enthalpy change upon binding (3.68
kcal mol21). Peptide 4, which has an equal number of aspartate
and glutamate residues in its surface shows an enthalpically

† Electronic supplementary information (ESI) available: isothermal titra-
tion calorimetry, 1HNMR and NOE data. See http://www.rsc.org/suppdata/
cc/b0/b003728l/

Table 1 Thermodynamic and binding data for 1 with tetracarboxylate peptides14

Sequence Heli Helf DHel Ka (M21)
DGa

(kcal mol21)
DHa

(kcal mol21)
TDSa

(kcal mol21)

2 Ac-A-A-A-D-Q-L-D-A-L-D-A-Q-D-A-A-Y-NH2 21 45 24 CD 3.4 ± 1.2 3 105 27.23 25.64 1.29
ITC 1.2 ± 0.2 3 105

3 Ac-A-A-A-E-Q-L-D-A-L-D-A-Q-D-A-A-Y-NH2 20 40 20 CD 5.6 ± 1.0 3 104

4 Ac-A-A-A-E-Q-L-E-A-L-D-A-Q-D-A-A-Y-NH2 26 36 10 CD 5.3 ± 2.2 3 104 26.44 0 6.44
ITC a

5 Ac-A-A-A-E-Q-L-E-A-L-E-A-Q-D-A-A-Y-NH2 27 26 21 CD 2.2 ± 1.5 3 104

6 Ac-A-A-A-E-Q-L-E-A-L-E-A-Q-E-A-A-Y-NH2 33 30 23 CD a 27.06 3.68 10.74
ITC 1.5 ± 0.4 3 105

a No observed change by the noted technique.
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neutral binding curve. Despite this variation in thermodynamic
behavior, the affinity constants obtained by the combination of
CD and ITC methods reveal that affinity does not greatly
depend on the individual nature of the residues involved with
complex formation, as shown in Table 1.

Chemical shift changes in 1 upon complexation of 2 and 6
have been monitored by NMR spectroscopy.8 Unbound 1 has a
C2 axis of symmetry which simplifies its spectrum and is no
longer present in the complex with tetra acid peptides. Fig. 1(a)
shows an expansion of the TOCSY spectrum of unbound 1. The
splitting of resonances in 1 due to the asymmetry of the 1+2
complex can be observed in Fig. 1(b). However, this splitting is
not observed in the NMR spectrum of 1 bound to 6. Although
chemical shift changes occur, no loss of symmetry is detected as
shown in Fig. 1(c). Further evidence for the different rigidity of
the complexes is provided by the existence of intermolecular
NOEs between the CH2S and aS protons of 1 and the methyl
groups of leucine 6 and/or leucine 9 of 2 which are not observed
in the complex formed between 1 and 6.

Recognition of 2 is enthalpy driven. Because of the relative
rigidity of the aspartate side chains in contact with the receptor,
a change in the backbone conformation of 2 towards higher
helicity is necessary as shown in Table 1. Despite the entropic
penalty associated with preorganization, complex formation
takes place due to the large negative enthalpy of a-helix
formation9 and the entropy of liberation of counterions and
solvent. Complexation of 6 is however entropy driven. The
longer side chain of glutamate allows complex formation to take
place without major re-organization: the overall conformation
does not change as observed by CD (Table 1). The large entropy
change on complexation is probably due to the liberation of
solvent and counterions initially bound to the peptide and the

receptor. The rigidity of the complex, related to the change in
entropy, is also side chain length dependent: close proximity of
1 and the all aspartate peptide 2 in the 1:2 complex is indicated
by the existence of intermolecular NOEs and the extent of
chemical shift changes compared to 1. The lack of inter-
molecular NOEs and the less pronounced chemical shift
changes suggest that 1+6 is significantly less rigid. Binding of 4,
which displays two Asp and two Glu residues on its anionic
surface, is enthalpically neutral (Table 1), confirming that side
chain length modulates to a great extent the features of
recognition between 1 and tetraanionic peptides.

Although the binding of sulfate anions by guanidinium
receptors has recently been reported to be entropy driven,10 in
our case the thermodynanic behavior can be tuned by changing
side chain length. These results can be analyzed in the context
of enthalpy–entropy compensation.11 This phenomenon has
often been described in ligand–protein interactions and is
defined as a compensating behavior of the relative changes to
DH and TDS of binding within a series of ligands or receptors
of similar structure.12

In summary, we have shown how recognition of i, i + 3, i +
6, i + 9 tetra-carboxylate peptides by 1 is a general phenomenon
that takes place both with Asp and Glu containing peptides but
that length of the side chain has a dramatic impact on the
thermodynamics of binding. A recent survey of ‘hot spots’
shows that Asp is 2–3 times more likely than Glu to contribute
to the stability of protein–protein complexes.13 Our results
suggest that this may be due to the tighter nature of Asp vs. Glu
complexation.

Work in our laboratories was supported by grants from the
US–Spain Science & Technology Program, CICYT (PB93-
0283, BIO99-484 and 2FD97-0267), Generalitat de Catalunya
(Grup Consolidat and Centre de Referència en Biotecnologia),
NATO and the National Institutes of Health (GM35208). X.S.
acknowledges a Bruker graduate fellowship.
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Fig. 1 Expansion of the TOCSY spectrum of 1 (a). Equivalent spectrum in
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Hydroboration of Wang-supported pent-4-enoic acid 1,
followed by transmetallation with Et2Zn, gives a solid-
supported zinc reagent, 2, which undergoes palladium-
catalysed coupling with aryl iodides, to give the correspond-
ing 5-arylpentanoic acids 3 in moderate to good yields, after
cleavage from the resin using TFA.

Solid phase synthesis has developed into one of the main
methods used in the construction of libraries of compounds in
the search for biological activity. While a vast amount is known
about the formation of carbon–heteroatom bonds on solid
phase, the area of carbon–carbon bond formation has been less
well-developed.1 More specifically, the application of organo-
metallic chemistry to carbon–carbon bond formation in solid
phase synthesis has not been extensively investigated. There are
examples of reaction of solid supported electrophiles with
solution phase organometallic reagents, for example stannanes2

and organozinc halides,3 and this approach offers the advantage
of being able to use a large excess of the organometallic reagent
to ensure high conversion of the solid-supported electrophile.
However, this approach has the dual disadvantages that each
electrophile has to be loaded separately onto solid support, and
also that the limited number of ‘off-the-shelf’ organometallic
reagents means that most would need to be prepared separately.
This clearly militates against the use of this chemistry in real
library synthesis. By contrast, the large number of readily
available electrophiles means that the preparation of solid-
supported organometallic reagents has the potential to be much
more generally applicable.

The preparation of solid-supported organometallic reagents
was originally limited to the lithiation of cross-linked polysty-
rene, and this approach is widely used for the synthesis of
modified polystyrene resins.4 The use of solid-supported
stannanes has been reported,5 but these reagents are only
appropriate for the transfer of unsaturated functionality. More
recently, both aryl Grignard reagents6 and aryl zincates7 have
been prepared from iodobenzoic acid derivatives supported on
Wang resin. There is clearly a great need for the development of
methods for the preparation of solid-supported alkylmetal
derivatives, and the well-established functional group tolerance
of alkylzinc reagents suggested that these might be good
candidates.8,9

Organozinc reagents have most often been prepared by the
heterogeneous reaction of alkyl iodides with metallic zinc, a
process which is clearly not applicable to solid phase. A very
attractive alternative is the overall conversion of an alkene into
a dialkylzinc compound by initial hydroboration with di-
ethylborane, followed by transmetallation with diethylzinc.10

We have therefore prepared Wang-supported pent-4-enoic acid
1 (using 3 equivalents of pent-4-enoic acid relative to Wang
resin). This material was subsequently treated with an equiva-
lent of Et2BH in THF, and after washing, an excess of Et2Zn
was added at 0 °C. Subsequent reaction with iodobenzene under
palladium catalysis,† followed by cleavage from the resin using
TFA,‡ gave 5-phenylpentanoic acid 3a (78%, based on resin
loading of pent-4-enoic acid as determined by cleavage using
TFA–CH2Cl2 from a sample of the resin 1), Scheme 1. A brief
survey of the applicability of the process established that other

substituted aromatic iodides are also appropriate coupling
partners (Table 1).

The usual product of zinc–boron exchange reactions is the
symmetrical dialkylzinc species 4,10 towards which the equilib-

rium is shifted by removal of the triethylborane by distillation,
although it is likely that the ethylalkylzinc species 2 is also
formed in the presence of an excess of diethylzinc. On solid
phase, the distinction between these two species is not
important, since the ethylbenzene arising from coupling of the
ethyl group in 2 with the electrophile is removed during the
washing process after the coupling reaction and before the
cleavage with trifluoroacetic acid.

This demonstration that simple functionalised alkylzinc
reagents can be prepared on solid-support opens the possibility
of the use of such reagents in library synthesis.

We thank Astra Zeneca for support (L. J. O.)

Notes and references
† Wang pent-4-enoate resin (500 mg, 0.55 meq) was allowed to swell with
dry (distilled) THF (5 cm3) under N2 in dry glassware. This mass of resin
typically absorbed 3.8 cm3 of THF. The excess solvent was decanted via a
syringe, and the resin washed with THF (2 3 5 cm3). THF (2 cm3) was
added, and the reaction cooled in ice–water before addition of diethylborane
(80 ml, 0.56 mmol), prepared from triethylborane and borane–dimethyl
sulfide complex. After 30 min the solvent was decanted, and the resin
washed with THF (5 cm3). THF (2 cm3) was added and the suspension
cooled to 0 °C, followed by the addition of Et2Zn (400–500 ml, 4–5 mmol).

Scheme 1 Reagents and conditions: i, Et2BH (1 equiv.), 5 °C, 30 min; ii,
Et2Zn (10 equiv.), 0 °C, 30 min; iii, ArI (2 equiv.), Pd2(dba)3 (2.5 mol.%),
P(o-tol)3 (10 mol.%), room temp., 16 h; iv, TFA, CH2Cl2, room temp, 1
h.

Table 1 Preparation of 5-aryl valeric acids

Ar–I Product Ar Yield (%)

Ph–I 3a Ph 78
4-MeC6H4–I 3b 4-MeC6H4 42
4-O2NC6H4–I 3c 4-O2NC6H4 58
3-O2NC6H4–I 3d 3-O2NC6H4 44
2-O2NC6H4–I 3e 2-O2NC6H4 42
1-Naphthyl–I 3f 1-Naphthyl 49
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After 30 min the solvent was decanted, and the resin washed with THF (2
3 5 cm3). THF (5 cm3) was added, followed by Pd2dba3 and P(o-tolyl)3

(1+4 molar ratio 20–25 mmol Pd) and the electrophile (1.1 mmol). The
reaction was allowed to proceed overnight at rt (20–22 °C). The resin was
poured into a sintered-funnel, drained in air, and washed thoroughly with
THF until the washings ran clear. The resin was then treated with acetic
acid–THF (50+50, 50 cm3, 30 min), washed with THF (3 3 20 cm3) and
then with CH2Cl2 (4 3 20 cm3).
‡ The resin was placed in a sintered-funnel and washed with dry (distilled)
CH2Cl2 (3 3 10 cm3). The funnel was covered with aluminium foil, a
mixture of CH2Cl2 (1.5 cm3) and TFA (5 cm3) was added and the mixture
allowed to stand for 1 h. The solvent was drained into a flask under N2, and
the resin washed with dry CH2Cl2 (2 3 20 cm3). The solvent(s) were
evaporated to give the crude products as oils, from which the products
crystallised upon standing. All products were recrystallised from petroleum
ethers or petroleum ether–CHCl3 systems.
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A ‘living’/controlled radical polymerization of MMA was
carried out with a novel ATRP initiation system: iron(III)
tri(diethyldithiocarbamate) [Fe(dtc)3]/FeCl3/PPh3, where
neither an organic halide nor a radical initiator was used.

As we know, atom transfer radical polymerization (ATRP) is
one of the effective controlled/‘living’ radical polymerization
systems to synthesize well-defined polymers with low poly-
dispersities and complex architectures;1,2 and up to now, two
types of ATRP, i.e. (conventional) ATRP and reverse ATRP,3–5

have been known.
In ATRP, organic halides (RX) are used as initiators,

transition-metal compounds in their lower oxidation state (Mn)
are used as catalysts and electron-donating compounds are used
as ligands (L). In reverse ATRP, a radical initiator and a higher
oxidation state transition-metal catalyst complex Mn+1XLm are
used instead of an organic halide initiator RX and lower
oxidation state catalyst complex MnLm. As in ATRP, a
controlled/‘living’ radical polymerization can also be carried
out in a reverse ATRP system, under which a dynamic
equilibrium is established, where the dormant polymer chains
are reversibly activated via a halogen atom transfer reaction.

More recently, we have first reported a third ATRP process,
i.e. in situ ATRP of MMA polymerization using the tetra-
ethylthiuram disulfide (TD)/FeCl3/PPh3 system.6 In the in situ
ATRP process, RX and Mn+ are both created in situ from the
reaction between a radical initiator TD and FeCl3 at a given
polymerization temperature. The polymerization proceeds fol-
lowing a conventional ATRP and is well-controlled.

So far, from the reported literature, one of components in an
ATRP initiating system must be either an organic halide1,2 (in
ATRP) or a radical initiator3–5 (in reverse ATRP or in situ
ATRP). Recently, however, a paper concerning a living radical
polymerization of styrene with Fe(dtc)3/AIBN system in a
halogen-free living process was published.7

Here we report a novel initiating system Fe(dtc)3/FeCl3/PPh3,
in which neither an organic halide nor a radical initiator as the
initiator for ATRP was used. The polymerization of MMA with
this initiating system proceeded via an ATRP process.

The bulk polymerization of MMA was carried out using
the Fe(dtc)3/FeCl3/PPh3 initiation system at 80 °C. With
[MMA]0+[Fe(dtc)3]0+[FeCl3]0+[PPh3]0 ≈ 300+1+30+90, a plot
of ln([M]0/[M]) vs. time as shown in Fig. 1, showed a straight
line,  indicating that the kinetics was first order in monomer and
that the concentration of propagating radicals was unchanged
during the polymerization. It can be seen in Fig. 2 that the
Mn (GPC), number-average molecular weight measured by GPC,
increased linearly with conversion from 1300 to 7200. A quite
narrow polydispersity index (1.10–1.16) was obtained as the
monomer conversion increased from 11 to 79% in 40 min. The
value of Mn (GPC) was almost equal to Mn(th), a theoretical
number-average molecular weight calculated from Mn(th) =
([MMA]0/3[Fe(dtc)3]0) 3 MWMMA 3 conversion. The effi-
ciencies (f) of initiator as computed from f = Mn(th)/Mn(GPC)

were ≈ 1.0.
When the ratio of feeds in a separate experiment was the same

as in bulk, similar results of solution polymerization of MMA in
anisole were obtained although with a lower rate of polymeriza-

tion, e.g. the conversion was 52% at 40 min, Mn(GPC) was 4700
and Mw/Mn was 1.19.

Accordingly, the above results clearly suggested that the
MMA polymerization with the Fe(dtc)3/FeCl3/PPh3 initiation
system at 80 °C exhibited some ‘living’/controlled radical
polymerization characteristics.

We investigated the effects of initial initiator concentration
on the polymerization of MMA under fixed conditions:
[MMA]0 = 9.38 mol l21, [Fe(dtc)3]0:[FeCl3]0+[PPh3]0 =
1+30+90, at 80 °C. When [Fe(dtc)3]0 is 3.13 3 1023 mol l21, the
conversion was 62%, Mn = 55 800, Mw/Mn = 1.23, while when
[Fe(dtc)3]0 was increased to 6.25 3 1023 mol l21, the
conversion was 68.7%, Mn = 28 100, Mw/Mn = 1.32 after the
same polymerization time of 5 h. This indicated that PMMA
with higher number-average molecular weight and narrow
polydispersity can be obtained using a lower initial concentra-
tion of Fe(dtc)3.

The polymers obtained are well-defined PMMA with a-
Et2NCS2– and w-chlorine groups according to FTIR, UV and

Fig. 1 Time dependence of ln[M]0/[M] and conversion at 80 °C, where [M]0

and [M] are the MMA concentration at times 0 and t, respectively.
Conditions: in bulk, [MMA]0 = 9.38 mol l21, [Fe(dtc)3]0 = 3.13 31022

mol l21, [FeCl3]0 = 9.38 3 1021 mol l21, [PPh3]0 = 2.81 mol l21; in
anisole, [MMA]0 = 5.25 mol l21, [Fe(dtc)3]0 = 1.75 3 1022 mol l21,
[FeCl3]0 = 5.25 3 1021 mol l21, [PPh3]0 = 1.57 mol l21.

Fig. 2 Dependence of the molecular weight and polydispersity of PMMA on
the monomer conversion at 80 °C (conditions as in Fig. 1).
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NMR spectra. In the FTIR spectrum of the PMMA, signals at
1272 and ca. 3440 cm21 are characteristic absorption bands of
the Et2NCS2– group while the UV spectrum of the PMMA
powder identifies Et2NCS2– (ca. 276.8 nm) as an end group. In
the 1H NMR spectrum, the chemical shift at d 3.07 corresponds
to the methylene protons Et2NCS2CH2, whilst that at d 3.70 is
due to (CH3CH2)2NCS2–. A signal at d 3.79 arises from protons
of the methoxy group, whilst that at d 2.50 arises from the
methylene protons of the terminal MMA unit capped with an w-
end chlorine, similar to that reported by Sawamoto and
coworkers8 and by us.6 The Mn(NMR) value (5100) is close to
Mn(GPC) (4700), indicating that all the polymer chains have
chlorine ends. The presence of an w-chlorine end group at the
polymer chains suggests the polymerization proceeds in an
ATRP process.

Some control experiments were carried out to clarify the
polymerization mechanism. The polymerization of MMA with
Fe(dtc)3 alone did not take place after 160 minutes at 80 °C or
after 60 min at 100 °C indicating that Fe(dtc)3 was not a thermal
radical initiator. Addition of PPh3 did not modify the observed
behavior, and polymerization only occurred in the presence of
all three components Fe(dtc)3, FeCl3 and PPh3, e.g. the
conversion was 11% after 5 min at 80 °C. Using Fe(dtc)3 and
FeCl3 in the absence of PPh3 at 80 °C, led to precipitation of
FeCl2 after ca. 10 min whilst no polymer was obtained even
after 15.5 h.

According to the above results and the reaction of Fe(dtc)3
with FeCl3 reported in the literature9 and our previous work,6
we propose the reaction of Fe(dtc)3 with FeCl3 as shown in
Scheme 1.

Reactions (1) and (2) are the same as the results reported by
Victoriano et al.,9 whilst in the step (3), bis(dialkylimonium)te-
trathiolane (bitt-4) is possibly formed instead of bis(dialk-
ylimonium)trithiolane (bitt-3)9 in the presence of the monomer
MMA and PPh3. Bitt-4 may discompose into (diethylth-
iocarbamoyl)sulfur chloride (Et2NCS2Cl) as shown in step
(4).

Therefore, the mechanism of polymerization proposed is as
depicted in Scheme 2.

At the temperature of polymerization, Fe(dtc)3 reacts with
FeCl3 via a redox process to form an organic halide,
(Et2NCS2Cl) and FeCl2 [eqn. (5) in Scheme 2; simplified from
the combination of the reactions in Scheme 1]. Thus, the
initiator (Et2NCS2Cl) and the transition-metal catalyst in the
lower oxidation state (FeCl2) for an ATRP system are created in
situ. The primary radical Et2NCS2·, formed from the reaction of
Et2NCS2Cl with FeCl2(PPh3)2, probably initiates MMA polym-
erization [eqn. (6) in Scheme 2]. with subsequent reactions
following a conventional ATRP.

Chain extension polymerization of PMMA with an w-
chlorine end group can be carried out using the ATRP catalyst
system. For a bulk process at 100 °C, using PMMA with Mn =
2500, Mw/Mn = 1.14, [PMMA]0 = 2.73 3 1022 mol l21 and
[MMA]0 = 8.32 mol l21, [CuCl]0 = 2.73 3 1022 mol l21,
[2,2A-bipyridine]0 = 8.19 3 1022 mol l21; a conversion of
96.4% was achieved after 12 h, with Mn of the chain-extended
PMMA = 41900, Mw/Mn = 1.12.
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The chelate iron(allyloxy)carbene complexes [Fe(C5H5)-
(CO){h3-C(OCHR1CHNCR2R3)(C6H4-o-Cl)}][BF4] (2a-e)
yield in the presence of [nBu4N][I] the corresponding b,g-
unsaturated ketones R3R2CNCHCHR1C(O)(C6H4-o-Cl) (3);
this reaction proceeds with high regioselectivity without
rearrangement of the allyl fragment.

The design of transition metal complexes capable of selective
C–C bond formation under mild conditions is highly desirable.
Such a reaction can be achieved by carbene complexes which
are good candidates to promote processes within the coordina-
tion sphere of the metal. For instance, chelate (allyloxy)carbene
complexes have been postulated as key intermediates in the
[Ru(Cp)(PPh3)2Cl)]-catalysed coupling of allylic alcohol and
terminal alkynes, affording b,g-unsaturated ketones.1,2 Al-
though [Ru](allyloxy)carbene ([Ru] = Ru(Tp)(Cl)) complexes
have been recently described,3 no direct evidence of such
transformation from these species has been reported.4 The
related chelate iron (allyloxy)carbene complexes5 can be useful
models for providing an insight into the mechanism of this
reaction, and this is likely to be important in the development
and design of new catalysts. Iron (alkoxy)carbene complexes
[Fe(C5H5)(CO)2{C(OR)RA}] are known to undergo facile O-
dealkylation reactions in the presence of iodide anions,6
regenerating the starting acyl precursor [Fe(C5H5)-
(CO)2{C(O)RA}] along with RI. This prompted us to examine
the deallylation reaction of chelate (allyloxy)carbene com-
plexes under the same conditions, the coordinated allyl
fragment thus generated is expected to be involved in a metal-
mediated C–C coupling. We report herein the reactivity of the
chelate (allyloxy)carbene complexes [Fe(C5H5)(CO){h3-
C(OCHR1CHNCR2R3)(C6H4-o-Cl)}][BF4] (2) towards iodide
salts, and the formation of the corresponding b,g-unsaturated
ketones 3. Since the iron moiety is not sterically encumbered,
this facilitates the study of different substituted allyloxy
derivatives, showing that this transformation is efficient and
proceeds with excellent regioselectivity.

The chelate (allyloxy)carbene complexes (h3-C,C,C)
[Fe(C5H5)(CO){h3-C(OCHR1CHNCR2R3)(C6H4-o-Cl)}][BF4]
(2a–e), are readily accessible from the methoxycarbene com-
plexes containing a labile CH3CN ligand
[Fe(C5H5)(CO)(CH3CN){C(OMe)(C6H4-o-Cl)}][BF4] (1).5
The structure of 2c, containing a trisubstituted CNC fragment,
has been confirmed by X-ray crystallography (Fig. 1).§ The
reaction of 2 (a, R2 = Ph, R1 = R3 = H; b, R2 = Me, R1 = R3

= H; c, R2 = R3 = Me, R1 = H; d, R1 = Me, R2 = R3 = H;
e, R1 = R2 = R3 = H) with [nBu4N][I] in CH2Cl2 gives
quantitatively the ketones R3R2CNCHCHR1C(O)(C6H4-o-Cl)
(3) (Scheme 1). If the reaction is carried out in the presence of
CO (1 atm), the organometallic fragment is recovered as
[Fe(C5H5)(CO)2(I)].7 The E-configuration of 3a–b is confirmed
by the 1H NMR data. The resonances of the olefinic protons of

3a are located at d 6.54 (NCH) and 6.41 (NCHPh) with a typical
coupling constant 3J(H,H) = 16 Hz, whereas those of 3b appear
at d 5.66 (NCH, 3J(H,H) = 15.3 Hz) and 5.35 (NCHMe).
Moreover, the formation of the conjugated isomer i.e. the a-
enone, which would result from isomerisation of the CNC
double bond, does not occur. Remarkably, no rearrangement of
the initial allyl group is observed. Depending on the precursor
used, the a- and g-methyl substituted ketones 3d and 3b are
formed, respectively. The above data indicate that the carbon
atom of the allyl substituent, which is involved in the C–O bond
cleavage, recombines to form the new C–C bond. The proposed
mechanism showing the participation of the iodide is depicted
in Scheme 2. Rupture of the C–O bond8,9 by nucleophilic attack
of I2 on the carbon atom yields a coordinated allyl iodide
fragment, which then could oxidatively add to the iron center,
inducing the decoordination of the olefinic unit. Then, the
transient 18-electron Fe(IV) species reductively eliminates the
acyl and the h1-allyl ligands to afford the observed ketone 3, and
the iron-containing compounds. The first step has been already

† Electronic supplementary information (ESI) available: experimental data
for compound 3. See http://www.rsc.org/suppdata/cc/b0/002921l/

Fig. 1 ORTEP drawing of 2c. Selected bond distances (Å) and angles (°):
O2–C13 1.344(14), O2–C14 1.430(14), Fe–C13 1.828(11), C15–C16
1.41(2), C17–C16–C18 117.8(14), O2–C13–C7 108.9(9), C13–O2–C14
115.4(8).

Scheme 1
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observed for unchelated iron (alkoxy)carbene complexes,6 it
can be explained by the substantial contribution of the
resonance oxonium form, in which the C–O bond is weakened.
Moreover, this shows that the C–C bond forming reaction
occurs within the co-ordination sphere of the metal, and this
requires pre-coordination of the allyloxy group, as previously
suggested.1,10

These results provide the direct evidence of the formation of
b,g-unsaturated ketones from chelate (allyloxy)carbene com-
plexes. Moreover, the role of the iodide is crucial to initiate this
process. Finally, the above data on the [Fe(Cp)(CO)]+ iron
moiety, capable to coordinate tri- and disubstituted CNC bonds,
show that the arrangement of the allyl group is maintained
during this transformation, allowing regioselective reactions.

This work was supported by the CNRS. We thank the
MENRT for a grant to K. F.
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Bisdipyrrin 1 reacts with Ru3(CO)12 to yield the pentanu-
clear cluster 2; the X-ray structure of 2 sheds new light on the
metalation processes of oligopyrrolic ligands.

The coordination chemisty of bile pigments and related
ligands,1 an emerging branch of porphyrin research, has been
developed mainly in the last decade.2 Most of the structurally
characterized complexes of this class were found to exhibit
metalloporphyrin-like structures with the metal ion bound to the
four central nitrogen atoms of the ligand. The higher flexibility
of the open-chain tetrapyrroles with respect to the porphyrins,
however, also allows other coordination modes, and some
examples of M2L2 arrangements3 as well as complexes
coordinated through donor atoms of the ligand periphery4 were
obtained. In our efforts to explore the coordination chemistry of
open-chain oligopyrroles and to apply helical chiral chelates in
catalytic processes, ruthenium complexes have become a major
goal. This communication reports the unprecedented coordina-
tion of ruthenium to the bile pigment analogue bisdipyrrin 15

and provides the first example for the role of NH activation in
tetrapyrrole metalation processes.

The method most widely used to introduce a ruthenium ion
into a porphyrin is the reaction of the ligand with an excess of
Ru3(CO)12 in a high boiling solvent.6 When applying these
conditions (Scheme 1) to the bisdipyrrin 1 (twofold molar
excess of ruthenium carrier, toluene, 130 °C), a single defined
product was observed by TLC and could subsequently be
isolated using radial chromatography (13% yield). Upon slow
evaporation from hexane–CH2Cl2, dark red crystals suitable for

X-ray diffraction were obtained. As the structural analysis7

revealed, the product was not the anticipated (carbonyl)ruthen-
ium bisdipyrrin, but the pentanuclear cluster 2.8

The complicated arrangement of the Ru5H2 cluster core
found in 2 can best be understood as composed from three
subunits. Two Ru2 moieties are located above and below the
tetrapyrrolic ligand. While one of these is bound through a
normal dipyrrin N2 chelate and a h5-coordinated pyrrole
[Ru(2)–Ru(5)], the other is found to bind to the meso-carbon
atom C(34) of the second dipyrrolic half of the bisdipyrrin,
supported by another h5 coordination [Ru(3)–Ru(4)].9 Finally,
the fifth ruthenium center Ru(1) is situated in between the two
remaining nitrogen atoms N(3) and N(4) and acts as a central
unit, connecting the two Ru2 fragments via m-hydrido bridges to
Ru(2) and Ru(3), respectively. Fig. 1 demonstrates the action of
the flexible and severely twisted bisdipyrrin ligand on the Ru2–
H–Ru–H–Ru2 moiety. In addition, eleven surrounding CO
ligands serve to saturate the coordination spheres of the
ruthenium centers of cluster 2, allowing octahedral geometries
for all five metal atoms (Fig. 2). The cluster core and the
tetrapyrrolic ligand thus both adopt conformations optimized
for the stabilization of the uncommon structure. This synergysm
accounts for the surprising fact that 2 shows enhanced
resistance against thermal cluster degradation and decomposi-
tion.

Since the assignment of hydride ligands bound to heavy
metal atoms through X-ray diffraction is generally problematic,
a 1H NMR spectroscopic investigation of 2 was undertaken
which showed signals at 215.30 and 218.40 corresponding to
the two hydrido ligands in 2 (Fig. 3). The coupling (4 Hz)
between these hydrides is in accord with them both being bound
to the same ruthenium center. In addition, the signal at d218.40
shows a coupling of 1 Hz with the resonance of the meso proton

Scheme 1

Fig. 1 Schakal plot of the molecular structure of 2 (alkyl groups and CO
ligands omitted for clarity). Selected bond lengths (Å) and bond angles (°):
Ru(1)–Ru(2) 3.26, Ru(1)–Ru(3) 3.27, Ru(3)–Ru(4) 2.778(13), Ru(2)–Ru(5)
2.793(12), Ru(3)–C(34) 2.209(10), Ru(1)–N(3) 2.086(7), Ru(1)–N(4)
2.205(8), Ru(2)–N(1) 2.149(7), Ru(2)–N(2) 2.119(8), C(33)–C(34)
1.482(13), C(34)–C(35) 1.470(13), C(24)–C(25) 1.361(15), C(25)–C(26)
1.415(14); Ru(1)–H(1)–Ru(2) 130.7, Ru(1)–H(2)–Ru(3) 154.7, N(1)–
Ru(2)–N(2) 84.3(3), N(3)–Ru(1)–N(4) 89.0(3).
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H(34), indicative of the close vicinity of H(2) and H(34), so
strongly supporting the structural findings.

The bridging hydrides originate from the NH functionalities
of the bisdipyrrin ligand and indicates that the well-established
mechanism for tetrapyrrole metalation, deformation of the
macrocycle, subsequent binding of a metal ion to two nitrogen
donors, and insertion into the porphyrin cavity with concomi-
tant deprotonation,10 is not the only plausible mechanistic
pathway. Obviously, a route involving the oxidative addition of
an NH moiety on an appropriate metal carrier constitutes a
suitable alternative, especially if carriers with metal centers in
low oxidation states are employed.11 For porphyrins, the initial
structures formed during metalation processes using metal
carbonyls probably resemble cluster fragment complexes
similar to that found for bisdipyrrin 2; owing to the rigid
macrocyclic character of porphyrins, however, cluster degrada-
tion should be fast and inevitably result in the well-known N4-
coordinated metal porphyrins.12

This work was funded by the Deutsche Forschungsge-
meinschaft (Emmy-Noether-Programm Brö 2010/1-1). We
thank Christian Galka for fruitful discussions and Professor
Helmut Werner for his generous support.
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Fig. 2 View of the octahedral coordination geometries of the five ruthenium
metal centers in 2 (alkyl groups omitted for clarity).

Fig. 3 Details of the 1H NMR spectrum of 2 (300 MHz, benzene-d6).
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2-O-Allyl protected glycosyl donors may be glycosylated
stereoselectively via a three step sequence involving double
bond isomerization, N-iodosuccinimide mediated tethering
to a glycosyl acceptor and subsequent intramolecular
glycosylation (intramolecular aglycon delivery, IAD).

Stereoselective intramolecular glycosylation of glycosyl accep-
tors temporarily tethered to the 2-hydroxy group of the glycosyl
donor is a synthetically useful technique allowing access to a
range of cis-1,2-glycosides which can otherwise be problematic
to synthesise. A number of methods have been developed for the
temporary linking of donor and acceptor prior to glycosyla-
tion.1–4 Modification of the donor 2-hydroxy protecting group
commonly provides a tethering site. Thus the Hindsgaul
approach involves Tebbe methylenation of a 2-O-acetate to
produce a vinyl ether which is then coupled with the acceptor
using acid catalysis to produce a mixed ketal.3 Alternative
methodology developed by Ogawa and co-workers employs
oxidation of a p-methoxybenzyl (PMB) protecting group, which
allows linking of donor and acceptor as a mixed acetal.4 We
would herein like to report the first use of the 2-O-allyl
protecting group as the means of tethering donor to acceptor. It
was envisaged that Wilkinson’s catalyst mediated isomerisation
of the double bond would efficiently produce a vinyl ether,
which could then be subjected to tethering with N-iodosuccini-
mide (NIS) and subsequent intramolecular glycosylation ac-
cording to our recently reported procedure.5

The 2-O-allyl protected glycosyl donors 1 and 2, which are
readily available through standard manipulations,† were iso-
merized using a combination of Wilkinson’s catalyst and n-
butyllithium according to a procedure recently reported by
Boons and Isles.6 This straightforward method proceeded

extremely efficiently to yield the enol ethers 3 and 4
respectively in quantitative yield (Scheme 1). NIS mediated
tethering was then undertaken for both manno and gluco donors
3 and 4 with a series of alcohols (ROH, Table 1) in the presence
of 4 Å molecular sieves.‡ In all cases tethering proceeded
efficiently in either THF or 1,2-dichloroethane (DCE) as
solvent to yield mixed acetal intermediates 5a–e, 6a–d,f as
diastereomeric mixtures.§ Subsequent intramolecular glycosy-
lation proved more sluggish than we had previously experi-
enced.5 In the case of the less reactive anomeric thiophenyl
manno mixed acetals 5a–e, efficient reaction required the
addition of silver triflate and more protracted reaction times at
either room temperature or higher. However in all cases
intramolecular glycosylation occurred in a stereospecific fash-
ion to furnish the corresponding b-mannosides 7a–e. The more
reactive thiomethyl gluco mixed acetals 6a-d,f were efficiently
activated by the addition of methyl triflate, yielding a-
glucosides 8a–d,f again as single anomers following work-
up.¶∑

Attention then turned to the potential one-pot reaction,
whereby tethering and glycosylation are achieved in a single
reaction vessel. Unlike our previous results5 which were
obtained with the Hindsgaul mixed ketal system, attempted one-
pot glycosylation of donors 3 and 4 with an excess of
cyclohexanol (typically 3 equivalents) produced anomeric
mixtures, clearly indicating competitive intermolecular reaction
by the excess of acceptor in solution. In order to find a solution
to this problem, and also to overcome the sluggishness of the
thiophenyl manno glycosylation reaction, attention turned to the
use of the readily available thiomethyl substituted manno
glycosyl donor 9.† Isomerisation of 9 proceeded efficiently to
yield the enol ethers 10 which were subsequently examined as

Scheme 1 Reagents and conditions: (i) (Ph3P)3RhCl, n-BuLi, THF, reflux, > 99%; (ii) ROH, N-iodosuccinimide, 4 Å molecular sieves, 1,2-dichloroethane,
240 °C to RT, 76–100%; (iii) N-iodosuccinimide, AgOTf, 2,6-di-tert-butyl-4-methylpyridine, 4 Å molecular sieves, 1,2-dichloroethane, RT (or 50 °C),
59–81%; (iv) ROH, N-iodosuccinimide, 4 Å molecular sieves, 1,2-dichloroethane, 240 °C to RT, 63–98%; (v) MeOTf, 2,6-di-tert-butyl-4-methylpyridine,
1,2-dichloroethane, RT, 65–77%.
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substrates for tethering and glycosylation. Conditions initially
employed for the one-pot reactions of 10, involving NIS
mediated tethering with cyclohexanol and subsequent glycosy-
lation by the addition of methyl triflate to the reaction mixture,
again resulted in the formation of anomeric mixtures. The b+a
ratio could be increased from 2+1 to a respectable 5+1 by simple
dilution of the reaction mixture once tethering was complete
before the addition of the methyl triflate, but a products could
not be entirely eliminated. However by the use of an excess of
glycosyl donor any competing intermolecular reaction could be
avoided. Thus reaction of the donor 10 (2.0 equivalents) with
either diacetone galactose or cyclohexanol (in acetonitrile and
1,2-dichloroethane respectively) produced the corresponding b-
mannosides 7b and 7c as single anomers in 72% and 67% yield
respectively (Scheme 2).

In summary we have demonstrated that 2-O-allyl protected
glycosyl donors may be employed for the synthesis of a variety
of cis-1,2-glycosides. Of particular note is that isomerization of
the allyl group is a very efficient process, and is superior to the
often troublesome and messy Tebbe methylenation reaction. In
addition the use of an excess of glycosyl donor allows both
tethering and glycosylation to be performed in a single reaction
vessel, obviating the need for handling of sensitive mixed acetal

intermediates. Further investigations into the use of allyl
derived enol ethers for cis glycosylation procedures, partic-
ularly employing hindered secondary carbohydrate glycosyl
acceptors are currently in progress, and the results will be
reported in due course.

We gratefully acknowledge financial support from the
Leverhulme Trust (Postdoctoral Fellowship to M. A.), the
EPSRC (Quota award to C. M. P. S.) and Glaxo Wellcome
(CASE award to I. C.), and also the use of the Chemical
Database Service (CDS) at Daresbury, UK and the EPSRC
National Mass Spectrometry Service at Swansea.

Notes and references
† 2-O-Allyl protected donor 1 was prepared from the corresponding 2-O-
acetate5 via deprotection with sodium methoxide in methanol and allylation
with sodium hydride and allyl bromide in DMF. 2-O-Allyl protected donors
2 and 9 were prepared from the corresponding 2-O-acetyl-1-bromo and
2-O-acetyl-1-chloro glycosides respectively by reaction with dimethyl
disulfide and butyllithium in THF followed by allylation as above.8 Full
experimental details will be published in due course.
‡ Typical procedure for manno/S-phenyl tethering: the vinyl ether (0.15
mmol), the alcohol (3 equiv.) and powdered 4 Å molecular sieves (ca. 500
mg) were stirred in 3.5 ml dry DCE under argon at 240 °C. NIS (2.5 equiv.)
was added and the mixture was allowed to warm slowly to room
temperature. After 16 h, dichloromethane was added, the mixture was
filtered through Celite®, washed with aqueous sodium thiosulfate, dried,
filtered and concentrated in vacuo. The resulting residue was purified by
flash column chromatography to give the mixed acetal as a clear oil.
§ No attempt was made at separation, and the mixtures were used as such for
subsequent glycosylation.
¶ In line with our previous observations, the oxonium ion produced after
aglycon delivery may be trapped, either by any available alcohol in solution
or alternatively by succinimide. Simple treatment of the crude reaction
mixture with either aqueous TFA or aqueous lithium hydroxide respectively
efficiently hydrolyses these trapped products, typically increasing the yield
of glycosylated product by 10–15%.
∑ Typical procedure for manno/S-phenyl glycosylation: the mixed acetals
(0.1 mmol), NIS (5 equiv.), silver triflate (1 equiv.), 2,6-di-tert-butyl-
4-methyl pyridine (DTBMP) (5 equiv.) and powdered 4 Å molecular sieves
(ca. 250 mg) were dissolved in dry DCE under argon. The solution was then
stirred at room temperature (or 50 °C) until TLC indicated disappearance of
the starting material. TFA (10 ml), methanol (4 ml) and water (2 ml) were
added and the solution was stirred for a further 1–4 h. Dichloromethane was
added, the mixture filtered through Celite®, washed with saturated aqueous
sodium bicarbonate and the aqueous layers were re-extracted with
dichloromethane. The combined organic extracts were washed with
aqueous sodium thiosulfate, dried (MgSO4), filtered and concentrated in
vacuo. The resulting residue was purified by flash column chromatography
to give the pure b-mannoside.

1 G. Stork and J. J. La Clair, J. Am. Chem. Soc., 1996, 118, 247; G. Stork
and G. Kim, J. Am. Chem. Soc., 1992, 114, 1087.

2 M. Bols, J. Chem. Soc., Chem. Commun., 1993, 791; M. Bols,
Tetrahedron, 1993, 49, 10 049; M. Bols, J. Chem. Soc., Chem. Commun.,
1992, 913.

3 F. Barresi and O. Hindsgaul, Can. J. Chem., 1994, 72, 1447; F. Barresi
and O. Hindsgaul, Synlett, 1992, 759; F. Barresi and O. Hindsgaul, J. Am.
Chem. Soc., 1991, 113, 9376.

4 M. Lergenmüller, T. Nukada, K. Kuramochi, A. Dan, T. Ogawa and Y.
Ito, Eur. J. Org. Chem., 1999, 1367; Y. Ito, Y. Ohnishi, T. Ogawa and Y.
Nakahara, Synlett, 1998, 1102; A. Dan, Y. Ito and T. Ogawa, J. Org.
Chem., 1995, 60, 4680; Y. Ito and T. Ogawa, Angew. Chem., Int. Ed.
Engl., 1994, 33, 1765.

5 S. C. Ennis, A. J. Fairbanks, R. J. Tennant-Eyles and H. S. Yeates,
Synlett, 1999, 1387.

6 G.-J. Boons and S. Isles, J. Org. Chem., 1996, 61, 4262.
7 Data for b-mannosides 7a–d and a-glucosides 8a–d was consistent with

that reported by us previously.5 Selected data for 7e: a white solid, mp
105–108 °C (Et2O–petrol), [a]D

22 +22.2 (c, 0.91, CHCl3), [lit.1b [a]D
25

+24.0 (c, 1.0, CHCl3); 8f: a colourless oil, [a]D
22 +65.5 (c, 1.1, CHCl3),

(HRMS+H+: 897.4229. C55H61O11 requires: 897.4214).
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Table 1 Yields for tethering and glycosylation

Scheme 2 Reagents and conditions: (i) (Ph3P)3RhCl, n-BuLi, THF, reflux,
> 99%; (ii) diacetone galactose, N-iodosuccinimide, 4 Å molecular sieves,
CH3CN, 240 °C to RT, then MeOTf, 72%; (iii) cyclohexanol, N-
iodosuccinimide, 4 Å molecular sieves, 1,2-dichloroethane, 240 °C to RT,
then MeOTf, 67%.
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Treatment of the dialkyne complex [{Co2(CO)6}2{m-h2+m-
h2-HOCH2C·CC·CCH2OH}] with HBF4·OEt2 at 278 °C
and the subsequent addition of [HS(CH2)2]2X (X = S or O)
affords the novel macrocyclic complexes [{Co2(CO)5}{Co2-
(CO)6}{(m-h2-C·CCH2SCH2CH2)2S}] 1a, [{Co2(CO)6}2{(m-
h2-C·CCH2SCH2CH2)2O }] 2a and [{Co2(CO)6}2{(m-h2-
C·CCH2SCH2CH2)2X}]2 [X = S 1b or O 2b].

Crown thioethers and related sulfur macrocycles have been the
subject of numerous studies owing to their ability to bind metal
ions more strongly than mono- or bi-dentate thioethers.1
Structural studies on uncoordinated sulfur macrocycles have
shown that the sulfur atoms tend to adopt an exodentate
conformation in which all the sulfur lone pairs are orientated out
of the macrocyclic cavity.2 Therefore these macrocycles must
undergo substantial conformational change in order to coor-
dinate to an added metal ion. Several sulfur macrocycles
undergo this type of conformational change on reaction with
added metal ions such as Pd(II),3 Hg(II),4 Ni(II)5 or Ag(I)6,7 to
give cyclic systems in which at least two of the sulfur atoms
have co-ordinated to the metal and are in an endodentate
configuration.

We now report the synthesis of several new sulfur macro-
cycles† (Fig. 1) and, in particular, of the novel complex
[{Co2(CO)5}{Co2(CO)6}{(m-h2-C·CCH2SCH2CH2)2S}] 1a
which contains a dialkyne unit and three sulfur donor atoms of
which only one is endodentate and coordinated to a metal.

The X-ray crystal structure‡ of 1a (Fig. 2) confirms that a
13-membered macrocyclic ring has formed. Two of the sulfur
atoms are exodentate to the ring but the central sulfur atom is
endodentate and coordinated axially to one of cobalt atoms
already present in the molecule rather than to an added metal
ion. This mode of coordination of a sulfur macrocycle
containing three sulfur atoms is unprecedented. In contrast

complex 1b (Fig. 3),‡ the dimer of 1a, contains no Co–S
interactions.

Fig. 1 The new sulfur macrocycles containing dialkyne units.

Fig. 2 Molecular structure of 1a. Selected bond lengths (Å) and angles (°):
Co(3)–S(2) 2.2702(8), S(2)–C(16) 1.820(3), S(2)–C(17) 1.824(3), C(16)–
C(15) 1.531(4), S(1)–C(15) 1.812(3), C(17)–C(18) 1.526(4), S(3)–C(18)
1.815(3), C(12)–C(13) 1.351(4), C(21)–C(20) 1.354(3), S(2)–Co(3)–Co(4)
154.30(2), C(15)–C(16)-S(2) 110.3(2), C(17)–C(18)-S(3) 115.4(2), C(16)–
C(15)–S(1) 114.0(2), C(18)–C(17)-S(2) 117.7(2), C(20)–C(19)-S(3)
113.5(2).

Fig. 3 Molecular structure of 1b showing the two orientations of the
disorder within the ring system. Selected bond lengths (Å) and angles (°):
S(1)–C(17) 1.793(6), S(1)–C(17’) 1.976(14), S(2)–C(19) 1.823(9), S(2)–
C(19’) 1.846(9), S(2)–C(18) 1.817(6), S(2)–C(18A) 1.831(13), S(3)–C(20)
1.847(9), S(3)–C(20’) 1.807(9), C(17)–C(18) 1.518(9), C(17A)–C(18A)
1.48(2), C(19)–C(20) 1.523(10), C(19A)–C(20A) 1.490(12), C(22)–C(13)
1.356(5), C(14)–C(15) 1.359(5), C(16)–S(1)–C(17) 100.0(3), C(16)-S(1)–
C(17A) 95.5 (5), C(17)–C(18)-S(2) 115.1(4), C(17A)–C(18A)–S(2) 104.9(10),
C(18)–S(2)–C(19) 90.1(3), C(18A)–S(2)–C(19A) 96.2(5), S(2)–C(19)–C(20)
107.3(6), S(2)–C(19A)–C(20A) 112.0(6), C(19)–C(20)–S(3) 111.4(6),
C(19A)–C(20A)–S(3) 110.8(6), C(20)–S(3)–C(21) 99.7(3), C(20A)–S(3)–
C(21) 101.9(3). (Primed atoms refer to the second orientation of the
disordered ring system).
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All the carbon–sulfur bond lengths in 1a and 1b fall within
the expected range for macrocylic thioethers, ranging from
1.793(6) to 1.846(9), as do all the carbon–carbon single bond
lengths which range from 1.48(2) to 1.531(4).1 The carbon–
carbon triple bond lengths range from 1.351(4) to 1.359(5),
typical of coordinated alkynes.6,8 The cobalt–sulfur bond
distance of 2.2702(8) in 1a is also typical of other reported
values.9

The novel macrocycle 1a and its dimer 1b are synthesized†
by the reaction of [{Co2(CO)6}2{m-h2:m-h2-HOCH2C·CC·C-
CH2OH}] with 1 equiv. of [HS(CH2)2]2S in the presence of
catalytic amounts of HBF4

.OEt2 at 278 °C and separated by
chromatography in an analogous manner to that reported by
Went and coworkers for the related mono-alkyne complexes.6
Substitution of [HS(CH2)2]2S by [HS(CH2)2]2O affords the
related macrocyclic compounds 2a, 2b in which the central
sulfur atom in 1a, 1b is replaced by an oxygen atom. The
combined yields of the monomer (a) and the dimer (b) are in
excess of 90% in each case.

The X-ray crystal structure‡ of 2a, (Fig. 4), again confirms
the presence of a 13- membered macrocyclic ring as in 1a.

The central oxygen atom of the ring, although it is
endodentate as is typical of crown ethers, does not coordinate to
a cobalt centre in contrast to the central sulfur atom in 1a and,
as a consequence, there is no loss of a carbonyl group from
either of the Co2(CO)6 units in 2a both of which remain intact.
The two sulfur atoms in 2a adopt the same geometry as the
corresponding sulfur atoms in 1a and are exodentate. All
carbon–sulfur bonds in 2a fall within the expected range of
values, as do the carbon–carbon single bonds of the crown
thioether.1

An inspection of the crystal structures reveals that in each
case the CH2 protons are in different environments; this results
in complicated 1H NMR spectra in the SCH2 and OCH2 regions
comprising of overlapping multiplets. The 13C NMR spectra
exhibit only one resonance due to a CO group, as is common for
alkyne-bridged dicobalt complexes; localized site exchange10

or a trigonal twist11 has been proposed previously to explain this
fluxionality.

In linear diyne complexes containing two coordinated
dicobalt hexacarbonyl fragments these fragments are co-
ordinated trans to each other such that the two Co-Co vectors
are almost parallel.12 The steric demands of the cyclic diynes in
1a, 1b and 2a do not allow this relative orientation and the two

fragments are twisted to varying degrees such that the two Co–
Co vectors approach an orthogonal configuration.

The influence of the nature of the linking groups and of the
donor atoms on the geometry of these macrocyclic dialkyne
complexes is under further study.

We gratefully acknowledge the financial support of EPSRC,
DERA and the Isaac Newton Trust (to L. J. H). EPRSC support
for the purchase of the Nonius Kappa CCD diffractometer is
also gratefully acknowledged.

Notes and references
† Selected spectroscopic data: [IR (nCO/cm21) measured in hexane; 1H
NMR and 13C{1H}NMR spectra were recorded in CDCl3 solution relative
to SiMe4; J in Hz].

1a: 1983.7w, 2013.7(sh), 2020.5s, 2031.2vs, 2058.6vs, 2082.8s, 2101.7s
cm21; 1H NMR (CDCl3),d 4.33(s, 4H, CCH2), 2.96–3.00(m, 8H, CH2CH2);
13C{1H} NMR, d 199.2(CO), 101.2, 94.3 (C2), 37.3 (CCH2), 34.9,
33.3(SCH2); FAB MS: m/z 772 (M+) and M+ 2 nCO (n = 2–11). 1b:
2026.2m, 2058.8s, 2082.2m, 2100.9w cm21; 1H NMR, d 4.11(s, 8H,
CCH2), 2.82–2.92(m, 16H, CH2CH2); 13C{1H} NMR, d199.4(CO),
101.6(C2), 34.68 (CCH2), 30.96(SCH2); FAB MS: m/z 1600 (M+) and M+

2 nCO (n = 2–24); 2a: 2026.5m, 2059.3s, 2081.8m, 2100.8m cm21; 1H
NMR, d 4.50(s, 4H, CCH2), 3.68–3.80 (m, 4H, OCH2), 2.71–2.85 (m, 4H,
SCH2); 13C{1H} NMR, d 199.6(CO), 101.6(C2), 71.7(OCH2), 31.6, 32.9,
36.7(SCH2); FAB MS: 784 (M+) and M+2 nCO (n = 1–12). 2b: 2025.3m,
2057.3s, 2081.9m, 2100.7m cm21; 1H NMR, d 4.09(s, 8H, CCH2),
3.70–3.77 (m, 8H, OCH2), 2.83–3.00 (m, 8H, SCH2); 13C{1H} NMR
198.9(CO), 99.6(C2), 71.4, 70.9(OCH2), 31.6, 34.6(SCH2); FAB M/S: 1568
(M+) and M+ 2 nCO (n = 6–24).
‡ Crystal data: all data collected at 180(2) K using an Oxford Cryosteam
cooling apparatus.

Crystal data: for 1a: C21H12Co4O11S3, M = 772.21, triclinic, space
group P1̄ (no. 2), a = 10.3957(3), b = 10.4236(3), c = 12.7370(3) Å, a =
97.388(2), b = 93.166(2), g = 96.499(2)°, U = 1356.52(6) Å3, Z = 2,
m(Mo-Ka) = 2.690 mm21, 10450 reflections measured, 6217 unique (Rint

= 0.0263); R1 = 0.0253, wR2 = 0.0736.
For 1b: C44H24Co8O24S6, M = 1600.43, triclinic, space group P1̄ (no. 2),

a = 9.2401(4), b = 10.6059(4), c = 15.5957(5) Å, a = 102.693(2), b =
101.976(2), g = 91.827(2)°, U = 1453.75(10) Å3, Z = 1, m(Mo-Ka) =
2.516 mm21, 10079 reflections measured, 6587 unique (Rint = 0.0287); R1

= 0.0389, wR2 = 0.1098.
For 2a: C22H12Co4O13S2 M = 784.16, monoclinic, space group P21/c, a

= 9.3920(2), b = 16.3920(7), c = 18.5020(7) Å, b = 90.255(2), U =
2848.42(17) Å3, Z = 4, m(Mo-Ka) = 2.498 mm21, 8990 reflections
measured, 4999 unique (Rint = 0.0391); R1 = 0.0349, wR2 = 0.0573.

CCDC 182/1686. See http://www.rsc.org/suppdata/cc/b0/b003720f/ for
crystallographic files in .cif format.
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Fig. 4 Molecular structure of 2a. Selected bond lengths (Å) and angles (°):
O(13)–C(19) 1.420(4), O(13)–C(20) 1.419(4), C(20)–C(21) 1.508(5),
C(19)–C(18) 1.516(4), S(1)–C(21) 1.809(3), S(2)–C(18) 1.815(3), S(1)–
C(22) 1.813(3), S(2)–C(17) 1.824(3), C(16)–C(15) 1.345(4), C(14)–C(13)
1.343(4), C(18)–C(19)–O(13) 108.6(3), C(21)–C(20)–O(13) 109.0 (3),
C(19)–C(18)–S(2) 115.0(2), C(20)–C(21)-S(1) 115.3(2), C(13)–C(22)–
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Metallocryptands based on trigonally coordinated Pt(0) or
Pd(0) with P2phen [2,9-bis(diphenylphosphino)-1,10-phe-
nanthroline] bind Pb(II) ion through very strong, closed-shell
metallophilic interactions; their syntheses, characterization
and X-ray crystallography are presented.

The bonding interaction between closed-shell, heavy metal ions
is gaining increasing attention.1 In the absence of unpaired
electrons to form covalent bonds or opposite charges to form
strong ionic bonds, the close approach of closed-shelled species
might be expected to exhibit no net attraction or be repulsive;
however, there are numerous examples of heavy metal ions like
Au(I), Tl(I) or Pb(II) associating with other metals or aggregat-
ing with short separations.2 The origin of this metallophilic
attraction is not completely understood, but relativistic effects
appear to be important.3

Recently (Scheme 1), we reported the application of a unique
Au(I)-based inorganic host complex to probe the resulting
aurophilic interactions between the capping metal and the
encapsulated guest ion.4 In this work we observed a very strong
and short (ca. 2.9 Å) Au(I)–Tl(I) interaction. The highly
luminescent Tl(I) containing species is substitution inert and
stable in solution while the Na+ containing species readily
dissociates the sodium ion indicating that the Au–Tl interaction
is strong enough to maintain this assembly. We were unable to
explore any Au(I)–Pb(II) interactions using this system probably
because of the higher charge on the purported complex leads to
dissociation and ultimately decomposition.

We now have extended this system to include zero-valent d10

metals and report the synthesis and characterization of the
Pd(0)- and Pt(0)-based metallocryptates with exceptionally short
Pd(0)–Pb(II) and Pt(0)–Pb(II) interactions. To our knowledge
this is the first report of an unsupported Pd(0) or Pt(0)–Pb(II)
bond. Further, these metallocryptands represent a new type of
host complex that employ attractive metallophilic interactions
for metal ion binding rather than Lewis acid–base inter-
actions.

The deep green–brown, air-stable [Pd2(P2phen)3Pb](ClO4)2 1
or [Pt2(P2phen)3Pb](ClO4)2 2 [P2phen = 2,9-bis(diphenylphos-
phino)-1,10-phenanthroline], are easily synthesized in good yield
in acetonitrile according to eqns. (1) and (2).‡ Although the
Pd2(dba)3·CHCl3 + 3 P2phen + Pb(ClO4)2?

[Pd2(P2phen)3Pb](ClO4)2 + 3dba + CHCl3 (1)

2 Pt(dba)2 + 3 P2phen + Pb(ClO4)2?

[Pd2(P2phen)3Pb](ClO4)2 + 2dba (2)

solutions of 1 or 2 are stable, the Pb(II) can be replaced by
addition of an excess of Tl(I) ion. The 31P{1H} NMR spectra
contain a single resonance at +29.8 ppm for 1 and +48.1 ppm
(1JPt–P 4085 Hz) for 2. Interestingly coupling to 207Pb (22% spin
1/2) is not observed. A similar phenomena is observed in the Tl+
containing species reported elsewhere.5 The 195Pt NMR
spectrum of 2 shows the anticipated quartet at 2916 ppm
without resolvable 1JPt–Pb coupling. For comparison, Balch
et al.6 reported a 1JPt–Pb coupling of 214 Hz for the Pt(II)
containing species, [(MeCO2)Pb(P2-crown)Pt(CN)2]+ (P2-
crown = 1,10-bis[(diphenylphosphino)methyl]-1,10-diaza-
4,7,13,16-tetraoxaoctadecane). Direct observation of a 207Pb
resonance was unsuccessful likely due to the low receptivity
and natural abundance of 207Pb coupled with the moderate
solubility of 2.

The X-ray crystal structure§ of 1 (Fig. 1) confirms the
formulation. The Pb atom resides in the center of the D3
symmetric cavity formed by the P2phen ligands coordinated to
the two trigonal Pd(0) centers. The Pd(1)–Pb(1) and Pd(2)–
Pb(1) separations are nearly identical at 2.7095(6) and
2.6902(6) Å respectively, and a Pb center is nearly linearly
bonded with the Pd(1)–Pb(1)–Pd(2) angle of 178.75(1)°
indicating the lone pair is stereochemically inactive. The Pb–N
separations range from 3.095(1) to 3.215(1) Å (av. Pb–N
3.142(1) Å] and are considered non-bonding. Each Pd atom is
slightly displaced out of the respective trigonal plane towards
the central Pb atom by ca. 0.2 Å.

As shown in Fig. 1, the molecule crystallizes in a non-
centrosymmetric space group with an overall helical geometry.
However, the bulk material is racemic because both enantio-

† Electronic supplementary information (ESI) available: preparation,
spectral data and MALDI-TOF spectrum for compound 2. See http://
www.rsc.org/suppdata/cc/b0/b003758n/

Scheme 1

Fig. 1 Thermal ellipsoid plot for the cation of 1. Hydrogen atoms and phenyl
rings are removed for clarity. Selected distances (Å) and angles (°): Pd1–
Pb(1) 2.7095(6), Pd2–Pb1 2.6902(6), Pb1–N1 3.090(2), Pb1–N2 3.095(2),
Pb1–N3 3.090(2), Pb1–N4 3.215(2), Pb1–N5 3.156(2), Pb1–N6 3.166(2);
Pd1–Pb1–Pd2 178.75(1), P1–Pd1–P3 119.41(5), P1–Pd1–P5 117.27(4),
P3–Pd1–P5 121.30(5), P2–Pd2–P4 120.15(4), P2–Pd2–P6 116.42(4), P4–
Pd2–P6 120.21(5).
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mers are present in the crystal. The helicity is reflected in the
large P(1)–Pd(1)–Pd(2)–P(2), P(3)–Pd(1)–Pd(2)–P(4) and
P(5)–Pd(1)–Pd(2)–P(6) torsion angles of 116.9, 123.1 and
115.9°, respectively. This twisting of the trigonal planes
compresses the metallocryptate to accommodate the requisite
Pd(1)…Pd(2) separation of 5.399(1) Å.

Crystals of 2 were obtained but did not produce satisfactory
refinement.§ However, reliable Pt–Pb separations of 2.7469(6)
and 2.7325(6) Å were measured, and the cation is nearly
identical to 1 in every other respect.

Pd– or Pt–Pb bonding is rare, and a search of the Cambridge
Crystallographic Data Centre produced only a few examples of
structurally characterized Pd– or Pt–Pb bonds,5,7 and none of
these contained a formally zero-valent transition metal. Most of
these are formed either through strong ligand interaction or
through insertion reactions producing covalently bonded M–Pb
complexes;8 however, a few cases exist for unsupported Pb(II)–
M bonds.9 For example, Usón et al. reported the structure of
Pb[Pt(C6F5)4]2

22 that contains short Pb(II)–Pt(II) separations of
2.769(2) and 2.793(2) Å along with short Pb…F contacts
believed to stabilize the complex. In contrast, neither 1 or 2 have
any stabilizing Pb…ligand interactions.

The MALDI-TOF mass spectra of 1 and 2 (not shown here)
confirm the presence of Pb in each complex. Molecular ion
peaks corresponding to [M2Pb(P2phen)3]+ (M = Pt or Pd) with
and without the perchlorate counter ion are easily identified.
Interestingly, the intensity of the peak corresponding to the
empty metallocryptand is very small, indicating that the Pb ion
is strongly held in the gas phase.

The attractive metal–metal interactions observed here can be
rationalized by employing a qualitative MO diagram (Fig. 2)
similar to that proposed by Balch et al.10 by combining the filled
dz2 and empty pz orbitals on the transition metals with the filled
Pb 6s and empty Pb 6pz orbitals. Mixing between levels
stabilizes the filled orbitals relative to their unfilled counterparts
leading to an attractive interaction between these metals.
Further, Fackler and coworkers11 have employed a similar
model with additional relativistic contributions from the 6s
orbital to describe attractive Au–Tl interactions.

The electronic absorption spectra of 1 and 2 in acetonitrile
contain absorptions attributable to ligand p–p* transitions
between 230 and 310 nm. Both complexes exhibit a low energy
band at 481 for 1 and 470 for 2 tentatively assigned to the Mds*
?Mps* transition depicted in the MO scheme. For comparison,
both Pd(PPh3)3 and Pt(PPh3)3 exhibit weak absorptions in the
same region,12 but unlike these trigonal complexes, neither 1 or
2 are luminescent in solution, nor do these complexes exhibit
reversible cyclic voltammetry.

The compounds reported here are examples of a rapidly
expanding class of easily synthesized inorganic host complexes
that employ strong, closed-shell attractive interactions for metal

ion binding. By eliminating ligand–ion interactions these
metallocryptands provide a simple probe the metal–metal
bonding both in solution and in the solid state. Substitution of
Pb(II) for other heavy metal ions should provide a numerous
combination of heavy metal interactions for further study. We
are currently probing these systems.
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= 0.0533) were used in all calculations. The final R1(all data) was 0.1074
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A simple and efficient methodology has been established for
the selective synthesis of anatase and rutile as well as their
mixtures with various precursors using ultrasound irradia-
tion; the products, the particle sizes of which are nanometric
( < 9 nm), are dependent both upon the reaction temperature
and the precursor used; a substantial reduction in reaction
time as well as reaction temperature is observed as compared
to the corresponding hydrothemal processes.

Since Fujishima and Honda1 discovered the photocatalytic
splitting of water on titania electrodes, intensive, world-wide
research activity based on titania has ensued. Titania has three
crystalline phases: rutile, anatase and brookite, of which rutile is
the most stable while anatase exhibits the highest photocatalytic
activity.2 Up to now, many methods have been established for
the synthesis of titania,3–8 the sol–gel technique being the most
often used. Unfortunately, the sol–gel derived precipitates are
amorphous in nature, which requires further treatment to induce
crystallization.9,10 The hydrothermal technique is widely em-
ployed to enhance crystallinity in laboratory and commercial
preparations. However, many factors, e.g. reaction temperature,
reaction time and the medium, may influence the crystallization
process. A recent paper demonstrated that the optimum
temperature for the hydrothermal treatment is 473–493 K.11 In
order to obtain crystalline titania at lower temperature, a longer
aging time is required. On the other hand, the photocatalytic
activity of titania is particle size dependent, i.e. the smaller the
titania particles, the higher their photocatalytic activity.12

Hence, it is of great importance to improve the synthesis
methodology. Here we describe a new, simple route for the
direct, selective synthesis of nanosized anatase and rutile
employing ultrasound irradiation for a short reaction time.

The sonochemical synthesis has been described elsewhere,13

which has been employed to prepare amorphous metals14,15a

and oxides.15b In the present work, it has been found that
ultrasound irradiation can also accelerate the crystallization
process of titania. The most important result of this investiga-
tion is the dependence of the product phase on both the used
precursor and the reaction temperature. Under the same reaction
conditions, anatase was formed when tetraisopropyltitanate
(TPT) was employed as the precursor, rutile was obtained when
titanium tetrachloride (TTC) was used, while a mixture of
anatase and rutile was obtained when the precursor was a
mixture of TPT and TTC.

In a typical synthesis, 110 mL of deionized water was
sonicated by employing a direct immersion titanium horn
(Sonics and Materials, VC-600, 20 kHz, 100 W cm22) for 10
min. At this stage 10 mL of the precursor (TPT, TTC or
TPT+TTC, Aldrich) was injected into the sonication cell. The
mixture was further sonicated continuously for 3 h. The
sonication was conducted without cooling so that a temperature
of 353 K was reached at the end of the reaction. The precipitates
were separated by centrifugation and washed twice with
deionized water and once with ethanol. The product was further
dried under vacuum overnight. The detailed synthesis condi-
tions for various samples are summarized in Table 1.

The powder X-ray diffraction (PXRD) patterns of the as-
prepared samples are presented in Fig. 1. The reflections in Fig.
1(a) can be indexed to rutile (JCPDS 21-1276) while those in
Fig. 1(b) are indexed to anatase (JCPDS 21-1272), which
correspond to the as-prepared products using TTC and TPT as
precursors, respectively. The sonication of a TPT and TTC
mixture yielded sample C, which was a mixture of anatase and
rutile [Fig. 1(c)]. Unlike the sol–gel method, the as-prepared
products of the sonication process are always perfectly
crystalline. For comparison, sample D was synthesized by
employing the same precursor and reaction conditions (353 K)
as sample C except that the reaction was carried out without
sonication. Sample D is poorly crystalline or amorphous as
shown in Fig. 1(d).

By employing the well-known formula16 XA = [1 + 1.26(IR/
IA)]21, where XA is the fraction of anatase in the mixture, and IR
and IA are the intensities of reflections (110) of rutile and (101)
of anatase, respectively, it is estimated that sample C contains
47.6% anatase and 52.4% rutile. This is quite surprising because
the molar ratio of TPT to TTC in the irradiated solution is
63.4+36.6. Taking into account that rutile and anatase were the
sole corresponding products when TTC and TPT acted as the
precursors, separately, it is obvious that part of rutile formed at
the expense of TPT.

The strong influence of the reaction temperature and the
acidity of the medium on the crystallization of titania were
further demonstrated in the syntheses of samples E–H. When
TPT was used as precursor and sonication was carried out at 303
K, sample E was obtained as a mixture of brookite (JCPDS
29-1360) and anatase [Fig. 1(e)] while for TTC sonicated at ca.
283 K the product obtained (i.e. sample F) was mainly rutile
[Fig. 1(f)]. However, at the same temperature when TTC was

Table 1 Synthesis conditions for samples A–H and their crystalline phases

Sample Precursor Synthesis conditionsa Sample phase Particle sizeb/nm SBET/m2 g21

A TTC Hydrolyzed in water, sonicated for 3 h Rutile 8.2 103.5
B TPT Hydrolyzed in water, sonicated for 3 h Anatase 3.5 201.5
C TPT+TTC Hydrolyzed in water, sonicated for 3 h, Rutile + anatase 6.8

TPT+TTC = 63.4+36.6 (molar ratio) (52.4+47.6)
D TPT+TTC Hydrolyzed in water, aged at 353 K for 3 h Poorly crystalline —
E TPT Hydrolyzed in water, sonicated at 303 K for 3 h Brookite + anatase 2.5
F TTC Hydrolyzed in water, sonicated at 

ca. 283 K for 3 h
Rutile 5.9

G TPT Hydrolyzed in 0.2 mol/L HCl (pH = 0.7),
sonicated for 3 h

Rutile + anatase 6.5

H TPT Precipitated the supernatant of G at pH 8.6 with
NH3·H2O (24% aq.), sonicated for 3 h

Anatase 2.9 289.8

a Sonication was carried out under atmospheric pressure without cooling if no other conditions are specified. b Average particle size was estimated from
PXRD line-broadening employing Scherrer formula.
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hydrolyzed and aged, no precipitates appeared without sonica-
tion. It is interesting that when TPT was dissolved in a dilute
HCl solution (pH = 0.7) and sonicated, only little solid product
(sample G) was obtained showing a rutile phase [Fig. 1(g)].
However, after adjustment of the pH of the above supernatant to
8.6 by addition of ammonia, a white precipitate appeared, and
further sonication resulted in the formation of sample H, which
was pure anatase [Fig. 1(h)]. These results imply that, although
the ultrasonic irradiation promotes the crystallization process of
titania, the final crystalline phase of the product is also
determined by the acidity of the medium. The particle sizes of
samples A, B, C, E, F, G and H, were below 9 nm (Table 1) and
were calculated using the Scherrer formula. A TEM image of
sample H is shown in Fig. 2, and reveal particles of 4–6 nm
diameter.

The results from liquid-N2 adsorption measurements may aid
understanding of the formation of the products. Fig. 3 shows the
N2 adsorption isotherms and pore size distributions of samples
A, B and H. The isotherms are characteristic of types H2 (for
samples B and H) and H3 (for sample A).17 Many porous
absorbents tend to give a type H2 loop. For sample B a very
broad pore size distribution with an average pore size of 5.0 nm
was measured, while for sample H a narrower pore size
distribution was observed. However, unlike the mesoporous
samples B and H (anatase) the results obtained for sample A
(rutile) indicate its non-mesoporous nature. The mesopores in
samples B and H may be constructed through the aggregation of
particles.

A close examination of the PXRD patterns reveals a curious
phenomenon. The reflections assigned to anatase are always
broader than those for rutile, which implies smaller mean

particle sizes of the bulk anatase products. In fact, according to
the Scherrer formula, the particle sizes of all rutile samples are
almost twice that of the anatase samples (Table 1). As TTC
hydrolyzes violently in water, part of the titanium hydroxide
precipitates before dissolving in the acidic solution. Meanwhile,
some of the titanium ions that exist as titanyl can be further
coordinated by chloride anions. In contrast, the hydrolysis of
TPT in water is slower, which results in a nearly neutral, partly
condensed and more homogeneous gel. In the latter case,
ultrasound irradiation generates many localized hot spots within
the gel, outside which the polycondensation of ·Ti–OH species
is promoted. This further causes the homogeneous formation of
a large number of seed nuclei, which leads to a smaller particle
size. We propose that the interactions caused by sonication
amongst the titanium species in the gel is stronger than those in
the mixture containing ·Ti–Cl species, which leads to the
formation of anatase, a less condensed metastable phase.

W. H. and X. T. thank the Fred and Barbara Kort Sino–Israel
Postdoctoral Fellowships Foundation for financial support and
the China Scholarship Council for its support.
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top).

Fig. 2 TEM image of sample H obtained on a JEOI-JEM1200EX electron
microscope.

Fig. 3 Adsorption (filled)–desorption (open) isotherms of N2 for samples A,
B and H. Inset: pore size distributions of samples A, B and H.
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Labelling of silica grains and energy dispersive X-ray
spectroscopy (EDX) in a TEM-FEG (field emission gun)
were used to demonstrate the migration of Pt(NH3)4

2+

species from one grain to another during Pt/SiO2 catalyst
preparation by the ion-exchange procedure.

The reaction of Ti(OPr)4 with the surface of silica grains can be
used to graft Ti species. It is therefore possible to mark out some
grains incorporated into a silica grains population in order to
trace their behavior during for example, the adsorption
processes of metal precursors in aqueous media.

The concept of interfacial coordination chemistry was
proposed by Che1 to describe the interaction of transition metal
ions with oxide surfaces. In aqueous solution, the transition
metal ions are complexed and interaction occurs frequently via
ionic exchange. For platinum supported on silica, the silica
surface protons are exchanged by Pt(NH3)4

2+ ions to form a
surface complex (SiO2)2Pt(NH3)4

2+.2 The decomposition of
this complex under oxygen or hydrogen leads to Pt particles.3
Although this method is commonly used, the fixation and
dispersion processes of the species are not well-characterized.
The aim of this work is to show that the use of Ti labelled silica
grains demonstrates that the exchanged species migrate from
one silica grain to another when impregnated and non-
impregnated silica grains are mixed.

The concentration of Pt in aqueous solution for increasing
interaction time with silica4 is reported in Table 1. Clearly, the
adsorption equilibrium of Pt(NH3)4

2+ on the silica surface is
reached within < 1 min. For low metal loading (ca. 1 wt%), one
may thus wonder whether the adsorbed platinum complex is
homogeneously distributed all over the silica surface and among
the silica particles.

In an initial experiment,5 EDX analyses6 of 1 wt% Pt/SiO2
samples (Fig. 1) demonstrate that after 5 min of contact between
the solution and silica, some of the silica grains do not support
any Pt whilst others exhibit Pt/Si ratios far from the expected
value corresponding to 1 wt% (ca. 0.003). Conversely, after 24
h, most of the particles exhibit a Pt/Si atomic ratio close to
0.004. This is most certainly due to the fast fixation of
Pt(NH3)4

2+ ions on some silica grains and subsequent redis-
tribution to the other grains. The migration of Pt(NH3)4

2+ can
occur either on the silica surface or via the liquid phase.

In a second experiment,7 Ti-labelled8 silica grains were
mixed with previously impregnated unlabelled silica. EDX

analysis of the sample clearly shows (Fig. 2) that the migration
of species from previously impregnated grains to other grains
occurs even at low contact times (5 min) since all Ti-labelled
grains that were analyzed contain Pt. After 24 h, the Pt content
tends to become homogeneously distributed over all the grains
and the average atomic ratio Pt/Si reaches 0.004. Before
addition of unlabelled silica, the amount of Pt(NH3)4

2+ present
in solution (3.3 mmol) is much smaller than the amount of Pt
complex adsorbed on silica (48.0 mmol), and thus these results
clearly demonstrate that Pt(NH3)4

2+ ions can migrate between
silica grains, even at low metal loading and thus at very low
liquid phase concentration, at the adsorption equilibrium.

This is, to our knowledge, the first time that Ti labelled silica
grains and EDX analysis have been used for the study of the
migration of adsorbed species from one grain to another.

Table 1 Concentration of Pt(NH3)4
2+ in solution for increasing times of

interaction with 1 g of silica

Time/min 0 1 10 40
[Pt]/mmol l21 0.97 0.13 0.11 0.11
pH of solution 11.8 8.2 7.9 7.9

Fig. 1 Pt/Si atomic ratio obtained by EDX on silica grains after 5 min and
24 h of contact during the preparation of the Pt (1 wt%) catalyst.

Fig. 2 Pt/Si atomic ratio obtained by EDX on Ti-labelled silica grains after
5 min and 24 h of contact between unlabelled and Ti-labelled silica.
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labelled silica does not vary when it is impregnated with 30 ml of
deionized H2O and NH4OH (pH 10) at 20 °C, stirred for 24 h and then
washed four times with deionized water. The Ti loading of the sample is
low with only 3% of the silica surface being covered by TiO2. Two
samples of Pt/SiO2 prepared in the same manner, using unlabelled and Ti
labelled silica exhibit the same Pt loading (1 wt%) and the same metallic
particle size distribution. We thus concluded that Ti labelling did not
influence the results.
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Complexes of cobalt efficiently catalyze the hydroformyla-
tion of epoxides in the presence of hemilabile P–O chelating
ligands to give b-hydroxyaldehydes in high selectivities and
yields.

The hydroformylation of epoxides provides an elegant and
inexpensive pathway to b-hydroxyaldehydes which may easily
be hydrogenated to 1,3-diols which have a wide variety of uses.1
Lately propane-1,3-diol has attracted considerable industrial
interest as an intermediate in the production of polyester fibers
and films.2

For the hydroformylation of epoxides, special catalysts and
ligands are needed to suppress side reactions such as isomeriza-
tion and hydrogenation.

Previously, chelating diphosphine ligands have been reported
for the cobalt catalyzed hydroformylation of epoxides.3 For the
rhodium catalyzed hydroformylation of olefins and for carbony-
lation reactions P–O ligands have been found to be superior to
their phosphine analogues.4 This fact prompted us to apply P–O
ligands to the hydroformylation of epoxides. To the best of our
knowledge, P–O ligands have not been reported for the
hydroformylation of epoxides, whereas various diphosphine
ligands such as dppm, dppe, dppp and dppb have been reported
for this process (Scheme 1).

Using a catalyst prepared in situ under the applied reaction
conditions from Co2(CO)8 and dppmO (for abbreviations see
Scheme 1) in toluene, ethylene oxide 1 was converted to
3-hydroxypropanal 2 with 89% selectivity. Hydrogenation of 2
yielded 32% of propane-1,3-diol (1,3-PDO), 3 (Scheme 2).†

In comparison to dppe (Table 1, run 2) the dppmO system
proved to be much more efficient in terms of higher selectivities
and yields. The reaction with diphosphines strongly depends on
the solvents applied. Performing the reaction in a mixture of
toluene and chlorobenzene, which is known to yield the best
results for dppe, we could only achieve a 17% maximum yield
of 1,3-PDO under the conditions selected.

To examine the role of the chelate effect of the ligands, the
reaction was run with monodentate triphenylphosphine
(Co+PPh3 = 1+2) and with triphenylphosphine and di-
phenylmethylphosphine oxide (Co+PPh3+Ph2MeP(O) =
1+1+1) as ligands (Table 1, runs 3 and 4). Scarcely any 1,3-PDO
was observed after hydrogenation. Obviously, the presence of a

chelating ligand is an important condition for a catalytically
active system.

The use of dppeO and dpppO (Table 1, runs 5 and 6) as
ligands led to a significant decrease in selectivity and yield,
indicating that ligands which are capable of forming a five-
membered chelate ring are preferred. A similar trend was
observed employing dppm, dppp and dppb (Table 1, runs 7, 8,
9) as ligands.

As is well known in homogeneous catalysis, the variation of
the ligand to metal ratio can have a strong influence on the
activity and selectivity of the reaction. We thus varied the
dppmO to cobalt ratio (Table 1, runs 10–14) and found that an
increase of the amount of dppmO employed led to a steady
enhancement of the 1,3-PDO yield, whereas an inverse
relationship was observed for dppe.5 The maximum yield of
1,3-PDO was obtained for a 1+1 ratio of dppe to cobalt and
increasing the ligand to cobalt ratio resulted in a dramatic loss
of activity. An explanation for the different behavior of the
dppmO–Co system may be understood from 31P NMR
investigations of the reaction mixture after a pre-formation
period. For a dppmO to cobalt ratio > 1, free ligand can be
detected. It is known that triphenylphosphine oxide is used as a
promoter for the hydroformylation of ethylene oxide6 and
excess dppmO may act in a similar manner. By increasing the
amount of the free ligand the activity of the system is improved
and therefore, dppmO can act as ligand and promoter at the
same time.

We were able to isolate a stable cobalt complex [(dppmO)-
Co(CO)3]2, a single crystal X-ray analysis of which confirmed
the dimeric structure (Fig. 1). The coordination geometry
around cobalt is trigonal bipyramidal.‡

A comparison of the catalytic behavior of the isolated
complex (Table 1, run 15) to the in situ system gave nearlyScheme 1 Structures of investigated ligands.

Scheme 2

Table 1 Cobalt catalyzed hydroformylation of ethylene oxide 1

Run Ligand Ligand+Co
GC yield
of 3a(%)

Selectivity
toward 2b

(%)

1 dppmO 1+1 32 89
2 dppe 1+1 10 76
3 PPh3 2+1 < 1 —
4 PPh3, Ph2MeP(O) 1+1+1 ≈ 2 —
5 dppeO 1+1 9 63
6 dpppO 1+1 5 51
7 dppm 1+1 — —
8 dppp 1+1 4 52
9 dppb 1+1 3 58

10 — — 3 —
11 dppmO 1+2 22 59
12 dppmO 3+4 26 89
13 dppmO 3+2 47 84
14 dppmO 2+1 54 84
15 [(dppmO)Co(CO)3]2 1+1 31 90
a Yields are based on the substrate and were determined by gas
chromatography with standard compounds. For simpler GC detection all
samples were hydrogenated. b Selectivity = products/(by-products +
products).
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identical results and thus it can be assumed that for both runs the
same catalytically active species are formed. The reaction
sequence shown in Scheme 3 is proposed for this catalytic
system.

Cobalt catalyzed hydroformylation with dppmO as ligand
can be readily applied to other epoxides affording the
corresponding 1,3-diols after hydrogenation of the 3-hydroxy-
aldehydes (Table 2).

Propylene oxide and trans-2,3-epoxybutane (Table 2, runs 1,
2) are especially suitable for hydroformylation. The poorer
results for styrene oxide and cyclohexene oxide can be
explained in terms of increased isomerization  to the corre-
sponding aldehydes. It is known that Co2(CO)8 may catalyze
those isomerization reactions.7 Assuming that the isomerization
occurs via an ionic mechanism and that the stabilization of the

intermediate carbocation is of importance, the extent of the
isomerization of styrene oxide becomes understandable.

In conclusion, the hydroformylation of epoxides employing
hemilabile P–O ligands and cobalt metal salts has been
successfully carried out for the first time. Suitable hemilabile
ligands must be able to form a chelate ring with cobalt,
preferably a five membered-ring chelate. An excess of the
hemilabile ligands further enhances the yield of the b-
hydroxyaldehydes. The reaction can be extended to different
epoxides establishing a new route to synthesize 1,3-diols or
3-hydroxyaldehydes.

We thank Degussa Hüls AG and the DFG for support of our
work.
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Fig. 1 Displacement ellipsoid plot (PLATON11) of the molecular structure
of [(dppmO)Co(CO)3]2 in the crystal. Ellipsoids are drawn at 50%
probability with hydrogen atoms omitted. Primed atoms are related to
unprimed ones by the symmetry operation 2x, 2y, 2z. Selected bond
distances (Å) and angles (°): Co–CoA 2.660(1), Co–P1 2.185(1), P1–C4
1.836(3), C4–P2 1.818(3), P2–O4 1.481(2); Co–CoA–P1A 178.45(4), P1–
C4–P2 121.6(2).

Scheme 3 Proposed catalytic sequence.

Table 2 Cobalt catalyzed hydroformylation of different epoxides with
dppmO

Run Epoxide

Yield of
1,3-diola
(%)

Selectivity toward
3-hydroxyaldhydeb

(%)

1 Propylene oxide 30 75
2 trans-2,3-butene oxide 66 79
3 Cyclohexene oxide 39 52
4 Styrene oxide 7 4
a Yields are based on the substrate and were determined by gas
chromatography with standard compounds. For simpler GC detection all
samples were hydrogenated. b Selectivity = products/(by-products +
products).
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A new catalytic property of supported rhenium oxides has
been found for selective methanol oxidation to methylal;
high performances for the selective catalytic oxidation are
observed with V2O5-, ZrO2-, Fe2O3- and TiO2-supported Re–
oxide catalysts, which are characterized by pulse experi-
ments, XRD and XPS.

Numerous efforts have been made to develop selective
oxidation catalysts for methanol conversions to formaldehyde,
methyl formate and dimethoxymethane (methylal). Methanol
oxidation to formaldehyde has been extensively studied and
commercialized on silver and ferric molybdate catalysts.1 High-
yield production of methyl formate from methanol has also been
accomplished on mixed metal oxides such as V–Ti oxides,2 Sn–
Mo oxides,3 and Bi-based oxides.4 Methylal is used as a
gasoline additive, a solvent in perfume industry, a key
intermediate for preparing high concentration formaldehyde,
and a reagent in organic synthesis. The catalytic methylal
synthesis from methanol (3 MeOH + 1/2 O2? CH2(OMe)2 + 2
H2O) has been reported on V/TiO2,1 V–Mo–O,5 PMoH–
5.75/SiO2,6,7 Mo/MCM-41,8 and MoO3(100),9,10 but the se-
lectivities to methylal on those catalysts were low. Recently, we
found a crystalline binary oxide compound SbR2O6 which was
selective for the methylal formation.11 The selectivity reached
93.5% at a conversion of 6.5% at 573 K. However, the
crystalline oxide SbRe2O6 has a very low surface area (1
m2 g21), resulting in insufficient activity for methylal produc-
tion. The performance of SbR2O6 was attributed to the Re–
oxide  octahedra connecting with Sb–O chains.11 The property
of Re species capable of adopting a variety of oxidation states
that are illustrated in both binary and ternary oxides,12–14 may
provide rich and interesting chemistry. Nevertheless, Re oxides
have not widely been used as catalysts for selective oxidation
reactions owing to sublimation under pretreatment and reaction
conditions.15 In this study we have found the new catalytic

property of supported and unsupported Re oxides for the
selective methanol oxidation to methylal.

Inorganic oxide-supported Re oxide catalysts were prepared
by an incipient wetness impregnation method using an aqueous
solution of ammonium perrhenate (NH4ReO4), followed by
drying at 383 K for 12 h. The samples were put into a glass-
made fixed-bed reactor in a flow system and heated to 673 K at
a heating rate of 4 K min21 in a He flow and held at 673 K for
6 h. The samples thus obtained were further treated in situ in the
fixed-bed flow reactor under the He flow at 573 K for 1 h before
use as catalysts. A typical Re loading was 10 wt% as Re/
support. Methanol (Wako, purity 99.8%) was introduced to the
flow reactor by bubbling He gas through a glass saturator filled
with methanol. Unsupported Re oxides were also pretreated at
673 K in a similar way. The catalytic reactions on the supported
and unsupported Re–oxide catalysts were carried out at 513 K
under the reaction conditions GHSV = 40 000 ml h21 gcat

21

and He+O2+MeOH = 86.3+9.7+4.0 (mol%) at 1 atm. The
products were analyzed by an on-line gas chromatograph using
Porapak N and Unibeads C columns.

Table 1 shows the performances of the supported Re–oxide
catalysts for the selective methanol oxidation to methylal. The
performances of unsupported Re oxides (ReO3 and ReO2) and
two typical supports (a-Fe2O3 and V2O5) are also listed in Table
1 for comparison.

It was found that Re oxides supported on TiO2 (rutile and
anatase), V2O5, ZrO2 (monoclinic), Fe2O3 (a and g) and a-
Al2O3 were active in order of the reaction rates per gRe for the
supports, TiO2(anatase) > TiO2(rutile) > g-Fe2O3 > ZrO2 >
V2O5 > a-Fe2O3. Among them, Re/V2O5, Re/g-Fe2O3, Re/a-
Fe2O3, Re/ZrO2 and Re/a-Al2O3 showed selectivities of
88–94% to methylal (Table 1). When the conversion for Re/g-
Fe2O3 was further increased by decreasing the space velocity,
the methylal selectivity decreased a little, while the formal-
dehyde selectivity increased. Re oxides supported on SiO2

Table 1 Catalytic methanol oxidation on supported Re–oxide catalysts at 513 Ka

MeOH conversion Selectivity (mol%)

Catalyst SBET/m2 g21 mol% Rate/mmol h21 g21 CH2(OMe)2 HCHO Me2O HCO2Me COx
b

Re/TiO2-rutile 5 53.7 351.2 83.1 1.9 0.7 9.1 5.2
Re/TiO2-anatase 50 59.5 389.1 78.5 4.1 1.1 11.7 4.6
Re/V2O5 6 21.5 140.6 93.7 0.0 4.3 0.0 2.0
Re/ZrO2 9 35.8 234.1 89.4 2.0 Trace 7.6 1.0
Re/a-Fe2O3 3 15.5 101.4 90.5 2.0 1.0 6.0 0.5
Re/g-Fe2O3 16 48.4 319.2 91.0 2.4 1.0 4.6 1.0
Re/SiO2 36 15.1 98.8 60.7 1.3 Trace 11.9 26.1
Re/a-Al2O3 10 16.3 106.6 88.3 2.8 Trace 5.9 2.9
Re/Sb2O3 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Re/Bi2O3 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Re/MoO3 5 9.1 59.5 80.0 0.0 19.0 0.0 1.0
a-Fe2O3 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
V2O5 6 9.3 10.8c 1.0 91.5 7.4 0.0 Trace
ReO3 1 12.4 10.2 99.0 0.0 0.5 0.5 0.0
ReO2 7 65.3 50.0 64.6 6.4 2.0 10.2 16.8

a Re loading: 10.0 wt%, GHSV = 40 000 ml h21·gcat, He+O2+MeOH = 86.3+9.7+7+4 (mol%). b COx = CO2 + CO. c mmol h21 gV
21.
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produced a significant amount of COx and those supported on
Sb2O3 and Bi2O3 showed no activity at 513 K (Table 1). a-
Fe2O3 and V2O5 themselves were almost inactive for methylal
formation though V2O5 produced formaldehyde. When these
oxides were supported by Re oxides, the obtained Re/a-Fe2O3
and Re/V2O5 showed selectivities to methylal as high as
91–94%. ReO3 was most selective (99%), while the selectivity
of ReO2 was much lower (64.6%). When the mixture of He–
MeOH–O2 was admitted to Re2O7 at 513 K, the color changed
from yellow (Re2O7) to read (ReO3) in < 3 min, accompanied
with sublimation of some of the Re2O7, and showed a selectivity
to methylal > 90% after 10 min of time-on-stream. Under the
reaction conditions below 553 K, there was no loss of Re oxides
by sublimation in Re/TiO2, Re/V2O5, Re/Fe2O3, Re/ZrO2, Re/
SiO2, Re/Al2O3 and Re/MoO3. It indicates that bulk Re2O7 is
not a stable phase in the methylal synthesis conditions. It was
concluded from plots of the selectivities against the reaction
rates per surface area or the conversions in Table 1 that Re/a-
Fe2O3, Re/g-Fe2O3, Re/V2O5 and Re/ZrO2 exhibit high cata-
lytic selectivity on Re/a-Fe2O3 increased with increasing Re
loading and reached saturation values at 2.0 wt% Re (15.5 and
92.0%, respectively). The highest reaction rates per gRe of the
supported Re–oxide catalysts were thus achieved in the range of
Re loadings 1–3 wt%.

Recently, a high selectivity of 76.2% was reported on 2 mol%
Mo supported on MCM-41, but it was achieved at a very low
conversion of 0.7% at 543 K.8 Further, the Mo/MCM-41
catalyst was rapidly deactivated owing to a significant leaching
of Mo species from the channels of MCM-41.8 On the other
hand, no deactivation of the supported Re oxides occurred for 6
h of time-on-stream at 513 K. Methylal formation from
methanol was also reported on PMoH–5.75/SiO2

6,7 and V/
TiO2,1 but the selectivities toard methylal were as low as
40–56%.11

The XPS spectrum [Fig. 1(a)] for the as-pretreated Re/a-
Fe2O3 showed a peak at 42.3 eV which is assigned to the Re
4f7/2 level for Re4+ species (also deconvolued at 44.7 eV for
4f5/2). The XPS spectrum also showed peaks at 45.3 and 47.7 eV
assigned to Re 4f7/2 and 4f5/2 levels possibly for a Re6+ species,
respectively [Fig. 1(a)]. The Re 4f7/2 binding energy (45.3 eV)
is lower by 1.2–1.6 eV than that reported for Re2O7 (R7+), but
higher by 0.8–1.0 eV than that for ReO, (Re6+).17,18 We
measured XPS spectra for the Re/a-Fe2O3 catalysts with
different Re loadings in the range 0.1–10.0 wt%. The Re6+

peaks at 45.3 and 47.7 eV were observed in all the samples,
while the Re4+ peaks at 42.3 and 44.7 eV developed only for the
catalysts with Re > 2.0 wt%. The XRD lines for ReO2 appeared
for the Re/a-Fe2O3 catalysts with Re > 3.0 wt%, while no
diffraction lines due to Re2O7 and ReO3 were detected. It is
most likely from these results that the initial Re7+ precursors
were reduced to Re6+ and also to Re4+ for Re loadings above 2.0
wt% under the pretreatment conditions.16 We estimate 2 wt% of
Re as a monolayer of Re oxides at the a-Fe2O3 surface. The fact

that neither Re4+ (XPS) nor ReO2 (XRD) were detected on the
catalysts with Re loadings below 2.0 wt% indicates that
dispersed Re oxides are scarcely reduced to Re4+ under He at
673 K probably because of interaction with the a-Fe2O3
surface.

When pulses of 1 ml of He–MeOH = 96.0+4.0 (mol%) were
introduced onto the 10.0 wt% Re/a-Fe2O3 catalyst at 513 K,
methylal was formed during the course of the first to fourth
methanol pulses with decreasing selectivities, and after the fifth
pulse no methylal was produced. It is evident from the pulse
experiments in the absence of gaseous O2 that lattice oxygen
atoms of the Re oxides work as active oxygen species for the
selective oxidation of methnol. From the pulse experiments
where the 10 wt% Re/a-Fe2O3 catalyst reacted with the
methanol pulses at 513 K, we estimated that the amount of
lattice oxygen atoms incorporated into the produced methylal
was 1.88 3 1019 atom m22. Exhaustion of the active oxygen
atoms increased the formation of H2, CH4 and CO2 in a molar
ratio of nearly 2+1+1 probably through decomposition of
HCO2Me produced preferable on the reduced Re oxides. After
ten methanol pulses at 513 K, the intensities of the XPS peaks
at 45.3 and 47.7 eV assigned to Re6+ species decreased
drastically, while the Re4+ peak intensities increased sig-
nificantly [Fig. 1(b)]. The consumed lattice oxygen atoms were
regenerated by gaseous O2 as established by XPS spectroscopy
[Fig. 1(c)].

In summary, we have developed supported Re–oxide cata-
lysts which show high performances for selective catalytic
oxidation of methanol to methylal. The high performances of
the Re oxides were obtained when V2O5, ZrO2 and Fe2O3 were
used as supports. The redox capability of Re oxides at the
support surfaces (possibly Re6+'Re4+) may be responsible for
the selective oxidation of methanol to formaldehyde, while the
appropriate acidy Re oxides may also be necessary for the
acetalization of formaldehyde with methanol to form methy-
lal.

This work was supported by Core Research for Evolutional
Science and Technology (CREST) of Japan Science and
Technology Corporation (JST).
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Using a novel secondary amine-appended nitrogen/sulfur
ligand, the first example of a nitrogen/sulfur-ligated zinc
hydroxide complex, a species relevant to the active forms of
several zinc-containing metalloenzymes, has been prepared
and structurally characterized.

Zinc-containing metalloenzymes utilize active site structural
motifs of varying nuclearity and supporting primary and
secondary coordination environments to catalyze a diverse
array of chemical transformations.1 Distinctive among active
site structures in these enzymes are those which have sulfur
ligation to a Zn(II) ion that also binds a water/hydroxo moiety
that is directly involved in catalysis.1a Specifically, the presence
of cysteine sulfur ligation at the mononuclear Zn(II) active site
ions of alcohol dehydrogenase,2 peptide deformylase,3 cytidine
deaminase,4 spinach carbonic anhydrase,5 and at one of the two
active site Zn(II) ions found in the metallo-b-lactamases from B.
fragilis, B. cereus, and A. hydrophila,6 has prompted research
efforts toward the goal of generating Zn(II) complexes,
supported by a mixed nitrogen/sulfur coordination environ-
ment, that possess an available coordination position for water/
hydroxo binding.7 However, despite the construction of several
new ligand systems, a discrete zinc hydroxide species supported
by a metal coordination sphere possessing sulfur donors has
remained elusive, in part because of the tendency of thiolate
ligands to produce oligomeric structures.8 Herein we describe
the synthesis and structural characterization of the first zinc
hydroxide complex supported by a mixed nitrogen/sulfur ligand
environment.

Reasoning that hydrogen bonding interactions might prove
useful toward the stabilization and isolation of a nitrogen/sulfur-
ligated zinc hydroxo species,9 we prepared a new ligand system,
N-bis-2-(methylthio)ethyl-N-(6-neopentylamino-2-pyridyl-
methyl)amine (bmnpa, Scheme 1), that combines a nitrogen/
sulfur coordination environment with a secondary amine
functionality that may serve as a hydrogen bond donor in metal
complexes. As shown in Scheme 1, this ligand was prepared via
a two-step reaction sequence. Treatment of 2-pivalolylamido-

6-aminomethylpyridine10 with 2 equivalents of 1-bromo-
2-methylthioethane yielded N-bis-2-(methylthio)ethyl-N-
(6-pivalolyamido-2-pyridylmethyl)amine (bmppa) in 61%
yield.‡ Reduction of bmppa with LiAlH4 in THF-pyridine
followed by purification by column chromatography yielded the
desired bmnpa ligand.‡ Zinc complexation of bmnpa was
achieved via admixture of equimolar amounts of bmnpa,
Zn(ClO4)2·6H2O and KOH (Scheme 2) in methanol at ambient
temperature followed by crystallization from MeCN–Et2O,
which produced a colorless crystalline material with an
analytical composition consistent with the empirical formula
[(bmnpa)Zn(OH)]ClO4 1.§¶ It is notable that in the absence of
added KOH, a different zinc complex is generated. Specifically,
treatment of bmnpa with Zn(ClO4)2·6H2O in MeOH followed
by crystallization from MeCN–Et2O yielded [(bmnpa)Zn(ClO-
4)](ClO4) 2 (Scheme 2), which deposited as plate-type crys-
tals.§¶

X-Ray crystallographic analysis of 1 revealed an asymmetric,
dinuclear nitrogen/sulfur-ligated zinc hydroxide structure (Fig.
1, top), with only one of the two available thioether sulfur
donors ligated to each Zn(II) center. The five-coordinate zinc
ions, which are related by an inversion center, exhibit a slightly
distorted trigonal bypyramidal geometry (t = 0.80)11 with the
pyridyl nitrogen [Zn(1)–N(2) 2.068(3) Å], a thioether sulfur
[Zn(1)–S(1) 2.514(1) Å] and a hydroxide oxygen atom [Zn(1)–
O(1) 1.974(3) Å] occupying equatorial positions. The observed
Zn(1)–O(1) bond length falls within the range (ca. 1.9–2.3 Å) of
distances previously reported for bridging hydroxo moieties in
multinuclear zinc complexes.12 The second zinc oxygen bond
[Zn(1)–O(1A)] is slightly longer [2.028(3) Å] and is a structural
component of a six-membered ring [Zn(1)-O(1A)…H-N(3)–
C(9)–N(2)]13 created by a hydrogen bonding interaction
between the secondary amine hydrogen [N(3)–H] and a lone
pair on the hydroxyl oxygen [O(1A)…N(3) 2.82 Å, O(1A)…H–
N(3) 161.0°].14 Because this intramolecular hydrogen bonding
interaction involves the longer Zn(1)–O(1A) bond, it appears to
contribute toward the stabilization of the asymmetric dinuclear
Zn2(OH)2 core.

Complex 2 is mononuclear in the solid state (Fig. 1, bottom),
adopting a distorted trigonal bipyramidal geometry (t = 0.65)

† Electronic supplementary information (ESI) available: synthesis and
characterization of ligands and complexes. See http://www.rsc.org/supp-
data/cc/bo/b003144p/

Scheme 1

Scheme 2
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with both thioether sulfur atoms of the ligand bound to the Zn(II)
center [Zn–S(1) 2.432(1) Å, Zn–S(2) 2.390(1) Å] in the
equatorial plane. The Zn–S bond distances of 2 fall between
those reported for the monomeric, four-coordinate
[(Ph2CHS)BpBut,Pri]ZnI [2.460(2) Å]7b and [HB(timMe)2pz]ZnI
[2.320(2), 2.352(2) Å]7c complexes, but are slightly shorter than
the Zn–S(1) distance found in 1 [2.514(1) Å]. Located trans to
the apical nitrogen atom in 2 is a coordinated perchlorate anion
[Zn–O(1) 2.174(3) Å]. An intramolecular hydrogen bonding
interaction between the zinc-bound oxygen atom of this anion
and the secondary amine donor [O(1)…N(3) 2.93 Å, N(3)–
H…O(1) 158°] is present in the solid state.

Importantly, the isolation of complex 1 confirms the
feasibility of using ligand systems possessing a single hydrogen
bond donor to stabilize biologically relevant metal hydroxide
species. Evidence for the hydrogen bonding interaction found in
the solid state between the metal-bound hydroxide and the
secondary amine proton [N(3)–H] in 1 remaining intact in
solution is derived from examination of 1H NMR spectra of the
complex obtained in dry CD3CN. Specifically, the N(3)–H 
resonance of 1, which is found as a broad triplet at d 8.97 (J 6.3
Hz), with the observed multiplicity being indicative of a slow
rate of exchange and coupling with the adjacent methylene unit
[C(13)-H2, d 2.71, d, J 6.3 Hz], is shifted significantly
downfield from the position of the same resonance in the free
ligand [N(3)–H, d 5.01]. This deshielding of the N(3)–H
resonance in 1 indicates a decrease in the electron density
surrounding this proton due to its involvement in a hydrogen
bonding interaction. It is also intriguing that the chemical shift
of the secondary amine proton of the bmnpa ligand is highly
dependent upon the nature of the anions present in zinc
complexes, as 2 exhibits a N(3)–H resonance at d 5.79.

In summary, we have synthesized a new secondary amine-
appended nitrogen/sulfur ligand system and have utilized it to
prepare and structurally characterize the first example of a
nitrogen/sulfur-ligated zinc hydroxide complex. As such, it the
first relevant synthetic complex for the catalytic site of several
nitrogen/sulfur-ligated zinc enzymes that possess a water/
hydroxo moiety that is directly involved in catalysis. The results

outlined herein lay the groundwork for extensive reactivity
studies directed at examining the influence of sulfur ligation on
the reactivity of a zinc hydroxide moiety toward a variety of
biologically-relevant substrates including alcohols, amides and
CO2.

We thank Utah State University for financial support and
John C. Price and Peter Jeppson for assistance in ligand
preparation.

Notes and references
‡ Characterized by 1H and 13C NMR, FTIR, HRFAB-MS and CHN
analysis.
§ Characterized by 1H and 13C NMR, FTIR and CHN analysis.
¶ Crystal data: for 1: C17H32ClN3O5S2Zn, M = 523.4, monoclinic, space
group P21/n, a = 11.5830(3), b = 17.1392(6), c = 12.1278(5) Å, b =
98.964(2)°, V = 2378.25(14) Å3, Z = 4, T = 200 K, m = 1.352 mm21.
Using Mo-Ka radiation (0.71073 Å), a total of 9424 reflections were
collected (5.94 < 2q < 54.98°), of which 5303 were independent.
Refinement converged to R1 = 0.0507, wR2 = 0.1180 (I > 2sI) and R1 =
0.0764, wR2 = 0.1317 (all data). The perchlorate anion was disordered over
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= 16.0431(9), b = 9.2753(3), c = 19.5165(11) Å, b = 111.1170(16)°, V
= 2709.1(2) Å3, Z = 4, T = 200 K, m = 1.301 mm21. Using Mo-Ka
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CCDC 182/1700. See http://www.rsc.org/suppdata/cc/b0/b003144p/ for
crystallographic files in .cif format.
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The reaction of Ru3(CO)6(m-CO)(m3+h2+h3+h5-C12H8)
(physisorbed on SiO2) with CO in the solid state leads to
Ru3(CO)12 and acenaphthylene in quantitative yields; the
Ru3(CO)12 generated in situ is highly mobile leading to a
reduced chemical shielding anisotropy.

The large magnetic anisotropy of carbonyl groups makes the
solid state 13C MAS NMR spectra of metal carbonyls highly
characteristic,1,2 as they show a large number of spinning
sidebands (SSBs) flanking the isotropic peaks. The onset of
molecular motion in the solid state is indicated by the
disappearance of these SSB manifolds. This effect is neatly
illustrated by the comparison of the 13C MAS spectra of
(C6H6)Cr(CO)3 as bulk crystals and included in the cavity of b-
cyclodextrin.3,4 The large mobility of (C6H6)Cr(CO)3 inside the
b-CD cavity appears to be the result of a lack of strong
intermolecular interactions which usually lock organometallic
molecules rigidly in the crystalline state.5

We have previously attempted many solid gas reactions with
clusters. However, in almost all cases the products were
disordered but static on the NMR timescale.6 The subject of this
communication, is the novel enhanced mobility of Ru3(CO)12
on a silica surface, occurring solely when the Ru3(CO)12 is
deposited by the solid state, in situ, carbonylation of
Ru3(CO)6(m-CO)(m3+h2+h3:h5-C12H8) leading to substantial
reduction in the chemical shift anisotropy.

Ru3(CO)6(m-CO)(m3+h2+h3:h5-C12H8) is synthesised by the
previously reported method.† All the samples used were
synthesised using ca. 30% 13CO enrichment.‡ At low tem-
perature the solution spectrum of Ru3(CO)6(m-
CO)(m3:h2:h3+h5-C12H8) shows seven 13CO absorptions, one
(269.3 ppm) in the bridging region and six (205.0, 202.7, 201.7,
193.9, 190.0 and 186.8 ppm) in the terminal region, consistent
with the structure previously proposed.7 Ru3(CO)6(m-
CO)(m3+h2+h3+h5-C12H8) reacts readily in solution with CO
quantitatively affording Ru3(CO)12 and free acenaphthylene.
However, this reaction is considerably inhibited in the solid
state at room temperature. Contrastingly, by physisorbing
Ru3(CO)6(m-CO)(m3:h2:h3:h5-C12H8) on a surface of SiO2
(Sigma; 450–550 m2 g21 surface area, 10% coverage of the
silica surface) the same reaction occurs readily. After 5 min at
RT under 100 Torr of CO, 7 mg of Ru3(CO)6(m-
CO)(m3+h2+h3+h5-C12H8) was transformed into Ru3(CO)12 and
acenaphthylene (IR spectrum, KBr disk).8

Therefore we decided to further investigate this process by
13C solid state NMR spectroscopy. The 13C CP-MAS spectrum
of Ru3(CO)6(m-CO)(m3+h2+h3+h5-C12H8) shows the bridging
carbonyl at 270 ppm while the six terminal CO resonances
overlap in three broad signals at 205, 190 and 185 ppm
respectively. As has been previously observed for a number of
examples the SSB pattern of bridging CO resonances is quite
different from that of the terminal CO resonances.9 This
difference may be explained in terms of the reduced chemical
shift anisotropy of the bridging CO ligands in respect to the
terminal CO ligands, thus providing further confirmation for the
assignments.

The 13C CP-MAS spectrum of Ru3(CO)6(m-CO)-
(m3+h2+h3+h5-C12H8), physisorbed on SiO2 displays close
similarity with the corresponding 13C CP-MAS spectrum of the
crystalline compound [Fig. 1]. On following the reaction of CO
with Ru3(CO)6(m-CO)(m3:h2+h3+h5-C12H8)/SiO2 by 13C-{1H}
HPPD-MAS (high power proton decoupled—magic angle
spinning) there is a progressive decrease in the intensity of the
resonances of the starting material, which are in turn replaced by
an intense peak at 199.8 ppm which is unambiguously assigned
to Ru3(CO)12.

The most striking feature of the 13C MAS spectrum of the
reaction products is the totally unprecedented absence of any
SSB manifold flanking the carbonyl resonance of Ru3(CO)12
[Fig. 2(c)]. This indicates that Ru3(CO)12 produced in situ on
the surface of the silica possesses a very high mobility on the
NMR time scale as compared with that of the normal bulk
Ru3(CO)12 [Fig. 2(a)].10 In order to gain a fuller understanding
of the causes and the generality of this uniquely enhanced
mobility we carried out further experiments: (a) the physisorb-
tion of Ru3(13CO)12 and acenaphthylene on silica; (b) the
reaction of Ru3(CO)11(MeCN) on silica with CO to form
Ru3(CO)12 in situ; (c) the physisorbtion of an identical amount
of Ru3(CO)12 to that used in (a) directly onto silica. In all three
cases the presence of Ru3(CO)12 was confirmed by solid state
IR spectra (KBr disk). However, in none of the three cases was
the absence of sidebands, in the MAS spectra, reproduced. This
indicates that the fast molecular motion was absent in the
Ru3(CO)12 obtained in all three of these experiments. The most
striking spectrum is that obtained from the direct physisorbtion
of Ru3(CO)12 onto silica: the 13C MAS experiment [Fig. 2(b)]
carried under identical conditions to highly mobile Ru3(CO)12
on silica produces no discernible signal. This is due to two
factors; firstly all the signals of crystalline Ru3(CO)12 (dis-
persed over 350 ppm) are averaged into one signal in the highly
mobile Ru3(CO)12, and secondly the relaxation properties of the
highly mobile Ru3(CO)12 are more favourable. The most
plausible explanation for the motion of Ru3(CO)12 obtained

Fig. 1 13C HPPD MAS spectrum of a 13CO enriched sample of Ru3(CO)6(m-
CO)(m3+h2+h3+h5-C12H8) supported on SiO2: 67.8 MHz, spinning speed
3200 Hz, 500 scans (* denotes isotropic peaks).
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from Ru3(CO)6(m-CO)(m3:h2+h3+h5-C12H8) with CO on SiO2
surface is that Ru3(CO)12 and C12H8 formed are unable to yield
microcristalline aggregates. This would fully account for the
lack of the observed SSB manifold in the solid state experi-
ments.

T1 measurements on a 13CO enriched sample of the highly
mobile Ru3(13CO)12/acenaphthylene/silica samples were car-
ried out. The experiments, although carried out in the solid state,
were performed using a commercial solution spectrometer
(operating frequency 100.5 MHz for 13C) in normal 5 mm
solution tubes and a standard solution probehead. The fact that
the signal was observable in this way indicates just how fast the
molecular motion is in order to average the shielding anisotropy
to this extent. At ambient temperature the measured T1 is
markedly shorter than that found for the same compound in

solution at the same magnetic field strength (350 ms vs. 4280
ms) indicating that the extent of motion occurring in the solid
state system is significantly lower than that occurring in a highly
mobile liquid phase.

An analysis of T1 versus temperature shows that there is an
incipient minimum value at 250 K, from which it is possible to
obtain an estimate of the molecular reorientation time. By using
this calculated tc value and assuming that the observed T1 is
determined mainly by the chemical shift relaxation pathway,11

it is possible to obtain a Ds value of 350 ppm that is not
dissimilar to the values reported in literature measured re-
spectively from wideline,1 MAS12 and variable field-solution
state experiments.10 On fitting the observed T1 vs. temperature
data an activation energy of 16.9 kJ mol21 for the molecular
reorientational motion of Ru3(CO)12 in this system is ob-
tained.
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Fig. 2 13C HPPD MAS spectrum of (a) crystalline Ru3(CO)12, 240
transients, 5 kHz; (b) Ru3(CO)12 physisorbed on silica, 240 transients, 5
kHz; (c) Ru3(CO)12 on silica obtained by the reaction of Ru3(CO)6(m-
CO)(m3+h2+h3+h5-C12H8) physisorbed on SiO2 with 13CO: 67.8 MHz,
spinning speed 5300 Hz, 24 scans. The net amount of Ru3(CO)12 on the
silica in samples (b) and (c) is identical.
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The silylene Si[(NCH2But)2C6H4-1,2] 1 inserts into the Li–Si
bond of Li[Si(SiMe3)3](thf)3 to afford the new silyllithium
compound Li[(1)Si(SiMe3)3](thf)2 2, whereas 1 with
K[N(SiMe3)2] yields the amidopotassium compound
K[N(SiMe3){(1)(SiMe3)}](thf)x [x = 0 (3a) or 3 (3b)]; the X-
ray structures of the crystalline mononuclear complex 2 and
the polymeric aggregate 3a are reported, and NMR spectra
show that in solution 2 is in equilibrium with its factors.

We report the first examples of reactions of a divalent, two-
coordinate group 14 element compound EX2, which with an
anionic reagent MXA yield four-coordinate E-atom adducts. For
the present, they relate to systems in which EX2 is the thermally
stable silylene 11 and MXA is Li[Si(SiMe3)3](thf)3 A or
K[N(SiMe3)2]. Although these reactions took place under mild
conditions, their outcome was different (Scheme 1). Thus, the
1+1-adduct was the product of insertion in the former case, but
a rearranged product in the latter. They were isolated as (i) the
crystalline, mononuclear bis(thf)[(sisyl)silyl]lithium complex
2; and (ii) the solid bis(thf)potassium amide 3, which upon
recrystallisation gave the polymeric neutral donor-free po-
tassium amide 3a and the tris(thf) complex 3b. The molecular
structures of 2, 3a and 3b have been determined;‡ discussion of
3b is deferred to the full paper, as is the formation of the Li
analogue of 3 from Li[N(SiMe3)2] and 1.

Each of the yellow (2) or colourless (3 and 3b) complexes
gave satisfactory microanalyses. The EI-mass spectra of 3 and
3a were identical and, as for 2, the major m/z peaks
corresponded to the appropriate fragments: [anion]+ and [anion
2 But]+.

In solution, the lithium complex 2 was shown to be in
equilibrium with its precursors, as demonstrated particularly
clearly by VT 29Si{1H}-NMR spectra. Thus, dissociation was
complete at ambient temperature, but was negligible at 213 K;
a 1J(29Si7Li) was not observed, probably due to the fast
exchange process. Complex 3b retained its structural integrity
at 298 K. The data, with those for 1,1 Li[Si(SiMe3)3](thf)3,2

Li[N(SiMe3){Si(SiMe3)3}]3 B and Li[Si(Ph)(NEt2)2](thf)3,4 are
shown in Table 1.

Complex 2 (Fig. 1) has the lithium atom in a three-coordinate,
distorted trigonal-planar environment. The silyl anion is
pyramidal at the Si(1) atom with respect to its contiguous Si(2),
N(1) and N(2) atoms; the sum of the angles subtended by these
three neighbouring atoms is low, 295.4°, as a consequence of
the small bite angle of the adjacent chelating ligand; cf. 307.2°
in Li[Si(SiMe3)3](thf)3 A2 and 309.8° in Li[Si(Ph)(NEt2)2](thf)3
C.4 The Li–Si(1) distance of 2.609(4) Å in 2 is slightly shorter
than the 2.644(12) Å in A or 2.732(7) Å in B. The Si(1)–Si(2)
bond length of 2.493(1) in 2 is longer than the mean Sia–Siß
bond length of 2.330(2) Å in A. The mean Si–N bond length of
1.801(3) Å in 2 [1.800(4) Å in 3a] is longer than the 1.75(1) Å
in 1, and the N(1)–Si(1)–N(2) bond angle of 87.25(8)° is
slightly more acute than the 88.2(1)° in 1, or the 88.15(6)° in
3a.

The potassium amide 3a comprises mononuclear units (Fig.
2), each linked to its neighbours by close K···CA(17)H3 [3.268(2)
Å] and K···h3-C6H4 [mean K···CA(o, m, m’) 3.17 Å] contacts
(Fig. 3). Similar intermolecular contacts are known in various
potassium amides and alkyls.5 Associated with K···CA(17)H3 is

† No reprints available.

Scheme 1 Synthesis of the alkali metal complexes 2, 3, 3a and 3b. Reagents
and conditions: i, [Li{Si(SiMe3)3}(thf)3], C6H14, 230 °C; ii, 1

2

[KN(SiMe3)2]2, thf, 230 °C; C6H14–thf, 0 °C (3a), 225 °C (3b); iii, 3a (at
ca. 20 °C), 3b (at 225 °C) recrystallised from hexane–thf solution.

Table 1 29Si NMR spectroscopic chemical shifts for 1–3 and related
compounds

d(29Si)

Complex (conditionsa) a-Si b-Si g-Si

[Li{Si(SiMe3)3}(thf)3]2 A 2189.4 25.2
1 96.2
2 60.1 29.35 24.5

[94.5 (1) 25.3]
3a 219.5 223.0 226.2
Li[N(SiMe3){Si(SiMe3)3}]3 B 27.1 249.3 218.0
Li[Si(Ph)(NEt2)2](thf)3

4 C 27.9
a Solvent (T/K): A, C7D8 (298); 1, C6D6 (298); 2, C7D8–thf (213, [298]); 3a,
C7D8–thf (298); B, C6D6 (303); C, thf (273).

Fig. 1 Crystal structure of 2.
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the narrower Si(1)–Si(2)–C(17) angle of 105.84(7)°, compared
with the mean of Si(1)–Si(2)–C(18 or 19) of 113.7(3)°. The
amido nitrogen atom N(3) is in a planar environment, the Si(1)–
N(3)–Si(3) angle of 144.40(9)° being only ca. 10° narrower
than that in the separated [N(SiPh3)2]2 anion of [Li(12-crown-
4)2][N(SiPh3)2]·thf,6 but much wider than the 136(1)° in
[K{N(SiMe3)2}(thf)2].7 The N–Si bond lengths of 1.64(1) Å in
the latter is close to the 1.6302(13) Å for Si(1)–NK in 3a, but is
significantly shorter than the Si(3)–NK bond length, 1.6739(14)
Å. The N–K distance of 2.6938(14) Å in 3a is unexceptional; cf.
2.70(2) Å in {K{N(SiMe3)2}(thf)2].7

The pathways to 2 or 3, from 1 and Li[Si(SiMe3)3](thf)3 or
K[N(SiMe3)2], probably require that in the first step the silylene
1 behaves as a nucleophile yielding the appropriate adduct

X2E+MXA (4a or 4b). Complex 2 is presumed to arise from 4a
by insertion of XA into the E–M bond, and a similar step from 4b
would yield 5. Complex 3 is believed to be formed by a final
Me3Si shift from the N to Si, either from 5 (a 1,2-shift; cf. the
transition state 6) or 4b (a 1,3-shift). Although anionic
trimethylsilyl shifts are well documented,8 this, we believe, is
the first N?Si example. Precedents for X2E+MXA adducts in
group 14 element chemistry include (i) silylene–(Ni0 or PtII)
complexes such as [Ni(1)4] and trans-[Pt{(1)Cl2}2(1)2]9 and (ii)
carbene–(MXA) complexes such as [Li{C[N(But)CHCHN-
But]}{h5-C5H2(SiMe3)3-1,2,4}]10 and [K{C[N(Pri)(CH2)3N-
Pri]}{m-N(SiMe3)2}]2,11 and (iii) stannylene–MCp complexes
such as SnCp2(m-Cp)Na from SnCp2 + NaCp.12 Alternative
EX2/MXA reactions have led to X/XA exchange as in (i) SnCp2 +

LiN(SiMe3)2 yielding Sn(Cp)[N(SiMe3)2](m-Cp)Li(pmdeta),13

and (ii) SnCp*2 + Li[CH(SiMe3)2] affording Sn[CH(SiMe3)2]2
+ LiCp*.14 Insertion reactions of 1 into O–H, C–I, GeII–N, SnII–
C, SnII–N or PbII–N bonds have been reported, as with
MA[N(SiMe3)2]2 to give MA[1{N(SiMe3)2}]2 (MA = Sn 7 or
Pb).15 The rearrangement 5? 3 cannot be due to the lability of
the anion {(1){N(SiMe3)2}]2, since it is found in 7 as a ligand.
We suggest that 3 may be favoured, at least in part, by the strong
Si–Si bond, as evident by its short [2.359(1) Å in 3a] bond
length, comparable with the av. Si–Si bond distance of 2.379 Å
in 2. However, according to bond dissociation energy data a
migration of Me3Si from nitrogen to silicon is unexpected.16

The facile dissociation of 2 is probably due to steric constraints,
consistent with the long Si–Si(SiMe3) bond of 2.493(1) Å and
the narrow N–Si–Si angles, av. 103.9(6)°.

The present results significantly extend the already sub-
stantial boundaries of silylene reaction types. From work in
progress, we anticipate that several new silicon-centred ligands
[(1)XA]2 (that in 2 being a forerunner) will become available for
use for a wide range of metals, and that the exceedingly bulky
amido ligand present in 3 will find a useful role.

We thank the EPSRC for an Advanced Fellowship for B. G.,
the Free University of Amsterdam for support for J. C. S., and
Dr A. G. Avent for the 29Si NMR spectroscopic data.

Notes and references
‡ Crystallographic data: for 2: C33H69LiN2O2Si5, M = 673.29, mono-
clinic, space group P21/n (no. 14), a = 12.8306(11), b = 18.4336(13), c =
18.7237(15) Å, b = 96.161(4)°, U = 4402.8(6) Å3, Z = 4, m = 0.19 mm21,
T = 173(2) K, 7659 unique reflections (Rint = 0.060), R1 = 0.052 for 5962
reflections with I > 2s(I), wR2 = 0.138 for all reflections.

3a: C22H44KN3Si3, M = 473.97, monoclinic, space group P21/n (no. 14),
a = 13.4645(4), b = 12.7533(3), c = 16.5858(3) Å, b = 91.759(2)°, U =
2846.7(1) Å3, Z = 4, m = 0.33 mm21, T = 173(2) K, 6689 unique
reflections (Rint = 0.044), R1 = 0.039 for 5363 reflections with I > 2s(I),
wR2 = 0.097 for all reflections.

CCDC 182/1688. See http://www.rsc.org/suppdata/cc/b0/b003833o/for
crystallographic files in .cif format.
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Crystal structure of a parachute-like hydrogen bonded complex
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Tripodal ligand 1,3,5-tris(1-methylimidazol-2-ylmethyl)-
2,4,6-trimethylbenzene (3) forms a parachute-like non-
covalent complex with zinc tetrachloride, 5·[Zn2Cl6]0.5,
where the imidazoles of the ligand are protonated and bind
to the metal ion through NH···Cl hydrogen bonds.

Although biological systems efficiently organize simple units
into aggregates with intricate and wonderful functions by non-
covalent interactions, self-assembly of frameworks with spe-
cific topology, interesting properties and functions is still a
challenge for chemists.1 A number of hydrogen-bonded ag-
gregates have been obtained by self-organization of organic or
organic–inorganic components.1–3 We herein report a para-
chute-like complex obtained by assembly of organic tripodal
ligand 1,3,5-tris(1-methylimidazol-2-ylmethyl)-2,4,6-trime-
thylbenzene (3) and inorganic zinc tetrachloride. In this
complex, protonation of the  imidazoles of the ligand and its
binding to the metal ion through NH…Cl hydrogen bonds
provides a good example of a dual role for a single ligand.

We are currently engaged in the systematic study of self-
assembly of tripodal ligands 1–4 (Scheme 1) with various metal
ions and are investigating the influence of linkage mode of
bridging ligands on the assembly process of supramolecular

complexes.4 Up to now, tripodal ligands 1 and 2, and others also
having benzene or other arene as the ring core such as
2,4,6-tris(4-pyridyl)-1,3,5-triazine, 1,3,5-tris(pyrazol-1-ylme-
thyl)-2,4,6-triethylbenzene have been reported to form poly-
meric networks or multinuclear metallocages with metal ions.4,5

The ligand 3 was demonstrated for the first time to form a
parachute-like non-covalently bonded complex with zinc tetra-
chloride. [ZnCl4]22 has been used as a counterion for
crystallization of Ru(II) and Co(II) complexes.6,7 In the present
complex, this anion binds to 3 through NH…Cl interactions in
which the Cl atom acts as an acceptor of hydrogen bonds.

Assembly of 3† with ZnCl2 in hydrochloric acid solution
gave the hydrogen bonded complex, 5·[Zn2Cl6]0.5 (Scheme 1).‡
As shown in Fig. 1,§ all three imidazole groups of 3 are
protonated which was confirmed by IR spectral measurements.
The distances between each imidazole proton and Cl(12) ranges
from 2.32 to 2.45 Å which indicates the presence of triple N–
H…Cl hydrogen bonds. Therefore, 5 looks like a parachute in
which [ZnCl4]22 acts as an appending group. The atom Cl(12)
is located under 3 with a distance of 3.43 Å between Cl(12) and
the center of the benzene ring plane. Two adjacent molecules of
5 with normal and upside down orientations linked by hydrogen
bonds are illustrated in Fig. 2(a). There are four additional
hydrogen bonds in each [ZnCl4]22 unit excluding the triple N–
H…Cl(12) bonds described above: C(14)–H…Cl(11)
[rC(14)–Cl(11) = 3.517(8) Å], C(11A)–H…Cl(11) [rC(11A)–Cl(11)
= 3.707(6) Å], C(54)–H…Cl(13) [rC(54)–Cl(13) = 3.602(7) Å]
and C(101A)–H…Cl(14) [rC(101A)–Cl(14) = 3.768(8) Å].  The
unit shown in Fig. 2(a) can be repeated and joined by

Scheme 1 Reagents: i, ZnCl2 + HCl; ii, Ru(DMSO)4Cl2. For details see
notes of preparations.

Fig. 1 Crystal structure of 5, thermal ellipsoids are drawn at 50% probability
and the N–H…Cl hydrogen bonds are indicated by dashed lines. Selected
bond lengths (Å) and angles (°): Zn1–Cl11 = 2.269(1), Zn1–Cl12 =
2.360(1), Zn1–Cl13 = 2.242(2), Zn1–Cl14 = 2.249(2), N12–Cl12 =
3.199(4) [H1–Cl12 = 2.32], N32-Cl12 = 3.194(5) [H2-Cl12 = 2.40],
N52–Cl12 = 3.254(5) [H3–Cl12 = 2.45]; N12–H1–Cl12 = 163, N32–H2–
Cl12 = 154, N52–H3–Cl12 = 162, Cl12–Zn1–Cl11 = 104.64(5), Cl12–
Zn1–Cl13 = 105.86(6), Cl12–Zn1–Cl14 = 108.23(6), Cl11–Zn1–Cl13 =
113.71(6), Cl11–Zn1–Cl14 = 110.28(6), Cl13–Zn1–Cl14 = 113.49(6).
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[Zn2Cl6]22 through hydrogen bonds to generate an infinite one-
dimensional chain [Fig. 2(b)]: C(301A)–H…Cl(22)
[rC(301A)–Cl(22) = 3.620(8) Å] and C(21A)–H…Cl(22)
[rC(21A)–Cl(22) = 3.530(8) Å].

Another coordination mode of such a tripodal ligand is the
encapsulation of the metal ion with additional coordination to
the benzene ring as demonstrated by Hartshorn and Steel.6 We
are also studying the reactions of 3 with other metal salts. The
reaction between 3 and Ru(DMSO)4Cl2 was investigated by
electrospray mass (ES-MS) spectrometry and NMR spectros-
copy.¶ Four main peaks at m/z 202.3, 252.3, 403.4 and 420.8
were observed which correspond to [3 + 2H]2+, [Ru(3)]2+, [3 +
H]+ and [3 + H2O + H]+, respectively. All these assignments
were confirmed by good agreements between the observed and
calculated isotopic distributions. The results of ES-MS imply
that only the mononuclear Ru(II) complex is formed by the
reaction of 3 with Ru(DMSO)4Cl2. In the 13C NMR spectrum of
6·Cl2,  the benzene ring carbons were shifted upfield by ca. 32
ppm compared with the corresponding signals of 3. The NMR
study suggests the coordination of Ru to the benzene ring of 3.6¶
This means that 3 may encapsulate the Ru(II) ion (6) as shown
in Scheme 1.

In conclusion, the present study shows that the novel tripodal
ligand 3 can append to the metal ion through non-covalent
interactions and encapsulate the metal ion through chelation and
h6-arene coordination.

The authors are grateful for funding from the National Nature
Science Foundation of China for financial support of this
work.

Notes and references
† The ligand 3 was prepared from 1,3,5-tris(bromomethyl)-2,4,6-tri-
methylbenzene, 1-methylimidazole and n-BuLi using standard Schlenk
techniques in 45% isolated yield. dH(CDCl3): 7.05 (s, 3H), 6.91 (s, 3H), 4.24
(s, 6H), 3.90 (s, 9H), 2.07 (s, 9H).
‡ Experimental: a solution of 3 (40.2 mg, 0.1 mmol) in MeOH (5 ml) was
added to a 1 M HCl (10 ml) solution of ZnCl2 (40.8 mg, 0.3 mmol) at room
temperature. The mixture was filtered after stirring for about 10 min and the
filtrate was stood at ca. 40 °C for several days. Light yellow crystals were
collected in ca. 60% yield. Macroanal. Found: C, 36.64; H, 4.22; N, 10.66.
C24H33N6Cl7Zn2 requires C, 36.75; H, 4.24; N, 10.71%. dH(D2O, 298 K):
7.32 (s, 3H), 7.12 (s, 3H), 4.42 (s, 6H), 3.83 (s, 9H), 2.05 (s, 9H).
§ Crystal data for 5·[Zn2Cl6]0.5 (C24H33N6Cl7Zn2): M = 784.50, triclinic,
space group P1̄, a = 13.593(4), b = 13.788(4), c = 10.821(3) Å, a =
108.41(2), b = 112.25(2), g = 104.09(2)°, U = 1621(1) Å3, Z = 2, Dc =
1.606 g cm23, m = 2.081 mm21, F(000) = 796, T = 296(1) K. The data
collection was carried out on a Rigaku AFC5R four-circle diffractometer by
w 2 2q scan techniques using graphite-monochromated Mo-Ka radiation
(l = 0.7107 Å). Total 7720 reflections were collected of which 7408 are
independent (Rint = 0.017). The structure was solved by direct methods
with SIR92 and refined by full-matrix least-squares calculations. The final
R1 = 0.0431[I > 2s(I)], max., min. residual density: +0.80, 20.96 e Å23.
CCDC 182/1693. See http://www.rsc.org/suppdata/cc/b0/b003694n/ for
crystallographic files in .cif format.
¶ A solution of 3 (40.2 mg, 0.1 mmol) and Ru(DMSO)4Cl2 (48.9 mg, 0.1
mmol) in EtOH–H2O (1+3, 15 ml) was refluxed for 10 h. After filtration, the
filtrate was stood at room temperature for several days and a brown powder
was obtained. dH(D2O, 313 K): 7.36 (s, 3H), 7.03 (s, 3H), 4.47 (s, 6H), 3.96
(s, 9H), 2.25 (s, 9H).

1 See, for example: F. Zeng and S. C. Zimmerman, Chem. Rev., 1997, 97,
1681. 
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D. N. Chin, M. Mammen and D. M. Gordon, Acc. Chem. Res., 1995, 28,
37; P. N. W. Baxter, J.-M. Lehn, J. Fischer and M.-T. Youinou, Angew.
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Fig. 2 Two adjacent parachute-like molecules with normal and upside down
orientations (a) and one-dimensional chain (b) linked by hydrogen bonds.
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A new open-framework aluminophosphate containing pro-
peller-like chiral motifs has been synthesized solvothermally
using 2-aminopyridine as the structure-directing agent and
its structure is determined by single-crystal X-ray diffrac-
tion.

During recent decades, a large number of microporous
aluminophosphates have been synthesized which exhibit vari-
ous novel framework topologies, as well as analogous structures
with known zeolites.1–3 However, the preparation of chiral
open-framework aluminophosphates, of potentially important
application in asymmetric synthesis and separation, has been
less successful. The introduction of chirality into the open-
framework using traditional template molecules, such as chiral
organic amines, is found to be particularly difficult. However,
recently the employment of chiral metal complexes as template
agents has promoted the formation of a few layered compounds
with chirality or chiral motifs in their porous sheets, such as
GeTex1,4 GeTex2,5 GeTex36 and d-Co(en)3·Al3P4O16·3H2O.7
To our knowledge, there are no three-dimension (3D) open-
framework aluminoposphates with chirality or chiral structural
subunits. Here, we report a novel 3D open-framework alumino-
phosphate (denoted AlPO-CJ4) synthesized using 2-aminopyr-
idine as a structure-directing agent. It consists of propeller-like
chiral motifs with both D and L configurations.

Large single crystals of AlPO-CJ4 were prepared in a gel
system with molar composition 1.0 Al(OPri)3: 2.4 H3PO4: 2.0
2-aminopyridine: 20 2-BuOH. Typically, 1.0 g of finely ground
aluminium triisopropoxide was first dispersed into 9 mL butan-
2-ol solvent with stirring, followed by addition of 0.9 g of
2-aminopyridine. Phosphoric acid (85 wt%, 0.8 mL) was finally
added dropwise to the above reaction mixture with stirring. A
sticky gel was formed, and was transferred into a Teflon-lined
stainless autoclave and heated at 180 °C for 8 days under
autogeneous pressure. The product was filtered off and washed
thoroughly with deionized water and dried at 70 °C. X-Ray
powder diffraction patterns were recorded on a Simens D5005
X-ray diffractometer with Cu-Ka radiation (l = 1.5418 Å).
The experimental powder X-ray diffraction (XRD) pattern of
AlPO-CJ4 accords with the simulated pattern derived from
structural data (Fig. 1), establishing the as-synthesized product
as a single phase.

Inductively coupled plasma (ICP) analysis performed on a
Perkin-Elmer Optima 3300 DV ICP instrument gives Al and P
contents in the product as 11.7 and 25.3%, respectively. This is
in agreement with calculated values of 11.3% and 26.1% based
on the formula of [AlP2O6(OH)2][H3O] revealed by single-
crystal structure analysis. Single crystal structure analysis, as
well as elemental analysis, shows that no 2-aminopyridine is
involved in the product. However, 2-aminopyridine is found to
be necessary for the formation of AlPO-CJ4. If other organic
amines such as 2-methylpyridine are used instead to 2-amino-
pyridine in the reaction mixture, only the dense phase berlinite
is obtained. This demonstrates that the organic additive plays an
important structure-directing role as in case of VPI-5.8

A single crystal of AlPO-CJ4 with dimensions of 0.08 3 0.06
3 0.04 mm was glued to a fine glass fiber and mounted on a

three-circle fixed Siemens diffractometer fitted with a Bruker
SMART CCD detector.

Structure analysis† indicates that AlPO-CJ4 crystallizes in
the P1̄ space group. The structure of AlPO-CJ4 is constructed
by alternation of AlO6 octahedra and PO3(OH) tetrahedra via
vertex oxygen atoms. To our knowledge, this is the first open-
framework AlPO, in which the primary Al building unit is
solely made up of AlO6 octahedra with all six oxygen vertices
being shared by adjacent P atoms. Also, it is the first 3D
aluminophosphate with an Al+P ratio of 1+2, distinct from
previous AlP2O8

32 aluminophosphates with 1D chain9,10 and
2D layer structures.11–13

Interestingly, the structure of AlPO-CJ4 features chiral
propeller-like motifs as found for Co(en)3

3+, as can be seen in
Fig. 2. This chiral motif is formed by Al(2)-centered octahedra
with three cyclic four-membered rings. The O–Al–O bond

Fig. 1 Experimental and simulated powder X-ray diffraction patterns of
AlPO-CJ4.

Fig. 2 A propeller-like chiral motif formed by three cyclic four-membered
rings.

This journal is © The Royal Society of Chemistry 2000
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angles for the three blades of the propeller are 88.85, 88.54 and
92.17°. These chiral motifs are connected with each other to
form a puckered 2D layer parallel to the ab plane, which
contains double crown-like 12-membered rings as shown in Fig.
3. Each 12-membered ring is surrounded by six chiral motifs
with three of D- and three of L-configuration. The 2D layers are
connected via Al(1) atoms lying at inversion centers to form the
3D open-framework ofAlPO-CJ4 (Fig. 4), with interconnecting
8-MR channels along the [100], [010] and [001] directions.

The protonated water molecules, which balance the negative
charge of the framework, are trapped in the channels, and
interact with the terminal oxygens attached to P atoms through

H-bonds with OW…Oterminal distances in the range 2.853–3.086
Å. Energy calculations employing Cerius2 using the Burchart
1.01-Dreiding 2.21 force field14,15 gives the H-bonding inter-
action energy between the framework and occluded water
molecules as 210.0 kcal mol21 per unit cell. It is believed that
the water molecules play an important role in the stabilization of
the open-framework of AlPO-CJ4. By contrast, the structure-
directing agent 2-aminopyridine is too large to be accommo-
dated in the 8-MR channel of AlPO-CJ4 and may be the reason
why 2-aminopyridine is not involved in the structure.

In summary, a novel 3D aluminophosphate compound
consisting of chiral motifs was synthesized from a solvethermal
system using 2-aminopyridine as a structure-directing agent.
Propeller-like chiral motifs are connected to each other and
form a 2D layer and further construct a 3D open-framework via
Al(1) atoms. The discovery of such chiral structural motifs will
open up the possibility for the rational design of chiral
microporous materials.

This work was supported by the National Natural Science
Foundation and Pangdeng Project of China.

Notes and references
† Crystal data for [AlP2O6(OH)2][H3O]: M = 237.96, triclinic, space group
P1̄ (no. 2), a = 7.1177(2), b = 8.6729(2), c = 9.2200(3) Å, a = 65.108(2),
b = 70.521(1), g = 68.504(2)°, U = 469.4(2) Å3, T = 293(2) K, Z = 3,
m(Mo-Ka) = 0.859 mm21, Dc = 2.525 g cm23, 1114 reflections measured,
1107 observed (Rint = 0.0115) which were used in all calculations. The final
wR(F2

all data) was 0.1098 and R(Fall data) was 0.0445. The structure was
solved by direct methods using SHELXL 97.

CCDC 182/1697. See http://www.rsc.org/suppdata/cc/b0/b004200p/ for
crystallographic files in .cif format.
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Fig. 3 2D layer formed by connecting the chiral motifs; D and L indicate the
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Fig. 4 3D open-framework forming by connecting the 2D layers via Al(1)
atoms, viewed along the [100] direction. Water molecules in the channel are
not shown.
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A new kind of nanoreactor has been prepared by the
incorporation of a channel protein into the shell of (polymer-
ized) vesicles formed from an amphiphilic ABA-triblock
copolymer.

A major goal in material science is to miniaturize processes
down to the nanometer level. One typical example is the
formulation of hollow nanoparticles of reproducible size. For
such nanocontainers a widespread range of applications have
been suggested. For example, one can think about chemistry in
a confined volume under controlled conditions, or protection of
guest molecules like enzymes against an hostile outside
environment (e.g. protease). Such an environment requires a
stable shell with a selective permeability.1 In recent years
considerable progress has been made in developing synthetic
approaches to control the size and morphology of such
particles.2 Recently we reported a mild procedure for the
preparation of stable nanocapsules from an amphiphilic poly(2-
methyloxazoline)-block–poly(dimethylsiloxane)-block–
poly(2-methyloxazoline) triblock copolymer (PMOXA-PDMS-
PMOXA) which carried polymerizable groups at both ends.3

This polymer aggregates spontaneously in dilute aqueous
solution into vesicular structures, the sizes of which can be
controlled in the range 50 to 500 nm.3 These aggregates can be
considerably stabilized by a subsequent crosslinking polymeri-
zation of the reactive end groups of the underlying triblock
copolymers. In the resulting nanocapsules all the individual
block copolymers are interconnected via covalent bonds to a
giant ‘supermacromolecule’. Fig. 1 shows a characteristic
cryogenic transmission electron micrograph (Cryo-TEM) of
polymerized triblock copolymer vesicles. The thickness of the
triblock copolymer shells is estimated to be about 10 nm, in
good agreement with previous findings.3,4

Prior to any use of these polymer shells as nanosized reactors
one had to find ways to control their permeability. Here we
suggest the encapsulation of an enzyme. The enzyme should

stay trapped in the interior of the particles while the substrates
should be able to diffuse into, and the products out of, the
nanoreactors. However, owing to their higher hydrophobic
thickness, the triblock copolymer shells are even less permeable
to small hydrophilic solutes than conventional phospholipid
bilayers.4–7

Nature provides a great variety of passive or specific
channels which allow the permeation of specific substrates
across biological membranes. The lipid bilayer serves as a
matrix for such channel proteins. However, many of the
membrane proteins require a specific lipid composition,
hydrophobic thickness or change distribution to be fully
functional. The PMOXA-PDMS-PMOXA triblock copolymer
behaves in aqueous solution in many respects like a higher
molecular weight analogue of conventional lipids.3,4 Therefore,
in order to control the permeation we wanted to make use of
such natural membrane proteins and tried to reconstitute them
into our polymeric nanocapsules. (See Fig. 2 for a schematic
representation of the resulting nanoreactor).

The block copolymer membranes are considerably thicker
than conventional lipid bilayers (d ≈ 5 nm)3–7 due to the larger
size of the underlying block copolymer molecules. The
hydrophobic–hydrophilic pattern of membrane proteins are
naturally optimized with respect to the thinner biological
membranes and the hydrophobic part of channel forming
proteins may therefore be too small to fit through the polymer
membranes. This raises the question of whether the proteins can
preserve their activity within a block copolymer membrane.
However, the high flexibility and the conformational freedom
of the polymer molecules may allow a block copolymer
membrane to adapt to the specific geometric and dynamic
requirements of membrane proteins without considerable loss
of free energy. In such a case it is expected that the protein will
remain functional.

To control the permeability of the nanocapsules we used a
well-characterized nonspecific membrane channel, the bacterial
porin OmpF.8,9 Porins are transmembrane proteins which form
trimeric channels in the outer membrane of Gram-negative
bacteria. These water-filled channels allow passive diffusion of
small solutes like ions, nutrients or antibiotics across the

Fig. 1 Cryo-transmission electron micrograph of polymerized triblock
copolymer vesicles.

Fig. 2 Schematic representation of a b-lactamase-containing nanoreactor
prepared from an amphiphilic triblock copolymer and the porin OmpF.
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membrane. Molecules with a molecular weight above 400 Da
are sterically excluded.

The procedure used to prepare the nanoreactors was analo-
gous to that of the (polymerized) triblock copolymer vesicles
described previously.3 Although the porin could also be
incorporated into performed vesicles the following procedure
turned out to be more convenient. A stock solution of the porin
(13.3 mg mL21 in 1 wt% octylpolyoxyethylene, 100 nM NaCl
and 10 mM HEPES,† pH 7.4) was mixed with a 17 wt%
solution of the triblock copolymer (Mn = 9000 Da) in ethanol
to a final molar ratio of 1+1000 (protein+polymer). For
encapsulation of the enzyme in the interior of the porin-
containing vesicles, the clear and homogeneous solution was
slowly added to an aqueous b-lactamase solution (0.024
mg mL21 in 10 mM HEPES, 100 mM NaCl, pH 7.4) to a final
triblock copolymer concentration of 1 wt%. Then the resulting
dispersion was repeatedly extruded through filters of a defined
pore size (Nucleopore filters (Millipore); pore width 200 nm).
This gave rather monodisperse triblock copolymer vesicles with
an average diameter of 250 nm.3 Non-encapsulated protein was
removed chromatographically (Sephadex G-200) from the
porin-containing vesicles. If desired, a crosslinking polymeriza-
tion of the methacrylate end-groups of the underlying triblock
copolymers could subsequently be initiated by irradiating the
vesicles dispersion for 2 min with UV-light. Previous investiga-
tion had shown that under these conditions the conversion of the
methacrylate end-groups is > 90%.3

It is well-known that the enzyme b-lactamase is able to
hydrolyze b-lactam antibiotics like ampicillin. This reaction can
be used to assay, via a secondary reaction, the activity of the
enzyme.10,11 In contrast to ampicillin, the product of the
hydrolysis (the ampicillinoic acid) can reduce iodine to iodide.
This can readily be monitored by micro-iodometry, i.e. via the
decolorization of a starch–iodine complex.10,11

In the present system the enzyme is immobilized in the
aqueous core domain of the nanocapsules. Consequently, prior
to hydrolysis the ampicillin has to enter the interior of the
polymer particles. To check the functionality of the system we
added 10 mL of a 1 mM ampicillin solution (in 10 mM HEPES,
100 mM NaCl, pH 7.4) to the nanoreactor dispersion and
incubated the resulting mixture for 30 min. Starch-iodine
reagent was prepared by mixing 5 mL of a 8 mM iodine, 320
mM potassium iodide solution with 20 mL 1 M sodium
wolframate in 2 M acid acetic and then adding 5 mL of 2 wt%
soluble starch which had been dissolved in 1 M acetic acid by
gentle boiling for 3 min. Subsequently 0.5 mL of the starch–
iodine reagent was added to the reaction mixture and the
absorbance of the starch–iodine complex at 623 nm was
measured as a function of time.10,11 The results are shown in
Fig. 3 together with the control experiments for the free, non-
encapsulated enzyme and nanocapsules without OmpF chan-
nels. It is important to note that within the experimental error the
results before and after polymerization of the triblock copoly-
mer shells were always the same and subsequently discussed
together.

For the nanocapsules made in the absence of porin the
absorbance remained constant over the time course of the
experiment. As expected, the ampicillin is not able to diffuse
across the thick triblock copolymer shells. It is not therefore
hydrolyzed by the enzyme and the iodine is not reduced. In
contrast to that for the OmpF-containing nanoreactors the
absorbance of the complex decreases slowly with time due to
the reduction of the iodine. Obviously the channel protein
remains functional despite the extreme thickness of the triblock
copolymer shells and even the crosslinking polymerization of
the reactive triblock copolymers does not affect its conforma-
tion. This is in agreement with systematic investigations on
membrane proteins reconstituted into planar triblock copolymer
membranes.4

Inspection of Fig. 3 shows that the reaction rate of
encapsulated enzyme is lower than in the control experiment
using free enzyme. This is due to the slow diffusion of the
ampicillin and the ampicillinoic acid through the rather limited

number of narrow OmpF channels in the shells of the
reactors.

In conclusion, we have shown that functional OmpF channels
can be incorporated into the shells of triblock copolymer
vesicles. Despite the artificial surrounding within such a
polymerized triblock copolymer shell the functionality of the
membrane protein is fully preserved. These channels therefore
allow a direct access to enzymes encapsulated in the interior of
these vesicles. We are currently investigating the extension of
this principle to other enzymes and other transport proteins,
with the goal of substrate-specific nanoreactors which could
find interesting applications in areas like drug delivery or
catalysis.

We thank Drs Patrick van Gelder and Alexandra Graff for
stimulating discussions. Financial support to the Swiss National
Science Foundation is gratefully acknowledged.
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Angew. Chem., Int. Ed. Engl., 1998, 37, 2201; O. Emmerich, N.
Hugenberg, M. Schmidt, S. S. Sheiko, F. Baumann, B. Deubzer, J. Weis
and J. Ebenhock, Adv. Mater., 1999, 11, 1299; S. Stewart and G. J. Liu,
Chem. Mater., 1999, 11, 1048; H. Huang. E. E. Remsen, T. Kowalewski
and K. L. Wooley, J. Am. Chem. Soc., 1999, 121, 3805.

3 C. Nardin, T. Hirt, J. Leukel and W. Meier, Langmuir, 2000, 16,
1035.

4 C. Nardin, M. Winterhalter and W. Meier, Angew. Chem., submitted.
5 B. M. Disher, Y.-Y. Won, D. S. Ege, J. C. M. Lee, F. S. Bates, D. E.

Disher and D. A. Hammer, Science, 1999, 284, 1143.
6 D. D. Lasic, in Liposomes: From Physics to Application, Elsevier

Science Publications B. V., Amsterdam, 1993.
7 A. Diederich, M. Strobel, W. Meier and M. Winterhalter, J. Phys.

Chem., 1999, B103, 1402.
8 H. Nikdaido, Molecular Microbiology, 1992, 6(4), 435.
9 B. Eisenberg, Acc. Chem. Res., 1998, 31, 117.

10 W. Zimmermann and A. Rosselet, Antimacrobial Agents and Chemo-
therapy, 1977, 12(3), 368.

11 R. P. Novick, Biochem. J., 1962, 83, 236.

Fig. 3 Time profile of the absorbance of the starch–iodine complex at 623
nm after 30 min incubation in the presence of 10 mL of a 1 mM ampicillin
solution (10 mM HEPES, 100 mM NaCl, pH 7.4). +: poly(2-methyloxazo-
line)–poly(dimethylsiloxane)–poly(2-methyloxazoline) triblock copolymer
(PMOXA-PDMS-PMOXA) nanoreactors; :: control with free, non
encapsulated enzyme; /: control with PMOXA-PDMS-PMOXA nano-
capsules without OmpF channels.
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The novel silver(I) triple salts AgCN·AgF·4AgCF3CO2·2L (L
= MeCN or 2H2O) exhibit the same type of layer structure,
in which [F@Ag6] units each representing a fluoride-centred
octahedral silver cage are interconnected by m4-
kC,kC+kN,kN-cyanide and m4-O,O+OA,OA-trifluoroacetato
bridges.

Current interest in cyanide-bridged one-, two- and three-
dimensional complexes is focused on not only their structural
variety but also their unusual magnetic and electrical proper-
ties.1 In contrast to the common usage of soluble [Ag(CN)2]2 in
the construction of coordination networks, we choose to
combine AgCN with soluble silver salts to form crystalline
double salts, anticipating that in such a silver-rich environment
the cyanide ligand may display unusual bridging modes that
lead to the formation of novel 2D or 3D coordination networks.
This strategy has yielded a variety of silver(I) double salts of the
general formula mAgY·nAgZ·xL (Y, Z = anions; L = solvate
molecule that may be present).2–5 Interestingly, when we
attempted to synthesize double salts of the type mAgCN·n-
AgCF3CO2, an unexpected product AgCN·AgF·4AgCF3CO2·
2MeCN 1 was obtained and structurally characterized. Subse-
quently, another closely related triple salt AgCN·AgF·4AgCF3-
CO2·2H2O 2 was accessible by a simple route.

Compound 1 was obtained by dissolving AgCN in an
aqueous solution of CF3CO2Ag and AgBF4 in the presence of
acetonitrile.‡ Deliberate addition of AgBF4 into the solution
was intended to increase the Ag+ concentration to the threshold
that is necessary for dissolving AgCN. Although thermal
decomposition of CF3CO2Ag can release AgF,6 AgBF4 is more
likely the source of F2 in the product. It has been demonstrated
that, in some instances, decomposition of BF4

2 into F2 and BF3
(presumably coordinated to ligand or solvent molecules) can
occur in the reactions of transition metal (also including silver)
tetrafluoroborate derivatives.7 Repeating the preparative proce-
dure using AgF instead of AgBF4 improved the yield of 1 and
resulted in the formation of 2.

Single crystal X-ray analysis§ revealed that 1 has a layer
structure, a portion of which is illustrated in Fig. 1. The F2 ion
located at an inversion center is surrounded by six Ag(I) atoms
in the form of a slightly elongated octahedron. The Ag–F
distances in the equatorial plane are almost the same at
2.4520(4) and 2.4490(4) Å, whereas the significantly longer
axial distance of 2.5759(5) Å can be ascribed to the attachment
of a terminal acetonitrile ligand to an axial Ag(I) atom. This
[F@Ag6] octahedron may be compared with the regular one in
rock salt-type AgF with Ag–F 2.46 Å.8 In the 3D framework of
Ag2C2·8AgF, in which the fluoride ions act as bridges between
[C2@Ag9]Ag moieties, the Ag–F distances fall in the range
2.196(2)–2.571(2) Å.5c It is noteworthy that there are very few
examples of metal polyhdedra enclosing a fluoride ion,9,10 and
to our knowledge the [F@Ag6] octahedron occurs only in AgF
and the present triple salts.

The trifluoroacetato ligand usually acts as a m2-bridge in its
metal complexes,11a and the m3-coordination mode is much less

common.11b In contrast, each trifluoroacetato ligand in 1
functions in an asymmetric m4-O,O+O,OA mode [Ag(1)–O(4)
2.455(4), Ag(3)–O(4) 2.562(4) Å, Ag(2)–O(3) 2.458(4),
Ag(3)A–O(3) 2.537(3) Å], with its carboxylato group bridging
an edge of a [F@Ag6] octahedron while linking the vertices of
two adjacent octahedra (see Fig. 1). Compound 1 thus provides
the first example of a trifluoroacetato ligand coordinated to four
metal centers, although several carboxylato complexes (espe-
cially oxalates) containing a m4-carboxylato group have been
reported.12

The four equatorial Ag(I) atoms of each [F@Ag6] octahedron
are connected to neighboring octahedra through bridging
cyanide ligands to generate a 2D {[(F@Ag6)(CN)]4+}∞ coor-
dination network, as shown in Fig. 2. This linkage pattern is
different from those in the double salts Ag2C2·2AgClO4·2H2O5a

and Ag2C2·AgNO3,5b in which the [C2@Ag6] octahedra share
vertices or edges to generate a 2D or 3D network, respectively.
The cyanide ion is disordered about a 1̄ site, and is modeled by
atom C1 with an assigned site-occupancy factor of (6 + 7)/(6 3
2) = 1.083 [Ag1–C1 2.232(5) and Ag2–C1 2.234(5)]. The
cyanide ligand with C–N bond length 1.108(9) Å bridges four
[F@Ag6] octahedra in a rare m4-kC,kC+kN,kN ligating mode,
the only precedent being found in 3AgCN·2AgF·3H2O,2 in
which bent Ag2F2 and triangular [Ag3(H2O)3] units are
interconnected by m4- and m3-cyanide groups.

The 2D network lies in the (100) plane, and the acetonitrile
ligands and hydrophobic tails of trifluoroacetato groups are
accommodated in the interlayer region with a layer-to-layer
separation of asinb = 13.90 Å.

The layer structure of 2§ is formally derived from that of 1
with each acetonitrile ligand replaced by a smaller aqua ligand.
The [F@Ag6] octahedron in 2 exhibits some distortion in the
equatorial plane with Ag–F bond lengths of 2.371(3), 2.379(3),
2.464(3) and 2.484(3) Å, whereas the axial Ag–F distances are
2.585(3) and 2.589(3) Å. The more condensed packing of layers

† Dedicated to the memory of Professor George Alan Jeffrey
(1915–2000).

Fig. 1 A portion of the layer structure of AgCN·AgF·4AgCF3CO2·2MeCN
1 with labeling of atoms in the independent unit. Ag(I) atoms are drawn as
30% thermal ellipsoids and the remaining atoms are differentiated by size
and shading. The edges of each Ag6 octahedron, which lie in the range
3.463–3.562 Å, are outlined by dotted lines. The Ag1···Ag2 distance is
2.8835(8) Å.
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in 2 yields an interlayer separation of (asinb)/2 = 11.71 Å,
shorter by ca. 2.1 Å than that in 1. Adjacent layers are related by
a 21 axis along the b direction, which leads to the ABAB···pack-
ing shown in Fig. 3 This is different from the case in 1, where
the layers are related by lattice translation a. The outstretched
aqua ligands of adjacent layers in 2 form weak hydrogen bonds
of the type O1w···O1wA = 3.020 and O2w···O2wA = 3.027 Å in
successive interlayer regions, linkings the layers into a 3D
network. This kind of packing may account for equatorial
distortion of the [F@Ag6] unit in 2, in contrast to that in 1.

The present work describes the first structural character-
ization of novel silver(I) triple salts of the type lAgX·mAgY·
nAgZ·xL, in which octahedral {F@Ag6] units are consolidated
by m4-kC,kC+kN,kN-cyanide and m-O,O+OA,OA-carboxylato
groups. Notably, the propensity of all three anions to attain their
highest ligation numbers,4a along with agentophilicity [attrac-
tive interaction between silver(I) atoms to form aggregates],2,13

provide the driving force to assemble the robust
[(F@Ag6)(CN)(CF3CO2)2]∞ layer from its components.

Dissolving AgCN in a concentrated silver salt solution may
lead to the formation of some [Agn(CN)](n2 1)+ species, which
is comparble to the complexation of CuI to yield [CuI4]32. The
self-assembly of such polynuclear species to generate a 2D
network in 1 and 2 is envisaged to be a complex process in
which the fluoride ion draws six Ag(I) atoms together, the
cyanide ion bridges the resulting [F@Ag6] octahedra, and the
trifluoroacetato ligand further stabilizes the octahedra while

providing for charge balance. The terminally coordinated,
neutral ligand L plays a secondary role as either acetonitrile or
aqua ligand can be attached to each layer with little effect on its
structural integrity. Extension of this work by inserting other
solvent molecules such as fumaronitrile or succinonitrile
between the layers is in progress.

This project is supported by Hong Kong Research Grants
Council Earmarked Grant CUHK 4022/98P.
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§ Crystal data: compound 1: C13H6Ag6F13N3O8, M = 1226.43, mono-
clinic, space group P21/c (no. 14), a = 14.484(1), b = 10.0013(7), c =
9.9918(7) Å, b = 106.259(2)°, V = 1389.5(2) Å3, Z = 2, Dc = 2.931 Mg
m23, F(000) = 1136, m(Mo-Ka) = 4.275 mm21. 9031 reflections
measured, 3346 unique (Rint = 0.0448), final R1 = 0.0343, wR2 = 0.0809
for 2584 independent reflections [I > 2s(I).

Compound 2: C9H4Ag6F13NO10, M = 1180.35, monoclinic, space group
P21/c, a = 23.446(2), b = 9.9378(7), c = 9.8962(7) Å, b = 90.002(2)°, V
= 2305.8(3) Å3, Z = 4, Dc = 3.400 Mg m23, F(000) = 2176, m(Mo-Ka)
= 5.149 mm21. 17536 reflections measured, 6532 unique (Rint = 0.0399),
final R1 = 0.0385, wR2 = 0.0867 for 3986 independent reflections [I >
2s(I)]. Data collection was performed at 293 K on a Bruker SMART 1000
CCD diffractometer using frames of oscillation range 0.3°, with 3 < q <
28° for 1 and 3 < q < 30° for 2.

CCDC 182/1691. See http://www.rsc.org/suppdata/cc/b0/b003821k/ for
crystallographic files in .cif format.
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Fig. 2 A two-dimensional {[(F@Ag6)(CN)]4+}∞ network in 1.

Fig. 3 Crystal structure of AgCN·AgF·4AgCF3CO2·2H2O 2 viewed
approximately in the b direction. Hydrogen bonds between aqua ligands of
adjacent layers are represented by broken lines. All F atoms have been
omitted for clairty.
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The structure of the new phase, La24Li18.67Ti5.33O56, tetra-
gonal, space group P4/mbm, a = 13.2443(13), c =
14.9258(20) Å, consists of alternating columns, rotated by
45° relative to each other, of perovskite-like structure, with
Ti and Li in alternate octahedral sites, and twinned,
distorted, zinc blende-like structure.

Distorted crystal structures commonly occur when one type of
atom is too small for the sites available to it. The perovskite
family, ABO3, provides many examples of structural distortions
involving either distorted octahedra, BO6 if the B cation is
slightly too small or tilted octahedra if the A cation is too small.
In the latter case, the A cations and oxygen, collectively, form
close packed, cp, layers but the A cation may be too small to
occupy a site surrounded by 12 equidistant oxygens. Additional
complications occur, in, for example, the tungsten bronzes,
A12 xBO3, when vacancies are introduced into the A cation
array.

We report here, the crystal structure of La24Li18.67Ti5.33O56
which represents a new kind of distorted, partially-collapsed, cp
structure. The structure contains large packing atoms, La, and
smaller atoms, Li and Ti, which can occupy either tetrahedral or
octahedral sites, but the La+O ratio is 1+2.33 rather than 1+3 as
in perovskite. Consequently, instead of a uniformly distorted
structure, as in, e.g. GdFeO3, the structure separates into infinite
columns of relatively undistorted cp structure.

The new phase, La24Li18.67Ti5.33O56 was synthesised during
an investigation of compound formation in the system La2O3–
Li2O–TiO2; this system is of interest as it contains the
perovskite-related phase La1/2 + xLi1/223xTiO3

1 which exhibits
exceptionally high lithium ion conductivity, 1 3 1023 W21

cm21 at room temperature. At the outset, the composition of the
new phase was uncertain since volatilisation of Li2O was
significant under the conditions used, viz. 12–24 h at 900 °C in
Au foil boats. Nevertheless, a sample which was essentially
phase-pure by powder X-ray diffraction, (XRD), was obtained
on reacting the mixture (7La2O3+10Li2CO3+3TiO2); this had
the same La+Ti ratio as deduced in the final formula, but an
excess of Li. Its powder XRD pattern could not be indexed by
trial-and-error methods but it was found by selected area
electron diffraction, SAED, to be tetragonal, which then
enabled the XRD pattern to be indexed on a primitive cell with
a = 13.2443(13) and c = 14.9258(20) Å.

For the structure determination, a sub-cell with halved c, was
used since all observed XRD lines as well as the neutron
diffraction (ND) data could be satisfactorily indexed on a
tetragonal cell with a = 13.2443(13) and c = 7.4629(10) Å, in
the space group P4/mbm (no. 127); hence the structure contains
a weak supercell that is observed only by SAED. It was not
possible to solve the structure from either XRD or ND data
alone. Using electron density maps obtained by applying
‘Direct Methods’ to the XRD data set, La positions were located

and this enabled an iterative solution and refinement of the
structure to be carried out using combined XRD and ND data as
input to the Rietveld programme GSAS.2 After refinement of
partial structure models at each stage, difference Fourier maps
were constructed for both XRD and ND data and this gradually
allowed the positions of more atoms to be identified, which
were then inputted into the Rietveld refinement and the process
repeated. This process was continued until a model correspond-
ing to the stoichiometry ‘La24Ti6O48’ was obtained, at which
point the difference maps became relatively featureless. The
remainder of the structure was determined using a combination
of crystal chemical intuition, based on examination of coordina-
tion environments of the various atoms and their bond distances
and bond valence analysis to indicate which oxygens were
underbonded and whether Ti, Li sites contained Ti or Li alone
or had mixed occupancy. A comparison of the goodness-of-fit
parameter (c2) and R values of the partial structure La24Ti6O48
with those of La24Li18.67Ti5.33O56 is given in Table 1, showing
a clear improvement in the fit when the extra O site and Li sites
are added. The observed, calculated and difference profiles of
the XRD and ND data from the refinement of La24-
Li18.67Ti5.33O56 are provided as ESI†. Full details of the
structure determination will be reported elsewhere together with
a detailed description of the crystal structure.

During the final stages of refinement, the composition of the
new phase was determined from site occupancy factors. The
absolute Li,Ti contents are slightly uncertain since some sites
contained mixed Li,Ti occupancy; it was assumed that overall,
these sites were full, but it is also possible that they contain
some vacancies, compensated by a higher Ti/Li ratio.

The structure contains layers perpendicular to c (not shown)
of La and O atoms that are alternately planar and buckled. The
layers at z = 1

4 and 0, 1
2, shown in projection in Fig. 1 and Fig.

2 are not cp in this orientation: for them to be cp, each packing
atom (La, O) should be surrounded by a hexagonal ring of six
other packing atoms. It is, however, possible, if we consider for
a moment La and O to be equivalent, to identify fragments of
cubic close packed, ccp, unit cells, e.g. four La(1) atoms around
O(8) at both corner and face centre positions, Fig. 1, giving rise
to the ‘domino-five’ arrangement of a ccp cell face; in addition,
parallel to c, the ‘domino-fives’ alternate with square arrange-
ments of O(7), Fig. 2, which represent side face centres of the
ccp unit cells. Centred at corner and face centre positions,

† Electronic supplementary information (ESI) available: observed, calcu-
lated and difference plots of XRD and ND data of La24Li18.67Ti5.33O56. See
http://www.rsc.org/suppdata/cc/b0/b001196g/

Table 1 Comparison of c2 and R valuesa

La24Ti6O48 La24Li18 2/3Ti5 1/3O56

c2 16.31 5.393
wRp (ND) 6.28 3.43
Rp (ND) 11.61 6.39
wRp (XRD) 6.83 6.46
Rp (XRD) 4.91 4.73
wRp (overall) 6.30 3.62
Rp (overall) 5.44 4.86

a % Value.
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therefore, columns of mixed La,O ccp cells run parallel to c.
These have the perovskite structure, not only as regards the La,
O distribution but also the octahedral positions at, e.g. 000 and
001

2, which are occupied, alternately, by Ti and Li.
A second set of ccp columns is centred on the edge-centre

positions, i.e. in Fig. 1 oxygens O(10), O(13), around O(9) at 01
2
1
4

and 1201
4, with oxygens O(11) at z = 0, Fig. 2, and O(5) at z = 1

2

(not shown). These columns are somewhat distorted from the
idealised, square symmetry. An ab projection of one such

column is shown in Fig. 3; Li occupies one set of tetrahedral
sites to give a zinc blende arrangement, but, a twin plane exists
at each unit cell face (i.e. z = 0, 12) and the pattern of tetrahedral
site occupancy parallel to c is –empty–empty–occupied–
occupied–… rather than …empty–occupied –... as in zinc
blende. Additionally, these distorted ccp cells contain Ti in sites
at z = 0; in an undistorted structure, these sites would be two-
coordinate, but because of the distortions, are octahedral,
(oxygens O(11) at z = 0, O(13) at z = 0.19,0.81 and O(9) at z
= 0.18, 0.82).

To complete the structure, it is necessary to see how the
columns of perovskite-like and cation-excess, zinc blende-like
structure are connected. From Figs. 1 and 2, it can be seen that
adjacent columns are rotated by 45° about c, relative to each
other. In the sections at z = 0 and z = 1

2 (not shown), extra La(2)
and La(3) atoms are located between the two types of column,
whereas at z = 1

4, 34, all La, O atoms belong to one or other of the
two column types.

The coordination numbers of the packing atoms vary,
depending on their location, from a maximum of 12 for O(8) in
the centres of the perovskite columns. Overall, the structure is
not a continuous cp structure but nevertheless, the average
volume of an La, O packing atom, 16.3 Å3, is close to the lower
limit found for ideal cp structures. Thus, within the two types of
column, the packing arrangement of La, O approximates to cp
but between the columns the structure cannot be idealised to
cp.

Notes and references
1 A. D. Robertson, S. Garcia-Martin, A. Coats and A. R. West, J Mater.

Chem., 1995, 9, 1405.
1 A. C. Larson and R. B. van Dreele, Los Alamos Laboratory Report No

La-Ur-86-748, 1998.

Fig. 1 ab Section at z = 0.25, with idealised La–O and O–O bond lengths:
La(1): purple; O(9), O(10), O(13): yellow; O(8): green. The zinc blende-
related columns are yellow, with the subcell outlined in red; the perovskite
columns are green/purple with the subcell outlined in blue.

Fig. 2 ab Section at z = 0, with Idealised La–O and O–O bond lengths.
La(2): purple; O(11): yellow; O(7): green. Column colours as in Fig. 1.
Section at z = 1

2 (not shown) is very similar, but with La(3) instead of La(2),
O(5) instead of O(11) and O(6) instead of O(7).

Fig. 3 Distorted zinc blende-related columns with Ti octahedrally co-
ordinated in the basal plane.
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The reaction of [(ButNH)P(m-NBut)2PCl] (1) with CyPHLi
and BunLi in toluene gives [(ButN)P(m-NBut)2P(PCy)-
Li2·thf]2 (2), an unusual aggregate containing the first
example of a phosphine-functionalised cyclodiphosphazane
anion [(ButN)P(m-NBut)2P(PCy)]22.

In recent years there has been increasing interest in the synthesis
and coordination chemistry of anionic ligand systems based on
imido group 15 molecular frameworks.1 The most extensively
studied have been complexes containing [E2(NR)4]22 anions,
(E = P,2 As,3 Sb,4 Bi5), capable of coordinating a variety of
metal centres using a combination of their m-N and terminal N
donor functionality.6 Although imido frameworks of this type
are comparatively robust, we found recently that the analogous
phosphide systems of the heavier group 15 elements decompose
at low temperatures to give cyclic [(RP)nE]– anions (n = 3, 4;
E = As–Bi) and Zintl compounds.7 Indeed, the only group 15
phosphide which has been stable enough to isolate ( < 30 °C)
and structurally characterise so far is the [Sb(PCy)3]32 trianion,
present in the cage complex [{Sb(PCy)3}2Li6·6Me2NH].8
Motivated by the scarcity of stable phosphide ligands of this
type, we have turned our attention to those based on phosphorus
frameworks which are likely to be more stable. We report here
the first example of a phosphine-functionalised cyclodiphos-
phazane anion present in the unusual cage complex [(ButN)P(m-
NBut)2P(PCy)Li2·thf]2 (1).

Complex 1 was prepared by the reaction of [(ButNH)P(m-
NBut)2PCl] (1 equiv.) with CyPHLi (1 equiv.) followed by
reaction with BunLi (2 equiv.),† the formation of the dianion
resulting from a combination of addition of CyPH2 to the
framework of [(ButNH)P(m-NBut)2PCl] and deprotonation with
Bun2 (Scheme 1).

Low-temperature X-ray crystallography‡ reveals that 1 is
composed of centrosymmetric dimers, which are constructed
from the association of two [(ButN)P(m-NBut)2P(PCy)Li2·thf]
cubane units through a central P2Li2 ring (Fig. 1). In addition
there is a thf molecule within the lattice. The unusual manner of
the association of the cubane units of 1 can be compared to
related group 15 complexes containing [E2(NR)4]22 anions.
Complete solvation of the Li+ cations in [{E2(NBut)4}Li2·2thf]
(E = P,2a Bi5) results in discrete cubane structures, whereas in
[{E2(NBut)4}Li2]2 (E = P,2b As,3 Sb4) the absence of Lewis
base solvation results in aggregation into ‘interlocked-cubane’
cages. The arrangement in 1 can be regarded as representing an

intermediate situation in which solvation of only one of the Li+
cations within the cubane constituents leaves ‘side-on’ aggrega-
tion as the most viable method of increasing the coordination
number of the unsolvated Li centre.

The presence of the CyP substituent has little effect on the P–
N framework of the [(ButN)P(m-NBut)2P(PCy)]22 dianions of
1, the geometry of the [(ButN)P(m-NBut)2P] fragment and bond
lengths involved being very similar to those found in complexes
containing the related [(ButN)P(m-NBut)2P(NBut)]22 dianion.2
In particular, the endocyclic P–N bonds (mean 1.78 Å) and
endocyclic P–N–P and N–P–N angles (mean 96.9 and 83.1°,
respectively) present in the planar P2N2 rings of 1 are similar to
those found in the bis-thf solvate [{P2(NBut)4}Li2·2thf].2a This
similarity suggests that the relatively short exocyclic P–P(Cy)
bond in the [(ButN)P(m-NBut)2P(PCy)]22 dianions of 1 [P(2)–
P(3) 2.171(3) Å; cf. single P–P ca. 2.21 Å and double PNP bond
ca. 2.1 Å9] is largely the result of electrostatic factors (i.e.,
stemming from the bonding of P(2) to two electronegative N

Scheme 1

Fig. 1 Structure of dimeric molecules of 1. H-atoms and the lattice-bound
thf molecules have been omitted for clarity. Key bond lengths (Å) and
angles (°); P(1)–N(1) 1.651(5), P(1)–N(2) 1.787(5), P(1)–N(3) 1.792(5),
P(2)–N(2) 1.773(6), P(2)–N(3) 1.772(5), P(2)–P(3) 2.171(3), N(1)–Li(1)
2.09(1), Li(1)–O(5) 1.94(1), N(1)–Li(2) 1.98(1), N(2)–Li(1) 2.11(1), N(3)–
Li(2) 2.11(1), P(3)–Li(1) 2.62(1), P(3)–Li(2) 2.88(1), P(3)–Li(2A) 2.57(1),
N(1)–P(1)–N(2) 101.0(3), N(1)–P(1)–N(3) 97.9(3), N(2)–P(1)–N(3)
82.6(2), P(1)–N(2)–P(2) 97.0(3), P(1)–N(3)–P(2) 96.8(2), N(2)–P(2)–P(3)
104.1(2), N(3)–P(2)–P(3) 98.6(2), N(2)–P(2)–N(3) 83.6(2), Li(1)–N(1)–
Li(2) 92.6(5), Li(1)–P(3)–Li(2) 64.4(4), N(1)–Li(1)–P(3) 102.4(5), N(1)–
Li(2)–P(3) 97.1(5), Li(2)–P(3)–Li(2A) 67.6(4), P(3)–Li(2)–P(3A) 112.4(4),
Li(1)–P(3)–Li(2A) 125.2(4).

This journal is © The Royal Society of Chemistry 2000
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centres, rather than indicating the presence of any partial
multiple bonding).

The coordination of the bifunctional [(ButN)P(m-
NBut)2P(PCy)]22 ligand to the Li+ cations in 1 inherently
results in major distortion of the [(ButN)P(m-NBut)2P(PCy)Li2]
cubane framework. The NLi2P ring unit in 1 is butterfly-shaped
primarily as a consequence of the relative shortness of the
terminal P–N(But) bond [P(1)–N(1) 1.651(5) Å] of the ligand
compared to the terminal P–P(Cy) bond. In addition, this
distortion is exacerbated further by the relative shortness of the
Li–N bonds [range 1.98(1)–2.11(1) Å10] compared to the P–Li
bonds [P(3)–Li(1) 2.62(1), P(3)–Li(2) 2.88(1) Å]. Finally, it is
interesting to note that the P(3)–Li(2) interaction is well outside
the range found in lithium phosphide complexes (ca. 2.611) and
significantly longer than the P–Li bonds linking the cubane
units [P(3A)–Li(2) 2.57(1) Å]. This observation may indicate
that aggregation of the monosolvated cubane units of 1 via P–Li
bonding, rather than the attainment of a discrete cubane
structure by thf-solvation of both cations, is a consequence of
the inability of the exocyclic P donor centre to coordinate both
of the Li+ cations effectively within a discrete cubane
arrangement.

In summary, the first example of a phosphine-functionalised
cyclodiphosphazane anion, [(ButN)P(m-NBut)2P(PCy)]22, has
been prepared, structural studies showing that the Li salt
[(ButN)P(m-NBut)2P(PCy)Li2·thf]2 has a unique arrangement in
the solid state. In view of this structural pattern and of the very
different geometric demands of this anion compared to related
amides, further studies of the coordination chemistry of this and
other phosphides should be of interest.

We gratefully acknowledge the EPSRC (A. B., S. J. K., M.
McP.) and the Leverhulme Trust (M. A. B) for financial
support.

Notes and references
† Synthesis of 1: the novel precursor [(ButNH)P(m-NBut)2PCl] was
prepared by the reaction of PCl3 with ButNH2 (2+8 equiv.) in toluene. It was
characterised by elemental analysis (C,H,N) and 1H and 31P NMR
spectroscopy, and X-ray crystallography.12 A suspension of CyPHLi (6.43
mmol) in hexane (20 ml) was added to a solution of [(ButNH)P(m-
NBut)2PCl] (2.0 g, 6.43 mmol) in toluene (5 ml)/hexane (20 ml) at room
temperature. The white solid produced (LiCl) was removed by filtration and
the orange filtrate reduced to ca. 5 ml under vacuum. To this was added
BunLi (8.6 ml, 1.50 mol dm23 in hexanes, 12.9 mmol). A yellow precipitate
was produced which was dissolved by the dropwise addition of thf (ca. 5 ml)
to the suspension at reflux. Storage of the solution at 5 °C (48 h) gave small
colourless cubes of 1. Yield 1.33 g (40%). Decomp. to red solid ca. 180 °C.
1H NMR ([2H8]thf, +25 °C, 400.129 MHz), 3.50 (m, ca. 6H, thf), 1.70 (m,
ca. 6H, thf), ca. 2.1–1.0 (overlapping m, 11H, Cy), 1.13 (s, 27H, But). 31P
NMR ([2H8]thf, +25 °C, 161.975 Hz, rel. to 80% H3PO4/D2O), 187.9 (d,
JP–P = 376 Hz, CyPP), 167.6 (s, PNBut), 210.2 (d, JP–P = 376 Hz, CyP).
Correct analysis (C, H, N) were obtained for 1.
‡ Crystal data for 1: C50H104Li4N6O3P6, M = 1022.92, monoclinic, space
group P21/n, Z = 2, a = 10.679(2), b = 21.224(8), c = 13.847(3) Å, b =
95.46(2) Å, V = 3124.0(15) Å3, m(Mo–Ka) = 0.211 mm21, T = 223(2) K.
Data were collected on a Siemens P4 four circle diffractometer and

corrected for absorption using Y scans. Of a total of 4884 reflections
collected, 3836 were independent (Rint = 0.075). The structure was solved
by direct methods and refined by full-matrix least squares on F2.13 Final R1
= 0.077 [I > 2s(I)] and wR2 = 0.242 (all data). Three peaks of electron
density were interpreted as a molecule of thf disordered across an inversion
centre in such a way that the carbon atoms in the two components overlap.
CCDC 182/1696. See http://www.rsc.org/suppdata/cc/b0/b003468l/ for
crystallographic files in .cif format.
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The sol–gel entrapment of TEMPO within a silica matrix
yields an efficient and recyclable catalytic system for the
selective oxidation of methyl a-D-glucopyranoside (MGP) in
water with NaOCl as primary oxidant, thus opening the way
to the heterogeneous catalysis of the conversion of sugars
into valuable uronates.

The selective oxidation of carbohydrate primary alcohols into
carboxylic acids yields uronates, compounds with valuable
biochemical properties.1 Stable organic nitroxyl radicals be-
longing to the TEMPO family are excellent catalysts for this
selective oxidation.2 The radicals are soluble in H2O (ca. 1%
w/w) where, in the presence of alkaline (pH 9–10) NaOCl as
primary oxidant along with a catalytic amount of bromide, they
mediate the conversion of –CH2OH groups into –COO2 with
complete selectivity for the primary alcohol groups:

TEMPO
RCH OH + OH OCl

RCOO Cl H O

2
– –

NaBr, pH 10, 2˚C

– –
2

+ æ Ææææææ

+ +

2

2 2 (1)

A catalytic amount of bromide is added in order to increase
the reaction rate upon fast formation of OBr2 that in its turn
generates in situ the catalytic oxidant, the oxoammonium salt
TEMPO+.3 In this way the important detoxifying agent D-
glucuronic acid,1 previously produced enzymatically on a small
scale,4 can now be easily obtained through the catalytic
oxidation of D-methylglucose.

Apart from being clean and selective, reaction (1) is rapid and
quantitative; its comparison with the heterogeneous oxidative
dehydrogenation of methyl 4-O-methylglucose on Pt/C reveals
the superiority of TEMPO mediated oxidation.5 Of relevance to
this report is also the commercial production of ascorbic acid
currently prepared either through the enzymatic oxidation of the
–CH2OH group in D-sorbose under cumbersome reaction
conditions, or by the oxidation of sorbose primary alcohols with
HNO3.4

Clearly, considering the efficiency mentioned above and the
commercial relevance of uronates, the immobilization of the
nitroxyl radicals within a solid support would be a major
advantage in the prolonged quest for heterogeneous catalysts for
liquid-phase oxidations of sugars. An obvious prerequisite is
that the catalytic material retains the activity of the radicals and
is stable over prolonged time of use.

With these aims, several immobilization procedures have
been reported in which the TEMPO moiety has been covalently
linked either to organic polymers6,7 or to a functionalized
aminopropyl silica.8,9 In all of the reported cases, the im-
mobilization was carried out by heterogeneous reaction be-
tween a radical (or a precursor) functionalized in position 4 and
a suitable function of the polymer. The catalytic organic
polymers thus obtained were tested in the oxidation of organic
alcohols and showed lower activity and stability of the radicals

under solution homogeneous reactions.6,7 On the other hand,
TEMPO supported on aminopropyl-derivatized silica employed
in the oxidation of various alcohols in a biphasic (H2O–CH2Cl2)
reaction system with NaOCl as co-oxidant, was found to be
highly active, selective and recyclable.9 However, an attempt to
use this anchored TEMPO with sacrificial NaOBr for the
oxidation of anomerically protected D-glucose in water, resulted
in rapid loss of activity upon 3 consecutive oxidative runs.9
Heeres et al. concluded that azeotropic distillation is the optimal
method for the recovery of organic nitroxyl radicals in aqueous
oxidations of carboyhdrates.8b

The sol–gel technology offers several advantages over the
classical immobilization procedures employed in the prepara-
tion of heterogeneous catalysts.10 Depending on the needed
utilization, sol–gel materials employed in catalysis are micro-
porous (pore sizes < 15 Å) or mesoporous (20–100 Å); very
often, provided that the reagents in solution have smaller size
than the average pore diameter, these materials afford superior
catalytic performances compared with similar heterogeneous
catalysts prepared by classical impregnation or surface deriva-
tization methods.11 Inorganic sol–gel supports are indeed
superior in their thermal stability, inertness towards and
protectability of the entrapped molecules, and in their porosity
and high surface areas (several hundreds of m2 g21); moreover,
the sol–gel doped materials show chromatographic properties,
i.e. they concentrate the reagent at the surface enhancing (even
by orders of magnitude) the chemical sensitivity and selectivity
of the reactions with the dopant.10

Here we report that sol–gel silica organically modified with
TEMPO (Scheme 1) is an effective, recyclable catalyst for the
NaOBr oxidation of sugars into uronates.† The TEMPO moiety
was tethered to (CH3O)3Si(CH2)3NH2 by reductive amination
of TEMPON (4-oxo-TEMPO). The reaction was followed by
FTIR where the CNO peak at 1720 cm21 decreased rapidly and
the CNN peak increased at 1670 cm21 showing clear evidence
of CO amination. The CNN bond was thus reduced with
NaBH3CN and the radical monomer homogeneously entrapped
within a silica matrix by the sol–gel process, i.e. by hydrolysis
and co-polycondensation of the radical precursor with
Si(OCH3)4 in aqueous methanol.

The catalyst was then used in the oxidation of MGP to the
corresponding uronic acid.† In each reaction run no other
products apart from the uronate (whose content was also

† Electronic Supplementary Information (ESI) available: details of the
preparation of a typical catalyst and its use in the oxidation of MGP to the
corresponding uronate. See http://www.rsc.org/suppdata/cc/b0/b003096l/ Scheme 1
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measured with the colorimetric test for uronic acids12) were
detected in the reaction mixture and the catalyst retained its
activity, as well as its shape and appearance, in the 4
consecutive reaction cycles in which it was tested affording at
each run a high degree of oxidation (DO, ca. 95%); no leaching
of entrapped radicals in solution was detected (with a spectro-
scopic limit of detection of 10 ppm). This is important since
many heterogeneous oxidations can actually be promoted by
catalyst leached in solution.13 Separating the catalyst from the
reaction mixture shortly (30 min) after the beginning the
oxidation, we tested the mother liquor and no extra formation of
uronate was observed (Fig. 1).

According to the known stability of sol–gel materials
mentioned above, we observed high activity of the material and
no modification of the EPR spectrum of the doped glass before
and after the oxidative runs (Fig. 2). Comparing the EPR spectra
of sol–gel silica TEMPO and TEMPO impregnated on commer-
cial silica, Lev et al. reported that sol–gel TEMPO yields
absorption peaks similar to TEMPO dissolved in H2O, i.e.
considerably narrower than those shown by TEMPO impreg-
nated on SiO2; since the width of EPR absorption peaks is
inversely proportional to the speed of rotational motion of the
molecule containing unpaired electrons (spin label), this means
that the molecular environment sensed by TEMPO within sol–
gel hydrophilic cages closely resembles that sensed by free
radicals in H2O.14 With our organically modified silica
(Ormosil), the radicals experience a situation in between these
extremes, i.e. they are entrapped within sol–gel hydrophilic
cages which resemble the aqueous medium but are limited in
motion due to covalent linkage to the cage surface, resulting in
EPR peaks of width comparable to impregnated TEMPO (Fig.
2). To explain the low activity and lack of recyclability of
TEMPO linked to commercial aminopropyl silica (BioSil-
NH2),8 one should consider that surface derivatization requires
the formation of a new covalent bond through a slow
heterogeneous reaction and leaves the anchored molecule
unprotected at the pore surface; the sol–gel entrapment, on the
other hand, greatly protects the radical within the silica cage of
the final xerogel starting from an homogeneous solution of the

dopant species in the alcoholic solution of silicon alkoxide.
Furthermore, within the sol–gel cage the entrapped radical
senses a hydrophilic environment similar to that of polar
aqueous solutions; these cages in fact contain all types (vicinal,
geminal, isolated) of silanol groups as well as water and
methanol molecules and it is in this inner surface that reactions
take place due to the internal porosity and accessibility of the
cages (380 m2 g21 vs. few m2 g21 of the outer surface regions
of the gel).10,11 It may be assumed that the hydrophilic nature of
the cage favours the diffusion of hydrophilic sugar molecules
toward the active oxoammonium ion tethered at the surface of
the cage. In fact, the origin of selectivity of sol–gel entrapped
catalysts, which has also been observed in other cases,11 has
been attributed to two factors: the effect of the spatial
confinement of the narrow pores, imposing a specific approach
of the substrate to the catalysts and the participation of the intra-
cage silanol groups in hindering free tumbling of the substrate
molecule, directing specific orientational approach to the
catalyst through the hydrogen bonds between the substrate and
the pore–cage surface.

In conclusion, we found that sol–gel entrapped TEMPO is an
efficient heterogeneous catalyst for the selective oxidation of D-
methylglucose rapidly (turnover frequency ~ 5 h21) affording
high yields of the uronate and retaining its activity and
selectivity upon several consecutive reaction cycles. The rates
are 15 times lower than an homogeneous reaction3 due to
diffusional limitations imposed by the narrow pore network. A
limitation, however, that is balanced by the advantages of the
heterogenization. With the aim of practical, industrial applica-
tion where continuous processes are often sought15 it should be
kept in mind that fundamental properties of the sol–gel catalytic
materials (including the form: monoliths, rods, granules,
powders and films, surface area, hydrophobicity, etc.) can be
tailored, varying parameters such as the ratio of metal to H2O,
the amount of alcohol employed as co-solvent, the nature of
alkoxide, the pH, the temperature, the drying time and other
important parameters. These and other aspects have been
patented.16
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Saiano (Laboratory of Agricultural Chemistry, Palermo) for the
FTIR measurements and for his continuous support. This work
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Fig. 1 The kinetics of the selective oxidation of MGP with NaOBr mediated
by sol–gel entrapped TEMPO.

Fig. 2 The EPR spectrum of sol–gel entrapped TEMPO does not change
before (a) and after (b) 4 consecutive reaction runs.
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TiO2, Fe2O3 and Fe3+ have been immobilized on low cost
polyethylene films containing anhydride anchoring groups
showed enhanced mineralisation rates for chlorophenols
and Orange II, compared to previously reported im-
mobilized catalysts with rates which are comparable to or
greater than catalytic suspensions.

Photocatalysis and photo-Fenton processes are able to break
down many organic pollutants totally or partially so that
cheaper biological processes can be used as a second stage to
achieve complete mineralisation. Since photocatalysts are often
applied as suspensions, costly problems associated with catalyst
leaching, settling, flocculation and the need for eventual catalyst
separation by filtration during post treatment, hinders their wide
scale application in industry. In systems using photo-Fenton
processes, removal of Fe ions after treatment is expensive.
Therefore, catalyst immobilisation related research has attracted
wide attention.1 Simple coating2,3 of the catalyst over glass,
ceramics and polymers often lead to catalyst leaching and
dissolution. There are reports on buoyant TiO2-coated glass
micro-bubbles4 and polystyrene beads made by thermal treat-
ment.5 Immobilized catalysts may show reduced activity.
Another problem generally noticed is the chemical attack by
OH· radicals on the polymer substrates.6 Photocatalysts im-
mobilized on Nafion films1 are expensive.

The present study was targeted to produce stable and efficient
photocatalysts on low cost polymers, which could be used over
many cycles without loss of activity. Chlorophenols and azo
dyes like Orange II have been selected as model pollutants. The
immobilized photocatalysts are based on TiO2, Fe2O3 and
Fe3+.

In order to bind catalyst particles on the polymer, suitable
anchor groups are required on the polymer surface. In this study,
a polyethylene based anhydride-modified block copolymer (30
mm), specially prepared by E.I. Dupont de Nemours &
Company, was used.

To prepare the immobilized catalyst,7 the anhydride deriva-
tized polyethylene film is washed with water before immersing
in an aqueous suspension containing 5 g L21 TiO2 (Degussa
P25). The suspension was sonicated 30 min prior to use.
Together with the polymer, it is then heated to 75 °C for 1 h. The
film was dried at 100 °C and washed with water to remove the
loosely attached TiO2 particles. For anchoring Fe2O3, a-Fe2O3
was used as the powder precursor and for Fe3+, FeCl3 (Fluka)
was used as the starting compound.

Photocatalytic experiments were carried out using a 125 W
medium pressure mercury lamp (2.5 3 1015 photons s21; l =
360–390 nm) when TiO2 is used and a Hanau Suntest lamp (80
mW cm2 total intensity; 1.6 3 1016 photons s21; l = 350–560
nm) for experiments using Fe2O3 and Fe3+ coated layers. The
short UV radiation was filtered by the Pyrex wall of the reaction
vessel. The decrease in the concentration of chlorophenols and
Orange II was monitored by means of UV–VIS absorption
spectroscopy and Total Organic Carbon (TOC) analyser. In
control experiments with light, but without catalysts, the
reactions did not proceed. Merckoquant paper® was used for
estimating peroxide concentration.

Illumination of chlorophenol solutions (0.5 mM) in the
presence of oxygen and TiO2 coated films, at pH 6, results in
rapid mineralisation of the organic compound. Fig. 1 shows the
gradual decrease of TOC value of the chlorophenol solutions:
2-chlorophenol (Fig. 1A), 4-chlorophenol (Fig. 1B) and 2,4-di-
chlorophenol (Fig. 1C). 95% degradation was observed within
10 h for 2-chlorophenol. For both 4-chlorophenol and 2,4-di-
chlorophenol this time period was only 9 h. Control experiments
showed no dark reaction on TiO2 layers. The pseudo-first-order
rate constants for the total mineralization of 2-chlorophenol
(2-CP), using polymer–TiO2 and powder suspensions (75 mg
L21 TiO2), are 1.5 3 1024 and 7.5 3 1024 s21, respectively.
For 4-CP, the rate constants are 1.7 3 1024 s21 for polymer–
TiO2 and 2.3 3 1024 s21 for the suspension (75 mg L21). For
2,4-DCP, the polymer catalyst showed a rate constant of 1.2 3
1023 s21. With a higher amount of TiO2 (1 g L21) suspension,
the pseudo-first-order rate constant is determined as 1.5 3 1023

s21 for 2,4-DCP.
It is interesting to compare the results obtained with TiO2

suspensions containing 25, 75, 500 and 1000 mg L21, with data
using polymer–TiO2, for the same reactions. With 75 mg L21

suspension, the photocatalytic activity for 2-CP and 4-CP are

Fig. 1 Photocatalytic degradation of chlorophenols on TiO2 coated polymer
(size of sheet: 12 3 4 cm). A, [2-Chlorophenol]: 0.5 mM; poly: catalyst on
polymer, susp: catalyst (75 mg L21) as a suspension. B, [4-Chlorophenol]:
0.5 mM; other descriptions as above. C, [2,4-Dichlorophenol]: 0.5 mM. The
inset in Fig. 1B shows (a) the absorption spectra of polymer film, (b) TiO2

coated film before use and (c) after six cycles.
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comparable to the activity of the TiO2 layer on the catalyst. By
increasing TiO2 to 0.5–1 g L21, complete mineralisation was
obtained in ca. 6 h, compared to 9 h recorded for the TiO2–
polymer. However the amount of TiO2 in the polymer is only
1.5 mg (48 cm2 sheet size), corresponding to 37 mg L21. This
shows that TiO2 layers on the derivatized polymer are twice as
efficient as a photocatalyst compared to the corresponding
suspensions (3 mg in 40 mL dispersion). The reaction rates as
well as the total mineralisation time of 2,4-DCP are similar
when data of polymer catalyst and TiO2 (1 g L21 suspension)
are compared, in which case the polymer catalyst is 25 times
more active than the powder suspension. Since the polymer is
transparent, it will not block light from reaching the photo-
catalyst during illumination. Furthermore, the TiO2 particles do
not mask each other from light and in a way are far more
effectively dispersed than powder suspensions. When particles
are suspended in water, besides causing shadows, they tend to
aggregate causing inefficient surface utilization.

The inset Fig. 1B shows the change in light absorption by the
TiO2 polymer film before and after using six illumination
cycles. We did not find any TiO2 in solution when analysed by
high resolution inductively coupled plasma spectrometry. The
activity of the immobilized catalyst did not decrease during six
runs. This confirms that the adhesion of TiO2 is aided due to the
chemical bond formed between the TiO2 surface and the
anhydride groups on the polymer. There is no significant change
in the BET surface area of the loaded (1.45 m2 g21) and
unloaded sample (1.34 m2 g21).

The TOC values never increased during the photodegradation
run, indicating that the polymer is not chemically attacked by
OH· radicals. Recycling experiments were carried out six times
and no decrease in catalytic activity for the film was noticed.

The pH before the reaction was 6 and it decreased to 4.2
during the reaction. This is due to the production of HCl as a
reaction product. It was also found that the H2O2 concentration,
due to the formation and consumption of H2O2, was steady at
ca. 0.5 mg L21 throughout the reaction. The formation of H2O2
proceeds due to the capture of conduction band electrons by
dissolved O2.8 There was no need to add H2O2 to effect the
degradation of the organic compounds.

Illumination of aqueous solutions of 0.7 mM 4-chlorophenol
and 0.2 mM Orange II in the presence of Fe2O3 coated polymer
film and H2O2 results in mineralisation of the above compounds
at pH 3. Fig. 2 shows the degradation of 4-chlorophenol (Fig.
2A) and Orange II (Fig. 2B) on Fe2O3 polymer film at pH 3. The

pseudo first-order rate constants for Fe2O3 polymer and Fe2O3
suspension are 4.6 3 1024 and 8.7 3 1024 s21, respectively.

To compare the catalyst loaded polymer and the correspond-
ing powder suspension, four experiments with different weights
of iron oxide and different concentrations of [H2O2] were also
carried out. It was found that with 25 mg L21 Fe2O3 susension
and 1 mM H2O2 (4CP-susp1-Light, in Fig. 2A), the degradation
was slower than with the polymer catalyst indicating that the
production of OH· radical is not sufficient. When the amount of
iron oxide is increased three times without simultaneously
increasing H2O2 (4CP-susp2-Light), the rate of degradation was
much slower. When [H2O2] is increased ten times, maintaining
the same weight of iron oxide as 4CP-susp1-Light (4CP-susp3-
Light), the rate of degradation also increased. This rate is
comparable to that observed with the polymer catalyst and is
also higher than 4CP-susp1-Light and 4CP-susp2-Light. In this
situation, the Fe3+ and Fe2+ cycle proceeds and hence the OH·
radical production is higher than in the other two cases. Here,
the degradation of the compound is moderate and the activity is
equal to that of the polymer catalyst. When both iron oxide and
[H2O2] are increased three times and ten times respectively
(4CP-susp4-Light), the rate of degradation is found to be faster
than with the polymer catalyst. This confirms that an increased
production of OH· radical and increased light absorption by the
particle are both necessary to attain higher activity when the
catalyst is in a suspended form.

The same trend was observed for degradation of Orange II
and it takes 7 h to achieve 90% degradation as shown in Fig. 2B.
No Fe3+ or Fe2+ was detected in solution, using thiocyanate as
a complexing agent for Fe3+ and phenanthroline for Fe2+. There
was no change in the absorption spectra of Fe2O3 layers before
and after six experimental cycles and this confirms the stability
of the loaded Fe2O3 polymer film. The BET surface areas of the
naked polymer film and Fe2O3 loaded film were measured and
a noticeable surface area change was observed for the loaded
polymer (2.77 m2 g21) when compared to the free polymer
(1.34 m2 g21).

Illumination of aqueous solutions of 0.7 mM 4-CP and 0.2
mM Orange II in the presence of Fe3+ ions, loaded polymer film
and H2O2 results in complete mineralisation of these com-
pounds at pH 3 and no dark degradation was observed. The
results were similar to those shown in Fig. 2A and B.

For comparison between polymer catalyst and the corre-
sponding suspensions, experiments with homogeneous [Fe3+]
and [H2O2] solutions were carried out. By changing the Fe3+

and H2O2 concentrations, it was concluded that the polymer
loaded film requires a lower amount of Fe3+ and H2O2, when
compared to the amount required in homogeneous Fenton
systems.

Stable immobilized TiO2, Fe2O3 and Fe3+ on low cost
derivatized polymer films do not compromise the catalytic
activity of the powders. These composite catalysts are shown to
be efficient for the photodegradation of industrial pollutants like
chlorophenols and an azo-dye Orange II. The immobilized
catalysts were shown to be stable in acidic as well as slightly
basic (pH 9) media.
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Fig. 2 Photo-Fenton degradation of 4-chlorophenol and Orange II on Fe2O3

polymer (size of sheet: 12 3 4 cm). A, [4-Chlorophenol]: 0.7 mM: (a):
4-CP-poly-Light; (b) Dark; [H2O2] = 0.01 M; (c): 4-CP-susp1-Light;
[H2O2] = 0.001 M; Fe2O3 = 25 mg L21 (d ): 4-CP-susp2-Light; [H2O2] =
0.001 M; Fe2O3 = 75 mg L21 (e): 4-CP-susp3-Light; [H2O2] = 0.01 M;
Fe2O3 = 25 mg L21 (f): 4-CP-susp1-Light; [H2O2] = 0.01 M; Fe2O3 = 75
mg L21; poly: catalyst on polymer, susp: catalyst as a suspension. B,
[Orange II] = 0.2 mM; [H2O2] = 0.01 M. Curve (a): OrII-poly-Light; curve
(b): Dark; [H2O2] = 0.01 M, other descriptions as in Fig. 2A.
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Novel strategies for the stereoselective synthesis of molecules
with remote stereogenic centers across double bonds have
been developed via organoiron methodology allowing highly
diastereoselective syntheses of 1,8- and 1,10-diol Fe(CO)3
complexes using the stereospecific 1,3- and 1,5-migration of
an Fe(CO)3 group; this strategy could be used for ster-
eoselective functionalization of remote terminal substituents
on acyclic polyene compounds.

One of the more challenging aspects of organic synthesis is the
stereoselective construction of molecules with remote (i.e.
greater than 1,3-related) stereogenic centers with high levels of
diastereo- and enantioselectivity.1 A particularly challenging
goal would be the development of a general strategy for the
control of remote stereogenic centers related across double
bonds of fixed configuration, because this moiety is present in
many natural products, including polyene macrolide antibiotics
such as filipin III.

In the course of our studies on the mobility of the Fe(CO)3
group on polyenes with the aim of constructing several
stereogenic centers using a single chiral auxiliary,2 we have
found that the Fe(CO)3 moiety of (triene)Fe(CO)3 complexes
shifts to the electron-deficient double bond stereospecifically on
treatment with a base such as potassium bis(trimethylsilyl)-
amide (KHMDS) and NaH. By taking advantage of this
1,3-migration of the Fe(CO)3 group, the (polyenone)Fe(CO)3
complexes B could be converted via C into the corresponding
migrated complexes D, where the Fe(CO)3 groups are situated
in the ideal position for controlling several reactions of the
ketone (Scheme 1). We herein report a novel strategy for highly
diastereoselective preparation of polyene- and saturated 1,8-
and 1,10-diols E and F by a combination of the 1,3- or
1,5-migration of the Fe(CO)3 group and subsequent hydride
reduction of the ketone, together with a formal asymmetric
synthesis of epipatulolide C.

The requisite (trienone)- and (tetraenone)Fe(CO)3 complexes
2 and 8 were prepared from the chiral aldehydes 1 and 7
(Scheme 2).3 We first examined the 1,2-reduction of the a,b-
unsaturated ketone 2 via 1,4-asymmetric induction. In contrast
to the reduction of (dienone)Fe(CO)3 complex,4 the reduction of
2 with sodium borohydride in methanol in the presence of
CeCl3·6H2O gave a nearly equimolar ratio of the two diaster-
eomeric trienol complexes.5 To overcome this problem, we next

Scheme 1 Remote stereocontrol based on the 1,3-migration concept of an
Fe(CO)3 group.

Scheme 2 Reagents and conditions: (a) CH3COCH2P(O)(OMe)2,
LiOH·H2O, MeOH (90% for 1, 78% for 7); (b) NaH, THF (81%), (c)
NaBH4, MeOH (91% for 3, 72% for 8); (d) H2O2, 1 M NaOH, MeOH, 0 °C
(83%); (e) H2, PtO2, AcOEt (85%); (f) (EtO)2P(O)CH2CN, NaH, THF, 0 °C
(69%); (g) DIBAL-H, 250 °C (49%); (h) n-Bu3P, CH2Cl2 (71%); (i)
KN(SiMe3)2, THF, 0 °C (70%); (j) H2O2, 1 M NaOH; H2, PtO2 (89%).
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investigated the 1,2-reduction of the 1,3-migrated complex 3,
which was easily accessible from 2 by the stereospecific
1,3-migration of the Fe(CO)3 group. According to the reported
procedure,2 2 was treated with 1.5 equiv. of NaH in THF at 0 °C
to give the desired product 3 in 81% yield along with the
recovered starting material (2%). The stereochemistry of 3 was
deduced from the previous result, namely, that the 1,3-migra-
tion of the Fe(CO)3 group proceeded with inversion of
configuration. In contrast to 2, the reduction of the migrated
product 3 with NaBH4 provided the alcohol 4 as the single
isomer in 91% yield. The desired 3,5,7-triene-2,9-diol 5 was
easily synthesized by reaction of 4 with 30% hydrogen peroxide
in the presence of 1 M NaOH solution. Furthermore, subsequent
hydrogenation of 5 on platinum oxide in AcOEt gave the
1,8-anti-diol 6 in 85% yield. To confirm the absolute ster-
eochemistry, the diastereomerically pure alcohol 6 was con-
verted into the corresponding (R)- and (S)-MTPA esters,
respectively. As expected, the absolute stereochemistry of the
C2 position was revealed to be (R)-configuration by comparing
their 1H NMR spectra.6

To extend the applicability of this method, we next examined
the reduction of the (tetraenone)Fe(CO)3 complex 8, which was
prepared stereoselectively from 7 in 4 steps. The key reaction in
this case would be a double 1,3-migration reaction of the
Fe(CO)3 group (i.e., 1,5-migration). Then we investigated the
migration reaction of 8 with several bases. Although we could
not obtain the migration product by treatment of 8 with NaH, the
reaction of 8 with 0.3 equiv. of KHMDS in THF at 0 °C
provided the 1,5-migration product 9 in 70% yield along with
the recovered starting material (7%). In the latter case, the
1,3-migration product of the Fe(CO)3 group, an intermediate of
the 1,5-migration reaction, could not be observed in the crude
reaction mixture. Similarly, the reduction of 9 with NaBH4 in
methanol gave rise to the alcohol 10 in 72% yield as a single
isomer. The transformation of 10 into 11 was performed by the
same reaction sequence as that of 4 to give the 1,10-syn-diol 11
in 89% yield. The absolute stereochemistry was also determined
by the MTPA-ester method.6 The result revealed that the
1,5-migration of the Fe(CO)3 group should occur with retention
of configuration as a result of a double inversion mechanism.

Finally, we applied this method to a formal asymmetric
synthesis of epipatulolide C (Scheme 3).7 By a similar 5-step
sequence, the chiral aldehyde 12 was transformed into the
(2S,9R)-triol derivative 13 as a single isomer. After protection
and deprotection of the hydroxy groups of 13, the resulting
alcohol was oxidized, and Wittig condensation of the aldehyde
so obtained and subsequent removal of the TBS group gave the
unsaturated ester 14, which had been converted into racemic
epipatulolide C in three steps.

This work shows how a combination of the mobility and the
stereodirecting ability of the Fe(CO)3 group can be used to
prepare stereoselectively compounds with remote stereogenic
centers. Further applications to the construction of more remote
stereogenic centers across double bonds are underway in these
laboratories.

This article is dedicated to the memory of Professor Toshiro
Ibuka. This work was supported in part by The Japan Health

Sciences Foundation, Suzuken Memorial Foundation and
Grant-in-Aid for Scientific Research (C) from the Ministry of
Education, Science, Sports, and Culture, Japan.
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The rapid developments in the field of catalytic enantioselective
1,3-dipolar cycloaddition reactions of nitrones which have
occurred during the last six years are reported. A series of
catalysts has been applied for both the normal electron-demand
and inverse electron-demand 1,3-dipolar cycloaddition reaction
of nitrones with electron-deficient and electron-rich alkenes,
respectively. In several cases a high degree of control of both the
diastereo- and enantioselectivity has been achieved.

Introduction
After the Diels–Alder reactions, the second most important
cycloaddition reaction is probably the 1,3-dipolar cyclo-
addition.1 The 1,3-dipolar cycloaddition reaction of nitrones
with alkenes in particular has received considerable attention in
asymmetric synthesis over the past 15 years.2,3 One of the
reasons for the success of the synthetic application of nitrones is
that, contrary to the majority of other 1,3-dipoles, most nitrones
are stable compounds that do not require in situ formation. In
the 1,3-dipolar cycloaddition reaction of nitrones with alkenes,
up to three new contiguous chiral centers can be formed in the
adduct (Scheme 1)4,5 and the isoxazolidine formed can be

transformed into numerous attractive building-block molecules
for organic synthesis. The absolute majority of these 1,3-dipolar
cycloaddition reactions are diastereoselective and involve chiral

alkenes or nitrones.2,3 It would, however, be highly desirable to
develop a catalytic enantioselective version of this reaction.
Compared to the successful development of the catalytic
enantioselective Diels–Alder reaction in the late 1980s, the first
examples of the catalytic enantioselective 1,3-dipolar cycload-
dition reactions of nitrones did not appear until 1994.

In the early development of the catalytic enantioselective
1,3-dipolar cycloaddition reaction of nitrones with alkenes the
catalysts were ‘borrowed’ from Diels–Alder chemistry, but in
the more recent developments a series of catalysts that are
optimised for the 1,3-dipolar cycloaddition reaction have been
developed. A few catalysts are highly selective for both types of
reaction.

In this article we wish to present to the reader an overview of
this field, which has gone through rapid developments during
the last six years. Several research groups have been engaged in
the area and it has been attempted to include all the major
contributions in which catalytic enantioselective reactions have
been described. The article is divided into two major parts: (i)
the normal electron-demand reactions and (ii) the inverse
electron-demand reactions, which are two fundamentally differ-
ent approaches to the catalytic control of the reaction. A final
short part (iii) describing alternative catalytic approaches to the
reaction is also included.

Normal electron-demand reactions
The relative FMO energies of the substrates of the 1,3-dipolar
cycloaddition reaction are important for catalytic control of the
reaction.2,6,7 In order to be able to control the stereochemistry of
the reaction with a sub-stoichiometric amount of a ligand–metal
catalyst it is desirable that large reaction rate accelerations are
obtained to assure that the reaction only takes place in the sphere
of the metal and the chiral ligand. The strategy that was applied
for the catalytic enhancement of the reaction rate has therefore
been to alter the relative energies of the FMOs of one of the
substrates using chiral Lewis acids.6 This principle of activation
can be applied to the 1,3-dipolar cycloaddition of nitrones in
two different ways. The normal electron-demand involves the
reaction of a nitrone with an electron-deficient alkene such as
an a,b-unsaturated carbonyl compound. This reaction is pri-
marily controlled by the interaction between HOMOnitrone–
LUMOalkene (Fig. 1). By the application of a Lewis acid (LA)
catalyst which acts as an electron acceptor, the LUMO energy of
the alkene is lowered by coordination of the a,b-unsaturated
carbonyl to the Lewis acid. As a result of the decreased energy
gap between the interacting FMO’s a rate acceleration of the
reaction is achieved.6

One of the problems related to the Lewis-acid activation of
a,b-unsaturated carbonyl compounds for reaction with a nitrone
is the competitive coordination of the nitrone and the a,b-
unsaturated carbonyl compound to the Lewis acid (Scheme 2).6
Calculations have shown that coordination of the nitrone to the
Lewis acid is more feasible than a monodentate coordination of
a carbonyl compound. However, this problem could be

Scheme 1
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circumvented by the application of alkenes such as 3-alkenoyl-
oxazolidinones enabling a bidentate coordination to the Lewis
acid which is favoured over the monodentate coordination.

Titanium catalysts

Several titanium(IV) complexes are efficient and reliable Lewis
acid catalysts and they have been applied to numerous reactions,
especially in combination with the TADDOL (a,a,aA,aA-
tetraaryl-1,3-dioxolane-4,5-dimethanol) (1) ligands.7–10 In the
first study on normal electron-demand 1,3-dipolar cycloaddi-
tion reactions between nitrones and alkenes, which appeared
in 1994, the catalytic effect of a series of chiral TiCl2–
TADDOLates on the reaction of nitrones 3 with alkenoyl-
oxazolidinones 4 was studied (Scheme 3).11 These substrates
have turned out to be the model system of choice for most
studies on Lewis-acid catalysed normal electron-demand
1,3-dipolar cycloaddition reactions of nitrones. When 10 mol%
of the catalyst 2a was applied in the reaction depicted in Scheme
3 the reaction proceeded to give a yield of up to 94%. The
reaction led primarily to exo-5 and in the best case an endo+exo
ratio of 10+90 was obtained. The chiral information of the
catalyst was transferred with a fair efficiency to the substrates as
up to 60% ee of one of the isomers of exo-5 was obtained.11

In the majority of TiCl2–TADDOLate catalysed Diels–Alder
and 1,3-dipolar cycloaddition reactions oxazolidinone deriva-
tives are applied as auxiliaries for the alkenoyl moiety in order
to obtain the favourable bidentate coordination of the substrate
to the catalyst.12 In a more recent study on 1,3-dipolar
cycloaddition reactions the use of succinimide instead of the
oxazolidinone auxiliary was introduced (Scheme 4).13 The
succinimide derivatives 6 are more reactive than 4 in the
1,3-dipolar cycloaddition reaction with nitrone 3a. In the
presence of the TiCl2–TADDOLate catalyst 2a (5 mol%), the
reaction of 3a with 6 (R = Me) gives exo-7 as the only
diastereomer. Additionally, the enantioselectivity of the reac-
tion of 72% ee is also an improvement compared to the
analogous reaction of the oxazolidinone derivative 4. Similar
improvements were obtained in reactions of other related
nitrones.

In connection with the investigations of the TiCl2–
TADDOLate-catalysed 1,3-dipolar cycloaddition reactions be-
tween nitrones and alkenoyloxazolidinones, a complex between
the chiral titanium catalyst and the alkene substrate 4c was
isolated (Scheme 5).14 This crystalline compound 8 was
characterised by X-ray crystallography and the X-ray structure
showed that the oxazolidinone is coordinated to the titanium
center in a bidentate fashion. The four oxygen atoms, two from
the chiral ligand and two from 4c, are located in a plane around
the titanium center, while the two chloride ligands are located in
the apical positions. This crystal structure is a highly valuable
verification of how the mechanism of the catalytic activation is
operating. To some extent, information can also be derived
about how one of the faces of the alkene is shielded by the
ligand leading to the enantioselective addition of the nitrone to
the opposite face of the alkene. However, there are several other
possible arrangements of the ligands around the titanium center
and whether 8 actually represents the reactive intermediate has
been the subject of some dispute.15–18

Based on the structure of intermediate 8, investigations of the
impact on the endo/exo-selectivity in the 1,3-dipolar cycloaddi-
tion reaction of changing the chloride ligands in the TiCl2–
TADDOLate catalyst 2a to bulkier groups were performed.19 In
Table 1 some results of reactions between 3a (R1 = Ph) and 4a

Fig. 1 The catalytic alteration of the alkene FMO’s in the normal electron-
demand 1,3-dipolar cycloaddition reaction.

Scheme 2

Scheme 3

Scheme 4
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(R2 = Me) in the presence of various TiX2–TADDOLate
catalysts are listed (see reaction in Scheme 3). By the
application of 2b, the bromide analogue to 2a, the diastereo-
selectivity changes (entry 2). This reaction proceeds with a low
endo-selectivity. Using the triflate analogue 2c, leads to an
endo-selective reaction (entry 3). Unfortunately, this reaction
was racemic. For the reaction of 3a and 4a in the presence of
tosylate catalyst 2d, a high conversion is obtained (entry 4). The

endo-selectivity of this reaction is excellent, and this was the
first example of a metal-catalysed 1,3-dipolar cycloaddition
reaction between nitrones and alkenes proceeding with more
than 90% ee.

As an extension of the successful application of 2d, this
catalyst was applied in a series of reactions (Scheme 6). For all
eight reactions of nitrones 3 and alkenes 4 in which 2d was
applied as the catalyst, diastereoselectivities > 90% de were

observed, and most remarkably > 90% ee is obtained for all
reactions involving a nitrone with an aromatic R1 substituent,
whereas reactions with N-benzyl and N-alkyl nitrones led to
lower enantioselectivities.19

The TiX2–TADDOLate catalysed 1,3-dipolar cycloaddition
reactions were extended to include an acrylate derivative.20 In
the absence of a catalyst, the reaction between nitrone 3 and
acryloyloxazolidinone 4b proceeded to give a mixture of all
eight regio-, diastereo- and enantiomers (Scheme 7). However,
application of Ti(OTs)2-TADDOLate 2d (10 mol%) as catalyst
for the reaction of various nitrones such as 3 with alkene 4b, led
to complete regioselectivity, high endo-selectivity, and the
endo-products 5 were obtained with 48–70% ee
(Scheme 7).20

Seebach et al., who first developed the TADDOL ligands,7
have also developed a number of polymer- and dendrimer-
bound TiCl2–TADDOLate catalysts derived from the mono-
meric TADDOLs.21 Application of 10 mol% of this type of
catalyst, derived from polymers and dendrimers of 9 and 10,
respectively, in the reaction between nitrone 3a and alkene 4a
led to endo+exo ratios between 18+82 and 8+92 and up to 56%
ee (Scheme 8). The selectivities are thus slightly decreased
compared to similar reactions of the homogeneous catalysts.
They also made a study of the relationship between the
enantiomeric purity of the ligand of the homogeneous catalyst
11, and the products obtained in both the 1,3-dipolar cycloaddi-
tion reaction between 3a and 4a and in the Diels–Alder reaction
of 4a with cyclopentadiene. Surprisingly, the 1,3-dipolar
cycloaddition shows a linear relationship, whereas the Diels–
Alder reaction shows a positive non-linear relationship. In
recent work Heckel and Seebach have studied the use and reuse
of Ti(OTs)2–TADDOLate catalysts immobilized on porous
silica gel.22 The selectivity obtained in the 1,3-dipolar cycload-
dition reaction between nitrone 3a and 4a catalysed by 12, was
only slightly lower compared to the corresponding homoge-
neous reaction.19 The same batch of the ligand in 12 could be

Scheme 5

Table 1 Application of TiX2–TADDOLate 2a–d as catalyst for the
1,3-dipolar cycloaddition reaction between 3a (R1 = Ph) and 4a (R2 = Me)
(Scheme 3)

Entry Catalyst
Catalyst
amount

Conversion
(time) endo+exo

Ee endo
(exo) (%)

1 2a 10 98% (48) 10+90 62 (60)
2 2b 10 98% (20) 64+36 76 (64)
3 2c 10 73% (20) 79+21 0
4 2d 50 99% (48) > 95+ < 5 93

Scheme 6

Scheme 7
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used in four consecutive reactions with no significant loss of
activity, when the ligand was carefully washed between the
reactions.22

Magnesium catalysts

Prior to the first publication on chiral magnesium catalysts for
1,3-dipolar cycloaddition reactions in 1995, there had been
several studies on the impact of non-chiral magnesium salts on
the diastereoselectivities in cycloaddition reactions of both
nitrones,23–25 and nitrile oxides26 with allylic alcohols.

In the first27 and also the following28–30 publications
applying chiral magnesium catalysts, chiral bisoxazolines
(BOX) were applied as the ligand for magnesium. The MgX2–
Ph-BOX catalyst 13 (X = I), proved to be a useful catalyst for
the 1,3-dipolar cycloaddition between 3 and 4a,b when it was
activated by the addition of I2 (Scheme 9).27 Furthermore, the

reaction had to be performed in the presence of molecular sieves
(MS) 4 Å. In the presence of 10 mol% of 13 (X = I) the reaction
proceeded with good to high endo-selectivity and the endo-
isomer was obtained in an ee of up to 82% (Scheme 9, Table 2,
entry 1).

A rather unexpected discovery was made during these
investigations.28 When the 1,3-dipolar cycloaddition reaction of
3a with 4b catalysed by 13 (X = I) was performed in the
absence of MS 4 Å a remarkable reversal of enantioselectivity
was observed, as the opposite enantiomer of endo-5 was
obtained in up to 73% ee (Table 2, entries 1, 2). This had not
been observed for enantioselective catalytic reactions before
and the role of MS cannot simply be ascribed to the removal of
water by the MS, since the application of MS 4 Å that were
presaturated with water, also induced the reversal of enantiose-
lectivity (Table 2, entries 3, 4). Recently, Desimoni et al. found
that in addition to the presence of MS in the MgX2–Ph-BOX
catalysed 1,3-dipolar cycloaddition reaction shown in
Scheme 9, the counter ion for the magnesium catalyst also
strongly affects the absolute stereoselectivity of the reac-
tion.29,30 They applied MgX2–Ph-BOX 13 (X = ClO4, OTf)
complexes and compared the results with the MgX2–Ph-BOX
13 (X = I) catalyst. It was observed that both in the presence
and absence of MS, the catalyst 13 (X = ClO4) gave the
opposite absolute configuration of the product compared to the
reaction of catalyst 13 (X = I) (Table 2, entries 5, 6). For
catalyst 13 (X = OTf), the reaction was racemic in the presence
of MS, whereas a high enantioselectivity of 86% ee was
obtained in the absence of additives. The absolute configuration
of the product of the reaction catalysed by 13 (X = OTf) in the
absence of MS was similar to that obtained with 13 (X = ClO4)
catalyst and opposite to that obtained with 13 (X = I) (entries
2, 6 and 8).29

It should also be mentioned that in relation to the investiga-
tions on MgX2–BOX catalysts, Desimoni et al. also tested a
Zn(ClO4)2–BOX catalyst for the 1,3-dipolar cycloaddition of a
nitrone and acryloyloxazolidinone 4b (see Scheme 9). Contrary

Scheme 8

Table 2 Dependence of the absolute stereoselectivity on molecular sieves (MS) and counter ion in the reaction of 3a with 4b catalysed by 10 mol% of MgX2–
Ph-BOX catalysts 13

Entry MgX2-counter ion Additive endo+exo (%) Ee endo (%) Absolute induction Ref.

1 I MS 4 Å 73+27 82 3S,4R 28
2 I — 100+0 48 3R,4S 28
3 I H2O 90+10 36 3R,4S 28
4 I MS 4 Å, H2O 95+5 36 3S,4R 28
5 ClO4 MS 4 Å 70+30 70 3R,4S 29,30
6 ClO4 — 95+5 48 3S,4R 29,30
7 OTf MS 4 Å 56+44a 2 — 29,30
8 OTf — 97+3 86 3S,4R 29,30

a Mixture of regiomers obtained.

Scheme 9
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to the magnesium catalysts, this zinc catalyst was exo-selective
as a 27+73 endo+exo ratio was obtained, with 84% ee of the exo-
isomer.30

Palladium catalysts

For the activation of a substrate such as 4a via coordination of
the two carbonyl oxygen atoms to the metal, one should expect
that a hard Lewis acid would be most suitable, since the
carbonyl oxygens are hard Lewis bases. Nevertheless, Fur-
ukawa et al. succeeded in applying the relatively soft d10

palladium as the catalyst for the 1,3-dipolar cycloaddition
reaction between 3 and 4a (Scheme 10).32,33 They applied the

dicationic Pd–BINAP 14 as the catalyst, and whereas this type
of catalytic reaction is often carried out at room temperature, the
reactions catalysed by 14 required heating at 40 °C in order to
proceed. In most cases mixtures of endo-5 and exo-5 were
obtained, however, high enantioselectives of up to 93% ee were
obtained for reactions of some derivatives of 3.

A model 15 for the intermediate of the reaction was proposed
to account for the high selectivities obtained for some of the
substrates.33 In 15, the two phosphorous atoms of the Tol-
BINAP ligand and the two carbonyl oxygens of the crotonoyl-
oxazolidinone are arranged in a square planar fashion around
the palladium center (note that the counter ions are omitted from
this model). From the model it appears that the upper si-face of
the alkene is sterically available for the cycloaddition reaction,
while the re-face is shielded by one of the Tol-BINAP p-tolyl
groups.

Lanthanide catalysts

In 1997 the application of two different chiral ytterbium
catalysts, 16 and 17, to the 1,3-dipolar cycloaddition reaction

was reported almost simultaneously by two independent
research groups.34,35 In both reports, it was observed that the
achiral Yb(OTf)3 and Sc(OTf)3 salts catalyse the 1,3-dipolar
cycloaddition between nitrones 3 and alkenoyloxazolidinones 4
with endo-selectivity. In the first study 20 mol% of the
Yb(OTf)3–PyBOX complex 16 was applied as the catalyst for
reactions of a number of derivatives of 3 and 4. The reactions
led to endo-selective 1,3-dipolar cycloadditions giving products
with up to 73% ee (Scheme 11).34 In the other report, Kobayashi

et al. described a 1,3-dipolar cycloaddition catalysed by 20
mol% of the Yb(OTf)3–BINOL complex 17 in the presence of
the achiral tertiary amine 18.35 In this approach the nitrone 3 (R1

= Bn) was formed in situ from the respective aldehyde and
hydroxylamine. High endo-selectivities were observed, and for
one derivative the product endo-5 was obtained with 78% ee.35

In an extension of these investigations the 1,3-dipolar cyclo-
addition reaction was performed in the presence of 20 mol% of
the catalyst 17 and 40 mol% of the chiral amine 19.36 By
substituting the achiral amine 18 with the chiral amine 19, the
selectivity of the reaction was improved significantly. For the
reactions of some derivatives of 3 and 4, endo-5 was obtained as
a single diastereomer and with up to 96% ee. Further
investigation in this field by Kobayashi et al. led to the finding
that the absolute stereoselectivity of the reaction was reversed
when the reaction was performed in the absence of MS 4 Å.37

This observation is analogous to the MgX2–BOX catalysed
reactions, where a similar incidence was observed.28 In the
reaction catalysed by 17 using 19 as the additive, endo-5 (R1 =
Bn, R2 = Me) was obtained in 96% ee in the presence of MS
4 Å. In the absence of MS 4 Å the opposite enantiomer was
obtained in 50% ee. This inverse selectivity could be improved
by using various N-oxides as a third additive.37

Whereas there are numerous examples of the application of
the products from the diastereoselective 1,3-dipolar cycloaddi-
tion reactions in synthesis,2,3 there are only very few examples

Scheme 10

Scheme 11
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of the application of the products from catalytic enantioselective
1,3-dipolar cycloaddition reactions in the synthesis of potential
target molecules. The reason for this may be due to the fact that
most asymmetric metal-catalysed 1,3-dipolar cycloaddition
reactions have been carried out on model systems that have not
been optimised for further derivatisation. One exception of this
is the elegant and short synthesis of a b-lactam by Kobayashi
and Kawamura.36 The isoxazolidine endo-5b, which was
obtained in 96% ee from the Yb(OTf)3–BINOL catalysed
1,3-dipolar cycloaddition reaction, was converted into the ester
derivative 20, quantitatively (Scheme 12). Hydrogenation over

palladium on carbon opens the isoxazolidine ring and cleaves
the N-benzyl moiety to give 21. Following a silyl protection of
the hydroxy group to obtain 22, the final ring-closure is
mediated by LDA to give the b-lactam 23 in a high yield with
a conserved optical purity of 96% ee.

Nickel catalysts

In 1998 Kanemasa et al. published the structure of dibenzo-
furanyl-2,2A-bisoxazoline (DBFOX) which has proved to be an
excellent new ligand for a variety of Lewis acids.38 The
catalytic reactions that have been developed using this type of
Lewis acid–DBFOX complex include catalytic 1,3-dipolar
cycloaddition reactions of nitrones.39 The Ni(ClO4)2–DBFOX/
Ph complex 24 (Scheme 13) is a quite remarkable Lewis acid

catalyst as it can be formed from the aqueous Ni(ClO4)2·6H2O
salt and the ligand. The water can be removed by the addition of

MS 4 Å. The reaction between different nitrones 3 and
crotonoyloxazolidinone 4a proceeded in the presence of 1–10
mol% of the dicationic nickel complex 24 as the catalyst.
Although long reaction times were required to obtain good
yields, the reactions proceeded, in most cases, with very high
endo-selectivities, and in several cases > 99% ee of the endo-
products 5 was obtained. So far this catalyst is undoubtedly the
most selective catalyst for the normal electron-demand 1,3-di-
polar cycloaddition reaction between nitrones and alkenes,
especially with respect to the enantioselectivity of the reac-
tion.39

The inverse electron-demand reactions
The other catalytic approach to the 1,3-dipolar cycloaddition
reaction is the ‘inverse electron-demand’, in which the nitrone
is activated for addition to an electron-rich alkene such as, for
example, a vinyl ether (Fig. 2). In this scenario the FMO’salkene

have higher energies than the FMO’snitrone and the dominating
interaction in the reaction will be LUMOnitrone–HOMOalkene.
The nitrone can coordinate to the Lewis acid, leading to a
decrease of the LUMOnitrone energy. The decreased energy gap
between the two FMO’s responsible for the dominating
interaction leads to an enhanced rate of the 1,3-dipolar
cycloaddition reaction of nitrones.

Boron catalysts

Scheeren et al. reported the first catalytic enantioselective
1,3-dipolar cycloaddition reaction of nitrones with alkenes in
1994.40 Their approach involved C,N-diphenylnitrone 3a and
ketene acetals 25, and the amino acid derived oxazabor-
olidinones 26 were applied as the catalyst (Scheme 14). This
type of boron catalyst has been used successfully for asym-
metric Diels–Alder reactions.41,42 In this reaction the nitrone is
activated, according to the inverse electron-demand, for a
1,3-dipolar cycloaddition with the electron-rich alkene. They
found that coordination of the nitrone to the boron Lewis acid
strongly accelerated the 1,3-dipolar cycloaddition reaction with
ketene acetals. The reactions of 3a with 25a,b were catalysed by
20 mol% of oxazaborolidinones such as 26a,b. Fair enantiose-
lectivities were induced and 27a was obtained with an optical
purity of 74% ee, however, in a low yield. The reaction
involving 25b gave the C-3,C-4-cis-isomer 27b as the only
diastereomer of the product with 62% ee.

In an extension of this work Scheeren et al. studied a series of
derivatives of N-tosyl-oxazaborolidinones as catalysts for the
1,3-dipolar cycloaddition reaction of 3a with 25b.43 The

Scheme 12

Scheme 13

Fig. 2 The catalytic alteration of the nitrone FMO’s in the inverse electron-
demand 1,3-dipolar cycloaddition reaction.
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addition of a co-solvent appeared to be of major importance.
Catalyst 26b was synthesized from the corresponding amino
acid and BH3·THF, hence, THF was present as a co-solvent. In
this reaction (2)-27b was obtained with 62% ee. If the catalyst
instead was synthesized from the amino acid and BH3

.SMe2,
and diphenyl ether was added, a remarkable reversal of the
enantioselectivity of the reaction occurred, since (+)-27b was
now obtained as the major isomer. Furthermore, the ee in this
approach was improved to 79%. In more recent work the same
research group has applied cyclic and acyclic vinyl ethers in the
oxazaborolidinone catalysed 1,3-dipolar cycloaddition reaction
with nitrones.44 High diastereoselectivities were obtained,
however, the highest enantioselectivity was 38% ee. In an
analogous study by Meske, the impact of various oxazabor-
olidinone catalysts for the 1,3-dipolar cycloaddition reactions
between acyclic nitrones and vinyl ethers was studied.45 The
highest enantioselectivity obtained in this work was 20% ee.

Aluminium catalysts

As for boron catalysts, the aluminium catalysts have exclusively
been applied for the inverse electron-demand 1,3-dipolar
cycloaddition between alkenes and nitrones. The first contribu-
tion to this field was published in 1999.46 The initial catalytic
experiments were performed using the AlMe–BINOL catalyst
29a, that was simply synthesised by mixing the chiral BINOL
ligand 28a with AlMe3 (Scheme 15). This catalyst was applied
for the reaction between nitrone 3a and vinyl ethers 30a,b. A
large rate enhancement was observed by using this catalyst,
although, the selectivity of the reactions was rather disappoint-
ing. As part of these studies a new method for the synthesis of
3,3A-aryl substituted BINOL ligands 28b–f was developed.47

The introduction of substituents in the ligands 3,3A-position as in
catalysts 29b-f led to a remarkable improvement of the
selectivities when these catalysts were applied in the reaction of
3a with 30b (Scheme 15). In particular, complex 29b possessed
the desired properties as the reaction performed in the presence
of 20 mol% of this catalyst was completed within 45 min to give
exo-31b (R1 = Ph, R2 = t-Bu) as the only observable
diastereomer with 89% ee. The best results were achieved by
applying the ethyl vinyl ether 30a in the reaction instead of 30b.
The reactions between a series of nitrones 3a–d with 30a
catalysed by 10 mol% of 29b all proceeded to give the
corresponding products 31 with excellent exo-selectivities and
with enantioselectivities of 88–97% ee.46

A model for the mechanism of the highly enantioselective
AlMe–BINOL-catalysed 1,3-dipolar cycloaddition reaction
was proposed as illustrated in Scheme 16. In the first step
nitrone 3a coordinates to the catalyst 29b to form intermediate
32. In this intermediate, which is proposed to account for the
absolute stereoselectivity of the reaction, it is apparent that one

of the faces of the nitrone, the si-face, is shielded by the ligand,
whereas the re-face remains available for reaction with ethyl
vinyl ether 30a as shown in 33. The high exo-selectivity may
also be explained by the model. As appears from the step in
which 30a approaches the nitrone–catalyst complex 33, the
ethoxy moiety of 30a is pointing away from the nitrone N-
phenyl group which leads to formation of the exo-isomer of the
product 31a. The assignment of the absolute configuration of
the product was in full agreement with the re-face selectivity
proposed in this model.46

Pu et al. have developed a new type of rigid polymer of
1,1-binaphthols.48–50 The 3,3A-crosslinked polymeric bina-
phthol ligand 34 in combination with AlMe3 was applied as the
catalyst for the 1,3-dipolar cycloaddition (Scheme 17).51 Very
high selectivities were obtained when the aluminium catalyst of
34 (20 mol%) was applied to the 1,3-dipolar cycloaddition
reaction of nitrone 3a with alkene 30a. The only observable

Scheme 14

Scheme 15

Scheme 16
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diastereomer resulting from the reactions was exo-31a (R1 =
Ph) and it was obtained with an enantioselectivity as high as
99% ee. One of the advantages of using a polymeric catalyst is
the easy removal and recovery of the ligand from the reaction.
Upon completion of the reaction, the catalyst was hydrolysed
and the ligand precipitated by addition of methanol. After
evaporation of the solvent and the excess of 30a, the pure
product exo-31a was isolated in 97% yield. Similar excellent
selectivities were obtained for reactions of other nitrones.

Another important advantage of using the polymeric ligand
34 is, in addition to the easy purification of the product, that the
ligand can be isolated and reused after the simple precipitation
procedure. In this manner a sample of the polymeric ligand was
isolated and reused in four consecutive reactions of nitrone 3a
and ethyl vinyl ether 30a. Both yield and enantioselectivity of
exo-31a showed only slight decreases after the ligand had been
reused. The slight decrease was ascribed to the loss of small
amounts of the ligand during the recycling procedure.51

The polymeric ligand’s monomeric counterpart 28g was also
synthesised and applied in the 1,3-dipolar cycloaddition
reaction in order to compare the properties with the polymeric
ligand (Scheme 17). When 28g in combination with AlMe3 (10
mol%) was used as the catalyst for the reactions between
nitrones 3a–c and ethyl vinyl ether 30a, the reactions proceeded
to give the pure exo-9 in yields ranging from 76–93%. The
enantioselectivities of the reactions were very high at 94–99%
ee, and were thus comparable to the results obtained using the
polymeric ligand.

Copper catalysts

In order to control the stereochemistry in the 1,3-dipolar
cycloaddition reactions the bidentate glyoxylate derived nitrone
35, chiral copper catalysts were applied.52 For the reaction of
nitrone 35, the electron-rich ethyl vinyl ether 30a was chosen as
the dipolarophile (Scheme 18). A series of chiral catalysts was
investigated for the reaction and the Cu(OTf)2–t-Bu-BOX
complex 37a was found to be the most suitable catalyst for this
reaction. In the presence of 25 mol% of 37a the reaction
proceeded to give a conversion of 98%, an exo+endo ratio of
84+16, and as the most significant result, exo-36a was obtained
with 89% ee. By changing the solvent to toluene the

diastereoselectivity of the reaction was slightly lowered, but the
enantioselectivity was improved to 93% ee.52

In order to account for the stereoselectivity observed in this
reaction a model 38 for the intermediate consisting of substrates

35 and ethyl vinyl ether 30a coordinated to catalyst 37a was
proposed.52 In the model the two triflate ligands are dissociated
from copper and the ligands are arranged around the copper
center as a trigonal bipyramid. It should be noted that in model
38 the oxygen atom of vinyl ether 30a also coordinates to the
metal center. However, a tetrahedral intermediate consisting of
only the catalyst and the nitrone could also account for the
absolute stereoselectivity of the reaction.

It should also be mentioned that Bosnich et al. have applied
a chiral titanocene derived catalyst for the inverse electron-
demand 1,3-dipolar cycloaddition reaction of nitrones with
ketene acetals, however, the highest chiral induction was 14%
ee.53

Other types of asymmetric catalysis

A different catalytic enantioselective approach was developed
for the 1,3-dipolar cycloaddition reaction of nitrones with allyl
alcohol (Scheme 19).54 The zinc catalyst complex, which was
used in a stoichiometric amount, was generated from allyl
alcohol 39, Et2Zn, (R,R)-diisopropyltartrate (DIPT) and
EtZnCl. Addition of the nitrone 40a led to primarily trans-41a,
which was obtained in a moderate yield, however, with a high
ee of up to 95%. Application of 40b as the nitrone in the reaction
led to higher yields of 41b (47–68%), high trans-selectivities
and up to 93% ee. Compared to other asymmetric metal
catalysed 1,3-dipolar cycloaddition reactions of nitrones, this
reaction cannot be assigned as normal or inverse electron-
demand. The reaction is controlled, rather than by altered FMO
energies, instead by the chelation of the substrates to the catalyst

Scheme 17

Scheme 18
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leading to a favorable entropy of the proposed pseudo-
intramolecular intermediate 42.

Another quite different asymmetric copper catalysed reaction
was published by Miura et al. in 1995.55 The reaction of nitrone
3a and phenylacetylene 43 is catalysed by CuI–i-Pr-BOX 37b
as outlined in Scheme 20. The product of this reaction is not a

1,3-dipolar cycloaddition adduct, rather it is the azetidone 44.
The reaction proceeds, however, via an isoxazoline inter-
mediate and is therefore mentioned here. By using 1 equivalent
of the catalyst 37b, the trans-isomer 44 is obtained in 54% yield
and with 68% ee. If the catalyst loading is lowered to 10 mol%
CuI and 20 mol% ligand the selectivity decreases to 57% ee.

Summary
The catalytic enantioselective 1,3-dipolar cycloaddition reac-
tion of nitrones has reached a mature stage and there are several
examples of reactions that proceed with very high enantiose-
lectivities. For the normal electron-demand 1,3-dipolar cy-
cloaddition reaction of nitrones with electron-deficient alkenes
a number of metal complexes have been applied successfully.
All of these have in common that they favor a bidentate
coordination of the alkenoyloxazolidinone (or succinimide) to
the metal catalyst. Most of these reactions proceeded with endo-
selectivity. The chiral Ni(ClO4)2–DBFOX/Ph has been the most
selective catalyst for the endo-selective normal electron-
demand 1,3-dipolar cycloaddition reaction so far. Application
of 1–10 mol% of this catalyst induced in general very high
enantioselectivities of up to 99% ee. It has been more difficult
to obtain the exo-isomer in the above described reaction. The
application of succinimide as an auxiliary for the alkene in the

TICl2–TADDOLate catalysed reaction has been the only entry
to a highly exo-selective reaction and in this case up to 72% ee
of the exo-isomer was obtained.

Other types of catalysts had to be applied for the inverse
electron-demand 1,3-dipolar cycloaddition reaction of nitrones
with electron-rich alkenes. Fair enantioselectivities of up to
79% ee were obtained with oxazaborolidinone catalysts.
However, the AlMe–3,3A-Ar-BINOLate complexes proved to
be superior for reactions of acyclic nitrones and more than
> 99% ee has been obtained in some reactions. The CuX2–BOX
catalyst was efficient for reactions of the glyoxylate derived
nitrones with vinyl ethers and enantioselectivities of up to 93%
ee were obtained. A few examples of different approaches to
catalyst induced control of the stereoselectivity of the reaction
have also been reported, however, in these examples a
stoichiometric amount of the chiral catalyst was required.

The development of catalytic enantioselective 1,3-dipolar
cycloaddition is probably going to continue during the next
decade and there are some problems that need to be solved. One
of the major drawbacks for most of the reactions is the high
catalyst loadings that are required. Another challenge is to
explore new substrates that are more suitable for application in
synthesis. Hopefully, some of these problems will be solved,
because the catalytic enantioselective 1,3-dipolar cycloaddition
reaction of nitrones is a highly valuable reaction for the control
of multiple stereocenters in a single reaction step.
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A solvent-free, low-dimensional polymer electrolyte blend is
described demonstrating a novel process of ‘self-tracking’
along the field direction in DC polarisation between lithium
electrodes and giving ambient DC and AC conductivities
upto 1023 S cm21 with low temperature dependence of
conduction.

Solvent-free polymer electrolytes have been based largely upon
complexes of lithium salts in amorphous forms of poly(ethylene
oxide) (PEO).1–3 However, their application in ambient tem-
perature batteries, requiring conductivities of ca. 1023 S cm21,
has been prohibited due to their low ambient temperature
conductivities. Other amorphous systems giving conductivities
between 1024–1025 S cm21 have been proposed.4,5 With a
view to creating low impedance pathways and inhibiting ion
aggregates we have adapted the extended helical crystalline
structures of PEO–alkali salt complexes6–8 to synthesise
organised low-dimensional polymer complexes9–13 with amphi-
philic polymers poly[2,5,8,11,14-pentaoxapentadecamethy-
lene(5-alkyloxy-1,3-phenylene)] coded CmO5 or (I).

When m = 16, (C16O5), sidechains interdigitate in an
hexagonal lattice layer between polyether helices into which
cations are encapsulated, one per repeat unit/helical turn, in
equimolar complexes denoted, e.g. C16O5+LiClO4 (1+1).
Anions lie in the interhelical spaces. (cf. Fig. 1) and inter-
lamellar long spacings of 40–45 Å are observed.9,10,11

Here, we report enhanced ambient conduction in solvent-free
LiClO4 and LiClO4/LiBF4 complexes of CmO5 blended with a
second copolymer of poly(tetramethylene oxide) (II). The n-
alkyl side chains R in I are either C16H33 (C16O5) or a random

equimolar copolymer mixture with C12H25 (C16C12O5). In II
the units -A- are either -CH2- (denoted IIC1) or
-CH2C(NCH2)CH2- (denoted IID4). Both I and II are prepared
to high molar mass ( < Mw > = 8 3 104 and 4 3 104

respectively) giving thin films with good mechanical proper-
ties.

Polymers I9,10 and II were prepared by standard Williamson
condensations and complexes were prepared by mixing poly-
mer I (1 mol repeating unit ), polymer II (7 mols of (-(CH2)4-
O-)- units) and either LiClO4 (1.5 mol) or LiClO4 / LiBF4
(0.75/0.75) from mixed dichloromethane/acetone solvent. The
heptamer segment for the stoichiometric equivalent of polymer
II for each repeat unit of I is indicated by a molecular dynamics
model.† The molar compositions of complexed blends are
therefore denoted I+II+Li salt (1+1+1.5) where the second digit
denotes the mol of heptamer segment. The schematic model
(Fig. 1) and the molecular model† are consistent with small-to-
wide angle X-ray analysis and with DSC which indicate that the
strands of polymer II disrupt the alkyl sidechains of polymer I.
Sidechain melting temperatures are reduced by ca. 10 °C by
blending with II. C16O5+II+LiClO4 melts at ca. 34 °C at the
peak. Complexes with mixed m = 16/12 sidechains
(C16C12O5) melt at ca. 24 °C. The pure polymers II melt at ca
20 °C.

Fig. 2 shows isothermal DC‡ conductivity vs. time in cells
with Li electrodes (Li|I/II–LiClO4|Li) for C16O5 : II : LiClO4
(1 : 1 : 1.5) polarised with 10 mV at 30 °C, Fig. 2(a), and C16O5
: II : LiClO4 : LiBF4 (1 : 1 : 0.75 : 0.75) polarised with 100 mV
at 25 °C, Fig. 2(b). In a novel ‘self-tracking process’ the current
increases stepwise over ca. 24 h corresponding to Li+
conductivity increasing from ca. 1026 S cm21 to ca. 1023

S cm21.
The DC data are supported by AC complex impedance

measurements for C16O5+II+LiClO4 (1+1+1.5) and
C16C12O5+II+LiClO4 (1+1+1.5) between ITO electrodes as
shown in Fig. 3(a) and (b) as log s vs. 1/T. From lower levels at
ambient temperatures all three systems undergo similar ‘transi-
tions’ on heating to ca. 100 °C after which ambient con-
ductivities between 2–6 3 1024 S cm21 are observed. In

† Electronic supplementary information (ESI) available: a molecular
dynamics model with coloured atoms of the C16O5+II+Li salt complex
from Cerius2 software. See http://www.rsc.org/suppdata/cc/b0/b004174m/

Fig. 1 Schematic molecular structure of C16O5+II+LiClO4: Solid lines:
C16O5, dashed lines: polymer II.

Fig. 2 DC polarisation between lithium electrodes. (a) C16O5+IID4+Li-
ClO4 (1+1+1.5), 10 mV at 30 °C, 450 mm. (b) C16O5+IIC1+LiClO4+ LiBF4

(1+1+0.75+0.75), 100 mV at 25 °C, 100 mm.
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Fig. 3(b) the ambient conductivity is slightly lower at 8 3 1025

S cm21 after an isothermal increase over ca. 12 h at 20 °C but
this level of conductivity is remarkably maintained down to
25 °C. The cooling runs of the C16O5 systems also
demonstrate virtual temperature independence (temperature-
independent conductivities at the level of 1027–1026 S cm21

have previously been observed13 in Langmuir–Blodgett films of
a variety of C16O5-Li salt complexes). However, whereas the
‘cooling data’ are unstable on re-heating above the sidechain
melting temperature (ca. 35 °C), returning to the lower initial
heating curve, Fig. 3(a), the data in Fig. 3(b) demonstrate that on
cooling below the side chain melting endotherm (lower limit
20 °C) stable and reversible conductivities may be observed.

The possibility that Li dendrite formation has a significant
influence on these and a number of other DC polarisations
reproducing these results is not supported by comparisons with
observed14 dendritic growth in conventional amorphous poly-
mer electrolyte systems. In contrast to the latter the tracking
phenomenon commences almost from the outset with very low
current densities (ca. 0.1 mA cm22) and without cycling,
Furthermore, the maximum conductivities (ca. 1023 S cm21)

are reproduced over a wide range of final current densities. In
Fig. 2(b) (100 mV and 100 mm cell thickness) the current
density is 45 times greater than in Fig. 2(a) (10 mV and 450 mm
thickness, 0.2 mA cm22 maximum).

It is anticipated that polymer II (with the more extensive
skeletal domain) will promote orientation of conducting planes
bc in the direction normal to the electrodes when the blend is
subjected to mechanical shear in the plane of the film (parallel
to the electrodes). The ion current may perhaps assist such
orientations by a ‘melting–recrystallisation’ reorganisation
within the sidechain melting endotherm (20–35 °C). However,
imposition of the field is expected to bring about a new steady
state redistribution of ions between the channels of polymer I
and the polymer II environment promoting vacancies in I in
which ions are presumed the more mobile (s = 7 3 1027

S cm21 for complexes of pure II with LiClO4 at 25 °C). The
relative mobilities and stabilities of ions in I and II and the
identification of premelting (order–disorder) transitions which
could account for the low temperature dependence of con-
ductivity are subjects of further work.

We acknowledge financial support for this work from the
Engineering and Physical Science Research Council.
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Fig. 3 Temperature dependence of AC conductivities between ITO
electrodes. Arrows indicate the direction of heating. (a) C16O5+IIC1+Li-
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A novel acyl donor, 1-ethoxyvinyl 2-furoate, was found to
produce the title reactions with high enantiotopic selectivity,
high reactivity and stability of the products under various
conditions.

The enzymatic transesterification of alcohols with acyl donors
in organic solvents has become a widely applicable protocol to
provide a variety of optically active compounds.1 However, its
application to the enantioselective desymmetrization of pro-
chiral 2,2-disubstituted propane-1,3-diols (I) has rarely been
reported, despite the promising potential of this approach as a
powerful alternative to the well-investigated chemical synthe-
ses of compounds bearing an optically active quaternary carbon
center.2 Recently, Fadel and Arzel reported the first practical
enzymatic desymmetrization of I using well-known acyl
donors, i.e. vinyl acetate and isopropenyl acetate. The reactions,
however, suffered from low reactivity (it usually took several
days or more to consume I), and racemization of the products II
via acyl group migration was often observed [eqn. (1)].3 Easy
racemization of the products IV has also been an

(1)

annoying problem for the desymmetrization of the meso-
1,2-diols (III) [eqn. (2)].4,5 Therefore, to solve these problems

(2)

the development of an effective acyl donor which fulfills the
criteria of high enantiotopic selectivity, high reactivity,6 and
production of stable products under various conditions is an
urgent matter.

Very recently, we reported that 1-ethoxyvinyl acetate is
similar-to-more reactive than vinyl acetate in the common
enzymatic transesterifications7 and we developed 1-ethox-
yvinyl benzoate (1a) as an effective reagent for the desymme-
trization of I.8 However, this method is still unsatisfactory for
sterically congested 1,3-diols in terms of the reaction time and
the enantiotopic selectivity. The finding for 1a encouraged us to
find a more prominent ethoxyvinyl aromatic ester.9 In this
communication, we present 1-ethoxyvinyl 2-furoate (1b) as an
effective reagent applicable to both diols I and III.

In the preliminary evaluation of 19 aroyl reagents 1 on the
desymmetrization of the congested diol 2 under identical

reaction conditions (the reaction was quenched when 2 was
consumed), we observed that the 2-furoate (1b) was the best
reagent in both reactivity and enantiotopic selectivity (Table 1,
run 1). Some other reagents (1, Ar = p-tolyl, p-bromophenyl,
5-bromo-2-furyl, 2-thienyl) were fairly effective in producing
the corresponding mono esters (75–86% ee, 46–60% isolated
yields), and the rest were moderate (Ar = 2-naphthyl, p-

† Electronic supplementary information (ESI) available: preparation of
1-ethoxyvinyl 2-furoate. See http://www.rsc.org/suppdata/cc/b0/b003871g/

Table 1 Desymmetrization of various 1,3-diols using 1a,ba
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methoxyphenyl, p-nitrophenyl, 3-methyl-2-furyl, 3-furyl;
50–80% ee, 22–41% isolated yields) or poorly reactive (Ar = o-
tolyl, 1-naphthyl, 1-anthryl, 1-methylpyrrol-2-yl, 4-pyridyl,
3-pyridyl, 3-quinolyl, benzofuran-2-yl, 1-methylindol-2-yl).10

Therefore, the desymmetrization of various types of 2,2-di-
substituted 1,3-diols (3–9) was performed using 1b (Table 1).
These results disclosed the eminent performance of 1b as
follows.

First, the reactions using 1b were generally completed within
5 h. This is quite remarkable because all of the other aroyl
donors required at least 1 day and generally more than 4 days to
consume the diols. Second, the optical and the chemical yields
of the products 10b–17b were generally high and better than
those obtained using the other aroyl reagents. Particularly, the
product 15b was obtained with > 99% ee. Third, the stability of
the furoate 10b–17b under acidic conditions was very much
improved as noted from the following example. Thus, 16b was
inert to racemization in an acidic medium [0.1 equiv. of
camphorsulfonic acid (4 3 1024 M) in CH2Cl2] at room
temperature after 1 d, whereas the same treatment of the
corresponding benzoate resulted in gradual racemization (t1/2 =
18 h).8 All of these products were easily isolated by standard
column chromatography on SiO2, and the optical purity did not
decrease during the chromatography.

In addition, an improvement in the optical purity of the
products was observed by prolonging the reaction time beyond
the complete mono acylation of the substrates due to kinetic
amplification (e.g. runs 2 and 5). Because the only side-
products, i.e. the diesters, were quantitatively hydrolyzed to the
starting diols, this method provides products with high optical
purity without any loss in chemical yield.

The furoate moiety was preserved under oxidizing condi-
tions. Neither a decrease in optical purity nor decomposition of
the furan ring was observed after treatment of 16b (88% ee)
with the Dess–Martin periodinane, and the corresponding
aldehyde 18 was quantitatively obtained with 87% ee as
determined using a chiral HPLC column. Further treatment of
18 with NaClO2 followed by methanolysis gave the known
carboxylic acid (R)-20 {[a]22

D +13.4 (c 0.8, CHCl3), lit.11 [a]20
D

216.5 (c 1.0, CHCl3) for 97% ee of the (S)-form}. Therefore,
the absolute configuration of 16b was determined to be S
(Scheme 1).

The reaction of the meso-1,2-diol 21 with 1b using
CHIRAZYME® L-9 (from Mucor miehei, Roche Diagnostics)
provided the monofuroate (1R,2S)-23 (97% ee, 77% yield)
(Scheme 2). The optical purity did not change during purifica-
tion by the standard column chromatography on SiO2. Sim-
ilarly, the desymmetrization of 22 gave (1R,2S)-24 (82% ee,
55% yield).†12,13

In conclusion, the above-mentioned procedure using 1b
features the following advantages. (1) 1b is readily prepared
from commercially available ethoxyacetylene and 2-furoic acid
in high yield and may be stored in a refrigerator for more than
six months. (2) The products are obtained in high optical and
chemical yields. If necessary, the only side-products, diesters,
can be converted to the starting diols. (3) The products are
sufficiently stable under various conditions and can serve as the
key synthetic intermediates for optically active compounds
having a quaternary carbon center at the benzylic position.
Moreover, the high reactivity and high enantiotopic selectivity
of 1b are outstanding among a large number of acyl donors and
offer an interesting topic from the mechanistic point of view.

This work was supported by Grants-in-Aid for Scientific
Research (No. 09557180 and 11672102) from the Ministry of
Education, Science, Sports, and Culture, Japan and the Takeda
Science Foundation, Japan. The Meito Sangyo Co., Ltd., Japan,
and Roche Diagnostics K. K., Japan, are thanked for their
generous gifts of the lipases.
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Scheme 1 Reagents and conditions: i, Dess–Martin periodinane, CH2Cl2,
0 °C ? room temperature, 30 min; ii, NaClO2, NaH2PO4, ButOH–H2O,
room temperature, 10 min; iii, NaOMe, MeOH, 0 °C ? room temperature,
1 h.

Scheme 2 Reagents and conditions: i, 1b (2.5 equiv.), CHIRAZYME® L-9,
ButOMe, 45 °C, 2 d.
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The synthesis of a tricyclic substructure of solanoeclepin A is
described. The key step involves an intramolecular [2+2]
photocycloaddition between a dioxinone and a tetrasub-
stituted bicyclic alkene providing the strained bicyclo-
[2.1.1]hexane moiety.

Solanoeclepin A (1) is the most active natural hatching agent of
the potato cyst nematode.1 Its heptacyclic structure contains all
ring sizes ranging from three to seven, including a strained

bicyclo[2.1.1]hexanone unit, which to the best of our knowl-
edge is an unprecedented structural feature in natural products.
The structure of 1 to a certain extent resembles that of
glycinoeclepin A,2 the hatching agent of the soybean cyst
nematode. The extreme scarcity of natural material, its
fascinating structure, and its potential role in the search for a
benign way to control potato sickness make 1 a challenging
target for total synthesis. This and the following communica-
tion3 document our first strides towards this goal.

We have investigated intramolecular [2+2] photocycloaddi-
tions4 between a 1,3-dioxin-4-one and variously substituted
alkenes connected at C5 with a two carbon tether, to arrive at
highly substituted bicyclo[2.1.1]hexanes. We wish to report
herein (1) our preliminary results on these cycloadditions,
which exhibit remarkably variable regioselectivities, and (2) our
achievements towards the stereoselective construction of a
tricyclic substructure of solanoeclepin A, containing the
bicyclo[2.1.1]hexane moiety.

To investigate the viability of a photochemical approach a
simple model system was selected containing the 6-methyl-
1,3-dioxin-4-one moiety (see Scheme 1). This structure is

known to be readily prepared and to show reliable photo-
chemical behaviour4 and it should eventually provide useful
functionality for our total synthesis endeavour. Aldehyde 2 was
prepared from commercially available tert-butyl acetoacetate
via (1) alkylation with allyl bromide, (2) dioxinone formation5

and (3) oxidative cleavage of the allyl group.6 Subsequent
alkenylation with vinylmagnesium bromide, followed by MOM
protection of the allylic alcohol, afforded cyclisation precursor
3.

Upon irradiation smooth cyclisation occurred to afford the
expected bicyclo[2.1.1]hexane 4 as a 1+1 mixture of diastereo-
isomers. This product is in accordance with the so-called ‘rule
of five’.7 A close analogue has been earlier prepared by Kaneko
and co-workers.4b Cycloadduct 4 was found to be unstable,
decomposing slowly under the reaction conditions and during
the subsequent work-up. However, exhaustive reduction with
lithium aluminium hydride led to stable diol 5.

Encouraged by this result, we set out to construct a more
appropriately functionalised cyclisation precursor, bearing a
cyclohexenyl side chain, necessary for the construction of 1.
Chromium-mediated coupling of aldehyde 2 and vinyl triflate
68 (Scheme 2), followed by oxidation of the allylic alcohol and
acetalisation,9 afforded cyclisation precursor 7. This oxidised
and protected precursor was chosen to prevent diastereomeric
mixtures after the cycloaddition.

Much to our surprise, cyclisation of 7 resulted in the
exclusive formation of the strained bicyclo[2.2.0]hexane 8. This
cycloadduct exhibited enhanced stability compared to 4, even to
silica gel column chromatography, allowing the complete
characterisation of this molecule. Ultimate proof of the structure
of 8 was obtained by performing a De Mayo fragmentation,
which after esterification with diazomethane gave spiro[3.4]oc-
tane 9.10 The structure of one of the isomers of 9 was
unambiguously secured by X-ray crystallography.

We hypothesised that this remarkable regiochemical prefer-
ence could be attributed to stereoelectronic effects. In an

Scheme 1 Reagents: a, vinylmagnesium bromide, THF, 278 °C; b,
MOMCl, i-PrNEt2, CH2Cl2, rt; c, hn (300 nm), MeCN–acetone (9:1 v/v), rt;
d, LiAlH4, THF, rt.

Scheme 2 Reagents: a, CrCl2, NiCl2 (cat.), DMF, rt; b, (COCl2)2, DMSO,
Et3N, CH2Cl2, 278 °C ? rt; c, (TMSOCH2)2, TMSOTf, CH2Cl2, 0 °C; d,
hn (300 nm), MeCN/acetone (9:1 v/v), rt; e, KOH, dioxane–H2O, rt; f,
CH2N2, MeOH, 0 °C.
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attempt to direct the cycloaddition to the desired mode of
closure, aldehyde 2 was reacted with triflate 10 bearing an
additional electron-withdrawing ester substituent on the alkene
(Scheme 3). Not unexpectedly,11 the product was not the
hydroxy ester 11, but lactone 12. Gratifyingly, subjection of this
latter precursor to the irradiation conditions smoothly led to
bicyclo[2.1.1]hexane 13 with complete regio- and diastereo-
selectivity in high yield. The cycloadduct 13 appeared unstable
on a silica gel column, but was readily purified by recrystallisa-
tion (mp 177–178 °C), and its structure was confirmed by X-ray
crystallography‡.

To probe the generality of this cyclisation mode we also
investigated the five-membered ring triflate ester 14 as starting
material. Its coupling with aldehyde 2 gave hydroxy ester 15,
which did not lactonise spontaneously nor could it be forced to
do so by heating. Alcohol 15 was therefore protected as the
MOM ether 16. On irradiation of 16 under the usual conditions
a ca. 1:1 mixture of stable stereoisomeric cycloadducts 17 was
obtained containing again the bicyclo[2.2.0]hexane moiety. The
diastereoisomer with the OMOM group trans with respect to the
cyclopentane ring (mp 62–64 °C) was crystalline and allowed
unambiguous structural proof by X-ray diffraction.

Thus, of the four photocyclisation precursors investigated,
two (3 and 12) cyclise in the expected crossed mode obeying the
rule of five, while the other two (7 and 16) cyclise in the
unexpected straight mode. In view of the precedent available, 3
shows normal cyclisation behaviour. However, very little is
known about tri- or tetrasubstituted alkenes in photocycloaddi-
tions with 2-carbon tethered dioxinones. It is tempting to
speculate that the first C–C-bond formation by radical cyclisa-
tion to a 5- or 6-membered ring is reversible,12 depending on the
feasibility of the second, irreversible C–C-bond formation.
Preliminary molecular modeling studies indicate that in the case
of ester 16 initial 5-membered ring formation cannot be readily
followed by a second C–C-coupling due to conformational
constraints. At any rate, photochemistry once again proves to be
a very powerful synthesis technique, producing in one step four
contiguous quaternary carbon centres, exemplified by the
formation of 13 and 17, of which the former has the desired
skeleton for our total synthesis purposes.

To examine the utility of 13 in model studies towards the
natural product, it was reduced with excess lithium aluminium
hydride to yield the stable tetrahydroxy compound 18 (Scheme
4). Further elaboration of 18 required a differentiation of the two
primary hydroxy groups. Unfortunately, all attempts to se-
lectively mono-protect one of the primary alcohols met with

failure. Therefore, the primary and secondary hydroxy groups
were protected as their TBDMS ethers, followed by functional-
isation of the tertiary alcohol with a phenyl carbonate group,
affording 19. Selective hydrolysis of the primary TBDMS
ethers, yielded diol 20. Upon treatment of this diol with sodium
hydride, cyclic carbonate 21 was formed, leaving one primary
hydroxy group unprotected. This compound contains appro-
priate substitution and stereochemistry for elaboration towards
the right-hand substructure of solanoeclepin A.

These investigations are supported (in part) by the Nether-
lands Research Council for Chemical Sciences (CW) with
financial aid from the Netherlands Technology Foundation
(STW).
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The synthesis of the enantiopure left-hand substructure of
solanoeclepin A is described. Key steps include a chromium-
mediated coupling of an oxabicyclic aldehyde with a b-
ketoester-derived enol triflate to give a lactone, and a ring-
closing metathesis reaction to form the seven-membered
ring.

In the preceding communication1 we have disclosed a synthetic
approach to the intricate bicyclo[2.1.1]hexane moiety of
solanoeclepin A (1), the hatching agent of the potato cyst
nematode.2 In this paper we present the successful synthesis of
the tetracyclic left-hand substructure 2 of this challenging
natural product.

In our retrosynthetic analysis (Scheme 1) compound 2 was
deemed accessible via oxidative functionalisation of diene 3,
which was thought to result from a ring-closing metathesis
reaction of triene 4 as a key step. Compound 4 was expected to
arise from lactone 5, the product of a chromium-mediated3

coupling of enol triflate 6 and aldehyde 7. Diels–Alder product
8 has been previously reported by Mukaiyama and Iwasawa4a

and seemed a suitable intermediate for the construction of
aldehyde 7.

The synthesis of aldehyde 7 started with the condensation of
furfural with (R)-(2)-2-phenylglycinol and reduction of the
formed imine with sodium borohydride (Scheme 2). At this
point it was not possible to selectively acylate the amine.
Therefore the hydroxy group was first silylated, followed by N-
acylation and acidic work-up to give Diels–Alder precursor 9 in
87% overall yield from furfural. The intramolecular Diels–
Alder reaction following the Mukaiyama protocol4 afforded 8 in
excellent diastereoselectivity (89%) on a 50 g scale. The pure
diastereomer 8 was obtained after column chromatography in
69% yield.

As chemoselective hydroboration of the alkene in 8 appeared
impossible in the presence of the lactam, the latter functionality
was removed as follows. First, the N-substituent was removed
via a non-reductive procedure to keep the 7-oxabicycloheptene
moiety intact.5 The Diels–Alder product 8 was successively
treated with tosyl chloride and DBU to give an enamine, which
after hydrolysis led to lactam 10 (mp 154 °C; [a]22

D +52.4, c =
0.8, CHCl3) in excellent yield. Lactam 10 was then N-nitrosated
and ring-opened to a hydroxy ester,4 which on THP-protection
gave 11 in moderate yield. Highly selective hydroboration of
the double bond appeared now possible with disiamylborane6§
to give the desired alcohol in a 92+8 regioisomeric ratio.
Separation of the isomers by column chromatography and
protection of the secondary hydroxy group as a silyl ether
afforded 12 in a good yield. The ester function was then

Scheme 1 Strategy for the synthesis.

Scheme 2 Reagents: a, (R)-(2)-2-phenylglycinol, toluene, reflux; b,
NaBH4, i-PrOH; c, TMSCl, pyridine, THF; d, 3,3-dimethylacryloyl
chloride then 5% HCl, H2O; e, n-BuMgCl, Et2O, 260 °C then toluene,
reflux, 16 h; f, p-TsCl, pyridine, CH2Cl2; g, DBU, MeCN then 5 M HCl,
H2O; h, NaNO2, AcOH, Ac2O; i, KOH, EtOH then sat. NaHCO3 (aq); j,
DHP, p-TsOH, CH2Cl2; k, disiamylborane, THF then NaOH, H2O2; l,
TDBPSCl, imidazole CH2Cl2; m, LiAlH4, THF; n, TPAP, NMO, acetone;
o, Ph3PNCH2, THF; p, HOAc, THF, H2O; q, SO3·pyridine, DMSO, Et3N,
CH2Cl2.
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transformed into a vinyl group by reduction to the alcohol,
followed by TPAP7 oxidation and Wittig olefination. After THP
deprotection and oxidation,8 aldehyde 7 was obtained.

A chromium-mediated coupling of enol triflate 6 with
aldehyde 7 afforded an intermediate g-hydroxy unsaturated
ester which spontaneously lactonised to a,b-unsaturated lactone
5 and its diastereomer (Scheme 3).3 This mixture of diastereo-
isomers (70:30) could be easily separated by column chroma-
tography. The major isomer was used for the rest of the
synthetic sequence and its stereochemistry was later proven to
be as given in 5.

Reduction of lactone 5 with lithium aluminium hydride
resulted in a diol, which was protected with a TBDMS group on
the primary hydroxy group, and an acetyl group on the
secondary hydroxy group to give 13. The primary alcohol was
then selectively deprotected with CSA and subsequently
oxidised with TPAP.7 Wittig olefination of the crude aldehyde
resulted in the ring-closing metathesis precursor 4. Our first
experiments to cyclise 4 were carried out with Grubbs’
ruthenium benzylidene catalyst,9 but a very slow process was
observed requiring a stoichiometric amount of the catalyst for
completion of the ring-closing metathesis. Gratifyingly, the use
of the more stable ruthenium catalyst 1410 gave quantitative
closure to form tetracyclic diene 3 after 16 h in refluxing toluene
using only 15% of the catalyst.

With the diene 3 available we needed to functionalise the
least-substituted double bond with oxygen substituents
(Scheme 4). We first attempted to introduce a 1,2-diketone

moiety in one step using KMnO4 in Ac2O,11 but this reagent
mixture led to complete cleavage of the CNC bond, resulting in
a diacid. We then decided to introduce the 1,2-diketone via a
milder three-step procedure. First the double bond was
dihydroxylated, which was only successful by following a
recent procedure of Corey and co-workers,12 using stoichio-
metric osmium tetroxide activated with DMAP. Direct double
oxidation of the resulting diol to the dione, using manganese
dioxide, TPAP or DMSO-based reagents failed and resulted in
most cases in C–C bond cleavage to give the corresponding
dialdehyde. However, we then found that is was possible to
selectively oxidise the allylic alcohol using 1 equiv. of Dess–
Martin periodinane,13 resulting in a-hydroxyketone 15. Heating
of 15 with cupric acetate14 in MeOH gave the desired
1,2-diketone, which existed completely in the enol form, and
was readily methylated to give methyl enol ether 16. In the last
few steps the silyl ether was cleaved and the liberated hydroxy
group oxidised using a TPAP oxidation. Deprotection of the
acetate group resulted in the desired 2 as a stable crystalline
compound (mp 173 °C) with a high rotation ([a]24

D +495, c =
0.6, CHCl3). The X-ray crystal structure‡ proved its identity,
including the orientation of the hydroxy function. Compound 2
has been subjected to hatching activity tests,15 but appeared to
be devoid of any activity.

In summary, we have completed a synthesis of the tetracyclic
left-hand substructure 2 of solanoeclepin A in enantiopure form.
Compound 2 appeared to be quite stable so that the reported
instability of 1 can probably be ascribed to the bicyclo-
[2.1.1]hexanone part of the molecule. The synthesis reported
herein provides important information for the eventual synthe-
sis of 1 itself. To this end triflate 6 needs to be replaced by a
more complex molecule containing the bicyclo[2.1.1]hexane
moiety. Studies in this direction will be reported in due
course.

These investigations are supported (in part) by the Nether-
lands Research Council for Chemical Sciences (CW) with
financial aid from the Netherlands Technology Foundation
(STW).
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Scheme 3 Reagents: a, CrCl2, NiCl2 (cat.), DMF, 50 °C (2.3:1); b, LiAlH4,
Et2O, rt; c, TBDMSCl, pyridine, CH2Cl2 ; d, Ac2O, pyridine, CH2Cl2; e,
CSA, MeOH; f, TPAP, NMO, acetone; g, Ph3PNCH2, THF; h, 14 (15%),
toluene, reflux, 16 h.

Scheme 4 Reagents: a, OsO4, DMAP, t-BuOH–H2O 1+1 then Na2SO3; b,
Dess–Martin, CH2Cl2 (19% dialdehyde); c, Cu(OAc)2, MeOH, 60 °C; d,
MeI, Ag2O, DMF; e, HF·pyridine; f, TPAP, NMO, acetone; g, K2CO3,
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1466 Chem. Commun., 2000, 1465–1466



A polymer-supported alkyl methyl sulfide as an efficient promoter of the
Khand cyclisation reaction

William J. Kerr,* David M. Lindsay, Mark McLaughlin and Peter L. Pauson

Department of Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral Street, Glasgow, Scotland, UK
G1 1XL

Received (in Cambridge, UK) 7th June 2000, Accepted 23rd June 2000
Published on the Web 18th July 2000

A readily prepared polymer-supported alkyl methyl sulfide
has been shown to be a recyclable, practically convenient,
and efficient promoter of the Khand cyclisation reaction,
affording good to excellent yields of cyclopentenones.

In recent years the Khand cycloaddition reaction has been
developed into a highly utilisable method for generating
cyclopentenone systems.1 This cobalt carbonyl mediated annu-
lation involving an alkyne, an alkene and carbon monoxide, was
first described in 1971 and was originally conducted under
thermal conditions.2 With few exceptions, the technique of
simply heating the reactants led to reaction mixtures from which
the desired cyclopentenone products could only be separated in
low to moderate yield after careful chromatography. Conse-
quently, great efforts have been made to find more efficient
procedures by which this valuable cycloaddition process can be
carried out.3

Although promotion by ultrasound4 and dry state adsorption
conditions5 have provided improvements in product yields in
certain instances, it has undoubtedly been the introduction and
thorough investigation of the use of amine N-oxides as
promoters6 that has led to the most significant advances in
overall Khand reaction applicability and efficiency. More
specifically, studies in our own laboratory have developed
amine N-oxide promoted Khand techniques for use with
gaseous olefins7 and gaseous olefin equivalents,8 and have
exploited the same class of N-oxide promoted cyclisations
within total synthesis programmes.9 Additionally, the use of
non-racemic chiral amine N-oxides has led to the establishment
of direct asymmetric Khand cyclisation strategies.10

As part of an on-going optimisation of the asymmetric
process, we have synthesised a novel polymer-linked amine N-
amine N-oxide and shown this to be a good solid phase promoter
of the Khand reaction.11 As well as forming the basis for the
construction of a potentially structurally diverse library of
supported chiral amine N-oxides, this work also demonstrated
that the widely recognised benefits associated with the tech-
nique of employing a solid phase reagent12 could be realised
within the arena of Khand cyclisation chemistry. Indeed, a
major advantage offered by this resin-based N-oxide method is
in the simplification of product isolation procedures; by routine
filtration the desired cyclopentenone is removed from the
(organometallic) by-products in remarkably pure form. With
this knowledge, we have now gone on to further extend and
widen the overall scope of this immobilised Khand reaction
promoter strategy.

Sugihara has recently reported that n-butyl methyl sulfide
was the optimum sulfide promoter of a number that were tested
and provided good to excellent yields in both intra- and
intermolecular Khand cyclisations.13† Indeed, this reaction
additive is particularly notable for its ability to promote some
Khand reactions which had previously failed completely or
proceeded only very poorly under alternative conditions. On the
other hand, we considered the use of n-butyl methyl sulfide to
have certain drawbacks. More specifically, as a low molecular
weight sulfide, the n-butyl methyl derivative has a very
unpleasant odour and imparts a lachrymatory effect. Fur-

thermore, it is relatively expensive and, under the developed
techniques, cannot be readily recycled. Therefore, we sought to
develop a reusable polymer-supported analogue of n-butyl
methyl sulfide and examine its ability to promote the Khand
annulation reaction.

To initiate this work, the supported sulfide was synthesised in
a single step, using standard chemistry, from commercially
available Merrified gel-type resin‡ and 4-(methylthio)butan-
1-ol 1, via formation of a chemically robust ether link (Scheme
1). The derivatised polymer 2 obtained was odour-free and
possessed sulfide functionality which is similar to the optimum
solution phase promoter. Elemental analysis and infrared
spectroscopy confirmed complete displacement of all chloride
atoms from the starting material and gave the expected sulfur
content for the new polymer.

Having established a simple preparation of our new solid
phase reagent, we turned our attention to the study of its
effectiveness as a promoter of the Khand reaction. The
cyclisation of a series of alkyne substrates with norbornene was
investigated and to our delight these reactions were complete in
only 30 min at 83 °C in the presence of 3.5 equiv. of the
supported sulfide and using 1,2-dichloroethane (1,2-DCE) as
solvent.§ As shown in Table 1, very good to excellent yields of
the desired cyclopentenones 3 were obtained. Furthermore,
work-up of these reactions was rendered expedient by the fact
that the cobalt residues produced were sequestered by the resin
and merely involved filtration of the reaction mixture followed
by minimal chromatographic purification. This feature of the
novel promoter 2 confers a tangible practical benefit over the
alternative Khand cyclisation methods.¶

In due course, using dimethylpropargyl alcohol as the alkyne
substrate, we conducted several reactions using alternative
alkenes. These reactions also proceeded entirely satisfactorily
(Table 2); the modest yields of cyclopentenone products from
the reactions of cyclopentene and 2,5-dihydrofuran reflect the
lower reactivity of these olefins in Khand cyclisations.

Scheme 1 Reagents and conditions: i, HO(CH2)4SMe 1 (3 equiv.), NaH (6
equiv.), THF, D, 72 h.

Table 1 Solid phase sulfide promoted Khand reactions
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In order to further extend the substrate applicability of this
new solid-phase technique, an intramolecular Khand cyclisation
was examined using enyne complex 5. This example furnished
the requisite bicyclic compound 6 in 76% yield (Scheme 2).

A further important observation from this study was that, at
the conclusion of all reactions the recovered polymer resin
could be cleaned very easily by washing with a THF–aqueous 2
M HCl mixture. This enabled us to investigate the potential of
recycling the resin. For this study the tert-butylacetylene–
norbornene reaction was chosen. As illustrated in Table 3, the
excellent yield of 3d and short reaction time is maintained
through five cycles. This aspect of the new promoter is
particularly noteworthy in that, unlike our previously disclosed
supported amine N-oxide techniques,11 no chemical trans-
formation is necessary for regeneration of the active solid phase
promoter. Moreover, in contrast to the solution phase analogue,
expense is minimised by the recyclable nature of the im-
mobilised sulfide.

Finally, two additional tert-butylacetylene–norbornene cycli-
sations were carried out in which the quantity of the polymeric
reagent used was reduced in order to determine if the 3.5 equiv.
of sulfide (as established in the Sugihara solution phase
studies13 and employed throughout this work) were absolutely
necessary. With 2 equiv. of resin 2 an 86% cyclisation yield was
achieved, whereas 1 equiv. of 2 delivered cyclopentenone 3d in
88% yield. Therefore, in both cases the product yield was not
significantly lowered. However, it should be noted that with
successive reduction in quantity of resin there was a stepwise
drop in the efficiency of the cobalt residue retention.

In conclusion, a relatively cheap, commercially available gel-
type resin was readily modified to afford an odourless,
supported alkyl methyl sulfide. This novel solid phase reagent
can be used to promote both intra- and intermolecular Khand
cycloaddition reactions in a highly efficient and practical
manner. Isolation of the cyclopentenone products is facilitated
by the resin’s ability to retain undesired cobalt residues and,

furthermore, the resin can be easily and rapidly regenerated by
a mildly acidic wash.

We thank the Carnegie Trust for a postgraduate scholarship
(M. M.), Astra Zeneca Pharmaceuticals, Alderley Park for
generous funding of our research endeavours via Strategic
Research Funding, and the EPSRC Mass Spectrometry Service,
University of Wales, Swansea, for analyses. We are also
grateful to Mr Francesco Bernardis for helpful discussions.
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3A,5A-Difluoro-4A-hydroxybenzyl-armed monoaza-15-crown-
5 ethers which form fluorine-bridged polymer-like com-
plexes with MSCN in the solid state and in solution are
reported.

Recently, we reported the molecular structure of alkali metal
complexes with armed-monoazacrown ethers having 3A,5A-
dialkyl-4A-hydroxybenzyl groups (alkyl = Me, i-Pr and t-Bu).1
The molecular structure of the RbSCN complexes with these
ligands was systematically changed depending upon the size of
the R groups at positions 3A and 5A in the side arm (1 (R = Me),
a polymer-like (1+1)n complex; 2 (R = i-Pr), a mixture of 1+1
and polymer-like (1+1)n complexes; 3 (R = t-Bu), a dimeric

1+1 complex). To further investigate the electronic and steric
effects of the substitutents next to the phenolic OH group in the
side arm on the structure of the complexes, we have prepared a
new armed-azacrown ether having fluorine atoms at positions 3A
and 5A in the side arm (4). Computer modeling experiments
suggest that the oxygen atom of the phenolic OH group cannot
bind to metal cations incorporated into the crown part of the
molecule so that the ligand can form polymer-like complexes
with alkali metal cations.† It was also expected that the ligand
would form polymer-like complexes using the electron donat-
ing properties of fluorine atoms next to the phenolic OH group.2
Here we report the structures of polymer-like complexes of
ligand 4 which are bridged by the fluorine atoms in the side
arm.

New armed-azacrown ether, 4,‡ was prepared by the
Mannich reaction of N-methoxymethylmonoaza-15-crown-5
ether with 2,6-difluorophenol in benzene by the method
previously reported.3 Two alkali metal thiocyanate complexes,
4-KSCN and 4-RbSCN, were obtained (host–guest ratio =
1+1) as single crystals.§

The structures of 4-KSCN and 4-RbSCN complexes have
been determined by X-ray analysis.¶ As shown in Fig. 1(a), the
K+ ion in 4-KSCN is eight-coordinated by four ring O atoms,
the ring N atom, and the O* atom of the phenolic OH group and
an F* atom in the side arm of the nearest-neighbor molecule
with the S atom of SCN2 as a counter ion. The complex is a
polymer-like (1+1)n complex. The K(1)–O (ring), K(1)–O(5*),
K(1)–N(1), K(1)–S(1) and K(1)–F(2*) bond lengths are in the
range 2.757(2)–2.792(2), 3.028(2), 2.877(2), 3.253(1) and
2.783(2) Å, respectively. The K–O and K–N bond lengths are
comparable with those of the potassium complex of the lariat
monoaza-15-crown-5 ethers.4 The K–F bond length is also
comparable with those of complexes including CF–K+ con-
tacts.5 Fig. 1(b) shows the ORTEP view of the 4-RbSCN
complex. The Rb+ ion is also eight-coordinated by four ring O
atoms, the ring N atom, the F atom in the side arm of the nearest-

neighbor molecule with the two S atoms of SCN2 as counter
ions. The complex is a polymer-like (2+2)n complex which is
bridged by an F atom in the side arm. Interestingly, the O atom
of the phenolic OH group in the side arm is not involved in the
complex formation. The Rb(1)–O (ring), Rb(1)–N(1), Rb(1)–
S(1), Rb(1)–S(1*) and Rb(1)–F(2*) bond lengths are in the
range 2.860(7)–2.972(8), 3.087(7), 3.412(3), 3.475(3) and
3.001(6) Å, respectively. It is important to note that the F–Rb+

bond length in 4-RbSCN complex is classified as a short F–Rb+

bond length which is a rare case.5
To investigate the complexation ability of ligand 4 in

solution, stability constants K and thermodynamic values (DH
and TDS) were measured by titration calorimetry in MeOH
solution (Table 1).∑ Interestingly, the log K values for Na+ (log
K = 2.96), K+ (log K = 2.95), Rb+ (log K = 2.79) and Cs+ (log
K = 2.74) were almost equal. The log K values suggest that
ligand 4 coordinates to the alkali metal cations not only by the
crown ether moiety but also by the binding sites of the side-arm,

Fig. 1 The ORTEP diagrams of (a) 4-KSCN and (b) 4-RbSCN. Thermal
ellipsoids are drawn at the 30% probability level.
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because the log K value for Na+ which fits to the hole size of the
monoaza-15-crown-5 ether is not remarkable higher than that
for the other alkali metal cations.6 Inoue and Gokel reported that
the slope (a) of the enthalpy-entropy compensation (plot of
TDS versus DH) indicates conformational changes of host
compounds on complex formation.7 The a value was calculated
as 0.923 (r2 = 0.994) from the plot of TDS versus DH, which
is close to the average (0.89) of typical armed-crown ethers, and
indicates that significant conformational changes would occur
when the ligand forms complexes. Therefore, the log K values
and the a value support the supposition that ligand 4 forms
complexes with alkali metal cations by both the crown moiety
and the side arm.

Plenio and Diodone reported that the 19F NMR chemical shift
changes when fluorine atoms coordinate to metal cations in
fluorine containing azacrown ethers and cryptands.2 The 19F
NMR titration experiments were carried out in a CD3CN
solution (Table 2) to determine F atom participation from the
side-arm. When 1.0 equiv. of NaSCN, KSCN and RbSCN were
added to a CD3CN solution of ligand 4, the chemical shifts of
the fluorine atoms next to the phenolic OH group shifted to a
lower field by about 0.7–0.8 ppm. These values are much
greater than the 0.1–0.2 ppm shifts observed with the addition of
1.0 equiv. of MSCN to a CD3CN solution of 2,6-difluorophenol.
These chemical-shift changes strongly suggest that one or both
fluorine atoms along with the oxygen atom of the phenolic OH
group coordinate to the alkali metal cations incorporated in the
crown part of a second armed ligand to give polymer-like
complexes in solution.

In conclusion, we have demonstrated that the fluorine atoms
in the side arm of ligand 4 coordinate to alkali metal cations
incorporated in a second ligand in the solid state and in solution.
This first example for a fluorine-bridged polymer-like complex
has potential for the design of new supramolecular systems.

Further studies of the new armed-azacrown ethers are in
progress.

Financial support from the Japan Securities Scholarship
Foundation (Y. H.) is gratefully acknowledged.

Notes and references
† Spartan ProTM (Version 1.03, Wavefunction Inc, 1999) was used as the
computer-modeling software. Minimization was carried out using the ab
initio 3-21 (G*).8
‡ A mixture of N-methoxymethylmonoaza-15-crown-5 ether (1.0 mmol)
and 2,6-difluorophenol (1.0 mmol) in absolute benzene (20 ml) was
refluxed under a nitrogen atmosphere for 24 h. The reaction mixture was
cooled and then concentrated under reduced pressure. The residual oil was
separated and purified by silica gel and then gel-permeation column
chromatography to give ligand 4: 1H NMR (CDCl3): d 6.81 (d, 2H, JHF =
8.0 Hz), 3.73-3.37 (m, 19H), 2.77 (t, 4H, J = 5.4 Hz); MS: EI (m/z) 362 (M+

+ 1, 100 %). Anal. Calcd. for C17H25F2NO5·0.75H2O: C, 54.46; H, 7.12; N,
3.74%. Found: C, 54.62; H, 7.48; N, 3.87%.
§ Ligand 4 (0.01 mmol) in MeCN (1 mL) was reacted with the alkali metal
thiocyanate (0.01 mmol) MeOH (1 mL). After the solvent had evaporated,
the crystals were recrystallized from MeCN. The crystals were dried with an
Abderhalden’s dryer (50 °C, 0.5 Torr). The elemental analyses of these
complexes are as follows: 4-KSCN: Anal. calcd. for C17H25F2NO5-KSCN:
C, 47.15; H, 5.49; N, 6.11%. Found: C, 47.35; H, 5.50; N, 6.42%. 4-RbSCN:
Anal. calcd. for C17H25F2NO5·RbSCN: C, 42.82; H, 4.99; N, 5.55%. Found:
C, 42.72; H, 5.05; N, 5.53%.
¶ Crystal data for C18H25N2O5SF2K, 4-KSCN: M = 458.56, monoclinic, a
= 8.564(2), b = 16.354(2)°, c = 15.510(2) Å, b = 93.81(2)°, U =
2167.6(7) Å3, T = 295 K, space group P21/n (no. 14), Z = 4, m(Mo-Ka) =
3.89 cm21, 5331 reflections measured, 5152 unique (Rint = 0.042) which
were used in all calculations. R1 = 0.048 [I > 2s(I)], R = 0.114 and Rw =
0.136 [all data]. Crystal data for C18H25N2O5SF2Rb, 4-RbSCN: M =
504.93, monoclinic, a = 8.875(3), b = 18.627(4), c = 13.359(3) Å, b =
93.72(2)°, U = 2203.8(10) Å3, T = 295 K, space group P21/n (no. 14), Z
= 4, m(Mo-Ka) = 23.84 cm21, 4294 reflections measured, 4024 unique
(Rint = 0.062) which were used in all calculations. R1 = 0.060 [I > 2s(I)],
R = 0.180 and Rw = 0.156 [all data]. CCDC 182/1699. See http//
www.rsc.org/suppdata/cc/b0/b003451g/ for crystallographic files in .cif
format. X-Ray data are available as supplementary data from BLDSC
(SUPPL. NO. 57710, pp. 27) or the RSC Library. See Instructions for
Authors available via the RSC web page (http://www.rsc.org/authors).
∑ Log K, DH, and TDS values were determined as described9 in MeOH at
25.0 ±0.1 °C by titration calorimetry using a Tronac Model 450 calorimeter
equipped with a 20 mL reaction vessel. The metal cation solutions
(0.08–0.12 M) were titrated into the armed-azacrown ether solutions (1.3 3
1023–2.6 3 1023 M) and the titrations were carried out to a two-fold excess
of the metal cations.
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Table 1 Log K, DH(kJ mol21), and TDS(kJ mol21) values for the 1+1
interaction of ligand 4 with metal cations in methanol solution at 25 °C

Cation log K DH TDS

Na+ 2.96 ±0.03 216.5 ±0.2 21.4
K+ 2.95 ±0.05 223.1 ±0.7 26.3
Rb+ 2.79 ±0.06 217.5 ±0.4 21.6
Cs+ 2.74 ±0.05 28.2 ±0.4 7.4

Table 2 MSCN Induced changes in 19F NMR chemical shifts of
2,6-difluorophenol and 4a

Chemical shiftb
2,6-Difluorophenol
2135.92

4
2135.90

+1.0 NaSCN +0.12 +0.72
+1.0 KSCN +0.19 +0.83
+1.0 RbSCN +0.14 +0.78

a Titration experiments were carried out at 298 K by addition of 0.5, 0.75,
1.0, 1.5 and 2.0 equiv. of MSCN (NaSCN and KSCN: 0.001 mmol mL21 in
CD3CN; RbSCN: 0.001 mmol mL21 in CD3CN–D2O (95+5)) to
2,6-difluorophenol or ligand 4 (0.01 mmol, 0.65 mL in CD3CN). Positive
numbers show down field shifts. b a,a,a-Trifluorotoluene (d 263.72) was
used as an internal standard.
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We report the first fully operational system for managing
complex chemical content entirely in interoperating XML-
based markup languages.

The World-Wide-Web (WWW) was originally developed as a
collaborative tool for scientists. In 1994 we proposed its use as
a novel and widely applicable global model for expressing
chemical information in an interlinked and re-usable form.1
This model, based on HTML, has become widely used but
suffers from a number of structural problems. Chemistry
represents its message both semantically (e.g. as a machine-
processable connection table) and graphically (e.g. presentation
through human-readable arrows, boxes, diagrams). The existing
use of HTML in chemistry emphasizes presentation, and
provides no structured extension mechanisms. A presentational
approach is too flexible to be reliably interpreted by machines,
and cannot validate the integrity of the chemical content. Thus
the chemical subscript and superscript conventions in e.g. CH4

+·
are only unambiguously interpretable by humans. This severely
limits the re-usability of the rapidly growing amount of high-
quality chemistry available on Web pages.

We therefore developed2 our model to support both types of
markup. Chemical Markup Language (CML) can carry mole-
cules, crystallography and reactions in a formal manner. It
forms the core of a comprehensive approach to publishing and
communicating chemical information for both humans and
machines. It uses the protocols of the WWW Consortium
(W3C),3 whose goal is to support such interoperability with the
strategic aim of achieving a “semantic web” where automatic
processing of information is possible. The core W3C approach
is the meta-language XML (eXtensible Markup Language)
which was formalised in 1998 and which encourages the
creation of discipline-specific languages such as CML. The
W3C have created a family of protocols supporting most
aspects of managing Web-based information; the following are
most relevant here: XML Schemas are a formal description of
the language and can support arbitrary datatypes and or validate
complex documents. Scalable Vector Graphics (SVG) provide a
framework where presentation and content can be robustly
combined. XSLT (XSL stylesheets) is a very powerful tool for
transforming documents. XML Query Language and XLinking
are under development. XSL(FO) provides high quality for-
matted output for any XML application.3

Much time is currently wasted on processing legacy un-
structured and often binary documents and poor semantics leads
to serious information loss. The ‘plug-compatible’ XML
approach guarantees a document to be searchable, stylable,
sortable, transformable, mergeable, transmittable and printable
without extra cost. CML uses these developments and for the
first time offers a universal platform- and application-independ-
ent infrastructure for chemical information. Ideally we see all
future document and publishing systems being converted to
XML and describe here an implementation of these concepts
termed ChiMeraL.

Technical documents are often multidisciplinary and compo-
nent-based and draw their components from several XML
Schemas. Subdisciplines, e.g. MathML (for mathematics),
CML, SVG, are identified within documents by discrete
namespaces. To avoid collision their tag names are mapped

onto globally unique URIs (Uniform Resource Identifier); http:
//www.xml-cml.org/ serves to uniquify any CML element.
Components will often be glued together with XHTML (the
XML version of HTML).4 Transformation/reformatting
through XSL stylesheets is a particularly important operation
because it allows extraction of document sub-components such
as molecules for e.g. redrawing in SVG (vide infra) or
outputting in any desired format.

Besides transformation, various operations can be automat-
ically performed, often without knowing the precise document
structure. These include searching, whereby XML elements
(‘components’) can be located by local or global context in a
document or through content, re-use by fragmenting or
combining XML documents, rendering/viewing in a browser
window, high-quality printing, and data authentication serv-
ices.5

‘Chemical’ information usually requires several other types
of markup (text, numbers, tables, graphics, etc.). Such CML
document components can come from many sources, either
directly or after conversion from legacy formats. The sources
include: instruments, databases, dictionaries and catalogues;
hand-editing/authoring of chemical information; primary and
secondary publications, and computational chemistry tools. To
illustrate how the operation of transmitting, querying and
processing compound chemical data within a Web browser can
be combined, we have created a Web-based collection of XML
tools termed ChiMeraL.6 Its use involves five distinct stages
(Fig. 1).

(1) Conventional HTML is used in conjunction with
JavaScript in a browser to allow the user to select from an XML
library containing CML components (Fig. 2). The library could
be a server-based collection or could be generated by selective
querying of a larger XML document held on an XML
repository.

(2) The XML document is validated for integrity against a
Schema. This is a major improvement over HTML, which has
no validation for chemical or most other content. Validation can
be server or browser-based.

(3) Selection of a suitable stylesheet for popular chemical
editing and display programs, e.g. for 2D and 3D molecular co-
ordinates and numerical information such as spectral/analytical
data. The stylesheet is used to convert CML elements to legacy
formats (e.g. MDL Molfile, Minnesota XYZ format, JCAMP
DX format) for display using existing applets (e.g. JME, JMol,
JSpec, Marvin, SDA), or it could be directed towards CML-
compliant applets without the need for such legacy transforma-
tion. The XSL transform can again be server or browser based.
The use of a stylesheet also provides the possibility of deriving
new quantities from the original data such as e.g. aligning a
range of pharmacophores or computing diverse molecular
properties. The ChiMeraL demonstration (Fig. 2)† includes a
range of XSL stylesheet fragments, XML example documents
and a CML schema, together with utility programs which can
generate CML documents.6

(4) The output from the stylesheet is displayed as a web page.
The original CML components (e.g. < molecule > < /mole-
cule > ) are wrapped with suitable XHTML to allow appropriate
display (Fig. 2).

(5) At this stage, the user could edit or add to the document
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by selecting an appropriate stylesheet to invoke appropriate
software tools, and with appropriate validation, create a new
annotated XML document which could be returned to the
original document repository. Multiple authorship of a docu-
ment is possible since subsequent stylesheet transforms could
e.g. extract either the original document, or any individual’s
additions to it.

Chimeral is offered as OpenSource, i.e. available as source
code which can be used for any purpose, but especially for the
development of new ideas, tools and resources in this area.
XML has benefitted greatly from this movement and Chimeral
uses several OpenSource components (XML tools, JMol,
JSpect).7 OpenSource is an effective means of developing high-
quality robust applications very rapidly and we encourage

developers to increase the volume of WWW-based collabora-
tion in chemistry.

We have described a method for completely transparent
Internet-based transfer of chemical information from creator/
author to reader/user. Applications of this method might include
a document such as this journal article being automatically
abstracted for molecular content, and stored or used for
calculations or searching. One can envisage e.g. laboratory
robots scanning CML-based reaction schemes for starting
materials and ordering them from CML-based ‘dot.coms’ on the
WWW, and recording this in electronic notebooks. Instruments
could directly output universally processable spectra and data.
Databases could accept chemistry in many traditional formats
and re-offer them transparently. Computational chemistry and
modelling programs could be used routinely for adding
information content to molecules. Finally, we note that the use
of XML allows other disciplines (bioscience, pharmaceutical,
materials, patents) to include semantically rich chemistry in
their information.

Notes and references
† This article expressed as XML is also available via the electronic
supplementary information pages at http://www.rsc.org/suppdata/cc/b0/
b002483j/
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Leach, P. Murray-Rust, R. Sayle, H. S. Rzepa and B. J. Whitaker,
J. Chem. Soc., Perkin Trans. 2, 1995, 7; H. S. Rzepa, P. Murray-Rust and
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and B. J. Whitaker, J. Chem. Inf. Comput. Sci., 1998, 38, 976.
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Rzepa, Abs. Papers. Am . Chem. Soc., 1995, 210, 40-COMP. For a formal
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J. Chem. Inf. Comput. Sci., 1999, 39, 928.

3 World-Wide Web Consortium (W3C). See http://www.w3.org/
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Fig. 1 Data flow between the principal components of ChiMeraL (a) The creation of a structured document in XML syntax from unstructured legacy formats
(MOL, JCAMP, etc.). The validity of the process is checked by a CML-specific XML schema. (b) Illustrative CML document whose root element contains
a child molecule element. In turn the molecule contains a list element, itself the parent of many atom elements (omitted for clarity); bonds are analogous.
Attributes such as convention identify the usage of terms and values, while the id attribute identifies every element uniquely. (c) Illustrative XSL stylesheet,
which transforms CML to XHTML. The title of the molecule is transformed to the XHTML document title, while the content of the molecule is transformed
into various legacy formats (MOL, JME, etc.) for display by applets.

Fig. 2 (a) Selection of XML document and XSL stylesheet transform. (b)
Property display using HTML table. (c) 2D Molecule display using Marvin
applet. (d) 3D Molecule display using JMol applet. (e) Spectral display
using JSpec applet. (f) Spectral display using SVG and Adobe plugin.
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The synthesis, characterization and X-ray structure of an
hexapyrrolic macrocycle, [26]hexaphyrin(1.1.1.1.0.0), is re-
ported; it is characterized by a partially inverted structure.

Expanded porphyrins continue to attract attention as synthetic
targets due to the fact that they often display features, such as
anion binding and neutral substrate recognition, that are not
seen in normal porphyrins.1–3 Recently, a special structural
feature, namely the inversion of one or two of the pyrrolic-
subunits has been observed in certain expanded porphyrins. For
instance, the free-base form of meso-tetraphenylsapphyrin
exhibits such an inverted structure. Upon bis-protonation,
however, this species undergoes a change in conformation
adopting a ‘regular’ planar structure wherein all the nitrogens
are pointed inward.4,5 Similar structural features have been
observed for certain heteroatom-containing meso-tetraphe-
nylsapphyrins;6–8 depending on the protonation state and the
nature of the heteroatom, these latter systems can exhibit either
an inverted or a planar structure. Several heterorubyrins (e.g. 1
with X = S or Se, respectively) have also been found to adopt
bis-inverted conformations under appropriate conditions.7 An-
other recent report described the isolation of a novel [26]hex-
aphyrin(1.1.1.1.1.1) in low yield as a side product in the
Rothemund synthesis of porphyrins,9 that exhibits a bis-
inverted structure in its free-base form. In this instance, the
influence of protonation has yet to be established. Interestingly,
the original [26]hexaphyrin(1.1.1.1.1.1), first reported by
Gossauer in 1983,10 was found to adopt a different conforma-
tion. Rather than existing in a form wherein one or more of the
pyrrolic subunits is inverted, this system, bearing substituents
on the b-pyrrolic but not meso-carbon positions, was found to
adopt a conformation wherein the two opposing meso-CH
protons point inward. Upon metalation with PdCl2, however, it
is believed that this latter hexaphyrin, never characterized
structurally, rearranges such that two of the six pyrrolic subunits
point outwards.11 The subtle nature of the conformational
effects evident in hexapyrrolic macrocycles and their structural
origins are currently far from understood. They thus provide an
impetus for further study. In this communication we report the
synthesis of the hitherto unknown hexapyrrolic macrocycle,
[26]hexaphyrin(1.1.1.1.0.0) (2). Based on an analysis of
molecular models, this particular system was expected to adopt
a conformation wherein one pyrrolic subunit (only) is in-
verted.

The synthesis of compound 2 is summarized in Scheme 1.
Briefly, it is obtained in 46% yield from the acid catalyzed

condensation of a 1+1 mixture of the diphenyltripyrane 312 with
the diformylhexamethylterpyrrole 4.13

[26]Hexaphyrin(1.1.1.1.0.0) (2) constitutes the first true
isomer of rubyrin.14 While other porphyrin analogues bearing
the same combination of four meso-like carbon atoms and six
heterocyclic subunits are known, in particular the bronzaphyr-
ins,15 in all cases at least one of the six pyrrolic units present in
rubyrin has been replaced by a furan or a thiophene.†

Macrocycle 2 is aromatic as judged from the 1H NMR (d6-
DMSO) spectra of the protonated and free-base forms,
respectively. The dihydrochloride salt, H222+·2Cl2, in partic-
ular, shows a strong magnetic ring current effect. Here, upfield
shifts for the inner NH protons are found, with resonances
observed at 20.75, 20.14 and 0.05 ppm in a 1+2+2 ratio. One
more upfield resonance, namely at 22 ppm is also observed. On
the basis of a two-dimensional C–H correlation experiment, this
signal is ascribed to a CH proton. Indeed, the upfield position of
this resonance is considered prima facie evidence for the
inverted nature of H222+·2Cl2.‡

The COSY spectrum of 2 shows a correlation between the
peak at 22 ppm with one at 15 ppm, a signal that was found to
correspond to the outer NH proton. The Dd-value of 17 ppm
between these two signals provides strong support for the
aromatic nature of the inverted macrocycle. Also, the CH
protons of the meso-positions were found to resonate at 11.4
ppm while two doublets at 9.2 and 9.8 ppm, respectively, were
found to correspond to the two outer b-pyrrole CH protons.
Interestingly, in the 1H NMR spectrum of the free-base
macrocycle 2 the Dd-value between the b-CH protons of the
inverted pyrrole (d = 3.5 ppm) and the NH signal (d = 9.8
ppm) of the same pyrrole is reduced to 6.3 ppm. The CH protons
of the meso-positions resonate at 8.5 and the two doublets which
correspond to the two outer b-pyrrole CH protons are shifted to
7.3 and 8 ppm, respectively. The reduced aromatic effect for the
free-base form of macrocycle 2 can be rationalized in terms of
a lower number of fully conjugated p-electron peripheries (i.e.
fewer aromatic resonance structures can be drawn). It is also
possible that 2 is subject to a greater distortion from planarity
than H222+·2Cl2. Nevertheless, the critical point is that 2 is still
considered to be inverted; the Dd-value between the outer and
inner b-CH protons amounts to 5 ppm as the result of an extant
but weak ring current effect.

The NOESY spectrum supports the assignment of an inverted
structure to the free-base form of 2. A correlation is found

Scheme 1
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between the b-CH protons of the inverted pyrrole with the NH
proton of the middle pyrrole of the terpyrrole subunit.
Additionally, the outer NH proton clearly interacts with the
ortho-H protons of the meso-phenyl substituents, findings
which can only be rationalized in terms of an inverted structure.
The UV-vis spectra of 2 and H222+·2Cl2 support the assumption
that the free-base form of 2 is subject to a greater deviation from
planarity than its bishydrochloride salt, H222+·2Cl2. In partic-
ular the extinction coefficients are found to be reduced by a
factor of 2–2.5 in the case of the free-base.§

Definitive proof for the inverted nature of H222+·2Cl2 was
obtained from a single crystal X-ray diffraction analysis. The
resultant structure is shown in Fig. 1.¶ In addition to the two
bound chloride counteranions, there is one molecule of water
incorporated into the structure. Several hydrogen bonding
interactions, indicated by dashed lines, are found between the
pyrrolic NH protons and the water and the chloride anions,
respectively. These might, at least to some extent, account for
the partial deviation from planarity. Another hydrogen bonding
interaction is found between the water and a molecule of
tetrahydrofuran (not shown).¶ The middle pyrrole of the
terpyrrole subunit is tilted out of the plane, minimizing the
interactions between the b-methyl groups.

In summary, the approach reported here provides an easy,
high-yielding access to a new class of rubyrin analogue, namely
[26]hexaphyrin(1.1.1.1.0.0) (2). This new macrocycle differs
quite dramatically from its better studied parent system. Not
only is one pyrrole-unit found to be inverted in the case of 2, this
prototypical [26]hexaphyrin(1.1.1.1.0.0) is also found to be
stable in both its free-base and protonated forms. Rubyrin, on
the other hand, is stable only in its bisprotonated form.14 That
the middle pyrrole of the tripyrrane subunit of 2 remains
inverted in both these states is interesting, especially in light of
the behavior of sapphyrins. In these latter pentapyrrolic

systems, the pyrrole unit may be either ‘inverted’ or ‘normal’,
depending on conditions, substitution paterns and the nature of
the heteroatom contained within the central heterocycle of the
constituent tripyrrane-subunit. In fact, 2 can be thought of as an
‘expanded sapphyrin’ with the bipyrrolic subunit exchanged for
a terpyrrole. In this context it is worth highlighting the fact that
2 displays a greater propensity for inversion when fully
protonated than does tetraphenylsapphyrin. Indeed, this latter
species is found to adopt a planar, pyrrole-in conformation
when fully protonated.4,5 These disparities underscore the
richness of structural space that may be sampled through the
construction of appropriately designed new expanded porphyrin
systems.

This work was supported by the National Science Foundation
(grant CHE-9725399 to J. L. S.).
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aphyrin(1.1.0.1.1.0) while bronzaphyrin is a [26]hexaphyrin(2.0.0.2.0.0).
‡ Such behavior has been reported for N-confused porphyrins where
‘inversion’ is enforced.17,18

§ UV-vis (CH2Cl2) lmax (nm) (e in mol21·l21) of 2: 502 (61100), 531
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CCDC 182/1704. See: http://www.rsc.org/suppdata/cc/b0/b003777j/ for
crystallographic data in .cif format.
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Fig. 1 Top and side views16 of H222+·2Cl2 with a partial atom labeling
scheme. Thermal ellipsoids are scaled to the 50% probability level.
Hydrogen atoms shown are drawn to an arbitrary scale. Dashed lines are
indicative of a hydrogen bonding interaction.
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A Schiff-base [2 + 2] macrocycle obtained by the reaction of
2,6-diformyl-4-methylphenol with 1,11-diamino-3,9-dime-
thyl-3,9-diazo-6-oxaundecane encapsulates three manga-
nese ions into its cavity; EPR, UV–VIS–NIR, XPS spectro-
scopic data, X-ray crystallography and magnetic
measurements showed that the metal ions are in a mixed
valence state (II, III, II) which is rare for trimanganese
systems.

Polynuclear manganese complexes are now receiving increased
attention from a wide area of science, including chemistry,
biology and physics. Representative target molecules fascinat-
ing synthetic inorganic chemists are tetranuclear aggregates as
models of the oxygen-evolving complex (OEC) of photosystem
II1 and ‘high spin Mn-clusters’2 potentially applicable to future
molecular devices. Most commonly, these complexes are
synthesized utilizing self-assembling properties of manganese
ions, where the metal ions are bridged by O22 units and
externally capped with multidentate ligands.3 Our approach to
Mn-aggregated systems has started with specially designed
polynucleating macrocycles. For example, the macrocycle
(L1)22 functions as a tetranucleating ligand for ZnII,4 but did not

give any manganese complexes, probably owing to poor affinity
of the ether oxygen towards this metal ion. Thus, we have
prepared a new macrocycle H2L2, to enhance binding ability by
substituting the ether units with tertiary amine groups. We
report herein, the synthesis and characterization of a novel
mixed valence MnIIMnIIIMnII trimanganese subunit formed
within the macrocycle.

1,11-Diamino-3,9-dimethyl-3,9-diazo-6-oxaundecane
(daud) as a precursor for H2L2 was prepared in a four-step
synthesis with an overall yield of ca. 30%.† All products
obtained at each step were identified by 1H NMR spectros-
copy.

The metal-templated Schiff-base condensation of 2,6-di-
formyl-4-methylphenol (dfmp) with the diamine in methanol

was carried out in open-air using Mn(ClO4)2·6H2O as the
template core in the presence of triethylamine (NEt3). The
reaction using a mole ratio of dfmp+daud+Mn+NEt3 =
2+2+4+2 gave dark-brown microcrystals formulated as
[Mn3(L2)(m-OMe)2](ClO4)3 1.‡ The [2 + 2] Schiff-base macro-
cyclization and formation of the trinuclear Mn3 unit were
supported by detection of the strongest peak in its electrospray
mass spectrum (m/z 305.8) corresponding to the trication for an
acetonitrile solution of the complex. A mixed valence state (two
MnII and one MnIII) expected from the formula is evident from
spectroscopic data (EPR, UV–VIS-NIR and XPS). An X-band
solid-state EPR spectrum of 1 at 25 °C showed two sets of
overlapped six-line signals at g ≈ 2.00 with A ≈ 0.87 mT,
suggesting the presence of two magnetically uncoupled MnII

ions. The electronic spectrum of the complex in methanol
showed a very broad peak centered at ca. 1005 nm (e = 142
dm3 mol21 cm21 ) and a shoulder at ca. 550 nm (e = 280 dm3

mol21 cm21), tentatively attributed to 5B1g?
5A1g and 5B1g?

5B2g transitions of high-spin MnIII species, respectively, while
no strong absorption assignable to an intervalence charge
transfer was observed in the visible or near-IR region. The XPS
spectrum of 1 exhibited two peaks at 641.5 and 653.3 eV, which
were attributed to Mn 2p3/2 and Mn 2p1/2 core ionization
potentials from each manganese. Although these values do not
agree with those of Mn2+ or Mn3+ ionized states, the spectral
envelope as well as the peak positions can be reproduced by
superposition of corresponding spectra of [MnII(TPP)]·py and
[MnIII(TPP)]Cl (TPP = 5,10,15,20-tetraphenylporphyrinate)
with a 2+1 intensity ratio.

Recrystallization of 1 from wet methanol gave needle-like
single crystals as the monohydrate (1·H2O), the structure of
which (Fig. 1) was determined by X-ray crystallography.§ The
three manganese ions are encapsulated into the macrocycle in a
bent-chain form with an angle of 129.45(6)° for Mn(1)–Mn(2)–
Mn(3). Each of the two facing phenoxide moieties bridges a pair
of adjacent manganese ions which are further bridged by an
exogenous methoxide ion. The two terminal manganese centers,
Mn(1) and Mn(3), have essentially the same coordination
geometry being significantly distorted octahedral with average
Mn–O,N bond distances of 2.245 and 2.230 Å, respectively,
comparable with typical Mn(II)–O,N distances.5 The central
Mn(2) has an elongated octahedral geometry where its axial
positions are occupied by the two phenoxide oxygen atoms
[Mn(2)–O(1) 2.134(6) Å, Mn(2)–O(3) 2.137(6) Å]. These
distances are significantly longer than the four basal Mn–O,N
bonds [av. Mn–O,N = 1.962 Å], thus revealing a Jahn–Teller
distortion expected for a high spin MnIII species. Thus, we
concluded that the three metal ions in the macrocycle are in a
mixed valence state MnIIMnIIIMnII.

The value of meff = 9.968 mB at 300 K for powder sample 1
is close to the spin-only value of 9.695 mB expected for three
spin systems of S = 5/2; S = 4/2; S = 5/2, indicating that all the

† Electronic supplementary information (ESI) available: synthetic route to
diamine (daud) and 1H NMR data for all products obtained at each step. See
http://www.rsc.org/suppdata/cc/b0/b003479gl

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003479g Chem. Commun., 2000, 1475–1476 1475



metal ions are in the high-spin state. The meff value increases
with decreasing temperature up to a maximum value of 13.96
mB at ca. 6 K (Fig. 2). The drop in meff below 6 K suggests a
zero-field splitting of MnII and MnIII ions or an intermolecular
antiferromagnetic coupling. The magnetic data were analyzed
with the Van Vleck equation including a correction term q based
on the Heisenberg model [h = 22(J12S1·S2 + J23S2·S3 +
J13S1·S3); S1 = S3 = 5/2, S2 = 4/2, J12 = J23 = J, J13 = JA],
leading to the best-fitting parameters g = 2.01(1), J = +1.83(5)
cm21, JA = 0 cm21, q = 21.03(4) K. The result indicates that
weak ferromagnetic interactions operate between the adjacent
MnII–MnIII pairs while interactions between the terminal ions
are negligible. Structural data on oxygen-bridged MnIIMnIII

pairs showing ferromagnetic interaction remain scarce. How-
ever, observed MnII–O–MnIII angles [96.8 and 108.0° for
Mn(1)–Mn(2); 96.6 and 107.7° for Mn(2)–Mn(3)] are compara-
ble to the angles (97.1 and 102.4°) reported for a mixed valence
dinuclear MnIIMnIII complex exhibiting J = +0.89 cm21.6
Magnetically coupled MnII clusters with high nuclearity, e.g.
MnII

5
7 and MnII

9,8 often show interesting electrochemical
properties. A cyclic voltammogram of 1 in methanol (1.0 mM,
0.1 M NEt4ClO4) indeed exhibited a quasi-reversible one-
electron reduction wave at E1/2 = 20.14 V with DEp = ca. 70
mV (glassy carbon working electrode, Pt counter electrode,
Ag+/AgCl reference electrode), which was tentatively attributed
to the formation of the MnII

3 species. However, all attempts to

isolate this species by chemical or electrochemical reduction
were unsuccessful. Finally it should be emphasized that the
metal-templated reaction in Ar atmosphere with the same
stoichiometry as that for 1 yielded a yellow powder formulated
as [Mn2(L2)](ClO4)2·H2O·2MeOH 2.¶

In conclusion, a new Schiff-base macrocycle (L2)22 obtained
by the Mn-templated reaction afforded a novel MnIIMnIIIMnII

complex, which is very rare9 for mixed valence trimanganese
systems in contrast to the many MnII

3
10 and MnIIIMnIIMnIII 11

complexes that have been reported. In addition to EPR, UV–
VIS–NIR and XPS spectroscopic evidence, the X-ray structure
and the magnetic behavior finally establish that the mixed
valence state is of class I type in the Robin–Day classification.12

In principle, the macrocycle could incorporate further aggre-
gated cores (n > 3), since a closely related ligand (L1)22 is
known to afford two types of tetrazinc complex.4 Approaches to
highly aggregated systems are now scheduled and in progress in
our laboratory.

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Area (#11136242 ‘Metal-assembled
Complexes’ to E. A.) from the Ministry of Education, Science,
Sports and Culture, Japan. We appreciate the analytical
assistance provided by the Material Analysis Center of ISIR,
Osaka University.

Notes and references
‡ Anal. C40H64N8O18Cl3Mn3. Calc.: C, 39.50; H, 5.30; N, 9.21; Cl, 8.76.
Found: C, 39.26; H, 4.96; N, 9.21; Cl, 8.56%. UV-VIS [MeOH; lmax/nm (e/
dm3 mol21 cm21)], 1005 (142), 550 (280), 397 (12 000), 260 (17 300)
§ Crystal data for C40H66N8O19Cl3Mn3·H2O 1·H2O: M = 1234.18,
orthorhombic, a = 32.315(4), b = 23.461(3), c = 13.750(3) Å, U =
10424(2) Å3, T = 163 K, space group Pbca (no. 61), Z = 8, m(Mo-Ka)
= 9.49 cm21, Of the 9708 which were collected, 4140 reflections with I >
3s(I) were used for calculation. The structure was solved by direct methods
and refined using full-matrix least-squares procedures. All hydrogen atoms
were located on the calculated positions. Refinement converged with R1 =
0.077 and Rw = 0.095 [w = 1/s2(Fo)].

CCDC 182/1701. See http://www.rsc.org/suppdata/cc/b0/b003479g/ for
crystallographic files in .cif format.
¶ Anal. C38H68N8O15Cl2Mn2. Calc.: C, 44.41; H, 6.34; N, 10.36; Cl, 6.55.
Found: C, 44.51; H, 6.13; N, 10.61; Cl, 6.23%.
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Fig. 1 Perspective view of the [Mn3(L2)(m-OMe)2]3+ cation; Selected
distances (Å) and angles (°): Mn(1)–O(1) 2.192(6), Mn(1)–O(2) 2.217(6),
Mn(1)–O(5) 2.085(5), Mn(1)–N(1) 2.178(8), Mn(1)–N(2) 2.393(8), Mn(1)–
N(3) 2.403(8), Mn(2)–O(1) 2.134(6), Mn(2)–O(3) 2.137(6), Mn(2)–O(5)
1.913(5), Mn(2)–O(6) 1.899(7), Mn(2)–N(4) 2.015(7), Mn(2)–N(8)
2.022(8), Mn(3)–O(3) 2.172(6), Mn(3)–O(4) 2.200(7), Mn(3)–O(6)
2.085(7), Mn(3)–N(5) 2.16(1), Mn(3)–N(6) 2.35(1), Mn(3)–N(7) 2.41(1),
Mn(1)–Mn(2) 3.235(2), Mn(2)–Mn(3) 3.218(2); Mn(1)–Mn(2)–Mn(3)
129.45(6), Mn(1)–O(1)–Mn(2) 96.8(2), Mn(1)–O(5)–Mn(2) 108.0(2),
Mn(2)–O(3)–Mn(3) 96.6(2), Mn(2)–O(6)–Mn(3) 107.7(3).

Fig. 2 Plot of meff vs. T for a powdered sample of 1.
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Three-dimensionally ordered macroporous (3DOM) metal
alloys of NixCo12x (a solid solution) and Mn3Co7 (an
intermetallic compound) have been prepared by templated
precipitation of mixed metal salts within colloidal crystals of
poly(methyl methacrylate) spheres and subsequent chemical
conversion of the inorganic precursors.

In the past three years, several chemical preparations of ordered
macroporous materials based on colloidal crystal templating
have been described. By using close-packed arrays of mono-
disperse spheres (polystyrene or silica) as templates, three-
dimensionally ordered macroporous (3DOM) structures have
been fabricated whose compositions include silica,1–4 metal
oxides,3,5–8 simple metals,9–11 metal chalcogenides,12 carbon13

and polymers.14–17 Since the pore diameters (typically a few
hundred nanometers) are comparable to optical wavelengths,
3DOM dielectric materials can be used to create photonic
crystals, which exhibit interesting optical effects based on
Bragg diffraction and the formation of optical stopbands.6,18 In
addition, applications including catalysis, sorption, and separa-
tions may benefit from the bicontinuous void and wall
structures and from the well-defined pore sizes of these
materials.

Recent theoretical and experimental studies have suggested
that metals with well-ordered porous networks would also
exhibit interesting photonic properties,19 and that 3DOM metals
provide relatively large surface areas which are uniformly
accessible in electrochemical experiments.9 Periodic macro-
porous metals have now been prepared by several methods,
including hydrogen reduction of preformed macroporous ox-
ides,9 decomposition of templated metal oxalates in a non-
oxidizing environment,9 electroless deposition,10 deposition of
colloidal gold particles in colloidal crystals,11 and infiltration of
natural calcium carbonate skeletons with gold paint, followed
by annealing.20 All of these macroporous solids contain a single
metal. However, most technological applications of metals
employ alloys containing two or more elements, because with
alloys it is possible to realize an extensive variety of physical
properties by varying the composition of the alloy. Here we
report a method of synthesizing 3DOM metal alloys, using a
solid solution (NixCo12x) and an intermetallic compound
(Mn3Co7) as examples.

Colloidal crystals were prepared from uniformly sized
poly(methyl methacrylate) (PMMA) spheres synthesized ac-

cording to the literature21 and close-packed by gravity sed-
imentation or centrifugation. To prepare a 3DOM NixCo12x

alloy, 0.008 mol nickel(II) acetate tetrahydrate and 0.008 mol
cobalt(II) acetate tetrahydrate were dissolved in 20 mL methanol
at 60 °C. After cooling to room temperature, any undissolved
solid was removed by filtration and a clear precursor solution
was obtained. Centimeter-scale PMMA colloidal crystals (ca. 8
g) were soaked in this solution for 3–5 min. Excess solution was
removed from the impregnated colloidal crystals by vacuum
filtration. The samples were dried in air at room temperature for
1 h. Then the dried composites were soaked in oxalic acid
solution (ca. 3.6 g oxalic acid in 30 mL ethanol) for 2 min to
form metal oxalate inside the PMMA colloidal crystals. After an
additional vacuum filtration and drying step, the samples were
processed at 400 °C in flowing H2 (0.3 L min21 in a 22 mm i.d.
quartz tube) for 1 h (heating rate: 2 °C min21). Carbon (0.52
wt%) and hydrogen (0.19 wt%) analyses of a calcined sample
confirmed that most of the PMMA template was removed by
this treatment and that the metal oxalates had been fully
decomposed.

Fig. 1(a) shows a typical SEM image of the template-free
macroporous product. Open voids and interconnected walls
form a pore structure that is ordered over a range of tens of unit
cells in three dimensions. Average void diameters of 200 nm
were obtained with 410 nm PMMA spheres. Some cracks can be
observed, which arise mainly from the large volume shrinkage
and sintering during the template removal/chemical conversion
processes. X-Ray energy dispersive spectroscopy (EDS) cover-
ing one ordered colloidal crystal domain indicated a Ni+Co mol
ratio in the walls of 0.69,22 bulk elemental analysis by ICP a
Ni:Co ratio of 0.86. The walls are composed of fused grains
with typical sizes of 20–50 nm (determined by TEM). The
average grain size based on PXRD line widths, calculated by the
Scherrer equation, is 33 nm.

The PXRD pattern. [Fig. 2(a)] of the product shows a single
phase cubic structure (space group Fm3m), which matches the
phase determined by selected-area electron diffraction (SAED)
of an ordered area in the TEM. The average calculated lattice
constant is 3.529(4) Å, which is between that of Ni (3.5238 Å)
and Co (3.5447 Å), suggesting that the NixCo12x alloy is a solid
solution.23 The 3DOM NixCo12x alloy exhibited a type II
nitrogen adsorption isotherm with a BET surface area of 9.9 m2

g21, which is attributed to the surface of fused, nonporous
NixCo12x nanocrystallites composing the wall structure. Owing

Fig. 1 Scanning electron micrographs (SEM) of (a) 3DOM NixCo12x and (b) 3DOM Mn3Co7. (c) Transmission electron micrograph (TEM) showing a close-
up view of the wall and lattice fringes of the Mn3Co7 grains. The inset is the SAED pattern of the ordered area including these particles.
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to this large surface area, the fresh products were highly
reactive, combusting upon rapid exposure to air even at room
temperature. Combustion could be avoided by slow oxidation in
a mixture of air (0.2 L min21) and nitrogen (1.0 L min21) for 30
min to passivate the sample surface. Passivated samples were
air-stable over a period of weeks. Based on the total metals
content from ICP analysis, the sample contained at most 4.8
wt% oxygen. However, no metal oxide reflections were
observed in the PXRD pattern, indicating that the oxide layers
were amorphous or very thin.

As another demonstration of a 3DOM alloy synthesis by the
PMMA templating method, we also prepared a Mn3Co7 alloy
from a stoichiometric mixture of manganese acetate and cobalt
acetate precursors, using the same procedure as above. Mn3Co7
is an intermetallic compound alloy and has a crystal structure
different from both Mn and Co. The PXRD pattern [Fig. 2(b)]
shows reflections characteristic of the calcined Mn3Co7 alloy in
agreement with the standard powder pattern (PDF#18-0407)
and with SAED [Fig. 1(c)]. Elemental analysis of the template-
free product revealed 1.79 wt% C, 0.20 wt% H and a Mn:Co
mol ratio of 0.39 (expected: 0.43). The SEM [Fig. 1(b)] shows
that the Mn3Co7 alloy has a well-ordered porous structure with
average void diameters of 210 nm obtained from 290 nm
diameter PMMA spheres. This more ordered structure is
probably due to reduced shrinkage and smaller grain sizes
[ranging from 15 to 30 nm by TEM, Fig. 1(c)], caused by slower
crystal growth kinetics of Mn3Co7. The smaller grain size leads
to a larger BET surface area of 26.4 m2 g21.

It should be noted that the use of PMMA colloidal crystals as
templates can significantly improve the periodicity and reduce
the remaining carbon content of the resulting macroporous
alloys/metals, relative to PS templates. The main reason for the
improved performance of PMMA lies in its better thermal
degradation character. PMMA decomposes by chain depoly-
merization, resulting in a gradual reduction in molecular weight
and the production of monomer. By this mechanism, the yield of
monomer can be as high as 100% in the temperature range
170–300 °C.24 In comparison, PS degrades to ca. 40% of
monomer in the temperature range 300–400 °C24 and leaves a
larger amount of carbon after thermal treatment of the product
in a non-oxidizing atmosphere (e.g. in a macroporous Ni/PS
sample, 39 wt% C remained after heating in nitrogen at 450 °C
for 10 h, compared to 15 wt% C in a Ni/PMMA sample after 1
h of heating). As a result of the milder conditions required to
remove the PMMA template, smaller framework grain sizes and
larger surface areas can be obtained. An additional benefit of
using PMMA over PS spheres is the better penetration of the
precursor solution in the PMMA colloidal crystal owing to
increased wettability. Consequently, fewer structural defects

are introduced during the composite formation, if a sufficiently
concentrated precursor solution is employed.7

The PMMA templating method can be used to synthesize
3DOM alloys containing Mn, Fe, Ni, Co and other alloy
forming metals whose salt precursors are easily reducible and
whose melting points exceed that of the template. Ternary or
higher multicomponent alloys may also be formed. For
example, we have prepared a Ni/Fe/Co 3DOM alloy by the
same procedure. Besides providing a way of structuring metals
on a nanometer scale and endowing them with relatively high
surface areas, this technique allows one to tailor the physical
properties (corrosion resistance, thermal properties, magnetic
properties, etc.) of the 3DOM structures by changing the
metallic composition of the alloy. As a result, the new class of
alloys presented here may find applications as high performance
catalysts, electrodes, supports and magnetic materials.
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Iron(II) halides possessing highly donating imidazolylidene
ligands were found to be remarkably active and efficient
catalysts for the atom transfer radical polymerization of
styrene and methyl methacrylate.

Atom transfer radical polymerization (ATRP), a method for
controlling free radical polymerizations, has recently developed
into a versatile tool in polymer chemistry. ATRP is a metal
mediated halide exchange process that establishes a fast and
dynamic equilibrium between growing (Pn•) and dormant (Pn–
X) polymer chains. This equilibrium is dramatically shifted
towards favoring the dormant species giving extremely low
(ca.1028 M) radical concentrations which effectively mini-
mizes bimolecular termination. A fast halide exchange process
ensures all polymer chains grow at the same rate giving
excellent control over the radical polymerization. Most reports
describe the use of a combination of copper(I) halides and amine
ligands as ATRP catalysts.1 However, the ability to conven-
iently tune catalyst reactivity has led to the emergence of other
metal systems (Ru,2 Rh,3 Pd,4 Ni5,6) since they are capable of
coordinating a wide range of ligands. Recently, attention has
shifted towards iron catalyzed ATRP owing to its lower cost and
similar activity to their ruthenium analogs.6

A steady effort has been directed toward designing ligands
that display improved activity in ATRP, yet are still cost
effective. In copper based ATRP, replacement of bipyridine
ligands with alkyl amines lowers the redox potential of the
copper halide catalyst and accelerates the polymerizations.7 A
similar phenomenon was also observed in ruthenium and iron6e

catalyzed ATRP when triphenylphosphine and bipyridine were
replaced with tributylphosphine and tributylamine, respec-
tively. Noels and coworkers reported the highly active ruthe-
nium ring-opening metathesis polymerization (ROMP) catalyst,
Cl2(PCy3)2RuNCHPh, was also active for ATRP.8 Recently, a
dramatic increase in the activity of ruthenium ROMP catalysts
coordinated with imidazolylidenes was observed,9 largely due
to their higher Lewis-basicity. In addition to being excellent
electron donating ligands that are less toxic than phosphines and
amines, imidazolylidenes are attractive because they are easy to
prepare and handle. These observations prompted us to explore
the influence of imidazolylidenes in ATRP. Herein we report
the synthesis of FeX2L2 [X = Cl, Br; L = 1,3-diisopropyl-
4,5-dimethylimidazol-2-ylidene (PriIm 3)10] complexes and
their use as catalysts in the ATRP of styrene and methyl
methacrylate (MMA). The polymerization rates rival copper
based systems and yield polymers with extremely low poly-
dispersities.

Heating a toluene solution of FeX2 and PriIm 3 to 90 °C
followed by slow cooling of the reaction mixture to room
temperature afforded crystals of chloro-complex 1† and its
bromo- analog 2 in 70–85% yields [eqn. (1)]. The structure of
1‡ was determined by X-ray crystallography and is shown in
Fig. 1. To the best of our knowledge, complex 1 is the first
monomeric iron halide possessing imidazolylidene ligands.11

Complex 1 adopts a distorted tetrahedral geometry with angles
in the range 102.05–115.62°. As expected the Fe–C(1) bond
length (2.136 Å) in 1 is significantly shorter than Fe–P bond

lengths [2.429 Å in FeBr2(PEt3)2
12 and 2.639 Å in

FeCl3(PPh3)2
13] as well as Fe–N bond lengths [2.273 Å in

FeCl3(NMe3)2
14] in analogous iron based ATRP catalysts.

The homogeneous ATRP of styrene (100 equiv., 50% v/v
toluene) initiated with 1-phenylethyl bromide (1-PEBr) and 1
was monitored at 85 °C under inert atmosphere. The semi-
logarithmic plot of ln([M]0/[M]) vs. time was linear, with a
pseudo-first order rate constant (kobs) of 3.4 3 1025 s21, and
indicated that radical concentration was constant throughout the
polymerization (Fig. 2). The rate of polymerization is among
the highest reported for metal catalyzed ATRP in organic
solvents.15 Molecular weight (Mn, determined by gel permea-
tion chromatography relative to polystyrene standards) in-
creased linearly over time and agreed with theoretical weights
demonstrating good control [Fig. 3(a)]. Polydispersities (Mw/
Mn) were low (ca. 1.1) and decreased with monomer conversion
[Fig. 3(b)] as expected for a controlled polymerization. In
addition, determination of molecular weight by end-group
analysis (Mn = 3400) of a low molecular weight polystyrene
was in agreement with the targeted molecular weight (Mn =
4000). Addition of the higher oxidation metal (Mx+1) to
polymerizations is known to lower PDIs by shifting the
equilibruim towards dormant polymer chains and lowering

Fig. 1 Molecular structure of complex 1. Selected bond lengths (Å) and
angles (°): Fe–C(1) 2.1363(15), Fe–C1(2) 2.1298(16), Fe–Cl(1) 2.3035(4),
Fe–Cl(2) 2.2976(4); C1(2)–Fe–C(1) 102.05(6), C1(2)–Fe–Cl(2) 106.85(4),
C(1)–Fe–Cl(2) 114.41(4), C1(2)–Fe–Cl(1) 115.62(4), C(1)–Fe–Cl(1)
104.68(4), Cl(2)–Fe–Cl(1) 112.947(17).
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radical concentrations. Thus, addition of 1 equiv. of FeCl3 to the
reaction slowed polymerization slightly (kobs = 1.7 3 1025

s21) but afforded polymers with lower PDIs (1.05 vs. 1.14).
With or without additional FeCl3, the PDIs of the resulting
polymers rival those obtained by anionic polymerizations as
well as other metal catalyzed ATRP systems.16

Bromo complex 2 had a higher observed rate constant (kobs =
4.2 3 1025 s21) than chloro complex 1 (kobs = 3.4 3 1025 s21)
which may be related to the difference in the iron halide bond
dissociation energies. A similar rate enhancement has also been
observed in both copper and ruthenium based systems.17

Although catalysts 1 and 2 are relatively simple to synthesize,
iron(II) halides can be used directly in the presence of free PriIm
ligand 3 to generate the catalyst in situ. An added benefit of
using PriIm 3 is that it is a microcrystalline solid that is
indefinitely stable under an inert atmosphere. The observed rate
constant for 1 is slightly lower than when using FeCl2 and PriIm
3 (kobs = 2.7 3 1025 s21) and may be related to an induction
period involving catalyst formation.

The ATRP of methyl methacrylate using complex 1, complex
2, and the complex formed in situ was also investigated. The
homogeneous polymerization of MMA (100 equiv., 50% v/v
benzene) was initiated with ethyl 2-bromoisobutyrate (EBIB)
and monitored at 60 °C under an inert atmosphere. Results
analogous to the ATRP of styrene were observed and indicated
that these catalysts are also effective in controlling the
polymerization of MMA. In addition, a similar trend in
observed rate constants as discussed above was observed:
complex 2 (kobs = 1.6 3 1024 s21) > complex 1 (kobs = 1.2 3
1024 s21) > FeCl2 and PriIm 3 (kobs = 8.1 3 1025 s21).
Addition of FeCl3 reduced the rate of polymerization (kobs =
3.5 3 1025 s21) but afforded polymers with lower PDIs (1.47
vs. 1.09).

Our results confirm that increased electron donacity of the
ligands play an important role in the activity of ATRP catalysts.
The high Lewis basicity of the imidazolylidene may lower the
redox potential of the iron(II) complexes facilitating halide
abstraction from dormant polymer chains. This would shift the

equilibrium toward growing polymer radicals and therefore
increase the rate of polymerization. Interestingly, the relatively
high radical concentration does not seem to compromise the
control. The increased donacity of these ligands may also
stabilize the iron(III) species18 and therefore enhance the rapid
exchange of halides between dormant and active polymer chain
ends.

J. L. gratefully acknowledges the National Institute of Health
for a Postdoctoral Fellowship. We thank Christopher W.
Bielawski for helpful discussions and crystallographers
Lawrence M. Henling and Michael Day.
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Fig. 3 Dependence of the polystyrene molecular weight (a) and poly-
dispersity (b) on the monomer conversion at 85 °C ([FeCl2]0 = 44 mM, [3]0

= 90 mM, [PEBr]0 = 44 mM, [styrene]0 = 4.4 M).

1480 Chem. Commun., 2000, 1479–1480



Isolation of a stable benzene oxide from a fungal biotransformation and
evidence for an ‘NIH shift’ of the carbomethoxy group during hydroxylation of
methyl benzoates

Derek R. Boyd,*a John T. G. Hamilton,b Narain D. Sharma,a John S. Harrison,a W. Colin McRobertsb and
David B. Harper*bc

a School of Chemistry, The Queen’s University of Belfast, Belfast, UK BT9 5AG
b Department of Agriculture for Northern Ireland, Newforge Lane, Belfast, UK BT9 5PX
c School of Agriculture and Food Science, The Queen’s University of Belfast, Newforge Lane, Belfast, UK BT9 5PX

Received (in Cambridge, UK) 31st May 2000, Accepted 19th June 2000
Published on the Web 18th July 2000

Substituted methyl benzoates are biotransformed in the
fungus Phellinus ribis by enzyme-catalysed epoxidation to
yield an isolable benzene oxide and transient benzene oxides,
whose presence was inferred from isomerisation to the
corresponding methyl salicylates with concomitant migra-
tion of the carbomethoxy group.

Aromatic hydroxylation in eucaryotes is widely assumed to
involve the monooxygenase-catalysed epoxidation of the ben-
zene ring.1,2 Although benzene oxides have often been
proposed as intermediates in the literature,1–4 to date none have
been isolated as a metabolite. Their role as transient inter-
mediates during aromatic hydroxylation has been inferred on
the basis of hydrogen atom migration from the hydroxylation
site and its retention at an adjacent carbon atom (‘NIH
shift’).1,2

The ‘NIH shift’ was first observed during the para-
hydroxylation of phenylalanine to yield tyrosine5,6 2 (Scheme 1,
R = CH2CH(NH2)CO2H, X = 3H) and more than 100
examples have since been reported with 1H, 2H or 3H atoms as
the migrating species X. The detection of arene oxides of
naphthalene7 and quinoline8 during liver microsomal hydrox-
ylation of these arenes provided direct evidence of bicyclic
arene epoxidation. By contrast, no unequivocal evidence of
enzyme-catalysed benzene oxide formation from monocyclic
arene substrates has been available and recently the role of
transient arene oxide intermediates in the ‘NIH shift’ mecha-
nism in biological systems has been questioned.9–11 In earlier
studies12 we demonstrated that hydroxylation of 2H-labelled
halobenzenes 1A (X = 2H) and 1B (X = 2H) in fungi mainly
occurs at the ortho position to yield phenols 3A and 3B (X =
2H, Scheme 1) and proceeds via the 2,3- (5A, 5B, X = 2H)
rather than the isomeric 1,2-benzene oxide (6A, 6B, X = 2H)

which would yield phenols 7A and 7B (X = 2H) after halogen
migration.

Some substituted benzene oxides are unstable, e.g. the
1,2-oxide of chlorobenzene 6A (X = 1H) could not be isolated
after synthesis,12 while the 2,3-oxide 5A and 3,4-oxide 4A (X =
1H) were found to be stable.13 Benzene oxides have been
assumed to equilibrate spontaneously with the corresponding
oxepine valence tautomer by a disrotatory electrocyclic re-
arrangement mechanism.1,2 However, in practice, dependent on
substituent position, monosubstituted benzene oxides have been
found to exist almost exclusively as either the epoxide, e.g.
2,3-benzene oxides 5A–C rather than oxepines 8A–C, or the
oxepine valence tautomers e.g. 9C and 10A–C rather than
1,2-benzene oxides 6C or 3,4-benzene oxides 4A–C.14 The
preferred benzene oxide valence tautomers containing an
electron withdrawing carboalkoxy group, e.g. 5C (X = 1H), and
the preferred oxepine tautomers, e.g. 9C and 10C are among the
most stable known compounds in this arene oxide–oxepine
class.15–17 Thus oxepine tautomer 9C could be chemically
synthesized and was isolated as a fungal metabolite.18,19

The biosynthetic origin of the secondary metabolites methyl
benzoate 1C (X = 1H) and methyl salicylate 3C/7C (X = 1H)
in Phellinus, a widespread genus of white rot fungi, has been the
subject of ongoing investigations in these laboratories. The
genus is unusual in utilising CH3Cl as a methyl donor in the
biosynthesis of methyl benzoate and methyl 2-furoate.20–23

However, the time course study of incorporation of C2H3 from
labelled methionine (the immediate metabolic precursor of
CH3Cl) into methyl salicylate 3C/7C (X = 1H) by Phellinus
pomaceus was quite different from that of methyl benzoate 1C
(X = 1H). This suggests that the compound is formed by ortho-
hydroxylation of compound 1C (X = 1H) rather than
methylation of salicylic acid,20 a conclusion consistent with the
observation that isolated mycelia cannot utilize CH3Cl in the
methylation of salicylic acid.20 A more recent study has
detected carbomethoxyoxepine 9C (X = 1H) as a natural
metabolite in Phellinus tremulae.18 The propensity for this
oxepine to rearrange via the postulated,15 but undetected,
benzene oxide tautomer 6C (X = 1H) with migration of the
carbomethoxy group has prompted speculation18 that it may be
an intermediate in methyl salicylate biosynthesis. This hypoth-
esis is given strong support by the results of incorporation
experiments with this fungus involving administration of a-Scheme 1

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b004314l Chem. Commun., 2000, 1481–1482 1481



13C-benzoic acid.19 We have undertaken further biotransforma-
tion studies using Phellinus ribis and a range of substituted
methyl benzoate substrates in the quest for the first evidence of
carbomethoxy group migration in vivo.

P. ribis cultures were grown on 0.5% mycological peptone in
shake flasks at 25 °C and the culture medium monitored for
methyl esters of aromatic acids, oxepines and arene oxides by
HPLC and GC/MS. As in the earlier investigations of Ayer and
Cruz,18,19 using P. tremulae, oxepine 9C was detected in the
medium after 12 days in addition to methyl benzoate and methyl
salicylate as natural products of this fungus.23 When cultures
were supplemented after 12 days growth with 0.5 mM methyl
2,6-2H2-benzoate and examined after a further 2 days incuba-
tion, substantial incorporation of label into oxepine, 3,7-2H2-9C
(ca. 70% incorporation), and methyl salicylate, 3,6-2H2-3C and
3-2H-7C (in toto 40% incorporation) was found. GC/MS and
NMR analyses of the metabolites showed that the major
metabolic route involved migration of the carbomethoxy group
to yield methyl salicylate 7C (ca. 75% relative yield, 3-2H, X =
1H). A minor pathway (ca. 25% relative yield) involved
migration and partial retention of a deuterium atom yielding
methyl 3,6-2H2-salicylate 3C (X = 1H).

A series of methyl esters of monosubstitited benzoic acids
were next examined as possible substrates by supplementation
of the fungal growth medium as described above. Comparison
of the metabolites from the methyl esters of para-substituted
benzoic acids 1C (X = F, Cl, Me), with authentic standard
samples of the substituted methyl salicylate metabolites 7C (X
= F, Cl, Me) by GC/MS indicated that the ‘NIH shift’ involving
migration of the carbomethoxy group had occurred during
aromatic hydroxylation. Methyl esters of the corresponding
meta-substituted benzoic acids were also examined as sub-
strates but only the methyl m-fluoro- and m-methyl-salicylates
were detected and no carbomethoxy migration was observed.
Aromatic hydroxylation did not occur with the methyl esters of
ortho-substituted benzoic acids or methyl esters of the o-, m-
and p-trifluoromethyl benzoic acids as substrates. The only
oxepine detected, other than oxepine 9C, was oxepine 11 when
ethyl benzoate was a substrate. However, GC/MS analysis of
the bioextracts from metabolism of methyl 2-trifluorome-
thylbenzoate 12 as substrate, revealed a major bioproduct with
a molecular weight identical to that of the corresponding
oxepine 13. This metabolite, purified by PLC, was obtained (ca.
2 mg from 300 cm3 of culture medium) as a stable colourless
liquid. 1H- and 13C-NMR spectra (NOE, COSY, HETCOR) of
the metabolite were consistent with previously synthesised
arene oxides.13,24 It was identified as benzene oxide 14
(Scheme 2). dH 500 MHz, CDCl3: 3.85 (s, Me), 4.23 (dd, H-2),
6.59 (ddd, H-4), 6.7 (ddd, H-3), 6.98 (dd, H-5), J2,3 3.7, J2,4 =
J5,3 1.9, J3,4 = J4,5 8.6; dC (125 MHz, CDCl3): 53.09, 61.03,
65.39, 128.02, 130.24, 130.28, 132.20, 166.55. 19F-NMR, UV,
IR and high resolution MS were used to confirm the
identification of benzene oxide 14.

Chemically synthesised 2,3-benzene oxides (e.g. 5A and 5B
X = 1H), derived from the cis-2,3-dihydrodiol enantiomers,
were found24 to have totally racemized via the oxepine tautomer
in accord with predictions.1,2 Benzene oxide 14 was similarly
found to be racemic suggesting that total racemization had
occurred via the undetected oxepine valence tautomer 13.
Addition of trifluoroacetic acid to oxide 14 resulted in

aromatization to yield product 15 (Scheme 2) whose structure
was confirmed by MS and NMR analysis (1H-, 13C-, HMBC)
thus providing a further example of a carbomethoxy group
migration. Interestingly phenol 15 was only detected as a trace
metabolite of the methyl benzoate 12 and this appears to be a
consequence of the remarkable stability of benzene oxide 14
which may be due to the presence of two strongly electron
withdrawing groups, in particular the bulky CF3 group. The
location of these groups at positions C-1 and C-6 in arene oxide
14 appears to bias the equilibrium almost exclusively towards
the benzene oxide valence tautomer 14. As in other eucaryotes
the enzyme is presumably a monooxygenase and attempts to
isolate it are in progress.

The isolation of benzene oxide 14 as a metabolite and the
identification of aforesaid metabolites in cultures of P. ribis
provide compelling evidence that o-hydroxylation of the methyl
benzoates proceeds via benzene oxide intermediates. These
intermediates, in turn, provide a rationale for this first report of
an ‘NIH shift’ of the carbomethoxy group in a biological
system. The apparent carboxyl group migration reported
earlier25 may in fact involve an ester intermediate.

We thank the BBSRC (N. D. S.) and European Social Fund
(J. S. H.) for funding and Dr Paul J. Stevenson for helpful
discussion.
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Planar chiral 1,1AP,N-2A-substituted 2A substituted 1,1A-P,N-
ferrocene derivatives were efficient ligands for the Pd-
catalyzed asymmetric Heck reaction, in which 79–85%
yields with high enantioselectivity (80–92%) were obtained
within several hours; the enantioselectivity and the absolute
configuration were controllable by changing the size of the
planar chiral group and/or configuration of planar chir-
ality.

Among palladium-catalyzed C–C bond-forming reactions, the
Heck reaction enjoys considerable current popularity because of
its versatility and tolerance of functionality.1 It has only recently
been exploited in the key steps of many total syntheses2

although the first intramolecular asymmetric Heck reactions
were reported, independently, by Shibasaki3 and Overman4 in
1989. Two years later, the intermolecular asymmetric version of
the Heck reaction was reported by Hayashi,5 with BINAP as
ligand. The reaction was carried out with dihydrofuran 1 and
phenyltriflate and afforded a mixture of regioisomers 2 and 3 in
a 29+71 ratio, with the major product 3 obtained in high ee
(96%) (Scheme 1).

In an important extension to this work, Pfalz6 described the
application of the diphenylphosphinooxazoline 4 (PHOX)
ligand to arylation and alkenylation of substrate 1. In contrast to
the regioisomer problem observed by Hayashi, the phenylation
of dihydrofuran 1 produced the 2,5-dihydrofuran derivative 2 in
high yield (85%) and with so far the best enantioselectivity
(97% ee). Although impressive results have been achieved in
asymmetric inter- and intra-molecular Heck reactions with
several kinds of ligands,6–8 there are still problems for the
practical use of this asymmetric reaction, such as low reaction
rates (usually several days) and high catalyst loading. There-

fore, it is important and challenging to develop novel highly
efficient ligands.

Ferrocene-based planar chiral ligands have been proven to be
effective and highly reactive in many kinds of asymmetric
catalytic reaction.9 However, to the best of our knowledge, there
is so far no report on their use in the asymmetric Heck reaction,
except for the result of Guriy8 that excellent enantioselectivity
was observed with very low catalytic activity (14 days for a
complete conversion) by using ferrocene-type ligands 5 in the
phenylation of 2,2-dimethyl-2,3-dihydrofuran. Quite recently,
as a part of the program aimed at the design and application of
chiral ligands to asymmetric synthesis,10 we synthesized a new
kind of planar chiral 1,1A-P,N-ferrocene ligand 6, which showed
that the planar chirality is decisive in exerting control over both
absolute configuration and enantiomeric excess in Pd-catalyzed
allylic substitution reactions.11 These encouraging results
prompted us to extend the scope of these new structural-
framework ligands to the asymmetric Heck reaction. Herein we
report our initial findings on the phenylation of 2,3-dihy-
drofuran 1 by using palladium complexes derived from new
ligands 7, 8 and 9, which were synthesized by our group.11,12

We initially tested the effectiveness of the structurally novel
1,1A-disubstituted P,N-ferrocene ligands 7. At the same time,
1,2-disubstituted P,N-ferrocene ligands 5 were also used for this
reaction in order to compare the catalytic activity of 5 and 7. The
results are summarized in Table 1.

With 3 mol% of catalyst, prepared in situ from Pd(dba)2 and
1.5 equiv. of ligands 7a–d, the corresponding 2,5-dihydrofurans
2 were formed as sole products (as shown by TLC), similar to
the results Pfalz obtained.6 The best enantioselectivity (76.5%)
and also the highest catalyst activity (affording 80% of yield in
8 h) was observed with ligand 7b (Table 1). Ligand 7d showed
the same catalytic activity as ligand 7b, however, gave the
lowest enantioselectivity (42.4%). It is noteworthy that 1,2-dis-
ubstituted P,N-ferrocene ligands 5a–b had almost no catalytic
activity in this reaction even with the reaction time prolonged to
24 h.8 Usually, 1.5 equiv. of ligand were used in this reaction.
However, when 1.0 or 2.0 equiv. of the ligand were used the
resulting ee values and yields of reaction product were slightly
lower. Next, a variety of solvents and bases were investigated
and the results showed that the ee value was independent of the
base used, which is in consistent with Pfaltz’s results. However,
the enantioselectivity with benzene as solvent was inferior to
that with THF. For ligands 7b and 7d, the yields in asymmetric
Heck reactions are good with higher reaction rates (several
hours) using 3 mol% of catalyst compared with literature
results6 (2 to 3 days for a high conversion).

Considering the high reactivity of ligands 7b and 7d, we
envisaged that the enantioselectivity and/or the configuration of
the reaction product might be improved and/or inverted by
introducing planar chirality into these two ligands according to
our previous experience on the role of planar chirality in Pd-
catalyzed allylic alkylation reactions.11 Consequently, planar
chiral ligands (S,Sp)-8a, (S,Sp)-8b and (S,Rp)-8c, (R,Rp)-9a and
(R,Rp)-9b, containing a newly introduced Me or TMS group on
the same Cp ring with oxazoline moiety, were synthesized and

Scheme 1
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tested for this reaction. The results are summarized in Table
2.

A dramatic change in the enantioselectivity of the reaction
was observed with (S,Sp)-8a containing a (Sp)-TMS planar
chiral group. The enantiomeric excess of reaction product 2
changed from 76.5% with R configuration by using ligand 7b to
83.5% with S configuration (entry 2 vs. entry 1 of Table 2). This
exciting result encouraged us to probe the effect of the newly
introduced group with opposite planar chirality, which might
increase the ee value and with the same configuration of product
2 from that by using ligand 7b. Therefore, (S,Sp)-8b containing
a (Sp)-Me planar chiral group was synthesized and subjected to
the same reaction. Just as expected, a remarkable improvement
in the ee value (88.5%, R configuration) was observed. The
same phenomenon was observed by using ligands (R,Rp)-9a and
(R,Rp)-9b (compare entries 6 and 7 with entry 5). These results
indicate that the effect of planar chirality on the stereochemical
outcome is significant in this Heck reaction, which is incon-
sistent with our previous results with Pd-catalyzed asymmetric
allylic alkylation.11 Maybe the planar chirality has the same role
in two different reaction systems, i.e. the planar chirality
controls and tunes the ee value and absolute configuration of the
reaction product by changing the ratio of rotamers of the axial
chirality on coordinating with metal Pd due to its steric
repulsion on the coordinating center.12 If this is true, then
increasing the steric bulkiness of the newly introduced planar
chiral group may improve the ee value of product 2. In fact, the
ee value actually increased to 92% when ligand (S,Rp)-8c
containing a bulky TMS group was used in this reaction. Thus,
the ee value and absolute configuration of product 2 are
controllable and tunable just by changing the configuration and/
or size of the planar chiral group. In addition, a very small

amount of regioisomer 3 (entries 3 and 7) in the reaction product
was detected by GC but not observed by preparative TLC.

In conclusion, the above mentioned new kind of ligand is
effective and attractive in the asymmetric Heck reaction not
only because of the high reactivity and enantioselectivity but
also because the absolute configuration of the reaction product
can be controlled just by changing the configuration and/or size
of the planar chiral group of these ligands. Further studies on the
improvement of enantioselectivity via modifying these ligands
and their application to other substrates are in progress.
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Table 1 Enantioselective Heck reaction of 1 and phenyltriflate with ligands 5 and 7a

Entry Ligand Solvent Base Time Yield (%)b ee (%)c (config.)d

1 7a THF i-Pr2NEt 8 h 46 68.1 (R)
2 7b THF i-Pr2NEt 8 h 80 76.5 (R)
3 7c THF i-Pr2NEt 8 h 25 64.0 (R)
4 7d THF i-Pr2NEt 8 h 79 42.4 (S)
5 5a THF i-Pr2NEt 24 h Trace n.d.
6 5b THF i-Pr2NEt 24 h Trace n.d.
7e 7b THF i-Pr2NEt 8 h 72 75.7
8f 7b THF i-Pr2NEt 8 h 77 75.4
9 7b THF Proton sponge 8 h 82 76.0

10e 7b THF Et3N 8 h 85 76.0
11 7b Benzene Proton sponge 8 h 71 71.0
12 7b Benzene i-Pr2NEt 8 h 77 69.9

a The reaction was carried out under an argon atmosphere. Pd+PhOTf+1+base = 0.03+1.0+5.0+2.0. Reaction temperature: 60 °C. Pd+L* = 1+1.5 unless
otherwise stated. b Isolated yields based on phenyltriflate. c Determined by chiral GC. d Determined by comparing the sign of optical rotation with literature
data. e Pd+L* = 1+1. f Pd+L* = 1+2.

Table 2 Enantioselective Heck reaction of 1 and phenyltriflate with ligands
8 and 9a

Entry Ligand Time Ratio (2+3)b Yield (%)c ee (%)d (config.)e

1 (S)-7b 8 h n.d. 80 76.5 (R)
2 (S,Sp)-8a 8 h n.d. 72 83.5 (S)
3 (S,Sp)-8b 8 h 64+1 79 (82)b 88.5 (R)
4 (S,Rp)-8c 8 h n.d. 75 92.1 (R)
5 (R)-7d 8 h n.d. 79 42.4 (S)
6 (R,Rp)-9a 8 h n.d. 75 80.2 (R)
7 (R,Rp)-9b 8 h 32+1 85 (91)b 88.4 (S)
a The reaction was carried out in THF in the presence of diisopropylethyl-
amine under an argon atmosphere. PhOTf+1+i-Pr2NEt+Pd(dba)2+ligands =
1.0+5.0+2.0+0.03+0.06. Reaction temperature: 60 °C. b Determined by GC.
c The isolated yields based on phenyltriflate. d Determined by chiral GC.
e Configurations were assigned by comparison of the signs of optical
rotation.
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Incubation of squalene with the site-directed mutant F605A
of squalene–hopene cyclase from Alicyclobacillus acido-
caldarius yielded many triterpenes consisting of the
6/6/5-fused tri-, 6/6/6/5-fused tetra-, and 6/6/6/6/5-fused
pentacyclic skeletons, the function of F605 being assignable
for facilitating the ring expansion and for stabilizing the
hopanyl C22-cation, possibly via cation-p interactions.

Squalene–hopene cyclase (SHC) converts acyclic squalene into
pentacyclic triterpenes, hopene 1 and hopanol 2, with regio- and
stereochemical specificity.1 In the past few years, there have
been remarkable advances in addressing both the cyclization
mechanism and the catalytic sites by site-directed mutagenesis
experiments.2 The cyclization cascade is triggered by proton
attack at the terminal double bond, which is supplied by D376
and/or D374.2a The carbocation intermediates of the initially
cyclized A-ring and the bicyclic A/B-fused ring, progressively
formed during the polycyclization reaction, are stabilized by the
carboxylate anion of D3772a and by the p-electrons of F3652b

via a cation-p interaction, respectively. The 6-membered C-ring
(anti-Markovnikov adduct) is formed as a result of a ring
expansion process from the 5-membered C-ring that has been
previously formed under Markovnikov closure.2c This expan-
sion may be facilitated by p-electrons of F601. The point
mutation experiments targeted for W 169 and W 489 allowed us
to propose the involvement of the ring expansion from the 5- to
6-membered D-ring.2d The bulk size at the 261 position is
critical in directing the stereochemical destiny for the formation

of the hopane skeleton.2f The question still remained un-
answered as to how the last 5-membered E-ring is constructed.
Phe605 is strictly conserved in all the known SHCs, but not in
oxidosqualene cyclases. We describe here the enzymic products
obtained by the mutant F605A and the functional analysis of
Phe605.

With the cell-free homogenates from a 8L-culture of the
transformed E. coli encoding F605A SHC, 400 mg of squalene
was incubated for 14 h at optimum catalytic conditions (pH 6.0
and 50 °C). Ten new products were homogeneously purified
with SiO2 column chromatography (5% AgNO3) eluting with
hexane. The yields of 1–12 were estimated by GC to be 141,
133, 9.9, 6.6, 23.3, 11.5, 9.3, 20.4, 7.4, 0.5, 12.4, 12.6 mg,
respectively, and to be 1.2 mg for the recovered squalene.

Scheme 1 shows the structures of all the isolated products,
which were determined by the detailed analyses of EIMS and
2D NMR spectra. Products 3 and 4 (3+4 = 1.5+1) had a
6/6/5-fused tricyclic skeleton. All the NMR data and the
specific rotation of 3 and 4 were indistinguishable from those of
the known podioda-8,17,21-triene and -7,17,21-triene,3 re-
spectively, but the stereochemistry at the 14-position has
remained undetermined. These two products were formed from
the common biosynthetic intermediate 13 (Scheme 2). The
successive rearrangement reactions of 13bH to C14 and of the
26-Me to C13 on 13 gave the C8-cation (podiodatrienyl cation
13A). The deprotonation of H9 or H7 afforded 3 or 4,
respectively. The cyclization reaction proceeds through inter-
mediates 13–17, as shown in Scheme 2. A ring expansion of 13
to form 14 and a further cyclization could produce 15. Products
5–8 were produced via 15 by deprotonation reactions at
different positions, rearrangement reactions of hydride and
methyl, or nucleophilic attack of a water molecule. Intermediate

† Electronic supplementary information (ESI) available: EIMS spectra and
NMR assignments of products 3–12. See http://www.rsc.org/suppdata/cc/
b0/b004129g/

Scheme 1 Structures of the enzymic products obtained by the mutant F605A.
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15 underwent ring expansion and a further cyclization to give
16,2f and 17, respectively. 92f and 10 were produced via 17. The
migration of 28-Me into C17 in 17 gave 18, which was
subjected to deprotonation reactions to yield 11 and 12. The
product ratio of 2+1 was significantly increased by this mutation
(0.9:1), compared with that of the native SHC (0.2+1). This fact
strongly suggests that the perturbation occurred around the E-
ring, which allowed the easy access of a water molecule to the
enzyme cavity and also led to the incorrect positioning of the
deprotonation site for introducing the D22:29 double bond in 1.
Therefore, a larger amount of 2 and 8 could be accumulated
together with the pentacyclic 9–12 having different double bond
positions due to the improper deprotonation reactions. The
significant perturbation around the E-ring may have had a
greater influence on the earlier reaction steps in forming tri- and
tetracyclic ring systems to afford 3–8. Many different triterpene
skeletons have been found from various point mutants;2 but the
high production of podiodatrienes (3,4) and neohopanes (11,12)
has not previously been reported.

To identify the function of F605, we constructed the mutants
of F605Y, F605W and F605H. If F605 stabilises a carbocation
intermediate through a cation–p interaction, the higher p-
electron density gives the faster reaction rate.2b Fig. 1 shows the
specific activities for the formation of 1 or of both 1 and 2

against incubation temperatures. At lower temperatures, F605Y
and F605W had faster reactions than the wild-type,4 suggesting
that a cation–p interaction may be involved in the cyclization
cascade.2b The F605Y had a bell-shape, while the F605W had a
steady state in the range 45–55 °C. The cyclase activities of the
mutants were somewhat sensitive to the incubation tem-
peratures. These features may have occurred due to the
decreased binding (the largest Km of F605W5) and/or to the
occurrence of the geometrical change around the active site
region by elevating the temperature, as previously discussed for
the F365Y and F365W SHCs.2b The mutants F605Y and
F605W afforded a larger amount of 2 relative to 1 than the wild-
type (Fig. 1);4 the bulky substituents make the active site region
(around the E-ring) less compact, thus the water molecule has
easier access to the cavity resulting in the production of a larger
amount of 2. However, the quantities of 3–12 produced by the
Tyr and Trp mutants were negligible, strongly suggesting that
the perturbation was lower compared to that of the Ala mutant
and that a cation–p interaction was still effective in the active
site (Fig. 1). F605H afforded 5 in a significantly higher yield
(14%) than the wild-type (1%), despite the total amount of 1 and
2 being decreased (84% of the native SHC); the His moiety
would have abstracted the proton from 21-Me of 15 owing to the
basic function. Thus, F605 can be situated near to 21-Me in 15.
The more favourable placement of F605 on the C17 cation (the
secondary cation) in 16, though near to the C20-cation in 15 (the
tertiary cation), may facilitate the ring expansion reaction to
give the energetically unfavourable 16, as is predicted from
computational studies.6

Tetracyclic 5–8 were accumulated with F605A, but never
with F605Y and F605W, which definitively suggests that the p-
electrons of Phe605 have a crucial role for the D-ring expansion
process from 15 to 16. A nucleophilic attack of the D21 double
bond to the C17 cation in 16 yields the E-ring and the last C22
cation of 17. The E-ring formation reaction would be further
accelerated if the C22 cation could be stabilized via a cation–p
interaction. Phe605 is not conserved in oxidosqualene cyclases.
For lanosterol and cycloartenol biosyntheses, the polycycliza-
tion is quenched at the tetracyclic stage without a D-ring
expansion.1 For the syntheses of pentacyclic lupeol and b-
amyrin, the ring expansion is also involved to give a common
intermediate of the baccharenyl cation, but the position of the
carbocation is different from that of the 16 cation.1,2d,f The
different cyclization mechanism between eukaryotic and pro-
karyotic cyclases further support the proposed function of
Phe605 which is conserved only in SHCs.

This work was supported by a Grant-in-Aid to T. H.
(No.11660104) from the Ministry of Education, Science, Sports
and Culture, Japan.
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Scheme 2

Fig. 1 Specific activities for the formation of 1 (closed symbols, solid lines)
or of the both of 1 and 2 (open symbols, dotted lines) against incubation
temperatures are given for the wild-type SHC (-,8), the mutants of F365Y
(5,2) and F365W (:,Ω). One mg of squalene was incubated with 5 m of
the homogeneously purified SHCs for 60 min at pH 6.0. The ratio of 1 to 2
can also be estimated from the difference between the solid and the dotted
lines.
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Mesoporous dimethylsiloxane-incorporated silica materials
are synthesized which exhibit high surface areas, regular
mesopores, thick walls, high hydrophobicity and high
mechanical strength.

Since the discovery of the M41S mesoporous silica materials in
1992 by Mobil researchers,1 various mesoporous materials have
been developed.2 Several organic-group modified mesoporous
silica materials have been synthesized by the in situ co-
condensation of organosilane precursors and tetraethyl orthosi-
licate (TEOS) in the presence of surfactant self-assemblies.3
Recently, several groups reported the synthesis of mesoporous
organic–inorganic hybrid materials with organic groups directly
incorporated into the silicate framework using bis(alkoxysilyl)-
functionalized precursors. Here, we present the synthesis of
mesoporous dimethylsiloxane-incorporated silica materials
from the co-condensation of TEOS and diethoxydimethylsilane
(DEDMS) in the presence of surfactant self-assemblies.

In the multi-component sol–gel processes it is important to
control the hydrolysis and condensation rates of the precursors.6
If the hydrolysis rates of the precursors were considerably
different, phase-separated mixtures would be produced instead
of homogeneous hybrid materials.7 It is well-known that the
hydrolysis rate of DEDMS is nearly zero in basic medium and
that it hydrolyzes much faster in acidic medium. In con-
sequence, we chose the so-called S+X2I+ route (S+: cationic
surfactant, X2: halide ion, and I+: cationic silicate oligomer) to
synthesize MCM-41 type mesoporous dimethylsiloxane-incor-
porated silicas.8

TEOS and DEDMS were partially pre-hydrolyzed separately
in acidic medium by stirring for 30 minutes in an ice bath with
molar ratios of 1 TEOS+2 H2O+0.04 HCl and 1 DEDMS+1
H2O+0.04 HCl respectively. The resulting two clear solutions
were mixed with vigorous stirring and were poured into a
surfactant solution at 60 °C. The resulting gel mixture had a
molar composition of 1 (TEOS + DEDMS)+0.13 octadecyl-
trimethylammonium bromide (OCTAB)+5.4 HCl+150 H2O.
The mixture was aged for 5 d with vigorous stirring at 60 °C.
The surfactant was removed by refluxing in ethanol for 3 h
followed by refluxing for 6 h in 5 mol% HCl in ethanol. The
resulting mesoporous materials were designated as mesoporous
(CH3)2SiO-aSiO2 materials (a = the molar ratios of DEDMS
and TEOS in the initial reaction mixtures, and were set to 2, 3
and 4). For comparison, pure mesoporous MCM-41 silica was
synthesized according to a similar procedure using TEOS as a
precursor. The elemental analytical results of these mesoporous
materials revealed that most of the surfactant was successfully
removed (typical elemental results in wt%: C, 7.68; H, 1.84; N,
0 for (CH3)2SiO-4SiO2. C, 9.36; H, 2.41; N, 0 for (CH3)2SiO-
3SiO2. C, 11.11; H, 2.76; N, 0 for (CH3)2SiO-2SiO2). Solid-
state 13C NMR also confirmed the successful removal of
surfactant.

The ordered mesoporous structure of the materials was
investigated by X-ray powder diffraction (XRD), transmission
electron microscopy (TEM) and gas adsorption measurement.
Powder X-ray diffraction patterns of mesoporous (CH3)2SiO-
aSiO2 materials and mesoporous silica are shown in Fig. 1. The
XRD pattern of mesoporous silica [Fig. 1(a)] exhibited
hexagonal MCM-41 pore arrangement, displaying one intense

(100) reflection with d100 of 4.0 nm and smaller (110) and (200)
reflections. On the other hand, the XRD patterns of dimethyl-
siloxane-incorporated silica materials shown in Fig. 1(b)–(d)
revealed only a (100) reflection, demonstrating that they are less
ordered in the long range than the pure silica material.

Table 1 shows the pore characteristics of these mesoporous
materials. The BET surface areas of the dimethylsiloxane-
incorporated silicas are slightly smaller than that of the pure
silica material. Nitrogen adsorption/desorption isotherms of
these materials exhibited type IV, which is characteristic of
mesoporosity. The pore diameters of these materials were
comparable to that of the pure mesoporous silica. The wall
thickness was obtained by subtracting the BJH pore size from
the unit cell parameter a0 (a0 = 2d100/√3). The results revealed
that the walls of these dimethylsiloxane-incorporated silicas
were thicker than those of the pure silica derivative, which is
very important for their future applications. A TEM image of

Fig. 1 X-Ray diffraction (XRD) patterns of mesoporous MCM-41 silica
(trace a), mesoporous (CH3)2SiO-4SiO2 (trace b), (CH3)2SiO-3SiO2 (trace
c) and (CH3)2SiO-2SiO2 (trace d) materials. The patterns were obtained
with a Rigaku D/Max-3C diffractometer equipped with a rotating anode and
Cu-Ka radiation (l = 0.15418 nm).

Table 1 Pore characteristics of mesoporous dimethylsiloxane-incorporated
silicasa

Sample Surface
area/
m2 g21

Pore
diameter/
nm

Pore
volume/
cm3 g21

Wall
thickness/
nm

MCM-41 SiO2 1082 2.8 0.95 1.8
(CH3)2SiO-4SiO2 1028 2.7 0.67 2.9
(CH3)2SiO-3SiO2 980 2.4 0.62 3.6
(CH3)2SiO-2SiO2 1029 2.3 0.73 3.8

a N2 adsorption and desorption isotherms were collected on a Micromeritics
ASAP2010 Gas Adsorption Analyzer after the materials were degassed at
150 °C at 30 mTorr for 5 h. The surface areas were calculated by the BET
method and the pore size distributions were calculated from the adsorption
branch of the nitrogen isotherm by the BJH method.
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the mesoporous (CH3)2SiO-4SiO2 material showed a regular
array of ca. 2.5 nm diameter holes separated by ca. 3 nm thick
walls (Fig. 2).

One of the disadvantageous features of mesoporous silica
materials for the applications is their poor mechanical stability.9
In the present research, we have incorporated the dimethylsilox-
ane component into silica frameworks to increase the mechan-
ical strength of the silica framework. The mechanical properties
of these materials were evaluated by taking XRD patterns after
compressing the materials. In the case of the pure silica
mesoporous material, the XRD pattern after compressing at
104 MPa (15 000 psi) for 10 min showed no diffraction peak,
revealing that the mesopores were completely collapsed. On the
other hand, mesoporous (CH3)2SiO-3SiO2 after compressing at
104 MPa exhibited a (100) reflection with slightly decreased
intensity compared to the XRD pattern before the compression.
The surface area and pore volume of the mesoporous material
were kept nearly unchanged after compressing at 104 MPa. The
results clearly demonstrated that these mesoporous dimethylsi-
loxane-incorporated silicas possess better mechanical stability
compared to mesoporous silica materials.

The hydrophobicity of the mesoporous materials was tested
by mixing with an immiscible mixture of water and methylene
chloride. After shaking vigorously, the mesoporous (CH3)2SiO-
3SiO2 material resided exclusively in the methylene chloride
layer. In contrast, the pure silica mesoporous material stayed in
water layer. The same trend was observed when a mixture of
diethyl ether and water was used as a partitioning medium.
These results showed that these mesoporous materials are very
hydrophobic. Thermogravimetric analysis (TGA) of mesopor-
ous (CH3)2SiO-3SiO2 revealed that the material decomposed
around 300 °C.

The homogeneous distribution of the (CH3)2Si moiety in the
mesoporous material was investigated by FT-IR spectroscopy
(Fig. 3). The successful incorporation of (CH3)2Si groups in the
silicate framework was confirmed by four peaks at ca. 2970,
1267, 850 and 800 cm21, which can be assigned as CH3
asymmetric stretching, CH3 deformation, CH3 rocking and Si–
C stretching mode, respectively. The Si–O–Si bending vibration
mode was known to be sensitive to the chemical environment
and was utilized as a fingerprint for the homogeneous
incorporation of organic groups into the silicate framework.10 In
our samples, the Si–O–Si bending vibration mode was shifted
from 467 cm21 for pure silica mesoporous material to 454 cm21

for (CH3)2SiO-4SiO2 and (CH3)2SiO-3SiO2, and 450 cm21 for
(CH3)2SiO-2SiO2, demonstrating that the Si-(CH3)2 moieties
are homogeneously distributed in the silicate framework
structure.10 The 13C CP-MAS (cross polarization-magic angle
spinning) NMR spectrum of mesoporous (CH3)2SiO-3SiO2
material showed a single Si-(CH3)2 peak at  d 21.5. The 29Si
CP-MAS NMR spectrum of the material exhibited character-
istic peaks attributed to (CH3)2Si(OSi)2 (D2 d215.7), Si(OSi)4

(Q4 d 2110), (OH)Si(OSi)3 (Q3 d 2103). These NMR results
demonstrated that the (CH3)2Si moiety was kept intact during
the synthesis and was successfully incorporated into the silicate
framework.

These new mesoporous dimethylsiloxane-incorporated silica
materials exhibit many interesting characteristics for future
applications, including high surface areas, regular mesopores,
thick walls, high mechanical strength and high hydrophobicity.
We expect that these materials can find applications in catalysis,
adsorption technology and the fabrication of low dielectric
materials for ULSI (ultra large scale integration) devices.

We are grateful to the Korea Science and Engineering
Foundation (Basic Research Program # 98-05-02-03-01-3) and
the Brain Korea 21 Program supported by the Korean Ministry
of Education for financial support. We thank the Korea Basic
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Fig. 2 Transmission electron micrograph (TEM) of mesoporous (CH3)2SiO-
4SiO2 material. The images were obtained with a Phillips CM-20
instrument.

Fig. 3 FT-IR spectra of mesoporous MCM-41 silica (trace a), mesoporous
(CH3)2SiO-4SiO2 (trace b), (CH3)2SiO-3SiO2 (trace c) and (CH3)2SiO-
2SiO2 (trace d) materials. The spectra were obtained with a Bomem MB-
100 instrument.
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Targeted drug delivery systems have been built from b-
cyclodextrin by monoconjugation with mannosyl-coated
dendritic branches following an iterative thiourea-forming
convergent strategy; the multivalent adducts showed high
Concanavalin A lectin binding ability and intact inclusion
capabilities.

Grafting biorecognisable saccharide epitopes onto suitable
molecular carriers may provide new vectors for site-specific
delivery of therapeutics. Several examples of oligosaccharide-
branched cyclodextrins (CDs) have been reported in recent
years for this purpose, taking advantage of the known ability of
CDs to include a variety of hydrophobic compounds via host-
guest complexation.1 The majority of such conjugates are
monosubstituted derivatives at a single primary hydroxy group
position of the CDs.2 A few per-(C-6)-substituted branched-
CDs have also been synthesised to comply with the need for a
multivalent presentation pattern of the saccharide markers.2a,d,3

However, although lectin-binding capacity is substantially
increased when compared with the monovalent counterparts,
polysubstitution at the primary face of CDs may seriously
impair inclusion and complex stabilisation of potential guests.
Our own results indicated approximately a 10-fold decrease in
the water solubilisation power of branched b-CDs, measured for
the anticancer drug Taxotère®, upon heptafunctionalisa-
tion.2c,d

As an attempt to combine both high biological receptor
binding ability and efficient inclusion capabilities, a series of
monosubstituted multivalent b-CD carriers have now been
synthesised. For this purpose, we have developed an efficient
preparation of dendritic wedges suitable for sequential external

carbohydrate coating and covalent attachment to the b-CD core
through a convergent iterative methodology that exploits the
reactivity of isothiocyanate and amine functionalised mono-

† Dedicated to Dr R. U. Lemieux, Emeritus Professor, University of Alberta
(Edmonton, Canada), on the occasion of his 80th birthday.

Scheme 1 Reagents and conditions: i, 6-azidohexanoyl chloride, 1:1 DMF–
collidine, rt, 96%; ii, 1+1 TFA–water, rt, 2 h, 98%; iii, pyridine, 24 h, 87%;
iv, PPh3, CS2, toluene, rt, 16 h, 90%; v, 7 + 5, 1+1 water–acetone, pH 8
(NaHCO3), 55%; vi, 4, 1+1 water–acetone, pH 8 (NaHCO3), 70%.
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mers.4 The key templates are 6I-amino-6I-deoxy-b-CD (1), for
which an improved synthetic route has been recently elabo-
rated,‡5 the selectively protected 1,2,3-triaminopropane
branching element 2,6 and the isothiocyanate functionalised a-
D-mannopyranosyl derivatives 34 and 4. The latter was prepared
by reaction of the known tris-a-mannopyranoside amine7 with
thiophosgene. Intercalation of a six-carbon spacer has also been
considered to ensure the accessibility of the grafted bioactive
components to molecular recognition events.

Mono- and trivalent mannosylated thioureido b-CDs 12 and
14 were obtained in high yield by direct coupling of 1 with 3 and
4, respectively, followed by removal of the O-acetyl groups.§
Reaction of 2 with 6-azidohexanoyl chloride and further TFA-
catalysed hydrolysis of the Boc N-protecting groups afforded
dendron 5, which was subsequently reacted with 3 and 4 to give
the di- and hexavalent ligands 6 and 10 (Scheme 1). Aza-Wittig
type isothiocyanation reaction of the terminal azido group using
the triphenylphosphine–CS2 system led to the corresponding
bridging armed glycosyl clusters 7 and 11, which were
conjugated with monoamine 1 and deacetylated to yield the
mannosyl labelled b-CD carriers 13 and 16. The potential of the
approach was further examined by constructing the second-
generation tetravalent homologue 15 via nucleophilic addition
of diamine 5 to the divalent isothiocyanate 7 (?8), iso-
thiocyanation of the resulting adduct (?9), conjugation with
the b-CD reagent 1 and final deacetylation.¶

Comparative protein-affinity evaluation of the mannosyl-
coated thioureido b-CDs 12–16 towards horseradish perox-
idase-labelled concanavalin A (Con A) was effected by
performing the enzyme-linked lectin assay (ELLA) test.8 The
corresponding IC50 values for inhibition of Con A-yeast
mannan binding9 reflected the expected amplification of lectin-
binding strength for the higher-valent representatives. Nonethe-
less, preliminary Taxotère® solubilisation experiments in water
showed solubility values (e.g. 4.5 g L21 in a 50 mM solution of
14) that were similar to those obtained for monobranched
CDs.

This research was supported by the European Comission DG
XII under the FAIR programme (contract no. FAIR CT95-
0300) and the DGICYT (grant no. PB 97/0747).
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The asymmetric arrangement of chloride and oxide ligands
around the octahedral Nb6 cluster core and their electro-
static interaction with Ti3+ counterions play an important
role in the formation of a novel 2D framework with cluster
connectivity unprecedented in compounds containing octa-
hedral clusters.

Low-dimensional materials containing transition metals have
significant importance due to their remarkable physical proper-
ties and a wide range of applications in catalysis, ionic transport,
and redox intercalation processes.1 Thus, extensive research
efforts have been spent on the design, preparation and
characterization of these materials. Investigation of early
transition metal cluster materials led to development of a
strategy for controlling the cluster-framework dimensionality
by adjusting the number of intercluster bridging ligands.2

Recently, we began investigating a new approach to the
design and preparation of low-dimensional materials containing
octahedral metal clusters. The methodology being explored is
the modification of the environment of the metal core to form
building blocks with well-defined anisotropic bonding prefer-
ences using a combination of ligands that create anisotropic
charge distribution. In addition, a combination of counterions
with large difference in their charge-to-radius ratios and, thus,
different coordination preferences, is used to enhance the
effects of anisotropic ligand distribution. Our systematic
investigation of niobium oxochlorides containing octahedral
Nb6 clusters recently led to the preparation of the layered
material [Tl5(Ti2Cl9)][(Nb6Cl12O4)3(Ti3Cl4)2] which has a
unique hexagonal-bronze-type cluster connectivity.3 Here we
describe a novel layered oxochloride Cs2Ti3(Nb6Cl12.5O4)2Cl2
1 in which each octahedral Nb6 cluster is connected to three
adjacent clusters through chloride ligands to form layers with
graphite-type topology.4 The factors leading to its unusual
structural properties are proposed.

Compound 1 was initially obtained as black elongated
rectangular plates in a reaction designed to prepare the caesium
analogue of [Tl5(Ti2Cl9)][(Nb6Cl12O4)3(Ti3Cl4)2] 2. The crys-
tals were analyzed by energy-dispersive X-ray analysis, and the
crystal structure of 1 was determined by single crystal X-ray
diffraction.‡ Subsequently, 1 was obtained in high yield in the
reaction of stoichiometric amounts of Nb powder, Ti foil, CsCl,
Nb2O5 and NbCl5. The mixture (handled under argon atmos-
phere) was placed in a silica tube, sealed under vacuum, heated
for 4 d at 750 °C and cooled to 500 °C in 4 d, followed by
radiative cooling to room temperature. The product purity was
confirmed by X-ray powder diffraction.

The main building block of the two-dimensional structure of
1 (Fig. 1) is an octahedral cluster unit (Nb6Cli8Oi

4)Cla6,5 in which
four oxide ligands selectively occupy ‘inner’ positions arranged
in sets of three (‘triad’) and one on opposite sides of the Nb6
octahedron (Fig. 2). The ligand arrangement results in an
anisotropic chiral cluster unit with symmetry close to C2.
Octahedral niobium oxochloride clusters with four oxide

ligands were also encountered in 2 and in Ti2Nb6Cl14O4 3,6
however in contrast to 1, the Oi ligands in the latter oxochlorides
are arranged centrosymmetrically in two sets of two, leading to
a different isomer with symmetry close to C2h. A cluster unit in
which the oxide ligands are arranged in a ‘triad’ similar to that
in 1, is found in the previously reported oxochloride
ScNb6Cl13O3 4 which has three oxide ligands per cluster.7 The
bond distances in the cluster in 1 are similar to those found in
compounds 2–4 and are consistent with the presence of 14
valence electrons per cluster.3,6–8 Each cluster shares three of its
six Cla ligands with three adjacent clusters to form layers with
topology similar to that of graphite (Fig. 3). The connectivity
formula can be written as (Nb6Cli8Oi

4)Cla-a
3/2Cla3. Layered frame-

works based on octahedral clusters, typically, have pseudo-
square topology with connectivity formula (M6Li

n)La-a
4/2La

2 (M =
Zr, Nb, n = 12; M = Mo, Re, n = 8).9 The graphite-type
connectivity found here is especially surprising for cluster units
with C2 symmetry, for which one would expect an even number
of bridging ligands. This could be the result of optimizing the
electrostatic interactions between the ligands and Ti3+ ions. In
the presence of highly charged counterions, the oxide and
chloride ligands tend to segregate to form aggregates of oxide
ions surrounded by chlorides, as illustrated by the structures of
typical ternary transition metal oxochlorides such as layered
MOCl (M = Ti3+, Fe3+, Yb3+)10 and VOCl2,11 and the 1D
material NbOCl3.12 In these structures, chloride ions form the
surface of the layers or chains, while oxide and metal ions are

† Electronic supplementary information (ESI) available: 3D interactive
versions of the structure of 1. See http://www.rsc.org/suppdata/cc/b0/
b002147o/

Fig. 1 A view of the crystal structure of 1 in the [001] direction. Large black,
small black and small light-gray spheres represent Nb, O, and Cl,
respectively. Hatched and light cross-hatched polyhedra represent
[Ti(1)Cl2O3] trigonal bipyramids and [Ti(2)Cl4O2] octahedra, respectively.
Caesium atoms are shown as large gray spheres: vertically hatched - Cs(1),
horizontally hatched - Cs(2a), not hatched - Cs(2b). The dotted curve
outlines the [Ti(Nb6Cl13O4)] chain running in the [001] direction.

Fig. 2 The cluster unit in 1. The dashed line shows the pseudo two-fold
symmetry axis. Bond distances (Å): Nb–Nb 2.776(1)–3.028(1), Nb–Cli
2.430(3)–2.503(2), Nb–Cla 2.605(3)–2.636(2), Nb–Oi 1.963(7)–2.061(6).
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located inside. Similar ion segregation is observed in the cluster
compounds 1–4. The ligand arrangement in the cluster unit of 1
favors the formation of [Ti(Nb6Cl13O4)] zig-zag chains (Fig. 4)
in which the clusters are connected through Ti3+ ions (Ti(1)) and
Cla ligands so that oxide ligands forming the ‘triads’ are
shielded by chlorides. Each Ti(1) connects three clusters and
has a distorted trigonal-bipyramidal environment formed by
three Oi and two Cla ligands (bond distances: dTi–Cleq =
2.411(3) and 2.423(3), dTi–Oeq = 1.876(6), dTi–Oax = 2.035(7)
and 2.037(7) Å). Bond-valence sum calculations13 confirm the
oxidation state +3 for Ti(1). The chains connect to each other
through an additional titanium (Ti(2)) and Cla ligands to form
layers, so that the remaining oxide ligands (O(4)) are shielded
by chlorides (Fig. 1). This linkage type results in the wave-like
geometry of the layers and novel graphite-like cluster frame-
work topology. The titanium Ti(2) coordinates to two Oi and
two Cla ligands, arranged in a distorted square-planar geometry.
Its coordination environment is completed to octahedral or
square-pyramidal by additional chloride or oxide ligands14

(bond distances: dTi–Cl = 2.36(3)–2.570(9), dTi–O =
1.84(2)–2.02(1) Å). The anion segregation argument allows us
to rationalize the formation of the complex 3D cluster
framework and the unusual trigonal-bipyramidal coordination
of scandium ions in 4 which is based on clusters with the same
‘triad’ of Oi ligands as that found in 1. The clusters and the Sc3+

ions form chains similar to the one shown in Fig. 4, where the
O(4) atoms are substituted by chlorines. These chains are
connected to each other through Cla ligands in a tetragonal
‘woodpile’-fashion to form a chiral 3D framework.

Adjacent layers in 1 are related by an a-glide plane
perpendicular to c̆ (Figs. 1 and 3) and interact through caesium
ions that are distributed over three independent sites (Cs(1),
Cs(2a), Cs(2b)) located on the layers’ surface on each side of
cone-shaped openings generated by six-member cluster rings
(Fig. 1). The site Cs(1) is fully occupied and is coordinated by

9 chlorides within 4 Å. The Cs(2a) and Cs(2b) sites, separated
by 1.29 Å, are located in the channels running between the
layers in the b̆ direction. These two sites are partially occupied
(Cs(2a) 41(2)%, Cs(2b) 18.8(9)%), and are coordinated by 8
and 7 chlorines within 4 Å, respectively. The number of
caesium ions per cluster was refined to 0.89(2) which agrees
with the oxidation states assigned to the transition metals and
the refined occupancies of Cl(14), L(15), and Cl(16) sites.

The structural properties of the new oxochloride Cs2Ti3-
(Nb6Cl12.5O4)2Cl2 demonstrate the effectiveness of using a
combination of ligands to prepare low-dimensional cluster
materials. The interplay between the effects of anisotropic
charge distribution around the cluster core and the trend for the
anion segregation in the overall structure is conducive for the
formation of diverse structural types with low-dimensional or
open-framework character. These effects seem to have a greater
influence on the framework dimensionality than the total
number of ligands which is the primary structure-determining
factor in cluster compounds with one ligand type or statistical
ligand distribution.

Notes and references
‡ Crystal data for 1: refined stoichiometry Cs1.79(3)Ti3Nb12-
Cl26.51(3)O8.14(2), orthorhombic, space group Pnma (No.62), a = 17.546(2),
b = 29.323(3), c = 9.1556(7) Å, V = 4710.5(8) Å3, T = 298 K, Z = 4, M
= 2565.97, m(MoKa) = 6.17 mm21, 7411 reflections measured, 6011
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((I > 2s(I)), R1 = 0.101, wR2 = 0.117 (all data). CCDC 182/1667. See
http://www.rsc.org/suppdata/cc/b0/b002147o/ for crystallographic data in
.cif format.
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Fig. 3 A view of the graphite-type layered cluster framework in 1; for
labelling, see Fig. 1. Dotted lines represent the a-glide plane perpendicular
to c̆ that relates adjacent layers.

Fig. 4 (a) A ball-and-stick view of the [Ti(Nb6Cl13O4)] chain in 1. For
labelling, see caption to Fig. 1. (b) Space-filling representation of anions in
the same fragment (black - O, gray - Cl).
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Infrared spectroscopy has been used to characterise the
folded and unfolded states of bovine ubiquitin (a small
protein of 76 residues) under acidic conditions (pH ~ 1); fast
time-resolved measurements of protein unfolding, initiated
by a laser-induced temperature-jump of ~ 8 °C, shows rapid
refolding and b-sheet secondary structure formation on a
timescale of a few milliseconds.

Our understanding of the mechanism of chemical reactions has
benefited greatly from time-resolved kinetic measurements to
examine the order of bond breaking events and the relative
strengths of covalent interactions.1 The protein folding reaction,
in which a disordered polypeptide chain can assemble into a
compact 3D structure, is a highly complex process involving
numerous weak co-operative non-covalent interactions.2 De-
spite the complexity of the problem, many small proteins
( < 100 residues) fold on a timescale of only a few milli-
seconds.3 Current models suggest that folding proceeds through
a hierarchical process4 in which the lower limit to the kinetics of
folding is determined by local structural events such as the
formation of a-helices, b-turns and b-hairpins that nucleate the
collapse and folding of the polypeptide chain.5 Observations on

the folding of these structures with submillisecond half-lives
have necessitated new methods of detection.5

Infrared spectroscopy has emerged as an important technique
for studying protein structure and fast folding kinetics.6,7 The
position of the amide stretching vibration (1610–1680 cm21)
has been shown to be strongly correlated with protein secondary
structure because of its sensitivity to hydrogen bonding, dipole–
dipole interactions and the geometry of the peptide backbone.8,9

The possibility of detecting by IR both native, as well as
transient non-native structures, on the protein folding pathway
has already been demonstrated.10 The application of vibrational
spectroscopy to the study of rapid kinetic processes in chemical
systems is well documented,1 and is now being applied to
biological molecules.6,10–12 Here we examine the steady state
and time-resolved folding/unfolding of a small protein by IR
spectroscopy, and demonstrate rapid formation of protein
secondary structure on the timescale of a few milliseconds.

We have used bovine ubiquitin (a small protein of 76
residues, free of disulfide bridges) as a model system).
Ubiquitin consists of both a-helix and b-sheet, forming a highly
stable, compact structure that has been shown to fold in a two-
state process.13 We have been investigating the mechanism of
folding by examining the conformational propensity of protein
fragments for evidence of possible nucleation sites for folding
of the native structure. In particular, the N-terminal b-hairpin
sequence in isolation shows evidence for a small population of
native-like structure in water,14 while hairpin analogues, with
mutated b-turn sequences, have demonstrated both native and
non-native conformational features.15 The kinetics of folding of
these isolated elements of secondary structure is of current
interest in the context of understanding the mechanism of
folding of the native protein.

Here we probe the structure of both the native and unfolded
states of bovine ubiquitin, and the unfolding transition, at pD
1.0 in D2O solution by FTIR. NMR spectra of the native protein
at pH 1.0 and 7.0 are essentially identical, indicating that there
are no significant changes in the structure. However, at low pH,
the reduced Tm allows the thermal unfolding transition to be
investigated. In Fig. 1, we illustrate conventional (a) and
deconvolved (b) steady state FTIR spectra of native folded
ubiquitin at 25 °C (after NH ? ND exchange). Fitting the
deconvolved absorption envelope enables us to identify eight
principal bands which have been assigned according to
literature precedent,8–10 and on the basis of features identified in
the X-ray structure.16 The absorption profile changes sig-
nificantly with temperature as the protein unfolds, resulting in a
reduction of the b-sheet band at 1629 cm21. The appearance of
weaker peaks in the range 1660–1680 cm21 has been attributed
to disordered structure or turn-type conformations.8–10 IR
difference spectra, showing the change in the absorption
envelope with temperature, are shown in Fig. 1c. Monitoring
thermal unfolding from the change in integrated intensity of the
principal b-sheet band observed at 1629 cm21 at 25 °C,
demonstrates a reversible cooperative sigmoidal melting proc-
ess with a Tm of ~ 65 °C at pH 1.0. Parallel NMR melting

Fig. 1 (a) Conventional and (b) deconvoluted FTIR spectra of bovine
ubiquitin at 25 °C pH 1.0 showing 8 principal bands.18 (c) FTIR difference
spectra, showing the change in the absorption envelope with temperature
over the range 278 to 363 K. Data were collected using a Nicolet Nexus 670
FTIR spectrometer equipped with MCT detector.
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experiments under identical conditions give a very similar Tm
value.

We have investigated the kinetics of folding by IR close to the
mid-point of the thermal unfolding transition where the change
in absorption is most temperature-sensitive. Using a 10
nanosecond-duration 1.9 mm pulse from a Raman-shifted
Nd+YAG laser, we have generated effectively an instantaneous
temperature-jump of ~ 8 °C, initiated at 67 °C. Changes in the
IR spectrum, corresponding to transient perturbation of the
equilibrium between folded and unfolded states, were used to
measure fast folding kinetics outside the normal time-range
accessible using rapid mixing techniques.6 The transient IR
spectrum obtained 4 ms after the T-jump is in good agreement
with the IR difference spectrum obtained from the steady state
spectra taken at 67 and 75 °C. The T-jump was calibrated from
the change in absorbance of the D2O band at 1620 cm21,
providing an internal thermometer. The time-resolved change in
the IR absorbance was monitored at ~ 1640 and ~ 1670 cm21,
corresponding to the disappearance of bands due to ordered
secondary structure, and appearance of the weak band due to
random coil structure, respectively (Fig. 2). Subtraction of the
solvent absorption, collected in an identical T-jump experiment
in D2O alone, reveals an exponential decay/growth curve at
these wavelengths,which we are readily able to fit to a single
rate process consistent with a two-state folding model (Fig. 2a,
b). Despite the much lower signal-to-noise ratio at 1670 cm21,
both kinetic traces yield the same observed rate constant kobs ≈
1000 s21. Assuming that kobs is the sum of the folding and
unfolding rate constants, kobs = kF + kU,5,13 and that the
equilibrium constant at a given temperature is given by Keq =
kF/kU, then we are able to estimate a rate of folding at 75 °C (at
the Tmax of the T-jump) of ~ 400 s21.

We have demonstrated from equilibrium FTIR measure-
ments of ubiquitin that the various elements of secondary
structure result in a unique fingerprint. We have demonstrated
that the relaxation kinetics for folding/unfolding of b-sheet
structure provides a convenient handle for monitoring fast
dynamic processes. Comparison with results from fluorescence
and amide NH exchange experiments identified some common
features.13,17 Both methods have identified a major folding
phase with a half-life of 5–10 ms at 25 °C. However,
fluorescence-detected kinetics also show very rapid hydro-
phobic collapse ( < 2 ms) within the dead-time of the stopped-
flow experiment.13 This early collapsed structure does not
protect amide NHs against exchange, the latter occurring on a
longer timescale ( ~ 10 ms). In the folding/unfolding studies

presented in this work, we have monitored by IR spectroscopy
the rapid formation of protein secondary structure with a half-
life of 2–3 ms (1/kF) at 75 °C. Despite the difference in folding
temperature between this and earlier studies,13,17 the rate of
formation of secondary structure is in broad agreement, as far as
comparisons are possible between these complementary tech-
niques. While previous fluorescence measurements have de-
tected very early burial of hydrophobic residues, we show that
time-resolved IR, as with amide NH exchange, monitors the
formation of hydrogen bonded secondary structure during a
slower folding phase on the timescale of a few milliseconds.
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Under solvothermal conditions, the reaction of 4-pyr-
idylacrilic acid (4-hpya) and 2,2A-bipyridine (bpy) with
Cu(MeCN)4BF4 gives rise to an unprecedented stable
copper(I)-olefin coordination polymer {[(bpy)(4-hpya)
Cu(I)](BF4)}n 1 which displays strong red fluorescent emis-
sion in the solid state.

Since the pioneering work of Thompson et al.1 demonstrated
the first stable copper(I)–olefin complexes, in which a tridentate
ligand, hydrotris(3,5-dimethylpyrazol-1-yl)borate [HB(3,5-
Me2pz)3], was used to stabilize the complexes, many copper(I)–
olefin complexes have been reported in which bidentate ligands
such as 2,2A-bipyridine(bpy) and its derivatives, di-2-pyr-
idylamine,2 2,2-bipyridine3 and 1,10-phenanthroline,3 were
used. An excellent example was shown by Doyle et al.4 in
which a b-diketonate was introduced to chelate the copper(I)–
olefin complex. Recently, a tridentate ligand, N-(3-indolyle-
thyl)-N,NA-bis(6-methyl-2-pyridylmethyl)amine (Me2iep) and a
macrocyclic ligand, N-[2-(1-naphthyl)ethyl]-1-aza-4,8-dithia-
cyclodecane, have been used to stablize copper(I)-h2-indole5

and copper(I)–h2-naphthyl5 complexes. Moreover, Hoffmann
and coworkers have successfully prepared a remarkable stable
(up to 108 °C) copper(I)–ethylene complex in which iminophos-
phanamide derivatives were used as chelating stabilizers to fix
the ethylene.6 However, it should be noted that all the above-
mentioned complexes are air-sensitive and molecular in nature.
More recently, Schultz and co-workers have utilized crystal
engineering strategies to synthesize a unique dense mono-
fumarate dicopper(I) metal–organic layered framework contain-
ing h2-copper(I)–olefinic bonds.7 They suggested that the high
air stability of the copper(I)–olefin layered framework (up to
300 °C) may be due to the high concentration of bonding and
exclusion of water in the lattice.

In this work we have combined the above-mentioned
synthetic strategies and designed trans-4-pyridylacrilic acid
(4-hpya) as a building block to construct a novel one-
dimensional copper(I) polymer with h2-olefin binding mode,
catena-(2,2A-bipyridine)(trans-4-pyridylacrilic acid)copper(I)
tetrafluoroborate {[bpy)(4-hpya)Cu(I)](BF4)}n 1 which, to the
best of our knowledge, represents the first example of a stable
copper(I)–olefin complex capable of co-existing with an organic
acid (Scheme 1).

Golden yellow crystals of 1 were obtained by treating 4-hpya,
bpy and Cu(MeCN)4(BF4) under solvothermal reaction condi-
tions.† The IR spectrum of complex 1 shows a very strong peak
at 1072 cm21, indicating a typical uncoordinated BF4

2 anion. A
broad peak at ca. 3224–3392 cm21 and two peaks at 1712s and
1600m cm21 suggest that the carboxylic acid group of 4-hpya in
1 is protonated.8

Complex 1 possesses high thermal stability, as evidenced
from thermogravimetric analysis. The TGA curve of poly-
crystalline complex 1 showed that no weight loss occurred
below ca. 229 °C.

The X-ray crystal analysis of complex 1‡ revealed that Cu(I)
ion in 1 is coordinated in a distorted tetrahedral geometry, which
is defined by three nitrogen atoms (two from bpy and one from

4-hpya) and the CNC moiety of the olefin of 4-hpya [Fig. 1(a)].
The ligand 4-hpya acts as a neutral bidentate spacer to link two
Cu(I) ions by an N atom and an olefin moiety to give rise to a 1D
coordination polymer, as depicted in Fig. 1(b). The CNC bond
distance [1.361(6) Å] of the coordinated olefin, is comparable to
those found in [Cu(bpy)(C2H4)]ClO4 [1.360(13)–1.346(18)
Å],3 [Cu(phen)(C2H4)]·ClO4 [1.361(22) Å],3 [Cu2{HB(3,5-
Me2pz)3}(C2H4)Cl] [1.347(5) Å], [Cu(C2H4)(dipyridylamine)]
[1.359(7) Å],2 [Cu2(O2CCHNCHCO2)] [1.371(14) Å]7 and
[But

2P(NSiMe3)2-k2N]Cu(h2-C2H4) [1.362(6) Å].6 However, it
is slightly longer than those found in [Cu{HB(3,5-
Me2pz)3}(C2H4)] [1.329(9) Å]1 and [Cu2(cot)(hfacac)2]
[1.31(1)–1.33(1) Å] (cot = cycloocatatetraene, hfacac =
hexafluoroacetylacetonate).4

Interestingly, the coordinated olefinic bond in 1 [1.361(6) Å]
is longer than free ethylene [1.337(2) Å], suggesting that the
coordination to copper(I) could potentially activate the olefinic
bond which may be of use in catalysis.6 The Cu–N and Cu–O
bond lengths of complex 1 are normal and lie within the
distances expected for Cu(I) complexes. Moreover, the Cu–C
bond distances [2.058(4)–2.068(4) Å] in 1 are comparable to
those found in other reported copper(I) organometallic com-
pounds.

It is notable that in complex 1 the H atom of carboxylic acid
group of 4-hpya is hydrogen-bonded to one of the fluorine
atoms of BF4

2, as shown in Fig. 1(c), while the other three
fluorine atoms of BF4

2 are also weakly hydrogen-bonded to the
H atoms of the pyridine ring (3.323–3.341 Å).9 Similarly, the
carbonyl oxygen is hydrogen-bonded to H atoms of pyridine
ring (3.341 Å). Moreover, there are the stabilizing p–p
interactions (ca. 3.71 Å) of adjacent strands, clearly suggesting
that p–p stacking of neighboring strands plays an important role
in stabilizing the copper(I)–olefin complex. Thus, overall
hydrogen bonding and p–p stacking make 1 a stable 3D
coordination polymer. The secondary interactions may explain
why 4-hpya exists in its protonated form in complex 1. As far as
we are aware, 1 is the first example of 1D Cu(I)–olefin
coordination polymer containing a protonated organic acid
ligand, which is stabilized hydrogen-bonding and p–p stacking,
similar to weak hydrogen bonds of the type C–Haromatic…F–C

Scheme 1
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in organic crystalline solids capable of stabilizing the secondary
structure of biomolecules such as DNA.9,10 Attempts to
synthesize neutral {[bpy)(4-pya)Cu(I)]}n, were unsuccessful.

The diffuse-reflectance UV–VIS spectrum of 1 shows only a
low-energy band at ca. 429 nm, which can be assigned to the
metal-to-ligand charge transfer (MLCT) band.11 The strong red
emission spectrum of 1 in the solid state at room temperature is
shown in Fig. 2, with a maximum at ca. 647 nm (lexc = 250
nm). A clearly bathochromic shift occurs in 1 relative to
[Cu4I4(py)] (lemax = 580 nm)11 and [Cu(3,4-bpyBr] (lemax =
580 nm),11 which is probably due to p–back-donation from the
filled metal Dp orbital to the vacant antibonding p* orbital of
the coordinated olefin.1b

In conclusion, the rational design of building blocks and the
flexible combination of copper(I) in the supramolecular system
provide a robust strategy for the construction of coordination
polymers supported by metal–olefin bonds.

This work was supported by The Major State Basic Research
Development Program (Grant No. G2000077500) and the
National Natural Science Foundation of China.

Notes and references
† Compound 1: 1 mmol of Cu(MeCN)4BF4, 1 mmol of 2,2A-bpy and 1 mmol
of 4-hpya were placed in a thick Pyrex tube (ca. 20 cm long). After addition
of 0.1 ml of water and 2.5 ml of n-butanol, the tube was frozen with liquid
N2, evacuated under vaccum and sealed with a torch. The tube was then
heated at 90 °C for two days to give pure golden rod crystals in 65% yield
based on 4-hpya (Found: C, 47.24; H, 3.46; N, 9.65; Calc.: C, 47.44; H,
3.32; N, 9.22%). IR (KBr, cm21): 3392m, 3224m, 1712vs, 1600s, 1565w,
1441m, 1375m, 1281w, 1168s, 1072vs, 998msh, 830w, 762s, 735w and
595w.
‡ Crystal data for 1: C18H15BCuF4N3O2, Mr = 455.68, triclinic, space
group, P1̄, a = 7.425(2), b = 10.493(3), c = 12.177(3) Å, a = 108.12(3),
b = 91.82(3), g = 94.31(3)°, V = 905.0(4) Å3, Z = 2, T = 293(2) K, Dc

= 1.672 g cm23. Mo-Ka radiation (l = 0.71073 Å), m = 1.267 mm21,
R1 = 0.0441, wR2 = 0.1179 for 2351 observed reflections from
3174 independent reflections, GOF = 0.976. CCDC 182/1706. See
http://www.rsc.org/suppdata/cc/b0/b004001k/ for crystallographic files in
.cif format.
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Fig. 1 (a) An ORTEP diagram of the asymmetric unit of 1 (30% ellipsoid
probability). Selected bond lengths (Å) and angles (°): Cu(1)–N(1)
2.097(4), Cu(1)–N(2) 1.998(4), Cu(1)–N(3) 2.041(3), Cu(1)–C(17A)
2.068(4), Cu(1)–C(13A) 2.058(4), C(13)–C(17) 1.361(6); N(1)–Cu(1)–
N(2) 80.7(14), N(3)–Cu(1)–N(1) 104.78(14), C(13)–Cu(1)–C(17)
138.52(17), N(3)–Cu(1)–C(13) 102.36(15), N(2)–Cu(1)–C(13) 142.34(16).
(b) An extended 1D chain representation of 1 showing p–p stacking
between adjacent strands. (c) A simplified hydrogen-bonding network
representation of 1.

Fig. 2 Fluorescent emission spectrum of 1 in the solid state.
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A continuous process for the selective hydroformylation of
higher olefins in supercritical carbon dioxide (scCO2) is
presented; the catalyst shows high selectivity and activity
over several hours and no decrease in performance was
observed over several days.

Hydroformylation is one of the mildest and most efficient
methods of producing aldehydes and it is therefore widely
applied in the petrochemical industry. The cleanest, industrially
important hydroformylation process is the aqueous biphasic
process, developed by Ruhrchemie/Rhône-Poulenc, affording a
straightforward separation of the organic products from the
catalyst.1 The applicability of this system, however, is strictly
limited to substrates which are slightly water soluble, such as
propene and but-1-ene. In the industrial hydroformylation of
higher olefins, the catalyst is separated by either extraction,
catalyst destruction or distillation. One of the major challenges
in this field is the development of a continuous hydro-
formylation process combining a high catalytic activity and
selectivity with facile product separation, in which catalyst
leaching does not occur.2 To date, no such system has been
reported; often at higher CO pressures the ligand on the metal is
easily exchanged for CO molecules resulting in rhodium
leaching.3 Recently Van Leeuwen and coworkers reported a
promising approach based on rhodium–diphosphine hydro-
formylation catalysts with a large P–Rh–P bite angle in a
multiphase batch process.4,5

The use of scCO2 is becoming increasingly important as a
reaction medium in metal catalysed reactions.6–8 The absence of
a gas–liquid phase boundary and the ability of scCO2 to support
high concentrations of dissolved gases combined with facile
product and catalyst separation makes scCO2 a competitive
alternative to conventional solvents. However, homogeneous
catalysts often require modification in order to increase their
solubility in scCO2,9–12 although unmodified13 and even

insoluble catalysts14 have demonstrated significant activity in
scCO2 systems. The use of an immobilised homogeneous
catalyst overcomes both solubility and catalyst recovery
problems. At Nottingham, continuous processing in scCO2 has
been successfully applied to a wide range of hydrogen-
ations,15,16 Friedel–Crafts alkylations17 and etherification reac-
tions18 using heterogeneous catalysts supported on polysiloxane
(Deloxan®, Degussa AG). Here, we show how this technique is
effectively applied in the hydroformylation reaction using an
immobilised rhodium–diphosphine catalyst containing a large
P–Rh–P bite angle.

The catalyst used is the rhodium complex of N-(3-tri-
methoxysilyl-n-propyl)-4,5-bis(diphenylphosphino)phenox-
azine A, immobilised on silica (particle size 200–500 mm).†

Typically, 1 g of ligand-modified silica was reacted with 4 mg
of Rh(acac)(CO)2 and then loaded into a 5 mL supercritical flow
reactor.‡

The catalyst performed well in the hydroformylation of oct-
1-ene with selective production of linear nonanal. The average
linear to branched aldehyde ratio (l+b) was 40+1. Oct-1-ene
conversions of up to 14% were obtained (Table 1, entries 5 and
7) and only a few percent of octene isomers and a trace amount
(ca. 1%) of alcohol were observed as byproducts.

Table 1 Results from the hydroformylation of oct-1-ene, values shown are average numbers over a period of 3–6 ha

Entry TOFb

Linear
aldehydec

(%)

Branched
aldehydec

(%)

Alkene
isomersc

(%)

Linear
alcoholc
(%)

Linear to
branched
ratio

Oct-1-ene
conversion
(%)

1d 39 96.1 2.4 1.5 0 40 3.6
2 87 92.9 3.0 3.8 0.3 32 9.4
3e 112 94.4 2.4 2.5 0.7 40 10.1
4f 117 92.6 3.8 2.5 1.0 24 10.3
5g 160 93.5 2.8 2.9 0.8 33 14.3
6h 44 90.7 4.4 3.7 1.3 21 4.1
7i 93 96.0 1.9 1.1 0.9 50 14.3
8j 96 91.3 4.1 4.3 0.3 23 4.6
a Ligand+Rh ratio is 10+1 and the catalysis was performed at 80 °C, 120 bar CO2 at 0.65 L min21 flow rate (at 20 °C, 1 atm), 50 bar overpressure syngas
and an oct-1-ene flow rate of 0.05 mL min21 (substrate+syngas = 1+10) unless otherwise stated. b Average turnover frequencies were calculated as mol
aldehyde (mol catalyst)21 h21. c Determined by means of GC analysis using decane as an internal standard. d Reaction temperature is 70 °C. e Syngas
overpressure is 25 bar (substrate+syngas = 1+5). f 0.3 L min21 CO2 flow rate (at 20 °C, 1 atm). g Reaction temperature is 90 °C. h 180 bar CO2. i Oct-1-ene
flow rate of 0.03 mL min21. j Oct-1-ene flow rate of 0.1 mL min21.
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The rate of hydroformylation is moderate (39 h21) at 70 °C
with an oct-1-ene flow rate of 0.05 mL min21 (Table 1, entry 1).
The rate increased to 87 h21 with the catalyst bed at 80 °C
(Table 1, entry 2) and improved further to 112 h21 on
decreasing the syngas pressure from 50 to 25 bar (Table 1, entry
3). This improvement in rate is consistent with the negative
order in CO pressure that is commonly observed in hydro-
formylation reactions.19 A TOF of 117 h21 was observed on
increasing the residence time of the substrate in the reactor by
decreasing the CO2 flow rate (Table 1, entry 4). An alternative
method of increasing the residence time is to increase the CO2
pressure, however this resulted in a decrease in TOF (Table 1,
entry 6). This may be explained as a higher pressure results in
a higher density of CO2 which will alter the transport properties
in the reactor. The highest TOF (160 h21) was observed at 90 °C
(Table 1, entry 5). Varying the oct-1-ene flow rate was found to
have an effect on the l+b ratio but not on the TOF (Table 1,
entries 2, 7 and 8). As the CO concentration in scCO2 is
relatively high, it is remarkable that the hydroformylation rate is
over three times faster than the batch reaction in toluene (TOF
= 35 h21) and only half the rate of the homogeneous analogue
(TOF = 283 h21) under comparable reaction conditions (80 °C,
50 bar syngas).5 The high rate in scCO2 is probably caused by
enhanced mass-transport properties and the lower viscosity of
the solvent medium.20

It was also found that the expansion system in our apparatus
facilitated the separation of the aldehyde product from the
residual oct-1-ene. In our preliminary experiments, we were
able to remove ca. 90% of oct-1-ene from the product by simply
controlling the two-step depressurization of CO2.

The catalyst appears to be very robust, as its performance is
constant over at least 30 h. Fig. 1, shows a plot of the turnover
number (TON) vs. reaction time. The TON increased linearly
with time at both 70 and 80 °C. Moreover, we were able to
continue using the catalyst for six non-consecutive days with no
observable decrease in either activity or selectivity. Fur-
thermore, no rhodium leaching was detected (detection limit of
used technique (AES) is 0.2% of the total amount of rhodium of
the catalyst). This demonstrates that the rhodium–diphosphine
bond in this catalyst remains stable under hydroformylation
conditions.

In conclusion, we have presented the first example of
continuous selective hydroformylation of higher olefins in
scCO2 using an immobilised homogeneous rhodium catalyst.
The process is potentially interesting in the manufacture of fine
chemicals and our approach has several advantages compared to
conventional homogeneously catalysed reactions. Firstly,
scCO2 is a clean, environmentally benign medium which can be
easily separated from the organic phase. Secondly, the applica-
tion of an immobilised homogeneous catalyst in the flow reactor

provides a direct and quantitative separation of the products
from the catalyst and avoids any solubility limitations of
homogeneous catalysts. Finally, the robustness of the catalyst
and absence of Rh leaching, makes this system an interesting
candidate for sustainable processes.

We are grateful to Dr W. K. Gray for initiating this
collaboration and thank Dr S. K. Ross for his help. We thank
Thomas Swan & Co. Ltd. and the EPSRC (GR/M73644) for
funding the work at Nottingham and the Innovation Oriented
Research Program (IOP-katalyse) for financing the work in
Amsterdam. We thank J. Elgersma for performing the Rh
analyses and Dr P. A. Arnold, Dr M. Glenny, M. Guyler and K.
Stanley for their assistance.

Notes and references
† Catalyst preparation: 100 mg (1.40 3 1024 mol) of N-(3-trimethoxysilyl-
n-propyl)-4,5-bis(diphenylphosphino)phenoxazine (Siloxantphos) was
added to a suspension of 1 g silica (200–500 mm) (predried at 140 °C for
several days) in 25 ml toluene and the mixture was mechanically stirred at
80 °C for 20 h. After cooling to room temperature, the liquids were removed
from the residue and the silica was washed with three portions of toluene.
The ligand-on-silica was dried in vacuo and was then suspended in a
mixture of 5 mL THF and 1 mL Et3N. The suspension was mixed for 10 min
and 4 mg (1.55 3 1025 mol) Rh(acac)(CO)2 was then added. The mixture
was mechanically stirred for 15 min, after which the THF was removed and
the catalyst was further washed with three portions of THF. The catalyst was
dried in vacuo and was either used directly or stored under argon at 220
°C.
‡ The substrate + internal standard, supercritical CO2 (Pc = 73.8 bar, Tc =
31.1 °C) and CO/H2 are brought together in a heated mixer, passed through
the reactor containing catalyst, and then expanded to separate the fluid
product from the process-stream. The reactor is assembled from commer-
cially available units: scCO2 pump PM101, CO/H2 compressor CU105 and
Expansion Module PE103 (all from NWA GmbH, Lörrach, Germany), a
high pressure mixer (Medimix) and a Gilson 305 pump (for the organic
substrate). CAUTION: Flow reactors have a comparatively small volume
under pressure. Nevertheless, equipment with the appropriate pressure and
temperature rating should always be used for high pressure experiments.
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Fig. 1 Turnover number (TON) for the hydroformylation of oct-1-ene in
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A synthesis of alkali-free borosilicate gel from Si(OEt)4 and
(MeO)3B3O3 in non-aqueous solvents is reported; the forma-
tion of the gel proceeds via rapid transesterification/oxygen
transfer with elimination of B(OR)3; removal of volatiles
from the gel, followed by drying (60 oC, 12 h) and furnacing
in air (600 oC, 20 min) resulted in alkali-free borosilicate
glass.

The sol–gel methodology involving hydrolysis and condensa-
tion of metal alkoxides is potentially an important low
temperature route to homogeneous multicomponent oxide glass
thin films and coatings.1–3 Thus, for example, suitable coatings
may be obtained by a ‘dip and furnace’ route without exposure
to temperatures required in melt/fusion processes  ( > 1300 °C).
The production of alkali-free borosilicate glass by sol–gel
routes have generally used protic solvents and mineral acids,
with the silicon source partially hydrolysed by prolonged reflux
prior to addition of the boron source as either an orthoborate
ester4–8 or as boric acid.9–10. The susceptability of B–O–Si
bonds to hydrolytic attack at boron, with subsequent leaching of
borate, is a severe limitation of the aqueous sol–gel method.9
The first synthesis of an alkali-free borosilicate gel carried out
at ambient temperature in organic solvents, with exclusion of
water and mineral acids and using the metaborate ester
trimethoxyboroxine (TMB), has recently been reported by
Varma11 in the patent literature. Here, we report on the
underlying chemistry of this new and novel ‘sol–gel’ route to
borosilicate materials, in which the TMB functions as both a
source of boron and as a non-aqueous ‘oxygen transfer’
reagent.

A transparent gel was obtained when TMB and tetra-
ethoxysilane (TEOS) were dissolved in dry acetone in a 1+1
molar ratio (B+Si ratio 3+1) and left at room temperature for ca.
2 weeks.† We have further noted that (i) the gelation time is
decreased by increasing the B+Si ratio (e.g. 9+1, 1 week), (ii)
that gels do not form at B+Si ratios of 1:1 even after prolonged
periods, and that (iii) in the absence of solvent neat TMB and
TEOS (1+1) gelled within a week. The transparent gel was
isolated and upon removal of all volatiles and oven-drying (60
°C) gave an opaque/glassy solid. The mass of the dried gel was
ca. 35% of the combined masses of the added TEOS and TMB.
The dried gel lost a further 30–40% of its mass upon firing to
600 °C in air and yielded a silver-grey borosilicate glass with a
B+Si ratio of ca. 1+1.2; TGA showed that most of this mass was
lost at 350–400 °C.

The solid products were characterised by elemental analy-
sis,† IR, XRD and solid-state MAS NMR spectroscopy.
Elemental analysis confirmed the presence of boron and silicon
in both dried and fired samples and the mass balance of the
reaction confirms that > 90% of the silicon (added as TEOS),
and ca. 25% of the boron (added as TMB), remained in the final
borosilicate glass. XRD analysis indicated that they were both
non-crystalline amorphous solids. The 11B MAS NMR spec-
trum of the furnaced glass [Fig. 1(b)] exhibited a clear residual
quadrupolar ‘doublet’ pattern and was simulated as one signal
(diso = +14.4 ppm) indicating that the boron atoms were all in
equivalent three-coordinate axially symmetrical environments

and consistent with them being part of the silica network.12–14

The dried gel gave a 11B spectrum [Fig. 1(a)] simulated as an
80+20 mixture of two signals (diso = +15.6 and +10.6 ppm),
with the main species at lower field. 29Si MAS NMR
demonstrated that the principal species in both the dried gel and
the furnaced glass was Q4 (diso = 2109 ppm), with the furnaced
glass giving an asymmetric signal which was deconvoluted as a
63+37 mixture with the lower intensity signal at diso = 2101
ppm.14 IR spectra of both the dried and furnaced solids (Fig. 2)
showed absorptions at 928 and ca. 670 cm21 indicating that

Fig. 1 Observed (96.234 MHz) MAS 11B NMR spectra for (a) the dried gel
and (b) the furnaced glass, spinning at 5200 and 5900 Hz, respectively. The
dried gel was simulated as two signals: [diso (ppm), rel.int, h, Cq (MHz)]
15.6, 80, 0.0, 2.38; 10.6, 20, 0.0, 1.14. The furnaced glass was simulated as
a single signal: 14.4, 100, 0.0, 2.63.

Fig. 2 FTIR spectra (KBr disc) for (a) the dried gel and (b) the furnaced
glass.
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both samples contain B–O–Si links.9,15 Strong B–O (br, 1450
cm21), Si–O stretches (br,1150 cm21) and Si–O–Si (ca. 790
cm21) were also observed.9,15 Heating the sample to 600 °C
enhanced the relative intensity of B–O–Si bands and produced
a weak shoulder (at 740 cm21) on the lower energy B–O–Si
band which may indicate the formation of some B–O–B
(720 cm21) upon furnacing.15

The volatile reaction products were investigated qualitatively
by GCMS, and 11B NMR and quantitatively by gravimetric
boron analysis. 11B NMR showed one peak (ca. +17.6 ppm)
consistent with a trigonal boron with three oxygen substituents,
and GCMS confirmed that B(OEt)3 was the major species
present. Gravimetric analysis showed that ca. 45% of boron
initially added to the reaction mixture as TMB was now in the
isolated volatile component.

The above observations demonstrate that orthoborate esters
are produced as co-products in the gelling process and an
idealised equation for the production of silica from a 2+1 B+Si
stoichiometry may be written as in eqn. (1). In the preparation

Si(OEt)4 + 2/3(MeO)3B3O3?

1/n{SiO2}n + 2B(OR)3 (R = Me, Et) (1)

of the gel described above a B+Si ratio of 3+1 was used, and it
was noted that gels were not formed with B+Si ratios of 1+1.
The incorporation of boron in the gel, either present as B–O–Si
linkages or as occluded borate, appears to be a consequence of
the increased B+Si ratio. Occluded metaborate esters would
disproportionate to orthoborate esters and boron oxide upon
furnacing with the orthoborate esters volatilised at high
temperatures.

The initial stages of the reaction (sol formation) were
followed by solution 11B and 29Si NMR spectroscopy which
show clear evidence for initial B–O–Si bond formation, and
oxygen transfer and transesterification, respectively (Fig. 3).
The formation of B–O–Si bonds in the sols can be seen by the
appearence of a new signal in the 11B spectrum at +16.3 ppm 5
in addition to that for the TMB and B(OR)3 which overlap at ca.
+17.6 ppm. 29Si NMR of the sols also indicated that transester-
ification had occurred [Q0 ester signals at 279.93, 280.82 and
281.65 for Si(OMe)2(OEt)2, Si(OMe)(OEt)3 and TEOS5,16]
with strong evidence for Q1 species (centered at 287 ppm:

285.96, 286.96, 288.56 ppm) but with molecular Q2, Q3 and
Q4 species at ca.296, 2104 and 2112 ppm barely discernable
above the broad baseline hump due to borosilicate glass of the
sample tube, and gelling sample.5 Transesterification of ortho-
borates/orthosilicates has been reported in the literature but
several hours at elevated temperature and acid/base catalysis
were required for systems to reach equilibrium.17 In the system
described here transesterification is very rapid at room tem-
perature and we believe this to be a consequence of the
increased Lewis acidity of the metaborate ester over that of
orthoborate esters.18 It is acknowledged however, that the
acetone solvent may play a non-innocent role in this reaction, by
functioning as a Lewis base and as a potential catalytic proton
source.

Mechanistic aspects of this unusual reaction and detailed
studies of these and other multicomponent systems, including
applications for the preparation of thin films by ‘dip-coating’
using the sols, are in progress.

We thank Dr D. Apperley (EPSRC solid-state MAS NMR
service, Durham) for spectra and Pilkington plc for financial
support.

Notes and references
† TMB (4.16 g; 24 mmol) and TEOS (5.0 g; 24 mmol) were disolved in dry
acetone (25 cm3) and left to stand in a dry, inert atmosphere. The transparent
gel, which slowly formed over a 2 week period, was isolated as a solid (4.61
g) after removal of volatiles (25.1 g) (vacuum, RT). GCMS confirmed that
B(OEt)3 was the major component of the volatiles and gravimetric analysis
(barium borotartrate method19) of a hydrolysed aliquot (1.0632 g) gave
0.9689 g of 4BaC4H4O6·Ba(BO2)2·4H2O ( = 1.35 mmol B), and hence total
B of 31.9 mmol. The gel was oven dried at 60 °C for 12 h to yield an opaque
glassy solid (3.24 g) with elemental composition Si 21.7; B 10.2; C 14.3; H
3.6; (O ≈ 50.2)%. Firing a sample of the dried gel (0.51 g) to 600 °C in air
for 20 min resulted in weight loss (38%) and a silvery–grey borosilicate
glass (0.32 g) with elemental composition of Si 31.4 ; B 10.1; C < 0.5; H
< 0.5; (O ≈ 58.0)%.
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Fig. 3 Solution NMR of the sol diluted with CDCl3 prior to gelling of the
TMB:TEOS (1+1) reaction mixture (a) 11B{1H} spectrum (80.249 MHz)
and (b) 29Si spectrum (49.694 MHz) with SiMe4 added as an internal
standard (0.0 ppm).
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Asymmetric Pd(0) catalyzed allylic amination followed by a
Ru catalyzed RCM–ROM sequence converted an easily
accessible racemic cyclopentenol 2 to the functionalized
tetrahydropyridine 9 which can be used for the asymmetrical
synthesis of indolizidine 13.

Polyhydroxylated indolizidine alkaloids are widespread in
nature and possess very diverse and important physiological
properties.1 Consequently, development of general method-
ologies for their construction is an important challenge.

Recently we published a paper in which ruthenium catalyzed
ring-rearrangement (i.e. sequential ring-closing–ring-opening
metathesis) is described.2 The herein reported ring-rearrange-
ment opens the way to converting readily accessible carbo-
cycles into stereodefined heterocycles containing highly func-
tionalized side chains. In order to illustrate the general
applicability of this reaction it was decided to synthesize (see
Scheme 1) 1,2,3,5,6,8a-hexahydroindolizine-1,2-diol A
(RNH).

Retrosynthetic analysis reveals that the target compound A
can be attained from functionalised tetrahydropyridine B which,
in turn, can be obtained from cyclopentenylamine C via
ruthenium catalyzed ring-rearrangement. Asymmetric Pd-cata-
lyzed allylic amination3 of the racemic alcohol 2, readily
accessible from cyclopentadiene 1,4 leads to the optically pure
metathesis precursor C.

It was expected that palladium(0) catalyzed allylic amination
of a cyclopentenyl donor derived from 2 would be an
appropriate way to introduce the desired nitrogen nucleophile.

We now report an asymmetric synthesis of hexahydroindoli-
zine 13 starting from 1 using a ring-rearrangement as the key
step (see Scheme 2).

In order to provide a good leaving group for the oxidative
addition event of the palladium catalyzed allylic amination,
alcohol 2 was converted into its corresponding methyl carbon-
ate 3. In the first instance a solution of optically pure 3† in THF–
triethylamine was subjected to palladium(0) catalysis, using
dppb as a ligand and o-nitrophenylsulfonyl5 (Ns) protected
homoallylamine as the nitrogen nucleophile. Work-up and
purification gave cyclopentenylamine 5 as a racemic mixture in
95% yield.

It is well established that the palladium catalyzed reaction
proceeds through the symmetrical p-allyl palladium complex 4.
This indicates that the use of asymmetric ligands would open
the way to the synthesis of both enantiomers of 5. To this end
ligand 6, developed by Trost and co-workers,6 was selected for

this purpose because of its proven reliability in terms of yield
and enantioselectivity. Gratifyingly, the reaction of 3 with
ligand (R,R)-6 led to the isolation of (2)-5‡ in good yield with
> 99.5% enantiomeric excess.§

At this stage, enantiomerically pure cyclopentenylamine
(2)-5 was now subjected to ruthenium catalyzed ring-re-
arrangement using a catalytic amount of 87 in the presence of
ethylene (Scheme 3). It was established that 5 was inert under
the reaction conditions, however, the corresponding TBDMS
protected derivative 7 gave 9 quantitatively. It is also worth
mentioning that no reaction was observed in the absence of
ethylene.

It turned out that differentiation between the internal and
terminal double bonds in 9 could be realized via regioselective
dihydroxylation of the terminal double bond resulting in the
corresponding diol in 80% yield as a single diastereoisomer.
Periodate cleavage and in situ reduction of the newly generated
aldehyde function gave alcohol 10. Alcohol 10 was tosylated to
provide 11, setting the stage for an intended cyclisation–
cleavage procedure. Deprotection of the Ns group was accom-
panied by concomitant cyclisation resulting in the 1,2,3,5,6,8a-
hexahydroindolizine 12. Removal of the TBDMS groups led to
the unprotected indolizidine 13 in 87% yield based on 11.

Scheme 1

Scheme 2 Reagents and conditions: a ClCO2Me, CH2Cl2, pyridine, 0 °C,
30 min, 97%; b H2CNCH(CH2)2NHNs, Pd2dba3

·CHCl3 (1 mol%), ligand 6,
Et3N, THF, 18 h, 210 to 0 °C, 93%, 99.5% ee.
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In conclusion, it has been shown that asymmetric palladium
catalyzed introduction of a nitrogen nucleophile proceeds with
a high degree of enantioselectivity. The resulting stereodefined
platform serves as a suitable substrate for an ensuing ruthenium
catalyzed ring-rearrangement leading to an azacycle carrying a
highly functionalized side chain amenable to further manip-
ulations.

This work was supported by the Council for Chemical
Sciences of the Netherlands Organization for Scientific Re-
search (CW-NWO) and the Fonds der Chemischen Industrie,
Germany.

Notes and references
† Optically pure carbonate 3 was obtained from (D)-mannose.8 However, it
is not a requirement that 3 be optically pure.
‡ All new compounds were fully characterized by 1H NMR, 13C NMR, IR
spectroscopy, high resolution mass spectrometry and optical rotation.
Relevant data and experimental details for the compounds 5 and 9 are as
follows: 5: 1.50 g (6.94 mmol) of carbonate 3 and 2.00 g (7.80 mmol) of N-
but-3-enyl o-nitrobenzenesulfonamide were dissolved in 25 mL of THF and
3 mL of Et3N. This solution was degassed and cooled to 210 °C. 100 mg
of ligand (R,R)-6 and 50 mg of Pd2dba3·CHCl3 were dissolved in THF (1
mL) and stirred for one hour, after which this solution was slowly added to

the reaction mixture at 210 °C. The reaction mixture was stirred for an
additional 18 h at 0 °C. The solution was concentrated and purified by
column chromatography (0 ? 5% MeOH in CH2Cl2) to afford 2.54 g, 93%
of (2)-5. n cm21: 3078 (m), 2986 (m), 2936 (m), 1544 (s), 1372 (s), 1163
(s); dC (100.6 MHz, CDCl3): 148.0 (Cq), 136.6 (CH), 134.1 (CH), 133.6
(CH), 133.4 (Cq), 131.6 (CH), 131.5 (CH), 130.9 (CH), 124.0 (CH), 117.4
(CH2), 111.5 (Cq), 84.1 (CH), 83.2 (CH), 70.5, (CH), 46.2 (CH2), 34.9
(CH2), 27.1 (CH3), 25.4 (CH3); 1H-NMR (400 MHz, CDCl3) d: 8.08, (m,
1H), 7.67 (m, 2H), 7.58 (m, 1H), 6.02 (ddd, J 7, 4, 2 Hz, 1H), 5.65 (m, 1H),
5.20 (m, 1H), 5.04 (m, 1H), 5.01 (m, 1H), 4.81 (d, J 1 Hz, 1H), 4.51 (d, J
4 Hz, 1H), 4.36 (m, 1H), 2.99 (m, 1H), 2.26 (m, 2H), 1.36 (s, 3H), 1.24 (s,
3H); HRMS: calc. for C17H19N2O6S [M+ 2 CH3] 379.0964, found
379.09622. [a]20

D (c, 1, CHCl3) 233.3 °; 9: 245 mg of 7 (0.42 mmol) were
dissolved in 15 mL of CH2Cl2 and 20 mL of ethylene were bubbled through
the solution. 14 mg (4 mol%) of catalyst 8 were added and the solution was
stirred overnight. The reaction mixture was concentrated and purified by
column chromatography (0 ? 20% MeOtBu in hexane) to give 245 mg
(100%) of 9. IR: n cm21: 2955 (m), 2929 (m), 2894 (w), 2857 (m), 1547 (s),
1372 (m), 1361 (m), 1171 (m); 13C-NMR (126.8 MHz, CDCl3) d: 148.3
(Cq), 137.7 (CH), 134.5 (Cq), 133.3 (CH), 131.3 (CH), 130.4 (CH), 125.9
(CH), 125.6 (CH), 123.8 (CH), 116.5 (CH2), 78.9 (CH), 76.6 (CH), 57.2
(CH), 40.2 (CH2), 26.1 (CH3), 22.9 (CH2), 18.4 (Cq), 18.3 (Cq), 24.0
(CH3), 24.4 (CH3), 24.5 (CH3), 24.6 (CH3); 1H-NMR (500 MHz, CDCl3)
d: 7.91 (m, 1H), 7.62 (m, 2H), 7.51 (m, 1H), 5.94 (ddd, J 17, 10, 8 Hz, 1H),
5.77 (m, 1H), 5.67 (m, 1H), 5.22 (d, J 17 Hz, 1H), 5.10 (d, J 10 Hz), 4.50
(s, 1H), 4.35 (d, J 6 Hz), 3.97 (dd, J 14, 4 Hz, 1H), 3.87 (d, J 5 Hz, 1H), 3.41
(ddd, J 16, 10, 6 Hz), 1.82 (m, 2H), 0.91 (s, 9H), 0.89 (s, 9H), 0.09 (s, 3H),
0.08 (s, 3H), 0.06 (s, 3H), 0.04 (s, 3H); HRMS: calc. for C26H43N2O6SSi2
[M+ 2 CH3] 567.2380, found 567.2388; [a]20

D (c, 1, CHCl3) +189.4°.
§ For determination of the enantiomeric excess the Ns group was replaced
by a tosyl group (i, PhSH, K2CO3, DMF; ii, TsCl, pyridine) in order to
facilitate separation of the enantiomers on a Chiralcel OD Gold column
(0.5% iPrOH in hexane, 0.9 mL min21, 218 nm).

1 For a recent review article on indolizidine and quinolizidine alkaloids
see: J. P. Michael, Nat. Prod. Rep., 1999, 16, 675; in Iminosugars as
Glycosidase Inhibitors, ed. A. E. Stütz, Wiley-VCH, Weinheim, 1999,
p. 1–397.

2 R. Stragies and S. Blechert, Tetrahedron, 1999, 55, 8179; J. A. Adams,
J. G. Ford, P. J. Stamatos and A. H. Hoveyda, J. Org. Chem., 1999, 64,
9690.

3 N. S. Sirisoma and P. M. Woster, Tetrahedron Lett., 1998, 39, 1489;
B. M. Trost and D. E. Patterson, Chem. Eur. J., 1999, 5, 3279; B. M.
Trost and R. C. Bunt, J. Am. Chem. Soc., 1994, 116, 4089.

4 G. Wolczunowicz, F. G. Cocu and T. Posternak, Helv. Chim. Acta,
1970, 53, 2275.

5 T. Fukayama, C. Jow and M. Cheung, Tetrahedron Lett., 1995, 36,
6373.

6 For a review on asymmetric transition metal-catalyzed allylic alkyla-
tions see: B. M. Trost and D. L. Van Vranken, Chem. Rev., 1996, 96,
395.

7 P. Schwab, R. H. Grubbs and J. W. Ziller, J. Am. Chem. Soc., 1996, 118,
100.

8 H. Ovaa, J. D. C. Codée, B. Lastdrager, H. S. Overkleeft, G. A. van der
Marel and J. H. van Boom, Tetrahedron Lett., 1998, 39, 7987.

Scheme 3 Reagents and conditions: a, HOAc, H2O, 80 °C, 30 min;
TBDMSCl, imidazole DMF, rt, overnight, 75% (two steps); b,
Cl2(PCy3)2RuNCHPh (8) (4 mol%), H2CNCH2, CH2Cl2, rt, overnight,
100%; c, K2OsO4

·2H2O cat., NMO, acetone–H2O, rt, 48 h, 80%; d, NaIO4,
MeOH/H2O, 0 °C, 30 min, then NaBH4(aq), 0 °C, 3 min, 99%; e, TsCl,
pyridine, DMAP, rt, overnight, 71%; f, PhSH, K2C2O3, DMF, 0 °C, 30 min,
100%; g, TBAF, THF, rt, overnight, 88%.
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Calculated NICS indices for C10 and C14 indicate these
species are doubly aromatic and that C12 is doubly anti-
aromatic, with the p-aromaticity dominating the s-con-
tribution in systems such as triplet C10, C8N2, C10B2 or C12

2+

all of which have opposing aromatic/anti-aromatic charac-
ter.

Recent experimental studies1 of the electronic absorption
spectra of small carbon clusters have provided evidence for the
first time that the fundamentally important C10–C14 clusters are
monocyclic polyalkynes or cumulenes rather than linear
species.2 Such rings were noted1b as being potentially doubly
aromatic, via both conventional pp–pp overlaps, and via the
novel in-plane conjugation of 4n + 2 p-electrons described
recently by Schleyer and co-workers.3 The latter identified [10]
and [14] trannulenes (all-trans annulenes) as having in-plane
aromaticity, on the basis of calculated nucleus independent
chemical shift values at the ring centroid (NICS4 214.0 and
217.2 ppm respectively, cf. benzene, 210 ppm) and the 4n
electron [12] trannulene as being strongly anti-aromatic (NICS
+35.7 ppm). We noted that the NICS aromaticities of the C10–
C14 carbon rings have not hitherto been reported. More
importantly, we considered that these small carbon rings might
be suitable systems for investigating the controversial sugges-
tion5 that the p-electrons in benzene have a distortive tendency
towards bond localisation, and that the D6h symmetry of
benzene itself arises purely from the s-framework. Adding or
removing two electrons to the doubly aromatic C10 ring could
give a 4n count for one set of pp–pp electrons, and a 4n + 2 count
for the orthogonal pp–pp set, resulting in molecules which
would be simultaneously aromatic in one dimension and anti-
aromatic in another. We also speculated whether the triplet6 and
higher excited states of these species might exhibit a similar
effect. Finally, our recent studies7 suggested to us that the two
orthogonal 4n + 2 sets of pp–pp electrons in C10 might be
converted to a single 4n set by introducing a Möbius component
into the ring. Here we report our theoretical findings on these
various aspects.

Initial studies† of these species were at the AM1 semi-
empirical level8 followed by B3LYP/6-31G(d) geometry opti-
misation9 with no symmetry constraints of the singlet states. All
the rings were characterised as planar minima via inspection of
the Hessian matrix. Of the four valence electrons available to
carbon, two contribute to conventional C–C single bonds (e.g.
sp hybridisation) and are not considered further here. The
remaining two electrons occupy orthogonal p-orbitals which for
C10 specifically, overlap cyclically to form a set of five doubly
occupied in-plane s-molecular orbitals and a set of five out of
plane p-orbitals. Each set has a characteristic benzene-like
double degeneracy (E) for the highest two pairs (e.g. the Hückel
4n + 2, n = 2 electron rule, Table 1). The calculated NICS(0)-
B3LYP/6-31G(d) value at the C10 ring centroid (D5h symmetry)
of 228.9 ppm implies the molecule is indeed doubly aromatic
compared to benzene itself. The C14 homologue showed a
similar pattern of orbital occupancy and even higher aromaticity
(Table 1). C12 differs from C10 in having a pair of additional pp
electrons in both the s- and p-planes, each of which occupies a
single, now non-degenerate orbital. Such 4n occupancy (n = 3)
results in doubly anti-aromatic character (NICS +50.0 ppm) and
a Jahn–Teller distortion towards bond localisation of the
geometry (Fig. 1). The degeneracy of the p HOMO can be
recovered by promoting one p electron to the p LUMO to form
a triplet state, calculated to be 6.7 kcal mol21 higher than singlet
C12. This species can be described as out-of-plane p triplet
aromatic6 but remains an in-plane s-anti-aromatic. The overall
NICS value indicates the dominance of the p aromaticity over
the in-plane s-anti-aromaticity (Table 1). Further s–s* electron
excitation to form the quintet state of C12 additionally removes
the in-plane s-anti-aromaticity, increasing the overall NICS
aromaticity index to 231.5 ppm.

Although reliable calculations for small carbon clusters
appears to require very high levels of theory,2 we emphasize
here the relative trends in the geometries and NICS values rather
than the absolute values and energies. Thus the calculated
B3LYP/6-31G(d) geometries of planar C10, C12 and C14 differ
markedly in the degree of calculated bond alternation (Fig. 1).
The doubly aromatic singlet systems show no bond alternation,
doubly-antiaromatic singlet C12 shows strong alternation (due
as we note above to a Jahn–Teller distortion) but the bonds are

† Electronic supplementary information (ESI) available: computed 3D
coordinates as PDB files. See http://www.rsc.org/suppdata/cc/b0/b002922j/

Table 1 Calculated energies [kcal mol21 for AM1, Hartree for B3LYP/6-31G(d)] and NICS(0) values (ppm)

Species AM1 B3LYP/6-31G(d) NICS(0) Orbital occupancya

C10 403.8 2380.6661 228.9 p(E), s(E), s(E), p(E), p, s
B5N5 257.9 2398.2935 22.5 p(E), s(E), p(E), s(E), p, s
1,6-C8N2 358.7 2413.9714 216.7 s, s, p, p, s, s, p, p, s, p, s
C12

2+ 954.2 2456.0285 +32.4 p, s(E), p(E), s(E), p(E), p, s
1,7-C10B2 504.7 2430.3801 211.0 s, p, s, s, p, p, s, s, p, p, s
C12

b 2456.7770 28.7
C12

c 2456.7452 231.5
C12 438.5 2456.7878 +50.0 p, s, s(E), p(E), s(E), p(E), p, s
C14 465.1 2533.0193 235.6 s(E), p(E), s(E), p(E), s(E), p(E), p, s
C11H2 350.9 2419.9766 213.4
C13H2 387.3 2496.1407 +6.8
C19 664.5 2723.2905 211.0

a Doubly occupied singly or doubly (E) degenerate orbitals arising from parallel pp–pp (p) and in-plane pp–pp (s) overlap. b Triplet state. c Quintet state.
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again symmetrised when the p-system is aromatised via
formation of triplet state C12. The additional reversal of the s-
anti-aromaticity via the planar s/p doubly aromatic quintet C12
reveals bond relocalisation (Fig. 1), the origins of which remain
to be established. These various results contrast with the
proposal that p-aromaticity in benzene is bond distortive and
that the symmetry is due to the s framework alone.5

B5N5 is isoelectronic with C10 and also has the characteristic
cumulene structure (Fig. 1) with no bond alternation and a
similar orbital ordering to the carbon analogue, but a surpris-
ingly small NICS value (Table 1) corresponding to non-
aromaticity. The anomalous behaviour of B5N5 in a different
context has been previously noted.10 Two valence electrons
added to C10 in the form of C8N2 occupy an in-plane pp–pp
orbital, resulting in an in-plane 4n (n = 3) rather than 4n + 2
occupancy. Overall, the NICS value suggests that the p 4n + 2
aromaticity is clearly dominant over the s 4n anti-aromaticity
(Table 1). The reverse effect is observed with C12

2+. This is a
12-electron (4n) p-antiaromatic system (NICS +32.4) asso-
ciated with bond alternation, dominating a 10-electron (4n + 2)

in-plane s-aromatic system. A third example of this p-
dominance is the isoelectronic C10B2 which reveals 10-electron
p-aromaticity and 12-electron in-plane pp–pp s-anti-aroma-
ticity, with overall NICS aromaticity (Table 1) and only mild
bond alternation (Fig. 1).

We had previously suggested7 that replacing a two electron
CNC unit in a 4n + 2 electron annulene by a partially twisted four
electron HCNCNCH unit can induce Möbius 4n aromaticity.
Applying this analogy to replacing one four electron triple bond
by this unit in C10 results in chiral C11H2, in which the in-plane
pp–pp/s and the out-of-plane pp–pp/p-systems interact to form
a 20-electron Möbius 4n aromatic. Less effective orbital overlap
reduces the NICS value compared to C10 and induces bond
alternation (Fig. 1). Inserting the same HCNCNCH unit into the
strongly anti-aromatic C12 to produce the 24 electron C13H2
reduces the anti-aromaticity substantially, but does not elim-
inate it (Table 1).11 Finally, we note that two hydrogen atoms in
C11H2 can be removed entirely by replacing them with a second
carbon ring to give C19, a novel form of chiral Möbius carbon
(Fig. 1), again with mild NICS aromaticity indicated for each
ring.
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Fig. 1 B3LYP/6-31G(d) Calculated geometries (Å) for (a) C10, (b) B5N5, (c)
C8N2, (d) C12

2+, (e) C12, (f) C10B2, (g) triplet C12, (h), quintet C12, (i) C14,
(j) C11H2, (k) C19.
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A novel hybrid network of synthetic polymer mesh and
collagen sponge was prepared by forming collagen sponges
with interconnected microporous structures in the inter-
stices of the synthetic polymer mesh.

Biodegradable synthetic poly(a-hydroxy acids), such as poly-
(lactic acid) (PLA), poly(glycolic acid) (PGA) and their
copolymer of poly(DL-lactic-co-glycolic acid) (PLGA), and
collagen have been widely used for tissue engineering as
temporary scaffolds to accommodate transplanted cell masses,
and as materials for assisting in surgeries in clinical applica-
tions.1–6 The synthetic polymer meshes demonstrate good
biocompatibility, good mechanical properties, and are easy to
handle. Their rate of degradation can also be controlled to meet
the rate of new tissue formation in tissue repair. However, these
synthetic polymers are relatively hydrophobic. These hydro-
phobic properties, together with the large mesh interstices,
hinder smooth cell seeding. In contrast, collagen offers the
advantage of specific cell interactions and hydrophilicity, but
scaffolds constructed entirely of collagen have poor mechanical
strength. Therefore, synthetic biodegradable polymers and
collagen have been hybridized to combine their advantages.7–13

In the present study, a novel hybrid biomaterial was prepared by
combining synthetic biodegradable polymer mesh with colla-
gen sponge.

The hybridization of synthetic poly(a-hydroxy acids) and
collagen was achieved by forming collagen sponges between
the interstices of poly(a-hydroxy acids) mesh. A Vicryl knitted
mesh made of polylactin 910 (a 90+10 copolymer of glycolic
acid and lactic acid), as shown in Fig. 1a, was immersed in a
bovine collagen acidic solution (type I, pH 3.2, 0.5 wt%), and
frozen at 280 °C for 12 h. It was then freeze dried under a
vacuum of 0.2 Torr for 24 h to allow the formation of collagen
sponge. The collagen sponge was further cross-linked by
treatment with glutaraldehyde vapor saturated with 25%
glutaraldehyde aqueous solution at 37 °C for 4 h. After the
cross-linking, the sponge was treated with 0.1 M glycine
aqueous solution to block unreacted aldehyde groups. After
being washed with deionized water and freeze dried, the
polymer–collagen hybrid mesh was prepared.

The hybrid mesh was coated with gold and observed by
scanning electron microscopy (SEM). The SEM photomicro-
graphs of the hybrid mesh are shown in Fig. 1. Collagen sponges
with interconnected microporous structures were formed in the
interstices of the synthetic polymer mesh. The polymer mesh
was embedded in the collagen sponge sheet so that the fiber
bundles of polymer mesh and the collagen sponges were
alternately chained. The thickness of the collagen sponge sheet
surrounding the polymer mesh could be manipulated by
adjusting the volume of the collagen solution. A greater volume
of collagen solution resulted in a thicker layer of collagen
sponge. The position of the polymer mesh in the hybrid network
could also be manipulated. It could be a sandwich type with the
polymer mesh embedded in the middle of the collagen sponge
layer, or be overlapped. The hybrid mesh could be prepared in
the shape of a sheet or a cylinder by using a polymer mesh sheet
or tube.

20-mM HEPES buffer-soaked hybrid mesh, polymer mesh
and collagen sponge were used for static tensile mechanical
tests. They were pulled to failure at a rate of 0.5 mm min21.
Load–deformation curves were obtained from a chart recorder.
The moduli of elasticity of the hybrid mesh, polymer mesh and
collagen sponge determined from the load–deformation curves
and the dimensions of each sample were 35.42 ± 1.42, 35.15 ±
1.00 and 0.02 ± 0.00 MPa, respectively. The hybrid mesh
possessed almost the same mechanical property as that of the
polymer mesh, much higher than that of the collagen sponge
alone.

Human skin fibroblasts were subcultured in 106S serum
medium supplemented with 2 (v/v)% fetal bovine serum (FBS),
10 ng mL21 recombinant epidermal growth factor (rEGF), and

Fig. 1 SEM photomicrographs of polylactin 910 mesh (a) and its hybrid
mesh with collagen at original magnification 360 (b) and 200 (c).
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3 ng mL21 recombinant fibroblast growth factor-basic (rb-
FGF). The subcultured fibroblasts were harvested and seeded
on the hybrid and polymer meshes (7.64 3 104 cells/cm2), and
cultured in 106S serum medium under a 5% CO2 atmosphere at
37 °C. The medium was replaced every 2 days. The cells
adhering to the hybrid and polymer meshes after 24 h of
culturing were 6.42 ± 0.21 3 104 and 1.48 ± 0.26 3 104 cells
cm22, respectively. Many more cells adhered to the hybrid
mesh than the polymer mesh. The cell morphology on the
hybrid mesh was examined by SEM observation. Fig. 2 shows
the appearance of the cells on the hybrid mesh after being
cultured for 5 days. The fibroblasts adhered and spread well on
the surfaces of the collagen sponge of the hybrid mesh after
being cultured for 5 days. After 2 weeks, they proliferated to
become completely connected in a layer structure. Over a longer
culture period, the hybrid mesh degraded and eventually
disappeared. Only cell sheet containing fibroblasts and ex-
tracellular matrices was left. These results suggest good cell
interaction of the hybrid mesh.

Biodegradable synthetic poly(a-hydroxy acids) meshes have
been used as temporary scaffolds for the tissue engineering of
skin,2 nerve,9 esophagus,10 ligament,11 etc. However, the mesh
interstices and their hydrophobicity hinder cell seeding. Cul-
tured urothelial cells do not grow into a confluent layer on PGA
or polyglactin mesh because of the large size of the mesh
interstices.14 To increase the cell seeding density on the PGA
mesh, a method of surface hydrolysis has been used to improve
the wettability of the mesh.15 Hybridization of synthetic
polymer with collagen has also been used to address these
problems.7–11 Polyglactin 910 mesh and PGA mesh have been

coated with collagen solution, or embedded in collagen gels, to
improve cell attachment and cell seeding. However, neither
surface hydrolysis nor collagen coating changes the pore size of
the interstices. The use of collagen gel produces a complete loss
of pore structure. Compared to collagen gel, collagen sponge is
porous enough to accommodate implanted cells, and its
microporous structure facilitates cell seeding. The hybrid mesh
of polylactin 910 mesh with collagen sponge exhibited a novel
hybrid structure with interconnected microporous collagen
sponges formed in the interstices of the synthetic polymer mesh.
The polymer mesh, serving as a skeleton, reinforced the hybrid
mesh and resulted in easy handling, while the collagen sponge
provided the hybrid with a microporous structure and hydro-
philicity, and, therefore, easy cell seeding. The hybrid mesh we
developed could serve as a useful biomaterial for tissue
engineering.

This work was supported in part by the New Energy and
Industrial Technology Development Organization of Japan and
in part by a Grant of the ‘Research for the Future’ Program
(JSPS-RFTF96I00202) from the Japan Society for the Promo-
tion of Science (JSPS).
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Substituted vinyl ethers carrying electron-donating groups
in the ether moiety undergo smooth oxygen to carbon
rearrangement with triisobutylaluminium to afford chain
extended alcohols.

Lewis acid promoted oxygen to carbon rearrangements of vinyl
acetals have received considerable attention as synthetically
useful procedures.1 For example, we have developed efficient
methodology for the preparation of carbocycles by the reductive
rearrangement of carbohydrate based vinyl acetals using
TIBAL (triisobutylaluminium) as the Lewis acid.2 We recently
reported3 that unsaturated C-aryl glycosides (hex-5-eno-
pyranosides) such as 1, also undergo the analogous TIBAL
promoted rearrangement into carbocycles, provided that the aryl
moiety is sufficiently electron-donating in nature in order to
stabilise the carbocationic centre of the proposed intermediate 2
(Scheme 1). It is noteworthy that 1 is however no longer a vinyl
acetal but a cyclic benzyl vinyl ether. Given that the Lewis acid
promoted rearrangement of acyclic vinyl acetals4 and allyl
benzyl ethers5 has been reported, we reasoned that an acyclic
variant of 1 should also undergo a Lewis acid promoted
rearrangement. Therefore, as part of our evaluation of the wider
scope of the TIBAL promoted reductive rearrangement, we
herein report the first application of this process to the
rearrangement of acyclic non-carbohydrate based systems.

The substituted vinyl ethers 4 were readily prepared by
standard acetylation of the starting alcohols 3 and methylen-
ation using the Tebbe reagent (Scheme 2).

The substituents were chosen in order to stabilise the
proposed carbocation intermediate and therefore favour re-

arrangement over the known competitive hydroalumination–
elimination process3 which would afford 3. The TIBAL
promoted reductive rearrangements† of 4 proceeded smoothly
(64–70%) for electron-rich aromatic derivatives 4a and 4b

Scheme 1

Table 1 Reaction of substituted vinyl ethers with TIBAL
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(Table 1). The related non-reductive rearrangement of benzyl
vinyl ethers has been reported as a side-reaction to Claisen
rearrangements under radical6 or forcing thermal conditions.7
The TIBAL promoted rearrangement of diphenylmethyl iso-
propenyl ether (4c) proceeded in excellent yield. In the case of
triphenylmethyl isopropenyl ether (4d), TIBAL rearrangement
was indeed observed, although in only 35% yield, probably due
to steric hindrance. Finally, the ferrocenylmethyl isopropenyl
ether (4e) underwent smooth TIBAL promoted rearrangement
to afford 4-ferrocenylbutan-3-ol (5e)‡ in 60% yield.

In summary, substituted vinyl ethers carrying electron-
donating groups in the ether moiety undergo smooth TIBAL
promoted rearrangement to afford chain extended alcohols. This
approach constitutes a simple three step homologation proce-
dure for benzylic alcohols, carrying electron-donating sub-
stituents in the aromatic nucleus and other alcohols bearing
adjacent electron-donating groups and furthermore illustrates
the more general nature of the TIBAL induced rearrange-
ment.

We thank the European Community for a TMR Marie Curie
Research Training Grant (#ERBFMBICT983225) to A. J. P.
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The equilibration of cage-like receptors, M3(L1)2 + M3(L2)2
" 2 M3(L1)(L2), was efficiently controlled by appropriate
guest addition: large (spherical) or small (flat) guests
stabilized the homoleptic cages (M3(L1)2 or M3(L2)2) while
medium-sized guests preferred the heteroleptic cage
(M3(L1)(L2)).

A dynamic receptor library is an equilibrium mixture of several
receptors from which the appropriate one is selected by an
optimal guest.1–6 It is particularly important to study the
dynamic features of guest-selected receptor formation from the
library because the phenomenon is closely related to biological
receptor systems.7 Herein reported is the guest-controlled
assembly of Pd(II)-linked cage-like receptors from a dynamic
library generated from Pd(II) complex 1 and two different
tridentate ligands 2 and 3. As shown in Scheme 1, the library
contains two classes of receptors: homoleptic (4, 5a and 5b) and
heteroleptic (6). The homoleptic receptor contains two identical
ligands and, hence, is termed a ‘self-recognized’ receptor while
the heteroleptic receptor contains two different ligands and is
termed ‘hetero-recognized’.8 We show that the equilibration
between the receptors is very efficiently controlled by the

addition of appropriate guests which selectively stabilize their
optimal receptors.

The equilibration we deal with is represented by the
following equation:

4 5 6  
  

  + ∑
‘self - recognized’

2

‘hetero - recognized’
"

Self-recognition should be dominant if only 4 and/or 5 are
stabilized, while hetero-recognition is favored if 6 is selectively
stabilized. Note that 5a and 5b are structural isomers with
identical composition and the equilibration between these
isomers is highly controlled by guest addition, as previously
reported.6

When Pd(II) complex 1 (10 mM) was combined with
tridentate ligands 2 and 3 (3.3 mM each) in D2O, cages 4–6 and
uncharacterized oligomeric products were formed with a very
low self/hetero ratio‡ (4+5+6+oligomers = 15+35+30+20
corresponding to ca. 6+4 self/hetero ratio; see Table 1, run 1).9
The product ratios were estimated by 1H NMR (Fig. 1).
Oligomer formation became predominant at higher concentra-
tions and exclusive when [1]0 > 40 mM.

Scheme 1
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Upon the addition of adamantane-1-carboxylic acid (7),
however, the oligomer formation was completely suppressed
and the equilibration was significantly shifted toward the self-
recognized products (4 + 5 = 84%; run 3). The cavity size
becomes larger and more spherical in the order of 5 < 6 < 4
because ligand 2 is larger than 3 by the length of a CH2 unit.
Thus the preference for the self-recognition can be ascribed to
the efficient binding of the large and spherical guest by host 4.
In fact, only the signals of host 4 were downfield shifted while
those of 5 and 6 were unchanged, suggesting the selective
complexation of 7 and 4.

Self-recognition should be most effective if 4 and 5 are
stabilized simultaneously but not 6. Thus, we attempted the use
of two different guests adamantan-1-ol (8) and benzene-
1,3,5-tricarboxylic acid (9) because the former was expected to

be bound by bulky cage 4 and the latter by flat cage 5b. When
8 and 9 were added, only self-recognized receptors 4 and 5b
were assembled exclusively as expected (4 + 5b = 100%; run
4). The signals of only 4 and 5b were downfield shifted
suggesting the selective formation of 4•8 and 5b•9 com-
plexes.

In contrast, the equilibrium was markedly shifted toward
hetero-recognition when CBrCl3 was added as the guest: 6 was
preferentially formed (68%) and the self/hetero ratio was ca.
3+7. This spherical and ‘medium-sized’ guest seems to best fit
within the cavity of 6. The formation of 6 was not exclusive
because CBrCl3 was also bound efficiently in the cavity of 5a.6
Similar spherical guests such as CCl4 induced the preferential
formation of 6 (66%) while the slightly larger CBr4 was no
longer a suitable guest for selective heteroleptic receptor
formation (42%). Cyclohexane and cycloheptane were also
favorable for hetero-recognition (self/hetero ratios 4+6 and 3+7,
respectively), but cyclooctane, which seems too large, showed
no stabilizing effects for any receptors.
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ratio, can be assigned as 6. 1H NMR data of 6 (from the reaction of run 6 in
Table 1): 1H NMR (500 MHz, D2O, 25 °C) d 8.51 (2H, d, J 6.6 Hz, PyHa),
8.39 (4H, d, J 6.6 Hz, PyHa), 8.38 (2H, d, J 6.6 Hz, PyHa), 8.14 (4H, d, J
6.6 Hz, PyHa), 7.54 (1H, s, ArH), 7.47 (2H, d, J 6.8 Hz, PyHb), 7.40 (8H,
d, J 6.8 Hz, PyHb), 7.31 (2H, s, ArH), 7.29 (2H, d, J 6.8 Hz, PyHb), 7.20
(1H, s, ArH), 7.09 (2H, s, ArH), 3.92–3.72 (10H, m, –CH2–), 2.79–2.60
(12H, m, NH2CH2CH2NH2).

1 B. Hasenknopf, J.-M. Lehn, G. Baum and D. Fenske, Proc. Natl. Acad.
Sci. USA, 1996, 93, 1397; J.-M. Lehn, Chem. Eur. J., 1999, 5, 2455.

2 B. Hasenknopf, J.-M. Lehn, G. Baum, B. O. Kneisel and D. Fenske,
Angew. Chem., Int. Ed. Engl., 1996, 35, 1838; B. Hasenknopf, J.-M.
Lehn, N. Boumediene, A. Dupont-Gervais, A. V. Dorsserlaer, B. Kneisel
and D. Fenske, J. Am. Chem. Soc., 1997, 119, 10 956.

3 S. J. Rowan and J. K. M. Sanders, J. Chem. Soc., Perkin Trans. 1, 1997,
1407; P. A. Brady and J. K. M. Sanders, J. Chem. Soc., Perkin Trans. 1,
1997, 3237.

4 M. C. Calama, P. Timmerman and D. N. Reinhoudt, Angew. Chem., Int.
Ed. Engl., 2000, 39, 755; F. Cardullo, M. C. Calama, B. H. M. Snellink-
Ruël, J.-L. Weidmann, A. Bielejewska, R. Fokkens, N. M. M. Nibbering,
P. Timmerman and D. N. Reinhoudt, Chem. Commun., 2000, 367; L. J.
Prins, K. A. Jolliffe, R. Hulst, P. Timmerman and D. N. Reinhoudt, J. Am.
Chem. Soc., 2000, 122, 3617.

5 J. M. Rivera, T. Martin and J. Rebek, Jr., Science, 1998, 279, 1021; J. M.
Rivera, T. Martin and J. Rebek, Jr., J. Am. Chem. Soc., 1998, 120, 819;
F. Hof, C. Nuckolls and J. Rebek, Jr., J. Am. Chem. Soc., 2000, 122,
4251.

6 S. Hiraoka and M. Fujita, J. Am. Chem. Soc., 1999, 121, 10 239.
7 D. E. Koshland, FEBS Lett., 1976, 62, E47.
8 The terms self- and hetero-recognition have been termed in ref. 1. Also

see M. Albrecht, M. Schneider and H. Rottele, Angew. Chem., Int. Ed.
Engl., 1999, 38, 557.

9 Guest-induced assembly of 4 from 1 and 2: M. Fujita, S. Nagao and K.
Ogura, J. Am. Chem. Soc., 195, 117, 1649.

Table 1 Guest-selected formation of homo- and heteroleptic Pd(II)-linked
receptors

Ratioa (%)

Run Guestb 4+5a+5b+6+Oligomersc S/Hd

1 None 15+0+35+30+20 6+4
2 PhCOOH 27+0+31+38+4 6+4
3 7 42+0+42+16+0 8+2
4 8 + 9 50+0+50+0+0 10+0
5 CCl4 17+15+2+66+0 3+7
6 CBrCl3 16+14+2+68+0 3+7
7 CBr4 29+18+11+42+0 6+4
8 c-C6H12 19+6+13+62+0 4+6
9 c-C7H14 8+0+20+60+12 3+7

10 c-C8H16 15+0+33+34+18 6+4

a Determined by 1H NMR ([1]0 = 10 mM, 25 °C, D2O). b Excess amounts
of guests were used. c At 3.3 mM for each ligand, it was confirmed that only
ligand 2 gives oligomeric components. Thus, the amount of the oligomers
was estimated on the assumption that compound 3 does not contribute to the
oligomeric fraction of complexes. d S/H = self/hetero ratio.

Fig. 1 1H NMR spectra (500 MHz, D2O, aromatic region) of the mixture of
complexes 4–6 obtained from a 3+1+1+1 mixture of 1 ([1]0 = 10 mM), 2
([2]0 = 3.3 mM), 3 ([3]0 = 3.3 mM) and various guests: (a) guest free; (b)
guest = PhCOOH; (c) guest = 7; (d) guest = CBrCl3.
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The unexpected anionic ZrII complex
[Cp2Zr(C·CPh)(h2+1,2-PhC2C·CPh)]2 was isolated from
LiC·CPh and Cp2ZrCl2 in THF, giving clear evidence for a
CC coupling between two alkynyl moieties, one of them
being h2-bonded to the zirconium atom.

New prospects towards non linear optical (NLO) materials have
induced, in recent years, a resurgence of interest in the
chemistry of acetylenic transition metals complexes.1 Numer-
ous studies have focused on the CC coupling of the acetylenic
moieties, which underlies the synthesis of the building block of
the poly-ynes.2 We have been interested in the reaction of
vanadocene with poly-ynes.3 An unexpected heterodimetallic
complex Cp2V(m+h2+h4-PhC·CC·CPh))ZrCp2, containing a
butadiene framework with two internal planar tetracoordinate
carbons was isolated from Cp2V and CpA2Zr(C·CPh)2 (CpA =
C5H5, C5H4Me, C5H4But, C5H4SiMe3).4,5 The chemistry of
these bis(alkynyl)metallocene precursors has previously been
detailed6–8 and their synthesis, generally in diethyl ether
solvent, well described.6 On the other hand, a CC bond forming
reaction was reported by Negishi et al.9 as resulting from the
reaction of Cp2ZrCl2 with 3 equiv. of LiC·CPh in THF
followed by hydrolysis affording the isomerically pure (Z)-
1,4-diphenylbut-1-ene-3-yne. In this process, Li[Cp2Zr-
(C·CPh)3] was postulated as an intermediate species.9 The
authors underline the necessity of the third equiv. of LiC·CPh
to Cp2Zr(C·CPh)2 to produce the CC coupling. More recently,
the [Zr(C·CR)3]2 anion moiety was suggested as being an
intermediate species in the trimerization of tert-butyl acetylene
to 1,3,6-tri(tert-butyl)fulvene.10 We report here the X-ray
structure of the intermediate anion species
Li[CpZr(C·CPh)(h2+1,2-PhC2C·CPh)] and some aspects of its
formation mechanism.

When the reaction of Cp2ZrCl2 with 2 equiv. of LiC·CPh is
carried out in THF, followed by slow diffusion of pentane, the
unexpected ZrII lithium salt species Li[Cp2Zr(C·CPh)(h2+1,2-
PhC2C·CPh)] 1,† was obtained as a red crystalline complex and
fully characterized by an X-ray structure determination (Fig.
1).‡ The main feature of this structure gives clear evidence for
a CC coupling between two alkynyl moieties, one of them being
h2-bonded to the zirconium atom. A titanium complex related to
1, namely (C5Me5)2Ti(h2+1,2-RC2C·CR)] was also recently
isolated by Rosenthal et al. by Mg reduction of (C5Me5)2TiCl2
in the presence of Me3SiC4SiMe3.11a Depending on the ratio of
the reactants, this reaction also affords either the tweezer TiIII
complex [(C5Me5)2Ti(h1-C·CSiMe3)2][Mg(THF)Cl)] (A) or

[(C5Me5)2Ti((h3-Me3SiC3NC(C·CSiMe3)SiMe3]11b (B). The
tweezer TiIII complex (A) could be described as an intermediate
for the formation of complex (B).

Different crossing reactions were monitored by 1H NMR to
gain an understanding of the formation of 1.§ When the reaction
of Cp2ZrCl2 and 2 equiv. of LiC·CPh is carried out in THF and
in the absence on sunlight, Cp2Zr(C·CPh)2 2 was obtained as
the sole product and can be kept unchanged at least one week in
the dark, whereas in presence of daylight only 1 is formed.12

Starting from 2 and the solid lithium salt LiC·CPh in THF-d8,
complete consumption of the Li salt gives 1 nearly immediately
and quantitatively in absence or in presence of daylight. We
checked that in the absence of daylight no reaction occurs in
C6D6 between 2 and LiC·CPh (1+1) whereas still in the absence
of daylight the addition of THF-d8 in the NMR tube, which
dissolves the lithium salt, immediately generates 1.

Complementary hydrolysis experiments on complex 1 con-
taining the preformed CC coupling were performed to ensure
that the 1,4-diphenylbut-1-en-3-yne is also formed in this case.
In presence of HCl and at room temperature, hydrolysis of 1
leads to the formation of E and Z isomers of the enyne
PhCHNCHC·CPh with a high selectivity when the reaction is
carried out in toluene (toluene: Z+E = 98+2; THF: Z+E =
30+70).¶ Adding LiC·CBut to 2 followed by HCl hydrolysis
gives Z enynes, namely PhCHNCHC·CBut, PhC·CCHNCHBut

and PhCHCHC·CPh (roughly 30, 15, 55% respectively,
characterized by GC/MS and 1H NMR).∑ This result suggests
that the first step of the reaction is the formation of the

Fig. 1 Molecular structure of anionic [1]2 with selected bond distances (Å)
and angles (°), hydrogen atoms omitted. Zr–C(11) 2.206(2), Zr–(C12)
2.342(1), Zr–C(15) 2.314(2), C(11)–C(12) 1.335(2), C(12)–C(13) 1.412(2),
C(13)–C(14) 1.208(2), C(15)–C(16) 1.223(2), Zr–Cp 2.252(av.); Zr–
C(11)–C(111) 147.8(1), Zr–C(15)–C(16) 171.9(1), Zr–C(12)–C(13)
127.9(1), C(12)–C(13)–C(14) 177.5(2), C(11)–Zr–C(12) 33.97(6), C(12)–
Zr–C(15) 88.60(5), C(11)–Zr–C(15) 122.53(5), Zr–C(15)–C(16) 171.9(1),
C(15)–C(16)–C(166) 176.3(2), Cp–Zr–Cp 129.57(av.) [Cp are the centroids
of the C5H5 rings C(1)–C(5), C(6)–C(10)].
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Li[Cp2Zr(C·CPh)2(C·CBut)] intermediate which could give
three possible species such as Li[Cp2Zr(C·CPh)(h2+1,2-
PhC2C·CBut)], Li[Cp2Zr(C·CPh)(h2+1,2-ButC2C·CPh] and
Li[Cp2Zr(C·CBut)(h2+1,2-PhC2C·CPh)], the formation of the
latter being favoured by the presence of the less steric R = Ph
group on the h2 chain.**

The CC coupling between two alkynyl moieties from
CpA2Zr(C·CR)2 (CpA = C5H5, R = But; CpA = C5Me5, R = Ph,
SiMe3) has already been demonstrated by Rosenthal
et al.11,13,14 This reaction occurs under hn irradiation or sunlight
to give the zirconacyclocumulene complex CpA2Zr(h4+1,2,3,4-
RCNCNCNCR).†† Thus (C5H5)2Zr(h4+1,2,3,4-PhCNCNCNCPh)
3 should be an excellent candidate for explaining the formation
of 1. Starting from 3, generated by hn daylight in THF-d8 from
2,12 addition of one equiv. of LiC·CPh gives 1. This experiment
is indicative of an equilibrium between the zirconacyclocumu-
lene and a (h2+1,2-PhC2C·CPh) containing species (Scheme 1)
as already mentioned by Rosenthal et al.13 Nevertheless the
formation of the zirconacumulene species must be catalysed
either by daylight, or by the B(C6F5)3 borane,15 or by the Cp2V
vanadocene for at least one day. By contrast, the formation of
the (h2+1,2-PhC2C·CPh) moiety in 1 is immediate in THF
when adding the third LiC·CPh equiv. to the bis(alkynyl)zirco-
nocene complex. No catalytic reaction from 2 to 3 with
LiC·CPh as catalyst was observed by 1H NMR.

At this stage we are not in a position to prove the involvement
of LiC·CPh in a photoassisted reaction with 2 leading to 1.
However, it is noteworthy that when the reaction is carried out
in the dark, it yields only 2. Our results clearly suggest that the
alkynyl coupling reaction is induced by a third alkynyl ligand
via the formation of the unstable ‘ate’ intermediate ZrIV species
Li[Cp2Zr(C·CPh)3], or an assumed tweezer Zr species
[Cp2Zr(C·CPh)2][Li(C·CPh)], which may subsequently re-
arrange to 1.16

Notes and references
† Spectroscopic data for C42H41LiO2Zr 1: M = 675.9, Calc: C, 74.55; H,
6.06. Found: C, 74.72; H, 5.86%; (40% yield based on 2 equiv. LiC·CPh;
75% yield when the reaction is performed with 3 equiv. LiC·CPh). IR
(Nujol): n(C·C) 2063, 2110 cm21; 1H NMR (C6D6, d/ppm) 8.26 (pseudo
triplet, 2H, o-Ph from the h2-PhC2-bonded to the zirconium atom), 7.54–6.9
(m, 13H, Ph), 5.78 (s, 10H, Cp), 3.36, 0.95 (m, 16H, THF). A 1H NMR VTP
of the complex from 280 to +80 °C does not show any change in the
solution structure. Assignement of the 13C NMR spectrum of 1 in THF-d8

(d/ppm, J(Hz)) could be tentatively done with a JMOD and 2D
heteronuclear correlation technique (inverse HMQC (LR), gradient se-
lected). Li[Cp2Zr(Ca·CbPh)(h2-PhCa·Cb-Cc·CdPh)], 1: 205.9 (s, 3JCH = 4
Hz, Cb), 134.9, 130.4, (s, Ca/Ca), 97.6 (s, Cc), 126.4/107.4 (t, 3JCH = 4–5
Hz, Cb/Cd), 142.5, 127.9, 128.3 (t, 2J = 7–8 Hz, Cipso), 130.8, 129.8, 129.0,
128.4, 128.2, 128.0, 126.1, 126.0, 125.8 (d, 1JCH = 158–162 Hz, Ph), 105.0
(d, 1JCH = 171 Hz, Cp).
‡ Crystallographic data for 1: C34H25LiZr·2THF M = 675.95, monoclinic,
space group P21/c, a = 14.986(2), b = 10.4594(8), c = 22.028(2) Å, b =
102.07(1)°, V = 3376(1) Å3, D = 1.33 g cm23, m = 3.61 cm21, R(Rw) =
0.0272 (0.0722) for 4701 unique data and 415 parameters, G.O.F. = 1.04.
Data collection were performed at ca. 160 K on a IPDS STOE
diffractometer using graphite monochromatized Mo-Ka radiation. The
structure was solved by direct methods and subsequent difference Fourier
maps. CCDC 182/1708. See htpp://www.rsc.org/suppdata/cc/b0/b004478o/
for crystallographic files in .cif format.
§ A suspension of Cp2ZrCl2 (0.900 g, 3.08 mmol) was treated with 2 equiv.
solid LiC·CPh (0.665 g, 6.16 mmol) in benzene for 4 h and species such as
Cp2ZrCl2, Cp2ZrCl(C·CPh) and 2 were identified by 1H NMR (in nearly
1+4+1 ratio respectively). After 24 h stirring and work-up, 2 was obtained
as a crystalline solid (0.840 g, 64% yield). With 3 equiv. LiC·CPh for 24 h,

in the same experimental conditions, a red solution is obtained with the
appearance of a paramagnetic ZrIII species (g = 1.997, a(91Zr) = 37 G,
20%) which broadens the 1H NMR signals of the solution (the main peak
observed at 5.6 ppm could not be assigned). Different experiments were
conducted in THF and in absence of daylight (to avoid the formation of the
zirconacyclocumulene species) between (C5H4R)2Zr(C·CPh)2 (R = Me,
SiMe3) and LiC·CPh. 13C NMR spectroscopy shows the characteristic peak
of the (h2+1,2-PhC2C·CPh) moiety at 208 and 205 ppm for R = Me and
SiMe3, respectively which suggests the in situ formation of
Li[(C5H4R)2Zr(C·CPh)(h2+1,2-PhC2C·CPh)] (R = Me, SiMe3) (for
Cp*2Ti(h2+1,2-Me3SiC2C·CSiMe3

11 two peaks were observed at 227 and
205 ppm). Hydrolysis of the THF mixture with HCl gives the Z/E enynes
(30+70).
¶ It is of note that Cp2ZrCl2 + 3 equiv. LiC·CPh in toluene at room
temperature for 24 h selectively affords, after hydrolysis, the Z isomer
whereas the same reaction carried out in THF gives a mixture of Z/E isomers
(40+60). The Z isomer was selectively obtained in THF when the reaction
is carried out at 280 °C.9
∑ Hydrolysis experiments with HCl on (C5H4R)2Zr(h4+1,2,3,4-
PhCNCNCNCPh) (R = H, Me, SiMe3) give in toluene or in THF solution
nearly 100% of the E isomer PhCHNCH-C·CPh, in contradiction with the
described results in which the h2 coordination is involved.
** LiC·CBut was added to 2 in THF; after stirring for 4 h, the solvent was
evaporated to dryness and replaced by toluene. Hydrolysis with HCl (3
equiv. in solution in diethyl ether) gives Z enynes; 1H NMR (d/ppm, CDCl3,
250 MHz), MS: PhCHNCHC·CBut: 6.55, 5.69, (d, CHNCH, J = 12 Hz),
1.32 (s, But), MS: 184; PhC·CCHNCHBut: 5.87, 5.60, (d, CHNCH, J = 12
Hz), 1.26 (s, But), MS: 184; PhCHNCHC·CPh: 6.70, 5.92, (d, CHNCH, J =
12 Hz), MS: 204. When HCl hydrolysis was performed in THF, a mixture
of Z/E enynes was observed by GC/MS but not further characterized.
†† 1H and 13C{1H} NMR of the reaction show complex spectra in which
three main cyclopentadienyl signals can be observed at 5.76, 5.71,
5.67/105.0, 104.9, 104.7 ppm; low field quaternary carbons at 228, 225.9,
208.2, 205.9, 203, 202 ppm were also observed.
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A novel dinuclear gold(I) calix[4]crown acetylide complex,
[Au(PPh3)]2L, has been synthesized and structurally charac-
terized; binding studies of the complex revealed a high K+/
Na+ selectivity.

During the last decade, there has been a growing interest in the
study of calix[n]arenes,1,2 owing to their unique molecular
structure and simple one-pot preparation. Indeed, calix[4]arene
has proven to be a very important building block in supra-
molecular chemistry.3 The easy chemical transformability of
this molecule, together with its ‘tunable’ molecular shape and
conformation, makes calix[n]arene an attractive candidate for
molecular design strategies and has led to an increasing number
of examples in the literature. In particular the calix[4]arene is
the best developed of the calix[n]arene family as a molecular
scaffold for the synthesis of more elaborate molecules,
supramolecular assemblies, sensors,4 and receptors.5

The recent interest in calixcrowns, which represent a class of
calixarenes functionalized with crown ether moieties on the
lower rim, together with our recent efforts in the utilization of
crown ether-containing metal complexes in the design of
selective spectrochemical and luminescence ion probes,6 have
prompted us to extend our work to the calixcrown system.
Herein are reported the synthesis, structural characterization,
and binding behaviour of a novel dinuclear gold(I) calix[4]-
crown acetylide complex.

The reaction of (1)7 with (trimethylsilyl)acetylene in the
presence of CuI, Pd(PPh3)2Cl2 and triethylamine for 24 h at ca.
40 °C gave 2 in 50% yield (Scheme 1). Introduction of the
polyether linkage into the lower rim was accomplished by
reacting 2 with tetraethylene glycol bis(toluene-p-sulfonate) in
the presence of Cs2CO3 in MeCN to give 3, followed by
deprotection of the trimethylsilyl groups by KF to give H2L in
moderate yield. Reaction of Au(PPh3)Cl with H2L in the
presence of NaOEt in EtOH afforded the desired complex,
[Au(PPh3)]2L, as pale yellow crystals after subsequent re-
crystallisation using dichloromethane–n-hexane. The identities
of 2, 3, H2L and [Au(PPh3)]2L have been confirmed by
satisfactory elemental analyses, 1H NMR, 31P NMR, IR, and
FAB-MS.† The structure of [Au(PPh3)]2L has also been
determined by X-ray crystallography.‡

Fig. 1 shows [Au(PPh3)]2L with atomic numbering. The
calix[4]crown in the gold(I) complex shows a cone conforma-
tion. Cone conformation is also known in 1,3-calixcrown
compounds8 although a 1,3-alternate conformation9 is more
commonly found. The two gold atoms adopt an essentially
linear coordination geometry, with P–Au–C bond angles of

Scheme 1 Reagents and conditions: (i) HCMCSiMe3, Et3N, Pd(PPh3)2Cl2,
CuI; (ii) tetraethylene glycol bis(toluene-p-sulfonate), Cs2CO3, CH3CN;
(iii) KF, DMF, 65 °C; (iv) NaOEt, (PPh3)AuCl, EtOH.

Fig. 1 Perspective drawing of [Au(PPh3)]2L with atomic numbering.
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
shown at the 40% probability level. Selected bond distances (Å) and bond
angles (°): Au(1)–P(1) 2.283(3), Au(2)–P(2) 2.275(3), Au(1)–C(1) 2.04(1),
Au(2)–C(9) 2.04(1), C(1)–C(2) 1.18(2), C(9)–C(10) 1.17(2); P(1)–Au(1)–
C(1) 177.9(4), P(2)–Au(2)–C(9) 170.5(4), Au(1)–C(1)–C(2) 177(1),
Au(2)–C(9)–C(10) 166(1).

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003536j Chem. Commun., 2000, 1513–1514 1513



170.5(4) and 177.9(4)°; the slight deviation from a perfect 180°
is probably a result of the steric demand of the ligands and
crystal packing forces. The C·C bond lengths of 1.18(2) and
1.17(2) Å are typical of terminal Au(I) acetylides.10,11

The electronic absorption spectra of [Au(PPh3)]2L in di-
chloromethane–methanol (1+1 v/v) containing 0.1 M tetra-n-
butylammonium hexafluorophosphate as supporting electrolyte
show spectral changes upon addition of K+ and Na+ ions. Fig. 2
shows the UV-vis spectral traces of [Au(PPh3)]2L upon addition
of K+ ions. Isosbestic points were observed at 244 and 298 nm
which are indicative of a clean reaction. Theoretical fits of the
plots of absorbance vs. [K+] or [Na+] to eqn. (1) derived for a

X X
X X

C
C C K

C C K C C

= + - + + -
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[ /
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1
2 (1)

1+1 complexation stoichiometry gave the stability constant Ks.
In eqn. (1) Xo, X and Xlim are the initial absorbance of
[Au(PPh3)]2L, the absorbance after the addition of a given
amount of salt at concentration Cm, and the limiting absorbance
of [Au(PPh3)]2L in the fully complexed state, respectively; Co is
the initial concentration of [Au(PPh3)]2L and Cm is the total salt
concentration. The log Ks values of 7.24 and 2.75 were obtained
for the binding of K+ and Na+ ions, respectively. The selective
recognition of K+ over Na+ with a K+/Na+ selectivity of 3 3 105,
which is higher than a related 1,3-dimethoxycalix[4]arene
crown compound (K+/Na+ selectivity = 3 3 103),9a and even
higher than that of the naturally occurring valinomycin,12 may
suggest that the present complex would serve as a promising
candidate for application as a selective K+ ion chemosensor.
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Notes and references
† 2: 1H NMR (300 MHz, CDCl3, 298 K, relative to Me4Si): d 0.15 (s, 18H,
SiMe3), 3.31 (d, 4H, J 13.2 Hz, Ar-CH2-Ar), 3.88 (s, 6H, OCH3), 4.15 (d,
4H, J 13.2 Hz, Ar-CH2-Ar), 6.72–7.14 (m, 10H, Ar), 8.03 (s, 2H, OH); 13C
NMR (126 MHz, CDCl3, 298 K, relative to Me4Si): d 30.8, 63.7, 91.7,
105.9, 113.3, 125.3, 128.0, 129.3, 132.0, 132.5, 153.0, 154.0; IR (KBr,
n/cm21): 2957, 2905s n(C-Haliphatic), 2150m n(C·C); positive FAB-MS:
ion clusters at m/z 645 {M+}. Elemental analyses. Found: C 73.73, H 7.16.
Calcd. for C40H44O4Si2·12H2O: C 73.47, H 6.94%. 3: 1H NMR (300 MHz,
CDCl3, 298 K, relative to Me4Si): d 0.14 (s, 18H, SiMe3), 3.16 (d, 4H, J 12.4
Hz, Ar-CH2-Ar), 3.55–3.90 (m, 16H, OCH2CH2O), 4.10 (s, 6H, OCH3),
4.37 (d, 4H, J 12.4 Hz, Ar-CH2-Ar), 6.79 (s, 4H, aryl protons ortho to C·C),
6.89 (t, 2H, J 7.3 Hz, aryl protons para to OCH3), 7.09 (d, 4H, J 7.3 Hz, aryl

protons meta to OCH3); 13C NMR (126 MHz, CDCl3, 298 K, relative to
Me4Si): d 31.1, 61.1, 65.8, 70.7, 70.8, 71.4, 123.0, 124.5, 128.7, 132.1,
133.5, 135.6, 156.4, 158.9. IR (KBr, n/cm21): 2922, 2903, 2872s n(C-
Haliphatic), 2154m n(C·C); positive FAB-MS: ion cluster at m/z 803 {M+},
826 {M + Na+}. Elemental analyses. Found: C 71.63, H 7.05. Calcd. for
C48H58O7Si2: C 71.78, H 7.28%. H2L: 1H NMR (300 MHz, CDCl3, 298 K,
relative to Me4Si): d 2.77 (s, 2H, C·CH), 3.16 (d, 4H, J 12.6 Hz, Ar-CH2-
Ar), 3.56–3.93 (m, 16H, OCH2CH2O), 4.10 (s, 6H, OCH3), 4.38 (d, 4H, J
12.6 Hz, Ar-CH2-Ar), 6.76 (s, 4H, aryl protons ortho to C·C), 6.88 (t, 2H,
J 7.3 Hz, aryl protons para to OCH3), 7.08 (d, 4H, J 7.3 Hz, aryl protons
meta to OCH3); 13C NMR (126 MHz, CDCl3, 298 K, relative to Me4Si): d
31.1, 61.2, 70.8, 70.9, 71.5, 73.4, 75.4, 84.32, 115.9, 123.1, 128.7, 132.1,
133.8, 156.4, 158.9; IR (KBr, n/cm21): 3292s n(·CH), 2909, 2868s n(C-
Haliphatic), 2107w n(C·C); positive FAB-MS: ion cluster at m/z 658 {M+},
681 {M + Na+}. Elemental analyses. Found: C 72.86, H 6.24. Calcd. for
C42H42O7·12CH2Cl2: C 72.79, H 6.18%. [Au(PPh3)]2L: 1H NMR (300 MHz,
CDCl3, 298 K, relative to Me4Si): d 3.12 (d, 4H, J 12.6 Hz, Ar-CH2-Ar),
3.65–4.00 (m, 16H, OCH2CH2O), 4.05 (s, 6H, OCH3), 4.32 (d, 4H, J 12.6
Hz, Ar-CH2-Ar), 6.55–7.10 (m, 10H, Ar), 7.25–7.58 (m, 30H, PPh3); 31P
NMR (202 MHz, CDCl3, 298 K, relative to 85% H3PO4): d 43.5 (s, PPh3);
IR (KBr, n/cm21): 2918, 2866s n(C-Haliphatic), 2099w n(C·C); positive
FAB-MS: ion cluster at m/z 1597 {M + Na+}; UV-Vis [l/nm (e/dm3 mol21

cm21)]: CH2Cl2, 276 (44440), 286 (48930), 306 sh (31050), 344 (11370).
Elemental analyses. Found: C 59.54, H 4.72. Calcd. for C78H70O7Au2P2: C
59.47, H 4.48%.
‡ Crystal data for [Au(PPh3)]2L: [C78H70O7P2Au2.H2O], Mr = 1593.30,
triclinic, space group P1̄ (No. 2), a = 13.108(2), b = 15.195(2), c =
21.461(3) Å, a = 83.57(2), b = 76.71(2), g = 65.43(2)°, V = 3782(1) Å3,
Z = 2, Dc = 1.399 g cm23, m(Mo-Ka) = 39.80 cm21, F(000) = 1584, T
= 301 K. A crystallographic asymmetric unit consists of one formula unit.
Convergence for 806 variable parameters by least-squares refinement on F
with w = 4Fo

2/s2(Fo
2), where s2(Fo

2) = [s2(I) + (0.040Fo
2)2] for 7855

reflections with I > 3s(I) was reached at R = 0.055 and wR = 0.081 with
a goodness-of-fit of 2.16. CCDC 182/1705. See http://www.rsc.org/
suppdata/cc/b0/b003536j/ for crystallographic files in .cif format. X-Ray
crystallographic data is available as supplementary data available from
BLDSC (suppl. no. 57711, pp. 25) or the RSC library. See Instructions for
Authors available via the RSC web page (http://www.rsc.org/authors).
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Reaction of the lithium salt of N,NA,NB-triisopropylguanidi-
nate with Fe(III) or Fe(II) halides led to isolation of the new
species [(PriN)2C(HNPri)]2FeCl (1) and [m-h2-
(PriN)2C(HNPri)]2{Fe[h2-(PriN)2C(HNPri)]}2 (2); attempted
alkylation of 1 with 1 equiv. of a variety of reagents produced
2; the reaction of 2 with LiCH2SiMe3 resulted in a coupling
reaction between the two bridging ligands to yield [(m-h2+h2-
(PriN)2C)2NPri)]{Fe[h2-(PrNi)2C(HNPri)]}2.

Amidinate anions are well established as versatile ligands for a
variety of transition metal complexes and particularly for
compounds for the early transition metals.1,2 In contrast, the
isoelectronic N,NA,NB-trialkylguanidinate anions have received
very limited attention as ligands in organometallic and coor-
dination chemistry (Fig. 1).3,4 We anticipate that these species
will exhibit the same flexibility in coordination properties as
amidinates and that the presence of the third nitrogen center
should lead to novel coordination properties. Furthermore, the
added potential of generating dianionic species, by deprotona-
tion of the second N–H function, may yield a unique,
conjugated p system.

The scarcity of Fe complexes supported with anionic
nitrogen-centered ligands warrants exploration of guanidinate
ligands in this regard. Interestingly, the first transition metal
complexes with dianionic guanidinate ligands are represented
by the dinuclear iron complexes [m2-(RN)3C][Fe(CO)3]2 (R =
Cy, Pri).5 These species were formed by the reaction of the
appropriate carbodiimide with Fe(CO)5 and remain the sole
examples of guanidinate anions employed in Fe chemistry.

We wish to report our initial exploration into the use of
N,NA,NB-trisubstituted guanidinates as supporting ligands for
Fe(II) and Fe(III). This necessarily requires the development of
fundamental ideas regarding the introduction of these ligands
into the metal coordination sphere as well as definition of the
reactivity of these species.3,4,6

The N,NA,NB-tri(alkyl)guanidinatolithium [[(RN)2C-
(HNR)]Li (R = Pri, Cy) starting materials were formed by
direct reaction of the guanidine with 1 equiv. of either MeLi or
BunLi.4 In all cases, metathesis reactions with iron halides were
carried out with freshly prepared solutions of lithium guanidi-
nate in ether or THF (Scheme 1). Addition of 0.5 equiv. FeCl3
to a solution of [(PriN)2C(HNPri)]Li followed by recrystalliza-
tion from pentane resulted in isolation of the new bis(guanid-
inate)iron(III) chloride complex [(PriN)2C(HNPri)]2FeCl, 1
(Scheme 1).7 The solid state structure of 1 revealed a monomer
with two monoanionic chelating bidentate guanidinate ligands
yielding planar M–N–C–N cycles as depicted in Scheme 1.8
The coordination sphere of the metal is completed by a terminal
chloride to generate a distorted pseudo-trigonal bipyramidal
geometry for 1 with approximate C2 symmetry. The average
Fe–Nax bond distances of 2.085(3) Å are slightly longer than the

average Fe–Neq distances of 2.008(3) Å. The C–N bond
distances within the chelate rings (average 1.34, 1.36 Å) are
consistent with partial double bond character within the NCN
moiety. The central C atoms of the guanidinates, the Cl ligand
and the Fe center are coplanar.

Attempts to exchange the chloro ligand of 1 with an alkyl
group using a variety of reagents including RLi (R = Me,
CH2(SiMe3)), ZnEt2, and BzMgCl were examined. In all cases,
reduction of the metal center from Fe(III) to Fe(II) was observed
and complex 2 was isolated in 40–80% yields.7 Single crystal
X-ray analysis of this new product showed it to be a dinuclear
species with two bridging guanidinate ligands and two chelating
bidentate ligands with formula Fe2[m-h2-(PriN)2C(HNPri)]2[h2-
(PriN)2C(HNPri)]2 (Scheme 1).8 Another route to the Fe(II)
dinuclear species 2 was via direct reaction of FeBr2 with 2
equiv. of [(PriN)2C(HNPri)]Li in THF followed by recrystalli-
zation from ether. This method led to isolation of 2 in 82%
yield.

The coordination sphere for each Fe center is composed of
four nitrogen centers of the two different ligands. The N–Fe–N
bond angles exhibit a broad range of values from 63.3 to 132.3°
with an average of 106°. The Fe–N bond distances vary from
2.056(6) to 2.127(7) Å. The two chelating bidentate ligands in
2 are planar and exhibit bonding parameters reminiscent of
other complexes with chelating monoanionic guanidinates such
as 1. In contrast the bridging ligands appear to be quite distorted.
The central C atoms of both of these groups are planar and the
four N centers deviate only slightly from planarity. The CN
bond distances within the bridging groups are indicative of
delocalized p-bond (av. 1.33 Å). Furthermore, the average C–
N(H)Pri distance of 1.41 Å is consistent with a CN single bond.
However, the bridging ligands coordinate to the two Fe centers
with a decided twist that can be described by the dihedral angle
a represented in Fig. 2. In 2 these angles are 67.2 and 70.3°.

A similarly distorted bridging ligand was observed in the case
of the benzamidinate complex Fe2(m-DPhBz)2(DPhBz)2 (A).9Fig. 1

Scheme 1 Reaction scheme for the preparation of 1, 2 and 4 and the
structures of these complexes. Reagents and conditions: i, LiMe, LiCH2-
(SiMe3), ZnEt2, or BzMgCl; ii, 2 LiCH2(SiMe3); iii, LiCH2(SiMe3).
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In A the severe distortion of the bridging ligands was attributed
to a weak intramolecular Fe…N interaction at a distance of
2.477(4) Å. In the case of 2 the two closest non-coordinated N
atoms to the Fe centers are at distances of 2.970 and 3.007 Å.
These distances are considerably further than in A and seem

unlikely to be the result of an interaction between these atoms.
The possibility of an Fe–Fe bond in 2 can be excluded based on
the large iron–iron separation of 3.264 Å.

We have further evidence that the bonding features observed
for 2 may be general for this ligand system. In a reaction scheme
similar to that used in the preparation of 2, FeBr2 was reacted
with 2 equiv. of [(CyN)2C(HNCy)]Li in ether to successfully
generate the cyclohexyl analogue, Fe2[m-h2-(CyN)2-
C(HNCy)]2[h2-(CyN)2C(HNCy)] 3. The resemblance of the
metrical parameters of 3 with those of 2 was confirmed through
a structural analysis.10 Complex 3 displayed a similar orienta-
tion for the bridging ligands with the dihedral angles a of 70.0
and 73.6°. In 3, the closest non-coordinated N centers for each
Fe were even further away than in 2 (i.e. 3.050 and 3.190 Å) and
a long Fe–Fe separation (3.161 Å) ruled out a metal–metal
bonding interaction.

It is worthwhile to note that for the molybdenum complex
Mo2[m-h2-(NPh)2CNHPh]4, all four of the triaryl guanidinate
ligands bridge the two metal centers resulting in the formation
of a metal–metal bond and none of the bridging ligands
demonstrate the distortion exhibited by complex 2.11

Reaction of complex 1 with a variety of alkylating reagents
led to reduction of the Fe(III) center and formation of the
dinuclear structure 2. When either 2 or 1 are allowed to react
with additional LiCH2SiMe3 a reaction involving the guanidi-
nate ligands was observed (Scheme 1). For example, reaction of
1 with 2 equiv. of LiCH2SiMe3 resulted in formation of the
Fe(II) complex 4. Examination of single crystals of 4 by X-ray
diffraction provided the structure displayed in Scheme 1.8

The obvious result of the added lithium reagent is a coupling
of the two bridging guanidinates to yield a bridging bi-
guanidinate dianion. A likely pathway for the transformation of
2 to 4 begins with the deprotonation of one of the bridging
ligands with the added lithium reagent to generate a nitrogen-
centered anion. Subsequent attack of this nucleophilic center at
the central carbon of the second bridging ligand and release an
amido anion would generate the new dianionic ligand,
{[(PriN)2C]2NPri}22 observed for 4.

Bonding parameters within the {[(PriN)2C]2NPri}22 moiety
are consistent with the resonance representation in Scheme 1. In
particular, the p bonds within this species appear to be
delocalized as depicted. Furthermore, the C(NPri)3 carbon
centers are planar (S = 360°) and the N atoms bonded to iron
deviate only slightly from planarity (S = 357°). The two Fe
atoms in 4 are separated by a distance of 4.945 Å.

The utility of N,NA,NB-trialkylguanidine ligands in the
preparation of new Fe(II/III) complexes has been established.
Attempts to alkylate bis(guanidinato)iron(III) chloride resulted
in reduction of Fe(III) to Fe(II) and formation of dinuclear
species. Complexes 1–4 demonstrate the versatility in coordina-
tion behavior for these ligands. Transformation of guanidinate
ligands can be prompted by deprotonation and in the case of 2
led to the tetradentate biguanidinate dianion {[(PriN)2C]2N-
Pri}22. Our continuing efforts are directed toward under-
standing the details that dictate the formation of mono- vs.

dianionic ligands and the intramolecular interactions exhibited
by these ligands.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC).
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0.0300] which were used in all calculations. Final R indices [I > 2s(I)]
R1 = 0.0381, wR2 = 0.0883. Crystals of 4 were obtained from pentane.
Crystal data for C37H79Fe2N11 4: M = 789.81, orthorhombic, a =
19.572(6), b = 12.747(4), c = 18.649(6) Å, U = 4653(3) Å3, T = 238
K, space group Pccn, Z = 4, m(Mo-Ka) = 6.59 mm21, reflections
measured 29549, unique 2444 [R(int) = 0.2975] which were used in all
calculations. Final R indices [I > 2s(I)], R1 = 0.0488, wR2 = 0.1076.
CCDC 182/1711. See http://www.rsc.org/suppdata/cc/b0/b003547p/ for
crystallographic files in .cif format.

9 F. A. Cotton, L. M. Daniels, J. H. Matonic and C. A. Murillo, Inorg.
Chim. Acta, 1997, 256, 277.

10 Details for the structural analysis of 3 will be provided in a full
paper.

11 P. J. Bailey, S. F. Bone, L. A. Mitchell, S. Parsons, K. J. Taylor and L. J.
Yellowlees, Inorg. Chem., 1997, 36, 867; P. J. Bailey, S. F. Bone, L. A.
Mitchell, S. Parsons, K. J. Taylor and L. J. Yellowlees, Inorg. Chem.,
1997, 36, 5420.
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Vanadyl pyrophosphate-based VPO catalysts for butane
oxidation to maleic anhydride can be completely rehydrated
in the solid phase into their vanadyl hydrogenphosphate
hemihydrate precursors which again can be transformed
into vanadyl pyrophosphate thus enabling a reuse of spent
catalysts.

Vanadyl pyrophosphate, (VO)2P2O7, (VPP) is well known to be
the active and selective component of VPO catalysts in the
partial oxidation and ammoxidation of hydrocarbons. Owing to
its unique catalytic properties it plays a significant role
especially in the oxidation of n-butane to maleic anhydride
(MA).1

VPP is formed by dehydration of vanadyl hydrogenphos-
phate hemihydrate, VOHPO4·0.5H2O, (VHP) in a topotactic
reaction at temperatures above 638 K according to eqn. (1):2

2 VOHPO4·0.5H2O ? (VO)2P2O7 + 2 H2O (1)

Well crystallized VPP catalysts obtained by calcination at high
temperatures (e.g. above 900 K) or after an equilibration
procedure in a chemical reactor for hundreds of hours time on
stream are described to be comparatively resistent against
overoxidation.3 In this state they are insoluble in boiling water
and even poorly soluble in concentrated hydrochloric acid. No
rehydration reaction of VPP has been mentioned until now.
Experience shows that also the presence of large amounts of
water vapour in the feed and effluent gases of oxidation
reactions passing through the VPP catalyst bed does not lead to
any detectable hydration of VPP resulting only in a loss of
phosphorus4 and influencing recrystallization processes in the
catalyst particles.5

Therefore, it was surprising that in a well crystallized VPP
sample having been kept for some years at room temperature in
a laboratory atmosphere (with a typical moisture content of 2–
3% water vapour) a small amount of VHP was detected by X-
ray diffraction (XRD). This observation led us to study the
behaviour of VPP at higher water vapour pressure to elucidate
the rehydration process of this compound and to find a new
advantageous route to regenerate spent catalysts. Therefore, we
studied sequences of the hydrothermal transformation of VPP
into VHP and of the reconversion of these VHP samples into
VPP by calcination. Furthermore, the influence of these
procedures was investigated on the catalytic properties of the
VPP materials obtained.

The VPP samples applied in this study were prepared as
follows: the precursor VHP A1 was synthesized after stepwise
addition of V2O5 into a hot solution of oxalic acid in dilute
phosphoric acid by evaporation to dryness. The precursor VHP
B1 was prepared by reaction of V2O5 with an ethanolic solution
of oxalic acid in phosphoric acid. The P+V ratio of both VHP
compounds was 1+1. The precursors were pelletized, crushed,
sieved (1.25–2.5 mm) and transformed into VPP A1 and VPP
B1, respectively, in a N2 stream at 770 K for 2 h. For
deactivation and ‘deselectivation’ a sample of VHP A1 was
calcined at 923 K for 6 h and then for 5 h at 1123 K yielding
VPP C1. Renewed transformations of the obtained VPP A1,
VPP B1 and VPP C1 samples led to the precursor samples VHP
A2, VHP B2 and VHP C2, respectively, which were calcined

again as described above forming the samples VPP A2, VPP B2
and VPP C2.

The rehydration experiments were performed as follows: The
VPP A,B,C samples were placed together with water in an
ampoule (molar ratio VPP : H2O = 1 : 2.5) and heated at
393–413 K for 24 h. The hydration reaction led to VHP
according to eqn. (2).

(VO)2P2O7 + 2 H2O ? 2 VOHPO4·0.5H2O (2)

This change was evident by a change of colour to blue for the
VHP A samples (broad distribution of particle sizes, average
particle size: 6.2 mm) and to greenish for the VHP B samples
(narrow distribution of particle sizes, average particle size: 1.7
mm). Another possibility to introduce water into VPP is its
reaction with water-rich vanadyl hydrogenphosphate hydrates,
e.g. according to eqn. (3).

3 (VO)2P2O7+2 VOHPO4·4H2O?
8 VOHPO4·0.5H2O+H2O (3)

Excess water was then removed from the samples by drying of
the obtained solids at 400 K.

The catalytic tests were performed in a tube reactor using
3–10 cm3 catalyst (granules 1.25–2.5 mm) after conditioning of
the fresh VPP samples for 2 h at 750 K in a butane–air mixture
(1.5 vol% butane). The maximum MA yields of the VPP
samples from the VPP ? VHP ? VPP sequences were
determined at constant space velocities (GHSV = 1000 h21)
adjusting a butane conversion degree of 90% by variation of the
reaction temperatures. For sample VPP C1 the space velocity
was reduced to 500 h21 to determine the MA yields at similar
temperatures relative to VPP C2.

The VPO materials were characterized using XRD, BET and
chemical methods.

Fig. 1 shows diffractograms for samples in the VPP B ?
VHP B ? VPP B transformation sequence starting with the
fresh sample VHP B1. The diffractogram of VHP B2 shows
typical reflections of VOHPO4·0.5H2O,6 i.e. a quantitative
conversion of VPP into the VHP precursor took place. This
result and the sequence of the other diffractograms in Fig. 1
reveal that the dehydration and rehydration, respectively, of
VHP and VPP are reversible over a number of cycles.
Preliminary experiments showed that the rates of the conver-
sions depend on the partial pressure of H2O, the temperature and
on the properties of the solids such as their crystallinity and
particle size.

The FWHM of the VPP B1–3 reflections (200) decreased
from 2q =  1.13° (VPP B1) to 2q = 1.07° (VPP B2) and 2q =
1.02° (VPP B3). This result was mirrored by the decrease of the
FWHM of the same reflections from 2q = 0.305 to 0.231° for
the VPP A1–3 samples. Both findings are interpreted to be
caused by recrystallization processes occurring especially
during the hydration. Simultaneously, the specific surface areas
decreased from 1.8 to 1.5, 12.2 to 11.2, 13.9 to 8.8 and 14.5 to
13.0 m2 g21 for VHP A, B and VPP A, B samples, respectively.
This behaviour may also be explained by recrystallization
leading to an increase in crystallite sizes. The remarkable
increase in the specific surface areas in the conversion of VHP
to VPP samples is interpreted in terms of particle size effects.7
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The fact that the colours of the different VHP samples in the
sequences A1–3 and B1–3, did not change during the
dehydration–rehydration transformations suggest a topotactic
nature of this reaction as expected for the mild hydration
conditions and the transformation rate.

The maximum MA yields of VPP A samples obtained in the
course of several transformation sequences and the correspond-
ing catalyst temperatures necessary to adjust a butane conver-
sion degree of 90% demonstrate that the transformations can
lead to both a decrease in activity and selectivity of the VPP
samples: the MA yields decreased from 52 mol% MA (VPP A1)
to 45 mol% MA (VPP A4 sample, obtained after the third
transformation sequence) and the temperatures for 90% butane
conversion increased from 690 to 707 K. This finding is
interpreted to be caused by the recrystallization effect discussed
above: from catalytic and EPR experiments using VPP samples
of different crystallinity it is known that maximum catalytic
performance requires a certain degree of disorder in the VPP
lattice.8 This is supported by recent results which showed that
the catalytic performance of well crystallized VPP may be
improved by tribomechanical treatment upon milling sam-
ples.9

Fig. 2 shows the catalytic results of the well crystallized
sample VPP C1 (deactivated and ‘deselectivated’ by prolonged
calcination at high temperatures) and of the regenerated sample
VPP C2. The figure clearly shows that the transformation led to
a marked increase in both the activity and the selectivity of the
VPP C2 sample. This result can be explained by the increase in
the low surface area from 3.2 m2 g21 of the deactivated sample
to 15.9 m2 g21 of the regenerated sample and by an increase in

the lattice disorder of the latter due to the transformation
procedure.

The presented results illustrate that the described method is
suitable for regenerating spent catalysts. Furthermore, as shown
by additional experiments, it could open a way to adjust the P+V
ratio in regenerated catalysts by adding the desired amount of
phosphoric acid to the amount of water necessary for the
transformation procedure. The new route presented here avoids
chemical conversion of the spent materials by dissolution or
other processes followed by separation procedures to recover
the vanadium component. It could also be an alternative method
of regeneration instead of treatments of catalyst beds with
halide containing compounds10 which can cause difficult
technical and environmental problems.

This work was supported by the Bundesministerium für
Bildung und Forschung der Bundesrepublik Deutschland (Con-
tract No.03C30054).
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Fig. 1 Diffractograms of VHP B and VPP B samples measured during the
transformation VPP B ? VHP B ? VPP B: (a) VHP B1, (b) VPP B1, (c)
VHP B2, (d) VPP B2, (e) VHP B3, (f) VPP B3.

Fig. 2 MA selectivities of samples VPP C1 (a) and VPP C2 (b) as a function
of the degree of conversion of butane, GHSV: 500 h21 (VPP C1), 1000 h21

(VPP C2), reaction temperatures: VPP C1: from 716 K (XC4H10
= 73.7%) to

768 K (XC4H10
= 98.5%), VPP C2: from 703 K (XC4H10

= 82%) to 740 K
(XC4H10

= 97.5%).
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Arylmalonate decarboxylase (EC. 4. 1. 1. 76) catalysed
decarboxylation followed by enantioface-differentiating pro-
tonation of [a-2H]- and [a-1H]phenylmalonic acid in 1H2O
and 2H2O respectively, gave highly enantiomerically en-
riched (R)- and (S)-[a-2H]phenylacetic acid in quantitative
yields.

Regio- and stereospecifically [2H]-labelled compounds are very
useful in studying metabolic pathways and reaction mecha-
nisms. Phenylacetic acid is the intermediary metabolite of
aromatic amino acids, and also the starting material of
amphetamine. For studies in this field, it will be of great use if
both of the enantiomers of [a-2H]phenylacetic acid 1 are
available. So far, enantiomerically enriched forms of 1 have
been synthesized via deuteriolysis of (R)-(2)-N,N-dimethyl-
phenylglycine1 and oxidative addition of optically active [a-
2H]benzyl halides to palladium complexes, followed by car-
bonyl insertion.2 However, the products of these two methods
suffer from the low enantiomeric excess (551, 76%2) and
contamination of di-deuterated and non-deuterated by-products.
It is practically impossible to raise the ee of the product and to
separate these by-products by ordinary methods, as there are no
chemical differences between the two enantiomers, and labeled
and non-labeled compounds. Accordingly, high selectivity of
the reaction is essential for obtaining the product in high
enantiomeric excess.

Arylmalonate decarboxylase (AMDase, EC. 4. 1. 1. 76),
which was found in our laboratory, catalyses decarboxylation of
arylmalonate derivatives resulting in the formation of enantio-
merically pure (R)-a-substituted phenylacetic acids (Scheme
1).3 It is thought that enantioface-differentiating protonation to
the enolate intermediate in the active site of the enzyme is the
key step of this reaction. Thus, if [a-2H]phenylmalonic acid was
used as the substrate of this enzymatic reaction, it would give
enantiomerically enriched (R)-[a-2H]phenylacetic acid.

[a-2H]Phenylmalonic acid 2† was prepared by deuteration of
the corresponding [a-1H]-diethyl ester followed by hydrolysis
in 2H2O. The amount of non-deuterated diethyl ester was
evaluated from 1H-NMR to be about 3%, which was consistent
with the peak intensity ratio of m/z 136 and 137 (parent ions
corresponding to non- and mono-deuterated phenylacetic acids)
of the enzyme-catalysed reaction product. The asymmetric
decarboxylation of 2 by arylmalonate decarboxylase, which was
obtained by overexpression in E. coli JM 109 and subsequent
purification,4 worked very well. The expected compound (R)-
1‡ of over 95% ee was obtained in a quantitative yield (Scheme
2).

In this enzyme-catalysed reaction, it is considered that the
origin of the proton source can be traced back to the solvent
1H2O. Consequently, when the reaction is performed in 2H2O,
then 2H will be incorporated enantioselectively into the product
from the same direction as that of 1H in the above case. As this
enzyme is purified from the culture of E. coli, it is obtained as
a solution in 1H2O. When the replacement of the solvent is
incomplete, it will cause the formation of non-deuterated
phenylacetic acid. Thus, we tried to replace 1H2O with 2H2O.
Fortunately, as this enzyme was not inactivated by repeated
lyophilization, it was possible to replace the 1H2O of the
enzyme solution by 2H2O via successive freeze-drying and
addition of 2H2O. When substrate 3 was added to this 2H2O-
exchanged enzyme solution, the reaction proceeded smoothly in
the same manner as for 1H2O, although the rate of reaction was
not measured accurately. As expected, (S)-1§ in over 95% ee
was obtained in a quantitative yield (Scheme 3).

The absolute configuration of the product was determined by
comparison of the sign of rotation with the one reported.2 The ee
of 1 was determined by 1H NMR analysis of (R)-a-methoxy-a-
trifluoromethylphenyl acetate (MTPA ester 5¶), which was
prepared by an esterification of the corresponding alcohol
obtained by the reduction of methyl ester 4 (Scheme 4). The 1H
NMR spectra of the benzylic protons are shown in Fig. 1. The
signals of the protons in question were simplified via decou-
pling by irradiation of the adjacent methylene protons.

In conclusion, an efficient method for the asymmetric
synthesis of both enantiomers of [a-2H]phenylacetic acid was
established via decarboxylation of phenylmalonate catalysed by

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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arylmalonate decarboxylase. As some other analogous com-
pounds having substituents on the aromatic ring also undergo
this enzyme-catalysed reaction,5 this procedure will be applica-
ble to the preparation of the enantiomers of substituted [a-
2H]arylacetic acids.

Notes and references
† 2: To a dispersion of NaH (12.7 mmol) in dry THF (10 ml) was added a
solution of 6 (4.23 mmol) in dry THF (2 ml). The mixture was refluxed with
stirring for 5 h and cooled to 0 °C. To this mixture was added D2O (3.5 ml)
and DCl (35% in D2O, 1.4 ml). The product was extracted and purified by
column chromatography on silica gel to give diethyl [a-2H]phenylmalonate
7 (0.957 g, 96%). This was contaminated with 6 (3%), as judged from the
signal at dH 4.61 [1H, s, C6H5CH(CO2CH2CH3)2]. The solution of 7 (0.747
g, 3.15 mmol) in CH3OD (5 ml) was treated with NaOD (6.84 mmol) in D2O
(5 ml). The mixture was stirred at rt for 12 h, concentrated in vacuo and
MeOH (15 ml) was added to the residue. The resulting precipitates were
collected by suction filtration, washed with cold MeOH and ether, and then
dried in vacuo to give the disodium salt of 2 (0.640 g, 90%) as a colorless
powder. nmax/cm21 3021, 1591, 1496, 1429, 1324, 1023, 910, 698; (400
MHz, D2O) dH: 7.11–7.21 [m, 5H, C6H5CD(CO2Na)2].
‡ (R)-1: The disodium salt of 2 (0.450 g, 2.00 mmol) was added to a solution
of purified arylmalonate decarboxylase (400 units) in Tris-HCl buffer (2 M,

pH 8.5, 4 ml). This mixture was incubated at 35 °C for 30 min followed by
acidification with 2 M HCl. The mixture was saturated with NaCl and
extracted with ether. The organic layer was concentrated in vacuo to give
(R)-1 (0.279 g, quant.) as a white solid. This product was revealed to be pure
by 1H NMR. This was recrystallized from hexane to afford (R)-1 (0.250 g,
92%) as colorless plates, mp 73.5–74.5 °C; [a]D

22 21.1° (c 10.0, CHCl3);
nmax/cm21 3033, 1700, 1412, 1263, 1224, 904, 700, 673; (400 MHz,
CDCl3) dH: 3.64 [t, 1H, J = 2.0 Hz, C6H5CDHCO2H], 7.25–7.36 [m, 5H,
C6H5CDHCO2H]; MS (m/z, %) 92 (C7H6D, 100), 136 (1.2), 137 (M+, 34.9),
138 (M + 1, 3.0). HRMS Found: m/z 137.0598. Calcd. for C8H7DO2:
137.0586. Assuming the peak m/z 136 is entirely due to the presence of non-
deuterated phenylacetic acid (C7H8O2), the contamination is calculated to
be about 3%. However, the peak corresponding to M 2 1 (135) was also
observed in the MS of non-deuterated phenylacetic acid. Thus the
contamination of the non-deuterated compound in the enzymatic reaction
product will be less than 3%.

MS of non-deuterated phenylacetic acid (m/z, relative intensity) 91
(C7H7, 100), 135 (1.2), 136 (M+, 72), 137 (M + 1, 7.0), 138 (M + 2, 1.2).
§ (S)-1: The purified arylmalonate decarboxylase (600 units) was dissolved
in a Tris-HCl buffer (2 M, pH 8.5, 5 ml) and lyophilized. The residue was
dissolved in D2O (5 ml) and incubated at 4 °C for 1 h and lyophilized again.
The residue was dissolved in D2O (5 ml) and the disodium salt of 3 (0.550
g, 2.45 mmol) was added. The mixture was incubated at 35 °C for 30 min
and acidified with 2 M HCl. The mixture was saturated with NaCl and
extracted with ether. The organic layer was concentrated in vacuo to give
(S)-1 (0.337 g, quant.) as a white solid. This was recrystallized from hexane
to give (S)-1 (0.300 g, 89%) as colorless plates, mp 74.5–75.5 °C [lit.2 75
°C]; [a]D

22 +1.1 (c 9.5, CHCl3), +1.2 (c 25.7, CHCl3) [lit.2 for S enantiomer,
[a]D

22 +1.5 ± 0.2 (c 25.7, CHCl3)]; MS (m/z, %) 92 (C7H6D, 100), 136 (1.2),
137 (M+, 34.9), 138 (M + 1, 3.0). HRMS Found: m/z 137.0566. Calcd. for
C8H7DO2: 137.0586. The IR and NMR spectra were identical with those of
(R)-1. The racemic sample of 1 was prepared by the reported procedure.6
¶ 5 from (R)-1: (400 MHz, CDCl3) dH: 3.00 [t, 1H, J = 6.3 Hz,
C6H5CDHCH2OCOC(CF3)(OCH3)C6H5], 3.47 [s, 3H, C6H5CDHCH2O-
COC(CF3)(OCH3)C6H5], 4.53 [d, 2H, J = 6.3 Hz, C6H5CDHCH2O-
COC(CF3)(OCH3)C6H5], 7.17–7.43 [m, 10H, C6H5CDHCH2OCOC(C-
F3)(OCH3)C6H5]. 5 from (S)-1: (400 MHz, CDCl3) dH: 2.97 [t, 1H, J = 7.3
Hz, C6H5CDHCH2OCOC(CF3)(OCH3)C6H5], 3.46 [s, 3H,
C6H5CDHCH2OCOC(CF3)(OCH3)C6H5], 4.53 [d, 2H, J = 7.0 Hz, C6H5-
CDHCH2OCOC(CF3)(OCH3)C6H5], 7.17–7.43 [m, 10H,
C6H5CDHCH2OCOC(CF3)(OCH3)C6H5].
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Two novel and completely diastereoselective lithium amide-
mediated rearrangements of diprotected 4,5-dihydroxy-
cyclohexene oxides and their use in the synthesis of
4-deoxyconduritols are described.

Conduritols and structurally related cyclitols possess a range of
useful biological activity (including glycosidase inhibition)1

and the stereocontrolled synthesis of such compounds continues
to attract considerable attention.2 As part of our research
programme into the synthesis of polyhydroxylated cyclohex-
enes using chiral bases derived from 1 and 2, we became

interested in the preparation of the triacetates of 4-deoxycondur-
itols 3–6. Although the preparation of racemic 3, 4 and 6 has
been reported,3–6 there exists no general, stereocontrolled
method for the synthesis of 4-deoxyconduritols. Previously, we
have described7,8 the preparation of precursors to 3 and 4 in
> 90% ee using the chiral base-mediated asymmetric desymme-
trisation of meso-4,5-dihydroxycyclohexene oxides. In this
paper, we describe a related but conceptually distinct lithium
amide epoxide rearrangement approach to the synthesis of 5 and
6.

In order to synthesise 5 and 6 with the required stereo-
chemistry, we needed to study the rearrangement of chiral
4,5-dihydroxycyclohexene oxides like 7 using lithium amide
bases (Scheme 1). Such a reaction is intrinsically different to our
previously reported epoxide rearrangements: (i) the reaction is
not a desymmetrisation; (ii) the reaction can proceed to give two
possible diastereomeric allylic alcohol products (8 and 9)
depending on the reacting conformation adopted by the epoxide
(vide infra); (iii) any optical activity in the allylic alcohols
produced must arise either from enantioenriched starting
epoxide 7 or from a kinetic resolution of racemic 7 using a
chiral base.

The rearrangement of cyclohexene oxides to allylic alcohols
proceeds via lithium amide abstraction of a proton that is cis and

pseudo-axial to the epoxide.9 When such criteria are imposed on
the two possible conformations (A and B) of 7 then it can be
seen from Fig. 1 that removal of the highlighted (cis and
pseudo-axial) proton in each conformation leads to different
diastereomers of allylic alcohols: reaction via conformation A
(diaxial silyloxy groups) generates 8 (1,3cis stereochemistry);
reaction via B (diequatorial silyloxy groups) gives 9 (1,3trans
stereochemistry). Thus, we anticipated that by controlling the
reacting conformation, we would be able to synthesise allylic
alcohols with either 1,3cis or 1,3trans relative stereochemistry.
The successful implementation of this novel strategy is the
subject of the present communication.

Racemic 7 was readily synthesised from cyclohexa-1,4-diene
in 48% yield over three steps. The reaction of 7 with 2 equiv. of
the lithium amide bases generated from racemic diamine 2 and
diisopropylamine (Scheme 1) was studied under different
conditions (Table 1). Reaction of 7 with the lithium amide base
from 2 in THF, our usual solvent, generated a 32+68 mixture of
allylic alcohols 8 and 9† (Entry 1) which were readily separated
by column chromatography. They were identified by conver-
sion of 8 into the previously unreported 4-deoxyconduritol
triacetate 5 (vide infra). The major product (9) must have arisen
through reaction via conformation B (see Fig. 1).

Using rac-2 and by changing the solvent to either Et2O or
cyclopentane, the coordinating ability of the solvent is reduced
and only allylic alcohol 8 was formed (Entries 3 and 4). With
these solvents, preferential reaction via conformation A is
presumably promoted by intramolecular chelation of the
silyloxy group and epoxide oxygen by the lithium cation. For

Scheme 1

Fig. 1

Table 1 Diastereoselectivity of the lithium amide-mediated rearrangement
of 7 using rac-2 and LDA

Entry Base Solventa 1,3cis+transb
Yield (%)
of 8c

Yield (%)
of 9c

1 2 THF 32+68 30 61
2 2 THF (+2 equiv. LiBrd) 44+56 33 47
3 2 Et2O !98+2 88 —
4 2 Cyclopentane !98+2 89 —
5 LDA THF 83+17 82 —
6 LDA Et2O 95+5 85 —
a Reaction conditions: 2 equiv. diamine rac-2 or iPr2NH, 2 equiv. BuLi,
solvent, 0 °C to rt over 2 h, 70 h, rt; b Ratio determined by 1H NMR
spectroscopy on the crude product mixtures; c Isolated yield after column
chromatography; d Diamine was deprotonated using MeLi·LiBr rather than
BuLi.
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similar reasons, carrying out the reaction in THF with added
lithium bromide led to a lowering of the 1,3trans diastereo-
selectivity (Entry 2). The use of TBDPS and TES as protecting
groups gave essentially the same results.

We have also investigated the use of LDA for these
diastereoselective rearrangement reactions. In THF, a very good
isolated yield (82%) of allylic alcohol 8 was obtained (Entry 5).
The reaction must proceed preferentially via the chelated
conformation A which is in stark contrast to the result obtained
with diamine rac-2 (Entry 1) indicating that LDA is a far better
coordinator than rac-2 in THF. Use of LDA in Et2O led to a
slight improvement in 1,3cis selectivity (Entry 6) but this did not
mirror the improvement in 1,3cis selectivity observed with rac-2
on moving from THF to Et2O where none of the 1,3trans
diastereomer was observed (Entry 3).

From a synthetic viewpoint, reaction of 7 with the lithium
amide derived from rac-2 in cyclopentane generated 8 as the
sole diastereomer which was isolated in 89% yield (Entry 4).
Conversion of 8 into unknown triacetate 5‡ was accomplished
by deprotection with TBAF and subsequent acetylation (88%
yield over the two steps).

Although it was possible to generate allylic alcohol 9 in 61%
isolated yield (Entry 1), we wondered if it was possible to have
a completely diastereoselective synthesis of an allylic alcohol
with 1,3trans stereochemistry (reaction only via the diequatorial
conformation B). Thus, we used the Ley butane-2,3-diacetal
protecting group10 to lock the conformation equivalent to B in
epoxide 10 (Scheme 2).

Racemic 10 was prepared from cyclohexa-1,4-diene in 56%
yield. Reaction of 10 with the lithium amide of rac-2 generated
only one diastereomer of allylic alcohol in 84% yield and it was
identified as the expected 11 by conversion into known3

triacetate 6 (TFA–water deprotection followed by acetylation,
80% yield). Use of LDA produced allylic alcohol 11 in a
slightly improved 89% isolated yield. In passing, we also note
that it is possible to carry out a PCC oxidation–Luche reduction
sequence to convert 11 into its diastereomer 12 with complete
stereocontrol (axial attack of hydride in the conformationally
locked intermediate enone explains the stereoselectivity).
Finally, we present our preliminary findings on the kinetic
resolution of 10 as a route to enantiomerically enriched allylic
alcohols.11 Reaction of racemic 10 with 0.7 equiv.12 of the
chiral base from (1R,2S)-2 generated 11 in 32% yield (63% ee)
and recovered ent-10 in 51% yield (44% ee).

In summary, we have described two novel, completely
diastereoselective and stereodivergent lithium amide-mediated
epoxide rearrangement reactions (7 ? 8 and 10 ? 11).
Mechanistically, our results can only be adequately explained in
terms of the removal of a proton which is cis and pseudo-axial
to the epoxide (see Fig. 1) as proposed by Rickborn and
Thummel.9 In addition, we have also reported the first example
of a kinetic resolution on chiral 4,5-dihydroxycyclohexene
oxides which, coupled with the oxidation–reduction sequence
in Scheme 2, provides a concise approach to enantiomerically
enriched 4-deoxyconduritols 5 and 6.

We thank The University of York and Aventis Pharma Ltd
for the award of a studentship (to S. T. W.) and the EPSRC for
the award of a project studentship (to C. D. P.; reference GR/L
58439).
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170.1, 130.1, 127.7, 70.7, 69.7, 67.6, 32.4 and 21.0; m/z (CI, NH3) 274
[100%, (M + NH4)+] and 197 (30) [Found: (M + NH4)+, 274.1288.
C12H16O6 requires M + H, 274.1291].
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Scheme 2 Reagents and conditions: i, 2 equiv. rac-2 + 2 equiv. BuLi, THF,
0 °C to rt over 2 h then 70 h at rt; ii, PCC, CH2Cl2 (100%); iii, NaBH4,
CeCl3·7H2O, MeOH, 0 °C, 10 min (100%).
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A MCM-41/Nafion® composite prepared from tetraethoxy-
silane and Nafion gel solution with cetyltrimethylammon-
ium surfactant, is a highly selective catalyst for a-methyl-
styrene dimerization to form the corresponding acyclic
dimer.

The synthesis of mesoporous materials is one of the most
important subjects in modern chemistry. MCM-41 obtained by
the utilization of surfactant micelles1 is actively studied for
applications to catalysts. Recently organically modified MCM-
41 materials using alkyl-substituted silane compounds have
been prepared for use as catalysts and other applications.2 On
the other hand, DuPont has recently reported amorphous silica/
Nafion composites which were effective solid acid catalysts.3 It
is thought that the combination of the new technology for
fabricating mesoporous materials and Nafion resin creates a
novel class of functional solid acid materials.4 Here, we report
the first preparation (to our knowledge) of a MCM-41/Nafion
composite material and its applications as a solid acid
catalyst.

The MCM-41/Nafion composite was obtained by the follow-
ing procedure; 0.1 g of Nafion gel obtained from a 5% Nafion
solution (Aldrich) in ethanol was dissolved in 1.5 mL of
ethanol. This solution was added slowly to a mixture of
tetramethylammonium hydroxide (8 mmol) and cetyltrimethyl-
ammonium bromide (4.5 mmol) in distilled water (15 mL) with
vigorous stirring. Then, tetraethoxysilane (30 mmol) was added
dropwise with stirring to the resulting mixture. Finally, the
mixture was transferred to a Teflon beaker and crystallized in a
stainless steel autoclave at 130 °C under autogeneous pressure
for 24 h. The white solid obtained was washed twice with 200
mL of distilled water and dried at 60 °C. The removal of the
template and acidification of the Nafion resin were performed
by refluxing in concentrated sulfuric acid (3 mL) in ethanol (300
mL) for 18 h. After two further refluxes in ethanol (300 mL), the
recovered solid was dried at 150 °C for 20 h.

Fig. 1 shows the XRD pattern of the MCM-41/Nafion
composite obtained.† A clear peak at 2q = 2.15° was observed
which was assigned to the (100) reflection of MCM-41 type
materials.1 The (110) and (200) reflections from MCM-41
appeared as broad peaks at 2q ≈ 4.1°. The BET surface area and
pore volume were estimated at 619 m2 g21 or 0.64 cm3 g21,
respectively. The diameter of the main pore type (ca. 90%) was

2.8 nm in accord with an organically modified MCM-41.2 The
minor pore type had a diameter of 3.8 nm and corresponded to
MCM-41.1 From the IR spectrum, it was confirmed that the
template was removed because of the absence of alkyl
adsorptions of the template around 2900 cm21. All these results
indicate that the preparation of the MCM-41/Nafion composite
was successful.

This novel composite material was applied to the dimeriza-
tion of a-methylstyrene (AMS) to produce the corresponding
acyclic dimer, 4-methyl-2,4-diphenylpent-1-ene 1, which is a
chain transfer agent amongst other uses.5 Although this reaction
using solid sulfuric acid has been actively studied,5 the
significant side reaction to form the cyclic dimer, 1,1,3-trime-
thyl-3-phenylindan 3, often results in low production of 1
(Scheme 1). The yields of the desired dimer 1 [Fig. 2(a)] and of
the undesired dimer 3 [Fig. 2(b)] as a function of time are shown
using the MCM-41/Nafion composite, as well as for Nafion
NR-50, Nafion SAC-13 (silica/Nafion composite),3 Amber-
lyst® 15 (all obtained from Aldrich) and Al-MCM-41.6†
Although SAC-13 and Amberlyst 15 had high activity, the
yields of 1 drastically decreased with time and substantial
increases of the bicyclic dimer 3 were observed. For NR-50, the
reaction rate was quite slow as reported3 and 3 was formed in
considerable yield even at a low conversion of AMS. On the
other hand, when the MCM-41/Nafion composite was used, the
yield of 1 was about 70% and scarcely decreased with reaction
time. Furthermore, the formation of 3 was low even after 1000
min. This high selectivity shown by the MCM-41/Nafion
composite is not simply derived from the mesoporous channel
structure since 3 was obtained in high yield using Al-MCM-41
which was reported as an acid catalyst.6 Furthermore, other
types of MCM-41/Nafion composite obtained from impregnat-
ing Nafion solution to MCM-417 also afforded 3 in 30% yield
with a lower yield of 1 (25%) after 300 min. As expected,
MCM-41 itself (silica material without Nafion resin or other
metals) showed no activity for this dimerization under our
conditions (no conversion of AMS even after 1500 min). Thus,
the MCM-41/Nafion composite prepared in this work was an
excellent catalyst to produce 1 via the dimerization of AMS.

The low yield of 3 for our MCM-41/Nafion composite
suggests poor catalytic activity for Friedel–Crafts reactions.8
The conversion of 1 to 3 at 60 °C scarcely proceeded with the
MCM-41/Nafion composite (3% after 24 h), whereas SAC-13
considerably catalyzed this reaction (17% after 6 h and 56%Fig. 1 X-Ray diffraction pattern of the MCM-41/Nafion composite.

Scheme 1
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after 24 h). The clear difference of the catalytic activity between
the MCM-41/Nafion composite and SAC-13 in another Frie-
del–Crafts type reaction was also observed.9 While SAC-13
catalyzed the reaction of styrene with toluene to form 1-phenyl-
1-tolylethane in 27% yield with complete conversion of styrene
at 70 °C for 6 h, MCM-41/Nafion composite gave only a trace
of the product even after 24 h (styrene conversion: 37%).
Therefore, it is thought that the low activity of the MCM-
41/Nafion composite to Friedel–Crafts reaction at 60 °C results
in the high selectivity towards dimer 1 from AMS. However, it

is noteworthy that AMS afforded 3 in 91% yield using the
MCM-41/Nafion composite at 100 °C after 3 h, and that the
reaction of benzyl alcohol with toluene at 100 °C for 3 h
afforded 87% of phenyltolylmethane, cf. trace amounts at 60 °C
even after 24 h. Moreover, the competitive reaction of benzene
and toluene with benzyl alcohol [eqn. (1)] at 90 °C showed a

(1)

higher selectivity towards toluene (toluene/benzene = 5.4) than
NR-50 (toluene/benzene = 3.6).10 These results indicate that the
catalytic properties of sulfuric acid in the MCM-41/Nafion
composite are crucially influenced by the reaction temperature
and the reactivity of the substrate. It is expected that some novel
selective reactions can be carried out using this characteristic
catalytic activity, and further studies are under investigation.

We gratefully acknowledge all the members of ‘Catalysis
Section’ of Osaka National Research Institute, especially Dr T.
Kobayashi and Dr M. Ando, for their help to the character-
ization study.
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Fig. 2 Yields of 1 (a) and 3 (b) as a function of time using various
catalysts.
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The reaction between O2 and the dimer [Pd2(m-Br)2(PBut
3)2]

leads to the formation of the novel dimeric compound
[Pd(m-OCH2{CMe2}PBut

2)Br]2 by coordination of O2 to the
original palladium dimer and further formation of two C–O
bonds by intramolecular activation of C–H bonds.

The study of transition metal dioxygen complexes has attracted
substantial interest as these types of compounds are involved in
the metabolism of O2 in living organisms.1,2 These bioinorganic
natural systems have inspired chemists to search for synthetic
analogues which can be used as industrial catalysts for the
oxidation of C–H and C–C bonds.3 It is believed that, in both the
biological and synthetic systems, coordinated species such as
O2
2, O2

22, HO2, RO2 and O22 play important roles in the
transfer of oxygen to the organic substrates.4 This belief has led
to extensive studies on the synthesis and reactivity of transition
metal dioxygen complexes. Owing to their direct relevance to
biological systems, nickel,5 cobalt,6 copper7 and iron8 mono-
and bi-nuclear species have been those most extensively
studied. By contrast, palladium dioxygen metals have received
far less attention even though they have been implicated in
various catalytic processes.9

During the past few years we have investigated extensively
the reactivity of the dimers [Pd2(m-X)2(PBut

3)2] (X = Br, 1; X
= I, 2).10 These compounds contain two palladium(I) centres
and have been demonstrated to react with a wide range of small
molecules such as CO, CNR, H2 and alkynes.11 While studying
these reactions, it was observed that dimer 1 exhibited a high
reactivity towards aerial oxygen. The possibility of an oxidative
addition of O2 into this dimeric species, stimulated us to
undertake a systematic study of the reaction between these
dimers and oxygen. Here we report our preliminary results on
the reaction of O2 with the palladium dimer [Pd2(m-
Br)2(PBut

3)2] (Scheme 1).

Crystallographic evidence has demonstrated that in this
reaction three transformations occur: coordination of O2 and
cleavage of an ONO bond, intramolecular activation of a C–H
bond and formation of new C–O bonds.

When a solution of 1 in dry and deoxygenated benzene was
reacted with aerial oxygen, the original dark green colour of the
solution changed to orange after few seconds. The 31P{1H}
NMR spectrum of this mixture showed a singlet at d 108.0 (cf.

d 87.5 for the starting material) suggesting the presence
of a single product. The solvent from this mixture was
then evaporated under reduced pressure and the remaining
dark orange material was analysed spectroscopically† and
structurally‡ demonstrating it to be the novel dimer
[Pd(m-OCH2{CMe2}PBut

2)Br]2 3 (Scheme 1). The 1H NMR
spectrum of this new compound showed three doublets in the
range d 1.4–1.7 with an integration ration of 1+3+9. The doublet
integrating for 9 protons corresponds to the But groups in the
PBut

3 while the other two doublets correspond to a CMe2 and a
CH2 group, suggesting cyclometallation of the phosphine. This
type of intramolecular rearrangement is well established for
PBut

3 and the NMR spectra of the resulting compounds are well
documented.12 Signals at high field were not observed suggest-
ing that O–H groups are not present in the new compound 3.
This was also verified by IR spectroscopy which did not show
any O–H stretches. Elemental analyses were also consistent
with the formulation of 3.

The unambiguous nature of compound 3 was established by
an X-ray crystallographic study. Single crystals were obtained
by layering a benzene solution of the dimer with hexane.

This analysis‡ confirmed that 3 is the dimeric species
[Pd(m-OCH2{CMe2}PBut

2)Br]2 (Fig. 1) which results from the
incorporation of aerial O2 into the original complex 1. The
molecule 3 has non-crystallographic C2 symmetry about an axis
normal to, and passing through the centre of, the Pd2O2 ring.
This central four-membered ring is folded 52° out of plane
about the O···O vector; the non-bonded Pd···Pd and O···O
distances are 2.911(1) and 2.566(6) Å. The two five-membered
chelate rings both have envelope conformations, with
Pd(1)P(1)C(1)O(1) and Pd(2)P(2)C(3)O(2) being planar to
within ca. 0.04 and 0.08 Å, respectively, and with C(2) and C(4)
lying 0.68 and 0.70 Å out of their respective planes with
consequent axial/equatorial dispositions of their methyl sub-

Scheme 1 The reaction between 1 and O2 leads to the formation of a novel
dimeric species in which new Pd–O and C–O bonds are formed. In this
process an intramolecular C–H activation occurs.

Fig. 1 The molecular structure of 3. Selected bond lengths (Å) and angles
(°): Pd(1)–O(1) 2.001(5), Pd(1)–O(2) 2.125(5), Pd(1)–P(1) 2.226(2),
Pd(1)–Br(1) 2.4242(9), Pd(2)–O(1) 2.126(5), Pd(2)–O(2) 2.015(5), Pd(2)–
P(2) 2.223(2), Pd(2)–Br(2) 2.4152(9), O(1)–C(1) 1.413(8), O(2)–C(3)
1.408(8), O(1)–Pd(1)–O(2) 76.9(2), O(1)–Pd(1)–P(1) 85.95(14), O(2)–
Pd(2)–O(1) 76.6(2), O(2)–Pd(2)–P(2) 87.05(14), C(1)–O(1)–Pd(1)
119.1(4), C(1)–O(1)–Pd(2) 127.6(4), Pd(1)–O(1)–Pd(2) 89.7(2), C(3)–
O(2)–Pd(2) 117.0(4), C(3)–O(2)–Pd(1) 127.0(5), Pd(2)–O(2)–Pd(1)
89.3(2).
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stituents. The geometry at each oxygen centre is distinctly
pyramidal with both O(1) and O(2) lying ca. 0.5 Å out of the
plane of their substituents. The coordination at each palladium
centre is distorted square planar with cis angles in the range
76.9(2)–101.53(5)° and 76.6(2)–100.01(5)° at Pd(1) and Pd(2),
respectively, the acute angle in each case being associated with
the central Pd2O2 ring. The Pd–O–Pd bridges are both
asymmetric, with the Pd–O bonds trans to bromine [2.001(5)
and 2.015(5) Å] being ca. 0.1 Å shorter than those trans to
phosphorus [2.125(5) and 2.126(5) Å]. These distances are
comparable to those observed in the few reported examples of
Pd2O2 rings.13 In these literature examples the non-bonded
Pd···Pd separation is in all cases longer than that we observe in
3.

A remarkable aspect of the structure of 3 is the formation of
two C–O bonds by intramolecular C–H activation of one of the
But groups of each phosphine. This leads to the formation of
two five-membered chelate rings, which explains the presence
of the three doublets observed in the 1H NMR spectrum of 3 and
is also consistent with the singlet present at d 108.0 in the
31P{1H} NMR spectrum.

Careful inspection of the sample from which the crystals of 3
were taken indicated the presence of very few crystals of both a
different colour and morphology (the number of these crystals
was negligible compared to the amount of crystals of 3). X-Ray
crystallographic analysis of one of these crystals‡ showed that
the structure of this second product is the dimeric species with
formula [Pd(Bu2

tPCMe2CH2)(m-Br)]2 4. This complex is
isomorphous with the already reported chloride analogue
having a planar central Pd2Br2 ring and folded PdPC2 rings (Fig.
2).12

Interestingly when the oxygenation reaction was attempted
with the analogous iodo-dimer [Pd2(m-I)2(PBut

3)2], no reaction
was observed. As we have reported previously, dimer 1 tends to
be much more reactive than 2 towards small molecules such as
CO, H2, CNR and alkynes.11 In the present investigation, this
difference in reactivity has once again been observed.

The results presented here have demonstrated the ability of a
Pd(I) dimer to react with aerial oxygen. In this process, three
transformations seem to be taking place: (i) coordination of an
O2 molecule and cleavage on an ONO bond, (ii) intramolecular
activation of two C–H bonds and (iii) formation of two new C–
O bonds. To our knowledge, this is the first example of a
palladium compound in which such a process has been
demonstrated by crystallographic characterisation. The mecha-
nistic aspects of this reaction are yet to be studied. For example
an important question that remains to be answered is whether
the two oxygen atoms come from the same O2 molecule or from
two different ones. Also important will be to establish the exact
mechanism by which the reaction occurs and the fate of the two

hydrogen atoms lost in the activation of the C–H bond.
Experiments are currently in progress to attempt to provide
answers to these questions.

Notes and references
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14), a = 7.788(3), b = 15.368(5), c = 13.557(3) Å, b = 105.40(2)°, V =
1564.3(8) Å3, Z = 2 (the complex has crystallographic Ci symmetry), Dc =
1.646 g cm23, m(Mo-Ka) = 38.2 cm21, F(000) = 776, T = 293 K; orange
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were refined anisotropically using full-matrix least squares based on F2 to
give R1 = 0.048, wR2 = 0.089 for 1796 independent observed absorption
corrected reflections [|Fo| > 4s(|Fo|), 2q ≤ 50°] and 136 parameters.

CCDC 182/1713. See http://www.rsc.org/suppdata/cc/b0/b004537n/ for
crystallographic files in .cif format.
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Bu3SnH-mediated aryl radical cyclisation of enamide 9
proceeded in a 6-endo-trig manner to give exclusively
tetrahydroisoquinoline derivative 12, whereas enamide 10b
having a (Z)-phenylthio group at the terminus of the N-
vinylic bond gave exclusively the 5-exo-trig cyclisation
product 16.

Aryl radical cyclisations are now widely used in organic
synthesis for the construction of fused aromatic compounds. A
5-exo-trig cyclisation is generally preferred over a 6-endo-trig
ring closure in those systems having an alkenic bond at the
5-position relative to the aryl radical centre. For example, aryl
bromides 1 (X = CH2, O or NCOR), upon treatment with
Bu3SnH in the presence of AIBN, gave almost exclusively the
5-exo cyclisation products 2.1 This was also the case for the

cyclisations of enamide 3 and acryloylanilide 5, which gave
only the five-membered lactams 42 and 6,3,4 respectively.
Herein we wish to report that N-(o-bromobenzyl) enamide 9
undergoes aryl radical cyclisation in a 6-endo-trig manner to
give exclusively tetrahydroisoquinoline derivative 12, and that
the mode of cyclisation can be shifted to a 5-exo-trig manner by
introducing a (Z)-phenylthio group at the terminus of the N-
vinylic bond.

The requisite radical precursors 9, 10a and 10b were prepared
as shown in Scheme 1.

When a mixture of Bu3SnH (2.2 eq.) and azobis(cyclohex-
ancarbonitrile) (ACN) (0.4 eq.) in toluene was added slowly to
a boiling solution of 9 in toluene over a period of 3.5 h, the
6-endo cyclisation product 125 was obtained in 68% yield,
along with the simple reduction product 14 (16% yield)
(Scheme 2). Similarly, the N-formyl congener 11 gave 13 and
15 in 43 and 19% yields, respectively. On the other hand,
treatment of the sulfur substituted (E)-isomer 10a with
Bu3SnH–ACN afforded the 5-exo cyclisation product 16 in 40%
yield, along with dihydroisoquinoline derivative 17 in 41%
yield. The corresponding (Z)-isomer 10b gave 16 as a sole
product in 75% yield.

The exclusive formation of the 6-endo cyclisation product 12
from 9 is of great interest in view of previous work on radical
cyclisations of the related compounds 1, 3 and 5, which gave the
5-exo cyclisation products 2, 4 and 6, respectively. Formation of
4 (from 3) and 12 (from 9) can be rationalized by an attack of
Bu3SnH on the primary radical 18 and on the secondary radical
21, respectively. Since enamide 3 gave no 6-endo cyclisation
product via the secondary radical 19, formation of 12 from 9
could not be explained by assuming that the nitrogen-
substituted secondary radical 21 might be more stable than the
primary radical 20.

One possible explanation for the formation of 12 from 9 may
involve a consecutive 5-exo cyclisation and neophyl-like†
rearrangement of the resulting radical 20. The possibility,

Scheme 1 Reagents and conditions: i, EtCOCl, Et3N, CH2Cl2, rt, 90%; ii,
MCPBA, CH2Cl2, 0 °C, 93%; iii, xylene, NaHCO3, reflux, 81%; iv,
(CF2CO)2O, CH2Cl2, rt; v, toluene, reflux, 46% for 10a, 13% for 10b (based
on 8).

Scheme 2 Reagents and conditions: i, Bu3SnH, ACN, toluene, reflux; ii,
Bu3SnH, Et3B, toluene, rt.
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however, could be ruled out by the following work to
simultaneously examine the effects of various Bu3SnH concen-
trations, addition times and reaction temperatures.6 Thus,
treatment of 9 with 4 eq. of Bu3SnH (not using the slow addition
technique) in the presence of triethylborane in toluene at rt for
16 h also gave the 6-endo cyclisation product 12 in 51% yield,
along with the reduction product 14 (23%). The most plausible
explanation for the results with 3 and 9, therefore, may be
derived from the consideration of the rotation of enamide.7 Two
conformers can be considered for both radical precursors, i.e.
syn-3 and anti-3 for 3 and syn-9 and anti-9 for 9. In the

conformers syn-3 and anti-9, severe steric repulsions between
the aroyl (o-IC6H4CO) and CNC groups and between the acyl
(EtCO) and CNC groups, respectively, are evident. The
conformers anti-3 and syn-9 therefore predominate, and the
resulting radicals attack on the more proximate Ca-position of
anti-3 and Cb-position of syn-9, to give the observed 5-exo
cyclisation product 4 and the 6-endo cyclisation product 12,
respectively. The NOE difference spectroscopy also indicated
that 9 exists only in the syn-9 form.8 Thus, irradiation of the
signals due to the N-benzylic protons [d 4.76 (1

3 3 2 H, s) and
4.94 (2

33 2 H, s)] of 9 caused an enhancement of the signals due
to the Cb-proton cis to the nitrogen atom [d 4.26 (1

3 H, d, J 15.6)
and 4.29 (2

3 H, d, J 15.6)] and no enhancement of the signals due
to the Ca-proton [d 6.95 (2

3 H, dd, J 15.6 and 9.2) and 7.67 (1
3 H,

dd, J 15.6 and 9.2)].11 The preponderance of the syn-9
conformer over anti-9 seems to be independent of the size of the
N-acyl group, since 11 having a sterically less demanding N-
formyl group, also gave the 6-endo cyclisation product 13.

For the sulfur substituted (E)-isomer 10a, the two conformers
syn-10a and anti-10a can be considered (Fig. 1). As in the case
of anti-9, there is a severe steric repulsion between the EtCO
and CNC groups in anti-10a, and the cyclisation might therefore
proceed via the conformer syn-10a in a 6-endo manner to give
17 through an elimination of a benzenethiyl radical from the
resulting intermediate radical A (Fig. 2). The major product of
the reaction of 10a, however, is the 5-exo cyclisation product
16. This is probably because the sulfur atom of the intermediate
radical B can strongly stabilise the neighboring radical
centre.9

On the other hand, both conformers syn-10b and anti-10b for
the (Z)-isomer 10b have a more severe steric constraint between
the o-BrC6H4CH2 and SPh groups for the former and between
the COEt and SPh groups for the latter (Fig. 1), and hence the
CaNCb bond and amide nitrogen might not be conjugated in
enamide 10b.10 If the CaNCb bond is almost perpendicular to the
amide bond, as depicted in C (Fig. 2), the resulting radical can
attack the more proximate Ca-position to give exclusively the
observed 5-exo cyclisation product 16.11

Notes and references
† The IUPAC name for neophyl is 2-methyl-2-phenylpropane.
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Fig. 1 Ar = o-BrC6H4.

Fig. 2
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Reaction of either 1,10-phenanthroline-2-thioamide or pyr-
idine-2-thioamide with 1,4-dibromobutane-2,3-dione af-
fords the novel thiazole-containing polydentate ligands L1

and L2, respectively; these ligands form dinuclear double
and triple helicate architectures, respectively, with Cu2+.

Studies on the assembly of double and triple helicate complexes
have been a major area of supramolecular coordination
chemistry for the last 15 years. Helicate complexes have
elegantly illustrated how the specific formation of architectur-
ally complex assemblies are directed by the interplay between
relatively simple parameters such as the stereoelectronic
preference of the metal ion and the disposition of binding sites
in the ligand.1

Many helicates are derived from ligands which are obviously
partitioned into distinct binding sites, as exemplified by (i) the
bis-catecholate ligands of Albrecht which form dinuclear triple
helicates with various octahedral M(IV) ions;2 (ii) the poly-
bipyridyl ligands of Lehn and coworkers which form multi-
nuclear double helicates with pseudo-tetrahedral Cu(I) and
Ag(I);3 and (iii) the bisterdentate ligands of Piguet and
coworkers which afford triple helicates with nine-coordinate
lanthanide(III) ions.4 In contrast to these are the well-studied
linear oligopyridines, whose partition into distinct metal-ion
binding domains is controlled by the preference of the metal
ion.5 Thus, 2,2A+6A,2B+6B,2Ú+6Ú,2BB+6BB,2ÚB-sexipyridine
(spy) splits into two terdentate domains to give dinuclear double
helicates with metals such as Cd(II) which are six-coordinate,
but splits into three bidentate domains to give trinuclear double
helicates with metals such as Cu(I) which prefer to be pseudo-
tetrahedral. Similarly 2,2A+6A2B+6B,2Ú-quaterpyridine (qpy) can
act as a simple tetradentate chelate in many mononuclear
complexes,6,7 or split into a ‘3 + 1’-dentate arrangement in
octahedral [Fe(qpy)2]2+ in which qpy behaves as a terdentate
ligand,8 or split into a ‘2 + 2’-dentate arrangement in dinuclear
double helicates with Cu(I) and Ag(I).7 It is clear that the
versatility of these ligands arises from their ability to adopt a
wide variety of different coordination modes.

Here, we describe the preparation of a new class of ligand,
containing chelating pyridyl-thiazolyl fragments, for the assem-
bly of helicates. There are two features that make these of
particular interest. Firstly, they are very simple to prepare and
are readily available in far higher quantities than the analogous
polypyridines; in this respect they are like the pyridyl/imine
chelates of Hannon et al.9 The thiazole unit is particularly easy
to introduce into polydentate ligands and a number of metal
complexes (but no helicates) of thiazole-based ligands have
been prepared.10 Secondly, unlike their polypyridyl analogues,
these ligands naturally partition themselves into distinct binding
domains because of the inability of the two adjacent thiazolyl
units to chelate to the same metal: thus a substantial twist arises
in the backbone of the coordinated ligand at this point.

The new ligands L1 and L2 are easily prepared as the
bishydrobromide salts in good yield by reaction of 2 equivalents
of the corresponding thioamide (2-pyridylthioamide and
1,10-phenanthroline-2-thioamide, respectively) with 1,4-di-

bromobutane-2,3-dione in methanol (Scheme 1).† Subsequent
neutralization gives the free-base ligands. Reaction of L1 with 2
equivalents of Cu(PF6)2 in Me2CO gives, after precipitation in
an atmosphere of ethyl acetate, a green crystalline material for
which electrospray mass spectrometry and elemental analysis
suggested a formula of [Cu2(L1)3](PF6)4 1. This formulation
was confirmed by X-ray crystallography, which shows two
Cu(II) ions co-ordinated by three bridging ligands L1 in a triple
helical arrangement (Fig. 1).‡ Each of the Cu centres has a
pseudo-octahedral coordination geometry (bite angles
77.0–79.6°, Cu–N distances 2.028–2.228 Å), formed by
coordination of three thiazole-pyridyl bidentate units with each

Scheme 1 Reagents and conditions: i, (COCH2Br)2, MeOH; ii, NH3(aq).

Fig. 1 Crystal structure of the complex cation of 1·4Me2CO. Selected bond
distances (Å) and angles (°): Cu(1)–N(21) 2.028(8), Cu(1)–N(31) 2.056(7),
Cu(1)–N(11) 2.187(8), Cu(1)–N(41) 2.192(8), Cu(1)–N(61A) 2.171(8),
Cu(1)–N(51A) 2.219(8); N(21)–Cu(1)–N(31) 171.5(3), N(21)–Cu(1)–
N(61) 96.7(3), N(31)–Cu(1)–N(61) 87.2(3), N(21)–Cu(1)–N(11) 79.2(3),
N(31)–Cu(1)–N(11) 97.1(3), N(61)–Cu(1)–N(11) 175.4(3), N(21)–Cu(1)–
N(41) 92.9(3), N(31)–Cu(1)–N(41) 79.1(3), N(61)–Cu(1)–N(41) 97.8(3),
N(11)–Cu(1)–N(41) 84.8(3), N(21)–Cu(1)–N(51) 86.8(3), N(31)–Cu(1)–
N(51) 101.4(3), N(61)–Cu(1)–N(51) 76.8(3), N(11)–Cu(1)–N(51)
100.5(3), N(41)–Cu(1)–N(51) 174.5(3).
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ligand twisted about the bond between the two thiazole rings.
Although the coordination geometry is somewhat irregular,
there is no obvious Jahn–Teller distortion axis. The structure is
stabilized by extensive aromatic p-stacking interactions be-
tween overlapping, near-parallel fragments of adjacent ligand,
as emphasized in the space-filling picture (Fig. 2).

The formation of a triple helicate is in interesting contrast to
the mononuclear complexes in which qpy acts as a simple
equatorial tetradentate chelate.6,7 In qpy this coordination mode
is facilitated by the fact that each chelate ring has a bite angle
appropriate for coordination to a single metal ion. In L1, this is
not the case; the two five-membered thiazolyl rings cannot
chelate as the N atoms of the two five-membered rings are not
sufficiently convergent, so the ligand naturally partitions into
two bidentate pyridyl/thiazolyl units with a twist in the ligand
backbone between them. The result is a dinuclear triple helicate
instead of a simple mononuclear complex.

Reaction of L2 with Cu(ClO4)2 in MeCN gives the double-
helical complex [Cu2(L2)2](ClO4)4 2.‡ Each of the copper
centres is pseudo-octahedral, coordinated by two thiazolyl-

phenanthroline tridentate units [bite angles 74.2–98.7°, Cu–N
distances 1.967–2.312 Å], with each ligand again twisted about
the inter-thiazole bond (Fig. 3) for the same reason as before.

In conclusion, we have demonstrated that polydentate ligands
containing two central thiazolyl units are easy to prepare, and
are very effective at forming double and/or triple helicates
because of the way they naturally partition into two separate
binding domains.11 This method for preparing large polydentate
ligands not only allows significant quantities to be produced but
can also be readily extended to the preparation of a wide variety
of ligands whose size, shape and functionality can be changed
with ease.

We thank EPSRC for support.
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unique.

For C60H32Cu2Cl4N12O16S4·8CH3CN·H2O (2·8MeCN·H2O): M =
1920.5, triclinic, space group P1, a = 13.4641(13), b = 15.0528(15), c =
21.859(2) Å, a = 80.685(2), b = 81.242(2), g = 77.288(2)°, U =
4233.1(7) Å3, Z = 2, Dc = 1.507 Mg m23, m(Mo-Ka) = 0.806 cm21,
F(000) = 1960, T = 173 K, 7887 independent reflections with 2q < 40°.
Refinement of 677 parameters with 8 restraints converged at final R1 =
0.0984, wR2 = 0.2884.

X-Ray measurements were made using a Bruker SMART CCD area-
detector diffractometer; structure solution SHELXTL program system
version 5.1, 1998. In both cases the complexes (1 and 2) crystallise as
racemates, with equal numbers of opposite enantiomers in the achiral unit
cell.

CCDC 182/1712. See http://www.rsc.org/suppdata/cc/b0/b004319m/ for
crystallographic files in .cif format.
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Fig. 2 Space-filling representation of the triple helicate 1.

Fig. 3 Crystal structure of the complex cation of 2·8MeCN·H2O. Selected
bond distances (Å) and angles (°): Cu(1)–N(121) 1.972(11), Cu(1)–N(144)
1.987(11), Cu(1)–N(124) 2.111(12), Cu(1)–N(141) 2.138(13), Cu(1)–
N(111) 2.226(12), Cu(1)–N(101) 2.311(13); N(121)–Cu(1)–N(144)
173.9(5), N(121)–Cu(1)–N(124) 79.3(5), N(144)–Cu(1)–N(124) 95.6(5),
N(121)–Cu(1)–N(141) 98.7(5), N(144)–Cu(1)–N(141) 79.2(5), N(124)–
Cu(1)–N(141) 102.1(5), N(121)–Cu(1)–N(111) 76.3(5), N(144)–Cu(1)–
N(111) 109.3(5), N(124)–Cu(1)–N(111) 154.1(4), N(141)–Cu(1)–N(111)
90.0(4), N(121)–Cu(1)–N(101) 108.7(5), N(144)–Cu(1)–N(101) 74.3(5),
N(124)–Cu(1)–N(101) 91.1(5), N(141)–Cu(1)–N(101) 151.4(4), N(111)–
Cu(1)–N(101) 88.8(4). Cu(2)–N(244) 1.965(12), Cu(2)–N(221) 1.968(12),
Cu(2)–N(241) 2.129(14), Cu(2)–N(224) 2.148(11), Cu(2)–N(201)
2.258(12), Cu(2)–N(211) 2.299(13); N(244)–Cu(2)–N(221) 173.6(5),
N(244)–Cu(2)–N(241) 79.5(5), N(221)–Cu(2)–N(241) 98.2(5), N(244)–
Cu(2)–N(224) 96.3(5), N(221)–Cu(2)–N(224) 78.4(5), N(241)–Cu(2)–
N(224) 105.3(5), N(244)–Cu(2)–N(201) 110.7(5), N(221)–Cu(2)–N(201)
75.2(5), N(241)–Cu(2)–N(201) 88.8(5), N(224)–Cu(2)–N(201) 151.6(5),
N(244)–Cu(2)–N(211) 74.7(5), N(221)–Cu(2)–N(211) 108.6(5), N(241)–
Cu(2)–N(211) 151.6(5), N(224)–Cu(2)–N(211) 89.3(4), N(201)–Cu(2)–
N(211) 89.3(4).
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A series of polyphenylacetylene networks are modelled
through force-field based simulations and are predicted to
exhibit unusual mechanical properties, namely, negative
Poisson’s ratios (auxetic), a property which is explained
through a simple model involving a network of connected
rotating triangles.

Materials with a negative Poisson’s ratio [auxetic, see methods
section, eqn. (2)] exhibit the unexpected property of becoming
wider when stretched and thinner when compressed.1,2 Apart
from the purely scientific importance of having such an unusual
basic property, a negative Poisson’s ratio gives a material many
additional beneficial effects,2,3 such as increased shear stiffness,
increased plane strain fracture toughness and increased indenta-
tion resistance. Auxetics also have a natural ability to form
synclastic doubly curved surfaces (i.e. dome shaped). This
means that auxetic materials are superior to conventional
counterparts in many practical applications. Unfortunately,
although several auxetics have now been discovered or
manufactured (e.g. foams,3 microporous polymers4 and sili-
cates5), a negative Poisson’s ratio is not a common feature in
most everyday materials (e.g. the Poisson’s ratio of most
isotropic polycrystalline metals is approximately +0.3).

In recent years, considerable attention has been focused
towards designing and synthesising molecular auxetics.2,6 Such
systems would offer the advantage over naturally occurring
auxetics that they can be ‘made to measure’ to have a pre-
defined set of mechanical properties.

In this communication we present a new class of molecular
auxetics that have been predicted to exhibit negative Poisson’s
ratios.† They may be described as parallel ‘graphite-like’ layers
each containing a planar polyphenylacetylene infinite network.
These planar networks are a tessellation of a repeat unit having
two equilateral molecular triangles at 60° to each other, an
example of which is illustrated in Fig. 1(a). Homologues of the
network in Fig. 1(a) may be produced by using longer or shorter
acetylene chains. Since there is no simple way of naming these
polytriangular networked systems, we shall henceforth refer to
them as polytriangles-n-yne where n refers to the number of
triple bonds per acetylene chain. Thus the network in Fig. 1(a)
shall be referred to as polytriangles-2-yne.

Molecular mechanics simulations of these systems (aligned
as in Fig. 1) using Cerius2 V3.0 (Molecular Simulations Inc.,
San Diego, USA) have shown that the minimum energy
separation between the different layers is approximately 3.6 Å,
a distance which indicates the p–p interactions in between the
different layers are being well represented. As illustrated in
Table 1, it was observed that for n ! 2, these polytriangles-n-
yne networks exhibit negative Poisson’s ratios (auxetic) in the
Ox2–Ox3 plane (i.e. negative n23 and n32) which tend to 21 as
n increases. Furthermore, for n ! 2, all the six Poisson’s ratios
were predicted to be negative. This is the first time that a
material is predicted to simultaneously exhibit six negative
mutually orthogonal Poisson’s ratios.

In an attempt to understand the reason behind these very
unusual properties, especially the very highly negative n23 and
n32, the minimum energy configurations at different loads in the
Ox2 and Ox3 directions were obtained. From these minimum
energy configurations, it was observed that for the larger

triangles, the main type of deformation mechanism is through
flexure of the acetylene chains. This flexure results in an overall

Fig. 1 (a) The structure of polytriangles-2-yne; (b) the minimum energy
configurations of polytriangles-7-yne at s3 = 0.0 GPa and at s3 = 1.0 GPa;
(c) the concept behind the design of the molecular networks: the idealised
‘rotating triangles’ networks. The molecular networks relate to the structure
where q = 60°.

Table 1 The predicted single crystalline Poisson’s ratios (nij) of the
polytriangles-n-yne where n is the number of triple bonds in the acetylene
chains. The Oxi axis are as defined in Fig. 1

n n12 n21 n31 n13 n23 n32

1 +0.01 +0.10 +0.06 +0.01 +0.23 +0.19
2 20.01 20.02 20.02 20.01 20.43 20.43
3 20.05 20.27 20.22 20.04 20.71 20.72
4 20.01 20.01 20.01 20.01 20.83 20.83
5 20.01 20.01 20.01 20.01 20.90 20.90
6 20.07 20.14 20.16 20.08 20.94 20.93
7 20.08 20.12 20.14 20.09 20.96 20.95
8 20.09 20.11 20.12 20.10 20.97 20.96
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relative rotation of the triangles as illustrated for n = 7 in Fig.
1(b).

The possibility of achieving negative Poisson’s ratios via
rotating triangles compliments the recent predictions that a
number of zeolites deform though a ‘rotating squares’ mecha-
nism7,8 and hence produce negative Poisson’s ratios.7–10 As
illustrated in Fig. 1(c), a two dimensional structure composed of
rigid hinged equilateral triangles connected together through
hinges is geometrically constrained to maintain its aspect ratios
and hence have in-plane Poisson’s ratios of 21.8 This simple
geometric model explains why for the larger networks (i.e. the
ones where the geometry of the triangles become more
conspicuous), the Poisson’s ratio tends to 21. The other four
negative Poisson’s ratios are probably due to a variation in the
amount of interactions between the different layers.

Finally, we note that other similar two-dimensional deloc-
alised p-systems such as graphyne and graphdiyne (i.e. the all-
carbon fully substituted versions of polytriangles-1-yne and
polytriangles-2-yne respectively) have also attracted consider-
able attention vis-à-vis their unique optical and electronic
properties.10 Unfortunately, graphyne and graphdiyne do not
exhibit any auxeticity as they lack the required polytriangles
geometry.8 We also note that the synthesis of single, non-
networked, equilateral molecular triangles has been known for
a long time10,11 (see Scheme 1) and that several advances have
been made in the synthesis of other polyphenylacetylene
networks.10

Thus to conclude, this work has shown the potential of these
simple polyphenylacetylene networks as molecular auxetics.
We hope that given the many advantages of auxetics when
compared to conventional materials, these predictions will
encourage further research into their chemistry so as to enable
the synthesis of the first purpose-built molecular auxetic
material.

J. N. G. thanks the University of Exeter for the award of a
University Scholarship and the CVCP for the award of an ORS
award.

Notes and references
† Methods used: (1) Simulation of the minimum energy configurations:
Molecular mechanics simulations were carried out on an array of these
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Scheme 1 The synthesis of single triangles.11
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Dihydropyrazine (DHP), the intermediate for pyrazine, is
synthesized from ethylenediamine and propylene glycol; it is
assumed that the reaction proceeds by photooxidation of
propylene glycol and cyclization with ethylenediamine to
give dihydromethylpyrazine, which by subsequent oxidative
demethylation via the corresponding acid, forms dihy-
dropyrazine; molecular oxygen, light and TiO2/zeolite pro-
mote the reaction.

In the last few years heterogeneous photocatalysis applied to
synthetic chemistry has become an exciting and rapidly growing
area of research. For a multistep synthesis illuminated semi-
conductors offer unique features. Many studies1a–f have re-
ported photocatalytic organic reactions using mild experimental
conditions. To date they are mostly in the categories of
oxidations and oxidative cleavage, reduction, geometric and
valence isomerization, substitution, condensation and polymeri-
zation. The discovery of the photo-Kolbe reaction by Kraeutler
and Bard2 using Pt/TiO2 as a photocatalyst for the conversion of
acetic acid to methane and CO2 has attracted much attention.
However, in spite of several titanium dioxide mediated
reactions, examples of inducing intermolecular C–C bonding
are rather limited in the literature. A recent report demonstrated
that platinized TiO2 is a successful photocatalyst in the selective
N-cyclization of Ne-carbamyl-L-lysine into virtually optically
pure L-pipecolinic acid.3 Also Nishimoto et al.4 showed
photocatalytic intermolecular conversion of primary diamines
to cyclic secondary amines in an aqueous suspension of Pt/
TiO2. In contrast to thermal processes by homogeneous and
heterogeneous catalysts, these reactions proceed at ambient
temperature. Furthermore, study of the photochemistry of
organic molecules adsorbed on solid surfaces such as zeolites
and microporous solids to conduct phototransformations has
been explored.5a–g Combining the photocatalytic activity of
TiO2 with the utility of zeolites for photoinduced organic
synthesis9a,b/degradation6 has, so far, been little exploited.

Thermal catalytic processes are available for the synthesis of
pyrazine and its derivatives.7a–e The present photocatalytic
synthesis of dihydropyrazine by the cyclization of ethylenedi-
amine and propylene glycol using TiO2/zeolite, to the best of
our knowledge, has not been reported.

In the present work zeolites HY, HZSM-5, Hb and HM were
used to support TiO2 (Degussa P25) or ZnO (Fluka). The SiO2/
Al2O3 ratios of the above zeolites are 4.4, 30, 20 and 30,
respectively. The preparation method for the catalysts consisted
of mechanical mixing of TiO2 or ZnO and zeolites using a low-
boiling organic solvent (ethanol), evaporation of the solvent,
drying at 110 °C and finally calcination at 400 °C for 6 h. Prior
to the evaluation, the catalysts were activated at 300 °C for 4 h.
The photocatalytic reaction was carried out in a batch type
cylindrical quartz reactor of 200 ml capacity with a refluxing
condensor at the top of the reactor. The slurry, which was
composed of an equimolar ratio (1+1) of ethylenediamine and
propylene glycol (either of the reactants in excess did not

provide any better yields) and 100 mg of photocatalyst along
with 20 ml of acetonitrile solvent.‡ A provision for bubbling
molecular oxygen at a rate of 20 ml h21 was also provided to the
reactor. The reactants were stirred magnetically with simultane-
ous irradiation§ from a 250 W high pressure mercury lamp
(Philips India) for 15 h at ambient temperature. Parallel
experiments were also carried out for the synthesis of DHP
using ZnO8 and ZnO supported zeolite but lower yields were
observed compared to TiO2/zeolite catalysts. All the experi-
mental results are shown in Table 1.

At the end of the reaction, 20 ml of demineralized water was
added to the reaction mixture which was centrifuged, which
allowed recovery of the adsorbed substrates and products on the
surface of the solid catalyst. The supernatant liquid was
analyzed with a Chemito 3865 Gas Chromatography unit using
a 6 ft, 10% SE-30 packed column. The products were further
identified by 1H NMR and mass spectrometry.

Further experiments were carried out to confirm whether the
reaction is photocatalytic or non-photocatalytic and it was
observed that no product was formed in the absence of
molecular oxygen + irradiation + TiO2/zeolite catalyst. Zeolite
alone without TiO2 did not yield any product. Irradiation in the
presence of photocatalyst when carried out using conventional
liquid acids such as HCl and solid acids such as silica gel did not
yield the product.

Zeolite acidity seems to influence the reaction mechanism;
the oxidation is dependent on the acidity of the reaction
mixture9a and ethylenediamine is adsorbed preferentially
relative to propylene glycol in the internal surface area of the
zeolite pores. The preferential adsorption of ethylenediamine
leads propylene glycol to undergo oxidation to the diketone
(step 1, Scheme 1) at the oxidizing site of TiO2. The diketone
formed undergoes cyclization with ethylenediamine to give
dihydromethylpyrazine (DHMP) with loss of 2 mol of water.
The methyl group of dihydromethylpyrazine is oxidatively
demethylated leading to dihydropyrazine (DHP) as shown in† IICT Communication No 4561.

Table 1 Results obtained after 15 h of irradiation (250 W high pressure
mercury lamp) over different TiO2/zeolite combinations for the cyclization
of ethylenediamine and propylene glycola

Surface Acidityc/ Yield of
Entry Catalyst areab/m2 g21 mmol g21 DHPd (%)

1 2wt% TiO2/HZSM-5 350 0.37 13.0
2 2wt% TiO2/HY 400 0.25 13.6
3 2wt% TiO2/Hb 406 0.20 20.4
4 2wt% TiO2/HM 391 0.12 2.03
5 2wt% ZnO/HZSM-5 326 0.13 8.12
6 2wt% ZnO/HY 336 0.18 8.06
7 TiO2 50 — —
8 ZnO 30 — —
a All reactions were performed with an equimolar ratio (1+1) of ethylene-
diamine and propylene glycol in 20 ml of acetonitrile using 100 mg of
catalyst under oxygen bubbling at room temperature. b Measured by the
BET technique with liquid N2 at 77 K. c Measured by STPD of NH3.
d Yields were calculated based on the recovery of propylene glycol.
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step 2 of Scheme 1. Photoexcitation of the semiconductor in
step 2 would produce an electron and a hole. Oxygen serves as
an electron acceptor for the conduction band electron and the
dihydromethyl pyrazine supplies an electron to the photo-
generated hole at the surface of the TiO2 particle forming an
adsorbed radical cation. The zeolite may assist the stability of
the radical cation through proton transfer as observed by
Beaune et al.9b Thus, the proposed mechanism of step 2 is
enhanced by more acidic zeolites. Here, dihydropyrazine
carbaldehyde undergoes further oxidation to the corresponding
acid which in turn forms the dihydropyrazine after decarboxyla-
tion. The obtained dihydropyrazine was subjected to dehydro-
genation10 using a conventional method which yielded the
pyrazine thereby confirming the product formation (DHP).

The reaction was then attempted with ethylene glycol instead
of propylene glycol, but no cyclic product was observed. This
shows that the electron donating substituent, i.e. the methyl
group of propylene glycol, may favour the oxidation mecha-
nism.9c In aerated solutions, the photogenerated electron can be
trapped by adsorbed oxygen to form superoxide or other
negatively charged adsorbed oxygen species.11

Hydrogen peroxide [eqn. (1)] thus formed by sequential

(1)

electron and proton transfer readily decomposes on illuminated
TiO2 to hydroxy radicals and oxygen. Since the recombination
is inhibited by adsorbed oxygen, it is reasonable to expect that
the rate of photocatalytic oxidation should be high as oxygen is
continuously bubbled in a steady state. Thus the selectivity for
the primary alcohol site of propylene glycol is higher in pure
oxygen than in air. The secondary alcohol site is oxidized to a

greater extent by the adjacent electron donating group i.e.
methyl at the TiO2 center. No photodegradation of compounds
(formation of CO2) was observed for lower wt% values of TiO2

on the zeolite. The evaluation of TiO2/zeolite catalysts in the
cyclization of ethylenediamine and propylene glycol show that
2wt% TiO2 is optimal since higher loadings lead to total
oxidation.

As seen from Table 1, 2 wt% TiO2/HZSM-5 and 2wt% TiO2/
HY show more or less the same activity and yield of
dihydropyrazine. The hydrophobicity and acid site strength of
zeolites influences the activity of these zeolite systems in the
order Hb > HZSM-5 = HY. This order illustrates that the
cyclization is favoured by a combination of moderate hydro-
phobicity and acidity. However, 2wt% TiO2/Hb is found to be
more active, leading to a high yield of dihydropyrazine which
may be possibly explained by the structure of Hb which is a
combination of both HZSM-5 (channel pore system, high Si/Al
ratio) and Y (12-ring pore system) zeolites.12

Dihydropyrazine was obtained with a yield of 20.4% over
2wt% TiO2/Hb during the cyclization of ethylenediamine and
propylene glycol by photocatalysis via the proposed reaction
scheme under irradiation in the presence of molecular oxy-
gen.

One of us (K. V. S. R.) thanks the Council of Scientific and
Industrial Research, New Delhi, India for the award of a Senior
Research Fellowship. We thank Dr (Mrs) V. Durga Kumari for
her valuable suggestions in improving the manuscript.
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Scheme 1 Proposed reaction mechanism for the formation of DHP.
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The reaction of pivalophenones with tetraphosphorus dec-
asulfide afforded cis- and trans-3,5-di-tert-butyl-3,5-diaryl-
1,2,4-trithiolanes, which equilibrated to give other isomers in
refluxing toluene via thiopivalophenones and thiopivalophe-
none S-sulfides.

1,2,4-Trithiolanes (1), some of which have been obtained from
natural products, are well-known.1 Methods for their synthesis
include: reaction of thiobenzophenone with o-chloranil,2 reac-
tion of thiobenzophenones with 1,1-diphenylethylene sulfide,3
reaction of thiones with Lowesson reagents,4 reaction of dialkyl
ketones with hydrogen sulfide elemental sulfur, and amines,5
and fragmentation of 1,2,3-thiadiazoles.6 Recently, Senning and
co-workers reported that reaction of a-chlorosulfenyl disulfides
with morpholine afforded the corresponding dispirotrithio-
lanes.7 However, there are only a few reports on the synthesis of
trithiolanes from ketones using thiation reagents although it is
well known that the reaction of ketones with tetraphosphorus
decasulfide (P4S10) affords the corresponding thioketones.8 We
have investigated the synthesis of trithiolanes from ketones
using P4S10 as a thiation reagent and report herein the isolation
and X-ray crystallographic analysis of cis- and trans-1 from
P4S10 and their thermal isomerization.

Treatment of 4-methylpivalophenone with P4S10 in refluxing
pyridine for 48 h resulted in the formation of trans-3,5-di-tert-
butyl-3,5-di-p-tolyl-1,2,4-trithiolane (trans-1a), cis-3,5-di-tert-
butyl-3,5-di-p-tolyl-1,2,4-trithiolane (cis-1a), and 4-methyl-
thiopivalophenone (2a) in 13, 35, and 23% yields, respectively.
Refluxing for 72 h resulted in the formation of cis-1a in 35 %
yield along with trans-1a (24%) and 2a (16%) (Scheme 1).

The structures cis-1a and trans-1a were confirmed by NMR
and elemental analysis. Table 1 lists the 1H NMR and 13C NMR
data for cis- and trans-1a. The chemical shift of the tert-butyl
group of trans-1a is higher than that of cis-1a, whereas chemical
shifts of the aromatic groups of trans-1a are lower than those of
cis-1a. This observation suggests that each aromatic group of

cis-1a was on the other aromatic plane whereas the tert-butyl
group of trans-1a was on the aromatic plane.

Both structures were confirmed by single crystal X-ray
crystallographic analysis (Fig. 1)9: no unusual bond lengths or
angles are observed in the 1,2,4-trithiolane rings. The trithiolane
rings of both products have similar conformations to other
trithiolanes. The C–S bond lengths of the trithiolane rings are
between 1.796 and 1.875 Å—longer than normal (1.763–1.767
Å)6 because the trithiolane rings are compressed by bulky tert-
butyl groups. However, the S–S bond lengths (2.027 Å for cis-
1a and 2.016 Å for trans-1a) are shorter than the one reported
by Senning et al. (2.0345 Å).7 As suggested by their NMR
spectra, the aromatic groups of cis-1a were out of plane whereas
the tert-butyl group of trans-1a was on the aromatic plane.

Other reactions were similarly carried out. The results are
shown in Table 2.

More than three decades ago, Elam and Davis reported the
synthesis of dimethylthioketene dimer by the reaction of
tetramethylcyclobutane-1,3-dione with tetraphosphorus deca-
sulfide. They isolated the corresponding trithiolane as a side
product (2.8%).8 However, they did not apply the general
synthesis of 1 from ketones. The reaction of pivalophenone with
P4S10 generally afforded thiopivalophenone in good yield.10

The present reaction is the first practical method on the
synthesis of 1 from ketones by using P4S10.

Thiocarbonyl S-sulfides (thiosulfines) are well-known to
exhibit high reactivity such as dienophile-like behavior, for
example, and can add to a variety of thiones to give 1.
3,3,5,5-Tetraaryl-1,2,4-trithiolanes are thermally unstable and
dissociate into thiocarbonyl S-sulfides and thiobenzophenone in
refluxing chloroform.3 Since cis- and trans-1 were isolated, the
thermal behavior of these isomers was investigated. A solution
of cis-1a in deuterated toluene was heated at 110 °C for 72 h.
The 1H NMR spectroscopic analysis of the solution revealed
that cis-1a gradually converted to trans-1a (26%), along with 2a
(44%), whereas cis-1 a was recovered in 25% yield. While
trans-1a also converted to cis-1a, the rate of conversion was
low. After being heated at 110 °C for 72 h, 66% of trans-1a still
remained, suggesting that trans-1a is more stable than the
corresponding cis-isomer. The most straightforward explana-
tion for the conversion of cis-1a to trans-1a involves the
isomerization of cis-1a to the thiocarbonyl S-sulfide (3a) and 2a
followed by recombination via 1,3-dipolar cycloaddition be-
tween 3a and 2a (Scheme 2).

Scheme 1

Table 1 Spectral data of cis- and trans-1a

1H NMR 13C NMR

trans-1a 1.04 (s, 18H, t-Bu), 2.35 (s, 6H,
ArMe), 7.10 (d, 4H, J = 8.0 Hz,
Ar), 7.81 (d, 4H, J = 8.0 Hz, Ar)

20.93, 29.78, 40.71,
100.65, 127.11,
130.84, 136.15, 140.11

cis-1a 1.21 (s, 18H, t-Bu), 2.20 (s, 6H,
ArMe), 6.81 (d, 4H, J = 8.2 Hz,
7.40 (d, 4H, J = 8.2 Hz, Ar)

20.75, 28.81, 41.96,
97.76, 126.52, 130.39,
135.74, 137.96
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When the reaction was carried out in the presence of
adamantane-2-thione (2 eq.), the corresponding cycloadduct
(1e) was obtained in 67% yield along with recovered cis-1a (15
%) and 2a (70%) (Scheme 3).11

The difference in stability between cis- and trans-1 might be
attributed to the difference in their steric hindrances. As can be

seen in Figure 1, cis-1a is more crowded than the trans isomer.
In fact, Senning et al. have reported that the reaction of
thiosulfenyl chloride with morpholine afforded mainly the
corresponding trans-trithiolane, suggesting that cis-trithiolane
is generally unstable and gradually converts into the more stable
trans-isomer.7

In summary, we have isolated and characterized cis- and
trans-1 by the reaction of pivalophenones with P4S10. Both
isomers interconvert in refluxing toluene. The intermediate 3
was trapped by the reaction with adamantane-2-thione to afford
unsymmetrical 1.
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Table 2 Reaction of ketones with tetraphosphorus decasulfide

Products (Yields/%)

Ketone Conditions Trithiolane

RA RB Temp./°C Solvent Time/h cis trans Thioketone 2

t-Bu p-Tol 110 Pyridine 24 1a 22 3 2a 52
t-Bu p-Tol 110 Pyridine 96 1b 34 35 2a 28
t-Bu Ph 110 Pyridine 48 1b 21 8 2b 30
t-Bu p-PhOC6H4 110 Pyridine 48 1c 19 10 2c 35
Adamantane-2-one 110 Pyridine 48 1d 45 2d 13

Fig. 1 X-ray crystallographic structures of cis- and trans-1a. Selected data
for cis-1a. Bond lengths: C1–S1 1.864(4); C1–S3 1.841 (5); S1–C2
1.855(5); C2–S2 1.861(4); S2–S3 2.037 Å. Bond angles: C1–S1–C2
104.0(2); S3–S2–C2 99.5 (2); S2–S3–C1 94.9(2); S1–C1–S3 104.0(2); S1–
C2–S2 107.1(2)°. Selected data for trans–1a. Bond lengths: C1–S1
1.870(8); C1–S3 1.796 (8); S1–C2 1.854 (8); C2–S2 1.840(8); S2–S3 2.016
(3) Å. Bond angles: C1–S1–C2 102.8(4); S3–S2–C2 96.6 (3); S2–S3–C1
95.5(3); S1–C1–S3 106.4(4); S1–C2–S2 106.5(4)°.

Scheme 2

Scheme 3
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Three different crystal polymorphs of CaCO3 (aragonite,
vaterite and calcite) have been selectively induced by
changing the time of addition of a radical initiator to a
calcium carbonate solution containing sodium acrylate.

In nature, biological organisms produce polymer–inorganic
hybrids. In these mineralized tissues, crystal morphology, size,
polymorph, and orientation are determined by local conditions
and, in particular, the presence of ‘matrix’ proteins or other
macromolecules.1 However, there remain many unknowns as to
how the matrix affects the crystallization process, especially the
initial nucleation. A final crystalline phase might arise through
a multistage crystallization process.2,3 The existence of several
phases would enable organisms to control mineralization
through intervention with the kinetics. By selectively inter-
acting with the mineral at different stages during the crystal
forming process, the organisms may choose to manipulate both
the polymorph and the orientation of the mineral to meet
specific biological requirements. Although crystallization of
minerals in the presence of various additives and synthetic
polymers has been investigated as a model of biomineraliza-
tion,4–6 selective interaction of synthetic additives with the
minerals at different stages during the nucleation process has
not been examined.

Here, we report a new concept for controlling crystal
polymorphs of CaCO3 by addition of a synthetic additive. The
key point of our method is using a ‘latent inductor’ for crystal
nucleation as shown in Fig. 1. The latent inductor at its inactive
state does not affect nucleation and growth of the crystal. After
the inactive state is transferred to an active state by a stimulus,
the active inductor can induce nucleation and growth of the
crystal. We used sodium acrylate as a latent inductor for this
purpose and a water-soluble radical initiator was used as a
stimulus. While sodium acrylate does not affect nucleation and

growth of crystals7 poly(acrylate) affects crystal morphology by
inhibiting the growth of particular crystal faces.3,8 Indeed, the
precipitation of CaCO3 in the presence of the sodium salt of
poly(acrylic acid) (PAA) (Mn = 5100) was prevented under the
nucleation conditions applied here.6 Sodium acrylate can be
transformed to poly(acrylate) by adding a radical initiator. In the
present system, aqueous solutions of CaCl2 and (NH4)2CO3
were initially added to an aqueous solution of sodium acrylate
and then subjected to polymerization by adding the radical
initiator at 30 °C after incubation for several minutes.
Crystallization of calcium carbonate with in situ polymerization
of anionic monomers in aqueous solution has not been
reported.

The precipitation of CaCO3 was carried out under the same
conditions as reported by Cölfen et al.9,10 4.95 ml of each
reactant [0.1 M CaCl2 and 0.1 M (NH4)2CO3] were injected via
syringe into 180 ml of an aqueous solution of sodium acrylate
which was adjusted to pH 8.5 by NH3(aq). The ratio of sodium
acrylate to calcium ions was 0.62+1. After addition of the
reactants was complete, an aqueous solution of K2S2O8 as a
water-soluble radical initiator was added to the reaction mixture
after incubation at 30 °C for several minutes (1, 3 or 20 min). A
sudden increase in the turbidity of the solution was observed
after incubation for several minutes. The solutions were kept at
30 °C under N2 for 1 day with gentle stirring. The crystalline
CaCO3 was collected and washed with water several times. The
yields of the crystalline products obtained when the radical
initiators were added to the reaction mixture after incubation for
1 min (product A), 3 min (product B) and 20 min (product C)
were 33, 35 and 54%, respectively.

The crystal phases of the obtained CaCO3 were characterized
by FTIR analysis.3,11,12 Product A displayed a characteristic
symmetric carbonate stretching vibration at 1084 cm21, a
carbonate out-of-plane bending vibration at 856 cm21 and a pair
of peaks at 701 and 713 cm21 indicating aragonite formation.
When the radical initiator was added after incubation for 3 min,
product B showed several bands corresponding to a carbonate
out-of-plane bending vibration. A band at 746 cm21 indicated
vaterite formation and bands at 877 and 713 cm21 assignable to
calcite were also present. The crystal phase of product C was
calcite according to IR with only two bands at 877 and 713
cm21 observed.

Fig. 2 shows scanning electron micrographs (SEM) of the
three crystalline products. Each SEM micrograph shows
different crystal modifications. The aragonite crystals (product
A) were efflorescent bundles of needles [Fig. 2(a)], typical of
the phase. Product B consisted of two different crystal
modifications, spherical vaterite and rhombs of calcite [Fig.
2(b)]. Stable spherical vaterite crystals have already been
reported in the presence of various bivalent cations,13 double-
hydrophilic block copolymers9 and anionic PAMAM den-
drimers.6 Crystals of product C were rhombohedral [Fig. 2(c)].
The crystal phases of the obtained CaCO3 samples were further
confirmed by powder X-ray diffraction (XRD) analysis. The
reflections of products A and C were characteristic for aragonite
and calcite, respectively. The fraction of vaterite in product B

Fig. 1 Schematic depiction for the control of crystal polymorph growth by
a latent inductor.
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was 63% as determined by Rao’s equation.14 These results
indicate that the three different polymorphs of CaCO3 were
controlled simply by changing the addition time of the radical
initiator to the calcium carbonate supersaturated solution
containing sodium acrylate at ambient temperature. When the
ratio of sodium acrylate to calcium ions was reduced to 0.37, the
crystal phase obtained when the radical initiator was added after
incubation for 1, 3 and 20 min was always calcite. This result
suggests that the presence of the radical initiator was not the
main factor for controlling the final crystal phase of CaCO3.

Calcite is thermodynamically more stable than the other two
crystalline modifications, aragonite and vaterite. The crystal
phase of CaCO3 obtained without any additives or with sodium
acrylate in the absence of radical initiators was calcite under the
same conditions as described above. Sodium acrylate is thus
inactive for induction of metastable CaCO3 crystalline phases
(vaterite or aragonite). Since the crystal phase of product C was
also thermodynamically stable calcite, the final crystalline
phase was not affected when the polymerization of sodium
acrylate was started via radical initiation after incubation of the
reaction mixture containing calcium reactants and sodium
acrylate for 20 min.

Aragonite is usually obtained at temperatures > 50 °C using
a solution method of preparation.4,11 In our present results,
aragonite can be obtained at 30 °C when the radical initiator is
added to the calcium ion solution with sodium acrylate after
incubation for 1 min, during which time CaCO3 crystal
formation has not started. It is possible that aragonite is rapidly
nucleated at the very beginning of the nucleation process,
resulting in it being kinetically induced by the poly(acrylate).
When the initiator was added to the reaction mixture after
incubation for 3 min, crystals of calcite and vaterite were
formed. These results indicate that the final crystalline phases
are highly sensitive to the presence of the active additives at the
very initial nucleation stage (first few minutes). During the
phase transformation, the poly(acrylate) may kinetically and
thermodynamically induce a crystal nucleation at each stage. In
the absence of any additives, it is well known that vaterite
transforms into stable calcite via a solvent-mediated process.15

Although the crystal polymorph of product B did not change
when the solution was kept for 2 days, vaterite crystals were
transformed to calcite when the solution was incubated for 3
days. We speculate that the vaterite surfaces were stabilized by
the resulting poly(acrylate) in aqueous solution so slowing
phase transformation.

After the crystalline CaCO3 was filtered off and washed with
water, the combined water phase was evaporated under reduced
pressure. GPC and FTIR analyses of the residue indicated the
formation of poly(acrylate). Although we do not fully under-
stand the mechanistic implication of the effect of in situ radical
polymerization of sodium acrylate in aqueous solution for
nucleation and growth of calcium carbonate, our current results
have provided a new concept for controlling the crystal
polymorphs of calcium carbonate. While sodium acrylate is
inactive for nucleation and growth of crystals, addition of a
radical initiator leads to poly(acrylate), which can influence
nucleation and growth of CaCO3. Sodium acrylate can be
regarded as a latent active ligand for induction of crystal phases.
We believe that the initial nucleation processes play an
important role in controlling the final crystal modifications of
CaCO3 obtained. Further investigations are in progress.

We  thank Dr Tetsuo Yazawa and Mr Kouji Kuraoka at Osaka
National Research Institute for the SEM micrographs and XRD
analysis.
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FeIII-doped TiO2 nanoparticles prepared from organic
precursors (@2.5 atom% Fe) exhibit strongly enhanced
photocatalytic activity as demonstrated by the quantum
yields measured for the formation of formaldehyde by
photocatalyzed oxidation of methanol in aqueous solution
(F up to ca. 15%).

In recent years, considerable effort has been devoted to the
study of FeIII-doped titanium dioxide in order to improve the
photocatalytic efficiency of TiO2.1–4 The generally accepted
mechanism to explain this improved photocatalytic perform-
ance is the formation of shallow charge trapping sites within the
TiO2 matrix as well as on the particles’ surface through the
replacement of TiIV by FeIII ions.3 Thus, the undesirable
recombination of electron/hole pairs generated upon ultra-
bandgap irradiation can be partially prevented. In most cases
such photocatalysts have been prepared by hydrolysis of a Ti-
precursor in the presence of a FeIII-containing aqueous solution
(Scheme 1a). Since the reaction system is fed with the Ti and Fe
precursors present as different solution phases, the Fe/Ti ratio is
unavoidably changed on addition of the Ti precursor to the

solution of the Fe precursor, particularly so in the initial stage of
particle growth. There is little doubt that this effect influences
the local distribution of iron in the particles formed and hence
the photocatalytic efficiency. In view of this we have developed
a novel preparation in which organic Ti and Fe precursors were
employed and mixed prior to hydrolysis (Scheme 1b). To the
best of our knowledge, such a preparation has not been reported
previously.

As seen from Scheme 1b, the fraction of iron in the mixture
and, hence, the nominal iron content of the particles can be
varied as desired. As-prepared samples come as yellowish
powders which can be resuspended in water, methanol or in a
mixture of both solvents to obtain a colloidal suspension
transparent in the visible region.

Fig. 1 shows the absorbance spectra of as-prepared samples
of neat TiO2 and of TiO2 doped with different amounts of FeIII.
From Fig. 1 and by use of the procedure given by Kormann et
al.5 the bandgap energy, Eg, of the colloidal particles was
obtained as 3.32, 3.25, 3.22 and 3.07 eV for zero, 0.25, 0.5 and
2.5 atom% iron, respectively. Clearly, Eg decreases with
increasing iron content. Compared with bulk anatase TiO2 (Eg
= 3.23 eV6) the bandgap of the undoped TiO2 particles (3.32
eV) is larger by ca. 0.1 eV. This corresponds to a mean spherical
particle diameter of ca. 2.7 nm when the Brus equation7 is
applied.

From the preparation procedures given in Scheme 1 it is
expected that the distribution of iron in the TiO2 matrix of the
particles prepared by method (1b) is more uniform than by
method (1a). Uniformity of doping was expected to result in
enhanced photocatalytic activity. This was indeed verified by
determination of the quantum yield of formaldehyde produced
by photocatalytic oxidation of methanol in aerated aqueous
solution9 in the presence of the TiO2 colloidal particles doped

Scheme 1 Preparation of iron-doped TiO2 nanoparticles. Previous (a) and
present novel method (b).

Fig. 1 Absorbance spectra of TiO2 and iron-doped TiO2 nanoparticles in
colloidal aqueous solution (as-prepared according to Scheme 1b, pH ≈ 3,
1 cm cell, virtually no light scattering).
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with iron by different methods. The photocatalytic reaction was
carried out in a cylindrical cell under cw-illumination by filtered
light from a xenon lamp (WG 320 + UV black filters, 60%
transmission at 340 nm). The photon flux of this illumination
set-up was determined by use of the Aberchrome-540 chemical
actinometer.8 The production rate of HCHO was measured by
HPLC of samples taken at different time intervals9 (total
photolysis time ca. 30 min).

TiO2-photocatalyzed oxidation of methanol proceeds as
follows:1,9,13
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where k4 = 7.6 3 107 M21 s21 for trapped electrons,10 k5 = 5
3 108 M21 s21 11 and k6 ≈ 5 3 109 M21 s21.12 As detailed by
Sun and Bolton9 the quantum yield of HCHO is proportional to
that of OH· which plays a vital role in TiO2 based photocatalytic
reactions.1,15

Table 1 shows the values of FHCHO determined for the TiO2
and iron-doped TiO2 colloidal photocatalysts prepared here by
different methods. A 15 min pre-illumination of the aqueous
colloidal particles was applied in the absence of CH3OH for

removal of surface flaws. Note that without pre-photolysis the
concentration of HCHO was not proportional to the photolysis
time but rather showed an induction-type behavior character-
istic for the oxidation of residual organic material originating
from the catalyst preparation. No HCHO was formed in the dark
or during illumination in the absence of methanol evincing that
the process was truly photocatalytic. As seen from Table 1, iron-
dopant concentrations of up to 0.5 atom% increase FHCHO
dramatically. Further, FHCHO is strongly affected by the method
of photocatalyst preparation in some cases. Comparison of
FHCHO demonstrates that the novel preparation, Scheme 1b, is
superior to that of Scheme 1a for the optimum dopant
concentration of 0.5 atom% iron, where FHCHO exhibits a ca.
sixfold increase over the quantum yield measured in the
presence of 2.7 nm undoped TiO2 particles. The optimum iron-
dopant concentration depends on the method of catalyst
preparation (0.5 atom% for methods 1a and 1b, 0.25 atom% for
the preparation from TiCl4, similar to ref. 2).

In conclusion, it has been shown that the novel preparation,
Scheme 1b, of iron-doped TiO2 nanoparticles yields a highly
active photocatalyst for the oxidation of methanol in aqueous
solution. This is tentatively attributed to conditions of particle
growth more favorable than with method 1a. Further work on
photocatalytic properties of related as-prepared materials,
including structure characterization and studies by time-
resolved techniques,10,14 is under way.
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Table 1 Quantum yields of formaldehyde formation by the photocatalytic
oxidation of methanol in the presence of TiO2 and iron-doped TiO2

colloidal nanoparticlesa

Fe/atom% FHCHO
b/% Precursor(s)

Photocatalyst
preparation

0 2.3 TiCl4 ref. 2
2.8 TiPriOc Scheme 1a

0.25 12.0 TiCl4 + FeCl3 ref. 2
12.0 TiPriOc + Fe-acacd Scheme 1a
12.5 TiPriO + Fe-acac Scheme 1be

0.50 7.2 TiCl4 + FeCl3 ref. 2
12.7 TiPriO + Fe-acac Scheme 1a
15.3 TiPriO + Fe-acac Scheme 1be

2.50 5.2 TiCl4 + FeCl3 ref. 2
9.2 TiPriO + Fe-acac Scheme 1a
9.5 TiPriO + Fe-acac Scheme 1be

a 100 mM methanol, O2-saturated aqueous solution at pH ≈ 3, catalyst
loading 0.5 g L21, reaction volume 23 mL, Io = 1.43 3 1026 Einstein L21

s21, room temperature. See text for further details. b ±0.2. c Titanium
tetraisopropoxide. d FeIII-acetylacetonate. e Present method.
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Stepwise post-synthesis alumination of pure silica MCM-41
in which increasing proportions of the MCM-41 are alumi-
nated depending on the amount of Al available in the
synthesis gel is achieved during secondary synthesis (i.e.
recrystallisation) of calcined pure silica MCM-41 in the
presence of discrete amounts of Al.

The recent synthesis of MCM-41 type mesoporous silicas which
possess well ordered pores of diameter 20–100 Å has expanded
the range of heterogeneous catalysis into the mesoporous
regime.1–4 With regard to catalysis, purely siliceous mesopor-
ous molecular sieves are of limited use owing to the absence of
active sites in their matrices. Active sites may be generated via
chemical modification involving the introduction of hetero-
atoms into the silica matrix.2–4 The incorporation of Al (which
gives rise to solid acid catalysts with acid sites associated with
the presence of Al in framework positions) is a typical example.
The introduction of Al into mesoporous silicas (i.e. alumina-
tion) normally takes place in a homogeneous form and results in
uniform incorporation of Al with little control of its spatial
distribution. Increasing the Al content in the synthesis gel
generally results in a uniform increase in the amount of
incorporated Al throughout the entire sample.5 In a departure
from this norm, this report describes preliminary work on the
unusual stepwise post-synthesis alumination of pure silica
MCM-41 in which increasing proportions of the MCM-41 are
aluminated depending on the amount of Al available in the
synthesis gel. This apparently step-wise alumination is achieved
during secondary synthesis (recrystallisation) of calcined pure
silica MCM-41 in the presence of discrete amounts of Al.
Evidence from several characterisation techniques indicates
that during recrystallisation, the proportion of aluminated
MCM-41 increases with increase in the content of Al in the
recrystallisation gel and that beyond a certain gel Si/Al ratio
(determined by synthesis conditions) the whole sample is
aluminated. The findings reported here suggest that it is possible
to fully aluminate a portion of the pores of a pure silica MCM-
41 before alumination of other pores has started, resulting in an
apparently mixed-phase material. The ability to vary the spatial
distribution of Al (or other heteroatoms) in such a manner may
find use in the preparation of composite or multiphase materials
and may open new opportunities for selective molecular
engineering within the internal surface of mesoporous silicas.

We have recently shown that calcined pure silica MCM-41 is
stable under normal MCM-41 synthesis conditions and that
when used as the ‘silica source’ during secondary synthesis (i.e.
recrystallisation) the calcined MCM-41 crystallites are pre-
served and act as seeds for further crystal enlargement.6,7 This
‘preservation’ principle was used to prepare a series of
recrystallised Al-MCM-41 samples by adding varying amounts
of Al to the recrystallisation gel. The recrystallised samples
were prepared as previously described6,7 except that aluminium
isopropoxide was added to the recrystallisation gel along with
the calcined pure silica MCM-41 at gel Si/Al ratios in the range
5–80. In brief, tetramethylammonium hydroxide (TMAOH)
and cetyltrimethylammonium bromide (CTAB) were dissolved
in distilled water by stirring at 35 °C. Calcined pure silica

MCM-41 and the required amount of Al (as aluminium
isopropoxide) were then added to the template solution under
stirring for 1 h. After further stirring for 1 h the resulting gel was
aged for 20 h at room temperature and then transferred to a
Teflon-lined autoclave and heated at 150 °C for 48 h. The solid
product was obtained by filtration, washed with distilled water,
dried in air at room temperature and calcined in air at 550 °C for
8 h. The samples were designated Al-MCM41-x, where x is the
gel Si/Al ratio.

Powder X-ray diffraction (XRD) patterns of the parent pure
silica MCM-41 and the aluminated samples are shown in Fig. 1.
The XRD pattern of the parent Si-MCM-41 material exhibits a
single (100) basal peak and several higher order peaks which is
typical of a well ordered MCM-41. The XRD patterns of
aluminated materials prepared at gel Si/Al ratios of 80, 40 and
20 exhibit two low angle peaks; the original 100 peak and a new
peak which occurs at slightly higher 2q values and pro-
gressively shifts to even higher values (i.e. lower basal spacing)
as the gel Si/Al ratios reduced from 80 to 20. Furthermore the
intensity of the new peak increases at the expense of the original
basal peak. The position of the original peak does not however
change despite the reduction in intensity (Table 1). At a gel Si/
Al ratio of @10, the original basal peak is completely lost and
only the new peak is observed. Our preliminary interpretation of
the XRD results is that the new peak is due to aluminated MCM-
41 which increases in proportion as the amount of Al in the
recrystallisation gel increases and that at a gel Si/Al ratio close
to 10, the whole sample is aluminated and therefore only the
new peak is observed. The presence of the original peak for
samples recrystallised at a Si/Al gel ratio of 80, 40 and 20
implies that a portion of these samples remains essentially non-
aluminated and retains the characteristics of the parent Si-
MCM-41 material. This interpretation is consistent with the fact
that in the absence of Al (i.e. in all silica recrystallisation) only
one peak (i.e. the original peak) is observed,6 which supports
our proposal that the new peak observed here is due to the
presence of Al. Our interpretation of the XRD results is

Fig. 1 Powder XRD patterns of pure silica Si-MCM-41 (a) and
recrystallised Al-MCM41-80 (b), Al-MCM41-40 (c), Al-MCM41-20 (d)
and Al-MCM41-10 (e) materials.
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supported by the N2 sorption isotherms in Fig. 2 which clearly
show two capillary condensation (pore filling) steps for the
‘partially’ aluminated samples (Al-MCM41-80, Al-MCM41-40
and Al-MCM41-20). The first step (at lower partial pressure) is
ascribed to the filling of aluminated pores and the second step to
the filling of non-aluminated pores. It is noteworthy that the
second pore filling step in the ‘partially’ aluminated samples
occurs at the same partial pressure as the filling of pores in the
parent Si-MCM-41. This indicates that the pore size of the
channels in the parent sample remains unchanged in the
‘partially’ aluminated samples.

The coexistence of the two distinct pore systems within one
sample implies that alumination of a portion of pores is
accomplished before the start of alumination in other pores. The
reduction in basal spacing and pore size (Fig. 1 and 2) and the
gradual decrease in surface area and pore volume (Table 1)
which accompanies the alumination is consistent with the
incorporation of an aluminosilicate layer on the inner pore walls
of the parent Si-MCM-41. The incorporation of Al onto the
silica framework must be accompanied by charge balancing
surfactant molecules since there are no inorganic ions present in
the recrystallisation gel. It is likely that the strong interaction
between the charge balancing surfactant molecules and the
framework Al sites causes contraction of the mesoporous
framework, resulting in a reduced basal spacing in the
aluminated parts of the recrystallised sample. Indeed thermog-
ravimetric analysis (TGA) of as-synthesised samples indicated
the presence of strongly held surfactant molecules (associated
with framework Al) whose proportion increased with the extent
of alumination. Incorporation of Al onto the framework was
confirmed by 27Al MAS NMR of the calcined samples. More
than 80% of the Al in the samples (except for Al-MCM41-5
with 65%) was found to be in tetrahedral coordination. During
recrystallisation, the surfactant molecules and Al which are

eventually occluded/incorporated into the recrystallised Al-
MCM-41 samples must be transported into the pores of existing
Si-MCM-41 particles/crystallites.6,7 We propose that the trans-
portation of Al into the pores is, owing to the presence of the
surfactant, diffusion controlled and that the Al is therefore first
incorporated into the outer region of the MCM-41 particles.
Alumination then proceeds into the interior of the sample
depending on the amount of Al available. If all the particles are
equally accessible, then each particle is aluminated from the
edges inwards until all the Al is depleted or in an aggregate of
particles, the outermost particles are aluminated first while the
inner particles remain untouched by the Al. In such a scenario,
the proportion of aluminated MCM-41 will depend on the
amount of Al available and the diffusion time. In the present
study the diffusion time (i.e. synthesis time) was kept constant
and the only variable was the amount of Al. For the partially
aluminated samples, SEM with elemental analysis gave Si/Al
ratios of 40.1, 28.3 and 16.9 for Al-MCM41-80, Al-MCM41-40
and Al-MCM-41-20, respectively. The implied Al content for
these samples was higher than that expected from the gel Si/Al
ratio which is not suprising considering that only part of the pure
silica MCM-41 is aluminated. It is also evident that the Si/Al
ratio approaches the expected value as the extent of alumination
increases. Indeed at full alumination (gel ratio Si/Al 10 and 5)
the obtained elemental composition (Si/Al = 8.8 for Al-MCM-
41-10 and 5.8 for Al-MCM41-5) is very close to the expected
values since the samples are essentially homogeneous with
respect to spatial distribution of Al. The alumination mecha-
nism proposed here is similar to that suggested by Anwander
et al. for the chemisorption of trimethyaluminium into MCM-
41.8 We also note that the incorporation of Al predominantly
into the outer region of MCM-41 was previously observed when
Al was added to an already formed surfactant–silicate mesos-
tructure.9

We have considered other scenarios that are possible during
the recrystallisation; (i) the parent Si-MCM-41 can completely
dissolve to generate silicate ions which then interact with the Al.
This would in effect be equivalent to conventional direct mixed-
gel synthesis and should yield homogeneous Al-MCM-41
materials with uniform pores and elemental compositions close
to the gel Si/Al ratio irrespective of the amount of Al.5,10 This
is clearly not observed here. In any case we know that the Si-
MCM-41 crystallites are stable under the recrystallisation
conditions and that complete dissolution of the parent Si-MCM-
41 does not occur.6,7,11 (ii) Some silica (mainly amorphous
phase) from the parent Si-MCM-41 can dissolve and interact
with the Al to create a new separate Al-MCM-41 phase which
coexists with the original preserved crystallites of the parent Si-
MCM-41. However in such a scenario, the same amount of
silica will dissolve (regardless of the recrystallisation gel Si/Al
ratio) and therefore the resulting recrystallised samples should
be substantially the same (irrespective of gel Si/Al ratio) with
any excess Al existing as an alumina phase. This is, however,
not likely since the nature of the recrystallised samples reported
here is strongly dependent on the gel Si/Al ratio.

I am grateful to the EPSRC for an Advanced Fellowship.
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Table 1 Textural properties of the studied materials

Sample
Basal (d100)
spacing/Å

Surface area/
m2 g21

Pore volume/
cm3 g21

Si-MCM-41 42.8 1017 0.91
Al-MCM41-80 43.2; 40.1 995 0.87
Al-MCM41-40 43.0; 39.7 922 0.78
Al-MCM41-20 42.8; 38.2 840 0.62
Al-MCM41-10 37.6 785 0.53
Al-MCM41-5 33.5 878 0.51

Fig. 2 Nitrogen sorption isotherms of pure silica Si-MCM-41 (a) and
recrystallised Al-MCM41-80 (b), Al-MCM41-40 (c), Al-MCM41-20 (d)
and Al-MCM41-10 (e) materials.
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The new dodecadentate tripodal ligand trenterpy in the
presence of lanthanide triflates leads to the self assembly of
homotrinuclear lanthanide complexes.

In recent years there has been a proliferation in the coordination
chemistry of lanthanide(III) ions with polydentate ligands owing
to their potential applications in biology, medicine and
materials science.1 However, while the assembly of oligonu-
clear coordination compounds is a burgeoning field,2 only
limited research has focused on the preparation of polymetallic
molecular or supramolecular lanthanide-containing complexes,
in spite of the interesting magnetic and luminescence properties
of Ln(III) ions.3 Moreover the creation of highly organised
polymetallic architectures is crucial for the design of lantha-
nide-based functional devices such as light converters2b or MRI
contrast agents,4 with, for example, the aggregation of Gd(III)
ions in trimeric centres by non-covalent pseudo-octahedral
tripods leading to an increase of the relaxivity.5 We and others
have recently shown that the assembly of three neutral bidentate
binding units such as phenanthroline6 or pyridine–carbox-
amide7 to [tris(2-aminoethyl)amine] (tren) through an amide
linkage yields covalent tripods which form mononuclear nine-
coordinate lanthanide complexes with a rigid solution struc-
ture.

Here, we report the complexation properties of the new
potentially dodecadentate tripodal ligand trenterpy‡ containing
three tridentate terpyridine binding units connected to a
common anchor (tren) through amide linkages. 2,2A+6A,2B-
Terpyridine has been widely used as a building block in
metallosupramolecular chemistry8 and the incorporation of
terpyridine or tridentate terpyridine analogues in non-covalent
podating ligands has led, in the presence of lanthanide ions, to
the formation of mononuclear monohelical complexes9 or to the
self-assembly of dinuclear triple-helical homo- or hetero-

dinuclear10 complexes. Nevertheless the ligand trenterpy is, to
our knowledge, the first example of the incorporation of terpy in
a covalent tripod.

Here, we show that the high number of coordination sites and
the likely presence of interstrand interactions in trenterpy
prevent the formation of mononuclear 1+1 complexes and lead
to the self-assembly of discrete homotrinuclear lanthanide
complexes. Very recently Orvig and coworkers have reported
another example of how the mismatch of ligand denticity and
Ln(III) coordination number can be used to create polynuclear
arrays.11 While rigid C3-symmetric ligands have often been
used for the ‘designed assembly’ of oligonuclear compounds,12

the work we present here is, to our knowledge, the first example
of self-assembly directed by a flexible tripod.

The reaction of trenterpy with lanthanum triflate leads to the
isolation, after addition of diethyl ether, of the crystalline M3L2
complex [La3(m3-trenterpy)2(OTf)4(H2O)2](OTf)5 1§ inde-
pendently of the starting M+L stoichiometric ratio (1+1 or 3+2).
Yellow crystals of 1 suitable for X-ray diffraction analyses were
obtained by slow diffusion of diethyl ether in a solution of 1 in
acetonitrile. The structure of the La complex is shown in Fig. 1
and an atomic numbering scheme of the asymmetric unit which
contains 1.5 La ions is shown in Fig. 2. The [La3(m3-
trenterpy)2(OTf)4(H2O)2]5+¶ cation lies on a twofold crystallo-
graphic axis passing through La(1) and between the capping
nitrogens N(1) and N(1)A of the two ligands. Each trenterpy
ligand is spread out such that each of its tetradentate
carboxyterpyridine arms is coordinated to a different metal ion.
Each La ion is coordinated by six terpyridine nitrogens and two
amide oxygens provided by two different ligands. All La ions
are ten-coordinate with two triflate oxygens binding La(1) and
one water oxygen and one triflate oxygen binding the two
symmetry related ions La(2) and La(2)A; the La–O distances
are standard.13 The average value of the La–N distance (2.748
Å) is longer than the average La–N bond distance found for a
ten-coordinate mononuclear cationic complex of terpyridine
[La(NO3)2(terpy)2]+ 13 (2.68 Å) but is similar to the La–N
distances previously found in [La(tbpa)(H2O)(h2-ClO4)]2+

(2.728 Å)14 and in [La(edta)(H2O)3]2 (2.755 Å).15 The
geometry of the coordinated terpyridine arms is strongly
distorted from planarity with the dihedral angles between two
neighbouring pyridine rings ranging from 9.7 to 23.3°.
Significant distortion from planarity had also been observed in
the bisterpyridine La(III) complex13 and for the complex
[Eu(terpy)3](ClO4)3

16 [dihedral angle between the two pyridine
planes is: 4.8–28.6° for the La(III) complex and 12–26° for the
Eu(III) complex].

The 1H NMR spectrum of the trinuclear lanthanum complex
in CD3CN shows the presence of sharp signals with four
resonances for the ethylene protons, one resonance for the
amide proton and 10 overlapping signals for the terpyridine
protons, in accord with an averaged D3-symmetric structure on
the NMR time-scale of the solution species. The 1H NMR
spectrum of a 1+1 solution of La(OTf)3 and trenterpy in

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b004152l/
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acetonitrile shows the presence of broad signals resulting from
intermolecular ligand exchange. The ESMS spectra of 1+1 and
3+2 solutions of La(OTf)3 and trenterpy in acetonitrile show a
set of peaks which are in accord with the presence in solution of
the trinuclear M3L2 complex. The ESMS spectrum of the 1+1
solution also shows another set of prominent peaks which were
assigned to a mononuclear ML complex {[La(trenter-
py)(CF3SO3)2]+ m/z 1360} and a set of minor peaks which were
assigned to a dinuclear M2L complex {[La2(trenter-
py)(CF3SO3)5]+ m/z 1945.6}. The preferential formation of the
trinuclear species at different stoichiometric ratios, and its rigid
solution structure indicate that 1 is the thermodynamic product

of a self-assembly process. The ESMS spectra of 3+2 solutions
of Ln(OTf)3 (Ln = Pr, Eu, Lu) and trenterpy in acetonitrile also
show the presence of peaks assigned to the M3L2 species. The
1H NMR spectra of these solutions indicate a higher fluxionality
of the solution species with respect to the La(III) complex.

In conclusion, the predisposition of three terpyridine units in
a covalent tripod directs the process of self-assembly toward the
formation of homotrinuclear lanthanide complexes of potential
interest for the study of intramolecular metal-to-metal energy
transfer. This work shows that tripodal ligands can be used to
predetermine the geometric arrangement of flexible polydentate
binding units containing neutral N-donors around lanthanide
ions, allowing an improved control over the structure of the final
polymetallic array with respect to single-stranded ligands.

This work was supported by the Commissariat à l’Energie
Atomique. We thank Colette Lebrun for help in recording the
mass spectra.
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(1653.6), [La3(trenterpy)2(CF3SO3)6]3+ (1052.6), [La3(trenter-
py)2(CF3SO3)5]4+ (752.1).
¶ Crystal data: [La3(m3-trenterpy)2(OTf)4(H2O)2](OTf)5·2H2O·2MeCN,
C121H104N28O37F27S9La3, M = 3760.59, monoclinic, space group C2/c, a
= 19.2737(9), b = 26.4590(12), c = 30.2609(14) Å, b = 93.8740(10)°, V
= 15396.7(12) Å3, Z = 4, Dc = 1.622 g cm23, m = 1.054 mm21. 18848
independent reflections (qmax = 29.12°) were collected at 143 K.
Refinement using the SHELXTL 5.05 package on all data converged at
R1[F > 4s(F)] = 0.0947, wR2 = 0.2492.

CCDC 182/1717. See http://www.rsc.org/suppdata/cc/b0/b004152l/ for
crystallograpic files in .cif format.
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Fig. 1 Crystal structure of the [La3(m3-trenterpy)2(OTf)4(H2O)2]5+ cation in
1 with thermal ellipsoids at 30% probability. Selected bond lengths (Å):
La(1)–O(1) 2.487(4), La(1)–O(11) 2.565(4), La(1)–N(14) 2.750(6), La(1)–
N(12) 2.748(5), La(1)–N(13) 2.781(6), La(2)–O(2) 2.514(5), La(2)–O(3)A
2.523(5), La(2)–O(21) 2.542(5), La(2)–O(4) 2.565(5), La(2)–N(42)A
2.747(5), La(2)–N(43)A 2.717(5), La(2)–N(44)A 2.740(6), La(2)–N(22)
2.753(6), La(2)–N(23) 2.750(6), La(2)–N(24) 2.752(7) (symmetry trans-
formations used to generate equivalent atoms A: 2x + 1, y, 2z + 1/2).

Fig. 2 Atomic numbering scheme of the [La3(m3-trenter-
py)2(OTf)4(H2O)2]5+ cation in 1. Ellipsoids are shown at the 30%
probability level.
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Labeling experiments of mevalonolactone-d9 were pursued
for studies of the biosynthesis of the core membrane lipids
from thermophilic methanogenic archaea, which revealed
that unusual double-bond migration occurred during the
ultimate formation of the saturated isoprenoid chains in
these particular archaea.

Archaea, which have been attracting considerable attention
from both biochemical and evolutionary aspects, are distinct
from bacteria and eukarya.1 Archaeal cell membrane lipids are
composed of isoprenoid-chain hydrocarbons linked to a glyc-
erol molecule at the sn-2 and 3-positions by an ether linkage.
The isoprenoid hydrocarbon chains of lipid molecules are
frequently joined at the hydrophobic end to form a macrocyclic
ring as large as 36- or 72-membered as shown in Scheme 1.2

The biosynthesis of these macrocyclic lipids is believed to
proceed in a direct manner via digeranylgeranylglyceryl
phosphate derived sn-glycerol 1-phosphate and geranylgeranyl
diphosphate.3 However, nothing is known about the mecha-
nistic details of the final carbon–carbon bond(s) formation
found in macrocyclic lipids. Described here are unanticipated
observations from similar feeding experiments4 of mevalono-
lactone-d9 to thermophilic methanogens, Methanococcus jan-
naschii and Methanobacterium thermoautotrophicum.

The cultures of M. jannaschii (DSM 2661) and M. thermoau-
totrophicum JCM 10044T (DSM 1053) were carried out as
previously reported.5,6 Mevalonolactone-d9,4 was aseptically
and anaerobically added to the culture in a final concentration of
0.25 and 1.0 g L21, respectively. After cultivation the lipids
were separately purified according to the standard procedure.7
Repetitive chromatography afforded diphytanylglycerol, a
36-membered lipid, and a 72-membered lipid from M. jan-
naschii, and diphytanylglycerol and a 72-membered lipid from
M. thermoautotrophicum, respectively. These core lipids were
further converted to their corresponding benzoates and were
first analyzed by 1H NMR.

Fig. 1 shows pertinent 1H NMR spectra of the benzoates of
diphytanylglycerol, the 36-membered lipid, and the 72-mem-
bered lipid biosynthesized from mevalonate-d9 from M. jan-

naschii and M. thermoautotrophicum. Also shown is the
previously reported 1H NMR spectra of perdeuterated diph-
ytanylglycerol benzoate from Haloarcula japonica.4 It was
initially suggested that the signals due to the two oxymethylene
groups (3.50 and 3.65 ppm, Fig. 1C and 1D) of the phytanyl
chains from methanogenic archaea were significantly reduced
due to the corresponding glycerol signals and the deuterium
being highly incorporated, ca. 90%. Since the spectra of
biosynthesized lipids from methanogenic archaea (Fig. 1C and
1D) are similar to that of the halophile (Fig. 1B), it seems most
likely that the saturation of a geranylgeranyl group in methano-
gen lipids take place similarly through the addition of
hydrogens in a syn-manner. However, closer inspection of these
spectra allowed us to immediately see the different proton
incorporation between methanogen and halophile, which was
unexpected, including the increased signal for the methyl
groups (0.85 ppm) and the appearance of signals (1.05 ppm) in
methanogen lipids. The latter signals at 1.05 ppm must be

† Electronic supplementary information (ESI) available: 1H NMR and 1H–
1H COSY spectra. See http://www.rsc.org/suppdata/cc/b0/b003948i/

Scheme 1 Structure of core lipids of the archaeal membrane.

Fig. 1 Partial 1H NMR spectra (500 MHz, CDCl3) of (A) authentic 2,3-di-O-
phytanyl-sn-glycerol benzoate, (B) multiply deuterated 2,3-di-O-phytanyl-
sn-glycerol benzoate from H. japonica with mevalonolactone-d9, (C)
multiply deuterated 2,3-di-O-phytanyl-sn-glycerol benzoate from M. ther-
moautotrophicum, (D) multiply deuterated 2,3-di-O-phytanyl-sn-glycerol
benzoate from M. jannaschii, (E) multiply deuterated 36-membered lipid
benzoate from M. jannaschii, and (F) multiply deuterated 72-membered
lipid benzoate from M. jannaschii.
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ascribable to those of the diastereotopic protons of methylene
groups at the C-4, -8 and -12 positions of phytanyl chains.4
According to our previous assignment and the spectroscopic
studies of others,4,8 these signals were assigned to pro-S protons
at the C-4, -8 and -12 positions. On the other hand, the signal
intensities of the other positions were quite similar to those of
the halophile. It now appears that the proton incorporation at
these positions occurred regio- and stereospecifically in each
phytanyl chain. This protonation pattern in these methanogen
lipids cannot be rationalized by the well-known isomerase
reaction between isopentenyl diphosphate and dimethylallyl
diphosphate, because this isomerization reaction must cause
stereochemical scrambling of protonation at the methylene
group at the C-4, -8, and -12 positions of the phytanyl groups.
Further, the increased methyl group signal at 0.85 ppm (Fig. 1C
and 1D) can simply be assigned to the methyl groups at C-16
that originated from the C-2 position of mevalonate by 1H–1H
COSY spectrum (data not shown), this was clearly verified by
the reduced methyl signals of macrocyclic lipids (Fig. 1E and
1F), because the C-16 positions of macrocyclic lipids are known
to originate from the C-2 position of mevalonate. Moreover,
since digeranylgeranylglyceryl phosphate is known to be
involved in the biosynthesis of archaeal lipids, this protonation
pattern may well suggest involvement of migration of the
double bonds, and this double-bond migration must occur after
construction of the digeranylgeranylglyceryl group.

The present study now strongly suggests that the unusual
double-bond migration occurred during the biosynthesis of the
core lipid in the methanogenic archaea as shown in Scheme 2.
Although it has not been rigorously verified, it is worth noting
that the dissimilarity of the labeling patterns between methano-
genic and halophilic archaea may reflect the presence and
absence of macrocyclic lipids, and further, the isomerization of
the double-bonds in digeranylgeranylglyceryl phosphate could
be a trigger for new carbon–carbon bond(s) formation in
macrocyclic lipids.

Furthermore, the labeling patterns of biosynthetically deut-
erated 36- and 72-membered lipids were especially crucial in
determining the nature of C-16, and the cyclized lipid benzoates
were analyzed by 13C{1H,2H} NMR spectroscopy. As shown in
Fig. 2, the 13C signals of the C-16 were observed as a cluster due
to the various degrees of deuterium shift. Although the
intensities of the cluster signals are low due to the isomerase
reaction described above, a 13C signal with two deuterium
atoms retention was clearly observed at the C-16 position,
which is a key feature in excluding higher oxidized states such
as an aldehyde or a carboxylate as an intermediate for C–C bond
formation.

These results further support the hypothesis that the iso-
merized intermediate having a terminal methylene functionality
is a precursor. This precursor has to be ultimately saturated in
the biosynthetic sequence. Saturation of isolated double bonds
in various biological systems normally involves addition of a
proton to generate a carbocation which is then quenched by
hydride transfer from NAD(P)H. Therefore, a plausible and
mechanistically simple solution to the problem of creating a
new and critical C–C bond in the macrocyclic lipid biosynthesis
is that the C–C bond formation occurs at the stage of the
saturation step including intermolecular acid catalyzed con-
densation as shown in Scheme 3. While a mechanism involving
a radical trigger can not be ruled out at the moment, the validity
of this hypothesis is under investigation.

The authors thank Ms Mami Ohga, University of Occupa-
tional and Environmental Health, for technical assistance. This
work was supported by a Grant-in-Aid for Scientific Research
on Priority Areas (A) from the Ministry of Education, Science,
Sports, and Culture, Japan, by the ‘Research for the Future’
Program of The Japan Society for the Promotion of Science
(JSPS-RFTF96I00302), and by Novartis Foundation (Japan) for
the Promotion of Science.
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Scheme 2 Double-bond isomerization and saturation reaction in the lipid
biosynthesis of methanogenic archaea.

Fig. 2 Partial 13C NMR spectra (125 MHz) of (A) non-labeled 72-mem-
bered lipid benzoate, and (B) multiply deuterated 72-membered lipid
benzoate from M. jannaschii (1H and 2H decoupled).

Scheme 3 Proposed mechanism of the new C–C bond forming reaction in
the biosynthesis of macrocyclic lipids in methanogenic archaea.
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A sugar-substituted ligand allowed for the synthesis of chiral
Cu(II) tetranuclear aggregates which assemble via H-
bonding in a 3D-network containing hydrophobic helical
channels.

Polynuclear complexes attract much interest. They are the
subject of extensive studies regarding their magnetic proper-
ties1–4 as well as in the field of bioinorganic chemistry.5–7 The
most common strategy to obtain these complexes involves
metal self-association induced by bridging ligands like alkox-
yde, thiolate or carboxylate.8–12 Alternatively, polyfunctional
ligands have been used in directing construction of polynuclear
architectures.13–16 However, little attention has been paid to the
construction of supramolecular networks by the association of
these polynuclear entities through non-covalent interactions
between their organic ligand shells. Such a supramolecular
arrangement might be desirable for controlling the bulk physical
properties arising from the inorganic subunits. One way to
achieve the self-assembly of discrete units into a more
organised network would be to take advantage of the ability of
specific functional groups (e.g. hydroxy groups) to link the
molecular unit by H-bonding.17,18 We report here that a sugar
functionalised Schiff-base may induce polymetallic aggrega-
tion. Moreover, the resulting tetranuclear complexes associate
via H-bonding into a 3-D network.

The ligand (H2L, Scheme 1) was synthesised in 91% yield by
the condensation of salicylaldehyde and 1-amino-1-deoxy-D-
sorbitol.§ The reaction of H2L and Cu(MeCO2)2 in hot water
afforded a green complex of formula {Cu4L4}·2H2O¶ which it
was possible to recrystallize almost quantitatively by slow
diffusion of THF to a DMF solution. X-Ray structural
determination revealed a molecule consisting of an inorganic
core formed by four Cu(II) ions surrounded by four ligands in a
head-to-tail arrangement (Fig. 1), two water molecules being
associated to the molecular unit.∑ Each {Cu4L4} molecule has a
central core formed by an eight-membered {Cu4O4} ring folded
in a boat-like conformation. The phenyl rings and the
polyhydroxy chains point outward from the core in an alternate

disposition in all directions, giving the molecule a globular
shape. The molecule is chiral, the optically pure ligand leading
to the formation of a single enantiomer of the polynuclear
compound. Intracluster H-bonds stabilise the structure, notably
the bond formed between H(21) and O(11) with an H···O
distance of 2.13 Å. The copper atoms are five-coordinate in a
distorted square-pyramidal geometry and are bridged by alkoxy
groups formed by the deprotonation of the sorbitol C-2 hydroxy
group. The base of each pyramid consists of the imine nitrogen,
the phenolate oxygen atom and the two bridging alkolate
oxygen atoms. Notably, for Cu(1) the hydroxy group bound in
axial position is borne by C-3 of the sorbitol chain [O(40)],
while for Cu(2) it is borne by C-4 [O(21)]. Thus alternate Cu
atoms are chelated by 6/5/5 and 6/5/6 ring systems.

The {Cu4L4} molecules are assembled in a 3D-network by
intermolecular hydrogen bonding involving the hydroxy groups
of the side chains and the two water molecules located between
neighbouring {Cu4L4} units. This H-bonded pattern can be
described as a network of supramolecular helices intercon-
nected by H-bonds. In the c direction the packing generates a
three-fold screw axis and parallel channels (Fig. 2). Based upon
van der Waals radii, the width of the channels is 5 Å for the
smaller lobes and up to 7 Å wall to wall. These channels are

† This paper is dedicated to the memory of Professor O. Kahn who passed
suddenly away on December 8, 1999.
‡ Author for enquiries relating to the crystallographic study.

Scheme 1

Fig. 1 Perspective view and atom labelling of the molecule {Cu4L4}
(ORTEP diagram, ellipsoids at 50% probability level). Selected bond length
(Å) and angles (°): Cu(1)–O(11) 1.945(5), Cu(1)–O(19) 1.955(5), Cu(1)–
O(39) 1.929(5), Cu(1)–O(40) 2.410(5), Cu(1)–N(11) 1.930(7),
Cu(1)···Cu(2) 3.2962(15), Cu(1)···Cu(2a) 3.4462(15), Cu(1)···Cu(1a)
3.808(2), Cu(2)–O(19) 1.958(5), Cu(2)–O(21) 2.493(5), Cu(2)-O(31)
1.934(5), Cu(2)–O(39a) 1.973(5), Cu(2)–N(31) 1.945(6); Cu(1)–O(19)–
Cu(2) 114.8(2), Cu(2)–O(39a)–Cu(1a) 124.1(2).
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hydrophobic because the hydrogen atoms of the phenyl moieties
and those in positions 2 and 3 of the sorbitol chains point
towards the cavities. The X-ray structure analysis suggested that
these channels are occupied by highly mobile water molecules
distinct from those included in the formula {Cu4L4}·2H2O.∑
However, after drying the crystalline compound in vacuo at
room temperature, these labile water molecules are removed as
found by the elemental analysis.

The magnetic interaction between the Cu(II) ions in the
inorganic core was investigated, the plot of cMT vs. T being
shown in Fig. 3. The observed behaviour indicates that
substantial antiferromagnetic interactions among the spin
carriers tend to cancel the magnetic moment of the Cu(II)
cluster. It is very unlikely that they include significant
intermolecular interactions, because the inorganic cores are well
shielded by the organic ligands. Therefore, the magnetic data
have been analysed using a model for interaction between Cu(II)
ions bridged by an O-atom within the {Cu4O4} ring (H =
2J(S1·S2 + S2·S3 + S3·S4 + S4·S1))19 yielding an interaction
parameter, J = 287.8 cm21.

The {Cu4L4} compound illustrates the ability of a polyol-
substituted Schiff base to induce the formation of an inorganic
core. Moreover the functional groups of the ligand are able to
associate the polynuclear aggregates by hydrogen bonding, so
constructing a very stable network. The possibility of varying
the nature of the metal ions as well as the size of the inorganic
core is under investigation. The solubility of the {Cu4L4}
compound in hot water or alcohols suggest the possibility of
trapping organic molecules in the hydrophobic cavities while
still maintaining the hydrogen bond network.

A. F. is grateful for the generous financial support from the
European Community ALFA Program ‘Metals and Environ-
mental Problems’ (Grant C.E. 5.0273.9). A. C. thanks the Xunta
de Galicia, Spain, for financial support under Project XUGA
20309B97.

Notes and references
§ H2L:21 salicylaldehyde (5 mmol) was added dropwise to a vigorously
stirred suspension of 1-amino-1-deoxy-D-sorbitol (5 mmol) in MeOH (100
mL). The reaction mixture turned yellow and stirring was continued for 1 h.
The yellow precipitate was filtered off and washed several times with
MeOH followed by Et2O and dried in vacuo (yield: 91%); mp 161–162 °C
(decomp.). IR(KBr, cm21): 1636(nCNN). dH(200 MHz, DMSO-d6): 3.60 (m,
6H, CH), 6.87 (m, 2H, Harom), 7.37 (m, 2H, Harom), 8.49 (s, 1H, HCNN).
dC(DMSO-d6) 61.3 (C-1), 63.4 (C-6), 70.0, 71.5, 71.7, 72.2 (C-2,3,4,5),
116.6, 118.1, 118.7, 131.6, 132.2, 161.2 (Carom), 166.6 (HCNN). Anal.:
Calc. for C13H19O6N: C, 54.7; H, 6.7; N, 4.9. Found: C, 54.4; H, 6.3; N,
5.0%.
¶ {Cu4L4}•2H2O: Cu(Me3CO2)2 (0.5 mmol) in water (1 mL) was warmed
to 90 °C and added with stirring to a hot solution of the ligand HL2 (0.5
mmol). Green plate crystals of the title compound suitable for X-ray
crystallography were obtained after the hot solution cooled down to room
temperature. Anal. Calc. for C52H68N4O24Cu4•2H2O: C, 43.9; H, 5.1; N,
4.0; Cu, 17.9. Found: C, 43.6; H, 5.4; N, 4.1; Cu, 17.6%. IR(KBr, cm21):
3350s, 2927m, 1639s, 1600m, 1542m, 1471m, 1449s, 1304m, 1081m,
761m.
∑ Crystal data for C52H72N4O26Cu4: M = 1423.30, trigonal, space group
P3121 (no. 152), a = 18.551(3), b = 18.551(3), c = 18.0135(16) Å, U =
5368.9(15) Å3, T = 293 K, Z = 3, m(Cu-Ka) = 1.54184 Å, 4227 reflections
measured, 4227 unique (Rint = 0.0) which where used in all calculations.
The final R(F2) was 0.0541. The structure was solved using direct methods
and refined by full-matrix least squares on F2. The absolute configuration
was established according to published procedures.20 Two density peaks of
ca. 1.36 e A3 at (20.9163, 20.7074, 20.3644) and (20.7885, 29601,
20.3749) were found which appear to correspond to water molecules that
are highly disordered because of their great mobility in the channels. These
molecules were not included in the structure refinement.

CCDC 182/1710. See http://www.rsc.org/suppdata/cc/b0/b002360o/ for
crystallographic files in .cif format.
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Fig. 2 CPK model view of the molecular packing along the c axis showing
the channels (H2O located in the channels have been omitted for clarity). H-
Bonds involved in the intermolecular association (Å): OH(22)···O(42)#1

2.11, OH(40)···O(1)#3 1.99, OH(41)···O(20)#4 1.98, OH(42)···O(22)#5 2.20,
OH(1B)···O(42)#4 2.45, OH(23)···H(41)#2 2.43 (Symmetry used: #1 x2 y +
1, 2y + 1, 2z + 2/3; #2 2x + 1, 2x + y, 2z + 1/3; #3 2y + 1, x 2 y + 1,
z + 1/3; #4 2x + y, 2x + 1, z 2 1/3; #5 x 2 y, 2y + 1, 2z + 2/3).

Fig. 3 Experimental (8) and calculated (—) cMT vs. T curve; cM vs. T is
depicted in the insert.
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The linked cluster species [Ru6C(CO)14(h6-
C6H4C10H20O6)]2[H3N(CH2)8NH3][BF4]2 2 and the
threaded derivative [Ru6C(CO)14(h6-C6H4C12H24-
O8C6H4)][PhCH2NH2CH2Ph]PF6 4 have been prepared and
fully characterised by single crystal X-ray analysis; these
compounds are valuable precursors in the formation of
nanoparticle devices.

For some time we have been investigating the potential of metal
clusters to act as precursors in the formation of nanoparticle
arrays for use in catalysis1 and in the production of electronic
devices.2 A primary objective of our work has been the
preparation of polymer precursors which lead to materials with
cluster units bonded either within the polymer backbone [Fig.
1(a)] or as pendants, suspended from a polymeric backbone
[Fig. 1(b)].

In each case clear advantages have become apparent.3,4

Recently, we have established a route to “electron-hopping”
materials which permit the production of linked nanoparticle
arrays such as chains or wires. In this work we report a new and
valuable route to linked and threaded clusters which has enabled
us to investigate the potential of adopting such methods in the
formation of polymers bearing discrete cluster units.

Several years ago we demonstrated5 that arene clusters of the
type [(h6-arene)Ru6C(CO)14] and later [(m3-arene)Ru6C(CO)14]
could easily be prepared.6 With this knowledge in mind,
attempts were made to establish a range of derivatised arenes
coordinated to cluster units. More recently, we have been able
to attach benzocrown ethers to hexaruthenium clusters by direct
thermolysis and this has generated our interest into the potential
use of such complexes as molecular sensors.7,8 Preliminary
investigations into such applications have been conducted and
the compound [Ru6C(CO)14(h6-C16H24O6)] 1 shown to encap-
sulate either the NH4

+ ion or metal ions such as K+ and Na+.8
Building on these observations, we have investigated the use

of such non-covalent interactions to link two or more clusters
and have developed a simple route to both linked and threaded
cluster systems.

Compound 1 may be readily prepared according to the
reaction sequence outlined in Scheme 1.7 It has been fully
characterised by the usual spectroscopic techniques and by
single crystal X-ray analysis† (Fig. 2). The arene ring is
coordinated in an h6 fashion to a single ruthenium atom, with

the average Ru–arene bond distance being 2.26 Å. In each of
these cluster/crown complexes the interstitial carbon atom is
displaced slightly from the centre of the cluster towards the
arene ring and there is one bridging carbonyl ligand on the
cluster. The oxygen atoms are tilted up at an angle to the plane
of the arene ring and the undistorted cavity allows an ideal site
for host–guest chemistry.

Treatment of 1 with the diprotonated diamine
[H3N(CH2)8NH3]2+ yields the new linked cluster system 2
(yield ca. 76%) in which the two quaternary ammonium units
are embraced at either end by the polycyclic ether bonded to a
cluster unit. This novel compound has been fully characterised
by IR and NMR spectroscopy, elemental analysis and its
molecular structure established by single crystal X-ray analysis.
This is shown in Fig. 3, together with some relevant bond
distances. As expected, the cluster units arrange themselves in a
trans-configuration relative to the diammonium octane ‘linker,’
with the –NH3

+ function lying ca. 1.3217 Å above the least
squares mean plane of oxygen atoms. Two of the hydrogen
atoms on each of the ammonium species interact with two of the
oxygen atoms of the crown and have N–H…O bond distances of
2.970(5) and 2.967(5) Å (in each of which the N–H distances

Fig. 1 (a) Polymer with cluster units within polymer backbone and (b) with
cluster units as pendants.

Scheme 1 Preparation of 2 and 4: Reagents and conditions: (i) di-n-butyl
ether, benzo-18-crown-6, 16 h reflux, N2; (ii) CH2Cl2 + few drops MeOH,
stir 24 h; (iii) di-n-butyl ether, dibenzo-24-crown-8, 16 h reflux, N2; (iv) stir
24 h in CH2Cl2.

Fig. 2 Molecular structure of [Ru6C(CO)14(h6-C6H4C10H20O6)] 1.
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are 0.91 Å). The third hydrogen of the ammonium species
points in the direction of one of the oxygen atoms of the crown
but is aimed above the plane and displays a long range
interaction of 3.205(4) Å.

In a separate experiment, compound 3, a relative of 1 but
containing the dibenzo-24-crown-8 ligand was prepared as
outlined in Scheme 1 and a crystal suitable for X-ray analysis†
obtained (Fig. 4). The crown is approximately planar with the
mean deviation from the plane of oxygen atoms being 0.0747 Å.
The larger macrocyclic cavity size which is suitable for
“threading” reactions (in which the molecules are actually
threaded through the hole) to yield pseudorotaxanes9 can clearly
be seen.

When 3 was reacted with the protonated amine
[PhCH2NH2CH2Ph]+ in dichloromethane, the pseudorotaxane 4
was produced (yield ca. 70%). The amine has threaded through
the macrocyclic cavity attached to the cluster to generate the
classic ‘bead on a string configuration.’ This compound has also
been fully characterised by single crystal X-ray analysis† and
the molecular structure is shown in Fig. 5. In contrast to
analogous organic compounds9 in which the two arene rings of
the crown ether are widely separated, the macrocycle in 4 has
bent to display a p-stacking arrangement between the two arene
units of the crown and one of the phenyl units of the thread. The
two hydrogen atoms of the ammonium group display short
range interactions with two of the oxygen atoms of the crown,
with approximate distances of 2.019 and 2.131 Å. They also
display longer range interactions with two further oxygen atoms
of the crown (distances ca. 2.4–2.6 Å) and there are also several
long range interactions between the hydrogen atoms of the
methylene group nearest to the arene involved in the p-stack
and the macrocyclic oxygen atoms.

These new materials open up a new and important route to
cluster polymer precursors which, in other systems, have been
shown to serve as valuable intermediates in the formation of
nanoparticle materials for use in electron devices.10

We gratefully acknowledge Dr Neil Feeder and Dr John
Davies for determining the crystal structures of 1, 2 and 3, the
EPSRC and ICI for financial support (C. M. G. J.) and

Peterhouse College, Cambridge for a research fellowship
(D. S. S.).

Notes and references
† Crystal data: [Ru6C(CO)14(h6-C6H4C10H20O6)] 1: M = 1322.94, or-
thorhombic, a = 19.1672(8), b = 14.8037(6), c = 27.0061(8) Å, U =
7662.9(5) Å3, T = 180 K, space group Pca21, Z = 8, m(Mo-Ka) = 2.387
mm21, 30683 reflections collected, 12064 unique (Rint = 0.0571) which
were used in all calculations. Final R1 (observed) was 0.0682. Single
crystals of 1 were recrystallised from CH2Cl2–hexane. Some atoms of the
crown ether moieties are not well resolved: isotropic temperature factors
and extensive bond distance restraints were applied to these atoms.

[Ru6C(CO)14(h6-C6H4C10H20O6)]2[H3N(CH2)8NH3][BF4]2 2: M =
2965.76, triclinic, a = 10.1350(2), b = 15.0310(4), c = 16.4410(5) Å, U
= 2413.39(11) Å3, T = 180 K, space group P1̄, Z = 1, m(Mo-Ka) = 1.921
mm21, 29071 reflections collected, 8467 unique (Rint = 0.0354) which
were used in all calculations. Final R1 (observed) was 0.0286. Single
crystals of 2 were recrystallised from acetone–pentane. Some atoms of the
crown are not well resolved and there is disorder over two sites. Isotropic
temperature factors and bond distance restraints were applied to these
atoms.

[Ru6C(CO)14(h6-C6H4C12H24O8C6H4)] 3: M = 1459.09, triclinic, a =
9.9611(5), b = 16.6690(10), c = 18.2217(11) Å, U = 2695.1(3) Å3, T =
230 K, space group P1̄, Z = 2, m(Mo-Ka) = 1.711 mm21, 16205
reflections collected, 12081 unique (Rint = 0.0371) which were used in all
calculations. Final R1 (observed) was 0.0692. Single crystals of 3 were
recrystallised from CH2Cl2–hexane. Some atoms of the crown ether
moieties are not well resolved: isotropic temperature factors and extensive
bond distance restraints were applied to these atoms.

[Ru6C(CO)14(h6-C6H4C12H24O8C6H4)][PhCH2NH2CH2Ph]PF6 4: M =
1802.34, monoclinic, a = 12.312(5), b = 9.580(7), c = 52.612(16) Å, U =
6188 (6) Å3, T = 220 K, space group P21/c, Z = 4, m(Mo-Ka) = 1.547
mm21, 8463 reflections collected, 7964 unique (Rint = 0.0445) which were
used in all calculations. Final R1 (observed) was 0.1290.

CCDC 182/1707. See http://www.rsc.org/suppdata/cc/b0/b003291n/ for
crystallographic files in .cif format.
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Fig. 3 Molecular structure of [Ru6C(CO)14(h6-C6H4C10H20O6)]2-
[H3N(CH2)8NH3][BF4]2 2 Average ruthenium–arene bond length = 2.26
Å; N–O distances range from 2.952(4) to 3.231(4) Å.

Fig. 4 Molecular structure of [Ru6C(CO)14(h6-C6H4C12H24O8C6H4)] 3.
Average ruthenium–arene bond length = 2.26 Å.

Fig. 5 Molecular structure of [Ru6C(CO)14(h6-C6H4C12H24O8C6H4)]-
[PhCH2NH2CH2Ph]PF6 4. Distance between planes 1 and 2 = 4.105 Å,
distance between planes 2 and 3 = 3.820 Å. Angle between planes 1 and 2
= 22.5°, angle between planes 2 and 3 = 8.5°. Average N…O separation
= 2.9595 Å, average H…O separation = 2.075 Å.
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A blue light emitting 1,6-bis(2-hydroxyphenyl)pyridine
boron complex has been synthesized and used as an emitting
material to fabricate electroluminescent devices.

The electroluminescence (EL) of Alq3 (q = 8-hydroxyquinoli-
nate) and its derivatives and also of other metal chelate
complexes1–14 have attracted a great deal of attention since the
first light-emitting devices (LEDs) fabricated from Alq3 were
reported by Tang and VanSlyke.1 This report describes the
synthesis and EL properties of a 1,6-bis(2-hydroxyphenyl)pyr-
idine boron complex.

The pyridine–phenol ligand dppy and its boron complex were
prepared following the synthetic route shown in Scheme 1.†
The dppy ligand was obtained by the reaction of 2-bromopyr-
idine with the Grignard reagent from 2-bromoanisole in THF
with [NiCl2(dppe)] as catalyst at room temperature, followed by
demethylation in molten pyridinium chloride.15 The reaction of
dppy with 1 equivalent of BF3 in benzene at 60 °C resulted in
the formation of (dppy)BF. An X-ray diffraction study shows
that in the solid state (dppy)BF molecules exhibit inter-
molecular p…p interactions,‡ leading to columnar aromatic
stacks as shown in Fig. 1. The average intermolecular p…p
interaction distance is 3.28 Å. Our earlier report demonstrated
that the higher electron mobility of tris(8-hydroxyquinolinato)-

gallium is due to intermolecular p…p stacking interactions.16

Munakata et al. confirmed that strong intermolecular inter-
actions as well as intermolecular aromatic stacking could assist
charge-transfer pathways.17 We believe that the strong inter-
molecular p…p interactions in solid (dppy)BF are beneficial in
terms of charge mobility.

(dppy)BF exhibits strong blue emission at ca. 445 nm. The
PL spectra of (dppy)BF in CHCl3 solution, the solid state and as
an evaporated film are compared in Fig. 2 while Fig. 3 shows
the PL and EL spectra of devices of structure [ITO/TPD (500
Å)/(dppy)BF (400 Å)/Al (2000 Å)].§ The EL spectrum are
dramatically different from the PL spectra of pure (dppy)BF or
solid TPD films, shifting to longer-wavelength (lmax = 550
nm). This suggests that exciplex formation takes place at the
organic solid-state interface between TPD and (dppy)BF,
resulting in a yellow emission. The devices exhibit a maximum
luminance (L) of 500 cd m22 with an efficiency of 0.0013 lm
w21 and achieve a maximum efficiency of 0.01 lm W21 at 18
cd m22. In order to investigate the relationship between the
interface state and EL properties of boron complexes, PVK (N-
vinylcarbazole) was employed as hole transport layer to

Scheme 1 Synthetic route towards dppy and (dppy)BF. Reagents and
conditions: i, THF, 25 °C; ii, [NiCl2(dppe)], 2,6-dibromopyridine, 25 °C, 12
h, 75%; iii, py·HCl, 200 °C, 3 h, 85%; iv, BF3, benzene, 60 °C, 5 h,
70–85%.

Fig. 1 Intermolecular p…p interactions in (dppy)BF.

Fig. 2 The PL spectra of (dppy)BF in CHCl3 (+), the solid state (5) and
evaporated film (3).

Fig. 3 EL and PL spectra for [ITO/TPD/(dppy)BF/Al] together with the PL
spectrum of an evaporated single layer film of (dppy)BF; the inset shows the
I–V (5) and L–V (+) characteristics for the devices.
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fabricate emitting devices with structure [ITO/PVK (1000 Å)/
(dppy)BF (500 Å)/Al (2000 Å)].§ Fig. 4 presents the EL
spectrum of [ITO/PVK (1000 Å)/(dppy)BF (500 Å)/Al (2000
Å)] together with its PL spectrum. The EL spectrum exhibits a
strong peak at 450 nm accompanied by a weaker shoulder at 500
nm. The above experimental results suggest that there are very
little or no exciplex formation at the interface between PVK and
(dppy)BF. An alternative explanation may be electrolumines-
cence of PVK is favored by the fact that (dppy)BF acts as an
electron transport material. When PVK was used as the hole
transport material, the devices showed a dramatic improvement
in performance. Each device exhibited a maximum luminance
of 400–600 cd m22 with an efficiency of 0.012 lm W21 at a
driving voltage of ca. 12.5 V and showed a maximum efficiency
of 0.1 lm W21 at a luminance of 26 cd m22. The devices [ITO/
TPD/(dppy)BF/Al] and [ITO/PVK//(dppy)BF/Al] exhibited
obviously different EL properties. Our experimental results also
demonstrated that, frequently, the organic–solid interface can
determine the EL properties of organic light emitting devices.18

At present we have yet to elucidate the mechanism and further
investigation is in progress.

The complexes (dppy)B(OMe) and (dppy)B(OEt) have also
been synthesized and exhibited similar EL behavior as
(dppy)BF. X-Ray structural studies show that there are strong
intermolecular p…p interactions in the solid state of (dppy)-
B(OEt) and detailed results will be reported in due course.

In conclusion, we have demonstrated that a pyridine–phenol
ligand can be used as to synthesize strong blue phtoluminescent
boron complexes. The pyridine–phenol boron complexes show
novel electroluminescent properties. We also found that the
interface state determines the EL color of the devices based on
the boron complexes.

This work was supported by the National Natural Science
Foundation of China (No. 597905006).

Notes and references
† Mass, 1H NMR Spectroscopic and elemental analysis: dppy: EIMS: m/z
263. dH(CDCl3, 80 MHz) 9.41 (s 2H), 7.99–7.53 (m, 5H), 7.36–6.80 (m,
6H). Anal. Calc. for C17H13NO2: C, 77.6; H, 4.9; N, 5.3. Found: C, 77.2; H
4.6; N, 5.6%.

(bpy)BF: EIMS: m/z 291. dH(CDCl3, 80 MHz) 8.20–7.72 (m, 5H),
7.57–6.88 (m, 6H). Anal.: Calc. for C17H11NO2BF: C, 70.1; H, 3.8; N, 4.8.
Found: C, 70.3; H, 3.6; N, 4.5%.
‡ Crystal data: (dppy)BF: C17H11NO2BF, Mr = 291, monoclinic, space
group P21/c, a = 7.5482(7), b = 7.9581, c = 22.422 Å, b = 98.227(9)°,
V = 1333.0(2) Å3, Z = 4, Dc = 1.450 g cm23, F(000) = 600. Reflection
data were collected on a Siemens R3 four-cicle diffractometer using
graphite-monochromated Mo-Ka radiation and w scans at room tem-
perature, giving 3365 unique reflections. The structure was solved by direct
methods (SHELXTL Version 5). All atoms were refined anisotropically
using full-matrix least squares to give R1 = 0.066 for 2340 reflections with
F > 4s(F). CCDC 182/1716.
§ The devices of [ITO/TPD/(dppy)BF/Al] were fabricated by successive
vacuum deposition of organic materials onto the ITO coated glass substrate.
Then a layer of aluminum was deposited onto the layer of (dppy)BF. For
devices [ITO/PVK/(dppy)BF/Al], the PVK layer was formed by spin
coating a 10 mg ml21 chloroform solution, and (dppy)BF was deposited on
the PVK layer by thermal evaporation, followed by deposition of the
aluminum cathode in vacuo.
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Fig. 4 The EL and PL spectra for [ITO/PVK/(dppy)BF/Al]; the inset shows
the I–V (5) and L–V (+) characteristics for the devices.
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Ferrocene and ruthenocene have been incorporated into a range
of conjugated systems. The interaction of these metallocene
donor moieties with conjugated substituents is more complex
than that of organic donors; both metal-based and ligand-based
orbitals of the metallocene interact with the orbitals of the p-
system. Here we review the rôle of these interactions in giving
rise to a variety of interesting properties including non-linear
optical activity in donor–acceptor systems, mixed-valence
behaviour in bis(ferrocenyl) compounds, and structural distor-
tions in polymethines.

Introduction
While derivatives of ferrocene and, to a lesser extent, rutheno-
cene are one of the most widely studied classes of organome-
tallic compounds (work on osmocene derivatives has been
much more limited), a detailed understanding of the electronic
structure of conjugated metallocene derivatives has only
recently emerged. Here we survey some the electronic and
optical properties of conjugated metallocene derivatives, illus-
trating how similarities in the electronic structure can be used to
draw parallels between what may appear to be somewhat
disparate sets of observations. We hope to highlight aspects of
the structure–property relationships for metallocene derivatives

which are unique and are not found in conjugated organic
materials.

Electronic structure of metallocenes and their
conjugated derivatives
Firstly we will briefly review the electronic structure of
metallocenes, and the perturbation to this structure induced by
substitution with an electron-withdrawing conjugated system.
The three highest filled levels of ferrocene are derived from the
dxy, dx2

2y2 (e2g in staggered {D5d} geometry) and the dz2 (a1g)
orbitals (the HOMO of the neutral molecule is a1g, whilst the
SOMO of the cation is e2g). The e2g orbitals are somewhat d-
back-bonding, through interaction with combinations of the
cyclopentadienyl (Cp) anion LUMOs, whilst the a1g has some
interaction with the metal s orbital and with the Cp rings.
Nonetheless, these orbitals may be regarded as essentially
metal-based. The next highest orbitals (e1u) of the metallocene
are principally ligand-based, possibly with some contribution
from the px and py metal orbitals. The lower energy orbitals
involve bonding combinations of Cp orbitals with the metal dyz,
dxz, s and pz orbitals and do not concern us further. The LUMO
of ferrocene has symmetry e1g (in D5d) and is derived from an
out-of-phase p interaction between the dxz/dyz, and Cp orbi-
tals.

The bonding in ruthenocene (and osmocene) is qualitatively
the same, but UV-photoelectron spectra reveal substantial
differences in metal-based orbital energies. The first vertical
ionisation potentials (IPs) for ferrocene and ruthenocene are
6.86/6.89 and 7.45 eV, respectively,1,2 whilst the highest
ligand-based levels lie at rather similar energies with e1u vertical
ionisations at 8.72/8.77 and 8.47/8.51 eV, respectively. Thus,
ferrocene is clearly the stronger donor in an electron-transfer
sense. Methylation of the cyclopentadienyl rings raises the
energy of both the filled d-orbitals (the first IP of decame-
thylferrocene is 5.88 eV) and the highest ligand-based orbitals
(lowest ligand ionisation of decamethylferrocene is 7.31 eV).
For comparison, the first IPs of N,N-dimethylaniline and anisole
are 7.45 and 8.42 eV, respectively,3 indicating that these
compounds are weaker electron-transfer donors than ferrocene.
However, it does not necessarily follow that a stronger electron-
transfer donor will lead to a greater perturbation of an attached
p-conjugated system, since the detail of the electronic coupling
between the donor and the p-system is also critical (vide
infra).

When a conjugated system is attached to a metallocene the
most significant perturbation is not to the metal-based HOMOs.
Consider a ferrocene derivative with a moderately electron-
withdrawing conjugated substituent, such as 1 (Fig. 1). The first
IP (6.97 eV) and electrochemical oxidation potential (+25 mV
vs. ferrocenium/ferrocene in THF) of 1 are close to those of
ferrocene.4 Similar electrochemical results have been found in
related systems.5,6 The highest ligand level of the metallocene
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(e1u) shows a much greater perturbation; in 1 an ionisation is
found at 8.36 eV, i.e. lower in energy than that e1u ionisation of
ferrocene, or the first ionisation of nitrostyrene. We attribute
this ionisation to an orbital (‘p’) formed by an out-of-phase
combination of one of the e1u pair with the HOMO of the
nitrostyrene fragment (as shown in Fig. 2).

Compound 1 exhibits a molecular reduction at the same
potential as p-nitrostyrene (21670 mV vs. ferrocenium/
ferrocene according to cyclic voltammetry in THF). The
extended analogue 2 is reduced at 21635 mV, whilst ni-
trobenzene is reduced at 21730 mV. A similar chain length
dependence of reduction potential was found for
[Mc(CHNCH)nC7H6]+ (n = 0, 1, 2, 3; Mc = Fc {ferrocenyl},
Rc {ruthenocenyl}).7 These results suggest that the LUMO is
centred on the acceptor moiety, with some delocalisation onto
the p-bridge (the empty dxz and dyz orbitals of the metallocene
are at relatively high energy). An EPR study of [1]•2 shows the
unpaired electron to be largely localised on the nitrophenyl
ring,8 consistent with electrochemical data.

The orbital picture deduced from PES, electrochemical and
EPR data above is consistent with that derived from extended-
Hückel9 and DF4 calculations (see Fig. 3). This model can be
successfully extended to other donor–acceptor metallocene
derivatives (so long as the acceptor is sufficiently strong that the
empty acceptor orbital lies below the metal dxz and dyz orbitals
in energy). However, as the acceptor gets very strong it is
necessary to further refine the simple model described above.
Crystallographic and NMR data indicate that with electron-
acceptors of moderate strength, the structure is well approxi-
mated by the neutral valence-bond picture (Fig. 1, left-hand
structure). However, as the acceptor (or donor) is strengthened
the zwitterionic resonance form gains in importance. This
results in a reduction in the bond-length alternation (BLA) of
the alkene bridge. Although there are apparently no crystallo-
graphically characterised examples of metallocene derivatives
with a strong acceptor such as that in compounds 4–9, the effect
is manifested in NMR spectra. For example, in compound 4
(strong acceptor) the polyene protons show coupling constants
of ca. 13 Hz over both formally double and formally single
bonds, whilst in FcB(CH = CH)2CHO {FcB = 2,3,4,5,1A,2A,3A,3A-
octamethylferrocen-1-yl, (C5Me4H)Fe(C5Me4)} (weak accep-
tor) coupling constants alternate between ca. 15 Hz across

formally double bonds and ca. 10 Hz across formally single
bonds. More evidence for the increased importance of the
charge-transferred resonance form in strong-acceptor com-
pounds comes from electrochemistry: 5 is oxidised at +325 mV
vs. ferrocenium/ferrocene in THF, suggesting a much more
severe effect of the acceptor on the metal than in the nitrophenyl
analogue, 1. Moreover, the effect is strongly chain-length
dependent; the potentials for 6 and 7 are +200 and +110 mV,
respectively, indicating a decrease in donor–acceptor coupling
as the chain length increases.4

A broadly similar picture is revealed by DF calculations for
the bis(metallocenyl)allylium cations ([10]+–[14]+); here the

LUMO is the p* orbital of the unsaturated bridge (Fig. 9).10 A
similar picture of filled d-orbitals above an extended p-level
presumably applies to bis(metallocenyl)polyenes, polyynes and
arylenes, although, where the p-system is not particularly
electron-poor, the LUMO may be the empty dxz/dyz orbitals
rather than p*.

In many donor–acceptor systems there is little evidence to
distinguish between the donor strengths of ferrocene and
ruthenocene. For example, 7 and 9 are reduced at experimen-
tally identical potential (2880 mV vs. ferrocenium/ferrocene in
THF), indicating comparable contributions of the charge-
transferred resonance form in each case (the octamethylferroce-
nyl group is clearly a stronger donor; the reduction potential of
4 is 2960 mV).4 However, comparison of the dipole moments
of 1 (4.5 3 10218 esu) and 3 (5.3 3 10218 esu)9 does suggest
a slightly larger zwitterionic contribution in the ruthenium case.
Systems with even stronger acceptors, such as 1,3-bis(metallo-
cenyl)allylium cations, provide electrochemical evidence that,
despite having a lower energy HOMO than ferrocene, rutheno-

Fig. 1 Neutral and charged resonance structures for nitrostyrene-substituted
metallocenes.

Fig. 2 Qualitative partial MO diagram showing interaction between the
frontier orbitals of ferrocene and p-nitrostyrene fragments in 1. The paired
electrons indicate the HOMO for each compound. Orbital (a) is the highest
filled Cp-based orbital of the metallocene (e1u in D5d), whilst (b) is the
highest ligand-based orbital (‘p’) of 1 and (c) is the acceptor-based LUMO
of 1.

Fig. 3 The LUMO and the highest filled ligand-based p-level of 1 according
to DF calculations; the three highest-filled levels are all principally metal d
in character.4
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cene is the stronger donor in conjugated systems. Thus, [10]+ is
reduced at 2670 mV (vs. ferrocenium/ferrocene in THF), whilst
[12]+ is reduced at 2715 mV ([11]+ is reduced at 2930 mV).10

Crystal structures of [FcCHRc]+[PF6]211 and [14]+[PF6]210

show ruthenium coordination well approximated as h6-
fulvene+h5-cyclopentadienyl, whilst the ferrocene centres are
‘normal’. Thus, the superior donor properties of ruthenocene in
this type of system can be attributed to the more extensive d-
orbitals of ruthenium and its consequent tendency to shift
towards h6-fulvene coordination. It seems the difference in
donor strength between ferrocene and ruthenocene are most
evident when h6-fulvene is an important resonance structure.

Linear and non-linear optical properties of
conjugated metallocene–bridge–acceptor
compounds
Much of the work on donor–acceptor conjugated metallocenes
has been directed towards maximising and understanding their
second-order NLO properties. Second-order NLO phenomena
include frequency doubling and the linear electrooptic effect
(i.e. electric-field-dependence of refractive index). For these
properties to be observed, a non-centrosymmetric array of non-
centrosymmetric molecules is required. The relevant molecular
parameter is the first hyperpolarisability, b. The perturbation-
theory-derived two-level model relates the static hyperpolaris-
ability b(0) to the characteristics of low-lying electronic excited
states through eqn. (1):

      
b m m

m
( ) ( )0 ª ee gg

ge
2

ge
2-

E
(1)

where mee and mgg are excited and ground-state dipole moments
respectively, mge is the transition dipole linking ground and
excited states, and Ege is the energy difference between the two
states.12 The two-level model does not apply to all classes of
chromophore; for example, the non-linearity of octopolar
molecules, where mee = mgg = 0, depends on three-level
terms.13 Eqn. (1) indicates that intense low-energy charge-
transfer transitions should lead to large b. The prototypical
chromophore is the ‘push–pull’ donor–(conjugated bridge)–
acceptor; good examples are (E)-4-(methoxy)-4A-nitrostilbene
15 and (E)-4-(dimethylamino)-4A-nitrostilbene 16. In analogy,
ferrocene was used to replace the organic donors of 15 and 16;

17 was found to have a powder second-harmonic generation
(SHG) efficiency 623 that of urea,14 and even larger values of
1233 and 2003 urea have been reported for 1815 and
[19]+[I]216 respectively. Much other early work relied on
powder SHG data. However, results are inherently subject to the
vagaries of crystallisation; a large b chromophore will give zero
SHG if it crystallises in a centrosymmetric space group.
Resolved chiral chromophores have also been used;17 these
must crystallise in non-centrosymmetric space groups, but the
molecules may still pack in such a manner that the hyper-
polarisabilities of neighbouring molecules still largely cancel

each other out, leading to low SHG responses. To understand
relationships between molecular structure and molecular NLO
properties, values of b are more useful. For non-ionic polar
chromophores in solution, electric field-induced second-har-
monic generation (EFISH)18 can be used to measure mbm, the
scalar product of the permanent dipole moment (m) and the
vectorial part of the b tensor. Combined with a determination of
m, values of bm, the projection of the vectorial part of b onto the
axis of m, can be determined. mbm itself is also a figure-of-merit
for the second-order NLO activity of a material where non-
centrosymmetry is achieved via electric-field poling of a
polymer matrix. Poling is carried out above the glass-transition
temperature of the polymer, and the resulting polar order is
‘frozen’ in by cooling back below the glass transition. This
means of achieving polar order is currently the most widely
used approach for fabricating non-centrosymmetric materials
for second-order NLO applications. More recently hyper-
Raleigh scattering (HRS)19 has also been used to measure b; the
technique can be applied to ionic or octopolar chromophores,
but great care must be taken to correctly account for the other
non-linear optical effects which can contribute to the observed
signal.

A wide variety of metallocene–donor–acceptor compounds
have been synthesised; in addition to traditional organic
acceptors, main group moieties,20 transition-metal coordination
complexes,6,21–23 and organometallic groups24–28 have been
used as acceptors. The second-order NLO properties of a
selection of these compounds are summarised in Table 1, along
with absorption maxima.

Comparison of b or mb values between chromophores is
complicated by the fact that eqn. (1) relates to the static
(dispersion-free) hyperpolarisability. The hyperpolarisability is
greater (dispersion-enhanced) if the fundamental radiation
employed in the measurement, or the frequency-doubled
radiation generated, is close in energy to the energy of the
excited state(s) responsible for the NLO behaviour. In the case
of metallocene compounds, the contributions of more than one
excited state to the non-linearity means that correction for
dispersion cannot be made according to the two-level model
(nevertheless, estimates have been made for some compounds
and are included in Table 1).

To understand the origin of the NLO properties of a class of
compounds it is necessary to understand the characteristics of
the excited state or states contributing to the hyperpolarisability
via eqn. (1). The quantities in eqn. (1) can be probed by optical
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spectroscopy. The most striking characteristic of the metal-
locene compounds, in contrast to their all organic analogues, is
the presence of two relatively low-energy bands (Fig. 4). In
most of the metallocene compounds both bands show positive
solvatochromism (red shifts with increasing solvent polarity),
suggesting that the corresponding transitions are both asso-
ciated with increases in dipole moment.34

Recently, Stark spectroscopy has been used to confirm that
both transitions are indeed associated with dipole moment
changes; in both 2 and 4 the lower energy (LE) band was found
to have the larger |Dm|. Combining the observed ratio of |Dm|
with the transition energies and oscillator strengths, the relative
contributions of the two excited states to the second-order NLO
response can be estimated according to eqn. (1). In 2 the higher
energy (HE) transition dominates b (63% of the two-level
contributions). In the strong-acceptor compound 4 the relative
importance of the two transitions is reversed (75% from LE
transition).4

If one wishes to predict the effect of changes in molecular
structure upon the optical spectrum, and hence upon the NLO
behaviour, it is important to assign the two bands. We have
recently suggested an assignment based on the orbital scheme
described for 1 in the previous section, i.e. that the LE transition
is metal-to-acceptor (HOMO-to-LUMO), whilst the HE transi-
tion is p-to-acceptor.4 In contrast to previous assignments,9,35

this model is consistent with both the larger |Dm| of the LE
transition, and with the changes in the spectra seen as the
structure of the molecule is modified. The relatively high
absorptivities observed for the LE band, despite poor metal–
acceptor interaction, can be rationalised in terms of intensity
stealing from the HE band. This intensity stealing should be
most pronounced when the energy differences between the two

excited states and between the ground and second excited state
are minimised. This is seen experimentally; for example, the
oscillator strengths of the LE and HE transitions of 1 are ca.
0.60 and 0.10 respectively, whilst for 5 (where the stronger
acceptor leads to a smaller second excited state/ground state
separation) the relevant values are 0.40 and 0.18.36

Many studies show the same factors used in organic
chromophore design are operative in metallocene chromphores;
Table 1 gives some examples of the effects of acceptor strength
and chain length, as well as of changing ferrocene for
ruthenocene. It should be noted, however, that in analogy with
organic compounds,37 if the donor and/or acceptor strength is
increased sufficiently, a point of optimised b will be obtained,
corresponding to an optimised BLA, i.e. optimised mixture of
neutral and charge-transferred resonance forms. The data in
Table 1 show that metallocene chromophores can exhibit large
b and mb values of similar magnitude to the best all-organic
chromophores. However, metallocene derivatives with high b
or mb absorb at very low energies; both the energies and
broadness of the absorptions are factors which would limit the
utility of metallocene chromphores in devices designed for use
at the telecommunications wavelengths of 1.3 and 1.55 mm.
Nonetheless, films obtained by poling 1 and 2 in poly-
methylmethacrylate at 120 °C, showed electro-optic coeffi-
cients in excellent agreement with the values predicted from the
EFISH-derived mb values using an oriented gas model. The
results indicate that the more three-dimensional shapes and
lower oxidation potentials of ferrocene chromophores relative
to traditional all-organic chromophores do not lead to any
special complications.38 Metallocene chromophores have also
been covalently incorporated into a variety of polymers; the
long-term orientational stability of these polymers after poling
has been monitered by SHG measurements.38–40

We have seen that metallocene chromophores can exhibit
large b and mb values, but do metallocene chromophores offer
any significant advantages over organic compounds for NLO
applications? Comparing 1 and 15, which have similar mb and
b, we find the ferrocene compound shows distinct disadvan-
tages owing to the decreased transparency arising from its lower
energy absorption band, as mentioned above. The ruthenocene
analogue 3 shows superior transparency, but lower b. For the
same bridge/acceptor motif, it seems that the ferrocenyl donor
gives poorer b and mb than p-dimethylaminophenyl (1 vs. 16; 7
vs. 22). The LE excited state of 1 is lower in energy than the
excited state of 16 (since ferrocene is a stronger electron-
transfer donor), but the corresponding transition is much less
intense (due to poor metal–acceptor interaction); as in 2, the HE
state is presumably the major contributor to b in 1. In the
stronger acceptor compound 7 the LE ferrocene band is much
more important for b; however, it is no longer significantly
lower in energy than that of its organic analogue 22. Both 7 and

Table 1 Comparison of second-order NLO properties of some metallocene and organic molecules

Compound lmax/nm mb/10248 esu mb(0)/10248 esu ba/10230 esu b(0)a/10230 esu Method Ref.

15 370 153 34 EFISH, 1.907 mm (CHCl3) 29
16 430 482 363 73 55 EFISH, 1.907 mm (CHCl3) 30

1 356, 496 140 31 EFISH, 1.907 mm (p-dioxane) 9
3 350, 390 64 12 EFISH, 1.907 mm (p-dioxane) 9

20 570 5 500 3220 EFISH, 1.907 mm (acetone) 31
21 458b 4 600 3300 EFISH, 1.907 mm (acetone) 31
5 419, 667 160 29 EFISH, 1.907 mm (CHCl3) 32
7 517, 746 3 000 405 EFISH, 1.907 mm (CHCl3) 32
8 552, 743 11 200 EFISH, 1.907 mm (CHCl3 32

22 744 10 500 3900 EFISH, 1.907 mm (CH2Cl2) 33
[23]+[PF6]2 477, 642 362c 105 HRS, 1.064 mm (CH2Cl2) 7
24 541b 780d HRS, 1.064 mm (hexane) 28
a EFISH values are bm; HRS values are åbÅ. b For long-chain lengths, the highest p-level may approach the metal-based HOMO in energy and the two
transitions may overlap; clearly this will happen at shorter chain length for ruthenocene compounds. c 640 3 10230 esu in MeNO2. d 2420 3 10230 esu in
acetonitrile.

Fig. 4 UV–VIS–NIR spectra of several metallocenyl second-order NLO
chromophores showing the effects on the spectra of chain length (1 vs. 2),
replacing Fe with Ru (1 vs. 3), and acceptor strength (1 vs. 5).
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22 will show more contribution from the zwitterionic resonance
form than 1 and 16; we suggest this effect is more important for
22 (dimethylaminophenyl is a more effective donor for
perturbing the electron density of a p-system than ferrocenyl),
leading to larger m and low energy absorption in the all-organic
case. It is, however, possible that with even stronger acceptors,
where dimethylaminophenyl compounds will have passed the
point of optimal BLA, the ferrocene compound may actually
give larger b.

We know of no reports of a bulk material based on a
metallocene chromophore with non-linear optical properties
rivalling those of the best all-organic materials. In addition,
organometallic chromophores have not yet been shown to
exhibit thermal41,42 and photochemical43 stabilities comparable
to the some of the better all-organic systems; these factors are
crucial to the fabrication of long-term performance devices.
Thus, there is still a clear challenege to the organometallic
chemist to demonstrate a specific advantage for using metal-
locene chromophores in second-order NLO applications.

In addition to the NLO-related studies described above,
several other studies have focussed on other aspects of the
spectroscopy of metallocene–(p-bridge)–acceptor compounds.
Toma et al.44 found the low-energy bands of (E)-FcCHNCHAr
(Ar = aryl) were similar to those of ferrocene, with some
dependence upon the Hammett coefficients of the substituent,
except where Ar bore a strongly mesomerically electron-
withdrawing substituent (p-CHO, p-CN, p-NO2). These ob-
servations are consistent with our assignment of the spectra of
1; presumably, in the former class of compounds the d–d
transition is lowest in energy, whereas in the latter class the
LUMO is acceptor-based. The complexes [(ferrocenylpyr-
idine)Ru(NH3)]3+ could also be regarded as metallocene–
donor–acceptor complexes, the LUMO here being the part-
filled t2g-like orbitals of RuIII. The low-energy band has
accordingly been assigned to a FeII ? RuIII transfer, and
analysed to show much stronger metal–metal coupling in the
[(4-FcC5H4N)Ru(NH3)]3+ than in [(3-FcC5H4N)Ru(NH3)]3+.45

Derivatives of [19]+ have been used as indicators in rapid
screening of hydrogenation catalysis.46

Electronic and optical properties of
bis(metallocenyl)polyenes and related compounds
In this section we consider systems where two (or more)
metallocene units are linked by alkene, alkyne or arene bridges.

Ferrocene systems have been attractive candidates for studying
mixed-valence behaviour,48 since ferrocene has a well-devel-
oped organic chemistry, allowing attachment to a wide variety
of bridges, and since both ferrocene and the ferrocenium ion are
relatively stable. When linked conjugated ferrocenes undergo
one-electron oxidation, a hole is introduced into the e2g d-
orbitals of one of the ferrocene moieties. The lowest energy
band in the UV–VIS–NIR spectra is thus a transition from the
highest filled d-orbital of the FeII moiety to the partially
occupied orbital of the FeIII moiety. In cases where the
electronic coupling, V, between the FeII/FeIII wavefunction
(FA) and the FeIII/FeII wavefunction (FB) is small compared to
the reorganisation energy, l, the strength of this intervalence
charge-transfer (IVCT) band can be analysed to afford V and the
interaction parameter, a.48 according to eqn. (2) where Y is the

Y = (1 2 a2)0.5FA + aFB (2)

ground state wavefunction. In bis(ferrocenyl) conjugated sys-
tems it generally seems that the assumption of small coupling is
valid. The values of a and V in Table 2 allow one to compare the
efficacies of various bridges at mediating electronic coupling.
Electrochemical data are also included in Table 2; interpretation
of DE1/2 data is less straightforward than that of IVCT data
(DE1/2 depends on stabilising factors in the FeII/FeII, FeII/FeIII

and FeIII/FeIII species, and on through-space electrostatic
effects), but the value can provide a useful rough indication of
the strength of metal–metal interaction.

Both optical and electrochemical data show more interaction
for alkenes than alkynes. This result is consistent with linear and
non-linear optical results on analogous ferrocene–bridge–accep-
tors with alkene and alkyne bridges [the LE absorption of (E)-
FcCHNCHB(mes)2 {mes = 2,4,6-trimethylphenyl} is lower in
energy and more intense than that of FcC·CB(mes)2 and bm is
larger20] and with calculations for all-organic mixed-valence
compounds.49 Arenes are rather poor at mediating metal–metal
interactions; this is consistent with the disruption of donor–
acceptor coupling effected by the introduction of aromatic
moieties into organic second-order NLO chromophores.50

Bis(ruthenocenyl) compounds have been much less studied,
presumably partly due to the irreversible redox chemistry of
ruthenocene itself. Recently, however, it has been found that
RcCHNCHRc, and a number of substituted derivatives, undergo
chemically (though not electrochemically) reversible two-
electron oxidations to diamagnetic bis(h5-cyclopentadienyl-

Table 2 Data pertaining to metal–metal interactions in some bis(ferrocenyl) systems

Compound DE1/2
a/mV lmax (emax)b/nm (M21 cm21) ac Vd/meV

Fc(CMe2)2Fc 8051 None observed — —
(E)-FcCHNCHFc 14052 1750 (1200)54 0.09 63

17053 2040 (1340)53 0.10 61
Fc(CHNCH)2Fce 12953 1820 (1570)53 0.08 53
Fc(CHNCH)6Fce 053 1800 (1600)53 0.03 24
FcNNNFc 23555 1760 (375)54 0.05 35
FcC·CFc 13056 1560 (670)56 0.07 56
Fc(C·C)2Fc 10056 1180 (570)54 0.04 42
Fc2CNCH2 — 1800 (200)55 0.004 2.8
Fc2CNO — 1280 (62)54 0.002 1.9
o-Fc2C6H4 131e,57 1530 (91)e,57 0.03 25
m-Fc2C6H4 90e,57 1210 (46)e,57 0.013 13
p-Fc2C6H4 104f,57 1340 (620)f,57 0.046 43
[10]+ 18058 — — —

61010

[Fc(CH)5Fc]+ 14058 — — —
61054

[Fc(CH)13]+ 4058 — — —
[11]+ 70010 — — —

a Separation between successive ferrocene oxidations in CH2Cl2. b Absorption maxima and maxmium absorbtivity for the IVCT band of the mono-
oxidised species in CH2Cl2. c Interaction parameter and d electronic coupling energy derived from analysis of the IVCT band according to V =
(2.05 3 1022/r)(emaxn̄maxDn̄1/2)1/2, where r is the intermetallic distance and Dn̄1/2 is the IVCT band width at half height, and a = V/n̄max.48 e In MeCN. f In
CHCl3.
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ruthenium)(m-h6+h6-pentafulvadiene) dications (Fig. 5).60,61

These formally ligand-based oxidations can be contrasted to the
metal-based oxidations of iron analogues; presumably the small
differences in energy between the highest p-orbital and the

ruthenium d-orbitals is important (although di-RuIII inter-
mediates are postulated61), along with the greater tendency of
ruthenium to adopt h6 coordination and to retain an 18 electron
configuration. Similar two-electron oxidations involving struc-
tural rearrangemnt of a ruthenocene to h6-fulvene geometry,
have been observed in RcC·CRuCp(PPh3)2 and related com-
pounds.62,63 Even biruthenocene can be oxidised to the
diamagnetic bis(h5-cyclopentadienylruthenium)(m-h6+h6-ful-
valene) dication under certain conditions.64 In this respect,
ruthenocene resembles an organic fragment more than does
ferrocene. For example, the dication of N,N,NA,NA-tetrame-
thylbenzidine has a quinoidal, and presumably diamagnetic,
structure,65 due to good mediation of N–N interaction by the p-
system. By contrast, the dications of dinuclear bis(ferrocenyl)
complexes typically behave as two more-or-less non-interacting
spin 1/2 centres; the biferrocene dication has no significant
exchange interactions between the two FeIII centres.66,67

The metal–metal interactions possible in conjugated linked
metallocenes have been exploited in poly(ferrocenyleneviny-
lene)68 and poly(ferrocenylenedivinylene)s;69 when partially
oxidised poly(ferrocenylenedivinylene) shows superior con-
ductivity to similar polymers with more ‘insulating’
bridges.69

Electronic and optical properties of
bis(metallocenyl)polymethines
In this class of compounds, two metallocenes are linked with an
odd number of CH groups and there is an overall positive charge
stabilised by contributions from (h6-fulvene)(h5-cyclopentadie-
nyl)metal cation resonance structures. We have been studying
symmetrical and unsymmetrical termethine {n = 3} examples
with Fc, Rc and FcB end groups.10,70,71 We have determined
crystal structures for a number of these compounds. Whilst
[10]+[PF6]2 and [11]+[PF6]2 showed symmetrical cations (as
do a close trimetallic analogue,72 and [FcCHFc]+[BF4]273), the
crystal structure of [12]+[PF6]2 showed a cation best described
as a (h6-fulvene)(h5-cyclopentadienyl)ruthenium cation
bridged by a vinylene moiety to a ‘normal’ ruthenocene, with
BLA between formally single and double bonds of some
0.100(6) Å (Fig. 6). Moreover, the similarity of the IR and

Raman spectra of [12]+[PF6]2 in the solid state and in solution
suggests the origin of this distortion is an intramolecular effect.

The only previous report of such a distortion is that reported by
Tolbert and Zhao, who showed [25]+ to be unsymmetrical in

solution by comparing IR and UV–VIS spectra with those of
lower homologues.74,75 Such distortions afford bistable sys-
tems, which could form the basis for a switchable device, where
a change in external electric field leads to a dramatic change in
polarisation.

Unsymmetrical intramolecular localisation effects have been
predicted to occur in long-chain (ca. 13 methine groups where
the end group can stabilise the positive charge) all-organic
polymethines,74,76 and can be understood in analogy to the
Peierls distortion,76 or by analogy with mixed-valence chem-
istry.49,74 We attribute the observation of localisation at low
chain length for [12]+ to the high reorganisation energy
associated with the ruthenocene/(h6-fulvene)(h5-cyclopentadie-
nyl)ruthenium system.

The electronic spectra of bis(metallocenyl)polymethines are
strongly reminiscent of those of the metallocene donor–
acceptor NLO dyes discussed earlier; i.e. there are two
prominent transitions. Tolbert has synthesised the series
[Fc(CH)nFc]+[BF4]2 {n = 1, 3, 5, 9, 13}, and found the energy
of the LE band to be inversely proportional to the conjugation
length (Neff = n + 6 ).58 Fig. 7 shows this dependence, along

with the stronger chain-length dependence of the HE band,
which closely resembles that of the absorption of [Ph(CH)nPh]+

cations. Thus, we assign the HE band as a p ? p* transition.
This is, of course, consistent with the assignment of the HE of
metallocene–bridge–acceptor compounds as p ? (acceptor),
and with the orbital scheme. Assignment of the LE band as M
?p* is consistent with the weaker chain-length dependence of
this band, with the greater blue shift compared to that in the HE
band seen on replacing iron with ruthenium (Fig. 8), with the
analogous metallocene–bridge–acceptor compounds, and with
the calculated orbital structure (Fig. 9). As shown in the
calculated orbitals for the distorted [12]+ cation, the highest p-
level of unsymmetrical species is mainly from the cyclopenta-
dienyl orbitals of the‘normal’ metallocene, whilst the p*
LUMO is correspondingly displaced towards to the (h6-

Fig. 5 Chemically reversible two-electron oxidation of a bis(ruthenocenyl)
ethene.58

Fig. 6 The [12]+ cation in the crystal stucture of its hexafluorophosphate
salt.10,70

Fig. 7 Conjugation-length dependence of the absorption maxima of a,w-
bis(phenyl)polymethine cations (black; data from ref. 58), the LE (blue;
data from ref. 58) and HE (red; data from refs. 10, 59 and 77) bands of a,w-
bis(ferrocenyl)polymethine cations. Neff is defined as n + 8 for the phenyl
compounds, and n + 6 for the ferrocenyl species.
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fulvene)(h5-cyclopentadienyl)metal end of the molecule. The
HOMO is located on the ‘normal’ metallocene. Nevertheless,
the orbitals of symmetrical and unsymmetrical bis(metalloce-
nyl)termethines are broadly similar. The bis(metallocenyl)ter-
methine series holds completely symmetrical species ([10]+,
[11]+), somewhat unsymmetrical species ([13]+, in which the
octamethylferrocenyl group undergoes more distortion than the
ferrocene, but the BLA is small), and fully bond-alternated
structures ([12]+, [14]+). This variation is analogous to that
found in donor–acceptor compounds, where one can tune
between bond-equalised and fully bond-alternated structures
through donor and acceptor strength.37

Summary
The work of numerous groups has demonstrated that conjugated
group 8 metallocenes have a variety of interesting optical and
electronic properties. Over the past several years it has become
more clear that the metallocenes are different in their behaviour
as p-electron donors from simple organic groups, such as those
derived from anisole or aniline. In particular, a metallocene
interacts with a conjugated p-system both through the cyclo-
pentadienyl group and through the metal-based orbital. These
various interactions create opportunities to control the coupling
of the metal orbital with the p-system and to control the
interaction between metal centres. While interesting non-linear
optical and electronic properties have been reported, conjugated
metallocenes have yet to find use in device applications.
Perhaps, as our understanding of the electronic of this class of
molecules become more complete, novel applications of these
materials will be identified.
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The sorption of biphenyl (BP) in dehydrated M-ZSM-5
(M = H+, Cu2+) zeolites through solid–gas exchange sponta-
neously causes ionisation of BP molecules; the radical cation
and trapped electron disappear slowly via two different
electron transfer mechanisms. 

Spontaneous generation of long-lived organic cation radicals in
porous crystalline aluminosilicates (zeolites) has been known
for over three decades.1–3 The tight fit between the radical
cation and the pore size is considered to be the main factor
responsible for this stabilisation and it is now accepted that the
acid sites of the porous materials are related to their electron
acceptor ability.3,4 The Brönsted acid sites can impart to zeolites
a dual behaviour as acid and oxidant. Earlier work has showed
that persistent carbocations are formed more readily than radical
cations.5 However, the electron and proton transfer mechanisms
are not yet completely understood, particularly the fate of the
ejected electron.3,4,6,7 This gap prompted this work relating to
unusual biphenyl sorption behaviour in M-ZSM-5 zeolites with
H+ and Cu2+ as counterbalancing cations.

UV–VIS, IR, Raman, EPR spectra as well as chemical
analysis of calcined zeolites Mm/n(SiO2)962m(AlO2)m (m = 3, 6;
M = H+, Na+) (24 h, 773 K, O2, Ar) do not exhibit any detectable
impurity (Fig. 1) with X-ray diffraction patterns exhibiting the
characteristics of well-crystallised ZSM-5 solids while 29Si
MAS NMR spectroscopy revealed the absence of abnormal
defect groups. The 27Al MAS NMR spectrum of hydrated
H6ZSM-5 shows only a low amount of six-coordinated non-
framework Al.

Exposure under argon or helium atmosphere at room
temperature of freshly dehydrated Hm(SiO2)962m(AlO2)m (m =
3, 6) powdered solids to dry biphenyl, turned the powder
immediately from white to blue and after one week the solids
turned pink. Numerous diffuse reflectance UV–VIS absorption
spectra were recorded at different times, immediately after the
exposure and until the reaction went to completion over one
month at 330 K. The processing data for all the spectra of each

sample (Fig. 2), provided evidence of three independent spectra
of occluded species in Hm-ZSM-5.8 The extracted spectrum
with main bands around 380 and 666 nm reached a maximum
intensity within several minutes and then decreased slowly, and
was assigned to the radical cation BP·+. It should be noted that
this maximum corresponds to ca. 10% of BP·+ with respect of
the BP loading. The extracted spectrum with two prominent
features at 468 and 491 nm reached maximum intensity within
20 h and then decreased slowly and was attributed straightfor-
wardly to trapped electrons. The spectrum with two maxima at
250 (sharp) and 505 nm (broad) increased slowly with diffusion
of BP in the porous void and reached a maximum within one
month and was assigned to non-bonding electronic interactions
of BP with protons of the Si–OH–Al framework groups. The
EPR spectra recorded immediately after the exposure of
HmZSM-5 samples to BP solid exhibited the sharp features of
BP·+ at 300 and 77 K. After annealing the sample at 320 K for
one week, these sharp features disappeared to give a broad
intense signal (77 K) corresponding to both trapped electrons
and positive holes. After annealing the sample at 320 K for a
month no paramagnetic species were detected.  Zeolite samples
with loading values from 0.2 to 1 BP per unit cell (m = 3, 6)
exhibited similar behaviour.

The exposure of dehydrated Mm(SiO2)962m(AlO2)m (m = 3,
6, M = Li+, Na+, K+, Rb+, Cs+) to solid BP led to no colour
change and BP was found to be sorbed as an intact mole-
cule.9

Photolysis at 248 nm of BP occluded in M-ZSM-5 (M = Li+,
Na+, K+, Rb+, Cs+) generated persistent UV–VIS spectra
analogous to that generated spontaneously through BP sorption
in Hm(SiO2)962m(AlO2)m without photolysis.9 EPR spectros-
copy provided evidence of paramagnetic species, namely
trapped electrons and positive holes, after the disappearance of
BP·+.9 Exposure of dehydrated Mm/2(SiO2)962m(AlO2)m (m =
6, M = Zn2+, Cd2+) to solid BP also led to no colour change and
BP was found to be sorbed without any ionisation.

Fig. 1 Diffuse reflectance UV–VIS absorption spectra (Kubelka-Munk
units) recorded (a) before thermal treatment of (NH4)6ZSM-5 zeolite
(NH4)6(SiO2)90(AlO2)6 and (b) after thermal treatment (24 h, 773 K, O2).

Fig. 2 Diffuse reflectance UV–VIS absorption spectra (Kubelka-Munk
units) recorded during the sorption of biphenyl into H6ZSM-5 zeolite [1BP/
H6(SiO2)90(AlO2)6]. The spectra were recorded at room temperature at
different times.
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Exposure of Cu3(SiO2)90(AlO2)6 after thermal treatment (24
h, 773 K, O2) to solid BP under argon generated persistent BP·+

and trapped electrons as evidenced through data processing of
the UV–VIS spectra. Surprisingly, Cu(II) does not appear to be
a preferred electron trapping site.

Diffuse reflectance IR absorption spectra of dehydrated
Hm(SiO2)962m(AlO2)m samples (m = 3, 6) exhibited two sharp
OH stretching bands at 3611 and 3745 cm21. These bands were
assigned to acidic (Si–OH–Al) hydroxy groups and (Si–OH)
silanol groups, respectively.10 After BP sorption was  complete,
the 3611 cm21 band decreased in intensity and a new broad
band appeared at 3300 cm21. The dehydrated Mm/nZSM-5 ( M
= Li+, Na+, K+, Rb+, Cs+, Zn2+, Cd2+) exchanged zeolites (24
h, 773 K, O2) did not exhibit any intense OH stretching band at
3611 cm21. In contrast, the O2-calcined Cu3-ZSM-5 sample
DRIFT spectrum showed an intense band at 3661 cm21.11 It is
tempting to attribute the spontaneous BP ionisation to the acidic
properties of the O2-calcined Cu3-ZSM-5 sample. The most
prominent mid-IR absorption bands (1485, 1432 cm21) of BP
occluded in HmZSM-5 do not differ from those recorded for
NamZSM-5 (1485, 1432 cm21) or for the bulk solid (1480, 1430
cm21). 13C CP-MS NMR spectra of BP occluded in HmZSM-5
and NamZSM-5 were found to be very similar. Thus, in spite of
the high basicity of BP (proton affinity = 814 kJ mol21), proton
transfer from H-ZSM-5 to BP does not occur at room
temperature.

The FT-Raman spectra (1.06 mm excitation) of occluded BP
in MmZSM-5 (M = Li+, Na+, K+, Rb+, Cs+) were found to be
similar in frequencies and relative intensities with the Raman
spectrum of BP in solution. However, the relative intensities of
the Raman bands of occluded BP in Mm/nZSM-5 (M = H+,
Zn2+, Cd2+, Cu2+) differed markedly from BP in solution and
provided significant evidence of local BP symmetry lowering
and electrostatic interactions between BP and the extraframe-
work cations Mn+.

Spontaneous ionisation phenomena upon sorption into
HmZSM-5 has been observed for several aromatics such as
biphenyl, naphthalene and anthracene which have relatively low
ionisation energies (ca. 8 eV in the gas phase). The formation of
radical cations occurs by electron detachment mediated by the
combined effects of radical cation stabilisation and the electron
trapping ability of the host. It should be noted that for BP, the
ratio BP·+/BP is < 0.1, but for anthracene, the ionisation yield
approaches unity. It appears that acid sites, either Brönsted or
Lewis in nature, are necessary for this reaction to occur at room
temperature. The zeolites behave both as electron acceptors to
electron donor aromatics and as electron donors to electron
deficient radical cations. The role of possible undetectable

impurities, such as low extraframework Al content, may be
ruled out, since the Na+ exchanged ZSM-5 sample did not
exhibit any spontaneous charge separation; however, the role of
defect groups cannot be excluded.6 The exact chemical nature
of the electron trapping sites as well as the positive holes within
the ZSM-5 zeolites is not unequivocally identified from the
present spectroscopic data. Evidence for charge separation
arises from electronic and EPR spectra. In addition, it is possible
that the ionisation occurs at the pore openings of the zeolite
microcrystals.12 From the relationship between the zeolite Al
content and the stabilisation of the charge separation, it appears
that Al is directly involved in the electron trapping sites.
However, the presence of nearest Si–OH–Al Brönsted sites
appears to be necessary to induce the spontaneous phenomenon
at room temperature since H+–Na+ exchange of samples with
analogous Lewis sites inhibited this effect.13 A recent model of
the interaction of trapped electrons in sodalite cage sheds some
light on the possible environment of the trapped electron.14 The
frame atoms for the electron can be provided by five-member
ringed containing Al and bridging OH. The radical cation or the
positive hole (R·+) counterbalances the negative charge in
[H(AlO2)(SiO2)4 e] R·+. A concerted mechanism in the void
space of ZSM-5 zeolites between the occluded aromatic, the
proton interactions and the nearest efficient trapping site can
lower the ionisation activation energy and can lead to thermally
durable charge separation.
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An enzyme involved in the biosynthesis of the 4-epi-
vancosamine substituents of a vancomycin group antibiotic
has been expressed and its role as a TDP-4-keto-6-deoxy-
glucose-3,5-epimerase demonstrated.

The glycopeptide antibiotics vancomycin (1, Fig. 1) and
teicoplanin are currently the drugs of choice for treatment of
infections due to methicillin-resistant Staphylococcus aureus.1
The continued rise of vancomycin-resistant bacteria has
heightened the need for new therapeutic agents. Manipulation
of the biosynthetic gene cluster for the glycopeptide chloroer-
emomycin (2, Fig. 1) may be a potential route to new
antibiotics.2–5 This approach will require further understanding
of the biosynthetic pathway.

Chloroeremomycin consists of a crosslinked heptapeptide
backbone, adorned with the unusual deoxy-sugar 4-epi-vanco-
samine (4-e-V) on residue 6, and the disaccharide glucosyl-4-e-
V on residue 4. These substituents enhance antibacterial
efficacy by promoting antibiotic dimerisation, which is im-
portant in the mode of action of this group of compounds.6,7

Analysis of sequence data from the chloroeremomycin gene
cluster revealed five putative proteins, ORFs 23–26 and ORF14,
that had significant homologies (30–70% identity) with sugar
biosynthesis enzymes in other antibiotic gene clusters, in
particular those for erythromycin and daunomycin.2,8–11 Given
the ubiquitous deoxy-sugar precursor TDP-4-keto-6-deoxy-
glucose, homologies to enzymes identified in the biosynthetic
pathways for daunosamine and mycarose allowed a probable
route to 4-e-V to be deduced (Fig. 2).2 This paper describes the

expression of EvsA (previously referred to as ORF26) and
demonstration of its role as the TDP-4-keto-6-deoxyglucose-
3,5-epimerase in the 4-e-V biosynthetic pathway.

EvsA consists of 205 amino acids and shows strong
homology ( ~ 60% identity) with putative sugar 3,5-epimerase
enzymes from the gene clusters of several antibiotics containing
L-sugars, including those involved in the daunosamine pathway
of S. peucetius (DnmU) and the mycarose pathway of S.
erythraea (EryBVII).8–11 It is also closely related to the enzyme
RmlC from the rhamnose pathway of E. coli, M. tuberculosis
and S. enterica, which has been shown to be a TDP-4-keto-
6-deoxyglucose-3,5-epimerase.12,13 The crystal structure of
RmlC from S. enterica has been determined and the potential
active site located, but as yet the residues responsible for
catalysis have not been identified.14 All the highly conserved
residues present in this region are also present in EvsA.
Although epimerisation at C-3 is not required in the bio-
synthesis of 4-e-V, it seems plausible that all these enzymes
have evolved from a common ancestor capable of catalysing
epimerisation at both positions 3 and 5, and thus EvsA is
suggested to be the first enzyme in the 4-e-V pathway.

In order to confirm the proposed role of EvsA, the evsA gene
was amplified by polymerase chain reaction (PCR) and cloned
into the expression vector pET28a(+) (Novagen). The resulting
plasmid was used to transform E. coli BL21(DE3) and the cells
grown at 37 °C in LB medium with induction by isopropyl b-D-
thiogalactoside (IPTG, 1 mM) to produce N-terminal His6-
tagged EvsA. The enzyme was purified using Novagen His-
Bind Quick 900 cartridges and transferred to 50 mM HEPES,
pH 7.6 using Millipore centrifugal filters. The relative molec-
ular mass of the purified protein (which gave rise to a single
band on an SDS-PAGE gel) was found to be 24.52 kDa (using
ESI-MS) which was in excellent agreement with that calculated
from the protein sequence (24.521 kDa).

The proposed substrate for EvsA, TDP-4-keto-6-deoxy-
glucose, was prepared enzymatically from TDP-glucose using
RmlB (also known as RfbB), the TDP-glucose-4,6-dehydratase

Fig. 1 Structures of vancomcyin (1) and chloroeremomcyin (2).

Fig. 2 Proposed route for the biosynthesis of TDP-4-epi-vancosamine from
TDP-4-keto-6-deoxyglucose. Putative enzymes involved in each step are
indicated. Cofactors thought to be required are shown in italics. Abbrevia-
tions: Pyr-NH2, pyridoxamine-5A-phosphate; SAM, S-adenosyl-methio-
nine.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b004463f Chem. Commun., 2000, 1565–1566 1565



from the rhamnose pathway.15 Incubation of TDP-glucose (5
mg) with RmlB (1.6 mg) at 25 °C for 3 h resulted in essentially
complete conversion to TDP-4-keto-6-deoxyglucose (mon-
itored by observing the intensity of the UV absorption band of
the product at 320 nm).

The potential epimerase activity of EvsA was assayed using
a technique based on that described by Stern et al. when
investigating RmlC, the 3,5-epimerase of the rhamnose path-
way.12 This study demonstrated that incubation of the enzyme
with TDP-4-keto-6-deoxyglucose in D2O allowed for the
incorporation of two deuterium atoms from the solvent at
positions 3 and 5, and thus that RmlC was capable of catalysing
the expected epimerisations.

Consequently, EvsA (10 mg in 50 mM HEPES, pH 7.6) was
incubated with TDP-4-keto-6-deoxyglucose (10 mg) in D2O at

37 °C for 90 min in a total volume of 100 ml. Due to [1H]2O in
the enzyme and substrate solutions, the resulting concentration
of [2H]2O was about 80%. A reaction in which protein was
replaced by buffer was used as a control. The reactions were
stopped by addition of EtOH and the protein removed by
centrifugation. The resulting 4-keto-sugar nucleotides were
then reduced with NaBH4, hydrolysed with trifluoroacetic acid,
reduced again, and then acetylated for analysis by GC-MS as
described by Stern et al. (Fig. 3).12 The alditol acetates
produced were dissolved in MeOH and analysed by ammonia
chemical ionisation GC-MS. The traces for the GC-MS of the
EvsA and control reactions are shown in Fig. 4(a). Mass
analysis of the two peaks revealed that the molecular ions
(MNH4

+) present in the EvsA reaction are two mass units higher
(m/z 396) than those in the control reaction (m/z 394).16 The
same difference is observed in the masses of the major fragment
ion, which corresponds to loss of acetic acid and ammonia. Thus
two deuterium atoms have been incorporated into TDP-4-keto-
6-deoxyglucose from the solvent by the action of EvsA. In order
to establish the positions of incorporation, the samples were also
analysed using electron impact GC-MS, which gives fragments
rather than the molecular ions (Fig. 3 and Fig. 4(b)). No
deuterium incorporation was seen in the control but incorpora-
tion at both positions 3 and 5 occurred in the presence of
EvsA.17 These results confirm that EvsA is indeed an epimerase
involved in the biosynthesis of 4-e-V at the stage suggested
(Fig. 2) and that epimerisation is catalysed at both C-5 and
C-3.
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assistance and the BBSRC and EPSRC (P. K.) for funding.
H.-w. Liu thanks the National Institutes of Health for funding.
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alditol acetates produced from the assay with EvsA and the control without
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Thiofulgides 1, (X = S) cyclise on irradiation with UV light
to form thermally stable photochromes 2, (X = S) that
absorb at much longer wavelengths than photochromes 2, (X
= O), formed from corresponding fulgides 1, (X = O),
reverse reactions occur on exposure to white light; photo-
chromic thiofulgides are prepared by reaction of fulgides
with sodium hydrosulfide in hot toluene and photochromic
lactones 9 and 12 are prepared by reaction of fulgides with
sodium hydrosulfide in cold methanol followed by cyclisa-
tion with a carbodiimide.

Photochromic heteroaromatic thiofulgides 1, (X = S) are of
special interest because their coloured forms 2, (X = S) have
the potential to show large bathochromic shifts of their long
wavelength absorption bands compared to the coloured forms 2,
(X = O) from corresponding fulgides 1, (X = O). (The effect
of replacement of oxygen by sulfur can be seen in the ultraviolet
spectra of thiomaleic anhydride2 which shows lmax 230 nm
compared to lmax 198 nm for maleic anhydride3.)

Previous attempts to synthesise photochromic heteroaromatic
thiofulgides by methods used for the preparation of acetic,4
succinic,5 phthalic,6 and dibenzylidenesuccinic thioanhydrides7

were unsuccessful.
We find that (Z)-thiofulgides, (Z)-4-dicyclopropylmethy-

lene[1-(2,5-dimethyl-3-furyl) and (2-methyl-5-phenyl-3-furyl)-
ethylidene]thiosuccinic anhydrides 6a and 6b can be prepared

Fig. 1 The X-ray structure of (Z)-thiofulgide 6a.

Fig. 2 The spectra of compounds 10, 8a (X = O), 8a (X = S), and 8b (X
= S) (lmax 424, 511, 544, and 599 nm respectively) obtained after
irradiation at 366 nm of compounds 9, 4a, 6a (X = S) and 6b (X = S) (1
3 1024 molar solutions in toluene) to the photostationary state, illustrating
the major colour changes which can be achieved by molecular tailoring.
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by boiling (4 h) (Z)-fulgides 3a and 3b (1 g) in toluene with 2–3
eq. of yellow sodium hydrosulfide (Aldrich). They were
obtained as yellow crystals, mp 133 and 147–8 °C respectively,
after purification by column chromatography and crystallisation
from dichloromethane and petroleum. Seven photochromic
thiofulgides have been prepared in yields of ca. 35% by this
general method. Yields depend on the quality of sodium
hydrosulfide, which deteriorates with time.

The structure and stereochemistry of (Z)-thiofulgide 6a was
established by X-ray crystallographic analysis† (Fig. 1).

On irradiation (366 nm), (Z)-thiofulgides 6a and 6b in
toluene isomerised to (E)-thiofulgides 7a and 7b which cyclised
to thermally stable purple and blue photochromes 8a (X = S)
and 8b (X = S), showing bathochromic shifts (40 and 60 nm)
of the maxima of their long wavelength absorption bands
compared to the red and magenta photochromes 8a (X = O) and
8b (X = O) (Fig. 2). On exposure to white light, photochromes
8a (X = S) and 8b (X = S) ring opened to pale yellow (E)-
thiofulgides 7a and 7b. Quantum efficiencies for colouring (Øc)
at 366 nm for (E)-thiofulgides in toluene were less than for
corresponding (E)-fulgides. Øc for thiofulgide 1 (R1 = R2 =
Me, X = S) was 9% compared to 20% for fulgide 1 (R1 = R2

= Me, X = O). Preliminary studies indicate that bleaching
efficiencies and photochemical fatigue of the photochromes of
thiofulgides were comparable to those of photochromes of the
corresponding fulgides.

When (E)-fulgide 4a was stirred with sodium hydrosulfide in
MeOH at room temperature, the salt of thioacid 5 was formed
which after treatment with 1-ethyl-3-(dimethylamino)propyl-
carbodiimide HCl, reacted with methanol to give 9 (colourless
crystals, mp 168–9 °C, 33% yield). On irradiation (366 nm),
lactone 9 in toluene cyclised to the thermally stable bright
intensely coloured yellow photochrome 10 which underwent
the reverse reaction on exposure to white light.

(Z)-Fulgide 3 gave the colourless lactone 12 in 31% yield in
an analogous reaction which cyclised to the pale yellow
photochrome 13 on irradiation at 366 nm.

Lactones 9 and 12 were converted quantitatively into 11 on
boiling with sodium hydrosulfide in MeOH, exemplifying a
convenient method of preparing dimethyl esters from anhy-
drides. All new compounds were fully characterised.

We thank PPG Industries, Pittsburgh, USA and the Brite
Euram Syladec programme for grants to MB and AC re-
spectively and financial support for this programme, and
EPSRC for support for the X-ray crystallographic work.
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The rate of intramolecular carbolithiation onto an un-
activated alkene to give a six-membered ring has been
determined and follows first order kinetics with a half life of
~ 90 min at 23 °C; this allows significant racemization using
a chiral organolithium species, although good levels of
optical purity are obtained with a phenylthio-substituted
alkene.

The ability to use enantiomerically enriched organometallic
species in asymmetric synthesis hinges on the configurational
stability at the chiral centre. Since Still and Sreekumar showed
that chiral organolithium species could be generated from a-
alkoxyorganostannanes and reacted stereospecifically,1 the
reactions of chiral a-hetero-substituted organolithium species
have been the subject of extensive studies.2 The majority of
these studies focus on the intermolecular quench, which occurs
with retention, inversion or racemization of configuration. We
and others have demonstrated that intramolecular (anionic)
cyclization occurs with complete retention of configuration at
the carbanion centre and provides enantiomerically enriched
heterocyclic and carbocyclic compounds.3–5 For example, we
have found that cyclization using the a-aminoorganolithium
species 1 (formed from the corresponding organostannane, 94%
ee) gives (Scheme 1) the hexahydro-1H-pyrrolizine alkaloid
(+)-pseudoheliotridane† 2, E = H with complete diastereo-
selectivity and enantiospecificity.3 Unusually, the organoli-
thium species 1 is formed at rt, yet no racemization takes place.6
Such cyclizations from chiral organolithium species have, so
far, been restricted to the formation of five-membered rings, and
must occur at rates that are significantly greater than the rate of
racemization. Bailey and co-workers have determined the rate
of anionic cyclization to generate a cyclopentane ring and found
that t1/2 ≈ 5.5 min at 23 °C.7 We were intrigued to determine the
effect of ring size on the stereochemical integrity of the chiral
organolithium species. In this paper, we report the first
determination of the rate of anionic cyclization to give a six-
membered ring and its comparison with the rate of racemization
of the chiral organolithium species.

Stannane 3 was prepared by treatment of N-Boc-2-tributyl-
stannylpyrrolidine8 with B-bromocatecholborane, followed by
acylation with pent-4-enoyl chloride and reduction with
LiAlH4.3 Transmetallation of amine 3 in hexane–Et2O (4+1)
with nBuLi (3 molar equiv. in hexanes) at rt gave the
enantiomerically enriched organolithium species 4 (Scheme 2)
which cyclized to give, after quenching with MeOH, the
diastereomeric octahydroindolizines 5 and 6 in high yield
(80–87%) and diastereoselectivity (95+5, 5+6).9 Remarkably,
the use of the solvent system hexane–Et2O–TMEDA (4+1+1,
equating to 15 molar equiv. of TMEDA) completely reversed
the diastereoselectivity, giving predominantly 6 (10+90, 5+6).

In each case a small amount of proto-destannylated material 7
was formed. Intramolecular carbolithiation in hexane–Et2O
gave, after 6 h or more, 5 with 13% ee.10 The presence of
TMEDA caused complete racemization. By quenching the
reaction mixture (in the absence of TMEDA) at shorter time
intervals (e.g. 30 min), 5 and 6 (95+5) were obtained in low
yield (22%) but enhanced enantiomeric excess (5, 62% ee). By
taking aliquots of a reaction at different reaction times, it was
possible to measure the rate of the cyclization. This followed
first order kinetics with a rate constant, k ≈ 1.2 3 1024 s21,
corresponding to a half-life for cyclization of approximately 90
min at 23 °C (complete transmetallation requires 20–30 min).
This is significantly slower than the corresponding five-
membered ring. Racemization can compete with cyclization,
thereby accounting for the loss in enantiopurity. This is in stark
contrast to the completely enantiospecific and diastereose-
lective cyclization of organolithium species 1. The data reveal
that the organolithium species 4 is racemic within approx-
imately 30 min at rt in hexane–Et2O and therefore the half-life
for racemization of the organolithium species 4 must be less
than 30 min.

In order to improve the optical purity of the indolizidine
products, a method to slow the rate of racemization or to
increase the rate of cyclization must be found. Alkenes
substituted with an anion stabilising group have been shown to
increase the rate of anionic cyclization reactions.11 Thus the E-
and Z-stannanes 8, in which a phenylthio substituent is located
at the terminus of the alkene, were prepared. The synthesis of
the stannanes 8 was achieved by reductive amination.12,13

Stannanes 8 were treated with nBuLi in either hexane–Et2O
(4+1) or hexane–Et2O–TMEDA (4+1+1), to give the diaster-
eomeric cyclized products 9 and 10 (Scheme 3).‡ In the former
solvent system, the organolithium species derived from stan-
nane (E)-8 gave predominantly 9 (77%, 70+30, 9+10) in good ee
(9, 75% ee; 10, 72% ee). The organolithium species derived
from the stannane Z-8 cyclized to give a mixture of octahydro-
indolizines 9 and 10 (79%, 50+50, 9+10) in slightly lower ee (9,
55% ee; 10, 53% ee). In the presence of TMEDA, the
organolithium species derived from stannane (E)- or (Z)-8
cyclized to give racemic 10 exclusively in good yield (71–73%).
The addition of TMEDA therefore appears to increase the rate

Scheme 1

Scheme 2 Reagents and conditions: (a) 2.5 equiv. nBuLi, hexane–Et2O
(4+1) or hexane–Et2O–TMEDA (4+1+1), 22 °C; (b) 6 h then MeOH, 5 and
6 (95+5, 80%), 5 (13% ee) and 7 13%; or 5 and 6 (10+90, 76%), 6 (0% ee)
and 7, 21%.
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of racemization, presumably via co-ordination of TMEDA to
the lithium atom.14 In the presence or absence of TMEDA, the
cyclization is complete within approximately the same time as
the substrate takes for complete tin–lithium exchange ( ≈ 30
min). The half-life for cyclization is therefore reduced con-
siderably in comparison with the substrate 3, in which no anion-
stabilising phenylthio substituent is present at the terminus of
the alkene.
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The nitration of halogenobenzenes using zeolite Hb or zeolite
HY as a solid inorganic catalyst and a combination of liquid
nitrogen dioxide and gaseous oxygen as the nitrating reagent
leads to high yields and significant para-selectivities in a
relatively clean process for aromatic nitration.

Electrophilic aromatic substitution reactions are of considerable
importance in the production of fine chemicals. However, the
traditional processes suffer a number of disadvantages, such as
low selectivity towards the desired product and the requirement
for large quantities of mineral or Lewis acids as activators. In
turn these acids are responsible for corrosion problems within
the plant and the generation of large volumes of spent reagents,
which, given the current environmentally conscious climate, are
increasingly unacceptable. Major efforts are therefore being
made towards developing processes that can reduce the volumes
of spent liquors produced. Inorganic solids can offer significant
benefits for these processes by providing both effective
catalysis and, in some cases, enhanced selectivity. Additionally
they are easily removed from reaction mixtures and in some
cases recycling is possible. For example, we have utilised
zeolites to enhance the para-selectivity in chlorination,1
bromination,2 acylation3 and methanesulfonylation4 reactions
of simple aromatic substrates.

Aromatic nitro compounds represent particularly versatile
chemical feedstocks for a wide range of industrial products,
such as pharmaceuticals, agrochemicals, dyestuffs and ex-
plosives. Traditionally, nitration has been performed by a
mixture of nitric and sulfuric acids (mixed acid method).5
However, the method is notoriously unselective for nitration of
substituted aromatic compounds and the disposal of the spent
acid reagents presents a serious environmental issue. In order to
address these problems several alternative methods for aromatic
nitration have been developed recently. For example, lanthanide
triflates have been used to catalyse nitration with nitric acid,
which avoids the use of large volumes of sulfuric acid in the
process.6 However, this provides no enhancement of selectivity.
Selectivity of the nitration process can be enhanced by solid
catalysts such as clays, but primarily zeolites, which can
improve selectivity using alkyl nitrates,7 acyl nitrates,8 or even
nitric acid itself.9,10 We have reported the use of zeolite Hb in
conjunction with a mixture of acetic anhydride and nitric acid,
which currently offers the best combination of yield and para-
selectivity for nitration of simple aromatic compounds.11 None
of these methods, however, are totally devoid of disadvan-
tages.

Another approach towards clean nitration involves the use of
dinitrogen tetroxide in combination with oxygen or ozone as an
oxidant.12 The method where ozone is employed most likely
involves dinitrogen pentoxide, as this is known to be a highly
active nitrating agent. The method utilising oxygen is less clear
cut and requires the use of tris(pentane-2,4-dionato)iron(III)
(Fe(acac)3) as a catalyst in an organic solvent.13 In principle,
this could lead to a highly atom-efficient process [eqn. (1)], but
it is not regioselective. Therefore, we decided to study the use of
dinitrogen tetroxide as a nitrating agent in the presence of

zeolites, in order to determine if they were able to catalyse the
process and impart para-selectivity.

(1)

Zeolites have been used before in the vapour phase nitration
of aromatic compounds using nitrogen dioxide. However, this
process did not involve oxygen, was complicated, required a
high flow rate for the carrier gas (N2, 880 ml min21) and
showed poor para-selectivity.14 We now report that certain
zeolites can indeed catalyse the process of nitration, as shown in
eqn. (1), whilst simultaneously providing enhanced para-
selectivity.
Initially, an attempt was made to reproduce approximately the
conditions of Suzuki for nitration of chlorobenzene. Liquid
N2O4 (approx. 10 ml) was condensed into a trap at 278 °C and
was then warmed to 0 °C. Fe(acac)3 (0.355 g) and chloro-
benzene (10 mmol) were then added, the system was flushed
with oxygen and the mixture was stirred at 0 °C for 48 h. The
product thus obtained contained nitrochlorobenzenes in propor-
tions (2-+3-+4-nitrochlorobenzene proportions of 32+ < 1+67)
that approximated to those reported by Suzuki, but also showed
significant quantities of a product based upon nitration of
acetylacetone.

We then carried out similar reactions in which various
zeolites were used as catalysts instead of Fe(acac)3 in an attempt
to determine which zeolite, if any, would be the most applicable
to para-selective aromatic nitration. Zeolite b and zeolite Y
have three dimensional channels and large pore sizes and were
selected on this basis. Mordenite, which has linear large pores,
and ZSM-5, which has a medium pore size, were chosen for
comparison. Additionally, variation of the cation type was
undertaken, with H+, Na+, K+ and NH4

+ being used in the case
of zeolite b, and H+ and Na+ in the case of zeolite Y. Finally,
zeolite ZSM-5 was tested with two specific Si/Al ratios. Thus,
the effects of pore size, channel structure, acidity, cation size
and Si/Al ratio could all be assessed. A reaction in the presence
of chromatographic silica was also included for comparison.
The results are shown in Table 1.

As shown in Table 1, reaction occurred in the presence of all
of the zeolites, and all of the reactions gave higher yields than
in the absence of any catalyst. The large, three-dimensional-
pore zeolites gave higher yields, comparable with those
achieved with Fe(acac)3 as catalyst, but the medium pore
zeolites and the linear large pore zeolite gave lower yields, as
did the silica. All of the zeolites demonstrated higher para-
selectivity than that obtained with Fe(acac)3, except for NH4b.
This last result may reflect the fact that this was the only zeolite
not calcined (heated in air to a high temperature), since this
would have caused loss of ammonia and formation of Hb.

Mordenite and ZSM-5 gave lower para-selectivities as well
as lower yields, which probably reflects more restricted
diffusion through the pores and competition from reaction at the
external surface of the solid. The selectivity was also low for the
reaction in the presence of silica. The ZSM-5 sample with the
higher Si/Al ratio gave a higher para-selectivity than that with
the lower ratio, possibly because of the process of deal-
umination, which would have opened up the pore structure of
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the zeolite, causing it somewhat to resemble the larger pore
systems. However, the yield with the higher Si/Al ratio sample
was less, possibly because of the lower density of effective
catalytic sites. Interestingly, the nature of the cation present
appeared to have a negligible effect on the reactions, the H+,
Na+ and K+ forms of the zeolites giving very similar results for
each reaction where comparison was possible. Evidently, the
process does not rely upon strong acid catalysis and does not
depend significantly on cation size. Perhaps the role of the
active site is merely to bring together the reagents and substrates
within the confines of the pores by simple co-adsorption.
Alternatively, perhaps the active site facilitates cleavage of
dinitrogen tetroxide to give monomeric nitrogen dioxide, which
has been suggested as the active reagent in vapour phase
reactions.15

Zeolites Hb and Nab produced the greatest selectivity for
para-chloronitrobenzene (85%) and the highest yields (90 and
96%). Therefore, zeolite Hb was tested with a range of other
substrates. The results are shown in Table 2.

After 24 h toluene had been completely consumed and
produced a reasonable yield of mononitrotoluenes (85%). The
para-selectivity was fairly low, though greater than for mixed
acid nitrations. The reaction with benzene was slow, being only
ca. 50% complete after 48 h. However, all the halogeno-
benzenes gave good yields and reasonable para-selectivities.
This work therefore demonstrates that zeolites b and Y, with
H+, Na+ or K+ cations, can be efficient inorganic catalysts for
the nitration of halogenobenzenes with dinitrogen tetroxide and
oxygen and produce high para-selectivities and yields com-
pared to classical nitration methods.

Furthermore, this method represents a low energy and
potentially clean synthesis of halonitrobenzenes using an easily
recycled solvent and catalyst system. However, at this prelimi-
nary point the reactions involve a large excess of dinitrogen
tetroxide, long reaction times and the use of an undesirable
chlorinated solvent. Therefore, our future efforts in this area
will be concentrated on minimising these factors.

The reaction of chlorobenzene illustrates the general proce-
dure for the nitration process. In an ice-water cooling bath was
placed a 100 ml round-bottom flask containing a mixture of
chlorobenzene (10 mmol), zeolite (1.0 g), and 1,2-dichloro-
ethane (30 ml). The flask was flushed with oxygen gas for 20
min at 0 °C. Liquid nitrogen dioxide (ca. 10 ml, ca. 280 mmol)
was added quickly all at once to the stirred mixture, and the
flask was connected to an oxygen gas balloon. After 50 h at
0 °C, the mixture was filtered through a medium porosity
sintered glass funnel, and the filtrate was diluted with water.
1,2-Dichloroethane was added and the organic phase was
separated and dried over magnesium sulfate. The isomer
distribution was determined by gas chromatography (PU 4400)
(octadecane was added as an internal standard).
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Table 1 The effect of zeolite type on the nitration of chlorobenzenea

Proportionsb

Zeolite Si/Al t/h
Conversion
(%)b

Yield
(%)b ortho meta para

Nonec — 50 6 2 39 0 61
SiO2

c — 50 40 28 29 < 1 70
Hb 25 50 100 90 14 < 1 85
Nab 24 50 100 96 15 0 85
Kb 24 50 97 92 21 0 79
NH4b 25 50 76 70 30 1 69
HY 30 50 100 91 16 2 82
NaY 28 50 100 91 16 1 83
HMord. 10.5 50 36 28 27 0 73
HZSM-5 50 72 44 42 28 2 70
HZSM-5 150 72 48 32 20 < 1 79
a All reactions were carried out with zeolite (1.0 g), chlorobenzene (10.0
mmol), 1,2-dichloroethane (30 ml) and nitrogen dioxide (ca. 10 ml) at 0 °C.
b Calculated by quantitative GC. c For comparison.

Table 2 The nitration of toluene, benzene and halogenobenzenes with
nitrogen dioxide and zeolite Hb in 1,2-dichloroethanea

Proportionsb

Substrate t/h
Conversion
(%)b

Yield
(%)b ortho meta para

Toluene 24 100 85 53 2 45
Benzene 45 55 50 — — —
Fluorobenzene 48 100 95 7 0 93
Chlorobenzene 48 98 95 14 < 1 85
Bromobenzene 48 > 99 94 22 < 1 77
Iodobenzene 48 99 95 37 1 62
a All reactions were carried out with zeolite (1.0 g), substrate (10.0 mmol),
1,2-dichloroethane (30 ml) and nitrogen dioxide (ca. 10 ml) at 0 °C.
b Calculated by quantitative GC.
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Metal trifluoromethanesulfonates [M(OTf)n; M = Sc, Zr, In]
catalyse the Friedel–Crafts alkenylation of arenes using
alkynes, including internal alkynes, to give, through an
alkenyl cation intermediate, 1,1-diarylalkenes in high to
excellent yields.

Friedel–Crafts alkylation reactions have been extensively
studied and have established a prominent historical position in
organic synthesis including industrial applications.1 In contrast,
little has been known about the corresponding Friedel–Crafts
alkenylation reaction with either an alkenyl halide or an alkyne.
With an alkenyl halide, a substituent such as a phenylthio2 or an
aryl3 group that stabilizes an alkenyl cation intermediate is
required to attain a good yield. The reaction using an alkyne,
where a C–H bond of the arene adds to the triple bond of an
alkyne, is environmentally friendly without being accompanied
by formation of by-products like hydrogen halide. However, the
reaction often brings about the polymerization of alkynes and
results in the formation of undesired side products.1b,4 Zeolite
HSZ-360 as a heterogeneous acid was found to be efficient
especially for ortho-selective monoalkenylation of phenol, but
only phenylethyne had been examined as a substrate.5 Recently,
alkenylation of arenes with trimethylsilylethyne promoted by an
excess amount of GaCl3 was also reported.6 To the best of our
knowledge, the Friedel–Crafts alkenylation reaction with
internal alkynes has yet to be explored. We found that metal
triflates [M(OTf)n; M = Sc, Zr, In] are effective catalysts for
the Friedel–Crafts alkenylation reaction with internal alkynes as
well as terminal ones.7

The reaction of phenylethyne (1a) (0.5 mmol) with p-xylene
(2a) (8.0 ml) at 85 °C for 19 h in the presence of 10 mol% of
In(OTf)3 proceeded smoothly to give the corresponding alkeny-
lation product, 1-phenyl-1-(p-xylyl)ethene (3a), in 80% yield
(Scheme 1). Although the reaction using Sc(OTf)3

8 or Zr(OTf)4
required a longer reaction time, 3a was obtained in 92 or 53%
yield, respectively. On the other hand, metal chlorides such as
ZrCl4 and AlCl3 gave 3a only in low yields.

These results prompted us to survey the scope of the reaction.
The results are summarized in Scheme 2 and Table 1. Arenes
except for p-dimethoxybenzene were used not only as the
substrates but also as solvents. Phenylethyne was successfully
reacted with benzene in the presence of Sc(OTf)3 to afford
1,1-diphenylethene in 73% yield (entry 2). A phenylethyne

bearing an electron-donating group (–OMe) at the para position
was also reacted with p-xylene using Sc(OTf)3 to give 3 in 62%
yield (entry 3). Although Sc(OTf)3 was totally inactive for more
electron-deficient alkynes than phenylethyne, In(OTf)3 was
effective for the reaction of phenylethyne having a p-Cl or p-
CF3 group and the products were obtained in high yields (entries
4 and 5). Internal alkynes can obviously participate in this
protocol. 1-Phenylprop-1-yne satisfactorily reacted with ben-
zene, toluene, p-xylene or anisole using In(OTf)3 to produce the
corresponding products (entries 6–11). Zr(OTf)4 was especially
effective for the reaction of p-dimethoxybenzene to furnish 3 in

Scheme 1

Scheme 2

Table 1 Metal triflate-catalysed Friedel–Crafts alkenylation with alkynesa
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70% yield, whereas In(OTf)3 did not catalyse the reaction (entry
12). Treatment of halobenzenes, which can be used as a solvent
in the Friedel–Crafts alkylation, with 1-phenylprop-1-yne gave
the products in somewhat lower yields (entries 13 and 14).
Arenes attacked these alkynes exclusively at the carbon having
the aryl group. The reaction of 1,2-diphenylethyne with p-
xylene using In(OTf)3 as a catalyst also gave 3 in 79% yield
(entry 15). In all cases, the triarylalkane that would be produced
by the reaction of 3 and 4 with an arene was not observed.

Dependence of the isomer ratio between alkenylated products
3b and 4b on the conversion of 1-phenylprop-1-yne (1b) in the
reaction with p-xylene is illustrated in Fig. 1.9 Fig. 1 indicates
that (1) both stereoisomers 3b and 4b already exist in almost a
1+1 ratio at the early stage of the reaction, and (2) there is a
drastic change of the isomer ratio at the late stage of the
reaction.

Two routes (path A and path B) are possible for this
alkenylation reaction (Scheme 3). In path A, the attack of an
arene to initially formed zwitterionic intermediate 5 from both
X and Y sites affords a mixture of 7 and 8, which are
transformed by protonation to 3 and 4, respectively. As regards
path B, the activation of an alkyne by a metal triflate and the
attack of an arene to the alkyne proceeds through a concerted
mechanism. Therefore, an arene attacks 1b stereoselectively
from the side opposite to the metal triflate to furnish 7 and
subsequent protonation of 7 gives 3 as the sole stereoisomer.
The existence of both 3b and 4b at the early stage of the reaction

strongly suggests that path A works in the reaction. The
predominance of 3b at the end of the reaction should be due to
an equilibrium between 3b and 4b under the reaction conditions
(Scheme 4). Thus, formation of alkyl cation 9 by the reaction of
4b with a metal triflate and subsequent bond rotation followed
by elimination of the metal triflate would induce the isomeriza-
tion from 4b to thermodynamically favored 3b. Prolonged
reaction time (100 h) showed no further change in the isomer
ratio.

The drastic change in the isomer ratio around the point over
80% conversion of 1b, i.e., almost consumption of 1b, may
show that metal triflates prefer an alkyne rather than an alkene
for complexation under the reaction conditions. Actually, in the
absence of 1b, the isomerization catalysed by 10 mol% of
In(OTf)3 in p-xylene at 85 °C was completed within 20 min to
give a 91+9 ratio of 3b and 4b from a mixture of 3b and 4b in
a ratio of 45+55. Such salient character of metal triflates should
be ideal for the Friedel–Crafts alkenylation with alkynes to
reduce the possibility of side reactions through alkyl cation 9.

In summary, we disclose here the preliminary results on the
use of some metal triflates as efficient catalysts for the Friedel–
Crafts alkenylation of arenes with alkynes including internal
ones. Further investigation on the reaction of alkynes with
nucleophiles other than arenes is currently in progress.
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Fig. 1 Plots of isomeric ratio of 3b+4b versus conversion (%) of 1b for
In(OTf)3 (-5-), Zr(OTf)4 (---), and Sc(OTf)3 (-ê-).

Scheme 3

Scheme 4
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The detection of all of the aluminium present in steamed
zeolite H-Y catalysts by 27Al MAS NMR at high field (18.8 T,
800 MHz for 1H) is reported; further, it is shown that it is
possible by 27Al MAS and MQMAS measurements to clearly
identify four separate aluminium environments character-
istic of these materials and to unambiguously assign their
coordinations.

The acid form of faujasite (zeolite H-Y) is converted to a very
stable material by steam treatment at elevated temperatures,
producing the universally used cracking catalyst ‘ultrastable-Y’
(USY). Early 29Si MAS NMR studies documented the increase
in the framework Si/Al ratio brought about by steaming.1–4 27Al
MAS NMR indicated that six-coordinate aluminium (AlOCT) is
produced even during mild calcination and that substantial
amounts of amorphous material can be generated by steam-
ing,1–8 characterised by a broad 27Al resonance between those
of the four-coordinate aluminium (AlTET, at ≈ 60 ppm) and
AlOCT (at ≈ 0 ppm). The nature of the species responsible for
this signal intensity has been a matter of dispute for almost
twenty years. Some workers have assigned the broad signal to a
second, distorted tetrahedral species.4,5a,8,9 More recently,
various authors have shown that the chemical shift of the
intensity maximum of the broad resonance corresponded to
five-coordinate aluminium (AlPENT) and the broad resonance
was attributed to this species.5b,6,10,11 Despite considerable
ongoing effort, there remains little overall agreement in the
interpretation of 27Al NMR data. Early studies also suffered
from the problem of quantification of the 27Al spectra:3,4,7,9

Even using small pulse angles, some 30% of the aluminium
known to be present could not be observed (the so-called
‘invisible aluminium’). Therefore the nature of the aluminium
and the related catalytic sites in USY are still poorly understood
at the present time.

In the present work, we present preliminary results of an
ultra-high field 27Al MAS and MQMAS NMR investigation of
a USY sample prepared from Na-Y by the conventional method
of ammonium exchange followed by steam treatment at 600 °C,
repeated twice. 27Al NMR spectra were obtained at 208.43 MHz
(18.8 T, 800 MHz 1H) using a Varian INOVA Spectrometer. In
this work we have been able to quantitatively observe all of the
aluminium present and to identify four well defined aluminium
environments.

The integrated intensities of the 27Al single pulse MAS [Fig.
1(a) and (d)] and 90–180° spin–echo MAS NMR spectra of
weighed samples were calibrated at both 104.26 MHz (9.4 T,
400 MHz for 1H) and 208.43 MHz against spectra of weighed
Na-Y and Na-A samples acquired under identical conditions. In
line with previous work,3,4,7,9 the data at 104.26 MHz not only
fail to account for all of the aluminium present, but show
considerable differences in intensity distributions between
single pulse and echo experiments; the echo experiments
detecting larger contributions from the broader resonances.
However, there are no significant differences between the single
pulse [Fig. 1(a)] and echo spectra at 18.8 T, where the integrated

intensities of both spectra indicate that signal is observed from
100% of the aluminium present.

The MQMAS experiment introduced by Frydman and
Harwood12 (Fig. 2) correlates peaks in the MAS dimension (F2)
to signals in the isotropic dimension (F1), with shifts in this
dimension being a linear combination of isotropic chemical and

Fig. 1 (a) 27Al single pulse MAS spectrum of USY at 208.43 MHz, recorded
at a spinning speed of 10.2 kHz. (b) Simulation of (a). (c) Deconvolution of
(b). (d) 27Al single pulse MAS spectrum of USY at 104.26 MHz, recorded
at a spinning speed of 9.8 kHz. (e) Simulation of (d). (f) Deconvolution of
(e). Chemical shift is referenced to 1 M Al(NO3)3 aqueous solution. Spectral
simulations and deconvolutions were made using ‘Dmfit 98’.15 Isotropic
peaks are simulated by half-integer spin quadrupolar lineshapes (parameters
given in Table 1) with superimposed exponential broadenings. Spinning
sideband intensity is approximated by peaks with mixed Lorentzian and
Gaussian character.
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second order quadrupolar shifts. Using this technique, many of
the problems caused by peak overlap in the MAS experiment
are alleviated, allowing the coordinations to be clearly estab-
lished.

Fig. 2 clearly shows four aluminium environments. At 61
ppm in F2 there is a sharp AlTET resonance, whose F2 shift
closely matches the sharp peak from the framework aluminium
in Na-Y spectra. In addition there is clearly a separate and much
broader AlBR.TET resonance with an intensity maximum at 57
ppm in F2. Upfield of the four-coordinate resonances are
similarly broad AlPENT and AlOCT peaks, with intensity maxima
in F2 at shifts typical of five- and six-coordinate aluminium
species previously reported.6,13,14

Fig. 1(b) and (c) shows a simulation of the single pulse MAS
spectrum [Fig. 1(a)] using the program ‘Dmfit 98’.15 The
complete intensity profile is based on only the intensity from
four peaks (and their spinning sidebands) corresponding to the
signals observed in the MQMAS spectrum (Fig. 2). A small,
sharp resonance in the octahedral region due to monomeric
octahedral aluminium has been observed in the 27Al NMR
spectra of USY samples of lower Si/Al. For completeness, a
similar peak is included in the simulated spectra of the sample
used in this study [Fig. 1(c)], although it has no significant
influence on the proportions of the different coordinations
calculated to be present (Table 1).

The same parameters (Table 1) yield simulations of similar
quality for the 27Al MAS spectra of the same sample taken at
104.26 MHz [Fig. 1(d), (e)] and 156.38 MHz (14.4 T, 600 MHz
for 1H). They also reproduce the observed MQMAS isotropic
(F1) shifts to within ±5 ppm at both 104.26 and 208.43 MHz,
with the positions of the two tetrahedral peaks being predicted
to within an accuracy of ±1 ppm. From these data it is apparent
that the broad peak at ≈ 30 ppm observed in the spectrum at
104.26 MHz [Fig. 1(d)] has contributions from both broad
tetrahedral and five-coordinate aluminium. Spectra at the two
higher fields show that each of these account for ≈ 20% of the
total spectral intensity.

Framework Si/Al ratios of the Na-Y starting material
(calculated from 29Si MAS NMR) and of the USY sample
(calculated both by 29Si NMR and IR) suggest that 33% of the
aluminium remains in the USY framework following steaming.

This is in good agreement with the intensity ratios of the
simulated spectrum [Fig. 1(c)] in which 33% of the overall
intensity is contained within the AlTET peak (Table 1)
suggesting that all of the aluminium contained within the fully
intact framework could be represented by the AlTET peak at 61
ppm.

In summary, this study shows that high magnetic field
strengths solve the problem of the “invisible aluminium”
associated with USY materials and that these quantitative 27Al
MAS spectra consist of intensity from four distinct aluminium
environments. A complete account of this work and its
extension to related systems is currently in preparation. We
believe that this represents the most complete and self-
consistent investigation of the aluminium species present in
USY materials to date. Further investigations of the exact nature
of the framework and non-framework aluminium species in
these steamed zeolite systems is also being carried out.
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Fig. 2 27Al MQMAS spectrum of USY at 208.43 MHz, recorded at a
spinning speed of 10.2 kHz. Chemical shift is referenced to 1 M Al(NO3)3

aqueous solution. Coherences were generated using a three-pulse, Rotation-
ally Induced Adiabatic Transfer pulse sequence and selected with a 24-step
phase cycle. A shearing transformation was performed after the first Fourier
transform. Skyline projections along both axes are shown. * indicates
spinning sidebands.

Table 1 Summary of USY single pulse 27Al MAS spectral simulation
parametersa

dCS
b/ppm Average CQ

c/kHz hQ % of total intensityd

AlTET 60.7 360 0.53 33
AlBR.TET 60.4 940 0.1 21
AlPENT 32.2 578 0.1e 20
AlOCT 3.2 492 0.1e 26
a Chemical shift and quadrupolar coupling distributions are accounted for
by an exponential broadening function with a chemical shift component
proportional to the magnetic field strength and a quadrupolar coupling
component inversely proportional to the magnetic field. b Isotropic
chemical shift. c Calculated to ±3% for 208.43 MHz spectrum using
spinning sideband intensities approximated by lineshapes with mixed
Lorenzian and Gaussian character. d CQ = 3e2qQ/2I(2I 2 1)H. e The
parameter hQ has a minimal effect on the simulated MAS spectrum [Fig.
1(b)].
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Heterocyclic N-oxides have been synthesized in very high
yields over redox molecular sieve catalyts in the presence of
H2O2.

N-Oxides hold a key position in the chemistry of heterocyclics
in that they offer functional group manipulation and structural
modification possibilities, which are not accessible by other
methods. Recently the synthesis of heterocyclic N-oxides using
oxides of rhenium (MeReO3) have been reported by Sharpless
et al.1,2 The catalysts/reagents used were methyltrioxyrhenium
(MTO), ReO3, Re2O7, HOReO3,Me ReO3. These rhenium
oxide reagents are water sensitive and undergo changes in the
presence of water and so cannot be reused. The compounds are
often obtained by the oxidation of heterocycles with acetic acid
and hydrogen peroxide3 (AcOH/H2O2), m-chloroperbenzoic
acid (MCPBA),4 monoperoxyphthalic acid,5 dioxiranes,6 hy-
drogen peroxide7 and more recently Caro’s acid (H2SO5).8
Dilute hydrogen peroxide is a poor oxidizing agent but an
inexpensive and readily available oxidant and gives H2O only as
a by-product. Recently titanium-containing molecular sieves
like TS-1, TiZSM-5 (prepared by post-synthetic modification)
with MFI topologies and mesoporous materials like TiMCM-41
have been found to possess very good redox properties in
catalyzing many oxidation reactions9–12 e.g. olefin epoxidation,
hydroxylation, oxidation of alkanes and conversion of carbonyl
compounds to oximes. TiMCM-41, by virtue of its bigger pore
diameter and redox property, overcomes the barrier of spatial
limitation and has been used to oxidize bigger molecules like
2,6-di-tert-butylphenol and cinnamyl alcohol. The preparation
of N-oxides of mono binuclear heterocycles suffers mainly from
the disadvantage of very low yields of product formation in
spite of using very costly and stoichiometric amounts of
reagents.13 Titanium-containing redox molecular sieves in the
presence of an oxidant like H2O2 have the advantage of
reusability, no catalyst separation problems, and no environ-
mental disposal problems. In order to overcome problems
associated with homogenous reactions, heterogeneous catalysts
like molecular sieve materials were employed for the oxidation
of heterocycles.

Titanium silicalite (TS-1), TiZSM-5(30) and TiMCM-41 are
prepared14,12,15 in our laboratory by the procedures reported
earlier. All these catalysts were characterized using XRD and
FTIR analyses and the results are in accordance with the
reported literature. Oxidation of substituted pyridines and
quinolines and, substituted isoquinolines have been carried out
and the results are presented in Table 1. In our studies it is
observed that pyridines having electron donating substituent
groups such as –CH3, –OH or vinyl are oxidized rapidly in a
single step to yield the corresponding N-oxides as the exclusive
oxidation product when the substrate is treated with 5% wt/wt
catalyst and 2 equiv. of 30% H2O2. However, pyridines
containing electron withdrawing substituent groups like –CN,
2NO2 or –CONH2 take comparatively longer to reach the
quantitative reaction yield of the product. It can be understood
that a peroxo species like Ti(m-O2) oxidizes the nitrogen of the
heterocycle which results in the corresponding heterocyclic N-
oxide. TiMCM-41 was used as catalyst for the oxidation of

quinolines, isoquinolines and N,N-dimethylaniline and the
products were obtained in quantitative yields. The effect of
varying the solvent was also studied for this reaction and the
results are presented in Table 2. Methanol, acetone and
acetonitrile were found to be better solvents than dichloro-
methane and chloroform with TS-1 as catalyst. The perform-
ance of the catalysts was also studied for 3-cyanopyridine and
the results are presented in Table 3. TS-1 and TiZSM-5(30)
gave better yields of the product, indicating the better redox
system of the materials reported. The effect of varying the
reaction temperature for the oxidation of 3-cyanopyridine was
studied and the results are presented in Table 4. Methanol at a
reaction temperature of 60 °C gave the optimum yield of the
product.

All the starting materials and solvents were obtained
commercially. A typical oxidation of a substituted pyridine was

† Communication No. 4553.

Table 1 Oxidation of aromatic heterocycles: variation of substrate

Substrate

Yield of the
product (%)
(reaction
time) Substrate

Yield of the
product (%)
(reaction
time)

2-Cyanopyridine 81.3a (25 h) 2-Picoline 93.0b (5 h)
3-Cyanopyridine 97.3a (25 h) 3-Picoline 96.0b (6 h)
4-Cyanopyridine 84.0a (24 h) 4-Picoline 95.0b (5 h)
2-Chloropyridine 91.0a (24 h) N,N-Dimethylaniline 89.0c (7 h)
2-Carbamoylpyridine 98.0a (24 h) N,N-Diethylaniline 95.0c (7 h)
2-Picolinic acid 91.0a (24 h) N-Methyl-3,4-

dimethoxyisoquinoline
83.3c (17 h)

2-Hydroxypyridine 92.0a (25 h) Quinoline 34.7c (24 h)
2-Vinylpyridine 95.0a (24 h) Isoquinoline 52.0c (24 h)
a TS-1. b TiZSM-5(30). c TiMCM-41. Products were characterized by MS,
NMR and IR techniques, catalyst was washed and reused. Product was
corresponding N-oxide.

Table 2 Oxidation of 3-cyanopyridine: variation of solvent

Solvent
Isolated yield(%)
of N-oxide

Reaction
time (h)

Acetone 85.1 25
Methanol 97.3 24
Acetonitrile 90.9 25
DCM — 25

Reaction temp. 60 °C, substrate; oxidant 1
2; catalyst TS-1.

Table 3 Oxidation of 3-cyanopyridine: variation of catalyst

Catalyst
Isolated yield(%)
of N-oxide

Reaction
time (h)

TiZSM-5(30) 73.3 26
TS-1 97.3 25
TiMCM-41 53.0 25

Reaction temp. 60 °C; substrate: oxidant = 1
2, solvent methanol.
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carried out as follows. A mixture of 4-cyanopyridine (10.0 g,
0.096 mol) and TS-1 (500 mg) in 40 ml of methanol as solvent
was refluxed in the presence of 30% aq. H2O2 (19.8 ml, 0.192
mol) for 24 h. The progress of the reaction was monitored by
TLC. Once the reaction was complete the catalyst was removed
by filtration and the product isolated from the solvent by
vacuum evaporation. The isolated product by this procedure,
contained exclusively the corresponding N-oxide as observed
from the 1HNMR and mass spectra. 4-Cyanopyridine gave 9.6
g of corresponding N-oxide without any trace of the by-product.
The products were also confirmed by mass and 1H NMR
techniques.
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Table 4 Oxidation of 3-cyanopyridine: variation of reaction temperature

Reaction temp. °C
Isolated yield(%)
of N-oxide

Reaction
time (h)

Room temp. 22.7 23
40 38.8 24
50 52.9 24
60 97.0 25

Substrate: oxidant = 1
2, solvent methanol; catalyst TS-1.
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A rationally designed chiral auxiliary for hydroxylated
dienes results in stereocontrolled Diels–Alder cycloadditions
under purely thermal conditions.

The Diels–Alder reaction is arguably one of the most powerful
synthetic transformations in the modern organic chemist’s
arsenal. The stereospecific creation of 2 sigma bonds and up to
4 stereocenters in a single step allows for an unsurpassed
increase in the level of molecular complexity.1 Not surprisingly,
the development of asymmetric variants of the Diels–Alder
reaction to yield enantiomerically-enriched products has taken
center stage. Both stoichiometric (chiral auxiliaries) and
catalytic (chiral Lewis acids) approaches to asymmetric Diels–
Alder reactions have been investigated. The bulk of these
investigations have been concerned with chiral auxiliary
modified dienophiles2 and the development of chiral (dieno-
phile-activating) catalysts.3 Fewer studies have dealt with chiral
auxiliary modified dienes.4 We now disclose a new THP based
chiral auxiliary system for 1-hydroxylated dienes5 that should
be of general utility for a variety of thermal Diels–Alder
reactions.

The germ for this idea came from earlier work in our
laboratories which found that chiral acetaloxyalkyl radicals
such as 4 were trapped preferentially on the si-face as a result of
steric congestion by the tert-butyl substituent at C-6 (Fig. 1).6
Diastereofacial bias in this TS was rationalized in terms of a
radical conformation which maintained an exo-anomeric effect7
and minimized steric repulsion between the acyclic side-chain
and THP ring. We surmised that the same stereoelectronic
control elements might be extended to the reactive s-cis
conformation of a 1-oxygenated diene partner in a Diels–Alder
reaction as well (cf. TS 5). Our original design also incorporated
a potential p-stacking interaction between the reactive s-cis
diene and a properly disposed naphthalene moiety in the Diels–
Alder TS. The prototype ‘a-diene’ 6 was synthesized along with

the chromatographically separable ‘b-diene’ 7 from 2-naph-
thylisobutyraldehyde by first making the auxiliary-lactol ac-
cording to ref. 6 and then incorporating it into McDougal’s
synthetic approach to 1-alkoxybuta-1,3-dienes.8 a-Diene 6 was
actually used as an inseparable 85+15 mixture of E- and Z-
isomers, the latter being unreactive under our cycloaddition
conditions.

Chiral dienes 6 and 7 (Fig. 2) were subjected to a battery of
Diels–Alder reactions with a variety of electron-deficient
dienophiles (Table 1). A number of conclusions can be drawn
from these collected data. First, thermal Diels–Alder reactions
proceed cleanly with these chiral dienes to give good yields of
cycloadducts. As expected for the 1-alkoxy-substituted diene
system, higher reaction temperatures are required with the less
reactive dienophiles. The observed diastereoselectivities for
reactions of the a-diene with N-phenyl maleimide (6 + 8? 9),
dimethyl maleate (6 + 11? 12), and methacryaldehyde (6 + 13
? 14) were found to be quite high (entries 1, 3, and 4) in spite
of this potential limitation. Interestingly, reaction of the b-diene
with N-phenyl maleimide (7 + 8? 10) proceeded about 5 times
faster than its a counterpart but with slightly lower (and
opposite!)9 facial selectivity (entry 2). Thus, complementary
stereodirection is possible starting from a single antipodal form
of the auxiliary. Increasing the Diels–Alder reactivity by
reducing the FMO gap between the diene HOMO and
dienophile LUMO had the predicted effect of enhancing the
diastereoselectivity: diene 6 reacted with the reactive quinoid
dienophiles 1510 and 1711 to give the respective adducts 16 and
18 almost exclusively (entries 5 and 6).10 On the other hand, the
combination of a less sterically encumbered acetylenic dieno-
phile 19 and higher reaction temperatures resulted in a
somewhat lower facial selectivity (entry 7).12

Chiral dienes such as 6 offer the advantages of high and
predictable facial selectivity without the need for Lewis acid
activation along with the option of recovering the auxiliary
while leaving the synthetically versatile cyclohexen-3-ol sub-
structure intact. The ability to control the diastereoselectivity to
the extent shown in purely thermal Diels–Alder reactions (some
conducted at temperatures above 100 °C!) is quite remarkable.
Although the goal of these initial studies was hypothesis
validation, further optimization of the auxiliary design as well
as an improved diene synthesis (via cross-coupling method-
ology as described in reference 5g) can certainly be envisioned.
The incorporation of these chiral auxiliaries into more reactive
dienes (for example, a Danishefsky-like system) is also
possible. These preliminary results auger well for the further
development of this asymmetric Diels–Alder variant as well asFig. 1

Fig. 2
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the application of THP-based auxiliaries to other important
synthetic transformations.
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to vernolepin: S. Danishefsky, P. Shida and K. J. Kato,  J. Org. Chem.,
1976, 41, 1081.

12 An analogous Diels–Alder reaction was used by Trost and co-workers in
their recent synthesis of (±)-valienamine: B. M. Trost, L. S. Chupak and
T. Lübbers, J. Am. Chem. Soc., 1998, 120, 1732.

Table 1 Auxiliary-controlled Diels–Alder reactions
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The application of stereoselective antibodies in an enzyme
immunoassay enables the quantitative determination of
enantiomeric impurities beyond the outer limits of currently
available methods; thus, using an antibody raised against a
derivative of D-phenylalanine, the D-enantiomer of the free
amino acid can be detected in a 100 000 fold excess of the L-
enantiomer (ee 99.998%).

The determination of low ees is exceedingly important in wide-
ranging chemical studies, such as, asymmetric synthesis,1
dating of material of biological origin,2 and the analysis of
material of extraterrestrial origin.3 In experiments where the ee
may be very low, e.g., those based upon non-conservation of
parity,4 ultra-sensitive assays are essential. The increasing
understanding of the stereoselectivity of drug actions is causing
regulatory agencies to define guidelines for the development of
stereoisomeric drugs and to demand the specification of their
stereochemical purity.5 In some cases, even minor enantiomeric
impurities may cause severe pharmacological and toxicological
side effects.6 Commonly used methods for the determination of
enantiopurity include polarimetry, NMR spectroscopy and
chromatography, which may allow detection of 0.1% enantio-
meric impurity (99.8% ee).7 More sensitive analytical tools are
desirable, and may be vital for health safety, with regard to the
production and investigation of therapeutic or nutritional chiral
compounds. Improved techniques require the development of
highly selective chiral hosts that specifically bind to one
enantiomer present in a large excess of the opposite enantiomer.
Stereoselective interaction between enantiomers and biological
macromolecules such as antibodies, enzymes and receptor
proteins is well known and has found various applications in
stereochemistry.8 Recently, we have shown that enantiomeric
impurities can be determined by a chiral immunosensor
utilizing the exquisite stereoselectivity of antibodies.9 Here, we
demonstrate the determination of enantiomeric impurities at an
unprecedented level of detectability using an enzyme im-
munoassay.

Stereoselective antibodies sensitive to the chiral center of a-
amino acids10 were used to detect D-phenylalanine in non-
racemic mixtures by a competitive enzyme-linked immunosor-
bent assay (ELISA, Fig. 1).11 Rabbit antibodies, raised against
a conjugate, prepared by diazotization of p-amino-D-phenyl-
alanine and coupling to the protein keyhole limpet hemocyanin
(KLH), stereoselectively bind to D-phenylalanine, but not to L-
phenylalanine (Fig. 2). Typical sigmoidal inhibition curves
were obtained with D-phenylalanine diluted in phosphate
buffered saline (PBS) in the concentration range between 0.01
mM and 500 mM, while no inhibition was observed using L-
phenylalanine even at much higher concentrations (up to 50
mM). Antibody binding to D-phenylalanine in the presence of a

large excess of L-phenylalanine was shown using the D-
enantiomer diluted in a solution of 10 mM L-enantiomer in PBS
(Fig. 2). The inhibition curves obtained with D-phenylalanine in
the presence and absence of L-phenylalanine are virtually
identical, indicating that the stereoselective interaction between
the antibody and D-phenylalanine is not affected by the presence
of the L-enantiomer. As seen in Fig. 2, D-phenylalanine
concentrations as low as 0.1 mM can be detected in the presence
of 10 mM L-phenylalanine. This is equivalent to one part of D-
phenylalanine in 100 000 parts of L-phenylalanine, correspond-
ing to an ee of 99.998%. The limit of detection is dependent
primarily on the affinity of the antibody and the sensitivity of
the assay.

The suitability of this antibody for the quantitative determina-
tion of enantiomeric impurities was demonstrated in com-

† This paper is dedicated to Prof. Guenter Wulff on the occasion of his 65th
birthday.

Fig. 1 Schematic depiction of the competitive ELISA procedure.11 The
antigen, in this case p-amino-D-phenylalanine, is bound to the wells of a
polystyrene microtiter plate (A). After blocking of unoccupied adsorption
sites on the plastic surface (B), antibody specific to D-amino acids is added
to the wells along with the test sample (competitive antigen) (C). Enzyme-
labelled antibody specific for the first antibody is added (D), and a
chromogenic enzyme substrate is dispensed (E). The colored product which
indicates the amount of the first antibody bound to the solid-phase
immobilized antigen is determined photometrically. Between steps A–E,
excess reagents are removed by washing.
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petitive assays employing non-racemic mixtures of phenyl-
alanine. Enantiomeric impurities of 0.1% and 0.01% were
simulated by the addition of D-phenylalanine (2 ml of a 100 mM
stock solution in PBS) to L-phenylalanine (1998 ml and
19 998 ml, respectively, of a 100 mM stock solution in PBS).
Fig. 3 shows the inhibition curves obtained with these mixtures.
The concentrations of total phenylalanine necessary to cause
50% inhibition of binding (I50) were determined to be 3.12 ±
0.25 mM and 29.12 ± 2.26 mM, respectively. These results are
in good accord with the I50 value of 3.1 ± 0.3 mM obtained from
the calibration curve using enantiomerically pure D-phenyl-
alanine in PBS (Fig. 2), and indicate that, within the accuracy of

the method, the test mixtures indeed contain one part D-
enantiomer in 1000 parts and 10 000 parts, respectively, of the
L-enantiomer.

We have demonstrated the value of stereoselective antibodies
for the detection of trace enantiomeric impurities and the
determination of ee for the a-amino acid phenylalanine.
Stereoselective antibodies have been raised for a variety of
purposes, including the measurement of degree of racemiza-
tion.12 Enzymes have been used to determine enantiopurity13

but their use is confined to natural substrates and suitable
analogs, and is restricted by the number of appropriate enzymes.
In contrast, antibodies can be raised against virtually any
compound of interest14 and can be selected and engineered
according to one’s needs.15 Their use is routine and they are
suitable for automated assays. Thus, the use of antibodies for the
determination of enantiomeric impurities at extremely low
levels may be extended to other compounds. This approach
should be particularly valuable in chemical or pharmaceutical
studies where the highest enantiopurity is essential.

We thank the G.I.F., the German-Israeli Foundation for
Scientific Research and Development, for financial support, D.
Then for technical assistance, and Prof. J. Gal for comments.
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Fig. 2 Inhibition of antibody binding to solid-phase immobilized p-amino-
D-phenylalanine by increasing concentrations of D-phenylalanine (-); by D-
phenylalanine in the presence of 10 mM L-phenylalanine (Ω); by L-
phenylalanine (8). Absorbance values were converted to % inhibition by:
% inhibition = (1 2 (A/A0)) 3 100; A represents values in the presence of
competitor, while A0 is the absorbance without competitor. Here and in
Fig. 3 error bars indicate standard deviations of triple determinations
(missing error bars are obscured by the symbols).

Fig. 3 Inhibition of antibody binding to solid-phase immobilized p-amino-
D-phenylalanine by increasing concentrations of test mixtures containing 1
part of D-phenylalanine in 1000 parts of L-phenylalanine (-), and 1 part of
D-phenylalanine in 10 000 parts of L-phenylalanine (8).
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The fullerene C60–C70 cross-dimer C130 was synthesized by
the mechanochemical solid-state reaction using a high-speed
vibration milling technique, and was characterized by UV-
vis and 13C NMR spectroscopy as well as electrochemical
methods.

The multiple [2 + 2] cycloadditions of C60 molecules afford the
all-carbon C60 polymers by photo-irradiation1 or high-pressure/
high-temperature treatment of C60.2 However, it is rather
difficult to control these reactions to give selectively the dimers
and/or trimers. In contrast, it was demonstrated in our previous
work that the fullerene dimer C120

3 and trimer C180
4 were

successfully produced by the mechanochemical solid-state
reaction using a high-speed vibration milling (HSVM) tech-
nique. So far there has been no report concerning the
oligomerization of C70.† In this paper we report the formation of
a C60–C70 cross-dimer, C130, by the use of the solid-state HSVM
reaction in the presence of 4-aminopyridine which proved to be
an effective catalyst for the synthesis of C120

3 and C180.4
The reaction was conducted by placing C60 (23 mg, 0.032

mmol) and C70 (27 mg, 0.032 mmol) in a mixing capsule made
of stainless steel, together with 4-aminopyridine (6.5 mg, 0.069
mmol) and a mixing ball, and treating them by HSVM for 30
min. The mixture was examined by HPLC on a Buckyprep
column eluted with toluene. Although most of the mixture was
found to be the starting materials, the formation of a small
amount of what was possibly C130 was observed with a retention
time of 24 min (HPLC peak area, 1.5%) in addition to C120 at
14.5 min (6%), unchanged C60 at 7.5 min (46%), and C70 at 12
min (44%).

The portion with an HPLC peak at the retention time of 24
min on a Buckyprep column was isolated by the use of a 5PBB
column eluted with o-dichlorobenzene (ODCB). The analytical
HPLC on a Buckyprep column showed that this is composed of
a single isomer, and this was confirmed by the 13C NMR
spectrum (vide infra). The isolated fraction was found to
undergo slow dissociation into C60 and C70 under room light
with a half life of about 2 days, suggesting that this peak actually
corresponds to C130, which is the [2 + 2] cycloaddition product
of C60 and C70. The isolated yield of C130 was 3.0% (1.5
mg).

After treating this fraction with NaCN in ODCB–N,N-
dimethylformamide, atmospheric pressure chemical ionization
mass spectroscopy operated in the negative ion mode exhibited
peaks at m/z 1586 and 1613 corresponding to the mono- and
biscyanated C130, i.e. C130(CN)2 and C130H(CN)2

2, respec-
tively, thus proving the presence of C130 in this fraction.

The UV-vis spectrum‡ of C130 has the characteristic
absorptions for C120 and also for the 1,2-dihydro[70]fullerene5

as shown in Fig. 1. The 13C NMR spectrum† of C130 (Fig. 2)
clearly exhibits four signals for sp3 carbons at 78.03, 75.75 (C60
carbons), 69.96, and 68.90 ppm (C70 carbons) and partially
overlapped > 52 signals for the sp2 carbons at 156.42–131.93
ppm, which corresponds to a structure with C60 and C70
connected by a shared cyclobutane ring with Cs symmetry.
From these results, the most plausible structure of C130 is the
one with a C60 cage attached at a 6–6 bond to a C70 cage at a
1,2-junction bond in a [2 + 2] fashion (Fig. 3). In fact, this
isomer has been predicted to be more stable than the 3,4-isomer,
in which the C70 cage is connected at the 3,4-junction bond.6

The redox behavior of C130 was examined by cyclic
voltammetry and differential pulse voltammetry to give the
voltammograms shown in Fig. 4. The curve with a dotted line is
the voltammogram of a 1+1 mixture of C60 and C70. It is clearly
seen that the first reduction occurs at the same potential as the
reduction potential of both C60 and C70. The following three
reduction waves are also identical to those of C60 and C70.
Therefore, it is quite likely that, as in the case of the C60 dimer,3

Fig. 1 UV-vis spectra of (a) C130 and (b) C120 in ODCB and (c) 1,2-H2C70

in toluene–hexane (3+2).

Fig. 2 13C NMR spectrum of C130 (100 MHz, ODCB–C6D6 (5+1)).

Fig. 3 PM3 calculated structure of C130.
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the central intercage bonds are weak and are readily cleaved off
to give radical anions of C60 and C70 upon obtaining extra
negative charge.

Finally an attempt was made to dimerize C70 under the solid-
state reaction conditions used to dimerize C60, but absolutely no
indication for such dimerization was observed. It is known that
the most reactive 6–6 junction bond in a C70 molecule is the one
at the ‘1,2’ position.7 The possibility of this bond in each C70
molecule encountering another is geometrically much lower
than in the case of C60, and this would be the reason for the poor
reactivity of C70 towards dimerization.

The present work was supported by Japan Society for the
Promotion of Science (RFTF97R11601). K. F. thanks JSPS
Research Fellowship for Young Scientists.
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Fig. 4 Cyclic voltammogram (upper) and differential pulse voltammogram
(lower) for C130 (a solid line) and a 1+1 mixture of C60 and C70 (a dotted
line) measured in ODCB with 0.1 M Bu4N+BF42: scan rate, 0.02 V s21.
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The Mannich reaction of hydrazones originally limited to the
coupling of hydrazones with formaldehyde has been ex-
tended to a large variety of aldehydes through appropriate
selection of experimental conditions; in conjunction with the
Japp–Klingmann reaction, this process provides an efficient
synthetic tool for the formation of carbon–carbon bonds.

The Mannich reaction is one of the most widely used reactions
for the formation of carbon–carbon bonds. In its initial form, it
implied the addition of aldehydes to ketones in the presence of
amines.1 The scope of the Mannich reaction was then extended
to the addition of different carbon nucleophiles such as nitro
compounds.2 The ease of deprotonation of monosubstituted
hydrazones 1 under basic conditions is dependent upon the
attached substituents. The resulting salt can be viewed as an aza-
substituted carbanion and as such may interact in a Mannich
reaction leading to carbon–carbon bond formation (Scheme 1).
Indeed in 1957, Keil and Ried3 reported such behavior but their
study revealed only modest synthetic potential as moderate to
good yields were only obtained with formaldehyde; furthermore
the hydrazones needed an electron withdrawing group (R1)
tethered to the carbonyl function. The potential of this reaction
has led us to perform a more extensive study and we were
delighted to find that different experimental conditions and the
appropriate selection of the amine permit the condensation of
hydrazones 1 with many different aldehydes 2 (Table 1,
Scheme 1) giving the new aminohydrazones 4 in good yields.
Most noteworthy are the good yields obtained with several
aliphatic aldehydes possessing a-hydrogens. For the latter,
competing aldol type reactions usually preclude their efficient
use in Mannich reactions.4 The first indication of success
probably came from the choice of N-benzylpiperazine as the
amine partner in this reaction. A net increase in yield is
observed in going from aliphatic amine to morpholine and
finally to N-benzylpiperazine. The reaction is best performed in
a concentrated toluene solution (2 M) at 80 °C with nearly
equimolar amounts of aldehyde (1.1 eq.) and amine (1.1 eq.).

The main drawback of this reaction is, as observed by Reid
and Keil,3 the need for an electron withdrawing group tethered

to the hydrazone functionality. This limitation on the starting
hydrazones is however deeply counter-balanced by their easy
access via the Japp–Klingmann reaction between b-ketoacids
and diazonium salts (Scheme 2).

Since the use of N-benzylpiperazine leads to good yields of
product, a clean way to displace this group becomes crucial for
the synthetic potential of this reaction. The chemistry of
azoalkenes brings us a possible answer to this problem:
treatment of hydrazone 4g in various alcohols with two
equivalents of 1,2-dibromoethane under reflux generates the
new ether 5 probably via an azoalkene trapping by the alcohol
(Scheme 3); hydrazone 4b behaves similarly. This substitution
process needs an alcohol with a rather high boiling point (atScheme 1
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least 100 °C) as no reaction is observed in MeOH or EtOH. The
use of 1,2-dibromoethane seems to be important for elimination
of the piperazine unit; MeI reacts cleanly with hydrazone 4b in
ethanol giving a salt that does not react in refluxing EtOH or

reacts sluggishly in higher boiling alcohols (the regiochemistry
of the alkylation step could be invoked to explain these
results).

This 1,2-dibromoethane assisted elimination procedure fur-
ther emphasises the potential of the preceding Mannich reaction
as many fruitful applications of transient azoalkenes (cycloaddi-
tions to give various heterocycles, Michael additions, etc.) have
been reported in the literature5 and could be applied to the
Mannich addition products. These features and the selectivity of
the 1,2-dibromoethane alkylation are currently being studied in
our research group and will be reported soon.

We thank Rhône-Poulenc Industrialisation for financial
support.
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Table 1 Mannich reaction of hydrazones 4

Hydrazone Aldehyde Amine Producta Time Yield (%)

1a 2a 3a 4a 0.5 hb 60
1a 2a 3b 4b 1 hb 96
1a 2b 3a 4c 14 hc 58
1a 2b 3b 4d 5 hc 76
1a 2c 3a 4e 2 hc 73
1a 2e 3b 4f 3 hc 74
1b 2a 3b 4g 2.5 hb 92
1c 2b 3a 4h 6 hc 50
1c 2c 3a 4i 6 hc 30
1c 2d 3b 4j 8 hc 46
1a 2f 3b 4k 3.5 hc 79
1b 2f 3b 4l 9 hc 65
1a 2g 3b 4m 10 hc 35
1a 2h 3b 4n 8 hd 72
a The NMR spectra (C13, DEPT-135) of all products show that the Mannich
condensations have taken place at carbon and not at the nitrogen of the
ambident system. b Addition of 1.1 eq. aldehyde, 1.1 eq. amine to a 3 M
solution of hydrazone in refluxing ethanol. c Addition of 1.1 eq. aldehyde,
1.1 eq. amine to a 2 M solution of hydrazone in toluene at 80 °C. d Addition
of 1.1 eq. aldehyde, 1.1 eq. amine to a 2 M solution of hydrazone in
refluxing toluene.

Scheme 2

Scheme 3
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It has been found that 1H-2,1-benzazaboroles can be
prepared by the interaction of substituted benzylamino-
chloroboranes with Al2Cl6 in CH2Cl2 at 0 °C, the 13C NMR
spectroscopy data obtained being in favour of an electro-
philic substitution mechanism involving formation of cati-
onic complexes as reactive intermediates.

The p-delocalized anions accessible through deprotonation of
1H-2,1-benzazaboroles (1) are isoelectronic with indenyl
anions (Scheme 1), making them attractive precursors for single
site olefin polymerization catalysts based on heterocyclic
analogues of metallocenes1 (cf. ref. 2).

The two well known approaches towards benzazaborole
derivatives involve intramolecular condensation of o-(amino-
methyl)benzene boronic acids3 (Scheme 2) and intramolecular
cyclization of benzylaminoboranes4 (Scheme 3). The first
method is applicable for preparation of derivatives with B–OH
or B–O–B fragments only, while the second route requires high
process temperatures and is not applicable to compounds in
which there is no B–H bond.

As part of our program to develop synthetically attractive
approaches towards precursors for heterocyclic analogues of
cyclopentadienyl ligands, we studied the utility of Lewis acid
catalysed borylation reactions for the preparation of benzobor-
azoles 1. To the best of our knowledge there have been no data
on their preparation by this reaction, the closest related data
being those of M. J. S. Dewar on the AlCl3 catalysed
preparation of (10R)-9-aza-10-boraphenanthrene and related
heteroaromatics at high temperature and without solvent5
(Scheme 4).

The starting materials, halogen substituted aminoboranes
2a–d,† have been prepared by the procedures analogous to
those described in refs. 6 and 7 (Scheme 5). There are two sets
of signals in the 1H and 13C NMR spectra of each of these
compounds indicating the presence of mixtures of cis- and
trans-isomers, obviously due to partially double bond character
of the B–N bond‡ (cf. ref. 6).

Aminoboranes 2a and 2b, when treated with AlCl3 under
Dewar’s conditions5 (without solvent, 150 °C) yielded poly-
meric products only.

It has been found that the interaction of compounds 2b and 2c
with equimolar amounts of Al2Cl6 in CH2Cl2 at 0 °C results in
formation of the target products, 3b and 3c, respectively, the
yields being 75% (Scheme 6).§ In contrast, the compounds 2a
and 2d do not react at 0 °C, while at rt they give multicomponent
mixtures of unidentified products.

The mechanism of the cyclization reaction has been studied
by NMR using 2b as starting material, CD2Cl2 solvent and
Al2Br6 as a Lewis acid which is more soluble in this solvent than
Al2Cl6.¶ These experiments indicate that upon the interaction of
2b with Al2Br6 at 290 °C a mixture of 4 and 5 is formed, their
ratio being approximately 1+1 (Scheme 7).∑ When the tem-
perature rises to 0 °C, the structure 4 transforms entirely into
5.

The results reported here suggest that intramolecular electro-
philic borylation is a viable approach toward 1H-2,1-benzaza-

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6
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boroles, starting from readily available and inexpensive
chemicals.

Notes and references
† Satisfactory spectral data have been obtained for all the new compounds.
The signals of the carbon atoms bearing B-centred fragments were not
observed in the 13C NMR spectra.
‡ For example, the mixture of 2b and 2bA (approx. 1+1, numeration as for
structure 4): 1H NMR (CD2Cl2) d 2.35 (s, 6H, 3- and 5-CH3), 2.37 (s, 6H,
3- and 5-CH3), 2.99 (s, 3H, N–CH3), 2.65 (s, 3H, N–CH3), 4.59 (s, 2H, N–
CH2), 4.40 (s, 2H, N–CH2), 6.99 (s, 1H, H4), 6.96 (s, 1H, H4), 7.01 (s, 2H,
H2 and H6), 6.88 (s, 2H, H2 and H6), 7.3–7.8 (m, 10H, Ph); 13C NMR
(CD2Cl2) d 21.28 (q, 2C), 21.30 (q, 2C), 38.0 (q), 37.3 (q), 56.0 (t), 56.4 (t),
125.7 (d, 2C), 125.0 (d, 2C), 127.9 (d, 2C), 127.8 (d, 2C), 129.07 (d), 129.10
(d), 129.28 (d), 129.32 (d), 133.1 (d, 2C), 132.5 (d, 2C), 138.12 (s), 138.14
(s), 138.3 (s, 2C), 138.4 (s, 2C).
§ Preparation of 3b. Chloroaminoborane 2b (2 mmol) was added to the
suspension of Al2Cl6 (2 mmol) in 5 mL of CH2Cl2 at 0 °C whilst stirring in
an argon atmosphere. The dark-red solution formed after stirring for 0.5 h
was added dropwise to the solution of 1 mL NEt3 in 30 mL of hexane at

0 °C. The reaction mixture was allowed to warm to rt, decanted and
evaporated. The residue was extracted with 5 mL of hexane, the solution
was filtered and evaporated. 1H NMR (CD2Cl2) d 2.32 (s, 3H, 5- or 7-CH3),
2.49 (s, 3H, 7- or 5-CH3), 3.13 (s, 3H, N–CH3), 4.36 (s, 2H, CH2), 7.00 (m,
1H, H4 or H6), 7.18 (m, 1H, H6 or H4), 7.6–7.7 (m, 5H, Ph); 13C NMR
(CD2Cl2) d 21.3 (q), 21.6 (q), 34.4 (q), 60.5 (t), 119.9 (d), 127.7 (d, 2C),
127.8 (d), 129.0 (d), 132.6 (d, 2C), 138.7 (s), 141.4 (s), 151.7 (s); 11B NMR
(CD2Cl2) d 40.4; MS 235 (M+). Analogous procedure was used for the
preparation of 3c. 1H NMR (CD2Cl2) d 3.14 (s, 3H, N–CH3), 5.44 (s, 1H,
CH), 7.28–7.34 (m, 1H), 7.36–7.42 (m, 1H), 7.42–7.55 (m, 5H), 7.60–7.66
(m, 1H), 7.66–7.72 (m, 2H), 7.94–7.99 (m, 1H), 8.00–8.06 (m, 2H); 13C
NMR (CD2Cl2) d 32.6 (q), 74.9 (d), 122.9 (d), 126.8 (d), 127.8 (d, 2C),
127.9 (d), 128.2 (d, 2C), 129.00 (d, 2C), 129.03 (d), 129.1 (d), 130.7 (d),
133.9 (d, 2C), 140.4 (s), 155.7 (s); 11B NMR (CD2Cl2) d 40.4; MS 283
(M+).
¶ Taking into account that AlCl3 used in the preparative experiments
obviously contains some proton donating impurities (AlCl2OH and the like)
we did not use ‘extra dry’ Al2Br6 in mechanistic experiments.
∑ Structure 4: 1H NMR (215 °C, CD2Cl2) d 2.25 (s, 6H, 3- and 5-CH3), 3.45
(d, JHNCH 5 Hz, 3H, N–CH3), 4.69 and 4.73 (m, JHCH 13, JHNCH 8 and 4 Hz,
2H, N–CH2), 7.04 (br s, 1H, N–H), 7.00 (s, 1H, H4), 7.08 (s, 2H, H2 and H6),
7.5–8.0 (m, 5H, Ph); 13C NMR (242 °C, CD2Cl2) d 20.8 (q, 2C), 39.6 (q),
60.5 (t), 126.7 (s), 127.6 (d, 2C), 129.1 (d, 2C), 132.6 (d), 137.0 (d, 2C),
138.8 (d), 139.9 (s, 2C). Structure 5: 1H NMR (215 °C, CD2Cl2) d 2.53 (s,
3H, 5- or 7-CH3), 2.60 (s, 3H, 7- or 5-CH3), 3.11 (d, JHNCH 6 Hz, 3H, N–
CH3), 4.55 (dd, JHCH 16, JHNCH 2 Hz, 1H, N–CH2), 5.32 (dd, JHCH 16 Hz,
JHNCH 6 Hz, 1H, N–CH2), 6.80 (br s, N–H), 7.28 (s, 1H, H4 or H6), 7.29 (s,
1H, H6 or H4), 7.5–8.0 (m, 5H, Ph); 13C NMR (242 °C, CD2Cl2) d 22.3 (q),
22.5 (q), 40.9 (q), 60.4 (t), 121.5 (d), 128.7 (d, 2C), 132.5 (d), 133.8 (d),
134.5 (d, 2C), 148.7 (s), 151.6 (s), 154.1 (s).
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An easily prepared porphyrin with pendant arms is shown to
form a stable complex with bismuth(III) ion; the complex is
eight coordinate with a square antiprismatic coordination
geometry; the solid-state structure exhibits the formation of
a dimer assembled via mutual coordination of a terminal
ester group.

The chemistry of bismuth has been somewhat neglected until
recently when bismuth complexes have become of interest in
the treatment of gastric ulcers1 and cancer therapy.2 In this
context, the coordination of bismuth with several types of
ligands has been developed in the last ten years. The synthesis
of bismuth(III) complexes with nitrogen-donor macrocycles3,4

has been investigated and it appears that the bismuth(III) ion has
a high affinity for these ligands. The promising interest of 212Bi
as an a-emitter for radioimmunotherapy has induced studies
concerning the complexation5,6 of this ion with polyaminoacid
ligands derived from diethylenetriaminepentaacetic acid, in
these types of complexes, the metal exhibits a coordination with
carboxylate groups and nitrogen atoms. This background about
the coordination of the Bi(III) ion has led us to consider with a
new point of view our studies with porphyrins acting as ligands.
The literature concerning the metallation of porphyrin with
bismuth salts is not very widespread.7,8 In a recent publication,9
we have described the structure of (OEP)Bi(SO3CF3) as a dimer
with a seven coordination geometry in which the bismuth lies
1.07 Å from the plane formed by the four nitrogen of the
porphyrin. To quote Brechbiel,10 ‘An important ligand property
that increases metal complex stability is preorganization, the
tendency of the free ligand to assume the conformation
necessary for metal ion complexation’.11 On the basis of this
particular structural feature, we have designed porphyrins with
pendant arms as potentially oxygen-atom donors. It is worth
noting that in our case, and in contrast with tetraazamacrocycles
such as DOTA, the four pickets are not coplanar with the four-
nitrogen macrocycle but pre-oriented in a perpendicular
direction, as a result of their grafting to ortho positions of the
meso phenyl ring. Ligand 4ESH2 1† (the free-base analogue of
2) was synthesized by reaction of meso(tetra-o-aminophe-
nyl)porphyrin (atropisomer aaaa, TAPP)12 with ethylsuccinyl
chloride (Scheme 1) and isolated in high yield (93%). The Bi(III)
complex was prepared under mild conditions with metallation
occurring in pyridine at 50 °C during 2 h. The yield of the
reaction was almost quantitative (85%) and no demetallation
was observed during the purification of the product. Indeed, in

contrast to unfunctionalized porphyrins such as (OEP)Bi-
(SO3CF3), chromatography of coumpound 2 does not afford any
free base analogue. Crystals‡ suitable for X-ray study were
obtained by a slow diffusion of H2O–MeOH onto a saturated
THF solution of 2. The ORTEP13 plot of the X-ray structure is
shown in Fig. 1. As depicted in Fig. 2, the Bi(III) is eight
coordinate with an approximate square antiprismatic geometry.
The four nitrogen atoms of the macrocycle form a square, the
other distorted square being formed by four oxygen atoms
described as follows: two oxygen atoms of the nitrate anion, the
oxygen atom of a water molecule and a carbonyl oxygen atom
of the terminal ester group belonging to an arm attached to a

Scheme 1 Reagents and conditions: i, ClCO(CH2)2CO2Et, NEt3, THF; ii,
pyridine, Bi(NO3)3·5H2O, 50 °C.

Fig. 1 ORTEP view of the Bi(III) complex (4ES)Bi(NO3) 2. For clarity, only
the relevant part of one symmetrically related molecule forming the dimer
is shown (shaded); the labeling # refers to the symmetrical related
molecule.

Fig. 2 Polyhedron coordination view of the bismuth in (4ES)Bi(NO)3 2.
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symmetrically related macrocycle, thus forming a centrosym-
metric dimer in the solid state (Fig. 1). The Bi atom lies 1.125
Å above the N4 plane and the mean Bi–N bond length is 2.34(2)
Å, similar to those observed in (OEP)Bi(SO3CF3)9 which also
adopts a centrosymmetric dimeric form [DN4 = 1.07 Å and
< Bi–N > = 2.31(1) Å]. The Bi–O bond lengths [2.706(5) and
2.789(4) Å] are larger than the sum of their ionic radii (1.13 +
1.40 = 2.53 Å)14 for the bonds with the nitrate anion O13 and
O15, respectively), 2.816(5) Å with the oxygen of the water
molecule (Ow1) and 3.018(5) Å with the oxygen atom of the
carbonyl group (O8#). This later value is large but, to the best of
our knowledge, this type of bond between a Bi atom and an
ethoxycarbonyl group is unprecedented, however such a large
distance is observed in the (OEP)Bi(SO3CF3) dimer9 where a
Bi–O distance of 2.98(2) Å was found between the Bi atom and
a triflate oxygen atom. A second water molecule (Ow2) is
present in the cage and as shown in Fig. 1, both water molecules
are engaged in an intra- and inter-molecular hydrogen bond net,
contributing to the stability of the dimer. One arm of the
molecule does not participate in any interaction and thus
exhibits a regular conformation. As reported above, one arm
participates to the coordination sphere of the Bi atom, belonging
to the second molecule of the dimer, and the two remaining
arms involved in the hydrogen bond net with Ow1 and Ow2,
adopt folded conformations.

As it is of interest to know if this particular structure is also
plausible in solution, the complex 2 has been studied by NMR
spectroscopy. A previous variable temperature 1H NMR study8

has been made on the compound [Bi(TTP)]NO3 investigating
the aromatic protons of the tolyl groups. The slow rotation of
aryl groups of this complex induced broadened signals at room
temperature, whereas at low temperature the signal of the tolyl
protons were split. In our complex, at 300 K, the methylene
protons of the ester groups appear at d 3.37 as a broad singlet
whereas at 290 K, these protons become magnetically non-
equivalent, as two singlets at d 3.31 and 3.39, the same
observation being made for the methyl group. It is of note that
a 1+3 intensity ratio is observed instead of the 1+2+1 expected.
When the temperature decreases, we can clearly see that the
pendant arm of the porphyrin is not in the same magnetic
environment as the three others, as shown by the integration of
the signal. The same temperature dependence is observed for
the aromatic protons of the phenyl rings, with the exception of
the apparent triplet at d 7.90 ppm.15 These observations suggest
an unsymmetrical geometry around the Bi(III) ion involving one
arm of the porphyrin, which is plausible with the radio-
crystallographic structure of 4ESBi(NO3) 2. However, the
geometry of the molecule is not exactly the same in solution as
in the solid state. It seems that the dimer is broken in solution.
Indeed, the protons of the pendant arm if bonded to the bismuth
via the carbonyl, would be strongly upfield shifted because of
their localization in the anisotropic current of the porphyrin. As
all the aliphatic protons are normally shifted between 0.5 and
3.5 ppm, the 1H NMR spectrum is in accord with a monomer
complex in which one of the ‘picket’ groups is able to interact
with the metal.

In conclusion, this new bismuth(III) porphyrin demonstrates
that the metal can be stabilized by the presence of a suitable
coordination sphere, and particularly by oxygen-donor groups.
Indeed, in the reported complex, even if the ethoxycarbonyl
groups are not ideal in stabilizing the complex, their spatial
arrangement seem to be sufficient to increase the rate of
metallation and the stability of the complex. Work is now in

progress to characterize corresponding analogues with carbox-
ylate picket groups and to study their coordination around
Bi(III).

Notes and references
† Selected data for 4ESH2 1: yield 93%. Anal. Calc. for C68H66N8O-
12

.CH3OH: C, 67.97; H, 5.79; N, 9.19. Found: C, 68.25; H, 5.44; N, 9.33%.
MS (FAB): m/z 1187.8 [(M+H)+, 100%]. UV–VIS (CH2Cl2): lmax/nm (log
e/dm3 mol21 cm21): 419 (5.52), 514 (4.3), 546 (3.76), 588 (3.83), 643
(3.58). dH(500 MHz, CDCl3, 323 K): 8.86 (s, 8H, b-pyr), 8.59 (d, J 7.09 Hz,
4H, arom.), 8.00 (d, J 5.75 Hz, 4H, arom), 7.86 (t, J 7.58 Hz, 4H, arom), 7.55
(t, J 7.21 Hz, 4H, arom), 7.19 (s, 4H, –NHCO), 3.47 (br s, 8H, CH2CH3);
2.18 (t, J 6.72 Hz, 8H, CH2CH2), 1.65 (br s, 8H, CH2CH2), 0.82 (br s, 12H,
CH2CH3), 22.59 (s, 2H). For (4ES)Bi(NO3) 2: yield 85%. Anal. Calc. for
C68H64BiN9O15

.2H2O: C, 54.73; H, 4.59; N, 8.45. Found: C, 55.16; H, 4.47;
N, 8.27%. MS (FAB): m/z 1393.8 [(M 2 NO3)+, 100%]. UV–VIS
(CH2Cl2): lmax/nm(log e/dm3 mol21 cm21): 354 (4.62), 472 (5.25), 598
(3.99), 644 (3.92). dH(500 MHz, CDCl3, 300 K): 9.24 (s, 8H, b-pyr), 8.68
(br s, 4H, arom), 8.22 (br s, 3H, –NHCO), 8.13 (br s, 1H, –NHCO), 7.89 (m,
4H, arom); 7.90 (t, J 7.7 Hz, 4H, arom); 7.56 (br s, 4H, arom), 3.46 (br s, 2H,
CH2CH3), 3.32 (br s, 6H, CH2CH3), 2.04 (br s, 8H, CH2CH2), 1.92 (br s,
8H, CH2CH2), 0.96 (br s, 3H, CH2CH3); 0.87 (s, 9H, CH2CH3).
‡ Crystal data: C68H64BiN9O15·2H2O, M = 1492.3, triclinic, space group
P1̄, a = 14.3980(4), b = 14.9790(4), c = 16.5670(4) Å, a = 116.205(1),
b = 97.2490(11), g = 92.6720(12)°, V = 3159.02(14) Å3, Z = 2, Dc =
1.569 g cm23, F(000) = 1516. Data were collected at 110 K on a Nonius
Kappa CCD diffractometer with Mo-Ka radiation (l = 0.7173 Å). The
structure was solved by the mean of a Patterson search program16 and
refined by full-matrix least squares on F2 (14 332 unique reflections, 1054
parameters). The anisotropic refinement led to final residuals wR2 = 0.101
for all data and R1 = 0.055 for 10 533 intensities with I > 2 s(I), and GOF
= 1.028. The largest D(r) residual densities are 1.36 and 21.69 e Å23.

CCDC 182/1715. See http://www.rsc.org/suppdata/cc/b0/b004394j/ for
crystallographic files in .cif format.
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A recent study which addressed the nature of the association
between hydrogenoxalate anions in the solid state came to
the conclusion that short OH…O contacts between these
species did not constitute an attractive interaction, but one
which simply minimized inter-anion repulsion; in the light of
new crystallographic evidence and a solution study, some
issues raised in this work need to be re-evaluated.

It was recently put forward that an interaction which had the
physical appearance of a short, charge-assisted hydrogen bond
was, in fact, not a hydrogen bond. The case of the hydro-
genoxalate anion 1 was examined in detail by Braga et al.1 using

computational methods, where the conclusion was reached that
charge delocalization over the whole species meant that no
attractive force of interaction could be present between these
anions, despite the fact that they organize into chains in the solid
state connected through close, interanionic OH…O contacts.
This then led to the reassignment of these contacts as the ‘least
repulsive’ orientation of the two species, rather than a bond.
This, finally, was cited as a breakdown of the widely accepted
length–strength inverse analogy of hydrogen bonding, since,
despite its shortness, the H-bond was not strong, indeed not
even a bond but a repulsive interaction held in place by a
stronger cation–anion network.

One problem with the above assertions is contextual. To be
sure, in a vacuum and in the absence of counterions, the isolated
OH…O interaction is not sufficient to keep the interanionic
complex associated.2 Under such circumstances, as was
claimed, the relationship could not be characterized as ‘bond-
ing’, since energy would be required to maintain it, rather than
dissociate it. This view, however, does not take into account that
the association of any two species consists of a combination of
interaction energies, the totality of which must result in a net
force of attraction. In salts of 1, four primary interactions are
present: (+)–(2), (+)–(+), (2)–(2) and OH…O. These inter-
actions can be modeled and evaluated individually, but the
report in question isolated two of the interactions and compared
them to each other, i.e. (2)–(2) to OH…O, found the former
dominant, and came to the conclusion the latter was therefore
not enthalpically favorable.1

Perhaps the most significant feature of this work was
however the remarkable and counterintuitive finding that the
absence of positive regions in the molecular electrostatic
potential map calculated for 1 indicated that, ‘irrespective of the
relative orientation, two HC2O4

2 anions repel each other
electrostatically.’1 This suggested that, under no circumstances
could the OH...O interaction in question ever be considered
‘bonding’.

We first confronted this issue by doing a study of the behavior
of soluble salts of 1 in chloroform solution by 1H NMR
spectroscopy. We chose as counter ion the large, non-
coordinating tetrapropylammonium cation. Systematic varia-
tion of the concentration [Pr4N+12] produced a classic H-

bonding isotherm for the acidic proton in the NMR (Fig. 1), to
which a curve could be fit modeled either on linear oligomers or
on a combination of cyclic H-bonded dimers plus linear
oligomers to give association constants Ka = 294 or 226,
respectively.3 Parallel control studies of acetic acid and the
tetrapropylammonium acetate–acetic acid (1+1) complex under
the same experimental conditions gave association constants for
these species of 89 and 861, respectively, the latter value
reflecting the charge-assisted nature of the bond.4 No note-
worthy change in chemical shift for the protons of the
counterion was observed in any case. If acetic acid and its
acetate complex can be taken as reasonable models for the
hydrogen bonding between hydrogenoxalates, the 1…1 associa-
tion can not be accounted for by cyclic dimers alone, but
requires a substantial contribution from charge-assisted linear
interactions. Clearly, however, the repulsion term (2)–(2)
leads to less effective hydrogen bonding in 1…1 than for
AcO2…HOAc, although its influence is greatly diminished
relative to vacuum by the dynamic charge-screening effects of
the solvent and counterions.

Our second approach to examining the nature of the OH…O
interactions in 1 was crystallographic. If it is indeed the case that
this interaction is actually repulsive, despite the very short
O…O contact distance of 2.52 Å in potassium hydrogenoxalate
(the example used in ref. 1), then distancing the cationic centers
from hydrogenoxalate chain would be likely to disrupt this
‘explosive’ motif. In any case, the tremendous electrostatic
compression which would be experienced by two repulsive
functions (O2 and OH) being forced into such close proximity
should be relaxed as less effective cations lose influence over
the anions. We chose to test this concept by preparing the
tetramethyl- and tetraethyl-ammonium hydrogenoxalate salts
and determining their X-ray crystal structures.† Although the
tetrapropylammonium salt is also a solid, X-ray quality crystals
could not be not obtained, and the higher alkylammonium
hydrogenoxalates are oils. As shown in Fig. 2, the hydrogen
bonded chain is preserved in the Me4N+ and Et4N+ salts, thus no

Fig. 1 Plot of the variation in chemical shift of the acidic proton in
[Pr4N+12] with increasing concentration; (5) experimental, (----) best fit
curve.
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disruption of the motif occurs. Furthermore, the O…O distances
in both the Me4N+ (2.476 Å) and Et4N+ (2.485 Å) derivatives
are actually shorter than for the K+ salt (2.518 Å),5 even though
the separation between the charged center of these cations and
the H-bonded chain is considerably greater than for the K+

ion.
In conclusion, if no hydrogen bonding were possible between

hydrogenoxalate anions, as suggested,1 we would expect no
1…1 interaction in solution; we would anticipate the lengthen-
ing of the OH…O contact and the eventual disruption of the
chain motif in the solid as more weakly coordinating counter-
ions are used; and in any case, very short O…O distances,
typically diagnostic of strong or very strong hydrogen bonds,6
would not be expected. In fact, all of the experimental
observations suggest the contrary, i.e. a case is clearly made for
hydrogen bonding between hydrogenoxalates in solution, and
the O…O distances actually decrease in the solid state on
association with more diffuse cations.

Indeed, one must consider the overall picture of 1…1 and its
counterions in terms of a balance of interactions, two ‘associa-
tive’ [(+)–(2), and OH…O] and two dissociative [(+)–(+),
(2)–(2)], with the net effect, both in solution and the solid
state, being the assembly of hydrogenoxalate anions into
aggregates of some description, depending on the medium. The
assertion that a breakdown in the H-bonding length–strength
analogy has been observed (based on the hypothesis that
interanionic OH...O contacts are not hydrogen bonds) must
herewith be revised: although no direct measurement of the
quality of these interactions has been made, the experimental
evidence supports their characterization as hydrogen bonds, and
there is at present no argument to suggest that the length–
strength analogy should not apply in this or related cases.

We also note that in the course of this study, Steiner7

produced statistical evidence that the O–H and H…O distances

in 2[O–H]…O2 hydrogen bonds were consistent with those in
undisputed hydrogen bonded systems, as well as citing the key
example of dimethylammonium hydrogenoxalate, whose coun-
terions do not bridge the hydrogenoxalates and thus can not be
responsible for the assembly of the ‘pseudo-hydrogen bonded’
chain, as implied by Braga et al. for [K+1].1 We feel our
spectroscopic and crystallographic studies are complementary
with the results of Steiner, and that the weight of experimental
evidence now strongly implies that the computational model of
the electron density in 1 used by Braga et al. is not an ideal
representation, since it does not predict the observed associa-
tion.
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(C. E. M.) and the RSC for a Journals Grant For International
Authors (M. M.). Dario Braga, Juan J. Novoa and Fabrizia
Grepioni are thanked for discussions concerning this work on a
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Notes and references
† Crystal data: for [Me4N+12]: C4H12N+C2HO42, M = 163.17, mono-
clinic, a = 8.386(2), b = 5.700(2), c = 9.456(2) Å, b = 103.81(3)°, U =
438.9(2) Å3, T = 220(2) K, space group P2/n (alt. P2/c, no. 13), Z = 2, Dc

= 1.235 g cm23, m(Mo-Ka) = 0.103 mm21, 867 unique reflections (Rint

0.019) measured and used in all calculations. Final R1 [752 F ! 4s(F)] =
0.0420 and wR (all F2) was 0.120. Data collection at temperatures below
220 K was impossible due to the presence of a phase change.

For [Et4N+12]: C8H20N+C2HO4
2, M = 219.28, monoclinic, a =

14.291(6), b = 10.933(7), c = 15.38(2) Å, b = 90.99(11)°, U = 2403(4)
Å3, T = 220(2) K, space group P21/c (no. 14), Z = 8, Dc = 1.212 cm23,
m(Mo-Ka) = 0.092 mm21, 3133 unique reflections measured and used in
all calculations. Final R1 [1959 F ! 4s(F)] = 0.152 and wR(all F2) was
0.422. The structure contains extensive disorder affecting all four methylene
groups in one of the cations. One of the oxalate anions is less seriously
affected, with disorder in both oxygen atoms of one CO2

2 terminus. There
is a major [0.854(10)] component to the methylene disorder but the anion
disorder is 50:50 within estimated standard uncertainties.

CCDC 182/1718. See http://www.rsc.org/suppdata/cc/b0/b002361m/ for
crystallograpic files in .cif format.
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expression for the calculated chemical shift values. An expression for
hydrogenoxalate where equilibria between a cyclic dimer, linear dimer,
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where Kd is the association constant for the cyclic dimer and is given the
value 89 as determined for acetic acid in deuterochloroform under strictly
anhydrous conditions, and ddimer is the associated chemical shift for this
dimer. Ka is the association constant for the equilibria between
monomeric 1 and the 1…1 linear dimer and each n-mer up to n = 4. The
values of dend and dcomplex represent the chemical shifts of the non-
associated protons at the end of the chain and the hydrogen bonded
protons present in these oligomers, respectively. The value [OxH]i is the
total concentration of hydrogenoxalate and [OxH] is the concentration of
non-hydrogen bonded hydrogenoxalate present at equilibrium. The
equilibria present in the (Pr4N+AcO2)(AcOH) system can be modeled on
a similar expression.

4 The Ka value for acetic acid dimerization in chloroform is consistent with
those in the same concentration range as determined by IR spectroscopy:
G. M. Barrow and E. A. Yerger, J. Am. Chem. Soc., 1954, 76, 5248.

5 F. H. Moore and L. F. Power, Inorg. Nucl. Chem. Lett., 1971, 7, 873.
6 P. Gilli, V. Bertolasi, V. Ferretti and G. Gilli, J. Am. Chem. Soc., 1994,

116, 909.
7 T. Steiner, Chem. Commun., 1999, 2299.

Fig. 2 (a) X-Ray crystal structure of [K+12] (ref. 5). (b) X-Ray crystal
structure of [Me4N+12]. The hydrogen bond appears to be symmetric with
the hydrogen atom located equidistant between two oxygen atoms. Note,
however, that it is not always possible to distinguish between an ordered H
atom on a symmetry element from two disordered H atoms close to that
symmetry element. Although the electron density contour maps gave no
sign of disorder, the assignment of this hydrogen as an ordered atom in the
center of the H-bond is not conclusive. (c) X-Ray crystal structure of
[Et4N+12].
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By incorporating palladium into oxidative dehydrogenation
catalysts, a key step in the usual Mars–van Krevelen redox
cycle has been by-passed, resulting in a decrease in operating
temperature of around 200 °C.

In the partial oxidation of hydrocarbons by gas-phase oxygen,
the desired reaction (i.e. oxidative dehydrogenation, oxygen
insertion, or ammoxidation) has to compete with total combus-
tion. In general, chemisorbed oxygen will react with adsorbed
hydrocarbons to generate waste products, unless it can first form
lattice oxide ions—the species implicated in selective partial
oxidation.1 By definition, therefore, metals usually catalyse
total combustion, while metal oxides have the potential to
generate added-value products. This potential is realised when
hydrocarbon molecules are adsorbed near available oxide ions,
which in turn can be replenished as soon as they are consumed
in the selective reaction.

The parent materials used in this study, iron(III) oxide and
bismuth molybdate, both belong to a category of catalysts that
function by a cyclic redox mechanism, first described by Mars
and van Krevelen.2 In this cycle, the mobility of oxygen through
the lattice is crucial to the overall process of replenishing oxide
ions close to the hydrocarbon adsorption sites. Since the
mobility of lattice oxygen is strongly dependent on temperature,
it can become rate limiting when the operating temperature is
lowered.3 Eventually, a threshold is reached (usually at about
300 °C), below which the mobility is so low that the oxide has
negligible catalytic activity. However, we have been able to
induce partial oxidation activity at operating temperatures
within the range 100–200 °C and even lower, by incorporating
palladium into Fe2O3 and Bi2MoO6. This dramatic reduction in
temperature is brought about by a change in the prevailing
reaction mechanism.

The method by which Pd is introduced into the metal oxide is
critical to inducing low temperature activity. We have found
that controlled precipitation is the optimum route, resulting in
reproducible catalysts that do not require any special activation
procedures. The incorporation of Pd into iron(III) oxide (Pd–Fe–
O) and bismuth molybdate (Pd–Bi–Mo–O) is described in detail
in a family of patent filings.4

XPS of freshly dried precipitate of Pd–Fe–O (as used in
activity tests) showed Pd in the +2 state (Pd 3d5/2 Eb = 337.3
eV) and Fe in the +3 state (Fe 2p3/2, Eb = 710.6 eV). XRD
revealed the material to be amorphous, which was also the case
when the precipitation was carried out in the absence of Pd.

As bismuth molybdate catalysts require calcination in order
to form the active binary phases,5 our precipitate of Pd–Bi–Mo–
O was also subjected to the same thermal treatment, before
characterisation and testing. XRD of the calcined Pd–Bi–Mo–O
showed it to be a mixture of a-bismuth molybdate (monoclinic
Bi2Mo3O12) and b-bismuth molybdate (monoclinic Bi2Mo2O9),
with no evidence of a crystalline Pd-phase. Without Pd, the
bismuth molybdate catalyst was also a mixture of two
allotropes, but these were the b- and g-(orthorhombic Bi2MoO6)
forms.

In common with other metal oxides, conventional catalysts
derived from iron oxide are not active for butene oxidation
below 300 °C.6 However, when fresh samples of Pd–Fe–O

made by coprecipitation were exposed to a feed of 14% but-
1-ene in air at 100 °C, there was a delay (2–10 min, depending
on Pd content) and then reaction began. Starting temperatures as
low as 80 °C (for a catalyst containing 4% Pd by mass) and
60 °C (10% Pd) were recorded. In order to assess whether this
low temperature activity was due to a synergy between the
palladium and iron oxide phases or was primarily a result of the
preparative method, we also tested palladium oxide and iron
oxide prepared by essentially the same precipitation method.
Neither showed any activity at such low temperatures. How-
ever, some reduction in operating temperature could be induced
by impregnating Fe2O3 with Pd (4% by mass). This material
was capable of achieving 50% butene conversion with 35%
selectivity to butadiene at a feed temperature of 200 °C, but
showed no activity below 150 °C.

Initial butadiene yield of the coprecipitated Pd–Fe–O cata-
lysts was poor (ca. 10%), and their sensitivity to the butene/air
feed ratio was high. During the first few hours on line, the yield
improved and the sensitivity declined, before stabilising. For
example, after 5 h on line, 4%Pd–Fe–O converted 50% of the
hydrocarbon in a 20% butene/air feed with 70% butadiene
selectivity; after the same time in a 14% butene/air feed, it
converted 55% with 60% selectivity. The on-line improvement
in yield appeared to be closely related to the blocking of non-
selective (combustion and isomerisation) sites by carbon. As
shown in Table 1, the catalysts could be ‘regenerated’ by heat
treatment in flowing air (550 °C), during which the retained
carbon was displaced as CO2.

Pd–Bi–Mo–O required a higher operating temperature and a
leaner hydrocarbon feed (12.5% butene/air) than Pd–Fe–O.
After no activity was observed at 150 °C, the bed temperature
was raised to 200 °C, whereupon reaction began as soon as the
gas feed was introduced. The initial conversion of butene was
55%, with 45% selectivity to butadiene. Again, the performance
improved with time, before stabilising after 30 min at 60%
conversion and 60% butadiene selectivity. By contrast, unmodi-
fied bismuth molybdate showed only short-term activity under
the same conditions (Fig. 1). Its temperature had to be raised to
350 °C before activity could be sustained (80% conversion;
70% selectivity). The fact that the selectivity of Pd–Bi–Mo–O
(at 200 °C) was not as high as that of the unmodified bismuth
molybdate (at 350 °C) may reflect the change in phase
composition caused by the presence of Pd.

Both Pd–Fe–O and Pd–Bi–Mo–O are derived from catalysts
that conform to a redox mechanism, in which the movement of

Table 1 Oxidation of butene over 4%Pd–Fe–O as function of catalyst
conditiona

Selectivity (%)

Catalyst
condition

Conversion/
(%) CO2

trans-But-
2-ene

cis-But-
2-ene Butadiene

Fresh 65 45 14 12 15
Aged on line 54 36 3 2 59
Regenerated 70 42 13 11 21
a Feed: 14% butene/air; contact time: 0.6 s; feed temperature: 100 °C.
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lattice oxygen is a key step in the selective partial oxidation of
hydrocarbons.7 The performance (preferred feed-composition;
product distribution; activity/selectivity correlation) of the Pd-
containing materials is similar to that of the unmodified
catalysts, except in terms of operating temperature. Our
working model, therefore, is one in which the same alkene
adsorption sites are present in both forms, but the role of Pd is
to supply selective oxygen at lower temperatures, by-passing
the need for transport through the lattice.

A TAP study of the initial steps in the butene to butadiene
reaction over 4%Pd–Fe–O, compared to a conventional a-
Fe2O3 catalyst, provides support for this model.8 Even at
150 °C, unmodified Fe2O3 is capable of converting butene/O2 to
butadiene, but only for a short time. At this temperature, it only
forms butadiene, while it is consuming O2. Although the same
applies to Pd–Fe–O, it continues to consume O2 indefinitely.
The presence of the Pd enables the catalyst to activate gas-phase
oxygen into selective species at low temperatures, leading to
sustainable oxidative dehydrogenation under conditions where
Fe2O3 does not usually function.6 This mechanistic short cut
enables low-temperature activity to be achieved by redox
catalysts in which oxygen mobility would normally be the
limiting factor. It cannot, however, overcome some of the other
factors (such as product desorption) that can prevent low-
temperature activity—as we have found to be the case for the

conversion of propene to acrolein over Pd–Fe–O and Pd–Bi–
Mo–O.

During the past thirty years, there have been a number of
reported examples of heterogeneously catalysed oxidation
reactions at unexpectedly low temperatures. In most cases, the
reaction has been the total oxidation of a simple molecule.9–13

Furthermore, these instances of low-temperature activity have
appeared to be isolated and exceptional effects, associated with
very specific compositions, preparations or interactions. We
believe that our studies of Pd-incorporation into metal oxides
illustrate a more general phenomenon that can allow the normal
activity of a redox catalyst to be achieved at temperatures much
lower than previously expected. Indeed, the Pd–Fe–O family of
catalysts is particularly versatile, exhibiting catalytic activity at
exceptionally low temperatures for CO oxidation14 and the
water–gas shift reaction,4 as well as for the partial oxidation of
hydrocarbons described here. For each reaction, the minimum
operating temperature is about 250 °C below that observed for
unmodified iron(III) oxide.
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Fig. 1 Yield of butadiene as a function of time, over unmodified and Pd-
modified bismuth molybdate, at operating temperatures of between 200 and
350 °C (feed: 12.5% butene/air; contact time: 0.6 s).
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A combination between seemingly attractive carboranes and
fullerene through an ethynyl p-system (compounds 1a–c)
gives unexpectedly high b-values, thereby providing a
guideline that in certain cases a seemingly A–A system
becomes a promising complementary combination for
obtaining high hyperpolarizability; the b values of 1a, 1b and
1c were 346, 483, and 1189 3 10230 esu, respectively.

Quadratic nonlinear optical (NLO) materials have increasingly
attracted attention owing to their direct application in the
development of efficient optical telecommunication networks
lacking electrical-to-optical, and vice versa, signal conversion.1
Such application requires thermally robust materials with
highly nonlinear optical (NLO) response (first hyperpolariz-
ability b). The use of organic materials may offer significant
advantages over conventional inorganic crystals. Typical
organic NLO compounds include Donor (D) and Acceptor (A)
moieties bridged by a p-conjugated linker. Until now, most
efforts to obtain better hyperpolarizability (b) have been
directed to finding both the right combination of D and A
species and the right length of the conjugated bridge between D
and A.2 It has been known for many years that closo-carboranes
are electron deficient boron clusters having highly polarizable
s-aromatic character.3 Previously carboranes (A) containing
certain donor (D) groups were synthesized, but their hyper-
polarizable properties were not satisfactory.4 More recently it
has been recognized that fullerenes are electron attracting
carbon clusters having highly delocalizable p-electrons.5
Actually, fullerenes (A) containing electron donor (D) moieties
have been reported,6 but there are no NLO studies on those
compounds at all, to the best of our knowledge. It occurred to us
that carborane–fullerene dyads bridged by an appropriate linker
might exhibit an interesting NLO response, in spite of the fact
that both groups are electron attracting clusters, since both
clusters have highly polarizable electrons. We wish to report
that a combination between seemingly attractive carboranes and
fullerene through an ethynyl p-system (compounds 1a–c) gives
unexpectedly high b-values, thereby providing a guideline that
in certain cases a seemingly A–A system becomes a promising
complementary combination for obtaining high hyperpolariz-
ability.

The synthetic procedure for 1a is shown in Scheme 1 (see
ESI.†) The meta- and para-carborane analogues, 1b and 1c,
were prepared in a similar manner.7

For clarity, the cyclic voltammetries of only 1a and C60 are
shown in Fig. 1 (see ESI†). Those of the phenylethynyl
analogue 7 are similar. The redox potentials of 1a–c, 6, 7 and
C60 are summarized in Table 1. Only E1

red/E2
ox values are

shown for simplicity, although three quasireversible reduction–
oxidation peaks were observed. The one-electron reduction of
the non-charged molecules 1 (E1

red) and the one-electron
oxidation to 1 (E1

ox) are more important than the further

reductions of the charged molecules (E2
red and E3

red) and the
oxidations to the charged molecules (E2

ox and E3
ox), when we

discuss the electrochemical property of the C60 end group. The
three quasireversible reduction peaks of 1a are similar to those
found for C60, 6 and 7 under the same experimental conditions.
One additional irreversible oxidation wave at 2187 mV (Eox)
most probably corresponds to the oxidation peak of the
conjugated spacer fragment, since authentic samples of 6 and 7
also exhibited similar peaks at 2122.5 and 2286 mV,
respectively. The three reduction potentials of 1a were
remarkably shifted to more negative values in comparison with
those of the parent C60, presumably due both to the saturation of
a double bond of C60 and the electron donating character of the
ethynylphenyl group. Consequently, it is clear that the C60
framework of 1a behaves as an A group.

Similar observations were made for the meta- and para-
derivatives 1b and 1c. An important question was whether the

† See http://www.rsc.org/suppdata/cc/b0/b003931o/ for electronic supple-
mentary information (ESI): a detailed procedure of Scheme 1, Fig. 1 and 2,
absorption spectra of 1, 5, 6, 7 and C60, and fluorescence spectrum of 1a. Scheme 1
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carborane framework acted as a donor or (as usual) an attractor.
We synthesized the reference compounds 5a–c in order to help
clarify this point, but those compounds did not exhibit
electroactivities within the potential range we investigated. The
Eox value of 7 was 2286 mV, which was the most negative
value among those observed in Table 1, indicating that the
electron density of the ethynyl group of 7 was higher than that
of 1a–c. Accordingly, we assume at present that the carborane
end group acts as an attractor, as well established previously.8

Absorption spectra of 1a–c/CHCl3 in the UV-vis range
showed two large absorption bands at 258 and 328 nm; 1a, lmax
258 (log e 5.10), 328 (4.77); 1b, 258 (5.05), 328 (4.58); 1c, 258
(5.32), 328 nm (4.71). Absorption spectra of 5a–c in CHCl3
showed absorption bands at 260 (log e ≈ 4.66–4.49) and 283
nm (3.83–4.36), and those of C60 in CHCl3 showed two strong
bands at 259 (4.85) and 329 nm (4.28). These data in addition to
those for 6 and 79 clearly indicate that the two strong bands of
1a–c are due to the phenylethynyl–C60 chromophore and the
influence of the carborane groups to the UV absorption is very
small (see ESI†). Very weak absorption bands between
400–440 nm (log e ≈ 4.00–3.50) were observed for 1b and 1c,
which were presumably due to a forbidden transition (see ESI†).
In CHCl3 solution of 1a–c, no absorption was observed after
450 nm, although C60 itself, 6 and 7 in cyclohexane exhibited
very weak absorption bands between 470–700 nm with log e
2.3–3.2.9

The fluorescence spectra of 1a–c in CHCl3 following
excitation at 258 and 328 nm showed broad band emission in the
range 350–390 nm, which was attributed to Raman scattering of
the CHCl3 (see ESI†). Fullerene fluorescence is usually
observed around 700 nm; this was in general measured in
cyclohexane.10 We attempted to dissolve 1a–c in cyclohexane,

THF and CH3CN, but they were soluble only in CHCl3. The
emission spectra of 6 and 7 in CHCl3 also exhibited Raman
scattering of CHCl3. In conclusion, no significant spectroscopic
absorption or/and emission was observed for the CHCl3
solution of 1a–c (1026 M) in the range of the double frequency
value 532 nm, allowing us to get the necessary measurements to
deduce the b coefficients of 1a–c.11

The quadratic dependence of the second-harmonic signal
intensity to the harmonic intensity for 1a, for example, is
demonstrated in Fig. 2 (see ESI†). The laser wavelength of 1064
nm was used. The molar absorption coefficients (e) of 1a–c at
532 nm were below ca. 1000 dm3 mol21 cm21, so that the
influence of resonance effects were very small.12 The b values
of 1a–c were 346, 483 and 1189 3 10230 esu, respectively
(Table 1). It should be noted especially that the para-derivative
1c exhibited a large b value. As expected, the b value of C60
itself was zero under the same experimental conditions owing to
its centrosymmetric structure. For comparison, the b values of 6
and 7, which are typical D–A systems, were measured: the b of
6 was 87 3 10230 and that of 7 139 3 10230 esu. The b-values
of 5a–c were 7, 28 and 48 3 10230 esu, respectively. It is clear
that the reference compounds exhibit ordinary level of b-values,
although the values of 6 and 7 ( ~ 100 3 10230 esu) are still
higher than that for a standard para-nitroaniline, which showed
23 3 10230 esu under the same experimental conditions. By
attaching the carboranes, the b value increased up to 1189 3
10230 esu confirming the strong electronic polarizable influ-
ence of the boron clusters.

Very high hyperpolarizability of 1c, which constitutes the
first example of its kind, is quite fascinating since it has often
been surmised13 that, by forming charge-transfer complexes
with appropriate donors, the center of symmetry of C60 is
broken. In our case the hybride 1 do not form any charged
complex but present high b values. Further investigation on
boron–carbon cluster hybrids is being pursued actively in our
laboratories.
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Table 1 Results of cyclic voltammetries and b values

Compd. E1
red/E1

ox (mV)a,b Eox (mV)a,c b (3 10230 esu)

1a 21242/2552 2187 346
1b 21210/2581 279 483
1c 21193/2615 2170 1189
C60 21103/2631 — 0
6 21262/2590 2123 87
7 21086/2752 2286 139
5a —d —d 7
5b —d —d 28
5c —d —d 48
a Potentials in mV vs. ferrocene/ferrocenium measured in o-dichloro-
benzene (see Fig. 1) (see ESI†). b Among three quasireversible redox peaks,
only the first peaks E1

red/E1
ox are shown and the other peaks are shown in

the ESI†. c Irreversible oxidation peak most probably due to the ethynyl
spacer units. d The compound did not exhibit electroactivities within the
potential range we investigated.
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Replacement of the open chain dithienylethylene p-con-
jugating spacer by its bridged analog in push–pull NLO-
phores produces a dramatic increase of the quadratic
hyperpolarisability.

Chromophores for 2nd order nonlinear optics consist of
electron-donor and electron-acceptor groups interacting
through a p-conjugating spacer.1 Whereas the optimization of
the donor2 and acceptor3 groups has led to considerable
progress in the synthesis of stable and efficient systems, the
relationship between the structure of the conjugating spacer and
2nd order nonlinearity are less clearly understood. Push–pull
polyenes can reach huge nonlinearities,2a,4 but their practical
use might be limited by stability problems.

As shown in recent work, thiophene-based spacers lead to
stable NLO-phores with second order hyperpolarisabilities
sometimes exceeding 10 000 3 10248 esu.2b–d,3 These high
performances can be related to the moderate resonance energy
of thiophene which allows a better p-electron delocalization
than e.g. benzene-containing spacers.

It has been shown that the static hyperpolarizability is
correlated with the ground state polarization which is in turn
reflected by bond length alternation (BLA).5 Optimal b values,
predicted for BLA intermediate between those for unsubstituted
polyenes ( ~ 0.10 Å) and the cyanine limit (0.00 Å), have been
approached by selecting appropriate combinations of donor and
acceptor groups in order to tune the balance between the neutral
and charge-separated limiting resonance forms.4,5

Previous theoretical and experimental work has shown that
the covalent bridging of dithienylethylene (DTE) results in a
0.40 eV decrease of the HOMO–LUMO gap due to a reduction
of BLA.6 On this basis, replacement of DTE by a bridged analog
with inherently reduced BLA, can be expected to improve the
quadratic hyperpolarizability of the derived push–pull chromo-
phores. In this context, we report here preliminary results on
two series of NLO-phores derived from open chain (1c–e) and
bridged (2,3) DTE spacers, used in conjunction with N,N-
dialkylaniline donors, and various acceptors.

All NLO-phores have been prepared according to the general
procedure shown in Scheme 1. DTE 1f and its bridged analog
2f 6c were converted into aldehydes 1g and 2g by Vilsmeier
formylation. Wittig olefination of 1g and 2g with phosphonium
iodides bearing the N,N-dialkylaniline group led to compounds
1h–3h as a mixture of E and Z isomers. After separation of the
Z-isomer, a second formylation led to aldehydes 1i–3i and the
target molecules were obtained by Knoevenagel condensation
between 1i, 2i and 3i and various acceptors with active
methylene groups. All final compounds have been fully
characterized by 1H and 13C NMR, mass spectroscopy and
elemental analysis.

Table 1 lists the UV-vis absorption maxima (lmax), second
order nonlinear hyperpolarizabilities (bm), and decomposition
temperatures (Td) of the NLO-phores. Comparison of the data
for the open chain and bridged compounds containing similar

donor–acceptor pairs shows that the bridging of the spacer
produces a considerable red shift of lmax, (up to 100 nm
between 1d and 2d), indicating an enhancement of the effective
conjugation. Preliminary tests on 1e and 2d gave anomalously
low mb values which were attributed to the poor solubility of the
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compounds. This problem was resolved by replacing methyl by
hexyl groups in compounds 3c and 3d.

Comparison of the data for the two series of compounds
shows that, for a given acceptor, the bridging of the DTE spacer
produces a huge enhancement of mb which increases from 2720
to 10 400 3 10248 esu for the 1c/3c pair, while for the 1d/3d

one, mb increases by a factor of three and reaches a value of
19 400 3 10248 esu. To the best of our knowledge, this value is
the largest ever reported for a NLO-phore based on an
heteroaromatic spacer.

Improved thermal stability has already been reported for
NLO-phores based on configuration-locked olefinic spacers,7
or for bridged dithienyl hexatrienes.8 While the various
acceptor groups used here make it difficult to evaluate the
specific effect of the spacer on the stability, the similarity of the
Td values for open chain and bridged compounds bearing the
same acceptor e.g. 1d and 2d suggests that, in that case, the
stability is limited by that of the acceptor. Further support for
this hypothesis is provided by the identical Td values (235 °C)
found for 3c, 1c and its analog containing the more stable
diphenylamino substituted thiophene donor.2d On the other
hand, the high Td values for 2a and 2b (! 300 °C) definitively
show that thermally stable chromophores can be synthesized
from bridged DTE spacers.
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Scheme 1 Reagents and conditions (i) POCl3/DMF; (ii) t-BuOK/MeCN-
THF; (iii) 2b, malononitrile, Et3N/CHCl3, rflx 12 h; 2a, coumaranone,
Al2O3/CHCl3, room temp, 48 h; 1c, 3, thiobarbituric acid, Ac2O, rflx 2 h;
1d, 2d, 3d, dicyanovinylindan-3-one, EtOH rflx 10 h; Ac2O, 60 °C 1 h; 1e,
bisdicyanovinylindane, Ac2O, rflx 1 h.

Table 1 Absorption maxima, quadratic hyperpolarisabilities and decom-
position temperatures of chromophores 1–3

Compound lmax/nma mb/10248 esub Td/°Cc

1c 606 2720 (1450) 235
1d 656 7100 (3300) 256
1e 720 Nd 250
2a 592 2500 (1500) 300
2b 614 3100 (1600) 308
3c 682 10400 (4400) 235
2d 756 Nd 258
3d 768 19400 (5680) 245

a In CH2Cl2. b Measured in CHCl3 at 1.9 mm by EFISH, values in
parentheses represent the zero-frequency hyperpolarizability product mb0.
c Determined by differential scanning calorimetry at a rate of 10 °C
min21.
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Under zinc chloride catalysis, a number of 2-cyanoalk-
2-enones representing various ring sizes were found to
undergo facile cycloaddition with several selected conju-
gated dienes; sequential treatment of the adducts with
lithium naphthalenide and an alkylating agent resulted in
the direct replacement of the angular cyano group with an
alkyl group, providing easy access to angularly substituted
polycyclic systems.

The Diels–Alder reaction has long played an important role in
synthetic organic chemistry. One of the most important features
of its application is to build fused polycyclic skeletons, a
process requiring only a straightforward addition of a cyclic
dienophile to an appropriately substituted buta-1,3-diene.
However, early investigations have demonstrated that under
thermal conditions, the cycloaddition of dienes to cyclic
dienophiles, such as cyclohex-2-enone is a poor process, often
resulting in low yields of products.1 Over the years, there have
been extensive studies directed towards the enhancement of the
dienophilicity of cycloalkenones, resulting in the development
of two general solutions. One makes use of Lewis acid catalysis
and the other involves the incorporation of an additional
electron-withdrawing group to the dienophilic carbon–carbon
double bond. In l977, we showed that the introduction of a
methoxycarbonyl group to C-2 of 4,4-dimethylcyclohexa-
2,5-dien-1-one vastly improved the Diels–Alder reactivity of an
otherwise poor dienophile.2 This strategy proved to be useful
for the activation of the dienophilic double bond in systems
where the conjugated enone functionality could not undergo
enolization towards the C-4 carbon and has been successfully
applied in facilitating the total synthesis of various polycyclic
natural products.3 This strategy, however, was found to be less
effective when the cycloalk-2-enone contains an enolizable
hydrogen at C-4, as the placement of an ester group onto the C-2
carbon makes the compound extremely labile. For instance,
although 2-methoxycarbonylcyclohex-2-enone can be applied
as a dienophile,4 the efficiency of its Diels–Alder reaction is
much lower than that of its 4,4-dimethyl derivative because of
the poor stability associated with the former compound.
Another drawback of using an ester as an activating group is the
multi-step operation required for its subsequent conversion to
an alkyl group, which is often necessary in natural product
synthesis. In continuation of our investigations on the activation
of cycloalk-2-enones as dienophiles, we have observed that the
placement of a cyano group at C-2 induces a high degree of
enhancement of the dienophilicity of the parent molecule.
Interestingly, the enolizable 2-cyanocyclohex-2-enones, unlike
the corresponding 2-alkoxycarbonyl compounds, are rather
stable.† Also the cyano group in the adducts can be directly
replaced by an alkyl group via a reductive alkylation process.

Four 2-cyanocycloalk-2-enones 1–4 representing various
ring sizes were examined. Compound 4 was readily prepared
from 2-methylcyclooctanone via a four-step synthetic sequence
(Scheme 1), involving formylation,6 isoxazole formation and its
subsequent rearrangement,7 and phenylselenenylation–oxida-
tive elimination.8 Compounds 1–3 were easily accessible by

Thorpe–Ziegler condensation of the corresponding alkanedini-
triles followed by phenylselenenylation–oxidative elimination.
In sharp contrast to the instability associated with the corre-
sponding 2-alkoxycarbonylcycloalk-2-enones, cyano com-
pounds 1–4‡ were shown to be rather stable and could be
distilled, chromatographed and stored at 0 °C over a long period
of time without apparent decomposition. Under Lewis acid
catalysis, zinc chloride in particular, the Diels–Alder reaction of
these compounds occurred readily at room temperature with a
variety of dienes to give adducts in high yields.§ As shown in
Table 1, which summarizes the results obtained for the present
studies, the regioselectivity strictly follows the general rules
governing the Diels–Alder reaction; 1-substituted and 2-substi-
tuted buta-1,3-dienes gave ortho- and para-adducts, respec-
tively. In terms of stereochemistry, all of the reactions, where
applicable (Entries 3, 6 and 7), gave the endo-to-ketone addition
products. Interestingly, the addition of 2-cyano-8-methyl-
cyclooct-2-enone (4) to two selected dienes (Entries 6 and 7)
occurred with a complete face-selectivity from what appears to
be the sterically less hindered face to give adducts 10 and 11,
respectively.

The cyano group present in each of the adducts could be
readily replaced by a proton or an alkyl group via reductive
removal of the cyano group using lithium naphthalenide (LN)
followed by trapping of the ensuing enolate ion with a proton
source or an appropriate electrophile.9 As an example, treatment
of adduct 6 with a stock solution of LN (6 eq.) in THF10 at
225 °C for 30 min resulted in the reductive elimination of the
cyano group. Protonation of the enolate thus formed with
MeOH gave ketone 12 (80% yield), whereas treatment with
allyl bromide (20 °C, 20 h) gave the angularly substituted
ketone 13 (75% yield). The reductive alkylation process is
apparently general and highly stereoselective. In all of the cases
examined (Table 2), only the cis-fused alkylation product was
observed.

In conclusion, 2-cyanoalk-2-enones, which are surprisingly
stable, have proved to be useful dienophiles. Their Diels–Alder
reaction coupled with the ease of replacement of the cyano

Scheme 1
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group with an alkyl group provides convenient access to various
angularly substituted, cis-fused bicyclic systems. This newly
developed process is expected to have broad synthetic utility,
particularly towards polycyclic natural products of structural
complexity. For instance, the complete carbon framework of
neolemnane (14)11¶ could be rapidly constructed by two simple
operations. Addition of cyano enone 4 to 2-tert-butyldimethyl-
silyloxypenta-1,3-diene (Table 1, Entry 7) gave adduct 11.
Sequential treatment of 11 with LN and methyl iodide (Table 2,
Entry 11) completed the carbon skeleton of neolemnane (14).
Modification of the existing functionalities to effect the total
synthesis of 14 is under active investigation.

We are grateful to the Natural Sciences and Engineering
Research Council of Canada and the National Science Council
of the Republic of China for financial support.
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From the fluorination of [60]fullerene with K2PtF6 at 470 °C
under ca. 0.01 bar we have isolated (HPLC) 1,2-F2C60, the
structure of which is confirmed by 13C NMR and a single 19F
NMR line at 2148.3 ppm.

As synthons, halogenofullerenes containing very few halogen
atoms are desirable, but thus far they have been unattainable.
Both chlorination and bromination involve a radical cascade
process which necessitates, for steric reasons, contiguous para
(1,4) halogenation. This is terminated by ortho (1,2) halogen-
ation only as a necessity for the formation of a non-radical
product such as C60X6 (X = Br, Cl)1,2 or C70Cl10.3 The
adjacency of the bulky halogens creates instability, and these
are preferentially lost for example either in subsequent
reactions4,5 or through rearrangement e.g. the conversion of
C60Br6 to C60Br8 on standing.1 In C60Br8 (and also in C60Br24)6

all of the bromines are in either a 1,4- or a 1,3-relationship. Thus
no 1,2-dibromo- or 1,2-dichlorofullerene has been either
isolated or inferred from subsequent substitutions.

By contrast, the lack of steric hindrance in fluorination
permits 1,2-addition which results in contiguous activation of
adjacent double bonds (through increased bond localisation).
The ensuing halogenation cascade tends to cease only when a
product is obtained of enhanced aromaticity (such as C60F18 or
C60F36)7,8 i.e. containing delocalised benzenoid rings.

Characterisation of bromo- and chlorofullerenes is rendered
difficult by their instability towards mass spectrometry, which
becomes greater the fewer halogens that are present; so far, only
a FAB spectrum of C60Cl24 has been obtained.9 Fluorofuller-
enes are more stable towards mass spectrometry and the
existence of C60Fn (n = 18, 36 or 48)8–10 shows that fluorines
can be attached to adjacent carbon atoms without introducing
undue strain. Nevertheless, as with the other halogenofullerenes
noted above, the stability decreases the fewer the number of
attached fluorines, seen for example by the appearance of lower
fluorinated species (through fragmentation) in the EI mass
spectrum of C60F18.8 In fluorination by fluorine gas, the EI mass
spectrum showed a continuous spectrum of derivatives from
C60F2 up to ca. C60F42 (and numerous oxygenated deriva-
tives).11–13 However, it was unclear if the lower fluorinated
species were compounds or merely fragmentation ions.

We now report the successful isolation and characterisation
of C60F2.

[60]Fullerene (240 mg) was fluorinated with K2PtF6 (575
mg) and a toluene solution of the product (280 mg after pre-
purification by sublimation) was filtered with precautions to
minimise interaction with atmospheric moisture, all as de-
scribed previously.14 HPLC separation of the product was
carried out using a 10 mm 3 250 mm Cosmosil Buckyprep
column with elution by toluene at 4.7 ml min21. This yielded
mainly C60F18

8 (elution time 37 min) together with a large
number of other components, most of which are ethers. A
fraction (ca. 1.5 mg) which eluted at 10.5 min (cf. 7 min for
[60]fullerene) was shown by the mass spectrum (Fig. 1) to
contain C60F2 (758 amu). The spectrum also gave peaks at 858
[C60(CF3)2], 840 (C60C2F5H), and 790 amu (C60CF3H). [For-
mation of CF3 radicals by fragmentation is well-known to

accompany fluorination of [60]fullerene,13,15 and is especially
marked when using K2PtF6; the radicals then attack other
[60]fullerene molecules.] The mass spectrum is however very
misleading (as the 13C and 19F spectra show) because it greatly
underestimates the concentration of C60F2 in the sample due to
fragmentation (as described above), and which is severe at this
fluorination level. This is shown (Fig. 1) by the peak at 720 amu
being 960 3 the intensity of the 758 amu peak, yet no
[60]fullerene was present in the sample. The same effect was
evident in the spectra of C60FnO, (n = 8,6,4) which due to
increasing fragmentation with lower addend level, showed
increased amount of [60]fullerene relative to the parent ion,
along this series.14

The IR spectrum (KBr, Fig. 2) shows two sharp peaks at 1070
and 1035 cm21 in the C–F stretching region, and also sharp
bands at 770, 724, 648, 594, 527 and 500 cm21. The very simple
spectrum is consistent with a highly symmetrical structure, and
the strong band at 527 cm21 is characteristic of unaddended
[60]fullerene,16 which the present structure closely resembles.

The 19F NMR spectrum (Fig. 3, 338.9 MHz, CDCl3) showed
a singlet at 2148.3 ppm together with two very small peaks at
267.9 and 269.7 ppm, which are typical of CF3-containing
[60]fullerenes. The peak area intensities indicate that these
derivatives constitute ca. 6% of the total fluorinated fullerene
present, which further emphasises the misleading nature of the
EI mass spectrum (see above).

This singlet thus falls in the range obtained for fluorinated
[60]fullerenes, e.g. 2(132–158) for C60F18 and 2(130–166)
ppm for C60F36. 1,2-Isomers of [60]fullerene are more stable
than 1,4-isomers, since the latter contain a destabilising double
bond in a pentagon and are obtained only when the addend is
large. Thus due to the difference in addend size, methylation
gives a mixture of 1,2- and 1,4-dimethyl derivatives, whereas
benzylation gives 1,4-addition.17 Since fluorine is smaller than

Fig. 1 EI mass spectrum (70 eV) for C60F2.
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carbon, there is no advantage, either thermodynamic or kinetic,
in forming the 1,4-isomer.

The location of the 19F NMR peak is also consistent with a
1,2- rather than the 1,4-isomer. In the latter, each sp3-hybridised
carbon bearing the fluorine is surrounded by three sp2-
hybridised carbons (which are more electron withdrawing than
sp3), whereas there are only two in the 1,2-isomer. This
differential effect is clearly seen in the C60F18 peak positions
which are 2132, 2140 (av.) and 2158 ppm for C–F bonds
having 2, 1, and 0 sp2 neighbours,9 or in T C60F36 where they are
2138 (av.) and 2155 ppm for C–F bonds having 1 and 0 sp2

neighbours.18 Thus for the 1,4-isomer the peak would be
expected to appear more downfield, the above data suggesting
a value of 2(120–130) ppm.

Final proof that we have isolated the 1,2-isomer comes from
the 13C NMR spectrum (Fig. 4). Obtaining such spectra for F-
containing compounds requires F-decoupling which is unavail-
able, nevertheless for C60F18 we obtained a spectrum showing
singlets for g-carbons (and those more remote) relative to the

(F)Ca carbons. Whereas 1,4-F2C60 (Cs symmetry) requires in
the sp2 region (29–3) = (26 3 2 C lines, 1,2-F2C60 (C2v
symmetry) requires 3 3 2 C and (13 2 1) = 12 3 4 C lines. Our
spectrum (which required 90 h acquisition time) shows 12 3 2
C lines at 146.54, 146.50, 146.24, 145.08, 145.01, 144.54 (two
coincident), 142.53, 142.23, 142.14, 141.62, 139.32, 137.85.
Lines of 2 C intensity appeared at 141.16 and 138.35. Other
lower intensity lines at dC 144.23, 143.79, 143.36, 141.29 and
141.20 were barely above background and may not be real. The
compound is thus fully confirmed as the 1,2-isomer. No peak is
seen in the sp3 region due to coupling with fluorine.

In early work with F2-fluorinated [60]fullerene, treatment of
the crude product with either acetone or THF gave a product
showing a single 19F NMR line at ca. 2150.5 ppm, and two
sharp IR bands at 1067 and 1035 cm21; a single line NMR was
also obtained by treatment of C60F48 with diethyl ether.10 We
conjectured that this line could be due to C60F60,11 but later
work showed this to be unlikely.19 Since both the NMR line and
especially the IR peaks for C60F2 are remarkably similar to
those described above, C60F2 could conceivably be the species
responsible in the earlier work. However, the availability now
of a defined HPLC retention time for C60F2 means that
repetition of the earlier work and separation of the products may
provide an answer. We plan to undertake this work.

We thank the Royal Society for a Joint Project grant, NATO
for additional support, and Dr Anthony Avent for the 13C NMR
spectrum.
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Reaction of [RhCl(COE)2]2 with an excess of the aromatic
aminophosphine 1-(diethylaminomethyl)-3-(di-tert-butyl-
phosphinomethyl)-2,4,6-trimethylbenzene (2) in dioxane
under mild H2 pressure results in selective catalytic activa-
tion of an unstrained C–N single bond.

The design of homogeneous processes for selective activation
and catalytic functionalization of strong single bonds by
transition metal complexes is a highly desirable goal.1 The
catalytic C–N bond activation is of considerable current
interest, as it is a key step in hydrodenitrogenation (HDN)—an
important part of the hydrotreating process whereby crude oil or
coal-derived liquids are upgraded to fuels.2 Relatively few clear
examples of metal-complex promoted C–N cleavage of amines
are known, most of them being stoichiometric.3–6 Catalytic
reactions of this type are scarce.7 We report here a remarkable
example of homogeneous catalytic hydrogenolysis of an
unstrained sp3 C–N bond. This chelate-assisted rhodium
catalyzed process occurs under homogeneous reaction condi-
tions and is highly selective.

We have recently reported that the PCP-based ligand 1
undergoes selective catalytic C–C bond activation by Rh under
H2 pressure at 180 °C (Scheme 1).8

In order to extend the scope of this process to other systems,
we tried this reaction with the PCN-based ligand 2. As we have
recently shown, the stoichiometric reaction of 2 with
[RhCl(COE)2]2 (COE = cyclooctene) results in exclusive C–C
activation of the Ar–CH3 bond situated in between the
phosphine and amine ‘arms’.9 Surprisingly, when the reaction is
performed in a catalytic manner C–N rather than C–C bond
activation takes place. Thus, reaction of [RhCl(COE)2]2 with
10 eq. of 2 under mild H2 pressure (25 psi) in dioxane at 160 °C
for 24 h leads to quantitative formation of the hydro-
denitrogenated phosphine 3 and diethylamine (Scheme 2, 10
turnovers based on Rh and 100% yield). The catalysis can be
continued by adding more of substrate 2, demonstrating that the
catalyst remains active. The yield was lower when larger
quantities of 2 were used. 13 turnovers (93%) were observed

when 15 eq. of compound 2 were reacted, and 21 turnovers
(47% yield) for 45 eq. of the starting material.

The product diethylamine was identified and quantified by
GC-MS and GC analysis, respectively. It was also detected by
1H-NMR, when the reaction was performed in dioxane-d8. The
phosphine 3 was isolated by evaporation of diethylamine and
subsequent extraction of the residue with pentane and was fully
characterized by 31P{1H}, 1H, 13C{1H}, 13C-DEPT NMR and
MS techniques. The structure of 3 was confirmed by compar-
ison with an authentic sample, which was independently
prepared by phosphination of bromomethylisodurene.† Forma-
tion of 3 is highly selective, no other organic products being
catalytically formed (vide infra). Control experiments showed
that substrate 2 does not undergo catalytic C–N activation under
the reaction conditions in the absence of Rh or H2.

A postulated catalytic cycle is presented in Scheme 3.
Initially, selective insertion of Rh(I) into the aryl-CH3 bond
resulting in complex 4 most probably takes place. As reported,
the stoichiometric reaction of  2 with [RhCl(COE)2]2 leads to
4.9 Subsequently, 4 reacts with H2 to yield the hydrido chloride
complex 5 and CH4. Indeed, when the reaction was performed
with a small excess of  2 (5–7 eq.), a stoichiometric amount of
5 was detected by NMR spectroscopy. Also, a stoichiometric
amount of CH4 (based on Rh) was regularly observed by GC
analysis in the catalytic reaction. Compound 5 and CH4 were
independently obtained by the reaction of 4 with H2 (25 psi) at
80 °C for 3 d. The products were analyzed by 31P{1H}, 1H,
13C{1H}, 13C-DEPT NMR‡ and by GC. This reaction may
proceed through a Rh(V) intermediate or via s-bond metathesis.
Complex 5 is part of the catalytic cycle and can also be used as
catalyst under the same reaction conditions.

The exchange of the amine ‘arm’ of 5 by the phosphine
moiety of 2 most probably proceeds via intermediates A and B.
Replacement of a pincer-type amino ligand of Ru(II) by a
phosphine analog was reported recently.10 The exchange of the
phosphine group in 5 by the amine ‘arm’ of 2 is impeded, since
an amine is, in general, a poorer ligand for low valent late
transition metals than a phosphine.11 At this stage, most
probably, C–N bond activation and hydrogenolysis by the
unsaturated Rh center takes place, giving the phosphine-
coordinated product C and diethylamine. Following replace-
ment of 3 by the amine ‘arm’, 5 is regenerated, this process
being assisted by the generation of two stable five-membered
chelating rings. The liberated 3 most probably competes with 2,
slowing down the catalytic process as its concentration
increases.

An alternative mechanism involving phosphine displacement
by the amine group in B can be excluded, as we have observed
that Ar-CH3 bond activation occurs immediately even under
very mild conditions, when both P and N ligands are
coordinated.12

In summary, catalytic hydrogenolysis of an unstrained C–N
bond has been presented. The phosphinoamine mixed system 3
undergoes selective stoichiometric C–C and catalytic C–N bond
activation by Rh. In addition to the general interest in catalytic
C–N activation, the reactivity of pincer-type complexes is the
focus of much current research.13

Scheme 1

Scheme 2
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The asymmetric hetero-Diels–Alder reaction of Danish-
efsky’s diene and an aldehyde catalyzed by 20 mol% chiral
H8-BINOL–Ti(IV) affords the corresponding 2-substitutent-
2,3-dihydro-4H-pyran-4-one with ees of up to 99% under
mild reaction conditions.

The formal hetero-Diels–Alder reaction between 1-methoxy-
3-(trimethylsilyloxy)buta-1,3-diene and aldehydes provides
useful access to dihydropyrones, a class of compounds with
extensive utility in organic synthesis.1 Asymmetric catalysis of
this reaction has been previously reported by a number of
investigators.2 Corey et al. found that the tryptophan-derived
oxazaborolidine catalyst gave good yields and moderate
enantioselectivities for the reaction of Danishefsky’s diene with
representative aldehydes.2a Keck et al. reported that catalysts
generated using 2+1 BINOL–Ti(O-i-Pr)4 in the presence of 4 Å

MS and 0.0003 equiv. of CF3CO2H led to dihydropyrones in
Et2O with good to excellent ee.2b Jacobsen and co-workers
developed some chiral (Salen)Cr(III) catalysts which afforded
cycloadducts with good enantioselectivity.2c However, progress
in the area of asymmetric hetero-Diels–Alder reactions has been
limited. A catalyst that can be used with a wide range of
substrates will be pursued.

5,5A,6,6A,7,7A,8,8A-octahydro-1,1A-bi-2-naphthol (H8-BINOL)
is a new atropisomeric diol ligand, which possesses a unique
structure compared to conventional BINOLs.3 Chan et al.
reported its outstanding asymmetric induction ability in the
asymmetric alkylation of aromatic aldehydes with triethylalu-
minium.4 Herein, we wish to describe that chiral H8-BINOL–
Ti(O-i-Pr)4 complexes are more effective catalysts than
BINOL–Ti(O-i-Pr)4 and others for the asymmetric hetero-
Diels–Alder reactions.

Our studies started with benzaldehyde as a test substrate. A
H8-BINOL–Ti(O-i-Pr)4–4 Å MS system was found to be the
most promising catalyst for this reaction. In toluene solvent and
at 0 °C, benzaldehyde gave (R)-2-phenyl-2,3-dihydro-4H-
pyran-4-one in 92% isolated yield with 97% ee (Table 1, entry
1). Further studies showed that several parameters were
important for both the reactivity and enantioselectivity of the
cycloaddition reaction. The best results were obtained when 1.1
equiv. of (R)-H8-BINOL were used per Ti. A solvent study
showed that toluene provided the best overall results.5 The yield
and enantioselectivity were also found to be dependent on
temperature. When the reaction was carried out below 0 °C,
dihydropyrone was obtained in lower conversion and enantiose-
lectivity. The optimal temperature ranged between 0 and 14 °C
depending on the aldehydes used. At rt, high yield (92%) and
enantioselectivity (93% ee) were also obtained (Table 1, entry

3). It should be noted that the ee of 93% was particularly high
at rt, since most precedent catalytic asymmetric hetero-Diels–
Alder reactions require a rather low temperature (278 to
230 °C) to attain a good level of enantioselectivity. The amount
of the catalyst was also revealed to be an important parameter
for the attainment of high enantioselectivity. When the amount
of catalyst was reduced to 10 mol%, the enantioselectivity of the
reaction was decreased considerably (Table 1, entries 1 and
2).

Encouraged by the result obtained for benzaldehyde (Table 1,
entry 1), we investigated a number of other aldehydes to probe
their behavior under the current catalyst conditions. As shown
in Table 1, the aromatic, heteroaromatic, conjugated and
aliphatic aldehydes afforded the corresponding product in
moderate to high isolated yield with quite high ee. A
comparison of the experimental results (Table 1, entries 1,
4–11) revealed the effect on enantioselectivity by ortho-
substitutents on benzaldehyde. This was probably due to the

Table 1 Asymmetric hetero-Diels–Alder reactions of diene and alde-
hydes
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strong steric hindrance effect of the ortho-substitutents, which
weakened the coordination of the aldehyde and consequently
lowered the enantioselectivity of reaction. These results are
consistent with Chan et al’s report about asymmetric alkylation
of aromatic aldehydes with triethylaluminium.4 The precise
structure of the catalyst is not clear at present. An investigation
of the mechanism is underway.

In conclusion, we have developed a new, highly efficient
method for the synthesis of chiral 2-substitutent-2,3-dihydro-
4H-pyran-4-one from aldehydes and Danishefsky’s diene using
chiral H8-BINOL-Ti(IV).3 High levels of enantioselectivity in
the synthesis of 2-substitutent-2,3-dihydro-4H-pyran-4-one
with wide substrate generality were obtained according to this
reaction.
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Both high enantioselectivity (91%) and high regioselectivity
(98.8%) are achieved under mild reaction conditions in the
Rh-catalysed hydroformylation of vinyl arenes with a new
chiral diphosphite ligand derived from the readily available
D-(+)-glucose.

Asymmetric hydroformylation has attracted much attention as a
potential tool for preparing enantiomerically pure aldehydes.
These are important as precursors for synthesising biologically
active compounds, biodegradable polymers and liquid crystals.1
In the last ten years, several studies have reported a remarkable
improvement in the rhodium-catalysed asymmetric hydro-
formylation based on the use of diphosphite2 or phosphine–
phosphite3 (Binaphos) ligands. At the moment, Binaphos is the
only ligand with a wide scope in asymmetric hydroformylation,
although its difficult preparation limits its application. Fur-
thermore, its regioselectivy in 2-phenylpropanal is not com-
pletely satisfactory even under carefully optimised conditions.3
More recently, perfluoroalkyl substituents at the aryl group of
the Binaphos increased the regioselectivity, in the best case up
to 96%, but high pressures and an excess of ligand were still
needed for good enantioselectivities.4 In this context, much
research still needs to be done to find ligands that are readily
available and provide both good regio- and enantioselectivities
in asymmetric hydroformylation.

In the last few decades carbohydrates have been widely used
in asymmetric synthesis.5 Nevertheless their full potential in
providing chiral ligands has scarcely been exploited6 despite the
accessibility and low cost of the carbohydrate synthons. In
previous work on diphosphite ligands with a furanose backbone
moderate results (up to 60% ee) in asymmetric hydro-
formylation of styrene have been reported.7 Since these ligands
had a phosphorus moiety bonded to a nonstereogenic center (C-
5), we tested whether further modifying the ligand would
improve enantioselectivities. With this purpose and following
from our interest in using carbohydrates as a chiral source for
preparing ligands,7b,8 we designed a new diphosphite ligand 4
which was easily prepared from D-(+)-glucose. This ligand has
the two phosphite moieties bonded to two stereogenic centers
(C-3 and C-5) and has proven to be highly enantioselective and
regioselective in the asymmetric hydroformylation of vinylar-
enes (Scheme 1).

Diphosphite 49 was synthesised in 3 steps from 1,2-O-
isopropylidene-3-O-acetyl-a-D-glucofuranose 5 as shown in
Scheme 2. Diol 5 is easily prepared from D-(+)-glucose on a
large scale by previously described highly effective methods.10

Tosylation of 5 produced a good yield of the expected 5-tosyl
derivative (88%).11 Treatment with NaOMe at rt followed by
reduction with lithium aluminium hydride produced crystalline
6-deoxy-1,2-O-isopropylidene-a-D-glucofuranose 7 in 92%
yield.12

Reacting diol 7 with two equiv. of 3,3A-di-tert-butyl-5,5A-di-
methoxy-1,1A-biphenyl-2,2A-diyl phosphorochloridite13 in situ
formed in the presence of pyridine produced the desired
diphosphite 4 in good overall yield.

Ligand 4 was used in the rhodium-catalysed asymmetric
hydroformylation of styrene and other vinylarenes.14 Results
are given in Table 1. In no cases were hydrogenated or
polymerised products observed.

Varying the ligand-to-rhodium ratio shows that it is not
necessary to have excess ligand to obtain good regio- and
enantioselectivities (entries 1–2). This contrasts with Rh–
Binaphos systems, for which a large excess of ligand is
needed.3,4 Moreover, activities were best at low PCO–PH2 ratios

Scheme 1

Scheme 2 Synthesis of ligand 4: (i) TsCl, pyridine, CH2Cl2, 16h, 220 to
25 °C, 88%; (ii) NaOMe, CH2Cl2, 1 h, 25°C, quantitative; (iii) LiAlH4,
THF, 60 °C, 92%; (iv) phosphorochloridite, pyridine, toluene, 100 °C,
71%.
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(entry 3). This is in line with detailed kinetic studies on
rhodium-catalysed hydroformylation with bulky phosphites
reported by van Leeuwen et al., who showed that the rate-
determining step is the oxidative addition of H2 to the acyl–
rhodium complex.15 Comparing entries 1 and 3 also shows that
regio- and enantioselectivities are not affected by varying the
partial pressure of CO. A remarkable increase in enantio-
selectivities (up to 91%, entries 4–6) combined with excellent
regioselectivities (up to 98.8%) were found by lowering the
reaction temperature. There were no changes in the enantio-
selectivities over time, which indicates that no decomposition of
the catalyst took place.

Results were similar when 4 was used in the asymmetric
hydroformylation of the substituted vinylarenes 1b and 1c. The
presence of different substituents in the para position does not
seem to affect the conversion or the regio- and enantioselectiv-
ities of the hydroformylation.

In conclusion, a novel chiral diphosphite 4, derived from
readily available D-(+)-glucose, is a highly efficient ligand for
the asymmetric rhodium-catalysed hydroformylation of vinyl
arenes under mild reaction conditions and without an excess of
ligand. The combination of excellent regio- and enantioselectiv-
ities (up to 98.8 and 91% respectively) in simple unoptimised
reactions and the low cost of the ligand make this catalyst
system attractive for further investigation of its potential use for
the industrial preparation of biologically active compounds in
asymmetric hydroformylation. Studies of the scope and mecha-
nistic aspects of the catalytic process are currently in pro-
gress.

We thank the Spanish Ministerio de Educación y Cultura and
the Generalitat de Catalunya (CIRIT) for their financial support
(PB97-0407-CO5-01).
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Table 1 Asymmetric hydroformylation catalysed by [Rh(acac)(CO)2]/4a

Entry Substrate PCO–PH2 T/°C TOFb
%Conv
(time/h)c %Regiod %Eee

1 1a 1 40 98 98 (10) 97.8 78 (S)
2f 1a 1 40 97 96 (10) 97.7 78 (S)
3 1a 0.5 40 174 100 (6) 97.9 78 (S)
4 1a 0.5 20 18 83 (48) 98.6 90 (S)
5 1b 0.5 20 17 80 (48) 98.8 89 (+)
6 1c 0.5 20 16 81 (48) 98.6 91 (2)
a Reaction conditions: P = 10 bar, styrene (13 mmol), [Rh(acac)(CO)2]
(0.013 mmol), toluene (15 mL), PP/Rh = 1.1. b TOF in mol styrene 3Rh21

3 h21 determined after 1 h reaction time by GC. c % Conversion of styrene
measured by GC. d % Regioselectivity defined as 2/(2 + 3). e % Ee
measured by GC. f PP/Rh = 2.
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Zeolites P1 and SUZ-4 with enhanced Si/Al ratios (ca. 4.9
and 8.2) compared to previously reported isostructural
materials have been synthesized in the presence of
N,N,N,NA,NA,NA-hexaethylpentanediammonium together
with Na+ and K+ ions, respectively.

The use of the doubly charged cation N,N,N,NA,NA,NA-hexa-
ethylpentanediammonium (Et6-diquat-5) as an organic struc-
ture-directing agent (SDA) in the synthesis of zeolites was first
attempted by Valyocsik and Page in 1986.1 It has been shown
that this diquarternary cation can direct the crystallization of
ZSM-57 (MFS topology) with the intersecting 10- and 8-ring
channel system when used together with Na+ ions.2 Very
recently, we have studied zeolite synthesis related to the use of
a series of diquarternary cations with different chain lengths and
found that the type and amount of alkali metal cations added to
the synthesis mixture may play a major role in determining the
phase selectivity of the crystallization.3

Zeolite P1 is the synthetic analogue of the GIS-type zeolites
and contains a two-dimensional pore system with two inter-
secting 8-ring channels.4 On the other hand, SUZ-4,5,6 a new
zeolite closely related to ferrierite and ZSM-57, has been
considered to have a topology that corresponds to the hypothet-
ical model 5b described by Gramlich-Meier.7 To our knowl-
edge, the only organic SDA leading to the successful SUZ-4
formation is the tetraethylammonium cation.8 Here, we report
for the first time, the synthesis of zeolites P1 and SUZ-4 from
sodium- and potassium-containing aluminosilicate gels in the
presence of Et6-diquat-5, a new organic SDA for these
structure-types of materials.

In a typical synthesis of zeolite P1, 0.48 g of Al(NO3)3·9H2O
(98%, Junsei) and 2.20 g of NaOH (50% aqueous solution,
Aldrich) were dissolved into 22.01 g of H2O. To this clear
solution, 5.63 g of colloidal silica (Ludox AS-40, DuPont) and
2.48 g of Et6-diquat-5 dibromide prepared according to the
procedure described elsewhere1 were added. The oxide compo-
sition of the resulting gel was 4.5Et6-diquat-5+11.0Na2O+1.0-
Al2O3+30SiO2+1200H2O. For the crystallization of SUZ-4,
NaOH was replaced by an equivalent amount of KOH (45%
aqueous solution, Aldrich) under the conditions described
above. After stirring at room temperature for 1 day, the final
synthesis mixture was transferred to Teflon-lined 45 mL
autoclaves and heated at 160 °C under slow rotation (60 rpm)
for 8 days. The white solid products were recovered by
filtration, washed repeatedly water, and then dried overnight at
room temperature.

Fig. 1 shows the typical powder X-ray diffraction patterns
(Rigaku Miniflex, Cu-Ka radiation) of P1 and SUZ-4 prepared
here. Comparison of the patterns in Fig. 1 with those in the
literature6,9 reveals that both materials are highly crystalline and
no reflections other than those from the corresponding zeolites
are observed. This can be further supported by the N2 adsorption

data (Micromeritics ASAP 2410) of P1 and SUZ-4 calcined at
500 °C for 6 h to remove the occluded organic species, from
which the BET surface areas of 124 and 370 m2 g21 were
derived, respectively. SEM photographs (JEOL JSM-6300)
show that zeolite P1 appears as agglomerates of small (1.5–2.0
mm), heavily overlapped cuboids, while SUZ-4 consists of
needle-like crystals that are ca. 1 mm in length and 0.2 mm in
diameter. On the other hand, it can be seen from the 13C-1H CP/
MAS NMR spectra (Fig. SI 1, ESI†) of as-synthesized P1 and
SUZ-4 that both samples exhibit three main resonances around
d 54, 21 and 8, which can be assigned to the methylene carbons
bonded to the nitrogen, the methylene carbons in the pentyl
chain and the methyl carbons in the ethyl groups of Et6-diquat-
5, respectively. This indicates that the organic SDA remains
intact upon its occlusion in the P1 and SUZ-4 pores. A
combination of elemental and thermal analyses reveals, within
experimental error, that as-synthesized P1 and SUZ-4 zeolites
have the chemical compositions (Et6-diquat-5)0.6Na1.8Al2.7-
Si13.3O32·2.0H2O and (Et6-diquat-5)1.2K2.0Al3.9Si32.1-
O72·4.8H2O, respectively. Thus, there is a small but non-
negligible dissimilarity between the amount of Al and the sum
of Et6-diquat-5 and alkali metal cations for the unit cell formula
of each material. This suggests that a portion of the organic
occluded is present in either bromide or hydroxide form to act
as a space-filling species. Also, it should be noted that the Si/Al
ratios (4.9 and 8.2) of P1 and SUZ-4 zeolites prepared here are
higher than those of previously known isostructural materials.
The Si/Al ratios for all the natural and synthetic GIS-type
zeolites reported so far are always in the range 1.0–3.2,4,10 while
SUZ-4 materials are known to have a narrow Si/Al ratio range
of 6.2–7.1.5,6,8 The enhanced Si/Al ratios of our P1 and SUZ-4
zeolites can be rationalized by considering that the length (ca.
15 Å) of the Et6-diquat-5 used as an organic SDA here is much
larger than that of the already known SDAs (e.g. tetramethyl-
ammonium and tetraethylammonium cations) for these mate-
rials.

† Electronic supplementary information (ESI) available: Fig. SI 1 and 2
(13C–1H CP/MAS and 27Al NMR Spectra for P1 and SUZ-4). See http:
//www.rsc.org/suppdata/cc/b0/b004004p/ 

Fig. 1 Powder X-ray diffraction patterns of as-synthesized (a) P1 and (b)
SUZ-4. Rigaku Miniflex diffractometer, Cu-Ka radiation, 0.02° 2q step size
and 0.50 s count time.
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The 27Al MAS NMR measurements (Bruker DSX 400,
13.0 kHz spinning rate) show that as synthesized P1 and SUZ-4
exhibit only one line at d 58.2 and 52.7, respectively, typical of
tetrahedral Al sites in zeolites (Fig. SI 2, ESI†). The 29Si MAS
NMR spectra of these phases are shown in Fig. 2. The spectrum
of zeolite P1 is characterized by three 9Si resonances at d
2109.8, 2104.1 and 298.6, assigned to Si(nAl) species with n
= 0, 1 and 2, respectively. Deconvolution of this spectrum
allowed us to calculate a Si/Al ratio of 4.5 for our P1 that is in
good agreement with the value determined from elemental
analysis. On the other hand, the 29Si MAS NMR spectrum of
SUZ-4 shows three main resonances at 2115.1, 2111.3 and
2106.8. We note here that the high-field resonance has not been
clearly found in the reported spectrum of an SUZ-4 material
with Si/Al = 6.4.9 This again confirms the enhanced Si/Al ratio
of SUZ-4 prepared here, although the existence of multiple T-
sites in the proposed framework of SUZ-4 makes it impossible
to determine accurately the framework Si/Al ratio from its 29Si
MAS NMR spectrum at this time. Further details on the
physicochemical properties of our P1 and SUZ-4 will be given
elsewhere.11

The overall synthetic results of this study reveal that the
crystallization conditions and the oxide composition of synthe-
sis mixtures yielding pure P1 or SUZ-4 in the presence of Et6-
diquat-5 are restricted within narrow limits, which is quite
similar to the trend found in the synthesis of ZSM-57 using the
same organic SDA.3 When trying to reproduce the synthesis of
zeolite P1 under static conditions, for example, the synthesis
mixture remains amorphous even after heating at 160 °C for 2
weeks. By contrast, a MOR zeolite is the phase that crystallizes
from the synthesis mixture with Si/Al = 20 under stirring in
conditions described above. Thus, it appears that the structure-
directing ability of the organic Et6-diquat-5 itself is not strong
enough to govern the crystallization of P1 and SUZ-4. This
suggests that the synergy of alkali metal cations and a particular
organic Et6-diquat-5 may be a critical factor affecting the phase
selectivity of the crystallization, although the exact role of alkali
cations in the Et6-diquat-5-mediated synthesis of P1, SUZ-4,
and ZSM-57 remains to be elucidated. In order to follow a more
rigorous study on this issue, extensive investigations of the
host–guest interactions in these zeolites are currently underway
in our laboratory.

We acknowledge the financial support of the Korea Energy
Management Corporation R&D Management Center for En-
ergy and Resources and the Korea Science and Engineering
Foundation through the Advanced Materials Research Center
for a Better Environment at Taejon National University of
Technology.
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Fig. 2 29Si MAS NMR spectra of as-synthesized (a) P1 and (b) SUZ-4
zeolites. Spectra recorded on a Bruker DSX 400 at 12 kHz spinning rate, 60
s recycle delay, 79.459 MHz, p/5 rad, 2 ms pulse length, 1200 scans.
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The copper(I) ethylene complex [But
2P(NSiMe3)2-

k2N]Cu(h2-C2H4) reacts with O2, yielding an uncharged
dinuclear copper(III) bis(m-oxo) species, which has been fully
characterized, e.g. by single-crystal X-ray diffraction.

Tyrosinase, the longest known monooxygenase, activates
dioxygen for transforming phenols to catechols and quinones.1
Similar to hemocyanin, the oxygen transport protein of
invertebrates, tyrosinase contains a dinuclear copper site, where
each copper atom is coordinated by three histidine imidazole
ligands.2 A great number of model complexes have been
synthesized to realize different coordination modes of dioxygen
in dinuclear copper complexes and to understand their re-
activity.3 Amine, pyridine, imidazole and pyrazole derivatives
have been utilized as ligands. The coordination number at
copper, the steric demand of ligands as well as counter ions,
temperature and solvent have been varied in order to correlate
ligand features with spectroscopic, structural, kinetic and
thermodynamic data of the resulting (m-h2+h2)peroxo,3,4 m-
1,2-peroxo5 and bis(m-oxo)6 dicopper complexes. Despite
intense research directed towards ligand effects in copper
dioxygen chemistry, neither extremely electron-rich and basic
ligands nor four-membered chelate systems have been inves-
tigated.

We have introduced the anionic iminophosphanamide ligand
[But

2P(NSiMe3)2]2 into copper(I) coordination chemistry.7 Its
basicity is many orders of magnitude higher than that of any
ligand used in copper dioxygen chemistry so far. In addition, the
small N–Cu–N bite angle of the neutral d10 fragment [But

2P(N-
SiMe3)2-k2N]Cu of ca. 78° leads to increased Lewis acidity of
the copper center, provides better back-bonding capability and
stabilizes the copper(III) oxidation state.7,8

The copper(I) ethylene complex 17 is oxidized by O2,
yielding a brown crystalline precipitate of bis(m-oxo) complex 2
(Scheme1).‡ The reaction is irreversible; no ethylene complex 1
could be detected upon addition of C2H4 to a solution of 2.

The low solubility of 2 in various solvents is in contrast to the
extremely high solubility of the precursor complex 1. A 444 nm

absorption maximum of 2 is characteristic for a bis(m-oxo)
dicopper chromophore.3,6 Formation of a butterfly (m-
h2+h2)peroxo dicopper(II) complex, which also would show an
absorption band at 420–490 nm,9 is hampered by the bulky
trimethylsilyl groups (viz. Fig. 1) and so far an out-of-plane
distortion could only be enforced by linkers between the ligand
units. Even in concentrated solutions, no absorption bands at
340–370 nm 500–600 nm, indicative of the presence of a (m-
h2+h2)peroxo complex, could be observed. Thus, a nearly
thermoneutral equilibrium of 2 with its (m-h2+h2)peroxo
isomer, as reported for some dicationic analogues,3,6a can be
ruled out.3,4 29Si{1H} and 31P{1H} NMR spectra of 2 at room
temperature are in accordance with a diamagnetic low-spin d8-
ML4 copper(III) species. The respective low-field shifts,
unprecedented among all other derivatives synthesized so far,
indicate a distinct net charge transfer from the [But

2P-
(NSiMe3)2-k2N]Cu fragment to the oxygen atoms.7,10 An
antiferromagnetically coupled bis(m-hydroxo) dicopper(II)
complex is ruled out for 2 by IR spectroscopy and LT-FAB11

mass spectrometry, which reveals stepwise fragmentation of the
bis(m-oxo) complex 2.† At ambient temperature, complex 2
decomposes within minutes in solution and within days in the
solid state. This decomposition occurs independently of the
solvent (pentane, toluene or CDCl3), leading to a copper(II)
species (lmax = 640 nm, e ≈ 102 M21 cm21), which possibly
results from an intramolecular process. The product remains
unidentified so far.

The solid-state structure of 2 reveals a perfectly planar bis(m-
oxo) dicopper unit (Fig. 1).§ Compound 2 represents the first
neutral bis(m-oxo) dicopper complex, that has been structurally
characterized; all other bis(m-oxo) dicopper complexes are
dicationic.3,6 The Cu–Cu distance of 2.906(1) Å has no
precedent and is distinctly longer than Cu–Cu distances
reported for bis(m-oxo) dicopper cores so far.6 The O–O

† Dedicated to Professor R. Neidlein on the occasion of his 70th
birthday.

Scheme 1

Fig. 1 ORTEP diagram of the solid state structure of 2.‡ Distances and bond
lengths (Å): O(1)–O(2) 2.338(6), Cu(1)–Cu(1A) 2.906(1), Cu(1)–N(1)
1.976(4), Cu(1)–N(2) 1.980(4), Cu(1)–O(1) 1.865(3), Cu(1)–O(2) 1.864(3),
P(1)–N(1) 1.607(4), P(1)–N(2) 1.605(4), Si(1)–N(1) 1.726(4), Si(2)–N(2)
1.723(4). Bond angles (°): P(1)–N(1)–Si(1) 148.2(3), P(1)–N(2)–Si(2)
148.0(3), N(1)–P(1)–N(2) 100.7(2), P(1)–N(1)–Cu(1) 91.0(2), P(1)–N(2)–
Cu(1) 90.9(2), N(1)–Cu(1)–N(1A) 77.4(2), O(1)–Cu(1)–O(2) 77.6(2),
Cu(1)–O(1)–Cu(1A) 102.3(2), Cu(1)–O(2)–Cu(1A) 102.4(2). Dihedral
angles (°): Cu(1)–O(1)–Cu(1A)–O(2) 0.0, N(1)–Cu(1)–O(1)–O(2)
2173.7(1), N(2)–Cu(1)–O(2)–O(1) 2175.2(1).
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distance of 2.338(6) Å is unexceptional.6 The Cu–N bond
lengths of 1.980(4) and 1.976(4) Å underline the presence of
copper(III), consistent with all spectroscopic data even in the
absence of K-edge X-ray absorption investigations.12 The
minimally elongated Si–N bonds compared to ethylene com-
plex 1 can be attributed to the reduced negative partial charge of
the nitrogen atoms in 2. For the first time, the neutral species 2
offers an opportunity to compare theoretical and experimental
geometries without Coulomb repulsion artifacts, which are a
problem for calculations of gas-phase dications.

Full B3LYP 6-311+G(2d,p) geometry optimization of the
simplified model complex [{H2P(NH)2-k2N}2Cu2(m-O)2] 3
accurately reproduces the PN2Cu geometry.¶ The Cu2O2 core is
similar to that of the dicationic bis(m-oxo) dicopper(III)
complexes,3,6 however, the calculation underestimates the Cu–
O bond length by 0.066 Å and the Cu–Cu distance by 0.167 Å
compared to the solid-state structure of 2 (Fig. 2).

From CASSCF and DFT calculations as well as from orbital
arguments for the dicationic model [{(H3N)3Cu}2(m-O)2]2+,
Tolman and coworkers have rationalized that the energy surface
for elongating the Cu2O2 core of bis(m-oxo) copper complexes
in the Cu–Cu direction, with concomitant decrease of the O–O
distance, is flat.13 This is corroborated by a single-point
calculation for model 3 with the experimental Cu2O2 geometry
of 2, leading to an increase in energy of only 19.4 kJ mol21.
Thus steric interactions in the solid-state structure of real system
2 and the need for a still higher level of theory may explain the
discrepancy between the Cu2O2 cores of the computed model 3
and of 2. By contrast, accurate [(H3N)6Cu2O2]2+ geometries
were obtained even with modest basis sets.13 However, such
studies on dications may benefit from a mutual cancellation of
errors due to an underestimation of bond lengths by small basis
sets§ and bond enlargement by repulsive Coulomb forces,
respectively.

Related to the well documented small isomerization barrier
between dicationic bis(m-oxo) copper(III) and (m-h2+h2)peroxo
copper(II) complexes,3,6a a relative stabilization of the bis(m-
oxo) core in 2 can be expected from the electronic stabilization
of high copper oxidation states by the iminophosphanamide
ligand and the lack of intramolecular Coulomb repulsion, which
would favor the peroxo isomer.11 We expect compound 2 to
allow further interesting model studies.

Notes and references
‡ Synthesis of 2: 421 mg of ethylene complex 17 (1.02 mmol) are dissolved
in 50 ml of pentane in a Schlenk tube under an argon atmosphere. The
Schlenk tube is sealed with a CaCl2 drying tube, the solution is heated to
reflux and subsequently cooled to 225 °C. Upon cooling, atmospheric
dioxygen is automatically drawn into the Schlenk tube through the CaCl2
drying tube. Dark brown crystals grow from the brown solution. After 20 h,
the mother liquor is removed, the crystals are washed with pentane and dried
at 1023 mbar. 295 mg (0.37 mmol, 72%) of 2 are isolated; 87–88 °C color
change to green, mp 126 °C (decomp.); IR (KBr/cm21): n/cm21 2951m,
2901m, 1478w, 1396w, 1363w, 1248m, 1149m, 1115s, 845s, 756m, 691m,
633m; UV (pentane, c ≈ 0.4 mM): lmax/nm 256 ( ≈ 315 sh), 444 (e 104 M21

cm21); 1H NMR (268 K, toluene-d8, 300.13 MHz): d 1.11 [d, 3JPH 14.5 Hz,
C(CH3)3, 36H], 0.45 [s + sat, 1JCH 117 Hz, Si(CH3)3; 36H]; 13C{1H} NMR
(298 K, C6D6, 75.47 MHz): d 27.30 [d, 2JPC 2 Hz, C(CH3)3], 5.38 [d, 3JPC

2 Hz, Si(CH3)3], C(CH3)3 not found because of low solubility and too rapid
decomposition of 2 at room temperature; 29Si{1H} NMR (DEPT) (298 K,
CDCl3, 99.36 MHz): d 24.3 (d + sat, 2JPSi 7 Hz); 31P{1H} NMR (268 K,
toluene-d8, 121.50 MHz): d 82.6 (s + sat, 2JPSi 7 Hz); LT-FAB11 (toluene)
(%): m/z 798.3 (63) [M+], 781.3 (73) [M 2OH2], 768.3 (85) [M+2CH2O],
767.3 (80) [M 2 CH3O2], 711.2 (35) [M+ 2 But 2 CH2O], 631.3 (100)
[(LH)2Cu+ + H 2 SiMe3], 305.3 (88) [LH+2Me], correct isotopic pattern;
Anal. C28H72N4Cu2P2Si4; calc: C, 42.13; H, 9.09; N, 7.02; P, 7.76; found:
C, 42.51; H 9.05; N, 7.07; P, 7.64%.
§ Single crystals suitable for X-ray diffraction analysis were obtained by
slow oxidation of 1 in a pentane solution at 225 °C with trace amounts of
dioxygen in argon. Higher temperatures or air as oxidant only led to
microcrystalline material. Data were collected on a Bruker SMART CCD
instrument14,15 Crystal data for 2: C28H72Cu2N4O2P2Si4, M = 798.28,
monoclinic, space group C2/c m = 1.186 mm21, R1 = 0.058, wR2 = 0.140
(observed reflections), a = 28.4009(7), b = 11.2930(3), c = 16.9370(5) Å,
b = 126.604(1)°, V = 4360.9(2) Å3, T = 200(2) K, Z = 4, half a molecule
per asymmetric unit, 21976 reflections measured 4991 independent
(Rint = 0.0629). CCDC 182/1720. See http://www.rsc.org/suppdata/cc/b0/
b004173o/ for crystallographic files in .cif format.
¶ For the DFT calculations, the empirically parametrized B3LYP16 method
within the Gaussian 98 (Revision A.5) package17 was used. Restricted and
unrestricted energy calculations of singlet 3 yield identical energies
(24338.1224 Eh), an unrestricted single point calculation of triplet 3 leads
to an energy 105.4 kJ mol21 above the singlet [B3LYP 6-31G(d): 102.2 kJ
mol21]. Cu–Cu distance of 3: B3LYP 6-31G(d): 2.685 Å; B3LYP 3-21G:
2.649 Å. NBO Version 3.1, E. D. Glendening, A. E. Reed, J. E. Carpenter
and F. Weinhold.
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Polypyrrole films possessing regular macropores intercon-
nected through size-controlled holes have been prepared by
electrochemical oxidation in the presence of ordered arrays
of silica spheres as templates.

Ordered porous ceramics, metals and polymers have attracted
much attention currently because of their applications in
catalysis, separation films, porous electrodes and photonic
crystals. For synthesis of these materials, useful methods using
emulsions1 or colloidal crystals, which are comprised of
submicron-sized monodisperse lateces2–8 or silica particles,9–12

as templates have been successfully developed. The advantages
of the template-directed methods are mainly due to their size
tunability and the simple procedure involving impregnation of
the interstitial channels of templates with the desired precursors,
reactions and subsequent removal of the templates.

Thus obtained macroporous materials generally possess two
types of characteristic void closely related to the applications
mentioned above. One is a macropore that is well controlled by
the size of the particles that constitute the templates. The other
is a smaller hole, which forms at each contact point between the
nearest neighbor particles of templates and three-dimensionally
connects each macropore. The size of these holes as well as the
macropores strongly influence the mass transportation in the
bulk of the porous materials. Therefore, the size control of these
holes is the critical issue in the fields that require easy access to
the high internal surface area of the materials and designed
diffusion pathways. However, its control is more difficult than
that of the macropores. This is because their size is sensitive to
the degree of filling of the channels of the original templates
which depends on the viscosity and concentration of precursors
and shrinkage of materials when the precursors react. Conse-
quently, there have been only a few reports in which the control
of the interconnecting hole size has been achieved through
changing the viscosity of the precursor which depends on
temperature,11 repetitions of the filling process3 or sintering of
templates to give larger contact areas between original parti-
cles.9,10

Recently, electrodeposition has been applied to colloidal
template-directed synthesis toward complete impregnation of
interstitial channels with group II–VI semiconductors.13 The
electrochemical technique should be an effective route not only
for complete filling but also for governing the growth and
volumes of materials being deposited in the complex channels
via parameters such as potential and current that are easy to vary
and monitor.

Here we describe the size control of the small interconnecting
holes as well as the macropores in template-directed electro-
chemical synthesis of macroporous polypyrrole. This new
material should be of practical value for electrochemical
capacitor and battery material applications.

According to a convective self-assembly technique by Jiang
et al.14 which relies on capillary forces, we prepared silica
colloidal crystals supported on F-doped SnO2 coated glasses
(OTE). An OTE was dipped into ethanol containing mono-
disperse silica spheres with a mean diameter of 238 nm.
Because rapid ethanol evaporation led to poor uniformity of the

thickness of the colloidal crystals, the OTE dipped into silica/
ethanol dispersion was covered by a 200 mL beaker to slow the
evaporation rate. After ethanol was evaporated for 5 days,
opalescent colloidal crystals of 3.0 mm average thickness were
deposited on the conducting surface. These colloidal crystals
used as templates were hydrothermally treated at 473 K for 3 h
at a heating rate of 2 K min21 leading to slight necking between
silica particles which mechanically stabilizes the templates.9,10

The necking also resulted in a shrinkage of ca. 2% of the
thickness compared to the as-grown crystals. Finally, the
templates were washed with ethanol several times and kept in a
vacuum desiccator until use. The electropolymerization was
potentiostatically performed using 0.1 M pyrrole and 0.1 M
LiClO4 in acetonitrile solutions with a BAS 100W apparatus
(Bioanalytical Systems, Inc.). The counter electrode was Pt wire
and the reference electrode was Ag/Ag+. After electro-
polymerization of pyrrole, the templates were dissolved by
immersing in 20% HF aqueous solutions for 48 h. The
polypyrrole films which were peeled off from the OTE were
washed with deionized water and characterized by SEM
(Hitachi S-800) without the requirement for deposition of metal
because of the conductivity of polypyrrole.

Fig. 1 shows chronoamperometric responses of pyrrole
polymerization at applied potentials of 0.55, 0.75 and 0.85 V vs.
Ag/Ag+. Transition points (marked by the arrows), where the
current rapidly increased were observed and shifted toward
shorter times at higher potentials. Similar transition points have
been observed in template synthesis using membranes with
topologically simple cylindrical pores.15 These rapidly in-
creased currents were suggested to be mainly caused by a rapid
increase of the electrochemical reaction area when the growing
surface of materials reached the membrane/bulk solution
interface. In our case, the surfaces of the colloidal crystals were
almost fully covered with cauliflower-like polypyrrole at

Fig. 1 Chronoamperometric responses of pyrrole electropolymerization in
channels of silica colloidal crystals by applying (a) 0.55 V, (b) 0.75 V and
(c) 0.85 V. The inset shows a schematic represetation of colloidal crystals
and the growth direction of polypyrrole.
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deposition times beyond the transition points (data not shown).
Hence, in the present colloidal template synthesis, the transition
points are considered to appear according to a similar
phenomenon as above. These transition points also should
enable us to avoid covering the pores of the top surface of the
films with excess polypyrrole.

Fig. 2 shows typical SEM images of the original templates
and the macroporous polypyrrole prepared at various potential

with electropolymerization stopped before each transition point.
Fig. 2(b), (c) and (d) demonstrate that the polypyrrole films had
honeycomb macroporous structures mirroring the ordered
channels of the original templates [Fig. 2(a)] and smaller holes
inside each macropore were clearly observed. As shown in the
insets of Fig. 2, their average size increased with increasing
polymerization potential from 49.8(5.68) to 73.1(10.6) to
89.6(11.2) nm (esds in parentheses) at 0.55, 0.75 and 0.85 V.
These results demonstrated that simple potential change should
allow the hole size to be controlled. At 0.55, 0.75 and 0.85 V,
the center-to-center distances between the macropores were
smaller by 0.1, 0.2 and 3% than the diameters of the original
silica spheres, respectively. Taking into account the low
shrinkage, the hole size is likely determined rather by
incomplete filling during the electropolymerization process
than by shrinkage of polypyrrole. The charges passed at each
transition time were 0.8, 0.6 and 0.2 C at 0.55, 0.75 V and 0.85
V, respectively implying that smaller quantities of polypyrrole
were deposited within the channels at higher potentials, which
would decrease the degree of filling.

In conclusion, we have electrochemically prepared macro-
porous polypyrrole films using colloidal templates. Fur-
thermore, we found that their smaller hole size could be
controlled by changing the polymerization potentials. Prelimi-
nary experiments showed that this electrochemical control of
the hole size can be extended to other templates with different
diameters of silica spheres. More detailed mechanisms of the
variation of the hole size and the growth of materials in three-
dimensionally complex channels are under investigation by
experiments with other conducting polymers and metals.

The present study was supported in part by the Japan Society
for the Promotion of Science as part of the ‘Reserch for the
Future Program’ and also by a Grant-in-Aid for Scientific
Reserch from the Ministry of Education, Science, Sports and
Culture of Japan.
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C. Schmid, M. Krüger, A. Bachtold, R. Huber, H. Birk and U. Staufer,
J. Phys. Chem. B, 1997, 101, 5497.

Fig. 2 SEM imges of (a) the original templates and the macroporous
polypyrrole films prepared by applying (b) 0.55 V, (c) 0.75 V and (d)
0.85 V. The insets show the hole size distributions corresponding to each
SEM image. The size distributions were determined by counting more than
200 holes.

1614 Chem. Commun., 2000, 1613–1614



Peptides with nucleobase moieties as a stabilizing factor for a two-stranded
a-helix

Sachiko Matsumura,a Akihiko Uenoa and Hisakazu Mihara*ab

a Department of Bioengineering, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology,
Nagatsuta, Yokohama 226-8501, Japan. E-mail: hmihara@bio.titech.ac.jp

b Form and Function, PRESTO, Japan Science and Technology Corporation, Tokyo Institute of Technology,
Nagatsuta, Yokohama 226-8501, Japan     

Received (in Cambridge, UK) 31st May 2000, Accepted 20th July 2000
Published on the Web 9th August 2000

The designed a-helical coiled-coil peptides, which contain
nucleobase moieties at the amino acid side chains, were
found to take a stable a-helical form owing to the base-pair
interaction.

a-Helical coiled-coil, found in many natural proteins, is one of
the well-studied motifs aiming to understand protein sequence–
structure relationships,1 and also to develop novel proteins with
functional properties by de novo protein design.2 The initial
studies have focused on the usage of hydrophobic and
electrostatic interactions between amino acid side chains to
assemble a-helical peptide chains.3 In this study we, for the first
time, provide another example utilizing hydrogen bonds
between nucleobases at amino acid side chains to form an a-
helical coiled-coil. In nature, DNA and RNA take advantage of
hydrogen bonds in their structures and functions. Sequence-
complementarity of antiparallel strands and high-fidelity in-
formation transfer including transcription, translation, and
replication are performed owing to the nucleobase-molecular
complementarity through hydrogen bonds. Thus, peptides
equipped with the nucleobase-molecular complementarity
should gain new useful characters in their structure and
function. In order to explore the applicability of nucleobase-
complementarity in a peptide structure, we have introduced
nucleobase amino acids (NBAs)4 in a two-stranded a-helix with
the coiled-coil motif (Fig. 1), and examined the effects on the
peptide secondary structure.

We designed an antiparallel, two-stranded coiled coil QQ as
a basic framework, based on the peptide designed by Zhou
et al.5 QQ consists of two amphiphilic a-helices, each

containing a two-heptad repeat unit with the amino acid
sequence AcLdQeKfQgLaAb. In the design of the peptide, Leu
residues at the a and d positions are expected to form a
hydrophobic face, which drives coiled-coil formation through
its burial in the interface. Gln residues are selected at the e and
g positions to prevent induction of inter- or intrahelical
electrostatic interactions. To produce a disulfide-bridged
coiled-coil in an antiparallel fashion, the sequence Cys-Gly-
Gly- is added to the N-terminus of one helix, and the sequence
-Gly-Gly-Cys is placed at the C-terminus of the other helix.
Since the Ca-Cb vectors of amino acid at the g and gA positions
are pointed toward each other in antiparallel coiled-coils in the
wheel diagram (Fig. 1c), NBAs were incorporated at the g and
gA heptad positions instead of Gln. Thereby, we expected the
specific interaction between thymine NBA (TNBA) and adenine
NBA (ANBA) in the two-stranded a-helix. We designed three
peptides with T–A pair(s) at the g and gA heptad positions; TA-1
has the pair apart from the disulfide-bridged end, TA-2 has the
pair near the disulfide linker, and TA-1·2 contains pairs at both
positions (Fig. 1).

The designed peptides were synthesized manually by the
solid-phase method using the Fmoc-strategy.6 To introduce
ANBA and TNBA to the Fmoc chemistry protocols, N-Fmoc-L-a-
amino-g-(6-N-benzyloxycarbonyl)adenine butanoic acid
[Fmoc-ANBA(Z)-OH] and N-Fmoc-L-a-amino-g-thymine buta-
noic acid [Fmoc-TNBA-OH] were prepared according to lit-
erature methods with some modifications.7 All peptides were
acetylated at the N-terminus and amidated at the C-terminus to
avoid unfavorable helix–dipole interactions. To build an
antiparallel heterodimer, an asymmetric disulfide bond forma-
tion between two peptides was performed via activation of the
thiol function of one peptide by pyridinesulfenylation, and the
reaction with the second peptide with the free thiol.8 The
peptides were purified by reversed-phase HPLC, and identified
by matrix-assisted laser desorption time-of-flight mass spec-
trometry and amino acid analysis.9 The concentrations of the
peptides were determined by quantitative amino acid analysis
using valine as an internal standard.

The circular dichroism (CD) spectra of the designed peptides
in a buffer (pH 7.4) at 25 °C are shown in Fig. 2. All peptides
showed spectra characteristic of an a-helical conformation with
negative maxima near 208 and 222 nm and a positive maximum
at 195 nm. The ratio of the molar ellipticities at 222 and 208 nm,
[q]222/[q]208, was reduced in a solution containing trifluoro-
ethanol, known as a solvent enhancing an a-helix form but
isolating a helix-dimer, indicating two-stranded a-helical
formation in the buffer. The [q]222 values of TA-1 and TA-2,
both having a T–A pair, were 220500 and 222100 deg cm2

dmol21, respectively, showing their higher helical contents than
the content of QQ ([q]222 = 215100 deg cm2 dmol21).
Furthermore, TA-1·2 having two T–A pairs showed a higher a-
helicity ([q]222 = 223800 deg cm2 dmol21) than TA-1 and TA-
2. We assumed that this helix-inducing effect was not the result
of the peptide aggregation, judged from the concentration
independence of the [q]222 values of designed peptides (ranging

Fig. 1 (a) Structures of nucleobase amino acids (NBAs); (b) amino acid
sequences; (c) helix wheel drawing of the designed peptides.
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from 7.5 3 1027 to 1.0 3 1024 mol dm23). The addition of an
excess amount of exogenous adenine reduced the a-helical
contents in the cases of peptides possessing T–A pair(s)
(D[q]222 = 6500 deg cm2 dmol21 in TA-1·2), whereas no
change occurred in the case of QQ.10 This demonstration
implied that the added interaction between A and T increases
the a-helical content.

Denaturation studies were carried out to determine the
stabilities of the peptides. With increasing temperature of the
peptide solution, the bimodal spectra were gradually converted
into those of a random conformation, indicating the decrease of
the fraction of a-helix structure. The presence of an isodichroic
point at ca. 202 nm was consistent with the helix-coil transition.
From the temperature dependence of [q]222 shown in Fig. 3, it
was apparent that the thermal stabilities of the nucleobase-
containing species, especially TA-1·2, were noticeably in-
creased as compared to the stability of QQ. Furthermore, the
guanidine hydrochloride (GuHCl) denaturation study also
provided the observation of the stabilizing effect in nucleobase-
containing peptides (Table 1). The incorporation of one T–A
pair in the two-stranded a-helix (TA-1 and TA-2) made
peptides with a higher stability than QQ, and the additional
incorporation (TA-1·2) afforded further stability to the peptide.
TA-2 is slightly more stable than TA-1, which is consistent with
the a-helicity. An explanation may be the difference of the
position of a T–A pair (Fig. 1). In TA-2 the pair was located near
the disulfide-linker so that T and A might configure to interact
at g–gA positions, whereas in TA-1 the pair was at the end
leading to fluctuation of T and A. Moreover, the effect of
nucleobase-incorporation on the helix stability was not additive.
The incorporation of one T–A pair into QQ increased DGuH2O

by 0.56 (TA-1) and 0.90 kcal mol21 (TA-2), whereas two T–A
pairs increased greatly by 1.88 kcal mol21.

We also examined the peptides having two T–T pairs (TT-
1·2) or two A–A pairs (AA-1·2) at the g–gA positions in the two-
stranded a-helix. However, these mismatch pairs did not
significantly improve the a-helical form unlike T–A pairs (TT-
1·2, [q]222 = 217800; AA-1·2, [q]222 = 218100 deg cm2

dmol21). These results strongly suggest that the specific
interaction between the T–A pair is important in promoting the
a-helical formation. In such a case of the specific pair(s), T and
A in the two-a-helix might orient and interact in the appropriate
fashion. One possible interaction might be base stacking
(hydrophobic interaction), and another might be hydrogen-
bonding. The former does not contribute greatly to the helix
formation, because the a-helical content of AA-1·2, containing
two A–A mismatch pairs, is not as large as that of TA-1 or TA-
2. In respect to the latter interaction, the pH dependence of
[q]222 revealed that T–A-containing peptides took a higher
helical form under neutral conditions than under acidic or basic
conditions. The protonation of nucleobases had an influence on
the interaction between T and A, suggesting a large contribution
of the hydrogen-bonding interaction. Although detailed inspec-
tion is necessary to answer how these bases interact and induce
the helical structure, the specific interaction, including the
hydrogen-bonds, were successful at stabilizing two-stranded a-
helix structures.

In conclusion, peptides containing NBAs at the g–gA positions
in the coiled-coil structure were synthesized, and the incorpo-
rated A–T nucleobase pairs were found to make an effective
contribution to the formation of stable a-helical structures. The
base-pair interaction can be utilized as a new tool for designing
secondary or tertiary peptide structure, and also applied to
development of novel functions based on the complementar-
ity.
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Fig. 2 CD spectra for the designed peptides in 2.0 3 1022 mol dm23

Tris·HCl buffer (pH 7.4) at 25 °C. [Peptide] = 1.0 3 1025 mol dm23. QQ,
(——); TA-1, (– – –); TA-2, (-----); TA-1·2, (•).

Fig. 3 Temperature dependence of the CD signal at 222 nm for QQ, TA-1,
TA-2, and TA-1·2 in 2.0 3 1022 mol dm23 Tris·HCl buffer (pH 7.4).

Table 1 Stabilities of the designed peptides estimated by GuHCl
denaturation

Peptide QQ TA-1 TA-2 TA-1·2

DGuH2Oa/kcal mol21 0.74 1.30 1.64 2.62
DDGuH2Oa/kcal mol21 0 0.56 0.90 1.88
[GuHCl]1/2

b/mol dm23 1.7 2.0 2.3 3.2
D[GuHCl]1/2

b/mol dm23 0 0.3 0.6 1.5
a DGuH2O is the free energy of unfolding in the absence of GuHCl at 25 °C,
estimated according to the equation: DGu = DGuH2O2 m[GuHCl], where
m is the slope term. DGu is calculated from the equation: DGu = 2RTln[(1
2 fn)/fn].11 b The [GuHCl]1/2 values represent the concentration of GuHCl
at which 50% of the peptide is unfolded.
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This is the first example of a solvent effect on fluorinated
product selectivity; anodic fluorination of 4-arylthio-1,3-di-
oxolan-2-ones in CH2Cl2 containing a fluoride supporting
electrolyte using an undivided cell provided the fluoro-
desulfurization product, 4-fluoro-1,3-dioxolan-2-one prefer-
entially while anodic fluorination in DME resulted in a-
fluorination, without desulfurization, selectively.

Fluorinated ethylene carbonates seem to be promising organic
electrolytic solvents or additives for rechargeable Li batteries
since introduction of fluorine atom(s) into ethylene carbonate is
expected to increase its electrochemical stability and decrease
its melting point. We have studied selective anodic fluorination
of various organic compounds.1,2 The selective anodic fluorina-
tion has many advantages since the fluorination can be carried
out in one step under safe conditions and the use of hazardous
reagents is not required. So far, limited examples of selective
anodic fluorination of oxygen-containing heterocycles have
been reported.3 With these facts in mind, we have attempted
anodic fluorination of ethylene carbonates having an arylthio
group 1 using various supporting fluoride salts and solvents.

At first, we investigated anodic fluorination of 4-phenylthio
derivative 1a under various conditions. Constant current
electrolysis was carried out at platinum plate electrodes in an
undivided cell at rt until 1a was completely consumed. The
results are summarized in Table 1.

As shown in Table 1, anodic fluorodesulfurization of 1a
proceeded selectively in Et4NF·4HF–CH2Cl2 and Et3N·5HF–
CH2Cl2 to provide monofluorinated product 24 in moderate to
good yields (runs 3 and 5). In sharp contrast, a-fluorination of
1a took place preferentially in Et4NF·4HF–DME to give 3a5

(run 4). In this case, difluorinated products such as 4 (Scheme 2)
were not formed. This can be explained in terms of the oxidation
potential of 3a (Eox

p : 2.2 V vs. SCE) being 0.3 V higher than that
of 1a (Eox

p : 1.9 V vs. SCE).

Next, we extended this anodic fluorination to the 4-(4-chloro-
phenylthio) derivative 1b. Similarly, the use of Et3N·5HF–
CH2Cl2 provided 2 exclusively in almost quantitative yield (run
7) while the use of Et4NF·4HF–DME afforded 3b6 selectively
in good yield (run 6). Thus, it was found that electrolytic
conditions, particularly electrolytic solvents, greatly affected
the fluorinated product selectivity. Such marked product
selectivity depending on electrolytic solvents has not been
previously reported for anodic fluorination.

In order to clarify the solvent effects, we investigated anodic
fluorination of 1b in a mixed solvent of DME and CH2Cl2
containing Et4NF·4HF. As shown in Fig. 1, the product ratio of
2 to 3b increased with an increase in the ratio of CH2Cl2 to
DME. Notably, addition of only 25% CH2Cl2 to DME caused a
dramatic change in the product ratio and 2 was mainly formed
in ca. 60% yield.

This interesting phenomenon can be explained as follows.
The fluorination can be rationalised by postulating a radical
cation intermediate A as shown in Scheme 1.

CH2Cl2 has a poor ability to solvate carbocations, therefore,
A seems to be unstable in CH2Cl2. Consequently it is reasonable
to assume that desulfurization followed by fluorination mainly
takes place prior to a-fluorination of A.7 On the other hand,
DME is known to strongly coordinate cations.8 Therefore, DME
should stabilize the intermediate A and DME also enhances the
fluoride ion nucleophilicity.9 Then, the deprotonation of A with
fluoride ions takes place prior to desulfurization followed by
further oxidation to generate cation B and this cation reacts with
a fluoride ion to provide the a-fluorinated product.

Furthermore, we examined anodic fluorodesulfurization of
3a. As shown in Scheme 2, anodic fluorodesulfurization of 3a
in Et4NF·4HF–CH2Cl2 and Et3N·5HF–CH2Cl2 proceeded to
give desired difluorinated product 410 in reasonable yield.
However, anodic fluorodesulfurization of 3a did not take place
at all in Et4NF·4HF–DME and 3a was almost recovered.

Finally, we also examined chemical fluorination of 1a.
However, treatment of 1a with various N-fluoropyridiniumTable 1 Anodic fluorination of 4-arylthio-1,3-dioxolan-2-ones

Fig. 1 Dependence of yield of 2 and 3b on the ratio of CH2Cl2 to DME.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b004652n Chem. Commun., 2000, 1617–1618 1617



triflates in CH2Cl2 resulted in the formation of none of the
desired fluorinated products, as shown in Scheme 3. Therefore,
electrochemical fluorination is more advantageous than con-
ventional chemical methods for such heterocyclic sulfides.

In summary, we have developed a novel synthesis of
fluorinated ethylene carbonates using anodic fluorination and
we also found a unique marked solvent effect on fluorinated
product selectivity.

We thank the Kato Foundation and the Ministry of Education,
Science, Sports and Culture of Japan for Financial support
(Grant-in-Aid for Scientific Research, No. 12555252).
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[PdCl{C6H3(OPPri
2)2-2,6}] efficiently catalyzes the olefina-

tion of a broad scope of aryl chlorides; as a result of the high
thermal stability of the catalyst, the coupled products are
obtained in excellent and in many cases nearly quantitative
yields.

The formation of vinylic C–C bonds from the palladium
catalyzed coupling of aryl bromides, iodides and triflates with
alkenes (the Heck reaction) is one of the “true power tools of
contemporary organic synthesis”.1 However, the industrial
application of the reaction has been very limited owing to the
instability of the palladium catalysts and the high cost of the aryl
starting materials. Recently a great deal of progress has been
made toward overcoming these limitations.2–9 In a pioneering
study, Milstein and coworkers found that the olefination of
relatively inexpensive aryl chlorides is catalyzed by [Pd(OAc)2]
in the presence of 1,3-bis(diisopropylphosphino)propane.2
Higher turnovers and yields have recently been achieved with
activated aryl chlorides using palladacycle,3 carbene–palla-
dium4 and palladium–phosphite5 catalysts. It has also been
discovered that the activity of more traditional Heck coupling
systems is enhanced by the addition of [PPh4]Cl6 or PBut

3
7 such

that the chloro substrates can be utilized in the reaction.
Notably, Littke and Fu found that in the presence of PBut

3,
Pd2(dba)3 catalyzes the olefination of a broad scope of aryl
chlorides.7

A key feature of several of these systems is the stabilization
of the active catalysts by either ligand chelation or steric
shielding of the metal center. Both of these stabilizing effects
can be realized with mixed donor polydentate ligands. This
combination has been used to good advantage in catalytic
aliphatic dehydrogenation reactions by iridium PCP pincer
complexes, [IrH2{C6H3(CH2PR2)2-2,6}]. The pincer ligand
confers high stability on the complexes at the temperatures
required for oxidative additions of aliphatic C–H bonds.10

Similarly, the palladium PCP pincer complexes, [Pd{O-
C(O)CF3}{C6H3(CH2PPri

2)2-2,6}], [Pd{OC(O)CF3}{C6CH2-
1-(CH2PR2)2-2,6-(CH2)2-3,5-H-4}] (R = Pri, But) have been
found to be an extraordinarily active catalyst for the Heck
couplings with iodo- and bromo-arenes.11 However, the
phosphino pincer complexes were found to be almost inactive
with chloroarenes. Beller5 and Zapf van Leeuwen and cowork-
ers9 have recently reported cases in which the catalytic activity
of palladium complexes are remarkably enhanced upon sub-
stitution of phosphine ligands by alternative phosphorus ligands
containing electron withdrawing groups.5,9 We have found that
unlike 1,3-bis(phosphino)benzenes, 1,3-bis(phosphinito)ben-
zene, can be conveniently prepared in 95% yield from the
reaction of inexpensive precursors.12 It was therefore of interest
to examine the activity of the phosphinito palladium complex,
[PdCl{C6H3(OPPri

2)2-2,6}] 1, as a catalyst for Heck couplings
of aryl chlorides. We report here that 1 is an efficient catalyst for
this reaction, giving olefinated products in excellent, and in
many cases nearly quantitative yields.

The results of our studies of the catalytic activity of 1 are
presented in Table 1. In order to optimize the efficiency of the
catalytic system, we initially examined the coupling of

chlorobenzene and styrene by 1 under a variety of reaction
conditions† and analyzed the product mixtures through gas
chromatography. Unlike most previously reported systems for
Heck couplings of aryl chlorides, additional cocatalyst such as
excess LiBr,3 PBut

3,7 [NBu4][Br]3–5 or [PPh4]Cl,6 are not
required to achieve high catalytic activity. We found that > 99%
isolated yield of trans-stilbene is obtained when the reaction is
carried in dioxane solvent and caesium acetate is used as base.
Employing this same combination of reagents in a preparative
scale experiment, we were able to isolate the coupled product in
nearly quantitative yield. At 120 °C, a reaction time of 5 days is
required to achieve this high conversion. We found, however,
that the catalyst can withstand prolonged heating to 180 °C and
thus the request reaction time can be reduced to 24 h.

The reactivities of a variety of aryl chlorides were examined
under the optimized conditions and uniformly showed > 99%
selective for the trans configured product. The system is also
one of the few reported systems to show high reactivity with
electron-rich2,7 and sterically hindered7 aryl chlorides. The
practical utility of this catalytic system was probed by carrying
out preparative scale couplings of 4-chloroacetophenone and
4-chloroanisole with styrene. We obtained the corresponding E-

Table 1 Heck couplings of aryl chlorides with styrene using 2 as catalyst.
Experiments conducted with 0.67 mol% catalyst and 1.1 equivalents of base
in dioxane solution except where noted
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stilbenes in > 95% and 85% isolated yields respectively. To our
knowledge, these yields are the highest that have been achieved
to date for the Heck coupling of these aryl chlorides with
styrene.

In order to verify that the high catalytic activity of 1 requires
the presence of phosphinito rather than a phosphino PCP ligand,
we examined the catalytic activity of, [PdCl{C6H3(CH2PPri

2)2-
2,6}] 2† under the conditions that were optimized for 1. The
chloro complex 2, like [Pd{OC(O)CF3}{C6H3(CH2PPri

2)2-
2,6}],11 showed only a very low level of activity with aryl
chlorides.

It has been suggested that Heck couplings catalyzed by PCP
complexes proceed through Pd(II) and Pd(IV) rather than Pd(0)
and Pd(II) intermediates.11,13 Additionally, it seems unlikely
that catalytic sequence in our system could be initiated by the
oxidative addition of aryl chlorides to 1 as the resulting
18-electron complex would not be expected to undergo further
reaction. We therefore conclude that the mechanism of the
catalytic olefination of aryl chlorides by 1 is fundamentally
different from those commonly considered for palladium
catalyzed Heck couplings1c and operates through a mechanism
like that seen in Scheme 1. Our suggestion is that the catalytic
process is initiated by the oxidative addition of a vinyl C–H
bond of the alkene reactant. This hypothesis is supported by the
recent observation that the reaction of the palladium PCP pincer
complex, with tributylstannyl furan results in the substitution of
the triflate by an h1-vinyl ligand.14 Also the deuterium labeling
studies of the reaction of tert-butylethylene with the related PCP
pincer complex, [IrH2{C6H3-(CH2PBut

2)2}-2,6] have shown
that activation of vinyl C–H bonds at the metal center occurs
rapidly at room temperature.15 The Pd(IV) intermediate result-
ing from the vinyl C–H oxidative addition would be expected to
undergo a reductive elimination of HCl. It is well established
that reductive elimination is promoted by decreasing ligand
donor strengths.16 Thus the finding that the phosphinito PCP
complex has markedly higher activity than its phosphino analog
suggests that this step is rate determining. The catalytic cycle is
completed by oxidative addition of the aryl chloride followed
by reductive elimination of the coupled product. Similar
mechanistic considerations may explain the extraordinary high
catalytic activities that Beller and Zapf5 and van Leeuwen and
coworkers9 have observed respectively for palladium phosphite
and phosphorus amidite complexes.

In summary, the relatively inexpensive, phosphinito PCP
pincer complex 1 catalyzes the high yield olefination of broad
scope of aryl chlorides. It should be noted, that while most of the
reactions reported here were expedited by heating to 180 °C,
high yields of coupled products can be obtained at longer times
at temperatures as low as 120 °C. Thus it should be possible to
apply this catalytic system to the synthesis of commercially
important, structurally complex fine chemicals containing
thermally sensitive groups.

This work was supported by the U.S. Department of Energy
Hydrogen Program.

Notes and references
† General procedure for the olefination of aryl chlorides. Under an
atmosphere of nitrogen, a solution of 0.924 mmol of aryl chloride, 1.83
mmol of olefin, 3.0 mg of 2 (0.0062 mmol) and 202 mg (0.924 mmol) of
diethylene glycol di-n-butyl ether (internal standard) in 1.0 mL of dioxane,
was introduced into a Schlenk tube containing a magnetic stir bar and
charged with 1.01 mmol of base. The tube was sealed and fully immersed
in a 180 (120) °C silicon oil bath. After 24 (120) h, the reaction mixture was
cooled to room temperature and, the organic phase analyzed by gas
chromatography (GC/FID, GC–MS). For quantitative analysis a gas
chromatograph GC HP 5980A with flame ionization detector (FID), and a
HP-1 capillary column (25.0 m) from Hewlett Packard was used.

1 (a) K. C Nicolaou and E. J. Sorensen, Classics in Total Synthesis, VCH,
Weinheim, 1996. Reviews: (b) R. F. Heck, Comprehensive Organic
Synthesis, eds. B. M. Trost and I. Flemming, Pergamon Press, Oxford,
1991, vol. 4, ch. 3.4, p. 833; (c) A. de Meijere and F. E. Meyer, Angew.
Chem., Int. Ed. Engl., 1994, 33, 2379; (d) W. Cabri and I. Caudiani, Acc.
Chem. Res., 1995, 28, 2; (e) T. Jeffery, Adv. Met. Org. Chem., 1996, 5,
153; (f) S. Brase and A. de Meijere, Metal Catalyzed Cross-Coupling
Reactions, eds. P. J. Stang and F. Diederich, Wiley, New York, 1998, ch.
3.

2 Y. Ben-David, M. Portnoy, M. Gozin and D. Milstein, Organometallics,
1992, 11, 1995; M. Portnoy, Y. Ben-David and D. Milstein, Organome-
tallics, 1993, 12, 4734.

3 W. A. Herrmann, C. Brossmer, K. Öfele, C. Reisinger, T. Priermeier, M.
Beller and H. Fischer, Angew. Chem., Int. Ed. Engl., 1995, 34, 1844;
W. A. Herrmann, C. Brossmer, C. Reisinger, T. H. Riermeier, K. Öfele
and M. Beller, Chem. Eur. J., 1997, 3, 1357.

4 W. A. Herrmann, M. Elison, J. Fischer, C. Köcher and G. R. J. Artus,
Angew. Chem., Int. Ed. Engl., 1995, 34, 2371.

5 M. Beller and A. Zapf, Synlett., 1998, 792.
6 M. T. Reetz, G. Lohmer and R. Schwickardi, Angew. Chem., Int. Ed.,

1998, 37, 481.
7 A. F. Littke and G. C. Fu, J. Org. Chem., 1999, 64, 10.
8 K. H. Shaughnessy and J. F. Hartwig, J. Am. Chem. Soc., 1999, 121,

2123.
9 G. F. P. Van Strijdonck, M. D. K. Boele, P. C. J. Kamer, J. G. de Vries

and P. W. N. M. van Leeuwen, Eur. J. Inorg. Chem., 1999, 1073.
10 M. Gupta, C. Hagen, W. C. Kaska, R. Flesher and C. M. Jensen, Chem.

Commun., 1996, 2083; M. Gupta, W. C. Kaska, R. E. Cramer and C. M.
Jensen, J. Am. Chem. Soc., 1997, 119, 840; M. Gupta, W. C. Kaska and
C. M. Jensen, Chem. Commun., 1997, 2083; W-W. Xu, G. Rossini, M.
Gupta, C. M. Jensen, W. C. Kaska, K. Krough-Jespersen and A. S.
Goldman, Chem. Commun., 1997, 2273; F. Liu, E. B. Pak, B. Singh,
C. M. Jensen and A. S. Goldman, J. Am. Chem. Soc., 1999, 121, 4086;
C. M. Jensen, Chem. Commun., 1999, 2443.

11 M. Ohff, A. Ohff, M. E. van der Boom and D. Milstein, J. Am. Chem.
Soc., 1997, 119, 11687.

12 D. Morales-Morales, C. Grause, K. Kasaoka, R. Redón, R. E. Cramer
and C. M. Jensen, Inorg. Chim. Acta., 2000, 300–302, 958.

13 B. L. Shaw and S. D. Perera, Chem. Commun., 1998, 1863.
14 W. A. Cotter, L. Barbour, K. L. McNamara, R. Hechter and R. J.

Lachicotte, J. Am. Chem. Soc., 1998, 120, 11016.
15 D. W. Lee, W. C. Kaska and C. M. Jensen, Organometallics, 1998, 17,

1.
16 G. O. Spessard and G. L. Miessler, Organometallic Chemistry, Prentice-

Hall, Upper Saddle River, New Jersey, 1997, p. 178.

Scheme 1 Proposed mechanism for the catalytic olefination of aryl
chlorides by [PdCl{C6H3(OPPri

2)2-2,6}].

1620 Chem. Commun., 2000, 1619–1620



A novel method for the synthesis of ZSM-5 zeolite membranes on a porous
alumina tube: the role of a dry-gel barrier in pores

Hongbin Zhao,a Tetsuro Jin,b Koji Kuraokab and Tetsuo Yazawa*b

a New Energy and Industrial Technology Development Organization, 1-8-31 Midorigaoka, Ikeda City, Osaka
563-8577, Japan

b Department of Optical Materials, Osaka National Research Institute, 1-8-31 Midorigaoka, Ikeda City, Osaka
563-8577, Japan. E-mail: yazawa@onri.go.jp

Received (in Cambridge, UK) 19th June 2000, Accepted 14th July 2000
Published on the Web 8th August 2000

An aluminosilicate gel barrier as a zeolite precursor is first
incorporated in the pores of an alumina support tube and
then subjected to hydrothermal crystallization, leading to
ZSM-5 zeolite membranes with high compactness at the
molecular level.

The potential industrial applications of zeolite membranes in
continuous separation and reaction–separation processes on the
basis of molecular sieving have recently motivated many
attempts and efforts in zeolite membrane preparation. The last
ten years have witnessed significant progress in the demonstra-
tion of the potential of zeolite membranes to separate hydro-
carbon gas mixtures and organic/aqueous mixtures using MFI
and A type zeolite membranes.1,2 In situ hydrothermal crystal-
lization in solution or the vapor phase is mainly applied in
zeolite membrane synthesis.3–5 However, presently good qual-
ity zeolite membranes are obtained in plate form rather than in
tube form though the latter is preferable for industrial
applications owing to its large volume/area ratio. It appears to
be difficult to adapt a synthesis method applied to plate-form
zeolite membranes for tubular zeolite membranes since the
membrane quality is sensitive to the geometry of a substrate
(plate vs. tube) and the manner of contacting a substrate with a
zeolite synthesis mixture. Therefore, synthesis of tubular zeolite
membranes is still a subject of importance and remains to be
addressed.

We note in the literature6–10 that the separation performance
of zeolite membranes is strongly related to the degree that
zeolite crystallites are incorporated in the pores of the substrate
during hydrothermal crystallization. In addition, in view of the
methodology for zeolite membrane preparation it seems that
plugging pores of a substrate with inter-grown zeolite crystals is
easier to achieve than growing a continuous defect-free zeolite
layer on top of a substrate. Therefore, based on the concept of
pore plugging, we anticipated developing a novel synthesis
method for tubular zeolite membranes.

Here we outline such a method by the synthesis of ZSM-5
zeolite membranes using a tubular substrate. Our synthetic
strategy was to incorporate a highly dense aluminosilicate gel
barrier in the substrate pores followed by hydrothermal
crystallization. The method can generate a compact zeolite
barrier and appears to be reproducible.

In our synthesis, a commercial porous alumina tube of 10 mm
outside diameter and 7 mm inside diameter and ca. 50 mm
length was employed as the substrate. The tube has a multilayer
structure with a 0.1 mm porous outer layer. One end of the tube
was sealed and the other end was connected with a dense
alumina tube via a high-temperature glaze. The synthesis
procedure consisted of two sequential processes. The first was
to incorporate an aluminosilicate gel barrier in the outer layer
pores by the urea technique. The substrate was first impregnated
in vacuo with an alcohol-based solution containing Si(OEt)4,
Al(NO3)3, CO(NH2)2, H2O (EtOH as balance). The impreg-

nated substrate was dried at ca. 50 °C to such an extent that all
the solution was sucked by and further concentrated in the outer
layer pores by capillary action. The sample was then placed in
a closed glass vessel at 90 °C. Thus, precipitation of Si(OEt)4
and Al(NO3)3 occurred exclusively in the pores by homoge-
neous alkalinization from decomposition of CO(NH2)2
[CO(NH2)2 + 3H2O ? 2OH2 + 2NH4

+ + CO2]. The above steps
were repeated until the N2 gas flow of the sample was below
1029 mol m22 s21 Pa21 at room temperature. The second
process was to convert the aluminosilciate gel barrier to a
desired zeolite barrier by hydrothermal treatment. The modified
substrate tube was filled with Si(OPr)4 (bp 225 °C) and then
placed into a solution of composition 0.005NaAlO2+0.55-
TPABr+0.42NaOH+100H2O in a Teflon vessel. In this arrange-
ment, a reactive interface at the incorporated gel barrier was
developed between the two separate liquids. Thus, during
hydrothermal treatment, hydrolysis of Si(OPr)4 supplied an
additional silica source to the crystallization front while the gel
barrier was being converted to zeolitic materials. Hydrothermal
treatment was performed in a stainless steel autoclave at 190 °C
for 10 days. When the hydrothermal treatment was complete,
the sample was thoroughly washed with H2O and dried at 50 °C
overnight and then carefully calcined at 400 °C for 12 h to
remove the TPA occluded within the zeolite channels.

In each synthesis experiment, the membranes were shown by
XRD to be highly crystalline, pure zeolite ZSM-5. Fig. 1 shows
SEM micrographs of the cross-section of a representative ZSM-
5 zeolite membrane. From the micrographs, the following two
points can be made. (a) As seen in Fig. 1A, the substrate outer
layer displays an SEM contrast comparable to those of the
ZSM-5 zeolite films indicating that some zeolitic materials were
formed from the aluminosilicate gel barrier incorporated in the
pores. (b) It was observed that 10 and 100 mm ZSM-5 zeolite
films grew on the inner and outer surface, respectively (Fig. 1B
and C). These films showed significant morphological differ-
ences. The crystals of the inner zeolite film were essentially
parallelepipeds of size ca. 30 mm and well intergrown. In
contrast, those of the outer zeolite film were coffin-shaped and
much larger being ca. 80 mm along the c-axis. It was also
observed that few non-zeolitic pathways existed in both the
inner and outer zeolite film, which act as defects for gas
separation.

A dead-end method was applied for gas permeation measure-
ments with pure He, N2, CO2, n-butane and isobutane. The
permeation measurements were performed at room temperature
with the permeation side set at an atmospheric pressure. The gas
flow rates were measured with a mass flow meter. The flow
rates were plotted vs. the kinetic diameters of gas molecules in
Fig. 2. As seen, the permeance of all the gases showed a good
correlation with their kinetic diameters except for n-butane and
isobutane. Noble’s group reported that an MFI zeolite mem-
brane on a 5 nm g–alumina tubular substrate showed a n-butane/
isobutane perm-selectivity of 3–20 and a n-butane permeance of
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ca. 1029 mol m22 s21 Pa21. The ZSM-5 zeolite membrane in
the present study showed a comparable permeance although it
exhibited no n-butane/isobutane perm-selectivity.

Accordingly, a highly compact zeolite barrier with few
defects has been formed within and on the substrate. Further, on
the basis of SEM observations, zeolite barriers, mainly that in
the pores, led to a significant contribution to gas separation. The
reason for the formation of defects could be that the reactive
interface has insufficient additional aluminosilicate at the
crystallization front during crystallization and contracting of the
gel barrier, or/and the gel barrier was partially dissolved during
hydrothermal treatment.

In summary, the present study has explored a new route for
the preparation of tubular zeolite membranes. The resulting
ZSM-5 zeolite membrane shows the potential of the novel
preparation method. However, improvement of the membrane
integrity with regard to separation performance is underway by
studying the process kinetics of the preparation method.
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Fig. 1 SEM micrographs of a cross-section of the ZSM-5 zeolite membrane:
(a) the 0.1 mm porous outer layer, (b) the inner layer and (c) the outer
layer.

Fig. 2 Permeance of pure gases through the ZSM-5 zeolite membrane vs.
their kinetic diameters.
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The EPR silent acetated 54-member crown-shaped poly-
oxomolybdate Na26[{Na(H2O)2}6({m3-OH)4MoV

20MoVI
34-

O164(m2-CH3COO)4}]· ≈ 120H2O (1), constructed from two
different but related building blocks in a new mode, is
synthesized in high yield by reducing an acidified aqueous
solution of Na2MoO4·2H2O and CH3COONa·3H2O.

Ever since interest was sparked by the biological activity of the
sodium cryptate [NaW21Sb9O86]182, a species that has been
subsequently applied as HAP23 in AIDS therapy,1,2 there has
been an enormous growth in the area of inorganic ‘host–guest’
polyoxometalates, partly motivated by their potential applica-
tions in catalysis, biology, medicine and materials science.3,4

Generally, the guests are linked to the endo oxygen atoms of the
host shells via valence bonds or intermolecular interactions such
as hydrogen bonding.5–7 One among many examples is that the
N3
2 or NO3

2 anion is encapsulated within an approximately
spherical {H12V18O44}n2 polyoxovanadate ‘host’ cage.8

Octamolybdates exhibit various structural patterns in the
solid-state and these isomers can interconvert with each other
by ‘bond-making/breaking’ in solution.9,10 Although a number
of corresponding oxide-based composite solid-state materials
were synthesized in the presence of structure-directing organic
ligands such as diamines, few nanometered polyoxomolybdates
constructed from these octamolybdates have been reported. We
report here the synthesis and characterization of a novel
acetated 54-member crown-shaped polyoxomolybdate, which
contains unprecedented building blocks, and exhibits inter-
esting structural features.

Na26[{Na(H2O)2}6({(m3-OH)4MoV
20MoVI

34O164-
(m2-CH3COO)4}]· ≈ 120H2O (1)

Compound 1 was synthesized in high yield by reducing an
acidified aqueous solution of Na2MoO4,† and characterized by
elemental analysis, cerimetric titration (to determine the number
of MoV), thermogravimetric analysis (to determine the amount
of crystallized water), bond valence sum (BVS) calcula-
tions11,12 (to determine the number and the positions of OH
groups, as well as the number of MoV centers), spectroscopic
methods (IR, Raman and UV–VIS)‡ and single-crystal X-ray
structure analysis.§

The structure of 1 consists of a discrete 54-member crown-
shaped [{Na(H2O)2}6({m3-OH)4MoV

20MoVI
34O164(m2-

CH3COO)4}]262 1a nanoanion (containing four bridging ace-
tate groups and six encapsulated seven-coordinated sodium
cations as ‘guests’), and 26 Na+ cations. As shown in Figs. 1 and
2, two different but related building blocks have been found in
1a. The first building block is the centrosymmetric octamo-
lybdate {Mo8O28} (·[MoV

2MoVI
6O28]102) moiety, which con-

sists of eight distorted edge-shared molybdenum–oxygen
octahedra. The structure of this centrosymmetric octamolybdate
is very similar to other reported octamolybdate anions, which
can be described as [Mo8O26(X)2]2n24, for example,
[(HO)2Mo8O26]62, where n is the normal charge of coordinated

base X.12–14 However, in addition to long interblock distances
existing within this octamolybdate unit, rather short metal–
metal bonds are also found between two neighboring {Mo8O28}
units (Mo(7)–Mo(27), 2.58216(18), Mo(19)–Mo(20),
2.5985(16) Å). To the best of our knowledge, such short Mo–
Mo distances have rarely been observed in other polyoxo-
molybdates, particularly in nano-size systems. The second
feature is the unprecedented asymmetric {Mo9O30(X)2} (·[(m3-
OH)2MoV

4MoVI
5- O28(CH3COO)2]102) unit, which is con-

structed by nine molybdenum atoms (four MoV and five MoVI

centers). Each molybdenum is coordinated by six oxygen atoms
in distorted octahedral arrangement with one short MoNO bond
for MoV and two for MoVI. Again, long Mo–Mo distances
(around 3.21 Å) and short Mo–Mo bonds (shorter than 2.6 Å)
are also formed within the new {Mo9O30(X)2} unit. In
summary, each crown-shaped anion 1a contains ten short Mo–
Mo bonds and eight long interblock Mo–Mo distances, which
are listed in the caption to Fig. 1.

The two building blocks are connected to each other into a
spiral [(HO)4MoV

16MoVI
34- O160(CH3COO)4]442 ring, in

which the linkage between the two neighboring {Mo8O28} units
is edge-shared, while that between {Mo8O28} and
{Mo9O30(X)2} is corner-shared (Fig. 2). Four additional {Mo1}
(·[MoVO]3+) groups, which cap the linking Mo atoms between
{Mo8O28} and {Mo9O30(X)2} units, are bridged by four acetate
ligands to complete the crown-shaped ‘host’ nanoanion. Six
seven-coordinated Na+ cations with (distorted) pentagonal-

Fig. 1 (a) Perspective drawing of 1a constructed by two different building
blocks: {Mo8O28} (·[MoV

2MoVI
6O28]102) and novel unprecedented

{Mo9O30(X)2} (·[(m3-OH)2MoV
4MoVI

5O28[(CH3COO)2/2]2]102) moieties.
According to BVS calculations, the following molybdenum centers are
MoV: Mo(5), Mo(7), Mo(9), Mo(10), Mo(11), Mo(15), Mo(16), Mo(19),
Mo(20) and Mo(27). Selected Mo–Mo distances: Mo(5)–Mo(9) 2.5974(18),
Mo(5)–Mo(6) 3.2146(18), Mo(7)–Mo(27) 2.5816(18), Mo(10)–Mo(11)
2.5962(17), Mo(11)–Mo(14) 3.2185(17), Mo(14)–Mo(15) 3.2143(18),
Mo(15)–Mo(16) 2.5933(18), Mo(19)–Mo(20) 2.5985(16), Mo(20)–Mo(21)
3.2096(17) Å.
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bipyramid environments are held inside the ‘host’ nanoanion by
linking to five endo oxygen atoms with Na–O distances of
2.264–3.010 Å. These encapsulated Na+ cations are located near
Mo atoms (Na(1)–Mo(10), 3.691, Na(2)–Mo(16), 3.697, and
Na(3)–Mo(6), 3.989 Å), and may play an important template
role in the formation of the crown-shaped anion 1a.

The silent EPR spectrum of compound 1 indicates that the
unpaired electrons of the two neighboring MoV atoms are
completely coupled, which is consistent with structural analy-
sis. The IR spectrum of 1 exhibits strong bands at 962 (s), 947
(s) and 901 (s) attributed to n(MoNO), and a series of
characteristic bands for bridging acetate groups in the range
1550–1200 cm21.

The positions of OH2 and MoV sites are assigned on the basis
of the s values, in which s is the bond strength derived from the
expression s = (R/1.882)26.0 (R = Mo–O distances).11

According to this procedure, the O(39), O(39A), O(49) and
O(49A) ascribed to OH2 sites, have s values (0.9875–0.9927)
are significant smaller than that of the others (1.5707–2.0930)
which are normal for the O22 sites.

In summary, a novel 54-member crown-shaped polyoxo-
molybdate has been synthesized and characterized crystallo-
graphically. It seems that there exists various building blocks in
solution, and it is possible to link those building blocks to a
variety of crown-shaped polyoxomolybdates. This has been
confirmed recently by our preliminary experiments.

We thank the Chinese Academy of Sciences, the State
Education Ministry and the State Personnel Ministry for
financial support.
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† Synthesis of 1: to a solution of Na2MoO4·2H2O (40 mmol, 9.68 g) and
CH3COONa·3H2O (50 mmol) in H2O (55 ml) acidified by 8.5 ml of 17%
HCl (pH = 4.15), NH2NH2·2HCl (4.8 mmol, 0.5 g) was added under
continuous stirring for 5 min. The resulting reaction mixture was then kept
at room temperature in a wide-necked Erlenmeyer-flask for ten days (color
changed from green to dark brown). Black–red columnar crystals of 1 were
filtrated from the mother liquor, washed with cooled propan-2-ol, and
finally dried in air (4.95 g, yield 59.54%). Anal. calcd. for C8H280Mo54-
Na32O308: Mo, 46.16, Na, 6.56, C, 0.86, H, 2.51. Found: Mo, 46.62, Na,
6.59 (atomic absorption method), C, 0.79, H, 2.71% (determination was
carried out on EA1110 (CHNS-0 CE instruments). Cerimetric titration was
carried out to determine the number of MoV ( ~ 20 ± 2 electrons), which is
consistent with the results of BVS calculations.
‡ Characteristic IR bands for 1 (KBr pellet, n/cm21): 1630 (s, d(H2O)),
1541 (s-m, nas(COO)), 1444 (m, ns(COO)), 962 (s), 947 (s), 901 (s)
(n(MoNO)), 862(s), 721 (s), 727 (s), 494 (m): Characteristic FT-Raman
bands (le = 1064 nm, n/cm21): 969 (vs), 940 (s), 927 (m), 912 (w)
(n(MoNO)), 875 (w), 796 (w), 472 (m), 352 (m), 323 (m), 281 (m).
Characteristic UV/VIS bands (l/nm): 308.00 (e = 6.71 3 104 M21 cm21)
and 209.50 (e = 3.59 3 105 M21 cm21).
§ Crystal data: C8H280Mo54Na32O308, 11222.76, triclinic, P1̄, a =
17.6814(6), b = 19.8620(7), c = 23.4663(8) Å, a = 90.0210(10), b =
102.6740(10), g = 100.41°, V = 7902.0(5) Å3 and Z = 1. The diffraction
data were collected on a Simens SMART CCD diffractometer with graphite
monochromated Mo-Ka radiation (l = 0.71073 Å) at room temperature. A
total of 41201 reflections (0.89 to 25.02°) were collected, of which 27539
independent reflections [R(int) = 0.0507] were used. The coordinates of
molybdenum atoms were determined by direct methods, and the remaining
non-hydrogen atoms were located and refined by a usual procedure of a
combination of the difference Fourier synthesis and least-squares technique.
All molybdenum atoms and partial other non-hydrogen atoms were refined
with anisotropic thermal parameters giving rise to convergence with R1 =
0.0718 and wR2 = 0.1969 (I > 2((I)). CCDC182/1725. See http:/
/www.rsc.org/suppdata/cc/b0/b004948o/ for crystallographic files in .cif
format.
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Fig. 2 (a) Polyhedral representation of 1a (all encapuslated Na+ cations are
deleted for clarity). The linkage between two neighboring {Mo8O28}
moieties (having a pattern of dashed lines) is edge-shared, while that
between {Mo8O28} and {Mo9O30(X)2} units (marked with parallel lines)
are corner-shared. {MoVO}3+ units are cross-hatched; (b) the {Mo8O28}
unit in 1a; (c) the {Mo9O30(X)2} (XNCH3COO) moiety in 1a.
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The phenanthridinium-linked terbium complex [4Tb.5]
serves as a novel probe for DNA duplexes.

In recent work1 we have demonstrated a cooperative procedure
for the detection of DNA sequences. In this procedure, the
phenanthridinium group of the sensitiser 1 intercalates in the
locality of the duplex DNA formed between a probe DNA
strand, to which is attached an EDTA complexing group 2, for
a europium ion, and a target sequence of DNA. Under
appropriate conditions, the sensitiser 1 can also bind to the
europium complex of 2 to form a 1+1+1 complex [2Eu.1]2 that,

when irradiated, exhibits a strong luminescence signal from the
europium ion. The system thus signals the presence of a target
strand of DNA since, in its absence, the complex dissociates and
only a very weak signal is observed.

In attempting to develop a two-colour signalling system
suitable for discriminating between normal and point mutated
target DNA strands, a sensitiser system was required that would
work for both europium and a second luminescent lanthanide
ion, such as terbium. Thus, for example, a ‘normal’ DNA
sequence could be matched by a europium probe (red emission)
and a mutated sequence by the corresponding terbium probe
(green emission). The phenanthroline sensitiser, such as 1, was
not suitable for use with terbium, presumably because terbium
requires a higher energy triplet sensitiser than europium.3

Examination of several alternative systems revealed that the
2,2A-dipyridyl-6,6A-dicarboxylic acid system, 3 is suitable,
giving excitation of both europium and terbium chelated with

EDTA bisbutylamide 4, as complexes [4Eu.3] and [4Tb.3]
respectively, although the optimal excitation wavelength with
this system was shorter (lex = ca. 320 nm) compared to that
possible with the phenanthroline sensitiser 1 (lex = 340 nm). In
addition, luminescence intensities were temperature dependent
and measurements were therefore conducted within a narrow
ambient range (around 23 °C).

The dipyridyl dicarboxylic acid unit was then incorporated
into the probe 5.† Examination of the properties of this probe
revealed that the complex with the Eu3+·EDTA bisbutylamide,
chelate [4Eu.5] exhibited a strong luminescence signal on
irradiation at 318 nm (Table 1). However, on standing, the
intensity of the luminescence dropped with time. After
exploring several possible explanations for this fading of the
signal it was discovered that the effect could be countered by the
addition of a surfactant, such as the cationic CTAB (cetyl
trimethylammonium bromide), whereupon a stable signal was
observed. Independent experiments showed that the complex
[4Eu.5] has a strong tendency to adhere to the surface of the
cuvette, thus removing it from solution.

The corresponding Tb3+ complex, [4Tb.5], only exhibited a
very weak signal (Table 1), which was not enhanced by the
addition of CTAB. This inefficiency with the terbium complex
is in contrast with the behaviour of the simpler complexes
described above, e.g. [4Tb.3], and is ascribed to an intra-
molecular quenching process from the attached phenan-
thridinium group. Since only the terbium complex was affected
but not the europium complex, this quenching process was not
of the sensitising dipyridyl species, common to both systems,
but of the excited lanthanide ion.

It is known4 that the triplet level of the phenanthridinium
group (ca. 21 300 cm21) is near in energy to that of the excited
5D4 state of the terbium ion (ca. 20 500 cm21) and is capable of
quenching the latter. In order to confirm this triplet quenching
mechanism an experiment involving the intermolecular quench-
ing of the terbium complex [4Tb.3] with the phenanthridinium
salts 6 and 7 was carried out. The results followed Stern–
Volmer plots (Fig. 1). Of note was the observation that the
carboxylic acid derivative 7 was a less efficient quencher than
the N-methyl salt 6. Presumably, electrostatic effects play a part

Table 1 Luminescence signals for various chelates

Ln3+ Complex Imax
a Notes

Eu3+ [4Eu.3] 500
Tb3+ [4Tb.3] 350
Eu3+ [4Eu.5] 170b

Eu3+ [4Eu.5] 150 calf thymus DNA addedc

Tb3+ [4Tb.5] 1
Tb3+ [4Tb.5] 300 calf thymus DNA addedc

Tb3+ [4Tb.5] 210 SDS addedd

a Imax in arbitrary units. Measurements all with same instrument settings
using a PE LS50B spectrofluorimeter; slit widths 10 nm; delay time 0.1 ms;
gate time 1.0 s. Measurements at 23 °C, pH 7.5 in buffer; complex
concentrations at 1 3 1026 mol dm23. For Eu3+ Imax for the band at ca. 614
nm was measured; for Tb3+ Imax for the emission at ca. 545 nm was
measured. b Initial intensity in the absence of CTAB. c Intensity measured
at a ratio of DNA base pair+complex of > 10+1. d Intensity measured at a
concentration of SDS of 2 3 1024 mol dm23.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003970p Chem. Commun., 2000, 1625–1626 1625



and the latter, net positively charged species, can approach the
net negatively charged complex [4Tb.3] more easily than the
former, which is net neutral under the quenching conditions
utilised.

The possible involvement of oxygen, as a known quenching
agent for the excited phenanthridinium species5 was also
examined but deoxygenation of the system by a number of
freeze–thaw cycles had little effect on the overall levels of
emission from the europium [4Eu.5] complex, whilst, as
anticipated there was a small increase for the terbium [4Tb.5]
complex. This indicates that, although the N-substituted
phenanthridinium species can act as a sensitiser for the terbium
ions, under our conditions the dominant sensitiser is the
dipyridyl chromophore, the phenanthridinium ion acting as a
net triplet energy sink.

Triplet quenching requires close contact of the interacting
species in order to operate. Quenching would not be expected to
occur if the terbium ion could be held apart from the
phenanthridinium unit. Since the phenanthridinium ion has a
propensity to intercalate with duplex DNA,6 it was of interest to
test whether or not quenching was observed in the presence of
such DNA. Thus to a solution of the terbium complex [4Tb.5]
in HEPES buffer, was added a solution of duplex DNA (calf
thymus); the onset of the terbium signal appeared within
seconds and approached a maximum at DNA base to complex
concentration ratios > 10+1 (Fig. 2). Thus intercalation of the
phenanthridinium group is sufficient to prevent its intra-
molecular approach to the complexed terbium ion. In contrast,
the luminescent properties of the corresponding europium
complex, [4Eu.5] were only slightly altered by the addition of
calf thymus DNA, a slight reduction in the europium emission
being observed. In both cases no substantial changes in the
patterns of lanthanide emissions were observed upon the
addition of the DNA.

Further experiments have shown that these effects could be
reproduced using synthetic DNA hybrids. Addition of the
complex [4Tb.5] to single stranded DNA showed only a small
increase in the terbium signal (Fig. 2).

The triggering of the terbium signal thus serves as a useful
‘switch’ for the detection of duplex DNA in solution and

complements the behaviour of the dipyridophenazine–ruthe-
nium complexes described by Barton et al.7

Since we believe the onset of the terbium signal was caused
by a physical barrier to approach of the phenanthridinium ion to
the chelated terbium species and hence quenching, we subse-
quently tried use of the anionic surfactant, SDS (sodium
dodecyl sulfate). No effect was observed at low concentrations
but at molar equivalents > 10+1 SDS: [4Tb.5] a typical terbium
emission signal appeared, reaching a maximum at molar
concentrations > 100+1. We ascribe this to a micellar effect, the
phenanthridinium group being surrounded by SDS molecules as
micellation occurs thus effectively restricting approach by these
groups to the hydrophilic and net anionic, dipyridyl lanthanide
segment of the complex. Thus the complex [4Tb.5] can also act
as a probe for anionic micellation.

We thank the EPSRC and the BBSRC for support of this
work.
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Fig. 1 Stern–Volmer plots: Tb3+ signal at lem = 545 nm, delay time 0.1 ms;
[4Tb.3] at 1 3 1026 mol dm23, buffered at pH 7.5 at 23 °C; / addition of
6 as quencher; - addition of 7 as quencher; no degassing. [Q] in molar
equivalents of quencher to complex.

Fig. 2 Enhancement of Tb3+ signal at lem = 545 nm, delay time 0.1 ms;
[4Tb.5] at 1 3 1026 mol dm23, buffered at pH 7.5 at 23 °C; / addition of
calf thymus duplex DNA; - addition of synthetic 15-mer DNA single
strand oligomer. [Q] in molar DNA base equivalents to the probe.

1626 Chem. Commun., 2000, 1625–1626



      

Electronic properties of metal nanorods probed by surface-enhanced Raman
spectroscopy

Jian-Lin Yao,a Xin Xu,a De-Yin Wu,a Yong Xie,a Bin Ren,a Zhong-Qun Tian*a Gu-Ping Pan,b Dong-Mei Sunb

and Kuan-Hong Xue*b

a State Key Laboratory for Physical Chemistry of Solid Surfaces and Institute of Physical Chemistry, Xiamen
University, Xiamen 361005, China. E-mail: zqtian@xmu.edu.cn

b Department of Chemistry, Nanjing Normal University, Nanjing 210097, China

Received (in Cambridge, UK) 5th April 2000, Accepted 21st July 2000
Published on the Web 9th August 2000

Applying the probe molecule strategy, surface-enhanced
Raman spectroscopy has been used, for the first time, as a
diagnostic tool of the electronic properties of metal nano-
rods; the vibrational frequency of the probe molecule SCN2
at Cu nanorods is shown to critically depend on the
nanorod’s diameter in the range from 50 to 15 nm; the up-
shifting of the Fermi level with a decrease of the nanorod’s
diameter is interpreted based on the change of cohesive
energy owing to the high ratio of surface to bulk atoms.

Metal nano-rods (-wires) have aroused tremendous interest
recently because of their novel properties and potential
applications in a wide variety of fields.1–5 So far many
techniques have been employed to characterize the novel
optical, electronic and magnetic properties of such materials.2–5

UV–VIS absorption and fluorescence spectroscopies are two of
the most widely used methods.3–5 Raman spectroscopy has,
however, only been applied to characterize semiconductor
nanowires and carbon nanotubes.6–9 Important and meaningful
information can be obtained in these cases, as some forbidden
Raman modes in the bulk materials become Raman active.6,7

Raman spectroscopic study on metal nanowires can only detect
the mechanical vibration bands (also denoted inelastic Mie
scattering or acoustic modes) located in the extremely low
frequency region (typically 2–10 cm21).10 Consequently, an
alternative way has to be established to study metal nano-wires
(-rods) with Raman spectroscopy.

It is well known that for a molecule which interacts strongly
with a surface, its vibrational band frequency and shape are very
sensitive to the electronic property, the chemical environment
and the morphology of the surface. Hence Raman spectroscopy
has long been used to analyze the atomic structures and the
electronic properties of surfaces indirectly through assessing
carefully the spectral changes of the adsorbate, the so called
probe molecule.11 On that account, it is of great interest to
diagnose the electronic structures of metal nanorods via the
vibrational spectrum of a probe molecule. In the present work,
surface-enhanced Raman spectroscopy (SERS) has been used
because of its extremely high sensitivity in characterizing the
surface species on metals. In order to examine the changes in the
electronic properties of nanorods by analysis of the spectral
changes of the probe molecule, a typical SERS system of
SCN2/Cu was employed in the present study. SERS measure-
ments were performed on a confocal microprobe Raman system
(LabRam I).12

The arrays of Cu nanorods were fabricated using anodic
aluminum oxide (AAO) templates as described in ref. 13. By
controlling the electrochemical conditions during AAO forma-
tion and/or metal deposition processes, one can prepare nanorod
arrays with different diameters from ca. 15 to 70 nm. As the
SERS intensity depends critically on the nanorods’ length
exposed at the surface,14 the length was varied between several
tens to several thousands of nanometers, which was controlled
by chemically etching off the AAO template to the desired
extent in an aqueous solution of phosphoric acid or sodium

hydroxide. SERS intensities from these ordered nanorod arrays
are higher than those from the electrochemically or chemically
roughened electrodes even with the best surface prepara-
tion.14

Fig. 1 shows the wavenumber–diameter profile of SCN2
adsorbed at Cu nanorod arrays with lengths of ca. 100 nm but
with variation of the diameter from 15 to 70 nm. The vibrational
frequency of nCN is shown to critically depend on the nanorods’
diameter when the diameter is < 50 nm. It is essential to
compare this interesting vibrational property to that of a normal
Cu electrode in the same solution. The wavenumber–potential
profile of SCN2 adsorbed at an electrochemically roughened
Cu electrode is also displayed in Fig. 1. The wavenumber shows
a linear downshift as the applied electrode potential is made
more negative, showing a similar trend to the size effect of
decreasing the diameters of the metal nanorods. It can be seen
that the effect on the wavenumber upon changing the diameter
from 50 to 15 nm is equivalent to that of decreasing the applied
potential by ca. 200 mV. Similar results have also been obtained
from Au and Ag nanorods. Therefore, it is of importance to
reveal the reason for the wavenumber–size dependence of the
metal nanorods.

The Fermi energy level is well known as one of the most
important parameters, with which to characterize a metal. The
Fermi level determines many of the gross electronic properties
that could consequently influence the intermolecular bonding
and the relevant vibrational frequency of an adsorbate. The
more negative the applied electrode potential, the more up-
shifted the Fermi level, and so the greater tendency to supply
electrons from the electrode to the adsorbate. This leads to a
down-shift of nCN as found for SCN2/Ag.15 It is well known
that if a bulk metal is cut into very small pieces whose
characteristic size is about or smaller than the electron mean
free path, many physical properties will be changed sub-
stantially.1,2 At present, we think the surface effect and small

Fig. 1 The wavenumber–diameter profile of SCN2 adsorbed at Cu nanorod
arrays and the wavenumber–potential profile of SCN2 adsorbed at a bulk
Cu electrode.
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size effect may play an important role on the considerable
change of the Fermi energy.

The Fermi level of a metal nanorod can be estimated in a
simple way by considering free electrons confined to a
cylindrical rod of length l and radius r. The energy level in
atomic units is given by:
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2 2
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where Cm is a parameter determined by the Bessel function.
This equation indicates, at least qualitatively, that the Fermi
level of a metal nanorod would increase as the diameter
decreases. Since the present study on the Cu nanorods was
performed in electrolyte solution, the electrode potential should
be calculated under open circuit conditions, where Eop corre-
sponds to the Fermi level of a metal nanorod (Msolid) in solution.
In general, several factors affect the value of Eop. These are (i)
sublimation of a solid metal, (ii) ionization of a gaseous metal
atom, (iii) hydration of a gaseous ion, (iv) hydration of n
gaseous electrons; which could be best considered in a Born–
Haber type of cycle (Scheme 1).

For a set of nanorods of the same metal with different
diameters, the energy changes for processes of (ii)–(iv) are all
the same. Therefore, the differences of the electrode potential
Eop of a set of nanorods should depend only on the differences
of the sublimation energies, DHs. The value of DHs is related
directly to the cohesive energy, which is determined by the
metal–metal bonding. It is reasonable to assume that the metal–
metal bonds are the same in the bulk phase for all the nanorods
studied here. However, one has to consider the fact that a
surface atom possesses a lower coordinate number as compared
to a bulk atom. This implies that the change of the cohesive
energy might depend substantially on the ratio of the surface
atoms to bulk atoms for nanorods of different size. Based on
this, we have carried out the relevant calculations on the
potential difference DE of a set of nanorods with respect to the
bulk electrode potential. Fig. 2 shows the dependence of the
potential difference on the diameter (d = 2r) of the Cu
nanorods. It is clearly seen that the potential difference
significantly depends on the nanorod’s diameter when the
diameter is < 50 nm, and small nanorods show a larger potential
difference, indicating an up-shift of the Fermi level. This trend
is in general agreement with our experimental results. If we

consider the additional influence of the sublayer atoms, the
calculated values are even closer to the experimental data.
Although more sophistical theoretical investigation on this
aspect is required, it has shown that Raman spectroscopy can be
developed into a diagnostic tool for measuring the electronic
properties of metal nanorods by applying the probe molecule
strategy.
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Alcohol induced stereospecific P–C bond cleavage in a Ru–
P(OH)Ph2 fragment affords new chiral-Binap and MeO-
Biphep based complexes containing three different forms of
stereogenicity: ligand atropisomerism plus stereogenic Ru
and P atoms; these represent the first reported transition
metal complexes of the ligands P(OH)(OR)Ph.

The atropisomeric chelating phosphines, Binap 1 and MeO-
Biphep 2 are well known to be excellent chiral auxiliaries

though there is relatively little known with respect to their Ru-
organometallic chemistry.1– 5

It is now known6,7 that both of these bidentate ligands are
capable of acting as six-electron donors to Ru(II), in that one of
the biaryl double bonds, immediately adjacent to one of the two
P-donors, can complex the metal, e.g. 3 and 4.

Once the proximate double bond complexes to Ru(II), it is
relatively easy to cleave a P–C bond,7 with the metal attaining
an 18e configuration by sliding from the h2 mode to the h6 arene
form, e.g. complex 6 of eqn. (1).

(1)

We report here an extension of the chemistry of eqn. (1) in
which compound 6 reacts with aliphatic alcohols to afford the
Ru–phenyl products, 7 [eqn. (2)]. These arise from a stereo-
specific P–C bond splitting and P–O bond making reaction of
the P(OH)Ph2 ligand to afford P(OH)(OR)Ph complexes.

(2)

The Binap complexes 7 and the MeO-Biphep analogues 8
have been prepared using MeOH, EtOH and PriOH, by simply
stirring the starting materials 6 in the appropriate alcohol8 [eqn.
(2)] The new phenyl complexes 7 and 8 are unique in that (a)
they are produced in only one diastereomeric form, i.e. the
phenyl migration and P–O bond formation are specific, (b) they
contain three different forms of stereogenicity: atropisomerism,
from the biaryl moiety,9 a chiral transition metal and the newly
formed stereogenic P atom and (c) these are the first reported
transition metal complexes of the ligands P(OH)(OR)Ph. We
know of only one example in which a marginally related species
arises through P–C bond protonation, i.e. a Mo–P(OH)PhMe
moiety can be formed by protonation of one of the two P–C
phenyl bonds of a PMePh2.10 In this chemistry the PMePh2 is
complexed as an h6-arene and not as a tertiary phosphine.

In solution the formation of 7a from 6 is conveniently
followed by 31P NMR spectroscopy in that the disappearance of
the signal for the complexed P(OH)Ph2 ligand of 6, d = 114.5,
is accompanied by the appearance of a new signal for the Ru–
P(OH)(OMe)Ph moiety at d = 144.7. The presence of the new
P(OR) fragment was confirmed by a 31P–1H-correlation, e.g.
see Fig. 1 for the ethanol analogue 7b. This NMR spectrum
shows cross-peaks for the P(OH), at high frequency, and the two
non-equivalent (diastereotopic) methylene protons as multiplets
(one of which is almost completely covered by the OCH2 of the
solvent, THF-d8) all correlated to the new 31P signal at d 142.4.
In addition cross-peaks are observed from the ortho (intense)
and meta (weaker) P–phenyl aromatic protons. The ipso 13C
resonance of the new h1 phenyl ligand is found at d 150.3.

The solid-state structure of the Binap PriOH analog 7c, was
determined by X-ray diffraction methods  (Fig. 2).12 The
immediate coordination sphere consists of the two phosphorus
atoms, the p-arene and the h1-phenyl ligand. Whereas four of
the Ru–C(arene) separations are normal,11 the remaining two
distances, from the bridgehead carbons C2 and C3, are quite
long (see 9) and suggest little or no bonding to the metal.
Selected bond lengths and bond angles are given in the caption
to Fig. 2.13

Fig. 1 Slice through the 31P–1H correlation (d 142.4) showing the cross-
peaks arising from the hydroxy P(OH), at high frequency, and the two non-
equivalent methylene protons of the EtO moiety as multiplets (one of which
is almost completely covered by the OCH2 of the solvent, THF-d8). There
are also cross-peaks from the  ortho and meta protons of the remaining P–
phenyl ring.
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Complexes 7 and 8 are relatively reactive and offer unique
opportunities for studying the stereospecificity of subsequent
reactions. Details of this chemistry are in preparation.
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10 R. H. Morris, J. F. Sawer, C. T. Schweitzer and A. Sella, Organome-
tallics, 1989, 8, 2099.

11 A. G. Orpen, L. Brammer, F. H. Allen, O. Kennard, D. G. Watson and
R. Taylor, J. Chem. Soc., Dalton Trans., 1989, S1.

12 Crystal data for 7c: C60H41F3O5P2RuS, M = 1094.00, monoclinic,
space group P21/n, a = 11.415(2), b = 35.057(5), c = 13.524(2) Å, b
= 100.54°, V = 5320.7(14) Å3, Z = 4, Dc = 1.381 Mg m23, m = 0.453
mm21, F(000) = 2232, Crystal size = 0.54 3 0.40 3 0.32 mm. Data
were collected on a Siemens SMART platform diffractometer equipped
with a CCD detector using graphite monochromated Mo-Ka radiation
(l = 0.71069 Å). Total number of reflections was 33233 of which
10942 were independent. The structure was solved by direct methods
and refined on F2, R1 = 0.0772, wR2 = 0.1751. The CF3SO3 molecule
is disordered and was refined as a rigid group. Further, two molecules of
disordered benzene solvent were found and refined in two different
orientations. CCDC 182/1723.

13 There is no doubt as to the structure of the molecule; however, owing to
disorder in several molecules of benzene, which co-crystallise, and
some disorder in the triflate anion, the R factor is rather large. This does
not interfere with a reasonable determination of the various Ru–(ligand
atom) bond lengths.

Fig 2 ORTEP view of the cation of 7c. Selected bond lengths (Å) and angles
(°): Ru–C(11), 2.105(6), Ru–P1 2.3074(16), Ru–P2 2.2507(16), Ru–C1
2.221(6), Ru–C2 2.430(5), Ru–C3 2.411(6), Ru–C4 2.275(6), Ru–C5
2.258(6), Ru–C6 2.268(6), C11–Ru–P1 97.14(18), C11–Ru–P2 81.30(16),
P1–Ru–P2 98.09(6).
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A novel soluble electroluminescent (EL) material, poly[(4-
hexylthiophene-2,5-diyl)(9,9-dihexyl-9H-fluoren-
2,7-ylene)(4-hexylthiophene-2,5-diyl)] (PHTDHFHT), with
high absolute photoluminescence (PL) quantum efficiency
(32 ± 3%) compared with other polythiophene derivatives,
was synthesized and a green EL is observed. 

During the past decade, design and synthesis of novel
conjugated polymers as low-cost materials with high potential
for electronic and optoelectronic applications have received
considerable attention.1–3 The development of novel highly
efficient materials that emit primary color lights is particularly
attractive due to the requirement for full-color displays. Among
conjugated polymers, polythiophene (PT) and its processable
derivatives are an important class of representatives as elec-
trically conductive and optoelectronic materials because of their
high electrical conductivity and environmental and thermal
stability in both neutral and doped states, as well as their
interesting electronic and optical properties.4–6 However, the
low PL quantum efficiency of PTs in solid films, typically
1–3%, has limited the application of PTs in polymer light-
emitting diodes (PLEDs).7 In our previous reports, a significant
increase in PL efficiency of PTs by modifying the backbone
structure with phenylene groups was demonstrated.8,9 Recent
progress made in our group demonstrates that 9,9-disubstituted
polyfluorene copolymers with arylene groups, such as a
phenylene ring, may exhibit relatively high PL and EL
efficiencies as well as good EL performances.10,11 Here we
present a novel conjugated polymer, PHTDHFHT, in which
thiophene moieties are introduced into the backbone of
poly(9,9-dihexyl-9H-fluoren-2,7-ylene) in place of phenylene
units. The resultant polymer emits green PL and EL with high
quantum efficiencies.

The synthetic approach towards PHTDHFHT is outlined in
Scheme 1. Compound 2 is synthesized through the coupling
reaction between thienylzinc chloride and 2,7-dibromo-9,9-di-
hexylfluorene catalyzed by Pd(PPh3)4 in a high yield (89%).
The bromination of compound 2 with NBS produces monomer
3, 2,7-bis(5-bromo-4-hexylthienyl)-9,9-dihexyl-9H-fluorene.
The polymer, PHTDHFHT, was obtained through a nickel-
catalyzed reductive polymerization. Usually the preparation of
PFs and PTs can also employ direct oxidative polymerization
using ferric chloride as an oxidant. It was found that residual
iron in the polymers was difficult to remove completely, which
could affect the performance of devices.12 Metal-catalyzed
coupling reactions of dihalo compounds in place of the
oxidative polymerization by ferric chloride was employed in
our synthesis. The reductive polymerization also avoids irregu-
lar coupling or branching that easily happens in conventional
electrochemical and oxidative polymerization. After careful
purification,† the polymer was obtained as a light-yellow solid
in a yield of 60%.

PHTDHFHT is highly soluble in common organic solvents,
e.g., THF, toluene, xylene, and CHCl3. Uniform and transparent
films on substrates, such as ITO-coated glasses and microslides,
can be obtained by spin-casting the solutions. The molecular

structure and purity of the polymer are verified by 1H and 13C
NMR, FT-IR, and elemental analysis.‡ The molecular weights
of the polymer determined by gel permeation chromatography
(GPC) against the polystyrene standards in THF are Mw = 2.1
3 104, Mn = 1.3 3 104 (polydispersity, 1.67). Thermal
gravimetry analyses (TGA) (heating at 10 °C min21 in nitrogen)
indicate that the polymer is stable up to 300 °C. Differential
scanning calorimetry (DSC) reveals an exothermic phase
transition around 70 °C, which is higher than those of our
previously reported poly[bi(thienyl)phenylene] derivatives.

The absorption and photoluminescence (PL) spectra of the
polymer as film (spun-cast from a solution in xylene at the
concentration of 30 mg ml21) on microslides are shown in Fig.
1. The absorption onsets at 490 nm and gives a broad spectrum
with the maximum at 396 nm. From the onset wavelength, the
optical band gap of the polymer can be estimated to be 2.53 eV.
The film emits intensive green light when it is exposed to UV
light. The PL spectrum exhibits a peak at 493 nm with a
shoulder at 515 nm, corresponding to green emission (CIE: x =
0.24, y = 0.51). The absolute PL quantum yield of the neat
polymer film was measured to be 32 ± 3% in an integrated
sphere at rt in air using an argon ion laser line of 358 nm as the
excitation source according to the procedure described by
Greenham et al.13 The PL efficiency is quite high compared
with conventional PTs, and is also higher than those of our
previously reported polythiophene derivatives modified by the
phenylene group in their backbones, although it is still lower
than those measured from 9,9-disubstituted polyfluorenes
which are highly efficient blue light-emitting polymers.14 The
photochemical stability of PHTDHFHT is also high. The
fluorescence intensity of the thin film shows negligible
degradation in 5 h under irradiation of UV light (367 nm) in air.
This is similar to other polyfluorene and polythiophene

Scheme 1 Reagents and conditions: i, LDA, THF, 278 °C, 2 h; ii, ZnCl2,
THF, 278 °C, 2 h; iii, Pd(PPh3)4, THF, reflux, 20 h; iv, NBS, CHCl3–
AcOH, 10 h; v, NiCl2, Zn, PPh3, 2,2A-dipyridyl, DMAC, 20 h.
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derivatives. These results indicate that PHTDHFHT is an
efficient and stable green emissive material.

Cyclic voltammetry (CV) was performed on a thin polymer
film of PHTDHFHT coated onto a glassy carbon disc electrode
in a 0.1 mol L21 tetrabutylammonium hexylfluorophosphate (n-
Bu4NPF6) solution in acetonitrile by using platinum wire as a
counter electrode and a silver wire as a quasi-reference
electrode. All the experiments were performed in a glove-box
under an argon atmosphere at rt. As shown in Fig. 2, in the
anodic scan, the oxidation started at about 0.90 V and gave a
sharp oxidation peak at 1.21 V. The re-reduction peak appeared
at 1.15 V. On sweeping the polymer cathodically, the reduction
(n-doping) began at 21.60 V and then the cathodic current
increased quickly and produced a cathodic peak at 21.81 V, and
a corresponding re-oxidation peak occurred at 21.75. The
oxidation and reduction reactions are reversible. The clear
redox behavior and the good doping reversibility prove that the
polymer may be a good candidate of EL materials for
applications in polymer light emitting diodes and polymer light-
emitting electrochemical cells (LECs).15 The electrochemically
measured band gap is 2.5 V, which agrees well with the
HOMO–LUMO energy gap of 2.53 eV as determined from the
absorption onset. The HOMO and LUMO energy levels of this
polymer were estimated from the oxidation and reduction onset
potentials to be 25.30 and 22.85 eV, respectively.

The fabrication of LED devices was carried out in a glove box
under a nitrogen atmosphere. The thickness of the PHTDHFHT
film was about 100 nm and the thickness of the calcium
electrode, which was thermally evaporated onto the polymer
film under 1026 Torr, as about 200 nm. First, the single devices

with the configuration ITO–PHTDHFHT–Ca were fabricated.
In forward bias, the single-layer devices turned on at about 20 V
for current and emitted green light at about 21 V. Considering
the energy barrier for hole injection at the anode, double-layer
devices with the configuration ITO–PVK–PHTDHFHT–Ca
were also fabricated. By employing a PVK layer (90 nm)
between the ITO and the polymer film the turn-on voltage for
light output was reduced to about 8 V, and the maximum
external quantum efficiency was increased from 0.05 to 0.6%. It
indicates that PVK as hole-transporting layer can reduce the
turn-on voltage of the devices and improve their efficiency.

In conclusion, a novel poly(fluorene-co-bithiophene) conju-
gated polymer, PHTDHFHT, was prepared through metal-
catalyzed coupling polymerization in place of ferric chloride
oxidative reaction. This polymer shows good thermal stability
and photostability. Efficient green PL and EL are demonstrated
with the polymer.

Notes and references
† The polymer was precipitated from the reaction mixture by pouring it into
MeOH. The precipitate was washed with MeOH and was then re-dissolved
in THF. The THF solution was vigorously stirred together with the 50%
aqueous solution of hydrazine monohydrate (v+v 1+1) at rt for 24 h. The
THF solution was separated and filtered. The solution was then poured into
MeOH to precipitate the polymer. The polymer was collected by filtration
and was washed with MeOH. Finally, the polymer was washed with acetone
in a Soxhlet apparatus for 24 h and then dried under vacuum at rt.
‡ Selected data for the monomer (compound 3): dH(CDCl3, 200 MHz,
ppm) 7.64–7.68 (2H, d, J = 7.93 Hz, Ar-H), 7.45–7.64 (4H, m, Ar-H), 7.06
(2H, s, Th-H), 2.56–2.63 (4H, t, J = 7.2 Hz, CH2), 1.96–2.04 (4H, m, CH2),
1.61–1.65 (4H, m, CH2), 1.25–1.35 (14H, m, CH2), 1.00–1.10 (10H, m,
CH2), 0.89–0.95 (6H, m, CH3), 0.76–0.85 (6H, m, CH3); EI-MS (m/z): 824,
822, 820 (M+); for PHTDHFHT: dH(CDCl3, 200 MHz, ppm): 7.58–7.74
(6H, m, Ar-H), 7.31 (2H, s, Th-H), 2.59–2.65 (4H, t, J = 7.2 Hz, CH2),
2.00–2.11 (4H, m, CH2), 1.61–1.75 (4H, m, CH2), 1.21–1.42 (12H, m,
CH2), 1.00–1.20 (12H, m, CH2), 0.82–0.95 (6H, m, CH3), 0.74–0.81 (6H,
m, CH3); dc(CDCl3, 50 MHz, ppm): 151.69, 144.40, 143.53, 140.29,
133.08, 128.03, 124.53, 124.48, 120.07, 119.60, 55.31, 31.68, 31.48, 30.78,
29.68, 29.21, 23.78, 23.72, 22.60, 14.10, 14.01. Anal. Calc. For C45H60S2:
C, 81.26; H, 9.09; S, 9.64. Found: C, 81.44; H, 9.16; S, 9.47%.
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Fig. 1 UV-visible absorption (film), photoluminescence (film), and
electroluminescence spectra of PHTDHFHT.

Fig. 2 Cyclic voltammograms of PHTDHFHT recorded in a solution of
TBAPF6 (0.1 M) in acetonitrile at rt.
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Degradation of an antitumour bicyclic hexapeptide, RA-VII
1, produced protected cycloisodityrosines in an efficient
manner through bis(thioamide) intermediate 6.

RA-VII 11 and bouvardin (NSC 259968) 22 are a class of
peptides originating from Rubiaceous plants. They show potent
antitumour activity, and their mode of action is considered to be
inhibition of protein synthesis through interaction with eukary-
otic 80 S ribosomes.3 While the cycloisodityrosine moiety is
proposed to be the pharmacophore for this type of peptide,4 the
role of the 18-membered ring moiety for the activity is still an
outstanding issue. Although several approaches towards the
synthesis of cycloisodityrosines have been reported,5–7 their
multi-step synthesis inevitably requires construction of a
strained diphenyl ether linkage, which is not easily accessible,
using unusual amino acids. Also, the easily epimerisable
properties of cycloisodityrosines6d–f,7b hamper ready access to
the cycloisodityrosine unit needed for the synthesis of 18-mem-
bered ring modified analogues. We report herein an alternative
practical approach towards cycloisodityrosines from RA-VII 1
which is the most abundant congener of RAs obtained from
commercially available Rubiae Radix.8

To obtain cycloisodityrosines from peptide 1, selective
cleavage of the peptide bonds at specific positions was required.
Previously, we reported that when RA-VII 1 was treated with

2,4-bis(methylthio)-1,3,2l5,4l5-dithiadiphosphetane-2,4-di-
thione 3 at rt, [Tyr-3-Y(CS-NH)-Ala-4; Tyr-6-Y(CS-NH)-D-
Ala-1]RA-VII 4, with accompanying monothioamides and
other bis(thioamides), was obtained in 38% yield.9 We deemed
that bis(thioamide) 4 would be a suitable substrate for such
degradation. Although some enhancement of the yield ( ~ 50%)
of 4 has been made by modifying the reaction conditions, we
found that when [N-methyl-Ala-2]RA-VII 5, which is readily
prepared from peptide 1 in 97% yield,10 was thionated using the
same reagent, bis(thioamide) 6 possessing thioamide bonds at
the same positions as 4 was produced in 91% yield (Scheme 1).
Compound 6 was converted into bis(imidothioate) 7 using

Scheme 1 Reagents and conditions: i, 3, dioxane, rt, 4 d, 91%.

Scheme 2 Reagents and conditions: i, MeI, K2CO3, acetone, rt, 6 h; ii, 6 M
HCl, MeCN, rt, 2 h; neutralised with 1 M K2CO3; iii, phenyl isothiocyanate,
rt, 2 h; 6 M HCl, MeCN, rt, 5 h; neutralised with 1 M K2CO3; Boc2O, rt, 4 h,
78% from 6; iv, LiOH, H2O2, THF–H2O, 0 °C, 20 min; v, benzyl alcohol,
DEAD, Ph3P, THF, 0 °C, 2 h, 90% from 10; vi, (trimethylsily)diazo-
methane, MeCN–MeOH, rt, 3 h, 97% from 10.
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iodomethane and potassium carbonate, and successive treat-
ment with 6 M HCl in acetonitrile resulted in the cleavage of
two imidothioate linkages to produce a mixture of two
tripeptide segments 8 and 9 (Scheme 2).  This mixture, without
separation, was then subjected to Edman degradation, and N-
protection using di-tert-butyl dicarbonate afforded cycloisodi-
tyrosine thioester 10 in 78% yield from bis(thioamide) 6.† The
structure of compound 10 was confirmed by X-ray crystallog-
raphy (Fig. 1).‡ Compound 10 was converted into benzyl ester
11 and known methyl ester 126f,7b in yields of 90 and 97%,
respectively.§ The spectroscopic data of 12 were in good
agreement with those of 12 previously reported. The chemical
conversion described here proceeds in an efficient manner; the
overall yields of cycloisodityrosines 11 and 12 from RA-VII 1
were 62 and 67%, respectively. We are currently engaged in the
design and synthesis of 18-membered ring modified analogues
of RA-VII using 11 and 12, and the results will be disclosed in
due course.

Notes and references
† This key transformation (6 ? 10) was most effectively carried out on a
0.15–0.2 mmol scale.
‡ Crystal data for 10: C27H34N2O6S, M = 514.64, 0.30 3 0.10 3 0.40 mm,
monoclinic, P21 (no. 4), a = 6.359(3), b = 21.465(5), c = 9.991(2) Å, b
= 92.68(2)°, V = 1362.2(7) Å3, T = 298(1) K, Z = 2, m(Cu-Ka) = 14.09
cm21, 5470 reflections measured, 2494 unique reflections (Rint = 0.015), R
= 0.036, Rw = 0.031. The structure was solved by direct methods and
expanded using Fourier techniques. CCDC 182/1722. See http://
www.rsc.org/suppdata/cc/b0/b004459h/ for crystallographic files in .cif
format.
§ Compound 11: [a]18

D –202 (c 0.10, CHCl3); compound 12: [a]18
D 2198 (c

0.18, CHCl3).
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Fig. 1 The crystal structure of compound 10.
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Methylation of the coordinated thiolate in pseudotetrahe-
dral Zn complexes of the form [(L3S)ZnX] by a variety of
alkylating agents appears to occur via a nondissociative
route and the resulting thioether can remain coordinated to
the metal center as it does in zinc dependent alkyl transfer
enzymes such as the DNA repair protein, Ada, from
Escherichia coli.

The role of zinc metalloproteins in enzymatic alkyl group
transfer is an emerging area of bioinorganic chemistry.1
Examples of such enzymes include the DNA repair protein Ada
from E. coli, the cobalamin dependent and independent
methionine synthases, farnasyl transferase, and others.2–6 In all
of these proteins the zinc ion is in a thiol rich coordination
environment with multiple cysteine residues as ligands. Zinc in
the Ada protein, for example, is surrounded by four such
cysteine residues (designated a CCCC site) although systems in
which one or two of the cysteine residues have been replaced by
histidines (CCHC and CCHH) are also known.2–6 Interestingly,
these same motifs also characterize the non-enzymatic zinc-
finger proteins.1

A major question, which has been addressed by several
model compound studies, has been: what is the role of the zinc
in modulating the reactivity of cysteine residues toward methyl
group transfer? In seminal mechanistic work, Wilker and
Lippard have shown that in reactions of Zn(SPh)4

22 and its
derivatives with trimethylphosphate as the methyl donor,
methyl group transfer from the model substrate did not require
the presence of zinc.7 Thiolate anions were actually more
readily alkylated although no transfer was seen when thiols
were the acceptors. Methylation also occurred in the presence of
Zn(SPh)4

22 but since all of its reactivity could be attributed to
dissociated thiolate anion, doubts existed regarding the re-
activity of a true zinc bound thiolate. More recently however,
both we and Vahrenkamp and associates, have presented
evidence for a nondissociative mechanism in the alkylation of
[(L)ZnSR] (where L is a trispyrazolylborate or other scorpio-
nate ligand) complexes by a variety of methylating agents.8,9

Evidence has been accumulating that zinc-bound thiolates are in
fact the active nucleophiles in the enzymatic reactions as
well.10

One aspect of the enzymatic reactions not mimicked in any
model system studied thus far is the fact that in many of the
former, the thioether produced in the alkyl transfer remains
coordinated to the zinc. Thioether coordination has been
unequivocally demonstrated for the Ada protein and spectro-
scopic evidence consistent with this has been presented in
several other cases as well.11–13 In all of the model studies
conducted to date the thioether has never been found in the zinc
coordination sphere after alkylation.7–9 This observation has
prompted Vahrenkamp to propose that the apparently very poor
donor capabilities of the thioether group toward zinc may
contribute significantly to the overall reactivity in these
systems.9 Using a new N2S heteroscorpionate ligand that is
isostructural and isoelectronic with the well known N3 trispyr-
azolylborates, we report here a system where a zinc-bound

thiolate appears to be the active nucleophile8b and the thioether
resulting from methyl group transfer reaction remains in the
coordination sphere of the zinc in the absence of superior
anionic ligands.

The ligand L3SH is prepared in reasonable yield using the
same approach used to prepare previous members of this
family.8a Thus bis(3,5-dimethylpyrazolyl)ketone reacts with
2-methyldithioisobutyraldehyde as a melt at 80 °C in the
presence of CoCl2 as a catalyst. The thio-protected inter-
mediate, L3SSMe, was cleanly reduced with LiAlH4 to yield the
desired product. Pseudotetrahedral zinc complexes such as
[(L3S)ZnI] 1, or [(L3S)ZnOAc] 2, were readily prepared by
either direct reaction of deprotonated (L3S)2 (methoxide ion)
with the appropriate zinc salt or protonation of the
[(L3S)ZnCH3] derivative with HX. Methylation of the co-
ordinated thiolate in these complexes was achieved using
methyl iodide, trimethyloxonium tetrafloroborate, or p-ni-
trobenzene sulfonic acid methyl ester as methyl donors.

Reaction of 1 with an equivalent of methyl iodide in
dichloromethane yields the complex [(L3SCH3)ZnI2], 3, where
the thioether is uncoordinated as has been previously found in
related systems. Reasoning that the neutral thioether could not
compete with the anionic iodide ion released in the methylation
reaction, we removed one iodide by treatment of 3 with an
equivalent of AgBF4. Isolation of the product after filtration of
precipitated AgI yielded the pseudotetrahedral complex 4,
[(L3SCH3)ZnI][BF4] where the thioether is now bound to the
zinc (Fig. 1).† These transformations are summarized in
Scheme 1. The same reaction sequence starting with 2 leads to
[(L3SCH3)ZnOAc][BF4] which in the solid state dimerizes to
the acetato bridged complex 5, [(L3SCH3)Zn(m-OAc)2(m-
OH)Zn(L3SCH3)][BF4] containing octahedral zinc with co-
ordinated thioethers (Fig. 2).† These reactions show clearly,

Fig. 1 Thermal ellipsoid diagram of [(L3SCH3)ZnI]+. The ellipsoids are
drawn at the 30% probability level and hydrogens are removed for clarity.
Selected bond distances (Å) and angles (°): Zn(1)–N(1) = 2.03(2); Zn(1)–
N(3) = 2.03(2); Zn(1)–S(1) = 2.388(6); Zn(1)–I(1) = 2.471(3); N(1)–
Zn(1)–N(3) = 94.2(7); N(1)–Zn(1)–S(1) = 90.6(5); N(1)–Zn(1)–I(1) =
122.4(5); N(3)–Zn(1)–S(1) = 89.9(5); N(3)–Zn(1)–I(1) = 124.3(5); S(1)–
Zn(1)–I(1) = 125.8(2).
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that in the absence of superior anionic ligands such as iodide,
neutral thioethers can bind to a zinc center in either a tetrahedral
or octahedral geometry.

Although coordinated thioether complexes could be prepared
by removal of iodide by treatment with silver salts, the question
remained, would a thioether formed by methylation of a zinc-
bound thiolate remain coordinated without the addition of
outside intervention? Trimethyloxonium tetrafloroborate and p-
nitrobenzenesulfonic acid methyl ester are methyl donors used
extensively to modify cysteine residues in proteins and are
expected to produce only the weakly coordinating CH3OCH3 or
p-nitrobenzene sulfonate as byproducts. Reaction of
[(L3S)ZnX] where X = I2 or OAc2 with either of the above
gave the expected [(L3SCH3)ZnX]+ directly as determined by
NMR and electrospray-MS.‡ Thus the system reported herein
mimics the known chemistry of the relevant zinc enzymes such
as Ada.

Although the chelate effect is clearly important helping the
thioethers produced here remain coordinated, it is not decisive.
Thus while complexes of zinc with coordinated thioethers
incorporated into anionic ligands are known,14–16 numerous
neutral chelates containing thioethers have been examined and
invariably the thioethers are uncoordinated.17–21 Thus we can
envision zinc enzymes of this type being divided into two
groups: the first where the sulfur to be methylated is part of the
protein backbone i.e. one of the cysteine donors in the zinc
coordination sphere as in the Ada protein. Under these
conditions the resulting thioether can be expected to remain
coordinated to the zinc due the macromolecular chelate effect.
In the case where the thiol to be methylated represents an
exogenous substrate, as in the cobalamin independent methio-
nine synthases, the resulting neutral monodentate coordinated
thioether is expected to be easily displaced by other ligands such
as water (hydroxide). Such a process would yield free product
and zinc enzyme with an open coordination site ready to repeat
the catalytic cycle.
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† Crystal data for 4: C15H24BF4IN4SZn, M = 571.52, a = 9.754(2), b =
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17.674(5), c = 15.531(3) Å, b = 120°, V = 4202(2) Å3, trigonal, space
group P3221, Z = 6, T = 198(2) K, final R1 = 0.0799, wR2 = 0.2317, GOF
(on F2) = 1.067. CCDC 182/1726. See http://www.rsc.org/suppdata/cc/b0/
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‡ In the case where X = OAc with p-nitrobenzenesulfonate as a counterion
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Scheme 1

Fig. 2 Thermal ellipsoid diagram of [(L3SCH3)Zn(m-OAc)2(m-
OH)Zn(L3SCH3)]+. The ellipsoids are drawn at the 30% probability level
and hydrogens are removed for clarity. Selected bond distances (Å) and
angles (°): Zn(1)–N(1) = 2.174(9); Zn(1)–N(3) = 2.118(9); Zn(1)–S(1) =
2.619(3); Zn(1)–O(1) = 1.979(4); Zn(1)–O(2) = 2.157(7); Zn(1)–O(3) =
2.078(8); N(1)–Zn(1)–N(3) = 85.1(3); N(1)–Zn(1)–O(1) = 96.0(3); N(1)–
Zn(1)–O(2) = 173.5(3); N(1)–Zn(1)–O(3) = 93.5(3); N(1)–Zn(1)–S(1) =
82.6(2); N(3)–Zn(1)–O(1) = 173.0(3); N(3)–Zn(1)–O(2) = 90.0(3); N(3)–
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88.3(3); O(1)–Zn(1)–O(3) = 94.9(3); O(1)–Zn(1)–S(1) = 85.3(2); O(2)–
Zn(1)–O(3) = 91.0(3); O(2)–Zn(1)–S(1) = 92.9(2); O(3)–Zn(1)–S(1) =
176.2(2).
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1-Triphenylphosphoniobenzo[c]phospholide 2 which is ac-
cessible via NaBH4 reduction of 1,3-bis(triphenylphospho-
nio)benzophospholide 1 displays an ambident coordination
ability similar to a phosphinine; this is shown by its reactions
with (cyclooctene)Cr(CO)5 and (naphthalene)Cr(CO)3
which gave (s(P)-2)Cr(CO)5 and (h5-2)Cr(CO)3, the first p-
complex of a 10p-aromatic phosphorus heterocycle with a d-
block metal.

Phosphinines I and phospholides II are aromatic phosphorus
heterocycles whose use as ligands in transition metal complexes
receives substantial current interest,1 in particular in connection
with possible applications in catalysis.2 As compared to their
organic analogues, viz. arenes and cyclopentadienides, I, II are
more versatile ligands which may bind to metals not only via the
p-electron system (h5/h6-coordination) but also via the phos-
phorus lone-pair (s(P)-coordination), or a combination of
both.1 For phosphinines, formation of s(P)-complexes in which
the ligand displays s-donor/p-acceptor-properties similar as a
phosphane or phosphite is generally more favourable with
metals in low oxidation states, although complexes with h6-
coordinated phosphinines are also accessible for various metal
centres.1 Phospholides prefer, in contrast, p-coordination and
the vast majority of complexes feature h5-bound ligands; pure
s(P)-phospholide complexes are known,3 but remain rare.

We have recently established that cationic 1,3-bis-triphenyl-
phosphonio-benzophospholide 1 binds to various transition
metals in a s(P)- or m2(P)-coordination mode.4,5 The donor
ability of the p-electron system in 1 was found to be inferior to
that of the phosphorus lone-pair, and on the whole the structural
features of the complexes resembled more closely those of
topologically related phosphinine complexes rather than genu-
ine phospholide complexes.4 These findings suggested that the
reduction of p-nucleophilicity and enhancement of p-electro-
philicity induced by the phosphonio groups is of pivotal
importance for the complexation regioselectivity and lead us to
conclude that mono-phosphonio-substituted benzophospho-
lides might display a balanced ligand behaviour with prospects
for both s(P)- and p-coordination, similar to the case of
phosphinines. Here, we report on the synthesis and coordination
studies of the phosphonio-benzophospholide 2 which lead to the
isolation and structural characterisation of the first p-complex
of a 10p-aromatic phosphaarene with a d-block transition
metal.6

During our studies of reductive fragmentation reactions of the
cation 17 we discovered that 1[Cl] reacts selectively with excess
NaBH4 via cleavage of PPh3 to form neutral species 2 (Scheme
1). The latter was isolated in satisfactory yield after re-
crystallisation from THF–isopropyl alcohol and its constitution
established by analytical and spectroscopic data.† Interestingly,
the first UV–VIS absorption band of 2 [lmax (CH2Cl2) = 352
nm] which is attributable to a p–p* transition of the benzophos-
pholide chromophore occurs at nearly the same wavelength as
for 1 [lmax (CH2Cl2) = 354 nm5], thus indicating similar

frontier orbital gaps in both molecules. As the effect of the
positive charge in 1 should shift all orbitals to more negative
energies,8 neutral 2 is thus expected to behave as a better p-
donor but less effective p-acceptor than 1.

To survey the coordination behaviour of 2, we explored
reactions with equimolar amounts of [(cyclooctene)Cr(CO)5]
and [(naphthalene)Cr(CO)3], respectively. Both reactions pro-
ceeded according to an 31P NMR spectroscopic assay with
quantitative formation of a single phosphorus containing
species. The products were isolated after precipitation with
hexane and recrystallisation from toluene, and their nature as
the complexes 3, 4 was established by microanalytical and
spectroscopic data and single crystal X-ray diffraction stud-
ies.9

Complex 3 displays a moderate negative coordination shift
for the endocyclic phosphorus atom [dcoord = d(ligand) 2
d(complex) = 229] while coordination shifts for the benzo-
phospholide carbon atoms are insignificant (dcoord < ± 3) and
the proton at C3 is slightly deshielded (dcoord = 0.3). All these
features are characteristic for complexes featuring s(P)-
coordinated low valent phosphorus species.1 The carbonyl
region of the IR spectrum of 3 displays the expected pattern of
a M(CO)5 moiety with the band at highest energy (n = 2064
cm21) appearing at slightly lower wavenumbers than in
[(Ph3P)Cr(CO)5] (ñ = 2070 cm21) or the phosphinine complex
[s-(2,4,6-triphenylphosphinine)Cr(CO)5] 5 (ñ = 2071
cm21 10). Although comparison of this vibrational frequency in
LM(CO)5 complexes has been used to relate the p-acceptor
qualities of L,2 a more common and quantitative approach is
provided by evaluation of Tolman’s electronic parameter c
which can be obtained from vibrational spectra of LNi(CO)3
complexes.11 We have therefore recorded IR spectral data of the
Ni(CO)3 complex of 2 (prepared in situ from equimolar
amounts of 2 and Ni(CO)4) and determined a value of c = 13
indicating that the p-acceptor ability of 2 should match that of
PPh3 (c = 1311) but is lower than that of P(OMe)3 (c = 2311)
or 2,4,6-triphenylphosphinine (c = 232).

The 1H, 13C and 31P NMR spectra of complex 4 reveal large
negative coordination shifts for the endocyclic phosphorus
(dcoord = 2158), the hydrogen at C3 (dcoord = 22.6) and the
carbon atoms in the five membered ring (dcoord = 217 to 224)
whereas the remaining nuclei in the benzophospholide unit
exhibit similar chemical shifts as in free 2. Altogether, these

† Electronic supplementary information (ESI) available: analytical and
spectroscopic data for 2-4. See http://www.rsc.org/suppdata/cc/b0/
b005130f/

Scheme 1 Reagents and conditions: i, excess NaBH4, THF, 24 h, r.t.; ii, 1
equiv. [(cyclooctene)Cr(CO)5], THF, 6 h, r.t.; iii, 1 equiv. [(naph-
thalene)Cr(CO)3], THF, 6 h, r.t.
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data indicate p-coordination of 2 via the five-membered ring
which has likewise been observed for indenyl complexes such
as [(h5-indenyl)Cr(CO)3]2 6.12 The carbonyl stretching vibra-
tions in the IR spectrum of 4 (ñ = 1925, 1835, 1826 cm21)
appear at higher wavenumbers than in both 6 (ñ = 1895, 1791
cm21 12 and [h5-(C5H4PPh3)Cr(CO)3] 7 (ñ = 1900, 1805, 1785
cm21 13), indicating that the amount of p-electron density
transferred to the metal is lower for 2 than for the carbocyclic
ligands C9H7

2 and C5H4PPh3, respectively.
The results of the X-ray structure analysis of complex 3 [Fig.

1(a)] confirms the presence of a s(P)-coordinated benzophos-
pholide ligand with a planar annulated ring system. Unlike as in
known complexes of s(P)-coordinated phospholides,3 the
metal-bound phosphorus atom lacks any evidence for pyr-
amidalisation (sum of bond angles 360°). The exocyclic P–C
bond [P2–C2 1.744(1) Å] is similar as in complexes of 1 (1.75
± 1 Å4) whereas of the endocyclic P–C distances the one to the
protonated carbon atom is shortened [P1–C9 1.691(2) Å] and
the other lengthened [P1–C2 1.767(2) Å]. The P1–Cr1 bond
[2.376(5) Å] matches that in the phosphinine complex 5
[2.372(15) Å4]. The Cr–C distances in 3 [Cr–Ctrans 1.862(4) Å,
Cr–Ccis 1.895–1.912, av. 1.902 Å] are generally longer than
those in 5 [Cr–Ctrans 1.822(12) Å, Cr–Ccis 1.825–1.865, av.
1.843 Å10]. Although interpretation of these data in terms of
electronic effects is difficult in view of sterically induced
distortions in both structures, the more pronounced shortening
of the trans-relative to the cis-Cr–C bonds in 3 agrees with a
lower p-acceptor ability of 2 as compared to 2,4,6-Ph3H2C5P
which was predicted on grounds of the spectroscopic data.

The molecular structure of 4 [Fig. 1(b)] displays a three-
legged piano-stool geometry with the coordinated five mem-
bered ring featuring a flat twist conformation. The Cr–C
distances range between 2.229(2) and 2.341(3) Å with the

closest distances observed for the carbons atoms C2, C9
adjacent to P1 which are presumably the centres of highest p-
electron density,8 and the Cr–P distance amounts to 2.407(4) Å.
The distances between the metal and the carbonyl C-atoms
[1.806(3)–1.837(3) Å] and the centroid of the phospholide ring
[1.874(3) Å], respectively, compare well with the correspond-
ing values of [h5-(C5H4PPh3)Cr(CO)3] 7 (Cr–CO 1.77–1.83,
Cr–Cent. 1.862 Å13) and [(h6-2,4,6-triphenylphosphini-
ne)Cr(CO)3] (Cr–CO 1.80–1.82, Cr–Cent. 1.686 Å14). The
exocyclic P2–C2 bond in 4 [1.755(3) Å] is similar than in 3 but
the endocyclic P–C [1.744(2), 1.805(2) Å] and adjacent C–C
bonds [1.426(3), 1.460(3) Å] are lengthened as expected for a p-
complex. The extent of this lengthening is somewhat more
pronounced for the P–C than for the C–C bonds which agrees
with the finding that the largest coefficients in the frontier
orbitals of benzo[c]phospholides are found at the phosphorus
and the two adjacent carbon atoms.8

Preliminary studies indicate that analogous complexes as 3, 4
are likewise accessible with molybdenum and tungsten. In
conclusion, our reported findings strongly suggest that the
electron withdrawing effect of the PPh3 group induces a
balanced coordination behaviour which enables the benzophos-
pholide 2 to act both as a phosphine-like s-donor/p-acceptor
ligand in s(P)-complexes and a phosphaarene like ligand in p-
complexes. A similar switching between different coordination
modes was previously known for phosphinines,1 but scarcely
for phospholide type species. Further exploration of this feature
as well as the possible exploitation of the chiral nature of 4 are
currently under investigation and may possibly add new facets
to the coordination chemistry of phospholide ligands.

We thank the Fonds der Chemischen Industrie and Deutsche
Forschungsgemeinschaft for financial support.
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Coordination/detachment of a pendent functionality in the
Zn(II) complex with a macrocyclic ligand L gives rise to on/
off switching of exciplex emission, defining an elementary
molecular machine whose movements are driven by both pH
and light.

Chemical systems capable of performing controlled movements
at the molecular level are a topic of great interest. In particular
great attention is paid to molecular systems whose movements
can be controlled by external inputs (pH, temperature, light,
redox potential, metal ions).1–6

In the present work we describe a Zn(II) complex behaving as
an elementary molecular machine driven by pH and light. The
mechanical function of this machine consists in the movement
of a ligand moiety determined by pH-controlled coordination–
detachment of a donor atom leading to the formation of an
exciplex emitter. The ligand used, L, was obtained by reaction

of anthracene-9-carbaldehyde (EtOH, room temperature, 48 h)
with the macrocyclic precursor 1, followed by reduction in situ
of the resulting imine with NaBH4, according to a reported
procedure.7 1 was synthesized by condensation of 2,9-bis-
(bromomethyl)-1,10-phenanthroline with tris(2-tosylaminoe-
thyl)amine by using the Richman and Atkins procedure.8

The absorption spectrum of the free ligand presents the
characteristic band of the anthracene moiety (lmax = 352 nm),
and is only slightly dependent on the pH. The most intense
absorption band occurs at 252 nm, a region where both the first
singlet of phenanthroline, and the second singlet of anthracene
absorb. However, the fluorescence emission exciting at 352 or
252 nm is the same, as expected from the Kasha–Vavilov’s
rule.9

The most interesting feature of the fluorescence emission
concerns its dramatic dependence on the protonation state of the
compound.† A total quenching of the emission is observed for
the species L, HL+ and H2L2+, while the H3L3+ form exhibits an
intense emission. As observed for many other similar molecules
possessing the anthracene fluorophore attached to a polyamine
chain, the quenching effect can be explained by an electron
transfer process from unprotonated amine groups to the excited
anthracene.10,11 On the other hand protonation of amines rises

their oxidation potential to > 2.5 V changing the photoinduced
electron transfer reaction from exoergonic to endoergonic, thus
precluding the quenching effect.12 1H NMR titrations per-
formed at different pH values showed that in H3L3+ all three
benzylic nitrogens are protonated. Only the N2 amine remains
unprotonated, although, according to the emission spectra, this
would not be an efficient site for photo-induced electron
transfer quenching, probably because of involvement in hydro-
gen bonding to adjacent protonated nitrogens. The species
H2L2+, HL+ and L have two, three and four unprotonated
nitrogens, respectively, accounting for the observed quenching
effect.

Potentiometric measurements performed in water–MeCN
(1+1, v/v) solutions, containing Zn(II) and L in 1+1 molar ratios,
showed the formation of stable complexes ([ZnL]2+, [ZnHL]3+,
[ZnH2L]4+, [ZnL(OH)]+, [ZnL(OH)2]) over the entire pH
region investigated.† The formation of these Zn(II) complexes
has also been followed by recording 1H NMR spectra at
different pH values, indicating that deprotonation of [ZnH2L]4+

to form [ZnHL]3+ (pH 3–5) takes place at the amine nitrogen of
the pendant arm. At the same time, remarkable shifts for the
signals of anthracene and phenanthroline protons evidence the
formation of a p-stacking interaction between the two aromatic
moieties in the [ZnHL]3+ complex. In other words, metal
coordination by the deprotonated amine group of the pendant
arm enables the two aromatic moieties to interact via p-
stacking. Such stacking interaction is maintained in the [ZnL]2+

and [ZnL(OH)]+ species, as shown by the fact that the spectra
do not bear significant changes at neutral or slightly alkaline pH.
By contrast, NMR data obtained in very alkaline media (pH
10–13), where [ZnL(OH)2]2+ is formed, suggest that binding of
the second OH2 ion causes the detachment of the amine group
of the pendant arm and consequent loss of the p-stacking
interaction.

Like many other Zn(II) complexes bearing polyamine chains
attached to a fluorophore, the fluorescence emission spectra of
the Zn(II) complexes with L (lmax = 418 nm) are quite similar
to those of the protonated ligand (Fig. 1). This is explained by
the fact that coordination of Zn(II) to the amine groups (like
protonation) precludes the electron transfer quenching ef-
fect.10–12 On this basis, the quenching effect occurs only at pH
values that permit the existence of nitrogens which are neither
attached to the metal nor protonated (Fig. 1). This clearly occurs
for all the complexes species except [ZnH2L]4+ which still
exhibits an intense emission with a maximum at 418 nm. The
most intersting feature of this system, however, is the formation
of a non-structured and red shifted emission band (Fig. 1),
occurring for all metal complexes with the exception of
[ZnLOH)2]. The excitation spectrum at pH = 6.4, collected at
418 nm is coincident with the absorption spectrum. However
the excitation spectrum collected at 600 nm is slightly red
shifted, as expected from a ground state association. This
exciplex type emission can thus be ascribed to an intramolecular
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p-stacking complex in the excited state, involving phenanthro-
line and anthracene. As described above, the p-stacking
complex is already formed in the ground state for the species
[ZnHL]3+, [ZnL]2+ and [ZnL(OH)]+, but not for [ZnH2L]4+ and
[ZnL(OH)2]. As a consequence, for [ZnH2L]4+ the p-stacking
complex must be formed during the excited state lifetime. The
p stacking complex in the ground state and the exciplex
emission from the excited state can be explained as a
consequence of coordination of the nitrogen of the pendent arm
to the metal, since this leads to a geometry where phenanthro-
line and anthracene are forced to stay close to each other in a
sandwich-like mode. This structure is maintained upon coor-
dination of a single OH2 ion to the metal, probably because the
binding occurs at the opposite side of the pendent arm, while the
exciplex emission, as well as the p-stacking complex, disappear
at more basic pH values, in agreement with the detachment of
the amine nitrogen of the pendent arm caused by coordination of
the second OH2 ion.

Time-resolved fluorescence measurements collected at 419
and 550 nm reveal that, independently of the pH value
considered, the decays are always fitted with sums of two or
three exponentials. The fluorescence decay of the parent
compound, 9-(methylaminomethyl)anthracene, measured at pH
= 2 is however single exponential with a lifetime of 10.5 ns.
Within the pH range studied (1.6–12.0), two lifetimes with
values of 2–2.9 and 5.2–10.5 ns are observed. For lower pH
values the contribution of the shorter lifetime is largely
predominant at 419 nm (99%), but not so much at 550 nm
(70%). As the pH increases the contribution of the second
lifetime increases with a concomitant decrease of the shorter
component. A third lifetime, attributed to the emissive exciplex
species of 21–25 ns, begins to appear at pH = 5. For pH = 8.7
the contribution of this new species is predominant at lem =
550 nm (45% of the overall decay) but almost negligible at lem
= 419 nm. This means that the back reaction from the exciplex
to the monomer(s) is almost non-existent. Although always
present for pH > 5, the emission contribution of the exciplex
seems to reach a maximum at pH ca. 8, slowly decreasing at
higher pH values.

We interpret the existence of the two first lifetimes to the
presence of two opened structures (monomers) in equilibrium,
one clearly ascribable to the free [H3L]3+ species and the other
probably to the [ZnH2L]4+ complex. In conjunction with
steady-state data it is clear that these two monomer species emit
in the same region and can only be distinguished by time-
resolved fluorescence. In cases where exciplex emission occurs,
no negative pre-exponential, i.e. a rise-time, is observed as a
result of two factors: the first is related to previous findings that

a pre-formed exciplex is already present in the ground-state, and
the second is a consequence of the fact that the fluorescence
emission of the monomer(s) extends to the emission region
where the exciplex emits.

The system here reported exhibits a significant advantage, in
comparison with other similar compounds, because coordina-
tion of the pendent arm to the metal can be easily monitored by
the appearance of the exciplex emission. The system defines an
elementary molecular machine whose movements are driven by
pH, and also by light around pH 4 (Fig. 2). Additionally, it can
operate in acidic media switching from the species H3L3+ to
[ZnH2L]4+ or in alkaline media between [ZnL(OH)]+ and
[ZnL(OH)2].

Interestingly the exciplex emission occurs not only in
MeCN–water mixtures but also in pure water, in contrast with
other exciplexes or excimers reported in literature which are
only stable in non-polar solvents.9
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A new photochromic cross-linked copolymer composed of
PMMA and fluorescing 2-indolylfulgimide is synthesized
which can be converted photochemically into two forms
which are found to be thermally stable; the spectroscopic
properties and quantum yields of photochemistry and
fluorescence are also measured.

The increasing fast developments in new technologies asso-
ciated with optoelectronics, waveguides, molecular switches,
optical computer memories among others, require the design
and synthesis of novel materials with properties which satisfy
the specific needs of each new device.1 Organic photochromic
materials have attracted significant attention, in recent years,
because of their potential application to optical devices, and in
particular to switches and 3D optical storage.2 One of the most
promising classes of photochromic materials are fulgides
because they possess excellent fatigue resistance and thermal
stability in both isomeric forms.3

In previous papers we have reported the synthesis, photo-
chromic and spectroscopic properties of several new thermally
stable fluorescing photochromic 2-indolylfulgides and fulgi-
mides which may be potential materials for use as media in
rewritable 3D optical memory devices.4–6 Here we describe the
synthesis and properties of a new fluorescing photochromic
2-indolylfulgimide which is attached to methyl methacrylate
monomer, to form a cross-linked photochromic fluorescing
polymer.

Photochromic molecules must be uniformly dispersed in a
polymer matrix at relatively high concentration to be suitable
for use in optical devices. The photochromic materials which
have been used in 3D optical memory devices, based on two-
photon absorption, require concentrations of 1021 M and higher
in order to record a sufficient number of bits of information.2
The photochromic cross-linked copolymer described here is
formed by attaching the photochromic molecule to the polymer
chain by copolymerization with the corresponding monomer.
We were able to copolymerize the methyl methacrylate
monomer and the photochromic 2-indolylfulgimide (E-8),
which we synthesized, to form an optically clear photochromic
cross-linked copolymer.

Fulgimide E-8 was readily prepared by the process shown in
Scheme 1. Commercially available 3-methylindole (1) was
converted to 2 by reacting it with vinyl benzyl chloride in
potassium hydroxide DMSO solution (78% yield). Product 2
was then converted to 3 using the Vilsmeier-Haack formylation
reaction (42% yield).7 Diethyl isopropylidenesuccinate (6) was
prepared by Stobbe condensation (86% yield).8 Stobbe con-
densation of indole-2-carbaldehyde (3) with diethyl iso-
propylidenesuccinate (6) followed by hydrolysis and intra-
molecular acid anhydride formation yields 2-indolylfulgide
(E-7 and Z-7) with 23% yield from 3 to 7, where E-7 was
separated as the main product. Fulgimide E-8 was synthesized
from E-7 by Lewis acid and hexamethyldisilazane-promoted
one pot reaction (42% yield).9,10

The fulgimide E-8 was subsequently dissolved in methyl
methacrylate and the initiator (AIBN) was added forming a
homogenous mixture. This mixture was transferred to a glass
cell and sealed under vacuum. After 24 h of polymerization, at
50 °C, a rigid optically clear polymer was formed. The structure

of this copolymer was determined by immersing it into
1,2-dichloroethane solvent for one month, in which both
PMMA and fulgimide E-8 are very soluble. We found, as
expected, for cross-linked copolymers, that this immersed
material was not dissolved, at all, in 1,2-dichloroethane. This
indicates, strongly, that this material is a cross-linked copoly-
mer of MMA and E-8. After the solid, nondissolved polymer
was removed from the solution, the absorption spectra of the
remaining phase were measured. The spectra showed that not

Scheme 1 Reagents and conditions: i, KOH, DMSO, 4-vinyl benzyl
chloride, 0 °C to r.t., 78%; ii, POCl3, DMF, 0 °C to r.t., 42%; iii, acetone,
ButOK, ButOH, then HCl; iv, EtOH, H2SO4, 86% (from 4 to 6); v, NaH,
benzene; vi, KOH, EtOH, then HCl; vii, DCC, THF, 23% (from 3 to 7); viii,
4-vinylaniline, HMDS, ZnCl2, benzene, 43%; ix, MMA, AIBN, 50 °C.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b002335n Chem. Commun., 2000, 1641–1642 1641



even traces of fulgimide E-8 were present in the solution and
only the spectrum of 1,2-dichloroethane solvent was recorded.
To the best of our knowledge, this is the first cross-linked
photochromic fulgimide copolymer ever synthesized.

The copolymer was found to possess photochromism, i.e. can
be reversibly colored and bleached by irradiation with light of
the appropriate wavelength. In addition the colored form (C)
also fluoresces when excited with visible light which is rather
seldom found in fulgimides. This is, also, the first time that a
copolymer of this class has been observed. Fig. 1 shows the
absorption spectra of the copolymer in its colorless and colored
forms and the fluorescence spectrum of the colored form. The
colored form was photoinduced by irradiating the copolymer
with 400 nm light. When irradiated with visible light, l = 530
nm, the colored form can be easily bleached back to the original
colorless form, as shown in Scheme 2. The quantum efficiency
of the coloration and  bleaching processes were measured to be
0.13 and 0.17 respectively. These numbers are the same as the
quantum efficiencies measured for pure E-8 in ethyl acetate
solution. We thought, previously, that in rigid cross-linked co-
polymer matrices, where the moieties of the fulgimide molecule
are attached to the polymer chains, the efficiency of E–Z
isomerization would be decreased, because of stereo constrains.
In addition we had expected that because the E–Z isomerization
competes with the ring-closure reaction, the cyclization reaction
yield will increase. However, our data show that in a copolymer
composed of fulgimide E-8 and methyl methacrylate the
efficiency of cyclization yield does not change. This suggests
that the E–Z isomerization be not significantly reduced

compared to the solution, probably due to segment rotation of
the polymer chain.

The colored form of the fulgimide–MMA copolymer emits
red fluorescence when promoted to its first excited state. The
fluorescence spectra observed are similar to the colored forms
of the pure fulgimides in solution. To confirm that the recorded
fluorescence is due to the colored forms of the organic
photochrome rather than any impurities or other species, we
measured the excitation spectra and fluorescence emission
spectra intensity change as a function of bleaching/coloration
cycles. The data show that the fluorescence intensity and the
excitation spectra of the colored from decrease proportionally
with the decrease of the absorption of the fulgimide colored
form. When the material was completely bleached, i.e. the
absorption band of the C form disappeared no fluorescence was
detected. When the fluorescence spectrum appeared again, its
intensity increased with the same rate as the rate of growth of
the C form concentration. The fluorescence quantum yield of
the colored form was found to be 5%. The method that we have
used to measure the quantum efficiencies of these forms has
been described previously by us.5

This work was supported in part by the United States Air
Force, Rome Laboratory, under contract number F 30603-97-C-
0029.
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Fig. 1 Absorption and fluorescence spectra of cross-linked copolymer E-9.
(a) absorption spectrum of the E form; (b) and (c) absorption and
fluorescence spectra of the C form.

Scheme 2
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The antimalarial agents febrifugine ((+)-1) and isofebrifu-
gine ((+)-2) were asymmetrically synthesized from chiral
piperidin-3-ol ((+)-4), which was prepared by the reductive
dynamic optical resolution of the 3-piperidone derivatives
((±)-3) using baker’s yeast.

Febrifugine ((+)-1) is an antimalarial agent that was isolated
from Dichroa febrifuga and Hydrangea umbellata along with
isofebrifugine ((+)-2).1a–c The plane structure2a of (+)-1 and
(+)-2 was first proposed in 1950. Subsequently, the relative2b

and absolute2c structures were proposed on the basis of Baker’s
synthetic work.3a–c The relative configuration2d of (+)-1 was
corrected in 1973 and then the absolute structures2e,f of (+)-1
and (+)-2 were corrected in 1999 (Fig. 1). We previously
synthesized the racemates of (+)-1 and (+)-2 via the unusual
Claisen rearrangement and highly diastereoselective reduc-
tion.4a,b In this paper, we describe the asymmetric synthesis of
(+)-1 and (+)-2 based on our synthetic method.

As a key asymmetric reaction, we selected the yeast reduction
of 3-piperidone derivatives ((±)-3)4a,b protected by a benzyl-
oxycarbonyl (Z) group (Scheme 1). The reaction of (±)-3 with
baker’s yeast and sucrose in EtOH and water at rt for 24 h
afforded chiral piperidin-3-ol ((±)-4), for which the 1H-NMR
data agreed with reported values4b for (±)4, in high yield (40%)
and enantiomeric purity (98% ee).5 The remaining piperidone

((2)-3, 34%) also had high enantiomeric purity (90% ee). Since
epimerization of (2)-3 with K2CO3 for 4 h gave (±)-3 in 67%
yield, we could be sure of the possibility of reductive dynamic
optical resolution. Epimerization that maintained the reductive
activity of the yeast was examined under a variety of
concentrations of K2CO3 and EtOH in water. Stirring a mixture
of (±)-3, baker’s yeast, sucrose, and K2CO3 in EtOH and water
at rt for 90 h afforded (+)-4 in 62% yield (97% ee) along with
(2)-3 in 14% yield (14% ee).6

Isofebrifugine ((+)-2) was prepared by improving our
previous method (Scheme 2). The intramolecular bromoether-
ification of (+)-4 using NBS afforded octahydrofuro[3,2-b]-
pyridine (5) in 87% yield. The HPLC data indicated that this
was a 3:1 mixture of the diastereomeric isomers. To improve the
yield and reproductivity of preparing Z-protected isofebrifugine
(7) from 5, we designed a 2-methoxy derivative 6. The new
intermediate 6 could be prepared by a 2-step reaction in high
yield (90%) as a 4+1 mixture of the diastereomeric isomers. The
steps were dehydrobromination using potassium tert-butoxide
and bromoetherification using NBS and MeOH. Deacetaliza-
tion of 6 followed by a coupling reaction with 4(3H)-
quinazolinone afforded 7 in 69% yield. The hydrogenolysis of
7 gave isofebrifugine ((+)-2) in 62% yield as a crystalline solid.
The melting point,1b 1H-NMR data,7a,b and optical rotation1b

for (+)-2 agreed with reported values for the natural product.8 It
was clear that the yeast reduction of (±)-3 followed the Prelog
rule9 with high enantio- and diastereoselectivity to give (+)-4
having the absolute configuration of 2S,3S.

In our previous method for synthesizing (±)-febrifugine
((±)-1), the large differences4b in the melting point and
solubility of (±)-1 and (±)-2 played a convenient role for the
isolation of (±)-1. However, we could not isolate pure (+)-1 by
refluxing (+)-2 in EtOH. Although it is known that isomeriza-
tion of the congeners of (+)-2 run under the reversible Michael
reactions,7a,10 there are no reports of (+)-2 itself. We examined
the isomerization of (+)-2 to (+)-1 in various solvents, including
toluene, DMF, pyridine, EtOH, water, and 10% HCl aq. Heating
(+)-2 at 80 °C for 30 min in water resulted in the largest ratio
(2+1) of (+)-1 to (+)-2 among these solvents. On the other hand,
the epimerization of (+)-2 in 10% HCl aq. was not observed
under the same conditions. Based on these results, we isolated
pure (+)-111 as the hydrochloride salt and its physicochemical

Fig. 1 Structures of febrifugine and isofebrifugine

Scheme 1

Scheme 2 Reagents and conditions: a, NBS, MeCN, rt, 0.5 h, 87%; b, (i)
tBuOK, THF, 0 °C, 0.5 h; (ii) NBS, MeOH, rt, 1 h, 90%; c, (i) H+, MeCN,
rt, 1 h; (ii) 4(3H)-quinazolinone, K2CO3, DMF, rt, 2 h, 69%; d, H2,
20%-Pd(OH)2/C, MeOH, rt, 3.5 h, 62%; e, (i) H2O, 80 °C, 15 min; (ii) H+,
73%.
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properties1c and spectral data7a,b were identical with those
reported for the natural product.

We were able to prepare febrifugine ((+)-1) in 15.2% yield
and 6 isolated steps from (±)-3 without using compounds that
were very expensive, toxic, or dangerous. We think that our
method is widely applicable to the synthesis of the derivatives
needed to study the structure–activity relationship of febrifu-
gine.

We are grateful to the SC-NMR Laboratory of Okayama
University for the use of the facilities.
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The complex tris[1(N- ethylcarbazolyl)(3A,5A-hexyloxyben-
zoyl)methane](phenanthroline)europium 1 incorporates a
phenanthroline ligand for electron transport and a carbazole
fragment in the diketonate ligand for hole transport;
furthermore, the six hexyloxy groups prevent crystallization
and allow for the formation of transparent clear films
directly from solution; the photoluminescence from films of
1 is nearly monochromatic, characteristic of the europium
ion and proceeds with an efficiency of 50(3)%; light emitting
diodes(LEDs) were fabricated using the simplest possible
device architecture comprising an anode (ITO), a layer of 1
and a cathode (Ca); a second LED configuration with a PVK
layer on top of the ITO was also investigated; the perform-
ance of the two types of devices is discussed.

Europium tris(b-diketonate) complexes are finding innovative
applications as the electroluminescent layer in molecular light
emitting diodes (LEDs).1 Since the emission from these
complexes stems from transitions between f levels that are well
protected from environmental perturbations by the filled 5s2 and
5d10 orbitals, the resulting emission bands (585 nm, 5D0?

7F1
and 617 nm 5D0 ?

7F2) are nearly monochromatic.2 Color
purity of this type is required for full color displays. Pure red,
green and blue light can be obtained by the use of filters, albeit
with a decrease in light output.3

Typically, LEDs using lanthanide-based materials are fabri-
cated by vacuum deposition of the complex onto a suitable
charge injection layer. To optimize charge balance, the best
devices take advantage of a multilayer architecture.4 We
recently reported polymeric light-emitting diodes that emit pure
red light with a 3.5 nm linewidth by making use of energy
transfer from poly[2-(6A-cyano-6B-methylheptyloxy)-1,4-phe-
neylene] (CN-PPP) to europium complexes with b-diketonate
and phenanthroline ligands.5 In this approach, a film containing
the polymer and the complex can be cast directly from solution
thereby facilitating fabrication. Efficient excitation transfer
from CN-PPP results in complete quenching of the broad
emission of the polymer and pure red Eu-based emission.

It occurred to us that it should be possible to design a ligand
for europium that contained structural features for optimizing
charge transport across the bulk and that gave the complex
topological attributes which would discourage crystallization.
The latter requirement was incorporated so as to obtain stable
glasses and uniform optical quality thin films directly from
solution. As our target, we chose the complex tris[(N-
ethylcarbazolyl)(3A,5A-hexyloxybenzoyl)methane](phenanthro-
line)europium 1 (Scheme 1). The phenanthroline ligand was
included since it is thought to enhance the electron transport of
the material.6 A carbazole fragment was appended to the
diketonate ligand with the intention of improving hole trans-

port.7 Finally the hexyloxy groups were introduced to prevent
crystallization and to increase solubility in common organic
solvents.

As shown in Scheme 1, the diketonate ligand is prepared by
Claisen condensation of 3-acetyl-9-ethylcarbazole8 and hexyl-
3,5-hexyloxybenzoate in the presence of NaH. After refluxing
in dimethoxyethane for 24 h, followed by acetic work-up and
purification by chromatography, (N-ethylcarbazolyl)(3,5-hex-
yloxybenzoyl)methane is obtained in 24% yield. The europium
complex 1 is prepared by taking advantage of well established
protocols.9 Deprotonation of three equivalents of (N-ethylcar-
bazolyl)(3,5-hexyloxybenzoyl)methane with an excess of
NaOH, followed by treatment with EuCl3(H2O)6 and finally
phenanthroline affords 1 in 50% yield. Purification can be
accomplished by precipitation from concentrated acetone
solutions.

Compound 1 is a pale yellow powder, which by differential
scanning calorimetry (DSC) shows a glass transition tem-
perature at 65 °C. Powder diffraction experiments show no
evidence of crystalline regions. The morphological properties of
compound 1 make it possible to spin-cast clear transparent films
directly from solution.

Fig. 1 shows the absorption and photoluminescence spectra
of a thin film of 1. The absorption onset at ca. 458 nm
corresponds to a HOMO–LUMO energy difference of 2.71 eV.
This value is also observed in the spectrum of the sodium salt of
the diketonate ligand. Light absorption is therefore controlled
by the ligand framework. The sharp emission at 612 nm is
characteristic of the europium ion within a tris(b-diketonate)-
phenanthroline environment. Therefore, the triplet level of the
ligand is sufficiently high to allow energy transfer to the ion.10

Use of an integrating sphere revealed that the solid state
photoluminescence efficiency from films of 1 is 50(3)%. These
measurements were made using the 351 nm line from an argon
laser (intensity of 2.5 mW cm22), an integrating sphere, a high
pass filter that blocks the laser line, and a silicon diode.11

The resistance to crystallization and exceptionally low self
quenching of 1 prompted us to examine its electroluminescent
properties. Two types of LED structures were fabricated.12 In

† Complete details for the synthesis of 1 (PDF). The material is available
free of charge via the Internet at http://pubs.acs.org.

Scheme 1 Reagents and conditions: i, NaH/dimethoxyethane; ii, NaOH,
EuCl3(H2O)6, ethanol; iii, phenanthroline, toluene.
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the first device, a film of 1 (600 Å) was spin-cast directly onto
the indium tin oxide (ITO) anode. The spin-casting solution was
1 wt% in toluene and was filtered through a 5 micron Nylon
filter. The layer of 1 was subsequently dried under vacuum at
ambient temperature for ca. 1 h. The calcium cathode layer was
deposited as described previously and subsequently overcoated
with aluminium.12 This device has only a single layer and only
one molecular component between the electrodes; i.e. the
simplest architecture possible.

Fig. 2 shows the current–voltage curve of the single-layer
device. Light emitted from this device is identical to the PL
spectrum shown in Fig. 1. The turn-on voltage for current and
luminance, is observed at ca. 5.3 V (8.8 mV Å21) and is similar
in magnitude to many polymer LEDs and lower than many
multilayer organic LEDs (OLEDs) prepared by sublimation.
These characteristics demonstrate that the ligand design was
successful in facilitating electron and hole injection and
transport into and across the europium layer. At 15 mA cm22,
the light output is 9 cd m22 with an external EL quantum
efficiency of 0.08%.

A second device architecture was fabricated in an effort to
improve the device efficiency, and to gain insight into the
mechanism of europium electroluminescence. In this arche-
tecture, a layer of polyvinylcarbazole (PVK) (30 nm) was first
spin-cast from a 2% solution of PVK in 1,1,2,2-tetrachloro-
ethane on top of the ITO-glass substrate and, after drying at
60 °C for 1 h, a 700 Å layer of 1 was spin-cast as before. The
cathode layer is the same as in type 1. Only emission from Eu
was observed, i.e. identical to Fig. 1. Fig. 3 shows the current–
voltage relationship for this device. Compared to the single
layer device, the turn-on voltage is higher, ca. 8.7V (8.75 mV
Å21), owing to the extra thickness introduced by the PVK layer;
but both devices operate at equivalent field strengths. The
device efficiency was improved considerably (50 cd m22 at 15

mA cm22)13 with an external quantum efficiency of 0.3%. It is
thought that the PVK layer acts both as a hole injection and an
electron blocking layer14 facilitating more balanced carrier
injection from the anode and cathode.

In summary, it is possible to introduce structural attributes to
the ligand framework of an europium complex that allow its use
as the electroluminescent layer in a single component LED. The
key design components include the use of hole and electron
transport fragments, together with aliphatic sidegroups that lead
to a stable amorphous phase. The film forming properties of 1
play an important role in device fabrication.

We thank Dr Vojislav Srdanov and Dr Troy Bergstedt for
helpful discussions. This work was supported in part by the
MRL Program of the NSF under Award No. DMR 96-32716
and the AFOSR under Contract No. FQ8671-9901244 STTR-
TX.
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Fig. 1 Absorption and emission spectra of a thin film of 1.

Fig. 2 Current–voltage curve of the device with configuration ITO/1/Ca.

Fig. 3 Current–voltage curve of the device with configuration ITO/PVK/
1/Ca.
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Catalysed transfer hydrogenation of a range of organics is
achieved using NiBr2 in alkaline iPrOH

During our studies on NiX2(PPh32npyn)2 complexes (X =
halogen, py = 2-pyridyl, n = 1–3), some of which are water-
soluble,1 a report appeared on the use of a NiCl2(PPh3)2–
NaOH–iPrOH system for transfer hydrogenation of ketones and
aldehydes.2 Our Ni(II) pyridylphosphines, under corresponding
conditions, were of comparable activity, but some ‘blank tests’
soon revealed that NiCl2·6H2O had similar activity, while
anhydrous NiBr2 or NiI2·6H2O had much higher activity. For
example, 90% conversion of cyclohexanone to cyclohexanol
was attained after 1 h of refluxing in an alkaline iPrOH solution
containing NiBr2, whereas conversions of only 14 and 24%,
respectively, were achieved with NiCl2(PPh3)2 and
NiBr2(PPh3)2, under comparable conditions (0.4 mM Ni, 35
mM NaOH, 100 mM ketone in 3.0 cm3 iPrOH). More optimised
reaction conditions for a practical scale synthesis (5 mM NiBr2,
0.5 M NaOH, 1.5 M cyclohexanone) resulted in 100%
conversion after 30 min refluxing. The use of CoBr2 and CoI2
under corresponding conditions resulted in conversions of
~ 60%. The simplicity of the system using commercially
available NiBr2 makes it attractive for laboratory hydro-
genations without the need for H2, especially as it is applicable
to a wide range of organic substrates (see below). A further
advantage is that the system operates under aerobic conditions,
while the often used platinum metal, phosphine-containing
complexes are usually air-sensitive in solution.3

(1)

The NiBr2–NaOH– iPrOH system† (eqn. 1) can be effective
for catalytic hydrogen transfer of saturated ketones, aldehydes,
alk-1-enes, cyclohex-2-en-1-one, nitrobenzene and 4-nitro-
benzaldehyde (Table 1). For cyclohexanone, butan-2-one and
oct-1-ene, the conversion activity is generally comparable with,
or greater than, that reported by others for transfer hydro-
genation using more ‘exotic’ catalysts.2–6 The extremely
efficient hydrogenation of a terminal olefin such as oct-1-ene
using iPrOH is unusual; more commonly, ‘hydrogenated
aromatics’ like 1,2-dihydronaphthalene and indoline have been
used as hydrogen donors with either homogeneous or heteroge-

neous-based platinum metal systems,6 but the systems are much
less efficient than the NiBr2 system. Internal olefins and cod are
not hydrogenated; of note, the system effects selective hydro-
genation of oct-1-ene in a 1+1 mixture with (t) oct-2-ene, but at
a lower rate (27% conversion in 0.5 h) than with oct-1-ene
alone. With a,b-unsaturated ketones, cyclohex-2-en-1-one is
converted initially to cyclohexanone but this saturated ketone is
subsequently reduced at a rate comparable to the rate of
appearance of the cyclohexanol; e.g. after 0.5 h, there is 40%
reduction of the enone to equal amounts of the saturated ketone
and alcohol, while after 48 h there is 73% conversion of enone
to essentially just cyclohexanol (Table 1)—no cyclohexen-1-ol
is detected. The non-reduction of but-3-en-2-one may be due to
its coordination to the Ni as a chelate, which could block
coordination of the propoxide (the usually postulated steps for a
homogeneously catalysed process are: propoxide coordination,
hydride abstraction, and transfer to coordinated substrate3,7).
Nitrobenzene is reduced selectively to aniline, but the conver-
sion is only ~ 20% after 48 h, and there is a significant ‘base-
only’ contribution (Table 1); correspondingly, 4-nitrobenzalde-
hyde undergoes Ni-promoted hydrogenation (38% in 24 h), but
non-selectively to mainly the nitrobenzyl alcohol and smaller
amounts of aminobenzyl alcohol and the aminobenzaldehyde.

Of interest, although the use of base co-catalysts for metal
complex catalysed hydrogen transfer is common,2–4,7–11 data on
the ‘base-only’ systems are rarely reported.8,9 In the strongly
basic medium employed in our work, acetophenone and heptan-
1-al are effectively reduced to the respective alcohols even in
the absence of the NiBr2 (Table 1). The basic conditions used
preclude reduction of pentane-2,4-dione and hexane-2,5-dione
because these were converted, respectively, to sodium acetyl-
acetonate and a self-condensation product (probably 5-methyl-
undec-5-ene-2,7,10-trione); in a related manner, benzaldehyde
undergoes the Cannizzaro reaction to yield the alcohol and
sodium benzoate. Nitriles were not reduced and, to our
knowledge, there are no reports on transfer hydrogenation of
nitriles.

The NiBr2 system appears to be homogeneous, at least for
cyclohexanone. For all the substrate systems, the initially light-
coloured solutions gradually darken through yellow to orange
with reaction time but, after filtration through a 0.22 mm pore,
the orange filtrate showed no loss of activity, for example, for

Table 1 NiBr2 catalysed transfer hydrogenation of organicsa

Substrate
% Conversion
(time, h)

% Conversion
(time, h)b Product(s) 

Cyclohexanone 99.9 (0.5) 29.1 (0.5) Cyclohexanol
Acetophenone 60.1 (4), 99.4 (24) 65.4 (4), 98.8 (24) 1-Phenylethanol
Butan-2-one 55.2 (2), 97.2 (24) 8.4 (2), 18.5 (24) Butan-2-ol
Pentan-2-one 31.0 (24), 99.9 (48) 12.2 (24), 27.8 (48) Pentan-2-ol
Oct-1-ene 99.9 (0.5) 0.0 (0.5) n-Octane
Cyclohex-2-en-1-one 73.0 (48)c 20.0 (48)d Cyclohexanone

Cyclohexanol
Heptan-1-al 92.2 (4) 83.0 (4) Heptan-1-ol
Nitrobenzene 14.1 (0.5), 19.2 (48) 4.0 (0.5), 14.0 (48) Aniline
4-Nitrobenzaldehyde 38.0 (24)e 12.5 (24)f ABA, NBA, ABe

a In 24 h, no conversion for: (t) oct-2-ene, but-3-en-2-one, pentane-2,4-dione, hexane-2,5-dione, 2-propionic acid, MeCN, PhCN and benzene, and < 5% for
cyclooctene and cod. b In presence of base only, no NiBr2. c 2% ketone, 71% alcohol. d 4% ketone, 16% alcohol. e 10.5% 4-aminobenzyl alcohol (ABA),
21.9% 4-nitrobenzyl alcohol (NBA), 5.6% 4-aminobenzaldehyde (AB). f 3.6% ABA, 7.4% NBA, 1.5% AB.
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cyclohexanone hydrogenation; also the addition of Hg(0), an
inhibitor for colloidal activity,12 to a ‘fresh’ system gave only a
7% decrease in conversion (cf. Table 1). Further, the solid
inorganic residue obtained after a hydrogenation of cyclohex-
anone was re-used three more times for repeat conversions,
when only slow deactivation of the catalyst was noted: 1st run,
99.9% conversion after 0.5 h; 2nd, 95% (3 h); 3rd, 92% (7 h);
4th, 63% (3 h).

Of interest, addition of up to 4 equiv. of PPh3 to the NiBr2
system has no effect on the rate of hydrogenation of cyclohex-
anone, and also NiBr2(PPh3)2 is unstable in the alkaline medium
(with dissociation of the phosphine), implying that in the earlier
work on the NiCl2(PPh3)2 system2 the precursor catalyst may be
simply NiCl2.

We thank the NSERC of Canada for financial support.
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A phthalocyanine derivative having eight 2-thienyl sub-
stituents at the b-position was synthesized and electro-
chemical oxidation of the phthalocyanine gave an insoluble
polymer film on the electrode surface.

p-Conjugated polymers such as polythiophenes or poly-
phenylenes have been the subject of intensive studies.1 Due to
the high stability of the polymers, they are readily characterized
by chemical or physical methods, making them good candidates
for electronic or photonic devices. Polythiophenes are the type
most frequently investigated because they are easily obtained
from chemical reactions2 or electrochemical couplings of
thiophene derivatives,3 and the monomers or precursors are
readily derived by conventional synthetic methods from
thiophene.4 Recently, several groups reported the design of
novel conducting polymer architectures which alternatively
contain functional moieties and aaA-coupled oligothiophene
moieties.5 The wide range of these studies contributed towards
the application of the polymers as organic semiconductors,
sensory materials or electrocatalysts.6 Our current interest in
this class of materials is motivated by the property of the
attractive characteristics, endowed by functional molecules
embedded in the polymer backbone, for the development of
electronic devices. Phthalocyanines or phthalocyanine metal
complexes are known to have a diversity of functions such as
electrocatalysts or organic electronic devices.7 Therefore,
introduction of phthalocyanine moieties to the new polymer
architectures imparts a variety of functions to the polymers. In
this communication we demonstrate the synthesis, photo- and
electrochemical properties of a new phthalocyanine (pc)
derivative which has thiophene moieties as substituents, and the
electrochemical construction of a pc-based polymer film
deposited on the electrode surface.

The synthetic route to 1 used 4,5-dibromophthalonitrile8 as
starting material which was converted into 4,5-di-2-thienyl-
phthalonitrile with thiophene-2-boronic acid9 in the presence of
Pd(0)(PPh3)4 under basic conditions (Scheme 1). Refluxing of
4,5-di-2-thienylphthalonitrile with NaOMe in MeOH gave
5,6-di-2-thienyl-2,3-dihydro-1,3-diiminoisoindole, and the re-
action of this compound in N,N-dimethylaminoethanol at
140 °C gave 1 as a dark-green solid. Analytically pure 1 was
obtained by column chromatography of the crude product on
silica gel by eluting with CH2Cl2–n-hexane (2/1 v/v). This new
pc derivative 1 was characterized by 1H NMR and MALDI-
TOF mass spectrometry.†

The pc derivative 1 was soluble in common organic solvents
such as CH2Cl2, CHCl3, THF and DMF but not in hexane,
toluene or acetonitrile. The shape of absorption and emission
spectra of 1 in CHCl3 were similar to that of tetrakis(tert-
butyl)phthalocyanine (tBupc) except for a broad absorption
around 430 nm and a weak, structureless emission peak
centered around 500 nm. The position of both absorption and
emission bands of 1 were red-shifted about 20 nm from that of
the corresponding tBupc. These results obtained from the
photophysical measurements are consistent with the presence of
electronic interaction between the pc ring and 2-thienyl
substituents in a molecule of 1 at their ground and excited
states.

The pc derivative 1 was oxidatively polymerized when the
potential of the electrode was swept between 0.0 and +1.1 V vs.
Ag/Ag+ at a scan rate of 100 mV s21. [Working electrode,
indium/tin oxide coated glass (ITO) electrode; Counter elec-
trode, Pt wire; Reference electrode, Ag/Ag+; Solvent, 0.1 M
tetra-n-butylammonium hexafluorophosphate (TBAPF6)–
CH2Cl2]. An anodic polymerization trace of 1 is shown in
Fig. 1. The first oxidative scan is characterized by monomer

Scheme 1 (i) Thiophene-2-boronic acid, Pd(0)(PPh)4, toluene, THF,
EtOH, 2 M Na2CO3 aq., reflux under N2, 18 h, 62%; (ii) NaOMe, MeOH,
reflux under NH3 gas, 5 h, 95%; (iii) N,N-dimethylaminoethanol, reflux
under N2, 36 h, 32%.

Fig. 1 Trace of oxidative scan of 1 ([1] = 2 3 1024 M) in 0.1 M TBAPF6–
CH2Cl2 with ITO glass electrode (left) and cyclic voltammogram of poly(1)
film deposited on ITO glass electrode in 0.1 M TBAPF6–CH3CN (right).
Conditions: 0.1 V s21, Pt wire counter electrode; Ag/Ag+ reference
electrode.
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oxidation at +0.60 and +0.90 V followed by associated
reduction at +0.45 and +0.75 V in the return process. The first
oxidation wave observed in the oxidative trace of 1 is attributed
to the oxidation of free-base pc10 and the second could be
attributed to the oxidation of 2-thienyl substituents at the b-
position. In subsequent potential sweeps, an oxidation wave
grows in around +0.70 V. Applied potential cycling results in
further increased electroactivity of the electrode, indicative of
insoluble polymer deposition on the electrode surface.5 The
cyclic voltammogram (CV) of the electrochemical deposited
polymer (poly(1)) in monomer-free 0.1 M TBAPF6–CH3CN is
shown in Fig. 1. The CV is characterized by the appearance of
an oxidation wave at +0.4 V and a redox couple at +0.70 V. The
observed difference between the redox potentials of monomer 1
and poly(1) is in agreement with the difference in p-conjugation
length elongated in the polymerization and oxidation proc-
esses.

The in situ electronic absorption measurement of poly(1) film
deposited on the ITO electrode recorded at various doping
levels shows that the transition around 360 nm and pc Q-band
absorption (lmax = 634, 662, 692, 724 nm) decreases
continuously as doping proceeds while two new absorption
bands appear around 560 and 950 nm (Fig. 2). In the absorption
of poly(1) film at high doping levels, the new lower energy p–
p* transition11 around 950 nm was promoted and grew as
shown in Fig. 2. The optoelectrochemical behavior observed in
our system is assigned to formation of oxidized states of poly(1)
and the effective conjugation paths include a pc ring system and
aaA-bithienyl bridges have been formed. The position of the
lower energy p–p* absorption maximum is close to that
reported for cation radicals of oligothiophenes, but the shape of
the band is broader than that of oligothiophene cation radicals.12

From these observations, we assume that poly(1) in the oxidized
state has intermediary effective conjugation length of oxidized
oligothiphenes and oxidized polythiophenes.

In conclusion, we have synthesized a new pc derivative 1 and
constructed a p-conjugated polymer film by electrochemical
oxidation of 1. The p-conjugation length of the polymer was
switched between pc-like and oligothiophene-like by applica-
tion of the appropriate voltage. Since this switching is
accompanied by a color change at the applied potential between
0 and +0.8 V vs. Ag/Ag+, the polymer has potential electro-
chromic material applications.11

This work was supported by a Grant-in-Aid for COE
Research ‘Advanced Fiber/Textile Science and Technology’
(No. 10CE2003) and Scientific Research (No. 11450366) from
the Ministry of Education, Science, Sports, Culture of Japan.
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Fe-ZSM-5 showed the best catalytic performance (nearly
100% N2 yield) and resistance to water vapor for selective
catalytic oxidation of NH3 to N2 at a high gas hourly space
velocity (2.3 3 105 h21) among transition-metal (Cr, Mn, Fe,
Co, Ni and Cu) ion-exchanged ZSM-5 catalysts.

The removal of ammonia from waste streams is becoming an
increasingly important issue due to environmental reasons.
Many chemical processes use reactants containing ammonia or
produce ammonia as a by-product. They are all plagued with the
ammonia slip problem. Selective catalytic oxidation (SCO) of
ammonia to nitrogen is potentially an ideal technology for
removing ammonia from oxygen-containing waste gases and
consequently it is of increasing interest in recent years.1–12 The
SCO process could also be applied to the selective catalytic
reduction (SCR) of NO by ammonia where ammonia slip has
been a serious problem,2 as well as to the combustion of
biomass-derived gases for removing the NH3 impurity.3-5

Early results1 on ammonia oxidation showed that noble
metals (e.g. Pt and Pd) were active for oxidation of NH3 to NO
and N2O, while transition metal oxides such as V2O5 could
selectively convert NH3 to N2, but were much less active than
the noble metals. Li and Armor2 reported that Pt, Rh and Pd
exchanged to ZSM-5 or supported on Al2O3 showed good SCO
performance in a wet stream, which were more active than
V2O5/TiO2 and Co-ZSM-5. More recently, Burch and South-
ward found that 12-tungstophosphoric acid4 and Ni, Fe and Mn
oxides supported on g-Al2O3

5 were active for the reaction. A
number of other catalysts were also investigated, such as
CuMoO4,6 CuO/Al2O3,7,8 Cu, Co and Ni oxides doped on
SiO2,9 Cu–Mn/TiO2,10 V2O5/TiO2, CuO/TiO2 and Cu-ZSM-
5,11 as well as V2O5, MoO3 and WO3 on various supports.12

They all exhited activities for N2 formation under different
conditions. However, the aforementioned work was normally
performed at low space velocities ( < 105 h21) and in the
absence of H2O or SO2. Here, we report a series of transition
metal (i.e. Cr, Mn, Fe, Co, Ni and Cu) ion-exchanged ZSM-5
samples that have excellent catalytic performance (both activity
and product selectivity) for the SCO reaction at a high space
velocity. The effects of H2O and/or SO2 are also studied.

Transition metal ion-exchanged ZSM-5 samples were pre-
pared using the conventional ion exchange procedure. NH4-
ZSM-5 (Si/Al ≈ 10) was obtained from Alsi-Penta Zeolithe
Gmbh (Germany). In each experiment, 2 g NH4-ZSM-5 was
added to 200 ml of 0.05 M Cr(MeCO2)3, Mn(MeCO2)2, FeCl2,
Co(MeCO2)2, Ni(MeCO2)2 or Cu(MeCO2)2 solution with
constant stirring at room temperature. After 24 h, the particles
were filtered off and washed with deionized water. Pd-ZSM-5
was prepared by exchanging NH4-ZSM-5 with 100 ml 0.015 M
Pd(NO3)2 solution at room temperature for 24 h.2 The obtained
samples were first dried at 120 °C in air for 12 h, then calcined
at 500 °C for 6 h. H-ZSM-5 was prepared by calcining NH4-
ZSM-5 at 500 °C for 3 h. The metal contents measured by
neutron activation analysis in the Cr, Mn, Fe, Co, Ni, Cu and Pd
ion-exchanged ZSM-5 samples were 0,13, 1.03, 1.59, 1.24,
0.85, 4.35 and 5.51% by weight, respectively.

The SCO performance tests were carried out in a fixed-bed
quartz reactor described elsewhere.13 The typical reaction

conditions were as follows: 0.1 g (0.13 ml) catalyst, 1000 ppm
NH3, 2% O2, 500 ppm SO2 (when used), 4% water vapor (when
used) and balance He. The total flow rate was 500 ml min21

(ambient conditions) and thus a high gas hourly space velocity
(GHSV = 2.3 3 105 h21) was obtained. Premixed gases
(1.05% NH3 in He and 0.99% SO2 in He) were supplied by
Matheson. Water vapor was generated by passing He through a
heated gas-wash bottle containing deionized water. The tubings
of the reactor system were heat traced with heating tapes to
prevent formation and deposition of ammonium sulfate/
hydrogensulfate. A magnetic deflection type mass spectrometer
(AERO VAC™, Vacuum Technology Inc.) was used to monitor
continuously the effluent gas from the reactor. The concentra-
tions of unreacted NH3 and formed NOx (NO + NO2) were also
continually monitored by a chemiluminescent NO/NOx ana-
lyzer (Thermo Electro Corporation, Model 10), where a high
temperature converter oxidized NH3 to NOx by the reaction
NH3 + O2? NOx + H2O.

The catalytic performances of different ion-exchanged ZSM-
5 catalysts are summarized in Table 1. H-ZSM-5 showed a good
activity for NH3 oxidation at 350–450 °C, with 62–74%
selectivity for N2 and 23–37% selectivity for NO. N2 selectivity
increased slightly with temperature. It is noted that a moderate

Table 1 Catalytic performance of ion-exchanged ZSM-5 catalystsa

Selectivity (%)

Catalyst T/°C
NH3 conv.
(%) N2 N2O NO N2 yield (%)

Empty tube 350 23 51 1 48 12
400 37 43 2 55 16
450 55 35 1 64 19

H-ZSM-5 350 52 74 3 23 38
400 80 73 2 25 58
450 88 62 1 37 55

Cr-ZSM-5 350 72 75 2 23 54
400 83 77 2 21 64
450 96 94 1 5 90

Mn-ZSM-5 350 68 77 3 20 52
400 81 47 4 49 38
450 82 40 3 57 33

Fe-ZSM-5 350 63 92 0 8 58
400 95 98 0 2 93
450 99 100 0 0 99

Co-ZSM-5 350 58 73 4 23 42
400 61 59 1 40 36
450 70 49 0 51 34

Ni-ZSM-5 350 39 69 4 27 27
400 51 62 2 36 32
450 63 60 0 40 38

Cu-ZSM-5 350 48 95 2 3 46
400 95 98 1 1 93
450 97 100 0 0 97

Pd-ZSM-5 300 80 73 19 8 58
350 92 73 17 10 67
400 90 63 18 19 57

a Reaction conditions: 0.1 g catalyst, [NH3] = 1000 ppm, [O2] = 2%, He
= balance, total flow rate = 500 ml min21 and GHSV = 2.3 3 105

h21.
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activity was also observed on the empty reactor under the same
conditions, resulting from homogeneous NH3 oxidation, but the
major product was NO (Table 1). When transition metal ions
were exchanged to ZSM-5, Cr-ZSM-5, Fe-ZSM-5 and Cu-
ZSM-5 showed very high activities for oxidation of NH3 to N2.
Only small amounts of N2O and NO were produced by Fe-
ZSM-5 and Cu-ZSM-5 catalysts. Both NH3 oxidation activity
and N2 selectivity increased with temperature. Near 100% N2
yield was obtained on Fe-ZSM-5 at 450 °C. In comparison, a
lower activity was observed on Mn-ZSM-5, Co-ZSM-5 and Ni-
ZSM-5, with large amounts of NO formation. These results
suggest that metal cations in the ZSM-5 play an important role
in the SCO of NH3 to N2. Pd-ZSM-5, a good SCO catalyst
reported by Li and Armor,2 also showed high NH3 conversions
under our reaction conditions, i.e. a higher space velocity (2.3 3
105 h21 vs. 4.6 3 104 h21 in ref. 2), but the selectivity for N2
was lower than that on Fe-ZSM-5 and Cu-ZSM-5. The
maximum N2 yield on the above catalysts increased in the
sequence of Co-ZSM-5 ≈ Ni-ZSM-5 < Mn-ZSM-5 < H-
ZSM-5 < Pd-ZSM-5 < Cr-ZSM-5 < Cu-ZSM-5 < Fe-ZSM-
5. This rank order is similar to the previous results obtained on
the metal ion-exchanged Y zeolites, except for Fe.1 The
nitrogen balance was above 95% in this work.

It is known that the waste streams usually contain water vapor
and small amounts of SO2. We further studied the effects of
H2O and SO2 on the catalytic performance of Cr-ZSM-5, Fe-
ZSM-5 and Cu-ZSM-5. For Cr-ZSM-5, when 500 ppm SO2
and/or 4% H2O were added to the reactants, NH3 conversion
decreased significantly. Only 50% NH3 conversion was ob-
tained at 450 °C in the presence of both H2O and SO2.
Comparatively, NH3 conversion was decreased only slightly by
H2O on Fe-ZSM-5 (Fig. 1). SO2 and H2O + SO2 decreased NH3
conversion at 350–450 °C, but the decrease was less significant
at high temperatures. For example, 94% NH3 conversion could
be obtained at 500 °C. H2O and SO2 also inhibited NH3
conversion over Cu-ZSM-5. Only 65% NH3 conversion was
observed at 450 °C in the presence of H2O and SO2. Increasing
the temperature to 500 °C resulted in 73% NH3 conversion. N2
was the dominant product for NH3 oxidation in the presence of
H2O and/or SO2.

The above results indicate that Fe, Cu and Cr ion-exchanged
ZSM-5 are very active for selective catalytic oxidation of NH3
to N2. Our previous results showed that, although iron cations
were exchanged with NH4-ZSM-5 as Fe2+, most iron cations in
the Fe-ZSM-5 are present as Fe3+ ions after calcination, leaving
only a small amount of Fe2+.14 An equilibration between Fe2+

and Fe3+ exists in the Fe-ZSM-5. It has also been reported that
both Cu+ and Cu2+ ions are present in Cu-ZSM-515 and the ratio
of Cu+/Cu2+ depends on the Cu content and the preparation
procedure. The variable valence of metal cations in these two
catalysts may be beneficial to oxygen adsorption and activation.
Therefore, a high activity for the SCO reaction is expected.
Relatively lower activities were observed on Mn, Co, and Ni
ion-exchanged ZSM-5. This may be attributed to their stabilized
valence in zeolites,1 which is not favorable for oxygen
activation. H2O and SO2 have strong negative effects on NH3
conversion for Cr-ZSM-5 and Cu-ZSM-5, whereas H2O
decreased NH3 conversion slightly for Fe-ZSM-5. Although
SO2 decreased NH3 conversion at low temperatures for Fe-
ZSM-5, a high NH3 conversion (94%) was obtained at 500 °C
in the presence of H2O and SO2 at such a high space velocity
(GHSV = 2.3 3 105 h21). Fe-ZSM-5 may be suitable as a
practical catalyst for oxidation of NH3 to N2 in a wet stream. In
addition, the effects of the ammonia concentration on activity
and other Fe-exchanged zeolites were also studied for the SCO
reaction. The initial results showed that NH3 conversion over
Fe-ZSM-5 increased with a decrease in NH3 concentration. For
example, 99% NH3 conversion was obtained at 350 °C when the
NH3 concentration was decreased to 10 ppm (vs. 63% at 1000
ppm). Also, the SCO performance was found to follow the trend
Fe-ZSM-5 ≈ Fe-mordenite ≈ Fe-clinoptilolite > Fe-Y ≈ Fe-
beta > Fe-ferrierite ≈ Fe-chabazite. More details will be
presented in a future paper. Moreover, Fe-ZSM-5 is also a good
catalyst for the selective catalytic reduction (SCR) of NO with
ammonia.13 In the SCR reaction, the reactions of NH3 with NO/
O2 and that with O2 are known as two competitive reactions. A
decrease in reactivity of NH3 with O2 by H2O + SO2 will be
beneficial to NO reduction, which has indeed been observed in
our previous results that H2O + SO2 increased the SCR activity
at high temperatures on Fe-ZSM-5.13

We gratefully acknowledge Dr Ramsay Chang of EPRI for
discussions.
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Fig. 1 Effect of H2O and SO2 on NH3 conversion for Fe-ZSM-5. Reaction
conditions: 0.1 g catalyst, [NH3] = 1000 ppm, [O2] = 2%, 500 ppm SO2

(when used), 4% water vapor (when used), He = balance, total flow rate =
500 ml min21 and GHSV = 2.3 3 105 h21.
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The first oxidative cyclizations of 1,3-bis(trimethylsilyloxy)-
buta-1,3-dienes, electroneutral 1,3-dicarbonyl dianion syn-
thons, result in regioselective formation of functionalized
1,4-dihydroquinones.

The development of new, preparatively useful single-electron-
transfer (SET) reactions is of considerable current interest.
Although SET-oxidations of monoanions have been extensively
studied,1 little is known about dianion oxidations.2 Herein, we
wish to report, to the best of our knowledge, the first oxidative
cyclizations of 1,3-bis(trimethylsilyloxy)buta-1,3-dienes which
represent electroneutral 1,3-dicarbonyl dianion synthons.3 This
methodology provides a direct, mild and regioselective synthe-
sis of 2,3-acceptor-substituted 1,4-dihydroquinones which can
be regarded as products of a formal oxidative cyclization of
1,3-dicarbonyl dianions.4 These products, which have been
previously prepared by multi-step syntheses under drastic
conditions,5 represent useful intermediates in organic synthesis.
2,3-Acceptor-substituted 1,4-dihydroquinones are present in a
variety of polyketide-derived natural products, such as derica-
mycin A and the related fredericamycin A,5a or prominent
enediynes, such as calicheamicin, esperamicin, neocarzinosta-
tin chromophore or dynemicin A.6a Simple 1,4-dihydroquinone-
2,3-dicarbonyl derivatives have proven biologically active
against murine tumors.6b

Oxidation of the dianion7,8 of ethyl acetoacetate with iodine
or bromine in the presence of catalytic amounts of copper(I)
chloride has been reported to afford the open-chain dimerization
product 2 rather than a cyclization product (Scheme 1).9 The use
of 1,2-dibromoethane, CuCl2 and Cu(OTf)2 as the oxidizing
agents resulted in formation of complex mixtures. The main
problem associated with the oxidative cyclization of dianions is
the fact that, due to electrostatic repulsion, dimerization of the
radical anionic intermediates is slow and many side-reactions,
such as deprotonation of the solvent (THF), can occur.

Our concept to overcome these problems was to study the
oxidative dimerization of 1,3-bis(trimethylsilyloxy)buta-
1,3-dienes 3.10 Slow addition of an acetonitrile solution of CAN
to an acetonitrile solution of NaHCO3 and diene 3a3c resulted in
formation of the ester-substituted 1,4-dihydroquinone 4a,
however, in only low yield. Much to our satisfaction, employ-
ment of an inverse addition protocol resulted in an increase of
the yield. Optimal yields (up to 56%) were obtained when an
acetonitrile solution of 3a (2 eq.) was slowly added to a solution
of CAN (6 eq.) and NaHCO3 (12 eq.) at 245 °C.†

Formation of 4a can be explained by the following working
hypothesis (Scheme 2): SET-oxidation of 3a affords the radical-
cation A. Formation of a ceric enolate, supported by the
chelating nature of the two oxygen atoms, can not be
excluded.11 Cleavage of the Si–O bond and NaHCO3-assisted
extrusion of a silyl-cation results in formation of radical B
which subsequently attacks the terminal carbon atom of a
second molecule of 3a to give intermediate C. Radical B should
be more stable than the isomeric, cross-conjugated radical BA.
Oxidation and extrusion of the second silyl group affords
intermediate D. Oxidation of the latter and extrusion of the third
silyl group results in formation of intermediate E. Cyclization,
oxidation and extrusion of the fourth silyl group affords
intermediate F which is subsequently oxidized to give the final
product 4a.

The ‘head–head’ regioselectivity may be rationalized by
considering that attack at the g-position of radical B leads to the
most stabilized carbonyl conjugated a-silyloxy radical C.
Radical C is probably formed through a transition state less

Scheme 1 Scheme 2
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energetic than that leading to the respective unconjugated a-
silyloxy radical (by attack of the central carbon atom of
intermediate B onto 3a), assuming the addition step possesses a
substantial product-like character. This suggestion is supported
by the regioselectivity observed for the alkoxy radical catalyzed
auto-oxidation of 1,4-dienes.12 It is noteworthy, that the open-
chain dimer 2 was isolated as a side-product in low yield. This
result supports the assumption that bis-silyl enol ether D
represents an intermediate of the reaction.

In order to study the preparative scope of our new cyclization
reaction, the substituents of the 1,3-bis(trimethylsilyloxy)buta-
1,3-dienes were systematically varied (Table 1). Oxidation of
the dienes derived from ethyl-, methyl-, iso-propyl-, methoxy-
ethyl-, iso-butyl-, tert-butyl- and benzyl acetoacetate afforded
the corresponding ester-substituted 1,4-dihydroquinones 4a–g
with very good regioselectivities. Dimerization of the diene
derived from acetylacetone afforded 2,3-diacetyl-1,4-dihydro-
quinone (4h). Oxidation of the 1,3-bis(trimethylsilyloxy)buta-
1,3-dienes derived from methyl 3-oxopentanoate and ethyl
3-oxohexanoate afforded the 1,4-dihydroquinones 4i–j contain-
ing two ester groups at carbons C-2 and C-3 and two alkyl
groups at carbons C-5 and C-6. Oxidation of the 1,3-bis-
(trimethylsilyloxy)buta-1,3-diene derived from methyl 4-me-
thoxyacetoacetate resulted in formation of the highly function-
alized 1,4-dihydroquinone 4k. Reaction of the diene derived
from methyl 3,5-dioxohexanoate afforded the highly function-
alized 1,4-dihydroquinone 4l.

In summary, we have developed the first oxidative cycliza-
tions of 1,3-bis(trimethylsilyloxy)buta-1,3-dienes which repre-
sent electroneutral 1,3-dicarbonyl dianion synthons. Currently,
we are studying the mechanism and preparative scope of the
new transformation.

P. L. thanks Professor A. de Meijere for his support. Financial
support from the Fonds der Chemischen Industrie (Liebig
scholarship and funds for P. L.) and from the Deutsche
Forschungsgemeinschaft is gratefully acknowledged.
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Scheme 3

Table 1 Oxidative cyclization of 1,3-bis(trimethylsilyloxy)buta-1,3-dienes
3

4 R1 R2 yield (%)a

a H OEt 56
b H OMe 55
c H O(i-Pr) 52
d H O(CH2)2OMe 54
e H O(i-Bu) 54
f H O(t-Bu) 26
g H OCH2Ph 41
h H Me 28
i Me OMe 38
j Et OEt 41
k OMe OMe 29
l CO2Me Me 18

a Isolated yields.
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Plots of DH° versus TDS° are misleading and can suggest an
apparent linear relationship (compensation) with a slope
near to unity when DS° has been obtained from experi-
mental DG° and DH°; recently reported relationships with a
slope of 21 in the fields of enzyme complexes and hydration
processes are still more misleading and have arisen only by
deliberately selecting the input data.

Linear dependences between enthalpy and entropy in a series of
related reactions (isokinetic relationship) have been observed in
various fields and have been the subject of many theoretical
considerations.1,2 However, a regression or plot according to
eqn. (1) presents non-trivial statistical problems. Neglecting
these often leads to results2,3 which are totally at variance with
the original experimental data.4

dDH = bdDS (1)

In the notation used here, the symbol d is the difference
between a given reaction and the reaction used as reference and
D is the difference between the products and reactants as usual.
Both DH and DS may refer either to thermodynamics (DH° and
DS°) or to kinetics (DH‡ and DS‡). The slope b has dimension
of temperature (isokinetic temperature). The problems and their
solution depend on how DH and DS have been obtained.1,5

When the original experimental quantities are DH° (obtained
for instance by calorimetry) and DG° (from equilibrium
measurements),6 a plot according to eqn. (1) may yield a slope
b near to the experimental temperature. One speaks about
compensation2,4 since the contributions of DH° and of DS° to
the resulting DG° are opposite. In a formal modification, eqn.
(1a), the dimensionless slope (b/T) is near to unity.

dDH = (b/T) T dDS (1a)

However, dependence with this slope means only that DG is
nearly constant, a plot according to eqn. (1) or (1a) expresses in
fact the dependence of DH on itself. A plot of DH vs. DG was
recommended in these cases.7

In a recent communication,8 plots of dDH° versus TdDS°
according to eqn. (1a) were reported for two series of reactions.
In both, a regression line of a slope near to 21 was found. The
conclusions were drawn8 that (a) there is a linear relation
between enthalpy and entropy in both sets and (b) that a
compensation of enthalpy and entropy2,4 is not a general feature
since the present case is just an example of anti-compensation.
The purpose of the present work is to prove that these
conclusions are not right: (a) any plot of DH versus DS cannot
be recommended when these two variables are a priori
dependent by the procedure of their estimation and (b) the slope
(b/T) equal to 21 is not a result of any natural law but has arisen
by an arbitrary choice of data.

The first example, complex formation of various peptides
with an enzyme, was thoroughly investigated9,10 by thermo-
metric titration.11 In this method, one obtains DG° and DH°
simultaneously from a non-linear regression.12 One can assume
with a good approximation that their estimates are not
intercorrelated, i.e. not statistically dependent from the proce-
dure of their calculation.12 Fig. 1(a) shows all data from one
experimental study,9 concerning seven compounds at five

temperatures. No dependence is evident: DH° are more variable
than DG° and depend rather more on temperature, still more
strongly than on the reactant. In any case, it is evident that the
choice of data into the correlation,8 eqn.(1a), was arbitrary. One
has always withdrawn two data and plotted their difference.
Four such pairs are shown by arrows in Fig. 1(a). Their position
is suitable to obtain the slope b/T = 21 in eqn. (1a) but other
points would yield different slopes. For instance, it would be
sufficient to choose the same pair of compounds as in the
uppermost example in Fig. 1(a) (points 2?Ω) but at a different
temperature (dashed arrow): instead of 21 a slope of +0.61
would be obtained in eqn. (1a).

The picture changes when one goes from the plot DH°/DG°
to the plot DH°/TDS° [Fig. 1(b)]. Plots of this type may be
misleading5,7 when DG° is almost constant, since they express
mainly the dependence of DH° on itself. This is also the case in
Fig. 1(b). The apparent correlation coefficient R = 0.975
expresses only this dependence. The slope b = b/T is not
significantly different from unity. In terms of eqn. (1), this
means that the isokinetic temperature b is equal to the
experimental temperature T. This was commonly assumed1 as a
proof that the isokinetic relationship is only apparent, although
it is not a deciding proof in all cases.14 In the paper under
criticism,8 the picture represented by Fig. 1(b) was not accepted
as an (apparent or actual) dependence with unity slope but
several particular pairs of points were taken off, yielding an
opposite slope of 21. As shown already in Fig. 1(a), selection
of these points was arbitrary if not biased, and there is no
physical reason for choosing just these points. The whole
procedure8 of treating eqn. (1) is unique. The operator d means
commonly comparison with a reference object, reaction, or
substrate but this reference is always common for all objects.
Introducing this operator means shifting the origin of coor-
dinates and has no effect on the statistics. In ref. 8, a particular

Fig. 1 (a) Experimental (ref. 9) enthalpy DH° versus Gibbs energy DG° of
binding in a series of peptides with ribonuclease S: (2) peptide M13A, (Ω)
M13ANB, (“) M13V, (8) M13I, (< ) M13L, (5) S15, (+) M13F. The
arrows show the pairs of peptides selected in ref. 1; the broken arrow is an
alternative possibility. (b) Plot of DH° versus TDS° for the same set of data.
The experimental uncertainty is shown as an ellipse corresponding to ±3s
at one point in each graph.
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reference object is chosen in each case: one does not deal with
the objects but with the arbitrarily selected pairs of objects.

The conclusion for this set of data is that there is no
relationship between experimental9 DG° and DH°. The values
of DH° are strongly dependent on temperature and it seems that
their experimental uncertainty was somewhat underestimated.9
When one chooses arbitrarily two compounds, one can observe
various slopes, even the reported8 value of 21.

The second case8 concerns hydration enthalpies DH°h and
Gibbs energies DG°h of simple organic compounds and is
different in character. The two quantities have been obtained
from independent experiments. From some 160 compounds
listed in a review,15 33 pairs were selected,8 again rather
arbitrarily: some compounds were even chosen several times. In
all pairs the first compound is simpler, the second may be
considered as its derivative or analogue. However, the relation
is not always evident. In Fig. 2(a) only these selected8

compounds are shown. In the whole set, there is no stochastic
dependence of DH°h and DG°h but relationships are evident
when one divides the compounds into classes; most evident is a
group of O- and N-derivatives with large negative values of
both DH°h and DG°h. Pairs of compounds compared were
selected intentionally to obtain an increase in the two quantities
in a ratio approximately dDG°h/dDH°h = 2; two such pairs are
shown in Fig. 2(a) by arrows. Some of these choices were quite
artificial and certain alternatives seem more natural (broken
arrows) which would not produce the desired result. For
instance, one cannot understand why cyclohexane should be
compared with toluene (arrow ™?8) instead of with benzene
(broken arrow ™?8) or cyclopropane with but-1-yne (arrow
™?“) and not with prop-1-ene (broken arrow ™?Ω). When
the plot is transformed into a plot DH°h/TDS°h [Fig. 2(b)], the
groups of compounds are represented by approximate linear
relationships which can be considered as a dependence of DH°h
on itself (slope near to +1). Arbitrary pairs of near points can be
selected in this graph, giving a slope 21, similarly one can
select pairs with any other slope.

The conclusion concerning the hydration process is that there
is a stochastic, not a linear dependence between DH°h and

DG°h: compounds can be divided into groups, in which greater
negative values belong particularly to hydrophilic compounds.
Values of DG°h within each subset are nearly constant while
DH°h are more sensitive to small structural changes. For a given
pair of compounds, any arbitrary slope can be found.

Examples analyzed here confirm the previous statement1,4,5

that the plots of DH° versus TDS° are misleading and can
suggest an apparent dependence without a physical meaning
when DS° was obtained from DH° and DG°. Still more
misleading may be comparing only pairs of reactions.8 Then
even a slope of 21 can be obtained for selected pairs.
Nevertheless, anti-compensation with a negative slope, not
exactly 21, exists and was detected in kinetics by exact
statistical methods.14

This work has been supported by the grant 203/99/1454 of the
Grant Agency of the Czech Republic.
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Fig. 2 (a) Experimental (ref. 15) hydration enthalpy DH°h versus hydration
Gibbs energy DG°h: (2) alkanes, (™) cycloalkanes, (Ω) alkenes, (“)
alkynes, (8) aromatic hydrocarbons, (-) monohalogenomethanes, (5)
oxygen and nitrogen derivatives. The arrows show some of the pairs
selected in ref. 8, broken arrows indicate physically more justified choices.
(b) The plot of DH°h versus TDS°h for the same set of data. Dotted lines are
regression lines for some subgroups.
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The reaction of ButNTe(m-NBut)2TeNBut with ButNCO in a
1+4 molar ratio in thf produces N,NA-bis(tert-butyl)ureato
telluroxide dimers [OC(m-NBut)2TeO]2, which form an
extended helical network via weak 0CNO…Te inter-
actions.

Reactions of transition-metal imido compounds with hetero-
allenes have been investigated extensively.1 The MNNR linkage
reacts with isocyanates RNCO via cycloaddition of the NNC
double bond to give N,NA-ureato complexes which, in some
cases, can be isolated.2 The N,NA-ureato ligand may also be
generated by interaction of oxo complexes of Ru or Os with
ButNCO, presumably through the formation of an MNNR
intermediate.3 N,O-ureato complexes have been implicated in
reactions of isocyanates with some transition-metal complexes,
but none of the products of CNO cycloaddition to the M = NR
bond have been isolated.4–6 Iminophosphoranes Ph3PNNR
normally react with isocyanates by an Aza-Wittig process to
generate carbodiimides and Ph3PO.7 By contrast, sulfur di-
imides, e.g. ButNNSNNBut undergo exchange reactions with
certain isocyanates RNCO (R = RASO2, RACO or Ar) to form
ButNCO and ButNSNR.8 In the context of this divergent
behaviour, we have investigated the reactions of the tellurium-
(IV) diimide dimer ButNTe(m-NBut)2TeNBut 1, which contains
two highly reactive terminal TeNNBut groups,9 with iso-
cyanates. We describe here, the facile reaction between 1 and
ButNCO, which yields the N,NA-ureato telluroxide 3 via the
corresponding ureato tellurium imide 2 (Scheme 1). In the solid
state 3 forms an extended helical network via weak 0CNO…Te
interactions.

Treatment of the dimer 1 with 2 equiv. of ButNCO in toluene
at 23 °C produces an extremely moisture-sensitive yellow solid,
which was identified as the N,NA-ureato tellurium(IV) imide
ONC(m-NBut)2TeNNBut 2 on the basis of CHN analysis, IR and
NMR spectroscopic data.† The 1H NMR spectrum of 2 in C6D6
exhibits two singlets at d 1.46 and 1.35 in the intensity ratio 1+2.
An IR absorption attributed to the CO stretch is observed at
1653 cm21, and the carbonyl carbon appears in the 13C{1H}
NMR spectrum at d 160.7. Hydrolysis of 2 by atmospheric
moisture produces N,NA-bis(tert-butyl)urea OC[N(H)But]2 (dH
1.24 in d8-thf). Complex 2 can be viewed as the product of the
cycloaddition reaction of the monomeric tellurium(IV) diimide
ButNNTeNNBut and ButNCO. By contrast, the reaction of 1 with
ButNCS (1+2 molar ratio) in n-hexane at 65 °C produces the

cyclic tellurium(II) imide [Te(NBut)]3
9a (95% yield) and no

cycloaddition intermediate could be isolated.
When a solution of 1 in n-hexane is added to a solution of

ButNCO in thf (1+4 molar ratio) a white solid identified by X-
ray crystallography‡ as {[OC(m-NBut)2TeO]2(thf)}∞ (3·thf)∞
is obtained in essentially quantitative yield.† The carbodiimide
ButNNCNNBut was detected as a by-product of this reaction by
1H NMR (dH 1.17). This observation implies that an unstable
tellurium(IV) complex involving both N,NA and N,O-bound
ureato ligands is an intermediate in the formation of 3. As
indicated in Fig. 1 the asymmetric unit in 3 is N,NA-bis(tert-
butyl)ureato telluroxide [d(TeNO) = 1.9040(17) Å] which, in
common with other telluroxides, dimerizes via O?Te
[2.0723(18) Å] interactions, cf. d(TeO) = 1.885(7) and
2.170(7) Å in metal complexes of the related dimer [ButNTe(m-
NBut)2(m-O)]2.10 The ureato ligands in 3 adopt a cis arrange-
ment with respect to the Te2O2 ring which is essentially planar
(torsion angle 22.6°). The CNTeN rings are slightly puckered
(torsion angle 27.2°). In the parent urea OC(NHBut)2

11 and in
ureato complexes of Ru and Os3 the NCN unit is symmetrical
[|d(CN)| = 1.352 and 1.380 Å, respectively]. By contrast, the
CN bonds in 3 are unsymmetrical [d(CN) = 1.345(4) and
1.420(3) Å] as are the TeN bonds [d(TeN) = 2.034(2) and
2.087(2) Å]. The CNO bond length is 1.227(3) Å, cf. 1.252(3) Å
in OC(NHBut)2

11 and 1.22–1.26 Å in ureato complexes of Ru3,
Os3 and W.12 Complex 3 is readily hydrolyzed by traces of
moisture to give the urea OC[N(H)But]2 and TeO2.

The presence of a two-fold screw axis (21) at the centre and
corners of the unit cell and a four-fold (41) axis at the mid-points
of the cell axes results in two different channels parallel to the
ab plane involving weak 0CNO…Te contacts [3.020(2) Å, cf.
sum of van der Waals radii for Te and O = 3.58 Å]13 as depicted
in Fig. 2. The first type involves a lantern-shaped arrangement
of four dimers. Two disordered thf molecules located in the
middle of the lantern also engage in weak Te…O interactions
[2.961(6) Å]. The second type of 0CNO…Te interaction
involves only one Te atom of four dimeric units and gives rise

Scheme 1 Reagents and conditions: i, +2ButNCO; ii, 22ButNCNBut.

Fig. 1 The structure of [OC(m-NBut)2TeO]2 3 with the atomic numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level. Selected
bond angles (°): Te(1)–O(2)–Te(1)* 102.84(8), O(2)–Te(1)–O(2)*
77.10(8), O(2)–Te(1)–N(2) 104.52(9), O(2)*–Te(1)–N(2) 92.08(8), O(2)–
Te(1)–N(1) 88.71(9), O(2)*–Te(1)–N(1) 148.18(9), N(1)–Te(1)–N(2)
63.88(9), Te(1)–N(1)–C(1) 95.79(17), Te(1)–N(2)–C(1) 95.76(17), N(1)–
C(1)–N(2) 104.0(2). Symmetry transformation used to generate equivalent
atoms marked with an asterisk: y, x, 2z.
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to a square-shaped arrangement. In both of these structural
motifs one of the 0CNO…Te interactions links dimeric units in
adjacent planes of the unit cell to give a helical arrangement,
which is apparent when viewed down the c axis. The Te…Te
distance in both cases is 12.4867(8) Å, i.e. the length of the c
axis. Although weak intermolecular E…Te (E = O, N, S)
interactions are a well known feature of tellurium complexes,14

an extended network involving carbonyl–tellurium contacts is
unique.

In summary, the presence of two TeNNBut linkages in 1
presents a unique opportunity for the study of double cycloaddi-
tions with heteroallenes. The reaction of 1 with ButNCO
generates a N,NA-ureato ligand and converts a tellurium imide
(TeNBut) to a telluroxide (TeO) linkage, presumably via an
unstable N,O-ureato complex. Thus it combines features of the
reactions of both transition-metal imides and iminophosphor-
anes with isocyanates.

We thank the NSERC (Canada) for financial support, Dr R.
MacDonald (University of Alberta) for assistance with the data
collection, and Dr M. Parvez for helpful discussions of the
disorder problem.

Notes and references
† Experimental procedure: all manipulations were performed under an inert
atmosphere of dry argon using standard Schlenk techniques. All solvents
were dried prior to use.

2: a colourless solution of ButNCO (0.120 mL, 1.112 mmol) in toluene
(10 mL) was added to an orange solution of 19c (0.30 g, 0.556 mmol) in
toluene (5 mL) at room temperature. The addition of a small amount of
ButNCNBut prevents the formation of 3. A yellow precipitate of 2 was
formed after 3 min. The pale orange solution was stirred for 2 h, cooled to
210 °C and then the supernatant was decanted via cannula. The solid

product was washed with cold n-pentane (3 mL) to give 2 (0.185 g, 0.501
mmol, 45%) as a yellow solid. 1H NMR (400.13 MHz, C6D6, 25 °C) d 1.46
(9 H), 1.35 (18 H). 13C NMR (100.62 MHz, C6D6, 25 °C) d 160.70 (CO),
64.17 [C(CH3)3], 54.83 [C(CH3)3], 34.69 [C(CH3)3], 31.86 [C(CH3)3].
125Te NMR (126.20 MHz, C6D6, 25 °C) d 1225. IR:1653 [n(CO)] cm21.

3: an orange solution of 1 (0.30 g, 0.556 mmol) in n-hexane (10 mL) was
added to a colourless solution of ButNCO (0.257 mL, 2.223 mmol) in thf (10
mL) at 23 °C. The pale yellow solution was stirred for 1.5 h and then volatile
materials were removed under vacuum and 3·2 thf (0.423 g, 0.549 mmol,
99%) was obtained as a white solid. Colourless crystals of 3·thf suitable for
X-ray diffraction were obtained after two days at 23 °C by layering an
orange–red solution of 3 in n-hexane (3 mL) over a solution of ButNCO in
thf (3 mL). 1H NMR (400.13 MHz, C6D6, 25 °C) d 3.55 (thf), 1.45 (But,
18H), 1.41 (thf). 13C NMR (100.62 MHz, C6D6, 25 °C) d 160.39 (CO),
68.15 (thf), 54.97 [C(CH3)3], 31.27 [C(CH3)3], 26.15 (thf). 125Te NMR
(126.20 MHz, C6D6, 25 °C) d 1090. IR: 1669 [n(CO)], 663 [n(TeO)]
cm21.
‡ Crystal data for (3·thf)∞ : C22H44N4O5Te2, M = 699.81, tetragonal, space
group P41212 (no. 92), a = b = 15.5941(7), c = 12.4867(8) Å, V =
3036.5(3) Å3, Z = 4, Dc = 1.531 g cm23, m(Mo-Ka) = 19.55 cm21.
Crystal dimensions 0.26 3 0.23 3 0.15 mm. Data were collected on a
Bruker AXS P4/RA/SMART 1000 CCD diffractometer with graphite-
monochromated Mo-Ka radiation using f and w scans. The structure was
solved using direct methods (SIR-97) and refined by full-matrix least
squares on F2 (SHELXL-97). The thf molecule was disordered around the
two-fold screw axis with partial occupancy factors of 0.5. Of the 2593
unique reflections 2410 had I! 2.00s (I). The final agreement factors were
R1 = 0.0164 and wR2 = 0.041.

CCDC 182/1728. See http://www.rsc.org/suppdata/cc/b0/b004137h/ for
crystallographic files in .cif format.
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The first examples of complexes containing the novel
1,2,5-azadiphosphole and 1,2,3-azadiphosphole ring systems
are presented, together with the molecular structure of
[Ir(h5-C5Me5)(h4-(ButCPNButPCBut)] as established by a
single crystal X-ray diffraction study.

Transition metal-promoted syntheses of unsaturated P-hetero-
cycles has received considerable attention in recent years in the
quest for sophisticated ligands containing sp2- and/or sp3-
hybridised phosphorus atoms in heterocyclic rings.1 Tungsten
complexes of 2H-1,2-azaphosphole,2 2H-1,3,2-diazaphos-
phole3 and 2H-1,4,2-diazaphosphole3,4 rings can be obtained
using the dual precursor potential of 2H-azaphosphirene
complexes via intermediate terminal phosphanediyl and ni-
trilium phosphane-ylide complexes, the former giving rise to 3-
and 4-membered and the latter to 5-membered P-heterocycles.
The planar, aromatic 1,2,4-azadiphosphole ring systems,
P2C2But

2NR5 (R = Pri, Et, Ph, Tol, Prn, Cy, ButCH2) on the
otherhand, have recently been reported via coupling reactions
involving the phospha-alkyne, PCBut, with the imido fragment
of [TiCl2(NR)(py)3] (R = Pri, Et, Ph, Tol) or [VCl3(NR)] (R =
Pri, Prn, Cy, ButCH2) complexes.5 We now describe the
syntheses of complexes containing the previously unknown
1,2,3-azadiphosphole and 1,2,5-azadiphosphole ring systems;
we also provide first evidence for 1,2,4-azadiphosphole com-
plexes.

Extending our three-component reaction concept3 towards
phospha-alkynes, we have now observed that 2H-azaphosphir-
ene complex 16 react with 1-piperidinonitrile (2 equiv.) and an
excess of ButCP7 2a or 1-AdCP8 2b (Ad = adamantyl) in
toluene at elevated temperature to give the 1,2,3-azadiphos-
phole complexes 3a,b and 1,2,4-azadiphosphole complexes
4a,b. Based on observations made earlier, cf. ref. 3 we assume
that a transiently formed C-1-piperidino-substituted nitrilium
phosphane-ylide complex react with the phospha-alkynes in [4
+ 2] cycloaddition reactions to yield the two regioisomers,
which were formed in ratios of 8+1 (3a+4a) and 3+1 (3b+4b)
respectively. Unfortunately, even using low-temperature col-
umn chromatography, only complex 3b could be separated by
extraction and subsequent crystallisation (Scheme 1).

Bergman and co-workers,9 synthesised the monomeric imido
complex [Ir(h5-C5Me5)(NBut)] from [{Ir(h5-C5Me5)Cl2}2] and
4 equiv. of LiNHBut in THF and described its cycloaddition
reaction with dimethyl acetylenedicarboxylate to afford the
structurally characterised compound [Ir(h5-C5Me5){NBut-
(MeO2CCCCO2Me)2}], which contains an h4-coordinated
pyrrole ring. Since phospha-alkynes, PCR, are known to behave
very like alkynes,1 we have extended this type of cyclisation
reaction and find that [Ir(h5-C5Me5)(NBut)] 5 on treatment with
an excess of PCBut 2a in toluene at ambient temperature
afforded the h4-ligated 1,2,5-azadiphosphole ring complex 6.¶

The E.I. mass spectra† exhibited the molecular ions of 3b and
6, which are consistent with the proposed formulations. The

molecular structures of 3b and 6 were deduced by NMR
spectroscopy‡ (13C, 31P) (vide infra) and confirmed by a single
crystal X-ray diffraction study§ in the case of 6 (Fig. 1). The
31P{1H} NMR spectra of complexes 3 and 4 displayed the
expected AB-type spectra with low-field resonances for the
two-coordinated phosphorus centers and with typical magni-
tudes of phosphorus–phosphorus coupling constants (for 3 ca.
294 Hz; for 4 ca. 34 Hz). Additionally, complex 3b shows
signals in its 13C{1H} NMR spectrum at d 180.3 (m) and 196.5
(dd, 1J(PC) 61.1 Hz, 2J(PC) 9.7, CNP), which were readily
assigned to the imino- and the phosphaalkene-carbon atoms
respectively. The 31P{1H} NMR spectrum of 6 displayed a
singlet (d 0.26) implying a symmetrical environment for the
two P atoms. The three signals (d 1.92, 1.48, 1.07) observed in
the 1H NMR spectrum were readily assigned to C5Me5, PCBut

and NBut respectively. Further insight into the structure of this
molecule was gained from the 13C{1H} NMR spectrum which
showed two pseudo triples (d 34.7 3J(PC) 6.51 Hz, 28.7 3J(PC)
7.28 Hz) in an intensity ratio of 2+1 which were assigned to the
methyl resonances of the two sets of non-equivalent tert-butyl
groups, thereby establishing the connectivity of both phospho-
rus nuclei with nitrogen.

The molecular structure of complex 6 which was confirmed
by a single crystal X-ray analysis of crystals grown from a
saturated pentane solution (250 °C), is shown in Fig. 1 together

Scheme 1 Reaction of complex 1 with 1-piperidinonitrile and phospha-
alkynes 2a,b§

Scheme 2 Reaction of [Ir(h5-C5Me5)(NBut)] 5 with the phospha-alkyne
PCBut 2a.¶
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with principal bond lengths and angles. The IrC5Me5 fragment
is h4-ligated to the 1,2,5-azadiphosphole ring resulting in the
nitrogen atom becoming pyramidalised and it lies out of the
plane formed by P(2)–C(2)–C(1)–P(1), (dihedral angle between
P(2)–C(2)–C(1)–P(1) and P(1)–N–P(2), 44.2(3)°). The longer
Ir–P(1)/Ir–P(2) (av. 2.335 Å) bond lengths compared with Ir–
C(2)/Ir–C(1) (av. 2.167 Å) causes the P(2)–C(2)–C(1)–P(1)
fragment to tilt away from the plane of the C5Me5 ring (dihedral
angle between P(1)–C(1)–C(2)–P(2) and C(15)–C(16)–C(17)–
C(18)–C(19), 7.7°). The C(1)–C(2) bond distance (1.427(12) Å)
lies within the range expected for h4-bonded systems, whereas
the P(1)–C(1) and P(2)–C(2) distances (1.846(7), 1.837(11) Å)
are considerably longer than anticipated for PNC double bonds.
This is the first structurally characterised metal complex
containing a 1,2,5-azadiphosphole derivative.

It is interesting to note that Regitz and co-workers10 recently
proposed, on the basis of 31P{1H} NMR spectroscopic data, the
possible intermediacy of a 1,2,5-azadiphosphole ring system in
the metal-mediated formation of azatetraquadricyclanes from
phosphaalkynes. Complex 1, which has a formal electron count
of 18e, was found to be remarkably stable and column
chromatography (silica gel, pentane) in air resulted in only very
slight decomposition of the sample (1% loss), likewise attempts
to displace the heterocycle from iridium by carbonylation of the
metal centre proved unsuccessful.

R. S. and U. S. are grateful to the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie for
financial support. F. G. N. C., J. F. N. and D. J. W. thank the
EPSRC for their continuing support for phospha-organome-
tallic chemistry.

Notes and references
† Satisfactory elemental analysis were obtained for complexes 3b and 6.
NMR data were recorded in [2H6]benzene solutions (295 K) at 75.5 MHz
(13C) and 81.0 (31P), using TMS and 85% H3PO4 as standard references;
J/Hz. Selected spectroscopic data for 3, 4 and 6. 31P{1H} NMR: 3a: d 340.4
(d, 1J(PP) 297.1), 91.2 (d, 1J(PP) 297.1, 1J(PW) 211.0). 4a: d 234.1 (d, 2J(PP)

34.2), 107.6 (d, 2J(PP) 34.2). 3b: d 341.8 (d, 1J(PP) 296.2), 93.3 (d, 1J(PP)

296.2, 1J(PW) 209.5). 4b: d 232.9 (d, 2J(PP) 34.8), 105.8 (d, 2J(PP) 34.8). 3b:
13C{1H} NMR: d 2.7 [mc, br, (SiCH3)], 21.7 [mc, (CH(SiCH3)2)], 23.9 [s,
NCH2CH2CH2], 25.9 [s, NCH2CH2], 29.4 [s, Ad C3/C5/C7], 36.7 [s, Ada
C4/C6/C10], 42.9 [dd, J(PC) 10.1, J(PC) 11.8, Ad C1], 44.0 [d, 3J(PC) 14.3, Ad
C2/C8/C9], 54.7 [s, NCH2], 180.3 [mc, CNN], 196.5 [dd, 1J(PC) 61.1, 2J(PC)

9.7, CNP], 197.3 [dd, J(PC) 3.5, J(PC) 4.5, cis-CO], 198.6 [d, J(PC) 19.4 Hz,
trans-CO]. EI-MS (pos.-CI, NH3) m/z (%): 802 (80) [M]+. 6: 31P{1H}
NMR: d 0.26. 13C{1H} NMR: d 11.5 [C5(CH3)5], 28.7 [t, NC(CH3)3, 3J(PC)

7.28], 34.7 [pseudo-t, PCC(CH3)3, 3J(PC) 6.51 Hz], 36.2 [pseudo-t,
PCC(CH3)3, 2J(PC) 8.21], 95.2 [m, PCC], 94.0 [C5(CH3)5]. EI-MS m/z (%):
559 (30) [M]+.
‡ Crystal data for 6: C24H42IrNP2, M = 598.73, orthorhombic, space group
Pna21 (no. 33), a = 20.067(2), b = 14.271(3), c = 8.775(5) Å, U =
2513(2) Å3, Z = 4, Dc = 1.58 Mg m23, crystal dimensions 0.2 3 0.2 3 0.2
mm, F(000) = 1200, T = 173(2) K, Mo-Ka radiation, l = 0.71073 Å. Data
were collected on an Enraf-Nonius CAD4 diffractometer and of the total
4635 reflections measured 2151 having I > 2s(I) were used in the
calculations. The final indices (I > 2s(I)) were R1 = 0.022, wR2 = 0.049.
CCDC 182/1727. See http://www.rsc.org/suppdata/cc/b0/b004692m/ for
crystallographic files in .cif format.
§ Experimental: to a solution of 2.15 g (3.5 mmol) 2H-azaphosphirene
complex 1 in 20 ml toluene was added 0.6 mL (5 mmol) 1-piperidinonitrile
and 1.4 g (14 mmol) ButCP or 2.5 g (14 mmol) 1-AdaCP. The solutions
were heated with stirring at 75–80 °C for 3 h and the volatiles removed in
vacuo (0.1 mbar). In the case of 3b, the crude product was separated by
extraction of the brown residue with light petroleum (60+40) and
crystallised from n-pentane/toluene at 220 °C; yield 2.13 g, 19%.
¶ Experimental: to a stirred solution of [Ir(h5-C5Me5)(NBut)] (0.370 g, 0.9
mmol) in toluene (30 ml) was added dropwise, PCBut (0.232 g, 2.3 mmol)
and the resulting black solution was allowed to stir for 24 h. The solvent was
removed in vacuo and the residue sublimed (180 °C, 1025 mbar) yielding a
white waxy solid (yield 0.205 g, 40%). Crystals suitable for X-ray analysis
were grown from a slowly cooled and concentrated pentane solution
(248 °C).
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Fig. 1 Molecular structure of [Ir(h5-C5Me5)(h4-(ButCPNButPCBut)] 6.
Selected distances (Å) and angles (°): P(1)–C(1) 1.846(7), C(2)–P(2)
1.837(11), P(1)–N 1.718(7), P(2)–N 1.733(6), C(2)–C(1) 1.427(12), Ir–
C(2) 2.161(11), Ir–C(1) 2.173(5), Ir–P(2) 2.333(2), Ir–P(1) 2.338(3),
C(18)–C(19) 1.433(14) Å. N–P(2)–C(2) 101.3(4), N–P(1)–C(1) 101.2(3),
P(1)–N–P(2) 98.9(3), C(2)–C(1)–P(1) 108.8(5), C(1)–C(2)–P(2) 109.1(7),
P(2)–N–C(11) 121.8(4), P(2)–C(2)–C(7) 118.6(7), C(1)–C(2)–C(7)
132.0(8)°. Hydrogen atoms are omitted for clarity. Displacement ellipsoids
are shown at the 50% probability level.
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Very large pore hexagonal and cellular foam-like molecular
sieve silicas with well cross-linked framework walls (denoted
MSU-H and MSU-F, respectively), have been prepared from
soluble silicate precursors under neutral pH conditions.

The supramolecular assembly of periodically ordered mesopor-
ous molecular sieves, such as hexagonal MCM-41, is normally
accomplished through an electrostatically mediated pathway
involving ionic surfactants assemblies (S+ or S2) and inorganic
reagents (I+ or I2).1,2 Electrostatic assembly also is involved in
the preparation of exceptionally large pore mesostructured
silicas such as hexagonal SBA-15 and mesostructured cellular
foams (MCF) in the presence of non-ionic surfactants (N0)
derived from triblock co-polymers of propylene and ethylene
oxides.3 These materials are assembled under strongly acidic
conditions to allow for counter ion mediated interactions of the
type (N0H+)(X2I+), where X2 is the counter anion and I+ is the
protonated silicic acid derived from a silicon alkoxide reagent.
Although the very large pore sizes (50 to 300 Å diameter) are
attractive features for applications in large molecule reactions
and separations, the high cost of silicon alkoxides and the strong
acid reaction conditions, which can limit framework cross-
linking and structural stability, are undesirable features of the
preparative chemistry.

Mesoporous silica molecular sieves with wormhole frame-
work structures, such as the MSU-X family of materials,4 are
also assembled from neutral surfactants and cost-intensive
silicon alkoxides. In an effort to replace the costly alkoxides
with sodium silicate, Guth and co-workers5 reported the
preparation of disordered mesostructures from sodium silicate
solutions in the presence of a non-ionic surfactant. The
complete removal of the surfactant by calcination at 600 °C,
however, led to either the extensive restructuring of the silica
framework or to the formation of a completely amorphous
material. More recently, we achieved the high-yield synthesis of
stable wormhole molecular sieve silicas from low-cost, water-
soluble silicate precursors and non-ionic surfactants at near
neutral pH.6 In the present work we demonstrate that it is also
possible to assemble from sodium silicate highly ordered
mesoporous silica molecular sieves with very large framework
pore structures analogous to both hexagonal SBA-15 and MCF,
which we denote MSU-H and MSU-F, respectively.

In a typical synthesis the surfactant and an amount of acid
equivalent to the hydroxide content of the sodium silicate
solution (e.g. 27% SiO2, 14% NaOH) were mixed at ambient
temperature and then added to the sodium silicate to form a
reactive silica in the presence of the structure directing
surfactant. This allows for the assembly of the framework under
neutral pH conditions. The assembly process for the preparation
of a hexagonal mesostructure was carried out at molar ratios of
H2O/Si = 230 and N0/Si = 0.008–0.017 and at a desired
temperature for a period of 10–20 h. The surfactant was then
removed from the washed, air-dried products either by solvent
extraction with hot ethanol or by calcination in air at 600 °C.

Fig. 1 illustrates the powder X-ray diffraction patterns of as-
synthesized and calcined (600 °C) forms of hexagonal MSU-H
silica as prepared from Pluronic P123 (EO20PO70EO20) as the

surfactant at a synthesis temperature of 60 °C. The as-
synthesized and calcined products exhibit resolved hkl reflec-
tions consistent with two-dimensional hexagonal symmetry and
unit cell dimensions of 130 and 119 Å, respectively. We may
conclude that MSU-H mesostructures are isostructural with
SBA-15. However, the two classes of as-made silicates are
readily distinguishable on the basis of framework connectivity.
The 29Si NMR spectra of as-synthesized MSU-H (not shown)
typically exhibit three resonances corresponding to the Q2 (93
ppm), Q3 (100 ppm) and Q4 (109 ppm) connectivities of the
SiO4 tetrahedra. The ratio of fully condensed (Q4) silica sites to
incompletely condensed Q3 and Q2 sites is 4.5, considerably
higher than the value of 1.28 reported3a for conventional SBA-
15. The neutral pH conditions of the present assembly pathway
allow for a much higher degree of framework crosslinking,
presumably, because there is little or no charge present on the
silica framework walls under these conditions.

Further evidence for the hexagonal mesostructure of MSU-H
silica is provided by the transmission electron micrograph
(TEM) images shown in Fig. 2. In comparison to conventional
SBA-15, which has a particle size in the micron range, MSU-H
shows smaller particle sizes in the range 300–500 nm [Fig.
2(a)]. Fig. 2(b) unmistakably shows the highly ordered
hexagonal arrays of mesopores and equidistant parallel lines
related to the hexagonal repeat between tubules. Also evident
are the small hexagonal domain sizes within the small
particles.

Fig. 3 illustrates the N2 adsorption–desorption isotherms and
BJH pore size distribution plot (insert) calculated from the
adsorption branch of the N2 isotherms for calcined MSU-H. A
typical, type IV adsorption isotherm with an irreversible H1
hysteresis loop is observed as expected for a large pore
material.7 The step-like uptake of N2 in the range 0.7–0.9 P/P0
corresponds to capillary condensation within framework pores
with a BJH diameter of 98 Å. The pore volume is 1.24 cm3 g21,
the BET surface area is 625 m2 g21 for this calcined MSU-H.

Fig. 1 XRD patterns of as-synthesized and calcined (600 °C) forms of a
MSU-H silica molecular sieve assembled from sodium silicate and Pluronic
P123 (EO20PO70EO20) under neutral pH conditions at 60 °C.
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MSU-H silicas with (100) X-ray spacings in the range
99–108 Å and pore sizes between 82 and 110 Å have been
synthesized with Pluronic P123 surfactant simply by varying
the N0/silica ratio or the synthesis temperature. More sig-
nificantly, the addition of 1,3,5-trimethylbenzene (TMB) to
expand the pore size of MSU-H leads instead to mesostructured
cellular foams (denoted MSU-F) that are composed of large,
uniform spherical cells, as shown in Fig. 4. This material has an
average pore size of 225 Å, a BET surface area of 759 m2 g21,
and a mesopore volume of 1.87 cm3 g21, very much like
conventional MCF silicas3b formed from acidic TEOS mixtures
in the presence of P123 and TMB (Fig. 5). The formation of a
TMB/P123 microemulsion and the assembly of silica around
the microemulsion droplets explain the phase transition from
MSU-H to MSU-F.

The same chemistry described above for the preparation of
MSU-H and MSU-F also applies to other non-ionic polyethyl-
ene oxide surfactants. For instance, molecular sieve silicas with
two-dimensional hexagonal symmetry and BJH pore sizes of
32–53 Å, BET surface areas of 492–745 m2 g21 and pore
volumes of 0.31–0.70 cm3 g21 were assembled from water-
soluble silicate precursors using Brij 76 as the non-ionic
surfactant at temperatures in the range 25–60 °C. Thus, the new
assembly pathway reported here is general, as well as being
especially suitable for the assembly of stable analogs of silica

mesostructures with the largest of known framework pore sizes.
The generality of the assembly pathway, together with the use of
low-cost sodium silicate as the silica source, are attractive
features for use in the commercial production of mesostructured
silicas with framework pore sizes over the entire range from 20
to > 225 Å.

Note added in proof: The synthesis of SBA mesostructures
from sodium metasilicate and non-ionic block copolymers as
structure directing agents under strong acid conditions has
recently been reported: J. M. Kim and G. D. Stucky, Chem.
Commun., 2000, 1159.

The support of this research by NSF-CRG grant CHE-
9903706 is gratefully acknowledged.
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Fig. 2 TEM images of the calcined MSU-H silica: (a) low and (b) high
magnification.

Fig. 3 N2 adsorption–desorption isotherms for the calcined MSU-H silica
molecular sieve. The insert provides the BJH pore size distribution
calculated from the adsorption branch of the N2 isotherm.

Fig. 4 TEM image of the calcined MSU-F silica formed from sodium
silicate, TMB and Pluronic P123 under neutral pH conditions at 60 °C.

Fig. 5 N2 adsorption–desorption isotherms for the calcined MSU-F silica.
The insert provides the BJH pore size distribution calculated from the
adsorption branch of the N2 isotherm.
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Enhancement of enantioselectivity in hydrogenations cata-
lysed by d vs. l rhodium chelate complexes of trans-
1,2-bis(phospholano)cyclopentanes cannot be rationalised
using the current quadrant model for Duphos ligands and
therefore a new consistent model is suggested.

Diphosphines containing the 2,5-dialkylphospholane moiety
(e.g. R,R-Duphos, R,R-bpe) are currently the most efficient

ancillary ligands for the asymmetric hydrogenation of many
alkenes;1–4 several of these catalytic processes are of commer-
cial interest.4 The enantioselectivity is a sensitive function of
the ligand backbone.1–7 For example, for the hydrogenations
shown in eqns. (1) and (2), the enantioselectivity increases with

(1)

(2)

increasing rigidity of the ligand backbone. Here, we show an
example of how the enantioselectivity for the bis(phospholane)-
ethane complex 1 can be improved by rational design of the
ligand backbone; our results challenge the currently accepted
explanations for the selectivity of Duphos ligands.

The chelate ring of the R,R-bpe complex 1 is flexible and an
interconverting mixture of diastereomeric l and d chelate
conformers would be anticipated [eqn. (3)]. It was predicted that

(3)

the l conformer of 1 would give the higher enantioselectivity
(see below)3 and we reasoned that this hypothesis could be
tested by comparing the optical yields obtained with 2 and 3, the
two diastereoisomers of trans-1,2-bis(R,R-phospholano)cyclo-
pentane since 2 would give exclusively a l-conformer chelate
complex and 3 would give a d-conformer.

The new ligands 2 and 3 were prepared from resolved trans-
1,2-diphosphinocyclopentane8 and the 1,4-diol cyclic sulfate1

as shown in eqn. (4) for 2. The rhodium(I) chelate complexes l-

(4)

4 and d-5 have been synthesised and fully characterised but we
have been unable to obtain crystals suitable for X-ray
crystallography. However the crystal structures of the diiodo-
platinum(II) complexes of 2 and 3, l-6 and d-7 have been
determined (Figs. 1 and 2).† These confirm the assignment of
the chelate conformations. The bond lengths and angles around
platinum in l-6 and d-7 are not substantially different (lengths
differ by 0.01–0.02 Å and angles by 1–2°).11 The principal
effect of the change in backbone stereochemistry seems to be in
the orientation of the phospholane rings. Changing the MP2C2

chelate conformation from l to d leads to a rotation about the
M–P bond of ca. 30°, as measured by I–Pt–P–C torsions (see
Figs. 1 and 2). As a consequence, the methyl groups are closer
to the other ligands in the metal coordination plane (here iodine)
in l-6 (I…CH3 3.70 Å) than in d-7 (I…CH3 4.11, 4.20 Å).
Conversely the axial hydrogen atoms adjacent to the phospho-
rus are closer to the iodo ligands in d-7 (I…H 3.07, 3.00 Å) than

Fig. 1 Molecular structure and numbering scheme for l-6. All but
phospholane tertiary hydrogen atoms have been omitted for clarity.
Important molecular dimensions: bond lengths (Å) Pt(1)–P(1) 2.237(2),
Pt(1)–I(1) 2.6453(8); bond angle (°) P(1)–Pt(1)–P(1A) 88.25(10); torsion
angles (°) I(1)–Pt(1)–P(1)–C(2) 46.5(2), I(1)–Pt(1)–P(1)–C(5) 269.2(2).
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in l-6 (I…H 3.37 Å). The PC4 rings in R-phospholanes have d-
conformations and so in d-7 the conformations are ddd for the
PC4, PtP2C2 and PC4 rings, respectively, while in l-6 these rings
show dld conformations.

The results of the hydrogenations shown in eqns. (1) and (2)
catalysed by the rhodium catalysts l-4, d-5 and 1 are shown in
Table 1. It is clear that the optical yields obtained with l-4 are
inferior to 1 and those for d-5 are superior to 1. The unequivocal
conclusion is that the d-chelate gives higher enantioselectivities
than the l-chelate, i.e. d-5 is the matched diastereomeric
catalyst.6 Since this is the opposite of what was predicted,3 we
decided to re-examine the basis of the current heuristic model
for Duphos catalysts.12

In the stereochemical model of refs. 3, 6 and 12, it is assumed
that the alkyl substituents of the phospholanes block the
diagonal of quadrants shown in Fig. 3(a) for bis(R-phospholane)
chelates. In turn this implies that the favoured, major, adduct
diastereoisomer is that in which the enamide substrate is bound
through its si face (see ref. 12 for explicit confirmation of this
view).

Seminal mechanistic work9 revealed that the major enantio-
mer formed in asymmetric hydrogenation by rhodium com-
plexes of ‘traditional’ chiral diphosphines such as chiraphos
was derived from the minor diastereoisomer of the prochiral
alkene complex. Burk and coworkers showed10 that, when the
hydrogenation shown in eqn. (1) is catalysed by [Rh(S,S-
Duphos)(cod)]+, the major product enantiomer (having S-
configuration) is derived, in Halpern-like manner, from the
minor diastereoisomer of the substrate complex (which there-

fore must be re-face bound). Indeed they were able to confirm
this assignment of adduct stereochemistry by NMR experiments
and by analogy with iridium chemistry. By implication, for R,R-
phospholanes, as here, the minor adduct is si-face bound (and
the R-configuration product results from its Halpern-type
hydrogenation). This directly contradicts the standard quadrant
model prediction noted above.

In l-6 the phospholane methyl groups are closer to the metal
coordination plane than in d-7 and therefore would be expected
to present more steric interaction at the sites where the alkene
substrates would bind. However in d-7 (whose analogue d-5 is
the more stereoselective catalyst) the axial hydrogen atoms are
closer to the substrate binding site. This leads us to suggest an
alternative stereochemical model for these phospholane li-
gands: it is the axial hydrogens rather than the equatorial
methyls that offer the critical, diastereofacially-discriminating
steric interactions with a prochiral substrate. The corollary of
this suggestion is that the diagonal of blocked quadrants [Fig.
3(b)] is orthogonal to that currently accepted. The new quadrant
diagram predicts (in accord with ref. 10) that the less stable
(minor) diastereoisomer is formed when the substrate is si-face
bound, Fig. 3c. A Halpern-type hydrogenation mechanism
would then lead to the observed R-configuration of the product,
again in accord with the results reported in ref. 10.

Hydrogenation of very bulky enamides (e.g. H2CNCButN-
HAc) catalysed by R,R-Duphos complexes leads to a product of
S-configuration. While this inversion of stereochemistry poses
problems for any quadrant model, we note that it is possible that
extreme bulk of the a-substituent may render the concentration
of the minor adduct diastereoisomer effectively zero, thereby
leading to no product from that pathway regardless of the rate of
hydrogenation of the major (only) species.

Note added in proof: The quadrant models discussed in this
paper implicitly assume that crowding in the plane of the metal–
diphosphine moiety is important in enantioselection. A recent
report (I. D. Gridnev, N. Higashi, K. Asakura and T. Imamoto,
J. Am. Chem. Soc., 2000, 122, 7183) suggests that octahedral
cis-dihydride species are critical.

We would like to thank Dr Guy Lloyd-Jones for useful
discussions, EPSRC and Albright and Wilson for a CASE
studentship (to E. L. H.), Acciones Integradas for a travel grant
and Johnson-Matthey for a loan of precious metals.

Notes and references
† Crystal structure analyses: l-6: C17H32P2I2Pt, M = 747.26, trigonal,
space group P3221 (no. 154), a = 12.699(3), c = 11.995(2) Å, U =
1675.1(5) Å3, Z = 3, m = 9.186 mm21, T = 173 K, 2589 unique data, R1
= 0.0343. Molecules of l-6 lie at sites of exact crystallographic C2

symmetry and show signs of some disorder in the cyclopentane ring
[leading to artificial flattening of the ring at C(9)]. d-7: C17H32P2I2Pt, M =
747.26, monoclinic, space group P21 (no. 4), a = 8.3470(19), b =
13.844(4), c = 10.3968(19) Å, b = 111.574(11)°, U = 1117.2(4) Å3, Z =
2, m = 9.183 mm21, T = 173K, 5096 unique data, R1 = 0.0361.

CCDC 182/1724. See http://www.rsc.org/suppdata/cc/b0/b002994g/ for
crystallographic files in .cif format.

1 M. J. Burk, J. Am. Chem. Soc., 1991, 113, 8518.
2 M. J. Burk, J. E. Feaster and R. L. Harlow, Organometallics, 1990, 9,

2653.
3 M. J. Burk, J. E. Feaster, W. A. Nugent and R. L. Harlow, J. Am. Chem

Soc., 1993, 115, 125.
4 M. J. Burk, M. F. Gross, T. G. P. Harper, C. S. Kalberg, J. R. Lee and

J. P. Martinez, Pure Appl. Chem., 1996, 68, 37.
5 M. J. Burk and M. F. Gross, Tetrahedron Lett., 1994, 35, 9363.
6 M. J. Burk, A. Pizzano, J. A. Martín, L. M. Liable-Sands and A. L.

Rheingold, Organometallics, 2000, 19, 250. 
7 M. J. Burk, J. E. Feaster and R. L. Harlow, Tetrahedron: Asymmetry,

1991, 2, 569.
8 C. Eckert, L. Dahlenburg and A. Wolski, Z. Naturforsch., Teil B., 1995,

50, 1004.
9 W. S. Knowles, Acc. Chem. Res., 1983, 16, 106; C. Landis and J.

Halpern, J. Am. Chem. Soc., 1987, 109, 1746 and references therein.
10 S. K. Armstrong, J. M. Brown and M. J. Burk, Tetrahedron Lett., 1993,

34, 879.
11 A. Martín and A. G. Orpen, J. Am. Chem. Soc., 1996, 118, 1464.
12 M. J. Burk, Acc. Chem. Res., 2000, 33, 363.

Fig. 2 Molecular structure and numbering scheme for d-7. All but
phospholane tertiary hydrogen atoms have been omitted for clarity.
Important molecular dimensions include: bond lengths (Å) Pt(1)–P(1)
2.248(2), Pt(1)–P(1A) 2.258(2), Pt(1)–I(1) 2.6533(9), Pt(1)–I(1A)
2.6690(8); bond angle (°) P(1)–Pt(1)–P(1A) 86.44(9); torsion angles (°)
I(1)–Pt(1)–P(1)–C(2) 78.4(2), I(1)–Pt(1)–P(1)–C(5) 238.3(2), I(1A)–
Pt(1)–P(1A)–C(2A) 70.6(2), I(1A)–Pt(1)–P(1A)–C(5A) 247.5(2).

Table 1 Optical yields for the hydrogenations of methyl-(Z)-2-acet-
amidocinnamate [eqn. (1)] and methyl-2-acetamidoacrylate [eqn. (2)]a

Catalyst
Methyl-(Z)-2-
acetamidocinnamate

Methyl-2-
acetamidoacrylate

l-4 77 (R) 73 (R)
1b 85 (R) 91 (R)
d-5 98 (R) 95 (R)

a Experimental conditions: solvent MeOH, 2 atm H2, 20–25 °C, 0.05–0.1%
Rh catalyst, reaction time, 1–16 h. Conversions and enantiomeric excesses
were determined by GC using a Hewlett-Packard 5800 A with a L-Chirasil-
Val column. b Results from ref. 3.

Fig. 3 (a) Quadrants that are reportedly3,6,12 blocked by the methyl
substituents in Rh(R,R-bpe) chelate; (b) quadrants that are proposed to be
blocked by the axial hydrogens in a Rh(R,R-bpe) chelate; (c) si-face binding
of substrate alkenes.
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Polycrystalline LiAlH4 transforms into polycrystalline
Li3AlH6 and Al during short time (5 min) ball-milling with 3
mol% TiCl4 at room temperature; solid-state rearrangement
of tetrahedral [AlH4]2 into octahedral [AlH6]32 at ambient
conditions was previously unknown; this transformation
does not occur during ball-milling of pure LiAlH4 or in the
presence of 3 mol% TiCl4 without mechanochemical treat-
ment.

High capacity solid-state storage of hydrogen is becoming
increasingly important as fuel cell power plants approach broad
use in automotive and electrical utility applications. Overall
hydrogen content of two alkali metal aluminohydrides, LiAlH4
and NaAlH4 (10.5 and 7.3 wt% H2, respectively), is amongst the
highest for about 70 known complex hydrides1 reviving recent
interest to them as potential ultra-high capacity hydrogen
storage solids.2–6 Temperature induced transformation of
lithium aluminohydride (LiAlH4) into lithium hexahydroalumi-
nate (Li3AlH6) has been known for almost three decades.7
However, the processes occurring in pure LiAlH4 during its
thermal decomposition were understood only recently.8,9 Ac-
cording to results obtained by Bastide et al.8 and Dymova
et al.,9 LiAlH4 is quite stable in the solid state below its melting
temperature but rapidly transforms in the melt, where rearrange-
ment of the tetrahedral [AlH4]2 ion into the octahedral
[AlH6]32 ion10,11 is easily achieved. The stability of the solid
LiAlH4 is, therefore, attributed to kinetic restrictions of the
solid-state transformation process in the alumohydride anion
rather than to thermodynamic reasons (DG of the reaction
LiAlH4 = 1/3Li3AlH6 + 2/3Al + H2 is 227 kJ mol21).12

Recently, a significant reduction of the decomposition tem-
peratures of alkali metal aluminium hydrides doped with
transition metal derivatives has been reported.3–6 It is, however,
unclear, whether transition metal dopants reduce melting points
of complex aluminium hydrides or act as catalysts of solid-state
transformations near the respective melting temperatures.

Here we report on the first observation of the rapid solid-state
transformation of lithium aluminohydride into lithium hexahy-
droaluminate in the presence of a catalytic amount of titanium
tetrachloride (TiCl4) during mechanochemical activation at
ambient conditions.† A reaction mixture containing 97 mol%
LiAlH4 and 3 mol% TiCl4 was ball-milled in a Spex mill under
helium for 5 min and then investigated using X-ray powder
diffraction (XRD), differential thermal (DTA) and gas-volu-
metric analyses. According to XRD data, LiAlH4 was com-
pletely transformed during the short mechanochemical treat-
ment with a catalytic quantity of TiCl4. Only Bragg peaks
corresponding to the crystalline Li3AlH6,13a Al and LiCl are
seen in the X-ray powder diffraction pattern of the reaction
mixture (Fig. 1). The DTA trace of the reaction mixture in the
temperature range between 380 and 500 K contains one broad
endothermic peak between approximately 395 and 485 K with
a minimum at 445 K (inset in Fig. 2). The endothermic process
occurs at lower temperatures when compared to that observed in
the pure mechanochemically prepared Li3AlH6

13a (ca. 480–535
K, minimum at 505 K ). This lowering of the hydrogen release

temperature is, however, in good agreement with previously
reported data on reduction of decomposition temperature of
transition metal-doped alkali metal aluminohydrides.3–5 The
gas-volumetric analysis of the reaction mixture between 295
and 675 K in vacuum revealed a slow one-step hydrogen
evolution at 395 ± 5 K (Fig. 2), i.e. at the onset temperature of
the endothermic effect observed in the DTA experiment. The
amount of released hydrogen, 2.08 wt%, agrees well with the
decomposition of Li3AlH6 [eqn. (1)], which was formed
according to eqn. (2) (the theoretical hydrogen content in the
mixture is 2.1 wt%). The intensities of Bragg peaks (Fig. 1) are
in quantitative agreement with the amounts of reaction
products. Eqn. (2) summarizes transformations of LiAlH4 and
TiCl4 during ball-milling [eqns. (3) and (4)]:

2Li3AlH6 = 6LiH + Al + 3H2— (1)

Fig. 1 The X-ray powder diffraction pattern of the reaction mixture obtained
during 5 min ball-milling of 97 mol% LiAlH4 and 3 mol% TiCl4 compared
with the X-ray powder diffraction pattern of Li3AlH6 prepared mecha-
nochemically.13 Vertical bars at the bottom of the chart indicate positions of
Bragg peaks of pure LiCl and Al.

Fig. 2 The results of gas-volumetric analysis at 395 ± 5 K of the reaction
mixture obtained during 5 min ball-milling of 97 mol% LiAlH4 with 3
mol% TiCl4. The inset shows the DTA trace of the same reaction mixture.
The vertical arrow on the inset indicates the onset of the endothermic
process.
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0.97LiAlH4 + 0.03TiCl4 = 0.283Li3AlH6
+ 0.12LiCl + 0.687Al + 0.03[Ti] + 1.091H2— (2)

4LiAlH4 + TiCl4 = 4LiCl + 4Al + [Ti] + 2H2— (3)

3LiAlH4 + [Ti] = Li3AlH6 + 2Al + [Ti] + 3H2— (4)

The formation of lithium chloride, aluminium and a Ti-
containing micro-crystalline phase with unknown composition
during 5 min ball-milling of lithium aluminohydride and
titanium tetrachloride was confirmed by mechanochemical
treatment of stoichiometric amounts (4+1) of LiAlH4 and TiCl4
[eqn. (3)].13b No Bragg peaks corresponding to either LiAlH4 or
Li3AlH6 were detected from XRD data. Furthermore, the gas-
volumetric analysis of the obtained reaction mixture [eqn. (3)]
did not reveal observable hydrogen gas evolution up to 925
K.

To verify that the titanium catalyzed solid state transforma-
tion of LiAlH4 into Li3AlH6 proceeds only during mecha-
nochemical activation, the mixture containing 97 mol% of
lithium aluminohydride and 3 mol% of titanium tetrachloride
was thoroughly ground in a mortar under helium for 10 min.
Although slight changes of the reaction mixture color from
grayish-white to gray were observed, XRD did not indicate the
formation of detectable amounts (i.e. 5 vol% or more) of
Li3AlH6 during grinding. Weak Bragg peaks corresponding to
polycrystalline LiCl and Al were found in the X-ray diffraction
pattern of the reaction mixture after grinding, and therefore, the
observed color changes were likely associated with the
reduction of TiCl4 by LiAlH4 according to eqn. (3). Fur-
thermore, our experiments with pure LiAlH4 revealed that this
complex hydride is stable during ball-milling without TiCl4 for
up to 35 h.

Currently, several different models describing the observed
rapid solid-state rearrangement of LiAlH4 (i.e. tetrahedral
[AlH4]2 ion) into Li3AlH6 (i.e. octahedral [AlH6]32 ion) in the
presence of TiCl4 during mechanochemical treatment at
ambient conditions are being considered. One of the most likely
mechanisms explaining the catalytic effect of TiCl4 can be its
reduction to a highly reactive nanocrystalline or amorphous
titanium phase [eqn. (3)], which subsequently mechanically
alloys into the crystal lattice of LiAlH4. The following
destabilization of the host crystal lattice caused by the presence
of titanium leads to the formation of metastable ‘melt-like’
hydride phases, where the rearrangement of the tetrahedral
[AlH4]2 ion into the octahedral [AlH6]32 ion becomes
kinetically possible. Although the nature of intermediate
phase(s) is presently unclear, it is feasible that they are similar
to the metastable high-pressure g-LiAlH4 with hexa-coordi-
nated [AlH6]32 ion,10,15 and their formation becomes possible
due to mechanically induced strain in the presence of titanium
catalyst.

The Ames Laboratory is operated for the U.S. Department of
Energy (DOE) by Iowa State University under contract No.W-
7405-ENG-82. Different aspects of this work were supported by
the Office of Basic Energy Sciences, Materials Sciences
Division of the U.S. DOE and Iowa State University Carver
Trust Grant.
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The reaction of 1,2-bis(4-methylbenzylthio)benzene s-oxide
with triflic anhydride in CH3CN–CH2Cl2 in the presence of
alkynes affords 1,4-benzodithiin derivatives and N-(4-
methylbenzyl)acetamide after quenching with H2O; this
suggests the generation of benzodithiete or its equivalent.

The development of new methodologies for the generation of
reactive species is an important goal in organic chemistry.
Benzodithiete 5 is a highly reactive transient species, which
occurs in thermolysis1–3 and photolysis4–6 of appropriate
precursors, and is trapped by alkynes to form 1,4-benzodithiin
derivatives.7,8 Benzodithiete 5 is estimated to be 17 kcal mol–1

more stable than o-dithiobenzoquinone by calculations at the
MP2 level9 and decomposed at more than 290 °C.1 s-Bonded
dithia dications have attracted considerable attention in hetero-
atom chemistry from the viewpoint of structural interests.10 The
strained dication of 1,4-dithiane reacts with alkynes to give
dithiabicyclo[2.2.2]octene derivatives.11 Recently, we have
demonstrated the facile dealkylation of dithia dications with a
flexible conformation to afford thiasulfonium salts;12 in partic-
ular, the dithia dication obtained from the reaction of 2,2A-
bis(benzylthio)biphenyl s-oxide with triflic anhydride (Tf2O) is
decomposed even at 220 °C to afford biphenyl disulfide and a
benzyl cation.13 Herein we report the reactions of 1,2-bis(4-
methylbenzylthio)benzene mono-s-oxide 1 with Tf2O in the
presence of alkynes 2 and alkenes 3, which produce 1,4-benzo-
dithiins 6 and 2,3-dihydro-1,4-benzodithins 7, respectively. The
key reaction for the generation of benzodithiete 5 or its
equivalent is based on the dealkylation of 1 via a dithia dication
4 (Scheme 1).

The substrate 1 was prepared by the reaction of benzene-
1,2-dithiol with 4-methylbenzyl chloride in the presence of

KOH (86% yield) followed by the oxidation of the resulting bis-
sulfide with MCPBA (73% yield).

The reaction of 1 with triflic anhydride (Tf2O) was monitored
by 1H NMR spectroscopy. When 1 eq. of Tf2O was added to a
solution of 1 in CD3CN-CD2Cl2 (v/v 1+1) at 275 °C, 1
immediately disappeared and a sole peak due to the N-benzyl–
acetonitrile adduct appeared at d 5.21 in the region of benzyl
groups.13 This result indicates that both benzyl groups of 1 are
completely eliminated at 260 °C within a minute, although we
have no direct evidence for the generation of dithia dication 4
and benzodithiete 5. After warming up to rt, the reaction
mixture gave a white precipitate. Treatment of the supernatant
with H2O afforded N-(4-methylbenzyl)acetamide (57% yield),
and treatment of the white precipitate with NaBH4 in THF
followed by addition of iodomethane gave 1,2-bis(methylthio)-
benzene (42% yield).

In order to elucidate the generation of benzodithiete 5
indirectly, the reaction of 1 with Tf2O was carried out in the
presence of alkynes 2 as a trapping reagent (Scheme 2).§¶ After
complete dealkylation of 1 with Tf2O in CH3CN–CH2Cl2 (v/v
1+1) at 260 °C, 2 was added to the reaction mixture. From
diarylacetylenes 2a–c, 2,3-diaryl-1,4-benzodithiins 6a–c were
obtained in 44, 64, and 20% respective yields, and from
arylacetylenes 2d–e, 2-aryl-1,4-benzodithiins 6d–e were pro-
duced in 18 and 21% respective yields. Thus, the formation of
6 strongly suggests the generation of 5 or its equivalent in the
course of the reaction of 1 with Tf2O. Diarylacetylenes serve as
a more effective trapping reagent of 5 than arylacetylenes.
However, dimethyl acetylenedicarboxylate2,5 did not give
2,3-bis(methoxycarbonyl)-1,4-benzodithiin, although N-(4-me-
thylbenzyl)acetamide and 1,2-bis(methylthio)benzene were ob-
tained in 59 and 20% yields, respectively, after as treatment
mentioned above. This result implies that a concerted mecha-
nism may not be involved in the reaction of 5 or its equivalent
with alkynes.

The reaction of 1 with Tf2O in the presence of alkenes 3 was
also conducted under the same conditions (Scheme 3).§¶ The
stereochemistry of the product reflects the reaction mechanism.
trans-Stilbene (trans-3a) gave trans-2,3-diphenyl-2,3-dihydro-
1,4-benzodithiine (trans-7a) (29% yield), whereas cis-stilbene
(cis)-3a) afforded a mixture of trans-7a (17% yield) and (cis)-
7a (10% yield). The formation of two stereoisomers (trans)- and

† Electronic supplementary information (ESI) available: spectral data of
compounds. See http://www.rsc.org/suppdata/cc/b0/b004940i/

Scheme 1

Scheme 2
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(cis)-7a) from cis-3a, but not from (trans)-3a, suggests a
stepwise addition mechanism of benzodithiete 5 or its equiva-
lent to carbon–carbon multiple bonds such as an AdE path. Ethyl
(E)-cinnamate (trans-3b) and 4-methylstyrene 3c gave the
corresponding (trans)-7b and 7c in 19 and 32% yields,
respectively.

The redox behavior of 1,4-benzodithiin derivatives has been
studied extensively from the viewpoint of cationic p-conjugated
systems.7,14 Cyclic voltammetry of 1,4-benzodithiins 6 in
CH3CN with Bu4NClO4 (0.1 M) at rt showed two oxidation
waves, where, in all cases, the first ones are reversible and the
second ones are irreversible. The redox potentials of 6a–e
obtained here are summarized in Table 1. The first half-wave
potentials are in the range of E1

1/2 = +0.93– +1.02 V and the
second oxidation potentials are in the range of E2

pa =
+1.26– +1.53 V vs. Fc/Fc+. The first oxidation potentials of
1,4-benzodithiin derivatives are heightened with increasing the
number of aromatic groups at the 2- and 3-positions owing to a
p-conjugative effect: unsubstituted 1,4-benzodithiin15 < 6d
(6e) < 6a (6b). The oxidation potentials are lowered as the
electron-donating ability of a substituent at the para-position of
the aromatic ring is increased: 6a > 6b > 6c. A good linear
relationship between the first half-wave potentials and their sp

+

values was obtained with r = 0.12 and a correlation coefficient
r = 0.98.

In conclusion, we have demonstrated the generation of
benzodithiete 5 or its equivalent through the facile dealkylation
of a 1,2-bis(benzylthio)benzene derivative 1 via a dithia

dication 4. The present study opens the way to the synthetic
application of dithia dications.

This work was supported in part by grants-in-aid from the
Ministry of Education, Science, Sports and Culture, Japan (No.
11440186) and University of Tsukuba (TARA project fund).
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Scheme 3

Table 1 Redox potentials of 1,4-benzodithiin derivatives 6a

Compound E1
pa

b E1
1/2

b E2
pa

b

6a 1.06 1.02 1.52
6b 1.04 1.00 1.47
6c 0.96 0.93 1.26
6d 1.03 1.00 1.53
6e 0.99 0.96 1.53

a In CH3CN with Bu4NClO4 (0.1 M) at rt. b V vs. Fc/Fc+; scan rate, 0.1
V s21.

1668 Chem. Commun., 2000, 1667–1668



Preparation and functionalization of hydride terminated porous germanium†

Hee Cheul Choi and Jillian M. Buriak*

Department of Chemistry, 1393 Brown Laboratories, Purdue University, West Lafayette, IN 47907-1393, USA.
E-mail: buriak@purdue.edu

Received (in Irvine, CA, USA) 17th May 2000, Accepted 20th July 2000

Porous germanium (PG) is prepared by a novel bipolar
electrochemical etching (BEE) technique; scanning electron
microscopy (SEM) clearly reveals formation of a porous
layer up to a few microns thick that is Ge–Hx terminated as
indicated by FTIR spectroscopy; the hydride terminated PG
material is quite resistant to oxidation, even under thermal
conditions, but can be induced to undergo hydrogermylation
reactions with alkenes and alkynes.

Porous semiconducting materials are a topic of intense interest
because of their unique electronic,1 optoelectronic,2 and
morphological3 properties, and biocompatibility4 character-
istics. Up to now, the vast majority of research efforts have
concentrated on porous silicon, although other materials such as
porous GaAs, InP, SiC, SixGe12x, GaP, and GaN,5 have also
been investigated to a lesser extent. The unusual light emitting
properties of porous silicon through photo-, electrochemi- and
chemi-luminescence routes are a result of the highly complex
nanoscale architecture. Embedded nanocrystallites and nano-
wires of silicon within the porous silicon matrix exhibit
quantum confinement effects, and thus the material acts very
differently from the bulk parent. There is a surprising dearth of
knowledge about porous silicon’s congener, porous germanium
(PG), and thus any potentially important properties intrinsic to
this material remain unknown. There are two published
procedures6,7 for preparation of PG involving an anodic etch
with aqueous HF electrolytes, but in our hands yield an oxidized
surface instead of hydride terminated germanium surface. Little
morphological investigation and no chemical reactivity studies
have been carried out on the reported PG surfaces prepared in
this manner.8,9 Here, we describe the formation of highly
ordered PG with a nanoscale architecture, as determined from
plan and cross-sectional views of the porous layer by scanning
electron microscopy (SEM), utilizing a novel and reproducible
etching technique, termed bipolar electrochemical etching
(BEE), with an HCl-based etchant. Through transmission FTIR
studies of the PG, we have determined that the surface is Ge–Hx
terminated, and can undergo surface hydrogermylation reac-
tions with alkynes and alkenes, yielding alkenyl and alkyl
terminated interfaces respectively. Light emission upon UV
irradiation is also observed at 77 K in air.

The porous germanium (PG) was prepared from polished
single crystalline Ge(100) wafers, either n- or p-doped, using an
ethanoic HCl solution (1+1.8 of 48% HCl+EtOH v/v) in air. A
wide variety of conditions were examined, but only a bipolar
electrochemical etching (BEE) procedure produced the desired
results.‡ BEE was carried out in a homemade Teflon etching
cell, identical to that used to prepare porous silicon.10 Initially,
the germanium surface is anodized at 350 mA cm22 for 5 min,
followed by cathodization for 1 min with a negative bias, at the
same current density, as outlined in Fig. 1. Longer cathodization
leads to surface damage due to electropolishing. Upon anodiza-
tion, the surface turns visibly gray, and is believed to be
composed of surface hydroxide or surface chloride, as sug-
gested by the lack of Ge–Hx vibrations in the transmission FTIR

spectrum and literature precedent.11 Scanning electron micros-
copy indicates formation of a ca. 700 nm thick amorphous layer
after 2 min anodization, which fully dissolves after 5 min,
leaving no observable film on the surface of the bulk
germanium within the resolution of the instrument (10 nm).
Germanium oxide is soluble in aqueous solution, and thus
appears to be formed transiently before dissolution under these
conditions. The subsequent cathodization step is critical for
formation of the porous layer and hydride termination.
Presumably, the weak Ge–Ge bonds are protonated under the
cathodic potential11 which eventually leads to GeH4 production,
and dissolution of the bulk germanium, resulting in hydride
termination and pore formation12 (Fig. 1). Formation of thin
porous layers on silicon has been reported under cathodic
conditions.13 Without the prior anodic step, only hydrogen
evolution from the cathodic germanium electrode occurs. The
PG layer shows false colors due to Fabry–Perot fringes,
resulting from constructive and destructive interference of the
reflected white light from the top and bottom of the thin porous
layer, as is observed with thin porous silicon layers.14,15

Scanning electron microscopy (SEM) clearly reveals PG in
both cross-sectional and plan views (Fig. 2) for both n- and p-
type wafers. The porous layer of a PG sample prepared from n+

Ge is ca. 15 mm thick (Figs. 2(a) and (b)), and features down to
the resolution of the instrument, ca. 10 nm, can be discerned.

† Electronic supplementary information (ESI) available: FTIR thermal
stability measurements and SEM images. See http://www.rsc.org/suppdata/
cc/b0/b004011h/

Fig. 1 (a) Schematic representation of the bipolar electrochemical etching
(BEE) of Ge(100) wafers. (b) Surface electrochemical conversion of
oxidized Ge(100) surfaces to hydride-terminated Ge(100) under cathodic
bias in an acidic medium.12

Fig. 2 Plan (a) and cross-sectional (b) views of n+ type derived PG.
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The pores are tilted by 9° from the surface normal due to the 9°
miscut of the starting wafers. The thickness of the porous layer
can vary somewhat across an etched surface (1–15 mm), most
likely due to heterogeneities in the electrical field during the
etch as a result of the simplicity of our set-up. PG prepared from
p-type Ge shows similar features, and is ca. 1.5 mm thick (Figs.
2(c) and (d)). Higher magnification of the surface layer in plan
view of either n- or p-type samples reveals a highly porous top
layer in the center of the 0.3 cm2 etched area (Fig. 2(a) and
(SI5†)), which progressively becomes populated by crystallites
with an average size of 500 nm towards the edge.†

FTIR analysis of PG reveals a broad n (Ge–Hx) vibration with
features at 2044 cm21 and 2015 cm21, as shown in Fig. 3(a),
which appear at slightly lower energies than gas phase
Me42xGeHx.16 Oxygen back-bonded Ge–Hx vibrations, ex-
pected at higher energies11 are not observed. Because of the
surface roughness and broad Ge–Hx stretching region, it is
expected that the surface is terminated with mono-, di- and
trihydrides, like porous silicon.17 In order to definitively prove
the formation of the Ge–H bonds, a deuterated surface (Ge–Dx)
was made by same etching technique using deuterated ethanol
and DCl solution. The resulting Ge–Dx stretching mode appears
at 1455 cm21, as expected, with a very weak Ge–Hx band
observed at 2020 cm21 (Fig. 3(b)). The thermal stability of the
hydride termination is surprising and is described in the ESI†.

In order to determine whether the hydride terminated PG
surface could be functionalized, hydrogermylation of alkynes
was examined. Refluxing a PG sample in a 20% 1-dodecene
solution in mesitylene (v/v) for 2 h resulted in incorporation of
surface-bound dodecyl moieties18 (Fig. 3(c)). Application of
other known reaction conditions for formation of Si–C bonds on
porous and flat silicon to PG were unsuccessful, including
Lewis acid19 mediated hydrogermylation, and Ge–Ge bond
attack with Grignard reagents.20 The crystalline PG structure
may be more sensitive to Lewis acids and nucleophilic attack
under these conditions. In any case, the surface of PG may be
tailored through thermally induced hydrogermylation reac-
tions.

Homogeneous red photoluminescence is observed by eye
across the entire PG surface at 77 K in a darkened room upon
illumination with 365 nm irradiation, but is considerably
weaker than that observed from porous silicon; the weak light
emission, unfortunately, fell below the optical detection limit of
our CCD set-up, and thus a lmax could not be collected. Samples
etched only anodically, as opposed to the bipolar etching
procedure, on the other hand, emit yellow-white photo-
luminescence under 254 nm UV illumination at 77 K. Since
there are no observable Ge–Hx bonds formed after anodization
by FTIR, nor a porous layer by SEM, the source of the
photoluminescence is believed to arise from germanium oxide
layers, as opposed to germanium nanoparticles. This supposi-

tion is supported by the fact that all emission is eliminated after
washing the sample with 25% aqueous HF, while the Ge–Hx

terminated samples are unaffected. We propose that the weak
red light emission observed from Ge–Hx terminated PG arises
from Ge nanoparticles, whilst that from the anodically etched
samples results from oxide.

To summarize, we report a new and highly reproducible
etching procedure to produce hydride-terminated porous ger-
manium. Through a bipolar HCl etch, porous layers up to 15
microns thick can be prepared and subsequently functionalized
with alkyl monolayers through a thermally induced hydro-
germylation reaction. Detailed mechanistic studies are presently
underway in our laboratories to further elucidate the complex
etching process. Optimization of the etching procedures through
a better understanding of the PG formation process should
permit us to improve the light emission from this material.

Notes and references
‡ Experimental: electrochemical etching of Ge was conducted using highly
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tongue in contact with the Ge wafer, and a Pt loop wire as a counter
electrode, and ethanoic HCl (1+1.8 of 48% HCl+EtOH v/v) as the etchant/
electrolyte. A Princeton Instruments 273 potentiostat was utilized as the
current source. 350 mA cm22 current density was applied for 5 min during
anodization of n-type Ge followed by cathodization with the same current
density. Light illumination was applied during cathodization for the p-type
PG to harness the photocurrent, allowing for this high current density to
pass. Thermal hydrogermylation of the PG was performed in a Schlenk
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Fig. 3 FTIR spectrum of PG: (a) etched by BEE using ethanoic HCl, (b)
using deuterated ethanol and DCl, and (c) thermally hydrogermylated using
1-dodecene.
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Highly ordered macroporous films of platinum, palladium
and cobalt with regular arrays of spherical pores with
diameters of 0.40, 0.70 or 1 mm are prepared by electro-
chemical deposition into the interstitial spaces of a template
formed by polystyrene latex spheres self-assembled on gold
electrodes; after deposition of platinum, palladium or cobalt,
the polystyrene spheres are fully removed by washing in
toluene to leave a highly periodic, hexagonal close packed,
interconnected network of monodisperse spherical pores
within the metal film, the size of which is determined by the
diameter of the polystyrene latex particles used to prepare
the template.

The production of materials with micron and submicron scale
structure in two and three dimensions is of importance in a range
of applications, such as photonic materials,1,2 high density
magnetic data storage devices,3 microchip reactors4 and
biosensors.5 Several new templating techniques are being
developed to achieve such macroporous solids with highly
ordered structure and high surface area.6–11 Highly ordered
three-dimensional macroporous oxides with pore diameters of a
few hundred nanometers have recently been prepared by the
chemical hydrolysis of the corresponding metal alkoxide in the
interstitial spaces of close packed arrays of polystyrene latex
spheres as the template.12–14 Macroporous titanium dioxide
photonic crystals synthesised by a similar procedure have been
shown to exhibit photonic band gaps.15,16 In related studies
other authors have described the synthesis of three-dimensional
microporous films of semiconducting cadmium selenium
(CdSe) by electrochemical deposition in the interstitial spaces in
a close packed array of polystyrene latex spheres assembled on
an indium tin oxide substrate surface.17 Van Duyne et al.18,19

have reported using monolayers or bilayers of polystyrene latex
particles as masks for the deposition by evaporation of two-
dimensional arrays of isolated silver nanoparticles on an
insulating substrate.

Here we report the preparation of highly ordered macro-
porous metal films with pores of predetermined sizes. The
preparation of the structured macroporous films was carried out
by the electrochemical reduction of [PtCl6]22, [PdCl4]22, or
[Co(Ac)2] complex ions in aqueous solution within the
interstitial spaces of a close packed polystyrene latex sphere
template, self-assembled on a gold surface. The thickness of the
resulting films can be many multiples of the diameter of the
polystyrene latex spheres used to prepare the template and is
readily controlled by the amount of charge passed during
deposition of the metal film.†

Most recently Xu et al. have described the electrochemical
deposition of nanoscale Ni and Au meshes through templates
made from close-packed silica sphere arrays (opal).20 Although
the two approaches give similar metal meshes there are several
important differences between the method described in our
work over that of Xu et al. First, the polystyrene latex particles
we use are commercially available in a range of sizes; second,
our close-packed templates can be prepared by evaporation in
2 d rather than by sedimentation over a period of several
months; third, there is no need to sinter the template; fourth, the

metal deposition is achieved in a few minutes rather than over
36 h; fifth, the template can be removed by dissolving the
polystyrene in toluene rather than requiring the use of HF.

Scanning electron micrographs of cobalt films prepared by
electrochemical deposition of cobalt at 20.90 V vs. SCE
through a template formed from 0.40 and 1.0 mm diameter
polystyrene latex spheres are shown in Figs. 1(a) and 1(b)
respectively. The quantities of charge passed were 20.80 and
21.15 C cm22 respectively. These values were chosen in order
to grow films whose thickness corresponded to the radius of the
template particles used in each case. Fig. 1(a) shows that the
cobalt film made using the 0.40 mm polystyrene latex sphere
template has a highly ordered two dimensional hexagonal
network of monodisperse submicron voids each with a
hemispherical shape. In the most ordered regions, the pores
have a diameter of 380 ± 10 nm (n = 10) and pore to pore centre
separation of 450 ± 10 nm (n = 30) The cobalt films made by
using the larger, 1.00 mm, polystyrene latex spheres [Fig. 1(b)]
have a pore diameter of 980 ± 10 nm (n = 10), however, this
film shows less two-dimensional order. We attribute this to the
fact that the larger latex spheres take a longer time to assemble
into a highly ordered structure.21

Fig. 1(c) shows a scanning electron micrograph of a platinum
film deposited into a template formed from 0.70 mm polystyrene
latex spheres at a deposition potential of 0.10 V vs. SCE (total
charge passed 21.20 C cm22). The image shows that the
electrochemically deposited platinum film consists of a highly

Fig. 1 Scanning electron micrographs of macroporous platinum and cobalt
films electrochemically deposited, at 0.10 and 20.90 V vs. SCE
respectively, through templates formed using polystyrene latex spheres pre-
assembled on gold electrode surfaces. (a) Cobalt film, deposition charge
20.85 C cm22, polystyrene latex sphere diameter 0.40 mm; (b) cobalt film,
deposition charge 21.15 C cm22, polystyrene latex sphere diameter 1.0 mm;
(c) platinum film, deposition charge 21.20 C cm22, polystyrene latex
sphere diameter 0.70 mm; (d) cross-sectional image of a platinum film,
deposition charge 21.00 C cm22, polystyrene latex sphere diameter
0.40 mm.
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periodic hexagonal array of monodisperse pores. The pore to
pore centre separation in this case was 770 ± 10 nm (n = 30).
Fig. 1(d) shows a cross sectional image of a platinum film
prepared by deposition of  21.00 C cm22 through a template of
0.40 mm polystyrene latex spheres. The formation of a
monolayer of spherical pores embedded in the platinum film
(which in this case was grown to a thickness of approximately
0.4 mm) can be clearly seen.

Figs. 2(a) and 2(b) show scanning electron micrographs of
thicker films of platinum and cobalt where sufficient charge has
been passed to deposit films several multiples of the polystyrene
latex sphere diameter in thickness. The micrographs show that
the spherical pores left in the platinum or cobalt films after
removal of the polystyrene latex spheres are arranged in a well
ordered three dimensional hexagonal close packed structure. In
addition, the connections between the spherical voids within the
film, formed where the polystyrene latex spheres in one layer
were in contact with those in the underlayer, can be seen as the
three dark areas within each pore. In Fig. 2(a) the mouths of the
pores have a rounded triangular shape. This appears to be a
regular feature of films which are grown to a thickness
corresponding to about (n + 3

4) layers of spheres, where n = 0,
1, 2, …. Figs. 2(c) and 2(d) show cross-sectional images of
platinum and palladium films prepared using templates formed
from 0.40 and 0.70 mm polystyrene latex spheres. These
micrographs also demonstrate the formation of three dimen-
sional macroporous films with thickness of 1.5 or 2.0 times the
pore diameters for the platinum and palladium films re-
spectively. The spherical voids have a diameter determined by
the diameter of the polystyrene latex spheres used for the
template and are arranged as part of an hexagonal lattice, again
indicating that the polystyrene latex particles were arranged in
three-dimensional hexagonal close packed structure. This was
also confirmed by scanning electron micrographs of the
templates themselves before the deposition of the metal (not
shown).

Our studies have shown that self-assembled layers of
polystyrene latex particles formed on gold surfaces by slow
evaporation of water from the latex suspension can be used as
templates through which to electrochemically deposit metal
films. In the resulting metal/polystyrene composite the polysty-
rene spheres are in contact and can be dissolved out of the metal

to leave a regular array of interconnected spherical voids. The
size of these voids is determined by the size of the polystyrene
latex particles used. Since polystyrene latex particles of tightly
controlled size distribution are readily commercially available
in sizes from 0.05 to 90 mm the size of the voids can be readily
controlled. Control over the quantity of charge passed in the
electrochemical deposition of the film allows control over the
final film thickness. Thus this method represents a simple route
to the production of ordered macroporous films of metals, metal
alloys, and polymers with potentially interesting and useful
photonic, catalytic, magnetic, or other properties.

We thank the Embassy of the Arab Republic of Egypt,
Educational and Cultural Bureau, London for their support of
Mohamed A. Ghanem. We also thank Alastair Clark for
assistance in obtaining the SEM images and manufacture of the
gold substrates.
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Fig. 2 Scanning electron micrographs of macroporous films of platinum,
palladium and cobalt electrochemically deposited, at potentials of 0.10, 0.25
and 20.90 V vs. SCE respectively, through templates formed using
polystyrene latex spheres pre-assembled on gold electrode surfaces. (a)
Platinum film, deposition charge 22.00 C cm22, polystyrene latex sphere
diameter 0.40 mm; (b) cobalt film, deposition charge 21.40 C cm22,
polystyrene latex sphere diameter 0.40 mm; (c) cross-sectional image of a
platinum film, deposition charge 21.50 C cm22, polystyrene latex sphere
diameter 0.40 mm; (d) palladium film, deposition charge 21.15 C cm22,
polystyrene latex sphere diameter 0.70 mm.
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The heterogeneous electrocatalytic synthesis of ammonia
from nitrogen and water is carried out at Ru cathodes, using
a Solid Polymer Electrolyte Cell (SPE), at atmospheric
pressure and low temperature; the reduction rate increases
with increase of temperature up to 100 °C, while with the
increase of the negative potential a maximum is observed at
21.02 V vs. Ag/AgCl and gradually decreases in the
hydrogen discharge region.

Industrially the synthesis of ammonia takes place by passing N2
and H2 over Fe or Ru surfaces at about 430–480 °C and 100
atm.1 The synthesis of ammonia over these catalysts at ambient
temperatures is a very difficult process because of the high
energy barrier for the breaking of the N·N bond which is about
1000 kJ mol21 at 25 °C.

Numerous efforts have been reported so far on the conversion
of nitrogen to ammonia at room temperature and atmospheric
pressure using, photocatalytic,2,3 electrochemical4–11 or cata-
lytic methods.12 Recently, Marnellos and Stoukides studied the
electrochemical synthesis of ammonia at Pd cathodes using a
solid proton conductor at 570 °C and atmospheric pressure and
pointed out that the thermodynamic demand for high pressure
can be compensated by the use of an electrochemical reactor.13

However, the operation temperature of that cell is high and
ammonia undergoes decomposition at this temperature. The
high electrical resistance of the electrolyte is an additional
disadvantage of this method. The present study deals with the
electrochemical synthesis of ammonia in a Solid Polymer
Electrolyte (SPE) cell on Ru cathodes at atmospheric pressure
and low temperature from nitrogen and water.

The reduction of nitrogen (99.999%) was performed in a two-
compartment cell, as shown in Fig. 1. The cell was placed in a

thermostated bath. Ruthenium was electrochemically deposited
on a carbon felt (Electrosynthesis Corporation) from a 0.05 M
RuCl3 solution using a constant current of 25 mA cm22 for 60
min. Consequently, it was washed with water to remove the
chloride ions and it was finally placed into the electrolytic cell
in contact with the Nafion membrane, where it was dried by a
nitrogen stream for 24 h. The Nafion membrane was pretreated
by heating in H2O2 5% solution at 80 °C for 1 h and in ultrapure
water for another 1 h. The apparent surface area of the cathode
was 2.35 cm2. A 2 M KOH solution in ultra pure water was used
as electrolyte in all experiments. The anode was in contact with
the KOH solution (10 cm3) and the anodic reaction was the
oxygen evolution. A saturated Ag/AgCl electrode was used as a
reference.

A nitrogen steam with a constant flow rate withdrew the
gaseous products from the cell. The NH3, which was produced,
was stripped by a 15 ml of 0.1 M H3BO3 solution. Ammonia
was determined by Ion Chromatography using a CS15 column
(Dionex Corp.) and a Dionex 4500i Chromatograph, as well as
colorimetrically by using the phenate method.14 Experiments
have been conducted for the possible presence of hydrazine
colorimetrically at 458 nm using the p-dimethylaminobenzalde-
hyde method.15 Ammonia was the only product detected in the
electrochemical reduction of nitrogen at 90 °C and at potential
of 21.10 V, using ruthenium as cathode. Two control
experiments were performed at 90 °C and for 24 h, in order to
verify that the detected ammonia was a product of nitrogen
reduction (i) Nitrogen gas was introduced into the cell at open-
circuit (I = 0). (ii) Inert gas (Ar) was introduced into both
compartments of the cell for 4 h, so that the air trapped within
the carbon felt would be expelled. The flow of argon was
continued and then a potential of 21.10 V was applied for 24 h.
In both cases no ammonia was detected.

At all potential values examined, the amount of the produced
ammonia is in an almost linear relationship with time, which
confirms that ammonia was produced by an electrochemical
reaction. The rate of ammonia formation remained constant
even when the electrolysis was continued for another 100 h at a
potential of 21.10 V. This implies that the electrode is not
deactivated with time. Given this fact, the same electrode was
used for all experiments.

The standard potential for the N2 reduction to NH3, as
calculated from the Nernst equation, was found to be 20.67 V
vs. NHE or 20.88 V vs. Ag/AgCl. The calculations were
performed assuming that PN2

= 0.99 atm. PNH3
= 0.01 atm and

pH = 14. The reduction of nitrogen in our experiments on Ru
began at 20.96 V; a value which is slightly higher (0.08 V) than
that anticipated from the thermodynamic calculations. The rate
of ammonia formation, as is shown in Fig. 2, was increased with
the negative potential until 21.02 V, where a maximum value
was displayed and afterwards it was decreased. A similar
behaviour was reported by Sclafani et al.,11 in the electro-
chemical reduction of nitrogen at iron cathodes in the region of
hydrogen discharge, which was attributed to the competitive
adsorption of nitrogen and hydrogen species on the electrode
surface. An explanation similar to this might be proposed for the
observed behaviour at our ruthenium electrode.

Fig. 1 Exploded view of the electrolysis cell: (A) gas inlet, (O) gas outlet,
(T) polytetrafluoroethylene plate, (B) silicone gasket, (M) Nafion mem-
brane, (F) carbon felt, (S) stainless steel screen 150 mesh, (E) electrolyte
chamber, (P) stainless steel plate, (WE) working electrode, (RE) reference
electrode, (CE) Pt anode.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b004885m Chem. Commun., 2000, 1673–1674 1673



The rate and the current efficiency (CE) of the process, as
shown in Table 1, were quite low and in the best case they
reached about 1.3 mg h21 cm22 at 21.02 V and 0.92% at 20.96
V respectively. This rate is about fifty times lower than that
previously reported at 570 °C.13

Experiments were also conducted at 21.02 V and 90 °C and
at various flow rates of 1, 10 and 15 cm3 min21. Within the
experimental error, no measurable effect was observed in the
(CE) and at the rate of the reaction. This indicates that diffusion
was not the rate determining step. Furthermore, the chemical
yield (CY) of the reaction was 0.003% when the flow rate of
nitrogen was 1 cm3 min21 and it was about inversely
proportional to the flow rate of nitrogen. The chemical yield
(CY) of the reaction can be increased with a different planning
of the cell so that the retention time of N2 will be increased. The
rate displayed an exponential growth with temperature in
accordance to the Arrhenius equation, as is shown in Fig. 3, and
it was about 5 times higher at 100 than that at 20 °C. A
corresponding increase of the reduction rate with temperature
was previously observed in the reduction of nitrogen with
hydrogen on Ru catalyst at ambient temperature.12

These results are in agreement with the recent work of Rod
et al.,16 who showed that it could be possible to produce
ammonia at ambient temperature on Ru from nitrogen and
hydrogen via a dissociative mechanism, by using density
functional theory (DFT) calculations. Furthermore, the fact that
hydrazine was not detected in any of our experiments, suggests
the ammonia was produced via a dissociative mechanism, in a
similar way to that in the gas phase.17,18

Examination of the crystal structure of the electrode (after
electrolysis) by XRD indicated that the main reflections (101)
and (100) of Ru had a ratio 100+10. It is known that the

ammonia synthesis reaction is extremely structure sensitive and
that the energy barrier for the dissociation of nitrogen depends
strongly on the particle size and the crystal structure of Ru.16,19

The Ru, which was used in our experiments, had planes with
different activities and this fact led to the decrease of the number
of active catalytic sites and therefore to a low reaction rate.
Moreover, the competitive adsorption of hydrogen to that of
nitrogen and the low number of sites, where a contact N2/Ru/
membane exists, are two additional reasons.

This is the first report regarding ammonia production at
atmospheric pressure and low temperature. The main problems
that exist at the present are the low rate of ammonia formation
and the hydrogen evolution at the cathode. Further work to
optimize these factors is in progress.

We are grateful to Professor M. Stoukides for his helpful
suggestions concerning this work.
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Fig. 2 The rate of formation of ammonia against negative cathodic potential,
at 90 °C and an electrolysis time of 24 h.

Table 1 Rate and CE of ammonia formation at the Ru cathode at various
experimental conditions

Potential/V
N2 flow rate/
cm3 min21 T/°C Currenta/mA CE(%)

Rate of
NH3/mg
h21 cm22

21.02 1 90 6.1 0.24 1.30
21.02 10 90 5.8 0.23 1.20
21.02 15 90 6.8 0.20 1.25
20.96 25 90 0.3 0.92 0.25
21.10 25 90 16.2 0.17 0.90
21.10 25 20 8.2 0.28 0.21
a Average current.

Fig. 3 Rate of formation of ammonia against temperature at 21.10 V and at
an electrolysis time of 24 h.
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The palladium-catalysed reaction of the tert-butyldime-
thylsilyl ether of a 3-(o-bromophenyl)allylic alcohol with a
methyl ketone leads directly to a 1-vinyl-1H-isochromene via
a tandem ketone arylation–allylic cyclisation reaction.

As a part of a wider project concerned with the synthesis of
biologically active molecules, we wished to prepare 1-vinyl-
1H-isochromenes 1. We felt that we could achieve this end in
two stages. The first stage (for the example shown in Scheme 1)
would require the coupling reaction of an appropriate aryl

bromide 2 with a ketone 3 to give 4.1 The second stage would
involve replacement of the TBS with an acetyl group and
subsequent cyclisation of the ketone enolate onto the allylic
system. For the first step, we were confident that a palladium-
catalysed ketone arylation reaction would be effective. The
reason for the choice of a non-activating silyl group in 2 was
simply to prevent the allylic substitution from outpacing the aryl
coupling at the high reaction temperatures required ( > 80 °C).
Allylic acetates, for example, are known to react with ketones
under palladium-catalysed reactions at rt.2

We first examined the coupling of the tert-butyldimethyl-
silyl-protected allylic alcohol substrate 2 with pinacolone
(Scheme 1). Starting material 2 was prepared from readily
available 2-bromobenzaldehyde in three steps in 90% overall
yield following a literature procedure to the alcohol which was
then silyated.3 Initial attempts to couple 2 to pinacolone
following the procedure of Hartwig et al.1 (NaOt-Bu, Pd/DPPF,
toluene, 100 °C) led mainly to the debrominated cinnamyl ether
5; no coupling product was observed. Investigation of several

bases (NaOt-Bu, Na2CO3, Cs2CO3 LHMDS) gave none of the
expected product 4. In the case of LiHMDS, however, the 1H-

isochromene 1‡ was formed as the major product. Subsequent
optimisation of this tandem arylation–allylic substitution reac-
tion improved the yield of this product to 71%.§ As far as we are
aware, this represents the first observation of such a tandem
enolate arylation–allylic cyclisation reaction. Notable in this
process is the involvement of a silyloxy leaving group, which
would normally not be considered to be a suitable group for
allylic activation. Presumably this reacts because of the high
reaction temperature. Related intramolecular reactions of b-
keto ester enolates and diketones have been reported to form
five-membered rings in palladium-catalysed intramolecular
cyclisations.4

During this work it appeared that a lithium base and a co-
ordinating solvent must be employed to make the reaction work.
Trost has reported a similar requirement for a lithium base in an
allylic alkylation reaction.2d A series of phosphine ligands and
ketones were also investigated (Table 1) and it was found that a

substantial amount of the intermediate 4 could be isolated when
either tri-tert-butylphosphine or the bis(diazaphospholidine)
ligand semi-ESPHOS5 were used. This intermediate, 4, was
then exposed to the reaction conditions in the absence of
palladium and ligands. No cyclisation occurred after several
hours, indicating that the cyclisation step was also palladium
catalysed. Tri-o-tolylphosphine also proved to be a good ligand
for isochromene formation. The isolation of 4 from certain
experiments suggests that it may be possible to ‘tune’ the
reaction conditions towards the formation of either cyclic or
acyclic products. We are currently investigating this issue.

Changing the protecting group on the bromide in 2 from
TBS- to the TBDPS- (i.e. 6) did not effect the tandem reaction.
Substitution at the allylic ether carbon with a phenyl group (i.e.
7) led to an unreactive substrate. Aromatic ketones such as
acetophenone and propiophenone also proved compatible with
the reaction conditions. In each case the desired cyclic products
8 and 9 respectively were formed, although the non-optimised
yields were low to moderate in both cases. In the case of
propiophenone a small amount (6%) of non-cyclised material
10 was also formed.

We wished to confirm that the choice of a trialkylsilyloxy-
allylic substrate was essential for a successful reaction. This was
achieved through the attempted reaction of acetate 11 with both

Scheme 1 Intramolecular cyclisation reaction to form 1-vinyl-1H-iso-
chromenes. Reagents and conditions: (i) ligand, base, solvent, [Pd2(dba)3],
85 °C (See Table 1).

Table 1 Palladium-catalysed ketone arylation–allylic cyclisation reactions

Aryl
bromide Ketone Solvent Ligand Product

Yield
(%)

2 3 Toluene/THF dppf 1 67
2 3 Dioxane/THF dppf 1 71
2 3 Toluene dppf — 0
6 3 Toluene/THF dppf 1 54
7 3 Toluene/THF dppf — 0
2 3 Dioxane L-S-ESPHOS 1 15a

2 3 Toluene/THF (o-Tol)3P 1 61
2 3 Toluene/THF (t-Bu)3P 1 27b

2 Acetophenone Toluene/THF dppf 8 28
2 Propiophenone Toluene/THF dppf 9 36c

a Side-products: 4; 21%, 5: 6% b Side-products; 4: 30%, 5: 6%. c Side-
product; 10 6%.
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pinacolone and acetophenone under our reaction conditions for
cyclisation. In the former case the result was a complex mixture,
in the latter case the deacetylated alcohol was the major product
of the reaction, together with a small amount of ketone 12. The
latter result serves to confirm the ability of the silyloxy group to
delay the allylic reaction conveniently until after the arylation
process has been completed.

In conclusion, we have demonstrated that, through the careful
choice of ether protecting group, a tandem enolate-arylation–
allylic cyclisation process may be ‘fine-tuned’ in order for the
steps to take place in a desired order. The overall result is a
convenient and rapid synthesis of vinyl-1H-isochromenes,
which represent valuable synthetic building blocks for further
reactions. The results of our studies on these products, together
with further details of the coupling–cyclisation process, will be
reported in full in due course.

We thank the CVCP for an Overseas Research Studentship
(ORS) award (to R. M.) and Professor D. Games, Dr J.
Ballantine and Dr B. Stein of the EPSRC Mass Spectrometry
Service at Swansea for carrying out analyses of certain
compounds.
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Room temperature adsorption of [Rh(CO)2Cl]2 on
TiO2[110] is investigated using Scanning Tunnelling Micros-
copy (STM) which reveals the formation of nanoparticles
that coexist with the mono-disperse Rh(CO)2Cl species; the
spatial distribution of these particles indicates that nano-
particle formation occurs principally at step edges.

Since the determination of the existence of mono-disperse
RhI(CO)2 species on supported Rh systems1 a wealth of
research has been directed at quantifying the role played by this
species in Rh based catalysts, particularly with regards to NOx

removal processes.2–9 CO may also oxidatively disrupt small
metallic Rh clusters forming RhI(CO)2.10–13 A complete
understanding of the behaviour of supported Rh systems must
therefore include a detailed knowledge of how this species
behaves under a variety of conditions.

Model supported RhI(CO)2 systems can be created via two
routes. Firstly, catalysts may be prepared from RhCl3 which,
after calcination and reduction, may be redispersed using CO to
give an adsorbed layer of Rh(CO)2 species.1,7,14 Typically,
however, this method is only viable for Rh loadings of < 2.5
wt%. A second approach is to use a volatile Rh organometallic
which may be adsorbed to a prepared oxide surface to yield a
Rh(CO)2 adlayer directly.15–17 As the RhI(CO)2 is immediately
present it has the perceived advantage of accessing higher Rh
loadings whilst still producing a truly mono-disperse adlayer.
The use of MetalOrganic Chemical-Vapour Deposition
(MOCVD) of Rh organometallics has found particular favour in
surface science studies of the chemistry of RhI(CO)2 species17

adsorbed on single crystal oxide surfaces. In these cases
involatile inorganic salts, such as RhCl3 may not be used, and
the larger Rh clusters formed by Metal Vapour Deposition
(MVD) may not be re-dispersed to yield a mono-disperse
RhI(CO)2 adlayer.17

Previous studies concerning the adsorption of [Rh(CO)2Cl]2
on both high area and [110] oriented single crystal rutile, have
indicated that the dissociative adsorption of this species results
in a uniform RhI(CO)2Cl adlayer.15–17 However, there has been
no determination of the local structures that result from the
adsorption as no LEED structures17 have been observed.
Evidence for a molecular orientation with Rh–C–O bonds
aligned in the < 11̄0 > azimuth has however been demonstrated
by Fourier Transform Reflection Absorption Infrared Spectros-
copy.18 We have therefore employed Scanning Tunnelling
Microscopy (STM) to determine how the adsorbed RhI(CO)2Cl
species interact with the surface and each other.

Experiments were carried out in a UHV chamber equipped
with LEED/Auger, and variable temperature STM facilities.19

The preparation of the rutile TiO2[110](1 3 1)20 surface, and
the purification of the organometallic sample17 have been
described previously. Rh dosing was controlled via a fine leak
valve and a line of sight tube doser permitting in situ STM
measurements whilst the surface is being exposed the organo-
metallic vapour. Unfortunately adsorption of carbonyl along the
length of the tube precludes a sharp transition between ‘on’ and

‘off’ so considerable exposure of the surface continues after
shutting the valve. All STM measurements were carried out
with a positive sample bias and therefore unoccupied electronic
states are imaged.

Fig. 1(a) shows a (97 3 97 Å) STM image of a freshly
deposited Rh(CO)2Cl adlayer. The layer consists of elements
showing some low level of local order. The average area per
individual unit in Fig 1(a) is 40–50 Å2 which places the
coverage at ca. 0.2 ML where 1 ML is equivalent to the density
of Ti in the surface (0.1 Ti Å22). Comparison of images taken
before and after dosing indicate the features reside preferen-
tially near the centre of the dark rows imaged on the clean TiO2;
i.e. on the rows of bridging oxygen. Lack of resolution
precludes determination of the lateral position along the row.

Fig. 1(b) shows an area (198 3 198 Å) of the same adlayer ca.
40 minutes after initial deposition. The features now show a
distinct ordering with the appearance of rows on the surface
running in two rotationally related domains at ±42 ± 3° to the
principal crystallographic directions. The apparent density of
the species has increased within this more ordered adlayer and
each feature now occupies 25–30 Å2 corresponding to ca.
0.35–0.4 ML. This increased density is due to continued
exposure from the dosing tube as mentioned above, and
represents a saturation coverage of Rh(CO)2Cl. Given the
tunnelling conditions used (above), the size and density of the
small features observed in Figs. 1(a) and (b), we associate these
with the 4dx2

2y2) orbital of individual, square planar co-
ordinated RhI atoms. We believe that the Cl is intimately
associated with the Rh(CO)2 and not adsorbed as a separate
species. Cl adsorbed upon TiO2[110]21 appears as an anom-
alously large (ca. 6–8 Å diameter), immobile bright feature in
STM: the features we observe do not show such character.

The adlayer in Fig 1(b) does show a LEED pattern. However,
it is destroyed within ca. 2 seconds exposure to the LEED
electron beam; the details of this structure will be discussed in
a future communication. Also visible in Fig. 1(b) are two new

Fig. 1 (a) STM image (97 3 97 Å, 1 V, 0.3 nA) of a freshly prepared adlayer
derived from room temperature adsorption of [Rh(CO)2Cl]2 to the
TiO2[110](1 3 1) surface approximately 3 minutes after dosing. (b) STM
image (198 3 198 Å, 1 V, 0.3 nA) of the adlayer shown in Fig. 1(a)
approximately 40 minutes after dosing. A large discrete particle is marked
by the rectangle while an oval marks two of the smaller, less distinct,
particles.
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types of feature: the first comprises small, indistinct particles
with an apparent height slightly greater than the Rh(CO)2Cl
adlayer; the second comprises discrete larger particles.

Fig. 2 shows a large area scan (998 3 998 Å) of the surface
approximately 150 minutes after deposition. The large particles
shown in Fig. 1(b) are found all over the surface preferentially
residing at step edges of the underlying rutile. The particles co-
exist with the Rh(CO)2Cl adlayer. Taking the width of the step
region to be that of the largest particle we find large particle
formation in the step region to be 5 times more probable than on
the terrace on an area for area basis. This indicates that a regio-
specific formation of Rh nanoparticles occurs alongside the
production of domains of RhI(CO)2Cl. Smaller particles are also
observed but do not show a distribution that favours the step
edges. This particulate formation is not an artefact due to the
presence of the tip; moving the tip to new areas of the surface
yields similar images.

Fig. 3 shows the particle size distributions derived from Fig.
2 in terms of particle heights, areas, volumes and perimeters.
The distributions show two clear groups; a multitude of small
particles, and long tail of large particles. An analysis of the
height and volume data for the larger particles indicates that
they contain up to a few hundred atoms at maximum. The total
volume of these particles is ca. 435000 Å3 giving an effective
coverage of ca. 0.3 ML Rh in particulate form (assuming a bulk
Rh lattice constant). It should also be noted, however, that

preliminary analysis of the scaling relationships of the measured
parameters of Fig. 2 (i.e. volume, area, height versus perimeter)
indicates that the particles have a well-defined shape despite the
apparent lack of clear facets.

The spatial distribution of these particles is distinct from
similar Rh particles grown via MVD which are reported to show
no preferential decoration of step edges.22 The reasons for this
are as yet unclear, but this most probably relates to the need to
activate the decomposition of the carbonyl in MOCVD, versus
the surface diffusion limited growth in MVD.

In summary, and in contrast to a number of previous
investigations,15–17 we have shown that room temperature
MOCVD of [Rh(CO)2Cl]2 does not necessarily lead to a
uniform mono-disperse Rh(CO)2Cl adlayer. Adsorption of this
species may initially result in formation of such a layer but this
configuration is only metastable even at room temperature.
Room temperature adsorption of [Rh(CO)2Cl]2 on vacuum
reduced TiO2[110] can result in the formation of Rh nano-
particles that are distinct from similar sized particles grown via
MVD, and that may coexist with an ordered layer of
RhI(CO)2Cl species. The spatial distribution of these particles
indicates that step edges on the rutile surface act as enhanced
sites for nucleation of particulate Rh via the decomposition of
the Rh(CO)2Cl species. Terraces show a much lower rate of
particle formation. We have therefore demonstrated a pre-
viously unknown chemistry of TiO2[110] step edges that
produces the nanoparticles. Further, our results indicate that, in
systems such as this, the time-scale of interrogation must be
considered due to the possibility of changes in the phase of the
adsorbed metal species.

We thank the EPSRC for post-doctoral funding to M. A. N.
and R. A. B., and the EPSRC/Johnson Matthey PLC for funding
a CASE award to R. D. S. We also thank A. J. Ramirez-Cuesta
for development of the particle analysis software.
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volume and height are calculated from the apparent height and therefore
may be influenced by electronic effects.
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Treatment of the N-bonded enolatoiron(II) complex
[M(H)(NCCHCO2R)(L)2] [1a, M = Fe, R = Me, L = depe
{1,2-bis(diethylphosphino)ethane}; 1b, M = Fe, R = Et, L =
depe; 2, M = Ru, L = dppe] with acrylonitrile results in
mono-Michael addition to give [M(H)-
{NCC(C2H4CN)CO2R}(L)2], which is found to be an active
intermediate for the catalytic double-Michael reaction of
cyanoacetate with acrylonitrile.

Transition-metal enolates have attracted considerable attention
as key compounds in chemo-, regio- and stereospecific C–C
bond forming reactions under neutral and mild conditions.1 We
previously reported the isolation of zwitterionic N-bonded
enolate complexes of ruthenium2 and rhenium3 as active
intermediates in catalytic Michael and Knöevenagel reactions.
In these catalyses enhanced nucleophilicity of the enolato
moiety by the zwitterionic structure was considered to be
responsible for the driving force of the chemoselective C–C
bond formations. Here we report the isolation of the mono-
Michael adducts of the enolato-iron and -ruthenium complexes
to acrylonitrile as active intermediates for the Michael reaction.
The role of these adducts in the catalytic double-Michael
reaction of cyanoacetate with acrylonitrile is also described.

The enolatoiron(II) complexes [Fe(H)(NCCHCO2R)-
(depe)2]† (1a, R = Me; 1b, R = Et) were newly prepared by the
oxidative addition of cyanoacetate to a dinitrogen complex of
iron(0) [Fe(N2)(depe)2]4 in 81 and 90% yields, respectively
[eqn. (1)].

(1)

The molecular structure of 1b5 revealed that the structure of
the enolato ligand is similar to those in other isolated enolato-
ruthenium(II)2 and -rhenium(I)3 complexes, showing its deloc-
alised zwitterionic character as suggested by the planarity of the
O(1)–C(3)–C(2)–C(1) linkage [dihedral angle = 177.4(5)°] and
linear structure of Fe(1)–N(1)–C(1)–C(2) [bond angles Fe–
N(1)–C(1) = 173.3(4)°, N(1)–C(1)–C(2) = 178.6(5)°].

The 1H and 31P{1H} NMR spectra of 1a and 1b indicate the
presence of two isomers due to (E)- and (Z)-enolato ligands as
observed for N-bonded ruthenium2 and rhenium3 enolates. The
major+minor ratio for 1a and 1b at 23 °C was estimated as 4+1
and 3+1, respectively.

Treatment of 1b with an equimolar amount of acrylonitrile in
benzene in the absence of ethyl cyanoacetate at room tem-
perature resulted in mono-Michael addition to the enolato
ligand giving trans-[Fe(H){NCC(C2H4CN)CO2Et}(depe)2] (3)
in 44% yield (Scheme 1).6 The 1H and 31P{1H} NMR spectra of
3 indicate the presence of two isomers (major+minor = 3+1 at
24 °C), probably due to (E)- and (Z)-isomerism of the enolato
ligand. The 31P{1H} NMR spectrum of the major species shows
two singlets at d 84.3(s) and 89.4(s) and the 1H NMR spectrum

shows two quintets at d 2 25.70 and 225.61, suggesting that
the hydrido and enolato ligands are trans to each other and all
phosphorus atoms located in an equatorial plane. Methylene
protons of the cyanoethyl group in 3 were observed as two
multiplets at d 2.4 (m, 2 H) and 2.5 (m, 2 H), as confirmed by
COSY and homo-decoupling experiments.

We also carried out the reaction of the analogous enolato-
ruthenium complex trans-[Ru(H)(NCCHCO2Et)(dppe)2]2a (2)
with acrylonitrile giving trans-[Ru(H){NCC(C2H4CN)-
CO2Et}(dppe)2] (4) in quantitative yield.7 The NMR spectra of
4 also show the presence of two isomers in 1+1 ratio, where the
cyanoethyl group appears as a couple of A2B2 patterns at d 1.84
(t, 2 H, J = 6 Hz) and 2.43 (t, 2 H, J = 6 Hz), and d 2.28 (t, 2
H, J = 6 Hz) and 2.50 (t, 2 H, J = 6 Hz) in the same
intensities.

The formation of these adducts 3 and 4 was further confirmed
by the following chemical reactions. Acidolysis of 3 and 4 by
excess dry HCl released the mono-Michael product
NCCH(C2H4CN)CO2Et in 48% and quantitative yields, re-
spectively [eqn. (2)].

† Electronic supplementary information (ESI) available: physical and
spectroscopic data for 1a and 1b. See http://www.rsc.org/suppdata/cc/b0/
b004099l/

Fig. 1 Molecular structure of [Fe(H)(NCCHCO2Et)(depe)2] (1b). All
hydrogen atoms except hydride and incorporated solvents are omitted for
clarity. Ellipsoids represent 50% probability.

Scheme 1
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(2)

Reactions of NCCH(C2H4CN)CO2Et8 with [Fe(N2)(depe)2]
and with [Ru(cod)(cot)]/dppe also gave 3 and 4 in 61 and 62%
yields, respectively [eqns. (3) and (4)].

(3)

(4)

It is interesting to note that treatment of 3 (or 4) with excess of
either acrylonitrile or ethyl cyanoacetate resulted in no reaction,
even at 50 °C, whilst the 3 (or 4) catalysed double-Michael
reaction of ethyl cyanoacetate with acrylonitrile exclusively
gave ethyl 2,2-bis(cyanoethyl)cyanoacetate. Both enolate com-
plexes 1b and the mono-Michael adduct 3 (1.0 mol%) smoothly
catalysed this double-Michael addition at room temperature for
36 h in 88 and 79% yields, respectively.9 Similarly, complexes
2 and 4 also catalysed this reaction in 88 and 75% yields,
respectively, under the same conditions.

By taking into account these facts, the possible reaction
mechanism for the double-Michael reaction is illustrated in
Scheme 2.

The N-bonded enolate complex 1b is nucleophilic enough to
react with acrylonitrile to give A. The intermediate A rapidly
converts to 3 by 1,3-proton migration. This process is probably
driven by the high acidity of the methine proton in A and
thermodynamic stability of the resulting oxo-p-allyl structure in
3. This system exclusively affords the double-Michael product
regardless of the amount of Michael acceptor and no trace of
signals due to the mono-Michael product were detected by
NMR. Thus, the direct formation of 1b from 3 is negligible.
Whereas compound 3 catalyses the double-Michael reaction, it
remained unreacted with acrylonitrile or ethyl cyanoacetate.
This fact suggests that the protonolysis of intermediate B took
place by ethyl cyanoacetate to reproduce 1b. When the isotopic
labeled FeD(NCCDCO2Et)(depe)2 (1b-d2) (45 atom% D for
Fe–D) was employed in this reaction, the deuteride ligand in 1b-
d2 remained intact during the catalytic Michael reaction of ethyl
cyanoacetate with acrylonitrile (41 atom% D for Fe–D after
TON = 3). This is good evidence for this double-Michael

product being released from the catalyst, not by reductive
elimination, but by protonation.

We are grateful to Proposal-based New Industry Creative
Type Technology R&D Promotion Program from NEDO of
Japan and the Ministry of Education, Science, Sports and
Culture, Japan for financial support.
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Iridaoxetane 3 formed by oxidation of 1 with aqueous H2O2
is isolated and characterized, providing a rare example of
formation of a metallaoxetane by direct oxidation of a
metal–alkene complex.

Metallaoxetanes (1-metalla-2-oxacyclobutanes) have been in-
voked over the years as key intermediates in certain transition
metal-mediated oxygen atom transfer reactions to olefins.1,2 A
number of metallaoxetanes of transition metals have been
prepared by indirect methods,3 but to our knowledge there is no
example of isolation, or even spectroscopic detection, of a
metallaoxetane from a catalytically oxidizing medium. Thus,
their intermediacy has been the subject of much speculation and
some debate over the past two decades.2

We are aware of only two reports of direct stoichiometric
oxygenation of coordinated alkenes that result in formation of
characterizable metallaoxetanes.4,5 One of these is the recent
elegant work of Gal and coworkers5 on oxidation of olefins
bonded to rhodium(I) bearing fac-coordinating triaza and
tetraaza ligands. For example, [(N4)Rh(C2H4)]+ [N4 = N,N,N-
tris(2-pyridylmethyl)amine] and H2O2 gave a rhodaoxetane
which was isolated and an X-ray crystal structure determination
was completed.

Over the last several years we have been developing the
synthetic organometallic chemistry of CnIr- and Cn*Ir-contain-
ing molecules,† and we have observed that IrIII in these ‘hard’
coordination environments binds olefins very strongly. We
decided to check the reactions of [(Cn*/Cn)Ir(cod)]+ (1/2) and
[(Cn*/Cn)Ir(C2H4)2]+ with H2O2 and other oxidants. Perhaps
iridaoxetane ‘intermediates’ would be stable enough to detect or
isolate before rearrangement to some other species. Ideally, the
chemistry of iridium might depart substantially from that
reported of rhodium.

[Cn*Ir(cod)]OTf 1 is obtained in up to 86% yield as a light
yellow precipitate from reaction of Cn* with [(cod)IrCl]2 in
THF in the presence of NaOTf. Off-white [CnIr(cod)]OTf 2 is
similarly prepared in up to 73% yield. [Cn*Ir(cod)]Cl can also
be isolated in the absence of NaOTf, but the yield is very
variable because of formation of a byproduct of stoichiometry
Cn*Ir2(cod)2Cl2 and indeterminate structure. Both 1 and 2 are
stable in the absence of air in DMSO, methanol or THF for days
at 60 °C.

Treatment of 1 with an excess of aqueous H2O2 in methanol
(Scheme 1), followed by precipitation with diethyl ether results
in isolation of a pale-yellow solid. Various l-D and 2-D NMR
techniques were used to assign it iridaoxetane structure 3.6 The
13C NMR spectrum contains 17 unique carbons, comprising of
3 CH3, 10 CH2 and 4 CH groups (DEPT). Despite considerable
effort, X-ray quality crystals of 3 were not obtained.

After 2 days at 20 °C, a sample of 3 in MeOH-d4 in a sealed
NMR tube was unchanged. After 6 h at 60 °C, a new species, 5,
began to form, and after 24 h at 60 °C the conversion was
quantitative. Since 5 is chiral (17 unique carbons) it cannot be
the iridium analogue of the achiral rhodium product5
[Cn*Rh(oxabicyclononadiyl)]+. Rearrangement of 3 was re-
peated on a synthetic scale in THF. Removal of solvent after

16 h at reflux gave a beige powder for which DEPT NMR
showed 3 CH3, 9 CH2 and 5 CH carbons. A 1H–13C correlation
NMR experiment was consistent with the assignment of Ir(III)
hydroxycyclooctenediyl species 5.7

[CnIr(cod)]+ 2 was also treated with aqueous H2O2 under
conditions similar to those for 1, but iridaoxetane 4 was not
observed. Instead, the reaction proceeded directly to yield
Ir(III)–hydroxycyclooctenediyl 6 in almost quantitative yield
(Scheme 1). The structure was assigned by 1H and 13C 1-D and
2-D NMR. An X-ray diffraction study of a single crystal of 6
grown from THF–pentane confirms its structure (Fig. 1).8 As
expected, the hydroxy group is endo with respect to the iridium
center, consistent with its origin in 4. Formation of iridaoxetane
intermediate 4 was established by low temperature NMR
spectroscopy. A slight excess of aqueous H2O2 was added to 2
in MeOH-d4 in an NMR tube immersed in liquid nitrogen.
Reaction progress was monitored by NMR as the sample
warmed. No change was seen below 220 °C, but at 210 °C
formation of 4 was observed. After 10 min at 210 °C the
resonances of iridaoxetane 4 had begun to be replaced by those
of 6, and conversion of 4 to 6 was rapid at 0 °C. Several attempts
to isolate iridaoxetane 4 at low temperature were unsuccess-
ful.

Complexes 1 and 2 were treated with other oxidants like
pyridine N-oxide, iodosobenzene, and O2 in aprotic solvents
(MeNO2, THF and CH2Cl2), all of which gave no reaction. tert-
Butyl hydroperoxide and 2 generated 6, but more slowly than
H2O2. Dioxygen in methanol did form 3, but the yield was much
reduced and there was substantial decomposition during the
reaction. We suspect that in the case of O2 protic solvent is
required to allow destructive oxidation of 1 and concomitant
formation of H2O2 which then effects the usual oxidation of
residual 1. Treatment of [CnIr(C2H4)2]+ with H2O2 or ButOOH
in methanol or THF gave uncharacterizable mixtures, and its
oxidation was not pursued further.

Overall, the oxidation of 2 to 4 is qualitatively faster than that
of 1 to 3, and clearly the rearrangement of 4 to 6 is much faster
than 3 to 5. The reason(s) for the faster reactions of 2 and 4 are
not obvious. Since we would have expected the presumably

Scheme 1
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more electron rich 1 to oxidize faster, steric differences may be
the more likely explanation. Although we were not able to
obtain X-ray quality crystals of either 3 or 4, from the X-ray
crystal structures of [CnIr(H)2(h2-cyclooctene)]OTf and
[Cn*Ir(H)2(h2-cyclooctene)]Cl we have observed average Ir–N
distances of 2.15 and 2.20 Å, respectively, so the methyl
groups have only a small effect on the Ir–N distances. Thus, the
N-methyl groups cause considerably more crowding around the
equator of the complex than the N–H groups. It may be that the
methyl groups restrict conformational mobility of the oxidized
ligand in 3 relative to that in 4 leading to a larger barrier for the
rearrangement. Similarly, the slower oxidation of 1 compared to
2 may result form steric hindrance to attack by peroxide on the
metal or on the coordinated alkene.

It is interesting that in the three cases where metallaoxetane
species have been isolated from oxidation of coordinated
olefins, the complexes contain ancillary ligands which coor-
dinate to the metal via the relatively non-polarizable atoms
oxygen and nitrogen. There is too little information as yet to
conclude if this observation is significant.

This work was funded by the US National Science Founda-
tion.
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Fig. 1 Thermal ellipsoid plot (30% probability) of the cation of 6. The OTf
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have been omitted for clarity. Selected bond lengths (Å) and angles (°):
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C(10) 172.9(3), C(7)–Ir(1)–C(10) 81.3(4), C(7)–Ir(1)–C(12) 82.4(4).

1682 Chem. Commun., 2000, 1681–1682



Newly discovered non-isoprenoid glycerol dialkyl glycerol tetraether lipids in
sediments

Jaap S. Sinninghe Damsté,*a Ellen C. Hopmans,a Richard D. Pancost,a Stefan Schoutena and Jan A. J.
Geenevasenb

a Netherlands Institute for Sea Research (NIOZ), Department of Marine Biogeochemistry and Toxicology, PO Box
59, 1790 AB Den Burg, Texel, The Netherlands. E-mail: damste@nioz.nl

b University of Amsterdam, Faculty of Chemistry, Organic Chemistry Unit, Nieuwe Achtergracht 129, 1018 WS
Amsterdam, The Netherlands

Received (in Liverpool, UK) 6th June 2000, Accepted 3rd August 2000

Newly discovered non-isoprenoid dialkyl diglycerol tetra-
ethers containing 13,16-di- or 5,13,16-trimethyloctacosanyl
moieties have been identified in peats and coastal marine
and lake sediments by HPLC–MS and high-field NMR
spectroscopy.

Hyperthermophilic archaea thrive at temperatures > 60 °C and
their ecological occurrence is, therefore, restricted to extreme
environments such as waters near volcanic areas.1 To meet the
requirements posed by these hostile environments,2 the mem-
branes of these archaea (the third kingdom of life) are
predominantly composed of isoprenoid glycerol dialkyl glyc-
erol tetraethers (GDGTs),3 which are mainly comprised of
acyclic (1)† or cyclic biphytane core lipids. Recently we
reported a new technique for the direct analysis of intact
GDGTs in extracts of archaeal cell material and sediments using
high performance liquid chromatography–atmospheric pressure
chemical ionization mass spectrometry.4 Initial results indicated
that GDGTs are widespread in low temperature environments,
in contrast to the previous belief that GDGTs are restricted to
hyperthermophilic archaea. Using this technique we also
encountered unidentified GDGTs in extracts of peats. Here we
report the identification of these abundant GDGTs as unprece-
dented, non-isoprenoid GDGTs.

The total ion current chromatogram of the HPLC–MS
analysis revealed unknown components in the peat extracts,
which possessed [M + H]+ ions of 1050, 1036 and 1022 in order
of increasing elution time (Fig. 1). Characteristic losses of
[M+H]+-18 and [M+H]+-74 corresponding to loss of water and
of a glycerol moiety (as C3H6O2)4 suggested these components
to be GDGTs. Cleavage of ether bonds5 with HI and subsequent
reduction of the formed iodides with LiAlH4, performed on a

fraction of an extract of the Holocene Bargerveen peat (SE
Drenthe, the Netherlands) containing these newly discovered
GDGTs, produced two dominant branched hydrocarbons. The
first eluting hydrocarbon was identified as 13,16-dimethylocta-
cosane by GC–MS analysis and co-elution with an authentic
standard.6 The second eluting isomer is a C31 alkane; its mass
spectral characteristics indicate also a C28 linear alkyl chain
with methyl branching at C-13, C-16 and C-5. Its relative
retention time is consistent with this structure; the experimental
Kovats index of 2912 compares favourably with the one
calculated7 (RI = 2914). The iodides formed upon HI treatment
were also treated with NaSCH3,5 resulting in the formation of
the a,w-diSMe derivatives of the C30 and C31 branched alkanes.
This established the number and positions by which these

Fig. 1 Total ion current chromatogram of an extract of the Bargerveen
peat revealing the abundance of GDGTs 1 and 2a–c.
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skeletons are ether-bound. These data suggest that the new
GDGTs comprise diether-linked di- or trimethyl branched C28
linear chains (2a–c), which fits with the determined molecular
weights and indicates elemental compositions of
C66 + nH132 + 2nO6 (n = 0–2).

These structural assignments were confirmed by high field
1H and 13C NMR‡ of GDGTs 2a and 2b, which were isolated
from the peat extract by HPLC on a semi-preparative NH2
Econosphere 10 3 250 mm column (Alltech) eluted with a
linear gradient from 1 to 2% propanol in hexane in 55 min,
yielding 1.6 and 1.1 mg per component, respectively. Both the
1H and 13C NMR gave substantial evidence for the presence of
ether-bound glycerol units in 2a and 2b. The 13C shifts of the
carbon atoms of the glycerol moieties and the ether-bound CH2
units of the alkyl moieties are in good agreement with those
reported for GDGT 13b and commercially available 1,2-dihex-
adecylglycerol (3a). The remaining signals in the 13C spectrum
of 2a, apart from a large suite of secondary C-atoms, indicated
only 4 equivalent primary and 4 equivalent tertiary C-atoms,
consistent with the proposed structure. The 13C spectrum of 2b
is somewhat more complicated due to the additional methyl
group in one of the branched alkyl chains. The shifts of the C-
atoms around this additional methyl group are in good
agreement with the proposed position for branching. A TOCSY
experiment with 2b indicated that the additional methyl group is
present in the O-bound alkyl chain attached at the C-1 position
of the glycerol moiety through a correlation between H-1 and
the protons of the methyl group at C-5.

We have thus established a new type of GDGT not composed
of isoprenoid but of branched alkyl core lipids. The new
tetraethers all consist of a 64-membered ring with 6–8
stereocentres. Although the newly discovered GDGTs have
been isolated from peat, they also occur in lake and coastal
marine sediments. Their close structural similarity to 1 suggests
that 2a–c are also core membrane lipids, although they have not
yet been identified in organisms. Branched dialkyl glycerol
diethers (e.g. 3b) have been reported in a thermophilic
bacterium8 and it may be that the GDGTs 2 represent ‘dimers’
of such lipids, in the same way as 1 is a dimer of the isoprenoid
dialkyl glycerol ether, sn-2,3-diphytanylglycerol diether. This
suggests that bacteria are more likely producers of these
membrane lipids than archaea.
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A novel 2D La–Cu heteronuclear coordination polymer,
formed by the synergetic effect of Cl2 and ClO4

2, possesses
an irregular triangular lattice of copper ions, and shows
unusual magnetic relaxation properties.

Ladder-like 2D copper arrays have attracted much attention in
the last fifteen years owing to the key role of Cu–O layers in
high temperature superconductors.1 Meanwhile, the structure
and magnetic behavior of many square-planar molecular
compounds have been studied extensively, especially for the
A2CuX4 series.2,3 On the other hand, geometrically frustrated
two-dimensional systems with triangular or kagome lattices
have attracted continued interest both theoretically and experi-
mentally.4 However, genuine 2D copper molecular materials
containing such lattices are surprisingly scarce. Cu2(OH)3X
may be a unique example of a triangular lattice, which shows a
coexistence of long range ordering and spin glass-like be-
havior.5 In 1998, we reported the 2D 4f–3d coordination
polymers Ln2M3(EDTA)3(H2O)11·12H2O (M = Co, Mn), in
which the connection of the M ions led to a kagome lattice.6 In
continuation of this work, nitrilotriacetic acid (H3NTA) was
used as a multidentate bridging ligand, and two types of
inorganic anions were introduced, which led to a novel 2D La–
Cu assembly formulated as [LaCuCl(NTA)(H2O)6]ClO4·H2O
1, in which the copper connections afforded an irregular
triangular lattice. From the view point of synthetic chemistry,
the template effect of inorganic anions has been well docu-
mented in the formation of some cluster compounds, for
example, Cl2 for [Eu15Cl(m3-Tyr)10(m3-OH)20(m2-H2O)5-
(OH)12(H2O)8](ClO4)2·56H2O, m12-ClO4

2 in [Ln6Cu12-
(OH)24(H2O)18(pyb)12ClO4] (ClO4)17·nH2O (pyb = pyridine
betaine) (Ln = Nd, Sm, Gd and Y) and O22 in [Ln6O(OH)8-
(H2O)24](ClO4)8·6H2O.7 In contrast, as monodentate ligands
and counter ions, both Cl2 and ClO4

2 play a crucial role in the
formation of compound 1.

A mixture of Cu(OH)2 (3 mmol) and H3NTA (3 mmol) was
dissolved in 30 ml H2O, then La(ClO4)3 (1.5 mmol) and LaCl3
(1.5 mmol) were added under vigorous stirring. The pH of the
solution was adjusted carefully to 5.0. After being filtered, the
solution was concentrated to 15 ml and left at room temperature.
Blue rectangular crystals of 1 were deposited in ca. 40% yield
after two weeks.†

X-Ray crystallography‡ has established that complex 1
adopts a two-dimensional honeycomb-like layer with nine-
coordinate lanthanum and five-coordinate copper ions located
at the apexes of each hexagon. As shown in Fig. 1(a), the NTA
ligand coordinates to Cu in a tetradentate manner through three
oxygen atoms (O1, O3, O5) of three different carboxyl groups
and a nitrogen atom (N), forming three five-membered rings.
The fifth coordination site of Cu is occupied by a chloride ion
(Cl1). The remaining three carboxyl oxygen atoms (O2, O4,
O6) of the NTA coordinate to three different adjacent
lanthanum ions forming three anti–anti carboxylic bridges
between Cu and La ions. For La, three oxygen atoms from three
different NTA ligands (O2, O4A, O6B) occupy three coordina-

tion sites of La with three similar angles (O2–La–O4A 76.0°,
O2–La–O6B 81.6° and O4A–La–O6B 78.5°). The remaining
six coordination sites of La are taken up by six water molecules
(O7–O12). The complex can be regarded as a polymer in which
CuCl(NTA) units are linked to each other by La(H2O)6 bridges
from three different directions, forming a two-dimensional
metal-apex honeycomb [Fig. 1(b)], very different from the
honeycomb of [Ln2M3] found in Ln2(ox)[Cu(pba)]3[Cu-
(H2O)5]·20H2O [Ln = La–Gd, pba = 1,3-propylenebis(ox-

Fig. 1 (a) An ORTEP drawing of 1 showing the connections between La3+

and Cu2+. Hydrogen atoms are omitted for clarity. Selected interatomic
distances (Å) and angles (°): La–O6 2.466(5), La–O4 2.501(5), La–O2
2.541(6), La–O7 2.545(6), La–O10 2.566(6), La–O11 2.568(6), La–O8
2.579(6), La–O12 2.604(7), La–O9 2.622(6), Cu–O1 1.969(4), Cu–O5
1.988(5), Cu–N 2.010(6), Cu–Cl1 2.218(2), Cu–O3 2.222(5); O4A–La–
O6B 78.47(19), O2–La–O6B 81.6(2), O2–La–O4A 75.97(19), O1–Cu–O5
151.9(2), O1–Cu–N 84.3(2), O5–Cu–N 85.1(2), O1–Cu–Cl1 95.90(17),
O5–Cu–Cl1 95.13(16), N–Cu–Cl1 178.97(18), O1–Cu–O3 110.0(2), O5–
Cu–O3 93.9(2), N–Cu–O3 81.2(2). (b) Viewed along the c axis (ab plane)
showing the honeycomb structure and the irregular triangular lattice formed
by copper ions (dashed lines).
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amato)]8 and Ln2M3(edta)3(H2O)11·12H2O,6 where M ions
occupy the center position of edges of hexagons. The intralayer
La…Cu distances (6.34, 6.35 and 6.43 Å) are nearly equal but
the distortion of the hexagon leads to neighboring intralayer
Cu…Cu distances of 8.57, 9.30 and 10.11 Å, respectively;
accordingly the connection of closest neighboring copper ions
affords an irregular triangular lattice. It is also noted that the
closest interlayer Cu…Cu separations are 7.44, 8.56 and 9.16 Å,
comparable with those in the layer. In this sense, 1 is not an ideal
2D compound.

Experiments using only La(ClO4)3 or LaCl3 did not give rise
to this La–Cu complex, suggesting that both Cl2 and ClO4

2

have a synergetic effect in forming this heteronuclear complex.
Compared with the Ln15 cluster which contains a central Cl2
ion as a template and ClO4

2 ions as counter ions,7a the Cl2 in
complex 1 does not act as a template, but directly coordinates to
Cu, and formation of 1 was impossible without Cl2. The role of
ClO4

2 as a counter ion in complex 1 may lie in it occupying the
holes of the honeycomb and stabilizing the lattice. Since the
volume of Cl2 is much smaller than that of ClO4

2, the lattice
might be destabilized if the counter ion is changed from ClO4

2

to Cl2. These facts suggest that the formation of 1 is controlled
by both Cl2 and ClO4

2. Presumably, Cl2 and ClO4
2 could be

replaced by other anions similar to them. For example, Cl2may
be replaced by Br2, I2, CN2, OCN2 or even SCN2 , and
ClO4

2 may be replaced by PF6
2, BF4

2, NO3
2 etc. The use of

larger organic anions to explore the possibility of obtaining well
separated 2D triangular compounds as well as replacement of
La3+ by other lanthanide ions to yield chain complexes, will be
reported elsewhere.

Preliminary magnetic investigations were made for 1. The
temperature dependence of the magnetic susceptibility in the
temperature range 2–200 K at an applied field of 10 kOe is
shown in Fig. 2(a). The value of cMT is 0.4 cm3 mol21 K at 200
K and increases very slowly to a maximum of 0.47 cm3 mol21

K between 13 and 6 K, then decreases upon further cooling. The

data could not be fitted well using the Lines’ model for a
quadratic layer Heisenberg antiferromagnet,9 but fitting the data
to the Curie–Weiss law gave C = 0.398 cm3 mol21 K and q =
2.6 K, indicative of weak ferromagnetic behavior. This might be
considered as the result of frustration in the 2D triangular array
of copper ions. If so, spin glass behavior should be expected for
the geometrically frustrated system as for Cu2(OH)3X.5b

However, zero field ac measurements did not give any peaks for
either real cA or imaginary cB as shown in Fig. 2(b) probably
owing to weak coupling between Cu ions in 1 at zero field as a
result of the large Cu…Cu separations. When a dc field (10
kOe) was applied, the antiferromagnetic (AF) interactions
among Cu ions (including inter-layer) will be enhanced, and
accordingly the frustration due to the AF interaction of
triangularly arranged Cu ions may result in the very unusual
magnetic relaxation shown in Fig. 2(b).10 Peaks for cA and cB
are observed in the dc field, and are strongly frequency
dependent. If we calculate the value of relative variation of peak
temperature (Tp) per decade of frequency, o = DTp/[TpD(log
f)] = 1.2, which is rather large and distinctly different from the
behavior of normal spin glasses (o < 0.1).11 Further investiga-
tion on the mechanism of the unusual magnetic relaxation is
under way.

This work is supported by the National Natural Science
Foundation of China (No. 29771001, 29831010), National Key
Project for Fundamental Research (G1998061306), the Ex-
cellent Young Teachers Fund of MOE, P.R.C.
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Fig. 2 (a) Temperature dependence of the dc susceptibility of 1 measured at
a field of 10 kOe. (b) Temperature dependence of the ac susceptibility of 1
measured at zero dc bias field and at 10 kOe for different ac frequencies
(top: real cA, bottom: imaginary cB).
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A new luminescent rhenium(I) polypyridyl-based receptor
for a variety of inorganic anions has been designed and
synthesized and this artificial receptor shows high affinities
for halides, cyanide and acetate anions with binding
constants as high as 104–105 M21 and a detection limit as low
as 1028 M in CH2Cl2 solution.

The design and synthesis of efficient artificial receptors for
selective binding of biologically or environmentally important
anionic species is an emerging field with many applications.1,2

A variety of synthetic receptors have been designed and studied
for their binding strength and selectivity toward different
anions. These have included Lewis acids,1 protonated poly-
ammonium macrocycles,1 pyrroles,3 guanidiniums,4 metallo-
receptors1 and amides.1 However, many of these receptors have
very elaborate structures that typically require multiple syn-
thetic steps with relatively low overall yields which make it
impractical to prepare them on a large scale. There are only a
few structurally simple receptors exhibiting both sensitivity and
selectivity. 5

Nature provides many examples of proteins utilizing hydro-
gen bonding for binding substrates. The incorporation of
luminescent chromophores into the receptor which are sensitive
to interactions between the receptor and analytes has gained
considerable attention due to their high sensitivity and detection
limit.6 Although there have been several literature reports
concerning luminescence-based anion detection,6,7 the highly
sensitive luminescence-based halide and cyanide sensory
systems are much rarer.7 Thus, we embarked on designing a
very simple and easily prepared luminescent metal complex
integrated with an amide moiety functioning as a hydrogen
bonding site. We report herein, the synthesis and binding
properties of this highly sensitive and selective luminescent
anion receptor, [{(But

2bpy)Re(CO)3}2(m-L)](PF6)2 1, (But
2bpy

= 4,4A-di-tert-butylbipyridine).
The synthesis of L and complex 1 is shown in Scheme 1. The

bridging ligand 2 was prepared in 56% yield from 2 equivalents
of 4-aminopyridine and 2,6-pyridinedicarbonyl dichloride.
Subsequent reaction of 2 and 2 equivalents of [MeCN)(But

2-
bpy)Re(CO)3](PF6)8 in refluxing THF, followed by recrystalli-
zation from CH2Cl2–pentane, afforded a bright yellow crystal-
line solid 1† in 81% yield.

The N–H protons of complex 1 exhibit a chemical shift d
10.59 in CDCl3. The very downfield chemical shift indicates the
presence of strong intramolecular hydrogen bonding between
the N–H protons and nitrogen in the central pyridine. This
results in ligand 2 having an approximate right angle geome-
try9,10 and the converged structure of complex 1 renders it as an
effective anion receptor through hydrogen bonding. In deoxy-
genated CH2Cl2 solution, complex 1 exhibited intense absorp-
tion bands in the near UV to visible spectral region (lmax = 254,
281 and 380 nm, emax = 63600, 61500 and 7700 M21 cm21,
respectively) and a very strong luminescence at 536 nm with
quantum yield of 0.37 and lifetime of 0.48 ms.

Addition of different halides or inorganic polyatomic anions
(as tetrabutylammonium salts) into a 1 3 1025 M solution of
complex 1 was observed to cause different degrees of

quenching of the luminescence intensities.‡ The N–H protons in
1H NMR spectra all showed significant downfield shifts ( > 1.5
ppm), indicating the strong hydrogen bonding formation
between the amide protons of complex 1 and the anions. Fig. 1

Scheme 1

Fig. 1 Titration curve of the addition of F2 anion (as tetrabutylammonium
salt). The inset shows the change of the emission intensity of complex 1 in
CH2Cl2 solution upon addition of F2 anion. Excitation wavelength is 360
nm.
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shows a typical titration curve for the luminescence intensity
upon addition of F2 to a CH2Cl2 solution of 1.§ The curve was
determined to fit well to a 1+1 binding isotherm.11 Concomitant
with the quenching, the luminescence wavelength slightly red-
shifted from 536 to 546 nm. Table 1 summarizes the binding
constants measured for complex 1 toward different anions.
Clearly, this molecule shows strong binding affinity toward
halides, cyanide or acetate anions, only moderate binding
affinity toward dihydrogen phosphate and very weak binding
affinity to nitrate or perchlorate anions.

The overall order determined for binding affinity is: CN– >
F– > I– > Cl– ≈ Br– ≈ OAc– > > H2PO4

– > NO3
– > ClO4

–.
This finding is significant as it is not common for charged
receptors to exhibit such outstanding selectivity for anion
species.12 In fact, the combination of interactions involving
electrostatic force, hydrogen bonding strength and steric effects
all apparently influence the binding affinities toward anions in
complex 1. Importantly, the sensitivity of complex 1 is so high
that the emission intensity can be effectively quenched by as
much as 10% even in the presence of only 1028 M cyanide or
fluoride anions.

The origin of the emission quenching upon addition of anions
is not certain at this stage. The red shift of the emission band,
however, indicates that the emission quenching is associated
with a change in the energy of the excited state and, thus, the
enhancement of nonradiative decay.

In summary, complex 1 represents a simple and easy to
prepare luminescent anion sensory system. The strong binding
affinity and high selectivity of complex 1 for certain anions also
may make it a promising candidate for many other different
applications besides sensors, such as homogeneous catalysis13

and membrane transport.14 Currently, we are working on anion
binding studies in H-bonding competitive solvents such as
MeCN as well as modifying the dipyridyl ligands so that the
receptors will be soluble in aqueous solvents. These results are
expected to be intriguing given the fact that most biologically
and environmentally important anions are only soluble in
aqueous environments.

We are grateful to the U. S. Department of Energy (Grant DE-
FG02-89ER14039) for support of this research.
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described by Connors (see ref. 11).

I/I0 = (1 + (kf/ks)Kb[L])/(1 + Kb[L]) (1)
Here, I and I0 represent the emission intensity and kf and ks are the
proportionality constants for the bound complex and free complex 1,
respectively, and Kb is the binding constant.
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Table 1 Binding constants Kb determined by luminescence titration in
CH2Cl2 at 298 K

Anion Kb/M21

CN2 8.80 3 105

F2 3.82 3 105

Cl2 3.99 3 104

Br2 3.90 3 104

I2 1.49 3 105

OAc2 3.41 3 104

H2PO4
2 1.47 3 102

NO3
2 63.4

ClO4
2 8.4
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The first homoleptic nitrile dipalladium(I) complex
[Pd2(CH3CN)6][BF4]2 is prepared; the CH3CN ligand un-
dergoes facile displacement by phosphine or bidentate
nitrogen ligands while the Pd–Pd bond remains intact.

Homoleptic transition metal complexes containing weakly
coordinated ligands have long been recognized as versatile
sources of active catalysts or inorganic functional materials.1
For example, the combination of an electrophilic Pd(II) complex
[Pd(CH3CN)4][BF4]2 12 and appropriate auxiliary ligands has
been frequently used as a pre-catalyst for olefin oligomeriza-
tion, aromatic substitution, Wacker type oxidation, or alkyne
hydroamination reaction.3 While the corresponding homoleptic
di- or multi-nuclear complexes of weakly coordinated ligands
are relatively rare, several acetonitrile complexes of MoflMo,4
Tc·Tc,5 ReflRe,6 and Rh–Rh7 have been prepared. Here, we
report the first synthesis and reactivity of homoleptic acetoni-
trile dipalladium complex [Pd2(CH3CN)6][BF4]2 2.

When 1 was treated with 0.5 equiv. of Pd2(dba)3 at room
temperature in dry CH3CN–CH2Cl2, the solution turned
reddish-orange. Pouring this solution into Et2O afforded an
orange powder of 2 in 90% isolated yield [eqn. (1)].‡ Elemental

(1)

analysis supported the composition of 2. UV–VIS spectra of 2
showed a s–s* transition at lmax = 436 nm (e = 1095 M21

cm21). The homoleptic complex 2 was soluble in CD3CN or
CD3OD. In CD3OD, the coordinated acetonitrile protons
appeared at d 2.55, although gradual decomposition occurred
with the formation of Pd black. When 2 was dissolved in H2O,
decomposition occurred within 10 min although it has been
known that rather stable mononuclear aqua complexes are
formed from 1 in H2O.3h It should be mentioned that further
addition of 0.5 equiv. of Pd2(dba)3 to 2 in CH3CN–CH2Cl2 at
room temperature resulted in decomposition instead of the
desired formation of Pd3 complexes such as
[Pd3(CH3CN)8]2+.8

The dipalladium complex 2 underwent facile ligand-substitu-
tion reaction with the Pd–Pd bond remaining intact under
moderate conditions. For example, addition of 2 equiv. of PPh3
to 2 in CD3CN afforded bisphosphine dipalladium complex
[Pd2(CH3CN)4(PPh3)2][BF4]2 39 quantitatively [eqn. (2)]. The
reaction of 2 with > 2 equiv. of PPh3 afforded several

(2)

unidentified species. On the other hand, controlled addition of
an equimolar amount of PPh3 to a CH2Cl2 solution of 2 afforded
monophosphine complex [Pd2(CH3CN)5(PPh3)][BF4]2 4 which
was detectable by 31P NMR spectroscopy (d 19.3). The position
of PPh3 ligand in 4 is suggested to be cis to the Pd–Pd bond by
considering the relative trans-influence of PPh3, CH3CN and
[Pd] ligands.9 Further addition of PPh3 (1 equiv.) afforded 3
quantitatively. The reaction of 2 with 2 equiv. of bidentate
phosphine, dppm (diphenylphosphinomethane), in CD3CN
afforded a known complex [Pd2(dppm)2(CH3CN)2][BF4]2 510

quantitatively [eqn. (3)]. The reaction of 2 with 2 equiv. of

(3)

1,10-phenanthroline (phen) afforded [Pd2(phen)2(CH3-
CN)2][BF4]2 6 [eqn. (4)].11 1H NMR signals including non-

(4)

equivalent H5 and H5A resonances showing H5–H5A coupling (J
8.64 Hz). The coordination of CH3CN in solution was
confirmed by observation of a methyl resonance at d 2.56. The
reaction of 2 with N,N-ethylenebis(benzaldiimine) (diimine)
afforded [Pd2(diimine)2(CH3CN)2][BF4]2 7 [eqn. (5)].

(5)

The observation of only one aldimine proton and carbon
resonances suggests that the diimine ligands bridge over the Pd–
Pd bond unlike phen in 6. The ethylene proton resonances
appearing as an AAABBA pattern suggest a chiral structure of 7
in solution arising from the non-planar Pd2N4 group.

Finally, to test the utility of the homoleptic acetonitrile
dipalladium complex 2 as a ‘naked’ [Pd–Pd]2+ building block of
palladium clusters, we examined the preparation of palladium
sandwich chains. Thus, the Pd4 complex [Pd4(m-h3+h2+h2:h3-
1,8-diphenylocta-1,3,5,7-tetraene)2][BF4]2 812 was prepared

† Electronic supplementary information (ESI) available: NMR spectro-
scopic data and elemental analysis for 6 and 7. See http://www.rsc.org/
suppdata/cc/b0/b004726k/
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(76% after recrystallization) [eqn. (6)] without formation of any

(6)

palladium black which was formed in considerable amounts in
the previous method from 1, 1.5 equiv. of Pd2(dba)3 and
tetraene.

In summary, we have prepared the first homoleptic nitrile
dipalladium(I) complex 2. The nitrile ligands in 2 were proven
to be substitutionally labile with the Pd–Pd bond remaining
intact. Applications of 2 to catalysis as well as being a potential
versatile building block towards palladium clusters are now
under investigation.

Notes and references
‡ To a solution of [Pd(CH3CN)4][BF4]2 (1.00 g, 2.25 mmol) in CH3CN (50
mL) was added Pd2(dba)3·CHCl3 (1.17 g, 1.13 mmol) and CH2Cl2 (50 mL).
The mixture was stirred for 1 h at room temperature. The reaction mixture
was filtered and poured into dry Et2O to give an orange precipitate. After
washing with Et2O several times, 2 was obtained in 90% yield (1.28 g, 2.02
mmol). IR (Nujol)+nC·N 2331, 2307, 2282 cm21. Anal. Calc. (Found) for
Pd2C12H18N6B2F8: C, 22.78 (22.65); H, 2.87 (2.92); N, 13.28 (13.03%).

1 Synthetic Coordination Chemistry: Principles and Practice, ed. J. A.
Davies, C. M. Hockensmith, V. Y. Kukushkin and Y. N. Kukushkin,
World Scientific Publishing, 1996, Ch. 4; for recent examples, W. E.
Buschmann and J. S. Miller, Chem. Eur. J., 1998, 4, 1731.

2 B. B. Wayland and R. F. Schramm, Inorg. Chem., 1965, 4, 427; R. F.
Schramm and B. B. Wayland, Chem. Commun., 1968, 898; R. R.
Thomas and A. Sen, Inorg. Synth., 1990, 28, 63.

3 For selected examples: (a) B. M. Trost, S. A. Godleski and J. P. Genêt,
J. Am. Chem. Soc., 1978, 78, 3930; (b) A. Sen and T.-W. Lai, J. Am.
Chem. Soc., 1981, 103, 4627; (c) B. M. Trost and J. M. D. Fortunak,
Organometallics, 1982, 1, 7; (d) A. Sen and T.-W. Lai, Organome-
tallics, 1982, 1, 415. (e) T.-W. Lai and A. Sen, Organometallics, 1984,
3, 866; (f) L. S. Hegedus, T. A. Mulhern and H. Asada, J. Am. Chem.
Soc., 1986, 108, 6224; (g) A. Sen, Acc. Chem. Res., 1988, 21, 421; (h)
A. Sen, T.-W. Lai and R. R. Thomas, J. Organomet. Chem., 1988, 358,
567; (i) Z. Jiang and A. Sen, J. Am. Chem. Soc., 1990, 112, 9655; (j) Z.
Jiang and A. Sen, Organometallics, 1993, 12, 1406; (k) S. Oi, K.
Kashiwagi and Y. Inoue, Tetrahedron Lett., 1998, 39, 6253; (l) Y.
Uozumi, K. Kato and T. Hayashi, J. Org. Chem., 1998, 63, 5071.

4 F. A. Cotton and K. J. Wiesinger, Inorg. Chem., 1991, 30, 871; F. A.
Cotton, J. L. Eglin and K. J. Wiesinger, Inorg. Chim. Acta., 1992, 195,
11.

5 J. C. Bryan, F. A. Cotton, L. M. Daniels, S. C. Haefner and A. P.
Sattelberger, Inorg. Chem., 1995, 34, 1875. 

6 S. N. Bernstein and K. R. Dunbar, Angew. Chem., Int. Ed. Engl., 1992,
31, 1360. 

7 K. R. Dunbar, J. Am. Chem. Soc., 1988, 110, 8247; K. R. Dunbar and
L. E. Pence, Inorg. Synth., 1992, 29, 182; M. E. Prater, L. E. Pence, R.
Clérac, G. M. Finniss, C. Campana, P. Auban-Senzier, D. Jérome, E.
Canadell and K. R. Dunbar, J. Am. Chem. Soc., 1999, 121, 8005.

8 Homoleptic isocyanide di- and tri-palladium complex has been
previously synthesized; D. J. Doonan, A. L Balch, S. Z. Goldberg, R.
Eisenberg and J. S. Miller, J. Am. Chem. Soc., 1975, 97, 1961; J. R.
Boehm, D. J. Doonan and A. L. Balch, J. Am. Chem. Soc., 1976, 98,
4845; A. L. Balch, J. R. Borhm, H. Hope and M. M. Olmstead, J. Am.
Chem. Soc., 1976, 98, 7431.

9 T. Murahashi, T. Otani, E. Mochizuki, Y. Kai, H. Kurosawa and S.
Sakaki, J. Am. Chem. Soc., 1998, 120, 4563. 

10 A. Miedaner and D. L. Du Bois, Inorg. Chem., 1988, 27, 2479.
11 The analogous isocyanide dipalladium complexes containing bidentate

nitrogen ligands have been prepared: T. Tanase, H. Ukaji and Y.
Yamamoto, J. Chem. Soc., Dalton Trans., 1996, 3059.

12 T. Murahashi, E. Mochizuki, Y. Kai and H. Kurosawa, J. Am. Chem.
Soc., 1999, 121, 10 660. 

1690 Chem. Commun., 2000, 1689–1690



     

A rearrangement-based approach to secondary difluorophosphonates

Afshan H. Butt, Jonathan M. Percy* and Neil S. Spencer

School of Chemistry, University of Birmingham, Edgbaston, Birmingham, UK B15 2TT

Received (in Liverpool, UK) 26th June 2000, Accepted 27th July 2000

[3,3]-Claisen rearrangements allowed the conversion of a
readily available allylic difluorophosphonate to nucleic acid
and inositol phosphate-related products via epoxide cyclisa-
tion or ring closing metathesis respectively.

Secondary hydroxy groups undergo phosphorylation in many of
the key molecules of Nature. Inositols undergo phosphorylation
and dephosphorylation events that are critical in intracellular
signalling pathways while a phosphodiester linkage between
primary 5A-hydroxy and secondary 3A-hydroxy groups provides
the critical structural backbone of the nucleic acids. Oxygen
atom replacement by a CF2 centre has been used extensively as
a mimetic strategy, replacing a scissile O–P bond with a non-
scissile C–P bond, in the quest for enzyme inhibitors and
molecular probes. A relatively limited range of target types has
been synthesised; one of our major interests lies in expanding
the range of species accessible using convenient methodology
and starting materials. In this communication, we wish to show
how a rearrangement-based route affords butyrolactone deriva-
tives 1 (related to building blocks for nucleic acid analogues1,2)
and cyclohexenone derivatives 2 (related to deoxyinositol
phosphate analogues3). The approach complements our earlier
conjugate addition4,5 and cycloaddition6 chemistry which was
based upon chlorodifluoromethane as a feedstock.

Known alcohol 3 was prepared according to a modification of
the published method7 and protected as the THP ether 4.
Coupling under the Shibuya–Yokomatsu8 conditions afforded a
good yield of 5 which was deprotected smoothly to afford 6
(Scheme 1). Rearrangement under Johnson–Claisen conditions9

was uneventful and alkenoate 7 could be isolated and purified
rigorously. Overall, this sequence is synthetically equivalent to
the selective addition at Cb of a difluoromethylphosphonate
anion equivalent to an alkyl a,b,g,d-unsaturated dienoate.

To learn about the behaviour of the educt, dihydroxylation of
7 was attempted under a range of conditions, none of which
were found to be satisfactory. Though starting material could be
converted completely, apparently in a highly stereoselective
manner, we were never able to isolate more than 11% of lactone
1† formed via diol 8 (the configuration was inferred from that of
1). The 19F NMR spectrum of the crude product appeared to be
that of a single diastereoisomer (as a racemic modification); the
single product was identified as the 5-ring lactone 1 (by gradient
HMBC) of cis-stereochemistry (by GOESY spectroscopy),

which showed a strong transfer of magnetisation from H-3 to
H-4. Attack from the face occupied by the bulky (diethoxy-
phosphoryl)difluoromethyl group (Fig. 1) appears to have led to
the observed product, suggesting a possible role for the
phosphoryl PNO oxygen atom in delivering the reagent.10

We then tried to reverse the stereochemical relationship and
obtain the trans-lactone by forming epoxide 9b which would
undergo nucleophilic ring-opening under acid catalysis, either
intramolecularly with the ester carbonyl, or intermolecularly by
traces of water in the medium (followed by cyclisation) to form
the trans-lactone (Scheme 2).

Both reactions would involve a single inversion of configura-
tion at the epoxide stereogenic centre. Epoxidation was very
slow indeed under MCPBA or methyl trioxorhenium11 condi-
tions but the in situ dioxirane method of Yang12 proved most
effective and both epoxides 9a and 9b were obtained as an
inseparable mixture in good (91%, 9a+9b 1+2) yield.

However, treatment with Amberlyst-15 in dry dichloro-
methane13 (Scheme 3) resulted in the isolation of only cis-
lactone 1 in good (78%) yield.

A lower facial selectivity for oxidation with the smaller
dioxirane reagent (which cannot coordinate to the phosphoryl
oxygen either) was no surprise, but the convergence of the
epoxides was unexpected. One epoxide (we believe 9a) reacted
considerably more quickly than the other and we were able to
recover the less reactive species as a pure compound by careful
19F NMR monitoring of the consumption of 9a. The stereo-
chemical convergence may involve neighbouring group partici-
pation by the phosphoryl oxygen in a double inversion
mechanism via 10; effectively, the all cis-epoxide 9b must be
opened with overall retention at the secondary carbon for the
cis-lactone to form. Interestingly, an NMR sample of the less
reactive epoxide in untreated CDCl3 was converted to 1 and a
trace of 11 upon standing. Neighbouring group participation by
thiophosphoryl oxygen has been exploited to control glycosyla-
tion stereochemistry14 but we are not aware of examples of a
phosphoryl group exerting such an influence. Further under-

Scheme 1 Reagents and conditions: i, dihydropyran, Amberlyst-15, dry
hexane, 86%; ii, BrZnCF2PO(OEt)2, CuBr, DMF, 96%; iii, MeOH,
Amberlyst-15, hexane, 82%; iv, triethyl orthoacetate, propionic acid,
hydroquinone, 140 °C, 86%; v, 10% OsO4, 2.0 NMO, acetone–water (2+1),
rt, 11%.

Fig. 1 Possible attack trajectory to explain the formation of lactone 1.

Scheme 2 Reagents and conditions: i, CF3COCH3, Oxone, NaHCO3,
Na2EDTA, MeCN, H2O, 91%.
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standing of this process is sought currently, but clearly the direct
cyclisation of 9b via nucleophilic attack involving the ester
carbonyl group is highly unfavourable.15

A change of tactics allowed access to an attractively
functionalised cyclohexenone (Scheme 4); vinylation of 3
protected the hydroxy group as 12 for the Shibuya–Yokomatsu
coupling allowing Dauben–Dietsche rearrangement16 to pro-
ceed affording enal 14.

Allylation under Grignard conditions afforded a pair (in a 1+1
ratio) of diastereoisomeric phosphodiesters 15a and 15b; slow
(48 h) RCM under standard Grubbs’ conditions17 then closed
the cis congener to yield 16 (64% by NMR) leaving the trans
isomer 15b unchanged. We inferred that cyclisation with loss of
ethanol had occurred after Grignard addition. Boron trifluoride-
catalysed (Sakurai) allylation with allyltrimethylsilane18 af-
forded homoallyl alcohols 17a and 17b in a 7+2 ratio
(unassigned) then RCM afforded a 7+2 mixture of cyclohex-
enols 18a and 18b which were converged by oxidation to 2‡
with PDC. Enone 2 contains a pattern of functional groups from
which four contiguous hydroxylated positions could be devel-
oped and we will explore its chemistry further.

The appeal of this strategy lies in the possibility of
asymmetric catalysis of the [3,3] rearrangement controlling the
absolute configuration of the mimetic-bearing carbon atom and
the potential for a high degree of subsequent stereocontrol on

the cyclohexene template. The products of this study are under
evaluation as components for novel nucleoside and inositol
phosphate analogues as we learn more about the steric and
electronic effects of the mimetic group.

The authors wish to thank the Engineering and Physical
Sciences Research Council of Great Britain for support (Quota
Award to A. H. B).

Notes and references
† Selected data for 1: nmax (film)/cm21 3434br s, 1786s; dH(CDCl3, 300
MHz) 4.88–4.79 (m, 1H), 4.32–4.20 (m, 4H), 3.95 (dd, 1H, 2JH-H 12.5,
3JH-H 2.2), 3.65 (dd, 1H, 2JH-H 12.5, 3JH-H 2.6), 3.5 (br s, 1H, OH),
3.44–3.20 (m, 2H), 2.85 (dd, 1H, 2JH-H 18.8, 3JH-H 9.2), 2.77 (dd, 1H, 2JH-H

18.4, 3JH-H 7.0), 1.38 (t, 6H, 3JH-H 7.0); 13C dC(CDCl3, 75 MHz) 175.2 (s),
119.4 (td, 1JC-F 263.4, 1JC-P 214.8), 78.8 (q, 3JC-FNC-P 4.5), 65.4 (d, 2JC-P

6.8), 65.2 (d, 2JC-P 6.8), 63.4 (s), 40.3 (td, 2JC-F 20.9, 2JC-P 15.3), 29.1 (td,
3JC-F 5.1, 3JC-P 2.3), 16.4 (d, 3JC-P 5.7); dF(CDCl3, 282 MHz) 2116.8 (ddd,
2JF-F 342.1, 2JF-P 105.5, 3JF-H 16.5). 2117.99 (ddd, 2JF-F 343.3, 2JF-P 104.3,
3JF-H 17.8); dP(CDCl3, 121 MHz) 5.6 (t, 2JP-F 103.9 Hz); m/z (ES) 325 (M
+ Na, 100) HRMS calc. for C10H17O6F2NaP 325.0629, found 325.0632.
Anal. Calcd for C10H17O6F2P: C, 39.74, H, 5.70; found: C, 39.55, H,
5.45%.
‡ Selected data for 2: nmax (film)/cm21 2987m, 1725s, 1684m; dH(CDCl3,
300 MHz) 6.10–5.89 (m, 2H), 4.25–4.10 (m, 4H), 3.39–3.19 (m, 1H), 2.89
(d, 1H, 2JH-H 22.4), 2.77 (d, 1H, 2JH-H 22.6), 2.71 (dd, 1H, 2JH-H 14.7, 3JH-H

6.6), 2.55 (dd, 1H, 2JH-H 15.1, 3JH-H 6.3), 1.28 (t, 6H, 3JH-H 6.3); dC(CDCl3,
75 MHz) 206.5 (s), 128.7 (s), 122.2–122.0 (m), 120.4 (td, 1JC-F 264.5, 1JC-P

211.9), 64.7 (t, 3JC-F 7.4), 41.9 (td, 2JC-F 21.5, 2JC-P 15.8), 39.1 (s), 37.5 (q,
3JCFNCP 5.1), 16.3 (d, 3JC-P 5.7); dF(CDCl3, 282 MHz) 2114.1 (ddd, 2JF-F

300.1, 2JF-P 105.5, 3JF-H 15.3), 2115.8 (ddd, 2JF-F 300.1, 2JF-P 109.8, 3JF-H

17.8); dP(CDCl3, 121 MHz) 6.0 (t, 2JF-P 106.8); m/z (ES) 305 (M + Na, 100);
HRMS calc. for C11H17O4F2P 305.0730, found 305.0722.
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Scheme 3 Reagents and conditions: i, Amberlyst-15, dry DCM, rt; ii,
CDCl3, rt, 18 h.

Scheme 4 Reagents and conditions: i, ethyl vinyl ether, Hg(OAc)2, reflux,
70%; ii, BrZnCF2PO(OEt)2, CuBr, DMF, 84%; iii, 140 °C, xylene, 75%; iv,
allylmagnesium bromide, ethyl ether, 60% (1+1 ratio); v, Grubbs’ catalyst,
DCM, reflux, 48 h; vi, allyltrimethylsilane, BF3·OEt2, DCM, rt, 83% (7+2
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The electrochemical reduction of oxygen is studied using
electrochemically deposited mesoporous platinum micro-
electrodes, which exhibit efficient mass transfer of material
to the electrode surface and accelerated reduction kinetics
when compared to polished microelectrodes.

The reduction of molecular oxygen at the surface of an electrode
is of considerable importance to many fields of research.
Specific areas of interest include the quantitative analysis of
oxygen concentration, the monitoring of enzymatic reactions
and the conversion of chemical to electrical energy within a fuel
cell. The mechanism for the reduction of molecular oxygen is
known to be complex and dependent on the substrate em-
ployed.1 In particular, two groups of substrates can be
identified, those reducing oxygen to hydrogen peroxide through
a 2 electron pathway2,3 and those reducing oxygen to water
through a 4 electron pathway.4 In many instances it is desirable
that the 4-electron pathway be selected. As an example, the
reduction of molecular oxygen within a fuel cell is commonly
achieved by a platinum-loaded high surface area cathode.5 This
choice is governed by platinum’s superior catalytic activity.
However, the performance of the platinum cathode is still
limited at high potentials due to the formation of adsorbed
species on the surface of the platinum metal.1,6,7 These species
inhibit oxygen reduction and reduce the operating potential of
the electrode to around 0.8 V vs. RHE instead of the theoretical
performance 1.229 V vs. RHE.6,8 This limitation imposes a
significant loss in the overall performance of the fuel cell, which
has as yet to be fully addressed. It is reported here, for the first
time, that Pt mesoporous modified microelectrodes have
significantly altered oxygen reduction kinetics when compared
to polished platinum microelectrodes of the same dimensions
within the same solution.

Attard et al. first reported the use of a ‘true liquid crystal
templating technique’ for the synthesis of mesoporous platinum
powders (HI-Pt) via the reduction of hexachloroplatinic acid
(HCPA).9

Attard et al. also showed that it was possible to electro-
chemically produce mesoporous electrode materials and mod-
ified electrodes with a variety of nanostructures, for example,
either hexagonal (HI-ePt) or cubic (VI-ePt) and that the
dimensions of the mesoporosity could be finely tuned by
varying the deposition conditions.10–13

Here we report the results of a study where the thickness of
the mesoporous deposit is increased by controlling the deposi-
tion charge density. The results presented here are representa-
tive of a larger number of HI-ePt modified microelectrodes

studied. The subsequent effect on the mass transfer character-
istics of the microelectrodes and electroreduction of molecular
oxygen are now reported.

Electrodeposition was performed on a number of polished 25
mm diameter Pt microelectrodes sealed in glass. The platinum
metal was deposited potentiostatically at a potential of 20.1 V
vs. SCE from a template solution described previously.10,12

Monitoring the charge passed during the deposition process
enabled the amount of platinum metal deposited to be
controlled. The control of the deposition conditions and charge
enables the characteristics of the deposit to be chosen. Cyclic
voltammograms of the HI-ePt modified microelectrodes in 2
mol dm23 sulfuric acid were performed and showed poly-
crystalline Pt characteristics as shown previously.10,12 These
voltammograms demonstrated that as the charge density is
increased the surface area of the microelectrodes increases as
expected. The voltammograms can be used to gain an estimate
of the effective surface area of the Pt deposit by analysis of
hydrogen UPD onto the surface.10,13 Table 1 gives a summary
of the effective surface roughness, Rf, of the deposit as a
function of deposition charge within the template mixture. It can
be seen that the surface area of the metal deposit scales
approximately linearly with the charge density of the deposition
process.

Microelectrodes were chosen for this project due to their
unique properties which are related to their size.14 Clearly as the
electrodeposition proceeds the geometric characteristics could
be altered by the HI-ePt deposited. In order to test this we cycled
the microelectrodes in a solution containing a suitable redox
species. Fig. 1 shows the voltammetry of a series of micro-
electrodes within a solution containing [Fe(CN)6]32 16 and
demonstrates that as the electrodeposition charge density was
increased in the range 0 to 37.9 C cm22 the reduction current for
the redox species also increased. This indicates that the
geometric area of the 25 mm Pt microelectrode has been
effectively enlarged by the modification procedure. Further
evidence for this change in geometric area is shown by the SEM
image of one of the HI-ePt modified microelectrodes (see insert
in Fig. 1). This image shows that the deposit has spread over the
surface of the glass insulator effectively increasing the geomet-
ric surface area. The SEM image also shows that the deposit is
largely uniform and attached rigidly to the substrate surface. It
is possible to calibrate the geometric surface area of the
modified electrodes by comparing the average steady state
current at 20.1 V vs. SCE for the electroreduction of
[Fe(CN)6]32 at a polished 25 mm Pt microelectrode and
comparing this with the signal recorded with the HI-ePt

Table 1 Measured parameters for the 25 mm diameter Pt microelectrodes investigated

Electrode
Deposition
charge/mC

Real surface
area/1023 cm2 Rf

a
Effective
diametera/mm E1/2 O2/mVb napp

c

Polished (A) — 0.01242 2.53 25 2422 2.36
HI-ePt (B) 31 1.38 281 25.8 2219 3.82
HI-ePt (C) 93 3.57 727 31.8 ca. 2222 3.95
HI-ePt (D) 186 5.69 1160 36.5 ca. 2231 4.4

a Rf calculated by dividing the real surface area by the geometric area prior to modification. b vs. Hg/Hg2SO4. c The apparent number of electrons involved
in the reduction of molecular oxygen, napp was calculated from the current recorded at a potential of 20.5 V vs. Hg/Hg2SO4 for the HI-ePt microelectrodes
and 20.7 V vs. Hg/Hg2SO4 for the polished microelectrode (see Fig. 2).
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modified microelectrodes. This calibration shows that the
effective geometric diameter changes in the range 25–37 mm for
the thinnest and thickest film respectively. The actual values are
shown in Table 1.

Turning to the activity of the HI-ePt modified micro-
electrodes for oxygen electroreduction, a series of voltammo-
grams were recorded in air-saturated pH 7 phosphate buffer.
Fig. 2 shows the voltammetry recorded at 2 mV s21 between
+0.1 and 20.7 V vs. Hg/Hg2SO4. For comparison the
electroreduction of oxygen under the same conditions on a
polished 25 mm Pt microelectrode is included. A marked
difference between the polished microelectrode and the HI-ePt
can clearly be seen. First, the plateau current for the HI-ePt
modified microelectrodes is consistently higher than at the
polished microelectrode. It is possible to calculate the effective
number of electrons involved in the reduction of oxygen on the
polished Pt microelectrode as ca. 2 assuming an oxygen
concentration17 of 0.24 mmol dm23 and a value for the
diffusion coefficient of oxygen, D,18 of 2.29 3 1025 cm2 s21.
This is unusual for Pt, as normally the mechanism for
electroreduction of molecular oxygen is stated as a 4 electron
process. However, under the conditions employed in this study
a consistent value of 2.36 electrons was obtained. The reason for
this change is unclear but it is known that adsorption of
ions1,19,20 and high rates of mass transfer18 can force the number
of apparent electrons to fall below 4. Nevertheless the reduction

of molecular oxygen on the HI-ePt modified microelectrodes
was associated with an increase in the plateau current to a value
close to 4 electrons. Fig. 2 also shows that as the surface area of
the deposit increased, the voltammogram became less well
defined. This leads to some difficulty in accurately measuring
the apparent number of electrons involved in the reaction for the
thicker films studied. This distortion was attributed to the rising
background signal associated with surface reactions on the
increasingly large Pt surface.  The anodic current supports the
distortion, presumably due to oxide formation, above 0.0 V vs.
Hg/Hg2SO4 for the larger surface area microelectrodes. Cyclic
voltammograms (not shown) in the absence of oxygen also
support these findings. Second, the reduction of molecular
oxygen at the HI-ePt proceeds at a considerably more positive
potential ca. 2219 mV vs. Hg/Hg2SO4 for the 31 mC HI-ePt
modified microelectrode compared to ca. 2422 mV vs. Hg/
Hg2SO4 for the polished microelectrode. However, increasing
the surface area of the deposit further by increasing the
deposition charge did not significantly shift the reduction wave
to more positive potentials. In these cases the inhibition of
oxygen reduction by adsorbed species is presumably still the
predominant factor and increasing the surface area further has
no beneficial kinetic effect. However, the increase in apparent
number of electrons involved in the reaction and the improved
kinetics of oxygen reduction, point to these materials being of
potential use in either analytical chemistry or fuel cell
technology. It is important to remember that these materials are
electrodeposited onto the surface and as such are adherent and
mechanically robust. Additionally the current densities, due to
the unique mass transfer characteristics of microelectrodes, are
of the order of 1.95 mA cm22 for a catalyst loading calculated
to be 1.29 mg cm22 at 25 °C under stagnant conditions. This
calculation assumed a maximum deposition efficiency of ca.
43%.12
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Fig. 1 Plot showing cyclic voltammograms recorded for a series of 25 mm
Pt microelectrodes recorded at 2 mV s21 in a solution containing 10 mmol
dm23 K3[Fe(CN)6] in Sr(NO3)2 at 25 °C under anaerobic conditions; A, B,
C, D as in Table 1. The insert in the figure shows a SEM image of the 93 mC
HI-ePt modified microelectrode recorded after the experiments were
performed. The scale bar on the SEM represents 10 mm.

Fig. 2 Plot showing voltammograms recorded for a series of 25 mm Pt
microelectrodes recorded at 2 mV s21 in 0.2 mol dm23 pH 7 phosphate at
25 °C under aerobic conditions; A, B, C, D as in Table 1.
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Scandium(III) triflate catalysed Friedel–Crafts alkylation of
aromatic compounds with alkenes proceeded readily in the
hydrophobic ionic liquid solvents based on 1,3-dialkylimida-
zolium salts with easy catalyst/solvent recycling, whereas
these reactions did not occur in common organic solvents,
water or hydrophilic ionic liquids at all.

The Friedel–Crafts alkylation of aromatic compounds with
alkenes is of great synthetic significance in view of laboratory
synthesis and particularly industrial production.1 For example, a
number of important industrial processes for ethylbenzene,
cumene and linear alkylbenzenes, etc. are based on this reaction.
In general, this type of reaction is catalysed by AlCl3, H2SO4,
HF and other acid catalysts. However, a common problem,
particularly in industrial processes, is that catalysts cannot be
reused after the usual aqueous work-up.

Recently, considerable attention has been focused on the
catalytic use of rare earth(III) (RE) salts, especially, RE(III)
trifluoromethanesulfonates [RE(OTf)3] as water-tolerant and
recyclable Lewis acid catalysts in carbon–carbon bond forming
reactions.2 The RE(III) compound-catalysed Friedel–Crafts
alkylations of aromatic compounds using alcohols, mesylates,
halides, aldehydes, acetals, etc. as alkylating agents have also
been reported.3 However, to the best of our knowledge, there
has been no previous report on the use of RE(OTf)3 for the
Friedel–Crafts alkylation of aromatics using alkenes as alkylat-
ing agents.

We disclose here our preliminary results on the Friedel–
Crafts alkylation of aromatics with alkenes using a novel and
recyclable catalytic system, Sc(OTf)3 immobilised in air and
moisture-stable rt ionic liquids.4

To examine the catalytic effect of lanthanide trifluoro-
methanesulfonates, we first carried out the alkylation of
benzene with hex-1-ene in the presence of 20 mol% of Sc(OTf)3
in various organic solvents (none, CH2Cl2, acetonitrile, nitro-
methane and nitrobenzene) or H2O at 20 °C for 12 h. However,
in all cases neither alkylation nor olefin isomerisation took
place at all (Table 1, entries 1–6). It is therefore not surprising
that there has been no report on the use of RE(OTf)3 for the
Friedel–Crafts alkylation of aromatics using alkenes as alkylat-
ing agents so far.

Very interestingly, however, when the same reaction was
carried out in air and moisture-stable rt ionic liquids consisting
of 1,3-dialkylimidazolium cations and their counter anions 2,5
[emim][X] ([emim]+ = 1-ethyl-3-methylimidazolium cation; X
= SbF6 (2a), BF4 (2b), OTf (2c)), [bmim][X] ([bmim]+ =
1-butyl-3-methylimidazolium cation; X = PF6 (2d), SbF6 (2e),
BF4 (2f)and OTf (2g)), [pmim][PF6] ([hmim]+ = 1-pentyl-
3-methylimidazolium cation; 2h) and [hmim][PF6] ([hmim]+ =
1-hexyl-3-methylimidazolium cation; 2i), we obtained quite
satisfactory results in some cases. In this reaction, the catalytic
activity of Sc(OTf)3 was strongly influenced by the nature of the
anion [X].

When the hydrophobic ionic liquids such as the
[emim][SbF6] (2a), [bmim][PF6] (2d), [bmim][SbF6] (2e),

[pmim][PF6] (2h) or [hmim][PF6] (2i) were used, the desired
alkylated products were obtained quantitatively, although
Sc(OTf)3 is only slightly soluble and thus exists as a suspended
form in these ionic solvents (Table 1, entries 7, 10, 11, 14 and
15).† It is noteworthy here that the rearrangement of alkene
takes place prior to the ring substitution, which indicates that the
carbonium ion is formed first. Polarity of these ionic solvents
leads to the stabilisation of the polar cationic intermediate. In
sharp contrast to these results, in the hydrophilic ionic liquids,
[emim][BF4] (2b), [emim][OTf] (2c), [bmim][BF4] (2f) or
[bmim][OTf] (2g), the catalyst was highly soluble and thus
totally immobilised in these ionic liquids, but the reaction did
not occur at all (Table 1, entries 8, 9, 12 and 13). Thus, we next

Table 1 Friedel–Crafts alkylation of benzene with hex-1-ene in the presence
of 20 mol% of Sc(OTf)3 in various solventsa
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examined Friedel–Crafts alkylation of other substrates only
using the ionic liquid 2e. As shown in Table 2, in all cases the
reaction proceeded smoothly to furnish the corresponding
alkylation products in quantitative yields. Moreover, the ionic
liquid phase containing Sc(OTf)3 was almost quantitatively
recovered by simple decantation of the organic layer (the upper
phase) after reaction. Second and third reactions of benzene
with cyclohexene using the recovered ionic liquid 2e containing
catalyst afforded quantitative yield of cyclohexylbenzene
(Table 2, entries 4 and 5).

In a typical reaction, the alkene and aromatic compound are
added to the ionic liquid 2e containing 20 mol% of Sc(OTf)3
directly. Two phases are formed and the mixture is stirred at
20 °C for 12 h. The organic layer is separated to leave the ionic
liquid phase containing the catalyst which can be reused.

In summary, Friedel–Crafts alkylation of aromatic com-
pounds with alkenes using the novel reusable catalytic system,
Sc(OTf)3-ionic liquid, has been developed. The simple proce-
dures, easy recovery and reuse of this novel catalytic system are
expected to contribute to development of benign and waste-free
chemical processes for Friedel–Crafts alkylation of aromatics
with alkenes.
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Natural photosynthetic systems collect sunlight using a vast
array of light-harvesting chromophores that channel the
absorbed energy to a single reaction center. Recently, it has been
realized that dendritic macromolecules can exhibit similar
properties, though on a more modest scale. The preparation of
dendritic structures and assemblies composed of numerous
light-collecting chromophores that transfer their energy to a
single energy ‘sink’ at the core has been achieved in a number of
diverse and creative ways. These novel structures are being used
as model systems in light-emitting diodes, signal amplifiers,
fluorescent sensors, frequency converters, and other photonic
devices.

Introduction
It has been estimated that the average yearly incidence of solar
radiation at the earth’s surface amounts to several orders of
magnitude more energy than is consumed by its population.1
Clearly, harnessing this energy is an important endeavor that
will reduce our dependence on fossil fuels. Indeed, our own
existence depends on light-harvesting by the plethora of
photosynthetic organisms in the biosphere. These organisms
have evolved intricate and extremely efficient mechanisms for
the transduction of light into chemical energy in the form of
ATP.2 If we are to utilize sunlight in a similar fashion, it is not
unreasonable to borrow some design concepts from structures
that have evolved over billions of years.

To date, the most studied of all photosynthetic systems is
probably that of purple bacteria.3 The high resolution X-ray
crystal structure of the photosynthetic unit (PSU) reveals a
central reaction center (RC) that is surrounded by light-
harvesting (LH) complexes (Fig. 1).4 The LH1 complex is
composed of a ring-shaped assembly of chlorophyll and

carotenoid moieties embedded in a protein matrix that im-
mediately surrounds the RC. Similar ring-shaped assemblies,
somewhat further removed from the RC, make up the LH2 and
LH3 complexes.3 The role of these chlorophyll-containing
assemblies is that of an antenna, absorbing photons that strike
the relatively large surface area that they cover. Remarkably,
the energy of any photon that strikes any of the several hundred
chlorophylls within the extensive LH system is transferred to
the RC with unit efficiency.3

Dendrimers are perfectly branched synthetic macromolecules
having numerous chain ends all emanating from a single
core.5–8 Their synthesis, first reported in 1985 by the groups of
Tomalia9 and Newkome,10 involves a divergent iterative
coupling and activation protocol9–12 that results in the formation
of concentric layers of building blocks terminated by a large
number of reactive moieties. The convergent synthesis we
introduced later13 provides for growth through a single focal
point, an approach that affords even better control over both the
dendrimer backbone structure and the placement of functional
groups within it. Overall, the accurate positioning of chromo-
phores can be achieved, locating them at the core, focal point,
periphery, or even at each branching point of the dendritic
structure (Fig. 2). This schematic diagram of a dendrimer is
reminiscent of the architecture of natural light-harvesting
complexes, where antenna molecules surround the central RC.
Although the appropriate placement of chromophores is
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Fig. 1 Schematic representation of bacterial light-harvesting complexes
(LH1 and LH2), showing the different protein-embedded light-absorbing
porphyrins arranged in circles around the reaction center (RC). The path of
energy transfer (ET) is indicated by arrows.
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important, judicious choices must be made both for the selection
of the chromophores themselves, and for the design of each
successive layer in order to maximize favorable energy transfer
interactions.

Over the past several decades, there has been much work
done on a number of synthetic light-harvesting complexes in
which energy transfer is demonstrated. After a brief introduc-
tion to energy transfer, this article will focus on the more recent
dendrimer-based light-harvesting structures.

Energy transfer and the choice of chromophores
In a bichromophoric system where one chromophore (the
energy donor, D) is in its excited state and the other (the energy
acceptor, A) is in its ground state, energy transfer can occur such
that the donor returns to its ground state simultaneously with the
promotion of the acceptor to its excited state (Fig. 3).14 This

transfer can occur by either a through-bond15 (Dexter) or
through-space16,17 (Förster) mechanism. In the former, an
electron exchange occurs from the S1 state of the donor to the S1

state of the acceptor, with a simultaneous exchange of an S0

electron from acceptor to donor (Fig. 3). This electron exchange
requires strong D–A orbital overlap and is therefore a short-
range ( < 10 Å) interaction that diminishes exponentially with
distance.14 The rate constant for this process is described by
eqn. (1):

kET = KJexp(22RDA/L) (1)

where K is related to the specific orbital interactions, J is the
spectral overlap integral (see below) normalized for the
extinction coefficient of the acceptor, and RDA is the donor–
acceptor separation relative to their van der Waals radii, L.14

In contrast, the Förster mechanism does not require electron
exchange and is rather a through-space dipole–dipole inter-
action.18 In this case, D–A orbital overlap is not necessary,
allowing the chromophores to be separated by a relatively large
distance (10–100 Å). The Förster energy transfer rate constant
is described by eqn. (2):
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where k2 is the orientation factor (related to the relative
orientation of the donor and acceptor transition dipole mo-
ments), fD is the donor quantum yield in the absence of the
acceptor, J is the overlap integral, n is the index of refraction of
the solvent, N is Avogadro’s number, tD is the donor lifetime in
the absence of the acceptor, and RDA is the inter-chromophoric
distance in cm. The overlap integral J (cm6 mol21) is given by
eqn. (3):

J = ∫fD(n)eA(n)n24dn (3)

where ƒD(n) is the fluorescence intensity of the donor, eA(n) is
the molar extinction coefficient of the acceptor, and the integral
is calculated over the whole spectrum with respect to the
frequency expressed in wavenumbers. This integral represents
the overlap between the donor emission spectrum and the
acceptor absorption spectrum, and is closely related to the
probability of energy transfer from the donor to the acceptor.

Unlike the Dexter interaction, where normalization of J
diminishes its significance, Förster energy transfer is greatly
influenced by this parameter.14 In addition, the transition dipole
moments of the interacting chromophores play a large role in
the energy transfer efficiency of the through-space mecha-
nism.18 Hence, the bridging moiety plays a crucial role in
Dexter energy transfer, where rigidity and conjugation are the
key parameters, whereas the properties of the chromophores
themselves (transition dipole moments and spectral overlap of
donor emission and acceptor absorption) as well as the
interchromophoric distance play the more important role in
Förster energy transfer.

Within dendritic structures, practically all of the above
parameters can be controlled and varied. Chromophore func-
tionalization of the dendrimer can involve only the core and the
end-groups, or it can involve the entire dendrimer backbone.
The rigidity, conjugation, size, and polarity of the dendritic
backbone all depend on the type of branched monomer that is
utilized. Hence, the choice of the monomer will affect the
overall properties and the energy transfer mechanism of the
dendritic system. As the dendrimer generation increases, two
competing factors become prevalent (Fig. 4). The number of

monomer units, closely reflected by the number of end-groups
surrounding the core, doubles with each successive generation,
and the distance between the core and the end-groups increases.
If each branching point or end-group acts as a chromophore,
then increasing the generation allows for the harvesting of
increasing amounts of light by the molecule. However, at a
certain dendrimer generation, or size, it is expected that RDA

will become too large to sustain efficient energy transfer. It is
thus necessary to reach a balance between the light-harvesting
capacity of the dendritic shell, and the energy transfer efficiency
to the core.

In the following paragraphs, some key examples of light-
harvesting dendrimers will be highlighted.

Fig. 2 Schematic diagram of the structure of a dendron and a dendrimer,
highlighting the focal point or core (black) surrounded by rings of branching
units (gray circles) and end-groups (rectangles).

Fig. 3 The process of energy transfer involves the migration of excitation
energy from an excited-state donor (D) to a nearby ground-state acceptor
(A).

Fig. 4 As dendrimer generation increases, the number of terminal groups
doubles, but the distance between the terminal groups (energy donors) and
the core (energy acceptor) also  increases.
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Chromophoric dendrimer backbones and the role
of an energy gradient
The initial reports of multichromophoric dendrimers under-
going intramolecular energy transfer were published by Balzani
and coworkers in 1992.19,20 Their ‘complexes as metals/
complexes as ligands’ strategy provided a means of selectively
incorporating different metal and ligand combinations into
these low-generation dendrimers. Ru and Os were the metals of
choice in this work owing to the ideal luminescence and redox
properties of their polypyridine complexes.20,21 The schematic
representation of these molecules (Fig. 5) indicates the presence

of three distinct metal-binding positions: a single core site; three
intermediate sites; and six peripheral sites. In addition, it is well
known that the oxidation potential of the metal ion in these
polypyridyl complexes can depend on the nature of the
coordinated ligands.21 Hence, bandgap energies of the metal
complexes located at the different sites (core, intermediate, and
peripheral) within the dendrimer are controlled by both the
nature of the metal (Ru complexes have larger bandgap energies
than the corresponding Os complexes) and the nature of the
surrounding ligands. Balzani and coworkers showed that metal
complex bandgap energies depend on the ligands in the order
dpp > biq > bpy.22 Indeed, it was found that energy transfer in
the all-Ru compounds (1) occurred from the internal higher
energy units (dpp ligands) to the external lower energy units
having bpy or biq ligands.20 In the heterometallic complexes,
energy migration predominantly occurred from the Ru-contain-
ing units to the Os-containing units. Hence, controlled energy
migration from the internal units to the external units could be
achieved by complexes 1 and 4. Conversely, energy migration
from the dendrimer periphery to the core was more difficult to
achieve owing to the lower energy of the outermost complexes
vs. the intermediate ones [Fig. 5(b)].

In all of these structures, energy transfer is dominated by the
Dexter electron exchange mechanism,20,23 which precludes
long-range interactions between the periphery and the core.
Indeed, in the third-generation structure having an Os core, it
was again shown that energy migrates from the intermediate
higher bandgap units to the lower bandgap units at either the
periphery or the core.24,25 Although the concept of intra-
molecular energy transfer within dendritic structures was
clearly illustrated by these initial reports, the structures
synthesized did not ideally function as photosynthetic mimics,
where numerous peripheral light-harvesting chromophores
channel absorbed energy in a unidirectional manner to a single,
central, energy acceptor complex.

Efficient, unidirectional energy transfer from a dendritic
framework to a single core chromophore was first reported in
elegant work by Xu and Moore.26 The robust, high-yielding

synthesis of their phenylacetylene dendrimers allowed for the
preparation of high-generation (G-n) molecules, up to G-6.27,28

These cross-conjugated structures (Fig. 6) exhibit strong UV

absorption features in the 250–350 nm range that double in
magnitude with increasing generation.29 Additionally, it was
found that these dendrimers act as luminescent chromophores
that have an emission in the 350–450 nm range. By functional-
izing the core of these structures with the lower bandgap
perylene chromophore, the authors introduced an energy ‘sink’
into the system. Hence, the phenylacetylene monomer units act
as the peripheral energy donors, and the perylene acts as the
central energy acceptor. Excitation of the dendrimer backbone
at 312 nm resulted in emission emanating solely from the
perylene dye (450–600 nm), with nearly complete quenching of
the dendrimer emission.29

Further, the versatile synthetic scheme allowed for the
synthesis of dendrimers having a directional energy gradient,
with the bandgap energy of each branch decreasing owing to
increasing conjugation length [Fig. 6(b)].30,31 Interestingly, it
was found that this energy gradient dramatically increases (by
two orders of magnitude) the energy transfer rate constant
within the dendrimer.29 Hence, the directional energy transfer
from periphery to core must be greatly facilitated by the built-in
energy gradient. Indeed, theoretical work by Klafter and
coworkers afforded the same conclusion, suggesting that
‘random walk’ energy transfer from periphery to core, as in the
former structures, is much less productive than the directional
multi-step process.32–34 These structures represent the first
examples of effective photosynthetic mimics, and the latter
molecules remain the only example of built-in multi-step energy
gradients within dendritic macromolecules. However, the
mechanism of energy transfer in these systems was difficult to
ascertain. Owing to the cross-conjugated dendrimer backbone,
orbital overlap contributions to the energy transfer cannot be
ruled out. In addition, spectral overlap between donor emission
and acceptor absorption is not very large in this case, and would

Fig. 5 (a) Schematic representation of metallodendrimers having branching
ligands and different combinations and positions of Ru and Os metals.
(b) Direction of energy transfer (indicated by arrows) in the different
structures depicted in (a). 5 = Ru, - = Os.

Fig. 6 Chemical structure of perylene-functionalized phenylacetylene
dendrimers without (a) and with (b) an energy gradient.
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preclude the Förster mechanism alone from producing in the
high energy transfer efficiencies that were observed.

Poly(benzyl ether) dendrimers and the ‘antenna
effect’
Several years ago our group studied the encapsulation of
lanthanide ions (Ln3+) by dendritic ligands in the context of a
possible application for optical signal amplification. The
impetus for this project originated from the self-quenching of
fluorescence by lanthanide ions, such as erbium, when they are
clustered together in the solid state. This self-quenching limits
their effectiveness as signal amplifiers for optical fiber
communications, since the poor solubility of Ln3+ ions in
substrates such as silica leads to the formation of ion
clusters.35,36 Encapsulation of individual Er3+ and Tb3+ ions
within a dendritic shell (Fig. 7) was expected to lead to their

site-isolation, thereby increasing interchromophoric distance
and decreasing the self-quenching effect. Indeed, this site-
isolation was realized by self-assembly of suitably function-
alized carboxylate-cored dendrons around the lanthanide ion,
and the resulting assemblies possessed all the characteristics
desired for use in signal amplification. During the course of
photophysical studies on these ionically bound supramolecular
assemblies, it was found that irradiation at wavelengths where
the dendrimer backbone absorbed (280–290 nm) resulted in
strong luminescence from the lanthanide core.37,38 Apparently,
energy absorbed by the peripheral dendrimer shell was
efficiently transferred to the luminescent Ln3+ at the focal point
by a mechanism postulated to be of the Förster type. At these
wavelengths, energy transfer to Tb3+ was found to be more
efficient than in the case of Er3+, likely due to the better overlap
of dendrimer emission with Tb3+ absorption. This channeling of
excitation energy from a dendrimer shell to a single core unit
was termed the ‘antenna effect’. Interestingly, it was also found
that this energy transfer phenomenon was critically dependent
on the substitution pattern within the dendritic shell. When the
isomeric dendrons having 2,5- rather than 3,5-substitution at the
focal aromatic ring were utilized, the energy transfer interaction
practically disappeared.

Several other research groups have observed similar antenna
effects while utilizing different luminescent cores. Jiang and
Aida reported that singlet energy transfer could be observed
from the same Fréchet-type poly(benzyl ether) dendrons to a
core porphyrin ring (Fig. 8).39 A variety of structures, differing

in the number of dendrons attached to the central porphyrin, as
well as in the generation number of the dendrons, were prepared
and studied. A small amount of overlap between the fluor-
escence spectrum of the dendrons and the Soret absorption of
the porphyrin allows for some degree of energy transfer to
occur. Indeed, excitation of the tetra-substituted dendritic
porphyrin at 280 nm (dendrimer absorption) resulted in
quenching of the dendrimer emission (310 nm), with most of the
light being emitted by the porphyrin core (600–750 nm). The
energy transfer efficiency in both the G-4 and G-5 analogs was
calculated to be approximately 80%. However, if the porphyrin
was only partially substituted, with one, two, or three G-5
dendrons instead of four, the energy transfer efficiency dropped
dramatically, to 10, 20 and 32%, respectively. Similar phenom-
ena were also observed when G-4 dendrons were used.
Temperature-dependent effects indicated that increased flex-
ibility and conformational freedom were responsible for the
decreased energy transfer efficiency. Only the highly crowded
molecule having four G-5 dendrons retained a constant level of
energy transfer, even at high temperatures. It was also
postulated that cooperativity between dendrons is necessary for
efficient energy transfer, and this cooperativity appeared to
decrease with increasing conformational mobility.

A slight variation of this work was recently published by
Kimura et al., who synthesized low-generation (G-1 and G-2)
1,3,5-phenylene-based dendritic porphyrins [Fig. 8(b)].40 Inter-
estingly, the authors found that energy transfer between the
dendrimer and the porphyrin was highly efficient at low
generations. This seemingly contradictory result may be
rationalized by the fact that the energy transfer mechanism may
be different in these cross-conjugated molecules than for the
dendrimers of Aida and coworkers.39 Additionally, the authors
point out that the spectral overlap between the emission of the
dendrons and the absorption of the porphyrin core is larger in
this case, which may also have a significant effect on the energy
transfer efficiency.

In a more recent publication, Aida and coworkers reported
the encapsulation of a poly(phenyleneethynylene) rigid-rod
polymer by a poly(benzyl ether) Fréchet-type dendrimer shell.41

The dendritic shell was again effective as both a steric ‘bumper’
preventing polymer chains from aggregating, and as a light-
harvesting antenna. The authors showed that upon direct

Fig. 7 Structure of a lanthanide-cored poly(benzyl ether) dendrimer.

Fig. 8 Schematic representation of porphyrins encapsulated by (a)
poly(benzyl ether) dendrimers, and (b) 1,3,5-phenylene-based dendri-
mers.
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excitation of the polymer backbone, the fluorescence quantum
yield remained constant over a wide concentration range only if
a large enough dendrimer envelope, composed of G-4 dendrons
or higher, was utilized. Additionally, excitation of the dendritic
shell at 278 nm resulted in complete quenching of dendrimer
emission, and a high fluorescence intensity emanating from the
conjugated polymer. It was found that this sensitized polymer
fluorescence was greatly enhanced over the emission resulting
from direct excitation of the polymer at 425 nm, again
illustrating the dendrimer ‘antenna effect’. Owing to the
importance of such conjugated polymers in organic light-
emitting diode (OLED) technology, these findings could have a
significant impact on the future of LED devices.

In a separate report, Jiang and Aida have demonstrated an
unusual acceleration of the cis–trans isomerization within an
azobenzene moiety at the core of G-4 and G-5 poly(benzyl
ether) dendrimers.42 This acceleration was observed under low-
flux IR irradiation of a stretching vibrational band of the
aromatic rings at 1597 cm21. Interestingly, irradiation at
different IR frequencies, such as 2500 or 1155 cm21 resulted in
no apparent acceleration above the thermal rate. Additionally,
when low-generation dendrimers were utilized, the acceleration
was not apparent. Any change in substitution, such as in the
mono-dendritic analog (Fig. 9), also eliminated the acceleration.

This latter point is not surprising in light of our own work on
encapsulated lanthanide ions (vide supra) in which the critical
dependence of energy transfer on the substitution pattern of the
focal aromatic ring was demonstrated. However, UV irradiation
of the dendrons at 280 nm did result in a similar acceleration. In
order to rationalize these observations, the authors proposed
that the dendritic shell not only insulates the azobenzene core
from collisional energy dissipation, but also acts as a photon-
harvesting antenna. By comparison with thermally induced
accelerations at 60 °C and by determining the dependence of the
isomerization rate constant on the applied photon flux, it was
found that the energy required for the observed rate acceleration
required the simultaneous delivery of the energy of 4.9 IR
photons to the azobenzene core. This calculation is consistent
with the observed requirement of high-generation dendrons,
since the simultaneous absorption of multiple photons from
such weak photon sources could only be plausible in extremely
large molecules.

Using a different approach, Stewart and Fox43 utilized the
known photoinduced electron transfer interaction between aryl
chromophores (naphthyl or pyrenyl) and tertiary amines.44

Since it is well known that excited states of aryl chromophores
are quenched by electron donating amines, it was postulated that
excitation of the periphery of dendrimers having naphthyl or
pyrenyl groups at their chain ends and an amine at the core,
would lead to intramolecular electron transfer through the
dendrimer backbone (Fig. 10). Indeed, fluorescence quenching

of the peripheral chromophores by the amine core was
observed, but only in small dendrons (G-1 and G-2). At higher
generations, the quenching efficiency decreased dramatically,
probably as a result of the increased distance between periphery
and core.

Dendrimer-independent energy transfer
In order to create a more versatile system in which the energy
transfer between peripheral chromophores and core was not
affected by the dendrimer backbone itself, we have designed
dendrimers with photochemically silent building blocks. Since
the energy transfer process with such structures requires a
highly efficient through-space interaction between chromo-
phores located at their focal point and periphery, chromophore
selection must meet certain requirements.45 Specifically, the
chromophores should be suitable for Förster energy transfer,
with a large spectral overlap between donor emission and
acceptor absorption, high transition dipole moments, high
extinction coefficients, and high quantum yields of fluores-
cence.14 In addition to these photophysical requirements, the
chosen chromophores should (i) be soluble in organic sol-
vents—this is particularly important for the peripheral donor
chromophores, since the solubility properties of dendrimers are
known to be highly sensitive to the nature of the surface
groups—and (ii) contain a functional ‘handle’ through which
attachment to the dendritic structure could be achieved.

Amino-functionalized Coumarin-2 and acid-functionalized
Coumarin-343 were selected as the donor and the acceptor,
respectively (Fig. 11). The solubility of these chromophores
was adequate for the preparation of dendrimers up to generation
four using an AB2 building block with orthogonal functional-
ities (Fig. 11).46 The photophysical properties of these mole-
cules were studied by steady-state and time-resolved absorption
and emission spectroscopy.47 Initially, steady-state data was
collected for model compounds containing either the donor
chromophores or the acceptor, but not both. These models
showed that the large spectral overlap between donor emission
and acceptor absorption is preserved after coupling of the
chromophores to the dendritic architecture (Fig. 12). Addition-
ally, exclusive excitation of either the donor or the acceptor was
found to be possible, simplifying the analysis of fluorescence
data for energy transfer calculations.

The steady-state absorption characteristics of the fully-
labeled dendrimers showed the expected doubling of donor
absorption as a function of dendrimer generation, indicating that
no deleterious ground-state aggregation phenomena were
occurring in this system [Fig. 13(a)]. The acceptor absorption
was shown to remain relatively constant at each generation,
with only slight solvatochromic shifts being evident due to the

Fig. 9 Structure of a G-5 azobenzene-cored dendrimer.

Fig. 10 Illustration of the electron transfer process occurring through the
dendrimer backbone as a result of photoexcitation of the peripheral acceptor
chromophores.
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increasing influence of the polar dendrimer shell around the
focal chromophore. Upon irradiation of the donor absorption
band, strong fluorescence was observed exclusively from the
acceptor chromophore. The complete quenching of the donor
chromophores attests to the highly efficient energy transfer
occurring in these molecules. Additionally, a comparison of the
emission intensity from sensitized acceptor excitation (lex =
343 nm) to that from direct acceptor excitation (lex = 440 nm)
could be made [Fig. 13(b)]. It was found that in dendrimer
generations beyond G-2, the emission intensity from sensitized
excitation was greatly enhanced [Fig. 13(b), dotted curve],
confirming that energy transfer efficiency is extremely high in
these molecules. Time-resolved experiments indicated that
energy migration from the periphery to the core occurred on
extremely fast, sub-picosecond timescales. Using single-photon

counting, it was not possible to resolve the rise-time of the core
excitation upon irradiation of the periphery. Although these
preliminary studies indicate that the Förster mechanism is the
dominant energy transfer pathway, exact values for energy
transfer rate constants must be ascertained before this claim can
be fully substantiated. Further spectroscopic experiments with
much faster time resolution will enable accurate measurements
of the energy transfer rate constants and their quantitative
comparison with theoretical calculations from Förster theory
and molecular modeling.

Interesting insight into the relative rates of energy transfer vs.
nonradiative relaxation of Coumarin-2 was provided by a study
of the energy transfer dependence on solvent composition.
When G-1 and G-2 donor model dendrons were dissolved in
methanol (higher generation dendrimers were not soluble), it
was found that the Coumarin-2 emission was completely
quenched (Fig. 14). This was likely due to hydrogen bonding of
the solvent with the tertiary amine lone pair, precluding optimal
alignment of this lone pair orbital with the aromatic system of
the chromophore. However, upon coupling of the acceptor
chromophore to the focal point of these dendrons, excitation of
the donors resulted in strong emission from the core. This
indicates that, although fast nonradiative decay processes can
compete with the nanosecond-scale donor fluorescence, the
energy transfer process is much faster and still results in energy
localization on the acceptor dye. The acceptor fluorescence is
not quenched by the hydrogen bonding solvent presumably
because the amine lone pair orbital is kept in conjugation by the
two cyclohexyl rings (Fig. 11).

More recent work has shown that replacement of the
Coumarin-343 acceptor by other chromophores can result in
efficient energy transfer, as long as the absorption spectrum
retains good overlap with the donor emission.48 Oligothiophene

Fig. 11 Chemical structure of the Coumarin-2 donor, Coumarin-343
acceptor, and the fully chromophore-functionalized G-4 dendrimer.

Fig. 12 Structures and spectral properties of donor and acceptor model
compounds, indicating the strong overlap between donor emission and
acceptor absorption.

Fig. 13 UV–VIS absorption (top) and fluorescence emission (bottom)
properties of the Coumarin-functionalized G-1 to G-4 series of den-
drimers.
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chromophores proved ideal for this purpose, since it is possible
to tune their absorption and emission properties by changing the
degree of oligomerization. Two different oligothiophenes—a
pentamer linked through its terminal ring, and a heptamer linked
through its central ring—were chosen owing to their favorable
absorption properties. Dendrimers up to the third generation
were prepared, and it was shown that energy transfer was
quantitative in all cases. Again, the emission intensity of the
oligothiophenes, which have relatively low quantum yields of
fluorescence (Ff = 0.15), was greatly enhanced by sensitized
excitation upon irradiation of the peripheral light-harvesting
antenna. This phenomenon may prove useful in the emission
enhancement of photonic devices in which it is necessary to
utilize components that have low fluorescence quantum yields.
Interestingly, the oligothiophenes in this study had emission
spectra that were strongly red-shifted from the emission of
Coumarin-343. Hence, by simply changing the core function-
ality of the dendrimer, it is possible to tune the emission
wavelengths across almost the entire visible spectrum, while
irradiating at a single wavelength [Fig. 15(b)]. Molecules with
this feature serve as ideal probes for experiments requiring
simultaneous excitation and detection of several different
targets, such as in the area of fluorescent conjugates for
biological molecules.

Dendrimer-based light-emitting diodes
The findings made with the dendrimer antennas can be extended
to the design of single-layer multichromophoric light-emitting
diodes. The dendritic framework provides for both the energy
transfer interaction and the site-isolation of different chromo-
phores, enabling them to fluoresce simultaneously.49–51 Sepa-
rate emission from each dye is difficult to achieve in classical
solid-state devices owing to intermolecular energy transfer to
the chromophore with the smallest bandgap. By isolating the
different chromophores within a dendritic shell, it should be
possible to diminish or even eliminate this energy transfer in
their mixture, and enable emission from each individual dye.
Dendrimers peripherally-functionalized with hole-transporting
triarylamines and core-functionalized with two different fluo-
rescent chromophores were synthesized separately, and incor-
porated as a mixture into a single-layer light-emitting device
(Fig. 16). These structures allowed the excitation energy to be
changed from applied light to an applied voltage across two
electrodes. Based on the solution work outlined above, the
chosen fluorescent chromophores were Coumarin-343 and a
pentathiophene, since their absorption bands overlap well with
the emission band of the peripheral triarylamine. Our prelimi-
nary studies49–51 indicate that it is possible to observe

simultaneous emission from both chromophores when they are
encapsulated in a dendrimer. In contrast, the light produced by
mixtures of the free dyes originates solely from the lower
bandgap oligothiophene.49–51

Dendrimer-based organic LEDs have also been reported by
Moore and coworkers.52 In this example, phenylacetylene
dendrimers were prepared with peripheral triphenylamine
groups for hole transport, and a core 9,10-bis(phenylethynyl)-
anthracene as the light emitter. Unfortunately, thin films of
these molecules exhibited only modest electroluminescence
(EL) intensities. Solid-state aggregation of the rigid dendrimers
and self-quenching by the low Stokes shift anthracene chromo-
phores were the likely causes of diminished EL.

Light-harvesting in self-assembled monolayers
To further simplify the antenna concept without recourse to the
tedious preparation of multichromophoric dendrimers, we
studied the self-assembly of harvesting antennas and emitting
components on silicon surfaces. Small Coumarin-2 function-
alized donor dendrons and the Coumarin-343 acceptor chromo-
phore (Fig. 17) were therefore functionalized with triethoxy-
silane moieties, which could then be adsorbed onto a silicon
wafer to form self-assembled monolayers (SAMs).53 The self-
assembly process enables the use of a variety of donor–acceptor
ratios by adjusting the adsorbate ratios in solution prior to SAM
assembly. The photophysical properties of the monolayers were
determined using front-face fluorescence techniques. As ex-
pected, variations in the donor–acceptor ratio on the surface had
a large effect on the efficiency of energy transfer. Fig. 18(a)
illustrates the normalized emission spectra from mixed mono-
layers of 6 and 8 having a 2+1 and a 3+1 ratio.53 The larger
average donor–acceptor distance obtained with a 3+1 ratio leads
to a broader emission spectrum with contributions from both

Fig. 14 Emission spectra of G-1 dendrons without (A) and with (B) the core
acceptor chromophore in toluene (solid line) and methanol (dotted line).

Fig. 15 (a) Structure of the G-3 heptathiophene (T-7) core-functionalized
dendrimer. (b) Normalized emission spectra of G-1 dendrons having
different moieties at the core: (i) no core chromophore; (ii) Coumarin-343;
(iii) heptathiophene.
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donor and acceptor as a result of inefficient energy transfer. In
contrast, the emission spectrum of a SAM prepared with a 2:1
ratio of 6 to 8 is narrow, resulting purely from Coumarin-343
emission as energy transfer is highly efficient.

The importance of the dendritic character of donor chromo-
phore 7 was confirmed in experiments involving adsorbate 5

Fig. 16 Schematic diagram of an LED device incorporating hole-transporting dendrimers with pentathiophene (red emitter) and Coumarin-343 (green emitter)
cores.

Fig. 17 (a) Structures of the triethoxysilane-functionalized donor and
acceptor adsorbates. (b) Schematic representation of a mixed SAM of
separate G-2 donor dendron and the Coumarin-343 acceptor on a silicon
surface.

Fig. 18 (a) Normalized emission spectra from mixed monolayers of 6 and
8 having a 3+1 (i) and a 2+1 (ii) ratio. (b) Normalized emission spectra from
mixed monolayers of a 4+1 ratio of adsorbates 5 and 8 (i), and a 1+1 ratio
of adsorbates 7 and 8 (ii). Emission due to direct excitation of the acceptor
at 420 nm is also illustrated (iii).
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with its single Coumarin-2. The use of a 4+1 ratio of 5 to 8,
equivalent to the 1+1 ratio of 7 to 8, led to incomplete energy
transfer [Fig. 18(b)]. This illustrates the importance of the
average inter-adsorbate distance in the energy transfer process
as the dendritic nature of 7 facilitates the productive assembly of
chromophores in the monolayer. Amplification of acceptor
emission by sensitized excitation was clearly illustrated as the
light output from the acceptor chromophore is significantly
higher when it results from donor excitation at 350 nm than
from its direct excitation at 420 nm.

Energy transfer in self-assembled dendritic structures of a
different sort have recently been reported by Meijer and
coworkers.54 Poly(propylene imine) dendrimers were surface-
modified with oligo(p-phenylene vinylene) (OPV) units afford-
ing amphiphilic structures that function as hosts capable of
extracting water-soluble guests into the organic phase. Since the
OPV-surface units are fluorescent, with an emission maximum
at 492 nm when excited at 420 nm, it was speculated that energy
transfer to a suitable chromophoric guest could occur. Using
Sulforhodamine B as the energy-accepting guest (Fig. 19),

energy transfer was indeed observed with an efficiency of
roughly 40% at maximal loading. This efficiency is sig-
nificantly lower than achieved with dendrimers in which donor
and acceptor are covalently linked, but this may be due, at least
in part, to the poor overlap between donor emission and
acceptor absorption.

Conclusions and outlook
In analogy to the natural photosynthetic systems, dendrimers,
with their numerous branching units and chain ends uniformly
surrounding a single core unit, seem ideally suited to function as
light-harvesting structures. The examples illustrated in this
article give testimony to our ability, through chemical manip-
ulation, to create effective—if still very simple—mimics of

natural photosystems. It is possible to vary the structural units in
order to affect the physical properties of these molecules, while
still maintaining a well defined, monodisperse macromolecule.
Although it is unlikely that the current generation of light-
harvesting dendrimers will be utilized in any but the most
specialized applications owing to the somewhat tedious and
expensive nature of their synthesis, they will prove to be
effective model systems that will impact sensor technology,
light-emitting diodes, fluorescent labeling of biological mole-
cules, as well as a variety of photonic devices. It should be noted
however that new routes to dendrimers55 and less precise but
nevertheless useful hyperbranched polymers56 and dendritic
hybrids are being developed, and some of these have already
been applied to easily accessed multichromophoric sys-
tems.57,58 In addition, it is envisioned that future work in this
field will advance toward more complex mimics of natural
photosynthetic systems, in which the energy absorbed at the
dendrimer periphery will be employed to catalyze a chemical
reaction. Nature utilizes the sun’s energy to enable an electron
transfer within the reaction complex, which eventually leads to
the production of biologically important molecules such as
ATP. Clearly, synthetic antennas have a long way to go as they
aim to reach similar goals. The stakes of this research are high,
as the development of novel synthetic photocatalysts and more
efficient photovoltaic cells, such as the Grätzel cells,59,60 would
expand our ability to better utilize the sun’s energy and decrease
our dependency on fossil fuels.
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Equimolar mixtures of NMRP and ATRP initiators lead to
polystyrene that is unimodal by GPC; the mechanism of
action most consistent with the data suggests that under the
reaction conditions, TEMPO and Cl end groups scramble
rapidly relative to the propagation rate, and result in a single
type of polymer chain.

Recent developments in controlled free radical polymerizations
of vinyl monomers mediated by either Cu complexes (atom
transfer radical polymerization, ATRP) or by TEMPO-deriva-
tives (nitroxide mediated radical polymerizations, NMRP) have
stimulated much research as they yield homopolymers and
block copolymers with predictable MWs along with narrow
polydispersities.1

While ATRP and NMRP are almost always used separately,
we wondered whether the ATRP and NMRP initiators could
each be used as the end groups on a single polymer chain.
Critical to the success of this idea is whether the ATRP and
NMRP end groups show crossover reactivity. If no crossover
occurs, then the end groups of a one-pot mixed ATRP–NMRP
initiator system should operate independently and grow poly-
mers of different molecular weights if the rates of polymeriza-
tion are different. If ATRP and NMRP end groups do exchange,
however, then the structure of the resulting polymers will be
sensitive to the relative rates of exchange and propagation.

To first address the issue of end group reactivity, four
initiators (1–4) were used to synthesize polystyrene (PS): the
monofunctional ATRP initiators benzyl chloride 1 and
4-(pyren-1-yl)butyl 3-chloromethylbenzoate 3,2 the monofunc-
tional NMRP initiator 2-phenyl-2-(2,2,6,6-tetramethylpiper-
idin-1-yloxy)ethyl benzoate 2 and the symmetrical difunctional
NMRP initiator bisphenol A bis[2-phenyl-2-(2,2,6,6-tetra-
methylpiperidin-1-yloxy)ethyl carbonate] 4.

Polymerization conditions were chosen where both ATRP
and NMRP mechanisms should be able to function, and were
not varied during the study. Reaction solutions were first
degassed with three freeze–pump–thaw cycles, and the poly-

merizations run at 135 °C under nitrogen (4 h), with equimolar
amounts of initiator, CuCl, hexamethyltriethylenetetramine
(N4)3 and acetic anhydride.4 The results are listed in Table 1.

Prototypical ATRP and NMRP initiators were first tested
separately as control reactions. Under exclusive ATRP condi-
tions monofunctional initiator 1 (benzyl chloride) gave PS-1a
(Mn = 36 000 g mol21, 70% conversion) and PDI of 1.89
(Table 1, entry 1a). Polymerization of styrene using 1 under the
modified ATRP–NMRP conditions (addition of acetic anhy-
dride) also yielded PS with a broad MWMn (distributions
(MWD) PDI = 2) and polydispersity index, of 62 000 g mol21

(42% conversion) (Table 1, entry PS-1b). Unlike typical ATRP
conditions where the catalyst is a greenish colour, the modified
reaction solution is deep blue.5 Both experiments show that for
1, the ATRP mechanism does not effectively control the
polymerization under these conditions, and autopolymerization
likely dominates. Polymerization of 3 under ATRP conditions is
fast (100% conversion) and yields PS-3 with a Mn of 28 000
g mol21, significantly closer to the theoretical Mn of 21 000
g mol21. The GPC chromatograms at 254 and 350 nm are both
unimodal; the 350 nm trace is slightly shifted towards lower
MW as expected for a chromophoric endgroup.6 Polymerization
of styrene with NMRP initiator 2 under exclusive NMRP
conditions (no CuCl–N4) was slow (14% conversion) and
resulted in low molecular weight PS-2 (Mn = 4600 g mol21,† The IUPAC name for a nitroxide is aminoxyl.

Table 1 MWD of PS obtained using modified NMRP–ATRP conditions

Entry Initiator(s) Reaction
Mn, calc.

a/
g mol21

Mn, exp. GPCb/
g mol21 PDI

Conversionc

(%)

PS-1a 1 ATRPd 21 000 36 000 1.89 69
PS-1b 1 ATRP/Ac2Oe 21 000 62 000 1.97 42
PS-2 2 NMRPd 21 000 4 600 1.32 14
PS-3 3 ATRPd 21 000 28 000 1.52 100
PS-4 1,2 NMRP–ATRPf 10 500 9 000 1.29 50
PS-5 2,3 NMRP–ATRPf 10 500 9 000 1.46 60
PS-6 3,4 NMRP–ATRPf 10 500 18 500 1.42 73
PS-7 PS-6 Hydrolysisg n/a 15 000 1.25 n/a
a Based on ratio of moles of initiation sites and styrene for 100% initiation and 100% conversion. b Based on PS standards, THF, UV (254 nm) detector.
c Based on isolated yield. d 200 equiv. of styrene. e Ac2O equimolar to 1. f 100 equiv. of styrene. g In KOH–dioxane, 80 °C overnight, followed by
acidification (HCl) and precipitation into MeOH–water.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b004157m Chem. Commun., 2000, 1711–1712 1711



PDI = 1.32), which if extrapolated to 100% conversion results
in Mn of 29 000 g mol21. Combining monofunctional ATRP
and NMRP initiators 1 and 2, respectively, together (one pot),
obtains PS-4 that was monomodal by GPC (Mn = 9000
g mol21, PDI = 1.29, 50% conversion). The monomodal
distribution has several mechanistic interpretations: either (a) 1
or 2 initiates and propagates; or (b) 1 and 2 each initiate, but they
propagate independently and at the same rate; or (c) the chlorine
atom and nitroxide radicals exchange rapidly between end
groups relative to propagation, i.e. the end groups don’t remain
unique.

To test for scenario (a) and to determine if the ATRP initiator
led to polymer, UV-tagged 3 was employed together with 2. The
resulting polymer PS-5 again was unimodal by GPC (Mn =
9000 g mol21, PDI = 1.46, 60% conversion), similar to PS-4.
Most significantly, GPC traces recorded at 254 and 320 nm
were superimposable and confirmed that initiation of at least the
benzyl chloride functionality occurs in the mixture.

To similarly test if the NMRP initiator led to polymer, 0.5
equiv. of the difunctional initiator 4 was employed with one
equiv. of 3. This experiment allows three scenarios to be
distinguished (see Scheme 1): (aa) if only 3 initiates and
propagates, then a monomodal GPC trace with overlapping
254/350 nm GPC absorbances would result; (bb) if only
compound 4 initiates and propagates, then no GPC trace would
be observed at 350 nm and hydrolysis of the carbonate linkage
would cut the resulting PS in half; (cc) if both types initiate and
the end groups exchange more rapidly than propagation occurs,
then a bimodal GPC trace would result with the low MW peak
being UV-active at 350 nm. Hydrolysis of the carbonate linkage
should halve the MW of the peak that doesn’t absorb at 350 nm
and return to an overlapping 254/350 nm GPC chromato-
gram.

This combination of 4 and 3 yielded PS-6 (Mn = 18 500
g mol21, maximum peak at 30 000 g mol21, and PDI = 1.42,
73% conversion) that was bimodal at 254 nm and unimodal at
350 nm (Fig. 1). The 350 nm UV-active peak at Mn ~ 15 000
g mol21 confirms that 3 has initiated and propagated in the
presence of 4, consistent with the experiment in entry 3. A
separate peak at ~ 30 000 g mol21 in the 254 nm trace confirms
that 4 also initiates and propagates in the presence of 3. Since
both initiators lead to polymer, these data eliminate scenarios
(aa) and (bb) where only a single initiator leads to polymer.

Hydrolysis of PS-6 yields PS-7 that is unimodal at 254 nm
(Mn = 15 000 g mol21, PDI = 1.25), and is now super-
imposable with the 350 nm GPC trace of PS-5 (Fig. 1). Since all
three PS blocks have the same MW, these data indicate that
either the two propagation mechanisms form polymer at the
same rate [cf. scenario (b)], or some process permutes the end
groups rapidly enough to have a single propagation rate
constant describe chain growth [scenario (c)].

From the productivity and MWD of the resulting PS as
compared to the controls, it is clear that the modified reaction
conditions affect both the ATRP and NMRP processes and most
reasonably point to a common propagation mechanism for each
of the two initiators in the reaction. For this to occur, Cl and
nitroxide end groups must exchange rapidly relative to
propagation. Crossover experiments in NMRP processes show
that nitroxide end groups freely permute between growing
polymer chains via indiscriminate nitroxide–radical recombina-
tions,7 and presumably do so in the present experiments as well.
By homolysing the benzyl chloride end group, the ATRP
mechanism similarly generates benzyl radicals and the opportu-
nity to redeposit the Cl• onto a nitroxide derived free radical.
Thus, CuI amine complexes might reasonably catalyse the
exchange between Cl and nitroxide end groups, and provide a
mechanism for the global exchange of end groups.

In summary, the data presented herein indicate that under our
reaction conditions, the NMRP and ATRP mechanisms do not
operate independently and end group crossover occurs. Conse-
quently, both initiators lead to polymers that grow at a common
rate. However, the data don’t distinguish if ATRP, NMRP, or
both mechanisms are responsible for chain growth.

We thank the UNC Chapel Hill Curriculum in Applied
Sciences, UNC Research Council, DuPont, 3M, and the Camille
Dreyfus Foundation for partial support, and Ms Wendy Y. Mills
for providing a sample of 4.
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Scheme 1 Scenarios (aa)–(cc) for the polymerisation of styrene in a one-pot
mixture of ATRP and NMRP initiators 3 and 4.

Fig. 1 GPC chromatogram of PS-6 at 254 nm (A), 350 nm (B), and of PS-7
at 254 nm (C).
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MCM-22 zeolite films have been grown with layers vertical
to the substrate under hydrothermal synthesis conditions,
and characterized by X-ray diffraction and scanning elec-
tron microscopy.

In situ synthesis of zeolites and molecular sieves on various
supports is of significant importance in utilizing the well
defined intracrystalline pores for membrane separation, mem-
brane catalysis and molecular sensing. A variety of zeolites and
molecular sieves, e.g. ZSM-5 or silicalite-1,1,2 zeolite A3,4 and
UTD-1,5 have been grown into films and membranes. Most
zeolite films and membranes are obtained with random crystal
orientation, and better performances are expected for an
oriented zeolite film or membrane.6,7 Particularly for zeolites
with one- or two-dimensional pore systems, the accessibility of
zeolite pores in a film depends on crystal orientation. Zeolite
MCM-22, which is a good catalyst in a variety of reactions,8,9,11

has an unusual layered structure and dual two-dimensional pore
systems.10 Here we report the oriented growth of MCM-22
films under static hydrothermal synthesis conditions.

The synthesis mixture was prepared using silica sol (25wt%
SiO2), sodium aluminate, hexamethyleneimine (HMI), sodium
hydroxide and deionized water. 0.8 g sodium hydroxide and 1.7
g sodium aluminate was dissolved in 135 g deionized water,
then 10.3 g HMI and 50.2 g silica sol were added with stirring.
The molar composition of the resultent mixture was
13.5Na2O+5Al2O3+100SiO2+4500H2O+50HMI. After stirring
for 1 h at 303 K, the mixture was transferred into a Teflon-lined
autoclave, and a glass plate was immersed vertically in the
mixture. Crystallization was carried out at 423 K for 96 h. The
powder product and the glass plate were separated, washed with
deionized water, and then dried at 353 K. Calcination was
carried out at 813 K for 10 h with a temperature ramping rate of
2 K min21. The products were characterized by X-ray
diffraction (XRD) and scanning electron microscopy (SEM).

The XRD pattern of the as-synthesized powder sample [Fig.
1(a)], characterized by both sharp and broad peaks, agrees well

with that of the as-synthesized MCM-22 sample, and the XRD
pattern of the calcined powder sample [Fig. 1(b)], with only
sharp peaks, is consistent with that of MCM-22.12 Although the
detailed structure of as-synthesized MCM-22 is unclear, it is
clear that as-synthesized MCM-22 and the MCM-22 sample
have the same a-parameter, but the c-parameter of MCM-22 is
smaller than that of as-synthesized MCM-22. As-synthesized
MCM-22 exhibits two separated XRD peaks at 2q 6.5 and 7.2°
for (002) and (100), respectively, whereas the two reflections
overlap into one peak in MCM-22. Compared with the XRD
patterns of as-synthesized MCM-22 and MCM-22 powder
samples, no other phases except for as-synthesized MCM-22
and MCM-22 are present in the as-synthesized and calcined
films [Fig. 1(c) and (d)]. The broad and sharp peaks of the as-
synthesized film are unambiguously from as-synthesized
MCM-22, and the sharp peaks of the calcined film are from
MCM-22. The as-synthesized MCM-22 film gives an intense
peak for (100) but very weak peaks for (001), (002), (101) and
(102), which indicates that the MCM-22 crystals are grown with
a preferred orientation. As the layers of MCM-22 are linked
together along the [001] direction, the MCM-22 layers in the
film are vertical to the substrate.

SEM micrographs of MCM-22 crystals and the MCM-22
film are depicted in Fig. 2. MCM-22 crystals show stacked-thin-
disk morphology. Most particles are aggregates of MCM-22
crystals intergrown in the [001] direction as illustrated in Fig.
2B. Sometimes intergrowth also occurs in the [100] direction.
The MCM-22 film shows continuous intergrowth of MCM-22
crystals. The aligned-thin-sheet surface morphology, similar to
that of MCM-22 crystals, further demonstrates that the MCM-
22 layers are vertical to the substrate. The film has some cracks
along the layer direction. Because as-synthesized MCM-22
lacks interlayer linkages and the c-parameter is larger than that
of MCM-22, the formation of these cracks is ascribed to the
contraction of the c-parameter during calcination. A cross-
section micrograph (Fig. 2D) shows that the film has a thickness
of ca. 5 mm. Only a monolayer of MCM-22 crystals is grown on
the substrate and these crystals are largely normal to the
substrate.

The formation of oriented zeolite films and membranes is
closely related to the nucleation and crystal growth of zeolites.
It has been demonstrated that completely oriented LTA-type
zeolite films can be prepared by the intergrowth of oriented seed
crystals.6 Oriented zeolite films and membranes, e.g. of MFI-
type13,14 and AFI-type,15 have also been prepared by direct
hydrothermal syntheses. Zeolite crystals tend to orient with the
largest crystal faces parallel to the smooth substrate, whereas
crystal growth is preferred in the direction with the largest
crystal growth rate vertical to the substrate. For thin disks,
MCM-22 crystals would laterally lie on the smooth substrate.
Thus, the vertical growth of MCM-22 film is not due to the
orientation of the MCM-22 crystals. The high growth rate of the
MCM-22 layer structure, indicated from the thin-disk-like
crystal morphology, appears to be responsible for the vertical
growth.

For MCM-22, shape-selective reactions occur in the channels
and supercages, whereas the surface active sites can reduce the
selectivity.11 The low outer surface area vertically oriented
MCM-22 film, for which the two pore systems are easily

Fig. 1 XRD patterns of the as-synthesized MCM-22 powder (a), MCM-22
powder (b), as-synthesized MCM-22 film (c) and MCM-22 film (d).
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accessible to reactants may be a highly selective catalyst for
some reactions.
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Existence of a stable unconventional mesophase-like twist
grain boundary smectic A (TGBA) phase was found in a
wide temperature range for non-chiral a-(4A-propoxyphe-
nylbenzyl-4-ylthio)-w-(4A-butoxyphenylbenzyl-4-ylthio)-
perfluorohexane (3BF6B4), which may be a consequence of
the boomerang shape of the molecules.

Recently the generation and structure of TGB (twist grain
boundary) phases have been investigated by several re-
searchers1–4 because of their unique packing structure. TGBA
and TGBC phases can be regarded as smectic A and C variants
composed of small SmA or SmC domains, respectively. The
layer planes of the domains are arranged helically to form a
macroscopic helical structure. Since the discovery of TGBA
phases in (R)- or (S)-1-methylheptyl-4A-{[(4B-alkoxyphenyl)-
propioloyl]oxy}biphenyl-4-carboxylate by Goodby et al.,4
several liquid crystalline (LC) compounds exhibiting TGB
phases have been reported, but, up to now, only chiral LC
compounds were found to generate TGB phases, to our
knowledge, with the chiral moiety causing a frustration of
smectic ordering, so resulting in the helical ordering of the
smectic domains. In this work, we have found unconventional
layered mesophase-like TGBA (hereafter, simply denoted
TGBA) phase in non-chiral a-(4A-propoxyphenylbenzyl-
4-ylthio)-w-(4A-butoxyphenylbenzyl-4-ylthio)perfluorohexane
(3BF6B4, Fig. 1),† which is stabilized over a wide temperature
range.

Fig. 2(c) shows DSC curves of 3BF6B4.‡ For the first
heating, the 3BF6B4 crystallites (Cr phase ) melt to a TGBA
state at 78.4 °C which changes into the isotropic liquid (I) phase
at 99.4 °C. It is noted that the TGBA phase exists in the wide

temperature range from 78.4 to 99.4 °C. The identification of
the TGBA phase was made from texture observations; Fig. 3
shows a cylindrical domain (CC) texture when the two glass
plates are untreated [Fig. 3(a)] and a spiral filament texture
when the two plates are rubbed parallel to the plane [Fig. 3(b)],
this result indicating that the mesophase is a TGBA phase.6
Moreover, we find an endothermic peak near 81.9 °C on heating
of the DSC curve of Fig. 2(c), suggesting the presence of two
TGBA phases, TGBA1 below 81.9 °C and TGBA2 above
81.9 °C; the TGBA textures of Fig. 3 were observed over the
temperature range exhibiting the TGBA 1 and 2 phases and did
not show any change between TGBA1 and TGBA2, hence it is
believed that both phases essentially belong to the TGBA state.
In Fig. 2(a), the X-ray scattering intensity (I) is plotted vs. the
scattering angle (2q) for 3BF6B4, as a function of temperature.‡
In the crystalline state (61 °C), the I vs. 2q curve shows several
sharp peaks, but only three peaks are seen at ca. 3.0, 6.0 and 9.0°
for TGBA1 (78 °C) and at ca. 3.1, 6.1 and 9.2° for TGBA2
(90 °C). These three peaks are attributable to reflections from
SmA layers of thickness 29.23 and 28.85 Å, respectively. A
conformational structure was calculated for 3BF6B4, using
PM3 (parametric method). As shown in Fig. 1(b), assuming a
gauche conformation for –CF2(1)–CF2(2)– a trans conforma-
tion for –CF2(5)–CF2(6)–, and a trans conformation for all the
other bonds, the molecule is boomerang-shaped and the
molecular length is estimated as 28.72 Å.7 When the –CF2(1)–
CF2(2)– and –CF2(5)–CF2(6)– bonds are in trans and gauche

Fig. 1 Chemical structure of nBFxBm compounds (a) and the molecular
model of 3BF6B4 obtained by PM3 calculation, where –CF2(1)–CF2(2)–
and –CF2(5)–CF2(6)– bonds are in gauche and trans conformation,
respectively (b).

Fig. 2 X-Ray diffraction patterns of 3BF6B4 (a) and the temperature
dependence of the spacing d (b) and DSC thermograms of 3BF6B4 (c). 1H:
1st heating, 1C: 1st cooling; Cr: crystalline state, I: isotropic phase. These
figures in (c) denote the phase transition temperatures (°C) and enthalpy
changes (kJ mol21).
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conformation, respectively, the molecular length is estimated as
28.43 Å. Both molecular lengths are well consistent with the
layer thickness obtained from the X-ray data.8 From these
results, both TGBA1 and TGBA2 phases can be tentatively
concluded to be TGBA phases consisting of SmA domains. In
Fig. 2(b), the spacing (d) is plotted vs. temperature. On heating,
the value of d changes from 28.66 to 29.23 Å near the Cr–
TGBA1 phase transition temperature, and suddenly decreases to
29.04 Å near the TGBA1–TGBA2 transition temperature, and
rapidly decreases approaching the TGBA2–isotropic liquid (I)
phase transition temperature. The decrease of d in the TGBA2
phase with increasing temperature may be caused by either the
packing of 3BF6B4 molecules in the SmA layer being disturbed
or the packing of the long molecular axes of 3BF6B4 molecules
at a tilt angle to the layer normal (TGBC). At present, we infer
that the former packings may be responsible for the appearance
of TGBA2, since the texture of TGBA2 is similar to that in
TGBA1.

In conclusion, this work has revealed the existence of a
TGBA phase in non-chiral 3BF6B4, as a consequence of its

boomerang-molecular shape, reminiscent of the generation of
ferroelectricity in banana-shaped molecules.9

We are investigating the phase transition behaviors of
nBF6Bm homologues (Fig. 1), and at present, find the existence
of TGBA phases in 3BF6B3, 3BF6B4 and 3BF6B5. Further
studies will be published elsewhere in the near future.

Notes and references
† Synthesis of 3BF6B4: 4-n-propoxyphenylbenzylthioalcohol5 (0.5 g, 0.002
mol) and 4-n-butoxyphenylbenzylthio (0.53 g, 0.002 mol) in THF (50 ml)
was added to a soution of NaH (0.186 g, 0.0048 mol) in THF (30 ml) under
N2, to give a muddy white mixture. Dodecafluoro-1,6-diiodohexane (1.3 g,
0.0024 mol) was added dropwise to this mixture which was stirred at room
temperature for 10 h. The crude product was obtained by evaporation to
dryness after extraction into diethyl ether. The product was purified by
column chromatography [silica gel, benzene–hexane (1+2.5)] and further by
recrystallization from ethanol, giving 3BF6B4 (white powder, yield:18%).
1H NMR (400 MHz, CDCl3): d 0.99 (3H, t, CH3, J 7.6), 1.06 (3H, t, CH3,
J 7.6), 1.26 (2H, m, CH2), 1.82 (4H, m, CH2), 3.97 (2H, t, CH2, J 6.6), 4.01
(2H, t, CH2, J 6.3), 4.21 (4H, s, CH2), 6.97 (4H, d, Ph-H, J 8.8), 7.39 (4H,
d, Ph-H, J 8.3), 7.50 (4H, d, Ph-H, J 8.8), 7.53 (4H, d, Ph-H, J 8.3); 19F
NMR (400 MHz, CDCl3): d 68.28, 35.99, 34.52.
‡ Phase transition parameters were measured by differential scanning
calorimetry (Seiko Denshi DSC-210, SSC-5000) at a scanning rate of 5 K
min21. The texture of the mesophase was observed by use of a polarizing
microscope (NIKON OPTIPHOT-POL) equipped with a Mettler FP-82 hot
stage. Wide-angle X-ray diffraction measurements were performed as a
function of temperature with a Rigaku, Rinto 200 diffractometer equipped
with a home-made cell using Cu-Ka radiation (40 kV, 30 mA), where the
scattering intensities detected with a scintillation counter incorporating a
pulse-height analyser.
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Fig. 3 The cylindrical domain (CC) texture of the TGBA phase at 92.5 °C
(a) and spiral filament texture of the TGBA phase at 93.7 °C (b) in 3BF6B4
under a polarized microscope (magnification 3100).
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The structure of a novel tethered fullerene bis-adduct, of
unexpected regiochemistry, has been unequivocally assigned
using INADEQUATE 2D NMR experiments.

The regioselective, multifunctionalization of C60 is a continuing
challenge in fullerene chemistry.1 Bis- and tris-additions to
fullerenes can generally be made regioselective through the use
of tethered systems.2 It is not clear, however, if the regio-
chemical outcome of tethered reactions is solely dependent
upon the nature of the tether, or the stereoelectronic require-
ments of the reactive addend, or the mechanism of addition or
some combination of these factors. An additional challenge for
studies in this area is the development of methods for the
unequivocal assignment of the structure of bis-tethered full-
erene adducts. Earlier structural assignments of multiple
adducts have relied on comparative methods (13C NMR
symmetry elements and UV-vis spectroscopy).2e,3 However, as
the production of higher order fullerene adducts increases, these
methods will become less reliable, due to the decreasing
symmetry of products and the lack of definitive structures for
comparison. We report here the structure of a novel tethered
fullerene bis-adduct of unexpected regiochemistry and the
unequivocal assignment of its structure using INADEQUATE
2D NMR experiments.4

Earlier work has shown that tethered bis-malonate esters
undergo regioselective bis-cyclopropanation reactions with C60
under Bingel conditions.2e For example, the meta-substituted
bis-tethered system 2 gave exclusively the cis-2 regioisomer as
determined by UV-vis spectroscopy and from its symmetry,
determined by 1D 13C NMR spectroscopy. Interestingly, the
ortho-isomer of 2 also gives a cis-2 adduct, while the
corresponding para-isomer gives predominantly the trans-4
adduct. In contrast, we have found that treatment of C60 with the
corresponding meta-substituted bis-imino-glycine tethered sys-
tem 1 gives, under similar reaction conditions,5 two regio-
isomeric adducts 3 and 46 in a ratio of 80+20 from 1H NMR
analysis (Scheme 1). Compound 3 was obtained pure in 28%
yield after separation by column chromatography and re-
crystallization. The 1H NMR of 3 showed resonances for the
two pairs of diastereotopic methylenes at d 5.06 and 5.71 (AB
q, JAB 11.2 Hz), consistent with a tethered fullerene structure.
Furthermore, the MALDI-TOF spectrum of 3 showed a
characteristic parent molecular ion at m/z 1297. The UV-vis
spectrum of 3 showed bands in the 400–800 nm region that

suggested a trans-4 structure but this conclusion was not
definitive due to the lack of good reference compounds.
Unequivocal evidence for the structure of 3 came from 13C
NMR and INADEQUATE experiments.7

13C NMR spectroscopy revealed 31 peaks associated with the
fulleryl carbons in 3. The resonance at d 150.56 was shown to
arise from the fortuitous overlap of one full-intensity peak and
one half-intensity peak. Hence 3 has 32 unique fullerene
carbons, four of which give half-intensity peaks (labelled as
grey circles in Fig. 1), indicative of a dimethanofullerene with
CS symmetry. To distinguish between the 3 possible structural
isomers, cis-1, cis-2 and trans-4, INADEQUATE experiments
were performed on a 10% 13C enriched sample of 3.8,9

The above three possible isomers would be expected to show
2, 1 and 3 bond separations respectively, between a fulleryl sp3

hybridized carbon and its nearest carbon on the plane of
symmetry (i.e. half-intensity peak). These experiments revealed
a 3-bond connectivity (shown as grey lines in Fig. 1) between
C1 (sp3 carbon) and C19 (half-intensity peak) providing
unequivocal evidence for its trans-4 structure. Starting from
C19, correlations were observed to the other half-intensity peak
(C20) with a relatively large coupling constant (1JCC = 66.8
Hz) typical for 6,6 ring fusion carbons and one to C5 with a
smaller 1JCC (57.2 Hz) typical for 6,5 ring fusion carbons.4 C5
showed correlations to C6 (1JCC = 73.1 Hz) and C4 (1JCC =
53.2 Hz), consistent with their 6,6 and 5,6 ring fusion positions,
as well as to C19. C6 showed a correlation to the sp3 carbon C1,
unequivocally confirming the position of the cyclopropane ring
to the plane of symmetry. Further corroborative evidence for
this structure was the observation that C4 showed only 2
correlations (to C3 and C5) consistent with the magnetic

Scheme 1
Fig. 1 Schlegel diagram of 3 (tether not shown) with carbons that lie on the
plane of symmetry shown as grey circles.
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equivalence of C4 and C17 due to their positions relative to the
plane of symmetry.

Using the above methods we have assigned all carbons in 3
and obtained information about the relative bond lengths from
the measurement of 1JCC values (Table 1). These measured
values were consistent with the radialene structure of 3.

The regiochemical difference between our tethered reaction
and that of 2 with C60 clearly demonstrates that much has yet to
be understood about tethered fullerene reactions before general-
izations on regiochemical outcomes can be made. These
differences in regiochemistry may indicate that these reactions
proceed via different mechanisms and experiments are in
progress to help understand these differences.10

We thank the Australian Research Council for financial
support and for a PhD scholarship to G. A. B.
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Table 1 Chemical shifts (d), peak assignments, and carbon–carbon coupling
constants (1JCC) for the [60]fullerene cage of 3 (13C-enriched)7

Carbon
Number d (ppm) (Carbon number) 1JC–C/Hz

1,35 81.37 (2),b (6) 44.5, (9) 44.5
2,34 81.25 (1),b (3) 40.8, (12) 41.2
3,16 145.73 (2) 40.8, (4) 69.9, (14) 58.8
4,17 129.04 (3) 69.9, (5) 53.2
5,18 136.24 (4) 53.2, (6) 73.1, (19) 57.2
6,a36 150.56 (1) 44.5, (5) 73.1, (7) 56.8
7,37 146.49 (6) 56.8, (8),b (21) 67.2
8,53 146.4 (7),b (9) 56.0, (24) 67.2
9,52 149.6 (1) 44.5, (8) 56.0, (10) 72.3

10,51 147.13 (9) 72.3, (11) 53.0, (26) 56.8
11,50 136.24 (10) 53.0, (12) 71.1, (28) 57.2
12,33 146.55 (11) 71.1, (13) 56.4, (2) 41.2
13,32 145.28 (12) 56.4, (14) 54.4, (30) 68.0
14,15 143.52 (13) 54.4, (15) 58.8
19c 142.21 (5) 57.2, (20) 66.8
20c 148.68 (19) 66.8, (21) 56.4
21,38 139.39 (7) 67.2, (20) 56.4, (22) 56.8
22,39b 141.11 (21) 56.8, (23)b

23,40b 141.28 (22),b (24),b (42) 56.4
24,54 140.89 (8) 67.2, (23),b (25) 56.4,
25,55 141.29 (24) 56.4, (26) 68.3, (43) 55.6
26,60 143.39 (10) 56.8, (25) 68.3, (27) 55.2
27,59 148.31 (26) 55.2, (28) 55.2, (44/45) 68.3
28,59 140.31 (11) 57.2, (27) 55.2, (29) 68.0
29,48 145.28 (28) 68.0, (30) 56.4, (47) 54.4
30,31 138.72 (29) 56.4, (13) 68.0
42,41 141.82 (23),b (43) 54.8
43,56 145.54 (25) 55.6, (42) 54.8, (44/45)b

44,57 145.46 (11),b (45)b

45,58 145.46 (27) 68.3, (44),b (46) 56.0
46ac 150.56 (45) 56.0, (47) 68.0
47c 145.73 (46) 68.0, (29) 57.2
a Denotes peak has two resonances, one full-intensity and one half-
intensity. b Denotes coupling is not first order; peak positioning is consistent
with structure model. c Denotes half-intensity peaks.
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Two crystallographically distinct tetrahedral sites in zeolite
merlinoite are identified by 29Si MAS NMR and 2D 27Al
quadrupole nutation NMR spectroscopies.

Since the initial work of Lippmaa and Engelhardt in 1981,1 the
use of multi-nuclear solid-state NMR techniques in the
characterization of zeolites and related materials has provided
many new insights into the structure and chemistry of this
important class of microporous solids, particularly in the short-
range order. For instance, 29Si MAS NMR can detect the
relative populations of five distinct Si environments, i.e.
Si(OSi)n(OAl)42n with n = 0–4.2 When all tetrahedral atoms
(T-atoms) in the zeolite framework are crystallographically
equivalent with avoidance of Al–O–Al linkages, therefore, the
quantitative framework Si/Al ratio can be easily calculated from
the 29Si resonance intensities. However, many of the already
known zeolite structures contain two or more crystallo-
graphically distinct T-sites characterized by different T–O–T
and O–T–O bond angles and T–O bond lengths. This allows the
Si atoms situated in these sites to exhibit different 29Si chemical
shifts, even for the same Si(OSi)n(OAl)42n environments,
making it difficult to accurately determine the framework Si/Al
ratio from the spectra. When structurally distinct lines overlap
heavily with one another, in particular, it is not possible to
directly deconvolute the 29Si NMR spectra.

Merlinoite (MER topology) is a small-pore, low-silica zeolite
that is rarely found in nature.3 Amongst the early zeolite
discoveries, in addition, zeolites W and K-M are known to be
synthetic counterparts of MER zeolite.4,5 The structure of this
zeolite is characterized by a three-dimensional pore system
consisting of intersecting 8-ring channels.6 To date, there are
three reported 29Si MAS NMR spectra of MER-type zeolites
prepared via different synthetic routes.7–9 In all cases, the
interpretation and assignment of the spectra have been made
based on the implicit assumption that only one crystallo-
graphically distinct T-site exists in the zeolite framework. A
recurring question is the fact that the Si/Al ratios calculated
from the 29Si NMR spectra are not in reasonable agreement with
those determined from elemental analysis. This implies that
each line in the 29Si MAS NMR spectra of MER zeolites
previously reported may be misunderstood. Here we present the
29Si MAS NMR and 2D 27Al quadrupole nutation NMR results
showing that two crystallographically distinct T-sites are
present in the framework of MER-type zeolites.

An MER zeolite with Si/Al = 1.8 was prepared by heating an
aluminosilicate gel with the oxide composition of 1.2Na2O·
4.8K2O·1.0Al2O3·10SiO2·150H2O at 100 °C for 18 d. The
powder XRD of MER zeolite prepared here reveals that the
solid is a highly crystalline MER zeolite and no reflections other

than those from MER are observed.10 This pattern was indexed
as orthorhombic with unit-cell dimensions of a = 14.13(1), b =
14.24(2) and c = 10.10(1) Å. A combination of elemental and
thermal analyses of the as-synthesized Al-MER sample gives a
unit cell composition of K11.1Na0.3Al11.4Si20.6O64·17.8H2O.
The 27Al MAS NMR spectrum of this zeolite exhibits only one
line at 58.5 typical of tetrahedral Al sites in zeolites.

Fig. 1 shows the 29Si MAS NMR spectrum of our MER
zeolite together with the simulated spectrum and its deconvo-
luted components. Five well-resolved 29Si lines at 285.1,
289.4, 294.0, 298.7 and 2103.2 ppm are observed. The
general feature of this spectrum is very similar to the case of
zeolite structures having only one T-site such as LTA and FAU
zeolites with high Al contents. As seen in Fig. 1, however, curve
deconvolution reveals that there is an additional low-intensity
shoulder around 2108 ppm, reflecting the presence of more
than one crystallographically distinct T-site in the framework of
MER zeolite. This clearly shows that the 29Si NMR spectra for
Al-MER zeolites cannot be interpreted following the manner
that the individual lines are implicitly regarded as single Si
environments, which has been repeatedly employed in the
literature.7–9 Actually, an attempt to deconvolute the 29Si NMR
spectrum of our Al-MER material by assigning the first five
lines to Si(OSi)n(OAl)42n species with n = 0–4 and by ignoring
the presence of the high-field line, due to its low intensity, gave
a (Si/Al)NMR value of 2.3 that is fairly larger than the bulk Si/Al

† Electronic supplementary information (ESI) available: powder XRD and
27Al MAS NMR spectrum of the MFR zeolite. See http://www.rsc.org/
suppdata/cc/b0/b004748l/

Fig. 1 29Si MAS NMR spectra of MER zeolite prepared: (a) experimental,
(b) simulated and (c) deconvoluted components. Spectrum recorded on a
Bruker DSX 400 at 12 kHz spinning rate, 60 s recycle delay, 79.459 MHz,
2.0 ms pulse length (p/5 rad), 1200 scans.
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ratio (1.8) from chemical analysis. Although the topological
symmetry for the MER framework was initially found to be the
tetragonal subgroup I4/mmm, on the other hand, it has recently
been shown that a better refinement is achieved from the
orthorhombic subgroup Immm.8,9 In this space group two
crystallographically distinct sites T1 and T2 with 1+1 distribu-
tion exist in the unit cell. Considering that the average shift
difference in the six 29Si lines of Fig. 1 is 4.5 ppm, the shift
effect due to site non-equivalence in the MER framework may
be comparable in magnitude to the effect of Al substitution in
the first tetrahedral coordination sphere of Si (ca. 5 ppm). If
such is the case, structurally distinct lines should be super-
imposed upon one another and a deceptively simple spectrum
could be observed as that in Fig. 1(a). A list of the positions,
relative intensities, and assignments of the six deconvoluted
components of the spectrum is given in Table 1, together with
the average Si–O–T angles calculated using the relationship of
Ramdas and Kinowski11 for every resolved Si site. Based on the
assignment in Table 1 and assuming a random Al distribution
over the two T-sites with avoidance of Al–O–Al linkages, the
Si/Al ratio derived from the intensities of the deconvoluted
components of 1.9 was calculated to be very close to that from
elemental analysis. This result supports the validity of our 29Si
NMR interpretation for MER-type zeolites based on the
presence of two different T sites in this type of zeolites, which
can be further evidenced by the fact that the average Si–O–T
angle (142.6°) in our MER zeolite calculated from 29Si MAS
NMR data in Table 1 is in good agreement with the value
(143.5°) in an MER zeolite with Si/Al = 2.1 from powder XRD
Rietveld refinement.8

To obtain more firm evidence for the speculation given
above, the static 27Al quadrupole nutation NMR spectra12 for
MER zeolite prepared here have been measured with a radio-
frequency field (wrf) of ca. 53 kHz, which was previously
determined with an Al(H2O)6

3+ solution. Like the MAS
spectrum, the 1D 27Al static NMR spectrum exhibits one single
line at 58 ppm with the full width at half-maximum of about 4
kHz. As seen in Fig. 2, however, the 2D nutation NMR

spectrum consists of two distinct lines at 57 and 162 kHz along
the axis F1. Thus, the two lines corresponding to tetrahedral
environments for Al atoms, which overlap in the ordinary MAS
NMR spectrum, are further resolved by 2D quadrupole nutation.
This reveals the presence of two different quadrupolar environ-
ments for framework Al atoms in the MER framework. The line
at 57 kHz, which is similar to wrf, has a negligible quadrupolar
interaction and can be attributed to framework Al atom at the
site of spherical symmetry.12 By contrast, the line at 162 kHz,
which is about 3 times larger than wrf, has a quadrupole
coupling constant (CQ) of ! 12 MHz. Thus, it can be assgined
to the Al site that is severely distorted from spherical symmetry.
This clearly shows that the second Al site is crystallographically
different from the first Al site. We believe that the asymmetric
parameter (h) of the second Al site must be close to unity, since
only one sharp peak is observed in the MAS and static 27Al
NMR spectra without any trace of a broad second order
quadrupole powder pattern with several singularities typical for
site with CQ ! 12 MHz and h < 1.13 In parallel with the 29Si
MAS NMR evidence, in conclusion, it is clear that two
crystallographically distinct T-sites are present in the frame-
work of MER-type zeolites.

The results shown here clearly deomonstrate that if the Si/Al
ratios calculated from the 29Si MAS NMR spectra for zeolites,
especially for novel materials, do not match well with those
from elemental analysis, one must use caution in the inter-
pertation of the spectra obtained. This is because we cannot rule
out the possibility that structurally distinct lines are super-
imposed upon one another, yielding the deceptively simple
spectra. In addition, the overall results of this study show that
the 27Al quadrupole nutation NMR technique can be very useful
for determining the presence of crystallographically different T-
sites in the zeolite framework, which is difficult to ascertain by
other analytical methods.

We acknowledge the financial support of the Korea Science
and Engineering Foundation through the Advanced Materials
Research Center for a Better Environment at Taejon National
University of Technology.
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Table 1 Chemical shifts, intensities, and assignments of the 29Si NMR resonances in MER zeolite prepared here

Average T–O–T angle11

Chemical shift
(ppm from TMS)

Relative
intensity (%) Assignment SiI –O–T SiII –O–T

285.1 3.6 SiI(OAl)4 142.1
289.4 17.8 SiI(OSi)(OAl)3 + SiII(OAl)4 140.3 148.8
294.0 37.1 SiI(OSi)2(OAl)2 + SiII(OSi)(OAl)3 139.0 147.2
298.7 26.1 SiI(OSi)3(OAl) + SiII(OSi)2(OAl)2 137.8 145.7
2103.2 13.5 SiI(OSi)4 + SiII(OSi)3(OAl) 136.4 144.0
2107.5 1.9 SiII(OSi)4 142.1

Fig. 2 1D and 2D 27Al quadrupole nutation spectra of MER zeolite recorded
on a Varian Unity Inova 200 with an wrf of 53 kHz. 512 data points were
collected in the t1 dimension in increments of 0.25 ms.
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1H NMR nOe spectroscopic studies reveal that conforma-
tional control in the enolates of N-acyl-5,5-dimethyl-4-iso-
propyloxazolidin-2-ones ensures that the stereodirecting
effect of its 4-iso-propyl-5,5-dimethyl functional group
affords superior levels of facial selectivity normally asso-
ciated with enolates derived from N-acyl-4-tert-butylox-
azolidin-2-ones.

The versatile oxazolidin-2-one based chiral auxiliary method-
ology first developed by Evans et al. has been widely used for
the asymmetric synthesis of homochiral a-substituted car-
boxylic acids.1 L-Valine derived 4-iso-propyloxazolidin-2-one
1a is normally employed to control the asymmetric alkylation of
enolates derived from the corresponding N-acyloxazolidin-
2-ones, however it is known that the tert-leucine derived 4-tert-
butyloxazolidin-2-one 1b affords superior diastereoselectivities
for this class of enolate alkylation. Thus, while methylation of
the enolate of (S)-N-butyryl-4-iso-propyloxazolidin-2-one 2a
affords (4S,2AS)-3a in 82% de, methylation of the corresponding
(S)-N-butyryl-4-tert-butyloxazolidin-2-one 2b affords (4S,2AS)-
3b in 97% de (Scheme 1).2 However, the parent non-
proteinogenic a-amino acid (S)-tert-leucine, from which 1b is
derived, is prohibitively expensive.3

We have recently reported on the development of a new
family of SuperQuat 5,5-dimethyl-4-alkyloxazolidin-2-ones for
asymmetric synthesis which fully address the troublesome
endocyclic cleavage pathway associated with alkaline hydroly-
sis of N-acyloxazolidin-2-ones.4 Whilst the primary function of
the C(5)-gem-dimethyl group within N-acyl-5,5-dimethyl-
4-alkyloxazolidin-2-ones is to completely suppress the endo-
cyclic cleavage pathway, it was proposed on the basis of
molecular modelling calculations (Fig. 1)4 that the presence of
this functionality might also serve a secondary function by
enhancing the observed diastereofacial selectivity during eno-
late alkylation.5,6

As a consequence of this conformational preference, it was
predicted that the facial selectivity observed for alkylation of
5,5-dimethyl-4-iso-propyl enolate 5c would be significantly
higher than that observed for alkylation of the corresponding

enolate 5a derived from 4-iso-propyloxazolidin-2-one 1a. It
follows therefore in terms of enolate alkylation that the iso-
propyl group of the SuperQuat oxazolidin-2-ones mimics a tert-
butyl group. In order to investigate this hypothesis, competitive
enolate alkylations were carried out on the three enolates 5a–c
under identical conditions, via deprotonation of the correspond-
ing N-acyloxazolidin-2-ones 4a–c in THF at 278 °C, followed
by warming to 0 °C, and addition of 1.1 equiv. MeI. These
studies revealed that the diastereoselectivity for alkylation of
enolate 5a {(92% (4S,2AS)-6a: 8% (4S,2AR)-7a); 84% de} was
significantly lower than that observed for both enolate 5b
{(98.5% (4S,2AS)-6b: 1.5% (4S,2AR)-7b); 97% de} and enolate
5c {(97% (4S,2AS)-6c: 3% (4S,2AR)-7c); 94% de} (Scheme 2).
These enolate alkylation reactions were then repeated under
more precisely controlled conditions by carrying out the enolate
methylation reactions on a 1+1 mixture of (S)-4-iso-propyl
enolate 5a and (S)-5,5-dimethyl-4-iso-propyl enolate 5c, and a
1+1 mixture of (S)-4-tert-butyl enolate 5b and enolate 5c, in the
same reaction vessel. These direct comparison studies reveal an
identical trend to the separate enolate studies affording
diastereoselectivities for (S)-4-tert-butyl enolate 5b (97% de) >
(S)-5,5-dimethyl-4-iso-propyl enolate 5c (94% de) > (S)-4-iso-

Scheme 1 Reagents and conditions: (i) n-BuLi, butyryl chloride, THF,
278 °C; (ii) LDA, MeI, THF, 230 °C.

Fig. 1 Energy minimisation of SuperQuat enolate 5c using MOPAC with an
MM2 force field.

Scheme 2 Reagents and conditions: (i) LHMDS, THF, 278 to 0 °C; (ii) 1.1
equiv. MeI.
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propyl enolate 5a (84% de). The diastereoselectivities for all of
the enolate alkylation reactions investigated were calculated
from integration of the resonances corresponding to both the
major (4S,2AS)-diastereoisomers 6a–c and minor (4S,2AR)-
diastereoisomers 7a–c in the 1H NMR spectrum of each crude
reaction mixture. Authentic pure samples of both the major
(4S,2AS)-diastereoisomers 6a–c and minor (4S,2AR)-diastereo-
isomers 7a–c were obtained via chromatographic purification of
the three pairs of diastereoisomers 6a–c and 7a–c obtained from
N-acylation of the lithium anions of each of the parent
oxazolidin-2-ones with racemic 2-phenylpropanoyl chloride,
and fully characterised.

Having clearly demonstrated that methylation of the 5,5-di-
methyl-4-iso-propyl enolate 5c with MeI at 0 °C occurred in
higher de than methylation of the corresponding 4-iso-propyl
enolate 5a, 1H nOe NMR spectroscopic analysis on the enolates
5a and 5c was carried out in order to probe directly their
conformation in solution. Enolates 5a and 5c were generated via
treatment of 4a and 4c with 1 equiv. of LHMDS at 278 °C in
d8-THF, followed by warming the resulting solution to 0 °C.
The 1H NMR spectra of both 5a and 5c were entirely consistent
with the proposed (Z)-enolate structures since enolate 5a
showed a singlet resonance at d 4.58, while enolate 5c exhibited
a singlet resonance at d 4.68, corresponding to the C(2A) vinylic
proton of the enolate functionality in each case. Examination of
the resonances corresponding to the iso-propyl CH(Me)2
protons in the 1H NMR spectrum of enolates 5a and 5c revealed
small vicinal coupling constants of 3.2 and 2.3 Hz respectively
between the iso-propyl CH(Me)2 proton and the oxazolidin-
2-one H(4) proton. This is consistent with both enolates 5a and
5c adopting conformations in which the CH(Me)2 protons of
their iso-propyl groups lie approximately syn- or anti-periplanar
to the C(4)–C(5) bond of the oxazolidin-2-one ring, with both
methyl groups of their iso-propyl units directed either towards,
or away from the attached enolate fragment. Qualitative 1H nOe
NMR spectroscopic analysis of the 4-iso-propyl enolate 5a in
d8-THF at 0 °C revealed a strong enhancement between the
C(2A) vinylic proton of the enolate fragment and the oxazolidin-
2-one iso-propyl CH(Me)2 proton, with no nOe enhancement
with either of the iso-propyl CH(CH3)2 groups. Further strong
nOe enhancements were observed between the pro-(S) H(5)
proton and both of the iso-propyl CH(CH3)2 methyl groups.
These nOe enhancements are consistent with a major enolate
conformer 5a in which both of the iso-propyl methyl groups are
directed away from the attached enolate fragment (Fig. 2). In
contrast, qualitative 1H nOe NMR spectroscopic analysis of
enolate 5c revealed both a medium and small enhancement
between the C(2A) vinylic proton of the enolate fragment and
each of the methyl groups of the iso-propyl CH(CH3)2 group. A
further strong nOe enhancement was observed between the
CH(Me)2 proton and one of the C(5)-gem-dimethyl groups.
These nOe enhancements are consistent with the proposed
model for 5,5-dimethyl-4-iso-propyl enolate 5c in which the
major conformer in solution has both methyl groups of the
stereocontrolling iso-propyl group directed towards the at-
tached enolate fragment (Fig. 3). Importantly, both samples of
enolates 5a and 5c in d8-THF at 0 °C used in these 1H NMR

studies were shown to be stable over the period of the
experiment via subsequent treatment of both solutions of
enolates 5a and 5c with MeI to afford the major diastereo-
isomers 6a and 6c with diastereoselectivites identical to those
obtained previously.

In order to confirm the enhanced facial selectivity observed
for alkylation of N-acyl-5,5-dimethyl-4-iso-propyl enolates,
methylation of the enolate of N-butyryl-5,5-dimethyl-4-iso-
propyloxazolidin-2-one 2c was carried out under the original
conditions described by Evans et al. for N-butyryloxazolidin-
2-ones 2a and 2b. Thus, methylation of the enolate of 2c gave
the major diastereoisomer (4S,2AS)-3c in 96% de (Scheme 3),
which is significantly higher than that obtained for methylation
of the enolate of N-butyryl-4-iso-propyloxazolidin-2-one 3a of
82% de, and compares favourably with that observed for
methylation of the enolate of N-butyryl-4-tert-butyryloxazoli-
din-2-one 3b of 97% de.

In conclusion, 1H NMR nOe spectroscopic studies confirm
that the superior enolate alkylation diastereoselectivities ob-
served for (S)-5,5-dimethyl-4-iso-propyl enolate 5c over (S)-
4-iso-propyl enolate 5a is a result of steric interactions between
the C(5)-gem-dimethyl and the iso-propyl group of 5c which
direct both methyl groups of the iso-propyl stereocontrolling
group towards the enolate fragment. We believe that the
strategy outlined above of employing adjacent gem-dimethyl
groups to control the conformation of an iso-propyl group such
that it mimics a tert-butyl group is a general one, and we are
currently investigating the development of a wide range of
novel ligands and auxiliaries containing this structural motif,
which is easily prepared from valine, as replacements for the
corresponding tert-leucine derived analogues.7

We thank Dr Barbara Odell for her technical assistance with
the qualitative 1H nOe NMR spectroscopic studies on enolates
5a and 5c.
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The first asymmetric coupling reactions between aryl halides
and aryl boronates (Suzuki coupling) are described to give
binaphthalene derivatives in up to 85% ee.

Restricted rotation around the aryl–aryl bond in biaryls can lead
to the phenomenon of atropisomerism (sometimes called helical
chirality). Chiral binaphthalenes constitute an important class of
such atropisomeric compounds, not least because they are
amongst the most useful chiral ligands and auxiliaries employed
in asymmetric synthesis.1 Transition metal-catalysed cross-
coupling between organometallic species and aryl halides (for
example) is a powerful synthetic tool and represents one of the
most straightforward methods for aryl–aryl carbon–carbon
bond formation.

A small number of asymmetric biaryl syntheses have been
reported. High selectivity has been achieved in the asymmetric
synthesis of 2,2A-dimethyl-1,1A-binaphthalene 9 using chiral
auxiliaries (chiral oxazoline2,3 or a chiral leaving group4) or
using chiral catalysts.5 However, variable results have been
reported depending on the nature of the catalyst used (e.g. Ni or
Pd) and in all cases a Grignard reagent is used as the
organometallic component.

Here we report the first examples of an asymmetric Suzuki
coupling protocol for the construction of binaphthalenes.6 The
Suzuki coupling reaction has many inherent advantages over
related Ni- and Pd-catalysed couplings and has found wide-
spread application in the synthesis of simple and complex
biaryls. The main advantage is its tolerance of a broad range of
functional groups and its non-toxic by-products.7 The organo-
metallic partner in the Suzuki coupling (an organoboronic acid
derivative) is thermally stable, inert to air and water (which
allows its handling without special precautions) and unreactive
to many of the electrophilic functional groups which cannot be
employed (unprotected) in conjunction with Grignard rea-
gents.

In our investigation of the asymmetric Suzuki reaction, we
chose the synthesis of substituted binaphthalenes to allow
comparison with previously reported methods (Scheme 1).
Naphthyl halide starting materials 1–4 were obtained commer-

cially or synthesised following standard procedures.8 Boronic
acid 5 was synthesised by converting the corresponding
naphthyl bromide 3 into its Grignard reagent,9 quenching with
trimethylborate and aqueous acidic work-up. Boronic acid 5
was also converted to boronate esters 6 and 7 by treatment with
pinacol and ethylene glycol respectively (Dean–Stark trap).

It is well known that use of sterically congested coupling
partners can lead to poor yields in Suzuki reactions.7,10 Racemic
coupling was therefore first performed to optimise the reaction
conditions (base–solvent combinations, heterogeneous vs. ho-
mogeneous conditions, boronic acid vs. boronate esters  etc.)
and selected results are summarised in Table 1. Both homoge-
neous and heterogeneous conditions were established to allow
isolation of binaphthalenes 8 and 9 in acceptable yields.
Optimum conditions typically involved treating aryl halides 1–4
with 1.1–2 mol eq. of boronic acid 5 or boronate esters 6, 7 in
the presence of 3 mol% PdCl2/6 mol% PPh3

11 and 1.5–2 mol eq.
of base at elevated temperatures.12 Competing deboronation
was observed when the sterically congested boronic acids were
reacted with hindered aryl halides and coupling was only
observed in these cases when boronate esters were used. As
expected, reactions with 1-iodonaphthalenes proved faster and
led to greater yields than those reactions employing 1-bromo-
naphthalenes, especially with the combination Ba(OH)2–DME–
H2O12a (Table 1, entries 1 and 4).

Our best conditions were then extended to investigation of
the asymmetric Suzuki reaction using chiral ligands. Diamine
ligands (e.g. 11) gave racemic products but selectivity was

Table 1 Results from racemic Suzuki coupling

Entry Halide
Boronic acid
derivative Product Base/solventa

Yield %
(conversiond)

1 1 5 8 Ba(OH)2–DME–H2O 44
2 1 5 8 CsF–DME 72
3 2 5 8 Ba(OH)2–tol–EtOH–H2O ( > 98)
4 2 5 8 Ba(OH)2–DME–H2O 61
5 2 5 8 Ba(OH)2–DME–H2Ob ( > 98)
6 2 5 8 CsF–DME 74
7 2 5 8 NaOH–DME 36
8 2 6 8 CsF–DMEc ( > 98)
9 3 5 9 Na2CO3–DME–H2O (tracee)

10 3 5 9 Ba(OH)2–DME–H2O (tracee)
11 4 5 9 Ba(OH)2–DME–H2O (tracee)
12 4 5 9 CsF–DME (tracee)
13 4 6 9 CsF–DMEc 36
14 4 7 9 CsF–DMEc 69

a Reaction time 17–19 h. b Carried out at 50 °C for 5 h and with 2 eq. of boronic acid. c Reaction time 3–6 d. d Determined by 1H-NMR. The only side product
observed was from deboronation. e The product from deboronation was observed.

Scheme 1 Binaphthalene synthesis via Suzuki coupling.
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observed when phosphine ligands were employed. BINAP 10
led to modest ee’s of 8–25% (summarised results are reported in
Table 2). Furthermore, use of different boronate esters led to
different selectivity (use of bulky pinacol ester 6 gave the
opposite enantiomer to that observed when the boronic acid 5 or
ethylene glycol ester 7 was employed (Table 2, entries 5, 12 and
13)) implying kinetic control. Highest selectivity was observed
when a mono-phosphine ligand was employed. Diastereomeric
ferrocene 12, which has diphenyl phosphine and ether ligands
gave disappointing ee’s when 2 and 5 were coupled (12 was
found to be far superior to binaphthalene ligands in asymmetric
couplings employing Grignard reagents5b). The related ligand
13, in which a tertiary amine replaces the methoxide of 12, was
found to lead to the highest selectivity. With this ligand
2-methyl-1-1A-binaphthalene 8 could be synthesised in yields of
44–55% and ee’s of 52–63%. The dimethyl derivative 9 gave
the highest observed ee (85%) when boronate ester 7 was
employed.

Our results obtained for the asymmetric Suzuki coupling can
be compared to the nickel- and palladium-catalysed couplings
of Grignard reagents with naphthyl halides. In the nickel-
catalysed reaction, ligand 12 gives the highest ee and coupling
reactions using 13 were ineffective. The selectivity in this
reaction was suggested to arise through complexation of the
magnesium ion of the Grignard reagent to the oxygen

(methoxide) of the chiral ligand resulting in stereoselective
delivery of the organometallic and kinetic control. Such
complexation is not possible with a naphthylboronate so the
observed low ee is perhaps not surprising. The high ee obtained
with tertiary amine phosphine ligand 13 suggests that pre-
complexation is arising between nitrogen and boron prior to
transmetallation. Use of a bidentate phosphine ligand (14)
resulted in a decrease in the observed selectivity which is
similar to the results obtained with Grignard reagents.5

In summary, we have performed the first series of asym-
metric Suzuki cross-coupling reactions to prepare chiral
binaphthalenes with ee’s up to 85%. The reaction permits the
use of functional groups which are incompatible with Grignard
reagents (the organometallic component used in all previously
reported syntheses). The extension of this methodology to other
biaryl systems is ongoing in our laboratories.

Support for this work from the School of Chemical Sciences
(UEA) is gratefully acknowledged (K. V. L. C.).
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Table 2 Results from asymmetric Suzuki coupling.

Entry Halide Boronate Liganda Product Base Solvent Time, h eeb %, (yieldc %)

1 2 5 13 R-(2)-8 Ba(OH)2 DME–H2O 19 63 (44)
2 2 5 13 R-(2)-8 CsF DME 19 55 (44)
3 2 5 13 R-(2)-8 Ba(OH)2 Toluene–EtOH–H2O 19 52 (45)
4 2 5 10 S-(+)-8 Ba(OH)2 DME–H2O 19 25 (55)
5 2 5 10 S-(+)-8 CsF DME 19 21 (43)
6 2 5 10 S-(+)-8 Ba(OH)2 Toluene–EtOH–H2O 19 8 (47)
7 2 5 12 R-(2)-8 Ba(OH)2 DME–H2O 19 14 (74)
8 2 5 14 S-(+)-8 Ba(OH)2 DME–H2O 19 4 (73)
9 2 5 11 8 Ba(OH)2 DME–H2O 19 0 (9)

10 4 7 13 R-(2)-9 CsF DME 6 days 85 (50)
11 4 7 14 S-(+)-9 CsF DME 9 days 17 (13)
12 4 7 10 S-(+)-9 CsF DME 5 days 14 (21)
13 4 6 10 R-(2)-9 CsF DME 4 days 10 (17)
a Carried out with 1.1–2 eq. of boronic acid derivative in refluxing solvent using 3 mol% PdCl2/6 mol% monophosphine chiral ligand or 3 mol% PdCl2/
3 mol% bidentate chiral ligand. b ee’s were determined by optical rotation measurements5b,13. c Products isolated by column chromatography. To avoid
fractionation, recrystallisation was not performed.
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Incorporation of germanium into a zeolite framework allows
the synthesis of Ti-Ge-ITQ-7 without seeding in < 12 h,
instead of 12 days when seeding or > 40 days without
seeding for the Ge-free ITQ-7; the synthesis reported also
increases the efficiency of Ti incorporation and allows the
preparation of almost nanocrystaline Ti-ITQ-7 materials
with a corresponding beneficial effect on the final catalytic
activity.

The synthesis of zeolite containing framework transition metals
has opened new catalytic possibilities for the use of such
materials in the synthesis of chemicals and fine chemicals.1 This
is especially true for Ti zeolites, Ti-silicalite and Ti-beta being
good examples of stable materials which can catalyse epoxida-
tion of olefins, oxidation of alcohols, hydroxylation of phenol
and sulfoxidation of sulfurs containing species among other
reactions.2 The potential applications of Ti-zeolites have been
extended to bulkier reactants by the synthesis of mesoporous Ti-
MCM-413,4 and delaminated Ti-zeolite ITQ-6.5 The interest in
Ti-zeolites is still high, but while the incorporation of Ti has
been attempted in numerous structures very limited success has
been observed. Indeed, isomorphic substitution of Ti in the
framework of zeolites has been shown to occur in very few
cases,6–8 and in others9 the introduction of Ti in the synthesis
gel not only fails to lead to its incorporation in the final
structure, but in many cases the presence of Ti slows down, or
even prevents growth of the desired structure. This has also been
the case in a recent publication on the synthesis of Ti-ITQ-7,10

a zeolite with a three-directional system of large pore channels.
When the synthesis was attempted in the absence of seeds and
using a Si/Ti ratio of 30 in the synthesis gel, the crystallisation
did not proceed to completion and stopped when the crystal-
linity reached ca. 30%. On the other hand, in the presence of
seeds it was found that Ti-ITQ-7 grows much more slowly than
the analogous pure silica zeolite; furthermore the efficiency in
the incorporation of Ti is low and, also lower than that found for
Ti-beta zeolite. These results seem to indicate that the presence
of Ti slows the nucleation of ITQ-7 and can also severely affect
the zeolite growth. We have carried out a theoretical study using
ab initio methods with periodic systems on the effect of the
incorporation of Ge in the framework of zeolites viz-à-viz the
stabilisation of the Ti atoms in the framework structure.11 It was
found that substitution of Si atoms by Ge close to the Ti sites
results in a stabilisation of the system owing to the additional
framework flexibility provided by the less rigid GeO4 units,
similar to that occurring during the direct synthesis of Al-Ge-
ITQ-7 catalysts.12

On this basis, we have attempted the synthesis of Ti-ITQ-7 by
introducing Ge in the synthesis gel. Thus, a sample of Ti-Ge-
ITQ-7 was synthesised in the following manner: 0.63 g of GeO2
were dissolved in 34.31 g of a 0.97 M aqueous solution of
1,3,3-trimethyl-6-azoniumtricyclo[3.2.1.46,6]dodecane hydrox-
ide (SDAOH). Then, 0.61 g of tetraethylorthotitanate and 12.61
g of tetraethylorthosilicate (TEOS) were hydrolysed in the
above solution, and the reaction mixture was stirred until
complete elimination of ethanol and water, to reach the desired
gel composition. Finally, 1.38 g HF (48.1 wt% ) were added and
the mixture was transferred to a Teflon-lined stainless steel
autoclave and left to crystallise under static conditions at

150 °C. An analogous synthesis was carried out without adding
Ge to the synthesis gel. Different crystallisation times were
considered in order to obtain the kinetic curves for the
crystallisation of the zeolite (Fig. 1). The final compositions of
the gels were: 0.90 SiO2+0.10 GeO2+x TiO2+0.50
SDAOH+0.50 HF+3 H2O and SiO2+0.05 TiO2+0.50
SDAOH+0.50 HF+3 H2O, for the Ge and the Ge-free synthesis,
respectively. The solids were recovered by filtration, and after
exhaustive washing with distilled water, were dried at 100 °C,
overnight. In all the syntheses, the yields of the solids recovered,
in terms of oxides, were > 90% with respect to the initial gel
composition.

The XRD pattern (Fig. 2) of the Ti-Ge-ITQ-7 zeolite (sample
D) shows a shift of the diffraction peaks to higher d-values when
compared to the analogous Ti-ITQ-7 material (sample A) (i.e.
without Ge and having a similar TIV/Ti ratio in its composition)
which indicates that the unit cell volume expands upon Ge
incorporation in the zeolitic ITQ-7 framework. This result can
be taken as unambiguous proof of the effective isomorphous
substitution of Si by Ge in the Ti-Ge-ITQ-7 material.

It was found (see Fig. 1) that when Ge is introduced on the
synthesis gel, Ti-Ge-ITQ-7 is fully crystallised, even in the
absence of seeds, in only 12 h (crystallinity measured in terms
of the peak area between 2q = 20.15 and 23.65° and referred to
a sample arbitrarily assigned a value of 100%). Moreover, the
nucleation period is strongly reduced with respect to the Ge-free

Fig. 1 Crystallization curves for the synthesis of Ti-Ge-ITQ-7 (-) and Ti-
ITQ-7 with (8) and without seeds (2).

Fig. 2 XRD patterns of as-made samples: (a) Ti-ITQ-7 (sample A) and (b)
Ti-Ge-ITQ-7 (sample D).
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synthesis even if seeds were added to the synthesis gel. These
facts, important in themselves, are even more impressive by
considering that the efficiency of Ti incorporation is higher in
the presence of Ge (Table 1), and more specifically when NH4F
is used instead of HF. In this case, the efficiency of the Ti
incorporation is close to that found for Ti-beta zeolite. The high
incorporation of Ti in the zeolite framework can be inferred
from the UV–VIS band appearing at 220 nm (Fig. 3) which is
much more intense than that of the Ge-free Ti-ITQ-7 syn-
thesised by the previously reported procedure.10 The higher
intensity of the band is not due to the presence of Ge, since Ti-
free Ge-ITQ-7 does not absorb in this region of the UV-visible
spectrum (Fig. 3). Furthermore, anatase is not detected in the
sample synthesised in the presence of Ge, either by UV–VIS
(Fig. 3) or by Raman spectroscopy. By contrast some anatase
formation was observed for Ge-free Ti-ITQ-7 samples10 having
similar Ti content as Ti-Ge-ITQ-7 catalysts described here.

The more efficient incorporation of Ti in the synthesis with
Ge has an impact on the catalytic activity for the epoxidation of
a linear olefin (n-octene) which can diffuse easily in the pores of
ITQ-7 structure. The results presented in Table 2 show that a
higher activity is observed for the Ti-Ge-ITQ-7 sample (D).

It is important to point out that the fast nucleation rate
obtained in the presence of Ge produces much larger number of
nuclei, giving Ti-Ge-ITQ-7 samples with a much smaller
crystallite size ( < 0.1 mm) than ITQ-7 synthesised by the
previous method (1–2 mm).9 This has important catalytic
implications when reacting molecules diffuse slowly. Under
these circumstances, a zeolite with smaller crystallite size is

preferred in order to increase the number of Ti sites that can be
reached by the reactants. We have proven this here by carrying
out the epoxidation of dodec-1-ene with two Ti-ITQ-7 samples
with different crystallite sizes. As seen before,13,14 for Ti-
silicalite and Ti-beta zeolites, a decrease in conversion occurs
from oct-1-ene to dodec-1-ene owing to a decrease in the
diffusion rate upon increasing the length of the hydrocarbon
chain; this is also seen for Ti-ITQ-7. The results presented in
Table 2 clearly show the increased activity of the smaller
crystallites of Ti-Ge-ITQ-7 which results in a five fold increase
in the turnover number with respect to the conventional Ti-ITQ-
7 material.

In conclusion, we have found that it is possible to strongly
increase the rate of nucleation and/or crystallisation of Ti-ITQ-
7, to increase the efficiency of Ti incorporation in the
framework and to produce an almost nanocrystalline zeolite, by
introducing Ge to the ITQ-7 zeolite framework. All this has a
clear beneficial effect on the catalytic activity of the resultant
Ti-Ge-ITQ-7. It is remarkable that by a rigorous theoretical
study, it was possible to predict that the incorporation of Ge
should facilitate the synthesis of Ti-zeolites, as established here
for Ti-ITQ-7.

We acknowledge financial support from the CICYT of Spain
(Project MAT97-1016-C02-01).
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Table 1 Efficiency for Ti incorporation as a function of gel composition

% TO2 (solid)b

Sample Si/Ge F source
% TiO2

a

(gel) SiO2 GeO2 TiO2

% Ti
incorpor-
ated

Ac ∞ HF 6.64 98.86 — 1.14 17.2
B 10 HF 2.46 87.35 12.05 0.60 24.4
C 10 HF 5.01 85.67 12.93 1.40 28.0
Dc 10 NH4F 2.46 86.78 11.97 1.25 50.8
E 10 HF 0 87.65 12.35 0 —
a % TiO2 calculated as: TiO2 3 100/(SiO2 + GeO2 + TiO2). b Measured by
atomic absorption; % SiO2 is calculated as difference. c Samples used for
catalytic activity testing.

Fig. 3 Diffuse reflectance UV–VIS absorption spectra of calcined samples:
(a) Ti-ITQ-7 (sample A), (b) Ti-Ge-ITQ-7 (sample D) and (c) Ge-ITQ-7
(sample E).

Table 2 Catalytic activity of Ti-ITQ-7 for olefin epoxidationa

Olefin Sample Xolefin
b

Selectivity
to epoxide
(%)

Selectivity
to H2O2

(%) TONc

Oct-1-ene Ti-ITQ-7 (A) 14.9 98 55 27
Ti-Ge-ITQ-7 (D) 25.9 100 52 41

Dodec-1-ened Ti-ITQ-7 (A) 0.8 100 17 3
Ti-Ge-ITQ-7 (D) 4.8 100 43 16

a Reaction conditions: 16.5 mmol olefin; 11.8 g acetonitrile; 4.5 mmol H2O2

(slowly added); 200 mg of catalyst; 333 K, 3.5 h. b Conversion of olefin
(mol% referred to the maximum possible). c TON = mol olefin converted/
mol Ti. d 100 mg of catalyst.
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Effective oxidation of benzyl sulfide to the corresponding
sulfoxide in water was achieved by using amphiphilic a-
alkoxyalkyl hydroperoxide (a-AHP) in the presence of a
catalytic amount of MoO2(acac)2 under mild conditions.

Exploration of organic reactions in aqueous media is now
becoming important from the standpoint of environmentally
benign processes.1 One of the major problems in these
reactions, however, is the poor solubility of most organic
substrates in water. The application of micellar or vesicular
systems made from amphiphilic molecules to organic reactions
in water is an effective device to overcome this substantial
problem.2 For example, Jaeger et al. have studied in detail the
rate and/or regioselectivities of certain reactions, such as
monohalogenation of alkyl phenyl ethers or Diels–Alder
reactions, in specially designed micellar or vesicular systems.3
Kobayashi et al. have developed Lewis acid–surfactant com-
bined catalysts and have applied micellar systems made from
these functional surfactants to aldol or Mannich-type reactions.4
A number of other papers concerning organic reactions in
aqueous micellar systems have been published over the past
decade.5

For oxidation reactions in aqueous media, commercially
available 30–60% hydrogen peroxide has been used as an
oxidising reagent because its oxygen efficiency is excellent and
water is a resultant side product.6 tert-Butyl hydroperoxide
(TBHP) is another choice of reagent in aqueous media.7
Because these hydroperoxides are potentially hazardous com-
pounds, however, they must be handled with special care. With
this in mind, we developed a unique amphiphilic a-alkoxyalkyl
hydroperoxide (a-AHP) to act both as a micellar-forming
reagent to solubilise organic substrates and as an oxidising
reagent. The compounds designed for this work could be easily
prepared by ozonation of a-olefins in the presence of oligo-
(ethylene glycol)s† (Scheme 1).

Fundamental surface-active properties of 1 were as follows:
Tcp (cloud point at 1 wt%) = 40 °C; cmc = 3.1 3 1023 mol
dm23; gcmc (the surface tension at cmc, as an indication of the
effectiveness of adsorption at the air/water interface)8 = 30 mM
m21; pC20 (the efficiency of adsorption)8 = 3.7.‡ This cloud
point means that 1 is soluble in water at rt and forms micelles at
any concentration above its cmc. Compound 2 was additionally

synthesised as a reference because it was freely soluble in water
but showed no surface-active properties.

Differential thermal analyses (DTA/TG) of 1 and 2 were
carried out.§ Both compounds were stable up to about 100 °C
but gradually decomposed above that temperature. These results
indicate that this type of a-AHP is moderately thermostable.
Although careful treatment is still required, the a-AHP is easier
to handle than TBHP. The 1H and 13C NMR spectra of a 5 wt%
D2O solution of 1 did not change at all after the solution was
kept at 60 °C for 24 h.

Oxidation of benzyl sulfide was chosen to determine the
effectiveness of a-AHP as an oxidising reagent in aqueous
media. The reaction was run at rt and the reaction products were
directly monitored by HPLC.¶ The oxidation reaction in each
system was carried out at least three times to confirm its
reproducibility. The results are summarised in Table 1 along
with data for the same reaction conducted in dichloro-
methane.

It was confirmed that 1 certainly acted as an oxidising reagent
in the presence of MoO2(acac)2 catalyst9 under homogeneous
conditions in dichloromethane (entry 8). In an aqueous system,
too, 1 could oxidise water-insoluble benzyl sulfide very
effectively (entries 1 and 2). The reaction proceeded cleanly. In
no cases, were any compounds other than unreacted substrate,
unreacted a-AHP, benzyl sulfoxide, (benzyl sulfone), alkyl
aldehyde and tetra(ethylene glycol) detected in the reaction
mixture after 24 h. Aldehyde and tetra(ethylene glycol) were
fragements derived from the corresponding a-AHP through the
oxidation reaction. Addition of a catalytic amount of MoO2-
(acac)2 to the aqueous micellar system promoted the reaction. In
the presence of excess a-AHP, however, benzyl sulfone as well
as benzyl sulfoxide was formed in quantity (entry 4). In contrast
to the MoO2(acac)2 system, addition of VO(acac)2

9 caused no
acceleration of the reaction in aqueous media (entries 5 and 6).
The conversion of the substrate was only 16% when 2 was
employed as an oxidising reagent (entry 7). Compound 2 is
water-soluble but does not form micelles in water. Evidently, a

Scheme 1

Table 1 Oxidation of benzyl sulfide with a-AHP 1 or compound 2 at room
temperaturea

Entry
Oxidant/
mmol dm23 Systemb Metal-catalystc

Conver-
sion (%)

Molar ratio
sulfoxide+
sulfone

1 1 (10) A None 52 100+0
2 1 (20) A None 89 100+0
3 1 (10) A MoO2(acac)2 72 100+0
4 1 (20) A MoO2(acac)2 100 80+20
5 1 (10) A VO(acac)2 52 100+0
6 1 (20) A VO(acac)2 88 100+0
7 2 (10) A MoO2(acac)2 16 100+0
8 1 (10) B MoO2(acac)2 90 80+20
a In 10 mmol dm23 benzyl sulfide dispersion (or solution) of water (or
dichloromethane) (0.01 dm3) containing 10 or 20 mmol dm23 of oxidant, at
rt for 24 h. b A: in water and B: in dichloromethane. c Three mol% toward
benzyl sulfide.
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key feature of success in promotion of this oxidation in water is
the formation of micelles.

When the concentration of 1 in water was 10 mmol dm23, the
maximum conversion was only 72% (entry 3). It is surmised
that the oxygen atom transfer from 1 to benzyle sulfide results
in the formation of the corresponding hemiacetal, which in turn
is easily decomposed into non-surface-active nonanal and
tetra(ethylene glycol). Because the cmc of 1 is 3.1 mmol dm23,
most of the micelles will disappear at the final stage of the
reaction. This results in the loss of effective solubilisation of
substrate in the system. The appearance of insoluble solids in
the reaction system was actually observed after 18 h with the
naked eye. However, when using excess 1 (20 mmol dm23)
micelles were still present after 24 h, so that the conversion of
substrate in each system was higher than in the corresponding
system containing 10 mmol dm23 of 1.

The precise mechanism of these micellar oxidation systems
has not yet been established, but it seems reasonable to surmise
that benzyl sulfide solubilised within the a-AHP micelles will
be oxidised effectively by hydroperoxy groups of a-AHP,
which will exist in the vicinity of the solubilised site.

In summary, effective oxidation of benzyl sufide to the
corresponding sulfoxide (and sulfone) in water has been
achieved by using micellar a-AHP 1 in the presence of a
catalytic amount of MoO2(acac)2 under very mild conditions.
Studies on the preparation of a series of a-AHPs and their
application to other oxidation reactions in these micellar
systems are now in progress.

This work was supported by a Grant-in-Aid for Scientific
Research on Basic Research Area (12650835) from the Ministry
of Education, Science, Culture and Sports of Japan.
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(1.2 equiv.) at 278 °C. Then, the mixture was poured into aqueous NaHCO3

and was extracted with ether. After evaporation of the solvent, the crude
products were separated by column chromatography on silica gel. Elution
with ether–methanol (95+5, v/v) gave the target a-AHP as an oil. Selected
data for compound 1 (R = n-C8H17), dH(270 MHz; CDCl3) 0.88 (t, 3H),
1.15–1.45 (m, 12H), 1.60–1.85 (m, 2H), 3.1 (s, 1H), 3.52–3.90 (m, 16H),
4.84 (t, 1H), 10.66 (s, 1H); dC(67.5 MHz) 13.98, 22.53, 24.71, 29.07, 29.23,
29.32, 31.05, 31.71, 61.49, 65.12, 69.95, 70.02, 70.19, 70.42, 70.92, 72.38,
107.00 (Calc. for C17H36O7: C, 57.93; H, 10.30. Found: C, 58.12; H,
10.09%). For compound 2 (R = n-C4H9), similar NMR data were recorded
(Calc. for C13H28O7: C, 52.69; H, 9.52. Found: C, 52.39; H, 9.37%).

‡ Cmc, gcmc and pC20 values were obtained from a surface tension vs.
concentration (on a log scale) curve measured by the Wilhelmy method
(Kyowa CBVP-A3 model; platinum plate) at 20 °C.
§ DTA/TG measurements were performed in a stream of nitrogen at 2 °C
min21 of programming rate (Seiko DTA/TG30 model).
¶ Oxidation of benzyl sulfide in aqueous systems was conducted as follows:
to a stirred aqueous solution of a-AHP (0.01 dm3, 10 or 20 mmol dm23) in
a 0.05 dm3 sample vial equipped with a magnetic bar and a septum were
added benzyl sulfide (0.1 mmol) and metal catalyst (3 mol%). The reaction
mixture was stirred in dark at rt for 24 h. Then, acetonitrile (0.015 dm3) was
poured into the mixture and bromobenzene as an internal standard was
added to the solution. The resultant solution was injected directly into the
HPLC apparatus equipped with a TSKgel ODS-80Ts column (eluate:
water–acetonitrile = 2/3, flow rate: 8 3 1024 dm3 min21). From the
comparison with authentic samples, formation of nonanal (in the case of a-
AHP 1) or pentanal (in the case of compound 2), and tetra(ethylene glycol)
was confirmed in the reaction mixture.
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A new thermally stable oxo-bridged dinuclear nickel(III)
complex has been synthesised and its crystal structure
showed two nickel(III) ions with distorted square pyramidal
coordination geometry.

Complexes of Ni(III) are very significant for their participation
in the catalytic action of hydrogenases.1 Generally Ni(III)
complexes are obtained by electrochemical oxidation of the
corresponding Ni(II) species.2 Although many homo- and
hetero-metallic oxo-bridged complexes have been reported,3,4

there are a limited number of high valent metal oxo-species that
have been extensively characterised. Recently, structures of
doubly oxo bridged dinuclear nickel(III) complexes were
published.5,6 However, both these species are thermally unsta-
ble. Usually M–O–M type complexes, where M has a dn

electronic configuration with n > 5, are unstable due to the
presence of electrons in the higher level antibonding orbitals.7

We have synthesised and structurally characterised the stable
oxo-bridged nickel(III) complex [Ni(salen)]2O 1. The present

work provides the elemental analysis, X-ray structure analysis
and magnetic studies of the complex and the results show that
the two nickel ions in 3+ oxidation state are joined together by
a bridging oxo group to form the dinuclear unit (Fig. 1).

The [Ni(salen)] complex was synthesised as reported earlier.8
Pure oxygen gas was allowed to pass through a methanolic
solution of [Ni(salen)], containing a few drops of NEt3. On
standing overnight, deep red crystals were obtained from the
solution (yield 17%).† The crystals were thoroughly washed
and air dried and one single crystal was selected for X-ray
crystal structure analysis.‡

A perspective view of the molecule is shown in Fig. 1. As in
most oxo-bridged complexes,9 the Ni–O–Ni linkage is not
linear [146.32(16)°]. Both the nickel(III) ions are five coordinate
with distorted square pyramidal geometry. However, calcula-
tion of the geometrical factor t shows that the degree of
distortion in the two nickel centres is different [t for Ni(1) is
0.15, for Ni(2), 0.33]. However the apical Ni–O(5) distance is
1.790(2) Å for both Ni centres.

The Ni–O distances are shorter here than in the doubly-
bridged species [1.870(8), 1.841(7) Å]. The Ni–O distances
found in closely related aqua species6 are longer, typically by
0.1 Å and in the bridging hydroxo species,5 longer still, by 0.2
Å.

The mean Ni–O and Ni–N salen distances are substantially
longer [1.929(15) and 2.115(9) Å, respectively] than those

found in a survey on Ni(II) salen species using the Cambridge
Structural Database10 where the mean Ni–N distance was found
to be 1.858(32) Å and the mean Ni–O distance 1.849(15) Å. The
standard deviations quoted are those of the population.

The thermally stable complex decomposed at 41 °C. The
solid reflectance electronic spectrum of the complex exhibited
two intense absorption bands at 390 and 320 nm which are
assigned as salen-based bands, but there are no characteristic
absorption bands due to d–d transitions of the nickel ions. The
IR spectrum shows bands at 882 and 430 cm21 assigned as
nas(NiONi) and d(NiONi) respectively and there is no charac-
teristic band for n(OH). An electrochemical study of the
complex shows a reversible process (E1/2 = 1.05 V vs. SCE in
methanol). The spectroscopic and CV results strongly support
an oxo-bridged Ni(III) complex with square pyramidal geome-
try. The presence of strong donating groups in the Schiff base
ligand stabilises the nickel ion in the higher oxidation state.

The observed room temperature magnetic moment value for
1 is 6.16 mB, fairly close to the expected value of 5.5 mB for two
high spin d7 ions.

Financial assistance from UGC, CSIR and DST, New Delhi
is gratefully acknowledged. We also acknowledge the use of the
EPSRCs Chemical Database Service at Daresbury.

Notes and references
† Analytical results for 1. Found C, 57.9; H, 4.3; N, 8.3. calc. for
C32H28N4Ni2O5: C, 57.7; H, 4.2; N, 8.4%.
‡ Crystal data for 1, C32H28N4Ni2O5, Mw = 666, triclinic, space group P1̄,
a = 10.7370(14), b = 10.8370(14), c = 13.7620(14) Å, a = 67.040(11),
b = 85.710(10), g = 73.110(11)°, V = 1409.5(2) Å3, Z = 2, Dc = 1.569

Fig. 1 Perspective view of 1 with displacement ellipsoids drawn at the 50%
probability level. Selected distances (Å) and angles (°): Ni(2)–O(5)
1.790(2), Ni(2)–O(4) 1.918(2), Ni(2)–N(3) 2.108(3), Ni(2)–O(3) 1.949(2),
Ni(2)–N(4) 2.116(3), Ni(1)–O(1) 1.912(2), Ni(1)–O(2) 1.938(2), Ni(1)–
N(2) 2.130(3), Ni(1)–O(5) 1.790(2), Ni(1)–N(1) 2.108(3); O(2)–Ni(1)–
O(1) 148.46(11), O(1)–Ni(1)–N(2) 139.37(12), Ni(1)–O(5)–Ni(2)
146.32(16).
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Mg m23, m = 1.386 mm21, T = 160(2) K, Crystal size 0.28 3 0.48 3 0.30
mm, 4820 independent reflections 4820 (Rint = 0.0323), R1 = 0.0443, wR2

= 0.1296. A single crystal was mounted with vacuum grease on a glass fibre
and transferred to a Bruker AXS P4 diffractometer11 and data were
measured at 160 K, using an Oxford Cryosystems Cryostream. Solution and
refinement were performed using the SHELXTL12 suite of programs.

CCDC 182/1733. See http://www.rsc.org/suppdata/cc/b0/b004165n/ for
crystallographic files in .cif format.
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The first heptamethylcycloheptatrienyl (CHT*) complexes
[(h5-C7Me7)W(CO)3(NCR)][BF4] (R = Me, Et) and [(h5-
C7Me7)W(CO)3I] have been prepared from [(C7Me7)BF4].

In contrast to complexes with sterically demanding peralkylated
or perarylated cyclopentadienyl (h-C5R5) and arene (h-C6R6)
groups (R ≠ H),1 the corresponding cycloheptatrienyl com-
plexes, (h-C7R7)M, are unknown despite the fact that the
aromatic cycloheptatrienyl cations C7Me7

+ and C7Ph7
+ have

been known for decades.2,3 The molecular structures of C7Me7
+

and C7Ph7
+, however, have been determined only recently and

represent the first structurally characterized cycloheptatrienyl
cations with seven substituents to date.4,5 Attempts to coor-
dinate transition metals to the central seven-membered ring of
these persubstituted p-perimeters have not been succesful so
far.6

In continuation of our work on transition metal complexes
with novel cycloheptatrienyl ligands,7 we became interested in
the synthesis of salts containing the heptamethylcyclohepta-
trienyl cation, C7Me7

+, and in the use of these compounds as
ligands in organotransition metal chemistry. Thus, we have
recently reported an improved protocol for the synthesis of
heptamethylcycloheptatriene, C7Me7H, from hexamethylben-
zene together with the synthesis and structural characterization
of [(C7Me7)BF4] 1,4 which revealed a non-planar, boat-like
geometry of the seven-membered ring owing to steric conges-
tion caused by the seven methyl substituents. Consequently, we
had stated that this strong distortion might impede applications
of the C7Me7 ligand to the synthesis of organometallic
derivatives. In the meantime, however, we have observed that
coordination of this sterically demanding cation to transition
metal centers is surprisingly easy, and with this contribution, we
present the first transition metal complexes containing this
molecular cogwheel.

The reaction of tropylium salts with complexes of the type
fac-[M(CO)3(NCR)3] (M = Mo, W; R = Me, Et) can result in
the formation of cationic cycloheptatrienyl complexes [(h7-
C7R7)M(CO)3]+ by substitution of the three nitrile ligands,8,9

e.g. 1,2,4,6-tetramethylcycloheptatrienyl hexafluorophosphate
gives [(h7-1,2,4,6-C7Me4H3)W(CO)3][PF6] upon treatment
with fac-[W(CO)3(NCEt)3] in the presence of a catalytic
amount of ferricenium ion. This cationic tungsten complex

reacts further with halides to form neutrally charged complexes
[(h7-1,2,4,6-C7Me4H3)W(CO)2X] (X = Br, I),9 which agrees
with the reactivity observed for related cationic molybdenum
and tungsten tricarbonyl complexes.8,10

In view of the observations described above, the reaction of
[(C7Me7)BF4] 1 with fac-[W(CO)3(NCEt)3] appeared to be a
promising method for the preparation of the first CHT*
complex (CHT* = C7Me7).11 Hence, a thf–dichloromethane
solution of 1 was treated with an equimolar amount of the nitrile
complex in the presence of a catalytic quantity of [Cp2Fe][PF6].
After stirring for 2 h and evaporation of the solvents, the
intermediate product (presumably 2b, vide infra) was re-
dissolved in acetone, and a large excess of sodium iodide was
added (Scheme 1). Surpringly, no CO evolution could be
observed, which is inconsistent with the formation of a complex
[(h7-C7Me7)W(CO)2I], which we had expected arguing from
analogy with the 1,2,4,6-tetramethylcycloheptatrienyl system
(vide supra). Instead, a stable, purple–red crystalline solid could
easily be separated by column chromatography, of which the
spectroscopic characterization indicated a C7Me7 ring not
coordinated in a symmetric h7-fashion. Its 1H NMR spectrum
exhibits four different resonances for the methyl protons in a
6+6+6+3 ratio. Consistently, in the 13C NMR spectrum the
methyl and the ring carbon atoms give rise to four resonances
each, in addition to two signals for the carbonyl carbon atoms.†
These results together with the observation of three carbonyl
stretching frequencies in the IR spectrum suggest the formation
of [(h5-C7Me7)W(CO)3I] 3, in which the C7Me7 ligand is only
h5-coordinated (Scheme 1).

In order unambiguously to confirm this conclusion, the
molecular structure of 3 was established by X-ray diffraction
analysis.‡ The asymmetric unit contains two independent,
almost identical molecules, and the structure of molecule A is

Scheme 1
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shown in Fig. 1. The complex is almost Cs symmetric with the
pseudo mirror plane including I, W, C1, C15 and O1. The h5-
coordinated ring is strongly distorted from planarity and rather
adopts a boat conformation with its uncoordinated part strongly
bending back from the rest of the molecule.12 Furthermore, the
distance between the two uncoordinated carbon atoms [C4A–
C5A 1.312(10) Å, C4B–C5B 1.310(10) Å] clearly corresponds
to a C(sp2)–C(sp2) double bond, and hence the solid state
structure of 3 is best described as a pentadienyl complex as
shown in Scheme 1. In fact, the structural features compare well
with those of other complexes containing ‘true’ pentadienyl
(‘open Cp’)13 or related cycloheptadienyl ligands.14

Nevertheless, this h5-bonding mode is quite unique for a
cycloheptatrienyl ligand,15 and only very few examples have
been reported in the older literature16 in addition to proposed
intermediates containing an h5-cycloheptatrienyl ring.17 In
contrast, the h7–h3 hapticity interconversion in cyclohepta-
trienyl complexes has been studied in great detail.18 It appears
that the constrained geometry of the uncoordinated heptame-
thylcycloheptatrienyl cation4 accounts for the unusual reactivity
observed here as the C7Me7 ring tries to retain its boat
conformation.

In order to prove the intermediacy of 2b in the formation of
3 from 1, the iodine in 3 was removed by treatment of 3 with
[AgBF4] in acetonitrile solution. The IR and NMR spectro-
scopic characterization of the red crystalline compound reveals
that the h5-bound cycloheptatrienyl complex 2a must have
formed.† Even after one week in CD2Cl2 solution, the NMR
spectrum gave no indication for a h5–h7 hapticity inter-
conversion by intramolecular substitution of the coordinated
acetonitrile by the pendent double bond. Thus, a h7-C7Me7
complex still remains elusive.

With this contribution, we have demonstrated that h5-bound
heptamethylcycloheptatrienyl complexes are surprisingly stable
and easy to prepare. These are very promising candidates for
further reactions, e.g. for the preparation of bimetallic com-
plexes19 by specifically utilizing the pendant double bond for
the coordination of an additional metal center. Future work in
this area will also elucidate the possibility to prepare (h7-

C7Me7)M complexes which can be expected to be very reactive
due to the permethylated ligand being in an ‘entatic’ state.

Notes and references
† Spectroscopic data for 2a and 3; all resonances have been unambiguously
assigned by two-dimensional NMR spectroscopy (COSY experiments); for
the numbering, see Scheme 1.

2a: IR (CH2Cl2): ñ 2042, 2000, 1954 cm21 (CO). dH(600 MHz, CD2Cl2):
2.71 (s, 3H, CH3CN), 2.46 (s, 3H, 1-CH3), 2.41 (s, 6H, 2,7-CH3), 2.40 (s,
6H, 3,6-CH3), 1.46 (s, 6H, 4,5-CH3). dC(150 MHz, CD2Cl2): 212.7 (2 3
Mo–CO), 211.7 (1 3 Mo–CO), 137.0 (C-4,5), 134.0 (C-1), 132.4 (CN),
110.8 (C-2,7), 102.9 (C-3,6), 27.1 (3,6-CH3), 20.6 (2,7-CH3 + 1-CH3), 17.4
(4,5-CH3), 4.7 (CH3CN).

3: IR (CH2Cl2): ñ 2018, 1976, 1930 cm21 (CO). dH(600 MHz, CD2Cl2):
2.74 (s, 3H, 1-CH3), 2.25 (s, 6H, 3,6-CH3), 2.16 (s, 6H, 2,7-CH3), 1.41 (s,
6H, 4,5-CH3). dC(150 MHz, CD2Cl2): 213.8 (1 3 Mo–CO), 209.3 (2 3
Mo–CO), 135.1 (C-4,5), 131.4 (C-1), 106.0 (C-2,7), 97.0 (C-3,6), 26.5
(3,6-CH3), 22.0 (2,7-CH3), 21.0 (1-CH3), 17.3 (4,5-CH3).
‡ Crystal data for C17H21IO3W 3: M = 584.09, a = 7.515(1), b =
29.376(1), c = 16.328(1) Å, b = 90.13(1)°, V = 3604.6(5) Å3, m = 81.31
cm21, Z = 8, monoclinic, space group P21/n (no. 14), T = 198 K, 28135
reflections collected (±h, ±k, ±l), 8237 independent (Rint = 0.087) and 5361
observed reflections [I! 2s(I)], R = 0.044, wR2 = 0.064, two chemically
identical molecules with different conformation in the asymmetric unit.
CCDC 182/1735.
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Use of a palladium/copper alkyne cross-coupling strategy
provides access to three tris(thiophene-fused) dodecade-
hydro[18]annulenes, including examples of both highly
symmetrical C3h and unsymmetrical Cs structures.

We have been investigating dehydrobenzoannulenes with the
aim of exploring diverse properties such as liquid crystalline
behavior, solid state polymerization, and nonlinear optical
activity.1 Specifically, diacetylenic dehydrobenzoannulenes
(DBAs) and related phenylacetylene macrocycles2 have been
shown to be useful precursors for a variety of carbon-rich
polymeric systems, such as ladder polymers,3 molecular tubes4

and novel allotropes of carbon.5 Recently, we described a
simple yet versatile methodology for the preparation of site-
specifically functionalized DBAs.6 By applying a stepwise
synthetic route, we were able to introduce donor and/or acceptor
functional groups on the phenyl rings in a discrete manner,
thereby permitting a detailed structure–property relationship
study of this class of macrocycles and thus making advances
toward molecular engineering.7 In the course of further refining
the design for our target annulenes, we planned to introduce
thiophene rings in place of the phenyl moieties in the DBA
skeleton. The choice of thiophene in our annulenes was inspired
by factors such as the chemical and electrochemical polymer-
izability of thiophene, environmental stability of macrocycles
containing thiophene, the ability to form two-dimensional p-
systems useful for electronics and photonics, and interaction
among the individual macrocycles due to the lone pairs present
in the sulfur of thiophene rings.8 Herein we report the
preparation of three diacetylenic dehydrothieno[18]annulenes
(1–3, DTAs), including the synthesis of 2 and 3 which possess
unsymmetrical topologies.

Compounds 1–3 represent three of the seven possible
regioisomers resulting from thiophene fusion to the [18]annu-
lene core.9 Other routes to thienoannulenes have relied on
metal-mediated intermolecular couplings.10 By virtue of the
structure of the starting materials, only Cnh- and Dnh-symmetric
macrocycles are produced. In order to probe the structure–
property relationships among the various structural isomers, it is
necessary to introduce the thiophene moieties in a stepwise
manner to produce DTAs possessing lower symmetries (Cs), i.e.
2 and 3.11

The synthesis of 1, which illustrates the stepwise technique
for DTA assembly, was accomplished as shown in Scheme 1.
Sequential Sonogashira cross-coupling of 2-bromo-3-iodothio-
phene (4)12 with 1-(trimethylsilyl)buta-1,3-diyne and (triisopro-
pylsilyl)ethyne, respectively, gave triyne 5 in 31% yield. In situ
protiodesilylation of 5 followed by Pd-catalyzed coupling13

with an equimolar amount 3-bromo-2-iodothiophene12 fur-
nished bis-thiophene 6 as the major product in 40% yield.
Attachment of triyne 7, obtained in a reaction sequence similar
to regioisomeric triyne 5 starting instead with 3-bromo-
2-iodothiophene, provided the a,w-bis-protected polyyne 8.
Removal of the TIPS groups with Bu4NF in THF–EtOH and
subsequent cyclization using CuCl–Cu(OAc)2 in pyridine
afforded 1† in 50% yield. In an analogous manner, 2† was
prepared from 4 and two equivalents of triyne 5, 3† from 4 and
two equivalents of the 3,4-regioisomeric triyne.11

In 1 and 2, the thiophene moieties are fused at the
2,3-positions to the [18]annulene core, the sole difference
between the macrocycles being the reversal of one thiophene
ring. Therefore, the overall p-conjugation of 2 is expected to be
similar to that of 1. In 3, two of the thiophene rings are fused to
the macrocycle through the 3,4-positions. The C3–C4 bond in a
thiophene ring is known to have less double bond character than
the C2–C3 bond.14 As a consequence, the overall conjugation of
annulene 3 is expected to be lower than that in 1 or 2. These
arguments are supported by the electronic absorption spectra for

Scheme 1 Reagents and conditions: i, 1-(trimethylsilyl)buta-1,3-diyne,
PdCl2(PPh3)2, CuI, Et3N, rt; ii, (triisopropylsilyl)ethyne, PdCl2(PPh3)2,
CuI, Et3N, 120 °C; iii, 3-bromo-2-iodothiophene, aq. KOH, PdCl2(PPh3)2,
CuI, Et3N, 60 °C; iv, 7, aq. KOH, PdCl2(PPh3)2, CuI, Et3N, 60 °C; v,
Bu4NF, EtOH, rt; vi, CuCl, Cu(OAc)2, pyridine, O2, 60 °C.
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1–3 (Fig. 1). Quite expectedly, the spectra for 1 and 2 are
essentially identical. Both molecules have lmax at 428 nm;
however, lmax for 3 (401 nm) is significantly blue-shifted
compared to 1 and 2, thus indicating a lesser overall conjugation
in 3, as discussed above.

The thermal properties of 1–3 were studied using DSC and
TGA scans. The macrocycles do not melt upon heating; instead,
when heated above 150 °C, they are transformed into shiny
black solids that are completely insoluble in common organic
solvents. For example, DSC analysis of 1 showed a sharp
exotherm at 168 °C. The TGA scan for 1 showed almost no
weight loss ( < 5%) at the temperature range corresponding to
the DSC exotherm. Therefore, the exotherm is most likely
attributable to a polymerization reaction occurring in the solid
state. Investigations to probe the polymerization reaction and
the resultant products are in progress.

In summary, we have developed a versatile route for the
synthesis of dehydrothieno[18]annulenes, including both sym-
metrically and unsymmetrically fused systems. A detailed
structure–property relationship study of this class of macro-
cycles is currently underway.

We thank the National Science Foundation and the Camille
and Henry Dreyfus Foundation for support of this work.
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The permanganate oxidation of several readily accessible
1,5,9-trienes occurs regioselectively to provide very short
diastereoselective routes to substituted octahydro-2,2A-bifur-
anyl systems.

Substituted tetrahydrofurans constitute important structural and
functional sub-units of a variety of biologically active natural
products including the polyether antibiotics and annonaceous
acetogenins.1,2 An attractive approach to the synthesis of cis-
2,5-disubstituted tetrahydrofurans is the permanganate-pro-
moted oxidative cyclisation of 1,5-dienes,3–5 and there have
been several elegant applications of oxidative cyclisation in the
synthesis of polyether antibiotic fragments.4,6,7 Unfortunately,
modest yields and the non-availability of suitably functionalised
isomerically pure 1,5-dienes have restricted more widespread
application of oxidative cyclisation in natural product synthesis.
Other metal oxo species have also been reported to effect
oxidative cyclisation of 1,5-dienes,8,9 although no overall
advantage over the permanganate-promoted process is evident.
Herein we report short diastereoselective syntheses of cis-
2,5-disubstituted tetrahydrofuran-containing fragments that are
suitably functionalised to permit further elaboration.

By exploiting the different reactivity of different types of
olefin, regioselective oxidative cyclisation of certain 1,5,9-tri-
enes can be achieved to provide rapid access to useful
tetrahydrofuran building blocks. For example, oxidation of
methyl (E,E)-farnesoate (2), obtained in 2 steps from (E,E)-
farnesol (1),10 by potassium permanganate in buffered aqueous
acetone provides lactol 3 as an approximately 6+1 mixture of
epimers (Scheme 1).11 The formation of 3 can be explained by
kinetically controlled attack at the CNC bond of the a,b-
unsaturated ester,12 leading to an intermediate hypomanganate
diester 5, which underwent extremely rapid oxidation to a
manganate diester and cyclisation in line with the mechanism
proposed by Baldwin (Scheme 2).13 Independent oxidation of
the remaining double bond present in 6 by permanganate
afforded the observed product 3. Lead tetraacetate cleavage of
the vicinal diol completed the synthesis of the lactone 4 in an
overall yield of 23% and in 4 steps from a commercial starting
material.

The scope of the triene oxidation is increased by the
availability of other double bond isomers of ethyl farnesoate,
which can be prepared conveniently using methodology
developed by Weiler.14 For example, the dianion of ethyl
acetoacetate was alkylated with neryl chloride (7) to afford b-
ketoester 8 (Scheme 3), which underwent stereoselective
conversion to the corresponding (Z)-enolphosphate. Treatment
of the enolphosphate with lithium dimethylcuprate† gave the
desired triene 9 as a single isomer‡ in good overall yield.
Permanganate oxidation of ethyl (2E,6Z)-farnesoate (9) under
the usual conditions provided an epimeric mixture of lactols,
which was cleanly converted to a single diastereomeric lactone
10 upon brief exposure to lead tetraacetate. In principle, all four
possible diastereoisomers of lactones 4 and 10 could be
prepared from geraniol or nerol using this approach.15

Our interest in the synthesis of annonaceous acetogenins such
as Asiminenin A led us to consider use of the triene oxidation to
generate a suitable lactone precursor 12 (Scheme 4). The
requisite triene 11 was synthesised following a route described
by Hoye.16 Oxidation of 11 with potassium permanganate
afforded an apparently complex mixture of products, from
which compounds 13 (9%), 14 (23%) and unexpectedly 12

Scheme 1 Reagents and conditions: i, MnO2, hexane; ii, MnO4, KCN,
AcOH, MeOH; iii, KMnO4, AcOH, acetone, acetate buffer (pH 6.5); iv,
Pb(OAc)4, Na2CO3, CH2Cl2.

Scheme 2

Scheme 3 Reagents and conditions: i, ethyl acetoacetate, NaH (1 eq.), n-
BuLi (1 eq.); ii, LiHMDS, (EtO)2POCl; iii, Me2CuLi, Et2O; iv, KMnO4,
AcOH, acetone, phosphate buffer (pH 6.2); v, Pb(OAc)4, Na2CO3,
CH2Cl2.
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(10%) were identified. Rigorous assignment of the proton NMR
spectra of the major component 14 was complicated by the
presence of a number of isomers. Further indirect evidence for
the structure of 14 came from its oxidative cleavage to yield the
desired lactone 12 using sodium metaperiodate. Alternatively,
the crude reaction mixture obtained from the permanganate
oxidation of 11 could be treated with sodium metaperiodate to
afford the lactone 12 in 32% yield over the two steps. The cis-
relationship of the side chains on the tetrahydrofuran ring was
confirmed by means of NOE experiments.

In summary, we have presented a very short diastereo-
selective synthesis of potentially useful tetrahydrofuran-con-
taining fragments from readily accessible 1,5,9-trienes. The use
of a chiral auxiliary in the oxidative cyclisations would provide
the corresponding optically enriched tetrahydrofurans.6,7 Future
work will focus on the application of the oxidative cyclisation in
the synthesis of the annonaceous acetogenin natural products
and synthetic ionophores.

We wish to thank the Royal Society for a University Research
Fellowship (R. C. D. B.), the EPSRC for MRes and PhD
studentships (A. K. and J. K.), Pfizer Ltd. for a consumables

grant and Mrs Joan Street and Mr Neil Wells for performing
NMR experiments. We also wish to acknowledge the use of the
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A practical synthetic route for the preparation of forskolin
intermediate 20 is described. Previously reported lactone 3
was converted to 20 through intermediate 16. The main
feature of this work lies in the formation and the cleavage of
a tetracyclic intermediate for the stereochemical control in
the formation of the tricyclic core of forskolin.

Forskolin 1,1 a labdane diterpene isolated from the roots of the
Indian plant Coleus forskolii, has emerged as a highly attractive
target for total2 and partial3 synthetic investigations. Besides the
challenging structure of this natural product, its biological and
therapeutic potential, mainly in the cardiovascular area,4 has
encouraged the efforts of numerous synthetic chemistry groups
all over the world.

However, despite the diversity of the synthetic schemes used
in the early steps of these studies, most of them have
emphasized the so called ‘Ziegler intermediate’, 2 (Scheme 1),
as the most versatile synthon for further synthetic strategies
aimed at the formation of the tetrahydropyran ring of the target
molecule.5

In preceding work, we designed several synthetic approaches
toward the fully functionalized decalinic system of forskolin (A/
B bicycle). Our approaches were mainly based either on the use
of pericyclic reactions6 or on the transformation of lactone 3,7
available in enantiomeric pure form.8 This later methodology
led to a highly efficient synthesis of the ‘Ziegler inter-
mediate’.9

The main original feature of this synthesis relies on the
stereochemical control of the ring junction of the bicycle A/B
through the formation, in the earlier steps of the synthetic
scheme, of an intramolecular ketal 4 of the carbonyl group at C-
11. This ketal links C-11 to C-1 and C-5 through an oxygen
atom (Scheme 1). A base induced rearrangement of the
tetracyclic system of 4 with fragmentation of the tetra-
hydrofuran ring produced the a-hydroxyketone 5 with complete
stereocontrol of the asymetric centers C-1, C-5, C-9 and C-10
under thermodynamic conditions.

In order to design a more straightforward route to forskolin,
we have investigated the possibility of formation of the
tetrahydropyran ring C of 1 in an early stage of the synthesis,
through introduction of the three missing carbon atoms as an
allyl residue at the beginning of the synthetic sequence.

Lactone 3 was first submitted to the previously described
regioselective epoxidation procedure (MCPBA, CH2Cl2, 92%)
to produce known epoxide 6.9a Then the Grignard addition of
allylmagnesium bromide stereoselectively produced hemiketal
7, having the three required carbons. Hemiketal 7 was in turn
converted into tetracyclic ketal 8 upon treatment with silica gel
under sonication (Scheme 2, 86% from 6) using our previously
reported strategy.9

Epoxidation of both double bonds was then performed in a
one-pot procedure using an excess of peracid; diepoxide 9a,b
was obtained in 76% yield (MCPBA, 4 eq., CH2Cl2, rt) as a
mixture (1+1) of epimers at C-13. Then, reduction of 9 by
lithium aluminium hydride led in high yield to the reductive
opening of the more reactive 13,14-epoxide, while the basicity
of the reaction conditions allowed a Payne-like rearrangement
of the 8-hydroxy-6,7-epoxide and gave 6a-alcohol 10a,b.

The key step in this sequence of reactions was the acid
catalyzed formation of the tetrahydropyran ring C of the target
molecule (camphorsulfonic acid, CH2Cl2, 210 °C, 90%),
which resulted in a stereoselective inversion of the configura-
tion at C-8 (Scheme 2), leading to the pentacyclic diols 11a†
and 11b which can be separated by careful chromatography.
The following steps were thus performed on both epimers
separately. The two equatorial hydroxy groups at C-6 and C-7
were easily differentiated according to their steric hindrance:
etherification with one eq. of chlorotriethylsilane (imidazole,
DMF, 95%) yielded the formation of the mono-silyl ether at C-7
12a and 12b. Then, 13a and 13b were synthesized through
oxidation with Dess–Martin’s periodinane (CH2Cl2, rt). There-
after, extensive experimental investigations using various
reaction conditions allowed the emergence of samarium(II)
iodide as the best reducing agent to perform the desired
cleavage of the C–O bond at C-5, thus leading to the formation
of hemiketals 14a and 14b in 70% yield [5 eq. SmI2, THF–
MeOH (50+1) 13 mM, 290 °C, hydrolysis and extraction
performed at pH 7.4, phosphate buffer].

At this stage of the synthesis, the synthetic aim was to reduce
the carbonyl group at C-6 and to cleave the C-11 carbonyl ketal
in order to complete the functional elaboration of ring C of
forskolin.

Treatment with hydrofluoric acid in acetonitrile of isomer
14a cleanly gave the expected free alcohol 15 while isomer 14b,
under similar conditions, produced enol ether 16 in quantitative
yield.

Taking advantage of this unexpected dehydration, we
completed this approach by reduction of the carbonyl at C-6
(LiAlH4, Et2O, 265 °C, 85%) to give 17 with the correct diol
configurations (Scheme 3). Thereafter, treatment of enol ether
17 with phenylselanyl chloride at low temperature resulted in
addition of the phenylselenenyl group at C-12,10 without
cleaving the enol ether. This reaction was assumed to proceed
through a two step procedure, consisting of the electrophilic
addition of the phenylselanyl moiety, followed by hydrochloric
acid elimination. Then, oxidation of the selenium and elimina-
tion of the resulting selenoxide under basic conditions led to the
formation of the desired dehydro-g-pyrone 20.11 Compound 20
is also the result of a two step reaction, involving hydroxideScheme 1
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addition to the activated enol followed by phenylselenenic acid
elimination.

In summary, we have developed a practical, stereoselective
synthetic route to analogs of 9-deoxyforskolin and forskolin 1,
taking account of the previous reports dedicated to the
introduction of the vinyl group at C-13 as a cuprate,2c and of the
hydroxy group at C-9.12
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An asymmetric intramolecular Michael–aldol reaction of a
Cs symmetric ketone using chiral amine and silyl triflate is
described as a new methodology of chiral induction;
nonracemic tricyclic cyclobutanes were obtained from a
4-substituted cyclohexanone in high yields with moderate
enantioselectivities in one step.

Carbon–carbon bond-forming reactions are among the most
fundamental and important methodologies in organic trans-
formations, and many of them have been focused and elaborated
to give asymmetric products. Recently, the asymmetric C–C
bond formations induced by the desymmetrization of Cs
symmetric compounds have emerged as a powerful strategy for
asymmetric synthesis.1 For example, an asymmetric deprotona-
tion of the prochiral ketones, followed by C–C bond formation
(alkylation, aldol reaction, Michael reaction, etc.), can afford
useful chiral intermediates.2,3 Simpkins and Koga have elabo-
rated the excellent desymmetrization process of Cs symmetric
ketones by the use of chiral lithium amide bases to give
enantiomerically enriched enolate equivalents with excellent
enantioselectivities.2–4

We have established the intramolecular Michael–aldol reac-
tion as a new and efficient methodology to build polycyclic
cyclobutanes.5 The reaction of a Cs symmetric substrate, such as
2, could form two bonds and five stereogenic centers with high
stereoselectivity in a single operation. However, the use of
lithium amides resulted in the termination of the reaction at the
mono-Michael addition stage.5b The cascade reaction pro-
ceeded only under silyl triflate–amine, silyl iodide–hexa-
methyldisilazane (HMDS), or boron triflate–HMDS conditions.
Simchen has shown that enol silylation using triethylamine in
the presence of TMSOTf proceeds through the coordination of
silyl ammonium complex 1 to carbonyl oxygen followed by
deprotonation and silylation (Scheme 1).6 Based on this
mechanism, a chiral amine reagent in the presence of silyl
triflate could be envisaged to effect an asymmetric induction in
the Michael–aldol reaction. We herein report an enantio-
selective intramolecular Michael–aldol reaction of a prochiral
substrate via asymmetric enol silylation as a new method of
chiral induction.

We first examined suitable conditions for the intramolecular
Michael–aldol reaction of 2 (Scheme 2). It was observed that
more than 3 equiv. of amine and silyl triflate at temperatures
higher than 230 °C were required for the production of 3 in
high yield, whereas the use of 1.2 equiv. of the reagents gave the
enol ether 4 quantitatively at 278 °C. The Michael–aldol
reaction was typically performed as follows. To a solution of 2

(0.26 mmol) in CH2Cl2 was added chiral amine (0.83 mmol) at
room temperature. This solution was then cooled to 278 °C and
silyl triflate (0.78 mol, 278 °C) was added dropwise. The whole
was stirred for several hours at 278 °C, and further stirring was
continued at 230 °C or at rt.7 After the usual work up, the
product 3 was purified by column chromatography (silica gel).
The enantiomeric excess of 3 was determined, after its
transformation into 5, by HPLC analysis using a chiral column.8
The asymmetric reaction using a variety of silyl Lewis acids
with bis[(R)-1-phenylethyl]amine (BPEA) was investigated
(Table 1). The reaction with TMSOTf afforded (2)-3a with
23% ee (run 1). Although no significant improvement was
observed in the reaction with TMSI instead of triflate (run 2),
the enantioselectivities were increased by the use of bulky silyl
triflates such as TESOTf and TBDMSOTf (runs 3 and 4).
However, the reaction with the bulkier triflate, TIPSOTf,
furnished no Michael–aldol adduct 3d but only the silyl enol
ether 4d (run 5). On the basis of the above observation, the
following studies were carried out using TBDMSOTf as the
silyl Lewis acid.

Results using various chiral amines under standard condi-
tions are shown in Table 2. With bis[(R)-1-(1-naphthyl)ethyl]-

Scheme 1

Scheme 2

Table 1 Effect of silyl Lewis acids to the Michael–aldol reaction of 2 in the
presence of (R)-BPEAa

Run Reagent Product Yield (%) ee (%)b Yield of 4 (%)

1 TMSOTf (2)-3a 58 23 6
2 TMSI (2)-3a 39 24 Not isolated
3 TESOTf (2)-3b 31 28 46
4 TBDMSOTf (2)-3c 89 31 Trace
5 TIPSOTf 3d 0 — 73
a Reactions were carried out at 278 to 230 °C. b All enantiomeric excesses
were determined, after transformation into 5, through chiral HPLC analysis
using a Chiracel OJ column.
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amine (BNEA) as chiral amine, (2)-3c and (2)-4c were
obtained in 88 and 12% yield with 36 and 35% ee, respectively
(run 4). Reactions in the presence of other amines, such as N-
methylbis[(R)-1-phenylethyl]amine (MPEA), 3-pentyl-(S)-
1-phenylethylamine (PPEA)3a and (2)-sparteine, afforded less
than 10% ee of 3c (runs 2, 3 and 5). The effect of temperature
was as expected; higher enantioselectivities were observed at
lower temperature (see runs 1, 6 and 8). The reaction, carried
out at 290 °C to rt, resulted in 42% ee of 3c (run 8). Note,
quenching the reaction at 278 °C produced only the silyl enol
ether 4c having 31% ee (run 7).

The absolute configuration of (2)-3c was determined by
circular dichroism of bicyclo[3.2.1]octanone 6 (24% ee; [q] =
+708, l = 296 nm), which was obtained by treatment of (2)-3c
(24% ee) with hydrogen fluoride–pyridine complex. The
application of the octant rule9 suggested (R)-configuration at the
asterisked carbon of 6. Accordingly, (2)-3c has a (1S,2R,3S,
6R,8R)-tricyclo[4.2.1.03,8]nonane structure.

Some possibilities can be considered for the asymmetric
induction of the above reaction. One is the desymmetrization of
Cs symmetric substrate 1 by means of enantioselective enol
silylation. Another possibility is that kinetic resolution is
involved in the Michael–aldol reaction of silyl enol ether 4.
However the latter induction process could be ruled out by the
observation that the treatment of isolated racemic 4c with

TBDMSOTf in the presence of (R)-BPEA at 278 °C to rt
furnished only the racemate of 3c. Hence, the asymmetric
induction of the reaction occurs in the enol silylation step. To
our knowledge this is the first demonstration of asymmetric
enol silylation without the use of amide base.10 The asymmetric
intramolecular Michael–aldol reaction subsequently proceeds
under the same conditions. It is worth noting that we have
demonstrated the direct asymmetric C–C bond-forming reac-
tion of a Cs ketone in a single operation, omitting the isolation
of an enolate equivalent, to give a nonracemic tricyclo-
[4.2.1.03,8]nonane compound. Further studies on the develop-
ment and the application of this asymmetric process are in
progress.

This work was partly supported by a Grants-in-Aid for
Research on Priority Areas (Nos. 11119206 and 11147202)
from the Ministry of Education, Science, Sports and Culture,
Japan.

Notes and references
1 For reviews, see: H.-J. Gais, in Houben–Weyl, Stereoselective Synthesis,

ed. G. Helmchen, R. W. Hoffmann, J. Mulzer and E. Schaumann,
Thieme, Stuttgart, 1996, vol. 1, pp. 589–644; R. S. Ward, Chem. Soc.
Rev., 1990, 19, 1.

2 For a review, see: P. O’Brien, J. Chem. Soc., Perkin Trans. 1, 1998,
1439.

3 (a) H. Izawa, R. Shirai, H. Kawasaki, H.-D. Kim and K. Koga,
Tetrahedron Lett., 1989, 30, 7221; (b) J. E. Krops and S. M. Weinreb,
Chem. Commun., 1998, 2357.

4 For reviews, see: N. S. Simpkins, Tetrahedron: Asymmetry, 1991, 2, 1;
K. Koga and M. Shindo, J. Synth. Org. Chem. Jpn., 1995, 53, 1021.

5 (a) M. Ihara, M. Ohnishi, M. Takano, K. Makita, N. Taniguchi and K.
Fukumoto, J. Am. Chem. Soc., 1992, 114, 4408; (b) M. Ihara, T.
Taniguchi, K. Makita, M. Takano, M. Ohnishi, N. Taniguchi, K.
Fukumoto and C. Kabuto, J. Am. Chem. Soc., 1993, 115, 8107; (c) M.
Ihara, T. Taniguchi, M. Yamada, Y. Tokunaga and K. Fukumoto,
Tetrahedron Lett., 1995, 36, 8071; (d) K. Takasu, M. Ueno and M.
Ihara, Tetrahedron Lett., 2000, 41, 2145.

6 H. Emde, A. Götz, K. Hofmann and G. Simchen, Liebigs Ann. Chem.,
1981, 1643.

7 We found that 4a was racemized at temperatures higher than 230 °C
under the Michael–aldol conditions, but 4b–c were not racemized even
at room temperature. Consequently, the asymmetric Michael–aldol
reaction with TMSX had to be carried out at 278 to 230 °C.

8 5 was obtained from 3 in 3 steps. That is, the reduction of 3 by DIBAL-
H, followed by desilylation and acylation with benzoyl chloride, gave
the benzoate 5.

9 The determination of the absolute configuration of some substituted
bicyclo[3.2.1]octan-2-ones by means of circular dichroism was re-
ported, see: W. Klyne, Tetrahedron, 1961, 13, 29.

10 A few methodologies for asymmetric enolization without amide bases
were reported. For asymmetric enol borination; D. E. Ward and W.-L.
Lu, J. Am. Chem. Soc., 1998, 120, 1098. For asymmetric enol
esterification; A. J. Carnell, J. Barkley and A. Singh, Tetrahedron Lett.,
1997, 38, 7781.

Table 2 Asymmetric Michael–aldol reactions using chiral amine and
TBDMSOTf

Yield (%) ee (%)

Chiral amine Temp./°C 3c 4c 3ca 4cb,c

1 (R)-BPEA 278 to rt 85 14 32 nd
2 (R)-MPEA 278 to rt 82 11 7 nd
3 (S)-PPEA 278 to rt 87 8 8d nd
4 (R)-BNEA 278 to rt 88 12 36 35
5 (2)-sparteine 278 to rt 77 9 8 nd
6 (R)-BPEA rt 75 8 12 nd
7 (R)-BPEA 278 0 88 — 31
8 (R)-BPEA 290 to rt 85 13 42 nd
a All enantiomeric excesses were determined, after transformation into 5,
through chiral HPLC analysis using a Chiralcel OJ column. b Ees were
determined in the same manner as 3c, after conversion into (2)-3c by the
treatment of (2)-4c with TBDMSOTf in the presence of NEt3 at rt. c ‘nd’
means ‘not determined’. d (+)-3c was obtained.

1740 Chem. Commun., 2000, 1739–1740



Construction of a-helical peptide dendrimers conjugated with multi-
metalloporphyrins: photoinduced electron transfer on dendrimer architecture

Muneyoshi Sakamoto, Akihiko Ueno and Hisakazu Mihara*

Department of Bioengineering, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology,
Nagatsuta, Yokohama 226-8501, Japan. E-mail: hmihara@bio.titech.ac.jp

Received (in Cambridge, UK) 11th May 2000, Accepted 31st July 2000
First published as an Advance Article on the web 25th August 2000

Noncovalent assembly of ZnII–mesoporphyrin IX was ac-
complished by coordination to a-helical peptides (4–64
segments) based on polyamideamine dendrimer; the electron
transfer functions were expressed more effectively with the
growth of the dendrimer generation.

Assemblies of peptides or functional groups perform a sig-
nificant role in nature, displaying highly efficient functions
including energy transfer and electron transfer. For example, in
photosynthetic bacteria, light-harvesting complexes (LH),1 in
which many bacteriochlorophylls are assembled and oriented
with a-helix peptides, absorb light energy, and delocalize and
transfer the energy to the reaction center where charge
separation occurs. The development of an artificial system with
native-like properties but without the complexity of the natural
components, has been attempted using de novo designed
peptides.2,3 On the other hand, dendrimers have also attracted
much attention in the field of polymer chemistry.4–8 Some
dendrimers have been investigated for electron transfer6 and
energy transfer7 functions because of their morphological
similarities to LH. Using dendrimers as templates in the de novo
design proteins, the peptide assembly conditions and function-
alization may be controlled precisely. In this study, designed
amphiphilic a-helix peptides (4, 8, 16, 32 and 64 segments)
were introduced at the end groups of polyamideamine den-
drimers (PAMAMs)4 (Fig. 1). ZnII–Mesoporphyrin (Zn-MP)
was coordinated between the 2a-helix peptides3 to accomplish
a multi-Zn-MP array so that electron transfer properties were
expressed more effectively with the growth of the dendrimer
generation.

Synthesis of peptide dendrimers was performed by a domain
ligation strategy.8 The 20-residual peptide (R-HL4) was
designed to take an amphiphilic a-helical structure, which was
stabilized by four sets of Glu–Lys salt bridges. As an axial
ligand of metalloporphyrin, His was introduced to deploy a

porphyrin parallel to the helix axis. Four Leu residues per a-
helix were arranged to construct a hydrophobic pocket as a
porphyrin-binding site.3 Cys was used at the N-terminus of the
peptide to ligate to the outer termini of the template dendrimer
through the thioether linkage. Arg was introduced at the C-
terminus of the peptide to form an electrostatic field at the outer
shell of the peptide dendrimers. R-HL4 was synthesized by the
solid-phase method using Fmoc-strategy and purified with
reversed-phase (RP) HPLC. The peptide was identified by
matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS).9 To conjugate the peptide
with PAMAM [Starburst Dendrimer, G0, G1, G2, G3 and G4,
from Aldrich], the chloroacetyl group was introduced at each
amino terminal group of PAMAM, by treatment with N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline10 and chloroac-
etic acid in MeOH. Perchloroacetylated (n-ClAc) PAMAMs
were purified by size exclusion chromatography (SEC, Sepha-
dex LH-60–MeOH) and RP-HPLC, and identified by MALDI-
TOFMS.11 R-HL4 and n-ClAc-PAMAM were combined by the
ligation reaction12 between the thiol side chain of Cys in R-HL4
and the chloroacetyl group of n-ClAc-PAMAM. The peptide
dendrimers, n-(R-HL4)PAMAMs, were purified by SEC (Se-
phadex G-50–30% AcOH) and RP-HPLC, and identified by
MALDI-TOFMS13 or ultracentrifugation.14

Circular dichroism (CD) study revealed that n-(R-HL4)PA-
MAM, (n = 4, 8, 16, 32 and 64) showed a typical a-helical
pattern in pH 7.4 buffer. The a-helicity15 of the peptides in the
dendrimers was estimated as ca. 50% (Table 1), indicating that
n-(R-HL4)PAMAMs with different extents of dendrimer gen-
eration have similar a-helical properties. UV-Vis titration3 of
Zn-MP with n-(R-HL4)PAMAM showed an increase of the
Soret band at 415 nm and decrease of the band at 403 nm of Zn-
MP. The binding constant (Ka) was determined from the
absorbance change at 415 nm using an equation assuming the
1/n (2a-helix in peptide dendrimer–Zn-MP) complexation
(Table 1). The n values were found to be close to 1.0, indicating
that Zn-MP bound to the peptide dendrimers almost equiva-
lently per 2a-helix. The Ka values indicated that Zn-MP bound
to the peptide dendrimers efficiently, and binding affinities to
peptide dendrimers were almost identical. n-(R-HL4)PAMAM
conjugated with multi-Zn-MP showed a strong induced CD

Fig. 1 Structure of the peptide dendrimers, (a) amino acid sequence of R-
HL4; (b) schematic illustration of Zn-MP coordination to 2a-helix; and (c)
64-(R-HL4)PAMAM and multi-Zn-MP-64-(R-HL4)PAMAM.

Table 1 Ellipticity at 222 nm and a-helicity of peptide dendrimers, and
binding constant Ka and n value for peptide dendrimers with Zn-MP

n-(R-HL4)
PAMAM

[q]222/104 deg
cm2 dmol21

a-Helicity
(%)

Ka/105

dm3 mol21 n value

n = 4 21.68 53 3.2 1.01
n = 8 21.67 53 1.7 0.84
n = 16 21.51 48 1.5 0.93
n = 32 21.45 46 1.8 0.98
n = 64 21.45 46 2.1 0.99

Ellipticity [q] at 222 nm and a-helicity were estimated from the CD spectra.
[n-(R-HL4)PAMAM] = 1.0 3 1025 mol dm23 (per 2a-helix), in 2.0 3
10–2 mol dm23 Tris·HCl buffer (pH 7.4) at 25 °C. The binding constant Ka

and n value were estimated by UV-Vis spectra titration, in pH 7.4 buffer at
25 °C. [Zn-MP] = 5.0 3 1026 mol dm23.
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peak at the Soret region,16 suggesting that Zn-MP was
coordinated in a regulated manner. In addition, the a-helicity
was not changed by the binding with Zn-MP.

To examine electron transfer properties of multi-Zn-MP-
conjugated n-(R-HL4)PAMAM, fluorescence quenching stud-
ies were performed by the addition of a negatively charged
electron acceptor, naphthalene sulfonate6 (NS2),  and a
positively charged methylviologen6 (MV2+). Upon excitation at
the Soret band, multi-Zn-MP–n-(R-HL4)PAMAM emitted
fluorescence at 582 and 630 nm, which was quenched by the
addition of NS2. The Stern–Volmer plots (Fig. 2a) showed that
the quenching occurred more strongly with increase in den-
drimer generation. In each generation, the concentrations of 2a-
helix and Zn-MP were constant. This result indicates that the
positive charges of Arg residues were assembled more densely
on the surface of the peptide dendrimer with the growth of each
generation so that the negative charged NS2 was bound more
effectively by the electrostatic force. Consequently, quenching
was amplified with the growth of generation. On the other hand,
when positively charged MV2+ was employed, the fluorescence
quenching (Fig. 2b) was also observed to increase with the
growth of the peptide dendrimer, although the charge repulsion
became stronger with the generation growth. It was suggested
that the quenching mechanism of MV2+ was different from that
of NS2. To examine these mechanisms, UV-Vis spectra on the
addition of NS2 and MV2+ were measured (Fig. 3). In the case
of NS2, the Soret band decreased, supporting electrostatic
binding between multi-Zn-MP–n-(R-HL4)PAMAM and NS2
in the ground state. By contrast, UV-Vis spectra were little
changed by the addition of MV2+,  indicating that MV2+ does
not have a strong influence on the ground state of Zn-MP. Table
2 shows the fluorescence lifetimes of multi-Zn-MP–n-(R-
HL4)PAMAM. With the growth of generation, a percentage of
the long-lived component (2.3–2.6 ns) increased. In 32- and
64-(R-HL4)PAMAM, the short-lived component (1.7–1.8 ns)
disappeared. In the presence of NS2, the fluorescence lifetime
of multi-Zn-MP–64-(R-HL4)PAMAM was not changed (2.3
ns). This result supports the idea that NS2 causes electron
transfer by a static mechanism.17 By contrast, addition of MV2+

caused the fluorescence lifetime to be extremely shortened (0.5
ns, 88%). These results indicated that the electron was
transferred mainly by a dynamic mechanism.17

In conclusion, noncovalent Zn-MP assembly was accom-
plished by coordination to novel peptide dendrimers, and the
electron transfer function was expressed more effectively with
the growth of dendrimer generation. Dynamic quenching with
viologen can be applied to the catalytic reactions. The nanoscale
assembly of a system combining de novo designed peptides
with dendrimers will be utilized in artificial photosynthesis.

We are grateful to Dr K. Aoi, Nagoya University, for valuable
discussions on dendrimers, Dr F. Arisaka, Tokyo Institute of
Technology, for ultracentrifugation analyses and Dr S. Saka-
moto, Tokyo Institute of Technology, for valuable discussions
on the de novo design.
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Fig. 2 Stern–Volmer plot for fluorescence quenching of Zn-MP (2.5 3 1027

mol dm23) conjugated with n-(R-HL4)PAMAM (7.5 3 1027 mol.dm23 per
2a-helix) by quenchers. lex = 415 nm, lem = 582 nm, in the buffer (pH.
7.4) at 25 °C. Electron acceptors = (a); NS2, (b); MV2+: 8; n = 64, 2; n
= 32, Ω; n = 16, .; n = 8 and 4.

Fig. 3 UV-Vis spectra of Zn-MP (2.5 3 1027 mol dm23) conjugated with
64-(R-HL4)PAMAM (7.5 3 1027 mol dm23 per 2a-helix) with increasing
concentration (0, 4.6, 9.3, 14.0, 18.5, 23.1 3 1026 mol dm23) of electron
acceptors, (a); NS2, (b); MV2+ in the buffer (pH. 7.4) at 25 °C.

Table 2 Fluorescence lifetime of multi-Zn-MP–n-(R-HL4)PAMAM

n-(R-HL4)
PAMAM

Electron
acceptors t1/ns A1 (%) t2/ns A2 (%)

n = 4 — 1.8 74.7 2.6 25.3
n = 8 — 1.8 73.8 2.6 26.2
n = 16 — 1.7 47.8 2.3 52.2
n = 32 — — — 2.4 100.0
n = 64 — — — 2.3 100.0
n = 64 NS2 — — 2.3 100.0
n = 64 MV2+ 0.5 88.0 2.3 12.0

Fluorescence lifetime was measured using Zn-MP (2.5 3 1027 mol dm23)
conjugated with n-(R-HL4)PAMAM (7.5 3 1027 mol dm23 per 2a-helix)
at 25 °C. lex = 415 nm, lem = 570–650 nm, electron acceptors, [NS2] =
[MV2+] = 2.0 3 1025 mol dm23. Decay profiles were analyzed by the
double exponential equation, If(t) = A1exp(t/t1) + A2exp(t/t2).
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Cr(salen) catalysed asymmetric ring opening reactions of
epoxides with TMSN3 proceed readily in the room tem-
perature ionic liquid 1-butyl-3-methylimidazolium salts
([bmim][X]) with easy catalyst/solvent recycling.

Optically pure b-amino alcohols are important structural
elements in many biologically active molecules as well as the
starting point in the design of many chiral ligands. Among many
other methods, asymmetric ring opening reactions (ARO)1 of
epoxides with TMSN3 catalysed by Cr(salen) complex 1 has
been recognised as an attractive approach to the synthesis of
optically pure b-amino alcohols.2 Especially, the Cr(salen)
catalyst exhibits indefinite stability under catalytic conditions
which allows for its repeated recycling. Jacobsen reported that
this reaction can be run without solvents and the catalyst can be
recycled a number of times without loss of activity and
enantioselectivity.2a However, this catalyst recycling procedure
involves the potentially hazardous distillation of the neat liquid
azides, which may prove a limitation for large scale applica-
tions.

For catalyst recycling,3 homogeneous chiral catalysts can be
immobilised either by anchoring the catalyst on a solid
support3a or by use of a two-phase system.3b All of these
approaches are interesting but usually require additional
modification of the catalyst. Moreover, such approaches
frequently lead to partial loss of activity and/or enantioselectiv-
ity. Recently, a new approach has been adopted for catalyst
separation and recycling in a few types of catalytic reaction
involving the use of ionic liquids,4 i.e. a salt mixture with a
melting point below ambient temperature. Air and moisture
stable room temperature ionic liquids consisting of 1,3-dialkyli-
midazolium cations and their counter anions, in particular, have
attracted growing interest in the last few years.5 In these
solvents, catalysts having polar or ionic character can be
immobilised and thus the ionic solutions containing the catalyst
can be easily separated from reagents and products. For
example, we reported recently a practical method for recycling
a chiral Mn(salen) epoxidation catalyst by using this type of
ionic liquid.5g

Herein we report a new and highly practical recycling
procedure of Cr(salen) catalyst involving the use of air and
moisture stable ionic liquids based on 1-butyl-3-methylimida-
zolium [bmim] salts 2a–d.6

To compare the effect of ionic liquids on both reactivity and
enantioselectivity, we first examined the asymmetric ring
opening reactions of cyclopentene oxide with TMSN3 which
were carried out in the presence of 3 mol% of (R,R)-1a in four

different ionic liquids, [bmim][X] 2 {X = PF6 (2a),6a

SbF6 (2b),6b BF4 (2c)6a and OTf (2d)6c} at 20 °C. After
completion of the reaction, hexane (15 mL in 2 mmol scale
experiment) was added and the reaction mixture stirred for 10
min. The hexane phase (upper phase) was then separated from
the ionic liquid phase containing the Cr(salen) complex (R,R)-
1b7 by simple decantation and analysed by chiral GC to
determine ee values.† After removing the hexane under reduced
pressure, methanol and camphorsulfonic acid were added to the
residue, and the mixture was allowed to stir at room temperature
for 30 min. The methanol was evaporated off and the residue
was purified by column chromatography on silica gel with ethyl
acetate–hexane to afford the pure azido alcohol.

As shown in Table 1 (entries 1–4), both reactivity and
enantioselectivity were strongly influenced by the nature of the
anion [X]. When the hydrophobic ionic liquid [bmim][PF6] 2a
was used, the desired azido silyl ether was obtained with the
same degree of yield and enantiomeric excess (94% ee) as
those2a obtained under homogeneous conditions reported by
Jacobsen et al. (Table 1, entry 1). Using the other hydrophobic
ionic liquid [bmim][SbF6] (2b), the reaction was run with
similar conversion, although in slightly lower ee (Table 1, entry
2). In sharp contrast to these results, in the hydrophilic ionic
liquids, [bmim][BF4] (2c) or [bmim][OTf] (2d), the reaction
hardly occurred (Table 1, entries 3 and 4). In the case of using
the BF4 salt (2c), only a 5% yield of product was obtained in
nearly racemic form (3% ee). More dramatically, in the OTf salt
2d the reaction did not proceed at all. Although this counter ion

Table 1 Enantioselective ring opening of meso epoxides in ionic liquids
2a–da
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effect can not be explained easily, it is apparent that the different
hydrophobic character of 2 depending on the anion plays a
decisive role in this reaction. Thus, we examined the ARO of
other epoxides in the hydrophobic ionic liquid 2a. All the yields
and enantiomeric excesses were quite comparable to those2a

obtained under homogeneous conditions (Table 1, entries 5 and
6). Although, as mentioned above, excellent results were
achieved using the ionic liquid 2a, the catalyst existed in a
suspended form in the ionic liquid 2a when hexane was added
to the reaction mixture after reaction. On the other hand,
although the reaction hardly occurred in the ionic liquids 2c and
2d, the catalyst was immobilised more efficiently in these
solvents after reaction than in 2a, and thus formed a clear red–
brown solution phase, which can make its separation from the
hexane phase more easy. We expected that a system combining
the hydrophobic and hydrophilic ionic liquids might provide
beneficial effects on the catalyst immobilisation. As we
expected, in the mixture of 2a and 2d with a volume ratio of
5+1, the reaction proceeded with comparable yield and
enantiomeric excess to those2a obtained under homogeneous
conditions (Table 2, entry 1). Moreover, the catalyst could be
much better immobilised in this mixture after reaction than in
the ionic liquid 2a alone, and thus the ionic liquid phase
containing the catalyst was almost quantitatively recovered
from the hexane phase.8 The recovered ionic liquid phase
containing the catalyst was reused several times without any
loss of activity and enantioselectivity even after the fifth use
(Table 2).

In summary, we have developed a new and highly practical
recycling procedure of Cr(salen) catalyst by using the air and
moisture stable ionic liquids 2. This procedure does not include
hazardous work-up stages such as distillation of the azide
product, and moreover, provides not only simple recycling of
catalyst but also the additional advantage that the catalyst can be
used without any modification of the structure. The catalytic
activity and enantioselectivity were strongly dependent on the

nature of the anion [X] in the ionic liquids [bmim][X] 2.
Detailed studies for the optimisation of this process and the
extension of this methodology to other ARO’s are currently in
progress.

This research was supported by a grant from the Korea
Institute of Science and Technology.

Notes and references
† The ee values of products were determined by chiral GC: for 1-azido-
2-(trimethylsiloxy)cyclopentane: Chrompak Chiralsil-dex CB, 95 °C iso-
thermal, 25.1 min (1R,2R), 27.3 min (1S,2S). For 1-azido-2-(trimethyl-
siloxy)-cyclohexane; Chrompak Chiralsil-dex CB, 110 °C isothermal, 24.3
min (1R,2R), 27.1 min (1S,2S). For 3-azido-4-(trimethylsiloxy)tetrahy-
drofuran; Chrompak Chiralsil-dex CB, 75 °C for 10 min, then 2 °C min21,
34.4 min (3R,4S), 35.2 min (3S,4R).
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A. Pfaltz and H. Yamamoto, Springer-Verlag, Berlin-Heidelberg-New
York, 1999, p. 1377.

4 (a) T. Welton, Chem. Rev., 1999, 99, 2071; (b) K. R. Seddon, J. Chem.
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6 Preparation of ionic liquids: (a) For 2a and 2c: P. A. Z. Suarez, J. E. L.
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1217; (b) The synthesis of 2b was similar to that of 2a and 2c with the
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Grätzel, Inorg. Chem., 1996, 35, 1168. All ionic liquids used in this paper
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7 The recovered catalyst displayed a strong IR absorbance at 2058 cm21;
see ref. 2(a).

8 The Cr(salen) catalyst 1 is slightly soluble in hexane. However, in this
case, the amount of catalyst dissolved in the hexane phase is
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Table 2 Enantioselective ring opening of cyclopentene oxide with catalyst
recycling using a mixture of ionic liquids 2a and 2da
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The novel cage compounds P3Se3C3But
3 and P3Se4C3But

3
are formed (together with the 1,2,4-selenadiphosphole
P2SeC2But

2) from the reaction of the phosphaalkyne ButCP
with selenium; the [PtCl2(PMe3)] fragment undergoes an
unusual insertion reaction into the Se–Se bond of P3Se4C3-
But

3.

There is current interest in the chemistry of (i) low-coordinate
phosphorus compounds, (ii) phospholes containing additional
heteroatoms and (iii) novel phosphorus containing cage com-
pounds.1–14 Regitz and coworkers have recently described15 the
facile, high-yield, synthesis of the previously known8,9 1,2,4-se-
lenadiphosphole P2SeC2But

2 1 by treatment of selenium with

the phosphaalkyne ButCP 2 in the presence of NEt3. The ready
[2 + 2 + 2] cycloaddition reaction of 1 with two further mol of
2 to yield the tetracyclic cage compound P4SeC4But

4 3, prompts
us to describe the syntheses and structural characterisation of

two new cages P3Se3C3But
3 4 and P3Se4C3But

3 5, both also
derived from 1. We also report an unusual oxidation of a Pt(II)
complex to a Pt(IV) complex via insertion of the Pt(II) into the
Se–Se bond of 5.

Treatment of a suspension of a slight excess of selenium in
toluene with 2 for 4 days at 75 °C, afforded 1 as the expected
main product, which was removed by sublimation. The residue
was chromatographed (Florisil/hexane) to give colourless
crystals of P3Se3C3But

3 4 (5.3%) and red crystals of P3Se4C-
3But

3 5 (7%). 1H, 31P and 77Se NMR data for 4 and 5 were
entirely consistent with the proposed structures,† which were
also confirmed by single crystal X-ray diffraction studies. The
molecular structures of 4‡ and 5‡ are shown in Fig. 1 and 2.
Both cages are most likely to have been derived from a common
intermediate 6, which would be formed via the initial [4 + 2]
cycloaddition reaction of 1 with 2.

Thus 4 probably arises from (i) insertion of Se, still present in
the reaction mixture, into the weak P–P bond (resulting from the
intramolecular [2 + 2] cycloaddition cage-formation step) of the
intermediate 6 and (ii) a second exocyclic Se addition to one of
these phosphorus atoms. Likewise, in an analogous way, the

more symmetrical cage compound 5 would result from insertion
of Se2 into the P–P bond, as well as a separate single Se atom
insertion into the C–C bond of the initially formed strained
three-membered CPC ring. Compound 5 is noteworthy because

Fig. 1 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
Se(1)–C(3) 1.980(2), Se(1)–P(3) 2.2392(8), Se(2)–P(2) 2.2707(7), Se(2)–
P(1) 2.3023(7), Se(3)–P(2) 2.0862(7), P(1)–C(3) 1.890(3), P(1)–C(2)
1.892(3), P(2)–C(3) 1.839(3), P(2)–C(1) 1.886(3), P(3)–C(1) 1.857(2),
P(3)–C(2) 1.858(3); C(3)–Se(1)–P(3) 91.61(8), P(2)–Se(2)–P(1) 70.81(2),
C(3)–P(1)–C(1) 95.24(12), C(3)–P(1)–Se(2) 87.22(8), C(2)–P(1)–Se(2)
94.31(8), C(3)–P(1)–P(2) 43.96(8), C(2)–P(1)–P(2) 71.83(8), Se(2)–P(1)–
P(2) 54.04(2), C(3)–P(2)–C(1) 98.22(11), C(3)–P(2)–Se(3) 20.49(9).

Fig. 2 Molecular structure of 5. Selected bond lengths (Å) and angles (°):
Se(1)–P(1) 2.2260(13), Se(1)–Se(2) 2.3966(9), Se(2)–P(2) 2.2267(14),
Se(4)–P(3) 2.2445(14), Se(4)–C(1) 2.016(4), Se(3)–C(2) 1.998(4), Se(3)–
C(3) 1.997(4), P(1)–C(1) 1.874(4), P(1)–C(3) 1.900(4), P(2)–C(1) 1.885(4),
P(2)–C(2) 1.890(4): P(3)–C(2) 1.862(4), P(3)–C(3) 1.867(4); P(1)–Se(1)–
Se(2) 99.32(4), P(2)–Se(2)–Se(1) 99.16(4), C(3)–Se(3)–C(2) 79.51(17),
C(1)–Se(4)–P(3) 89.22(13), C(1)–P(1)–C(3) 101.13(19), C(1)–P(1)–Se(1)
102.37(13).
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although homonuclear S–S bonds are common in monocyclic
(RP)xSy systems, analogous Se–Se bonded compounds are
rare.16

Interestingly, the cage compound 5 undergoes an unexpected
reaction with [PtCl2(PMe3)]2. It was anticipated that simple h1-
coordination would occur, via either the P or Se lone pair
electrons, however the platinum(II) fragment also unexpectedly
inserts into the Se(1)–Se(2) bond of 5 as well as undergoing
ligation to Se(3) of the four-membered P(3)C(3)Se(3)C(2) ring,
to afford the novel deep-red Pt(IV) complex [PtCl2(PMe3)-
P3Se4C3But

3] 7 (55.8%).§

The latter was fully structurally characterised by a single
crystal X-ray diffraction study‡ and its molecular structure is
shown in Fig. 3.

We thank the Turkish government for a research grant (for
N. S.) and the British Council for financial support for part of
this work.

Notes and references
† NMR data: for 4: 31P{1H} NMR (121.49 MHz, CDCl3): d 80.7 [P(2), dd,
2J(31P31P) 53.3, 1J(31P77Se) 208.4, 2J(31P31P) 53.3 Hz], 21.5 [P(3), d,

1J(31P77Se) 170.4, 2J(31P31P) 51.3 Hz], 254.2 [P(1), d, 1J(31P77Se) 203.0,
2J(31P77Se) 48.1 Hz]. For 5: 1H NMR (toluene-d8): d 0.80 (s, 18H, tBu), 0.97
(s, 9H, tBu). 31P{1H} NMR (121.49 MHz, CDCl3): d 74.5 [P(1) and P(2),
d, 2J(31P31P) 7.2, 1J(31P77Se) 317.4, 2J(31P77Se) 0.4, 14.0 Hz], 236.0 [P(3),
t, 1J(31P77Se) 177.8, 2J(31P77Se) 42.1, 2J(31P77Se) 14.5 Hz]. 77Se{1H}
NMR: d 256.5 [Se(4), dt, 1J(31P77Se) 177.8, 2J(31P77Se) 23.2 Hz], 514.3
[Se(3), d, 2J(31P77Se) 52.5], 67.6 [Se(1) and Se(2), m, 1J(31P77Se) 317.4,
2J(31P77Se) 40.3, 2J(31P77Se) 15.4 Hz].
‡ Crystal data: 4 C15H27P3Se3, M = 537.16, monoclinic, space group P21/n
(no. 14), a = 10.7751(3), b = 16.2798(7), c = 11.6992(3) Å, b =
102.264(2)°, U = 2005.4(1) Å3, Z = 4, Dc = 1.78 Mg m23, crystal
dimensions 0.2 3 0.1 3 0.1 mm, F(000) = 1056, T = 293(2) K, Mo-Ka
radiation, l = 0.71073 Å. Data collection Kappa CCD, 16312 reflections
collected, 5787 independent (Rint = 0.0498), R1 = 0.038, wR2 = 0.083 for
4569 reflections with I > 2s(I), R1 = 0.055, wR2 = 0.090 for all data.

5: C15H27P3Se4, M = 16.12, triclinic, space group P1̄ (no. 2), a =
9.902(2), b = 10.340(4), c = 12.760(4) Å, a = 69.17, b = 71.11(2), g =
61.57°, U = 1054.6(6) Å3, Z = 2, Dc = 1.94 Mg m23, crystal dimensions
0.35 3 0.20 3 0.20 mm, F(000) = 596, T = 173(2) K, Mo-Ka radiation,
l = 0.71073 Å. Data collection CAD4. Of the total 5081 independent
reflections measured, the final indices for 3999 reflections with I > 2s(I)
were R1 = 0.037, wR2 = 0.076 and R1 = 0.057, wR2 = 0.088 for all
data.

7: C18H36Cl2P4PtSe4, M = 958.18, rhombohedral, space group R3̄ (no.
148), a = 34.5455(6), c = 16.7221(2) Å, U = 17282.4(5) Å3, Z = 18, Dc

= 1.66 Mg m23, crystal dimensions 0.2 3 0.1 3 0.1 mm, F(000) = 8136,
T = 293(2) K, Mo-Ka radiation, l = 0.71073 Å. Data collection Kappa
CCD, 41518 reflections collected, 10989 independent (Rint 0.0553), R1 =
0.039, wR2 = 0.083 for 7872 reflections with I > 2s(I), R1 = 0.069, wR2
= 0.095 for all data.

CCDC 182/1736. See http://www.rsc.org/suppdata/cc/b0/b005123n/ for
crystallograhic files in .cif format.
§ NMR data for 7: 31P{1H} NMR (121.49 MHz, CDCl3): d 62.7 [P(1) and
P(2), m, 2J(31P31P) 14.9, 1J(31P77Se) 330.5, 2J(31P31P) 6.0 Hz]; 35.4 [P(3),
m, 2J(31P31P) 13.1, 2J(31P31P) 6.0 Hz], 28.1 [P(4), m, 1J(31P195Pt) 2221,
2J(31P31P) 14.9, 2J(31P31P) 5.9 Hz]. 195Pt{1H} NMR: d 23630.4
[1J(31P195Pt) 2209 Hz].
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Fig. 3 Molecular structure of 7. Selected bond lengths (Å) and angles (°):
Pt–P(4) 2.3103(13), Pt–Cl(1) 2.4120(14), Pt–Cl(2) 2.4241(12), Pt–Se(2)
2.4434(6), Pt–Se(1) 2.4493(5), Pt–Se(3) 2.4679(5), Se(1)–P(1) 2.2266(13),
Se(2)–P(2) 2.2175(14), Se(4)–P(3) 2.2301(16), Se(4)–C(1) 2.007(5),
Se(3)–C(2) 2.026(5), Se(3)–C(3) 2.030(5), P(1)–C(1) 1.869(5), P(1)–C(3)
1.869(5), P(2)–C(1) 1.885(5), P(2)–C(2) 1.872(6): P(3)–C(2) 1.890(6),
P(3)–C(3) 1.889(5); P(4)–Pt–Cl(1) 88.03(5), P(4)–Pt–Cl(2) 92.33(5),
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The emission from an intramolecular exciplex detected in
trans-4-methoxy-2-(3-phenyl-2-propenyl)phenol (1) is the
first direct evidence for the excited state interchromophoric
interaction in phenol–styrene systems.

Bichromophoric compounds have attracted considerable inter-
est as models for the understanding of energy or electron
transfer processes. They have also found application for
mimicking some biological processes (i.e. photosynthesis) and
for the development of new materials such as photoconducting
polymers.1

trans-2-Cinnamylphenols are bichromophoric compounds
containing phenol and styrene subunits connected by a
methylene spacer. Upon the introduction of suitable sub-
stituents, these simple systems allow the reproduction at will of
a wide range of intramolecular proton, electron or energy
transfer processes.2

Previously, the photochemical reactivity of trans-2-cinna-
mylphenols and their relatively low fluorescence quantum
yields, as compared with models containing the isolated
chromophores, has been attributed to an intramolecular inter-
action in the excited state between the two chromophores.3
However, no direct evidence has been provided in support of
such interaction. In the present work, direct detection of an
intramolecular exciplex has been achieved in the case of trans-
4-methoxy-2-(3-phenyl-2-propenyl)phenol (1), by measuring
the emission spectra in acetonitrile. To our knowledge, this is
the first case of an intramolecular exciplex involving a phenol
chromophore.

The emission properties of 1 are summarized in Table 1,
together with those measured under the same conditions for the
isolated 4-methoxyphenol chromophore. Thus, the fluorescence
spectra of 1 in hexane displayed a single band with lmax =
320 nm, clearly attributable to emission from the lowest lying
phenolic singlet (compare trace B, Fig. 1a with trace A, Fig. 1b).
The same result was obtained by exciting either at 250 nm
(styrene) or at 290 nm (phenol), clearly due to efficient energy
transfer between the excited singlets of both chromophores

(Fig. 1c). By contrast, a completely different behaviour was
observed in the more polar solvent acetonitrile. The most
remarkable result was the presence of a much longer wave-
length band centered at 420 nm and the concomitant dis-
appearance of the phenolic emission at 320 nm (see Fig. 1b).
This new band is clearly attributable to a charge-transfer

Table 1 Photophysical data of 1 and the reference compound 4-methoxy-
phenol in hexane and acetonitrile at room temperaturea

Compound Solvent lemission/nm fF tF(ns)

1 Hexane 320 0.056 1.0
Acetonitrile 420 0.051 5.1

4-Methoxyphenol Hexane 320 0.143 1.9
Acetonitrile 320 0.141 2.1

a lexcitation = 290 nm.

Fig. 1 Fluorescence spectra of: (a) the isolated b-methylstyrene (trace A)
and 4-methoxyphenol (trace B); (b) 1 in hexane (trace A), in acetonitrile
(trace B) and in a 9+1 dichloromethane–acetonitrile mixture (trace C); (c) 1
in acetonitrile; excitation spectrum (trace A), emission upon excitation at
250 nm (trace B) and emission upon excitation at 290 nm (trace C).
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exciplex, whose formation would be exergonic according to the
Rehm–Weller eqn (1)4

DGf (kcal mol21) = 23.06 (ED/D+· 2 EA/A2·) 2 E* (1)

where ED/D+· and EA/A-· are the redox potentials of the donor and
acceptor moieties, and E* is the singlet energy of the phenolic
chromophore. Using the excitation energy determined from the
intersection between normalized excitation and emission spec-
tra, together with the reported literature values for the redox
potentials,5 the resulting Gibbs free energy associated with
exciplex formation would be ca.225 kcal mol21. The emission
spectra were also obtained for solutions of 1 in solvents of
intermediate polarity and in a variety of solvent mixtures. For
instance, using CH2Cl2–CH3CN (9+1, v+v), both the monomer
and the exciplex bands were observed (see trace C, Fig. 1b). As
expected for a charge-transfer exciplex, the position of the
longer wavelength band showed a clear dependence on the
solvent polarity (see Fig. 2 for the Lippert–Mataga plot with the
data obtained in pure solvents).6

The quantum yield of emission at 420 nm was 0.05, and the
lifetime was relatively long (5.1 ns), as compared with the
monomer under the same conditions (1.0 ns). The exciplex
was quenched by oxygen (kq = 4.2 3 1010 M21 s21) and
by tetrabutylammonium hydrogensulfate (kq = 3.3 3
109 M21 s21). The Stern–Volmer plot for quenching by the
ammonium salt is shown in Fig. 3. Similar salt effects have been
observed for other exciplexes; they have been attributed to
dissociation into radical ions, with the concomitant decrease of
fluorescence.7

All the above data were obtained using 5 3 1025 M solutions
of 1. To check whether the corresponding intermolecular
exciplex is also observable, equimolar mixtures of 4-meth-

oxyphenol and b-methylstyrene in acetonitrile (5 3 1025 M
each) were studied. The emission spectra consisted of the bands
assignable to the isolated chromophores (either phenolic
maximum at 320 nm, upon excitation at 290 nm, or styrenic
maximum at 310 nm when exciting at 250 nm). However, using
much higher concentrations of the partners (0.1 M), the exciplex
emission at ca. 440 nm was clearly observable.

After determining the photophysical properties of 1, its
preparative photochemistry was also investigated. Irradiation of
1 for 1 h in acetonitrile and benzene, with the Pyrex-filtered
light of a medium pressure Hg lamp resulted in the almost
complete ( > 95%) consumption of the starting material,
accompanied by formation of the six-membered ring compound
2 as the major photoproduct. Minor amounts of the cis-isomer 4
and the five-membered ring product 3 were also obtained in
benzene. These results are summarized in Scheme 1.

As the formation of six-membered ring product 2 is
considered to be an indication for the involvement of intra-
molecular excited state electron transfer,2 detection of a charge-
transfer exciplex is compatible with the preparative photo-
chemistry of 1.

In summary, the intramolecular excited state interaction
between phenol and styrene has been directly observed for the
first time as an exciplex emission. This strongly supports the
previous mechanistic proposals to explain the photochemistry
of bichromophoric cinnamylphenols. Although such interaction
is reported here for a single compound (1), preliminary data in
hand show that other analogues with electron donating
substituents at the phenolic ring [such as 4-methyl, 4,6-di-
methyl- and 4,6-di-tert-butyl-2-(3-phenyl-2-propenyl)phenol]
exhibit similar photophysical and photochemical properties.
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Fig. 2 Solvent polarity dependence of the exciplex emission maxima for 1.
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index of the solvent.

Fig. 3 Quenching of the exciplex fluorescence for 1 by [Bu4NHSO4] at
different molar concentrations: curve A) 0.0 M; B) 0.02 M, C) 0.03 M, D)
0.04 M, E) 0.05 M, F) 0.06 M, G) 0.07 M.
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The synthesis and characterization of the first meso-
structured iron sulfides are reported: the first is a disordered
hexagonal structure prepared via a neutral template route;
the other, formed using an ionic template, is a relatively
ordered phase which represents the first hexagonal mes-
ostructured transition metal sulfide.

Since the first synthesis of mesoporous silicates, much activity
has focussed on self-assembled inorganic/surfactant compos-
ites1–5 due to their potential applications as catalysts and
absorbents. The best known member of this family, MCM-41,
possesses a hexagonal array of channels while the atomic
arrangement in the channel walls is disordered. Following this,
many different types of surfactants have been used to prepare
numerous mesostructured oxides, primarily in the silicate
family. A liquid crystal templating mechanism1 and a self-
assembly process involving electrostatic interaction between
the inorganic ions in solution and the charged surfactant head
group2,3 were proposed for the mechanism of formation. Using
a neutral template, formation of a mesoporous silicate contain-
ing a disordered arrangement of channels was explained on the
basis of hydrogen bonding and self-assembly between neutral
primary amine micelles and neutral inorganic precursors.4
Neutral surfactants have also been used to prepare mesoporous
transition metal oxides with a high specific surface area.5

Compared with oxygen, sulfur has a far richer coordination
chemistry due to its low-lying d orbitals. The lack of
thermodynamic stability of sulfides in the presence of oxygen
has made synthesis of mesostructured sulfides more difficult,
however, and hence only a few have been reported. These
include primarily the main group family, namely mesolamellar
and pseudo-hexagonal phases of Group IV (Sn,6 Ge7), and
Group II (Cd,8 Zn9). As metal sulfides are generally semi-
conductors, while many metal oxides are insulators, open-
framework metal sulfides may be potentially useful for different
applications. Iron sulfides are particularly interesting since they
play an important role in life’s beginning.10 The catalytic
formation of complex organic molecules from simple pre-
cursors is considered to take place on the surface of iron
monosulfide or pyrite as a result of redox reactions between FeS
and FeS2.11 Furthermore, bulk iron(II) and iron(III) sulfides have
shown potential applications as cathodes,12 high refractive
index materials13 and catalysts for coal liquefaction.14 Herein
we report the first mesostructured phases based on iron sulfides,
prepared via different routes.

Mesostructured iron(II) sulfide [denoted DDA-FeS-M (DDA
= dodecylamine)] was formed in the system dodecylamine–
iron(II) sulfate–sodium sulfide–ethanol–H2O at room tem-
perature. Use of the two solvent system improved the solubility
of dodecylamine. Fig. 1(a) shows the resulting XRD pattern:
One peak is evident with a d-spacing of 33.8 Å, similar to the
value observed for HMS.4 The presence of a single broad peak
is considered an indication of randomly ordered pores.4,15 A
very broad, low intensity line at about 20° (2q), similar to that
of MCM-41 and HMS-type materials, also observed in the XRD
pattern, suggests that the inorganic wall is amorphous as
expected.1–4,15 We have found that DDA-FeS-M is formed at an
optimum H2O/ethanol ratio of 7.7: at lower ratios the material is

not formed at all. An unknown impurity phase was found in the
product when the ethanol was increased, or the amount of iron
sulfate and sodium sulfide was increased in the reactant
mixture. The impurity phase therefore is minimized under
slightly acidic conditions.

The presence of DDA in the material was confirmed by
thermal gravimetric analysis (TGA). The TGA curve (under N2)
shows an initial weight loss of about 3.6% below 135 °C due to
the desorption of water. Weight loss (48.7%) above this
temperature corresponds to the loss of organic material and also
some sulfur species. The corresponding differential thermal
analysis (DTA) curve in air shows two exothermic peaks at low
temperature attributable to reaction with oxygen that result in a
weight gain of about 4.4 wt%, evident from the TGA trace. Two
exothermic peaks between 250 and 500 °C correspond to
combustion of the surfactant. The total weight loss correspond-
ing to the loss of surfactant and transformation from iron(II)
sulfide to iron(III) oxide is about 61.5%, translating into an
empirical composition of FeS(DDA)0.6·0.4H2O. This material
displayed a very disordered structure in its TEM image, similar
to HMS.4

Employment of an ionic surfactant hexadecyltrimethyl-
ammonium hydroxide/chloride as a structure-directing agent,

Fig. 1 (a) Powder X-ray diffraction patterns (Siemens D-500; Cu-Ka
radiation) of DDA-FeS-M; (b) XRD pattern of C16TMA-Fe2S3-M. Inset
shows scale expansion of the 3–10° 2q range showing the weak 110 and 200
reflections. Values for the experimental and calculated d-spacings,
respectively for the hexagonal unit cell where a = 48.4 Å are (100), 41.92,
41.89 Å; (110), 24.25, 24.19 Å; (200), 20.59, 20.94 Å.

Fig. 2 Transmission electron micrograph image (Phillips, CM20, 200 keV)
of mesostructured C16TMA-Fe2S3-M (1 cm = 74 nm).
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and an amorphous iron(III) sulfide,16 as iron and sulfur sources
yielded C16TMA-Fe2S3-M after hydrothermal synthesis at
110 °C for 16 h. Fig. 1(b) shows the resultant XRD pattern in
which three reflections are observed, consistent with diffraction
from a poorly ordered hexagonal phase with a = 48.4 Å.
Moreover, a broad peak at 2q ≈ 20° is also evident in the XRD
pattern, which indicates the inorganic wall is amorphous as
previously described. The TEM image (Fig. 2) is in accord with
the XRD pattern, in that a poorly organized phase is evident
with no long range order apparent. The material is clearly not
lamellar, however. The instability of the material in the beam
precludes any further detailed TEM study.

Table 1 shows the influence of reaction composition on the
products. The molar ratio of H2O/C16TMA plays a key role in
the formation of C16TMA-Fe2S3-M, as it influences the basicity
of the reactant mixture. For example, Fe2O3 was formed when
the basicity was higher in the reactant mixture, while a mixture
of Fe2O3 and FeS2 was obtained when the basicity was lower.
Our experiments also show that the addition of a small amount
of ammonium sulfide in the reactant mixture can effectively
prevent the formation of iron(III) oxide and result in formation
of pure C16TMA-Fe2S3-M. Addition of elemental sulfur cannot
inhibit the formation of iron(III) oxide under the same
conditions, however. Bulk chemical analysis results indicate
that S/Fe molar ratio is about 1.5, with a C/N ratio close to 20.17

This indicates that the inorganic component is amorphous
iron(III) sulfide, and suggests the aliphatic surfactant chains
remain intact during the formation of C16TMA-Fe2S3-M.

Confirmation of the presence of intact surfactant was
obtained by FT-IR. The spectrum of C16TMA-Fe2S3-M shows
several absorption bands, which may be assigned to occluded
[C16H33N(CH3)3]+ at: 2960(sh), nas(CH3); 2920, nas(CH3);
2850, nas(CH2); 1467, ds(CH2).7a,18 The absorption band at 334
cm21 is assigned to Fe–S.19 The bands at about 3400 and 1635
cm21 are due to water adsorbed in the pores of the material.
Thermal gravimetric analysis confirms that surfactant is present
in the material. The TGA curve under N2 showed that
physisorbed water was removed at about 40 °C, corresponding
to a weight loss of 3.1%. The DTA curve in air revealed an
exothermic peak at 85 °C and a corresponding weight gain in
the TGA of 7.8%, assigned to an oxidation reaction. Subsequent
weight loss between 150 and 700 °C, arising from the loss of
H2O and combustion of the surfactant was 71.3% correspond-
ing to a composition of C16TMA-Fe2S3-M as 0.8C16TMA·
Fe2S3·0.4H2O. The surfactant/inorganic element ratio of about
1/2 is in accord with previous reports for MCM-41 obtained at
higher synthesis pH (CTMA/SiO2 molar ratio = 0.44).20 and
mesoporous tin(IV) sulfide (0.5 C16TMA·SnS2·0.75 H2O).21

Similar to bulk iron(III) sulfide,22 C16TMA-Fe2S3-M is very
unstable towards oxidation and therefore attempts to remove the
surfactant were not successful.

Two probe electrical conductivity measurements indicated
that whereas amorphous Fe2S3 is a poor semiconductor (s =
5.4 3 1028 S cm21), as-synthesized C16TMA-Fe2S3-M is an
insulator. This is probably the result of the large surfactant
content and poor electronic transport along the confined
dimensions of the amorphous wall. Other factors which would
contribute to low conductivity include the possibility of

incomplete polycondensation in the inorganic component
which would lead to defects, and grain boundary effects.

In summary, two different synthetic routes provide new
mesostructured iron sulfide phases, including the first hexago-
nal transition metal sulfide phase. Their lack of thermodynamic
stability with respect to oxygen inhibits ready removal of the
surfactant. Controlled oxidation of this material may provide a
facile route to a hitherto unknown mesostructured or mesopor-
ous iron oxide.
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Table 1 Influence of reaction composition on the formation of C16TMA-Fe2S3-M

Molar ratio
Sample
No. Fe2S3/CTMA H2O/CTMA (NH4)2S/CTMA

Crystallization
time/h Products

f 0.50 100 0.0 23 Fe2O3

g 0.50 150 0.0 12 C16TMA-Fe2S3-M + Fe2O3

h 0.50 200 0.0 23 Fe2O3 + FeS2

i 0.50 150 0.5 15 C16TMA-Fe2S3-M
j 0.75 150 0.5 8.5 C16TMA-Fe2S3-M
k 1.00 150 0.5 8.5 C16TMA-Fe2S3-M
l 0.50 150 0.5 Sa 24 C16TMA-Fe2S3-M + Fe2O3

a Elemental sulfur was used in place of (NH4)2S

1750 Chem. Commun., 2000, 1749–1750



Syntheses and structural characterization of novel luminescent heteronuclear
rhenium(I)–zinc(II) and –cadmium(II) chalcogenolate complexes†

Vivian Wing-Wah Yam,* Yung-Lin Pui, Keith Man-Chung Wong and Kung-Kai Cheung

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, People’s Republic of
China. E-mail: wwyam@hku.hk

Received (in Cambridge, UK ) 26th June 2000, Accepted 4th August 2000

Novel heteronuclear rhenium(I)–zinc(II) and –cadmium(II)
complexes with chalcogenolate ligands have been synthe-
sized and shown to exhibit rich luminescence properties; the
X-ray crystal structures of [{(bpy)Re(CO)3(m-SC6H4Me-p)}2-
Zn(bpy)](PF6)2 (2) and [{(bpy)Re(CO)3(m-SC6H4Me-p)}2-
Cd(bpy)2](PF6)2 (4) have been determined.

There has been a growing interest in luminescence studies of
transition metal complexes, particularly with the increasing
attention on the design of functional materials with unique
properties.1,2 The most widely studied and well-documented
systems are those of the d6 metal polypyridines1–3 and very
recently, the d8 and d10 metal complexes.4,5 Recently, a series of
mono- and di-nuclear rhenium(I) diimine complexes with
chalcogenolate ligands have been reported by us to show rich
luminescence behaviour.6 It is believed that extension of this
work to heterometallic complex formation by using mono-
nuclear rhenium(I) chalcogenolates as metalloligands, would
give rise to a novel series of luminescent mixed-metal
rhenium(I) complexes. In view of the known luminescence
properties of zinc(II) and cadmium(II) thiolate systems7 and our
continuing interest in luminescent d10 metal complexes,5 a
series of trinuclear mixed-metal rhenium(I)–zinc(II) and –cad-
mium(II) chalcogenolate complexes have been synthesized and
their luminescence behaviour studied. It is also envisaged that
the attachment of zinc and cadmium moieties to the rhenium
chalcogenolate would serve as an efficient method to perturb
the excited state properties of the complexes. The X-ray crystal
structures of [{(bpy)Re(CO)3(m-SC6H4Me-p)}2Zn(bpy)](PF6)2
and [{(bpy)Re(CO)3(m-SC6H4Me-p)}2Cd(bpy)2](PF6)2 have
been determined.‡

Reaction of [(bpy)Re(CO)3(SC6H4R)]6b with a mixture of
Zn(NO3)2·6H2O and 2,2A-bipyridine in a molar ratio of 2+1+1 in
methanol under an inert atmosphere of nitrogen, followed by
metathesis with NH4PF6 and subsequent recrystallization
from MeCN–Et2O, afforded [{(bpy)Re(CO)3-
(m-SC6H4R)}2Zn(bpy)](PF6)2 (R = H 1, Me-p 2). Similar
reactions of [(N–N)Re(CO)3(m-EC6H4R)] with
Cd(NO3)2·4H2O and 2,2A-bipyridine in a molar ratio of 2:1:2
gave [{(N–N)Re(CO)3(m-EC6H4R)}2Cd(bpy)2](PF6)2 (N–N =
bpy, E = S, R = H 3, Me-p 4; N–N = bpy, E = Se, R = H 5;
N–N = But

2bpy, E = S, R = Me-p 6). All the complexes have
been characterized by 1H NMR spectroscopy and positive ESI-
MS and gave satisfactory elemental analyses.†

Fig. 1 and 2 show perspective drawings of the complex
cations of 2 and 4 with atomic numbering, respectively. In 2, the
two Re centres adopt a distorted octahedral geometry with a
S(1)–Re(1)–N(1) angle of 81.6(2)° and a S(2)–Re(2)–N(5)
angle of 85.7(2)°. The zinc centre adopts a distorted tetrahedral
geometry with a S(1)–Zn(1)–S(2) angle of 110.45(9)°. The
angles Re(1)–S(1)–Zn(1) and Re(2)–S(2)–Zn(1) are 114.01(10)
and 112.17(10)°, respectively. The average Re–S and Zn–S
bond lengths are 2.523(2) and 2.285(8) Å, respectively, which

are comparable to those observed in other related rhenium(I)6,8

and zinc(II) thiolate complexes.7c,9 In 4, the two Re and the Cd
centres adopt a distorted octahedral geometry with a S(1)–
Re(1)–N(1) angle of 88.0(1)°, a S(1)–Cd(1)–S(1*) angle of
100.89(8)° and a Re(1)–S(1)–Cd(1) angle of 150.49(7)°. The
average Re–S and Cd–S bond lengths are 2.523(2) and 2.713(2)
Å, respectively, which are comparable to those found in related
rhenium(I)6,8 and cadmium(II) thiolate complexes.7f,9,10

The electronic absorption spectra of complexes 1–6 show
absorption bands at ca. 350–380 nm with absorption shoulders
at ca. 450–520 nm in MeCN. The photophysical data of the

† Electronic supplementary information (ESI) available: characterization
for complexes 1–6 and experimental crystallographic details for 2. See
http://www.rsc.org/suppdata/cc/b0/b005092j/

Fig. 1 Perspective drawing of the complex cation of 2 with the atomic
numbering scheme. Selected bond distances (Å) and bond angles (°): Re(1)–
S(1) 2.519(2), Re(2)–S(2) 2.527(2), Zn(1)–S(1) 2.284(2), Zn(1)–S(2)
2.287(3); S(1)–Zn(1)–S(2) 110.45(9), Re(1)–S(1)–Zn(1) 114.01(10),
Re(2)–S(2)–Zn(1) 112.17(10).

Fig. 2 Perspective drawing of the complex cation of 4 with the atomic
numbering scheme. Selected bond distances (Å) and bond angles (°): Re(1)–
S(1) 2.523(2), Cd(1)–S(1) 2.713(2); S(1)–Re(1)–N(1) 88.0(1), S(1)–Cd(1)–
S(1*) 100.89(8), Re(1)–S(1)–Cd(1) 150.49(7).
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complexes are summarized in Table 1. The former is tentatively
assigned as pp(SR2) ?p*(a,aA-diimine on ReI or ZnII or CdII)
LLCT transitions as similar spectral assignments have been
suggested in related zinc(II),7a–c cadmium(II)7a,7f and rhenium(I)
systems,6 while the latter is assigned as a dp(Re) ? p*(a,aA-
diimine on Re) MLCT transition. Similar assignments have also
been made in related Re(I) a,aA-diimine systems.1–3,6 These
have been further supported by the observation of an energy
dependence on the nature of the chalcogenolate and the diimine
ligands. The lower LLCT absorption energies in 2 compared to
1 and in 4 compared to 3 are in accordance with the presence of
the more electron rich 4-methylthiophenolate ligand relative to
thiophenolate. In view of the almost identical absorption
patterns and energies for the ReI–ZnII–ReI and ReI–CdII–ReI

analogues, it is reasonable to assume that the transitions are
dominated by the LLCT and MLCT transitions of the
rhenium(I) diimine thiolate core, with minor contributions due
to the zinc and cadmium moieties.

Upon excitation of complexes 1–6 at 350–450 nm, emission
bands at ca. 520–630 nm were observed in the solid state, in 77
K glasses and in fluid solutions (Table 1). The close resem-
blance of the emission energies to those reported for the related
dinuclear [{(N–N)Re(CO)3}2(m-SR)]+ complexes6a is sugges-
tive of a similar 3MLCT [dp(Re) ?p*(a,aA-diimine)] emissive
origin. Upon monitoring the emission at ca. 560–625 nm, bands
at ca. 450–500 nm were observed in the excitation spectra, in
regions close to the MLCT absorption. However, the broadness
of the band as well as the dependence of the emission energy on
the excitation wavelength may be suggestive of a dual
luminescence. It is likely that the higher energy emission
shoulder is derived from an 3IL(diimine)/3LLCT origin while
the low-energy emission is dominated by a 3MLCT origin.
Similar to the trend observed in electronic absorption studies,
the lower emission energy of 2 compared to 1 and 4 compared
to 3 in the solid state, is in line with the electron donating ability

of the substitutents on the thiophenolate ligand, giving rise to
higher dp(Re) and/or pp(SR2) orbital energies. The higher
emission energy of 6 relative to that of 4 is also in line with a
3MLCT origin, probably with some mixing of 3LLCT [pp(ER–)
? p*(a,aA-diimine)] character, since the presence of electron
rich tert-butyl substituents on But

2bpy would raise the p*(a,aA-
diimine) orbital energy relative to that of bpy.

V. W.-W. Y. acknowledges financial support from The
Research Grants Council and The University of Hong Kong, Y.-
L. P. the receipt of a postgraduate studentship, and K. M.-C. W
the receipt of a University Postdoctoral Fellowship, both of
which are administered by The University of Hong Kong.

Notes and references
‡ Crystal data: for 2: [(C50H38N6O6S2ZnRe2)2+ 2PF6

2]; Mr = 1610.73,
triclinic, space group P1̄ (no. 2), a = 12.107(5), b = 12.348(5), c =
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m(Mo-Ka) = 43.12 cm21, F(000) = 1756, T = 301 K. 6102 unique
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CCDC 182/1738. See http://www.rsc.org/suppdata/cc/b0/b005092j/ for
crystallographic files in .cif format/
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Table 1 Photophysical data for complexes 1–6a

Complex
Medium
(T/K)

labs/nm
(e/dm3 mol21 cm21) lem/nm (to/ms)c

1 MeCN (298) 247 (76 610), 296 (54 620),
308 (52 840), 354(sh)
(9590), 480(sh) (1080)

567 [597]

Solid (298) 536(0.58) [539]
Glass (77)b 525(sh), 593 [617]

2 MeCN (298) 247 (75 240), 296 (47 150),
308 (46 080), 368(sh)
(8780), 488(sh) (1410) 

588 [607]

Solid (298) 550(0.51) [552]
Glass (77)b 525(sh), 596 [608]

3 MeCN (298) 246 (97 600), 296 (70 600),
308 (61 510), 355 (9380),
485(sh) (920)

548 [565 (sh)]

Solid (298) 559(0.69) [560]
Glass (77)b 548 [570]

4 MeCN (298) 246 (95 480), 295 (64 780),
308 (55 240), 364 (7160),
494(sh) (1300)

553(0.12)
[564 (sh)]

Solid (298) 600(0.53) [600]
Glass (77)b 560 [565]

5 MeCN (298) 248 (79 010), 297 (57 390),
308 (52 090), 368 (9000),
502(sh) (1320)

557(0.11)
[560(sh)]

Solid (298) 562(0.49) [560]
Glass (77)b 554 [562]

6 MeCN (298) 246 (89 080), 295 (62 460),
306 (54 500), 356 (8200),
475(sh) (1240)

532(0.16)
[590(sh)]

Solid (298) 555(0.45) [556]
Glass (77)b 540 [564]

a Absorption and emission wavelengths are reported to ±2 nm. b Ethanol–
methanol (4+1 v/v) glass. c Excitation wavelength at 355 nm. Values in
square brackets are lem with excitation wavelength at 450 nm.

1752 Chem. Commun., 2000, 1751–1752



Synthesis of mesoporous TiO2 with a crystalline framework

Yinghong Yue and Zi Gao*

Department of Chemistry, Fudan University, Shanghai 200433, P.R. China. E-mail: zigao@fudan.edu.cn

Received (in Cambridge, UK) 23rd May 2000, Accepted 2nd August 2000
First published as an Advance Article on the web 29th August 2000

A thermally stable mesoporous TiO2 with a crystalline
framework and ordered large pores is synthesized using a
block copolymer as a structure-directing agent through an
N0I0 assembly pathway, followed by a hydrothermal proc-
ess.

The synthesis of mesoporous silica with a high surface area and
uniform cylindrical mesopores, which was designated as M41S,
was first demonstrated in 1992.1 Since then, the use of
surfactants and amphiphilic block copolymers to organize
mesoporous structures has been extended to the preparation of
non-silica mesoporous metal oxides. Mesoporous MnO2,2
Al2O3,3,4 TiO2,4,5 Nb2O5,4,6 Ta2O5,4,6 ZrO2

4,7 and SnO2
4,8 have

been synthezied over the past few years. Among them,
mesoporous TiO2 is most attractive due to its excellent
performance in photocatalytic reactions.9 It is well known that
the effectiveness of titania as a photocatalyst is very sensitive to
its crystal phase, particle size and crystallinity, and the
mesoporous TiO2 prepared using phosphate surfactants has low
photocatalytic activity because the amorphous titania channel
walls afford low quantum yield for photocatalytic reactions.10

Calcination of the as-synthesized mesoporous TiO2 at high
temperature is essential for the crystallization of titania in the
channel wall.4 However, damage to the integrity of the
mesoporous structure will take place upon calcination at high
temperature, thus only mesoporous TiO2 with amorphous or
semicrystallized channel walls have been reported till now.
Here we present the first example of mesoporous TiO2 with
crystalline framework, prepared through an N0I0 assembly
pathway using a triblock copolymer as a structure-directing
agent and followed by a hydrothermal process.

The mesoporous titania with crystalline framework was
prepared as follows: a calculated amount of titanium ethoxide
Ti(OC2H5)4 was dissolved in an ethanol solution containing
triblock poly(ethylene oxide)–poly(propylene oxide)–poly(eth-
ylene oxide) (EO20PO70EO20, Aldrich) and a very small amount
of CeCl3 which acts as a stabilizer in the syntheses. 11 After
stirring for 1 h at ambient temperature, a water–ethanol mixture
containing a 20% molar fraction of water was added dropwise.
The molar composition of the reaction mixture was: 0.05
Ce3++1.0 TEOT+0.02 EO20PO70EO20+4.0 H2O+15.5 C2H5OH.
The mixture was stirred at ambient temperature for another 48
h. In the hydrothermal process, a large amount of water was
added to the resulting solution until the H2O/TiO2 molar ratio =
90. Then, the mother liquor containing the precipitate was
transferred to a stainless steel autoclave, and heated at
80–180 °C for 24 h. The product obtained was filtered off,
washed with distilled water, dried at 100 °C, and finally
calcined in air at 350 °C or 500 °C for 4 h. The samples studied
are denoted as TiO2-x-y, where x and y represent the
temperatures of hydrothermal aging and calcination, respec-
tively. A mesoporous TiO2 sample untreated hydrothermally
was also prepared for comparison.

Fig. 1 shows the results of wide-angle X-ray diffraction
studies performed on a Rigaku D/MAX-IIA diffractometer
using Cu-Ka radiation of the hydrothermally treated mesopor-
ous titania before and after calcination. No clear diffraction
peaks are observed for as-synthesized mesoporous TiO2
without hydrothermal treatment before calcination. After calci-
nation weak and broad peaks, which can be indexed as the

(101), (004), (200), (105) and (204) reflections of anatase
crystalline phase, appear on the pattern, showing that the
channel walls are semicrystallized and some anatase nano-
crystallites are formed and embedded in the amorphous titania
channel walls. In contrast, sharp diffraction peaks of anatase
appear on the XRD patterns of samples hydrothermally treated
at 80–180 °C even before calcination and the intensity of the
peaks increases little after calcination, indicating that the
channel walls of the mesoporous oxides can be successfully
crystallized at the low hydrothermal treatment temperatures.
The crystals in the TiO2-120-350 and TiO2-180-350 samples
are estimated to be of size 10 and 15 nm, respectively, by
applying the Scherrer formula on the (101) diffraction peaks.
The degree of crystallization and the anatase crystal size
increase as the hydrothermal treatment temperature is increased
from 80 to 180 °C. A brookite peak at 31° (2q) appears for
samples treated at 180 °C. Calcination up to 500 °C does not
have significant effects on the diffraction patterns of the
samples, showing that the anatase crystal phase is retained at
this temperature and no phase transformation has occurred.

Thermogravimetric experiments of the hydrothermally
treated samples carried out in flowing air on a Rigaku
Thermoflex instrument indicate that there are three endothermic
processes in the TG/DTG/DTA curves at 20–120 °C,
120–320 °C and 320–420°C, corresponding to the release of
adsorbed water, block copolymer and structural water, re-
spectively. Therefore, the block copolymer template in this type
of mesoporous TiO2 samples can be completely removed upon
calcination in air at 350 °C.

Transmission electron micrographs of the TiO2-120-350
sample recorded on a Philips CM 200 FEG Microscope (Fig. 2)
shows that the pore channel walls are not totally continuous and
the mesostructure is spotted with a few micro-domains of less
ordered worm-like pore symmetry. Selected-area electron
diffraction patterns (Fig. 2 inset) recorded on the same sample

Fig. 1 XRD patterns of mesoporous TiO2 before (A) and after (B)
calcination. (a) TiO2; (b) TiO2-80-350; (c) TiO2-120-350; (d) TiO2-
180-350.
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confirm that the channel walls are comprised of nanocrystalline
anatase displaying characteristic diffuse electron diffraction
rings.

Fig. 3 illustrates the N2 adsorption/desorption isotherms of
the TiO2-120-350 sample measured using a Micromeritics
ASAP 2000 system. A large H1-type hysteresis loop at high
relative pressure is observed, which is related to the capillary
condensation associated with large pore channels. BJH analysis
of the desorption isotherm is shown in Fig. 3 (inset). The narrow
gaussian pore size distribution curve implies that the material
has very regular pore channels in the mesoporous region. The
textural properties of all the hydrothermally treated samples are
listed in Table 1 along with the data of the untreated samples.
The pore size and volume of the hydrothermally treated samples
are significantly greater than those of the untreated sample,
whereas their specific surface areas are slightly lowered. The
dramatic increase in pore size of the samples shows that the
mesoporous TiO2 could be restructured under hydrothermal
treatment in the presence of the block copolymer template. The

pore sizes of TiO2-180-350 and TiO2-180-500 reach 7.0 and 8.0
nm, respectively, which are the largest reported for mesoporous
titania until now.4 The mesoporous TiO2 materials with
crystalline framework retain their structural integrity and
mesoporosity when calcined at 500 °C.

This work shows that mesoporous TiO2 materials with
anatase crystalline framework can be successfully prepared
using a templating procedure followed by hydrothermal
treatment and calcination. Amorphous titania in the channel
walls of the mesoporous structure is crystallized at low
hydrothermal temperature without sacrificing porosity and pore
regularity, and the template is removed at a relatively low
calcination temperature to ensure the materials against structure
degradation. The crystalline framework, high specific surface
area, large pore size and high thermal stability of these new
materials are expected to afford better activity toward photo-
catalytic reactions, in particular those concerned with bulky
molecules and high space velocity.

This work was supported by the Major State Basic Research
Development Program (Grant No. 2000077500) and the
Foundation for University Key Teacher by the Ministry of
Education.
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Fig. 2 TEM image and selected-area electron diffraction pattern (inset) of
the TiO2-120-350 sample

Fig. 3 N2 adsorption/desorption isotherm and BJH pore size distribution
plot (inset) of the TiO2-120-350 sample at 77 K.

Table 1 Textural properties of mesoporous TiO2 samples

Sample

Aging
temperature/
°C

Calcination
temperature/
°C

BET
surface
area/m2

g21

Pore
diameter/
nm

Pore
volume/
cm3

g21

TiO2-80-350 80 350 201 4.4 0.271
TiO2-80-500 80 500 150 5.2 0.249
TiO2-120-350 120 350 204 5.5 0.315
TiO2-120-500 120 500 157 6.2 0.302
TiO2-180-350 180 350 159 7.0 0.366
TiO2-180-500 180 500 134 8.0 0.336
TiO2 none 350 242 2.2 0.156
TiO2 none 500 191 2.0 0.130
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Reaction of the magnesium amide Mg(TMP)2 with the
lithium amide LiHMDS is accompanied by an unexpected,
sterically-promoted hydrogen transfer/amine elimination
process, to yield the novel title compound which is the first
such heterometallic composition to contain a heteroleptic
amide ligand set.

Lithium amide compounds have been long-standing friends to
the synthetic chemist, especially sterically encumbered types
which find widespread use in regio-, stereo- and enantio-
selective deprotonation applications.1 By comparison, magne-
sium amides are much more recent acquaintances, but they too
are beginning to make an impression as specialist reagents,2
most notably in the asymmetric arena.3 While these mainstream
homonuclear compounds have been commanding most atten-
tion, the effect of pairing a lithium (or another alkali metal)
amide with a magnesium amide, in the same molecular
package,4 is also under scrutiny. Could this mixing promote a
useful synergy, giving rise a new chemistry and novel
structures, not known or not possible with the conventional
homonuclear compounds? Studies directed towards answering
this intriguing question are still at a preliminary stage; however,
initial signs appear promising. For example, the idea of ‘inverse
crown ether’ complexes was conceived from this hetero-
bimetallic approach. These are eight-membered (MNMgN)2+

rings (M = Li, Na or K)5 which act as polymetallic hosts to
oxygen-based O22 or (O2)22 dianions. Larger twelve-mem-
bered (NaNMgNNaN)2

2+ or twenty four-membered
(KNMgN)6

2+ variants,6,7 which function as single or multiple
traps for larger arene-based anions, have also been introduced.
In all of these mixed-metal macrocycles there is only one type
of amido bridge, belonging to either 1,1,1,3,3,3-hexamethyldi-
silazide (HMDS) or 2,2,6,6-tetramethylpiperidide (TMP) li-
gands. Similarly, the few other mixed lithium–magnesium
amides in the literature are also homoamido in composition.
Therefore we set out to prepare the first mixed lithium–
magnesium, mixed amide compound. As reported herein, while
this aim has been achieved through the synthesis of
[{LiMg(TMP)[CH2Si(Me)2N(SiMe3)]}2], 1, which contains
both TMP and HMDS ligands, surprisingly it is not an inverse
crown ether and furthermore it is accompanied by an unex-
pected deprotonation of one of the Me groups attached to Si in
the latter ligand. Interest is heightened by the fact that the
molecular structure is chiral, as determined by X-ray crystallo-
graphic studies on representative crystals of 1. This ster-
eochemical outcome can be explained by an intramolecular
hydrogen transfer, promoted by the sterically crowded, con-
formationally locked heteronuclear structure expected to form
initially on mixing the component homonuclear amides.

We first observed 1 on attempting to prepare the homo-
nuclear amides in situ by adding, in order, BunLi (5 mmol) in
hexane, HMDS(H) (5 mmol), Bu2Mg (5 mmol) in heptane, and
TMP(H) (10 mmol). The reaction mixture was subsequently
heated to reflux for 90 min. A mutually coupled pair of doublets
(2J, 13.1 Hz) in the negative region of the 1H NMR spectrum of

a C6D6 solution of the product,† alerted us to the presence of the
metal bound CHHA group (a point later verified by X-ray
crystallography). This surprising finding prompted us to try an
alternative direct approach, preparing and isolating Mg(TMP)2
(as an oil)8 and LiHMDS (as a crystalline solid)9 separately (to
ensure all butyl anions had been consumed, a point confirmed
by NMR studies), before adding them together in a 1+1
stoichiometry in hydrocarbon solution. Stirred and gently
warmed for a few min but not heated to reflux, this solution also
afforded pale yellow crystals of 1.† Absolute yields could not be
determined due to the high solubility of 1 which makes the low
temperature filtration/isolation procedure problematical; how-
ever, in one attempt 30% was collected, though the true yield
was considerably greater.

The molecular structure of 1 (Fig. 1)‡ is dimeric, composed
of dinuclear (LiNMgN) monomeric fragments with pendant
Me2SiCH2 arms which bind ‘intramolecularly’ through the
methylene C atom to the Mg centre. Dimerisation is effected via
‘intermolecular’ bonds from the methylene C atom to the Mg
centre of the other monomeric fragment. The Mg centres
occupy distorted tetrahedral [80.80(10)–128.62(11)°] environ-
ments made up of two C and two N atoms. Formally occupying
bent [104.3(2)°] geometries between two N atoms, each Li
centre finds electronic relief through agostic interactions with
one TMP [Li(1)…C(12), 2.565(6) Å; Li(2)…C(24), 2.585(6)
Å] and one HMDS-Me group [Li(1)…C(4), 2.359(6) Å;
Li(2)…C(28), 2.332(6) Å]. ‘Intramolecular’ Mg–C bonds are
marginally longer than their ‘intermolecular’ counterparts
(mean lengths, 2.320 and 2.258 Å, respectively). The (MgC)2
ring they make, which represents the central component of a
fivefold system of fused four-membered rings, is puckered

Fig. 1 Molecular structure of 1 showing agostic contacts as dashed lines.
Hydrogen atoms are omitted for clarity. Selected dimensions (Å and °):
Mg1–C1 2.319(3), Mg1–C25 2.252(3), Mg2–C1 2.264(3), Mg2–C25
2.321(4), Li1–N1 2.009(6), Li1–N2 1.990(6), Li2–N3 1.989(6), Li2–N4
2.012(6), Si1–N1 1.726(3), Si1–C1 1.875(3), Si3–N4 1.730(3), Si3–C25
1.877(3), Mg1–N4–Si1 92.0(1), N1–Si1–C1 105.4(1), Mg1–C1–Mg2
76.0(1), Mg1–C25–Mg2 76.2(1), Mg2–N4–Si3 91.9(1), N4–Si3–C25
105.4(1).
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(RMS deviation from planarity, 0.2138 Å). In contrast, the
dinuclear (LiNMgN) rings at opposite ends of the structure are
essentially planar. Mean Mg–N and Li–N bond lengths (2.104
and 2.000 Å, respectively) lie in the usual range for bonds of this
type with the same connectivity. Also essentially planar, two
(MgNSiC) rings complete the structure.

The most interesting aspect of the structure is the chiral
nature of the HMDS N atoms N(1) and N(4). Each binds to one
Li and one Mg centre, and to one SiMe3 and one SiMe2CH2
group. Only the enantiomeric R,R and S,S pair has been
observed. The R,S diastereoisomer has not been detected. Based
on knowledge of related magnesium and mixed lithium–
magnesium amide structures, it is possible to construct a
structural pathway (Scheme 1) to rationalise the formation of 1.
Though not yet confirmed crystallographically, the structure of
Mg(TMP)2 is almost certainly either a monomer or a loosely-
associated dimer. These two structural types co-exist in
solutions of Mg(HMDS)2,10 so it is likely that solutions of
Mg(TMP)2 would contain an even more significant preponder-
ance of monomer given the greater steric bulk of TMP. In the
first step of the pathway, it is envisioned that a Mg(TMP)2
monomer would approach a molecule of LiHMDS (formally a
trimer in the solid state, but here shown as a monomer for
simplicity). This should result in a heteronuclear arrangement,
akin to that known for LiMg(HMDS)3,5a but more sterically
crowded and with a mixed TMP-HMDS bridge. A close contact
between a C–H bond on the bridging Me(SiMe2)N group and
the N atom of the terminal TMP ligand could then trigger
hydrogen transfer and subsequent loss of TMPH. Concomi-
tantly, a new Mg–C bond and fixed stereogenic N centre are
formed. Relief of steric crowding around the Mg centre then
allows dimerisation to proceed in the final step, thus increasing
the coordination number of the Mg centre from 3 to 4. It is
pertinent to note that no analogous pathway is possible in a
homonuclear LiHMDS–LiTMP system, as from valency con-
siderations no terminal TMP ligand would be available for
subsequent displacement.

Though rare, it is known that certain transition metal (Ti,11

V,12 Zr13) HMDS-containing complexes can for steric reasons
lose a hydrogen atom to generate CH2Si(Me)2NSiMe3 ligands
through direct metallation with a strong base (BunLi, LiHMDS,
NaHMDS), but these reactions afford only achiral products. A

more interesting analogy is provided by a mixed Sb–Ga geminal
organodimetallic complex14 in which a (2-C5H4N)C(SiMe3)2
ligand is converted to (2-C5H4N)C(SiMe3)Si(Me)2CH2 with
generation of a new stereogenic C centre. Thermally induced
via an intramolecular MeH elimination (cf., the amine elimina-
tion here), this deprotonation is facilitated by a Me–Ga bond
(cf., the R2N–Mg bond here) within the cyclic precursor.

Finally, given that 1 retains a bulky amide ligand within a
conformationally-locked ring structure, as well as a bifunctional
C, N-alkide, amide ligand, it will be of interest to ascertain
whether it and similar heterometallic complexes have a future as
companion reagents to the conventional homometallic bases
and nucleophiles.

We thank Drs D. R. Armstrong and K. W. Henderson for
many useful discussions and the EPSRC service at the
University of Southampton for the X-ray crystallographic
study.

Notes and references
† NMR data for 1 revealed an unusual asymmetrical pattern for the TMP
ligand which we attribute to a fixed, rigid environment. dH (400.13 MHz,
C6D6) –0.75 (d, 2 H, CHHA), –0.40 (d, 2 H, CHHA), 0.19 (s, 18 H, SiMe3),
0.39 (s, 6 H, SiMeMeA), 0.61 (s, 6 H, SiMeMeA), 0.65/0.78/1.53 (m, 8 H, b-
CH2, TMP), 1.12 (s, 6 H, Me-TMP), 1.28 (s, 6 H, MeA-TMP), 1.46 (s, 12 H,
2MeB-TMP), 1.53/1.82 (m, 4 H, g-CH2, TMP); dC (100.61 MHz, C6D6) 5.03
(SiMe3), 6.11 (CHHA), 9.20 (SiMeMeA), 9.89 (SiMeMeA), 19.81 (g-C, TMP),
32.21/34.93/38.19/38.98 (4Me-TMP), 43.62 (b-C, TMP), 52.24/52.62 (a-
C, TMP). Assignments were verified by COSY, DEPT and 1H, 13C HMQC
experiments. Crystals of 1 start to decompose at 146 °C and finally melt at
164–166 °C.
‡ Crystal data for 1: C30H70Li2Mg2N4Si4, M = 661.76, orthorhombic,
space group Pna21, a = 11.6682(2), b = 16.8825(4), c = 20.9980(4) Å, V
= 4136.3(2) Å3, Z = 4, l = 0.71073 Å, m = 0.197 mm21, T = 150 K, R
= 0.0504 for 6153 reflections with I > 2s(I), Rw = 0.1181 for 9097 unique
reflections. 30186 reflections measured (Rint = 7.86%) to a 2qmax of 54.96°.
Refinement on F2 with SHELXL gave a final maximum residual electron
density of 0.318 e Å23. CCDC 182/1734. See http://www.rsc.org/suppdata/
cc/b0/b004317f/ for crystallographic files in .cif format.
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Scheme 1 Note that the stereochemistry shown here is idealized and not
representative of that in 1
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The first sodium–zinc and potassium–zinc members of the
inverse crown ether family, an emerging class of hetero-
metallic macrocyclic amides previously limited to alkali
metal–magnesium combinations, have been synthesised and
crystallographically characterised.

The use of sterically hindered lithium amide bases, such as
LDA, as selective deprotonating agents is widespread through-
out organic chemistry.1 Although these and other homometallic
amides have been extensively studied, the possibility of fine-
tuning the reactivity profiles of lithium amides by introducing a
second metal centre has only recently been explored and has
resulted in the characterisation of new structural types. We have
described the formation of a new form of heterometallic
macrocyclic amide, the inverse crown ether, which can be
subdivided into two types. The first group consists of eight-
membered [MgNMN]2 rings (M = Li, N = HMDS or TMP;†
M = Na or K, N = HMDS) which balance their 2+ charge by
acting as oxygen scavengers and encapsulating oxide or
peroxide dianions.2–4 The second group consists of larger
twelve-membered, [NaNMgNNaN]2, and twenty-four-mem-
bered, [MgNKN]6, rings (N = TMP) which encapsulate one
dideprotonated or six monodeprotonated arene molecules,
respectively, derived from the solvents used during the
reaction.5 This previous work encompasses a range of M+

metals, of amide ligands and of guest anions, only the Mg2+

centre has remained constant. Substituting metals outside the s-
block for magnesium would open new avenues for exploration.
One intriguing possibility is that of performing redox chemistry
on the guest anions by taking advantage of the range of easily
accessible oxidation states displayed by many d-block metals.
As a first step towards such compounds we sought to form
mixed group 1 metal/zinc analogues. Zinc was chosen for these
initial investigations owing to its similar size to magnesium, for
its readiness to assume a trigonal-planar coordination geometry
and for its stability in the +2 oxidation state, all of which fit the
design criteria for inverse crown ether formation. As reported
herein, this aim has been realised through the synthesis and
crystallographic characterisation of the first sodium–zinc,
[Na2Zn2(HMDS)4(O)] 1, and potassium–zinc,
[{K2Zn2(HMDS)4(O2)x(O)y}∞ ] 2, inverse crown ether com-
plexes.

The magnesium containing macrocycles were formed on
reacting mixtures of alkyl metal reagents with the appropriate
amine;2–4 however, following the same synthetic procedure
with dimethylzinc and n-butyllithium did not give the expected
macrocyclic product (Scheme 1). Instead one methyl group was
retained and [{Li(m-HMDS)2ZnMe}∞ ] 3a, was the only
product isolated, forming in 39% yield as long, colourless
needle crystals. The molecular structure of 3a‡ was found to be
based on planar four-membered ZnNLiN rings (Fig. 1) with the
methyl group occupying a third (terminal) coordination site on
Zn. The molecule has crystallographically imposed two-fold
symmetry with Zn, Li and C1 lying on a rotation axis. The

coordinatively unsaturated (with respect to N) Li attains a
higher coordination number by forming a short, linear,
intermolecular bridging contact with a neighbouring methyl
group (Li…C1 2.435(12) Å, Zn–C1···Li 180°) thus giving rise to
a relatively insoluble and structurally robust (vide infra)
polymer. This is in marked contrast to [Li(m-
HMDS)2Mg(HMDS)]2 4, where lithium attains a tetrahedral
geometry by forming two intramolecular Li…C contacts [of
length 2.294(10) and 2.320(9) Å] with methyl groups from the
HMDS ligands. Despite the methyl group being shared between
the two metal centres the Zn–C1 distance in 3a of 1.957(7) Å is
similar to those in comparable, but molecularly discrete,
compounds.6 The linear, CH3 face-capping7 nature of the
methyl to lithium interaction in 1a is unusual and contrasts
strongly with the bent motifs found both in 4 and in other mixed
Zn/Li species.8

Varying the reaction conditions by including a 4 h reflux or
by initially preparing a separate ‘Zn(HMDS)2’ solution from
ZnMe2 and amine prior to addition of Li(HMDS) failed to
dislodge the second methyl group and produced only 3a as
identified by 1H NMR spectral data [C5D5N, d 0.58 (s 12H,
SiMe3), 20.05 (s 1H, Me)]. Repeating the reaction with BunNa
or BunK in place of BunLi gave the equivalent sodium and
potassium compounds, 3b and 3c, respectively, as assigned by
comparison of their NMR spectra. To circumvent the retention
of the methyl group, Zn(HMDS)2 was prepared by a literature
method9 from ZnCl2 and 2 equivalents of Li(HMDS), and
subsequently purified by filtration and vacuum distillation. The
pure zinc amide was then added to Na(HMDS) (in a 1+1 molar

Scheme 1

Fig. 1 Polymeric structure of 3a. Selected geometric parameters (Å,°): Li–N
1.959(7); N–Zn–N* 102.0(2), C–Zn–N 129.0(1), Zn–N–Li 76.1(3), N–Li–
C** 127.1(2), N–Li–N* 105.7(5). * = 1 2 x, y, 1.5 2 z, ** = x, 1 + y, z.
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ratio) in an arene solvent (which had previously had dry oxygen
bubbled through it) and heated to reflux for 2 h. On cooling to
room temperature, large colourless crystals were formed. These
were found to be the desired product 1.‡ Note that when
12-crown-4 is present during this reaction only the zincate
[Na(12-crown-4)2][Zn(HMDS)3] is obtained.10 Repeating our
reaction using K(HMDS) in place of Na(HMDS) gave crystals
of peroxide rich 2 (x = 0.82, y = 0.18, for the crystal examined
by X-ray diffraction). 2 is the first organoamido-group 12 metal
peroxide to be crystallographically characterised, although
relevant zinc oxides are known.11 Compounds 1 and 2 are
isomorphous with each other and with their magnesium
containing analogues, 1a3 and 2a.4 Each consists of a near
planar octagonal ring containing alternate metal and nitrogen
centres (Figs. 2 and 3). Like metal atoms occupy transannular
positions and all of them form a third attachment to the central
oxide or peroxide guest. The Zn–N distances in 1 and 2 are
essentially identical within each compound [mean 1.984(2)
and 1.963(1) Å, respectively] and are shorter than that found
for 3a (2.010 Å), seemingly in line with the increasing
electronegativity of the group 1 metal. Each Na or K atom forms
one short and one long bond to an amide [Na–N 2.541(3),
2.597(2), K–N 2.797(1, 2.838(1) Å] and, unlike the smaller zinc
atoms, are displaced both away from the centre of the ring and
from the plane of the ring. This leaves both sodium and, more
especially, potassium in relatively unfavoured low coordination
states and with all their formal bonds on the same side of the
coordination sphere. 2 compensates for this by forming short
K…CH3(SiMe2) contacts. Each potassium forms one inter-
molecular contact [K···C 3.324(2) Å, K···C–Si 155.6(1)°], to
give the linear polymer shown in Fig. 3, as well as several
intramolecular contacts [range 3.309(2)–3.362(2) Å]. Note that,
in contrast to 2a, the intermolecular contact is no longer the
shortest. It is of interest that the Na compounds display similar

carbon contact distances but that these are normally disregarded
due to the smaller size of Na. Preliminary results from a single
crystal neutron diffraction study of 1 gave longer Na···H
distances than those obtained from X-ray diffraction, which
reinforces this view. Although the Zn–N distances are system-
atically 0.07–0.08 Å shorter than the Mg–N distances in 1a and
2a, the remaining ring bond lengths and angles are similar,
giving essentially isostructural species and hence further
encouragement for the future synthesis of larger heterometallic
zinc macrocycles of the [NaNZnNNaN]2 and [KNZnN]6
types.

We thank the EPSRC for a grant (award no. GR/M78113) to
fund G. C. F. and R. B. R., for partial funding for a
diffractometer (W. C.) and also for a beamtime award (R. B.
11126) at the Rutherford Appleton Laboratory.

Notes and references
† TMP(H) = 2,2,6,6-tetramethylpiperidine; HMDS(H) =
1,1,1,3,3,3-hexamethyldisilazane.

Reported yields are for the first crystalline crop of materials obtained and
have not been optimised. 1: yield 40%, mp 172–173 °C; satisfactory C, H,
N, Na, Zn analyses; dH(400 MHz, C6D6), 0.31 (s). dC(100.61 MHz, C6D6)
7.09. 2: yield 18%, mp 165–166 °C; satisfactory C, H, N, K, Zn analyses.
dH(400 MHz, C6D6), 0.30 (s), 0.29 (s) ratio 4+1, tentatively assigned to
peroxo and oxo species respectively; dC(100.61 MHz, C6D6) d 7.01. 3a:
yield 39%; satisfactory C, H, N, Li, Zn analyses; dH(400 MHz, C5D5N),
0.58 (s, 12H, SiMe3), 20.05 (s, 1H, Me). 3b: yield 14%. dH (400 MHz,
C6D6), d 0.21 (s, 12H, SiMe3), 20.10 (s, 1H, Me). 3c: yield 12%, dH(400
MHz, C6D6), 0.24 (s, 12H, SiMe3), 20.48 (s, 1H, Me).
‡ Crystal data: 3a: C13H39LiN2Si4Zn, M = 408.13, monoclinic, C2/c, a =
17.040(10), b = 6.840(8), c = 21.558(10) Å, b = 108.47(4)°, U = 2383(3)
Å3, Z = 4, l = 0.71069 Å, m = 1.228 mm21, T = 123 K, R = 0.0593 for
2047 observed reflections with I > 2s(I), wR2 = 0.1441 for 2442 unique
reflections (4689 measured, Rint = 0.0654).

1: C24H72N4Na2OSi8Zn2, M = 834.30, triclinic, P1̄, a = 10.711(6), b =
12.810(6), c = 8.970(4) Å, a = 108.96(3), b = 99.77(4), g = 96.13(4)°,
U = 1129.6(9) Å3, Z = 1, l = 0.71069 Å, m = 1.316 mm21, T = 183 K,
R = 0.0546 for 5530 observed reflections, wR2 = 0.1305 for 6590 unique
reflections (6914 measured, Rint = 0.0134).

2: C24H72K2N4O1.82Si8Zn2, M = 879.64, triclinic, P1̄, a = 8.9898(4), b
= 10.9763(5), c = 12.9529(6) Å, a = 97.322(2), b = 108.154(2), g =
101.162(2)°, U = 1167.11(10) Å3, Z = 1, l = 0.71073 Å, m = 1.436
mm21, T = 160 K, R = 0.0188 for 4753 observed reflections, wR2 =
0.0549 for 5263 unique reflections (10058 measured, Rint = 0.0112). All
structures solved and refined on F2 using programs of the SHELX family
(G. M. Sheldrick, University of Göttingen, Göttingen, Germany).

CCDC 182/1740. See http://www.rsc.org/suppdata/cc/b0/b005233g/ for
crystallographic files in .cif format.
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Fig. 2 Molecular structure of 1. Selected geometric parameters (Å,°): Na1–
O1 2.265(2), Zn1–N1 1.986(2), Zn1–N2 1.983(2), Zn1–O1 1.873(1); N1–
Na1–N2* 158.96(8), N1–Zn1–N2 141.58(9), Na1–N1–Zn1 78.72(8),
Na1*–N2–Zn1 79.78(8). * = 2x, 2y, 2z.

Fig. 3 Extended structure of 2 with H-atoms and the minor disorder
component omitted for clarity. Selected geometric parameters (Å,°): Zn–N1
1.961(1), Zn–N2 1.965(1), O–O* 1.579(4), N1–K–N2* 143.75(3), N1–Zn–
N2 135.32(4), K–N1–Zn 83.07(4), K*–N2–Zn 84.14(4). * = 1 + x, 1 + y,
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A trace component within a dynamic combinatorial library
of pseudo-peptide hydrazones has been dramatically ampli-
fied in a reversible manner through recognition by
[18]crown-6.

Dynamic combinatorial libraries (DCLs) have attracted great
interest because of their potential for the identification of new
catalysts, enzyme inhibitors and host–guest systems.1 Their
successful implementation will hinge on our ability to effect
control over the library composition using non-covalent
interactions with a template: because of the dynamic equilibria
established in a DCL, the stabilisation of any given member by
molecular recognition will lead to its amplification by virtue of
the Le Chatelier principle. In principle, even species which are
present in only trace quantities should be able to be amplified,
but since our original proposal of thermodynamic templating of
‘living’ mixtures in 1996,2 only small changes in the product
distribution of covalent DCLs induced by templates have been
reported.3,4 We now report that recognition by [18]crown-6
leads to dramatic amplification of a trace component within a
pseudo-peptide DCL; we also show that this amplification is
controllable and reversible.

Our group initially showed that DCLs generated by meth-
oxide-catalysed transesterification of steroidal macrocycles can
be influenced by the presence of NaI,3b but more recently we
have sought to generate libraries using chemistry which offers
exchange under milder conditions more suitable for supra-
molecular recognition such as transimination5,6 and palladium-
catalysed allyl transesterification.7 A DCL of pseudo-peptide
hydrazones can be prepared in chloroform from monomer 1 (5
mM) using TFA as catalyst (Scheme 1).5a Analysis of the
library using ESI-MS† revealed the presence of 10 macrocyclic
compounds ranging from dimer to undecamer. These major
macrocyclic products must interconvert via at least 10 linear

hydrazide species which are present in the DCL but at
concentrations too low for detection by HPLC or ESI-MS.
HPLC analysis of the library after 24 h showed as major
products the dimer 2, trimer 3, tetramer 4, pentamer 5 and
higher cyclic oligomers (Fig. 1a). The products were identified
using LC-MS.‡

Unlike the cyclic members, the linear species present in the
DCL contain a free hydrazide functionality, which under the
acidic conditions used is likely to be protonated. As the affinity
of [18]crown-6 for primary alkylammonium8 and hydrazinium9

ions is well known, similar behaviour could be expected for the
closely related protonated hydrazides present in our system.
Introduction of 4 eq. of [18]crown-6 to the reaction mixture
shifted the equilibrium by formation of a hydrazide–crown ether
complex. HPLC analysis showed a decrease in the concentra-
tion of the larger macrocycles and the presence of a new peak
corresponding to 6 with a retention time of 3 min (Fig. 1b). At
equilibrium, 6, previously present in an undetectable amount,
was the major component of the library (67%).§ As a control
experiment, the library was prepared in the presence of
[18]crown-6 by treating a solution of 1 and the crown ether with
TFA, and the same distribution of products was achieved.

Compound 6 cannot be isolated as it reacts with itself to form
hydrazones, but its UV spectrum was recorded using the diode
array facility of the HPLC; it does not show the characteristic
288 nm absorption of the cyclic aromatic hydrazones but a band
at 257 nm is observed which corresponds well with the
spectrum of the model aldehyde 7.¶ The ESI mass spectrum of
the reaction mixture (Fig. 2) was dominated by a major peak at
673.4 corresponding to the 6·[18]crown-6·H+ complex, accom-
panied by small peaks for 6H+(409.4), cyclic dimer 2H+(781.6)
and trimer 3H+(1171.7), as well as the complex of the
protonated linear dimer 8 with [18]crown-6 (1063.5).

As the DCL contains a complex network of equilibria, it is
important to show that kinetic traps have not been introduced

Scheme 1

Fig. 1 (a) Chromatogram of the DCL at 24 h, (b) chromatogram of the DCL
after addition of 18-crown-6, (c) chromatogram of the DCL showing the
regeneration of the cyclic products by addition of 3 eq. of KBr with respect
to the amount of [18]crown-6.
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into the system. When KBr was added as a competitive guest
that strongly interacts specifically with the crown ether, the
original cyclic products were regenerated (Fig. 1c). In a control
experiment, the same amount of KBr was added to the library in
the absence of crown ether and no change in the composition
was observed over 2 days.

Any variation in the strength or extent of hydrazide–crown
ether binding should result in a corresponding change in the
library composition. When the amount of added [18]crown-6
was varied in the range 0.4–5.0 eq., the proportion of peptide
material present as 6 similarly ranged from 20–74%. When
different crown ethers were introduced to the library the
observed response from the system was related to the size of the
ring. Within the series of unsubstituted crown ethers the amount
of 6 increases with the size of the crown ether up to [18]crown-
6; and in the series of the dibenzo crown ethers, the yield of 6
decreased with crown ethers larger than dibenzo [18]crown-6
(Fig. 3). These results are likely to be related to the affinity of
the protonated hydrazide for the crown ethers. It is well known
that [18]crown-6 possess the right size and shape to bind
primary ammonium cations through three-point hydrogen
bonds.10

In summary, we have demonstrated that non-covalent
interactions between a protonated hydrazide and [18]crown-6
can be used to generate a strong response from a hydrazone-
based DCL. The response consists in the amplification of a
member previously present in trace amounts to become the
major constituent. That increase in concentration is achieved
through the preferential consumption of all the unselected cyclic
products. The amplification can be reversed by adding a
competitive guest that specifically interacts with the crown
ether, leading to the regeneration of the original macrocyclic
products. To the best of our knowledge, this is the first example
of a very substantial amplification in a covalent DCL.

The interaction between protonated hydrazide and crown
ether can also be regarded as a non-covalent protection of the
hydrazide, competing efficiently with the reaction between the
hydrazide and an aldehyde to form new covalent bonds. Further
exploration of the concept of non-covalent protection is under
investigation in our laboratory.

We thank S. Otto and J.-C. Meillon for helpful discussions,
and the BBSRC, the Ethyl Corporation, Fundacion Antorchas
and Consejo Nacional de Investigaciones Cientificas y Tecnicas
(Argentina) for financial support.

Notes and references
† Electrospray mass spectra were recorded on a Micromass Quattro-LC
triple quadrupole apparatus fitted with a z-spray electrospray source. The
electrospray source was heated to 100 °C and the sampling cone voltage was
65 V. Samples were introduced into the mass spectrometer source with an
LC pump (Shimadzu LC-9A LC pump) at a rate of 4 mL min21 of MeCN–
H2O (1+1).
‡ HPLC analysis was carried out using a Hewlett-Packard 1050 instrument,
coupled to a HP 1050 DAD; data were analysed using HP ChemStation. LC-
MS was carried out using an identical HPLC system containing a solvent
splitter which diverted 1% of the eluant to a Micromass Platform MS
operating in simultaneous positive and negative electrospray modes with a
cone voltage of 30 V. The UV and MS data sets were analysed using a
MassLynx software suite. Reverse phase HPLC separations were carried
out using a 15 cm 3 4.6 mm i.d. 3 mM particle size, Supelco ABZ+ C16
alkylamide column using acetonitrile and water gradients.
§ As the extinction coefficient of the new compound is different from that
of a hydrazone, its concentration was indirectly determined by the absolute
loss of signal intensity belonging to the macrocycles. Loss of hydrazone
intensity was directly related to the increase in the signal due to the peak at
3 min.
¶ Aldehyde 7 was prepared from carboxybenzaldehyde dimethoxy acetal,
Cbz-proline and phenylalanine methyl ester using standard peptide
chemistry. Removal of the dimethoxy acetal was achieved with TFA.
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Fig. 2 ESI-MS of the library in presence of 4 eq. of [18]crown-6.

Fig. 3 Amount of 6 in the library when 4 eq. of differents crown ethers were
added. 12C4 = [12]crown-4; 15C5 = [15]crown-5; 18C6 = [18]crown-6;
DB18C6 = dibenzo [18]crown-6; DB24C8 = dibenzo [24]crown-8;
DB30C10 = dibenzo [30]crown-10.
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Cyclic zinc-porphyrin dimers have been synthesised using
reversible p-allyl palladium chemistry in the presence of
bidentate pyridyl ligand templates.

Reversible covalent chemistry has the potential to be useful in
the creation of diverse dynamic combinatorial libraries
(DCLs)1,2 and in the synthesis of specific supramolecular
structures such as macrocycles and catenanes.3 Examples of
reversible reactions used to date include imine, hydrazone and
disulfide exchange, olefin metathesis and metal–ligand inter-
actions. However, there is always the need to expand the
repertoire of available reactions and conditions. Here we report
what we believe to be the first supramolecular application of p-
allyl palladium-catalysed chemistry: furthermore, we demon-
strate the use of a template to amplify an otherwise inaccessible
synthetic target molecule from a complex mixture of inter-
converting oligomers.

We chose to apply p-allyl palladium chemistry to the
synthesis of cyclic porphyrin dimers which might help our
understanding of structure–activity relationships in the accel-
eration of a hetero Diels–Alder reaction.4 Previously, such
dimers have been prepared by intramolecular oxidative cou-
pling of a linear porphyrin diester species (Fig. 1, route a)4,5

since all attempts by our group to cyclise a linear dimer by
irreversible esterification reactions (Fig. 1, route b) have failed;
inevitably, these failures are unpublished. The attraction of
route (b) using reversible p-allyl palladium chemistry is that,
provided the product is thermodynamically accessible, its
formation should be favoured by stabilisation through supra-
molecular complexation with an appropriate template. This is
conceptually the inverse of the host-accelerated Diels–Alder
reaction since the small guest is used to template the formation
of the large host.

It is well known that p-allyl palladium complexes generally
undergo reversible reactions (Scheme 1),6 and Amatore and
Jutand et al. have recently confirmed the reversibility of the
reaction between allyl esters and palladium(0).7 Carboxylates
and phenolates represent an ideal class of functional groups for
isoenergetic exchange via reversible p-allyl palladium chem-
istry since they can act as both nucleophiles and leaving groups.
In order to confirm the feasibility of using allyl esters as
substrates, a simple model system based on cinnamyl esters was
set up (Scheme 1, R = phenyl and o-tolyl; R1 = CH3, R2 = Et).
Complete exchange of the ester groups was observed after 6 h
at 50 °C: all 4 possible permutations were present in equal
amounts independently of which starting combination was
employed. The reaction conditions appeared to be mild enough
to be employed in the capping reaction of linear porphyrin
dimers. The scientific challenge was therefore to devise a
system where, for the first time, a linear porphyrin dimer would
undergo a multi-step ring-closing transesterification reaction
catalysed by palladium(0).

The linear porphyrin dimer 1 (Scheme 2) was synthesised
according to previously published procedures:5 the asymmetric
porphyrin synthesis was carried out in 25% yield, followed by
a Glaser–Hay coupling of the deprotected porphyrin monomers
to give the linear dimer (60% yield). The simple dipyridyl 2 was
chosen as the template, its role being kinetically to preorganise
the linear porphyrin dimer by restricting rotation about the
butadiyne axis, or thermodynamically to favour capped dimers
over linears.

For the initial exchange experiments, alkyl diacids were
expected to be sufficiently flexible and nucleophilic, in contrast
to aryl acids which are more rigid and less nucleophilic. In the
first instance, succinic acid was chosen. To aid structural
analysis of the cyclic porphyrin dimer by NMR methods,
labelled 1,4-13C succinic acid was used.† In a typical experi-
ment the linear porphyrin dimer 1 (20 mg, 1 eq.) and the
template 2 (1 eq.) were dissolved in chloroform (2 ml), succinic
acid (8 eq.), triethylamine (40 eq.) and tetrakis(triphenylphos-
phine)palladium(0) (0.1 eq.) were added and the solution was
stirred at 55 °C under an inert atmosphere for 6 h. The mixture
was demetallated using trifluoroacetic acid to remove the
template and then remetallated using zinc acetate. The different
porphyrin fractions were separated by preparative thin layer
chromatography and dissolved in a fixed amount of solvent.
Quantitative analysis of the product fractions was carried out by
UV–Vis spectroscopy, based on the assumption that the molar
extinction coefficients of the linear and cyclic dimers were
similar. The relative absorbance of the products was measured
and values are given in arbitrary absorbance units. Due to the

Fig. 1 Synthetic routes to capped porphyrin dimers.
Scheme 1 Reagents and conditions: i, concentration of cinnamyl esters 10
mM, Pd(PPh3)4 (0.1 eq.), R1CO2H ( < 0.1 eq.), Et3N, CHCl3, 50 °C, 6 h.
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small quantities of the fractions, accurate determination of the
weights of the product was not possible.

In the absence of the template only traces of the capped dimer
could be isolated (0.009 au—absorbance unit; less than 2%
yield). However, in the templated experiments the isolated yield
of pure 3 increased 6-fold to approximately 10% (0.055 au). The
structure of the ring-closed dimer was confirmed by HMBC-
NMR showing a cross-peak for the single enriched 13C signal
(d = 172.4 ppm) with the allylic CH2 protons (d = 4.63 ppm).
This significant and reproducible increase in the yield confirms
the templating effect of the bidentate ligand and represents the
first thermodynamic capping of a linear porphyrin dimer using
reversible p-allyl palladium chemistry. To test the generality of
the reaction, and to illustrate the feasibility of utilising libraries
of capping groups at a later stage, cyclic dimers containing
glutaric and 1,3-phenylenediacetic acid as capping groups were
also prepared in comparable yields. In addition to NMR
characterisation, MALDI-TOF mass spectrometry was used to
distinguish between linear and cyclic species.

The control experiments without template and those in the
presence of pyridine (2 eq.) gave the same results. Pyridine is a
monodentate equivalent of the template 2, i.e. the pyridine units
are not covalently linked as for the bidentate template. This
result confirms that the dipyridyl compound 2 templates the
formation of the cyclic dimer by stabilising it and that the
pyridyl functionality of the template does not influence the
outcome of the transesterification. The large binding constants

of template 2 to the linear and cyclic dimers, 3 3 106 and 2 3
107 M21 respectively, are consistent with the observed
templating effect.8 However, the relatively small increase in the
binding constant upon cyclization highlights the flexibility of
the host and rationalises the low yield of 3, i.e. the equilibrium
is shifted only slightly from oligomeric species towards the
formation of 3.‡

It was possible to identify mono- and disubstituted linear
dimers as intermediates of the reaction by MALDI-TOF and 1H
NMR. However, the relative quantities of all intermediates
could not be estimated accurately due to the low solubility of
oligomers and disubstituted linear dimers with two free
carboxylic acid groups.§ It should be noted that the solubility of
the mixture was not problematic during the reaction itself as the
triethylamine salts of all intermediates are soluble in chloro-
form.

In summary, we have shown the synthesis under reversible
conditions of three cyclic porphyrin dimers using palladium-
catalysed transesterification. The reaction was templated by a
bidentate pyridyl ligand which improved the yield of the cyclic
product 6-fold. To our best knowledge, this is the first
supramolecular application of reversible p-allyl palladium
chemistry; it is also one of the most effective examples yet
reported of amplification of a specific product from an
exchanging library of components.

We thank the BBSRC, AstraZeneca and the Cambridge
European Trust for financial support and Dr Y.-F. Ng for
recording some of the NMR spectra.
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Scheme 2 Reagents and conditions: concentration of porphyrin dimer 5
mM, Pd(PPh3)4 (0.1 eq.), Et3N, CHCl3, 55 °C, 6 h.
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2-Haloaryl aldehydes and ketones react with allene (1 atm)
in the presence of 2 mol% of a non-phosphine cyclopalla-
dated catalyst to afford cyclopentenols and cyclohexenols
via nucleophilic cyclisation of intermediate p-allylpalladium
species. A possible mechanism for this unusual reactivity is
suggested.

One of the major features of palladium catalysed processes is
their tolerance of a wide range of functional groups. However,
the versatility of palladium catalysts would be considerably
enhanced if they incorporated, in a predictable way, reaction
with functional groups heretofore immune to palladium cata-
lysts. Arguably the most important ‘immune’ functional group
is the carbonyl group. We1,2 and others3 have recently reported
bimetallic Pd/In catalysis that permits both inter- and intra-
molecular allylation of carbonyl groups. Others have reported
intramolecular vinylation and arylation of carbonyl groups4 or
nitriles5 via undefined nucleophilic palladium species. In
addition palladium(II)-catalysed aldol reactions have been
reported.6

Allylation of carbonyl compounds is well known for the
nucleophilic allyl derivatives of main group metals7 whereas p-
allylpalladium(II) species are usually electrophilic.8 In order to
explore the desired unusual reactivity of p-allylpalladium(II)
species we elected to utilize a novel non-phosphine-containing
palladacycle 39 as catalyst and allene as the source of the p-allyl
species (Scheme 1).

2-Iodo- and 2-bromobenzaldehyde 1a and 1b were found to
react with allene (1 atm) in DMF at 80 °C over 18 h in the
presence of 2 mol% 3 and Cs2CO3 (2 mol eq.) to afford the
desired benzocyclopentenol 2a (Table 1, entry 1). The iodoalde-

hyde 1a was more reactive than bromoaldehyde 1b. The
reaction proved to be general for a range of substrates, 1b–1f
furnishing both 5-membered, 2a–2d, and 6-membered, 2e, 2f,
products. Arylalkyl ketones (Table 1, entry 2) and diaryl
ketones (Table 1, entries 3,4) reacted to give the expected
products with formation of 5-membered products proving more
efficient than formation of 6-membered products for the limited
examples surveyed thus far. 2-(2-Bromophenyl)indane-1,
3-dione 1f gave 2f (Table 1, entry 6), the product of dehydration
of the expected cyclohexenol. The processes described herein
occur under significantly milder conditions than the other
reported examples of nucleophilic PdII species. Evidence to
hand thus far9 suggests that palladacycle 3 functions via
controlled release of Pd0 nanoparticles11 and that Scheme 1
involves Pd0/PdII rather than PdII/PdIV.12

Cs2CO3 was the superior base of those (Cs2CO3, K2CO3,
KOAc) tested. Possible mechanisms for the processes described
herein and those reported previously3–5 must account for the
fact that only intramolecular processes forming 5- and 6-mem-
bered rings have been observed. A possible rationalization is
shown in Scheme 1.

The key features of Scheme 1 are that coordination of the
carbonate anions to PdII produces anionic h3- and h1-species 4a
and 4b. The h1-species 4b is then postulated to undergo bond
shift as depicted in 8 or 9. The ability of carbonate to function
as a mono- or hemilabile bidentate ligand might also be a factor.
A common problem to both Scheme 1 and the previously
reported nucleophilic vinyl and aryl palladium(II) species4,5 is
the mechanism by which PdII is reduced to Pd0 to allow catalyst
recycling. It is instructive that the reactions reported herein and
the related work4,5 all employ DMF as solvent. It is clear that
DMF from certain sources contains formate impurities,13 or that
such impurities may be generated in situ, and these then react
with PdII to produce HPdX which is then converted by base to
Pd0. In Yamamoto’s examples, addition of 5 mol eq. of a
primary alcohol is necessary. Although the role of the primary
alcohol is not entirely clear it is not, apparently, active as a
reductant for PdII to Pd0.

The potentially bidentate CO3
22 anion might be expected to

be more effective in generating a carbon nucleophile perhaps
via trace amounts of allyl anion 9 whose effective molarity14

would be high, which would account for the failure to observe
the analogous intermolecular reactions. 

It seems likely that anionic PdII species may be important in
the nucleophilic processes reported herein and those reported
previously by Yamamoto.4 Larock’s nitrile–alkyne examples5

do not employ inorganic bases but polyhalo anionic PdII species
would appear to play a role in these phosphine free cases
employing R4NCl14. Although anionic PdII species have been
detected in Heck reactions14 they were not catalytically active in
this reaction.

A further interesting and unresolved feature in many
instances of Pd0 nanoparticle catalysis is whether the catalytic
processes occur on the surface of the nanoparticle at edges and/
or vertices or in homogeneous solution by substrate leaching of
the Pd0.Scheme 1
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Further studies of these and related processes are under-
way.

We thank the ORS and Tetley and Lupton for scholarships (to
X. G.) and Johnson Matthey and Leeds University for
support.
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Highly substituted cyclohexenes corresponding to the A-ring
of the anti-cancer diterpene natural product paclitaxel are
synthesised using a Diels–Alder reaction and decarboxy-
lative elimination as the key steps.

The paclitaxel family of molecules, exemplified by the parent
paclitaxel (Taxol®) 11 has commanded the attention of a
significant number of organic chemistry research teams world-
wide.2 The strategies we are pursuing for the assembly of
paclitaxel involve late-stage formation of the eight-membered
B-ring by the joining together of C-9 and C-8 using radical- or
carbocation-mediated cyclisation of a substrate 2; in one of the
approaches we intend to form the C-ring in the same step using
a Lewis acid-induced carbocation-mediated cascade process
starting from 3 in which the C-3–C-4 bond is formed as well.
Both these sequences require a pre-formed A-ring fragment
such as 5, and this Communication reports the synthesis of key
precursor 4 (Scheme 1).

In our synthetic plan for 4 we were keen to incorporate the
required C-13 oxygenation directly using the Diels–Alder
reaction rather than introducing it later by oxidation of C-13.2a

This choice posed a strategic problem concerning Diels–Alder
regiochemistry, in that [4+2] cycloaddition of 6 and a simple
alkyne-containing dienophile such as a but-2-ynoate ester was
likely to give a cycloadduct 7 bearing a C-12 rather than a C-11
ester substituent. Therefore it was decided to use citraconic
anhydride as the dienophile,3 since it was anticipated that the
regiochemical orientation of the Diels–Alder reaction would be
controlled by steric repulsion between the fully-substituted

diene and dienophile termini; subsequent selective decarbox-
ylation and oxidation of adduct 8 would deliver the required C-
11–C-12 unsaturation, as in 9 (Scheme 2).

The required diene was synthesised using the Julia procedure
for the olefination step.‡ Thus, mono-protection of diol 104

followed by oxidation using TPAP–NMO5 gave enal 11.
Combination of 11 with the lithio-anion of benzyloxy(phe-
nylsulfonyl)methane6 and in situ trapping with benzoyl chloride
gave a mixture of esters, which was exposed to samarium(II)
iodide7 to provide the required differentially protected diene 12.
Diels–Alder reaction of 12 with citraconic anhydride gave
cycloadduct 13 as a single regio- and stereoisomer in 63% yield
based on 12 (Scheme 3). The endo stereochemistry of 13 was
inferred from the analogous reaction of 12 with maleic
anhydride,3 which had given a crystalline product amenable to
X-ray structure determination.

With Diels–Alder adduct 13 in hand it was necessary to
differentiate between the anhydride carbonyl groups. Treatment
of 13 with dimethylamine gave an unstable§ half-amide as a

† Experimental details for 4, 13, 16, 17, 19–21 are available as supplemen-
tary data. For direct electronic access see http://www.rsc.org/suppdata/cc/
b0/b005533f/

Scheme 1

Scheme 2

Scheme 3 Reagents and conditions: i, NaH (1.01 eq.), THF (0.07 M), rt, 1
h, then TBDPSCl (1 eq.), rt, 15 h; ii, TPAP (2.4 mol%), NMO (1.6 eq.),
powdered 4 Å mol sieves, CH2Cl2 (0.5 M), rt, 1 h; iii, BnOCH2SO2Ph (1
eq.), LDA (1 eq.), THF (0.1 M), 278 °C, 10 min, then add 11, 278 °C, 10
min, then add BzCl (1 eq.), 278 °C?rt, 45 min; iv, SmI2 (5 eq.), DMPU (15
eq.), THF, (0.1 M), rt, 1 h; v, citraconic anhydride (2 eq.), PhMe (3.3 M),
150 °C, 24 h.
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single regioisomer,¶ which was converted into the mixed
anhydride 14 by addition of isobutyl chloroformate. Treatment
of 14 with N–hydroxy-2-thiopyridone in CCl4 under reflux8

gave in low yield the product 15 of decarboxylation–chlorina-
tion. The stereochemistry of 15 was presumed on the basis of
expected attack by CCl4 on the less hindered face of the
intermediate radical.∑ All attempts to effect base-mediated
elimination of the elements of HCl from 15 resulted in the
formation of the b,g-unsaturated isomer 18. In a modified
approach, treatment of cycloadduct 13 with pyrrolidine gave a
half-amide adduct which was considerably more stable than the
dimethylamine-derived analogue. Surprisingly, subsequent ex-
posure of this adduct to the mixed anhydride-forming condi-
tions resulted in cyclodehydration, giving the cyclic O-
acylketaminal 16 in virtually quantitative yield.** The desired
oxidation at C-11 was now effected by treatment of 16 with
NCS–aqueous THF, giving a-chloro anhydride 17 in high yield
(Scheme 4). The difference in behaviour of the dimethylamino
and pyrrolidino analogues under the carbonic anhydride-
forming conditions is striking; the apparent greater nucleophi-
licity of the amide oxygen in the latter is consistent with greater
delocalisation of the amide nitrogen lone pair into the carbonyl
group, which in turn inhibits the reverse reaction during ring-
opening of 13 with the secondary amine nucleophile.

The final part of the synthesis involved decarboxylation and
introduction of the double bond, and again this depended on
initial regioselective ring-opening to give a b-chloro carboxylic
acid. In the event, treatment of 17 with a large excess of
pyrrolidine gave amide 19 as a single regioisomer (Scheme 5).
Interestingly, 19 existed in CDCl3 and d6-DMSO solutions as
mixtures of rotamers. In similar fashion, treatment of 17 with
benzyltrimethylammonium methoxide in large excess gave
methyl ester 4. Mechanistically, the presumed initial ring-
opened half-amide and -ester either might form b-lactone
intermediates which subsequently lose CO2,9 or might sponta-

neously undergo b-elimination with concerted loss of CO2 and
chloride ion.10 Amide 19 was converted in high yield by
desilylation and esterification into the 3,5-dinitrobenzoate 20,
which yielded crystals suitable for X-ray diffraction analysis.
Similar treatment of 4 gave the crystalline ester 21.††

In summary, we have demonstrated that a highly substituted
cyclohexa-1,4-diene may be accessed using a sequential Diels–
Alder–decarboxylative olefination approach to introduce the C-
11–C-12 unsaturation present in the paclitaxel A-ring. Ongoing
studies in our laboratory seek to identify a direct [4+2]
cycloaddition entry to 17, and to develop ways of making the
cycloaddition enantioselective. The results of these and related
studies will be reported in due course.

We thank the EPSRC and Pfizer Central Research (CASE
Studentships to C. A. L. L. and W. P. M.) and the Spanish
Ministerio de Educacion y Ciencia (Studentship to S. C.) for
financial support of this research.
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and 13C NMR, IR and high-resolution MS characteristics in accord with the
proposed structures.
§ The half-amide had a half-life in CDCl3 of approximately 14 h.
¶ Treatment of this half-amide with ethyl chloroformate gave a mixed
anhydride which was reduced using sodium borohydride to give a g-lactone.
The appearance of both lactone -CH2- protons as simple doublets confirmed
the absence of a vicinal proton, and therefore the complete regioselectivity
of ring-opening of 13.
∑ This assumption was later confirmed by single-crystal X-ray diffraction
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Scheme 4 Reagents and conditions: i, Me2NH (5 eq.), THF (0.5 M), rt, 16
h; ii, i-BuOCOCl (1.1 eq.), Et3N (1.1 eq.), CH2Cl2 (0.1 M), 215 °C?rt; iii,
2-mercaptopyridine N-oxide (1 eq.), Et3N (1.1 eq.), CCl3 (0.03 M), 80 °C,
2 h; iv, pyrrolidine (5 eq.), THF (0.5 M), rt, 2 h; v, i-BuOCOCl (1.1 eq.),
Et3N (2.5 eq.), CH2Cl2 (0.2 M), rt, 1 h; vi, NCS (1 eq.), Et3N (2 eq.), H2O
(5 eq.), THF (0.1 M), rt, 2 h.

Scheme 5 Reagents and conditions: i, pyrrolidine (50 eq.), DMSO–DMPU
(5:3; 0.14 M), rt , 2 h; ii, BnMe3N+OMe2 (50 eq.), MeCN–DMPU (0.14 M),
rt, 27 h; iii, TBAF (1.1 eq.), THF (0.2 M), rt, 15 min; iv, ArCOCl (1.1 eq.),
Et3N (1.5 eq.), DMAP (0.2 eq.), CH2Cl2 (0.2 M), rt.
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The reaction of PCl3 with 3 equivalents of 2-methoxyaniline
in THF/NEt3, followed by metallation with BunLi (2
equivalents) yields a complex [Li2P(H)(NR)3]2 1 (R =
2-methoxyphenyl), whose tris imido phosphonate anion is
the imido analogue of the phosphite anion, [HPO3]22.

The chemistry of main group imido complexes is relatively
underdeveloped compared to the vast body of knowledge that
has been accumulated on the related imido transition metal
species.1 Recently this imbalance has started to be redressed
with the discovery of a diverse series of anionic imido
complexes of the main group elements.2–6 Our own interest in
this area has focused on the study of imido analogues of
phosphorus oxoanions. Recent studies on related P–N systems
have revealed the beginnings of a family of these compounds.
Alkali metal salts of the bis(imino)phosphinate anion,
[R2P(NRA)2]2 have been prepared.2 Niecke et al. have reported
several structures that are imido analogues of kinetically
unstable phosphorus oxoanions. This group described the
planar tris(imino)metaphosphate anion, [P(NR)3]2 and the
[P(NR)2]2 anion, isoelectronic with the kinetically unstable
[PO3]2 and [PO2]2 anions respectively, but more importantly
isoelectronic with the corresponding nitrate [NO3]2 and nitrite
[NO2]2 anions.3,4 Recently, we succeeded in synthesising the
complex [Li(THF)4][(THF)2Li(m-NR)2P(m-NR)2Li(THF)2]
from the reaction of P2I4 with 1-aminonaphthalene (1+4
equivalents) in THF/NEt3, followed by metallation with BunLi
(4 equivalents). The [P(NR)4]3– trianion of this complex is
isoelectronic with the orthophosphate anion, [PO4]3–.5 Related
phosphorus–nitrogen complexes have recently found extensive
uses as ligands to a range of metals, some of which have found
application as polyolefin catalysts. This work has been reported
and reviewed in several recent articles.6

Herein, we report the synthesis and structure of the imido
analogue of the phosphite anion, [HPO3]22. Reaction of PCl3
with 3 equivalents of 2-methoxyaniline in THF/NEt3, followed
by addition of BunLi (2 equivalents) and subsequent crystallisa-
tion from toluene gives [Li2P(H)(NR)3]2 1 (R = 2-methoxy-
phenyl.†

A low-temperature single-crystal X-ray diffraction study was
performed on complex 1.‡ The complex has an ion-contacted
dimeric structure with a crystallographically imposed centre of
symmetry wherein two [HP(NR)3]22 anions sandwich four
lithium cations. The [HP(NR)3]22 dianion is formally the imido
analogue of the phosphite dianion, [HPO3]22.7 The crystal
structure of 1 is illustrated in Fig. 1.

Each of the phosphorus centres has a distorted tetrahedral
geometry, being coordinated to three imido nitrogen atoms and
one hydrogen atom. The phosphorus atoms are bound approx-
imately equally to each imido nitrogen atom [with P–N
distances ranging from 1.613(2) to 1.630(2) Å]. The shorter
bond distances in 1 compared to those in the related imido
analogue of the orthophosphate anion, [P(NR)4]32 [1.645(4)
Å]5 is perhaps due to the enhanced double bond character in 1
where formally, one PNN bond and two P–N bonds form a

resonance hybrid, whereas in [P(NR)4]32 the ratio is one PNN
bond to three P–N bonds.

Within the core of 1 there are two distinct lithium
environments. In one domain the lithium centre is complexed by
one imido nitrogen centre from each [HP(NR)3]22 unit and is
additionally complexed by two methoxy sidearms of the
corresponding methoxyanilido groups. The second lithium
environment has the lithium centre complexed by two imido
nitrogen atoms from one [HP(NR)3]22 unit but by only one
imido centre from the other [HP(NR)3]22 unit. The methoxy
sidearm of the latter unit completes the distorted tetrahedral
geometries about these lithium centres.

The P–H proton could not be unequivocally located from the
electron difference map, but its presence could be discerned
from the 1H and 31P NMR spectra and from solution IR
spectroscopy. Hence, the 1H spectra in benzene-d6, in addition
to confirming the presence of 2-methoxyanilido ligands, show a

Fig. 1 The crystal structure of 1. All hydrogen atoms (except P–H hydrogen
atoms) have been omitted for clarity. Selected bond lengths (Å) and angles
(°): P(1)–N(30) 1.613(2), P(1)–N(20) 1.6194(14), P(1)–N(10) 1.630(2),
Li(1)–N(20) 1.991(3), Li(1)–N(10a) 2.063(3), Li(2)–N(30) 1.972(3), Li(2)–
N(10a) 2.050(3), Li(2)–N(20a) 2.337(4), Li(1)–O(27) 1.945(3), Li(1)–
O(17a) 1.981(3), Li(2)–O(37) 1.925(3), N(30)–P(1)–N(20) 104.60(7),
N(30)–P(1)–N(10) 112.77(7), N(20)–P(1)–N(10) 108.91(8), O(27)–Li(1)–
O(37a) 99.5(2), O(27)–Li(1)–N(20) 82.68(13), O(17a)–Li(1)–N(20)
141.3(2), O(27)–Li(1)–N(10a) 134.7(2), O(17a)–Li(1)–N(10a) 80.71(12),
N(20)–Li(1)–N(10a) 124.6(2), O(37)–Li(2)–N(30) 84.65(13), O(37)–
Li(2)–N(10a) 142.0(2), N(30)–Li(2)–N(10a) 130.0(2), O(37)–Li(2)–
N(20a) 116.1(2), N(30)–Li(2)–N(20a) 105.74(14), N(10a)–Li(2)–N(20a)
73.78(11), C(11)–N(10)–P(1) 128.33(12), C(11)–N(10)–Li(2a) 124.45(14),
P(1)–N(10)–Li(2a) 92.64(11), C(11)–N(10)–Li(1a) 108.32(14), P(1)–
N(10)–Li(1a) 109.98(12), Li(2a)–N(10)–Li(1a) 84.54(13), C(21)–N(20)–
P(1) 122.86(12), C(21)–N(20)–Li(1) 111.49(14), P(1)–N(20)–Li(1)
125.64(12), C(21)–N(20)–Li(2a) 93.95(12), P(1)–N(20)–Li(2a) 83.05(10),
Li(1)–N(20)–Li(2a) 94.68(13), C(31)–N(30)–P(1) 122.67(12), C(31)–
N(30)–Li(2) 107.44(14), P(1)–N(30)–Li(2) 122.74(12).
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doublet at d 9.07 with a coupling constant of 436 Hz, consistent
with the 1JPH coupling frequencies observed in related systems.8
The corresponding doublet can be observed in the 31P NMR
spectra at d 0.28. This bond can also be observed by IR
spectroscopy with a band at 2266 cm21 in THF solution being
attributed to the P–H stretching frequency.

Although we have so far been unable to unequivocally
identify the intermediates in the steps leading to complex 1, it
seems reasonable to postulate that the [HP(NR)3]22 anion of 1
has resulted from a proton exchange from an amido centre to the
phosphorus centre in addition to metallation of the remaining
amido protons. Similar proton transfer from N to P in
iminophosphoranes, R2P–N(H)RA has shown that the P–H
tautomer is stabilised by both electron withdrawing amide
groups (RA) and by bulky substituents on the P and N centres (R
and RA).9 Hence, N to P proton transfer accompanying
metallation in the postulated P{N(H)R}3 intermediate from the
first step of our reaction system would yield complex 1. It is
interesting to note that phosphites (or rather phosphorous acid)
can be produced by a similar route, i.e. hydrolysis of PCl3.10

We gratefully acknowledge the EPSRC (J. C. J., A. S.), The
Royal Society (University Research Fellowship for C. A. R.),
The Nuffield Foundation (L. T. B., C. A. R.) and the European
Union (Socrates award to E. H.-F.) for financial support. We
also thank Professor W. Siebert (Heidelberg) for an Erasmus
exchange student (A. Z.).

Notes and references
† Preparation of 1: to an ice-cooled stirred solution of PCl3 (0.17 ml, 2
mmol) in THF (15 ml) and NEt3 (4 ml, 28.7 mmol) was added
2-methoxyaniline (0.68 ml, 6 mmol). A white solid was observed in a
yellow solution. After stirring for 3 h, the reaction was filtered (porosity 3
sinter with Celite) to give a yellow solution. To this was added BunLi
(2.5 ml, 1.6 mol l21, 4 mmol) which caused the solution to turn browny
yellow followed by the precipitation of a white solid after ca. 1 min. The
solvent was removed in vacuo and the solid was redissolved with toluene (8
ml). Storage for 24 h at 230 °C yields colourless cubic blocks of 1. Yield
0.836 g (51%).

No melting or decomposition up to 280 °C; IR (THF solution) n/cm21 =
2266 (P–H stretch); 1H NMR (+25 °C, 300 MHz, benzene-d6): d 9.07 (d,
2H, P–H, 1JPH 436 Hz), 7.25–6.30 (collection of m, 24H, –NC6H4OCH3),
2.80 (s, 18H, –NC6H4OCH3); 31P NMR (+25 °C, 121.55 MHz, benzene-d6):
d 0.28 (d, 1JPH 436 Hz). Anal. Calc. C, 61.6; H, 5.4; N, 10.3; P, 7.6. Found:
C, 61.2; H, 5.4; N, 10.2; P, 7.5%.

‡ Crystal data for 1: C21H22Li2N3O3P, M = 409.27, orthorhombic, space
group Pbca, a = 16.026(5), b = 11.410(2), c = 22.560(5) Å, U = 4125(2)
Å3, Z = 8, Dc = 1.318 Mg m23, T = 173(2) K, m(Mo-Ka) = 0.160 mm21,
24588 reflections measured, 4710 unique (Rint = 0.0508) which were used
in all calculations. Data were collected on a Bruker SMART CCD area-
detector diffractometer11 using a crystal mounted on a glass fibre in a
rapidly cooled perfluoropolyether.12 The structure was solved by direct
methods and refined by least squares on F2 values for all reflections.
Absorption corrections were applied, based on multiple and symmetry
equivalent measurements.13 Final R1 = 0.0402 [I > 2s(I)] and wR2 =
0.1042 (all data).14

CCDC 182/1739. See http://www.rsc.org/suppdata/cc/b0/b004192k/ for
crystallographic files in .cif format.
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Ring closing metathesis reactions of the dienes 6 and 9 leads
to the nitrogen heterocycles 7 and 10, respectively, one of
which 10c was converted into (R)-(2)-coniine.

The development of methods for the asymmetric synthesis of
pyrrolidines and piperidines remains an area of current interest
due to the presence of such saturated heterocyclic rings in a
large number of biologically important compounds.1 One
possible approach to the synthesis of nitrogen heterocycles
involves the ring-closing olefin metathesis (RCM) reaction. The
RCM reaction is a powerful synthetic method and, with the
development of practical and reliable catalysts by Grubbs and
others,2,3 has been widely used in a number of syntheses in the
recent past,4,5 including examples of nitrogen heterocycles.6–14

In continuation of our interest in the asymmetric synthesis of
saturated nitrogen heterocycles,15 we decided to investigate the
combination of the highly diastereoselective addition reactions
of O-(1-phenylbutyl) aldoximes with the RCM reaction as a
new route to this class of heterocycle. This combination of
oxime addition–RCM is shown in outline in Scheme 1, and our
preliminary results are described herein.

As outlined in Scheme 1, the substrates for the RCM
reactions are the dienes 3, accessible either by the addition of an
alkene containing organometallic reagent to the aldoxime ether
1, or by organometallic addition to an aldoxime 2 derived from
an unsaturated aldehyde, followed in both cases by N-allylation
of the resulting hydroxylamine. Both approaches were success-
ful and a number of dienes 6 were prepared by the highly
diastereoselective addition of organolithium reagents to the O-
(1-phenylbutyl) oximes of cinnamaldehyde or allylmagnesium
bromide to the oximes of butyraldehyde or benzaldehyde,16,17

followed by reaction with allyl bromide in the presence of
potassium carbonate (Table 1). The RCM reaction was carried
out by heating the dienes 6 in dichloromethane in the presence

of Grubbs’ catalyst, and gave the required 5- and 6-membered
rings 7 in modest to excellent yield (Table 1).

Although the above results indicate that basic or nucleophilic
nitrogen atoms are tolerated in the RCM reaction of the
hydroxylamine derived substrates, we also investigated the
diene substrates 9 in which the nitrogen is rendered non-basic
by protection as its benzyloxycarbonyl (Z) derivative. Thus a
range of carbamates 8, prepared as previously described,16,17 or
as indicated in Table 2, was converted into the corresponding N-
allyl derivatives 9 by reaction with allyl bromide in the presence
of sodium hydride. In the case of 8b, these conditions caused
migration of the double bond, and therefore the allyl group was
introduced using the palladium catalysed reaction of allyl
methyl carbonate.18 Again the RCM reaction proceeded
smoothly and gave the 5- and 6-membered nitrogen hetero-
cycles 10a–10d in good to excellent yield, with the yield of the
7-membered ring 10e being slightly lower (Table 2).

Table 1

Scheme 1 (R* = 1-phenylbutyl).
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Finally two of the heterocycles prepared by the RCM reaction
were converted into known compounds for confirmation of
structure and configuration. Thus the 6- and 7-membered Z-
protected compounds 10c and 10e were hydrogenated over
palladium-on-charcoal to give (R)-(2)-coniine and the known
2-phenylazepane19 respectively (Scheme 2).

We thank the EPSRC for support of this work.
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Covalent immobilization of (1R,2S)-(2)-ephedrine, used as
a model molecule of b-aminoalcohols, on the surface of
MCM-41-type mesoporous aluminosilicates, performed by a
new sol–gel method, leads to chiral auxiliaries which show
greatly enhanced rates and ee’s compared to those reported
up to now in the enantioselective addition of diethylzinc to
benzaldehyde.

Increasing interest has been devoted to the design of heteroge-
neous asymmetric catalysts.1 One major method involves
heterogenization of homogeneous catalysts by their immobili-
zation on organic polymers or inorganic supports.2 However,
the efficiency of the catalysts of the heterogenized catalysts is
different compared with their homogeneous counterparts. This
is the case for chiral b-aminoalcohols used in the enantio-
selective addition of dialkylzincs to aldehydes3 in C–C bond
forming reactions. The efficiency of such catalysts depends
mainly on the native of the support. Since the pioneering work
of Frechet4 who used polymer-bound chiral aminoalcohols,
various authors have described such immobilization on organic
polymers.5,6 Ee’s are high, and only slightly lower than those
obtained in homogeneous conditions but rates are notably
lower. On the other hand, immobilization on mineral surfaces
has attracted little attention. Our first results using (2)-ephed-
rine supported on MCM-41-type mesoporous silicas7 were in
good agreement with precedent results of Soai et al.8 using
silica gel or alumina supported (2)-ephedrine. Lower rates,
selectivities and enantioselectivities were obtained compared
with homogeneous catalysis. Investigations involving changes
in the pore size,9 the composition10 of the support, end-capping
of the surface9 and the dilution of the catalytic sites9,10 failed to
improve the ee’s significantly. These results indicate significant
activity of the naked surface towards the formation of racemic
alcohols.

The aim of this work was to decrease the negative effects of
the uncovered mineral surface by increasing the coverage by
organics on the inner surface of the pores.11 In this work, the
synthesis of high surface densities of chloropropyl groups
covalently grafted on mesoporous micelle templated aluminosi-
licates (Al-MTS) of various initial pore diameters is performed.
The hybrid inorganic–organic materials resulting from halogen
substitution by (2)-ephedrine are applied in the enantio-
selective addition of diethylzinc to benzaldehyde.

Two mesoporous aluminosilicates of the same composition
(Si/Al = 27) and 3.6 (Al-MTS 1, S = 833 m2 g21, V = 0.76
mL g21)12 and 8.3 nm (Al-MTS 2, S = 822 m2 g21, V = 1.71
mL g21)13 mean initial pore diameter were used as supports,
respectively. In order to remove the template, the as-synthesized
solids were activated before surface modification at 550 °C for
12 h under a flow of synthetic air. Up to now, covalent
anchorages have been performed in anhydrous conditions, by
silylation (method a) with 3-chloropropyltrimethoxysilane
(CPTMS) (Al-MTS-Cl 1a) followed by the nucleophilic
substitution of chlorine by the basic amino group of (2)-ephed-
rine (Al-MTS-Cl-E 1a). Alternatively, grafting of the coupling
CPTMS agent by the sol–gel method11,14 (method b, Al-MTS-

Cl 1b, Al-MTS-Cl 2b) and reaction with (2)-ephedrine leads to
new hybrid materials (Al-MTS-Cl-E 1b, Al-MTS-Cl-E 2b)
(Scheme 1).

Loadings of grafted chloroalkylsiloxanes (Al-MTS-Cl 1a,
1b, 2b) or ephedrine moieties (Al-MTS-Cl-E 1a, 1b, 2b) have
been calculated from elemental and thermogravimetric analy-
ses. They depend mainly on the grafting method used, the sol–
gel method b leading to notably higher amounts of organics on
the surface.

Textural properties are recorded in Table 1. Method a leads to
conservation of the mesoporosity after modification by
organics. As shown previously7,9,10 textures are maintained
after grafting of halogens and substitution by (2)-ephedrine.
However, a decrease in the residual mesoporous volume is
observed. In the case of method b, the porosity of hybrids Al-
MTS-Cl 1b and Al-MTS-Cl-E 1b becomes a microporosity.
Increasing the initial pore diameter allows high residual
mesoporous volumes to be obtained even after immobilization
of a high density of organic functions by method b (Al-MTS-Cl
2b, Al-MTS-Cl-E 2b, Table 1).

Enantioselective addition of diethylzinc to benzaldehyde
conducted in the presence of these solid chiral auxiliaries leads
to the formation of (R)- or (S)-1-phenylpropan-1-ol (Scheme 2).
All experiments were performed at 0 °C using the same weight
of solid chiral auxiliary (0.29 g) and 2.3 eq. of Et2Zn to
benzaldehyde.9,10 Results are shown in Table 2.

Such chiral auxiliaries are efficient in the enantioselective
transfer of an ethyl group to benzaldehyde. The best results are
obtained using (2)-ephedrine anchored on the Al-MTS 2
support (entry 11) and it is worth noting that ee and activity are
close to those obtained in homogeneous catalysis (entries 2 and
3). On the other hand, efficiency depends on the synthetic
method and on the initial pore diameter of the support. The

Scheme 1 Reagents and conditions: a, CPTMS, toluene, anhydrous
conditions, 2130 °C, 4 h; b, CPTMS, toluene, H2O, NH4F–pTsOH,
260 °C, 6 h; c, (1R,2S)-(2)-ephedrine, Xylene, 2140 °C, 6 h.
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inorganic surface of the support catalyzes the racemic alkyl
transfer (entries 4 and 9) as shown by comparison with the
uncatalyzed reaction (Table 2, entry 1) and the activity increases
with the mesoporous volume (Table 1). Coverage of the surface
by chloropropyl moieties leads to a decrease in the activity
whatever the support (entries 4, 5 and 7 for Al-MTS 1, entries
9 and 10 for Al-MTS 2). The higher the coverage is, the lower
the activity of the mineral surface. Solids derived from Al-MTS
1 show a slight increase in activity after modification by
(2)-ephedrine; the activity of the high density solid (entry 8) is
lower than that of the low density auxiliary (entry 6). Taking
into account the low residual volume of the high density Al-
MTS-Cl-E 1b, we believe that accessibility to the catalytic sites
is limited by diffusional constraints and that the reaction mainly
proceeds on the external surface and at the pore opening. An
increase in the mean pore diameter of the support allows the
synthesis of high density hybrids with conservation of available
mesoporous volumes. Hence, Al-MTS-Cl-E 2b shows the
highest activity obtained up to now, concomitant with good
enantioselectivity related to the organic coverage of the mineral
surface. It can be assumed that the catalytic sites located on the
inner surface of the pores are active in the reaction. Bae et al.15

reported recently the use of new chiral heterogeneous catalysts
based on mesoporous silica, either MCM-41 or SBA-15 based
catalysts. They attempted to improve ee’s by using a more
selective ligand than (2)-ephedrine and by addition of butyl-
lithium as an extra metal reagent. It is worth noting that ee’s
were improved only in the latter case using a lithium salt in
place of zinc alcoholate as the catalyst. Our approach based on
the comprehension of the various effects led to the synthesis of
the first inorganic–organic hybrid chiral auxiliaries, the effi-
ciency of which can be compared with that obtained in
homogeneous catalysis. Moreover, these catalysts may be

reused three times without loss of enantioselectivity. In
summary, two factors determine the design of new inorganic–
organic chiral auxiliaries effective in C–C bond formation:
firstly, the coverage of the surface by organics in order to
suppress the activity towards the racemic reaction and secondly,
the accessibility to the catalytic sites by using inorganic
supports with large mesopore diameters.

The authors are grateful to F. Di Renzo, F. Fajula and P.
Moreau for fruitful discussions.
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Table 1 Characterization of hybrid inorganic–organic mesoporous aluminosilicates

Materials
Cl loadinga/
mmol g21

N loadinga/
mmol g21

Cl densityb/
106 mol/m22

Sc
BET/

m2 g21
Vc

mp/
mL g21

Mean pore
diameterc/nm

Al-MTS-Cl 1a 2.1 — 2.3 756 0.42 2.2
Al-MTS-Cl-E 1a 0.8 1.3 689 0.30 1.7
Al-MTS-Cl 1b 4.4 — — 0.21d

Al-MTS-Cl-E 1b 2.5 1.9 0.07d

Al-MTS-Cl 2b 4.3 — 7.7 559 0.77 5.5
Al-MTS-Cl-E 2b 2.4 1.9 440 0.62 5.5

a Loadings are calculated relatively to the weight of dry initial silica content. b Densities are expressed by the ratio of the loading to the surface area of the
naked support. c N2 adsorption and desorption isotherms were collected on a Micromeritics ASAP 2000 apparatus at 77 K, after outgassing samples at 423
K for 8 h. Mean pore diameters are calculated by the 4Vmp/SBET ratio. d BET equation used for the determination of surface area is inoperative.

Table 2 Alkylation of benzaldehyde with diethylzinc

Entry Materials
(2)-Ephedrine
(mol%)a kb

obs/h21
Selectivityc

(%) Eed (%)

1 Without catalyst — 1.2 1022 51 0
2 (2)-Ephedrine 8.5 0.53 98 65
3 (2)-N-Propylnorephedrine 8.5 0.68 98 76
4 Al-MTS 1 — 0.17 84 0
5 Al-MTS-Cl 1a — 0.11 82 0
6 Al-MTS-Cl-E 1a 13.6 0.17 93 47
7 Al-MTS-Cl 1b — 0.05 84 0
8 Al-MTS-Cl-E 1b 15.4 0.11 94 54
9 Al-MTS 2 — 0.26 87 0

10 Al-MTS-Cl 2b — 0.07 86 0
11 Al-MTS-Cl-E 2b 16.8 0.55 98 64

a The number of catalytic sites is calculated relative to the total weight of hybrid material. b Fitting of BA (%) versus time (h) by an exponential regression
leads to kobs (h21). c % selectivity = 100 ([R] + [S])/([R] + [S] + [PhCH2OH]). d (%) Ee = 100 ([R] 2 [S])/[R] + [S].

Scheme 2
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Synthesis of unprecedented oxygen-bridged [n](2,5)pyr-
idinophane dihydro-analogues

The development of new methods which allow the synthesis of
[n]pyridinophanes and their dihydro-analogues is a major focus
in supramolecular chemistry due to the many roles played by
cyclophanes in biology and new technologies.1 Pyridinophanes
and their dihydro-analogues constituted the first examples of
NADH models2,3 capable of mimicking the diastereo-differ-
entiating course of hydride exchange at pyridine dinucleotides
under enzymatic conditions. In this way the asymmetric
reduction of carbonyl substrates by optically active NADH
model compounds has received wide attention.3,4 Recently,
crown ether annelated tetrathiafulvalenes were described as
attractive components for sensor technology5–7 and in some of
these cases6 pyridinophanes incorporating the tetrathiafulvalene
(TTF) moiety have been studied as metal cations sensors.

In 1968 Gerlach and Huber8 synthesized the first [n](2,5)pyr-
idinophanes, carbon-bridged compounds, some sulfur-bridged
[n](2,5)pyridinophanes were constructed and described as
Vitamin B6,9 pyridoxal10 and pyridoxamine11 analogues; how-
ever, no synthetic procedure was reported to afford [n](2,5)pyr-
idinophanes in which some methylene groups of the bridge
were replaced by oxygen.

The synthesis of nearly all [n](2,5)pyridinophanes known has
previously been accomplished using different synthetic strate-
gies: (i) via the construction of the pyridine ring as happens in
the acid-catalyzed cyclization of bis(b-aminovinyl)diketones8

or (ii) by building the ansa-chain around the pyridine ring as in
the thermal 1,6-Hofmann elimination from an intimate mixture
of (4-methylbenzyl)trimethylammonium hydroxide and
(5-methyl-2-picolinyl)trimethylammonium hydroxide.12 Sul-
fur-bridged [n](2,5)pyridinophanes have been obtained through
the Vögtle method by the condensation of dithiols with
dihalogenopyridine compounds.13

Herein we present an unprecedented method for synthesis of
dihydro-analogues of oxygen-bridged [n](2,5)pyridinophanes
by a C–C bond formation between the pyridine ring and the w-
position of a chain. As a preliminary result we report here the
synthesis and structural studies of the oxygen-bridged
[9](2,5)pyridinophane‡ dihydro-analogues 5.

Cyclic voltammetric data on the mercury cathode of
the 2-amino-6-methoxy-4-phenylpyridine-3,5-dicarbonitrile14

showed two peaks in the cathodic region at 21.88 and 22.20 V
(vs. Ag/Ag+),§ which make this compound susceptible to
reduction by amalgam (Na·Hg).15 On the basis of this behavior,
we have developed a molecular system containing a latent
nucleophilic pyridine ring moiety, switched on by electro-

chemical reduction, and an electrophilic center moiety linked by
oxyethylene bridges. Pyridine derivative 4, also having two
reduction peaks at 21.88 and 22.20 V (vs. Ag/Ag+),§ was
chosen as a molecular model of this system. We have carried out
its synthesis in multistep processes from pyridine 116 as
depicted in Scheme 1, via the substitution of the phenylthio
group by triethylene glycol to afford 2 and followed by
tosylation to 3 which could be converted in good yield to
chloride 4.

The synthesis of the oxygen-bridged [9](2,5)pyridinophane
dihydro-analogues 5 was accomplished with an amalgam
(Na·Hg) reduction of 4 in N,N-dimethylformamide under argon
and required two eq. of Na per mol of 4. The structure of 5 was
well established by NMR spectroscopy,¶ X-ray diffraction
study∑ and elemental analysis.

The structure of 5 can be clearly seen in the X-ray crystal
structure (Fig. 1). Noteworthy structural features are the trans
stereochemistry between the phenyl group on C15 and the ansa-
chain bonding to the C11 atom, the very short distance C12–
N20 (1.330 (4) Å) and sp2 hybridization of N20.

† Electronic supplementary information (ESI) available: 2D-J resolved 1H
spectra, 2D-COSY 1H–1H–13C spectra of 5. See http://www.rsc.org/
suppdata/cc/b0/b004474l/

Scheme 1 Reagents and conditions: (a) Under argon atmosphere, NaH (9
eq.), triethylene glycol (18 eq.), 1 (3 eq.), DMF, rt, 48 h, then poured on
water, the precipitate was chromatographed (silica gel, CH2Cl2–EtOH,
25+1), 70%; (b) Under argon atmosphere, triethylamine (3.3 eq.), 2 (3 eq.)
in dry CH2Cl2 (25 ml), 30 min, then toluene-p-sulfonyl chloride (3.3 eq.) in
dry CH2Cl2 (10 ml) was added dropwise, rt, 12 h, then was neutralized with
HCl (10%), solvent was removed in vacuo and the residue was
chromatographed (silica gel, CH2Cl2–hexane, 25+1), 70%; (c) 3 (2 eq.),
LiCl (8 eq.), dry MeOH (50 ml), reflux 4 d, purified by column
chromatography (silica gel, CH2Cl2), 60%; (d) Under argon atmosphere, 4
(2 eq.), dry DMF (4 ml), amalgam (Na·Hg) (0.97% w.w. Na = 92 mg = 4
eq.), 0 °C, 24 h, then the solution was separated and evaporated to dryness
and the residue was purified by column chromatography (neutral aluminium
oxide, CH2Cl2–hexane, 20+1), 40%.
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The 1H NMR of 5¶ shows two multiplets for the Ph ring, one
singlet for the C15-H resonance and the three expected ABCD
spin systems with typical values of SSCC for CH2CH2 groups
of ansa-moiety, which were assigned by using the 1H J-
resolved, 2D-COSY 1H–1H and 2D-COSY 1H–13C spectra.†
The observation of two unequivalent protons for the NH2 group
at d = 8.5 and 7.8 ppm is due to very slow rotation around the
C12–N bond.

This work was supported by DGICYT (grant SAF96-
1704).

Notes and references
‡ The IUPAC name for [9](2,5)pyridinophane is 12-azabicyclo[9.2.2]pen-
tadeca-11,13,14-triene.
§ Measurement of reduction potential. The reduction potentials of the
2-amino-3,5-dicyano-6-methoxypyridine and 4, were measured by means
of cyclic voltammetry at 25 °C and at the scan rate of 0.2 V s21 using a
mercury cathode as the working electrode and Ag/AgCl as the reference
electrode.
¶ Selected data for 5: mp. 265–266 °C (from ethyl acetate–hexane, 15+1);
nmax(KBr)/cm21 3420, 3352, 2900, 2220 (weak), 2186, 1630, 1548, 1450,
1366, 1314, 1150, 1130, 702; dH(500 MHz, DMSO-d6, 25 °C) 8.49 (1H, s,

NH2), 7.79 (1H, s, NH2), 7.34 (3H, m, meta- and para-Ph), 7.15 (2H, m,
ortho- Ph), 5.12 and 3.81 (C3H2), 3.70 and 3.47 (C4H2), 3.50, 3.27, 3.74 and
3.39 (C6H2C7H2), 3.76 and 3.64 (C9H2), 2.77 and 2.02 (C10H2), 3.82 (1H,
s, C15H); dC(125 MHz, DMSO-d6, 25 °C) 166.54 (m, C1), 62.59 (t, 1JC-H

= 145.8 Hz, C3), 70.40 (t, 1JC-H = 140.8 Hz, C4), 70.41 and 71.94 (two t,
1JC-H = 140.8, 140.8 Hz, C6, C7), 67.89 (t, 1JC-H = 140.8 Hz, C9), 35.69
(t, 1JC-H = 134.6 Hz, C10), 44.25 (m, C11), 160.58 (tm, 2JC-H = 6.66 Hz,
C12), 61.52 (d, 2JC-H = 6.2 Hz, C14), 46.05 (d, 1JC-H = 138.7 Hz, C15),
117.82 (dd, 3JC-H = 9.46, 3.05 Hz, C16), 119.67 (d, 3JC-H = 4.90 Hz, C18),
137.73, 127.96, 127.66 and 127.58 (ipso-, meta-, ortho-, para- of Ph ring);
MS (CI) m/z 353 [M + H+]; Anal. calc. for C19H20N4O3, C, 64.77, H, 5.68,
N, 15.91. Found C, 64.95, H, 5.52, N, 16.15%.
∑ Crystals of 5, suitable for X-ray crystallography grown from ethyl acetate.
Crystal data of 5. C19H20N4O3, Mt = 352.39, triclinic, space group P1̄, a =
9.377(1), b = 9.409(1), c = 11.909(1) Å, a = 68.17(2), b = 84.5(1), g =
60.62(2)°, V = 845.0(1)Å3, T = 293 K, Z = 2, m(MoKa) = 0.096 mm21;
3225 measured reflections, 2976 were independent; R1 = 0.056 and wR2 =
0.118 (for 1623 reflections with F > 4s(F)).
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Fig. 1 View of the molecular structure of compound 5. Selected bond
lengths [Å] and angles [°]: C(1)–C(14) 1.343(5), C(1)–O(2) 1.352(4), C(1)–
N(13) 1.369(4), C(11)–C(12) 1.524(5), C(11)–C(15) 1.564(4), C(12)–
N(13) 1.298(4), C(12)–N(20) 1.330(4), C(14)–C(18) 1.411(5), C(14)–
C(15) 1.523(4), C(15)–C(21) 1.517(4), N(13)–C(12)–N(20) 119.0(3),
N(20)–C(12)–C(11) 119.0(3).
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Allylpalladium(II) compounds react readily in benzene with
free phenyl and trityl radicals, generated from the thermal
decomposition of phenylazotriphenylmethane, and with free
cyclohexyl radicals, generated from the photolysis of (cyclo-
hexyl)(pyridine)cobaloxime; the reactions appear to involve
initial attack of the radicals at palladium, followed by
secondary processes which convert the coordinated allyl
ligands preferentially to terminal rather than internal
alkenes.

Free radicals have been invoked as reactive intermediates in a
wide variety of reactions involving organotransition metal
compounds, e.g. oxidative addition reactions,1a SmI2 induced
coupling of organic halides with carbonyl compounds,1b

reduction of organic halides by complexes of chromium(II),1c

and hydrogenation and hydrometallation of aromatic alkenes1d

and conjugated dienes.1e Recent years have also seen increasing
interest in free radicals as reactants with unsaturated organic
ligands, e.g. with coordinated aromatic,2a allylic,2b carbenoid2c

and alkenyne2d ligands although there is as yet no general
understanding of the reactions of free radicals with coordinated
ligands. We have therefore undertaken an investigation of
reactions of a variety of free radicals with allylic palladium(II)
compounds of the types [(h3-allyl)PdCl]2, (h3-allyl)PdCl(PPh3)
and [(h3-allyl)Pd(PPh3)2]Cl, the latter being of interest because
the enhanced susceptibility of the allyl groups in these types of
compounds to nucleophilic attack has proven very useful in
synthetic organic methodology.3

Our initial studies have utilized triphenylmethyl (trityl) and
phenyl radicals, derived via the thermal decomposition of
phenylazotriphenylmethane (PhNNNCPh3, PAT),4 and cyclo-
hexyl radicals, generated from visible light photolysis of
(cyclohexyl)(pyridine)cobaloxime [c-C6H11Co(DMG)2(py)].5
Both procedures generate free radicals in good yields and under
relatively mild conditions, and molar ratios of radical source to
palladium of 2–3+1 ensured that reactions of the palladium
substrates proceeded to completion.

Reaction of [(h3-C3H5)PdCl]2 with PAT in benzene or
benzene-d6 at 60 °C resulted in the formation of palladium
metal, 3-phenylprop-1-ene, 1-phenylprop-1-ene, chlorotriphe-
nylmethane (in high yield by GC) and a small amount of
4,4,4-triphenylbut-1-ene but no chlorobenzene. By monitoring
the reaction products as a function of time, it was found that
3-phenylprop-1-ene was formed initially in ca. 90% yield
(NMR) and that 1-phenylprop-1-ene was formed by subsequent
isomerization of the kinetic product. Control experiments
showed that this isomerization reaction is catalyzed by
palladium metal, and thus the primary reaction involves the
formation of 3-phenylprop-1-ene, PhCH2CHNCH2.

In contrast, the analogous reactions of [(h3-C3H5)PdCl]2 in
the presence of either 1 or 2 equivalents of PPh3 per palladium
were found to produce 4,4,4-triphenylbut-1-ene ( > 90% yield
by NMR) and [PdPh(m-Cl)(PPh3)]2

6a or trans-
PdPhCl(PPh3)2,6b,c respectively. In addition, the reaction of
[(h3-2-methylallyl)PdCl]2 with PAT in the presence of PPh3
produced trans-2-methyl-4,4,4-triphenylbut-1-ene and
PdPhCl(PPh3)2, while the reaction of [(h3-allyl)Pt(PPh3)2]+Cl2
produced 4,4,4-triphenylbut-1-ene and trans-PtPhCl(PPh3)2.6d

Assuming a similar first step in all of these reactions, the
results may be rationalized on the basis of initial attack of

phenyl radical on palladium. In the absence of triphenylphos-
phine, it seems likely that initial phenyl radical coupling with
the palladium to form a palladium(III) intermediate is followed
by reductive coupling of the phenyl group with a terminal
carbon atom of the allyl ligand to give an intermediate
chloropalladium(I) complex [eqn. (1)]. In possibly a concerted

(1)

process, the chlorine atom is abstracted from the intermediate
by free trityl radical to form chlorotriphenylmethane, palladium
metal and free 3-phenylbut-1-ene.

Initial abstraction of a chlorine atom from [(h3-C3H5)PdCl]2
by trityl radical can presumably be ruled out since no
chlorobenzene was formed. Although one might anticipate that
the initially formed trityl radical could react with [(h3-
C3H5)PdCl]2 before significant amounts of the intrinsically
more reactive phenyl radical are formed, in fact the relative rates
of formation of the two radicals are very similar4d and pre-
empting of any reactive site by the trityl radical seems unlikely.
On the other hand, with analogous triphenylphosphine-contain-
ing phenylpalladium(III) intermediates such as [(h3-
C3H5)PdIII(Ph)Cl(PPh3)] or [(h3-C3H5)PdIII(Ph)(PPh3)2]+,
steric hindrance by the bulky phosphine ligands may prevent
attack on the coordinated chlorine atoms by the bulky trityl
radical. Instead, the latter apparently couples in these cases with
the sterically less congested allyl ligand to form 4,4,4-triphe-
nylbut-1-ene, again possibly via a concerted process but not,
presumably, via initial trityl radical attack as there is no obvious
reason why at least some phenyl radical involvement to give
3-phenylprop-1-ene would not occur. Interestingly, in a control
experiment, it was found that trityl radical, added as the
corresponding dimer with which it is in equilibrium,7 does react
with [(h3-C3H5)PdCl]2 in the presence of PPh3, the trityl and
allyl groups combining to form exclusively 4,4,4-triphenylbut-
1-ene. On the other hand, the formation of 4,4,4-triphenylbut-
1-ene apparently does not involve trityl coupling with free allyl
radicals as no hexa-1,5-diene, the product of allyl free radical
coupling,8 was formed.

In contrast to the above, photolysis of c-
C6H11Co(DMG)2(py) with visible light in the presence of [(h3-
C3H5)PdCl]2 (PPh3+Pd ratios 1+1, 2+1) in benzene or benzene-
d6 at 25 °C did not give 3-cyclohexylprop-1-ene and/or
cyclohexyl–palladium complexes, but rather propene, cyclo-
hexene and palladium(0) species. Similar reactions of [(h3-
1-methylallyl)PdCl]2, [(h3-2-methylallyl)PdCl]2 and [(h3-
2-phenylallyl)PdCl]2 (PPh3+Pd ratios 1+1) resulted in the
exclusive formation of but-1-ene, isobutene and 2-phenylprop-
1-ene respectively, while reaction of [(h3-1-phenylallyl)PdCl]2
(PPh3+Pd ratio 1+1) resulted in the formation of a mixture of
3-phenylprop-1-ene and 1-phenylprop-1-ene at 25 °C but only
3-phenylprop-1-ene at 5 °C if the PPh3:Pd ratio were 2:1. The
reaction of [(h3-C3H5)PdCl]2 with c-C6H11Co(DMG)2(py) gave
propene and palladium metal while reaction of [(h3-1-phenyl-
allyl)PdCl]2 gave 1-phenylprop-1-ene and palladium metal; as
above, isomerization of a terminal alkene kinetic product to
internal alkene may be catalyzed by palladium metal. Control
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experiments showed that the allyl–palladium compounds are
stable under the above conditions in the absence of c-
C6H11Co(DMG)2(py).

Assuming a mechanism analogous to the above and consider-
ing the nature of the products, these reactions probably involve
initial attack of the cyclohexyl radical at the metal to form a
cyclohexyl–Pd(III) species, followed by b-hydrogen elimination
of cyclohexene to form a hydrido–allylpalladium(III) complex
[eqn. (2)]. Subsequent reductive elimination of propene could

(2)

result in the palladium(I) species PdCl(PPh3), which could
undergo a second attack by a cyclohexyl radical to form the
palladium(II) cyclohexyl compound PdCl(C6H11)(PPh3), which
could also undergo b-hydrogen elimination of cyclohexene to
give the hydride PdHCl(PPh3).

Although cyclohexene is anticipated as a byproduct in these
reactions, it is expected to be formed in any case as a product of
the photolysis of c-C6H11Co(DMG)2(py)5 and we therefore
cannot take its formation as evidence for the postulated
mechanism. While neither the putative hydride PdHCl(PPh3)
nor its dimer appear to have been reported, the 1H NMR
spectrum of a reaction mixture in benzene-d6 exhibited a
resonance at d –13, indicative of a palladium hydride. This same
resonance is also observed in reactions involving [(h3-1-
methylallyl)PdCl]2, [(h3-2-methylallyl)PdCl]2, [(h3-1-phenyl-
allyl)PdCl]2 and [(h3-2-phenylallyl)PdCl]2, consistent with the
general mechanism proposed. Also consistent is an observation
that the reaction of [(h3-allyl)Pt(PPh3)2]Cl with
C6H11Co(DMG)2(py) gives comparable amounts of propene
and trans-PtHCl(PPh3)2, identified by comparison of its hydride
resonance (d 215.2) with that of an authentic sample,9 in
addition to cyclohexene.

Seemingly anomalous, however, is the exclusive formation
of but-1-ene in the reaction of [(h3-1-methylallyl)PdCl]2 and of
3-phenylprop-1-ene in the reaction of [(h3-1-phenylal-
lyl)PdCl]2. While these products are consistent with the
reductive elimination step implied above, reductive elimination
of alkenes from allylpalladium(II) hydrido complexes normally
results in the formation of the thermodynamically preferred
internal alkenes.3b Thus the fact that the reactions discussed
here give solely terminal alkenes is perhaps evidence that the
reactions do indeed involve allylpalladium(III) hydrido species,
although it is not readily obvious why formation of the terminal
alkenes should become kinetically preferred. A better under-
standing of these processes must await further labelling and
stereochemical studies which are underway.

Although the mechanisms are as yet uncertain, the reactions
lead in all cases to preferential conversion of the allylic ligands
to terminal alkenes. Since compounds of the type [(h3-
1-RC3H4)PdCl]2 (R = alkyl, aryl) are readily prepared from,

e.g. alkenes RCHNCHCH3
3a and allylic acetates

RCHNCHCH2OAc,3a the chemistry involving hydrogen trans-
fer from the cyclohexyl radical would seem in effect to provide
a route for both the isomerization of the alkene or the
hydrogenolysis of the allylic acetate, via h3-allylpalladium
compounds, to terminal alkenes RCH2CHNCH2. Both types of
reactions have potential utility, as we note that hydrogenolysis
of allylpalladium complexes by hydride sources normally
results in the formation of internal alkenes unless the source is
formate ion.10

We thank the Natural Sciences and Engineering Research
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Triols were prepared in enantiomerically enriched form by a
short route that included a Sharpless asymmetric dihydrox-
ylation; treatment of these triols with toluene p-sulfonic acid
gave THFs as thermodynamic products.

Previously, we have reported the outcome of competitive
cyclisations between two primary hydroxy groups at the end of
separate or branched side chains (1 and 2, Fig. 1).1,2 We then
wished to investigate cyclisations of 2,4,5-triols (bearing a
phenylsulfanyl group at C-1) with primary and secondary

hydroxy groups in the same side-chain (Scheme 1). In each case
two modes of cyclisation are possible: route (A) would result in
tetrahydropyran (THP) formation, route (B) in tetrahydrofuran
(THF) formation.

Two sets of diastereomeric triols were prepared for this study
with different migration origins; for one pair (7 and 9) gem-
dimethyl substitution was used and for the other (8 and 10) a
cyclohexane ring was used (Scheme 2). The triols were readily
synthesised starting from the aldehydes 3 and 4. Grignard
addition followed by oxidation gave the homoallylic ketones 5
and 6. The asymmetric dihydroxylation reaction3 gave optimum
enantiomeric excess (73–84%) when Sharpless’ PYR ligand
was used.4 Finally a 1,3-diastereocontrolled reduction gave
either the 2,4-anti5 (7 and 8) or 2,4-syn6 diastereoisomers (9 and
10) of each triol.

Initially these compounds were subjected to our standard
conditions for rearrangement: a 5 min reflux with 5 mol%
toluene p-sulfonic acid in dichloromethane. To our initial
disappointment, triol 8 gave a 50+50 mixture of THF 11 and
THP 12 (Scheme 3).7 Previously we have shown that these
reaction are under thermodynamic control,8,9 so resubmitting
this mixture to the reaction conditions, or taking a fresh sample
of the triol 8, and heating to reflux in dichloromethane for 48 h
led to the complete conversion into the spirocyclic THF 11
Scheme 3). Similarly the syn-triol 10 gave an initial product

Fig. 1

Scheme 1 Reagents: i, TsOH, CH2Cl2.

Scheme 2 Reagents: i, CH2NCHCH2MgBr, Et2O, rt; ii, PCC, CH2Cl2, rt; iii,
K2OsO2(OH)4, (DHQD)2PYR, K2CO3, K3Fe(CN)6, ButOH–H2O, 0 °C; iv,
Me4N+ BH(OAc)3

–, AcOH-MeCN, 220 °C, 7 days; v, Et2BOMe, THF–
MeOH, 278 °C then NaBH4. * Yields and enantiomeric excesses in
parentheses denote those obtained using AD-mix-b at 25 °C.

Scheme 3 Reagents: i, TsOH, CH2Cl2, 40 °C.

Scheme 4 Reagents: i, TsOH, CH2Cl2, 40 °C.
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distribution of 63+37 THF 13+THP 14, but after a prolonged
reflux (48 h) gave only THF 13 (Scheme 4). These results were
followed by rearrangement of the structurally related triols 7
and 9. Again, short reaction times led to THF–THP mixtures,
but a longer reaction time (48 h) led to THFs 15 and 16 (Scheme
4).

In contrast to other systems we have studied,1,2 ring-size has
become more important than the relative stereochemistry. A
2,4-syn THF is preferred to the alternative 2,4-anti THP, where
one of the two substituents would enter an axial environment.
More interestingly though, the 2,4-anti THF is preferred to the
2,4-syn THP, where both groups could now be equatorial. We
presume in this case that the factor governing the cyclisation
outcome (the degree of substitution being equal for both rings)
is the gem-disubstituted migration origin. In the THP one of the
C–C bonds is forced to be axial; presumably the 1,3-diaxial
interactions are too severe and the flatter THF ring is
preferred.

The rearrangement of triol 7 was followed by 400 MHz 1H
NMR spectroscopy. By recording spectra at regular intervals it
was possible to watch the initial formation of the heterocycles
15, 17 and 18 and the subsequent equilibration of the mixture to
the THF 15 (Scheme 5). Interestingly, the unrearranged10 THF

18 was observed as a metastable product but none of the oxetane
19, which would also be formed by attack on the less substituted
end of the episulfonium ion, was detected.

In summary we have demonstrated further evidence that
[1,2]-PhS rearrangements are under thermodynamic control and
that for a simple class of triols 7–10 the most stable products are
the THFs 11, 13, 15 and 16. We believe that in this case the
difference in product stability can be attributed to the gem-
disubstituted migration origin. In other cases we have invest-
igated1,2 the relative stability of products may be dependent on
ring-size, stereochemistry or a thermodynamic Thorpe–Ingold
effect.
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Enantiomerically enriched triols were treated with
trimethylorthoacetate and pyridinium toluene p-sulfonate to
give a mixture of unrearranged THF and rearranged THP;
treatment of the product mixture with toluene p-sulfonic
acid equilibrated the mixture to the THP.

In the preceeding article1 we reported the preparation of
enantiomerically enriched triols (e.g. 1) and their conversion to
the thermodynamic tetrahydrofuran (THF) products (e.g. 2)
(Scheme 1). In this publication we disclose details of how the
same cyclisation precursors can be converted to the com-
plementary tetrahydropyran (THP) products (e.g. 3).

An obvious approach to the THPs would be an orthogonal
protecting group strategy, which would leave the secondary
hydroxy nucleophile protected and the primary hydroxy
unprotected and available for cyclisation. Alternatively, we
envisaged a situation where it would be possible to protect the
secondary hydroxy nucleophile and simultaneously activate the
other secondary hydroxy group to nucleophilic displacement.
By using an orthoester in the appropriate conditions an
exchange could be set up between a 5- and a 6-membered
orthoester (Scheme 2). So long as the 5-membered orthoester
was inert under these reaction conditions it would be possible to
trigger the episulfonium ion formation and protect the secon-
dary hydroxy group as its acetate.

Pyridinium p-toluenesulfonate (PPTS) (pKa ~ 5.5) was
chosen as the acid catalyst for this reaction because orthoesters
exchange under general acid catalysis,2 but we did not expect
such a weak acid to promote direct formation of the episulfon-
ium ion. Hence triol 1 was treated with 1 eq. of trimethylortho-
acetate with PPTS as the acid catalyst. In the first instance the
product was the orthoester 4 which is formed by exchange of all
three molecules of MeOH (Scheme 3). However, with longer

reaction times we obtained none of this orthoester but two
heterocyclic products. The two heterocycles were the unre-
arranged3 THF 5 and the rearranged3 THP 3: both products
derive from cyclisation of the primary hydroxy nucleophile, but
to different ends of the episulfonium ion intermediate (Schemes
2 and 4).

This result is important in the context of our research
programme because it constitutes the first example of cyclisa-
tion on to the less substituted end of an episulfonium ion (where
the alternative cyclisation would not give a 7-membered ring).4
This raised the question of whether these reactions were
therefore under kinetic control. (We have previously shown that
cyclisations catalysed by toluene p-sulfonic acid are under
thermodynamic control.5,6) To address this question we per-
formed three control experiments. First we took a sample of the
triol and treated it with PPTS, without adding trimethylortho-
acetate, and showed that no reaction occurred. Secondly the
77+23 THF 5: THP 3 mixture isolated from the cyclisation

Scheme 1 Reagents: i, TsOH, CH2Cl2.

Scheme 2 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2.

Scheme 3 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2, rt, 2 min.

Scheme 4 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2, rt, 24 h.

Scheme 5 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2, rt, 24 h.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005341o Chem. Commun., 2000, 1781–1782 1781



reaction was resubmitted to the PPTS acid catalyst: no
equilibration of the mixture occurred. Finally we confirmed the
second experiment by showing that a pure sample of the
unrearranged THF 5 was not converted to the THP 3 by PPTS.
At this point we could conclude this orthoester-promoted
cyclisation is in fact under kinetic control.

Following the reaction of triol 1, we also cyclised triols 6 (the
diastereoisomer of 1), 8 and 10 under the same conditions and
observed in each case that the unrearranged THF was the major
product (Scheme 5). For the case of the 2,4-syn triols 6 and 10
none of the bicyclic orthoester intermediate could be isolated.

In order to exploit this interesting mechanistic observation
synthetically we reasoned that treatment of the THF–THP
mixtures with a strong acid, toluene p-sulfonic acid, should lead
to equilibration of the mixture to the rearranged THPs. Indeed

this was observed in all four cases; complete equilibration
occurred to give the THPs 3, 7, 9 and 11, protected as their
acetates (Scheme 6). Hence this two-step synthetic procedure
can give the THP products (which are complementary to the
THF products of the one-step toluene p-sulfonic acid cyclisa-
tion) without the need for any purification of the intervening
mixture.

In summary, we have demonstrated a rapid approach to
enantiomerically enriched THPs or THFs from a common triol
precursor depending on the choice of reagent (Scheme 7). For
THF synthesis the episulfonium ion is formed directly, under
specific acid catalysis. Use of the orthoester route promotes
episulfonium ion formation under general acid catalysis and
results in THP–THF mixtures that can be equilibrated to
THP.

We thank the EPSRC and AstraZeneca for a grant to DH and
Martin Christlieb, David Hodgson and Adam Nelson for useful
discussions.
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Triols containing three secondary hydroxy groups were
reacted with either (i) toluene p-sulfonic acid or (ii)
trimethylorthoacetate–pyridinium toluene p-sulfonate fol-
lowed by toluene p-sulfonic acid.

In the previous two articles1,2 we demonstrated how enantio-
merically enriched triols (e.g. 2) could be converted in a single
step to THFs (e.g. 1) (thermodynamic control) or in two steps to
THPs (e.g. 3) (kinetic control–equilibration sequence)
(Scheme 1). The subject of the final communication in this
series is our attempts to assess the generality of these reactions,
particularly by replacement of the primary hydroxy in 2 with a
secondary alcohol.

Triols 7 and 8 were prepared by essentially the same method
as used previously,1 i.e. by Sharpless asymmetric dihydroxy-
lation3 of the styrene 6 and diastereoselective reduction of the b-
hydroxyketones (Scheme 2).4,5 Styrene 5 was derived from the
homoallylic alcohol 4 by a Heck reaction with iodobenzene.
The remaining triols 10–13 were prepared by an aldol reaction6

of the lactic acid derived aldehyde 9, followed by stereo-
controlled reduction (Scheme 3). We were able to prepare all
diastereoisomers of the triol target molecules since the aldol
route gave poor diastereoselectivity and necessitated a difficult
separation of the aldol products by preparative HPLC.

The toluene p-sulfonic acid catalysed cyclisations are under
thermodynamic control and so we used long reaction times to
ensure equilibrium was established. The triols in the lactic acid
series (i.e. triols 10–13) all rearranged to give the THFs (14–17,
respectively) as the major product (Scheme 4). We were
particularly interested to establish the outcome of rearranging
the 2,4anti,4,5anti triol 11, since the THP 18 derived from this
triol would have the maximum number of equatorial sub-
stituents (Fig. 1). Despite this ‘favourable’ arrangement of
substituents in the THP product, the THF was still the major

Scheme 1 Reagents: i, TsOH, CH2Cl2, 40 °C; ii, (MeO)3CMe, C5H6N+

TsO2, CH2Cl2, rt.

Scheme 2 Reagents: i, PhI, 5 mol% Pd(OAc)2, 10 mol% Ph3P, Et3N,
MeCN, 80 °C, 24 h; ii, PDC, CH2Cl2, rt; iii, AD-mix-b, MeSO2NH2,
ButOH–H2O, rt; iv, Me4N+ BH(OAc)3

2, AcOH–MeCN, 220 °C, 7 days; v,
Et2BOMe, THF–MeOH, 278 °C then NaBH4.

Scheme 3 Reagents: i, LDA, THF, 278 °C; ii, aldehyde 9; iii, Et2BOMe,
THF–MeOH, 278 °C then NaBH4; iv, Me4N+ BH(OAc)3

2, AcOH–MeCN,
220 °C, 7 days; v, Bun

4N+ F2, THF, rt.

Scheme 4 Reagents: i, TsOH, CH2Cl2, 40 °C.
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product, though THP 18 did account for 17% of the equilib-
rium.

The rearrangement of the triols 7 and 8 required careful
handling (presumably due to the benzylic hydroxy group). The
2,4anti,4,5syn triol 7 rearranged exclusively to THF 19 after
being heated to reflux in dichloromethane for 24 h (Scheme 5).
The 2,4syn,4,5syn triol 8, however, had to be rearranged at rt (3
days) to avoid decomposition. Again, the THF 20 was the only
isolated product.

The products of the kinetically controlled orthoester re-
arrangement reported in the preceding communication2 were
equilibrated with toluene p-sulfonic acid in dichloromethane
with the aim of converting the unrearranged7 THFs to THPs.

Reactions of the triols in the lactic acid series turned out to be
very substrate dependent. Rearrangement of the 2,4syn,4,5anti
triol 10 under kinetic conditions gave the unrearranged THF 22
as the major product (Scheme 6). Equilibration with toluene p-
sulfonic acid gave only a 74+26 mixture of the rearranged THP
21 and unrearranged THF 22. The inference here could be that
it is unfavourable for the sulfur to occupy an axial position,
indeed sufficiently unfavourable that it can partly overcome the
driving force for ‘downhill’ migration.8 The 2,4anti,4,5anti-triol
11 behaved quite differently; after equilibration of an initial
THF–THP mixture the only product identified was the THP 23,
with methyl, acetoxy and phenylsulfanyl groups all occupying
equatorial positions (Scheme 6). The 2,4syn,4,5syn-triol 12 gave,

after the two-step reaction sequence, the THP 24 with an axial
acetate (the alternative THF 25 contains an unfavourable
2,3-syn relationship) (Scheme 6). Finally, in this series of
compounds, the 2,4anti,4,5syn-triol 13 gave a single product after
treatment with trimethylorthoacetate and PPTS: the bicyclic
orthoester 26. Attempts to repeat the reaction at higher
temperatures, or with longer reaction times, led only to
decomposition products that were not characterised. It is
interesting to note the stabilising effect of an exo-methyl group
on these compounds. When triol 11 (with 2,4-anti ster-
eochemistry) was reacted with the same reagent system no
bicyclic orthoester intermediate was observed; presumably an
endo-methyl group here destabilises the orthoester intermediate
(if the corresponding orthoester forms at all).

The triols 7 and 8, each containing a benzylic hydroxy group,
behaved similarly to their analogues in the lactic acid series.
Triol 7 was converted into the THP 27, bearing an axial acetate,
and triol 8 gave only the bicyclic orthoester 28, which was not
successfully transformed into the target heterocycles
(Scheme 7).

In summary, we have demonstrated that for the general class
of triols under investigation THFs are formed as thermody-
namic products when toluene p-sulfonic acid is used as the
catalyst. This is attributed to the 1,3-diaxial interactions which
exist in the THPs when one of the C–C bonds of the tertiary
migration origin is forced to enter an axial environment. The
orthoester reaction was shown to be general apart from triols
with 2,4anti,4,5syn stereochemistry in which case the inter-
mediate bicyclic orthoester is overstabilised by a 6-exo
substituent. The subsequent equilibration of the product mixture
gives THPs as exclusive products in all cases except for triol
precursors with 2,4syn,4,5anti stereochemistry.

We thank the EPSRC and AstraZeneca for a grant to D. H.
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Fig. 1

Scheme 5 Reagents: i, TsOH, CH2Cl2, 40 °C; ii, TsOH, CH2Cl2, rt.

Scheme 6 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2, rt; ii, TsOH,
CH2Cl2, 40 °C.

Scheme 7 Reagents: i, (MeO)3CMe, C5H6N+ TsO2, CH2Cl2, rt; ii, TsOH,
CH2Cl2, rt.
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The arylazo substituted salt 2 when treated with a base
underwent a valence bond isomerization to yield a derivative
of the heteroaromatic ring system, [1,2,3]triazolo[4,5-d]pyr-
idazine (4).

Recently we have elaborated an easy synthetic pathway to some
tricyclic zwitterionic fused pyridazo[1,2,4]triazines1 (e.g. 1)
and have shown that these compounds readily undergo
cycloadditions as well as Michael additions.2 As a continuation
of these studies the reactivity of the new zwitterions towards
diazonium salts seemed of particular interest.

When the zwitterion 1 was treated with aryldiazonium salts at
rt, the change of colour from green to bright red indicated that
an azo coupling had taken place. Work-up of the reaction
mixture led to the isolation of the stable brilliant red crystalline
fluoroborate salt 2.3 This salt when treated with a base was
converted into the neutral azo compound which decomposed
upon storage at rt and a yellow component, as shown by tlc,
appeared gradually. This decomposition could be accelerated by
heating the suspension of 2 in toluene for a few minutes: a
yellow crystalline substance was then formed in good yield. For
the structure of this yellow compound the peri fused 3 was first
anticipated. This could be easily rationalized by assuming
attachment to the negatively and positively polarized nitrogen
atoms (1,5-dipolar cyclization or ‘pseudo-electrocyclization’4).
Upon observation of some further transformations, however,
this conclusion seemed ambiguous and structure 4 (i.e. a
product of a possible thermal electrocycloreversion of 3) had to
be considered.5 The ring closure (which might proceed via the
intermediate peri-fused tetracycle 3, or could also be formed
from 2 in one single step) seems to represent a special case of a
ring closure to [1,2,3]triazole starting from an azo com-
pound.6

Comparison of the heats of formation of 3 (208.0 kcal mol21)
and 4 (164.2 kcal mol21), calculated for a derivative un-
substituted at the triazole ring by the semiempirical PM3

method,7 also revealed that the ring-opened form 4 is energet-
ically more favourable (by 44 kcal mol21). A final decision on
this structural problem was provided by an X-ray analysis of the
product obtained from 2b which showed that the isolated
compound has in fact the ring-opened structure 4b, as shown in
Fig. 1.

The X-ray analytical data revealed that the bond distances
and angles are normal.8 The endocyclic bond angle at N2 is
116.2(2)°, at N1 and N3 102.5(2) and 102.7(2)°. The bond
distances N1–N2 and N2–N3 are 1.336(2) and 1.345(2) Å,
shorter than N5–N6 (1.364(2) Å).

The whole molecule is basically planar, with the exception of
the pyridine moiety which is perpendicular to the mean
molecular plane. A characteristic feature of the crystal packing
is the infinite stacking with strong p ring interactions. The
centroids of the nirophenyl ring at (x,y,z) and the pyridazine ring
at (1 + x,y,z) are 3.52 Å apart (the dihedral angle is 0.81°).9

Scheme 1 (a) Ar = 4-ClC6H4–, (b) Ar = 4-NO2C6H4–, (c) Ar =
4-CH3OC6H4–.

Fig. 1 A molecular diagram9 of 4b with the numbering of atoms.
Anisotropic displacement parameters represent 50% probabilities.

Scheme 2
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The Schiff base side-chain of 4 easily underwent hydrolysis
in the presence of alumina at higher temperature (i.e. in boiling
xylene) and gave rise to the triazolopyridazinone 5,10 a
derivative of the heteroaromatic [1,2,3]triazolo[4,5-d]pyrida-
zine ring system (saturated11 and unsaturated derivatives12,13 of
this ring skeleton have been described elsewhere ).

The 4-nitrophenyl substituted compounds (i.e. 4b and 5b)
proved to be suitable for transformations to the derivatives
containing an unsubstituted triazole moiety. Thus, these
compounds when treated with sodium methylate in DMF
underwent an ipso substitution and afforded the dearylated
products 614 and 7.15

Our results reveal that this observed valence bond isomeriza-
tion provides an easy access to a hitherto unexplored area of
triazolopyridazines.

The financial support of OTKA 22111 and 26476, as well as
of Aktion Austria/Hungary, Proj. 34OeU9, is gratefully ac-
knowledged.
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An electron-deficient iron porphyrin complex catalyzes the
epoxidation of olefins by tert-alkyl hydroperoxides via
radical-free oxidation reactions in aprotic solvent; the
epoxidation reactions were markedly influenced by reaction
temperature and high yields of epoxide products were
obtained with retention of stereospecificity at low tem-
perature.

The reactions of iron(III) complexes of porphyrin and non-
porphyrin ligands with alkyl hydroperoxides have been ex-
tensively studied as biomimetic models for heme- and non-
heme-containing enzymes.1 It has been shown in a number of
reports that oxidation of hydrocarbons by iron(III) porphyrin
complexes and tert-alkyl hydroperoxides proceeds via O–O
bond homolysis (i.e. free alkoxyl radical chemistry) in aprotic
solvents.1–3 In addition, Ingold and coworkers evidenced, using
2-methyl-1-phenyl-2-propyl hydroperoxide (MPPH) as a mech-
anistic probe to distinguish between free alkoxyl radical
chemistry and radical-free chemistry, that O–O bond homolysis
is a predominant pathway in non-porphyrin iron complex-
catalyzed oxidation of hydrocarbons by tert-alkyl hydro-
peroxides.1,4 Despite intensive study for the last two decades, it
has rarely been observed that simple iron complexes of
porphyrin and non-porphyrin ligands are able to catalyze the
oxidation of hydrocarbons by alkyl hydroperoxides via radical-
free chemistry in aprotic solvents.5,6† Since we found recently
that a highly electron-deficient iron(III) porphyrin complex,
Fe(TF4TMAP)(CF3SO3)5 [TF4TMAP = meso-tetrakis(2,3,5,6-
tetrafluoro-N,N,N-trimethyl-4-aniliniumyl)porphinato dia-
nion], catalyzes the epoxidation and hydroxylation of hydro-
carbons by H2O2 via radical-free oxidation reactions,7 we
attempted the epoxidation of olefins with the iron porphyrin

complex and tert-alkyl hydroperoxides such as tert-butyl
hydroperoxide (ButOOH) and MPPH. Here we report that the
epoxidation reactions were markedly influenced by reaction
temperature and high yields of epoxide products with retention
of stereospecificity were obtained at low temperature.

The catalytic epoxidation of cyclohexene by ButOOH was
carried out in the presence of Fe(TF4TMAP)5+ at various
reaction temperatures under argon atmosphere in MeCN. As
detailed in Table 1, the formation of cyclohexene oxide,
cyclohexenol and tert-butyl cyclohexenyl peroxide (c-
C6H11OOBut) was observed at room temperature, indicating
that the cyclohexene oxidation proceeds via free alkoxyl radical
chemistry (i.e. O–O bond homolysis of ButOOH).1,8 Inter-
estingly, we found that the product distribution varied depend-
ing on reaction temperature. As the reaction temperature was
lowered, the yields of cyclohexene oxide increased, while those
of allylic oxidation products (i.e. cyclohexenol and c-C6H11OO-
But) diminished (Table 1). These results indicate that the
reaction of iron(III) porphyrin complex with ButOOH is
sensitive to reaction temperature and that two-electron epoxida-
tion becomes a major pathway in the cyclohexene epoxidation
at low temperature [Scheme 1(A), pathway A]. Further
evidence that the epoxidation of olefins by Fe(TF4TMAP)5+ and
ButOOH at low temperature occurs via radical-free chemistry
was obtained by analyzing products obtained in cis-stilbene
epoxidation. cis-Stilbene was predominantly oxidized to cis-
stilbene oxide [eqn. (1)],‡ demonstrating that the ButOO·
radical was not involved as an epoxidizing agent in the
epoxidation reactions.2,8

The temperature effect on the reaction of Fe(TF4TMAP)5+

with alkyl hydroperoxides in MeCN was also observed when
MPPH was used as an oxidant (Table 1). Only a small amount

Table 1 Epoxidation of cyclohexene by Fe(TF4TMAP)5+ and tert-alkyl hydroperoxides at various reaction temperatures in MeCN and in MeOH–
CH2Cl2a,b

Yields (%) of products formed in ButOOH reactionsc,d Yields (%) of products formed in MPPH reactionsc

T/°C t/h
Cyclohexene
oxide Cyclohexenol c-C6H11OOBut t/h

Cyclohexene
oxide MPPOH PhCH2OH PhCHO

MeCN 20 2 20 ± 3 29 ± 3 12 ± 5 2 7 ± 1 20 ± 3 63 ± 6 8 ± 4
10 2 31 ± 3 22 ± 3 8 ± 4 2 12 ± 2 23 ± 3 47 ± 5 8 ± 3

0 4 45 ± 4 18 ± 3 5 ± 3 4 17 ± 3 29 ± 3 33 ± 4 8 ± 2
210 4 52 ± 4 14 ± 2 < 2 4 32 ± 3 44 ± 4 27 ± 3 6 ± 2
220 4 70 ± 4 9 ± 2 < 2 5 38 ± 3 46 ± 5 18 ± 3 12 ± 4
230 4 74 ± 4 7 ± 2 0 6 46 ± 4 55 ± 6 12 ± 3 12 ± 4

MeOH–CH2Cl2e 20 2 59 ± 3 8 ± 2 Tracef 2 36 ± 2 47 ± 3 30 ± 3 Tracef

10 2 70 ± 5 5 ± 1 Tracef 2 42 ± 3 45 ± 3 20 ± 2 Tracef

0 4 68 ± 5 4 ± 2 Tracef 4 57 ± 4 62 ± 4 13 ± 2 Tracef

210 4 76 ± 5 < 2 Tracef 4 63 ± 5 69 ± 5 < 4 Tracef

220 4 75 ± 5 < 2 Tracef 5 68 ± 5 79 ± 6 < 4 Tracef

a MPPH4 and tert-butyl cyclohexenyl peroxide (c-C6H11OOBut)11 were prepared according to literature procedures. All reactions were run at least in
triplicate, and the data represent the average of these reactions. b In a typical reaction, oxidant (2 3 1022 mmol diluted in 80 mL of MeCN) was added to
a reaction solution containing Fe(TF4TMAP)(CF3SO3)5 (1 3 1023 mmol) and cyclohexene (0.3 mmol) in 0.3 mL MeCN at the given temperature under an
inert atmosphere. After the reaction mixture was stirred for the given time, the reaction solution was directly analyzed by GC or GC–MS with known authentic
sample. c Yields were based on oxidants added. d < 5% of cyclohexenone was formed in all of the reactions. e Since methanolysis of cyclohexene oxide took
place under the reaction conditions, the yields of cyclohexene oxide were determined by summing the amounts of cyclohexene oxide and
2-methoxycyclohexanol.12 f < 2% based on oxidant added was formed.
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(1)

of cyclohexene oxide was formed and PhCH2OH was the major
product derived from MPPH decomposition at room tem-
perature. This result demonstrates that the reaction of Fe(TF4T-
MAP)5+ with MPPH occurs via O–O bond homolysis [Scheme
1(B), pathway A].4 As the reaction temperature was lowered,
the formation of cyclohexene oxide and PhCH2CMe2OH
(MPPOH) products increased, indicating that two-electron
epoxidation takes place in the reaction of Fe(TF4TMAP)5+ and
MPPH at low temperature [Scheme 1(B), pathway B]. When the
epoxidation of cis-stilbene by Fe(TF4TMAP)5+ and MPPH was
performed at low temperature, cis-stilbene oxide was obtained
as a major product [eqn. (1)].‡ Also, MPPOH was the
predominant product of MPPH decomposition (70% based on
MPPH used). These results demonstrate unambiguously that the
epoxidation of olefins by MPPH at low temperature occurs via
radical-free chemistry.

Since it is known that methanol is a better solvent for iron
porphyrin complex-catalyzed epoxidation of olefins by hydro-
peroxides,5 the epoxidation of cyclohexene by ButOOH and
MPPH was carried out in a solvent mixture of MeOH and
CH2Cl2 (3+1). As shown in Table 1, the yields of cyclohexene
oxide formed in MeOH–CH2Cl2 were higher than those
obtained in MeCN. In addition, as observed in the MeCN
reactions, the oxide yields in the MPPH reactions increased as
the reaction temperature was lowered. Interestingly, ca. 80% of
MPPH was converted to MPPOH below 220 °C, and, to the
best of our knowledge, this is the highest MPPOH formation in
iron complex-mediated O–O bond cleavage of MPPH.4

We then studied 18O-labeled water experiments in the
epoxidation of cyclohexene by ButOOH and MPPH,9 in order to
understand the source of oxygen atoms in cyclohexenol and
benzyl alcohol products formed in the reactions of ButOOH and
MPPH, respectively.4b,10 When the epoxidation reactions were
carried out in the presence of H2

18O at room temperature,§ the
percentages of 18O incorporated from the labeled water into
cyclohexenol and benzyl alcohol were 21 ± 2 and 14 ± 2%,
respectively. The observation that some of the oxygen in the

alcohol products came from H2
18O demonstrates unambigu-

ously that cyclohexenyl and benzyl radicals were trapped by the
(TF4TMAP)FeIV–OH intermediate [pathway B in Scheme 1(A)
and pathway D in Scheme 1(B)].4b,9,10 The different and
relatively small amounts of 18O-incorporation into the cyclo-
hexenol and benzyl alcohol products are ascribed to the fact that
the oxygen exchange between the iron(IV)–OH intermediate and
labeled water [pathway C in Scheme 1(A) and pathway E in
Scheme 1(B)] is competing with the C–O bond-forming step
between the intermediate and alkyl radicals [pathway B in
Scheme 1(A) and pathway D in Scheme 1(B)].3,9b

In conclusion, we have shown here that high yields of oxide
products were formed via a radical-free mechanism in the
epoxidation of olefins by tert-alkyl hydroperoxides at low
temperature. The oxide yields were found to depend sig-
nificantly on reaction temperature. In addition, it has been
demonstrated unambiguously that alcohol products such as
cyclohexenol and benzyl alcohol were formed by the trapping
of alkyl radicals by (TF4TMAP)FeIV–OH species. Future
studies will focus on attempts to understand the temperature
effect on the mechanism of hydroperoxide O–O bond activation
by iron porphyrin complexes and to use the alkyl hydro-
peroxides in biomimetic alkane hydroxylation reactions.

This research was supported by KOSEF (1999-2-122-002-4
for W. N. and 981-0304-022-1 for G. J.), KRF (KRF-
99-042-D00068), the MOST through the Women’s University
Research Fund, Brain Korea 21 Project.
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reaction media. The 16O and 18O compositions in cyclohexenol and benzyl
alcohol were determined by the relative abundances of mass peaks at m/z 83
and 85 for cyclohexenol and at m/z 108 and 110 for benzyl alcohol.
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Citronellal was converted into isopulegol epoxide in a one-
pot two-step reaction achieving a 68% global yield on Ti-
MCM-41 and designing a two-solvent catalytic system.

The push of environmental concerns makes bifunctional
catalysts the object of growing interest as the tool to reduce the
number of steps in a fine chemistry synthesis process.

In a programme aimed at the substitution of homogeneous
with heterogeneous Lewis acids in organic synthesis, some of us
reported that citronellal 1 (Scheme 1) can be easily cyclized to
isopulegol 2 in the presence of acidic mixed oxides.1 Likewise,
we recently reported the epoxidation activity of Ti-containing
MCM-41 materials, which easily transform 2 into isopulegol
epoxide 3 using tert-butylhydroperoxide (TBHP).2 The high
selectivity observed in this reaction, together with the growing
interest in isopulegol and related terpenic compounds for uses
other than those for the flavour and cosmetic industry (e.g.
isopulegol derivatives have been claimed to possess a high
bactericidal and fungicidal activity3 and a long-lasting insect
repellent action4), prompted us to investigate the possibility of
obtaining isopulegol epoxide 3 directly from citronellal 1 on the
same catalyst.

Preliminary experiments, carried out starting from 1 in the
presence of either in-framework or extra-framework Ti-
containing MCM-41’s, showed that Ti-MCM-41, obtained by
grafting an organotitanium precursor onto the MCM-41 surface,
leads to better catalytic features than other in-framework Ti-
containing solids. This behaviour is also consistent with high
conversion values recorded on this mesoporous material, when
the epoxidation step is carried out separately (Table 1; tests 5
and 6).

As in other examples, where an epoxidation reaction is
coupled to an acid-catalysed one,5 the choice of the solvent is
not trivial. In fact, while the cyclization reaction is easily carried
out in apolar hydrocarbons, i.e. n-heptane or toluene (tests 1 and
2), the best results in the epoxidation reactions are achieved in
aprotic polar solvents, i.e. acetonitrile or ethylacetate, which are
bad solvents for the first-step reaction (tests 3 and 4). Therefore,
the use of a unique solvent throughout the two-step reaction
appeared to be hardly feasible. Moreover, to avoid the oxidation
of the non-reacted citronellal 1 by TBHP, it is advisable to add
the oxidant after the complete conversion of 1 into 2. In fact,
whenever TBHP is added at the beginning of the cyclization
step, a plethora of products is registered, among which is
menthone. So, during the first 6 h of reaction the intramolecular
cyclization was performed in apolar hydrocarbon. After that
time an equal volume of polar solvent was added together with
the required TBHP aliquot.

Ti-MCM-41 has been prepared in the following way: MCM-
41 was synthesized according to procedures developed by
Mobil researchers.6 Titanium was grafted onto the MCM-41
surface using titanocene dichloride as precursor following the
procedure described by Maschmeyer et al.7 Details about the
preparation of the samples are reported in ref. 2. The Ti content,
determined by ICP-atomic emission spectroscopy, of the Ti-
MCM-41 sample was 1.88 wt.%. The specific surface area
(BET), the total pore volume and the effective mean pore
diameter of the solid were 860 m2g21, 0.52 cm3g21 and 2.3 nm,
respectively. The mesoporous solid was pretreated by heating at
773 K for 1 h in air. The catalytic reactions were carried out in
a glass batch reactor at 363 K under anhydrous nitrogen using
acetonitrile and toluene or n-heptane and ethyl acetate as
solvents, anhydrous TBHP as oxidant (oxidant+substrate molar
ratio = 1.1) and 15 wt.% catalyst with respect to the substrate
citronellal 1. The solvent+citronellal volume ratio is 25. The
samples taken during the 24 h reaction were analysed by gas
chromatography (FID detector; mesitylene as internal stan-
dard). The products were identified by GC-MS and NMR
spectroscopy.

It is worth noting that pure MCM-41 (without titanium) was
completely inactive, while some amorphous silica is able to
catalyse the cyclization reaction.1,8 This confirms that the Ti-Scheme 1

Table 1 Catalytic tests on Ti-MCM-41 (1.88% Ti)

Test no. Solv1
a Solv2

b Conv1
c (%) Sel1d (%) Conv2

e (%) Sel2f (%)

1 PhCH3 PhCH3 > 98 > 98 9 —g

2 n-C7H16 n-C7H16 > 98 > 98 5 —g

3 CH3CN — 47 90 —h —h

4 AcOEt — 74 95 —h —h

5 — CH3CN —h —h 73i 80i

6 — AcOEt —h —h 78i 41i

7 PhCH3 PhCH3 + CH3CN > 98 > 98 76 90
8 n-C7H16 n-C7H16 + AcOEt > 98 > 98 58 75

a Cyclisation: 5 ml solvent; 15 wt.% catalyst; 358 K under reflux; 6 h. b Epoxidation: 5 + 5 ml solvent; 15 wt.% catalyst; TBHP:isopulegol molar ratio =
1.1; 358 K under reflux; 18 h. c Conversion based on  consumption of 1. d Selectivity to 2. e Conversion based on consumption of 2. f Selectivity to 3. g Under
detection limit. h Step not run. i From Ref. 2.
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free mesoporous material is lacking in acidic sites and also that
the presence of titanium(IV) in a siliceous matrix gives rise by
itself to a material containing both redox and acidic properties.9
Besides, the introduction of trivalent metal ion, although widely
used in bifunctional catalysts,10,11 appears to be redundant. The
use of a MCM-41 sample containing both titanium (1.91 wt.%
grafted from titanocene) and aluminium (0.59 wt.% inserted by
isomorphous substitution for Si) did not lead to a remarkable
improvement in catalytic features: the Al insertion shortens the
first-step reaction time (cyclization is complete after 2 h),
leaving the second-step reaction time and selectivity (74%
conversion of 2 and 88% selectivity to 3 after 18 h in toluene +
acetonitrile) practically unaffected.

Both toluene and n-heptane exhibit a complete and selective
conversion of 1 into 2 within 6 h and this is consistent with the
results obtained on amorphous mixed-oxide TiO2–SiO2.1 The
reaction time is rather longer, but is necessary to avoid the
presence of unreacted citronellal in the second step.

In the epoxidation step, as in the tests on other terpenic
unsaturated alcohols,2 acetonitrile (test 7) showed better
performances than ethyl acetate (test 8). This behaviour might
be attributed to the weakly basic character of acetonitrile that
inhibits the formation of acid-catalysed secondary products
from isopulegol epoxide 3.12 The main by-product formed in
the second-step reaction is isopulegone, i.e. 5-methyl-
2-(1-methylethenyl)cyclohexanone.

With the purpose of obtaining a deeper insight about the
heterogeneity of the system,13 the reaction mixture was
carefully filtered at ca. 50% conversion (2 h reaction) in the
second step. Testing the colourless filtered solution for further
reaction, no activity of the liquid mixture was observed. From
this behaviour, the observed catalyst is presumably heteroge-
neous. Because of the intrinsic low chemical and mechanical
stability of MCM-41-based materials,14 work is in progress to
verify whether or not the catalyst is stable and recyclable.

In summary, the best result for the one-pot conversion of
citronellal into isopulegol epoxide with a ca. 68% global yield
was achieved on Ti-MCM-41 as follows. Toluene was used as
the solvent for the 6 h long cyclization step during which all the
citronellal 1 was completely and selectively converted into
isopulegol 2. Then, after the addition of TBHP and acetonitrile,
over the following 18 h isopulegol 2 was epoxidised to 3 with a
76% conversion and a 90% selectivity (test 7).

In this reaction, employing Ti-MCM-41 obviates the use of
homogeneous catalysts in both steps, namely zinc halides in the
first and transition metal complexes or peroxy acids in the
second, thereby limiting the waste production to the work-up
phase, when the TBHP in excess has to be quenched. Such
bifunctional behaviour is to be attributed to the high dispersion
of TiIV onto the surface of the mesoporous solid, which brings
acidity into the silica matrix and causes the excellent activity in
the epoxidation step.

The authors gratefully acknowledge the CNR-MURST for
financial support through the ‘Program Chemistry Law 95/95-I
year’.
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Ring opening of 2-methyleneaziridines with Grignard rea-
gents in the presence of CuI yields metalloenamines in a
regiospecific fashion which can be further reacted with
electrophiles to produce functionalised ketones via a one-pot
process.

Following their introduction independently by Stork1 and by
Wittig,2 metalloenamines (metallated imines) have become
established as one of the best methods of forming carbon–
carbon bonds at the a-carbon atom of aldehydes and ketones.3
Metalloenamines are known to be extremely reactive and
undergo clean C-alkylation reactions with a wide range of
electrophiles including primary and secondary alkyl halides,
aldehydes, ketones, nitriles, epoxides and oxetanes. Conse-
quently, alkylation reactions of these carbanions are widely
used in organic synthesis. Metalloenamines are traditionally
made by deprotonation of the corresponding imine using a
strong base such as EtMgBr or LDA. One limitation with this
method stems from the fact that regiochemical control in the
enolisation process is not always possible when imines derived
from unsymmetrical ketones are used, resulting in mixtures of
alkylated products being formed.4 Few alternative methods for
the generation of metalloenamines have been developed, with
the only notable contributions being made by Wender.5 We
imagined that ring opening of 2-methyleneaziridines with
organometallic reagents might provide an alternative entry into
metalloenamines, as depicted in Scheme 1. We felt that this
conceptually new approach to metalloenamines might offer two
significant advantages over the traditional route to such species
by way of imine enolisation. Firstly, the overall transformation
would result in the formation of two new carbon–carbon bonds
and thus could be considered as an efficient and potentially
highly flexible three-component coupling reaction. Secondly,
the ring opening of the aziridine might be expected to provide
the metalloenamine as a single regioisomer, circumventing
problems associated with regioselectivity in the deprotonation
of unsymmetrical imines. Here, we describe our preliminary
results regarding the ring opening reactions of 2-methyleneazir-
idines with organometallic reagents and demonstrate their
potential as metalloenamine precursors.

At the outset of this study, no ring opening reactions of
methyleneaziridines using carbon based nucleophiles had been
reported.6,7 Initially, we chose to investigate the ring opening
reactions of methyleneaziridine (±)-1 (R = CHMePh) as it is
very easy to prepare on a multigram scale.8 Since Ganem has
shown that simple N-alkylated aziridines can be ring opened
with Gilman-type cuprates in the presence of boron trifluoride
ethereate,9 we anticipated that these conditions might effect ring
opening of 2-methyleneaziridines. Gratifyingly, treatment of

methyleneaziridine 1 (R = CHMePh) with Bu2CuLi (1.5
equiv.) and BF3·OEt2 (1.5 equiv.) in THF (278 ? 0 °C) and
subsequent hydrolysis with aqueous acid furnished heptan-
2-one in 40% isolated yield after distillation. Further studies
determined that this ring opening reaction can be accomplished
more conveniently using BuMgCl in the presence of BF3·OEt2
and a catalytic amount of CuI (Table 1, entry 1). The modest
isolated yield observed for the formation of heptan-2-one is due
to its volatility, as the chemical conversion is excellent as
judged by GC analysis using an internal standard. The copper
catalysed ring opening of methyleneaziridines with Grignard
reagents appears general and we have used it to make a variety
of methyl ketones 2 in moderate to good yields (Table 1).†
Importantly, in control experiments, we have determined that at
low temperatures, both CuI and the Lewis acid are essential for
rapid ring opening to occur.

Our initial attempts to alkylate the presumed metalloenamine
intermediate produced by ring opening of methyleneaziridine 1
(R = CHMePh) with BuMgCl, CuI and BF3·OEt2 were entirely
unsuccessful. Introduction of an electrophile such as BnCl into
the vessel prior to aqueous hydrolysis did not result in the
formation of any further alkylated products. Control experi-
ments using a metalloenamine made by the traditional method
of imine deprotonation using EtMgCl revealed that the presence
of BF3·OEt2 in the reaction mixture completely suppresses
alkylation reactions of the metalloenamine. To overcome this
problem, we sought conditions to effect the ring opening of
2-methyleneaziridines with organometallic reagents in the
absence of an added Lewis acid. After further experimentation,
we determined that the ring opening could be achieved using
Grignard reagents in the presence of CuI (20 mol%) by warming
the mixture to room temperature and stirring for an extended
period (24 h) prior to introduction of the electrophile. Using
these conditions, treatment of methyleneaziridine 1 (R =
CHMePh) with BuMgCl then BnCl yielded alkylated ketone 4
in 78% isolated yield after imine hydrolysis and silica gel

Scheme 1

Table 1

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005623p Chem. Commun., 2000, 1791–1792 1791



chromatography (Scheme 2).‡ Significantly, the formation of
metalloenamine 3 is highly regiospecific, and no trace of
3-benzylheptan-2-one could be detected in the crude reaction
mixture.§

We have extended the scope of this method of metal-
loenamine generation to other Grignard reagents and electro-
philes (Table 2).† Moderate to good yields of products are
obtained in all cases and the method provides a flexible and
efficient approach to functionalised ketones. The only notable
limitation with this chemistry is the requirement to use excess
Grignard reagent (3 equiv.) to drive the reaction to completion.
Currently, we are searching for more active copper catalysts in
an effort to address this problem. Future work will also be aimed
at extending the scope of this method and to applying it in
natural product synthesis.

We are grateful to the EPSRC and SmithKline Beecham
Pharmaceuticals for their generous financial support of this
work. We are indebted to Julie Ince and David Ennis for their
assistance at the early stages of this project. We thank the
EPSRC National Mass Spectrometry Centre for performing

some of the mass spectral measurements and the EPSRC
Chemical Database Service at Daresbury.10
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added, and the mixture heated at 50 °C for 2 h (for all other entries in Table
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(4H, m), 0.88 (3H, t, J 7.2); dC (100.9 MHz, CDCl3) 210.5 (s), 141.2 (s),
128.5 (d), 128.3 (d), 126.1 (d), 44.3 (t), 43.0 (t), 31.4 (t), 29.8 (t), 23.5 (t),
22.5 (t), 13.9 (q); Observed 204.1519; C14H20O requires 204.1514.
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Scheme 2 Reagents and conditions: (i) BuMgCl (3.0 equiv.), CuI (20
mol%), THF, 230 °C ? rt, 24 h; (ii) BnCl (1.5 equiv.), 40 °C; (iii) 10%
HCl, 50 °C, 2 h.
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The p-styrenyl substituent borne by the organoimido ligand
in the Lindqvist derivative [NBu4]2[Mo6O18(NC6-
H4CHNCH2)] 1 allows the polyoxometalate complex to be
introduced as a pendant group in polystyrene compositions
via conventional free radical-induced copolymerization.

Research involving polyoxometalates1—the multimetallic oxo-
anions formed by Mo, W, V and, to a lesser extent, Nb and Ta—
continues to increase in scope and pace, driven by the goal of
harnessing these species’ remarkable and versatile attributes for
catalytic, medical and imaging applications, and for use in
magnetic and photo- and electro-chromic materials.2 In their
solid state applications, polyoxometalates generally are em-
ployed as components embedded heterogeneously within
various matrices, rather than as covalently bound integral
elements.3 The covalent incorporation of polyoxometalates into
conventional polymeric systems therefore may provide addi-
tional opportunities for their technological development.

There are few examples of polymers bearing covalently
attached polyoxometalate species. Knoth4 has described the
‘all-inorganic’ polymer [(OC)3CoGe2W11SiO40

52]n. Difunc-
tional polyoxotungstates [(RSiOSiR)W11SiO39]42 have been
homo-polymerized by Judeinstein5 and incorporated into silox-
ane compositions by Katsoulis and Keryk.6 Very recently,
Mayer, Thouvenot et al.7 have reported well characterized
acrylamide and methacrylate networks cross-linked by the
polyoxometalates [g-SiW10O36(RSiO)4]42 or [g-SiW10O36(R-
SiOSiR)]42 [R = C3H6OC(O)C(Me)NCH2]. Here, we describe
a different approach to organic polymers bearing poly-
oxometalate pendants, involving co-polymerization of the
styrylimido ligand in the Lindqvist derivative [NBu4]2[Mo6-
O18(NC6H4CHNCH2)] 1.

Reaction of [NBu4]2[Mo6O19] with Ph3PNNC6H4CHNCH2 in
pyridine solution at 90 °C produces Ph3PNO and the red
styrylimido-hexamolybdate complex 1 in high yield (Scheme
1).‡ To our knowledge, 1 represents the first example of a
styrylimido complex.8 In MeCN solution, cyclic voltammetry
of 1 reveals a one-electron reduction at E1/2 = – 886 mV (vs.
Ag/Ag+); this value is more negative than that of the
[Mo6O19]22 parent (E1/2 = 2707 mV) and is typical of other
monosubstituted [Mo6O18(NR)]22 systems.9 1 is soluble in
polar organic solvents such as 1,2-dichloroethane and its
solutions display good hydrolytic stability: the deliberate
addition of H2O (ca. 15 equiv.) to a CD3CN solution of 1
produced no detecable amount of 4-vinylaniline after 4 d at
25 °C as monitored by 1H NMR spectroscopy.

Crystals of 1 were grown by diffusion of Et2O vapor into an
acetonitrile solution, and the molecular structure was deter-
mined by X-ray crystallography (Fig. 1).§ The styrylimido
ligand occupies a terminal position on the hexamolybdate cage
and its metrical parameters [Mo(1)–N(1) 1.728(7) Å, Mo(1)–

N(1)–C(1) 159.9(7)°] indicate substantial [Mo·NR] triple bond
character. Along the Mo(1)–O(1)–Mo(5) axis, the central O(1)
atom is substantially nearer to the imido-bearing Mo(1) site
[2.223(5) Å] than to the trans oxo site Mo(5) [2.353(5) Å].

Co-polymerization of 1 (0.50 g, 0.34 mmol) and 4-methyl-
styrene (0.16 g, 1.34 mmol) initiated by AIBN [2,2A-azobis(2-
methylpropionitrile), 0.010 g, 0.061 mmol] was conducted in
1,2-dichloroethane (5 mL) at 60 °C for 48 h, and led to the
separation of an oily brown insoluble residue (0.435 g) from the
brown solution. Dissolution of this residue in acetonitrile (10
mL), filtration to remove a small amount of gummy material,
and evaporation to dryness afforded a green–brown solid 2. In
the IR spectrum of 2, no bands were observed in the vinylic
n(CNC) region, and the presence of an imido-substituted
hexamolybdate was confirmed by its characteristic ‘doublet’
pattern in the n(Mo–Ot) stretching region [975(sh), 952s cm21].
The 1H NMR spectrum of 2 taken in CD3CN revealed features
consistent with the formation of the expected co-polymer of 1
and 4-methylstyrene: the vinylic resonances of both precursors
had disappeared; a pair of broadened aryl resonances were
observed centered at d ca. 7.0 and 6.5; a broad signal at d 2.3
was assignable as the CH3 resonance of the 4-methyl styrene
component; the resonances of the [NBu4]+ cations were
observed as virtually unbroadened signals in their characteristic
regions; and broadened resonances assignable as the methine
and methylene units of the polymer backbone were observed in
the range d 1.8–1.5 overlapped with the resonances of the
interior CH2 groups of the [NBu4]+ cations. A comparison of the
relative intensities due to the aryl groups, the a-CH2 groups of
the [NBu4]+ cations, and the styrenic CH3 group suggested a

† Electronic supplementary information (ESI) available: colour version of
Fig. 2. See http://www.rsc.org/suppdata/cc/b0/b005022i/

Scheme 1 Synthesis of styrylimido-hexamolybdate complex 1.

Fig. 1 ORTEP representation and labelling scheme for the
[Mo6O18(NC6H4CHNCH2)] dianion within 1. Selected bond lengths (Å) and
angles (°): Mo(1)–N(1) 1.728(7), N(1)–C(1) 1.388(12), Mo(1)–O(1)
2.223(5), Mo(1)–O(7) 1.897(5), Mo(1)–O(10) 1.994(6), Mo(1)–O(11)
1.996(6), Mo(1)–O(15) 1.887(5), Mo(5)–O(1) 2.353(5), Mo(5)–O(5)
1.689(6), Mo(5)–O(8) 1.966(6), Mo(5)–O(9) 1.864(6), Mo(5)–O(13)
1.867(5), Mo(5)–O(17) 1.971(6); Mo(1)–N(1)–C(1) 159.9(7).
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composition for 2 of nearly three 4-methyl styrene units per unit
of 1, as indicated in Fig. 2. Elemental analysis of 2 is consistent
with this formulation. Molecular weight determinations of 2 are
in progress.10

This work demonstrates that the styrylimido ligand can be
employed as a reactive site capable of delivering its metal
complex into a conventional polymeric environment. Similar
methodology should be broadly applicable to the synthesis of
other new classes of hybrid inorganic/organic polymers which
incorporate covalently attached organoimido-metal complexes
as exploitable backbone substituents. Further characterization
of the properties of 2 is underway, as are studies on a variety of
other polymerizable organoimido systems.

We are grateful to the United States Department of Energy,
Office of Basic Energy Sciences, for support of this work.

Notes and references
‡ Experimental procedure for 1: under an N2 atmosphere, [NBu4]2[Mo6-
O19] (6.54 g, 4.79 mmol) and Ph3PNNC6H4CHNCH2 (2.73 g, 7.19 mmol)
were added to 20 mL pyridine and the mixture stirred for 5 d at 90 °C. After
cooling to room temperature, the solution was filtered and solvent was
removed under vacuum. The residue was washed successively with Et2O
(50 mL) and benzene (3 3 75 mL) and dried in vacuo to afford red–orange
solid 1 (6.30 g, 89.7%). Anal. Calc. for C40H79Mo6N3O18: C, 32.78; H,
5.43; N, 2.87. Found: C, 32.97; H, 5.55; N, 3.02%. dH(CD3CN, 296 K):
7.49, 7.47, 7.21, 7.19 (AAABBA ‘quartet’, 4H, C6H4), 6.77 (m, 1H, CH), 5.79
(d, 1H, NCH2 cis, 3J 17.2 Hz), 5.26 (d, 1H, NCH2 trans, 3J 10.8 Hz), 3.08 (m,
NCH2, 16 H), 1.60 (m, CH2, 16 H), 1.35 (m, CH2, 16 H), 0.97 (t, CH3, 24
H). IR (Nujol, cm21): n(CNC) 1605 w; n(Mo·O), 975(sh), 952s. UV–VIS
[MeCN; l/nm (e/M21 cm21)]: 272 (64200), 366 (50400).
§ Crystal data for C40H79Mo6N3O18 1: orange–red crystals, Mw = 1465.70,
monoclinic, space group P21/n, a = 17.316(2), b = 15.6017(17), c =
20.774(2) Å, b = 105.098(9)°, V = 5418.6(11) Å3, Z = 4, Dc = 1.797 g
cm23. Of the 8303 reflections collected [T = 173(2) K, 2qmax = 47°], 8001
were unique (Rint = 0.0422) and 6784 were observed [I > 2s(I)]. Full-
matrix least squares refinement on F2 converged with R1 = 0.0450 and wR2

= 0.1268. CCDC 182/1742. See http://www.rsc.org/suppdata/cc/b0/
b005022i/ for crystallographic files in .cif format.
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Fig. 2 Idealized representation of a segment within 2 (cations omitted for
clarity). Colour version is shown as ESI†.
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The Peterson reaction of triphenylsilylacetamide Ph3Si-
CH2CONBn2 with aromatic aldehydes and certain aliphatic
aldehydes proceeded to give the corresponding a,b-un-
saturated amide with high Z selectivity (up to Z+E =
> 97+< 3).

Geometry-defined olefins serve as good building blocks in
organic synthesis. Of particular utility are olefins bearing
electron-withdrawing groups, such as the ester group, since not
only are these groups viable of further functionalization, but
they also activate the olefin moiety for reactions such as
Michael addition and pericyclic reactions. While it is rather
facile to obtain disubstituted E-olefins bearing an electron-
withdrawing group with high selectivity from aldehydes, only a
few methods are available for moderate to highly selective
preparation of the thermodynamically less stable Z-olefins, and
so far they have been limited to the ester,1–5 the cyano,6,7 and
the recently reported methyl ketone group.8 For disubstituted Z-
olefins bearing an amide group, it would be desirable to have a
direct method of preparation from an aldehyde, especially for
multifunctional carbonyl compounds. Peterson olefination with
reagents bearing a trimethylsilyl (TMS) group has been widely
utilized as a useful complementary reaction to that of Wittig
type.9 However, for disubstituted olefins with electron-with-
drawing groups, the selectivity observed for this reaction is
generally low (even for E-olefins) compared with its phospho-
rus counterpart. Previous amide formation with Peterson
reagents bearing the TMS group is no exception.10 Thus, based
upon the notion that a more bulky and more electronegative silyl
group would shift the selectivity towards the Z-olefin, we
examined a reagent bearing the triphenylsilyl group, which had
previously proved to be effective in combination with the cyano
group.6 In accordance with expectations, we have realized the
first highly Z-selective preparation of a,b-unsaturated amides.
Herein we describe our results.

The Peterson reagents 1a,b examined for the reactions were
prepared by treating the lithium enolate of N,N-dibenzylaceta-
mide with Ph3SiCl or Me3SiCl, regioselectively giving the C-
silylated products in moderate yield.10,11 The results of using
the triphenylsilyl reagent 1a are given in Table 1. Since a
countercation effect is usually observed for the analogous
Horner–Wadsworth–Emmons (HWE) reaction, the examina-
tion of various metal-containing bases was first carried out in
the reaction with benzaldehyde. The effect of the countercation
proved to be quite significant as the ratio of Z-amide increased
from 54+46 with n-BuLi to 80+20 with NaHMDS, and an
exclusive > 97+ < 3 with KHMDS‡ (entry 1). In the case of n-
BuLi, the reaction temperature was gradually raised from 278
to 0 °C in order to effect reaction. More common bases such as
NaH and t-BuOK were found to be unsuitable. The reaction of
1a and 3-phenylpropionaldehyde with KHMDS as base (entry
8) was also found to be Z-selective, although not quite as high
as with benzaldehyde. In seeking a possible improvement in

selectivity, an examination of solvents was carried out.
However, neither a decrease (ether, 74+26, 15%) or increase
(THF–HMPA mixture, 71+29, 64%) in polarity proved fruitful.
Lowering of the reaction temperature to 295 °C led to a slight
increase in selectivity to 94:6 but with a lower yield of 58%.

Under the standard conditions of using THF and KHMDS at
278 °C, other aldehydes were examined.§ For 4-substituted
benzaldehyde derivatives, a drop-off in selectivity was observed
with the electronegative Cl substituent (entry 4), but remained
high with the electron-donating MeO group (entry 2). Although
sterically hindered 2-substituted aromatic aldehydes are usually
more Z-selective than their 4-substituted counterparts in HWE
reactions, with the MeO group the Peterson reaction here gave
lower selectivity (entry 3). With heterocyclic aldehydes, the
highly electronegative pyridylaldehyde showed very low se-
lectivity (entry 6), whereas that of furfural was highly Z-
selective (entry 5). The conjugated E-cinnamaldehyde also
furnished the Z-product as the predominant isomer (entry 7).

As for other aliphatic aldehydes, whereas a-branched
2-phenylpropionaldehyde did not react, the same a-branched
cyclohexanecarboxyaldehyde did, giving the Z-olefin as the
major product (entry 9). This indicates that with readily
enolizable aldehydes, enolization is favoured over the olefina-
tion reaction. Apparently due to steric factors, pivalaldehyde
was unreactive.

The 4-substituent effect observed with KHMDS as base was
more profound upon using n-BuLi as base, with the Z-
selectivity decreasing with increasing electron-withdrawing
ability; from 69+31 with p-MeOC6H4CHO to 54+46 with
benzaldehyde and 43+57 with p-ClC6H4CHO.

The efficacy of the triphenylsilyl group was confirmed by
making comparisons with reactions of trimethylsilyl reagent 1b

† Electronic supplementary information (ESI) available: synthesis and
characterisation data for 1a,b and 3a–i. See http://www.rsc.org/suppdata/
cc/b0/b004416o/

Table 1 Peterson reaction of Ph3SiCH2CONBn2 (1a) with various
aldehydesa

Entry R Z+Eb Yield (%)c

1 Ph > 97+ < 3 88
2 p-MeOC6H4 > 97+ < 3 87
3 o-MeOC6H4 81+19 72
4 p-ClC6H4 88+12 91
5 2-Furyl 91+9 92
6 2-Pyridyl 59+41 47
7 (E)-PhCH = CH 81+19 99
8 PhCH2CH2 91+9 77
9 c-Hexyl 83+17 82

a All reactions were carried out in THF at 278 °C with KHMDS as base.
b Determined by 500 MHz 1H NMR measurement of crude mixture.
c Combined isolated yield of E and Z olefins.

Scheme 1
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using KHMDS as base, as shown in Table 2.10 The reaction of
1b with benzaldehyde resulted in a complete turnaround in
selectivity, favouring E-olefin formation (entry 2) while that
with 3-phenylpropionaldehyde gave no olefin product (entry 5).
The effectiveness of the amide group for high Z-selectivity was
exhibited by comparing corresponding reactions of an ester
analogue 2. The reaction of ethyl triphenylsilylacetate with
benzaldehyde (entry 3) and 3-phenylpropionaldehyde (entry 6)
with KHMDS as base gave the corresponding electron-deficient
olefin as Z+E = 71+29 and 77+23 mixtures, respectively, which
are clearly inferior ratios compared with those of corresponding
amide reactions (entries 1, 4). Thus, we have the general trend
in which the larger the electron-donating ability of the group
directly attached to the carbonyl group in both the aldehyde and
the silyl reagent, the higher the Z-selectivity tends to be.
Considering these electronic effects, the results we have
obtained here fit in well with the generally accepted mechanism
which involves an intermediate formed by rearrangement of the
silyl group from a carbon to an oxygen atom, preceding olefin
formation.12

In summary, we have developed a highly geometry-selective
method of preparing Z-unsaturated amides based upon the

Peterson reaction. Further examination of substituent effects are
underway.

Notes and references
‡ Olefin geometries were determined by the coupling constants and
chemical shifts of the olefinic protons, and were verified by NOE
experiments for representative products.
§ The general procedure for the Peterson reaction is given as follows as the
example of the reaction of benzaldehyde. To a solution of 1a (206 mg, 0.415
mmol) in THF (4 mL) cooled to 278 °C was added KHMDS (0.5 M in
toluene, 0.98 mL, 0.49 mmol). After stirring for 30 min at 0 °C, the solution
was recooled to 278 °C. To this solution was added benzaldehyde (39.0 mg,
0.368 mmol) in THF (2.5 mL), and stirring was continued for 3 h. Water was
then added to quench the solution, and extraction was carried out with ether.
After the usual workup and chromatographic purification by preparative
TLC (SiO2; hexane+ethyl acetate = 5+1), (Z)-N,N-dibenzylcinnamamide
(106 mg) was obtained as a viscous oil in 88% yield.
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Table 2 Comparison between differently substituted reagents 1a, b, and
2a

Entry Reagent R Z+Eb Yield (%)c

1 Ph3SiCH2CONBn2 Ph > 97+ < 3 88
2 Me3SiCH2CONBn2 Ph 27+73 63
3 Ph3SiCH2CO2Et Ph 71+29 82
4 Ph3SiCH2CONBn2 PhCH2CH2 91+9 77
5 Me3SiCH2CONBn2 PhCH2CH2 — 0
6 Ph3SiCH2CO2Et PhCH2CH2 77+23 78
a All reactions were carried out in THF at 278 °C with KHMDS as base.
b Determined by 500 MHz 1H NMR measurement of crude mixture.
c Combined isolated yield of E and Z olefins.
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Non-covalent immobilization of [(R,R)-Me-(DuPHOS)Rh-
(COD)]OTf by interaction of the triflate counter ion with
surface silanols of silica supports leads to an active, stable,
enantioselective, asymmetric hydrogenation catalyst.

We have found that cationic rhodium complexes containing
chiral bidentate phosphines can be non-covalently immobilized
on silica surfaces. This method, which should be general for
ionic catalysts, enables the ‘heterogenization’ of readily
available enantioselective catalysts, and avoids the tedious and
often difficult task of ligand modification involved in numerous
previously described covalent approaches for the immobiliza-
tion of homogeneous catalysts on solid supports. We demon-
strate this concept through the immobilization of [(R,R)-Me-
(DuPHOS)Rh(COD)]+ trifluoromethane sulfonate [Me-Du-
PHOS = 1,2-bis(2,5-dimethylphosphacyclopentyl)ethane] on
mesoporous MCM-41 and silica gel which leads to a recyclable,
non-leaching asymmetric hydrogenation catalyst with activity
and selectivity equal to or greater than the homogeneous
reaction. We also provide chemical and spectroscopic evidence
for the mechanism of immobilization of these catalysts on silica
surfaces.

The goal of heterogenization of homogeneous catalysts is to
combine the superior activity and selectivity offered by
homogeneous catalysts with the ease of separation and
recycling of heterogeneous catalysts.1–3 To date, the main
approach for immobilizing homogeneous catalysts on solid
supports involves covalent attachment of functionalized ligands
or ligand–metal complexes which typically requires multistep
syntheses.4,5 Recently, hydrogen bonding between a sulfonated
ligand and surface silanols has been demonstrated to lead to the
immobilization of an achiral rhodium hydrogenation catalyst.6
This approach requires the sulfonation of aryl phosphines,
which, while possible, also requires multistep syntheses for
chiral phosphine ligands.

Our studies focused on mesoporous silica, such as MCM-41,
as a solid support due to the large, tailorable and well defined
pore structure, high surface area and high area density of surface
silanols found in this class of silicas.3,7 Orange solutions of
[(R,R)-Me-(DuPHOS)Rh(COD)]OTf 18 (OTf = trifluoro-
methanesulfonate, triflate) in CH2Cl2 rapidly decolorized upon
addition of MCM-419 and stirring. The powder X-ray diffrac-
tion pattern of the isolated orange powder (2) remains
unchanged from the unfunctionalized MCM-41. Quantitative
loading of the organometallic complex was demonstrated by
thermal gravimetric analysis which showed 5.26% weight loss
(calc. 5.29 wt%) and elemental analysis which gave 1.03 wt%
Rh (calc. 0.96 wt%). The BET surface area was found to
decrease from 953 m2 g21 in the unfunctionalized MCM-41 to
854 m2 g21 for composite 2 with a corresponding decrease in
mesopore volume from 1.003 to 0.840 cm3 g21; this is
consistent with partial mesopore filling by the organometallic
catalyst.10 While this work was in progress, Augustine and
Tanielyan demonstrated that cationic rhodium complexes could

be sorbed onto heteropolyacids to yield recyclable cata-
lysts.11a

31P and 19F NMR spectra of the free and bound complexes (1
and 2) suggest that it is the triflate counter ion that interacts
strongly with the support in 2. The 31P NMR spectrum
(unlocked) of a slurry of 2 in CH2Cl2 shows a doublet at dP 76.6
(JRhP 147 Hz) which is considerably broader [n1/2 130 Hz, Fig.
1(b)] than that for the free complex 1 in solution [n1/2 30 Hz,
Fig. 1(a)]. The corresponding 19F NMR spectra are shown in
Fig. 2. The sharp singlet (n1/2 50 Hz) for the homogenous
system [Fig. 2(a)] is broadened considerably (n1/2 575 Hz) in the
spectrum of a slurry of 2. The line broadening seen in both the
19F and the 31P NMR spectra of 2 is consistent with restricted
mobility of the organometallic complex within MCM-41, as
would be expected for a heterogenized molecule.12

The counter anion is very important for the successful
immobilization of the catalyst onto MCM-41. Whereas the
triflate DuPhos–Rh complex 1 was effectively immobilized, the
analogous complex with the lipophilic BArF anion {BArF =
B[C6H3(CF3)2-3,5]4

13} [(R,R)-Me-(DuPHOS)Rh(COD)]+

BArF
2 3, does not ‘load’ onto the support; solutions of 3 in

CH2Cl2 remained orange upon addition of MCM-41. Indeed,
addition of NaBArF to a slurry of 2 in solvent caused the solvent
to take on the characteristic orange color and 31P NMR
spectrum [n1/2 35 Hz, Fig. 1(c)] of dissolved [(R,R)-Me-
(DuPHOS)Rh(COD)]+, indicating release of the Rh cation from
the support. The 19F spectrum of the triflate ion, however,
remains broad and unchanged [Fig. 2(c)] indicating the triflate
is still immobilized on the support. The lack of immobilization
of 3 onto the support, and the lack of exchange of bound triflate
for BArF

2 implies that triflate is strongly bound to the support
and interacts with and binds the [(R,R)-Me-(DuPHOS)Rh-
(COD)]+ fragment to the MCM-41, a role BArF

2 does not
fulfill.14 The mechanism of triflate binding is likely hydrogen
bonding, similar to that demonstrated by Bianchini’s group in
the immobilization of an achiral sulfonated phosphine–rhodium

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b0/b003354p/

Fig. 1 31P NMR of (a) 1 in CH2Cl2, (b) 1 after addition of MCM-41 and (c)
2 with added NaBArF.

Fig. 2 19F NMR of (a) 1 in CH2Cl2, (b) 1 after addition of MCM-41 and (c)
2 with added NaBArF.
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complex to silica by hydrogen bonding.6 Unfortunately,
because of the low level of loading of the highly active catalyst
(see below), we could not confirm the presence of hydrogen
bonding using IR spectroscopy. Further work on other catalyst
systems is underway. Other evidence that surface hydroxy
groups may be involved in immobilization was found on studies
of MCM-41 supports that were pretreated with trimethylsilyl
chloride to protect the hydroxy groups. These supports were
much less effective in immobilizing complex 1 (1.9 vs. 6.7 wt%
based on Rh). We have found that other silica supports such as
commercial silica gel, which are known to contain fewer surface
silanols,3 also led to significantly lower loadings of 1.

The immobilized complex 2 was found to exhibit high
catalytic activity, selectivity and recoverability for the hydro-
genation of three prochiral a-enamide esters, used as test
substrates. Hydrogenation of enamide A (Fig. 3) in hexane
using 2 led to complete conversion with high enantioselectivity.
As shown in Table 1, the immobilized catalyst 2 led to higher
activity and selectivity than the homogeneous catalyst in hexane
for the b,b-disubstituted substrates B and C,15 and rivals the
enantioselectivity reported in MeOH.15 For example, B was
hydrogenated with 98% ee with 2 as the catalyst in hexane while
the optimized reaction with unsupported 3 gave 96% ee in
MeOH and 93% ee in hexane.15 Even more striking, the
conversions for enamide C were significantly higher using the
immobilized catalysts rather than the homogeneous analog in
hexane, where conversion was only 26% (85% ee) with
unsupported 3 in hexane after 22 h at 40 psi, while the reaction
with 2 was complete (98% ee) after 16 h at 8 psi. Few reports11

of such a positive influence on activity and selectivity for
heterogenized catalysts exist. Other silica supports, including
commercial silica gels, can be used to immobilize 1; however,
decreased loading (and therefore activity) was observed.

The recyclability of the immobilized catalyst was demon-
strated using standard procedures. After completion of the
initial hydrogenation of enamide A, the reaction mixture was
filtered and the filtrate was tested for activity by adding more
enamide; no further conversion was observed indicating the
absence of highly active soluble catalyst leaching from the
support. In a second set of recycling experiments, the materials
were reacted under standard conditions for 30 min and the
contents were then decanted leaving solid 1 in a small amount
of solvent.16 The bottle was recharged, and the reaction repeated
four times, with the final run differing in that the catalyst was
stored in hydrogen-free hexane for 16 h prior to the final
reaction. Under these conditions, the catalyst remains active
with no loss of conversion or enantioselectivity.

This work clearly shows that a chiral cationic rhodium
catalyst can be simply and efficiently sorbed onto silicas
without any ligand modification, a method that in principle
could be applied to a wide variety of cationic catalysts. The
surface-bound triflate counter ion immobilizes the cationic Rh

complex onto the surface of the MCM-41 and the surface-
sorbed complex is recyclable and stable to leaching from the
surface in non-polar solvents. The results show that binding
[(R,R)-Me-(DuPHOS)Rh]OTf to an MCM-41 surface has a
beneficial effect on enantioselectivity and activity in the
hydrogenation of prochiral enamides when compared to the
homogeneous catalyst.

This work was carried out with Laboratory Directed Research
and Development funds at Los Alamos National Laboratory,
operated by the University of California for the U.S. Depart-
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Fig. 3 Substrates utilized for catalytic hydrogenation studies.
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Unique models of solid state aluminophosphate materials
containing, for the first time, six-coordinate aluminium
atoms, may be achieved in chelated phosphinate derivatives;
the degree of aggregation of these species, specifically the
remarkable transition from a dimeric molecule to a poly-
meric material, depends on just one methylene unit; thus,
[(But

4salpen)Al{O2P(H)Ph}]2 1 is dimeric while [(But
4salen)-

Al{O2P(H)Ph}]∞ 2, with one fewer methylene unit in the
connection between the two nitrogens, is a polymeric
material with the polymers aligned to form pores containing
thf molecules.

Nanoporous or open-framework1 group 13 phosphate materials
have far-ranging applications in catalysis,2 separations and
many other areas.3 There are a limited number of naturally
occurring aluminophosphates (turquoise is one example).
However, synthetic chemistry has dramatically expanded this
class of compounds and is providing new4,5 and unique6

materials with a wide range of new applications.7 In these
materials the aluminium atom is often six-coordinate. Thus far,
molecular models of these materials have contained four-
coordinate aluminium,8–11 while none have six-coordinate
atoms found in many materials.12,13 The present work demon-
strates that six-coordinate aluminium may be achieved in
chelated phosphinate derivatives, and that the degree of
aggregation of these species, the transition from a dimeric
molecule to a polymeric material, is dependent on just one
methylene unit. Thus, [(But

4salpen)Al{O2P(H)Ph}]2 1 is di-
meric while [(But

4salen)Al{O2P(H)Ph}]∞ 2 is a polymeric
material.

The compounds are prepared by combining the chelated
group 13 reagent with the phosphinic acid (Scheme 1).14 Use of
(But

4salpen)AlMe in this reaction leads to the dimeric com-
pound [(But

4salpen)Al{O2P(H)Ph}]2 1. The dimeric nature of 1
is supported by the spectroscopic data and verified by a crystal
structure (Fig. 1).15 In the structure the aluminium atom is in an
octahedral environment. The Al–O(ligand) distances, ca. 1.83
Å, are marginally shorter than the Al–O–P distances, ca. 1.93 Å.
There are no known solid-state materials based on phosphinates
[O2P(H)R] but these bond distances are similar to that observed
in an aluminium phenylphosphonate (O3PR)4 with Al–O
distances in the range 1.786(6)–1.951(6) Å. By comparison,
these distances are just slightly shorter in derivatives containing
four-coordinate aluminium such as [Me2AlO2P(OBut)2]2 (Al–O
≈ 1.77 Å).12 Aggregation of 1 is expected based upon
previously reported compounds, including [Me2Al(O2PPh2)]2,
first reported by Coates in 1964,16 which are most commonly
dimeric with four-coordinate aluminium atoms. Although the
bonding within compound 1 is not unusual the compound still

serves to demonstrate that molecular phosphinates of six-
coordinate aluminium can be obtained.

Compound 2 differs from 1 in having one less methylene
(CH2) unit in the ligand ‘backbone’. Surprisingly, this leads to
a dramatic change in the structure of the resulting compound.
Thus, [(But

4salen)Al{O2P(H)Ph}]∞ 2, is found to consist of
polymeric chains of –[(But

4salen)Al(OP{(H)Ph}O]– units (Fig.
2). The –[O–Al–O–P]– backbone is not linear but curved at the
O–P–O junctions with an angle of 119.1(3)°. The same angle in
1 is 116.81(8)°. The Al–O distances are also similar. Adjacent
ligand But groups are arranged in a staggered configuration to
reduce steric contacts. The effect of this arrangement is to make
the polymers appear as columns in the packing diagram (Fig. 3).
These columns are arranged so that the But groups point
inwards towards channels containing thf molecules. In this
manner the structure of 2 is similar to the structure of other
inorganic phosphate solid state materials.17 It is likely that many
other materials like this should be accessible when using ligands
that coordinate in a linear manner.
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NSF-CAREER award (CHE 9625376) and the donors of the
Petroleum Research Fund (Grant 31901-AC3), administered by
the American Chemical Society. NMR instruments used in this
research were obtained with funds from the CRIF program of
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Scheme 1 Syntheses of  [(But
4salpen)Al{O2P(H)Ph}]2 1 and  [(But

4salen)Al{O2P(H)Ph}]∞ 2.

Fig. 1 ORTEP view of [(But
4salpen)Al{O2P(H)Ph}]2 1. Selected bond

distances (Å) and angles (°): Al(1)–O(1) 1.830(2), Al(1)–O(2), 1.830(2),
Al(1)–O(3) 1.917(2), Al(1)–O(4)A 1.900(2), Al(1)–N(1) 2.052(2), Al(1)–
N(2) 2.034(2), P(1)–O(3) 1.507(2), P(1)–O(4) 1.507(2), P(1)–C(34)
1.801(2), P(1)–H(1) 1.30; O(1)–Al–O(3) 174.68(7), N(1)–Al(1)–O(2)
174.07(7), N(2)–Al(1)–O(4)A 174.87(7), O(3)–Al(1)–O(4)A 90.19(7), O(3)–
P(1)–O(4) 116.81(8).
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Fig. 2 ORTEP view (partial) of [(But
4salen)Al{O2P(H)Ph}]∞ 2. Selected

bond distances (Å) and angles (°): Al(1)–O(1) 1.818(2), Al(1)–O(2)
1.817(2), Al(1)–O(3) 1.907(2), Al(1)–O(4)A 1.890(2), Al(1)–N(1) 2.007(2),
Al(1)–N(2) 2.008(2), P(1)–O(3) 1.435(2), P(1)–O(4) 1.476(2), P(1)–C(34)
1.788(2); O(3)–Al(1)–O(4) 174.80(7), N(1)–Al(1)–O(2) 169.72(7), N(2)–
Al(1)–O(1) 170.51(7), O(3)–P(1)–O(4) 114.40(8). The P–H hydrogens
were not found crystallographically owing to a disorder of the P atoms
across two positions.

Fig. 3 Packing diagram of  [(But
4salen)Al{O2P(H)Ph}]∞ 2 showing the

columnar arrangement of the polymers and the pores containing thf
molecules.
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Reactions of [Cp*MCl2]2 (M = Rh, Ir) with bidentate ligand
(L = pyrazine; LA = diisocyanide) gave [Cp*MCl2(L or LA}]2,
which were converted into tetranuclear complexes
[Cp*2M2Cl2(L)(LA)]2 (OTf)4 containing different ligands on
treatment with Ag(OTf).

Metal-containing supramolecules and coordination polymers
have attracted interest in recent years since there are many
promising metal fragments which can be used for construction
of novel supramolecular materials.1 In particular, square planar
complexes of platinum and palladium are attractive as building
blocks which occupy vertices. For example, diphosphine and
diamine derivatives as ligands in metallic building blocks have
been used extensively by many groups.2 We are interested in
supramolecular complexes, based on quasi-octahedral geome-
tries, bearing arene and cyclopentadienyl groups and their
derivatives, since new types of supramolecular series would be
developed by introduction of these organic moieties. Octahedral
building blocks can be applied to form cubic or ladder-shaped
structures. As our first report of this study, we report here, the
stepwise assembly of tetranuclear rhodium and iridium supra-
molecules bearing pentamethylcyclopentadienyl and binary
ligands. Complexes constructed here are novel because they
contain 2-D architectures with two different ligand ‘edges’, i.e.
molecular rectangles. Self-assembled supramolecules bearing
pentamethylcyclopentadienyl groups, to our knowledge, have
been reported only by Rauchfuss and coworkers;3,4

[Cp4Cp*4Co4Rh4(CN)12]4+, [Cp*7Rh7(CN)12]2+ and
[Cp*7Rh3Ir4(CN)12]2+ (Cp* = C5Me5).

When bis[dicloro(pentamethylcyclopentadienyl)iridium] 1
was treated with 1,4-diisocyano-2,5-dimethylbenzene (a) or
1,4-diisocyano-2,3,4,5-tetramethylbenzene (b) in a 1+1 molar
ratio at room temperature (Scheme 1), yellow crystals, formu-
lated as [Cp*IrCl2]2[CN–R–NC] (3a: R = 2,5-Me2C6H2; 3b: R
= 2,3,5,6-Me4C6) by FAB mass spectrometry, were formed in
high yields.† Their IR spectra showed a strong band at ca. 2140
cm21 owing to terminal isocyanide groups. In the 1H NMR
spectra two singlet resonances due to the Cp* and Me protons
appeared at d ca. 1.86 and 2.40. These spectroscopic data
suggested dimeric structures for 3a and 3b, where the Ir centers
are connected by a m-diisocyanide ligand. X-Ray crystal
analysis of 3a confirmed the dimeric structure.‡ The Ir–C(11)
and average Ir–Cl bond lengths are 1.96 and 2.401 Å,
respectively, and the two Ir atoms are separated by 11.6 Å. The
analogous rhodium compound [Cp*RhCl2]2[m-1,4-(NC)2-
2,3,5,6-Me4C6] 4b, was prepared as orange crystals in 80%
yield by the reaction of [Cp*RhCl2]2 2 with b.†

Treatment of 1 or 2 with pyrazine (c) also generated dinuclear
complexes, [(Cp*MCl2)2(m-C4H4N2)] (5c, M = Ir; 6c, M =
Rh), according to FAB mass spectrometry.† In the 1H NMR
spectra in dmso-d6, two singlets appeared at d ca. 1.62 and 8.65,
due to the Cp* and pyrazine protons, respectively. When 6c was
reacted with AgOTf (Tf = CF3SO2) in a 1+2 ratio in CH2Cl2–
MeCN at room temperature, reddish orange crystals of
[(Cp*RhCl)4(pyz)2](OTf)4 8c (pyz = pyrazine) were produced,

and FAB mass spectrometry showed a peak at m/z 1254 ([M +
1]+).† The 1H NMR spectrum consists of two characteristic
singlets at d 1.61 and 8.65 in a 60+8 intensity ratio, suggesting
a symmetric tetranuclear structure. Indeed, X-ray crystallo-
graphic analysis revealed that the complex cation has a
rectangular structure bridged by four Cl atoms and pyrazine
molecule with Rh…Rh separations of 3.68 and 7.02 Å (Fig. 1).‡
The crystal contains MeOH as crystal solvent. Both
Rh(1)Rh(2)Cl(1)Cl(2) and pyrazine least-squares planes are
perpendicular to the Rh(1)Rh*(1)Rh(2)Rh*(2) plane. The
average Rh–N bond length is 2.413 Å. A tetranuclear iridium
complex 7c was obtained from 5c and AgOTf in a similar
manner to the rhodium analog.† The 1H NMR spectrum showed
two types of resonances for each of the Cp* and pyrazine
ligands; at d 1.58 and 1.74 for the former and at d 8.84 and 8.97
for the latter, suggesting the presence of configurational
isomers.

When m-chloro-bridged complex 7c was treated with 2 equiv.
of b, the Cl bridges were replaced by b to produce yellow
crystals formulated as [(Cp*IrCl)4(pyz)2{1,4-(NC)2-
2,3,5,6-Me4C6}2](OTf)4 9bc.† This complex can also be
obtained from the reaction between 3b and pyrazine in the
presence of Ag(OTf). In the IR spectrum, the CN band appeared
at 2176 cm21 while the1H NMR spectrum showed three singlets
at d 1.94, 2.42 and 8.65 in a 30+12+4 intensity ratio, due to Cp*,
isocyanide and pyrazine protons, respectively. In addition, the

Scheme 1 Reactions of [Cp*MCl2]2 (1: R = Ir and 2: M = Rh) with
pyrazine or isocyanides.
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structure was determined by single crystal X-ray analysis (Fig.
2).‡ An asymmetric unit of the crystal of 9bc consists of two
halves of the molecules, each having a crystallographically
imposed inversion center in the middle of the Ir…Ir* vector.
Each iridium atom is surrounded by isocyanide, pyrazine, Cl
and Cp*. The complex has a tetranuclear rectanglar structure
with Ir…Ir* lengths of 6.986(1), 7.9145(9), 11.6459(9) and
11.668(1) Å. The dihedral angles between the Ir4 plane and
pyrazine are 49.44, 48.82° and those between Ir4 plane and
phenyl rings are 83.55, 83.58° and 75.75, 75.95°. The average
Ir–C and Ir–Cl bond lengths are 1.97 and 2.388 Å, similar to

those of 3a. The average Ir–N bond length of 2.12 Å is
somewhat shorter than that of 8c. A rhodium analog 10bc was
obtained in 45% yield from the direct reaction of 4b with
pyrazine in the presence of AgOTf.†

Studies on the self-assembly of cubic or ladder-shaped
complexes by this synthetic methodology and the use of
molecular materials are now in progress.
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C, 40.29; H, 4.84; N, 4.04%. 7c (yellow, 64%): dH(dmso-d6): 1.58 (s, Cp*,
30H), 1.74 (s, Cp*, 30H), 2.05 (s, pyz, 12H), 8.84 (s, pyz, 4H), 8.97 (s, pyz,
4H). Calc. for C60H80N8Cl4F12O12S4Ir4: C, 30.43; H, 3.23; N, 4.73. Found:
C, 30.24; H, 3.48; N, 4.59%. 8c (reddish orange, 67%): dH(dmso-d6): 1.61
(s, Cp*, 60H), 8.65 (s, pyz, 8H). Calc. for C52H68N4Cl4F12O12S4Rh2: C,
33.75; H, 3.70; N, 3.03. Found: C, 33.55; H, 3.67; N, 3.19%.

9bc (yellow, 65%): IR(Nujol): 2176 cm21 (N·C). dH(dmso-d6): 1.94 (s,
Cp*, 60H), 2.42 (s, Me, 24H), 8.66 (s, pyz, 8H). Calc. for
C76H92N8Cl4F12O12S4Ir4: C, 34.78; H, 3.53; N, 4.27. Found: C, 34.87; H,
3.71; N, 4.61%.

10bc (orange, 49%): IR (nujol): 2186 cm21 (N·C). dH(dmso-d6): 1.88 (s,
Cp*, 60H), 2.43 (s, Me, 24H), 8.65 (s, pyz, 8H). Calc. for
C76H92N8Cl10F12O12S4Rh4: C, 38.35; H, 3.99; N, 4.53. Found: C, 38.30; H,
4.39; N, 4.20%.
‡ Crystal data: for 3a: C30H38N2Cl4Ir2, M = 952.9, monoclinic, space
group P21/n (no. 14), a = 7.54(1), b = 16.571(7), c = 12.800(7) Å, b =
95.69(7)°, V = 1590(2) Å3, Dc = 1.989 g cm23 (Z = 2) at 27 °C, m =
87.4 cm21; R1 = 0.041 and Rw = 0.111.

For 8c: C54H76N4O14S4F12Cl4Rh4, M = 1914.9, monoclinic, space group
P21/n (no. 14), a = 13.245(7), b = 20.417(6), c = 14.419(4) Å, b =
108.31(2)°, V = 3701(1) Å3, Dc = 1.718 g cm23 (Z = 2) at 28 °C, m =
12.20 cm21; R1 = 0.050 and Rw = 0.100.

For 9bc: C78H98N8Cl4F12O14S4Ir4, M = 2638.6, triclinic, space group P1̄
(no. 2), a = 13.1339(9), b = 16.203(1), c = 26.309(2) Å, a = 73.953(2),
b = 87.9327(7), g = 81.7369(6)°, V = 5324.7(6) Å3, Dc = 1.646 g cm23

(Z = 2) at 290 °C, m = 52.1 cm21; R1 = 0.086 and Rw = 0.089.
CCDC 182/1743. See http://www.rsc.org/suppdata/cc/b0/b003416i/ for

crystallographic files in .cif format.

1 R. Robson, B. F. Abrahams, S. R. Batten, R. W. Gable, B. F. Hoskins and
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Rauchfuss, Organometallics, 1998, 17, 3633.

Fig. 1 Molecular structure of [(Cp*4Rh4Cl4)(m-Cl)4(m-pyz)2](CF3SO3)4 8c
(CF3SO3 anions omitted for clarity). Selected bond lengths (Å) and angles
(°): Rh(1)–Cl(1) 2.466(3), Rh(1)–Cl(2) 2.467(2), Rh(1)–N(1) 2.133(7),
Rh(2)–Cl(2) 2.474(3), Rh(2)–Cl(2) 2.459(2), Rh(2)–N(2) 2.153(8); Cl(1)–
Rh(1)–Cl(2) 83.50(8), Cl(1)–Rh(1)–N(1) 88.0(2), Cl(2)–Rh(1)–N(1)
87.8(2), Cl(1)–Rh(2)–Cl(2) 83.47(8), Cl(1)–Rh(2)–N(2) 88.5(2), Cl(2)–
Rh(2)–N(2) 88.5(2).

Fig. 2 Molecular structure of [(Cp*4Ir4Cl4){m-1,4-(NC)2-
2,3,5,6-Me4C6}2(m-pyz)2](CF3SO3)4 9bc (CF3SO3 anions omitted for
clarity). Selected bond lengths (Å) and angles (°): Ir(1)–Cl(1) 2.379(5),
Ir(1)–N(1) 2.12(1), Ir(1)–C(12) 1.92(2), C(12)–N(4) 1.18(2), Ir(2)–Cl(2)
2.368(5), Ir(2)–N(2) 2.11(1), Ir(2)–C(5) 1.96(2), C(5)–N(3) 1.14(2), Ir(3)–
Cl(3) 2.408(5), Ir(3)–N(5) 2.11(1), Ir(3)–C(48) 1.98, C(48)–N(8) 1.14(2),
Ir(4)–Cl(4) 2.395(4), Ir(4)–N(6) 2.12(1), Ir(4)–C(41) 1.98(2), C(41)–N(7)
1.13(2); Cl(1)–Ir(1)–N(1) 87.5(4), Cl(1)–Ir(1)–C(12) 86.7(6), N(1)–Ir(1)–
C(12) 87.2(6), Cl(2)–Ir(2)–N(2) 86.5(4), Cl(2)–Ir(2)–C(5) 87.7(5), N(2)–
Ir(2)–C(5) 90.8(6), Cl(3)–Ir(3)–N(5) 86.0(4), Cl(3)–Ir(3)–C(48) 88.8(5),
N(5)–Ir(3)–C(48) 90.5(6), Cl(4)–Ir(4)–N(6) 86.0(4), Cl(4)–Ir(4)–C(41)
87.8(5), N(6)–Ir(4)–C(41) 93.2(6).
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Lithium-7 NMR spectral lineshapes and T1 measurements
show that the lithium atoms in the solid tetrameric form of
tert-butyllithium are rapidly exchanging between the apical
sites of a tetrahedron with activation energies of 23.8 ± 0.2
and 23.0 ± 0.6 kJ mol21, above and below a phase transition
(310 ± 3 K), respectively.

Inter- and intra-molecular exchange in organolithium oligomers
in solution is well documented.1 An example of intramolecular
exchange is the scrambling of the tert-butyl groups within the
lithium-6 labelled[ButLi]4 tetramer 1 in cyclopentane solution.2

In this case the coupling 1J(13C6Li) is observed between the a-
carbon and all four 6Li nuclei above 268 K. Below 251 K the
exchange has stopped and coupling to only three 6Li nuclei is
observed. It has been shown that solid tert-butyllithium also
exists as a tetramer.3 These observations leads one to question
whether a similar exchange process might occur in the solid
state. Evidence for this comes from an early investigation of the
7Li nuclear quadrupolar coupling constants (QCC) in solid
methyllithium and ethyllithium where Lucken determined
maximum values that were only a few kHz.4 These values are
unusually small and are much smaller than our calculated values
for the [MeLi]4 and [ButLi]4 tetramers.5 Therefore it is expected
that some kind of motional averaging might be responsible for
the rather small QCC at ambient temperatures.

The 7Li spectra of solid 1, at various temperatures, are shown
in Fig. 1.† At room temperature (293 K) we also observe a

lineshape consistent with a 7Li QCC of < 5 kHz. If an
intramolecular exchange process is occurring, one should be
able to observe changes in the spectral lineshapes as the
temperature is reduced. This is indeed what happens between
200 and 150 K. Below 150 K the lineshape does not change and
is consistent with a 7Li QCC of 100 ± 3 kHz. The higher
temperature lineshape shows that the quadrupolar interaction is
nearly averaged to zero owing to either isotropic or pseudo-
isotropic motion of the lithium atoms. Since the X-ray structure
(at 180 K) shows lithium atoms occupying well defined sites
located at the apices of a tetrahedron, pseudo-isotropic motion,
i.e. exchange between tetrahedral sites, is the most likely
averaging process. The lineshape changes indicate that the
exchange rate is on the order of 105 s21 in the temperature range
150–200 K, is > 105 s21 above 200 K and < 105 s21 below 150
K. In contrast the 1H lineshape (not shown) changes very little
in this temperature range. The relative temperature independ-
ence of the 1H lineshape indicates that the tert-butyl groups are
not exchanging, although rapid internal rotation of the methyl
groups (about the Ca–Cb bonds) and the tert-butyl groups is
expected to average the linewidth at these temperatures.

Another method for following molecular dynamics by NMR
spectroscopy is through measurement of the spin–lattice
relaxation time T1. Fig. 2 shows a plot of the 7Li T1 as a function
of temperature. It is quite clear that there is a well defined break
in the T1 curve at ca. 310 ± 3 K. We attribute this to a solid–solid
phase transition. Above and below the phase transition
temperature, the T1 values are on the fast and slow motional side
of the T1 minimum, respectively. It would be informative to be
able to discuss the lithium exchange process in terms of an
exchange rate, k. This is possible if the spin–lattice relaxation
rate can be described in terms of a single motional correlation
time, tc, employing the commonly used BPP spectral density.
Then the relaxation rate for a quadrupolar nucleus is given by
eqn. (1)
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Fig. 1 The 7Li spectra of solid tert-butyllithium at several temperatures.
Fig. 2 Temperature dependence of the 7Li T1 for solid tert-butyllithium at
a spectrometer frequency of 77.7 MHz.
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where I is the nuclear spin, c is the nuclear QCC and w0 is the
spectrometer (Larmor) frequency (in rad s21). If I, c and w0 are
known, tc values can be obtained from the T1 measurements.
The second assumption is that the lithium atoms are undergoing
a 4-site exchange between equivalent tetrahedral sites. In that
case the exchange rate is given as k = 1/4tc.

Fig. 3 shows the temperature dependence of the lithium atom
exchange rate. At the phase transition the rate changes by a
factor of 16. The activation parameters for the exchange process
are Ea = 23.8 ± 0.1 kJ mol21 and k∞ = 9.58 ± 0.05 3 1012 s21

for the high temperature phase and Ea = 23.0 ± 0.6 kJ mol21

and k∞ = 4.85 ± 0.33  3 1011 s21 for the low temperature phase.
This analysis indicates that at 25 °C the lithium atoms in solid
tert-butyllithium are exchanging at a rate of 8.5 3 108 s21!

Phase transitions are usually accompanied by changes in
crystal and/or molecular structure. It would be of interest to
compare a crystallographic study above 310 K with the earlier
work at 180 K.3

Our calculated value of the 7Li QCC for tetrameric 1 is 150
kHz.‡ This is larger than the observed value but does not take
into account that the X-ray structure gives unrealistically short
C–H bond lengths. Intermolecular effects are also not taken into
account in this calculation. Details of our calculations and
measurements of Li QCC values and chemical shift anisotropies
in organolithium compounds will be published elsewhere.5

We are grateful to the Natural Sciences and Engineering
Research Council (NSERC) of Canada for financial support.

We are particularly indebted to Prof. Marcel Schlaf for the use
of his inert atmosphere box and for help with sample
preparation.

Notes and references
† Solid 1 was obtained by stripping the solvent from a 1.5 M pentane
solution of tert-butyllithium (Aldrich) inside an inert atmosphere box under
argon. About 1 g of the white powder was packed into a small airtight 10
mm o.d. container. A separate sample was prepared for magic angle
spinning experiments (13C, 6Li and 7Li) which showed that the solid sample
was pure. In particular, the 6Li MAS spectrum, which gave excellent signal-
to-noise and a linewidth of only 0.09 ppm, showed a single small impurity
peak (2.1% of total peak intensity). The non-spinning 7Li spectra were
obtained at a frequency of 77.7 MHz with a Bruker ASX-200 spectrometer
using a single channel wideline probe. Single pulse experiments using 3 ms
pulses and relaxation delays of 10 s were employed. Quadrupolar echo
experiments at the lowest temperature were identical to the single pulse
experiments. The T1 experiments employed the inversion recovery pulse
sequence, p–td–p/2 with 8 td values for each T1 determination. The
magnetization curves as a function of delay time showed mono-exponential
decay.
‡ We performed a DFT calculation using the B3LYP functional and a
6-31G** basis set. We have found that this combination gives QCC values
in good agreement with experiment. The crystal structure geometry of a
single [ButLi]4 tetramer was used. Calculations were done with the
Gaussian 98 software package.6

1 For example, see: G. Fraenkel, W. E. Beckenbaugh and P. P. Yang, J. Am.
Chem. Soc., 1976, 98, 6878; M. Witanowski and J. D. Roberts, J. Am.
Chem. Soc., 1966, 88, 737; J. L. Wardell, Comprehensive Organometallic
Chemistry, ed. G. Wilkinson, F. G. A. Stone and E. W. Abel, Pergamon,
Oxford, 1982, vol. 1, pp. 43–120.

2 R. D. Thomas, M. T. Clarke, R. M. Jensen and T. C. Young,
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4 E. C. Lucken, Chem. Phys. Lett., 1965, 4, 252.
5 G. H. Penner and Y. C. P. Chang, unpublished work.
6 Gaussian 98, Revision A.3, M. J. Frisch, G. W. Trucks, H. B. Schlegel,

G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S.
Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
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Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
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J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

Fig. 3 Temperature dependence of the rate for lithium atom exchange in
solid tert-butyllithium.
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The dilithio boraamidinate complexes {Li2[RB(NBut)2]}x (R
= Bun, x = 2 and R = Me, x = 3), prepared unexpectedly
by treating B[N(H)But]3 with 3 equiv. LiR, represent the first
structurally characterized s-block metal derivatives of the
boraamidinate ion.

Amidinate ions [RC(NRA)(NRB)]2 1 have been investigated
extensively as ligands for both transition metal and main group
element centers.1 In the presence of Lewis bases, e.g. THF or
HMPA, the lithium derivatives of these important reagents form
dimeric step-shaped structures.2,3 This structural motif is also
evident in the lithio ligands of the lithium oxide complex
{Li[BunC(NBut)2]}4·Li2O.4 By contrast, the isoelectronic bora-
amidinate ions [RB(NRA)(NRB)]22 2 have received little
attention. The reagent {Li2[PhB(NBut)2]}n, prepared by dili-
thiation of PhB[N(H)But]2, has been used in metathetical
reactions to generate several main group derivatives, e.g.
[PhB(m-NBut)2]2Te5 and [PhB(m-NBut)2Pb]2,6 and the transi-
tion-metal derivative [PhB(m-NBut)2]2Ti.7 The X-ray structures
of these complexes were reported, but s-block metal derivatives
of 2 have not been structurally characterized. We describe here

the unexpected formation and X-ray structures of dimeric and
trimeric dilithio boraamidinates {Li2[RB(NBut)2]}x (3: R =
Bun, x = 2; 4a: R = Me, x = 3) from the reaction of
B[N(H)But]3 with LiR (R = Bun or Me, respectively).

Treatment of the trisaminoborane B[N(H)But]3 with 3 equiv.
LiBun in n-hexane gives a 1+2 mixture of the dimer {Li-
2[BunB(NBut)2]}2 3 and LiN(H)But [eqn. (1)]. Complex 3 is the
first product to crystallize from n-hexane at 0 °C and it can be
isolated in 71% yield free from LiN(H)But.† The 1H NMR
spectrum of 3 in C6D6 consists of a single But resonance at d
1.25 as well as resonances corresponding to a Bun group
(Bun+But ≈ 1+2). The 7Li and 11B NMR spectra each exhibit
single resonances at d 20.63 and 36.6 ppm, respectively.

(1)

X-Ray structure analysis revealed a 10-atom Li4B2N4 cluster
core for 3 (Fig. 1),‡ isostructural with the Li4Si2N4 framework
in {Li2[(Me)2Si(NBut)2]}2.8 Although no crystallographic sym-
metry is imposed on the molecule, 3 displays near D2d
symmetry with the S4-axis parallel to the B(1)–B(2) vector. This
structure is consistent with the solution NMR data. The B–N
distances for 3 [mean 1.458(4) Å, range 1.451(4)–1.464(4) Å]
are similar to those found in [PhB(m-NBut)2]2Ti [mean
1.464(10) Å, range 1.453(9)–1.475(10) Å],7 while the Li–N
distances [mean 2.037(6) Å, range 2.009(6)–2.091(5) Å] fall in
the range for those of {Li2[(Me)2Si(NBut)2]}2 [mean

2.075(7) Å, range 2.003(6)–2.129(6) Å].8 The distortion of the
central Li4N4 cube along the S4-axis [Li–N–Li: mean
75.42(20)°, range 68.30(18)–88.3(2)°; N–Li–N: mean
97.15(30)°, range 70.99(18)–110.8(2)°; Li(2)–N(1)–Li(1)–N(2)
46.16(18)°, Li(4)–N(4)–Li(3)–N(3) = 46.22(18)°] is attributed
to the rigidity of the boraamidinate ions 2 (R = Bun, RA = RB
= But). The geometry at the three-coordinate boron atoms of
these dianions is essentially planar [S B(1) = S B(2) =
359.9(3)°]. The agostic C(–H)…Li contacts in 3 (mean 2.41 Å)
are considerably shorter than those reported for the cluster
complex {Li3[Sb(NBut)3]}2 (mean 2.65 Å),9 but longer than
those observed for {Li2[(Me)2Si(NBut)2]}2 (mean 2.34 Å).8

The formation of 3 requires cleavage of a B–N bond in favor
of a B–C bond. In effect, the added LiBun functions as a base to
deprotonate two N(H)But groups per B[N(H)But]3 molecule
and as a nucleophile to displace the third N(H)But group in the
form of LiN(H)But. A similar displacement was observed in the
reaction of [(THF)2Li]2[Nb(NMes)3(NHMes)] with 1 equiv.
LiBun to produce the alkyl complex [(THF)2Li]2-
[BunNb(NMes)3] and LiN(H)Mes in a 1+1 molar ratio.10 In
order to gauge the versatility of this novel methodology for
preparing dilithio boraamidinates, B[N(H)But]3 was treated
with 3 equiv. LiMe in diethyl ether. After removal of
LiN(H)But, recrystallization of the product mixture from n-
pentane gave {Li2[MeB(NBut)2]}3 4a in 28% yield [eqn. (1)].†

Fig. 1 Molecular structure of {Li2[BunB(NBut)2]}2 3 (40% probability
ellipsoids). For clarity, H atoms are omitted and only one orientation of the
disordered But group centered at C(20) is shown. Relevant bond distances
and bond angles are provided in the text.
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The 1H NMR spectrum of 4a in C6D6 shows But and Me
resonances at d 1.29 and 0.85 in a 2+1 ratio, respectively. Single
resonances are observed at d20.86 and 35.5 in the 7Li and 11B
NMR spectra, respectively. A more soluble product, tentatively
identified as the dimer {Li2[MeB(NBut)2]}2 4b, was charac-
terized by 1H, 7Li and 11B NMR spectra.† The molar ratio of
4a+4b was ca. 1+3 based on the integrated intensities of the
resonances in the 1H NMR spectrum of the mixture.

X-Ray structure analysis of 4a disclosed a novel trimeric
arrangement based on a severely distorted Li6(NBut)6 hexago-
nal prism, for which alternate Li2N2 rings are N,NA-capped by a
BMe unit (Fig. 2).‡ The resulting 15-atom Li6B3N6 core
provides the first example of a tricapped hexagonal prismatic
cluster. Although only a C2-axis is imposed on the molecule
crystallographically [through C(1), B(1) and the centre of the
Li(2)N(3)Li(2*)N(3*) ring], 4a displays near D3 symmetry.
The capped Li2N2 rings in 4a deviate greatly from planarity
[Li(1*)–N(1)–Li(1)–N(1*) = 44.99(16)°, Li(3)–N(2)–Li(2)–
N(3) 45.14(13)°] as compared with their non-capped counter-
parts [Li(2*)–N(3)–Li(2)–N(3*) 10.9(2)°, Li(1*)–N(1)–Li(3)–
N(2) 211.60(16)°], demonstrating the dominance of the
dianion 2 in structure formation, cf. structural direction by the
trianions [Sb(NR)3]32.11

The reaction of readily accessible trisaminoboranes,
B[N(H)R]3 (R = alkyl or aryl),12 with the appropriate
organolithium reagent is a potentially versatile method for
generating dianionic ligands 2 with variable steric requirements.
Unlike the lithiation of bisaminoboranes RB[N(H)RA]2,7 this
new route to dilithio boraamidinates does not require the
preparation of RBCl2 reagents.

We thank Dr R. McDonald (University of Alberta) for
assistance with the X-ray data collection for 3 and 4a and
NSERC (Canada) for financial support.

Notes and references
† Synthesis: 3: a 2.5 M solution of LiBun in hexanes (2.49 mL, 6.33 mmol)
was added slowly to a solution of B[N(H)But]3

12 (0.48 g, 2.11 mmol) in n-
hexane (30 mL) at 23 °C and the mixture was stirred for 2.5 h. Concentration
(ca. 3 mL), by removal of solvent in vacuo, and subsequent cooling (0 °C

for 1 h) of the resulting solution yielded colorless blocks of 3 (0.33 g, 0.74
mmol, 71%); mp 109–110 °C. Anal. Calc. for BC12H27Li2N2: C, 64.33; H,
12.15; N, 12.50. Found: C, 63.80; H, 11.64; N, 12.65%. 1H NMR (C6D6, 23
°C): d 1.68 [m, 4 H, CH2(CH2)2CH3], 1.35 [m, 2 H, CH2(CH2)2CH3], 1.25
(s, 18 H, But), 1.11 [t, 3 H, CH2(CH2)2CH3]. 7Li NMR (C6D6, 23 °C): d
20.63 (s). 11B NMR (C6D6, 23 °C): d 36.6 (s). A 1 mL aliquot of the initial
n-hexane reaction mixture was pumped to dryness in vacuo and taken up in
C6D6. The 1H and 7Li NMR spectra indicated the presence of 3 and
LiN(H)But [1H NMR: d 1.36 (s, But), cf. lit.:13 1.37, 7Li NMR: d 0.14 (s)]
in a 1:2 molar ratio [eqn. (1)].

4a: a 1.4 M solution of LiMe in diethyl ether (4.52 mL, 6.33 mmol) was
added slowly to a solution of B[N(H)But]3

12 (0.48 g, 2.11 mmol) in diethyl
ether (30 mL) at 23 °C and the mixture was stirred for 2.5 h. The resulting
cloudy reaction mixture was filtered to remove LiN(H)But [1H and 7Li
NMR (vide supra)] and subsequently pumped to dryness by removal of
solvent in vacuo. The white powder obtained was redissolved in n-pentane
(5 mL) and the solution was cooled (220 °C for 4 days), yielding colorless
blocks of 4a (0.11 g, 0.20 mmol, 28%); mp 124–125 °C (decomp.). Anal.
Calc. for BC9H21Li2N2: C, 59.40; H, 11.63; N, 15.39. Found: C, 58.76; H,
11.21; N, 14.68%. 1H NMR (C6D6, 23 °C): d 1.29 (s, 18 H, But), 0.85 (s, 3
H, Me). 7Li NMR (C6D6, 23 °C): d 20.86 (s). 11B NMR (C6D6, 23 °C): d
35.5 (br).

The white powder, prior to the recrystallization step, contains a second
product 4b: 1H NMR (C6D6, 23 °C): d 1.20 (s, 18 H, But), 0.81 (s, 3 H, Me).
7Li NMR (C6D6, 23 °C): d20.69 (s). 11B NMR (C6D6, 23 °C): d 35.5 (br).
The CHN analyses for the mixture of 4a and 4b were consistent with the
empirical formula Li2[MeB(NBut)2].
‡ Crystal data: for 3: C24H54B2Li4N4, M = 448.09, monoclinic, a =
12.671(5), b = 17.562(5), c = 14.026(5) Å, b = 98.825(5)°, V = 3084.2(9)
Å3, T = 193(2) K, space group P21/n [a non-standard setting of P21/c (no.
14)], Z = 4, m(Mo-Ka) = 0.053 mm21, Dc = 0.965 g cm23, 9679
reflections measured, 5898 unique (Rint = 0.0791), 2277 observed [I >
2s(I)]. The final R1 and wR2(F2) were 0.0641 [I > 2s(I)] and 0.1678 (all
data), respectively.

For 4a: C27H63B3Li6N6, M = 545.90, monoclinic, a = 17.3587(13), b =
12.0750(8), c = 19.2718(14) Å, b = 116.0730(14)°, V = 3628.4(4) Å3, T
= 193(2) K, space group C2/c (no. 15), Z = 4, m(Mo-Ka) = 0.055 mm21,
Dc = 0.999 g cm23, 10 572 reflections measured, 3104 unique (Rint =
0.0388), 2302 observed [I > 2s(I)]. The final R1 and wR2(F2) were 0.0611
[I > 2s(I)] and 0.1775 (all data), respectively.

CCDC 182/1749. See http://www.rsc.org/suppdata/cc/b0/b005852l/ for
crystallographic files in .cif format.
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Triols, formed as by-products from the titanium silicalite
(TS-1) catalysed epoxidation of allylic alcohols, can cause
leaching of Ti from the microporous framework.

The titanium(IV) silicalite known as TS-1 has been considered
by many to be a unique redox molecular sieve since its
discovery by Enichem researchers.1,2 TS-1 has been shown to
be an active heterogeneous catalyst for the epoxidation of
alkenes3 and allylic alcohols.4 Two features are responsible for
the uniqueness of TS-1. First, incorporation of Ti into the
microporous silicate framework increases the hydrophobicity5

and enables H2O2 to be used as an oxidant. Other redox
molecular sieves are ineffective with H2O2 and require more
active oxygen sources, e.g. tert-butyl hydroperoxide.6 Sec-
ondly, TS-1 is considered very stable under the reaction
conditions and to date, loss of Ti from the framework of TS-1
has not been studied in detail. These features have been
emphasised recently by Sheldon et al.,7 who also stress that
most papers pay scant attention to the loss of framework
transition metal ions from redox molecular sieves. Recently, it
has been shown that other redox molecular sieves containing Cr
and V leach these metal cations into solution during reaction,
and therefore act as reservoirs for active homogeneous
catalysts.8,9 If leaching is common for transition metals
incorporated into microporous frameworks, then it is surprising
that this should not be the case for Ti in TS-1. We have now
studied the stability of TS-1 with respect to loss of Ti during
reaction and we demonstrate that by-product formation un-
fortunately can lead to the loss of Ti from titanium(IV)
silicalite.

TS-1 (2.4 wt% Ti) was prepared according to the following
method, which has been used in many previous studies.
Titanium butoxide (3.4 g Aldrich) was added dropwise to
tetraethyl orthosilicate (62.5 g Merck) and the resulting mixture
stirred for 30 min. Tetrapropylammonium hydroxide (40 wt%
in H2O, 76.3 g Alfa) was added dropwise with stirring. The
resulting mixture was then heated at 60 °C for 2 h to evaporate
ethanol produced by the hydrolysis/condensation reactions
between the silicon and titanium reagents. Water was then
added to the synthesis gel to return the volume of the gel to that
prior to the evaporation step. The gel was mixed thoroughly and
autoclaved under autogeneous pressure at 175 °C for 48 h. The
resulting solids were filtered off, washed and dried at 100 °C for
4 h. The materials were calcined at 550 °C in air for 16 h prior
to use. The material was characterised by X-ray diffraction,
scanning electron microscopy, FTIR and reflectance laser
Raman spectroscopy. The data were found to be in agreement
with literature data and the crystallites of TS-1 were found to be
uniform, rhombohedral and 0.2 mm in diameter. The sample of
TS-1 was used as a catalyst for the hydroxylation of phenol with
H2O2 at 70 °C. After 75 min, the products formed were 49%
catechol and 50% hydroquinone; this is in agreement with
previous literature studies10 confirming the quality of the
TS-1.

The TS-1 was also shown to be an effective catalyst for the
epoxidation of allylic alcohols [Fig. 1(a) and (b)]. In a typical
reaction, crotyl alcohol (0.1 mol) was reacted with aqueous

Fig. 1 Reaction of crotyl alcohol with H2O2 at 50 °C with TS-1 in methanol.
(a) Conversion: (5) crotyl alcohol, (-) H2O2; (b) reaction products: (5)
epoxide, (:) ether diols, (-) triol; (c) Ti leaching.
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H2O2 (30% vol, 0.11 mol) at 50 °C with TS-1 (0.1 g) in
methanol (10 ml) in a stirred flask fitted with a reflux condenser.
Samples were withdrawn at various time intervals and the
products analysed by GC using dimethyl sulfone as an internal
standard. Samples were also filtered hot through a heated sinter
funnel which contained a bed of Celite to remove small particles
of zeolite. Blank experiments confirmed that this method was
effective in removing any particulate Ti-containing material
and, furthermore, that any titanium observed in solution did not
originate from the Celite. The solutions were then analysed by
ICPMS to determine the Ti content [Fig. 1(c)]. Initially, TS-1 is
active and selective for the formation of the oxirane product
and, at this stage, no Ti leaching is observed. However, in a
sequential reaction the oxirane ring opens by nucleophilic attack
by the solvent to form the triol (reaction with water) or ether
diols (reaction with methanol). At this time, Ti is observed to
leach from TS-1 and the pH of the reaction mixture decreases.
These results clearly demonstrate that the structural integrity of
TS-1 is not maintained in the presence of the secondary reaction
products formed under typical reaction conditions.

In a further set of experiments, TS-1 (crystallisation period 2
d) was slurried with a range of reagents at 50 °C for 35 h. No Ti
leaching was observed with hydrogen peroxide in methanol
(30% by vol, < 3 ppm Ti), crotyl alcohol ( < 0.3 ppm Ti),
butane-2,3-diol ( < 2 ppm Ti) or hydrochloric acid (1 M, < 0.7
ppm Ti). Several further experiments were conducted with
glycerol as a model triol. No Ti leaching was observed with
glycerol and hydrochloric acid ( < 2 ppm Ti), or glycerol
together with hydrochloric acid and methanol ( < 1.3 ppm Ti).
However, when TS-1 was slurried with glycerol and hydrogen
peroxide using methanol as solvent, extensive leaching of Ti
was observed (3571 ppm Ti) corresponding to removal of 16%
of the Ti from TS-1. These model experiments confirm that the
necessary condition for Ti-leaching from TS-1 is the combined
presence of a triol together with hydrogen peroxide, and hence
for the successful operation of TS-1 as a truly heterogeneous
catalyst the formation of triols must be avoided.

It is interesting to comment on the mechanism by which Ti is
removed from the framework of TS-1. Detailed UV–VIS
spectroscopy11 has shown that TS-1 contains four-coordinate
Ti4+ in the absence of water. When TS-1 is suspended in water
or water–H2O2 mixtures, the Ti4+ species becomes six co-
ordinate, retaining three Ti–O–Si bonds, which are considered
to anchor the Ti firmly within the microporous framework. The
solvent molecules, in our case methanol, could be expected to
displace one or more of the water molecules. We suggest that,
when this site is exposed to triols, further Ti–O–Si bonds are
broken and this leads to the irreversible loss of Ti from the
structure (Fig. 2). Since triol by-product formation can be
commonly observed in TS-1 catalysed reactions, we suggest
that Ti leaching from TS-1 is probably more common than has
previously been considered. It is also interesting to determine if
the Ti that is leached during the catalytic reaction originates
from the surface of the TS-1 crystallites. To determine if this is

so, a further experiment was carried out in which the non-
calcined TS-1 was silanised according to the method of Beck et
al.12 using trimethylsilyl chloride and hexamethyldisiloxane.
As the non-calcined TS-1 retains the template within the intra-
crystalline pores, this procedure effectively silanises just the
exterior surface. On subsequent calcination (550 °C, 4 h), the
template is removed and TS-1 crystallites covered on the
external surface with silica are formed. Using this material as a
catalyst for crotyl alcohol oxidation did not result in any
significant leaching of Ti, yet the catalytic performance was
essentially the same as that observed for the non-silanised
sample [Fig. 1(a), (b)]. These data indicate that it is Ti located
on the external surface of the TS-1 crystallites that is
preferentially leached by the by-product triol.

We would like to thank Synetix, EPSRC, and the DTI/Link
programme on asymmetric catalysis for financial support and
the Department of Earth Sciences, Cardiff University for
ICPMS results.
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The molecular structure of Cr(NAr)(O)(NPri
2)(Ar) (Ar =

2-MeC6H4) is analysed by X-ray crystallographic and
density functional theoretical techniques.

Tetrahedral imido complexes of the Group 6 metals are in the
vanguard of applied organometallic chemistry.1–4 In d0

M(NR)(E)X2 complexes (E = O, NR, CHR; X = OR, NR2,
CH2R), the competition among the p-donor ligands for
available metal orbitals is a critical component of their overall
reactivity.5 Here, we report the molecular structure of Cr(N-
Ar)(O)(Ar)(NPri

2) (Ar = 2-MeC6H4), which contains a
strongly-bent imido ligand.6 Density functional theory (DFT)
calculations have been employed to help analyse the p-bonding
conflicts that underpin the experimentally observed geometry.

We recently reported that the alkylation of Cr(NO)(N-
Pri

2)(O2CPh)2 with R2Mg•x(dioxane) reagents yields unsat-
urated diamagnetic Cr(II) alkyl complexes (Scheme 1).7 The
structures of Cr(NO)(NPri

2)(CH2SiMe3)2 and Cr(NO)(N-
Pri

2)(CH2Ph)2 were confirmed by X-ray crystallography, and
fluxional processes involving the amido and benzyl ligands
were established by variable-temperature 1H NMR spectros-
copy.7 However, the product resulting from treatment of
Cr(NO)(NPri

2)(O2CPh)2 with Ar2Mg•x(dioxane) has an anom-
alously sharp 1H NMR spectrum with no indication of amido
rotation. When the structure of this product was determined by
X-ray crystallography, it was established that the original
assignment as Cr(NO)(NPri

2)Ar2 was incorrect; the complex is
in fact Cr(NAr)(O)(NPri

2)(Ar) 1 (Fig. 1, Table 1).
The most remarkable feature of the structure of 18 is the

strikingly non-linear Cr1–N1–C1 angle of 146.2(3)°. The NAr
ligand lies in the O–Cr–N(imido) plane, with the aryl sub-

stituent bent toward the oxo group. The Cr–N(amido) bond
length, and the amido group planarity (sum of angles at N2 =
359.8°) and alignment are indicative of a Cr–N(amido) p-
bonding interaction.5 Similarly, the Cr–O bond length is
consistent with maximum oxo-to-chromium p-donation. The
O–Cr–N angles between the oxo and both the amido and imido
groups are larger than the typical tetrahedral angle. The
structure of complex 1 exhibits disorder in the Cr-bound aryl
ligand. This ligand occupies two distinct orientations, in equal
proportions, related by a roughly 180° rotation about the Cr–C8
bond. Each disordered fragment was modelled using rigid
phenyl groups with isotropic thermal parameters.

DFT calculations9 were performed on Cr(NMe)(O)(N-
Me2)(Me) 2 to investigate the origin and relative importance of
the imido angle in this unusual structure.10 While the simplified
model compound lacks the steric bulk present in 1, the DFT-
optimised geometry faithfully reproduces the pertinent struc-
tural features determined by X-ray crystallography (Fig. 2,
Table 1). The Cr–N(imido)–C angle is calculated to be 149.0°,
confirming that this distortion is electronic rather than steric in
origin. Remarkably good agreement is attained for the Cr–O and
Cr–N(amido) bond lengths and the O–Cr–N bond angles, which
match the structural determination within experimental error.
The parameters involving the Cr–C bond show poorer agree-
ment, surely due to the disorder exhibited by the aryl group.
Interestingly, the DFT-optimised structure has Cr–N(imido)

† Permanent address: Department of Chemistry, University of Prince
Edward Island, 550 University Avenue, Charlottetown, PEI, Canada,
C1A 4P3.

Scheme 1 Alkylation of Cr(NO)(NPri
2)(O2CPh)2.

Fig. 1 Crystallographic structure of complex 1.

Table 1 Comparison of experimental (1)a and calculated (2) bond lengths
(Å) and angles (°) of Cr(NR)(O)(NRA2)(R)b

Parameter 1 2

Cr–N1 1.670(2) 1.626
Cr–N2 1.801(3) 1.797
Cr–O 1.589(3) 1.592
Cr–C8a 2.103(6) 2.011
Cr–C8b 2.025(5)
Cr–N1–C1 146.2(3) 149.0
O–Cr–N1 115.3(2) 115.2
O–Cr–N2 115.5(1) 115.4
O–Cr–C8a 112.6(2) 103.0
O–Cr–C8b 99.9(2)
N1–Cr–N2 109.9(1) 110.8
N1–Cr–C8a 99.3(2) 101.8
N1–Cr–C8b 107.9(2)
N2–Cr–C8a 102.3(2) 109.1
N2–Cr–C8b 107.9(2)

a Parameters to C8 in 1 represent the two distinct orientations of the
disordered aryl group. b 1: R = 2-MeC6H4, RA = Pri; 2: R = RA = Me.

Fig. 2 Calculated structure of complex 2.
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and N(imido)–C distances that are markedly shorter and longer,
respectively, than the corresponding experimental bond lengths.
This discrepancy may be due to the delocalisation of electron
density from the N atom to the aromatic substituent, an
electronic redistribution that is unavailable to the NMe ligand of
the computational model.

Complex 1 is the most strongly-bent chromium imido
complex observed to date, as confirmed by a search of the
Cambridge Structural Database (October 1999 release), and is
the only example of a chromium monoimido compound with a
Cr–N–C angle < 165°.11 While Cr(NR)2X2 compounds exhibit
a wide range of Cr–N–C angles (typically 155 to 175°), none
approaches the degree of bending observed in 1 unless the two
imido groups are joined in a strained chelate ring.3b The evident
p-donation of the NPri

2 group is not responsible for the Cr–N–
Ar bending, in that amido p-bonding in the related
Cr(NR)2(NHR)Cl complexes fails to disrupt the Cr–imido
interaction.12,13 The geometry of 1 is therefore attributed to the
competition between the oxo and imido groups for available dp
orbitals.14

A series of single-point calculations were performed to see
what variation of the overall energy of 2 would result from
variation of the imido Cr–N–C angle. As shown in Fig. 3, this
is a remarkably soft deformation mode, requiring < 18 kJ mol21

to make the imido ligand perfectly linear. The relative ease of
imido bending/straightening has been established theoret-
ically,15 spectroscopically16 and structurally.17

As indicated in Scheme 1, Cr(NO)(NPri
2)Ar2 is presumably

an intermediate in the formation of complex 1, though our
attempts to trap or observe the diaryl precursor have thus far
been unsuccessful. The relative instability of the putative diaryl
compound with respect to nitrosyl bond cleavage may be related
to the propensity of aryl (in contrast to alkyl) groups to undergo
migration reactions to MNE linkages.20 The cleavage of nitrosyl
ligands is still relatively rare, but several examples of this
reactivity are now known for unsaturated Group 6 complexes.21

The transformation of R–Cr–NO to RNNCrNO provides access
to rare chromium d0 monoimido species,22 a potentially useful
synthetic alternative to the chromyl chloride-derived
Cr(NR)2X2 compounds that dominate Cr(VI) imido research.12

As established by DFT calculation, the strongly-bent imido
angle of 1 clearly has an electronic origin, which we attribute to
oxo–imido p-conflict, and which stands in contrast to the range
of angles found in related bisimido structures. The calculations
further reveal the soft nature of the distortion, in accord with
experimentally determined examples of facile imido bending in
Group 6 M(NR)(E)X2 complexes. Given the influence of imido
geometry on the reactivity of such complexes,23 we feel the
effect of these p-conflicts on imido-bending energy surfaces has
been underappreciated. Further synthetic and theoretical studies

to explore this phenomenon will undoubtedly aid in the rational
design of catalysts for ROMP,1 RCM2 and olefin polymer-
isation3 chemistries.
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Fig. 3 Energy change with imido ligand angle in 2.
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Hexagonally ordered mesoporous MCM-41 with 3 nm pores
has been impregnated with the metal chalcogenolate Cu6-
(TePh)6(PPh2Et)5 1: the analysis and condensation of this
material is a step toward the synthesis of semiconducting
nanowires.

The ability of mesoporous materials to act as hosts for quantum
structures has been the focus of numerous research efforts as
exemplified with reports on the absorption and subsequent
polymerization of analine,1 the encapsulation of semiconduct-
ing Ge filaments,2 the preparation of ferrocenophane polymer3

and the fabrication of nanostructured Pt clusters and wires.4
The independent development of the chemistry of mesopor-

ous materials and metal chalcogenide clusters over the past
decade have seen dramatic growth.5–7 The union of these two
fields, the encapsulation of metal chalcogenide clusters and
their subsequent condensation into size limited semiconductor
particles, should provide novel one-directional nanostructures.

The copper–chalcogenolate cluster Cu6(TePh)6(PPh2Et)5 1
can be accessed in high yields via the reaction of CuCl and
Te(Ph)SiMe3 with an excess of the phosphine PPh2Et.8 Cluster
1, like many metal–tellurolate complexes9 undergoes a series of
condensation reactions via the photochemical elimination of
TePh2. For 1, this yields the cluster [Cu50(TePh)20Te17-
(PEtPh2)8]42.8 Our efforts in this area are to exploit these facile
condensation processes within the channels of nanoporous
MCM-41. Pure silica MCM-41, prepared with cetyltrimethyl-
ammonium bromide, has a pore size easily large enough to
accommodate clusters such as 1.10

The synthesis of 1/MCM-41† was achieved using sublima-
tion techniques under an inert atmosphere. During impregna-
tion, maintaining an inert atmosphere is extremely important
since at these elevated temperatures rapid cluster decomposition
is otherwise observed. However, after loading, these materials
are stable under atmospheric conditions for an extended period
of time.

TGA data provide important information about the loading
features. Characteristic decomposition curves of 1 and 1/MCM-
41 are shown in Fig. 1. For pure 1 [Fig. 1(a)] a single
decomposition is observed, produced by two distinct endo-
thermic steps obtained by DTA. This decrease in mass results
from the loss of 3 equivalents of TePh2 and 5 equivalents of
PPh2Et per cluster molecule as determined by TGA and
subsequent GC–MS analysis. The observed 70.5% weight loss
is close to the calculated loss of 71.5%. Since no strong
interaction between the outer surface of the host and copper
cluster is expected, the thermal decomposition of 1 adsorbed
onto the MCM-41 exterior surface should be very similar to that
observed for pure 1. The TGA of a sample I of MCM-41
combined with 1 (70 °C, 1023 Torr) [Fig. 1(b)] displays a
weight loss at low temperature (onset = 150 °C) due to 1
adsorbed on the external surface. A 150 °C onset decomposition
temperature is consistently observed for externally adsorbed 1
on MCM-41 and is identical to that observed for pure 1. The
high temperature (250 °C) weight loss can thus be attributed to
cluster loaded inside the MCM-41 channels. The TGA results
indicate some impregnation at 70 °C (1023 Torr), with cluster 1

being only partially loaded inside of MCM-41. In contrast, a
sample of 1/MCM-41 complex II prepared by heating at 110 °C
(1023 Torr) [Fig. 1(c)] displays only one, high temperature
decomposition suggesting complete loading of 1 inside of the
MCM-41 host.

The actual weight percent loading may be calculated from
these curves. It is observed that loading is virtually time
independent. Factors such as temperature and 1/MCM-41 ratio
affect the loading percent if loading is carried out for a
minimum time of 12 h. For mechanical mixing under atmos-
pheric conditions, a maximum of 5% loading is observed and
can be attributed to a small quantity of cluster blocking the
entrance to the pores. At 70 °C the loading increases to 11%. An
increase in temperature leads to higher loading with a maximum
of 34% achieved at 110 °C.

Nitrogen adsorption studies confirm that 1 is indeed loaded
into the channels of MCM-41. The adsorption curve for pure
MCM-41 [Fig. 2(a)] with a type IV isotherm and distinct
capillary condensation characteristic of MCM-41 has a BET
surface area of 1126 m2 g21. The BET surface area decreases to
272 m2 g21 for II [Fig. 2(b)]. No significant lattice contraction

Fig. 1 TGA decomposition in the range 25–550 °C at a heating rate of 10 °C
min21: (a) pure 1; (b) 1/MCM-41 treated at 70 °C at 1023 Torr (sample I);
(c) 1/MCM-41 treated at 110 °C at 1023 Torr (sample II).

Fig. 2 Nitrogen adsorption curves: (a) MCM-41; (b) 1/MCM-41 treated at
110 °C at 1023 Torr (sample II).
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was observed by powder X-ray diffraction (PXRD) and thus we
conclude that this decrease in surface area is a result of the
loaded cluster. The inflection point of the loaded sample
becomes less sharp and shifts to lower relative pressure. This
shift indicates the presence of smaller mesopores due to the
impregnation of 1. However the mesoporous structure is
maintained as indicated by the overall shape of the isotherms
and from PXRD.

The powder pattern of samples of MCM-41 has a character-
istic diffraction pattern (h100, h110, h200) with a calculated d100
of 4.4 nm.10 The partial impregnation of 1 into MCM-41 [Fig.
3(b)] gives rise to diffraction patterns for host and guest species,
with reflections of 1 due to crystallites of the cluster adsorbed on
the external surface of MCM-41. With II, only the diffraction
pattern of MCM-41 is observed [Fig. 3(c)]. We therefore
conclude that the structural integrity of MCM-41 is maintained
during impregnation and the clusters are dispersed within the
channels with no long range ordering. A decrease in the
intensity of the d100 diffraction and a smaller d-spacing are
observed in both loaded samples I and II. The loading of 1 into
the pores of MCM-41 causes a decrease in the mean electron
density of silicate walls compared to the pores, thus decreasing
the d100 diffraction.11 The smaller d-spacing in Fig. 3(b) and (c)
suggests the loading process slightly decreases the size of the
pore walls.

The IR spectrum of 1/MCM-41 in the n(CH) stretching
region suggests that cluster integrity is maintained during
impregnation as the number of n(CH) bands and their position
of II are virtually identical to those for 1. CP MAS 31P NMR
spectra of II display only a single peak at 211.8 ppm in close
agreement with the observed solution shift (210.4 ppm)8 of the
free cluster, as expected when the cluster is ‘diluted’ in the solid
framework.

The photolysis of 1 and the 1/MCM-41 complex provides
evidence of cluster condensation, in agreement with its

developed solution chemistry.8 The UV–VIS spectra of non-
photolysed 1/MCM-41 in hexane show two distinct maxima at
210 and 249 nm.

Since 1 has low solubility in hexane, a slurry of II was
prepared and the suspension was photolysed.‡ A darkening of
the sample and a red shift is observed for both 1 and II. The
observed red shift in the UV–VIS spectra suggests cluster
condensation, as previously observed.12 Increasing the irradia-
tion time increases the red shift for both samples and yields a
new absorbance at 440 nm for irradiated 1. No further change is
observed after 10 h of irradiation. Although identical condensa-
tion as that observed in solution, which results in the formation
of [Cu50(TePh)20Te17(PEtPh2)8]42, from 1 inside the pores of
MCM-41 is unlikely, a condensation process is nonetheless
occurring. Thermally activated condensation of 1 inside the
pores of MCM-41 is also possible with complete loss of TePh2
and PPh2Et moieties with only copper telluride remaining as
characterized by PXRD. We are currently perusing the
characterization of the condensed materials and the general
applicability of this method to metal chalcogenolate com-
plexes.

We thank The University of Western Ontario, NSERC
Canada and the Canada Foundation for Innovation for financial
support. Dr L. Mercier (Laurentian University) is thanked for
the nitrogen adsorption studies.

Notes and references
† 0.1 g of calcined MCM-41 was dehydrated at 130 °C under dynamic
vacuum (1023 Torr) for 3 h. Homogeneous samples of cluster:MCM-41
(weight ratios 1+4, 1+2) were prepared by mechanical mixing under
atmospheric conditions producing a yellow microcrystalline powder. These
samples were then heated at 70 or 110 °C under a static vacuum (1023 Torr)
for a minimum of 12 h.
‡ Preparation of UV–VIS samples: 0.05 g samples of 1 and 1/MCM-41 (II)
were charged in quartz UV cells with glass-distilled hexane and a stir bar to
prepare a suspension. The samples were irradiated at room temperature with
a low-pressure Hg lamp (l > 254 nm).
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Fig. 3 PXRD patterns in the range 2q = 2–15° (intensities normalized to the
d100 reflection intensity of calcined MCM-41): (a) pure MCM-41; (b)
1/MCM-41 treated at 70 °C at 1023 Torr (sample I); (c) 1/MCM-41 treated
at 110 °C at 1023 Torr (sample II).

1812 Chem. Commun., 2000, 1811–1812



Oxygen atom transfer from RevO to tertiary diphosphines: spacer length and
chemical differentiation of products

Sibaprasad Bhattacharyya, Indranil Chakraborty, Bimal Kumar Dirghangi and Animesh Chakravorty*

Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Calcutta 700 032, India.
E-mail: icac@mahendra.iacs.res.in

Received (in Cambridge, UK) 7th June 2000, Accepted 16th August 2000

The reaction of mer-[ReL(O)Cl3], [L = 2-(p-chlorophenyl-
azo)-1-methylimidazole] with Ph2P(CH2)nPPh2 (abbrevi-
ated PnP) affords [ReL(OP1P)Cl3] 2a, [ReL(OP1PO)Cl3] 4
and [ReL(OP2P)Cl3] 2b, [Cl3LRe(OP2PO)ReLCl3] 5, all
having mer geometry; unlike 2b which is stable in solution,
2a spontaneously isomerizes to fac-[ReL(P1PO)Cl3] via an
associative pathway; the origin of the observed differ-
entiation (2a vs. 2b and 4 vs. 5) is scrutinized in terms of
structures and reaction models.

Tertiary phosphines are model oxygen atom acceptors from oxo
moieties such as ReVO.1,2 Chelation by the p-acidic azoimida-
zole L as in 1, facilitates the transfer process.3 This work

concerns the species 2–5 formed from 1 and Ph2P(CH2)nPPh2
(abbreviated PnP, n = 1, 2)4 directly or via subsequent
transformations. The differentiation referred to in the title
relates to the pairs 2a, 2b and 4, 5 in which the length of the
spacer –(CH2)n– varies.

With PnP in excess, stereoretentive one-atom transfer [eqn.
(1)] afforded† 2a and 2b (Fig. 1).‡ Both are stable in the solid
state and 2b is also stable in solution. In contrast, 2a undergoes
spontaneous linkage-cum-geometrical isomerization [eqn. (2)]
in solution furnishing† 3 (Fig. 2).‡

R·O + PnP ? Re–OPnP (1)

Re–OP1P ? Re–P1PO (2)

The reaction follows§ the rate law of eqn. (3). Variable
temperature rate constants (103 k/min21: 308 K, 5.30; 313 K,
7.78; 318 K, 10.06; 323 K, 12.75) correspond to the activation
parameters DH,‡ 12.3 kcal mol21 and DS,‡ 238.2 cal K21

mol21. The reaction is thus intramolecular and strongly
associative in nature.

2a 3 2ak kæ Ææ =: [ ]rate (3)
Oxygen atom transfer to the pendent phosphine function of 2

occurs† upon reacting it with an excess of 1 [eqn. (4) and (5)].
While 2a furnishes 4 (Fig. 3),‡ 2b yields insoluble 5 in which
both the phosphine oxide functions are coordinated, the metal
atoms presumably having mer geometry.5

Fig. 1 Perspective view of mer-[ReIIIL(OP2P)Cl3] 2b. Selected bond
distances (Å) and angles (°): Re–N(1) 2.000(6), Re–N(4) 2.002(7), Re–O(1)
2.048(5), Re–Cl(3) 2.355(2), Re–Cl(2) 2.372(2), Re–Cl(1) 2.375(2); N(1)–
Re–O(1) 173.9(2), Cl(3)–Re–Cl(2) 174.67(8), N(4)–Re–Cl(1) 166.9(2),
P(1)–O(1)–Re 164.0(4).

Fig. 2 Perspective view of fac-[ReIIIL(P1PO)Cl3] 3. Selected bond
distances (Å) and angles (°): Re–N(1) 2.050(8), Re–N(4) 2.055(8), Re–
Cl(2) 2.351(3), Re–Cl(1) 2.372(3), Re–Cl(3) 2.401(3), Re–P(1) 2.476(3);
N(1)–Re–Cl(2) 176.7(2), N(4)–Re–Cl(1) 162.9(2), Cl(3)–Re–P(1)
174.9(1).

Fig. 3 Perspective view of mer-[ReIIIL(OP1PO)Cl3] 4. Selected bond
distances (Å) and angles (°): Re–N(4) 1.985(10), Re–N(1) 1.993(11), Re–
O(1) 2.033(7), Re–Cl(3) 2.356(4), Re–Cl(2) 2.370(4), Re–Cl(1) 2.377(4),
P(1)–O(1) 1.523(8), P(2)–O(2) 1.459(8); N(1)–Re–O(1) 172.7(4), Cl(3)–
Re–Cl(2) 174.4(1), N(4)–Re–Cl(1) 168.0(3), P(1)–O(1)–Re 147.5(5).
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Re–OP1P + Re·O ? Re–OP1PO (4)

Re–OP2P + Re·O ? Re–OP2PO–Re (5)

The remarkable double isomerization of 2a can be ration-
alized. 2a did not afford single crystals but the structure of 4
provides a credible geometrical model in which the pendent
P(1)C(23)P(2) fragment is positioned near the Cl(1)Cl(2)O(1)
face. A simple rotation around the P(1)–C(23) bond brings the
P(2) atom to within 2.6 Å of the face as in 6 which is a plausible

model for the associative transition state of the reaction. The
attack by P(2) can progress via edge displacement6 of a chloride
ligand with concomitant Re–OP(1) bond cleavage leading to 3,
[eqn. (6)]. The fac geometry of 3 is sustained by concerted

(6)

Re–L and Re–P back-bonding as in fac-[ReL(PPh3)Cl3].3 In 2b
the PCH2CH2P fragment has the anti conformation 7. The
potentially reactive gauche conformation is not accessible due
to the bulk of PPh2, and accordingly 2b fails to isomerize.

The conformation 7 is, however, ideally suited for sustaining
binucleation as in 5.5 On the other hand only the dangling
phosphine oxide function is preserved in 4 as a vestige of
transient binucleation. The environment of the O(2) atom in 4 is
crowded [O(2)…P(1) 3.57 Å, O(2)…C(11) 3.55 Å] and model
building has confirmed that the n = 1 analog of 5 is not
sterically viable.

In summary, there is a strong chemical differentiation
between the n = 1 and 2 products formed in both one-atom (2a,
2b) and two-atom (4, 5) transfer from 1 to PnP. The
applicability of the observed structural and dynamical features
to other systems is under scrutiny.

We thank the Indian National Science Academy, the
Department of Science and Technology and the Council of
Scientific and Industrial Research for financial support. Affilia-
tion with the Jawaharlal Nehru Centre for Advanced Scientific
Research, Bangalore, India, is acknowledged.

Notes and references
† 2a was prepared from P1P (0.6 mmol) and 1 (0.2 mmol) in CH2Cl2
solution followed by rapid solvent removal, washing with hexane and
drying; 2b was similarly prepared; 3 was made by leaving 2a in C6H6 for 8
h and 4 was prepared from 2a (0.1 mmol) and 1 (0.2 mmol) in C6H6; for
each, purification was carried out by chromatography on a silica gel column
using C6H6–MeCN mixtures as eluents. Reaction of 2b (0.1 mmol) and 1
(0.1 mmol) in C6H6 afforded insoluble 5. The yields in all cases were in the
range 75–85% and satisfactory elemental analyses were obtained for all.
Selected spectral data: UV–VIS (C6H6): lmax/nm (e/dm3 mol21 cm21): 2a,
660(610), 454(5680), 355(7570); 2b, 658(450), 460(3550), 348(4970); 3,
660(840), 468(5530), 362(9510); 4, 655(510), 450(5230), 358(6910). IR
(KBr, cm21): 2a, 300, 310 (Re–Cl), 1120 (O–P), 1330 (NNN); 2b, 310, 320
(Re–Cl), 1120 (O–P), 1330 (NNN); 3, 310, 320 (Re–Cl), 1190 (P–O), 1325
(NNN); 4, 310, 320 (Re–Cl), 1120 (O–P), 1200 (P–O), 1335 (NNN); 5, 300,
320 (Re–Cl), 1120 (O–P), 1335 (NNN).
‡ Crystal data for 2b·1.5C6H6: C45H42Cl4N4OP2Re, M = 1044.77,
triclinic, space group P1̄, a = 11.957(4), b = 12.383(3), c = 17.046(6) Å,
a = 88.36(2), b = 74.21(2), g = 84.10(2)°, U = 2415.8(12) Å3, Z = 2, T
= 293 K, m(Mo-Ka) = 2.84 mm21, 7237 reflections measured, 7109
unique, 5904 observed [I > 2s(I)], R1 = 0.0467, wR2 = 0.1273;
3·1.5C6H6: C44H40Cl4N4OP2Re, M = 1030.74, triclinic, space group P1̄, a
= 10.110(6), b = 10.668(5), c = 20.760(7) Å, a = 89.47(3), b = 80.08(4),
g = 81.41(4)°, U = 2181(2) Å3, Z = 2, T = 293 K, m(Mo-Ka) = 3.143
mm21, 6515 reflections measured, 6424 unique, 5198 observed [I > 2s(I)],
R1 = 0.0542, wR2 = 0.1279; 4: C35H31Cl4N4O2P2Re, M = 929.58,
monoclinic, space group C2/c, a = 35.353(11), b = 12.730(6), c =
16.840(7) Å, b = 104.68(3)°, U = 7332(5) Å3, Z = 8, T = 293 K, m(Mo-
Ka) = 3.73 mm21, 5705 reflections measured, 5422 unique, 3386 observed
[I > 2s(I)], R1 = 0.0585, wR2 = 0.1060. CCDC 182/1746. See http://
www.rsc.org/suppdata/cc/b0/b004565i/ for crystallographic files in .cif
format.
§ UV–VIS spectra of thermostatted isomerizing benzene solutions of 2a
displayed well defined isosbestic points at 482, 422 and 307 nm. The rate
was followed at 360 nm. The first order rate constants were obtained from
the slope of linear plot of 2ln(A∞ 2 At) vs. time t where At is the absorbance
at time t and A∞ is the absorbance at the completion of reaction (after 24
h).
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The cryptand derivative has H-bond mediated trigonal
network structure that leads to octupolar bulk nonlinearity

Optically nonlinear organic materials are of paramount im-
portance for applications in optical signal processing and
telecommunications.1 We present here a new strategy for
obtaining molecules with bulk optical nonlinearity by derivatiz-
ing a cryptand with three D–p–A units related by a 3-fold
rotational symmetry. Thus, compound 1 (Scheme 1) is engi-
neered with the ultimate aim of a trigonal network necessary for
bulk octupolar nonlinearity. The classical molecular require-
ments for second-order nonlinear optical (NLO) effects have led
to the development of strongly conjugated materials asymmetr-
ized by interacting donor and acceptor groups.2 Even though
these molecules exhibit large hyperpolarizabilty, major draw-
backs arise due to their anisotropic dipolar character, e.g. a high
tendency towards unfavorable aggregation, difficult non-
centrosymmetric crystallization, and small off-diagonal tensor
components. To alleviate such problems, isotropic molecules
with attached octupolar nonlinearities have been proposed, on
the basis of group-theoretical and quantum-mechanical calcula-
tions.3 Solution-phase studies by Hyper-Rayleigh Scattering
(HRS) technique on crystal violet and tris(4-methoxy-
phenyl)cyclopropenylium bromide as octupoles have been
reported.4 However, assembly of octupolar molecules into an

acentric bulk presents an arduous task. To-date, only 2,4,6-tri-
amino-1,3,5-trinitrobenzene (TATB) (3 3 urea),5 substituted
triazenes (0.1 3 urea)6 and cyclohexane-1,3,5-triamide deriva-
tive (0.06 3 urea),7 are the only octupolar organic materials
reported to exhibit bulk NLO properties.

No cryptand-based octupolar molecule having bulk NLO
properties has been reported in the literature although cryptands
are an important class of molecules having a 3-D cavity with
proven recognition properties through supramolecular inter-
actions.8 Our principal motivation to use the cryptand as a
central core stems from the following three assets: (i) a 3-fold
rotational symmetry passing through the two bridgehead
nitrogen atoms of the cryptand molecule, (ii) three phenyl rings
as rigid segments would favor ordered structures and (iii) three
easily functionalizable secondary nitrogen atoms would assist
in grafting acceptor molecules of choice. We have chosen
2,4-dinitrobenzene as it has been shown to have adequate
electronic asymmetry in methyl 2-(2,4-dinitroanilino)propano-
ate (MAP).9 Besides, the nitro substitution at the ortho position
would provide a more rounded-off shape to the molecules
(Scheme 1), which would ease their packing in the crystal
lattice.

Compound 1 was synthesized  (Scheme 1) by refluxing the
cryptand10 with 3 equiv. of 2,4-dinitrochlorobenzene and
anhydrous K2CO3 for 6 h in dry EtOH under N2. The yellow–
orange tri-substituted product was isolated in 92% yield.

Single crystals suitable for X-ray diffraction were grown by
slow evaporation from pyridine solution. The compound
afforded very large triangular crystals ( ~ 5 mm each side) in just
two days. It crystallizes† in the desired non-centrosymmetric
trigonal space group P3, containing three strands in the
asymmetric unit. The C3 symmetry generates the donor–
acceptor substituted cryptand molecules A, B and C with the
symmetry axis passing through the bridgehead nitrogens which
also coincides with the triad axes of the lattice. Supramolecular
assembly of these C3 symmetric cryptand molecules generates
an octupolar trigonal network. The molecules A, B and C vary
considerably in their conformation. Three different forms of
intramolecular forces are operational in the D–p–A substituted
cryptand molecule: (i) aromatic p-stacking between the phenyl
ring of one strand with the dinitro-substituted ring of the
symmetry related strand in an edge-to-face fashion with a
distance of 3.923 Å, (ii) CH…p interaction within the same
strand of the molecule with a distance of 3.355 Å, and (iii)
CH…O hydrogen bonding between the carbon atom of the
benzylic amino group and the oxygen atom of the ortho-nitro
group with a distance of 2.92 Å (Fig. 1).

The intermolecular interactions leading to the trigonal
network structure involve each phenyl ring of the cryptand B
stacked face-to-face11 (3.328 Å) with a dinitrobenzene moiety
of cryptand C while at the same time interacting with a phenyl
ring of cryptand C in edge-to-face (3.585 Å) manner (Fig. 2).
The intermolecular interactions also involve anti-parallel stack-
ing of the dinitro-substituted rings of neighboring cryptands at
a distance that ranges between 4.425–4.665 Å and that
attenuates the bulk non-linear efficiency of 1 to some extent.

We performed Kurtz powder second-harmonic generation
(SHG) measurements12 on compound 1. The non-centrosym-
metric nature was confirmed by a visible SHG powder signal atScheme 1 Synthetic scheme for compound 1.
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1.064 mm of the order of 0.6 3 urea and represents the first
cryptand-based NLO-active bulk molecule. The non-linear

√ < b2 > coefficient of 1 was determined by HRS technique13 at
1.064 mm in CHCl3 and gave a value of 16 3 10230 esu. The
corresponding √ < b2 > (0) static value was found to be 11 3
10230 esu, which is comparable6 to that of the classical dipolar
PNA molecule under the same measurement conditions.
Although powder efficiency of compound 1 is modest, it has a
good transparency at the visible region of the spectrum (lmax
~ 370 nm in CHCl3). Most strikingly, compound 1 by virtue of
its strong intermolecular interactions has a mp of 215 °C, which
is the highest among all of the nitroaniline-based compounds
reported14 to have bulk NLO properties. This will make it
potentially useful for further device applications. Furthermore,
this work presents ample scope for modulating the NLO
property through recognition of different metal ions in the
cavity of the cryptand as well as by functionalizing the three
amino groups with stronger acceptor units.

This work was supported by the Department of Science and
Technology, New Delhi, India (Grant No. SP/S1/F-08/96 to
P. K. B.).

Notes and references
† Crystal data for 1: C51H51N11O15, M = 1137.133, trigonal, space group
P3, a = 16.63(5), b = 16.62(9), c = 16.01(3) Å, V = 3829(9) Å3, Z = 3,
T = 293 K, l = 0.71073 Å, m = 0.11 mm21, 3753 independent reflections,
R = 0.045, wR2 = 0.103. Satisfactory elemental analyses (C, H, N) were
obtained for 1.

CCDC 182/1747. See http://www.rsc.org/suppdata/cc/b0/b004679p/ for
crystallographic files in .cif format.
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Fig. 1 A perspective view of one cryptand molecule showing the
intramolecular H-bonding interactions.

Fig. 2 A perspective view of A, B and C cryptand molecules showing both
intra- and intermolecular H-bonding interactions.
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Two complexes, [{Co(phen)2}2V6O17]n 1 and [{Cu(phen)2}4-
V10O29]·6H2O 2, have been hydrothermally synthesized; X-
ray crystallography shows that 1 consists of one-dimensional
stepped chains built up from covalently linked {V6O17}n

4n2

chains and [Co(phen)2]2+ fragments while 2 is composed of
a discrete V10O29

82 cluster covalently attached to four
[Cu(phen)2]2+ fragments.

There has been extensive interest in organic–inorganic hybrid
vanadium oxides and polyvanadate clusters owing to their
structural diversity and potential application in catalysis and
material science.1–5 An important advance in organic–inorganic
vanadium oxides has recently been the study of solid state
coordination chemistry, which is characterized by transition
metal complexes or fragments covalently bonded to metal oxide
framework or polyanion clusters. A variety of vanadium solid
state complexes including discrete clusters, infinite chains and
layer structures have been prepared by hydrothermal meth-
ods.6–12 However, in terms of discrete organic–inorganic
bimetallic clusters formulated as [(ZnL2)V4O12] [L = 2,2A-
bipyridine (bpy) or 1,10-phenanthroline (phen)],6 the vanadium
clusters are limited to V4O12

42, and in the metavanadate chain-
like compounds formulated as [(CuLm)V2O6]n (L = NH3,
ethylenediamine, bpy, diethylenetriamine; m = 1, 2) the
vanadium oxide chains are limited to {V2O6}n

2n2.7–9 Herein,
we report two interesting solid state vanadium(V) complexes
[{Co(phen)2}2V6O17]n 1 and [{Cu(phen)2}4V10O29]·6H2O 2,
where the tetranuclear V4O12

42 and dinuclear V2O7
42 building

units are unprecedentedly linked together by sharing oxygen
atoms.

Complex 1 was synthesised as brown blocks in 80% yield
based on vanadium by a hydrothermal method. A mixture of
V2O5, Co(OAc)2·4H2O, phen and water in a molar ratio of
1+1+2+1100 was stirred for 20 min in air, before being
transferred and sealed in a 23 cm3 Teflon-lined reactor, which
was heated to 140 °C and held at this temperature for 72 h.
Complex 2 was synthesised as blue blocks in 40% yield under
similar conditions to 1 using Cu(OAc)2·2H2O in place of
Co(OAc)2·4H2O. Both 1 and 2 are insoluble in water and
common organic solvents. The IR spectra§ of 1 and 2 exhibit
characteristic bands for both VNO and phen. Thermogravimetric
analysis shows a weight loss of ca. 50% for 1 in the range
300–550 °C corresponding to the loss of phen. A weight loss of
ca. 4% for 2 in the range 120–150 °C corresponds to removal of
the lattice water molecules while a further weight loss of ca.
51% occurs in the range 300–550 °C consistent with the loss of
phen.

The crystal structure of 1¶ shows the presence of an
unprecedented one-dimensional stepped chain constructed from
{V6O17}n

4n2 chains with [Co(phen)2]2+ fragments covalently
attached via oxygen atoms, as shown in Fig. 1. The anionic
chain in 1 is composed of alternate tetranuclear V4O12

42 and

dinuclear V2O7
42 building units, which are linked by sharing

oxygen atoms. All vanadium sites show VO4 tetrahedral
geometry, each of which has a terminal vanadyl (VNO) group
and shares three corners with CoN4O2 octahedra and/or VO4
tetrahedra. There are three crystallographically independent
vanadium atoms in the anionic chain; V(1) and V(2) share
oxygen atoms with one CoN4O2 octahedron and two VO4
tetrahedra while V(3) only shares oxygen atoms with three VO4
tetrahedra. The Co(II) atom, which is in a slightly distorted
octahedral geometry, is ligated by two phen ligands, with the
[Co(phen)2]2+ fragments further covalently bonded to the
anionic chain through atoms O(1) and O(2) and their symmetry
equivalents. Such a linking gives rise to three eight-membered
rings, CoV3O4, V4O4 and CoV3O4, in chair-like configuration
similar to that found in [Cu(phen)MoO4].5 Although the
empirical formula of 1 is similar to that of
[{Zn(bpy)2}2V6O17],6 its architecture is different from the latter
in which each VO4 tetrahedron shares three corners with
adjacent VO4 tetrahedra forming layers rather than chains.

The structure of 2 features a discrete tetradecanuclear
heterometallic cluster built up from V10O29

82 clusters and four
[Cu(phen)2]2+ fragments (Fig. 2). The Cu(II) atoms, which are in
a distorted square-pyramidal geometry, are attached to the
vanadium cluster via O(6) and O(11) and their symmetry
equivalents. In contrast to 1, while the anionic vanadium cluster

† Electronic supplementary information (ESI) available: Fig. 1S–3S; three-
dimensional supramolecular arrays for 1 and 2. See http://www.rsc.org/
suppdata/cc/b0/b005880g/
‡ Correspondence should be directed to School of Chemistry & Chemical
Engineering. E-mail: cescxm@zsu.edu.cn

Fig. 1 Perspective view of the stepped chain of 1.

Fig. 2 Perspective view of the molecular structure of 2.
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also consists of corner-sharing VO4 tetrahedra, all VO4
tetrahedra in 2 have one [V(2)–V(4)] or two [V(1) and V(5)]
terminal oxygen atom(s). The V(1)O4 tetrahedron has two
terminal oxygen atoms, which may be directly responsible for
the formation of the cluster rather than a chain. Similarly to the
anion in 1, the V10O29

82 cluster consists of a dinuclear V2O7
42

and two tetranuclear V4O12
42 fragments linked by sharing

oxygen atoms. Although the V10O28
62 cluster is common in

solution and a chiral V10O22 cluster13 has recently been
synthesised, the V10O29

82 cluster found in 2 has not been
reported before. In addition, the coordination mode of V4O12
fragments in both 1 and 2 is unprecedented, in contrast to all
documented and proposed coordination modes of the V4O12

42

cluster, in which each heterometallic atom is attached to two or
four oxygen atoms of the V4O12

42 cluster.6
It is of note that p–p stacking interaction between interchain

or intermolecular phen groups plays a significant role in
stabilisation of the structures of 1 and 2. Adjacent phen groups
in 1 or 2 are generally parallel and separated by 3.1–3.5 Å,
which indicates strong p–p stacking interactions.14 Therefore,
the heterometallic stepped chains of 1 and discrete tetra-
decanuclear heterometallic clusters of 2 are further extended
into interesting three-dimensional supramolecular arrays via p–
p stacking interactions of phen groups (see Fig. 1S, 2S and 3S
in ESI†). It should also be noted that while 1 and 2 were
prepared under the same conditions, their structures differ
significantly. This may originate from the nature of hetero-
metallic atoms employed. Co(II) tends to adopt octahedral
geometry whereas Cu(II) favours a square-planar or square-
pyramidal geometry owing to the strong Jahn–Teller effect.
Meanwhile, the steric effect of phen appears to play an
important role in the formation of the unique structures of 1 and
2. The large steric hindrance of phen prevents the formation of
heterometallic layered structures.

This work was supported by the National Natural Science
Foundation of China (No. 29971033, 29625102).

Notes and references
§ Anal. Calc. for C48H32N8O17V6Co2 1: C, 40.70; H, 2.28; N, 7.91%.
Found: C, 40.58; H, 2.32; N, 7.96. Calc. for C96H76N16O35V10Cu4 2: C,
41.52; H, 2.76; N, 8.07. Found: C, 41.38; H, 2.64; N, 8.02%. IR (KBr,
cm21) for 1: 3356m, 3058w, 1931w, 1607m, 1582m, 1513m, 1421s,

1141m, 1103w, 968s, 891s, 834s, 664s; for 2: 3431m, 3046w, 1980w,
1607w, 1581m, 1517m, 1427s, 1143m, 968s, 941s, 913m, 787s, 624s.
¶ Crystal data: for 1: triclinic, space group P1̄, Mr = 1416.32, a =
10.216(7), b = 11.732(6), c = 11.788(7) Å, a = 82.76(1), b = 72.70(1),
g = 75.57(1)°, V = 1264(1) Å3, Z = 1, Dc = 1.860 g cm23. Data collection
was performed at 293 K on a Siemens R3m diffractometer (Mo-Ka, l =
0.71073 Å). Lorentz-polarization and absorption corrections were applied.
The structures were solved with direct methods (SHELXS-97) and refined
by full-matrix least-squares (SHELXL-97), giving a final R1 value of 0.0671
for 368 parameters and 3279 unique reflections with I ! 2s(I) and wR2 of
0.1916 for all 4973 reflections.

For 2: monoclinic, space group P21/n, Mr = 2777.29, a = 14.726(3), b
= 14.612(3), c = 25.310(5) Å, b = 105.81(3)°, V = 5240(2) Å3, Z = 2,
Dc = 1.760 g cm23 Data collection was performed at 293 K on a Bruker
CCD diffractometer (Mo-Ka, l = 0.71073 Å), giving a final R value of
0.0522 for 755 parameters and 8042 unique reflections with I 4 2s(I) and
wR2 of 0.1547 for all 15179 reflections. All other conditions were the same
as for 1. CCDC 182/1745. See http://www.rsc.org/suppdata/cc/b0/
b005880g/ for crystallographic files in .cif format.
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Sequential reaction of ZnMe2 with the (2-pyridyl)amines
HN(2-C5H4N)R (R = Bz = benzyl 1, Me 2), ButLi and
oxygen affords species which demonstrate oxo-encapsula-
tion {(m4-O)Zn4[N(2-C5H4N)Bz]6 3}, and both encapsulation
and insertion into a C–Li bond {But(m3-O)Li3(m6-O)Zn3[N(2-
C5H4N)Me]6 4}; in the solid-state 4 has a new type of fac-
isomeric (m6-O)M3MA3 octahedral core.

Current interest in the properties of lithium containing hetero-
bimetallic species derives from their ability to effect organic
transformations whose selectivity differs from those afforded
by homometallic organolithium compounds. Hence, whereas
organolithium reagents perform 1,2-addition across a,b-un-
saturated ketones,1 it has been reported lately that in the
presence of group 13 Lewis acids 1,4-addition is preferred,2
with the formation of a lithium aluminate recently being
implicated in this process.3 Also of use in such conjugate
additions,4 lithium organozincates find extensive employment
in synthetic chemistry.5 In spite of this utility, lithium zincate
structural chemistry is not well understood, and of the few
known structures two classes dominate. Ion-separated species
are favoured by the presence of strongly coordinating Lewis
bases6 whereas in their absence ion-associated [Li(m2-C)2]nZn
(n = 1, 2)7 motifs prevail. In the light of advances in the
controlled oxygenation of heterobimetallic compounds8 we
report here on the incorporation of oxygen by mixed Li–Zn
systems and detail the variable reactivity towards oxygen of the
products afforded by sequentially treating (2-pyridyl)amines
with organozinc and organolithium reagents (Scheme 1).

The reaction of a non-donor solution of HN(2-C5H4N)R (R =
Bz = benzyl 1) with ZnMe2 and ButLi was followed by
treatment with air (pre-dried over P2O5) until the evolution of
fumes subsided. Storage of the resultant solution afforded two
crystalline compounds.‡ The characterisation of both species
was made possible by their mechanical separation, with 1H
NMR spectroscopy verifying that one of these products was
ButOLi. The remaining compound was shown by X-ray
crystallography§ to be the trigonal pyramidal complex (m4-
O)Zn4[N(2-C5H4N)Bz]6 3 [Fig. 1(a)] for which formulation
there is a toluene molecule in the lattice. Of the two types of Zn

centre in this species, three describe the pyramid base
[Zn1A…Zn1B 3.130(2) Å] each non-bonding edge of which is
spanned by a [N(2-C5H4N)Bz]2 ligand [Zn–N(2-C5H4N)
2.069(7) Å, Zn–NBz 1.984(7) Å]. The final metal centre (Zn2)
occupies the C3v cluster apex and is stabilised by the pyridyl N-
centres of the remaining three organic residues [Zn2–N(2-
C5H4N) 2.045(7) Å], each of which spans one non-bonding
Zn1…Zn2 [3.089(2) Å] pyramid edge [Zn1–NBz 2.002(7) Å].
At the core of the C3v cluster is a nearly tetrahedral O22 centre
(mean Zn–O 1.903 Å, mean Zn–O–Zn 108.9°). It is noteworthy
that previous examples of oxo-encapsulation by Zn4-tetrahedra
have resulted from the deliberate introduction of water9,10 or

† Deceased.

Scheme 1 Reagents and conditions: i, ZnMe2; ii, ButLi; iii, O2.
Fig. 1 (a) Molecular structure of 3; hydrogen atoms and lattice toluene
molecule omitted and only the ipso-C of Ph shown. (b) Molecular structure
of 4; hydrogen atoms and lattice thf molecule omitted.
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carbon dioxide11 whereas 3 is afforded by exposure to
oxygen.

Significant structural modification was observed in the
product of the analogous reaction for which R was the less
sterically demanding Me group (2), this process affording 4.‡
X-Ray crystallography§ reveals 4 to be the unique distorted
octahedral oxo-encapuslation complex But(m3-O)Li3(m6-
O)Zn3[N(2-C5H4N)Me]6 [Fig. 1(b)] for which formulation
there is one thf molecule in the lattice. That the Li3 face is m3-
capped by an OBut group points to an oxygen atom having
inserted into a Li–C(But) bond [Li–O2 1.849(14) Å, Li–O2–Li
83.7(7)°].12 The three lithium centres are less strongly bonded
to the encapsulated m6-O centre [Li–O1 2.074(13) Å, Li–O1–Li
73.0(6)°] which in turn interacts with the three Zn centres [Zn–
O1 1.944(4) Å, Zn–O1–Zn 101.4(3)°]. The result—a molecular
fac-isomeric (m6-O)M3MA3 octahedron—has not been seen
before. Instead, existing examples of molecular m6-O hetero-
bimetallic octahedra have either (MMA5)13 or (M2MA4)14

formulations. The only previous report of a lithium containing
heterobimetallic m6-O octahedral complex is that of [RuH-
(SiHPh2)(CO)X2]2·[Li2Ru4OCl8X4] (X = PBut

2Me), which
has a trans-isomeric (m6-O)Li2Ru4 core;15 all other examples of
lithium containing m6-O octahedra have been homometallic.16

The coordination spheres of both Li and Zn centres in 4 are
completed by [N(2-C5H4N)Me]2 ligands. Three of these
residues span the 3.007(2) Å Zn…Zn non-bonding distances in
the lower tier of the cluster [Zn–N1 2.038(7) Å, Zn–N2 2.050(7)
Å]. The remaining organic residues circumscribe the non-
bonding Li3 [Li…Li 2.47(2) Å] upper tier but are orientated
such that their N-pyridyl centres are precisely in the Li3 plane
while their NMe-groups span non-bonding heterobimetallic
[Li…Zn 2.75(1) Å] octahedron edges [Zn1–N4 2.065(7) Å].
The sp2-orbital on their deprotonated N-centres almost bisects
the Li–N(Me)–Zn bond angle [N3–C11–N4–M torsional angles
= 42.8° (M = Li1A), 45.4° (M = Zn1)] with the consequent
mismatch in orientation of the NMe-centred lone-pairs with the
Li+ ions in the upper tier probably being responsible for the
respective Li–N(2-C5H4N) and Li–NMe bond lengths of
2.071(14) and 2.160(13) Å. This variability in ligand coordina-
tion contrasts with the uniformly m2- or m3-bridging modes
adopted by ligand heteroatoms in previously reported m6-O
molecular heterobimetallic octahedra.14

Compounds 3 and 4 both incorporate six-membered MO-
MANCN rings by virtue of [N(2-C5H4N)R]2 coordination [M =
MA = Zn (3); both M = MA = Zn/Li and M = Li, MA = Zn (4)].
Further, both species show almost identical Zn3[N(2-
C5H4N)R]3 basal tiers [Fig. 1(a) and (b)], whilst the remaining
three amide ligands exhibit significant variability between 3 and
4. The orientation which they adopt in 3 results in their pyridyl
N-centres bonding only to Zn2 which they render approx-
imately tetrahedral, their deprotonated N-centres bonding only
to Zn1. Conversely, in 4 the upper tier ligands are orientated
such that the pyridyl N-centres lie in the Li3 plane with the
concomitant stabilisation of adjacent Li centres (by NMe
groups) being accompanied by bridging to basal Zn atoms.
Thus, 3 and 4 can be viewed as empirically incorporating a {(m3-
O)Zn3[N(2-C5H4N)R]6}22 ligand which is capable of acting
either as a heptadentate donor to a C3v cation [(ButOLi3)2+ in 4]
or as a tetradentate donor to an R3 cation (Zn2+ in 3) by virtue
of flexibility in the orientations demonstrated by the upper tier
of [N(2-C5H4N)R]2 ligands.

Attempts to elucidate the structural characteristics of the
precursors to 3 and 4 are ongoing, as are studies into the nature
of the competition between oxo-insertion (cf. the ButO fragment
in 4) and oxo-encapsulation [cf. 3 and the (m6-O)Li3Zn3

fragment in 4]. Finally, the integrity of the {(m3-O)Zn3[(2-
C5H4N)NR]6}22 ligand is being investigated (by attempting to
effect substitution reactions, e.g. the conversion of 4 to 3 by
reaction with ZnCl2).

We thank the UK EPSRC (D. J. L.) for a Studentship and St.
Catharine’s (R. P. D.) and Gonville & Caius (A. E. H. W.)
Colleges for Research Fellowships.

Notes and references
‡ 3: ZnMe2 (0.5 ml, 1 mmol, 2 M in toluene) was added to a stirred 278 °C
solution of 2-(benzylamino)pyridine (0.18 g, 1 mmol) in toluene (5 ml).
After 30 min the mixture was warmed to 240 °C and ButLi (0.59 ml, 1
mmol, 1.7 M in pentane) was added. Treatment of the room-temperature
mixture with (P2O5) dry air (until observable reaction ceased after ca. 1 min)
was followed by reflux and by storage at ambient temperature for 24 h
whereupon needles of ButOLi (by 1H NMR) and blocks of 3 formed.
Mechanical separation allowed the characterisation of 3. Yield 42% (by 1
consumed), mp 140 °C (decomp.). Found: C, 64.96; H, 5.16; N, 11.34. Calc.
for C79H74N12OZn4: C 64.53, H 5.04,N 11.44%. dH(500 MHz, CD3CN),
7.40–6.46 (m, 20H, Ar + PhMe), 4.56 (s, 4H, CH2), 2.33 (s, 1H, PhMe). 4:
ZnMe2 (0.5 ml, 1 mmol, 2 M in toluene) was added to a stirred 278 °C
solution of 2-(methylamino)pyridine (0.11 g, 1 mmol) in hexane (1 ml).
After 30 min ButLi (0.59 ml, 1 mmol, 1.7 M in pentane) was added.
Treatment of the room-temperature mixture with (P2O5) dry air (until
observable reaction ceased after ca. 1 min) and the addition of thf (0.08 ml)
was followed by storage at room temperature for 1 week whereupon blocks
of 4 formed. Yield 32% (by 2 consumed), mp > 300 °C. Found: C, 50.68;
H, 6.48; N, 12.64. Calc. for C44H59Li3N12O3Zn3: C, 51.69; H, 6.45; N,
13.45%. dH(500 MHz, [2H8]thf), 8.00–6.01 (m, 24H, Ar), 3.65 (m, 4H, thf),
2.81 (s, 9H, NMe), 2.53 (br m, 9H, NMe), 1.80 (m, 4H, thf), 1.12 (s, 9H,
But).
§ Crystal data: for 3: C79H74N12OZn4; M = 1468.98, cubic, space group
Ia3, a = 30.8060(7) Å, U = 29235.2(12) Å3, Z = 16, Dc = 1.335 g cm23,
Mo-Ka (l = 0.71073 Å), m = 1.350 mm21, T = 180(2) K. 8240 reflections
(4297 unique, q < 25.02°, Rint = 0.0886), data were collected. Refinement
on F2 values of all data gave wR2 = 0.1987, conventional R = 0.0849 on
F values of all reflections with F2 > 2s(F2), 276 parameters. Residual
electron density within ±1.45 e Å23.

4: C11H14.75Li0.75N3O0.75Zn0.75; M = 255.24, cubic, space group P213, a
= 16.694(10) Å, U = 4882.0(10) Å3, Z = 4, Dc = 1.389 g cm23, Mo-Ka
(l = 0.71073 Å), m = 1.513 mm21, T = 180(2) K. 20356 reflections (2128
unique, q < 22.44°, Rint = 0.0744), data collected. Refinement on F2 values
of all data gave wR2 = 0.2093, conventional R = 0.0744 on F values of all
reflections with F2 > 2s(F2), 205 parameters. Residual electron density
within ±1.02 e Å23.

CCDC 182/1748. See http://www.rsc.org/suppdata/cc/b0/b005238h/ for
crystallographic files in .cif format.
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The Integrated Molecular Orbital Molecular Mechanics
(IMOMM) method is spearheading the entry of hybrid quantum
mechanics/molecular mechanics (QM/MM) approaches in com-
putational transition metal chemistry. The high ratio between
quality of results and computer cost offered by these methods
allows the introduction, for the first time, of the full experi-
mental complexes, in accurate calculations. Several chemically
relevant topics in this way become available to theoretical
consideration. This article reviews a few representative exam-
ples of these applications.

Introduction
Computational chemistry has made huge progress in recent
decades.1 It has gone from the qualitative explanation of
chemical trends to the accurate calculation of physical proper-
ties. This evolution has been made possible in good part because
of the ever-increasing power of computers and because of the
development of new methods. Progress has been even more
dramatic in the field of computational transition metal chem-
istry.2,3 The relatively cheap Hartree–Fock methods, which are
sufficiently precise for a good deal of organic chemistry,
providing at least a reasonable starting point into the properties
and reactivity of small organic molecules, are usually too
inaccurate for transition metal chemistry. Transition metal
compounds often require the introduction of correlation energy
and relativistic effects for a qualitatively acceptable description.
Methods including these features have not been readily
available for systems of large size until the last decade.

There is nevertheless still a new dimension to be gained in
computational transition metal chemistry, namely the full
introduction of the complete ligands. Most of the calculations
have traditionally made use of model ligands, with only the
atoms directly attached to the metal being described as such.
Typical examples of this practice would be the replacement of
any phosphine by PH3, or of any cyclopentadienyl derivative by

C5H5. This approach has been successful because it provides a
reasonable description of the metal–ligand bonding. However,
there are a number of chemical features that depend on the
specific nature of the ligand, and cannot be reproduced by these
simplified models.

A very promising method for the introduction of the real
ligands in theoretical calculations is the use of hybrid quantum
mechanics/molecular mechanics (QM/MM) methods. In these
methods, the system is divided in different regions, each of them
with a different computational description, as shown for a
particular example in Fig. 1. In this way, the interactions related

to the bulk of the ligands, mostly of steric nature, can be
appropriately treated with the much more affordable molecular
mechanics approach. A complementary approach, the use of
pure molecular mechanics, requires the development of a
specific force field for each compound, or family of com-
pounds, that are to be studied, and will not be discussed
here.5

There are a variety of QM/MM methods proposed in the
chemical literature, each with its particular methodological
flavor.6 This article will concentrate almost exclusively on the
applications of one of them, Integrated Molecular Orbital
Molecular Mechanics (IMOMM),7 and of its derived forms.8–10

This method has been so far the most widely applied to
transition metal chemistry, mostly because of its robustness and
simplicity. Precise descriptions of the method, and of its
practical implementations can be found elsewhere.7,11 Some
aspects, like the mathematical treatment of the hydrogen bonds
capping the dangling bonds in the QM region, which define the
nature of different QM/MM methods, are still the subject of
eventual improvement, but discussion of these aspects is outside
the scope of this article,

There are nevertheless two characteristics of the IMOMM
scheme that merit mention here because of their relevance in the
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Fig. 1 Separation in QM and MM regions for an IMOMM calculation on
[OsCl2H2(PPri

3)2].4
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interpretation and analysis of results. The first of these is that
IMOMM is a full multistep method,11 where the optimal
geometry corresponds neither to the optimal QM arrangement
nor to the optimal MM arrangement, but to the optimal, in a
mathematical sense, compromise between both. The second
defining characteristic of the IMOMM approach is that atoms in
the MM region do not have a direct effect on the QM
wavefunction, except through the distortions they induce in the
geometry. Because of this, it can be stated that the IMOMM
scheme introduces only the steric effects of the atoms in the MM
region. On one hand, this supposes the introduction of an error,
because the eventually important electronic contributions of
these atoms are left out. On the other hand, this allows a
straightforward separation between electronic and steric effects.
The natural solution to the problem of electronic effects within
the IMOMM scheme is the expansion of the QM region, which
must include all electronic effects that are significant to the
problem under study. As will be seen in the following sections,
this can be used in some cases for the performance of
computational experiments. Other QM/MM methods6 in-
troduce part of the electronic effects through the use of point
charges. An alternative approach, available within the ONIOM
scheme,8 is the use of different quality QM descriptions for
different regions of the systems.

A final methodological comment concerns the fact that the
quality of IMOMM results, like that of any other QM/MM
approach, depends critically on the appropriateness of the
respective QM and MM methods to describe the interactions
within the respective regions. Because of this, the quality of an
IMOMM calculation is usually described in the form IM-
OMM(QM-method:MM-method), where the labels in parenthe-
ses describe the methods used in each of the two regions.

After this introduction, the current article focuses on a few
selected applications of the IMOMM and related QM/MM
methods to transition metal chemistry. The presentation does
not intend to be exhaustive, but to be sufficiently general to
show the possibilities of these methods to a general audience.

Structural studies

The most obvious feature of the application of hybrid QM/MM
methods to transition metal chemistry is the possibility of
introducing steric effects, and because of that a significant part
of the published hybrid QM/MM calculations has been devoted
to the analysis of how steric effects alter geometries and relative
energies of transition metal complexes.

A representative study of how IMOMM calculations can be
used in the identification of steric effects is provided by the joint
experimental and theoretical study12 on [Ir(biph)X(QR3)2]
(biph = biphenyl-1,2-diyl; X = Cl, I; Q = P, As). These five-
coordinate complexes have a distorted trigonal bipyramidal
structure, as shown in Fig. 2. The phosphines (or arsines)

occupy the axial sites, and the halide and the chelating biph
ligands are in the equatorial sites. A most intriguing feature of
these compounds is the deviation that the halide presents from
the symmetric arrangement between the two coordinating
carbons of biph, a deviation characterized by values of o (Fig.
2) different from zero. Previously reported calculations at the

extended Hückel level suggested an electronic origin for the
deviation. However, pure Becke3LYP calculations on the
[Ir(biph)Cl(PH3)2] model system produced a symmetrical
structure (o = 0), making an electronic origin for the distortion
unlikely.

The steric origin of the distortion was proved by IM-
OMM(Becke3LYP:MM3) calculations on the real system
[Ir(biph)Cl(PPh3)2], which yielded a distortion angle o of 11.4°
(to be compared with the experimental value of 10.1°). The
steric origin of the distortion shown by the hybrid QM/MM
calculation was further confirmed by new experiments. In one
of them, PPh3 was replaced by AsPh3, and in the other Cl was
replaced by I. The logic behind these tests was that the
modification of the size of the ligands should affect the
importance of the steric effects, and therefore the value of the
distortion angle. Values were merely indicative for [Ir(biph)-
Cl(AsPh3)2] because of the presence of two different conforma-
tions of the arsine in the crystal structure, but clear for
[Ir(biph)I(PPh3)2]. In this latter case the experimental value for
the angle owas 17.2°, 7.1° larger than for the parent compound,
a trend reproduced by the corresponding IMOMM calculation.
Therefore, the steric origin of the distortion from the electron-
ically preferred symmetry was fully confirmed. Comparison of
IMOMM and X-ray structures has allowed the characterization
of steric effects also in [ReH5(PR3)2(SiR3)2],13 [OsCl2H2-
(Pri

3)2],4 and [Pd(P–N)(SiCl3)2] (P–N = chiral chelating
ligand).14

The application of hybrid QM/MM methods to structural
problems is not restricted to the reproduction of crystal
structures. A second block of structural studies has been
centered in the evaluation of steric effects on the relative
stabilities of two possible isomers. This type of work is well
exemplified by the work on Ru(CO)2(PR3)3,15 where the study
was centered in the comparison between the two isomers, cis
and trans, as shown in Fig. 3. Both isomers have a trigonal

bipyramidal geometry, and they are labeled following the
arrangement of the two carbonyl ligands. The two forms have
been observed experimentally15,16 with different phosphine
ligands PR3. In particular, when PR3 = PEt3, the cis isomer is
the species present in the crystal, with a C–Ru–C bond angle of
133.6°. When PR3 = PPri

2Me, two independent molecules are
present in the crystal, one of them of showing trans configura-
tion (C–Ru–C 173.6°) and the other cis configuration (C–Ru–C
146.7°). IMOMM(MP2:MM3) calculations were carried out on
these complexes using Ru(CO)2(PH3)3 for the QM part. Both
isomers, cis and trans, were found to be local minima for each
complex. The computed C–Ru–C bond angles showed a clear
separation between trans (178.2, 173.3°) and cis (136.7, 145.6°)
forms, in good agreement with experimental data.

The most relevant part of this study was, however, compar-
ison of the relative energies. For Ru(CO)2(PEt3)3, the cis
isomer, the only form existing in the crystal, was computed to be
more stable than the trans isomer by 3.0 kcal mol21. The
relationship between the two isomers is reversed for Ru(CO)2-
(Pri

2Me)3, the trans species being more stable by 2.8
kcal mol21. Electronic effects, represented by the QM energy,
always favor the cis isomer, which has the two p-acceptor
carbonyl ligands in equatorial positions. Steric effects, repre-
sented by the MM part, however, favor the trans isomer, with
the three bulky phosphine ligands in equatorial positions. The

Fig. 2 Geometrical distortion of the equatorial X ligand in trigonal
bipyramidal [Ir(biph)X(QR3)2] complexes.12

Fig. 3 The two isomers observed experimentally for Ru(CO)2(PR3)2

complexes.15
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difference is that while electronic effects are similar for both
PEt3 and Pri

2Me, steric effects are significantly larger for the
latter. As a result, the presence of the larger phosphine can
invert the electronic preference for the cis isomer and make the
trans isomer the most stable.

A similar IMOMM(Becke3LYP:MM3) study was carried out
on [MoO2Cl2(N–N)2] (N–N = chelating ligand) complexes.17

The nature of the adduct between [OsHCl(CO)(PBut
2Me)2] and

(CF3)2CHOH could also be clarified with the help of IM-
OMM(Becke3LYP:MM3) calculations.18

A final structural application of the IMOMM method to
transition metal chemistry that will be analyzed in some more
detail concerns the characterization of agostic interactions. An
agostic interaction is the intramolecular interaction that takes
place within one complex between the metal center and a C–H
bond of one of the ligands.19 Following their initial character-
ization, agostic interactions have been found to be very common
in transition metal chemistry. They involve a three-center, two-
electron bonding similar to that observed in main group Lewis
acids such as diborane, and can also be viewed as an arrested
state of the oxidative addition process of the C–H bond that
would lead to the cyclometalated product. It follows that, from
a molecular orbital point of view, the agostic interaction
requires an empty orbital in the metal center, which must thus be
unsaturated.

The steric repulsion associated with the presence of bulky
ligands destabilizes high coordination numbers, also favoring
unsaturated compounds. The coincidence of bulky ligands and
agostic interactions in a number of complexes was therefore
attributed mostly to its common association to unsaturated
compounds. Recent hybrid QM/MM calculations have never-
theless proved a much more intimate relationship between steric
influence and agostic interactions.20–22

A first proof of this relationship was obtained from the study,
both experimental and theoretical, of the Ir(H)2(PBut)2Ph)2

+

system (Fig. 4).20 NMR and X-ray data showed the existence of

two agostic interactions in this complex, characterized geomet-
rically by Ir–P–C angles of 97.0 and 99.0° (to be compared with
Ir–P–C non-agostic angles of ca. 115°). Pure Becke3LYP
calculations on Ir(H)2(PEtH2)2

+ showed no agostic interactions
at all (Ir–P–C angle of 118.4°). In contrast, IMOMM(Becke-
3LYP:MM3) calculations on the real complex using the same
model for the QM part properly identified the agostic inter-
actions (Ir–P–C angle of 101.7°). This result reveals two
important consequences. The first is that the failure of the pure
QM calculations on the model system means that the agostic

interaction is intimately associated to the presence of the real
ligands. The second consequence is that the success of the
corresponding IMOMM calculation proves that the role of the
ancillary substituents is steric in nature, and that the electronic
contribution is at best minor.

While these first calculations on Ir(H)2(PBut
2Ph)2

+ clearly
illustrated the importance of the introduction of the full ligand
in the formation of the agostic interaction, they did not allow
separation of the electronic and steric contributions to the steric
distortion. This was accomplished within a systematic study of
the steric influence on agostic interactions on a homologous
series of Ir(III) complexes of general formula Ir(H)2(PR3)3

+.21

These complexes differ from that discussed above, with the
presence of an extra phosphine, leading therefore to only one
empty site in the coordination sphere, and one potential agostic
interaction. In particular, the results for Ir(H)2(PCy2Ph)3

+ are
discussed. For this system, two different sets of partitioning of
atoms between the QM and MM domains were applied in the
IMOMM calculation (Fig. 5). In model I, all atoms not directly

bound to the metal were calculated at the MM level, the QM part
being therefore Ir(H)2(PH3)3

+. In model II, the QM part of the
phosphine included the chain agostically distorted, the QM part
thus being Ir(H)2(PEtH2)3

+. The essential difference between
each model is in the description of the potentially agostic C–H
bond.

The geometry of Ir(H)2(PCy2Ph)3
+ was fully optimized at

four different computational levels, defined by the two different
partitions and the use of MP2 and Becke3LYP methods for the
QM part. Since IMOMM(MP2:MM3) led to slightly more
accurate values, only these results will be discussed here. The
IMOMM(MP2/I:MM3) calculation gave results essentially in
agreement with the X-ray determined structure, with the largest
discrepancy being in the value of 105.6° for the agostic Ir–P–C
angle. This was larger than the experimental X-ray value of
100.9°, but already smaller than the computed average Ir–P–C
value at this phosphorus center of 109.9°. This result is relevant
because it proves that the bulk of the ligands alone is able to
push one of the C–H bonds of the cyclohexyl group into the
proximity of the metal atom even without any agostic orbital
interaction. Use of the more elaborate model IMOMM(MP2/
II:MM3), with the C–H bond in the QM part, led to results even
closer to the X-ray values. The Ir–P–C bond angle improved to
99.8°, only 1.1° from the experimental value. This change
proves that there is also an orbital contribution to the agostic
interaction. The ability to determine the consequence of only
one type of interaction is a strength of the hybrid method, which
allows the execution of “computational experiments”.

The accuracy of the hybrid QM/MM method in the
characterization of this type of complex further proved by the
calculation21 on the isoelectronic Ir(H)2(PPri

2Ph)3
+ complex,

with smaller phosphines, which is observed experimentally as
non-agostic. This behavior is correctly reproduced by the
IMOMM(MP2:MM3) calculation, which finds Ir–P–C bond
angles of 115.7°. The successful application of the IMOMM
method to the description of agostic interactions is not limited to
late transition metals such as iridium, as proved by an

Fig. 4 IMOMM(Becke3LYP:MM3) optimized structure of Ir(H)2(P-
But

2Ph)2
+.20

Fig. 5 The two different models used in IMOMM calculations on
Ir(H)2(PR3)3

+.21 Atoms in the QM region are depicted in black.
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experimental and theoretical study22 on Tp*Nb(Cl)(CHMe2)-
(PhC·CMe).

Homogeneous catalysis

The past two decades have witnessed the development of
enantioselective catalysis both as a discipline and a production
methodology in response to the increasing demand for enantio-
pure compounds for the pharmaceutical industry and the raising
of environmental concerns.23 Frequently, the key species in the
catalytic cycle involves a metal atom chelated by a polyfunc-
tional organic molecule. The role of the metal center is essential
in offering neighbouring sites for coordination of the substrate
and reagent molecules, and in providing a low energy pathway
for their reaction. The selectivity of the reaction is however
decided by the interactions involving enantiotopic groups in the
polyfunctional organic ligand and the substrate, which give rise
to energetically well differentiated diastereomeric transition
states.

Homogeneous catalysis presents therefore two characteristics
that make it especially appealing for hybrid QM/MM methods:
the requirement of a high-level QM description for the metal
center and its immediate environment, and the need to include
in the calculation a large system that can only be introduced
through an MM description. As a result, some of the more
fruitful applications of the IMOMM method have been in the
field of homogeneous catalysis.

Mechanisms for these processes are often complicated, and
the interactions involved in enantioselectivity are often subtle.
Because of this, and for the sake of the brevity of the article, the
discussion will be concentrated on one of the reactions studied
with the IMOMM method, the dihydroxylation of olefins by
osmium tetroxide, with a brief mention made to other
processes.

The osmium tetroxide-catalyzed dihydroxylation of olefins is
a highly efficient method for the enantioselective introduction
of chiral centers in organic substrates.24 The reaction goes
through an osmate ester intermediate containing a five-
membered ring, and the stereoselectivity is decided in the
formation of this intermediate after the initial interaction
between catalyst and substrate. The mechanism for this part of
the reaction has been the subject of intense discussion, and there
seems to be finally an emerging consensus on the so-called [3 +
2] mechanism. A substantial role in the formation of this
consensus has been provided by theoretical evidence from pure
QM calculations on the OsO4(NH3) + H2CNCH2 model
system.25

Despite its relevance for the determination of the mechanism,
calculations with the OsO4(NH3) model cannot provide any
explanation on the enantioselectivity of the reaction, because
this property is related to the nature of the substituents in the
NR3 group, which are usually very bulky, as shown in the
example presented in Fig. 6. A first preliminary IMOMM

study26 on the subject consisted of the geometry optimization of
the only two models of the catalyst where X-ray structures are
available, namely [OsO4(quinuclidine)] and [OsO4{(dime-

thylcarbamoyl)dihydroquinidine}], and results showed an ac-
ceptable agreement with the experimental geometries.

The reaction of the catalyst with the olefin has been analyzed
theoretically in detail in the case of the (DHQD)2PYDZ·OsO4
[(DHQD)2PYDZ = 3,6-bis(dihydroquinidine)pyridazine] +
H2CNCHPh system with the IMOMM(Becke3LYP:MM3)
method using an OsO4(NH3) + H2CNCH2 model for the QM
part.27,28 A first study27 was concerned with the reaction profile
of the formation of the osmate ester from the separated
reactants. A likely reaction path leading to the experimentally
observed R isomer was characterized though the location of the
separate reactants, an intermediate, a transition state, and the
product. Their relative energies, with respect to the reactants,
were 0.0, 29.7, 23.3 and 234.3 kcal mol21, respectively. The
geometries of both transition state and product were very
similar to those obtained by pure QM calculations on the model
system.25 This proved the validity of the studies on the model
system for the late stages of the reaction. The IMOMM study
revealed nevertheless the presence of an intermediate that had
not been located in the model system. The existence of this
intermediate, shown in Fig. 7, is intimately associated to the

interaction between the substrate and the bulky NR3 ligand. The
styrene substrate is sandwiched by two methoxyquinoline
walls, with the parallel arrangement of the aromatic rings
producing an attractive interaction. This interaction between
substrate and catalyst has important implications on the reaction
mechanism, because it is likely to be affected by the orientation
of the catalyst. This point was clarified by the second study that
is discussed below.

The second IMOMM(Becke3LYP:MM3) study28 on the
reaction of (DHQD)2PYDZ·OsO4 with styrene was specifically
focused on the origin of the enantioselectivity of the reaction.
Because the selectivity is defined by the initial approach of the
substrate to the catalyst, a number of possible pathways must be
analyzed. There are twelve such paths, defined by the three
possible regions (A, B and C) of approach of the substrate to the
catalyst and the four possible orientations (I, II, III and IV) of
the phenyl ring of the substrate within each region, as shown in
Fig. 8. Each of these twelve possible pathways was theoretically

characterized through the location of the corresponding transi-
tion state, with its associated energy. The lowest energy saddle
point, therefore the most likely transition state for the reaction,
was B–I, followed closely by B–III and B–IV, 0.1 and 2.7
kcal mol21 higher in energy. The next saddle point in energy,

Fig. 6 Schematic presentation of the (DHQD)2PYDZ·OsO4 catalyst.

Fig. 7 IMOMM(Becke3LYP:MM3)-optimized27 structure of the inter-
mediate in the dihydroxylation of styrene catalyzed by (DHQD)2PYD-
Z·OsO4.

Fig. 8 Definition of the twelve possible reaction pathways in the reaction of
H2CNCHPh with (DHQD)2PYDZ·OsO4.
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A–IV, lies 4.7 kcal mol21 above B–I. The fact that the three
lowest energy saddle points correspond to region B, which is
not the least sterically hindered (Fig. 8), is a clear indication that
the non-bonding interactions between catalyst and substrate are
of an attractive nature, in agreement with the existence of an
intermediate.

The preference for paths B–I and B–III has an immediate
consequence on the enantioselectivity of the reaction, because
both lead to the R product. This is in excellent agreement with
experimental data, that give a high enantiomeric excess of R
product. In fact, all paths of type I and III go to the R product,
while paths of type II and IV lead to the S product. The S
product, which is a minor product of the reaction, must therefore
come from path B–IV. Agreement with experiment reaches
even to the value of the enantiomeric excess. If the ratio of
products follows a Maxwell–Boltzmann distribution based on
the internal energies of the transition states at 0 K, the
theoretically computed enantiomeric excess would be 99%,
close to the experimental value of 96%.

Application of hybrid QM/MM methods to the study of this
reaction is not limited to the identification of the transition states
and the reproduction of experimental data. It leads also to the
analysis of the effect of the different regions of the catalyst on
this enantioselectivity. The energy difference between the
transition states, which is concentrated in the MM part of the
calculation, can be further decomposed on a term by term basis.
Grouping of the atoms in the regions of the catalyst according to
the labels in Fig. 6 proves that the most decisive part in the
selectivity (with a weight of ca. 50% of the interaction) is
played by quinoline A, with significant, but smaller, contribu-
tions from quinoline B and pyridazine, and a very minor
contribution from the OsO4 unit.

The homogeneous catalysis process that has been the subject
of more hybrid QM/MM calculations to date is however not
dihydroxylation but olefin polymerization. This process had
been traditionally carried out through heterogeneous catalysis,
but several efficient homogeneous processes have gained
importance in recent years.29,30 Two major types of homoge-
neous catalysts are being used in this reaction, and both have
been the subject of intense study through the IMOMM method.
The most studied catalysts31–33 have been those most recently
developed, consisting of late transition metal complexes
containing diimine ligands.30 A typical QM/MM partition for
these studies is shown in Fig. 9. The approach of the entering

monomer to the chain decides the general arrangement of the
resulting polymer and, consequently, its physical properties.
Calculations prove conclusively that this approach is controlled
by the interactions of both fragments with the bulky substituents
in the diimine group. It is worth mentioning that results of
similar quality have been obtained in the application to related
systems of different QM/MM combinations like IMOMM-
(Becke3LYP:MM3),31 IMOMM(BP:Amber)32 and IM-
OMM(BP:CHARMM).33 Apart from these studies on late-
transition metal complexes, more traditional catalysts derived
from bis-cyclopentadienyl complexes of early transition met-
als29 have also been the subject of a number of IMOMM
calculations.34,35 All these calculations confirm that the tacticity

and the chain length of the polymer are decided by steric
interactions between substrate and catalyst. Both characteristics
of the polymer depend on the relative values of the energy
barriers for the insertion, branching and termination reactions.
The values obtained for these processes from IMOMM
calculations are in good agreement with experiment, and in an
opposite order to that obtained in pure QM calculations on
model systems.

A different catalytic process where hybrid QM/MM methods
have made a recent entry is the enantioselective addition of
diethylzinc to benzaldehyde promoted by chiral ligands.36,37

Here, the RHF description is sufficient for the QM region, and
the use of either UFF or MM3 descriptions in the MM region
has provided satisfactory results. The IMOMM method has also
been applied to the analysis of steric effects of bulky phosphine
ligands on the mechanism of some particular reactions, such as
the oxidative addition of hydrogen to [Pt(PR3)2],38 and the
transformation of vinylidene to acetylene in the coordination
sphere of [RhCl(PPri

3)2(CNCH2)] complexes.39

Bioinorganic chemistry, heterogeneous catalysis, etc

The IMOMM method has found the most successful of its
applications within transition metal chemistry in the two major
fields described in the previous sections, where it is by far the
most widely applied method. This notwithstanding, IMOMM
and its modifications have also been applied to other areas of
transition metal chemistry where other more elaborate QM/MM
schemes have a well established tradition.

Biochemistry is probably the field where hybrid QM/MM
schemes have found most of their applications. Proteins and
nucleic acids have very large numbers of atoms, complicated
folded structures, and both their structure and reactivities are
heavily affected by the presence of water solvent molecules.
The interaction with solvent molecules, which polarize the
solute, is critical for a proper description of these systems,
which consequently must introduce explicit polarization terms
on the QM region.6 Schemes like the original implementation of
IMOMM,7 where no polarization from the MM region is
introduced in the QM region, are not adequate to the study of
solvation problems, although the related ONIOM approach,8
with a semiempirical description instead of MM should be
appropriate.

The case of bioinorganic chemistry is however slightly
different. There are a number of enzymes and proteins
containing transition metals at their active center, with many
atoms directly involved, and requiring the use of high level
computational methods. The IMOMM method can be applied in
this context to understand the properties of the active center,
isolated from the rest of the protein. The analysis will be valid
as far as the properties of the system are well reproduced in the
isolated system, in a reasoning quite similar to that justifying
experimental studies on biomimetic complexes. The perform-
ance of this approach can be seen in the example of IMOMM
studies on complexes containing the heme group.

The heme group, constituted by an iron center and a
porphyrin ring, occupies a prominent position in biochemistry
as the active center of several relevant proteins and enzymes.40

Although today computers allow calculation of the full heme
group, the size of the system puts it at the limits of computer
capacity, and hampers the performance of reactivity studies or
very high level calibrations. An interesting alternative is the
description of part of the porphyrin ring with an MM method.

The QM/MM partition used in the IMOMM calculations
discussed here is presented in Fig. 10. In the QM part of the
calculation the heme group is represented by
[Fe{NH(CH)3NH}2]. The validity of the introduction of a QM/
MM partition within the aromatic porphyrin ring is more
arguable than in other topics previously discussed where the
partition was across a single s bond. One must however realize
the fact that the four nitrogen donor atoms of the porphyrin are
part of a large aromatic ring which has two different types of

Fig. 9 Usual QM/MM partition applied in IMOMM calculations on the
mechanism of olefin polymerization catalyzed by late transition metals.
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effects. One of those is the possibility that the aromatic ring has
of acting as an electronic reservoir where occupied and empty
orbitals are relatively close. This property is poorly reproduced
in these IMOMM calculations. However, the other effect, the
existence of a quite rigid framework, which precludes strong
distortions out of planarity, is accurately described by the
IMOMM calculation.

There was therefore a question on the reliability of this QM/
MM modelization. This question was answered by a systematic
set of calibrations,41 where the results of the IMOMM
calculation were compared with full ab initio and experimental
data. Three different systems were analyzed, the four-coor-
dinate [Fe(P)] (P = porphyrin) triplet system, the five-
coordinate [Fe(P)(Im)] (Im = imidazole) quintet system, and
the six-coordinate [Fe(P)(Im)(O2)] singlet system. Computed
IMOMM(Becke3LYP:MM3) geometries were always in rea-
sonable agreement with those obtained from pure Becke3LYP
calculations on the full systems, and with experimental X-ray
crystal structure data on related species. The test was extended
to the energy cost of the out of plane displacement of the iron
atom. This factor, which ought to be ruled almost exclusively by
electronic effects, i.e., by the binding of the Fe center to the N
atoms of the porphyrin ring, was examined with both pure
Becke3LYP and IMOMM(Becke3LYP:MM3) calculations on
the three different systems. The agreement of the values
computed with both methods was good, with discrepancies
smaller than 2 kcal mol21 for displacements as large as 0.3 Å
and as costly as 15 kcal mol21. Furthermore, the differences
between the three different chemical systems were also well
described, with the energy cost of a displacement of 0.3 Å being
ca. 10 kcal mol21 for the four-coordinate system, ca.
5 kcal mol21 for the five-coordinate system and ca.
15 kcal mol21 for the six-coordinate system. This QM/MM
modeling of the heme group has been applied to the IM-
OMM(Becke3LYP:MM3) study42 of the structural properties
of [Fe(TpivPP){1-Me(Im)}(O2)], where Tpiv is 5,10,15,20-tetra-
kis(a,a,a,a-o-pivalamidophenyl)porphyrin, a so-called picket-
fence porphyrin.

A different example of application of IMOMM to bio-
inorganic problems is provided by the study of the catalytic
mechanism of galactose oxidase.43 In this case, the IMOMM
method was used to introduce a backbone link between two
residues attached to the copper center, a tyrosine and a histidine.
The existence of the backbone is shown to affect the chemical
nature of some reaction intermediates, but to have little effect on
the overall energetics of the reaction.

Another field where QM/MM methods have been applied for
a number of years is heterogeneous catalysis.44,45 The simula-
tion of a solid surface is much more affordable if one can
describe at least part of it with an MM description. Some QM/
MM methods have been specifically designed to deal with these
chemical situations, and they have been applied with success to
the case of zeolites.44 Some success has also been obtained46 in
the application of IMOMM(Becke3LYP:MM3) calculations to
the study of Cu atom deposition on SiO2 surface defects. An
IMOMM method that has been specifically designed for
application to heterogeneous catalysis is the so-called SI-
MOMM (Surface IMOMM) method.10 This method has been
successfully applied to the description of the structure of the

Si(001) surface47 and to the cycloaddition reaction of cyclo-
hexa-1,3-diene on this surface.48 In this latter case, it has been
shown that the presence of the bulk solid allows the possibility
of a [2+2] reaction mechanism that was not available in gas
phase studies on model reaction sites.

Concluding remarks
This article has shown how the IMOMM method, proposed only
as recently as 1995, has already produced a significant amount
of valuable theoretical contributions in transition metal chem-
istry. Its success has been logically concentrated in areas where
the calculation of simplified models could not account for the
experimental complexity, as in homogeneous catalysis and in
structural issues associated with steric effects. Work in the area
is nevertheless far from finished. There are many processes in
transition metal chemistry where the bulk of the ligands seems
crucial that have not as yet been tackled from a theoretical point
of view. One must also expect developments from the
methodological point of view. IMOMM is in fact a particular
case of the more general ONIOM scheme,8 which goes beyond
the strict field of QM/MM methods by allowing the use of
different QM descriptions, an approach that also has a role in
transition metal chemistry.49 Other developments in QM/MM
methods will also find applications sooner or later to transition
metal chemistry. In summary, the application of IMOMM and
of other hybrid QM/MM methods to this field of chemistry
looks very promising, and a sharp increase in the number of
applications must be expected in forecoming years.
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Polyhydroxylated isoquinuclidines mimicking the boat con-
formation of pyranosides are strong and selective inhibitors
of a retaining b-mannosidase.

According to the principle of stereoelectronic control,1 hetero-
lytic cleavage of an acetal C–O bond requires an antiperiplanar
orientation of a doubly occupied, non-bonding orbital. This
antiperiplanar lone pair hypothesis (ALPH) means that hydroly-
sis of b-D-pyranosides involves a conformational change of the
tetrahydropyran ring from a chair to a twist-boat or boat
resulting in a pseudoaxial orientation of the aglycon (Fig. 1).2 A

similar conformational change is required for nucleophilic
assistance of the cleavage according to an intermediate SN1/SN2
mechanism. The relevance of ALPH for enzymic glycoside
cleavage has met with strong scepticism,2c but crystal structures
of three endo-glycosidases in complex with substrate analogues
show a skew boat or a flattened boat conformation of the
tetrahydropyran ring.3 A skew boat or boat-like conformer with
a pseudoaxial (elongated) C(1)–O bond may conceivably be
closer to the transition state of an enzymic b-glycoside cleavage
than a reactive intermediate of an oxycarbenium cation type. If
so, inhibitors mimicking the boat-like conformation of a
glycoside, the proper location of the ‘glycosidic heteroatom’
(i.e. the heteroatom attached to C(1) of the glycoside), and the

correct orientation of its lone pairs may possess a more strongly
pronounced character as transition state analogues than in-
hibitors mimicking the cationic reactive intermediate. Inhibitors
mimicking the shape of an oxycarbenium cation appear indeed
to be only partial transition state analogues.4 Since the
conformational change from a chair to a twist-boat or boat
should be induced by all b-glycosidases, we wanted to
synthesize and evaluate a mimic of such a conformer of a
glycoside that is cleaved by an exo-glycosidase. The cyclohex-
ane ring of 14 and 15 (Fig. 1) mimics the tetrahydropyran ring
of a b-mannoside in a 1,4B conformation; it is substituted by a
pseudoaxial amino group that should allow lateral protonation.5
Only one6 of the known bicyclic glycosidase inhibitors7

mimicks a tetrahydropran ring in a (2,5B) boat conformation. It
has been designed in another conceptual context, and was not
tested against b-mannosidases; it is a poor inhibitor of other
glycosidases.

The isoquinuclidines 14 and 15 were synthesised in 14 and 15
steps and in 6.6 and 5.4% overall yields, respectively, from
3-hydroxypyridone via the known tosylate 18 as shown in
Scheme 1. Notable features are the diastereoselective high
yielding Michael addition and aldolisation of 2 to 4, the
epimerisation and hydrolysis (dealkylation?) of the ester 6 to 7a,
and the two step reduction of 11a via 12 to 13.†

Both 14‡ (Ki = 0.17 mM; IC50 = 0.69 mM)§ and 15¶ (Ki =
20 mM; IC50 = 29.4 mM) inhibit snail b-mannosidase
competitively, as determined from a Lineweaver–Burk plot, 14
being about 120 times stronger than 15. Jack bean a-
mannosidase is inhibited ca. 104 times more weakly by 14 (IC50
= 9.6 mM) than snail b-mannosidase and about 700 times more
weakly by 15 (IC50 = 20 mM). Both 14 (IC50 > 5.0 mM) and
15 (IC50 = 4.3 mM) are poor inhibitors of b-glucosidase from
Caldocellum saccharolyticum. The value of IC50 for b-
mannosidase dropped from 4.08 to 0.69 mM for 14 and from 183
to 29.4 mM for 15 as the preincubation was prolonged from 10

Fig. 1 Skew boat (1S3, a) and boat (1,4B, b) conformers of a b-D-
mannopyranoside and isoquinuclidines 14 and 15.

Scheme 1 Reagents and conditions: i, BF3·Et2O, CH2Cl2, 98%; ii, CH2NCH–CO2Me, Et3N, 92% from 2; iii, CH2(OMe)2, P2O5, CHCl3, 88%; iv, Na–C10H8,
DME, 278 °C, 88% from 5; v, K2CO3, MeOH, D; vi, BnBr, NaHCO3, DMF, 8a/8b 80+20 (49% from 6), 9a/9b 80+20 (18% from 6); vii, NaH, BnBr, DMF,
89%; viii, OsO4, acetone–H2O, 89%; ix, Me2C(OMe)2, acetone, CSA, 94%; x, THF, D, 12 (57%), 13a (17%), 13b (8%); xi, LiAlH4, dioxane, D, 13a (67%);
xii, TFA, H2O, D, 84%; xiii, H2/Pd(OH)2/C, conc. HCl, MeOH/H2O, 82%.
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min to 2 h. The inhibition by 14 and 15, as represented by
1/IC50, shows a linear dependence on pH, revealing inhibition
by the free amines rather than by the ammonium salts. The
inhibition is ca. 4–6 times stronger at pH 5.6 than at pH 4.5 and
again ca. 4–6 times weaker at pH 3.6.∑

Since 15 (pKHA = 8.4) is a stronger base than 14 (pKHA =
7.5), one expects 14 to be a stronger inhibitor than 15 at pH 4.5
by a factor of about 10. That 14 is 120 times stronger than 15
evidences a hydrophobic interaction of the benzyl group of 14
with the aglycon binding site. Such interactions are well
precedented.10,11

The pH dependence of the inhibition by 14 and 15 evidences
the essential interaction with the catalytic acid, and confirms its
flexibility.12 In contrast to the inhibition by the azole type
inhibitors,4,13–15 that is characterised by a cooperative inter-
action of the inhibitor with the catalytic acid and the catalytic
nucleophile2b the interaction of 14 and 15 with the catalytic
nucleophile appears to play at best a minor role. The inhibitory
activity of 14 and 15 is in agreement with the postulate that a
conformational change of the pyranose ring precedes or
accompanies the enzymatic cleavage of b-glycosides.

Notes and references
† The esters 9a and 9b were isolated in yields of 41 and 10% from 5.
Selected 1H-NMR data for 8a: 4.00 (ddt, J = 5.6, 3.4, 2.1, H-C(1)), 2.93
(dd, J ≈ 10.5, 4.9, H-C(5)), 1.95 (ddd, J = 12.5, 5.0, 3.4, Hexo-C(6)), 1.79
(ddd, J = 12.5, 10.6, 2.2, Hendo-C(6)); selected 1H-NMR data for 8b: 4.05
(ddt, J ≈ 5.3, 3.6, 1.4, H-C(1)), 3.06 (ddd, J = 10.0, 5.1, 0.9, H-C(5)), 2.09
(ddd, J = 12.8, 10.0, 3.7, Hexo-C(6)), 1.56 (ddd, J = 12.5, 5.0, 1.6, Hendo-
C(6)). The exo configuration of the diols 10 (exo refers to the face syn to the
C(1)–N bond) was assigned on the basis that J1,6 = 2.1 Hz (10a and 10b)
is smaller than J1,7exo = 3.6 (10a) and 4.4 Hz (10b) and closer to J1,7endo =
2.0 (10a) and 1.7 Hz (10b).8 An attempt to reduce 11a to 13 in one step was
not successful.
‡ Data for 14: Rf (AcOEt–MeOH 5+1), 0.40; dH(300 MHz, CD3OD):
7.40–7.13 (m, arom. H), 3.88 (dd, J = 12.1, 6.5, CH2OH), 3.85 (dd, J = 8.4,
2.1, irrad. at 2.66 ? d, J = 8.4, H-C(6), 3.81, 3.72 (2d, J = 13.1, N-CH2Ph),
3.65 (dd, J = 10.6, 6.5, CH2OH), 3.60 (dd, J = 8.4, 1.3, H-C(5)); 2.89 (dd,
J ≈ 9.5, 1.8, Hb-C(3)), 2.66 (br q, J ≈ 2.6, H-C(1)), 2.47 (dd, J ≈ 9.6, 1.6,
irrad. at 2.89 ? d, J = 4.4, Ha-C(3)), 1.84–1.61 (m, irrad. at 2.66 ? change,
irrad. at 2.89 ? change, Hexo-C(7), H-C(8)), 1.59 (ddd, J ≈ 13.7, 10.6, 2.8,
irrad. at 2.66 ? change, Hendo-C(7)); dC(75 MHz, CD3OD): 140.54 (s),
130.22 (d), 129.60 (d); 128.38 (arom. C); 73. 56 (s, C(4)); 73.45 (d, C(6));
70.33 (d, C(5)); 63.81 (t, CH2OH), 61.29 (t, N-CH2Ph), 56.82 (d, C(1)),
51.32 (t, C(3)), 40.14 (d, C(8)), 24.89 (d, C(7)); ESI–MS: 280 ([M + 1]+),
302 ([M + Na]+). Anal. calc. for C15H21NO4·0.5H2O: C 62.48, H 7.69, N
4.86%. Found: C 62.24, H 7.47, N 4.83%.
§ Snail b-mannosidase: at 25 °C and pH 4.5; jack bean a-mannosidase: at
37 °C and pH 4.5; b-glucosidase from Caldocellum saccharolyticum: at
55 °C and pH 6.8.
¶ Data for 15: Rf (AcOEt–MeOH 5:1): 0.40; dH(300 MHz, D2O): 3.99 (dd,
J ≈ 8.6, 2.1, irrad. at 2.75 ? d, J = 8.7, H-C(6)), 3.85 (dd, J = 10.9, 5.3,

irrad. at 1.85 ? d, J = 10.6, CHb–C(8)), 3.73 (dd, J ≈ 8.6, 1.8, irrad. at
2.65? d, J = 8.7, irrad. at 3.99 ? t, J = 1.9, H–C(5)), 3.62 (dd, J ≈ 11.1,
8.0, irrad. at 1.85 ? d, J = 10.6, –CHa–C(8)), 2.88, br. dd, J ≈ 11.2, 2.0,
irrad. at 1.85 ? d, J = 11.2, irrad. at 2.65 ? d, J ≈ 5.0, Ha–C(3)), 2.75 (br
q, J ≈ 2.4, irrad. at 1.52 ? br. t, J ≈ 2.5, irrad. at 1.85 ? t, J = 2.2, irrad.
at 3.99 ? change, H–C(1)); 2.65 (dd, J ≈ 11.4, 1.8, Hb–C(3)), 1.76–1.95
(m, irrad. at 1.52 ? change, irrad. at 2.75 ? change, Hendo–C(7), H–C(8)),
1.52 (dd, J = 7.8, 3.4, irrad. at 1.85 ? d, J = 2.5, irrad. at 2.75 ? d, J =
7.8, Hexo–C(7)). dC(75 MHz, D2O): 73.49 (d, C(6)), 73.35 (s, C(4)), 70.24
(d, C(5)), 65.00 (t, CH2–C(8)), 41.58 (t, C(3)), 40.53 (d, C(1)), 29.01 (t,
C(7)); MALDI-MS: 190 (100, [M + 1]+), 212 (10, [M + Na]+). Anal. calc.
for C8H15NO4·0.5 H2O: C 48.48, H 8.14, N 7.07%. Found: C 48.28, H 7.91,
N 6.77%.
∑ The enzyme loses ca. 50% activity at pH 5.5 and ca. 10% at pH 3.5.9
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A SAM-modified gold electrode has been developed for the
first time for quantitative NO generation of a nanomolar
amount that is proportional to the surface area of the
electrode.

Nitric oxide, a relatively unstable, potentially toxic gas, has
been implicated in a wide variety of physiological and
pathological processes.1–4 Considering the numerous functions
of NO in the human body, controlled delivery of a quantitative
amount of NO to specific sites is most critical for biomedical
applications of NO donor compounds.5,6 On the other hand,
extensive research on a variety of self-assembled monolayers
(SAMs) on different metal electrodes has resulted in many
biomedical applications during the past decade.7–11 In our
efforts to develop quantitative and site-specific NO donating
compounds, we explored the possibility of using the self-
assembled monolayer of an NO donor to achieve controlled NO
release. Here we report the development of a novel SAM moiety
6 by attaching a thiol tail to the NO donor molecule and
allowing it to self-assemble onto the surface of a thin gold
electrode (Scheme 1). Upon applying an electric potential, the
electrode achieves quantitative NO release on a nanomolar
scale.

N-Nitroso-N-oxido-p-thiomethylbenzenamine ammonium
salt 5 was synthesized according to Scheme 1. 4-Nitrobenzyl
bromide (1) was reacted with potassium thioacetate to give
compound 2. Subsequent zinc reduction of the nitro group,
nitrosation with isobutyl nitrite, and finally neutralization and
spontaneous deacetylation afforded 5.† Although compound 5

slowly decomposes at rt, successful preparation of the SAM
gold electrode of compound 5 was achieved at 24 °C, leading
to the formation of 6. According to Lawless and others who
have illustrated the oxidative electrochemical release of NO
from cupferron‡ and its derivatives,12,13 a similar mechanism is
proposed to account for NO generation from the SAM donor 6
(Scheme 2). Upon applying an electric potential, 6 undergoes a
one-electron electrochemical oxidation to form presumably the
highly unstable free radical intermediate 7, which sponta-
neously decomposes to release NO and form the nitroso SAM 8
as well.

An Osteryoung square wave voltammetry (OSWV) tech-
nique was employed to characterize the donor SAM 6. Typical
OSWV responses using a BAS-100B electroanalyzer were
shown in Fig. 1. From 0 to 800 mV, the donor SAM modified
gold electrode exhibited a single peak at a potential of 270 mV

Scheme 1 Synthesis of NO donor 5 and preparation of SAM 6.

Scheme 2 Proposed NO releasing mechanism from the SAM modified gold
electrodes.

Fig. 1 Typical OSWV responses of SAM functionalized gold electrodes.
Curve 1: first scan; curve 2: second scan; and curve 3: a ‘real’ background
obtained after multiple scans.
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corresponding to an irreversible oxidation process (curve 1). A
second continuous scan resulted in a lowered peak current
(curve 2), indicating a reduced quantity of the donor compound
5 on the surface of the electrode. Upon multiple scans, the peak
eventually disappeared and a ‘real’ background curve was
obtained (curve 3), which represented the formation of 8.

X-ray photoelectron spectroscopy (XPS) has proven to be a
useful technique in characterizing SAM-functionalized metal
surfaces by determining the oxidation state of nitrogen within
SAM electrodes.14 XPS specta in Fig. 2A are the results of three
peaks that correspond to nitrogen atoms15,16 in three different
chemical environments in donor SAM 6 (binding energy of
399.66, 401.21 and 403.14 eV for N1S

1/2, respectively). After
electrolysis, the overall spectra changed with the appearance of
a new peak with lower binding energy. The new spectrum (Fig.
2B) is best fitted for N1S

1/2 peaks at binding energy of 399.33,
400.44, 401.38 and 403.22 eV, respectively. The new peak at
400.44 eV corresponds to the N1S

1/2 intensity of the nitroso
group in SAM 8, which is consistent with the oxidation of the
bulky terminal group in SAM 6.

To directly monitor the generation of NO from the SAM
functionalized gold electrode, a commercially available NO
detector probe was inserted into the electrolysis cell through a
bypass to the vicinity of a gold electrode at a fixed position. Due
to the actual detection limit of the NO detector probe ( ~ 2 nM),
the gold bead working electrode was replaced with a larger gold
plate electrode (Au (111)) in order to generate a significant
amount of NO for detection. NO generation was monitored
simultaneously during a quantitative electrolysis process while
the solution was vigorously stirred. The amount of NO released
was determined by subtracting the highest point on the current
plateau from the background current and converting the result
into the corresponding quantities of NO using a standard
calibration curve. It was shown that the amount of NO generated
increased with the electrode potential during a bulk electrolysis
process; however, no linear relationship appeared between the
amount of NO released and the electrolysis potential.13 Next,
we carried out the electrolysis with various sizes of gold
electrodes all having the same square geometry. Interestingly, a
linear relationship between the amount of NO generated and the
area of the electrode was established (Fig. 3),§ which indicates
that controlled NO release could be achieved by selecting an
appropriately sized surface area of the gold electrode.

In summary, this work demonstrates the principle and initial
design of a gold electrode functionalized by a self-assembled

monolayer of NO donor compound. Upon electrolysis, such an
electrode quantitatively generates NO at a nanomolar scale and
the amount of NO produced can be controlled by changing the
surface area of the gold electrode. It is thus envisioned that this
type of electrode can be developed into practical NO generating
micro electrode arrays for a variety of biochemical applications
where a small but quantitative amount of NO can be targeted at
specific sites.

This work was supported by research grants from the NIH
(GM 54074) and the American Heart Association, FL Affiliate
(9701760). P. G. Wang and Y.-C. Hou thank Professor Luis
Echegoyen for useful discussions at the University of Miami
where the ideas regarding this work were initiated.

Notes and references
† Selected data for 5: dH(500 MHz, CD3OD) 3.62 (s, 2H), 7.29 (d, J = 8.5
Hz, 2H), 7.53 (d, J = 9.0 Hz, 2H); dC(125 MHz, CD3OD) 27.2, 119.2,
128.2, 136.8, 144.5; UV/Vis (MeOH): lmax (e) = 299 nm (11,000); Anal.
calcd. for C7H11N3O2S1: C, 41.78; H, 5.51; N, 20.88; S, 15.93. Found: C,
41.82; H, 5.48; N, 20.80; S, 15.87%.
‡ The IUPAC name for cupferron is N-nitroso-N-phenylhydroxylamine
ammonium salt.
§ Out of several sets of NO generation data, the single best one was chosen
for the plot.
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Fig. 2 XPS spectra of the SAM covered gold electrode prior to (A) and after
(B) the electrolysis.

Fig. 3 A linear relationship between the amount of NO released and the
surface area of the gold electrodes.
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DFT calculations of structural and magnetic properties of
the ring carbomers of [n]annulenic species (n = 3–6), show
that the aromatic vs. antiaromatic character of [n]annulenic
species is qualitatively preserved by the carbomerisation
process.

The constitutive, practical, and aesthetical importance of the
carbon element in molecular chemistry1 can be doubled with a
formal function to expand the size of Dreiding (or ball-and-
stick) models of molecules independently from other structural
features. Indeed, by inserting an (sp-C)2 unit into each bond of
a Lewis structure, one constructs a so-called ‘carbomer’
structure of the former which has approximately a three-fold
expanded size, and yet preserves the connectivity, the sym-
metry, the shape and p-electron resonance properties of its
antecedent (Scheme 1).2

The general question to be addressed is whether the
preservation/transformation of such essential characteristics of
the chemical model entails preservation/transposition of phys-
icochemical properties. The addition of two p-electron pairs per
connection in the carbomerisation process makes a carbomer
molecule a priori more reactive than the parent molecule. In
order to correct this additive bond energy scheme and restore
some stability in future synthetic targets, one here considers
possible aromatic carbomer molecules: these molecules might
simply be the carbomers of known aromatic molecules. This
would allow us to test the way aromaticity, an intensively long
debated concept,3 is transposed by the carbomerisation process.
In an exploratory study, we now consider the ‘ring carbomers’
of [n]annulenic species.4

Lewis structures of the ring carbomers nb of the lowest
classical [n]annulenic molecules and ions na (n = 3–6) are
depicted in Scheme 2.5 According to the simple VSEPR model,
the structures should be planar and more or less symmetrical,

depending on the electron delocalisation. Although none of
these molecules are experimentally known,6 substituted deriva-
tives of the ring carbomer of benzene 6b have been described.7
In particular, the D6h symmetry of the ring of the hexaphenyl
derivative has been established by X-ray crystallography.8
Since geometry optimisation of 6b at the B3PW91/6-31G**
level reproduced the experimental symmetry and bond lengths,
this method was used for calculating the structures of all
carbomers nb (Fig. 1).

As anticipated from the application of the basic Hückel rule
to the sole pz-electron systems,9 the singlet 4m + 2 pz electron
structures nb (n = 6, 5, 3) and the triplet 4m pz-electron
structure nbT (n = 4), exhibit Dnh symmetry just as their
respective parent molecules na. Likewise, the singlet 4m = 12
pz-electron structure 4bS possesses a lower D2h symmetry just
as its parent singlet cyclopentadiene 4aS (Table 1). These
results prove that structural aromaticity (resp. structural anti-
aromaticity) of a [n]annulenic species na is preserved in its ring
carbomer nb. Moreover, the application of the Hückel rule,
early established for [n]annulenic molecules, is thus valid for
their ring carbomers on the basis of a pz electron count. The
specific presence of in-plane pxy electrons does not have a
qualitative influence on the structural aromaticity of [n]annu-
lene ring carbomers.

According to Katritsky’s factor analysis, the aromaticity
concept is two dimensional.10 Whereas structural aromaticity
(Dnh symmetry) can be regarded as a measure of the cyclic
delocalisation of s electrons,11 magnetic aromaticity (ring
current) is a measure of the cyclic delocalisation of the p
electrons.12 The Nucleus Independent Chemical Shift (NICS),
propounded by Schleyer in 1996, proves to be a universal
magnetic aromaticity measure revealing the existence of an
overall diatropic ring current when negative, and an overall
paratropic ring current when positive.13 The NICS values of the
optimised structures nb (n = 3–6) have been calculated at the
ring center, at the B3LYP/6-31+G* level within the framework
of GIAO formalism.14 The data are compared with the NICS
values of corresponding [n]annulenic species (Table 1):15 ring

Scheme 1 Basic process in the definition of carbomers.

Scheme 2 [n]annulenic species and their ring carbomers.
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carbomers nb have the same NICS sign as their respective
parent [n]annulenes na. This shows that magnetic aromaticity is
qualitatively preserved in the carbomerisation process. The high
positive NICS value of singlet 12-pz electron 4bS must be
emphasised: it is the signature of a rather strong paratropic ring
current, as in singlet cyclobutadiene.

In order to bring out the specific influence of the out-of-plane
pz system versus that of the in-plane pxy system in the ring
carbomer structures nb, the pxy in-plane system is formally
isolated in the corresponding [n]pericyclynes. For example, the
ring center NICS value of [5]pericyclyne 7 (Scheme 3) in its
optimised geometry has been calculated. The weak value found
(NICS(7) = +0.6 ppm, at the HF/6-31+G* level) confirms
the absence of homoaromaticity in 7 claimed by Schleyer
et al.16 The ring geometry of 7 is D5h (with d(C·C) = 1.208 and
d(C–C) = 1.466 Å), similar to that of 5b. Therefore, by

resorting to the additive scheme NICS ≈ NICS(s) + NICS(pz)
+ NICS(pxy),17 it can be approximated that 7 and 5b have
similar NICS(s) and NICS(pxy) contributions: the high NICS
value of 5b is thus merely due to the NICS(pz) component,
while the in-plane pxy system plays a minor role.

As for [n]annulenes, structural and magnetic aromaticity
criteria correlate perfectly well together and with the Hückel
rule applied to the sole pz-electron system of [n]annulene ring
carbomers. In conclusion, the preservation of aromaticity vs.
antiaromaticity character during the carbomerisation process is
clearly illustrated. This result encourages further efforts in the
carbomeric comparison of physicochemical properties. In
particular the transposition of energetic aromatic criteria going
from na to nb will be reported shortly.18

The authors are grateful to Dr Guy Lavigne for encouraging
discussions. We also wish to thank the Centre National de la
Recherche Scientifique and the Ministère de l’Enseignement
Supérieur de la Recherche et de la Technologie for financial
support and IDRIS for computing facilities.
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Table 1 Comparative DFT-computed structural and magnetic data of [n]annulenic structures na and their ring carbomers nb

No Geometrya sp–sp sp–sp2 sp–sp2–sp sp2–sp–sp NICSb No Geometrya sp2–sp2 NICSb

6b D6h 1.239 1.369 122.6° 178.7° 217.9 6a D6h 1.394 28.0
5b D5h 1.238 1.369 118.5° 174.8° 216.9 5a D5h 1.419 212.5
4bT D4h 1.241 1.378 115.2° 167.4° 215.8 4aT D4h 1.437 22.0
4bS D2h 1.267,1.218 1.334, 1.428 115.2° 167.3° 53.0 4aS D2h 1.572, 1.334 28.2
3b D3h 1,253 1.391 109.7° 155.1° 222.3 3a D3h 1.365 222.4
a Optimised geometries at the B3PW91/6-31G** level. Bond lengths are in Å units. b In ppm units. NICS were calculated at the centroids of the rings within
the framework of the GIAO formalism at the B3LYP/6-31+G* level from the B3PW91/6-31G** optimised geometries.

Fig. 1 Optimised geometries of ring carbomers nb at the B3PW91-6-31G**
level.

Scheme 3 [5]pericyclyne, assumed to have a pxy system similar to that of
5b.
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A synthesis of novel achiral hydantoin- and isoxazoline-
substituted dispirocyclobutanoids from solid-phase synthe-
sis has been achieved. The facial and selective Boc-NH-
mediated hydrogen-bond delivery of the nitrile oxide
afforded 6 as the major compound.

In the field of drug discovery, considerable effort has been
applied to the synthesis of hydantoin derivatives1 using both
solution- and solid-phase organic synthesis techniques. Many of
the hydantoins reported to date are either racemic or diaster-
eomeric mixtures. For example, we have synthesized a number
of hydantoins.1i–l

The need to further diversify these compounds, together with
recent reports regarding the biological activities of spiro-
hydantoins2 and spiroisoxazolines,3 led us to explore develop-
ment of a solid-phase synthetic strategy for the construction of
hydantoin- and isoxazoline-containing heterocycle I with its
central cyclobutane core. In this dispiro [4.1.4.1] system, the
target molecule itself is achiral and thus avoids the formation of
racemic mixtures—an important synthetic consideration when
designing a potential drug scaffold.

Our solid-phase approach to I began with the coupling of
Boc-protected amino acid 14 with hydroxymethyl substituted
polystyrene (1.1 mmol OH gram21) in the presence of
1,3-diisopropylcarbodiimide (DIC). A solid-phase 1,3-dipolar
cycloaddition reaction5 of the alkene moiety in 2 with a
Mukaiyama-generated nitrile oxide6 delivered resin 3. Depro-
tection of the Boc moiety (TFA–CH2Cl2) and neutralization
(Et3N) of the resin delivered amino ester 4. Treatment of this
intermediate with isocyanates gave the urea ester intermediate 5
which released the achiral dispirohydantoins 6 and 7 by
treatment with Et3N (Scheme 1, Table 1). In previous
studies,1i2j we discovered that urea-NH in cyclopentenyl amino
acids can be a very effective stereocontrol element in solid-
phase intermolecular nitrile oxide 1,3-dipolar cycloaddition
reactions. With 2 now in hand, we were positioned to probe
whether the Boc-NH moiety here would mediate similar
stereoselectivity.

Indeed, the exo-methylenecyclobutane system realized some
diastereoselectivity such that the H-bond directed product (i.e.
6) was obtained with ≈ 3+1 selectivity relative to the non-H-
bond directed product (i.e. 7). X-ray crystallographic analysis of
6c‡ (Fig. 1) verified the relative stereochemistries of 6/7. This
solid-phase stereoselectivity is in accord with our preliminary
solution-phase studies where the ethyl ester equivalent of 2 (R1

= C6H5–) undergoes 1,3-dipolar cycloaddition giving the ethyl
ester equivalent of 3 with ≈ 3+1 stereoselectivity. Moreover, the
solution-phase parallels of 2? 3? 4? 5? 6 (R1 = C6H5–;
R2 = C6H5CH2–) proceed in 52% overall yield (64, 89, 96, and

95%, respectively), while the solid-phase overall yield of 6 + 7
from hydroxymethyl substituted polystyrene (i.e. one additional
step; 1? 2) is 45–56%. Thus, while solution- and solid-phase
yields are comparable, the solid-phase protocol reported here
enjoys the typical advantages of bead-based chemistry7 and it
allows for the easy manipulation of diastereomer mixtures with
only end-product (i.e. 6 and 7) separation.

Typical procedure for solid-phase synthesis of dispiro-
hydantoins. A solution of DMAP (20 mg, 0.16 mmol) in DMF–
CH2Cl2 (1 mL–4 mL) was prepared. Boc-protected amino acid
1 (0.37 g, 1.65 mmol) and DIC (0.21 g, 1.65 mmol) were
dissolved in DMF–CH2Cl2 (1–4 mL) and this solution was
added to the flask which contained the hydroxymethyl substi-
tuted polystyrene (0.5 g, 0.55 mmol, 1.1 mmol OH gram21).
Finally the DMAP solution was added and the reaction mixture
was stirred overnight at ambient temperature. The resin was
washed with DMF, CH2Cl2, and ether, and dried to give the
resin 2. Resin 2 was swollen in THF (15 mL) and nitropropane
(0.15 g, 1.65 mmol), phenylisocyanate (0.39 g, 3.3 mmol), and
Et3N (15 mg) were added. The reaction mixture was stirred at
60 °C overnight, then washed with DMF, CH2Cl2, and ether.
This 1,3-dipolar cycloaddition step was repeated a second time.
Drying in vacuo gave the resin 3 (R1 = Et) which was treated

Scheme 1

Table 1 Dispirocyclobutanoids (6/7) from solid-phase synthesis

Compound R1 R2 % Yielda

6a C6H5CO– C6H5– 40
7a C6H5CO– C6H5– 16
6b Et– C6H5CH2–b 36
7b Et– C6H5CH2–b 11
6c C6H5CO– nBu–b 35
7c C6H5CO– nBu–b 10
6d Et– C6H5– 39
7d Et– C6H5– 15

a Overall yield from hydroxymethyl substituted polystyrene. b Cyclo-
elimination was achieved using DMF.
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with 50% TFA–CH2Cl2 (20 mL) at ambient temperature for 1 h.
The resin was washed with DMF and CH2Cl2, followed by
treatment with 10% Et3N in CH2Cl2 (20 mL) for 1 h. The
resulting resin was washed with DMF, CH2Cl2, and ether, and
dried under vacuum to give resin-bound 4 with its free amine
functional group. Resin 4 was treated with benzyl isocyanate
(0.22 g, 1.65 mmol) in THF overnight at ambient temperature.
The resin was washed with THF, DMF, and CH2Cl2 to afford
the urea 5 (R1 = Et–, R2 = C6H5CH2–). This resin was treated
with Et3N (0.33 g, 3.3 mmol) in DMF (20 mL) at 110 °C for 30
h to release the achiral dispirohydantoins as a mixture (6b+7b =
3:1), which was finally separated by column chromatography
(ethyl acetate–hexane = 1+4) to give 6b (62 mg, 0.2 mmol,
36% overall yield§) and 7b (20 mg, 0.06 mmol, 11% overall
yield§). 6b: Mp 157 °C; FTIR (KBr) 3259, 2939, 1760, 1723,
1450 cm21; dH (300 MHz, CDCl3) 7.37–7.23 (m, 5H), 7.11 (s,
1H), 4.62 (s, 2H), 3.32 (s, 2H), 2.95 (d, 2H, J = 13.8 Hz), 2.78
(d, 2H, J = 13.8 Hz), 2.34 (q, 2H, J = 7.4 Hz), 1.15 (t, 3H, J
= 7.4 Hz); dC (75 MHz, CDCl3) 176.8, 161.4, 155.7, 135.9,
128.6, 128.4, 127.8, 77.6, 53.4, 47.9, 46.6, 42.1, 21.3, 10.6;
Anal. Calcd for C17H19N3O3: C, 65.16; H, 6.11; N, 13.41.
Found: C, 65.11; H, 6.08; N, 13.27%. 7b: Mp 194 °C; FTIR
(KBr) 3196, 2934, 1778, 1714, 1431 cm21; dH (300 MHz,
CDCl3) 8.21 (s, 1H), 7.32–7.25 (m, 5H), 4.63 (s, 2H), 3.26–3.23
(m, 4H), 2.42–2.34 (m, 4H), 1.16 (t, 3H, J = 7.5 Hz); dC (75
MHz, CDCl3) 174.2, 160.4, 158.0, 135.8, 128.6, 128.3, 128.0,
79.0, 54.8, 48.1, 46.6, 42.4, 21.4, 10.8; Anal. Calcd for
C17H19N3O3: C, 65.16; H, 6.11; N, 13.41. Found: C, 65.36; H,
6.17; N, 13.41%.

In summary, we have developed a synthetic strategy for the
preparation of novel heterocycles of generalized structure I
from solid-phase. The work reported here secures this stage in
a program aimed at the structural diversification of hydantoin-
and isoxazoline-based pharmacophores. Combinatorial library
production employing this general and expedient synthetic
solid-phase methodology and subsequent biological evaluation
are underway.

Notes and references
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research and the National Science Foundation CRIF program (CHE-
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instrument purchases.
‡ Crystal data: for 6c C19H21N3O4, colorless plate, M = 355.39, triclinic,
space group P1, a = 6.1496(7) Å, a = 93.194(2)°, b = 96315(11) Å, b =
92.728(2)°, c = 15.2827(10) Å, g = 106.031(2)°, U = 866.77(15) Å3, Z =
2, Dc = 1.362 Mg m23, m = 0.097 mm21, R = 0.0515, wR = 0.1206, GOF
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Preformed or in situ generated polycyclic bromostannylalk-
enes react under palladium catalysis under Stille or Grigg
reaction conditions to afford cyclotrimerised adducts via a
three-fold carbon–carbon coupling reaction.

Due to their unusual electronic features, the class of molecules
composed by trisannelated benzenes of polycyclic structures
has attracted considerable interest in the past few years.1 These
molecules also have a peculiar cup-shaped structure that makes
them suitable for use in molecular recognition as the component
host.2 Here we present a new and effective method of
preparation of benzoannellated cyclotrimers which is based on
the Stille coupling reaction.†3 The cyclotrimerisation is accom-
plished by placing the metal center (the stannyl residue) and the
leaving group (the bromine atom) (Scheme 1) at the two ends of
the olefinic substrate.

Bromostannylbenzonorborna-2,5-dienes‡ 1,2 were prepared
by bromine–tin exchange from the dibromo derivative 3 or by
LDA treatment of the bromobenzonorborna-2,5-diene 4 fol-
lowed by quenching with trimethyltin chloride.4 When 1 was
heated at 70 °C for 24 h in DMF in the presence of palladium(II)
acetate (10% mol eq.), triphenylphosphine (20% mol eq.) and
LiCl a 4+1 mixture of anti and syn trimers 5 was obtained in
38% yield (Scheme 2). No detectable formation of dimers, as
previously noticed in the reaction with copper nitrate, was
observed.4 Yields and anti to syn ratio are affected by
temperature, solvent or by the changes to the other reaction
conditions.

For example, the same reaction carried out in toluene at
120 °C affords, after 24 h, a 3+1 mixture of anti and syn isomers
5 in 30% yield. By comparison, in refluxing THF, the system is

unreactive even after 94 h. The effect of co-catalysts has been
considered. LiCl,5 a well known Stille coupling activator, does
not significally improve the yields of the reaction.

Relevantly, the bromotributyltin derivative 2 treated with
palladium(II) acetate (7% mol eq.) and triphenylphosphine
(14% mol eq.) at 110 °C for 24 h in toluene leads to trimer 5 as
only the anti isomer in 58% yield.

The toxic nature of tin compounds, which is especially
crucial for the trimethyl derivative as well as the handling and
storage of quantities of bromostannylalkenes, prompted us to
test the feasability of the in situ reaction under the methodology
developed by Grigg.6 Accordingly, by heating a mixture of
dibromobenzonorborna-2,5-diene 3, palladium(II) acetate (10%
mol eq.), triphenylphosphine (20% mol eq.) and hexamethyldi-
tin in refluxing toluene, cyclotrimer 5 is obtained in comparable
yields with the Stille method (50%). In this case, however, only
the anti isomer is formed. Remarkably the reaction can be
achieved in much higher yields by using hexabutylditin, which
besides being less toxic,7 is less expensive than the methyl
derivative. The latter reaction conditions, using hexabutylditin
in place of hexamethylditin, gave 5 quantitatively, and were
considered as the most convenient conditions for the desired
transformation and were applied to other substrates for the
determination of the scope of the method.§ All of the
dibromoderivatives 6–8 afforded the respective trimer anti-9,
anti-10 and 11 in almost quantitative yields.¶8

The mechanism by which trimers are formed could be
attractively envisaged as a ‘head to tail’ coupling amongst the
tin and bromine termini of the double bonds. If this in indeed the
case the cyclotrimerisation reaction of racemic 1 either
preformed under the Stille reaction conditions or generated in
situ with the Grigg method, should always afford a statistical
3+1 ratio of the anti and syn product.1b The formation of the anti
product only suggests that the reaction occurs with the coupling
of both antipods, while that derived from the coupling of the
homochiral enantiomers does not form because of steric
hindrance.1b Alternatively, the reaction may occur via an
acetylene intermediate stabilised by complexation with palla-
dium. However, no further data regarding the mechanism are
available so far.

In conclusion we have reported the Stille reaction applied to
an unusual bifunctional substrate that leads to a useful
application and developed a method that, especially in the
optimised Grigg variant, competes with the best method so far
available for the cyclotrimerisation of polyclic alkenes both in
terms of yields and safety.

This work was supported by MURST (Rome) within the
National Project ‘Stereoselezione in Chimica Organica. Meto-
dologie e Applicazioni’.

Scheme 1

Scheme 2
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Notes and references
† As reported in ref. 1a, 2-bromo-3-trimethyltinnorborna-2,5-diene does
not undergo cyclotrimerisation under Stille-coupling conditions. The reason
for this failure is assumed to be Pd complexation to the double bond
between carbons 5 and 6 in this substrate.
‡ The IUPAC name for benzonorborna-2,5-diene is tricyclo[6.2.1.02,7]un-
deca-2,4,6,9-tetraene.
§ A mixture of 2,3-dibromobenzonorborna-2,5-diene (0.34 mmol),
Pd(OAc)2 (0.04 mmol), PPh3 (0.08 mmol) and hexabutylditin (0.51 mmol)
in dry toluene (3 mL) in a screw capped pyrex test tube was purged with
argon, sealed and heated at reflux for 24 h. After cooling to rt, water (20 mL)

was added and extracted with diethyl ether (3 3 30 mL), washed with brine,
dried (MgSO4) and concentrated at reduced pressure. The residue was
purified by flash chromatography through a short silica gel column eluting
with a hexane–dichloromethane gradient.
¶ It should be pointed out that the cyclotrimerisation reaction carried out on
the boron derivative under Suzuki type reaction conditions afforded only a
very moderate yield of cyclotrimer.
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Treatment of carborane anions with excess RBr (R = Me,
Et) in a sealed Pyrex tube at 200 °C gives peralkylated
carborane anions in quantitative yields, which represents the
most convenient and the most economic method so far
reported in the literature for the preparation of peralk-
ylcarborane anions.

As a class of the robust and weakly coordinating anions,
carborane anions have found many applications in catalysis,
metathesis, and oxidation chemistry as well as in stabilizing
highly reactive cations.1 Many derivatives of carborane anions
have recently been reported; among these, the polymethylated
species have received much attention.2–7 Two main methods
have been developed for the transformation of B–H or B–I
vertices to B–C ones; they include palladium-catalyzed alkyla-
tion of B–I vertices of iodocarboranes with Grignard rea-
gents,2–5 and electrophilic substitution of B–H vertices by
strong methylating reagents such as methyl triflate or trimethy-
laluminium/MeI.6,7 These methods often involve complicated
workup procedures, and sometimes a mixture of products,
which lead to a lower yield. We report herein a very facile
synthesis of peralkylated carborane anions.

Treatment of [Me3NH][1-H-CB9H9] or [Me3NH][1-R-
CB11H11] with excess MeBr in a sealed Pyrex tube at 200 °C for
5 days gives permethylated products [Me3NH][1-H-CB9Me9]
(1) or [Me3NH][1-R-CB11Me11] [R = H (2), CH3 (3)] in almost
quantitative yields.† The first perethylated carborane anion,
[Me3NH][1-H-CB11Et11] (4), can also be prepared quantita-
tively in the same manner by using EtBr as a reagent [eqn.
(1)].

(1)

No organic solvent is involved and no workup procedures are
needed. After the reaction is complete, the Pyrex tube is opened
and excess RBr is immediately evaporated leaving a pure
product. These compounds have been fully characterized by 1H,
13C and 11B NMR, MS and IR spectroscopy. The complete
conversion of B–H vertices into B–R (R = Me, Et) vertices is
indicated by the absence of the characteristic B–H absorption
(ca. 2600 cm21) in the IR spectra and identical proton-coupled
and proton-decoupled 11B NMR spectra. The formation of the
B–C bonds is also reflected in the broadening and upfield
shifted carbon chemical shifts in their 13C NMR spectra due to
the close proximity of carbon nuclei to both 11B and 10B
nuclei.3,8

Reaction of [Me3NH][1-H-CB11H11] with excess iPrBr under
the same or more rigorous reaction conditions, however, affords
a mixture of polyalkylated carboranes [Me3NH][1-H-
CB11H112n

iPrn] (n = 4–7) on the basis of MS analyses. The

reasons for that are probably due to the steric effects of the
isopropyl groups. It is noteworthy that no brown Br2 is produced
and only HBr gas is detected in the above-mentioned reactions.
If the permethylation is carried out in a (MeO)3P(O) solution or
the perethylation is performed in a (EtO)3P(O) solution, both
the reaction temperature and reaction time are reduced.9

In contrast, reaction of [Me3NH][1-H-CB11H11] with excess
MeI, under the same reaction condition, yields a mixture of
products [Me3NH][1-H-CB11Me112nIn] (n = 3–5) on the basis
of MS analyses, along with the formation of HI and purple I2.
These results indicate that MeI may undergo both heterolytic
and homolytic reactions generating Me+, Me·, I2 and I·.
Coupling of I· yields purple I2. Both Me+ and I2 are
electrophiles, which react with carborane to form a mixture of
[1-H-CB11Me112nIn]2.

In summary, a very facile and economic method has been
developed for the first time for the synthesis of permethylated
and perethylated carborane anions. Applications of this novel
methodology to other carborane and borane molecules are under
investigation.

We thank the Research Grants Council of the Hong Kong
Special Administration Region (Project No. CUHK 4210/99P)
for financial support.

Notes and references
† Preparation of 4: Method A. A thick-walled Pyrex tube was charged with
[Me3NH][1-H-CB11H11] (0.10 g, 0.49 mmol) and ethyl bromide (0.5 mL,
6.70 mmol) at 0 °C. This tube was then cooled with liquid N2, sealed under
vacuum and placed in a furnace. The temperature of the furnace was
gradually increased to 160 °C, and this temperature was maintained for 2
days. The temperature was then slowly raised to 220 °C, and this
temperature was maintained for 3 days. The tube was opened and excess
ethyl bromide was evaporated, leaving a pale yellow solid. The 11B NMR
showed that it is a pure compound. This pale yellow solid can be further
recrystallized from a water/acetone solution to give 4 as a white crystalline
solid (0.23 g, 92%). 1H NMR (acetone-d6): d 2.96 [s, (CH3)3NH], 0.96 [br
s, B-CH2CH3], 0.87 [br s, B-CH2CH3]; 13C NMR (acetone-d6): d 45.48
[(CH3)3NH], 12.24 [s, B-CH2CH3(2–6)], 10.95 [s, B-CH2CH3(7–12)], 6.94
[br, B-CH2CH3(2–12)]; 11B NMR (acetone-d6): d 2.95 (s, 1B), 24.05 (s,
5B), 27.78 (s, 5B); IR (cm21, KBr): n 2953 (s), 2908 (s), 2874 (s), 1457
(m), 1156 (m), 1034 (w), 956 (m), 521(s); Negative-ion MALDI MS, m/z
(isotopic abundance): calcd. for [1-H-CB11(CH2CH3)11]2 449(34),
450(70), 451(100), 452(90), 453(45); found 449(32), 450(67), 451(100),
452(91), 453(43).

Method B. A thick-walled Pyrex tube was charged with [Me3NH][1-H-
CB11H11] (0.10 g, 0.49 mmol), ethyl bromide (0.5 mL, 6.70 mmol), and
triethylphosphate (1.5 mL, 8.83 mmol) at 0 °C. This tube was then cooled
with liquid N2, sealed under vacuum and placed in a furnace. The
temperature of the furnace was gradually increased to 180 °C, and this
temperature was maintained for 3 days. The tube was opened and excess
ethyl bromide was evaporated. The residue was dissolved in hot water and
the precipitate formed was immediately filtered off. This solid was washed
with CH2Cl2 and then hexane to give a white crystalline solid (0.21 g, 84%)
that was identified as 4 by spectroscopic data.

Compounds 1–3 were prepared as white crystalline solids in the same
manner in > 95% yield.

Spectroscopic data for 1: 1H NMR (acetone-d6): d 2.90 [s, (CH3)3NH],
20.29 [br s, B-CH3(2–5)], 20.55 [br s, B-CH3(6–10)]; 13C NMR (acetone-
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d6): d 52.62 [cage C], 45.00 [(CH3)3NH], 24.10 [br, CH3(2–10)]; 11B NMR
(acetone-d6): d 37.04 (s, 1B), 24.19 (s, 4B), 28.24 (s, 4B); IR (cm21, KBr):
n 2919 (br s), 2863 (m), 1623 (m), 1456 (m), 1384 (s), 1093 (s), 1032 (s),
804 (w); these data are identical with those reported in the literature.5

Spectroscopic data for 2: 1H NMR (acetone-d6): d 3.08 [s, (CH3)3NH],
20.21 [s, B-CH3(2–6)], 20.44 [s, B-CH3(7–12)]; 13C-NMR (acetone-d6): d
60.49 [cage C], 45.00 [(CH3)3NH], 23.05 [v br, B-CH3(2–12)]; 11B NMR
(acetone-d6): d 4.24 (s, 1B), 23.91 (s, 5B), 27.36 (s, 5B); IR (cm21, KBr):
n 2927 (s), 2896 (s), 2831 (s), 1476 (m), 1458 (m), 1303 (m), 1226 (m), 1050
(s), 523 (m); Negative-ion MALDI MS, m/z (isotopic abundance): calcd. for
[1-H-CB11(CH3)11]2 294(12), 295(36), 296(74), 297(100), 298(87),
299(38), 300(24); found 294(28), 295(61), 296(91), 297(100), 298(92),
299(57), 300(23).

Spectroscopic data for 3: 1H NMR (acetone-d6): d 3.16 [s, (CH3)3NH],
0.80 [s, C-CH3], 20.19 [s, B-CH3(2–6)], 20.29 [s, B-CH3(7–12)]; 13C
NMR (acetone-d6): d 45.00 [(CH3)3NH], 14.30 [C-CH3], 22.67 [v br, B-
CH3(2–12)]; 11B NMR (acetone-d6): d 0.53 (s, 1B), 28.86 (s, 5B), 210.85
(s, 5B); IR (cm21, KBr): n 2953 (s), 2913 (s), 2848 (m), 1640 (w), 1476 (m),
980 (s), 937 (s), 774 (s), 512 (vs); these data are identical with those reported
in the literature.6

1 C. A. Reed, Acc. Chem. Res., 1998, 31, 133; C. A. Reed, Acc. Chem. Res.,
1998, 31, 325; S. H. Strauss, Chem. Rev., 1993, 93, 927.

2 J. Li, C. M. Logan and N. Jones Jr., Inorg. Chem., 1991, 30, 4866.

3 Z. Zheng, W. Jiang, A. A. Zinn, C. B. Knobler and M. F. Hawthorne,
Inorg. Chem., 1995, 34, 2095; W. Jiang, C. B. Knobler, C. E. Curtis,
M. D. Mortimer and M. F. Hawthorne, Inorg. Chem., 1995, 34, 3491; T.
Peymann, C. B. Knobler and M. F. Hawthorne, Inorg. Chem., 1998, 37,
1544; M. D. Mortimer, C. B. Knobler and M. F. Hawthorne, Inorg.
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J. Am. Chem. Soc., 1996, 118, 3313; B. T. King, B. C. Noll, A. J.
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Employing fast time-resolved infrared (TRIR) spectroscopy
we have characterised CpM(CO)3(Xe) (M = Nb or Ta) at
room temperature in supercritical Xe solution;
CpM(CO)3(Xe) were found to exhibit a similar reactivity
with CO to the corresponding alkane complexes,
CpM(CO)3(n-heptane) and we report a trend in reactivity of
the early transition metal Xe complexes.

Organometallic noble gas complexes have a long history. More
than 20 years ago Perutz and Turner used matrix isolation to
show that photolysis of M(CO)6 (M = Cr, Mo or W) in low
temperature (12 K) matrices generated M(CO)5L (L = Ar, Kr,
Xe or CH4).1 Matrix isolation has subsequently been used to
characterise a wide range of organometallic noble gas com-
plexes.2–6 Although matrix isolation is a powerful technique for
the characterisation of unstable species at low temperature, it
does not provide any kinetic information quantifying the
reactivity of these species at room temperature.

Organometallic noble gas complexes have been observed in
solution. Simpson et al. characterised Cr(CO)5(Xe) in liquefied
Xe (lXe) at 298 °C using conventional FTIR spectroscopy
following UV photolysis of Cr(CO)6.7 Weiller extended this
work, detecting M(CO)5L (M = Cr or W; L = Kr or Xe) in
liquefied noble gas solution at low temperature using rapid-scan
FTIR spectroscopy.8 A similar approach was used to detect
Cp*Rh(CO)L (L = Kr or Xe).9–12 Organometallic noble gas
complexes have also been observed in the gas phase at room
temperature13 and theoretical studies have predicted Au–Xe
bond dissociation energies (BDEs) up to 127 kJ mol21.14

We have recently shown that organometallic noble gas
complexes can be observed in fluid solution at room tem-
perature following irradiation of transition metal carbonyls in
supercritical fluids. Using fast TRIR spectroscopy we charac-
terised M(CO)5L [M = Cr, Mo or W; L = Ar (W only), Kr or
Xe]15 and (h5-C5R5)M(CO)2L [M = Mn or Re; R = H, Me or
Et (Mn only); L = Kr or Xe].16,17 The reactivity of these
complexes increases in the order Xe < Kr < Ar and Re @ W
< Mo ≈ Cr ≈ Mn.

The comparison of reactivity between organometallic noble
gas and alkane complexes is important. We reported CpRe-
(CO)2(n-heptane) as being the longest lived alkane complex at
room temperature16 and this proved significant since Ball and
Geftakis were subsequently able to characterise CpRe(CO)2(cy-
clopentane) at low temperature using NMR spectroscopy.18

CpRe(CO)2(Xe) was only twice as reactive towards CO in scXe
compared to CpRe(CO)2(n-heptane) in n-heptane solution.16

Here, we investigate the photochemistry of the Group V
complexes, CpM(CO)4 (M = Nb or Ta) in supercritical Xe at
room temperature, and report a trend in reactivity for the early
transition metal noble gas complexes.

Fig. 1(a) shows the TRIR spectrum† obtained 80 ns following
355 nm excitation of CpNb(CO)4 in scXe (1940 psi, 25 °C) in
the presence of CO (100 psi). The parent n(CO) IR absorptions
at 2041 and 1936 cm21 are bleached and new bands are
produced at 1986 and 1885 cm21 which can be assigned to
CpNb(CO)3(Xe) by comparison with previous matrix isolation
results19 and the TRIR spectrum of the analogous n-heptane

complex.20 A similar experiment was performed with
CpTa(CO)4 dissolved in scXe (2070 psi, 25 °C) in the presence
of CO (100 psi). The parent bands at 2037 and 1929 cm21 were
bleached and new absorptions at 1983, 1879(sh) and 1873 cm21

were produced, which can be assigned to CpTa(CO)3(Xe) [Fig.
1(b)]. In the presence of CO, the formation of CpNb(CO)3(Xe)
and CpTa(CO)3(Xe) in scXe is completely reversible with no
observable secondary photoproducts. This reversibility is
demonstrated more clearly in Fig. 2, which shows the relevant
TRIR kinetic decay traces. Fig. 2 also shows that the decay of
CpNb(CO)3(Xe) and CpTa(CO)3(Xe) in scXe depends linearly
on CO concentration and from these plots we estimate the
second order rate constants for the reaction of CpNb(CO)3(Xe)
with CO [kCO = 5.7 (± 0.6) 3 106 dm3 mol21 s21] and for
CpTa(CO)3(Xe) with CO [kCO = 4.9 (± 0.5) 3 106 dm3 mol21

s21] in scXe. CpNb(CO)3(Xe) and CpTa(CO)3(Xe) have
similar reactivities towards CO in scXe compared to the
analogous alkane complexes, CpNb(CO)2(n-heptane) and
CpTa(CO)3(n-heptane) in n-heptane solution (Table 1).

The reactivities of early transition metal noble gas and alkane
complexes show several trends. Thus far we have found that for
a given metal/ligand combination the reactivity of organome-
tallic noble gas complexes towards CO is very similar ( ≈3
2–3) to the reactivity of the corresponding alkane (n-heptane)
complex.15–17,21 In our previous studies we have found that the
alkane complexes decrease in reactivity on moving down the
Periodic Table and on moving from Group V to Group VII. The
results reported here further demonstrate the similarity of the
reactivity of early transition metal organometallic xenon
complexes to that of their corresponding alkane complexes
(Table 1). Preliminary results‡ obtained with CpV(CO)4

Fig. 1 (a) TRIR spectrum recorded 80 ns after 355 nm photolysis of
CpNb(CO)4 in scXe (1940 psi, 25 °C) in the presence of CO (100 psi). (b)
TRIR spectrum recorded 150 ns after 355 nm photolysis of CpTa(CO)4 in
scXe (2070 psi, 25 °C) in the presence of CO (100 psi).
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suggest that CpV(CO)3(Xe) also fits into this trend. The
similarity between the reactivity of alkane and noble gas
complexes towards CO is surprising since for a given metal/
ligand system the BDE for a metal–xenon bond is expected to be
significantly less than that of the corresponding metal–heptane
bond. For example, the W–Xe BDE in W(CO)5(Xe) (34.3 kJ
mol21) determined from gas phase studies13 is significantly less
than the W–heptane BDE in W(CO)5(n-heptane) (62.8 kJ
mol21) estimated from photoacoustic calorimetry measure-
ments.22 Detailed kinetic studies on Group VII xenon and
alkane complexes17,21 suggested that the early transition metal
xenon complexes react with CO in scXe by a different
mechanism than the early transition metal n-heptane complexes
in n-heptane.

In conclusion, there is a general decrease in reactivity of the
early transition metal xenon complexes, similar to that observed
for the analogous alkane complexes, upon moving down the
Periodic Table and on moving from Group V to Group VII,
resulting in CpRe(CO)2(Xe) being the least reactive transition
metal xenon complex reported so far. It is therefore hoped that
the similar reactivity of CpRe(CO)2(n-heptane) and CpRe-
(CO)2(Xe) will make the characterisation of an organometallic

xenon complex by low temperature NMR a realistic possibility.
There is clearly still much to learn about organometallic alkane
and noble gas complexes and it is likely that TRIR spectroscopy
will prove increasingly useful for this purpose.

Notes and references
† The TRIR experiments used a cw IR diode laser to monitor temporal
changes in IR absorbance following 355 nm excitation by a Nd:YAG laser
(Quanta-Ray GCR-12S, 7 ns pulse). IR spectra were built up on a ‘point-by-
point’ basis by repeating this measurement at different IR frequencies. See:
M. W. George and J. J. Turner, Analyst, 1994, 119, 551 for further
details.
‡ Initial TRIR kinetic decay studies on CpV(CO)3(Xe) in scXe show that
CpV(CO)3(Xe) and CpV(CO)3(n-heptane) have a similar reactivity towards
CO. However we have not been able to obtain, to our satisfaction, a linear
behaviour of the rate of decay of CpV(CO)3(Xe) with respect to CO
concentration in scXe.
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Fig. 2 TRIR kinetic traces corresponding to (a) CpNb(CO)4 (1936.4 cm21),
(b) CpNb(CO)3(Xe) (1883.9 cm21), (c) CpTa(CO)4 (1929.7 cm21) and (d)
CpTa(CO)3(Xe) (1875.3 cm21) obtained from the experiments shown in
Fig. 1. Plots of observed decay rates of (e) CpNb(CO)3(Xe) and (f)
CpTa(CO)3(Xe) vs. CO concentration in scXe.

Table 1 Second order rate constants, kCO (dm3 mol21 s21), for the reaction
of early transition metal–xenon and –n-heptane complexes with CO in scXe
and n-heptane solution, respectively, at 298 K

V VI VII

CpV(CO)3(Xe) Cr(CO)5(Xe)d CpMn(CO)2(Xe)f

— 8.4 3 106 1.6 3 106

CpV(CO)3(hep)a,b Cr(CO)5(hep)e CpMn(CO)2(hep)f

1.3 3 108 9.3 3 106 8.1 3 105

CpNb(CO)3(Xe) Mo(CO)5(Xe)d

5.7 3 106 1.1 3 107 —
CpNb(CO)3(hep)c Mo(CO)5(hep)e

4.5 3 106 7.8 3 106 —
CpTa(CO)3(Xe) W(CO)5(Xe)d CpRe(CO)2(Xe)g

4.9 3 106 2.0 3 106 4.8 3 103

CpTa(CO)3(hep)c W(CO)5(hep)e CpRe(CO)2(hep)g

2.0 3 106 1.8 3 106 2.0 3 103

a hep = n-heptane. b Ref. 20. c Ref. 23. d Ref. 15. e Ref. 24. f Ref. 17. g Ref.
16.
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A flexible AM1/CHARMM treatment finds two distinct
mechanistic pathways across the megadimensional energy
hypersurface computed for lactate dehydrogenase catalysed
reduction of pyruvate to lactate: these differ in the timing of
the hydride transfer and proton transfer components of the
reaction.

Current applications of hybrid quantum-mechanical/molecular-
mechanical (QM/MM) approaches to modelling of enzyme
reactivity commonly neglect flexibility in very large systems.
Two recent independent studies of lactate dehydrogenase
(LDH) catalysed interconversion of pyruvate and lactate, using
similar QM/MM methods, yielded very different transition
structures (TSs) and mechanisms.1,2 We now report the
simultaneous existence of two distinct mechanistic pathways
across the megadimensional energy hypersurface for this
system, and suggest that both earlier studies failed to explore its
topography to a sufficient extent. To determine which mecha-
nism is preferred will require use not only of a theoretical
method giving reliable energies but also of statistical averaging
over many configurations. Our finding is significant because it
shows that a rigid approach to modelling of any complex system
may easily miss an important feature of reaction mechanism.

The chemical step of the LDH cataysed reaction involves
hydride transfer (HT) from the dihydronicotinamide ring of
NADH to the carbonyl C atom of pyruvate and proton transfer
(PT) to the carbonyl O atom of pyruvate from a protonated
histidine residue (Fig. 1). The relative timing of the HT and PT
is a matter of some interest in mechanistic enzymology.
Ranganathan and Gready2 (RG) found a mechanism (HT,PT) in
which HT preceded PT in a stepwise manner, contrasting with
the usual chemical and enzymatic arguments for HT processes
and their own results from supermolecule calculations,3 but in
accord both with the assumption of an earlier empirical valence-
bond study4 and with the results of a later QM/MM study of the
analogous malate dehydrogenase.5 On the other hand, we
(MTW) found a family of TSs (with differing relative
dispositions of active site residues) corresponding to a con-
certed mechanism (PT/HT) with PT considerably more ad-
vanced than HT.1

The RG and MTW studies both used the AM1 method6 for
the QM region. RG used the AMBER7 MM method for the
entire dogfish LDH sub-unit ternary complex, but with a
relatively small number of atoms allowed to move. In contrast
MTW used the CHARMM8 force field for a truncated (1900
atom) B. stearothermophilus LDH but with a very large number
of mobile atoms. The first important result of our recent studies
is that these and other differences of detail (e.g. nature and
location of QM/MM link atoms and QM/MM electronic
coupling) are not primarily responsible for the different
mechanisms found previously. We have now used a large-QM/
full-MM model which includes all atoms ( ~ 5600) of the
monomeric B. stearothermophilus LDH subunit,9 plus NADH,
pyruvate, and water molecules within a 20 Å radius ball of water
centred on His-195.10 All atoms were free to move in the
optimisations and TS searches. A larger QM region (52
AM1atoms) containing also the ribose moiety was employed, as
shown in Fig. 2. Schmidt and Gready have recently asserted that
AM1 is likely to be adequate for modelling conformational
preferences in QM/MM calculations for the LDH catalyzed
reaction.11

Approximate saddle points were located by grid searches
using constrained ABNR minimization of the
CHARMM24b212 QM/MM energy.13 TS refinement in
GRACE1b employed an explicit hessian for the QM ‘core’ (Fig.
2) while the MM enzyme ‘environment’ was continually
relaxed to a r.m.s. gradient < 1023 kcal mol21 Å21. TS
optimisation in the core was continued until no element of the
gradient vector of the entire system (core plus environment) was
larger than 1022 kcal mol21 Å21. To characterise each saddle
point, its hessian was recomputed for a total of 147 atoms (QM
core + six amino acid residues in the active-site region) by
central finite-differencing of the gradient vector: the single
negative eigenvalue of the resultant hessian corresponded to the
transition vector. The intrinsic reaction coordinate (IRC) was
computed in both directions from each saddle point to confirm
each as being the expected TS; energy minimisations from a
point along each IRC path yielded structures for the reactant,

Fig. 1 Reaction map for LDH catalyzed reduction of pyruvate reactant
(bottom left) to lactate product (top right); ‘his’ is histidine-195, ‘nic’ is
nicotinamide, and ‘sub’ is substrate.

Fig. 2 Large and small QM regions in QM/MM models for LDH; link atoms
are indicated as ‘5’.
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intermediate, and product. Table 1 contains optimised bond
lengths for the HT and PT components of LDH catalysed
pyruvate reduction and energies for minima and TSs.

The second important result of this study is that we find
reaction paths and TSs for both the stepwise HT,PT and the
concerted PT/HT mechanisms for both the present large-QM/
full-MM model and (results not shown here) small-QM/
truncated-MM and small-QM/full-MM models. There is no
fundamental disagreement between the MTW and RG results:
the apparent discrepancy arose simply because different parts of
the hypersurface had been explored in each of the earlier
studies. Subtle but significant differences in many coordinates
other than just HT and PT dictate whether a particular geometry
for the QM region lies within that part of the overall
hypersurface belonging to the HT,PT mechanism or else in that
different part corresponding to the PT/HT mechanism. It is as if
the hypersurface contains a watershed separating two distinct
drainage basins: depending upon how a gentle breeze may gust
at the crucial moment, a raindrop falling on the Andes
watershed may flow to either the Atlantic or the Pacific. So it is
with geometry optimisation in a very large and flexible system:
two computational runs may start at very similar structures in
the core region but be subtly influenced by small differences in
their environments to follow separate courses to very different
final structures. However, owing to the particular bias provided
by the environment, optimisations initiated within the same
basin may all tend to converge to the same mechanistic result,
despite scanning of the key parameters within the core over
adequate ranges of values. A difference in some detail of the
QM/MM treatment may of itself generate only a trivial
difference in energy for an initial structure but, as a consequence
of small differences in the gradient and second derivatives, may
cause an optimisation (or TS search) to proceed towards a
significantly different stationary point.

The obvious question is which mechanism is preferred:
HT,PT or PT/HT? Unfortunately, and perhaps surprisingly,
there is no easy answer.14 The order of the total energies (EQM
+ EQM/MM + EMM) for the three TSs is ‡HT > ‡C > ‡PT. This
would suggest that the concerted PT/HT mechanism is preferred
over the stepwise HT,PT mechanism, for which HT is the rate-
determining step. If, however, only the energy of the QM core
within the electrostatic environment of the MM atoms is
considered (EQM + EQM/MM), then for both models the order of
energies of the three TSs is ‡C > ‡HT > ‡PT, favouring the
HT,PT mechanism. If no MM atoms are allowed to move in the
TS search, then EMM = 0 and Etotal = EQM + EQM/MM.
However, as flexibility in the MM region is introduced, and the
number of atoms contributing to EMM is increased from zero to

several thousand, it seems that the mechanistic preference
changes. We are unable yet to make a definitive statement as to
which mechanism is preferred, but are currently performing ab
initio QM/MM calculations for this system with a view to
obtaining more reliable energetics. We would also like to be
able to describe the specific physical interactions within the
MM region that favour each of the two mechanisms. Visual
inspection of the two structures reveals no obvious significant
differences, and as yet the origin of the change in EMM
responsible for the mechanistic shift eludes characterisation; we
hope to report upon this important point in a full paper. It should
be noted that, even for our smallest model, there are several
thousand degrees of freedom in the MM region and the critical
energetic difference is likely to be the sum of a large number of
very small contributions.

Finally, our refined stationary points are not unique. The
multiple minima issue has its counterpart for TSs: there exist
multiple local saddle points differing in the conformation of the
environment. Accurate determination of transition state proper-
ties will require statistical averaging over many configurations,
each one individually being a transition structure.1b Free-energy
calculations must not only sample representative configurations
along an assumed in vacuo reaction path but also must consider
the possibility of alternative mechanistic pathways.

We are grateful to the British Council/Acciones Integradas
for a collaborative award and HEFCE/EPSRC JREI and
Universitat Jaume I for provision of computer time.
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Table 1 Selected bond lengths (Å) and energies (kcal mol21) for AM1/
CHARMM large-QM/full-MM optimized structures on the reaction map for
LDH catalyzed reduction of pyruvate

Cnic…HA HA…Cpyr Opyr…HB HB…Nhis Etotal

EQM +
EQM/MM

reactant 1.130 2.550 2.043 0.998 212225.1 2514.0
‡C 1.286 1.458 0.996 1.892 212173.5 2462.7
‡HT 1.730 1.234 1.981 1.017 212155.9 2481.1
int 2.766 1.144 1.700 1.054 212191.0 2511.4
‡PT 2.773 1.140 1.565 1.091 212183.7 2500.0
product 2.561 1.110 0.978 2.517 212243.7 2577.5
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Synthetic amavadine models, [V(HIDPA)2]22 and
[V(HIDA)2]22 [where HIDPA and HIDA stand for the basic
forms of 2,2A-(hydroxyimino)dipropionic and 2,2A-(hydroxy-
imino)diacetic acid, respectively], exhibit haloperoxidase- or
peroxidase-type activities, and act as catalysts for the
selective peroxidative monohalogenation, hydroxylation or
oxo-functionalization of alkanes or aromatic compounds
such as benzene and mesitylene at room temperature.

The roles of vanadium in biology have been the object of current
and growing interest1 from both biological and chemical
perspectives. In particular, the biological role of amavadine, the
natural bare octacoordinated vanadium(IV) complex
[V(HIDPA)2]22, [HIDPA32 = basic form of (S,S)-2,2A-
(hydroxyimino)dipropionic acid]2 present in some Amanita
fungi, is still an intriguing matter, although circumstantial
evidence has started to emerge suggesting3 that it can act either
as a peroxidase which catalyses the oxidation of particular thiols
to disulfide products, or as a catalase by promoting the
decomposition of H2O2. Vanadium(V) haloperoxidases which
have been found mainly in some brown and red marine algae
have also raised much interest and their structures and functions
have been investigated,1 inorganic biomimetic reagents pro-
posed and other vanadium complexes applied4–6 to the
peroxidative oxidation of alkenes and aromatic hydrocarbons.
However, alkanes have been much less studied6b,c,7 and only
very rarely has a catalytic activity of vanadium been recognized
for such reactions.

We now report that saturated (e.g. cyclohexane or cyclooc-
tane) and aromatic (benzene or mesitylene) hydrocarbons can
be oxidized catalytically, at room temperature, by a system
composed of synthetic amavadine models and H2O2 in acidic
medium, to give halo-, hydroxo- or oxo-functionalized com-
pounds, thus suggesting a potential wider biological role for
naturally occurring amavadine than that considered so far and
demonstrating the capacity of a biogenic vanadium complex,
much simpler than an enzyme, to catalyse, in mild conditions,
the functionalization of alkanes, a challenging problem8 in
modern chemistry. Moreover, this complex constitutes, to our
knowledge, the first reported vanadium catalyst for the
peroxidative halogenation of alkanes.

In effect, we have observed that Ca[V(HIDPA)2] (the Ca2+

salt of synthetic amavadine) a or its model Ca[V(HIDA)2]

[HIDA = basic form of 2,2A-(hydroxyimino)diacetic acid], in a
two-phase water–NCMe system also containing H2O2, KBr and
HNO3 (in high excess relative to the vanadium compound),
catalyse at room temperature the peroxidative bromination of

saturated and aromatic hydrocarbons, as shown in Tables 1 and
2 for typical experiments with cyclohexane and benzene to give
bromocyclohexane and bromobenzene, respectively, according
to the overall reaction (1). Catalytic chlorination (using KCl
instead of KBr) also occurred for benzene and, in all the cases,
only the mono-halogenated products were selectively ob-
tained.

RH + Br H O H RBr + 2H O_ 
2 2

+ Amavadine
2+ + æ Æææææ (1)

The activity of the system increases with the amounts of
H2O2 and of the acid, but beyond a limit (e.g. ca. 150 molar ratio
for H2O2, relatively to vanadium, for the case of the bromination
of cyclohexane) no further increase is observed and the activity
can even decrease. Values of the turnover number (TON) are
given in Tables 1 and 2 for typical essays (6 h reaction time) and
indicate that both vanadium complexes have a comparable

Table 1 Amavadine catalysed peroxidative bromination,a hydroxylationb

and oxygenationb of cyclohexane
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activity. Hence, e.g. TON ca. 10–15 for the molar ratios
H2O2+V = 175 and HNO3+V = 3610.

No activity was found for the free (hydroxyimino)di-
carboxylic acids H3·HIDPA or H3·HIDA and the active species
has the metal in the 5+ oxidation state (the starting blue VIV

complexes are oxidized by H2O2 to the corresponding red VV

forms, as observed by the immediate colour change of the
reaction solution on addition of the peroxide). The presence of
vanadium in the 5+ oxidation state has also been demonstrated
in the vanadium-dependent bromoperoxidases and the forma-
tion of peroxo–vanadium complexes as active intermediate
species has been proposed.1a,b In our system, the hydroxy-
imine(12) groups, h2-(O–N1), of the HIDPA32 or HIDA32

ligands that bind to the metal are isoelectronic with per-
oxide(22) and therefore the oxidized complexes relate to
bis(peroxo)-vanadium(V) species. Nevertheless, the presence of
H2O2 is required for the detection of activity and the vanadium-
promoted Br2 oxidation by H2O2 (to HOBr or a derivative
thereof) occurs in the aqueous phase and the halogenation of the
organic substrate in the organic phase (NCMe). The vanadium
complexes are soluble in both solvents and the peroxidative
halogenation occurs smoothly even without addition of a phase-
transfer agent.

Apart from behaving as catalysts for the halo-functionaliza-
tion of alkanes and aromatics, as shown above, synthetic
amavadine and its model can also catalyse, at room temperature,
the hydroxylation (reactions 2) and/or oxo-functionalization of
these types of substrates. The reactions occur in homogeneous
conditions (single-phase system), by treatment of an acetonitrile
solution of the vanadium complex, in the presence of H2O2 and
HNO3, with the substrate (Tables 1 and 2).

RH + H O ROH + H O2 2
Amavadine

2æ Æææææ (2)

The system does not require so high an acidic medium as for
bromination, and the activity towards oxygenation of cyclohex-
ane to cyclohexanol and cyclohexanone, which is already
detected without added acid (overall TON = 4, 6 h reaction
time), reaches a maximum (overall TON ca. 50 in the
[V(HIDA)2]22 system) for an acid+vanadium molar ratio of ca.
140 (for H2O2+V = 440). The alcohol is always the main
product, but the ketone also forms. The selectivity is dependent
on the experimental conditions, in particular the amounts of
H2O2 and HNO3, and e.g. for the above conditions, the obtained
cyclohexanol/cyclohexanone molar ratio is 5.3, whereas a value
of 9.2 is reached for HNO3+V = 72 (also for H2O2+V = 440).

The selective oxidation to the alcohol, although less ex-
tensive, occurs for benzene (that forms exclusively phenol,
TON = 16 or 6 for the corresponding [V(HIDA)2]22 or
[V(HIDPA)2]22 systems), whereas mesitylene (1,3,5-trime-
thylbenzene) is oxidized to the aldehyde (3,5-dimethylbenzal-
dehyde) (TON = 13 or 7, respectively) rather than to the
alcohol.

Attempts to characterize active intermediate vanadium
species are under way, as well as the extension of the work to

other substrates and to other amavadine models and related
complexes. In particular, we have also observed catalytic
activity towards the above reactions for various vanadium(V)
complexes with other polydentate ligands with N,3O-donor
atom sets such as triethanolaminate, e.g. [VO{N(CH2CH2O)3}]
b (see Tables 1 and 2), aminocarboxylates, etc.

To the best of our knowledge, this study provides the first
examples of vanadium catalysts for the peroxidative halogen-
ation of alkanes, at room temperature. It might be expected that
natural amavadine showed similar properties, i.e. the possibility
to act as a haloperoxidase or a peroxidase, catalysing the
peroxidative halogenation, hydroxylation and/or oxygenation
of organic substrates, but we note that, since for the halogen-
ation reactions the pH was very low, the results cannot be
directly extrapolated to biological conditions. Curiously, the
vanadium-dependent haloperoxidases, which probably devel-
oped later, since vanadium is in the oxidation state 5+, catalyse
halogenation reactions at pH 5–6 to give products that appear to
have defensive roles. On the basis of electrochemical studies3

we have suggested that amavadine, which, as stated, is a simple
complex, not an enzyme, may act as a kind of primitive
peroxidase (towards thiols) or as a catalase (if substrates other
than H2O2 are not present), behaving also as a protective agent
against external microbial pathogens or host body damage.
Halogenation of alkanes and aromatics which, as shown in this
work, occur in the laboratory at room temperature but very low
pH for the particular substrates studied, is unlikely to occur in
vivo with the substrates studied but may eventually be viable in
less extreme (even physiological) pH conditions for other more
favourable substrates.

This work has been partially supported by the Fundação para
a Ciência e a Tecnologia and the PRAXIS XXI programme,
Portugal.
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Table 2 Amavadine catalysed peroxidative bromination and hydroxylation
of benzenea

Turnover number (TON)

V complex H2O2+V HNO3+V BrC6H5 PhOH

Bromination:
Ca[V(HIDPA)2] 175 5050 9 —
Ca[V(HIDA)2] 175 3610 10 —

175 5050 11 —
[VO{N(CH2CH2O)3}] 175 3610 9 —

Hydroxylation:
Ca[V(HIDPA)2] 440 72 — 6
Ca[V(HIDA)2] 440 72 — 16
[VO{N(CH2CH2O)3}] 440 72 — 8
a See footnotes to Table 1.
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Ultrathin films of an electrostatically-modified biotinylated
polythiophene have shown interesting electrochemical prop-
erties which lead to the detection of femtomoles of the
protein avidin in aqueous electrolytes.

Conjugated polymers (polyanilines, polythiophenes, polypyr-
roles, poly(phenylene vinylene)s, polyfluorenes, etc.) and
related oligomers have become an important class of organic
materials due to their unusual electrical and optical properties
which lend themselves to the development of various devices in
the areas of micro-electronics, electro-optics, photonics, sen-
sors, genomics, etc.1–7 In this respect, functionalized poly-
thiophenes have been the subject of many investigations since
some of them combine good processability and environmental
stability with an ability to detect, transduce, and amplify various
physical or chemical information into an electrical or optical
signal.5–7 These novel organic materials may serve in integrated
sensory devices where the optical or electrical signal will not
require any external tagging procedures but would come
directly from the responsive polymeric supports. In order to
achieve these goals, simple, specific, highly sensitive, and
miniaturized polymeric devices must also be developed.

Along these lines, we have recently reported the easy
preparation of electroactive thin films of functionalized poly-
thiophenes through electrostatic interactions.8 The deposition of
ultrathin films (even monolayers) could be very important for
solid-state biosensors since it is believed that the interaction
between large biochemical molecules and the binding sites
present within the electroactive materials will mainly occur at
the interface. In the present study, we have electrochemically
characterized the stability and the sensitivity of such simple
polymeric assemblies for the future development of micro-
arrays of polymeric sensors.

Following previously reported procedures,8 ultrathin films of
50% pre-neutralized poly(2-(4-methyl-3-thienyloxy)ethane-
sulfonic acid) (PMTOES) have been easily transfered onto
aminosilane-treated ITO electrodes.† Depending upon the
nature of the side chains, various functionalized polythiophenes
can be obtained but in the course of the present study, only
biotinylated polythiophenes will be analyzed (see Fig. 1). As
shown in Fig. 2, these electroactive ultrathin films have been
characterized in an aqueous electrolyte (pH = 6–7) and have
revealed a clear and reversible redox (related to a doping/
undoping electrochemical process) process around 0.4 V vs.
SCE. This quasi-reversible redox process occurs at a much
lower potential than that previously reported in an organic
electrolyte.8 This could be related to the hydrophilic nature of
the polymeric salt which allows very efficient wetting of the
polymer in aqueous solutions. The good electrochemical
activity of this polythiophene derivative in water opens the door
to electrochemical detection in real biological systems. Various
sizes (1 to 100 mm2) of electrodes have been analyzed and a
good correlation has been obtained between the surface of the
electrode and the integrated charge exchanged during the redox
process. On average the oxidative charge obtained by in-
tegration of the 0.44 V peak is 0.24 mC mm22. The number of
electrons exchanged per repeat unit is difficult to assess but, on

the basis of previous studies on electroactive polythio-
phenes,9,10 it is reasonable to assume an exchange of one
electron per three repeat units (i.e. a doping level of 33%). This
rough estimate corresponds to a molecular density of 22 Å2 per
repeat unit. This value is in good agreement with recent results
(21–23 Å2) obtained with self-assembled polythiophene
monolayers.11

The electrochemical responses of these biotinylated elec-
trodes have been investigated upon addition of the protein
avidin. This protein is built from four identical subunits (for a
total M.W. = 68000) and has a strong affinity for biotin.12 This
strong affinity between avidin and biotin is related to an
exceptionally high binding constant of 1015 M21, which

Fig. 1 Schematic and idealistic description of a biotinylated polythiophene
electrode.

Fig. 2 Cyclic voltammogram of a 1 mm2 biotinalyted polythiophene
electrode in a 0.1 M KCl aqueous solution upon addition of aliquots of
avidin, at room temperature. Scan rate of 20 mV s21 vs. SCE.
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corresponds to a binding energy of 20 kcal mol21. For these
reasons, the biotin/avidin couple has been extensively used in
different types of biosensors8,12–19 and is utilized here as a
model compound for the future design of various types of
sensors based on functionalized polythiophenes.

Interestingly a 1 mm2 biotin-functionalized polythiophene
electrode shows a clear modification of its cyclic voltammo-
gram‡ (a decrease of the electrochemical activity) upon addition
of as low as 7 3 10215 mole of avidin in the aqueous electrolyte
(Fig. 2 and 3). Saturation is almost obtained at 3.5 3 10214 mole
of avidin. Modified electrodes of area 1 cm2 have shown similar
electrochemical effects upon addition of aliquots of avidin but
at concentrations multiplied by a factor of 100 (which
corresponds to their surface ratio). A similar decrease of the
electrochemical activity has been observed in nucleobase-
functionalized polythiophenes20 and could be explained by a
decrease of the interfacial electron-transfer rates between the
polymer and the electrode, due to the binding of the protein.21 In
other words, the bound avidin may shield the electroactive
polymer and therefore affect the electronic exchanges between
the electrode, the polymer and the electrolyte. First experiments
on similar biotinylated electrodes in acetonitrile have revealed
an increase of the redox potential8 which had been explained by
a twisting of the backbone upon complexation, but this
mechanism does not seem to be dominant in aqueous electro-
lytes. Another explanation could be a release of the polymer
from the electrode upon avidin binding. A similar mechanism
was recently proposed for fluorescent conjugated polyelec-
trolytes.22 It is clear that covalently-attached polythiophene
derivatives would shed some light on the mechanism involved
in the detection and these new polythiophene derivatives are
currently being developed in our laboratory. It is also interesting
to note that polythiophene-modified electrodes without biotin
moieties (50% pre-neutralization of the sulfonic acid polymer
with sodium hydroxide) do not show any significant modifica-
tion of their electrochemical properties. These results also give
clear evidence of the electrochemical and mechanical stability
of such polymeric electrodes. Indeed, although these poly-
thiophene derivatives are soluble in water, it seems that the
multiple electrostatic interactions along the backbone are strong
enough to avoid any significant release of the ultrathin
polymeric film when immersed in aqueous electrolytes, the
electrochemical activity being reproducible even after hours of
immersion in the electrolyte.

From Fig. 3, it is also possible to assume that about 24% of
the thiophene units are affected by the presence of 7 3 10215

mole of avidin and that could mean that one avidin molecule
affects about 250 repeat units. This amplification factor is
similar to that calculated from biochromic measurements.8 It is
believed that the present amplification factor is more or less

related to the difference in size between the protein avidin and
one repeat thiophene unit. Indeed, as mentioned above, it is
possible to determine that one thiophene unit occupies a surface
of 22 Å2, and from this amplification factor of 250 that could
indicate that avidin occupies a surface of roughly 55 nm2. These
dimensions are in the same range as those determined by X-ray
analyses for a parent protein (streptavidin, M.W. = 60 000 with
dimensions of 4.5 3 4.5 3 5.8 nm).13

In conclusion, this simple methodology, based on non-
covalent interactions between water-soluble amine-bearing
molecules and partially neutralized poly(2-(4-methyl-3-thienyl-
oxy)ethanesulfonic acid), has allowed the efficient preparation
of stable, highly sensitive, functionalized polythiophene elec-
trodes and constitutes a promising platform for the future
development of novel electrochemical biosensor arrays.
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Fig. 3 Relative electroactivity (integrated charge exchanged during the
oxidative 0.44 V peak) upon addition of avidin for a monolayer made of a
0.5+1 complex between sodium hydroxide and poly(2-(4-methyl-3-thien-
yloxy)ethanesulfonic acid) (!) and a monolayer made of a 0.5+1 complex
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Treatment of d- and g-functionalized monosubstituted
alkynes with diisopropoxy(h2-propene)titanium induces an
intramolecular cyclisation to afford the 4- and 5-membered
cycloalkanols in good overall yields.

Various disubstituted alkynes react with diisopropoxy(h2-
propene)titanium 1, readily generated by the reaction of
Ti(OiPr)4 with 2 eq. of iPrMgX (Sato’s reagent), to give the
corresponding titanacyclopropene derivatives as described in
Scheme 1, path A.1 However, as terminal alkynes failed to
participate in the present reaction1 (path B vs. path A), we have
recently used the fact that a metalated alkyne can behave like a
disubstituted alkyne to prepare the first titano–titanacyclopro-
pene in good overall yield (Scheme 1, path C).2

On the other hand, when 1 is opposed to an unactivated
olefin, the ligand exchange is not efficient and therefore the
desired olefin–titanium complex 2 is not formed (Scheme 2,
path A). Only activated olefins undergo this exchange as
styrene,3 conjugated dienes,4 vinyl silane5 or stannane.6 How-
ever, the presence of an electrophile in the carbon skeleton
(Scheme 2, path B) promotes this reaction since an intra-
molecular nucleophilic acyl substitution7 reaction occurs in a

second step to give the cyclopropanolate derivative8 (known as
the Kulinkovitch reaction).9

As part of our studies on the use of early transition metal
complexes such as 1 for the carbometalation of unactivated
alkynes,10 we anticipated by analogy with the results described
in Scheme 2 that the facile intramolecular nucleophilic acyl
substitution reaction of a functionalized terminal alkyne
(known to be totally unreactive,1,11 Scheme 1, path B) might act
as a driving force for shifting the equilibrium.7 In this case, a
transient monosubstituted titanacyclopropene will be formed as
intermediate before the carbocyclisation reaction. Indeed,
treatment of dec-9-yn-5-one 4 (n = 2) with a stoichiometric
amount of Ti(OiPr)4 and 2 eq. of iPrMgX at 278 °C leads to the
cyclic product 8, after hydrolysis, in 78% isolated yield
(Scheme 3).

In order to probe the existence of a remaining carbon–
titanium bond in the molecule, iodine was added at the end of
the reaction. The vinyl iodide 10 (n = 2) was isolated in 67%
yield as single isomer (the stereochemistry was determined by
NOE). Interestingly, this reaction can be applied to the
formation of more strained carbocycles such as 4-membered
ring derivatives in a very easy and straightforward manner (3,
n = 1, Scheme 3). Here again, the non-isolated terminal
titanacyclopropene 5 (n = 1) reacts intramolecularly with the
ketone to give the organometallic derivative 6 (n = 1).
Hydrolysis of the reaction mixture leads to the exo-methylene-
cyclobutanol 7 in 50% isolated yield whereas the iodinolysis
gives only the Z-isomer of the vinyl iodide 9 in good chemical
yield.12

Although the reaction mechanism described in Scheme 3
seems plausible, we have not been able to isolate even in very
small amounts the transient titanacyclopropene derivative 5. So,
we have also considered an alternative mechanistic pathway for
the formation of 6. Indeed, it is known that early transition metal

Scheme 1

Scheme 2 Scheme 3
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complexes can form some h2-ketone complexes, 11, (metalla-
oxiranes)13 which can further insert into an alkyne moiety to
give the same oxatitanacyclopentene derivatives 6. This
mechanism was already reported for the reaction of d-ynones
with [(C5H5)2Ti(PMe3)2] to form 3-bis(cyclopentadienyl)-
2-oxa-3-titanabicyclo[3.3.0]oct-4-ene in good overall yield.14

Although the intramolecular addition to a substituted alkyne to
form the unsaturated oxatitanacycle worked well, here again the
reaction on a terminal alkyne gives a low isolated yield (35%)
of the cyclic product after hydrolysis, as described in Scheme
4.

So, in order to check if the first step of the reaction of 1 with
3 or 4 was a reaction at the alkynyl (Scheme 3) or at the carbonyl
centers (Scheme 4), we decided to investigate the behavior of 1
with cyclohexanone as described in Scheme 5.

Treatment of 1 eq. of Ti(OiPr)4 with 2 eq. of iPrMgX in the
presence of 1 eq. of cyclohexanone leads to two products, 12
and 13, in a respectively 5 to 1 ratio and in quantitative yields.
The major product 12 results from the reaction of diisopro-
poxy(h2-propene)titanium 1 with the carbonyl moiety which
can further react with iodine to give 14 whereas 13 is formed
from the direct attack of the Grignard reagent on the
cyclohexanone.15 No trace of cyclohexanol was detected after
hydrolysis in the crude reaction mixture which clearly indicates
that the reaction does not proceed through the oxametallacycle

15. Thus, although 5 cannot be isolated, it is present as the first
intermediate in the reaction before the nucleophilic attack on the
carbonyl moiety occurs as described originally in Scheme 3.

In conclusion, the synthesis of exo-methylene-cyclopentane
and -cyclobutane has been achieved in a one-pot sequence from
readily available starting material with diisopropoxy(h2-pro-
pene)titanium. The mechanism of this reaction has been
investigated and is composed by a carbometalation reaction of
the monosubstituted-unactivated alkyne followed by intra-
molecular nucleophilic acyl substitution.
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A novel method of enantioselective conjugate addition of
thiols to enones and enals produces sulfides with enantio-
selectivities up to 78% ee, employing a cadmium complex of
(S)-3,3A-dimethyl-2,2A-biquinoline N,NA-dioxide 1 as a cata-
lyst.

The development of enantioselective reactions requires the
design of chiral ligands. Many recent studies have focused on
the development of novel chiral ligands for use in metal-
catalyzed reactions. Although N-oxide is a functional group
possessing a unique electron-donating property, allowing it to
form complexes with a variety of metals,1 few attempts have
been made to employ N-oxides as chiral ligands.2,3 We recently
reported an enantioselective allylation of aldehydes with
allyltrichlorosilanes utilizing a chiral N,NA-dioxide 1 as a

catalyst, exploiting the electron-donating property of the N-
oxide.3c Here, we describe an enantioselective conjugate
addition of thiols to enones and enals catalyzed by a chiral N-
oxide–cadmium complex.

Several chiral amine-catalyzed reactions have received
considerable attention4 since the first report on the enantio-
selective conjugate addition of thiols catalyzed by cinchona
alkaloid.4a Due to their high efficacy, catalysis of enantio-
selective conjugate addition by lithium thiolate complexes of
amino bisether,5 heterobimetallic complexes,6 and nickel
oxazoline complexes7 are of particular interest.

Recently, we described the optical resolution of 1 through the
hydrogen-bonding of 1 and optically active binaphthol.3a We
then hypothesized that thiophenol forms a hydrogen-bonding
complex with 1, controlling the nucleophilicity and steric
accessibility of thiophenol to electron-deficient olefins in its
enantioselective conjugate addition. We initially tested this
hypothesis using 10 mol% of 1 as a catalyst in the conjugate
addition of thiophenol to cyclohex-2-en-1-one in DCM. The
reaction produced a significant yield of the corresponding
sulfide, although the enantioselectivity was quite low (35%,
12% ee).

To enhance the reactivity and enantioselectivity, we used 10
mol% metal salt as an additive expected to coordinate with
carbonyl oxygen. Among the various metal salts surveyed,
addition of CdI2 yielded the corresponding sulfide in high
chemical quantity with moderate enantioselectivity (93%, 57%
ee). Enantioselectivity increased up to 78% when the reaction
was performed in toluene, whereas polar solvents decreased
enantioselectivity substantially (THF: 99%, 0% ee; acetonitrile:
97%, 33% ee). Stoichiometric studies revealed that equimolar
amounts of 1 and CdI2 are sufficient for optimum enantio-
selectivity. The reaction was promoted by CdI2 in the absence of
N-oxide to produce the sulfide in 96% yield. These results

suggest that a 1+1 complex of 1 and CdI2
8 functions

catalytically in this enantioselective addition. This is the first
example of an enantioselective reaction utilizing a cadmium
compound,9 exhibiting a distinctive binding to N-oxide.

Table 1 summarizes the conjugate addition of various thiols
to cyclic enones under optimized conditions.† Slight modifica-
tions of the substrate strongly influenced enantioselectivity.
Cyclohept-2-en-1-one (entry 2) gave an enantioselectivity
comparable to that of cyclohex-2-en-1-one (entry 3), while
cyclopent-2-en-1-one (entry 1) demonstrated low selectivity. It
is surprising that the reaction of 4-methylthiophenol (entry 5)
gave low selectivity compared to that of thiophenol (entry 3).

Although acyclic conjugate ketones were unsuccessful
(chalcone: 30%, 10% ee), the reaction of acyclic conjugate
aldehydes gives the corresponding sulfides in high chemical
yields with enantioselectivities up to 70% ee after conversion to
the corresponding alcohol (Table 2). The mildness of the
reaction conditions allows the enantioselective conjugate addi-
tion of thiols to enals, a reaction never previously reported due
to the lability of aldehydes.

To determine the reaction mechanism, we investigated
several additives to the reaction of cyclohex-2-en-1-one and
thiophenol in toluene. Addition of cyclohexanone (1.0 eq.)
influenced neither chemical yield nor enantioselectivity (92%,
74% ee) of the reaction. The addition of cyclohexene (1.0 eq.),
however, dramatically reduced enantioselectivity (92%, 45%
ee). These results suggest the importance of the coordination of
the cadmium complex to the carbon–carbon double bond,
though the detail is not clear.

We have demonstrated the effectiveness of a chiral N-oxide–
cadmium iodide complex as a catalyst for enantioselective
conjugate addition of thiols to cyclic enones and enals. The
present reaction provides the first example of utilizing a
cadmium complex in an enantioselective reaction. Mechanistic
studies and the design of chiral N-oxides, currently in progress,
will further enhance enantioselectivity.

Table 1 Enantioselective conjugate addition of thiols to enones catalyzed by
CdI2–1 complex
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The complexes BpCu (1) and Tp*Cu (2) catalyse the
transformation of styrene into styrene oxide using Oxone as
the oxidising agent; the use of silica gel-supported 1 or 2 as
heterogeneous catalysts affords similar results, using water
as the sole solvent.

Copper complexes have been extensively used as catalysts in
metal-induced carbene transfer reactions to olefins to give
cyclopropanes.1 Their use in olefin aziridination reactions has
also been frequently reported in the last decade.1 By contrast,
very few chemical systems based on this element are known to
promote the oxidation of an olefin into the corresponding
epoxide:2–7 most of them have been developed with cyclic or
strained olefins (thus avoiding undesired, side-reactions), and
their catalytic capabilities are not as yet comparable to those of
well-known catalysts based on manganese–salen or iron–
porphyrin complexes.8 For example, Cu(II) salicylaldehyde
derivatives have been reported in the epoxidation of alkenes
with molecular oxygen and 2-methylpropanal, the yields being
found in the 22–40% range.3 Murahashi and co-workers have
reported the use of copper salts for a similar transformation, but
in this case the yields were considerably higher (80–90%).5
Cu(TPP) and Cu(cyclam)2+ have also been used2 in the
epoxidation of cyclohexene with oxygen and aldehydes, with
low to moderate yield, although the participation of metal-oxo
intermediates in the epoxide formation pathway could not be
established. In the last few years, we have focused our attention
on the use of polypyrazolylborate9 copper(I) complexes as
catalysts for olefin cyclopropanation and aziridination reactions
under homogeneous conditions,10,11 and we have also devel-
oped their immobilization by supporting the catalyst precursors
on silica gel, thus achieving the heterogenisation of the
homogeneous system.12 We have now studied the use of the
complexes BpCu (1) and Tp*Cu (2) (Bp = dihydridobispyr-
azolylborate; Tp* = hydrotris(3,5-dimethylpyrazolyl)borate)
as the catalyst precursors in the epoxidation reaction under both

homogeneous and heterogeneous conditions, and we have
discovered that these Cu(I) complexes also display catalytic
activity towards this transformation. Complex 1 was reported
by Bruce as a 14-electron compound.13 Although its solid state
structure is unknown, molecular weight studies revealed the
existence of discrete BpCu units in solution. Complex 2 was

reported by Ibers and co-workers:14 its solid state structure was
determined by X-ray as a dimeric compound [Tp*Cu]2, but in
solution the mononuclear species Tp*Cu prevailed. Thus, both
complexes 1 and 2 seem to display monomeric structures when
dissolved.

The addition of an aqueous solution of potassium peroxy-
monosulfate (Oxone = 2KHSO5·KHSO4·K2SO4) neutralised

(1)

with NaHCO3, to an acetonitrile solution containing the styrene
and the catalyst precursors BpCu or Tp*Cu led to the
conversion of the olefin into a mixture of mainly styrene oxide
and benzaldehyde (eqn. 1, Table 1)†. The overall yield, based
on oxidant, was nearly 70% for BpCu and 60% for Tp*Cu, of
which at least 85–90% corresponded to styrene oxide (60 and
50% respectively, based on oxidant). Other minor products,
including benzoic acid, accounted for ca. 5%. These conversion
rates are clearly an improvement over most of those obtained
with the copper-based epoxidation systems known to date.2–5 In
addition, no phase-transfer catalyst has been added to the
biphasic reaction mixture, unlike the common procedure
employed in related systems.15

The formation of benzaldehyde in metal-induced olefin
oxidation was reported by Groves et al.16 with an iron–
porphyrin complex as catalyst. However, it is worth mentioning
that control experiments have also shown the formation of
benzaldehyde when reacting styrene oxide and Oxone in the
absence of the copper complexes, as well as the oxidation of
benzaldehyde to benzoic acid under the same conditions. This is
in agreement with recent results from Corma and co-workers
with Ti-zeolites as epoxidation catalysts,17 in which benzoic
acid and benzaldehyde were obtained along with the major
product, the styrene oxide. Obviously, we have also checked the
reaction between the olefin and Oxone in the absence of copper
complexes but under otherwise identical reaction conditions: no
epoxide nor any other oxidation products were observed.

As mentioned above, we have already reported the im-
mobilization of complexes 1 and 2 in silica gel as well as their
use as heterogeneous catalysts for the olefin cyclopropanation
reaction.12 Now, we have found that they also catalyse the
styrene oxidation, using Oxone as the oxidant, to give a mixture
of styrene oxide, 1-phenylethanediol, benzaldehyde and ben-

Table 1 Epoxidation of styrene catalysed by complexes 1 and 2

Catalyst Styrene oxidea PhCHOa Yieldb (%)

BpCu > 85 < 5 70
Tp*Cu > 90 < 5 60
a Quantified after 18 h by GC, mol% of the products. b Based on oxidant.
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zoic acid, eqn. (2). Water is the sole solvent in this case. Table 2
displays the results of these heterogeneous experiments

(2)

(average of three cycles with the same reused catalyst). The
yields, based on oxidant, are similar to those observed in the
homogeneous case, although the reaction is faster in the former.
The unique difference seems to be the appearance of the
epoxide-opening product, the diol. This must be a consequence
of the acidic nature of the solid support, the silica gel, since this
transformation is usually acid-catalysed.18 The epoxide and the
diol account for 70–85% of the products (Table 2), very close to
the 90% value obtained with the soluble catalysts. It is
important to point out that the immobilisation of the catalyst
does not seem to significantly alter the catalytic capabilities of
this system, i.e., it provides an excellent route to accomplish one
of the permanent goals in catalysis: to heterogenise an
homogeneous system without loss of the activity and/or
selectivity of the latter, in order to achieve the well-known
advantages of the heterogeneous system.

In conclusion, we have discovered that copper(I) complexes
containing polypyrazolylborate ligands present catalytic activ-
ity towards the epoxidation reaction, as they did with the olefin
cyclopropanation and aziridination reactions. These complexes
can operate under both homogeneous and heterogeneous
conditions, with no significant differences when moving from
the former to the latter, thus achieving the well-known
advantages of the recycling and reuse of the catalyst in the
heterogeneous system. Moreover, the parallels between the
epoxidation and the carbene and nitrene transfer reactions are
reinforced since the same metal complexes assure those three
catalytic conversions. Mechanistic, comparative studies for the
three reactions are currently underway in this laboratory.

We thank the Universidad de Huelva (Plan Propio de
Investigación) and the Ministerio de Educación y Ciencia
(PB98-0958) for financial support. M. M. D.-R. also thanks the
Junta de Andalucía for a research studentship. The Instituto de

Investigaciones Químicas (CSIC-La Cartuja, Sevilla) is also
thanked for the use of their NMR facilities.

Notes and references
† Homogeneous catalytic experiment: 0.05 mmol of the catalyst (1 or 2) was
dissolved in 10 mL of acetonitrile and styrene (2 mmol) was added. An
aqueous solution of Oxone (0.5 mmol, 1 mmol of KHSO5, 10 mL H2O) with
three equiv. of sodium bicarbonate (1.5 mmol) was prepared and added to
the catalyst-containing solution. The mixture turned greenish, and was
stirred for 18 h. The products were quantified by GC, using acetophenone
as an internal standard (added at the end of the reaction, immediately before
quantification). The products were identified by NMR from experiments
carried out in deuterated solvents, and by comparison with pure samples.
The results are shown in Table 1.

Heterogeneous catalytic experiment: the copper complexes were sup-
ported as reported in ref. 12. One gram of silica-gel containing BpCu (0.02
mmol) or alternatively Tp*Cu (0.04 mmol) was suspended in 20 mL of H2O
along with 2 mmol of styrene. Neutralised Oxone (prepared as above) was
added, and the mixture was stirred for 8 h. The solid was filtered off, and
reused twice in an identical manner. Table 2 displays the average results of
the three cycles.
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Table 2 Epoxidation of styrene catalysed by complexes 1 and 2 supported
on silica gel

Catalyst
Styrene
oxidea

1-phenyl-
ethanediola PhCHOa PhCOOHa Yieldb

BpCu 28 38 22 11 57
Tp*Cu 17 70 3 10 68
a Quantified after 6 h by GC, mol% of the products. Average of three cycles.
b Based on oxidant.

1854 Chem. Commun., 2000, 1853–1854



A mutually perpendicular phthalocyanine pentamer obtained by a one-step
reaction

Nagao Kobayashi* and Atsuya Muranaka

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan.
E-mail: nagaok@mail.cc.tohoku.ac.jp

Received (in Cambridge, UK) 26th July 2000, Accepted 14th August 2000
First published as an Advance Article on the web 14th September 2000

A phthalocyanine pentamer consisting of mutually orthogo-
nal Pc units has been prepared by a one-step reaction using
oxo(phthalocyaninato)titanium(IV) and 2,3,9,10,16,17,23,
24-octahydroxyphthalocyanine and characterized by mass,
electronic absorption and magnetic circular dichroism
spectroscopy and gel-permeation chromatography.

In contrast with the porphyrins, it is difficult to control steric
interactions with the phthalocyanines (Pcs). Accordingly, most
reported poly-Pc structures are limited to a few well-known
types: one dimensional stacked m-oxo SiPcs, liquid crystalline
Pcs, cofacial rare earth sandwich Pcs, and planar dimers.1 In
addition, controlling the relative orientation of Pc units in Pc
multimers is much more difficult than for porphyrins, since Pcs
are generally obtained by template reactions and many
peripheral substitution patterns are conceivable.1 In this com-
munication we report the first example of a Pc pentamer, in
which four peripheral Pc units are covalently bound, and
orthogonal to, a central Pc, H2Ti4Pc5 (Scheme 1).

In synthesizing H2Ti4Pc5, we utilized the reactivity of the
axial oxygen in TiOPc, which is readily displaced by ortho-
phenolic OH groups, with the elimination of water, to produce
two ether linkages.2 Thus, an excess of tetra-tert-butyl TiOPc,
obtained by a literature procedure,3 was reacted with
2,3,9,10,16,17,23,24-octahydroxy H2Pc4 in dichloromethane at
rt for several days (Scheme 1),2b and the mixture was imposed
on a gel permeation column (Bio-beads SX-1, Bio-Rad), using

the same solvent as eluent. The first green fraction was
collected. Although this portion did not give a clear NMR
spectrum due to poor solubility, satisfactory elemental analyses
were obtained. Time-of-flight mass spectrometry showed m/z =
3774, which corresponds to the structure of H2Ti4Pc5 (calcd.
for C224H202N40O8Ti4 = 3773.46), together with cluster of
peaks at ca. m/z = 2977, 2207, and 1495 (Fig. 1).5 The
difference between each peak corresponds to ca. one Pc unit.
Since this mass spectrum could also be obtained from a mixture
of compounds consisting of two to five Pc units, the elution time
of H2Ti4Pc5 in gel-permeation chromatography was compared

Scheme 1

Fig. 1 MALDI-TOF Mass spectrum (top) of H2Ti4Pc5 and its anticipated
fragment ions (middle) and gel-permeation chromatograms of H2Ti4Pc5,
Si4Pc4 and TiOPc (bottom). For mass measurements, dithranol (1,8,9-an-
thracenetriol) was used as a matrix. Chromatograms were obtained
separately but superimposed.
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with those of tetra-tert-butylated TiOPc and m-oxo tetramer6 of
tetra-tert-butylated SiPc (i.e. Si4Pc4). H2Ti4Pc5 showed a single
sharp peak, confirming the presence of a single compound. In
addition, the shorter elution time of H2Ti4Pc5 (elution speed in
column = 1.59 cm min21) indicated that H2Ti4Pc5 (Mw =
3773.89) is volumetrically larger than Si4Pc4 (Mw = 3142.21)
(elution speed in column = 1.14 cm min21), in agreement with
the proposed structure. The mass spectroscopy and gel-
permeation chromatography results clearly indicate the forma-
tion of a pentamer, corresponding to H2Ti4Pc5. Although we
have been unable to obtain crystals suitable for X-ray
diffraction, an arrangement in which all Pc units are mutually
orthogonal seems most likely, since only the TiNO functionality
can react with hydroxy groups of the octahydroxy H2Pc to form
the pentamer.

Fig. 2 shows electronic absorption and magnetic circular
dichroism (MCD) spectra of tetra-tert-butylated TiOPc mono-

mer and H2Ti4Pc5. Compared with the spectra of the monomer,
those of H2Ti4Pc5 are shifted slightly to the red and broader.
Excitonic interactions among mutually orthogonal chromo-
phores are anticipated to be small.7 However, our calculations8

on the basis of an excitonic theory7a predict Q band transitions
for H2Ti4Pc5 at 657, 689, 699 and 707 nm, and thus explain the
broad and structureless Q band (the band at 689 nm corresponds
to both in-plane and out-of-plane transitions and others are all
in-plane transitions).

In conclusion, we have synthesized the first example of a
well-defined mutually perpendicular phthalocyanine penta-
mer.

Notes and references
1 Phthalocyanines—Properties and Applications, ed. C. C. Leznoff and

A. B. P. Lever, VCH, Weinheim, New York, 1989, 1992, 1993 and 1996,
vols. 1–4; Phthalocyanines—Chemistry and Functions, ed. H. Shirai and
N. Kobayashi, IPC, Tokyo, 1997; N. B. McKeown, Phthalocyanine
Materials—Synthesis, Structure and Function, Cambridge University
Press, 1998.
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Applications, ed. C. C. Leznoff and A. B. P. Lever, VCH, Weinheim,
New York, 1989, Chapter 3.

8 N. Kobayashi and A. Muranaka, details will be published in a full paper.
If the central Pc unit in H2Ti4Pc5 contains TiO in its center, the Q
transitions are anticipated at 689 (out-of plane), 683 and 711 (in-plane)
nm.

Fig. 2 Electronic absorption (bottom) and MCD (top) spectra of H2Ti4Pc5

(solid lines) and tert-butylated TiOPc (dotted lines) in dichloromethane.
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N-Alkylaminobenzenes were prepared in a simple and
efficient one-pot synthesis by reduction of nitrobenzenes
followed by reductive amination with decaborane (B10H14)
in the presence of 10% Pd/C.

Consecutive reactions1 have received much attention because
they give complex molecules efficiently from simple starting
materials. In the first step of these reactions, the functional
group necessary for the following transformation is formed. An
ideal place for such consecutive reactions is in one-pot
synthesis, in which all these processes occur consecutively by
successive addition of reagents, without isolation of inter-
mediates. Well known examples of one-pot processes are

multicomponent condensations2 and palladium-catalyzed
reactions,3 which are known to be useful owing to mild
reaction conditions and stability against other functional
groups.

Aromatic amines are important intermediates for dyes and
agricultural and pharmaceutical chemicals. One popular method
for the preparation of these amines is the reduction of
nitroaromatics using various reagents and conditions.4,5 One of
the methods for the synthesis of secondary amines is the
reductive amination of primary amines with carbonyls using a
variety of reducing reagents.6

In the course of our work using decaborane as a mild and
stable reducing agent,7 we found that the reduction of

Table 1 Synthesis of N-alkylaminobenzenes
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nitroaromatics using a decaborane–Pd/C system followed by
reductive amination with carbonyls using decaborane gave a
one-pot synthesis of N-alkylaminoaromatics in high isolated
yield. To the best of our knowledge, this is the first example of
a one-pot preparation of N-alkylaminoaromatics from
nitroaromatics.

Decaborane was added in two batches in all of the examples.8
30 mol% of decaborane (B10H14) was added for the reduction of
the nitro group in the first batch, and 20 or 30 mol%9 was used
for reductive amination in the second batch. When a ketone was
used for the reductive amination (entries 1–7, Table 1), it was
added to the reaction solution at the beginning of the reaction
(Scheme 1). The reactions proceeded smoothly at 40 °C without
addition of acetic acid. However, when aldehydes were used
(entries 8 and 9, Table 1), they were added after the
completion10 of the nitro-group reduction to prevent reductive
etherification11 (Scheme 2). Under these conditions, the
reactions were complete in several hours and gave the
corresponding secondary amines chemoselectively and in high
yields. Other functional groups such as esters (entries 1, 6 and
8), amides (entry 2), nitriles (entry 4) and hydroxy groups (entry
5) were intact under the reaction conditions.†

In conclusion, nitroaromatics were converted into N-alkyl-
aminoaromatics in a single-pot synthesis using decaborane as a
reducing agent in the presence of Pd/C in methanol. The
reaction is efficient and chemoselective. Investigations of the
scope of this one-pot synthesis are currently underway.

The authors wish to acknowledge the financial support of the
Korea Research Foundation made in 2000.

Notes and references
† Representative experimental procedures: Ketone (entry 3). To a solution
of 4-nitrotoluene (50 mg, 0.364 mmol) in methanol (5 ml) was added butan-

2-one (28.9 mg, 0.401 mmol), decaborane (13.4 mg, 0.109 mmol) and 10%
Pd/C (15 mg). The resulting solution was stirred at ca. 40 °C under nitrogen
for 1.5 h. The mixture was then cooled to rt and decaborane (8.9 mg, 0.073
mmol) was added to the mixture. The resulting solution was stirred at rt
under nitrogen for 2 h. The mixture was concentrated under reduced
pressure, chromatographed on a short pad of silica gel using a solution of
ethyl acetate and n-hexane (1+8) and concentrated to give the product amine
as a pale pink syrup. Aldehyde (entry 8). To a solution of methyl
4-nitrobenzoate (50 mg, 0.276 mmol) in methanol (5 ml) was added two
drops of acetic acid, decaborane (10 mg, 0.083 mmol) and 10% Pd/C (15
mg). The resulting solution was heated to reflux under nitrogen for 0.5 h and
the mixture was cooled to rt. Propanal (17 mg, 0.303 mmol) and decaborane
(6.7 mg, 0.052 mmol) were then added to the reaction mixture. The solution
was stirred at rt under nitrogen for 2 h. The mixture was concentrated under
reduced pressure, chromatographed on a short pad of silica gel using a
solution of ethyl acetate and n-hexane (1+8), and concentrated to give the
amine as a white solid.
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The covalently templated bis-functionalisation of C70, em-
ploying a dibenzo-18-crown-6 tether, proceeds with com-
plete regiospecificity and provides a bis-addition pattern
which is disfavoured in sequential transformations.

Tether-directed remote functionalisation has proven to be a
powerful tool for obtaining regiochemical control in multiple
additions to buckminsterfullerene, C60.1–4 However, up until
now, this approach had not been applicable to C70 or other
higher fullerenes.

Double Bingel cyclopropanation of C70
5 occurs on opposing

hemispheres at the most curved a-type6 6–6 bonds (bonds at the
junction between two six-membered rings) emanating from the
two polar pentagons through which the C5 symmetry axis of the
higher fullerene passes. In a Newman-type projection looking
down the C5 axis onto the two polar pentagons, the two addends
adopt a twelve, two and five o’clock geometrical relationship,
respectively. Accordingly, the kinetically controlled Bingel bis-
cyclopropanation with achiral dialkyl malonates provides three
constitutional isomers, two of which (two and five o’clock) are
pairs of enantiomers, in a ratio of 2.8+6.8+1.0, respectively
(twelve, two and five o’clock orientation of the addends).
Similar addition patterns were also obtained in other bis-
functionalisation reactions, with the two o’clock geometric
relationship being highly favored in each case.7–10 Here we
report the application of the tether-directed remote functional-
isation to prepare C70 bis-adducts (±)-1a and (±)-1b with
complete regioselectivity, featuring the kinetically disfavoured
five o’clock addition pattern.

C70 was reacted with dibenzo-18-crown-6- (DB18C6) linked
bis-malonate 211 under modified Bingel-conditions (I2, DBU,
toluene) in the presence of KPF6 (10 eq.), which was added as
a template to rigidify the tether by complexation (Scheme 1).
This afforded the two products (±)-1a and (±)-1b in a 56+44
ratio with an overall yield of 41%. Both compounds were
separated by column chromatography (Silica-H; toluene–ethyl
acetate (1+1)) and fully characterised (1H and 13C NMR, high-
resolution MALDI-TOF-MS, IR and UV/Vis). Transesterfica-
tion of the crude product mixture of (±)-1a and (±)-1b (Cs2CO3,
THF–EtOH (1+1)) afforded only one single C2-symmetrical
bis-adduct (±)-3. The spectroscopic data (1H and 13C NMR)
revealed its identity with the C70 bis-adduct featuring diethyl
malonate addends at the two polar C(1)–C(2) and C(67)–C(68)
bonds (five o’clock addition pattern), which had previously
been obtained by sequential double Bingel addition.5,6b This
leads to the remarkable conclusion that reaction of C70 with 2
proceeds with complete regioselectivity to give the normally
kinetically least favoured regioisomer. Surprisingly, the ab-
sence of KPF6 in the Bingel macrocyclisation did not affect the
regioselectivity at all, although the diastereoisomeric ratio
changed slightly, providing (±)-1a and (±)-1b as the only
products in a ratio of 37+63 with a substantial higher yield of
68%.

The presence of the inherently chiral five o’clock addition
pattern and the out–out orientation of the EtOOC groups in

(±)-1a was unequivocally established by X-ray crystallography
(Fig. 1).† The fullerene core in this first crystal structure of a
cyclopropanated C70 derivative has a spheroidal shape with a
distance of 8.03 Å along the principal axis. As a consequence of
cyclopropanation, the carbon atoms C(1), C(2), C(67) and
C(68) are pulled out of the C70-surface leading to a slightly
longer distance along the main axis than observed for the
complex (h2-C70)Ir(CO)Cl(PPh3)2 (7.90 Å).14 Distances from
the carbon atoms at the equator to the center of the sphere range
from 3.52–3.56 Å with a mean value of 3.54 Å. The bond
lengths between the bridgehead atoms C(1)–C(2) and C(67)–
C(68) of 1.605(9) and 1.596(10) Å, respectively, are strongly
elongated compared to the analogous bonds reported for several
h2-transition metal C70-complexes (1.512–1.523 Å).8 However,
they are similar to the lengths of the corresponding bonds
reported for a trans-1 bis-cyclopropanated C60 crown ether
conjugate (1.606–1.610 Å),11b and a Diels–Alder mono-adduct
of C70 (1.603 Å).15 Most geometrical features of 1a are
comparable to those of the latter Diels–Alder adduct.

The crown ether moiety exists in a conformation different
from the four conformations reported so far in the literature for

Scheme 1 Reagents and conditions: i, C70, I2, DBU, KPF6 (10 equiv.),
toluene, rt, 23% ((±)-1a), 18% ((±)-1b); ii, C70, I2, DBU, toluene, rt, 25%
((±)-1a), 43% ((±)-1b); iii, Cs2CO3, THF–MeOH (1+1), rt, 2 h.
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uncomplexed DB18C6.16 In order to bridge the fullerene poles,
it adopts an ‘umbrella shaped’ geometry with a distorted C2-
symmetry. The approximate dihedral angle between the two
aromatic planes is about 124°. This is comparable to the value
reported for DB18C6 complexes (128–102°),11b,16b,c but con-
siderably larger than for uncomplexed C2v-symmetrical
DB18C6 (98.8°).16c Several close contacts between the
DB18C6 tether and the fullerene surface are observed.

The structure of the other isomer ((±)-1b) was deduced from
MM2-calculations,17 which indicated that the in–out and in–in
isomers are not feasible because of their much higher steric
energy. Thus, (±)-1a, and (±)-1b are diastereoisomeric pairs of
enantiomers, differing only in the orientation of the DB18C6
tether as a result of planar chirality.

To determine the effects of cation complexation on the redox
properties of (±)-1a and (±)-1b, cyclic voltammetric (CV)
studies were performed in toluene–MeCN (4+1) in the absence
and presence of KPF6 and NaBF4 (Table 1). Based on the DEpp
values and the cathodic+anodic current ratio, the first reduction
waves of (±)-1a and (±)-1b are electrochemically and chem-
ically reversible. However, the second reduction is chemically
irreversible as judged by an additional oxidation wave observed
on the reverse scan. Consequently, ion binding effects were
monitored only for the first reduction. Similar to the behavior of
the previously reported C60–DB18C6 conjugate,11b addition of
sub-stoichiometric amounts of Na+ ions to the solution of (±)-1a
causes the appearance of a new poorly resolved, yet clearly
discernible redox wave which is anodically shifted by 70 mV
relative to that for the free compound.11 This new redox couple,
assigned to the cation complex, grows at the expense of the one
for the uncomplexed species as the concentration of Na+ ions
increases. This was firmly established by the observation of
isopotential points on both the forward and reverse scans.
Addition of one eq. of Na+ ions causes the redox wave of the
free compound to disappear completely, and further addition

causes no further observable changes in the voltammetry. This
behavior implies strong complexation between the crown ether
conjugate and one Na+ ion.18 The anodic shift must be
attributed to the electrostatic effect of the Na+ ion which is
bound to the DB18C6 ionophore in close proximity to the
fullerene surface. The behavior with K+ ions was very similar
(Table 1), and the same was observed for (±)-1b with either
cation.
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Fig. 1 Molecular structure of (±)-1a in the crystal. Atomic displacement
parameters obtained at 233 K are drawn at the 30% probability level.

Table 1 Redox potentials (vs. ferrocene–ferricinium couple) of (±)-1a and
(±)-1b in absence and presence of alkali metal cationsa

E1/V E2/V
+ KPF6

b

E1/V
+ NaBF4

c

E1/V

(±)-1a 21.13 (67) 21.57d 21.05 (65) 21.06 (68)
(±)-1b 21.14 (68) 21.58d 21.07 (68) 21.06 (67)
a Measurements were performed under Ar in toluene–MeCN (4:2) contain-
ing 0.1 M Bu4NPF6 as the supporting electrolyte, using a concentration of
0.3 mM for (±)-1a and 0.2 mM for (±)-1b. Glassy carbon working electrode.
Non-aqueous Ag/Ag+ reference electrode Pt wire counter electrode. The
scan rate was 100 mV s21. Values in parentheses are the DEpp in mV. b 1.0
eq. of KPF6. c 1.0 eq. of NaBF4. d Cathodic peak potential.
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By coupling microwave discharge with an Fe/HZSM-5
catalyst, novel effects have been observed for the conversion
of NO to N2 in the presence of excess oxygen with high
efficiency.

The reduction of NO has been investigated for many years.
Especially in the past decade, it has attracted much attention.1
Recently, with the progress of advanced techniques, many
papers have described the application of new methods in
different branches of chemistry.2 Among these techniques,
microwave dielectric heating is a convenient and effective way
of bringing about chemical reactions in the field of catalysis.3
The use of microwave heating to stimulate catalytic reactions
has provided some remarkable results,4–6 Bond et al. and Wan
and co-workers have investigated the effect of microwave
heating on many catalytic reactions.7 The reduction of NO by
CH4 by a microwave heating technique has also been reported
by this laboratory.8 Here, we report on a new process for the
removal of NO by coupling the microwave discharge (not
microwave heating) with the selective catalytic reduction (SCR)
reaction by CH4. We designate this kind of process as catalysis
assisted by microwave discharge (CAMD).

A Fe/HZSM-5 catalyst was employed to demonstrate the
effect of the CAMD of NO–CH4. The Fe/HZSM-5 was
prepared by impregnating HZSM-5 (SiO2/Al2O3 = 25) in an
aqueous Fe(NO3)3 solution (Fe in the catalyst was 10 wt%); all
catalysts prepared were of 1.25–1.60 mm granule size. The flow
rate of the feed, which consisted of 2000 ppm NO, 1600 ppm
CH4 and 2.0% O2 (helium as a balance gas), was 60 ml min21

(GHSV = 3600 h21).
A special quartz tubular reactor (i.d. 10 mm) was aligned

vertically at the center of the microwave cavity. The catalyst bed
was supported on a fused quartz frit of medium porosity. The
gas composition was determined by an on-line NOx-analyser
and gas chromatograph (GC-8800 type, with 13X and PQ
columns).

In this work, Fe/HZSM-5 was used not only as a catalyst, but
also as a discharge igniter, by which discharge was achieved
without any electrode at atmospheric pressure: after the
microwaves were induced in the reactor, red discharge with
weak sounds was observed among the catalyst granules.

Results obtained over the Fe/HZSM-5 in a conventional
reaction mode (CRM) are presented in Table 1. From these data,
it is apparent that the Fe/HZSM-5 was almost inactive for the

reduction of NO with CH4 in excess O2 in the CRM. When CH4
was wholly consumed, the conversion of NO to N2 did not
exceed 5%, which is almost in accordance with the results of
Chen et al.9 The results indicate that the activity of the Fe/
HZSM-5 catalyst for CH4–NO reaction is very low in the
presence of excess O2 in the CRM.

Results obtained over Fe/HZSM-5 in the CAMD process are
presented in Table 2. It can be seen from these results that the
conversion of NO to N2 is increased to 44.5% in the presence of
excess O2, while at the same time the CH4 consumption is
50.5%.

In order to confirm the enhancement of the catalytic activity
by the microwave discharge, another microwave discharge
experiment without any catalyst was conducted and the results
are also given in Table 2. In this experiment, the average
conversion of NO to N2 was 18.2%. It can be noted that even the
sum of the conversion of NO to N2 in the microwave discharge
mode without any catalyst and that in the CRM were still lower
than that of NO to N2 via CAMD.

From the above results it can be seen that, regardless of
temperature, the Fe/HZSM-5 catalyst is inactive in the CRM for
the CH4–NO reaction (Table 1). However, when in the
microwave discharge mode the conversion of NO to N2 on Fe/
HZSM-5 increases from ca. 5 to 44%. Apparently the catalytic
activity of the Fe/HZSM-5 is enhanced remarkably by the
microwave discharge. This increase in catalytic activity cannot
be readily explained by an increase in reaction temperature,
suggesting that microwave discharge can cause non-Arrhenius
effects.

As we know, in the CRM all reactants gain energy by thermal
conduction. In fact, the reaction of CH4 with O2 proceeds more
rapidly than the reaction of CH4 with NO at high temperatures
so that a large portion of CH4 is consumed by O2, resulting in
the restraint of the reaction rate for CH4 with NO. Therefore, the
conversion of NO to N2 in the presence of excess O2 is both very
low and independent of temperature in the CRM. On the other
hand, in the microwave discharge mode a high frequency
electromagnetic field is formed easily in the reactor, and since
the molecules in the gas phase are transparent to the electro-
magnetic field no interaction will take place between the
electromagnetic field and the gaseous molecules. Our tem-
perature-programmed desorption (TPD) experiments on Fe/
HZSM-5 indicated that supported Fe2O3 is a good material for
the adsorption of NOx, which agrees well with the report of Otto
and Shelef.10 Moreover, it is known that the high frequency

Table 1 Activity of Fe/HZSM-5 catalyst in the conventional reaction
modea

T/°C NO conversion (%) CH4 conversion (%)

300 0.7 2.0
400 4.5 4.5
500 5.0 7.3
600 4.4 9.0
650 3.0 27.3
700 3.3 81.3
740 2.1 100.0
a Reaction conditions: 2000 ppm NO, 1600 ppm CH4, 2% O2, balance He;
total flow rate 60 ml min21 (GHSV = 3600 h21).

Table 2 Performance of the system with Fe/HZSM-5 catalyst and without
a catalyst in the microwave discharge modea

Catalyst
Microwave
power/W

NO conversion
(%)

CH4 conversion
(%)

Fe/HZSM-5 43–54 40.0 37.1
54–65 42.0 47.3
65–76 44.5 50.5

No catalyst 54–65 18.0 70.2
65–76 18.4 74.1

a Reaction conditions: 2000 ppm NO, 1600 ppm CH4, 2% O2, balance He;
total flow rate 60 ml min21 (GHSV = 3600 h21).
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electromagnetic field is beneficial for the activation of polar
molecules. So, it is speculated that the NOx adsorbed on the Fe/
HZSM-5 but not the O2 in the gas phase, can be activated
effectively by the high frequency electromagnetic field. This
speculation agrees with the results of our previous paper.8 Then
again, microwave discharge can produce many active electrons
with higher energy and higher temperature, and by the action of
these electrons plenty of radicals, especially CHx, can be
produced. However, the average temperature of the gas feed is
still very low in the microwave discharge mode, which is
beneficial for lowering the energy consumption greatly and
hence retarding the reaction of CH4 with O2. Under the same
circumstances, the reaction between the activated NOx adsorbed
on the catalyst and the CHx radicals is easily accelerated by the
Fe/HZSM-5 catalyst so that the conversion of NO to N2 can be
enhanced greatly via CAMD on the Fe/HZSM-5. Although the
mechanism of CAMD is not yet clear, it is likely that the
reaction pathways in the CMR are different from those in the
CAMD, and this may be the reason why the activity of the Fe/
HZSM-5 catalyst varies significantly under the two modes.

In conclusion, the Fe/HZSM-5 catalyst exhibits a rather
remarkable catalytic performance in the SCR of NO by CH4 in
the CAMD process, indicating that CAMD has a beneficial
effect on the activation of reacting molecules.

The authors thank Professor Can Li, the director of State Key
Laboratory of Catalysis, Dalian Institute of Chemical Physics,
CAS, for helpful discussions.
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Using an exo ligand containing a pyridine unit as a
monodentate coordination site and a PyS2 moiety as a
tridentate coordination pole, a directional 1-D coordination
network has been obtained in the presence of CoCl2 under
self-assembly conditions; a single-crystal X-ray study re-
vealed that in the crystalline phase the 1-D networks are
packed in a centrosymmetric fashion.

The formation of coordination networks based on exo ligands
(ligands with coordination sites outwardly oriented) and metal
cations are currently attracting much attention.1 The formation
of such networks may take place in the crystalline phase through
self-assembly processes based on the reversible coordination of
metal cations by exo ligands. The iterative binding process leads
to the assembling cores acting as structural nodes of the
network. The dimensionality of coordination networks (1-, 2- or
3-D) is defined by the number of translations (1, 2 or 3)
operating on the assembling core. The dimensionality depends,
on one hand, on the topological and coordination features of the
organic exo ligand and, on the other hand, on the stereochemical
requirements of the metal. Although the majority of reported
coordination networks are formed using bis-monodentate exo
ligands based on 4,4A-bipyridine,2 examples of coordination
networks based on bis-bidentate3,4 or tetrakis-monodentate5,6

ligands have also been reported. However, dealing with bis-
tridentate exo ligands, only a few structurally characterised
networks have been published.7–9

At present, let us consider the formation of 1-D coordination
networks based on a single translation of an assembling core.
For such a network, owing to the fact that exploitation of
directional physical properties requires vectorial arrangements
of the building blocks, the control of directionality remains a
challenging issue.

The design of ligands for the formation of 1-D networks
using metals with linear coordination geometry is trivial and
may only be based on bis-monodentate systems (one may use
homo-L(n,m) and hetero-L(n,m) notation to design the exo
ligand L composed of two coordination poles each containing n
and m coordination sites of the same (homo) or different
(hetero) nature: thus, bis-monodentate ligands may be described
as homo- or hetero-L(1,1) and bis-bidentate ligands as homo- or
hetero-L(2,2) etc.). For metal cations requiring four coordina-
tion sites arranged either in square planar or in tetrahedral
coordination geometry, two different types of exo ligands based
on either bis-bidentate (homo- or hetero-L(2,2)) or a combina-
tion of mono (n = 1) and tridentate (m = 3) (hetero-L(1,3) may
be envisaged. For metal cations with octahedral coordination
geometry, if all six coordination positions are taken into
account, 1-D networks may be obtained using bis-tridentate exo
ligands (homo- or hetero-L(3,3)). However, in the latter case,
further design of the assembling core may be based on the use
of four coordination positions located at the square planar base
of the octahedron. In such a design the two axial positions
would be occupied by two ligands acting as terminal coor-
dinators and thus not participating in the formation of the
network. Again, for such a strategy, one may use either homo-

or hetero-L(2,2) or hetero-L(1,3) ligands. Whereas for symmet-
rical ligands of the homo-L(2,2) type no directional network
may be formed, with hetero-L(2,2) or hetero-L(1,3) ligands the
formation of directional 1-D networks may be envisaged.

In the present contribution we report the design and synthesis
of a new hetero-L(1,3) exo ligand 1 and its self assembly in the
crystalline phase into a 1-D directional network in the presence
of CoCl2.

The strategy that was followed for the design of 1-D
directional networks was based on the self-assembly of the
neutral hetero-L(1,3) exo ligand 1 and octahedral CoCl2
complex. The design of 1 (Scheme 1) is based on a combination
of two different coordination poles, one composed of a
monodentate pyridine derivative and the other on a pyridine unit
bearing at the 2 and 6 positions CH2SCH3 thioether fragments
leading thus to a tridentate PyS2 coordination system. The
ethynyl spacer was chosen to interconnect the two coordination
poles through the pyridine units at the 4 positions. The ethynyl
spacer appeared as an interesting bridge since it should allow
avoidance of possible steric effects which may alter the packing
of 1-D networks in the solid state and based on its ability to
permit possible electronic communication between the two
pyridine rings.

The starting material for the synthesis of 1 was chelidamic
acid 2. Upon treatment of the latter with PBr5 followed by
EtOH, compound 3 was obtained in 61% yield.10 The latter was
reduced to 4 in 62% yield using NaBH4 in dry EtOH.11

Although the preparation of compound 5 from the diol 4 was
reported using PBr3,11 it was found that bromination of 4 using
33% HBr/AcOH at 125 °C for 5 h was much more efficient and
produced compound 5 in 89% yield. Treatment for 48 h at r.t. of
5 by NaSMe (2 eq.) in dry THF afforded 6 in 60% yield. The
synthesis of the ligand 1 was achieved by coupling the
bromopyridine derivative 6 with 4-ethynylpyridine 7 in the
presence of Pd(OAc)2 and Ph3P in Et3N under reflux for 48 h.
The pure compound 1 was obtained in 94% yield as a colourless
viscous oil after chromatography (SiO2, CH2Cl2/MeOH 0–1%).

Scheme 1
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Compound 7 was obtained in two steps upon treatment at r.t. of
4-bromopyridine hydrochloride by 2-methyl-3-butyn-2-ol in
the presence of (PPh3)2PdCl2 and CuI in diethylamine affording
compound 8 and the removal of the protecting group by
treatment under reflux with NaOH in toluene.12

Upon slow diffusion at r.t. of a MeOH solution containing
CoCl2·6H2O (8 mg, 6.1 mmol) into a CH2Cl2 solution of
compound 1 (8 mg, 3.3 mmol), purple crystals were obtained
after three weeks. A single-crystal X-ray study† showed the
following relevant features: the crystal (orthorhombic) was
composed of 1, CoCl2 and MeOH molecules. As expected, a
directional 1-D neutral network based on the interconnection of
CoCl2 units by the ligand 1 is observed. The assembling core is
a distorted octahedral Co(II) complex for which the coordination
sphere is composed of two Cl2 anions, two nitrogen and two
sulfur atoms. The two Cl2 anions are located at axial positions
with a Co–Cl distance of 2.425 Å and a Cl–Co–Cl angle of
178.8°. The square base of the octahedron is composed of one
pyridine and one NS2 coordination set belonging to the
tridentate moiety of the ligand with Co–N and Co–S distances
of 2.118 Å and 2.490 Å respectively. Whereas the ClCoS angle
varies from 85° to 95°, the ClCoN angle is ca. 90° and the
NCoN angle is 180.0°. Dealing with the ligand 1, the two
pyridine units are almost untilted and the CC triple bond
distance is 1.207 Å (Fig. 1).

Owing to the unsymmetrical nature of the ligand 1 and, thus,
the assembling core, upon a single translation a 1-D directional
coordination network is indeed obtained. In the crystalline
phase, in principle, a directional 1-D network may either be
packed in centrosymmetric (Fig. 2a) or non-centrosymmetric
modes (Fig. 2b). In the case reported here, the directional
networks are positioned in a parallel fashion but oriented in
opposite directions, thus generating centres of symmetry.
Consequently, the overall system is non-directional (Fig. 3).
This centrosymmetric packing may be due to cancellation of
dipolar moments.

In conclusion, the unsymmetrical ligand 1 based on two
different coordination poles was shown to form a directional
1-D coordination network in the presence of CoCl2 demonstrat-
ing the viability of the approach. The network was structurally
characterised by X-ray diffraction methods on single crystals.

However, the 1-D networks were packed parallel to each other
with opposite orientation of linear arrays. The possibility of
controlling the unsymmetrical packing of such 1-D coordina-
tion networks is currently under exploration using chiral
analogues of the ligand 1.

We thank the CNRS and the Institut Universitaire de France
(IUF) for financial support.
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Fig. 1 Representation of the assembling core based on the coordination of
CoCl2 complex by two consecutive ligands 1 which by translation leads to
the directional 1-D network.

Fig. 2 Schematic representation of consecutive directional 1-D networks
leading to symmetrical (a) or unsymmetrical (b) packing.

Fig. 3 A portion of the X-ray structure of the directional 1-D network
showing the packing of consecutive networks in ‘head to tail’ fashion. H
atoms and solvent molecules are not presented for clarity. For distances and
angles see text.
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Complexes in which fac-(bpy)Re(CO)3 is linked by a styryl
pyridine to an amine or an azacrown ether show no
photoreaction in acetonitrile in the absence of acid, but they
photoisomerize readily at the stilbene-like bridging ligand
when the terminal amine or azacrown ether group is
protonated because an intramolecular energy-transfer
mechanism becomes available.

There is widespread interest in the design of molecular
photodevices whose properties change on the addition of
specific analytes.1 Devices range from sensors where the
analyte turns the emission on or off, to switches where the
analyte controls the occurrence or route of a photochemical
reaction. Photoinduced intramolecular electron or energy
transfer often underlies the mechanism by which the sensing or
switching effect occurs. Here we describe a molecular design in
which protonation controls a photochemical switching reaction
which is driven by intramolecular energy transfer.

We report two new complexes which combine three
functional groups: (bpy)Re(CO)3 is linked by a stilbene-like
bridging ligand to either an N,N-diethylamine (1) or an aza-

15-crown-5 ether (2) group.‡ The (bpy)Re(CO)3 chromophore
is being used increasingly within molecular sensors and
switches because it is luminescent, and its photophysics can be
controlled by intramolecular electron and energy transfer.2
Stilbene has been used as the basis for molecular photoswitches
because its well-studied trans–cis photoisomerization reaction
can be driven by excitation directly to the excited singlet state or
indirectly by energy transfer to form the excited triplet state.3
Crown ethers are attractive as receptors for analytes within
many photodevices because cation binding at the crown
generally modifies the absorption and emission properties of the
attached group, and can control its photochemistry.1 We report
new complexes that combine all three of these groups in a
photoswitchable device: photoisomerization at the styryl group
is the switch, and proton binding at the amine or azacrown N-
heteroatom controls the effect.

The UV/vis absorption spectrum of trans-1 in acetonitrile
(Fig. 1) comprises an intense, solvatochromic band at 435 nm
and weaker features at 240–350 nm. The 435 nm band is
assigned to an intraligand charge-transfer (ILCT) transition
localised on the py-DEAS ligand,§ in which charge is
transferred from the amine N-atom donor to the pyridyl N-atom
acceptor, and the weaker features at ca. 300 nm and ca. 250 nm
are assigned to p? p* transitions localised on the bpy and py-
DEAS ligands, respectively. The dp(Re) ? p*(bpy) metal-to-
ligand charge-transfer (MLCT) transition of (bpy)Re(CO)3
complexes typically gives an absorption band at ca. 380 nm
(absorption coefficient, e ≈ 3500 dm3 mol21 cm21), and
excitation into this band gives MLCT emission at ca. 600 nm
which is moderately intense in ambient temperature solution
(emission quantum yield, Fem ≈ 1022).4 The MLCT absorption
band of trans-1 underlies the intense ILCT feature (Fig. 1);
excitation at 380 nm, or at any wavelength in the range 300–500
nm, resulted only in very weak MLCT emission, with Fem < 6
3 1024.

Addition of HCl to a solution of trans-1 in acetonitrile
resulted in a blue-shift of the ILCT absorption band to ca. 320
nm (Fig. 1): this change is attributed to the production of trans-
1-H+, in which protonation at the amine N-atom inhibits charge
transfer and raises the energy of the ILCT state. Protonation
would not be expected to cause a significant shift in the MLCT
absorption band, which is revealed on the long-wavelength edge
of the shifted ILCT feature. Excitation of trans-1-H+ in the
range 300–450 nm resulted in one extremely weak emission
band at ca. 400 nm (excitation peak at ca. 330 nm) which is
assigned to ILCT emission, and another slightly more intense
band at 590 nm (Fem = 1 3 1023) which is assigned to MLCT
emission. Excitation spectra recorded on monitoring the
emission at !590 nm were found to mirror the expected MLCT
absorption profile (excitation peak at ca. 355 nm). Only MLCT
emission was observed on excitation at > 400 nm, confirming
that irradiation at > 400 nm excites trans-1-H+ exclusively to
the MLCT state.

Prolonged irradiation¶ of trans-1 in acetonitrile at any
wavelength in the range 350–450 nm, exciting to either ILCT or
MLCT states, resulted in no change in the UV/vis absorption
spectrum, indicating that there is no significant photoreaction.∑

† Electronic supplementary information (ESI) available: UV/vis absorption
spectra of 2. See http://www.rsc.org/suppdata/cc/b0/b005889k/

Fig. 1 UV/vis absorption spectrum of trans-1 (2 3 1025 mol dm23) in
CH3CN (—) and in CH3CN on addition of excess HCl (---).
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By contrast, irradiation of trans-1-H+ at wavelengths in the
range 400–430 nm, exciting exclusively to the MLCT state,
resulted in pronounced changes in the absorption spectrum, and
in a significant increase in the MLCT emission intensity (Fig.
2). The changes in the absorption spectrum of 1-H+ are
consistent with trans–cis photoisomerization at the styryl
–CNC– bond.5 This interpretation was confirmed by 1H NMR,
which showed the production of new vinylic proton resonances
characteristic of the cis-isomer;** integration of the cis- and
trans-isomer peaks showed that the photostationary state
reached on irradiation of trans-1-H+ at 406.7 nm consisted of a
ca. 50+50 cis+trans mixture. These results demonstrate that the
photoisomerization of trans-1 in acetonitrile is controlled by
protonation.

The MLCT excited state of (bpy)Re(CO)3 complexes
typically decays back to the ground state in ca. 0.1 ms, by
radiative and non-radiative routes, giving moderately intense
MLCT emission in ambient temperature solution.4 The ex-
tremely weak emission and the absence of any photochemical
reaction for trans-1 indicate that an additional non-radiative
decay route that regenerates the ground state is available from
the MLCT state of this complex. For complexes in which
(bpy)Re(CO)3 is linked to a dialkylamine by a saturated spacer,
intramolecular electron transfer from the amine group to the Re
centre in the MLCT state can result in the rapid ( < 1 ns)
formation of a charge-separated ligand-to-ligand charge-trans-
fer (LLCT) state which decays non-radiatively back to the
ground state.2,6 Our observations are consistent with this
mechanism for the decay of the MLCT state of trans-1.

The moderately weak emission observed from trans-1-H+

indicates that, like trans-1, an additional non-radiative decay
route is available from the MLCT state in comparison with
typical (bpy)Re(CO)3 complexes. The results of the irradiation
experiments show that the mechanism is dependent on protona-
tion, and that trans–cis photoisomerization occurs only for the
protonated form, trans-1-H+. Recent studies of complexes in
which (bpy)Re(CO)3 is attached to stilbene-like ligands have
shown that the MLCT state can decay by intramolecular energy
transfer to form a triplet excited state of stilbene from which
trans–cis isomerization occurs.7 We attribute the photo-
isomerization of trans-1-H+ to this mechanism:

The increase in MLCT emission on irradiation (Fig. 2) can be
attributed to the loss of this intramolecular energy-transfer
decay route on isomerization to cis-1-H+ because the energy of
the styryl-centred triplet excited state is raised in the cis-

isomer;7 Fem ≈ 1022 is estimated for cis-1-H+. The significant
increase in the MLCT emission intensity on isomerization
serves as an effective ‘signal’ that photoswitching has oc-
curred.

The experiments described above for the diethylamino
derivative 1 have been repeated for the azacrown ether
derivative 2 (see ESI†). The spectra of these two complexes,
and of the free styryl ligands, are similar under all of the
conditions studied. As for trans-1, photoisomerization in
acetonitrile was observed only on protonation at the azacrown
to form trans-2-H+.

In addition to describing these complexes as proton-
controlled photoswitches, they can also be described as two-
input photoionic signal-processing devices:8 the presence of
both protons (ionic input) and visible light (photonic input) is
required to give a photonic output change, observed as an
increase in the emission intensity.

In summary, we have demonstrated that protonation can be
used to control the trans–cis photoisomerization reaction of a
complex in which (bpy)Re(CO)3 is linked by a stilbene-like
bridging ligand to an amine or an azacrown ether. The
effectiveness of this approach for the azacrown ether complex
provides an opportunity to explore the use of cations within the
crown to control the photoisomerization reaction, and such
experiments are in progress.

Notes and references
‡ (bpy)Re(CO)3Cl was stirred with an excess of CF3SO3H at room
temperature for 1 h to yield (bpy)Re(CO)3(CF3SO3), which was refluxed
overnight in THF under N2 with < 1 equiv of the appropriate styryl ligand,
4-(4-diethylaminostyryl)pyridine (py-DEAS) or 4-(4-aza-15-crown-5-styr-
yl)pyridine (py-AZAS) (see ref. 9 for synthetic method for styryl ligands).
The product was metathesized with NH4PF6 to yield [(bpy)Re(CO)3(py-
DEAS)]PF6 (1) or [(bpy)Re(CO)3(py-AZAS)]PF6 (2), respectively. The
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tography (5% MeOH–CH2Cl2 eluting on silica), and were characterized by
IR, ES-MS and 1H NMR, which showed that the trans-isomers were formed
exclusively.
§ The absorption spectrum of the free trans-py-DEAS ligand in acetonitrile
has a similar profile to that of trans-1, with an intense, solvatochromic
absorption band at 375 nm and a weaker band at 250 nm.
¶ Samples were irradiated in a sealed 1 cm pathlength cell with the output
from either a krypton ion laser (350.6 or 406.7 nm; 50 mW) or a xenon-arc
lamp (monochromated to 5 nm bandpass; 1–3 mW).
∑ No changes were observed in the absorption spectrum of trans-1 following
arc-lamp irradiation at 406 nm (3 mW) for 180 min; these conditions are
identical to those illustrated for trans-1-H+ in Fig. 2 except the absorbance
at 406 nm was 0.7 for trans-1 (versus 0.03 for trans-1-H+).
** The 1H NMR spectrum showed vinylic proton resonances assigned to
trans-1-H+ (d 6.95, 7.28; JH-H = 16 Hz) before irradiation, and to both cis-
1-H+ (d 6.35, 6.70; JH-H = 12 Hz) and trans-1-H+ after irradiation.
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Fig. 2 UV/vis absorption spectra obtained from a solution of trans-1 in
CH3CN (2 3 1025 mol dm23), with excess HCl added, after arc-lamp
irradiation at 406.7 nm (ca. 3 mW) for 0, 30, 120, and 180 min, along with
corresponding emission spectra obtained on excitation at 380 nm; no
distinct emission features were observed at < 500 nm following irradia-
tion.
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The homogeneously catalyzed reductive amination of alde-
hydes and ketones under smooth conditions is reported,
showing for the first time, that Rh(I) catalysts based on
chelating diphosphines and diphosphinites can be ad-
vantageously employed for this reaction, even for the
production of chiral amino acid derivatives.

One-stage (or direct) reductive amination of aldehydes and
ketones with amines affording higher alkylated amines is an
interesting target in modern organic chemistry with great
synthetic potential for application in academia and industry.
Hitherto several chemical reducing agents, in particular borohy-
drides, have been shown to be valuable for this reaction giving
rise to the alkylated amines in good yield.1 However, from the
ecological point of view and taking into account the demand for
atom economy, more promising is the use of molecular
hydrogen as a reducing agent. Indeed it was shown that
reductive amination with hydrogen can be mediated by
heterogeneous platinum, palladium, nickel or ruthenium metal
catalysts.2 Several amines have been prepared by this method-
ology even on an industrial scale.

Interestingly, only a few preliminary studies on the homoge-
neous version of this reaction can be found in the literature in
spite of the tremendous progress which homogeneous catalysis
has seen over the last decades.3 For example, typical hydro-
formylation catalysts such as rhodium and cobalt carbonyls
were tested, but were found to require rather severe reaction
conditions (100–300 atm H2, 100–200 °C).4 The selectivity and
efficiency of some glyoxyme Rh and Co complexes were
studied in the reductive amination of cyclohexanone with
ammonia.5 A related cyanocobalt catalyst afforded only
moderate yields of product amines.6 More noteworthy is the
unique reaction of a sterically hindered aniline with methox-
yacetone in the presence of a chiral Ir–diphosphine catalyst.7
Tandem hydroformylation–amination reactions (hydroamino-
methylation) also contain a reductive amination step, however
the range of products is limited owing to the use of olefins as
starting material.8

Recently, we reported that cationic rhodium(I) complexes
[Rh(dppb)(cod)]BF4 1 [dppb = 1,4-bis(diphenylphosphino)bu-
tane, cod = cycloocta-1,5-diene] and [Rh(dpoe)(cod)]BF4 2
[dpoe = 1,2-bis(diphenylphosphinito)ethane] are highly effi-
cient precatalysts in the hydrogenation of imines9 and enam-
ines10 under mild conditions (room temperature, 1–50 bar H2
pressure). Usually these substrates are considered to be
intermediates in some direct reductive amination reactions.11

Herein we demonstrate that complexes 1 and 2 are also useful
for reductive amination (Scheme 1). For this reaction, besides
the activity of the catalyst the selectivity for the formation of the
desired amine is important. The production of the relevant
alcohol by the competitive reduction of the carbonyl compound
should be minimized.

Our results obtained with selected aldehydes and piperidine
as the amine are listed in Table 1. Conversion with respect to the

starting carbonyl compound and selectivity in terms of
produced amine/alcohol ratio in the final reaction mixtures were
determined by 1H NMR spectroscopy. As shown, cationic
precatalysts 1 and 2 are efficient for reductive amination. It is of
note that in all trials the desired amine and the corresponding
alcohol were exclusively formed. Both complexes were more
effective and selective than Wilkinson’s complex Rh(PPh3)3Cl
(run 1, cf. runs 3 and 6; run 9, cf. runs 11 and 14). Also the
hydroformylation precatalyst Rh(PPh3)2(CO)Cl (run 10), fre-
quently applied in hydroaminomethylation,8 is inferior. Similar
behavior was observed for the in situ prepared neutral complex
[Rh(dppb)Cl]2 (run 2). Although the conversion measured after
20 h was similar to that for precatalyst 1 the hydrogen uptake
proceeded significantly more slowly.

Increasing concentrations of the amine had no pronounced
effect on the selectivity, this applying for PhCHO (runs 3 and 4)
as well as for PhCHMeCHO (runs 11 and 12) as substrate when
precatalyst 1 was used. Application of precatalyst 2 in the

Scheme 1 Reductive amination of aldehydes and ketones with Rh(I)
catalysts.

Table 1 Reductive amination of aldehydes with piperidine as the aminea

Run Catalyst

Molar ratio
piperidine/
aldehyde

Conv.
aldehyde
(%)b

Ratio
produced
amine/
alcohol

PhCHO
1 Rh(PPh3)3Cl 1+1 94 0.1
2 [Rh(dppb)Cl]2 1+1 > 99 1.0
3 1 1+1 > 99 1.5
4 1 2+1 > 99 1.5
5 1c 1+1 > 99 1.3
6 2 1+1 > 99 1.8
7 2 2+1 > 99 1.2
8 2c 1+1 > 99 1.4
PhCHMeCHO
9 Rh(PPh3)3Cl 1+1 70 0.4
10 Rh(PPh3)2(CO)Cl 1+1 4 n.d.
11 1 1+1 > 99 1.7
12 1 2+1 > 99 1.9
13 1c 1+1 > 99 4.8
14 2 1+1 > 99 6.1
15 2c 1+1 > 99 3.2
a Reaction conditions: 5 mmol aldehyde, 0.2 mol% precatalyst, 10 ml
MeOH, 50 bar initial pressure of H2, room temp. b Measured after 20 h.
c TsOH·xH2O added (TsOH·xH2O/Rh = 20).
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reductive amination of benzaldehyde led to a slight decrease in
selectivity (runs 6 and 7). The absence of a significant
dependence of the selectivity on the amine concentration is
noteworthy. Obviously, the rate limiting step in the overall
process is the reduction of the corresponding intermediates but
not their formation. This assumption is also confirmed by the
fact that preliminary heating of a mixture of PhCHO and
piperidine in methanol had no effect on the selectivity.

It is interesting that both precatalysts exhibited approx-
imately the same selectivity with PhCHO as carbonyl compo-
nent (runs 3 and 6) while the selectivity observed in the
reductive amination of PhCHMeCHO with 1 as a precatalyst
was lower than with 2 (runs 11 and 14).

The effect of TsOH·xH2O as additive is less clear. Thus, this
additive slightly diminished the selectivity of precatalysts 1 and
2 in the reaction of benzaldehyde with piperidine (runs 3/5, 6/8).
However, in the reaction with PhCHMeCHO the effect of the
additive was dependent upon the precatalyst used (runs 11/13,
14/15). In general, in the presence of TsOH·xH2O, the rate of the
hydrogen uptake was lowered.

We next investigated the reductive amination of aldehydes
with a two-fold excess of piperidine as a function of the
substitution pattern of the aldehyde using precatalyst 1 (Table
2). In the series of substituted benzaldehydes (runs 1–5) the
beneficial effect of electron-withdrawing groups upon the
selectivity is evident. The presence of a methyl group in an
ortho position exhibited no steric effect on the selectivity (run
3). Unfortunately, NO2- and CN-groups did not survive under
the reaction conditions. An alkyl substituent a to the carbonyl
group strongly affected the selectivity of amination (runs 6–8).
The highest selectivity was observed with n-octanal (run 8).

The results of reductive amination of PhCHO with various
amines are summarized in Table 3. In general, good correlation
between the selectivity of the reaction and the basicity of the
amine was observed (runs 1–4). Apparently, steric effects can
exert a strong influence. Thus, with 2-methylpiperidine as
substrate, which has approximately the same basicity as

piperidine but is sterically more hindered, only traces of the
desired amine were formed (run 5).

In contrast to the reductive amination of PhCHO with
piperidine, the reaction with PhCH2NH2 using precatalyst 1 was
slow. After 20 h only 39% conversion was observed. However
the high observed amine/alcohol ratio of 11 is remarkable.

Unexpectedly, reductive alkylation with a-keto acid deriva-
tives afforded good yields of the desired amino acids. Thus, the
industrially relevant reductive amination of PhCH2COCOH
with benzyl amine gave N-benzylphenylalanine in a yield of
71% (Scheme 2). The product precipitated from the reaction
mixture and the analytically pure compound could simply be
isolated by filtration and subsequent washing with ethanol. In a
preliminary investigation the reaction was also run with a
catalyst bearing the chiral diphosphine 3.12 (R)-N-Benzylphe-
nylalanine was obtained in 59% isolated yield and 38% ee.

In conclusion, Rh(I) complexes represent efficient homoge-
neous catalysts for reductive amination of aldehydes and
ketones. The successful employment of chelating phosphorus
ligands for this reaction opens up a broad field of modifications,
whereby asymmetric reductive amination is one of the most
challenging goals.
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Table 2 Comparison of the selectivity and the rate of amination of various
aldehydes with piperidine using [Rh(dppb)(cod)]BF4 1 as a precatalysta

Run Aldehyde
Ratio produced
amine/alcoholb

1 4-HOC6H4CHO 0.8
2 4-MeOC6H4CHO 0.9
3 2-MeC6H4CHO 1.0
4 PhCHO 1.5
5 4-ClC6H4CHO 1.9
6 PhCHMeCHO 1.9
7 EtCHMeCHO 2.4
8 n-C7H15CHO 12.0
a For reaction conditions see Table 1. b After 20 h full conversion was
observed in all reactions.

Table 3 Comparison of reductive amination of PhCHO with various amines
employing [Rh(dppb)(cod)]BF4 1 as a precatalysta

Run Amine pKa (amine)
Ratio produced
amine/alcoholb

1 Pyrrolidine 11.27 2.30
2 Piperidine 11.02 1.50
3 Me2NH 10.73 0.43
4 Et2NH 10.49 0.07
5 2-Methylpiperidine 10.99 < 0.05
a Reaction conditions: 5 mmol aldehyde, 10 mmol amine, for other
conditions see Table 1. b After 20 h full conversion was observed in all
reactions.

Scheme 2 Preparation of racemic and enantiomerically enriched
N-benzylphenylalanine.
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The synthesis and characterization of a new active P*-active
phosphapalladacycle and its successful use in the asym-
metric hydroarylation of norbornene with turnover numbers
(TONs) of up to 1010 is described.

C–C coupling reactions using numerous transition metals are of
fundamental interest in modern synthetic chemistry.1 Thus, the
arylation and vinylation of olefins catalyzed by Pd complexes
(Heck reaction) has been extensively studied to achieve
industrial scale technical application during the last decade.2 In
this area, Herrmann et al. discovered in 1995 highly efficient
palladacycle catalysts in Heck and related reactions of aryl
halides with catalyst turnover numbers (TONs)3 up to
500 000.4,5 On the other hand, because of the excellent control
of regio- and stereo-selectivity in Heck reactions, intra- and
inter-molecular asymmetric variations were developed.6 Never-
theless, all of the results reported in the literature suffer from
insufficient catalyst turnover frequencies (TOF < 10 h21 and
TON < 100) and are limited in the use of aryl triflates and aryl
iodides as arylating agents.7 Thus, few syntheses of chiral
palladacycle catalysts have been envisioned and all these
attempts failed.8 To our knowledge, only Dunina et al. have
successfully reported the synthesis of an optically active P*-
chiral phosphapalladacycle via resolution of diastereomeric (S)-
prolinate derivatives of the racemic dimer.9 In the context of our
studies, we have recently described the potentialities of oxaza-
and diazaphospholidine ligands in various catalytic enantio-
selective reactions10 as well as the synthesis of a new class of
highly efficient new phosphapalladacycle catalysts for hydro-
arylation of norbornene with TON levels > 1010.14 Here, we
report the synthesis and use of a new chiral phosphapallada-
cycle catalyst, as well as the isolation of an intermediate
palladium complex involved in the hydroarylation of norbor-
nene.

The synthesis of the chiral o-tolyldiazaphospholidine ligand
3 was readily achieved in 89% yield by an exchange reaction in
refluxing toluene from bis(dimethylamino)(o-tolyl)phosphine 1
and (S)-anilinomethylpyrrolidine 2 (readily obtained from L-
glutamic acid) [eqn. (1)].15 The structure of this ligand was

(1)

unambiguously established by 1H, 13C, 31P NMR spectroscopy
and also by X-ray structure analysis (Fig. SI 1, ESI†).16

Treatment of palladium(II) acetate with ligand 3 in refluxing
toluene afforded the expected phosphapalladacycle complex 4
in 75% yield as a thermally, air and moisture stable yellow solid

[eqn. (2)]. The structure of this cyclometallated compound,

(2)

resulting from simple C–H activation of ortho-methyl group in
the aryl phosphine part, was established by NMR spectroscopy
and elemental analysis. However, all attempts to crystallize this
phosphapalladacycle complex have so far failed. This phospha-
palladacycle catalyst mediates arylation of norbornene under
reductive conditions (NEt3/HCO2H) [eqn. (3)] and the reactions

(3)

of phenyl triflate or iodobenzene with norbornene affording the
corresponding exo-phenylnorbornane were investigated
(ESI†).17,18 Table 1 summarizes the results.

As already observed using achiral catalysts, an extraordinary
high activity of complex 4 was observed at 120 °C in DMSO.14

Consequently, exceptional turnover numbers up to 1.96 3 108

mol product (mol Pd)21 and yields of 98% were achieved
(Table 1, entries 1–4). In addition, turnover frequencies up to
1.6 3 107 mol product (mol Pd h)21 were encountered. To our
knowledge, these values are the highest TOF reported to date for
palladium catalysis involving chiral palladacycle complexes.
On the other hand, whatever the experimental conditions, low
enantiomeric excesses (ee) up to 25% using phenyl triflate as
arylating agent were observed (Table 1, entry 5). Nevertheless,
these results constitute the first example of the use of an active
chiral P*-phosphapalladacycle catalyst in an enantioselective
hydroarylation reaction.

In the course of our investigations on the mechanism
(Scheme 1) of this reaction,19 we were able to isolate an
intermediate Pd(IV) complex 5 which was fully characterized by
X-ray structure analysis (Fig. 1).16,20 Isolation of this inter-

† Electronic supplementary information (ESI) available: Fig. SI 1 (structure
of 3, with labelling scheme), physical and spectroscopic data for 3, and
general information for norbornene hydroarylation. See http://www.rsc.org/
suppdata/cc/b0/b005521m/

Table 1 Catalytic hydroarylation of norbornene using palladacycle 4

Entry Ar–X
Catalyst 4
(mol% Pd)

Conv.
(%)a Yield (%)b TON Ee (%)c

1 Ph–I 0.5 100 99 1.9 3 102 14
2 Ph–I 5 3 1026 100 98 1.9 3 107 4
3 Ph–I 5 3 1027 100 98 1.96 3 108 2
4 Ph–I 5 3 1029 100 84 1.68 3 1010 2
5 Ph–OTf 0.5 100 99 1.9 3 102 25
6 Ph–OTf 5 3 1024 100 99 1.98 3105 14
a Conversion determined by GC. b Isolated yield. c Enantiomeric excess
determined by GC on a fused silica gel column (25 m 3 0.25 mm) coated
with 10% heptakis(2,3,6-tri-O-methyl)-b-cyclodextrin at 100 °C, tR(2)
39.30 min; tR (+) 40.58 min.
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mediate suggests a mechanism for the Heck reaction involving
PdII–PdIV species and suggests that the first step of the catalytic
cycle is oxidative addition of a haloarene to a palladium(II)
compound to form a palladium(IV) species. In the next step, an
alkene molecule is coordinated and inserts into the Pd–Ar bond.
The insertion process occurs via a four-centered transition state
which requires a planar assembly of the alkene and Pd–Ar bond.
Hence, insertion proceeds in a syn manner to generate a s-
alkylpalladium complex. The formate anion reacts subsequently
with the intermediate 7 producing the norbornyl palladium
formate 8 from which exo-phenylnorbornane 9 is generated
through decarboxylation and Pd(II) deinsertion.

In conclusion, we have described the synthesis of a new
active P*-chiral phosphapalladacycle and its successful use in
the asymmetric hydroarylation of norbornene, with TON up to
1010. On the other hand, although the enantiomeric excesses are
low (up to 25% ee) they constitute, to our knowledge, the first
results in asymmetric catalysis using a chiral phosphapallada-
cycle catalyst. Further studies relating to structural modification
of the chiral ligand are now underway and will be reported in
due course.
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Scheme 1

Fig. 1 X-Ray structure of 5, with labeling scheme (for clarity the iodine ion
has been omitted). Selected bond distances (Å) and angles (°): P1–Pd2
2.321(3), Pd2–O22 2.1810(1), Pd2–C27 1.221(2), Pd2–C26 2.195(3), C23–
O22 1.212(4), P1–N3 1.662(4), P1–N4 1.662(3), P1–C6 1.790(2); Pd2–
C27–O22, 115.2(1), P1–Pd2–N3 140.8(1), P1–Pd2–N4 105.7(2), P1–N3–
N4 94.5(2), P1–N4–C5 122.1(2), P1–N4–C11 111.4(3), P1–N4–C5
122.1(3), Pd2–C26–C7 132.2(1), Pd2–C26–O22 84.0(1), P1–N3–C14
117.4(4), P1–N3–N4 94.5(3), Pd2–P1–C27 138.4(2), Pd2–P1–C26
86.6(1).
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Carbon nanofibers with a mean diameter of about 50 nm
were successfully used as support for a palladium catalyst in
the liquid phase selective hydrogenation of the CNC bond in
an a,b-unsaturated molecule: a less critical problem of mass-
transfer limitation led to the obtention of a highly active and
chemo-selective catalyst compared to a commercial high
surface area activated charcoal supported palladium cata-
lyst.

Since their discovery at the beginning of the last decade,1
carbon nanotubes and nanofibers seemed to be promising
candidates for use as catalyst supports for heterogeneous
catalytic reactions.2–4 Such materials were expected to be
efficient in liquid phase media due to their high external
surfaces which can allow a significant decrease in critical mass
transfer limitations,5,6 also leading to an increase in the rate and
the selectivity of the reactions.7–10

The aim of the present communication is to report the
preparation of a highly dispersed palladium catalyst supported
on carbon nanofibers, which is active and chemo-selective in
the liquid phase hydrogenation of the CNC bond of cinnamalde-
hyde, at atmospheric pressure. The reaction rate and the product
distribution are compared with those obtained on a commer-
cially available activated charcoal supported palladium catalyst
under the same reaction conditions.

The carbon nanofibers (CNF) were synthesized by a gas
phase catalytic decomposition of a mixture of ethane and
hydrogen over a high surface area alumina supported nickel
catalyst at 650 °C. This nickel catalyst was prepared by
incipient wetness impregnation of an alumina support with an
aqueous solution of nickel nitrate containing 20 vol% of
glycerol as viscous agent. After synthesis and sonication the
carbon nanofibers were subsequently purified by acid treatment
at 80 °C for 2 h in order to dissolve any residual nickel catalyst
that they might have contained. The carbon nanofibers had a
mean diameter of around 50 nm and lengths up to several
micrometers and they were built with graphene planes in a
herringbone pattern, sometimes connected in the middle of the
fiber, forming a closed angle of about 75°. The distance between
the planes was found to be 0.34 ± 0.01 nm.

The palladium deposition (5 wt%) onto the support was
achieved by incipient wetness impregnation with an aqueous
solution of palladium nitrate. The solid was dried overnight at
110 °C and subsequently reduced under flowing hydrogen at
350 °C for 2 h. Transmission Electron Microscopy (TEM)
images evidenced the high and homogeneous dispersion of
spheroidal palladium metal particles, with a narrow particle size
distribution centered at around 3–5 nm diameter (Fig. 1). This
homogeneous dispersion was attributed to a relatively strong
metal-support interaction between the metal salt precursor and
the graphite edges of the carbon nanofibers, increasing the
resistance to the growth of the palladium particle. A similar
observation has also been reported by Baker and co-workers2–4

for graphite nanofibers supported on a nickel catalyst. However
the distribution profile of the metal particles was relatively

broad, ranging in size from 1.5 to 43.5 nm, with an average size
of the metal particles of ca. 7–10 nm.

The hydrogenation of cinnamaldehyde was carried out at
atmospheric pressure and low temperature, i.e. < 100 °C, with
bubbling hydrogen. For the test, 10 ml of cinnamaldehyde
(Athos, > 99.95 vol%) were dissolved in 40 ml of dioxane (RP,
> 99.95 vol%). The catalyst (loading 1.05 3 1023 g Pd) was
added to the liquid under vigorous stirring (400 rpm) and
subsequently, the reaction temperature was increased from rt to
80 °C, under continuous hydrogen bubbling through the liquid
phase. The cinnamaldehyde concentration and the product
distribution were followed by gas chromatography analysis
(PONA capillary column equipped with a FID detector) of
microsamples periodically withdrawn, and diluted with diox-
ane.

The catalytic results obtained over the Pd supported on
carbon nanofibers and the commercial catalyst (Aldrich), are
reported in Figs. 2 and 3. The superiority in terms of reaction
rate of the nanofiber based catalyst was clear when the slopes of
disappearance of CALD were compared. This performance was
quite surprising as the literature reports that a relatively low
surface area (45 m2 g21 instead of 900 m2 g21 for the

Fig. 1 A Transmisson Electron Microscopy image of the carbon nanofibers
supported palladium catalyst and the particle distribution.
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commercial catalyst) creates a major drawback for such an
application.4,11–13 Such behaviour is comparable to the results
reported by Baker et al. over graphite nanofiber and alumina
supported nickel catalysts.4 This high catalytic activity was
attributed to the high external surface area (high surface-to-
volume ratio) of the carbon nanofibers compared to the charcoal
grains (grains size ca. 50–100 mm) which improves the mass
transfer during the reaction. In addition, the presence of a large
amount of micropores ( > 60% of the total surface area) in the
commercial catalyst can be at the origin of diffusion phenom-
ena, slowing down the apparent rate of the reaction. The total
absence of microporosity in the nanofibers avoided such a
drawback.

It is worth noting that only hydrocinnamaldehyde (HCALD)
was detected and only trace amounts of CNO hydrogenated
products (CALH or PP) were found over the carbon nanofiber
catalyst, thus demonstrating a high selectivity for the CNC bond
hydrogenation (98%), while a mixture of dihydrocinnamalde-
hyde (HCALD), cinnamyl alcohol (CALH) and 3-phenyl-
propanol (PP) was observed on the commercial catalyst (Fig. 3)
and for related catalysts.14–17 This could be explained both by
the presence of microporosity and by some residual acidity on
the activated charcoal surface which could favour the hydro-
genation of the CNO bond in a consecutive reaction path-
way.4,14

In conclusion, carbon nanofibers (mean diameter at ca. 50
nm) can be efficiently used as a catalyst support, for liquid
phase reactions. The high external surface area of the catalyst
inhibits the mass transfer limitation of the reactant to the active
sites and leads to the obtention of an active and chemo-selective
catalyst. Such performances can open routes for the design of
new catalysts for liquid phase heterogeneous catalysis, and
particularly for enantioselective allylic substitutions or ketone
reductions.
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Fig. 2 Cinnamaldehyde conversion and product distribution as a function of
time on stream obtained at 80 °C over the carbon nanofibers supported
palladium catalyst. Cinnamaldehyde = CALD, cinnamyl alcohol =
CALH, hydrocinnamaldehyde = HCALD and 3-phenylpropanol = PP.

Fig. 3 Cinnamaldehyde conversion and product distribution as a function of
time on stream obtained at 80 °C over the commercial activated charcoal
supported palladium catalyst.

1872 Chem. Commun., 2000, 1871–1872



  

Growth of ultrafine zeolite Y crystals on metakaolin microspheres

Mingcan Xu, Mojie Cheng and Xinhe Bao*

State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian
116023, P.R. China. E-mail: xhbao@ms.dicp.ac.cn

Received (in Cambridge, UK) 18th July 2000, Accepted 17th August 2000
First published as an Advance Article on the web 18th September 2000

Ultrafine zeolite Y crystals (ca. 100–200 nm) have been
successfully grown on metakaolin microspheres ( < 100 mm)
for which good hydrothermal stability was observed; prod-
ucts were characterized by powder X-ray diffraction, scan-
ning electronic microscopy and transmission electronic
microscopy.

Zeolite Y is the most widely used catalyst in petroleum cracking
and reforming processes.1 In order to increase the yield of diesel
oil in FCC (fluid catalytic cracking), improve the catalytic
selectivity and reduce coke formation,2,3 fine and even ultrafine
zeolite Y crystals are desirable. Although ultrafine zeolite Y
crystals have been synthesized in the laboratory,4,5 there are still
two key problems remaining. One is the difficulty of production
in large quantities for industry since separation of ultrafine
crystals by centrifugation is not viable on such a scale. The other
drawback of such crystals is their low hydrothermal stability.5,6

in situ Crystallization of ultrafine zeolite Y on supports may
solve these problems. In an early report zeolite Y was
crystallized on shaped kaolin pellets.7 Here, we report a method
to grow ultrafine zeolite Y crystals on metakaolin microspheres.
At the same time, better hydrothermal stability of the ultrafine
crystals was observed after growth on the support.

The synthesis was performed under hydrothermal conditions.
Initially, a clear aqueous solution with composition (molar
ratio) of 16+16+283+1 (SiO2+Na2O+H2O+Al2O3) was prepared
upon addition of NaOH, Al2(SO4)3·18H2O and deionized water
to silica sol (30%). This solution was aged for 3 days at room
temperature. Uniform metakaolin microspheres (GSS600) of
ca. 40–100 mm diameter were prepared by flotation with
deionized water from kaolin microspheres (GSS), and then
calcined at 600 °C for 3 h. 2.8 g sodium citrate was then added
to the above aged solution and stirred for 2 h until dissolution
was complete. Then, 6 g GSS600 was added under strong
stirring. After 6 h, aqueous sulfuric acid was added dropwise
with agitation leading to a gel mixture with final composition
(molar ratio) 1+16+7.8+400 (Al2O3+SiO2+Na2O+H2O) exclud-
ing the kaolin microspheres. Finally the mixture was maintained
at 100 °C for 10 h. Two products were separated by flotation,
which were filtered off and washed. One product (KYAOLIN)
consisted of spherical particles with a similar diameter as the
kaolin microspheres while the other product (NNY) was a fine
white powder. Both were dried at 120 °C.

The powder X-ray diffraction (XRD) pattern [Fig. 1(a)] of
NNY is typical for zeolite Y, and no peaks from any other
crystalline substances were present. Clearly NNY consists of
zeolite Y crystals that did not grow on the metakaolin
microspheres. This result suggests that zeolite Y is the only
crystalline product present in this synthesis system. Fig. 1(b)
shows the XRD pattern of GSS600; besides peaks attributed to
mica and quartz impurities, only a broad background, character-
istic of amorphous material, was observed. Kaolin-type clay is
essentially an aggregation of book-shaped units of the clay
mineral kaolinite.8 Upon calcination at 600 °C GSS600
transformed into metakaolin9 and all the kaolinite peaks
disappeared. Fig. 1(c) shows the XRD pattern of KYAOLIN,
which reveals a clear XRD pattern of zeolite Y above the
background of the metakaolin microspheres (GSS600); no other
crystalline peaks were identified. The above analysis of the

XRD patterns undoubtedly indicates that zeolite Y crystals were
synthesized on the metakaolin microspheres.

On the surface of GSS600 [Fig. 2(a)], only irregular flakes
can been seen. In comparison to GSS600, scanning electronic
microscopy (SEM) of KYAOLIN [Fig. 2(b)] revealed many
closely packed cubic crystals on the surface of the metakaolin
microspheres. Fig. 3 shows a transmission electronic micros-
copy (TEM) image of a KYAOLIN section. The region shown

Fig. 1 XRD patterns of NNY (a), GSS600 (b), KYAOLIN (c), hydro-
thermally treated KYAOLIN (HKYAOLIN) (d) and hydrothermally treated
NNY (HNNY) (e) obtained on a Rigaku D/MAX-gb diffractometer using
Cu-Ka radiation.

Fig. 2 SEM image of GSS600 (a) and KYAOLIN (b) obtained on a S3200N
(HITACHI) scanning electronic microscope.
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is part of a metakaolin microsphere section and was found to be
homogeneous. A layer of cubic crystals, distinctly different
from the metakaolin microspheres, were spread along the
surface of the metakaolin microspheres. It is also observed that
the crystals with sizes in the range 100–200 nm grow out of the
metakaolin microspheres. The electronic microscope images
and the XRD patterns unequivocally show that ultrafine zeolite
Y crystals are grown on metakaolin microspheres.

HKYAOLIN [Fig. 1(d)] and HNNY [Fig. 1(e)] are, re-
spectively, the products KYAOLIN and NNY treated with
100% water vapour at 650 °C for 2 h. In the XRD pattern of
HKYAOLIN, clear peaks from the zeolite Y crystals are still
present. Compared with KYAOLIN [Fig. 1(c)], the correspond-
ing peaks from zeolite Y crystals in HKYAOLIN are somewhat

broadened and reduced in intensity. This indicates that the
crystalline structure of zeolite Y crystals grown on metakaolin
microspheres are degraded to some extent during the hydro-
thermal treatment. As seen in Fig. 1(e), the intensities of peaks
from zeolite Y crystals in HNNY are much weaker than those of
the product NNY [Fig. 1(a)], and some amorphous substance
was evident, i.e. during the hydrothermal treatment, the
crystalline structure of the zeolite Y crystals is largely destroyed
and changed into amorphous materials. The difference in
decrease of the relative intensity of the HKYAOLIN and
HNNY demonstrates that the hydrothermal stability of the
ultrafine zeolite crystals is improved after growth on the
metakaolin microspheres. The reasons for this improved
hydrothermal stability upon growth on metakaolin spheres are,
as yet, unclear, and require further investigation.

All the information obtained from XRD patterns, SEM and
TEM images demonstrates that ultrafine zeolite Y crystals have
been successfully grown on metakaolin microspheres and that
they show good hydrothermal stability. The ultrafine zeolite Y
crystals grown on metakaolin microspheres may have potential
use in FCC processes.
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Fig. 3 TEM picture of a section (40–70 nm thickness) of KYAOLIN
obtained on a JEM-2000EX, 100 kV instrument.
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Electrical current was flowed through indium oxide/tin
oxide nanoparticles to create highly active catalysts for
selective oxidation of methanol to H2 and CO2 with low
concentrations of CO.

A new type of catalyst and catalyst activation procedure is
presented for selective oxidation of methanol to H2 and CO2 at
low temperatures. This catalyst is of interest as a way to use
liquid methanol as a source of H2 for fuel cells.1–3 The catalyst
was activated by passing electrical current through it while gas
phase reactions took place.4 The catalyst consists of a mixture of
90% In2O3 and 10% SnO2 and will be referred to as indium tin
oxide (ITO).

To prepare the catalyst, a mixed chloride was precipitated
from an aqueous solution by adding NH3(aq). The precipitate
was filtered off, washed, and then calcined at 723 K. A mixture
of 75% ITO (BET surface area 15.7 m2 g21) and 25% Al2O3
(surface area 61.7 m2 g21) nanoparticles was formed by milling
the two powders together. The nanoparticles were deposited
from a suspension onto porous (0.2–0.3 mm pores) honeycomb
Al2O3 structures (3.8 3 1.3 3 0.6 cm). The two ends of the
honeycomb were coated with a conductive paste, before the
catalyst was deposited, so that electrical connections could be
made. The honeycomb was placed in a circuit with a constant-
current dc power supply. The deposited catalyst was reduced in
5–20% H2 at 575 K; this lowered the resistance and changed the
catalyst color to light blue. A chromel–alumel thermocouple
(0.2 mm diameter) was inserted into a honeycomb pore near the
center to record the temperature during reaction. The product
and feed streams were analyzed by gas chromatography. The
mass balances were checked by calculating the H/C and O/C
atomic ratios for the products. Typical average deviation from
the feed ratios were 5% for the H/C ratio and 9% for the O/C
ratio.

Results presented here were obtained on several honeycomb
structures. Methanol oxidation was carried out in three ways.

(1) The catalyst temperature was raised by thermally heating
it with a small ceramic heating element directly attached
to the honeycomb. No current passed through the
catalyst.

(2) Electric current was passed through the catalyst, and
ohmic heating raised the catalyst temperature.

(3) After the catalyst was used for reaction with the electrical
current, the current was decreased to zero. The catalyst
temperature was then increased using the attached
ceramic heating element.

Fig. 1 shows the methanol conversion and selectivity for H2
formation as a function of temperature during oxidation over an
ITO catalyst honeycomb for the first two types of experiments.
The selectivity for H2 was defined as the molar ratio: H2/(H2 +
H2O + CH2O). These experiments used a 20% O2/80% He gas
feed and a MeOH/O2 feed ratio of 1.3. When the reduced
catalyst was heated by the ceramic heater alone, the reaction
products were only detected above 473 K, and the same rates
and selectivities were obtained when raising or lowering the
temperature. The main products were H2, CO2, and H2O. As the

temperature increased, the rate of H2 formation and the
selectivity to H2 both increased.

As shown in Fig. 1, the catalyst was much more active at a
given temperature when an electrical current was passed
through it.4 At 373 K, methanol conversion was > 5%, and by
473 K, methanol conversion was 80%. The H2 selectivity
increased with temperature as the conversion increased, so that
the rate of H2 formation increased dramatically above 425 K.
The H2 production rate was higher at all temperatures with
electrical current through the catalyst than for the thermally
heated catalyst. At 525 K, the rate of H2 production was 50
times higher than seen with thermal heating. As with thermal
heating, H2, CO2 and H2O were the main products. Only
slightly more than 1% of the products were CO at 532 K, and a
much smaller percentage were CH2O. The percentage of H2 in
the reactor effluent at 500 K was 17.5% on a wet basis; the
current was 0.15 A and the voltage was 95 V dc.

A turnover frequency (TOF, the number of molecules
reacting per surface site per second) was estimated using the
BET surface area of the ITO powder. At 450 K, where the
conversion was ca. 50%, the TOF was 0.15 s21. Since the
reaction was run for 30–60 min or longer at each temperature,
this TOF shows that each site reacted with a large number of
methanol molecules without deactivation.

Fig. 1 (a) Percent methanol conversion and (b) selectivity [H2/(H2 + H2O +
CH2O)] for H2 formation vs. temperature for oxidation of methanol on an
indium oxide/tin oxide catalyst. The results for thermal heating were
obtained as the catalyst temperature was increased (—, -) and decreased
(-----, 8). The results when an electrical current flowed through the catalyst
were obtained as the current (and temperature) was increased (—, 5) and
decreased (-----, 2).

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b003920i Chem. Commun., 2000, 1875–1876 1875



After the catalyst temperature had reached 525 K, the current
was decreased in increments, and steady state measurements
were made at several temperatures. Interestingly, the catalyst
was more active at a given temperature during these measure-
ments than when the current increased. That is, after the catalyst
was exposed to the reaction mixture at 525 K with electrical
current, it was more active at lower temperatures.

When 60% O2/40% He was used as the gas feed instead of
20% O2/80% He, the selectivity to H2 was lower. After the
catalyst had been exposed to the reaction mixture at 625 K with
the electrical current, it was active for methanol oxidation even
at 360 K with the current turned off. The percentage of H2 in the
reactor effluent was 12% on a wet basis with zero power. The
reaction was reproducible and stable for at least 48 h, suggesting
that this is not a transient artifact. When the electrically
activated catalyst was heated thermally, it was much more
active than when the original catalyst was heated thermally.
Moreover, as shown in Fig. 2, the methanol conversion at low
temperatures was higher for the activated catalyst (heated
thermally) than for the catalyst with current flow. The
selectivity to H2 formation (Fig. 2) was higher at all tem-
peratures after the catalyst had been activated by electrical
current.

The products from electrically activated ITO catalysts were
predominantly H2, H2O and CO2. On 1% Pd/ZnO, Cubeiro and
Fierro5 reported selective oxidation of methanol to H2 and CO2
at 503–543 K, though more than 20% of their product was CO.
On Cu40Zn55Al5 catalysts, Alejo et al.6 reported selective H2
formation and low CO formation for MeOH oxidation near 500
K, but the O2/MeOH feed ratio was only 0.06, so conversions
were 20% or lower.

Previous studies have used electrical current to activate
heterogeneous catalysts, but the present process is quite
different. In the previous studies, a voltage applied across a
solid electrolyte caused reversible increases in catalytic activity
and dramatic changes in selectivity of metals supported on the
electrolyte. These results have been explained using the non-
Faradaic electrochemical modification of catalytic activity
(NEMCA) effect.7 For oxidation reactions, the rate increased by

up to a factor of about 100 when an electrical current was
applied. For most systems, NEMCA was attributed to electro-
chemically controlled back spillover of oxygen from a solid
electrolyte such as yttrium-stabilized zirconia, and the rate
enhancement depended dramatically whether the voltage was
positive or negative. When the current was turned off, the
NEMCA effect disappeared. The mechanism on the ITO
catalyst appears to be quite different from the NEMCA effect
for several reasons: (1) reversing the electrical leads to the
catalyst did not change the reaction kinetics or selectivity, (2)
when the current was shut off, the ITO catalyst was still active,
and (3) reaction takes place on the ITO semiconductor oxide
deposited on a porous insulating substrate and not on a metal
deposited onto a solid ion conducting electrolyte.

X-Ray photoelectron spectroscopy analysis was carried out
on samples before and after reduction and after electrical
activation in the methanol/air mixture. A reduced sample that
was reacted in the methanol/air mixture at elevated temperature
was also analyzed. A Physical Electronics Quantum 2000-1
system was used with electron and ion guns for charge
neutralization. The reduced sample and the electrically acti-
vated sample had surface compositions that were 85–90% In
and 10–15% Sn, and the sample reacted without electrical
activation was 95% In. The bulk composition of the catalyst was
90% In, so surface enrichment does not appear to be responsible
for the enhanced activity of the electrically activated catalyst.
Small binding energy shifts (0.6 eV) toward more reduced states
were observed for the indium peak on two out of three locations
on the electrically activated catalyst, but the peak shifts could
not be unambiguously assigned. Thus, the electrically activated
catalyst may be reduced more than the H2 pretreated catalyst.

The enhanced rate on the electrically activated catalyst could
perhaps be due to reaction on local regions of the catalyst that
were hotter than the temperature measured by the thermo-
couple. While we did not observe any hot spots on the visible
external surfaces of the catalyst, such hot spots may exist
internally. Alternatively, at contact points of the catalytic
particles, the grain boundaries may be hot because of the ohmic
heating. Given the nanostructured form of the catalysts, these
microscopic hot spots may be localized. As shown in Fig. 1, the
temperature to obtain 50% conversion is 200 K lower for the
catalyst with current flow. If only a fraction of the catalyst is at
a higher temperature than the average, then the temperature
difference would have to be more than 200 K to yield the same
conversion as when the entire catalyst was 200 K hotter. Since
the ITO catalyst is expected to be a good thermal conductor (e.g.
SnO2 has a thermal conductivity similar to graphite) such large
temperature differences over the short distances between
particle contact points seems unlikely. Moreover, localized
heating cannot explain why the conversion and selectivity are
lower on raising the current than on lowering the current. Nor
would localized heating explain why the catalyst was active
when the current was off after electrical activation.

More extensive studies are necessary to determine the
reasons for the enhanced activity, low carbon monoxide
concentration in product gas, and other unusual effects observed
when current is passed through the catalyst. The method of
using electrical current to activate heterogeneous catalysts may
be broadly useful to many other chemical reactions. In
preliminary studies we have observed electrically activated ITO
to catalyze methane reforming and the remediation of toluene
and acetone.

Notes and references
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Fig. 2 (a) Percentage methanol conversion and (b) selectivity [H2/(H2 +
H2O + CH2O)] for H2 formation vs. temperature for oxidation of methanol
in 60% O2 on an indium oxide/tin oxide catalyst. The results were obtained
when the current through the catalyst was increased (—, 5) and decreased
(-----, 2). The point where the power was turned off is indicated. After the
current was shut off, the catalyst temperature was raised thermally (—, -)
and then decreased again (-----, 2).
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The application of the new cyclopalladated imine complexes
of the Milstein-type 1d, 2a and 2b and the immobilised
derivative 2c in the Heck reaction has provided evidence
that these complexes are unstable and the active species is
metallic palladium.

The palladium-catalysed reaction of organic halides with
alkenes (the Heck reaction, Scheme 1) is a well-established
method for carbon–carbon bond formation.1 The reaction is
usually carried out homogeneously in the presence of phosphine
ligands and a base.

The need for relatively large amounts of catalyst and the early
precipitation of palladium black are severe limitations that have
so far prevented widespread industrial application of the Heck
reaction. However, thermally robust cyclopalladated complexes
offer a way to overcome these stability limitations. Specifically,
in addition to the numerous examples that are based on
palladated phosphines,2 the cyclopalladated imine complexes
1a–c were recently described.3 Contrary to the ubiquitous
application of palladium phosphine complexes as catalysts for
the Heck reaction, the use of nitrogen-based catalysts is still
very rare. However, these cyclopalladated imines form ther-
mally and air-stable catalysts with high activities (turnover
numbers {TON} > 106 were achieved).

In order to improve the recyclability, and thereby the
applicability, of these highly active cyclopalladated imine
catalysts, we attempted to immobilise one of these complexes.
Among the numerous attempts to immobilise Pd catalysts on
various supports,4 there is only one example of an immobilisa-
tion via nitrogen-based tethers.5 To avoid problems arising from
the dimeric nature of catalysts 1a–c, we utilised Pd(hfac)2
instead of Pd(OAc)2 as the source of Pd(II). The monomeric
nature of cyclopalladated phosphine complexes bearing acac
and hfac counterions has been reported.2d To guarantee
comparability of results, we also synthesised the homogeneous
model complexes 1d, 2a and 2b. All these new palladacycles
have been fully characterised.† Additionally, the monomeric
nature of 2b was verified by X-ray analysis (Fig. 1).‡

Utilising commercially available aminomethyl-functional-
ised polystyrene beads (AMPS, Fluka 81553), the catalyst 2c
was readily prepared in two steps (Scheme 2). A catalyst
loading of 0.544 mmol g21 was determined by XRF analysis.
The characteristic imine C = N stretch vibration of 1661 cm21 in
the IR spectrum for the imine-functionalised support shifted to
1636 cm21 in 2c. The latter value is in good agreement with that
of the homogeneous analogue 2b.

The catalytic behaviour of the new palladacycles 1d and 2a–c
was studied in the coupling reaction of iodobenzene with

styrene in N-methylpyrrolidinone (NMP). n-Pr3N was em-
ployed as the base in all experiments. In accordance with the
results for 1a–c, all experiments were performed in air. A

† Electronic supplementary information (ESI) available: selected spectro-
scopic data for 1d, 2a and 2b. See http://www.rsc.org/suppdata/cc/b0/
b004503k/

Scheme 1 The Heck reaction.

Fig. 1 The molecular structure of 2b. Relevant bond distances (Å) and
angles (°): Pd–C(1) 1.9461(30), Pd–N(1) 1.9788(43), Pd–O(1) 2.0159(46),
Pd–O(2) 2.1106(23), N(1)–C(7) 1.2776(42), C(1)–C(2) 1.3808(44), C(2)–
C(7) 1.4630(49); N(1)–Pd–C(1) 80.73(13), N(1)–Pd–O(2) 95.68(11), O(1)–
Pd–O(2) 89.82(10), O(1)–Pd–C(1) 93.64(12).

Scheme 2 Reagents and conditions: i, acetophenone (1.1 equiv.), cat.
TsOH, toluene, 112 °C, 16 h; ii, Pd(hfac)2 (0.75 equiv.), C6H6, 68 °C,
12 h.
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control experiment under N2 with otherwise identical condi-
tions showed no difference in catalyst activity. All catalysts
were active under the employed conditions and pure stilbene
(trans/cis = 6.8–7.4) was obtained (Table 1).

The immobilised catalyst 2c showed a level of activity in the
first run that is comparable to that of the three homogeneous
analogues 1d, 2a and 2b (Table 1, entries 1–3, 8). An increase
of the reaction temperature from 100 to 140 °C led, as expected,
to a rise of several orders of magnitude in TON (entry 2 cf. 4).
An intriguing feature, which is exhibited by all the new catalysts
in their first catalytic runs, is the presence of an induction period
of about one hour (Fig. 2). Hence, the catalytically active
species is not identical with the originally employed pallada-
cycle, but is only formed during the course of the reaction. The
gradual increase of the reaction rate after the initial induction
period is indicative of a steady increase of catalyst concentra-
tion over the course of the reaction. Further evidence about the
nature of the catalytically active species arises from the
observation that the immobilised catalyst 2c, recovered by
filtration from an initial catalytic run at 140 °C (Table 1, entry
5), proved to be completely inactive in a consecutive run (entry
7). Instead, the filtrate of the initial run exhibited an un-
diminished level of activity upon addition of another equivalent
of substrates and base (entry 6). Furthermore, the filtrate
catalyses the Heck coupling without the occurrence of an
induction period (Fig. 3). Therefore the catalytically active
species has to be soluble. The imine ligand of the immobilised
palladacycle in 2c cannot be removed from the polystyrene
support due to the firm C–C linkage. Hence, the catalytically
active species must be formed under loss of this ligand. The
liberation of the catalytic species from 2c is slowed sufficiently
at 100 °C to allow some of the catalyst precursor to remain on
the support after the first run. Therefore some activity is
maintained for a second, but not a third run. Accordingly, the

filtrates of both the first and second runs exhibit high levels of
activity (entry 8–12).

Contrary to the claim of high thermal stability of the
cyclopalladated imine complexes 1a–c, the catalyst precursors
2a–c and especially 1d proved to be thermally labile to such an
extent that even moderate heating during the synthesis of these
palladacycles caused precipitation of some palladium black.
The particularly high lability of 1d corresponds well with the
relatively short induction period found in catalytic runs
employing this complex (Fig. 2). The expected rapid decom-
position of the palladacycles under the conditions of the Heck
reaction was proven by the fact that heating 1d in NMP to 140
°C for 2 h in the absence of substrates and amine base caused
complete degradation under formation of Pd black. In ac-
cordance with recent observations by Reetz, who detected
catalytically active, R4N+X2-stabilised Pd colloids in compara-
ble phosphine-free systems after a similar induction period,6 we
assume that finely divided palladium particles are also the true
source of catalytic activity in our system. The stabilising role of
R4N+X2 may in our system be adopted by the n-Pr3NH+I2 that
is formed in the course of the catalytic cycle. The high activity
of the examined cyclopalladated imine catalysts may be
ascribed to the formation of Pd(0) nanoparticles in a particularly
active form under the applied conditions.

M. N. gratefully acknowledges a Senior Research Fellowship
from TU Delft. U. H. would like to thank the Koninklijke
Nederlandse Akademie van Wetenschappen for a fellowship.
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Table 1 Results of the Heck reaction catalysed by imine catalysts 1d and
2a–ca

Entry Catalyst/mmol Run T/°C t/h
Yield 
(%)b TON

1 2a (3.2 3 1023) 1 100 14 100 1562
2 2b (3.2 3 1023) 1 100 12 100 1562
3 1d (3.2 3 1023) 1 100 12 100 1562
4 2b (5 3 1025) 1 140 120 91 91000
5 2c (3.2 3 1024) 1 140 11 100 15625
6 2c (2.8 3 1024)c 2d 140 20 95 17006
7 2c (4.0 3 1025) 2e 140 40 0 0
8 2c (3.2 3 1023) 1 100 13 100 1562
9 2c (4.5 3 1024)c 2d 100 120 100 11108

10 2c (2.7 3 1023) 2e 100 13 100 1852
11 2c (1.9 3 1023)c 3d 100 18 100 2630
12 2c (8.0 3 1024) 3e 100 40 0 0
a Amounts: PhI, 5 mmol; styrene, 6 mmol; n-Pr3N, 7 mmol; NMP, 5 ml;
mesitylene (int. standard), 0.25 ml. b Stilbene, trans/cis = 6.8–7.4;
determined by GC. c Determined by AAS analysis. d Filtrate of previous
run. e Recovered 2c from previous run.

Fig. 2 Plot of conversion versus time for the Heck reaction of iodobenzene
with styrene for the cyclopalladated catalysts 1d, 2a–c at 100 °C.

Fig. 3 Plot of conversion versus time for the Heck reaction of iodobenzene
with styrene for 2c in the first catalytic run at 100 °C and for the filtrate of
the former after addition of a second equivalent of substrates and amine
base.
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A new type of force-field, based on the angular overlap
model, has been developed in order to model compounds
containing ‘non-spherical’ ions; the model has been success-
fully applied to LaMnO3, with the Mn–O bond distances
within the distorted MnO6 octahedra and the lattice
parameters being reproduced to within 0.33% of those
determined experimentally.

There have been many successes over the last thirty years in the
modelling of oxides using simple interatomic potentials based
on the ionic model, particularly when ion polarisability is
accounted for via the shell model.1–3 Such calculations have
typically used potentials comprising a Buckingham term to
describe the short-range interaction between two ions along
with the Coulomb term (evaluated via an Ewald sum) for the
long-range interaction. Although potential parameters may be
derived theoretically, particularly from fitting to ab initio
energy surfaces, most have been obtained by empirical fitting to
experimental data including structural and physical properties.
However, the Coulomb and Buckingham potentials are purely
radial, and consequently can only accurately model structures
that contain spherical ions, representing a major limitation on
the applicability of these methods to transition metal oxides. In
order to extend the scope of structural modelling to include
topical materials that contain ‘non-spherical’ (especially Jahn–
Teller) ions, for example, manganates and cuprates which
require accurate Mn3+–O22 and Cu2+–O22 potentials, we have
developed a new short range potential. In this communication,
we show that we are now able to model LaMnO3, which
contains the Jahn–Teller Mn3+: 3d4 cation, which will clearly
enable predictive computational chemistry to be applied to the
area of colossal magnetoresistance (CMR) research. We expect
the same basic method to be applicable in the case of Cu2+: 3d9,
and thus in the area of high Tc superconductivity.

The driving force for the distortions of the coordination
sphere of Mn3+ and Cu2+ is associated with the Jahn–Teller
effect, which removes a degeneracy in the electronic energies.
In order to model the irregular coordination geometry asso-
ciated with these ‘non-spherical’ ions, we chose to add a
contribution to the lattice energy that corresponds to this
energy-level splitting. Adding a ligand field stabilisation
energy, and implementing numerical gradients, has previously
proved4 successful in the framework of molecular mechanics as
applied to gas phase coordination complexes. Our model
implements an adaptation of the angular overlap model
(AOM).5 The resulting parameterised interatomic energy term,
ELF, and its analytical gradients have been incorporated within
the General Utility Lattice Program (GULP),6,7 which is widely
used for modelling ionic solids. One significant feature of our
approach was to change the AOM formalism in order to
introduce rotational invariance into the model, which is
essential for application to energy minimisation studies. Thus,
the GULP code creates a 5 3 5 overlap matrix for each
transition metal ion,

H Ae r
dd

ligands

d d¢
-

¢= Â / rG G (1)

by taking the products of the angular contributions to the
overlap integrals, Gd,8 between the transition metal ion d-orbital
and the orbitals of any surrounding ligand. A and r, which will
subsequently be denoted with the subscript LF, are parameters
that depend upon the transition metal and the ligand. From the
eigenvalues of HddA, we can compute the approximate energy
level diagram that results when the orbitals of the surrounding
ligands overlap the d-orbitals of the transition metal ion via a s-
bonding interaction. In this way, we can calculate ELF, for each
transition metal ion, which is simply a weighted sum over these
energy levels (eigenvalues). The second important modification
of the AOM is the inclusion of an exponential distance
dependence, rather than just inclusion of the nearest neighbour
ions, such that a ligand that is further away makes a smaller
contribution to ELF. Moreover, the use of the exponential
provides a way to decrease cut-off discontinuities and removes
the need to specify which ligands belong to the first coordina-
tion sphere.

The mixing of the orbitals lowers the populated ‘ligand’
energy levels, creating a more stable environment. To conserve
energy, the sum of the energy levels of the d-orbitals must
increase. Because we do not explicitly consider the ‘ligand’
energy levels, the stabilising energy ELF is calculated by
summing up the energy levels of the unoccupied d-orbitals;
thus, if there are 10 d-electrons there are no unoccupied states
and no stabilisation energy. To avoid singularities (for example,
when one or two electrons occupy d-orbitals that are three-fold
degenerate) we have also allowed partial occupancies (or a non-
zero probability that an electron can populate a higher energy
state) through the use of a Fermi function. The Fermi energy, Ef,
defined to be that which gives the required number of d-
electrons, can only be expressed implicitly, and so it is
calculated by an iterative method. Because we treat spin-up and
spin-down separately, there are two Fermi energies, and ELF for
each transition metal ion is therefore a double summation over
the weighted energy levels. The ‘electronic temperature’ of the
Fermi function is fixed at room temperature in the present
work.

Table 1 Buckingham parameters (B) for the interaction between the cations
and the oxygen shells, Os

22, and the new force field parameters (LF)
obtained for the Jahn–Teller interaction between the Mn3+ ion and the
surrounding oxygen cores, Oc

22. A cut-off radius of 10 Å was used for the
cation–anion short-range potentials

i Ai/eV ri/Å

La3+–Os
22 B 4317.17 0.2987

Mn3+–Os
22 B 1265.17 0.3176

Mn3+–Oc
22 LF 8.98 0.3300
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To test the applicability of this new approach, we have
parameterised a potential model including the AOM description
for LaMnO3. This material, which shows a substantial Jahn–
Teller distortion of the MnO6 octahedron, is of importance both
for its relevance to CMR and for its use as the cathode material
in solid oxide fuel cells. The total lattice energy is the sum of
ELF and the energy created by the two-body potential:

V
qq

r
Ae

C

r
r= ¢ + -- / r

6 (2)

where the first term represents the Coulomb interactions. The
remaining terms constitute the Buckingham potential represent-
ing the anion–anion and cation–anion short-range interactions.
We choose to use formal ionic charges for q and qA, although the
charge on the transition metal ion may not be quite as high,9 as
this leads to greater transferability. The potential parameters,
AB, rB and CB, together with ALF and rLF used in the
formulation of the angular overlap model, may be derived using
standard empirical fitting techniques.6

Our strategy was to perform a ‘relaxed fit’, whereby we
minimise the square of the differences between the observed10

and calculated lattice parameters and ionic positions. Initially
only the Mn3+–O22 Buckingham parameter AB was refined
whilst we tested a range of trial parameter values (ALF and rLF)
for our new force field. In these preliminary calculations we
used an equivalent exponential dependence for both the
Buckingham and ‘AOM’ interaction between Mn3+ and the
surrounding O22 ions (i.e. rB = rLF) and the Buckingham
parameters for the La3+–O22 interaction were held at the values
determined previously.1 To help find suitable potential parame-
ters, the data used in the least squares fit included the Mn–O
bond distances within the MnO6 octahedron. Once our calcu-
lated Mn–O bond distances were reasonable, we refined the
cation–anion parameters AB and rB along with ALF and rLF,
again using a relaxed fit but with the calculated structure
constrained within the experimentally determined Pnma space
group. To increase the transferability of our potential parame-
ters, we used the O22–O22 Buckingham parameters1 that were
previously refined to be consistent with a range of binary and
ternary oxides.

In Table 1 we report the potential parameters obtained for the
best fit to the structural properties of LaMnO3. The structural
parameters of LaMnO3 obtained using our new force field are
presented in Tables 2 and 3, along with those calculated from
previously published force field parameters2 and the observed
values.10 As shown in Table 3, after minimising the lattice
energy, our calculated Mn–O bond distances within the
distorted MnO6 octahedron are within 0.006 Å of those
observed, and the tilt of these octahedra is within 0.6° of that
observed. Comparison with the bond lengths obtained when the

previously published Buckingham potential parameters2 were
used to model LaMnO3 shows quite clearly that that the Mn3+

ion cannot be represented as a spherical ion and emphasises the
progress made in the present study.

In Table 3, we also present the energy levels and their
respective occupancies. With an ‘electronic’ temperature within
the Fermi function set to that of room temperature, we note that
there is a small probability (0.007) of an electron being in the
highest energy level. The splitting of these energy levels is of
the correct order of magnitude (although possibly too small)
compared to typical orbital splittings for first row transition
metals with weak field ligands, although no constraint was
placed on these energies during fitting. As expected, the
energies of the three non-bonding t2g orbitals do not change
whereas there is a Jahn–Teller splitting ( ~ 0.25 eV) of the anti-
bonding eg energy levels.

To summarise, we have shown that we can model Jahn–
Teller distortions within LaMnO3, the parent compound of the
manganese perovskites that display CMR. This is the first time
that a code primarily based on the inter-atomic potentials has
been able to reproduce the Jahn–Teller distortion within this
material. Furthermore, we have subsequently shown that our
potential parameters are transferable, in that they have been
used to reproduce the structure of Mn2O3 (with the calculated
lattice parameters coming within 0.4% of the experimental
value). The basic strategy described above increases the range
of compounds that can be modelled using computationally
inexpensive methods to include some of the most techno-
logically important inorganic compounds studied in the last
twenty years.

We thank EPSRC for financial support (grant GR/
K85216).
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Table 2 Structural data of LaMnO3 within the Pnma space group

Calculated (this work) Observed (ref. 10) Calculated (ref. 2)

a/Å b/Å c/Å a/Å b/Å c/Å a/Å b/Å c/Å
Unit cell parameters 5.7483 7.7199 5.5298 5.743 7.695 5.537 5.553 7.818 5.528

Fractional co-ordinates x y z x y z x y z
La3+ 0.5457 0.2500 0.0044 0.550 0.250 0.009 0.521 0.250 0.002
Mn3+ 0.0000 0.0000 0.0000 0.000 0.000 0.000 0.000 0.000 0.000
O22 0.9782 0.2500 0.9333 0.989 0.250 0.929 0.981 0.250 0.938
O22 0.6889 0.5344 0.7787 0.691 0.539 0.775 0.716 0.532 0.785

Table 3 The three unique Mn–O bond distances within the MnO6 octahedron and two unique tilt angles of the MnO6 octahedra within LaMnO3 together with
the electronic data of the Mn3+ ion

Calculated Observed (ref. 10) Calculated (ref. 2)

Mn–O/Å 1.9038 1.9689 2.1830 1.901 1.965 2.189 1.987 1.992 1.995
Mn–O–Mn/° 154.71 157.18 154.46 156.61 158.68 159.28

Calculated energy levels/eV 0.001 0.001 0.001 0.440 0.696
Calculated occupations/e 1.000 1.000 1.000 0.993 0.007
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The catalytic ammoxidation of isobutane to methacrylo-
nitrile at 673 K proceeds on a new class of Re mixed-oxide
SbRe2O6 with alternate (Re2O6)32 and (SbO)+ layers, where
ammonia is prerequisite for the C–H bond scission of
isobutane.

Much attention has been devoted to selective ammoxidation of
light alkanes from both fundamental and industrial interests. To
date, a large number of multicomponent metal-oxide catalysts
containing V, Mo, etc. have been explored to develop efficient
catalytic systems for selective ammoxidation. However, owing
to the inertness of light alkanes, very few catalysts have showed
good performances that are comparable to those for the
corresponding alkenes.1–4 There is thus a clear need to develop
new catalytic materials for the selective ammoxidation of light
alkanes. Except for the oxidation of methanol and ethanol,
compared with V, Mo and W there are limited uses of Re as a
key element in selective ammoxidation/oxidation, in spite of Re
having similar redox properties to those of V, Mo and W
oxides.5–7 Here, we report a first Re mixed-oxide catalyst
(crystalline SbRe2O6) active for the selective ammoxidation of
isobutane (i-C4H10) to methacrylonitrile (MAN) at 673 K,
where NH3 not only stabilizes the catalyst but also promotes the
C–H bond scission of i-C4H10.

SbOReO4·2H2O, SbRe2O6 and Sb4Re2O13 were synthesized
in the similar way to that reported previously.6–12 The specific
surface areas of the three samples were approximately 1 m2 g21.
For comparison, Sb2O3-supported Re2O7 catalyst (Re2O7/
Sb2O3; 10 wt% Re) was prepared by an impregnation method
using an aqueous solution of NH4ReO4.9 A coprecipitated
SbRe2Ox catalyst (copr.SbRe2Ox) was also prepared by a
coprecipitation method using an ethanol solution of ReCl3 and
SbCl3, followed by washing with water to eliminate the residual
Cl ions from the sample. Ammoxidation reactions were carried
out in a continuous-flow, fixed-bed reactor at 673 K under the
conditions of 10% i-C4H10, 15% NH3 and 25% O2 balanced
with He and a gas-hourly-space-velocity (GHSV) of 5000 h21

at atmospheric pressure. Prior to each run, the catalysts
(typically 0.3 g) were pretreated at 673 K under He for 1 h. The
reactants and products were analyzed by two on-line gas
chromatographs with Unibeads C, Gaskuropack 54 and VZ-10

columns. The conversion of NH3 to N2 and NOx was < 10%
under the present reaction conditions.

Table 1 presents the conversions, reaction rates and selectiv-
ities of the i-C4H10 ammoxidation on the various Re–Sb–O
catalysts and bulk ReOx and SbOx at 673 K. SbOReO4·2H2O,
Sb4Re2O13 and Sb oxides such as Sb2O3 and Sb2O4 showed no
activity. Bulk Re2O7 was active solely for i-C4H10 combustion
to CO2. Bulk ReO3 and ReO2 produced MAN, but the
selectivities were lower than 10% and the main product was
CO2. Re2O7/Sb2O3 or mechanically mixed Re2O7·Sb2O3 sam-
ples showed almost no activity for the i-C4H10 ammoxidation
either. Copr.SbRe2Ox produced i-C4H8 (20.6% selectivity), but
no formation of MAN was observed. Isobutane combustion was
dominant also with this catalyst. Only the SbRe2O6 among these
samples was active for the ammoxidation of i-C4H10 to MAN.
The selectivities to MAN and to the sum of MAN + i-C4H8 at
the steady-state conversion of 4.4% were 44.9 and 84.3%,
respectively. A decrease in the GHSV from 5000 to 2500 h21

increased the conversion to 7.5% while keeping good selectiv-
ities to MAN and to MAN + i-C4H8, as shown in parentheses in
Table 1.

The active SbRe2O6 compound consists of connected,
alternate octahedral (Re2O6)32 and (SbO)+ layers and grows as
thin plate-like crystals preferably exposing the (100) plane.12

The square basal (100) faces of SbRe2O6 crystals remained
unchanged before and after the ammoxidation at 673 K as
imaged by scanning electron microscopy. Further, neither
change nor modification of the surface composition and
crystallinity were observed by means of X-ray diffraction, X-
ray photoelectron spectroscopy (XPS) and in-situ micro
confocal laser Raman spectroscopy. The results indicate that the
crystalline SbRe2O6 works as a promising catalyst for the
ammoxidation. The fresh SbOReO4·2H2O and Sb4Re2O13
possess Re7+ species, but the Re species were reduced to two
valent states (possibly Re6+ and Re4+) which exhibit XPS
binding energies of 42.3 and 44.7 eV, and 45.1 and 47.5 eV for
Re 4f7/2 and Re 4f5/2, respectively (compared to C 1s = 284.6
eV) under the ammoxidation conditions. These binding ener-
gies are similar to those for the SbRe2O6 surface after
ammoxidation at 673 K. Thus, the difference in the catalytic
performances of the crystalline Re–Sb–O catalysts may not be

Table 1 Isobutane ammoxidation on different Re–Sb–O catalysts and bulk ReOx and SbOx at 673 K

Selectivity (%)
Conversion Reaction rate/
(%) mmol g-cat21 h21 MAN + i-C4H8 MAN i-C4H8 CH3CN CO2

SbRe2O6 4.4 (7.5)a 785.6 (669.5)a 84.3 (82.6)a 44.9 (44.2)a 39.4 (38.4)a 4.7 (5.6)a 10.2 (11.4)a

SbOReO4·2H2O 0 0 — — — — —
Sb4Re2O13 0 0 — — — — —
mix.Re2O7·Sb2O3 0.5 89.3 trace 0 trace 0 ~ 100
copr.SbRe2Ox 0.4 71.4 20.6 0 20.6 0 79.4
Re2O7/Sb2O3 0.1 17.8 0 0 0 0 100
Re2O7 11.6 2071.3 0 0 0 0 100
ReO3 2.1 374.9 31.5 7.7 23.8 25.7 42.6
ReO2 5.6 999.9 31.0 9.1 21.9 32.1 36.4
Sb2O3 0 0 — — — — —
Sb2O4 0 0 — — — — —

a The data listed in parentheses were obtained at a GHSV of 2500 h21.
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due to the difference in their surface Re oxidation states, but to
the difference in their surface structures. This is entirely
different from the finding in the selective oxidation of i-C4H10
(773 K) and i-C4H8 (673 K) to methacrolein (MAL) that the
activities of the three crystalline Re–Sb–O compounds are
ascribed to a cooperation between Re2O7 and Sb4Re2O13, both
being formed by decomposition of the compounds under the
oxidation conditions.8–10 It is also different from the feature
observed in the ammoxidation of i-C4H8 where the three Re–
Sb–O compounds are more or less active at 673 K.13

It is to be noted that SbRe2O6 was inactive for i-C4H10
selective oxidation as well as for the total oxidation at 673 K in
the absence of NH3, whereas it exhibited a good performance
for i-C4H10 ammoxidation at 673 K (Table 1). These results
may indicate a promoting effect of NH3 on the C–H activation
in i-C4H10. To examine the role of NH3, a series of pulse
experiments were conducted on SbRe2O6 at 673 K in Fig. 1. No
products were produced by pulsing i-C4H10 alone or an
i-C4H10–O2 mixture on to the SbRe2O6 catalyst, which indicates
that no C–H bond breaking in i-C4H10 molecules occurs on the
catalyst. However, when the catalyst was pretreated with an
NH3 pulse (the catalyst surface was saturated with NHx),
i-C4H10 was converted to MAN and i-C4H8. The promotion
effect of NH3 pretreatment on the formation of MAN and i-
C4H8 was more remarkable with the i-C4H10–O2 pulse reaction
as shown in Fig. 1. The formation of MAN and i-C4H8
decreased with the number of the i-C4H10–O2 pulses. The pulse
experiments show that adsorbed NHx species are incorporated
to the ammoxidation of i-C4H10 to form MAN. These results
demonstrate that NH3 not only behaves as a reactant but also

plays a crucial role in enhancing and/or generating the activity
of SbRe2O6 for the dehydrogenation (C–H bond breaking) of i-
C4H10 to i-C4H8. Upon pulsing NH3 on SbRe2O6, N2 and H2O
were produced indicating the reaction of NH3 with the lattice 
oxygen atoms of SbRe2O6 to form oxygen vacancies that may
also be responsible for the C–H bond breaking. To our
knowledge, SbRe2O6 is the first case where NH3 changes an
inactive catalyst to an active one for light alkane activation,
although promoting effects of NH3 have been documented.14,15

Further study is necessary for depicting a detailed mechanism of
the promoting effect of NH3 on the SbRe2O6 selective
catalysis.

In conclusion, a new class of Re mixed-oxide SbRe2O6
catalyzes the selective ammoxidation of i-C4H10 to MAN. The
activity of SbRe2O6 may be relevant partly to its specific crystal
structure. The presence of ammonia is considered to be
prerequisite, not only for maintaining the stable crystal structure
of SbRe2O6, but also for promoting SbRe2O6 activity for C–H
bond breaking in i-C4H10 under the ammoxidation conditions.

This work has been supported by Core Research for
Evolutional Science and Technology (CREST) of the Japan
Science and Technology Corporation (JST). The authors
acknowledge Professor H. Imoto, Utsunomiya University, for
his helpful discussion on the preparation and structure of
SbRe2O6.
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tert-Butyl 2-(difluoromethyl)-3-benzyl-6-methoxy-3,4-dihy-
dro-4-quinazoline-4-carboxylic ester (4) and its related
6-substituted esters, precursors of a new type of cyclic amino
acid, were synthesized via intramolecular defluorinative
cyclization under basic conditions.

The recent achievement of the synthesis of fluorinated iso-
serines1 via Wittig rearrangement of 1 to 2 in Scheme 1,
engaged us in exploration on the synthesis of other new
heteroatom-substituted amino acids and their derivatives which
are expected to be candidates for biologically important
inhibitors.2 Here, we report the discovery of a novel de-
fluorinative cyclization (3 ? 4) leading to the synthesis of
difluoromethylated quinazolic derivatives.

Difluoromethylated amino acids are known to be important
members of the family of fluorinated amino acids.3 Introduction
of difluoromethyl groups into nonfluorinated amino acids4 or
the synthesis of difluoromethyl-substituted amino acids from
suitable fluorinated building blocks5 is a great challenge in
synthetic organofluorine chemistry. Selective defluorination
from a trifluoromethyl moiety has been widely employed for
promising construction of difluoromethylene moiety due to
easy availability of trifluoromethyl compounds.6 The present
discovery of defluorinative cyclization of trifluoromethyl-
substituted iminoamines 37 provides a novel and efficient
approach to the new N-heterocyclic tert-butyl 2-(difluoro-
methyl)-3-benzyl-6-methoxy-3,4-dihydro-4-quinazoline-4-
carboxylic ester 48 and the related 6-substituted esters (Scheme
2, Table 1), which is otherwise difficult.

The ester 3 was treated with LTMP (1.3 eq.) in THF at
260 °C for 10 min or n-BuLi (1.2 eq.) at 0 °C, and then the
temperature was raised to 20 °C. The mixture was stirred for
several hours (monitored by TLC) or 1 h, respectively.

A sterically hindered base (LTMP) provided better yield
(63%) of 4a than LDA (47%). In the 3,4-dichloro-substituted
iminoamine (entry 7 in Table 1), n-BuLi was found to be more
useful than LTMP. Both electron-withdrawing and -donating
substituents on the aromatic ring affected the formation of 4.
The 2,6-dimethylphenyl compound (entry 9) afforded no
corresponding cyclized compound 4 and the starting substrate
was recovered.

The quinazolic esters (4a–f) obtained in the reaction are
liquids and their structures were elucidated by spectroscopic
and elemental analyses, along with X-ray crystallographic
structural analysis of its methyl ester (4g),9 which are colorless
needle crystals. Existence of both CHF2 group and a 1,2,4-tri-
substituted benzene ring in 4a (entry 1 in Table 1, Ar = p-
methoxyphenyl, R1 = t-Bu) was rationalized by the observation
of a doublet at d = 45.8 ppm (JHF = 53.6 Hz) in 19F NMR
(C6F6 as an internal standard) and a triplet at d = 6.33 ppm (JHF
= 53.6 Hz) in 1H NMR, and three sets of aromatic protons [d =
6.52 (d, J = 2.8 Hz), 6.74 (dd, J = 8.7 Hz, 2.8 Hz), and 7.11
ppm (d, J = 8.7 Hz)], respectively.

A mechanism of this reaction is tentatively proposed as
shown in Scheme 3.

No Stevens-type rearrangement9 products 8 were observed
although Wittig-type rearrangement is known in fluorinated
imino ethers (1? 2).1 The generation of carbanions 5 by LTMP
at lower temperature (260 °C) was confirmed by the quantita-
tive formation of deuterated product 6 on treating with D2O.
Intramolecular nucleophilic attack of the carbanion onto the
imino carbon followed by nucleophilic ring opening of the
aziridine type intermediate (7 ? 9) and simultaneous de-
fluorination would lead to the formation of the quinazoline
intermediate 9, which undergoes base-catalyzed proton migra-
tion to the quinazolic products 4. The rate-determining
intramolecular nucleophilic attack via intermediate 7 would
make the equilibrium (5Ù 7) proceed in the forward direction.
Thus, the sterically hindered 2,6-dimethyl compound (Table 1,
entry 9) was recovered entirely though an a-proton of the
carboalkoxy group of 3 (Ar = 2,6-dimethylphenyl) was
deuterated by quenching the reaction mixture with D2O at
260 °C. The preference of path A over path B would arise from
the poorer leaving ability of N-benzyl anion (Scheme 3) than
alkoxide anion in Wittig rearrangement (1? 2).

The authors are grateful to the Ministry of Education,
Science, Sports, and Culture of Japan for the financial support

Scheme 1

Scheme 2

Table 1 Yield of 4 in the base-catalyzed rearrangement of 3

Entry Ar R1 Base (eq.) Yield of 4 (%)

1 4-MeOC6H4 t-Bu LTMP (1.3) 4a (63)
2 4-CH3C6H4 t-Bu n-BuLi (1.2) 4b (58)
3 C6H5 t-Bu n-BuLi (1.2) 4c (54)
4 1-Naphthyl t-Bu LTMP (1.3) 4d (80)
5 1-Naphthyl Me LTMP (1.3) 4e (67)
6 3,4-Cl2C6H3 t-Bu LTMP (1.3) 4f (78)
7 3,4-Cl2C6H3 t-Bu n-BuLi (1.2) 4f (91)
8 3,4-Cl2C6H3 Me LTMP (1.3) 4g (29)
9 2,6-(CH3)2C6H3 t-Bu LTMP (1.3) Recovery of 3
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Anilines react with an array of trialkylamines in the
presence of a catalytic amount of RuCl3·nH2O and bis(di-
phenylphosphino)methane together with SnCl2·2H2O and
hex-1-ene as hydrogen acceptor in dioxane at 180 °C to
afford the corresponding 2,3-disubstituted quinolines in
moderate to good yields.

It is well-known that the quinoline skeleton plays an important
role as an intermediate for the design of antimalarial com-
pounds. The structural core of quinolines has generally been
synthesised by various conventional named routes such as
Skraup, Döbner-von Miller, Conrad-Limpach, Friedlaender and
Pfitzinger syntheses. In conjunction with the conventional
syntheses, transition metal-catalysed versions utilising various
substrates have also been attempted because of facility,
efficiency and convenience for the formation of quinolines.1–4

We recently developed and reported a novel ruthenium-
catalysed synthetic approach for the formation of indoles5 and
quinolines6 via a mechanistic amine exchange reaction between
primary aromatic amines and functionalised aliphatic amines.7
However, except for the aforementioned indoles and quinolines,
a clear-cut example for the synthesis of N-heterocyclic
compounds using the amine exchange reaction seems as yet to
be limited to palladium-catalysed synthesis of pyrimidines and
imidazoles.7d In the course of our continuing studies on
ruthenium-catalysed synthesis of N-heterocyclic compounds
using the amine exchange reaction, we now report another
ruthenium-catalysed synthesis of quinolines from an array of
primary aromatic amines and trialkylamines via an amine
exchange reaction.

The results of several attempted ruthenium-catalysed cyclisa-
tions between aniline (1) and tripropylamine (2) are summarised
in Table 1 (Scheme 1). Treatment of 1 with 2 in dioxane in the
presence of a catalytic amount of RuCl3·nH2O (8 mol% based
on 2) and dppm (12 mol% based on 2) together with
SnCl2·2H2O and hex-1-ene as hydrogen acceptor at 180 °C for
20 h afforded 2-ethyl-3-methylquinoline (3) in 63% yield along
with N-propylaniline (4) (28%). This reaction condition was

eventually revealed to be the best for obtaining 3 (run 1). The
absence of both SnCl2·2H2O and hex-1-ene stopped the reaction
almost completely, but 4 was produced in a considerable yield
by an alkyl group transfer between 1 and 2 (run 2). The addition
of either SnCl2·2H2O or hex-1-ene was effective for the
formation of quinoline 3 compared with the results in the
absence of both SnCl2·2H2O and hex-1-ene (runs 3,4). Thus, the
coexistence of SnCl2·2H2O and hex-1-ene was essential for the
effective formation of 3. Other hydrogen acceptors such as
cyclohexene, hex-1-yne, acetone, and nitrobenzene were almost
ineffective for the formation of 3 (runs 5–8).

From the heteroannulation between an array of anilines and
trialkylamines under the described controlled reaction condi-
tions above, the corresponding quinolines were also formed in
good yields, and several representative results are summarised
in Table 2.† The quinoline yield was not decisively affected by
the position of the substituent on aniline. With chloroaniline
having electron-withdrawing Cl substituent, the product yield

Table 1 Ruthenium-catalysed reaction of 1 with 2 under various
conditionsa

GLC yield (%)b

Run Hydrogen acceptor Additive 3 4

1 Hex-1-ene SnCl2·2H2O 63 (49)c 28
2 — — 1 62
3 — SnCl2·2H2O 48 27
4 Hex-1-ene — 14 41
5 Cyclohexene SnCl2·2H2O 40 20
6 Hex-1-yne SnCl2·2H2O 6 9
7 Acetone SnCl2·2H2O 16 11
8 Nitrobenzene SnCl2·2H2O 9 2
a All reactions were carried out with 1 (6 mmol), 2 (1 mmol), RuCl3·nH2O
(0.08 mmol), dppm (0.12 mmol), SnCl2·2H2 (1 mmol), and hydrogen
acceptor (10 mmol) in dioxane (10 ml) at 180 °C for 20 h. b Based on 2.
c Isolated yield.

Scheme 1 Reagents and conditions: i, RuCl3·nH2O, dppm, dioxane, 180 °C,
20 h.

Table 2 Ruthenium-catalysed synthesis of quinolines from anilines and
trialkylaminesa
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was lower than that when anilines having electron-donating
character were used. However, compared with the cases of
anilines having electron-donating character, much more N-
alkylaniline was produced. This result indicates that the reaction
proceeds competitively between heteroannulation and N-alkyla-
tion and the electronic nature of the substituent on aniline
determines relative rate. In the case of m-toluidine, the
quinolines were obtained as a regioisomeric mixture, favoring
predominantly the formation of the 7-substituted isomer.

Although the details of the present reaction including the role
of SnCl2·2H2O are not fully understood, the initial formation of
imines by amine exchange reaction between anilines and
trialkylamines seems to be a crucial step. Subsequent steps seem
to be followed by the known Schiff-base dimerisation8 and
ruthenium-mediated heteroannulation (Scheme 2).3c However,
one plausible role of SnCl2·2H2O, as a ruthenium–tin complex
formed by the insertion of tin(II) chloride into the ruthenium–
chloride bond of RuCl3·nH2O, seems to accelerate the initial
amine exchange reaction between anilines and trialkylamines.9
This can be rationalised by the result of Table 1 (runs 1–4). The
statistical sum of 3 and 4 reveals the extent of amine exchange
reaction between 1 and 2.10 Apparently, as shown in Table 1, the
alkyl group transfer was effective for the reaction in the
presence of SnCl2·2H2O (runs 1,3) as compared with the
reaction in the absence of SnCl2·2H2O (runs 2,4).

In summary, we have demonstrated that quinolines can be
synthesised by reaction of an array of anilines with easily
available trialkylamines in the presence of a ruthenium catalyst.
The present heteroannulation is a novel synthetic approach
leading to quinolines via an amine exchange reaction.

This work was supported by Korea Science & Engineering
Foundation (KRF-97-05-01-05-01-3) and grant of Post-Doc.
(C. S. C.) Program from Kyungpook National University
(1999).
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gem-Difluoroolefins bearing homoallylic tosylamido, hy-
droxy, or mercapto groups undergo intramolecular nucleo-
philic substitution of the nitrogen, oxygen, or sulfur with loss
of fluorine via a 5-endo-trig process, leading to 2-fluoro-
2-pyrrolines, 5-fluoro-2,3-dihydrofurans, or -thiophenes in
high yields.

5-endo-trig cyclization has long been considered to be a
geometrically disfavored process in accord with Baldwin’s
rules.1 Efficient examples of the cyclization, however, have
been recently devised in radical-initiated2 and electrophile-
driven3 ring closures. In contrast with these two types of
5-endo-trig cyclizations, the corresponding nucleophile-driven
ring closure has still rarely been observed in synthetic
chemistry.4,5

gem-Difluoroolefins possess remarkable reactivity toward
nucleophilic substitution for their fluorine atoms via addition–
elimination processes.6 As one of its applications, we have
recently disclosed that b,b-difluorostyrenes bearing ortho-
nitrogen, oxygen, or sulfur heteroatoms readily undergo
nucleophilic 5-endo-trig cyclization to provide ring-fluorinated
heteroaromatics: 2-fluorinated indoles, benzo[b]furans, and
benzo[b]thiophenes.5 Such unique reactivity of gem-difluoro-
olefins is exerted presumably due to (i) the highly polarized C–
C double bond (significant single bond character implied by 13C
NMR: ca. 150 and 90 ppm for CF2NC), which would allow
initial 5-membered ring formation, and (ii) the successive
elimination of fluoride ion suppressing the reverse ring opening.
In this ring-forming reaction the substrates had a benzene ring
as an sp2-carbon linker between the nucleophilic functional
group and the difluoroolefin part.

In order to broaden the scope of this nucleophilic 5-endo-trig
cyclization and rule out the possibility of an 6p-electrocycliza-
tion mechanism, we investigated the reaction of gem-di-
fluoroolefins 1–3 bearing an N-, O-, or S-functional group
which was linked by two sp3 carbons to the olefinic carbon.
Herein we report a facile synthesis of selectively ring-
fluorinated pyrroline 5, dihydrofuran 4, and dihydrothiophene 6
(Scheme 1), which are difficult to access despite the potential
uses of ring-fluorinated heterocycles as components of agro-
chemicals, pharmaceuticals, and dyestuffs.7

gem-Difluoroolefin substrates were designed to bear a
nucleophilic nitrogen, oxygen, or sulfur atom at the homoallylic
position suitable for substitution in a 5-endo-trig fashion. To
introduce a functional group (HY) at the gem-difluoro-

homoallylic position, we tried the regioselective hydroboration
of 1,1-difluoro-1,3-dienes 7, which were readily prepared from
2,2,2-trifluoroethyl toluene-p-sulfonate and vinyl halides in a
one-pot operation according to our method.8 The electron-rich,
non-fluorinated double bond in 7 might be more reactive toward
borane reagents. Treatment of difluorodienes 7 with 9-bora-
bicyclo[3.3.1]nonane (9-BBN) under reflux in THF selectively
promoted hydroboration as expected to generate difluorohomo-
allylboranes, and successive treatment with alkaline aqueous
hydrogen peroxide gave gem-difluorohomoallyl alcohols 1a–c
in good yields (Scheme 2). The corresponding nitrogen- and
sulfur-containing substrates 2a–e, 3a,b were easily obtained
from 1 as shown in Scheme 2.

The cyclization of homoallyl alcohols 1a,b was attempted by
treatment with 1.2 eq. of NaH in several solvents. While the use
DMPU or NMP gave no cyclized products, DMF, DMA, or
DMSO successfully promoted the 5-endo-trig cyclization to
afford 5-fluoro-2,3-dihydrofurans 4a,b in good yields (Table 1,
Entries 1,2).9† KH was less effective than NaH, and high-
dilution conditions ([1a] = 0.03 mol L21) raised the yield by
10% compared to the case of [1a] = 0.2 mol L21.

Moreover, we examined the 5-endo-trig cyclization of the
substrates with N-nucleophiles under similar conditions.
Whereas N-unsubstituted and N-butylhomoallylamines 2c,d did
not cyclize, the N-phenyl substrate 2e afforded 4-methyl-
1-phenyl-3-(3-phenylpropyl)-2-pyrrolidone 8 via hydrolysis of

Scheme 1 Nucleophilic 5-endo-trig cyclization of gem-difluoroolefins
1–3.

Scheme 2 Preparation of gem-difluoroolefins 1–3. Reagents and condi-
tions: i, 9-BBN (1.1–1.4 eq.), THF, reflux, 6–7 h; ii, aq.H2O2, aq. NaOH,
0 °C, 2 h; iii, BocNHTs (1 eq.), PPh3 (1 eq.), EtO2CNNNCO2Et (1 eq.),
THF, rt, 2 h; iv, CF3CO2H (15 eq.), CH2Cl2, rt, 2 h; v, phthalimide (1 eq.),
PPh3 (1 eq.), EtO2CNNNCO2Et (1 eq.), THF, rt, 2 h; vi, NH2NH2•H2O (2
eq.), EtOH, reflux, 2 h; vii, TsCl (1 eq.), Py, rt, 8 h; viii, BunNH2 (26 eq.),
reflux, 6 h; ix, PhNH2 (26 eq.), reflux, 6 h; x, AcSNa (1 eq.), DMF, 70 °C,
3 h; xi, K2CO3 (1 eq.), MeOH, 0 °C, 1 h.
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the expected 2-fluoropyrroline (Entry 3). The N-4,4-difluoro-
but-3-enyltoluene-p-sulfonamide 2b underwent the desired ring
closure to give 2-fluorinated pyrroline 5 in 80% yield (Entry
4).10‡

As a further example of the cyclization, the intramolecular
substitution of sulfur nucleophiles (which Baldwin’s rules allow
for the normally disfavored 5-endo-trig process) was also
examined.1b The reaction of 3b under similar conditions to
those for 1 and 2 provided 5-fluorinated dihydrothiophene 6 in
76% yield (Entry 5).11 In addition, treatment of thioacetic S-acid
ester 3a with sodium methoxide allowed the cyclization via in
situ generated thiolate to give 6 (Entry 6).§

In order to demonstrate the favored nature of 5-endo-trig
cyclization in gem-difluoroolefins, we tried the competitive
reaction between 5-endo-trig and 5-exo-trig processes. The b,b-
difluoro-a,b-unsaturated ester 9 bearing a 2-toluene-p-sulfona-
midoethyl group was designed as a substrate which could
undergo the Michael reaction and the transacylation via 5-endo-
trig and 5-exo-trig processes, respectively. Compound 9 was
prepared by the SN2A reaction of methyl 2-(trifluoromethyl)pro-
penoate12 with benzyloxymethylcopper13 and successive depro-
tection of the benzyl group, followed by the introduction of an
NHTs group according to the same procedure for 2b. On
treatment of 9 with NaH in DMF, the 5-endo-trig cyclization
proceeded to lead exclusively to the 2-fluorinated pyrroline
derivative 10 as shown in Scheme 3.¶∑

In conclusion, normally ‘disfavored’ 5-endo-trig ring clo-
sures are successfully achieved in the intramolecular addition–
elimination reaction of gem-difluoroolefins bearing nucleo-
philic heteroatoms linked by two sp3 carbons to the vinylic
carbon as well as two sp2 carbons.5 Thus, gem-difluoro-
homoallylamine, alcohol, and thiol derivatives open a new way
to the syntheses of selectively ring-fluorinated heterocyclic
compounds.

We gratefully acknowledge the financial support for this
research by a grant from Central Glass Co., Ltd. to J. I. We also
thank F-Tech, Inc. for a generous gift of 2-(trifluoromethyl)pro-
penoic acid.
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¶ The fluorine-free analogue, dimethyl 4-methyleneglutamate was reported
to cyclize to 5-methoxycarbonyl-3-methylene-2-pyrrolidone via 5-exo-trig
pathway without formation of the 5-endo-trig product.1b,14

∑ 10: dF (471 MHz, CDCl3–C6F6) 61.8 (1F, t, JFH = 4.8 Hz).
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Table 1 Synthesis of ring-fluorinated dihydroheteroaromatics 4–6a

Entry YH R1 R2 Substrate Base (eq.) Time Product Yield (%)b

1 OH CH2CH(Me)Ph Me 1ac NaH (1.2) 7 h 4ac 67
2 OH Bun CH2Ph 1b NaH (1.2) 11 h 4b 62
3 PhNH (CH2)3Ph Me 2e NaH (1.1) 24 h 8 62
4 TsNH CH2CH(Me)Ph Me 2bc NaH (1.1) 4 d 5c 80
5 SH (CH2)3Ph Me 3b NaH (1.1) 4 h 6 76
6 SC(O)Me (CH2)3Ph Me 3a NaOMe (1.0) 8 h 6 69

a The reaction was conducted in DMF at 90 °C. [Substrate] = 0.02–0.03 mol L21. b Isolated yield. c 1+1 Diastereomer mixture.

Scheme 3 Competitive cyclization: 5-endo-trig vs. 5-exo-trig Reagents and
conditions: i, NaH (1.1 eq.), DMF, 100 °C, 0.3 h.
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Silicalite membranes have been successfully synthesized
onto mullite tubular supports by in-situ hydrothermal
synthesis for only 8 h of crystallization, and showed high
ethanol permselectivity for pervaporation of ethanol/water
mixtures.

Zeolite membranes have strong potential applications for gas
separation, pervaporation, and membrane reactors, especially
MFI (silicalite and ZSM-5) membranes. On the other hand, less
attention has been paid to pervaporation separation through
zeolite membranes, even though zeolite A membranes are
commercialized on a large scale by Mitsui Engineering Co. Ltd,
in cooperation with Yamaguchi University, for dehydration of
organic liquids. Silicalite membranes with hydrophobic proper-
ties exhibit preferentially selective permeation of organic
components in contrast to zeolite A membranes. In 1994, Sano
et al.1 first reported that a separation factor of about 60 for
ethanol (EtOH)/water mixtures was obtained for their silicalite
membrane formed on a stainless steel disk with a crystal layer
thickness of 400–500 mm, and further improved the separation
factor up to 120 for 144 h crystallization in 1998.2 They also
prepared silicalite membranes on alumina disks, but their
selectivity of 19 was much lower compared with that on the
stainless steel support. Later, several groups tried to synthesize
MFI membranes on tubular supports and made some progress.
For example, separation factors of 11–44 were achieved.3–5

However, the pervaporation performance of these membranes
reported in the literature is still not good enough for industrial
applications. Furthermore, various strategies have been suc-
cessfully developed for the production of good quality zeolite
membranes on various porous supports,6–9 especially on flat
discs. Considering practical applications, preparation of repro-
ducible and high performance MFI zeolite membranes on
cheaper porous tubular supports on a large scale, in which the
cost greatly reduces, is still a challenge. In this paper, we report
a simple and effective method to synthesize high performance
silicalite membranes on mullite tubular supports for the shortest
hydrothermal synthesis time among all the published papers.

A clear solution for the synthesis of silicalite membranes was
prepared by mixing and stirring tetraethyl orthosilicate (TEOS,
Aldrich), tetrapropylammonium hydroxide (TPAOH) and water
at room temperature for 1 h. The resultant molar composition is
SiO2+0.17TPAOH+120H2O. In such a Na-free medium, less
gelation would affect the crystal growth onto the surface of a
seeded support. A mullite porous tube with a pore size of 1 mm
was chosen as the support because it is much cheaper than pure
a-Al2O3 tubes, especially at pore sizes of less than 1 mm. Before
in-situ hydrothermal synthesis, mullite tubes were simply
rubbed with a slurry of H-ZSM-5 (Si/Al = H, Tosho Comp.).
This seeding method was first used for the synthesis of zeolite
A membranes by Kita et al.10 which has been identified as an
effective and reproducible seeding method.11,12 The seeded
support was vertically immersed in the synthesis solution.
Crystallization was carried out at 175 °C or 185 °C for 8 h. After
crystallization, the sample was taken out, washed carefully with
hot distilled water, dried at 100 °C for several hours, and then
calcined at 400 °C for 20–40 h at a heating rate of 1 °C
min21.

The SEM surface view of the mullite support shown in Fig. 1
clearly indicates that the morphology is quite different from that
of pure a-Al2O3. After hydrothermal treatment for 8 h at 175 °C,
a well inter-grown silicalite crystal layer with a thickness of
about 10 mm was formed on the seeded support, as shown in
Fig. 2.

The pervaporation (PV) tests for EtOH/water mixtures were
carried out at 60 °C. The effective membrane area was about
10 cm2. The permeation side was kept under vacuum. The flux
was calculated by weighing the condensed permeate. The
separation factor was determined as aA/B = (YA/YB)/(XA/XB),
where XA, XB, YA, and YB denote the mass fractions of
components A and B in the feed and permeate sides. The
pervaporation results for the silicalite membranes synthesized at
175 °C and 185 °C for 8 h are listed in Table 1. Table 1 clearly
shows that the pervaporation performance of our silicalite
membranes was significantly improved compared with the
previous results and also the membranes were prepared in a

Fig. 1 SEM view of the surface of the mullite tube.

Fig. 2 SEM view of the surface of the silicalite membrane synthesized at
175 °C for 8 h.
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highly reproducible manner. This suggests that silicalite
membranes with both high flux and high separation factors can
be prepared under suitable synthesis conditions, which has
strong potential applications in the preferential separation of
organic compounds from aqueous solutions. A systematic
investigation of membrane preparation and membrane perform-
ance, including gas and vapor permeation, is under way.

This work was supported by the Proposal-based New
Industry Creative Type Technology R&D Promotion Program
(98Ec-04-002) from the New Energy and Industrial Technology
Development Organization (NEDO) of Japan.
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Table 1 Pervaporation performance through the silicalite membranes for
EtOH/H2O mixtures at 60 °C

Synthesis conditions EtOH/H2O (10 wt% EtOH)
Member
No T/°C t/h Flux/kg m22 h21 Separation factor

Si-1 175 8 2.34 56
Si-2 175 8 2.55 72
Si-3 185 8 1.67 65
Si-4 185 8 1.58 64
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Virtually all octahedrally coordinated (extra-framework) Al
in calcined Al-grafted MCM-41 materials can be inserted
into (tetrahedral) framework positions upon treatment with
an aqueous solution of NH4OH; the insertion of Al into the
framework is accompanied by an increase in (Brønsted)
acidity and ion exchange capacity.

The recent synthesis of structurally well ordered mesoporous
molecular sieves with uniform pores1 has generated consider-
able research interest in the preparation and use of heteroatom
containing mesoporous silicas as heterogeneous catalysts.1,2

The incorporation of Al into mesoporous silicas is of particular
interest as it gives rise to materials with solid acid and cation
exchange properties. The acid and ion exchange sites are
primarily associated with the presence of tetrahedrally co-
ordinated Al in framework positions within the silica matrix. Al
may be introduced into mesoporous silicas by direct synthesis4,5

or by post-synthesis grafting methods.6–8 Both methods,
however tend to result in (calcined) materials with a significant
proportion of extra-framework (octahedrally coordinated)
Al.4–8 It is desirable, with respect to acid catalysis and ion
exchange properties, to maximise the proportion of Al in
framework (tetrahedral) positions. So far no method has been
described for modifying the siting of Al in calcined mesoporous
aluminosilicates so as to maximise the amount (or proportion)
of Al in framework positions. Reinsertion of extra-framework
Al (EFAL) into framework positions has been previously
described for dealuminated Y zeolites via hydrothermal treat-
ment of the zeolite in an aqueous solution of KOH.9 However,
such treatment is not feasible for mesoporous aluminosilicates
because it is too severe. The relatively fragile mesoporous
frameworks would readily dissolve in the highly basic (pH =
13.5) KOH solution. Here we report a method via which
virtually all octahedrally coordinated (extra-framework) Al in
calcined Al-grafted MCM-41 materials can be inserted into
(tetrahedral) framework positions. The method, which involves
treatment of the mesoporous aluminosilicates with an aqueous
solution of NH4OH (pH ≈ 11.1), can be performed either at
room temperature (30 °C) or at a range of temperatures up to 80
°C. NH4OH was chosen due to the well known stability of Al-
grafted MCM-41 materials at pH = 11,10 and also because
NH4

+ is potentially an acid generating cation (and therefore no
further ion exchange would be required to maintain Brønsted
acidity). Our findings show that insertion of EFAL into the
framework increases the proportion of tetrahedrally coordinated
Al and is accompanied by an increase in acidity and ion
exchange capacity. Although the Al insertion method described
here is generally applicable to any mesoporous aluminosili-
cates, this preliminary report concentrates on Al-grafted
materials because they offer distinct advantages over directly
synthesised materials with respect to accessibility to active (Al)
sites, structural ordering and stability.6–8,10–13

The purely siliceous MCM-41 from which the Al-grafted
materials were derived was prepared using normal procedures.
The Al-grafted materials were prepared via two methods.13 In
the first method, 2.0 g of pure silica MCM-41 were dispersed in
50 ml dry hexane and added to 150 ml dry hexane containing the

appropriate amount of aluminium isopropoxide to give a
grafting gel Si/Al ratio of 5. The resulting mixture was stirred
for 10 min and allowed to react at room temperature for 30 h.
The obtained powder was filtered off, washed with dry hexane,
dried at room temperature and calcined at 550 °C for 4 h. The
resulting material with a bulk Si/Al ratio of 4.6 was designated
CAP5.13 In the second method, pure silica MCM-41 was added
to a 50 ml solution of 0.48 mol l21 (w.r.t. Al) aluminium
chlorhydrol at 80 °C and stirred for 2 h (at 80 °C). The resulting
solid was otained by filtration and thoroughly washed with
distilled water (until free of Cl2 ions), dried at room
temperature and calcined in air at 550 °C for 4 h. To increase the
amount of Al, the ‘graft–wash–calcine’ cycle was repeated
once. The resulting material, designated CAH5, had a bulk Si/
Al ratio of 4.7.13 The calcined Al-grafted samples were then
stirred in 1 M NH4OH at a solution to solid ratio of 100 ml g21.
At 30 °C, four ‘stir–wash–dry’ cycles were performed with each
stirring lasting for 2 h. At 80 °C, the stirring was performed only
once for 16 h. In both cases the NH4OH-treated samples were
thoroughly washed with distilled water and dried at 150 °C.

Fig. 1 shows the 27Al MAS NMR spectra of CAP5 and CAH5
before and after treatment with NH4OH. The untreated samples
contain both tetrahedrally coordinated (d 53) framework Al and
octahedrally coordinated (d 0) extra-framework Al. The
proportion of tetrahedrally coordinated Al, calculated from the
NMR spectra, is approximately 61% and 55% for CAP5 and
CAH5 respectively. For both samples the proportion of
tetrahedral Al increases significantly after treatment with
NH4OH. Indeed, after treatment with NH4OH at 30 °C, virtually
all ( > 95%) of the Al is in tetrahedral coordination (Fig. 1b, e).
Treatment in NH4OH at 80 °C for 16 h appears to be slightly
less effective in inserting the EFAL into framework positions
probably due to its severity which affects structural integrity
(see later). It is clear from Fig. 1 that the nature and environment
of the Al in CAP5 and CAH5 is transformed by the relatively
mild treatments in NH4OH. Elemental analysis of the NH4OH-

Fig. 1 27Al MAS NMR spectra of Al-grafted materials before and after
treatment with NH4OH; (a) CAP5, (b) CAP5 treated at 30 °C, (c) CAP5
treated at 80 °C, (d) CAH5, (e) CAH5 treated at 30 °C and (f) CAH5 treated
at 80 °C.
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treated samples was performed in order to find out whether any
preferential leaching of Si or Al occurred during the treatments.
The Si/Al ratios of the NH4OH-treated samples are given in
Table 1. In all cases the elemental composition remained
unchanged, i.e., all the Si and Al was retained during NH4OH
treatment. This indicates that the increase in the tetrahedral/
octahedral Al ratio observed from the MAS NMR spectra was
due to insertion of EFAl into the framework rather than
preferential dissolution of octahedral Al.

The acid contents of the Al-grafted samples and their
NH4OH-treated analogues are given in Table 1. The acid
content was determined using thermally programmed deso-
rption of cyclohexylamine.13 Prior to analysis, the base
(cyclohexylamine) containing samples were heated at 80 °C for
2 h. The acidity data indicate that an increase in the proportion
of tetrahedral Al following NH4OH treatment is accompanied
by an increase in acid content. The increase is particularly
remarkable for CAP5. Since the elemental composition re-
mained unchanged (i.e. the amount of Al per gram of sample
remained the same), the only explanation for the increased
acidity is insertion of EFAL into acid generating framework
sites. The insertion of EFAL into the framework is expected to
specifically increase the proportion of Brønsted acid sites.
Indeed, using FTIR spectroscopy of adsorbed pyridine (see ref.
17 for details) we observed a significant increase in the
Brønsted acid content of NH4OH-treated samples. For example,
after evacuation at 100 °C,14 the Brønsted acid content of CAH5
increased from 34 to 72 mmol g21 and the Brønsted/Lewis acid
ratio increased from 0.27 to 0.58. The same trend was observed
after evacuation at 200 and 300 °C.14 Furthermore, a prelimi-
nary check on ion exchange properties indicated that NH4OH-
treated samples exhibit substantially higher cation exchange
capacities compared to the untreated samples; M+/Al ratios of
the Al-grafted materials (obtained following ion exchange)
increased from ca. 0.4 to as high as 0.9 after treatment with

NH4OH at 30 °C. We were also able to observe Brønsted acid
bridging OH groups in the FTIR spectra of NH4OH-treated
samples. These observations clearly point to the insertion of
EFAL into framework positions rather than the formation of a
separate alumina phase in which the Al is tetrahedrally
coordinated.

The XRD patterns and sorption isotherms (obtained using a
Coulter SA3100 Sorptometer after evacuating overnight at
200 °C) for CAP5 and its NH4OH-treated analogues are shown
in Fig. 2A. The insertion of Al into the framework (especially at
30 °C) does not appear to be detrimental to the structural
ordering. CAP5 treated at 30 °C exhibits an XRD pattern and
sorption isotherm comparable to that of the parent material. We
note that CAP5 treated at 30 °C is very well ordered for an
MCM-41 material with such a low (ca. 4.9) framework Si/Al
ratio. Treatment at 80 °C results in rather more structural
degradation; however, the resulting material still retains some
hexagonal ordering and mesopore uniformity. The greater
structural degradation for the 80 °C treated CAP5 may be the
cause of the slightly less efficient insertion of Al into the
framework observed from the MAS NMR spectra in Fig. 1.
Table 1 shows the textural properties for the Al-grafted
materials and their NH4OH treated analogues. In general Al
insertion results in a decrease in the surface area and pore
volume. The decrease is modest at 30 °C but greater for
materials treated at 80 °C. Note, however, that the effects of
80 °C NH4OH treatment are reported here as an upper limit
(with respect to severity of the treatment) and to show the
versatility of the insertion method.

The mechanism for Al insertion most likely involves the
dissolution of EFAL and the formation of aluminate ions that
are inserted into the framework.9 This is possible due to the
amorphous nature of the pore walls and the presence of silanols
(which may act as anchoring sites) on the pore wall surfaces.
The pH of the basic solution used is important; a strongly basic
solution dissolves both the EFAL and the mesoporous frame-
work while a mildly basic solution does not dissolve the EFAL
and is therefore not effective in Al insertion. Indeed when the
strongly basic KOH solution (pH = 13.5) was used, the Al-
grafted materials were destroyed. On the other hand, Al-grafted
materials treated with KNO3 (pH ≈ 8.8) remained virtually
unchanged; neither structural ordering nor Al siting was
affected. It appears therefore that NH4OH (pH ≈ 11.1) is just
right with respect to both the dissolution (and insertion) of
EFAL into the framework and the preservation of structural
integrity of the mesoporous framework. At the moment we have
no evidence that the nature of the cation affects the insertion
process.
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Table 1 Elemental composition, textural properties and acidity of the
studied materials

Sample Si/Al
Surface area/
m2 g21

Pore volume/
cm3 g21

Acidity/mmol
H+ g21

CAP5 4.6 791 0.74 0.81
30 °Ca 4.9 728 0.67 1.15
80 °Ca 4.8 428 0.45 1.09

CAH5 4.7 740 0.52 0.95
30 °Cb 4.9 620 0.55 1.16
80 °Cb 4.3 490 0.36 1.11

a CAP5 treated with NH4OH at the temperature shown. b CAH5 treated with
NH4OH at the temperature shown.

Fig. 2 Powder XRD patterns (A) and nitrogen sorption isotherms (B) of
CAP5 before and after treatment with NH4OH; CAP5 (top), CAP5 treated
at 30 °C (middle) and CAP5 treated at 80 °C (bottom).
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FER (ferrierite) zeolite was hydrothermally crystallized in a
gel system of sodium aluminosilicate with tetrahydrofuran
(THF), a nitrogen-free organic compound, as the template;
characterization by using TG/DTG/DTA and 13C MAS
NMR shows that THF is incorporated in the pores of the as-
synthesized FER zeolite.

FER type zeolite is an aluminosilicate molecular sieve with
medium pore openings. It has a variety of uses in catalytic
processes, such as hydrocarbon cracking and isomerization. In
particular, in recent years it has been found that FER zeolite
possesses excellent shape selectivity for the isomerization of n-
butene to isobutene. The latter is a raw material for manufactur-
ing MTBE (methyl tert-butyl ether), an additive in lead-free
gasoline.1 What is more, it can be used as a catalyst for skeletal
isomerization of n-olefins to iso-olefins.2 Thus, the develop-
ment of a novel method to synthesize FER zeolite in a cheap
way will be a decisive step for the commercialization of these
industrial processes.

FER zeolite can be prepared in an inorganic reactant system
in the presence of Na+ and K+ simultaneously. However, the
reaction temperature is usually high.3 It is difficult to exchange
K+ in the zeolite synthesized from this system, leading to
limited applications as catalysts and adsorbents. FER type
zeolite was firstly synthesized by using an organic compound as
the structure-directing reagent (template) in 1977.4 Up to now
more than 30 organic compounds have been employed as
templates,5 most of which are nitrogen-containing organic
compounds, and some of which are large organic molecules,
such as bis[N-methylpyridyl]ethylinium.6

Quite a lot of efforts have been made to synthesize various
zeolites using oxygen-containing organic compounds. It is
known that three types of organic compounds have been used as
the templates: (1) ethers, such as 15-crown-5 and 16-crown-6;7
(2) alkyl oxide compounds, such as trioxane and poly(ethylene
oxides);8 and (3) alcohols, such as ethanol and butan-1-ol.9
Zeolites FAU, EMT, MAZ, MFI, TON, etc., have been
synthesized in the presence of the above templates. One method
was disclosed that FER zeolite can be prepared by using
2,4-diketones as the organic templates.10 In this paper a novel
process of using THF as the template11 for the synthesis of FER
zeolite is reported.

The process of synthesizing FER zeolite was as follows:
24.44 g of silica sol (SiO2 = 25.07%, Na2O = 0.27%, Qingdao
Ocean Chemical Plant) was mixed with 6.94 g aqueous solution
of aluminium sulfate (Al2O3 = 7.49%, H2O = 74.9%, Shanghai
Xinxing Material Corp.) to form a mixture in a plastic vessel.
Then 1.69 g of NaOH and 13.25 g of deionized water were
added to the mixture. A homogeneous gel of the reactant was
formed after 3.71 g of THF (analytical grade, Shanghai
Chemical Reagent Corp.) were added into the mixture with
vigorous stirring. The molar composition of the reactant gel was
0.5THF+0.215Na2O+SiO2+0.05Al2O3+20H2O. The gel was
sealed into a 30 ml stainless steel Teflon lined autoclave, and
hydrothermally crystallized in an oven at 200 °C for 8–12 days
under static conditions. The spontaneously crystallized product
was washed with distilled water, filtered and then dried at

120 °C. A reactant with the same molar composition but without
THF remained amorphous for a long time under the same
conditions.

The XRD pattern (Cu-Ka radiation, Rigaku D-MAX/II A)
indicates that the as-synthesized product is highly crystalline
FER type zeolite without any impurity phase (Fig. 1). The cell
composition of the as-synthesized FER zeolite is Na3.42-
[Al3.59Si32.41O72]·1.05THF·6.19H2O as determined by chem-
ical analysis. The SEM photo (Shimadzu S-520) shows that the
morphology of the zeolite is agglomerate with a shape like a
spindle (Fig. 2).

The TG/DTG/DTA curves (PCT-10A thermal analyzer with
a flow of air of 70 ml min21 at a rate of 5 °C min21 from room
temperature to 600 °C) are displayed in Fig. 3. The weight loss
below 350 °C is attributed to the loss of water incorporated into
the pores of the as-synthesized FER zeolite. The weight loss in
the temperature range of 350–550 °C is attributed to the loss of
THF. The content of THF in the zeolite calculated from the
weight loss is 3.12 wt.%. The maximum temperature in the
DTG curve is 393 °C, and an obviously endothermal effect
followed by an exothermal one are observed at 415 and 431 °C

Fig. 1 XRD pattern of FER type zeolite synthesized in the reactant system
with THF as the template.

Fig. 2 SEM photograph of FER type zeolite synthesized in the reactant
system with THF as the template.
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respectively in the DTA curve (Fig. 3), indicating the escape of
THF from the zeolite and the subsequent oxidation in air. This
implies that THF is incorporated in the pores of the as-
synthesized FER zeolite.

Fig. 4 shows the 13C CP and HPDEC MAS NMR spectra
(recorded at room temperature with a Bruker MSL-300
spectrometer, 13C resonance frequency 78.468 MHz, rotor spun
at 4.0 KHz, radiofrequency field 50 kHz, recycle time 2 s with
an accumulation number of 2000–6000, contact time 2 ms for
CP spectrum, decoupling power 50 kHz for HPDEC spectrum,
adamantane was used as a second reference). Two peaks are
observed in both the CP NMR and HPDEC 13C NMR spectra of
the as-synthesized FER zeolite compared with that of THF in
the liquid phase. The chemical shifts of C1 (-C-C1-C1-C-) and
C2 (-C2-O-) are 23.99 and 66.09 ppm respectively for the THF
molecules in the liquid state. In comparison, the chemical shifts
of C1 and C2 in the CP spectrum move to 26.55 and 69.67 ppm
respectively for the THF molecules trapped in the as-synthe-
sized FER zeolite. The obvious shift to lower field is caused by

electronic deshielding effects of the framework oxygen atoms in
the small cage formed by intersection of the 8-ring (0.48 3
0.34 nm) and 6-ring channels in the cell of FER zeolite. The
deduction is consistent with our earlier observation of TMEDA
(tetramethylethylenediamine) trapped in the cages of several as-
synthesized zeolites, such as MTN, MON and FER.12

Fig. 5 shows 27Al MAS NMR (resonance frequency
78.205 MHz, rotor spun at 3.5 kHz, frequency field 27.8 kHz,
recycle time 500 ms, AlCl3(H2O)6 as reference. The peak at
53 ppm in the 27Al MAS NMR spectrum of the as-synthesized
FER zeolite corresponds to tetrahedrally coordinated frame-
work aluminium, indicating that the framework of the FER
zeolite discussed herein does not include non-framework
aluminium.

The nitrogen adsorption isotherm was measured (at 77.35 K
using a Micromeritics ASAP 2000 instrument) on the sample of
FER zeolite calcined to remove THF and treated by ion-
exchange. The adsorption isotherm of N2 belongs to the
Langmuir type. The microporous volume was 0.15 ml g21

calculated from the adsorption isotherm, which is consistent
with the value determined for the FER zeolite synthesized by
using TMEDA as the templete.13

This work was supported by the Doctoral Fund of the State
Ministry of Education and the Institute of Beijing Yanshan
Petrochemical Corporation.
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Fig. 3 TG/DTG/DTA curves of as-synthesized FER type zeolite in a flow of
air.

Fig. 4 13C MAS NMR spectra of THF (A) in liquid state, (B) CP spectrum
of as-synthesized FER zeolite, (C) HPDEC spectrum of as-synthesized FER
zeolite.

Fig. 5 27Al MAS NMR spectrum of FER type zeolite synthesized in the
reactant system with THF as the template.
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Diphenylphosphinophenolate was found to be an effective
ligand for the palladium-catalysed silylation of aryl halides,
activating not only palladium but also silicon of a disilane,
where aryl bromides and iodides having such substituents as
methyl, methoxy, amino, ethoxycarbonyl, trifluoromethyl,
formyl or phenyl are applicable to the reaction with
hexamethyldisilane to give the corresponding trimethylsi-
lylarenes.

The transition metal-catalysed silylation of aryl halides with
disilanes should be one of the most straightforward and
economical ways to arylsilanes,1,2 which are versatile synthetic
precursors especially for the palladium-catalysed cross-coup-
ling reaction with organic electrophiles.3 Although there have
been many reports on the palladium-catalysed silylation using
triphenylphosphine as a ligand,1 the reaction requires drastic
conditions to obtain arylsilanes in acceptable yields. Low
reaction rate is ascribed to the low reactivity of a disilane toward
a Pd(II) complex that is generated by oxidative addition of an
aryl halide to a Pd(0) complex. In order to accelerate the rate-
determining transmetalation step, two routes are possible in
terms of electronic balance: one is to make the palladium(II)
more electron-deficient and the other is to increase the electron
density of the nucleophile. Ligands play significant roles for the
former but not for the latter.

We envisaged that a phosphine having a phenolate group
should not only serve as a bidentate ligand for palladium but
also activate directly an incoming silyl nucleophile. Thus, in the
palladium-catalysed silylation of aryl halides with disilanes, we
considered that the phenolate anion in the ligand could
coordinate to the silicon atom of a disilane and enhance its
nucleophilicity in the transmetalation step in the catalytic cycle
that we assumed to be working (Scheme 1). Here we report that
a palladium complex coordinated by 2-(diphenylphosphino)-
phenolate (PO)4 efficiently catalyses the silylation of aryl
halides using hexamethyldisilane.

We first compared the PO ligand in efficiency with other
phosphines in the palladium-catalysed reaction of bromo-
benzene (6a) with hexamethyldisilane (7) (Scheme 2). Thus, 6a
(1.0 mol) was treated with 7 (1.1 mol) in the presence of a 1+2

mixture of [PdCl(p-C3H5)]2–PO (5 mol% of Pd) and sodium
hydroxide (1.2 mol) in a 1+1 mixture of THF and H2O at 100 °C
for 4 h to give trimethylsilylbenzene (8a) in 80% yield.
Reduction of the amount of sodium hydroxide (0.1 mol, 9%; 0
mol, 0%), masking the hydroxy group of PO as 9, or use of
triphenylphosphine (10) in lieu of PO decisively reduced the
yield, implying the significance of the phenolate moiety,
whereas inefficiency of p-hydroxy derivative 11 revealed the
importance of the o-phenolate anionic functionality. Amino-
phosphine 12 also was ineffective. These results clearly
demonstrate that the catalytic cycle depicted in Scheme 1 is
working smoothly with the Pd–PO catalyst.

The applicability of the catalytic system was proved by
trimethylsilylation of various aryl bromides and iodides
(Scheme 3 and Table 1). Trimethylsilylbenzene and 4-trime-
thylsilyltoluene were obtained in high yields from bromo-
benzene and 4-bromotoluene, respectively (Table 1, entries 1
and 2). Although an electron-donating substituent like methoxy
or amino on the aryl bromide decreased the yield, as was the
case with a triphenylphosphine ligand,1a use of a 1+1 mixture of
toluene and H2O as the solvent in combination with 10 mol%
tetrabutylammonium bromide afforded the corresponding ar-
ylsilanes in yields over 90% (entries 3–6). The toluene/H2O/
Bu4NBr system was effective also for the silylation of an aryl
bromide having an ester moiety, preventing ester hydrolysis
during the reaction (entries 7 and 8). Other aryl bromides with
various substituents gave the corresponding arylsilanes in good
yields (entries 9–12). Dibromo- or tribromobenzene also
reacted smoothly to give bis(trimethylsilyl)- or tris(trimethylsi-
lyl)benzene, respectively (entries 13 and 14). Aryl iodides also
were found to be good substrates for this silylation reaction
(entries 15–17). This is noteworthy, as iodobenzene is recorded
not to react at all with a Pd–Ph3P catalyst, the low efficiency of

Scheme 1

Scheme 2

Scheme 3
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the catalyst being attributed to the inertness of the oxidative
adduct PhPdI(Ph3P)2.1a,5 In our case the oxidative adduct 2
lacks a halide ligand which explains the results that the Pd–PO
catalyst is free from the influence of the kind of halide.

In conclusion, we have demonstrated that a palladium
catalyst coordinated by phosphinophenolate is efficient for the
silylation of aryl halides using hexamethyldisilane. The proto-
col using a ligand that activates a transition metal and an
incoming nucleophile simultaneously should be applicable to
various transition metal-catalysed reactions. Studies on the
details of the mechanism as well as application of the protocol
are in progress in our laboratories.
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Table 1 Palladium-catalysed silylation of aryl halides with hexamethyldi-
silane

Entry Aryl halide 6 Conditionsa
Amount
of 8 (mol)

Yieldb

(%)

1c PhBr A 1.1 88
2 4-MeC6H4Br A 2.5 82
3 4-MeOC6H4Br A 2.5 73
4 4-MeOC6H4Br B 2.5 91
5 4-NH2C6H4Br A 2.5 50
6 4-NH2C6H4Br B 2.5 92
7 4-EtOCOC6H4Br A 2.5 23
8 4-EtOCOC6H4Br B 2.5 87
9 4-CF3C6H4Br A 2.5 70

10 4-HCOC6H4Br A 1.1 65
11 4-PhC6H4Br A 2.5 80
12 2-NaphthBr A 2.5 64
13 C6H4Br2-1,4 A 5.0 81
14 C6H3Br3-1,3,5 A 7.5 81
15 PhI Ac 1.1 83
16 4-MeOC6H4I A 2.5 76
17 4-CF3C6H4I A 2.5 70
a The reaction was carried out at 100 °C for 24 h using an aryl halide
(0.40 mmol), hexamethyldisilane and sodium hydroxide (0.48 mmol) in the
presence of [PdCl(p-C3H5)]2 (0.01 mmol) and PO (0.04 mmol). A:
THF(1 ml)–H2O(1 ml); B: tetrabutylammonium bromide(0.04 mmol),
toluene(1 ml)–H2O(1 ml). b Isolated yields based on aryl halide are given.
c The reaction was completed in 10 h.
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The first nonacoordinate bridging selenido ligand in a
tricapped trigonal prismatic geometry, Cu11(m9-Se)(m3-
Br)3[Se2P(OPri)2]6, is prepared along with closed-shell ion-
centered CuI

8 cubes, Cu8(m8-Se)[Se2P(OPri)2]6 and Cu8(m8-
Br)[Se2P(OPri)2]6(PF6), from the reaction of
NH4Se2P(OPri)2, Cu(CH3CN)4PF6, and Bu4NBr in CH2Br2
at 0 °C.

One of the most commonly observed coordination geometries
for a central atom which is surrounded by nine outer or ligand
atoms is a tricapped trigonal prism.1 Notable examples are
lanthanide complexes,2 [ReH9]22 and its derivatives.3 To the
best of our knowledge this geometry has never been observed in
any main group elements, though a main-group element in the
cavity of a monocapped square antiprism is known in a couple
of metal carbonyls.4

Molecular cubic clusters encapsulating main-group elements
are particularly interesting from the general point of view of
bonding.5 To date two types of main-group element-centered
transitional metal cubic clusters which include face-capped and
edge-capped cubes have been characterized. While Ni8(m8-
As)(m4-As)6(PPh3)8 is the only face-capped cube,6 several edge-
capped CuI

8 cubes centered by S22,7 Cl2 and Br28 are known
for dithiophosphate ligands. An unusual sulfide-centered, edge-
capped mixed-metal cube, [Mn4Cu4S(SPri)12]22, which is
defined by two interpenetrating copper and manganese tetra-
hedra, is also accessible by reaction of [Mn2(SPri)6]22 with
CuCl.9 With the dialkyl diselenophosphate ligands (dsep), we
uncovered the first selenide-centered edge-capped CuI

8 cubes.10

Subsequently an exceptional co-crystallization with clusters,
Ag8(m8-Se)[Se2P(OR)2]6 and Ag6[Se2P(OR)2]6, superimposing
on a trigonal lattice, was observed.11 To extend our research
efforts in centered cubic cluster synthesis, we focus on the
halide ion and uncovered, besides selenide-centered CuI

8 cubes,
1, a halide-centered CuI

8 cube, 3, and a remarkable, un-
decanuclear copper cluster containing a selenide ion in the
center of a pentacapped trigonal prism, Cu11(m9-Se)(m3-X)3-
[Se2P(OPri)2]6, 2. Cluster 2 is a novel example possessing not
only a 3,3,4,4,4-pentacapped trigonal prismatic copper frame-
work but also a nonacoordinate bridging selenido ligand in a
tricapped trigonal prismatic geometry.

At least three clusters are produced from the reaction of
NH4Se2P(OPri)2 (1.2 g, 3.69 mmol), Cu(CH3CN)4PF6 (0.917 g,
2.46 mmol) and Bu4NBr (0.793 g, 2.46 mmol) in CH2Br2 (50
mL) at 0 °C for 24 hours. Both yellow clusters 1 and 2 dissolved
in n-hexane are separated by column chromatography (eluent:
ethyl acetate/hexane = 3/4) whereas the cationic species 3 is
insoluble.† The formulation of 2 was confirmed by elemental
analyses, positive FAB mass spectroscopy, 1H and 31P NMR
spectroscopy. In the positive FAB mass spectrum of 2, three
major peaks which correspond to the intact molecule, an intact
molecule with the loss of a bromide ion, {Cu11(m9-Se)(m3-
Br)2[Se2P(OPri)2]6}+, and an intact molecule with the loss of a
dsep ligand, {Cu11(m9-Se)(m3-Br)3[Se2P(OPri)2]5}+, respec-
tively, were identified. These observed peaks are in agreement

with the results of their respective, simulated isotopic pat-
terns.

X-Ray analysis‡ of 2 reveals a Cu11Se core, stabilized by
three bromide and six dsep ligands. The central core adopts a
slightly distorted, fivefold capped trigonal prismatic copper
framework, with an encapsulated selenium ion. Shown in Fig. 1
is the SeCu11 core which displays an idealized D3h symmetry.
Both Cu(1) and Cu(2), each capping the triangular face of the
prism, are located on the pseudo-three-fold axis, as is the
encapsulated selenium ion Se(01). The Cu–Se(01) bond
distances are noteworthy. Whereas two on the C3 axis, 3.480
and 3.574 Å, are extremely long, the rest are in the range
2.519(2)–2.748(2) Å and are within the limits reported by
Fenske and coworkers.12 Consequently a novel nonacoordinate
bridging selenido ligand in a tricapped trigonal primastic
geometry is revealed in the title compound. The edges of the
trigonal prism are in the range 3.431–3.588 Å while the heights
(Cu7–Cu8, Cu6–Cu9, and Cu10–Cu11) are on average 3.103(2)
Å. There exist a total of nine Cu4 butterflies where the wing-tip
positions are represented by five capping copper atoms with
each edge and height of the trigonal prism being the hinges.
Those Cu4 butterflies comprising a copper atom on the C3 axis
are each connected by a dsep ligand having a tetrametallic

Fig. 1 The Cu11Se core in 2. Selected bond lengths [Å]: Se(01)–Cu(3)
2.748(2), Se(01)–Cu(4) 2.739(2), Se(01)–Cu(5) 2.736(2), Se(01)–Cu(6)
2.568(2), Se(01)–Cu(7) 2.576(2), Se(01)–Cu(8) 2.580(2), Se(01)–Cu(9)
2.519(2), Se(01)–Cu(10) 2.551(2), Se(01)–Cu(11) 2.552(2), Cu(1)–Cu(10)
2.804(2), Cu(1)–Cu(7) 2.851(2), Cu(1)–Cu(6) 2.869(2), Cu(2)–Cu(9)
2.787(2), Cu(2)–Cu(8) 2.842(2), Cu(2)–Cu(11) 2.861(2), Cu(3)–Cu(9)
2.883(2), Cu(3)–Cu(6) 2.886(2), Cu(3)–Cu(11) 2.919(2), Cu(3)–Cu(10)
2.925(2), Cu(4)–Cu(6) 2.860(2), Cu(4)–Cu(9) 2.877(2), Cu(4)–Cu(7)
2.936(2), Cu(4)–Cu(8) 2.970(2), Cu(5)–Cu(10) 2.897(2), Cu(5)–Cu(7)
2.916(2), Cu(5)–Cu(8) 2.932(2), Cu(5)–Cu(11) 2.947(2), Cu(6)–Cu(9)
3.052(2), Cu(7)–Cu(8) 3.134(2), Cu(10)–Cu(11) 3.124(2).
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tetraconnective (m2,m2)13 coordination pattern (Fig. 2) The
remaining three, where hinge positions are the heights of the
prism, are each occupied by a triply bridging bromide atom over
an alternating set of three of the six triangular faces. The Cu–Br
bond distances are on average 2.541(2) Å. Two distinct
coordination environments around copper atoms of the cluster
are observed: two on the C3 axis are coordinated by three
selenium atoms of three different dsep ligands and the rest are
surrounded by three selenium atoms and one bromine atom.
Overall, owing to the existence of three, alternating triply
bridging bromides, the D3h symmetry depicted in Fig. 1 has
been lowered to C3h.

Compound 3 forms colorless crystals in the monoclinic space
group C2/c and reveals a bromide-centered CuI

8 cube of which
each edge of the cube is bridged by a selenium atom of the dsep
ligand (Fig. 3). The averaged Cu–Cu bond length of 3.179(4) Å
is about 0.25 Å longer than the corresponding Cu–Cu distance
in the selenide-centered CuI

8 cube.10 The averaged Cu–Br
distance of 2.754(1) Å is comparable with those previously

reported in [Cu8(m8-Br)(S2P(OPri)2)6][PF6]8 and significantly
longer than those in 2.

In summary, the first selenium atom surrounded by nine
copper atoms in a tricapped trigonal prismatic geometry is
identified along with a halide-centered CuI

8 cube containing
dsep ligands during the preparation of closed-shell ion-centered
cubic clusters. The silver analogues of 2 and 3 have been
characterized structurally and details will be reported soon. This
research was supported by the National Science Council of
Taiwan (NSC 89-2113-M-033-004).
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2859.4 (M)+, 2779.3 (M 2 Br)+, 2552.1 (M 2 dsep)+. Anal. calcd. for
C36H84O12P6Se13Br3Cu11·1/2C6H14: C, 16.13; H, 3.13; found: C, 16.15; H,
3.25%; 3: 1H NMR (CDCl3) d 1.41 (d, J = 6 Hz, 72H, CH3), 4.81 (m, 12H,
CH); 31P{1H} NMR (CDCl3), d 68.2 (JSeP 648 Hz); positive ion FAB-MS:
m/z: 2430.5 (M)+. Anal. calcd. for C36H84F6O12P7Se12BrCu8: C, 16.79; H,
3.29; found: C, 16.75 ; H, 3.20%.
‡ Crystal data for 2: C36H84O12P6Se13Br3Cu11, M = 2860.00, triclinic, P1̄,
a = 15.2820(8), b = 15.5376(8), c = 20.4796 (11) Å, a = 93.011(1), b =
106.941(1), g = 108.216(1)°, V = 4363.1(4) Å3, T = 298(2) K, Z = 2,
m(Mo-Ka) = 9.568 mm21, 20983 reflections measured, 14482 unique
[R(int) = 0.0398] which were used in the calculations. The final R1 =
0.0639, wR2 = 0.1397 and for all data R1 = 0.0851, wR2 = 0.1535.

3: C36H84F6O12P7Se12BrCu8, M = 2575.57, monoclinic, C2/c, a =
24.345(5), b = 13.151(3), c = 24.991(5) Å, b = 91.34(3)°, V = 7999(3)
Å3, T = 293(2) K, Z = 4, m(Mo-Ka) = 8.241 mm21, 11231 reflections
measured, 6703 unique [R(int) = 0.0356] which were used in the
calculations. The final R1 = 0.0502, wR2 = 0.1096 and for all data R1 =
0.0647, wR2 = 0.1189.

CCDC 182/1763. See http://www.rsc.org/suppdata/cc/b0/b005366j/ for
crystallographic files in .cif format.
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Fig. 2 The thermal ellipsoid drawing (50% probability) of 2. The
isopropoxy groups have been omitted for clarity. Selected bond lengths [Å]:
Br(1)–Cu(5) 2.452(2), Br(1)–Cu(10) 2.565(2), Br(1)–Cu(11) 2.627(2),
Br(2)–Cu(3) 2.451(2), Br(2)–Cu(6) 2.564(2), Br(2)–Cu(9) 2.622(2), Br(3)–
Cu(4) 2.453(2), Br(3)–Cu(7) 2.539(2), Br(3)–Cu(8) 2.595(2), Cu–Se
2.350(2)–2.502(2).

Fig. 3 The thermal ellipsoid drawing (50% probability) of the cation in 3.
The isopropyl groups have been omitted for clarity. Selected bond lengths
[Å]: Cu–Se 2.374(1)–2.399(1), Cu–Br 2.732(1)–2.771(1), Se–P
2.169(3)–2.185(2).
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Thermotropic discotic and smectic liquid crystallinity can be
induced for folic acid derivatives having octadecyl and
undecyl substituents in wide temperatures ranges, re-
spectively; the addition of sodium triflate to smectic liquid-
crystalline folic acid leads to a change of the assembled
structures from smectic to columnar phases.

Nanoscale molecular architectures formed by non-covalent
interactions have been intensively studied because highly
functional molecular materials can be obtained by self-
organization processes.1–4 For liquid-crystalline (LC) materials,
the utilization of the molecular interactions such as hydrogen
bonding has been shown to be quite useful.4 The control of the
patterns and the reversible self-assembling nature of hydrogen-
bonded liquid crystals would lead to the preparation of a novel
dynamically functional material. Our intention is to use self-
organization behavior of biomolecules, which in many cases
show lyotropic behavior, for the formation of new thermotropic
LC materials.

In the present study, we have focused on the pterin ring of
folic acid. Thermotropic LC folic acids have not yet been
developed although the lyotropic mesomorphism through
discotic tetramer formation of sodium folate in aqueous solution
has been reported.5 The induction of the thermotropic liquid
crystallinity of this molecule may lead to the development of
dynamically functional anisotropic systems.

We succeeded in inducing thermotropic liquid crystallinity
for folic acid derivatives 1a–c by incorporating 2-(3,4-dialkyl-

oxyphenyl)ethyl groups into the glutamic acid moiety. Com-
pound 1c exhibited columnar mesophases, while smectic phases
were seen for compounds 1a and 1b containing shorter alkyl
chains.‡ The phase transition behavior of 1a–c is summarized in
Table 1.§

X-Ray diffraction measurements showed that 1c exhibited
ordered and disordered discotic hexagonal columnar (Dho and
Dhd) phases (Dho phase at 25 °C: d100 = 50.5, d110 = 29.2,
d200 = 25.3, and the distance between disks = 4.1 Å; Dhd phase
at 100 °C: d100 = 50.6, d110 = 29.2, and d200 = 25.3 Å). Only
one sharp peak (small angle) and a broad halo were observed for
the smectic phases of 1a and 1b. The layer spacings for 1a and
1b were 37.6 and 41.2 Å at 25 °C, respectively. It is noteworthy
that the phase behavior of 1 was greatly dependent on the length
of the alkyl chains. The textures observed for these compounds

supported the difference of the phase structures.6 The formation
of the smectic and discotic phases can be attributed to the
ribbon- and disk-like aggregation of pterin rings of 1,
respectively, as shown in Fig. 1.7,8 The IR spectra of 1b and 1c
also indicated the existence of the two types of the hydrogen-
bonded structures.¶ The layer structure for 1a and 1b should be
induced by the ribbon-like aggregation of the pterin ring (Fig.
1A).7 In contrast, the induction of the discotic hexagonal
columnar phase of 1c was based on the disk-like aggregation of
the pterin ring of 1c (Fig. 1B).8 For 1c, the disordered alkyl
chains can be closely packed in the discotic arrangement. The
difference of these aggregated structures was due to the
dynamic nature of the hydrogen bonding.

The formation of columnar molecular assemblies has been a
recent topic for the development of functional materials.9,10 We
were able to change the LC phase of 1b from smectic to
columnar by the addition of sodium triflate (NaOTf). The
isotropization temperatures and the mesomorphic temperature

† Electronic supplementary information (ESI) available: synthesis details
and IR data. See http://www.rsc.org/suppdata/cc/b0/b004815l/

Table 1 Phase transition temperatures of 1a

Compound Phase transition temp./°C

1a (n = 6) S 238 Iso
1b (n = 11) Cr 213 S 240 Iso
1c (n = 18) Dho 62 Dhd 207 M 223 Iso

a Cr: crystalline; S: smectic; Dho: ordered discotic hexagonal columnar;
Dhd: disordered discotic hexagonal columnar; M: mesomorphic with low
viscosity; Iso: isotropic.

Fig. 1 Hydrogen-bonded self-assembled structures of the pterin rings of
folic acid. (A) Linear ribbon-like aggregation style, (B) cyclic disk-like
aggregation style.
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ranges of the resulting mixtures of 1b and NaOTf on heating are
summarized in Fig. 2.

The temperatures decrease drastically with the increase of the
molar ratio of NaOTf to 1b from 0 to 0.3. Further addition of
NaOTf results in the increase of the clearing points. Fan-like
textures characteristic of a hexagonal columnar phase (Colh)
were observed for the mixtures in the ratio of NaOTf to 1b from
0.5 to 2.0. The addition of more than 2.5 mol of NaOTf led to
the phase separation of the sodium salt from the mixture. The X-
ray diffraction pattern of an equimolar complex of NaOTf and
1b at 200 °C showed a sharp inner peak at 45.2 Å (d100), small
peaks at 26.0 and 22.6 Å (d110 and d200, respectively), and a
diffuse halo at 4.1 Å, which confirmed the formation of a
disordered Colh phase.

This phase transition behavior of the complexes can be
explained as follows. The initial decrease of the temperatures
was caused by the co-existence of hydrogen-bonded forms A
and B (Fig. 1) in the smectic order. Further addition of NaOTf
resulted in the formation of discotic aggregates leading to the
induction of a hexagonal columnar order by ion–dipole
interaction through sodium salts and the carbonyl oxygen of the
pterin rings. These aggregates were further stabilized by the
increase of the ion–dipole interactions. The formation of
columnar phases by the complexation of covalently bonded
cyclic molecules with metal salts has been reported.11 However,
to our knowledge, there has been no example of liquid crystals
changing from smectic to columnar phases due to the change of
hydrogen-bonding patterns by the effect of metals.

In summary, we have prepared, for the first time, thermo-
tropic LC folic acid derivatives. In particular, for compound 1b,
the smectic phase can be changed to hexagonal columnar phases
by the ion–dipole interactions. We are further exploring nano-
structures formed by hydrogen-bonded aggregation of folic acid
derivatives.

This work was financially supported by the Shiseido Fund for
Science and Technology and by the Ministry of Education,
Science, Sports, and Culture (Grant-in-Aid No. 12650864).
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in a yield of 40% as a pale yellow waxy oil. Rf = 0.40 (CH2Cl2/ethanol/
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By reaction of hydrogen peroxide and bis(diphenylphos-
phino)ethane in acetone, the 1+2 adduct (bis(diphenylphos-
phinoyl)ethane)·2(2,2-dihydroperoxypropane) (dppeO2)·
2[Me2C(OOH)2], stabilized by H-bonding between Me2-
C(OOH)2 and dppeO2, was rapidly obtained in high yields in
the presence of R2SnCl2 (R = Me or Bun).

Organic peroxides derived from acetone and hydrogen peroxide
have been extensively studied.1–5 The products identified  to
date in aqueous acetone–hydrogen peroxide solutions are
2-hydroxy-2-hydroperoxy propane 1,3 2,2-dihydroperoxypro-

pane 2,1,2 a,aA-bis(hydroperoxy)diisopropyl peroxide 31,2 and
1,1,4,4,7,7-hexamethyl-1,4,7-cyclononatriperoxane 4.1,2,5

Very recently a tetrameric species [1,1,4,4,7,7,9,9-octa-
methyl-1,4,7,9-tetraundecotetraperoxane) 5 has been isolated
from an acetone–H2O2 solution containing SnCl4·5H2O or
SnCl2·2H2O. It has been hypothesized that tin(IV) salts catalyze
the oxidation of acetone by hydrogen peroxide to tetrameric
acetone peroxide at room temperature.6 All the species 1–5
readily decompose. The structures of 1–3 and 5 have been
hypothesized only on the basis of spectroscopic IR and NMR
data, whereas the crystal structure of 4 was determined some
years ago.5 During our studies7 on the interaction between
tin(IV) acceptors and diphosphinoyl donors in acetone, using
hydrogen peroxide as oxidizing agent for organic phosphines,

we observed the formation of the crystalline adduct (dppe-
O2)·2[Me2C(OOH)2] 6.8 Whereas the free 2,2-dihydroperoxy-
propane 2 decomposes rapidly due to its fast transformation into
the more stable cyclic peroxo compounds 4 or 5, 6 is very stable
under the same conditions in both solid and solution states. The
stabilization of dihydroperoxide 2 in the crystals of 6 can be
explained by formation of H-bonds between the hydrogen
atoms of Me2C(OOH)2 and the oxygen atoms of dppeO2, which
in this case acts as hydrogen acceptor. The energy of the
hydrogen bond most likely prevents the oligomerization of the
peroxide into the usual trimeric or tetrameric forms. The adduct
6 has a molecular structure9 with two molecules of dihydroper-
oxide H-bonded to dppeO2 (Fig. 1). The O–O distances in the
peroxide (mean value 1.461 Å) are close to those in hydrogen
peroxide (1.453 Å).10 The bis(diphenylphosphinoyl)ethane
molecule is stabilized in a staggered conformation. Each
oxygen atom of dppeO2 forms two H-bonds with a dihydroper-
oxide molecule (O(3)–H(3)…O(1) 2.758(2) Å, •O(3)–H(3)–
O(1) 170(3)°; O(5)–H(5)…O(1) 2.824(3) Å, •O(5)–H(5)–O(1)
169(3)°).

When the reaction between dppe and H2O2–acetone was
carried out in the absence of R2SnCl2 (R = Me or Bun)
acceptors, compound 6 was obtained in only 40% yield after 10
days, whereas in the presence of tin acceptors the yield was
much higher (90%) after only 24 h. This result is in accordance

Fig. 1 Molecular structure of (dppeO2)·2[Me2C(OOH)2] 6. Selected bond
distances (Å) and angles: P(1)–O(1) 1.511(1), P(1)–C(1) 1.805(2), P(1)–
C(2) 1.795(2), P(1)–C(8) 1.812(2), C(14)–O(2) 1.425(3), O(2)–O(3)
1.464(2), C(14)–O(4) 1.428(2), O(4)–O(5) 1.457(3); •O(2)–C(14)–O(4)
110.2(2)°.
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with the recent work6 on the oxidation of acetone by H2O2

catalysed by tin(IV) and tin(II) compounds.
When the reaction between dppe and H2O2–acetone was

carried out in the presence of Ph2SnCl2, the derivative
Ph2SnCl2(dppeO2)11 precipitated from the reaction mixture and
no trace of 6 was detected after 48 h.

When 6 was reacted with Ph2SnCl2, the derivatives
Ph2SnCl2(dppeO2),11 3 and 4 are afforded. In fact Ph2SnCl2 is
a stronger Lewis acid than dialkyltin(IV) dihalides and it is able
to substitute the dihydroperoxide in 6, yielding the well known
stable adduct Ph2SnCl2(dppeO2).11 On the other hand, when
R2SnBr2 (R = Me or Bun) were employed, 6 was obtained in
90% yields after 6 h. The substitution of chloride groups with
the less electronegative bromide in diorganotins seems to
accelerate the formation of 6, in accordance with the weaker
acceptor power of the corresponding Lewis acid.

Finally, when dppm, dppp (1,3-bis(diphenylphosphino)pro-
pane) or triphenylphosphine were employed, no dihydroper-
oxide adducts such as 6 were obtained, thus indicating that the
methylene chain between the –P(O)Ph2 units can be an
important steric factor.

In summary, oxidized diphosphine ligand dppeO2 is able to
stabilize 2,2-dihydroperoxide formed by interaction of acetone
with H2O2 and prevent cyclo-oligomerization. The formation of
adduct 6 can be accelerated by R2SnCl2 (R = Me or Bun).
Studies on the possibility of obtaining different dihydroper-
oxides by starting from different ketones, on the ability of other
tin(IV) salts to catalyse the reaction between H2O2 and acetone,
and finally on the importance of the diphosphine chain for the
obtainment of compounds as 6, are actually in progress.

This work was supported by Universities of Camerino and
Moscow.
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A photosystem composed of colloidal IrO2·xH2O stabilized
by soluble Nafion, tris(2,2A-bipyridyl)ruthenium(II), and
persulfate efficiently oxidizes water to oxygen under visible
light.

Much effort has been applied to the development of photo-
systems for visible light cleavage of water into H2 and O2.1–3

Although the reaction is thermodynamically possible with light
of wavelength @1000 nm, efficient water photolysis has not yet
been reported. One of the key components of such photolysis
systems is the catalyst that converts water into O2.4–8 As a four-
electron redox process, the evolution of O2 from water is more
difficult than kinetically simpler processes, such as H2 evolu-
tion. Recently, we have reported photocatalytic oxidation of
water by a buffered [Ru(bpy)3]2+–colloidal IrO2·xH2O system
that uses S2O8

22 as a sacrificial electron acceptor.9 In this case,
the quantum efficiency for O2 evolution under optimized
conditions is about 50%, and the turnover number with respect
to the photosensitizer exceeds 200. The turnover rate is very fast
compared with that of other [Ru(bpy)3]2+–catalyst–S2O8

22

systems, but is still too slow to be coupled with a non-sacrificial
hydrogen evolving system10 for overall water photolysis.

Colloidal catalysts in these photosystems are stabilized by
coordinating reagents such as citrate ions and polyethylene
glycol. The colloid is negatively charged, and adsorbed cationic
sensitizers take part in the water oxidation cycle. Interestingly,
there is little or no activity at concentrations below that required
to saturate the colloid with sensitizer molecules.9 This suggests
that colloidal catalysts stabilized by polyanions might exhibit a
higher activity for O2 evolution than conventional catalysts. In
this paper, we report O2 evolution from a [Ru(bpy)3]2+–Nafion-
stabilized IrO2·xH2O–S2O8

22 photosystem. Very stable col-
loids form in solutions containing soluble Nafion, and the
[Ru(bpy)3]2+ photosystem incorporating these catalytic colloids
has an appreciably higher quantum efficiency for water
oxidation than conventional systems at moderate to high light
intensity.

Nafion-stabilized and citrate-stabilized IrO2·xH2O colloids
(Nafion/IrO2 and citrate/IrO2) were compared as O2 evolution
catalysts. Citrate/IrO2 was available from our earlier study, in
which hexachloroiridate ions (IrCl622) were hydrolyzed in a
citrate solution at pH 7.9 Nafion/IrO2 was prepared similarly in
the presence of soluble Nafion perfluorinated ion-exchange
resin.11 The deep blue colloidal solution was stable over a
period of three months. The UV–VIS spectrum of the solution
had a broad absorption band in the range of 500–700 nm,
signaling the formation of colloidal IrO2·xH2O,7 which is
apparently stabilized by interaction with the sulfonate groups of
Nafion. A TEM image of Nafion/IrO2 (0.05 g Nafion/0.030 g
K2IrCl6) is shown in Fig. 1. Primary particles less than 10 nm in
diameter form small aggregates that have diameters of 20–30
nm. The grouping of these aggregates into the micron-size patch
shown in Fig. 1 is probably an artifact of TEM sample
preparation, since the colloidal solutions are not turbid. Citrate/
IrO2 makes similar colloids, except that larger primary particles
(10–15 nm) are observed.9

The photolysis reactions were carried out in 5 mL aqueous
solutions containing [Ru(bpy)3]Cl2·6H2O, colloidal IrO2,
Na2S2O8, Na2SO4 and Na2SiF6–NaHCO3 buffer in a Pyrex test

tube reactor. The concentrations of Na2S2O8, Na2SO4 and
Na2SiF6–NaHCO3 buffer were 1.0 3 1022, 5.0 3 1022 and 2.2
3 1022–2.8 3 1022 M, respectively, and the constantly stirred
solutions were irradiated with a Xe lamp of 300 W, equipped
with a 450 ± 20 nm interference filter. Except as noted, the
intensity of visible light reaching the solution was 18 mW cm22.
The solutions were buffered at pH 5.4–5.7 during photolysis.
The details are described elsewhere.9

Fig. 2 shows the dependence of the sensitizer turnover
number and initial O2 evolution rate on concentration of the
sensitizer for [Ru(bpy)3]–Nafion/IrO2 ([Ir] = 1.0 3 1024 M)
and [Ru(bpy)3]–citrate/IrO2 ([Ir] = 6.2 3 1025 M). Nafion/
IrO2 colloids prepared from 0.05 g Nafion/0.030 g K2IrCl6 were
used for these reactions. The rate of O2 evolution plotted in this
figure is that observed in the early stages of the reaction (5–10

Fig. 1 TEM image of Nafion-stabilized IrO2 colloid (prepared from 0.05 g
Nafion/0.030 g K2IrCl6).

Fig. 2 Dependence of the initial rate of O2 evolution and turnover number
on the concentration of [Ru(bpy)3]2+. For [Ru(bpy)3]2+–Nafion/IrO2–
persulfate, initial rate of O2 evolution (2), turnover number (8);
[Ru(bpy)3]2+–citrate/IrO2–persulfate, initial rate of O2 evolution (5),
turnover number (-). Nafion/IrO2: [Ir] = 1.0 3 1024 M; citrate/IrO2: [Ir]
= 6.2 3 1025 M.
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min) before significant decomposition of the sensitizer occurs.
Each photosystem showed the highest O2 evolution rate at the
colloid concentration used in these experiments. Further
addition of colloid to either system decreased both the turnover
number and the O2 evolution rate, because at high concentration
the colloidal catalyst begins to quench the MLCT excited state
of the sensitizer oxidatively.6 In both systems, the turnover
number reaches a maximum and the rate of O2 evolution
reaches a plateau at high sensitizer concentration. Beyond
(1.1–1.5) 3 1024 M, the background decomposition rate of
[Ru(bpy)3]3+ exceeds the rate of O2 evolution and the turnover
number decreases.9 At high light intensity, [Ru(bpy)3]2+–
Nafion/IrO2 surpassed [Ru(bpy)3]2+–citrate/IrO2 in the rate of
O2 evolution at all concentrations, and the difference in rate
increased with increasing sensitizer concentration. The turnover
number of the former system also exceeded that of the latter at
high concentration. The highest quantum efficiencies for O2
evolution, fO2, with Nafion/IrO2 and citrate/IrO2 catalysts were
73% (2.8 3 1024 M sensitizer) and 45% (!2.2 3 1024 M),
respectively.12 The rate of O2 evolution in the Nafion/IrO2
system is light-limited up to the highest light intensity used (18
mW cm22), whereas that of citrate/IrO2 is catalyst-limited
above about 10 mW cm22 (Fig. 3). This indicates that the
turnover rate of the former catalyst is approximately twice that
of the latter.

The effects of ionic strength and pH on the time course of O2
evolution were determined by changing the concentration of
buffer and ratio of Na2SiF6 to NaHCO3. With buffer concentra-
tions in the range (3.5–5.7) 3 1022 M, there was no noticeable
effect of concentration on the time course of O2 evolution. At
lower concentrations, both the rate and turnover number
decreased, but in this case the final pH was < 4, so the loss in
activity can be attributed to the failure of the dilute buffer to
maintain the optimum pH (4–6). At initial pH > 6.5 the rate also
decreases, because the driving force for O2 evolution decreases.
An essentially identical pH dependence has been previously
noted by Harriman and coworkers.6–8

Interestingly, both initial rate curves in Fig. 2 saturate in the
manner of an adsorption isotherm, suggesting that O2 evolution
from these catalysts only occurs when sensitizer molecules are
adsorbed on to the colloid.9 In particular, the rate plot for citrate-
stabilized IrO2 resembles a Langmuir adsorption isotherm.9
This behavior has also been observed in the [Ru(bpy)3]2+–
colloidal RuO2 system.6 In contrast, the rate–concentration
curve of [Ru(bpy)3]2+–Nafion/IrO2 has a different shape, and

appears to be the sum of two different kinds of isotherms. The
turnover plot also peaks at higher [Ru(bpy)3]2+ concentration in
this case. We tentatively attribute this behavior to the adsorption
of more than a single monolayer of sensitizer on the Nafion
polyanion-stabilized colloid.

In summary, colloidal IrO2 can be stabilized using soluble
Nafion, which promotes the photocatalytic oxidation of water
through adsorption of sensitizer cations. Very high quantum
yields and turnover numbers were achieved under optimized
conditions. The high activity of these polyanion-stabilized
colloids suggests that further rate enhancement may be possible
using structured polyanion/polycation films or other organized
assemblies. These possibilities are currently under investiga-
tion.
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A novel structure involving a 2(p-tert-butylcalix[4]ar-
ene)·3.5(1,4-butanediamine) inclusion compound shows
amine sites both exo and endo to the cavity, with the amine
hydrogen-bonding to itself as well as to the host hydroxyl
groups; for bulky amines with large pKa values, steric factors
are more important than basicity, and the formation of a
1+1, high-symmetry host–guest structure is preferred over a
low-symmetry hydrogen-bonded structure.

The upper and lower rims of the p-tert-butylcalix[4]arene 1
basket-shaped cavity have been extensively derivatised in order
to tailor supramolecular behaviour,1 and almost all modifica-
tions at the lower (OH-bonded) rim have been covalent. We
report the modification of the cavity’s lower rim via H-bonding
with amines, giving a non-covalent elaboration of the calixarene
in the solid state. A delicate balance between amine size and
basicity in forming H-bonded structures is observed. The
molecular structure changes upon the induction of dynamics or
guest loss for at least one of the amine guests in the 2(p-tert-
butylcalix[4]arene)·3.5(1,4-butanediamine) compound 2.

In general, interactions between amines and calixarenes in
solution depend on the steric nature of the amine. If not too
bulky the amine can abstract a proton from a calixarene
hydroxyl group via a proton-transfer mechanism, forming an
ion pair in which the guest occupies the host cavity in an endo
arrangement.2 Bulkier amines appear to interact with the host so
that the amine is outside (exo) the host cavity.3 Thermodynamic
and conductance measurements of alkylamines and 1 in solution
indicate H-bonding or ion-pair interactions between calixarene
and amine.4 A theoretical study of amine salts of the anion of 1
shows the preference for amine endo and exo positions to be
solvent-dependent.5 Amine interaction with the calix phenolic
hydroxyl group forms the basis of sensors that change colour
upon molecular recognition.6

Structures of several calixarene–amine complexes show that
the amine interacts with the calixarene phenol in both endo and
exo positions,7 and structures of calixarenes with alkyl ammo-
nium cations indicate cation inclusions, but no interactions
between the guest and the H-bonded OH groups of the host.8

Solid-state 13C NMR spectra of 1·guest inclusion compounds
provide a rapid means to determine symmetry elements.9 An
inclusion compound in which the host molecule has an axis of
4-fold symmetry gives a single resonance for each chemically
distinct carbon of the p-tert-butylphenol repeat unit.10 Lowering
the symmetry element increases the multiplicity of each carbon
resonance, as the four repeat units are no longer equivalent
symmetrically. The 13C CP-MAS NMR spectrum of 2 [Fig.
1(a)] indicates that the structure has very few, if any, symmetry
elements. In particular, the d 135–160 region shows the signals
from the H1 and H4 aromatic carbons of the host. Whereas a
high-symmetry structure gives only two host signals in this
region, and three in the aliphatic region (d 22–48),9 the present
spectrum shows 14 resolved lines over the region d 135–160
and 11 lines (host and guest) in the aliphatic region. Peaks at

39.8 and 42.2 ppm arise from guest methylene carbons attached
to the amine nitrogen, and are broadened due to coupling to the
14N quadrupole or because of dynamic effects. The extent to
which the aromatic carbon signals are spread out, the multi-
plicity, and the signal intensity distribution all contrast to the
comparable features seen for nitrobenzene inclusion in the same
host.11 Clearly, the structure of 2 shows low symmetry, and is
distinct from other low-symmetry structures such as 1·ni-
trobenzene.

The existence of a significantly distorted host cavity is
confirmed by the X-ray diffraction structure.‡ The asymmetric
unit contains two crystallographically inequivalent host mole-
cules, each without any element of symmetry. Each host
molecule has two ordered and two disordered But groups: the C-
host has the disordered groups positioned cis and the T-host has
the disordered groups positioned trans. Unlike other structures
of 1, there is no clear correlation between the disorder in the host
But groups and the disorder in the guest. The two But groups in
the C-host are disordered over two positions each, while those
in the T-host are disordered over two and four positions. There
are 3.5 molecules of 1,4-butanediamine in the asymmetric unit
(which contains two host molecules). Each C- and T-cavity
contains one endo guest molecule, and that in the T-cavity is
disordered over two positions. There are two, fully occupied exo
guest sites outside the host cavities; one is on the inversion
centre thus giving the fractional stoichiometry.

The structure possesses two independent groupings of H-
bonded guests, one a finite trimer and the other an infinite chain.
The trimer involves the endo guest of the C-host cavity (Fig. 2).
This fully ordered guest adopts a curled 7-conformation in
which the guest is H-bonded to itself (dN–N 2.72 Å), to one
hydroxyl group of a T-host (dN–O 2.80 Å), and an amine group
of the exo guest on the inversion centre (dN–N 2.77 Å). The exo
amine group also interacts weakly with a second hydroxyl
group of the same T-host (dN–O 3.3 Å); this hydroxyl group is

† Issued as NRCC No. 43850. E. B. B. and J. A. R. thank NSERC for partial
support of this work.

Fig. 1 Partial 75.48 MHz 13C-{1H} CP-MAS spectra: (a) 2, (b) 2 after
stirring in n-hexane. The aromatic host carbons are assigned; the aliphatic
host carbons (H7, H8, H9) occur in the d 27–36 region. Experimental
details: 5.3 kHz spinning speed, 1600 transients, 3.4 ms 90° pulse, 50 kHz
1H-decoupling field, 3.5 ms contact time, 1.5 s recycle delay, 40 kHz
spectral width, 4 K data points collected and zero-filled to 16 K points.
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located trans to the first H-bonded hydroxyl group. The infinite
chain involves the endo guest of the T-host cavity (Fig. 3); this
guest is disordered over two positions. It is similarly curled and
H-bonds to itself (dN–N 2.77 Å), to one hydroxyl group of a C-
host (dN–O 3.01 Å), and an amine group of the second exo guest
(dN–N 2.70 Å). This second exo guest further H-bonds with a
symmetrically equivalent exo guest (dN–N 2.70 Å) and two
adjacent hydroxyl groups of the C-host (dN–O 2.70 Å, dN–O
2.70 Å).

Hydrogen-bond formation is expected to depend primarily on
the acidity of the host hydroxyl group (pKa = 19.33 in
benzonitrile)4 and the amine basicity. Several amines have been
used to form inclusion compounds of 1, and the solid-state 13C
NMR spectra indicate the presence or absence of H-bonded
structures.§ While amines with pKa > 9 appear to favour H-
bonded structures, the sec- and tert-butylamine compounds
indicate that the amine basicity does not appear to direct the
symmetry of the resultant structures, which show NMR spectra
of the high-symmetry 1+1 host–guest inclusions.9 Inclusion and
orientation of these two guests in the host cavity are dominated
by steric factors. It is intriguing to consider an amine guest in
which the basicity and steric factors are so closely balanced that
slight changes in conditions (P, T) cause the structural motifs in
the inclusion compound to switch.

Finally, we report preliminary findings on the structural
modifications of compound 2 that result from stirring in n-
hexane.¶ The 13C NMR spectrum in [Fig. 1(b)] shows a single
guest amine G1 carbon signal (d 41.0) whereas in 2, there were

two signals (d 39.8 and 42.2). This feature indicates that n-
hexane induces dynamic changes in the guest that may result
from exchange of two rigid G1 carbons and/or loss of one of the
guests from the lattice. Changes in the aromatic host carbon
signals, though subtle, are well enough defined as slight
differences in chemical shifts and intensities. Both NMR
observations indicate that the structural modifications lie
primarily with the guest, and that the affected guest likely
occupies an interstitial or exo site, due to its longer inter-
molecular hydrogen bonds relative to the endo guests.

Notes and references
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Fig. 2 Geometry of 2 indicating the finite hydrogen-bonding trimer
involving the endo amine guest in the C-host cavity and the exo amine on
the inversion centre.

Fig. 3 Geometry of 2 indicating the infinite hydrogen-bonding chain
involving the endo amine guest in the T-host cavity and the exo amine in the
general position.
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Selective b-polynitration of Zn–5,10,15,20-tetrakis(2,6-di-
chlorophenyl)porphyrin, Zn(TDCPP), is achieved by con-
trolled titration with the HNO3–CF3SO3H–(CF3SO2)2O
system, and affords a full series of Zn porphyrins bearing
one through to eight b-nitro groups in high yield and
exhibiting a wide range of reduction potentials (from 2920
to +155 mV vs. SCE); an X-ray structure of the first reported
b-pernitrated Zn porphyrin Zn(TDCPN8P)(EtOH)2·2EtOH
confirms the synthetic methodology.

Iron and manganese meso-tetraaryl porphyrins bearing elec-
tron-withdrawing b-substituents have been shown to be effi-
cient catalysts for cytochrome P450-mimetic oxygenations of
hydrocarbons.1 In an effort to obtain metalloporphyrins with
significantly altered redox potentials and unusual reactivities,
we have attempted to synthesize metalloporphyrins bearing as
many electron-withdrawing b-nitro substituents as possible.2
Nitration of TDCPPH2

3 with red fuming HNO3 led us to
mixtures of b-pentanitro- and b-hexanitro-TDCPPH2.2a More
recently, we reported that a more powerful nitrating agent,
consisting of a mixture of HNO3 and (CH3CO)2O in the
presence of K10 montmorillonite, reacted with Zn(TDCPP) to
afford the corresponding b-heptanitroporphyrin,
Zn(TDCPN7P), in 50% yield.2b However all the nitrating
systems that we have used so far suffered from two main
drawbacks, (i) they did not pernitrate the porphyrin to the b-
octanitro level, and (ii) they did not act as general nitrating
agents to produce all the desired b-polynitroporphyrins,
Zn(TDCPNxP) (x = 1–8), as the number of nitrating equiva-
lents was increased. Indeed, selective formation of any one

TDCPNxP porphyrin required a different nitrating system2 for
each value of x.

We have now developed a nitrating system based on HNO3
and the superacid CF3SO3H in the presence of (CF3SO2)2O that
acts as a general nitrating agent for the selective synthesis of the
full TDCPNxP series. We describe here the successful use of
this nitrating procedure to prepare all eight members of the
Zn(TDCPNxP) series in high yield, present the first X-ray
structure of a b-pernitroporphyrin, Zn(TDCPN8P), prepared by
this method, and report the strikingly wide range of redox
potentials now accessible via the eight members of the
Zn(TDCPNxP) series.

Titration of Zn(TDCPP) with 1, 2, 3, 4 or 6 equiv. of red
fuming HNO3 and CF3SO3H (1+1)4 selectively led to
Zn(TDCPNxP) with x = 1, 2, 3, 4 or 6, respectively with yields
between 50 and 70% (Table 1). However, the use of 5 equiv. of
HNO3–CF3SO3H led to a complex mixture of Zn(TDCPNxP)
with x = 4, 5 and 6. Moreover, low yields of Zn(TDCPN8P)
were obtained (ca. 25%, Table 1) when using the same
system.

A slightly modified system consisting of red fuming HNO3 in
the presence of < 1 equiv. of CF3SO3H and (CF3SO2)2O, in
order to limit side reactions [demetallation and destruction of
Zn(TDCPP)], allowed us to prepare each compound of the
Zn(TDCPNxP) series in much higher yields. Thus, titration of
Zn(TDCPP) with increasing amounts of the HNO3–CF3SO3H–
(CF3SO2)2O (1+0.12+0.06) mixture selectively led to each
compound of the Zn(TDCPNxP) series (x = 1–7) with yields
between 78 and 95%. Formation of the desired porphyrin was
followed by thin-layer chromatography and addition of the
nitrating agent was stopped after complete formation of the
target product. The pernitrated Zn(TDCPN8P) was selectively
obtained with a satisfactory 50% yield by the same method
under the conditions described in Table 1. The full range of b-
nitro products obtained with this system contrasts sharply with

† Electronic supplementary information (ESI) available: ORTEP plots for
1, bond distances and displacements from the plane of the porphyrin core.
See http://www.rsc.org/suppdata/cc/b0/b004160m/

Table 1 Synthesis and reduction potentials of Zn(TDCPNxP)

x

1 2 3 4 5 6 7 8

Synthesis method Yield (%)

HNO3–CF3SO3H (1+1)a 60 62 67 63 —b 60 53 25
HNO3–CF3SO3H–(CF3SO2)2O (1+0.12+0.06)c 78 90 86 93 80 95 90 50

E1/2 (first reduction)/mV vs. SCEd 2920 2750 2595 2470 2300 2150 0 +155
a Yields of Zn(TDCPNxP) after addition of x equiv. of red fuming HNO3 and CF3SO3H (1+1) to 5.2 3 1025 M Zn(TDCPP) in CH2Cl2 at 20 °C and 0.5, 1,
2, 4, 5, 24, 48 and 72 h reaction time for x = 1 to 8, respectively. For x = 7 and 8, 10 and 40 equiv. of nitrating agent were added, respectively. b Only case
in which Zn(TDCPNxP) was not largely predominant. c Yields of Zn(TDCPNxP) after titration of Zn(TDCPP) with the HNO3–CF3SO3H–(CF3SO2)2O
mixture. For 1 @ x@ 5, reactions at 20 °C in CH2Cl2 for 24 h after addition of 1.1, 3.5, 6.5, 9 and 11 equiv. of HNO3, respectively. For x = 6, 7 and 8, reactions
at 30 °C in MeNO2 for 1, 2 and 5 days and after addition of 18, 150 and 380 equiv. of HNO3, respectively. d E1/2 for the first one-electron reduction of
Zn(TDCPNxP), 1023 M in CH2Cl2 containing 0.1 M NBu4PF6; E1/2 for Zn(TDCPP) = 21285 mV.2b
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the classical nitrating HNO3–H2SO4 system which was found to
be efficient only for the preparation of the first four members of
the Zn(TDCPNxP) series (yield ca. 80%).

All the Zn(TDCPNxP) compounds (x = 1–8) were com-
pletely characterized by elemental analysis and UV–VIS, 1H
NMR spectroscopy and mass spectrometry. Additional details
of the syntheses and full characterizations will be presented
elsewhere. It is of note that Zn(TDCPNP), Zn(TDCPN7P) and
Zn(TDCPN8P) are single pure compounds while the other
members of the Zn(TDCPNxP) series are mixtures of regio-
isomers with different relative positions of the b-nitro sub-
stituents.

The molecular structure of the first b-pernitrated porphyrin to
be reported, Zn(TDCPN8P)(EtOH)2 1, was confirmed by an X-
ray crystallographic study of 1·2EtOH obtained by crystalliza-
tion from CH2Cl2–EtOH.5 As shown in Fig. 1, the Zn is axially
coordinated by two molecules of EtOH with Zn–O distances of
2.272(10) Å and average Zn–N distances to the pyrrole
nitrogens of 2.075(8) Å. The Zn–O and Zn–N distances are,
respectively, the shortest and longest bond distances reported to
date for hexacoordinated Zn porphyrins with oxygen donor
axial ligands.6 The tight axial bonds and the expanded
porphyrin core are readily attributable to the multiple electron-
withdrawing groups of 1. In spite of the 12 peripheral
substituents, which generally result in severe skeletal distor-
tions,7 the macrocycle of 1 is essentially planar with an average
deviation from the 24-atom porphyrin plane of only 0.035 Å,
and maximum displacements of only 0.08 and 0.07 Å at any one
b or meso carbon, respectively. Macrocycle planarity is
achieved by orienting all the peripheral substituents nearly
orthogonal to the porphyrin plane: the two crystallographically
independent phenyl rings align at 80 and 90° to the porphyrin
plane whereas the four independent nitro groups subtend angles
of 76, 82, 87, 77° to the same plane.

As established by cyclic voltammetry, all eight
Zn(TDCPNxP) undergo a reversible one-electron reduction
leading to the formation of p-anion radicals. Formation of such
radicals8 is confirmed by controlled-potential electrolysis of
Zn(TDCPN8P) at 0 V vs. SCE in CH2Cl2 which yields a species
that exhibits new absorption bands centered at 900 nm and a
singlet EPR spectrum centered at g = 2.00.9 Table 1 compares
the reduction potentials of each ZnP/ZnP2 couple for all eight
nitro derivatives. The potentials increase in a linear manner, the
introduction of each additional b nitro group causing a shift of
ca. +150 mV. Thus, the incorporation of eight b-nitro groups in
Zn(TDCPP) leads to a strikingly large positive shift of ca. 1.4 V

of the reduction potential and thus readily explains why the p-
anion radical of Zn(TDCPN8P) forms under such mild reducing
conditions, even in the presence of O2.

In conclusion, we have developed a new general method for
selective b-polynitration of Zn(TDCPP) in high yield based on
controlled titration of the starting porphyrin with HNO3–
CF3SO3H–(CF3SO2)2O. The method leads to a complete series
of porphyrins bearing 1–8 b-nitro groups with a wide span of
reduction potentials that range from 2920 to +155 mV. Similar
results were obtained with Ni(TDCPP) and methods for
selective demetallation of the Zn and Ni polynitroporphyrins
have been recently developed. Use of metallo–b-poly-
nitroporphyrins in catalysis, and application of the nitration
method to other polyaromatic molecules are under investiga-
tion.

This work was supported by CNRS, Université Paris V and
the Division of Chemical Sciences, U.S. Department of Energy
under Contract no. DE-ACO2-98CH10886 at BNL.
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Fig. 1 Edge-on-view of Zn(TDCPN8P)(EtOH)2 1. Thermal ellipsoids have
been reduced to 1% to illustrate the planarity of the porphyrin skeleton and
the orientations of the substituents.
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Peptide modification potentially valuable for peptidomi-
metic and combinatorial chemistry applications is described
involving a [2+2+2]-cycloaddition reaction leading to con-
formationally constrained phenylalanyl peptides.

Aromatic amino acids like phenylalanine and tyrosine are often
important elements of peptide pharmacophores. Novel methods
to generate conformationally restrained analogs from suitable
precursor peptides evoke interest,1–3 particularly for combinato-
rial chemistry applications. A variety of benzenoid molecules
are accessible through [2+2+2] or [4+2]-cycloaddition reac-
tions.4 Applied to suitable peptide precursors, the reaction may
provide an approach to conformationally constrained aryl
amino acid residues in situ. Artificial amino acids with olefin,
diene, allene or acetylene groups in the side chain have been
described5 and could be useful synthons for conformationally
constrained aryl amino acid residues approachable in a
[2+2+2]-type cycloaddition reaction. Conversion of a suitable
diacetylenic dipeptide precursor 1 into a constrained phenyl-
alanyl peptide 2 in a [2+2+2]-cycloaddition reaction catalyzed
by Wilkinson’s catalyst6 is illustrated in Scheme 1.† The
reaction conditions are mild enough to be compatible with the
acid and base labile protecting groups that are normally required
for peptide synthesis.

The precursor peptide 1 could be easily made in a standard
peptide synthesis protocol starting from the dipropargyl glycine
6 as the specific building block amino acid. The Boc-protected
form of 6 was easily made from ethyl isocyanoacetate 3 serving
as the glycine synthon.7 Dipropargylation in refluxing aceto-
nitrile–K2CO3 in the presence of tetrabutylammonium hydro-
gen sulfate as the phase transfer catalyst furnished the isonitrile
derivative 4 in good yield (69%). Acid catalysed hydrolysis,
followed by Boc-protection gave 5. Saponification of 5
furnished the Boc protected amino acid 6.

Condensation of the Boc-protected building block amino acid
6 with various amino acid ester derivatives in a standard DCC-
mediated peptide procedure8 furnished the dipeptide (e.g.) 1a or
longer peptides Boc-Dprg-Xxx-OMe (with Xxx = L-Leu, D-
Val, D-Leu, D-Val-L-Leu, L-Leu-L-Ala, L-Leu-D-Val-L-Leu).
Treatment with five-fold excess of but-2-yn-1,4-diol, a model
monoyne so chosen as to avoid the formation of diastereomers,
furnished representative constrained phenylalanyl peptides
shown in Table 1.

The additional methylene bridge connecting the a-carbon
with the aromatic ring not only restrains the phenylalanyl
moiety but also the backbone, restricting its conformational
freedom, and this has potential to influence the pharmacological
profile9 of the parent Phe or Tyr peptide variant. Additional
structural variations are feasible and can add to the versatility of
the combinatorial chemistry approaches. For instance, the diol
functionality in the product peptides here is a useful site for
possible further molecular manipulations.

In summary, a peptide modification capable of generating
constrained phenylalanyl peptide variants in a [2+2+2]-cyclo-
addition reaction is reported and could be potentially useful for
both peptidomimetic and combinatorial chemistry applica-
tions.

We gratefully acknowledge the DST for financial support,
RSIC-Mumbai for recording the spectral data and CDRI-
Lucknow for mass spectral data. K. M. thanks IIT-Bombay for
the fellowship.

Notes and references
† Dprg = dipropargyl glycine. Boc = tert-butoxycarbonyl. The peptides
were purified by silica gel column chromatography or by HPLC. The purity
of the peptides was judged by TLC and high field (300 MHz) NMR
spectroscopy.

Scheme 1 Reagents: (i) K2CO3, propargyl bromide, nBu4NHSO4; (ii) HCl,
EtOH; (iii) CHCl3, (Boc)2O; (iv) aq NaOH, MeOH; (v) HCl H2N Xxx
CO2Me, HOBt, THF, NMM; (vi) (Ph3P)3RhCl, EtOH, reflux.

Table 1 Representative constrained phenylalanyl peptides
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(1a) 1H NMR 300 MHz, CDCl3) d 7.02 (broad, 1H), 5.38 (broad s, 1H),
4.60–4.67 (td, J = 8.6, 5.1 Hz, 1H), 3.72 (s, 3H), 2.86–3.05 (m, 4H),
2.09–2.14 (m, 2H), 1.58–1.67 (m, 3H), 1.46 (s, 9H), 0.93 (t, J = 6.9 Hz,
6H). [a]D 238.89° (c. 1). Mass: 378 (M + H).

(1b) 1H NMR (300 MHz, CDCl3) d 7.13 (broad, 1H), 5.35 (broad s, 1H),
4.56 (dd, J = 8.6, 4.5 Hz, 1H), 3.73 (s, 3H), 2.87–3.06 (m, 4H), 2.16–2.22
(m, 1H), 2.10–2.13 (m, 2H), 1.46 (s, 9H), 0.96 (d, J = 6.7 Hz, 3H), 0.91 (d,
J = 6.9 Hz, 3H). [a]D +11.71° (c. 1). Mass: 364 (M + H).

(1c) 1H NMR (300 MHz, CDCl3) d 7.00 (broad s, 1H), 6.54 (d, J =
8.0 Hz, 1H), 5.34 (s, 1H), 4.45–4.52 (m, 1H), 2.80–3.20 (m, 4H), 2.74 (d,
J = 4.7 Hz, 3H), 2.17 (t, J = 2.7 Hz, 1H), 2.12 (t, J = 2.5 Hz, 1H),
1.68–1.95 (m, 3H), 1.47 (s, 9H), 0.93 (d, J = 2.7 Hz, 3H), 0.90 (d, J =
2.5 Hz, 3H). [a]D 211.87° (c. 1). Mass: 377 (M + H).

(1d) 1H NMR (300 MHz, CDCl3) d 7.24 (broad, 1H), 6.68 (d, J = 8.0 Hz,
1H), 5.29 (s, 1H), 4.52–4.56 (m, 1H), 4.30 (dd, J = 7.8, 3.6 Hz, 1H), 3.67
(s, 3H), 2.84–3.20 (m, 4H), 2.19 (t, J = 2.9 Hz, 1H), 2.13 (t, J = 2.5 Hz,
1H), 1.91–1.96 (m, 1H) 1.67–1.73 (m, 3H), 1.47 (s, 9H), 0.90–0.93 (t, 12H).
[a]D + 10.55° (c. 1). Mass: 378 (M + H). [a]D + 0.011° (c. 1). Mass: 477 (M
+ H).

(1e) 1H NMR (300 MHz, CDCl3) d 7.41 (d, J = 8.0 Hz, 1H), 6.81 (d, J
= 4.0 Hz, 1H), 6.71 (d, J = 4.7 Hz, 1H), 5.43 (s, 1H), 4.47–4.53 (m, 1H),
4.21–4.27 (m, 1H), 2.81–3.15 (overlapped two ABq, 4H), 2.77 (d, J =
4.67 Hz, 3H), 2.22 (t, J = 3.0 Hz, 1H), 2.13 (t, J = 2.7 Hz, 1H), 1.71–1.85
(m, 2H), 1.46 (s, 9H), 1.42 (d, J = 7.2 Hz, 3H), 0.98 (d, J = 6.2 Hz, 3H),
0.94 (d, J = 6.0 Hz, 3H). [a]D + 10.55° (c. 1). Mass: 448 (M + H).

(1f) 1H NMR (300 MHz, CDCl3) d 7.10 (broad, 1H), 6.78 (d, 1H), 6.69
(d, 1H), 5.26 (s, 1H), 4.48–4.56 (m, 1H), 4.35–4.42 (m, 1H), 4.18–4.25 (m,
1H), 3.69 (s, 3H), 2.77–3.10 (m, 4H), 2.12–2.30 (m, 3H), 1.60–1.85 (m,
3H), 1.46 (s, 9H), 0.91–0.98 (m, 18H). [a]D2 24.52° (c. 1). Mass: 590 (M
+ H).

(2a) 1H NMR (300 MHz, CDCl3) d 7.20 (s, 1H), 7.17 (s, 1H), 6.91 (broad,
1H), 5.20 (s, 1H), 4.71 (q, J = 11.0 Hz, 4H), 4.59–4.65 (m, 1H), 3.70 (s,
3H), 3.72 (1/2 ABq, J = 16.8 Hz, 1H), 3.54 (1/2 ABq, J = 16.4 Hz, 1H),
3.15–3.25 (m, 2H), 1.51–1.61 (m, 3H), 1.42 (s, 9H), 0.92 (t, J = 5.8 Hz,
6H). [a]D +15.14° (c. 1). Mass: 464 (M + H).

(2b) 1H NMR (300 MHz, CHCl3) d 7.17 (s, 1H), 7.15 (s, 1H), 7.11 (d, J
= 7.6 Hz, 1H), 5.36 (s, 1H), 4.65 (q, J = 12.0 Hz, 4H), 4.52–4.56 (m, 1H),
3.72 (s, 3H), 3.69 (1/2 ABq, J = 16.4 Hz, 1H), 3.51 (1/2 ABq, J = 16.5 Hz,
1H), 3.18 (dd, J = 26.8, 17.5 Hz, 2H), 2.17–2.19 (m, 1H), 1.42 (s, 9H), 0.95
(d, J = 6.9 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H). [a]D24.36° (c. 1). Mass: 450
(M + H).

(2c) 1H NMR (300 MHz, CD3OD) d 8.01 (d, J = 8.0 Hz, 1H), 7.84
(broad, 1H), 7.24 (s, 3H), 4.62 (s, 4H), 4.36–4.41 (m, 1H), 3.71 (1/2 ABq,
J = 16.4 Hz, 1H), 3.43 (1/2 ABq, 16.4 Hz, 1H), 3.10 (dd, J = 16.3, 6.9 Hz,
2H), 2.73 (d, J = 4.39 Hz, 3H), 1.65 (m, 3H), 1.44 (s, 9H), 0.94 (d, J =
5.85 Hz, 3H), 0.89 (d, J = 5.49 Hz, 3H). [a]D + 13.11° (c. 1). Mass: 463 (M
+ H).

(2d) 1H NMR (300 MHz, CDCl3) d 7.27 (broad, 1H), 7.22 (s, 1H), 7.18
(s, 1H), 6.75 (d, J = 5.4 Hz, 1H), 5.36 (s, 1H), 4.62–4.80 (m, 4H), 4.48–4.55

(m, 1H), 4.29 (dd, J = 7.8, 4.3 Hz, 1H), 3.86 (1/2 ABq, J = 17.2 Hz, 1H),
3.68 (s, 3H), 3.52 (1/2 ABq, J = 16.4 Hz, 1H), 3.0 (dd, J = 40.0, 16.8 Hz,
2H), 2.44 (m, 1H), 1.66 (m, 3H), 1.42 (s, 9H), 0.91–0.97 (t, 12H). [a]D

213.31° (c. 1). Mass: 563 (M + H).
(2e) 1H NMR (300 MHz, CDCl3) d 7.54 (d, J = 7.6 Hz, 1H), 7.22 (s, 1H),

7.19 (s, 1H), 6.91 (d, J = 3.6 Hz, 1H), 6.77 (d, 5.4 Hz, 1H), 5.81 (s, 1H),
4.61–4.78 (m, 4H), 4.46–4.51 (m, 1H), 4.23–4.29 (m, 1H), 3.95 (1/2 ABq,
J = 16.8 Hz, 1H), 3.41 (1/2 ABq, J = 16.8 Hz, 1H), 3.04 (d, J = 16.8 Hz,
2H), 2.71 (d, J = 4.3 Hz, 3H), 1.70 (broad, 3H), 1.42 (s, 12H), 0.98 (d, J =
6.2 Hz, 3H), 0.94 (d, J = 6.3 Hz, 3H). [a]D 27.89° (c. 1). Mass: 534 (M +
H).

(2f) 1H NMR (300 MHz, CDCl3) d 7.43 (d, 2H), 6.24 (d, 2H), 5.32–5.38
(m, 2H), 4.58–4.65 (m, 3H), 4.18–4.23 (m, 4H), 3.72 (s, 3H), 2.78–2.81 (m,
2H), 2.32–2.37 (m, 2H), 2.21 (m, 1H), 1.63 (m, 6H), 1.25 (s, 9H), 0.93–0.98
(m, 18H). [a]D + 4.96° (c. 1). Mass: 713 (M + HCl).
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Easily accessible liquid crystals of 1-alkylimidazolium salts
having a bilayer structure, are good solvents providing a
partially ordered reaction environment.

Molecular thermotropic liquid crystals, which have been
extensively studied and documented, are usually molecules
composed of an extended rigid aromatic core and terminal
flexible alkyl chains. Ionic liquid crystals (ILCs), which have
been less well studied1–6 in comparison to neutral LCs, are
amphiphiles having a hydrophilic cationic or anionic head
group and hydrophobic long alkyl chains. A classic example of
an ILC is an alkali metal soap, in which the anion possesses a
negatively charged head group with a long alkyl chain.
However, ILCs with positively charged mesomorphic cations,
such as alkylammonium,1 alkyl phosphonium,1b,d,2 N-alkylpyr-
idinium3 and N,N-dialkylimidazolium3a,b,4 salts have also been
reported. These cationic amphiphiles have many interesting
properties and are potentially useful as synthetic membranes,5
antimicrobial agents,6 gellators7,1b,d NLO8 and surfactants,9 to
name a few.

Recently rt ionic liquids (ILs) have been considered as a new
generation of green solvents for organic reactions.10 ILs not
only provide solvent properties different from any other organic
solvent, but can also be recycled very easily. Furthermore, ILs
possessing liquid crystal properties further provide a partially
ordered environment and may give a better selectivity for
organic reactions. A few examples of liquid crystalline ionic
liquids of imidazolium salts have been reported.4,3b,c In this
paper we report the mesomorphic behavior of a new series of
1-alkylimidazolium salts prepared simply by the addition of
acids to 1-alkylimidazoles (Scheme 1). In order to appraise the
usefulness of this system as a solvent, we have begun a study of
the Diels–Alder condensation. A stereoselectivity different
from that of the known reactions has been found.

1-Alkylimidazoles‡ were synthesized according to the lit-
erature methods.11 1-Alkylimidazolium salts (n = 10, 12, 14,
16, 18) were prepared by adding a slight excess of concentrated
acids dropwise to the 1-alkylimidazoles. Salts with the formula
[R-imH][NO3], [R-imH]Cl·H2O and [R-imH][BF4] were ob-
tained after recrystallization from THF or CH2Cl2–hexane.
Anhydrous chloride salts were obtained by heating the hydrated
samples at 140 °C under vacuum for 3 h. Under such conditions,
no decomposition has been observed as evidenced by 1H NMR
spectroscopy. The completeness of the dehydration has been
confirmed by thermal gravimetric analysis. The chemical shift
of the NH proton depends on the anion. With an alkyl chain
length of n = 14, the chloride salt has the lowest chemical shift
at 16.0 ppm, the nitrate salt has 15.5 ppm and the [BF4]2 salt has
the highest chemical shift at 12.3 ppm. A similar trend is
observed for the 2-CH protons (Cl2, 9.4; [NO3]2, 9.2; [BF4]2,
8.7 ppm). These trends may reflect the strength of the H-

bonding between the respective protons and anions and have
been reported.12

In research on the packing of charged surfactant molecules,
studies of the crystal structures of imidazolium based salts are
rare.3b,4a Therefore, the molecular structure of [C14H29-
imH][NO3] was determined by single crystal X-ray diffraction
and is shown in Fig. 1. 1-Alkyl chains are parallel to the
imidazole planes. The nitrate planes are also parallel to the
imidazole planes. Interdigitation of alkyl chains forms a bilayer
lamellae with a repeating layer distance of 16.9 Å. Each bilayer
is further linked with anions through hydrogen bonds.

The liquid crystal properties of 1-alkylimidazolium salts
were examined by optical polarized microscopy and differential
scanning calorimetry. The nitrate salts with n = 14, 16 and 18
exhibit liquid crystal behavior. Characteristic focal conic fan
and oily streak textures with spontaneous homeotropic phenom-
ena are observed during the process of heating and cooling,
suggesting a lamellar SmA mesophase (Fig. 2). The chloride
and tetrafluoroborate salts also show SmA mesophases. The
Cl2 salt of n = 10 is a rt ILC and for the salt of n = 12, the
process of crystallization needs several days when cooling to rt.
The [BF4]2 salt with n = 12 exhibits monotropic liquid crystal
properties. In general, the temperature range of mesophase
increases with increasing chain length (Fig. 3). Among the three
different anions of [CnH2n + 1-imH]X (X = Cl2, [NO3]2,

Scheme 1 N-alkylimidazolium salts.

Fig. 1 ORTEP drawing of [C14H29-imH][NO3] (50% thermal ellipsolids),
hydrogens being omitted for clarity (except for N–H).

Fig. 2 The fan texture of the mesophase of [C14H29-imH][NO3] at 70 °C.
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[BF4]2), the chloride salts have the widest temperature range of
mesophase. This result may reflect the strength of H-bonding
between the cation and the chloride anion. The nitrate salt of n
= 12 and chloride salts of n = 10, 12, 14 exhibit lyotropic
behavior in water, acidic water and THF. For example, both the
nitrate and chloride salts of n = 12 in H2O ( > 20% by weight
concentration) are liquid crystals having a fan texture with a
spontaneous homeotropic behavior at rt.

To demonstrate the effect of the lamellar phase on the
stereoselectivity of Diels–Alder reactions, a preliminary con-
densation reaction13 of cyclopentadiene (0.063 g, 0.3 mmol)
with diethyl maleate (0.024 g, 0.3 mmol) in an ionic liquid
crystalline solvent system (a mixture of 0.42 g of C12H25-im and
0.15 mL of 12 M HCl) at rt was examined. Optical observation
indicated that under these reaction conditions the reaction
mixture retained the lamellar mesophase structure. The selectiv-
ity of exo/endo product was 54+46. A parallel reaction carried
out in EtOH, gave an exo/endo ratio of 12+88. This preference
for exo over endo product in the ionic liquid crystalline solvent
is different from that observed when the reaction is carried out
it EtOH and, in those earlier studies, simple ionic liquids,13c,d

water13a–c or organic solvents.13a–c This result indicates that the
lamellar mesophase has a strong influence on the selectivity of
the reaction product.

In summary, we prepared a new series of thermotropic liquid
crystalline 1-alkyl-substituted imidazolium salts. The chloride
salts of n = 10, 12, 14 and the nitrate salts of n = 12 also exhibit
lyotropic properties. The thermotropic and special lyotropic
properties possessed by this series of ILCs make them
alternative solvents for organic reactions, such as Diels–Alder
condensations, and metal-catalyzed reactions.

We thank the National Science Council of Taiwan, R. O. C.
(NSC90-2113-M-030-001) for the support of this work.
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4-Sulfonic calix[6]arene is derivatized with lissamine rhoda-
mine B to give a fluorescent ligand, L, which is applied to a
capillary electrophoresis microchip for the selective detec-
tion of uranium(VI).

Environmental concerns associated with the remediation of
radioactive waste sites have generated considerable interest in
the development of a portable, rapid and selective monitor for
radioactive contaminants, such as uranium. This need has been
prompted by the costly and time-consuming delays which have
resulted from submitting samples to external laboratories for
analytical characterization before, during and after the applica-
tion of remediation methodologies to contaminated ground-
water or structural materials encountered at these sites. In this
communication, we report the application of a derivative of the
‘super-uranophile’, 4-sulfonic calix[6]arene, which has been
tagged with a long wavelength fluorophore, lissamine rhoda-
mine B, for the selective detection of uranyl ion, UO2

2+, on a
glass microchip. The experimental design employed here
combines the superior selectivity of 4-sulfonic calix[6]arene for
the UO2

2+ ion,1 the high sensitivity and diminished overlap of
impurity fluorescence inherent with utilizing long wavelength
fluorescence detection,2 and the numerous advantages asso-
ciated with performing glass microchip separations, including
short analysis times, minimal sample consumption and waste
generation, and portable instrumentation.3

The calixarene derivative, L, was synthesized through the
coupling reaction of 4-sulfonic calix[6]arene with lissamine
rhodamine B sulfonyl chloride in a mixed solvent of methanol
and water in the presence of excess 4-sulfonic calix[6]arene
(Scheme 1). The mono-derivatized product, L, was isolated by
column chromatography (methanol/ethyl acetate) and verified
by electrospray mass spectrometry.4 Excitation of L at 532 nm
gives an intense fluorescence peak at 593 nm in water, differing

only slightly from the parent fluorophore, lissamine rhodamine
B sulfonyl chloride, at 583 nm.

The microchips utilized for performing the separation were
microfabricated in Borofloat glass to contain a simple cross
pattern, lithographically etched into the glass substrate (20 mm
deep 3 50 mm wide) to define the sample loading and separation
microchannels (see Fig. 1).5 A glass cover plate pre-drilled to
contain four access holes was thermally bonded to the
microfabricated glass plate. Sample, buffer, and waste reser-
voirs were constructed by inserting pipette tips into these holes.
The lengths of the loading and separation channels were 10 and
85 mm, respectively, with an effective separation length of 80
mm. Through computer control of the potentials applied to the
different reservoirs, sample analyte was loaded into the
intersection of the two channels and subsequently separated
down the length of the separation channel. The separation was
monitored by focussing light from a compact, 15 mW Nd/YAG
laser (532 nm) onto the end of the separation channel, collecting
the fluorescent light with a microscope objective (203)
positioned at 90°, and directing the light onto a miniature, red-
shifted photomultiplier tube (Hamamatsu).

Microchip separations were performed using a buffer
solution containing 10 mM sodium borate, 50 mM boric acid,
and 2 mM MgCl2 (pH = 8.3). Under this pH condition, in
addition to the complete deprotonation of the six sulfonic
groups of ligand L, previous studies establish that two of the
five phenol groups will also likely be deprotonated to give L82.6
In experiments run without the addition of MgCl2 in the buffer
solution, L was detected under positive polarity (+1000 V
cm21) with long migration times (over 100 s) and poor peak
shapes. Furthermore, following the addition of UO2

2+ to the
analyte reservoir, the resolution obtained on the microchip was
insufficient to separate the uranyl bound ligand from the free
ligand, L. The addition of 2 mM MgCl2, however, allowed L

Scheme 1 Synthetic coupling of lissamine rhodamine B to 4-sulfonic
calix[6]arene.

Fig. 1 Instrumental layout for performing microchip separations.
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and its uranyl ion complex to be completely resolved under
negative polarity (21000 V cm21) with significantly reduced
migration times and improved peak shape (Fig. 2a, b). A similar
enhancement in the resolution was reported for the capillary
electrophoretic separation of p-sulfonated calixarenes following
the addition of Mg2+ to the background supporting electrolyte.7
The uranyl complex formed with L is believed to further
deprotonate the remaining three phenols, giving a planar
complex, [L·UO2]92, which is more negatively charged than the
parent molecule, L82. This observation helps explain the
shorter retention time obtained for the uranyl complex,
[L·UO2]92, due to its enhanced electrophoretic mobility under
the applied electric field. Microchip evaluations of the electro-
osmotic flow using the neutral marker, rhodamine B, demon-
strate that the electroosmotic flow was significantly reduced by
the addition of MgCl2, but not reversed. The detection limit for
UO2

2+ under these conditions was 4.2 mM.

The effective detection of UO2
2+ on the microchip requires a

pre-complexation step between the ligand, L, and uranyl ion. In
general, the binding rates of UO2

2+ by calixarenes are relatively
slow, due to the geometric rearrangement requirements imposed
on the calixarene for conforming to the pseudoplanar geometry
which permits binding of the uranyl ion in a hexacoordinate
structure. The half-life of the binding reaction between the
super-uranophile, 4-sulfonic calix[6]arene, and UO2

2+ is about
an hour.1b The high thermodynamic stability constant and slow
dissociation kinetics of the uranyl ion complex, [L·UO2]92,
however, explain why the complex does not dissociate and
become undetectable as it travels down the separation column,
a problem which plagues the majority of capillary electro-
phoresis separations of strongly complexed metal ions when the
complexing ligand is absent from the separation buffer.8

Studies were performed on the detection of UO2
2+ in the

presence of six competing metal ions, Cu2+, Zn2+, Pb2+, Cd2+,
Th4+, and Nd3+, each at a concentration of 10 mg L21.
Introduction of these six impurity metal ions to L in the absence
of UO2

2+ resulted in no change to the electropherogram
recorded for L. The subsequent addition of UO2

2+, however,
gave the electropherogram shown in Fig. 2c, indicating the
capability for L to selectively complex UO2

2+ despite the

presence of a matrix of six impurity metal ions. The under-
ivatized form of the ligand utilized here, 4-sulfonic calix[6]ar-
ene, has been termed a super-uranophile, due to the extremely
large selectivity factors, 1012–17, determined for the binding of
uranyl ion in the presence of competing Ni2+, Zn2+, and Cu2+

ions.1 The selective binding of UO2
2+ ion by L in the presence

of other metal ions results from the fact that L provides a
pseudoplanar, hexacoordinate geometry which suits UO2

2+

uniquely. Any weakly bound metal complexes and/or com-
plexes bearing fast dissociation kinetics will be unresolved due
to their rapid dissociation from the fluorescent ligand as the
complexes travel down the separation column.

In conclusion, by synthetically coupling the super-ur-
anophile, 4-sulfonic calix[6]arene, to the long wavelength,
fluorescent dye, lissamine rhodamine B, we have developed a
new ligand, L, which is ideally suited for selectively detecting
uranium on a glass microchip platform. L has a coordination
site which is highly selective for binding UO2

2+ ion in the
presence of numerous impurity metal ions, and a fluorescent tag
whose red shifted emission wavelength enables a compact,
portable laser to be utilized, minimizing any background
fluorescence arising from impurities apparent in real samples.
The results of this study have exciting implications with respect
to methods for preparing molecular and metal recognition
molecules for application to the burgeoning field of microchip
capillary electrophoresis.

The authors gratefully acknowledge the Environmental
Management Science Program of the Department of Energy for
funding support of this study.
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2+,
Cu2+, Pb2+, Cd2+, Th4+ and Nd3+.
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The first example of a metalloporphyrin based fluorescent
chemosensor for selective detection of dinitrogen alkaloids
such as nicotine and cotinine in solution by using a ‘two-
point’ binding strategy and a modified fluorescence analysis
procedure is reported.

Nicotine, a dinitrogen alkaloid is a major drug of abuse, acting
as a potent agonist of the nicotinic acetylcholine receptor
(nAChR). Recently, nicotinic agonists and antagonists have
been considered as promising therapeutic agents for a variety of
conditions including the treatment of pain, cognitive and
attention deficits, Parkinson’s disease, Tourette’s syndrome,
and anxiety.1 Nicotine is also the most abundant and potent
pharmacological agent in tobacco and tobacco smoke, hence, it
is of considerable interest to medicine and society.2 Several
methods using HPLC, GC-MS or capillary electrophoresis are
available for quantification of nicotine in tobacco, tobacco
smoke, pharmaceutical agents, atmospheric air (an issue related
to passive smoking), and in urine samples (involves cotinine, a
metabolic product of nicotine).3 Though these methods offer
good detection sensitivity, they often suffer from low selectiv-
ity. Hence, a selective method for sensitive detection of nicotine
and cotinine is highly desirable.

The development of sensors/biosensors for selective detec-
tion of analytes and improved transduction methods for higher
detection sensitivity is considered to be a challenge in modern
chemistry.4 Among the different techniques utilized for devel-
oping chemical sensors, molecular fluorescence is an important
one because of its high sensitivity of detection down to a single
molecule, recognition and/or self-assembly directed selectivity,
on–off switchability, sub-nanometer spatial resolution with sub-
micron visualization, and sub-millisecond temporal resolution.5
Among the different fluorophores that could be utilized to
develop fluorescent sensors/chemosensors, porphyrins are at-
tractive candidates because of their relatively high fluorescence
quantum yields and the many different established synthetic
procedures of functionalization.6 In porphyrin based chemo-
sensors, sensing is often achieved either by having suitable
receptors at the ring periphery, by metal axial ligation, or a
combination of both.6 In the present study, we have successfully
designed a porphyrin based fluorescence chemosensor for
selective detection of nicotine and cotinine in solution. Our
approach utilizes: (i) a ‘two-point’ binding mechanism which
involves axial ligation of the nicotine pyridine entity through
the zinc ion of the porphyrin cavity, and, hydrogen bonding of
the pyrrolidine ring nitrogen to a carboxylic acid or amide group
located on one of the phenyl rings of a tetraphenylporphyr-
inatozinc macrocycle and (ii) a modified porphyrin fluores-
cence data analysis procedure.

The binding of the dinitrogen alkaloid, 1 or 2, to the newly
synthesized, receptor porphyrin,† 3 or 4 was studied by 1H
NMR and UV-visible absorption spectral methods. Fig. 1
depicts 1H NMR spectra of 1, 3, and, a mixture of 1 and 3 in
CDCl3. Upon binding to 3, the o-pyridyl protons of 1 experience
a shielding up to 5 ppm while the m- and p-pyridyl protons and
the pyrrolidine ring protons of 1 experience less shielding (1–2
ppm). The protons of the substituted phenyl ring of 3 experience

a deshielding effect (up to 0.5 ppm) upon binding to 1. Control
experiments performed using meso-tetraphenylporphyrinato-
zinc, (TPP)Zn, (a compound without the side pendant arm) or
compound 5, bearing a methyl ester group at the substituted
phenyl ring, reveal similar large deshielding of pyridyl protons
of 1 indicating that the pyridyl group of 1 binds to the central
zinc.9

The UV-visible absorption spectral studies reveal red shifted
Soret and visible bands upon addition of 1 to a solution of the
investigated receptor porphyrins confirming that the pyridyl
entity of 1 binds to the central zinc.10 The formation constant K

Fig. 1 1H NMR spectrum of (a) nicotine, 1 (31 mM), (b) 1 (31 mM) +
porphyrin, 3 (27 mM), and (c), 3 (12 mM) in CDCl3 at 298 K.
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calculated from the Scatchard method11 of UV-visible absorp-
tion titration curves, is listed in Table 1. The binding constants
for (TPP)Zn binding to alkaloids under these solution condi-
tions is also given for comparison. The K values for 1 binding
to 3 is found to be nearly two orders of magnitude higher than
that observed for binding of either 1 to 5 or 1 to (TPP)Zn. The
binding of alkaloids, 1 or 2 to porphyrins 3 or 4 are stronger as
revealed by the K values and this effect could be attributed to the
‘two-point’ mode of binding. As expected, the K values for
binding of 1 or 2 to 5 are comparable to that observed for
alkaloid binding to (TPP)Zn indicating the absence of any
hydrogen bonding between the methyl ester group of 5 with the
pyrrolidine ring nitrogen of either 1 or 2. The calculated
thermodynamic parameters from the Van’t Hoff plots of lnK vs.
T21 for 5 or (TPP)Zn binding to 1 or 2 also draw similar
conclusions. Interestingly, both DH and DS decrease upon
binding to 3 or 4 as compared to that observed for binding to 5
or (TPP)Zn. These results indicate that the enthalpy change is a
main factor responsible for the observed higher stability of the
‘two-point’ bound porphyrin–alkaloid systems.

Fig. 2 shows the fluorescence emission spectra of porphyrin
3 in the presence of various amounts of 1 in toluene. The zinc
porphyrin emission bands located at 605 and 650 nm decrease
in intensity with the appearance of an isosbestic point at 670 nm
indicating the presence of only one equilibrium in solution. It is
observed that the decrease in intensity of the 650 nm band is
much more than the 605 nm band.‡ Similar spectral features are
observed for porphyrin 3 or 4 binding with either compound 1
or 2.

In order to quantitate these results, we monitored the intensity
ratio of these two bands as a function of alkaloid concentration.

The inset in Fig. 2 shows such plots obtained for nicotine and
cotinine binding. A linear relationship is obtained for the
emission peak intensity ratio against the alkaloid concentration.
This procedure is found to work well in non-coordinating
solvents such as toluene, o-dichlorobenzene or acetonitrile.
These plots offer the much-needed selectivity with respect to
the presence of other axially coordinating nitrogenous bases. As
shown in the inset of Fig. 2, the intensity ratio of the emission
bands for a strongly coordinating ligand such as pyridine does
not change significantly in the employed concentration range.
These results along with the higher binding constants suggest
that the present ‘two-point’ binding and fluorescence analysis
procedure offers the much-needed selectivity for dinitrogen
alkaloid detection. Further studies to expand this novel
approach of employing a ‘two-point’ binding and modified
fluorescence analysis procedure for developing porphyrin
chemosensors for selective detection of compounds of bio-
logical and societal importance are in progress.

The authors are thankful to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, and Wichita State University for financial help.
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phenoxy)acetamide were synthesized according to the literature procedure
given in ref. 7a and 7b, respectively. Zinc insertion was carried out
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‡ The details of the fluorescence quenching mechanism will be published
elsewhere.
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Table 1 Formation constant, K, and the thermodynamic parameters for zinc
porphyrin–alkaloid complexes in toluene

Porphyrin Alkaloid Ka, M21 a
DG, KJ
mol21 a

DH, KJ
mol21

DS, J K21

mol21

3 1 455.6 3 103 232.28 265.75 2112.31
2 42.3 3 103 226.39 247.21 269.87

4 1 63.1 3 103 227.38 249.12 272.96
2 17.5 3 103 224.21 240.25 253.83

5 1 6.4 3 103 221.69 226.13 214.89
2 7.0 3 103 221.92 226.44 215.17

(TPP)Zn 1 6.9 3 103 221.91 226.34 214.87
2 7.0 3 103 221.93 226.33 214.77

a At 298 K.

Fig. 2 Fluorescence emission spectrum of 3 (3.8 mM) in the presence of
various amounts of 1 in toluene (lex = 420 nm). The inset figure shows the
relationship between the intensity ratio of the emission bands, I604/I650 of 3
in the presence of (a) nicotine, (b) cotinine and, (c) pyridine substrates.
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The increasing a-effect observed in MeCN–H2O solvent
mixtures, which contrasts with the previously found bell-
shaped dependence on solvent composition in the DMSO–
H2O system, is attributed to the differential solvent effect on
basicities of the a- and normal nucleophiles in the former
case.

Among the possible causes of the a-effect, that is the enhanced
reactivity of nucleophiles having an unshared pair of electrons
adjacent to the nucleophilic centre,1 the effect of solvent has
been particularly controversial.2–9 As one possible approach to
the problem, in 1986 we examined the reactivities of an a-
nucleophile, butane-2,3-dione monoximate (Ox2), and a nor-
mal nucleophile, p-chlorophenoxide (ClPhO2) with p-nitro-
phenyl acetate (PNPA) in dimethyl sulfoxide (DMSO)–H2O
mixtures,7a due to the unique properties of this solvent
system.10 Unexpectedly, we observed a bell-shaped profile for
the dependence of the a-effect on solvent composition, with a
maximum at ca. 50 mol % DMSO.7a More recently, we
observed a similar bell-shaped a-effect trend for the corre-
sponding reactions of p-nitrophenyl diphenyl phosphinate
(PNPDPP).7b However, a contrary result was reported for the
reaction of PNPA with O-iodosylbenzoate (IBO2) and
ClPhO2: the a-effect showed no maximum but decreased
steadily as the DMSO content in the reaction medium
increased.9 Clearly, more work is called for in order to
understand the effect of solvent on the a-effect.

We have now extended our study to a different solvent
system, acetonitrile (MeCN)–H2O mixtures, and have found a
new type of solvent effect on the a-effect, namely an increasing
a-effect. A plausible cause of this trend for the reaction of
PNPA with Ox2 and ClPhO2 (eqn. 1) in MeCN–H2O mixtures
is herein presented.

CH3C(O)OC6H4NO2-p + Nu2 ?
CH3C(O)-Nu + p-NO2C6H4O2

Nu2 = CH3C(O)C(CH3)NNO2 (Ox2), an a-nucleophile
p-ClC6H4O2 (ClPhO2), a normal nucleophile (1)

Kinetic studies were performed spectrophotometrically under
pseudo-first-order conditions with the nucleophile in excess.
Pseudo-first-order rate constants (kobs) were obtained from
linear plots of ln (AH 2 At) vs. t. Second-order rate constants
(kOx2 and kClPhO2) were calculated from the slope of the linear
plot of kobs vs. nucleophile concentration. As shown in Fig. 1,
the magnitude of the a-effect (kOx2/kClPhO2) increases as the
mol % MeCN in the medium increases, from ca. 100 in H2O to
500 in 90 mol % MeCN. Recently, we found a decreasing a-
effect trend for the reaction of PNPA with hydroxamates in
MeCN–H2O mixtures, and a shift in equilibrium from an OH
acid to an NH acid upon addition of MeCN to H2O was
attributed as responsible for the observed a-effect trend.8b

Transition-state stabilization is one possible cause of the a-
effect11 and recently the bell-shaped a-effect trend observed for

the reaction of PNPA in DMSO–H2O mixtures has been
explained through a dissection of ground-state and transition-
state contributions.7c In that system the basicities of the a-Nu
(Ox2) and normal-Nu (ClPhO2) exhibit a parallel dependence
on the DMSO–H2O composition.7

The addition of MeCN to H2O could influence not only the
reaction rate but also the basicity of the anionic nucleophiles.
Although the pKa values for some phenols, carboxylic acids and
amines in pure MeCN are available,12a,b very few pKa data have
been reported for MeCN–H2O mixtures.8b Therefore, we have
measured the relative basicity of Ox2 and ClPhO2 in MeCN–
H2O mixtures using piperazine as a reference base. One can
define DpKa as the pKa difference between the conjugate acids
of the nucleophile (Ox2 or ClPhO2) and piperazine, i.e. DpKa
= pKa of the conjugate acid of the nucleophile (Ox2 or
ClPhO2) 2 pKa of the conjugate acid of the reference base
(piperazine). Hence, the magnitude of DpKa represents the
relative basicities of these nucleophiles. We determined DpKa
values spectrophotometrically using the relationship: DpKa =
log [HA]eq[B]eq/[A2]eq

2, in which [HA]eq represents the
equilibrium concentration of the conjugate acid of the nucleo-
phile, and [B]eq and [A2]eq represent the equilibrium concentra-
tion of the reference base (piperazine) and the nucleophile,
respectively. The DpKa values thus determined in MeCN–H2O
mixtures are summarized in Table 1.  As shown in the table, the
DpKa values of Ox2 and ClPhO2 in H2O are 20.38 and 20.44,
respectively. The pKa values of the conjugate acids of Ox2,
ClPhO2 and piperazine in H2O at 25 °C, have been reported to
be 9.44,7b 9.3812c and 9.82,12c respectively, i.e. the DpKa data
determined in H2O in the present study are identical to the
literature values. It is also noted that Ox2 and ClPhO2 are less
basic than piperazine in H2O but appear to be more basic upon
addition of MeCN. This is consistent with the report that the
increase in pKa values upon changing medium from H2O to
MeCN is more significant for phenols than for amines: the pKa
enhancements were reported to be 12–17 and 7–8 in pKa units
for phenols and for the conjugate acids of alicyclic secondary

† Electronic supplementary information (ESI) is available: second-order
rate constants for the reaction of p-nitrophenyl acetate with butane-
2,3-dione monoximate and p-chlorophenoxide in MeCN–H2O mixtures at
25 °C. See http://www.rsc.org/suppdata/cc/b0/b005610n/

Fig. 1 Plots showing the effect of solvent on the a-effect (ka2Nu/knormal2Nu)
for the reaction of PNPA at 25.0 °C: kOx2/kClPhO2 in MeCN–H2O (5);
kOx2/kClPhO2 in DMSO–H2O (2);7b kIBO2/kClPhO2 in DMSO–H2O (8).9
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amines (e.g. piperidine and morpholine), respectively, upon
solvent change from H2O to MeCN.12a,b

The difference in the relative basicity between Ox2 and
ClPhO2 can be expressed as DDpKa, i.e. DDpKa =
DpKa(Ox2) 2 DpKa (ClPhO2). As shown in Table 1, DDpKa
increases as the mol % MeCN in the medium increases, i.e. Ox2
is more basic than ClPhO2 by 0.06, 0.50 and 0.95 pKa units in
H2O, 50 and 90 mol % MeCN, respectively, which contrasts
with the situation, noted above, for DMSO–H2O mixtures. We

propose therefore, that the differential solvent effect on the
basicity of these nucleophiles is the cause of the contrasting a-
effect trends observed for the reaction of PNPA with Ox2 and
ClPhO2 in DMSO–H2O and in MeCN–H2O mixtures.

Furthermore, it is found that a plot of log kOx2/kClPhO2

against DDpKa is linear with a slope of 0.85 (Fig. 2). This
provides evidence that the increase in the DDpKa values is
almost fully reflected in the increase in the a-effect for the
reaction of PNPA with Ox2 and ClPhO2 upon addition of
MeCN into the reaction medium.

I. H. U. is grateful for financial support from KOSEF of
Korea (1999-2-123-003-5). E. B. thanks NSERC of Canada for
a research grant.
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Table 1 Summary of the relative basicity of the nucleophile (DpKa = pKa

of the conjugate acid of the nucleophile—pKa of the conjugate acid of the
reference base, piperazine) in MeCN–H2O mixtures of varying composi-
tions at 25.0 ± 0.1 °Ca

Mol % MeCN DpKa (Ox2) DpKa (ClPhO2) DDpKa
b

0 20.38 20.44 0.06
10 0.58 0.43 0.15
20 1.17 0.90 0.27
30 1.80 1.44 0.36 
40 2.32 1.89 0.43
50 2.69 2.19 0.50
60 3.43 2.84 0.59
70 3.90 3.20 0.70
80 4.96 4.18 0.78
90 5.85 4.90 0.95 

a The uncertainty in DpKa values is estimated to be less than ±0.03 pKa

units. b DDpKa = DpKa (Ox2) 2 DpKa (ClPhO2).

Fig. 2 Plot of log kOx2/kClPhO2 vs. DDpKa for the reaction of PNPA with
Ox2 and ClPhO2 in MeCN–H2O mixtures at 25.0 ± 0.1 °C.
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By combination of glycosidase-catalyzed transglycosylation
with polyethylene glycol w-monomethyl ether (MPEG; mw
5000) based solution phase synthesis, various terminally
sialylated di- and trisaccharides were synthesized.

Sialyl oligosaccharides are involved in many diseases and
function as the receptor determinants for viruses, lectins, toxins
and certain tumor-specific antibodies.1,2 To further investigate
the biological functions of these components efficient method-
ologies for their synthesis are needed.

It has been demonstrated that sialidases are effective
sialylation tools3–5 supplying the stereoselective efficiency of a
sialyltransferase while avoiding its complex donor-regeneration
cycles and the need for intermediate protection and deprotection
sequences of classical chemical procedures. Limitations in
efficiency of classical chemical and enzymatic glycosylation
methods resulting from time-consuming work-up and purifica-
tion procedures after each glycosylation step can be overcome
by application of polymer-supported solution-phase techniques
which previously have been shown to be powerful tools in
classical chemical synthesis.6 Whereas solid-phase techniques
suffer from various problems due to the heterogenous nature of
reactions on the insoluble resin, soluble polymer supports
enable standard solution-based reaction conditions to be used
while preserving the possibility of exploiting the macro-
molecular properties of the resin in the purification steps.
Combining the glycosidase-catalyzed transglycosylation tech-
nique with solid-phase supported work-up procedures, the
terminally a(2-3)- and a(2-6)-sialylated oligosaccharides 5–12
(Scheme 1) were synthesized from the precursors 1–4 employ-

ing MPEG as polymeric support using a procedure based on the
solubility of the polymer under reaction conditions and its
insolubility during work-up in various ethers.7† In order to
facilitate final cleavage, an a,aA-dioxyxylyl linker (DOX) is
introduced.8 Thus, glycosylation can be performed in the
aqueous solution phase whereas work-up is performed in the
solid phase.

Essentially, all reactions proceed following the same
sequence: TRANSSIALYLATION ? CODISTILLATION
(with toluene) ? REDISSOLUTION (in dichloromethane) ?
PRECIPITATION (with tert-butyl methyl ether) ? FILTRA-
TION ? RECRYSTALLIZATION (from ethanol).

Employing incubation conditions broadly identical to stan-
dard procedures for transsialylation the oligosaccharides 5–12
were obtained in yields corresponding to non-polymer-sup-
ported acceptor molecules.5

As sialidases can display a variety of regioselectivities
depending on their biological source, extreme care has to be
taken in order to achieve product formation of a single
regioisomer. Among a variety of sialidases that not only display
the necessary regioselectivity but are also commercially
available in sufficient quantitity and purity the sialidases from
Vibrio cholerae and Salmonella typhimurium proved to be the
most suitable transsialylation catalysts.§ While the sialidase

† Electronic supplementary information (ESI) available: Further experi-
mental data. See http://www.rsc.org/suppdata/cc/b0/b003943h/

Scheme 1 Chemoenzymatic transsialylation of 1–4 using Vibrio cholerae
and Salmonella typhimurium sialidase.
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from V. cholerae preferentially catalyzes transsialylation in the
a(2-6)-position the sialidase from S. typhimurium displays a
pronounced regioselectivity for the a(2-3)-directed sialyla-
tion.

Sialylation of the monosaccharide acceptors 1 and 2 afforded
slightly higher yields than the respective disaccharide con-
jugates 3 and 4. The relatively high yield of 24% for 6 was
achieved by twofold repetition of the transsialylation after
intermediate work-up, giving 6 in 13% after the first and 21%
yield after the second cycle. Unfortunately, only in this one case
could the yield be raised considerably. Increases in yields of
2–3% after renewed incubation did not justify repeated
transsialylation cycles for the other acceptor molecules. Instead
it proved to be more profitable to run the same reaction in
several small batches. The reactions could be scaled up to 100
mmol of product oligosaccharide without great loss in yields. In
all instances described, a completely regiospecific transfer of N-
acetylneuraminic acid could be achieved by careful monitoring
of the reaction course by 1H NMR spectroscopy. Regioisomeric
transfer ratios were determined on-resin by integration of the
axial and equatorial H-3 protons of neuraminic acid, applying
the structural-reporter group concept.9 The shifts of the N-
acetylneuraminic acid H-3 protons are not only located outside
the bulk signal region but also contain characteristic informa-
tion about the type and linkage position of the glycosidically
coupled saccharide. In some cases incubations had to be
interrupted before maximum overall product formation was
achieved in order to obtain a single regioisomer.

Even with an acceptor turnover rate of 10–25%, 75–90% of
unreacted polymer-bound acceptor is still present. Cleavage
from the resin at this stage would require an additional
chromatographic step. This can be avoided by exploiting the
capability of exo-glycosidases to stereoselectively hydrolyze
specific terminal glycosyl units while leaving internal ones
intact. Treatment of 9 with b-galactosidase from Bacillus
circulans and b-N-acetylhexosaminidase from Aspergillus
oryzae using standard incubation protocols yields MPEG-
bound sialyllactosamine while free galactose and N-acetyl-
glucosamine are removed as above by precipitation and
filtration (Scheme 2). Owing to similar incubation conditions,
the reaction in this case can be carried out as a one-pot
reaction.

Prior to the cleavage of the product from the polymer, the
carboxy function of the sialyl unit is protected by a methyl ester
using standard procedures. Final cleavage of the product is
achieved by application of a recently published method using
scandium(III) trifluoromethanesulfonate and acetic anhydride,10

which results in cleavage of the C–O bond between the
dioxyxylyl unit and the terminal oxygen of the MPEG.
Furthermore, all free hydroxy groups of the oligosaccharide are

acetylated, which facilitates chromatographic purification of the
product by flash chromatography.

In conclusion, we have demonstrated for the first time a
combination of glycosidase-catalyzed transglycosylation meth-
odology with polymer-supported solution-phase techniques and
have been able to synthesize various terminally a(2-3)- and
a(2-6)-sialylated di- and trisaccharides, thus, providing a
simple and useful method for the synthesis of heterooligo-
saccharides.

Notes and references
‡ Transsialylation assay using V. cholerae sialidase. Solutions of pNp-
Neu5Ac (21 mg, 50 mmol) and acceptor (120–160 mg, 25 mmol, donor–
acceptor ratio 2+1) in degassed incubation buffer (150 ml, 0.1 M NaOAc, 0.5
mM CaCl2, pH5.5) are incubated with V. cholerae sialidase (1 U) at 30 °C.
Compounds 5 (24 mg, 17%), 7 (21 mg, 15 %), 9 (17 mg, 12 %) and 11 (22
mg, 16%) were obtained as white powders. The amounts refer to the
calculated absolute amounts of polymer-bound product, whereas the
percentages are relative to polymer-bound acceptor units.

Transsialylation assay using S. typhimurium sialidase. Solutions of pNp-
Neu5Ac (21 mg, 50 mmol) and acceptor (110–150 mg, 20 mmol, donor–
acceptor ratio 2.5+1) in degassed incubation buffer (150 ml, 0.1 M NaOAc,
pH 5.1) are incubated with S. typhimurium sialidase (1 U) at 30 °C.
Compounds 6 (34 mg, 24%), 8 (23 mg, 16%), 10 (21 mg, 14%) and 12 (23
mg, 15%) were obtained as amorphous solids.

General procedure. The course of the reaction is followed photo-
metrically at 400 nm and by TLC (EtOH–1 M ammonium acetate (pH 7.4)
5+1) using resorcinol spraying reagent for N-acetylneuraminic acid
detection. The incubation is terminated by addition of 0.1 M Na2CO3 (1
ml) followed by ultrasonification for 3 min. The mixture is acidified to pH
6.8 with Dowex 50WX8 H+ cation exchanger and centrifuged. The
supernatant is decanted and codistilled twice with toluene (10 ml). The
residue is taken up in dry dichloromethane (10 ml) and precipitated with
tert-butyl methyl ether (200 ml). The precipitate is filtered, rinsed with tert-
butyl methyl ether (50 ml) and recrystallized from EtOH.

Cleavage of the product from the resin exemplified for compound 3. 160
mg of polymer-bound trisaccharide 11 (0.032 mmol) is dissolved in dry
dichloromethane (1.5 ml). Acetic anhydride (1.5 ml) and scandium(III)
trifluoromethanesulfonate [Sc(OTf)3, 10 mg, 0.02 mmol] are added
sequentially. After stirring under argon for 6 h the mixture is cooled to 0 °C
in an ice bath and tert-butyl methyl ether (150 ml) is added to precipitate the
cleaved polymer. The filtrate is concentrated to dryness. The residue is
suspended in dry MeOH (10 ml) and 100 mg cation exchange resin
(DOWEX 50W-X8 H+) is added. After stirring for 6 h at rt the resin is
filtered off. The filtrate is concentrated and purified by flash chromatog-
raphy (petrol ether–ethyl acetate 3+1 to 1+1) to yield p-O-acetyl-[DOX]yl
[methyl(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-a-D-
galacto-2-nonulopyranosyl)onate]-(2-3)-O-(2,3,4-tri-O-acetyl-b-D-galac-
topyranosyl)-(1-4)-O-2,3,6-tri-O-acetyl-b-D-glucopyranoside (1.8 mg, 14%
relative to polymer bound 4, 88% relative to 11).
§ Sialidase (E.C. 3.2.1.18) from V. cholerae was a kind gift from Chiron
Behring GmbH, Germany. Recombinant sialidase (E.C.3.2.1.18) from S.
typhimurium was purchased from New England Biolabs GmbH, Germany.
2-O-(p-Nitrophenyl)-5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-
nonulopyranusonic acid (pNp-Neu5Ac) was prepared by the method of
Rothermel et al.11 Acceptor 1 was prepared by a procedure developed by
Hodosi et al.12

For further experimental detail see ESI†.

1 A. Varki, Glycobiology, 1993, 3, 97.
2 R. Schauer and J. P. Kamerling, in Glycoproteins II, ed. J. Montreuil,

J. F. G. Vliegenthart and H. Schachter, Elsevier Science, 1997, p.
243.

3 J. Thiem and B. Sauerbrei, Angew. Chem., Int. Ed. Engl., 1991, 30,
1503.

4 K. Ajisaka, H. Fujimoto and M. Isomura, Carbohydr. Res., 1994, 259,
103.

5 D. Schmidt, B. Sauerbrei and J. Thiem, J. Org. Chem., in the press.
6 D. J. Gravert and K. D. Janda, Chem. Rev., 1997, 97, 589.
7 S. P. Douglas, D. M. Whitfield and J. J. Krepinsky, J. Am. Chem. Soc.,

1991, 113, 5095.
8 S. P. Douglas, D. M. Whitfield and J. J. Krepinsky, J. Am. Chem. Soc.,

1995, 118, 2116.
9 J. F. G. Vliegenthart, L. Dorland and H. von Halbeek, Adv. Carbohydr.

Chem. Biochem., 1983, 41, 209.
10 S. Mehta and D. M. Whitfield, Tetrahedron Lett., 1998, 39, 5907.
11 J. Rothermel and H. Faillard, Carbohydr. Res., 1990, 196, 29.
12 G. Hodosi and J. J. Krepinsky, Synlett, 1996, 159.Scheme 2 Down-trimming of the polymer.
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Quantum yield of the photocurrent generation by an ITO
electrode modified with a self-assembled monolayer of
porphyrin was remarkably enhanced by a factor of ca. 280,
as compared to that of the corresponding porphyrin
monolayer on a gold electrode.

In recent years organized assemblies of porphyrins have
attracted much attention directed toward the development of
photovoltaic devices, catalysis, and sensors.1 In particular,
formation of self-assembled monolayers (SAMs)2 of porphyrins
on the material surface is a potential approach for fabricating
highly ordered functional thin films. In this context, we3–5 and
others6 have reported the photoelectrochemical properties of
porphyrin and porphyrin-containing donor–acceptor SAMs on
gold electrodes. However, the photocurrent generation, initiated
from the porphyrin excited singlet state (1P*) in the porphyrin
SAMs on the gold electrodes, has been hampered by the
competing energy transfer (EN) quenching of 1P* by the gold
surface. Such an undesirable EN process may be avoided by
employing semiconductor electrodes such as indium tin oxide
(ITO) instead of metal electrodes.7,8 However, there has so far
been no report on the photoelectrochemical properties of
porphyrin-containing donor–acceptor SAMs on conductive ITO
support, although porphyrin SAMs on oxide surfaces or gold
nanoparticles have been extensively studied.9–12 As such, no
quantitative comparison of such quenching effect has ever been
reported for porphyrin SAMs on semiconductor and metal
electrodes.

We report herein the first quantitative comparison of
photocurrent generation in porphyrin SAMs on ITO and gold
electrodes. A remarkable 280-fold enhancement of photo-
current generation has been observed in the porphyrin SAM on
the ITO, as compared to the corresponding porphyrin SAM on
the gold surface. The present study thereby provides valuable
information for the construction of highly efficient photovoltaic
cells.

In order to evaluate the EN quenching effect accurately, we
designed porphyrin SAMs where the porphyrin is tethered to
ITO (denoted as 1/ITO) and gold electrodes (denoted as 2/Au)
with a spacer of the same number of atoms, respectively, as
shown in Fig. 1. Bulky tert-butyl groups were introduced into
the meta-positions of the meso-phenyl groups on the porphyrin
to preclude self-quenching of the 1P* due to the porphyrin
aggregation.4,13 The general strategy employed for synthesizing
the SAMs is summarized in Scheme 1. ITO electrodes
(1900–2000 Å ITO on transparent glass slides) were treated
with aminopropyltrimethoxysilane by refluxing for 3 h in
toluene.11 Activated porphyrin 4, prepared from porphyrin
carboxylic acid 3 and pentafluorophenol,11 was coupled to the
aminopropylsilylated glass by refluxing for 3 h in toluene to

give 1/ITO.11 2/Au was prepared by following the same
procedures as described previously.4‡ Porphyrin references 5
and 64 were also synthesized.

Fig. 2 displays absorption spectra of 1/ITO and reference 5 in
CHCl3. The Soret band of 1/ITO becomes broader than that of
reference 5 in CHCl3. The lmax value of the Soret band of 1/ITO
is nearly identical to that of 5 in CHCl3, whereas the lmax value
of 2/Au was reported to be red-shifted (4 nm) as compared to
that of reference 6 in CHCl3.4 This indicates that the porphyrin
environment of 1/ITO is less perturbed than that of 2/Au.

† Electronic supplementary information (ESI) available: Fig. A cyclic
voltammograms of 1/ITO and 2/Au. See http://www.rsc.org/suppdata/cc/
b0/b006108p/

Fig. 1 1/ITO and 2/Au and porphyrin derivatives used in this study.

Scheme 1 Reagents and conditions: i, (MeO)3Si(CH2)3NH2, isopropyl-
amine, dry toluene, argon, reflux 3 h; ii, DCC, 4-pyrrolidinopyridine,
pentafluorophenol, dry CH2Cl2, 96%; iii, dry toluene, argon, reflux 3 h.
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A cyclic voltammetric experiment using 1/ITO (electrode
area, 0.48 cm2) in CH2Cl2 containing 0.2 M Bun

4NPF6
electrolyte with a sweep rate of 0.1 V s21 was performed to
estimate the surface coverage.4,5‡ The adsorbed amount of the
porphyrin on 1/ITO was calculated from the anodic peak of the
porphyrin as 2.4 3 10210 mol cm22 (69 Å2). Assuming that
packing densities of the porphyrins are similar in 1/ITO and
2/Au (1.0 3 10210 mol cm22, 170 Å2),4 the roughness factor of
ITO is estimated as 2.5.

Photoelectrochemical measurements were carried out in an
argon-saturated 0.1 M Na2SO4 aqueous solution containing 50
mM triethanolamine (TEA) as an electron sacrificer using
1/ITO or 2/Au as the working electrode, Pt counter electrode,
and Ag/AgCl (sat. KCl) reference electrode (hereafter repre-
sented by ITO/1/TEA/Pt and Au/2/TEA/Pt, respectively, where
/ denotes an interface).4,5 A stable anodic photocurrent from the
electrolyte to the ITO appeared immediately upon irradiation of
the ITO electrode with l = 419.5 ± 5.3 nm light with 100 mW
cm22. The photocurrent fell down instantly when the illumina-
tion was cut off. In the absence of TEA, the anodic photocurrent
was negligible under otherwise the same experimental condi-
tions. The anodic photocurrent increases monotonically with
increasing positive bias to the ITO electrode (20.2–+0.4 V),
whereas the dark current remains constant, as shown in Fig. 3.
This demonstrates that photocurrent flows from the electrolyte
to the ITO electrode via the porphyrin SAM. The agreement of
the action spectrum with absorption spectrum of 1/ITO from
380–500 nm (Fig. 1) demonstrates clearly that the porphyrin is
the photoactive species.

The photocurrent generation efficiency becomes much lower
when the ITO/1/TEA/Pt cell was replaced by the Au/2/TEA/Pt
cell under the same experimental conditions. The quantum yield
(3.4%) of the ITO/1/TEA/Pt cell determined under the opti-
mized conditions (l = 419.5 ± 5.3 nm light with 100 mW cm22

and at +0.4 V vs. Ag/AgCl)§ is ca. 280 times higher than the
value (0.012%) for the Au/2/TEA/Pt cell.

Time-resolved, single-photon counting fluorescence studies
were made for 1/ITO and 2/Au as well as 5 and 6 in solutions

with the excitation wavelength at 435 nm. In each case the
decay of the fluorescence intensity due to the 1P* was monitored
at 655 nm. The decay curve could be fitted as a single
exponential except for the case of 1/ITO. The fluorescence
lifetimes of 1/ITO (1.0 (74%) and 3.7 ns (26%))¶ are
significantly longer than that of 2/Au (15 ps), although the
lifetimes are shorter than those of 5 (7.7 ns) and 6 (7.6 ns) in
CHCl3.4 This clearly indicates that the EN quenching efficiency
of 1P* on the ITO is much suppressed as compared to that on the
gold surface. Based on the electrochemical data, it is concluded
that an electron transfer takes place from TEA (+0.61 V)15 to the
singlet excited state 1P* (+0.62 V vs. Ag/AgCl)14 rather than the
excited triplet state 3P* (+0.12 V vs. Ag/AgCl),14 yielding the
porphyrin radical anion (P•2). The formation efficiency of P•2

in 1/ITO should become much larger than that in 2/Au as
observed experimentally because of the suppression of undesir-
able EN quenching of 1P* by the electrode as compared to the
2/Au system. The resulting P•2 (21.28 V vs. Ag/AgCl) gives an
electron to the ITO electrode, resulting in the anodic photo-
current generation.

In conclusion, we have successfully demonstrated that the
quantum yield of photocurrent generation for the porphyrin
SAM cell on ITO becomes 280 times larger as compared to the
quantum yield on the gold electrode due to the suppression of
undesirable EN quenching of 1P* by the electrode.

H. I. thanks the Sumitomo Foundation for financial sup-
port.

Notes and references
‡ For electrochemical and photoelectrochemical measurements, gold elec-
trodes (2/Au) (roughness factor R = 1.1) were prepared by a vacuum
deposition technique with titanium (5–10 nm) and gold (20–100 nm) in a
sequence onto a Si(100) wafer, whereas for UV-visible absorption
measurements, gold (20 nm) was evaporated onto a transparent glass slide
to give 1/Au (R = 1.5).4,5

§ f = (i/e)/[I(1 2 102A)], I = (Wl)/(hc) where i is the photocurrent density,
e is the elementary charge, I is number of photons per unit area and unit
time, l is the wavelength of light irradiation, A is absorbance of the
adsorbed dyes at l nm, W is light power irradiated at l nm, c is the light
velocity, and h is the Planck constant; ITO/1/TEA/Pt: i = 74 nA cm22, A
= 0.029; Au/2/TEA/Pt: i = 0.28 nA cm22, A = 0.030 (including the
reflection at 419.5 nm).4,5

¶ In the case of 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin
(TBP) and octadecylamine (ODA) Langmuir–Blodgett multilayers on a
glass slide, two-component emission decay was observed with lifetimes of
1–2 ns and 2–4 ns at a high ratio of TBP–ODA ( > 0.11).13
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Fig. 2 UV-visible absorption spectra of 1/ITO (dotted line) and 5 in CHCl3
(solid line) and action spectrum of the ITO/1/TEA/Pt cell (solid line with
circles); 100 mW cm22, +400 mV vs. Ag/AgCl, an argon-saturated 0.1 M
Na2SO4 aqueous solution containing 50 mM TEA. The spectra are
normalized at the Soret band for comparison.

Fig. 3 Photocurrent vs. applied potential curves for the ITO/1/TEA/Pt cell
(solid line with open circles): l = 419.5 nm (100 mW cm22), an argon-
saturated 0.1M Na2SO4 aqueous solution containing 50 mM TEA. The dark
current is shown as a dotted line with open circles.
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Three 1,3,4-oxadiazole derivatives with an amine and an
alkyl tail were designed and synthesized as novel electro-
luminescent materials; it was found that the length of alkyl
tail and the structure of the amine strongly affect the phase
structure of the oxadiazole derivatives.

Functional organic materials have been the subject of recent
research work in relation to their optical and electronic
properties as well as their industrial applications in many fields
such as electroluminescent (EL) devices, transistors, batteries,
sensors, photoreceptors and displays.1 However, practical
products made of organic compounds are solely photoreceptors
and displays. Thus, the advantages of organic compounds are
not sufficiently utilized in practical materials and devices.

Liquid-crystalline (LC) phases and amorphous states of
organic materials have been known to show unique morphol-
ogy. LC materials are quite attractive in terms of possessing
both self-organizing capability and fluidity. On the other hand,
amorphous materials are promising in terms of their excellent
processability, flexibility, transparency, non-existence of grain
boundaries and isotropic properties. Recently, much attention
has been paid to low-molecular-weight materials which form
stable amorphous glasses above rt.2 It is of interest and of
significance to develop photo- and electroactive amorphous
molecular materials, which consist of p-electron systems and
have glass transition temperature (Tg) higher than rt, for use in
electronic devices.

In 1990, it was found that 2-(biphenyl-4-yl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole (PBD) functioned very well as
an excellent electron transport material (ETM) in an organic
multilayer EL diode.3 After this report, many researchers began
to use various kinds of oxadiazole molecules to obtain high EL
performances. Furthermore, in recent studies of polymer light-
emitting diodes, the oxadiazole moieties were demonstrated to
possess high potential for electron transport.4

Introduction of the oxadiazole moieties to polymer main
chains and to mesogens of LC compounds is expected to tune
EL efficiencies and electron transport properties. EL polymers
with p–n diblock structures were reported, in which thiophene
and 1,3,4-oxadiazole moieties connected alternately to form
fully conjugated rigid-rod polymers: one has been successfully
used to fabricate single layer EL devices showing blue
emission.5 Likewise, LC compounds containing oxadiazole
moieties were reported to exhibit a high electron transport
capability and blue EL emission.6

In this study, we report the synthesis and properties of a novel
class of oxadiazole derivatives for photo- and electroactive
materials, emphasizing that the length and structure of the
introduced moieties strongly affect the phase structure of the
oxadiazole derivatives.

The oxadiazole derivatives in this study were prepared
starting from 4-(4-n-alkylphenyl)benzoic acid by the synthetic

route shown in Scheme 1. 4-(4-n-Alkylphenyl)benzoic acid was
reacted with an excess of thionyl chloride. The resulting 4-(4-n-
alkylphenyl)benzoyl chloride was reacted with aminophenyl-
tetrazole derivatives in dry pyridine at 135 °C, yielding the
products: 2-(4A-propylbiphenyl-4-yl)-5-(4-N,N-dimethylamino-
phenyl)-1,3,4-oxadiazole (3-OXD-Me), 2-(4A-heptylbiphenyl-
4-yl)-5-(4-N,N-dimethylaminophenyl)-1,3,4-oxadiazole
(7-OXD-Me) and 2-(4A-heptylbiphenyl-4-yl)-5-(4-N,N-diph-
enylaminophenyl)-1,3,4-oxadiazole (7-OXD-Ph).7 These prod-
ucts were purified by column chromatography on silica gel,
followed by recrystallization from toluene–ethanol. The overall
yields were about 55%. The oxadiazole derivatives were
characterized as obtained by FT-IR, 1H NMR and elemental
analysis.

Thermotropic and LC behaviors were evaluated by means of
DSC (heating and cooling rate: 2 °C min21) and polarizing
microscopy. Fig. 1 shows DSC thermograms of 3-OXD-Me and
7-OXD-Me on the third cooling. It was found that 3-OXD-Me
showed only a sharp exothermic peak corresponding to a
melting point (Tm) at 174 °C. By contrast, 7-OXD-Me exhibited
two exothermic peaks at 143 and 138 °C. It seems that the peak
at 143 °C is due to isotropic (I)-nematic (N) phase transition and
another peak at 138 °C is due to N-crystal phase transition. Fig.
2 shows the textures observed with a polarizing microscope at
140 and 100 °C, respectively. Referring to the Schlieren texture,
the phase could be assigned to an N phase at 140 °C, and then
a typical crystal texture was observed at 100 °C. As 7-OXD-Me
showed no LC phase on heating but an N phase on cooling, it
seems to be a monotropic LC material.

DSC thermograms of 7-OXD-Ph on the first and the second
heating are shown in Fig. 3. When the crystalline sample of
7-OXD-Ph obtained by recrystallization from ethanol–toluene
was heated, 7-OXD-Ph exhibited Tm at 166 °C to give an I
phase. 7-OXD-Ph in the I phase was then cooled by standing in

Scheme 1 Synthetic route for compounds used in this study with
abbreviations.
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air, and it formed spontaneously the supercooled liquid state,
which changed into the amorphous glassy state. On the second
heating, Tg was observed at 27 °C, and then the first exothermic

peak owing to crystallization appeared at around 60 °C.
Subsequently, another crystallization occurred at 87 °C and the
crystal melted at 166 °C. These phenomena of crystallization
from the melt were confirmed with a polarizing microscope,
however, the structure of each crystal was beyond identifica-
tion.

The formation of an amorphous glass was evidenced in the X-
ray diffraction patterns of 7-OXD-Ph at rt (23 °C) and 80 °C, as
exhibited in Fig. 4. 7-OXD-Ph showed no sharp signals but
only broad halos, when cooled from an I state to 23 °C,
indicating that 7-OXD-Ph is in an amorphous state. On the
other hand, several sharp signals appeared at 80 °C, suggesting
that 7-OXD-Ph is in a crystalline state. 7-OXD-Ph did not
show an LC phase but an amorphous state; steric hindrance
between two clusters of benzene rings of 7-OXD-Ph may
contribute to formation of the amorphous glass.

All materials investigated in this work emitted strong blue
fluorescence with high quantum yields (0.81–0.91); emission
peaks of 3-OXD-Me and 7-OXD-Me were 420 nm, and that of
7-OXD-Ph was 436 nm. It is assumed that these compounds
show an excellent EL performance. The present study will
enable us to perform molecular design of various compounds
based on oxadiazole for developing photo- and electroactive
materials. These materials are expected to find potential
application as functional materials, e.g. charge transport and
luminescent materials for photoreceptors and electrolumines-
cent devices.

In summary, 1,3,4-oxadiazole derivatives with amine and
alkyl tails were designed and prepared as novel EL materials:
the phase structures and optical properties of the oxadiazole
derivatives were investigated in this study. We found that the
length of the alkyl tail and the structure of the amine strongly
affected the phase structure of the oxadiazole derivatives.
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Fig. 1 DSC thermograms on the third cooling. (a), 3-OXD-Me; (b), 7-OXD-
Me.

Fig. 2 Polarizing optical micrographs of the texture of 7-OXD-Me. (a), at
140 °C (N phase); (b), 100 °C (crystalline phase).

Fig. 3 DSC thermograms of 7-OXD-Ph. (a), on the first heating; (b), on the
second heating.

Fig. 4 X-Ray diffraction patterns of 7-OXD-Ph at 23 and 80 °C.
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A chiral catalyst derived from 1,1A-bis(diphenylphosphino)-
ferrocene and anchored within MCM-41 displays remark-
able increases in both enantioselectivity and activity, in the
hydrogenation of ethyl nicotinate to ethyl nipecotinate,
when compared to an analogous homogeneous model
compound.

It is acknowledged that, in view of their biological activity, the
enantioselective synthesis of chiral saturated ring systems
involving piperidine or cyclohexane is of considerable practical
interest. Previously, efforts to hydrogenate enantioselectively
an aromatic ring such as that in ethyl nicotinate (Scheme 1) have
resulted in values of enantiomeric excess (ee) that are less than
6%.1 However, very recently, a two-step process, involving
initial hydrogenation in high yield to the comparatively stable
1,4,5,6-tetrahydronicotinate, followed by subsequent hydro-
genation in the presence of a dihydrocinchonidine modified
noble metal catalyst, yielded a quite high ee of the nipecotinate.
The best activity reported by Blazer et al. [using a Pd on carbon
(plus cinchonidine) catalyst for step (ii)] was 19% ee at 12%
conversion.2 Using the principle, first conceived five years
ago,3 of chirally constraining a designed active centre attached
to a chiral ligand and tethered to the inner walls of mesoporous
silica, as schematized in Fig. 1, we have produced an effective
enantioselective catalyst for the direct hydrogenation of ethyl
nicotinate to ethyl nipecotinate, with an ee of 17% and
conversions in excess of 50%.

We have previously demonstrated that in the allylic amina-
tion of cinnamyl acetate, the enantiomeric excess achieved by
the spatially confined (tethered) catalyst, which is derived from
1,1A-bis(diphenylphosphino)ferrocene (dppf), far exceeds that
attained with the same active site when it is unconfined.4
Mesoporous silica of the M41S type (used earlier as the support
for several high performance catalysts5) was used to confine the
designed catalyst, thereby creating the chiral space. The
confinement is a crucial feature of the enantioselectivity of our
catalyst. When an alkyl silsesquioxane with the same tethered,
designed catalyst is subjected to identical conditions, degrees of
conversion are appreciably lower and the catalyst exhibits no
enantiodiscrimination.

Our approach in the synthesis of the heterogeneous catalyst
was to design a homogeneous, metal-containing ferrocenyl

precursor which possessed a functionality capable of reacting
directly with a silica surface. This precursor could be charac-
terized in detail using solution spectroscopic techniques, and
then anchored to the surface of the mesoporous silica support in
a one-step reaction. The synthetic strategy involved the reaction
between (S)-1-[(R)-1,2A-bis(diphenylphosphino)ferrocenyl]-
ethyl acetate6,7 and 3-(methylamino)propyltrimethoxysilane to
form a silane functionalised ferrocenyl ligand (1), the in-
corporation of palladium dichloride to which forms the target
ferrocenyl precursor (2) (Scheme 2). The ferrocenyl precursor 2
was then reacted with the mesoporous silane MCM-41, the
outer walls of which were previously deactivated via treatment
with [Ph2SiCl2], a method which we have already shown to be
applicable in this situation.8

The anchored catalyst was characterised using 13C and 31P
MAS NMR spectroscopy (ESI†). The 13C spectrum was fully
assignable when compared to that of (S)-1-[(R)-1,2A-bis(diphe-
nylphosphino)ferrocenyl]ethylallylamine palladium dichlor-

† Electronic supplementary information (ESI) available: 1H, 13C and 31P
NMR spectroscopic data for the ferrocenyl precursor 2, the anchored
heterogeneous catalyst and the silsesquioxane-bound homogeneous cata-
lyst. See http://www.rsc.org/suppdata/cc/b0/b005689h/

Scheme 1 The two-step hydrogenation of ethyl nicotinate to ethyl
nipecotinate via 1,4,5,6-tetrahydronicotinate.

Fig. 1 Schematic diagram of the chiral catalyst constrained within a
mesopore.

Scheme 2 The synthesis of the ferrocenyl precursor 2 from a chiral
ferrocenyl acetate, via the silane functionalised ferrocenyl ligand 1.

This journal is © The Royal Society of Chemistry 2000
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ide.9 The spectrum showed two broad peaks centred at d 135
and 75 which may be attributed to the phenyl and cyclopenta-
dienyl rings, respectively. There is a peak at d 12 which may be
assigned to the methyl group bound to the chiral carbon and the
carbon bound to the silicon. The central carbon in the propyl
tether may be assigned to the peak at d 22, whilst the final
carbon of the tether, that bound to the nitrogen, can be attributed
to the peak at d 52. The final peaks in the spectrum are at d 41
and 58 and may be assigned to the methyl group of the amine
and the chiral carbon, respectively. The 31P MAS NMR
spectrum revealed a broad, split signal centred around d 30,
which is comparable to that observed with the ferrocenyl
precursor 2.

The ferrocenyl precursor 2 was also reacted with an
incompletely condensed silsesquioxane cube,10 to form a
homogeneous model of the anchored heterogeneous catalyst.
Solution 1H NMR spectroscopy in C4D8O was used to
characterise the model compound (ESI†), and the absence of the
peaks for the hydroxy protons of the box at d 6.97 and the
methoxy protons of 2 at d 3.47, are diagnostic in this regard. The
MCM-41 bound catalyst and the silsesquioxane catalyst are
illustrated in Fig 2.

The two catalysts were tested in the one-step hydrogenation
of ethyl nicotinate to ethyl nipecotinate.‡ The catalysis was
performed under mild conditions (20 bar H2, 40 °C) and in both
cases proceeded with the formation of the desired nipecotinate.
However, analysis of the products revealed that the MCM-41
anchored species catalysed the reaction with a 17% ee whilst the
use of the homogeneous silsesquioxane complex resulted in a
racemic product. This remarkable change in stereoselectivity
demonstrates the profound importance of confinement in the
catalysis. The free catalyst shows no enantioselectivity whilst
chiral confinement results in a catalyst that shows greater
selectivity by almost a threefold margin than any other
reported.1 The confined catalyst also displayed a higher degree
of activity (TON = 291) compared to the homogeneous form
(TON = 98), after a reaction time of 72 h, and is remarkably
stable. The reaction mixture of the anchored catalyst contained
less than 3 ppb of metal (by ICP analysis), thereby ruling out the
possibility of any leaching.

These results show the considerable potential that this type of
catalyst offers, and how, by careful design of an active centre, a
heterogeneous catalyst may be engineered, the performance of
which is far superior than its free, homogeneous analogue.

We thank EPSRC for a rolling grant to J. M. T. and an award
to B. F. G. J. We also wish to thank ICI for a case studentship
to S. A. R. M.S.I. Inc. is gratefully acknowledged for the
molecular modelling software. We are also grateful for
assistance from Professor L. F. Gladden.
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MAO activated 1,3,5-triazacyclohexane complexes of chro-
mium(III) are highly active ethene polymerisation catalysts
that resemble the Phillips catalyst in many important
properties and may represent the first good homogeneous
model system.

The heterogeneous Phillips catalysts1 based on CrO3/SiO2 for
the polymerisation of ethene without co-catalysts produce a
large fraction of the world production of HDPE ( > 7 M ton
a21).2 The molecular weight of the polymer depends on the
reaction temperature. When activated with metal alkyls the
Phillips catalyst can also trimerise ethene to 1-hexene (as well
as some dimers) which is in-situ co-polymerised giving a
polymer with butyl side chains and other unusual end groups
including additional methyl groups, vinylidene and some
internal olefinic groups. In contrast to the Ziegler–Natta
systems, the nature of the active species and the origin of the end
groups is still a matter of debate. Many homogeneous model
systems3 show only limited activity4 and most of them fail to
reproduce the properties of the Phillips catalyst and a true model
has yet to be found.

For several years we have been investigating the co-
ordination chemistry of 1,3,5-triazacyclohexanes 1.5 The results
suggest that it should be possible to generate cationic alkyl
chromium complexes with low steric demand due to the small
N–Cr–N angle which may be able to catalyse ethene polymer-
isation. Indeed, complex 2a reacts with methylaluminoxane
(MAO) to give a highly active catalyst. However, good
solubility of the complexes is crucial to achieve high productiv-
ities. This solubility problem is solved by introducing longer
alkyl chains as substituents in 2b–d according to Scheme 1. The
solubility increases dramatically and 2c and especially 2d
become highly soluble in toluene. Complexes 2c and 2d can be
prepared from CrCl3 (stored under air), 1, toluene and zinc
powder by simple heating under a stream of argon.6

Since the ligands 1c,d can also be prepared by heating the
corresponding primary amine and paraformaldehyde in toluene
a simple one-pot synthesis of 2 is possible.

The systems 2/MAO have much higher activity than the best
co-catalyst free complex 37 and the best non-Cp system
4/MAO8 (Scheme 2). The activity is comparable to

[(nBuCp)2ZrCl2]/MAO under the same condition (650 kg
(mol Cr)21 h21) and the only more active chromium system is
5/MAO from Jolly et al.4

Maximum activity is reached at MAO+Cr ≈ 300. Activation
of 2 can also be achieved with 1.6 eq. DMAB (dimethylanilin-
ium tetrakis(pentafluorophenyl)borate) and 20–50 eq. Al(iBu)3,
giving similar activity (590 for 2a and 390 for 2d).

The molecular weights of the polymers under these condi-
tions are around 40 000 (Mw) with Mw/Mn = 2–4 which is
typical for a single-site catalyst.

End group analysis of the polymers (IR, 13C NMR) shows
more methyl groups than expected and additional vinylidene
and some internal olefin as well as the expected vinyl end
groups in a distribution that is typical for end groups produced
by the Phillips catalyst. Since the molecular weights of the
polymers differ, the end groups are best compared relative to the
total number of olefinic groups (set to 100%) (Table 1).

In addition, 1-hexene as the trimer of ethene and some
decenes as ‘co-trimers’ of 1-hexene and ethene can be found in
the solution, and butyl side chains in the polyethene are
indicative of some 1-hexene built into the polymer. Thus, our
system is also able to reproduce the selectivity for trimerisa-
tion.9 Interestingly, analysis of the decene isomers by NMR

† Electronic supplementary information (ESI) available: synthetic, spectro-
scopic and analytical details of new compounds and the ethene polymer-
isation experiments. See http://www.rsc.org/suppdata/cc/b0/b005842o/
‡ Dedicated to Prof. H. Schumann on the occasion of his 65th birthday.
§ Chemistry of 1,3,5-triazacyclohexane complexes, Part 8. [Part 7, is ref.
5(a)].

Scheme 1 Syntheses of the complexes 2.

Scheme 2 Chromium complexes in ethene polymerisation (comparison of
activity in [kg (mol Cr)21 h21]) (2 at 40 °C and 1 bar ethene in toluene over
1 h).

Table 1 Relative end group distribution with the sum of olefinic groups set
to 100%

End group CH2NCHR CH2NCR2 RHCNCHR Me

PE (Phillips)a 84–92% 7–13% 1–4% 150–300%
PE (2d) 82% 12% 6% 240%
decenes (2d) 87% 8% 5% 200%
a IR analyses of commercially available (BASF) Phillips HDPE products.
Typical range under various conditions.
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shows an end group distribution similar to the polymers (Table
1). Addition of 1-hexene to the solution increases the content of
butyl side chains substantially and a co-polymer can be
obtained. Similar to the Phillips catalyst, activated 2 gives
molecular weights of polyethene that are highly dependent on
the reaction temperature.

Thus, activated 2 represents the first true homogeneous
model for the Phillips catalyst that can reproduce many
important properties and the results indicate that the typical end
group distribution may be closely linked to a required
trimerisation activity. A comprehensive discussion of sub-
stituent effects and the link between trimerisation and polymer-
isation activity will follow in separate publications.

R. D. K. thanks the Deutschen Forschungsgemeinschaft and
the Fonds der Chemischen Industrie as well as Professor H.
Schumann (TU Berlin) for support. We thank BASF for
support.
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Atomic absorption spectroscopy of the ionic liquid 1-ethyl-
3-methylimidazolium ethanoate ([emim]2[O2CMe]), pre-
pared according to International Patent WO 96/18459,
showed it to contain large amounts of lead impurity: (ca. 0.5
M): [emim]2[Pb(O2CMe)4] was isolated and shown crystallo-
graphically to contain the first known example of a
monomeric, homoleptic pentacoordinate lead(II) carboxy-
late complex, with a stereochemically active lone-pair.

Ionic liquids are well-established media for clean synthesis,1,2

and consequently an essential requirement is their purity. In
particular, heavy metal and halide impurities pose problems
with regard to human and environmental health, catalysis and
corrosion. Thus it is important to develop routes that yield pure
products. A number of methods for the synthesis of ionic liquids
have been cited in the literature.2,3 As part of our general work
in this area, we have examined a BP Chemicals patent that
describes the use of lead(II) salts in the synthesis of ionic
liquids.4 It is claimed that the ionic liquid 1-ethyl-3-methylimi-
dazolium ethanoate ([emim][O2CMe]) could be synthesised via
the metathesis of lead(II) ethanoate and [emim]Cl or [emim]Br.
Analysis by atomic absorption spectroscopy of the ionic liquid
thus obtained showed that large amounts of lead remained in the
product (ca. 0.5 M). Crystals of the dissolved lead complex
were obtained from the [emim][O2CMe] produced via a
modification of this method that precludes the addition of
water.†

A review of BIDS5 and the Cambridge Structural Database6

for lead(II) carboxylate complexes identified a total of 25
structures: 18 were polymeric with the carboxylate moiety
acting as a bridging ligand; three others that, although
monomeric, contained either the sterically demanding [edta]22

ligand or bulky crown ethers; and one containing hexanuclear
units.7 The remaining three compounds,
Pb(C8H11N4S)(O2CMe),8 [Pb(C16H36N4)(O2CMe)][O2C-
Me]·2H2O9 and Pb(C12H10N3SO)(O2CMe),10 are compared
and contrasted with [emim]2[Pb(O2CMe)4] below.

The data for [emim]2[Pb(O2CMe)4] were collected using our
usual methodology.‡ The asymmetric unit consists of one
[Pb(O2CMe)4]22 unit and two [emim]+ cations. The four
ethanoate anions are involved in two different bonding modes:
three are bonded via one oxygen atom, and one is chelating, Fig.
1. The three non-coordinated oxygen atoms are involved in C–
H…O hydrogen bonds with the cations, and extend towards the
void associated with the lead(II) centre, Fig. 2. Two [emim]+

cations lie either side of this void and act as spacers between the
[Pb(O2CMe)4]22 units. The large void in the coordination
sphere around the lead(II) centre is indicative of a stereochem-
ically active lone-pair, the existence of which is usually
attributed to the ‘inert-pair effect’. The [Pb(O2CMe)4]22 units
in [emim]2[Pb(O2CMe)4] are hydrogen bonded to four cations

forming an infinite chain via C–H…O interactions in the
< 0 0 1 > plane, Fig. 2.

Although the term ‘inert-pair effect’ is the subject of some
controversy, the structural consequences of the 6s2 lone-pair are
well documented. Shimoni-Livny et al.11 identified some
conditions in which the lone-pair is likely to be stereochem-
ically active; namely, hard donor atoms, a low coordination
number and attractive interactions between ligands. The
structure of [emim]2[Pb(O2CMe)4] fits well with these findings
and the criteria are satisfied.

Fig. 1 Atomic numbering scheme for [emim]2[Pb(O2CMe)4] emphasising
the void created by the stereochemically active lone-pair on the lead(II)
centre.

Fig. 2 A view illustrating the alternating C–H…O hydrogen bonded chains
in [emim]2[Pb(O2CMe)4] (the dashed lines represent hydrogen bonds).
Hydrogen bond lengths (Å) and angles (°), (H…A), (D…A), (D–H…A):
C2A–H2A…O81BA 2.32, 3.15(3), 147; C3A–H3A…O81AB; 2.64, 3.45(3),
144; C4A–H4A…O81C 2.79, 3.22(2), 109; C4A–H4A…O81D 2.37,
3.20(2), 149; C4A–H4A…O82A 2.65, 3.38(2), 135; C2B–H2B…O82D
2.16, 3.01(3), 149; C3B–H3B…O82B 2.28, 3.14(3), 153; C4B–H4B…
O82CAB 2.03, 2.93(3), 160. Symmetry codes: A = 1 2 x, 1 2 y, 1 2 z; B =
x, 1 + y, z; AB = 2x, 2y, 2z.
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The dominant feature of the three monomeric lead complexes
obtained from the CSD is the presence of a rigid organic ligand,
which restricts the possible geometries available to the metal
centres. In Pb(C8H11N4S)(O2CMe)8 and [Pb(C16H36N4)(O2C-
Me)][O2CMe]·2H2O9 this leads to the orientation of the inert
lone-pairs associated with adjacent lead atoms towards one
another with Pb…Pb contacts of 3.905 and 4.165 Å, re-
spectively: they essentially exist as dinuclear complexes. As
with [emim]2[Pb(O2CMe)4], the ethanoate ions are mono-
dentate with the free oxygen atoms extending towards the void
associated with the lone-pair. In Pb(C12H10N3SO)(O2CMe)10

the use of a rigid ligand still influences the coordination
geometry of the lead(II) centres. However, the distance between
the metal centres is much longer which suggests that they are
not associated with each other (Pb…Pb distance 4.822 Å).
Again, the ethanoate ions are monodentate with the free oxygen
atoms associated with the void. Moreover, these free oxygen
atoms are also associated with the lead centre of the adjacent
molecule (Pb…O distance 3.001 Å). The only common feature
of these compounds and [emim]2[Pb(O2CMe)4] is that the
monodentate ethanoate ligands are associated with the lone-pair
on the metal centre. Unlike the previous complexes, the lead
centres in [emim]2[Pb(O2CMe)4] do not show any lone-pair
orientation effects and [emim]2[Pb(O2CMe)4] can be con-
sidered mononuclear.

A recent study by Hall et al.12 on lead(II) complexes
containing aromatic ligands highlighted the difficulties of
determining the presence or absence of a stereochemically
active lone-pair. They found that in many of the materials the
so-called ‘lone-pair’ regions were either (a) associated with
longer contacts with the oxygen atoms from anions (e.g.
[ClO4]2, [NO3]2), leading to polynuclear motifs with con-
sequent orientation of the lone-pairs towards each other as
above, or (b) associated with inter-ring interactions between the
aromatic ligands which occupied the void region. In [emim]2-
[Pb(O2CMe)4], although the cations are associated with this
lone-pair region and are involved in C–H…O hydrogen bonds
with the ethanoate anions, the emim cations do not occupy the
void associated with the ‘inert lone-pair’.

Furthermore, the presence or absence of a stereochemically
active lone-pair has implications for the design of new materials
using the Group 14 elements. The use of hydrogen-bond donor
cations, in conjunction with hydrogen-bond acceptors on the
coordination complex anions, results in ‘capping’ of the voids,
which may be a useful generic strategy for the rational design of
materials containing these elements. The possible application of
this approach to crystal engineering is illustrated by the
isolation of [emim]2[Pb(O2CMe)4].

In conclusion, we have isolated and structurally characterised
a new and novel lead(II) homoleptic complex. Preliminary
XAFS data§ show that this unusual (for lead) metal coordina-
tion environment is stable even at moderate temperature (ca.
373 K), which will be the subject of a further communication.
This, and the previously reported [SbCl3][AlCl4],13 also
indicates that ionic liquids may be useful media for the
stabilisation and study of unusual metal coordination environ-
ments; more specifically those metals that contain stereochem-
ically active lone-pairs.

Furthermore, the presence of this lead(II) complex, which was
produced in an attempted preparation of an ionic liquid,
highlights the problems inherent in the use of metathetic
reactions of metal salts as a preparative methodology for ionic
liquids in general. We are currently critically examining the

extant methods and developing more general procedures for
ionic liquid production.

We would like to thank Unilever (J. T. H and S. A. T) for
financial support and the EPSRC and Royal Academy of
Engineering for the Award of a Clean Technology Fellowship
(K. R. S).

Notes and references
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filtration after cooling at 220 °C overnight. The solvent was removed from
the filtrate by rotary evaporation. Analysis by 1H NMR spectroscopy
showed that this was insufficient to remove the water, and this was
accomplished after heating at ca. 130 °C under vacuum for 24 h. The
product was a viscous liquid, pale yellow in colour before drying and pale
brown in colour after drying. In order to eliminate the need for drying, the
above method was modified slightly to eliminate the use of water. This was
achieved by placing the lead ethanoate in a Soxhlet extractor. The product
obtained was a mixture of crystalline solid and viscous liquid. Single crystal
X-ray analysis showed the crystalline material to be the salt [emim]2-
[Pb(O2CMe)4].
‡ Crystallographic data were collected on a Siemens P4 diffractometer
using omega scans. A crystal was sealed into a Lindemann tube under an
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temperature. The structure was solved using direct methods using the
SHELX program packages.14 Crystal data for [emim]2[Pb(O2CMe)4]: M =
665.70, triclinic, space group P1̄, a = 7.9761(9), b = 10.4439(9), c =
16.8872(15) Å, a = 100.222(7), b = 99.228(9), g = 94.712(9), U =
1357.6(2) Å23, Z = 2, m = 0.117 mm21, Rint = 0.0607. A total of 3743
reflections were measured for the angle range 4 < 2q < 50 and 3455
independent reflections were used in the refinement. Final parameters were
wR2 = 0.1815 and R1 = 0.0556 [I > 2s(I)].

CCDC 182/1758. See http://www.rsc.org/suppdata/cc/b0/b005095o/ for
crystallographic files in .cif format.
§ XAFS spectra were recorded at the Synchrotron Radiation Source at
Daresbury using station 9.3 on the Pb LII edge using our usual method.15
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A polystyrene-resin supported Pt catalyst displays higher
conversion, remarkably improved selectivity and excellent
recyclability relative to Speier’s catalyst in the room
temperature solvent-less hydrosilylation of oct-1-ene using
trichlorosilane.

Alkene hydrosilylation is an important reaction both on a
laboratory and an industrial scale. Though many metal
complexes have been reported as useful catalysts,1 since the
discovery by Speier et al. in 1957 that hexachloroplatinic acid is
a potent catalyst even under ambient conditions,2 Pt complexes
have become the catalysts of choice. The remarkable turnover
frequencies displayed by Pt-based species, and the fact that they
can be used not only with alkyl and alkoxysilanes but also with
chlorosilanes, explain their dominance in industrial processes.
Paradoxically, however, these high activities coupled with the
exothermicity of alk-l-ene hydrosilylation can lead to a rapid
temperature rise in reactions, and the occurrence of a significant
level of alkene isomerisation. The so-formed internal alkenes
react much more slowly, and in any event limit the conversion
of alk-l-enes to useful terminally silylated products.

There has been significant earlier work on the immobilisation
of Pt-based catalysts using both inorganic and polymer
supports, aimed at producing experimentally and techno-
logically convenient analogues of soluble catalysts.3,4 Likewise
Rh-based species,5 and recently Mn-based catalysts,6 have been
examined in this context. While these reports have demon-
strated active heterogeneous catalysts, data on the activity and
selectivity with prolonged use are rare, particularly with the
more difficult chlorosilane reactants, and equally importantly
meticulous evaluation of the contribution from leached soluble
catalyst has generally been absent. We now make a preliminary
report on our studies of in-house prepared polystyrene and
polymethacrylate resin-supported Pt catalysts in the hydro-
silylation of oct-l-ene using trichlorosilane in the absence of any
solvent, and at ambient temperature.

Precursor resins (PR1–PR5) were prepared by suspension
polymerisation7 using the comonomer mixtures shown in Table
1. The functional group content [–CH2Cl from vinylbenzyl
chloride (VBC) or epoxide from glycidyl methacrylate (GMA)]

and surface area of the resultant resins are also shown in Table
1. PR1–PR5 were aminated by treatment with excess trimethyl-
ethylene diamine/NaH in THF at 60 °C for 48 h to yield AFRI–
AFR5 (Table 2), and finally each of these was loaded with Pt by
treatment with an excess of K2PtCl4 in water to yield polymer
catalysts C1–C5 (Scheme 1, Table 2). The activity and
selectivity of C1–C5 were assessed in the reaction of oct-l-ene
(20 mmol) and trichlorosilane (10 mmol) in 8 cm3 sealed Pyrex
vials in the absence of any solvent at room temperature.
Polymer catalysts containing 1023 mmol of Pt were employed

Table 1 Composition of precursor resins

Resin properties

Epoxide/
Comonomer mixture (vol %)b CH2Cl

Porogen (Porogen/ content/ Surface
Precursor resina EGDMA GMA DVB Est St VBC monomer vol ratio) mmol g21 areac/m2 g21

PR1-Me-G 2 98 — — — — None 6.9/— ~ 0
PR2-Me-M 50 50 — — — — Toluene (2+1) 3.5/— 113
PR3-Me-M 50 50 — — — — Octan-2-one (2+1) 3.5/— 119
PR4-St-M — — 53 13 0 34 Isooctane (1+1) —/2.3 100
PR5-St-CM — — 10 2 53 34 2-Ethylhexanoic acid (1+1) —/2.3 33
a Me = methacrylate-type; St = styrene-type; G = gel-type; M = macroporous type; CM = collapsed macroporous.8 b EGDMA = ethyleneglycol
dimethacrylate; GMA = glycidyl methacrylate; DVB = divinylbenzene. c N2 sorption, BET analysis.

Table 2 Analytical data for catalyst resins

Amine functionalised resin Pt catalyst resin

Diamine
Precursor contenta/ Pt contentb/
resin Code mmol g21 Code mmol g21

PR1 AFR1 2.85 C1 1.4
PR2 AFR2 1.5 C2 0.9
PR3 AFR3 1.5 C3 0.9
PR4 AFR4 0.9 C4 0.4
PR5 AFR5 1.7 C5 0.5
a Calculated from N% content. b ICPES analysis of acid digested resins.

Scheme 1 Oct-1-ene hydrosilylation using trichlorosilane catalysed by
polymer catalysts C1–C5.
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and compared to the performance of soluble Speier’s catalyst (5
wt% H2 PtCl6·6H2O in isopropyl alcohol using 1023 mmol Pt).
The appearance of l-octyltrichlorosilane and octene isomers
(oct-2-, -3- and -4-enes as a non-resolved group) was monitored
by GC analysis using nonane as an internal standard. The mole
ratio of oct-l-ene: trichlorosilane of 2+1 was chosen to highlight
any isomerisation induced by the catalyst while minimising
competition from the hydrosilylation reaction, i.e. isomerisation
was deliberately given a competitive advantage. In addition, to
demonstrate the high activity and stability of the polymer
catalysts (identified in preliminary ligand screening experi-
ments) each sample reported here was utilised in four previous
reactions, i.e. the data here refer to the fifth cycle of use in each
case. Data for Speier’s catalyst refer to its first use. No attempt
was made to recover and re-use this homogeneous species.

The results of the catalytic studies are summarised in Fig. 1.
The behaviour of the homogeneous catalyst is as expected from
the literature. The conversion of trichlorosilane to l-octyltri-
chlorosilane reached ca. 75% in ca. 1 h. However, simultane-
ously the isomerisation of oct-l-ene to internal alkenes was ca.
60%. (Note initial mole ratio oct-l-ene+trichlorosilane is 2+1.)
The performance of the polymer catalysts varies considerably.
Catalyst C1 shows very low activity. Since this is a polar gel-
type methacrylate-based resin, it would not be expected to swell
in the non-polar reaction mixture and presumably therefore
catalytic Pt sites are accessed only very inefficiently as a result
of poor mass transport. Likewise though catalyst C5 is a non-
polar styrene-based resin, and is nominally macroporous, in fact
the surface area of this species is very low (ca. 30 m2 g 21), and
we believe the morphology is substantially collapsed.8 Catalysts
C2 and C3 perform well yielding ca. 70% l-octyltrichlorosilane
after ca. 6 h. Though these are polar methacrylate-based resins,
they have permanent macroporous morphologies with good
surface area (ca. 110–120 m2 g21). Catalyst C4 is significantly
the most active yielding ca. 70% l-octyltrichlorosilane after 2 h,
and ultimately delivering ca. 90%. In this respect it performs
better than Speier’s catalyst. C4 is a non-polar styrene-based
resin and is macroporous with a good surface area (ca. 100
m2 g21). It clearly offers no significant mass transfer
limitations. Furthermore with C4 the level of oct-l-ene iso-
merisation is only ca. 9%, and indeed less than ca. 4% with the
other polymer catalysts. C4 therefore is also significantly more
selective in favour of hydrosilylation than Speier’s catalyst.
These results are even more remarkable when it is borne in mind
that these data refer to the fifth cycle of use of this sample of
C4.

Overall it is tempting to conclude that the heterogenised Pt
complexes are highly selective in favour of the hydrosilylation
reaction, and the low level of alkene isomerisation observed
may be due to very low levels of leached Pt species acting as a
less selective homogeneous catalyst.

Some assessment of the level of Pt leaching with C1–C5 was
obtained from a sixth cycle of use of these samples in which
hydrosilylations were run as before for 1 h, and then the reaction
mixtures decanted from the resin beads, and the mixtures
monitored for a further 24 h. The results are shown in Fig. 2. The
left-hand bar in each case shows the percentage of 1-octyltri-
chlorosilane formed after 1 h in the presence of polymer
catalysts, and the right-hand bar the conversion after a further
24 h in the absence of polymer catalysts. Though some increase
in l-octyltrichlorosilane is seen, particularly with C2 and C3
(presumably reflecting the presence of some soluble catalytic
species), the effect is not large. With C4 the small additional
conversion seen after 24 h is within the analytical experimental
error. In addition no measurable increase in the amount of
isomerised alkene is observed, which remains very low. Thus it
seems that the level of Pt leached is itself very low, or any
species in solution is inactive as a catalyst either in hydro-
silylation or in isomerisation.

Thus we have succeeded in producing a polymer-supported
Pt alkene hydrosilylation  catalyst (C4) with activity compara-
ble to that of Speier’s catalyst, with greatly enhanced selectivity
in terms of minimising concurrent alkene isomerisation, and
with considerable long term recycling stability along with
minimal Pt leaching characteristics. The catalyst performs well
with trichlorosilane as the silylating agent and displays
considerable potential for both small- and large-scale applica-
tion. We are currently undertaking a more detailed investigation
to improve our understanding of this catalyst system.

R. D. and S. J. T. acknowledge the receipt of studentships
from Dow Corning. The gift of vinylbenzyl chloride from the
Dow Chemical Company is appreciated. The useful discussions
with Z. M. Michalska are warmly acknowledged.
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Fig. 1 Yield of 1-octyltrichlorosilane as a function of time in oct-1-ene
hydrosilylations using trichlorosilane catalysed by: (5) Speier’s catalyst;
(/), C1; (-), C2; (:), C3; (3) C4; (8), C5.

Fig. 2 Yield of 1-octyltrichlorosilane from oct-l-ene and trichlorosilane
catalysed by C1–C5 with the heterogeneous catalyst removed after 1 h.
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Several derivatives of ferrocene ligands with planar chirality
were investigated in palladium-catalysed asymmetric allylic
alkylation of iminoesters, in which bis-ferrocene ligand 7
containing a chiral pocket showed good enantiocontrol in
this reaction; the products having a quaternary chiral center
were obtained with up to 75.3% ee.

Chiral a,a-dialkyl-a-amino acids are an important class of non-
coded amino acids and have attracted an ever growing interest
in biological and pharmacological problems.1 The quaternary
chiral center leads to many of the desirable properties associated
with this class of amino acid, but offers a significant challenge
with respect to asymmetric synthesis.2 Many methods reported
to date involve either the use of chiral auxiliaries or strategies
that utilize self-regeneration of stereocenters.3 The catalytic
asymmetric hydrogenation of dehydroamino acids is not
applicable to synthesis of quaternary amino acids.4 Thus, the
procedure of their catalytic asymmetric synthesis remains to be
established. Imino esters as nucleophiles in Pd-catalyzed
asymmetric allylic alkylation reactions give chiral a-mono-
alkylated amino acids,5,6 however, the ee was not high when
simple allyl acetate was used. Though a significant improve-
ment of the asymmetric alkylation of a glycine Schiff’s base
under PTC conditions has been reported, an amino acid with a
quaternary chiral centre could not be easily constructed in
general.7 Recently, Trost and Ariza reported the asymmetric
synthesis of a-alkylated amino acids by using their chiral
pocket strategy in catalytic asymmetric allylic alkylation and
good to excellent results were obtained when substituted allyl
acetates were used—for the simplest member of this family, the
allyl acetate, only 40% ee value was provided.8

In the course of studying the synthesis and applications of
ferrocenyl derivatives with planar chirality in metal-catalysed
asymmetric reactions,9 we investigated the role of planar
chirality and found that the enantioselectivity could be affected
by planar chirality, and that high enantioselectivity would be
reached when the ligand contained a pair of matched chiralities.
Combining these results and Trost’s chiral pocket concept10 we
designed new planar chiral ligands 7 and 8 and used them in a
synthesis of a-alkylated amino ester derivatives with a
quaternary chiral carbon center through catalytic asymmetric
allylic alkylation. Herein we would like to report our prelimi-
nary results.

The reaction of imino esters 1 with allyl ethyl carbonate in the
presence of [Pd(h3-C3H5)Cl]2 and ligands 3–8 was carried out
[eqn. (1)]† and results were summarized in Table 1.

(1)

From Table 1, we found that planar chirality showed great
influence on the enantioselectivity of the product. By using (S,

Rp)-ligand 5 the product with 34.5% ee was given but only 2%
ee for (S, Sp)-ligand 4 (entries 3 and 4), apparently central and
planar chirality in ligand 5 is matched in this reaction. With
BINAP as the ligand, the product was isolated in high yield but
low ee. Ligand 6, developed by Trost’s group, showed high
enantioselectivity in many kinds of asymmetric alkylation
reactions due to its ‘chiral pocket effect’.10 Only 40% ee was
given when it was used in this reaction. This value is the same
as in the reaction of allyl acetate and azalactone reported by
Trost.8 Above all, we deduced that both planar chirality and the
chiral pocket could improve the enantioselectivity of the
product. Therefore, ligands 7 or 8, the ferrocene modification of
the chiral pocket, were synthesized in high yields from 4 [eqn.

Table 1 Palladium-catalysed asymmetric allylation of 1a with different
ligands†

Entry Ligand Base Yield (%)a Ee (%)b
Optical
rotationc

1 (S)-BINAP LDA 95 18.2 2

2 3 LDA — — 2

3 4 LDA 91 2.0 2

4 5 LDA 89 34.5 2

5 5 KHMDS 77 9.3 2

6 6 LDA 93 40.0 +
7 7 LDA 87 57.4 +
8 8 LDA 93 3.8 +
9d 7 LDA 91 22.2 +

10e 7 LDA 81 50.0 +
a Isolated yield based on imino esters. b Determined by HPLC (chiralcel OJ
column). c Detected in trichloromethane. d 2 mmol% [Pd(h3-C3H5)Cl]2 and
4 mmol% ligand were used as catalyst. e After completion of addition, the
reaction mixture was allowed to stir at 0 °C.
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(2)].12 As expected, when ligand 7 was injected into the above

(2)

reaction, the enantioselectivity of the product was raised to
57.4% ee. On the other hand, the product with 3.8% ee was
produced when ligand 8, derived from (S,S)-cyclohexanedia-
mine, was used. Obviously, ligand 7 possesses the matched
chiralities. In addition, changing reaction temperature or the
ratio between ligand and palladium did not improve the
enantioselectivity (entries 9 and 10). The enantioselectivity of
the product decreased greatly when the base was changed to
KHMDS with ligand 5 (entry 5).

Several imino esters were examined with ligand 7 under the
optimized conditions. The results are summarized in Table 2. It
can be seen that different R1 of the esters has a great influence
on the enantioselectivities of the products. It was improved by
increased steric demand of R1 substitution. The ee values of the
products were 56.9% (entry 5, R1 = But), 52.6% (entry 6, R1 =
Et), 24.6% (entry 7, R1 = Me), respectively, This effect was
also operated in the a-methyl substituted imino esters which are
important in the synthesis of quaternary carbon centers. When
1b and 1c were injected into this reaction, ee values of products
were 53.6% (entry 2, R1 = Me) and 75.3% (entry 4, R1 = But),
respectively. It was very strange that the product from 1b
achieved 71.6% ee when equimolar amounts of palladium and
ligand were used as catalyst. The changing of the ratio of
palladium to ligand has no effect in the case of 1c.

Ligand 7 was viewed more clearly by its crystal structure
(Fig. 1).‡ It was easy to deduce that the two Cp rings could

become a part of a better pocket if the two phosphorus atoms
were coordinated with palladium, which might be responsible
for the better enantiocontrol.

In conclusion, the catalytic asymmetric allylic alkylation
between imino esters and chiral palladium allylic intermediates
can be used to construct a chiral quaternary carbon center.
Combination of planar chirality and a chiral pocket effect in the
same ligand may provide product with a higher enantioselectiv-
ity. Up to 75% ee was realized by using ligand 7. To the best of
our knowledge, this is the highest ee value for a simple allyl
system in this type of reaction. This concept for designing new
ligands is worth further study. We are now exploring the
application of ligand 7 and its analogues in other asymmetric
reactions.
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Entry Substrate Yield (%)a Ee (%)b

1 1a 87 57.4
2 1b 93 53.6
3c 1b 92 71.6
4 1c 95 75.3
5d 1d 94 56.9
6d 1e 93 52.6
7d 1f 92 24.6

a Isolated yield based on imino esters. b Determined by HPLC. c 2 mmol%
[Pd(h3-C3H5)Cl]2 and 4 mmol% ligand were used as catalyst. d 110 mmol%
LDA and 110 mmol% allyl ethyl carbonate were used.

Fig. 1 ORTEP view of 7·2H2O (hydrogen atom and water molecule omitted
for clarity).
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In the presence of a bidentate chelate containing two
convergent nitrile groups, Ru(phen)2L2+ (L = sterically
hindering aromatic diimine ligand; phen = 1,10-phenan-
throline) undergoes a photochemical reaction leading to
quantitative replacement of the diimine by the bis-nitrile
ligand; the reverse reaction takes place upon heating, also
quantitatively.

Multicomponent molecular systems for which certain parts can
be set into motion while others can be considered as motionless
are promising models of biological molecular machines and
motors as well as potential switches.1,2 The signals sent to the
molecules in order to trigger the movement can be of an
electrochemical3 or chemical4 nature, photoinduced redox
processes being also used in a few cases.5 In the search for non-
sacrificial photochemical reactions usable for moving molec-
ular fragments,6 it occurred to us that ligand-field (LF) excited
states of d6 transition metal complexes are strongly antibonding
and can lead, in some cases, to effective ligand exclusion and
substitution by solvent molecules.7 In the present work, we
would like to describe a system in which two different chelates,
an aromatic diimine and a dinitrile, can be efficiently and
cleanly interchanged under the action of light or heat. In
addition, significant photochromism is observed. The ligands
used are represented in Fig. 1.

The aromatic diimines 6,6A-dmbp and biq are sterically
hindering so that their removal from a ruthenium(II) trischelate
complex will be favoured over that of phen, also considering
that rotation about the C–C bond between both halves of the
chelate facilitates stepwise decoordination. The bis-nitrile dCN
has been previously described and used by Angelici et al. to
make a few complexes (Mn(I), Fe(II) and Pt(II)).8 Although no
structural data are available, dCN is expected to behave as a
bidentate chelate.

The following photochemical reactions have been shown to
take places quantitatively under light irradiation (300 nm @ l@
800 nm):9

(1)

The efficiency of reaction (1) is solvent dependent, the best
solvents being acetone or 1,2-dichloroethane (1,2-DCE). The

photoproduct, Ru(phen)2(dCN)2+, was isolated quantitatively
and authenticated by comparison with a separately prepared
sample.10 To our knowledge, it is the first example of a
photochemical chelate-to-chelate exchange reaction. Crystals
were grown from MeOH–p-xylene and an X-ray structure of the
compound was obtained.11 The ORTEP diagram is shown in
Fig. 2. The ruthenium–nitrogen bond lengths range from
2.04(1) to 2.085(8) Å and are similar to those observed in the
Ru(phen)3

2+ and Ru(phen)2(dpq)2+ complexes12 (dpq = dipyr-
ido[3,2-d:2A,3A-f]quinoxaline). As also indicated by the N–Ru–
N angles the geometry about ruthenium atom is distorted from
octahedral. The most noticeable feature is the constraint
imposed on the dCN ligand as reflected by the Ru–N(6)–C(40)
and Ru–N(5)–C(2) angles (167 and 168° respectively) as well
as the large dihedral angle between the two phenyl groups.

In order to demonstrate that dCN and 6,6A-dmbp or biq can be
interchanged, it was essential to show that the starting complex
can be regenerated. This is indeed the case: reaction (2) takes
place quantitatively.

(2)

For example, a yellow solution of Ru(phen)2(dCN)2+ and biq
in ethyleneglycol was heated at 190 °C for 4 h in the dark. The
colour of the solution changed to deep red. After removal of the
solvent followed by chromatography, Ru(phen)2(biq)2+ was
obtained in 91% yield. Moreover, the photochemical reaction
(6,6A-dmbp or biq release) and the thermal back reaction (dCN

Fig. 1 The various chelates used in photochemically active ruthenium
complexes.

Fig. 2 ORTEP view of the cationic part of [Ru(phen)2(dCN)](PF6)2(p-
xylene)2(MeOH) with partial labelling scheme. Ellipsoids are scaled to
enclose 30% of the electronic density. Hydrogen atoms are omitted for
clarity. Selected distances (Å) and angles (°): Ru–N(1) 2.059(9), Ru–N(2)
2.054(9), Ru–N(3) 2.061(9), Ru–N(4) 2.085(8), Ru–N(5) 2.05(1), Ru–N(6)
2.04(1), N(5)–Ru–N(6) 85.1(3), Ru–N(5)–C(25) 168(1), Ru–N(6)–C(40)
167(1), C(26)–C(25)–N(5) 177(1), C(39)–C(40)–N(6) 172(1).
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release with recoordination of 6,6A-dmbp or biq) could be
carried out on the same reaction mixture containing an excess of
both ligands, dCN and the aromatic diimine, in addition to the
starting ruthenium(II) complex. The solvent, EtOCH2
CH2OCH2CH2OH, in which all the components (ligands and
complexes) are soluble, turned out to be compatible with both
photochemical and thermal processes.

Interestingly, the absorption spectra of Ru(phen)2(dCN)2+

and Ru(phen)2(biq)2+, for instance, are significantly different.
dCN is a poor s-donor and good p-acceptor, stabilizing the dp
orbitals of Ru(t2g) and thus leading to a relatively high MLCT
(Ru ? phen) excited state. In Ru(phen)2(biq)2+, the nature of
the MLCT bond is different: biq is a better p-acceptor than phen
so that the charge transfer is directed from the metal centre to
biq and no more to the phen ligands. The photochromism of the
system is illustrated in Fig. 3.

Without displaying colour changes as large as those obtained
with organic photochromic compounds,13,14 Ru(phen)2(biq)2+

(deep red; lmax = 525 nm in 1,2-DCE) changes colour under
irradiation to afford an orange solution of Ru(phen)2(dCN)2+

(lmax = 382 nm in 1,2-DCE) within a few tens of seconds.
In conclusion, the present system is particularly promising

for the construction of molecular photomechanical devices,
combining motion and photochromism.
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In the presence of octadecylamine, poly(propylene imine)
dendrimers modified with long alkyl chains self-assemble to
form well-defined aggregates that stabilise for periods
exceeding 14 days the normally unstable amorphous calcium
carbonate (ACC) which persists in competition with the
thermodynamic product, calcite.

Templates that consist of organised biomacromolecules are
known to direct the formation of most biominerals, in many
cases leading to materials with unique shapes and properties.1 In
synthetic assays, the use of ordered supramolecular assemblies,
such as micelles,2 monolayers,3 vesicles,4 inverted micelles5

and lyotropic liquid crystalline systems,6 allows for the
controlled nucleation of inorganic materials on molecular
templates with well-defined structure and surface chemistry.
One of the most abundant biological minerals is calcium
carbonate, the main constituent of mollusc shells, for example.7
In nature, all three crystalline calcium carbonate polymorphs,
calcite, aragonite and the metastable vaterite, are observed. In
addition, amorphous calcium carbonate, which is normally
unstable at room temperature and pressure, has been reported.8
In synthetic milieu this amorphous phase is unstable and
transforms readily into one of the crystalline polymorphs. Here
we report on a synthetic system in which aggregates consisting
of assemblies of poly(propylene imine) dendrimers modified
with long hydrocarbon chains and single chain surfactants
stabilise spheroids of amorphous calcium carbonate (ACC) for
extended periods of time.

Poly(propylene imine) dendrimers modified with long ali-
phatic chains are a new class of amphiphiles which display a
variety of aggregation states due to their conformational
flexibility.9 Globular aggregates are formed when C16-modified
5th generation dendrimer 1 is dispersed in aqueous media.10 In
the present work we have modified the outer surface of this
dendrimer assembly by addition of 1 to aqueous solutions
containing single chain surfactants (octadecylamine, OA, and
cetyltrimethylammonium bromide, CTAB) at concentrations
below their CMC (Scheme 1). In this way we were able to
generate solid self-reinforced aggregates with different shape,
size and surface chemistry depending on the choice of
surfactant.† It was found that aggregates arising from the
interaction of 1 and octadecylamine (OA) expressed a persistent
polyhedral shape,11 as well as a narrow size distribution (Fig.
1a,b). The extremely high fluorescence depolarization aniso-
tropy values found for the aggregates at room temperature (r =
0.32) indicate that they have a very rigid structure.‡ When the
dendrimer was mixed with CTAB, spherical aggregates with a
narrow distribution and an average size of 20 nm (determined
by DLS) were formed (not shown). Fluorescence depolarisation
measurements showed that these aggregates are less rigid (r =
0.24) with respect to the dendrimer/octadecylamine aggre-
gates.

The remarkable rigidity and the well-defined size and shape
of the aggregates consisting of 1 and OA prompted us to exploit
them as 3D templates in calcium carbonate crystallisation

assays.§ The addition of these novel templates to such an assay
catalysed the formation of amorphous calcium carbonate.
Indeed, calcified aggregates, which had retained their poly-
hedral shape, were recovered after only 15 min (Fig. 1c). FTIR
showed strong peaks characteristic for hydrated ACC at 3433
and 1070 cm21,12 whereas only minor peaks characteristic of
calcite were observed (1420, 875 and 712 cm21). Selected area
electron diffraction analyses confirmed that the vast majority of
these particles consisted of amorphous material.

Over the course of 4 days a discrete population of {10.4}
rhombohedral calcite crystals was also identified in the bulk
solution of 1/OA doped assays, alongside large isolated ACC
particles (diameter ! 10 mm; Fig. 1d) a small portion of which
still possessed a polyhedral shape (Fig. 1c, inset). It is notable
that 80% of the rhombohedra enveloped an ACC sphere (Fig.
1e). The spatial juxtaposition of the two CaCO3 phases argues

Scheme 1 Schematic representation of the modification of the outer layer of
dendrimer-based aggregates using single chain surfactants.
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strongly for a critical role of the spheres in fostering the
nucleation and growth of the crystalline form.

Another notable feature of the 1/OA doped crystallisation
assays was the persistent formation of ACC spheres at the air/
solution interface. It is our contention that the continuous
formation of spheres at this location is linked to the active
adsorption of the 1/OA aggregates at the air/solution interface.
It is significant that particle size analysis of spheres harvested
from this location over a fourteen day period revealed a
population of ACC spheres with diameters consistently in the
range of 1–10 mm. In contrast, the particle size profile of ACC
spheres recovered from bulk solution over the same time period
showed a gradual shift in size to larger dimensions ( > 10 mm).
This was accompanied by a diminution in the total number of
isolated spheres and an increase in the proportion of spheres
which were associated with calcite. The ACC spheres allied
with calcite were very uniform in size having diameters of 8 mm,
but comprised only 10% of the population. From the integration
of FTIR spectra it was concluded that at this stage 20% of the
calcium carbonate was still present in the form of spherical
ACC.

Aggregates prepared of 1 alone also templated the formation
of ACC spheres. However, in this case the amount of ACC was
reduced and the transformation to calcite was more rapid than
observed previously with the OA modified aggregates: after 24
h 80% of the sample had been converted to calcite compared to
16% in the case of the 1/OA aggregates. The use of aggregates

prepared from 1 and CTAB did not lead to the generation of
ACC. Instead, the formation of calcite crystals covered with
disc-shaped vaterite crystals was observed (Fig. 1f). Over a
period of 5 days these vaterite discs disappeared and only calcite
crystals remained.

The gradual dissolution of the small ACC particles and
maturation of larger ones can be attributed to the process of
Ostwald ripening wherein particles with a high surface to
volume ratio provide a continuous source of materials for those
with lower surface activity.13 In the present case this process
also effects the gradual release of the 1/OA aggregates
originally occluded within the calcium carbonate spheres. Thus,
the depletion of polymeric complex, which accompanies ACC
formation at the air/solution interface, will be offset by the
dynamic adsorption of surfactant/dendrimer aggregates re-
leased into bulk solution from the proportion of small ACC
spheres which dissolves. One outcome of this activity will be
the iterative formation of an active organic template, capable of
inducing the kinetic precipitation of calcium carbonate at the
air/solution interface leading to a high local nucleation density
of ACC.

Although ACC has been observed as a short-lived inter-
mediate in the presence of various scale prevention agents, to
our knowledge only biological systems allow the coexistence of
amorphous and crystalline calcium carbonate for extended
periods of time.12 The nucleation of the kinetic product at the
expense of the thermodynamically stable form, calcite, and the
stabilisation of the amorphous phase against transformation
results in the formation of a unique inorganic–organic hybrid
material.
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Fig. 1 (a) Transmission electron microscopy (TEM) image (platinum
shadowing) of an aqueous dispersion of 1/OA. (b) Size distribution of
aggregates of 1/OA as determined by dynamic light scattering. (c) TEM
image of the crystallisation assay doped with 1/OA after 15 min, inset:
scanning electron microscopy (SEM) image of the assay after 1 h. (d–f)
SEM images of the assay doped with (d,e) 1/OA and (f) 1/CTAB. Images
were recorded (d,f) after 4 days and (e) after 14 days.
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Symmetrical and unsymmetrical axles containing two bind-
ing sites of the 1,2-bis(pyridinium)ethane type are threaded
with a single molecule of dibenzo-24-crown-8 ether
(DB24C8) resulting in [2]rotaxane molecular shuttles that
display translational isomerism.

One of the most intriguing developments in supramolecular
chemistry is the ability to construct mechanically linked
molecular systems that display switching properties resulting
from the relative positioning of the internal components of the
supermolecule.1 An elegant example of this is the [2]rotaxane
molecular shuttle pioneered by Stoddart et al. in which a single
‘wheel’ component can occupy either of two binding sites on a
dumbbell shaped ‘axle’.2

We have recently reported the synthesis of symmetrical and
unsymmetrical [3]rotaxanes, 1 and 2, employing extended axles

containing two binding sites of the 1,2-bis(pyridinium)ethane
type each occupied by a dibenzo-24-crown-8 ether (DB24C8)
molecule.3 Although these [3]rotaxanes are saturated and
therefore display no translational isomerism, it is possible to
prepare [2]rotaxane molecular shuttles with this template and
this work is reported herein.

The [2]rotaxanes 5 and 8‡ were prepared by mixing 3 and 6
respectively with two equivalents of DB24C8 in MeCN solution

followed by a 2-fold excess of the required equivalents of tert-
butylbenzyl bromide (Scheme 1).4 The mixtures were stirred at
room temperature for 2 days, the salts precipitated by the
addition of Et2O and the products isolated as the chloride salts
by column chromatography on silica gel (MeOH/MeNO2/2.0 M
NH4Cl(aq), 3+1+1). Anion exchange with NaCF3SO3 and
NaBF4 respectively in aqueous solution produced 5 and 8 in
overall yields of 13 and 19% as orange crystalline solids, which
were soluble in organic solvents such as MeCN, MeNO2 and
CH2Cl2.

Noncovalent interactions between axle and wheel can be
inferred by significant chemical shift differences (Dd) in the
solution (MeCN-d3) 1H NMR spectra of 5 and 8 when compared
to the respective axles 4 and 7 and free DB24C8.5 C–H…O
hydrogen bonds from axle protons to crown ether O-atoms are
evident from the significant downfield shifts for all a+-
pyridinium and +NCH2 protons, while p-stacking between the
electron-rich catechol and electron-poor pyridinium rings is
indicated by upfield shifts observed for the b-pyridinium
protons and crown aromatic protons. There exists the possibility
of two translational isomers; i.e. the crown ether can shuttle
from one binding site to the other. That this dynamic
phenomenon occurs is supported by the fact that only one set of
resonances is observed at room temperature and there is a slight
exchange broadening of the axle protons interacting with the
crown oxygen atoms. It was concluded that the crown ether is
undergoing fast exchange between the two binding sites and the
observed room temperature chemical shifts for 5 and 8 are

† Electronic supplementary information (ESI) available: 1H NMR chemical
shifts. See http://www.rsc.org/suppdata/cc/b0/b004784h/

Scheme 1 Reagents and conditions: i, 4 equiv. of 4-tert-butylbenzyl
bromide, 2 equiv. of DB24C8, MeCN, RT, 2 days, SiO2 (MeOH/MeNO2/
2.0 M NH4Cl(aq), 3+1+1), Rf = 0.35, NaCF3SO3(aq), 13%; ii, 2 equiv. of
4-tert-butylbenzyl bromide, 2 equiv. of DB24C8, MeCN, RT, 2 days, SiO2

(MeOH/MeNO2/2.0 M NH4Cl(aq), 3+1+1), Rf = 0.31, NaBF4(aq), 19%.
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weighted averages of the resonances attributable to the
individual occupied and vacant sites.

The 1H NMR spectrum of 5 coalesced at 293 K yielding a rate
of exchange between the equally populated binding sites of 320
Hz with DG‡ = 57.5 kJ mol21. Similarly, 8 reached
coalescence at 273 K with an exchange rate of 222 Hz and DG‡

= 54.3 kJ mol21. For this unsymmetrical [2]rotaxane, the aryl
crown ether resonances were used to determine the occupancy
of each site. Integration of these signals at 243 K yielded a 2+1
ratio of isomers with the bis(4,4A-bipyridinium)ethane site being
favoured. This preference is likely due to two factors: (i) the
4,4A-bipyridinium rings are the most electron-poor resulting in
more favourable p-stacking and (ii) there are steric problems
caused by the tBu-pyridinium group which disfavour p-
stacking.

An X-ray crystal structure determination§ of 8 verified the
nature of the interactions observed in solution; a ball-and-stick
representation is shown in Fig. 1. The DB24C8 ring is threaded
on the unsymmetrical axle such that the S-shaped crown ether
ring occupies the more favoured bis(4,4A-pyridinium) moiety.
The unoccupied bis(pyridinium)ethane group adopts a gauche
conformation in the solid state.

It has been demonstrated that the 1,2-bis(pyridinium)ethane/
24-crown-8 ether templating motif can be used for the synthesis
of symmetrical and unsymmetrical molecular shuttles. Future
work will focus on controlling this switching process by
external perturbations.

We thank the Natural Sciences and Engineering Council of
Canada for financial support of this research and J. A. W. thanks
the Ontario Graduate Scholarship program for funding.
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thread with the optimum yield of [2]rotaxane produced with 2 equiva-
lents.

Selected data for 5: 1H NMR (CD3CN): d 9.22 (m, 8H), 9.00 (d, 4H, J =
7.63 Hz), 8.35 (br, 8H), 8.28 (d, 4H), 7.57 (d, 4H, J = 8.72 Hz), 7.47 (d,
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1.38 (s, 9H), 1.34 (s, 9H). ESI-MS: m/z 1446.6 ([M 2 BF4]+).
§ Crystal data for 8: C68H84B5F20N5O8, M = 1533.45, monoclinic, a =
40.78(2), b = 15.808(5), c = 12.336(4) Å, b = 98.48(2)°, U = 7866(5) Å3,
T = 293(2) K, Cc, Z = 4, m = 0.115 mm21, 10068 independent reflections
[R(int) = 0.0631], R1 = 0.0997, wR2 = 0.2451 [I > 2sI], R1 = 0.1982,
wR2 = 0.2999 [all data], Goodness-of-fit (F2) = 0.929. Data were collected
on a Siemens SMART CCD instrument and solutions performed using the
SHELXTL 5.03 Program Library for Structure and Solution and Molecular
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1997. CCDC 182/1753. See http://www.rsc.org/suppdata/cc/b0/b004784h/
for crystallographic files in .cif format.
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Fig. 1 Ball and stick representations of the X-ray crystal structure of the
[2]rotaxane molecular shuttle 8. (A) showing the basic numbering scheme
and (B) a view down the ethane C(22)–C(23) bond. Significant N+…O
distances (Å): N(3)…O(4) 3.54, N(3)…O(5) 3.48, N(4)…O(1) 3.56,
N(4)…O(8) 3.55. C–H…O distances (Å) and angles (°): H(19A)…O(3)
2.63, C(19)–H(19A)…O(3) 135.0; H(20A)…O(7) 2.47, C(20)–
H(20A)…O(7) 151.2; H(22A)…O(2) 2.52, C(22)–H(22A)…O(5) 163.5;
H(22B)…O(8) 2.70, C(22)–H(22B)…O(8) 148.7; H(23A)…O(4) 2.65,
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The replacement of every other Se atom in layered MoSe2 by
two Sb atoms led to the formation of MoSb2Se; within its
lattice, Sb atoms interconnect the MoSbSe sheets to form a
truly three-dimensional structure, thereby enlarging the
octahedral cavities.

The layered dichalcogenides of the valence-electron-poor
transition metal atoms have attracted the interest of various
different interdisciplinary research groups owing to potential
applications such as solid lubricants, and intercalation reactions
and electronic instabilities leading to energy storage applica-
tions1 and charge density waves.2 Consequently, extensive
theoretical work (based on the Extended Hückel calculations)
was performed to investigate the different physical properties3

as well as the different metal clustering which are both
dependent upon the electron count.4

For packing considerations, metal atoms, M, fill the octahe-
dral voids of every other layer in the hexagonal close-packing of
chalcogen atoms, Q, (realized in the CdI2 lattice type, as
observed for ZrSe2

5); different electron configurations of the M
atoms bring about different distortions in the structures. For
example, in going from ZrSe2 through the polymorph NbSe2

6 to
MoSe2,7 the d electron configuration of the M4+ atom changes
from 4d0 to 4d1 to 4d2: this leads to significant shifts of the
atomic positions in the layers of NbSe2 and MoSe2, which
produce in part bonding M–M contacts that do not occur in the
undistorted CdI2 type structure. MoSe2 and a-MoTe2

8 crystal-
lize as the MoS2 type, with Mo atoms surrounded in a trigonal
prismatic arrangement. This is—for d2 ions—one of the two
energetically favorable deviations from ideal hexagonal close-
packing of the chalcogen atoms. Here, the electronic stabiliza-
tion results from lowering of the one filled d orbital in the
trigonal prismatic ligand field. The other favorable configura-
tion, realized in b-MoTe2 and WTe2,9 is the formation of M–M
zigzag chains, stabilized by the occurrence of two single bonds
per M atom, i.e. by lowering the one filled d orbital of the t2g set.
Linearly linked rhomboidal clusters would be favorable for a d3

count as in ReSe2.10 The latter two distortions can be deduced
to arise from a Peierls distortion associated with the partially
filled t2g band.

The intercalation chemistry of the layered chalcogenides,
MQ2, known to date is substantive.11 Usually, intercalation of
cations increases the number of M-centered d electrons and thus
enhances M–M bonding within the MQ2 layers. Examples
include MA0.5NbSe2 (MA = Ti, V, Cr)12 and CuxNbTe2,13 while
Zr1+xTe2 represents a notable exception.14

Intercalation of anions is less favorable due to anion–anion
repulsions. The problem can be avoided by connecting the
anions to the MQ2 layers via covalent bonds. To achieve this,
one must either oxidize the Q22 anions or exchange Q for less
electronegative atoms, such as the heavier pnictogen atoms like
antimony. Since the Sb atoms tend to form Sb–Sb bonds even in
metal-rich antimonides of the valence-electron-poor transition
metals, e.g. in (Hf,Ti)7Sb4,15 (Zr,V)11Sb8,16 (Zr,V)13Sb10

17 and
(Zr,Ti)Sb,18 and the only known molybdenum antimonide,
Mo3Sb7, comprises Sb–Sb bonds as well,19 it seemed most

promising to use the latter method with Sb atoms as replace-
ments for the chalcogen atoms, Q.

Subsequently, reactions aimed at hypothetical
SbxMo(Sb,Se)2 were carried out by heating the elements in the
stoichiometric ratios in sealed silica tubes at 800 °C with
addition of traces of iodine to promote crystal growth. Thereby,
the new antimonide selenide MoSb2Se formed and was
characterized by EDX and crystal structure analysis.20

MoSb2Se crystallizes in its own structure type, which can be
described based on MoSbSe layers being interconnected by
additional Sb atoms (Sb3 and Sb4), as depicted in Fig. 1.

The MoSbSe layers closely resemble the MoTe2 layers of b-
MoTe2, with the Sb atoms capping the longer Mo–Mo distances
> 450 pm and the smaller Se atoms capping the Mo–Mo bonds
of 281 pm (Mo–Mo in b-MoTe2: 289–290 pm). This suggests a
d2 configuration of the Mo atoms, i.e. Mo4+, as in Mo4+(Se22)2.
Correspondingly, the Mo–Se distances are very similar in both
compounds, ranging from 250–252 pm in MoSb2Se, compared
to 253 pm in MoSe2. Also, the Mo–Sb distances in MoSb2Se
(282–284 pm) compare well to the longer one in Mo3Sb7 (285
pm), to which the Sb atoms with Sb–Sb bonding contribute.

Every Sb atom of the MoSbSe layers forms one homonuclear
bond to one interlayer Sb atom, the length of which (285 pm)
suggests a typical single bond, as also found in KSb (283 and
285 pm),21 cyclo-Sb5

52 (between 281–291 pm),22 and Sb11
32

(276–285 pm).23 Furthermore, each of these intralayer Sb atoms
takes part in four longer bonds (325–330 pm, dashed lines in
Figs. 1 and 2). These distances are indicative of weak but clearly
present interactions.24 Ignoring them in a first approximation
and applying the (8 2 N) rule, we assign the oxidation state of
22 to the intralayer Sb atoms, which leads to neutral interlayer
Sb atoms, i.e. Sb0Mo4+Sb22Se22. The latter readily explains the
presence of three Sb–Sb single bonds per interlayer Sb atom

Fig. 1 Projection of the structure of MoSb2Se along [010]. Horizontal, a
axis; Mo (5), Se (2), Sb1, Sb2 (Ù), Sb3, Sb4 (Â); dashed lines, 325 <
dSb–Sb < 330 pm.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005062h Chem. Commun., 2000, 1941–1942 1941



(bond lengths 285–292 pm), which requires doubling of the
monoclinic axis (Fig. 2). The doubling of the b axis led to only
weak superstructure reflections because only the Sb3 and Sb4
atoms were shifted to form alternating short and long distances
of 292 and 357 pm. These shifts are reflected in the differences
in the y parameters of Sb3 and Sb4, while all other atoms are
pairwise related, e.g. Mo1 x, y, z, Mo2 x, y + 1⁄2, z.

The situation is somewhat more complicated as discussed
above, since the Sb–Sb bonds classified as single bonds are up
to 10 pm longer than regular single bonds, and because of the
presence of the four weaker bonds per intralayer Sb atom. These
details suggest the oxidation states of the different Sb atoms
being more similar, leading to a formulation of
Sbx2Mo4+Sb(22x)2Se22 with 0 < x < 1.

Although interlayer atoms are already present in MoSb2Se,
the structure is still susceptible for intercalation of cations. The
distances between the layers increase by going from MoSe2
through MoTe2 to MoSb2Se, i.e. from 366, to 386, to 561 pm,
measured between the Se and Te atoms, respectively. As a
consequence, an octahedral void remains, which is even larger
in MoSb2Se than in MoSe2.

Therefore, we are currently investigating possible inter-
calation reactions for MoSb2Se. Reducing MoSb2Se might lead
to reduced interlayer Sb atoms thus breaking the Sb–Sb bonds
parallel to the b axis, which would eliminate the superstructure.
Also of interest are attempts to place more Sb atoms between the
MoSbSe layers by forming (hypothetical) compounds like
MoSb3Se or MoSb4Se.

Financial support from the Natural Science and Engineering
Research Council of Canada (NSERC) is gratefully acknowl-
edged.
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Alkanethiolate-protected gold nanoclusters are solublized
through place exchange reaction with w-thiocarboxylic
acids.

Thiolate monolayer-protected gold clusters (MPCs) provide
versatile precursors for the fabrication of nanoscale systems.1
These colloidal MPCs can be readily modified through place
exchange reactions,2 providing a direct route to mixed mono-
layer-protected clusters (MMPCs) featuring a broad array of
functionality. This functional diversity, coupled with the
combinatorial nature of the place exchange process, has made
MMPCs central in the creation of numerous nanoparticle-based
materials and devices.

One potentially powerful application of MMPCs is bio-
molecular recognition.3 In recent investigations, we have
demonstrated that the mobility of thiolate ligands on nano-
particles can be exploited to create templated multivalent
receptors.4 The extension of this methodology to the recogni-
tion of protein surfaces5 has been limited by the inaccessibility
of water-soluble amphiphilic MMPCs. Recently, Murray and
co-workers have demonstrated the formation of water-soluble
MPCs and place exchange reactions to produce the correspond-
ing MMPCs.6 In both the colloid formation and place exchange
steps, however, purification of the resulting colloids required
lengthy dialysis to remove unreacted thiols. More significantly,
attempts to exchange hydrophobic groups into water-soluble
MPCs resulted in the formation of insoluble aggregates.6c To
provide an alternative route to the formation of amphiphilic
colloids we have explored the exchange of polar functionality
with gold nanoparticles featuring non-polar monolayer cov-
erage. We report here the direct formation of water-soluble
amphiphilic colloids through place exchange of alkanethiolate
MPCs with an w-thiol carboxylic acid.

To obtain a system that would provide water solubility with
non-polar groups present, we prepared the carboxylic acid-
functionalized colloid AuCOOH through place exchange of 2
nm octanethiol colloids7 with 11-thioundecanoic acid 1
(Scheme 1).8 After washing with dichloromethane, the Au-
COOH nanoparticles were dissolved in D2O/NaOD, and

characterized by NMR. The end-group analysis of the 1H NMR
spectrum of the resulting AuCOO2 colloids indicated that the
ratio of w-thiol carboxylic acid to octanethiol was ca. 1+1.

The functionalized colloids were also characterized by pH
titration. Acid/base titrations of nanoparticles with ionizable
monolayer moieties have been carried out previously.6c,9 Fig.
1A shows the titration of AuCOO2, which exhibited a pKa of
about 4.0. This corresponds closely to previous work done on
carboxylate-terminated MPCs featuring a C12 monolayer,
where a pKa of 4.5 was reported,8 and is considerably lower than
the pKa of 5.56 observed with tipronin (C4)-functionalized
MPCs. This disparity in pH provides further evidence of the
distance dependence of sidechain–sidechain interactions arising
from the radial nature of MPC systems.10

During titrations, aggregation of particles was observed at
pH < 5. This is attributed to interparticle interactions: at low pH
the carboxylic acid groups facilitate interparticle interactions
through both hydrogen bonding and an increase in hydro-
phobicity, resulting in the formation of particle aggregates. At
high pH, however, particle aggregation is disfavored due to
repulsive interactions between negatively charged carboxylate
particles.11 Transmission electron microscopy (TEM) was used
to better understand the aggregation process.8,9 Samples were
prepared by initially dissolving AuCOOH nanoparticles in pH
10 buffer. A portion of this solution was neutralized to pH ~ 7
with 0.1 M HCl which was then diluted with pH 7 or pH 4
buffer, producing three solutions with pH 10, 7, and 4. All the
solutions were diluted with sufficient buffer to yield a final
colloid concentration of 1 mg mL21. A single drop of the
desired solution was deposited on a TEM grid.12 At pH 10, there
was very little aggregation, as would be expected for a highly
charged colloid (Fig. 2a). When this system was deposited from
a neutral pH 7 solution (Fig. 2b) both small loosely packed
aggregates and individual particles were observed. At pH 4,
(Fig. 2c), aggregation was increased, with very few free
particles observed. Additionally, these aggregates are much
larger and denser than those observed at pH 7.

Scheme 1

Fig. 1 Titration curves of AuCOOH. The colloid was first dissolved in a
small amount of 0.1 M NaOH and brought up to a volume of 3.3 ml with
distilled water. (A) Original solution titrated with aliquots of 10–50 mL 0.01
M HCl. (B) Back titration of solution. Titrated with aliquots of 10 mL 0.1 M
NaOH. The pH was recorded initially and after each addition of either the
acid or base.
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In summary, we have demonstrated the effective fabrication
of a water-soluble amphiphilic MMPC through place-exchange
processes. We have also shown that aggregation of these
particles can be directly controlled through modulation of pH.
The application of these water-soluble MMPCs to molecular
and biomolecular recognition is currently underway, and will be
reported in due course.
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The reaction of AuCl(THT) (1) with long chain primary
amines (CnH2n+1NH2; n = 8, 12, 16) leads to the formation
of the complexes AuCl(NH2R) (R = C8H17, 2; C12H25, 3;
C16H33, 4) which are characterized by classical methods and
shown to self-organize in the solid state into a fibrous
material; decomposition of the complexes inside the supra-
molecular framework yields a monolayer of ordered gold
nanoparticles.

There is presently a considerable interest for the physical
properties of nanomaterials (electronics, magnetism, catalysis,
mechanical properties, . . .). If one excepts near field experi-
ments, the study of these properties implies an ordering of the
materials in 1, 2 or 3 dimensions.1–4 It has been proposed
recently that the formation of self-assembled gold nanowires
could be an alternative to photolithography.4 In many cases,
gold appears as a metal of choice for applications regarding, e.g.
microelectronics but, while the synthesis of gold nanoparticles
has been known for 150 years,5 a study of the recent literature
reveals the need for new preparative methods leading to
monodisperse particles of adjustable size and shape.6–12

Gold particles are commonly prepared by chemical reduction
of a chloride precursor. For example, the well-known Turkevich
method involves reduction of HAuCl4 by sodium citrate in
water13 while Schmid has demonstrated that the reduction of
AuCl(PR3) by B2H6 leads to Au55 nanoclusters.14 Several new
methods have been developed in the last few years which
involve the reduction of gold chlorides by sodium borohydride
or super-hydride.11,12 The stabilization of the particles is
generally performed by thiolate ligands or by a polymer (PVA,
PVP) but, recently, amines have also been used as stabilizers.15

It has for example been possible, using a two phase method in
the presence of a long chain quaternary ammonium salt as phase
transfer agent, to produce particles of regular size which could
be assembled into a mono- or a bi-layer.16–20 Alternative
syntheses involve vacuum deposition onto graphite6 or silica7 or
UV irradiation of aqueous HAuCl4 solution in the presence of a
polymer.8

In our group, we have been interested for some time in the
synthesis of metal nanoparticles from organometallic pre-
cursors.21–23 The reasons for this interest were (i) the possibility
to control the kinetic of the decomposition of the precursor and
therefore the size of the particles, (ii) the possibility to prepare
novel structures because of the mild conditions involved and
(iii) the control of the surface contamination.22,23 Concerning
gold, no readily available and purely organometallic precursor
was known but some gold(I) complexes have been reported to
be unstable.24,25 We have previously shown that the chloride
gold(I) complex AuCl(THT)26 (1; THT = tetrahydrothiophene)
could be decomposed by CO or H2 in the presence of a polymer
(PVP or nitrocellulose).24 This prompted us to investigate the
decomposition of AuCl(THT) in the presence of amine which

could act as HCl acceptor. We use in this study primary amines
containing long alkyl chains since these compounds are known
to self-assemble and have been used as templating agents for the
synthesis of mesoporous materials.27

We describe here the synthesis of three new gold(I) amine
complexes, their supramolecular arrangement and their decom-
position into gold nanoparticles.

The reaction of AuCl(THT) (1) in toluene at room tem-
perature leads within a few minutes to the precipitation of gold
as a polycrystalline powder. GLC-MS analysis of the solution
demonstrates the formation of chlorotoluene as a mixture of its
three isomers and the decoordination of THT. This indicates
that, unexpectedly and probably through a mechanism analo-
gous to that of the Friedel–Crafts reaction, toluene is a good
reductant of Au(I). However, the same reaction, when carried
out in the presence of one equivalent of a primary long chain
amine (CnH2n+1NH2; n = 8, 12, 16), leads to the formation of
a white powder, insoluble in toluene, soluble in THF and
acetone for n = 8, and only slightly soluble in THF and DMSO
for n = 12 and 16. The solutions are however not very stable
and change colour to purple after a few minutes in DMSO and
a few hours in THF and acetone. These powders correspond to
the complexes AuCl(NH2R) (R = C8H17, 2; C12H25, 3; C16H33,
4); they were characterized by microanalysis, infrared and 1H
and 13C NMR spectroscopy, and TGA.† Mass spectra obtained
using the DCI or the FAB techniques only evidenced the
presence of the free amine ligand because of the decomposition
of the compounds. It was however possible to follow the
decomposition of 2–4 in the solid state by TGA experiments
which demonstrate the successive elimination of the chloride
and amine ligands. GLC-MS analysis of the solution shows the
presence of free THT but chlorotoluene is not detected. All
these data are in agreement with a simple substitution of THT by
amine.

A powder of complex 2 was investigated by TEM (Transmis-
sion Electron Microscopy; see Fig. S1, ESI†). At the micro-
scopic level, the powder is formed from nanocrystals the size of
which is found near 2 nm see Fig. S1(b), ESI.† It is possible to
determine by WAXS analysis (WAXS: Wide Angle X-ray
Scattering) that these nanocrystals are ordered and that the first
Au–Au distance is ca. 3.25 Å. This result rules out the presence
of metal–metal bonds (Au–Au distance in bulk gold: 2.88427
Å) but is in agreement with the presence of aurophilic contacts
such as the ones recently found in the crystal structure of
AuCl(piperidine) (Au…Au: 3.301(5) Å).25

In the solid state, complexes 2–4 are stable under argon but,
when slightly heated or left in air, their decomposition into
metallic gold is visible through the colour change of the
materials from white to purple and eventually to gold. The
reaction can be monitored by infrared spectroscopy. For
example, in the case of 2, a change in the N–H stretching bands,
from sharp peaks at 3251 and 3211 cm21 to a broad signal in the
same region, indicates the decoordination of the amine ligand.
The powder XRD spectra (XRD: X-ray Diffraction) of complex
2 illustrates this transformation: at room temperature several
features are visible which were not attributed but, when heated
at 70 °C, new peaks are visible which correspond to metallic

† Electronic supplementary information (ESI) available: experimental
details and full characterization of complexes 2–4, powder XRD spectra of
2 and TEM micrographs of 2 and gold nanoparticles. See http://
www.rsc.org/suppdata/cc/b0/b005327i/
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gold. At 80 °C, the transformation is complete and sharp peaks
corresponding to well-crystallised fcc gold are observed (see
Fig. S2, ESI).†

At the mesoscopic level, the nanoparticles of these com-
plexes display a supramolecular organization into a fibrous
material as shown in Figs. S1(a), 1(a) and 1(b).† These fibers
are composed of interconnected self-assembled cylinders which
organize spontaneously at the surface of the microscopy grid
and are presumably present in solution. This probably accounts
for the unexpected low solubility of these materials. Attempts at
orienting the fibers were made by depositing a drop of a solution
of 2 onto a microscopy grid using a microinjector; it is visible on
Figs. 1(a), 1(b) that fibers can adopt privileged directions but
further developments are necessary in order to achieve regular
arrays.† In agreement with the XRD experiments, the trans-
formation of the gold(I) complexes into gold nanoparticles can
also be observed on a microscopy grid prepared by deposition
and evaporation of a droplet of a solution (suspension) of 2–4 in
THF. When a grid supporting complex 2 is left in air for a few
days, the initial complex nanocrystals transform into regular
gold nanocrystals within the frame of the supramolecular
arrangements described here-above (see Figs. 1(c), 1(d)). The
size distribution of the nanoparticles is at the end of the growth
process relatively broad and centred at 23 nm [±6 nm; Fig. 1(d)].
This order of magnitude of size is frequently obtained for gold
nanoparticles and suggests a poor, if any, control of the particle
growth by the amine ligands. This is not unexpected since the
poor stabilization of the soft gold centres by the hard amine
ligands has already been discussed in the literature.

The decomposition of 2 can also be carried out in a THF
solution under 3 bars H2 at room temperature, in the presence or
not of an excess of amine. After 15 hours, the resulting purple
solution does not contain any precursor any more but well-
crystallised gold nanoparticles of ca. 10 nm (±3 nm) which self-
assemble on the microscopy grid used for TEM character-
izations as shown in Fig. S3.† After several days, no gold is
present in solution any more and a gold mirror is observed on
the walls of the Fisher-Porter bottle.

In conclusion, we have described a new method for the
preparation of gold nanoparticles using a gold(I) amine
precursor. If this method does not appear to allow a good control
of the particles size, it leads surprisingly to a good control of the
size dispersity and, which is unexpected and more important, it
allows a self-organization of the particles. There is presently a
growing need for the controlled deposition of nanoparticles on
physical or microelectronic devices. Several routes are possible
and employed: sputtering, OMCVD, sol–gel, deposition of
organized solutions of nanoparticles, . . . The growth of
nanoparticles, in the solid state, as monolayers within the frame
of a supramolecular arrangement is an alternative process of
interest, for example for gold deposition onto microstructures.
These studies are presently in progress.

We thank the CNRS, EC through the TMR network
‘CLUPOS’ for support of this research and TEMSCAN service
of the ‘Université Paul Sabatier’ for electron microscopy
facilities.
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Fig. 1 TEM micrographs of AuCl(NH2C8H17) (2) after deposition using a
microinjector for ordering (a, b) and decomposition in the solid state into
gold nanoparticles (c, d).
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The lifetimes of electrochemically generated
[Cu(L1.+)(TpPh)]2+ and [Cu(L1.+)(TpCy)]2+ are identical to
within experimental error. 

We have recently reported that the complexes
[Cu(L1)(TpR)]BF4 (L1 = 1-{pyrid-2-yl}-3-{2A,5A-dimethoxy-
phenyl}pyrazole; [TpR]– = tris-[3-arylpyrazolyl]borate:
1·BF4–3·BF4, Scheme 1) exhibit an unusual, fully reversible L1-
based 1-electron oxidation by cyclic voltammetry in CH2Cl2/
0.5 M NBun

4PF6 at 298 K.1 This led us to suggest that an
intramolecular p–p stacking interaction observed in 1·BF4–
3·BF4 might be kinetically stabilising the [L1.]+-containing
oxidation products. This would not be without precedent, in that
others have detected unusual reversible voltammetric oxida-
tions of intramolecularly p–p-stacked monocyclic aryl moieties
in sesterbenzobicyclo[2.2.2]octane2 and ortho-cyclophane3 de-
rivatives. In addition, a related n ? p* charge-transfer
interaction leads to a 1000-fold increase in the lifetime of
sulfanyl radical cations in aromatic, compound to chlorinated,
solvents.4 If true, such a result would be of relevance to the
properties of proteins such as galactose oxidase (GOase), which
contains a tyrosyl radical that is involved in a p–p interaction
with a tryptophan indole ring.5 This p–p interaction is vital to
the function of the enzyme,6 although its detailed role in
catalysis is unknown. We now report the synthesis of a complex
closely related to 1·BF4–3·BF4 but lacking the p–p interaction,
which has allowed us to quantify the effects of p–p stacking on
the properties of [L1.]+. We also describe the spectroelec-
trochemical characterisation of the aryl radical complex
products 12+ and 22+.

Treatment of hydrated Cu(BF4)2 with one molar equivalent
of L1 and K[TpCy]7 in CH2Cl2 affords, following concentration
and layering with hexanes, a dark green compound analysing as
[Cu(L1)(TpCy)]BF4 (4·BF4) in 55% yield.† This complex
exhibits a d–d absorption in CH2Cl2 at nmax = 15.6 3 103 cm21

(emax = 104 M21 cm21), which bears a low-energy shoulder.
X-band EPR spectroscopy of 4·BF4 in 10+1 CH2Cl2+toluene
shows < g > = 2.13, < A{63,65Cu} > = 65 G, < A{14N} > = 14

G at 298 K and g∑ = 2.25, g4 = 2.04, A∑{63,65Cu} = 167 G at
77 K. The close correspondence of these parameters to those
shown by 1·BF4–3·BF4, which exhibit square pyramidal
geometries in the solid state and in solution,1 strongly suggests
that the molecular structure of 4·BF4 is essentially identical to
those of our earlier compounds. A single crystal X-ray analysis‡
confirmed the proposed molecular connectivity (Fig. 1). Apart
from the short apical distance Cu(1)–N(2) (Fig. 1), which we
have found to be a very plastic parameter in square-pyramidal
Cu(II)/trispyrazolylborate complexes,8 the co-ordination geom-
etry at Cu differs insignificantly from that of 1·BF4.1

The cyclic voltammogram of 4·BF4 in CH2Cl2/0.5 M
NBun

4BF4 at 298 K exhibits all the processes shown by 1·BF4–
3·BF4 in this solvent.1 Hence, a chemically reversible L1-based
1-electron oxidation is obseved at E1

2
= +1.06 V vs. ferrocene/

ferrocenium (DEp = 96 mV),§ which is 60–90 mV more
positive than the values we have recorded for 1·BF4–3·BF4. In
order to quantify any kinetic stabilisation of 12+–32+ afforded by
intramolecular p–p stacking, we have measured the half-lives
of 12+, 22+ and 42+ at 298 K in the electrochemical cell using
convolution methods.9 The values obtained are almost identical
within experimental error: 12+, t1

2
= 1.7(2) s; 22+, t1

2
= 1.39(17)

s; and 42+, t1
2

= 0.98(11) s. Although it is unclear whether the
assumption of first-order decomposition kinetics employed by
the convolution procedure is valid in our system, it is clear that

Scheme 1

Fig. 1 View of the complex cation in the crystal of 4·BF4·2CHCl3 with 35%
probability ellipsoids, showing the atom numbering scheme employed. For
clarity, all H atoms have been omitted. Selected distances (Å) and angles
(°): Cu(1)–N(2) 2.153(2), Cu(1)–N(13) 2.024(2), Cu(1)–N(24) 1.984(2),
Cu(1)–N(36) 2.029(2), Cu(1)–N(42) 2.0596(19), N(2)–Cu(1)–N(13)
92.41(8), N(2)–Cu(1)–N(24) 93.80(8), N(2)–Cu(1)–N(36) 98.86(8), N(2)–
Cu(1)–N(42) 102.66(8), N(13)–Cu(1)–N(24) 85.70(8), N(13)–Cu(1)–
N(36) 94.34(8), N(13)–Cu(1)–N(42) 164.25(8), N(24)–Cu(1)–N(36)
167.32(8), N(24)–Cu(1)–N(42) 97.69(8), N(36)–Cu(1)–N(42) 78.99(8).
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the kinetic stabilities of 12+, 22+ and 42+ are essentially
identical.

Attempts to electrogenerate bulk samples of 12+ and 22+ for
EPR measurements were unsuccessful, resulting in appreciable
decomposition of the sample over the timescale of the
experiment. In situ spectroelectrochemical characterisation of
the oxidised species 12+ and 22+ was therefore undertaken.
Electrooxidation of 1·BF4 in CH2Cl2/0.5 M NBun

4BF4 at 243 K
at a potential corresponding to the 1+/12+ couple using an
optically transparent electrode proceeds isosbestically and
results in substantial changes in the UV, vis and NIR regions of
the spectrum (Fig. 2). The oxidised solution for 12+ shows nmax
= 12.4 (emax = 1000), 19 (sh), 22.2 (3 400), 26 (sh) and 32.5
3 103 cm21 (15500 M21 cm21) at 243 K (Fig. 2). The
absorption spectrum of 22+ generated under identical conditions
is barely distinguishable from those of 12+. Re-reduction of both
samples at 0 V also proceeds isosbestically and quantitatively
regenerates 1+ or 2+, demonstrating the chemical reversibility of
this process under these conditions.

The [C6H4(OMe)2-1,4.]+ radical cation exhibits nmax = 21.7
(emax = 9 540 M21 cm21), 23.3 (9 040) and 33.3 3 103 cm21

(13000) in aqueous solution,10 but is optically transparent in the
range 11–21 3 103 cm21.11 The 22.2, 26 and 32.5 3 103 cm21

bands from 12+ and 22+ quite closely match those shown by
[C6H4(OMe)2-1,4.]+; we therefore assign these bands to local
excitation transitions within the [L1.]+ moiety. The 12.4 3 103

cm21 absorption can be attributed to a [TpPh]?[L1.]+ LLCT
transition. By comparison, the [(C6H6)(C10H8)].+ complex
exhibits a gas-phase intra-dimer CT band at 10.9 3 103 cm21,12

while [(C6H6)(C7H8)].+ exhibits three such bands, at 8.5, 10.8
and 14.9 3 103 cm21.13 The observation of such a transition for
12+ and 22+ is clear evidence that the intramolecular p–p-
stacking interaction in these complexes is retained following
oxidation. The assignment of the shoulder near 19 3 103 cm21

is uncertain; we tentatively suggest that this may correspond to
a second LLCT transition, or to a Cu?[L1.]+ MLCT band.

To conclude, we have demonstrated that the intramolecular
p–p interaction exhibited by 1+ and 2+ is retained following
their 1-electron oxidation, but that this interaction has no
measurable effect on the kinetic stability of the resultant aryl
radical. The unusual longevity of the dimethoxyphenyl radical
cation species 1+ and 2+, and those formed from sesterbenzobi-
cyclo[2.2.2]octane2 and ortho-cyclophane3 derivatives, pre-
sumably originates rather in steric protection of the radical

center afforded by the overlying aryl ring. These results
demonstrate that the tyrosyl/tryptophan p–p interaction in
GOase probably has little or no effect on the chemical reactivity
of the tyrosyl radical in this enzyme, except to shield it from
external solvent. We are continuing to investigate the effects of
p–p stacking on the spectroscopic and luminescent properties
of aryl radicals and their complexes, and will report these results
in due course.
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Dihydroimidazole N-oxides 1 undergo 1,3-dipolar cycload-
dition with alkyne dipolarophiles and the cycloadducts
suffer isoxazoline N–O bond cleavage to afford ene-1,1-di-
amines, with subsequent cyclisation to pyrrolo[1,2-a]imida-
zole-5,6-diones if possible.

We have recently described the synthesis of 4,5-dihydroimida-
zolium 3-oxide 1, and its diastereoselective 1,3-dipolar cycload-
dition reactions with alkenes to produce the rarely reported
imidazo[1,2-b]isoxazoles (Scheme 1).1 These latter, on N–O
reduction and recyclisation, are potential sources for chiral
pyrroloimidazoles and thence for pyrrolidines. Whilst exploring
the reactions of this dipole with alkynes we isolated unexpected
ene-1,1-diamine products which correspond to a C–C bond
formation at C-2 of the dihydroimidazole ring with transfer of
the nitrone oxygen atom to the new side-chain. Where possible,
a second cyclisation to give pyrroloimidazole-5,6-diones is
observed. We report these results herein and account for them in
terms of the predicted 1,3-dipolar cycloadditions followed by
isoxazoline ring opening. Ene-1,1-diamines are useful reagents
in heterocyclic synthesis and in some cases possess biological
activities.2 Our results represent a new approach to such
systems, that is very different from ‘traditional’ enediamine
synthesis, e.g. from diamines with ketene acetals, or cyclic
ureas with active methylene compounds,2 or from acylation of
2-methyl cyclic amidines.3 Biological activity has also been
recorded for some pyrrolo[1,2-a]imidazoles.4

The nitrone 1 as its hydrochloride salt was prepared in situ
from the aminohydroxylamine 2 dihydrochloride as previously
described,1 by treatment with triethyl orthoformate (toluene, 60
°C), and used directly. Reaction of the nitrone hydrochloride
solution with methyl propynoate (1.25 eq., Et3N, 2.1 eq., 60 °C,
18 h) led to isolation of the formyl alkoxycarbonyl enediamine
3a (Scheme 2, Table 1). Similar reactions were observed with
ethyl, 2-propyl and tert-butyl propynoates to afford further
enediamines 3b–d (Scheme 2, Table 1). With other 2-alky-
noates (namely ethyl  but-2-ynoate, methyl oct-2-ynoate,
methyl and ethyl non-2-ynoate, and ethyl 3-phenylpropynoate)
as reaction partner for the nitrone 1, the corresponding alkanoyl
alkoxycarbonyl enediamines 3e–i were observed as the prod-
ucts.5,6

The products 3 are represented as the enaminoketone
tautomer A (Fig. 1), although they may in principle also exist as
the imino–enol tautomer B. Solution spectroscopy suggests the
enaminoketone representation. All of 3a–i display a peak in the

13C NMR spectrum for a conjugated aldehyde (d 186–187 for
3a–d) or ketone (d 193–197 for 3e–i), respectively. The
resonances for the enamine double bond are observed in the
ranges d 85–90 (NCNCCO) and d 165–170 (NCNCCO). In the
1H NMR spectra of 3a–d, the signal observed at d 9.7–9.75 (1H,
s) is consistent with the aldehydic proton, whilst a broad singlet,
d 9.5–10.4 represents the NH. The geometry of the enediamine
is shown with the formyl/alkanoyl substituent syn (and
potentially hydrogen-bonding) to the NH of the heterocyclic
ring (N-3), as supported by the 13C NMR chemical shifts of the
CNO carbons, see above, and our experience with related
structures.7

We have further probed the questions of tautomerism and
geometry in the solid state by X-ray crystal structure analysis of
enediamines 3f and 3g. We have previously shown that related
enediamine 4 exists in the solid state as the syn-enaminoketone
form.7 In the current work, it was found that compound 3f
displays an NH proton and a dihedral angle N-1/C-2/C(a)/

Scheme 1

Scheme 2 Reagents: i, (EtO)3CH, toluene, 60 °C; R1C·CCO2R2, Et3N,
60 °C.

Table 1 1,1-Enendiamines 3 from reaction of imidazoline 1-oxide 1 and
2-alkynoates (Scheme 2)

R1 R2
1,1-Enendiamines 3
(yield %)

H Me 3a (37)
H Et 3b (18)
H CHMe2 3c (55)
H CMe3 3d (45)
Me Et 3e (58)
(CH2)4Me Me 3f (80)
(CH2)5Me Me 3g (56)
(CH2)5Me Et 3h (48)
Ph Et 3i (51)

Fig. 1 Tautomerism of enediamines 3.
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CO2Me of 21° (Fig. 2).† This near-planarity suggests that
hydrogen bonding is operating from N-3(H) to the keto-
carbonyl group, consistent with the enaminoketone tautomer in
the solid state. On the other hand, compound 3g reveals two
independent molecules in the unit cell, dihedral angles N-1/C-
2/C(a)/CO2Me of 100° (Fig. 3) and 113°, with some alkyl chain
conformational differences.† These large deviations from
planarity, precluding a C-2,C(a) double bond, and the location
of a proton on oxygen rather than N-3 (Fig. 3), imply that the
hydrogen bonding is absent and that the imino–enol tautomer B
is present in this instance.

The formation of the enediamine 3 can be best rationalised
through N–O cleavage of the expected imidazoisoxazole
products 5 of an initial 1,3-dipolar cycloaddition of nitrone 1
(Scheme 3). Two possibilities can then be envisaged, pathways
A and B of Scheme 3. Pathway A postulates a sigmatropic 1,5-H
shift of the bridgehead hydrogen atom and bond reorganisation
that would not be possible for the cycloadducts of alkene
dipolarophiles (Scheme 1). Alternatively, pathway B suggests
loss of the bridgehead proton and N–O bond cleavage, followed
by reprotonation.5 This elimination has a triply stabilised
enolate as a leaving group, which would not be the case in the
cycloadducts formed from alkenes.

A further unexpected reaction was observed when alkyne-
1,2-dicarboxylates were reacted with nitrone 1. Using dimethyl

or diethyl butyn-1,4-dioates, the 2,3,5,6-tetrahydro-1H-pyr-
rolo[1,2-a]imidazole-5,6-diones 6a and 6b, respectively, were
isolated (58 and 20%), Scheme 4. Again, formation of these
bicyclic products can be rationalised by initial dipolar cycload-
dition to afford imidazoisoxazoles 7. N–O cleavage via either of
the pathways proposed in Scheme 3 would lead to an
enediamine intermediate that now carries an electrophilic ester
group suitably disposed to permit the secondary recyclisa-
tion.8

We have thus shown that dihydroimidazolium nitrones 1
undergo 1,3-dipolar cycloaddition with alkyne dipolarophiles,
and that the cycloadducts suffer N–O bond cleavage to afford
enediamines, and subsequent cyclisation where possible.

We thank EPSRC & SB Pharmaceuticals for a CASE
studentship and the Open University for financial support
(J. N. M.), Dr J. N. Iley for useful discussion, the EPSRC for its
support of the National X-Ray Crystallography Service Centre,
and the EPSRC National Mass Spectrometry Service Centre
(Swansea) for some MS data.

Notes and references
† Crystal data for 3f: C25H30N2O3, M = 406.51, monoclinic, a =
26.9087(10), b = 6.8778(4), c = 24.9780(10) Å, a = 90, b = 106.211(3),
g = 90°, U = 4438.9(4) Å3, T = 150(2) K, space group C2/c,
monochromated Mo-Ka radiation, l = 0.71073 Å, Z = 8, Dc = 1.217 Mg
m23, F(000) = 1744, colourless needles, dimensions 0.12 3 0.02 3 0.02
mm, m(Mo-Ka) = 0.080 mm21, 3.06 < 2q < 24.00°, 8729 reflections
measured, 3468 unique reflections. The structure was solved by direct
methods and refined by full-matrix least-squares on F2. The final cycle (for
301 parameters) converged with wR2 = 0.1059 (for all data) and R1 =
0.0662 [I > 2s(I)].

Crystal data for 3g: C26H32N2O3, M = 420.54, triclinic, a = 9.4057(2),
b = 11.341(2), c = 33.051(7) Å, a = 92.243(4), b = 99.513(4), g =
103.536(4)°, U = 2360.5(3) Å3, T = 150(2) K, space group P1̄,
monochromated Mo-Ka radiation, l = 0.71073 Å, Z = 4, Dc = 1.181 Mg
m23, F(000) = 900, colourless plates, dimensions 0.10 3 0.10 3 0.05 mm,
m(Mo-Ka) = 0.077 mm21, 3.02 < 2q < 21.97°, 12951 reflections
measured, 5590 unique reflections. The structure was solved by direct
methods and refined by full-matrix least-squares on F2. The final cycle (for
564 parameters) converged with wR2 = 0.1129 (for all data) and R1 =
0.0621 [I > 2s(I)]. CCDC 182/1759. See http://www.rsc.org/suppdata/cc/
b0/b005530l/ for crystallographic files in .cif format.

1 R. C. F. Jones, J. N. Martin and P. Smith, Synlett, 2000, 967.
2 Z.-T. Huang and M.-X. Wang, in The Chemistry of Enamines, ed. Z.

Rappoport, Wiley, New York, 1994, p. 1303.
3 See, for example: M. W. Anderson, M. J. Begley, R. C. F. Jones and J.

Saunders, J. Chem. Soc., Perkin Trans. 1, 1984, 2599.
4 See, for example: T. F. Gallagher and J. L. Adams, Tetrahedron Lett.,

1989, 30, 6599.
5 Cf. S. Takahashi and H. Kano, Tetrahedron Lett., 1963, 1687; S.

Takahashi and H. Kano, Chem. Pharm. Bull. Jpn., 1964, 1290.
6 S. Takahashi and H. Kano, J. Org. Chem., 1965, 30, 1118.
7 R. C. F. Jones and P. Dimopoulos, Tetrahedron, 2000, 56, 2061.
8 See: H. Seidl, R. Huisgen and R. Knorr, Chem. Ber., 1969, 102, 904, for

a related observation with 3,4-dihydroisoquinoline N-oxide.

Fig. 2 X-Ray crystal structure of enediamine 3f.

Fig. 3 X-Ray crystal structure of enediamine 3g; two independent molecules
per unit cell.

Scheme 3

Scheme 4
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The new phase, LiSb3O8, synthesised by solid state reaction
at 900 °C, has an ordered rutile structure with 1+3
cation order and monoclinic symmetry: a = 10.2578(9),
b = 4.7063(3), c = 5.6017(5) Å, b = 96.467(7)°, space group
P21/a.

The rutile structure is found in a variety of oxides (e.g. TiO2,
SnO2) and halides (e.g. MgF2). More complex, ordered rutile
structures with 1+1 cation order occur in dirutiles (e.g.
CoReO4), although with different cation arrangements, and
with 1+2 order in trirutiles (e.g. ZnSb2O6).1 We present here, the
first example of 1+3 cation order in the new phase LiSb3O8, the
structure of which can therefore be described as a tetrarutile.

LiSb3O8 is a thermodynamically stable phase, synthesised by
solid state reaction of Li2CO3 and Sb2O3 powder mixtures in Pt
foil boats in air, initially at 700 °C for 2 h to expel CO2 and
finally at 900 °C for 2–3 days, with intermittent regrinding. The
powder X-ray diffraction (XRD) pattern (Stoe Stadi dif-
fractometer, Cu-Ka1 radiation) was indexed by trial-and-error,
using the TREOR program in the Stoe software package, on a
monoclinic unit cell, a = 10.2578(9), b = 4.7063(3), c =
5.6017(5) Å, b = 96.467(7)°. The first 20 indexed lines are
given in Table 1. A search through both the International Centre
for Diffraction Data file and the Inorganic Crystal Structure
Database did not reveal any similar powder pattern or unit cell
and therefore, LiSb3O8 probably had a previously unreported
structure type.

The structure was determined ab initio using the EXPO
software package. First, the Sb positions were located by direct
methods. Refinement of the partial structure (Sb only) was then
carried out using the program GSAS followed by difference
Fourier analysis to locate the oxygen atoms. At this stage, a
drawing of the crystal structure was made which showed the
existence of octahedral sites for Sb within an oxygen array that
approximated to hexagonal close packed. Additional octahed-
rally coordinated sites, which corresponded to positions with
some residual electron density in a difference map, were located
and assigned to Li. The structure converged fully upon Rietveld
refinement of the XRD data with the final coordinates given in
Table 2. The refinement was entirely satisfactory apart from the
Uiso value for Li, which refined to a slightly negative value and
was therefore fixed at 0.025 in the final stages of refinement.
This could indicate difficulties in the refinement of the light
atom Li in the presence of Sb or a small amount of cross-
substitution (@ 1%) between Li and Sb sites so as to increase the
effective electron concentration on the Li sites. Neutron
diffraction studies are planned to resolve this question.

Bond lengths and a selection of bond angles are given in
Table 3 (ESI†); projections of the structure are given in Fig. 1
and a profile fit is shown in Fig. 2 (ESI†). The structure has a
rutile-like subcell, with a supercell caused by 1+3 ordering of
Li+Sb on octahedral sites in the columns of edge-sharing
octahedra parallel to c in the rutile subcell; Vsupercell = 4Vsubcell;
Z = 2; asupercell//[102]subcell; csupercell//[101̄]subcell. ac Projec-
tions of the subcell and supercell are shown in Fig. 1(a) as dotted
and continuous lines, respectively. The columns of edge-
sharing octahedra run vertically in the plane in Fig. 1(a) and
therefore, run obliquely through the supercell. These columns
are seen edge-on in Fig. 1(b), as a [101̄] projection of the

† Electronic supplementary information (ESI) available: Fig. 2: experi-
mental, calculated and difference XRD profiles. Table 3: bond lengths and
selected bond angles for LiSb3O8. Table 4: oxygen–oxygen distances in
LiSb3O8. See http://www.rsc.org/suppdata/cc/b0/b005915n/

Table 1 Indexed X-ray powder diffraction data for LiSb3O8

2qobs/Å h k l 2qcalc/Å D(2q) dobs/Å dcalc/Å Iobs Icalc

15.892 0 0 1 15.910 20.018 5.5722 5.5660 13 12
17.370 2 0 0 17.387 20.017 5.1012 5.0963 15 14
20.759 1 1 0 20.772 20.013 4.2754 4.2728 18 18
22.256 22 0 1 22.267 20.011 3.9911 3.9892 13 11
24.743 0 1 1 24.754 20.011 3.5954 3.5938 4 1
24.941 2 0 1 24.963 20.022 3.5672 3.5641 8 7
25.644 21 1 1 25.657 20.012 3.4710 3.4693 12 11
26.867 1 1 1 26.877 20.010 3.3157 3.3145 100 100
29.320 22 1 1 29.326 20.006 3.0436 3.0431 2 < 1
31.454 2 1 1 31.461 20.007 2.8419 2.8413 2 < 1
32.133 0 0 2 32.137 20.004 2.7833 2.7830 4 3
32.473 3 1 0 32.476 20.004 2.7550 2.7547 7 7
34.956 22 0 2 34.922 0.034 2.5647 2.5672 50 17

23 1 1 34.971 20.015 2.5637 35
35.186 4 0 0 35.192 20.006 2.5485 2.5481 20 17
37.091 24 0 1 37.082 0.009 2.4219 2.4225 2 1
37.698 21 1 2 37.702 20.004 2.3843 2.3840 9 6

3 1 1 37.705 20.007 2.3839 3
38.213 0 2 0 38.216 20.003 2.3533 2.3531 9 9
38.521 2 0 2 38.534 20.013 2.3352 2.3344 9 9
39.289 1 2 0 39.262 0.027 2.2913 2.2928 2 < 1
39.422 1 1 2 39.434 20.013 2.2839 2.2832 2 1

This journal is © The Royal Society of Chemistry 2000
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supercell. As with rutile, edge-sharing of octahedra leads to
structural distortion associated with cation repulsion effects and
this reduces the O–Sb–O and O–Li–O angles facing the shared
edges to ca. 80° (Table 3). Li–O and Sb–O distances are in the
ranges 1.99–2.11 and 1.95–2.10 Å, respectively, giving very
similar sized LiO6 and SbO6 octahedra.

The structure may be described in two rather different ways:
either as filling of half the octahedral sites in a distorted
hexagonal close packed (hcp) oxide array; or, as filling of all the
(undistorted) octahedral sites in a tetragonal packed (tp)
array.2,3 The latter viewpoint is a more accurate description;
although the structure does not possess fourfold symmetry
(unlike the parent rutile structure), the corrugated tp layers are
seen running horizontally and vertically in Fig. 1(b), together
with the diamond-shaped (in projection) columns of edge-
sharing octahedra and the square-shaped columns containing
empty distorted tetrahedral and distorted octahedral interstitial
sites. The tp nature of the oxide ion array is further
demonstrated by consideration of the oxygen–oxygen closest
distances. In hcp, 12 equidistant oxygens are expected; in tp,
ideally there are 11 equidistant oxygens, plus 2 somewhat

further away. The distribution of distances in LiSb3O8 clearly
falls into the second category (Table 4, ESI†): for the four
crystallographically distinct oxygens, there are 11 O–O dis-
tances in the range 2.60–3.13 Å and 2 O–O distances at
3.34–3.49 Å; the next shortest O–O distances are at 3.92 Å.

Antimonates are often isostructural with compositionally
similar niobates and tantalates. The rutile-related structure of
LiSb3O8 is, however, distinct from that of both LiNb3O8 and
LiTa3O8. LiNb3O8 has a cation-ordered a-PbO2 structure in
which cations occupy half the octahedral sites in an hcp oxide
array.4,5 The distribution of occupied octahedral sites gives rise
to zigzag chains of edge-sharing octahedra, rather than the
linear chains in LiSb3O8 and other rutile derivatives; also the
oxide array is hcp instead of tp. LiTa3O8 exists in three
polymorphic forms. The L polymorph is isostructural with
LiNb3O8.5 The M polymorph also has an a-PbO2 superstructure
but with a different cation arrangement to that of the L
polymorph6,7 and is isostructural with the mineral wodginite.
The structure of the H polymorph is quite different and
contains a mixture of TaO7 pentagonal bipyramids and TaO6
octahedra.8–12

LiSb3O8 is the first rutile derivative structure with 1:3 cation
order and may therefore be described as a tetrarutile. It is
possible that other M(I)M(V)3O8 phases may have the same
structure (although not with LiNb3O8 and LiTa3O8, apparently).
It is also possible that other tetrarutile structures may form with
different cation arrangements, in the same way that different
dirutile cation arrangements exist.1

Notes and references
1 W. H. Baur, Z. Kristallogr, 1994, 209, 143.
2 W. H. Baur, Mater. Res. Bull., 1981, 16, 339.
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Table 2 Atomic positions and isotropic thermal parameters for LiSb3O8

Atom Site x y z
Site
occupancy Uiso

Sb(1) 4e 0.25108(7) 20.47980(2) 0.2375(1) 1 1.33(2)
Sb(2) 2b 0.5 0 0.5 1 1.34(3)
O(1) 4e 0.3266(7) 20.774(2) 0.477(2) 1 1.6(2)
O(2) 4e 0.4210(7) 20.291(2) 0.276(2) 1 0.8(2)
O(3) 4e 0.8264(7) 0.192(2) 20.013(2) 1 1.0(2)
O(4) 4e 0.5799(7) 0.174(1) 0.230(2) 1 1.3(2)
Li 2a 0 0 0 1 0.025a

a Not refined; default value used. c2 = 3.168, Rwp = 10.05%, Rp = 7.76%.

Fig. 1 Projections of the LiSb3O8 structure. Dark octahedra: LiO6; light
octahedra: SbO6. (a) Projection in the ac plane showing subcell (dotted) and
supercell (continuous); (b) projection down [101̄] showing columns of
edge-sharing octahedra with corrugated tp oxide layers running horizontally
and vertically.
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One-pot reaction of AgNO3 and a large aromatic bridging
ligand, diquinoxalino[2,3-a+2A,3A-c]phenazine, which has
three bidentate coordination sites, afforded a AgI complex
consisting of two independent three-dimensional (3D) net-
works which are enantiometric and interpenetrating.

A major goal of the polymer-based approach to crystal
engineering is to develop new robust materials with useful
electronic, magnetic, electrochemical, optical or catalytic
properties. Among various types of molecular-based frame-
works, interpenetrating networks are of particular interest with
regard to the topological types of 3D nets postulated by Wells.1
Since the groups of Robson2 and Ciani3 reported their first
pioneering works on ‘3D racemates’ using suitable metal ions
and polydentate ligands, in which two enantiomeric inter-
penetrating networks are included, compounds bearing two or
more metal chelating sites have often been used as connecting
units for the generation of interpenetrating 3D networks.4–6

In our effort to construct novel 3D coordination polymer
networks, diquinoxalino[2,3-a+2A,3A-c]phenazine (L) has at-

tracted our attention. This ligand is a nitrogeneous aromatic
compound with three bidentate sites, which was expected to
provide a coordination network characterized by a delocalized
p-electron system. We report here, the synthesis and X-ray
crystal structure of a novel AgI complex7 1 with L, consisting of
an interpenetrating enantiomorphic pair of nets.

Complex 1 was prepared in the dark by carefully layering a
solution of AgNO3 in MeCN on top of a solution of L in
CH2Cl2. After ca. two weeks, yellow–orange crystals of 1
{(Ag3L2)(NO3)3·solvent} were isolated in ca. 90% yield. The
structure of 1 was established by single-crystal X-ray diffrac-
tion.‡

Each AgI center in 1 acts as a two-connecting node by
connecting two ligands of L. Interestingly, 1 exhibits twofold
interpenetrating networks with the two-connected (AgI) and
three-connected (L) nodes. A single cationic network of the

doubly interpenetrating networks is shown Fig. 1(a). The basic
building block of the network contains distorted tetrahedral AgI

atoms and two types of ligand L with B ligands parallel to the
xy-plane [Fig. 1(a)]. The coordination geometry around each
AgI center is not perfectly tetrahedral. A ligands in the building
block make an interplanar angle of 100° with B ligands and
arranged in a propeller fashion around them. These basic
building blocks are linked by AgI atoms to form a 3D network.
A ligands along the z-axis are connected by AgI atoms to form
a one-dimensional threefold helical network [see the bold lines
in Fig. 1(b)]. A crystallographic C3 axis exists perpendicular to
ligand B. Interestingly, these helices are interlinked with ligands

† Electronic supplementary information (ESI) available: experimental
procedure for complex 1. See http://www.rsc.org/suppdata/cc/b0/b003183f/

Fig. 1 Representations of (a) a single 3D network in complex 1, where metal
atoms are shown as spheres and (b) a schematic view of a single network
with the ligands replaced by trigonal nodes; one of the 20-gons and a helix
are highlighted by bold lines.
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B via AgI atoms to form a 3D network with large channels. The
shortest loop in the network is a 20-gon that is constituted of 10
AgI-atoms and 10 ligands [see the bold lines in Fig. 1(b)]. The
structure can be regarded as a 3D network in which half of the
nodes are replaced by three-fold helices, and is quite different
from that of the AgI complex with Hat (1,4,5,8,9,12-hexaaza-
triphenylene) which similarly has three bidentate sites but
differs in the size of the p-plane. In the Hat complex, all the AgI

centers are chelated by three Hat ligands to form an octahedral
coordination environment.5a

The extended structure of 1 reveals interesting twofold
interpenetrating networks as shown in Fig. 2(a) and (b). These
two interpenetrating networks are topologically equivalent but
differ in the handedness of the threefold helices [see Fig. 2(c)],
where the two arrows show the handedness of helices. Thus
complex 1 contains an interpenetrating enantiomorphic pair of
nets with a (10,3)-a type topology1a consisting of AgI ions
coordinated by nitrogeneous aromatic ligands in a tetrahedral
fashion. This type of interpenetration of 3D nets was referred to
by Wells as ‘a 3D racemate’.1a The interactions observed
between the two interpenetrating networks are aromatic edge-
to-face interactions between A ligands in one network and
adjacent BA ligands in the other, with no face-to-face inter-
actions between B and BA ligands observed in the structure.
Although the channels in one network are occupied by another
network, there are still large vacant spaces between the two,
corresponding to the 53% of crystal volume, which is filled by
solvent molecules and the counter anions. However, some of the
solvent molecules and counter ions were found to be disordered
owing to the high symmetry of the network.

This study has revealed a one-pot, high-yield synthesis of a
AgI complex consisting of doubly interpenetrating 3D networks
with nitrogeneous heterocyclic bridging ligands L. Further-
more, L has a large delocalized p-electron system which may
allow facile d–p interactions between ligands and remote metal
centers throughout extended 3D networks.
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Notes and references
‡ Reflection data were collected on a Bruker CCD SMART system with
Mo-Ka radiation (l = 0.71073 Å) at 193 ± 2 K. The structure was solved
by direct methods using the SHELXTL program.8 Non-hydrogen atoms of
the complex were refined with anisoptropic thermal parameters. Refine-
ment was done by full-matrix least squares on F2.

Crystal data for 1: M = 1580.04, crystal size 0.20 3 0.15 3 0.15 mm,
trigonal, space group R3̄, a = b = 32.223(2), c = 20.827(2) Å, V =
18728(2) Å3, Z = 12, m = 1.258 mm21, Dc = 1.681 g cm23, min./max.
transmission = 0.8031/0.8468, 1.22 < q < 27.93°, R(Rw) =
0.0790(0.2077) for 9985 (Rint = 0.1083) independent reflections out of a
total of 47197 reflections with I > 2s(I) and 506 parameters, and R(Rw) =
0.1711(0.2417) for all the data. The goodness-of-fit on F2 is 1.241, and the
residual electron density (min./max.) is 21.041/1.646e Å23.

Yellow–orange crystals of Ag3L2(PF6)3·0.75CHCl3·2.25CH3CN were
obtained using AgPF6 in place of AgNO3. This compound has the same 3D
interpenetrating networks as compound 1. Crystal data (at 223 K): trigonal,
space group R3̄, a = b = 33.936(2), c = 20.462(2) Å, V = 20407(1) Å3,
Z = 12.

CCDC 182/1773. See http://www.rsc.org/suppdata/cc/b0/b003183f/ for
crystallographic files in .cif format.
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Fig. 2 Representations of (a) a top view of the doubly interpenetrating networks of 1, where the two networks are colored black and gray, (b) a side view
of the two interpenetrating networks of 1, where the outer phenyl rings of the ligands are omitted for clarity and (c) a schematic view of the 3D nets in which
the ligands are replaced by trigonal nodes. Note the difference in the handedness of the helical networks in each 3D net.
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Addition of two molar equivalents of SnCl4 to
[Ru6C(CO)16]22 yields first the new [Ru6C(CO)16SnCl3]2
cluster anion and then [Ru6C(CO)16SnCl2], the latter being
also the single product of the direct addition of SnCl2 to
[Ru6C(CO)17].

We are currently investigating the preparation and catalytic
activity of bimetallic nanoparticles derived from fully charac-
terised bimetallic cluster compounds.1–3 Recent results have
indicated that, once formed within the cavities of the mesopor-
ous solid MCM-41, such nanoparticles exhibit a surprising
stability and resist sintering even under moderately vigorous
conditions. To this end, we have established a need for
nanoparticles containing Ru–Sn cores. This association of
metals is known to be highly versatile, and is used in both
selective oxidation and hydrogenation catalysis.4 However, few
Ru–Sn mixed-metal clusters have been reported.5–9 In this
paper we report the synthesis of the new bimetallic clusters
[Ru6C(CO)16SnCl2] 2 and [Ru6C(CO)16SnCl3]2 4. We regard
these new cluster species as derivatives of Sn(IV) containing
formally the bidentate ligand [Ru6C(CO)16]22.

The reaction sequence for the preparation of the compound
[Ru6C(CO)16SnCl2] 2 and the anion [Ru6C(CO)16SnCl3]2 4 is
outlined in Scheme 1. Direct reaction of [Ru6C(CO)17] 1 with
stannous chloride in dichloromethane is slow but over a period
of several days under reflux, product 2 may be obtained in good
yield (91%). The mechanism by which this reaction occurs is
uncertain but would appear to take place first by simple carbon
monoxide extrusion followed then by the addition of SnCl2.
However, the formal oxidation state of the Sn in 2 is (IV)†
indicating that a redox process of the type [Ru6C(CO)16] to
[Ru6C(CO)16]22 occurs at some stage during the reaction
sequence. In this sense, the reaction might be described as a
oxidative-addition to Sn(II), leading to reduction of the cluster
fragment.

In agreement, reactions of the dianionic cluster
[Ru6C(CO)16]22 with stannic chloride in dichloromethane
produce the same Sn(IV) cluster 2 and in addition the anion
[Ru6C(CO)16SnCl3]2 4 (as its PPN+ salt). Anion 4 is obtained

in 67% yield when equimolar amounts of [Ru6C(CO)16]22 3
and SnCl4 are reacted. Treatment of 4 with further stannic
chloride (1 mole) results in Cl2 ion abstraction and the
formation of 2. The other product of this reaction is the Sn(IV)
anion [SnCl5]2. This reaction is easily reversed, and addition of
Cl2 {as [PPN]Cl} to 2 results in the formation of 4. The ease
with which cluster 2 accepts the additional Cl2 to generate a
coordinated SnCl32 group is of interest and in line with the
established chemistry of SnCl4. This emphasises the view of
compound 2 as an adduct of the type XSnCl2, where X = the
bidentate dianionic ligand [Ru6C(CO)16]22.

Clusters 2 and 4 have been fully characterised by the usual
spectroscopic and analytical techniques, and their molecular
structure established by single crystal X-ray diffraction.10

The mass spectrum of 4, obtained by ESI-MS run in negative
mode, consists of a peak at m/z 1289, corresponding to the
formulation [Ru6C(CO)16SnCl3]. The IR spectra of 4 in the nCO
stretching region consists of peaks at 2086, 2056, 2035, 2026,
1987 and 1973 cm21 corresponding to terminal carbonyls, and
a broad peak at 1825 cm21 corresponding to bridging CO.

The molecular structure of the anion [Ru6C(CO)16SnCl3]2 4
is shown in Fig. 1, together with selected bond lengths and
angles. It consists of the intact core of the Ru6C(CO)16 cluster,
with one Ru–Ru edge bridged by a SnCl3 fragment. It is

Scheme 1 Synthesis of the cluster species [Ru6C(CO)16SnCl2] and
[Ru6C(CO)16SnCl3]2 3. Reagents and conditions: i, reaction with SnCl2 in
dichloromethane, reflux, 4 days; ii, reaction with KOH–MeOH; iii, reaction
with SnCl4 in dichloromethane at room temperature; iv, reaction with SnCl4
in dichloromethane under reflux; v, reaction with [PPN]Cl in dichloro-
methane at room temperature.

Fig. 1 Molecular structure of [Ru6C(CO)16SnCl3]2 4 with atom numbering
scheme. Selected bond lengths (Å) and angles (°): Molecule 1: Ru(1)–Sn(1)
3.140(2), Ru(2)–Sn(1) 2.581(3), Sn(1)–Cl(1) 2.391(6), Sn(1)–Cl(2)
2.459(5), Sn(1)–Cl(3) 2.406(5), Ru(1)–Ru(2) 3.039(3), Ru–Ru (mean)
2.89(2), C–O (mean) 1.177(8), Ru(1)–Sn(1)–Ru(2) 63.28(6), Cl(1)–Sn(1)–
Cl(2) 164.13(13), Cl(2)–Sn(1)–Cl(3) 93.70(19), Cl(1)–Sn(1)–Cl(3)
101.1(2). Molecule 2: Ru(7)–Sn(2) 2.583(3), Ru(8)–Sn(2) 3.102(2), Sn(2)–
Cl(5) 2.478(6), Sn(2)–Cl(6) 2.371(6), Sn(2)–Cl(4) 2.386(5), Ru(7)–Ru(8)
3.043(3), Ru–Ru (mean) 2.90(3), C–O (mean) 1.17(1), Ru(7)–Sn(2)–Ru(8)
63.97(6), Cl(4)–Sn(2)–Cl(6) 101.6(2), Cl(6)–Sn(2)–Cl(5) 93.1(3), Cl(5)–
Sn(2)–Cl(4) 93.8(2).
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monoanionic and the asymmetric unit of the structure contains
two independent anions and two PPN+ cations. Fifteen carbonyl
ligands are terminally bound to the ruthenium atoms, and one is
bridging a Ru–Ru bond.

The geometry of the Ru6C octahedron has remained almost
unchanged, with the mean Ru–Ru bond distance of 2.89(2) Å in
molecule 1 and 2.90(3) Å in molecule 2 identical to that of
2.90(2) Å found in [Ru6C(CO)17].11 The Ru–Ru bond spanned
by the tin atom is the longest (Ru(1)–Ru(2) 3.039(3) Å in
molecule 1 and Ru(7)–Ru(8) 3.043(3) Å in molecule 2), as has
been previously observed in other Ru–Sn mixed-metal clus-
ters.5–9 The Ru(2)–Sn(1) (2.581(3) Å) in molecule 1 and the
Ru(7)–Sn(2) (2.583(3) Å) in molecule 2 bond lengths are
within the range observed previously, as in [(m-H)2(m3-S)-
(m-Cl)Ru3(CO)8(SnCl3)] (Ru–Sn 2.571(1) Å),5 [Ru3(m-H)-
(m3,h2-amphy){m,h1+h2-PhCNC(H)Ph}(SnPh3)(CO)7] (Ru–Sn
2.662(1) Å),6 [Ru3(m-H)(m3,h2-amphy){m,h1:h2PhCN C(H)Ph}-
(SnPh3)(CO)7] (different isomer, Ru–Sn 2.623(1) Å),6 in which
a SnR3 fragment is terminally bound to a ruthenium atom;
and [Me3Sn(CO)3Ru(SnMe2)]2 (Ru–Sn 2.638(2)–2.694(2) Å),7
[Ru3(CO)10(SnR2)2] (Ru–Sn 2.733(2)–2.739(2) Å),8 [Ru3-
(CO)9(m-SnRA2)3] (Ru–Sn 2.715(2)–2.734(2) Å),9 [Ru3(CO)9-
(m-SnR2)(m-SnRA2)2] (Ru–Sn 2.705(2)–2.750(2) Å),9 [Ru3-
(CO)9(m-SnR2)2(m-SnRA2)] (Ru–Sn 2.641(2)–2.729(2) Å),9 and
[Ru2(CO)6(m-SnR2)(dppm)] (Ru–Sn 2.699(1)–2.715(1) Å),9 in
which SnR2 fragments are bridging Ru–Ru edges. The Ru(1)–
Sn(1) and the Ru(8)–Sn(2) bonds (3.140(2) and 3.102(2) Å,
respectively) in 4 are much longer but still within bonding
distance, implying that the SnCl3 fragment forms an asymmetri-
cal bridge, intermediate between the symmetrically bridging
and terminal bonding modes observed in other Ru–Sn clus-
ters.5–9 This confers to the tin atom a nearly perfect trigonal
bipyramidal coordination geometry, with Ru(1) or Ru(8)
equatorial, and Ru(2) or Ru(7) in axial position.

The IR spectrum of compound [Ru6C(CO)16SnCl2] 2
contains CO stretching bands attributable to terminal carbonyl
ligands only. Compound 2 has been characterised by positive
electron impact mass spectrometry, and its spectrum consists of
the parent ion at m/z 1256 followed by peaks corresponding to
loss of CO ligands.

The molecular structure of [Ru6C(CO)16SnCl2] 2 is shown in
Fig. 2, together with selected bond lengths and angles. As with
anion 4, it consists of a Ru6C(CO)16 octahedron edge-bridged
by a SnCl2 fragment. Each ruthenium atom bears three

terminally bound carbonyl ligands, except for the two ruthe-
nium atoms supporting the Sn(IV) bridge, which bear two
carbonyl ligands only. The Ru6C core remains unchanged.
Again the Ru–Ru edge bearing the SnCl2 fragment is the longest
(Ru(1)–Ru(2) 3.0559(11) Å [3.039(3) Å in 4]), with the other
Ru–Ru bonds ranging from 2.8280(10) to 2.9429(10) Å
[2.89(2) Å (mean) in 4]. The Ru–Sn bonds (2.5907(11) and
2.5733(12) Å) are very similar to the shortest Ru–Sn bond in 4
(2.581(3) Å), and within the range observed in previously
reported Ru–Sn clusters (2.571(1)–2.750(2) Å).5–9

In this work we have demonstrated that simple derivatives of
Sn(IV) containing the ‘ligand’ [Ru6C(CO)16]22 may be readily
obtained. The coordination chemistry about the central Sn(IV)
ion would appear to be normal (tetrahedral or tbp). This
fundamental idea has been extended to other metal systems and,
for example, related derivatives of square planar Pt(II) have
been obtained similarly. These new Ru–Sn clusters have been
shown to be ideal precursors to catalytically active Ru–Sn
nanoparticles.

We gratefully acknowledge Dr Neil Feeder and Dr John E.
Davies for data collection and structure refinement and the
European Commission for a TMR grant to B. F. G. J. and for a
Marie Curie Fellowship to S. H.
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The X-ray structure, magnetic susceptibility, and high-field
(high-frequency) EPR spectrum of manganese 5,10,15-tris-
(pentafluorophenyl) corrole unambiguously establish that
the complex contains an isolated, slightly rhombic, man-
ganese(III) center.

Manganese(III) porphyrins are very efficient catalysts for
functionalization of hydrocarbons in processes that involve high
valent intermediates.1,2 Spectroscopic identification of odd-spin
manganese(IV) and spin-coupled manganese(V) porphyrins by
magnetic resonance measurements is relatively straightforward,
via utilization of EPR and NMR, respectively.3–6 However,
even-spin manganese(III) porphyrins are EPR-silent (X-band)
and their NMR spectra are not easily interpretable. For example,
an early assignment of the origin of the paramagnetic shifts in
manganese(III) porphyrins was recently revised,7 and there is
some evidence indicating that the complexes might better be
described as manganese(II) porphyrin radical cations.8 A recent
development relevant to this question is the utilization of high-
field (high-frequency) EPR (HF-EPR) spectroscopy for eluci-
dation of the electronic structures of high-spin manganese(III)
complexes.9

The close relationship of porphyrins and corroles suggests
that metallocorroles could also be very interesting catalysts.
This proposal was only recently explored, taking advantage of
the novel electron-poor 5,10,15-tris(pentafluorophenyl)corrole,
H3tpfc,10 whose substitution pattern matches that of the most
active porphyrin-based catalysts. First, it was demonstrated that
the iron and rhodium complexes of H3tpfc are potent catalysts
for oxygen and carbene transfer to olefins and alkanes,11

followed by full characterization of H3tpfc12 and its CrVO,
FeIVCl and RhIII(PPh3) complexes.13,14 The manganese corrole
[(tpfc)Mn] was also found to be an epoxidation catalyst, as well
as an excellent precursor to a relatively stable oxomanganese(V)
corrole.1b,15 The apparent importance of this result together
with the rather limited information on the electronic structures
of manganese corroles16,17 were the driving forces for the
current investigations. A combination of HF-EPR spectroscopy,
X-ray crystallography, and magnetic susceptibility measure-
ments, led to the conclusion that [(tpfc)Mn(OPPh3)] is an
authentic manganese(III) complex that does not experience
significant intermolecular interactions.

Obtaining X-ray quality crystals of [(tpfc)Mn] was a difficult
task; NMR examination of material from different crystalliza-
tion batches revealed significant variations in chemical shifts.
Since we suspected that these differences were due to solvent
coordination, we added external ligands to the recrystallization
mixtures. These attempts finally met with success: with
triphenylphosphine oxide as additive, X-ray quality crystals of
[(tpfc)Mn(OPPh3)] were isolated.18 The structure of
[(tpfc)Mn(OPPh3)] (Fig. 1) is quite different from that of the
previously reported square planar manganese(III) corrole, [(e-
7,13-mc)Mn].1b,16 In the latter complex the metal is located
almost perfectly within the N4 plane and the macrocycle is
planar, whereas in [(tpfc)Mn(OPPh3)] the manganese is 0.29 Å
out of both the N4 and the corrole core planes. This causes some

elongation of the average Mn–Npyrrole bonds {from 1.894 in [(e-
7,13-mc)Mn] to 1.916 Å in [(tpfc)Mn(OPPh3)]} with slight
deviations of the tpfc atoms from the mean plane. Another
significant difference is the absence of interactions between the
corroles in [(tpfc)Mn(OPPh3)], which is a dominant factor in the
structure of [(e-7,13-mc)Mn]. Rather, the potential empty space
is occupied by the triphenylphosphine oxide ligand (Fig. 2).

The absence of intermolecular interactions is also reflected in
the magnetic susceptibility measurements on
[(tpfc)Mn(OPPh3)], performed in the temperature range 2–300
K.19 The magnetic moment of 4.88 mB confirms that the
complex possesses a simple high-spin (S = 2) ground state; and
the very flat plateau in the meff vs. temperature plot down to 10
K (Fig. 3) is perfectly in line with the molecular packing
deduced from the X-ray structure (Fig. 2).

Since the consequences of lowered symmetry on the
electronic structures of corrole vs. porphyrin complexes have

Fig. 1 ORTEP view of [(tpfc)Mn(OPPh3)].

Fig. 2 Unit cell of [(tpfc)Mn(OPPh3)], approximately along the a-axis.
Fluorine atoms have been omitted for clarity.
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not yet been quantified experimentally, we measured HF-EPR
spectra of [(tpfc)Mn(OPPh3)] at two different frequencies (285
and 345 GHz) and at two different temperatures (5 and 30 K).
The spectra shown in Fig. 4 are very well reproduced by
simulations of randomly oriented powder samples employing
the following parameters: g|| = 1.980(4), g4 = 1.994(4), D =
2.69(2) cm21, E = 0.030(3) cm21, W1/2 = 150 G (T = 5 K),
W1/2 = 180 G (T = 30 K).20 One of the most sensitive lines to g-
value rhombicity is that centered at 8 T (285 GHz), which
consists of the transitions (|21 >?|0 > ) and (|0 >?|+1 > ). The
fact that this line is not split puts an upper limit of 0.005 on the
difference between gx and gy. An expansion of one of the easily
observed line splittings attributable to the rhombic zero-field
splitting is shown in the insert of Fig. 4. The rhombic zero-field
splitting is small compared to that found in tris(b-diketonate)
complexes of manganese(III) (E = 0.26 cm21, E/D = 20.06),9b

but we emphasize that the corresponding line is not split in the
spectra of manganese(III) porphyrins and phthalocyanines.
Although the lower molecular symmetry of metallocorroles
compared to metalloporphyrins is also pronounced for systems
with no preferred coordination geometry,21 the electronic
deviation from axiality is quite small. We thus conclude that
treating a corrolate as a trianionic porphyrinate is not un-
reasonable.

We have fully characterized a manganese complex of H3tpfc.
Employing three different methods, we have shown that
[(tpfc)Mn(OPPh3)] contains an authentic, isolated S = 2
manganese(III) center.
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Technion (Z. G.), the National Science Foundation (H. B. G.),
and grant # 9800549 from the Danish Natural Science Research
Council (J. B.).

Notes and references
1 (a) A major part of this work was first presented as Poster 23 in

Contemp. Inorg. Chem.- II, March 12–15, 2000, College Station, Texas,
and as Paper 293 in the 219th national ACS meeting in San Francisco,
March 26–30, 2000;  (b) abbreviations: tpfc and e-7,13-mc; the trianions
of 5,10,15-tris(pentafluorophenyl)corrole and 2,3,8,12,17,18-hexae-
thyl-7,13-dimethylcorrole, respectively.

2 (a) B. Meunier, in Metalloporphyrin Catalyzed Oxidations, ed. F.
Montanari and L. Casella, Kluwer Academic Publishers, Dordrecht,
1994, pp. 1–48; (b) J. T. Groves, in Cytochrome P450: Structure,
Mechanism, and Biochemistry, ed. P. R. Ortiz de Montellano, Plenum
Press, New York, 2nd edn., 1995, pp. 1–48.

3 L. Kaustov, M. E. Tal, A. I. Shames and Z. Gross, Inorg. Chem., 1997,
36, 3503.

4 H. Volz and W. Muller, Chem. Ber., 1997, 130, 1099, and references
therein.

5 N. Jin and J. T. Groves, J. Am. Chem. Soc., 1999, 121, 2923.
6 J. T. Groves and T. Takahashi, J. Am. Chem. Soc., 1983, 105, 2073.
7 Z. Gross, A. Mahammed and C. M. Barzilay, Chem. Commun., 1998,

1505.
8 P. Turner and M. J. Gunter, Inorg. Chem., 1994, 33, 1406.
9 (a) D. P. Goldberg, J. Telser, J. Krzystek, A. G. Montalban, L.-C.

Brunel, A. G. M. Barrett and B. M. Hoffman, J. Am. Chem. Soc., 1997,
119, 8722; (b) A.-L. Barra, D. Gatteschi, R. Sessoli, G. L. Abbati, A.
Cornia and A. C. Fabretti, Angew. Chem., Int. Ed. Engl., 1997, 36, 2329;
(c) J. Krzystek, J. Telser, L. A. Pardi, D. P. Goldberg, B. M. Hoffman
and L.-C. Brunel, Inorg. Chem., 1999, 38, 6121.

10 (a) Z. Gross, N. Galili and I. Saltsman, Angew. Chem., Int. Ed., 1999, 38,
1427; (b) H3(tpfc) is commercially available (Strem Chemicals Inc.).

11 Z. Gross, L. Simkhovich and N. Galili, Chem. Commun., 1999, 599.
12 Z. Gross, N. Galili, L. Simkhovich, I. Saltsman, M. Botoshansky, D.

Bläser, R. Boese and I. Goldberg, Org. Lett., 1999, 1, 599.
13 A. E. Meier-Callahan, H. B. Gray and Z. Gross, Inorg. Chem., 2000, 39,

3605.
14 L. Simkhovich, N. Galili, I. Saltsman, I. Goldberg and Z. Gross, Inorg.

Chem., 2000, 39, 2704.
15 Z. Gross, G. Golubkov and L. Simkhovich, Angew. Chem., Int. Ed.,

2000, 39, in press.
16 S. Licoccia, E. Morgante, R. Paolesse, F. Polizio, M. O. Senge, E.

Tondello and T. Boschi, Inorg. Chem., 1997, 36, 1564.
17 C. Erben, S. Will and K. M. Kadish, in The Porphyrin Handbook, ed.

K. M. Kadish, K. M. Smith and R. Guilard, Academic Press, 2000, vol.
2, p. 233.

18 Crystal data: (tpfc)Mn(OPPh3), C55H23F15MnN4OP: M = 1126.68,
monoclinic, space group P21/n, a = 13.883(2), b = 12.802(1), c =
25.952(3) Å, b = 100.31(1)°, V = 4537.9(9) Å3, Z = 4, T = 98 K, Dc

= 1.649 g cm23, m(Mo-Ka) = 0.44 mm21, 10384 unique reflections,
R1 = 0.044 for 5262 observations with Fo > 4s(Fo), R1 = 0.117 (wR
= 0.075) for all unique data, |Dr| @ 0.44 e Å23. CCDC 182/177l. See
http://www.rsc.org/suppdata/cc/b0/b006299p/ for crystallographic files
in .cif format.

19 The measurement was done on a pressed powder sample in a static field
of 100 G on a Quantum Design MPMS SQUID magnetometer.

20 Simulations were done by use of the full-matrix-diagonalization
program SIM vers. 13.12.99, by H. Weihe, Univ. of Copenhagen. See
also: J. Glerup and H. Weihe, Acta Chem. Scand., 1991, 45, 444.

21 L. Simkhovich, I. Goldberg and Z. Gross, J. Inorg. Biochem., 2000, 80,
235; J. Bendix, I. J. Dmochowski, H. B. Gray, A. Mahammed, L.
Simkhovich and Z. Gross, Angew. Chem. Int. Ed., 2000, 39, in press.

Fig. 3 Variation of the magnetic moment of [(tpfc)Mn(OPPh3)] with
temperature.

Fig. 4 Experimental and simulated HF-EPR spectra of
[(tpfc)Mn(OPPh3)].

1958 Chem. Commun., 2000, 1957–1958



   

RbCuPO4 – a maximum copper tetrahedral framework adopting the zeotype
ABW structure

Paul F. Henry, Robert W. Hughes, Suzanna C. Ward and Mark T. Weller*

Department of Chemistry, University of Southampton, Highfield, Southampton, UK SO17 1BJ.
E-mail: mtw@soton.ac.uk

Received (in Cambridge, UK) 7th August 2000, Accepted 5th September 2000
First published as an Advance Article on the web 

The sky blue RbCuPO4-ABW is the first reported maximum
copper (framework ratio 1+1) zeotype framework, consisting
of alternating PO4 and flattened CuO4 (Cu–O 1.89–1.95 Å)
tetrahedra; a second metastable very pale green–blue phase
can also be produced by quenching, with conversion to the
purely four-coordinate copper material accomplished by
application of slight mechanical pressure.

The incorporation of transition metals into frameworks, includ-
ing zeolites, is of great interest due to the properties potentially
imparted by the presence of d-metal centres including catalytic
activity, colour and magnetic ordering phenomena. Zeolite
structures containing first row transition metals have received
most attention, although in general the levels of substitution
have been low, presumably due to the reduced stability of
tetrahedral coordination over higher coordination environments
(5- and 6-fold) in the aqueous media used to synthesise the
majority of framework materials. Work to date has centred on
the first row transition metals that do show appreciable
tetrahedral coordination chemistry to oxygen, namely Co2+ and
Zn2+. Frameworks containing high levels of Co2+ were first
described by Chippindale et al.1 and were extended by Stucky
and coworkers, using hydrothermal methods, to include the
ABW and related semi-condensed frameworks such as Na-
CoPO4, KCoPO4, NH4CoPO4 and RbCoPO4.2 We completed
this series by synthesising CsCoPO4 ABW using a solid state
route.3 Until recently, the levels of other transition metals that
could be doped into most zeolite structure types remained low,
at around 5% of the tetrahedral sites. However, synthesis of
other maximum transition-metal ABW related frameworks has
now been achieved by our group to include CsFeSiO4

4 and
RbNiPO4.5

We have found that the zeotype structures that permit high
levels of transition metal substitution are generally denser, in
terms of tetrahedral units per unit volume, and exist with low
levels of hydration, for example the ABW, CAS, ANA and BIK
zeolite families.6 In terms of transition metal substitutions, the
ANA structure type is the most versatile with transition metal
substituted leucite7 and pollucite8,9 phases described in the
literature. However the levels of substitution in this system are
limited through compound stoichiometry at 16.6% of the
framework sites, i.e. to the one trivalent tetrahedral site.

Here we describe the synthesis and structural characterisation
of the ABW-type structure material RbCuPO4, where half of the
tetrahedral framework sites are occupied by copper.

A polycrystalline sample of RbCuPO4-ABW was produced
as follows. Stoichiometric amounts of Cu(MeCO2)2 (Aldrich,
99.9%), (NH4)2HPO4 (Aldrich, 99%) and RbOH (Aldrich, 50%
solution by weight in water) were dissolved in dilute nitric acid.
100 ml ethanol was then added to the solution and the pH slowly
raised by the addition of ammonia solution until precipitation
occurred. The resulting mixture was slowly evaporated to give
a thick gel paste, which was decomposed over 12 h in a furnace
at 250 °C. The powder was thoroughly ground in an agate pestle
and mortar before being fired at 650 °C and then 750 °C, each
for 12 h. Soluble impurities were removed by washing with
deionised water followed by firing for 12 h at 750 °C. Powder

X-ray diffraction patterns were collected for preliminary phase
identification and subsequent Rietveld analysis using a Siemens
D5000 diffractometer (Cu-Ka1 radiation; l = 1.54056 Å).
GSAS was used for Rietveld refinement of the powder X-ray
data.10

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) were performed using a Polymer Laboratories
STA1500 DTA/TGA balance. The sample was heated in air at
a rate of 5 °C min21 from room temperature to 600 °C, held for
30 min at this temperature and then cooled back to room
temperature at 10 °C min21. Diffuse reflectance UV–VIS
spectra were obtained from a Lambda19 spectrophotometer
with solid state attachment. The Kubelka–Munk function was
applied to the data to compensate for the effects of particle size.
Elemental analysis was carried out using a JEOL JSM-6400
SEM equipped with a TRACOR series II energy dispersive X-
ray analysis system.

Inspection of the powder X-ray diffraction (PXD) pattern of
the as-synthesised material showed that the majority phase
present could be indexed on an orthorhombic unit cell with a =
8.5262(4) Å, b = 5.3562(3) Å and c = 8.9064(4) Å. There were
also several weaker peaks that were indexed on a monoclinic
unit cell with a = 5.0424(8) Å, b = 8.5880(2) Å, c = 9.6434(2)
Å and a = 91.51(1)°. Both unit cells were consistent with
structure types that have been previously reported for the ABW-
type framework.11

Grinding the product followed by further PXD pattern
collection showed that the proportion of the two phases present
was altered, with the orthorhombic phase growing in intensity.
Quenching the reaction from above 600 °C to RT without any
grinding gave the monoclinic phase as the major phase (ca. 9+1
ratio). Pelletisation of the product under 6 tonnes cm22 for 10
min followed by regrinding gave essentially only the or-
thorhombic product and increased the intensity of the blue
colouration of the product. We have also recently found that
nickel doping into RbCuPO4 stabilises the monoclinic ABW
subtype and details of the new sub-structure will be published
elsewhere.12

Data for Rietveld profile analysis on the orthorhombic phase
were collected over a period of 16 h between 10 and 110° using
a step size of 0.02°. The initial model used for the refinement
was that of Henry and Weller for CsFeSiO4.4 Weak constraints
(standard deviation 0.01 Å) were placed upon bond lengths in
the refinement due to the poor definition of the oxygen positions
from powder X-ray diffraction data. A few weak impurity peaks
( < 5% of the maximum peak intensity) were also excluded from
the refinement. The final refinement profile is illustrated in Fig.
1 and the structural model is given in Table 1. Derived bond
lengths and relevant framework bond angles are given in Table
2. It can be seen from Table 2 that the phosphate tetrahedra are
much more regular than the cuprate polyhedra, which are
flattened in accordance with the expected Jahn–Teller distortion
found in other four-coordinate CuII compounds.13

TGA showed the orthorhombic phase to be a non-hydrated
framework, as no weight losses were observed between RT and
800 °C. Fig. 2 illustrates the DTA trace obtained for the
orthorhombic phase between RT and 600 °C. It can be seen that
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there are two phase transitions on heating, at 410 and 550 °C,
only one of which is reversible on cooling. It is thought that the
first transition is the orthorhombic–monoclinic phase transition
but the second transition is yet to be characterised. The first
transition can be assigned as the orthorhombic–monoclinic
phase interconversion because it is absent on cycling and rapid
cooling is known to give the monoclinic phase. Further
investigation is planned using variable temperature powder
neutron diffraction in order to study the copper coordination
sphere, the orthorhombic–monoclinic phase transition and the
high temperature polymorph.

Elemental analysis using EDAX confirmed the ratio of
Rb+Cu+P to be 1+1+1 within experimental error and the UV–
VIS spectrum showed an absorption centred at approximately
610 nm in the visible region, which is consistent with that
expected for copper coordinated to four oxygen atoms, e.g.
CaCu(MeCO2)4.6H2O,13 and the observed sky blue colour.

In this case, the small pore size, illustrated by the fact that the
extra-framework counter cation cannot be ion exchanged, either
in solution or by melt methods, means that the material is very
unlikely to be a selective catalyst, with any activity being
restricted to the surfaces of the particles. However, we have
shown that high levels of transition metals can be doped into
zeotype frameworks using this experimental route, which may
lead to new catalytic materials in the future.

We have successfully synthesised the first maximum copper
framework (1+1 framework species ratio) with a zeolite
topology, RbCuPO4-ABW. Two structurally similar phases
exist at room temperature with the proportions being deter-
mined by the final heating regime, cooling conditions and
subsequent grinding. Slow cooling followed by grinding gives
a framework containing purely four-coordinate copper whereas
quenching without grinding gives a metastable monoclinic
phase as the major phase (ca. 9+1 ratio). This second phase,
which is very pale green-blue, can be converted back to the
purely four-coordinate Cu containing framework by the appli-
cation of moderate pressure (e.g. mechanical grinding or
pelletisation). This transition is readily observed by the marked
colour change.

We would like to thank the EPSRC for financial support for
R. W. H. and the Southampton oceanographic centre for access
to SEM facilities.
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Fig. 1 Final profile fit obtained from the powder X-ray diffraction data for
RbCuPO4. The observed data are crosses, the calculated profile pattern the
solid line and the lower continuous line the difference plot. Tick marks show
the allowed reflection positions.

Table 1 Atomic coordinates for RbCuPO4
a

Atom
Multi-
plicity x y z 102Uiso/Å2

Rb 4e 0.1768(4) 0.4719(20) 0.5199(4) 2.80(14)
Cu 4e 0.4140(9) 20.0303(20) 0.3268(7) 4.48(25)
P 4e 0.0791(18) 20.0146(27) 0.1837(14) 4.0(3)
O1 4e 0.1419(25) 0.028(5) 0.0294(14) 4.4(7)
O2 4e 20.0621(23) 20.1769(27) 0.1682(33) 4.4(7)
O3 4e 0.0534(31) 0.2262(30) 0.2667(24) 4.4(7)
O4 4e 0.2302(23) 20.1355(34) 0.2249(31) 4.4(7)
a Space group Pc21n: a = 8.5261(4) Å, b = 5.3562(2) Å, c = 8.9064(4) Å,
Rp = 12.57%, Rwp = 16.72%, RF2 = 17.06% for 315 observations.

Table 2 Derived bond distances (Å) and angles (°) for RbCuPO4 (e.s.d.s are
given in parentheses)

P–O1 1.490(6) O1–P–O2 107.0(17)
P–O2 1.492(6) O1–P–O3 112.1(19)
P–O3 1.504(7) O1–P–O4 90.1(16)
P–O4 1.486(6) O2–P–O3 115.3(17)
Cu–O1 1.892(11) O2–P–O4 117.9(17)
Cu–O2 1.905(12) O3–P–O4 112.2(15)
Cu–O3 1.951(12) O1–Cu–O2 80.9(12)
Cu–O4 1.896(12) O1–Cu–O3 132.1(11)

O1–Cu–O4 107.3(12)
O2–Cu–O3 127.5(12)
O2–Cu–O4 113.3(12)
O3–Cu–O4 95.8(12)

Fig. 2 DTA trace of RbCuPO4 between RT and 600 °C showing two
transitions, the first at 410 °C is irreversible under the experimental
conditions and the second at 550 °C in the heating cycle and 510 °C in the
cooling cycle is reversible.
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Reaction of RECl2 (R2 = C(SiMe3)2(6-Me-2-pyridyl)2, E =
P or As) with LiAlH4 in THF affords directly bonded
aluminium hydride–pnictide hydride complexes as weakly
associated hydride bridged dimers, [RE(H)–Al(H)2]2; a
strong solvent dependency of these reactions, which had
previously been observed with the formation of the dis-
econdary diphosphane in Et2O (E = P), is further confirmed
by the formation of RAsH2 from RAsCl2 and LiAlH4 in
Et2O.

Compounds containing group 13–15 bonds are of interest as
potential precursors to group 13–15 ceramic and semiconductor
materials.1,2 Access to the class of compounds possessing
aluminium(III) to phosphorus(III) or arsenic(III) bonds has
mainly involved dehydrosilylation reactions of E(SiMe3)3 with
lithium aluminium hydride, LiAlH4,3 or the trimethylamine
adduct of alane, H3AlNMe3,1 affording (Et2O)2Li{m-E(Si-
Me3)2}2AlH2, [H2Al{m-P(SiMe3)2}3] and [H2AlAs(Si-
Me3)2(NMe3)]. Analogous compounds with gallium to phos-
phorus or arsenic bonds have similarly been prepared.4,5

Another approach to making compounds with group 13–15
bonds where the metal has exclusively hydrido anionic ligands,
other than the simple Lewis base adducts MH3,6–9 is trans-
metallation involving H2(X)MPCy3 and LiPCy2(THF)n, Cy =
cyclohexyl, M = Ga, X = Cl,10 M = In, X = H.9 All the
aforementioned phosphide and arsenide compounds are based
on secondary phosphines or arsines, the pnictide bearing two
substituents, either a trimethylsilyl group or a C-centred ligand.
The prospect of forming dihydrido metal complexes based on
primary phosphines and arsines is a synthetic challenge because
of the likely propensity of spontaneous elimination of hydrogen
and formation of polymeric material, although we have noted in
earlier studies that secondary amine adducts of alane can be
stabilised by the bulk of the amine ligand itself; 2,2,6,6-tetra-
methylpiperidine forms a stable Lewis base adduct with alane,6
as does H{N(SiMe3)2} for which the adduct is a distillable
liquid.7

Our approach in gaining access to dihydridoaluminium(III)
compounds based on primary phosphide and arsenide species,
(H2)Al–P/As(H)R, is to incorporate a bulky alkyl group bearing
an N-donor centre on the pnictide, notably (6-Me-2-pyr-
idyl)(SiMe3)2C2 ( = R2), which has been shown to stabilise
unusual bonding configurations, as has the related ligand, C(2-
(SiMe3)2(2-pyridyl)2, allowing access to a range of new
compounds.11–17 The combined steric hindrance of R2 coupled
with the N-donor group has the tendency to reduce the degree of
aggregation of the target species. In this context its noteworthy
that [H2Al{m-P(SiMe3)2}3] is trimeric whereas the NMe3
adduct of the arsenic analogue is monomeric, [H2Al-
As(SiMe3)2(NMe3)].1 Herein we report the synthesis of the first
alane compounds based on primary phosphine and arsenine
moieties, and also the synthesis of a primary arsine, RAsH2, and
its structure determination, a first for this class of compound.

The new phosphide and arsenide compounds, (H2)Al–P/
As(H)R, 1 (P) and 2 (As), were prepared by the reaction of
RECl2 with LiAlH4 in THF, Scheme 1.† The choice of solvent
in their synthesis is crucial. We have previously reported that

the reaction of RPCl2 with LiAlH4 in Et2O affords reproducibly
the disecondary diphosphane, 4, as a mixture of the rac and
meso isomers, and not the expected dihydride species,12

Scheme 1. In contrast we have now established that the
analogous reaction of RAsCl2 with LiAlH4 in Et2O does in fact
result in the target dihydride species, RAsH2, 3.†

Single crystals of 1, 2 (Fig. 1) and 3 suitable for single crystal
X-ray diffraction were obtained from hexane solutions at
230 °C.‡ Compound 1 decomposes at temperatures above

Scheme 1

Fig. 1 Projection of [H2Al{P(H)R}]2, 1. Important bond distances (Å) and
angles (°) (values for the arsenic analogue, 2, in square brackets: Al–N
2.040(2) [2.043(1)], Al–E 2.330(1) [2.4184(5)], Al–H, 1.668, 1.633 [1.60,
1.52(20)], E–H 1.303 [1.54], E–C, 1.913(2) [2.041(2)]; N–Al–P 88.85(6)
[89.96(4)], Al–E–C 96.29(8) [92.76(5)], Al–N–C 119.2(2), 120.9(2)
[119.5(1), 120.5(1)], Al–E–H 94.6 [93.8].
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116 °C to a dark red oil, whereas 2 melts at 206–208 °C. 3
decomposes above 50 °C, darkening in colour from yellow to
orange at around 120 °C and at 160 °C it becomes dark red and
gradually melts.

Complexes 1 and 2 are isostructural in the solid state
(monoclinic, P21/n) and are dimeric, being weakly associated
via metal–hydride bridging. The central feature of the two
structures is the novel five membered heteroatomic rings
containing Al–E bonds, with bond distances of 2.330(1) and
2.418(5) for Al–P and Al–As respectively. The P–Al bond
distance is short in comparison to other alkylaluminium–
phosphorus complexes, in particular 2.681(4) Å in [(Me3C-
CH2)3Al·P(SiMe3)3], 2.498(7) Å in [(Me3SiCH2)2(Br)-
Al·P(SiMe3)3], 2.436(2) Å in [(Me3SiCH2)3AlP(SiMe3)2]2,2
2.3916(16) Å and 2.4041(14) Å in [H2AlP(SiMe3)2]3

1

and 2.4001(13) Å in [(Et2O)2Li[m-P(SiMe3)2]2AlH2,3 a factor
most likely attributable to the steric crowding around the metal
centre. The Al–As bond distance is comparable to that found in
[H2AlAs(SiMe3)2]·NMe3,1 2.438(2) Å, and in [(Et2O)2Li[m-
P(SiMe3)2]2AlH2,3 2.4934(7) Å, while it is shorter than
in [(Me3SiCH2)(Br)AlAs(SiMe3)2]2, [(Me3CCH2)3AlAs-
(SiMe3)3] and [(Me3SiCH2)2AlAs(SiMe3)2]2

2 which have Al–
As bond distances of 2.505(3) Å, 2.72(2) Å and 2.567(2) Å
respectively. For 1 and 2, the H atom on E and the bridging H
on Al are coplanar; however, in geometrical terms they point
away from each other, and at 3.185 Å, 1, and 3.263 Å, 2, there
is no significant interaction. The non-bridging H on Al and the
H on E point away from each other in 1 and 2.

Despite many attempts we have been unable to obtain a
satisfactory refinement for the crystals of RAsH2, 3, as we have
for 1 and 2. This is due to an inherent twinning disorder and as
such the R-factor converged at 18%. Although this prejudices
discussion on bond distances and angles within the crystal
lattice, it is evident that the As centre is involved in a planar four
membered chelate with the pyridine ring, through a N…As
interaction, similar to that observed in RECl2. Complex 3 is the
only arsenic dihydride complex to exhibit N–As connectivity.
Given the thermal instability of arsenic hydride it is not
surprising that only four other AsH2 complexes have been
structurally characterised18–20 in the solid state, and these have
been stabilised through attachment either to a transition metal,
e.g. [Ir(CO)ClH(Pet3)2(AsH2)],18 or to silicon in
[(2,4,6-iPr3C6H2)(tBu)Si(AsH2)2].20

In order to assess the potential of complexes 1 and 2 as
possible single source precursors for CVD the solids were
slowly heated in vacuo to 200 °C which resulted in decomposi-
tion to an orange solid for 1 and a black solid for 2. Microprobe
analysis on the decomposed solids showed an approximate 1+1
ratio for Al+P for 1, but not so for the As+Al ratio for 2, which
was 1+26. There was also evidence of a high percentage of Si
present in the samples, indicating that decomposition via b-
hydrogen transfer to form an intermediate HAlNER, followed
by b-hydrogen elimination of HR, is not evident. While it
appears that compounds 1 and 2 are not a direct route to
aluminium phosphide and arsenide, a new class of compounds
has been established, and the ability of N-functionalised donor
alkyl ligands to stabilise an unusual bonding configuration is
noteworthy; extending the work to other donor alkyl ligand
systems (group 15 and 16), and to the heavier group 13 elements
is a synthetic challenge.

We are grateful to the Australian Research Council for
support of this work.
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m, H5), 7.11 (1H, m, H4). 13C NMR (75.0 MHz, C6D6, 298 K): d 1.27
(SiMe3), 24.00 (C7), 25.76 (C1), 120.75 (C5), 123.97 (C3), 138.44 (C4),
157.48 (C6), 170.45 (C2). 31P{1H} (162 MHz, C6D6, 298 K): d2192.20. 31P

(162 MHz, C6D6, 298 K): d 2194.91, 2192.17 (1JPH 164 Hz).
Microanalysis: Calc. (found) C 50.13 (49.85), H 8.74 (8.74), N 4.50
(4.37%). IR (Nujol mull): Al–H 1821.6 cm21.

Synthesis of [H2Al{As(H)R}]2 2: LiAlH4 0.28 g, 7.38 mmol, thf 30 ml,
RAAsCl2 1.34 g, 3.39 mmol (yield 35%). Mp 206–208 °C. NMR: (1H, 400
MHz, C6D6, 298 K): d 0.22 (18H, s, SiMe3), 1.84 (1H, s, As–H), 2.26 (3H,
s, Me), 4.91 (2H, br, AlH2), 6.07 (1H, m, H3), 6.74 (1H, m, H5), 6.96 (1H,
m, H4); (13C, 75.0 MHz, C6D6, 298 K): d 1.17 (SiMe3), 24.26 (C7), 26.45
(C1), 120.25 (C5), 123.75 (C3), 138.62 (C4), 157.46 (C6), 169.35 (C2).
Microanalysis: Calc. (found) C 43.98 (44.10), H 7.66 (7.92), N 3.94
(4.00%). IR (Nujol mull): Al–H 1819.8 cm21, As–H 2096 cm21.

Synthesis of 3 (RAAsH2): LiAlH4 0.17 g, 4.54 mmol, Et2O 30 ml, RAAsCl2
0.90 g, 2.27 mmol (yield 0.45 g, 60.3%). Mp > 50 °C decomp. (orange)–
120 °C (red) > 160 °C (melt). NMR: (1H, 400 MHz, C6D6, 298 K): d 0.057
(18H, s, SiMe3), 2.43 (3H, s, Me), 3.91 (2H, br, As–H2), 6.78 (1H, m, H3),
6.88 (1H, m, H5), 7.51 (1H, s, H4); (13C, 75.0 MHz, C6D6, 298 K): d 1.2
(SiMe3), 21.2 (C7), 50.9 (C1), 119.1 (C5), 120.3 (C3), 137.9 (C4), 155.7 (C6),
163.6 (C2). Microanalysis: Calc. (found) C 47.68 (47.69), H 8.00 (8.26), N
4.28 (4.21%).
‡ Crystal data: [H2Al{P(H)R}]2, 1: C26H54N2Al2P2Si4, monoclinic, P21/n
(no. 14), a = 9.3949(2), b = 13.7790(3), c = 14.2939(3) Å, b =
99.330(2)°, V = 1825.90(6) Å3, F(000) = 648, Dcalc = 1.089 g cm23,
m(Mo-Ka) = 3.14 cm21, 0.16 3 0.13 3 0.39 mm3, Z = 2; Enraf-Nonius
CCD diffractometer, Mo-Ka radiation, T = 123 K, 4510 unique reflections
(3554 observed, I > 2.0s(I)), 2q = 70.8°, R = 0.051, RA = 0.057 (sigma
weights, n = 4 3 1024).

[H2Al{As(H)R}]2, 2: C26H54N2Al2As2Si4, monoclinic, P21/n (no. 14), a
= 9.4334(2), b = 13.7645(3), c = 14.4634(2) Å, b = 99.734(1)°, V =
1850.97(6) Å3, F(000) = 744, Dcalc = 1.27 g cm23, m(Mo-Ka) = 20.00
cm21, 0.15 3 0.15 3 0.40 mm3, Z = 4; Enraf-Nonius CCD diffractometer,
Mo-Ka radiation, T = 123 K, 5445 unique reflections (4150 observed, I >
3.0s(I)), 2q = 60.1°, R = 0.030, RA = 0.030 (sigma weights, n = 4 3
1024).

[RAsH2] 3: C13H26NAsSi2, triclinic, P1̄ (no. 2), a = 8.7896(7), b =
9.1611(7), c = 11.7955(6) Å, a = 100.069(5), b = 96.977(5)°, V =
854.6(1) Å3, F(000) = 344, Dcalc = 1.272 g cm23, m(Mo-Ka) = 21.13
cm21, 0.12 3 0.13 3 0.35 mm3, Z = 2; Enraf-Nonius CCD diffractometer,
Mo-Ka radiation, T = 123 K, 4208 unique reflections (3087 observed, I >
3.0s(I)), 2q = 60.1°, R = 0.183, RA = 0.233 (sigma weights, n = 4 3
1024).

CCDC 182/1752. See http://www.rsc.org/suppdata/cc/b0/b003990j/ for
crystallographic files in .cif format.
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The asymmetric addition of Me3SiCN to aldehydes cata-
lyzed by titanium(IV) complexes of N-sulfonylated deriva-
tives of b-amino alcohols gave excellent ee’s up to 96% ee.

Optically pure cyanohydrins are important chiral building
blocks for a wide variety of chiral products such as a-hydroxy
acids, a-hydroxy aldehydes, a-hydroxy ketones, b-hydroxy
amines, b-amino alcohols and a-amino acid derivatives.1
Therefore, in recent years, a number of synthetic methods have
been reported employing enzymes, synthetic peptides, and
chiral metal complexes.1,2 Of chiral metal complexes reported
so far, titanium-based Lewis acids have attracted the most
interest, and the chiral ligands used include TADDOLs,3
BINOLs,4 sulfoximines,5 peptides,6 Schiff bases7 and oth-
ers.8–10 For examples, the TADDOL–Ti(O-i-Pr)2Cl2 catalytic
system reported by Narasaka et al. gave a 96% ee for
benzaldehyde as a substrate at 265 °C.3 However, for aliphatic
aldehydes, the catalytic system gave low ee values of 68–77%
ee. With the use of 20 mol% of the sulfoximine–Ti(O-i-Pr)4
catalyst reported by Bolm and Müller, the ee values could be up
to 91% ee.5 Recently, Belokon et al. reported a very efficient
[(salen)Ti(m-O)]2 catalyst to give the best ee value of 92% ee
with the use of only 0.1 mol% of the catalyst.7 In these studies,
the best enantioselectivities were reported by Uang et al. with
the use of the diamide–Ti(O-i-Pr)4 catalytic system giving ee
values higher than 96% ee.9 Despite extensive studies, limita-
tions such as poor enantioselectivities, the lack of wide-range
substrate generality, high catalyst loading, or even a stoichio-
metric use of chiral ligand, were usually encountered. This

makes the development of practical and highly effective
catalytic systems for the preparation of chiral cyanohydrins
much more challenging. Herein we report the synthesis of a new
family of N-sulfonylated b-amino alcohols with one or two
stereocenters as chiral ligands, and the asymmetric addition of
Me3SiCN to aldehydes was conducted‡ (eqn. 1).

(1)

In this study, we first synthesized the N-sulfonylated b-amino
alcohols (S)-3 and (S)-4 with only one stereocenter. Un-
fortunately, the catalytic reaction using (S)-3 or (S)-4 with an
equimolar amount of Ti(O-i-Pr)4 as a catalyst gave no
conversion or low enantioselectivity of 7% ee at 0 oC (entries 1
and 2, Table 1). These results prompted us to develop a novel
family of b-amino alcohols with two stereocenters, and based
on the route described by Reetz et al.,11 the b-amino alcohols 5
and their N-sulfonylated derivatives 6 and 7 with two stereo-
centers were prepared. The synthetic strategy provides a
tremendous pool of various b-amino alcohols via variation of
both R and RA groups. While creating the second stereogenic
carbon center, it was found that the second stereocenter is
controlled by the original amino chiral carbon center, and the
major (R,S)-stereomer and the minor (S,S)-stereomer can be
easily separated by chromatography.

In using the (R,S)-6–Ti(O-i-Pr)4 system, the asymmetric
addition of Me3SiCN to benzaldehyde afforded the cyanohydrin
in only 14% yield at 0 °C (entry 3). In contrast, employing (R,S)-
7a resulted in significant improvement of ee values to 68% ee

Table 1 Enantioselective addition of trimethylsilyl cyanide (Me3SiCN) to aldehydes catalyzed by in situ-formed 3–7–Ti(O-i-Pr)4 systems for 48 h

Entry Ligand/mol% Aldehyde Temp./°C Yieldb (%)
% eec

(Config.)

1 (S)-3 (10) Benzaldehyde (1a) 0 0 —
2 (S)-4 (10) Benzaldehyde (1a) 0 67 (58) 7 (R)
3 (R,S)-6 (10) Benzaldehyde (1a) 0 14 8 (R)
4 (R,S)-7a (10) Benzaldehyde (1a) 0 100 68 (R)
5 (R,S)-7a (10) Benzaldehyde (1a) 240 100 79 (R)
6 (R,S)-7a (10) Benzaldehyde (1a) 265 100 (93) 96 (R)
7a (R,S)-7a (10) Benzaldehyde (1a) 265 52 77 (R)
8 (R,S)-7a (5) Benzaldehyde (1a) 265 90 (81) 94 (R)
9 (R,S)-7b (10) Benzaldehyde (1a) 265 82 62 (R)

10 (R,S)-7c (10) Benzaldehyde (1a) 265 85 (73) 38 (R)
11 (S,S)-7a (10) Benzaldehyde (1a) 265 51 (41) 8 (S)
12 (R,S)-7a (10) 4-Chlorobenzaldehyde (1b) 265 93 (85) 90 (R)
13 (R,S)-7a (10) 4-Methoxybenzaldehyde (1c) 265 100 (92) 94 (R)
14 (R,S)-7a (10) 2-Methoxybenzaldehyde (1d) 265 100 (92) 86 (R)
15 (R,S)-7a (10) 2-Naphthaldehyde (1e) 265 95 (88) 96 (R)
16 (R,S)-7a (10) 1-Naphthaldehyde (1f) 265 100 (91) 77 (R)
17 (R,S)-7a (10) (E)-Cinnamaldehyde (1g) 265 100 (89) 93 (R)
18 (R,S)-7a (10) Isobutyraldehyde (1h) 265 100 (91) 95 (R)

a Without addition of powdered molecular sieves. b Yields were based on 1H NMR analyses of the mixture of cyanohydrin and unreacted aldehyde. In
parentheses, isolated yield. c Determined by HPLC with Chiralcel OD column for 1a–1f, Chiralcel AS for 1g and Chiralpak OJ for 1h after protected as acetyl
esters except 1h as a benzoyl ester. Absolute configurations were determined by comparison of optical rotations with literature values.
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(entry 4). From entries 5 and 6, a significant temperature effect
was observed with enantioselectivities of 79% ee at 240 °C
(entry 5) and 96% ee at 265 °C (entry 6). Another key factor for
the successful practice of highly efficient enantioselective
trimethylsilylcyanation of aldehydes is the use of powdered 4 Å
molecular sieves. In the absence of molecular sieves, the ee
value significantly decreased from 96 to 77% ee with the yield
decreased to 52% (entry 7). When as little as 5 mol% of (R,S)-7a
was used, an excellent enantioselectivity was still obtained with
94% ee (entry 8). Replacing (R,S)-7a with (R,S)-7b gave a lower
enantioselectivity of 62% ee (entry 9). When (R,S)-7c with a
benzyl substituent at the amino carbon and a tert-butyl
substituent at the hydroxy carbon was used, a much lower ee
value of 38% ee was obtained (entry 10). For (S,S)-7a, which is
a diastereomer of (R,S)-7a, the reaction gave only 8% ee of S
configuration (entry 11). In addition, other metallic reagents
such as AlMe3, AlEt3, Et2AlCl, Ti(O-i-Pr)2Cl2, Ti(O-i-Pr)Cl3
and TiCl4 were also examined. However, the reactions gave low
enantioselectivities with the best ee value of only 37% ee.
Solvent effect was also studied, and CH2Cl2 was the best
choice.

The enhanced unique reactivity of the N-sulfonylated amino
alcohol (R,S)-7a has been suggested to arise from the following
factors: (a) phenoxides are known to form strong bonds to group
4 transition metals, and with electron withdrawing halogen
groups, the phenoxide moiety may lead to enhanced Lewis
acidity at the metal center to improve the reactivity; (b) the
phenolic ring further enhances conformational rigidity of these
tridendate ligands, which may be an important factor in the
transfer of asymmetry.

From entries 12–18, the generality of the asymmetric
catalytic reactions employing the (R,S)-7a–Ti(O-i-Pr)4 catalytic
system was conducted. For aromatic aldehydes (entries 12–16),
the asymmetric cyanosilylations gave (R)-cyanohydrins with
excellent ee values except in the cases of 2-methoxybenzalde-
hyde (86% ee) and 1-naphthaldehyde (77% ee). The best ee
value of 96% ee was obtained for benzaldehyde (entry 6) or
2-naphthaldehyde (entry 15). It is worth noting that, in this
study, ee values of 95 and 93% ee were obtained for aliphatic
isobutyraldehyde and a,b-unsaturated (E)-cinnamaldehyde (en-
tries 17 and 18), respectively.

In conclusion, the first example of highly effective asym-
metric addition of a cyano group to aldehydes using N-
sulfonylated b-amino alcohols as ligands has been reported with

excellent enenatioselectivities and with broad substrate general-
ity. Besides, the similar sulfoxamide ligands were also applied
to asymmetric diethylzinc addition to aldehydes.12 This study
clearly demonstrates that differences in ligand structures
strongly influence the enantioselectivity, and several trends
were noted. First, the generation of the second stereocenter
greatly improved enantioselectivities. Second, substitution of a
flexible benzyl group at the amino carbon ((R,S)-7a) for a rigid
phenyl group ((R,S)-7b) resulted in a significant drop in the ee
value. Third, aryl substituents on the stereogenic center at the
alcoholic carbon proved to be superior to alkyl substituents. The
mechanistic study of the catalytic systems and their further
applications are currently underway.

Notes and references
† Postdoctoral research fellow from Department of Chemistry, Sichuan
University, Peoples Republic of China.
‡ General procedures for asymmetric cyanosilylation of aldehydes: Under
dry dinitrogen atmosphere, 0.05 mmol of the chiral ligand, 0.05 mmol of
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A novel protocol for crossed alkyne cyclotrimerisations
mediated by Grubbs’ catalyst [RuCl2(NCHPh)(PCy3)2] al-
lows the efficient synthesis of 4,6-substituted indolines with
high regioselectivity, and it is complementary to alkyne
cyclotrimerisations mediated by Wilkinson’s catalyst
[RhCl(PPh3)3] allowing the regioselective synthesis of the
corresponding 4,5-substituted isomers in many cases.

The transition metal catalysed cyclotrimerisation of alkynes has
been recognised as a versatile synthetic approach for highly
substituted benzenes.1 While the intramolecular version has
been established as an efficient synthetic method, the efficiency
of the conceptually more flexible crossed cyclotrimerisation of
tethered diynes with monoalkynes has to be evaluated by the
ability to gain control over the chemo- and regioselectivity of
this process.2 Only a few reports appear using differently
substituted diynes and monoalkynes in crossed cyclotrimerisa-
tion reactions,2d,h,m,3 and in most cases the observed regio-
selectivity was either dependent on a reactivity preference of a
given substrate or limited by the use of sterically encumbered
substituents.

Recently, we reported a novel synthesis of indolines based on
a rhodium-catalysed crossed cyclotrimerisation with N-func-
tionalised alk-1-ynylamides, a process which provides flexible
access to 4-, or 7-, as well as to 4- and 7-substituted indolines.3
While servicing a number of objectives in indole synthesis, this
method has not yet been applicable for the regioselective
synthesis of indolines bearing substituents in the 4,6-, or
4,5-position—a feature of numerous compounds of synthetic
and medicinal interest.4 We propose below a solution to this
challenging issue by using either Grubbs’ catalyst
[RuCl2(NCHPh)(PCy3)2] A or Wilkinson’s catalyst
[RhCl(PPh3)3] B in crossed alkyne cyclotrimerisations.

At the outset of our studies we anticipated that a crossed
alkyne cyclotrimerisation based on a cascade of metathesis
steps could contribute to the above problem set, because
metathesis catalytic cycles usually begin with a regioselective
addition of the ylidene-transition metal complex to the less
hindered site of an olefinic or acetylenic substrate.5 Based on
the findings of Blechert and Roy, that the complex A caused a
fully intra- or intermolecular alkyne cyclotrimerisation,6 we
projected a catalytic cycle as outlined in Scheme 1. The
preferred addition of complex A to the least substituted alkyne
moiety of the 1,6-diyne should be supported by a coordination
of the remaining triple bond to the ruthenium complex, thus
causing the chemo- and regioselectivity of this process. A
cascade of intra- and intermolecular, as well as ring closing
metathesis steps, which are related to the well established enyne
and olefin metathesis,7 would finally result in the liberation of
the ruthenium benzylidene catalyst and in the preferred
formation of the corresponding meta-isomer.

A first set of examples was obtained by the reaction of the
1,6-diyne 1 (0.02 M in CH2Cl2) with the monoalkynes 2a–d (5

eq.) in the presence of 5 mol% A at 40 °C (Scheme 2, Table 1).
During a period of 10–20 h the starting material was consumed
giving the isoindolines 3a–d in 81–89% yield after chromatog-
raphy on silica gel (entries 1–4). Although in some cases the
amount of 2 could be reduced to 2 eq., best results were obtained
using 5 eq., which effectively suppressed a competitive co-
trimerisation of 1. In agreement with our mechanistic hypoth-

† Electronic supplementary information (ESI) available: experimental
procedures and analytical data for 3, 4 and 5. See http://www.rsc.org/
suppdata/cc/b0/b005636g/

Scheme 1

Scheme 2

Table 1 Cycloaddition of 1 with 2a–d mediated by Grubbs’catalyst A or
Wilkinson’s catalyst B‡a

Entry 2 R1
Catalyst
(mol%) Yield (%)b meta+orthoc

1 2a Ph A (5) 3a 82 5+1
2 2b C3H7 A (5) 3b 92 6+1
3 2c CH2OH A (5) 3c 81 6+1
4 2d (CH2)2OH A (5) 3d 89 6+1
5 2a Ph B (5) 3a 52 1+8
6 2b C3H7 B (5) 3b 61 1+4
7 2c CH2OH B (5) 3c 90 1+10
8 2d (CH2)2OH B (5) 3d 79 1+1.5
a Reaction conditions: monoalkyne (5 eq.), reactions with catalyst A
[RuCl2(NCHPh)(PCy3)2] were run in CH2Cl2 at 40 °C in a sealed tube for
various reaction times (10–20 h), reactions with catalyst B [RhCl(PPh3)3]
were run in toluene at rt for various reaction times (10–15 h). b Yield after
purification by silica gel chromatography. c Determined by 1H-NMR.
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esis, well pronounced selectivities were observed with ratios of
meta+ortho = 5+1 and 6+1 for 3a and 3b–d, respectively.‡

Most strikingly, when the same set of compounds was treated
with 5 mol% Wilkinson’s catalyst B in toluene at 20 °C, the
regioselectivities of the above reactions could be reversed
giving the ortho-isomers of 3a–d as major products with ratios
of meta+ortho = 1+8, 1+4, 1+10, and 1+1.5, respectively (Table
1, entries 5–8).§ However, in the case of complex B—a catalyst
that is assumed to operate through rhodacyclooligoolefins as
intermediates in alkyne cyclotrimerisations—the outcome of
regioselectivity was markedly dependent on the substituent of
the monoalkyne 2.

Finally, we applied our findings to the regioselective
synthesis of 4,6- and 4,5-substituted indolines using either
complex A or B as catalyst and the 1,6-diynes 4a (R2 = Me) or
4b (R2 = Ph) together with the monoalkynes 2b–e (Scheme 3,
Table 2).8 When complex A was applied in CH2Cl2 at 40 °C the
indolines 5a–d were obtained in 51–70% yield, and once again
with excellent meta-selectivities of meta+ortho = 9+1 and
9.5+1 for 5a–c and 5d, respectively (entries 1–4). However, a
higher catalyst load of 10 mol% A was in some cases necessary
for the completion of the reaction. Notably, nearly uniform
isomer ratios were observed being independent of the substitu-
tion pattern of the alkynes used. These uniform ratios and
comparably higher selectivities for the formation of the
4,6-substituted indolines meta-5a–d should be attributed to the
electron richness of the alk-1-ynylamide moiety in 4a and 4b
causing a clear and distinct preference for the addition of the
electrophilic ruthenium benzylidene complex A to this electron
rich triple bond and thus underlying our mechanistic hypoth-
esis.

Gratifyingly, when the 1,6-diyne 4a and the monoalkynes
2b,c were treated with 5 mol% Wilkinson’s catalyst B in
toluene at 20 °C, again a switch in regioselectivity was
observed, allowing the regioselective synthesis of 4,5-sub-

stitued indolines.§ Under these conditions the products 5e and
5b were obtained in 54 and 67% yield with excellent
selectivities of meta+ortho = 1+10, and 1+20, respectively
(entries 5 and 6). However, only a moderate preference for the
ortho-isomer of 5b (meta+ortho = 1+3) was found in the
reaction of 4a (R2 = CH3) with but-3-yn-1-ol 2d, and the
reaction of 4b (R2 = Ph) with 2c occurred without a significant
selectivity. Obviously crossed alkyne cyclotrimerisation cata-
lysed by complex B are more sensitive to  steric hindrance and
the substitution pattern of the alkynes, than those catalysed by
A.

In conclusion, we have achieved a new protocol for chemo-
and regioselective crossed alkyne cyclotrimerisations mediated
by Grubbs’ complex A, which is most likely based on a cascade
of metathesis steps. This novel catalytic protocol offers an
efficient, flexible and highly regioselective access to 4,6-substi-
tuted indolines. Moreover, in many cases the regioselectivity of
the alkyne cyclotrimerisation could be switched affording the
corresponding 4,5-substituted indolines, when Wilkinson’s
catalyst B was used. Notably, both catalysts are commercially
available and tolerate a wide range of functionalities.

Financial support of this work by the Deutsche For-
schungsgemeinschaft (Wi-1696) is gratefully acknowledged.
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‡ All new compounds exhibited satisfactory spectra and elemental analyses.
The regioisomers could be separated by simple flash chromatography on
silica gel.
§ Regioselectivities of crossed alkyne cyclotrimerisations using catalyst B
were solvent dependent. Best selectivities were obtained with non-polar
solvents like toluene. A detailed discussion on the solvent-dependency of
this process will be presented in the full account of this study.
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Scheme 3

Table 2 Cycloaddition of 4a–b with 2b–e mediated by Grubbs’ catalyst A
or Wilkinson’s catalyst B‡a

Entry 4 R2 2 R1
Catalyst
(mol%) Yield (%)b meta+orthoc

1 4a CH3 2c CH2OH A (5) 5a 70 9+1
2 4a CH3 2d (CH2)2OH A (10) 5b 51 9+1
3 4a CH3 2e (CH2)3OH A (10) 5c 57 9+1
4 4b Ph 2c CH2OH A (10) 5d 60 9.5+1
5 4a CH3 2b C3H7 B (5) 5e 54 1+10
6 4a CH3 2c CH2OH B (5) 5a 67 1+20
7 4a CH3 2d (CH2)2OH B (5) 5b 66 1+3
8d 4b Ph 2c CH2OH B (5) 5f 70 1+1
a Reaction conditions: monoalkyne (5 eq.), reactions with catalyst A
[RuCl2(NCHPh)(PCy3)2] were run in CH2Cl2 at 40 °C in a sealed tube for
various times (10–20 h), reactions with catalyst B [RhCl(PPh3)3] were run
in toluene at rt for various reaction times (10–15 h). b Yield after
purification by silica gel chromatography. c Determined by 1H-NMR.
d Reaction run at 100 °C.
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Melt self-condensation of 1-(2-hydroxyethoxy)-3,5-bis-
(methoxymethyl)-2,4,6-trimethylbenzene in the presence of
an acid catalyst via a transetherification process yielded a
soluble high molecular weight hyperbranched polyether,
whose structure was established by NMR spectroscopy.

Highly branched macromolecules, such as dendrimers and
hyperbranched polymers, adopt compact conformations and
possess a large number of terminal functional groups. This
drastically alters both their solution and bulk properties. Several
reviews have appeared in the recent literature, that describe the
synthesis, structural properties and applications of dendrimers
and hyperbranched polymers.1–4 Despite the presence of
significant levels of structural imperfections, hyperbranched
polymers present one major advantage over their structurally
perfect cousins and that is the ease of synthesis, which is most
often a one-pot self-condensation of an AB2-type monomer.
More importantly, several of the interesting dendrimeric
properties, such as low melt-viscosity and high functionality,
are also exhibited by hyperbranched polymers, thereby making
them excellent alternatives to the synthetically cumbersome
dendrimers for certain kinds of applications. A large variety of
hyperbranched polymers, namely polyesters, polyurethanes,
polyamides, polyphenylenes, polysiloxanes, polycarbonates
and polyethers have been reported.3,4 One important feature of
the polyether class is their high solubility in common organic
solvents, which make them more readily amenable for the study
and exploitation of their properties in solution. Hyperbranched
polyethers of several types have also been reported in the
literature.5–8 Most of these procedures yielded moderate to high
molecular weight polymers, however, they lack adaptability
toward structural variation, in that they always require a
phenolic group and an aryl/benzyl halide.

Recently, we reported a melt transetherification methodology
for the synthesis of linear polyethers.9 Fully substituted
bisbenzyl methyl ethers readily underwent melt-condensation
with diols in the presence of an acid catalyst to give polyethers
of moderate molecular weights. In this report the transether-
ification methodology is extended for the preparation of a
hyperbranched polyether under melt condition. For this purpose
an AB2 monomer having a hydroxy group (A) and two benzyl
methyl ether groups (B) was targeted. An additional require-
ment for the transetherification approach to function effectively
without crosslinking is the preclusion electrophilic aromatic
substitution, which is fulfilled by complete substitution of all
the aromatic sites in the monomer.9 The simplest monomer that
meets all these criteria is 1-(2-hydroxyethoxy)-3,5-bis(meth-
oxymethyl)-2,4,6-trimethylbenzene (3), which is readily pre-
pared from commercially available mesitol, as shown in
Scheme 1. Mesitol was bis-chloromethylated and reacted with
NaOCH3–methanol to give the intermediate 2 in good yield. It

was then treated with 2-chloroethanol to give the monomer 3.
This monomer was readily polymerized at 145–150 °C in the
presence of toulene-p-sulfonic acid (PTSA) as catalyst. Typi-
cally, the polymerization is carried out under N2 purge for 30
min and then under reduced pressure (0.01 mm of Hg) for an
additional 15 min to attain high molecular weight. To start with,
the contents of the reaction vessel formed a clear melt but as the
condensation proceeded it transformed into a solid mass. The
solid polymer was dissolved in THF, filtered to remove any
unwanted insoluble material, and then precipitated into metha-
nol. The precipitate was isolated and dried to give the polymer
in 82% yield. The expected structure of the resulting hyper-
branched polyether is shown in Scheme 1.

The 1H-NMR spectra of the monomer 3 and the polymer are
shown in Fig. 1, along with the assignments of the various
peaks. Comparison of the spectrum of the monomer with that of
the polymer reveals several interesting features. Firstly, as
expected for high conversions, there is a 50% decrease in the
relative intensity of the peak d, corresponding to Ar-CH2OCH3
protons, and a complete disappearance of the peak b, corre-
sponding to the –CH2OH protons, in the spectrum of the
polymer (Fig. 1-B). Furthermore, two types of benzylic protons
(a1 and a2) of equal intensity—one corresponding to the
unreacted benzyl methyl ether (Ar-CH2OCH3) and the other to
the reacted one (Ar-CH2OR–), are seen in the polymer
spectrum. These observations confirm that the transetherifica-
tion process has indeed occurred to very high conversions to
yield a polymer with the expected structure. One other
interesting feature is the transformation of the peaks corre-
sponding to the aromatic methyl groups from two singlets (e and
f) in the monomer to a cluster of at least five well-resolved
peaks (six inclusive of a shoulder), suggesting the presence of
several distinct chemical environments in which they are
present.

In general, hyperbranched polymers are expected to have
different types of subunits, such as dendritic (D), linear (L) and
terminal (T) units. Most often, the presence of these various
units is established and quantified based on the 1H-NMR signals
corresponding to the aromatic protons belonging to them.
Interestingly, in the present polyether a significantly more
intense Ar-CH3 signal appears to reveal the presence of these
subunits. A total of six aromatic methyl signals (in the region
between 2.3–2.5 ppm) are seen, as opposed to a total of seven
that might be expected if no coincidental overlaps are present—
two each corresponding to dendritic and terminal units and three
to the linear unit. As expected, the sum total of the intensities of
these Ar-CH3 peaks is in the expected ratio with respect to the
other peaks, c and d. In order to calculate the degree of
branching (DB), it is essential to identify and quantify the mole
fraction of the various subunits D, L and T, in such
hyperbranched structures. Based on topological considerations

Scheme 1
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it has been shown that hyperbranched structures will always
possess equal number of D and T units (at high conversions),
and the DB has been calculated for several polymers using a
simplified expression (eqn. 1), from the mole fraction of the
terminal units alone.8,10–13

DB
[D] [T]

[D] [L] [T]

2[T]

[D] [L] [T]
= +

+ +
=

+ + (1)

In order to identify the methyl peaks belonging to the
terminal units, a model compound 4 (see Fig. 1-C) was prepared
by reacting 2 with 2-benzyloxy-1-chloroethane in presence of a
base, and its 1H-NMR spectrum is shown in Fig. 1. Upon
comparison of the spectrum of the model compound with that of
the polymer, it is clear that the peaks between 2.34–2.39 ppm in
the polymer corresponds to the Ar-CH3 protons of the terminal
unit. The sensitivity of the chemical shifts of these methyl
protons to its chemical environment is apparent when one
compares the spectrum of model compound 4 with that of the
monomer; the transformation of a remote hydroxy group to a
benzyl ether causes a significant downfield shift of the two
ortho-methyl protons peak, f. Thus, a non-exact match between
the chemical shifts of model compound 4 and the polymer is not
surprising; the ortho-methyl signal f appears slightly further
downfield in the polymer. Thus, the DB was calculated from the
relative intensities of the two peaks assigned to the terminal unit
(between 2.34–2.39 ppm) with respect to the total intensity of
all the methyl signals (between 2.3–2.49 ppm), as per the above
formula. This number works out to be 0.78 suggesting that a
fairly high degree of branching has been achieved. In the

absence of the dendritic model compound,13 we rely on the ca.
1+2 intensity ratio of the shoulder to peak (e+f) in the polymer
spectrum to confirm the absence of peaks due to other subunits
within this one. Typical values for DB quoted in the literature
range from 0.4–0.8.14 Special efforts using a gradual addition of
the AB2 monomer to a polyfunctional B-type core monomer
(Bf), are often needed to further increase the degree of
branching.15

The molecular weight of the polymer was determined by
GPC using polystyrene standards and it showed a broad
distribution with MW of 103 000 and a polydispersity of 5.8. The
high polydispersity is typical of such hyperbranched structures.
The DSC thermogram of the polymer was recorded under a dry
N2 purge, and the sample was first heated to 150 °C and then
quenched to 2100 °C at 30 °C min21. It was then reheated from
2100 to 150 °C at 10 °C min21 and cooled at the same rate to
record the thermograms. No crystallization and melting transi-
tions were observed either during the heating or cooling runs,
which suggests that the samples were completely amorphous. A
glass transition temperature (Tg) was, however, clearly visible at
28 °C.

In conclusion, we have shown that the melt transetherifica-
tion approach can be readily adapted for the preparation of
hyperbranched polyethers. More importantly, the intermediate
2 is readily amenable to a variety of structural variation by
incorporation of various types of alkyl and oligoethyleneoxy
spacers, to generate a wide range of AB2 monomers. Such an
inclusion of spacer segments into hyperbranched polyethers is
not readily possible using most other previous methods, which
makes this approach especially useful for preparing a range of
hyperbranched structures starting from a single intermediate. A
particularly interesting series of hyperbranched polyethers
would be the one that incorporates oligoethyleneoxy segments.
This would lead essentially to branched polyethylene oxides,
which could serve as potential candidates for solid polymer
electrolyte applications.16,17 Work along these lines is currently
in progress and will be reported shortly.

We would like to thank Department of Science and
Technology, New Delhi, for financial support, and Dr Shiv
Venkataramani, 3M-Center, St. Paul, for GPC analysis.
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Direct self-assembly of p-conjugated oligomers via self-
complementary quadruple hydrogen bonding is achieved
and the first steps towards supramolecular polymers with
functional side chains are described.

Conjugated polymers are investigated for a manifold of
electronic semiconductor applications.1 It is also widely
accepted that well-defined oligomers will play a crucial role in
the future advancement of p-conjugated materials, since their
precise chemical structure and conjugation length stand for
defined functional properties and facilitate enhanced control
over their supramolecular architecture.2,3 Synthetic efforts have
been mainly directed towards the synthesis of extended linear
conjugated oligomers of length of 5–10 nm, but cyclic,4
bicyclic,5 spiro6 and dendritic7 structures have also been
reported. Further, different p-conjugated functionalities have
been combined in a large number of well-defined donor–
acceptor molecules. The major challenge is now to obtain
control of the supramolecular ordering over length scales
extending into the macroscopic regime.8 Only a few examples
have been reported on spatial organization of functional p-
conjugated entities by making use of hydrogen bonding motifs.
Self-assembled fibers of mono and bisthiophene bisurea
compounds have been reported and showed efficient charge
transport within these fibers.9 Superstructure formation of p-
conjugated materials has also been obtained by hydrogen
bonding complexation of perylene bisimide derivatives with a
ditopic melamine compound10 and with chlorine singlet
excited-state electron donor and a naphthalene bisimide
acceptor.11

Recently, we have reported supramolecular polymers which
exhibit real macroscopic polymeric properties.12 These poly-
meric systems are based on the strong dimerization of quadruple
hydrogen-bonding self-complementary 2-ureido-4[1H]-ureido-

pyrimidinone units. These recent developments pave the way to
combine the specific electronic and optical properties of
conjugated oligomers with the material properties of polymers,
by incorporating well-defined p-conjugated moieties in these
supramolecular polymeric assemblies. Here we report on the
synthesis of the ureidopyrimidinone derivatives OPV3UP,
OPV4UP1 and OPV4UP2 (depicted in Schemes 1 and 2) and
on their supramolecular ordering.

Compound OPV3UP was prepared starting from the amino
functionalized oligomer. Using di-tert-butyl tricarbonate the
amine functionality was quantitatively converted to the iso-
cyanate 2.13 Reaction of 2 with 1.5 eq. of 6-tridecylisocytosine

Scheme 2 Synthesis of OPV4UP1 and OPV4UP2. (a) diethyl 4-cyanobenzylphosphonate, t-BuOK, DMF, 91%; (b) LiAlH4, Et2O, 93%; (c) COCl2, toluene,
100 °C, 100%; (d) 6-tridecylisocytosine, pyridine, 90 °C, 52%; (e) diethyl 4-(methylbenzoate)phosphonate, t-BuOK, DMF, THF; (f) KOH, EtOH, 80 °C,
100%; (g) (COCl)2, CH2Cl2, DMF, 100%; (h) MgCl2, Et3N, EtOAc, HCl aq., 30%; (i) (NH2)2CNNH·HCO3, EtOH, 90%; (j) n-C4H9NCO, pyridine,
90 °C.

Scheme 1 Synthesis of OPV3UP. (a) di-tert-butyl tricarbonate, CH2Cl2,
100%; (b) 6-tridecylisocytosine, pyridine, 90 °C, 26%.
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in anhydrous pyridine at 90 °C afforded OPV3UP in 26% yield
after column chromatography. The low yield of OPV3UP is
probably due to the relatively low reactivity of aromatic
isocyanates. Therefore, benzylic isocyanates were used for the
preparation of OPV4UP1. To obtain the benzylic isocyanate,
aldehyde 3 was allowed to react with diethyl 4-cyanobenzyl-
phosphonate in a Wittig–Horner reaction to give the nitrile
compound in 91% yield. The nitrile functionality was subse-
quently reduced using LAH to afford the benzylic amine. The
pure compound was isolated after work-up and precipitation in
93% yield. The amine derivative was reacted with phosgene in
refluxing toluene to give the isocyanate. Reaction of the latter
with 6-tridecylisocytosine in anhydrous pyridine at 90 °C gave
OPV4UP1 in 52% yield. In order to obtain full conjugation
between the OPV and hydrogen bonding unit, OPV4UP2 was
synthesized. Reaction of aldehyde 3 with diethyl 4-(me-
thylbenzoate)phosphonate in a Wittig–Horner reaction afforded
a mixture of esters 5. Saponification of these esters gave
quantitatively the acid, which was quantitatively converted to
the acid chloride using oxalylchloride in DCM and DMF. The
b-ketoester was obtained in 30% yield by reaction of the acid
chloride with potassium ethylmalonate in presence of triethyla-
mine and magnesium chloride. Reaction of the b-ketoester with
guanidinium carbonate yielded quantitatively the isocytosine.
The desired compound OPV4UP2 was finally obtained in 90%
yield by reaction of the isocytosine and n-butylisocyanate in
anhydrous pyridine at 90 °C.

All the compounds OPV3UP, OPV4UP1 and OPV4UP2
were fully characterized.† These p-conjugated oligomers form
quadruple hydrogen bonded DDAA-dimers in solution as is
evident from the 1H-NMR spectra (Fig. 1). The large downfield
shift for the N–H protons gives direct evidence for the
involvement of these protons in strong hydrogen bonding.14 The
electronic absorption spectra recorded in CHCl3 solution
display a weak band in the visible spectral region (lmax = 409
nm) for the less extended p-conjugated OPV3UP. In the case of
tetrameric oligophenylene vinylene, OPV4UP1 and
OPV4UP2, the absorption maxima are located at lmax = 431
and 446 nm, respectively. The red shift of the absorption
maxima of OPV4UP2 indicates conjugation between the OPV
segment and the hydrogen bonding unit. In addition, in dilute
CHCl3 solution (ca. 1025 M) these hydrogen bonded species are
present in dimeric form since the association constant of the
ureidopyrimidinone units is extremely high (Kdim = 6 3 107

M21 in CHCl3 solutions).15 In dodecane solution, both the
dimers of OPV4UP1 and OPV4UP2 aggregate into larger
architectures and circular dichroism (CD) spectroscopy shows
an exciton coupling of the p–p* transition in this solvent. In
other words, the side-chain chirality is expressed at the
supramolecular level.16 In the bulk, the two trialkoxybenzene
capped dimers are liquid crystalline, but investigation concern-
ing their detailed structure is in progress.

In conclusion, directed self-assembly of p-conjugated oligo-
mers via self-complementary quadruple hydrogen bonding has
been achieved. It opens new possibilities for the design of
electronically active supramolecular materials in which the
specific properties of well-defined oligomers can be combined
with the material properties of polymers.

We thank Michel Fransen for the synthesis of the starting
materials, Joost van Dongen for MALDI-TOF MS measure-
ments, and Dr Rint Sijbesma for fruitful and helpful discus-
sions. This work has been supported by Netherlands Organiza-
tion for Scientific Research (NWO) and the Royal Netherlands
Academy of Arts and Sciences.

Notes and references
† Full synthetic details will be given elsewhere. All new compounds were
authenticated by 1H and 13C NMR, FT-IR, MALDI-TOF MS and elemental
analyses. Selected data: for OPV3UP: dN–H (CDCl3) 12.91, 12.35, 12.11,
MALDI-TOF MS (MW = 974.68) m/z = 974.77 [M]+, elemental analyses
C, 74.46 (75.11), H, 9.28 (9.30), N, 5.96 (5.74%); OPV4UP1: dN–H

(CDCl3) 13.06, 12.07, 10.89, MALDI-TOF MS (MW = 1629.28) m/z =
1629.89 [M]+, elemental analyses C, 77.68 (77.35), H, 10.77 (10.39), N,
3.26 (3.44%); OPV4UP2: dN–H (CDCl3) 13.91, 12.03, 10.29, MALDI-TOF
MS (MW = 1490.24) m/z = 1490.09 [M]+, elemental analyses C, 75.99
(76.60), H, 9.58 (10.00), N, 3.45 (3.80%); calculated values in parenthe-
sis.

1 R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N.
Marks, C. Taliani, D. C. C. Bradley, D. A. Dos Santos, J. L. Brédas, M.
Logdlund and W. R. Salaneck, Nature, 1999, 397, 121.

2 R. E. Martin and F. Diederich, Angew. Chem., Int. Ed., 1999, 38,
1350.

3 J. M. Tour, Chem. Rev., 1996, 84, 303.
4 Z. Hu, J. L. Atwood and M. P. Cava, J. Org. Chem., 1994, 59, 8071;

K. P. Baldwin, R. S. Simons, J. Rose, P. Zimmerman, D. M. Hercules,
C. A. Tessier and W. J. Youngs, J. Chem. Soc., Chem. Commun., 1994,
1257; C. J. Walter and J. K. M. Sanders, Angew. Chem., Int. Ed. Engl.,
1995, 34, 217; J. Zhang, D. J. Pesak, J. L. Ludwick and J. S. Moore,
J. Am. Chem. Soc., 1994, 116, 4227.

5 Z. Wu, S. Lee and J. S. Moore, J. Am. Chem. Soc., 1992, 114, 8730.
6 J. M. Tour, R. Wu and J. S. Schumm, J. Am. Chem. Soc., 1991, 113,

7065; R. Wu, J. S Schumm, D. L. Pearson and J. M. Tour, J. Org. Chem.,
1996, 61, 6906; J. Salbeck, F. Weissörtel and J. Bauer, Macromol.
Symp., 1997, 125, 121.

7 Z. Xu and J. S. Moore, Angew. Chem., Int. Ed., 1993, 32, 1354.
8 D. Goldhaber-Gordon, M. S. Montemerlo, J. C. Love, G. J. Opiteck and

J. C. Ellenbogen, Proceedings of the IEEE, 1997, 85, 521; D. L.
Pearson, L. Jones III, J. S. Schumm and J. M. Tour, Synth. Met., 1997,
84, 303.

9 F. S. Schoonbeek, J. H. van Esch, B. Wegewijs, D. B. A. Rep, M. P. de
Haas, T. M. Klapwijk, R. M. Kellog and B. L. Feringa, Angew. Chem.,
Int. Ed., 1999, 38, 1393.

10 F. Würthner, C. Thalacker and A. Sautter, Adv. Mater., 1999, 11,
754.

11 J. L. Sessler, C. T. Brown, D. O’Conner, S. L. Springs, R. Wang, M.
Sathiosatham and T. Hirose, J. Org. Chem., 1998, 63, 7370.

12 R. P. Sijbesma, F. H. Beijer, L. Brunsveld, B. J. B. Folmer, J. H. K. K.
Hirschberg, R. F. M. Lange, J. K. L. Lowe and E. W. Meijer, Science,
1997, 278, 1601; B. J. B. Folmer, R. P. Sijbesma, R. M. Versteegen,
J. A. J. van der Rijt and E. W. Meijer, Adv. Mater., 2000, 12, 874; L.
Brunsveld, B. J. B. Folmer and E. W. Meijer, MRS Bull., 2000, 25, 49;
J. H. K. K. Hirschberg, F. H. Beijer, H. A. van Aert, P. C. M. M.
Magusin, R. P. Sijbesma and E. W. Meijer, Macromolecules, 1999, 32,
2696.

13 H. W. I. Peerlings and E. W. Meijer, Tetrahedron Lett., 1999, 40,
1021.

14 F. H. Beijer, R. P. Sijbesma, H. Kooijman, A. L. Spek and E. W. Meijer,
J. Am. Chem. Soc., 1998, 120, 6761.

15 S. H. M. Söntjens, R. P. Sijbesma, M. H. P. van Genderen and E. W.
Meijer, J. Am. Chem. Soc., in press.

16 See e.g. E. Peeters, M. P. T. Christiaans, H. F. M. Schoo, H. P. J. M.
Dekkers and E. W. Meijer, J. Am. Chem. Soc., 1997, 119, 9909;
B. M. W. Langeweld-Voss, D. Beljone, Z. Shuai, R. A. J. Janssen,
S. C. J. Meskers, E. W. Meijer and J.-L. Brédas, Adv. Mater., 1998, 10,
1343.

Fig. 1 1H-NMR spectra of OPV4UP1 recorded in CDCl3.

Typeset and printed by Black Bear Press Limited, Cambridge, England

1970 Chem. Commun., 2000, 1969–1970



      

The bioinorganic chemistry of zinc: synthetic analogues of zinc enzymes that
feature tripodal ligands

Gerard Parkin

Department of Chemistry, Columbia University, New York, New York 10027, USA.
E-mail: parkin@chem.columbia.edu

Received (in Cambridge, UK) 15th June 2000, Accepted 18th August 2000
First published as an Advance Article on the web 29th September 2000

Zinc, as a constituent of more than 300 enzymes, plays essential
roles in biological systems. The active sites of these enzymes
feature a zinc center attached to the protein backbone by three
or four amino acid residues, the nature of which influences the
specific function of the enzyme. In order to understand why
different zinc enzymes utilize different amino acid residues at
the active site, it is necessary to understand how, and why, the
chemistry of zinc is modulated by its coordination environment.
Answers to these questions are being provided by a study of
synthetic analogues of zinc enzymes, i.e. small molecules that
resemble the enzyme active sites. This article provides an
account of those studies that have specifically used tripodal
ligands to mimic the active site protein residues in an effort to
ascertain the bioinorganic chemistry of zinc.

1. Introduction
Once dubbed a ‘boring element’,1 zinc is now experiencing a
dramatic renaissance in its chemistry due to the important roles
that it plays in biological systems.2 For example, an average
adult human contains ca. 3 grams of zinc,3 and its bio-
availability has been shown to have an effect on the occurrence
of malaria, pneumonia, and also the common cold.2,3 To a large
degree, the primary influence of zinc in biological systems
resides with its presence in ca. 300 enzymes. The active sites of
many of these enzymes feature a tetrahedrally coordinated zinc
center that is attached to the protein backbone by three amino
acid residues, with the fourth site being occupied by a water
molecule (Fig. 1).2,4 The specific function performed by each
of these enzymes is dictated by both (i) the nature of the residues
which bind zinc to the protein, typically His (N), Glu (O), Asp
(O), and Cys (S), and (ii) the amino acid spacer lengths between
the active site residues. For example, a selection of zinc
enzymes and their functions, which differ according to the

composition of the active site, are illustrated in Table 1 and Fig.
2. While it is recognized that the prevalent use of zinc in
biological systems is a manifestation of the unique character-
istics associated with the Zn2+ ion (Table 2),5 the factors that are
responsible for modifying the detailed properties of the active
sites of zinc enzymes are not known with certainty. For this
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Fig. 1 A common structural feature of zinc enzymes.

Table 1 Coordination motifs in representative mononuclear [{XYZ}ZnII-

(OH2)] zinc enzymes and their functions

X, Y, Z Enzyme Function

His, His, His Carbonic anhydrase Hydration of CO2

His, His, Glu Carboxypeptidase Exo peptidase
Thermolysin Endo peptidase
Neutral protease Endo peptidase

His, His, Asp Protease from
streptomyces
caespitosus

Endo peptidase

His, His, Cys Bacteriophage T7
lysozyme

Cleavage of the amide bond
between L-alanine and N-
acetylmuramate moieties
in polysaccharides

His, Asp, Cys Farnesyl protein
transferase

Transfer of a farnesyl
isoprenoid to a cysteine
residue

His, Cys, Cys Alcohol dehydrogenase Oxidation of alcohols to
aldehydes and ketones

Cytidine deaminase Hydrolytic deamination of
cytidine to uridine

Cys, Cys, Cys 5-Aminolevulinate
dehydratase

Synthesis of porphobilinogen
from 5-aminolevulinic
acid
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reason, a number of research groups are actively studying the
chemistry of synthetic analogues of zinc enzymes (i.e. small
molecules that resemble the enzyme active sites) as part of a
concerted effort to establish how, and why, the chemistry of
zinc is modulated by its coordination environment.6 The
purpose of this article is to provide an account of those studies
that have specifically used tripodal ligands to mimic the active
site protein residues in an effort to ascertain the bioinorganic
chemistry of zinc.

2. Tripodal ligands as mimics for protein binding
The importance of studying synthetic analogues of zinc
enzymes resides with the fact that such species are more
amenable to structural, spectroscopic, and mechanistic studies
than the enzymes themselves. As such, these studies enable the
bioinorganic chemistry of zinc to be established for well defined
systems. Accurate synthetic analogues of zinc enzymes are not,
however, trivial to obtain. A simple illustration of this statement
is provided by the fact that whereas pseudo-tetrahedral

coordination geometry is prevalent in zinc enzymes, higher
coordination numbers are common for simple zinc complexes in
both the solid state and solution.4e,7,8 Furthermore, binuclear
degradatory pathways are inhibited for the enzyme by virtue of
the fact that the active sites are located in its interior. To
circumvent such problems involving departures from tetra-
hedral coordination and oligomerization, considerable attention
must be given to ligand design in order to procure synthetic
analogues that mimic well the enzyme active sites. Since the
active sites of most zinc enzymes are of the composition
[{XYZ}ZnII–OH2], where X, Y, and Z are three protein
residues (Table 1 and Fig. 2), a rational approach towards
obtaining synthetic analogues is to use tridentate ligands which
incorporate the requisite X, Y and Z donor groups to mimic the
protein ligation. A further refinement of this approach is to use
a tripodal ligand in which the X, Y, and Z groups are attached
to a common tetrahedral (or trigonal pyramidal) center.

There are at least three advantages of using tripodal ligands,
rather than acyclic or cyclic ligands, to support tetrahedral zinc
centers. Specifically:

(i) As a result of its trigonal nature, a tripodal ligand enforces
the ‘facial’ (as opposed to ‘T-shaped’) binding that is required
to create a tetrahedral metal center (Fig. 3). In contrast, acyclic

tridentate ligands often bind in a ‘T-shaped’ manner that has no
significant biological relevance.

(ii) Tripodal ligands typically possess only a single relevant
binding conformation, whereas macrocyclic ligands are more
conformationally flexible.

(iii) The directional nature of tripodal ligands is such that it is
possible to incorporate substituents that directly influence the
steric environment about the metal center. In contrast, sub-
stituents in macrocyclic ligands are not, in general, suitably
placed to have a profound impact on the sterics of the
coordination pocket.

Trofimenko’s tris(pyrazolyl)borate ligand system, [TpRRA]
(Fig. 4),9 which features prominently in this article, provides an

exemplary illustration of the above virtues of a tripodal ligand.
Indeed, with bulky tert-butyl substituents on the 3-position of

Fig. 2 Active site coordination motifs in representative zinc enzymes.

Table 2 Properties of ZnII that are pertinent to its role in enzymes
(information taken from refs. 2 and 3)

Redox properties The divalent zinc ion is exceptionally stable with
respect to oxidation and reduction and so it does
not participate in redox reactions, in contrast to
Mn, Fe, and Cu.

Coordination
geometries

The d10 configuration of Zn2+ indicates that zinc
complexes are not subject to ligand field
stabilization effects and so coordination number
and geometry is only dictated by ligand size and
charge. In enzymes, zinc shows a strong
preference for tetrahedral coordination which
enhances both the Lewis acidity of a zinc center
and the Brønsted acidity of a coordinated water
molecule. Only CuII is a better Lewis acid.

Ligand binding
properties

Zinc is an element of borderline hardness, so that
nitrogen, oxygen and sulfur ligands can all be
accommodated, in contrast to magnesium and
calcium which favor binding to oxygen. Therefore,
zinc binds strongly to many proteins.

Ligand exchange The flexibility in coordination geometry makes
ligand exchange more facile than for Ni or Mg
and enhances the ability of zinc to effect a
catalytic cycle.

Ligand
nucleophilicity

Anions such as OH2, OR2 and SR2 retain
nucleophilic character when coordinated to zinc.
Only MnII, FeIII, and CuII are better in this regard.

Fig. 3 Comparison of the facial coordination of a tripodal ligand with the T-
shaped binding of an acyclic ligand.

Fig. 4 The tris(pyrazolyl)hydroborato ligand system, [TpRRA]MX.
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the pyrazolyl groups, the ligand has been referred to as a
‘tetrahedral enforcer’ due to its tendency to favor tetrahedral
coordination.10 Not only can the substituents at the 3-position
be used to modify the size of the coordination pocket, they may
also be used to influence the electronic properties of the metal
center. For example, in addition to simple alkyl and aryl
substituents, electron withdrawing perfluoroalkyl groups, e.g.
CF3, may be incorporated.9 Finally, it should be noted that
substituents such as But provide a valuable 1H NMR spectro-
scopic probe that facilitates reactivity and mechanistic stud-
ies.

3. Synthetic analogues of zinc enzymes
incorporating tripodal ligands
In view of the very large number of zinc enzymes known, a
systematic and comprehensive investigation of synthetic ana-
logues for all of these enzymes is yet to be conducted. For this
reason, the selection of enzymes discussed in this article is
eclectic, with the specific intention being to illustrate aspects of
the chemistry of those enzymes which feature mononuclear
tetrahedral active sites of the type [{XYZ}ZnII–OH2]. The
chemistry will be discussed according to the nature of the
{XYZ} ligand complement at the active site, ranging from
nitrogen rich carbonic anhydrase, [(His)3ZnII–OH2], to sulfur
rich 5-aminolevulinate dehydratase [(Cys)3ZnII–OH2].

(a) The [(His)3ZnII–OH2] motif: carbonic anhydrase

Carbonic anhydrase, the first enzyme recognized to contain
zinc, has played a pivotal role in the development of zinc
enzymology.11 It is recognized to be an ‘ancient’ enzyme since
it has widespread occurrence in prokaryotes, it is ubiquitous in
nature, and is one of the most efficient enzymes known. As
implied by its name, its physiological function is to catalyse the
reversible hydration of carbon dioxide (Scheme 1), and thus

carbonic anhydrase plays an important role in respiration and
intracellular CO2/HCO3

– equilibration. X-Ray diffraction stud-
ies demonstrate that the zinc center of the active site is
coordinated to the protein by the imidazole groups of three
histidine residues and a water molecule (or hydroxide ion,
depending upon pH) (Fig. 5), and the overall features of the
mechanism of action are illustrated in Scheme 1.11

Numerous studies have been performed using tridentate
nitrogen donor ligands to model the structure and function of the
active site carbonic anhydrase.6 However, very few of these
studies have successfully enabled the isolation of structurally-
characterized mononuclear four-coordinate zinc–hydroxide or
zinc–aqua complexes that mimic the active site of carbonic
anhydrase. It is, therefore, significant that the first such
complexes were obtained using sterically demanding tris(pyr-
azolyl)borato ligands, namely [TpRRA]ZnOH.12 For example,
[TpBut,Me]ZnOH, the first monomeric terminal zinc hydroxide
complex to be isolated, has been synthesized by (i) the direct
reaction between equimolar amounts of Zn(ClO4)2•6H2O,
K[TpBut,Me] and KOH in methanol, and (ii) by metathesis of
[TpBut,Me]ZnI with Bun

4NOH (Scheme 2).

The molecular structures of [TpBut,Me]ZnOH and [TpCum,Me]-
ZnOH have been determined by X-ray diffraction, thereby
confirming the monomeric and tetrahedral nature of the
complexes, as illustrated for [TpBut,Me]ZnOH in Fig. 6. It is
important to emphasize that the presence of bulky substituents
(e.g. But and C6H4Pri) is essential for the successful isolation of
the four-coordinate [TpRRA]ZnOH terminal hydroxide com-
plexes. For example, a simple phenyl substituent in the
3-position of [TpPh]ZnOH does not afford a stable derivative.13

Furthermore, the absence of bulky susbtituents on simple
macrocyclic ligands results in oligomerization via either
hydroxy-bridges, e.g. {[{Me3[9]aneN3}Zn(m-OH)]}2

2+,14 or
hydrogen bonding interactions, e.g. [{[12]aneN3}Zn(OH)]3-
(ClO4)3•(HClO4).15 More recently, a monomeric five-coor-
dinate anionic zinc hydroxide with a trigonal-bipyramidal
geometry, {[h4-N{CH2CH2NC(O)NHBut}3]ZnOH}22,16 has
been synthesized; notably, this complex also features bulky
amide substituents that provide a hydrogen bonding cavity in
which the hydroxide ligand resides.17

In addition to being structurally determined by X-ray
diffraction, the hydroxide ligand in [TpRRA]ZnOH is well
characterized spectroscopically, as illustrated by the IR and
NMR spectroscopic data listed in Table 3. For example, the 1H
NMR spectrum of [TpBut,Me]ZnOH in C6D6 illustrates that the
hydroxide proton is observed as a sharp signal at d 20.07
ppm.

Scheme 1

Fig. 5 Active site of carbonic anhydrase.

Scheme 2
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While the [TpRRA]ZnOH complexes represent a major
advance in bioinorganic zinc chemistry by providing the first
well characterized tetrahedral zinc hydroxide complexes, their
structural similarity to the enzyme is limited by the fact that the
nitrogen donors are not of the imidazolyl type, but are rather
pyrazolyl-based. Nevertheless, a tetrahedral terminal zinc
hydroxide complex has been obtained by the use of the
sterically demanding neutral tris[2-(1-isopropyl-4-tert-butyl-
imidazolyl)]phosphine ligand, [PimPri,But]. Specifically, the
hydroxide complex {[PimPri,But]ZnOH}+ was isolated as the
perchlorate derivative upon reaction of [PimPri,But] with
Zn(ClO4)2·6H2O (Scheme 3).18 The molecular structure of
{[PimPri,But]ZnOH}+ has been determined by X-ray diffraction,
as illustrated in Fig. 6, which emphasizes the strong relationship
with that of [TpBut,Me]ZnOH. The Zn–O and Zn–N bond length
data listed in Table 4 reinforce this similarity, and also the
relationship with carbonic anhydrase. Since {[PimPri,But]-
ZnOH}+ is the only structurally characterized monomeric
tetrahedral zinc hydroxide derivative with three imidazole
moieties attached to zinc, the complex represents the best
structural model for carbonic anhydrase to date.

As with the tris(pyrazolyl)borate derivatives, [TpRRA]ZnOH,
the importance of bulky substituents in enabling the isolation of

{[PimPri,But]ZnOH}+ is underscored by the fact that analogous
zinc hydroxide complex species have not been isolated using
other tris(imidazolyl)phosphine ligands with less sterically
demanding substituents.6f Furthermore, tris(imidazolyl)carbi-
nol and tris(imidazolyl)alkane ligands have likewise failed to
yield structurally characterized terminal zinc hydroxide com-
plexes.6f

The first essential step in the proposed mechanism of action
of carbonic anhydrase (Scheme 1) involves reversible proton
transfer which interconverts the aqua and hydroxide forms of
the active site, [(His)3Zn–OH2]2+ and [(His)3Zn–OH]+. How-
ever, while several studies have addressed the factors that
influence the pKa of zinc-bound water molecules in a general
sense,8,15,19 there is to date only a single report demonstrating
reversible deprotonation/protonation of a four-coordinate [Zn–
OH2]2+/[Zn–OH]+ pair of complexes. The paucity of such
examples is due to the fact that protonation of a zinc hydroxide
moiety is typically accompanied by displacement of the aqua
ligand by the counter anion (Scheme 4),20 as illustrated by the

reaction of [TpBut,Me]ZnOH with p-TolS(O)2OH to give
[TpBut,Me]ZnOS(O)2Tol.20d It is, therefore, significant that
[TpBut,Me]ZnOH may be protonated by (C6F5)3B(OH2) to give a
zinc aqua derivative {[TpBut,Me]Zn(OH2)}[HOB(C6F5)3] in
which the water molecule is not displaced by the counter ion
(Scheme 5).21 Furthermore, the reaction is reversible and
subsequent treatment of {[TpBut,Me]Zn(OH2)}+ with Et3N
regenerates [TpBut,Me]ZnOH.

The molecular structure of {[TpBut,Me]Zn(OH2)}-
[HOB(C6F5)3] has been determined by X-ray diffraction, as

Fig. 6 Molecular structures of [TpBut,Me]ZnOH and {[PimPri,But]ZnOH}+.

Table 3 Spectroscopic data for [TpRRA]ZnOH complexes (data taken from
ref. 9b)

[TpRRA]ZnOH n(O–H)/cm21 d(1H) d(17O)

[TpBut,Me]ZnOH 3676 20.07 28
[TpPri

2]ZnOH 3668 20.29 236
[TpAr2]ZnOHa 3558
[TpCum,Me]ZnOH 3647
a Ar = p-C6H4But

Scheme 3

Table 4 Comparison of Zn–O and Zn–N bond lengths in carbonic anhydrase
with those of synthetic analogues

d(Zn–O)/Å d(Zn–N)/Å

{[PimBut,Pri]ZnOH}+ 1.86 2.08
[TpBut,Me]ZnOH 1.85 2.05
[TpCum,Me]ZnOH 1.85 2.05
{[TpBut,Me]Zn(OH2)}+ 1.94 2.02
CAI 1.9 1.9
CAII 2.05 2.11

Scheme 4
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illustrated in Fig. 7. A notable feature of the structure of
{[TpBut,Me]Zn(OH2)}[HOB(C6F5)3] is that the Zn–O bond
[1.937(2) Å] is significantly longer than that in [TpBut,Me]ZnOH

[1.850(8) Å]. Such lengthening is in accord with the fact that the
hydroxide ligand has been protonated. Another interesting
aspect of the structure of {[TpBut,Me]Zn(OH2)}[HOB(C6F5)3] is
the existence of a hydrogen bond interaction between the
coordinated water molecule and the [(C6F5)3BOH]– counter
anion, which bears an analogy to that between the zinc-bound
water molecule in carbonic anhydrase and the Thr-199 residue
(Fig. 5). The existence of these hydrogen bonding interactions is
consistent with the water molecule attached to a tetrahedral ZnII

center being acidic. Although the pKa of {[TpBut,Me]Zn(OH2)}+

has not been accurately determined due to the complications
mentioned above, an estimate of ca. 6.5 has been cited,6b which
is comparable to the value of ca. 7 for carbonic anhydrase.

Following deprotonation of the zinc-bound water molecule,
the second key step of the mechanism of action of carbonic
anhydrase involves the reaction of the nucleophilic zinc–
hydroxide group with carbon dioxide to give a bicarbonate
intermediate. An excellent precedent for this transformation is
provided by the reaction of [TpBut,Me]ZnOH with CO2 to
generate the bicarbonate complex [TpBut,Me]Zn(OCO2H), as
illustrated in Scheme 6.12c IR spectroscopic studies demonstrate
that the bicarbonate ligand is characterized by absorptions at

1302 and 1675 cm21, which are indicative of unidentate
coordination.

Also of relevance to a catalytic cycle, the formation of the
bicarbonate complex [TpBut,Me]Zn(OCO2H) is reversible, and
removal of the CO2 atmosphere results in regeneration of the
hydroxide derivative [TpBut,Me]ZnOH (Scheme 6).12c Fur-
thermore, 1H NMR spectroscopic studies demonstrate that the
equilibration is rapid on the NMR time-scale. Thus, upon
addition of CO2 to [TpBut,Me]ZnOH, the sharp signal attributed
to the hydroxide ligand broadens substantially and merges into
the base line. The spectroscopic transformation is reversible,
and the signal of the hydroxide complex gradually reappears
upon progressive removal of the CO2 atmosphere. The
tris(pyrazolyl)hydroborato system has, therefore, allowed direct
observation of all three zinc species that correspond to the
proposed zinc intermediates of the mechanism of action of
carbonic anhydrase, namely aqua, hydroxide, and bicarbonate
complexes (Scheme 7). Moreover, their interconversion has

been shown to be facile. As such, {[TpBut,Me]ZnOH2}+,
[TpBut,Me]ZnOH and [TpBut,Me]Zn(OCO2H) represent to date
the most thoroughly characterized synthetic analogue system
corresponding to carbonic anhydrase.

The functional equivalence of [TpBut,Me]ZnOH as a synthetic
analogue of carbonic anhydrase has been established by using

Scheme 5

Fig. 7 Molecular structure of {[TpBut,Me]Zn(OH2)}[HOB(C6F5)3].

Scheme 6

Scheme 7
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17O NMR spectroscopy which demonstrates that [TpBut,Me]Zn-
OH is capable of catalyzing the exchange of oxygen atoms
between CO2 and H2

17O [eqn. (1)],12c a reaction that is also
catalyzed by carbonic anhydrase.

(1)

Specifically, 17O NMR spectroscopy indicates that, in the
presence of a [TpBut,Me]ZnOH catalyst and CO2, the 17O NMR
spectroscopic signal for H2

17O in benzene solution is rapidly
replaced by the signal for CO17O. Under comparable condi-
tions, but in the absence of a [TpBut,Me]ZnOH catalyst, a mixture
of H2

17O and CO2 takes several days to reach isotopic
equilibrium in benzene solution, thereby clearly demonstrating
the efficiency of [TpBut,Me]ZnOH as a functional carbonic
anhydrase mimic. Related to the exchange of oxygen atoms
between [TpBut,Me]ZnOH and CO2, the hydroxide complex
[TpPh,Me]ZnOH reacts with CS2 to give [TpPh,Me]ZnSH and
COS.22

Another aspect of the reaction between [TpBut,Me]ZnOH and
CO2 which deserves mention is that of the condensation
reaction between [TpBut,Me]Zn(OCO2H) and [TpBut,Me]Zn-
OH.12c Thus, as a result of the facile interconversion between
[TpBut,Me]Zn(OCO2H) and [TpBut,Me]ZnOH, condensation of
the latter two molecules may occur to generate a bridging
carbonate complex {[TpBut,Me]Zn}2(m-h1,h1-CO3) which may
be isolated over a period of days by virtue of its lower solubility
(Scheme 8). The bridging carbonate complex {[TpBut,Me]-

Zn}2(m-h1,h1-CO3) is, however, extremely sensitive towards
water, thereby regenerating the hydroxide derivative
[TpBut,Me]ZnOH.12c

The course of the reaction between [TpRRA]ZnOH and CO2 is
strongly influenced by the nature of the pyrazolyl substituents,
as illustrated by the reactivity of [TpPri

2]ZnOH towards CO2

(Scheme 9). Thus, in contrast to the {[TpBut,Me]Zn} system, the
bicarbonate complex [TpPri

2]Zn(OCO2H) is insufficiently stable
to be spectroscopically detected and [TpPri

2]ZnOH reacts
rapidly with CO2 to yield the bridging carbonate complex
{[TpPri

2]Zn}2(m-h1,h2-CO3) (Scheme 9), which also differs
from that of the {[TpBut,Me]Zn}2(m-h1,h1-CO3) counterpart by
virtue of the nature of the carbonate bridge. In particular,
whereas the carbonate ligand in {[TpBut,Me]Zn}2(m-h1,h1-CO3)
binds in a symmetric manner, with unidentate coordination to
each zinc center, that in {[TpPri

2]Zn}2(m-h1,h2-CO3) binds
asymmetrically, with unidentate coordination to one zinc center
and bidentate coordination to the other zinc center (Scheme 9);
the bidentate coordination mode is presumably a consequence
of the lower steric demands of the [TpPri

2] ligand. It is also
noteworthy that the reactivity of the carbonate ligand towards
water is strongly influenced by the nature of the bridge. Thus,

{[TpPri
2]Zn}2(m-h1,h2-CO3) is stable towards water (Scheme 9),

whereas {[TpBut,Me]Zn}2(m-h1,h1-CO3) reacts instantaneously
to give [TpBut,Me]ZnOH.  The significant difference in reactivity
emphasizes the extent to which the coordination mode of a
carbonate ligand and, by inference, that of a bicarbonate ligand,
dictates its stability towards water. Since the final step of the
proposed mechanism of action of carbonic anhydrase involves
displacement of bicarbonate by water, the above difference in
reactivity of {[TpPri

2]Zn}2(m-h1,h2-CO3) and {[TpBut,Me]-
Zn}2(m-h1,h1-CO3) towards H2O suggests that factors which
promote bidentate coordination of a bicarbonate ligand could
inhibit the catalytic cycle. In support of this notion, the
increased catalytic activity of [{[12]aneN4}ZnOH]+ over that of
[{[12]aneN3}ZnOH]+ towards hydration of CO2 has also been
attributed to the greater tendency of the former to form a
unidentate, rather than bidentate, bicarbonate intermedi-
ate.23,24

A final issue concerned with the formation of the bicarbonate
intermediate of the catalytic cycle (Scheme 1) is that it requires
that the coordinated water be deprotonated prior to reaction with
CO2. Comparative studies on both the hydroxide [TpBut,Me]Zn-
OH and aqua {[TpBut,Me]Zn(OH2)}[HOB(C6F5)3] complexes
allows this proposal to be confirmed. Thus, whereas [TpBut,Me]-
ZnOH reacts rapidly with CO2 to yield the bicarbonate
derivative [TpBut,Me]Zn(OCO2H), the aqua complex
{[TpBut,Me]Zn(OH2)}+ is inert under comparable conditions
(Scheme 6).

(b) The [(His)2(Glu)ZnII–OH2] motif: thermolysin,
carboxypeptidase and neutral protease

Thermolysin (TLN), carboxypeptidase (CP) and neutral pro-
tease are a class of related zinc proteases that are responsible for
catalyzing the hydrolysis of peptide bonds [eqn. (2)].

(2)

The active sites of carboxypeptidase, thermolysin, and neutral
protease bear a close resemblance, with the zinc centers of each
being bound to the protein by a combination of one glutamate
and two histidine residues. The similarity between thermolysin

Scheme 8

Scheme 9

1976 Chem. Commun., 2000, 1971–1985



and carboxypeptidase is further emphasized by the fact that the
glutamate residue of each enzyme is capable of binding in both
a unidentate and bidentate manner. Efforts to obtain synthetic
analogues of these enzymes have focused on the use of a variety
of tridentate ligands with [N2O] donor arrays,25–29 but many of
these ligands do not enforce tetrahedral coordination geometries
akin to those in the enzymes. For example, ligands such as
bis[(3,5-diisopropylpyrazolyl)ethyl] ether, O(CH2CH2pzPri

2)2,
bind with a ‘T-shaped’ configuration, rather than with the facial
configuration required to mimic the tetrahedral coordination in
enzymes.26 The use of a [N2O] tripod ligand, however, ensures
facial binding. Interestingly, such ligands may be constructed
directly on the zinc center by insertion of R2CO (R = H, Ph) or
CO2 into the B–H bond of a bis(pyrazolyl)hydroborato
derivative (Scheme 10).30 The formate derivative [h3-

(HCO2)BpBut,Pri]ZnCl that is obtained by reaction of CO2 with
[BpBut,Pri]ZnCl is particularly significant because it is the first
structurally characterized tetrahedral zinc complex of a tri-
dentate [N2O] ligand in which the O-donor is a carboxylate
group. Since only one oxygen coordinates to zinc, the complex
is better regarded as a synthetic analogue of thermolysin or
carboxypeptidase B rather than of carboxypeptidase A. In
addition to using boron as a tripod linker, carbon has also been
used as a linker atom to prepare the [N2O] donor ligand
[HC(pzMe2)(C6H2MeButO)]–, from which the zinc complexes
[HC(pzMe2)(C6H2MeButO)]ZnX (X = Cl, Me) have been
synthesized (Fig. 8).28

(c) The [(His)2(Cys)ZnII–OH2] motif: bacteriophage T7
lysozyme and peptide deformylase

The active site of bacteriophage T7 lysozyme, a zinc enzyme
which destroys bacteria by cleaving the amide bond between L-
alanine and N-acetylmuramate moieties of polysaccharide
components within their cell walls, consists of a tetrahedral zinc
center which is bound to the protein backbone via one sulfur and
two nitrogen donors of cysteine and histidine residues, with the
fourth site being occupied by a water molecule (Fig. 2).31 The
active site of peptide deformylase is similar to that of T7
lysozyme, but recent studies suggest that the zinc form has low
activity and that the active form of the enzyme which is
responsible for the hydrolytic cleavage of a formyl group [eqn.
(3)] is actually an iron enzyme.32

(3)

In part due to the propensity of sulfur to act as a bridge between
metal centers, tridentate [N2S] ligands that support monomeric
tetrahedral zinc centers analogous to the active sites of peptide
deformylase and T7 lysozyme are not common. A second
problem is that a variety of studies indicate that the ability of
sulfur to coordinate to zinc is very sensitive to the nature of the
ligand. For example, the sulfur atom of the thioether derivative
[S(CH2CH2pzMe2)2]ZnCl2 does not coordinate to zinc.33 Never-
theless, the use of a tripod construction enforces ‘facial’ binding
of a [N2S] donor ligand and, by analogy with the [N2O] ligands
[{R2C(H)O}BpBut,Pri] described above, the tetrahedral zinc
complex, [h3-{Ph2C(H)S}BpBut,Pri]ZnI may be obtained by
insertion of Ph2CS into a B–H bond of [BpBut,Pri]ZnI (Scheme
10).34 Related complexes, [HC(pzMe2)2(C6H2MeButS)]ZnSPh
and [HC(pzMe2)2(CMe2S)]ZnX (Fig. 8), derived from [N2S]
ligands that use a carbon, rather than boron, atom linker have
also been synthesized.28,35 Although mononuclear zinc hydrox-
ide complexes of the type {[N2S]ZnOH} have yet to be
structurally characterized, it is worth noting that a related
dinuclear species has recently been isolated. Thus, only one of
the two thioether linkages of the [N2S2] bmnpa ligands in the
bridging hydroxide complex {[(bmnpa)Zn(m-OH)]2}2+ coor-
dinates to each zinc center, such that each zinc adopts a
{[N2S]Zn(m-OH)2} coordination environment [bmnpa =
N-bis-2-(methylthio)ethyl-N-(6-neopentylamino-2-pyridyl-
methyl)amine].36a A dinuclear hydroxide complex with a
similar motif, but in which thiosulfate [S2O3]22 provides the
sulfur ligand, has also been reported.36b

(d) The [(His)(Cys)2ZnII–OH2] motif: liver alcohol
dehydrogenase

Alcohol dehydrogenases (ADH) belong to an important class of
enzymes that catalyze the biological oxidation of primary and
secondary alcohols. The oxidations proceed via the formal
transfer of a hydride anion to the oxidized form of nicotinamide
adenine dinucleotide (NAD+), coupled with the release of a
proton [eqn. (4)].

(4)

Liver alcohol dehydrogenase (LADH) is the most widely
studied of this class of enzymes. X-Ray diffraction studies
demonstrate that the active site consists of a zinc center which
is coordinated in a distorted tetrahedral manner to a histidine
and two cysteine residues of a single polypeptide chain, with a

Scheme 10

Fig. 8 [NNO] and [NNS] ligands based on the bis(pyrazolyl)methane
fragment.
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water molecule occupying the fourth coordination site (Fig. 2).
In addition to the catalytic site, there is also a zinc center that is
coordinated tetrahedrally to four cysteine residues, which plays
a structural role. Although the sulfur-rich composition of the
active site of LADH is relatively uncommon for zinc enzymes,
two other examples that have similar active sites are spinach
carbonic anhydrase37 and cytidine deaminase.38 The coordina-
tion environment of the catalytic site in LADH is also not well
precedented in zinc chemistry. For example, even though a
variety of tridentate [NS2] donor ligands have been synthesized
with a view to modeling LADH,39–41 none of these previous
studies has yielded structurally characterized mononuclear
tetrahedral complexes that mimic the active site of LADH. The
principal problems of these ligands are associated with (i) the
proclivity of thiolate groups to act as bridging ligands and thus
form oligonuclear structures, and (ii) the preference of certain
tridentate [NS2] ligands to bind with a meridional (i.e. ‘T’-
shaped) geometry, rather than the facial binding required to
mimic the active site of LADH.

A suitable tridentate [NS2] donor ligand has, nevertheless,
been obtained by reaction of pyrazole with a bis(mercaptome-
thylimidazolyl)borate derivative.42 Specifically, the reaction of
LiBH4 with methimazole (2 equivalents) yields [BmMe]Li, from
which the [NS2] donor [pzBmMe]Li may be obtained by reaction
with pyrazole (Scheme 11). Subsequent transfer of the [NS2]

ligand to zinc is readily achieved by treatment of [pzBmMe]Li
with ZnI2, thereby resulting in the formation of [pzBmMe]ZnI.
Alternatively, [pzBmMe]ZnI may be obtained via reaction of the
[BmMe]ZnI with pyrazole (Scheme 11).

The molecular structure of the zinc iodide complex,
[pzBmMe]ZnI, has been determined by X-ray diffraction which
demonstrates that it is indeed mononuclear with a distorted
tetrahedral coordination geometry about zinc, and Zn–N and
Zn–S bond lengths that are comparable to those within the
enzyme. As noted above, the ability of [pzBmMe] to provide a
facial set of donors is associated with the use of a tetrahedral
center as a point of attachment for the donor groups. In this
regard, Riordan and coworkers have also recently used tripodal
phenylborato ligands to provide [NS2] donation that is capable
of stabilizing monomeric structures, as illustrated by
[Ph(pz)(CH2SBut)2]ZnBr and [Ph(pzBut)(CH2SBut)2]ZnSPh.43

A simplified version of the postulated mechanism of action of
LADH is illustrated in Scheme 12, with the essential features
involving (i) binding NAD+ (nicotinamide adenine dinucleo-
tide), (ii) displacement of the water molecule by alcohol, (iii)

deprotonation of the coordinated alcohol affording a zinc
alkoxide intermediate,44 (iv) hydride transfer from the alkoxide
to NAD+ giving a zinc-bound aldehyde, (v) displacement of the
aldehyde by water, and (vi) release of NADH. The role of the
zinc center is, therefore, to facilitate the formation of an
alkoxide and thereby enhance hydride transfer to NAD+.
Conversely, in the reverse direction, coordination of the ketone
or aldehyde to the zinc center serves to enhance the electro-
philicity of the carbonyl carbon atom and thereby promote
reduction.

Interestingly, although the generation of a four-coordinate
zinc alkoxide intermediate is an essential step in the catalytic
cycle of LADH (Scheme 12), until recently, there was little
precedent for the formation of simple aliphatic alkoxide
complexes from either zinc aqua or hydroxide derivatives. In
view of the non-existence of well defined mononuclear zinc
hydroxide complexes with a pseudo-tetrahedral {[NS2]ZnIIX}
structure, such studies have necessarily focused on complexes
with a different structural motif, and specifically those sup-
ported by tris(pyrazolyl)hydroborato ligation for which a series
of [TpRRA]ZnOH complexes are known. Significantly, 1H NMR
spectroscopy demonstrates that the zinc hydroxide [TpBut,Me]-
ZnOH complex reacts with ROH (R = Me, Et, Pri) to generate
the alkoxides [TpBut,Me]ZnOR (Scheme 13);45 however, in
contrast to the reactions of [TpRRA]ZnOH with acidic alcohols
(e.g. phenols and trifluoroethanol),46 the simple alkoxides
[TpBut,Me]ZnOR (R = Me, Et, Pri, But) are only formed as
minor components in an equilibrium mixture (Fig. 9).45 As
such, the alkoxides [TpBut,Me]ZnOR are not readily isolated
from the reaction of [TpBut,Me]ZnOH with ROH. It is, therefore,
significant that the alkoxides [TpBut,Me]ZnOR may be isolated
from the reaction of the hydride complex [TpBut,Me]ZnH with
the respective alcohol (Scheme 13). The molecular structure of
[TpBut,Me]ZnOEt has been determined by X-ray diffraction,
thereby demonstrating its mononuclear tetrahedral nature and
confirming its relationship to the proposed intermediate in the
mechanism of action of LADH.

An understanding of the factors which influence the stability
of tetrahedral zinc alkoxide complexes with respect to hydroly-
sis is critical to understanding the mechanism of action of
LADH. The data presented in Fig. 9 indicate that the
equilibrium constant for formation of [TpBut,Me]ZnOR from
[TpBut,Me]ZnOH and ROH (R = Me, Et, Pri, But) is highly
dependent upon the nature of R, decreasing markedly in the
sequence: Me > Et > Pri > But, a trend that is a result of steric
and electronic influences (Table 5). Therefore, in an effort to
identify the relative importance of these components, the
equilibria involving the reactions of [TpBut,Me]ZnOH with a
series of para-substituted phenols, p-XC6H4OH, for which
electronic substituent parameters (e.g. Hammett s constants)
are available, have been studied.47 Significantly, the data

Scheme 11

Scheme 12
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presented in Fig. 9 demonstrate that the alcoholysis reactions
are very sensitive to electronic influences, being strongly
favored for electron withdrawing substituents. Thus, a Hammett
plot of log K vs. s gives a good linear correlation with a r value
of 2.8. The alcoholysis reactions have also been studied
computationally using DFT calculations (B3LYP) and the
results are in excellent agreement with the experimental
results.47

The computational study demonstrates that the trend illus-
trated by the Hammett plot is a consequence of electron
withdrawing substituents increasing Zn–OAr BDEs to a greater
extent than the corresponding H–OAr BDEs.47 Thus, rather
than exhibit the 1+1 correlation between M–X and H–X bond
energies that has been reported for certain other systems,48 the
Zn–OAr BDE is substantially more sensitive to the para
substituent than is the H–OAr BDE (Fig. 10), i.e. D(Zn–OAr) =
1.48 D(H–OAr) 2 61 kcal mol21.47

Theoretical studies on phenols have rationalized that the
ability of an electron withdrawing para substituent to increase
the H–OAr BDE is a result of preferential stabilization of the
ground state by increasing the delocalization of the electron
density from the oxygen atom.49 On the other hand, electron-
donating para substituents decrease the H–OAr BDE, but the
effect is principally due to stabilization of the ArO• radical, with
destabilization of ArOH contributing only to a small degree.
The greater influence of an electron withdrawing substituent on
the Zn–OAr vs. H–OAr BDE is proposed to be a consequence of
the Znd+–OArd2 bond being more polar than the Hd+–OArd2
bond, i.e. an electron withdrawing substituent would exert a
greater influence in stabilizing the partial negative charge on the
oxygen atom in [TpBut,Me]ZnOAr than in ArOH.

Calculations on the alkoxides [TpBut,Me]ZnOR (R = Me, Et,
Pri, But) indicate that the observed trend is a result of the
homolytic Zn–OR BDE decreasing rapidly upon increasing the
bulk of R as compared to that for the corresponding H–OR
BDE. The greater sensitivity of the Zn–OR BDEs to the bulk of
R has been attributed to steric interactions between R and the
tert-butyl substituents of the [TpBut,Me] ligand in [TpBut,Me]Zn-
OR playing a more important role that the interactions between
R and H in ROH.47

In view of the unfavorable thermodynamics for the formation
of the alkoxide derivatives [TpBut,Me]ZnOR from [TpBut,Me]-
ZnOH, it is noteworthy that the use of the related tris(mercapto-
mesitylimidazolyl)borate ligand [TmMes], which features [S3]
rather than [N3] coordination, favors the formation of an alcohol
adduct. Thus, the alcohol complex {[TmMes]Zn(HOMe)}+ is
obtained by reaction of Li[TmMes] with Zn(ClO4)2 in methanol
(Scheme 14).50 This observation indicates that the sulfur rich
coordination environment provided by [TmMes] stabilizes
alcohol binding to zinc and thereby suggests that one of the
reasons why LADH utilizes a sulfur rich coordination environ-
ment is to increase the stability of the required alcohol
intermediate with respect to that of an aqua species.

The alcohol coordination mode in {[TmMes]Zn(HOMe)}+

resembles aspects of that in LADH. For example, the Zn–O
bond length in {[TmMes]Zn(HOMe)}+ (1.99 Å) is effectively
identical to that in the C6F5CH2OH adduct of LADH (2.0 Å)
and the hydroxy group of the coordinated methanol participates
in a hydrogen bonding interaction with an additional molecule
of methanol, which resembles the hydrogen bond network at the
active site of LADH. For example, the hydrogen bonded O…O
separation of 2.58 Å in {[TmMes]Zn(HOMe)(HOMe)}+ is
effectively identical to that between the zinc-bound alcohol at
the active site of LADH and Ser-48 (2.6 Å).

A final issue concerned with the proposed role of zinc
alkoxide intermediates is their potential for ‘hydride’ transfer to
NAD+. Studies employing p-nitrobenzaldehyde as a NAD+

hydride acceptor mimic51 provide evidence that the alkoxide
complexes [TpBut,Me]ZnOR (R = Et, Pri) are indeed capable of

Scheme 13

Fig. 9 Variation in alcoholysis equilibrium constant as a function of R.

Table 5 Equilibrium constant and thermodynamic data for alcoholysis
reactions of [TpBut,Me]ZnOH with ROH (data taken from ref. 45)

R KR(300 K)

Me 1.4(2) 3 1023

Et 9(2) 3 1024

Pri 3(1) 3 1025

But ≈ 1028

Fig. 10 Correlation of calculated [Zn]–OAr and H–OAr BDEs.
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such a transformation. For example, [TpBut,Me]ZnOEt reacts
with ArCHO (Ar = p-C6H4NO2) in benzene to yield
[TpBut,Me]ZnOCH2Ar and MeCHO (Scheme 15). Furthermore,
solutions of ArCHO in ROH (R = Me, Et, Pri) yield ArCH2OH
at ca. 90 °C in the presence of [TpBut,Me]ZnOH.

(e) The [(Cys)3ZnII–OH2] motif: 5-aminolevulinate
dehydratase

5-Aminolevulinate dehydratase (ALAD), also known as por-
phobilinogen synthase (PBGS), catalyzes the dimerization of
5-aminolevulinic acid (ALA) to porphobilinogen, a mono-
pyrrole (Scheme 16).52 This transformation is of considerable
importance since it is the first step in the biological synthesis of
tetrapyrroles (including heme, chlorophyll and cobalamins).
ALAD is a zinc dependent enzyme, containing both catalytic
and structural zinc sites, of which the catalytic site possesses the
unusual composition of [(Cys)3ZnII(OH2)] (Fig. 2).53 As
discussed above for liver alcohol dehydrogenase, due to the
proclivity of sulfur containing ligands to bridge more than one
zinc center, mononuclear tetrahedral zinc complexes with sulfur
rich coordination environments that mimic the active site of
ALAD are not common. Nevertheless, the sterically demanding

tris(mercaptoarylimidazolyl)borate ligands, [TmAr] (Ar = Ph,
Mes), described above may be considered to provide the
requisite motif which mimics the three cysteine residues at the
active site of ALAD. Thus, a series of [TmAr]ZnX complexes
have been prepared, e.g. [TmPh]ZnX (X = I, NO3) and
[TmMes]ZnX (X = Cl, I),50 as illustrated in Scheme 17.

An important aspect of the chemistry of ALAD is concerned
with lead poisoning. Specifically, lead is the most commonly
encountered toxic metal pollutant in the environment,54 and its
toxicological properties are associated with its interactions with
proteins and, in particular, ALAD.55 The existence of a series
of [TmAr]ZnX derivatives has enabled the replacement of zinc
by lead in complexes which mimic aspects of the coordination
environment in the active site of ALAD to be studied.
Significantly, both [TmPh]ZnI and {[TmPh]Zn(NCMe)}(ClO4)
react rapidly with Pb(ClO4)2•xH2O to give the lead complex
{[TmPh]Pb}(ClO4) (Scheme 18).56

The molecular structure of {[TmPh]Pb}+ has been determined
by X-ray diffraction (Fig. 11), thereby demonstrating that the
trigonal-pyramidal geometry bears a close correspondence to
the active site of PbII–ALAD.57 For example, {[TmPh]Pb}+ and
PbII–ALAD have very similar average Pb–S bond lengths of 2.7
and 2.8 Å, respectively. It is also important to emphasize that
the lead coordination environment in {[TmPh]Pb}+ is in marked
contrast to that of zinc in {[TmPh]Zn(NCMe)}+, an observation
which clearly indicates that trigonal-pyramidal lead centers
have a reduced tendency to bind an additional ligand compared
to that of zinc. The reduced Lewis acidity of a three coordinate
PbII center is of significance to the inactivity of PbII–ALAD
since the mechanism of action has been proposed to involve
activation of ALA by interaction of the ketone group with the

Scheme 14

Scheme 15

Scheme 16

Scheme 17

Scheme 18
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ZnII center.52 The reduced Lewis acidity of a three coordinate
PbII center indicates that the formation of the required
tetrahedral intermediate [(Cys)3PbII–ALA] would be inhib-
ited.

The binding preferences of lead and zinc to ligands which
mimic the coordination motif in ALAD is of relevance to
obtaining a thorough understanding of the factors responsible
for the debilitating effects of lead poisoning. It is, therefore,
significant that a study of the equilibrium involving ligand
exchange between {[TmPh]Pb}(ClO4) and Zn(ClO4)2 in MeCN
[eqn. (5)] indicates that the preference of [TmPh] to coordinate
PbII over ZnII in this system is ca. 500+1. This value is
substantially greater than the ca. 25+1 relative affinity of these
metals to reside at the active site of human erythrocyte
ALAD.58

(5)

More interestingly, despite the fact that [TmPh] prefers to bind
to PbII rather than ZnII, the lead in {[TmPh]Pb}+ may be
replaced by zinc in the presence of NaI. Thus, addition of NaI to
a mixture of {[TmPh]Pb}(ClO4) and Zn(ClO4)2 in acetonitrile
results in the formation of {[TmPh]Zn(NCMe)}+ due to the
equilibrium being shifted to the right by precipitation of PbII as
PbI2. This observation is of relevance since a completely
effective means to reverse the toxic effects of lead in the human
body are not yet known, despite efforts to develop lead
complexing agents.59

(f) The [(Cys)4ZnII] motif: The Ada DNA repair protein

In addition to the ubiquitous [{XYZ}ZnII–OH2] motif in which
the coordinated water molecule plays a critical role, recent
studies indicate that zinc may also play an important role by
activating thiols towards nucleophilic attack. For example,
alkylation of zinc thiolates has been proposed to be a step in the
mechanism of action of the Ada DNA repair protein which is
responsible for demethylating DNA in a stoichiometric manner
(Scheme 19);60 related zinc thiolate reactivity has also been
proposed for other enzymes.61 The active site of the Ada repair
protein possesses a [(Cys)4Zn] motif and has been modeled by
the anion [Zn(SPh)4]22.62 Thus, Wilker and Lippard have
reported that [Me4N]2[Zn(SPh)4] reacts with (MeO)3PO to form
PhSMe, (MeO)2PO2

–, and [Zn(SPh)3]2 via initial heterolytic
dissociation generating an incipient thiolate anion. More
recently, the thiolate complex [TmPh]ZnSPh (Scheme 20) has
been introduced as a model for the Ada repair protein, in which
the [TmPh] ligand mimics the three cysteine residues that remain
bound to zinc during the course of the alkylation reaction.63 The
phenylthiolate ligand in [TmPh]ZnSPh also possesses nucleo-
philic character and is alkylated by MeI to give PhSMe and
[TmPh]ZnI, a transformation that is analogous to the reactivity
exhibited by tris(pyrazolyl)borate complexes [TpRRA]ZnSR64

and other scorpionate thiolates.65

Methionine synthases are a class of enzymes related to the
Ada protein in that thiolate alkylation is a common feature.61a

The active sites of the various methionine synthases also feature
cysteine coordination, and Riordan and coworkers have recently

introduced the use of the phenylborato ligands
[PhB(CH2SBut)3] and [Ph(pzBut)(CH2SBut)2] as [S3] and [NS2]
donors to mimic the active sites in these enzymes (Fig. 12).43

In addition to alkylation of zinc–cysteine thiolates, proteo-
lytic cleavage of such groups is of relevance to the mechanism

Fig. 11 Molecular structure of {[TmPh]Pb}+.

Scheme 19

Scheme 20
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of action of matrix metalloproteinases (matrixins) which are an
important group of zinc enzymes responsible for degradation of
the extracellular matrix components.66 One of the mechanisms
for activating the proenzyme involves proteolytic cleavage of
the cysteine thiolate residue and a chemical model for this
process is provided by the reactivity of [TmPh]ZnSPh towards
H+. Specifically, treatment of [TmPh]ZnSPh with HClO4 in
acetonitrile results in elimination of PhSH and formation of
{[TmPh]Zn(NCMe)}(ClO4), as illustrated in Scheme 20.

4. Metal ion substitution for probing zinc enzymes
As a result of the poor spectroscopic properties of ZnII, it is
difficult to obtain information concerning the structure of the
active site of the enzyme and the nature of the intermediates
involved in the catalytic cycle. For this reason, considerable
effort has been directed towards investigating enzymes in which
the zinc has been replaced by various other metals in an effort
to incorporate a spectroscopic probe, e.g. CoII (UV–vis) and
CdII (NMR).67 However, the various metal substituted enzymes
often exhibit markedly different activities, and so the use of
metal ion substitution to provide insight into the mechanism of
action depends critically on a knowledge of the chemistry of
various metal ions in coordination environments that are closely
related to the enzyme active site. Therefore, in an effort to
provide such information, the chemistry of other metals in
coordination environments related to those of zinc enzymes has
also been investigated.

(a) Influence of the metal on active site coordination
geometry

Cobalt is the metal that is most commonly substituted into zinc
enzymes because it has distinct electronic spectroscopic
properties and also has a strong tendency to form tetrahedral
complexes. However, structural studies on a series of closely
related metal complexes indicate that substitution of zinc in
enzymes by other metals is actually likely to have a significant
impact on the structure of the active site,68 as illustrated by the
carbonic anhydrase synthetic analogues {[TpPri

2]M(m-OH)}n.
Thus, of these derivatives, only the zinc complex [TpPri

2]ZnOH
exists as a tetrahedral terminal hydroxide derivative, whereas
the manganese, iron, cobalt, nickel and copper derivatives exist
as five-coordinate dinuclear complexes with bridging hydrox-
ide ligands, {[TpPri

2]M(m-OH)}2 (M = Mn, Fe, Co, Ni, Cu)12d

(Fig. 13).
Interesting differences as a function of metal are also

observed for complexes obtained using tris(imidazolyl)phos-
phine ligands. For example, the reactions of [PimPri,But] with
M(ClO4)2·6H2O (M = Zn, Cd) yield {[PimPri,But]ZnOH}+ and
{[PimPri,But]Cd(OH2)(OClO3)}+ which, as illustrated in Fig. 14,
possess significantly different structures.69 Thus, the zinc
complex {[PimPri,But]ZnOH}+ exists as a simple tetrahedral
hydroxide derivative, whereas the cadmium counterpart is a
five-coordinate aqua complex, {[PimPri,But]Cd(OH2)-
(OClO3)}+. In addition to the different structures, the fact that

the cadmium center binds a ligand as weakly coordinating as
perchlorate is particularly interesting because it indicates that
biologically more pertinent anions should also coordinate to a
tetrahedral [{N3}CdII(OH2)] center and thereby suggests that
CdII–carbonic anhydrase may not be tetrahedral.

The observation that the cadmium complex {[PimPri,But]-
Cd(OH2)(OClO3)}+ also exists as an aqua species provides a
rationalization for the reduced activity of CdII–carbonic anhy-
drase since access to a hydroxide species is required for efficient
carbonic anhydrase activity. The reluctance of the aqua
complex {[PimPri,But]Cd(OH2)(OClO3)}+ to convert to a hy-
droxide species is a consequence of the coordinated perchlorate
ligand since the acidity of a coordinated water molecule is
reduced considerably upon the binding of an anionic ligand,
i.e. the pKa of the monocation {[PimPri,But]Cd(OH2)(OClO3)}+

would be expected to be greater than that of dicationic
{[PimPri,But]Zn(OH2)}2+ . The fact that CdII–carbonic anhydrase
only exhibits significant activity at higher pH (corresponding to
the ionization of a cadmium-bound water molecule with a pKa

of ca. 9) is in accord with the isolation of the aqua species
{[PimPri,But]Cd(OH2)(OClO3)}+, with a higher pH being neces-
sary to generate the requisite hydroxide species.

An investigation of the reaction of Co(ClO4)2·6H2O with
[PimPri

2] in methanol also indicates the reluctance of cobalt to
form simple tetrahedral cobalt hydroxide complexes by forming
the six-coordinate aqua–methanol–perchlorate complex
{[PimPri

2]Co(OH2)(HOMe)(OClO3)}+ (Scheme 21).70

Structural studies on a series of complexes of the bis(2-
mercapto-1-methylimidazolyl)(pyrazolyl)hydroborato [NS2]
donor ligand also indicate interesting differences in coordina-
tion mode as a function of the metal. Thus, of the [pzBmMe]2Zn,
[pzBmMe]2Co and [pzBmMe]2Cd derivatives (Fig. 15), only the
zinc complex has a tetrahedral M[S4] structure which resembles
the [(Cys)4Zn] structural sites in enzymes such as LADH. In
contrast, the cobalt and cadmium derivatives, [pzBmMe]2Co and
[pzBmMe]2Cd, exhibit structures in which the B–H groups also
interact with the metal center. The non-tetrahedral nature of the
latter complexes indicates that zinc has a greater preference for
tetrahedral M[S4] coordination, which is in accord with its
prevalent role in the structural sites of enzymes.

Fig. 12 Methionine synthase mimics.

Fig. 13 Mononuclear and dinuclear metal hydroxides.

Fig. 14 Comparison of the structures of {[PimPri,But]ZnOH}+ and
{[PimPri,But]Cd(OH2)(OClO3)}+.
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(b) Nitrate ligands as a probe for trends in bicarbonate
coordination modes in metal-substituted carbonic
anhydrases

The final step of the carbonic anhydrase catalytic cycle, i.e.
displacement of a bicarbonate ligand by water, is undoubtedly
dependent on the coordination mode of the bicarbonate ligand.
For example, CoII–carbonic anhydrase is less active than the
zinc enzyme and X-ray diffraction studies indicate that the
bicarbonate ligand binds in a bidentate manner. An appreciation
of the factors that influence the coordination mode of a
bicarbonate ligand is, therefore, critical to understanding the
relative activities of metal-substituted carbonic anhydrases.
However, such a study is presently not possible due to the
general instability of bicarbonate complexes, with no zinc
bicarbonate complex having been structurally characterized.
For this reason, the nitrate ligand has been employed as a probe
to provide an indication of the structural variations that would
be expected for a series of bicarbonate complexes.12c,68

Specifically, since bicarbonate and nitrate ligands are iso-
electronic and sterically similar, the variation in nitrate

coordination mode (Fig. 16) for a series of analogous metal
complexes is anticipated to correlate with the trend observed for
analogous bicarbonate complexes.

The variation in nitrate ligand coordination mode has been
examined for the tris(pyrazolyl)hydroborato and tris(imidazo-
lyl)phosphine complexes, [TpBut,R]M(NO3) and {[PimPri,But]-
M(NO3)}+,68 as summarized in Table 6. Nitrate ligand coor-

dination modes may be classified as either bidentate (Dd < 0.3
Å; Dq < 14°), anisobidentate (0.3 < Dd < 0.6 Å; 28 < Dq <
14°), or unidentate (Dd > 0.6 Å; Dq > 28°), depending upon
the degree of asymmetry. The data listed in Table 6 indicate that
the bidenticity increases in the sequence Zn < Hg < Co < Cu
≈ Ni ≈ Cd, reflecting the different electronic properties of the
metals. Steric effects are also important in influencing the
coordination mode, as illustrated by the observation that the
asymmetry of the nitrate coordination mode decreases across
the series [TpBut]Zn(NO3),68a [TpPh]Zn(NO3),71 and
[Tp]Zn(NO3)72

Interestingly, with the exception of mercury, the nitrate
coordination mode in these complexes correlates with the
activity of metal substituted carbonic anhydrases: Zn > Co > >
Cu ≈ Ni ≈ Cd ≈ Hg (Table 6). Specifically, those metals with
almost symmetric bidentate coordination are inactive, whereas
those with significant asymmetry (Zn and Co) are active. In this
regard, it is also noteworthy that the carbonate ligand in the
complexes {[TpPri

2]M}2(m-CO3) (M = Mn, Fe, Co, Ni, Cu)12d

exhibits varying degrees of asymmetry that closely parallel the
series of nitrate complexes described above, and thereby
provides further support for the notion that nitrate is a good
model for bicarbonate.

(c) Spectroscopic models

Finally, another use for synthetic analogues is to provide
spectroscopic signatures that enable the assignment of the
coordination environments of the active sites of metallo-
enzymes. For example, (i) the similarity of the electronic
spectrum of blue [TpBut]CoCl68b with that of the high pH form
of CoII–carbonic anhydrase is consistent with the notion that the
active site exhibits a pseudo-tetrahedral coordination geo-
metry,67 (ii) comparison of the electronic spectra of purple
[TpBut]NiCl, yellow [TpBut]Ni(h2-O2NO) and green [TpMe2]-
Ni(h2-O2NO)(THF),68b with the electronic spectrum of NiII–
carbonic anhydrase supports the notion that nickel is six-
coordinate in the enzyme at neutral pH, and (iii) comparison of
the electronic spectrum of CuII–carbonic anhydrase with those

Scheme 21

Fig. 15 Structures of [pzBmMe]2M (M = Zn, Co, Cd) indicating the greater
preference of zinc to adopt tetrahedral M[S4] coordination.

Fig. 16 Parameters used in classifying nitrate coordination mode.

Table 6 Comparison of nitrate coordination mode of LM(NO3)Q+a with
activity of MII–CA (data taken from ref. 68d)

Dd/Å Dq/°

M

MII–CA
activity
(%) [PimPri,But] [TpBut,R]b [PimPri,But] [TpBut,R]b

Zn 100 0.53 0.60 24.4 29.6
Co 50 0.27 0.34 10.8 15.8
Ni 2 — 0 — 0
Cu 0 0.13 0 5.9 0
Cd 2 0.13 0.23 7.4 1.8
Hg 0 0.39 — 19.3 —
a Q = 1 for L = [PimPri,But]; Q = 0 for L = [TpBut,R]. b R = H for M =
Zn, Co, Cu, Ni; R = Me for M = Cd.
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of [TpBut]CuCl and [TpBut]Cu(h2-O2NO) indicates a greater
similarity to the five-coordinate structure.68b
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Palladium-catalysed regio- and stereoselective annulation of
allenyl stannanes by b-iodo vinylic acids gives the corre-
sponding a-pyrones in high yields. This annulation most
probably proceeds through a Stille reaction/cyclisation
sequence.

Five- and six-membered ring unsaturated lactones (butenolides
or pyrones) constitute an important class of biologically active
compounds and their synthesis has been the focus of consider-
able attention in synthetic organic chemistry1 as well as in
medicinal chemistry.2 Numerous methods reported in the last
decade for the synthesis of these structures involve transition
metal (Ag, Hg, Rh, Pd) promoted intramolecular additions of
carboxylic acids to alkynes.3 In general, the lactonisation
reaction of alk-4-ynoic acids proceeds through a stereoselective
trans addition reaction via a 5-exo process. In addition to the
formation of g-alkylidenebutenolides, in some cases six-
membered lactones resulting from the 6-endo mode have been
obtained as minor products. This problem of regioselectivity
was recently solved by Larock et al. who demonstrated that
substituted isocoumarins or a-pyrones could be prepared by
treating b-halogeno a,b-unsaturated esters with internal alkynes
in the presence of a palladium catalyst.4 Nevertheless, two a-
pyrone regioisomers were obtained in the case of non-
symmetric alkynes. On the other hand, we have previously
described the synthesis of dienoic acids or enynes bearing a
carboxylic acid function from b-iodovinylic acids and vinyltin
or alkynylzinc reagents.5 This methodology was then applied to
the synthesis of g-tributyltin methylidenebutenolides.6 To
broaden our synthesis strategy and to design a system suitable
for 6-endo lactonization, we planned the preparation of allenyl
substituted alkenoic acids which we thought would exclusively
undergo 6-endo mode cyclisation mediated by a palladium
complex (Scheme 1).7

We report here the selective one pot synthesis of a-pyrones
under palladium complex catalysis. Our investigation began
with the coupling of tributylstannylallene8 with (Z)-3-iodoprop-
2-enoic acid5 under conditions previously defined by our
group.6 Unfortunately, neither allenyl substituted propenoic
acid nor cyclised products (5- or 6-membered ring lactones)
were detected. Only a large amount of tin by-products were
recovered, among them the tributylstannyl ester of the starting
iodovinylic acid. In order to avoid the proteolysis of allenyl-
stannane and to promote the cross coupling reaction, we
examined the reaction under various conditions (solvent,
catalyst, presence of additives,...). First the influence of the

nature of the carboxylic acid derivative on conversion rates was
examined. In DMF and in the presence of 1% of tetra-
kis(triphenylphosphine)palladium,† the ethyl ester of 1a
yielded exclusively ethyl hex-2-en-4-ynoate. The use of
tributyltin carboxylate (Table 1 entry 4) under identical
conditions to those used for the synthesis of tributyltin
methylidenebutenolides, led to 52% yield of 6-methylpyran-
2-one 3a, without any trace of hexa-2,4,5-trienoic acid. Finally,
we found that an 83% yield of 3a could also be obtained from
1a at rt in DMF using 5% palladium acetate, triphenylphos-
phine, sodium carbonate and tetrabutylammonium bromide.

Next the nature of the solvent and of the palladium complexes
were examined. THF was found to be ineffective whereas
acetonitrile afforded a very poor yield ( < 25%) of cyclised
product. We also observed that phosphine-liganded palladium
appeared to be more efficient than other palladium salts such as

Scheme 1

Table 1 Synthesis of apyrones

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005886f Chem. Commun., 2000, 1987–1988 1987



palladium acetate (without additional triphenylphosphine) or
bis(acetonitrile)palladium chloride. Tetrakis(triphenylphosphi-
ne)palladium gave approximately identical yields to the
Pd(OAc)2/PPh3 couple.

The reaction of tributylstannylallene with a range of (Z)-
3-substituted 3-iodoprop-2-enoic acids under regio- and stereo-
control gave good yields of 4-substituted-6-methylpyranones
3a–f as the sole products (Table 1 entries 1–6) (Scheme 2).
Other allenylstannanes were used under similar conditions in
order to determine the scope of the reaction. High regio-
selectivity was observed in each case. The use of 3-alkylallenyl-
stannanes (entries 7–10) showed that the regioselective hetero-
annulation reaction occurred only on carbons 1 and 2 of the
allenyltin. On the other hand, g-alkylidenepyranones previously
obtained by Larock et al. from a reaction of allenes with (Z)-
3-iodopropenoic acids were not observed. This almost certainly
indicates a different mechanism to those proposed by Larock
and Yamamoto respectively.9,10

A plausible mechanism for the heteroannulation reaction is
shown in Scheme 3. First, a Stille mechanism11 would yield
3-allenylpropenoic acid 6 by oxidative addition, transmetalla-
tion (formation of 5) and reductive elimination. Cyclisation
would then occur via an attack on the carboxylate function at the
b-position of the allenyl moiety, which would give the p-
allylpalladium intermediate. The latter would subsequently
provide  a-pyrone and regenerate the palladium(0) catalyst.12

An alternative pathway involving the attack of 4 on the
central carbon atom of the stannylallene 2a could be excluded
on the basis of the experiments conducted with 1 or 3-substi-
tuted allenylstannanes since other regioisomers should have
been obtained rather than 3h–g‡.9

In conclusion, under palladium complex catalysis, b-iodo-
vinylic a,b-unsaturated acids react with allenyl stannanes via
heteroannulation selectively to provide diverse a-pyrones.
Studies to extend this reaction to other g-halogeno pronucleo-

philes are currently under way and will be reported in due
course.

Notes and references
† General procedure for the heteroannulation summarised in Table 1:
palladium acetate (112 mg, 0.5 mmol), triphenylphosphine (131 mg, 0.5
mmol), tetrabutylammonium bromide (3.2 g, 10 mmol) and sodium
carbonate (5.3 g, 50 mmol) were progressively added to a degassed solution
of 3-substituted-3-iodopropenoic acid 1 (10 mmol) in anhydrous DMF (40
mL). The mixture was stirred at rt for 10 min and allenylstannane 2 (10
mmol) was then added. The reaction mixture was stirred for 4 h. After
conversion was complete (checked by TLC; reaction time < 10 h), the
reaction was quenched with aqueous NH4Cl solution. After ether extraction
(3 3 20 mL) and usual treatments, the crude products were chromato-
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Bis(thf)(porphyrinato)iron(III) complexes with highly S4-
ruffled and S4-saddled porphyrin cores are determined to be
very pure intermediate spin complexes on the basis of NMR,
EPR, Mössbauer, and magnetic data.

Iron(III) porphyrins with an intermediate spin state (S = 3/2)
have attracted much attention since Maltempo pointed out the
important contribution of this spin state in certain bacterial
heme proteins known as cytochromes cA.1 Among various
attempts to prepare complexes with the intermediate spin state,
the use of anionic ligands with a very weak ligand field, such as
ClO4

2, has brought about successful results.2–5 In general,
iron(III) ions of these complexes are in the admixed intermediate
spin state represented as S = 5/2,3/2.6 Thus, Reed and Guiset
ranked the relative field strengths of weak axial ligands on the
basis of the characteristics of the admixed spin state and called
the hierarchy a magnetochemical series.7 Cheng and coworkers
reported that highly saddle shaped [Fe(OETPP)Cl] is in the
admixed S = 5/2,3/2 spin state in spite of the presence of the
much stronger chloride ligand at the axial position.8,9 Weiss and
coworkers quite recently reported, however, that the S = 3/2
character in these complexes is much smaller than originally
reported.10 We have been interested in the effects of nonplanar
porphyrin rings on the physicochemical properties of iron(III)
porphyrin complexes.11–13 We have anticipated that the iron(III)
complexes of highly nonplanar porphyrins such as [Fe-
(TiPrP)(THF)2]ClO4 (1) and [Fe(OETPP)(THF)2]ClO4 (2)

could show a very pure intermediate spin state as compared with
well characterized [Fe(TPP)(THF)2]ClO4, since the dx2

2 y2

orbitals in the deformed porphyrin complexes are destabilized
by the short Fe–N bond lengths.8,13 In this paper, we report that
strongly S4-ruffled 1 and S4-saddled 2 actually show very pure
intermediate spin states.

1 was prepared from AgClO4 and [Fe(TiPrP)Cl] in THF
solution. The purple crystals were recrystallized from THF/
heptane. The 1H NMR spectrum taken at 233 K showed the
pyrrole signal at 252.1 ppm and the CH and CH3 signals at 9.8
and 4.8 ppm, respectively. Two signals at 14.4 and 20.5 ppm,

each corresponding to 8H, were assigned to the methylene
protons of the coordinated THF ligands; these signals dis-
appeared when the sample recrystallized from THF-d8/heptane
was used. Fig. 1a shows the temperature dependence of the
chemical shifts of some protons. The existence of the extremely
upfield shifted pyrrole signal indicates that 1 is in the admixed
intermediate (S = 3/2,5/2) spin state where the S = 3/2 state is
the main contributor.7 The downfield shift of the THF signals
can be explained in terms of the occupancy of an unpaired
electron in the dz2 orbital; the unpaired electron in this orbital is
transferred to the axial ligand via s bonding to induce downfield
shifts of the ligand signals. Fig. 2a shows the EPR spectrum
taken in frozen CH2Cl2 solution at 4.2 K. The g values were

Fig. 1 Temperature dependence of the 1H NMR chemical shifts of some
protons in (a) 1 and (b) 2 taken in CD2Cl2 solution.

Fig. 2 EPR spectra of (a) 1 and (b) 2 taken in frozen CH2Cl2 solution at
4.2 K.
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estimated to be 3.99 and 1.97, suggesting that the spin state of
1 should be regarded as S = 3/2 at 4.2 K. Magnetic moments
taken for the solid sample by SQUID showed almost constant
values, 3.90 ± 0.10 mB at 50–300 K, which are quite close to the
spin only value m = 3.87 mB expected for S = 3/2 complexes.
Fig. 3a shows the Mössbauer spectrum measured on a
microcrystalline sample at 76 K. The isomer shift (d; relative to
a-iron foil) and quadrupole splitting (DEq) were determined to
be 0.34 and 3.71 mm s21, respectively. Large DEq values are
usually observed for complexes with S = 3/2 or S = 3/2,5/2.14

Taken together, it is concluded that 1 is a highly pure
intermediate spin complex.

2 was similarly prepared from [Fe(OETPP)Cl] and AgClO4
in THF solution. The coordination of the THF ligands was
confirmed by 1H NMR analysis. Fig. 1b shows the temperature
dependence of the chemical shifts of some protons. Fairly large
downfield shifts of the methylene signals, 51.0 and 17.5 ppm at
233 K, clearly indicate that the b-pyrrole carbons have a
considerable amount of p-spin density. Fig. 2b shows the EPR
spectrum taken in frozen CH2Cl2 solution at 4.2 K. The g values
were 4.01 and 2.00, suggesting that the spin state of 2 should
also be represented as S = 3/2 at 4.2 K. The spin state was
further confirmed by the magnetic moments determined by the
Evans method in CH2Cl2 solution as well as by SQUID
magnetometry in the solid; the former showed the magnetic
moment to be 4.0 ± 0.1 mB at 193–303 K, and the latter gave
values 3.85 ± 0.05 mB at 20–300 K. Fig. 3b shows the
Mössbauer spectrum measured on a microcrystalline sample at
290 K. The d and DEq values were determined to be 0.50 and
3.50 mm s21, respectively. Taken together, it is concluded that
2 is also a very pure intermediate spin complex.

Formation of the very pure intermediate spin complexes, 1
and 2, indicates that the S = 3/2 state is stabilized in both ruffled
and saddled porphyrin complexes. The major reason must be the
short Fe–N(porphyrin) bond lengths commonly observed in

highly deformed porphyrin complexes.8,15 We have recently
determined the crystal structure of 1.16 As expected, 1 has a
strongly S4-ruffled porphyrin core with the meso-carbons
deviating above and below the average porphyrin plane by ca.
0.68 Å. The Fe–N(porphyrin) bond distances of 1, av.
1.967(12) Å, are significantly shorter than those of other
bis(THF) complexes such as [Fe(OEP)(THF)2]ClO4 (av.
1.994 Å),4 [Fe(TEtP)(THF)2]ClO4 (av. 2.006 Å)17 and
[Fe(TPP)(THF)2]ClO4 (av. 2.016 Å).18

In conclusion, we have shown that highly S4-ruffled 1 and S4-
saddled 2 are highly pure intermediate spin complexes on the
basis of the NMR, EPR, Mössbauer, and magnetic data.
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Institute for Molecular Science for assistance with the SQUID
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The reaction between solvent free Li{(NDippCMe)2CH}
(Dipp = C6H3Pri

2-2,6), ‘GaI’ and potassium in toluene
afforded Ga{(NDippCMe)2CH} 1 which features a V-
shaped, two-coordinate, six-electron gallium(I) center elec-
tronically analogous to a singlet carbene carbon.

Neutral, molecular derivatives of low-valent gallium usually
exist as Ga–Ga bonded tetramers1 or hexamers2 of formula
(GaR)4 or (GaR)6 which may dissociate to monomers in either
the vapor or the solution phase.3 Lower degrees of aggregation
than four are extremely rare in the solid state, and the
monomeric compound Ga(TpBut

2) [TpBut
2 = tris(3,5-di-tert-

butylpyrazolyl)hydroborato] is the only such example to have
been well characterized. In this species, the bulky tridentate
TpBut

2 ligand prevents association by coordinatively saturating
the gallium center to afford a complex with four electron pairs
in the metal valence shell.4 In related work it has been
demonstrated that the anion of the salt [K(18-crown-
6)(thf)2][Ga{N(But)CH}2] contains a two-coordinate gallium
center that has just three valence electron pairs and is
electronically analogous to a carbene carbon.5 In addition, the
use of extremely bulky terphenyl ligands in the compounds
MC6H3Trip2-2,6 (M = In or Tl; Trip = C6H2Pri

3-2,4,6) has
shown that unassociated, low valent, one-coordinate, monomers
with only two electron pairs in the metal valence shell can be
stabilized.6† In attempting to extend this work to lower valent
gallium we were struck by the close steric resemblance (Fig. 1)
between the terphenyl ligand C6H3Trip2-2,67 and the Dipp
substituted b-diketiminate ligand (NDippCMe)2CH (Dipp =
C6H3Pri

2-2,6).8 This led to the hypothesis that the use of a
crowded b-diketiminate ligand should stabilize a Ga(I) deriva-
tive with a low degree of aggregation. The synthesis and
characterization of such a compound are now described.

Yellow crystals of Ga{(NDippCMe)2CH} 1 were obtained‡
by the reaction of Li{(NDippCMe)2CH} with “GaI”9 and
subsequent treatment with potassium to reduce any I2Ga{(N-
DippCMe)2CH} formed in the reaction. Compound 1 was
characterized by 1H and 13C NMR spectroscopy, UV-VIS and
IR spectroscopy and C, H elemental analyses. These data were
consistent with the structure (Fig. 2) obtained by X-ray
crystallography§ which showed that the molecule is monomeric
and has a V-shaped two-coordinate geometry at gallium. The
central GaN2C3 ring atoms, the C(4) and C(5) methyl carbons,

and the ipso-carbons C(6) and C(18) are essentially coplanar.
The substituent aryl (Dipp) ring planes are oriented at angles of
88.2 and 89.2° with respect to the plane of the GaN2C3 ring. The
C–C and N–C distances within this ring are similar to those
previously reported for this ligand.10

The most interesting structural features in 1 concern; (a), the
two-coordinate environment at gallium, (b), the Ga–N distances
which average 2.054(2) Å, and (c) the NGaN angle of 87.56(6)°.
The Ga–N distances in 1 are relatively long in view of the low
coordination number of the gallium atom, and do not support
the presence of significant multiple Ga–N bond character which
might have arisen from delocalization of the p-electrons of the
C3N2 ring moiety. Instead, the bonding in 1 is probably best
viewed as involving a Ga+ ion complexed by the bidentate,
monoanionic ligand [(NDippCMe)2CH]–. The increased ionic
and less directional character of the Ga–N bonds are also
consistent with the narrow N–Ga–N angle. The Ga–N distances
in 1 are shorter than the 2.230(5) Å observed in Ga(TpBut

2)4 as
a result of the lower metal coordination number. On the other
hand, the Ga–N distances in [Ga{N(But)CH}2]– [Ga–N
1.985(6) Å]5 are shorter than those observed in 1, probably as a
result of the lower steric effects of the {N(But)CH}2 ligand.¶
The relatively long Ga–N distances in these monovalent
complexes are underlined by the fact that the trivalent digallium
species {HC(But)N}2Ga–Ga{N(But)CH}2

11 {which has the
same ligand as that in [Ga{N(But)CH}2]–} has Ga–N distances
of 1.836(4) and 1.839(6) Å. These values are typical of those
found for three-coordinate Ga–N bond lengths in trivalent
complexes with similarly sized ligands.12

A significant feature of interest in 1 is the presence of a lone
pair of electrons at gallium which suggests that this ligand will
display significant Lewis base chemistry. Experiments on this
aspect of 1 are in progress.

Fig. 1 Schematic drawing of the C6H3Trip2-2,6 (Trip = C6H2Pri
3-2,4,6)

and (NDippCMe)2CH (Dipp = C6H3Pri
2-2,6) ligands illustrating their

steric resemblance and the protection they afford the bound site E.

Fig. 2 Thermal ellipsoid (30%) plot of 1. H atoms are not shown. Selected
bond distances (Å) and angles (°): Ga(1)–N(1) 2.0528(14), Ga(1)–N(2)
2.0560(13), N(1)–C(1) 1.337(2), N(1)–C(6) 1.446(2), N(2)–C(3) 1.338(2),
N(2)–C(18) 1.442(2), C(1)–C(2) 1.399(2), C(2)–C(3) 1.401(3); N(1)–
Ga(1)–N(2) 87.53(5), Ga(1)–N(1)–C(1) 129.04(1), Ga(1)–N(2)–C(3)
129.31(11), N(1)–C(1)–C(2) 123.44(15), C(1)–C(2)–C(3) 127.74(16),
C(2)–C(3)–N(2) 122.91(14).
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† GaC6H3Trip2-2,6 has been stabilized as an iron carbonyl complex in
which the gallium is two coordinate.6c
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(8.86)%. Mp 202–204 °C; UV–VIS lmax = 340 nm; 1H NMR (300 MHz
C6D6) d 7.17 (m, 6H, aromatic H of Dipp group, partially obscured by
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3.14, (sept, 3JHH 6.9 Hz, 4H, CHMe2), 1.67 (s, 6H, CMe), 1.25 (d, 3JHH 6.9
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105.099(1)°, V = 2689.49(16) Å, Z = 4, Dc = 1.204 g cm23, m = 1.041
mm21, R1 = 0.0375 for 6190 [I > 2s(I)] data. CCDC 182/1774. See
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than that in 1) although its formal oxidation state is +1.
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Supramolecular Cu(I) catalyst 1 exhibited 77% cumulative
(dia- and enantio-) stereoselectivity and one of the highest
diastereoselectivities (86% de) obtained to date in the
cyclopropanation of styrene with ethyl diazoacetate.

Enantioselective transformations based on the use of chiral
organometallic catalysts present one of the most important
strategies for production of enantiomerically pure com-
pounds.1,2 On the other hand, extensive development of
supramolecular chemistry enabled syntheses of the cavity-
containing receptor molecules capable of binding and recogni-
tion of selected substrate molecules.3,4 Design of cavity-
containing supramolecular catalysts with a built in
organometallic catalytic center presents an attractive but until
now lesser explored possibility.5

Here we describe the first approach to a chiral supramo-
lecular catalyst for enantioselective cyclopropanation. In the
classical cyclopropanation of styrene with ethyl diazoacetate
(Scheme 1), chiral bidentate bisoxazoline–Cu(I) catalytic com-
plexes possessing C2-symmetry are most frequently used.2a–d

The cumulative stereochemical outcome of the reaction is
evaluated by ee and de of the formed cyclopropanes. While with
some catalysts very high enantioselectivity (more than 90% ee)
is achieved, diastereoselectivity is usually low to medium, in the
range 40–50% de. Our new strategy toward supramolecular
catalysts for cyclopropanation is based on the design of cavity-
containing ligands with a built-in bisoxazoline unit (Fig. 1).
Since the bridge connects two centers of C2-symmetric
bisoxazoline unit, a certain degree of helicity is induced to the
bridge. According to the proposed reaction mechanism of
bisoxazoline–Cu(I) catalyzed cyclopropanations, a cyclopro-
pane ring forms by the electrophilic attack of Cu(I) bound
carbene to prochiral alkene.6 Consequently, with a macrocyclic
supramolecular catalyst of sufficient size, the reaction should
occur inside the helical cavity. In this way, the local C2 chirality
at the metallic center is to a certain degree extended to the
reaction space defined by the size of the cavity. Compared to
classical acyclic bisoxazoline–Cu(I) catalysts, this strategy
offers the advantage of stereochemically more defined catalyst
topology beyond the catalytic site that could result in the
improved diastereo- and enantioselectivity of the cyclopropana-
tion reaction.

To test this hypothesis, the macrocyclic ligands 1–4 (Scheme
2, 1–4 obtained in 29, 27, 49 and 25% yields, respectively),

possessing different sizes of the macrocyclic ring, have been
prepared and their Cu(I) complexes used in cyclopropanation of
styrene with diazoacetate.7

The enantio- and diastereoselectivities obtained in the
cyclopropanations with Cu(I) complexes of the macrocyclic
ligands 1–4 at two standard ligand/Cu(I) ratios,2b are collected
in Table 1 and compared to those obtained with the Cu(I)
complexes of the acyclic bisoxazoline ligands 14 and 15.2b It
turns out that the complexes of the two smallest macrocyclic
ligands, 1 and 2, exibit the highest diastereoselectivity (86% de
for 1) and enantioselectivity (81% ee for 2) affording nearly the
same cumulative stereoselectivity (75–77%). For the two larger
macrocycles 3 and 4 both de and ee dropped; for the former de
is somewhat higher (50–54% de) than for the latter (42% de),
whereas ee in both cases remains quite similar (66–68%). As
compared to acyclic precursor 14, however, the cumulative
stereoselectivity for the trans-16 isomer obtained with 1 and 2
is 20% higher than that for 14 (57–58%) and also higher than
that obtained with the best bisoxazoline in the acyclic series,
ligand 152b (69–70%). The cumulative stereoselectivity in-
crease for 1–4 shows clear dependence on the size of the
macrocycle cavity being the lowest for the most flexible, 4, and
the highest for the most rigid, 1. In the series acyclic
14–macrocyclic 4 to 1 the remarkable increase of de from 38 to
86% is observed. Interestingly the ee’s in the series are rather
similar (65–68%) except for the peak value for 2 (81%). These
results reveal the importance of the catalyst topology for the
diastereoselectivity outcome of the reaction and show the
advantage of macrocyclic over acyclic catalysts. The excep-
tional diastereoselectivity observed for the 1–Cu(I) catalyst can
be explained by high degree of stereoselection induced by the
helicity of the bridge which strongly favors formation of trans-
16 over cis-17 (Fig. 2).

Scheme 1 Cyclopropanation of styrene with ethyl diazoacetate catalysed by
chiral bisoxazoline–Cu(I) complexes.

Fig. 1 General structure of C2-symmetric supramolecular Cu(I) catalyst (a);
helicity of the macrocycle connecting stereogenic centers of the bisoxazo-
line unit (b).

Fig. 2 Schematic presentation of helical topology and trans-position of the
larger groups of reactants in the 1–Cu(I) carbene catalytic complex reaction
with styrene.

This journal is © The Royal Society of Chemistry 2000
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In conclusion, we report on the synthesis of the first
supramolecular Cu(I) catalysts comprising macrocyclic ligands

1–4 and their application in stereoselective cyclopropanations
of styrene with ethyl diazoacetate. The macrocyclisation
principle used with such catalysts which produced the highest
cumulative stereoselectivity in cyclopropanations reported to
date could be of general value considering variety of catalytic
transformations based on C2-symmetric organometallic li-
gands.1,2 Our work on the cavity-tuning of the supramolecular
Cu(I) catalysts, and their applications in other catalytic
enantioselective reactions is in progress.

The financial support from the Croatian Ministry of Science
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edged.
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Table 1 Cyclopropanation reaction of styrene with ethyl diazoacetate in 1,2-dichloroethane solution catalysed by macrocyclic 1–4- and 14, 15-Cu(I)
complexes

Ligand Ligand/Cu(I) Yielda
cis-17–trans-16
ratiob; (de %) cis-17b ee % trans-16b ee %

Cumulative
stereoselectivityc

(%)

1, n = 2 1.2 58 7+93; (86) 60.0 65.1 77
(1S,2R) (1S,2S)

2.0 55 7+93; (86) 59.4 65.0 77
(1S,2R) (1S,2S)

2, n = 3 1.2 55 17+83; (66) 70.1 80.5 75
(1S,2R) (1S,2S)

2.0 58 16+84; (68) 72.9 81.3 76
(1S,2R) (1S,2S)

3, n = 4 1.2 54 25+75; (50) 51.0 66.1 62
(1S,2R) (1S,2S)

2.0 57 23+77; (54) 53.5 68.7 65
(1S,2R) (1S,2S)

4, n = 5 1.2 67 29+71; (42) 60.5 66.5 59
(1S,2R) (1S,2S)

2.0 62 29+71; (42) 62.3 67.7 59
(1S,2R) (1S,2S)

14 1.2 77 30+70; (40) 54.0 64.8 58
(1S,2R) (1S,2S)

2.0 79 31+69, (38) 54.2 65.3 57
(1S,2R) (1S,2S)

15 1.2 75 28+72; (44) 95 96 70
(1R,2S) (1R,2R)

2.0 80 29+71; (42) 95 96 69
(1R,2S) (1R,2R)

a Isolated, not optimised yields. b Determined by chiral GC analysis, using Chirasil Dex-CB column. c Cumulative (diastereo- and enantio-) selectivity
calculated in % of (1S,2S)-trans-16 and (1R,2R)-trans-16 formed in catalytic reactions by using ligands 1–4, 14 and the ligand 15, respectively.

Scheme 2 (i) Br(CH2)nBr (n = 2-5); K2CO3,MeCN; (ii) (Cl3CO)2CO;
PPh3, CH2Cl2 or SOCl2; (iii) Cs2CO3, MeCN. Structures of the reference
ligands 14 and 15. All prepared compounds have correct spectroscopic and
elemental analysis data.
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A new lipophilic guanosine carrying a porphyrin chromo-
phore on the ribose moiety has been prepared: evidence is
reported for the formation of a supramolecular complex
based on G-quartets and containing an array of eight
porphyrins.

Understanding and mimicking natural photosynthesis with the
goal of producing molecular electronic devices and eventually
clean energy is currently one of the areas of major investigation
in chemistry.1

A particular impetus to the field has been the solution of
crystal structures for the reaction centres of photosynthetic
bacteria Rhodopseudomonas viridis and Rhodobacter sphaer-
oides R-26,2 as well as the structure elucidation of the antenna
complex of Rhodopseudomonas acidophila.3 In particular, the
so-called light harvesting system LH2 is an elegant supramo-
lecular assembly in which two distinct sets of 18 and 9
bacteriochlorophylls-a, respectively, are arranged in a circular
disposition.

Several synthetic models for such a system have been
proposed in the literature, wherein porphyrin arrays were
obtained by covalent synthesis.4 An alternative, and more
attractive approach, has been based on the supramolecular
strategy of having porphyrin-carrying subunits spontaneously
self-assemble to give organised chromophore arrays.5

For several years, we have been studying the self-assembly of
lipophilic guanosine derivatives in chlorinated organic sol-
vents.6 These compounds, in the presence of alkali metal ions,
form octameric6b [Fig. 1(a)] or polymeric6c [Fig. 1(b)] species
based on the hydrogen-bonded G-quartet.7 In particular, while
3A,5A-diacyl-2A-deoxyguanosines form octamers or polymers
depending on the amount of alkali metal ion added, 5A-acyl-
2A,3A-isopropylidene guanosine derivatives form only discrete

octamers.8 The basic structure of the G8 octamer appeared to us
to be an ideal non-covalent scaffold for the formation of
porphyrin arrays.

We report here the preparation of a self-assembled porphyrin
array consisting of eight chromophores arranged in a circular
disposition.

Porphyrin-carrying lipophilic guanosine 1 was synthesized
starting from 5-(4A-hydroxyphenyl)-10,15,20-tritolylporphyrin
29 and commercially available 2A,3A-isopropylidene guanosine 3
according to Scheme 1.

Hydroxyporphyrin 2 was alkylated with 4-bromobutyric acid
methyl ester, and the resulting ester 4 (93%) was then
hydrolysed to give carboxylic acid 5 (95%), which was
converted into the corresponding acyl chloride 6.

Isopropylidene guanosine 3 was converted into the N(2)-
Fmoc derivative 710 (56%) and condensed with porphyrin acid
chloride 5 to give ester 8 (31%). Deprotection of ester 8 gave the
porphyrin-functionalised guanosine 1 (76%). All of the com-
pounds were characterized by NMR, ESI mass spectrometry
and elemental analysis (ESI†).

Derivative 1 self-assembles in chloroform in the presence of
potassium picrate giving rise to octamers consisting of two G-
quartets, as inferred from UV–VIS, CD, 1D and 2D 1H NMR
studies.

† Electronic supplementary information (ESI) available: 1. ESI-MS spec-
trum of 1 in methanol–dichloromethane and elemental analysis results. 2.
1H NMR and NOESY spectra (400 MHZ) of 2 mM [1]8–Kpic in CDCl3 at
210 °C. 3. Tentative structure of the octameric complex, as evinced from
preliminary data. See http://www.rsc.org/suppdata/cc/b0/b006160n/

Fig. 1

Scheme 1 Reagents and conditions: (a) BrCH2CH2CH2CO2Me, K2CO3,
DMF; (b) KOH, dioxane, MeOH, H2O, 80 °C then dil. AcOH; (c) SOCl2,
THF, reflux; (d) Me3SiCl, pyridine; then (e) FmocCl then (f) H2O; (g) 6,
CH2Cl2, pyridine; (h) piperidine, CH2Cl2.
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Proton NMR spectra (ESI†) show the characteristic features
of G-quartet formation upon K+ complexation. Thus, the broad
singlet at 6.37 ppm for the N(2)H2 splits into two signals
centred at 9.69 ppm [H-bonded N(2)H] and 6.43 ppm [free
N(2)H], respectively, at 210°C. These separate signals for the
exocyclic amine, already visible although broader at room
temperature, are diagnostic of G-quartet formation.13 The
NOESY spectrum shows cross peaks among both these N(2)H2
protons and the N(1)H imino proton at 12.52 ppm.6b,13

Conversely, there is no significant shift of any other signal in the
1H NMR spectrum upon complexation.14

In the present case, the nucleoside protons for porphyrin-
functionalised guanosine 1 are not split upon K+ coordination,
as was previously observed for the 3A,5A-diacyl deoxyG-
derivatives,6a,b and NMR data indicate an exclusive syn
conformation of the nucleobases around the glycosidic bond
(e.g. a strong NOE cross peak between H8 at 7.31 ppm and H1A
at 6.04 ppm). So far, all the 5A-alkanoyl-2A,3A-isopropylidene G
derivatives that we have investigated have behaved in this
way.8

The visible spectra of ester 4 and derivative 1 in CHCl3
before K+ extraction are nearly superimposable, as would be
expected if no electronic interaction between the guanine and
porphyrin chromophores takes place.5a In addition, the spec-
trum of 1 after K+ extraction does not change, ruling out a self-
assembling process in which porphyrin stacking is involved.
This stacking in fact would lead to strong electronic interactions
with consequent modification of the absorption. The stoichio-
metric ratio of 8 molecules of derivative 1 per picrate ion can be
deduced from quantitative absorption measurements.

The CD spectra of 1 before and after complexation with K+

picrate are shown in Fig. 2. Before K+ extraction, the signal is
very weak and no exciton couplets can be observed. Complexa-
tion of the cation produces a dramatic effect in the CD spectrum,
as exciton couplets appear both in the guanine absorption region
(ca. 270 nm) and in the Soret region (ca. 417 nm). While the
couplet centered at 270 nm is diagnostic of the assembly of
guanine bases into an octamer,11 that corresponding to the Soret
band indicates a weak, intermolecular, electronic interaction
between porphyrin chromophores:12 this demonstrates that
porphyrins are disymmetrically arrayed around the [G]8K+

complex. The relatively low intensity of this signal is likely to
be due to the conformational freedom of the porphyrin
chromophores, which are attached by flexible linkers to the G-
quartet platforms.

In conclusion, we have synthesized a new porphyrin
derivative which responds to K+ ions by forming a supramo-
lecular array of eight porphyrins with a circular disposition (see
ESI for a tentative structure†). The detailed stereochemistry of
the aggregate is now under investigation, as well as the
photochemical energy transfer processes possible in this
octameric system. Preparation of new derivatives capable of
forming aggregates with a larger number of porphyrins arranged
circularly around the G-quartets is also being pursued.
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helpful discussions and suggestions, and to Dr E. Cortini for
technical assistance. Financial support by MURST (cofin. 99,
ex 40%), CNR (Rome) and University of Bologna (ex 60%) is
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It is shown that by varying the conditions used to exchange
Na by Li in layered sodium manganese oxide based
compounds, not only are the guest ions exchanged but the
defect chemistry of the host is modified and this has an
important effect on the reversibility of lithium intercalation;
in particular, defect 2.5% Co doped layered lithium man-
ganese oxide exhibits a capacity to store lithium equivalent
to 200 mA h g21 which fades by only 0.08% per cycle on
cycling at 25 mA g21.

One of the greatest challenges in the field of rechargeable
lithium batteries is to replace the LiCoO2 positive electrode with
an alternative lithium intercalation compound that is safer,
cheaper and less toxic, such as a lithium manganese oxide. The
spinel, LiMn2O4, has been widely studied in this regard.1–4

Recently, we reported the first synthesis of the layered
intercalation compound, LiMnO2, which involved the low
temperature ion exchange of Na by Li in NaMnO2.5,6 The
present interest in layered LiMnO2 based materials is sig-
nificant.5–12 When doped with Co, high capacities to store Li are
obtained but reversibility on cycling is insufficient. Here, we
report that varying the ion exchange conditions has an important
effect on the defect chemistry in these layered materials, and
this has a critical influence on the all-important reversibility of
the lithium intercalation reaction.

The layered sodium manganese cobalt oxide phases,
NaxMn12 yCoyO2, were prepared as described previously.11

The initial reaction mixture contained 1 mol of Na per transition
metal ion, i.e. x = 1. Ion exchange was carried out using an
8-fold excess of LiBr in either ethanol at 80 °C for 48 h or
hexanol at 160 °C for 8 h. Following ion exchange the materials
were washed with ethanol and water. Powder X-ray diffraction
was carried out on a Stoe STADI/P diffractometer in transmis-
sion mode and using an Fe-Ka1 source (l = 1.936 Å). Neutron
diffraction data were collected on the GEM diffractometer at
RAL. Chemical analysis was carried out using well established
methods; for Li and Na this was conducted by flame emission

whereas atomic absorption spectroscopy was employed for Mn
and Co. Oxidation states were obtained by KMnO4/iron(II)
ammonium sulfate titration.13 BET measurements indicated
that the surface areas were between 5 and 10 m2 g21.

Powder X-ray diffraction patterns of the as-prepared Na
materials revealed that they contain two phases, one may be
indexed based on the layered phase whereas the other exhibits
the characteristic peaks of Na2CO3. Evidently the Na2CO3 has
not reacted completely and by implication the layered sodium
phase is Na deficient, i.e. x < 1. The Na2CO3 is removed during
the ion exchange and subsequent washing in ethanol–water.
Focussing on the layered lithium phases, powder neutron
diffraction patterns for these phases prepared in either hexanol
or ethanol exhibit a single phase that may be indexed based on
the layered O3 structure of LiCoO2 (space group R3̄m, structure
type a-NaFeO2). For the Co doped materials prepared in
hexanol, full structure refinements have been reported pre-
viously.11 Before discussing further Rietveld refinement of the
ethanol samples it is instructive to consider the results of
chemical analysis (Table 1). Several conclusions may be drawn
from these results. First the sodium phase is alkali metal
deficient (x < 1), consistent with the XRD data, and this is
carried through to the Li phases after ion exchange. There is
evidence of a somewhat greater alkali metal content after ion
exchange than before indicating that some lithium intercalation
accompanies the ion exchange process. Table 1 also reveals that
the Na phase contains vacancies on the transition metal sites,
these vacancies are retained in ethanol samples prepared at
80 °C whereas ion exchange in hexanol at 160 °C eliminates
almost all the vacancies. The transition metal vacancies in the
Na phase will be associated with negative effective charges
which are likely to trap some of the Na+ ions; this can explain
the retention of a small amount of Na during the ethanol
exchange. The ion exchange conditions used here are somewhat
reducing, and this is sufficient to result in some lithium
intercalation in ethanol and hexanol. The more aggressive
conditions of reflux in hexanol at 160 °C cause, in addition,
reduction of the host with the associated elimination of the
transition metal vacancies, without the transition metal va-
cancies to trap Na+, the ion exchange process is more complete.
Overall it is evident that the ion exchange process is not

† Electronic supplementary information (ESI) available: powder neutron
diffraction profile for Lix(Mn0.975Co0.025)O2 prepared in ethanol. See
http://www.rsc.org/suppdata/cc/b0/b002552f/

Table 1 Compositional analysis of as-prepared 2.5% Co Na phasea and ion exchanged Li phases for layered AxMn12yCoyO2 materials

Nominal
Co content

A = Na or Li; Ion
exchange conditions Composition

Average TM
oxidation state

No. of TM
vacancies

Mn3+ occupancy
of TM sites

0.025 Na Na0.53Mn0.92Co0.025O2
a 3.672+ 5.5% 28.5%

0.025 Li; Ethanol, 80 °C Na0.048Li0.58Mn0.91Co0.025O2 3.610+ 6.5% 33.8%
0.025 Li; Hexanol, 160 °C Na0.009Li0.62Mn0.96Co0.028O2 3.412+ 1.2% 55.3%
0.1 Li; Ethanol, 80 °C Na0.035Li0.54Mn0.87Co0.087O2 3.579+ 4.3% 31.5%
0.1 Li; Hexanol, 160 °C Na0.012Li0.64Mn0.90Co0.094O2 3.368+ 0.6% 53.4%

a Content of Na determined by CHN analysis, thereby allowing the amount of Na2CO3 and Na in the main phase to be calculated. 
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restricted to the anticipated simple exchange of Na by Li,
instead it plays a critical role in controlling the defect chemistry/
non-stoichiometry of the transition metal host.

Returning to the neutron data for the 2.5% Co doped ethanol
sample (ESI†), Rietveld refinement was carried out based on the
O3-LiCoO2 structure, which possesses cubic close packed
oxide ions. Li and Na were placed in the octahedral sites (3b) of
the alkali metal layers and Mn and Co in the octahedral sites
(3a) of the transition metal layers. The Na and Co occupancies
were fixed at values obtained from the chemical analysis
(Na0.048Li0.58Mn0.91Co0.025O2). The Li and Mn occupancies
were allowed to vary freely. The refined occupancies are in
good agreement with the chemical analysis. A good fit to the
observed data was obtained and the crystallographic data are
presented in ref. 14. LiMnO2 is monoclinic owing to a
cooperative Jahn–Teller distortion promoted by the high spin
Mn3+ ions. For the Co doped materials it has been shown that
cobalt is in the trivalent state.11 The presence of Co3+ along with
the alkali metal deficiency and, in the case of the ethanol
samples, vacancies on the transition metal sites conspire to
reduce the occupancy of the octahedral sites by Mn3+ to a level
where they can no longer promote a cooperative distortion
which typically occurs at ca. 50% occupancy of the transition
metal octahedral sites by Mn3+. As a result none of the samples
exhibit a monoclinic distortion.

What effect does the presence of transition metal vacancies
have on the behaviour of these materials as intercalation
electrodes? The variation of discharge capacity with cycle
number is shown in Fig. 1. Considering first the hexanol
samples, reducing the Co content from 10 to 2.5% improves the
capacity retention on cycling. However the highest degree of
reversibility is obtained from the 2.5% Co doped sample
prepared in ethanol; this corresponds to a capacity fade of only
0.08% per cycle. High capacities to store Li are of no value for
application in rechargeable lithium batteries unless accom-
panied by a high degree of reversibility of the intercalation
reaction. This is now becoming recognised as a key feature that
must be built into the chemistry of intercalation compounds for
rechargeable lithium battery electrodes. The capacity of
LiCoO2, used as the positive electrode in the current generation
of rechargeable lithium batteries, is also shown for comparison.
The layered manganese based materials may be particularly
relevant to the market in sub 3 V electronics for which high
capacity cathodes delivering their charge above 2.4 V could be
combined with graphite anodes to yield high capacity low
voltage cells for such electronic applications. This is one of the
most rapidly growing markets for rechargeable lithium bat-
teries.

We have shown previously that Co doped materials prepared
in hexanol convert to spinel on cycling.11 This is also the case
for the samples prepared in ethanol. The merging of the 108 and
110 peaks is indicative of the transformation (Fig. 2). It is

interesting to compare the capacity fade of the layered
compounds prepared in hexanol and ethanol which convert to
spinel in situ, with a directly prepared cobalt doped lithium
manganese spinel cycled over the same voltage range. The
chosen spinel, which was prepared by conventional solid state
reaction, has a very similar composition to the 2.5% Co doped
material prepared in ethanol containing, as it does, a similar
concentration of vacancies on the transition metal sites.
Whereas spinels are known to cycle well when confined to a
potential range around 4 V, the irreversibility of the inter-
calation process on cycling over the wider voltage range is
clearly severe even for Co doped samples (Fig. 1), yet this is not
the case for the in situ spinels.

The results presented here show that by changing the mild ion
exchange conditions, it is possible to modify the defect
chemistry/stoichiometry of the host. In particular, by forming a
layered lithium manganese oxide based spinel with Co and
vacancies on the transition metal sites it is possible to improve
significantly the reversibility of the intercalation process
which is a critical property for applications as an electrode
material.

P. G. B. is indebted to the EPSRC for financial support and
RAL for the provision of neutron facilities.
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Fig. 1 Discharge capacities as a function of the number of charge–discharge
cycles carried out at 25 mA g21 (C/7) and 30 °C between potential limits of
2.4 and 4.6 V for; (5) 2.5% Co prepared in ethanol: (Ω) 2.5% Co prepared
in hexanol: (8) 10% Co prepared in hexanol: (X) Li1.07(Mn1.78Co0.05)O4

spinel and (+) LiCoO2 cycled between 3.3 and 4.2 V.

Fig. 2 Powder X-ray diffraction patterns collected on Lix-
(Mn0.975Co0.025)O2, prepared in ethanol at 80 °C, (a) before cycling, (b)
after 10 cycles, (c) after 50 cycles and (d) after 132 cycles. Cycling was
carried out at 25 mA g–1 and over the range 2.4–4.6 V.
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The rate of protonation of the nitrile carbon in trans-
[Mo(N2)(NCC6H4R-4)(Ph2PCH2CH2PPh2)2] (R = MeO,
Me, H, Cl, MeCO or NO2) shows an unusual non-linear
dependence on the identity of R, revealing how both kinetic
and thermodynamic factors control the site of protonation in
complexes containing a variety of protonatable ligands.

Understanding the factors which define where protons bind to
metal complexes is important in gaining insight into the
reactivity of certain metalloenzymes,1 and in controlling the
regio-, stereo- and product-specificities of metal-mediated
reactions.2,3 However, we are still some way from being able to
predict where protons will bind to complexes containing a
variety of potential sites, as is evident when we consider the
reactions shown in Fig. 1.

Some years ago,4 protonation of trans-[Mo(N2)(NCPrn)-
(Ph2PCH2CH2PPh2)2] was found to occur at dinitrogen,
forming the corresponding hydrazide (top line). However
recently, the analogous trans-[Mo(N2)(NCPh)(Ph2PCH2CH2-
PPh2)2] was shown to protonate at the nitrile carbon5 (bottom
line). This observation is rather unexpected since earlier
investigations6,7 showed that protonation of end-on coordinated
dinitrogen is rapid (probably diffusion-controlled), whereas
protonation at carbon sites is usually several orders of
magnitude slower, even when bound to electron-rich metal
centres2,3,8 indicating that hydrazides would always be formed
in such reactions. Given that in trans-[Mo(N2)(NCPh)-
(Ph2PCH2CH2PPh2)2] both dinitrogen and nitrile are bound to
the same centre it is difficult to reconcile why carbon should be
the preferred protonation site. Herein, we report kinetic studies
on the family of reactions represented in eqn. (1) (R = MeO,
Me, H, Cl, MeCO or NO2),9 and show that R affects the
protonation chemistry of the dinitrogen and nitrile ligands in
quite different ways.

(1)

When the reaction between trans-[Mo(N2)(NCPh)(Ph2-
PCH2CH2PPh2)2] and an excess of anhydrous HCl is studied in
thf, using stopped-flow spectrophotometry, a single exponential
absorbance–time curve is observed. Under all conditions, the
initial absorbance corresponds to the reactant and final
absorbance† to trans-[MoCl(NCH2Ph)(Ph2PCH2CH2PPh2)2]+.
The kinetics of this reaction exhibit a first order dependence on

the concentration of trans-[Mo(N2)(NCPh)(Ph2PCH2CH2-
PPh2)2] but the dependence on the concentration of HCl is
markedly non-linear, such that at high concentrations of HCl the
rate is independent of the concentration of acid (Fig. 2).

These observations are consistent with the mechanism shown
in Fig. 3. Initial protonation of the nitrile carbon (k1) generates
[Mo(N2)(NCHPh)(Ph2PCH2CH2PPh2)2]+. Protonation of the
nitrile diminishes the electron density at the metal, and because
dinitrogen is a strong p-acceptor ligand, this has two effects on
its reactivity: (i) decreasing the basicity of dinitrogen thus
suppressing protonation and (ii) increasing the lability of
dinitrogen. Dissociation of dinitrogen (k2) and subsequent rapid
binding of chloride facilitates further protonation of carbon to
form trans-[MoCl(NCH2Ph)(Ph2PCH2CH2PPh2)2]+. An analo-
gous mechanism has been proposed for the reactions of acid
with trans-[Mo(N2)2(R2PCH2CH2PR2)2]6,7 (R = Ph or Et),
involving rapid protonation of one dinitrogen followed by rate-
limiting dissociation of the other. The important difference in
the two systems is that for trans-[Mo(N2)(NCPh)(Ph2PCH2-

Fig. 1 Protonation of dinitrogen vs. nitrile in trans-[Mo(N2)(NCR)-
(Ph2PCH2CH2PPh2)2].

Fig. 2 Dependence on the concentration of xHCl for the reaction with trans-
[Mo(N2)(NCPh)(Ph2PCH2CH2PPh2)2] in thf at 25.0 °C. The data points
correspond to: [Mo] = 0.2 mmol dm23 (-) and [Mo] = 0.4 mmol dm23

(:). Data collected in the reaction with 2HCl (Ω) are also shown. The data
were analysed by plotting 1/kobs vs. 1/[HCl], from the straight line the
intercept = 1/k2 and gradient = 1/k1.

Fig. 3 Mechanism for the formation of trans-[MoCl(NCH2C6H4R-
4)(Ph2PCH2CH2PPh2)2] in the reactions of anhydrous HCl with trans-
[Mo(N2)(NCC6H4R-4)(Ph2PCH2CH2PPh2)2].

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b006302i Chem. Commun., 2000, 1999–2000 1999



CH2PPh2)2] the protonation at carbon is rate-limiting at low
concentrations of HCl, and consequently the reaction with DCl
is associated with a primary isotope effect (k1

H/k1
D = 1.8;

Fig. 2). Only at high concentrations of acid does the unim-
olecular dissociation of dinitrogen become rate-limiting, and
under these conditions there is no isotope effect (k2

H/k2
D =

1.0).
Studies on trans-[Mo(N2)(NCC6H4R-4)(Ph2PCH2CH2-

PPh2)2] (R = MeO, Me, Cl, MeCO or NO2) show analogous
behaviour to that of trans-[Mo(N2)(NCPh)(Ph2PCH2CH2-
PPh2)2] and allow investigation into how k1 and k2 are affected
by the electronic influences of R (Fig. 4).

The effect of R on the lability of dinitrogen (k2) is not
unexpected. As R is varied and becomes more electron-
releasing, the dinitrogen becomes less labile. This is in line with
the labilities of dinitrogen previously observed in the reactions
of trans-[Mo(N2)2{(4-RC6H4)2PCH2CH2P(C6H4R-4)2}2] (R =
CF3, Cl, H, Me or MeO).10 The effect of R on the rate of
protonation at the nitrile carbon is less straightforward. It is
anticipated that k1 would be affected by both the electron
density at the carbon and the barrier to structural rearrangement
(rehybridisation).11 Certainly, there is a general increase in the
rate of protonation as R becomes more electron-releasing but
the trend is markedly non-linear, and with the most strongly
electron-releasing substituents the rate of protonation is essen-
tially independent of the nature of R. The reason R affects
protonation of the nitrile and dinitrogen ligands so differently
becomes clearer after considering the effect R has on the IR
stretching frequencies, u(N2) and u(CN) (Fig. 4, insert).9 It is
evident that R affects u(N2) and u(CN) in a manner which
parallels the rates of dinitrogen dissociation and protonation of
carbon, respectively. The values of u(N2) and u(CN) reflect the
bond orders in these groups, which are affected by the
backbonding from {Mo(Ph2PCH2CH2PPh2)2} to each of the p-
acceptor ligands. The substituent R will modulate this effect,
but because it is sited on the nitrile, R affects the backbonding
to dinitrogen and nitrile differently.

For the trans-dinitrogen, as R is varied and made more
electron-releasing the backbonding from Mo to dinitrogen is
reinforced resulting in a decrease in u(N2) and dinitrogen
lability (k2) (and, as noted above, an increase in basicity). In
contrast, the effect of an electron-releasing R will oppose the
backbonding from Mo to nitrile. This counterbalance of the
electron-releasing effect of R and the backbonding from Mo
results in the increasing insensitivity of u(CN) and the rate of
protonation of the nitrile carbon as R becomes more electron-

releasing (k1
max ≈ 1 3 104 dm3 mol21 s21). Understanding the

electronic origins of these effects allows us to appreciate that it
is a combination of kinetic and thermodynamic factors which
control product-selectivity in the reactions of acid with trans-
[Mo(N2)(NCR)(Ph2PCH2CH2PPh2)2] (Fig. 1).

As noted above, the p-backbonding from the
{Mo(Ph2PCH2CH2PPh2)2} site affects both the lability and the
basicity of dinitrogen.12 In trans-[Mo(N2)(NCC6H4R-4)-
(Ph2PCH2CH2PPh2)2], the aryl group is poorly electron-
releasing and consequently the trans-dinitrogen is only weakly
basic. Indeed, we can estimate an upper limit for the proton-
affinity of the dinitrogen in these systems [eqn. (2)]. Even at the
highest concentration of HCl (50 mmol dm23), there is no
spectroscopic or kinetic evidence for dinitrogen being proton-
ated, and hence K3

Ph@ 4 3 1025. Since K3
Ph = k3

Ph/k23
Ph and

assuming the thermodynamically favourable k23
Ph step is

diffusion controlled, we can estimate k3
Ph@ 4 3 105 dm3 mol21

s21. Hence in these systems, the rates of protonation of
dinitrogen and the nitrile carbon are not necessarily appreciably
different. Since the exclusive product is always trans-
[MoCl(NCC6H4R-4)(Ph2PCH2CH2PPh2)2] thermodynamic
factors must be controlling the outcome of the reaction.

(2)

As indicated above, a natural consequence of the mutually
trans dinitrogen and nitrile both being p-acceptor ligands
is that protonation at one suppresses protonation at the
other. However, the unfavourable value of K3

Ph means
that the parent dinitrogen complex is the major component
of the protolytic equilibrium mixture and is able to react
by the irreversible, protonation of the nitrile carbon, resulting
in the ultimate formation of trans-[MoCl(NCH2C6H4R-4)-
(Ph2PCH2CH2PPh2)2]+.

Consider now the situation where the nitrile is very electron-
releasing, as is the case in trans-[Mo(N2)(NCPrn)(Ph2PCH2-
CH2PPh2)2]. The PrnCN ligand is sufficiently electron-releas-
ing4 that dinitrogen binds two protons even with [HCl] = 10
mmol dm23, giving K3

Pr!0.36 and hence k3
Pr! 3.6 3 109 dm3

mol21 s21 (i.e. close to the diffusion-controlled limit). How-
ever, the data in Fig. 4 indicate that protonation of carbon will
not exceed k1 ≈ 1 3 104 dm3 mol21 s21. Consequently both the
kinetics and thermodynamics favour protonation at dinitrogen,
and trans-[Mo(NNH2)(NCPrn)(Ph2PCH2CH2PPh2)2]2+ is
formed (Fig. 1).
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Fig. 4 Correlation of log(k) with Hammett s+ for the protonation of the
nitrile carbon, k1 (-) and dissociation of dinitrogen, k2 (5) in the reactions
of HCl with trans-[Mo(N2)(NCC6H4R-4)(Ph2PCH2CH2PPh2)2] (R = NO2,
MeCO, Cl, H, Me or MeO) in thf at 25.0 °C. Insert: correlation of Hammett
s+ with u(CN) (-) and u(N2) (5).
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Carbon nanotubes can be efficiently separated from impu-
rity material in carbon soot using a conjugated polymer
filtration system as monitored by EPR, allowing the
calculation of purity of the crude carbon soot.

Carbon nanotubes have generated interest in all areas of science
owing to their novel structural, mechanical and electronic
properties. In the physical sciences nanodevices have already
been demonstrated including transistors1 and rectifying hetero-
junctions.2 In microbiology they have been used as probes to
study the structure of biomolecules3,4 and as templates for the
self assembly of proteins.5 However, at present, as-produced
carbon soot remains low in nanotube content.6 Furthermore,
neither quantitative techniques to analyse soot content nor
methods to measure nanotube content exist. This work presents
the first measurement of nanotube content in impure carbon
soot. Using a conjugated polymer as a nanotube ‘filter’, carbon
nanotubes are separated from all other soot components. An
absolute value for the nanotube content can then be calculated
for the first time using electron paramagnetic resonance and
thermogravimetric measurements. This is a vital step towards
making nanotubes a practical material for novel scientific
developments.

The necessity for a technique to measure nanotube content in
carbon soot is apparent when the present fabrication and
purification methods are examined. During nanotube produc-
tion unwanted carbon species such as turbostratic graphite
(TSG) and carbon onions are invariably formed. Purification by
oxidation7 destroys many nanotubes and alters the electronic
properties of the remaining tubes. Chromatographic techniques8

have succeeded in purifying carbon soot but no quantitative
measure of purity has been obtained. Furthermore, scale-up of
these processes is problematic. The process outlined in this
work approaches these issues in a novel manner via the
production of a polymer nanotube composite. Thus a quantifi-
able purification method for carbon soot is presented which
leads logically to a measurement of the purity of that soot.

In order to produce the polymer nanotube composites used in
this work 80 mg of poly(m-phenylene-co-2,5-dioctyloxy-p-
phenylenevinylene) (PmPV) were mixed with 25.5 mg of
multiwall nanotube (MWNT) containing arc-generated carbon
soot in 4 ml of toluene. The PmPV was synthesised using a
standard polycondensation reaction,9 while the carbon soot was
generated in a Krätschmer generator.10 The mixture was
sonicated for 2 min using a high power sonic tip and then for 2
h in a low power sonic bath to ensure complete dispersion of the
Krätschmer generated carbon soot. This was carried out for
seven composite solutions with identical constituents. These
solutions were then allowed to stand undisturbed for various
amounts of time, from 30 min to 90 h. At the end of its settling
time each solution was carefully decanted into a new sample
bottle, leaving a black sediment at the bottom of the old bottle.
These sediments were then dried and weighed.

To determine the natures of the sediment and remaining
solute, EPR spectroscopy was used. This technique measures
microwave-induced transitions between electron spin energy
levels in the presence of a magnetic field. Unpaired electrons in

different environments may be distinguished using this tech-
nique by differences in their resonance spectra. To prepare
samples for EPR, ca. 0.3 ml of each of the separated solutions
was drop cast onto spin free quartz plates, giving ca. 7 mg of
solute after the solvent had evaporated. In addition all the
recovered sediments were carefully weighed and ca. 7 mg of
each placed in spin free quartz tubes. EPR spectra were recorded
for all samples and carbon soot. The carbon soot was dispersed
in toluene in a spin free glass tube to reduce the interaction of
the spins within neighbouring particles, and to match more
closely the environment of the spins in a polymer host.

Fig. 1 shows EPR derivative spectra for the dispersed carbon
soot, the sediment and solute samples for both the shortest and
longest settling times. In all cases these spectra could well be
fitted to the superposition of two symmetric absorption lines of
Lorentzian shape. In the case of the dispersed carbon soot and
the various sediments, g values determined from the line
positions, of ca. 2.011 and 2.020 and peak-to-peak line widths,
DBpp, of close to 11 and 12 G, respectively, were observed.
Similar results were obtained for the solute spectra which could
be fitted to two lines with g values of ca. 2.011 and 2.020 and
widths of 7 and 18 G, respectively. This demonstrates that the
carbon soot consists of the same two components as are in the
solutes and sediments. The variation in linewidth between
sediment and solute is probably due to small environmental
variations between the two phases. Two such components have
been observed by other authors who attribute them to para-
magnetic centers in nanotubes6,11 and TSG.

In addition to g values and linewidths, signal intensities can
be measured for both the MWNT and TSG. In each case the
signal intensity of the MWNT or TSG line is proportional to the
mass of the MWNT or TSG present in the measured sample.
Assuming that the measured fraction is representative of the
whole mass of sediment or solute, the signal intensities can be
normalized to represent all the unpaired spins in the total mass
of sediment or solute. This normalized signal intensity (NSI) is
achieved by multiplying the measured signal intensity by a

Fig. 1 EPR derivative spectra for some of the samples studied in this work.
EPR spectra of (a) carbon soot dispersed in toluene, (b) the sediment formed
after 30 min settling time, (c) the solute remaining after 30 min settling time,
(d) the sediment formed after 90 h settling time and (e) the solute remaining
after 90 h settling time. Note that in all spectra except E two components,
TSG and MWNT (denoted by arrows), are clearly present. For spectrum E
the sole component present is that of the MWNT.
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factor of MT/MEPR where MT is the total sediment or solute mass
and MEPR is the mass of the sample measured.

These normalized signal intensities, for both nanotube and
TSG components of the solute are shown in Fig. 2 as a function
of sample settling time. It is clear from this diagram that the
nanotube component of the various solutes is approximately
constant for all the settling times. The TSG component however
shows a sharp decrease. After 48 h settling time there is virtually
no TSG present in the solute. Therefore the PmPV holds carbon
nanotubes in solution while the TSG gradually settles out to
give solutions rich in nanotubes. Thus nanotubes can be
effectively separated from other unwanted forms of carbon
present in carbon soot.

For the 48 h settling time we can calculate the percentages of
both MWNT and TSG that have remained in solution. This can
be calculated for a given species from

% = ¥
+

100
NSI

NSI NSI
solution

solution sediment
(1)

where % is the percentage of the given species (MWNT or TSG)
in solution, NSIsolution and NSIsediment are the normalized signal
intensities for the same species in solution and sediment,
respectively. For the 48 h settling sample NSIsolution(MWNT) =
4.5 while NSIsediment(MWNT) = 2.6 (in arbitrary units). By
comparison for the same sample NSIsolution(TSG) = 0.5 while
NSIsediment(TSG) = 26.5. Using this we can calculate that 63%
of the added nanotubes go into solution while only 1.9% of the
added TSG remains in solution.

While this allows us to make relative comparisons of
amounts of nanotubes present in a given sample using the NSI
values, EPR alone does not give us enough information to make
absolute measurements of nanotube content. In order to do this
we need to be able to calculate a nanotube signal intensity per
unit mass, k, such that we can write an equation of the form

Si = ki mi (2)

where Si is a signal intensity for a given mass mi of a given
species (MWNT or TSG) i. This will allow us to calculate the
mass of nanotubes in a given sample from the EPR spectrum
provided we know k.

In order to calculate the mass of nanotubes present in a
purified composite sample with only trace amounts of TSG we
use thermogravimetric analysis (TGA). In this technique the
sample is heated in air and the sample mass monitored as it is
oxidised. This was carried out for the carbon soot, PmPV and a
highly separated solute sample (settling time 48 h). The TGA
traces for these samples are shown in Fig. 3. By 650 °C the
PmPV sample is almost completely oxidised (except for some
impurities), while the carbon soot only begins to burn at ca.
700 °C. For the composite sample, between these two
temperatures, no oxidisation occurs as demonstrated from the
horizontal part of the trace in this region. Thus the stable mass
in this temperature region represents nanotubes and some
polymer impurities. It is possible to account for the polymer
impurities and hence calculate the mass of nanotubes present in
the composite using these data. For the composite solute

measured here the nanotube mass was calculated at 5.1% of the
total composite mass. This allows us to calculate the actual mass
of nanotubes present in the (same) sample measured by EPR. As
we know the nanotube EPR signal intensity (Sn) for this sample
we can calculate a signal intensity per mass of nanotubes, kn.
This works out to be 1.04 per mg in our system of units.

From this it is possible to calculate the nanotube content in
the carbon soot. As described above we can obtain a NSI for the
nanotube component in the carbon soot. This was measured as
0.53 for the 1.5 mg of carbon soot dispersed in toluene, giving
a nanotube component in this sample of carbon soot a mass of
mn = Sn/kn = 0.53/1.04 mg21 = 0.51 mg. This allows us to
calculate the nanotube content of the carbon soot as 34%. This
value is consistent with estimates of nanotube content in various
carbon soots from scanning electron microscopy and transmis-
sion electron microscopy.

In conclusion we have demonstrated a preparation method
which allows us to isolate nanotubes from unwanted carbon
components with a high nanotube yield. This allows us to use
EPR and TGA to calculate the nanotube content (purity) of the
soot. For the carbon soot used in this study, the nanotube content
was 34% by mass.

While calculation of carbon soot purity is the most obvious
benefit of this technique many other potential advantages exist.
To date no technique exists which can give quantitative
measurements of nanotube content in any environment. In the
past nanotube researchers in all fields have relied on purely
qualitative methods such as measuring ratios of ill-defined
Raman peaks or counting nanotubes in SEM or TEM micro-
graphs. This present technique will eradicate these issues and
finally solve the fundamental problem of high yield nanotube
extraction. Furthermore we believe that this work is the first step
toward the ability to design specific polymer architectures to
select tubes of given chirality or diameter. This is considered to
be one of the most important potential developments needed to
make nanoelectronics using nanotubes a reality.

The authors wish to thank the Irish Higher Educational
Authority for partly funding this work.
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Fig. 3 Thermogravitational analysis trace for PmPV, a highly separated
composite film and carbon soot. Note that PmPV stops burning at ca. 600 °C
while the carbon soot only begins to burn at 750 °C. For the composite
sample there is no oxidation between these temperatures. This allows us to
calculate the mass of nanotubes in this sample.
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C–H activation of benzylic methyl groups has been realized
catalytically under mild conditions through intramolecular
reaction on a palladium complex.

Aromatic and aliphatic C–H activation catalyzed by transition
metal complexes is an area of increasing interest in view of the
elaboration of selective methodologies for the functionalisation
of arenes and alkanes.1 Cyclometallation and, in particular,
cyclopalladation reactions are valuable tools to achieve intra-
molecular C–H bond cleavage.1f–h

We previously reported2 a new methodology for selective
aromatic substitution which implies C–H activation and o,oA-
dialkylation of the hexahydropalladafluorene 1. As shown in the
simplified Scheme 1, the reaction proceeds through oxidative
addition of alkyl halides, alkyl group migration on the aryl site
of the palladacycle 1 and spontaneous expulsion of norbornene
4 to give the o,oA-dialkylated arylpalladium species 3.

The reaction could be made catalytic by causing the final
complex 3 to undergo further reaction so that palladium(0) could
be formed.3 An example is shown by the reaction of
iodobenzene, n-propyl bromide, norbornene and phenylboronic
acid to form 2,6-di-n-propyl-1,1A-biphenyl in 90% isolated
yield.3c

We have now found that in the presence of a methyl group the
reaction can take a completely different course, norbornene no
longer being expelled as in Scheme 1, but instead undergoing
ring closure on the methyl group.

Compounds 6 and 7 (Scheme 2) are formed by heating an
N,N-dimethylformamide (DMF, 5 mL) solution of norbornene
(49 mg, 0.52 mmol) and o,oA-dimethyliodobenzene (103 mg,
0.44 mmol) at 105 °C for 18 h under nitrogen in the presence of
Pd(OAc)2 (10 mg, 0.044 mmol) as the catalyst and K2CO3 (61

mg, 0.44 mmol) as the base. cis,exo-Hexahydromethano-
fluorenes 6 (30%) and 7 (two diastereoisomers, 11%) corre-
spond to palladium-catalyzed C–H activation of a benzylic
methyl group. Yields of 6 and 7 could be raised to 60 and 28%,
respectively, by using KOAc instead of K2CO3 as a base.

The positive influence of KOAc on the conversion of the
disubstituted aryl iodide 5 could be ascribed to the favourable
action exerted by the acetate anion on norbornene insertion,4
this step being adversely affected by the steric hindrance of the
two ortho methyl groups. The proposed course of the reaction
leading to compounds 6 and 7 is shown in Scheme 3.

Complex 2 (Alk = CH3) instead of undergoing norbornene
deinsertion as previously observed (see Scheme 1), prefers to
activate the methyl group to give the palladacyclohexene
complex 8. This means that the tendency of palladium to react
with a suitably positioned methyl group, possibly through
agostic interaction,1h,5 is strong enough relative to C–C bond
cleavage so preventing norbornene deinsertion. Complex 8 can
either undergo C(sp3)–C(sp3) coupling to give compound 6 or
ring opening catalyzed by protonic species HX in the manner
previously described6 and thoroughly investigated by
Carmona’s group in a recent study.7 Norbornene then inserts
into the new alkylpalladium complex 9 to form 10; the latter
gives the new disubstituted cis,exo-hexahydromethanofluorene
7 through the intermediacy of a six-membered palladacycle of
type 11.

Since compound 7 must originate from a benzylpalladium
complex of type 9, which in turn requires the palladacyclohex-

† Electronic supplementary information (ESI) available: selected spectro-
scopic data for compounds 6, 7, 15 and 16. See http://www.rsc.org/
suppdata/cc/b0/b005182i/

Scheme 1

Scheme 2 Reagents and conditions: i, 10% mol Pd(OAc)2, KOAc, DMF,
N2, 18 h, 105 °C, 91% conversion.

Scheme 3 Proposed mechanism for the palladium-catalyzed synthesis of 6
and 7. Solvent or reagent molecules as ligands are omitted for simplicity.
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ene 8 as precursor, its presence unequivocally confirms the
proposed mechanism.

The reaction shows some analogy with those of o-tert-
butyliodobenzene and o-iodoanisole described by Dyker8

which, however, imply palladium-catalyzed C–H activation at a
tert-butyl group and at a methoxy group, respectively, and end
up with a C(sp3)–C(sp2) ring closure.

To further support these results we carried out the stoichio-
metric reaction of the dimeric o-tolylnorbornylpalladium chlo-
ride complex 2 (one Alk = CH3, the other being H)9 (52 mg,
0.08 mmol) with methyl iodide (23 mg, 0.16 mmol) in the
presence of K2CO3 (33 mg, 0.24 mmol) in DMF (5 mL) at room
temperature for 5 h under nitrogen. The cyclopentene derivative
6 was obtained in 73% yield.

At this point we wondered whether a catalytic reaction
involving benzylic activation could be possible also using o-
iodotoluene in place of o,oA-dimethyliodobenzene. Poor results
were obtained with KOAc while using K2CO3 led to the
formation of four products. Thus compounds 15–18 (Scheme 4)
were obtained by heating a DMF (25 mL) solution of
norbornene (57 mg, 0.6 mmol) and o-iodotoluene (109 mg, 0.5
mmol) in the presence of Pd(OAc)2 (11 mg, 0.05 mmol) as
catalyst and K2CO3 (70 mg, 0.5 mmol) as the base under the
conditions previously reported. The formation of products 15
(63%) and 16 (two diastereoisomers, 5%) implies the same type
of C–H activation of a benzylic methyl group as observed for 6
and 7.

The reaction pathway involves the intermediacy of pallada-
cycle 13 and its further reaction with a second molecule of o-
iodotoluene to form eventually 14.9c Once the o,oA-disubstituted
aromatic is formed the reaction proceeds as shown in Scheme 3
for o,oA-dimethyliodobenzene.

Although the cyclisation reaction leading to 15 could be
expected to occur between one molecule of iodotoluene and one
of norbornene, it surprisingly takes place only after a second

tolyl unit has been introduced into the free ortho position. This
fact can be explained considering that, as long as one ortho
methyl group only is present, coordination with the aromatic
ring is preferred. This point has been recently highlighted by
Crabtree and coworkers.1g,10

The formation of 17 (10%)11 and 18 (two diastereoisomers,
4%) does not involve benzylic C–H activation. However, since
it can readily be explained according to a pathway previously
described,11 it will not be examined further. Yields are strongly
influenced by reaction conditions (such as temperature, concen-
tration, solvent) as well as by the base used and the addition of
ligands and salts. For example by adding tetrabutylammonium
bromide to the reaction mixture, compound 16 becomes the
main product, being obtained in 37% yield together with
compounds 15, 17 and 18 in 23, 6 and 14% yield, re-
spectively.

Compounds 6, 7, 15 and 16 were fully characterised by
spectroscopic methods and by elemental analysis (ESI).†

In conclusion we have shown that C–H bonds of benzylic
methyl groups can be activated catalytically with formation of
cyclopentene rings. The use of the appropriate organometallic
precursors allows the reaction to occur stoichiometrically even
at room temperature. The generality of the reaction is being
investigated.

This work was supported by Italian MURST and CNR
(Rome).
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a-Bromoacrylamides (1) reacted with aldehydes or ketones,
in the presence of SmI2 at 278 °C in THF, within 5 min to
produce Baylis–Hillman type reaction products (2) through
an anionic process using vinylsamarium Grignard species in
good yields (52–89%).

The construction of C–C bonds has been one of the most
fundamental reactions in organic synthesis. The Baylis–
Hillman reaction1 produces multifunctional molecules that can
be used for the synthesis of natural and unnatural products2

through C–C bond formation between the a-position of
activated alkene and carbon electrophiles having an electron-
deficient sp2 carbon atom under a basic catalyst, in particular a
tertiary amine. But the reaction suffers from being inconven-
iently slow.1 Furthermore, under normal circumstances acryla-
mides, crotonic derivatives, and ketones are inert substrates for
the Baylis–Hillman reaction.1,3 Therefore a number of at-
tempts2g,4,5 have been made to provide the corresponding
adduct including the use of microwave irradiation and high
pressure.6

Samarium diiodide has become a useful reagent for various
organic reactions.7 Especially, SmI2 can be used to generate
radicals and to reduce alkyl radicals to alkylsamarium reagents
that can be trapped by a variety of electrophiles to form a new
C–C bond.7–9 However, there have been arguments that in
general, vinyl- and aryl radicals do not usually undergo further
reduction to vinyl- or arylsamarium reagents.9 We report here
the first example of reactions via vinylsamarium species.

It has been found that a-bromoacrylamides (1) reacted with a
variety of aldehydes or ketones in the presence of SmI2 to give
a-hydroxyalkylacrylamides (Baylis–Hillman adducts, 2) within
5 min at 278 °C in THF in good yields (Scheme 1).

The reaction works best when 1 eq. of aldehyde and 3 eq. of
SmI2 are used in THF (run 2–5, Table 1). The crotonic
derivative gave only the (Z)-isomer which was readily con-
firmed by 1H NMR spectroscopy5a,b,d,f and a variety of
aldehydes and enolizable ketones also proceeded successfully
in good yields. The results obtained are summarized in Table 1.
Benzaldehyde and a,b-unsaturated carbonyl compounds are
reduced to the corresponding alcohols without undergoing
Baylis–Hillman type reaction: reduction of carbonyl groups
must be faster than Baylis–Hillman type reaction.

Here a question is raised as to whether the reaction proceeds
via anionic or radical species. Treatment of 1a with SmI2 (3
eq.)–CD3OD (1 eq.) in THF afforded 3a (67%, 80% deuterated
product) as the main product as shown in eqn. 1. The amount of

(1)

deuterium incorporation was determined by 1H NMR and mass
spectroscopy. On the other hand, when 1a was treated with
SmI2 (1 eq.) and THF-d8 as a solvent, no deuterated acrylamide
was detected, whereas a-bromoacrylamides acted as an electro-
phile to form 4a (eqn. 2).7a,10 If the vinyl radical species (A)
exists for long time it should abstract one D from THF-d8. If the
reaction undergoes samarium Grignard type reaction, it should
require more than 2 eq. of SmI2 to consume the starting
acrylamide.Scheme 1

Table 1 The reactions of acrylamides with various aldehydes and
ketonesa

This journal is © The Royal Society of Chemistry 2000
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(2)

Judging from the three observations, an anion species (B)
appears to be involved in the reaction (Fig. 1). The reaction
might proceed via an allenoate intermediate (C).5,11 Ethyl a-
bromoacrylate or 2-bromocyclohex-2-en-1-one did not give the
desired products. A phenyl group in the amide seems to enable
the formation of the vinylsamarium intermediate (B). The a-
carbon of the acrylamide bearing phenyl group is more electron-
deficient than other moieties bearing alkyl or hydrogen.
Therefore, the vinyl radical can undergo further reduction to
vinylsamarium reagent B by a further mole of SmI2. These
results imply that the reduction of the vinyl radical should be
faster than hydrogen abstraction from THF. To our knowledge,
this is the first example of the generation of the vinyl samarium
intermediate by means of the reduction of bromovinyl com-
pounds! It is noteworthy that the reaction with enolizable
ketones also affords the Baylis–Hillman products.

In summary, it has been demonstrated that the reaction of a-
bromoacrylamides with aldehydes or ketones in the presence of
SmI2 can provide Baylis–Hillman adducts through an anionic
process, solving several problems of Baylis–Hillman reaction.
Baylis–Hillman reactions require long reaction times and a

tertiary amine as a catalyst and its scope is limited to aldehydes
as acrylamides, crotonic derivatives and ketones are not
reactive. However, a Baylis–Hillman type reaction mediated by
SmI2 is available for both aldehydes and ketones under mild
reaction conditions and with short reaction times.

This work was partially supported by graduate School of
Molecular Science of MOE.
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Enantiomerically pure zinc complexes have been designed
and synthesized for the enantioselective copolymerization of
cycloalkene oxides and CO2.

The desymmetrization of meso molecules with chiral catalysts
or reagents is rapidly emerging as valuable strategy for the
synthesis of enantiomerically-enriched products.1,2 Meso ep-
oxides are particularly attractive substrates for desymmetriza-
tion reactions: ring-opening with a variety of nucleophiles
yields a range of valuable synthetic intermediates.3 Remarkable
advances in the development of chiral catalysts have yielded
highly enantioselective systems for the delivery of halide, azide,
alcohol, thiol, cyano and carboxylic acid nucleophiles to
epoxides. Despite the recent intense interest in developing
enantioselective catalysts for the synthesis of optically-active
polymers,4,5 there are few examples of meso-desymmetrization
in polymerization reactions.6,7 We have recently developed a
new class of single-site catalysts (1, Scheme 1)8 for the

copolymerization of CO2 and cyclohexene oxide (CHO);
(Scheme 2).9,10 Following reaction of the amido ligand with
CO2, extrusion of trimethylsilyl isocyanate and reinsertion of
CO2,11–13 the ring-opening of the epoxide monomer in this
system occurs with inversion of stereochemistry thus producing
stereogenic centers in the polymer backbone. We reasoned that
a chiral ligand set would have the potential to control the

absolute stereochemistry of the ring-opening process, and that
hydrolysis of the resultant polycarbonate14 would yield valuable
enantiomerically-enriched diols.8 During the course of our
research Nozaki and coworkers reported a chiral catalyst system
for the enantioselective copolymerization of CO2 and CHO,15

prompting us to communicate our preliminary results. Herein
we report a chiral, homogeneous catalyst system which exhibits
unprecedented activity, stereoselectivity and molecular weight
control for the polymerization of CO2 with both cyclopentene
and cyclohexene oxide, even under mild reaction conditions.

Owing to the well-defined nature of b-diiminate zinc
complexes (1) for the synthesis of aliphatic polycarbonates, we
first decided to investigate structurally-related bisoxazoline-
derived zinc complexes (2) to attempt stereochemical control.
Complex 2 was readily formed in quantitative yield from the
reaction of the bisoxazoline ligand with Zn[N(SiMe3)2]2.
Despite the structural similarity of the diimine and bisoxazoline
ligands, complex 2 is inactive for the copolymerization of CO2
and CHO at 20 °C. Although the cause of inactivity is currently
unknown, we believe that either decomposition to a bis-ligated
zinc species or irreversible aggregation of the catalytic species
occurs early in the polymerization reaction. To impede such
deleterious processes we designed a hybrid imine–oxazoline
ligand (IOx) that is sterically incapable of forming strongly
aggregated or bis-ligated complexes (3, Scheme 2). Despite
lacking the high symmetry which is often the hallmark of highly
selective catalysts, these ligands have the advantage that
efficient synthetic strategies allow the systematic variation of
the ligand structure to optimize catalyst behavior. The ligands
are formed by the nucleophilic attack of imidoyl chlorides with
chiral, deprotonated 2-methyloxazolines.16–18 Reaction of the
ligand with Zn[N(SiMe3)2]2 gives 3 in quantitative yield.

Complexes of type 3 are active catalysts for the copoly-
merization of cycloalkene oxides and CO2 (Table 1). In general,
the reaction of a 2.5 M solution of CHO in toluene under 100 psi
of CO2 at 20 °C using 1 mol% 3 yields an alternated
polycarbonate (ether linkages cannot be detected by 1H NMR)
with narrow molecular weight distribution (Mw/Mn is sig-
nificantly less than 2). To optimize this class of catalysts with
respect to stereoselectivity, we employed a condensed version
of an improvement strategy earlier described by Snapper and
Hoveyda.19,20 By investigating the variation of substituent R1

(3a Me; 3b CF3; 3c Pri) while keeping the structures of R2 (R-
Ph) and R3 (Pri) constant, we found that the methyl and
isopropyl substituents had the best enantioselectivities. Owing
to the higher activity of 3c, we selected the isopropyl group as
the substituent to fix at R1. To probe the effect of R2 on
stereoselectivity, we examined ligands whose chirality was
derived from phenylglycine (3c), valine (3d), and tert-leucine
(3e). Interestingly, complex 3e exhibits both the highest activity
and stereoselectivity, producing a quantitative yield of polymer
with an RR+SS ratio of 86+14. With R1 fixed as isopropyl and
R2 set as tert-butyl, we investigated the effect of varying R3.
Unfortunately, modification of the ortho-aryl with the less
bulky ethyl group significantly diminishes the activity and
slightly decreases the stereoselectivity of the catalyst. Owing to

† Electronic supplementary information (ESI) available: experimental
procedures, X-ray data for and molecular structure of 3e, and character-
ization data of CHO/CO2 polymers. See http://www.rsc.org/suppdata/cc/
b0/b005537i/

Scheme 1

Scheme 2
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the high activity of the CF3-substituted complex 3b, we decided
to investigate the related complex 3g with the substituents at R2/
R3 presumably optimized as tert-butyl/isopropyl. Although the
high activity of the complex was retained, the stereoselectivity
of the complex was inferior to that of 3e (RR+SS ratio 82+18).
Complex 3e was also investigated for the copolymerization of
cyclopentene oxide and CO2: the polymer formed contained
88% RR-units in the main chain. This result represents not only
the first successful asymmetric polymerization of this mono-
mer, but also the highest degree of asymmetric induction
achieved to date in a CO2/epoxide copolymerization.

With complex 3e identified as the most selective catalyst for
the copolymerization we obtained a molecular structure of this
catalyst precursor using X-ray diffraction.†,‡ Complex 3e is a
rare example of a three-coordinate zinc complex; the steric bulk
of the IOx and the amido ligands precludes dimerization or
coordination of Lewis-basic solvents. In agreement with other
zinc diimine and bisoxazoline complexes, the aryl group is
perpendicular to the nearly planar IOx–Zn chelate,8 and the tert-
butyl group adopts a staggered conformation. The origins of
asymmetric induction are not understood at the current time,
although we anticipate that mechanistic studies currently
underway on complexes of type 1 will facilitate the more
rational design of improved variants of 3.

We have studied the chemical structure and physical
properties of the CHO/CO2 polymer derived from 3e in detail.
The carbonyl region (dC 152–154) of the 13C NMR spectrum of
the polymer appears to exhibit partial tetrad resolution based on
comparison of experimental and predicted intensities assuming
an enantiomorphic-site control mechanism.§ The large peak at
dC 153.8 is assigned to the chemical shift equivalent m-centered
tetrads ([mmm], [mmr] and [rmr]),15 while the small shifts at dC
153.3 and 153.2 are assigned to the [mrm]/[rrr] tetrads (they
cannot be unambiguously determined due to their statistical
equivalence in the polymer). Finally, the peak at dC 153.1 is
assigned to the [mrr] tetrad. The Tg and Tm of the polycarbonate
are 120 and 220 °C, respectively. The application of these
complexes for other asymmetric transformations, as well as the
development of improved catalysts for CHO/CO2 polymeriza-
tion, is currently underway in our laboratory.
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1-Substituted prop-2-ynyl mesylates cause propargylation of
aldehydes with tin(II) iodide, tetrabutylammonium iodide
and sodium iodide in 1,3-dimethylimidazolidin-2-one to
produce 2-substituted but-3-yn-1-ols, while 3-substituted
prop-2-ynyl mesylates cause allenylation of aldehydes under
the same conditions as those of the propargylation by
1-substituted prop-2-ynyl mesylates to produce 2-substi-
tuted buta-2,3-dien-1-ols.

Alkynes and allenes have formed an attractive chemistry for
high reactivities with metal complexes or reagents.1 Thus, the
preparation of alkynes and allenes becomes an important theme.
Barbier-type carbonyl propargylation or allenylation with
propargylic halides is one of the most convenient methods for
the introduction of propargyl or allenyl functions.2–7 However,
it is not easy to control selectivity between Barbier-type
propargylation and allenylation with propargylic halides. We
have established both selective propargylation and allenylation
by 1-haloprop-2-yne with tin(II) halide and tetrabutylammon-
ium halide (TBAX) through choice of reaction conditions:
carbonyl propargylation occurs with 1-bromoprop-2-yne, SnCl2
and TBABr at 50 °C in water, while carbonyl allenylation
occurs with 1-chloroprop-2-yne, SnI2 and TBAI at 25 °C in
1,3-dimethylimidazolidin-2-one (DMI).8 1H NMR observations
(JEOL L-500) have confirmed that prop-2-ynyltriiodotin
(propargyltin), derived from 1-chloroprop-2-yne with SnI2 and
NaI at 25 °C in DMF-d7, does not isomerize to propa-
1,2-dienyltriiodotin (allenyltin) at 25 °C but does so at 50 °C.8,9

We thus hoped that this kind of isomerization of propargyltin to
allenyltin would be prohibited by the steric effect of a
3-substituent in 1-haloprop-2-ynes and be promoted by the
steric effect of a 1-substituent in 1-haloprop-2-ynes.10 We here

Table 1 Allenylation by prop-2-ynyl mesylate with SnI2 and TBAIa

R3 Time/h
Yield (%)b

2 + 3 2+3c

C6H5 45 85 78+22
ClC6H4 48 80 75+25
CH3OC6H4 70 74 78+22
CH3(CH2)5 71 66 66+34
c-C6H11 72 68 81+19

a The reaction of prop-2-ynyl mesylate (1.5 mmol) with aldehydes (1.0
mmol) was carried out using SnI2 (1.5 mmol), TBAI (0.10 mmol) and NaI
(1.5 mmol) in DMI (3 ml) at 10 °C. b Yields of a mixture of 2 and 3. c The
ratio was determined by 1H NMR analysis (JEOL L-500).

Table 2 Selective carbonyl propargylation or allenylation mediated by steric effectsa

R1 R2 R3 Time/h
Yield (%)b

2 + 3 2+3c 3 syn+antic

H CH3 C6H5 48 58 ~ 100+0
H CH3 ClC6H4 47 65 ~ 100+0
H CH3 CH3C6H4 55 52 ~ 100+0
H CH3 C6H5CHNCH 71 21d 94+6
H CH3 C6H5CH2CH2 51 62 90+10
H CH3 CH2NCH(CH2)8 50 57 89+11
H CH3 CH3(CH2)5 67 65 90+10
H CH3 c-C6H11 79 41 84+16
H C6H5 C6H5 71 81 ~ 100+0
H C6H5 ClC6H4 63 84 ~ 100+0
H C6H5 CH3C6H4 90 76 ~ 100+0
H C6H5 C6H5CH2CH2 79 56 90+10
H C6H5 CH2NCH(CH2)8 75 32 98+2
H C6H5 CH3(CH2)5 70 35 98+2
H C6H5 c-C6H11 71 48 93+7
CH3 H C6H5 71 71 12+88 49+51
CH3 H ClC6H4 79 83 6+94 48+52
CH3 H CH3C6H4 75 65 6+94 47+53
CH3 H 2-Furyl 70 41 0+ ~ 100 50+50
CH3 H C6H5CHNCH 72 75 0+ ~ 100 47+53
CH3 H C6H5CH2CH2 70 66 1+99 19+81
CH3 H CH2NCH(CH2)8 47 55 1+99 26+74
CH3 H CH3(CH2)5 71 48 10+90 35+65
CH3 H c-C6H11 70 44 14+86 —e

Pr H C6H5 75 66 2+98 48+52
Pr H ClC6H4 72 85 1+99 50+50
Pr H CH3(CH2)5 75 41 8+92 22+78

a The reaction of 1- or 3-substituted prop-2-ynyl mesylates (1.5 mmol) with aldehydes (1.0 mmol) was carried out using SnI2 (2.0 mmol), TBAI (0.20 mmol)
and NaI (2.0 mmol) in DMI (3 ml) at rt. b Yields of a mixture of 2 and 3. c The ratios were determined by 1H NMR analysis (JEOL L-500). For the ratio
of syn to anti, see ref. 8. d The reaction was carried out in the presence of MS 4Å in THF. e The ratio was not confirmed.
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report on selective Barbier-type carbonyl propargylation and
allenylation mediated by steric effects, using the 1- or
3-substituted prop-2-ynyl mesylates‡ as Barbier-type prop-
argylating or allenylating reagents, rather than the more usual
corresponding halides (1-haloprop-2-ynes), because the mesyl-
ates are superior to the halides for ease of preparation and the
stability of propargylic substrates.11

The reaction of prop-2-ynyl mesylate (1; R1, R2 = H) with
some aldehydes was carried out using SnI2, TBAI and NaI
under the same conditions as those reported for the carbonyl
allenylation by 1-chloroprop-2-yne [eqn. (1)].8 The results are

(1)

summarized in Table 1. Prop-2-ynyl mesylate (1; R1, R2 = H)
proved to be as available as 1-chloroprop-2-yne for the selective

carbonyl allenylation with SnI2 and TBAI. Thus, we invest-
igated whether the 1- or 3-substituents of prop-2-ynyl mesylates
affect the selectivity between propargylation and allenylation
under the same conditions as those of prop-2-ynyl mesylate (1;
R1, R2 = H) [eqn. (1)]. The results are summarized in Table 2.
3-Substituted prop-2-ynyl mesylates (1; R1 = H, R2 = CH3 and
R1 = H, R2 = C6H5) caused the same allenylation of various
aldehydes as that of 1 (R1, R2 = H). In particular, with aromatic
aldehydes, only allenyl carbinols 2 were obtained. The reaction
of cinnamaldehyde in DMI afforded 1-phenylhexa-1,3-dien-
5-one derivatives that were probably formed by the hydration of
the corresponding allenyl carbinols 2 (R2 = CH3, C6H5)
followed by dehydration.4,8 1-Substituted prop-2-ynyl mesylate
(1; R1 = CH3, R2 = H and R1 = Pr, R2 = H) caused the
preferential propargylation of various aldehydes. The selectiv-
ity for this propargylation was enhanced by the use of THF–
H2O (1+1) as a solvent instead of DMI: R1 = CH3, R2 = H, R3

= C6H5; rt, 72 h; 92%, 2 : 3 = 0 : ~ 100, syn+anti =
46+54.

A plausible mechanism for the allenylation is illustrated in
Scheme 1. 3-Substituent R2 (CH3 or C6H5), being bulkier than
H, probably prohibits propargyltin intermediate A from iso-
merizing to allenyltin intermediate B. Thus allenyl carbinols 2
are produced more selectively than in the allenylation by prop-
2-ynyl mesylate (1; R1, R2 = H), via nucleophilic addition of
the propargyltin A at the g-position.8 A plausible mechanism for
the propargylation is illustrated in Scheme 2. 1-Substituent R1

(CH3 or Pr) probably promotes the isomerization of the initially
prepared propargyltin C to allenyltin D, even at room
temperature, or mediates a direct preparation of allenyltin D.§
The allenyltin D then undergoes nucleophilic addition to
aldehydes at the g-position to afford homopropargyl alcohols
3.

Notes and references
† E-mail: y-masuya@hoffman.cc.sophia.ac.jp
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Braslau, Synth. Commun., 1994, 24, 789.
§ It was shown by 1H NMR analysis (JEOL L-500) that the reaction of
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Scheme 1 Allenylation.

Scheme 2 Propargylation.

2010 Chem. Commun., 2000, 2009–2010



Unusual trisubstitutions on (h6-arene)tricarbonylchromium(0) complexes and
evidence for the formation of a trianion

Susan E. Gibson (née Thomas), Sandra A. Saladin and Surojit Sur*

Department of Chemistry, King’s College London, Strand, London, UK WC2R 2LS   

Received (in Liverpool, UK) 25th July 2000, Accepted 4th September 2000
First published as an Advance Article on the web 28th September 2000

A one-pot trisubstitution on a representative range of (h6-
arene)tricarbonylchromium(0) complexes is described and
evidence for the formation of a trianion is presented.

(h6-Arene)tricarbonylchromium(0) complexes have been stud-
ied extensively1 and have a wide range of applications from
their use in total synthesis2 through their growing importance as
chiral building blocks3 to their current involvement in ligand
design for asymmetric catalysis.4 The characteristic enhanced
kinetic acidity of the ring protons has been utilised regularly in
the introduction of a single substituent via a deprotonation/
electrophilic quench sequence and has been the subject of
numerous synthetic and mechanistic studies.1b In contrast,
reports regarding the introduction of two new substituents
employing a similar sequence are relatively few.5 Although
such double functionalisation has been mentioned in the
literature, this reactivity has never been the target of a
systematic study. Furthermore, to the best of our knowledge,
there exist only two examples of trisubstitution.† In the first,
chlorination of (h6-chlorobenzene)tricarbonylchromium(0) af-
forded a tetrasubstituted complex as a side product in poor
yield.5g In the second report, we observed a trisubstitution
reaction as part of a wide ranging study on the reactivity of an
electron-deficient sulfone complex.5e We wish to report here the
results of a recent study which indicate (a) this reaction involves
the formation of a rare trianionic species, and (b) this
extraordinary reactivity is not limited to a single, electron
deficient substrate and may be viewed as an inherent feature of
(h6-arene)tricarbonylchromium(0) complexes.

Initially, the sulfone complex 1a,5e was examined. Treatment
of 1a with 3.0 eq. of 2,2,6,6-tetramethylpiperidine (LiTMP) in
THF (278 °C for 2 h) was followed by a Me3SiCl quench. The
reaction mixture was allowed to warm up to rt and worked up.
Column chromatography yielded the trisilylated complex 2a in
50% yield (Table 1, entry 1). In order to gain insight into the
species involved in this trisubstitution, we subsequently
performed a reaction under identical conditions using deuter-
oacetic acid as the electrophilic quench. The mass spectrum of
the product mixture showed four molecular ion peaks corre-

sponding to unreacted 1a and its mono-, di- and trideuterated
analogues in the ratio 14+38+35+13.‡ It can thus be concluded
that a trianionic species is a significant component (13%) of the
reaction mixture prior to quenching.

We next decided to study the electron rich complex (h6-
anisole)tricarbonylchromium(0), 1b, in order to start to define
the scope of the trisubstitution reaction. Treatment of 1b with
3.0 eq. of LiTMP in THF (278 °C for 2 h) was followed by a
Me3SiCl quench. Column chromatography yielded the novel
trisilylated complex 2b6 in 42% yield along with a 9% yield of
3b (Table 1, entry 2).5f A deuteration experiment under identical
conditions was once again performed. Analysis of the mass
spectrum revealed the presence of unreacted 1b, and its mono-,
di- and trideuterated analogues in a 24+45+25+6 ratio.‡

Encouraged by the trisubstitution of electron rich 1b, we then
progressed to the electronically neutral complex 1c. In this case,
reaction with LiTMP followed by an electrophilic quench with
Me3SiCl afforded almost equal amounts of the tri-substituted
complexes 2c and 2,5-disubstituted complex 3c, both pre-
viously unknown compounds (Table 1, entry 3).

The prospect of C3v-symmetric arenes being accessible
through this route encouraged us to attempt the reaction on
unsubstituted (h6-benzene)tricarbonylchromium(0) which led to
novel 5a and 6a.7 Optimisation experiments demonstrated that
use of LDA at 240 °C afforded the desired C3v-symmetric
product 5a in the highest yield (Table 2, entry 1). A control
experiment was then performed on uncomplexed benzene under
identical conditions. This resulted in recovery of unreacted
starting material ( ≥ 95%), confirming beyond doubt that the
trisubstitution reaction requires the presence of the tricarbonyl-
chromium(0) moiety.

Having established that the one-pot trisubstitution is not
limited to electron deficient arene complexes, we decided to
further test the scope of this reaction by using other electro-
philes. Considering the utility of tin containing compounds in
coupling reactions we chose Me3SnCl as the electrophile:
pleasingly, trisubstitution afforded the novel complex 5b in
good yield with 6b8 as the minor product (Table 2, entry 2). The
possibility of gaining access to C3v-symmetric phosphine
ligands led us to use PPh2Cl as the next electrophile. The novel

Table 1 Reaction of complexes 1a–c
Table 2 Reaction of complex 4 with various electrophiles
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trisubstituted complex 5c was isolated by fractional crystallisa-
tion, fully characterised and its structure confirmed by X-ray
crystallography.9

In summary, we have presented evidence for the formation of
a trianionic species in an unusual one-pot trisubstitution
reaction. Furthermore, we have broadened the scope of this
reaction sufficiently to demonstrate for the first time that it is an
inherent feature of the reactivity of (h6-arene)tricarbonylchro-
mium complexes.
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Hopobactin is a 1-hydroxy-2-oxopyridine-6-carboximide
analog of enterobactin that forms isostructural complexes.

Enterobactin is a catechol-based siderophore that is one of the
strongest ferric iron binders.1 The remarkable binding proper-
ties of enterobactin are attributed to a unique binding cavity that
stabilizes the metal complex.2 This hexacoordinate cavity is
composed of a trislactone ring where three 2,3-dihydroxy-
benzamide units are attached to the L-serine a-amino groups
(Fig 1). Upon Fe3+ binding, the lactone ring allows for
coplanarity of the amide bond and the coordinated catecholate
moiety. The conjugation with the amide increases the acidity of
the phenol groups and results in an inter-chain hydrogen bond
between the amide NH and the 2-catecholate oxygen. As a
consequence of the trislactone chirality and the hydrogen bonds,
the natural enterobactin iron complex preferentially adopts a D
configuration. Synthetic analogs of enterobactin have demon-
strated that deviations from the enterobactin structure result in
less profound properties.3 Here we present the synthesis of a
hydroxamic acid analog of enterobactin, 1,2-hopobactin
(HOPO = 1-hydroxy-2-oxopyridine-6-carboximide, Fig. 1).
The HOPO ligand and its anion have resonance forms that are
isoelectronic with pyrocatechol and have a similar structure.
Attaching the HOPO moiety through an amide linkage to the
trislactone results in a perfect structural analog of enterobactin
that forms neutral complexes.

Two enantiomeric trilactones were prepared from L and D-
serine (Scheme 1).4a 1,2-dihydro-1-hydroxy-2-oxopyridine-
6-carboxylic acid 4b was protected with benzyl groups, activated
and coupled with the trislactone. Hydrogenolysis of the
protected product gave a mixture of products and the desired
compound could not be isolated.5 Yet, by addition of ferric or
gallium acetylacetonates to the mixture, the corresponding
complexes could be purified by preparative TLC in very low
yields. The complexes were characterized by NMR (for Ga), IR
and MS.6 Removal of the benzyl protecting groups was
accomplished quantitatively using Lewis acids like FeCl3 or
GaCl3. After the reaction was complete, the pH was adjusted to
8 and the complexes were purified by chromatography. The
spectroscopic data for the ferric and gallium complexes were
identical to those of the complexes isolated by addition of ferric
and gallium acetylacetonate as described above.

Both gallium complexes I-D-Ga and I-L-Ga were charac-
terized by NMR (Table 1). Since Ga3+ has the same charge as
Fe3+ and a similar radius, it is a good diamagnetic equivalent of
iron.7 I-L-Ga displays one set of signals in the NMR time scale.
Due to the homochirality of the trislactone, the formation of the
diasteromeric complexes (L,L,L-D and L,L,L-L) would be
expected to form two sets of NMR signals. The observance of

only one set indicates the formation of only one diastereoisomer
(within the limits of detection of NMR). The possibility of fast
exchange between the two isomers can be disregarded, as
isomerization reactions of hydroxamates are slow enough to
allow detection of two geometrical isomers.

I-D-Ga gave an NMR spectrum identical to that of I-L-Ga.
Because the two compounds are based on enantiomeric
trislactones, the identical spectra reveal that the complexes are

Fig. 1 Enterobactin (left) and its hydroxamic acid analog (right).

Scheme 1 Synthetic scheme for the preparation of 1,2-hopobactin (I-L) and
enantioenterobactin (I-D).

Table 1 1H NMR Spectra of enterobactin and analogs 

Compound Ha Hb1 Hb2 HN

Enterobactina 4.94 (m) 4.66 (dd) 4.41 (dd) 9.06
J = 8.06, 4.19 J = 8.06, 10.8 J = 4.19, 10.8 J = 6.52

Enterobactin-
Gaa 5.12 5.22 3.80 11.72

J = 10.68 J = 10.68 J = 9.83
I-protectedb 4.80 (d) 4.76 (d) 3.68 (d) 8.12

J = 10.9 J = 10.9 J = 10.3
I-D-Gab 5.37 (t of d) 5.56 (dd) 3.96 (dd) 10.70 (d)
I-L-Gab J = 1.3, 6.4 J = 1.1, 7.2 J = 1.7, 7.2 J = 6.3
TBAc 5.05 (m) 4.91 (dd) 4.65 (dd) 7.25

J = 7.8 J = 3.1, 11.5 J = 3.3, 11.5
a Data for enterobactin in DMSO-d6.8 b CDCl3. c Trisbenzylamide entero-
bactin CDCl3.2a
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enantiomers and that the D,D,D trislactone is directing the
formation of a complex with opposite helicity. Therefore, the
NMR indicates that the enterobactin skeleton serves as a stereo-
specific template for the formation of exclusively one stereo-
isomer depending on the chirality of the serine units.

For I-Ga, the vicinal proton–proton coupling constants for the
CaH-Cb1H and CaH-Cb2H were both small (J = 1.1 and 1.7
Hz). These values indicate equatorial–equatorial and axial–
equatorial relationships between the vicinal protons and,
therefore, an axial arrangement of the HOPO ring. The
pronounced shift of the amide proton to a lower field upon Ga3+

complexation compared to the protected I-D is compatible with
hydrogen-bonding. A similar shift was previously observed in
enterobactin and several triscatecholamides as well. In entero-
bactin the shift was attributed to a hydrogen bond between the
amide NH and the 2-catecholate oxygen in the complex. This
suggestion was supported by theoretical calculations, and it was
shown experimentally that replacement of the NH with N-Me
results in a lower binding affinity. It is suggested that a similar
stabilization occurs in I-Ga between the amide proton and the
HOPO N-oxygen.

The isolated iron complexes exhibit two absorption maxima
at 321 nm (e = 16430 M21 cm21) and 398 nm (e = 6375 M21

cm21) in chloroform (Fig. 2). The LMCT band has an additional
shoulder at 450 nm (e = 5575 M21 cm21). The CD spectra of
I-L-Fe and I-D-Fe showed opposite Cotton effects. The fact that

the spectra are mirror images confirms that the enantiomeric
trislactone skeleton induced opposite helicity around the iron
center.

The determination of metal center chirality of the metal
complex in solution is possible through comparison of the
solution CD spectra. However, the correlation of the rotary
power with left or right-handed helical stereochemistry requires
an absolute assignment based on crystal structure data. As this
data is not available, the ferric enterobactin CD spectrum was
used as a reference.9a This comparison is based on the high
structural and electronic similarity between the HOPO and
enterobactin complexes together with the resemblance in their
CD spectral shape.9b This correlation suggests that I-L induces
the formation of the D iron complex while the I-D ligand
induces the formation of the L isomer. This chiral induction is
compatible with the one observed for enterobactin.

These results indicate that the unique structure of the
enterobactin complex is preserved in the HOPO analog. This
work demonstrates that careful design of ligands allows for the
mimicking of the unique features of enterobactin while
changing only desired properties. While the enterobactin
complex is negatively charged and, therefore, water-soluble,
hopobactin forms neutral M3+ complexes that are soluble in non
polar organic solvents. Therefore, hopobactin is a potential
ligand for liquid-membrane separations. The evaluation of these
complexes as siderophore mimics is underway.
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Fig. 2 UV/CD spectra of I-L-Fe (…..) and I-D-Fe (___) in CHCl3.
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2,4,6-Tri-tert-butyl-1,3,5-triphosphabenzene (1) reacts se-
lectively with a mixture of the primary lithium alkoxides
2a,b and the corresponding alcohols 3a,b to afford the novel
2,4,6-tri-tert-butyl-1,3,5-alkoxy-1,3,5-triphosphacyclohex-
ane derivatives 4a,b; treatment of 4a with sulfur results in
oxidation of all phosphorus atoms to furnish the triphos-
phane sulfide 5.

The polarity of the P/C double bond resulting from the
electronegativity difference between phosphorus and carbon
generally favours the addition of H-acidic compounds.1 In this
process, the proton is added to the carbon atom of the
phosphaalkene unit while the nucleophilic part is attached to the
positively polarised phosphorus atom.2,3 It has recently been
shown that the addition of alcohols to isolated P/C double bonds
is particularly successful when a mixture of a lithium alkoxide
with at least an equimolar amount of the corresponding alcohol
in THF as solvent is used.4 In the course of these studies we
posed the question of whether this reagent system would be able
to undergo addition to phosphaalkene units incorporated in a
delocalised, heteroaromatic5 bonding system. For this purpose,
we have chosen 2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene6

(1) as a reaction partner. To date, only the unusual addition of
water to a h1-bonded 2,4,6-tri-tert-butyl-1,3,5-triphosphaben-
zene platinum(II) complex has been reported.7

When the triphosphabenzene 1 was allowed to react with
three equivalents of the lithium alkoxides 3a,b and an excess of
the respective alcohol 2a,b, a highly regio- and stereoselective,
three-fold addition of alcohol to all three P/C double bonds of 1
was indeed observed. The products are the 1,3,5-trialkoxy-
1,3,5-triphosphabenzenes 4a‡ (84%, mp 51 °C) and 4b (72%,
74 °C) obtained as microcrystalline solids (Scheme 1). For the
reaction of 1 + 2a/3a we found that the use of merely 10% of the
stoichiometric amount of lithium ethoxide can also result in the

same product yield when a longer reaction time is allowed. The
rate-determining step is most certainly the 1,2- or 1,4-addition
of the first equivalent of the alcohol which destroys the
aromaticity of 1.5 The thus-formed 1,3,5-triphosphacyclohexa-
1,3(or 1,4)-diene then reacts much more rapidly so that
intermediates cannot be detected by 31P NMR spectroscopic
monitoring of the reaction.

The 31P and 13C NMR spectra of 4a and 4b are in accord with
the assumed saturation of the double bonds of the heteroarene 1
(31P: d = 232.6 , 13C: d = 211.8). The 31P NMR signals of 4a
are shifted to higher field in comparison to those of 1 and appear
at d = 162.8 (d, P-1/P-5) and d = 162.4 (t, P-3) with 2JP,P
coupling constants of 3.1 Hz. The corresponding signals for 4b
show the same splitting pattern but are slightly diagmagnet-
ically shifted (d = 156.3 and d = 155.5, respectively). Also
noteworthy are the high-field shifts of the signals of the ring
carbon atoms of 4a and 4b appearing at d = 57.2 and 56.9 (C-
2/C-4) and d = 60.7 and 59.9 (C-6), respectively.

For the structural elucidation of the 1,3,5-triphosphacyclo-
hexanes 4a,b it is justifiable to assume that the framework
prefers the chair form in analogy to the cyclohexane system.
The sterically demanding tert-butyl substituents should adopt
an equatorial arrangement for energetic reasons. However, a
conclusive assignment of the configurations of the three
phosphorus atoms is not possible at this stage.

The final structure elucidation was established by an X-ray
crystallographic analysis of 4a (Fig. 1).§ The highly distorted,
chair conformation of the ring skeleton with equatorial linked
tert-butyl substituents is clearly apparent.

In the crystal the two methoxy substituents at P-1 and P-5
occupy approximately equatorial positions while that at P-3 is in
an axial position. The P/C bond lengths measured in the ring
range from 1.824(3) Å to 1.874(3) Å and thus exhibit only
minor deviations from the average literature value.8 Other
characteristic features in the crystal structure of compound 4a

† Part 152 of the series of papers in Organophosphorus Compounds. For
part 151, see: S. G. Ruf, J. Dietz and M. Regitz, Tetrahedron, 2000, 56,
6259.

Scheme 1 Fig. 1 Crystal structure of 4a. Selected bond lengths (Å) and angles (°):
P(1)–C(2) 1.843(3), P(1)–C(6) 1.870(3), P(3)–C(2) 1.840(3), P(3)–C(4)
1.824(3), P(5)–C(4) 1.834(3), P(5)–C(6) 1.874(3), P(1)–O(1) 1.660(2),
P(3)–O(3) 1.653(2), P(5)–O(5) 1.656(2); C(2)–P(1)–C(6) 104.34(11),
C(4)–P(3)–C(2) 99.10(12), C(4)–P(5)–C(6) 107.51(12), P(1)–C(2)–P(3)
109.93(14), P(3)–C(4)–P(5) 112.33(14), P(1)–C(6)–P(5) 126.15(14).
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are the widely differing folding angles between the planes
defined by the atoms P-1/C-6/P-5 and C-2/P-3/C-4 to that
defined by the atoms C-2/P-1/P-5/C-4 (23.9 and 112.8°,
respectively). The widely opened endocyclic bonding angle at
C-6 [126.15(14)°] is comparable to that of a 1,3-diphosphor-
inane described in the literature.9

Since the novel products 4a,b represent the first members of
a new class of compounds we have also investigated their
functionalisation reactions with chalcogens. The reaction of 4a
with an excess of sulfur in the presence of triethylamine
proceeded with coordination increases at all phosphorus atoms
to furnish the triphosphane trisulfide 5 (74%, colourless solid,
mp 84 °C).¶ The 13C NMR data for compound 5 confirm the
retention of the cyclic structure while the absorption at n =
1261 cm21 in the IR spectrum is characteristic for the newly
introduced P/S double bonds. We also assume that the
configurations at the phosphorus atoms remain unchanged by
this reaction. The oxidation of 4a with bis(trimethylsilyl)
peroxide proceeded analogously to furnish 5 (O in place of S)
but this product still contains traces of impurities (31P NMR).

We thank the Fonds der Chemischen Industrie for graduate
grants (to C. P. and S. R.) and the Deutsche Forschungsge-
meinschaft (Graduate College Phosphorus as Connecting Link
between Various Chemical Disciplines) for generous financial
support.
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C18H39O3P3S3.
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Recombinant human a(1?3/4)-fucosyltransferases (FucT-
III) expressed in CHO cells or baculovirus-infected insect
cells, immobilized on Ni2+-agarose through a 6His tag,
exhibit a marked stability, which was exploited in the
synthesis of Lewis a and Lewis x trisaccharides.

Glycosyltransferases have become widely used over the past
decade as efficient tools for glycosylation because they catalyze
sugar unit transfer with complete regio- and stereoselectivity.
Early work in this area suffered from the low availability of
these membrane-bound enzymes isolated from natural sources,
but nowadays, thanks to genetic engineering, the expression of
secreted forms of recombinant glycosyltransferases offers the
opportunity of producing active enzymes in large quantities.
Fucosyltransferases comprise a family of enzymes that catalyze
the transfer of a fucose residue from GDP-fucose, the sugar-
nucleotide donor, to a disaccharide acceptor. Among this
family, a(1?3/4)-fucosyltransferase (FucT-III), is responsible
for both the synthesis of the Lewis a trisaccharide Galp-
(1?3)-[a-L-Fucp-(1?4)]-b-D-GlcNAcp from b-D-Galp-
(1?3)-b-D-GlcNAcp (type 1 disaccharide), and to a smaller
extent the synthesis of the Lewis x trisaccharide Galp-
(1?4)-[a-L-Fucp-(1?3)]-b-D-GlcNAcp from b-D-Galp-
(1?4)-b-D-GlcNAcp (type 2 disaccharide). FucT-III, consist of
a short NH2-terminal cytoplasmic tail, a transmembrane domain
and a stem region followed by a large globular COOH-terminal
catalytic domain. Previous works have reported cloning of the
human FucT-III, expression of a soluble form in COS cells and
in BHK-21 cell lines.1 Besides, another construct of re-
combinant FucT-III turned out to be very efficient to produce
sialyl Lewis a libraries.2

Within a French network devoted to the production and
studies of recombinant glycosyltransferases, the cDNA coding
for the human FucT-III gene1 deleted of the part corresponding
to the transmembrane domain was again expressed in three
different expression systems: Pichia pastoris yeast,3 Chinese
Hamster Ovary (CHO) cells and baculovirus-infected insect
cells. In CHO and baculovirus-infected insect cells, a 6His tag
was added to the sequence, at the C-terminal end in the first
case, at the N-terminal end in the latter case.4

We wish to report here an efficient procedure for concentra-
tion, immobilization and stabilization of FucT-III, relying on
the His tag of the recombinant enzymes.

In each expression system, CHO and baculovirus-infected
insect cells, a functional soluble form of FucT-III was produced.
The specificities of both recombinant enzymes were compared

(see Table 1). The highest activity was noticed when type 1
disaccharide was substituted by a galactose residue. Activity
with the type 2 acceptor increased when concentration changed
from 10 to 20 mM, which clearly showed evidence of the low
affinity for b-D-Galp-(1?4)-b-D-GlcNAcp and b-D-Galp-
(1?4)-b-D-Glcp disaccharides. No significant difference in
substrate specificity has been observed between both FucT-III.
Furthermore, a novel fluorescent assay was developed as an
alternative to radioactive assays routinely used for glycosyl-
transferases. For this purpose, new disaccharide derivatives 3

† Recipient of a fellowship of the European Carbohydrate Research
Network Carenet 2.

Table 1 a1,4 and a1,3 activities of recombinant FucT-III expressed in CHO
or baculovirus-infected insect cells on various acceptors

CHO
Vrela

Baculovirus
Vrela

b-D-Galp-(1?3)-b-D-GlcNAcp-O(CH2)7CH3
c 100 100

a-D-Galp-(1?3)-b-D-Galp-(1?3)-b-GlcNAcp-
O(CH2)7CH3

c 125 112
a-D-NeuAcp-(2?3)-b-D-Galp-(1?3)-b-D-

GlcNAcp-OBnc 42 53
b-D-Galp-(1?4)-b-D-GlcNAcp-OBnb 9.5 4.5
b-D-Galp-(1?4)-b-D-GlcNAcpc 25 15
b-D-Galp-(1?4)-b-D-GlcNAcpd 38 38
b-D-Galp-(1?4)-b-D-Glcpc 37 26
b-D-Galp-(1?4)-b-D-Glcpd 50 46
a Relative velocities with 0.14 mM GDP-[14C]Fuc. b Tested at 6 mM
because of low solubility in water. c Tested at 10 mM. d Tested at 20
mM.

Table 2 Kinetic constants of recombinant FucT-III expressed in CHO and
baculovirus-infected insect cells, towards dansyl disaccharides 3 and 4.
Enzyme assay conditions with fluorescent acceptors: 50 mM sodium
cacodylate buffer pH 7.4, 5 mM ATP, 20 mM MnCl2, 0.2 mM GDP-Fuc,
0.05 to 1 mM disaccharide 3 or 4. The mixture was incubated at 37 °C for
15 to 60 min with 10-fold concentrated culture supernatant. Samples were
analyzed by HPLC on a Waters 600 equipped with a reversed phase column
(Nucleosil). Detection was done with a Luminescence Spectrometer LS50B
from Perkin–Elmer. Fluorescence of substrate and product was read at 385
nm excitation/540 nm emission.

Baculovirus CHO

Vmax for 3, mU mL21 22.5 15.5
KM for 3, mM 0.9 0.4
Vmax for 4, mU mL21 2b Nda

KM for 4, mM 9.9b Nda

a Nd: not determined. b Because of low solubility of disaccharide 4 in water,
5% DMSO was added.
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and 4 bearing, an aminohexyl chain substituted by a dansyl
group at the anomeric center were prepared. Kinetic parameters
for these substrates are reported for both enzymes in Table 2.

Recombinant FucT-III were tagged with a polyhistidine tail:
indeed a stretch of six His is now commonly appended to the
primary sequence of recombinant proteins, in order to facilitate
their purification by Ni2+ affinity chromatography, according to
strong interactions between Ni2+ immobilized on agarose
through ligands such as nitriloacetic (NTA) and the poly-
histidine tag.5 Thus the 6His-tagged FucT-IIIs were im-
mobilized on Ni2+-NTA-agarose at 4 °C according to a batch
procedure. Prior to the binding step, the culture media must be
dialyzed, in order to adjust the pH and remove any interfering
components. Irrespective of the position of the His tag, the N-
terminal and C-terminal tagged FucT-IIIs were immobilized in
quantitative yield (see Table 3). However it is worth noting that
attempts to elute enzymes from the gel were troublesome and
unsuccessful; imidazole turned out to be a strong inhibitor of
FucT-III, and less than 5% of enzyme activity was recovered in
the dialyzed eluate. On the contrary, the immobilisation of
FucT-III on Ni2+-agarose presented two major advantages. First
it turned out to be a very efficient procedure for concentrating
enzyme activity (by a 15–20 factor), much better than
ultrafiltration bringing about some protein denaturation. Sec-
ondly immobilized FucT-III exhibited an outstanding stability
under enzymatic incubation conditions at 37 °C with an half-life
of three weeks (Fig. 1). On the other hand, CHO culture
supernatant incubated in the same conditions proved to be very
unstable (Fig. 1).

Disaccharide 2 was incubated with GDP-fucose and Mn2+ in
the presence of the recombinant CHO FucT-III adsorbed on
Ni2+-agarose to afford the Lewis x trisaccharide 7 (Scheme 1).
Fucosylation of this disaccharide required a long incubation
time (10 d) because of its low affinity, but could finally be
achieved in 80% yield. At the end of the incubation almost 50%
of enzyme activity still remained. Then the same immobilized
enzyme could be used two more times for the synthesis of Lewis
a trisaccharides 8 and 9 in quantitative yields from the best
disaccharide substrates 1 and 3 (Scheme 1).‡

To our knowledge there was one previous report on the use of
a recombinant mannosyltransferase immobilized on Ni2+-

agarose for synthesis on a microscale, but the increased stability
of the immobilized biocatalyst was not highlighted.6

Work is now in progress to extend immobilisation on Ni2+ to
other His-tagged recombinant glycosyltransferases and to apply
such immobilized enzymes to the supported enzymatic synthe-
sis of oligosaccharides.

This work has been achieved in the frame of the French
GTrec Network, supported by MENRT (ACC SV n° 951411)
and CNRS (Programmes Interdisciplinaires PCV Génie des et
Procédés).

Notes and references
‡ Benzyl-b-D-N-acetyllactosamine 2 (0.015 g, 0.032 mmol) was incubated
at 37 °C with FucT-III immobilized on Ni2+-NTA-agarose (0.070 U) and
GDP-Fuc (0.047 in sodium cacodylate buffer pH 7.4 (3 mL) containing
0.01% NaN3, MnCl2 (0.015 mmol) and intestine phosphatase (4 U). At the
end of incubation, the gel was filtered off and the filtrate was applied onto
Sep-Pak C18 cartridges; the products were eluted from Sep-Pak with MeOH.
The gel could be recycled twice, first with disaccharide 1 (0.032 mmol),
secondly with disaccharide 3 (0.016 mmol).

Trisaccharide 7: 80% yield; dH (CD3OH) 1.10 (d, 3 H, J5,6 6.5 Hz, CH3),
1.85 (s, 3 H, NAc), 4.41 (d, 1 H, J1,2 7.5 Hz, H-1), 4.52 (d, 1 H, J1A,2A 8 Hz,
H-1A), 4.62 (d, 1 H, J 12 Hz, C-H), 5.00 (d, 1H, J1B,2B 4 Hz, H-1B), 7.35 (5
H, Ph). LRMS: calc. for C27H41O15N: m/z 619.6; found 642.3 (M + Na+).

Trisaccharide 8: quant. yield; dH (CD3OH) 0.8 (t, 3 H, CH3), 1.11 (d, 3
H, J5,6 6.5 Hz, CH3), 1.22 (m, 12 H, 6 CH2), 1.48 (m, 2 H, CH2), 1.98 (d,
3 H, NAc), 4.43 (d, 1 H, J1,2 7.5 Hz, H-1), 4.45 (d, 1 H, J1A,2A 8 Hz, H-1A),
4.96 (d, 1H, J1B,2B 3.Hz, H-1B). LRMS: calc. for C28H51O15N: m/z 641.7;
found 664.3 (M + Na+).

Trisaccharide 9: quant. yield; dH (CD3OH) 1.18 (d, 3 H, J5,6 6.5 Hz, CH3),
1.92 (s, 3 H, NAc), 2.87 (s, 6 H, N(CH3)2), 4.36 (d, 2 H, J1A,2A = J1,2 7 Hz,
H-1A, H-1), 5.3 (d, 1 H, J1B,2B 3.7 Hz, H-1B), 7.25, 7.58, 8.19, 8.3, 8.55 (6 H,
dansyl). LRMS: calc. for C38H59O17N3S: m/z 861.9; found 884.4 (M +
Na+).

1 J. F. Kukowska-Latallo, R. P. Nair, R. D. Larsen and J. B. Lowe, Genes
& Dev., 1990, 4, 1288; T. de Vries, C. A. Srnka, M. M. Palcic, S. J.
Swiedler, D. H. van den Eijnden and B. A. Macher, J. Biol. Chem., 1995,
270, 8712; J. Costa, E. Grabenhorst, M. Nimtz and H. S. Conradt, J. Biol.
Chem., 1997, 272, 11 613.

2 G. Baisch, R. Öhrlein, M. Streiff and F. Kolbinger, Bioorg. Med. Chem.
Lett., 1998, 8, 755.

3 P. F. Gallet, H. Vaujour, J.-M. Petit, A. Maftah, A. Oulmouden, R. Oriol,
C. Le Narvor, M. Guilloton and R. Julien, Glycobiology, 1998, 8, 919.

4 C. Benslimane, S. Chenu, H. Tahrat, V. Deparis, C. Augé, M. Cerutti,
J. L. Goergen and A. Marc, in Animal Cell Technology: Products from
Cells, Cells as Products, ed. A. Bernard et al., KAP, Dordrecht, 1999, pp.
251–253.

5 E. Hochuli, H. Döbeli and A. Schacher, J. Chromatogr., 1987, 411,
177.

6 G. M. Watt, L. Revers, M. C. Webberley, I. B. H. Wilson and S. L.
Flitsch, Carbohydr. Res., 1997, 305, 533.

Table 3 Immobilization of recombinant FucT-IIIs on Ni2+-NTA-agarose.
Culture supernatant (23 mL) was immobilized on 1 mL of gel

Initial soluble Gel-bound Immob. 
enzyme activity enzyme activity yield
mU mL21a mU mL21a %b

CHO 1.3 28 92
Baculovirus 2.1 41 87
a U represents the enzyme unit number defined as the quantity of enzyme
that catalyzes transformation of 1 mmole of substrate per min. b Immobiliza-
tion yield is expressed as the ratio of immobilized activity to that initially
present in the solution.

Fig. 1 Percentage of remaining enzymatic activity as a function of
incubation time, expressed in days, for FucT-III immobilized on Ni2+-NTA-
agarose (~ ) and crude CHO culture supernatant (/) both incubated at
37 °C in 0.1 M sodium cacodylate buffer pH 7.4.

Scheme 1 Reagents: i, dansyl chloride, Na2CO3, acetone; ii, FucT-III
adsorbed on Ni2+–agarose, GDP-Fuc, 5 mM MnCl2.
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The target phosphodiester linkage in RNA is activated by
the combination of acridine-attached DNA and unmodified
DNA, so that the RNA is site-selectively hydrolysed at this
linkage by free LuIII ion.

Interests in sequence-selective RNA hydrolysis have been
rapidly growing.1 The most common strategy is to tether
chemical scissors (either organic or inorganic) to DNA
oligomers.2 However, non-covalent systems, which involve no
tethering and are obtainable without complicated organic
synthesis, are also valuable for practical applications.3 Here we
show that non-covalent systems, composed of (i) DNA
oligomer bearing an acridine residue, (ii) unmodified DNA, and
(iii) free lanthanide(iii) ion, selectively and efficiently hydro-
lyse RNA at the target site. The corresponding phosphodiester
linkage is notably activated by non-covalent interactions with
the DNAs ((i) and (ii)), and thus the site-selective scission by
the metal ion promptly proceeds under physiological condi-
tions. The predominant role of the acridine residue is evi-
denced.

The substrate RNA (36-mer: 32P-labeled at its 5A-end) and the
DNA oligomers are presented in Fig. 1a. When the DNA bears
an acridine at the 5A-end (DNA1-Acr), another DNA (DNA2),
and LuCl3 are combined, the RNA is efficiently and site-
selectively hydrolysed (lane 3 in Fig. 2).4 Here, all the
ribonucleotides in the RNA, except for U-19, are forming
Watson–Crick base-pairs with either DNA1-Acr or DNA2. The
selective scission occurs at the 3A-sides of C-18 and U-19 (Fig.
1b). The C-18/U-19 ratio is around 3. When the position of
unpaired ribonucleotide in the RNA is moved from U-19 to C-
18 by using appropriate DNAs, the site of selective scission
accordingly shifts to the 3A-sides of U-17 and C-18 (Electronic
Supplementary Information (ESI) Fig. 1a). In the absence of
these DNA oligomers, however, RNA scission by LuIII (and by
other lanthanide(iii) ions also) takes place almost randomly
(lane 1 in Fig. 2).

Quite significantly, the site-selective RNA scission is far
more ( > 30 fold)5 efficient than that by the DNA1/DNA2/LuIII

system (compare lane 3 in Fig. 2 with lane 2). Furthermore, this
selective scission is faster than the scission (at the correspond-
ing site) in the absence of the DNAs (lane 3 vs. lane 1).
Apparently, the target phosphodiester linkage is significantly
activated by the acridine moiety of DNA1-Acr. A similar site-
selective scission is achieved, when Acr-DNA2 bearing an
acridine at the 3A-end is combined with DNA1 (lane 4). The
scission by the DNA1-Acr/Acr-DNA2/LuIII system is also
selective, but less efficient (lane 5).

Both DNA1-Acr and DNA2 (as well as the relevant
combinations) are essential for prompt and site-selective
scission. When only one of them is used, the whole single-
stranded portion in RNA is hydrolysed without any specific
selectivity (lanes 2 and 3 in Fig. 3). The DNA bearing only the
linker moiety (DNA1-linker) is also poor in the activity (lane 5),
further substantiating the necessary role of the acridine. In the
absence of the lanthanide ions, no scission occurs. Site-selective
scission is also successful, when two ribonucleotides in the
RNA are unpaired (lane 3 in ESI Fig. 1b). Without any unpaired
ribonucleotide, however, no scission takes place (lane 1).6

One of the most important characteristics of the present non-
covalent ternary systems is that the RNA hydrolysis comes up
near to completion under physiological conditions. At pH 8.0
and 37 °C ([LuCl3]0 = 100 mmol dm23), more than half of the

† Electronic supplementary information (ESI) is available: supplementary
Figs. 1–3 and Scheme 1. See http://www.rsc.org/suppdata/cc/b0/b006772p/

Fig. 1 Structures of the substrate RNA and the DNA oligomers used in the
present study (a), and the scission pattern by the DNA1-Acr/DNA2/LuIII

system (b). The hatched ellipse shows the acridine residue, and the length of
arrow corresponds to the scission efficiency.

Fig. 2 RNA scission by the ternary systems composed of two DNAs and
LuIII. Lane 1, LuIII only; lane 2, DNA1/DNA2/LuIII; lane 3, DNA1-Acr/
DNA2/LuIII; lane 4, DNA1-Acr/DNA2/LuIII; lane 5, DNA1-Acr/Acr-DNA2/
LuIII. At pH 8.0 and 37 °C for 2 h; [RNA]0 = 1, [each of modified or
unmodified DNAs]0 = 10, and [LuCl3]0 = 100 mmol dm23; [NaCl]0 = 200
mmol dm23.

This journal is © The Royal Society of Chemistry 2000
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RNA is hydrolysed in 13 h by the DNA1-Acr/DNA2/LuIII

system (lane 1 in Fig. 4). The conversion is nearly 90 mol% at
48 h (lane 4).7

In the DNA1-Acr/DNA2/RNA system, the UV-visible ab-
sorption band of acridine (380–480 nm) shows a clear-cut
hypochromicity. In the DNA1-Acr/RNA system, however,
hypochromicity is marginal. These results indicate that the
acridine (bound to the 5A-end of DNA1) is sandwiched by the
DNA–RNA base-pair (G–C) at the 5A-terminus of DNA1 and the
C–G base-pair at the 3A-terminus of DNA2 (see Fig. 1b).
Consistently, the fluorescence from the acridine is significantly
quenched (ESI Fig. 3).8 Assumedly, the conformation of the
RNA near the sandwiching site is perturbed, and the attacking
2A-OH is brought closer to the P-atom for facile nucleophilic
attack. These arguments fairly agree with the fact that neither
DNA1-Acr nor DNA2 alone activates the RNA (note that the
scission efficiencies at C-18 and U-19 in lanes 2 and 3 in Fig. 3
are almost the same as those in lane 1). Only by combining both
of them is the target phosphodiester linkage efficiently activated
(lane 4). Applications of the present findings are currently under
way.

This study was partially supported by a grant from the
‘Research for the Future’ Program of the Japan Society for the
Promotion of Science (JSPS-RFTF97I00301) and Grants-in-
Aid for Scientific Research from the Ministry of Education,
Science, and Culture, Japan.
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polyacrylamide gel electrophoresis. The melting temperatures of the
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5 This value is evaluated from the ratio of band intensities at C-18 and U-19
in lane 3 to those in lane 2. The weak scission in lane 2 is mainly at U-
19.

6 When bulge structures were formed in the RNA by using appropriate
DNAs (without an acridine residue), the RNA was cleaved at several
positions around near the bulge (see ESI Fig. 2).

7 The RNA is hydrolysed mostly at C-18 and U-19, although a minor
scission occurs at U-17.

8 The G-20 and G-21 of RNA and the 5A-terminal G of DNA1-Acr are fixed
near the acridine residue, and their guanine residues quench the
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Fig. 3 RNA scission by various non-covalent systems. Lane 1, LuIII only;
lane 2, DNA1-Acr/LuIII; lane 3, DNA2/LuIII; lane 4, DNA1-Acr/DNA2/
LuIII; lane 5, DNA1-linker/DNA2/LuIII. The reaction conditions are
presented in the legend for Fig. 2.

Fig. 4 Time-course of the sequence-selective RNA scission by the DNA1-
Acr/DNA2/LuIII system: lane 1, 13 h; lane 2, 23 h; lane 3, 40 h; lane 4,
48 h.
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Self-assembled monolayers of stearic acid, (R,S) and (S)-
16-methyloctadecanoic acid ion-paired with 4,4A-bipyridine
have been observed on a solution–graphite interface by a
scanning tunneling microscope (STM) and the observed
macro-scale molecular patterns have been interpreted in
terms of absolute chirality of the constituent molecule.

Scanning tunneling microscopy (STM) has provided molecular
images of self-assembled molecules at atomic resolution.1
Monolayers of self-assembled amphiphiles including fatty
acids, alkylated amines, amides and alcohols have been directly
imaged at solution–solid interfaces.2 Recently, determination of
absolute configuration of chiral molecules from the STM and
AFM images has attracted considerable attention.3 Determina-
tion of the absolute stereochemistry is very important for
accessing the biological and toxicological properties of enantio-
mers. Walba and his group have obtained the STM images of
several chiral mesogens aligned on a graphite surface.4 In this
case, the macro-scale chiral structure of the domain has been
controlled by the molecular chirality of individual molecules.
Flynn’s group has observed STM images of (R,S)-2-bromodo-
decanoic acid aligned on graphite.5 Although they used a
racemic mixture, it was possible to assign the absolute
configuration of right handed and left handed molecules from
the relative location of the bromine atom, long alkyl chain and
hydrogen bonded carboxylic acid. These functional groups
provided relative contrast in the image and therefore acted as
‘chemical markers’.

In the present paper we have attempted to observe directly the
molecular patterns of a chiral and racemic 16-methyloctadeca-
noic acid (16MeC18) which was synthesized from 2-methylbut-
anol of known absolute configuration.6 Such branched fatty
acids are found in mammalian tissues and play biologically
important roles.7 In order to confirm the relative position of
fatty acid in the observed images, we have attempted to insert
4,4A-bipyridine (bpy) between the carboxy groups as a marker.
The observed molecular pattern in the macro-scale order has
been correlated with the chirality of the constituent molecule.

For the measurement of STM, sample crystals were dissolved
in phenyloctane to near saturation and a drop of solution was
applied on the surface of freshly cleaved highly oriented
pyrolytic graphite (HOPG). The STM images were obtained in
both constant current mode and constant height mode using
NanoScope IIIa STM (Digital Instruments). The tunneling tip
was a Pt–Ir purchased from Digital Instruments or a tungsten
wire which was sharpened by electrochemical etching prior to
use. Edges of multilayers were not observed in any STM
images, indicating that the observed images are those of
monolayers.

Fig. 1 shows the STM image of (S)-16MeC18 over a scan
area of 12 3 12 nm. Unlike stearic acid, these molecules appear

to orient parallel to each other forming a centro-symmetric
molecular pattern. An interdigitated geometry, in which the
head groups alternately point in opposite directions, has been
observed for the molecular alignment of stearic acid and other
n-alkanoic acids.8 Steric repulsion between the carboxy group
and the branched end group may prevent the molecules from
aligning interdigitally. Although a small change in the carbon
number of n-alkanes and straight chain fatty acids has little
effect on the molecular pattern, introduction of a single methyl
group on the chain dramatically influences the self-assembled
molecular pattern. In Fig. 1, the dark area corresponds to
hydrogen bonded carboxy groups associated head-to-head,8
whereas bright bands can be attributed to the branched alkyl
ends. Since most unsubstituted fatty acids do not show such
marked contrast in the methylene chain, the alkyl end group in
this molecule may locate away from the graphite basal plane.

Stearic acid as well as (S)-16MeC18 readily formed 2+1 ion
pairs with 4,4A-bipyridine (bpy) in octylbenzene solution and
generated a stable monolayer on HOPG. Their STM images are
given in Figs. 2 and 3, along with their possible molecular
alignments. The remarkably bright areas in the image corre-
spond to bpy moieties since areas of higher electronic
conductance tend to give brighter images.9 Therefore a
conjugate system like bpy can act as a marker, which provides
unusual contrast in the obtained image. Obviously, the bpy
moiety is sandwiched by two molecules of fatty acid, as
depicted in Figs. 2(b) and 3(b). The molecular axis of the stearic
acid appears to incline at an angle of 70° with respect to the bpy
array, and that of (S)-16MeC18 is inclined as well. It is of note
that the bpy salt of stearic acid generates two enantiomeric
domains in the macro-scale molecular pattern (Fig. 2(a)). Some
achiral molecules are known to form mirror image domains in
long-range order when assembled on substrate.3,4 Thus, sponta-

† Electronic supplementary information (ESI) is available: colour versions
of Figs. 1–4. See http://www.rsc.org/suppdata/cc/b0/b005112h/

Fig. 1 The STM image of (S)-16MeC18 at an interface of phenyloctane and
graphite over a scan area of 12 3 12 nm (bias voltage and tunneling current
were 1.85 V (tip positive) and 247 pA, respectively).
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neous segregation of achiral bpy salt has taken place upon self-
assembly. However, under repeated experiments only a single
domain was observed for (S)-16MeC18/bpy, as given in Fig.

3(a). We can clearly see the alkyl chains of the fatty acid as
brighter spots. Under careful observation, the alkyl terminal
appears to locate out of the straightly stretched alkyl chain. The
obtained image is consistent with an (S) configuration provided
that the bright spot at the alkyl terminal is assigned to the ethyl
group, as depicted in Fig. 3(b). Fig. 4 shows the STM image of
(R,S)-16MeC18–bpy over a scan area of 10 3 10 nm, where the
racemate mixture appears to segregate into two domains. Thus
two different domains of pure enantiomers have grown on the
graphite surface from the racemate solution. Since macro-scale
morphology of the aligned molecule has been defined by the
handedness of the constituent molecule, we can assign the
configuration of molecules in each domain by comparison with
the macro molecular pattern of (S)-16MeC18.
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Fig. 2 (a) The STM image of an ion pair composed of stearic acid and 4,4A-
bipyridine (2+1) over a scan area of 12 3 12 nm (bias voltage and tunneling
current were 1.32 V (tip positive) and 234 pA, respectively). A 50 3 50 nm
image is inserted in the corner. (b) The schematic drawing of the possible
geometry.

Fig. 3 (a) High resolution STM image of an ion pair composed of (S)-
16MeC18 and 4,4A-bipyridine (2+1) over a scan area of 10.5 3 10.5 nm
(bias voltage and tunneling current were 1.85 V (tip positive) and 243 pA,
respectively). (b) Proposed molecular alignment of the (S)-16MeC18/bpy.

Fig. 4 The STM image of an ion pair composed of (R,S)-16MeC18 and 4,4A-
bipyridine (2+1) over a scan area of 10 3 10 nm (bias voltage and tunneling
current were 1.80 V (tip positive) and 318 pA, respectively).
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Direct chirality measurement of tartaric and other a-
hydroxy acids at very low enantiomeric excess (ee) using a
fast new mass spectrometric method.

Tartaric acid is a special molecule in the history of chirality. As
the first compound resolved1 it triggered the concept of
molecular chirality and for more than 150 years it has been used
to explore new chiral technologies. For instance, tartaric acid
has recently been absorbed on a copper surface to study
heterogeneous enantioselectivity.2 Herein, tartaric acid, along
with other a-hydroxy acids, is employed as a model compound
to study chiral analysis by mass spectrometry. Previously, ester
derivatives of tartaric acid, although not the acid itself, were
extensively studied for gas-phase chiral recognition.3–5 These
studies, along with most other mass spectrometric experiments
attempting to achieve gas-phase chiral recognition,6,7 were
qualitative. We report the first enantiomeric quantification of
tartaric acid and other a-hydroxy acids in the gas phase, on the
basis of a newly developed method8,9 that employs cluster ions
comprised of the analyte, a chiral reference and a transition
metal. Chiral discrimination is achieved in the dissociation of
these cluster ions and evaluated by the kinetic method10,11 that
is sensitive to small energy differences between diastereomers.
Two independent parallel reactions are used to monitor the
chiral distinction and measurements of the ratio of product ion
abundances allow the quantification of enantiomeric mixtures,
even at low enantiomeric excess (ee). This simple chiral
analysis method employs a standard commercial instrument.12

Electrospray ionization (ESI) was performed on an aqueous
methanol solution containing a mixture of an analyte (a-
hydroxy acid, A, as an enantiomeric mixture AR and AS, 100
mM), a chiral reference compound (chiral amino acid, ref*,100
mM), and a transition metal ion (Co(II), 25 mM). The
electrosprayed solution formed abundant singly-charged cluster
ions [CoII(ref*)2(A) 2 H]+ which were mass-selected and
dissociated in a quadrupole ion trap to competitively form the
dimeric complexes [CoII(A)(ref*) 2H]+ and [CoII(ref*)22H]+

by the loss of neutral reference compound, ref*, and analyte, A,
respectively. The difference in stability of the diastereomeric
ions [CoII(A)(ref*) 2 H]+ due to the two configurations of the
analyte A, results in different abundances, relative to the
abundance of the [CoII(ref*)2 2 H]+ ion. The relative
abundance ratio R (eqn. 1) depends on the enantiomeric
composition of the analyte, A:

R = [CoII(A)(ref*) 2 H]+/ [CoII(ref*)2 2 H]+ (1)
When the analyte is enantiomerically pure, R equals RR or RS.
Therefore, the ratio of RR to RS, defined as Rchiral, measures the
degree of chiral distinction:13

R R RR S
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Tartaric and four other a-hydroxy acids (malic acid,
mandelic acid, 3-phenyllactic acid, citramalic acid) were
selected for chiral analysis. Chiral references were chosen for
their capability to produce large steric interactions and for

structural similarity to the analyte. Such similarity allows the
complexes to form easily and it also allows accurate relative
abundance ratios to be measured, otherwise dissociation
proceeds overwhelmingly to form the more stable product.
Amino acids (a-aminocarboxylic acids) having similar struc-
tures to the analyte (a-hydroxy acid) and the nineteen natural
chiral a-amino acids, plus numerous other amino acids, provide
an array of choices. Aromatic amino acids were observed to
provide the greatest chiral distinction.8,9 The use of Co(II) ion as
the central ion rather than Cu(II) or Ni(II) previously used for
chiral recognition of amino acids8,9 is because of its ready
binding to hydroxy groups. By contrast, Cu(II) and Ni(II) bind to
amino groups so strongly that loss of the hydroxy acid is the
only observed dissociation channel.

Typical spectra showing the distinction of D- and L-malic
acid, using L-tyrosine as the chiral reference, are shown in Fig.
1. The chiral recognition of five a-hydroxy acids is summarized
in Table 1. Abundance ratios showed standard deviations of 2%.
Chiral selectivity (Rchiral)13 values for the five a-hydroxy acids
ranged from 0.67 to 1.43. Among them, tartaric acid shows
moderate chiral selectivity (Rchiral = 1.29). Mandelic acid
shows a low affinity for Co(II) and there is no chiral distinction
between R and S-mandelic acids with L-alanine as reference.
However, when a chiral aromatic compound, L-3-phenyllactic
acid, is used as reference, chiral distinction is observed with an

Fig. 1 MS/MS product ion spectra of (a) [CoII(L-malic acid)(L-Tyr)22 H]+

(m/z 554); (b) [CoII(D-malic acid)(L-Trp)2 2 H]+ (m/z 554). The CID
activation level is chosen as 11%, corresponding to approximately 275 mV
AC.
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Rchiral value of 0.81. Chiral recognition of D- and L-3-phenyl-
lactic acids shows the largest chiral effect using L-phenyl-
alanine-d5 as the reference (an isotopically labelled compound
was used for convenience, since there is only one-dalton mass
difference between phenylalanine and 3-phenyllactic acid). As
expected,8,9 when a non-aromatic compound, for example L-
proline, is used as reference the chiral selectivity is smaller.

Quantification of tartaric acid was performed using an
enantiomerically pure chiral reference (L-tyrosine) and tartaric
acid in various ee. The experiments focused on mixtures with
extreme ee values, since these are particularly difficult to
analyze accurately and yet combinatorial syntheses frequently
yield such samples. The ratio (R) of the two fragment ions was
measured in a single tandem (MS/MS) spectrum as a function of
the ee of the tartaric acid. A linear relationship of ln (R) versus
ee was obtained (Fig. 2) with a correlation coefficient (r2) of
0.9945. Such a linear correlation between the logarithm of the
fragment ion abundance ratio and the ee is intrinsic to the kinetic
method10,11 and is the result of the logarithmic relationship

between relative ion abundance and energy that characterizes
this method.14 On the basis of such an experimentally
established semi-log plot, two-point calibrations can be per-
formed using a racemic sample and a sample of known ee and
quantitative chiral analysis carried out by measuring the ratio of
two fragment ions in a single spectrum, within a time of about
1 min.

The present study has described a novel method for rapid
enantiomeric determination. At low %ee values, where the error
is greatest, tartaric acid samples whose ee values differ by 2% (3
and 5%) can be distinguished at the s confidence level in the
current experiments.15 When applying the method to real
mixtures, matrix effects may influence its accuracy. Note that
the chiral resolution (Rchiral) achieved for tartaric acid is only
1.29, and further improvement in chiral selectivity will further
improve the method. The experiment, along with the previous
observation of chiral analysis of other types of chiral com-
pounds, represents a general mass spectrometric method for
gas-phase chiral analysis. The measurements are simple, rapid,
and only require very small amounts of sample for analysis.
Further extension of this work to the study of other chiral
compounds, such as chiral drugs is in progress.

This work was supported financially by the United States
Department of Energy, Office of Energy Research. A Fellow-
ship from Triangle Pharmaceuticals (to W.A.T.) is gratefully
acknowledged.
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Table 1 Chiral recognition of a-hydroxy acids.a,b

A Ref*

[CoII(ref*)
(A) 2 H]+·/
[CoII(ref*)2

2 H]+· Rchiral

D-Tartaric acid L-Tyr 0.823 1.29
L-Tartaric acid 0.640
D-Malic acid L-Tyr 1.11 1.43
L-Malic acid 0.775
R-Mandelic acid L-Ala 1.00 1.00
S-Mandelic acid 1.02
R-Mandelic acid L-3-Phenyllactic acid 0.175 0.81
S-Mandelic acid 0.216
D-3-Phenyllactic acid L-Pro 0.168 1.29
L-3-Phenyllactic acid 0.130
D-3-Phenyllactic acid L-Phe-d5 0.0226 0.67
L-3-Phenyllactic acid 0.0337
R-Citramalic acid L-Tyr 5.81 1.35
S-Citramalic acid 4.30
a Rchiral is defined in eqn. 2. b CID activation level is optimized in each
experiment and then kept constant for the measurement of enantiomers.

Fig. 2 Calibration curve for chiral analysis of tartaric acid using L-tyrosine
as the reference.
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A new approach to deconvolute DFT and ab initio Fermi
contact-derived NMR coupling constants into conceptually
familiar localized orbital contributions (NJC analysis) is
exemplified by analysis of through-space J(F,F) couplings in
a few illustrative cases.

Large NMR spin–spin coupling between two proximate atoms
that are otherwise separated by a considerable number of formal
bonds, through-space coupling, has been observed for many
years. Very early, the idea that spin polarization associated with
the Fermi contact coupling mechanism can be transmitted
between such atoms was advanced.1 Since that time, both
experimental and theoretical evaluations of through-space
coupling has stimulated useful insights on how such a
mechanism operates.2–6 Most known theoretical approaches are
semiempirical in nature. They partition the total coupling
according to the electronic mechanisms involved in spin
polarization transmission.7–9 One attempt to extend the IPPP9

method to the ab initio level proved to be intractable for
systematic study of practical problems.10

Recently, very efficient and reliable implementations of
Finite Perturbation Theory11 within the Gaussian suite of
programs12 permit calculation of the Fermi contact contribution
to spin–spin couplings, JFC(A,B). Both single (FPT-1) and
double perturbation (FPT-2) approaches have been reported and
reviewed.13,14 For calculating JFC(A,B) within the FPT-1
method, the Fermi contact operator is introduced as a perturba-
tion placed at only one of the two coupled nuclei, e.g. A. The
resulting interaction spin-polarizes the electronic environment
to define a spin density at nucleus B proportional to
JFC(A,B).

Ordinarily, the spin density is written in terms of canonical
molecular orbitals. However, if localized molecular orbitals are
employed instead, then each localized orbital contribution to
JFC(A,B) can be rationalized in terms of familiar chemical
concepts. In this way, a practical and intuitive theoretical
approach to dissecting JFC(A,B) couplings into different
transmission mechanisms is achieved.

In the present work, natural localized molecular orbitals
(NLMO) provided by natural bond orbital analysis, NBO,15 are
utilized to express the spin density. The latter and, conse-
quently, JFC(A,B) can then be rewritten as a sum of contribu-
tions in terms of core orbitals, CR, non-bonding electron pairs,
LP, and bonding orbitals, BD, as in eqn. (1). We refer to the
method as natural J-coupling (NJC) analysis and consider it a
complement to natural chemical shielding analysis (NCS).16 All
calculations of Fermi contact terms reported here were carried
out with the Gaussian 98 suite of programs12 at the DFT
B3LYP/6-311G** level.

JFC(A,B) = JCR(A,B) + JLP(A,B) + JBD(A,B) (1)

Eqn. (1) is particularly suited to the study of through-space J-
coupling originating from lone-pair overlap between atoms
which are proximate in space, a problem of considerable current
interest.6,17 Three examples illustrate mechanistic insights
obtained from the approach. The first case concerns the
hydrogen fluoride dimer as a model for pure intermolecular F–F

coupling. In this very simple system evaluated for different
planar configurations (1), the coupling mechanisms can be

understood on intuitive grounds. Fig. 1 displays the total
JFC(F,F) coupling and the JLP(F,F), JCR(F,F) and JBD(F,F)
contributions as a function of F…F distance for a = 90°.
Several features of the plots are noteworthy. The total JFC(F,F)
coupling decreases rapidly with increasing d(F…F) following
the same trend as the absolute values for the different
components. The JLP(F,F) and JCR(F,F) contributions corre-
spond to positive decrements, while JBD(F,F) is negative. In
agreement, several experimental reports on J(H,H) and J(F,H)
couplings offer evidence that through-space transmission as a
result of direct overlap between two bonds elicits a negative
contribution.3,18 With respect to different lone pairs within the
HF dimer, the JLP(F,F) breakdown suggests that (a) the lone
pairs of both fluorine atoms whose NLMOs are of p-symmetry
do not participate in through-space transmission; (b) the
NLMOs of lowest energy yield the largest and positive
contribution to JFC(F,F); and (c) the J-contribution of the lone
pairs of highest energy are negative but of notably smaller
absolute value than that described in (b). However, actual
values of each component depend strongly on a for a given
d(F…F) distance. Thus, for d(F…F) = 2.3 Å and a = 90°,
JFC(F,F), JLP(F,F), JCR(F,F) and JBD(F,F) are calculated to be
245, 210, 53 and 218 Hz, respectively. On the other hand, for
a = 120° at the same distance, the values are 351, 330, 90 and
270 Hz, respectively. These NJC variations call for caution
when J(F,F) couplings dominated by a through-space mecha-
nism are correlated with only the d(F…F) parameter.

Our second example is taken from compound 2, in which
4J(Fa,Fb) and 4J(Fa,Fc) were reported to be 37 and 24 Hz,
respectively.19 In order to study the behavior of the through-

Fig. 1 Plots of JFC(F,F), 5, in the hydrogen fluoride dimer 1 and its
JLP(F,F), -, JCR(F,F), ”, and JBD(F,F), ¶, contributions as a function of
d(F…F); a = 90°.
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space components of the two couplings for fluorine atoms with
the same configuration, the structure of 2 was first optimized
with the MM3*/MacroModel.20 The five-membered ring struc-
tures 2a–c were then constructed from optimized 2 by
preserving local heavy atom geometries; that is, both distance
and angular relationships between the fluorine atoms are
unchanged. The lone pair contributions to 4JFC(Fa,Fb) and
4JFC(Fa,Fc) in 2a–c are compared with their respective total
4JFC(F,F) couplings in Table 1. While the latter calculated
values do not accurately reproduce the corresponding experi-
mental values in 2, a number of qualitative trends are evident.
4JLP(F,F) and 4JCR(F,F) are positive and correspond to contribu-
tions transmitted through-space. On the other hand, the negative
term D4J(F,F) is composed of both through-space and through-
bond contributions, the former originating in the direct
superposition of two C–F bonds. Not surprisingly, the absolute
value of D4J(Fa,Fb) (16–20 Hz) is considerably larger than that
for D4J(Fa,Fc) (3–5 Hz) (Table 1). To interpret the difference,
we note that the fluorine pairs Fa/Fb and Fa/Fc are linked by four
bonds, while the fluorine atoms in each pair are separated by
2.56 and 2.92 Å, respectively. A reasonable assumption is that
the 23 to 25 Hz exhibited by D4J(Fa,Fc) is an upper limit for
through-bond coupling. Thus, the 216 to 220 Hz calculated for
D4J(Fa,Fb) can be viewed primarily as a C–F bond through-
space effect, a result in harmony with the HF dimer model
calculations.

In the final example, we perform an NJC analysis for the peri-
4JFC(F,F) coupling in compounds 3a and 3b. The total JFC(F,F)

coupling and the JLP(F,F), JCR(F,F) and JBD(F,F) contributions
to these peri-4JFC(F,F) couplings are compared in Table 2.
While the total JFC(F,F) couplings are underestimated by
12–15%, they follow experiment nicely. All contributions are in
agreement with expections based on molecular geometry. For
instance, the larger absolute values of 4JLP(F,F), 4JCR(F,F) and
D4J(F,F) in 3b with the smaller d(F…F) (Table 2), parallel the
trends described above for the FH dimer (Fig. 1). Similar to 2a–
c, the combined and negative through-bond and through-space
term, D4J(F,F), is larger for the shorter distance. As before, we
assume a similar 4J through-bond coupling (both s and p) for 3a
and 3b. The calculated difference of 211.8 Hz can thus be

attributed to the C–F bonds contribution to coupling in the latter
compound.

In summary, the main features of dissection of J(F,F)
couplings transmitted through-space in compounds such as 2–3
are in good agreement with currently accepted mechanisms,
especially the lone-pair overlap proposal of Mallory and co-
workers.17 However, in addition to presenting a novel tool for J-
analysis, we also highlight the previously unrecognized im-
portance of angular effects and X–F bond–bond coupling
contributions. Future NJC analyses will explore these phenom-
ena in detail.
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4J(Fa,Fb) 4J(Fa,Fc) 4J(Fa,Fb) 4J(Fa,Fc)
4JFC(F,F) 68.0 7.6 67.7 9.0
4JLP(F,F) 72.9 11.8 71.1 12.6
4JCR(F,F) 14.5 0.4 13.0 0.2
D4J (F,F)a 219.4 24.6 216.4 23.8
d(F…F)b 2.56 2.92 2.56 2.92
a D4J(F,F) = 4JFC(F,F) 2 [4JLP(F,F) + 4JCR(F,F)]. b From MM3*/
MacroModel19 optimized 2(Å).

Table 2 Becke3LYP/6-311G**/NBO and experimental values for
4JFC(F,F) (Hz) and component couplings in 3a and 3b

Coupling 3a 3b

4JFC(F,F) 52.1 73.2
4JLP(F,F) 58.2 86.4
4JCR(F,F) 10.8 15.5
D4J (F,F)a 216.9 228.7
Jexpb 59.0 85.2
d(F…F)c 2.580 2.508

a D4J(F,F) = 4JFC(F,F) 2 [4JLP(F,F) + 4JCR(F,F)]. b Taken from F. B.
Mallory, et al.17 c MM3*/MacroModel optimized 3a and 3b (Å). X-ray of
1,8-difluoronaphthalene, d(F…F) = 2.584 Å; P. A. Meresse, C. Courseille,
F. Leroy and N. B. Chanh, Acta Crytallogr. B, 1975, 31, 1236.
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Treatment of SrI2 with 2 equivalents of K[P3C2But
2] affords

the hexaphosphastrontocene [{Sr(h5-P3C2But
2)2}H] which is

polymeric in the solid state; treatment of this complex with
an excess of pyrazine leads to the corresponding Lewis base
adduct [{Sr(h5-P3C2But

2)2(m-C4H4N2)}H] which is also poly-
meric in the solid state.

There has been increasing interest in the structure and bonding
in metallocene complexes of the heavier alkaline earth elements
(Ca, Sr, Ba) in recent years and several reviews have
appeared.1–3 With the exception of [Ca(h5-C5H5)2] which is a
three-dimensional polymer, these compounds are generally
monomeric in the solid state or weakly associated, the degree of
association depending on both the steric bulk of the cyclopenta-
dienyl ligand and size of the central metal. Moreover, where the
cyclopentadienyl ligands are not excessively bulky (typified by
encapsulated metallocenes), additional coordination of Lewis
bases may occur.

In contrast, however, sandwich compounds of the alkaline
earth metals with heteroatom substituted cyclopentadienyl
ligands are extremely rare. To the best of our knowledge only
two structurally characterised examples, incorporating the
2,5-di-tert-butylpyrrolyl ligand and coordinated THF have been
reported4 namely [M(h5-NC4H2But

2)2(THF)] 1 (M = Ca, Sr).
Westerhausen and co-workers5,6 showed that the 2,5-diphenyl-
3,4-bis(trimethylsilyl)phospholyl ligand coordinates in an h1-
fashion to the metal dications [M(THF)4]2+ (M = Ca, Sr),
however unpublished calculations by the same authors on the
solvent free systems favour an h5-ligating mode. Motivated by
our recent observation7 that the complex [In(h5-P3C2But

2)],
containing the aromatic 3,5-di-tert-butyl-1,2,4-triphospholyl
anion 2, is a source of pure InP by chemical vapour deposition,
we decided to react 2 with alkaline earth metal halides. We now
report the first synthesis and structural characterisation of the
hexaphosphastrontocene, [{Sr(h5-P3C2But

2)2}H] 3 and its pyr-
azine adduct [{Sr(h5-P3C2But

2)2(N2C4H4)}H] 4.
Thus, treatment of a THF solution of SrI2 with two

equivalents of 2 (Scheme 1) leads to the formation of air and
moisture sensitive, but thermally stable, [{Sr(h5-P3C2But

2)2}H]
3 (ca. 50% yield). Complex 3, which is a pale yellow solid, can
be extracted from the initial reaction residue with toluene but
sublimation or prolonged evacuation of the extracted residue
renders it insoluble in all but donor solvents. We believe the
initially formed complex is a THF solvated monomeric species
[Sr(h5-P3C2But

2)2(THF)n] which readily loses THF to afford
polymeric strands of 3 (vide infra). This behaviour also occurs

in the case of strontocenes such as [Sr(h5-C5H4But)(THF)2] and
[Sr{h5-C5H3(SiMe3)2}2(THF)] which both readily desolvate on
sublimation, although they remain monomeric.8,9

The 31P{1H} NMR spectrum of 3† is consistent with h5

ligated triphospholyl rings and the chemical shifts are similar to
those of [K(h5-P3C2But

2)] (d 252.8 and 244.8). This is in
contrast to the generally observed upfield shift in the 31P
resonances of 2 upon coordination to transition metals {e.g.
AB2 pattern at d 65 in [Ru(h5-P3C2But

2)2]}10 and this may
indicate a significant degree of ionic character in the metal–
ligand bonding in 3 in solution. The EI mass spectrum of 3
exhibits a strong molecular ion (m/z 550, 58%) but no higher
peaks, suggesting that in the gas phase 3 exists primarily as a
monomeric species.

A single crystal X-ray diffraction study‡ reveals that in the
solid state, 3 consists of bent sandwich units linked in chains
along the crystallographic c-glide plane (Fig. 1). Each unit bears
one solely h5 bound triphospholyl ligand and a second h5 ligand
which also acts as a bridge linking the molecules into extended
chains via a further h1 interaction involving one of the two
adjacent phosphorus ring atoms. This strontium–phosphorus
bond distance [3.2200(7) Å] is only marginally longer than the
average strontium–phosphorus distances within the sandwich
unit (3.1837 Å) and all lie within the sum of the van der Waals
radii for the two elements. The centroid–metal–centroid angle
of 141.50(7)° in 3 is larger than that observed in analogous
strontocenes bearing substituted cyclopentadienyl ligands of
comparable steric bulk {e.g. 122 and 124° in 14 and 134° in
[Sr{h5-C5H3(SiMe3)2-1,3}2] 5).8 Similarly, the metal–centroid
distances of 2.692(3) and 2.788(3) Å in 3 are somewhat larger
than those in 1 (2.525 Å) and 5 (2.551 Å), which probably
results from replacement of three ring carbon atoms with the

Scheme 1

Fig. 1 Solid state structure of 3. Selected bond distances (Å) and angles (°):
M(1)–Sr–M(2) 141.50(7); Sr–M(1) 2.788(3), Sr–M(2) 2.692(3), P(1)–P(2)
2.1150(11), P(2)–C(2) 1.749(3), C(2)–P(3) 1.745(3), P(3)–C(1) 1.749(3),
C(1)–P(1) 1.753(3), P(4)–P(5) 2.1069(11), P(5)–C(12) 1.756(3), C(12)–
P(6) 1.755(3), P(6)–C(11) 1.751(3), C(11)–P(4) 1.759(3). M(1) and M(2)
are the centroids of the rings defined by C(1), C(2), P(1), P(2), P(3) and
C(11), C(12), P(4), P(5), P(6), respectively.
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larger phosphorus atoms. The bridging strontium–phosphorus
interaction in 3, not possible in the related strontocenes,
obviates the need for any additional ligation to THF or other
donor solvent molecules.

However, treatment of 3 with an excess of pyrazine in
refluxing toluene leads quantitatively to [{Sr(h5-P3C2But

2)2(m-
C4H4N2)}H] 4 in which the strontium–phosphorus bridges of 3
have been broken and replaced with pyrazine units. Complex 4,
which is an orange solid, is insoluble in all but donor solvents
but could be recrystallised from a hot saturated toluene solution.
The room temperature mass spectrum of 4† indicates a ready
loss of pyrazine and at higher temperature the spectrum is
essentially that of the parent complex 3. Furthermore, the NMR
spectroscopic data for 3 and 4 are essentially identical,
suggesting that 4 undergoes complete dissociation into 3 and
free pyrazine in solution.†

The solid state, polymeric structure of 4 determined by a
single crystal X-ray diffraction study‡ is shown in Fig. 2. The
pyrazine units act as bridges linking the hexaphospha-
strontocene molecules into zigzag chains, each sandwich unit
being related to the next by a crystallographic inversion centre
lying at the middle of the pyrazine ring. The intraring
parameters of 4 do not differ significantly from those in 3: the
average phosphorus–carbon (1.750 Å) and phosphorus–phos-
phorus (2.1087 Å) distances within the strontium hexaphospha-
metallocene unit in 4 are very similar to those observed in 3
(1.752 and 2.1109 Å, respectively). Moreover, the centroid–
metal–centroid angle in 4 is 146.73(6)° compared with
141.50(7)° in 3 and the two individual metal–centroid distances
of 2.791(2) and 2.794(2) Å are similar to those in 3 [2.692(3)
and 2.788(3) Å].

The Engineering and Physical Sciences Research Council
(EPSRC) is gratefully acknowledged for financial support of
this work.

Notes and references
† Spectroscopic data: for 3: NMR (C5D5N, 298 K): dH(300 MHz) 1.95 (s,
36H, But). dP(121.68 MHz) 256.4 (t, 2JPP 48.3 Hz), 235.3 (d, 2JPP 48.3 Hz)
dC(125.16 MHz) AMXXA spin system 38.0 (m, 3JP(M)C 10.86, S3JP(XA)C +
4JP(X)C 10.78 Hz, CCH3), 40.8 (m, 2JP(M)C 22.85, S2JP(XA)C + 3JP(X)C 14.27
Hz, CCH3), 208.4 (m, 1JP(M)C 58.8, S1JP(XA)C + 2JP(X)C 82.8 Hz, PCP), EI
mass spectrum: m/z (%) 550 (58) M+, 319 (100) [M 2 P3C2But

2]+.
Microanalysis: found: C, 42.0; H, 6.3. Calc.: C, 43.6; H, 6.6%.

For 4: NMR (C5D5N, 298 K): dH(300 MHz) 1.95 (s, 36H, But), 8.59 (s,
4H, pyrazine). dP(121.68 MHz) 257.0 (t, 2JPP 48.3 Hz), 235.1 (d, 2JPP 48.3
Hz) dC(125.16 MHz) AMXXA spin system 38.3 (m, 3JP(M)C 10.9, S3JP(XA)C
+ 4JP(X)C 10.8 Hz, CCH3), 41.7 (m, 2JP(M)C 22.9, S2JP(XA)C + 3JP(X)C 14.5
Hz, CCH3), 208.8 (m, 1JP(M)C 58.0, S1JP(XA)C + 2JP(X)C 82.9 Hz, PCP), EI
mass spectrum: m/z (%) (low temp.) 80 (90) [C4H4N2]+, 464 (100)
[P3C2But

2H]+; (high temp.) 319 (100) [SrP3C2But
2]+, 550 (43)

[Sr(P3C2But
2)2]+. Microanalysis: found: C, 45.7; H, 6.3; N, 4.9. Calc.: C,

45.8; H, 6.4; N, 4.5%.
‡ Crystal data: for 3: C20H36P6Sr, M = 549.93, monoclinic, space group
P21/c (no. 14), a = 11.2175(3), b = 22.0485(5), c = 11.6287(2) Å, b =
112.272(2)°, V = 2661.5(1) Å3, T = 173(2) K, Z = 4, m = 2.39 mm21, l
= 0.71073 Å, 25843 reflections collected, 6302 independent (Rint = 0.057),
R1 = 0.040, wR2 = 0.083 for I > 2s(I), R1 = 0.059, wR2 = 0.091 for all
data.

For 4: C24H40N2P6Sr, M = 630.02, triclinic, space group P1̄, a =
9.8797(3), b = 11.5540(3), c = 15.8655(4) Å, a = 71.134(2), b =
74.932(2), g = 68.190(2)°, V = 1570.80(7) Å3, T = 173(2) K, Z = 2, m =
2.04 mm21, l = 0.71073 Å, 25418 reflections collected, 9025 independent
(Rint = 0.051), R1 = 0.041, wR2 = 0.076 for I > 2s(I), R1 = 0.059, wR2

= 0.082 for all data.
The SHELX-97 suite of programs for crystal structure analysis were used

for solution and refinement of both structures.11

CCDC 182/1772. See http://www.rsc.org/suppdata/cc/b0/b005855f/ for
crystallographic files in .cif format.
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The first synthesis of di-, tri- and tetrasubstituted alkenes
through reaction of lithium P-diphenyl(alkyl)(N-carboxy-
methyl)phosphazenes with aldehydes and ketones is re-
ported.

Phosphorus-stabilized carbanions are very important reactive
intermediates in the stereoselective synthesis of olefins. Since
the breakthrough of the Wittig reaction between phosphorus
ylides and carbonyl compounds1 in carbon–carbon double bond
forming reactions, the usefulness of other phosphorus deriva-
tives in this type of process has been demonstrated. The most
relevant members of this class of compounds are phospho-
nates,2 phosphonamides3 and phosphine oxides.4

Phosphazenes are isoelectronic with phosphorus ylides and
phosphine oxides. They are well known for the large number of
synthetic applications of the P–N bond,5 particularly in the
preparation of heterocycles6 based on the aza-Wittig reaction.
However, the chemistry of their a-carbanions has received
much less attention.7 We have shown that lithiated P-
diphenyl(alkyl)(N-phenyl)phosphazenes 1 add to aldehydes
with a high diastereoselectivity yielding the corresponding b-
hydroxy derivatives (Scheme 1).8 These compounds are easily
isolated and no trace of olefins were observed in the reaction
even when forcing conditions were used.

Recently, in a synthesis of cyclopentenones 3 obtained by
reaction of lithium P-diphenyl(alkyl)(N-phenyl)phosphazenes
with dimethylacetylene dicarboxylate (DMAD) (Scheme 1) we
proposed a reaction mechanism in which one intermediate
phosphazene participated in an olefination step similar to the
Horner carbon–carbon double bond synthesis using phosphine
oxides.9 No experimental evidence could be obtained regarding
the structure of any reactive intermediate involved in the
synthesis.

Here we report the first application of phosphazenes to the
synthesis of di-, tri- and tetrasubstituted alkenes. The phospha-
zenes 4 used in this study are readily obtained, either by
alkylation of the anion Ph2P2 (generated by reaction of Ph3P
with lithium) followed by in situ addition of N3CO2Me, or
through alkylation of simpler lithiated phosphazenes (Scheme
2). P-diphenyl(alkyl)(N-carboxymethyl)phosphazenes 4 were
metallated with n-BuLi in THF at 235 °C over a 30 min period.
The appropriate aldehyde or ketone was then added and the
mixture was stirred for 4–20 h at rt. Aqueous work-up followed
by distillation or filtration through a short path silica-gel
chromatography column afforded the olefins 8(Z)/9(E)

(Scheme 3).† The diphenylphosphinamide 11 by-product was
completely eliminated in the aqueous layer.

A list of the compounds obtained, as well as the isolated
yields and the diastereomeric ratios observed are given in Table
1.10 The stereochemistry of the tri-substituted alkenes was
easily assigned through 2D NOESY spectra measured from the
mixture of isomers. For the di-substituted derivatives the
geometry of the double bond was deduced from the magnitude
of the vicinal coupling constants or chemical shifts of the
olefinic protons.

Reaction yields were higher than 90% in all cases except for
the phosphazene having R1 = Me and R2 = nBu. In this case
only a 16% yield of the E/Z alkenes was obtained under the
standard conditions. However, this yield increased to 70%
without changes in the isomeric ratio when a large excess of
aldehyde (10 equiv.) was used. Worthy of note is the high yield
obtained when benzophenone is used as electrophile giving rise
to the tetrasubstituted alkene 8j. The olefin E predominates in
all cases except for phosphazenes bearing a benzyl group where
the Z alkene is favoured (Table 1, entries 7, and 8). Good to
excellent stereoselectivies are obtained for phosphazenes with
R1 = Ph, CO2Me and R2 = H (Table 1, entries 1–5). Using the
synthesis of alkenes 8/9d as reference, under the same reaction
conditions the appropriate phosphazene, phosphine oxide,
phosphonate, and phosphonium salt afforded essentially the E
isomer (Z+E 1+99) in similar yields. Curiously, the ster-
eoselectivity of the Wittig reaction showed a slight decrease
(Z+E 4+96) when the olefination was carried out with the
isolated phosphorus ylide. However, the reported reactions of
Ph3PNCHPh with benzaldehyde using BuLi or PhLi as a base

Scheme 1 Reagents and conditions: i, n-BuLi, 230 °C, THF; ii, R2CHO,
270 °C; iii, DMAD, 270 °C.

Scheme 2 Reagents and conditions: i, n-BuLi, 235 °C, THF; ii, R2Br,
270 °C; iii, R1R2CHBr, 235 °C, THF; iv, N3CO2Me.

Scheme 3 Reagents and conditions: i, n-BuLi, 235 °C, THF; ii, R3R4CO,
rt; iii, 4–20 h; iv, H2O.
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are clearly less stereoselective (Z+E 34+66 and 30+70, re-
spectively)1b,11 than the analogous synthesis of stilbene through
phosphazenes (Table 1, entry 1). The olefination reported here
is sensitive to the degree of substitution in the carbanion and
modest Z/E ratios are obtained when a,a-disubstituted phos-
phazenes are used (cf. entries 6–9 in Table 1). This is a known
characteristic of Horner olefination.5

A reaction mechanism explaining the formation of 8, 9, and
11 is shown in Scheme 3. First, one carbon–carbon bond is
formed by addition of the Ca-metallated phosphazene to the
carbonylic carbon of the electrophile affording the alkoxy
intermediate 5a. The nucleophilic oxygen of this adduct attacks
the electrophilic phosphorus intramolecularly to yield an
oxaphosphetane heterocycle 6 as proposed for the Wittig1 and
Horner12 reactions. In this particular case, the oxaphosphetane 6
may break down to the alkenes 8/9 (route a) or may eliminate
lithium methoxide affording the isocyanate derivative 7. Ring
opening of 7 would yield the alkenes 8/9 and diphenylphosphi-
noyl isocyanate 10 (route b), which by reaction with water
would produce the diphenylphosphinamide 11. Alternatively
the isocyanate 10 may be formed by elimination of lithium
methoxide from the lithium phosphinamide 12 (route a).

The intermediate adducts 5b can be isolated as the corre-
sponding (b-hydroxy)phosphazenes when the carbonyl com-
pound is added at 270 °C and the reaction is stirred for 2 h at
this temperature. Aqueous work-up yields a mixture of
diastereomeric compounds 5b in the same ratio as observed for
the respective olefins. Therefore, the diastereoselectivity of the
synthesis is determined by the addition step and no inter-
conversion occurs between the two isomers. The (b-hydroxy)-
phosphazenes 5b are converted quantitatively into the corre-
sponding olefins by lithiation under the same reactions
conditions used in the one-pot process.

Support for the participation of phosphinoyl isocyanates as
intermediates in the formation of phosphinamides in the
olefination reaction described above has been obtained from
phosphinamide 13 synthesized by reaction of methoxycarbonyl
azide with diphenylphosphine oxide. Compound 13 was treated
with one equiv. of n-BuLi in THF at 230 °C (Scheme 4) and the
reaction was stirred for 4 h at rt.13 After aqueous work-up the
phosphinamide 11 was isolated quantitatively.14

In conclusion, the application of phosphazenes to the
synthesis of alkenes through reaction with carbonyl compounds
is described for the first time. The phosphazenes are readily
available through conventional reactions, analogous to the
preparation of phosphine oxides. High yields of di-, tri and
tetrasubstituted olefins are obtained. The stereoselectivity
depends on the substituents on the alkyl group bonded to
phosphorus and for a-substituted phosphazenes the stereocon-
trol achieved is comparable to that obtained in the Wittig,

Horner, and Wadsworth–Emmons reactions. A reaction mecha-
nism is proposed which involves the sequential formation of an
isolable (b-hydroxy)phosphazene and an oxaphosphetane
intermediate.

Financial support from the Ministerio de Educación y Cultura
(PB96-1503) is gratefully acknowledged.
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† Synthesis of methyl cinnamate 8, 9c: to a Schlenk with
MeO2CCH2(Ph)2PNNCO2Me (0.2 g, 6 3 1024 mol) dissolved in 25 mL of
dry THF was added a solution of n-BuLi (0.45 mL of a 1.6 M solution in
hexane, 7.2 3 1024 mol) at 235 °C. After 30 min of metallation the
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mol) was added. The reaction mixture was stirred for 6 h and allowed to
reach rt.  Work-up (A): addition of diethyl ether (15 mL) to the reaction
crude produced a white precipitate of Ph2P(O)NH2 (0.102 g, 78%), which
was filtered off. The filtrate was evaporated to dryness and distilled under
vacuum. Methyl cinnamate 8, 9c (Z+E 1+99) was isolated as a colourless
liquid bp 1220.1 °C (lit. 120–1250.1 °C)15, (79 31023 g, 81%). Work-up (B):
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Table 1 Alkenes 8, 9 obtained, including isomeric ratio of the mixture and isolated yield

Alkene R1 R2 R3 R4 Z+E (%)a Yield (%)

1 8, 9a Ph H H Ph 17+83 92
2 8, 9b Ph H H (CH3)3C 4+96 95
3 8, 9c CO2Me H H Ph 1+99 85
4 8, 9d CO2Me H H p-Cl-C6H4 1+99 88
5 8, 9e CO2Me H H C6H11 4+96 90
6 8, 9f Me CH3(CH2)2CH2 H Ph 34+66 16 (70)b

7 8, 9g PhCH2 CH3(CH2)2CH2 H p-Cl-C6H4 72+28 86
8 8, 9h Me PhCH2 H (CH3)3C 74+26 85
9 8, 9i Me CH2NCHCH2 H p-MeO-C6H4 32+68 90

10 8j Me CH2NCHCH2 Ph Ph 85
a Determined from the integrals of the olefinic protons and/or the methyl signals in the 1H NMR spectrum of the mixture. b When a large excess of aldehyde
is used.

Scheme 4 Reagents and conditions: i, N3CO2Me, THF, rt; ii, n-BuLi, THF,
235 °C to rt; iii, H2O.
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The efficient synthesis of a series of 2° allylic alcohols from
a vanadium-catalyzed oxidation of suitably disposed allylic
selenides with tandem [2,3] sigmatropic rearrangement is
outlined.

The rapid growth of metal-catalyzed transformations in recent
decades has contributed to the construction of evermore
complex synthetic targets. For example, the catalytic oxidation
of sulfides is well documented using several transition metal
catalysts.1 This methodology has proven useful in both racemic
and enantioselective pathways. Recently, Bolm and co-workers
showcased the use of vanadium for the enantioselective
oxidation of prochiral sulfides.2 In addition, the Ellman
laboratory has reported an elegant use of a similar catalytic
system for the enantioselective oxidation of alkyl disulfides.3
Despite these encouraging results, relatively little attention has
been paid to the corresponding oxidation of selenium. In
particular, the tandem oxidation of suitably disposed allylic
selenides with in situ [2,3] sigmatropic rearrangement has been
limited to stoichiometric oxidants such as oxaziridines, peracids
or peroxides.4 Scattered asymmetric methods have also been
developed for these transformations utilizing primarily stoi-
chiometric titanium–tartrate complexes5 or chiral oxaziridines.6
In addition, several groups have studied the effect of a chiral
auxiliary on selenium.7 None of these systems, however, have
been exploited in a sub-stoichiometric sense for this transforma-
tion.8 We herein report the first catalytic method for oxidation
of allylic selenides with tandem in situ [2,3] sigmatropic
rearrangement.

Our initial exploits in this area were directed toward the use
of titanium-mediated oxidation based on previously described
conditions;9 however, this proved to be ineffective in our hands
due to lack of generality, slow reaction times, and the need for
stoichiometric amounts of the metal catalyst. Our interest then
turned to the use of vanadyl(IV) acetylacetonate as a potential
candidate for the desired transformation. Synthesis of the
selenide precursors was readily accomplished from the corre-
sponding alcohol using tributylphosphine and o-nitrophenyl
selenocyanate in high yield.10

The standard reaction conditions involved a 0.3 M solution of
the selenide 1 in methylene chloride with vanadyl(IV) acet-
ylacetonate (10 mol%) in the presence of powdered 4 Å
molecular sieves (Scheme 1). This green solution was then
cooled to 210 °C in an ice–acetone bath and cumene
hydroperoxide (1.8 equiv.) was added to the stirred solution.
After the reaction was judged to be complete, tributylphosphine
(1.2 equiv.) was added to convert the intermediate selenenate 3
to the desired allylic alcohol 4. This efficient and rapid method
for cleavage of the selenenate species 3 is noteworthy because
of its tolerance for sterically demanding systems such as the
adamantyl selenide 1c. Previous described methods for selene-
nate cleavage (such as pyridine and water) proved to be slow
and capricious in our hands. The vanadium metal catalyst is

critical for the dual reaction sequence to proceed; the blank
experiment without VO(acac)2 resulted in no conversion of the
selenide under the prescribed reaction conditions.11 It has been
previously reported that phenyl selenides can be oxidized using
tert-butyl hydroperoxide in the absence of a metal catalyst;12

however, the decreased reactivity of the selenium to oxidation
that is observed may be due to the electron withdrawing nature
of the o-nitro substituent.

A variety of substituents on the alkene were studied in order
to investigate the utility of this methodology as shown in Table
1. These results suggest that the oxidation and rearrangement
occur rapidly, regardless of the steric environment located at the
allylic position. In addition, the vanadium-mediated conditions
occur equally effectively with conjugated and non-conjugated
olefins. These results are in contrast to preliminary studies in
our laboratory with titanium-mediated reactions in which
substitution on the alkene function had a dramatic impact on the
efficiency of the reaction. Furthermore, the rearrangement does
not seem to be influenced by a stereogenic center located in the
allylic position. For example, treatment of selenides 1f and 5c
yielded the resultant allylic alcohol in nearly 1+1 selectivity.
This result is in good agreement with Davis and co-workers who
have shown that the stereochemical outcome of the resultant
alcohol in acyclic substrates appears to be determined by the
oxidation of the selenide.6 Finally, the results in Table 2
demonstrate that this methodology is equally effective for the
cis olefin geometry.

In conclusion, the first vanadium-catalyzed method for
oxidation of selenides is reported with tandem [2,3] sigmatropic
rearrangement. This methodology is effective on a broad range
of substrates, regardless of steric environment, thereby expand-
ing the scope and utility of selenoxide rearrangements.
Furthermore, tributylphosphine is shown to be a rapid and

† Electronic supplementary information (ESI) available: typical experi-
mental procedure for synthesis of 1–6. See http://www.rsc.org/suppdata/cc/
b0/b006278m/

Scheme 1 Selenide oxidation, sigmatropic rearrangement and selenenate
cleavage sequence.
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general method for selenenate cleavage and a viable alternative
to traditional methods. In addition, it should be possible to effect
catalytic asymmetric oxidation of selenium with tandem
sigmatropic rearrangement using the appropriate multidentate
ligand–vanadium system. We are actively pursuing this area
and will report our results in due course.

The authors wish to thank the University of Mississippi for
their generous support of this work.
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The tandem 1,3-azaprotiocyclotransfer–cycloaddition reac-
tion between aldoximes and divinyl ketone affords mixtures
of exo- and endo-isomers of substituted 1-aza-8-oxabicy-
clo[3.2.1]octan-4-ones, the ratio of which is dependent on the
E/Z geometry of the starting oxime and its ability to
isomerise under the thermal reaction conditions.

We recently reported that the tandem 1,3-azaprotio cyclo-
transfer–cycloaddition reaction between symmetrical ketox-
imes (RA = R) and divinyl ketone 2 (or its equivalents) is
selective for cycloadducts 3 or 4, depending on solvent or
additive.1 Reductive cleavage of 3 and 4 can afford piperidones
5 and perhydroazepinones 6, potentially making these Class 2
cascades viable routes to various alkaloids and other related
natural products (Scheme 1).2 We have been exploring the

scope of this reaction with aldoximes 1 (R or RA = H). Under
thermal reaction conditions (81 °C, acetonitrile) symmetrical
ketoximes (R = RA) afford mixtures of 3 and 4, whereas
aldoximes (R or RA = H) afford 4 only (as a mixture of exo- and
endo-isomers) (Scheme 2).

Under thermal reaction conditions aldoximes isomerise to a
mixture of E- and Z-isomers. The rate of E/Z equilibration is
dependent on temperature and the nature of the aldoxime R
group. The desired 1,3-azaprotiocyclotransfer process (herein
referred to as 1,3-APT) (Scheme 3) can occur between either E-
or Z-oxime isomer and 2 to form respective E- and Z-nitrones.
Nitrones are not expected to isomerise under the reaction
conditions.3 Intramolecular 1,3-dipolar cycloaddition then pro-

ceeds completely regioselectively from the Z-nitrone affording
exo-4 (path a) or the E-nitrone affording endo-4 (path b).4 A
survey of aldoximes 1a–f showed that the diastereoselectivity of
the reaction is dependent on the size of the aldoxime R group
(Table 1). Increasing the size of the R group (aldoximes 1b–d)
resulted in a decrease in exo-selectivity. However, the case of 1e
perturbed this trend, affording exo-4e as the sole product.

It is proposed that path a and path b can have different rate
determining steps. In path a, oxime isomerism can become the
rate determining step when the steric clash resulting from the
cis-relationship of the R and hydroxy moieties in the Z-oxime is
severe or due to the electronic properties of R (vide infra). In
contrast, 1,3-APT is rate determining in path b because the R
group impedes the reactivity of the lone pair. The ratio of exo-
and endo-products is determined by the relative rates of these
steps and this is determined by the nature of R. Predominant
formation of exo-4 (e.g. for aldoximes 1a,b) indicates that
oxime E/Z-isomerism is faster than E-oxime 1,3-APT.

Though an increase in the size of the R group will decrease
both the rate of oxime isomerism and E-oxime 1,3-APT, we
propose that the effect is more pronounced on the oxime
isomerism step due to the increased steric clash between the R
and hydroxy moieties. The E-oxime 1,3-APT step can occur

Scheme 1

Scheme 2

Scheme 3

Table 1a

Oxime 1 R Conv. (%)b exo-4+endo-4b Yield (%)c

a Bn > 95 3+1 65
b Me > 95 3.4+1 59
c Et > 95 2+1 41
d Pri 90 1.5+1 34
e But 25 exo-4e only 11
f Ph 10 endo-4f only —
a Reaction conditions: divinyl ketone (1.2 eq.), acetonitrile, 48 h, carried out
in a STEM block at 80 °C. b Determined by 1H NMR. c Combined yield
isolated by column chromatography.
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provided the oxime R substituent contains an a-hydrogen (as in
1a–d). This allows conformations where a C–H bond, as
opposed to a C–RA bond, impedes the reactivity of the lone pair.
As the size of R increases, the increasingly sluggish nature of
the E-oxime 1,3-APT step is reflected in the lower yields and
conversions (Table 1). Where the oxime contains no a-
hydrogens (1e) severe impediment of the lone pair’s reactivity
is unavoidable and 1,3-APT can only proceed via the Z-oxime
(path a). The sluggish nature of the oxime isomerism step for 1e
is reflected in the low conversion (25% after 48 h) and yield
(11%).

Unlike aliphatic oximes (E)-benzaldoxime 1f does not
isomerise at 81 °C. Both E- and Z-isomers can be prepared and
stored separately.5,6 The observation that (E)-1f forms endo-4f
exclusively while (Z)-1f affords exo-4f exclusively (Table 2)
supports our hypothesis. In order to determine the effect of the
electronic nature of the aryl ring on oxime isomerism we carried
out the cascade with both E- and Z-isomers of para-substituted
benzaldoximes (Table 2). We observed that the presence of
electron donating groups promotes oxime isomerism, affording
mixtures of exo- and endo-isomers. The presence of electron
withdrawing groups in the aromatic ring does not promote
oxime isomerism and instead ‘switches off’ the 1,3-APT step
for E-oxime isomers. Switching to the Z-isomers in the case of
these electron deficient benzaldoximes allows the reactions to
proceed, leading to exo-4 exclusively.

Increasing the reaction temperature from 80 to 95 °C (closed
system) resulted in an increase in the propensity of aliphatic
aldoximes to form the exo-isomer (Table 3). We were able to
utilise this effect in the case of phenyl acetaldehyde oxime (1a),
attaining exo-selectivity of 8+1 (81%) when the reaction
temperature was 120 °C (closed system) (Table 3). Similarly,
1b afforded an 8+1 ratio of exo-4b and endo-4b (65%).
Increasing the temperature of the system further (150 °C)
resulted in identical exo-selectivity, however. It is proposed that
high temperatures facilitate higher rates of E/Z-oxime equilibra-
tion, leading to enhanced exo-selectivity.7

In conclusion we have demonstrated that this tandem
1,3-APT-cycloaddition cascade between aldoximes and divinyl

ketone can afford single diastereomers with predictable exo- or
endo-stereochemistry by a correct choice of conditions: high
temperatures for aliphatic aldoximes and correct choice of
starting oxime for aromatic aldoximes.

Notes and References
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recovery after heating in a closed system at 120 °C. Thus proving that a
cycloreversion–cycloaddition is not responsible for the increased exo-
selectivity.

Table 2

Table 3a

Oxime 1 R Temp/°C Conv. (%)d exo-4+endo-4d Yield (%)e

a Bn 95b > 95 4.3+1 57
a Bn 120c > 95 8+1 81
b Me 95b > 95 5.6+1 59
b Me 120c > 95 8+1 65
c Et 95b > 95 2.7+1 53
d Pri 95b 90 2+1 54
e But 95b 45 exo-4e only 37
f Ph 95b 30 endo-4f only 14
a Reaction conditions: Divinyl ketone (1.2 eq.), acetonitrile, STEM block at
95 °C, 48 h. b Temperature of STEM block. c Temperature of closed system.
d Determined by 1H NMR. e Combined yield of exo-4 and endo-4 isolated
by column chromatography.
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The tandem 1,3-azaprotiocyclotransfer–cycloaddition reac-
tion between aldoximes and divinyl ketone affords the exo-
isomers of substituted 1-aza-8-oxabicyclo[3.2.1]octan-4-ones
when a substoichiometric amount of hafnium(IV) chloride is
added.

As part of our continuing interest in cascade cycloaddition
reactions of oximes we recently outlined our efforts to
incorporate divinyl ketone 2 as a bifunctional azaprotiophile/
dipolarophile component1 in Class 2 processes.2 The reaction
between 2 and symmetrical ketoximes 1 (RA = R) proceeds
smoothly to afford a regioisomeric mixture of isoxazolidinones
3 and 4, where 4 is the major product (Scheme 1). We were able
to obtain 3 (R = RA) as the major product by the addition of a
stoichiometric amount of zinc bromide and to bias the cascade
in favour of 4 (R = RA) by a judicious choice of solvent.
Preliminary investigations of aldoxime 1 (RA or R = H)-2
cascades gave 4 as the major product and 3 was rarely detected.3
The exo-+endo-ratio was shown to be dependent on the
geometry of the starting oxime and its propensity to isomerise
under thermal conditions. The addition of zinc bromide was
found to be much less effective for aldoxime cascades than for
symmetrical ketoxime cascades, prompting us to seek an
alternative Lewis acid. We now report a regio- and ster-
eoselective hafnium(IV) chloride catalysed aldoxime-2 cas-
cade.

The reaction between an achiral aldoxime 1 (R or RA = H)
and 2 can in principle occur via a number of pathways,
including the synthetically less useful O-Michael addition.
Polymerization of 2 is also a potential problem. Generally both
E- and Z-aldoxime isomers can undergo 1,3-azaprotiocyclo-
transfer (herein referred to as 1,3-APT) to afford E- and Z-
nitrones respectively.3 Subsequent cycloaddition of each ni-
trone can afford four possible diastereomeric products exo-3,
exo-4, endo-3 and endo-4 (Scheme 2). Under thermal conditions
(81 °C, acetonitrile) exo-4 and endo-4 are the exclusive
products.

Amongst the Lewis acids tested were salts of lanthanides,
titanium, indium and magnesium. These have been reported to
catalyze 1,3-dipolar cycloaddtions.4 The majority of these salts
directed the regioselectivity of the cascade towards exo-3 but
the results were capricious in terms of yield. Hafnium(IV)
chloride appeared to be the least detrimental and was selected
for further optimisation. The mode 2 conditions outlined in
Table 1 afford reproducible results.5

Thus treatment of aryl and aliphatic aldoximes 1a–j with
hafnium(IV) chloride resulted in complete reversal of the

selectivity of the thermally controlled cascade, giving exclusive
formation of exo-3a–j (Table 1). The scope of the reaction
includes aliphatic aldoximes (entries a–c), electron deficient
aryl aldoximes (entries f, g, h) and electron rich aryl aldoximes
(entry i). In many cases the addition of hafnium(IV) chloride was
necessary for a reaction to occur (entries f, g, h).

Both E- and Z-isomers of benzaldoxime (1d,e) afford the
same product under the hafnium(IV) chloride catalysed condi-
tions. In the absence of hafnium(IV) chloride 1d and e each
afford different exo- and endo-diastereomers of 4, due to the
inability of these oxime isomers to equilibrate at 81 °C.2,3 Thus
hafnium(IV) chloride promotes oxime isomerism. This may be
by co-ordination of hafnium to the oxime via the hydroxy
moiety and the subsequent lowering of its pKa or the release of
a catalytic amount of HCl from hafnium(IV) chloride and traces
of water.6,7 Only a small equilibrium concentration of the Z-
oxime is required for exclusive formation of the Z-nitrone.8
Though we have evidence to suggest that hafnium(IV) chloride
enhances the rate of the 1,3-APT step, it’s precise role is a
matter of conjecture at this time.9

The regiochemistry, which is dictated by the relative
magnitudes of the interacting orbital coefficients, is completely
reversed by the addition of hafnium(IV) chloride. This particular
cycloaddition is expected to be HOMOnitrone–LUMOalkene

controlled and is predicted to result in bond formation between
the oxygen and the terminal alkene carbon as in A, ultimately
leading to 3.10 However, Gandolfi and co-workers have shown
experimentally that only strongly electron withdrawing alkenes
(e.g. nitroethylene) and electron rich nitrones (e.g. triphenyl
nitrones) react in this way.11 Otherwise, mixtures of regio-Scheme 1

Scheme 2
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isomers are formed. Co-ordination of the hafnium to the ketone
as depicted in Fig. 1 will alter the relative magnitudes of the
atomic coefficients favouring A (leading to exo-3) over B
(leading to exo-4).

Hafnium(IV) chloride is a highly effective catalyst for
aldoxime–divinyl ketone cascades. There are only a few
reports12 of the use of hafnium salts in organic synthesis. To the
best of our knowledge this is the first example of a hafnium
promoted 1,3-dipolar cycloaddition.
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We propose a structure for the ultimate species which gives
a straightforward explanation of the major results in the
oxidation of hydrocarbons by cytochrome P-450 where the
stereochemistry is retained and the isotope effect is small.

In the substrate oxidation process by cytochrome P-450 it was
believed that the ultimate species is compound I [(heme)FeNO]
(Fig. 1).1 Recently, Harris and Loew2 showed that the spin-
density of compound I in the spin doublet state (the ground state
of this compound) is localized at the oxygen atom that is bound
to the Fe atom of the heme, i.e. the spin-density is 0.92,
indicating that the oxygen atom has the character of a free
radical. The summation of the spin-densities shared by the heme
and the fifth ligand gives a value of 0.08. We re-confirmed this
spin-density distribution of compound I by performing similar
calculations using density functional theory (DFT).3

It is well known that a free radical abstracts a hydrogen atom
from hydrocarbons.7 We found that compound I abstracts a
hydrogen atom from hydrocarbons and produces Fe–OH with
an activation energy of 15.5 kcal mol21. The hydrogen
abstraction from hydrocarbons has been considered to be one of
the plausible mechanisms caused by the ultimate species,
compound I, and the substrate oxidation process by cytochrome
P-450 should be as in the two-step mechanism shown in Fig.
1(a).1,8 This two-step mechanism has the characteristics that (i)
the stereochemistry is lost, and (ii) an isotope effect is clearly
observed.1,8

The hydroxylation of a hydrocarbon by cytochrome P-450,
however, generally occurs with retention of stereochemistry and
a small isotope effect.1,8 The concerted insertion of an oxygen
atom into a hydrocarbon C–H bond [Fig. 1(b)] is therefore,
favorable from this viewpoint. In order to examine the
possibility of the one-step mechanism [Fig. 1(b)], a theoretical
study has been preformed.

Firstly, we carried out the molecular dynamics (MD)
simulations for 300 ps at 310 K on oxy-ferrous P-450cam in
water, and showed that the substrate–oxygen molecule inter-
action is maintained in the heme pocket of cytochrome P-
450cam, i.e. the distance between the C5 atom of d-camphor
and the oxygen atom which is not directly bound to the Fe atom
of the heme (the distal oxygen atom, O2) is ca. 3.0–3.5 Å (3.22
Å in Fig. 2). It is considered that the interaction between the
substrate and the oxygen molecule bound to the Fe atom of the
heme is always effective throughout the substrate oxidation

process by cytochrome P-450. Experiments by Tuckey and
Kamin14 support the existence of the substrate–oxygen mole-
cule interaction in the heme pocket, i.e. the 1-electron-reduced–
oxygenated complex of cytochrome P-450 is kinetically
stabilized by the binding of the substrate.

From Fig. 2 it is natural to consider that the distal oxygen
atom is inserted into the C5–H bond of d-camphor. From this
the revised ultimate species shown in Fig. 3 is proposed.
Because it exists at a minimum in the potential energy
hypersurface, the structure of this compound is stable. The
potential energy of the structure is 59.8 kcal mol21 higher than
the sum of the potential energies of compound I and H2O.
However, it is considered that formation of the revised ultimate
species could occur, because reduced oxy-ferrous heme is
stabilized by > 700 kcal mol21 upon binding of two protons to
form each ultimate species. For the revised ultimate species

Fig. 1 Two processes in the substrate oxidation by cytochrome P-450: (a) two-step mechanism by the currently believed ultimate species, compound I, which
has an active oxygen atom in the spin doublet state; (b) one-step insertion mechanism by the newly proposed ultimate species which has an active oxygen
atom in the spin singlet state. The existence of these two processes gives complicated results in the oxidation products by cytochrome P-450.

Fig. 2 Schematic of oxy-ferrous P-450cam obtained by 300-ps MD
simulation at 310 K. Numerals are inter-atomic distances in Å. Computa-
tional program is AMBER 4.1.9 A united-atom force field10 was applied
except for d-camphor, for which an all-atom force field11 was used.
Calculations of the non-bonded term were accelerated by the use of a
hardware accelerator (MD Engine).12 A cutoff distance (8 Å) was applied
for computation of van der Waals forces (r26 and r212). The electrostatic
term (r21) was calculated with no cutoff, taking full advantage of the MD
Engine. The SHAKE constraint,13 where all of the bonds are kept at
equilibrium distances, was used.
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(Fig. 3) it should be noted in the spin-density distribution that
the distal oxygen atom is in the spin singlet state, and it has
already been suggested that a spin singlet state oxygen atom 1D
operates a one-step insertion mechanism.15 The activation
energy of the insertion reaction of this singlet oxygen atom to
the C5–H bond of d-camphor was calculated to be 4.2 kcal
mol21. This value is very small, compared with the activation
energy (13 kcal mol21) of singlet oxygen atom 1D insertions
into hydrocarbons,15 suggesting the important role of the heme-
protein in the substrate oxidation. It is clear that this revised
ultimate species gives a straightforward explanation of the
major results in the oxidation of hydrocarbons by cytochrome
P-450, where the stereochemistry is retained and the isotope
effect is small. The formation process of the ultimate species
may be followed by the same experiment which support the
formation of compound I except in the final process, where the
conventional mechanism postulates the formation of the
compound I and a free water molecule, but the new mechanism
considers the oxygenated hydrocarbon and a water molecule
which binds to the Fe atom of the heme. Provided that the
interaction between a substrate and the distal oxygen in the
heme pocket is weak enough that the interaction is not
maintained throughout the substrate oxidation process, the
conventional ultimate species (compound I) may be produced.
It is well known that compound I is produced in the substrate
oxidation process by peroxidase where the isotope effect is
clearly observed.16

The mechanism shown in Fig. 1 is clearly explained by the
existence of these two ultimate species. The two kinds of the
ultimate species generated in the substrate oxidation process by

cytochrome P-450 explains in a straightforward manner the
reasons why a variety of products have been reported in the
literature.1,8

The authors thank the Computer Center of the Institute for
Molecular Science, Okazaki, for the use of the IBM SP2
computer. The computations were also carried out by DRIA
System at the Faculty of Pharmaceutical Sciences, Chiba
University.
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Fig. 3 Spin-density distribution of the stable structure of the newly pro-
posed ultimate species for the mono-oxygenation reaction by cytochrome P-
450. Numerals in parentheses are the spin-densities. The total electronic
charge of the model compound is neutral and the total spin multiplicity is
that of a doublet.
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Syntheses of fully unsaturated 5,6-diphenyl[1,3]dithiolo[4,5-
b][1,4]dithiine-2-thione and its coupling product, a fully
unsaturated analogue of BEDT-TTF, have been achieved by
a 1,8-diketone ring formation reaction.

There has been wide interest in the synthesis of derivatives of
bis(ethylenedithio)tetrathiafulvalene, BEDT-TTF (or ET) 1.

This is due to its electron donating ability, which makes it
exhibit conducting and superconducting properties as charge
transfer salts with electron acceptors such as TCNQ and mono
anions.1 The highest superconducting critical temperature, Tc,
observed to date for an organic superconductor is 12.8 K with
K-(BEDT-TTF)Cu[N(CN)2Br].2

One of the important features, which has been the subject of
efforts by various research groups, is the introduction of an
increased conjugation, which would allow the system to have an
extended p-electron delocalisation. So far, such an extension
has been achieved in the middle of the molecule.1b However,
there are limited examples of introduction of conjugation at the
peripheral ethylene groups.3

Recently, we have reported a convenient method of synthes-
ising fused 1,4-dithiin systems with various functional groups
(2, 3).4 This method has allowed us to introduce four phenyl

groups on to the peripheral ethylene bridges of BEDT-TTF, that
is the synthesis of a tetra-phenyl substituted and fully un-
saturated analogue, 5,5A,6,6A-tetraphenyl-2,2Abi([1,3]di-
thiolo[4,5-b][1,4]dithiinylidene) 11, which has been the subject
of research by other groups.5 Unfortunately, their attempts have
been unsuccessful so far, although trace amount of 5,6-diph-
enyl[1,3]dithiolo[4,5-b][1,4]dithiine-2-thione 10 was claimed
to have been obtained.5c We report here that our 1,8-diketone
ring-closure reaction smoothly gives the precursor 10 in a
relatively high yield, 65%, which proves that this reaction may
be an important tool in the formation of fused and fully
substituted 1,4-dithiin rings.

In our previous report,4 we disclosed that refluxing the
1,8-diketones in toluene with Lawesson’s Reagent (LR) 4

yielded fused thiophenes and 1,4-dithiins. The precursor 7,
which is the subject of the cyclisation reaction in this study, was
easily obtained from the reaction of readily available dianion 56

and desyl chloride† 6 in dry ethanol at rt in 90% yield (Scheme
1). Following the previous reaction conditions, the 1,8-diketone
7 was allowed to react with LR in boiling toluene overnight
(Scheme 2). In agreement with the result reported by Noh
et al.,5b fused thiophene rather than dithiin was isolated.
Considering our preliminary results that such a ring formation
reaction could be carried out with P4S10 and tended to give
1,4-dithiin in a shorter reaction time, in another experiment, we
treated 7 with P4S10 in refluxing toluene.7 Interestingly, this
reaction, after 3 h reflux, gave 9 as one of the products,
possessing a benzylphenyldithiole ring, along with the thio-
phene 8, in 25 and 30% yields, respectively. This result
suggested that, since there was no loss of sulfur, the initially in
situ formed 1,4-dithiin derivative 10 rearranged radically to
give benzylphenyldithiole 9. Obviously, in the presence of
sulfur as a source of radicals such a mechanism is likely. In view
of all these experiences, cyclisation was performed with P4S10
in refluxing toluene in the dark. After the consumption of
starting material 7, which took ca. 3 h, column chromatography
of the crude reaction product (3+1, hexane–CH2Cl2) gave three
compounds, thiophene 8 (20%), benzylphenyldithiole 9 (trace)
and 1,4-dithiin 108 (65%). The structures of 8, 9 and 10 were
confirmed by X-ray single-crystal diffraction analysis and the
results will be published elsewhere.

With this fully unsaturated compound 10 in hand, which does
not require storage under nitrogen, coupling product 11 was
prepared following the well-established reaction scheme
(Scheme 3). The thione sulfur atom in 10 was converted to
oxygen with mercury acetate in a quantitative yield. Subsequent
heating of the reaction product in neat triethylphosphite

Scheme 1 Reagents and conditions: i, EtOH (dry), N2, rt, overnight.
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(110 °C) for 2 h resulted a yellow precipitate of 11,9 which was
collected in 90% yield. Contrary to the result reported for the
coupling of the saturated analogue 12, which gave tetra-
kis(ethylthio)tetrathiafulvalene 13 rather than its self-coupled
product 14,5a,c the fully unsaturated 10 yielded 11 smoothly in
a high yield. This result further suggests that unsaturated dithiin
ring contributes to the stability of the molecule through
conjugation.

In conclusion, we have demonstrated that a fully substituted
and fused 1,4-dithiin derivative can easily be prepared by a
1,8-diketone ring-formation reaction, using P4S10, and also a
fully unsaturated analogue of BEDT-TTF has been prepared in
an efficient procedure and in a good yield. The precursor 10 and
the analogue 11 themselves could prove useful as electronic
materials.
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Microporous aluminosilicates have been synthesized in the
presence of organic surfactants according to a procedure
based on a two-step sol–gel process at room temperature;
varying the surfactant chain length and/or the Si/Al ratio,
materials with pore diameters adjustable in the range 1.0–2.5
nm have been obtained; the Al atoms in the as-synthesized
samples present tetrahedral coordination, even for materials
with high Al content (Si/Al = 6).

The M41S family of surfactant-templated mesoporous silicates
and aluminosilicates was discovered and characterized in 1992
by Mobil Oil researchers.1 The presence of Al atoms incorpo-
rated into the walls and large pores provide these materials with
interesting properties for the catalytic conversion of bulky
molecules.2–4 In past years, a number of studies have been
published aimed to the synthesis of mesoporous materials with
increasing pore size by incorporation of swelling agents to the
synthesis medium or by using block copolymer surfactants.5–8

Accordingly, micelle-templated silicates and aluminosilicates
have been prepared with uniform pore sizes in the range 2–10
nm.9–13 However, less attention has been devoted to the
synthesis of surfactant-templated materials with pore diameters
below 2.0 nm. This is an interesting goal as it would contribute
to fill the pore size gap existing between microporous zeolitic
materials (Dp < 1 nm) and surfactant-templated mesoporous
solids (Dp > 2 nm). Moreover, materials with uniform pore size
in the range 1.0–2.0 nm are expected to exhibit interesting
shape-selectivity properties in the conversion of large sub-
strates.

Several papers have recently appeared with the aim of
obtaining surfactant templated materials with small pore
diameters. Thus, a novel method for tailoring the pore opening
size of MCM-41 materials has been reported,14 although based
on a complex post-synthesis treatment with three steps. A
completely different approach has been developed by Bagshaw
and Haymann,15 which has led to silicates with pore sizes in the
range 1.4–2.0 nm through the use of a new family of w-
hydroxy-bolaform surfactants. However, at present it is not
clear whether this last alternative would also allow microporous
aluminosilicates to be synthesized.

In a recent work,16 we have reported a new method for the
preparation of Al-containing micelle-templated silica (Al-MTS)
based on a sol–gel process at room temperature. We have found
that when increasing the aluminium content, materials with pore
sizes in the range 1.5–2.0 nm are obtained. In the present work
we show that this method is also useful for the synthesis of Al-
MTS solids with pore sizes that can be tailored in the range
1.0–2.0 nm through the variation of both surfactant alkyl chain
length and Al content.

The materials were synthesized at room temperature accord-
ing to the following procedure. The silica and aluminium
sources (tetraethyl orthosilicate, TEOS, and aluminium iso-
propoxide, IPA) were first hydrolyzed under acidic conditions
(aqueous HCl), the starting Si/Al ratio being varied within the
range 5–30. The surfactant was added and the mixture obtained
was stirred and kept under acidic conditions for 1 h (TEOS/Surf.
molar ratio = 0.3). Both cetyltrimethylammonium chloride
(CTMACl) and dodecyltrimethylammonium bromide

(DTMABr) were employed as surfactants. In a second step,
condensation reactions were promoted by dropwise addition of
2 wt% aqueous NH3 until the gel point is reached. The solid
material so obtained was filtered off, washed with deionized
water and dried at 110 °C overnight. Finally, it was calcined in
N2 flow at a heating rate of 1 °C min21 up to 550 °C and then
kept in air flow at this temperature for 5 h.

Table 1 summarizes the physicochemical properties of
different Al-MTS materials prepared. Although in general the
samples obtained show Al contents lower than those of the
synthesis mixture, a close correspondence is observed among
them, even for the synthesis with the lowest Si/Al ratios. TG
analysis of the as-synthesized samples show the presence of the
surfactant molecules occluded in the pores with weight losses in
the range 40–55 wt%, confirming that they can be regarded as
micelle-templated materials. Fig. 1 illustrates the XRD spectra
of samples prepared with surfactants of different chain length, a
sharp diffraction peak at low angle being observed, which is

Table 1 Synthesis conditions and physicochemical properties of the
synthesized materials

N2 adsorption
isotherm (77 K)

Surfactant
Si/Al
(medium)

Si/Al
(product)

Pore
volumea/
cm3 g21

BET
surface
areab/m2

g21

Surfactant
contentc
(wt%)

CTMACl 30 45.2 0.93 1180 55
CTMACl 20 31.5 0.66 1020 52
CTMACl 10 18.9 0.56 910 50
CTMACl 5 8.3 0.45 790 43
DTMABr 20 42.4 0.47 960 46
DTMABr 15 18.9 0.40 840 42
DTMABr 8 10.4 0.39 820 35
DTMABr 5 6.3 0.32 770 40
a Measured at p/po = 0.9. b Measured within the range p/po = 0.01–0.125.
c Determined from the TGA weight loss in the range 150–450 °C.

Fig. 1 XRD spectra of calcined samples: (a) DTMABr, Si/Al = 6.3 and (b)
CTMACl, Si/Al = 45.2.
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characteristic of M41S amorphous structured materials. The d-
spacings of the calcined samples prepared with DTMABr are
higher than those obtained with CTMACl, which shows that a
lower chain length of the surfactant leads to a reduction in the
unit cell size.

Fig. 2 compares the N2 adsorption–desorption isotherms at
77 K of a number of samples synthesized varying both the
surfactant and the starting Si/Al ratio. A type IV isotherm is
obtained for the sample prepared using CTMACl and Si/Al =
45.2, which is typical of a mesoporous material. This sample
shows a pore diameter of 2.5 nm, calculated by the BJH method.
However, increasing the Al content and/or reducing the alkyl
chain length of the surfactant leads to type I isotherms, typical
of microporous solids, which is accompanied by a decrease in
both surface area and pore volume. Fig. 3 shows the variation in
the pore size of these samples vs. the Al content. For both
surfactants, the pore diameter is progressively reduced as the Al
content is increased, showing that the presence of aluminium
species during the synthesis process strongly affects the ionic
surfactant-templated mechanism. For the samples prepared
using CTMACl, the lowest pore diameter obtained is 1.5 nm,
clearly within the micropore region. Interestingly, this limit can
be reduced using DTMABr as surfactant, which leads to the
synthesis of materials with pore sizes in the range 1.0–1.7
nm.

These results are further confirmed by TEM micrographs of
the samples (see Fig. 4). The pore diameters measured in these
micrographs agree well with those derived from the N2
adsorption measurements. Moreover, from XRD spacings and
pore diameters, a large wall thickness (1.5–2.0 nm) is obtained.
This result may be also important in terms of the stability of
these materials.

In order to study the Al environment in the samples, 27Al
MAS NMR spectra were measured, which show that in the as-
synthesized materials all the Al atoms present tetrahedral
coordination. This result indicates that even for samples with
high aluminium content (Si/Al = 6), most of the Al species are
effectively incorporated into the pore walls.

In summary, it can be concluded that using this new synthesis
method, and through a suitable combination of surfactant chain
length and Al content, Al-MTS materials with pore size
adjustable in the range 1.0 - 2.5 nm can be prepared.

This work was funded by the Spanish Comisión Inter-
ministerial de Ciencia y Tecnología (CICYT), project number
AMB-97/0530, and by Comunidad de Madrid, Strategic Group
Project.
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Fig. 2 N2 adsorption–desorption isotherms: (a) CTMACl, Si/Al = 45.2; (b)
CTMACl, Si/Al = 31.5; (c) CTMACl, Si/Al = 8.3; (d) DTMABr, Si/Al =
42.4; (e) DTMABr, Si/Al = 18.9; (f) DTMABr, Si/Al = 6.3.

Fig. 3 Relationship between the pore diameter and the aluminium content of
the samples: (a) CTMACl (pore diameters calculated according to the BJH
method) and (b) DTMABr (pore diameters calculated according to the
Saito–Foley method).

Fig. 4 TEM micrograph of the sample with Si/Al = 6.3 synthesized using
DTMABr as surfactant.
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Two photoluminescent two- and three-dimensional coor-
dination polymers consisting of Zn4O [or Zn4(OH)2] cores,
dicarboxylate (isophthalate or fumarate) and 4,4A-bipyridine
ligands as building blocks have been hydrothermally synthe-
sized and structurally characterized.

The construction of supramolecular architectures are currently
of great interest owing to their intriguing network topologies
and potential functions as new classes of materials.1 Poly-
nuclear d10 metal (CuI, AgI, AuI, ZnII or CdII) complexes have
been found to exhibit intriguing structural and photolumines-
cent properties.2–5 We have been pursuing synthetic strategies
for non-interpenetrating open frameworks with variable cavities
or channels using simple units as building blocks.6 We now
extend to work towards extended networks based on metal
clusters as building blocks, and report here the preparation and
crystal structures of two novel coordination polymers con-
structed by zinc cluster cores, 4,4A-bipyridine (4,4A-bpy) and
dicarboxylate ligands, namely [Zn4O(ip)3(4,4A-bpy)] (ip =
isophthalate) 1 and [Zn4(OH)2(fa)3(4,4A-bpy)2] (fa = fumarate)
2.

The hydrothermal reactions of zinc salts with the dicarbox-
ylates and 4,4A-bpy in molar ratio 1+1+1 at 180 °C (7 days) and
140 °C (60 h) led to the formation of colourless 1 and 2,
respectively. Elemental analysis confirmed the formulae of 1
and 2.‡ Thermogravimetric analysis (TGA) performed on the
polycrystalline samples indicate that they are thermally stable
up to 380 °C, in accord with the fact that hydrothermal products
are usually stable.

X-Ray single-crystal analysis§ has revealed that 1 contains
two-dimensional polymeric grids with supertetranuclear Zn4O
cores as building units, in which each zinc atom is coordinated
by the central m4-oxo atom, two oxygen atoms from two m-
carboxylate, and a monodentate carboxylate or 4,4A-bpy groups
to furnish tetrahedral coordination, as shown in Fig. 1. The
average Zn–O length (1.971 Å) is somewhat longer than that
(av. 1.939 Å) found in [Zn4O(O2CPh)6].5 The ip ligands in 1 act
in both bisbidentate and bismonodentate modes, though the
Zn(2)–O(4) distance of 2.547(2) Å suggests a non-negligible
interaction, or semi-chelate coordination mode for the bis-
monodentate tp ligand.7 The different coordination environ-
ments around two crystallographically independent zinc atoms
may be attributed to the different Zn–O(oxo) distances, the
Zn(2)–O(5) bond (1.993 Å) is much longer than that (1.931 Å)
of Zn(1)–O(5).

The most striking feature of 1 is the connection of Zn4O cores
via organic ligands to form infinite two-dimensional networks
with two different types of cavities (8.7 3 8.7 and 8.7 3 10.4
Å), as shown in Fig. 2. The Zn4O cores are bridged by
bismonodentate and bisbidentate ip ligands into infinite one-
dimensional ladder-like [Zn4O(ip)3] chains, and adjacent lad-
ders are interlinked through m-4,4A-bpy spacers, resulting in a

novel two-dimensional grid. It is noteworthy that the topology
of 1 can be simplified to (4,4) if we connect only the core (O5)
of the supertetrahedra.

Complex 2 is made up of an infinite interpenetrating three-
dimensional framework with Zn4(m3-OH)2 cores and organic
bridges. Unlike 1, the tetranuclear core in 2 is unprecedented in
zinc coordination chemistry, and similar to the butterfly-like
tetranuclear manganese complexes.8 Atom Zn(1) is in a
distorted octahedral geometry, coordinated by two m3-OH
groups, one 4,4A-bpy group, and three oxygen atoms from one
chelate and one monodentate carboxylate groups (Fig. 3). The
Zn–O(hydroxo) distances are compatible to those documented

† Electronic supplementary information (ESI) available: X-ray powder
diffraction data for complexes 1 and 2. See http://www.rsc.org/suppdata/cc/
b0/b005753n/

Fig. 1 The coordination environments of zinc atoms in 1. Selected bond
distances (Å) and angles (°): Zn(1)–O(1) 1.970(2), Zn(1)–O(5) 1.931(1),
Zn(2)–O(2) 1.989(2), Zn(2)–O(3) 1.969(3), Zn(2)–O(5) 1.993(2), Zn(1)–
N(1) 2.076(3); O(1)–Zn(1)–N(1) 96.4(1), O(1)–Zn(1)–O(5) 113.1(1),
O(5)–Zn(1)–N(1) 117.0(1), O(2)–Zn(2)–O(3) 94.0(1), O(2)–Zn(2)–O(5)
108.3(1), O(3)–Zn(2)–O(5) 128.8(1).

Fig. 2 Perspective view of the two-dimensional framework of 1.
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in the literature.9 The m3-OH group is also hydrogen-bonded to
the monodentate carboxylate [O(7a)…O(3a) 2.755(5)Å]. Zn(2)
atom is tetrahedrally coordinated by m3-OH, one 4,4A-bpy group
and two oxygen atoms from two fa ligands. The Zn4(OH)2 cores
are interlinked by the carboxylate groups of six fa ligands in
both bisbidentate and chelate-monodentate fashions, resulting
in infinite two-dimensional [Zn4(OH)2(fa)3] sheets [Fig. 4(a)],
which are pillared by the 4,4A-bpy ligands to generate an infinite
three-dimensional prismatic-like framework [Fig. 4(b)]. The
actual crystal structure has two such 3D frameworks that
interpenetrate each other. The topology of 2 can be related to the
simple cubic a-Po two-fold interpenetrated lattice.

It is noteworthy that 1 and 2 are the first examples of
coordination polymers constructed by oxo or hydroxo metal
clusters with mixed bridging organic ligands, though the first
three-dimensional framework constructed by Zn4O cores and
dicarboxylates has recently been documented in
[Zn4O(BDC)3](DMF)8(C6H5Cl) (BDC = 1,4-benzenedicar-
boxylate).10

In the solid state 1 and 2 exhibit intense photoluminescence
upon photoexcitation at 320 and 398 nm, respectively. The
emissions of 1 (lmax = 432 nm) and 2 (lmax = 453 nm) may be
assigned as ligand-to-metal charge transfer (LMCT).11 They
may be good candidates for blue-light emitting diode devices,
since these condensed materials are highly thermally stable and
insoluble in common polar and non-polar solvents.

In conclusion, we have synthesised two stable polynuclear
zinc polymers under hydrothermal conditions, providing a new
synthetic route for metal coordination polymers with promising
photoelectronic properties.

This work was supported by the NSFC (No. 29625102,
29971033).
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Fig. 3 The coordination environments of zinc atoms in 2. Selected bond
distances (Å) and angles (°): Zn(1)–O(1) 2.367(4), Zn(1)–O(2) 2.089(4),
Zn(1)–O(6) 2.054(4), Zn(1)–O(7) 2.015(3), Zn(1)–N(1a) 2.192(4), Zn(2)–
O(4a) 1.973(4), Zn(2)–O(5) 1.955(3), Zn(2)–O(7a) 1.950(3), Zn(2)–N(2)
2.054(4), O(7a)…O(3a) 2.755(5); O(1)–Zn(1)-O(2) 58.8(1), O(6)–Zn(1)–
O(7) 95.0(1), O(7)–Zn(1)–N(1a) 95.5(1), O(4a)–Zn(2)-O(7a) 109.4(1),
O(5)–Zn(2)–O(7a) 110.9(1), O(7a)–Zn(2)–N(2) 116.8(2), O(4a)–Zn(2)–
N(2) 105.0(1), O(5)–Zn(2)–N(2) 100.0(2).

Fig. 4 Perspective views of the two-dimensional framework of
[Zn4(OH)2(fa)3] (a) and the building unit of three-dimensional framework
(b) of 2. For clarity, both the 4,4A-bpy ligands and the ethylene groups of fa
ligands in (b) are shown as solid lines.
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The structure of the phosphinyl radical, ṖR2 [R =
CH(SiMe3)2], has been determined by gas-phase electron
diffraction (GED) together with ab initio molecular orbital
calculations, and that of the corresponding diphosphine,
(PR2)2, has been established by X-ray crystallography; the
diphosphine behaves as an energy storage reservoir.

In considering the homolytic cleavage of the E–E single bond of
molecules of the general type RAnEERAn, the formation of the
corresponding RAnE· radicals is expected to be favoured by
increased steric bulk of the substituents, RA. The conventional
view is that such increases of steric strain would be manifested
primarily in elongation of the E–E bond and that beyond a
critical point of steric loading this bond would rupture. Herein
we describe the X-ray crystal structure of the sterically
encumbered diphosphine, (PR2)2 (1) (R = CH(SiMe3)2), and
the gas-phase electron diffraction (GED) structure of the
corresponding homolysis product, ṖR2 (2), the exclusive
species found in both solution and in the gas phase.1 In
conjunction with ab initio calculations on 2, comparisons of the
structural features of the radical with those of the cognate dimer
1 provide new insights into the origins of the stabilisation of 2
and related species.

Diphosphine 1 was prepared by the reduction of a hexane
solution of ClPR2 (3) as described previously1 or by variations
thereof.2 Slow cooling of the filtered reaction mixture afforded
both yellow crystals of 1 and colourless crystals of 3, which
were separated manually. Phosphinyl radical 2 was produced by
melting or vaporising 1.

One of the most interesting features of the crystal structure of
1‡ (Fig. 1) is the P–P bond length [2.3103(7) Å]. While this
is the longest such bond yet reported for a diphosphine, it is
only ~ 0.1 Å longer than those reported for other diphosphines.
Moreover, this modest lengthening amounts to a diminution of
only ~ 4 kJ mol21 in terms of the P–P bond dissociation energy.
Previously reported distances for uncoordinated diphosphines
(PRA2)2 include 2.260(1) Å (RA = Mes),3a 2.246(2) Å (RA =
CF3),3b 2.215(3) Å (RA = Cy),3c 2.211(2) and 2.206(2) Å (RA =
Ph,C(O)But),3d 2.212(1) Å (RA = Me)3e and 2.2051(11) Å (RA =
C4Ph4).3f Another noteworthy feature of the structure of 1 is the
syn,anti orientation of the R ligands on each PR2 fragment,
which allows for a more efficient packing of the ligands around
the P–P core than does the corresponding syn,syn orientation.

GED data†§ in conjunction with ab initio theoretical results
revealed that 2 exists as a single syn,syn conformer of symmetry

C2 in the gas phase [cf. the syn,anti found for (PR2)2]. The
electron diffraction data for 2 in the C2 geometry were fitted by
use of the SARACEN method.4 The final experimental
structure (Fig. 2) is in reasonable agreement with that calculated
by the Density Functional Theory (DFT) method at the
UB3LYP/DZP level. The computed bond lengths generally
exceed the experimental values by ~ 0.01–0.02 Å and the
calculated angles within 1–2° of the GED values.

The change from the syn,syn to the syn,anti conformation
represents the most obvious difference between the local
geometries of the PR2 fragments in 1 and 2, and is a
consequence of the packing requirements of the ligands about
the P–P core of 1. However, the price of this packing is that
there is substantial steric strain, (a) within each R group, i.e.
between the two SiMe3 groups, (b) between the two R groups
attached to each P atom, and (c) between the R groups on the
two halves of the molecule. The steric strain is considerably
greater in the diphosphine than in the radical, as evidenced by
the distortions of the metrical parameters of 1 compared with
those of 2. For example, in 2 the root-mean-square variances
from the means of the angles at carbon and silicon are 3.9 and

† Electronic supplementary information (ESI) available: summary of GED
details and theoretical results. See http://www.rsc.org/suppdata/cc/b0/
b004889p/

Fig. 1 Thermal ellipsoid plot (30% probability level) of (PR2)2 (1; R =
CH(SiMe3)2). Selected bond lengths (Å), bond angles (°) and dihedral
angles (°): P(1)–P(2) 2.3103(7), P(1)–C(1) 1.892(2), P(1)–C(2) 1.896(2),
P(2)–C(4) 1.892(2), P(2)–C(3) 1.893(2), Si(1)–C(1) 1.905(2), Si(2)–C(1)
1.915(2), Si(3)–C(2) 1.918(2), Si(4)–C(2) 1.894(2), Si(5)–C(3) 1.892(2),
Si(6)–C(3) 1.926(2), Si(7)–C(4) 1.921(2), Si(8)–C(4) 1.896(2), C(1)–P(1)–
C(2) 103.57(9), C(1)–P(1)–P(2) 107.92(7), C(2)–P(1)–P(2) 104.83(6),
C(4)–P(2)–C(3) 103.00(9), C(4)–P(2)–P(1) 106.98(6), C(3)–P(2)–P(1)
105.27(7), C(1)–P(1)–P(2)–C(4) 32.0(1), C(2)–P(1)–P(2)–C(3) 109.0(1),
H(111)–C(11)–P(1)–C(12) 124.6, H(112)–C(12)–P(1)–C(11) 7.8, H(113)–
C(13)–P(2)–C(14) 24.6, H(114)–C(14)–P(2)–C(13) 122.9.
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2.4° respectively, whereas in 1 they are significantly larger
(15.3 and 4.1°). There are also increases in many of the bond
lengths of the R ligands in 1, the largest of which are close to the
P–P core. In general, there is an attenuation of such bond length
increases towards the molecular periphery.

In essence, the whole structure of 1 represents an energy
storage reservoir, somewhat like a compressed spring, which,
upon dissolution, melting or evaporation, is used to effect
cleavage of the P–P bond. In sharp contrast, other diphosphines
P2RA4 with sterically demanding substituents retain their P–P
bonding in both solution and the gas phase. To gain further
insights, we estimated the magnitude of steric relaxation in the
dissociation process using DFT calculations, summarised in
Fig. 3 (see ESI† for details). Single-point calculations on 1 (C–
H bond lengths fixed at 1.08 Å) and the two fragments formed
by breaking the P–P bond, 1A1 and 1A2, predict a P–P
homolysis energy of 95 kJ mol21. The hydrogen atom positions
in 1B2 were then optimised. This energy change, which reflects
the correction for unrefined placement of hydrogen atoms in the
crystal, was 239 kJ mol21. The remaining atom positions in 1B2
were then relaxed, to give structure 1C2 releasing 52 kJ mol21.
Finally, rotation of one of the R ligands around the P–C bond to
form the optimised syn,syn conformation (2), analogous to that
observed experimentally, releases a further 33 kJ mol21 per
radical. Thus, while the initial step in the homolysis reaction is
endothermic, the relaxation and rotation of the R ligands

releases at least 135 kJ mol21, more than sufficient to render the
overall process exothermic.

An informative comparison can be made with some closely-
related group 14 species. Analogous syn,anti to syn,syn
conformational changes and similar dissociation energies are
observed in the cleavage of (MR2)2 (M = Ge, Sn) into the MR2
carbenoid fragments.5 Again, the M–M distances in the solid are
very similar to those in sterically less encumbered M2RA4
molecules. In contrast, the related {M[N(SiMe3)2]2} (M = Ge,
Sn, Pb) species, while remaining monomeric in both the gas and
the solid, change their conformations.6

In conclusion, the homolytic behaviour of 1 permits a new
understanding concerning the functioning of bulky substituents.
The shape and flexibility of the CH(SiMe3)2 ligands allows for
the formation of the P–P bond in 1. However, in the process of
bond formation (and crystallisation) the molecule accumulates
a large store of potential energy and is primed to spring apart
upon release from the solid state. The potential energy of steric
repulsion is not manifested in an elongated P–P bond, but is
evidenced primarily by the deformation of the ligands. In this
sense, the malleable R substituents act as the springs in a
molecular jack-in-the-box.
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Fig. 3 Summary of DFT calculation results for diphosphine 1 in the solid-
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geometry 2. Energies in kJ mol21.
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An in situ ATR (attenuated total reflectance)-IR study of
CO2 dissolved in two ionic liquids at high pressures has
demonstrated the effects of the anionic species of the ionic
liquids on the molecular state of the dissolved CO2.

In the search for alternatives to conventional solvents partly
driven by the need for ‘green’ chemistry and sustainable
technology, but primarily because of the potential for novel
synthetic routes, a number of media have been explored
recently. These include supercritical fluids (SCF) and room-
temperature ionic liquids (IL).1 One of the challenges that exist
in the use of ionic liquids is that it is often difficult to separate
products from reactants, catalyst or solvent. Distillation of the
solvent cannot be applied for separation because of the low
vapour pressure of ionic liquids. The possibility of combining
chemical reactions in IL with separations using SCF is of
potential value.

Very recent work has demonstrated that supercritical (sc)
CO2 is highly soluble in certain ionic liquids while these ionic
liquids are not measurably soluble in the scCO2 phase.2 This
observation indicates that there is a potentially useful opportu-
nity to separate scCO2-soluble products from ionic liquids using
SCF/liquid extraction. The ‘tunable’ solvent power of the
supercritical fluid, owing to its variable (with pressure or
temperature) solvent density may be utilised for extraction and
separation of the products of chemical processing in ionic
liquids (without, for example, removing catalyst from IL).
Synthetic procedures and catalytic processes using IL media
have been recently summarised3 and the applications of SCF
solvents for extraction, and in particular the role of spectroscopy
in monitoring these processes, have also been reviewed.4 The
preliminary data showed that naphthalene could be extracted
from an ionic liquid into scCO2 phase.2 However, the same
authors later indicated that the presence of water in the IL had
a significant effect on CO2 solubility.5 In this work the authors
also speculated about the origins of the high solubility of CO2 in
ionic liquids, and the role of different anions.

A molecular-level insight into the state of CO2 dissolved in
IL is needed to elucidate the fundamental origin of this
phenomenon. Here, we report an in situ ATR-IR study of CO2
dissolved in two ionic liquids at high pressures. The advantage
of a very shallow penetration (few microns) of the IR light in
ATR-IR spectroscopy has been utilised to measure the spectrum
of CO2 dissolved in two ionic liquids. Ionic liquids based on the
1-alkyl-3-methylimidazolium cation in conjunction with either
[PF6]2 or [BF4]2 {[bmim][PF6] I and [bmim][BF4] II}, were
synthesised by established procedures.3 ATR-IR spectroscopy
overcomes some of the limitations inherent to other techniques
when the objective is to gain spectra of molecules dissolved in
highly absorbing media. It would be very difficult, if not
impossible, to measure the IR spectrum of the bending mode of
CO2 dissolved in ionic liquids using transmission spectroscopy

because of the strong absorbance of these ionic liquids in the
important region of the bending mode of CO2. The current
ATR-IR method uses a modified commercial diamond ATR
accessory (Specac, Ltd., UK) and a miniature high-pressure
flow cell.6 Diamond’s ability to withstand high pressure was
used to measure the spectra of CO2 dissolved in IL at various
pressures and temperatures. IR spectra were measured using an
Equinox-55 FTIR spectrometer (Bruker) with DTGS and MCT
detectors; resolution was 2 cm21. The cell was pressurised with
CO2 up to 200 bar at room temperature, equilibrated for periods
from several hours to a few days, and the spectra were
measured. The temperature of the cell could readily be varied
from room temperature to 200 °C (for a schematic view of the
cell see ESI†).

The IR spectrum of CO2 dissolved in two ILs shows the
bands corresponding to antisymmetric (not illustrated) and
bending modes of CO2. There was no difference in position of
the bands corresponding to the n3 antisymmetric stretching
modes of CO2 dissolved in I and II. Both bands appear with the
peak maximum at ca. 2338 cm21 with the shoulder on the low-
wavenumber side of the band. The position of this band of CO2
dissolved in IL is very close to that of CO2 dissolved in glassy
polymers, such as PMMA7 rather than the CO2 incorporated in
halogen salts of alkali metals8 where the bands are observed in
the region of 2150–2200 cm21. The absorbance of the n3 band
is 0.35 for CO2 dissolved in I at 68 bar and 40 °C. In situ ATR-
IR spectroscopy provides a direct but approximate measure-
ment of the solubility of CO2 in IL; the effective pathlength for
this band is ca. 1.5 mm, and using the same molar absorptivity
for CO2 as for CO2 dissolved in water at high pressures9 the
solubility of CO2 in I at these conditions is ca. 0.6 mol fraction
(2 M). The absorbance of the n3 band of CO2 dissolved in II is
approximately 40% lower indicating the lower solubility of CO2
in II.

Fig. 1 shows the normalised spectra of CO2 in the n2 region
in I and II at 68 bar and 40 °C. There are two important

† Electronic supplementary information (ESI) available: schematic view of
the miniature high-pressure flow cell. See http://www.rsc.org/suppdata/cc/
b0/b005514j/

Fig. 1 ATR-IR spectra of CO2 in the n2 mode region: spectrum of CO2

dissolved in II (- - - -) and I (———). The absorbance scales of these spectra
have been normalized to the absorbance of the stronger band (the maximum
absorbance for I was ca. 0.2).
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observations: (i) the band is split into a doublet comprising of
two bands; (ii) the magnitude of the splitting is different for CO2
dissolved in I compared with II; the bands are strongly
overlapped in I while the bands are distinct in II. The splitting
of the bending mode of CO2 indicates that the double
degeneracy has been removed. This occurs due to a small
bending of the CO2 molecule. The angle of the bending is,
probably, just a few degrees since we did not detect the
appearance of the band corresponding to the symmetric
stretching mode of CO2. By analogy with the reported specific
interaction between CO2 and Lewis bases, which also results in
the splitting of the bending mode,7 it is reasonable to speculate
that the splitting of the bending mode of CO2 dissolved in ionic
liquids indicates an interaction of CO2 with a negatively
charged fluorinated anion in I and II. These anions could act as
weak Lewis bases, and CO2 appears to be a useful probe to
sense the extent of their basicity. The width of the n2 mode,
measured as an effective average width of the split band (the
average width represents the width of the doublet at the half-
maximum of the absorbance) is an estimate of the strength of the
interaction of CO2 with the Lewis bases: the width increases
with the increase of the strength of the interaction.7 The
observation of the striking differences in the band widths for
CO2 dissolved in I and II suggests that [BF4]2 is a stronger
Lewis base in its interaction with CO2 than [PF6]2. The average
width of n2 for CO2 dissolved in II reaches 19 cm21, the n2
width of CO2 in I is just 15 cm21. The degree of the splitting
also indicates that CO2 molecules are more strongly bent and
interactive with II than with I as was observed previously for
CO2 dissolved in organic solvents and supported by ab initio
calculations.10 Thus [BF4]2 acts as a stronger Lewis base
towards CO2 than [PF6]2. This conclusion contradicts the
proposal by Brennecke and coworkers5 that the strength of the
interaction between CO2 with [PF6]2, in ionic liquids, should be
stronger than with [BF4]2. The current spectroscopic data
provide strong evidence that the trend is the opposite, the
[BF4]2 anion interacting more strongly with CO2 than [PF6]2.
This could also be a result of the strength of interaction
decreasing with the increase of anion size. Thus, the strength of
these interactions cannot be solely responsible for the solubility
of CO2 in these ionic liquids, and, presumably, a free volume
contribution in the IL plays a significant role.5 The strength of
anion–cation interaction in the IL affects the available free
volume, and one would anticipate that a weaker interacting
anion leads to more free volume being available.

The spectroscopic ATR-IR method also facilitates the
estimation of the swelling of ionic liquids subjected to high-
pressure CO2. The bands corresponding to the vibrations of the
ionic liquids decrease in intensity as the pressure of CO2
increases which would indicate that the evanescent wave in
ATR spectroscopy probes a smaller number of ions in the
vicinity of the ATR crystal due to the swelling of the liquid. This
indicates that the interaction of CO2 molecules with anions in
ionic liquids facilitates swelling by decreasing anion–cation
interactions for ions that are already largely mobile at room
temperature in ionic liquids compared to other salts. The
swelling of I is greater than of II presumably due to the weaker
anion–cation interactions in I; it was noted earlier that the
estimated solubility of CO2 in II was ca. 40% less than for I,
consistent with the differences in swelling. We have also
observed a small (a few cm21) shift to the high-frequency
region of the some of the bands corresponding to the stretching
n3 modes of anions in I and II (relative to the bands of these
ionic liquids in absence of dissolved CO2) which also indicates
that CO2 interacts with the anions in these ILs. This shift also
indicates a weakening of the interactions of the anions with their
environment as CO2 molecules weakly interact with the anions
and act as a ‘shield’ reducing stronger interactions. The
interactions between the CO2 molecule and anion are probably
of Lewis acid–base type, with the axis of the ONCNO molecule
orienting towards the anion in perpendicular arrangement to P–
F or B–F bonds. If the interaction of the CO2 molecule with the
cation in IL was via the CO2 oxygen atom one would expect the

n3 band to appear in a higher frequency range (2345–2360
cm21), the appearance of the n1 band and no splitting of the
bending mode n2. This was observed in a number of studies on
CO2 adsorption in zeolites.11 The influence of the negative
charge density of the oxygen atoms in some zeolite networks
reduces the n3 frequency,11 which is consistent with the current
proposal for the origin of the CO2/anion interactions. The
variation of the temperature of the I/CO2 system in the range
40–60 °C shows that the absorbance bands of CO2 dissolved in
IL decrease in intensity as temperature increases; the interaction
between CO2 and I is exothermic which is typical for Lewis
acid–base type interactions.

These data for the CO2 interactions with IL is remarkably
similar to those observed for CO2 interactions with polymers.7
There it was shown that the bending mode n2 of dissolved CO2
is a very informative probe in elucidating its interactions with
electron-donating functional groups in polymers. It is sig-
nificant that the splitting of the bending mode of CO2 in II
exceeded any of the corresponding splittings observed for CO2
in the polymers,7 and the splitting for both I and II is
significantly larger than that observed in fluorine-containing
polymers indicative of the role of the negative charge in IL.
There is a report implying that [BF4]2 is a stronger Lewis base
than [PF6]2 based on the measurements of the coordinating
ability of these anions.12 Our spectroscopic assignment of the
strength of interaction between CO2 and anions in the two ionic
liquids is also consistent with recent work13 on the interactions
between methanol and various anions where it was shown that
[BF4]2 is a stronger proton acceptor relative to [PF6]2.
Preliminary results for ionic liquids containing anions that are
stronger bases, compared to [bmim][PF6] and [bmim][BF4], e.g.
[CF3CO2]2, has shown that the bending mode of CO2 dissolved
in this ionic liquid is split even further reflecting the greater
basicity of this anion.

In summary, these spectroscopic data provide a first direct
indication of the effect of an anion in the weak Lewis acid–base
interactions with CO2 molecules, and also provides a way to
study phase partition behaviour of supercritical CO2/IL sys-
tems, and hence to facilitate the design and optimisation of IL/
SCF synthetic and separation routes.
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Condensation of pentane-2,4-dione with different unpro-
tected sugars in alkaline aqueous media gave quantitatively
in one step b-C-glycosidic ketones.

C-Glycosides are becoming useful as building blocks for the
synthesis of various types of natural products and as potential
enzyme inhibitors.1 In addition, they are used as a model in
enzymatic and metabolic studies, indeed it has been shown that
the conformational differences between the O- (or N-) glyco-
sides and the C-linked analogue are minimal.2 Moreover, C-
glycosides are essentially inert to degradation because the
natural anomeric centre has been transformed from a hydrolyt-
ically labile O or N acetal link to an ether. As a result, significant
attention has been focused in the last decade on the development
of new routes for their syntheses.

The most common method for C–C bond formation at the
anomeric centre involves nucleophilic attack on this naturally
electrophilic carbon atom.3 A wide variety of electrophilic
sugars have been employed such as reducing sugars, alkyl
glycosides, anomeric esters, anomeric trichloroacetimidates, or
glycosyl halides. The carbon nucleophiles that have been used
include cyanides, allyl- and propargylsilanes, silyl enol ethers,
silyl ketenes, enamines and organometallics such as Grignard
reagents, organolithiums, cuprates, or aluminates.4 In most
cases, these procedures require specific, awkward reaction
conditions and generally suffer from low yields.

Recently, there have been several advances in C–C bond
formation in aqueous media. These milder methods include the
coupling of unprotected sugars with malonate-derived nucleo-
philes such as barbituric derivatives5 or Meldrum acid,6 with
Wittig-type reagents,7 or with allyl bromides promoted by tin or
indium in Barbier-type reactions.8 In fact, water is now
recognised as an attractive medium for many organic reactions9

but curiously, for the most part, sugar chemistry stays away
from this development of organic synthesis in water. Yet, the
use of water-soluble unprotected reducing carbohydrates would
allow syntheses without the tedious protection–deprotection
protocol.

The Knoevenagel condensation,10 a century-old reaction,
consists of the condensation of aldehydes with active methyl-
ene-containing derivatives such as malonic acid or its ester.
Despite the Knoevenagel reaction being a net dehydration, this
reaction was surprisingly in some cases favoured in aqueous
media.11

In this communication, we describe the very efficient one-
step synthesis of b-C-glycosidic ketones in alkaline aqueous
media from unprotected carbohydrates via the Knoevenagel
condensation.

C-Glycosidic ketones are normally prepared in anhydrous
conditions from an activated protected sugar by addition of a
suitable nucleophile such as silyl enol ether12 or enamines13 to
give generally the a-C-glycoside anomers as the major
stereoisomer. Alternatively they can be obtained through
multistep chemical transformations of allyl C-glycosides or
using Wittig-type reaction on reducing sugars.14

We describe here the reaction in water of pentane-2,4-dione
with D-glucose (1), D-mannose (2) or D-cellobiose (3) in the
presence of sodium bicarbonate, which gave quantitatively in

one step the b-C-glycosidic ketones (4–6).† The results and
conditions are summarised in Table 1.

It is worth pointing out that compound 4 derived from D-
glucose and 6 derived from D-cellobiose have been prepared
only recently, respectively in six and seven steps in overall low
yields from commercial 2,3,4,6-tetrabenzylglucopyranose.15 In
the case of the still unknown compound 5, the structure and
particularly the configuration at the anomeric centre was
determined through 1H, 13C and NOESY NMR spectra.‡ Indeed
a strong correlation between H-1 with both H-3 and H-5 in the
NOESY spectrum along with a small coupling constant J1,2 of
1 Hz indicates a b-configuration.

In fact, the reaction of pentane-2,4-dione with reducing
sugars had already been studied in acidic medium (ZnCl2,
MeOH) and was shown16 to give in the case of glucose the furan
derivative (7) which further cyclises to 8 (32% overall yield), or,
in aqueous acetone in the presence of sodium carbonate with
reducing amino sugars such as glucosamine, the pyrrole
derivative (9).17

In our case, the formation of compounds (4–6) results from
the initial condensation of the carbanion of the b-diketone with
the starting sugar (1–3), b-elimination of water and then
cyclisation to the intermediate C-glycoside which undergoes a
retro-Claisen aldolisation under the basic conditions with
concomitant sodium acetate elimination, as shown in Scheme
1.

The exclusive formation of the b-pyranoside stereoisomer in
the reaction at 90 °C came from thermodynamic control in the

Table 1 Addition of pentane-2,4-dione onto unprotected carbohydrates in
water

Substrates Conditions
Products and
stereoselectivityb

Total
yields
(%)a

D-Glucose (1) NaHCO3 (1.5 eq.),
6 h, 90 °C

4 (100% b) 96

Yb(OTf)3 (0.1 eq.)
20 h, 60 °C

7 (58%)a + 8 (39%)a 97

D-Mannose (2) 12 h, 90 °C 5 (100% b) 95
D-Cellobiose (3) 12 h, 90 °C 6 (100% b) 93
a Isolated yields. b Determined by 1H and 13C NMR spectroscopy.
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presence of sodium bicarbonate. Effectively, at rt after 24 h we
get a mixture of the four possible a,b-furanosides and a,b-
pyranosides stereoisomers in which the a-furanoside predom-
inates.§ Indeed, it has been shown that equilibration under basic
conditions of protected a,b-C-glucofuranoside analogues hav-
ing an activated methylene group adjacent to the anomeric
carbon favored the a-anomer through an a,b-unsaturated keto-
intermediate.18 By contrast, in the case of a mixture of a,b-
glucopyranosides, equilibration led to the practically exclusive
formation of the b-glucopyranoside.19 In our case, the reaction
with D-glucose, including the equilibration towards the pure b-
C-glucopyranoside, is complete after 6 h at 90 °C whereas for
the reaction with D-mannose a longer reaction time is required
(12 h at 90 °C) as a result of a slower equilibration process. In
the case of cellobiose, pure b-C-glycoside was obtained along
with a trace of starting cellobiose ( < 4%) which still existed
after 12 h at 90 °C and which was removed after crystallisation
of the b-C-glycosidic ketone.

Recently, ytterbium trifluoromethanesulfonate was shown to
promote acid-catalysed reactions in water under rather smooth
conditions. This encouraged us to try the reaction of pentane-
2,4-dione with D-glucose in water in the presence of Yb(OTf)3
at neutral pH. Indeed, after 20 h at 60 °C, we obtained a 1.5+1
mixture of compounds 7 and 8, formerly prepared under rather
drastic conditions,16 in near quantitative yield which could be
further separated by flash chromatography into pure 7 (58%)
and 8 (39%).

In summary, the Knoevenagel condensation under aqueous
conditions presented in this paper represents a very convenient
method for the preparation of pure b-C-glycosidic ketones in
one step directly from the unprotected sugar. Application of this
method to other bi-functional compounds as well as the use of
these compounds in the preparation of more elaborate C-
glycosides are at present under investigation in our labo-
ratory.
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Ionic liquids formulated from imidazole cations with ap-
pended fluorous tails function as surfactants when added to
conventional ionic liquids, facilitating the emulsification of
fluoroalkanes with IL phases.

The development of less-polluting, ‘neoteric’ solvents is a key
element in an emerging agenda for sustainable industrial
development.1 The alternatives receiving the most attention as
neoteric solvents are ionic liquids (ILs), supercritical CO2 (sc-
CO2), supercritical/near-critical H2O, and perfluorocarbons.2
Despite the intense interest in them, much of the basic chemistry
of ionic liquids remains to be explored. Indeed, an under-
standing of this basic chemistry is of vital importance to the
development of ionic liquids for ‘green’ applications.1,3

The thrust of our work with ionic liquids is the design and
synthesis of salts composed of ions that incorporate structural or
functional features that imbue them with particular proper-
ties.1d,4 In a recent paper, we reported the synthesis of the first
imidazolium ion with a long fluorous ‘ponytail’, with which we
formulated a low-melting salt, cf., a fluorous ionic liquid.5,6 Our
observation of the formation of a liquid crystalline phase by this
structurally complex, fluorinated IL led us to speculate that the
fluorocarbon tails of such ionic-liquid component cations
associate. We subsequently reasoned that this property might be
exploited to address a question of fundamental importance with
regard to ionic liquid chemistry—the capacity of a designed, IL-
based surfactant to alter the properties of a more conventional
IL phase. Further, we deemed it feasible to capitalize upon such
compounds to achieve a result of potential utility in biphasic
systems—the use of the surfactant to promote and stabilize
dispersions of a fluorous phase into an ionic liquid, two
ordinarily immiscible neoteric solvent types. Note that Bren-
necke, Johnson and Rogers have all recently demonstrated the
potential importance of biphasic systems in which both solvent
components were neoteric materials.7

Here, we report the synthesis of four new fluorinated ionic
liquids. The new compounds, 1–4, differ substantially from the
handful of known fluorine-containing ionic liquids in that the
cation head-group structure is conventional and the fluorous
appendage long (Fig. 1).8,9 All of the new compounds are
surfactants that promote the formation and stabilization of
dispersions of perfluorocarbons in a conventional ionic
liquid, 1-hexyl-3-methylimidazolium hexafluorophosphate,
[6-mim]PF6. Ours is the first report of the action of a fluorous
surfactant on an ionic liquid, and only the second report of any
surfactant action on or in an ionic liquid solvent.10,11

The new fluorous ionic liquids are readily prepared from
commercially available starting materials. Using an approach
similar to that used to prepare our earlier fluorous IL, the
imidazole cores 1-methyl- and 1-butylimidazole are dissolved
in toluene, treated with a slight molar deficiency of
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane or
1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododec-
ane and heated under reflux overnight. Cooling to rt followed by
removal of the solvent in vacuo leaves soft, off-white waxes.
These iodide salts are readily metathesized in acetone using
AgPF6, giving ILs 1–4 in good yields.12

Compounds 1–4 manifest several behaviors common to
surfactants. Simple capillary-rise measurements reveal that the
surface tensions of saturated solutions (0.3 mass percent, ~ 1–4
mmolar) of 1–4 in [6-mim]PF6 range from 10 to 15% less than
the surface tensions of the conventional ionic liquid alone.
Further, Ostwald viscosimetry establishes that increases in the
viscosity of [6-mim]PF6 occur upon addition of compounds
1–4, a behavior common to known surfactants.13 Still, the most
dramatic surfactant behavior manifested by the new ILs is their
capacity to act as agents to promote and stabilize dispersions of
perfluorohexane in the ‘conventional’ IL [6-mim]PF6. In the
absence of the new fluorous ILs, the IL and perfluorohexane
phases remain well defined. Controlled, timed mechanical
agitation of the two-phase system results in the dispersal of
droplets of the fluorous phase into the IL, but the droplets are
quite large and individually distinguishable. They visibly begin
to coalesce back into a bulk phase upon cessation of agitation.
When this experiment is repeated using saturated solutions of
1–4 dissolved in [6-mim]PF6, the dispersions that are formed
persist for weeks without visible change.

Transmittance spectroscopy of the dispersions of per-
fluorohexane in the fluorous/conventional ionic liquid solution
versus time graphically demonstrates the enhanced stability of
those systems (Fig. 2).14 Without fluorous IL, the initial
turbidity of the system as determined by transmittance is
slightly more than 40%. When any of the compounds 1–4 is
dissolved in the bulk IL phase, the initial transmittance values
are all near 10%. The rapid coalescence of the dispersed
perfluorohexane droplets is apparent in the system without any

Fig. 1 General structure of the new fluorous ionic liquids.

Fig. 2 Transmittance of perfluorohexane dispersions in [6-mim]PF6 as a
function of time with (top to bottom) no added fluorous IL; added 2; added
1; added 4; added 3. The enhanced stability of the dispersions in the
presence of the fluorous ILs is apparent.
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fluorous IL, the transmittance of the system rising to 85% after
30 minutes. After similar time intervals, all four dispersions
with added fluorous IL remain below 15% transmittance. This
marked disparity persists with time. Over a four-hour interval,
the transmittance of the IL–perfluorohexane mixture rises to
92%, while the transmittance values of the dispersions contain-
ing fluorous ILs range between 12 and 28%. This stability
persists for extended time periods, dispersions of perfluorohex-
ane and [6-mim]PF6 with added 3 enduring for several weeks.
Over periods of time greater than a month, the dispersions
gradually decay with the formation of flocs.

In an effort to explore putative changes in the solvent
environment arising from the presence of dissolved fluorous
salt, we exploited a recent discovery by Rogers that, dissolved
in conventional IL phases, thymol blue functions as an effective
visual probe of such differences.15 Systems containing
[6-mim]PF6–perfluorohexane and 3–[6-mim]PF6–perfluoro-
hexane were prepared in identical fashion, solid thymol blue
being added to each after the initial IL phases had been pre-
equilibrated with pH 7.2 buffer. The mixtures were mechani-
cally agitated for 15 min during which time the thymol blue
dissolved. Upon dissolution of the thymol blue, the
[6-mim]PF6–perfluorohexane suspension became red, the color
remaining in the IL phase as the two component liquids
coalesced back into bulk phases. In the case of the
3–[6-mim]PF6–perfluorohexane mixture, a persistent suspen-
sion was formed which was brilliant yellow (Fig. 3). The yellow
coloration was also observed in a mixture of 3 and [6-mim]PF6
in the absence of perfluorohexane, indicating that the presence
of the fluorous IL solute in the conventional IL phase is
responsible for the observed difference in color. The effect does
not appear to be linked to an electron-withdrawing effect of the
fluorous appendage upon the imidazolium ion. Proton NMR
spectra of 1–4 reveal that the chemical shifts of the imidazole
ring C-2 protons—the most acidic within the cation structure—
are similar to those of non-fluorinated ILs, suggesting that they
are not rendered more acidic by the fluorous appendage.16†
However, the presence of the fluorous appendage is likely to
alter the capacity of the conventional IL to hold trace quantities
of water, and the effect of such variations in water content
within the IL phase on the behavior of the dye is unknown.
Consequently, the basis of the difference in the color, whether

pH based, solvatochromic, etc. is unclear. Studies to address
this issue and other facets of the chemistry of fluorous ionic
liquids are in progress, and will be reported in due course.
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of this work. We also wish to thank Dr Joseph Serafin for
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surface tension measurements, and Mr Michael Laurila for
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Fig. 3 Solution of 3/[6-mim]PF6 with emulsified perfluorohexane (left) and
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Cyclopalladated phosphine free pyrazole complexes 1 and
benzothiazole complexes 2 are excellent catalysts for the
Heck vinylation of aryl iodides and termolecular queuing
cascades, leading to turnover numbers of > 106 in some
cases, at moderate temperatures; these catalysts show high
thermal stability and are not sensitive to moisture and air.

Palladium salts/complexes are exceptionally versatile and
robust catalysts for the construction of carbon–carbon and
carbon–heteroatom bonds. Recently a number of novel phos-
phapalladacycles1–7 as well as cyclometallated imine com-
plexes8 have been used in the Heck coupling of aryl halides and
acrylates with TONs (turnover numbers) of 105–106. Su-
zuki1,5,8,9 and Stille cross couplings1,5 have also been performed
using some of these palladacycle catalysts with varying TONs
of 102–106. These catalysts exhibit higher air and thermal
stability compared with conventional Pd(0) catalysts e.g.
Pd(PPh3)4.

The use of phosphine free, nitrogen based ligands in the Heck
reaction is a neglected area. We report here that palladacycles 1
and 210 are outstanding catalysts for the Heck reaction and

TONs of > 106 can be achieved at 70–110 °C. Palladium
complexes 1 and 2 are easily prepared, show high thermal
stability and are not sensitive to moisture or air. Recently
Milstein and coworkers reported non-phosphine cyclopalla-
dated imine complexes for Heck reactions.8

Initially we explored the Heck reaction between iodobenzene
and n-butyl acrylate (Scheme 1) in the presence of 1 mol%
catalyst in DMF at 100 °C (Table 1).

Introducing fluorine (2I and p donor) substituents in the
heterocyclic ligand para and/or ortho to the C–Pd bond
increases the rate of the reaction (Table 1, entries 1, 4 and 9).
Dual o- and p-fluoro substituents enhance this trend (Table 1,

entries 4 and 9). Exchanging the R1 and R2 methyl groups for an
electron withdrawing trifluoromethyl group in 1 also perturbs
the rate. Thus replacing the C(3) methyl group in 1a by CF3
results in a more active catalyst (Table 1, entries 1 and 2; entries
4 and 5) whilst replacing the C(5) methyl group does not
produce rate acceleration (Table 1, entries 1 and 3; entries 4 and
6). The role of the fluoro and trifluoromethyl substituents is to
perturb the C–Pd covalent bond, and N–Pd dative bond. When
these substituents are optimally located they facilitate a
controlled breakdown of the Pd(II) complexes 1 and 2
furnishing the active catalytic species. These palladacycles
could operate via a Pd(II)/Pd(IV)12 or Pd(0)/Pd(II) catalytic cycle.
It appears probable, on our current evidence that the active
species are Pd(0) nanoparticles.13,14

Next we briefly studied the effects of base in the Heck
reaction employing milder conditions. These results are sum-
marised in Table 2.

Although in some cases competitive reduction of the aryl
iodide bond was observed, the use of sodium and potassium
formate was found to accelerate the rate of the reaction. When
potassium carbonate was employed as the base, the product was
furnished in 80% isolated yield (entry 5) after 2 h. However
lower isolated yields of product (65–70%) were obtained after

Scheme 1

Table 1 Heck coupling of iodobenzene with n-butyl acrylate using pyrazole
and benzothiazole palladacycles at 100 °C in DMF

Entry
Catalyst
(1 mol %) T/°C t/min

Conversiona

(%)

1 1a 100 60 100
2 1b 100 15 100
3 1c 100 90 100
4 1d 100 45 100
5 1e 100 15 100
6 1f 100 60 100
7 2a 110 180 95
8 2b 110 180 93
9 2c 100 30 100

10 2f 110 180 100
a Conversion estimated by NMR spectroscopy.

Table 2 Effect of base on the Heck coupling of iodobenzene with n-butyl
acrylate using pyrazole and benzothiazole palladacycles at 70 °C in DMF

Entry
Catalyst
(1 mol%)

Base
(2 eq.) t/h

Conversiona

(%)

1 1b HCO2Na 1 100
2 1b K2CO3 2 61
3 1b HCO2K 1 100
4 1b MeCO2Na 1 29
5 1e K2CO3 2 93
6 1e HCO2Na 1 100
7 1e HCO2K 1 100
a Conversion estimated by NMR spectroscopy.
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1 h when either sodium or potassium formate were used (entries
1, 3, 6 and 7). Sodium acetate was the least effective of the bases
evaluated (entry 4), with only 29% conversion after 1 h.

Turnover numbers are summarised in Table 3 for the Heck
reaction of iodobenzene (1 mmol) and n-butyl acrylate (2
mmol) using either HCO2Na (2 mmol) or K2CO3 (2 mmol) as
base in DMF at 90–110 °C for 48 h.

Although TONs of up to 2 3 106 can be achieved when
employing sodium formate as base (entry 6) competitive
reduction of the aryl iodide bond results in lower isolated yield
of Heck product (50%). Employing potassium carbonate as base
resulted in a TON of 2 3 106 (entry 7) and 78% isolated
yield.

Finally we have briefly explored the scope of these catalysts
in a three-component cascade process.15 Typical examples are
shown in Scheme 2.

In conclusion, we have developed a range of non-phosphine
palladacycles which are efficient catalysts with high TONs for
Heck reactions under mild conditions and with relatively short
reaction times. Studies on other Heck substrates and the
mechanism are in progress.

We thank Leeds University, the ORS (X. G.) and Johnson
Matthey for support.
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Table 3 Heck coupling of iodobenzene (1 mmol) with n-butyl acrylate (2 mmol) using pyrazole and benzothiazole palladacycles for 48 h at 90–110 °C in
DMF

Entry Catalyst/mmol Base (2 mmol) T/°C Conversiona (%) TONb Yieldc (%)

1 1b (5 3 1027) HCO2Na 100 75 1.5 3 106 —
2 1b (5 3 1027) MeCO2Na or MeCO2Cs 100 < 10 — —
3 1e (5 3 1027) HCO2Na 100 74 1.48 3 106 —
4 1e (5 3 1027) MeCO2Na 100 0 — —
5 1f (5 3 1027) HCO2Na 100 93 1.8 3 106 —
6 1a (5 3 1027) HCO2Na 100 100 2 3 106 50
7 1a (5 3 1027) K2CO3 110 100 2 3 106 78
8 2c (1 3 1026) K2CO3 90 78 7.8 3 105 —
9 2b (1 3 1025) K2CO3 90 98 9.8 3 104 —

10 2e (1 3 1025) K2CO3 90 98 9.8 3 104 —
11 2f (1 3 1025) K2CO3 90 100 1 3 105 —
a Conversion estimated by NMR spectroscopy. b TON based on consumption of iodobenzene. c Isolated yields.

Scheme 2
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At ambient pressure, a series of cadmium phosphosilicate
glasses has been prepared in which, at certain phosphorus
concentrations, the coexistence of four-, five- and six-
coordinated silicon has been observed by 29Si MAS solid
state NMR spectroscopy.

In 1932 Zachariasen postulated that four coordinated silicon
(Siiv) is the building block of silicate glasses.1 Indeed, several
unsuccessful attempts were made subsequently to show that
higher silicon coordination numbers would impose periodic
long range order and consequent crystallinity.2,3 However, in
1987 a peak 2213 ppm (characteristic of Sivi) was first
observed in the 29Si NMR spectrum of a 1+2 alkali metal silicate
glass containing > 30 mol% P2O5 and prepared at ambient
pressure.4 Other reports of higher coordination numbers (Siv
and Sivi) occurring in alkali and alkaline-earth silicate glasses
have appeared subsequently.5–8 Such knowledge of the local
order of network forming silicon is needed to understand the
physicochemical behaviour of silicate melts, magmas and
plasmas at both ambient and high pressures.8–10 Generally, the
transition of Siiv to Siv and to Sivi is favoured at high pressures.
We now report the first evidence of the coexistence of Siiv, Siv,
and Sivi in a series of cadmium phosphosilicate single phase
glasses prepared at ambient pressure and which were wholly
vitreous within the detection limit of X-ray diffraction.

The cadmium phosphosilicate single phase glasses were
made using appropriate amounts of analytical grade CdCO3,
SiO2 and P2O5. A 20 g batch of nominal composition for
xCdO·(12x2z)SiO2·zP2O5 was mixed together in a glass bottle
and shaken for 8 h to achieve a homogeneous mixture. Powder
batches in an alumina crucible were heated to 1250 °C by an
electric furnace for 2.5 h. In order to maintain ambient pressure
the crucibles in the furnace were open to the atmosphere. The
glass melt was splat cooled using two steel plates at room
temperature to give xCdO·(12x2z)SiO2·zP2O5 as a transparent
homogeneous glass which was wholly vitreous within the
detection limit of X-ray diffraction and, on optical inspection,
did not show any evidence of phase separation. The ratio

x+(12x2z) was kept constant at 1.5 while the value of z was
varied between 0.50 and 0.70. The detailed composition of the
samples and their nomenclature are given in Table 1.

All magic angle spinning (MAS) NMR spectra were obtained
using a Chemagnetics AMX 300 Lite spectrometer operating at
59.61 MHz for 29Si and 121.46 MHz for 31P. Pulses of 5 ms (p/
4) followed by a delay of 120 s were employed for the
investigation of the 29Si nuclei; 1 ms (p/4) with a 20 s delay for
31P. The delays between pulses were chosen to ensure
unsaturated signals. The samples were spun in 7.5 mm o.d.
zirconia rotors at 6.5 kHz for 29Si to put the spinning sidebands
outside the 2110 ppm to 2215 ppm range. A higher rotational
rate of ca. 14 kHz in 4.0 mm o.d. zirconia rotors was used for
31P nuclei. The chemical shifts and peak positions were
measured with respect to TMS for 29Si and 85% H3PO4 for 31P.
The powdered samples were kept in a desiccator prior to
spectral acquisition.

Fig. 1 shows the 29Si spectra of CdSP1–CdSP4 and the NMR
spectral parameters are presented in Table 1. Incorporation of
phosphorus at > 30 mol% is known to rupture Si–O–Si bonds in
some alkali metal silicate glasses, leading to Siiv–O–P and Sivi–
O–P bonds characterised by 29Si resonances at 2120 ppm and
2213 ppm, respectively.3–7 The spectrum of CdSP1 (z = 0.50)
glass showed an asymmetry on the high field side of the peak at
2120 ppm suggesting the presence of a very small amount of a
different species resonating at ca. 2127.0 ± 1.0 ppm. This shift
corresponds to an environment in which two adjacent silicon
atoms are replaced by two phosphorus atoms while preserving
the tetrahedral network.11

The 29Si NMR spectra obtained for the glasses of composi-
tion 0.55 @ z @ 0.70 differed significantly from those glasses
with both lower and higher values of z. For z = 0.55 a new
resonance of low intensity at 2165.0 ± 0.5 ppm, characteristic
of Siv, along with a Sivi resonance at 2213.0 ± 0.5 ppm were
observed. Both of these resonances increased in relative
intensity with further addition of P2O5 up to z = 0.60. The
coexistence of four-, five- and six-coordinated silicon in glasses
at atmospheric pressure is unprecedented. Moreover, in contrast

Table 1 Composition and spectral properties of the cadmium phosphosilicate base glasses

NMR spectral parameters (ppm) ± 0.5

Nominal composition (mol%) 29Si 31P a Relative intensities (%)

Sample CdO SiO2 P2O5 chemical shift FWHM chemical shift FWHM Siiv Siv Sivi

CdSP1 30.0 20.0 50.0 2118.4 17.5 218.4 22.0 100.0 0.0 0.0
CdSP2 27.0 18.0 55.0 2119.0 16.4 216.8 17.1 91.6 ± 3.5 2.8 ± 0.2 5.6 ± 0.3

2164.5 13.4 234.6 26.6
2213.2 10.7

CdSP3 24.0 16.0 60.0 2119.4 17.4 216.9 16.6 75.0 ± 3.0 7.1 ± 0.3 17.9 ± 0.8
2165.0 13.1 236.0 30.0
2212.8 10.4

CdSP4 18.0 12.0 70.0 2119.6 17.2 216.2 17.7 86.5 ± 3.5 3.9 ± 0.2 9.6 ± 0.5
2165.1 12.8 234.5 29.2
2213.6 11.3

a 31P chemical shifts and linewidths were obtained by deconvoluting the spectra.
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to alkali-metal phosphosilicate glasses, in the CdO–SiO2–P2O5
system increasing z beyond 0.70 led to a decrease in the
concentrations of the higher coordination number silicon
environments. Integration of the unsaturated 29Si NMR signals
gave accurate measures of the Siiv+Siv+Sivi ratios in the splat
cooled base samples (Table 1). The Siv+Sivi ratio remained
constant at 0.42 ± 0.03 for those samples in which higher
coordinated silicon could be detected.

The reported shift of 2150 ppm for Siv in a K2Si4O9 glass8 is
lower than that assigned to this environment in the cadmium
phosphosilicate single phase glasses. We attribute this upfield
shift to the silicon being surrounded by five oxygen atoms that
are in turn bonded to phosphate species, phosphorus being of
higher electronegativity.4 The Sivi chemical shift, 2213 ppm,
observed for the cadmium phosphosilicate glasses corresponds
almost exactly to that reported for SiP2O7 species.4–7

Although the glass melt had been maintained at ambient
pressure, quenching via splat cooling might have led to the
metastable retention of a coordination multiplicity which was
appropriate only to high temperatures. As CdSP3 had the
highest concentrations of Siv and Sivi, this sample was chosen to
observe the effects of slow cooling of the melt. There was a
successive diminution of the higher coordination number
species with slower cooling rates, corresponding to the removal
of structural defects in the glass on annealing. The decrease in
Siv abundance is consistent with similar observations for
K2Si4O9 glass.8 However, the decrease in the abundance of Sivi

contrasts with the situation for both phosphosilicate3 and alkali
metal phosphosilicate systems where annealing leads to the
transformation of Siiv into Sivi. This suggests that the cadmium
phosphosilicate system has different thermodynamic properties
to those of the alkali metal-based glasses. This could lead to
different optical properties for the CdO–SiO2–P2O5 glasses.

Fig. 2 illustrates the 31P NMR spectra of the glasses and the
corresponding spectral parameters are given in Table 1. The
sample CdSP1 (z = 0.50) showed only one resonance at 218.0
ppm, characteristic of cadmium metaphosphate species, accom-
panied by asymmetry on both the low and high field sides of the
peak. That at lower field is due to the presence of cadmium
pyrophosphate, whereas that at higher field may be due to a
small amount of phosphosilicate species in which the silicon is
four-coordinated. This could be the same species causing the
asymmetry in the Siiv peak of the 29Si spectrum. With increasing

P2O5 concentration another distinct resonance at 235.0 ppm,
characteristic of phosphosilicate species with higher Si coor-
dination numbers,4 and a metaphosphate peak at ca. 216.0 ppm
were observed. Relative to the metaphosphate peak, the former
increased in intensity for CdSP2 and CdSP3 but then decreased
for CdSP4. This change in intensity is consistent with that
observed for the 29Si resonances of the phosphosilicate
species.

In general, we would expect two 31P resonances correspond-
ing to Siv–O–P and Sivi–O–P environments, but such was not
observed. However, the linewidth of the resonance at 235.0
ppm ( FWHM ca. 30.0 ppm) was far greater than that reported
for Sivi–O–P species (17.0 ppm ) in alkali metal phospho-
silicate systems.4 This substantiated the presence of peaks
attributable to Siv–O–P species within the envelope of the
resonance at 235.0 ppm. The unresolved spectral data suggest
that the chemical shift difference between the two 31P local
orders is smaller than the difference in the linewidth of the
resonances.

Further experiments are being performed to determine the
variation of Siv and Sivi concentrations with CdO content. The
thermodynamical and optical properties of the glasses are also
being investigated and will be presented elsewhere.

We thank the Association of Commonwealth Universities in
the United Kingdom for the award of a Commonwealth
Fellowship (M. G. M).
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Fig. 1 29Si spectra of xCdO·(1 2 x2 z)SiO2·zP2O5 for z = (a) 0.50, (b) 0.55,
(c) 0.60 and (d) 0.70. The top spectrum is spectrum c 38 multiplication.

Fig. 2 31P spectra of xCdO·(12x2z)SiO2·zP2O5 for z = (a) 0.50, (b) 0.55,
(c) 0.60 and (d) 0.70. Only the isotropic band is shown for clarity.
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Amorphous, microporous silica with a spherical particle
morphology has been prepared with adamantanamine, and
its unusual structural properties suggest a non-zeolitic
templating synthesis pathway.

Templating agents have been widely used in directing the
formation of porous inorganic structures.1,2 Traditionally, small
organic molecules have been used as individual molecular
templates in constructing the pore openings and cage-
like cavities in microporous zeolites (pores < 20 Å).2 In
contrast, long-chained surfactant molecules are used as supra-
molecular templating agents in the preparation of amorphous
mesoporous M41S-type silicates (pores > 20 Å).3–6 The
amphiphilic molecules interact with inorganic precursors and
organize into micellar domains to form mesostructured metal
oxide/surfactant composites. Mesoporous materials are pro-
duced after removal of the organic templating agents. Micro-
porous transition metal oxide analogues prepared with short-
chain surfactant-like molecules7 and bifunctional surfactants8

have recently been reported.
Here, we describe the formation of amorphous microporous

silica using adamantanamine. Adamantanamine is a small,
bulky molecule (axial length of ca. 5.9 Å) used as a molecular
template in the preparation of zeolites, e.g. deca-dodecasil 3R
(DD3R).9

In the synthesis of silicate/adamantanamine composites, 120
mol equivalents of water were added to an ethanolic solution
consisting of 4 g of tetraethylorthosilicate and adamantanamine
with an adamantanamine/Si molar ratio of 0.4. After stirring the
reaction mixture at room temperature for 48 h, the white
precipitate obtained was collected by filtration and washed with
water. The resulting solid powder, designated as Si-TMS7, gave
the X-ray diffraction (XRD) pattern shown in Fig. 1(a). Upon
calcination at 540 °C for 3 h in air to remove the adamantana-
mine from the inorganic/organic composite, Si-TMS7 retained
its XRD pattern [Fig. 1(b)]. The resulting silicate has an
effective BET surface area of 737 m2 g21 and a pore volume of
0.35 cm3 g21. The type I nitrogen adsorption isotherm in Fig. 2
clearly illustrates the microporous nature of Si-TMS7.

The XRD patterns of Si-TMS7 (Fig. 1) have an intense low-
angle diffraction peak, with d-spacings of 21.5 and 20.4 Å
before and after calcination at 540 °C, respectively. The patterns
resemble more closely those of surfactant-templated mesopor-
ous materials than those of any zeolites. The lack of higher-
order diffraction peaks indicates the absence of long-range pore
ordering. The lone diffraction peak represents a common
distance between the pore walls, as is usually observed in
supramolecular-templated mesoporous materials with local
pore ordering, e.g. KIT-1,10 MSU-16 and L3-phase silica
gels.11

The particle morphology of calcined Si-TMS7 is predomi-
nated by ca. 1 mm spheres, as shown by transmission electron
microscopy (TEM) [Fig. 3(a)]. These spheres are very mono-
disperse in size, as also confirmed by scanning electron

microscopy. The morphology of Si-TMS7 is similar to the
200–500 mm spherical particles of MCM-41 prepared through
surfactant–templating within butanol-in-water emulsions.12 An
emulsion-like system of adamantanamine, ethanol and water
could be responsible for the spherical shapes of Si-TMS7
particles.

The Si-TMS7 spheres were microtomed to reveal their
amorphous, microporous structure [Fig. 3(b)]. Highly packed,
randomly ordered pores appear throughout the particle. The
pore size is estimated to be in the 13–17 Å range, more than
twice the size of a single adamantanamine molecule (ca. 5.9 Å).
We speculate that aggregates of adamantanamine may be
directing the formation of the pores, distinct from the surfactant
micellar domains prominent in mesoporous materials synthe-
sis.

The temperature was found to be a very important parameter
in the synthesis of Si-TMS7. Mesostructured Si-TMS7 could
only be derived under ambient conditions; hydrothermal
treatment at elevated temperatures resulted in amorphous, non-

† Current Address: Corporate R&D-Chemical Sciences Laboratory, The
Dow Chemical Company, Midland, MI 48674 USA.

Fig. 1 XRD patterns of Si-TMS7 synthesized with adamantanamine
templates at room temperature: (a) as-synthesized and (b) after calcination
at 540 °C. The XRD patterns were obtained with a Siemens D5000 q–q
diffractometer with Cu-Ka radiation (l = 1.5406 Å).

Fig. 2 N2 adsorption isotherm of Si-TMS7 after adamantanamine removal
by calcination at 540 °C in air. The isotherm was collected on a
Micromeritics 2010 Gas Adsorption Analyzer after degassing the sample at
150 °C and 1023 mmHg for 6 h.
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mesostructured materials. The interaction between the ada-
mantanamine and the silicon alkoxide is most likely charac-

terized by hydrogen bonding, which would be too weak to be
sustained at high temperatures.5,13 Other important factors that
determine the templated inorganic structure are solubility and
hydrophobicity of the templates, as shown by the fact that linear
amines with only hydrocarbon chain length of > 6 are capable
of leading to porous silicas with self-assembled templating
structures.13

In conclusion, adamantanamine was used to prepare silicate/
organic composites and was successfully removed without
structural collapse of the resulting microporous silica. The
unique structure and large 13–17 Å micropores provide
evidence for collective templating of the small rigid adamanta-
namine molecules. Through such a synthesis pathway, other
non-zeolitic microporous metal oxides can be attained.

This work was supported by the David and Lucile Packard
Foundation and the Camille and Henry Dreyfus Foundation. We
thank the MIT-NSF CMSE for use of the microscopy facilities,
and Dr A. J. Reed and M. Frongillo for their assistance with the
TEM studies.
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Fig. 3 TEM images of calcined Si–TMS7 (a) before and (b) after
microtoming. The thinned sections were prepared by setting the calcined
powder in acrylic resin. The microscopy was performed on a JEOL 2010
operating at 200 kV with a LaB6 gun.
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The intermolecular carbon radical addition to N-sulfonyl-
imines proceeded effectively under either iodine atom-
transfer reaction conditions or zinc-mediated aqueous-
medium reaction conditions.

The carbon–nitrogen double bond of imine derivatives has
emerged as a radical acceptor and, thus, numerous synthetically
useful intramolecular carbon–carbon bond-forming reactions
are available.1 However, the intermolecular radical reaction of
imine derivatives has not been widely investigated except for a
few examples.2 We reported recently that the intermolecular
carbon radical addition to unactivated oxime ethers proceeded
smoothly in the presence of BF3·OEt2;3 subsequently, the
screening of more reactive imino radical acceptors has been the
focus of our efforts. We now report an intermolecular radical
reaction of electron deficient N-sulfonylimines which exhibit
excellent reactivity toward nucleophilic alkyl radicals even in
the absence of strong Lewis acids.

As a preliminary experiment, we investigated a simple
intermolecular addition of an ethyl radical to N-sulfonylimine
1A [eqn. (1)]. The reaction was run in dichloromethane at 25 °C

(1)

by using Et3B as an ethyl radical source to give the desired
ethylated product 2Aa in 84% yield accompanied with a small
amount of the diethylated product 3Aa. It is important to note
that the radical addition to benzaldehyde O-benzyloxime did not
proceed under similar reaction conditions.3 Good chemical
yields were also observed in the radical addition using different
radical precursors such as isopropyl, cyclohexyl, and cyclo-
pentyl iodides under the iodine atom-transfer reaction condi-
tions in the absence of tin hydride (Scheme 1). We also
examined the stannyl radical-mediated radical reaction of 1A;

however, the use of Bu3SnH effected tin hydride-mediated
reduction of the carbon–nitrogen double bond to give a
significant amount of the corresponding N-sulfonyl-
benzylamine. Thus, the iodine atom-transfer reaction using RI
and Et3B in the absence of toxic tin hydride is an effective
method for using N-sulfonylimine as a radical acceptor.
Moreover, the reaction with more nucleophilic secondary alkyl
radicals proceeded selectively and did not give the diethylated
products, in contrast with the reaction with a primary ethyl
radical. In this reaction, Et3B would act as a reagent for trapping
the intermediate aminyl radicals to regenerate an ethyl radical,
and therefore more than a stoichiometric amount of Et3B is
required. As expected, N-sulfonylimine 1B, which is activated
by the intramolecular hydrogen bond by a 2-hydroxy group, was
more reactive than N-sulfonylimine 1A and therefore the
isopropyl radical addition to 1B proceeded effectively to give
the desired product 2Bb in 89% yield.

The use of water as a solvent has generated considerable
interest from both economic and environmental points of view.4
We recently have demonstrated that radical reactions of imine
derivatives such as oxime ethers, hydrazones, and nitrones
proceed in aqueous media using Et3B.5 In the case of N-
sulfonylimine 1A, a similar reaction procedure did not give
good results in the radical addition reaction because of the
competitive hydrolysis to TsNH2. On the other hand, we have
now found that the formation of the desired alkylated products
2Ab–Af was observed in the zinc-mediated radical reaction of
1A in aqueous media [eqn. (2)].6 To a micro tube containing

(2)

N-sulfonylimine 1A, PriI, zinc, and dichloromethane as a co-
solvent was added dropwise saturated aq. NH4Cl over 15 min at
25 °C (Table 1, entry 1). The isopropylated product 2Ab was
obtained in 73% yield along with the reductive product 4 as a
by-product. Not only a secondary alkyl but also the bulky tert-

Scheme 1 Reagents and conditions: i, RI (30 equiv.), Et3B 5 equiv. 3
times), CH2Cl2, 25 °C; 2Ab: R = Pri (80%), 2Ac: R = c-Hexyl (55%),
2Ad: R = c-Pentyl (54%), 2Bb: R = Pri (89%).

Table 1 Zinc-mediated radical addition to 1A, B in aq. mediaa

Yield (%)b

Entry Sulfonylimine RI 2 4

1 1A PriI 2Ab 73 8
2 1A c-Hexyl I 2Ac 71 12
3 1A c-Pentyl I 2Ad 64 18
4 1A BusI 2Ae 56 10
5 1A ButI 2Af 66 20
6c 1A MeI 2Ag — 16
7 1B PriI 2Bb 64 8
8d 1A PriI No reaction
a Reactions of 1A or 1B (50 mg) were carried out with Zn (7 equiv.), RI (5
equiv.), and sat. NH4Cl (1 cm3) in CH2Cl2 (0.1 cm3) at 25 °C. b Isolated
yields. c TolSO2NH2 was obtained in 65% yield. d Reactions of 1A (50 mg)
were carried out with Zn (7 equiv.) and PriI (5 equiv.) in CH2Cl2 (1 cm3) at
25 °C.
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butyl radical worked well under similar reaction conditions
(entries 1–5). The methylated product 2Ag was not obtained in
the reaction using a less reactive methyl radical because of the
competitive hydrolysis and reduction (entry 6). The isopropyl
radical addition to another N-sulfonylimine 1B also proceeded
smoothly (entry 7). However, the reaction of 1A using zinc in
dichloromethane in the absence of aq. NH4Cl did not proceed
(entry 8). The known examples of metal-mediated carbon–
carbon bond-forming reactions in aqueous media are mainly
limited to allylation of carbonyl compounds;7 thus, it is
noteworthy that this reaction involves the alkylation of imine
derivatives. The alkylation and reduction reactions would
proceed as indicated in Scheme 2.

In conclusion, we have demonstrated the utility of N-
sulfonylimines as radical acceptors under two different reaction
conditions. These are the first examples of the reaction of N-

sulfonylimines with carbon radicals and are a convenient
method for preparing a wide range of amine derivatives.
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A novel 8-fold interpenetration diamondoid-like chiral
condensed neutral coordination polymer, bis{4-[2-(4-pyr-
idyl)ethenyl]benzoato}zinc [Zn(PEBA)2] 1, synthesized by
the hydrothermal reaction between Zn(ClO4)2·6H2O and
4-[2-(4-pyridylethenyl)]benzenecarbonitrile (PEBC), dis-
plays very strong blue fluorescent emission and SHG
response (ca. 1.5 3 that of urea) as well as high thermal
stability (up to ca. 430 °C).

Within the family of blue-luminescent compounds previously
used in EL devices or light-emitting diodes (LED), most of
them are aromatic organic molecules,1 conjugated organic
polymers,2 organometallic compounds3 or metal–chelate com-
pounds such as metal complexes based on 8-hydroxyquinoline,
2-methylquinolin-8-ol, azomethine, azaindole, oxadiazole and
bipyridyl derivatives.4 More recently, boron complexes with
8-hydroxyquinoline derivatives have been shown to display
very highly efficient blue-light emission.5 However, blue-
luminescent emission coordination polymers with high thermal
stability (up to 400 °C) are, as far as we are aware, relatively
rare. Condensed coordination polymers could play a key role in
the development of LED materials because one can tune the
emission color and stability of the complex readily by
manipulating the ligand and the coordination environment
around the central atom. Recently, the crystal engineering
strategy has been utilized in the construction of acentric
diamondoid metal–organic coordination polymers by using
asymmetric bridging ligands as building blocks since the
utilization of asymmetric ligands can introduce electronic
asymmetry (push–pull effect) which is essential for a second
harmonic generation (SHG) response.6,7 However, coordination
polymers which display both very strong blue fluorescent
emission and SHG response in the solid state still remain, to the
best of our knowledge, unexplored. The condensed neutral
diamondoid-like coordination polymer, bis{4-[2-(4-pyridyl)-
ethenyl]benzoato}zinc (1)‡ represents the first example of such
materials with strong blue-lumienscent emission and an SGH
response (1.53 as that of urea), as well as high stability up to
430 °C.

The three-dimensional polymeric structure of 1 was revealed
by an X-ray single crystal diffraction investigation.§ The local
coordination environment around Zn1 and Zn2 ions in 1 can
best be described as distorted octahedral and tetrahedral,
respectively, as shown in Fig. 1. Each asymmetric unit of 1
contains two Zn atom centers in which the Zn1 center
coordinates to four oxygen atoms from two different PEBA
groups in bidentate chelating mode and to two pyridine nitrogen
atoms of two other PEBA groups, resulting in the formation of

a distorted octahedral geometry. In contrast to the octahedral
coordination of Zn1 centers, the Zn2 center coordinates to two
pyridine nitrogen atoms of two PEBA groups and to two
carboxylate oxygen atoms of two other PEBA groups in a
monodentate fashion. If the chelating carboxylates are treated as
one connecting point, Zn1 centers also have a pseudotetrahedral
environment. Thus, both Zn1 and Zn2 centers are connected to
four Zn centers through PEBA bridges to form a diamondoid-
like net (Fig. 1). The crystal contains eight independent
interpenetrating diamondoid networks with Zn…Zn separations
in each network in the range 15.36–15.49 Å while6,7

Zn…Zn…Zn angles are in the range 91.7–128.8° which
represents a significant distortion from the ideal tetrahedral
angle of 109.5° found in diamond. Thus, although the
connectivity of the network is the same as diamond, the
symmetry is lower. Two schematic representations of the 3D
diamond-like network and the eight interpenetrating nets are
shown in Fig. 2(a) and (b), respectively. As a result of the
unsymmetrical nature of PEBA, 1 crystallizes in a chiral space
group C2, which belongs to the crystal class 2 where optical
activity can occur as specific physical effects.8 Preliminary
experimental results show that 1 displays strong powder SHG
efficiencies, ca. 1.53 that of urea (see ESI†), probably due to its
diamondoid structural type which is similar to that of potassium
dideuterophosphate (KDP), the only known nonlinear optical
(NLO)-active diamondoid network.9 On the other hand, the
protonated free ligand HPEBA also finds wide applications in
second-order NLO films using organic molecular beam deposi-
tion techniques. However, because of the absence of strong
donor/acceptor substituents in HPEBA, it is unlikely to display
a high nonlinearity or substantial SHG response.10 Thus, 1
combines the advantages of both pure organic and inorganic

† Electronic supplementary information (ESI) available: schematic repre-
sentation of the 8-fold interpenetrating diamondoid-like network and
second harmonic generation (SHG) measurements for 1. See
http://www.rsc.org/suppdata/cc/b0/b004980h/

Fig. 1 A chiral diamondoid-like net representation of the coordination
polymer [Zn(PEBA)2] 1. Hydrogen atoms are omitted for clarity. Selected
bond lengths (Å) Zn(1)–O(1) 2.088(5), Zn(1)–O(2) 2.297(6), Zn(1)–N(4)
2.085(6), Zn(2)–O(3) 1.953(5), Zn(2)–N(2) 2.077(5).
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NLO materials and such hybrid inorganic–organic NLO
materials have recently been widely investigated as NLO
materials.11

To study the thermal stability of the compound 1 thermogra-
vimetric analysis (TGA) was performed on a polycrystalline
sample, indicating that no strikingly clean weight loss step
occurred below 430 °C, indicating that 1 is stable up to this
temperature while HPEBA only remains intact up to 350 °C.
The most important feature of the structure of 1 is that its three-
dimensionally condensed polymeric structure leads to sig-
nificant enhancement of fluorescent intensity, which is larger
than that of free ligand (HPEBA) by a factor of ca. 10 (Fig. 3),
probably due to the enhanced rigidity of 1, compared to the free
ligand. This phenomenon is similar to that found in Cd(TPT)
(PY) (TPT = terephthalato, PY = pyridine).4 The emission of
1 with lmax = 460 nm is neither MLCT (metal-to-ligand charge
transfer) nor LMCT (ligand-to-metal charge transfer) in nature,
and can be probably assigned to intraligand fluorescent
emission since a weakly similar emission with lmax at 466 nm

is also observed for HPEBA. On the other hand, the diffuse
reflectance spectrum of 1 is dominated by an intraligand p–p*
transition at 423 nm. The blue fluorescent emission of 1
suggests that it may be used as an advanced material for blue
LED devices. Condensed coordination polymer 1 appears to be
an excellent candidate since, in addition to its high thermal
stability and SHG response, it is virtually insoluble in most
solvents such as ethanol, chloroform, ethyl acetate, acetone,
acetonitrile, benzene and water.

This work was funded by The Major State Basic Research
Development Program (Grant No. G2000077500) and the
National Natural Science Foundation of China as well as the
Distinguished Young Scholar Fund to C. M. C. from the
National Natural Science Foundation of China (NSF29929001).
F. H. K. thanks the Malaysian Government R&D Grant
305/pfizik/610942.
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Fig. 2 (a) 3D diamond-like network representation (circles and straight lines
denote Zn atoms and PEBA ligands, respectively). The other seven
interpenetrating diamandoid nets are omitted for clarity. (b) A schematic
representation of the eight interpenetrating diamond nets, with one net
highlighted. Three other nets are related by unit cell translations in the b-
direction. A second set of four nets is related by a translation of 1/2 + x, 1/2
+ y, z (see also ESI).

Fig. 3 Fluorescent emission spectrum of 1 in the solid state at room
temperature.
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Near 100% of maximum incident photon-to-electron conver-
sion efficiency (IPCE) and > 15 mA cm22 of short-circuit
photocurrent under 94.6 mW cm22 simulated solar light
from a xenon lamp were obtained from a thin layer
sandwich-type solar cell based on a 2-[4-bis(methyl)amino-
styryl]benzothiazolium propylsulfonate (BTS) sensitized
nanocrystalline TiO2 film.

Dye-sensitized nanocrystalline TiO2 is a promising material for
solar cell applications since it is expected to be fabricated at a
relatively low cost and can generate efficiencies of up to
10%.1–3 The most efficient charge transfer sensitizers employed
so far are polypyridyl-type complexes of ruthenium2–4 that have
been widely studied in the past ten years.5,6 Pure organic dyes,
owing to their small size, large extinction coefficients and much
lower cost, are also promising sensitizers. However, with poor
solar energy conversion efficiency (h) below 1%, they are
insufficient for solar cell applications.7,8 Recently Arakawa and
coworkers reported that some efficient merocyanine dyes
generated 4.2% overall yield on a porous TiO2 electrode,9
which suggests good application prospects of these organic dyes
on Grätzel cells. Our previous work centered on the photo-
electric conversion of hemicyanine derivatives with a p-
conjugation bridge between the donor and acceptor groups (D-
p-A), and some promising dyes have been selected by
molecular design and use of the Langmuir-Blodgett tech-
nique.10–12 In order to advance the development of the Grätzel
cell, it is worthwhile to investigate the sensitization of
nanocrystalline TiO2 with pure organic dyes, such as hemicya-
nine derivatives. Here, we report an outstanding organic
sensitizer for nanocrystalline TiO2 films. A thin layer sandwich-
type solar cell fabricated with this dye-modified nanocrystalline
TiO2 film generated an exceptional, high IPCE near unity
between 480 and 500 nm and 15.1 mA cm22 of short-circuit
photocurrent, amongst the highest values reported so
far.1–3,7–9

2-[4-Bis(methyl)aminostyryl]benzothiazolium propylsulfo-
nate (BTS) (Fig. 1) was synthesized12,13 by condensing its
methyl azolium propylsulfonate precursor with 4-[bis(methyl)-
amino]benzaldehyde. [Elemental analysis: found (calc. for
C20H22N2S2O3·H2O): C, 56.73 (57.12); H, 5.86 (5.75); N, 6.54
(6.66)%]. The absorption and fluorescence emission spectra of
BTS were measured in chloroform solution. While the absorp-
tion peak in the visible region is at 557 nm, the maximum of the
fluorescence is located at 590 nm. Interestingly, the emission is
entirely quenched when BTS is adsorbed onto a nanocrystalline
TiO2 film, indicating efficient electron injection from the
excited singlet state of the dye into the conduction band (CB) of
TiO2. Cyclic voltammetry of BTS in MeCN was measured

using LiClO4 as supporting electrolyte. The oxidation and
reduction potentials are 0.87 and 0.80 V (vs. SCE), respectively,
from which E1/2 is derived to be 0.84 V (vs. SCE). When BTS
is adsorbed onto a TiO2 film, the absorption threshold is
extended to ca. 700 nm. Combining the redox potential with the
absorption threshold of BTS, the first excited state level of BTS
is estimated to be 20.93 V (vs. SCE), above the flat band
potential (20.90 V vs. SCE) of nanocrystalline TiO2 film in
aprotic solvent containing no less than 0.1 M Li+ ion.14

Therefore, one can conclude that electron injection from the
excited dye molecules to the CB of TiO2 is thermodynamically
possible. A 7 mm-thick nanocrystalline TiO2 film,2 coated onto
conducting glass (fluorine doped SnO2 sheet, resistance 20 Ω
per square), was protonated by soaking for 2 h in a HCl solution
at pH 2 and dried in a hot air flow before dipping it in a 1 3 1024

M solution in chloroform for 4 h. The visible band in the
absorption spectrum of BTS on TiO2 film is red shifted by 12
nm with the half width increased from 55 to 90 nm upon
previous treatment of the TiO2 film with HCl solution, as seen
in Fig. 2(a) and (b). These changes are favorable to photo-
electric conversion. It is of note that HCl treatment does not
significantly affect the adsorbed quantity of BTS on the TiO2
[Fig. 2(a) and (b)]; the height of the absorption peak remains
almost the same while the shape of spectrum changes drastically
upon treating the TiO2 film with HCl solution.

The photocurrent action spectra are shown in Fig. 2(c) and (d)
where IPCE is plotted as a function of wavelength. After HCl
treatment, IPCE values are increased by more than 50%
between 400 and 700 nm with respect to the untreated TiO2
film, but remain almost unchanged above 700 nm. Obviously,
IPCE is improved remarkably upon HCl pretreatment of the
TiO2 film. The surface of nanocrystalline TiO2 is hydroxylated

Fig. 1 Schematic structure of BTS.

Fig. 2 Absorption spectra of BTS on nanocrystalline TiO2 film (2 mm),
corrected for the absorption of TiO2 film and the conducting glass support:
(a) untreated TiO2 film and (b) HCl pretreated TiO2 film. Photocurrent
action spectra for BTS-coated nanocrystalline TiO2 film (7 mm): (c)
untreated TiO2 film and (d) HCl pretreated TiO2 film. A sandwich-type cell
configuration was used to measure the action spectra. The redox electrolyte
was 0.5 M LiI–0.05 M I2 in propylene carbonate solvent. IPCE data were
corrected for the absorption of the conducting glass.
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under preparation conditions.15 BTS, which is adsorbed onto
TiO2 via coordination bonds between RSO3

2 and Ti4+,2 may
show a weakened interaction due to the repulsive force between
RSO3

2 and  deprotonated hydroxyl groups on neutral TiO2.
However, after pretreatment of the nanocrystalline TiO2 film
with HCl solution, the surface of nanocrystalline TiO2 is
protonated which enables BTS to adsorb onto the TiO2 surface
more strongly, which is consequently favorable for electron
injection.15 Another reason for the improvement in performance
is that the decrease of flat band potential of nanocrystalline TiO2
film due to the adsorption of H+ ion can increase the driving
force for electron injection.14 Under illumination of simulated
solar light from a 500 W Xe lamp (Ushio Electric, Japan), while
a sandwich-type solar cell fabricated with this dye-sensitized
nanocrystalline TiO2 film in conjunction with a 0.5 M LiI–0.05
M I2 redox electrolyte in propylene carbonate (PC) generated
9.0 mA cm22 of short-circuit photocurrent (Isc), 413 mV open-
circuit photovoltage (Voc) and 0.410 for the fill factor (FF) with
an overall yield (h) of 1.6%, a value of 2.1% for h (15.1 mA
cm22 Isc, 410 mV Voc and 0.315 FF) was obtained from a HCl
treated film under the same conditions. It is interesting that
while Voc remains almost unchanged, Isc is increased by 68%
upon HCl pretreatment of the nanocrystalline TiO2 film. It is
believed that the overall yield will be greatly improved after
optimization of FF and Voc.2 The maximum IPCE and short-
circuit photocurrent are the highest values among pure organic
sensitizers so far studied.9 For stability examination, this solar
cell was illuminated with 94.6 mW cm22 white light from a
xenon lamp for 10 h, and the short-circuit photocurrent was
almost unchanged after this period. Longer-term tests will be
studied in detail.

Our results indicate that hemicyanine derivatives are promis-
ing sensitizers for solar cell applications. The notable improve-
ment of photoelectric properties upon treating nanocrystalline
TiO2 film with HCl solution indicates that surface treatment is
very important in photoelectric conversion. Preliminary experi-
mental results show that this method for surface treatment of
TiO2 can also improve performance parameters for other
hemicyanine dyes containing SO3

2 groups. Therefore, these
findings open up a new pathway for designing new efficient

sensitizers and aid the development of the Grätzel cell. As the
cost of hemicyanine-group dye is much lower than that of
ruthenium polypyridine complexes, the overall cost of dye-
sensitized solar cells could be further reduced. Detailed study of
BTS is now in progress.

The State Key Program of Fundamental Research (G
1998061310), the NNSFC (20023005 and 59872001), and
Doctoral Program Foundation of High Education (99000132)
are gratefully acknowledged for financial support of this
work.
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Phosphines containing two N-bound pyrrolidine groups and
one alkyl or aryl group are unusually electron rich s-donor
ligands when compared to either tris(N-pyrrolidinyl)phos-
phine or trialkyl- and triaryl-phosphines.

One of the many attractive features of phosphine ligands is their
wide range of electronic properties.1,2 Metal complexes of
strongly electron donating alkyl phosphines undergo many
reactions which are not possible with aryl phosphines,3 and
these types of metal complexes have recently found important
applications in homogenous catalysis.4–6 Tris(alkylamino)-
phosphines are strongly electron donating phosphine ligands.
The high basicity (s-donor strength) of the P atom is thought to
arise from donation towards the P from the N lone pair. X-Ray
crystal structures of tris(alkylamino)phosphines and their metal
complexes2,7 show these ligands to contain two short P–N
bonds with planar N, and one long P–N bond with a non-planar
N atom (1 and 2). This suggested to us that only two of the N
lone pairs could donate electron density towards P, while the
third N substituent acts merely as an electronegative atom
bound to the P, and therefore reduces the overall basicity of the
phosphine.

If this were the case, a ‘hybrid’ ligand that contains one
electron donating alkyl group and two electron donating amino
groups might be an extremely electron rich phosphine ligand,
and have numerous applications in catalysis. Here, we describe
the preparation of these new di(N-pyrrolidinyl)alkylphosphines
and preliminary experiments which suggest that the new
phosphine ligands are amongst the most electron rich phos-
phines known.

The aminophosphines described in this study were prepared
by the addition of an excess of pyrrolidine to the appropriate
phosphine dichloride (pyrrolidine was chosen as it is a very
basic secondary amine) (Scheme 1).

31P and 1H NMR spectra of the air and moisture sensitive
phosphine products showed them to be 90–98% pure, and they
were therefore purified no further. They were further charac-
terised by their conversion to the metal complexes described
below. Molloy and Petersen have previously prepared tris(N-
pyrrolidinyl)phosphine and shown it to be a highly electron rich
ligand, in contrast to tris(N-pyrrolyl)phosphine which has
exceptional p-acceptor character. The method they used to
gauge the electronic characteristics of their ligands was
measurement of nCO in the IR spectrum of the trans-
(R3P)2Rh(CO)Cl complexes. These are readily formed in high
purity from [Rh(CO)2Cl]2 and an excess of ligand.8 As the
position of nCO in these complexes is known for a huge variety

of phosphines (and is always in agreement with the expected s-
donor strength of the phosphine) this does seem to be an
excellent spot test to gauge the donor characteristics of a
particular phosphine.

As can be seen from Table 1, the position of nCO for PhMe2P
is, as expected, in between electron rich Me3P and the less basic
Ph3P. PhP(N-pyrr)2, however, has nCO at lower wavenumber
than P(N-pyrr)3, and therefore can be assumed to be a more
electron rich ligand. This is evidence [along with the properties
of MeP(N-pyrr)2 and ButP(N-pyrr)2] that only two pyrrolidinyl
groups can contribute towards the strong donor strength of N-
pyrrolidinyl phosphines. The values of nCO for MeP(N-pyrr)2
and ButP(N-pyrr)2 are significantly lower than those of most
other highly electron rich alkylphosphines (compare entries 11
and 12 to 5 and 6) which are often applied in catalysis. Tri-tert-
butylphosphine, which is generally thought of as the most
electron donating phosphine, actually forms a tetrahedral
(R3P)2Rh(CO)Cl complex and cannot be directly compared.13

The new ligands may be of particular use as they deliver a donor
strength that is normally reserved for very bulky ligands, as
defined by their large cone angle. It is expected that the ligands
3–5 (especially 4) will have relatively small cone angles. We
also note here that iron(II) complexes of type CpFe(CO)I(PR3)
can also be prepared from the four N-pyrrolidinyl phosphines by
the method of Colville et al.14 The position of nCO in the IR
spectrum of these four compounds is less informative than the
Rh compounds, but is at significantly lower wavenumber than
the iron complexes of Ph3P, PhMe2P or Bz3P.

Finally, we have also characterised the dichloroplatinum
complexes, (R3P)2PtCl2, of the four N-pyrrolidinyl phosphines
[(pyrr)3P]2PtCl2 6, [(pyrr)2PhP]2PtCl2 7, [(pyrr)2MeP]2PtCl2 8
and [(pyrr)2ButP]2PtCl2 9. These are formed quantitatively from
Pt(cod)Cl2 and 2 equivalents of phosphine. The sizes of 1JPPt
reflect the reduction in coupling constant observed when a
phenyl group is replaced by an alkyl group, and the increased
size of 1JPPt observed for compounds containing P–N or P–O
bonds.8 The molecular structures15 (determined by X-ray
crystallography) of [P(N-pyrr)3]2PtCl2 and [MeP(N-
pyrr)2]2PtCl2 are shown in Fig. 1 and 2, respectively.

Scheme 1

Table 1 Comparison of nCO of trans-L2Rh(CO)Cl complexes for 
pyrrolidine based ligands with other phosphines

Entry L uCO
a [L2Rh(CO)Cl] Ref.

1 (PhO)3P (2016) 9
2 (p-CF3C6H4)3P (1990) 2
3 Ph3P 1965 (1966) 2b

4 PhMe2P (1965) 10
5 Me3P (1960) 2
6 Et3P (1956) 11
7 Cy3P 1943 (1942) 12b

8 P(NMe2)3 (1959) 2
9 P(N-pyrr)3

c 1951 (1952) b,d2
10 PhP(N-pyrr)2 1949 b,d

11 MeP(N-pyrr)2 1947 b,d

12 ButP(N-pyrr)2 1942 b,d

a To ensure the accuracy and validity of our values, we have reprepared
trans-(R3P)2Rh(CO)Cl complexes of (N-pyrr)3P, Ph3P and Cy3P. The
values quoted above are those found on our spectrometer (lit. values in
parentheses). b IR spectra recorded as KBr discs. c pyrr = pyrrolidinyl.
d This work.
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The X-ray structure of trans-[P(N-pyrr)3]2Rh(CO)Cl 2 shows
two of the pyrrolidine rings in a given P(N-pyrr)3 fragment to
have planar N atoms (sum of angles around N = 354–360°) and
one tetrahedral N atom (sum of angles around N = 347, 350°)
with a 0.02 Å longer P–N bond length [av. 1.667(3) vs. 1.688(3)
Å]. We therefore expected the crystal structure of [P(N-
pyrr)3]2PtCl2 to show this phenomenon. The crystal structure of
[P(N-pyrr)3]2PtCl2 shows the expected cis square planar Pt
complex, but to our surprise, the sum of angles around each N
was similar (356–360°) and planar. The P–N bond lengths
[1.628(10), 1.721(11), 1.642(11), 1.659(10), 1.678(12) and
1.678(9) Å] do not show any particular pattern.

The crystal structure of [MeP(N-pyrr)2]2PtCl2 8 has two
independent molecules in each unit cell, but there are no drastic
differences between the two molecules. Complex 8 shows a
similar coordination environment to complex 6, with fairly
similar Pt–Cl and Pt–P bond lengths. The angle P(1)–Pt(1)–P(2)
between the phosphines is considerably smaller than in complex
6 [93.90(8), 93.37(7) vs. 98.24(10)°], and indicates that MeP(N-
pyrr)2 is less sterically demanding than P(N-pyrr)3. As a result
of this, the angle between the Cl ligands is slightly larger in
complex 8 [87.01(9), 86.14(8) vs. 85.08(11)°]. The bond
lengths and angles about the N atoms are again somewhat
surprising. Each phosphine has one planar N (sum of angles
from the four phosphine ligands in the two independent
molecules: 356.6, 359.5, 359.5, 356.4°), and in each of the four
phosphine molecules present, the other N atom shows a slight
tetragonal distortion (sum of angles: 353.3, 353.5, 354.0,
351.8°), and slightly longer P–N bond length [average bond
lengths: 1.683(6) vs. 1.643(7) Å].

The crystallographically determined cone angles of P(pyrr)3
and MeP(pyrr)2 are 122 and 110°, respectively. These values
refer to 2/3 of the sum of the largest possible angle observed
between the Pt centre and the centre H atoms on the phosphine

substituents. This value differs from the Tolman cone angle
(determined by molecular modelling) by using the centre of the
H atom and the real Pt–P bond length. It is also likely to differ
due to the volume of space occupied by the phosphine being
partly determined by the coordination environment provided by
the Pt. The values obtained clearly confirm the smaller size of
ligand 4 with respect to ligand 2. It has been estimated that the
Tolman cone angle of 2 is 145°.2

The crystal structure of 6 reveals different structural features
to the other crystal structure studies of tris(dialkylamino)phos-
phines. This may suggest that the bonding observed in these
compounds is slightly more subtle than we originally supposed,
and could also be related to the exact coordination environment
of the ligand. The coordination environment provided by the Pt
complex is also likely to have an effect on the ligand structure
observed within that of complex 8. In conclusion, we have
prepared three new phosphine ligands and shown them to be
especially strong donor ligands. Studies to evaluate the potential
uses of these ligands in catalysis are now underway.
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Electrochemical oxidation of the acridine ester 2A,6A-di-
fluorophenyl 10-methyl-9,10-dihydroacridine-9-carboxylate
yields the corresponding acridinium ester which reacts with
H2O2 to generate intense chemiluminescence.

Electrochemiluminescence (ECL) has received widespread
attention during the previous decade, especially in the field of
chemical analysis.1 It combines the well known sensitivity of
chemiluminescence (CL) with the precise control over the time
and position of light emitting reactions afforded by electro-
chemistry. As an alternative approach for conducting im-
munoassays and nucleotide assays it offers advantages such as
increased sensitivity and precision, reduction in time and labor,
and the elimination of radioisotopes.2 In order to exploit the full
potential of this technology there is a requirement for new CL
compounds which can be initiated electrochemically. In this
communication we show for the first time how acridinium ester
CL can be triggered by electrochemical oxidation of 2A,6A-
difluorophenyl 10-methyl-9,10-dihydroacridine-9-carboxylate
(DMC).

Prior to the present communication ruthenium chelates3 and
luminol† derivatives4 are the only compounds that have been
used in a significant number of analytical applications involving
ECL. Ruthenium chelates have been used for enzyme assays,5
but their most significant impact has been as labels for
immunoassays6 and nucleotide assays.7 Luminol has also been
used for enzyme assays8 and immunoassays.9 Light is emitted
when electrochemically oxidized luminol reacts with H2O2,
which allows the reaction to be coupled to oxidase enzymes
such as glucose oxidase.10 The latter enzyme has been used as
an antibody label in ECL enzyme immunoassays which
constitute a further consolidation of existing technology.9 The
chemiluminescence reaction of luminol is also catalyzed by
electrochemically oxidized ferrocenes11 suggesting that these
compounds could be used as labels in an ECL system
resembling the one based on ruthenium chelates.

Acridinium esters have been used as labels in chemilumines-
cence immunoassays for many years.12 The CL reaction of
these compounds does not require a catalyst and is usually
triggered by addition of an acidic solution of H2O2 followed by
a NaOH solution. The acidic solution ensures that inactive
pseudo-base is converted to the active acridinium ester and the
alkali triggers the CL oxidation of the ester by a H2O2.13 Two
advantages of these compounds which do not appear to have
been fully exploited are freedom from interference in matrices
such as whole blood14 and their ability to intercalate into the
double helix of polynucleotides.12 Intercalation of an acridin-
ium ester into an oligonucleotide duplex shields it from attack
by hydroxide and forms the basis of homogenous hybridization
protection assays for RNA.15

Recently a large number of esters derived from 9,10-dihy-
droacridines (reduced acridinium esters and thioesters) based on
the N-alkyldihydroacridinecarboxylate nucleus, including
DMC, have been made at Lumigen.16 These dihydroacridine
compounds are stable in the presence of H2O2 and do not form
an inactive pseudo-base. Light emission can be triggered by

oxidising the acridan with horseradish peroxidase (HRP) in the
presence of H2O2 and an enhancer such as p-iodophenol. HRP
oxidizes the 9,10-dihydroacridine to the corresponding acridin-
ium ester, which is immediately subject to nucleophillic attack
by the peroxide anion (OOH2) at the 9 position of the
acridinium nucleus; the possibility of pseudo-base formation
does not arise because peroxide is several orders of magnitude
more nucleophillic than hydroxide.13 Nucleophillic attack
results in the formation of a dioxetanone which decomposes to
form the singlet excited state of N-methylacridone. This relaxes
to the ground state accompanied by the emission of intense blue
light with a maximum wavelength of 430 nm. By using these
compounds as a substrate for HRP it has been possible to detect
as little as 0.1 amol of this enzyme in a 15 min assay.16

Although there have been several reports of ECL in aqueous
solutions involving acridinium esters17 and the related com-
pound lucigenin18 they are all based on the reduction of
dissolved oxygen to H2O2; this has two disadvantages: reliance
on dissolved oxygen concentration and the susceptibility of the
acridinium ester to pseudo-base formation.13 These drawbacks
are avoided when DMC is used because the acridinium ester is
produced in situ from a passive precursor.

Cyclic voltammetry and linear sweep voltammetry with
luminometric detection were carried out using an experimental
arrangement described previously;11 all potentials vs. Ag/AgCl.
The concentrations of DMC and the corresponding acridinium
ester were 50 and 5 mM respectively. The second cyclic
voltammogram (CV) of DMC shown in Fig. 1 has three peaks
located at 0.76 V (peak A), 20.25 (peak B) and 20.11 V (peak
C). A plot of light intensity at 430 nm against applied potential
for DMC in the presence of H2O2 (Fig. 2) has a single peak at
0.75 V corresponding closely to the position of peak A in Fig.
1. This suggests that peak A represents the two electron
oxidation of DMC to the corresponding acridinium ester as
shown in Scheme 1a, which then reacts with H2O2 to generate
chemiluminescence as shown in Scheme 1b. Peaks B and C in

Fig. 1 Two successive cyclic voltammograms of 50 mM DMC in 10 mM
Tris buffer with 0.1 M NaCl, 10 mM H2O2, and 0.025% Tween-20. Scan
rate 100 mV s21, 1st scan (solid line); 2nd scan (dashed line).
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Fig. 1 only appear in the CV after oxidation of DMC and
therefore peak B must represent the reduction of an oxidation
product. Light emission in the presence of H2O2 indicates that
an acridinium ester is produced when DMC is oxidized and the
simplest explanation for peak B is that it represents reduction of
this product as shown in Scheme 1c. This is supported by the
observation that peak B is almost absent when a CV is obtained
in the presence of H2O2, as would be expected if the compound
responsible reacts with peroxide. Further investigation of this
hypothesis with an authentic sample of the acridinium ester

corresponding to DMC16 gave a CV with two peaks identical to
B and C in Fig. 1.

Enzymatic oxidation of DMC by HRP has been reported to
occur in two one-electron oxidation steps separated by a non-
enzymatic deprotonation.16 The corresponding electrochemical
pathway would be a classic ECE mechanism19 in which the two
enzymatic steps are replaced by electrochemical oxidations.
Previous work on acridans, however, has suggested an alter-
native mechanism in which the second oxidation step occurs in
solution as a result of disproportionation between protonated
and unprotonated radical intermediates.20 Further work is
required to reveal which mechanism applies to DMC.

We have shown for the first time that CL of the dihydro-
acridine ester DMC can be triggered by electrochemical
oxidation in the presence of H2O2. Presently work is in progress
to extend this investigation to other 9,10-dihydroacridine esters
in order to build up a detailed picture of the mechanism, and the
relationship between electrochemiluminescence and molecular
structure. ECL of 9,10-dihydroacridines in matrices where light
emission from compounds such as luminol is quenched14 will
also be investigated as will the effect of nucleotide duplexes on
ECL. The latter investigation is based on the assumption that if
intercalation of an acridinium ester into a nucleotide double
helix can shield it from hydrolysis it may also shield a
9,10-dihydroacridine ester from oxidation by an electrode.
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Fig. 2 Dependence of electrochemiluminescence on potential for 50 mM
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Scheme 1 Large capital letters refer to peaks in CV. (a) Two-electron
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with H2O2; (c) one-electron redox reactions of acridinium ester/radical
couple.
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Liquid crystalline organic solutions of poly-g-benzyl-L-gluta-
mate generate a sufficient differential ordering effect to
visualize enantiomers using multinuclear high-resolution NMR
spectroscopy at natural isotopic abundance levels. Chiral
discrimination can be observed through a difference in the
order-sensitive NMR observables, namely: proton–proton, car-
bon–proton and carbon–carbon residual internuclear dipolar
couplings, carbon chemical shift anisotropies, and deuterium
quadrupolar splittings. In most cases, the enantiodifferentiation

is large enough to allow determation of the enantiomeric
excesses satisfactorily. All theoretical considerations and sig-
nificant experimental parameters that affect the efficiency of
this methodology are presented and discussed. The various
possible anisotropic NMR techniques provide a very reliable
and powerful alternative to the current analytical techniques
which operate in the isotropic phase.

Introduction
The sustained interest in enantioselective synthesis and the
necessity of providing reliable quality control tests for marketed
or new candidate synthetic chiral drugs in the pharmaceutical
industry, have strongly stimulated the development of novel,
convenient and efficient techniques for enantiomeric purity
analysis. Among them NMR spectroscopy is widely used.
Various NMR methods using isotropic solvents, nicely re-
viewed by Parker,1,2 are available for determining enantiomeric
excesses (ee’s), but all suffer of a lack of generality. For
instance, derivatization of chiral molecules using chiral deriva-
tizing agents requires the presence of a reactive function and
great care is required to ensure that neither kinetic resolution nor
racemization occur during the derivatization. The preparation of
specific complexing agents is needed when using chiral
solvating agents dependent on the functional groups in the
chiral molecule under study. Also the use of chiral lanthanide
shift reagents works only when the enantiomers may complex
the paramagnetic center in equilibrium at the NMR timescale.
Last, but not least, the final result is not always satisfactory as
in almost all cases, only the variation of a chemical shift is
utilised for discrimining between isomers.

To provide an alternative when usual isotropic NMR methods
fail and to avoid some of their main disadvantages, we have
developed an analytical approach based on the use of chiral
liquid crystals (CLC). The best results, to date, have been
obtained with a chiral anisotropic solvent comprised of a
synthetic polypeptide, poly-g-benzyl-L-glutamate (PBLG), dis-
solved in various organic solvents such as chloroform, dichloro-
methane, dimethyl formamide, etc.3–6

NMR spectra of chiral solutes in this liquid crystalline
medium are extremely rich in their information because they are
affected not only by the usual scalar couplings and chemical
shifts, but also by anisotropic interactions such as dipolar
couplings, chemical shift anisotropy (CSA) and if the nuclei
have a spin I > 1/2, by quadrupolar interactions. It is
differences in these anisotropic interactions which provide the
chiral discrimination. We have shown that this effect originates
from the fact that enantiomers are not oriented in the same
manner in this chiral anisotropic medium. The great advantage
that this new NMR analytical method has over the more
established techniques, which use isotropic solvents, is that
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chiral discrimination can be achieved for a very wide range of
compounds, including those in which there are no functional
groups, such as saturated hydrocarbons. A second important
advantage is that there are a number of NMR nuclei which can
be exploited, and for a specific molecule there are usually many
NMR parameters which can be measured, with varying
sensitivities to chirality. In this review, we will illustrate this
point through the investigation of a single chiral compound,
(±)-1-chloropropan-2-ol [(±)-CP] for which we will show that it
is possible to discriminate its S and R isomers using proton,
carbon-13 and deuterium NMR spectroscopy, the enantiodiffer-
entiation being based on a difference in their 1H–1H, 1H–13C
residual dipolar couplings, carbon-13 CSA or 2H residual
quadrupolar splittings. In addition we will report the first
successful enantiomeric discrimination based on differences of
13C–13C residual dipolar couplings.

To introduce chemists to this non-conventional area of NMR
spectroscopy, all essential theoretical and practical aspects of
NMR in chiral anisotropic solvents, particularly when using the
PBLG system, are reviewed. Consequently, this article is not a
comprehensive survey of successful results already obtained
using this methodology, but is rather intended to describe and
assess the respective pratical interests of various 1D and 2D
multinuclear NMR tools in natural isotopic abundance systems
that have been used or specifically developed to visualize
enantiomers dissolved in the PBLG phase. Thus, all experi-
mental parameters or useful details that can affect the efficiency
of each of the NMR tools proposed will be examined and
discussed. It is important to emphasise that all NMR spectra of
(±)-CP reported in this work were obtained in natural isotopic
abundance.

NMR in chiral oriented solvents: background
Since the pioneering work of Snyder and coworkers, it is known
that enantiomers may give different NMR spectra when
dissolved in a chiral anisotropic material.7,8 This situation arises
because the difference in the enantioselective interactions
between the S and R isomers and the CLC generally generates
a sufficient differential ordering effect (DOE) to discriminate
between them using order-sensitive NMR observables.9,10

These various observables, which are averaged to zero due to
the isotropic motion of solutes in the liquid state, are the
chemical shift anisotropy, (Dsi), the spin–spin coupling
anisotropy (DTij) and the quadrupolar splitting for spin I > 1/2
nuclei (DnQi

).11 It should be noted that (DTij) is due to the
purely anisotropic dipolar couplings (Dij) and to the anisotropy
of the scalar coupling, (DJij), the latter being generally
considered small in comparison to Dij. In the following, we will
assume that DJij is negligible, thus reducing DTij to Dij. A rough
classification of the sensitivity of these anisotropic interactions
towards the DOE of enantiomers indicates that |DnQi

| > |DTij|
> |Dsi|.11

The analysis of NMR spectra obtained in CLC differs from
their isotropic analogues, but the numerous anisotropic inter-
actions provide interesting tools as far as enantiodiscrimination
is concerned. Regarding the various active NMR nuclei
intrinsically included in any chiral organic compounds and their
natural magnetic properties, namely, 1H (I = 1/2, 99.985%),
13C (I = 1/2, 1.108%) and 2H (I = 1, 0.015%), it appears that,
theoretically, there are ten possible NMR observables for
detecting the DOE, namely DsH, DsC, DsD, DTHH, DTHD,
DTDD, DTCC, DTCH, DTCD and DnQD. However, some of these
will not provide an efficient tool for our purpose because the
weakness of the natural isotopic abundance of the involved
nuclei. For instance, the present sensitivities of routine
spectrometers do not permit the observation of DTCD or DTDD,
in natural abundance NMR. In contrast, when enantiomers
under investigation exhibit other X-active nuclei of spin I = 1/2
(fluorine-19, phosphorus-31,. . .) or I > 1/2 (boron-10, boron-

11,. . .), additional NMR observables such as DsX, DTHX, DTCX

or DnQX are available and therefore increase the probability to
reveal an enantiomeric discrimination.12,13 Finally, as all these
anisotropic NMR interactions are order-sensitive and therefore
temperature-, concentration- and solvent-dependent, we have
three further variables at our disposal to control the DOE, thus
enhancing the probability to detect a chiral differentiation.
Consequently, this analytical strategy offers undoubtfully better
possibilities for discriminating between enantiomers compared
with current isotropic NMR techniques in which only the
variation of a chemical shift is used.1,2 As we will show
throughout this work, the two main features of this non-
conventional approach generally involving a single NMR
sample preparation are, therefore, both its analytical potential-
ities and high adaptability from the NMR point of view.

Description of the chiral liquid crystalline solvent
The chiral recognition principle in the liquid crystalline state is
based on the ability for the chiral phase to orientate differently
the two enantiomers as schematically depicted in Fig. 1, and so
the choice of the solvent is crucial.8,9,14,15 As a consequence, we
need to have a system able to interact enantioselectively with
almost all enantiomers (functionalized or not) and give
sufficiently large orientational differences which can be
revealed using NMR spectroscopy. This condition supposes
therefore that the enantioselective electrostatic interactions as
well as geometric shape recognition play an important role in
the discrimination mechanisms. Actually, this situation is very
similar to that involved for enzymatic enantioselectivity in
biological systems.

From the NMR point of view, the liquid crystal should ideally
solubilize almost all organic compounds, provide a very
homogeneous anisotropic mesophase with low viscosity at
about room temperature, and its NMR spectrum should not
interfere with that of the dissolved molecules. In addition, the
DOE is not directly related with the magnitude of orientational
order parameters and in fact it is advantageous to use an
anisotropic solvent exhibiting low molecular ordering for
solutes. This is firstly because in the majority of cases the proton
and proton-coupled X spectra can be easily analysed in a similar
way as for isotropic spectra. Second, the contribution to NMR
linewidths of order inhomogeneities in the sample is rather
small, hence a higher signal-to-noise (S/N) ratio may be
achieved. This is a key point to observe chiral discriminations
for very low-sensitive quadrupolar nuclei such as deuterons at
natural abundance level.16–18

Among the CLC examined up to now, the most valuable
mesophase satisfying all criteria mentioned above is the
lyotropic system poly-g-benzyl-L-glutamate (PBLG) or its
enantiomer poly-g-benzyl-D-glutamate (PBDG), in solution
with various organic helicogenic co-solvents.19–22 In such co-
solvents, the main chain of the synthetic homo-polypeptide
adopts a rigid a-helical conformation similar to that observed
for some naturally occuring polypeptides23 while the glutamate
side chains, which branch from the main helix, also form a
secondary molecular helix.22,24–26

Within a certain concentration range, organic solutions of
PBLG are liquid crystals. Spontaneously, the PBLG chiral
fibers orientate to form a macroscopic, supramolecular helical
structure of directors in the mesophase, typical of that exhibited
by cholesteric liquid crystals. However, when submitted to a
routine NMR magnetic field, the supramolecular helix unwinds,
and the system behaves like a chiral nematic phase with positive
anisotropy of the molecular diamagnetic susceptibility (Dcm >
0), with the director, n, homogeneously aligned parallel to the
static magnetic field Bo (Fig. 1).27,28 Various possible co-
organic solvents may be used. Chloroform, dichloromethane,
dioxane, DMF and THF are among the most convenient to
dissolve a wide variety of organic materials.24,29,30 However,
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for DMF or dioxane, it is necessary to heat the mixture in order
to dissolve the polymer during the sample preparation. In all
cases the organic co-solvent employed has to homogeneously
dissolve the polypeptide and preserve the a-helical structure of
the polymer. For instance, trifluoroacetic acid and DMSO are
not suitable co-solvents since they form strong intermolecular
hydrogen bonds with the polypeptide chain, giving rise to a
random coil conformation for the PBLG, and consequently, the
liquid crystalline properties of the solvent disappear.24 Studies
for the optimisation of the ternary mixture, ‘PBLG/co-solvent/
chiral material’, have established that the best NMR results are
generally obtained for samples prepared with a concentration in
PBLG which varies between 12 and 25% by weight. Except for
molecules that are able to precipitate the PBLG fibers, the
addition of a reasonable amount of solute (1–20%) in PBLG/co-
solvent mixtures does not disrupt the liquid crystalline proper-
ties of the solvent. The average molecular weight of PBLG is
another important factor for the quality of the enantiodiscrimi-
nation. Indeed, this parameter as well as the concentration of the
polymer and the nature of the organic co-solvent determine the
sample viscosity. Using the same co-solvent and keeping the
PBLG concentration constant, the viscosity of the phase
significantly decreases when the molecular weight of the
polymer is reduced. Generally, a greater fluidity of the liquid
crystalline phase provides longer apparent transversal relaxa-
tion times for solutes (T2*), and hence a better spectral
resolution and S/N ratio. Therefore, we suggest using a PBLG
whose degree of polymerisation (DP) is in the range 350–600.4,5

Under these conditions, the sample temperature can be
optimized between 285 and 340 K depending on both the
organic co-solvent used and the solute under investigation.
Finally we note that a DP below 200 is not convenient for our
purpose because the liquid crystal range of the sample is either
too small or non-existent.

Theoretical considerations
Analysis of the order-dependent NMR observables
involved in chiral differentiation

When embedded in a liquid crystal, solute molecules are
partially ordered.11 This situation arises also using chiral liquid
crystals, but in this case, the difference of interactions between

the enantiomers and the PBLG molecules generally produces a
measurable difference in their orientational ordering.8,9,31

Consequently, the molecular order of S and R isomers must be
described by two distinct second-rank order tensors, SS and SR,
denoted Saupe matrices, whose elements can be expressed
as:11

SS R S R S R S R
z zab a b abq qor or or or= -1

2
3cos cos d (1)

In this equation, a,b = a,b,c are the axes of the molecular fixed
reference frame, qS or R

az
is the angle between the magnetic field

and the molecule fixed a axis in the S or R isomers (the z
laboratory axis is assumed parallel to the Bo axis). dab is the
Kronecker symbol (unity if a = b and zero otherwise). The
angular brackets denote a statistical average over all orienta-
tions of the molecule as well as over all intramolecular motions.
From the components of SS or R, we can derive the order
parameter, SS or R

ij , of any direction along a vector vij in the
molecular axis system (a,b,c):

S S

S

S S

S

ij
S R

ij
S R

ij
S R

a b c

S R

ija
S R

aa
S R

ijb
S R

ijc
S R

bb
S R

cc
S R

ija
S R

ijb
S R

ab
S R

ija

or or or or

or or

or or or or

or or or

=

= -( )
+ -( ) -( )
+ ( )
+

=
Âcos cos

cos

cos cos

cos cos

cos

, , ,

q q

q

q q

q q

q

a b

a b

ab

1

2
3 1

1

2

2

2

2

2 2

SS R
ijc
S R

ac
S R

ijb
S R

ijc
S R

bc
S R

S

S

or or or

or or or

cos

cos cos

q

q q

( )
+ ( )2 (2)

where the cosqS or R
ija are the director cosines of the vector vij in

the molecular fixed frame. All the order-dependent NMR
interactions are related to these order parameters as we will see
in the next sections.

As a consequence of the DOE and of the non-zero averaging
of order-dependent NMR interactions, the total static spin-
Hamiltonian which describes the NMR spectra of each
diamagnetic enantiomer in CLC must be written as the sum of
four distinct terms:

Fig. 1 Schematic illustration of the differential ordering effect for two enantiomers dissolved in the PBLG phase. To clarify the drawing, the glutamate side
chains of the polypeptide and the co-solvent molecules were not displayed. The assignments S and R and the space representation of the orientational principal
axis system (aA,bA,cA) of enantiomers should be regarded as arbitrary. The PBLG and chiral solutes are not plotted to scale. Note the head-to-tail associations
between two PBLG fibers.
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h h h h htot
or

cs
or

J
or

D
or

Q
orS R S R S R S R S R= + + + (3)

where h S or R
cs is the Zeeman term including the electronic

shielding contribution, h S or R
J and h S or R

D are the indirect
electron-coupled and direct through-space spin–spin inter-
actions and h S or R

Q is the quadrupolar interaction caused by
electric field gradients acting on quadrupolar nuclei (I > 1/2).
In this respect, magnetic interactions for liquid crystalline
solutions are not different from those of solid state NMR, except
that molecules are free to diffuse and tumble, leading to line
narrowing, and hence high resolution spectra.

Let us now treat in detail the various order-dependent NMR
observables involved in the analysis of NMR spectra of
enantiomers in chiral anisotropic media.

Chiral discrimination arising from chemical shift
anisotropy

In a chiral anisotropic solvent, the resonance frequency ni of a
nucleus i contains both an isotropic, siso

i , and an anisotropic,
Dsi, contribution to the electronic shielding and may be written
for two enantiomers such as:11

n
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i
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o= - -[ ]2
1

p
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Expressed in a molecular frame (a,b,c), the terms siso
i and Dsi

at the ith site are defined as:
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Eqn. (4) indicates clearly that chiral discrimination is detected
in NMR spectra when nS

i 2 n
R
i ≠ 0 as depicted in Fig. 2(a), i.e.

when DsS
i significantly differs from DsR

i . However, the quantity

DsS or R
i is not trivial to analyse as from eqn. (5) it depends both

on the elements of the shielding tensor and on the orientational
order parameters, SS or R

ab , in the same reference frame. In order
to consider the various factors governing this quantity, it is more
convenient to recast the previous equation into:

Ds s s s

s s

s s s

i
S R

iaa ibb icc aa
S R

ibb icc bb
S R

cc
S R

iab ab
S R

iac ac
S R

ibc bc
S R

S

S S

S S S

or or

or or

or or or

= - +( )È
ÎÍ

˘
˚̇

+ -( ) -( )
+ + +( )

2

3

1

2

1

3
4

3

(6)

For each nucleus i of both enantiomers, there exists a principal
frame (aAi, bAi, cAi), where the chemical shift tensor is diagonal.
Consequently the relationship (6) can be rewritten as:
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where qiaAa are the angles between the principal axis system of
the chemical shift tensor of a nucleus i and the molecular
frame.

In eqn. (7), the quantity siaAaA2 (sibAbA + sicAcA)/2 corresponds
to the anisotropy of the electronic shielding of atom i, saniso

i ,
while (sibAbA 2 sicAcA) may be seen as the asymmetry of the
electronic shielding, sasym

i . An examination of the relationship
(7) shows clearly that saniso

i and sasym
i as well as the order

parameter differences (SS
iaAaA 2 SR

iaAaA) and [(SS
ibAbA 2 SS

icAcA) 2
(SR

ibAbA 2 SR
icAcA)], should both be large in order to detect any

frequency difference, |nS
i 2 n

R
i |, between the NMR signals of

nucleus i for each enantiomer. Consequently, all factors which
would increase either the difference in order parameters
between enantiomers or the electronic shielding anisotropy of
nucleus i (such as the nature of the substituents bonded to
nucleus i or its hybridization state) will increase the magnitude
of Dsi. As the magnitude of the shielding anisotropy, however,
is rather small for almost all nuclei involved in classical organic
molecules compared with other NMR interactions, only nuclei
having the largest CSAs such as sp or sp2 carbon atoms or
fluorine atoms may provide appropriate spy nuclei allowing
enantiomers to be differentiated on the basis of a CSA
difference.11,32,33 In contrast, deuterium, proton or sp3 carbon
atoms are rather poor in regard to CSA.

Chiral discrimination using the internuclear dipolar
coupling interactions

In the spectra of enantiomers dissolved in chiral liquid
crystalline solutions, dipolar interactions between atoms are not
averaged to zero. In this case each pair of interacting nuclei i and
j for both isomers may produce a direct dipolar coupling defined
in Hz as:11

D k
S
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k

h
ij
S R

ij
ij
S R

ij
ij

i jor
or

o= - =3 24 4
with

m g g

p p
(8)

In this equation, gi and gj are the magnetogyric ratios of nuclei
i and j, and mo is the permeability constant of a vacuum. The
angular brackets denote an (ensemble or time) average over
molecular tumbling and internal motions (vibrational motions,

Fig. 2 Principle of the enantiomeric discrimination in CLC based on (a) a
difference of chemical shift anisotropies, Dsi, (b), residual dipolar
couplings, Dij, and (c) residual quadrupolar splittings, DnQi

, for I = 1 nuclei
(deuterium). For all examples, we have assumed that Dsi, was negative. In
addition (b) and (c) are depicted assuming the CSA difference (DsS

i 2 D
R
i )

between the enantiomers in the chiral anisotropic phase was negligible. DS
ij

and DR
ij were chosen to be smaller than Jij, and having a positive and

negative sign, respectively. DnQi
can be positive or negative. The various

spectra are not plotted to scale. The assignments S and R given in all spectra
are arbitrary.
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conformational changes. . .), rij is the internuclear distance
between nuclei i and j and SS or R

ij is the order parameter for the
internuclear vector rij. Note that the magnitude of kij depends on
the nuclear isotopes involved. For intance, the kij values are
7.59, 28.4, 30.19, 112.96, 120.07 kHz Å23 for 13C–13C, 19F–
13C, 1H–13C, 19F–1H, 1H–1H, interacting pairs, respectively.

Disregarding any discrepancies in the molecular geometry
between two enantiomers, eqn. (8) shows that the chiral
discrimination between enantiomers occurs when the inter-
nuclear order parameters, SS or R

ij , are different for the S and R
isomers [Fig. 2(b)]. Although SS or R

ij can be related to the
molecular order matrix elements, SS or R

ab , using eqn. (2), it is also
convenient and often easier to express this parameter relative to
the Bo axis as:

Sij
S R

ij
S Ror or= -1

2
3 12cos q (9)

where qS or R
ij is now the angle between the internuclear vector rij

and Bo. It must be emphasised that the dipolar coupling
difference, DS

ij 2 DR
ij, measured from spectra varies with the

relative position of the internuclear vectors rS
ij and rR

ij with
respect to Bo. This point will be discussed in detail for the
quadrupolar interaction.

Finally as underlined in the Introduction, the presence of
internuclear dipolar interactions has a profound impact on the
spectrum of a molecule dissolved in liquid crystals (chiral or
not). As a consequence, the analysis of dipolar spectra may
appear rather puzzling compared to those recorded in an
isotropic medium. For instance, a first order splitting, denoted
Tij, observed between two coupled anisochronous nuclei i and j,
is now equal to Jij + 2DTij, where Jij is the isotropic part of the
scalar coupling and DTij is the anisotropic part of the total
coupling that we limit to the dipolar contribution, Dij [see Fig.
2(b)]. Consequently, as the sign of Dij can be negative or
positive, the first order splitting between two non-equivalent
nuclei may be zero when Jij = 22Dij, producing a fortuitous
decoupling. This situation is often encountered for weakly
ordered liquid crystals such as organic solutions of PBLG
because in this case dipolar and scalar couplings are of the same
order of magnitude. Furthermore, dipolar couplings are observ-
able between magnetically equivalent nuclei, contrary to scalar
couplings. Thus, in proton liquid crystal NMR, the nuclei of an
isolated methyl group produce a 1:2:1 triplet, while a methylene
group produces a 1:1 doublet. In both cases the splittings are
equal to 3DHH. Actually, in an anisotropic medium, the
spectrum of any n-fully equivalent I = 1/2 nuclei consists of an
n-multiplet with line spacing 3D and a binomial distribution of
intensities.

Chiral discrimination using the quadrupolar coupling
interaction

NMR spectra of quadrupolar nuclei (spin I > 1/2) in oriented
solvents are dominated by the nuclear quadrupole–electric field
gradient interaction. Disregarding spin–spin couplings, the
spectrum, to first order, consists of equally spaced 2I peaks
corresponding to the various m Ô m + 1 transitions. The
separation between the lines, denoted, DnQi

, is referred to as the
quadrupolar splitting as shown in Fig. 2(c). For two enantiomers
oriented differently in a chiral ordered environment and
assuming that the quadrupole term is much smaller than the
Zeeman term, the quadrupolar Hamiltonian can be written in
frequency units as:11
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where eQi is the nuclear electric quadrupole moment of nucleus
i, eqS or R

izz is the component of the electric field gradient (EFG)
tensor along the magnetic field (z axis) at the nucleus i for each

enantiomer. In this equation, eqizz, is related to the elements of
the EFG tensor in the molecular frame, eqiab, using:
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For most quadrupolar nuclei, the relaxation induced by the
purely anisotropic quadrupolar interaction broadens the signals
so strongly that the analytical potential produced by the DOE in
a chiral mesophase is lost. However, the relaxation behaviour
for some nuclei, such as boron-10 (I = 3), boron-11 (I = 3/2)
or deuterium atoms (I = 1), resembles that of spin-1/2 nuclei in
small molecules owing to their small quadrupole moment, and
produces high-resolution quadrupolar NMR spectra.13 In the
case of deuterons, which are monovalent atoms, the EFG is
usually assumed to lie along the C–D bond direction and to be
axially symmetric. Choosing one of the principal axes along the
C–D bond, and safely neglecting any asymmetry parameter the
quadrupolar splitting between the two lines [Fig. 2(c)] can be
written as:

DnQ
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with (12)

where SS or R
C–Di

is the order parameter of the C–Di axis for the R or
S enantiomers and KC–Di

is the deuterium quadrupolar coupling
constant. Note that KC–Di

varies depending on the hybridization
state of the carbon bonded to a given deuteron. Thus KC–Di

is
approximately equal to 170 ± 5 kHz, 185 ± 5 kHz and 210 ± 5
kHz, for sp3, sp2 and sp carbons, respectively.11,34

Similarly to eqn. (9), the order parameter associated with the
EFG for a C–D bond can be related to the molecular order
parameters through eqn. (2) and is expressed relative to Bo

as:

S
i i

S R S R
C D

or
C D

or
- -= -1

2
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As already described for the dipolar interaction, eqn. (12) shows
that chiral differentiation |DnS

Qi
2DnR

Qi
| ≠ 0 occurs when |SS

C–Di

2 SR
C–Di

| ≠ 0. Eqn. (13) indicates, however, that order
parameters, SS or R

C–Di
, are composite quantities as they depend both

on the angle qS or R
C–Di

and on the motional averaging ( < . . . . > ).
Consequently whenever two-order parameters are different
between enantiomers, we generally do not know if this happens
from a purely geometrical reason, qS

C–Di
≠ qR

C–Di
, or from a

difference involving motional averaging, or both. However
assuming that the motional averaging for enantiomers is more
or less the same, it appears that the magnitude of the
differentiation should depend strongly on the relative position
of the EFG direction for both isomers with respect to Bo (Fig. 3).
These variations occur because the trigonometric function,
(3cos2q2 1)/2, is very steep for angles around the magic angle,
qm = 54.7° (for which the function is null, and hence SS or R

C–Di
=

0), and rather flat in the angular ranges of [25, +5°] and [+85,
+95°]. Analyzing the evolution of the calculated quadrupolar
splitting difference, assuming qS

C–Di
= qR

C–Di
+ 10°, and the

corresponding spectra plotted in Fig. 3, we can easily see that
larger chiral discriminations are obtained when qS

ij and qR
ij vary

in the interval qm ± 20°. This range of angles corresponds also
to the smallest values for SS or R

C–Di
and subsequently to the smallest

magnitudes of quadrupolar splittings. As shown in Fig. 3, there
exist several particular spectral situations corresponding to
either the cancellation of quadrupolar splitting for one of the
enantiomers (qS

ij = qm or qR
ij = qm) or the disappearance of the

chiral discrimination (SS
ij = SR

ij). Note that the various spectral
situations simulated here in the case of spins-1 could be also
observed for two dipolar coupled magnetically equivalent
spins-1/2. The great efficiency of deuterium NMR in the
discrimination of enantiomers in PBLG mainly originates from
the relatively large magnitude of the deuterium quadrupolar
coupling constants, KC–D, compared with almost all kij,
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involved in the dipolar interaction. Indeed, even when the DOE
between two enantiomers is rather small, the magnitude of the
deuterium quadrupolar coupling constant for a C–D bond can
make the difference in their residual quadrupolar splittings,
|DnS

Qi
2 DnR

Qi
|, measurable.

Experimental and NMR technical considerations
In this technique, PBLG sample preparation is very important
because it may affect strongly the quality of NMR spectra, in
particular the linewidths. The typical procedure to prepare a
PBLG sample consists of directly weighing 2–100 mg of
racemic material, 80–100 mg of PBLG and adding about
350–500 mg of co-solvent into a 5 mm NMR tube. Note that the
viscosity of the mixture and the evaporation of the co-solvent
preclude the possibility of preparing and handling the sample
outside the NMR tube. Under these conditions, the total volume
of the sample is optimal compared to the length of the coil of a
5 mm diameter dual probe-head. In this study we have added
100 mg of PBLG (DP = 562, MW ≈ 120 000), 100 mg of
1-chloropropan-2-ol (CP) in racemic mixture and 350 mg of dry
chloroform. The polymer was purchased from Sigma and used
with no further purification, however numerous preparative
methods of PBLG are possible and have been described in the
literature.24,35–37 It is recommended to wait for slow dissolution
of the compounds in the NMR tube (which was sealed to
prevent any co-solvent evaporation) and then to centrifuge the
sample in both directions until an optically homogeneous
birefringent phase is obtained. Finally, before measuring the
NMR spectra, the sample was kept for about 15 min in the
magnetic field in order to achieve a good thermal equilibration
and the complete unwinding of the cholesteric pitch prior to
starting the shimming procedure.

NMR experiments in PBLG can be performed on any routine
spectrometer and no special hardware equipment is required.
Nevertheless, using a high magnetic field is a strong advantage
to increase the chemical shift dispersion and to record low
sensitivity nuclei at natural abundance level such as deuterium.
In this work, all NMR spectra were obtained on a Bruker DRX-
400 high-resolution NMR spectrometer equipped with an

inverse 5 mm multinuclear probe, the operating frequencies
being 400.1, 100.6 and 61.4 MHz for 1H, 13C and 2H,
respectively. The NMR probehead was tuned and matched very
carefully to minimize losses in probe efficiency. This is of
importance for detecting nuclei of very low natural isotopic
abundance such as deuterons. The NMR tube was not spun in
the magnet and the temperature of the sample was regulated
carefully at 298.0 ± 0.1 K by the Bruker BVT 3000 temperature
unit in order to prevent substantial temperature fluctuations.
Note here that the sample rotation does not produce a significant
improvement in the spectral resolution when the magnetic field
homogeneity is good whereas a good long term thermal stability
ensures an optimal spectral resolution. The field-frequency lock
was not used, but the field drift of our magnet is small enough
to allow for a long time accumulation without significant line
broadening. When long term field stability is poor, field-
frequency lock on a deuterium signal is possible, one compo-
nent of the quadrupolar doublet of the deuterated solvent
providing the lock signal for instance. The recording of natural
abundance deuterium spectra of solutes is, however, not
possible in this case. One solution consists of using a fluorine-
19 signal as lock signal. Thus a few drops of CFCl3 can be added
to the co-solvent without perturbing the PBLG phase, but this
technical solution requires a fluorine-19 lock device and a
suitable probe. In order to avoid possible sample heating which
can produce some line broadening, proton-decoupled carbon or
deuterium spectra are recorded applying broadband proton
decoupling using the WALTZ-16 composite pulse sequence ( ≈
0.5 W of rf power).38 Note here that the proton decoupling in
PBLG does not necessitate more power than for isotropic
samples because of the rather small amplitude of the residual
heteronuclear dipolar interactions. Other specific experimental
details for each technique will be given in the figure captions.

Description and analysis of various anisotropic
NMR tools in PBLG
Proton NMR spectroscopy

Proton spectra of oriented molecules in classical thermotropic
LCs are dominated by the residual dipolar couplings and yield

Fig. 3 Theoretical evolution of the two components (n2i and n+
i ) of a quadrupolar doublet associated with two enantiomers, versus the angle qS

C–D. We have
assumed that KC–D = 133 kHz and the difference qS

C–D 2 q
R
C–D = +10° for all values. On the right of the figure, the expected spectra for various angles qij

are shown. Note the four particular situations corresponding to qR
C–D = qm, SS

C–D = SR
C–D when qS

C–D < qm, qS
C–D = qm and SS

C–D = SR
C–D when qS

C–D >
qm, respectively. The S and R assignment given for the initial spectrum is arbitrary.
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usually non-trivial second order spectra. The reason for this is
that the magnitude of partially averaged 1H–1H dipolar
couplings are often much larger than the chemical shift
differences.11 Actually, this analytical circumstance is less often
encountered using organic solutions of PBLG because of the
weak degree of molecular orientation in PBLG. The value of
order parameters are in the range 1023 to 1025, and conse-
quently the dipolar couplings are often small (negative or
positive) values compared to Larmor frequency differences.9,10

Consequently, the analysis of proton spectra in PBLG may often
be carried out at first order and allows detection of a possible
chiral discrimination.

To illustrate our purpose, Fig. 4 shows the proton signals of
the methyl group in (±)-CP where two different spectral

patterns, centred on the same chemical shift, may be observed,
one for each enantiomer. As already suggested in the theoretical
section, this situation illustrates perfectly that the very weak
sensitivity of proton CSA toward the DOE does not generally
allow a chemical shift difference between enantiomers to be
measured on the 1H spectra (even at 400 MHz). In contrast, the
superposition of two spectral patterns for the methyl shows the
chiral separation of enantiomers through a difference in the
residual 1H–1H dipolar couplings. Thus, for one of the
enantiomers (labelled using white squares) we obtain a doublet
of triplets due to the dipolar couplings between the three
equivalent protons of the methyl group and to the coupling with
the proton directly attached to the asymmetric carbon. From the
values TCH3

and TCH3…CH, measured directly from the spectrum,
we can determine the 1H–1H residual dipolar constants. We find
here |DCH3

| = 12.4 Hz and |DCH3…CH| = 9.1 Hz. The spectral
pattern associated to methyl group of the other enantiomer
(labelled using black squares) is more complicated than the first
because the dipolar couplings between the protons of CH3 and
the diastereotopic protons of the CH2 group are not averaged to
zero as previously. This perfectly emphasises the variation of
dipolar couplings between the S and the R isomers and shows
the influence of the DOE on the spectral analysis in chiral liquid
crystals. However as the order parameters and subsequently the
Dij values are temperature-sensitive, we can modify the spectral
patterns by changing the sample temperature and, hopefully,
simplify the analysis. The determination of all dipolar couplings
is not trivial and requires the use of spectral simulation

programs such as PANIC.39 For the R enantiomer of CP, we
have measured |DCH3

| = 4.2 Hz, |DCH3…CH| = 3.2 Hz and
|DCH3…CH2

| = 3.3 Hz. Finally, it is noteworthy that the chiral
discrimination may also be seen on the NMR signal of the
methylene and methine groups through 1H–1H dipolar coupling
differences, but they are not shown here.

Although chiral differentiation was visualized in this exam-
ple using 1H NMR, it is clear that when the number of
interacting protons in the molecules becomes larger, the
analysis of the 1H spectra becomes very difficult. In this case,
the chiral discrimination between enantiomers cannot always be
unambiguously established because doubling of peaks may
arise, for instance, from the long distance dipolar couplings.
Two solutions can be suggested to check if a chiral discrimina-
tion occurs or not. First, it is always convenient to apply a
selective decoupling of protons which are susceptible to interact
with the signal suspected to give a chiral discrimination. When
doubt still arises, the spectra in a racemic mixture of PBLG and
its enantiomer, PBDG, dissolved in CHCl3 may then be
recorded.22,31 Indeed in such a mixture, the fast exchange
between chiral solutes and the vicinity of PBLG and PBDG
eliminates the chiral discrimination, and hence results in a
significant simplification of spectra, which can give valuable
information with regard to chiral discrimination.31 This latter
solution can be also successfully applied using the other NMR
spectroscopies described below such as carbon-13 or deuterium
NMR. However in proton NMR, these alternatives will remain
limited for large, chiral molecules because the numerous long
distance dipolar couplings together with the superposition of the
1H spectra for each enantiomer can yield either significant line
broadening of the resonances or an excessive peak overlap
which totally prevents their analysis. We reach, then, the limits
of the applicability of the proton NMR spectroscopy in PBLG
solvent. In such cases, carbon-13 NMR spectroscopy can offer
a first and reliable alternative.

Carbon-13 NMR spectroscopy in natural abundance

In spite of the lower natural isotopic abundance of carbon-13
atoms, the advantages of using carbon-13 NMR in PBLG are
obvious compared with proton NMR.5,32 In the first place, the
spectral analysis of rare spins in anisotropic medium is
considerably simplified due to the absence of coupling between
two dilute spins. Second, the magnetic fields used in routine
NMR are sufficiently strong to reach a satisfying S/N ratio with
a relatively small amount of material and short experimental
times. Moreover because of its high molecular weight and liquid
crystalline nature, the broad carbon-13 NMR resonances arising
from PBLG do not interfere with the analysis of the solute
signals. Consequently in a second approach, we have demon-
strated that natural abundance carbon-13 NMR may be
successfully applied to visualize enantiomeric discrimination,
through a difference of 13C–1H dipolar interactions and/or C-13
chemical shift anisotropies when proton NMR gives rather poor
or unconvincing results.5

1D proton-coupled carbon-13 experiments. Fig. 5(a),
shows the proton-coupled carbon-13 signal of the methyl group
of (±)-CP. Here again, we distinguish two spectral patterns,
namely a doublet of quartets for each enantiomer, clearly
indicating chiral differentiation. To check this analysis, we have
recorded the carbon-13 signal of the methyl carbon applying a
selective decoupling of the proton attached on the asymmetric
carbon. In this case, we eliminate the dipolar splitting, TCH3…H,
and we observe only two distinct quartets, corroborating
unambiguously the discrimination of enantiomers. Note that
recording the proton-coupled carbon-13 signal of the methyl in
a racemic mixture of PBLG and PBDG would give a single
dedoubled quartet, showing that chiral discrimination occurred
in the PBLG phase. From the values of nTCH (n is the number of

Fig. 4 Proton signal of the methyl group of (±)-CP. The spectrum was
Fourier transformed after adding 256 scans. The peaks due to each
enantiomer are labelled by (8) and (-). Zero filling, digital gaussian
filtering (GB = 40% and LB = 29 Hz) and a baseline correction were
applied to increase the digital resolution and enhance the spectral aspect.
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bonds separating the two coupled nuclei in the molecular
skeleton), measured directly from the spectrum, we can
calculate the residual dipolar coupling constants, nDCH. As the
sign of 1JCH and 3JCH are known to be positive33 and
considering that 1JCH and 3JCH are larger than 1DCH and 3DCH,
in the PBLG phase,9,10 we are able to determine the absolute
sign of those dipolar couplings. In contrast, the sign of 2JCH can
be positive or negative, consequently the sign of 2DCH cannot be
ascertained directly. In this example, the four corresponding
residual dipolar couplings derived from the spectrum analysis
are DCH3

= 28.5 Hz and DCH3…CH = +3.8 Hz (2) and DCH3
=

+1.5 Hz and DCH3…CH = +1.7 Hz (5) assuming that JCH3…CH

and TCH3…CH are positive. Note here that at 298 K, we are not
able to measure the dipolar couplings between the methyl group
and the diastereotopic protons on the methylene group.
Disregarding the fortuitous elimination of dipolar splittings (J +
2D = 0 Hz) and lack of spectral resolution, we may assume that
the large internuclear distance (rCH3…CH2

> 2.8 Å) and the small
magnitude of order parameters in PBLG give a negligible
dipolar interaction between those protons and the methyl
carbon. Consequently no further splittings are visible in the
spectral pattern. We can also remark that the spectral patterns
are not perfectly centered on the same chemical shift owing to
a small but measurable difference of carbon-13 CSA. As we will
see in the next section, this small difference is more clearly
visible on the proton-decoupled carbon-13 spectrum. Finally it
can be stated that a chiral discrimination has also been detected
on the other two carbons on the basis of a difference in dipolar
couplings, but they are not presented here.

In this example, we were able to clearly visualize a chiral
discrimination based on a difference of 13C–1H residual dipolar
couplings. It is clear, however, that such well-resolved spectra
will not always be obtained when the molecule under study
possesses a large number of interacting nuclei. Actually for
medium to large sized molecules, we may reach again the limits
of the applicability of the proton-coupled carbon-13 NMR
similar to the situation which is encountered in overcrowded
proton NMR spectra. For chiral compounds exhibiting an
isolated group (such as a methyl group) far removed from other
protons in the molecule, it may be convenient to record the
proton-coupled carbon-13 spectrum in order to detect the
separation of enantiomers through a difference in the 13C–1H
dipolar couplings. When proton-coupled carbon-13 spectra
cannot be conveniently resolved it becomes necessary to cancel
out all dipolar interactions. By recording the proton-decoupled
carbon-13 spectrum, we can, therefore, expect to distinguish

between enantiomers through a difference in their carbon-13
CSA.

1D proton-decoupled carbon-13 experiments. The major
advantage of proton-decoupled carbon-13 NMR (13C-{1H}) in
PBLG is the simplicity of the spectral analysis. First, with
broadband proton decoupling, carbon-13 spectra of solutes
usually show resolved peaks which can be assigned to all non-
equivalent individual carbon atoms in the molecule, similar to
that for an isotropic sample. When the difference in C-13
chemical shift anisotropy between the S and R isomers for a
given carbon i is large enough, then we observe two distinct
resonance lines located at nS

i and nR
i as depicted in Fig. 2(a).

Second, as the carbon-13 CSAs are rather small in PBLG, the
chemical shifts of each carbon are very close to those observed
in the isotropic solvent. Consequently the assignment of the C-
13 resonances in PBLG is often trivial and comparison with the
isotropic spectrum readily reveals the carbons of the chiral
molecule which are discriminated.

Although the carbon-13 chemical shift anisotropies are much
greater than for the proton, the chemical shift differences
measured in almost all spectra are typically just a few Hz
(typically 3–15 Hz), except for some sp carbon atoms for which
chiral discriminations of up to 40 Hz have already been
measured.5 Nevertheless these small differences allow the
visualization and the measurement of enantiomeric excess using
classical numerical integration or iterative curve-fitting. As for
overcrowded 1H and 13C spectra, it is clear that a good
homogeneity of both sample and magnetic field is required to
reach an optimal enantiomeric discrimination. Under the
experimental conditions described above, the linewidths at half-
height commonly observed in 13C-{1H} spectra are ca. 2–4 Hz.
Note that when this spectral resolution is not reached, it can be
useful to slightly increase the sample temperature. Indeed a
greater fluidity of the phase may give an important improve-
ment in the spectral resolution. When no significant effect is
obtained, it is recommended to heat the sample for a few hours
prior to centrifuging the sample in both directions again. In fact
this latter procedure can produce a more homogenous distribu-
tion of each component in the mixture, thus avoiding possible
concentration gradients in the sample.

Finally, compared with proton-coupled carbon-13 NMR,
13C-{1H} NMR offers an important advantage in terms of
sensitivity and S/N ratio, since all signals are concentrated in
only one resonance for each carbon. This situation enhances
considerably the quantitative aspects of this approach through
the greater precision that can be reached in measuring the ee
values. Usually a sufficient S/N ratio is obtained after an
experimental time varying between 1 and 5 h depending on the
available amount of solute and its molecular weight. The
experimental enantiomeric excess determined on such spectra
by integration can be within 2% of the true value.6 Generally,
we estimate that the accuracy on the enantiomeric excess
measurements is about 5% of the true value when the spectrum
is recorded and processed using standard conditions.40,41

Fig. 5(b), shows a small but visible chiral discrimination (|nS
i

2 nR
i | = 3 Hz) on the signal of the methyl group for (±)-CP.

Although the probability for detecting a chiral discrimination is
generally greater for carbons having an sp and sp2 hybridization
state, the discrimination on sp3 carbons is also possible as seen
in this example. However, we must note that none of the carbons
bonded to the heteroatoms in the molecule displays a line
separation. The result is rather surprising if we consider that the
strength of the carbon-13 CSA increases with the electro-
negativity of the substituents.33 However, as already em-
phasised in the theoretical section, the electronic shielding
anisotropy and the asymmetry term are not the only parameters
involved in the chiral discrimination, and the order parameter
differences (SS

iaAaA2 SR
iaAaA) and [(SS

ibAbA2 SS
icAcA) 2 (SR

ibAbA2 SR
icAcA)],

Fig. 5 (a) Carbon-13 and (b) 13C-{1H} signal of the methyl group of (±)-CP.
The spectra were obtained after adding 2000 and 1000 scans of 16 K data
points, respectively. The recycling delay was 2 s. For spectrum (a), proton
decoupling was applied during the relaxation delay period in order to gain
a nuclear Overhauser effect. The peaks arising from each enantiomer are
labelled (2) and (5).
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may have a large effect on the frequency difference of both
isomers for a given carbon. In this particular example, we may
suppose that the angle, q, between the magnetic field and one of
the principal axes of the CSA tensor for the methylene and
methine carbon are located in the region where the function
(3cos2q 2 1)/2 is rather flat and produces a negligible DOE,
thus leading to absence of chiral discrimination.

In contrast with the homo- and hetero-nuclear spin–spin
coupling interactions that are independant of magnetic field
magnitude, eqn. (4) shows that the sensitivity of CSA to the
DOE increases with Bo. Consequently, the use of NMR
spectrometers operating at higher magnetic fields enhances
considerably the possibility to detect enantiomeric discrimina-
tions on all non-equivalent carbons of the chiral molecule. Thus,
when recording the 13C-{1H} spectra of (±)-CP at 201.2 MHz
(18.4 T), the chemical shift difference of 3.0 Hz measured for
the methyl carbon would become around 6 Hz under the same
experimental conditions. Such a difference would offer a very
comfortable separation between these signals which are asso-
ciated with an sp3 carbon. In addition, we may expect to observe
a chemical shift difference for the two other carbon signals of
the molecule, thus increasing the probability to detect a chiral
discrimination.

2D 13C–13C INADEQUATE experiments. The detection of
coupled dilute spin systems such as two carbon-13 nuclei in a
CLC solvent is not trivial to achieve for three reasons. First, the
probability for observing chiral isotopomers possessing two
carbon-13 nuclei is only 1/10000 and the intensity of the
corresponding resonances will be a factor 200 lower than the
intensity of signals from the isolated carbon-13 nuclei. Second,
the kCC parameter for two interacting carbon-13 nuclei is small
(gCgC/gCgH ≈ 0.25) and the larger internuclear distances
between adjacent carbon-13 atoms (1.20–1.54 Å cf. 1.09 Å for
a 13C–1H bond) significantly reduces the sensitivity of 13C–13C
dipolar interaction to the DOE compared with that of the 13C–
1H dipolar interaction. Finally the detection of two coupled
carbon-13 spins is not simple, and hence requires usually the
creation of double quantum coherences using the well-known
2D INADEQUATE experiment, the basic pulse sequence of
which is shown in Fig. 6(a).42–44 The condition for optimum
transfer of one quantum into double-quantum coherence is
satisfied with the delay t = (2n + 1)/(4TCC) where n is an
integer, and consequently the choice of the t value is important.
In the PBLG phase, the very small magnitude of one-bond 13C–
13C dipolar couplings (a few Hz) compared with the range of
one-bond 13C–13C scalar couplings (20–200 Hz, depending on
hybridization state of coupled carbons)33 allows the assumption
that 1TCC ≈ 1JCC. Consequently, despite the fact that the exact
values of 1DCC are unknown, the loss of signal during the
single-to-double quantum transfer, due to a non-ideal value of t
is weak and the detection of double quantum remains possible.
Note here that the magnitude of long-distance 13C–13C dipolar
couplings is generally too small to be experimentally detected.
Finally the a read pulse (a = 90, 120 or 135°) depends on the
phase cycling employed and allows either optimization of the
double quantum coherence or suppression of the quadrature
images in the F1 dimension.43,45

Related to such 2D experiments, Levitt and coworkers were
the first to report the measurements of 13C–13C dipolar
couplings of liquid crystalline molecules using the 2D IN-
ADEQUATE sequence.46 In our case, the low concentration of
chiral solutes in the PBLG phase reduces further the sensitivity
of this experiment, thus raising another difficulty. In other
words, the visualization of enantiomeric discrimination based
on a difference of 13C–13C dipolar couplings is a difficult but
challenging task.

Fig. 6(b) displays part of the 2D INADEQUATE experiment
of (±)-CP recorded in PBLG after 15 h of experimental time

(overnight). As in an isotropic solvent, all dipolar coupled two-
spin systems straddle the skew diagonal of slope 2, each being
located at the sum of their Larmor frequency, ni + nj, in the F1

double-quantum dimension. Two slices parallel to the w2 axis
were observed in the 2D contour plot and permit the
unambiguous identification of each 13C–13C doublet, and
assignment of each of them on the basis of chemical shifts. On
the 2D contour plot, we can observe two partially overlapping
dipolar doublets associated with the carbon-13 atom of the
methyl group, thus showing two different 13C–13C dipolar
couplings between the C-2 and C-3 carbons, one for each
enantiomer. This situation occurs when the two dipolar doublets
are not centered on the same chemical shift due to a CSA
difference between enantiomers (here ca. 3 Hz). This part of the
2D spectrum unambiguously evidences chiral discrimination.
This result was also confirmed by recording the 2D IN-
ADEQUATE spectrum of (±)-CP in the isotropic state at 298 K
because in this instance, only a single doublet was detected
between this pair of adjacent carbons. The residual dipolar
constant DCH3–CH measured on the 2D spectrum is +2.6 and
21.1 Hz for one enantiomer and the other, the scalar coupling
measured in isotropic solution, JCH3–CH, between the two
components being equal to +38.9 Hz (1JCC is always pos-
itive).

It is of note that this is the first enantiomeric discrimination of
a chiral molecule using 13C–13C dipolar interaction since no
successful results using this NMR technique have, up to now,
been recorded. Even though the natural sensitivity of the 2D
INADEQUATE experiment is rather poor, this result estab-
lishes that enantiomeric discrimination based on a difference of
13C–13C dipolar coupling is possible and should not be
neglected. However, it is clear that the analytical potential of
this tool is rather limited because the condition for optimum
transfer into double-quantum coherence subtantially restricts its

Fig. 6 (a) Basic INADEQUATE pulse scheme for carbon-13 2D NMR
spectroscopy. (b) 100.6 MHz INADEQUATE 2D spectrum of (±)-CP in
PBLG. The spectrum was recorded with data matrix of 384 (t1) 3 2048 (t2)
data points. The recycle delay and the preparation time t were set to 2 s and
6.3 ms, respectively. The number of free induction decays added for each t1
increment was 256. No apodization was applied. The 2D contour plot is
presented in magnitude mode.
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use for accurate quantitative measurements of enantiomeric
excess.

Deuterium NMR spectroscopy in natural abundance

As already mentioned in the theoretical section, the deuterium
quadrupolar interaction is the most sensitive interaction to the
DOE of enantiomers. Consequently, in the earliest studies, we
have focused on chiral discrimination using labelled materi-
als.14,47 Among successful results already reported, the great
sensitivity of this approach allowed us to visualize the chirality
of almost all investigated chiral molecules.4,5,48,49 Among the
compounds known to be very difficult to analyse, but showing
a chiral discrimination in PBLG, are ethers, monohalogenated
hydrocarbons and non-functionalised cycloalkenes.4 Also we
have reported the discrimination of molecules that are chiral by
virtue of isotopic substitution.3 Although synthetic methods for
selectively introducing deuterium in chiral molecules are
numerous and well documented, it is clear that this is not always
possible or easy to do, and may be time-consuming.4,5

Consequently, isotopic labelling may be a serious limitation to
this investigation technique.

To eliminate the synthetic step, we have recently demon-
strated that isotopic enrichment of chiral solutes was not
necessary to yield observable deuterium resonances in PBLG,
despite its very low sensitivity (1.45 3 1026 with respect to
proton).16 Actually, calculations indicate that NAD-NMR
experiments have sensitivities comparable with those of the
above 2D INADEQUATE experiments. However for the same
experimental time, NAD-NMR experiments are more advanta-
geous in terms of S/N ratio because the deuterium T1 relaxation
values of solutes dissolved in PBLG ( ≈ 0.8–1 s) are generally
much shorter than the T1 values of carbon-13, allowing a faster
repetition rate of the pulsing. Consequently, enantiomeric
differentiation of chiral compounds using natural abundance
deuterium (NAD) NMR is perfectly possible using standard
NMR equipments, and provides, therefore, a second and
interesting alternative to other previous techniques.6,16,50

Assuming that the detection of a rare spin such as deuterium
in natural abundance is not an insurmountable obstacle in terms
of signal sensitivity, site-specific labelling of the molecules
would, therefore, not be required. Furthermore, it would permit
the simultaneous probing of all possible deuterated sites of the
molecule, thus increasing the probability to visualize a chiral
differentiation between enantiomers. At natural abundance
level, 2H–2H spin–spin couplings are not detected (owing to the
very low probability of observing two interacting deuterons in
the same isotopomer). Consequently, as all the couplings with
protons are eliminated through decoupling, the natural abun-
dance 2H-{1H} spectra in organic solutions of PBLG consist of
the superposition of independent quadrupolar doublets corre-
sponding to all non-equivalent deuterons in each of the
enantiomers.6,16,50 Thus, disregarding the doublets originating
from organic co-solvent, we can expect 2n doublets (4n peaks)
to be observed in the NAD spectrum for a racemic mixture of
enantiomers possessing n non-equivalent deuterons, assuming
that all deuterated chiral isotopomers are discriminated and
neither line overlaps nor null quadrupolar splittings occur. This
evaluation can be, however, reduced to 2n 21 doublets for
molecules possessing an –OD or –ND group, since no chiral
discrimination has (until now) been detected for such groups,
owing to the fast exchange of their deuteron. In the case of
(±)-CP and disregarding solvent quadrupolar doublets (one
doublet for CDCl3), eight different chiral isotopomers exist in
the mixture and a maximum of eight quadrupolar doublets are
expected to be detected if all deuterated sites show chiral
differentiation. This is because (±)-CP contains two diaster-
eotopic nuclei associated with deuterons of the methylene
group. For this group, four quadrupolar doublets corresponding
to the (S, pro-S), (S, pro-R), (R, pro-S), (R, pro-R) deuterons of

the S and R isomers can be expected to be seen in the NAD-
NMR spectrum (when all isomers are discriminated and without
peak overlapping). Traditionally we use the term ‘semi-
isotopic’ diastereoisomers for all deuterated isotopomers bear-
ing a classical asymmetric carbon and an asymmetric carbon by
virtue of isotopic substitution.

It must be clear that for larger molecules, the correlation
between the two components for each quadrupolar doublet will
not always be simple to achieve, mainly due to overlapping of
peaks, and will require the use of proton-decoupled deuterium
2D-NMR experiments.6,50,51 Consequently, we have developed
several two-dimensional autocorrelation deuterium NMR ex-
periments referred to as QUOSY (for QUadrupole Ordered
SpectroscopY), which facilitate the analysis of overcrowded
NAD spectra. Among them, the Q-COSY and Q-resolved
experiments and their composite pulse variants were found to be
the most useful 2D sequences for applications in NAD-NMR or
when the problem of sensitivity is crucial (very low degree of
deuteration). The optimised sequences using pulse composites
and the corresponding full phase cycling are described in refs. 6
and 51.

Fig. 7 shows the 2D NAD Q-COSY spectrum of (±)-CP
recorded over 14 h (overnight) with digital filtering and over-
sampling in order to enhance the dynamic range of the
analogue-to-digital converter (ADC).52,53 The 2D contour plot
is symmetrized prior to the tilt procedure and is displayed in

Fig. 7 (a) Basic Q-COSY pulse scheme for deuterium 2D NMR
spectroscopy in partially ordered solvents. (b) 61.4 MHz tilted NAD Q-
COSY 2D spectrum of the (±)-CP in PBLG and slices parallel to the w1 axis
corresponding to the deuterium spectrum of each monodeuterated iso-
topomer in the mixture. The number of free induction decays added for each
t1 increment is 384. The recycling delay was 0.5 s and the spectral width in
both dimensions was 2500 Hz. The data matrix of 300 (t1) 3 1400 (t2) was
weighted with a gaussian window (GB1 = 50%, LB1 = 22.0 Hz and GB2 =
45%, LB2 = 21.5 Hz) in t1 and t2 dimensions, respectively, and zero-filled
to 512 (t1) 3 2048 (t2) prior to 2D FT.
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magnitude mode in order to cancel out the phase-twist
lineshapes.6 In this 2D spectrum, the chemical shift of each non-
equivalent deuteron appears in the F2 dimension. From each of
them, we can observe the deuterium signals of the correspond-
ing isotopomers in the mixture, the most unshielded trace (7.3
ppm) being the chloroform quadrupolar doublet. The analysis of
each slice indicates that all deuterons in the molecule exhibit
two quadrupolar doublets, one for each enantiomer. In partic-
ular the two diastereotopic deuterons of the methylene group
distinctly show two pairs of quadrupolar doublets which are not
centered on the same chemical shift. Strong differences of S/N
ratio for each extracted slice are observed. This situation reflects
that the number of equivalent deuterons (magnetic equivalence)
for the various possible isotopomers is different. Thus, the
signals associated with the deuteron attached to the asymmetric
carbon are three times smaller than the signal of the methyl
group, and hence the strong reduction of S/N ratio observed on
the corresponding trace. The precision of the enantiomeric
measurement for (±)-CP was not investigated here, but previous
results have shown that such determination is possible within an
accuracy of ca. 10% for reasonable S/N ratio, thus already
giving a valuable estimation of the enantiomeric excess.6

Finally it should be noted that chloroform is the most efficient
solvent for NAD NMR in PBLG. Apart from the fact that it
dissolves a wide range of organic compounds, the linewidths at
half-height of solutes measured on the 2H-{1H} spectra are
usually low (2–8 Hz). Second, this solvent contains a single
deuterated isotopomer giving rise only to a single additional
quadrupolar doublet in the NAD spectrum. Third, the number of
deuterons per unit volume is not excessively large relative to
those of the chiral solutes, thus minimizing the digitization
problems associated with the dynamic range of the ADC.
Fourth, the deuterium signal of chlorofom can be used as an
internal reference for the NAD spectra.

With this last analytical approach, we show that the
enantiomeric discrimination of (±)-CP in 2D NAD-NMR using
a 9.4 T field and standard NMR equipment is possible. These
present results confirm the feasibility, potential and usefulness
of NAD NMR spectroscopy, thus providing a further practical
solution to DOE measurements in PBLG without site-specific
isotopic labelling. In spite of the natural low sensitivity of
deuterium, there is no doubt that, by taking advantage of higher
magnetic field NMR spectrometers, it should be possible to
acquire NAD spectra with shorter experimental times or
determine enantiomeric excesses to a higher precision.6 Indeed
the S/N ratio is proportional to (Bo)3/2 for a given experimental
time texptl while texptl is proportional to (Bo)3 for a given S/N
ratio. To illustrate this, Fig. 8 shows the relationship between
the total experimental time texptl and the S/N ratio with respect
to values calculated with our 9.4 T spectrometer. Thus, when

recording the NAD spectra of (±)-CP at 122.8 MHz (18.8 T), the
S/N ratios would be increased by a factor of 2.8 for the same
texptl. Conversely, the texptl would be reduced by a factor of 8 to
obtain the same S/N ratio that is obtained at 400 MHz. This,
incidently, means that the S/N ratio of 20 measured here for the
methyl group on the NAD spectra of (±)-CP would become ca.
60 at 18.4 T under the same experimental conditions. Such a S/N
ratio would then result in an acceptable error in the determina-
tion of enantiomeric excesses. Another and probably cheaper
solution to improve the S/N ratio of NAD spectra would consist
in using selective, deuterium cryogenic probes. Indeed the
present developments and studies of such cryoprobes have
shown a very significant gain of the signal sensitivity (a factor
3 to 4) compared with standard high resolution probes.54

Consequently the use of both higher field and deuterium
cryoprobes should quickly establish that NAD 2D NMR
spectroscopy is the most general and powerful technique for
analysing chiral molecules in PBLG.

Comparison of the various analytical potentialities
of each technique
To compare and discuss the analytical potentialities of these
various natural abundance NMR approaches, we have reported
their respective features in terms of NMR and enantiomeric
analysis in Table 1. Each of these NMR tools possesses
advantages and drawbacks in terms of resolution, signal
sensitivity, data presentation, complexity of spectral analysis,
quality of chiral discrimination and accuracy in enantiomeric
measurements. The choice of the technique to be used depends
therefore on both chemical as well as NMR features of the chiral
molecule (size of the molecule, functional groups, isolated
group of nuclei, hybridization state of carbons, equivalent
nuclei in deuterated isotopomers,. . .) and the available amount
of material under investigation in comparison with its molecular
weight.

Although too large a number of interacting protons in the
molecule yields generally unresolved, overcrowded 1H spectra
in PBLG and prevents their analysis, it is always worthwhile to
record such spectra to detect any separation of enantiomers
through a difference in the residual 1H–1H dipolar couplings for
small, chiral, functionalized molecules (which are usually
precursors of larger target molecules) or compounds having
isolated groups far removed from other protons in the molecule.
Indeed for such compounds, we may expect well resolved
spectral patterns for both enantiomers, allowing the ee to be
measured to a high accuracy.

For larger molecules, proton-decoupled carbon-13 NMR
spectroscopy is an excellent alternative to 1H NMR since it
prevents overcrowded carbon-13 NMR spectra. The spectra are
relatively easy to analyse and the measurement of ee values is
possible and reliable40,41 with a reasonable amount of com-
pound. However when 13C-{1H} NMR fails by a lack of
spectral resolution or negligible DOEs, the proton-coupled
carbon-13 NMR can provide a useful alternative, in particular,
for chiral derivatives exhibiting an isolated group (such as a
methyl group) in the molecule. Finally, whilst noting the
problem of deuterium sensitivity, NAD 2D NMR spectroscopy
seems particularly well adapted for medium to large, function-
alised or non-functionalised, chiral molecules because of the
strong sensitivity of the quadrupolar interaction toward the
DOE and the relatively simple analysis of 2D Q-COSY
spectra.

Pragmatically, it is clear that chiral molecules possessing sp2

or sp carbons have a strong probability to be differentiated using
13C-{1H} NMR with a satisfactory accuracy (ca. 5%) on the
measurement of enantiomeric excess while no significant chiral
discrimination would be expected to occur for chiral, non-
functionalised molecules such as alkanes or cycloalkanes;
conversely, NAD 1D and 2D NMR spectroscopy seems to be

Fig. 8 Evolution of the relative S/N ratio and the relative texptl as a function
of the Larmor frequency with respect to a 9.4 T (400 MHz for proton)
spectrometer. The reference value at 400 MHz is 1.
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more adapted for such compounds for which 13C-{1H} NMR is
of less value. Indeed we may assume that the difference in the
interactions between S and R isomers and the polypeptide will
generate a rather small DOE and consequently only a very
sensitive order-dependent NMR interaction such as the quad-
rupolar interaction may reveal an enantiomeric discrimina-
tion.55 In addition, if the chiral molecule possesses magnetically
equivalent deuterons (a methyl group), we may reach an
adequate S/N ratio using a reasonable quantity of chiral material
after an overnight acquisition. Although to date the accuracy on
the measurements of enantiomeric excesses for reasonable
signal-to-noise ratios are not better than 10%, the obtained
experimental results already provide a very valuable estimation
of ee values. In addition this technique allows a rapid and simple
determination of the best site of chiral discrimination in the
molecule and subsequently, may aid in selection of the most
suitable synthetic strategy for introducing a deuteron in the
molecule.

For all possible anisotropic natural abundance NMR tech-
niques in PBLG the advantages of using higher magnetic field
and/or a cryoprobe are obvious both in terms of chemical shift
dispersion and S/N, the main benefit resulting in the higher
precision in the calculation of ee values. We may expect that the
approaches described here provide a very reliable alternative to
current analytical techniques in the isotropic phase.

Conclusion
The differentiation and the study of enantiomers is a challeng-
ing task. In this field, multinuclear NMR spectroscopy in the
PBLG phase provides an efficient and convenient analytical
tool to differentiate almost all possible enantiomers. The major
interest of this methodology is that the polypeptide helices are
able to interact enantioselectively with almost all enantiomers
and give sufficiently large orientational differences to be
revealed by almost all the routine NMR tools. In addition, the
advent of routine high magnetic fields has made possible the
observation of nuclei with very low sensitivity with acceptable
S/N ratios such as deuterium at the natural abundance level.
Here, we have shown, as illustrative examples, that it is possible
to discriminate the S and R isomers of (±)-1-chloropropan-2-ol
using proton, carbon-13 and deuterium spectroscopy on a single
NMR sample. For almost all of the NMR methods reviewed,
quantitative determination of enantiomeric purity is possible
with a sufficient accuracy from simple peak integration.
Nevertheless, each technique described here possesses both
advantages and drawbacks in terms of signal sensitivity,
complexity of spectral analysis, quality of chiral discrimination
and accuracy in measurements of ee values. The choice of the
best NMR technique for a given compound will depend on both
the chemical and NMR features of the chiral molecule and

obviously the available amount of material. This choice,
however, does not exclude the examination of other possible
NMR techniques in PBLG when the results obtained are not
convincing. In comparison to other NMR methods for chiral
discrimination, the use of this emerging methodology offers
therefore important advantages in terms of flexibility and
versatility and provides a useful new NMR analytical tool.
Besides, it has the valuable advantage that no labelling or any
chemical modification of the chiral material is needed and the
NMR requirements are not different compared to those for other
isotropic methods.

This analytical method, characterized by its simplicity and
adequate sensitivity, should certainly be considered as a
powerful alternative to classical chiroptical, chromatographic or
other NMR techniques. In this review, we have attempted to
point out that this non-familiar tool for organic chemists is
probably the most general method for the purpose of enantio-
meric analysis. Finally, there is no doubt that by routinely taking
advantage of higher magnetic field NMR spectrometers and/or
using double tuned (carbon-13 and deuterium) cryogenic probe
systems, the present potentialities of all these techniques should
become evident and definitely establish the significant advan-
tages of this strategy in the very near future.

In order to further evaluate the applicability, advantages and
limitations of this methodological approach, additional work is
still required and is currently being undertaken.
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Copper(I) mediated radical polymerisation is used to poly-
merise uridine and adenosine substituted methacrylates
onto a silica surface giving supported polymers with
potential as re-usable templates and for interaction with
nucleic acids.

The immobilisation of polymers on solid supports and surfaces
is of considerable interest for a number of applications. For
example, derivatisation of surfaces for biocompatibility1 and
the production of sensors2 is of interest to the biotechnology
industry and new resins are being sought for application to solid
supported organic synthesis.3 Automated synthesis of oligonu-
cleotides on solid supports is performed routinely for the
production of short strands of DNA and RNA or their synthetic
analogues.4 Solid supported oligonucleotides are finding appli-
cations in medical diagnostics5 and hence numerous methods
have appeared in the literature for derivatising solid supports for
oligonucleotide synthesis and attaching oligonucleotides to
support media.6 Having placed an oligonucleotide onto a solid
support it has been shown to be possible to employ this as a re-
usable template to synthesise complementary strands of DNA.
Ashley and MacDonald7 attached a naturally occurring segment
of DNA directly to diazobenzyloxymethyl-cellulose and then
used this to synthesise complementary strands of DNA which
could be washed away and the template re-used repeatedly. This
work involved using enzymes and primers however, and the
solid supported template was only made on a very small scale.
We have recently shown that it is possible to carry out the
templated polymerisation of an unnatural backbone poly-
acryloylnucleoside by using non-polar solvents to maximise
interactions between complementary base pairs.8 This commu-
nication describes the synthesis of a re-usable template prepared
on a silica support for use in such a polymerisation reaction.

Transition metal mediated living radical polymerisation9 is
an efficacious method for the preparation of narrow poly-
dispersity (PDI) methacrylic and styrenic polymers, as it allows
controlled synthesis of structurally diverse polymers due to its
living or pseudo-living nature.10 Such polymerisations can be
performed in the presence of many functional groups and
solvents which other living polymerisation methods, such as
ionic or group transfer polymerisations cannot tolerate.11 Metal
mediated radical polymerisation on solid supports has been the
subject of a number of recent reports. Tsujii and co-workers
modified the surface properties of silica by immobilising a
chlorosulfonyl phenyl moiety on silica wafers and using this for
living polymerisation of MMA.12 Matyjaszewski and co-
workers carried out atom transfer radical polymerisation of
styrene and acrylates on silica wafers to give homopolymers
and block co-polymers.13 Nitroxide mediated polymerisation
has been utilized on Merrifield resin to produce ‘designer
resins’ with functional properties.14 This present work describes
the application of copper(I) mediated radical polymerisation to
the biologically significant nucleoside derivatives 5A-
methacryloyluridine 1 and 5A-methacryloyladenosine 2 on silica
gel functionalised with a bromoisobutyrate initiator (3 or 4) to
give surfaces of considerable potential (Fig. 1).

The 5A-methacryloyluridine 1 and 5A-methacryloyladenosine
2 were synthesised using a modified procedure of Moris and
Gotor,15 using the enzyme Candida antarctica lipase 435 (CAL
435) with an activated acetoneoxime ester.16 In order to make
these monomers soluble in suitable polymerisation solvents and
to aid polymer characterisation the 2A- and 3A-hydroxy groups
were protected as silyl ethers. The adenosine monomer, being
more polar, required the larger tert-butyldimethylsilyl
(TBDMS) protecting groups. The amidic initiator 3 was
synthesised using commercially available 3-aminopropylsilica
and bromoisobutyroyl bromide in the presence of triethylamine
base and THF solvent. The ester initiator 4 was synthesised as
follows (Scheme 1). Firstly bromoisobutyroyl bromide was
reacted with allyl alcohol in the presence of triethylamine to
give 5 in 98% yield.17 This was then treated with trimethoxy-
silane in the presence of a catalytic amount of hexachloro-
platinic acid18 to give the trimethoxysilyl bromoisobutyrate
initiator 6 in 62% yield. The derivatised silica was then prepared
by refluxing trimethoxysilyl bromoisobutyrate 6 with TLC
grade silica gel in toluene for 22 h (Scheme 1). TLC grade silica
gel was used because of its larger surface area and it has been
shown previously that attachment of a trimethoxysilyl group to
silica gel gives better loading than powdered silica due to the
former having porous particles.19 This was found to have a
loading of 0.61 mmol g21 as determined by Thermal Gravi-
metric Analysis (TGA).

Copper(I) mediated radical polymerisation of uridine mono-
mer 1 with the amidic solid supported initiator 3 was attempted
using N-(n-pentyl)-2-pyridylmethanimine (NPMI) as a ligand
in conjunction with copper(I) bromide (Scheme 2). However,
this initiator was found to give a loading of only 0.87 mmol g21

(Table 1). Changing the ligand to Me6Tren20 gave a slightly
† Electronic supplementary information (ESI) available. Experimental
procedures and details. See http://www.rsc.org/suppdata/cc/b0/b005832g/

Fig. 1 Monomers and silica supported initiators used in this study.

Scheme 1 Reagents and conditions: i, Et3N, THF (98%); ii, (MeO)3SiH,
H2PtCl6 (98%); iii, silica gel, PhMe, reflux.
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lower loading of 0.80 mmol g21. It has been suggested by
Matyjaszewski that amidic initiators are prone to intramolecular
reactions in the early stages of living radical polymerisation
caused by the nitrogen lone pair.21 The non-amidic solid
supported initiator 4 was therefore synthesised. Use of this
initiator for polymerisation of 1 almost doubled the loading to
1.51 mmol g21 using NPMI as the ligand. Fig. 2 shows the FT-
IR of the immobilised polymer clearly demonstrating the broad
N–H signal from 3700–2900 cm21 and the carbonyl stretch at
1683 cm21. Polymerisation of 5A-methacryloyladenosine 2
using initiator 4 gave a lower loading of 0.96 mmol g21. This
reflects the lower yields obtained with this functionally more
complex monomer during solution phase copper(I) mediated
radical polymerisations (see ref. 16). Statistical co-polymer-
isation of 1 and 2 was also successful giving a loading of 1.04
mmol g21. This was calculated by taking into account the 1H

NMR of the unreacted monomers in the filtrate which showed
a 15:85 ratio of 1+2, indicating that the co-polymer is rich in
uridine.

In summary it has been shown that copper(I) mediated radical
polymerisation of the multifunctional nucleosides uridine and
adenosine methacrylates is possible using a bromoisobutyrate
initiator bound to silica giving surface attached homopolymers
and statistical co-polymers with good loading. Although we
cannot unequivocably describe this polymerisation as living
from these experiments, we know that similar conditions bring
about a controlled polymerisation. Other work has shown22 that
these conditions favour narrow polydispersity products, indica-
tive of a living radical polymerisation.23 To our knowledge this
is the first time controlled radical polymerisation has been used
to immobilise biologically important nucleosides to a solid
support. Investigations into the use of these immobilised
biopolymers as re-usable templates for polymerisations and
their interaction with nucleic acids are under way.

We are grateful to the University of Warwick for a
postdoctoral fellowship (A. K.), the EPSRC for a Fast Stream
Studentship (M.G.; GR/L71933) and Novo Nordisk for a
generous donation of CAL 435. We also thank Dr Stefan Bon
for supplying the amidic solid supported initiator 3.
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Scheme 2 Copper(I) mediated radical polymerisation of 5’-methacryl-
oylnucleosides.

Table 1 Monomer loading for initiators 3 and 4

Initiator Monomer Ligand
Loading
(mmol g21)

Increase in
initiator
weight(%)

3 1 NPMI 0.87 53
3 1 Me6Tren 0.80 48
4 1 NPMI 1.51 188
4 2 NPMI 1.11 117
4 1/2 NPMI 1.04 105

Fig. 2 IR of poly(5A-methacryloyluridine) on silica.
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Using a tetrakis(pyrazolyl)benzene ligand and CuCl2 or
Cu(CF3SO3)2 salts, binuclear metallamacrocycles of cyclo-
phane type have been exclusively obtained; structural
characterisation by X-ray on single-crystal reveals that in
both cases, chloride or triflate anions are coordinated to Cu
metal centres adopting a square pyramial coordination
geometry.

Metallamarocycles, macrocyclic frameworks based on inter-
connection of organic ligands by metal cations, have been
attracting much attention over the past decade. Although the
first examples were reported by Saalfrank et al.1 and Fujita,2
many other groups are now active in the design and synthesis of
metallamacrocyles.3 However, as connecting metallic centres
the majority of examples reported so far are based on the use of
diamagnetic transition metals such as Pd(II) and Pt(II) requiring
square coordination geometry. Thus, using these metals, a
variety of metallamacrocycles has been reported using ligands
such as 4,4A-bipyridine, pyrimidine, bipyrazine, 4,7-phenan-
throline or bis-pyridines interconnected by rigid or flexible
spacers.4 Using pyrazolyl based ligands, we have previously
reported the formation of metallamacrocycles and metal-
latubulanes.5

Here, we report the design of new ligands based on pyrazolyl
units as coordination sites and its self-assembly into binuclear
metallamacrocycles using pentacoordinated paramagnetic
Cu(II) cation.

Ligands 1 and 2 (Scheme 1), both based on aromatic cores
(benzene or biphenyl) and bearing four pyrazolyl units, are
designed to act as tetradentate ligands. For ligand 1, two
different arrangements of the coordination sites may be
envisaged leading to either a seven (1A) or an eight membered
ring cyclic system (1B) upon chelating to metal cations
(Scheme 1). In both cases, owing to the disposition of the
coordination sites ligand 1 may form metallamacrocyles in the
presence of metals requiring square, octahedral or square
pyramidal coordination geometry. For the latter case, the two
possibilities (4A and 4B) are shown (Scheme 1). Ligand 2 was
designed as an extended analogue of ligand 1 thus allowing an
increase in the size of the metallamacrocycle.

Ligand 1 was first prepared in 8% yield by reacting
1,2,4,5-tetrachlorobenzene with sodium pyrazolate in DMF at
95 ° C for 3 d. The yield could be increased to 68% by using
1,2,4,5-tetrabromobenzene and under reflux for 72 h. Pure
compound 1 was obtained as a colourless solid after chromatog-
raphy (SiO2, CH2Cl2–MeOH) and was characterised by X-ray
crystallography† (Fig. 1) which revealed the following relevant
bond distances and angles (dNN = 1.37 Å, dC(Ph)N = 1.42 Å;
NNCC dihedral angles of 225.8 and 277.2°). Ligand 2 was
prepared by a nickel coupling reaction using NiBr2(PPh3)2

6 in
the presence of Zn and NEt4I in THF using compound 3 as the
starting material. The latter was obtained upon treatment of
1,3,5-benzene by sodium pyrazolate in DMF at 95 °C for 4 d in
22% yield after chromatography [Al2O3, CH2Cl2–hexane
(8/2)].

Cu(II) was selected as the metal ion because of its
paramagnetic nature and the fact that it forms pentacoordinated
complexes. Both the chloride and triflate Cu(II) complexes have
been obtained as single-crystals upon slow diffusion of a MeOH

solution of CuCl2 or Cu(OTf)2 (5 mg) into a CHCl3 solution of
ligand 1 (2 mg). For both complexes, their structure was
investigated in the cystalline state by X-ray crystallography.

The reaction of 1 and CuCl2 in CHCl3–MeOH afforded a
green crystalline material which was structurally characterised
by X-ray diffraction (Fig. 2).† The solid contains the complex
unit [12Cu2(Cl2(CuCl4)2)] and two MeOH and CHCl3 solvent
molecules with no specific interactions with the complex. The
cationic part of the complex is indeed a metallamacrocycle
composed of two ligands 1, two Cu(II) cations and two Cl2

Scheme 1

Fig. 1 The X-ray structure of free ligand 1. H atoms are omitted for clarity,
for bond length and distances see text.
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anions. Owing to the parallel orientation of the two phenyl
rings, the binuclear metallamacrocycle is of the cyclophane type
with an internal cavity of 4.29 3 7.42 Å (Scheme 1). The
coordination sphere around the pentacoordinated Cu(II) cations
is composed of four nitrogen atoms belonging to two ligands 1
and one chloride anion with a slightly distorted square
pyramidal geometry. The two poles of the ligand 1, composed
each of two pyrazolyl moieties (dNN = 1.37 Å, dC(Ph)N = 1.42
Å; NNCC dihedral angle of 57.8°) and occupying the square
base in the coordination sphere around the metal, act as
bidentate units and form two seven membered metallarings of
type 4A (Scheme 1) with Cu–N distances of ca. 2.01 Å and
NCuN angles of 86.9–91.4° (Scheme 1). The axial position is
occupied by a Cl anion with Cu–Cl distance of 2.44 Å. The two
positive charges on the [12Cu2Cl2]2+ complex are neutralised by
a [CuCl4]22 anion with dCuCl = 2.283 Å and ClCuCl angle of
90° (Fig. 3).

The [12Cu2(CF3SO3)2(CF3SO3)2] complex was obtained as a
blue-violet crystalline solid upon reaction of 1 and
Cu(CF3SO3)2 in CHCl3–MeOH. The latter complex was also
structurally characterised by X-ray diffraction (Fig. 4).† The
solid contains the complex unit [12Cu2(CF3SO3)2(CF3SO3)2]
and two CH2Cl2 solvent molecules with no specific interactions
with the complex. The triflate anions are disordered. The
cationic part of the complex of type 4A (Scheme 1) shows
almost identical structural features as the above chloride
complex (Scheme 1). Again a metallamacrocycle (internal
cavity of 4.16 Å 3 7.29 Å) composed of two ligands 1, two
Cu(II) cations and two triflate anions is observed. The
coordination sphere around the pentacoordinated Cu(II) cations
is, as in the chloride case, comprised of four nitrogen atoms
belonging to two ligands 1 and one triflate anion (dNN = 1.38
Å dC(Ph)N = 1.42 Å; NNCC dihedral angles of 259.6 and 58.9°,
Cu–N distances of ca. 1.99 Å and NCuN angles of 87.4–92.6°.
Interestingly, the axial position is occupied by a triflate anion
with Cu–O distance of 2.20 Å. The two positive charges on the
[12Cu2(CF3SO3)2]2+ complex are neutralised by two external
triflate anions (Fig. 4).

We have previously reported examples of metallatubulanes
based on interconnection of metallamacrocyles into infinite 1-D

coordination networks with tubular topology.5,7,8 In relation to
this, it may be of interest that, since the two anions occupying
the summit of the square pyramid on each Cu centre are oriented
in a divergent fashion, by interconnecting the metalloacyclo-
phanes new types of coordination polymers may be obtained
using bridging bidentate anionic ligands such as azido or
isocyanato anions.

In conclusion, the synthesis of paramagnetic binuclear copper
metallacyclophanes has been achieved and their solid state
structural elucidation revealed that the Cu(II) cation adopts a
slightly distorted square pyramidal geometry with the axial
position occupied either by chloride or triflate anion. The
formation of extended metallacyclophanes using ligand 2 is
being currently pursued. Furthermore, the interconnection of
the obtained metallamacrocyles leading to paramagnetic coor-
dination networks through the substitution of monodentate
coordinated anions by bidentate anions is currently under
investigation.
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6.384(1), b = 7.007(1), c = 9.941(1) Å, a = b = 76.00, g = 80.00, U =
416.5(2) Å3, Z = 1, space group P1̄, Dc = 1.36 g cm23, m = 0.089 mm21,
1508 data with I > 3s(I), R = 0.040, Rw = 0.0649. [(12Cu2Cl2(CuCl4))],
(green, 294 K), 2(CuClC18H14N8)·CuCl4·2CHCl3·2MeOH, M = 1390.91,
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Fig. 2 The X-ray structure of the metalloamacrocycle [12Cu2Cl2]2+ obtained
between 1 and CuCl2. H atoms, anions and solvent molecules are omitted
for clarity.

Fig. 3 The packing of the dicationic metallamacrocycle [12Cu2Cl2] and
CuCl422 anions. H atoms and solvent molecules are not presented for
clarity.

Fig. 4 The X-ray structure of the metallamacrocycle [12Cu2(CF3SO3)2]2+

obtained between 1 and Cu(CF3SO3)2. Then triflate anions are disordered.
H atoms, anions and solvent molecules are omitted for clarity.
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In the context of the developing coordination chemistry of
lone pair bearing phosphinic centers as acceptors, synthesis
and characterisation for new complexes of the phosphadia-
zonium cation with nitrogen donors are described, including
the first dipyridyl chelate.

The coordination chemistry of phosphorus(V) as an acceptor is
well established1,2 and is highlighted by hexacoordinated
centers such as PF6

2 and the pyridine complex of PF5.3 The
Lewis acidity of phosphines represents a more recent and
developing area and demonstrates interesting bonding proper-
ties by virtue of the non-bonding electron pair at the acceptor
site. Systems 1, 2 and 3, containing coordinatively unsaturated

phosphinic centers form complexes with amines,4–7 phos-
phines,8 carbenes9 and arenes,10 and an example of a bis-ligand
complex has been mentioned.11 We have now developed the
coordination chemistry of the phosphadiazonium cation 1 with
nitrogen donors, and have isolated the first chelate complex.

Reactions of [1][OSO2CF3]12 with equimolar amounts of
quinuclidine (1-azabicyclo[2.2.2]octane, quin) or 2,2A-dipyridyl
(dipyr) proceed almost instantaneously and quantitatively at RT
as shown by 31P NMR spectra of reaction mixtures, which are
consistent with those for solutions of isolated crystalline
products.†‡  Comprehensive characterisation, including X-ray
crystallographic analysis, confirm 1+1 association of the
reagents and the compounds are best represented as coordina-
tion complexes [1·quin][OSO2CF3] and [1·dipyr][OSO2CF3]
involving phosphorus as an acceptor. Selected structural
features for 1·quin and 1·dipyr are presented in Table 1 in
comparison with analogous parameters for related complexes.

The N?P interactions are weak and variable in distance (cf.
N–P single bond distance 1.800(4) Å),13 but effect extension of
the P–O(triflate) cation–anion interaction, which is most
pronounced for the ionic material [1·dipyr][OSO2CF3]. The
chelate complexation of 1 by dipyr, illustrated in Fig. 1, is

Table 1 Selected structural parameters for complexes of 1, 2 and 3 with nitrogen donors (pyr = pyridine, DBN = 1,5-diazabicyclo[4.3.0]non-5-ene, tmeda
= tetramethylethylenediamine)

Compound N–P (Å) N?P/Å P–O/Å Mes*N–P–N/° (Mes*)C–N–P/° Ref.

1 1.467(4) — 1.923(3) — 176.4(3) 12
[1·quin]
[OSO2CF3]

1.519(2) 1.933(2) 2.697(3) 103.7(1) 143.9(2) This work

[1·pyr]
[OSO2CF3]

1.472(8) 1.958(8) 2.712(7) 107.8(4) 161.7(7) 9

[1·dipyr]
[OSO2CF3]

1.497(4) 2.065(4),
2.066(4)

3.490(6) 106.3(2),
113.0(2)

169.4(4) This work

[2·DBN]
[Cl]

1.661(4),
1.666(4)

1.796(3) — 101.6(2),
99.1(2)

— 5,6

3·quin 1.686(9),
1.660(9)

2.038(9) — — 7

(3)2·tmeda 1.658(5),
1.661(5)

2.110(6) — — 7

Fig. 1 Crystallographic view of [1·dipyr][OSO2CF3] with 50% probability
displacement ellipsoids. The hydrogen atoms and dichloromethane solvate
have been omitted. The CF3 group of the triflate anion is disordered.
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defined by two indistinguishable N?P interactions, contrasting
the asymmetric chelate-like cation–anion contact reported for
the diselenophosphinate salt of 1,14 and complementing the
established series of 2,2A-dipyridyl complexes of AsCl3,15

SbCl3,16 and BiCl317 that could not be extended to PCl3.18

A pyramidal geometry for phosphorus in 1·dipyr accom-
modates the non-bonding electron pair and offers interesting
comparisons with the hexafluorophosphate salt of phosphonium
4,2 which involves a distorted octahedral site. The ‘bite’ (N–P–
N) angle in 1·dipyr (75.1(2)°) is substantially less than in 4
(81.7(2)°), due to significantly longer N?P bond distances (cf.
4, 1.896(4) and 1.898(4) Å). Coordinate interactions are
demonstrated in both complexes by the small N–C–C(bridge)
angles (1·dipyr, 111.9(4), 113.6(4)°; 4, 112.0(4), 112.2(4)°).

Complexes of nitrogen ligands on phosphinic centers provide
access to new bonding environments for phosphorus in that
[1·quin]+ represents a novel structural isomer 5 of a diamino-
phosphenium cation 6 and 1·dipyr represents a cationic
iminophosphide9 bonding environment 7, both of which are
synthetically accessible only via the coordination chemistry of
phosphorus as an acceptor.
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Notes and references
† Procedures described in ref. 19, equimolar combinations in benzene,
crystals obtained by liquid/liquid (CH2Cl2 and n-hexane) diffusion;
[1·quin][OSO2CF3]: yield 0.07 g, 21%; mp 176–178 °C; Anal. Calcd.: C,
56.71; H, 7.69; N, 5.09. Found: C, 57.10; H, 8.38; N, 5.12%. IR (cm21,
ranked intensities): 516(16), 637(2), 752(10), 763(13), 877(17), 891(20),
923(19), 966(15), 1005(14), 1026(1), 1147(9), 1163(8), 1226(7), 1241(3),
1257(5), 1278(6), 1339(11), 1365(4), 1417(12), 1600(18). NMR (ppm, in
CD2Cl2): 1H 1.31 (s, 9H, p-(CH3)3C), 1.47 (s, 18H, o-(CH3)3C), 1.98, (m,
6H, HC(CH2)3), 2.16 (sept, 3J(1H,1H) = 3.35 Hz, 1H, HC(CH2)3), 3.43 (m,
6H, (CH2)3N), 7.40 (d, 5J(31P,1H) = 1.53 Hz, 2H, m-CH); 13C{1H} 20.8 (s,
HC(CH2)3), 24.6 (s, HC(CH2)3), 31.4 (s, o-(CH3)3C), 31.5 (s, p-(CH3)3C),
35.5 (s, p-(CH3)3C), 36.5 (s, o-(CH3)3C), 48.1 (s, N(CH2)3), 121.3 (q,
1J(19F,13C) = 319 Hz, CF3), 123.2 (s, m-CH), 136.9 (d, 2J(31P,13C) = 26.2
Hz, i-CNP), 140.4 (d, 3J(31P, 13C) = 8.11 Hz, o-(CH3)3CC), 150.0 (s, p-
(CH3)3CC); 19F{1H} 278.8 (s, 1J(19F,13C) = 319 Hz); 31P{1H} 144 (s).
[1·dipyr][OSO2CF3]: yield 0.29 g, 84%; mp 201 °C. CH2Cl2 of crystallisa-
tion has precluded determination of elemental analysis. IR (cm21, ranked
intensity): 1602(14), 1491(8), 1446(5), 1392(18), 1364(15), 1314(16),
1280(2), 1275(3), 1256(4), 1226(11), 1160(7), 1151(9), 1032(1), 1014(10),
778(12), 768(17), 755(20), 651(13), 639(6), 518(19); NMR (ppm, in
CD2Cl2): 1H 1.27 (s, 9H, p-(CH3)3C), 1.31 (s, 18H, o-(CH3)3C), 7.31 (d,

5J(31P,1H) = 1.83 Hz, 2H, m-CH) 7.99 (m, 3J(1H,1H) = 6.95 Hz, 3J(1H,1H)
= 7.55 Hz, 2H, 5,5A-CH), 8.54 (m, 3J(1H,1H) = 6.95 Hz, 3J(1H,1H) = 5.43,
2H, 4,4A-CH), 8.88 (mm, 3J(1H,1H) = 7.55 Hz, 2H, 3,3A-CH), 8.99 (m,
3J(1H,1H) = 5.43 Hz, 2H, 6,6A-CH); 13C{1H} 30.1 (s, o-(CH3)3C), 31.4 (s,
p-(CH3)3C), 35.3 (s, p-(CH3)3C), 35.8 (s, o-(CH3)3C), 121.2 (q, 1J(19F,13C)
= 320 Hz, CF3), 122.3 (s, 3,3A-CH), 122.6 (s, m-CH), 123.9 (s, 5,5A-CH),
128.5 (s, 4,4A-CH), 133.9 (d, 3J(31P,13C) = 46.7 Hz, i-CNP), 144.6 (s, 6,6A-
CH), 145.2, (s, 2,2A-NCCN), 145.5 (d, 3J(31P,13C) = 14.3 Hz, o-(CH3)3CC),
148.6 (d, 5J(31P,13C) = 4.29 Hz, p-(CH3)3CC); 19F{1H} 278.8 (s,
1J(19F,13C) = 320 Hz); 31P{1H} 54 (s).
‡ Crystal data: for C26H42F3N2O3PS. M = 550.65 g mol21, orthorhombic,
P212121, a = 29.469(2), b = 10.0650(6), c = 9.7745(6), Å, V = 2899.2(3)
Å3, T = 193 K, Z = 4, m(Mo-Ka) = 0.215 mm21, 18488 measured
reflections, 6851 unique, 326 refined parameters, R[I2 > 2s(I2)] = 0.0530,
wR2(F2) = 0.1294, S = 1.037. For C30H39Cl2F3N3O3PS. M = 680.57
g mol21, monoclinic, P21/a, a = 18.4174(9), b = 10.9488(6), c =
19.213(1) Å, b = 116.924(1)°, V = 3454.3(3) Å3, T = 193 K, Z = 4, m(Mo-
Ka) = 0.345 mm21, 20945 measured reflections, 8094 unique, 404 refined
parameters with 29 restraints, R[I2 > 2s(I2)] = 0.1000, wR2(F2) = 0.2381,
S = 1.173. CCDC 182/1780.
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Chemical fixation of carbon dioxide to styrene carbonate
proceeds effectively under supercritical conditions with
DMF even in the absence of any additional catalysts, giving
a maximum yield of 85% in the near-critical region.

From the standpoint of the protection of environment, the
development of an environmentally benign process utilizing
carbon dioxide, which is one of the greenhouse-effect gases, has
drawn current interest in industrial chemistry and biotechnol-
ogy. Chemical fixation of carbon dioxide is one of the most
attractive methods for the development of a truly environmen-
tally benign process since there are many possibilities for
carbon dioxide to be used as a safe and cheap C1 component to
produce useful organic compounds. The conversion of carbon
dioxide into carbonates has been carried out in conventional
organic solvents using catalysts such as dialkyltin methoxide,1
organoantimony halide,2 alkali metal salts3 and Mg–Al mixed
metal oxide.4 In particular, the conversion of epoxides into five-
membered cyclic carbonates is industrially of great importance.
However, these reactions using metallic catalysts have disad-
vantages, such as poor solubility of the catalyst3 and difficulties
in catalyst recycling,2 whereas scCO2 has advantageous
features such as the disappearance of a gas–liquid phase
boundary and easily tunable properties with pressure and
temperature which make scCO2 an alternative to conventional
solvents.5 The reactions of epoxides with CO2 under super-
critical CO2 conditions have been studied in the presence of zinc
catalysts; however, they give a biphasic mode of operation
leading to poor reaction rates.6 It has recently been found that
the reaction with epoxide and CO2 proceeds in DMF alone
without any catalysts at temperatures around 135 °C and
atmospheric CO2 pressure, but the yield of styrene carbonate
still remains low.4,7 This low reactivity may be due to a much
lower mass transfer of epoxide in DMF solution, although DMF
is considered to catalyze the reaction in a manner similar to the

Mg–Al mixed catalysts.4 Thus, our conception of using a co-
solvent such as DMF both as a catalyst as well as a solvent in
scCO2 has emerged to improve the poor reaction rates, which
are due to limitations in liquid–liquid mass transfer and/or low
solubility of reactants.5 DMF itself catalyzes the reactions of
CO2 with epoxides dissolved in DMF–scCO2 which allows to
advantage a reduction in viscosity and an increase in diffusion
rate as compared with the DMF liquid phase.8 Here we
demonstrate integration of scCO2 and DMF to accelerate the
reaction of styrene oxide with CO2 and to be a very powerful
tool in the chemical fixation of CO2 (Scheme 1).†

Carboxylation of styrene oxide with CO2 has been conducted
without additional catalysts under various conditions (see Table
1). Under these conditions, carbonate was the main product with
trace amounts of a few by-products.‡ In acetone and acetoni-
trile, styrene oxide did not react with CO2 and styrene carbonate
was not obtained (runs 2 and 3). It is noteworthy that the
conversion proceeds successfully even in the absence of the
metallic catalysts used so far when DMF is used in the place of
acetone and acetonitrile (run 1). This is believed to be due to
catalysis by DMF itself because the substrates, styrene oxide
and CO2, have similarly finite solubilities in acetone and
acetonitrile as well as DMF. When scCO2 alone was used as
medium instead of DMF, a very poor reaction was obtained (run
7), and the catalytic action of scCO2 for this reaction was found
to be negligibly small. In the case of the CO2–DMF system at
lower pressures such as 2.0 MPa (run 1), the yield of styrene

Table 1 Carboxylation of epoxides with carbon dioxide in different reaction systems

Scheme 1
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carbonate remains as low as 29%, whereas scCO2–DMF (run 6)
provides a much better yield compared with the CO2–DMF
system (29 to 85%) and the DMF–MgO system (60 to 85%).
Furthermore, it was found that in the scCO2–DMF system (run
5) styrene carbonate can be successfully synthesized even at
lower temperatures around 100 °C, giving a better yield than
that in the CO2–DMF system (run 4) at 107 °C (0 to 20%). Gas–
liquid–liquid mass transfer together with liquid–liquid mass
transfer (solubility of substrate in catalyst or solvent phase) are
important parameters for controlling the reaction yield. Visual
observation through a sapphire window confirms that this
scCO2–DMF system forms a homogeneous reaction system,
resulting in complete elimination of gas–liquid mass transfer, so
that transport to and from the DMF phase is no longer a limiting
factor. This is considered to be one of the most effective factors
that cause the significant increase in yield as observed in Table
1.§ We have further attempted the conversion into another
epoxide, 1,2-epoxy-3-phenoxypropane, using the scCO2–DMF
system at 7.9 MPa and 120 °C (run 9). This scCO2–DMF system
gives a good conversion to 3-phenoxy-1,2-propylcarbonate, the
yield being comparable to that of the DMF–Mg/Al mixed oxide
system (run 10). So this system can be available for acceleration
of conversion from epoxides to carbonates.

Fig. 1 shows the pressure dependence of the yield of styrene
carbonate in CO2 in the presence of DMF at 120 °C. One can see
an interesting pressure dependence in which the yield sig-
nificantly increases, reaching a maximum yield at 7.9 MPa near
the critical pressure of CO2, and then sharply decreases with
increasing pressure. In the lower pressure range below about 7
MPa, the yields are very small; DMF remains insoluble (by
visual observation), leading to a much lower transfer of the
epoxide. However, approach to the critical pressure with
increasing pressure, which can dissolve DMF, significantly
increases the rate of reaction and a higher yield is observed. On
the other hand, the remarkable decrease in yield observed at
higher pressures beyond 7.9 MPa near the critical pressure
cannot be fully explained by the thermodynamic pressure effect,
in which an increase in pressure is predicted to cause an
enhancement in the reaction rate.9 All experiments in the higher
pressure range were confirmed by visual observation to take
place in a single phase. To explain the decrease in yield with
increasing pressure, we have attempted to introduce the mole
fraction of styrene oxide in scCO2 as shown in Fig. 1. It is
evident that the extent of the decrease in yield of styrene
carbonate is in agreement with that in mole fraction of styrene

oxide except at 7.9 MPa near the critical pressure. If the reaction
of styrene oxide with CO2 is to take place by the catalysis of
DMF, the molecules of styrene oxide and DMF must come into
contact or very nearly so. Consequently, the decrease in mole
fraction of styrene oxide in the higher pressure region prevents
contact with DMF and reduces the yield of styrene carbonate.
However, in the near-critical region the yield at 7.9 MPa is
significantly higher than that expected from the relationship in
Fig. 1, which cannot be accounted for only by the change in
mole fraction of styrene oxide. It is likely that the increased
local concentration10,11 of the styrene oxide and/or CO2 around
the DMF is influencing the reaction, which becomes more
pronounced at lower pressures in the near-critical region.12,13

Thus, in the present conversion to styrene carbonate, the local
concentration of reactants would be very large at 7.9 MPa near
the critical pressure, resulting in the significant increase of the
yield as seen in Fig. 1.

In conclusion, scCO2–DMF was shown to be a good
alternative catalytic system for conventional biphasic catalytic
systems. It was further demonstrated that the yield of carbonates
can be enhanced just by pressure manipulation of the scCO2–
DMF system.

Notes and references
† Typical experimental procedure is as follows: styrene oxide (5 mmol) was
dissolved in DMF (5 mmol) in a 50 cm3 reactor at rt, and then the mixture
was heated up to the desired temperature and CO2 (7.9 MPa) was introduced
into the reactor. In the case of the scCO2–DMF system, liquid CO2 was
subsequently charged into the reactor using a high-pressure liquid pump and
compressed to the desired pressure. Pressure control was achieved by a
back-pressure regulator. The reactions in both the CO2–DMF and scCO2–
DMF systems were started by stirring the mixture and continued for 15 h.
After the reaction, the pressure was released and the crude product was
analyzed by NMR and GC-MS spectroscopy. The yields of carbonates were
determined by GC-MS using tridecane or tetradecane as an internal
standard.
‡ The total amount of these minor products is less than 1% from the GC
analyses.
§ Another factor is thought to be solvation effect of CO2, and studies on the
solvation effect by IR and NMR are now in progress.
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Fig. 1 Pressure dependence of the yield of styrene carbonate in CO2 in the
presence of DMF at 120 °C, and mole fraction of styrene oxide in scCO2.
Reaction time is 15 h. Mole fraction of styrene oxide was calculated using
PROPATH Ver.10.2.
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The monoalkyloxamide amphiphiles self-assemble to form
ordered bilayer aggregates in a number of organic liquids
and gelatinize the liquids.

In recent years the study on the gelation of organic solvents by
low molecular weight organic compounds has been growing
into a challenging research field.1–4 Some attempts have been
made to correlate the properties of the gels and the structures of
the gelators.5–7 Nevertheless, to date, only a limited number of
small molecular gelators have been found and it is impossible to
select a molecule that will definitively gel a selected liquid.1–7

It has been known that some amphiphiles containing amide
groups and chiral centers can gel a number of organic liquids
even at a very low concentration, while those lacking chiral
centers or racemic compounds usually exhibit no gelling
ability.2 Herein, we report simple diamide amphiphiles, mono-
alkyloxamide containing no chiral centers, which can form
ordered bilayer aggregates in a number of organic liquids and
gelatinize the liquids.

The oxamide derivatives, 1–7,† used here were prepared in
our laboratory. A typical procedure for studying gel formation

ability is as follows: a weighed sample was mixed with an
organic liquid (1 mL) in a sealed test tube and the mixture was
heated until the solid dissolved. The resulting solution was
cooled at 25 °C for 2 h and then the gelation was studied. Upon
formation the organogel is stable and the tube can be inverted
without any change of shape of the organogel.

The minimum gel concentrations of 1 necessary for gelation
are summarized in Table 1. From Table 1, it is clear that 1 can
form stable physical organogels and gelatinize a number of
organic fluids even at a very low concentration. For example,
the amounts of 1 necessary to gel one litre of carbon
tetrachloride, benzene, toluene, o-xylene and dichloromethane
are 3, 3, 3, 4 and 6 g, respectively.

The FT-IR spectrum of the KBr pellet of 1 is similar to that
of the toluene gel, suggesting that the pattern of hydrogen
bonding in the gel is close to that in the crystal. The FT-IR
spectrum of the toluene gel of 1 is characterized by bands near

3386 (nasNH2), 3214 (nsNH2) and 1692 cm21 (nCNO of primary
amide) which are close to those of solid oxamide.8,9 It has been
known that the oxamide crystal has triclinic layer structure and
the molecules within the layers are linked together by hydrogen
bonds.10 Therefore, it suggests that in the gel the primary amide
groups (-CONH2) of the amphiphiles are connected with each
other by hydrogen bonds in the same way as in solid oxamide.
FT-IR measurement also reveals a shift of NH stretching and
secondary amide I (nC=O) bands from 3440, 1680 cm21 for a
free secondary amide group (-NHCO-) to 3315, 1648 cm21,
respectively.11 These changes demonstrate that hydrogen bonds
have formed between neighboring secondary amides. The
above FT-IR results indicate that in the gel three self-
complement intermolecular hydrogen bonds have been formed
between an oxamido-group and its neighboring ones, and thus
they form a hydrogen bond network.

The TEM image of a toluene gel of 1 is shown in Fig. 1. It
reveals a number of fibers, juxtaposed and intertwined by
several long slender aggregations with widths of ca.
30–100 nm. The X-ray diffraction patterns (Fig. 2) of the gel
cast film show periodical diffraction peaks, indicating that 1
indeed assembles into an ordered structure. The long spacing
(D) of the aggregate obtained by the XRD method is about
3.27 nm, which is smaller than twice the evaluated molecular
length of 1 (2.35 nm, by the CPK model) but larger than the
length of one molecule of 1. According to the XRD and FT-IR
results, it can be deduced that the gel aggregates consist of a
repeating bilayer unit, which bears the head-to-head packing
model and highly tilted alkyl chains relative to the bilayer

Table 1 Minimum gel concentration, c, of 1 (g L21 solvent) necessary for gelation at 25 °C

Solvent c Stable perioda Solvent c Stable perioda

Carbon tetrachloride 3 > 3 Months Benzene 3 > 3 Months
Toluene 3 > 3 Months o-Xylene 4 > 3 Months
Dichloromethane 6 > 3 Months Acetonitrile 5 > 3 Months
1,2-Dichloroethane 6 > 3 Months Aniline 6 > 3 Months
Tetrachloroethylene 6 > 3 Months 1,1,2-Trichloroethane 6 > 3 Months
Epichlorohydrin 5 > 3 Months 1,1,2,2-Tetrachloroethane 6 > 3 Months

a Stable period: the time which a gel persists in a sealed tube at 25 °C.

Fig. 1 TEM image of a toluene gel of 1 (4 g L21). The sample was prepared
by picking up the gel on a carbon grid.
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normal (Fig. 3). Within the bilayer unit, the amphiphiles are
connected with intra- and inter-layer hydrogen bonds.

The gelling abilities of some structurally related compounds,
2, 3 (gel-forming) and 4–7 (non-gel-forming), have been
inspected. None of the related compounds involving N,NA-
disubstituted oxamide exhibit gelling ability. It may be due to
the fact that after substituting one of the two hydrogen atoms of
the primary amide by an alkyl group, no interlayer hydrogen
bonds between the head-to-head arrangements can be formed
and the amphiphiles fail to self-assemble to form ordered

bilayer aggregates. Therefore the intermolecular hydrogen
bonding is unable to meet the need for gelation. Furthermore,
the introduction of a long lypophilic chain is essential for
gelation, since organogels fail to form when the tail chain is
shortened to four carbon atoms. From these observations and
analyses, it can be concluded that: (i) gelling ability strongly
depends on the oxamido-group; (ii) the hydrophile–lypophile
balance is a significant factor for gelation; (iii) the formation of
the ordered bilayer aggregates plays an important role in gel-
forming.

In conclusion, this paper has shown that simple diamide
amphiphiles, monoalkyloxamide, can form ordered bilayer
aggregates, through intermolecular hydrogen bonding in a
number of organic liquids, which are juxtaposed and inter-
locked by van der Waals interaction, and finally gelatinize the
organic liquids.

We acknowledge the State Science and Technology Commis-
sion of China and National Nature Science Foundation of China
for financial support of this work.

Notes and references
† Alkylamine reacts with diethyl oxalate in a molar ratio of 1+8 in EtOH at
70 °C for 4 h to give N-alkyloxamethane‡. The compounds, 1–7, were
prepared by reacting N-alkyloxamethane with excess concentrated ammo-
nia (for 1–4) or corresponding alkylamine (for 5–7) in EtOH at 30 °C for 3 h.
Satisfactory 1H NMR data were obtained for all oxamide derivatives after
recrystallization.
‡ The IUPAC name for oxamethane is oxamic acid, ethyl ester.
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Fig. 2 XRD pattern of a cast film from toluene gel of 1. (The XRD pattern
has been adjusted by subtracting the diffraction of glass substrate in the
range of (2q) 16–32°).

Fig. 3 Local microstructure of the bilayer aggregates of 1 in organogel.
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S-Acylation of dithiophosphoric acids yields mixed anhy-
drides 3; they readily isomerize to O-thioacyl 4 and S-
thioacyl monothiophosphates 5, which treated with the
excess of dithiophosphoric acid 2 can be easily converted
into thioacyl dithiophosphates 6, excellent thioacylating
reagents.

Thioacyl derivatives are mainly obtained by treating acyl
derivatives with a thionating agent such as phosphorus
pentasulfide or Lawesson’s reagent.1,2 Numerous other exam-
ples of sulfurating reagents have been reported (e.g. R3OBF4–
NaHS,3 R2PSX,4 POCl3–(Me3Si)2S,5 (Et2Al)2S,1 B2S3

1 or
SiS2

1) but are less well-known. Another strategy is to
thioacylate nucleophiles with active derivatives of thiocar-
boxylic acids. Unfortunately, the known thioacylating agents
(e.g. thioacyl halides,1 thioacyl benzimidazolones,6 thioacyl
imidazoles, triazoles or tetrazoles,1 thioacyloxybenzotriazoles,7
thioacyl trifluorosulfonyl sulfides,8 phenylmercury dithiocar-
boxylates9 or bis(thioacyl) sulfides10 etc.) show many disadvan-
tages. They are generally unstable, expensive or their synthesis
is complicated. In the case of less reactive reagents (like
thioesters) reaction times are very long or the product cannot be
obtained at all.1 Most of the described reagents can only be
prepared from dithiocarboxylic acids, which are scarcely
obtainable commercially and  are not easy to synthesise in high
yield or to handle in pure form.

Here we report a new procedure for thioacylation with S-
thioacyldithiophosphates, starting from carboxylic acids and
dithiophosphoric acid. The usefulness of those kinds of reagents
(namely thioacyl diphenylthiophosphinic sulfides) have been
described by Kato et al.11 but only derivatives of aromatic
dithioacids were prepared by his group and the method of
synthesis required cesium (or piperidinium) salts of dithio-
carboxylic acids (general drawback). Moreover thioacyl diph-
enyldithiophosphinates are less reactive than dithiophosphates.
We would like to describe a new and efficient method of
synthesis of corresponding species and expand the scope of
their applications (Scheme 1).‡

Acylation of dithiophosphoric acids (at the moment our best
choice is 5,5-dimethyl-2-thiolo-2-thiono-1,3,2-dioxaphosphor-
inane12 (2)) yields mixed anhydrides of type 3 almost
quantitatively (see Table 1). These compounds in solution
isomerize to O-thioacylmonothiophosphates 4 and S-thio-
acylmonothiophosphates 5 (as we have proved, potential
thioacylating reagents) but in an equilibrium mixture com-
pounds 3 generally predominate.§ However, we have found that
treatment of that mixture with excess of dithiophosphoric acid
leads to the formation of mixed anhydrides of type 6 in high
yields (see Table 2). Compounds of type 6 are relatively inert
towards water and oxygen and are very good thioacylating
agents. They react immediately with nitrogen and sulfur
nucleophiles at rt. Thioacyl derivative 7 can be easily separated
from water-soluble salts of thiophosphoric acids. Anhydrides 6
chemoselectively thioacylate nitrogen or sulfur nucleophiles in
the presence of hydroxy groups. This property allows us to

obtain e.g. hydroxythioamides (Table 3, 7g, 7l) or hydrox-
ydithioesters (7m) or thiohydroxamic acids (7e, 7f, 7k) as well,
from substrates with an unprotected oxygen atom. It is worth
mentioning that these kinds of compound are not available via
thionation of unprotected hydroxyamides, hydroxythiolesters or
hydroxamic acids with Lawesson’s reagent.13

In summary we have developed a new strategy of thioacyla-
tion, starting from carboxylic acids. In one pot the exchange of
CNO into CNS occurs and at the same time activation of the
thiocarboxyl function is performed. The method is simple and
efficient and cheap reagents are used. The thioacylating agents
formed are stable and can be stored for months without
noticeable changes. Even thioanhydrides derived from aliphatic
acids can be handled without special precautions. The reaction
with N- or S-nucleophiles is very fast under ambient conditions
and isolation of the product is very simple.

Our efforts to apply the isomerization of anhydrides of type
3 for the synthesis of thioacylating reagents are focused on a
search for dithiophosphoric acids better suited for the described
procedure. Our results will be published in a full paper soon.

We gratefully acknowledge the Polish State Committee for
Scientific Research for financial support (Grant No. 3 T09A 061
16).

† Presented in part at 13th ICOS, Warsaw 2000, Poland, pp. 139.

Table 1 Acylation of dithiophosphoric acid 2

Entry R
Chemical shift
(ppm) 31P NMR Yield (%)

3a 1-Naphthyl 69.6 100
3b Ph 69.1 98
3c 4-PhOMea 70.1 85
3d 4-PhNO2 65.9 85
3e CHNCH2Pha 69.7 93
3f Me 69.1 89
3g Pr 70.1 92
3h iPr 70.6 98
3i tBu 70.8 96
3j CH2NPht 65.8 82
3k CH2CH2NPht 67.7 93
3l CH2OPh 67.9 90
3m (CH2)4COOMe 69.2 100

a Due to fast isomerization obtained in mixtures with anhydride 4 (chemical
shift 31P NMR of 4c: 50.1 ppm; 4e: 50.3 ppm).

Table 2 Thioacyl dithiophosphates 6

Entry R
Chemical shift
(ppm) 31P NMR Time/h Yield (%)

6a 1-Naphthyl 67.8 1.5 90
6b Ph 68.6 2 94
6f Me 68.4 3 88
6g Pr 68.5 3 92
6i tBu 70.7 4 91
6m (CH2)4COOMe 67.2 4 88

This journal is © The Royal Society of Chemistry 2000
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Notes and references
‡ Acyl dithiophosphates 3, typical procedure: acyl chloride (5 mmol) is
added to a solution of 5,5-dimethyl-2-thiolo-2-thiono-1,3,2-dioxaphosphor-
inane (2) (5 mmol) in 15 ml of benzene. The solution is cooled with iced
water and subsequently pyridine or triethylamine (5 mmol) is added
dropwise. Immediately, ammonium chloride precipitates. After 15 minutes
the reaction mixture is filtered through a short layer of silica gel. Following
solvent evaporation a pure enough product is obtained.

Thioacyl dithiophosphates 6, typical procedure: A solution of 5 mmol of
acyl 2-(5,5-dimethyl-2-thiono-1,3,2-dioxaphosphorinanyl) sulfide (3) and
5,5-dimethyl-2-thiolo-2-thiono-1,3,2-dioxaphosphorinane (2) (10 mmol) in
35 ml of benzene is heated under reflux for 2–6 h. Subsequently phosphoric
thioacids 2 and 8 are removed by washing with an aq. solution of sodium
carbonate and then water. The organic layer is then dried with magnesium
sulfate and the benzene is evaporated. The crude product is used for
thioacylation without further purification, or if necessary is purified by
means of silica gel chromatography or crystallization.

Thioacylation with thioacyl dithiophosphates 6, typical procedure A: A
solution of amine or thiol (5 mmol) and pyridine or triethylamine (5.5
mmol) in benzene is added dropwise to a solution of thioacyl 2-(5,5-dime-
thyl-2-thiono-1,3,2-dioxaphosphorinanyl) sulfide (6). Triethylammonium
(or pyridinium) dithiophosphate precipitates and can be removed by means
of filtration or washing with water and aq. sodium carbonate. Drying and
evaporation of the solvent generally yields pure enough product. If
necessary, the thioacyl derivative can be purified by means of chromatog-
raphy or crystallisation.

Typical procedure B: A solution of acyl 2-(5,5-dimethyl-2-thiono-
1,3,2-dioxaphosphorinanyl) sulfide (3) (5 mmol) and 5,5-dimethyl-
2-thiolo-2-thiono-1,3,2-dioxaphosphorinane (2) (10 mmol) in 35 ml of
benzene is heated under reflux for 2–6 h. A solution of amine or thiol (5
mmol) and pyridine or triethyl amine (16.5 mmol) in benzene is then added.
The resulting mixture is worked up as above.
§ On the basis of our 31P NMR experiments we were able to estimate the
composition of the equilibrium mixtures and additionally we managed to
isolate a few examples of S- and O-thioacylmonothiophosphates (e.g. 4b,

5a,b,i) and to fully characterize them. Reactivity and the mechanism of
formation of the species are under investigation. We would like to
emphasize that apart from not well proven reports14 of isomerization of
anhydrides of type 3 to 4, formation of compounds type 5 from 3 (or a
mixture of 3 and 4) have not been previously reported in the literature
(excluding the speculations of Cherkasov,15 which however do not agree
with our results).
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Obshch. Khim., 1985, 55, 2303; N. Yuosif and M. Salama, Phosphorus,
Sulfur Silicon Relat. Elem., 1987, 32, 51; N. Yuosif, Phosphorus, Sulfur
Silicon Relat. Elem., 1989, 46, 79.

15 N. Zabirov, F. Schamsevaliev and R. Cherkasov, Zh. Obshch. Khim.,
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Table 3 Thioacylations with dithiophosphates 6

Entry R Nucleophile Product Yield (%)

7a Ph Aq. NH3 PhCSNH2 95
7b Ph PhNH2–NEt3 PhCSNHPh 99
7c Ph (CH2)5NH–NEt3 PhCSN(CH2)5 98
7d Ph MeOH–NEt3 PhCSOMe 0
7e Ph MeNHOH·HCl–NEt3 PhCSN(OH)Me 68
7f Ph iPrNHOH·HCl–NEt3 PhCSN(OH)iPr 73
7g Ph HOCH2CH2NH2–NEt3 PhCSNHCH2CH2OH 94
7h Me PhNH2–NEt3 MeCSNHPh 88a

7i Pr PhNH2–NEt3 PrCSNHPh 96a

7j tBu PhNH2–NEt3 tBuCSNHPh 92
7k tBu MeNHOH·HCl–NEt3 tBuCSN(OH)Me 71
7l tBu 2-HOPhNH2–NEt3 2-tBuCSNHPhOH 99
7m tBu HOCH2CH2SH–NEt3 tBuCSSCH2CH2OH 97
7n (CH2)4COOMe (CH2)5N–NEt3 MeOCO(CH2)4CSN(CH2)5 88a

a Procedure B.

Scheme 1 Conversion of carboxylic acids into thioacylating reagents and their reaction with nucleophiles.
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Mesoporous SnO2–SiO2 composite stable up to 600 °C with
a BET surface area of 350 m2 g21 and an average pore size
of 3.4 nm is successfully prepared, which exhibits promising
cycling properties as anodes for lithium batteries.

Following the discovery of the M41S family of mesoporous
silicates using supramolecular templating approach,1,2 me-
soporous materials have attracted considerable attention be-
cause of their tunable pore size, narrow pore size distribution,
and remarkably large surface areas, which make them ideal
candidates for catalysts, molecular sieves, and electrodes for
solid-state ionic devices. The ordering in these materials is a
consequence of a self-assembly process in an aqueous solution
containing organic surfactants (anionic, cathodic, or neutral)
and inorganic cations or anions. To date, a wide range of
mesoporous materials have been prepared using the structure-
directing functions of electrostatic, hydrogen-bonding, covalent
bonding and van der Waals interactions associated with
amphiphilic surfactant molecules.3–10

Tin-based composite oxides are promising candidates for
anodes in lithium batteries because of their much larger
reversible capacity compared to carbonaceous materials. In this
study, mesoporous SiO2 stable up to 600 °C has been prepared
using Brij 56 as a structure-directing agent and TEOS as
precursor in an aqueous solution.† Further, a tin compound is
introduced into porous SiO2 using a sol-gel technique to form
SnO2–SiO2 composite. The objective of our study is to create a
nano-structured SnO2–SiO2 electrodes for lithium batteries.
The structural stability of the tin-based materials during cycling
is a major barrier to the successful application of this material as
anodes in Li-batteries.11 Our approach to improving the
structural stability is to incorporate a tin compound into a
mesoporous SiO2 matrix, which is structurally stable and hence
offers structural stability to the nanocomposite electrode. The
mesoporous SnO2–SiO2 structure will facilitate the penetration
of the liquid electrolyte into the electrodes and hence increase
the rate of charge and discharge.

Shown in Fig. 1 are XRD patterns of mesoporous SiO2
powder samples before and after calcination at 600 °C for 2 h
prepared using Brij 56 as surfactant. The XRD pattern of the as-
synthesized powders indicates that the surfactant molecules
were organized into a hexagonal structure when aged at room
temperature for 2 d. The peak at about 1.2° corresponds to the
(100) reflection, which has a d-spacing of 6.8 nm. Thermogravi-
metric analysis shows that Brij 56 surfactant is completely
removed upon calcination in air at 400 °C for 1 h. The
appearance of a low-angle diffraction peak of the SiO2 powder
calcined at 600 °C for 2 h indicates that mesoscopic order is
preserved upon removal of the surfactant by calcination,
although the structure contracted slightly as evidenced from a
slight shift of the XRD peak to a higher angle. The correspond-
ing d-spacing is reduced to about 6.3 nm. The increased
intensity of the XRD peak of the calcined SiO2 indicates that the
ordering of the mesostructure is improved during calcination.
Shown in Fig. 1(c) is the XRD pattern of a SnO2–SiO2
composite. The peak is broader than that of pure SiO2,
suggesting that either the degree of ordering was reduced or the

size distribution of the mesopores was broadened. However, the
position of the peak did not change, implying that the d-spacing
remained the same upon incorporating tin species into the pores
of the mesoporous SiO2. Further, the wide-angle XRD pattern
shown in the inset in Fig. 1 indicates that the SnO2 incorporated
into the mesoporous SiO2 is crystalline, rather than amor-
phous.

Shown in Fig. 2 are representative TEM images of SiO2 and
SnO2–SiO2 samples after calcination at 600 °C for 2 h.
Mesostructures with short-range hexagonal order can be seen
and the corresponding d-spacings are 6.3 nm for both SiO2 and
SnO2–SiO2 composite, which are close to those determined
from the XRD patterns. The nitrogen adsorption isotherms of
the SiO2 and SnO2–SiO2 samples after calcination at 600 °C for
2 h are shown in Fig. 3 and the calculated Brunauer–Emmett–
Teller (BET) surface areas are 1100 m2 g21 for SiO2 and 350
m2 g21 for SnO2–SiO2 composite, respectively. The gas-
accessible surface area of the mesoporous SnO2–SiO2 compos-
ite was greatly reduced due to partial occupation of the pores by

Fig. 1 Representative small-angle X-ray powder diffraction patterns of (a)
as-synthesized SiO2, (b) SiO2 calcined at 600 °C for 2 h, and (c) SnO2–SiO2

composite calcined at 600 °C for 2 h. The wide-angle X-ray diffraction
pattern of SnO2–SiO2 composite is shown in the inset.

Fig. 2 TEM micrographs of (a) 600 °C calcined mesoporous SiO2 and (b)
mesoporous SnO2–SiO2 composite.
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the tin species incorporated into the mesoporous SiO2. Both
nitogren isotherm curves have a well-defined step for the
relative pressure P/P0 ranging from 0.4 to 0.8, a characteristic of
the filling of the framework-confined mesopores,12 suggesting
that both SiO2 and SnO2–SiO2 samples are mesoporous after
calcination at 600 °C for 2 h. As shown in the inset in Fig. 3, the
average pore size in the SiO2 structure is 4.0 nm while that in the
SnO2–SiO2 composite is 3.4 nm, implying that a thin SnO2 layer
has been incorporated into the channel surface of the mesopor-
ous SiO2.

The electrochemical behavior of the obtained SnO2–SiO2
composite oxide is further studied using cyclic voltammetry.
Shown in Fig. 4 are the cyclic voltammograms (CVs) of a
mesoporous SnO2–SiO2 composite, as studied using a powder
microelectrode in the potential range between 2.0 and 0 V (vs.
Li+/Li) with a scan rate of 0.2 mV s21. The potential was swept
from 2.0 V in the cathodic direction down to the set limit (0 V)
and then in the anodic direction. Two very small irreversible
reduction peaks appeared near 0.6 and 0.9 V, respectively, in the
CV of the first cycle. This is quite different from the CVs
observed for tin-based composite electrodes in the litera-
ture,13,14 in which there is only one large irreversible reduction
peak around 0.9 V in the first sweep. It is well known that this
large irreversible reduction peak is due to the in situ electro-
chemical reduction of SnO or SnO2 by lithium to metallic tin
and Li2O,15 representing a large irreversible capacity loss for
tin-based composite materials in the first cycle, which is still a
major barrier to the successful application of these materials as
anodes in Li-batteries.14 In this work, even though it is still not

clear what the two tiny irreversible reduction peaks (observed
for the mesoporous SnO2–SiO2 composite) correspond to, it is
anticipated that the mesoporous SnO2–SiO2 composite as an
anode for a lithium battery would display much less irreversible
capacity loss during the first cycle. Further, the reversible redox
peaks in the range of 0.1–0.7 V in the first five cycles of the CVs
show very little change, an indication of good cyclability of
such a mesoporous SnO2–SiO2 composite electrode. The
electrochemical behavior of SnO2 in mesoporous SnO2–SiO2
composites as well as the long-term charge–discharge cycling
behavior of the composite electrodes in a lithium cell are still
under investigation and will be reported in subsequent com-
munications.

We gratefully acknowledge partial support of this research by
the National Science Foundation under Award No. CTS-
9819850 and by the Georgia Institute of Technology Molecular
Design Institute, under prime contract N00014-95-1-1116 from
the Office of Naval Research.

Notes and references
† In a typical preparation using Brij 56 as the structure-directing agent,
1.093 g Brij 56 was dissolved in 80 ml H2O by stirring at room temperature.
2.667 g tetraethyl orthosilicate (TEOS) was added to the Brij 56 solution
and the solution was stirred at room temperature for 2 h. Subsequently,
1.333 ml 0.2 M NaF was added to the above solution and the solution was
stirred at room temperature for 2 h while a milky sol was obtained. The
milky sol was placed at room temperature for 2 d and a white precipitate
formed progressively. The precipitate was finally filtered off, washed 5
times using distilled H2O, dried at 60 °C in a vacuum oven and finally
calcined in air at 600 °C for 2 h to remove the surfactant. Incorporation of
tin compound into the pores of SiO2 was achieved by immersing
mesoporous SiO2 powder into tin nitrate solution and then drying at 40 °C
under vacuum. Mesoporous SnO2–SiO2 composite was obtained by
calcining the dried tin nitrate–SiO2 powder at 600 °C for 2 h in air. A
powder microelectrode was used to study the electrochemical performance
of mesoporous SnO2–SiO2 composite in 1 M LiN(SO2CF3)2/EC+DMC
electrolyte solution.
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Fig. 3 Representative nitrogen adsorption and desorption isotherms for (a)
SiO2 and (b) SnO2–SiO2 composite after calcination at 600 °C for 2 h.
Corresponding BJH pore size distributions are shown in the inset.

Fig. 4 Cyclic voltammograms (CVs) of a mesoporous SnO2–SiO2

composite as studied electrode using a powder microelectrode technique.
The number adjacent to each CV represents the order of the cycles.
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P-Substituted poly(p-phenylenephosphine)s were prepared
via palladium catalyzed carbon–phosphorus bond forma-
tion.

There has been substantial recent interest in the synthesis and
properties of p-conjugated polymers. These polymers have
found important uses for a variety of optoelectric applications
such as rechargeable battery electrodes, light-emitting diodes,
and chemical sensors.1 While many conjugated polymers
contain only sp and sp2 hybridized carbon atoms along the
polymer backbone, two of the most important  and widely
investigated conjugated polymers, polyaniline2 and poly-
thiophene,3 contain heteroatoms as a vital component of the
conjugation path (Scheme 1). Other interesting conjugated
polymers have been prepared which contain heteroatoms in the
backbone including poly(p-phenyleneborane)s,4 poly(p-phe-
nyleneselenide)s,5 and poly(p-phenylenesulfide).6 The presence
and properties of the heteroatom have a profound impact on the
optoelectronic properties of the polymer. A substantial increase
in the doped conductivity is observed upon moving from
poly(p-phenyl-eneoxide) to poly(p-phenylenesulfide).6 While
phosphorous containing polymers have found a variety of
important uses including flame retardants, ionic conduting
materials, and easily separable supports for metal catalysts,7 the
incorporation of phosphorus into the backbone of a conjugated
polymer has been limited. The few cases include poly-
(ferrocenylphosphine),8 oligophospholes,9 and the trace in-
corporation of phosphorus into soluble poly(p-phenylene)s via
catalyst ligand decomposition.10

Palladium catalysis has been used extensively in organic
chemistry for the formation of new sp2–sp2 and sp2–sp
hybridized carbon–carbon bonds with high yields and is useful
for the preparation of p-conjugated polymers.11 Recent in-
vestigations by Buchwald12 and Hartwig13 have expanded the
utility of palladium mediated cross coupling to include carbon–
nitrogen bond formation. The new synthetic method couples
arylhalides or aryltosylates with amines and has generated
considerable interest for the preparation of arylamine contain-
ing materials such as polyanilines, oligoanilines, and arylamine
dendrimers.14 Analogous nickel15 and palladium16 mediated
carbon–phosphorus bond forming reactions have been reported
and recently utilized for the synthesis of phosphorus containing
polymers.7e We report the synthesis and optoelectric investiga-
tion of the phosphorus analog to N-substituted polyanilines, P-
substituted poly(p-phenylenephosphine)s, via palladium cata-
lyzed carbon–carbon phosphorus bond formation.

In this paper, we describe the palladium catalyzed condensa-
tion polymerization of monoalkyl and monoaryl phosphines
with 1,4-diiodobenzene (Scheme 2). A typical experiment is
conducted as follows. Palladium tetrakis(triphenylphosphine)
(0.310, 0.27 mmol) and diiodobenzene (1.77 g, 5.37 mmol)
were dissolved in 1+1 dry oxygen free THF–toluene (10 ml). To

this solution was added isobutylphosphine (0.63 ml, 5.37 mmol)
followed by triethylamine (2.0 ml). Upon the addition of the
triethylamine a white precipitate was observed indicating the
formation of Et3N·HI. The reaction mixture was heated at 70 °C
for 72 h and turned burnt orange. The reaction mixture was
poured into rapidly stirring 5+1 MeOH–aq. NH3 (500 ml) to
precipitate the polymer, which was collected by filtration. The
polymer was redissolved in THF, reprecipitated in MeOH,
filtered, washed with MeOH, and dried under high vacuum for
8 h to yield polymer 1a as a light pink solid (0.73 g, 83%
yield).

The structures of polymers 1a–c are supported by 1H, 13C,
and 31P NMR and IR spectroscopy and the molecular weights
are estimated by gel permeation chromatography (Table 1).†
The 1H NMR spectra of 1a contain four broad resonances with
appropriate chemical shifts and integrated intensities. The 31P
NMR spectra contain a single broad resonance at 219.81 ppm
suggesting that the environment is similar for most of the P
nuclei. The 13C NMR spectra contain five resonances each with
scalar coupling to 31P. The resonance at 132.66 ppm is coupled
to two different 31P nuclei characteristic of 2J (31P–13C, 19.1
Hz) and 3J(31P–13C, 6.1 Hz) as expected for the C nuclei not
directly bound to P.17 The IR spectra include absorptions
characteristic of aromatic ring stretches but contain no observ-
able PNO absorptions. Polymers 1a and c are entirely soluble in
THF, toluene, and CHCl3 while 1b is only partially soluble.

The UV-visible spectra of polymers 1a–c in CHCl3 suggest
significant p-conjugation along the polymer backbone via the
lone pair on P. A red shift of the optical absorption upon
increasing the number of phenyl phosphine units is observed, as
evidenced by the shift of the absorbance maximum for the p–p*
transition for the following series of phosphines: triphenylphos-
phine (lmax = 263 nm), 1,4-bis(diphenylphosphino)benzene
(2) (lmax = 275 nm), and polymer 1b (lmax = 291 nm). In
addition, polymer 1b has a second small absorption maximum
at 434 nm (Fig. 1). We suspect that this lower energy absorption
results from an n–p* transition. The absorption is observed due
to an increase in intensity resulting from electron delocalization
in the polymer.

Scheme 1 Heteroatom containing conjugated polymers.

Scheme 2 Synthesis of poly(p-phenylenephosphine)s.

Table 1 Optical and molecular weight data for polymers 1a–c

Polymer R Mn
a nb PDI lmax Abs

1a Isobutyl 1,700 10 1.3 278, 415
1b Phenyl 1,300 7 1.4 291, 434
1c 2,4,4-Trimethylpentyl 3,100 14 1.5 276, 422
a Molecular weights were determined by GPC vs. polystyrene standards in
THF. b The value n corresponds to the average number of repeat unit in the
polymer.
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Chemical oxidation provides additional support for the
electronic delocalization of poly(p-phenylenephosphine)s. Oxi-
dation of polymer 1b with FeCl3 in the absence of O2 and H2O
results in the formation of several new absorption bands and a
shift of the band edge past 800 nm (Fig. 1). The spectral
properties of these polymers are related to poly(N-arylani-
line)s.14a The NMR spectra of polymers 1a–c are also altered
upon oxidation with FeCl3. We are unable to observe 31P or 1H
NMR spectra for oxidized polymers 1a–c. The lack or severe
broadening of NMR resonances is consistent with paramagnet-
ism resulting from declocalized electrons along the polymer
chain. The oxidized polymer is stable in solution for several
hours in the absence of O2 and H2O. While we do not fully
understand the spectroscopic properties of these polymers, the
data support an extension of the conjugation path through P and
electronic delocalization along the polymer chain.

Since phosphines are well known to undergo rapid oxidation
to phosphine oxides, we investigated the oxidation of the
polymers by hydrogen peroxide (Scheme 3). Addition of (30%)
H2O2 to CHCl3 solutions of 1b resulted in a color change to
deep red along with a dramatic change of the UV-visible
spectroscopic properties, the primary absorption (291 nm) is
blue shifted while the low energy band (434 nm) is red shifted
to 550 nm and severely broadened. A change in the structure of
the polymer is supported by NMR and IR spectroscopy. The 31P
NMR absorption for polymer 1b cleanly shifts from 25.2 ppm
to 28.6 ppm suggesting near quantitative conversion of 3b.‡ IR
spectra of polymer 3b contain two strong absorptions at 1120
and 1188 cm21 characteristic of phosphine oxides.18 Polymers
1a–c are mildly sensitive to atmospheric oxygen and are
converted to 3a–c over 4–6 days in solution (CHCl3) and 4–6
months in the solid state.

We have described the synthesis and spectroscopic investiga-
tion of a series of poly(p-phenylenephosphine)s. Polymers 1a–c
were synthesized via palladium catalyzed cross coupling of
diiodobenzene with primary phosphines. The investigations
suggest significant electronic delocalization through P along the
backbone of the polymer. We are currently further evaluating
the properties of these interesting polymers and investigating
additional routes to incorporate P into conjugated polymers.

The authors of this paper would like to thank the University
of Rhode Island for financial support of this research, Professor

William Euler for valuable help obtaining UV-visible spectra
data and for thoughtful discussions, and Cytec Canada Inc. for
a generous donation of primary phosphines.
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N-Adamantyl-2-aminopyridines (HL) readily form C2-sym-
metric aminopyridinato complexes with zirconium [ZrL2X2]
(X = Cl, NMe2, CH2Ph, CH2But) which are stable with
respect to ligand redistribution and lead to catalysts for
ethylene polymerisation with similar productivity to the
related [Zr(benzamidinate)2X2] system.

Of the many ligand sets that may provide an alternative to
cyclopentadienyl,1 the amidinates have been among the most
productive in terms of both new stoichiometric chemistry and
catalytic activity.2 Of particular note recently are reports that
complexes such as I support an impressive range of ancillary

ligand- and metal-centred reactivity,3 and are catalysts for
alkene oligomerisation4 and the synthesis of isotactic poly-
(propylene).5 For the closely related aminopyridinato com-
plexes of zirconium,6 most commonly based on II (R =
SiMe3),7 control of the number of such ligands about each metal
centre is challenging. For example, treatment of [Zr(NEt2)2Cl2]
with aminopyridines II (R = SiMe3) gave complexes with one
or three (but not two) aminopyridinato ligands, depending on
substitution at pyridine RA. Complexes of the type III analogous
to I have thus never been isolated, although for the lighter
congener titanium unsymmetric complexes [Ti(2-PyNR)2(N-
Me2)Cl] (Py = 2-C5H3N; R = Me, Ph) have been crystallo-
graphically characterised.8

Inspired by the success of alkylanilide ligands in early
transition and actinide chemistry,9 we began to investigate the
coordination chemistry of aminopyridines with sterically de-
manding alkyl (as opposed to trialkylsilyl) substituents R. We
report here our initial findings, and in particular that control of
metal/ligand stoichiometry and synthesis of catalytically com-
petent species can be achieved.

The Buchwald arylation of amines10 is particularly successful
in the case where arene = pyridine, and we were able to
synthesise the 1-adamantyl-2-pyridyl amines HL1 and HL2 in
good yield from commercially available bromopyridines and
1-adamantylamine using this methodology (Scheme 1).‡

The lithium amide LiL1 generated in situ from HL1 and
lithium butyl§ gave the complex [L1

2ZrCl2] 1a on reaction with
ZrCl4 in diethyl ether. The free amine HL1 reacted smoothly
with [Zr(NMe2)4], [Zr(CH2Ph)4] and [Zr(CH2But)4] in toluene
to give the target complexes [L1

2Zr(NMe2)2] 2a,

[L1
2Zr(CH2Ph)2] 3a and [L1

2Zr(CH2But)2] 4a, respectively.
NMR tube scale experiments showed that these reactions are
essentially quantitative. The analogous complexes 1b–3b of L2

were prepared similarly. In no instance was a complex of the
type [L3ZrX]6a detected, although an intermediate
[{L1Zr(CH2But)3}n] was observed by NMR spectroscopy when
the synthesis of 4a was conducted in d8-toluene. The reaction of
HL2 with [Zr(CH2But)4] gives a similar monosubstituted
intermediate which is converted slowly to 4b. 2-Methyl
substitution on the pyridine ring in L2 thus appears to have a
profound steric effect in the complex, as further evidenced by
the broadness of the 1H NMR spectrum of 4b in the aliphatic
(adamantyl) region. Steric compression in the auxiliary ligand
sphere is probably also responsible for the slow thermal
decomposition of this compound with elimination of neo-
pentane. In contrast, 4a and the other alkyls did not decompose
in solution over a period of several days at room temperature.

The molecular structure of the six-coordinate neopentyl
complex 4a is shown in Fig. 1.¶ The neopentyl methylene
groups and amido N atoms occupy mutually cis positions with
C(31)–Zr(1)–C(36) and N(2)–Zr(1)–N(4) angles of 98.18(15)
and 99.82(11)°, respectively. The two pyridine N atoms are
mutually trans [N(3)–Zr–N(1) 174.85(11)°]. The overall struc-
ture is thus closely related to the bis(benzamidinate)di-
chlorozirconium complex3b,5c but is very different from the
ansa-bis(aminopyridonato) complexes of titanium in which the
quadridentate ligand adopts a planar disposition.11

The C2-symmetry of 4a is apparent from Fig. 2. The angle
between the planes formed by C(36), Zr(1), C(31) and N(2),
Zr(1), N(4) is ca. 61.85°. It is clear from space-filling models
that the conformation of the neopentyl ligands serves to
minimise steric interactions between their tert-butyl groups and

† Electronic supplementary information (ESI) available: characterisation
data. See http://www.rsc.org/suppdata/cc/b0/b006603f/

Scheme 1 Synthesis of proligands and complexes 1–4. Reagents and
isolated yields: i, [Pd2(dba)3], dppp, NaOBut, toluene, 60% (L1), 52% (L2);
ii, BunLi, ZrCl4, diethyl ether, 56% (1a), 49% (1b); iii, [Zr(NMe2)4],
toluene, 70% (2a), pentane, 78% (2b); iv, [Zr(CH2Ph)4], toluene, 86% (3a),
pentane, 59% (3b); v, [Zr(CH2But)4], toluene, 63% (4a). a 4b not isolated
(see text).
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the pyridine rings. As we suggested above, a methyl group in the
1-position of the ring (as in L2) would lead to excessive steric
compression in these positions, at least for a ligand as large as
neopentyl.

The structures of the complexes in solution are similar to that
observed in the solid state for 4a as judged from NMR spectra.
In all instances only one set of resonances for the aminopyr-
idinato ligands is observed at accessible temperatures, and the
metal-bound methylene groups in both sets of complexes 3 and
4 appear as pairs of AB doublets in the 1H spectra at room
temperature. At elevated temperatures these latter signals
coalesce indicating that the complexes racemise, presumably
through rotation of the aminopyridinato ligands. From line-
shape analysis of the spectra of 3a a value DG‡

298 = 60(1) kJ
mol21 was extracted. The related amidinate complexes have
much lower barriers to inversion, and for example [Zr{CyNC-
(Me)NCy}2Cl2] has spectroscopically equivalent cyclohexyl
groups.12

The new complexes are moderately active1 procatalysts for
the polymerisation of ethene. For example, 1a/MAO in toluene
at 25 °C exposed to ca. 1 atm. of ethylene gave a reproducible
productivity of 20 kg mol21 h21 bar21 for a 1 h run. This
exceeds significantly that obtained with previously reported
aminopyridinates,11 and compares favourably with that for the
comprehensively studied benzamidinates.5c Although the na-
ture of the catalytic system for ethene polymerisation produced
from 1a is as yet unknown it is likely to be of similar nature to
the ‘alkyl cation’ [ZrCp2R]+ implicated in metallocene based

catalysis.13 The reactions of 3a and 3b with B(C6F5)3 give
species which 1H NMR spectra indicate are the cations
[ZrL2(CH2Ph)][B(C6F5)3(CH2Ph)] or ionisation isomers
thereof.

We have thus shown that control of ligand stoichiometry and
structure can be achieved in aminopyridinato chemistry of
zirconium by careful choice of amido N-substituent; in this
respect alkyl is better than trialkylsilyl. Given that the
adamantyl group is close in steric demand to the commonly
used SiMe3 the dramatic disparity in the properties of the two
systems is likely to arise from the electronic influence of the Si
atom on the amido N–Zr bonds in the latter.14 We note Jordan’s
comments to the effect that control of ligand stoichiometry in
pyridine(alkoxide) complexes of zirconium depends on the
proton acidity of the ligand as much as its steric demand.15 The
bis(alkylaminopyridinato) unit is thus established as a robust
ligand set for the stabilisation of zirconium complexes with
halide, amide and alkyl ligands. We will report further
chemistry of these versatile ligands and more detailed catalysis
studies in due course.

P.S. wishes to thank EPSRC for postdoctoral fellowships (to
C.M. and P.O.’S.).

Notes and references
‡ We have synthesised several related ligands from sterically demanding
alkyl and aryl amines and we will report their chemistry in due course.
§ The aminopyridines are also rapidly deprotonated with sodium and
potassium hydrides.
¶ Crystal data for 4a: M = 760.29, triclinic, a = 11.456(2), b = 13.352(3),
c = 14.019(3) Å, a = 89.456(4), b = 79.991(5), g = 87.587(4)°, U =
2109.9(7) A3, T = 180(2) K, space group P1̄, Z = 2, m(Mo-Ka) = 0.295
mm21, 20512 reflections measued, 10117 unique (Rint = 0.0711), R1 [for
10117 reflections with I > 2s(I)] = 0.0674, wR2 = 0.1495. Data were
collected on a Siemens SMART CCD. The structure was solved by direct
methods with additional light atoms found by Fourier methods.

CCDC 182/1787. See http://www.rsc.org/suppdata/cc/b0/b006603f/ for
crystallographic files in .cif format.
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Fig. 1 Thermal ellipsoid plot of the molecular structure of 4a; hydrogen
atoms omitted. Selected bond lengths (Å) and angles(°) Zr(1)–N(4)
2.201(3), Zr(1)–N(2) 2.208(3), Zr(1)–C(36) 2.279(4), Zr(1)–C(31)
2.279(4), Zr(1)–N(3) 2.346(3), Zr(1)–N(1) 2.356(3); N(4)–Zr(1)–N(2)
99.82(11), C(36)–Zr(1)–C(31) 98.18(15).

Fig. 2 Molecular structure of 4a viewed along the approximate C2 axis.
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The calculated pKEnol values for the enols of amides
Me2CHCON(Me)Ph and XCH2CH(NH2)CONHMe (X =
H,OH) are lower by only 1.1–2.7 units than that of
acetamide, and therefore these enols should not display
unusual stability.

Although ‘simple’ enols (i.e. those lacking a b-electron-
withdrawing substituent)1 of aldehydes and ketones are much
less stable than their aldehyde or ketone tautomers unless the
enols are specially stabilised, they play an important role in
several reactions.2 Simple enols of carboxylic acid derivatives
such as esters and amides are even much more unstable
compared with the acid derivatives than the corresponding
carbonyl/enol pair, owing to the stabilisation of the acid
derivative by the alkoxy or amino substituent.3 Recent calcula-
tions had shown that the equilibrium constant for the parent pair
MeCONH2/CH2NC(OH)NH2 expressed as pKEnol ( = 2log
KEnol; KEnol = [Enol]/[Amide] at equilibrium) is 21.3 in the gas
phase.4 It is therefore not surprising that, from what we
presently know, the role of enols of amides as reaction
intermediates is limited.

A process in which enols of amides may play a role is peptide
racemisation, since ketonisation of an intermediate planar enol
of amide will give both R and S species of the amide. D-Serine
and D-aspartate are observed in significant amount in mammal-
ian tissues5 and the enzyme responsible for serine isomerisation
was recently isolated5a so that in vivo racemisation is possi-
ble.

Hegarty et al. reported recently experimental results which
suggest that the enol 1-N-methylanilino-2-methylpropen-1-ol 2
of the amide N-methylanilino-2-methylpropionamide 1 exists in
observable concentration in water-containing media and under-
went tautomerisation to 1 at measurable rates.6 Enols of amides
as simple as 2 were not hitherto observed and, based on the
shorter life times for related enols of acids,7 they are not
expected to have such a long lifetime. Since 2 resembles the
intermediate enols expected in peptide racemisation we per-
formed theoretical calculations for 1 and 2 as well as for two
simple pairs of amides/enols of serine and alanine amides in
order to find out if the enols are unusually thermodynamically
stable, so that this may be reflected in their kinetic stability.

The relative stabilities of the amide 1 and the enol 2 as well
as that of the other compounds in Table 1 were computationally
determined by means of density functional theory at the
B3LYP/6-31G** level.8,9 This method has been extensively
used in recent calculations of enols of carboxylic acid
derivatives, and the calculated pKEnol values were shown to be
within ca. 2 pKEnol units of the values measured in water.4,10

Several conformational isomers were examined for 1 and 2
and the most stable ones are shown in Fig. 1. with others given
as ESI.† The phenyl ring of amide 1 is anti to the CNO bond and

is perpendicular to the amide moiety, facing the isopropyl
group. Another conformation with the phenyl ring coplanar to
the amide moiety is not on a local minimum and converges to
the structure shown in Fig. 1. The conformer with the carbonyl
group and the phenyl ring syn to each other is 12.7 kJ mol21

higher in energy than 1. In enol 2, the ethenol and the anilino
moieties are twisted (O–C–N–Ph dihedral angle of 64°) and the
enolic hydrogen is directed toward the Ph ring. Attempted
optimisation of a planar conformation gave the twisted
structure. Another conformer with the OH pointing away from
the Ph ring is 4.0 kJ mol21 less stable.

The calculated energy difference between 1 and 2 is 103.2 kJ
mol21 in electronic energy and 105.3 kJ mol21 in free energy,
which corresponds to a pKEnol value of 18.5 at 25 °C. This value
is 2.8 pKEnol units lower than that calculated for the parent
acetamide system.4 The pKEnol value is much higher than those
of enols of acids which were observed by flash photolysis, but
had shorter lifetimes owing to a faster decomposition to the
corresponding acids.7 Clearly the unexpectedly long lifetime of
enol 26 does not reflect an unusual thermodynamic stability of
the enol. The calculated gas phase KEnol value for 1, taking into
account that the calculated solvent effects on pKEnol values are
small4,11 suggests that 2 will not be observable in aqueous
organic media at room temperature, based on data of pKEnol
values and the lifetimes of simple enols.12 Indeed, the other
observable simple enols of amides having two bulky b-Tip
(Tip = 2,4,6-Pr3

iC6H2) groups, i.e. Tip2CNC(OH)NR2
13 should

have pKEnol values of ca. 8, based on the calculated KEnol of 9.3

† Electronic supplementary information (ESI) available: optimised struc-
tures of various conformers. See http://www.rsc.org/suppdata/cc/b0/
b006216m/

Table 1 Amide–enol isomerisation free energies DG (kJ mol21), electronic
energies (DE) (kJ mol21) (in parentheses) and pKEnol of amides calculated
at the B3LYP/6-31G** level at 25 °C

Amide/enol DG(DE) pKEnol

Me2CHCON(Me)Ph (1)/Me2CNC(OH)-
N(Me)Ph (2) 105.3 (103.2) 18.5
MeCONH2 (3)/CH2NC(OH)NH2 (6) 121.2 (114.5) 21.34

HOCH2CH(NH2)CONHMe (4)/HOCH2C(NH2)N
C(OH)NHMe (7) 119.1 (123.7) 20.1
MeCH(NH2)CONHMe
(5)/MeC(NH2)NC(OH)NHMe (8) 112.7 (113.3) 19.8

Fig. 1 Most stable conformational isomers for 1 and 2.
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for ditipylacetic acid10 and the lower pKEnol for acetamide than
for AcOH.4 The t1/2 for the tautomerisation of diTip N,N-
dimethylacetamide is ca. 20 min in 5+1 CD3CN–THF-d8 at
273 K.13a

Table 1 summarises the keto–enol isomerisation energies for
the amide/enol pairs of the N-methyl amides of serine and
alanine. Again, several conformations were found for each
species (these are given in the ESI†) and the energy differences
and the derived pKEnol values in Table 1 are based on the most
stable conformation of both species. For the two N-methyl-
amides the pKEnol values are ca. 1 unit lower than for the parent
acetamide system but the 1,2-diaminoenols are still so unstable
compared with the corresponding amide forms, that if a
correlation between thermodynamic and kinetic stability exists
in these cases, the isomerisation of peptides including serine and
aspartic acid via the enol route is inferred to be very slow.14

Dissection of the overall effect of the Cb and nitrogen
substituents to their individual effects on the amide and the enol
is obtained by using the isodesmic reactions (1) and (2). All

XXACHCONYYA + MeMe "
XXACHCH2NYYA + MeCHNO (1)

reaction free energies at 25 °C in kJ mol21

1: XNXANMe, YNMe, YANPh 108.5
3: XNXANY = YANH 115.4
4: XNHOCH2, XANNH2, YNH, YANMe 129.5
5: XNMe, XANNH2, YNH, YANMe 124.4

XXACNC(OH)NYYA + MeMe "
XXACHCH2NYYA + H2CNCHOH (2)

2: XNXANMe, YNMe, YANPh 59.3
6: XNXANYNYANH 50.2
7: XNHOCH2, XA = NH2, YNH, YANMe 66.5
8: XNMe, XANNH2, YNH, YANMe 67.7

reactions were found to be endothermic indicating that the
interaction of the amino groups with either the carbonyl or the
enol function stabilises the system and more so for the amide
form. For the amino acid amides the amide forms (4 and 5) are
more stabilised than acetamide by 9–14 kJ mol21, whereas the
higher stabilisation of the enol forms (7 and 8) by ca. 17 kJ
mol21 result in lower pKEnol values for the amino acid amides.
The stabilisation of enol 2 is small, being only 9.1 kJ mol21, but
the amide form 1 is less stabilised by 6.9 kJ mol21 compared
with acetamide and this destabilising interaction is responsible
for the lower pKEnol for 1.

Numerical calculations were in part carried out at the
Research Center for Computational Science, Okazaki, Japan.
Z. R. is indebted to the Israel Science Foundation for support, to
Professors A. J. Kresge, M. Goodman and R. Mechoulam for
discussions and to Professor A. F. Hegarty for correspon-
dence.

Notes and references
1 H. Hart, Chem. Rev., 1979, 79, 515.
2 The Chemistry of Enols, ed. Z. Rappoport, Wiley, Chichester, 1990.
3 A. F. Hegarty and P. O’Neill in ref. 2, ch. 10, p. 639.
4 S. Sklenak, Y. Apeloig and Z. Rappoport, J. Am. Chem. Soc., 1998, 120,

10 359.
5 H. Wolosker, K. N. Sheth, M. Takahashi, J.-P. Mothet, R. O. Brady, Jr.,

C. D. Ferris and S. H. Snyder, Proc. Natl. Acad. Sci. USA, 1999, 96, 721;
H. Wolosker, S. Blackshaw and S. H. Snyder, Proc. Natl. Acad. Sci.
USA, 1999, 96, 13 409.

6 A. F. Hegarty, S. J. Eustance and C. Relihan, 7th European Symposium
on Organic Reactivity (ESOR 7), Ulm, Germany, August 22–27, 1999,
Book of Abstracts, A8, p. 68.

7 For a summary, see: A. J. Kresge, Chem. Soc. Rev., 1996, 25, 275.
8 A. D. Becke, Phys. Rev. A, 1988, 38, 3098; C. Lee, W. Yang and R. G.

Parr, Phys. Rev. B, 1988, 37, 785.
9 All calculations were performed using the Gaussian 98 program:

Gaussian 98, Revision A.6, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle and
J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

10 H. Yamataka and Z. Rappoport, J. Am. Chem. Soc., 2000, 122, in
press.

11 J. Gao, J. Mol. Struct. (THEOCHEM), 1996, 370, 203.
12 J. Toullec, ch. 6 in ref. 2; J. R. Keeffe and A. J. Kresge, ch. 7 in

ref. 2.
13 (a) J. Frey and Z. Rappoport, J. Am. Chem. Soc., 1996, 118, 3994; (b)

Z. Rappoport, J. Frey, M. Sigalov and E. Rochlin, Pure Appl. Chem.,
1997, 69, 1933.

14 Since the a-hydrogen to the amide function is acidic, ionization to a
planar enolate ion is still a possible mechanistic route for racemisation
of peptides.

2102 Chem. Commun., 2000, 2101–2102



Cation-triggered ‘switching on’ of the red/near infra-red (NIR) fluorescence of
rigid fluorophore–spacer–receptor ionophores

Knut Rurack,*a Ute Resch-Genger,a Julia L. Bricksb and Monika Spielesa

a Dept. I.3902, Federal Institute for Materials Research and Testing (BAM), Richard-Willstaetter Str. 11, D-12489
Berlin, Germany. E-mail: knut.rurack@bam.de

b Institute of Organic Chemistry, National Academy of Sciences of the Ukraine, Murmanskaya 5, 253660, Kiev-94,
Ukraine

Received (in Liverpool, UK) 3rd August 2000, Accepted 22nd September 2000
First published as an Advance Article on the web 9th October 2000

Fluorophore–spacer–receptor ionophores 1 and 2 show a
strong cation-induced enhancement of the fluorescence at l
> 650 nm in the presence of HgII and AgI (1) or PbII,
alkaline-earth and alkali metal ions (2).

Molecular signaling systems relying on drastic changes in
fluorescence intensity and/or band position upon binding to an
inorganic/organic substance have lately received much atten-
tion as photonic molecular devices.1 As functionalized hosts for
inorganic guests such as main group, heavy, and transition
metal ions or anions, ionophores that consist of an ion-
responsive receptor and a (potentially, i.e. in the ‘switched on’
state) highly emissive chromophore, separated by a short alkyl
spacer thus preventing pronounced electronic interaction in the
ground state, are of particular interest.2 This molecular
constitution allows to combine an electron-donating receptor
with a reducable chromophore to invoke fast signaling proc-
esses such as intramolecular electron transfer (ET).3 Among
composite ET fluoroionophores, dyes containing a small and
rigid spacer are especially advantageous in terms of minimally
separated molecular subunits with efficient transduction capa-
bility. Recently, such probe molecules based on the D2-
pyrazoline chromophore were introduced, showing a cation-
induced ‘switching on’ of the fluorescence upon binding to
main group4 and/or heavy metal ions.4b In these substituted
1,3,5-triaryl-D2-pyrazolines, not only does the spacer-separated
receptor at the 5-position acts as an electron donor but the main
chromophore itself (including the ring fragment C(3)NN(2)–
N(1)) consists of a donor (D: N(1) and 1-substituent) and an
acceptor (A: C(3) = N(2) and 3-substituent) subunit, and thus
the intramolecular ET reaction from the 5-donor does not
quench a chromophore-localized state (as, for instance in
donor–alkyl-substituted anthracenes or pyrenes)5 but rather a
highly emissive charge transfer (CT) excited state.4b This
constitution harbors two important advantages for rational
probe design: (i) rigidized D–A-fluorophores with allowed CT
transtitions (e.g. the basic 1,3-diaryl-D2-pyrazoline chromo-
phore)4b usually show broad and largely Stokes-shifted absorp-
tion and emission bands often accompanied by high fluores-
cence quantum yields and (ii) the tuning of composite
D–A-chromophores by combining specific D and A units is
synthetically well feasible. Here, we extended this design
concept to the red/near infra-red (NIR) region by the introduc-
tion of the strong N-phenyl-1,8-naphthalimide (PhNI) acceptor
to the 3-position of the D2-pyrazoline ring yielding 1–4. 1 and
2 are equipped with cation-sensitive anilino crown units
showing strongly different ion binding preferences and 3 and 4
act as model compounds.

The efficient separation of the electron donating 5-p-receptor
unit and the main 1,3-diaryl-D2-pyrazoline chromophore by the
rigid spacer is suggested from the nearly identical positions of

the absorption and emission bands of 1–4 in acetonitrile, the
solvent we used for the complexation studies (Table 1). The
broad, structureless and largely Stokes-shifted absorption and
emission bands underline the CT character of the optical
transitions in the 1,3-chromophore. In accordance with results
obtained for their 3-benzothiazol-2-yl-substituted analogues,4b

both, the intensive low energy absorption band (e ≈ 2 3
104 M21 cm21 for all the dyes) and the considerably high
fluorescence quantum yield of the reference compound 3 reveal
that allowed CT transitions determine the spectroscopic proper-
ties of the 3-PhNI-D2-pyrazolines. When comparing the
fluorescence quantum yield and lifetime data of 3 with those of
1, 2 and 4, the quenching electron transfer interaction (virtually
no changes in spectral band position, see above) of a 5-p-anilino
donor is evident. Since the radiative rate constants kf = ff/tf of
1–4 are very similar (kf ≈ 0.9 3 108 s21), the rate constant of
the ET quenching process in 1, 2 and 4 can be calculated from

† Electronic supplementary information (ESI) available: experimental
details including synthesis of 1–4 and optical spectroscopy. See http://
www.rsc.org/suppdata/cc/b0/b006430k/

Table 1 Spectroscopic data of 1 and its HgII and AgI complexes, 2 and its
LiI, NaI, KI, MgII, CaII, SrII, BaII and PbII complexes, 3 and 4 in acetonitrile
at room temperaturea

labs/nm lem/nm ff tf/ns log KS

1 488 680 0.007b 0.076 —
17HgII 483 667 20c 1.57 > 5.2d

17AgI 484 673 15c 1.22 4.95
2 493 679 0.003b 0.029 —
27LiI 489 675 11c 0.35 2.92
27NaI 487 673 17c 0.65 2.47
27MgII 484 669 40c 1.14 2.99
27CaII 484 668 43c 1.08 4.40
27SrII 484 668 39c 1.23 3.74
27BaII 485 670 37c 0.99 3.68
27PbII 483 667 47c 1.53 > 5.2d

3 490 682 0.18b 1.32 —
4 484 670 0.002b 0.017 —

a Experimental conditions: c (dye) = 5 3 1026 M, lexc ≈ 480 nm (at the
respective isosbestic points) for steady-state, 480 nm for time-resolved
fluorescence measurements. The cation selectivity is identical to that of
related pairs of aza-oxa and aza-thia crowns.4b,9 b Fluorescence quantum
yield determined relative to fluorescein 27 in 0.1 M NaOH (ff = 0.90 ±
0.03).12 c Relative fluorescence enhancement with respect to ff of the
corresponding free dye. d Too high to be determined with acceptable
accuracy with the method employed.
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the measured fluorescence lifetime according to kET = tf(X)21

2 tf(3)21 with X = 1, 2, 4 by using that of 3 as a reference
(Table 1). This yields kET of 12, 34 and 58 ns21 for 1, 2 and 4,
respectively. These rate constants are rather small and are thus
not related to the solvent relaxation time (the longitudinal
solvent relaxation time in acetonitrile was determined to
0.2 ps)6 suggesting a nonadiabatic electron transfer process.

Upon cation addition to 1 and 2, the changes in spectral band
position are comparatively small (Table 1 and, as an example,
the titration of 1 with Hg(ClO4)2 shown in Fig. 1) as is expected
for an ET signaling mechanism. Accordingly, binding of a
cation to the electron donating 5-p-receptor strongly alters its
redox potential and weakens its donor strength thus decelerting
the ET quenching process. As is evident from Table 1, the
cation-induced changes in fluorescence quantum yield and
lifetime are drastic and are directly related to the charge density
of the metal ion, i.e. the inhibition of the ET reaction being
stronger for HgII than for AgI (for 1) and for alkaline-earth metal
ions relative to alkali metal ions (for 2). For the complexes with
divalent HgII, CaII and PbII, all of them tightly binding to the
fluorescent sensor molecules, even a complete ‘switching off’
of the ET process is manifested by rate constants of radiative
and non-radiative deactivation which are nearly identical to
those of the reference compound 3, lacking a 5-p-anilino donor.
In all the cases, the fit of the spectrofluorometric titration
data4b,7 yielded a 1+1 complex stoichiometry.

Besides the favorable fluorescence enhancement character-
istics, the cation selectivity can easily be directed by tuning of
the 5-p-receptor. Whereas 1, containing four ‘soft’8 sulfur donor
atoms in the 15-crown-5 receptor, only binds to the thiophilic
heavy and transition metal ions HgII and AgI (for a detailed
discussion of ion selectivities and preferences, see refs 4(b) and
9), 2 with a monoaza-tetraoxa-15-crown-5 unit shows changes
in its spectroscopic properties in the presence of the ‘hard’8

group I and II metal ions as well as PbII. The power of the
present design concept, especially for HgII (1) and PbII (2)
commonly known as fluorescence quenchers10 and for sensing
applications in the red/NIR, is apparent.11

In summary, we have shown that upon combining intra-
molecular charge and electron transfer processes in a simple
fluorophore–spacer–receptor ionophore with a small but rigid
spacer, an efficient cation-triggered ‘switching on’ of the
intramolecular charge transfer fluorescence can selectively be

achieved even with advantageous emission features such as
broad and largely Stokes shifted bands and considerably high
fluorescence quantum yields in the red/NIR spectral region.

We gratefully acknowledge the financial support by the
Deutsche Forschungsgemeinschaft and the Bundesministerium
für Bildung und Forschung.
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Fig. 1 Fluorescence titration spectra (lexc = 478 nm) of 1 (5 3 1026 M)
with Hg(ClO4)2 (concentration range: 5 3 1027 to 2 3 1023 M) in
acetonitrile. Upper inset: selected absorption titration spectra (isosbestic
point: 478 nm; arrow indicates the direction of change upon HgII addition).
Lower inset: fit (–––) of the integrated intensity (0) of the fluoroescence
titration.
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In a two-component system combining an oligophenylenevi-
nylene (OPV) group with a protonable phenanthroline unit,
the direction of intercomponent photoinduced energy trans-
fer can be tuned by proton input, thus allowing on/off
switching of the luminescence of the OPV moiety.

A molecular switching device exists in two (or more) different
states that can be reversibly interconverted and present different
characteristic properties.1–4 Typically, the switching work is
carried out by photons, electrons, or external chemical species.3
Of course it is crucial to be able to distinguish between the
different states, and one of the most powerful tools is
fluorescence spectroscopy.2 For instance, a large variety of
molecular recognition events taking place on molecular re-
ceptors has been revealed by switching or tuning the lumines-
cence of nearby signaling moieties.2,3,5

Oligophenylenevinylenes (OPVs) are strongly fluorescent
molecules widely used in materials science for the preparation
of light emitting devices (LEDs), field-effect transistors (FETs)
or photovoltaic cells.6,7 Such compounds appear also to be
attractive functional building blocks for the construction of new
molecular and supramolecular photoactive devices. Here, we
describe the preparation and the electronic properties in CH2Cl2
solution of the two-component array 3PV-Phen, combining an
OPV unit with a protonable phenanthroline group. The related
compounds 3PV8 and Phen have been used as reference
compounds for the photophysical studies.

Interestingly, 3PV-Phen can act as a proton triggered
molecular switch. Effectively, the intense fluorescence of the
3PV-type moiety can be quenched (off state) by protonation of
the phenanthroline unit upon addition of acid, whereas the
starting emission can be restored (on state) by adding a base.
The functioning of the 3PV-Phen switch is schematically
represented in Fig. 1.

The synthesis of 3PV-Phen is depicted in Scheme 1.
Treatment of p-bromododecyloxyphenyl with ButLi in THF at
278 °C followed by quenching with 1,10-phenanthroline,
hydrolysis and oxidation with MnO2 gave 1 (85% yield).
Reaction of 1 with p-lithio[(tert-butyldimethylsilyl)oxy]-
phenyl9 followed by hydrolysis and oxidation (MnO2) yielded 2

which after deprotection (TBAF) gave 3 in an overall yield of
33%. The reaction of 3 with 3PV under Mitsunobu conditions
afforded 3PV-Phen in 71% yield. All of the spectroscopic
studies and elemental analysis results were consistent with the
proposed molecular structures.

The electronic absorption and emission properties of the
model compounds 3PV and Phen [Fig. 2(a)] are very similar to
those of previously investigated OPVs7 and substituted phenan-
throlines.10 Both molecules are strongly fluorescent in the VIS
spectral region; 3PV exhibits a band with lmax = 460 nm, t =
1.3 ns and Ffl = 0.77, whereas Phen displays lmax = 398 nm,
t = 2.1 ns and Ffl = 0.35.†

Addition of increasing amounts of trifluoroacetic acid (TFA)
to a 1.5 3 1025 M solution of Phen causes dramatic changes in
the absorption spectrum, that are leveled off at ca. 10
equivalents of acid added. Isosbestic points are maintained at
296, 314 and 356 nm indicating that a single chemical process
occurs, i.e. protonation of the phenanthroline;10 interestingly,
the initially transparent solution becomes yellow at the end of
the titration. In parallel with the changes in the absorption
spectra, remarkable variation in the fluorescence properties are
recorded. The intense luminescence band of Phen progressively
disappears while a new band characteristic of PhenH+ grows at

Fig. 1 Schematic representation showing the functioning of the 3PV-Phen
molecular switch.

Scheme 1 Reagents and conditions: i, ButLi, THF, 278 °C, 1 h, then
1,10-phenanthroline,  278 to 0 °C, 3 h, then H2O, then MnO2, room temp.,
1 h; ii, p-lithio[(tert-butyldimethylsilyl)oxy]phenyl, THF, 0 °C, 4 h, then
H2O, then MnO2, room temp., 1 h; iii, TBAF, THF, 0 °C, 2 h; iv, 3PV,
DEAD, PPh3, THF, reflux, 72 h.
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570 nm, with t = 12.2 ns and Ffl = 0.048; the luminescence
color switches from purple (Phen) to yellow (PhenH+). Addition
of an organic base [diazabicyclo[4.3.0]non-5-ene (DBN)]
restores the initial absorption and luminescence properties.
Importantly, no changes of such properties are observed upon
addition of a large excess of TFA or DBN to 3PV solutions.

The absorption spectrum of 3PV-Phen matches the sum of
the spectra of the reference compounds within ±10% error,
showing one diagnostic band for each component unit with
maxima at 286 (Phen) and 360 nm (3PV). Only the typical
fluorescence band of the 3PV fragment is observed (lmax =
460 nm, t = 1.3 ns, Ffl = 0.70); the excitation spectrum (lem
= 460 nm) matches the absorption profile, indicating that
excitation of the Phen moiety is followed by quantitative energy
transfer to the 3PV unit. One can thus conclude that, in 3PV-
Phen, only the OPV luminescence is on since a photoinduced
quenching process featuring a Phen ? 3PV direction is active
(Fig. 1).

Addition of increasing amounts of (TFA) to a 1.5 3 1025 M
solution of 3PV-Phen causes dramatic changes in the absorption
spectrum [Fig. 2(b)]. A clear analogy with the protonation
reaction of  Phen is found: the same amount of acid is required
to complete the reaction, isosbestic points are located at 296,
314 and 359 nm. Importantly, the final spectrum matches the
sum of the spectra of 3PV and Phen.H+ within ±10% error, and
the reaction is reversible upon addition of DBN. These findings
suggest that the 3PV-PhenH+ species is formed.

The addition of acid also leads to dramatic changes in the
emission properties (lexc = 359 nm, isosbestic point): the
characteristic blue 3PV luminescence is progressively sup-
pressed and a much weaker green-yellow emission (lmax =
556 nm, t = 12.7 ns‡) is detected, attributable to the PhenH+

moiety (see above). The luminescence quenching of 3PV,
observed also in a rigid matrix at 77 K, is attributable to energy

transfer to the PhenH+ moiety. The energy transfer efficiency is
difficult to estimate, since some residual 3PV fluorescence
( < 0.5%, relative to the initial value) is present, even when a
large excess of acid is added. Such residual emission, likely
arising from unprotonated 3PV-Phen in the acid–base equilib-
rium, overlaps the much weaker PhenH+ emission, thus making
difficult clean excitation spectroscopy. In any case one can
conclude that, in an acid environment, the OPV luminescence of
3PV-Phen is off due to an intercomponent quenching process
displaying a 3PV ? Phen direction [Fig. 1].

In terms of electronic energy levels our bipartite system has
been designed in order to achieve the following: in one
component (3PV) the energy of the fluorescent level (E1) is
insensitive to protons; by contrast, in the other component
(Phen), a proton input tunes the fluorescent levels between two
energy values (E2 and E3). The key feature is that the energy of
E1 is intermediate between that of E2 and E3, thus enabling an
energy transfer in the desired direction via the chemical (proton)
input. The energy scaling (E2 > E1 > E3) is reflected in the
spectral position of the corresponding fluorescence bands
[Fig. 2(a), inset].

In conclusion, we have shown a simple way to reversibly
switch on and off the widely exploited fluorescence of OPVs.
Also, it is worth pointing out that this is one of the rare cases of
multicomponent systems where the direction of the photo-
induced energy transfer can be controlled.11–12 To the best of
our knowledge, this is the first example where such control can
be reversibly accomplished by chemical inputs.

This work was supported by the Italian CNR and the French
CNRS. We thank L. Oswald for technical help and Professor
J.-F. Nicoud for his interest and support.

Notes and references
† Fluorescence spectra, lifetimes (time resolution 0.5 ns), and quantum
yields were obtained as described in detail in ref. 7; experimental
uncertainties are ±2 nm, ±8% and ±20%, respectively. For emission
quantum yields anthracene in cyclohexane (F = 0.34) and quinine sulfate
in 0.05 M H2SO4 (F = 0.546) were used as standards.
‡ In this case the decay is biexponential and 12.6 ns refers to the longest
component. A shorter component (1.3 ns) accounts for the residual 3PV
fluorescence (see text).
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Fig. 2 (a) Absorption and (inset) fluorescence spectra of 3PV (……),
Phen (––––), and PhenH+ (– – –). (b) Absorption and (inset) fluorescence
(lexc = 314 nm, isosbestic point) spectra of a 1.5 3 1025 M CH2Cl2
solution of 3PV-Phen containing 0, 1, 2, 4 or 20 equivalents of
trifluoroacetic acid. The weak red-shifted band is obtained for the solution
containing 20 equiv., after subtraction of the residual 3PV luminescence
(see text).
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Solvothermal reaction of K2MACl4 (MA = Pd, Pt) with
pyridine dicarboxylate and excess base produces isostruc-
tural coordination solids in which ‘complex ligands’ contain-
ing palladium or platinum coordinate to metal hydroxide
chains.

The use of solvothermal techniques to prepare hybrid organic–
inorganic materials inaccessible by other means is a rapidly
expanding area.1,2 One current challenge is to prepare materials
of increasing compositional complexity in which the individual
components confer different physical properties or have
different structural influences. This goal is exemplified by
hydrolytic phases containing oxide or hydroxide moieties in
addition to metal ions and ligands.2 We are particularly
interested in this area as judicious choice of ligands can lead to
important target materials such as porous solids and low-
dimensional magnets. The size of the organic ligand plays an
important role in our approach to both of these classes of
material as it controls both the size of the pores and the
separation between low-dimensional magnetic structures. A
logical choice of ligand type to fulfil the role of large ‘spacer’
would be polycyclic aromatic carboxylates such as 4,4A-
biphenyl dicarboxylic acid or 3,4,9,10-perylene tetracarboxylic
acid, however, these have proved unsuccessful in our hands,3
possibly owing to their solubility characteristics. Subsequently
we have investigated a strategy based on ‘metal complex
ligands’ which we report here.

A multi-component ligand equivalent in size to those
suggested above can be constructed by relying on the principle
that hard and soft bases will coordinate to like acids.4 By
coordinating ligands with both hard and soft donor sites to a soft
metal we can generate a large but soluble anionic ligand which
is terminated by hard (carboxylate) donor groups and as such is
analogous to the ligands we have already found to be successful
in simpler reactions. Pyridine-2,x-dicarboxylates are known to
be stable to solvothermal conditions2 and also to form stable
complexes with soft metals via N-coordination.5 The existence
of three isomers also presents the opportunity to study the effect
of substitution pattern on product structure. This is actually a
very important variable with the 2,4 isomer yielding much more
straightforward chemistry hence it is this ligand on which we
concentrate here.

The method we have previously developed for preparing
hydrolytic phases of the 3d transition metals involves the
reaction of a carboxylate salt with M(OH)2 prepared in situ, a
variation of this technique is used here. Three aqueous solutions
are first prepared containing (i) K2PtCl4 (0.1 mmol) in H2O (2.5
ml); (ii) pyridine-2,4-dicarboxylic acid (0.2 mmol) and 1 M
KOH (0.7 mmol) in H2O (5 ml); (iii) MCl2 hydrate (0.2 mmol)
in H2O (2.5 ml). Solutions (i) and (ii) are first mixed, followed
by (iii) which results in formation of M(OH)2. Hydroxide
formation is evident for cobalt-containing solutions from the

slight blue colour produced which we have previously observed
to be indicative of the onset of Co(II) hydrolysis.3 This gives a
Pt+metal+ligand+base ratio of 1+2+2+7. The mixture was
placed in a 23 cm3 Teflon-lined autoclave and heated at 200 °C
for 15 h, followed by slow cooling to room temperature over a
period of 8 h. The solid was filtered off and purified by brief
ultrasonic treatment of an aqueous slurry followed by decant-
ing. The material was then filtered off, washed with water and
air dried. The palladium-containing materials are made in
analogous fashion from K2PdCl4 on a 0.12 mmol scale with a
Pd+metal+ligand:base ratio of 1+2+2+6.

These methods produce M3MA2(OH)2[NC5H3(CO2)2-
2,4]4(H2O)4 as crystalline solids in good yields; 1a, Co/Pd, pale
pink (62 mg, 89%); 1b, Co/Pt, orange–pink (52 mg, 78%); 2a,
Ni/Pd, pale green (52 mg, 75%); 2b, Ni/Pt, green (44 mg, 66%);
3a, Zn/Pd, yellow (57 mg, 82%); 3b, Zn/Pt, yellow (49 mg,
72%). Satisfactory microanalytical data were obtained for all
compounds (ESI†).

IR spectra for the six compounds are essentially super-
imposable showing only the slight shifts in frequency expected
on isomorphous substitution (ESI†). The band which is
indicative of the formation of these materials is the sharp,
medium intensity O–H stretch due to the bridging hydroxide
ligand: nmax(KBr) = 3598, 3604, 3606, cm21 for Co, Ni and
Zn, respectively. The position of the band is insensitive to the
presence of Pd or Pt.

The X-ray crystal structures‡ of a representative sample of
the compounds (1a and 3a) along with the unit cell dimensions
for 1b, 2a, 2b and 3b, were determined showing that the
materials are indeed isostructural (ESI†). The secondary
building unit (SBU) is the MAM2L2 fragment (Fig. 1) which has
two environments for the hard (octahedral) metal. The SBUs are
held together by two different types of linkage, the overall effect
of which is to produce layers lying parallel to [0 1 21]. The first
type of linkage consists of infinite chains with a
–MLMALMLMA– repeat unit running parallel to the bc bisector.
The second type is a series of metal hydroxide strips containing
chains of edge- and vertex-sharing M3(m3-OH) triangles which
run parallel to the a axis (Fig. 2). Each individual layer has
metal hydroxide ‘ribs’ which are linked to their nearest
neighbours by a row of LMAL moieties. The ligands form the
upper and lower faces of the layer (Fig. 3) with an average intra-

† Electronic supplementary information (ESI) available: elemental analysis,
IR data, unit cell parameters and selected bond lengths and angles. See
http://www.rsc.org/suppdata/cc/b0/b006094l/ for crystallographic files in
.cif format.

Fig. 1 The basic building block of the title complexes (illustrated here for
3a) showing the atom numbering scheme. Ellipsoids are drawn at the 30%
probability level.
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layer distance of 3.42(1) Å. There is a second p-stacking
interaction between the sheets with an average separation of
3.56(1) Å. The p stacks and metal hydroxide strips run along
orthogonal axes, this leads to the formation of a tightly packed
three-dimensional structure. We believe that the stacking
interaction hampers the formation of pores within these
materials. It is also noteworthy that when porous materials have
been prepared3 the ligands bridge in the plane of the metal
triangles, rather than above and below as seen here. All bond
lengths and angles are normal with the metal–ligand distances
showing small deviations from ideal square and octahedral
geometry (ESI†). For example the palladium square planar
angles range from 82.5(2) to 100.1(2)°. The two octahedral zinc
geometries show a greater distortion for the metal that is not on
an inversion centre, Zn(1). The angles range from 82.2(2) to
96.9(2)° and 172.1(2) to 176.8(2)° for Zn(1) in comparison with
86.6(1) to 93.2(1)° and exactly 180° for Zn(2). The formation of
the particularly stable five-membered chelate ring for the soft
metal helps to stabilise it against decomposition to intractable
material, which we believe to be oxide, at the relatively high pH
required for hydrolysis of the divalent 3d metal ions.

This material can be synthesised using a range of metal+
metalA+ligand+base ratios provided that the pH is kept relatively
high. The optimum reaction conditions found for the platinum
compounds require a ratio of 1+2+2+7 resulting in a pH in the
range 7.7–8.8 depending on the metal. The palladium com-
pounds can be obtained in pure form from a ratio of 1:2:2:6
which gives pH values in the range 6.7–7.8. In general the
production of the platinum compounds requires more base than
is needed for the palladium-containing materials. Hydrolysis of
the metal salts occurs prior to heating and therefore the pH
values measured for the reaction mixtures are lower than
expected considering the excess base used. Accurate control of
hydroxide content is essential as there is a very narrow range in
which these materials may be formed. There is little overlap
between the conditions required for the formation of M(OH)-
containing materials and those required for stabilisation of the
soft metal complex.

The reactions are also sensitive to temperature and duration.
To obtain an optimum yield of pure product the reactions should
be performed at temperatures in the range 180–220 °C for 15 h.
Lower temperatures result in contamination by other products
whilst higher temperatures result in decomposition. We have
also investigated the chemistry of isomeric ligands under
similar conditions. Reactions with pyridine-2,3-dicarboxylate
yield only decomposition products whilst pyridine-2,5-di-
carboxylate gives a range of highly complex products with
structures sensitive to both the hard and soft metal.

We have shown that hard and soft donor sites on a metal can
preferentially bind hard and soft metal ions from a binary
mixture. This provides another tool in our armoury for
engineering materials with specific properties such as magnet-
ism and porosity.

We wish to thank Johnson-Matthey for the generous loan of
precious metal salts and the University of East Anglia for
funding.

Notes and references
‡ Crystal data: for 1a: C28H22N4O22Pd2Co3, M = 1156.09, triclinic, space
group P1̄, a = 6.531(1), b = 8.027(2), c = 16.595(3) Å, a = 76.46(3), b
= 89.39(3), g = 85.14(3)° , V = 842.7(3) Å3, Z = 1, Dc = 2.278 g cm23,
F(000) = 567, m = 2.596 mm21, T = 293(2) K, crystal dimensions 0.16 3
0.14 3 0.04 mm. Data were collected on a Rigaku R-axis II image plate
diffractometer equipped with a rotating anode X-ray source using graphite-
monochromated Mo-Ka radiation (l = 0.71073 Å). Total no. of reflections
was 4959 of which 2698 were unique (Rint = 0.0439). The structure was
solved by direct methods and refined using full-matrix least squares on F2

to give R1 = 0.0363 for F > 4s(F) and wR2 = 0.1585, S = 1.006 for all
data.

For 3a: C28H22N4O22Pd2Zn3, M = 1175.41, triclinic, space group P1̄, a
= 6.529(1), b = 8.124(2), c = 16.719(3) Å, a = 75.94(3), b = 88.73(3),
g = 84.78(3)°, V = 856.7(3) Å3, Z = 1, Dc = 2.278 g cm23, F(000) = 567,
m = 3.202 mm21, T = 293(2) K, crystal dimensions 0.14 3 0.10 3 0.08
mm. Data collected as above. Total no. of reflections was 5386 of which
2862 were unique (Rint = 0.0630). The structure was solved by direct
methods and refined using full-matrix least squares on F2 to give R1 =
0.0412 for F > 4s(F) and wR2 = 0.1348, S = 0.976 for all data.

CCDC 182/1785. See http://www.rsc.org/suppdata/cc/b0/b006094l/ for
crystallographic files in .cif format.
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Fig. 2 View showing the chains of vertex sharing metal octahedra (running
down the crystallographic a axis) and their linkage via the LML moiety.

Fig. 3 View down the crystallographic a axis showing the packing of
layers.
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We describe the synthesis, characterization and properties of
the first optically-active 1,3-unsymmetrically disubstituted
ferrocene derivative which is to exhibit smectic C* and
smectic A* phases.

Symmetry breaking operations and chirality have held centre
stage in the fundamental investigations and applications of
liquid crystals.1,2 Furthermore, recent studies on mesogens with
banana-shaped molecular structures have shown that chiral
induction in self-organizing systems is possible even though the
materials are themselves achiral.3,4 The search for new chiral
effects in mesomorphic systems prompted us to synthesize
unsymmetrically 1,3-disubstituted ferrocene-containing liquid
crystals,5 where the different substituents at the 1- and
3-positions generate structures with planar chirality (Fig. 1). A
representative example is illustrated by compound 1 (see
Scheme 1); the two substituents are differentiated by the length
of the alkyl chains and the orientation of the outer ester groups.
Homologues of this material were prepared in racemic form
from (±)-25 (see Scheme 1). Over the entire range of the
compounds studied, smectic C (SmC) and smectic A (SmA)
phases were observed, and in some cases an additional nematic
phase was detected.

The presence of the SmC phase in this family of compounds
provided a unique challenge to make the materials optically
active (SmC*) and thereby ferroelectric. Of course symmet-
rically 1,3-disubstituted ferrocene derivatives have the potential
to exhibit ferro- or antiferro-electricity if the packing constraints
of the molecules within the layers induce a restricted rotation of

the molecules about their long axes. Within this packing
constraint, the V-shaped molecules will pack together to give a
non-symmetric arrangement thereby leading to the induction of
non-linear properties.

Ferroelectric liquid crystals are of considerable interest in
switchable, half-wave plate, bistable light-valves. For ferroce-
nyl liquid crystals, SmC* phases have been reported only for
two mono-substituted derivatives.7,8 Chirality was introduced
into the peripheral side-chain by means of asymmetric carbon
atoms, but for the two materials no ferroelectric behavior was
described.

In addition to the investigation of the dependency of
ferroelectricity on planar chirality, this study allowed us to
probe the influence of the chiral unit, which is embedded in the
central region of the molecular structure, on the self-organiza-
tion process and mesophase formation. In metallomesogens,
planar chirality was elegantly exploited by Malthête and
coworkers who reported optically-active butadiene–
tricarbonyliron liquid crystal complexes.9 The spontaneous
polarization of one of the complexes was determined, and a
value of 32 nC cm22 was obtained (response time: 9 ms).9b

We report, herein, the synthesis, mesomorphic behavior and
ferroelectric properties of the liquid-crystalline Fc derivative
(+)-1 (Scheme 1). The latter structure was selected because the
corresponding racemic analogue gave the broadest SmC range
among the family of homologues studied.5

The preparation of (+)-1 is shown in Scheme 1. Optical
resolution of acid (±)-2 with (+)-phenylethylamine [(+)-PEA]
gave (2)-2.† Treatment of (2)-2 with oxalyl chloride gave the
corresponding acid chloride derivative, which was condensed
with 4-hydroxyphenyl 4-(octadecyloxy)benzoate10 to furnish
(+)-1.‡

Derivatization of the acid (2)-2 with (+)-PEA gave the amide
3a,§ which served for the determination of the enantiomeric
excess (ee) of (2)-2 by 1H NMR and HPLC techniques. We
assumed that the reactions used to prepare 3a and (+)-1 did not
alter the optical purity of (2)-2. Therefore, the determination of
the diastereomeric excess (de) of 3a is a measure of the ee of
(2)-2 and, consequently, of (+)-1. The 1+1 diastereomeric
mixture of 3a+3b synthesized from (±)-2 and (+)-PEA was used
to fix the analytical conditions. The 1H NMR and HPLC
characteristics of diastereoisomer 3b [from (+)-2 and (+)-PEA]
were deduced by comparing the data of the 1+1 diastereomeric
mixture with that of 3a.

In the 1H NMR spectrum of the 1+1 diastereomeric mixture,
each diastereoisomer gave well separated signals for the five
protons of the unsubstituted cyclopentadienyl (Cp) ring (3a:

Fig. 1 Planar chirality in unsymmetrically 1,3-disubstituted Fc derivatives.
Planar chirality: chirality resulting from the arrangement of out-of-plane
groups with respect to a reference plane, called the ‘chiral plane’.6

Scheme 1 Reagents and conditions: i, (+)-phenylethylamine [(+)-PEA],
CH2Cl2; ii, (a) oxalyl chloride, pyridine, CH2Cl2, reflux, 3 h; (b)
4-hydroxyphenyl 4-(octadecyloxy)benzoate,10 triethylamine, CH2Cl2, re-
flux, 3 h.
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4.28 ppm; 3b: 4.33 ppm) and the two Cp protons ortho to the
amide function (3a: 5.70 and 5.19 ppm; 3b: 5.65 and 5.24 ppm).
For these signals, the five Cp protons gave two sharp singlets
with baseline resolution, and appeared to be suitable for the
determination of the de of 3a. HPLC analysis (column Nucleosil
120 RP-C18 (250 3 4 mm) equipped with a precolumn
Nucleosil 120 RP—C18 (30 3 4 mm); solvent, acetonitrile–
water (80+20); elution rate, 1.5 ml min21) of the 1+1
diastereomeric mixture furnished two peaks (3a: 40.2 min; 3b:
38.0 min) with almost baseline resolution. Both techniques led
to reliable and reproducible results.

Optical resolution of (±)-2 by (+)-PEA proved to be efficient:
1H NMR and HPLC methods gave a de of 98% for 3a, leading
to an ee value of 98% for (+)-1.

The absolute configuration of the Fc in (+)-1, (2)-2 and 3a is
shown arbitrarily. So far, crystallization of the salt (+)-PEA/
(2)-2 and amide 3a failed to give crystals suitable for X-ray
analysis.

The liquid-crystalline properties were investigated by differ-
ential scanning calorimetry (DSC, 10 °C min21, under N2) and
polarized optical microscopy.¶ Ferrocene (+)-1 gave enantio-
tropic SmC* and SmA* phases (Cr ? SmC*: 170 °C; SmC* ?
SmA*: 198 °C; SmA* ? I: 202 °C; onset point, first heating
run). The SmC* to SmA* phase transition was not detected by
DSC (second order transition). No decomposition or racemiza-
tion was observed for (+)-1. Similar transition temperatures
were obtained for racemic (±)-1 (Cr ? SmC: 166 °C; SmC ?
SmA: 198 °C; SmA ? I: 200 °C).5 No mesomorphic behavior
was observed for the acid (2)-2 and amide 3a.

Fig. 2 shows the value of the spontaneous polarization as a
function of temperature.∑ At the Curie point, the spontaneous
polarization increased rapidly to a value of ca. 1.36 nC cm22, at
which point it increased almost linearly as the temperature was
lowered. At a temperature of 30 °C below the Curie point, a
value of only 2.8 nC cm22 was reached (response time: ca. 200
ms).

An appreciable scatter in the data was observed because of
the weak ferroelectric properties. The results obtained indicate
firstly that planar chirality can induce ferroelectric properties,
and secondly the induced effects are weak, revealing a poor
coupling between the chirality associated with the Fc moiety at
the centre of the molecular structure, the strongly polar
functional groups in the material, and the liquid-crystalline
environment. The weak ferroelectric properties are probably
linked to the fact that the two arms attached to the Fc unit are not
greatly different in length or polarity.

R. D. acknowledges the Swiss National Science Foundation
for financial support.

Notes and references
† Optical resolution of (±)-2: to a warm solution of (±)-25 (1.45 g, 2.31
mmol) in dry CH2Cl2 (130 ml), was added a solution of (+)-PEA (140 mg,

1.16 mmol) in dry CH2Cl2 (15 ml). The solution was allowed to stand
overnight at room temperature. The salt was recovered by filtration, dried
(743 mg), and crystallized in a 1+1 mixture of dry CH2Cl2–acetone (75 ml);
yield: 554 mg. A mixture of the salt (554 mg), CH2Cl2 (40 ml) and 5 M HCl
(40 ml) was vigorously shaken and the layers were separated. The organic
layer was washed (water), dried (MgSO4), and evaporated to dryness.
Crystallization (CH2Cl2–hexane) of the solid residue gave (2)-2 (327 mg,
45% with respect to the desired enantiomer) of ee = 98%. Mp 170 °C. [a]D

218 (c 0.45, CH2Cl2). dH(200 MHz, acetone-d6) 8.27 (d, 2 H, arom.), 7.52
(d, 2 H, arom.), 7.22 (d, 2 H, arom.), 7.01 (d, 2 H, arom.), 5.52 (t, 1 H, Cp),
5.19 (dd, 1 H, Cp), 5.14 (dd, 1 H, Cp), 4.44 (s, 5 H, Cp), 4.03 (t, 2 H, OCH2),
1.80 (m, 2 H, OCH2CH2), 1.60–1.20 [m, 14 H, O(CH2)2(CH2)7], 0.89 (t, 3
H, CH3). Anal. Calc. for C35H38O7Fe (626.53): C, 67.10; H, 6.11. Found: C,
67.08; H, 6.27%.
‡ Synthesis of (+)-1: first step: a mixture of (2)-2 (250 mg, 0.441 mmol),
oxalyl chloride (670 mg, 5.29 mmol), pyridine (5 drops) and dry CH2Cl2 (15
ml) was heated under reflux for 3 h, and evaporated to dryness. The solid
residue was extracted with hot light petroleum (bp 60–90 °C) until the
extracts remained colorless. Evaporation of the solvent gave the acid
chloride derivative (273 mg, 96%), which was used in the next step without
further purification. dH(400 MHz, CDCl3) 8.29 (d, 2 H, arom.), 7.33 (d, 2 H,
arom.), 7.13 (d, 2 H, arom.), 6.94 (d, 2 H, arom.), 5.74 (t, 1 H, Cp), 5.34 (dd,
1 H, Cp), 5.21 (dd, 1 H, Cp), 4.50 (s, 5 H, Cp), 3.97 (t, 2 H, OCH2), 1.79 (m,
2 H, OCH2CH2), 1.60–1.20 [m, 14 H, O(CH2)2(CH2)7], 0.89 (t, 3 H, CH3).
Second step: a solution of the above acid chloride derivative (250 mg, 0.39
mmol), 4-hydroxyphenyl 4-(octadecyloxy)benzoate10 (188 mg, 0.39
mmol), triethylamine (40 mg, 0.39 mmol) in dry CH2Cl2 (15 ml) was heated
under reflux for 3 h, cooled to room temperature, and evaporated to dryness.
Purification of the solid residue twice by column chromatography (CC)
[first CC+silica gel, CH2Cl2–AcOEt (50+1); second CC: silica gel, CH2Cl2–
AcOEt (100+1)], and crystallization (CH2Cl2–EtOH) gave (+)-1 (232 mg,
54%) of ee = 98%. [a]D +3 (c 0.42, CH2Cl2). dH(200 MHz, CDCl3) 8.29
(d, 2 H, arom.), 8.15 (d, 2 H, arom.), 7.35 (d, 2 H, arom.), 7.27 (d, 4 H,
arom.), 7.12 (d, 2 H, arom.), 6.98 (d, 2 H, arom.), 6.94 (d, 2 H, arom.), 5.79
(t, 1 H, Cp), 5.27 (br s, 2 H, Cp), 4.47 (s, 5 H, Cp), 4.06 (t, 2 H, OCH2), 3.97
(t, 2 H, OCH2), 1.80 (m, 4 H, OCH2CH2), 1.60–1.20 (m, 44 H, aliph.), 0.89
(2 3 t, 6 H, CH3). Anal. Calc. for C66H82O10Fe (1091.21): C, 72.65; H,
7.57. Found: C, 72.79; H, 7.77%.
§ 3a: prepared analogously to the synthesis of (+)-1, from (2)-2 (3.00 mg)
and (+)-PEA. Purification by column chromatography [silica gel, CH2Cl2–
AcOEt (98+2)] gave the desired product of de = 98%. dH(200 MHz,
acetone-d6) 8.26 (d, 2 H, arom.), 7.74 (d, 1 H, NH), 7.56–7.27 (m, 5 H,
arom.), 7.48 (d, 2 H, arom.), 7.21 (d, 2 H, arom.), 7.01 (d, 2 H, arom.), 5.70
(t, 1 H, Cp), 5.28 (qut., 1 H, CHCH3), 5.19 (dd, 1 H, Cp), 5.10 (dd, 1 H, Cp),
4.28 (s, 5 H, Cp), 4.03 (t, 2 H, OCH2), 1.84-1.73 (m, 2 H, OCH2CH2), 1.57
(d, 3 H, CHCH3), 1.55–1.25 [m, 14 H, O(CH2)3(CH2)7], 0.89 (t, 3 H, CH3).
Anal. Calc. for C43H47NO6Fe (729.69): C, 70.78; H, 6.49, N, 1.92. Found:
C, 70.60; H, 6.61, N, 1.90%.
¶ For instrumentation, see: B. Dardel, R. Deschenaux, M. Even and E.
Serrano, Macromolecules, 1999, 32, 5193.
∑ Electro-optic studies on the ferroelectric properties were carried out using
homogeneously aligned cells (Linkam) which were constructed from ITO
coated glass, treated with antiparallel-buffed polyimide (PI) coated layers so
as to give sites for planar, homogeneous growth of the liquid-crystalline
state. The cell gap (ca. 5 mm) maintained by glass spacers was verified by
UV–VIS interferometry. The effective electrode areas of the cells used were
0.9 cm2. The cells were filled by capillary action at atmospheric pressure
with (+)-1 in the isotropic phase. Good alignment was achieved by cooling
slowly ( < 0.1 °C min21) from the isotropic liquid into the liquid-crystalline
state. The spontaneous polarization was determined using the triangular
wave method.
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Fig. 2 The spontaneous polarization measured as a function of temperature
from the Curie point for (+)-1.
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The preparation, X-ray crystal structures and electro-
chemical properties of bis(2-cyano-1,2-ethanedithiolate)-
nickelate [Ni(edt-CN)2]22/2· are described for both oxida-
tion states together with the singlet–triplet behaviour of the
PPh4

+ salt of the paramagnetic [Ni(edt–CN)2]2· complex.

The construction of conducting or magnetic solids from the
assembling of transition metal centers and organonitrile anion
radical molecules1 such as TCNE2·, DCNQI2· or TCNQ2· has

revealed extraordinary materials such as the metallic
Cu(DCNQI)2,2 the electrically bistable3 Cu(TCNQ) or a bulk
ferromagnet from V with TCNE (TCNE = tetracyano-
ethylene).4 By comparison and most surprisingly, the parallel
coordination chemistry of the corresponding nickel dithiolene
complexes with the maleonitriledithiolate ligand (mnt22) is
virtually untouched and only a few salts of the diamagnetic
Ni(mnt)2

22 have been reported with Ag(PPh3)2
+ and CuI.5,6

The crystalline salts derived from DCNQI anions incorporating
only two nitrile groups as well as the rich chemistry of the
mnt22 complexes7 prompted us to investigate the numerous
possibilities that would be offered by the unknown correspond-
ing nickel dithiolene complex bearing only two cyano groups,
viz. bis(2-cyano-1,2-ethanedithiolate)nickelate [Ni(edt-
CN)2]n2 (n = 1 or 2). We describe here the synthesis of this
novel complex system together with its electrochemical proper-
ties and report and analyse the X-ray crystal structures of the
PPh4

+ salts of both the diamagnetic [Ni(edt-CN)2]22 dianion
and the paramagnetic radical anion [Ni(edt-CN)2]2·. This
complex offers extensive possibilities for the elaboration of
promising materials with conducting or magnetic properties by
varying the nature of the counter cation, closed-shell inorganic
(Na+, Cu+, Ag+ or NH4

+) or organic (R4N+, PyH+, ...) cations as
well as open shell organic (TTF+·, BEDT-TTF+·) or  organo-
metallic (Cp*

2Fe+·) cations.
The dithiocarbonate 4† precursor of the dithiolene ligand was

prepared by a novel route (Scheme 1) which avoids the use of
cyanoacetylene8 in the reported preparation of 3 or that of
activated Zn complexes in the reported preparation of 4.9 The
easily available ester 110 was successively converted into the
corresponding amide 2 with NH3 in MeOH in 72% yield, into
the nitrile 3 by POCl3 dehydration11 in 75% yield before
oxymercuration to the dithiocarbonate 4 in 84% yield. Treat-
ment of 4 with 2 equiv. of MeONa followed by addition of 0.5
equiv. NiCl2·6H2O and PPh4Cl afforded the air-stable dianionic

diamagnetic [PPh4
+]2[Ni(edt-CN)2

22] salt. The corresponding
one-electron oxidation product, [PPh4

+][Ni(edt-CN)2
2·], was

obtained by iodine oxidation and recrystallisation from metha-
nol. Cyclic voltammetry of the dianionic Ni(edt-CN)2

22 salt
(Fig. 1) shows that it oxidises reversibly to the monoanionic
Ni(edt-CN)2

2· at 20.31 V vs. SCE while an irreversible process
is observed at +0.65 V, a behaviour also observed for
Ni(mnt)2

n2 (0.226 V for Ni(mnt)2
22/2 with an ill-defined

oxidation wave around 1 V)12 but with a cathodic shift
attributable to the presence of only two cyano groups. Single
crystal X-ray structures‡ of both salts show that the nickel
complexes adopt the same square-planar structure in the two
different oxidation states (Fig. 2) with a trans orientation of the
two cyano groups. It is likely that both cis and trans orientations
are in equilibrium in solution while the most symmetrical trans
isomer exhibits a lower solubility. The observed shortening of
the Ni–S and C–S bonds upon oxidation of the dianion to the
monoanion is in accordance with the antibonding character of

Scheme 1 Reagents and conditions: i, NH3/MeOH; ii, 1 equiv. POCl3,
tetramethylene sulfone, 100 °C, 7 h; iii, Hg(OAc)2, CHCl3–AcOH, 2 h; iv,
2 equiv. MeONa, MeOH, 0.5 NiCl2·6H2O, PPh4Cl/H2O; v, 0.5 I2.

Fig. 1 Cyclic voltammetry of [PPh4]2[Ni(edt-CN)2], in MeCN with 0.5 M
NBun

4PF6 as electrolyte at a scan rate of 100 mV s21.

Fig. 2 ORTEP view (with 50% probability displacement ellipsoids) of the
radical anion [Ni(edt-CN)2]2· in the 1+1 [PPh4][Ni(edt-CN)2] salt.
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those bonds in the dianion HOMO shown in Table 1. Similarly
the antibonding character of the C·N bonds is reflected by an
increase in n(C·N), from 2180 cm21 in the dianion to 2205
cm21 in the monoanion. In the 2+1 [PPh4

+]2[Ni(edt-CN)2
22]

salt, two crystallographically independent dianions, each of
them on an inversion centre, are fully isolated from each other
by the bulky PPh4

+ cations. On the other hand, in the 1+1
[PPh4

+][Ni(edt-CN)2
2·] salt, the open-shell anions, in general

positions in the unit cell, associate into inversion-centered diads
with a unusual overlap (Fig. 3) and a short plane-to-plane
distance of 3.519(3) Å. The temperature dependence of the
SQUID magnetic susceptibility for this salt (Fig. 4) exhibits a
maximum at 23 K and is satisfactorily fitted with the Bleaney–
Bowers13 expression of the susceptibility14 of singlet–triplet
behaviour with |J/k| = 37.5(2) K, in accordance with the diad
structure. Preliminary metathesis experiments show that a
highly insoluble precipitate is obtained upon addition of AgBF4
to [PPh4

+][Ni(edt-CN)2
2·] solutions while the Cu+ salt obtained

from Cu(MeCN)4BF4 is much more soluble. Charge-transfer
salts are also being investigated with organic (TTF+·) and
organometallic (Cp*

2Fe+·) radical cations as well as with
functionalized TTF molecules bearing hydrogen bonding
groups or halogen atoms able to interact in the solid state with
the cyano group.

Notes and references
† Selected data for 2: yellow crystals; mp 225–226 °C (MeOH), dH(400
MHz, d6-DMSO), 3.36 (s, 2H, NH2), 8.18 (s, 1H, CH); dC(100 MHz, d6-

DMSO), 134.2 (CH), 143.7 (CCONH2), 160.0 (CNO), 213.9 (CNS).
nmax(KBr)/cm21; 1651 (CNO), 1084 (CNS). MS (EI) m/z (%) 177 (100, M·+)
(Anal. Calc. for C4H3NOS3 (177.35): C, 27.19; H, 1.71; N, 7.90; S, 54.27.
Found: C, 27.19; H, 1.67; N, 7.71; S, 53.32%). For 3: yellow crystals; mp
96 °C (lit.:8 100–101 °C, dH(400 MHz, CDCl3), 7.73 (s, 1H, CH); dC(100
MHz, CDCl3), 109.7 (CCN), 112.2 (C·N), 142.3 (CH), 207.7 (CNS).
nmax(KBr)/cm21; 1058 (CNS), 2218 (C·N). MS (EI) m/z (%) 159 (100, M·+)
(Anal. Calc. for C4HNS3 (159.257): C, 30.17; H, 0.63; N, 8.80; S, 60.40.
Found: C, 30.14; H, 0.70; N, 8.28; S, 60.1%). For 4: white crystals; mp
60–63 °C, dH(400 MHz, CDCl3), 7.61 (s, 1H, CH); dC(100 MHz, CDCl3),
103.7 (CCN), 111.3 (C·N), 134.0 (CH), 188.0 (CNO). nmax(KBr)/cm21;
1636 (CNO), 2229 (C·N). (lit.:9 1638, 2235), MS (EI) m/z (%) 143 (100,
M·+) (Anal. Calc. for C4HNOS2 (143.190): C, 33.57; H, 0.70; N, 9.79; S,
44.76. Found: C, 33.78; H, 0.83; N, 9.43; S, 43.68%). For [PPh4]2[Ni(edt-
CN)2]: nmax(KBr)/cm21; 2180 (C·N). (Anal. Calc. for C54H42N2NiPS4

(967.85): C, 67.01; H, 4.37; N, 2.89; S, 13.25. Found: C, 66.61; H, 4.21; N,
2.84; S, 13.41%). For [PPh4][Ni(edt-CN)2]: nmax(KBr)/cm21; 2204 (C·N).
(Anal. Calc. for C30H22N2NiPS4 (628.45): C, 57.34; H, 3.53; N, 4.46.
Found: C, 57.09; H, 3.47; N, 4.32%).
‡ X-Ray data for [PPh4]2[Ni(edt-CN)2] and [PPh4][Ni(edt-CN)2] were
collected on a Stoe Imaging Plate diffractometer (IPDS) with Mo-Ka
radiation, l = 0.71073 Å at T = 293(2) K. The structures were solved by
direct methods and refined against F2 using the SHELXTL5.04 set of
programs. Hydrogen atoms were introduced at calculated positions and not
refined (riding model).

Crystal data for [PPh4]2[Ni(edt-CN)2]: C54H42N2NiP2S4, M = 967.79,
monoclinic, space group P21/n, a = 20.523(4), b = 11.220(2), c =
21.304(4) Å, b = 107.33(3)°, V = 4683(1) Å3, Z = 4, Dc = 1.373 g cm23,
m = 0.701 mm21, data collected = 35954, unique data = 9096 (Rint =
0.061) of which 5396 with I > 2s(I), R(F) = 0.058, wR(F2) = 0.163 for
571 parameters.

For [PPh4][Ni(edt-CN)2]: C30H22N2NiPS4, M = 628.42, triclinic, space
group P1̄, a = 11.394(1), b = 11.510(1), c = 12.826(1) Å, a = 64.264(10),
b = 72.777(12), g = 83.074(12)°, V = 1447.2(3) Å3, Z = 2, Dc = 1.442
g cm23, m = 1.037 mm21, data collected = 14189, unique data = 5232
(Rint = 0.042) of which 3582 with I > 2s(I), R(F) = 0.0343, wR(F2) =
0.0713 for 343 parameters.

CCDC 182/1779. See http://www.rsc.org/suppdata/cc/b0/b006440h/ for
crystallographic files in .cif format.
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Table 1 Important bond distances (Å) in [Ni(edt-CN)2]22/2· together with
a representation of the p-type HOMO of [Ni(edt-CN)2]22

Fig. 3 The peculiar overlap between two [Ni(edt-CN)2]2· radical anions in
the 1+1 [PPh4][Ni(edt-CN)2] salt.

Fig. 4 Temperature dependence of the magnetic susceptibility of the 1+1
[PPh4][Ni(edt-CN)2] salt. The solid line is a fit to the Bleaney–Bowers
equation (see text) together with a low-temperature Curie tail encompassing
2.7% magnetic defects.
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A cyclic tetranuclear CuII
2GdIII

2 complex, in which CuII and
GdIII ions are arrayed alternately, has an S = 8 spin ground
state, due to the ferromagnetic spin coupling between SGd =
7/2 and SCu = 1/2.

The field of molecular-based magnetic compounds has shown
spectacular advances in the last two decades, especially in the
metal-complex based magnetic materials.1 Hetero-metal assem-
bly complexes with multi-dimensional extended structures and
versatile magnetic behavior1 as well as single molecule magnets
derived from large ground spin state and large magnetic
anisotropy2 have attracted special attention. These interesting
magnetic materials consist of a d-transition metal ion, and the
magnetic chemistry of d–f and f–f transition metal complexes is
the forthcoming target in this field. Since ferromagnetic
coupling between CuII and GdIII ions was first observed in 1985
in a trinuclear complex,3 several polynuclear Cu2Gd2, Cu2Gd
and other d–f complexes have been reported.4 However, the
coexisting antiferromagnetic coupling such as within a Cu2 pair
often concealed the weak ferromagnetic coupling and resulted
in net antiferromagnetic behavior. Thus, recent efforts have
been focused on strictly binuclear d–f complexes,5 in order to
obtain accurate information on the magnetic properties. If a d–f
cluster compound without the d–d and the f–f magnetic
interactions was synthesized, it could be a single molecule with
a large spin state.6 If a d–f extended multi-dimensional
compound without d–d and the f–f magnetic interactions was
synthesized, it would be a magnetic material exhibiting
spontaneous magnetization.7 Here we report a cyclic tetra-
nuclear Cu2Gd2 complex [CuLGd(hfac)2]2, where H3L =
1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylide-
neamino)ethane8 and Hhfac = hexafluoroacetylacetone. The
tetranuclear Cu2Gd2 complex assumes an S = 8 ground state
derived from ferromagnetic spin-coupling between CuII and
GdIII ions arrayed alternately, in which the CuII–CuII and GdIII–
GdIII magnetic interactions are weak.

The copper(II) complex K[CuL] was used as a ‘ligand
complex’ in order to construct an alternate array of CuII and
GdIII ions, because it is well-known that phenoxo-, methoxy-
and amido-oxygen atoms can coordinate to a lanthanide ion,9
and further it is expected that the amido oxygen atom at the
opposite side serves as a bridge to provide an alternate array of
the d–f metal ions.10 As a counterpart, the gadolinium(III)
complex [Gd(hfac)3(H2O)2] was used, because the hexa-
fluoroacetylacetonato (hfac) ion can be easily substituted with

external donor atoms and can also function as a capping or
terminal ligand. The reaction of K[CuL] with an equimolar
amount of [Gd(hfac)3(H2O)2] in methanol at ambient tem-
perature produced dark reddish purple crystals of [CuLGd-
(hfac)2].11

The structure was determined by a single-crystal X-ray
diffraction analysis.12 Fig. 1 shows an ORTEP drawing of the
cyclic Cu2Gd2 tetranuclear structure, in which the CuII and GdIII

ions are arrayed alternately and the molecule has an inversion
center. The CuII ion has square planar coordination geometry
with the N2O2 donor atoms of the unequivalent tetradentate
ligand (see chemical structure). The Cu–N and Cu–O distances
of the 2-oxybenzamido moiety (Cu–N1 = 1.913(4), Cu–O2 =
1.903(4) Å) are considerably shorter than the corresponding
values of the 2-oxy-3-methoxybenzaldehyde moiety (Cu–N2 =
1.931(4), Cu–O3 = 1.952(3) Å). In the cyclic structure, the
Cu(II) complex functions as a ‘ligand complex’ with the two
GdIII ions. The two phenoxo (O2 and O3) and the methoxy (O4)
atoms at the one side of the planar Cu(II) complex coordinate to
a GdIII ion as a tridentate ligand with the distances of Gd–O2 =
2.468(3), Gd–O3 = 2.350(3), Gd–O4 = 2.550(3) Å, and Cu–
Gd = 3.433(1) Å. The amido oxygen atom (O1) at the opposite
side of the Cu(II) complex coordinates to another Gd ion as a
monodenate ligand with the distance of Gd–O1 = 2.274(3) and
Cu–Gd = 5.618(2) Å. Including the coordination of the two
hfac ions as a bidentate chelate ligand (Gd–O =
2.347(4)–2.405(4) Å), the GdIII ion has an octacoordinate
geometry with the O8 oxygen atoms. It should be noted that the
Gd–O bond distance with the amido oxygen is the shortest
among the eight Gd–O bonds. In a cyclic structure, there is no
bridging ligand between the two CuII ions or between the two
GdIII ions. The Cu–Cu and Gd–Gd distances in the cyclic
structure are 4.952(2) and 7.885(3) Å, respectively, indicating
that each metal ion pair is well separated.

The magnetic susceptibilities were measured under a 1 T
applied magnetic field in the 2–300 K temperature range.13 The

Scheme 1

Fig. 1 ORTEP view of the cyclic Cu2Gd2 tetranuclear complex with 30%
thermal probability ellipsoids and selected atom labeling scheme. The
hydrogen and fluorine atoms are omitted for clarity.
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magnetic behavior is shown in Fig. 2, as the meff vs. T plot,
where meff is the effective magnetic moment per Cu2Gd2. The
meff at 300 K is 11.61 mB, which is slightly larger than the spin-
only value of 11.49 mB expected for independently existing two
CuII (S = 1/2) and two GdIII (S = 7/2) ions and g = 2.00. On
lowering the temperature, the meff increases gradually to reach a
maximum value, 13.98 mB, at 8.0 K and then decreases abruptly.
The increase at the higher temperature region indicates the
operation of ferromagnetic interaction between the CuII and
GdIII ions. The maximum value of the meff is larger than the
spin-only value, 12.65 mB, expected for two isolated S = 4 spins
resulting from ferromagnetic coupling between the CuII and
GdIII ions of the binuclear complex, although the value is
smaller than the spin-only value, 16.97 mB, expected for an S =
8 spin. The abrupt decrease in the meff at the lower temperature
region can be ascribed to weak intermolecular antiferromag-
netic interaction.

To confirm the spin ground state of the cyclic tetranuclear
complex, the field dependence of the magnetization was
measured up to 5 T at several temperatures. The inserted plots
in Fig. 2 show the experimental values of M/Nb vs. H at 2 K,
together with the theoretical curves for the sum of the Brillouin
functions of isolated two CuII (S = 1/2) and two GdIII (S = 7/2)
ions, for sum of two S = 4 spins, and for an S = 8 spin derived
from the ferromagnetic coupling of the spin-system (1/2, 7/2,
1/2, 7/2), respectively. The magnetization data are larger than
those for two independent S = 4 spins and for a magnetically
isolated (1/2, 7/2, 1/2, 7/2) system. The magnetization data are
well reproduced by the Brillouin function with S = 8 and g =
2.02. The slight difference is due to an incomplete population of
the S = 8 state.

This study revealed that a discrete molecule with a large spin
could be easily synthesized even in a d–f transition metal
complex. The analogous synthetic approach should produce
single molecules with larger spin states and with magnetic
anisotropy. Magnets with an extended multidimensional struc-
ture can be obtained by substitution of the terminal ligand.

We are grateful to Dr J.-P. Costes for fruitful discussion and
to Dr M. Nakamura for help in synthesis.
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The first boranothiotriphosphate compound, thymidine 5A-
[a-P-borano, a-P-thio]triphosphate, in which borane and
sulfur replace the two non-bridging oxygens of the a-
phosphate in natural nucleoside triphosphates (NTPs), has
been synthesized; some chemical properties of this borane–
sulfur disubstituted nucleoside triphosphate analogue have
been investigated. The synthetic approach reported here
should be applicable for preparation of any a-borano, a-thio
modified NTP or deoxy NTP; potential applications are
discussed.

Modifications of nucleoside triphosphates (NTPs) [Fig. 1a]
have received much attention in searches for potential diag-
nostic and therapeutic agents and as probes in a multitude of
biological processes.1,2 Of these modified NTPs, only the
nucleoside 5A-[a-thio]triphosphates1 [Fig. 1b] and nucleoside
5A-[a-borano]triphosphates2 [Fig. 1c] can substitute for normal
NTP and be readily incorporated into DNA and RNA by DNA
or RNA polymerases.1,2 Yet once in DNA or RNA, the
phosphorothioate3 and boranophosphate4 linkages are more
resistant to exo- and endo-nucleases than normal phosphate
diesters. By structurally combining the phosphorothioate [S–
PNO]2 and boranophosphate [ONP–BH3]2, we recently re-
ported the first example of a boranothiophosphate moiety [SNP–
BH3]2, dithymidine boranphosphorothioate,5 which is stable
from pH 3 to 11 and is a more nuclease resistant and highly
lipophilic phosphodiester analogue of DNA. We expected that
the corresponding NTP analogue, nucleoside [a-borano, a-
thio]triphosphate (Fig. 1d), wherein one of the two non-bridging
oxygen atoms of the a-phosphate group is replaced by a sulfur
atom and the other is replaced by a borane group, should be
more lipophilic than the parent NTP and have other useful
properties. The borano-, thio-disubstitution of nucleoside
triphosphate could greatly increase the stability of the molecule
against enzymatic cleavage, thus facilitating studies of enzymes
which utilize NTPs and enabling studies of the nature of
phosphate ester bond formation and cleavage.

Here, we report the first example of a novel boranothio-
triphosphate compound, specifically the thymidine 5A-[a-P-
borano, a-P-thio]triphosphate 5, its synthesis and properties.

The general procedure6 for the one-pot synthesis of nucleo-
side 5A-[a-borano, a-thio]triphosphates shown in Scheme 1 is
an extension of a method reported by us2c,d for the synthesis of
boranotriphosphates and by Ludwig and Eckstein1c for the
synthesis of thiotriphosphates. The overall yield of thymidine
5A-[a-P-borano, a-P-thio]triphosphate 5 (TTPaBS) was about
26%. The chemical structure of 5 (31P NMR, d: 153.1 ppm(br)
for disubstituted a-P) was established via spectroscopic
methods.7 Successful separation of the two diastereomers (Rp
and Sp) of 5 was achieved by reverse-phase HPLC.7b The first
eluted isomer TTPaBS I (5a) and second eluted isomer TTPaBS
II (5b) were characterized by 31P NMR and 1H NMR.7c The
method here should be applicable for the synthesis of any
deoxy- or ribonucleoside [a-borano, a-thio]triphosphate.

The [SNP–BH3]2 a-triphosphate is the only known non-
bridging-disubstituted chiral a-triphosphate with a negative
charge.8 The borano-, thio-disubstitution in a nucleotidic
linkage will result in changes in polarity of the phosphate, as
well as its interactions with metal ions.2f,g These properties
coupled with ready synthesis of isotopic [NTPa35SNP–BH3]
compounds from Li2S* (S* = 35S) could make this modification
useful as a probe for nucleotide binding sites in enzymes, for
elucidating the stereochemical course and role of metal ions of
phosphoryl and nucleotidyl transfer reactions, and for probing
whether a non-bridging oxygen is absolutely necessary in these
reactions.

To summarize, the synthesis of a new type of doubly
modified nucleoside triphosphate analogue, the first [SNP–
BH3]2 triphosphate, opens the possibility of preparing an
entirely new and intriguing class of borane–sulfur modified
phosphate analogues. Their potential utility as substrates,
cofactors, or inhibitors of polymerases and nucleotide binding
and metabolizing enzymes, as molecular probes, and as carriers
of 35S for radiolabeling and radiation therapy,9 make the

Fig. 1 Nucleoside triphosphate analogue structures and abbreviations. (a)
Nucleoside triphosphates (NTP). (b) Nucleoside [a-thio]triphosphates
(NTPaS). (c) Nucleoside [a-borano]triphosphates (NTPaB). (d) Nucleo-
side [a-borano, a-thio]triphosphates (NTPaBS). Scheme 1 Synthesis of thymidine [a-P-borano, a-P-thio]triphosphate.
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nucleoside boranothiotriphosphate a promising candidate for
further mechanistic, diagnostic and therapeutic applications.

We thank Drs Vladimir Rait, Dmitri S. Sergueev, Zinaida
Sergueeva and Kaizhang He for their encouragement and
suggestions. This work was supported by grants 1R01-
GM57693-01 from NIH and DE-FG05-97ER62376 from DOE
to B. R. S.

Notes and references
1 (a) F. Eckstein, Angew. Chem., Int. Ed. Engl., 1983, 22, 423; (b) J.

Ludwig and F. Eckstein, J. Org. Chem., 1989, 54, 631; (c) J. Ludwig and
F. Eckstein, J. Org. Chem., 1991, 56, 1777; (d) G. Gish and F. Eckstein,
Science, 1988, 240, 1520; (e) P. Sideras, K. Funa, I. Zalcberg-Quintana,
K. G. Xanthopoulos, P. Kisielow and R. Palacios, Proc. Natl. Acad. Sci.
U.S.A., 1988, 85, 218; (f) S. Verma and F. Eckstein, Ann. Rev. Biochem.,
1998, 67, 99.

2 (a) J. Tomasz, B. R. Shaw, K. Porter, B. F. Spielvogel and A. Sood,
Angew. Chem., Int. Ed. Engl., 1992, 31, 1373; (b) K. W. Porter, J. D.
Briley and B. R. Shaw, Nucleic Acids Res., 1997, 25, 1611; (c) K. He, A.
Hasan, B. Krzyzanowska and B. R. Shaw, J. Org. Chem., 1998, 63, 5769;
(d) B. Krzyzanowska, K. He, A. Hasan and B. R. Shaw, Tetrahedron,
1998, 54, 5119; (e) K. He, K. W. Porter, A. Hasan, J. D. Briley and B. R.
Shaw, Nucleic Acids Res., 1999, 27, 1788; (f) B. R. Shaw, D. Sergueev,
K. He, K. Porter, J. Summers, Z. Sergueeva and V. Rait, Methods
Enzymol., 1999, 313, 226; (g) J. S. Summers, D. Roe, P. D. Boyle, M.
Colvin and B. R. Shaw, Inorg. Chem., 1998, 37, 4158; (h) J.-L Lin, K. He
and B. R. Shaw, Helv. Chim. Acta, 2000, 83, 1392.

3 (a) P. M. J. Burgers and F. Eckstein, Biochemistry, 1979, 18, 592; (b)
P. M. J. Burgers and F. Eckstein, Proc. Natl. Acad. Sci. U.S.A., 1978, 75,
4798.

4 (a) A. Sood, B. R. Shaw and B. F. Spielvogel, J. Am. Chem. Soc., 1990,
112, 9000; (b) Y.-Q. Chen, F.-C. Qu and Y.-B. Zhang, Tetrahedron Lett.,
1995, 36, 745; (c) D. S. Sergueev and B. R. Shaw, J. Am. Chem. Soc.,
1998, 120, 9417.

5 J.-L. Lin and B. R. Shaw, Chem. Commun., 1999, 1517.
6 The following procedure for the preparation of nucleoside [a-borano, a-

thio]triphosphates is representative: 3A-O-acetylthymidine (0.5 mmol,
142 mg) was phosphitylated with 2-chloro-4H-1,3,2-benzodioxaphos-
phorin-4-one (0.55 mmol, 112 mg in 0.8 ml anhydrous DMF) at 0 °C for
10 min to yield two diastereomers of 1. They were identified by the
appearance of a doublet around 127 ppm in the 31P NMR spectra. Instead
of introducing the borane group at this stage, 1 was treated with
tributylammonium pyrophosphate (240 mg in 1.0 ml anhydrous DMF)
and 0.15 ml triethylamine at rt for 1 h to form a cyclic intermediate 2. The
upfield shift from around 127 to 107 ppm for trivalent phosphorus PIII

together with a doublet around 218 ppm for pentavalent phosphorus PV

in 31P NMR confirmed the formation of 2. The borane group was
introduced by the reaction of 2 with excess borane–diisopropylethyl-
amine complex (1 ml) at rt for 2 h to afford 3. The critical step in the
synthesis is ring-opening of the cyclic boronated triphosphate 3 by the
treatment with 2 eq. lithium sulfide at 55 °C for 1 h to yield 4, which was
converted to compound 5 with NH3–H2O–CH3OH (aq. NH3–CH3OH =
1+1, v/v) at rt for 4 h. The low boiling point solvents were removed under
reduced pressure and the residue was extracted with ethyl acetate (16 ml)
and water (10 ml). The organic layer was washed twice with 2 ml water.
The water portions were combined and concentrated to 2 ml. The
resulting crude mixture was applied to ion-exchange chromatography on
a QA-Cellulose (HCO3

2) column eluted with a linear gradient of
0.005–0.20 M NH4HCO3 (pH = 9.56, 700 ml each) and appropriate
portions were collected to give 5 as the ammonium salt. Further
purification of 5 (one-sixth of total amount) by HPLC using a linear
gradient of 50 mM triethylammonium acetate (TEAA, pH 7.0) and
CH3CN (from 0 to 18% in 40 min) gave pure 5, Rt = 21.4 min (HPLC
conditions: Sphereclone 5 m ODS(2), 10 3 250 mm column; flow rate,
3.0 ml min21). The desired fraction was dried by lyophilization, and
excess salt was removed by repeated lyophilization with deionized water
to yield the triethylammonium salt of 5 (13 mg).

7 Characterization and separation of 5 and its two diastereomers (5a and
5b): (a) TTPaBS (5): UV lmax = 267 nm; dP (D2O, 161.9 MHz) 153.1
(br) for a-P, 222.4 and 222.7 for b-P and 210.0 and 210.1 for g-P; dH

(D2O, 400 MHz) 7.62, 7.57 (2s, 2 isomers, 1 H, H6), 6.16 (unresolved, 1
H, H1A), 4.54–4.46 (m, 1 H, H3A), 4.29–4.15 (m, 1 H, H4A), 4.02–3.99 (m,
2 H, H5A), 2.15 (2 H, H2A), 1.78, 1.74 (2s, 3 H, 5-CH3), 0.92–0.54 (br, 3
H, BH3); MS (FAB2): m/z for M2 495; HRMS (FAB2) calc. for
C10H19O12N2P3SB M2 494.9963, found 494.9942; (b) HPLC condi-
tions: Sphereclone 5 mODS(2), 10 3 250 mm column; eluants were 10%
MeOH and 90% 50 mM triethylammonium acetate (pH 7.0); flow rate,
3.0 ml min21. Rt (5a) = 24.9 min. Rt (5b) = 30.4 min. (c) Two
diastereomers: TTPaBS I (5a): dP (D2O, 161.9 MHz) 152.3 (br) for a-P,
221.20, 221.33, 221.44 and 221.57 for b-P and 25.72 and 25.85 for
g-P; dH (D2O, 400 MHz) 7.62 (s, 1 H, H6), 6.18 (t, 1 H, J = 7.0 Hz, H1A),
4.51–4.48 (m, 1 H, H3A), 4.32–4.28 (m, 1 H, H4A), 4.05–4.01 (m, 2 H,
H5A), 2.19–2.15 (m, 2 H, H2A), 1.79 (s, 3 H, 5-CH3), 0.90–0.30 (br, 3 H,
BH3). TTPaBS II (5b): dP (D2O, 161.9 MHz) 151.3 (br) for a-P, 221.28,
221.41, 221.50 and 221.63 for b-P and 27.03 and 27.15 for g-P; dH

(D2O, 400 MHz) 7.57 (s, 1 H, H6), 6.16 (t, 1 H, J = 7.0 Hz, H1A), 4.51
(m, 1 H, H3A), 4.20–4.16 (m, 1 H, H4A), 4.12–4.06 (m, 2 H, H5A),
2.19–2.16 (m, 2 H, H2A), 1.78 (s, 3 H, 5-CH3), 0.90–0.30 (br, 3 H,
BH3).

8 S/CH3 phosphate analogues, in which the two non-bridging oxygens in a
phosphate are replaced by S and CH3 moieties, carry no charge; S2

(dithio) phosphate analogues,1c in which the two non-bridging oxygens in
a phosphate are replaced by S atoms, are achiral.

9 M. F. Hawthorne, Angew. Chem., Int. Ed. Engl., 1993, 32, 950.

2116 Chem. Commun., 2000, 2115–2116



Deactivation of a [PPN][Rh(CO)4]-based catalytic system [PPN+ = (PPh3)2N+].
The first decomposition reaction of PPN+ and the formation of
[Rh10P(CO)22]32†

Fabio Ragaini,*a Angelo Sironib and Alessandro Fumagallic

a Dipartimento di Chimica Inorganica, Metallorganica e Analitica and CNR Center, via G. Venezian 21, 20133
Milano, Italy. E-mail: ragaini@csmtbo.mi.cnr.it

b Dipartimento di Chimica Strutturale e Stereochimica Inorganica, via G. Venezian 21, 20133 Milano, Italy
c Dipartimento di Biologia Strutturale e Funzionale, Università dell’Insubria, via J. H. Dunant 3, 21100 Varese, Italy

Received (in Cambridge, UK) 28th July 2000, Accepted 20th September 2000
First published as an Advance Article on the web 12th October 2000

Decomposition of [PPN][Rh(CO)4] [PPN+ = (PPh3)2N+] at
200 °C under CO pressure affords [Rh10P(CO)22]32, featur-
ing the first decomposition reaction of PPN+ and explaining
the reason for the deactivation of [PPN][Rh(CO)4]-based
catalytic systems.

Tetraalkyl and aryl ammonium and phosphonium cations are
widely used to improve isolability and solubility of anionic
organometallic complexes in organic solvents. However, they
usually suffer from limited chemical stability, especially in
basic media. In contrast, the PPN+ cation [PPN+ = (PPh3)2N+],
first isolated by Appel,1 is generally considered as a chemically
very stable and little interacting counter cation. For these
reasons, it has found an increasingly important use in organo-
metallic chemistry and homogeneous catalysis. Although the
‘non-interacting’ character of PPN+ has later been questioned,2
to the best of our knowledge its chemical stability is still
undisputed.

In recent years, some of us have been involved in the use of
[PPN][Rh(CO)4] as a catalyst for the reduction reactions of
nitroarenes by CO/MeOH3 or CO/H2O4 to afford respectively
methyl arylcarbamates (ArNHCO2Me) or anilines (Scheme
1).

Despite the high catalytic activity of [PPN][Rh(CO)4] in
these reactions, deactivation of the catalytic system was
observed upon prolonged use. We thus decided to investigate
the fate of rhodium in these reactions. Since the products of
reduction and carbonylation of nitroarenes are difficult to
separate from the small amounts of catalyst-derived complexes,
we examined the behaviour of [PPN][Rh(CO)4] under similar
experimental conditions, but in the absence of any nitroarene.

Heating [PPN][Rh(CO)4] in acetone–water (instead of ni-
trobenzene–water) at 200 °C and under 60 bar CO for 4 h
afforded a brown precipitate. Only very weak carbonyl bands
were observed in the IR spectrum of the solution. The IR
spectrum of the residue dissolved in CH2Cl2 showed a strong
band at 1990 cm21 (in CH2Cl2), with several shoulders, and a
series of overlapping bands between 1840 and 1775 cm21. No
[Rh(CO)4]2 was detected either in solution or in the solid
residue.

When this last residue was used in place of [PPN][Rh(CO)4]
as catalyst for the reduction of nitrobenzene to aniline,4 only

trace amounts of the amine were obtained, indicating that the
formed compound(s) is catalytically inactive.

Recrystallisation of the residue from acetonitrile + acetone
(1+1)–diisopropyl ether afforded crystals of a cluster that was
identified by single-crystal X-ray diffraction as
[PPN]3[Rh10P(CO)22],‡ having an interstitial phosphorus atom.
[PPN]3[Rh10P(CO)22] crystallises in the centrosymmetric tri-
clinic space group P1̄ with two independent (half)
[Rh10P(CO)22]32 anions disordered about two distinct centres
of symmetry. Two independent PPN cations are in general
position while the third one consists of two (ordered, independ-
ent) halves lying about two distinct centres of symmetry. The
[Rh10P(CO)22]32 anion which has a bicapped square anti-
prismatic metal core (see Fig. 1) has been previously structur-
ally characterised as a triethylbenzylammonium salt5 but, owing
to the intrinsic centrosymmetric nature of its ligand envelope
(all the external oxygen atoms were actually ordered), suffered
of a similar disorder. The present, more accurate, structure
determination confirms most of the previous stereochemical
observations but also shows the marked effect of different
packing environments by comparing the actual values of the
distances, and their averages, in the three independent anions
(Table 1, ESI†).

The identification of a cluster species having an interstitial
phosphorus atom is very informative, since this atom can only
derive from decomposition of the PPN+ counter cation. The

† Electronic supplementary information (ESI) available: Table 1: selected
bond lengths (Å) for [PPN][Rh10P(CO)22]. See http://www.rsc.org/
suppdata/cc/b0/b006135m/

Scheme 1

Fig. 1 ORTEP drawing of the [Rh10P(CO)22]32 anion (B). Thermal
ellipsoids are drawn at the 50% probability level.
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decomposition must be initiated by a rhodium complex, since
no acids or bases are present in the reaction mixture. To the best
of our knowledge, this is the first time a decomposition product
of PPN+ is identified. The formation of [Rh10P(CO)22]32 also
explains the loss of activity of the catalytic system. Indeed,
whereas many rhodium clusters are known to convert to
mononuclear species under high CO or CO/H2 pressures,6 this
phosphido cluster has been shown to be remarkably stable even
under CO/H2 pressures much higher than that used both in our
studies and in most of those from other laboratories.5 The
formation of [Rh10P(CO)22]32 must thus be considered as
irreversible in most if not all catalytic systems and represents a
warning against the use of PPN+ as a counter cation when very
long catalyst lives are required, as in industrial applications.
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isotropic displacement parameters 1.2 times that of the pertinent carbon
atom. Data/restraints/parameters 24974/55/1702, GOF (on F2) = 0.983; R
= 0.0372, wR2 = 0.0767, for I > 2s(I), R = 0.0705, wR2 = 0.0886, for
all data; largest difference peak and hole 0.95 and 21.06 e Å3.

Crystal data: C130H90N3O22P7Rh10, M = 3291.94, triclinic, space group
P1̄, a = 16.2084(7), b = 16.3039(7), c = 23.9367(11) Å, a = 91.241(1),
b = 94.880(1), g = 90.067(1)°, U = 6301.1(5) Å3, Z = 2, Dc = 1.735 Mg
m23, T = 298(2) K, m(Mo-Ka) = 1.431 mm21, F(000) = 3244. 66631
Reflections collected 24974 unique (Rint = 0.0432).

CCDC 182/1784. See http://www.rsc.org/suppdata/cc/b0/b006135m/ for
crystallographic files in .cif format.
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High quality MCM-41 silica with thick walls and a very
narrow distribution of mesopore size has been synthesized in
a relatively short time via ultrasound radiation.

Recently, great efforts have been dedicated to improving the
synthesis of mesoporous MCM-41 silica1 by lowering the
temperature, shortening the crystallization time as well as
controlling the particle size.2 However, due to the amorphous
nature within the pore wall,3,4 the products synthesized in
alkaline media at low temperature have been much less stable
than those obtained at higher temperatures,5 which imposes a
strict limitation on their applications. To achieve highly stable
MCM-41 silica, a number of papers have focused on thickening
the pore wall in order to obtain a more condensed and longer
range ordered framework, either by modifying the assembly
pathways6 or by post-synthesis treatments.7 The drawbacks of
these procedures obviously lie within the time-consuming and
complicated processing strategies. Therefore it is more desir-
able to synthesize stable MCM-41 silica by a quick and direct
way.

Ultrasound has been introduced to a variety of material
syntheses8,9 owing to its sonochemical effects based on acoustic

cavitation, a property which results from the continuous
formation, growth and implosive collapse of bubbles within a
liquid.10 We have found it possible, for the first time, to quickly
synthesize MCM-41 silica with small particle size and enhanced
pore wall thickness by a sonochemical process.

To synthesize all-silica MCM-41 in the present work, a
mixture with initial molar ratio of 1.0 Na2SiO3+0.33
CTAB+1.86 EtAc+450 H2O was first prepared in the following
manner; CTAB and EtAc are cetyltrimethylammonium bro-
mide and ethyl acetate, respectively. Typically, to an aqueous
solution containing 4.90 g CTAB, 11.65 g Na2SiO3·9H2O and
325 mL distilled water, 6.70 g EtAc was quickly injected under
either vigorous stirring or sonication. A white precipitate
appeared after ca. 1 min. The slurry was then divided into six
parts for further treatment, the synthesis conditions of which are
summarized in Table 1.

Powder X-ray diffraction (PXRD) shows differences among
the as-synthesized as well as the calcined products. Except for
the calcined sample A, all samples exhibit at least three well
resolved reflections in the 2q range between 2 and 10°. The
patterns can be indexed to an ordered hexagonal lattice typical
of MCM-41.1 Interestingly, the full width at half maximum
height (FWHM) of the (100) reflections of the samples
synthesized with ultrasound is slightly narrower than those
obtained without ultrasound (Table 2). It is well known that
both structural disorder and a decrease in particle size may
result in diffraction line broadening. In fact, under TEM the
particles of samples A and F are much smaller and poorly

† Electronic supplementary information (ESI) available: PXRD patterns
(Fig. S1) TEM and SAED pattern (Fig. S2). See http://www.rsc.org/
suppdata/cc/b0/b007442j/
‡ Permanent address: Department of Chemistry, Nankai University, Tianjin
300071, P.R. China. E-mail: xhtang@public.tpt.tj.cn

Table 1 Synthesis conditions used to prepare samples A–F and their crystalline phasesa

Sample Synthesis conditions Sample a0
b/Å

A Aged for 4.5 h without stirring under ambient conditions MCM-41 44.1
B Sonicated for 3.5 h under ambient conditions MCM-41 46.4
C Heated at 358 K for 28 h then sonicated for 3.5 h under ambient conditions MCM-41 47.6
D Aged for 28 h then sonicated for 3.5 h under ambient conditions MCM-41 47.5
E Heated at 358 K for 56 h without stirring MCM-41 47.4
F Aged for 56 h under ambient conditions without stirring MCM-41 47.5

a Sonication is carried out in a 50 mL sonication cell with a high-intensity ultrasonic horn (Sonic and Materials, model VC-600, 0.5 in Ti horn, 20 kHz,
100 W cm22). b Unit cell constant of the as-synthesized sample, a0 = 2d100/A3̄, where d100 is the d-spacing of (100) reflection.

Table 2 Textural properties of samples A–F after calcination in air at 823 K for 4 h and further at 923 K for 1 h

Sample Solid FWHMa/° a0
b/Å

SBET
c/

m2 g21
VT

d/
mL g21

VF
e/

mL g21
VTx

f/
mL g21 Dg/Å Wh/Å VF/VT W/a0

A Amorphous — — 833 0.386 — — — — — —
B MCM-41 0.16 44.9 853 0.794 0.656 0.138 24.8 20.1 0.827 0.448
C MCM-41 0.16 43.4 835 0.783 0.611 0.172 23.3 20.1 0.780 0.463
D MCM-41 0.18 42.5 931 0.920 0.660 0.260 22.6 19.9 0.717 0.468
E MCM-41 0.20 42.5 1041 1.264 0.771 0.493 23.5 19.0 0.610 0.447
F MCM-41 0.28 40.9 1042 1.109 0.776 0.433 23.5 17.4 0.700 0.425
a Full width at half maximum height of (100) reflection. b Unit cell constant, a0 = 2d100/A3̄, where d100 is the d-spacing of (100) reflection. c BET surface
area, calculated from the linear part of the BET plot (p/p0 = 0.1–0.2). d Total pore volume, taken from the volume of N2 adsorbed at p/p0 = 0.995.
e Framework pore volume, derived from the volume of N2 adsorbed at p/p0 = 0.54. f Textural pore volume, obtained from the difference (VT2 VF). g Average
pore diameter, estimated using the adsorption branch of the isotherm and the Barrett–Joyner–Halenda (BJH) formula. h Pore wall thickness, estimated from
the difference (a0 2 D).
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aggregated than those of samples B–E, though samples A and F
are more uniform in size. Moreover, all samples suffer a
framework contraction upon calcination as indicated by the
d100-spacings’ diminution, except for sample A whose frame-
work collapses. This implies that the samples synthesized
without ultrasound are less ordered and of lower stability than
those synthesized with ultrasound.

The results from liquid N2 adsorption–desorption measure-
ments shed more light on the sonochemical effect upon the
synthesis. Fig. 1 shows the N2 adsorption–desorption isotherm
as well as the pore size distribution of calcined sample B, and
the structural features of the products are detailed in Table 2.
The results indicate that samples B–F retain their hexagonal
mesophase and exhibit narrow pore size distributions after
removal of the organic templates. Though the BJH method may
systematically underestimate the pore size by up to 1.0 nm,11

and although many recent papers have developed more accurate
methods for pore size calculation,12 we think that the data
obtained by applying the same method are comparable, and
therefore the quantitative results based on these data are
credible. It is quite obvious that the ultrasonic processing favors
a thicker wall formation. Though acoustic cavitation etched the
particles, resulting in a coarse outer surface whereas the inside
channels retained the hexagonal arrangement, the electron
diffraction pattern shows higher order spots, which provide
evidence that both the pore array and pore walls are highly
ordered. The processing time of sample B is relatively short;
however, a highly ordered, stable mesostructure was fabricated.
It was previously reported that MCM-41 can be prepared in a
few hours under ambient conditions but, unfortunately, no data
regarding the stability have been presented.13 In our case, the
pore wall thicknesses of samples B–D are larger than those of
samples E and F. This is quite promising since high quality
MCM-41 can be synthesized by a simpler procedure as well as
in a shorter time than by the conventional methods. The unit cell
constants of the samples decrease in the order B > C > D ≈ E
> F after calcination vs. C ≈ D ≈ E ≈ F > B before
calcination, which means that the frameworks of samples B–D
suffer less shrinkage than those of samples E and F. This implies
that the pore walls of the sonochemically prepared samples are
more condensed or ordered than those of the conventionally
prepared ones. The 29Si MAS NMR of calcined sample D is
measured and reveals that the framework consists primarily of
a fully cross-linked Q4 unit and a smaller fraction of Q3 sites.
The calculated Q4+Q3 ratio is 6.7+1; normally, calcined silica
mesostructures prepared by conventional methods have Q4+Q3

values near 3.1 The Q4+Q3 ratio of calcined sample D is much
higher than those prepared with special treatment,7c and is
comparable to those of MSG silicas with ratios in the range

6.2–7.4.6d In fact, when sample D was refluxed for 6 h in boiling
water its crystallinity changed very little. It decreased by ca.
35% after refluxing for 12 h, while in the literature14 the MCM-
41 prepared using conventional hydrothermal methods became
amorphous after refluxing for 12 h. This can be an advantage of
the sonochemical effects. During the formation of the frame-
work, despite the agitation of the ultrasound which helps to
disperse the small silica oligomers more homogeneously in the
mixture, the formation of hot spots within the surfactant–silicate
interface may accelerate the silica polymerization which is slow
and rate-limited under normal conditions. Thus the fabrication
of the mesostructure can be achieved more efficiently. On the
one hand, acoustic cavitation etches the surface of surfactant–
silicate micelles which results in a coarse outer surface. On the
other hand, hot spots accelerate the condensation of surface
silanol groups among micelles, and by this way ultrasound
radiation accelerates the formation of the MCM-41 framework
and the growth of particles. This two-fold function of ultrasound
radiation results in the particles of samples B–E being bigger
and more aggregated than those of samples A and F, though
samples A and F are more uniform in size.

In conclusion, a novel synthesis route has been developed to
prepare high quality MCM-41 within a relatively short time by
involving ultrasound. The as-prepared material, whose meso-
pore size shows a very narrow distribution, possesses thick and
condensed wall and is therefore thermally stable.
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Fig. 1 N2 adsorption–desorption isotherms of calcined sample B. Inset:
the pore size distribution calculated by the use of the adsorption data.

2120 Chem. Commun., 2000, 2119–2120



Control of the microporosity within the pore walls of ordered mesoporous
silica SBA-15

Kohji Miyazawa and Shinji Inagaki*

Toyota Central R&D Labs., Inc., Nagakute, Aichi 480-1192, Japan. E-mail: inagaki@mosk.tytlabs.co.jp

Received (in Oxford, UK) 21st June 2000, Accepted 21st September 2000
First published as an Advance Article on the web 11th October 2000

Microporosity within the pore walls of ordered mesoporous
silica SBA-15 was confirmed by physisorption; the micro-
pore volume could be systematically controlled by varying
the synthesis temperature and the TEOS/surfactant ratio.

Mesoporous molecular sieves, such as MCM-411 and FSM-16,2
have attracted much attention as catalysts and adsorbents owing
to their large pore dimensions compared to microporous
zeolites. It is, however, difficult to obtain mesoporous materials
exhibiting specific catalysis and adsorption properties such as
the uniform acidity and the strong adsorption properties
characteistic of zeolites, owing to the amorphous pore walls and
large pore dimensions. Although some efforts have been made
to crystallize the pore walls of mesoporous materials in order to
endow them with a specific functionality,3–5 it is well known
that crystallization of thin pore walls (1–6 nm) is not easy. The
generation of microporosity within the amorphous pore walls of
mesoporous materials is a promising strategy for endowing
them with a specific functionality. Such a material possessing a
bimodal pore system, i.e. one in which micropores exist within
the walls of mesopores, is an ideal porous material for catalysts
and adsorbents, because molecules are first transported through
mesopore channels and then strongly adsorbed in the micro-
pores. The synthesis of a material with micro- and meso-porous
properties would be of great interest. Although there have been
some reports suggesting microporosity within the pore walls of
MCM-416,7 and SBA-15,8,9 a systematic study for confirmation
and control of the microporosity within the pore walls of an
ordered mesoporous material has not been reported. Here, we
report that the micropore volume of SBA-15 can be controlled
systematically by the synthesis temperature and the Si/
surfactant ratio in the starting mixture, and micropores are
certainly established within the pore wall of SBA-15 material.

A triblock copolymer, Pluronic P104 (BASF), EO17-
PO58EO17 (EO = –CH2CH2O–, PO = –CH2CH(CH3)O–), was
used as a structure-directing agent for the synthesis of
mesoporous materials. In a typical preparation, 0.8 g of P104
was dissolved in 53 cm3 of deionized water at 45 °C, and then
10 cm3 of an aqueous 36% HCl solution was added to the
solution. After 2.1–5.6 g of TEOS had been added to the

solution, the mixtures was maintained at 45 °C for 8 h with
vigorous stirring, followed by heating at 80–100 °C for 8 h
under static conditions. The solid products were filtered off and
then washed with deionized water repeatedly. After drying at
45 °C overnight, the powders were calcined at 550 °C for 6 h in
air. The chemical composition of the reaction mixtures was
0.18 mmol P104: 0.010–0.027 mol TEOS: 0.12 mol HCl:
3.3 mol H2O. The SBA-15 materials reported previously10,11

were synthesized with a higher concentration of a surfactant
(33.7 g L21) than the concentration (15.2 g L21) used in this
study. Triblock copolymer P104 has not been previously used
for the synthesis of an SBA-15 material. The X-ray diffraction
patterns of the products had 2–4 peaks in the low angle region
(2q(Cu-Ka) = 0.7–3.5°) indicating the formation of ordered
mesoporous materials with hexagonal (p6mm) symmetry.
Table 1 lists the lattice constants, BJH pore diameters, BET
surface areas and pore wall thicknesses of the mesoporous
products prepared with different TEOS/P104 ratios and synthe-
sis temperatures.

The adsorption isotherms of the mesoporous materials
synthesized under various conditions using the triblock copoly-
mer surfactant exhibited sharp increases in adsorption at P/P0 <
0.1 and P/P0 = 0.4–0.7 as shown in Fig. 1(a) and (b). The MS-1
material (Fig. 1(a)) showed a type IV isotherm according to the
IUPAC classification,12 which is typically observed for conven-
tional mesoporous materials such as MCM-411 and SBA-15.10

The first increase in adsorption at P/Po < 0.1 is due to
multilayer adsorption on the surface while the second increase
at P/P0 = 0.5–0.7 arises from capillary condensation in the
mesopores with nitrogen multilayers adsorbed on the inner
surface.12 The ratio of the first to second feature is higher for
MS-6 (Fig. 1(b)) than for MS-1. This suggests that the MS-6
material not only has mesopores but also micropores, since a
microporous material shows a type I isotherm,12 which exhibits
a sharp increase in adsorption at P/P0 < 0.1 and a plateau at P/
P0 > 0.1.

A comparative plot of the nitrogen adsorption isotherm7,12

was used to confirm the microporosity and to estimate the
micropore volume in the mesoporous materials, similarly to
previous reports.8,9 The t-plots were obtained by using a

Table 1 Physical properties of ordered mesoporous silicas prepared using different TEOS/P104 ratios and temperatures

Sample
TEOS/P104
molar ratio

Synthesis
temperature/°C

Lattice
constanta/nm

Pore
diameterb/nm

Surface
areac/m2 g21

Pore-wall
thicknessd/nm

Micropore
volumee/cm3 g21

MS-1 60 100 10.4 6.4 646 4.0 ~ 0
MS-2 60 80 9.9 5.8 565 4.1 0.07
MS-3 90 80 10.7 5.4 506 5.3 0.10
MS-4 120 100 10.4 5.8 619 4.6 0.08
MS-5 120 90 10.0 5.0 734 5.0 0.13
MS-6 120 80 10.8 4.7 401 6.2 0.15
MS-7 150 80 11.3 4.9 436 6.5 0.19
MS-6f 120 80 10.7 5.0 249 5.7 ~ 0
MS-6g 120 80 10.3 5.1 410 5.2 0.11
a 2d100/1.732. b Calculated from the adsorption branch of the N2 isotherm. c Calculated by the BET method. d Lattice constant2pore diameter. e Calculated
by the t-plot method. f As-synthesized form of MS-6. g Surfactant-depleted MS-6 material after solvent extraction.
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reference isotherm obtained for a non-porous silica described in
a previous report.13 The t-plots for MS-1 and MS-6 are shown
in Fig. 2(a) and (b).

The t-plot for MS-1 gave a straight line at t = 0.40–0.75 nm
(t = thickness of adsorbed layer) and the extrapolation line
went through the origin, indicating that the MS-1 material has
no micropores. Although the MS-6 material also showed a
straight line in the same t-value region in the t-plot, the
extrapolation line cut the y-axis at 0.15 cm3 g21. This indicates
that the MS-6 material has a micropore volume of 0.15 cm3 g21

with a pore radius of < 0.4 nm. A t-plot calculation with the
same reference isotherm as for the nitrogen adsorption isotherm
of the SBA-15 described in the previous report10 revealed the
absence of microporosity.

The microporosity in the mesoporous materials changed
systematically with variation of the synthesis temperature and
the TEOS/P104 ratio, as shown in Table 1. Microporosity was
not observed for the mesoporous material (MS-1) prepared with
a TEOS/P104 molar ratio of 60 and a temperature of 100 °C. A
decrease in the temperature from 100 to 80 °C with a constant
TEOS/P104 molar ratio of 120 increased the micropore volume
from 0.08 to 0.15 cm3 g21. An increase in the TEOS/P104
molar ratio from 60 to 150 with a constant temperature of 80 °C
also increased the micropore volume from 0.10 to 0.19 cm3 g21.
These are the first results on the systematic control of

microporosity for SBA-15. The increase in microporosity was
accompanied by enlargement of the pore-wall thickness
(Table 1). The density of micropores in the walls, obtained by
dividing the micropore volume by the pore-wall volume,
increased with enlargement of the pore walls. The generation of
microporosity can be explained by penetration of hydrophilic
poly(ethylene oxide) chains of triblock coplymer in the silica
wall, as reported by Kruk et al.9 who also suggested that the
micropore volume should decrease at elevated temperatures,
owing to dehydration of ethylene oxide blocks.9 The result
obtained in this study clearly shows this relationship between
the micropore volume and the synthesis temperature. An
increase in TEOS/surfactant ratio in the starting mixture is also
found to be an effective method to increase the micropore
volume of SBA-15. The TEOS/surfactant ratio affects the
siloxane network structure in the pore walls, and thereby results
in changes of microporosity. There are many variations in the
siloxane network structure in a silica gel, which give different
pore sizes and porosity.14 The systematic change of the
micropore volume and pore-wall thickness of the mesoporous
materials also indicates the existence of micropores within the
mesopore walls.

The nitrogen adsorption isotherm and t-plot for the as-
synthesized MS-6 material are shown in Fig. 1(c) and Fig. 2(c),
respectively. They indicate that the as-synthesized MS-6
material contains surfactant in the mesopore spaces (73%
occupation of the mesopore space) with no microporosity. The
as-synthesized MS-6 material (1 g) was treated with an ethanol
solution (30 cm3) at room temperature three times to remove the
surfactant. The treated MS-6 material showed a micropore
volume of 0.11 cm3 g21, which was confirmed by the t-plot
(Fig. 2(d)) of the nitrogen adsorption isotherm (Fig. 1(d)). The
removal of the surfactant from the mesopore spaces made it
possible for nitrogen molecules to gain access to the micropores
within the mesopore walls. This strongly suggests that micro-
pores exist within the mesopore walls, and that MS-6 is not a
physical mixture of mesoporous and microporous materials.

In conclusion, t-plot analysis of nitrogen adsorption iso-
therms strongly suggests the formation of micropores within the
mesopore walls of mesoporous materials. The microporosity
can be controlled via the synthesis conditions. A novel porous
material possessing an ideal bimodal pore system should exhibit
high performance catalysis and adsorption properties.

Notes and references
1 C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli and J. S. Beck,

Nature, 1992, 359, 710.
2 S. Inagaki, Y. Fukushima and K. Kuroda, J. Chem. Soc., Chem.

Commun., 1993, 680.
3 K. R. Kloetstra, H. van Bekkum and J. C. Jansen, Chem. Commun.,

1997, 2281.
4 P. Yang, D. Zhao, D. Margolese, B. F. Chmelka and G. D. Stucky,

Nature, 1998, 396, 152.
5 P. Yang, D. Zhao, D. I. Margolese, B. F. Chmelka and G. D. Stucky,

Chem. Mater., 1999, 11, 2813.
6 Y. Long, T. Xu, Y. Sun and W. Dong, Langmuir, 1998, 14, 6173.
7 S. Storck, H. Bretinger and W. F. Mair, Appl. Catal. A, 1998, 174,

137.
8 W. W. Lukens, Jr., P. S-Winkel, D. Zhao, J. Feng and G. D. Stucky,

Langmuir, 1999, 15, 5403.
9 M. Kruk, M. Jaroniec, C. H. Ko and R. Ryoo, Chem. Mater., 2000, 12,

1961.
10 D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, B. F. Chmelka

and G. D. Stucky, Science, 1998, 279, 548.
11 D. Zhao, Q. Huo, J. Feng, B. F. Chmelka and G. D. Stucky, J. Am. Chem.

Soc., 1998, 120, 6024.
12 S. J. Gregg and K. S. W. Sing, Adsorption, Surface Area and Porosity,

Academic Press, New York, 1982.
13 M. R. Bhambhani, P. A. Cutting, K. S. W. Sing and D. H. Turk,

J. Colloid Interface Sci., 1972, 38, 109.
14 R. K. Iler, The Chemistry of Silica, Wiley-Interscience, New York,

1979.

Fig. 1 Nitrogen adsorption–desorption isotherms for mesoporous materi-
als prepared under different conditions: (a) MS-1, (b) MS-6, (c) as-
synthesized form of MS-6 and (d) surfactant-depleted MS-6 material after
solvent extraction.

Fig. 2 t-Plots of nitrogen adsorption isotherms for mesoporous materials:
(a) MS-1, (b) MS-6, (c) as-synthesized form of MS-6 and (d) surfactant-
depleted MS-6 material after solvent extraction.
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A unique sol–gel enzyme electrode for inert organic solvents
is developed that is based on the partition equilibrium of the
substrate between water–organic solvent media and the
enzyme membrane.

Since the introduction of the first enzyme electrode over 30
years ago, growing interest in biosensors has resulted in
increasingly widespread development. The development direc-
tion of biosensors can be divided into two aspects: First, the
scope of the detection medium was expanded. In order to meet
specific requirements, biosensors were developed from the
aqueous phase, then to organic solvents saturated with water,1
then to pure organic solvents,2 and finally to a universal organic
solvent.3 Second, the scope of the determinable substance was
expanded. Enzyme electrodes were first used to detect various
substrates,4,5 later inhibitors could be quantified due to their
inhibition of enzyme activity.6 Recently, Wang7 applied
biosensors to water determination based on the effect of water
content on enzyme activity in organic solvents. In this study, we
further expand the application of biosensors to inert organic
solvent determination.

Recently the use of sol–gel glass as a biosensor encapsulation
matrix has recieved much interest because of its high stability.8
We have fabricated a sol–gel/hydrogel hybrid material, which
retained the high activity of enzymes and exhibited negligible
swelling.9 In order to eliminate the influence of matrix swelling
on the response, a tyrosinase enzyme electrode based on this
hybrid material was chosen to demonstrate the feasibility of the
biosensor for the determination of polar organic solvents. The
preparations of fresh sol-gel solution and the enzyme electrode
have been described elsewhere.9†

Steady-state amperometry was used to characterize the
enzyme electrode, and Fig. 1(A) shows the typical steady-state
current–time responses for successive addition of 50 ml
acetonitrile in the presence of catechol. The first ‘jump’ in the
current resulted from the response of catechol to the enzyme
electrode, after the steady-state current reached a plateau,
injection of acetonitrile caused a current drop. The current
decrease is proportional to the content of the organic solvents
added [Fig. 1(B)], therefore, electrochemically inert organic
solvents can be amperometrically quantified by the enzyme
electrode. Fig. 1(B) also shows the effect of enzyme loading
upon the response for acetonitrile. Obviously, the response for
acetonitrile increases upon increasing the enzyme loading
between 266 and 400 units. Therefore, the increase in the
enzyme loading can improve detection sensitivity, consequently
decreasing the detection limit.

The dilution effect on the substrate in the solution can be
ruled out by the control experiments because the injection of the
same volume of buffer into the solution did not produce obvious
current changes.11 Thus the mechanism can be ascribed to the
change of the sol–gel enzyme membrane due to the addition of
organic solvent. Sol–gel encapsulation provides a sufficiently
hydrophilic microenvironment that would both retain the
essential hydration layer and exclude potentially denatured
solvent components,2,4,8 so it has a stabilization function on the
enzyme system. Moreover, the content of organic solvent in this

system is considerably lower than that in non-aqueous media,1–3

so the addition of small amounts of organic solvent will not
greatly influence the activity of the sol–gel encapsulated
enzyme.10 If the addition of organic solvent will inhibit the
enzyme activity to a large degree, then after the 12th injection of
polar organic solvents, the biosensor should exhibit a small
current response to the same concentration of catechol. This was
not the case. Hupp also found the sol–gel-encapsulated enzyme
could retain its catalytic activity when alcohol and aldehyde
were successively added into the enzyme monolith.4

To accurately demonstrate the response mechanism, we did
steady-state QCM experiments at sol–gel modified gold
electrodes. Fig. 2 shows the frequency changes following the
injection of catechol and acetonitrile when the solution was
under rapid stirring. When no enzyme was added into the sol–
gel film, the injection of organic solvent did not produce
noticeable changes in the frequency (curve a). Therefore, the
nature of the sol–gel/electrode interface does not change on
addition of solvent, which further proves the high stability of the
sol–gel hybrid material.8,9 The responses of the enzyme
electrode are shown in curve b. With a constant frequency
established at time T1, injection of catechol caused a frequency
decrease. This can be explained by the fact that catechol diffuses

Fig. 1 (A) Amperometric responses of biosensors with different enzyme
loadings to addition of 60 mM catechol, followed by successive additions of
50 ml acetonitrile to 5 ml PBS. (B) Corresponding calibration curve for
acetonitrile. Enzyme loading, (a) 266 units, (b) 320 units, (c) 400 units;
potential, 2100 mV vs Ag/AgCl (sat. KCl).
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into the enzyme membrane and causes an increase in mass,
accordingly the frequency decreases. When the response
reached a steady state at time T2, injection of acetonitrile caused
a  frequency increase, which illustrates that the mass of the
enzyme membrane does not increase but decreases. If the
addition of organic solvent mainly inhibits the enzyme activity,
then the mass of the enzyme membrane would not decrease.
Therefore, this phenomenon further proves that organic solvent
will not greatly inhibit the enzyme activity. In the enzyme
membrane, only the amount of catechol may change; therefore,
we attribute the current decrease to the extraction effect of
organic solvent on the catechol in the enzyme membrane.11 The
solubility of catechol in organic solvents is much greater than in
water, and the injected polar organic solvent quickly hydrates
and concentrates catechol in the solution, which causes a
decrease of the substrate concentration in the solution. Because
of the dynamic distribution balance of the substrate between
membrane and solution, the catechol in the membrane diffuses
toward the solution; this brings about the substrate decrease in
the enzyme membrane, accordingly, the response of the
biosensor decreases. This mechanism is consistent with our
previous report.11 Both the working electrode and the config-
uration of the electrochemical cell in QCM experiments are
different from those used in Fig. 1, so the response is relatively
slower in Fig. 2. Moreover, because of the high sensitivity of
QCM ( ~ ng), the noise in Fig. 2 is larger than that in
Fig. 1(A).

The sensitivity of the enzyme electrode to organic solvent is
solvent dependent. The dielectric constant (e) and the viscosity
(l) of organic solvents influence the response of the biosensor.
The higher the 1/el, the lower the frictional resistance forces of
the solvents on the substrate. This will bring about a higher
diffusion of the substrate through the sol–gel film, therefore
resulting in a greater sensitivity.12 In addition, the hydro-
phobicity of the organic solvent plays an important role in the

sensitivity of the biosensor. Methanol, n-propanol and n-
butanol were selected to study the relationship between the
sensitivity and the hydrophobicity of organic solvents, because
they have similar molecular structures. The biosensor showed a
sensitivity sequence as n-butanol > n-propanol > methanol.
log P values for n-butanol, n-propanol and methanol are 0.88,
20.16 and 20.76, respectively. log P is a measure of the
hydrophobicity of an organic solvent (P is the partition
coefficient of a solvent in a standard octanol–water two-phase
system13). The higher the log P value is, the more hydrophobic
the organic solvent.14 Obviously, the sensitivity sequence for
the three organic solvents conforms to the hydrophobicity
sequence. This is because the solubilities of catechol in the three
solvents are in the sequence: n-butanol > n-propanol >
methanol.

The biosensor proposed here determines organic solvents
well. The response time for acetonitrile is about 40 s, and the
detection limit of 1,4-dioxane, an explosive compound, is
0.023% v/v (S/N = 3). Moreover, the biosensor can be used to
determine some organic solvents such as acetone, dime-
thylformamide, tetrahydrofuran etc., for which no specific
enzyme has been found to fabricate a specific biosensor.

We acknowledge the National Natural Science Foundation
(China) for financial support.
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Mesoporous TiO2 is prepared stable up to 500 °C with BET
surface area of 603 m2 g21 and pore size 6.9 nm, and Sn–
TiO2 composites based on the mesoporous TiO2 show good
potential as an electrode for lithium batteries with large
capacity and structural integrity.

Since mesoporous materials (e.g. MCM-41) were first prepared
in 1992,1,2 surfactant-templated synthesis procedures have been
widely used for the preparation of highly-ordered mesoporous
or nanostructured materials which would be difficult to prepare
otherwise. The ordering in these materials is a consequence of
a self-assembly process in an aqueous solution containing
organic surfactants (anionic, cationic or neutral) and inorganic
(oligo-) cations or anions. A wide range of mesoporous
materials have been prepared using the structure-directing
functions of electrostatic, hydrogen-bonding, and van der Waals
interactions associated with amphiphilic molecules.3–14 Meso-
porous TiO2 was first prepared using a phosphate surfactant
through a modified sol–gel process.13 Since a significant
amount of phosphorus still remained in these materials, they are
not pure titanium oxides. Recently, mesoporous TiO2 has been
prepared using amphiphilic poly(alkylene oxide) block copoly-
mers as structure-directing agents and titanium inorganic salts
as precursors in a non-aqueous solution.15 The mesoporous
structure was stable up to 400 °C with BET (Brunauer–
Emmett–Teller) surface area of about 200 m2 g21. The use of
amine surfactants resulted in mesoporous TiO2 with BET
surface area about 700 m2 g21 (for as-synthesized powders)
while heat treatment of the obtained materials in dry air at
300 °C led to loss of surface area and disappearance of the low
angle diffraction peak in X-ray diffraction (XRD) patterns.16 In
this study, mesoporous TiO2 stable up to 500 °C has been
successfully prepared using tri-block copolymers, (EO)n–
(PO)m–(EO)n, as directing agents and titanium butoxide as
precursor in an aqueous solution. Further, tin oxide was
introduced into the mesoporous TiO2 using a sol–gel process
and then reduced in an atmosphere containing hydrogen to form
a Sn–TiO2 composite electrode for lithium ion batteries. The
objective of our study is to create a nano-structured Sn–TiO2
electrode for lithium ion batteries because tin-based compounds
may offer much larger capacity than a lithiated carbon
electrode. The structural stability of the tin-based materials
during cycling is a major concern.17 Our approach to improve
the structural stability was to incorporate tin compound into a
mesoporous TiO2 matrix, which is structurally stable and hence
offers structural stability to the nanocomposite electrode.

Shown in Fig. 1 are small-angle XRD patterns of TiO2
powder samples prepared using a tri-block polymer surfactant
(Pluronic 103). The XRD pattern of the as-synthesized sample,
Fig. 1(a), implies that the surfactant molecules were organized
into a hexagonal superstructure after being aged at 50 °C for one
week. In addition to the major peak at about 1° due to the (100)
reflection, which corresponds to a d-spacing of 8.4 nm, small
peaks due to the (110) and (200) reflections are also observable.
The XRD pattern of the as-calcined sample, Fig. 1(b), indicates
that the mesoporous structure was retained during the removal
of the surfactant by calcination at 500 °C in air for 1 h, although
the superstructure had contracted slightly as evidenced by a
slight shift of the XRD peaks toward larger angle. The

corresponding d-spacing was reduced from 8.4 nm for the as-
synthesized sample to about 7.9 nm for the as-calcined sample.
Shown in Fig. 1(c) is a small-angle XRD pattern of a Sn–TiO2
sample, which is nearly identical to the XRD pattern of the as-
synthesized TiO2 shown in Fig. 1(b), implying that the
periodicity of the mesoporous TiO2 remain unchanged during
the incorporation of tin compounds into the mesoporous TiO2
and the reduction of tin oxide to tin metal.

Shown in Fig. 2 are TEM images of the as-synthesized and
as-calcined samples. The periodicities of the mesoporous
superstructure as determined from the TEM images are
consistent with those determined from XRD analysis. The
corresponding pore sizes are about 7.6 and 6.9 nm, respectively.
The N2 adsorption isotherms of the as-synthesized and as-
calcined TiO2 powder are shown in Fig. 3(a). Both adsorption
isotherm curves have a well-defined step for the relative
pressure Ps/P0 ranging from 0.6 to 0.8, a characteristic of the
filling of the framework-confined mesoporous, suggesting that
both as-synthesized and as-calcined samples are mesoporous.
However, the calculated BET surface area was increased from
203 m2 g21 for the as-synthesized sample to 603 m2 g21 for the
as-calcined sample, indicating that the gas-accessible surface
area was dramatically increased after the surfactant was
removed. Further, the average pore size in the as-calcined
mesoporous superstructure is about 6.9 nm with a narrow size
distribution, as shown in the insert in Fig. 3(a).

After the incorporation of tin compound into the pores of the
mesoporous TiO2, the surface area and pore size were reduced
to 441 m2 g21 and 6 nm, respectively, as determined from the
absorption isotherm and pore size distribution data shown in
Fig. 3(b). This implies that the tin compound was formed inside
the pores of the mesoporous TiO2, an ideal configuration of a

Fig. 1 XRD patterns of (a) as-synthesized (aged at 50 °C for 1 week) and (b)
as-calcined (at 500 °C in air for 1 h) TiO2 samples prepared using Pluronic
103 as surfactant and (c) XRD pattern of a Sn–TiO2 sample.

Fig. 2 TEM images of (a) as-synthesized (aged at 50 °C for 1 week) and (b)
as-calcined (at 500 °C in air for 1 h) TiO2 samples prepared using Pluronic
103 as surfactant.
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composite electrode for lithium batteries with desired structural
stability.

Shown in Fig. 4 are the first several cyclic voltammograms of
a mesoporous Sn–TiO2 composite electrode as studied using a
powder microelectrode. Clearly, the CV curve for the first cycle
is very different from those commonly observed for most tin-
based composite electrodes.18 It is noted that there is no
cathodic peak at 0.85 V (or 2.6 V), corresponding to
electrochemical reduction of SnO or SnO2,18 indicating that
most tin oxides had been chemically reduced to tin metal in the
mesocomposite during the exposure to hydrogen. However,
there are two small reduction peaks between 1 and 1.5 V in the
first cycle, which disappeared after the first cycle. Several pairs
of redox peaks appear in the voltammograms after the second
cycle. The peak currents decreased during the first few cycles
but remained relatively constant later on, as shown in Fig. 4(b).

There was little change from 5th to 10th cycle, implying that the
composite electrode may have good cycleability. Long-term
cycling behavior of the composite electrode is still under
investigation using constant current charge–discharge cycling
test and will be reported in the near future.

In a typical preparation, 10 g titanium butoxide was dissolved
in 20 ml absolute ethanol and 2.92 ml acetylacetone at room
temperature before 10 ml distilled water was added, followed by
stirring for another 2–3 h. In a separate beaker, 5 g Pluronic 103
was dissolved in 20 ml ethanol and 100 ml 2 M HCl solution.
This surfactant solution was then slowly added to the titanium
butoxide solution. The resulting solution was subsequently kept
at 50 °C with continuous stirring for one week. The obtained
solid product was washed and centrifuged three times using
distilled water and then dried at 60 °C for 24 h and 120 °C for
5 d. The dried powder was fired at 500 °C for 1 h in air using an
alumina boat to remove the surfactant.

To incorporate Sn into the pores of the mesoporous TiO2,
SnCl4 was dissolved in water, to which NH3(aq) was added to
ensure all Sn4+ was hydrolyzed and precipitated. The solid
product was washed and centrifuged three times using distilled
water and was then dissolved in nitric acid to obtain a solution
containing Sn4+. The mesoporous TiO2 powder was then
immersed in the solution containing Sn4+ for a few days. The
resulting powder was obtained after drying at 80 °C for one day
and at 120 °C for another day, followed by reduction at 300 °C
for 24 h in a hydrogen atmosphere.

The electrochemical properties of the mesoporous Sn–SiO2
electrode were studied in 1 M LiN(SO2CF3)2/EC+DMC
electrolyte solution using a powder microelectrode19 tech-
nique.

We gratefully acknowledge the support of this research by
the National Science Foundation (under Grant No. CTS-
9819850) and the Caleb Corporation.
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Fig. 3 (a) Nitrogen isotherm plots of as-synthesized (aged at 50 °C for 1
week) and as-calcined (at 500 °C in air for 1 h) TiO2 samples prepared using
Pluronic 103 as surfactant (the insert curve is the pore size distribution for
the as-calcined TiO2 sample calculated from the BET curve); (b) nitrogen
isotherm plots of a Sn–TiO2 composite sample (the insert curve is the pore
size distribution for the composite calculated from the BET curve).

Fig. 4 Cyclic voltammograms of a mesoporous Sn–TiO2 composite as
studied using a powder microelectrode: (a) the cycle 1; (b) the 2 to 10
cycles. The potential sweep rate was 0.5 mV s21.
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Cycloaddition reactions of a functionalized nitrone with
sugar alkenes gives stereoselective access to aza-C-disaccha-
ride analogues of a-D-Lyx(1?6)-a-D-Man and a-D-
Lyx(1?6)-D-Gal.

Iminosugars have attracted much attention in recent years1 due
to their ability to act as inhibitors of glycosidases, and hence to
have potential application in the treatment of a number of
disparate disease states such as viral infections,2 diabetes3 and
tumour metastasis.4 It has been theorised that glycosidase
inhibitors which permit interaction with the aglycon binding site
should be more potent than those which lack this ability,5 and
the validity of this concept has been demonstrated.6 The
attachment of a second aglycone-mimicking sugar unit to an
iminosugar has been done in a number of ways, as for example
in the a,b-trehalose analogue 16a or by attachment via

nitrogen,6c,7 but the aza-analogues of disaccharides which can
be regarded as being closest in structure to the natural sequences
are those with an all-carbon link, namely the aza-C-disaccha-
rides prepared in the laboratories of Johnson8 and of Vogel and
van Boom,9 such as 28a,9 and 3.8c,9

In this communication we describe our preliminary results on
the synthesis of aza-C-disaccharides by a different synthetic
approach to those previously employed,8,9 and in which
stereoselective cycloaddition reactions between functionalized
cyclic nitrones and sugar alkenes are employed to establish the
disaccharide analogue; our approach is illustrated by the
synthesis of 4, related to the sequence a-D-Man(1?6)-a-D-Man
5, which is hydrolysed by Golgi a-mannosidase II during the
processing of N-linked glycans of glycoproteins,10 and of a
related aza-C-disaccharide 20.11

Treatment of 2,3-O-isopropylidene-D-lyxose 612 with TsCl-
pyridine (Scheme 1) gave in high yield the solid but somewhat
unstable tosylate 7, which was directly treated with excess
hydroxylamine to give predominantly (44–47%) the nitrone 8,†
together with smaller amounts (3–8%) of the nitrone 9 with a
five-membered ring. We consider that 9 is formed via
intermediates A and B (Scheme 1), whilst 8 is derived

predominantly by direct cyclisation of A,13 but also to a lesser
extent by 6-endo- ring closure of B.‡ In support of this, we have
shown that epoxide 10, on treatment with hydroxylamine, gives
(54%) a mixture of the enantiomers of 8 and 9 in a 1+1 ratio.

Methyl a-D-mannopyranoside was converted routinely (66%
overall) into 11 (see Scheme 2), which was oxidised and
converted to alkene 12. Reaction of 12 and nitrone 8 in toluene
at reflux led to the isolation of a crystalline cycloadduct 13 in
84% yield. The stereostructure of 13, which corresponds to
reaction on the face of 8 anti- to the isopropylidenedioxy group,
and via an exo-transition state,§ was indicated by NOESY data,
which were obtained at high temperature (120 °C) since at lower
temperatures signal-broadening was found, presumably due to
slow inversion at nitrogen. Strong interactions were observed
between 6-H and 7b-H, and between 7a-H and both 5-H and
8-H. The structure of 13 was subsequently confirmed by X-ray
crystallography.¶ The stereoselectivity of this cycloaddition is
enhanced (double stereodifferentiation) by the known facial
preference of chiral allylic ethers in cycloadditions, such that an
erythro-relationship between the stereocentres at C-5A and C-8
will be preferred.14

The cycloadduct 13 was acetylated, whereupon reductive
cleavage of the N–O bond was carried out using Mo(CO)6 in
aqueous acetonitrile,15 to give after protection of the amine the
benzyloxycarbonyl derivative 14. Deoxygenation to give 15
was carried out through the intermediacy of the imidazolyl-
thiocarbonyl derivative, but we observed that it was necessary
to carry out the reaction of 14 with thiocarbonyldiimidazole at
high concentrations and with excess of reagent in order to obtain
a high yield, an observation recently reported by others during
the synthesis of C-disaccharides.16 Routine deprotection of 15
then led to the aza-C-disaccharide 4, isolated as its hydro-
chloride (44% overall from 13).†

As a further example of this approach to aza-C-disaccharides,
reaction of nitrone 8 with the D-galactopyranosyl alkene 1617

gave in 88% yield the anti-, exo-cycloadduct 17† (Scheme 3),
together with 1% of the syn-, exo-isomer. The stereochemistry
of 17 again followed from NOESY spectra run at elevated
temperatures, with strong interactions being observed between

Scheme 1 Reagents and conditions: i, TsCl, pyridine–CHCl3, 5 h (76%); ii,
NH2OH·HCl, NaHCO3, MeOH–H2O, rt, 20h (44–47% 8, 3–8% 9).
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6-H and 7b-H, between 7a-H and both 5-H and 8-H, and
between 5A-H and both 6-H and 7b-H; these last interactions,
and the observed value of 7.4 Hz for J5A,8 imply a preferred
rotamer about the C-8–C-5A bond as indicated in 17 (for 13, J5A,8
= 2.4 Hz). This, and the configuration of 17, was confirmed by
X-ray crystallography of the crystalline O-acetyl derivative 18.
Reduction of 18, followed by N-protection and deoxygenation
under conditions of high concentration, gave 19, deprotected as
indicated in Scheme 3 to give the aza-C-disaccharide 20, as an
anomeric mixture (a+b, 5+2), in 48% overall yield from 18.

We thank EPSRC for financial support (GR/K97301) and for
access to facilities at the National Mass Spectrometry Service
Centre, and Dr Georgina Rosair for X-ray crystallography.
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LaSrMnO4F has been synthesised and shown to have a
staged structure in which the insertion of F atoms into the
parent LaSrMnO4 structure has occurred only in alternate
(La,Sr)O rocksalt blocks.

In recent years the synthesis of materials which are super-
conducting or exhibit high magnetoresistance behaviour has
been the focus of much attention from solid state chemists.
Interestingly, although the detailed mechanistic principles for
both classes of materials remain incomplete, the structural and
electronic requirements are sufficiently clear to allow the design
and synthesis of new materials. The two-dimensional structural
features and mixed valence (generally Cu2+/Cu3+) observed in
high temperature superconductors are now well known, and
similar criteria appear to be important for some oxides which
show high magnetoresistance at fairly low magnetic fields. The
importance of such materials was illustrated in the n = 2
Ruddlesden–Popper phase La1.2Sr1.8Mn2O7,1 which contains
Mn3+/Mn4+ and double layers of MnO6 octahedra linked
through corners. We have previously shown that for both
superconductors and layered manganese oxides, low tem-
perature fluorine insertion reactions provide not only the means
for achieving controlled increases in cation oxidation states
(associated with reduction of F atoms to F2 ions), but also new
low dimensional oxide–fluoride structures. This is exemplified
by the reactions of F2 gas with Sr2CuO3 or La1.2Sr1.8Mn2O7 to
form, respectively, superconducting Sr2CuO2F2.3 and ferro-
magnetic La1.2Sr1.8Mn2O7F2.2,3 In both reactions, fluorine
inserts between two adjacent AO rocksalt layers (these rocksalt
‘bilayers’ exist in both precursor oxides, with A = Sr for the
former compound and A = Sr/La for the latter). The insertions
cause increases in transition metal oxidation states, from Cu2+

to Cu2.3+ and Mn3.4+ to Mn4.4+.
Here, we report the structure and basic magnetic properties of

a new phase, LaSrMnO4F, in which fluorine is inserted between
alternate rocksalt bilayers. This is an example of a staged
insertion reaction for which the product contains layers with
fully occupied interstitial sites, regularly spaced between
completely empty layers, rather than a random distribution of
inserted species in all layers. Although staging occurs for the
intercalation of alkali metal and halogen atoms into graphite,4
and has also been reported for other layered materials, e.g.
AgxTiS2,5 we believe LaSrMnO4F provides the first example
relating to fluorine insertion in oxides. Synthetically the
observation could be significant, especially for magnetic
systems such as manganese oxides. For example, the successful
synthesis of a series of staged manganese oxide–fluorides with
different fluorine contents would produce materials with not
only a gradual change in Mn oxidation state, but also a gradation
of magnetic exchange interactions perpendicular to the ‘MnO2’
layers.

The precursor oxide LaSrMnO4 was prepared as described in
previous reports,6,7 and fluorination was achieved by exposing
the sample to a 10%F2/90%N2 gas mixture for 2 h at 200 °C.
Chemical analysis of the fluorinated phase (mass change on
fluorination, Mn oxidation state via titrimetry and F content via
thermogravimetric decomposition in 10%H2/90%N2) suggested
the approximate composition LaSrMnO4F1.7, which is indica-
tive of incomplete filling of the interstitial sites between the

rocksalt layers, since full occupancy would correspond to
LaSrMnO4F2. In order to prepare LaSrMnO4F, the original
fluorinated sample was mixed with an appropriate amount of
the precursor oxide (mole ratio 1.2+0.8) followed by heating the
mixture in air at 300 °C for 12 h. Iodometric titration indicated
a manganese oxidation state of 3.93(3)+, in satisfactory
agreement with the value of 4.0 expected for stoichiometric
LaSrMnO4F. Thermogravimetric analysis (to 600 °C, 10%H2/
90%N2) revealed a 3.5% weight loss during decomposition to
give a multi-phase product consisting of SrF2, La22xSrxMnO4
and MnO according to X-ray powder diffraction (XRPD)
analysis. The weight loss is sensitive to the F content and agrees
well with that expected (3.3%) for 1 mol of LaSrMnO4F
producing 1

2SrF2 + 3
4La1.333Sr0.667MnO4 + 1

4MnO. In addition,
phase analysis of the product using Rietveld refinement
procedures8 indicated a SrF2+La12xSrxMnO4 ratio of 0.72,
slightly higher than the 0.67 ratio expected for LaSrMnO4F. The
analytical data support  a composition close to stoichiometric
LaSrMnO4F, although a small amount of F substitution at O
sites may have occurred (LaSrMnO3.93F1.07 would correspond
to Mn3.93+ and produce a SrF2+La12xSrxMnO4 ratio of 0.73).

In order to obtain an insight into the structural characteristics
of LaSrMnO4F, XRPD data were collected (Siemens D5000,
primary Ge monochromator, PSD). It was clear that a fairly
close structural relationship existed between LaSrMnO4F and
its parent oxide LaSrMnO4, and the pattern was satisfactorily
indexed on a tetragonal unit cell (P4/nmm, a = 3.7749(1) Å, c
= 14.1049(3) Å). Fluorination results in a symmetry reduction
and a significant expansion of ca. 7.3% along c compared to the
precursor oxide LaSrMnO4 (I4/mmm, a = 3.7952(1) Å, c =
13.1410(9) Å). Structure refinement, using the program FULL-
PROF8 was performed. Several structural models were exam-
ined including those with F atoms statistically occupying
interstitial sites between all the (La/Sr)O rocksalt layers and
those where occupancy is confined to alternate layers only.
Only the latter model provided a basis to achieve satisfactory
agreement between the calculated and experimental XRPD
patterns. The F2 ions are located in the ideal interstitial
positions between one of the two (La/Sr)O bilayers in the unit
cell, and are tetrahedrally coordinated to 4 La/Sr sites. The fitted
profile is shown in Fig. 1 and Table 1 gives the refined atomic
coordinates and selected interatomic bond distances. In the
refinement, all sites occupied by a given ion were constrained to
have equal thermal parameters. The refined structure (Fig. 2)
clearly displays the staged arrangement of guest F2 ions within
the LaSrMnO4 host structural framework. Although O and F
atoms cannot be differentiated by XRPD, the anion assignments
in Table 1, which restrict F to only one of the two interstitial
positions, are supported by Madelung energy calculations.9
This analysis, based purely on electrostatic arguments, indicates
that the Madelung energy for the proposed anion distribution
(24 110 kJ mol21) is the highest of all possible arrangements;
the next highest (22 880 kJ mol21) corresponds to F occupying
the neighbouring O2 apical site. Bond valence sum calcula-
tions10 for the Mn–O bonds using ro for Mn(IV) yields a value
of 4.2 at the Mn site indicating that the Mn coordination is
consistent with Mn4+. The structure refinement clearly indicates
that fluorine insertion has occurred between alternate rocksalt
layers only. As a result, two quite different Mn–O apical bonds
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are present (Table 1 and Fig. 2): Mn–O2 bonds, which point
towards the F-containing layers, are significantly shorter than
the trans-Mn–O3 bonds owing to the influence of F–O2
repulsions.

Studies of the magnetic properties of this material (Cryo-
genics S100 SQUID, Fig. 3) revealed paramagnetic behaviour

above 10 K. Above 95 K, application of the Curie–Weiss law [c
= C/(T 2 q)], provides a negative value of the Curie–Weiss
constant (q = 280 K), suggesting antiferromagnetic inter-
actions are taking place. The effective moment, meff = 4.3 mB,
estimated from the linear part of the 1/c vs. T plot (Fig. 3), is
slightly higher than that expected for Mn4+ (spin-only moment
3.9 mB), and is consistent with the presence of some Mn3+. At
temperatures below 95 K we see the appearance of a
ferromagnetic component to the magnetic interactions. Further
studies are required to establish whether these are intrinsic or
extrinsic to the bulk LaSrMnO4F phase.

LaSrMnO4F has been synthesised and the most important
structural characteristics determined by XRPD. For the first
time, staged insertion of fluorine has been demonstrated such
that only alternate rocksalt regions of the parent structure have
been subject to intercalation. This is the first example of this
type of fluorinated oxide and suggests that other staged products
may be possible, not only for n = 1 Ruddlesden–Popper phases
such as LaSrMnO4 studied here, but for family members with
higher n. Such possibilities are currently under investigation.
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Notes and references
1 Y. Moritomo, A. Asamitsu, H. Kuwahara and Y. Tokura, Nature

(London), 1996, 360, 141.
2 M. Al-Mamouri, C. Greaves, P. P. Edwards and M. Slaski, Nature

(London), 1994, 369, 382.
3 C. Greaves, J. L. Kissick, M. G. Francesconi, L. D. Aikens and L. J.

Gillie, J. Mater. Chem., 1999, 9, 111.
4 A. F. Wells, Structural Inorganic Chemistry, 5th edn., Oxford

University Press, 1987.
5 K. K. Bardham, G. Kirczenow, G. Jackle and J. C. Irwin, Phys. Rev. B,

1986, 33, 4149.
6 A. Benabad, A. Daoudi, R. Salmon and G. Le Flem, J. Solid State

Chem., 1977, 22, 121.
7 R. K. Li and C. Greaves, J. Solid State Chem., 2000, 153, 34.
8 J. Rodriguez-Carvajal, FULLPROF, version 3.2, based on the original

code by D. B. Wiles and R. A. Young, J. Appl. Crystallogr., 1981, 14,
149.

9 J. W. Weenk and H. A. Harwig, J. Phys. Chem. Solids, 1977, 38,
1047.

10 I. D. Brown and D. Altermatt, Acta Crystallogr., Sect. B, 1985, 41,
244.

Fig. 1 Rietveld structure refinement based on XRPD data: solid curves
calculated and difference profiles; dots, observed profile; vertical bars,
reflection positions.

Table 1 Refined atomic coordinates and selected bond lengths for
LaSrMnO4F

Atom x/a y/b z/c B/Å2
Unit cell
occupancy

La1/Sr1 0.75 0.75 0.1167(1) 0.431(3) 1.00/1.00
La2/Sr2 0.75 0.75 0.4020(1) 0.431(3) 1.00/1.00
Mn 0.25 0.25 0.2720(2) 0.30(8) 2.00
O1 0.25 0.75 0.2781(6) 0.8(1) 4.00
O2 0.25 0.25 0.1483(8) 0.8(1) 2.00
O3 0.25 0.25 0.4197(8) 0.8(1) 2.00
F 0.25 0.75 0.0 0.3(2) 2.00

Bond lengths (Å):
Mn–O1
(34) 1.889(1) O2–F 2.817(8)
Mn–O2 1.745(12)
Mn–O3 2.083(12)

P4/mmm; a = 3.77486(8), c = 14.1049(3); Rwp = 2.53%. Rexp = 1.4%, c2

= 2.97.

Fig. 2 Structure of LaSrMnO4F showing the unit cell.

Fig. 3 Variation of magnetic susceptibility (c) and c21 with temperature
(T).
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N-(2-Iodoethyl) and N-(3-iodopropyl)pyrimidines and pur-
ines undergo stereoselective conjugate radical addition with
an optically active oxazolidinone acceptor to give syn-
adducts that can be converted into pyrimidine and purine
amino acids.

Peptide-based nucleic acid analogues (PNAs) have attracted
much attention as molecules with the potential to interact with
nucleic acid chains.1 Suggested applications include antisense
properties.2 Nielsen’s PNA has been shown to form duplexes
with the complementary DNAs.1 DNA recognition using
analogues with a ‘real’ peptide backbone has, however, proved
more elusive. Substituted alanine oligomers 1 (B = pyrimidine
or purine base) and homologues 2 (termed a-PNA3) do not
demonstrate hybridisation with DNA and insufficient flexibility
of the polypeptide chain has been suggested as the cause,4
whereas triplex formation between tetrapeptides of type 2 and
poly(dT) or poly(dU) has been reported.5 Our interest in
unusual amino acids led us to propose the homologous amino
acids 4 carrying the nucleic acid bases with a 3- or 4-methylene
tether to the peptide backbone, as components for PNA variant
3. Residues 4 are also analogues of natural pyrimidine and
purine amino acids.6 We report here our flexible methodology
based on stereospecific radical chemistry.7

In contrast to published routes to residues with C2 tethers,3,5,8

we determined to link preformed heterocycles with the peptide
backbone by forming a carbon–carbon bond in the tether, and
proposed to generate the C(b)–C(g) bond by conjugate radical
addition to chiral acceptor 7 (Scheme 1).9 The (S)-acceptor 8
was prepared from S-methyl-(R)-cysteine (Scheme 2) by
adaptation of a published sequence to the N-benzoyl analogue.10

syn-Sulfone 7 was formed as a 10+1 mixture with its anti-
diastereoisomer 6 [57% overall from S-methyl-(R)-cysteine]
and easily separated by column chromatography.10 The syn-
configuration was supported inter alia by mutual NOE
enhancements between C-2(H) and C-4(H). Base treatment
afforded (S)-oxazolidinone 8 as a crystalline solid.

The radical precursors were haloalkyl pyrimidines and
purines, prepared from the appropriately protected heterocyclic
base and an w-haloalcohol.11 Thus 3-benzoylthymine 912 was
coupled with 2-bromoethanol or 3-bromopropanol (DIAD,
Ph3P) to afford the 1-(w-bromoalkyl) derivatives 10a,b,
respectively (Scheme 3). Attempts to generate radicals from
these bromides proved fruitless, so they were converted directly
to the iodoalkyl compounds 10c,d, respectively (NaI, propa-
none reflux; 85, 87% from 9).

Iodide 10c was treated under two protocols differing in the
method for radical generation;9 method A: with oxazolidinone
8 (1 mol equiv.) in toluene at reflux containing AIBN (0.1 mol
equiv.) and dropwise addition of Bu3SnH (1 mol equiv.); or
method B: with oxazolidinone 8 (2 mol equiv.), Bu3SnCl (0.3
mol equiv.), NaBH3CN (2 mol equiv.) and AIBN (0.1 mol
equiv.) in tert-BuOH at reflux. Method A afforded the
conjugate addition product 11a (26%) and reduction product
12a (24%), whereas method B after 16 h afforded 54% of
conjugate addition products consisting of the adduct 11a (24%)
and the 3-debenzoylated derivative 11b (30%), with no reduced
material. The extent of debenzoylation was time dependent; a
reaction time of 40 h led to 11b as the sole addition product
(47%). This suggests the deacylation may be via hydride-
mediated reduction of the out-of-plane benzoyl carbonyl group,
a possibility supported by an observed decrease in debenzoyla-
tion when less NaBH3CN is used in method B, and that
debenzoylation of 10 occurs in the presence of NaBH3CN
alone.13 When 1-iodopropylthymine derivative 10d was treated
under method B, adduct 11c was not found and deacylated
adduct 11d was isolated (25%) along with reduction product
12b (75%).

We elected to extend these standard protocols (method B
preferred) to other pyrimidines and purines rather than optimise
each conjugate addition. Thus 3-benzoyluracil 1312 was

† Current address: Department of Chemistry, Loughborough University,
Leicestershire, UK LE11 3TU; e-mail r.c.f.jones@lboro.ac.uk

Scheme 1

Scheme 2 Reagents: i, NaOH aq.; ButCHO, Dean-Stark; iii, PhCH2OCOCl
(ZCl); iv, oxone®, MeCN–H2O; v, DBU.

Scheme 3 Reagents: i, HO(CH2)n+1Br, PriO2CNNNCO2Pri, Ph3P; ii, Nal,
Me2CO reflux; iii, Method A: 10 (1 mol equiv.), Bu3SnH (1 mol equiv.),
AIBN (0.1 mol equiv.), toluene reflux; Method b: 8 (2 mol equiv.), Bu3

SnCl (0.3 mol equiv.), NaBH3CN (2 mol equiv.), AIBN (0.1 mol equiv.).
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converted into the 1-(iodoalkyl) derivatives 14a,b (Scheme 4).
Method B applied to 14a afforded addition product 15a (41%)
and reduction product 12c (46%); when the reaction was left for
2 days, deacylated addition product 15b (51%) was isolated.
Homologue 14b gave debenzoylated adduct 15d (44%) with
reduced material 12d (51%).‡ In the purine series, the
9-(iodoalkyl)adenines 17a,b were prepared from (2-methylpro-
pionyl)adenine 1614 (Scheme 5). Using method B, iodoethyl
compound 17a led to the expected mixture of conjugate
addition [40%; acylated 18a (26%) and deacylated 18b (14%)]
and reduction [36%; acylated 19a (17%) and deacylated 19b
(19%)]. Iodopropyl derivative 17b likewise gave adducts [22%;
acylated 18c (12%) and deacylated 18d (10%)] and reduced
compounds [34%; acylated 19c (11%) and deacylated 19d
(23%)]. Finally, a protected guanine 20a15 was converted into
the 9-iodoethyl derivative 20b (Scheme 6) and method A led to
adduct 21 (21%) and reduction to 20c (20%).

The illustrated conjugate radical addition products were all
syn-adducts, as determined by NOE studies [enhancements
between C-2(H) and C-4(H)]. Only one diastereoisomer was
visible in the 1H NMR spectra at 300 MHz. All of these syn-
oxazolidinones could be easily and efficiently converted into N-
benzyloxycarbonyl-(S)-amino acids (suitable for peptide cou-
pling) by base hydrolysis (LiOH, aq. THF, 0 °C, 30–60 min;
70–98%). Thus the three thymine-substituted Z-amino acids
22a–c (having 3- or 4-carbon tethers for the pyrimidine) were
prepared from the adducts 11a,b,d, respectively. The uracil Z-
amino acids 22d–g were likewise prepared from adducts 15a–d,
respectively, as were adenine derivatives 23a–d (from 18a–d,
respectively) and guanine Z-amino acid 24a (from 21). To
monitor optical purity, the Z group was removed by hydro-
genolysis (Pd–C, EtOH–H2O; 60–80%) to afford the amino

acids 22h–n, 23e–g and 24b, analysed by esterification (AcCl,
EtOH, reflux) and subsequent conversion to the Mosher amides
(R-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl chloride, pyr-
idine);16 19F NMR spectroscopy revealed, e.g. 86–91% e.e. for
the amino acids 22i,j,l,m, and 23f.

We have thus made available a range of novel pyrimidinyl
and purinyl amino acids for application, for example, in PNA
variants.

We thank the Open University for financial support (com-
petitive studentship to D. J. C. B.) and the EPSRC National
Mass Spectrometry Service Centre (Swansea) for some MS
data.
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acceptor 8 in method B, but we more usually used 2 mol equiv. of this
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Scheme 4 Reagents: i, ii as Scheme 3; iii, Method B.

Scheme 5 Reagents: i, ii as Scheme 3; iii, Method B.

Scheme 6 Reagents: i, ii as Scheme 3; iii, Method A.
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An X-ray crystal structure determination reveals that
1,4,8,11,15,18,22,25-octaisopentylphthalocyanine adopts a
saddle conformation, a geometry which shows modified
spectroscopic properties and reduced photostability relative
to planar ring structures.

Phthalocyanines (Pcs) are important commercial dyes and
pigments1 but their interesting photophysical and conducting
properties2 also render them suitable for a number of ‘high-tech’
applications. Examples are used as charge carriers in photocopi-
ers, as dyes in laser/LED printing3 and as laser light absorbers
for optical data storage systems.4 Others are promising
candidates for exploitation in devices such as solar cells,5 gas
sensors6 and optical limiters7 and, in medicine, as singlet
oxygen photosensitizers for photodynamic therapy (PDT)8 and
as a therapy for transmissible spongiform encephalopathies.9
Such developments have benefited from the ease of tuning or
modifying the properties of the ring system. Principal strategies
involve ring substitution and incorporation of a metal ion or
metalloid element at the centre of the ring. However, the effect
of ring conformation on properties has not been adequately
addressed, a situation in marked contrast with studies of ring
distortion of the related porphyrin10 and tetrabenzoporphyrin11

systems. X-Ray structure determinations12 show that 1 is
essentially planar, allowing maximum delocalisation of the p
electron system. Analogues of 1 metallated with first row
transition metal ions are similar but larger metal ions, e.g. Pb
and Sn, distort the geometry.12 The present paper is concerned
with the use of substituents alone to distort ring geometry
through conformational stress. Previous X-ray studies on
substituted Pcs, though few,12 include those for two non-
peripherally substituted metal-free derivatives, 213 and 3.14 The
macrocyclic cores show some limited distortion from planarity,
vide infra, but potential conformational stress involving sub-
stituents is largely relieved through the location of some of them
orthogonal to the ring. Here we report results for 4,15 an
octaalkyl derivative in which the point of branching of the chain
is one bond closer to the core than in 3. The greater steric
congestion leads to a saddle shaped conformation of the ring
without precedent in the published literature on non-metallated
Pc derivatives.16 Solution phase spectroscopic properties and
photostability of 4 are compared with those of 2 and the straight
chain isomer of 4, viz., 5.

DSC analysis of 4, recrystallised from THF–MeOH, indi-
cated there is a crystal to crystal transition at 263 K. The X-ray
crystal structure of 4† at rt shows that the compound crystallises
in the centrosymmetric space group C2/c. The asymmetric unit

consists of half a molecule with the other half being generated
by a 2-fold rotation axis. However, there is disorder in the
positions of some of the atoms in the alkyl chains and evidence
of considerable thermal motion. An attempt to model the
disorder better by determining the crystal structure at low
temperature was thwarted by the structural phase transition at
263 K. On approaching this temperature the crystal began to
lose integrity as shown by smearing out of the diffraction spots
into arcs.

The rt data reveal unambiguously that the central core of the
molecule deviates markedly from planarity forming a saddle
shape, Fig. 1a and 1b. The dihedral angles between the pair of
planes formed by the isoindole units on either side of the core
are both 32.0°. The two crystallographically distinct five
membered rings make angles at 18.0 and 11.3° with the mean
plane generated by the four pyrrole type nitrogens. The
calculated positions of the hydrogen atoms attached to nitrogen
are therefore out of this plane. The molecules pack together to
form stacks, Fig. 1b, which run along the crystallographic c
axis. This involves a number of p-stacking interactions, the
shortest of which is 3.686 Å. The ring conformation of 4 differs
significantly from that adopted by 2,13 shown in Fig. 1c for
comparison. Here isoindole units on opposite sides of the ring
are located in parallel planes. The distances between one pair of
planes is 0.3 Å, for the other it is 0.15 Å.

Table 1 includes spectroscopic data for 2, 4 and 5.
Comparison of those for 2 and 4, the two compounds for which
crystal structure data are now available, shows there are clear
differences. In particular, the visible region absorption bands,
Qx and Qy, of 4 show a bathochromic shift and lowering of the
extinction coefficient relative to those of 2. This is consistent
with the trend detected upon distortion from planarity of  the 18
p electron system of porphyrins10 and indicates that the non-
planar structure of 4 persists in the solution phase.

1H-NMR spectral data obtained from dilute solutions at 50
°C, conditions devised to limit aggregation, show that the N-H
signal of 4 is to lower field than for 2. This may point to
differences in the degree of aggregation for the two compounds
and/or indicate a weaker ring current in 4 attributable to the
greater departure of the cyclic p electron system from planarity.
1H-NMR spectra of 4 recorded down to 270 °C in THF-d8
solution showed broadening and separation of two sets of
signals for the benzylic protons. However, there is no coupling
between them and we therefore assign the phenomenon to
slowing of N–H tautomerism rather than slowing of conforma-
tional inversion of a saddle structure for the ring itself. The latter
would render the CH2 protons diastereotopic.

Spectral data for 5 are more similar to those of 2 than 4. The
Q-band extinction coefficient and shielding of the N–H protons
is highest for 5 and offers an indication that the core of 5 may
be the least distorted of all three compounds. The data highlight
the potential for using spectroscopic parameters for assessing Pc
ring conformation in the solution phase.

Phthalocyanines are known to undergo photooxidative cleav-
age, particularly in the solution phase, leading to phthalimide
derivatives.17 Though a potential problem for the use of these
compounds in devices, photobleaching of Pc photosensitizers in
PDT treatment may provide a means of facilitating their
removal from patients. Photobleaching of 2, 4 and 5 as solutions
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in THF was monitored by the disappearance of the Q-band on
UV irradiation (S.Y.L.V.A.N.I.A. Blacklight-blue, 8 W),
(Table 1). The consumption of compound followed first order
kinetics with the rate of photobleaching slowest for 5 and fastest
for 4. This is likely to be a further manifestation of the
significant ring distortion of 4.

In conclusion, the work demonstrates that the conformation
of the Pc ring can be adjusted by judicious choice and location

of substituents leading to a concomitant fine tuning of
spectroscopic properties and photochemical stability.

This work was undertaken as a contribution to projects run
under the auspices of CEC COST programme 514 and CEC
RTN contract HPRN-CT-2000-00020.

Notes and references
† Crystal data for C72H98N8: M = 1075.58, monoclinic, C2/c, a =
20.433(5), b = 33.873(4), c = 10.025(4) Å, b = 110.12(2)°, Z = 4, rcalcd

= 1.097 Mg m23, 10287 reflections were collected of which 5349 were
unique (Rint = 0.584), 2qmax = 51.02°, graphite-monochromated Mo-ka
radiation (l = 0.71073 Å). Data were collected using a Rigaku R-AXIS IIc
area detector and corrected for Lorentz and polarisation factors but no
absorption correction was applied (m = 0.064 mm21). The structure was
solved by direct methods (SHELXTL-PLUS) and refined using full-matrix
least-squares on F2 using SHELX-93 software. The hydrogen atoms
associated with the ordered part of the molecule were placed on idealised
positions and allowed to ride on their parent atoms, no hydrogens were
placed on the disordered portion of the side chain. 384 parameters refined,
R1 = 0.1073 for F > 4s(F), wR2 = 0.3911 for all data S = 0.939,
maximum residual electron density (largest electron hole) 0.449 (20.260) e
Å23. CCDC 182/1786. See http://www.rsc.org/suppdata/cc/b0/b006935n/
for crystallographic files in .cif format.

1 F. H. Moser and A. L. Thomas, The Phthalocyanines, Vol. 2
Manufacture and Applications, CRC Press, Boca Raton, FL 1983.

2 Phthalocyanines: Properties and Applications, Vols. 1-4, ed. C. C.
Leznoff and A. B. P. Lever, VCH Publishers, New York, 1989, 1993,
1996; N. B. McKeown, Phthalocyanine Materials: Synthesis, Structure
and Function, Cambridge University Press, Cambridge, 1998.

3 P. Gregory, J. Porphyrins Phthalocyanines, 2000, 4, 432.
4 D. Birkett, Chem. Ind., 2000, 178.
5 H. Eichhorn, J. Porphyrins Phthalocyanines, 2000, 4, 88.
6 J. D. Wright, Prog. Surf. Sci., 1989, 31, 1; A. W. Snow and W. R. Barger

in Phthalocyanines—Properties and Applications, ed. C. C. Leznoff and
A. B. P. Lever, VCH Publishers, New York, 1989, 341.

7 J. S. Shirk, R. G. S. Pong, S. R. Flom, H. Heckmann and M. Hanack,
J. Phys. Chem., 2000, 104, 1438; G. de la Torre, P. Vázquez, F. Agulló-
López and T. Torres, J. Mater. Chem., 1998, 8, 1671.

8 H. Hasrat and J. E. van Lier, Chem. Rev., 1999, 99, 2379.
9 S. A. Priola, A. Raines and W. S. Caughey, Science, 2000, 287, 1503.

10 M. O. Senge, C. J. Medforth, T. P. Forsyth, D. A. Lee, M. M. Olmstead,
W. Jentzen, R. K. Pandey, J. A. Shelnutt and K. M. Smith, Inorg. Chem.,
1997, 36, 1149.

11 R.-J. Cheng, Y.-R. Chen, S. L. Wang and C. Y. Cheng, Polyhedron,
1993, 12, 1353.

12 M. K. Engel, Kawamura Rikagaku Kenkyusho Hokoku, (English), 1996,
11–54; Chem. Abs., 1997, 127, 313213.

13 I. Chambrier, M. J. Cook, M. Helliwell and A. K. Powell, J. Chem. Soc.,
Chem. Commun., 1992, 444.

14 M. J. Cook, J. McMurdo and A. K. Powell, J. Chem. Soc., Chem.
Commun., 1993, 903.

15 N. B. McKeown, M. J. Cook and I. Chambrier, J. Chem. Soc., Perkin
Trans. 1, 1990, 1169.

16 During the preparation of this paper, Dr N. B. McKeown, University of
Manchester, UK, informed us of unpublished work on a hexadeca
substituted Pc derivative which also adopts a saddle conformation.

17 A. K. Sobbi, D. Wöhrle and D. Schlettwein, J. Chem. Soc., Perkin
Trans. 2, 1993, 481; M. J. Cook, I. Chambrier, S. J. Cracknell, D. A.
Mayes and D. A. Russell, Photochem. Photobiol., 1995, 62, 542.

Table 1 Comparative spectroscopic and photodecomposition data for compounds 2, 4 and 5.

Solvent or
medium Parameter Compound 2 Compound 4 Compound 5

THF lmax Qx (e 3 1025)a 728 nm (1.68) 731 nm (1.55) 728 nm (1.77)
THF lmax Qy

a 696 nm (1.47) 701 nm (1.34) 696 nm (1.54)
KBr disc n N2H 3297 cm21 3302 cm21 3297 cm21

CHCl3 n N2H 3308 cm21 3310 cm21 3308 cm21

1023M, C6D6 d N2H (50 °C) 20.148 ppm 20.052 ppm 20.165 ppm
THF rel. k (photodecomp.)

b 1.13 1.43 1.00
a e values were obtained from the Beer–Lambert plots over the concentration range 5 3 1027 to 5 3 1025M. The plots remained linear up to 1 3 1024 M.
b Relative pseudo first order rates of photodecomposition in aerated solutions of compounds upon irradiation using UV lamps, starting molarity 1025 M.

Fig. 1 (a) Representation of the molecular structure of
1,4,8,11,15,18,22,25-octaisopentylphthalocyanine, 4. (b) The structure with
the alkyl chains removed for clarity and illustrating the stacking of the
molecules within a column. (c) A view of the ring conformation of
compound 213 with the hexyl groups removed.
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The tribenzyl complex (Pri
2tacn)Zr(CH2Ph)3 eliminates

toluene upon heating with concomitant ring-opening of the
anionic ancillary macrocycle to yield [CH2NCHNCH2-
CH2N(Pri)CH2CH2NPri]Zr(CH2Ph)2; the latter features a
new class of dianionic pincer ligand.

Non-metallocene complexes of Group IV metals have recently
been the subject of renewed interest due to the realization that
new ligand environments might result in novel patterns of
reactivity.1–3 For example, Group IV metal complexes bearing
bi-4–8 or tridentate9–15 diamide ligands have attracted attention
as potential alternatives to the classical homogeneous Ziegler–
Natta polymerization catalysts that are mostly based on bis- or
monocyclopentadienyl ligands. In contrast, tridentate mono-
amide ligands have received scant attention, an exception being
the tridentate, acyclic monoanion, [(Me2NCH2SiMe2)2N]2, for
which Ti, Zr and Hf derivatives have been described.16

We17 and others18 recently described the use of the lithium
salt of diisopropyltriazacyclonone as a synthon in the develop-
ment of new constrained-geometry ligand systems.17,18 By
utilizing a ligand system in which the nitrogen donors are part
of a macrocycle, we reasoned that metal complexes would
necessarily bind the azamacrocycle facially, in closer analogy to
cyclopentadienyl complexes. Here we report the use of this
fragment as an anionic, tridentate diamino-amido ancillary
ligand for the stabilization of zirconium complexes and the
conversion of this ligand into a dianionic acyclic variant.

As shown in Scheme 1, {(Pri
2tacn)Li}2 reacts with

ZrCl4(THF)4 in THF to yield the mono-ligand complex,

(Pri
2tacn)ZrCl3 1 as an analytically-pure pale yellow solid in

low yield. Alternately, 1 can be synthesized via a two-step
process in nearly 90% overall yield: reaction of (Pri

2tacn)H with
Zr(NEt2)4 quantitatively generates (Pri

2tacn)Zr(NEt2)3 2 as a
yellow oil which is sufficiently clean to be used without further
purification. The latter reacts smoothly with excess Me3SiCl in
hot toluene to give 1, which precipitates in pure form.
Compound 1 is soluble in methylene chloride and only
sparingly soluble in solvents such as THF, diethyl ether or
toluene.

(Pri
2tacn)H reacts with Zr(CH2Ph)4 in diethyl ether to form

the tribenzyl species (Pri
2tacn)Zr(CH2Ph)3 3 in good yield.

Compound 3 may also be synthesized from the trichloride 1 and
3 equiv. of benzyl Grignard, although the former reaction is
substantially cleaner. The 1H NMR spectrum of 3 shows a
doublet for the diastereotopic isopropyl resonances and the
methylene protons of the triazacyclononane ring appear as
broad singlets. Also, the two isopropyl methyl groups give rise
to a single peak in the {1H}13C NMR spectrum (18.9 ppm) in
contrast to the two distinct singlets observed for 1 (19.5 and 18.1
ppm). The six benzylic protons are equivalent on the NMR time
scale, resulting in a singlet in the 1H NMR spectrum (2.71 ppm)
and a broad resonance in the {1H}13C NMR spectrum
(76.1 ppm).

Compound 3 is monomeric in the solid-state (see Fig. 1)†
with the triazacyclononane ring attached facially to the metal
through all three nitrogen atoms. The zirconium center is best
described as distorted octahedral, with the N–Zr–Ctrans angles
ranging from 152.06(8) to 159.46(7)°; additionally, the three C–
Zr–C angles vary from 91.10(8) to 96.33(9)°. Two of the benzyl

Scheme 1 i, BuLi, Et2O, 278 °C; ii, ZrCl4(THF)2, THF, rt; iii, Zr(NEt2)4,
Et2O, 278 °C; iv, xs Me3SiCl, toluene, 90 °C; v, Zr(CH2Ph)4, Et2O,
278 °C; vi, 3 BzMgCl, Et2O, 278 °C; vii, 90 °C, benzene, 24 h.

Fig. 1 ORTEP view of (Pri
2tacn)Zr(CH2Ph)3 3 drawn with 50% probability

ellipsoids. Selected bond distances (Å) and angles (°): Zr1–N1 2.073(2),
Zr1–N2 2.604(2), Zr1–N3 2.479(2), Zr1–C1 2.347(2), Zr1–C8 2.326(2),
Zr1–C15 2.303(2); N1–Zr1–N2 70.00(7), N1–Zr1–N3 73.04(7), N1–Zr1–
C1 152.06(8), N1–Zr1–C8 88.12(8), N1–Zr1–C15 115.99(8), N2–Zr1–N3
73.01(6), N2–Zr1–C1 82.50(7), N2–Zr1–C8 108.67(8), N2–Zr1–C15
155.46(7), N3–Zr1–C1 104.15(8), N3–Zr1–C8 159.46(7), N3–Zr1–C15
85.79(7), C1–Zr1–C8 96.33(9), C1–Zr1–C15 91.10(8), C8–Zr1–C15
95.54(8), Zr1–C1–C2 116.3(2), Zr1–C8–C9 113.7(2), Zr1–C15–C16
133.5(2).
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ligands are positioned with their phenyl rings pointing down-
wards with respect to the tacn ring, while the third has its phenyl
ring pointing upwards, being disposed almost parallel to the
azamacrocycle. Two of the benzyl groups possess normal Zr–
C–C bond angles (113.7(2) and 116.3(2)°) while the third
displays an angle that is larger than expected (Zr1–C15–C16 =
133.5(2)°). The disposition of the benzyl groups is similar to
that found for Cp*Ti(CH2Ph)3, in which a single anomalous Ti–
C–C angle is a consequence of a double agostic CH2–Ti
interaction.19 Owing to the broadness of the peak arising from
the benzylic methylene groups in the {1H}13C NMR spectrum,
we were unable to extract the C–H coupling constant to
determine if any additional interaction was present in our case;
it is likely that this unusually large angle is a result of packing
forces in the crystal.

Heating (Pri
2tacn)Zr(CH2Ph)3 3 for 24 h at 80 °C results in

elimination of one equiv. of toluene and complete conversion to
a new metal complex. The 1H NMR spectrum reveals a total
lack of symmetry in solution as evidenced by the presence of
four isopropyl methyl doublets and separate multiplets for each
of the methylene protons of the ligand backbone. Particularly
diagnostic of this new species are resonances consistent with a
vinyl group; a doublet of doublets corresponding to one olefinic
proton is present at 7.92 ppm (3JH-HA = 8.4, 3JH-HB = 14.8 Hz)
with the other two protons of the vinyl unit giving rise to two
doublets farther upfield (4.12 ppm, 3JH-H’ = 8.4 Hz; 3.93 ppm,
3JH-H” = 14.8 Hz). These conclusions are supported by
{1H}13C NMR spectroscopy which shows four separate
isopropyl methyl peaks, two isopropyl methine resonances and
distinct peaks for four methylene groups of the ancillary ligand.
13C DEPT experiments allowed the vinyl resonances to be
assigned (143.1 and 79.0 ppm); the presence of a vinyl group is
visible in the IR spectrum which shows a strong absorption in
the olefinic region (ca. 1600 cm21).

To further investigate the structure of the thermolysis
product, we turned to X-ray diffraction (Fig. 2).† The ORTEP of
4 shows that the zirconium center is coordinated by two benzyl
groups and a new tacn-derived pincer ligand in which the
original anionic, macrocyclic, diamino-amido ligand has been
transformed into a dianionic, acyclic, diamido-amino moiety.
Additionally, one of the ethylene units of the triazacyclononane
ring has been converted into a vinyl group (C15–C16). The
zirconium center is best described as distorted trigonal bipyr-
amidal, with N1 and N3 occupying the axial sites (N1–Zr1–N3
= 142.3(2)°). Both amido nitrogens in 4 display trigonal planar

geometries, with the sum of the three angles subtended by
nitrogen approaching 360°. The metal center displays two short
zirconium–nitrogen bonds (Zr1–N1 = 2.131(5), Zr1–N3 =
2.043(5) Å) and one longer bond (Zr1–N2 = 2.410(5) Å)
consistent with a diamido-amino ligand. The benzyl groups are
unremarkable (Zr–C–Cbenzyl = 109.2(4), 114.7(4)°), although
they are inequivalent by 1H and 13C NMR spectroscopy. This
implies that the structure observed in the solid state is
maintained in solution, and the benzyl groups are not averaged
by some fluxional process as is observed for tribenzyl 3.

In order to test the generality of this reaction, (Pri
2tacn)ZrCl3

1 was reacted with three equiv. of RLi (R = Me, CH2SiMe3,
Ph). The NMR spectra of these products also indicate the
formation of [CH2NCHNCH2CH2N(Pri)CH2CH2NPri]ZrR2
with the elimination of the corresponding alkane. A related
ligand decomposition has been observed for the tantalum
species [N3N]TaMe2 ([N3N] = [N(CH2CH2NSiR3)3]32, R =
Me20, Et21). Thermolysis of the deuterated complex (Pri

2-
tacn)Zr(CD2C6D5)3 affords C7D7H, ruling out a-hydrogen
abstraction and a benzylidene intermediate. A more detailed
study of the kinetics and mechanism of this ring-opening
reaction will be reported shortly, along with other examples of
the synthetic utility of (Pri

2tacn2).
This work was supported by the Department of Energy

contract no. DE-AC03-76SF00098.

Notes and references
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= 0.043, Rw = 0.054. CCDC 182/1783. See http://www.rsc.org/suppdata/
cc/b0/b005675h/ for crystallographic files in .cif format.
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Fig. 2 ORTEP view of [CH2NCHNCH2CH2N(Pri)CH2CH2N-
Pri]Zr(CH2Ph)2 4 drawn with 50% probability ellipsoids. Selected bond
distances (Å) and angles (°): Zr1–N1 2.131(5), Zr1–N2 2.410(5), Zr1–N3
2.043(5), Zr1–C1 2.289(6), Zr1–C8 2.295(6), C15–C16 1.317(9); N1–Zr1–
N2 71.3(2), N1–Zr1–N3 142.3(2), N1–Zr1–C1 100.5(2), N1–Zr1–C8
94.3(2), N2–Zr1–N3 71.5(4), N2–Zr1–C1 124.3(2), N2–Zr1–C8 125.1(2),
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The reaction of NaBH4 with the bis-nitrile compound
[Mo2Cp2(m-SMe)3(MeCN)2](BF4) 1 unexpectedly gives rise
to the rare, stable m-(h1-H):(h1-H) tetrahydroborato complex
[Mo2Cp2(m-SMe)3(m-BH4)] 2, in addition to the expected
azavinylidene product [Mo2Cp2(m-SMe)3(m-h1-NCHMe)]  3.

The versatility shown by the tetrahydroborate anion in binding
to transition metal ions is well known: it can bind end-on to a
single metal atom through one, two or three hydrogen atoms
[h1-H, h2-H,H or h3-H,H,H modes] or side-on via an h2-B,H
interaction.1,2 The same variable hapticity is observed in metal
clusters: BH4

2 can link two metal atoms through m-(h3-
H,H,H)+(h3-H,H,H), m-(h2-H,H):(h2-H,H), m-(h1-H)+(h1-H) or
m-(h2-H,H)+(h1-H) bridges.2 Of these four bridge types only the
{M2(m-h2+h2-BH4)} core, which is a straightforward modifica-
tion of the end-on h2-H,H mode of coordination, is relatively
common. The {M2(m-h1+h1-BH4)} bridge is particularly rare:
we know only of single structurally characterized examples for
three metals: Ir, Ru and Mn.3–5 The three complexes involved
each contain H2 as well as BH4

2 ligands and were obtained
during studies of the synthesis and reactivity of polyhydride
complexes in whose formation they are thought to be inter-
mediate.3,4

We now report that NaBH4 in acetonitrile reacts readily at
room temperature with the bis-nitrile compound [Mo2Cp2(m-
SMe)3(MeCN)2](BF4)16 to afford a true m-h1-h1-tetrahydro-
borate bridge in the novel, diamagnetic complex [Mo2Cp2(m-
SMe)3(m-BH4)] 2, together with the azavinylidene product
[Mo2Cp2(m-SMe)3(m-h1-NCH(Me)] 3. Formation of 2 involves
substitution of the two acetonitrile ligands by BH4

2, while the
azavinylidene species 3 arises from the transfer of hydride to a
coordinated acetonitrile (Scheme 1). Complexes 2 and 3 were
obtained in different ratios which depend upon the solvent: 2+3
= 80+20 in MeCN but 20+80 in THF. They were separated by
chromatography on a silica gel column using hexane–dichloro-
methane as eluent. Recrystallisation of 2 and 3 from diethyl
ether afforded orange crystals.† 2 and 3 have been fully

characterized by NMR and IR spectroscopy, microanalysis, and
single crystal X-ray analysis.‡§

The IR and 11B{1H} NMR spectra both revealed the presence
of coordinated borohydride in 2. In the 11B{1H} NMR spectrum
a single broad resonance at d 227.0 confirmed these assign-
ments. The 1H NMR spectrum displayed a broad high-field
resonance at d215.79 (in CDCl3) assignable to two equivalent
Mo–H–B bridges. The detection of the two terminal hydrogens
bound to the boron atom, at d 2.32 and 1.28, required the
recording of a 1H spectrum with selective 11B decoupling. The
results of 2D 1H–1H and 1H–11B correlation NMR experiments
are in accord with these assignments. A 11B-decoupled 1H–1H
2D-experiment showed the two resonances at d 2.32 and 1.28,
to be coupled to each other and also to the peak at d215.79 (in
toluene-d8), and a 1H–11B inverse-correlation experiment
confirmed that these protons are bound to the boron atom. The
well resolved 2JHH couplings (ca. 18, 3 and 3 Hz) suggested
significant deviations from regular tetrahedral coordination at
the boron atom. Moreover, the observation of these couplings at
room temperature and further variable temperature NMR
experiments between 293 and 363 K implies that the commonly
observed interchange of bridging and terminal hydrogens in
BH4 does not occur in 2 in this temperature range. The structure
of 2 (Fig. 1)§ involves covalent interaction of the {Mo2Cp2(m-
SMe)3}+ moiety with a BH4

2 anion through two bent 3c–2e
Mo–H–B bonds [Mo–Hb 1.87(5), 1.84(5); B–Hb 1.19(5),
1.20(5) Å; Mo–H–B 121(3), 125(3)°]. The molecule contains a
distorted tetrahedral m-h1+h1-BH4 ligand in which the bridging
B–Hb bonds are somewhat longer than the terminal B–Ht bonds

Scheme 1

Fig. 1 An ORTEP drawing (20% thermal ellipsoids) of the complex
[Mo2Cp2(m-SMe)3(m-BH4)] 2. Selected bond lengths (Å) and angles (°):
Mo1–Mo2 2.653(1), Mo1–S1 2.4544(12), Mo1–S2 2.4313(12), Mo1–S3
2.4499(12), Mo2–S1 2.4513(11), Mo2–S2 2.4280(12), Mo2–S3
2.4531(12); Mo2–S1–Mo1 65.48(3); Mo2–S2–Mo1 66.18(3), Mo2–S3–
Mo1 65.52(3); Mo1–H2 1.87(5), Mo2–H3 1.84(5), B1–H2 1.19(5), B1–H3
1.20(5), B1–H1 1.08(5), B1–H4 1.11(5); H2–B1–H4 96(3), H3–B1–H4
98(3), H1–B1–H2 118(4), H1–B1–H3 115(4), H2–B1–H3 110(3), H1–B1–
H4 116(4), Mo1–H2–B1 125(3), Mo2–H3–B1 121(3). Minor disorder sites
of the bridging ligands [occupancy 5.6(2)%] are not shown.
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[B–Ht 1.08(5), 1.11(5) Å]. The Mo–B distances [2.681(6),
2.711(6) Å] are nearly equal and their length suggests that there
is little or no direct Mo–B bonding. Indeed, they are longer than
the single Mo–Mo bond [2.653(1) Å]. In all other {M2(m-h1+h1-
BH4)} bridge systems the M–B distances are shorter than the
M–M bond length. Thus, in the diiridium complex [Ir2(C5-
Me5)2H3(m-BH4)] the Ir–B distances are 2.214(4) Å, compared
with an Ir–Ir bond length of 2.823(1) Å. In this case it has been
suggested that the two bridging hydrogen atoms of the BH4

2

ligand are almost completely transfered to the iridium atoms
and that the BH4

2 coordination should be described as m-(h2-
B,H)+(h2-B,H) rather than m-(h1+h1-BH4).3 In the dimanganese
species [Mn2(m-H)(m-BH4)(CO)6(m-Ph2PCH2PPh2)]5,7 the Mn–
B distances [2.557(3), 2.607(4) Å] are again shorter than the
Mn–Mn bond length [2.989(1) Å] and may indicate some direct
Mn–B bonding. The Mn–H bond lengths [1.65(4), 1.68(4) Å]
are slightly shorter than the Mo–H distances in 2. The B–Hb
[1.24(4), 1.18(4) Å] and B–Ht [1.08(4), 1.09(4) Å] distances are
comparable with those in 2 indicate that hydrogen transfer from
boron to the metal atoms is small compared with the Ir2
complex. The third example of a m-(h1+h1-BH4) ligand is found
in [Ru2(C5Me5)2H3(m-BH4)].4 The Ru–B distances [2.406(4)
Å] are consistent with closed 3c–2e Ru–H–B interactions
though they are again shorter than the Ru–Ru bond [2.895(1)
Å].8 Two features of complex 2 appear therefore to be
unprecedented: (i) the presence of a m-h1+h1-tetrahydroborate
bridge which involves very weak or no direct interaction
between boron and the metal atoms and (ii) the stability of this
bridge which does not depend on the presence of H2, as is the
case with the Ir, Mn and Ru species.

The hydride transfer from BH4
2 to the dimolybdenum site is

stopped at a very early stage in 2. The reaction can also continue
to completion, with hydride adding to one acetonitrile ligand, as
is shown by the isolation and characterization of 3.‡ In the IR
spectrum of 3 a CNN bond was revealed by a typical band at
1624 cm21. In the 1H NMR spectrum a quadruplet at d 7.69 and
a doublet at d 1.82 (JHH 4.6 Hz) indicate that a hydride has been
transferred to one of the acetonitrile ligands. The structure of 3
was confirmed by X-ray analysis (Fig. 2).§ It was found to
consist of a typical [MoIII

2Cp2(m-SMe)3] unit6 bridged by the
nitrogen atom of the azavinylidene NNC(H)Me ligand.

The reaction of BH4
2 with transition metal halides is a

standard route to the borohydride complexes which are thought
to be intermediates in the conversion of metal halides to metal
hydrides.2a The simultaneous formation of 2 and 3 reveals a

competition between the incomplete transfer of hydride to the
bimetallic site and the reduction of one acetonitrile ligand
(MeC·N) into an azavinylidene group (MeCHNN), this latter
transformation being favored in THF rather than in acetonitrile.
Finally, the four known structural examples of M2(m-BH4)
system may represent different stages in the double s-activation
of an XH4 entity at a bimetallic site: in 2 and in the Mn complex
the H atoms bridge M and B atoms which do not interact
directly; in the Ir complex H transfer is nearly complete and the
Ir–B distance is close to the value expected for a single bond; an
intermediate stage between these extremes is illustrated by the
Ru complex. Further experiments to convert 2 into dimolybde-
num hydride and dimolybdenum borane complexes of higher
nuclearity are now under investigation.

Notes and references
† Experimental procedure: A solution of 1 (0.2 g, 0.32 mmol) in acetonitrile
(10 mL) [or a suspension of 1 in thf (10mL)] was treated with NaBH4 (20
mg, 0.53 mmol) at room temperature. The red solution turned readily to
orange. After stirring for 5 min the solvent was removed under vacuum and
the residue was extracted with diethyl ether. This extract was chromato-
graphed on a silica gel column and elution with hexane–dichloromethane
gave two orange bands of 2 and 3. Recrystallisation from diethyl ether of the
two fractions afforded orange crystals of 2 (92 mg, 60%, in MeCN) and 3
(8 mg, 5%, in MeCN). Anal. for C13H23BMo2S3 2. Calc.: C, 32.6; H, 4.8;
B, 2.3. Found: C, 32.4; H, 4.8; B, 2.0%. Anal. for C15H23NMo2S3 3. Calc.:
C, 35.6; H, 4.6; N, 2.8. Found: C, 35.9; H, 4.7; N, 2.8%.
‡ Selected spectroscopic data: for 2: IR (KBr pellet, cm21): n(BH)t: 2449s,
2375s, 2245w; n(BH)b+1871. 1H{11B} NMR (toluene-d8), d 4.94 (s, 10H,
C5H5), 2.32 [td, JHH 18.3, JHH 3.0 Hz, 1H, Mo2(m-H)2BH2], 1.89 (s, 3H,
SCH3), 1.65 (s, 3H, SCH3), 1.42 (s, 3H, SCH3), 1.28 [br m, 1H, Mo2(m-
H)2BH2], 215.53 [dd, JHH 18.3, JHH 3.0 Hz, 2H, Mo2(m-H)2BH2]. 11B
NMR (CDCl3), d 227.0 (br s, Mo2(m-H)2BH2]. For 3: IR (KBr pellet,
cm21): n(CNN), 1624. 1H NMR (CDCl3), d 7.69 (q, JHH 4.6 Hz, 1H, Mo2-m-
NNCHCH3), 5.41 (s, 5H, C5H5), 5.23 (s, 5H, C5H5), 1.82 (d, JHH 4.6 Hz, 3H,
CH3), 1.72 (s, 3H, SCH3), 1.26 (s, 3H, SCH3), 1.22 (s, 3H, SCH3). 13C{1H}
NMR (CDCl3), d 167.7 (br s, Mo2-m-NNCHCH3), 93.0 (C5H5), 91.1 (C5H5),
29.7, 23.4 15.4 (NNCHCH3 + SCH3).
§ Crystal data: for 2: C13H23BMo2S3, M = 478.18, monoclinic, space
group P21/n, a = 11.7445(13), b = 10.4279(7), c = 14.196(2) Å, b =
100.77(1)°, U = 1707.9(3) Å3, Z = 4, Dc = 1.860 Mg m23, m = 1.819
mm21, F(000) = 952. 8632 reflections measured, 3366 unique (Rint =
0.011) used in refinement. R1[2373 with I > 2s(I)] = 0.027, wR2(all data)
= 0.070. For 3: C15H23Mo2NS3, M = 505.40, orthorhombic, space group
P212121, a = 10.1071(12), b = 13.1712(17), c = 14.0181(18) Å, U =
1866.1(4) Å3, Z = 4, Dc = 1.779 Mg m23, m = 1.672 mm21, F(000) =
1008. 4219 reflections measured, 3961 unique (Rint = 0.051) used in
refinement. R1[3296 with I > 2s(I)] = 0.057, wR2(all data) = 0.16. Flack
absolute structure parameter x = 0.21(12).9

CCDC 182/1791. See http://www.rsc.org/suppdata/cc/b0/b006457m/ for
crystallographic files in .cif format.
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Fig. 2 An ORTEP drawing (20% thermal ellipsoids) of the complex
[Mo2Cp2(m-SMe)3(m-h1-NNCHCH3] 3. Selected bond lengths (Å) and
angles (°): Mo1–Mo2 2.564(1), Mo1–S1 2.446(2), Mo1–S2 2.450(2), Mo1–
S3 2.467(2), Mo2–S1 2.448(2), Mo2–S2 2.456(2), Mo2–S3 2.472(2), Mo1–
N1A 2.089(8), Mo2–N1A 2.067(8), N1A–C4A 1.38(2), C4A–C5A 1.58(3);
Mo1–S1–Mo2 63.18(5), Mo1–S2–Mo2 63.01(5), Mo1–S3–Mo2 62.54(5),
Mo1–N1A–Mo2 76.2(2). Random disorder of the azavinylidene C atoms
over two sites is not shown.
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The largest perfluoro macrocycles, perfluoro [60]-crown-20
and perfluoro [30]-crown-10, have been synthesized using
the new continuous addition solution phase direct fluorina-
tion technique and characterized using 19F NMR and mass
spectrometry.

The syntheses of perfluoro crown ethers were first reported in
1985.1 Perfluoro macrocycles have important medical applica-
tions such as 19F NMR imaging and oxygen carrier applica-
tions.2,3 Perfluoro crown ethers generally do not form stable
complexes with cations because the basicities of perfluoro
crown ethers dramatically decrease as the amount of fluorine
substitution increases.4,5 However, perfluoro crown ethers form
complexes with anions, such as O2

2 and F2, in gas phase
reactions.6 Prior to 1997, only thirteen perfluoro macrocycles
were reported and all were synthesized by members of our
fluorine research group using low temperature, below room
temperature, direct fluorination synthetic techniques.1,3,7–9 In
this paper, we have explored the possible synthesis of
perfluorinated organic compounds at higher temperature, above
room temperature, during the initial stage of fluorination. The
largest perfluoro macrocycles, perfluoro [60]-crown-20 1 and
perfluoro [30]-crown-10 2, have been successfully synthesized
by using a new continuous addition solution phase direct
fluorination technique. In the future, the synthesis of higher
molecular weight perfluoro macrocycles will enable us to
further explore the chemistry of the perfluoro macrocycles, such
as ion complex chemistry and oxygen carrier applications.

In general, the rate of fluorination must be slow enough to
allow vibrational energy relaxation processes to occur by
collisions in an inert solvent. Many direct fluorination reactions
are performed below room temperature during the initial stage
of fluorination because reaction rates are so fast that excessive
fragmentation occurs and a much lower temperature is required.
We initially lowered the fluorination temperature to minimize
possible ring opening reactions during fluorination of
[60]-crown-20. Several first attempts to perfluorinate
[60]-crown-20 at lower temperatures, 0, 210, 220 and 230 °C,
during the initial stage of fluorination were unsuccessful.
Interestingly, as the temperature of the initial stage of
fluorination decreased, the degree of fluorination decreased and
only partial fluorination occurred. These observations were
confirmed by 1H, 19F NMR spectroscopy and mass spectrome-
try. Therefore, we increased the initial stage reaction tem-
perature to 26 °C and succeeded in the synthesis of perfluoro
[60]-crown-20 1.

At room temperature, [60]-crown-20 molecules are con-
formationally flexible8 and hydrogen atoms can be replaced by
fluorine even at sites which are sterically protected by the
configuration of the carbon skeleton of [60]-crown-20 during
fluorination. In contrast, the [60]-crown-20 molecules are less
flexible at lower temperatures. Once the ‘surface’ hydrogen
atoms of [60]-crown-20 are replaced by fluorine, the non-
bonding electron cloud of the fluorine atoms tends to repel the

oncoming fluorine molecules as they approach the [60]-crown-
20 molecules and only partially fluorinated products are
obtained. Under such vigorous fluorination conditions, higher
temperature solution phase fluorination, fragmentation products
were also obtained and the yield of perfluoro [60]-crown-20
was 14%. However, perfluoro [30]-crown-10 2 was synthesized
in 50% yield using the direct fluorination method with reaction
temperatures escalating from 220 to 26 °C, as described in the
literature.9,10 The spectral data were in agreement with the
structural assignments of perfluoro [60]-crown-20 1 and
perfluoro [30]-crown-10 2.11

In conclusion, the largest perfluoro macrocycle, perfluoro
[60]-crown-20 1 and perfluoro [30]-crown-10 2, were synthe-
sized by direct fluorination and characterized using 19F NMR
spectroscopy and mass spectrometry. Perfluoro [60]-crown-20
1 and perfluoro [30]-crown-10 2 are expected to be biologically
inert, in contrast to their hydrocarbon analogues, and may be
useful in biological or medical applications where physio-
logically inert or oxygen carrying fluids are required. Perfluoro
[60]-crown-20 1 has also shown potential as a very clean, high
mass compound for use as a mass spectral marker material in the
chemical ionization negative mode.

The authors are grateful for the financial support from the
National Science Foundation (CHE 9972888).
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11 The starting materials, [60]-crown-20 and [30]-crown-10, were synthe-
sized by the following procedures from the literature (ref. 8). Synthesis
of perfluoro [60]-crown-20. In a typical reaction, the direct fluorination
reaction was performed in a similar manner to the reactions that have
been described in the literature (ref. 9 and 10). [60]-Crown-20 (1 g) was
dissolved in 1,1,2-trichloro-1,1,2-trifluoroethane (300 mL) and chloro-
form (3 mL), then the solution was slowly introduced into a stainless
steel reactor which contained 1,1,2-trichloro-1,1,2-trifluoroethane (600
mL), sodium fluoride (100 g) and a fluorine–helium mixture. During the
next 72 h the relative fluorine concentration was slowly increased.
Filtration of the solution and removal of 1,1,2-trichloro-1,1,2-trifluoro-
ethane by simple distillation produced a white waxy solid and a viscous
oil. The product was purified by preparative gas chromatography on an
OV-210 column at 200 °C. Pure perfluoro [60] crown-20 was collected
by preparative GC as white waxy solid in 14% yield. Negative chemical
ionization mass spectrometry: m/z (formula, identification, intensity)
2320 (C40F80O20, M2, 100). The elemental compositions were studied
by high resolution mass spectrometry in chemical ionization negative
mode. The results were consistent with C40F80O20 (Calc.: 2319.7706;
Found: 2319.7688). 19F NMR (CFCl3) d 289.45 (s, 80F). Synthesis of
perfluoro[30]-crown-10. Perfluoro [30]-crown-10 was synthesized in a
similar manner to perfluoro [60]-crown-20. The product was purified by
preparative gas chromatography on a OV-210 column at 150 °C. Pure
perfluoro [30]-crown-10 was collected by preparative GC as a colorless
liquid in 50% yield. Fast atom bombardment (FAB) mass spectral
analysis (negative mode): m/z (formula, identification, intensity) 1159
(C20F40O10, M2, 100). The elemental compositions were studied by
high resolution mass spectrometry in FAB negative mode. The results
were consistent with C20F40O10 (Calc.: 1159.8853; Found: 1159.8844).
19F NMR (CFCl3) d 289.48 (s, 40F). More experimental details are
described in ESI.†
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Magnetic susceptibility measurements on a structurally
characterized nickel(II) complex of a tridentate verdazyl
radical indicate very strong ferromagnetic Ni–verdazyl
intramolecular exchange interactions (J > +200 cm21).

Metal complexes of coordinated radicals have been actively
pursued as components of new molecular magnetic materials. A
principal advantage of paramagnetic ligands is that direct
magnetic exchange coupling between metal and ligand spins is
possible. Although a large number of metal–radical systems
have been studied, the variety of radical-based ligands is
somewhat limited. Most work has been carried out with ligands
based on the nitroxide family1–3 and TCNE4 and TCNQ5 radical
anions, although there has been a growing interest in exploring
alternative radicals as ligands.6 Derivatives of the verdazyl
radical family7 offer an attractive alternative to the conventional
radical ligands because of their abundance of donor atoms.
Verdazyls such as pyvd and bvd possess chelating environments
that are excellent structural mimics of 2,2A-bipyridine and 2,2A-
bipyrimidine, respectively, and transition metal complexes of
both radicals have been reported.8–11 Given the huge interest
and success in employing oligopyridines as ligands in metallo-
supramolecular chemistry,12–14 it is appealing to consider
creating oligopyridine analogues in which one or more of the
heterocyclic rings is replaced by a verdazyl radical. The
preservation of the chelating environment makes such systems
attractive both for self-assembly processes and for the desirable
metal–radical exchange coupling. As an initial foray in this
direction, we present the synthesis, coordination chemistry, and
magnetic properties of a nickel complex of the tridentate
verdazyl 1,5-dimethyl-3-(2,2A-bipyridin-6-yl)-6-oxoverdazyl,
bipyvd, a radical that possesses a coordination pocket analogous
to that of 2,2A:6A,2B-terpyridine.

The bipyvd ligand was prepared15 from 2,2A-bipyridine-
6-carbaldehyde16 using established procedures.17,18 Reactions
of bipyvd with NiCl2 in the presence of NaPF6 produced
Ni(bipyvd)2

2+·2PF6
2 (1) which crystallized as an acetone

solvate.‡ Fig. 1 shows the molecular structure of the cation of 1,

which consists of two tridentate bipyvd ligands surrounding the
nickel ion in a pseudo-octahedral coordination sphere.§ The
local geometry at the nickel is D2d distorted from ideal
octahedral geometry, as is also the case for structurally
characterized Ni(terpy)2

2+ complexes.19,20 The six Ni–N bonds
occur in three pairs with a distinct progression of bond lengths:
two short bonds to each of the central pyridine nitrogens (N5
and N11, mean bond length 1.996 Å), two slightly longer bonds
to the terminal pyridine nitrogens (N6 and N12, 2.098 Å) and
two yet longer bonds to the verdazyl ring nitrogens (N1 and N7,
2.211 Å). The structural features of the verdazyl rings of the
ligands are quite similar to other 1,5-dimethyl-6-oxoverdazyls,
although there is a slight asymmetry in the bond lengths and
angles induced by coordination to nickel (see supporting
information). Each of the two bipyvd ligands are essentially
planar and are oriented perpendicular to one another, with an
interligand dihedral angle of 92.4°. Overall, the general
structural features of this complex, particularly with respect to
the local coordination environment at Ni, are strongly reminis-
cent of Ni(terpy)2

2+-based systems,19,20 further validating the
structural analogy between oligopyridine-substituted verdazyls
and the ‘parent’ oligopyridines.

The UV–visible spectrum of 1 exhibits an absorption
maximum at 438 nm (e = 5700 L mol21 cm21), which is
slightly red shifted with respect to the spectrum of free bipyvd
(lmax = 400 nm, e = 1900). The complex is therefore
appropriately described as consisting of a nickel(II) center and
two radicals. The temperature dependence of the effective

† Electronic supplementary information (ESI) available: partial packing
diagram for 1. See http://www.rsc.org/suppdata/cc/b0/b006520j/

Fig. 1 Molecular structure of the Ni(bipyvd)2
2+ dication of 1 (30%

probability thermal ellipsoids). Selected bond lengths (Å) and angles (°)
Ni(1)–N(1) 2.209(3), Ni(1)–N(5) 2.000(3), Ni(1)–N(6) 2.101(3), Ni(1)–
N(7) 2.212(3), Ni(1)–N(11) 1.991(3), Ni(1)–N(12) 2.094(3); N(1)–Ni(1)–
N(6) 154.59(12), N(7)–Ni(1)–N(12) 155.58(11), N(5)–Ni(1)–N(11)
175.08(11).
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magnetic moment of 1 is presented in Fig. 2.¶ The room
temperature value (4.4 mB) is significantly higher than that
expected for a non-interacting S = 1 NiII ion and two S = 1

2

radicals (3.9 mB for g = 2.1). As the temperature decreases, meff
increases to a maximum value of 4.8 mB at 85 K and then rapidly
decreases on further cooling. The high temperature behaviour
provides evidence for strong ferromagnetic interactions be-
tween the NiII spins and each of the two radical centers. The
magnetic data were fitted to a three-spin model in which the two
radicals (SA1 = SA2 = 1

2) are both ferromagnetically coupled to
a nickel ion (SB = 1) by exchange constant J1 and coupled to
each other with value J2. Attempts to model the magnetic
behaviour of 1 yielded several different solutions with essen-
tially the same quality fits to the experimental data. In these
various solutions, the radical–radical coupling J2 varied from
+40 to 270 cm21, precluding any firm conclusions regarding
the nature of the magnetic interactions between coordinated
radicals. The metal–radical exchange J1 was also variable,
although the smallest acceptable fitted value was +200 cm21

(and values of up to +330 cm21 were obtained in some
solutions). This implies that the observed magnetic properties
are largely determined by the very strong ferromagnetic metal–
radical coupling. The uncertainty in the coupling parameters
may be a reflection of the difficulties associated with quantify-
ing exchange integrals in strongly ferromagnetically coupled
systems.21 We are currently preparing analogous bipyvd
complexes of diamagnetic metal ions in order to explicitly
determine the radical–radical coupling. In the absence of any
knowledge regarding the true value of J2 we arbitrarily set it
equal to zero, producing the following parameters: J1 = +320
cm21, J2 = 0 cm21, g = 2.11, q = 25 K, TIP (temperature-
independent paramagnetism) = 0.00022 cm3 mol21, r (fraction
of paramagnetic impurity) = 0.014 (R = 0.0321; R = [S(cobs
2 ccalc)2/S(cobs)2]1/2). The Weiss-like constant qwas employed
as a pseudo-intermolecular exchange parameter necessary to
model the low temperature magnetic behaviour; analysis of the
molecular packing in 1 reveals neighbouring verdazyl rings in
somewhat close proximity (ESI†). The overlap of adjacent
verdazyl moieties offers a probable intermolecular exchange
pathway, although zerofield splitting of the high-spin NiII
ground state may also contribute to the low temperature
behaviour.

We recently reported similarly strong coupling in a nickel
complex of pyvd which contains two hfac ligands.11 In this
system the ferromagnetic verdazyl–nickel coupling was ex-
plained by invoking well-established orbital orthogonality
arguments.21 The intramolecular exchange coupling in com-
pound 1 is similar in nature and establishes that verdazyl–nickel
ferromagnetic coupling is a general phenomenon and is not
dependent on the nature of the ancillary ligands. This stands out
in sharp contrast to the behaviour of virtually all other metal-
radical complexes described to date, in which strong anti-
ferromagnetic or weak ferromagnetic coupling is the rule. The
only other complexes which we are aware of with comparable
ferromagnetic exchange properties are semiquinone complexes
of NiII and CuII.22 Moreover, the structural similarities of
verdazyl–metal binding to that seen in complexes of oligopyr-

idines brings a significant component of structural design into
the construction of metal–radical assemblies because of the
well-established binding modes of oligopyridines. We are
enthusiastic about the prospects of making new high-spin
clusters and solids based on nickel(I) and oligopyridine-based
verdazyls.

Notes and references
‡ A solution of NiCl2·6H2O (103 mg, 0.433 mmol) in 5 mL of water was
added to a slurry of bipyvd (240 mg, 0.853 mmol) in 5 mL of methanol,
causing immediate dissolution of the ligand and formation of a deep cherry
red solution. The mixture was stirred for 20 minutes and a solution of NaPF6

(143 mg, 0.851 mmol) in 2 mL of water was added, giving a red precipitate.
The reaction mixture was concentrated to about 3 mL and placed in an ice
bath. The product 1 was vacuum filtered as a deep red powder and washed
with cold distilled water. Yield: 290 mg (74%). The product was
recrystallized by slow evaporation of a 1+1 acetone–ethanol solution, giving
deep red plates. n/cm21 (KBr) 1709(s), 1602(m), 1574(m), 1496(m),
1460(s), 1437(m), 1359(w), 1306(m), 1275(s), 1216(w), 1177(w), 1158(w),
1090(w), 1057(w), 1037(m), 1012(m), 844(s), 777(s), 748(m), 713(m),
685(s), 643(w), 559(s), 503(w). UV–Vis (CH3CN) lmax(nm) (e/M21cm21)
438 (5691). FAB-MS 764.9(22) [M 2 PF6]+. Anal. Calcd for C28N12O2-
H26NiP2F12·C3H6O: C, 38.41; H, 3.33; N, 17.34. Found: C, 38.25; H, 3.18;
N, 17.27.
§ Crystal data for 1: C31H32F12N12NiO3P2, M = 969.34, monoclinic, a =
11.2095(16), b = 17.362(2), c = 20.494(3) Å, V = 3986.8(10) Å3, T = 293
K, space group P21/c, Z = 4, l(Mo-Ka) = 0.71073 Å, 20965 reflections
measured, 7033 unique (Rint = 0.026). The final wR(F2) was 0.155 (all
data). CCDC 182/1796. See http://www.rsc.org/suppdata/cc/b0/b006520j/
for crystallographic files in .cif format.
¶ Variable temperature magnetic data (22300 K) were obtained with a
Quantum Design MPMS5S Squid magnetometer operating at 0.1–0.5 T.
Calibrations were carried out with a palladium standard cylinder, and
temperature errors were determined with [H2TMEN][CuCl4] (D. S. Brown,
V. H. Crawford, J. W. Hall and W. E. Hatfield, J. Phys. Chem., 1977, 81,
1303). The spin Hamiltonian for 1 has the form H = J1(SA1SB + SA2SB) 2
J2SA1SA2.
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Fig. 2 Plot of meff vs. T for 1. The solid line corresponds the model fit
according to parameters described in the text. The inset displays the
corresponding c vs. T profile.
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The first Janus [2]rotaxane 3 has been synthesized by bis-azo
coupling of 2-naphthol-3,6-disulfonic acid with a Janus
[2]pseudorotaxane 2 prepared by dimerization of 6-O-
[(4-aminophenylazo)phenyl]-permethylated a-cyclodextrin
1 and characterized by MALDI-TOF-MS and 1H NMR
methods.

Mechanically interlocked compounds such as rotaxanes and
catenanes have become of interest since the first creative
development of molecular machines associated with a so-called
mechanical bond characteristic of such compounds.1 Recently,
we have reported the rare lipophilic [2]supercyclodextrins with
a ‘doubly pseudorotaxaned’ superstructure, corresponding to
the cyclic homo-dimers of azophenol-branched permethylated
a-cyclodextrins (CDs).2 Although such double-[2]pseudorotax-
anes3 have a tendency to exist only under limited conditions of
the temperature, concentration, and medium, they must be
regarded as fascinating precursors for so far unknown double-
rotaxanes. To fix the dissociable structures of the precursors by
capping with bulky stoppers on the terminal groups, azo
coupling reactions provide a promising approach because of
their practical feasibility in aqueous solutions at low tem-
peratures, with low activation energies. In fact, Anderson et al.
have succeeded in preparing azo dye [2]- and [3]-rotaxanes in
this manner.4 Here, we describe the synthesis of the first ‘Janus
[2]rotaxane’5 36 from a lipophilic a-CD monomer 1 bearing a
diazotizable 4-aminoazobenzene via dimerization to a [2]pseu-
dodoublerotaxane 2.

Competitive substitution reaction of 6-O-monotosyl per-
methylated a-CD2 with an excess of 4-amino-4A-hydroxy-
azobenzene as a bifunctional nucleophile gave a mixture of
6-O-[(4-aminophenylazo)phenyl]- and 6-deoxy-6-[(4-hydroxy-
phyenylazo)phenylamino]-permethylated a-CDs (Scheme 1).
The former desired compound 1 could be separated from the
latter by extraction with toluene from the alkaline aqueous
phase, and obtained in 38% yield after purification by
preparative GPC column chromatography.7

The self-association of monomer 1 has been examined by
solvent-, temperature- and concentration-dependent 1H NMR
methods. A spectrum observed at ambient temperature from a
solution of 1 in CD3OD–D2O (6+1) is understood in terms of an
equilibrium mixture of two species, 1 and its complex 2 [Fig.
1(b)]. The complexed species disappeared completely at 55 °C
to result in the uncomplexed species alone, the spectrum of
which [Fig. 1(a)] is similar to that of 1 obtained in CDCl3. By
contrast, the association complex 2 was found to exist
exclusively in CD3OD–D2O (1+1) at 23 °C [Fig. 1(c)]. The
superstructure of the Janus [2]pseudorotaxane 2 is confirmed by
both the determination of the value n = 2.08 of the degree of
association according to the method2b reported previously and
the appearance of the four sets of doublets due to the aromatic
protons. The spectral features mentioned above indicate that the
dimerization equilibrium in Scheme 1, for which the association
constant Ka was evaluated to be 430 M21,8 occurred in
hydrophilic media at room temp. and that its exchange rate was
slow but the free rotations of the guest azobenzene-rods were
fast on the NMR timescale. Similar phenomena have been
described in other lipophilic a-CD–azobenzene dyads.2

The aromatic protons of 29 were assigned by difference NOE
and decoupling experiments in CD3OD–D2O (6+1) and (1+1),
respectively. The observations of two correlations due to Ha–Hb
and Hc–Hd and of the chemical exchange involving Hc and Hd
are compatible with the assignment shown in Fig. 1(c). The up-

Scheme 1

Fig. 1 270 MHz 1H NMR spectra of solutions of 1.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b006758j Chem. Commun., 2000, 2143–2144 2143



and down-field shifts of Ha (20.27), Hb (20.19), Hc (+0.56)
and Hd (+0.12 ppm) after the dimerization resemble those
observed previously with the other [2]supercyclodextrins2 and
therefore, these shifts also support the Janus [2]pseudorotaxane
2 for which a cyclophane-like p–p stacking between the two
phenol residues and the binding of the terminal aniline residues
with the CD cavities are characteristic.

Bis-azo coupling experiments to introduce two bulky naph-
thols as stoppers were carried out as follows. To prepare the bis-
diazonium salt of 2, a cold aqueous solution of sodium nitrite
was added in portions to a cold solution of the aniline derivative
1 in 2 M HCl. The reaction mixture was treated with an alkaline
solution of 2-naphthol-3,6-disulfonic acid (R-acid) at room
temperature for 3 h. After neutralization followed by purifica-
tion by reverse phase column chromatography, the desired
Janus [2]rotaxane 310 was isolated in 84% yield as red–purple
solid. The symmetrical and dimeric structure of 3 has been
confirmed by the observations of a 1+1 ratio of the naphthol to
the azobenzene moiety in its 1H NMR spectrum and of a peak
at m/z 3549 corresponding to [M+Na]+ in its MALDI-TOF-MS
spectrum. It is interesting that the possible coupling product of
1 with the R-acid could not be detected. Thus, it is unlikely that
the bis-aniline 2, its dihydrochloride and the corresponding bis-
diazonium salt dissociate into the monomeric species during the
coupling processes.

The 1H NMR spectral features of 3 reflect its Janus
[2]rotaxane skeleton. It was anticipated that the stoppers
introduced at the terminal ends have substantial substituent
effects on the aromatic protons Hd situated at the ortho positions
while this is not so for Ha and Hb which lie further away. Indeed,
the following reasonable differences in their chemical shifts
were found: Dd = d(3) 2 d(2), 20.04 for Ha, 20.04 (Hb),
+0.17 (Hc), and +1.21 ppm (Hd). Further, no difference between
the spectra of 3 recorded at 24 and 90 °C in D2O was observed,
supporting the fixed superstructure. At present, there is no
evidence for a potential oscillation, like the stretching vibration
of the covalent bond for a diatomic molecule, with respect to the
mechanical bond between the two components of 3.

In conclusion, we have demonstrated that a [2]super-
cyclodextrin prepared by self-assembly of an a-cyclodextrin–
azobenzene dyad serves as a precursor for a very rare Janus
[2]rotaxane. Synthesis of other Janus [2]rotaxanes are currently
in progress in our laboratory.

We are grateful to Dr. Ken-ichi Sugiura in our laboratory for
his helpful discussions.
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A new type of zeolite is found for the title microporous
germanate whose peculiar connectivity between the 3- and
9-ring layers creates cages in which an extra-framework
hydroxy group is confined.

Zeolites have found a number of applications in fields of
commercial importance, notably as catalyst, adsorbents and ion
exchangers.1–4 Relating to the germanium zeotypes, the possi-
bility of designing new open frameworks increases greatly due
to the possible co-existence of different coordination polyhedra
around Ge (tetrahedra, octahedra and trigonal bipyramid),
which implies different charged frameworks without doping
with trivalent cations. Nevertheless, novel microporous germa-
nium frameworks had not been synthesized until recently.5–11

In terms of our interest in the structure–properties relation-
ship for this kind of compound, we were concerned in the design
and study of precise atomic architectures of zeotypes. In
previous work the existence of Ge7O15

22 (ICMM1)12,13 and
Ge9O19

22 (ICMM2)14 were reported. Here, we report the
structure ICMM3, the first zeotype in which it is clear that one
confined hydroxy group acts as a template.

ICMM3 was synthesized hydrothermally from a reaction
mixture containing GeO2, MeNH2, H2O and ethylene glycol in
molar ratios 1+8+25+15. The mixture was introduced and sealed
in a Teflon-lined stainless steel autoclave and heated at 170 °C
for 4 days. After optimizing the reaction conditions, the yield
was 100%. The purity of the resulting solid product was
checked by X-ray powder diffraction.†

A suitable crystal of the compound with hexagonal platelike
features was selected and mounted in a diffractometer equipped
with a CCD detector. Crystals were pseudo-hexagonally
twinned so that the space group appeared to have a pseudo-63
axis along b, however, the structure was solved and refined in
the monoclinic space group P21 with a and c equal and b =
120°. Upon determining the crystal structure, the composition
was found to be Ge8O16(OH)2(MeNH3)+MeNH2 in which the
eight Ge atoms are at the center of more or less distorted
tetrahedra [range of Ge–O bond lengths 1.72(2)–1.79(2) Å; O–
Ge–O bond angles 95.5(7)–120.1(8)°, Ge–O–Ge
110.2(7)–143.5(7)°]. The tetrahedra are linked together in the
ac plane giving rise to infinite GeO2 layers which are
constructed from a secondary structural building unit (SBU)
denoted 4 = 1, joined by 3-tetrahedra rings into an infinite
9-tetrahedra ring containing sheet. This arrangement was also
present in ICMM1 and in ICMM2. In the former zeotype, GeO6
octahedra were involved in both 3- and 9-rings.

Every two GeO2 adjacent sheets are joined through the three
free oxygen atoms of the 3-ring tetrahedra creating thick blocks.
These connections give rise to cages which are formed by six
germanium atoms (three of each layer) and the three bringing
oxygen atoms (Figs. 1 and 2). Inside these cages one atom of
oxygen is found which corresponds to a confined OH2 anion
the hydrogen atom of which was located and isotropically
refined [O–H 0.8(1) Å]. This oxygen interacts with the six
germanium atoms of the cage at distances in the range
2.12(2)–2.44(2) Å. Depending on these distances the surround-
ing germanium polyhedra are distorted to a greater or lesser
degree, distortion ranging from the nearly regular tetrahedron of

Ge(1) to what can be considered as trigonal bypiramids of Ge(4)
and Ge(6) when including the fifth Ge–O interaction.

Cohesion between blocks is established, as also found in
ICMM2, through the only oxygen atom [O(8)] not involved in
connectivities within double layers. Also, as in ICMM2, the
blocks are mutually shifted.

This 3D structure contains intersecting tunnels along the
three directions: one set of tunnels runs in a zigzag fashion along
the b direction as a consequence of the shifted pillaring of the
9Rb 9-rings. Perpendicular to the b direction 8-ring 8R
intersecting tunnels can be seen along the (101), (100) and (001)
directions accordingly with the pseudo-hexagonal symmetry
present in the crystals.

There are two crystallographically independent molecules of
methylamine in the asymmetric unit, situated in the 8R channels

Fig. 1 View of the structure of ICMM3, showing the blocks and
connectivity between them. Black, white and gray spheres are Ge, O and
atoms of the amines, respectively.

Fig. 2 View along the b direction of the double layer showing the confined
OH group.
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formed between blocks. They are bonded to different oxygen
atoms of the framework through hydrogen bonds. Although
hydrogen atoms involving amines could not be reliably located,
the range of the N…O distances [2.86(1)–3.08(1) Å], as well as
their number, seem to indicate that many of these hydrogen
bonds are bifurcated. Owing to the existence of one OH2 anion,
it is clear that to maintain electrical neutrality, a protonated
amine is required. Protonation is established through the
different C–N bond lengths [1.56(4) and 1.41(4) Å] as well as
by spectroscopy. The IR spectrum shows a band at 3400 cm21

due to the stretching vibrations of the OH groups while bands at
2792 and 2876 cm21 arise from N–H vibrations, which are
characteristic of a primary amine in its protonated form.
Stretching vibrations of non-protonated amine sites occur at
3100 and 3164 cm21.

TGA–DTA in N2 atmosphere (50 ml min21) shows one
progressive weight loss between 375 and 550 °C accompanied
by an endothermic effect corresponding to the loss of both
methylamine molecules and the OH2 group. Powder X-ray
diffraction and IR spectra show that the structure is maintained
upon heating to 375 °C during 4 h in air but collapses to give
amorphous GeO2 after prolonged heating.

In conclusion, a zeolite type microporous germanate has been
synthesized. Its framework exhibits a peculiar connectivity
between the 3- and 9-ring layers. Every two of these layers are
joined through the three free oxygen atoms of the 3-ring
tetrahedra. This joining creates cages in which an extra-
framework hydroxy group is trapped. The negative charge of
this OH2 group is compensated by one intratunnel protonated
methylamine molecule.

This work was supported by the Spanish CICYT MAT98-
1735-E and DGESIC PB97-1200.

Notes and references
† Crystal data for ICMM3: (OH)2[MeNH3]+[MeNH2]Ge8O16 monoclinic,
space group P21, (pseudo-P63 hexagonal) a = 7.4933(8), b = 19.145(2), c
= 7.4944(8) Å, b = 120.01(2)°, V = 931.0(2) Å3, Z = 2, Mw = 916.9, Dc

= 3.271 Mg cm23, m(Mo-Ka) = 12.81 mm21. Dimensions: 0.10 3 0.10 3

0.01 mm. SADABS absorption correction, max., min. transmission
coefficients: 0.51, 1.00. Data were collected on a CCD Siemens dif-
fractometer, using w scans in the range 3 < q < 32°. The total number of
reflections measured was 8132, of which 5751 were independent. The
structure was solved by direct methods (G. M. Sheldrick, SHELX-86,
Program for Crystal Structure Determination, University of Cambridge,
1992).15 The hydrogen atom of the OH group was located in a difference
Fourier map and isotropically refined, those of the amine molecules were
geometrically situated. Refinement was carried out by full-matrix least-
squares analysis with anisotropic thermal parameters for the germanium
atoms and isotropic for the remaining atoms. R(F) = 0.05 for I > 2s(I) and
0.06 for all reflections.

CCDC 182/1790. See http://www.rsc.org/suppdata/cc/b0/b007054h/ for
crystallographic files in .cif format.
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Photolysis (254–350 nm) of a variety of aroyl-substituted
phenylacetic acids and p-acetylphenylacetic acid in aqueous
solution at pH > pKa resulted in efficient photodecarboxyla-
tion (F = 0.2–0.7), to give in most cases a single product
arising via the corresponding arylmethyl carbanion, indicat-
ing that photodecarboxylation is an efficient and general
reaction for these types of compounds.

The photodecarboxylation of organic carboxylates and car-
boxylic acids continues to be an area of active research
interest.1–3 This is an example of a simple photochemical
extrusion reaction that is comparable to the well-known
photodecarbonylation of ketones. However, mechanistically,
photodecarboxylation of carboxylic acids is more complex. The
mechanism in which carbon dioxide is eliminated from
photoexcited (organic) carboxylic acids has been classified into
several types with the simple heterolytic and homolytic
mechanisms being the most readily visualized.1 Some recent
papers dealing with photodecarboxylation of some non-
steroidal anti-inflammatory drugs (NSAIDs) suggest that new
insights and potentially new reactive systems await discov-
ery.2,3a–e A particular example that attracted our attention is the
highly efficiently (F = 0.75) photodecarboxylation of ketopro-
fen [1, eqn. (1)] in aqueous solution orginally reported by

(1)

Costanzo et al.2 At least two groups3a–e have studied the
mechanism of the photodecarboxylation. The latest report we
are aware of is from Scaiano and co-workers3a who showed that
the reaction proceeds from the singlet excited state of the
carboxylate form and that water is not essential (but probably
helpful). Singlet state reactivity is unusual for benzophenone
photochemistry. The nature of the primary photochemical step
remains an issue. It could be either (a) a simple heterolytic
cleavage mechanism to generate the carbanion directly or (b) a
mesolytic mechanism in which there is an electron transfer from
the carboxylate oxygen to the ketone to generate a biradical
anion, followed by bond cleavage to give the carbanion.

Ketoprofen (1) is an aroyl-substituted phenylacetic acid.
Compounds of this general structural type are readily available
by routine synthesis. The high (and clean) reactivity of 1
suggested to us that other aroyl-substituted phenylacetic acids
might react in a similar manner and that a general type of
efficient photodecarboxylation awaits discovery. The availabil-
ity of compounds of similar structural type that also react will
certainly help in the elucidation of the reaction mechanism. We
have now made five analogs of 1, viz., 2–6. Acids 2 and 3 are
simple analogs of ketoprofen (1). If the photodecarboxylation of
1 is respresentative of a general process, compounds 2 and 3
should react, neglecting of course any dramatic substituent
effects on excited state reactivity that we have not taken into
account. Compounds 4 and 5 have a different carbonyl
chromophore (anthraquinone and acetophenone, respectively).
If the reaction is general for other types of carbonyl chromo-

phores, these compounds might be expected to show reactivity
as well. Finally, we have changed the nature of the ‘leaving
group’ in 6. Here, the leaving group is formally formaldehyde,
which is much less labile than CO2. If 6 reacts in an analogous
manner (i.e. deformylation to give the corresponding carban-
ion), then the reaction is indeed much more general than ever
suspected. In this report, we show that all of 2–6 react in the
manner anticipated (with varying degrees of efficiency, all
generally high) demonstrating that the photodecarboxylation of
aroyl and acetoyl-substituted phenylacetic acids is a general
reaction. Moreover, less labile leaving groups such as formal-
dehyde may also be used.

Carboxylic acids 2–5 were readily made by conversion of the
corresponding commercially available methyl-substituted de-
rivative to the a-bromo compound (NBS–CCl4), followed by
reaction with NaCN–EtOH and then hydrolysis using either
conc. HCl or aqueous H2SO4. All of the acids were purified by
repeated crystallization from aqueous EtOH to achieve > 98%
purity.† Keto-alcohol 6 was readily prepared by BH3–THF
reduction of 2.

Photolysis of 2–4 in 1+1 H2O–CH3CN (50 mL total volume;
water portion set to pH 7 with dilute NaOH after adding
compound to ensure complete dissociation of the acid;
≈ 1023 M substrate; Rayonet photochemical reactor; 254, 300
or 350 nm lamps; quartz vessel; solution cooled with a cold-
finger to ≈ 15 °C; purged continuously with argon; 5–20 min)
gave cleanly the corresponding photodecarboxylation product
[e.g., eqn. (2)] in high yield (up to 100% on sufficiently long

(2)
photolysis time). No reaction was observed when the solution
was kept in the dark. Quantum yields for photodecarboxylation
were estimated using the reaction of ketoprofen (1) as a
secondary standard (F = 0.75, in neat water, pH 7)2 and 1H
NMR to monitor conversions. These experiments gave high
quantum yields for the photodecarboxylations for 2–4 (in 1+1
H2O-CH3CN, pH 7): 2 (F = 0.66); 3 (F = 0.62); 4 (F = 0.22).
Photolysis of 2–5 in neat CH3CN under photolysis times used
above gave no more than 5% reaction and the compounds could
be essentially recovered unchanged.

It’s clear from these results that (efficient) photodecarboxyla-
tion is a general photoreaction for aroyl-substituted phenyl-

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b006724p Chem. Commun., 2000, 2147–2148 2147



acetic acids. Quantum yields decreased on lowering the pH‡
which is consistent with the carboxylate form being reactive,
consistent with the latest findings for ketoprofen (1) reported by
Scaiano and co-workers.3a Furthermore, photolysis of 2 and 3 in
D2O–CH3CN (as above) gave exclusively the corresponding a-
deutero-methyl product, consistent with a carbanion inter-
mediate [eqn. (2)]. Interestingly, photolysis of acetophenone
derivative 5 gave two products in a 7+3 mole ratio (F for loss of
substrate ≈ 0.2), respectively [eqn. (3)]: the expected simple
decarboxylation product (p-methylacetophenone) via a simple
phenylmethyl carbanion and a ‘dimeric’ product formally
derivable from the phenylmethyl radical via coupling. Inde-
pendent photolysis of p-methylacetophenone under identical
conditions gave no reaction. Although radical coupling prod-
ucts have not been observed for ketoprofen (1) or from any of
2–4, the fact that it is observed for 5 indicates that a radical-type
mechanism (e.g. initial electron transfer from the carboxylate to
the ketone)3a–c cannot be excluded for the photodecarboxyla-
tion. The reactivity of acetophenone derivative 5 allows for
detailed investigations on this reaction pathway.

(3)

The generally high reactivity towards photodecarboxylation
of the above aroyl (and acetoyl) substituted phenylacetic acids
prompted us to think about the possible driving force for these
reactions. A simple rationalization (assuming S1 reactivity) is
that the excited singlet states of these compounds have highly
polarized p electron densities, shifted towards the keto oxygen.
This would favour loss of CO2 via benzylic C–C bond
heterolysis, and subsequent generation of the carbanion. This
mechanism bypasses the need for an initial electron transfer
from the carboxylate oxygen to the carbonyl group, which
appears to be warranted only for 5. In any event, we wanted to
test the former proposal and have made derivative 6 to test
whether a similar reaction could operate using a much poorer
‘leaving group’, viz., formaldehyde, and a moiety incapable of
efficient electron transfer to the carbonyl group. To our surprise,
photolysis of 6 in 1+1 H2O–CH3CN gave the anticipated
deformylated product [p-methylbenzophenone (7)] although
with yields that are several fold (5–10%) less than observed for
the corresponding acid 2, along with what appears to be major
product(s) derived from photoreduction of the ketone. How-
ever, photolysis at pH 12 resulted in clean deformylation
( > 70% yield) consistent with a hydroxide ion catalyzed process

which would be required for deformylation via a carbanion
intermediate. These initial results suggest that the aroylphe-
nylmethyl group may be thought of as ‘photolabile’ carbanion
leaving group which is able to induce a variety of benzylic C–C
bond heterolysis in appropriately designed molecular systems.
This is akin to the nitrobenzyl group4 and selected diarylmethyl
systems5 that are known to have this ability.

In summary, we have shown that the photodecarboxylation of
aroyl and acetoyl-substituted phenylacetic acids is a general
reaction, all proceeding with high quantum yields. Less labile
‘leaving groups’ such as formaldehyde may also be used. In this
way, one may visualize the aroyl-substituted phenylmethyl
group to be a photolabile carbanion leaving group. This type of
general reactivity may have application in the design of photo-
labile protecting groups and other photochemical applications
in addition to providing new structural types for the elucidation
of detailed reaction mechanism.

We acknowledge the continued support of the Natural
Sciences and Engineering Research Council (NSERC) of
Canada and the University of Victoria.

Notes and references
† All compounds had satisfactory 1H NMR (300 MHz) and mass spectral
data.
‡ We have preliminary results indicating that the meta isomer 2 becomes
increasingly more reactive at acidities greater than pH 2 (and into the
Hammett acidity region) suggesting that a new mechanism for photo-
decarboxylation is available for this compound in acid involving the acid
form.
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The reaction of a-stannyl ester with a,b-unsaturated
ketones in the presence of stannous chloride (SnCl2) and
chlorosilanes (Me3SiCl or Me2SiCl2) gave 1,2- and 1,4-addi-
tion products, respectively.

The regioselective addition of a nucleophile to a,b-unsaturated
carbonyl compounds (1,2- or 1,4-addition) has been focused on
in modern organic syntheses. An enolate or its equivalent is
often used for the functionalised nucleophile to unsaturated
carbonyls. Heathcock reported excellent results using lithium
enolate in which either kinetic or thermodynamic conditions
effectively control the regioselectivity.1 The correlation
between the character of the metal in the enolate and the
regioselectivity was also investigated.2 We have recently
reported the 1,4-addition of organotin ketone enolate using a
high coordination method.3 An organotin ester enolate, how-
ever, has significantly different reactivity and character as
compared with an organotin ketone enolate and is not suitable
for the reaction conditions developed for ketone enolates. For
the organotin ester enolates, the equilibrium between O-
stannylated and C-stannylated forms largely lies towards the C-
stannylated species above 0 °C.4 The stannylation of lithium
ester enolate is reported to give only a C-stannylated ester
compound (the a-stannyl ester) after distillation,5 although
stannyl ketone enolate generally exists as an equilibrium
mixture of both forms.6 Since enol forms generally show higher
reactivity than keto forms, the a-stannyl ester has a lower
reactivity than ketone enolates.7,8 During our study of the
activation methodology of a-stannyl ester, we found a novel
approach to regiocontrol in the reaction of a,b-unsaturated
ketones with a-stannyl ester as an ester enolate equivalent.

First, we examined additives for the reaction of a-stannyl
ester 1 with chalcone 2a and the results are summarized in Table
1. An attempt without additives resulted in no reaction (entry 1).
The use of BF3·OEt2 as an additive was not effective at all (entry
2). TiCl4 afforded a low yield of 1,4-addition product 4a (entry
3). Recently, we have reported a carbonyl allylation system
using tributylallylictin(IV) and SnCl2 in which transmetallation
occurs to generate an active species.9,10 This activation
methodology was applied to the reaction of 1 in the presence of
SnCl2 to give b-hydroxy ester 3a in 63% yield with excellent
selectivity in 1,2-addition manner (entry 4). On the other hand,
the addition of chlorotrimethylsilane gave selectively 4a in
practical yields, which were influenced by the solvents used.
Nitromethane was the solvent of choice and gave the sole
product 4a in 95% yield (entry 6). These results encouraged us
to develop these reaction systems using a-stannyl ester for
regioselective addition to a,b-unsaturated ketones.

Next, we explored the generality of this regiocontrolled
system using either SnCl2–MeCN or Me3SiCl–MeNO2 with
various types of enones 2a–e, and showed the results in Table
2.† Excellent regiocontrol was observed in the reaction with
phenyl ketone 2b, which has an alkyl substituent on the terminal
olefinic carbon (entries 3 and 4). In the reaction with alkyl
ketone 2c using SnCl2, the low yield of 3c in entry 5 was
ascribed to the polymerization of the starting enone, although

regioselectivity was high (entry 5). Chlorotrimethylsilane gave
83% yield of products with high selectivity (entry 6). The cyclic
substrate 2d was also applied to these systems. When

Table 1 Effect of additives on regioselective addition of 1 to enone 2aa

Table 2 Control of regioselectivity in addition of 1 to various enones 2a
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acetonitrile was used as a solvent in the reactions with 2a–d in
the presence of chlorotrimethylsilane, the same or lower yields
were observed but selectivity was not significantly affected. In
the reaction with 4-phenylbut-3-en-2-one 2e, the 1,2-adduct 3e
was obtained in good yield with perfect selectivity (entry 9).
However, the reaction using chlorotrimethylsilane did not give
selective 1,4-addition (3e/4e = 46/54, entry 10). The low
selectivity is ascribed to the conjugation of the phenyl group
with the olefinic moiety which could be kept by 1,2-addition
and broken by 1,4-addition.11 Unexpectedly, Michael adduct 4e
was favored (3e/4e = 5/95) when dichlorodimethylsilane was
used as an additive instead of chlorotrimethylsilane (entry
11).

Although the exact reaction mechanism for either course
using stannous chloride or chlorosilanes is not clear, the
regiocontrol can be explained by the following assumption at
the present stage. In the SnCl2 system, the active tin(II) species
generated by transmetallation has high Lewis acidity.9,10 The
strong interaction between carbonyl oxygen and the tin center in
the nucleophile effectively accelerates the carbostannylation.
The resulting Sn–O bond is strong enough for irreversible
reaction. In order to examine the chlorosilane system, an NMR
study was performed. The mixture of 1 and chlorotrimethyl-
silane in acetonitrile underwent transmetallation to give tri-
butylchlorostannane and silylketene acetal, as determined by
NMR.12,13 After standing for 48 h at rt, the silylketene acetal
completely disappeared and a-silyl ester was observed by
NMR.14,15 This resulting solution including silyl ester and
tributylchlorostannane was inert to chalcone 2a. These results
suggest that tributylchlorostannane would act as a Lewis acid
for Mukaiyama-type Michael addition of silylketene acetal.16

Another possibility, namely, that further transmetallation to
give stannylketene acetal from chlorostannane and silylketene
acetal, which would have high reactivity and a short life time
under the conditions employed in this procedure, is not
completely ruled out at this stage.4 The difference in active
species generated in each system causes the highly regiocon-
trolled reactions.

The solvent effect of acetonitrile or nitromethane on yields
probably relates to their coordination ability to the concerned
active species. The additive effect of chlorosilanes on selectiv-
ity of 3e/4e is still not clear.

In conclusion, regioselective addition of a-stannyl ester to
a,b-unsaturated ketones was achieved in 1,2- and 1,4-addition
manner by using stannous chloride and chlorosilanes as
additives, respectively. The transmetallation of stannyl ester
with these additives generates the key reactive intermediates
with proper selectivities. a-Stannyl esters will be attractive
functionalized nucleophiles with these activation method-
ologies because they are easy to prepare and handle and can be
stored for months owing to their moderate stability. The detailed
reaction mechanism is now under investigation and will be
reported in a full account.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and

Culture, of the Japanese Government. Thanks are due to Mr H.
Moriguchi, Faculty of Engineering, Osaka University, for
assistance in obtaining MS spectra.

Notes and references
† Experimental procedure for the synthesis of 3: see the representative
experimental procedure in our previous paper9 (use an a-stannyl ester
instead of allylstannane). General procedure for the synthesis of 4: to a
mixture of chlorosilane (Me3SiCl or Me2SiCl2, 2.0 mmol) and an a-stannyl
ester 1 (1.2 mmol) in nitromethane (1 mL) was added a,b-unsaturated
ketones 2 (1.0 mmol) under nitrogen. The mixture was stirred for 3 h at
ambient temperature. The reaction mixture was poured into the mixed
solvent of Et2O (30 mL) and aqueous NH4F (15%; 15 mL) with vigorous
stirring for 10 min. The resulting Bu3SnF was filtered off. The filtrate was
extracted with Et2O (30 mL 3 2) and washed by aq.HCl (1 M, 20 mL 3 2)
and NaHCO3 (20 mL 3 1) and dried (MgSO4) and evaporated. The crude
reaction mixture was purified by column chromatography and recrystallisa-
tion or distillation gave pure products 4.
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Enantiopure syn- and anti-arene dioxides are synthesised
from cis-dihydrodiol metabolites; anti-benzene dioxides are
reduced to enantiopure trans-3,4-dihydrodiols while syn-
benzene dioxides racemise thermally via 1,4-dioxocins.

The metabolism of monocyclic arenes by bacteria (procaryotes)
occurs via dioxygenase-catalysed dihydroxylation to yield cis-
dihydrodiols (e.g. metabolite 3 from benzene 1, R = H).1 In
fungi or animals (eucaryotes) however, benzene ring metabo-
lism proceeds via monooxygenase-catalysed epoxidation to
yield a rapidly equilibrating arene oxide–oxepine tautomeric
mixture (e.g. metabolites 2 " 4 from benzene 1, R = H,
Scheme 1).2

When further oxidation of benzene oxide–oxepine, 2 " 4 (R
= H), was carried out using dimethyl dioxirane (DMD) as
oxidant epoxidation occurred exclusively on the oxepine
valence tautomer 4. The minor symmetrical oxepine epoxide 7
was isolated but the major oxepine epoxide 8 rearranged
spontaneously to Z,Z-muconaldehyde.3 Oxepine epoxide 8 and
Z,Z-muconaldehyde have been implicated in DNA adduct
formation and possibly the carcinogenicity of benzene (Scheme
1).4 Evidence that arene dioxides can be formed in eucaryotic
systems is provided by the isolation of the anti-naphthalene
dioxide 9 as a liver metabolite of naphthalene,5 and the syn-
benzene dioxide 10 as a fungal metabolite.6

Following earlier studies of remote site epoxidation of arene
oxide derivatives of polycyclic arenes using DMD,7 we have
extended this method to the synthesis of anti-arene dioxides in
mono- and polycyclic arenes. Thus the stable benzene oxide
metabolite 118 was found to yield only anti-benzene dioxide 12
upon treatment with DMD. The formation of 12 from a benzene
oxide tautomer, and of oxirane 7 from an oxepine tautomer,3
indicates that epoxidation can occur on either form. The DMD
epoxidation of configurationally stable (+)-1R,2S-naphthalene
oxide ([a]D +145, CHCl3) gave only (+)-1R,2R,3R,4R-anti-
naphthalene dioxide 9 ([a]D +1, CHCl3).† Conversely phenan-

threne 3,4-oxide was found to spontaneously racemise via an
undetected oxepine intermediate and only the racemic form of
anti-dioxides 13 could be obtained by DMD oxidation. The
spontaneous racemization of benzene oxides9 similarly pre-
cludes the synthesis of enantiopure anti-benzene dioxides by the
chemical oxidation route.

Racemic samples of syn-510 (R = Br, CO2H, CHO) and anti-
benzene dioxides 611–13 (R = H) were synthesised earlier by
multistep routes; only compound 6 (R = H) was obtained in
enantiopure form.12,13 The availability of cis-dihydrodiol
enantiomers 3 (R = Cl, Br, I) from bacterial metabolism,1,2

prompted the following new approach to the synthesis of
enantiopure syn-5 and anti-benzene dioxides 6, (Scheme 2). A
mixture of syn- (14, 85%) and anti-tetraol (17, 15%) derivatives
of cis-dihydrodiols 3 (R = Cl, Br, I), obtained (80% yield) using
the osmylation procedure reported by Donohoe et al.,14 was
separated (charcoal–Celite chromatography, EtOH–H2O as
eluent). Reaction of syn-tetraols 14 (R = Cl, Br, I) with
2-acetoxyisobutyryl bromide afforded bis-bromoacetates 15 (R
= Cl, Br, I) in ca. 86% yield. Cyclization using NaOMe yielded
the 3S,4S,5S,6S-syn-benzene dioxides 5 (R = Cl, Br, I, in ca.
75% yield) with [a]D values of 259, 256, and 256 in CHCl3
respectively. Reaction of the bis-acetonide derivative of syn-
tetraol 14 (R = I) with PhMgBr, and deprotection of the
acetonide groups, yielded syn-tetraol 14 (R = Ph), which was
similarly converted to 3S,4S,5R,6R-syn-benzene dioxide 5 (R =
Ph, [a]D 242, CHCl3). Application of this method to anti-
tetraols 17 (R = Cl, Br, I) gave 3R,4R,5S,6S-anti-benzene
dioxides 6 (R = Cl, Br, I, 78 % yield) with [a]D values of 2115,
254, and 26 in CHCl3 respectively (Scheme 2). Hydro-
genolysis (H2, Pd/C, NaOAc, MeOH) of the 3,4-acetonide
derivative of anti-tetraol 17 (R = I), and deprotection, yielded
the parent compound conduritol E, 17 (R = H), [a]D 2 320,
H2O; it was converted to 1R,2R,3R,4R-anti-benzene dioxide 6
(R = H, [a]D 2319, CHCl3) using the method shown in
Scheme 2.

The method of conversion of cis-dihydrodiols to anti-arene
dioxides (Scheme 2) was also applied to polycyclic arenes.
Thus, 1R,2R,3R,4R-anti-naphthalene dioxide 9 ([a]D + 1,
CHCl3; +14, MeOH)† was synthesised from the available cis-
1R,2S-dihydrodiol metabolite of naphthalene ([a]D + 247,
CHCl3). Similarly the cis-3S, 4R-dihydrodiol metabolite of

Scheme 1

Scheme 2 Reagents: i, OsO4, CH2Cl2, TMNO; ii, AcOCMe2COBr, MeCN;
iii, NaOMe, Et2O; iv, toluene, 85 °C; v, CO, Pd(OAc)2, K2CO3, THF–
H2O.
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phenanthrene ([a]D + 35, MeOH) was converted to an
enantiopure sample of 1R,2R,3R,4R-anti-phenanthrene dioxide
13 ([a]D + 47, MeOH).

Attempts to form the carbomethoxy-substituted anti-benzene
dioxide 6 (R = CO2Me) from the corresponding vinyl iodide 6
(R = I), using a reported15 palladium-catalysed carbonylation
procedure for aryl iodides (CO, Pd(OAc)2, K2CO3, THF–H2O,
rt) formed trans-3,4-dihydrodiol 18 (R = I, [a]D2145, MeOH)
in excellent yield ( > 85%) after 0.75 h. The anti-benzene
dioxides 6 (R = Cl, Br) also yielded 1R,2R-trans-3,4-dihy-
drodiols 18 (R = Cl, [a]D2176, MeOH) and 18 (R = Br, [a]D
2253, MeOH) in high yields; a complex mixture of products
was obtained from the corresponding syn-benzene dioxides 5 (R
= Cl, Br, I). The mechanism of conversion of anti-benzene
dioxides 6 to the corresponding trans-3,4-dihydrodiols 18 may
involve opening of one epoxide ring followed by formation of
a p-allyl palladium complex and rearrangement, via an oxetane
intermediate, with CO acting as a reducing agent.

The trans-dihydrodiols 18 (R = H, Cl, Br) have been
detected as minor metabolites of the parent benzene substrates
in animal liver systems and have been converted to diol
epoxides which are implicated in DNA adduct formation and
mutagenicity.16,17 Palladium-catalysed reaction of trans-dihy-
drodiol 18 (R = I) under similar conditions (CO, Pd(OAc)2,
NaOAc, MeOH, rt), but for an extended period (18 h) resulted
in the substitution of the iodine atom with a carbomethoxy
group to give the 3R,4R-trans-dihydrodiol 18 (R = CO2Me,
[a]D 294, MeOH) in 80% yield. The trans-3,4-dihydroxy-
3,4-dihydrobenzoic acid 18 (R = CO2H), a hydrolysis product
of chorismic acid, appears to be a growth promoter.17 The four
step approach to the synthesis of single enantiomer trans-
3,4-dihydrodiols 18 (R = Cl, Br, I) from cis-2,3-dihydrodiols
(Scheme 2) represents a significant improvement over earlier
routes requiring eight9 or more16 steps. The syn-benzene
dioxides 5 (R = Cl, Br, I, Ph), in common with other syn-
benzene dioxides 5 (R = H, CO2H, CHO),8 were found to
undergo a retro-Diels–Alder cycloaddition reaction to yield the
corresponding 1,4-dioxocins 16 at relatively low ( ~ 85 °C)
temperature. Since an enantiopure sample of a syn-benzene
dioxide was available, a thermal racemization study on the
(2)-syn-dioxide of iodobenzene 5 (R = I) was carried out
(toluene, 85 °C). Total racemization occurred over 2 h (HPLC
by Chiralcel OB, a 1.32, iPrOH+hexane, 1:5). NMR analysis
showed that the equilibrium mixture contained both the residual
syn-benzene dioxide 5 (R = I), as a minor component (12%),
and the corresponding 1,4-dioxocin isomer 16 (R = I) as a
major component (88%). Chromatographic separation of com-
pounds 16 and 5 (R = I) followed by heating either component
as before yielded the same equilibrium mixture. This unusual
example of a concerted racemisation of four chiral centres in
one enantiomer was not observed for the anti-benzene dioxide
6 (R = I).

In conclusion we have shown that: (i) arene oxides yield
isolable anti-arene dioxides by DMD oxidation, (ii) enantiopure

samples of syn-5 and anti-arene dioxides 6, 9, 13 are obtained in
high yields from the corresponding cis-dihydrodiol metabolites,
(iii) anti-benzene dioxides 6 are precursors for a new route to
trans-3,4-dihydrodiols 18, (iv) racemisation of a syn-benzene
dioxide enantiomer containing four chiral centres occurs
thermally.

We thank Dr R. Agarwal for assistance with preliminary
work on the synthesis of polycyclic arene dioxides, Professor D.
B. Harper and Dr J. Hamilton for a sample of arene oxide
metabolite 11, Dr R. Schobert for helpful discussion and the
Queen’s University of Belfast for financial support (CRO’D,
FH).
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Germany. E-mail: Frank.Edelmann@vst.uni-magdeburg.de   

Received (in Basel, Switzerland) 26th April 2000, Revised manuscript received 22nd September 2000, Accepted
28th September 2000
First published as an Advance Article on the web

Constituting a novel synthetic route to model compounds for
titanium catalysts immobilized on silica, the disilylated
silsesquioxane derivative Cy7Si7O9(OH)(OSiMe3)2 2a, has
been reacted with the ‘tucked-in’ fulvene complex Cp*Ti-
(C5Me4CH2) to give the titanium(III) silsesquioxane Cp*2Ti-
[Cy7Si7O10(OSiMe3)2] 3, while treatment of Cp*Ti-
(C5Me4CH2) with Cy7Si7O9(OH)2(OSiMe3) 2b affords the
mono(pentamethylcyclopentadienyl) complex Cp*Ti[Cy7-
Si7O11(OSiMe3)][Cy7Si7O10(OH)(OSiMe3)] 4 which is an
advanced model compound for a catalytically active tita-
nium center on a silica surface.

Silsesquioxanes of the general formula (RSiO1.5)n are an
unusual class of organosilicon compounds offering numerous
exciting applications in catalysis1 and materials science2,3 alike.
According to Feher et al., incompletely condensed silsesquiox-
anes such as Cy7Si7O9(OH)3 1 (Cy = cyclohexyl) share
structural similarities with b-cristobalite and b-tridymite and
are thus quite realistic models for the silanol sites on silica
surfaces.4–10 These include the first trivalent titanasilsesquiox-
ane, blue dimeric [Cy7Si7O12Ti]2, which was prepared by
treatment of 1 with Ti[N(SiMe3)2]3.7 It is now generally
accepted that metallasilsesquioxanes derived from 1 are suitable
model systems for heterogeneous silica-supported transition
metal catalysts. Moreover, it has turned out that certain
metallasilsesquioxanes, especially those of Ti and V, are
veritable catalysts themselves e.g. in the metathesis, polymeri-
zation and epoxidation of olefins.1 We report here a novel
preparative route leading to model compounds for titanium
olefin polymerization catalysts immobilized on silica surfaces
which involves addition of functionalized silsesquioxane pre-
cursors across the Ti–C bond of the ‘tucked in’ fulvene titanium
complex (h5-C5Me5)(h5,h1-C5Me4CH2)Ti ( = Cp*FvTi).11–13

Treatment of Cp*FvTi with 1 equivalent of the disilylated
silsesquioxane precursor 2a resulted in clean formation of the
titanium(III) silsesquioxane complex 3 which was isolated in the
form of air-sensitive, dark green crystals (Scheme 1). The low
isolated yield (16%) can be traced back to the very high
solubility of 3 even in non-polar organic solvents.

The X-ray structure of 3‡ (Fig. 1) shows that upon
protonation of the coordinated tetramethylfulvene ligand a
Cp*2Ti unit has been generated which is now coordinated to a
‘model silanized silica surface’. The Ti–O bond length in 3 is
1.927(2) Å. In accordance with the presence of a decamethyl-
titanocene(III) derivative a very broad 1H NMR signal (n1/2 

1000 Hz) at d 14.6 could be unambiguously assigned to the
C5Me5 protons which is in good agreement with values reported
by Pattiasina et al. for a series of Cp*2TiX complexes (X = Cl,
Br, I, BH4, NMe2, OBut, O2CH; d 14.1–18.4, n1/2 = 620–5000
Hz).12,13

The new synthetic route using the fulvene precursor Cp*FvTi
was also successfully employed in the preparation of a
compound which can be regarded as one of the most advanced
molecular models for a catalytically active titanium center on a
silica surface. Reaction of Cp*FvTi with the monosilylated
silsesquioxane precursor 2b in refluxing toluene afforded a

yellow crystalline material which was shown to be the novel
mono-Cp* titanium(IV) silsesquioxane complex Cp*Ti[Cy7-
Si7O11(OSiMe3)][Cy7Si7O10(OH)(OSiMe3)] 4 (69% yield).
The surprising outcome of this reaction is the exclusive
formation of a Cp*TiIV complex in which two silsesquioxanes
are bonded in different ways to a single titanium center. In the
course of the reaction 1 equivalent of pentamethylcyclopenta-
diene is eliminated (GC control).

An X-ray diffraction analysis‡ (Fig. 2) clearly shows that 4 is
an advanced and highly ‘realistic’ molecular model for a Ti
olefin polymerization catalyst immobilized on a silica surface.
A mono(pentamethylcyclopentadienyl) titanium unit resides on

Scheme 1 Synthesis of complexes 3 and 4.† Reaction conditions: toluene,
2 h reflux, crystallization from hexane.

Fig. 1 Structure of 3 in the crystal. Selected interatomic distances (Å) and
bond angles (°): Ti–O(12) 1.927(2), Si(1)–O(12) 1.595(2), Ti–C 2.411(3)
(av.), Ti–O(12)–Si(1) 177.8(1), Si(6)–O(8)–Si(5) 146.1(1), Si(8)–O(11)–
Si(9) 147.7(1).
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a ‘model silica surface’ formed by one chelating and one
monodentate silsesquioxane ligand. With an average of
1.796(3) Å the three Ti–O bond lengths are virtually identical.
A highly unusual feature of 4 making this compound a
particular ‘realistic’ model system is a silanol function in close
proximity to the Ti center. Very weak hydrogen bonding
interaction of this silanol group with a cage oxygen atom (C8A)
apparently prevents the molecule from intermolecular protona-
tion of the remaining Cp* ligand, thereby ‘taming’ the reactivity
of the Si–OH function.

We conclude that reactions of the fulvene precursor Cp*FvTi
with functionalized silsesquioxanes represent a novel salt-free
route to advanced molecular model systems for Ti olefin
polymerization catalysts immobilized on a silica surface. The
new method should have the potential of being more generally
applicable to other silsesquioxane reagents as well as the
zirconium analogues.

We thank the Deutsche Forschungsgemeinschaft (Schwer-
punktprogramm Siliciumchemie) and the Fonds der Chemi-
schen Industrie for financial support.

Notes and references
† Selected spectroscopic and analytical data: 3: green crystals, mp 294 °C.
dH(CDCl3, 25 °C): 14.6 (br, n1/2  1000 Hz, C5Me5), 2.2–0.4 (m br, 95H,
Cy-CH2, Cy-CH, OSiMe3). Anal. Calc. for C68H125O12Si9Ti (1435.38): C,
56.9; H, 8.8. Found: C, 56.0; H, 8.7%. 4: Yellow crystals, mp 248–252 °C.
IR (KBr): 3430w br, 2922vs, 2852vs, 1461vs, 1448vs, 1269s, 1196vs,
1129vs, br, 1016vs br, 939s, 891vs (Si–OH), 849s (Si–OH), 825m, 742m,
508vs br, 471vs cm21. dH(CDCl3, 25 °C): 2.97 (s, 1H, Si–OH), 2.43 (s, 15H,
C5Me5), 2.17 (m, br, 32H, Cy-CH2), 1.77 (m, br, 69H, Cy-CH2), 1.36 (m,
br, 39H, Cy-CH2), 1.07 (m, br, 14H, Cy-CH), 0.36 (s, 9H, OSiMe3), 0.33 (s,
9H, OSiMe3). dC(C6D6, 25 °C): 127.4 (C5Me5), 28.8–27.3 (m, Cy-CH2),
26.5–23.9 (m, Cy-CH), 12.9 (C5Me5), 2.5 (OSiMe3), 2.3 (OSiMe3). 29Si

NMR (C6D6, 25 °C): d 9.6, 7.9 (OSiMe3); 266.3 to 269.1 (m). Anal. Calc.
for C100H187O24Si16Ti (2270.82): C, 52.9; H, 8.3. Found: C, 53.4; H,
8.3%.
‡ Crystal data: the measurements on 3 and 4 were performed at 2100 °C
using a Siemens SMART CCD system with Mo-Ka X-radiation (l =
0.71073 Å) and graphite monochromator. Selected crystals of 3 and 4 were
coated with mineral oil, mounted on a glass fibre and transferred to the cold
nitrogen stream (Siemens LT-2 attachment). Full hemispheres of the
reciprocal space were scanned by w in three sets of frames of 0.3°. As an
absorption correction the SADABS routine was applied.

3: C68H125O12Si9Ti·0.5 C7H8, M = 1481.46, monoclinic, space group
P21/n, a = 13.087(1), b = 26.163(1), c = 24.449(2) Å, b = 97.616(3)°, U
= 8297.5 Å3, Z = 4, Dc = 1.186 Mg m23, F(000) = 3208, m(Mo-Ka) =
0.29 mm21, max./min. transmission 1.00/0.57, green prism 0.88 3 0.41 3
0.36 mm. A total of 54689 reflections were collected, over a range 1.7 < q
< 28.3°, of which 20363 were independent (Rint = 0.053). The structure
was solved by direct methods. Refinement was by full-matrix least squares
on F2 and converged to R1 = 0.054 (conventional) and wR2 = 0.136 (all
data), with goodness of fit = 1.02, 844 refined parameters, weighting
scheme [s2(Fo

2) + 0.0822P)2 + 1.1511P], where P = (Fo
2 + 2Fc

2)/3.
4: C100H188O24Si16Ti·1.5C7H8, M = 2410.04, triclinic, space group P1̄,

a = 12.0428(3), b = 22.461(2), c = 25.540(2) Å, a = 106.667(3), b =
99.602(3), g = 100.045 (3)°, U = 6342 Å3, Z = 2, Dc = 1.262 Mg m23,
F(000) = 2602, m(Mo-Ka) = 0.28 mm21, max./min. transmission
1.00/0.79, pale yellow prism 0.45 3 0.35 3 0.30 mm. A total of 31546
reflections were collected, over a range of 0.9 < q < 26.7°, of which 24118
were independent (Rint = 0.034). The structure was solved by direct
methods.14 Refinement was by full-matrix least squares on F2 and
converged to R1 = 0.080 (conventional) and wR2 = 0.194 (all data), with
goodness of fit = 1.040, 1382 refined parameters, weighting scheme
[s(Fo

2) + 0.0487P)2 + 17.2592P], where P = (Fo
2 + 2Fo

2)/3.15

CCDC 182/1793. See http://www.rsc.org/suppdata/cc/b0/b007854i/ for
crystallographic files in .cif format.
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Fig. 2 Structure of 4 in the crystal. Selected interatomic distances (Å) and
bond angles (°): Ti–O7 1.789(3), Ti–O7A 1.794(3), Ti–O10 1.805(3), Ti–C
2.317(5), Si3–O7 1.575(3), Si3A–O7A 1.571(3), Si6–O10 1.580(3); O7–Ti–
O7A 104.3(2), O7–Ti–O10 103.9(2), O7A–Ti–O10 105.3(2), Ti–O7–Si3
148.9(2), Ti–O7A–Si3A 162.9(2), Ti–O10–Si6 154.8(2).
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The tetrafunctional N-donor ligand 1 is able to form
homoleptic complex cations with dodecahedral
([Fe{C12H6N2(CHNC6H4SMe)2}2]2+ 2) or tetrahedral
([Cu2{C12H6N2(CHNC6H4SMe)2}2]2+ 3) binding domains.

Polyfunctional ligands which are able to either act as fully
chelating systems towards one metal ion or to divide their donor
functions into separate domains to bind different metal ions
offer fascinating perspectives in the synthesis of complexes
with complementary topological properites.1–3

Though principally ambivalent in this sense, 1,10-phenan-
throline systems normally act in a chelating fashion due to steric
hindrances caused by the polycyclic aromatic system.4,5 We
report herein the first instance where a Schiff-base derivative of
1,10-phenanthroline containing four nitrogen donor func-
tions—namely C12H6N2(CHNC6H4SMe)2 1—behaves in an
ambivalent fashion towards different metal ions in homoleptic
bis-ligand complex cations and describe the structural proper-
ties of [Fe{C12H6N2(CHNC6H4SMe)2}2]2+ 2 and of
[Cu2{C12H6N2(CHNC6H4SMe)2}2]2+ 3.

Ligand 1 (ESI†) was synthesised from 2,9-diformylphen-
anthroline6 and 2-methylmercaptoaniline. The mononuclear
iron(II) complex cation 2 was obtained by reaction of 1 with
FeCl2·4H2O and isolated as [Fe{C12H6N2(CHNC6H4S-
Me)2}2]2[Cl3FeOFeCl3][ClO4]2·4DMF.‡ The dinuclear cop-
per(I) cation 3 was obtained by reaction of 1 with
Cu(MeCN)4BF4

7 or with Cu(ClO4)2·6H2O and isolated as
[Cu2{C12H6N2(CHNC6H4SMe)2}2][BF4]2 or as [Cu2{C12H6-
N2(CHNC6H4SMe)2}2][ClO4]2·3DMF respectively.

The crystal structure of 2§ (Fig. 1) shows that the eight
nitrogen donor atoms of the two ligands define a distorted
triangulated dodecahedron around Fe(II) which is composed of
two sets of trapezoidal arrangements in perpendicular orienta-
tions. These sets belong to different ligands and form two
interpenetrating tetrahedra, a flattened one consisting of N(1),
N(2), N(5) and N(6) and an elongated one defined by N(3),
N(4), N(7) and N(8). The shortest Fe–N bonds [N(2), N(6):

2.180 Å; N(1), N(5): 2.242 Å] are formed by the aromatic donor
functions which define the flattened tetrahedron. The elongated
tetrahedron is composed of the imine donor functions and
makes two slightly longer Fe–Nimino bonds [N(3), N(7):
2.389 Å] and two substantially longer ones [N(4), N(8):
2.769 Å]. According to this distance distribution, the overall
coordination around iron(II) should be described as a distorted 4
+ 2 + 2 dodecahedral geometry. The two phen moieties are
planar within experimental error (mean deviation 0.026 and
0.037 Å, respectively) and nearly perpendicular (interplanar
angle 100.7°) to each other. The complex anion [Cl3FeO-
FeCl3]22 has crystallographically imposed inversion symmetry
resulting in an apparently linear Fe–O–Fe bridge [Fe–O
1.759(1) Å]. From an inspection of the atomic displacement
parameters, however, it cannot be ruled out that the linear bridge
represents only the mean geometry of slightly bent molecules
which are distributed throughout the crystal in a disordered
fashion. This dinuclear iron(III) species has been described
frequently in the literature in compounds with a variety of
different counter cations.8

The structure of 3 is shown in Fig. 2. Though the spatial
distribution of the nitrogen donor functions within the complex
cation is closely related to that observed in 2, the overall
symmetry is remarkably higher in this case. Cation 3 belongs to
the point group D2 with the principal twofold axis passing
through the Cu atoms. The second rotation axis passes through

† Electronic supplementary information (ESI) available: synthesis,
characterisation, Mössbauer and NMR data, structure of 1. See
http://www.rsc.org/suppdata/cc/b0/b005671p/

Fig. 1 Structure of [Fe{C12H6N2(CHNC6H4SMe)2}2]2+ 2 in crystals of
[Fe{C12H6N2(CHNC6H4SMe)2}2]2[Cl3FeOFeCl3][ClO4]2·4DMF. Selec-
ted bond distances (Å): Fe(1)–N(1) 2.246(3), Fe(1)–N(2) 2.178(3), Fe(1)–
N(3) 2.397(3), Fe(1)–N(4) 2.809(3), Fe(1)–N(5) 2.238(3), Fe(1)–N(6)
2.183(3), Fe(1)–N(7) 2.399(3), Fe(1)–N(8) 2.729(3).
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the midpoints of the homonuclear six-membered carbon rings of
the phenanthroline systems, and the third axis is normal to the
others. None of these axes is crystallographically imposed. The
dodecahedral (bitetrahedral) nitrogen framework around iron in
2 is now split into two distinct sub-sites hosting the copper ions
in a fashion completely different from the mononuclear iron
complex. Each copper ion is in a highly distorted tetrahedral
environment formed by two phenanthroline-type and two
imine-type nitrogen atoms from different ligands each. The
angles defined by those CuN2 triangles which are bisected by
the principal twofold axis are 74.8° for Cu(1) and 74.3° for
Cu(2), and the corresponding N–Cu–N angles within these
triangles are 152.1(1) and 138.0(1)° for Cu(1) and 154.1(1) and
137.0(1)° for Cu(2). The N-donor functions of both phen
systems are bonded to two different metal atoms each which are
located at opposite sides of the aromatic plane. This type of
bonding introduces steric strain to the ligand and leads to a
significant twisting of the individual rings of the polycyclic
aromatic system. Consequently, the N–C–C–N fragments are
no longer planar, and the corresponding torsion angles are 9.4°
[N(1), N(2)] and 10.4° [N(5), N(6)] respectively. The copper
atoms are 2.695(1) Å apart from each other. Cation 3 is an
extremely rare example of a complex containing 1,2-bifunc-
tional nitrogen donor ligands with phenanthroline-like rigid
geometries which do not act as chelating groups towards metal
ions. To our knowledge, the only other example is the binuclear
complex cation [Cu2{C12H6N2(CHNC6H4F)2}2]2+.4

The structures of the complex cations 2 and 3 show some
striking similarities. The close relationship between them can
best be explained by removing the binuclear copper system and
placing a divalent iron atom into the centroid of the molecule.
This system has a highly symmetrical nitrogen environment
around the central metal which can be described in terms of a
triangulated dodecahedron with center-to-vertex distances of
2.182 Å (mean of 4) for the compressed tetrahedron and of
2.828 Å (mean of 4) for the elongated one. The hypothetical
complex cation thus derived can easily be transformed to the
complex cation 2 by a formal relaxation process which shortens
two of the four long nitrogen–iron contacts within the elongated
nitrogen tetrahedron to ca. 2.398 Å. This process is accom-
panied by a rotation of the methylthio-substituted phenyl rings
which are attached to the conserved nitrogen donor functions of
the elongated nitrogen tetrahedron around the N–C bond by
180°.

The Mössbauer spectra of a crystalline sample of
[Fe{C12H6N2(CHNC6H4SMe)2}2]2[Cl3FeOFeCl3]-

[ClO4]2·4DMF in the range 80–300 K show a superposition of
two quadrupole doublets (I) and (II) with an intensity ratio of
close to unity (48+52) at 80 K. We assign subspectrum (I) to
cation 2 and subspectrum (II) to [Cl3FeOFeCl3]22. The
parameters of the subspectrum (I) (d 1.18 mm s21; DEQ =
2.45 mm s21) are surprisingly close to those typical for ferrous
iron in octahedral environments.9 They do not reflect any
particularity in the electronic structure that could be related to
the eight-coordination of iron in 2.

The results presented here indicate that the highly conjugated
ligand 1 acts either as a normal chelating tetradentate ligand or
as a binucleating bis-didentate ligand depending on the nature
of the central metal ion.

We thank the Deutsche Forschungsgemeinschaft (DFG), the
Bundesminister für Bildung, Wissenschaft, Forschung und
Technologie (BMBF) and the Fonds der Chemischen Industrie
for financial support. S. A. thanks the Alexander von Humboldt
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dustrie for granting a Kekulé fellowship.

Notes and references
‡ CAUTION: perchlorate salts of metal complexes are potentially
explosive. Only small amounts of the materials should be handled and this
has to be done with great caution.
§ X-Ray structure analysis: Siemens P4RA four-circle diffractometer, Mo-
Ka radiation (l = 0.71073 Å), graphite monochromator, rotating anode
generator, scintillation counter, 150 K, empirical absorption corrections,
SHELXTL-Plus and SHELXL97 programs,10 direct methods, full-matrix
least-squares refinement on F2, one scaling factor, one isotropic extinction
parameter.

Crystal data: for [Fe{C12H6N2(CHNC6H4SMe)2}2]2[Cl3FeOFeCl3]-
[ClO4]2·4DMF: M = 2857.85, monoclinic, a = 11.760(4), b = 21.356(5),
c = 25.690(8) Å, b = 100.66(2)°, V = 6340.6 Å3, space group P21/c, Z =
2, Dc = 1.497 g cm23, m(Mo-Ka) = 0.819 mm21, transmission range
0.801–0.688, crystal dimensions ca. 0.45 3 0.23 3 0.18 mm, w scan, 2qmax

= 54°, 13 833 unique reflections, R1(wR2) = 0.0589 (0.1297) for 9226
observed reflections [I > 2s(I)], 802 variables, non-hydrogen atoms
anisotropic, H atoms at idealized positions.

For [Cu2{C12H6N2(CHNC6H4SMe3)2}2][ClO4]2·3DMF: M = 1502.50,
triclinic, a = 11.188(3), b = 16.587(4), c = 17.538(4) Å, a = 89.54(2), b
= 84.40(2), g = 87.11(2)°, V = 3234.9 Å3, space group P1̄, Z = 2, Dc =
1.543 g cm23, m(Mo-Ka) = 0.94 mm21, transmission range 0.843–0.707,
crystal dimensions ca. 0.75 3 0.23 3 0.15 mm, w scan, 2qmax = 54°, 14 130
unique reflections, R1(wR2) = 0.0435 (0.0929) for 10 639 observed
reflections [I > 2s(I)], 862 variables, non-hydrogen atoms anisotropic, H
atoms at idealized positions.

CCDC 182/1788. See http://www.rsc.org/suppdata/cc/b0/b005671p/ for
crystallographic files in .cif format.
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Fig. 2 Structure of [Cu2{C12H6N2(CHNC6H4SMe)2}2]2+ 3 in crystals of
[Cu2{C12H6N2(CHNC6H4SMe)2}2][ClO4]2·3DMF. Selected bond dis-
tances (Å): Cu(1)–N(1) 2.052(2), Cu(1)–N(4) 2.044(2), Cu(1)–N(5)
2.057(2), Cu(1)–N(8) 2.048(2), Cu(2)–N(2) 2.060(2), Cu(2)–N(3) 2.041(2),
Cu(2)–N(6) 2.061(2), Cu(2)–N(7) 2.046(2).
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Novel mesoporous TS-1 catalyst is shown to be active in
epoxidation of oct-1-ene and significantly more active in
epoxidation of cyclohexene than conventional TS-1.

Since the first report by Taramasso et al.1 there have been
numerous demonstrations of the outstanding catalytic proper-
ties of titanium silicalite 1 (TS-1) for selective oxidation and
epoxidation of various organic compounds with aqueous
hydrogen peroxide. However, TS-1 suffers from intracrystalline
diffusion limitations owing to the small size of the zeolite
micropores; this limitation is most pronounced for low-
temperature liquid phase reactions with bulky reactants and
products. This has stimulated research into zeolites with larger
pores (e.g. BEA, UTD-1) and amorphous mesoporous titanium-
containing materials. Mesoporous materials only exhibit high
selectivities towards epoxides if organic peroxides are used as
oxidants.2 This reduces the environmental and economic
advantages, since management of by-products due to reduced
selectivities and decomposition of the organic oxidant becomes
an important issue. Comparative studies of TS-1 and Ti-BEA
have shown that different catalytic behaviour and lifetime are to
be expected,3 i.e. the excellent catalytic properties of TS-1
might not be observed for Ti-BEA. The diffusional properties of
TS-1 catalysts can be altered by preparation of nanosized TS-1
(e.g. by the recently developed Confined Space Synthesis
method4,5), but separation of the finely crystalline catalyst from
the product mixture might involve costly high-speed centrifuga-
tion or flash distillation.

Recently we reported the preparation of mesoporous zeolite
single crystals that compared with conventional zeolite crystals,
exhibiting significantly improved diffusional properties.6 Typ-
ical mesoporous zeolite single crystals of 1.0 3 0.5 3 0.5 mm3

incorporate an interconnected network built from more than
1500 primary carbon particles during growth. Contrary to
nanosized TS-1, separation of mesoporous TS-1 from the
product mixture can be performed by simple filtration. Here, the
catalytic performance of mesoporous TS-1 in the epoxidation of
linear and cyclic alkenes is compared with that of conventional
TS-1.

Carbon Black Pearls 700® (supplied by Carbot Corp.) with an
average particle diameter of 18 nm (ASTM D-3249) were
impregnated to incipient wetness with a clear solution of
tetrapropylammonium hydroxide, water and ethanol. After
evaporation of the ethanol, the carbon particles were impreg-
nated with 20% excess (relative to incipient wetness) of a
mixture of tetraethylorthotitanate and tetraethylorthosilicate.
The composition of the resulting synthesis gel was 20
TPA2O+TiO2+100 SiO2+200 H2O, and the resulting zeolite
concentration ca. 20 wt%. After ageing for a minimum of 3 h at
room temperature, the impregnated carbon black was in-
troduced into a stainless steel autoclave containing sufficient
water to produce saturated steam. The autoclave was heated
slowly (0.5 °C min21) to 170 °C and maintained at this
temperature for 72 h. After cooling the autoclave to room

temperature, the product was suspended in water and isolated by
suction filtration. The product was washed four times as a
suspension with water and then dried at 110 °C for 10 h. The
carbon black was removed in a muffle furnace by controlled
combustion in air at 550 °C for 8 h. In this manner a white
material was obtained which according to chemical analysis
was shown to contain < 0.5 wt% C.

Micron-sized TS-1 with a similar titanium content, prepared
according to ref. 7, was used as a reference.

XRPD showed that both samples consisted of highly
crystalline MFI-structured material. Characterisation by diffuse
UV–VIS reflectance spectroscopy and Raman spectroscopy
verified the presence of titanium in the zeolite framework while
no extra-framework anatase was detected. Chemical analysis of
the two TS-1 samples gave Si/Ti ratios of 110 in both cases.
Electron microscopy of the conventional TS-1 revealed a highly
crystalline material consisting of twinned coffin-shaped crystals
with a narrow size distribution of ca. 1.5 mm as shown in
Fig. 1.

Transmission electron micrographs were recorded with a
Philips CM200 FEG, operating at 200 kV. The sample was
suspended in ethanol and dispersed on a copper grid coated with
lacey carbon film.

Relatively large (ca. 0.3–1.2 mm) and well shaped crystals are
obtained by hydrothermal crystallisation in carbon black, and a
representative crystal is shown in Fig. 2. Inspection of high-
resolution transmission electron micrographs revealed lattice
fringes extending through the entire crystal. The significant
mesoporosity was observed as bright spots, ca. 20 nm in
diameter, dispersed throughout the entire crystal. This diameter
matches that of the carbon primary particles (18 nm) which
occupy these positions prior to combustion. It was shown by N2
adsorption/desorption that the mesoporous TS-1 exhibited a

Fig. 1 Transmission electron microscopy image of a conventional TS-1
crystal.
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porosity similar to that reported previously for ZSM-5 prepared
by a similar route.6

The two TS-1 samples were tested as catalysts for epoxida-
tion of oct-1-ene and cyclohexene with aqueous hydrogen
peroxide using methanol as solvent and n-heptane as internal
standard. The reaction was performed at ambient pressure in a
magnetically stirred round-bottomed flask fitted with a con-
denser and placed in a thermostated oil bath. Alkene (4.2 ml of
oct-1-ene or 2.7 ml of cyclohexene), 20.0 ml methanol, 0.75 ml
n-heptane (internal standard) and 0.18 g of TS-1 catalyst were
added to the flask and preheated to the reaction temperature
(40 °C). The kinetic experiment was started when 0.50 ml
35 wt% H2O2 was added; samples of the reaction mixture were
taken at regular intervals. The samples were cooled, the zeolite
catalyst removed by filtration and analysed by GC. The initial
hydrogen peroxide/olefin molar ratio was 0.25, and the H2O2/
titanium molar ratio was ca. 230. The selectivities towards the
corresponding epoxides were > 90% in all cases. The catalytic
performance of the two types of TS-1 is compared by plotting
the ratio of product concentrations as a function of time. This is
illustrated in Fig. 3 for the epoxidation of oct-1-ene and
cyclohexene.

Similar product concentrations (Cmesoporous/Cconventional = 1)
are obtained when the epoxidation of oct-1-ene is catalysed by
mesoporous and by conventional TS-1. This suggests that the
epoxidation of oct-1-ene is not limited by intra-crystalline
diffusion and therefore not dependent on whether or not the
crystals are mesoporous. The results also suggest that the
intrinsic activity of mesoporous TS-1 is similar to conventional
TS-1. In contrast, the epoxidation of cyclohexene exhibits a
product concentration ratio, which exceeds a value of 10 within
the contact times studied. Since the experiments with oct-1-ene
suggest similar intrinsic activity of the two types of TS-1, the

enhanced catalytic performance of the mesoporous sample must
be due to a better accessibility of the active sites. Experiments
using cyclooctene have also been performed, showing a similar
pattern as observed for cyclohexene. Thus, the improved
catalytic activity of the mesoporous TS-1 is attributed to its
improved diffusional properties compared with conventional
micron-sized TS-1.

Compared with conventional TS-1, mesoporous TS-1 im-
proves the catalytic performance without changing the product
distribution, which might be an advantage compared with the
alternative of using titanium-containing zeolites with larger
pores. Generally, it seems possible to prepare mesoporous
crystals of most zeolites with the present technique. This may
lead to improved new catalysts for many different zeolite
catalysed reactions. Particularly, in bifunctional catalysis it
appears attractive to disperse another catalytic functionality
‘inside’ every individual zeolite crystal.
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Fig. 2 Transmission electron microscopy image of mesoporous TS-1 single
crystal.

Fig. 3 Ratio of product concentrations [sum of epoxide and secondary
products; (-) from oct-1-ene and (5) from cyclohexene] obtained with
mesoporous and conventional TS-1 as a function of the contact time. It is
seen that mesoporous TS-1 has a similar activity for oct-1-ene epoxidation
as conventional TS-1. However, the mesoporous TS-1 is significantly more
active for cyclohexene epoxidation.
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Solutions 0.2 mol dm23 in GaI, prepared by dissolving
Ga2Cl4 in dry acetonitrile, are stable for more than seven
days and may be diluted 300- to 1000-fold with O2-free water
to give GaI preparations that may be handled by conven-
tional techniques; these GaI(aq) solutions readily reduce I3

2,
Br2(aq), IrCl622, Fe(bipy)3

3+ and aquacob(III)alamin (B12a)
but are inert to Co(NH3)5Cl2+ and Co(NH3)5Br2+; reduction
of HCrO4

2 in 2-ethyl-2-hydroxybutanoate buffers yields the
CrIV chelate of the buffering anion.

Accounts of the generation of gallium(I) species in aqueous
solution are exceedingly scarce,2,3 and no redox studies of this
unusual state appear to have been described. A standard
potential for Ga(III,I), 20.755 V (25 °C) has been docu-
mented.2

The crystalline compound ‘gallium dichloride’ (Ga2Cl4) is
known to feature equal numbers of Ga(I) and Ga(III) centers (GaI

GaIIICl42).4 Employing this as a source of hypovalent gallium,
we have prepared aqueous Ga(I) solutions which have allowed
us, utilizing conventional methods, to compare rates at which
this s2-center reacts with a variety of oxidants.

Manipulations of Ga2Cl4 (Aldrich) were carried out under
high purity N2 or Ar. Solutions were prepared by dissolving
1.25 g of this halide in 8.0 ml of anhydrous MeCN under a
constant flow of protective gas. After 5 min of stirring, a silver-
colored precipitate separates. The clear yellow supernatant
solution, which was obtained by centrifuging, was found to be
0.20 mol dm23 in GaI (spectrophotometric redox titration vs.
KI3 at 353 nm) and remained unchanged on standing for seven
days. Aqueous solutions for kinetic experiments, prepared by
300- to 1000-fold dilutions of the MeCN solutions with O2-free
water, were stable for 10–15 min in the absence of electrolyte.
For slow reactions (e.g. reduction of vitamin B12a) fresh
aqueous solutions were prepared for each individual run. The
rate of the Ga(I)–I3

2 reaction was not appreciably changed by
increasing [MeCN] from 0.02 to 0.50 mol dm23, or by adding
GaCl3 in concentration three times that of GaI.

Solutions of Ga(I) rapidly reduce I3
2, Br2(aq), IrCl622,

HCrO4
2, Fe(CN)6

32 and Fe(bipy)3
3+. Reduction of B12a

[aquacob(III)alamin] is slow, and there is no perceptible reaction
with Co(NH3)5Cl2+ or Co(NH3)5Br2+. Each mol of Ga(I)
consumes very nearly 1.0 mol of I3

2 or Br2 but 2.0 mol of the

le2 oxidants IrCl622 and Fe(bipy)3
3+, reflecting the expected

conversion to GaIII with oxidants of either type [eqn. (1) and
(2)]:

GaI + Br2? GaIII + 2Br2 (1)

GaI + 2 Fe(bipy)3
3+? GaIII + 2 Fe(bipy)3

2+ (2)

Oxidation by HCrO4
2 utilizes 0.64 ± 0.01 mol of CrVI in 0.01

M HClO4 but 1.1 mol of oxidant when carried out in 2-ethyl-
2-hydroxybutanoic acid buffer (EHBA/EHB2, pH 3.3), indicat-
ing predominant conversion to CrIII in the absence of this
chelating ligand [eqn. (3)] but formation of CrIV in its presence
[eqn. (4)]:

3GaI + 2 CrVI? 3 GaIII + 2 CrIII (pH 1–2) (3)

Ga Cr Ga Cr  EHB  complex)I VI EHBA III VI –

buffer
+ æ Æææ + ( (4)

The pink product of eqn. (4) showed a strong peak at 510 nm,
typical of EHB-chelated CrIV.5

The reactions listed in Table 1 are first order in each of the
redox partners. Although oxidations by IrCl622 and Fe(bipy)3

3+

almost certainly pass through the intermediate state GaII, kinetic
profiles for these oxidants exhibit no discontinuity attributable
to the accumulation or decay of this odd-electron species,
implying a two-step sequence (5), in which

Ga Ga GaI Ir II Ir III
slow rapid

IV IV

æ Æææ æ Æææ (5)

the initial step is rate-determining and the more rapid follow-up
step is kinetically silent. The relative rates of the two steps
suggest that GaII, the s1 intermediate, is much more strongly
reducing than the parent s2 cation, a difference applying also to
the related p-block triads, Tl(III,II,I),7 In(III,II,I)8 and
Ge(IV,III,II).9

As has been recently noted1 for GeII (an isoelectronic state),
GaI resists oxidation by both Co(NH3)5Cl2+ and by its Co(III)Br
counterpart. These Co(III) oxidants offer remarkably facile
inner-sphere le2 paths to aqua complexes of d- and f-block
reductants,10 but such routes are denied to this pair of 4s2

species which react primarily as 2e2 donors. This marked
mechanistic shift probably results in part from less effective
halo-ligation to this main group center and, in part, from its
modestly reducing E°(I,II) value (in contrast to the more
negative potential for its II–III conversion).

In contrast, we find the cobalt(III) corrin derivative, aqua-
cob(III)alamin (B12a) to be reduced smoothly to its Co(II) analog.
We suspect that this reaction is initiated by the two-unit
reduction (very likely by oxo-transfer) to the known CoI

complex, B12s [cob(I)alamin], a hypovalent species which has
been shown11 to undergo very rapid comproportionation with
B12a [eqn. (6)]:

Co Co 2 CoIII Ga I Co III III

æ Æææ æ Æææ (6)
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Hollow spheres of zeolite have been fabricated through a
layer-by-layer technique using polystyrene spheres as tem-
plates and nanozeolites as ‘building blocks’, followed by
calcination.

Hollow spheres have found many applications in chemistry,
biotechnology and materials science owing to their character-
istic macroscopic structure.1,2 Fabrication of hollow spheres
with well defined nanoscaled pores on the shell may open up
possibilities for various new application fields, such as
controlled release capsules, artificial cells, chemical sensors,
shape-selective adsorbents and catalysts. Up to now, only
hollow spheres of mesoporous silica have been obtained by
spray drying and emulsion/phase separation techniques.3–5

Zeolites are ideal construction materials for the shell of hollow
spheres owing to their high thermal stability, large micro-
porosity, high shape-selectivity and intrinsic chemical activity.
However, the present methods of preparing hollow mesoporous
silica spheres cannot be used to fabricate hollow zeolite spheres,
because the synthetic conditions and formation mechanisms of
mesoporous silica and zeolites are totally different. Recently, a
layer-by-layer (LbL) technique based on electrostatic inter-
action or hydrogen bonding has been widely adopted to
fabricate films on the surfaces of flat and spherical substrates.6,7

It has been noticed that colloidal zeolites are negatively charged
in basic solution and can aggregate readily to form hierarchical
structures such as membranes, fibers and micro/macroporous
zeolite monoliths.8,9 The electrostatic attraction between a
negatively charged nanozeolite and an oppositely charged
polymer is an effective driving force for the self-assembly of
zeolite–polymer multilayers on colloidal templates. A new
procedure for fabricating hollow zeolite spheres involving
polystyrene (PS) latex templated electrostatic LbL self-assem-
bly of nanozeolite/polymer multilayers followed by removal of
the template and the polymer is reported in this work.

Nanocrystals of zeolite b (40 ± 5 nm), silicalite-1 (50±10 and
80 ± 10 nm) were prepared according to the literature
methods,10,11 and characterized by XRD, IR and SEM. The
nanozeolites were centrifuged, washed and dispersed in 0.1 mol
L21 NaCl solution at pH 9.5. The fabrication procedure for
hollow zeolite spheres is depicted in Scheme 1. First, the
positively charged PS latex templates were prepared by
depositing five layers of polyelectrolytes of cationic poly-
(diallyldimethylammonium chloride) (PDDA) and anionic

poly(styrenesulfonate, sodium salt) (PSS) in the order of
PDDA/PSS/PDDA/PSS/PDDA.2,7 Then, the nanozeolite and
PDDA were alternately deposited on the positively charged PS
substrates to form homogeneous nanozeolite/PDDA multi-
layers. All the above adsorption steps were performed in 0.1
mol L21 NaCl solution with a liquid/solid volume ratio of 50 at
pH 9.5 and ambient temperature for 20 min, and after each
adsorption step the sample was centrifuged, washed and
redispersed. To remove the PS latex template and the polymers,
the samples were heated to 873 K at a heating rate of 5 K min21

in nitrogen, and kept at 873 K in nitrogen for 4 h and
subsequently in air for 8 h.

Homogeneous deposition of nanozeolite particles on PS latex
templates is a crucial step in the preparation of hollow zeolite
spheres using the LbL technique. The success of this process
largely depends on the electrostatic interaction between the
nanozeolite and PDDA. Hence, pH and ionic strength of the
colloidal solution are important. In neutral solution, most of the
coated spheres are coalesced and have very rough surfaces [Fig.
1(a)]. In addition, the nanozeolite particles form aggregates in
solution. This is probably because the charge density on the
nanosilicalite-1 surface is rather low near its isoelectric point
(pH = 7).12 At pH 11, discontinuous defects [see arrows in Fig.
1(c)] on the sphere surface are observed even after four
nanozeolite/PDDA layer pairs are deposited. Under such
conditions, most of the silanol groups on the surface of the
nanozeolite particles exist in the form of Si–O2, which
increases the repulsive force between the particles and inhibits
the formation of a compact coat. The best result is obtained at
pH 9.5 [Fig. 1(b)], when the amount of negative charge on the
zeolite particles is just adequate for them to deposit onto the
positively charged PS spheres densely and compactly. NaCl
was added into the solution to adjust the ionic strength. Without
adding salt, defects were observed on the sphere surface even
after four layers of zeolites were deposited. As the salt
concentration was increased to 0.1 mol L21, the coat on the
sphere surface became uniform and dense. This shows that a
proper ionic strength of the solution is necessary to screen the
nanozeolite particles from mutual repulsion and to facilitate the
formation of a uniform and compact zeolite coat on the
templates.13

Scheme 1 The procedure for preparing hollow zeolite spheres.

Fig. 1 SEM micrographs of polyelectrolyte-modified PS latices deposited
with two nanosilicalite-1/PDDA layer pairs, (a) in neutral solution, (b) at pH
= 9.5 and (c) four nanosilicalite-1/PDDA layer pairs at pH = 11.0.
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SEM micrographs of hollow spheres of zeolite b and
silicalite-1 templated by PS latices with diameters f of 1.47 and
0.53 mm are shown in Fig. 2. The PS latices are homogeneously
covered with zeolite nanoparticles. The inset in Fig. 2(b) shows
that the spheres are hollow after calcination and the thickness of
the shell is rather uniform. The surface of the hollow spheres is
smoother than the coated PS latices, implying that the zeolite
nanoparticles are more closely packed after calcination. Also, it
was observed that the smaller the PS latices and the nanozeolite
particles employed, the easier it was to keep the hollow spheres
intact. Almost all the hollow spheres were intact, when the
samples were prepared by depositing four layers of 40 nm
zeolite b onto PS latices of 0.53 mm [Fig. 2(c)]. The percentage
of intact spheres in the final product was also influenced by the
number of deposited nanozeolite layers. Hollow spheres were
not formed if only one layer of zeolite was deposited, but the
formation of such spheres did occur, under the appropriate
conditions, when two layers were deposited. The shell thickness
of the hollow spheres could be tailored through varying the
number of deposited nanozeolite layers. The thickness of shells
composed of two, four and six layers of zeolite b nanocrystals
was ca. 70, 140 and 200 nm, respectively.

XRD patterns of calcined hollow spheres of zeolite b and
silicalite-1 are shown in Fig. 3. The patterns are almost the same
as those of the original nanozeolites of zeolite b and silicalite-1,
indicating that the crystalline structure and crystal size of the
zeolites are unaltered after fabrication. Energy dispersive X-ray
analysis established that the elemental composition of the shell
is in accord with the nanozeolites used. Only characteristic
bands of the zeolites appear in the IR spectra of the calcined
samples,10,11 indicating the PS latex core and other organic
species are totally removed. Such novel materials are expected
to have potential applications as controlled release capsules,
artificial cells and catalysts owing to their unique ‘cage
structure’ with microporous shells.

In conclusion, hollow spheres of zeolite b and silicalite-1
with different sizes were fabricated efficiently and conveniently
through LbL self-assembly of nanozeolite–polymer multilayers
on a PS latex, coupled with removal of the core by calcination.
The pH and ionic strength of the colloidal solution, crystal size
of nanozeolites and size of PS latex templates are factors
affecting the fabrication of hollow zeolite spheres. Hollow
spheres of other zeolites such as ZSM-5 and TS-1 have also
been successfully fabricated in the same manner (to be
published). Currently, the application of these novel materials in
catalysis, separation and delivery systems is in progress in our
laboratory.

This work is supported by the Major State Basic Research
Development Program (Grant No. 2000077500), the NNSFC
(Grant No. 29873011) and the Foundation for University Key
Teacher by the Ministry of Education.
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Fig. 2 SEM micrographs of samples deposited with four nanozeolite/PDDA
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zeolite b sphere templated by PS latices (f = 1.47 mm), (c) hollow zeolite
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Fig. 3 XRD patterns of hollow spheres of silicalite-1 (a) and zeolite b
(b).
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Titania nanosheet crystallites have been self-assembled
layer-by-layer with poly(dimethyldiallyl ammonium chlo-
ride) onto substrates to produce ultrathin nanostructured
films which exhibit highly efficient optical absorption with a
sharp peak at 266 nm.

In the past decade, titania thin films have attracted tremendous
attention for their optical and photochemical applications, e.g.
UV-light shielding, solar energy conversion and detoxification
of pollutants.1 For these applications, it is of great importance to
fabricate titania thin films with a well controlled nanostructure.
Among a range of film growth strategies, the Langmuir–
Blodgett technique and self-assembly procedure via sequential
adsorption2 are the most feasible and widely applicable to tailor
stable and high-quality films on a nanometer-scale range.
Recently these approaches have been applied for the synthesis
of multilayer titania films by several groups.3–6 These prepara-
tions incorporated titania particles of several nm in size as a film
component. Hence, the resulting multilayer films were com-
posed of alternating layers of two-dimensionally packed
nanoparticles and organic substances as a binder. The titania
nanoparticles were synthesized by hydrolyzing an appropriate
Ti salt. It is sometimes difficult to prepare extremely small sized
particles in high quality, particularly in terms of crystallinity,
uniform shape and size, which is essential for fabrication of well
organized films.

Recently we have demonstrated that colloidal titania nano-
sheets of composition Ti12dO2 (d ≈ 0.09) can be derived by
completely delaminating a layered titanate.7 The obtained
semiconductor crystallite, as the elementary fragment of the
layered crystals prepared at a high temperature, is characterized
by its very high two-dimensionality, with a thickness of
molecular dimension as well as high crystallinity, which leads
to novel physicochemical properties which are distinct from
those of titania nanoparticles.8 These features of the nanosheet
crystallites may have some advantages to better control
nanostructures in the layering process and some enhanced
physical properties may be expected for resulting multilayer
assemblies in comparison with films composed of nano-
particles. Here, we report the layer-by-layer construction of a
well organized multilayer system of titania semiconductor
nanosheets and organic polymers, which efficiently absorb UV
light with a wavelength below 300 nm.

The titania nanosheet crystallites, Ti12dO2 (d ≈ 0.09), were
obtained by chemically delaminating a protonic titanate of g-
FeOOH type layered structure, H0.7Ti1.82580.175O4·H2O (8 =
vacancy),9 into its colloidal single layers upon action of an
aqueous solution of tetrabutylammonium hydroxide
(TBAOH).7 The multilayer films were prepared by repeating
the following adsorption procedures for the desired number of
cycles.

Each cycle involves the immersion of a substrate such as Si
wafer or quartz glass into the colloidal suspension of the titania
nanosheets for 20 min, rinsing with Milli-Q filtered water ( > 17
MW cm21), and then dipping in an aqueous solution of

poly(dimethyldiallyl ammonium chloride) (PDDA) for 20 min,
and finally washing with water. A polycation such as PDDA
was employed as a counterpart for the self-assembly process
because the titania nanosheets are negatively charged. The
substrates were cleaned prior to the film deposition by a method
described in the literature10 and then primed with poly-
(ethylenimine), PEI, to introduce positive charge onto their
surface. The concentration of the titania suspension and the
PDDA solution were 0.08 and 20 g dm23, respectively. The pH
values of both were adjusted to ca. 9 by adding an appropriate
amount of HCl or TBAOH. The PDDA was added as a 0.5 mol
dm23 NaCl solution.

Consecutive adsorption procedures as described above
yielded visibly transparent thin films, the growth process of
which was followed by several characterization techniques.
UV–VIS absorption spectra show progressive enhancement as a
function of the layer pair number (Fig. 1). The spectral profile
with a pronounced peak at 266 nm is characteristic of titania
nanosheets in aqueous suspension.8 The polycations, PDDA
and PEI, do not show substantial absorption in the energy region
shown. Consequently, the nearly linear growth of the absorption
peak indicates that an approximately equal amount of Ti12dO2
was deposited for each adsorption procedure. The modest
increase in background at a wavelength of > 300 nm may arise
from light scattering by the nanosheet crystallites oriented
parallel to the substrate surface with lateral sizes in the
submicro- to micro-meter range.

X-Ray diffraction patterns (Fig. 2) illustrate the evolution of
a Bragg peak suggesting a periodicity of 1.4 nm. This
diffraction peak is attributable to a so-called superlattice
reflection of the inorganic/organic repeating nanostructure. The
nanosheet crystallite Ti12dO2 has an atomic architecture of g-
FeOOH type in which TiO6 octahedra at two different levels
along the sheet normal are connected with each other via edge-
sharing to produce the two-dimensional sheet.8 Its thickness is

Fig. 1. UV–VIS absorption spectra of Ti12dO2/PDDA multilayer films
grown on SiO2 glass; 0.5 3 the observed absorbance at 266 nm is plotted in
the inset taking into account the presence of the film on both sides of the
substrate.
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estimated to be 0.75 nm taking into account the outermost edges
of surface oxygen atoms. Accordingly, the thickness for the
PDDA layer should be 0.65 nm. This dimension is reasonable
for the PDDA molecular structure at the salt concentration
under which the film was grown.

The intensity of the basal diffraction series for a system of N
parallel nanosheets can be calculated using eqn. (1):11
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where the second, third and fourth terms are the Lorentz-
polarization factor, structure factor and interference function,
respectively. Since the latter term is proportional to N2 at k = ±
1, 2, 3, the 0k0 peak intensity is linearly dependent on N. This
was experimentally observed as shown in inset, suggesting
successful construction of the multilayer film.

The diffraction peak was detectable even for the two-unit
system, i.e. PEI/Ti12dO2/PDDA/Ti1-dO2. The well ordered
nature of this multilayer system is principally explained by the
fact that the interpenetration of inorganic and organic compo-
nents is strongly reduced owing to the two-dimensional
architecture of the rigid inorganic nanosheets. This is in sharp
contrast to other multilayer films composed of organic polymers
where neighboring layers intermingle considerably.2

The ultrathin titania films obtained in this study have a
molecularly ordered array of the components. The film
architecture is based on platelets rather than particles as found
for titania films reported previously.3–6 The multilayer repeat
dimension of 1.4 nm is finer than for such previously reported
films ( > 3 nm).

The optical properties are also noteworthy, particularly in
terms of sharp and highly efficient absorption in the UV region
( < 300 nm). The sharp absorption edge, which is significantly

blue-shifted relative to bulk TiO2, may be associated with
exciton confinement in the two-dimensional semiconductor
crystallites which are of sub-nm thickness.8 Theoretical calcula-
tions predict very small values, 0.3–1.9 nm, for the Bohr radius
of the first exciton in TiO2, or the threshold at which quantum
size effects manifest themselves.12,13 On the basis of the
experimental data, Serpone et al.14 have claimed that the
exciton radius is < 1 nm. Titania nanoparticles reported so far
are mostly larger in size than this size-quantization threshold.
On the other hand, the nanosheet thickness is small enough to
expect carrier confinement. To our knowledge, a dimension as
small as 0.75 nm (the nanosheet thickness) has not previously
been reported for titania systems.

The absorption efficiency was several times higher than for
films incorporated with titania nanoparticles.3–6 The optical
density at a wavelength of 266 nm was 0.065 for one titania-
nanosheet layer (inset in Fig. 1). Comparable data for multilayer
films with titania nanoparticles and amino acid capped particles
are reported to be 0.016 ± 0.008 (at 190 nm) and 0.017 (232
nm), respectively.4,6 Note that the optical density for the
nanosheet system was higher despite its smaller thickness of the
titania layer (0.75 nm) in comparison with those of nano-
particles (2.3–3 nm). Although there are several factors to be
considered for the origin of this intense absorption, we speculate
that the size effect on oscillator strength is a likely explanation.
Its significant enhancement with decreasing the size of
semiconductor nanocrystallites has been theoretically predicted
and has been experimentally observed for CdS nanoclusters.15

The findings here strongly suggest promising potential of the
present system for its use as photovoltanic, photochromic and
catalytic devices and sensors.
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The UV spectral changes along with the kinetic results for
the title reaction suggest that the reaction proceeds through
a rapidly formed stable intermediate which decomposes
slowly to the product.

Acyl-transfer and related reactions such as phosphoryl- and
sulfonyl-transfer reactions are central to our understanding of
biochemical pathways. Consequently, there has been consider-
able interest in examining this large class of reactions.1–11 Acyl-
transfer reactions may proceed either through a stepwise
mechanism with an addition intermediate or through a con-
certed mechanism, depending upon the nature of the nucleo-
phile and structure of the substrate.1–11 For example, it has
generally been understood that reactions of esters with amines
proceed through a stepwise mechanism, in which the rate-
determining step (RDS) changes from breakdown to formation
of the intermediate as the attacking amine becomes more basic
than the leaving group by 4–5 pKa units.2–4 However, the
corresponding reactions with anionic nucleophiles are still
controversial.5–11

Buncel et al. have suggested that acyl-transfer reactions
proceed through a stepwise mechanism, based on Hammett
plots obtained from reactions of a series of substituted phenyl
acetates, phosphinates and sulfonates with anionic nucleo-
philes.5,6 Recently, Okuyama et al. arrived at a similar
conclusion for buffer catalyzed hydrolysis of sulfinate esters.7
By contrast, Williams et al. have concluded that acyl-transfer
reactions with anionic nucleophiles proceed through a con-
certed mechanism, based on linear Brønsted-type plots obtained
from reactions of p-nitrophenyl acetate and related phosphinate
and sulfonate esters with a series of substituted phenoxides.8
The cross interaction correlations of Jencks,9 isotope effect
studies by Hengge10 and Marcus analysis by Guthrie11 have all
supported the concerted process.

However, there has been no definitive evidence such as
spectroscopic data for any intermediate. We now report, along
with kinetic evidence for a stepwise mechanism, the first
spectroscopic observation of an intermediate in the reaction of
a sulfinate ester (1, dibenzo[1,2]oxathiin-6-oxide) with EtONa
in anhydrous EtOH, as shown in Scheme 1.

Fig. 1 shows UV spectral changes for the reaction of 1 with
EtONa in EtOH. The first spectrum from the top has been taken
from the substrate alone in EtOH, and the next ones have been

recorded immediately after addition of EtONa at intervals of
180 s. The time between the first and the next spectrum is less
than 3 s, but even with this short period the spectral change
between the two is significant. Furthermore, there is no
isosbestic point discernable in the UV spectra. In subsequent
experiments with different concentrations of EtONa, a similar
result is found, i.e. rapid spectral change upon addition of
nucleophile followed by slow modification of the spectrum, but
the initial spectral change becomes more significant with
increasing concentration of EtONa. Such spectral changes, as
well as the absence of isosbestic points, definitely suggest that
the present reaction proceeds through rapid formation of a
stable intermediate which decomposes slowly to the product.

The initial spectral change has been followed using a
stopped-flow spectrophotometer and is illustrated in Fig. 2.
These spectral changes were monitored for 16 ms at an interval
of 2 ms. Two isosbestic points are observed in Fig. 2, indicating
that there is no stable intermediate during this fast process.
Therefore, based on the spectroscopic data, it is proposed that
the present reaction proceeds in two steps with rapid formation
of an intermediate shown as 2, that decomposes slowly to the
product 3,12 as shown in Scheme 1.

Further support for the stepwise mechanism can be provided
by determination of the microscopic rate constants, k1, k21, and
k2 in Scheme 1. Therefore, a kinetic study was performed to
determine the k1 value in Scheme 1 using a stopped-flow
technique under pseudo-first-order conditions. The plot of
pseudo-first-order rate constants (kobs) vs. the concentration of
EtONa exhibits good linearity with a large positive intercept
(Table 1, ESI†). In a separate control experiment, 1 was shown
to be inert in EtOH in the absence of EtONa, indicating that the
positive intercept in the plot of kobs vs. [EtONa] cannot be
ascribed to ethanolysis of 1, but represents the reverse reaction,
k21. Therefore, the microscopic rate constants (k1 and k21) of

† Electronic supplementary information (ESI) available: summary of
kinetic results for reaction of 1 with EtONa. See http://www.rsc.org/
suppdata/cc/b0/b006439o/

Scheme 1

Fig. 1 Repetitive scanning of the UV spectra for the reaction of 1 with
EtONa (1" 2? 3) in anhydrous EtOH at 25.0 ± 0.1 °C. [1] = 7.50 3 1025

M, [EtONa] = 12.1 3 1023 M. Time interval less than 3 s for the first and
second spectrum from the top, and 180 s for the remainder. See text.
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the fast equilibrium process (1" 2) can be calculated according
to eqn. (1), i.e. from the slope and intercept of the plot of kobs vs.
[EtONa]. The k1 and k-1 values determined in this way are
14,500 M21s21 and 30.5 s21, respectively.

kobs = k1[EtONa] + k21 (1)

In order to determine the k2 value in Scheme 1, the slow
reaction process (1" 2? 3) has been monitored. The plot of
kobs vs. [EtONa] yields a curvilinear trace that levels off as the
concentration of EtONa increases (Table 2, ESI†). Eqn. (2) may
be derived for a reaction which proceeds through a rapid pre-
equilibrium as in the present system.13

kobs = k1k2 [EtONa]/{k1[EtONa] + k21 + k2} (2)

Eqn. (2) resembles the Michaelis–Menten equation14 which
accounts for enzyme catalyzed reactions. In this case, the plot of
kobs vs. [EtONa] should reach a maximum and then flatten out
as the concentration of EtONa increases, as found in the present
system. Rearrangement of eqn. (2) gives eqn. (3).

1/ kobs = 1/k2 + {k21 + k2}/{k1k2 [EtONa]} (3)

Consequently, if the present reaction proceeds as in Scheme 1,
the plot of 1/kobs vs. 1/[EtONa] should be linear. In fact, a linear
plot has been obtained (Fig. S1, ESI†). From the intercept of the
linear plot, the 1/k2 value has been calculated. The k2 value
determined in this way is 1.36 3 1023 s21, which is much
smaller than the k21 value. The relative magnitude of these
microscopic rate constants is clearly consistent with the
preceeding proposal based on the spectral data shown in Figs. 1
and 2. The small k2 (1.36 3 1023 s21) as compared to k21
(30.5 s21) would permit observation of the putative inter-
mediate 2.

Since ethoxide is more basic than aryloxide by 4–5 pKa units
in EtOH,6b one might expect EtO2 would be a poorer leaving
group than aryloxide. However, in fact, the k21 value has been
determined to be over 104 times larger than the k2 value in the
present system. Therefore, the present result is quite surprising,
and suggests that basicity alone does not determine nucleofugal-
ity in this system. Since cyclic sulfinate esters have been
suggested to be thermodynamically stable,15–17 one might
suggest that thermodynamic stability of 1 would accelerate the
k21 step and retard the k2 step in Scheme 1. This argument gains
support from the fact that the product (3) reverts quantitatively
to the reactant (1) upon acidification of the reaction mixture.

However, solvent effect may also be important in the present
system. Note that reaction of 1 with OH2 in H2O is much faster
than the corresponding reaction with EtONa in EtOH,7a and
there is no accumulation of intermediate in H2O (Fig. S2, ESI†,
e.g. good isosbestic points at 242 and 306 nm). Furthermore, we
have noticed that the reaction of 1 with EtONa is accelerated
significantly by addition of H2O into the reaction medium, even
in very small amounts.

However, more systematic studies are required in order to
elucidate how the solvent stabilizes or destabilizes reactants, TS
and intermediate. Reactions of 1 with various nucleophiles and
in different solvents are currently under way to investigate
further the reaction mechanism.

The authors are grateful for the financial support from
KOSEF (1999-2-123-003-5 and 2000-123-02-2).
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By impregnating g-Al2O3 with cerium/zirconium citrate
solutions and subsequent calcination, nanostructured
CemZr12mO2 mixed oxides supported on Al2O3 are obtained,
which feature remarkably high oxygen storage even after
calcination at 1100 °C for 24 h.

The oxygen storage/release capacity (OSC) of a three-way
catalyst (TWC) is a measure of the ability to attenuate the
negative effects of rich/lean oscillations of exhaust gas
composition through the Ce3+/Ce4+ redox process.1 By main-
taining a stoichiometric composition at the catalyst, the highest
conversion efficiency of the exhaust is attained. Accordingly,
the efficiency of the OSC is monitored by the vehicle emission
on-board diagnostics; decline of OSC being an indication of
TWC failure, which makes its substitution mandatory by
environmental regulations. In modern TWCs, the OSC is
achieved by adding a CeO2–ZrO2 mixed oxide component.2,3

Advent of the ‘light-off catalyst’, i.e. a secondary converter
close coupled to the engine, exposes the TWCs to very high
temperatures, which requires their thermal stability up to
1100 °C.4

CemZr12mO2 (13 wt%)/g-Al2O3 (m = 1, 0.6, 0.2, denoted as
CZXX/Al2O3, XX = 100, 60, 20) were prepared by using a
modified citrate complexation method;5 by a single-step wet
impregnation of the resulting citrate-containing solution on g-
Al2O3 (BET surface area 186 m2 g21, pore volume 1.03
ml g21). Ce(NO3)3·6H2O (99.99%, Aldrich) was dissolved in
water and mixed with an aqueous solution of ZrO(NO3)2 (20%
ZrO2, MEL Chemicals), then a water solution of citric acid
(99.7%, Prolabo) was added. The metal cation to ligand ratio
was 1 to 2.1. The resulting solution was stirred at 75 °C for 5 h,
then at room temperature (r.t.) for 12 h, and finally concentrated
to perform the ‘incipient wetness’ impregnation of the support.
The resulting material was dried at 120 °C for 12 h, heated to
500 °C at a rate of 3 °C min21 and then calcined at this
temperature for 5 h to obtain a yellow powder. These samples
are indicated as being ‘fresh’. Catalysts were aged by
calcination in air. Temperature programmed reduction (TPR)
was carried out in a conventional instrument.3 Dynamic-OSC
was measured by alternately pulsing CO (100 ml) and O2
(100 ml) over the sample (30–100 mg, maintained in a flow of
Ar of 25 ml min21).3 Powder XRD spectra were collected on a

Table 1 Oxygen storage and textural/structural characterisation of the CeO2–ZrO2 and CeO2–ZrO2/Al2O3 catalysts

Phase composition (%)

Calcination Al2O3 OSCb/ml O2 gsolid solution
21

Sample T/ °C t/h

BET
surface
area/
m2 g21 g qc a CZa

CZ Crystallite
size/nm 400 °C 500 °C 600 °C

Al2O3 700 5 186 100 — — 0 0 0
1100 5 58 56 44 — — — — —
1100 24 12 100 — — — — —

Ce0.2Zr0.8O2/Al2O3 500 5 180 100 — — 0.2 2.2 5.8
1000 5 115 100 t (100) 7 0.6 2.5 4.6
1000 48 104 100 t (100) 9 0.4 1.8 4.9
1100 5 68 100 t (100) 11 0.1 1.1 3.5
1100 24 63 98 2 t (100) 11 0.3 1.3 3.6

Ce0.6Zr0.4O2/Al2O3 500 5 168 100 — — 1.7 8.6 16.9
1000 5 105 100 c (90) t (10) 12 (c) 7 (t) 1.4 5.8 9.2
1000 48 103 100 c (90) t (10) 12 (c) 7 (t) 1.7 5.2 9.1
1100 5 71 100 c (74) t (26) 14 (c) 7 (t) 0.5 3.1 8.7
1100 24 55 80 20 c (75) t (25) 18 (c) 10 (t) 0.2 1.6 6.0

CeO2/Al2O3 500 5 180 100 — — 3.2 9.3 13.8
1100 5 60 100 c (100) 20 0.3 0.9 1.6
1100 24 32 34 66 c (100) 28 0.4 1.0 1.9

Ce0.2Zr0.8O2 500 5 24 — — — t (100) 6 0.3 1.6 3.4
1100 5 1 — — — t (100) 35 0 0 0.1

Ce0.6Zr0.4O2 500 5 42 — — — tB(100) 5 0.9 3.1 5.8
1100 5 1 — — — c (85) t (15) 20 (c) 15 (t) 0 0.1 0.6

a tB, tA and t are tetragonal phases (space group P42/nmc) with pseudo-cubic cell parameter ratio (c/a), respectively, of 1.000, 1.002–1.010 and 1.02; c phase:
cubic fluorite type of lattice (space group Fm3m ).2 When a mixture of phases was detected the approximate composition was evaluated: c phase: Ce0.8Zr0.2O2;
t phase Ce0.2Zr0.8O2. b For consistency OSC (O2 uptake) is given per g of CZ mixed oxide. Dynamic-OSC measured at the indicated temperatures. Total-OSC
was measured as O2 uptake at 427 °C after a TPR up to 1000 °C and assuming a full re-oxidation.2 5–7, 15–18 and 18–20 ml O2 gsolid solution

21 were obtained,
respectively, for CZ20/Al2O3, CZ60/Al2O3 and CZ100/Al2O3. c Some d-Al2O3 was also detected in a few samples and the sum of q- and d-Al2O3 is
given.
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Siemens Kristalloflex Mod.F Instrument (Ni-filtered Cu-Ka
radiation). The profile fitting of the XRD patterns was
performed by a Rietveld analysis program (RIETAN94). High
resolution electron microscopy (HREM) measurements were
performed using a JEOL 4000-EX microscope equipped with a
top-entry specimen holder with 0.18 nm point resolution with an
accelerating voltage of 400 kV. Digital processing was carried
out by using a CCD camera and the SEMPER 6+ software
package.

Table 1 reports the effects of calcination of the fresh samples
on textural, structural and OSC properties. Calcination at
700–1100 °C progressively transforms g-Al2O3 into q-Al2O3
and a-Al2O3, the latter being the only phase detected after 24 h
at 1100 °C. Consistent with the literature, these transformations
are hindered by the presence of either CeO2

6 or ZrO2.7 This
effect is noticeable after calcination at 1100 °C for 24 h; the
highest surface area (63 m2 g21) being observed for CZ20/
Al2O3. XRD analysis by Rietveld refinement of CZ20/Al2O3
calcined at 1100 °C for 5 h revealed the presence of a single
phase CZ solid solution. Lattice parameters a = 3.6296(5) and
c = 5.2317(5) Å were calculated for the tetragonal cell, which
compare well with a = 3.6396(1) and c = 5.2382(1) Å obtained
for CZ20 after calcination at 1000 °C. This indirectly confirmed
that no appreciable phase segregation occurred. Some CeO2
non-incorporated into the mixed oxide was detected for CZ60/
Al2O3, in accord with a previous observation that compositional
inhomogeneities are favoured at intermediate compositions.7
There is a synergic stabilisation between the CZ and Al2O3
component, since the sintering of CZ is retarded by the presence
of Al2O3, particularly at high ZrO2 content. For CZ20/Al2O3
calcined at 1100 °C a crystallite size of 11 nm was evaluated
from the XRD analysis. These findings were confirmed by

HREM analysis which revealed the presence of tetragonal
Ce0.2Zr0.8O2 particles in the range 9–20 nm [Fig. 1(a)]. The
nanosized nature of the CZ component seems attributable to the
presence of zirconia rather then ceria, since significantly higher
particle sizes were detected by XRD for CZ100/Al2O3.

Fig. 1(b) compares the TPR profiles of fresh and calcined
(1100 °C) samples of CZ20/Al2O3 and CZ100/Al2O3. High
temperature ageing leads to most reduction occurring at high
temperatures in CZ100/Al2O3, consistent with the relatively
high CeO2 particle size.6 In contrast, reduction at relatively low
temperature persists in CZ20/Al2O3 even after high temperature
calcination. Either CeAlO3 or crystalline CeO2 were detected by
XRD after the TPR/oxidation at 427 °C experiment carried out
on CZ100/Al2O3. Dispersing CeO2 over Al2O3 led to deactiva-
tion of OSC in CeO2/Al2O3 owing to formation of CeAlO3.8
Within the sensitivity of the XRD method (estimating an upper
limit of ca.  5%  CeAlO3 with respect to the CZ phase in the CZ/
Al2O3 material for non-detection) no formation of CeAlO3 was
detected in any of the CZ20/Al2O3 samples. This indicates that
incorporation of ZrO2 into CeO2 prevents this undesirable
deactivation pathway. The more ZrO2 is added to CeO2, the
more effective stabilisation is achieved, highlighting the crucial
role of ZrO2 in improving the stability of these systems. Phase
separation into CeO2-rich and ZrO2-rich phases was indeed
detected at 1100 °C in CZ60/Al2O3, leading to partial formation
of CeAlO3 after TPR/oxidation at 427 °C.

The effects of addition of Al2O3 to CZ on the dynamic-OSC
are remarkable (Table 1): (i) there is a strong improvement of
the dynamic-OSC in the fresh CZ/Al2O3 samples compared to
the unsupported ones; (ii) thermal ageing at 1000–1100 °C leads
to an almost complete deactivation of the dynamic-OSC in
unsupported CZ; (iii) such ageing decreases dynamic-OSC of
CZ/Al2O3 compared to fresh samples, however, appreciably
high OSC persists, which is comparable or higher than that of
fresh CZ; (iv) thermally stable dynamic-OSC was detected in
CZ20/Al2O3, which remarkably did not decline by increasing
the calcination time at 1100 °C up to 24 h. We tentatively
attribute these improved properties to an intimate contact
between the CZ20 and Al2O3 phases generated by the synthesis
method, which stabilises high dispersion of the CZ component
(by contrast physical mixtures of CZ and Al2O3 calcined at
1100 °C for 5 h showed negligible dynamic-OSC). In summary,
materials, which are highly suitable for thermally demanding
redox reactions, such as those mediated by TWCs, can be
obtained by supporting zirconia rich CeO2–ZrO2 mixed oxides
over Al2O3.
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Fig. 1 (a) HREM image of Ce0.2Zr0.8O2/Al2O3 calcined at 1100 °C for 5 h.
The digital diffraction pattern of area ‘a’ was indexed as tetragonal
Ce0.2Zr0.8O2 viewed along the [0,1,0] axis. In the zone marked ‘b’,
interplanar distances typical of q-Al2O3 were found; (b) Comparison of
TPR profiles of Ce0.2Zr0.8O2/Al2O3 (1) fresh, (2) calcined at 1100 °C for
5 h, and CeO2/Al2O3 (3) fresh and (4) calcined at 1100 °C for 5 h.
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Three new tungsten(VI) oxide hybrid materials,
[WO3(pyz)0.5] (pyz = pyrazine) 1, [WO3(bpy)0.5] (bpy = 4,4A-
bipyridyl) 2 and [W3O10(enH2)] 3, have been hydrothermally
synthesized: 1 and 2 exhibit covalent/coordination hybrid
framework connectivities while the structure of 3 consists of
novel layers comprised of distorted {WO6} octahedra linked
through edge- and corner-sharing interactions.

Crystal engineering of low-dimensional and porous materials is
the main concern of many current research projects, owing to
their potential applications in catalysis, sorption, separation and
photochemistry.1–6 Hydrothermal crystallization, in the pres-
ence of organic templating species, has been demonstrated to be
a versatile technique for the synthesis of these kinds of
materials.4–6 Of significant importance is the ability of the
organic molecules to influence profoundly the structure of
synthesized products, and to direct their formation with
particular structural and physical properties. The exquisite
control over the detailed topology of the anionic framework that
can be achieved by altering the steric and electronic properties
of the template has been exploited to synthesize materials with
an astonishingly diverse range of structural characteristics. In
addition to silicon, aluminium and phosphorus,6,7 a wide variety
of other main group and transition metals such as Ga,8 Mo,9 V10

and Fe11 have been incorporated into the three-dimensional
framework and two-dimensional network structures through
hydrothermal synthesis in the presence of organic templating
agents.

The chemistry of tungsten oxide clusters and their derivatives
has been extensively studied owing to their unusual magnetic
properties, potential medical uses derived from their antiviral
and antibacterial activities, relevance in the design and
development of new materials, proven roles in catalysis, and
promise as catalysts for chemical transformations.12 Although
organic amines have been extensively used as templating or
structure-directing agents in hydrothermal reactions, little work
has been reported on their use in the hydrothermal synthesis of
new tungsten oxides with the exception of
[H3N(CH2)6NH3]4[W18P2O62]·H2O13 and a few Keggin spe-
cies.14 Here, we report the hydrothermal synthesis and struc-
tural characterization of three novel tungsten(VI) oxide hybrid
materials: [WO3(pyz)0.5] 1, [WO3(bpy)0.5] 2 and
[W3O10(enH2)] 3.

Compounds 1–3 were prepared from hydrothermal mixtures
of Na2WO4·2H2O, MCl2·nH2O (M = Cu, Zn), organoamines
and H2O, heated to 140–160 °C for 120–264 h.‡ Crystal
structures were solved from the data collected using a Siemens
P4 X-ray diffractometer.§ The IR spectra of 1–3 exhibited
strong bands in the range 910–960 cm21 attributed to n(WNO).
Thermogravimetric analysis indicated weight losses corre-
sponding to the loss of ligands.¶

The structure of [WO3(pyz)0.5] 1 consists of layers of corner-
sharing {WO5N} octahedra parallel to the ab-plane linked

through pyz molecules into a 3-D tungsten oxide/pyz frame-
work [Fig. 1(a)]. The 3-D architecture of 1 can be described as
an interwoven net of inorganic metal oxide layers and organic
tethers. The tungsten oxide layers are stacked along the c axis in
an ABAB… sequence. The connectivity between the tungsten
oxide layers and pyz molecules results in one-dimensional
rectangular channels along the b axis circumscribed by six
{WO5N} octahedra and two pyz molecules. The dimensions of
the channels are ca. 7.7 3 5.2 Å. The coordination geometry at
the W site is defined by one terminal oxo group, four bridging
oxo groups and one pyz nitrogen donor with W–O bond lengths
of 1.680(2), 4 3 1.8741(3) Å and W–N bond length of 2.440(3)
Å. The significant lengthening in the W–N distance reflects the
strong trans effects of the terminal oxo group.

Compound [WO3(bpy)0.5] 2 has a similar topology to
compound 1. As shown in Fig. 1(b), the structure of 2 consists
of W/O/N layers, parallel to the ab-plane, of corner sharing
{WO5N} octahedra bridged through bpy ligands into a 3-D
covalent/coordination hybrid framework. The connectivity
between the tungsten oxide layers and bpy molecules results in
one-dimensional rectangular channels along the [1 1 0]
direction circumscribed by six {WO5N} octahedra and two pyz
molecules. The dimensions of the one-dimensional rectangular
channels are ca. 11.9 3 5.2 Å. Each W site receives

† Current address: School of Science, Nanyang Technological University,
469 Bukit Timah Road, Singapore 259756, Republic of Singapore.
E-mail: yanbangbo@hotmail.com

Fig. 1 (a) Crystal structure of [WO3(pyz)0.5] 1 viewed along the b axis. (b)
Crystal structure of [WO3(bpy)0.5] 2 viewed along the [1 1 0] direction.
Coordination of ligands (pyrazine or 4,4A-bipyridyl) to tungsten oxide layers
results in a 3-D inorganic–organic framework with 1-D rectangular
channels.
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contributions from four bridging oxo groups, one terminal oxo
group and one nitrogen donor with W–O bond lengths of
1.678(11), 2 3 1.8936(4), 1.851(13) and 1.897(12) Å, and W–N
bond length of 2.409(14) Å.

The inorganic layers of compounds 1 and 2 are analogous to
that of three-dimensional ReO3-type WO3 (r-WO3).15 However,
the inorganic layers in r-WO3 are connected through shared
corners forming a three-dimensional structure whereas the
tungsten oxide layers in compounds 1 and 2 are cross-linked by
organodiamines through coordination bonds giving rise to their
three-dimensional organic/inorganic hybrid structures. It is
noteworthy that the synthesis conditions of compounds 1 and 2
differ from their molybdenum isostructures, MoO3(pyz)0.5 and
MoO3(bpy)0.5.16,17 It should also be noted that some carbon
atoms in compounds 1 and 2 are disordered over two sites.

In contrast to the three-dimensional covalent/coordination
hybrid frameworks of 1 and 2, the structure of [W3O10(enH2)]
3 consists of [W3O10]22 layers [Fig. 2(a)], separated by
interlamellar enH2

2+ cations [Fig. 2(b)]. The tungsten oxide
layers contain infinite ribbons, two polyhedra thick, of edge-
and corner-sharing {WO6} octehedra running parallel to the b
axis. These infinite ribbons are connected by shared corners
resulting in the layer structure of 3. The {WO6} octohedra are
distorted with W–O distances in the range 1.722(9)–2.307(7) Å.
The layer structure of compound 3 exhibits a puckered six-
membered ring circumscribed by six tungsten octahedra as
shown in Fig. 2(a). Ethylenediamine cations are located
between adjacent layers and are linked to the oxygen atoms of
the tungstate units via hydrogen bonds.

It should be noted that the structure of anionic layer of
compound 3 is quite different from that of K2W3O10

18 although
the tungstate anions in these two compounds have the same
stoichiometry. The three-dimensional framework of K2W3O10
consists of corner- and edge-sharing {WO6} octahedra. More-
over, the structures of known trimolybdates [Mo3O10]22 are
composed of infinite chains of polymolybdate anions,19,20 and
the existence of a layered trimolybdate [Mo3O10]22 has not yet
been reported. More interestingly, a one-dimensional example

of compound 3 has also been isolated from hydrothermal
media.21

The success in synthesizing compounds 1–3 provides
innovative examples of the utility of the template-mediated
hydrothermal method for the construction of versatile tungsten
oxide hybrid solids. It further demonstrates the multifunctional
roles of organoamines functioning as ligands bound to the
tungsten oxide skeleton, as in compounds 1 and 2, and as a
simple counter ion in compound 3 in the cooperative assembly
of organic/tungsten oxide hybrid materials. The current success
opens up an exciting area of research in which the structural
versatility of tungsten oxide materials can be evolved from the
introduction of appropriate templates and optimization of
reaction conditions.

Notes and references
‡ Hydrothermal reactions were carried out in sealed Teflon-lined stainless
steel autoclave reactors. Reaction conditions: 1: mol ratio Na2WO4·2H2O
+CuCl2·2H2O+pyz+H2O = 1.0+0.70+1.9+1096, at 160 °C for 120 h; 2: mol
ratio Na2WO4·2H2O+ZnCl2+bpy+H2O = 1.0+0.2+0.6+539, at 140 °C for
255 h; 3: mol ratio Na2WO4·2H2O+CuCl2·2H2O+en+H2O = 2.0+
1.0+1.2+1110, at 160 °C for 264 h.
§ Crystal data: [WO3(pyz)0.5] 1: C0.25H0.25W0.125N0.125O0.375, Mw =
33.959, tetragonal, space group I4/mmm, a = 5.2288(7), c = 14.175(3) Å,
V = 387.55(10) Å3, Z = 32, Dc = 4.660 g cm23, m = 29.664 mm21, T =
296 K, yellow plate, crystal size ca. 0.12 3 0.08 3 0.04 mm, R1/wR2 =
0.0302/0.0802 (R1/wR2 = 0.0314/0.0805 for all data). [WO3(bpy)0.5] 2:
C5H4W1N1O3, Mw = 309.94, orthorhombic, space group Cmca, a =
7.4733(15), b = 7.3927(15), c = 22.570(4) Å, V = 1246.9(4) Å3, Z = 16,
Dc = 3.302 g cm23, m = 18.462 mm21, T = 296 K, yellow plate, crystal
size ca. 0.10 3 0.09 3 0.04 mm, R1/wR2 = 0.0336/0.0776 (R1/wR2 =
0.0441/0.0809 for all data). [W3O10(enH2)] 3: C2H10W3N2O10, Mw =
773.67, triclinic, space group P1̄, a = 7.343(2), b = 7.373(3), c = 9.889(3)
Å, a = 93.99(2), b = 109.714(16), g = 91.23(2)°, V = 502.2(3) Å3, Z =
2, Dc = 5.116 g cm23, m = 34.326 mm21, T = 296 K, colorless plate,
crystal size ca. 0.25 3 0.20 3 0.08 mm, R1/wR2 = 0.0403/0.0970 (R1/wR2

= 0.0502/0.1021 for all data).
CCDC 182/1777. See http://www.rsc.org/suppdata/cc/b0/b005303l/ for

crystallographic files in .cif format.
¶ TGA data: weight loss for 1: 14.35% (calc. 14.76%, 507–576 °C); 2:
25.20% (calc. 25.24%, 498–572 °C); 3: 8.08% (calc. 8.03%, 342–
392 °C).
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Fig. 2 (a) A polyhedral packing view of the [W3O10]22 layers of
[W3O10(enH2)] 3 showing the puckered six-membered rings. (b) A
polyhedral and ball-and-stick view of [W3O10(enH2)] 3.
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Sterically hindered chiral (salen)manganese complexes bear-
ing long perfluoroalkyl substituents are synthesized and
successfully employed as catalysts in the enantioselective (ee
= 50–87%) epoxidation of alkenes under fluorous biphasic
conditions.

Following the pioneering work of Horváth and Rábai,1 a
number of reagents and catalysts bearing appropriate per-
fluoroalkyl substituents (‘fluorous compounds’) have been
prepared and used in ‘fluorous biphase chemistry’.2 Catalytic
reactions in fluorous biphasic systems present several advan-
tages over their classical homogeneous counterparts.3 Fluorous
chemistry has also a great potential for enantioselective
transformations, offering both an easy way to recover precious
chiral reagents or catalysts and unusual solvation effects.
Nevertheless, only a few chiral fluorous compounds have been
prepared to date and the actual influence of perfluoroalkyl
substituents (RF) and perfluorocarbon solvents on the outcome
of asymmetric reactions is virtually unknown.4 We have
reported the first example of a fluorous biphasic enantiose-
lective reaction, namely the epoxidation of alkenes in the
presence of the optically active fluorous (salen)MnIII complexes
Mn-1 and Mn-2 (Jacobsen–Katsuki catalysts, Fig. 1).4a Good
chemoselectivity and efficiency were observed in the epoxida-
tion of several substrates, and recycling of the catalysts was also
demonstrated. However, high levels of enantioselectivity were
not attained, except in the epoxidation of indene (ee = 90%).
This behaviour was tentatively ascribed to the low steric
hindrance of the RF groups in the 3,3’- and 5,5’-positions of the
ligands and to the inadequate electronic shielding of the metal
site from the strong electron-withdrawing effect of these
substituents.4c

Second-generation (salen)MnIII complexes Mn-3 and Mn-4
(Fig. 1) were designed with these assumptions in mind. In order

to better shield the metal site, the RF substituents in 5,5’-posi-
tions were replaced by perfluoroalkyl-substituted aryl moieties.
Moreover, sterically demanding tert-butyl substituents were
introduced in the key-positions 3,3’ of ligands 3 and 4.

Both salicylaldehydes 7 and 10, the key intermediates for the
synthesis of ligands 3 and 4, were prepared starting from
aldehyde 5,5 as shown in Scheme 1. Pd0-catalyzed cross-
coupling reaction of 5 with boronic acid 6 (yield = 86%),6
followed by O-deprotection (89%) and O-alkylation with
C8F17(CH2)3I (37%), afforded the fluorous salicylaldehyde 7.
Mono- and bis-O-alkylated biaryl compounds were isolated
from the reaction mixture by column chromatography and
reused in following runs.

In the case of salicylaldehyde 10, aldehyde 5 was used as a
precursor of aryl boronic acid 8, whereas perfluoroalkyl-
substituted aryl bromide 9 was prepared by copper-mediated
cross-coupling reaction of 1,3,5-tribromobenzene with 2 equiv.
of C8F17I. The bis(perfluoroalkyl) derivative was obtained as
the main product and isolated in reasonable yields (60%) after
crystallization from CH2Cl2 and then from Et2O. Pd0-catalyzed
cross-coupling reaction of crude aryl boronic acid 8 with 9,
followed by deprotection with BBr3 gave the desired salicyl-
aldehyde 10 in 62% yield.

Condensation of two equivalents of salicylaldehyde 7 or 10
with (1R,2R)-(2)-1,2-diaminocyclohexane in boiling ethanol
afforded the fluorous salen ligands 3 (72%) and 4 (95%),
respectively.7 MnIII complexes Mn-3 and Mn-4 were prepared
by reaction of the corresponding ligand with an excess of
Mn(OAc)2·4H2O in refluxing ethanol under aerobic conditions,
followed by anion exchange with LiCl and then
C7F15COONH4. The exchange of Cl2 for the fluorophilic

Fig. 1 First- (Mn-1, Mn-2) and second-generation (Mn-3, Mn-4) fluorous
chiral (salen)Mn complexes.

Scheme 1 Reagents and conditions: i, Pd(OAc)2/PPh3, PriOH, aqueous
Na2CO3, 110 °C; ii, BBr3, CH2Cl2, 0 °C; iii, C8F17(CH2)3I, K2CO3,
CH3CN, 70 °C; iv, (CH3)2SO4, K2CO3, acetone, r.t.; v, HO(CH2)3OH, p-
TsOH, toluene, reflux; vi, BuLi, 278 °C, THF, 45 min, then B(OCH3)3,
278 to 0 °C, aqueous HCl.
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C7F15COO2 anion resulted in the sought preferential solubility
of Mn-3 and Mn-4 in perfluorocarbons, as verified by partition
experiments in biphasic mixtures n-perfluorooctane/organic
solvents. Partition coefficients, determined by UV–Vis spec-
troscopy at 25 °C,8 were found to be quite similar for the two
complexes, ranging from 1.21 for Mn-3 in n-perfluorooctane/
hexane, to > 1000 for Mn-3 and Mn-4 in n-perfluorooctane/
CH3CN and n-perfluorooctane/toluene.

First- and second-generation (salen)MnIII complexes were
initially compared in the homogeneous epoxidation of 1,2-dihy-
dronaphthalene in CH2Cl2/benzotrifluoride, using meta-chloro-
perbenzoic acid/ N-methylmorpholine N-oxide (m-CPBA/
NMO) as the oxidant at 250 °C.9 Second-generation catalysts
afforded ee values much higher than those obtained with Mn-1
and Mn-2 (63% vs. 16 and 12%, respectively) and slightly
improved epoxide yields (70% with Mn-3 and Mn-4 vs. 60%
with Mn-1 and Mn-2). Other oxidising agents commonly used
in association with (salen)MnIII complexes were also tested and
the superiority of the new complexes was confirmed.

PhIO together with small amounts of pyridine N-oxide (PNO)
was used as the oxidising system in the next fluorous biphasic
reactions that were run in n-perfluorooctane/CH3CN (Table 1).†
This set of conditions was chosen taking into account the
favourable partition coefficients of the catalysts and considering
that homogeneous epoxidation reactions with PhIO/PNO are
conveniently carried out in CH3CN at 0–25 °C.10 Both reaction
yield and enantioselectivity rose with temperature under
fluorous biphasic conditions: the best results were obtained at
100 °C, corresponding to the boiling point of n-perfluorooctane
(Table 1, entries 1–5). Blank experiments evidenced that only
traces of epoxide are formed at this temperature in the absence
of the fluorous catalysts. The results obtained in the fluorous
biphasic epoxidation of 1,2-dihydronaphthalene with PhIO/
PNO at 100 °C (entry 5) compare favourably to those reported
for the same reaction in CH3CN in the presence of Jacobsen’s
catalyst, a commercially available, standard (salen)MnIII com-
plex (yield = 70%, ee = 46%).11

The fluorous layer, easily separated upon cooling, could be
reused up to three times after the first run as exemplified in the

case of triphenylethylene (entries 8–10). Catalytic activity
generally dropped in the fourth run due to the oxidative
decomposition of the catalyst, as evidenced by the progressive
disappearence of the characteristic UV–Vis absorption bands of
the (salen)MnIII in the fluorous phase and by the absence of such
bands in the organic phase. Such behaviour is in agreement with
previous literature reports dealing with (salen)MnIII complexes
immobilised by other techniques.11

The use of the second-generation (salen)MnIII complexes
considerably widen the scope of the fluorous biphasic epoxida-
tion reaction, since these catalysts not only afford good epoxide
yields, but also ee ranging from 50 to 87% with several
substrates. This finding strongly supports our aforementioned
hypotheses about the role of RF substituents on the catalytic
activity of (salen)MnIII complexes. The relative importance of
electronic and steric effects in determining the enantioselectiv-
ity of fluorous (salen)MnIII complexes and the design of new
chiral fluorous catalysts are currently investigated in this
laboratory.

We thank the COST Action D12 ‘Fluorous medium: a tool
for environmentally compatible oxidation processes’.

Notes and references
† General procedure for the asymmetric epoxidation of alkenes under
fluorous biphasic conditions: in a 10 ml Schlenk vessel placed in a
thermoregulated bath at 100 °C, 1 ml of a 0.2 M solution of alkene in
CH3CN containing o-dichlorobenzene (0.1 M, internal standard for GC) and
0.2 ml of a 0.25 M solution of pyridine N-oxide (PNO) in CH3CN were
added under nitrogen to 1 ml of a solution of the catalyst in n-
perfluorooctane. PhIO (67 mg, 0.3 mmol) was quickly added under a
nitrogen stream. The two-phase mixture was magnetically stirred at 1300 ±
50 rpm and cooled to room temperature at the end of the reaction. The brown
fluorous layer was separated, washed with CH3CN (2 3 0.5 ml) and reused
in further runs (see Table 1). The combined organic layers were washed
with saturated aqueous Na2SO3 (1 ml), brine (1 ml) and dried (MgSO4).
Epoxide yield and enantiomeric excess were determined by gas-chromato-
graphic analysis of the organic solution.
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Table 1 Asymmetric epoxidation of alkenes with PhIO/PNO in CH3CN/
perfluorooctane.a

Entry Catalyst Substrate T/°C t/h Yieldb(%) Eec(%)

1 Mn-4 1,2-dihydronaphthalene 0 3 4.5 8
2 Mn-4 1,2-dihydronaphthalene 20 3 46 26
3 Mn-4 1,2-dihydronaphthalene 40 3 76 32
4 Mn-4 1,2-dihydronaphthalene 70 2 74 42
5 Mn-4 1,2-dihydronaphthalene 100 1 77 50
6 Mn-3 1,2-dihydronaphthalene 100 1 68 50
7 Mn-4 triphenylethylene 100 0.5 98 87g

8 Mn-4d triphenylethylene 100 0.5 96 85g

9 Mn-4e triphenylethylene 100 0.5 92 83g

10 Mn-4f triphenylethylene 100 1 80 71g

11 Mn-3 triphenylethylene 100 0.5 98 80g

12 Mn-4 benzosuberene 100 0.5 92 68
13 Mn-3 benzosuberene 100 0.5 84 69
14 Mn-4 1-methylindene 100 0.5 98 77
15 Mn-3 1-methylindene 100 0.5 96 70
16 Mn-4 1-methylcyclohexene 100 0.5 91 58
17 Mn-3 1-methylcyclohexene 100 0.5 95 52
a See footnote †. b Determined by GC analysis (HP-5 5% phenyl methyl
siloxane column), internal standard method. c Determined by GC analysis
(Cyclodex-B chiral column). d First, e second and f third reuse of the
fluorous layer. g Determined by 1H NMR spectroscopy in the presence of
the chiral shift reagent Eu(hfc)3.
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Recent advances in the organometallic chemistry of gallium are
presented with an historical perspective and a particular
emphasis toward the dynamics of the Ga–Ga bond.

Introduction
Due to the fortuitously combined efforts of Dmitri Mendeleev
and Paul-Émile Lecoq de Boisbaudran, the main group metal
gallium holds a paradoxically unique distinction of having
many of its physical and chemical properties foretold prior to its
actual discovery. While developing the theory of chemical
periodicity in 1870, Mendeleev not only predicted the existence
of a yet to be discovered element thought to reside between
aluminium and indium, eka-aluminium, in his periodic arrange-
ment of the elements, but he also boldly and accurately
predicted a number of properties of this mystery element.
Indeed, Mendeleev proposed a value of 5.9 g cm23 for the
density of eka-aluminium and predicted that this element would
be discovered using spectroscopic analysis.1 The fact that the
actual events regarding the discovery of gallium and the
subsequent development of organogallium chemistry would
rival a compelling work of fiction only adds to the lore.

In the summer of 1875, following more than a decade of
fundamental research upon which the science of spectroscopy
would ultimately rest, Lecoq de Boisbaudran observed the first
spectroscopic evidence of what he believed to be a new
chemical element. While working in Paris in September 1875
Lecoq de Boisbaudran proudly obtained more than a gram of
this mysterious element after having begun with several
hundred kilograms of the appropriate zinc blende ore. Lecoq de
Boisbaudran aptly named this new element Gallia, in honor of
his beloved France (Latin, Gallia: France). Upon the determina-
tion of several chemical and physical properties of gallium, it
became increasingly apparent that this low-melting metal was
indeed the element which had been so confidently predicted by
Mendeleev in 1870. The genius, if not the persistence, of

Mendeleev emerged once more when Lecoq de Boisbaudran
initially reported the density of gallium as 4.7 g cm23.
Mendeleev wrote to Lecoq de Boisbaudran suggesting that he
re-examine the value of 4.7 g cm23 as it was at odds with his
predicted value of 5.9 g cm23.2 The correct value for the density
of gallium is 5.904 g cm23.

The historical development of the organometallic chemistry
of gallium is no less dramatic than that just offered concerning
its discovery. Triethylgallium, Et3Ga, as described by Dennis
and Patnode in 1932, was the first reported organometallic
compound of gallium.3 The saga of the synthesis of tri-
ethylgallium is of an unusually intriguing, if not tragic, nature.
Clearly noted in the 1932 article, another graduate student, Mr.
H. A. Lovenberg, had been pursuing the synthesis of the first
organogallium compounds and had actually begun the prepara-
tion of triethylgallium several years prior to the Dennis and
Patnode 1932 article. Shortly after the flask had been charged
with the ethylmagnesium bromide/gallium bromide reaction
mixture and the flask had been sealed and secured, Mr.
Lovenberg met an untimely death. This same flask containing
the EtMgBr/GaBr3 reaction mixture remained untouched,
perhaps even lost, until Mr. Pathode happened upon it in
January 1931 and continued the synthesis.3 Triethylgallium
monoetherate was isolated by Dennis and Pathnode as a
colorless, moderately viscous, pyrophoric liquid [eqn. (1)]:

(1)

Dennis and Patnode also reported that ether-free triethylgallium
could be isolated by reaction of gallium metal with diethylmer-
cury. In an ironic postscript, the contribution of Mr. Lovenberg
did not result in his being granted posthumous co-authorship on
the 1932 article.

Although the simple gallium alkyls share some similarities to
aluminium alkyls (i.e., colorless, air-sensitive liquids), there are
notable differences. For example, simple aluminium alkyls,
such as trimethylaluminium,4 are dimeric, bridging through
electron deficient three center–two electron, 3c–2e, bonds,
while the corresponding organogallium compounds are ex-
clusively monomeric. In addition, the pyrophoric nature of
aluminium alkyls is generally more substantial than that
observed for gallium alkyls.

For decades following their discovery, organogallium com-
pounds garnered limited attention and were largely considered
little more than laboratory curiosities. Indeed, Pauling once
opined that the chemistry of gallium [along with indium and
thallium] was limited and of ‘little practical importance’.5
Insofar as this may have been a perfectly accurate description of
the chemistry of gallium of the day, the organometallic
chemistry of gallium (and indium and thallium) has since been
shown to be as rich as it is varied. This Feature Article will
examine some of the more significant recent discoveries in
organogallium chemistry with a particular emphasis on ster-
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ically demanding organogallium compounds and the nature of
the gallium–gallium bond.

Sterically demanding organogallium compounds
Generally, the phenyl substituent is not considered to be very
bulky or sterically demanding. Nonetheless, the phenyl ligand is
quite significant as it serves as the base unit from which very
important sterically demanding ligands are derived. Much like
trimethylaluminium, triphenylaluminium was shown to be
dimeric,6 bridging through a carbon atom of the phenyl ring. In
contrast, triphenylgallium was demonstrated to be monomeric.7
Interestingly, the phenyl rings of Ph3Ga were observed to only
be slightly out of the plane of the GaC3 core. The nearly
coplanar nature of the phenyl rings with the gallium core in
Ph3Ga allowed for secondary interactions of each gallium
center with the meta-carbon atoms of other Ph3Ga moieties in
the unit cell.

The fact that sixteen years passed between the structural
characterization of triphenylgallium and its next logical aryl
derivative of trimesitylgallium, (Me3C6H2)3Ga, belies the latent
development of this chemistry. Ironically, the preparation of
(Me3C6H2)3Ga in 1986 was analogous to that employed more
than five decades earlier in the 1932 synthesis of triethyl-
gallium, namely the reaction of the appropriate Grignard
reagent with a gallium halide [eqn. (2)].8

(2)

Trimesitylgallium was isolated as colorless, air-sensitive crys-
tals. It is an interesting coincidence that the synthesis and
molecular structure of trimesitylaluminium9 and trimesitylgal-
lium8 were published as consecutive articles in the same issue of
the journal Organometallics. Although the molecular structure
of (Me3C6H2)3Ga revealed the gallium center to be in a virtually
idealized trigonal planar environment, the aromatic rings of the
mesityl ligands assumed a propellor-like arrangement about the
gallium center at an angle of 55.9° between each ring and the
metal coordination plane. This is most unlike the case for
triphenylgallium wherein the aromatic rings were only slightly
out of the metal center plane. As a consequence of the steric
crowding about the metal center, trimesitylgallium was shown
to be a very weak Lewis acid incapable of forming stable
adducts with either Et2O or THF.

Significant developments in the organometallic chemistry of
sterically demanding organogallium compounds were few for
the next ten years at which point an even more sterically
demanding ligand system was examined relative to gallium.
The ligand system which was chosen by this laboratory was the
substituted m-terphenyl ligands initially reported by Hart and
coworkers.10 In notable contrast to the syntheses of triethyl-
gallium and trimesitylgallium, wherein Grignard reagents were
utilized in the syntheses, we employed lithium derivatives of m-
terphenyl ligands. Reaction of 2,6-dimesitylphenyllithium with
gallium chloride affords bis(2,6-dimesitylphenyl)gallium chlo-
ride, [(Me3C6H2)2C6H3]2GaCl  (Fig. 1).11 This organometallic
compound was the first example of an m-terphenyl ligand being
attached to a main group metal. Secondly, it is noteworthy that
two such bulky ligands were accommodated by the gallium
atom. This point is particularly manifested in the geometry
about the metal center. Unlike triethylgallium and trimesityl-
gallium, in which the metal center is trigonal planar, the steric
interaction between the two m-terphenyl ligands in

[(Me3C6H2)2C6H3]2GaCl was such that the C–Ga–C bond angle
was widened substantially beyond the 120° expected for
trigonal planar to 154°. This is sufficient to warrant the
description of this compound as T-shaped. Normally, the T-
shaped orientation is reserved for the well known interhalogen
compounds such as ClF3 and BrF3 wherein the central atom has
two lone pairs of electrons to assist in stabilizing this rather
obscure geometry. Thus, [(Me3C6H2)2C6H3]2GaCl is the first
unambiguous example of a Group 13 metal organometallic
complex assuming a T-shaped geometry. The synthesis and
molecular structure of the corresponding T-shaped bis(2,6-
dimesitylphenyl)gallium bromide has also been recently re-
ported.12

Perhaps the only tri(aryl)-based molecule possibly more
sterically crowded than the T-shaped bis(2,6-dimesitylphe-
nyl)gallium halides is (2,6-dimesitylphenyl)(dimesityl)gallium,
(Me3C6H2)2C6H3Ga(C6H2Me3)2.12 This compound, isolated
from reaction of (Me3C6H2)2C6H3GaCl2 with two equivalents
of mesityllithium, arguably, represents the most sterically
crowded gallium center ever observed. The aromatic rings
about the GaC3 core approach orthogonality at angles of 82.4,
82.4 and 86.3°.

Gallium(II) halides: useful synthetic reagents
As recently as 1979 the notion of discrete ‘gallium(II) dihalides’
was a novel concept. A study by Beamish, Small, and Worrall
offered an unambiguous perspective on the existence of
gallium(II) halides with the synthesis and molecular structure of
Ga2Cl4(dioxane)2,13 isolated from recrystallization of Ga2Cl4
from 1,4-dioxane at 0 °C. The gallium atoms are clearly four-
coordinate, each bonding to two chlorine atoms, one dioxane
adduct, and the other gallium atom with a Ga–Ga distance of
2.406(1) Å.

The bromide derivative, Ga2Br4(dioxane)2, has a similar
structure along with a Ga–Ga bond distance of 2.395(6) Å.14

Gallium(II) chloride bis(dioxane) will prove pivotal in the

Fig. 1 Crystal structure of [(Me3C6H2)2C6H3]2GaCl.
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development of the stabilization of the Ga–Ga bond in some
organometallic gallanes (vide infra).

Recently we made a surprising discovery concerning 1,4-di-
oxane adducts of gallium(II) chloride. Upon slow room
temperature (as opposed to 0 °C) recrystallization of Ga2Cl4
from 1,4-dioxane we isolated a tetrameric dioxane adduct,
Ga2Cl4(dioxane)4.15 Both gallium atoms in Ga2Cl4(dioxane)4

reside in almost idealized trigonal bipyramidal environments
[O–Ga–O 179.10(10)°] about the two gallium atoms (Fig. 2).

The five-coordinate trigonal bipyramidal gallium atoms of
Ga2Cl4(dioxane)4 are easily compared with the four-coordinate
tetrahedral gallium atoms of Ga2Cl4(dioxane)2 which was
prepared more than twenty years earlier. Surprisingly, the Ga–
Ga bond distance of 2.3825(9) Å in Ga2Cl4(dioxane)4 is shorter
than the values reported for Ga2Cl4(dioxane)2 [2.406(1) Å] and
Ga2Br4(dioxane)2 [2.395(6) Å]. The Ga–O bond distance in
Ga2Cl4(dioxane)4 (2.4087 Å), however, is notably longer than
that reported for Ga2Cl4(dioxane)2 [2.027(2) Å]. The Ga–Cl
bonds are generally unremarkable. While very weak secondary
Cl(Ga)

…H(dioxane) interactions were suggested in the original
paper, this compound is perhaps best described as a monomeric
unit. It is important to note that the tetra-dioxane adduct bears a
striking resemblance to an indium compound containing an In–
In bond and stabilized by four THF units, In2Cl4(THF)4,
recently reported by Schmidbaur and coworkers.16 Ga2Cl4-
(dioxane)4 is a rare example of five-coordinate gallium atoms
engaging in Ga–Ga bond formation.

Gallium(II) dichloride bis(dioxane), Ga2Cl4(dioxane)2,13

proved critical in the preparation of the first organometallic
compound unambiguously shown to contain a Ga–Ga bond. Uhl
et al. prepared [(Me3Si)2HC]2Ga–Ga[CH(SiMe3)2]2 (below) by
reaction of Ga2Cl4(dioxane)2 with LiCH(SiMe3)2.17

The Ga–Ga bond distance in [(Me3Si)2HC]2Ga–Ga[CH-
(SiMe3)2]2 was shown to be 2.541(1) Å.

In an effort to approach a measure of multiple bond character
in the Ga–Ga bond, the same workers reduced [(Me3-
Si)2HC]2Ga–Ga[CH(SiMe3)2]2 with ethyllithium to afford red–
black crystals of the corresponding radical anion, [(Me3-
Si)2HC]2Ga–Ga[CH(SiMe3)2]2

•2,18 to yield a ‘one electron p-
bond’. Both EPR and single crystal X-ray diffraction were in
support of this description. The Ga–Ga bond distance of
2.301(1) Å in [(Me3Si)2HC]2Ga–Ga[CH(SiMe3)2]2

•2 repre-
sents a decrease of 0.240 Å from the neutral gallane.

Although m-terphenyl ligands have been shown by this
laboratory to be effective in the stabilization of compounds
containing Ga–Ga bonds, their general reactivity had not been
examined relative to Lewis bases. Recently we explored the
reaction of [(Pri

3C6H2)2C6H3]GaCl2 with the sterically demand-
ing Lewis base tris(trimethylsilyl)phosphine, P(SiMe3)3. This
reaction affords the unusual organometallic compound
[(Pri

3C6H2)2C6H3]Ga{H2PGa(H)PH2}Ga[C6H3(C6H2Pri
3)2]

(Fig. 3).19

The isolation of this compound was as unexpected as it was
interesting. Noteworthy is the fact that the compound contains
a –Ga–Ga–Ga– linkage. Just as striking is the m-terphenyl
ligand stripping from the central gallium atom (being replaced
by a hydrogen atom) and the stripping of the tris(trimethylsilyl)
groups from the two phosphorus atoms (being replaced by two
hydrogen atoms each). While it may be reasonable to dismiss
the five hydrogen atoms, two on each of the two phosphorus
atoms and one on the central gallium atom, as having originated
from the stripped m-terphenyl ligand, there are other possibil-
ities. For example, it is also reasonable that the ligand stripping
may have initiated hydride abstraction from the solvent (or vice
versa). The phosphine hydrogen atoms and the gallium hydride
were prominently manifested in IR and NMR spectroscopy.
Moreover, theoretical calculations of IR bands on the model
molecule MeGa{H2PGa(H)PH2}GaMe are in good agreement
with the experimental IR spectrum.19 The asymmetric nature of
the Ga(1)–Ga(3)–Ga(2) linkage, at distances of 2.5145(13) and
2.7778(14) Å for Ga(1)–Ga(3) and Ga(2)–Ga(3), respectively,
is interesting. It should be noted, however, that this compound
is not strictly governed by a symmetry element (i.e., mirror
plane or two-fold axis) which would impose a symmetrical
–Ga–Ga–Ga– linkage. Even as the Ga–Ga bond distances in
[(Pri

3C6H2)2C6H3]Ga{H2PGa(H)PH2}Ga[C6H3(C6H2Pri
3)2] are

somewhat elongated, they compare well with other Ga–Ga bond
distances observed in tetrahedra or heteronuclear trigonal
bipyramids (vide infra).

The literature reveals another compound containing a Ga–
Ga–Ga linkage in Ga3I5·3PEt3 (below), isolated from ultrasonic
irradiation of gallium and diiodine in the presence of triethyl-
phosphine.20

In this mixed-valent compound, a Ga(I) centre is the bridging
moiety for two Ga(II) units with Ga–Ga distances of 2.451(1)
and 2.4560(1) Å. The Ga–I bond distances in the two terminal
GaI2 units [2.610(1) Å] are slightly shorter than the central Ga–I
[2.627(1) Å]. The Ga–Ga–Ga bond angle is 121.9(1)°. This

Fig. 2 Crystal structure of Ga2Cl4(dioxane)4.

Fig. 3 Crystal structure of [(Pri
3C6H2)2C6H3]Ga{H2PGa(H)PH2}-

Ga[C6H3(C6H2Pri
3)2].
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value is compared with 69.68° for the corresponding Ga–Ga–
Ga bond angle observed in [(Pri

3C6H2)2C6H3]Ga{H2P-
Ga(H)PH2}Ga[C6H3(C6H2Pri

3)2], a striking difference of al-
most 50°.

Cyclogallenes: metalloaromatic compounds
Even though gallium has demonstrated limited catenation
abilities, as evidenced by the synthesis of (previously discussed)
compounds containing –Ga–Ga–Ga– linkages, reports of an
entirely new class of organogallium compounds are perhaps
more substantial. Sodium metal reduction of the m-terphe-
nylgallium dichloride [(Me3C6H2)2C6H3]GaCl2 in diethyl ether
has been shown by this laboratory (below) to afford dark red
crystals of Na2[(Me3C6H2)2C6H3Ga]3 [eqn. (3)].21

(3)

The X-ray crystal structure of Na2[(Me3C6H2)2C6H3Ga]3

(Fig. 4) reveals a perfectly planar gallium three-membered ring,
Ga–Ga bond distances of 2.441(1) Å, and Ga–Ga–Ga bond
angles within the ring of 60.01°.

Upon closer examination a more intriguing aspect of the
Na2[(Me3C6H2)2C6H3Ga]3 compound began to emerge. The
gallium atoms are taken to be sp2 hybridized along with one
unhybridized p orbital on each gallium atom. Moreover, the
three p orbitals are populated by two electrons, one from each of
the two sodium atoms. Thus, this first example of a gallium ring
compound, a cyclogallene, is also a 2p aromatic system. The
synthesis and molecular structure of a potassium based
cyclogallene, K2[(Me3C6H2)2C6H3Ga]3, was subsequently re-
ported (similar bond distances and angles were observed).22 The
Ga–Ga bonds within these rings are shorter than most of the

reported gallanes. In addition, these ring compounds bear a
striking resemblance to the smallest aromatic moiety—the
triphenylcyclopropenium cation reported by Breslow more than
four decades ago.23

The nucleus independent chemical shifts (NICS) values24

calculated for cyclogallenes25 were supportive of aromatic
behavior. Thus, the term metalloaromaticity,22 intended to
denote traditional aromatic behavior derived from a metallic
ring system, was deemed warranted for these novel compounds.
Metallic ring systems demonstrating traditional aromatic be-
havior present a serious challenge to borazine’s long held
position as the most important inorganic aromatic system.26

The gallium–gallium triple bond: a provocative
compound, a vigorous debate
Even as it is the simplest of all alkynes, it is generally accepted
that acetylene is also the most important compound possessing
the iconic carbon–carbon triple bond. Moreover, the chemical
bonding in acetylene is elegantly simplistic as interpreted by
valence bond theory: a perfectly linear H–C–C–H molecular
structure, as a consequence of sp hybridized carbon atoms,
coupled with a tubular-shaped electron density. To be sure, the
concept of a main group metal compound being analogous to
acetylene would prove formidable.

In an effort to ascertain the extent to which slight modifica-
tions in the m-terphenyl ligand would affect the nature of the
resulting organometallic compound we sought to modify the
ligand. We slightly modified the peripheral substituents on the
m-terphenyl ligand from methyl groups (in the case of
cyclogallenes) to isopropyl groups. Thus, we prepared the
[(Pri

3C6H2)2C6H3]Li  lithium salt and allowed it to react with
gallium chloride. Sodium metal reduction of the resulting

Fig. 4 Crystal structure of Na2[(Me3C6H2)2C6H3Ga]3.
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sterically demanding gallium based m-terphenyl,
[(Pri

3C6H2)2C6H3]GaCl2, which is dimeric in the solid state,
bridging through two chlorine atoms,27 affords Na2-
[{(Pri

3C6H2)2C6H3}Ga·Ga{C6H3(C6H2Pri
3)2}] [eqn. (4)].

(4)

The article which reported the synthesis and molecular structure
of this reaction product, entitled How Short is a –Ga·Ga–
Triple Bond?28 made a most provocative claim: that the
[{(Pri

3C6H2)2C6H3}Ga·Ga{C6H3(C6H2Pri
3)2}]22 dianion rep-

resented a digallium analog of acetylene, or a gallyne, the first
moiety claiming to contain a Ga·Ga triple bond. The
molecular structure of Na2[{(Pri

3C6H2)2C6H3}Ga·Ga{C6H3-
(C6H2Pri

3)2}] is shown in Fig. 5.

The inherent significance of such a claim is evidenced by the
fact that it resulted in two highly publicized reports in Chemical
& Engineering News.29,30 The Ga–Ga bond distance in the
dianion of 2.341 Å is among the shortest distances reported for
a compound containing a gallium–gallium bond. However, the
decidedly nonlinear C–Ga–Ga–C core linkage of 127 and 134°
was most unacetylenic. Our justification in describing the
metal–metal bonding as a gallium–gallium triple bond goes far

beyond the short Ga–Ga bond distance. Indeed, where heavier
main group element compounds (beyond carbon) are con-
cerned, short bond distances are neither necessary nor
sufficient to constitute multiple bonding. Essentially, the nature
of a chemical bond is first and foremost determined by the
electronic structure, not by the molecular geometry. Theo-
reticians and computational quantum chemists have been
predicting for years (prior to the gallyne report) that if such a
main group metal compound could be synthesized possessing a
homonuclear diatomic triple bond, its structure would not be
linear (as in the case of acetylene), but rather it would possess
a non-linear trans-bent structure,31 as in the gallyne. Perhaps
most informative, workers such as Kobayashi and Nagase32

(and references cited therein) have long predicted that, at the
expense of the linear disilyne model H–Si·Si–H (D∞h), the
trans-bent disilyne model H–Si·Si–H (C2h) would be fav-
ored.

Opposition to the gallium–gallium triple bond was swift and
vigorous.30 Utilizing density functional theory (DFT) Cotton,
Cowley, and Feng (CCF)33 examined a number of main group
element moieties containing multiple bonds including P2,
P·C–R, R–PNP–R, R2–GeNGe–R2. These results were com-
pared with calculations on the closely related (2,6-diphenyl)-
phenyl gallyne model, Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)]. The
principal conclusion put forth by CCF (beyond a discussion on
the presence and/or absence of a gallium hydride in the gallyne):
‘With or without hydrogen atoms, there can only be a GaNGa
double bond [one s bond and one p bond which may be
described by two canonical molecular orbitals], namely,
Na2[R–GaNGa–R], rather than Na2[R–Ga·Ga–R] for the case
of no hydrogen atoms.’ Importantly, the CCF effort, in posing
an argument against a Ga·Ga triple bond, failed to address the
concept of bond orders, an obvious and puzzling omission.
Allen, Fink and Power34 also argued against the gallium–
gallium triple bond in the gallyne. These workers simply, if
pejoratively, stated (among other things) that ‘there is no GaGa
s bond [in the gallyne].’ Furthermore, these workers proceeded
to address bond orders without providing or calculating a bond
order for the Ga–Ga interaction in question. Allen, Fink and
Power summarily stated, ‘The results of these studies provide
strong evidence that the Ga–Ga or Ge–Ge bond orders in such
molecules are significantly less than three and, in the case of the
gallium species, very probably between one and two.’ Our
calculated bond orders of 2.36 and 3.02 {for [HGa·GaH]22

(C2h)} and 2.79 for Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)] would
appear to refute this work (vide infra).

Offering a rebuttal to the more credible CCF position, we also
published a detailed DFT study firmly in support of the gallyne
model and the Ga·Ga triple bond, entitled ‘The Nature of the
Gallium–Gallium Triple Bond’.35 Our position is unambiguous:
the Na2[{(Pri

3C6H2)2C6H3}Ga·Ga{C6H3(C6H2Pri
3)2}] gallyne

consists of two donor–acceptor bonds and one p bond, thus
resulting in a gallium–gallium triple bond, albeit a weak triple
bond. Klinkhammer,36 utilizing the Natural Bond Orbitals
technique (NBO), states that the bonding (of the gallyne) bears
a striking similarity to that put forth by Lappert37 in 1976 for the
distannene [(Me3Si)2CH]2SnNSn[CH(SiMe3)2]2: namely, the
SnNSn double bond is constituted by two donor–acceptor bonds
resulting in ‘a “bent” and weak Sn–Sn double bond.’ Specifi-
cally, one may interpret the bonding in the gallyne, writes
Klinkhammer, as two donor–acceptor bonds (as in the di-
stannene) which are ‘augmented by an additional p bond to
yield a Ga·Ga triple bond (below).’

Indeed, Power and Brothers,38 describing [(Me3-
Si)2CH]2SnNSn[CH(SiMe3)2]2 as ‘a tin analogue of a substi-
tuted ethene,’ prophetically opined: ‘The discovery of such
compounds [as [(Me3Si)2CH]2SnNSn[CH(SiMe3)2]2] has
shown that the classical s/p-model of the double bond in
carbon, nitrogen, or oxygen compounds does not necessarily
apply to the heavier elements.’

Fig. 5 Crystal structure of Na2[{(Pri
3C6H2)2C6H3}Ga·Ga{C6H3-

(C6H2Pri
3)2}].
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Thus, an interesting dichotomy emerges most unlike the case
for multiple bonds involving carbon: even as the bonding in the
gallyne is described as a triple bond, this interaction is
admittedly weak. Indeed, a recent study examining force
constants given by DFT frequency calculations shows that the
gallium–gallium bond in Ga2H2

22 is only slightly strengthened
with respect to the Ga–Ga single bond in Ga2H6

22.39 Another
recently published work entitled ‘How Strong is the Gallium
·Gallium Triple Bond?’, found that the gallium–gallium bond
strength in the Na2[H–GaGa–H] gallyne model is weaker than
the galliumNgallium double bond in the Na2[H2GaNGaH2]
model gallene.40 The fact that these workers conclude that the
gallium–gallium bond is weak is perfectly consistent with our
original position. Other workers have also referred to the
gallyne as having a weak Ga·Ga triple bond.41

Relative to bond orders, there are a number of ways in which
they may defined and calculated. Nonetheless, if the same
method is applied to a series of moieties, logical trends should
emerge. Thus, in this work we calculated the bond orders by the
Wiberg Bond Index (WBI)42 and the Natural Localized
Molecular Orbital Natural Population Analysis (NLMO/
NPA)43 obtaining values of 2.36 and 3.02, respectively, for the
trans-bent [H–Ga·Ga–H]22 (C2h) gallyne model. These bond
orders are, at minimum, supportive of a multiple bond
considerably beyond that of a double bond. The bond order of
3.02 is clearly deserving of the triple bond label.

Earlier this year we published a second detailed theoretical
examination of the gallyne in a more realistic model: we used
the same gallyne model that Cotton had used, namely
Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)].44 A cursory examination of
the optimized Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)] gallyne model
(Fig. 6) reveals that this molecule is very similar to the
experimentally prepared gallyne, differing only in the absence
of the six isopropyl substituents.

The Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)] structure was fully
optimized with the B3LYP method utilizing a substantial basis
set of 836 contracted Gaussian functions. In this work we

obtained a NLMO/NPA bond order of 2.79 for Na2[(Ph2-
C6H3)Ga·Ga(C6H3Ph2)], thus offering support for a weak
Ga·Ga triple bond in the model compound and in the
experimental gallyne.

The associated bond distances and angles are similar to the
experimental values. The calculated Ga–Ga bond distance of
2.404 Å, although similar to, is somewhat shorter than that
reported for the simplest gallyne model, Na2[H–Ga·Ga–H]
(2.441 Å), and considerably shorter than the methyl gallyne
derivative, Na2[Me–Ga·Ga–Me] (2.508 Å). There should be
little cause for concern with this trend, however. A similar trend
is observed in the disilyne model series H–Si·Si–H (2.111 Å),
Me–Si·Si–Me (2.123 Å) and R–Si·Si–R (2.095 Å) (R = large
substituent).32 As suggested by CCF, we also observed that the
optimized structure allows for twisting of the four substituent
phenyl rings toward the sodium atoms at a distance of 2.8 Å.
This has the effect of shortening the Ga–Ga distance (as
compared to those simpler gallyne models which do not have
aryl substituents). It is important to point out, however, that our
optimized Ga–Ga distance is longer than that reported in the
CCF study. We believe that this is due to the relatively small
basis sets used by these workers (6-31G and 6-311G, without
polarization and diffuse functions).

Relative to the Ga–Ga bond distances, our calculated bond
distance of 2.404 Å is 0.085 Å longer than the experimental
value of 2.319(3) Å. We view this as an indication that the
gallium–gallium bond in the experimental compound may be a
bit more substantial than for the gallyne model. The experi-
mental Ga–C bond distance of 2.044 Å compares to a calculated
value of 2.117 Å. In contrast, the experimental Ga–Na (3.081 Å)
distances compare well to the calculated value (3.091 Å).
Finally, a NLMO/NPA bond order of 2.79 was obtained for
Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)].

An elegantly detailed examination of homonuclear multiple
bonding between main group elements was recently put forth by
Grützmacher and Fässler.45 While presenting an informative
historical perspective on chemical bonding and the develop-
ment of the symbols used to denote bonding, these workers
utilized electron localization function (ELF) to examine and
interpret the bonding in the gallyne and other heavier main
group moieties involving multiple bonds. Grützmacher and
Fässler reached an unambiguous conclusion regarding the
heavier main group elements:

“The classical multiple bond indicators—bond lengths and
bond strengths—have no meaning for multiple bonds in
which elements from the higher periods are involved.
However, they are valid for an exceptional element: car-
bon.”

This striking position, also put forth by Klinkhammer,36

underscores the awkward reality that most of our theories of
structure and bonding are based upon the element carbon. The
resulting implication: What holds for carbon need not neces-
sarily hold for the heavier main group elements. The conclusion
of Grützmacher and Fässler relative to the gallyne: these
workers refer to the Ga–Ga interaction as a ‘slipped triple bond’
as compared to an ‘unslipped triple bond’ in the case of
acetylene. Grützmacher and Fässler45 further add, ‘Clearly this
compound [the gallyne] has a [Ga·Ga] triple bond.’

Concluding remarks
The synthesis and molecular structure of organogallium
compounds are an interesting area of study. A number of novel
compounds have been prepared in recent years. Few topics in
organogallium chemistry have generated more interest than the
report of a compound containing a Ga·Ga triple bond.46 The
fact that this compound has served as a substrate upon which
fundamental questions of structure and bonding may be
pondered and debated is most significant. It would appear that

Fig. 6 Geometry (C2h) of the Na2[(Ph2C6H3)Ga·Ga(C6H3Ph2)] molecule
optimized at the B3LYP level of theory with a basis set of 836 contracted
Gaussian functions.
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some of our long-standing theories of structure and bonding
may be inadequate to describe sufficiently novel organometallic
compounds.
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The combination of the neodymium tert-butoxide [Nd3(m3-
OBut)2(m-OBut)3(OBut)4(THF)2] 1 with 1 equivalent of a
dialkylmagnesium reagent affords an efficient catalyst for
the pseudo-living polymerization of ethylene.

Trivalent rare earth metal hydrides and alkyl complexes
stabilized by two cyclopentadienyl-type ligands, Cp2LnR have
attracted much attention because of their high efficiency in
polymerizing ethylene.1 Currently, there is considerable interest
in developing related organolanthanide complexes involving
ancillary ligands other than the commonly used Cp-type
ligands. In this respect, hard, electronegative ligands such as
alkoxides are particularly attractive because they offer strong
metal–oxygen bonds that are expected to stabilize complexes.2
Although the mixed Cp*–aryloxide system [Y(C5Me5)(OC6H3-
But

2-2,6)(h-H)]2 has been shown to be active for the polymeri-
zation of a-olefins,3 no equivalent Cp-free alkoxy catalyst
system had been developed to date.4 We report here that some
lanthanide tert-alkoxides are efficient inorganic precatalysts,
when combined with dialkylmagnesium compounds, for the
pseudo-living polymerization of ethylene and ethylene–MMA
block copolymerization.

The reaction of NdCl3 with 3 equiv. of NaOBut in THF at
25 °C for 3 days gives a single primary product 1, that can be
isolated in 80–90% yield as a very air-sensitive compound. An
X-ray crystallographic study revealed that 1 is a trimetallic
compound with the formula [Nd3(m3-OBut)2(m-OBut)3(O-
But)4(THF)2] (Fig. 1).5 Some lanthanum analogues isostruc-
tural to 1 have been reported: La3(OBut)9(THF)2 2, prepared by
ionic metathesis,6 and [La3(m3-OBut)2(m-OBut)3(OBut)4(HO-
But)2] 3, obtained by alcoholysis of La{N(SiMe3)2}3.7 Com-

plexes 2 and 3 are, however, respectively, much less efficient
than 1 and totally inefficient for the polymerization catalysis
described hereafter.

The addition of 1 equivalent of di(n-hexyl)magnesium to 1 in
toluene solution at 0 °C offers an active catalyst for ethylene
polymerization. The typical ethylene flow rate for a batch
experiment conducted under 1.1 atm is shown in Fig. 2. The
maximum consumption of ethylene, reached after a few
minutes, corresponds to the appearance of insoluble polymer.
The typical average catalytic activity calculated over 1 h on the
basis of the amount of Nd initially introduced is ca.
10 g mmol21 h21 atm21 at 0 °C. This places this new catalyst
system on a moderate rate of effectiveness on Gibson’s scale,1d

and compares well to traditional alkyl–lanthanocenes under
similar conditions. The Mg(n-hex)2–1 system gives linear high
density and highly crystalline ( > 80%) polyethylene (Tm =
139–141 °C) with Mn = (3–4) 3 105 and Mw/Mn = 2.3–2.5.
GPC analysis of aliquots revealed that the molecular weight and
the polydispersity do not increase significantly during the
reaction course. These results are tentatively ascribed to slow in
situ catalyst generation, rapid propagation relative to the rate of
initiation and/or concomitant heterogenezation due to precipita-
tion of long-chain metal–alkyl species from solution. The
monomodality of the GPC curves is, however, consistent with
the generation of one type of active species. Progressive
deactivation of the catalyst system was observed above 20 °C,
resulting in lower productivities and formation of low molecular
weight PE (e.g. at 80 °C: [a]1h = 0.6 g mmol21 h21 atm21, Mn
= 1720, Mw/Mn = 1.55, 29% vinyl terminations).

When the polymerization was carried out at 0 °C in the
presence of PhSiH3 as a transfer agent8 (10 equiv. vs. Nd), the
activity profile and the productivity over 1 h were the same as
those observed in the absence of this reagent. The polymer
recovered after MeOH quenching and work-up was shown by
1H and 13C NMR to be end-capped PhSiH2–polyethylene, with
Mn = 14 300 and broad polydispersity (Mw/Mn = 25). Using
2% of H2 in ethylene as an alternative transfer agent9 resulted in

Fig. 1 Molecular structure of 1 in the crystal. Selected bond lengths (Å):
Nd1–O3 2.147(4), Nd1–O2 2.333(3), Nd1–O5 2.399(3), Nd1–O1 2.409(3),
Nd1–O1A 2.520(3), Nd1–O6 2.661(4), Nd1–Nd1A 3.6318(6), Nd1–Nd2
3.7161(4), Nd2–O4 2.163(3), Nd2–O2 2.458(3), Nd2–O1 2.624(3).

Fig. 2 Typical ethylene consumption plots observed with the 1–Mg(n-hex)2

system with pure C2H4 and a 98+2 v/v C2H4–H2 mixture (0.33 mmol 1, 1.0
mmol Mg, 100 mL toluene, 0 °C, 1.1 atm ethylene kept constant).
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a ca. 25% increase in the catalyst productivity (Fig. 2) and
formation of polyethylene with Mn = 17 000 (constant value ±
500 for five samples collected every 10 min) and broad
polydispersity (Mw/Mn = 5.8). In both cases, no end-group
associable with conventional (e.g. b-H elimination) chain
transfer processes was detected by NMR in the polymers.
Further evidence for the pseudo-living character of the Mg(n-
hex)2–1 catalyst system at 0 °C is provided by the possibility of
achieving ethylene–MMA block copolymerization through
initial homopolymerization of ethylene and sequential addition
of MMA.10

All of these results support a polymerization mechanism for
the present system similar to that established for traditional
lanthanocenes. We assume that alkylation of 1 by the di-
alkylmagnesium11 in situ generates an active alkyl–Nd species
4 (Scheme 1). Preliminary NMR investigations of
Mg(CH2CH2R)2–1 systems (R = H, Et, Bu) show the
formation, at as low as 260 °C, of the corresponding alk-1-ene,
RCHNCH2, in 15–40% yield vs. Nd. This is consistent with the
formation of an alkyl–Nd species 4 which further evolves, e.g.
via b-H elimination (a). Also, the slow formation of isobutene
in 2–40% yield vs. Nd with concomitant release of the alkane
[clearly evidenced with SiMe4 upon using Mg(CH2SiMe3)2]
supports the generation of 4 and indicates that tert-butoxy
ligands are likely involved in the degradation of the active
species (b).12

Among the large variety of alkylating reagents so far
investigated in combination with 1, only dialkylmagnesium
derivatives, in particular those bearing long alkyl chains, led to
appreciable ethylene polymerization activity. Best activities are
obtained with 1.0 equiv. of MgR2 vs. Nd, as deviation from this
stoichiometry resulted in a rapid drop in catalytic activity. Other
tris(alkoxy)lanthanide complexes have been investigated as
precatalysts, among which some show similar properties but
contrasting performances; e.g. the SmIII tert-butoxide–Mg(n-
hex)2 system gives low molecular weight PE ([a]1h = ca.
2 g mmol21 h21 atm21, Mn = 2500, Mw/Mn = 6.1). On the
other hand, alkoxylanthanide precursors such as 3 or its Nd
equivalent, both prepared by alcoholysis of amide precursors,
are totally inactive. In fact, alkoxy ligands having no hydrogen
in the b-position, the absence of coordinated protic solvent and
of chloro ligands, as well as structural constraints in the

nuclearity of the complex appear to be prerequisites for the
successful development of these new-generation lanthanide
catalysts.

This work was supported by Rhodia, the Ministère de
l’Industrie and the CNRS. We thank Dr J. Vaissermann, Paris,
for initial efforts in elucidating the crystal structure and
Professor R. F. Jordan, Chicago, for GPC facilities.
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Nucleophilic attack by an ethylcuprate on the a,b-un-
saturated ketone 3 takes place anti to the silyl group to give
largely (96+4) a single product 4, fragmentation of which
removes the silyl group, and reveals a pair of stereogenic
centres having an open-chain 1,5 relationship 9.

We have developed a substantial body of chemistry in which a
stereogenic centre carrying a silyl group controls the stereo-
chemistry of electrophilic attack on a CNC double bond in the
sense 1,1 and we have also adapted these reactions to control

more distant open-chain relationships, including 1,4 in the
course of syntheses of tetrahydrolipstatin2 and of nonactin,3 and
1,6 in an SE2B reaction.4 The use of a silyl group to control
1,4-relationships has also been exploited by Procter5 and by
Panek.6 We have now developed a method for the control of a
1,5-relationship, which we describe here. The essence of our
approach is successively to set up two 1,3-relationships, moving
the stereochemistry three atoms along the chain each time. By
using a silyl group in the middle, we can remove the intervening
functionality and stereochemistry to reveal the open-chain
1,5-relationship.

We began with the well established 1,3-control seen in
conjugate additions to 5-substituted cyclohexenones,7 which we
already knew was well behaved when the nucleophile was a
silyl group.8 On this occasion we used the phenyldimethyl-
silylzincate reagent9 with 5-methylcyclohex-2-enone 2
(Scheme 1), and the intermediate zinc enolate readily under-
went an aldol reaction with acetaldehyde to give a b-hydroxy
ketone as a mixture of diastereoisomers. Dehydration gave, as
far as we could tell, a single a,b-unsaturated ketone 3 with the
C-5 methyl and C-3 silyl groups trans to each other and the
exocyclic double bond with a Z configuration (COSY and
NOESY). This set up the first 1,3-relationship, and we set up the
second by conjugate addition of an ethylcuprate reagent in the
presence of tert-butyldimethylsilyl chloride. This gave a silyl
enol ether 4 as a single diastereoisomer (1H-NMR, > 95+5),
which proved (see below) to have the relative configuration
illustrated.

We carried out the complementary sequence, trapping the
zinc enolate with propionaldehyde instead of acetaldehyde, and
adding a methylcuprate to the a,b-unsaturated ketone 5, which
gave largely (86+14) the alternative stereoisomer 6 (Scheme 2).

This time we could clearly see the signals (1H-NMR) of the
minor isomer, which were identical to those we had already seen
for the isomer 4. Clearly, the reaction had been stereo-
chemically highly controlled, and either stereoisomer, 4 or 6,
could be obtained with nearly equal ease.

We hydrolysed the silyl enol ether 4, and obtained a single
diastereoisomer of the ketone 7, which was unaffected by
treatment with sodium methoxide, suggesting that it was the
thermodynamically favourable isomer (Scheme 3). We then
applied a fragmentation reaction developed by Nishiyama and
Itoh,10 using the oxime acetate 8, and obtained the alkene 9 with
the 1,5-relationship between C-3 and C-7 revealed in an open
chain. That the alkene had a trans double bond showed that the
relative stereochemistry assigned (COSY and NOESY) to C-2
in the ketone 7 was correct, since Itoh has shown that this type
of fragmentation is stereospecifically anti.

We proved the relative stereochemistry between the 1,5-
related centres, by carrying out the same sequence using
enantiomerically pure (5R)-methylcyclohex-2-enone 1,11 and
obtained the nitrile 9 enantiomerically pure at C-3. Ozonolysis
and borohydride reduction gave 2-methylbutanol, derivatisation
of which with Mosher’s acid gave us the known esters (Scheme
4).12 The major component 10 was the R,R-diastereoisomer
(1H-NMR), and a minor component (4%) was now detectable
and identifiable as the R,S-diastereoisomer, allowing us to
measure, more accurately than it had been possible to from the
earlier NMR spectra, the degree to which we had been
successful in the conjugate addition step 3? 4.

We suggest that, if the silyl group in the a,b-unsaturated
ketone 3 were equatorial 11, it would suffer from steric
compression with the methyl group on the exocyclic double

Scheme 1 Reagents and conditions: i, PhMe2SiZnMe2 Li, THF, 278 °C, 1
h; ii, MeCHO, 278 °C, 2 h; iii, MsCl, Py, CHCl3, reflux, 16 h; iv,
TBDMSCl, Et2CuLi LiCN, THF, 278 °C, 1 h.

Scheme 2 Reagents and conditions: i, PhMe2SiZnMe2 Li, THF, 278 °C, 1
h; ii, EtCHO, 278 °C, 2 h; iii, MsCl, Et3N, CH2Cl2, 0 °C, 2 h; iv, DBU,
toluene, reflux, 4 h, or NaH, THF, 0 °C ? rt, 12 h; v, Me2CuLi LiCN, THF,
278 °C, 40 min; vi, TBDMSCl, HMPA, Et3N, 278 °C, 1 h.

Scheme 3 Reagents and conditions: i, HCl, H2O, THF, rt, 14 h; ii, NH2OH
HCl, Py, EtOH, reflux, 12 h; iii, Ac2O, Py, CH2Cl2, 0 °C ? rt, 4 h; iv,
Me3SiOTf, CH2Cl2, 0 °C, 4 h.
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bond. In consequence, even though a trimethylsilyl group has a
larger A-value than a methyl group (2.513 and 1.74, re-
spectively), the lower-energy conformation of the enone 3
probably has the methyl group equatorial and the silyl group
axial 12, where, in any case, it only has one 1,3-diaxial
interaction. With the silyl group held on the lower surface,
nucleophilic attack can be expected to take place on the top
surface anti to the bulky group 12 (arrow), and hence give the
silyl enol ether with the relative configuration 4.

To support this argument, we carried out molecular model-
ling calculations (Macromodel), which confirmed that the
conformation with the silyl group axial 12 had the lowest
energy,14 with the stereo drawings 13 giving a more accurate

picture of the minimised structure. Looking at the space-filling
versions 14 (from above) and 15 (from below) illustrates the
difference between the two surfaces of the enone 3—the b-
carbon (darker grey) in the top view is exposed, but in the
bottom view it is hindered by the substituents on the silyl
group.15

Furthermore, the calculation for the second a,b-unsaturated
ketone 5 revealed why it suffered a lower degree of stereo-
control in the conjugate addition step—the methyl group of the
ethyl group was oriented upwards, hindering the top surface
more than the top surface of the a,b-unsaturated ketone 3 = 12
= 13.

The stereocontrol in this system is interesting from two points
of view. In the first place, it shows that the silyl group is not so
hindering that it cannot adopt the axial position, and yet
simultaneously it does hinder the approach of the incoming
nucleophile. The long Si–C bond takes the silyl group far
enough away from the cyclohexane ring to make 1,3-diaxial
interactions less severe than they would be for a carbon-based
group, and yet the length of the Si–C bonds to the three other
substituents on the silicon atom causes them to occupy much of
the space below the double bond. In the second place, this is the
first reaction that we have studied in which the double bond

adjacent to the stereogenic centre carrying a silyl group has
undergone nucleophilic attack. All our work in the past has
involved electrophilic attack. Since the sense of attack, anti to
the silyl group 1, is the same, it may be that we have here some
indication that the stereocontrol is largely steric in origin. This
conclusion stems from the prejudice that nucleophilic attack and
electrophilic attack would take place in opposite senses if purely
electronic effects were operative.

Although this may be a little too simplistic, we can be sure
that the silyl group is an important component in ensuring the
high levels of diastereocontrol that we have seen, for we have
carried out a similar set of reactions with the C-5 methyl group
and the C-3 silyl group in 5 interchanged (Scheme 5). Starting
with the silicon-containing cyclohexenone 16,16 and using a
methylcuprate to set up the 1,3-related centres in the enone 17.
This time, the conjugate addition of the methylcuprate gave
both possible diastereoisomers 18 in equal amounts. Pre-
sumably a methyl group on C-3, although surely held axial,
shields the bottom surface from attack to the same extent as the
upturned methyl group on the side chain shields the top
surface.

We thank Avra Laboratories, Hyderabad, for a maintenance
grant (C. R.), and Setu P. Roday for help with the molecular
modelling.
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The reaction of [BaI2(thf)5] with LiOBut in THF in the
presence of hydroxide yields a volatile mixed alkali and
alkaine earth metal cluster with an unusually low coordina-
tion number for the alkaline earth cation; due to the presence
of the alkoxide groups, the cluster is volatile at temperatures
below 200 °C.

Recently, many organolithium compounds have been structur-
ally investigated, their structure being of interest for the
elucidation of possible reaction mecanisms in organic metal-
lation reactions. Thus, it has been shown that metallated organic
compounds tend to form aggregated species in the solid state as
well as in solution. For example, LiMe, NaMe and MOBut, M
= Rb, K, form tetrahedral tetramers,1,2 LiEt forms hexameric
units3 and NaOBut has been shown to have one hexameric and
one nonameric molecule in its structure.4 LiOBut forms a
hexameric aggregate in the gas phase as well as in solution and
the solid state.5 We here describe the reaction of this compound
with [BaI2(thf)5] in THF which yields the mixed metal cluster
[IBa(OBut)4{Li(thf)}4(OH)] 1.†

In our attempts to make alkaline earth metal cluster
compounds in analogy to transition metal clusters, we use an
alkaline earth metal halide and an alkali metallated organic
compound in order to eliminate alkali halide and to enforce
aggregation of the alkaline earth compound.6 Herein, we report
on the reaction of BaI2 with LiOBut in THF preceded by the
synthesis and isolation of LiOBut.5

The reaction of 4 equiv. of LiOBut dissolved in THF under
partial hydrolysis or directly in the presence of LiOH with a
THF-solution of 1 equiv. of BaI2 containing [BaI2(thf)5]7 at
220 °C yields colorless blocks of 1 [eqn. (1)], suitable for
single crystal X-ray analysis.8

[BaI2(thf)5] + 4 [Li(OBut)] + OH2 ?
[IBa(OBut)4{Li(thf)}4(OH)] 1 + I2 (1)

The compound crystallises in the tetragonal space group
P4/nmm (No. 129) with two molecules per unit cell. The
structure can be described as a square antiprism formed by four
Li atoms in one plane and four O atoms of the OBut ligands in
the other square plane, the Li-face being capped by an OH-
group and the O-face by a Ba–I unit leading to an overall almost
spherical entity. Its formation can be explained by the
successful substitution of one iodide and five thf molecules of
[BaI2(thf)5] by a [LiOBut]4-unit and a m4-capping OH-group
(Fig. 1), the latter being introduced by partial hydrolysis of the
THF solution of LiOBut or LiOH. In fact, compound 1 can be
obtained in a yield of up to 65% when the reaction is carried out
in the presence of 1 equiv. of LiOH relative to BaI2. The
coordination sphere of barium is built up by the one remaining
iodide and four OBut-groups to give a tetragonal pyramidal
geometry. Barium has thus a coordination number of five which
is unusually low for such a big cation (ionic radius of 1.36 Å for
a coordination number of 6)9 and only possible by the steric
protection by the OBut-ligands. The four thf molecules, each
one coordinating a lithium ion to yield a tetrahedral coordina-
tion sphere for the alkali metal, form a calix[4]arene-like cavity

of an average diameter of 7.5 Å, this diameter taking into
account the disorder positions of the thf molecules. The m4-
capping OH-group presents an oxygen with five bonding
partners.

The alkaline earth cation Ba lies on a crystallographic 4mm
site (0, 12, z (c)) as do the halide I and the O3-hydroxy group. The
Li-atom is found on a crystallographic mirror plane m (y, 0, 2z
(i)), the oxygen atom O1 of the OBut-groups are on a
crystallographic mirror plane m (-x+1

2, x, 2z (j)) together with
the attached C1 atom and one of the three methyl groups C2.
The main symmetric features of the molecule are thus the four-
fold axes through I, Ba and O3 as well as the two mirror planes
through Li and O1. In the crystal, the neutral clusters are
arranged along the C4-axis with rather long I–O3(H3) hydrogen
bonds of 3.935 Å.6

The terminal Ba–I distance at 3.344(2) Å is extremely short
due to the low coordination number of barium and even shorter
than the smallest Ba–I distance in solid BaI2 of 3.38 Å.10 In
[BaI2(thf)5],7 the terminal Ba–I distances are 3.374(2) and
3.3822(2) Å for a coordination number of seven for the barium.
The Ba–O distances in 1 are 2.597(6) Å and thus shorter than in
the six-coordinate [Ba(OBut)2(HOBut)2]4 (2.673(8) Å).11 The
four OBut-groups form, together with the four Li(thf) units a
square antiprism, the two square faces being twisted by 41.85°
to each other. The Li–Li contacts at 2.716(18) Å are shorter than
in elemental lithium (3.0390 Å), but longer than in similar

Fig. 1 Crystal structure of 1. Selected bond lengths [Å] and angles [°]: Ba–I
3.344(2), Ba–O1 2.597(6), Ba–O3 3.115(10), Li–O1 1.962(8), Li–O2
1.997(14), Li–O3 2.035(14), Ba–Li 3.108(13), Li–Li 2.716(18), O1–Ba–I
120.77(12), O1–Ba–O1(trans) 118.5(2), O1–Li–O2 122.3(4), O1–Li–O3
91.3(5), O2–Li–O3 113.7(8), Li–O3–Li(trans) 141.4(9), cavity diameter
(thf) 7.5 Å in average.
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compounds like [Ph2P(NSiMe3)]2CLi212 with 2.393–2.410 Å.
The enlargement relative to the literature data is probably due to
the short Ba–O3 contact of 3.115(10) Å in which the alkaline
earth cation strongly attracts the OH2 anion which caps the Li4-
square. This also leads to the formation of the very flat square
antiprism in which the plane containing the four Li atoms is only
1.115 Å apart from the plane containing the oxygen atoms of the
OBut groups. Thus, the O3 atom is 0.672 Å above the Li4 plane,
and the Ba atom is 1.328 Å below the O4 plane. For the Li–O3
and the Li–O2 bonds, bond lengths of 2.035(14) Å and
1.997(14) Å, respectively are observed.

Similar structures containing a square arrangement of four
alkali metals are the above mentioned [Ph2P(NSiMe3)]2CLi2,12

[Na4][P{Si(F)R2}(SiPri
3)]2, (R = 2,4,6-Pri

3C6H2),13 [(LiO-
But)10(LiOH)6],14 [Me2C(CH2)3CMe2NLi]4,15 [{Li(N-
But)3S}2]16 or [Li4L·LiOH·4hmpa], (H4L = tert-butylcalix
[4]arene)17 as well as [(ButO)8Li4K4].18 In the [(LiOBut)10-
(LiOH)6] structure, one can also find the square Li4O4-
antiprism which is capped on one side by an HO ligand. This
fragment shows similar Li–OBut and Li–OH bond lengths to 1
at 1.877(10)–2.063(9) and 1.905(11)–2.066(10) Å, respec-
tively.

Similar low coordination spheres for barium are known for
instance in the sterically hindered molecule [(thf)Ba3(m4-
PSiBut

3)2{m2-P(H)SiBut
3}2]2

19 where coordination numbers 5
and 4 for Ba are stabilised by THF or agostic interactions with
But-groups respectively. In the case of 1, one can also discuss
agostic interactions with neighbouring But-groups since the Ba–
(C2)CH3 distances are in the range of 3.41(3) Å. Other
examples for the stabilized low coordination number of 5 for
barium are the compounds [{BaNP(NMe3)2NP(NMe2)2N-
SiMe3}4],20 [Ba2{(C6H11)NC(Me)CHC(Me)N(C6H11)}3{(Si-
Me3)2N}],21 [(Et3PO)2Ba2Cu4(OBut)8]22 and [H3Ba6(O)-
(OBut)11(OCEt2CH2O)(thf)3]23 for which the Ba–O(m3-OBut)
distances at 2.76(1) Å are much longer than in 1. An even lower
coordination sphere of 4 in [BaY2{m-OCH(CF3)2}4(thd)4] (thd
= 2,2,6,6-tetramethylheptane-3,5-dionato),24 [Ba{N(Si-
Me3)2}2(thf)2] and [Ba{N(SiMe3)2}2(thf)]2

25 or 3 in [Ba{N-
(SiMe3)2}]25 for the alkaline earth metal cation is observed.
Another molecular cluster compound combining lithium and
barium is the {[Ba6Li3O2][OC(CH3)3]11(OC4H8)3} in which an
oxygen-centered Ba6-octahedron is fused via one triangular
face to an oxygen-centered Li3Ba3-prism.26

As compound 1 is volatile in vacuum at temperatures lower
than 200 °C due to the presence of alkoxide groups, its potential
application as a barium source in chemical vapour deposition
processes in order to synthesise high temperature super-
conductors will be tested. The syntheses of further mixed metal
clusters are also under current investigation.

This work was financed by the Swiss National Foundation
and the University of Geneva. The authors are grateful to
Professor A. F. Williams and Professor C. Piguet for their
support, Dr E. Rivara-Minten for 7Li NMR measurements.
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Highly functionalized alternating polyketones which possess
epoxide groups in the side chains are synthesized by cationic
palladium(II) complex catalyzed copolymerization of vinyl
epoxides (non-conjugated diene monoepoxides) with carbon
monoxide. Catalytic amounts of formic acid and 1,4-naph-
thoquinone promote the copolymerization significantly
without effecting the epoxide group, with
[Pd(L)(MeCN)2](BF4)2 (L = (R,R)-Me-DUPHOS) as the
catalyst.

Alternating aliphatic polyketones, a new class of engineering
thermoplastics made from alk-1-enes and CO, have attracted
great interest in polymer science in recent years.1 The
monomers are readily available in high purity and at a relatively
low cost, and the polyketones have interesting and unique
properties, and may replace conventional engineering thermo-
plastics in several areas of application (e.g. polyketone derived
from ethylene and CO).2

Another important aspect of polyketones is the presence of
carbonyl groups in the polymer backbone that makes them
suitable for functional group modifications,3 and hence poly-
ketones which possess other functional groups in the side chains
can serve as excellent starting materials or pre-polymers for
other classes of valuable polymers. One of the major goals in
this area is the synthesis of highly functionalized polyketones
from functionalized alkenes and CO. There are very few
examples of the copolymerization of functionalized alkenes
with CO.4–9

A number of cationic palladium(II) complexes with weakly or
non-coordinating counteranions, and phosphine or nitrogen
ligands, have been used for the copolymerization of olefins with
CO. In the case of higher a-olefins, using a chiral bidentate
ligand can afford optically active copolymers with nearly
complete head-to-tail regioselectivity and isotacticity, higher
molecular weights and higher polymer yields compared to other
achiral bidentate ligands.5,7–9

The epoxide group is one of the most versatile and important
functional groups in organic synthesis. We now wish to report
the synthesis of alternating highly functionalized polyketones,
which possess epoxide groups in the side chains, via cationic
palladium(II) catalyzed copolymerization of vinyl epoxides
with CO. Given the facility with which epoxides undergo
palladium catalyzed rearrangment10 and other reactions of
epoxides, the selectivity for the olefinic unit in the reactions
described herein, is indeed impressive.

We first examined the copolymerization of 1,2-epoxyhex-
5-ene with CO as a model reaction using, as catalyst, various
kinds of cationic palladium(II) complexes with bidentate or
monodentate chiral and achiral phosphine ligands [reaction (1)].

(1)

Among the reported catalyst systems, only
[Pd(L)(MeCN)2](BF4)2 (L = (R,R)-Me-DUPHOS, Me-DU-
PHOS = 1,2-bis(2,5-dimethylphospholano)benzene) pre-
viously used for the copolymerization of functionalized
(–CO2H or 2OH) alkenes with CO by Sen and co-workers,5
gave traces of co-oligomer when 1,2-epoxyhex-5-ene was
reacted with CO (1000 psi) at 40 °C, in nitromethane and CHCl3
(run 1, Table 1). Quinones are known to promote the
copolymerization,11 so we examined the effect of quinones as a
promoter. 1,4-Naphthoquinone gave better results than other
quinones such as 1,4-benzoquinone or 2-tert-butyl-1,4-benzo-
quinone. Repetition of the same reaction in the presence of a
catalytic amount (3.1 mol%) of 1,4-naphthoquinone afforded
the corresponding copolymer (1) in moderate molecular weight
but in only 10% yield (run 2, Table 1). We then searched for
another promoter or coinitiator which could enable this
copolymerization to occur without effecting the epoxide group.
It was found that a catalytic amount of HCO2H can significantly
improve the yield of the epoxypolyketone. When the copoly-
merization was performed in the presence of a catalytic amount
of 1,4-naphthoquinone and HCO2H as promoters, as well as the
palladium complex, up to 63% yield of copolymer 1 was
obtained in moderate molecular weight (run 4, Table 1). Even
HCO2H alone can be used as a promoter with copolymer 1
formed in 26% yield but the molecular weight was lower than
using only 1,4-naphthoquinone (compare runs 2 and 7, Table 1).
The exact role of HCO2H is not clear but it can possibly
generate palladium hydride, which is known as an active
catalyst [reaction (2)].1c,12 The effect of monomer concentration

(  

(

Me-DUPHOS)(MeCN) Pd HCO H

Me-DUPHOS)(MeCN)Pd H + CO H

2
2+

2 MeCN

+
2

+

+ æ Ææææ

+
-

(2)

† Electronic supplementary information (ESI) available: general procedure
for the copolymerization of vinyl epoxides with CO and spectral data of
copolymers. See http://www.rsc.org/suppdata/cc/b0/b006641i/

Table 1 Copolymerization of 1,2-epoxyhex-5-ene with COa

Promotor Result

Run
[Epoxide]/
M

1,4-NQ/
mmol

HCO2H/
mmol

Time/
h

Yield
(%)

Mw
b

Mw/Mn

1 2 — — 24 trace —

2 2 0.25 — 24 10
19 700

1.99

3 2 0.25 0.3 18 40
12 900

1.58

4 2 0.25 0.6 18 63
15 500

1.72

5 1.33 0.25 0.6 18 47
12 300

1.61

6 1.33 0.25 0.6 30 67
10 900

1.97

7 2 — 0.6 24 26
12 200

1.62

8c 2 0.25 0.6 24 46
11 600

2.03
9d 2 0.25 0.6 24 Trace —
a Condition: 1,2-epoxyhex-5-ene 8 mmol, solvent; CH3NO2 + CHCl3 (ratio
1+1) 4 ml  ([Sub]/M = 2); [Pd(MeCN)4](BF4)2, 0.02 mmol (0.25 mol%);
(R,R)-Me-DUPHOS, 0.02 mmol (0.25 mol%), CO, 1000 psi, temp. 40 °C.
b Molecular weights were measured by GPC relative to polystyrene
standards. c CH3NO2 only as solvent. d CHCl3 only as solvent.
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was not critical but higher concentrations afforded higher
molecular weights for the epoxypolyketones (run 4–6, Table 1).
A 1+1 (v/v) mixture of nitromethane and CHCl3 was the best
solvent system. Use of only chloroform as the solvent gave trace
amounts of copolymer 1 (run 9, Table 1) while use of only
nitromethane gave lower yields than the mixed solvent system
(run 8, Table 1).

The above results indicate that the optimum conditions for
the copolymerization of 1,2-epoxyhex-5-ene with CO are 0.25
mol% of [Pd(MeCN)4](BF4)2, 0.25 mol% of (R,R)-Me-DU-
PHOS, 3.1 mol% of 1,4-naphthoquinone and 7.5 mol% of
HCO2H in nitromethane and solvent at 40 °C under 1000 psi of
CO (run 4, Table 1).

Under the optimum reaction conditions, principally the
poly(1,4-ketone) structure (1) of the corresponding copolymer
was obtained and soluble in organic solvents like CH2Cl2, THF
or DMSO. However if the copolymerization was performed for
an extended reaction time (more than 24 h) or isolated as a pure
solid, the structure of the copolymer was that of a poly-
(spiroketal-1,4-ketone) which is insoluble in common organic
solvents and even in fluorinated alcohols. The solid state 13C
NMR spectrum of the poly(spiroketal-1,4-ketone) indicated a
1+1 ratio of the poly(1,4-ketone) and poly(spiroketal), with
resonances of 1,4-keto groups and spiroketal groups appearing
at 211.5 and 110.5 ppm respectively. The values of 1,4-keto and
spiroketal groups of other polyketones (higher a-olefins or
other functionalized alkenes and CO) occur at 211–214 and
112–114 ppm respectively.5,8 The structure of the copolymer 1
(i.e. poly(1,4-ketone)) was determined by 13C NMR and IR, and
was supported by elemental analysis.† The IR spectrum
displays a carbonyl stretching band at 1706 cm21, and the epoxy
group bands appeared at 1260, 914 and 835 cm21. The 13C
NMR spectrum (DMSO-d6) showed a resonance at 211.8 ppm
due to the carbonyl group, and resonances at 44.5 and 43.5 ppm
which are due to the CH2CH units in the polymer backbone.
Resonances at 51.5 and 46.5 ppm are due to the epoxide carbons
in the side chains and the (CH2)2 units in the side chains
appeared at 29.4 and 27.3 ppm. The chemical shift values for the
carbonyl and main chain carbons of the 13C NMR spectrum, and
the simplicity of the spectrum, support the copolymerization as
a highly regio (head-to-tail) and diastereoselective (isotactic)
process.5,7,8

Several other vinyl epoxides were copolymerized with CO
under the optimum reaction conditions found for the copoly-
merization of CO and 1,2-epoxyhex-5-ene (run 4, Table 1), and
the results are summarized in Table 2.†

In the case of 1,2-epoxyoct-7-ene, where the epoxy group is
far from the olefinic unit compared with 1,2-epoxyhex-5-ene,

the copolymerization was slower but the molecular weight of
the copolymer 3 was higher than that of 1 (run 1, Table 2).
1,2-Epoxydec-9-ene gave similar results to that of 1,2-epoxy-
oct-7-ene, affording 4 but with narrower polydispersity when
compared with 1,2-epoxyhex-5-ene and 1,2-epoxyoct-7-ene
(compare run 6, Table 1, run 1 and 2, Table 2). The
copolymerization of 4-vinyl-1,2-epoxycyclohexane (cis and
trans mixture) with CO afforded the corresponding copolymer
5 in reasonable yield and molecular weight, but with broad
polydispersity (Mw/Mn = 3.40, run 3, Table 2). Allyl glycidyl
ether, which has not been successfully copolymerized with CO
in the past,4 can also undergo smooth copolymerization under
the reaction conditions described above, affording the copoly-
mer 6 in 77% yield. Interestingly, the molecular weight was
very low (Mw = 3350, run 4, Table 2) compared to vinyl
epoxides not having an ether group. The copolymer 6 was
slightly soluble in DMSO, and the molar optical rotation was
+ 3.4° (c = 6.1 mg ml21, DMSO). Finally in the case of
conjugated diene monoxide, 1,2-epoxybut-3-ene, the copoly-
merization with CO did not proceed under the usual conditions,
and the starting epoxide was recovered unchanged (run 5,
Table 2).

In conclusion, the copolymerization of vinyl epoxides and
CO proceeds in good yields and moderate molecular weights, in
the presence of [Pd((R,R)-Me-DUPHOS)(MeCN)2](BF4)2 as
the catalyst, with HCO2H and 1,4-naphthoquinone as pro-
moters. Complete chemoselectivity was observed, even in the
presence of a reactive epoxide group. These polyketones, with
epoxides in the pendant chain, will be of considerable value as
precursors to novel polymeric materials by ring opening
reactions of the epoxide groups.

We are grateful to Dow Chemical Co. for support of this
research. We are indebted to Drs Marv Dettloff and Jerry White
of Dow Chemicals for their excellent suggestions regarding this
project.
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Non-aqueous ionic liquids, molten salts, have been found to
enhance organoboron mediated reductions of aldehydes.

In recent years, chemists have developed new synthetic
methodologies which are environmentally benign.1 For exam-
ple, ionic liquids have been found to be useful in many
environmentally sensitive industrial applications.2 More re-
cently, ionic liquids have attracted interest as reaction media in
organic and organometallic synthetic manipulations such as
hydrogenation,3 allylation,4 Heck-vinylation,5 epoxidation,6
Diels–Alder reactions,7 and Suzuki cross-coupling reactions.8
These solvents possess a number of interesting properties,
which include a lack of vapor pressure, ease of reuse, absence of
flammability and a tolerance for large temperature variations.

The reduction of aldehydes by organoborane reagents is an
important organic transformation. Generally, boron hydrides
are utilized as reducing agents due to their facile reactivity.9
Trialkylboranes, most notably the pinanyl derivatives, have
also been found to be especially useful reducing
reagents.10,11 However, reductions involving simple trialk-
ylboranes generally require reaction temperatures in excess of
approximately 150 °C.12 We have discovered that ionic liquids,
such as 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim][BF4]),13 1-ethyl-3-methylimidazolium tetrafluorobor-
ate ([Emim][BF4]), and 1-ethyl-3-methylimidazolium hexa-
fluorophosphate ([Emim][PF6]) enhance the rate of trialk-
ylborane reductions. For example, tributylborane reduces
benzaldehyde at rt in [Emim][PF6] although the reaction can be
carried out more rapidly at 100 °C (Table 1).

Both aromatic and aliphatic aldehydes are reduced by
tributylborane in ionic liquids (Table 2). The presence of a para-
substituted electron-donating group appears to hinder the
reaction. Only one alkyl group is utilized, and thus an equimolar
ratio of aldehyde and tributylborane is required. Presumably
this is a consequence of the weaker Lewis acidity of the
dialkylborinic ester generated after the first reduction, reaction
1.

(1)

The fact that the organic products are readily removed from
the ionic liquids via extraction is especially appealing. We
routinely recycled the ionic solvents and found no decrease in
reduction yields.

The reduction of benzaldehyde is representative: benzalde-
hyde (106 mg, 1.00 mmol) and [Emim][PF6] (250 mg) were
placed in a 10 mL round-bottomed flask. Tributylborane (182

mg, 1.00 mmol) was added and the mixture stirred at rt for 48 h.
The product was extracted into ether (2 3 5 mL) the extracts
were combined and dried over anhydrous MgSO4. The solvent
was removed under reduced pressure and then purified by silica
gel chromatography to yield 102 mg (94%) of benzyl alco-
hol.14

Ionic liquids are excellent solvents in which to carry out
reductions using trialkylboranes. The reaction proceeds readily
with aromatic and aliphatic aldehydes. Separation of the
products from the ionic liquid is straightforward as is recycling
of the solvent.

We wish to thank the U.S. Department of Energy and the
Robert H. Cole Foundation for support of this research.
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Table 1 Reduction of benzaldehyde with tributylborane in different ionic
liquids

Ionic liquid Time/h Yield (%)c

[Bmim BF4] 16a 93
[Emim BF4] 16a 90
[Emim PF6] 16a 96
[Emim PF6] 48b 94
a Reactions were carried out at 100 °C. b Reaction was carried out at rt.
c Isolated yield.

Table 2 Reduction of aldehydes with tributylborane in [Emim][PF6]

Aldehydes Time/h Yield (%)c

C6H5CHO 16a 100
p-BrC6H4CHO 16a 100
m-BrC6H4CHO 16a 100
o-FC6H4CHO 16a 100
p-FC6H4CHO 16a 100
p-CH3OC4CHO 24a 40
o-CH3C6H4CHO 16a 98
p-CH3C6H4CHO 16a 96
C10H20O 48b 100
C10H20O 24a 100
(CH3)3CCHO 48b 100
a Reactions were carried out at 100 °C. b Reactions were carried out at rt.
c NMR yield.
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Antimalarial compound qinghaosu (1) and its phenyl
derivative 2 were reacted with reduced glutathione (GSH)
and Fe(II/III) to give, besides other known degradation
products, an interesting adduct from a primary C-centered
free radical and GSH. Because GSH plays a very important
role in the cell cycle, this finding may eventually lead to a
new understanding of its mode of action.

Qinghaosu (artemisinin, 1) originally isolated from a traditional
Chinese herb,1 and its derivatives are the most promising
antimalarial medicines. Their unique 1,2,4-trioxane peroxy

structure has been proved to be essential for antimalarial
activity2 and is entirely different from that of previous
generations of antimalarial drugs such as quinine and chlor-
oquine. Cell-biological studies showed that qinghaosu’s tox-
icity appeared to be the consequence of the membrane damage
that might result from protein alkylation.3 On the other hand,
alkylation of a simplified heme in vitro has also been reported,4
but this does not provide a full description of the antimalarial
mechanism of qinghaosu and its derivatives. We have reported
the reaction mechanism of the Fe(II)-induced cleavage of the
peroxide bond in qinghaosu and its derivatives and certified the
presence of C-centered radicals derived from this cleavage and
the following radical rearrangement.5,6 At the same time the
DNA damage associated with this process has also been
observed in our laboratory.5 A parallel correlation7 between the
chemical reactivity of Fe(II)-induced cleavage of the peroxide in
qinghaosu’s derivatives and their antimalarial activity in vivo
and also the intermolecular interaction8—abstraction of a
hydrogen atom from cysteine and attachment to the cysteine
sulfur atom—of the primary C-centered radicals involved in the
degradation of qinghaosu have been found in our previous
work. Continuing these explorations we have synthesized a pair
of C-11 epimers of 12-(2,4-dimethoxyphenyl)-12-deoxoqing-
haosu (2) and found once again the parallel relationship of
reactivity of their Fe(II)-induced cleavage and antimalarial
activity. In the presence of cysteine and catalytical ferrous or
ferric ion a stable product from cysteine and the primary free
radical from phenyl qinghaosu 2 could be isolated and
identified. These experimental results9 provided further evi-
dence for the participation of a primary carbon centered free
radical in the antimalarial action of qinghaosu compounds.

With the adduct of cysteine and the primary free radical
derived from qinghaosu and its derivatives in hand, it would be
interesting to observe if an adduct could form from glutathione
and this free radical. Malaria parasite infected red cells have a
high concentration of the reduced glutathione (GSH, the main
reducing agent in physiological systems).10 It was also reported
that an excess GSH in the parasite may be responsible for
protecting the parasite from the toxicity of heme.11 In general,
GSH takes part in many biological functions, including the
detoxification of cytosolic hydrogen peroxide and organic
peroxides and then protects cells from oxidative stress.
Therefore, depletion of GSH or inhibiting glutathione reductase
in tumor or parasite cell will induce oxidative stress and then kill
these cells,12 which may explain the mechanism of some
antitumor or antiparasite agents. In addition, an alternative
promising approach to finding new antitumor or antiparasite
agents is provided.

Here we report that the C-centered radicals of compound 2
and qinghaosu (1) can abstract a hydrogen atom from GSH, and,
the novel adducts between 2, 1 and GSH are characterized.

The 12-(2,4-dimethoxyphenyl)-12-deoxoqinghaosu (2) pre-
pared from dihydroqinghaosu is a UV detectable, stable,
lipophilic and hence easily handled qinghaosu derivative. It is
also a more active antimalarial agent than qinghaosu and
artermether. Therefore compound 2 was firstly used as the
substrate to react with GSH in the presence of catalytic amounts
of ferrous sulfate. Thus, a mixture of GSH, AcONa, a catalytic
amount of FeSO4·7H2O and 0.5 equivalents of compound 2 in
aq. MeCN was stirred at rt for 3 days. From the organic extract,
starting material 2 (20%) and known compounds9 3, 4, 5, and 6
(43%, 26%, 2%, and 4%, respectively) were obtained. On the
other hand adduct 713 (1%) was isolated from the aqueous layer
by column chromatography (RP-C-18) (Scheme 1).

It is reasonable to propose that adduct 7 is formed by coupling
the primary C-centered free radical and GSH. Adduct 7 gives a
typical ESI mass spectrum peak at m/z = 735 (M + Na 2 1) and
all the corresponding proton resonances in the NMR spectra.
Adduct 7 tends to rearrange to give compound 8 in acidic
medium, partial rearrangement could be observed even in
deuteriated water in the NMR tube.

The successful isolation of adduct 7 encouraged us to explore
the reaction of GSH with qinghaosu–Fe(II/III) and search for the
products from both the organic and water phases. The reaction
of qinghaosu (1) with 2 equivalents of GHS and 0.04 equivalent
Fe(II) was performed at 37 °C under argon. After 12 hours all
qinghaosu was consumed to yield known compounds 98 (5%),
106 (41%), 116 (26.4%), and 12 (1%, a C-3 epimer of known
compound), all collected from the organic phase, and 1314 (4%)
collected from the aqueous phase of the reaction mixture after
work-up (Scheme 2). The reaction also proceeds wider acid
conditions in the range pH 1–7, giving slight variations in the
yields of 9 and 13.

The most interesting adduct 13 is a highly polar, water
soluble compound, which was recovered from the reaction
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mixture by chromatography on reverse phase silica gel (RP-
C18, H2O). On thin-layer chromatography (TLC, with 3+1+1 n-
BuOH–AcOH–H2O) 13 could be visualized by 0.5% ninhydrin
in EtOH as a pink spot. The mass spectrum (ESI) exhibited
typical peaks at m/z 548 (M + H)+, 570 (M + Na)+, and 586 (M
+ K)+. Its high resolution mass spectrum (SI) exhibited the
peaks at m/z 570.2090 (M + Na)+, and 592.1916 (M 2 H +
2Na)+. NMR analyses were performed in D2O, including 1H
and 13C NMR, DEPT, DQ-COSY, NOESY, HMQC (1J) and
long-range (3J) proton-carbon correlation (HMBC). Compound
13 showed several cross-peaks (H-7A/H-3, H-6A/H-3) in NOESY
and (H-7A/C-3, H-3/C-7A) in HMBC spectrum. The data
undoubtedly showed that a s-bond was present between the
sulfur of the glutathione residue and C-3 in the qinghaosu part.
Compound 13 was therefore the result of an adduct between
primary carbon-radical derived from qinghaosu and GS ·.

In conclusion, qinghaosu (1) and its phenyl derivative 2 could
be degraded in the presence of reduced glutathione (GSH) and
a catalytical amount of Fe(II/III). Besides known products
previously isolated from the reaction of qinghaosu and its
derivative with ferrous ion, an interesting adduct from the
primary C-centered free radical derived from qinghaosu and S-
centered free radical from GSH was isolated and structurally

elucidated by NMR and other spectroscopy. In Plasmodium
parasite the GSH concentration is maintained by means of the
glutathione reductase catalyzed reduction of glutathione dis-
ulfide (GSSG) at the expense of NADPH. GSH plays an
important role in protecting the parasite from oxidative stress.
The formation of a GSH–qinghaosu adduct reduces the amount
of GSH and the adduct itself might also cause inhibition of the
glutathione reductase in the parasite. Therefore the present
finding may lead to a new understanding of the mode of action
of these antimalarial drugs.
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CH3 at C-11); MS (ESI) m/z: 779 (M 2 1 + 3Na), 757 (M + 2Na), 735
(M + 1 + Na).

14 Compound 13 1H NMR (600 MHz, D2O) d: 9.98 (s, 1H, CHO), 4.63 (m,
1H, H-6A), 3.85 (m, 3H, 2H-9A and H-2A), 3.14 (dd, 1H, J = 14.1, 5.1 Hz,
H-7A), 2.93 (dd, 1H, J = 14.1, 8.7 Hz, H-7A), 2.62 (m, 4H, 2H-4A, 2H-3),
2.47 (m, 1H, H-11), 2.24 (m, 2H, 2H-3A), 1.98 (m, 1H, H-9ß), 1.82-1.91
(m, 3H, H-10, H-7, H-8a), 1.79 (m, 1H, H-8b), 1.63 (m, 1H, H-2), 1.56
(m, 1H, H-2), 1.39 (m, 1H, H-1), 1.31 (m, 1H, H-9a), 1.16 (d, 3H, J =
7.2 Hz, CH3 at C-11), 1.04 (d, 3H, J = 6.6 Hz, CH3 at C-10); 13C NMR
(75 MHz, CDCl3) d: 209.99 (HCNO), 187.32 (C-12), 178.97 (C-10A),
177.59 (C-5A), 176.72 (C-1A), 174.67 (C-8A), 86.01(q, C-6), 56.95 (C-1 or
C-2A), 56.86 (C-2A or C-1), 55.75 (C-6A), 53.45 (C-7), 46.50 (C-11),
46.13 (C-9A), 37.89 (C-10), 37.52 (C-9), 35.44 (C-7A), 34.67 (C-4A or C-
3), 34.11 (C-4A or C-3), 30.43 (C-2), 28.94 (C-3’ or C-8), 28.88 (C-3A or
C-8), 23.00 (CH3 at C-1), 20.26(CH3 at C-11); MS (ESI) m/z: 548 (M+

+ 1), 570 (M + Na); HRMS (SI) m/z: Calcd for C23H37O10N3S + Na:
570.2092; Found: 570.2090; Calcd for C23H37O10N3S 2 H + 2Na:
592.1911; Found: 592.1916.

Scheme 1

Scheme 2
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The ionic salt [bmim][BF4] is an attractive solvent for Wittig
reactions, allowing both easier separation of alkenes from
Ph3PO together with efficient reuse of the solvent.

Ionic liquids are a new class of solvents which have attracted
growing interest over the past few years due to their unique
physical and chemical properties.1 They usually consist of
poorly coordinating ion pairs, and a classical example is the
readily accessible 1-butyl-3-methylimidazolium tetrafluorobor-
ate [bmim][BF4], which is a colourless mobile but non-volatile
liquid with no smell (Fig. 1).2 Since such solvents easily
dissolve metal salts and transition metal catalysts interesting
developments have recently appeared in synthesis using
organometallic reagents.3 Some applications of these solvents
in organic chemistry have also been reported, for instance in
alkylations,4 benzoin condensation,5 and Diels–Alder6 and
Friedel–Crafts7 type reactions. Furthermore, their possible use
for selective extraction of organic compounds has been noted
recently.8

The Wittig reaction is amongst the most popular methods for
CNC bond formation, giving in most cases good to excellent
stereocontrol.9 The separation of the alkene from the by-product
(Ph3PO) is a classical problem: it is usually done by crystallisa-
tion and/or chromatography. In this communication we demon-
strate the usefulness of the ionic solvent [bmim] [BF4] as a
medium to perform Wittig reactions using stabilized ylides
allowing both easier separation of alkenes from Ph3PO and also
the recycling of the solvent. Phosphorane 1a and benzaldehyde
were selected as first models (Scheme 1) to develop this method
and study the selectivity in the extraction by appropriate
solvents.

The reaction was complete in 2.5 h at 60 °C and the results
obtained with different solvents are reported in Table 1.†

Extraction of the reaction mixture with Et2O gave 3a‡ (79%
isolated yield after filtration on a short SiO2 pad) and Ph3PO
(21%). Further extraction with toluene removed almost com-
pletely the residual Ph3PO and phosphorane.

Careful 1H and 13C NMR analysis of the ionic solvent after
these successive extractions gave no evidence for residual
PhCHO and 3a (less than 2% for both compounds). Only
residual 1a and a small amount ( ≈ 5%) of Ph3PO could be
detected. Slightly better results were obtained with tBuOMe as
the first solvent (87% of 3a with only 11% of Ph3PO).
Extraction with hexane was not convenient, even though very
little Ph3PO was obtained in that case.

One of the advantages of ionic solvents is ease of recycling.
As indicated in Table 2, such is indeed the case for this Wittig
reaction since excellent yields of 3a were obtained, even after 6
consecutive runs.

A more difficult challenge was to reuse the solvent, but for
two different Wittig reactions. This was established in the
following way (Scheme 2)+the reaction of 1a with o-tolualde-
hyde gave 6 in excellent yield (95%). Then, the same ionic
solvent was used for the reaction of 1a with benzaldehyde:
careful 1H and 13C NMR analysis of the product isolated in the
latter reaction indicated that 3a was obtained, with no trace
(@2%) of 6.

Other stabilized ylides can also be used the obtain alkenes 3
in good yields (Table 3).

Finally, this method could also be extended to other
aldehydes (Table 4). Various aromatic and aliphatic aldehydes,

Fig. 1

Scheme 1

Table 1 Recovery of 3a in three different combinations of solvents

Exp. 1
Ethera Tolb

Exp. 2
tBuOMea Tolb

Exp. 3
Hexanea Tolb

3a yield (%) 79 — 87 — 49 41
Ph3PO yield (%) 21 72 11 78 1 54
a First solvent of extraction. b Second solvent of extraction.

Table 2 Reuse of [bmim]BF4] in the reaction of 1a + 2

Run 1 2 3 4 5 6

3a Yield (%)a 82 83 86 82 90 91
3a Yield (%)b 86 88 93 92 88 92

a Extraction with Et2O. b Extraction with tBuOMe.

Scheme 2

Table 3 Reaction of phosphorus ylides 1 with 2 in [bmim][BF4]

Y 3 Yield (%) E/Za

COMe 82 97/3
CO2Me 90 96/4
CN 79 50/50
CNb 66 77/23

a Established using 1H NMR. b For comparison, reaction in toluene (60 °C,
2.5 h) was also performed.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b006666o Chem. Commun., 2000, 2195–2196 2195



as well as enals react with 1a to give corresponding alkenes in
good yield and selectivity. In the case of the para-nitro
derivative however athough the Wittig reaction was complete,
the corresponding alkene was isolated in lower yield due to the
low solubility of the product in ether. For these stabilized ylides,
the E-stereoselectivity in the ionic solvent appears at least
equivalent, if not better, than the reactions performed in the
usual organic solvents.9 The only exception was 1c which is a
little less selective (see Table 3).

In conclusion, Wittig reactions of stabilized ylides with
aldehydes are easily performed in the ionic solvent
[bmim][BF4]. This method offers attractive possibilities for
selective extraction of alkenes and Ph3PO. Furthermore it is
possible to efficiently reuse the ionic solvent.

Notes and references
† Representative procedure, preparation of 3a: a solution of benzaldehyde 2
(0.2 mL, 2 mmol) and phosphorane 1a (0.689 g, 2.16 mmol) in the
[bmim][BF4] salt (2 mL) was heated at 60 °C, under magnetic stirring, for
2.5 h. The reaction mixture was extracted first with tBuOMe (3 3 3mL) and
then with toluene (3 3 3 mL). The extracts were evaporated in vacuo.
Filtration of the tBuOMe extract on a short SiO2 pad gave 3a (0.254 g, 87%
yield) and then Ph3PO (0.061 g, 11% yield). Similarly, the toluene extract
yielded Ph3PO (0.434 g, 78% yield).
‡ All isolated compounds gave spectra (1H and 13C NMR) consistent with
indicated structures and in agreement with literature data. For the alkenes,
isolated yields refer to the (E + Z) mixtures.

1 T. Welton, Chem. Rev., 1999, 99, 2071, and references cited therein.
2 P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. De Souza and J. Dupont,

Polyhedron, 1996, 15, 1217.
3 For recent examples see: P. J. Dyson, D. J. Ellis, D. G. Parker and T.

Welton, Chem. Commun., 1999, 25; C. De Bellefon, E. Pollet and P.
Grenouillet, J. Mol. Catal. A+Chem., 1999, 145, 121; A. J. Carmichael,
M. J. Earle, J. D. Holbrey, P. B. Mc Cormac and K. R. Seddon, Org. Lett.,
1999, 1, 997; V. P. W. Böhm and W. A. Herrmann, Chem. Eur. J., 2000,
6, 1017; C. E. Song and E. J. Roh, Chem. Commun., 2000, 837.

4 M. J. Earle, P. B. McCormack and K. R. Seddon, Chem. Commun., 1998,
2245.

5 J. H. Davis Jr. and K. J. Forrester, Tetrahedron Lett., 1999, 40, 1621.
6 M. J. Earle, P. B. McCormac and K. R. Seddon, Green Chemistry, 1999,

23, and references cited therein.
7 C. J. Adams, M. J. Earle, G. Roberts and K. R. Seddon, Chem. Commun.,

1998, 2087, and references cited therein.
8 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser and R. D.

Rogers, Chem. Commun., 1998, 1765; L. A. Blanchard, D. Hancu, E. J.
Beckman and J. F. Brennecke, Nature, 1999, 399, 28.

9 J. March, Advanced Organic Chemistry, Reactions, Mechanisms and
Structure, Wiley, New York, 4th Edition, 1992, p. 956; J. I. G. Cadogan,
Organophosphorus Reagents in Organic Synthesis, Acedemic Press,
New York, 1979, 17; B. E. Maryanoff and A. B. Reitz, Chem. Rev., 1989,
89, 863; O. I. Kolodiazhnyi, Phosphorus Ylides, Chemistry and
Application in Organic Synthesis, Wiley CH, Weinheim, 1999 and
references cited therein.

Table 4 Reaction of ylide 1a with different aldehydes in [bmin][BF4] at
60 °C

RCHO + 1a RCHNCHCOMe + Ph3PO

R Time/h Yield olefin (%) E/Za

4-Cl-Ph- 2.5 86 97/3
4-NO2-Ph 2.5 44b 98/2
4-MeO-Ph- 72 82 96/4
2-Me-Ph- 4 95 96/4
Cyclohexyl- 4 80 85/15
C5H11 12 82 98/2
i-Butyl- 4 84 98/2
(E) Ph-CHNCH- 12 86 90/10
(E) Me-CHNCH- 12 88 95/5

a Established using 1H NMR. b Low solubility of this olefin in either.
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A hydroxybenzaldehyde derivative which has isobutenyl
linkage reacts with a variety of diamines to efficiently result
in a 2+2 macrocyclic compound.

Macrocyclic compounds are extensively studied from the
viewpoints of molecular recognition, artificial catalyst, supra-
molecular structures, and so on.1 In general, their preparation is
not very efficient because competitive reactions may occur,
resulting in several kinds of oligomeric compounds. In order to
selectively obtain a desired macrocycle, researchers have
developed several techniques such as template-assisted or
preorganization-assisted syntheses combined with the high
dilution method. Since the high dilution method is effective
only when an individual reaction is fast enough, each reactant
needs to have high activity, which must be maintained during a
long period of dropwise addition in a carefully assembled
apparatus. In spite of such efforts, the yield usually reaches only
30–60% at most.2 Even if intramolecular hydrogen bonding
works well for the preorganization,3 stepwise syntheses are
necessary to achieve a sufficient yield.

In contrast to kinetic control by, for example, the high
dilution method, the concept of self-organization or self-
assembly could be useful as another way for an efficient
preparation of macrocycles if a desired compound is thermody-
namically favoured. In this communication, we report on a
hydroxybenzaldehyde derivative that reacts with a variety of
diamines to give a 2+2 macrocyclic compound in a good yield
under relatively mild and simple conditions. Herein we discuss
the role of intramolecular hydrogen bonding that controls the
direction of functional groups during the cyclisation step.

A procedure to prepare 1 and 2 is shown in Scheme 1. The
second step is a tandem Claisen rearrangement,4 in which an
isobutenyl aryl ether is transformed into the corresponding
bisphenol compound. By heating 1 at 220 °C for 10 h under
reduced pressure, 2 was obtained in 79% isolated yield.
Compounds 1 and 2 were recrystallized from ethyl acetate and
MeOH, respectively.‡

Fig. 1(a) and (b) show the X-ray crystal structures of 1 and 2,
respectively,§ which provide information about hydrogen
bonding in each compound. In 1, the aldehyde hydrogen is
positioned towards the phenolic ether oxygen, indicating a
hydrogen bonded pseudo five-membered ring. In 2, each
carbonyl oxygen is positioned towards the neighbouring
hydroxy group to form a hydrogen bonded pseudo six-
membered ring. These hydrogen bonding structures are re-
flected in the 1H NMR spectra: the signal of the aldehyde proton
of 1 appears at 10.49 ppm, whereas that of 2 appears at
9.88 ppm. The downfield shift of 0.61 ppm in 1 was caused by
the hydrogen bond between ether oxygen and aldehyde
hydrogen atoms. For 2, the relatively lowfield signal of phenolic
OH proton (11.27 ppm) implies the hydrogen bonding between
the hydroxy group and carbonyl oxygen.

THF solutions of 2 (0.1 M) and p-phenylenediamine (0.1 M)
were mixed and stirred over 30 h at rt. Then, MeOH was slowly

† Electronic supplementary information (ESI) available: characterisation
data for new compounds. See http://www.rsc.org/suppdata/cc/b0/
b005536k/ for crystallographic files in .cif format.

Scheme 1

Fig. 1 X-ray crystal structures of (a) 1 and (b) 2.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005536k Chem. Commun., 2000, 2197–2198 2197



added to the solution until a yellowish orange solid precipitated
(crude yield > 80 %). FAB MS and 1H NMR measurements
revealed that the solid was 2+2 adduct 3a, and that the amount
of higher oligomeric compounds was too small to accurately
determine their structures and yields. Since it was difficult to
purify 3a by recrystallisation or column chromatography due to
its low solubility, it was used for the next step after washing
with CHCl3. To a THF–MeOH suspension (v/v = 7/3) of 3a
(0.736 g/50 ml), four equiv. of sodium borohydride were added
at rt, resulting in cyclic polyamine 4a as a colorless solid (69
%).‡ Similarly, by using o-phenylenediamine, m-phenyl-
enediamine, trans-1,4-cyclohexanediamine, naphthalene-
1,5-diamine, and p-xylylenediamine instead of p-phenylenedia-
mine, 4b–f were prepared respectively (Scheme 1).‡ In the case
of naphthalene-1,5-diamine, DMF was used as solvent in the
cyclisation step. In some cases, a catalytic amount of hydrochlo-
ric acid was used for the Schiff base formation. The yields are
summarized in Table 1.

It is noteworthy that the reaction selectively affords the 2+2
compounds in a relatively concentrated solution. For p-
phenylenediamine, it is confirmed that a major product in an
early stage of this reaction is the linear imine 5 (see Fig. 2)
resulting from 1+1 condensation of 2 and the diamine,
suggesting that the reaction proceeds as illustrated in Scheme 2.
This scheme can be applied to the cases of the other diamines.
For aromatic amines (X = a, b, c, and e), the Schiff base
formation is slow enough so that the reaction can proceed
stepwise, resulting in high yields of the 2+2 macrocycles.
Similarly, trans-1,4-cyclohexanediamine (X = d), which has
aliphatic amine groups, afforded the 2+2 compound in a good
yield. On the other hand, the yield for p-xylylenediamine (X =
f), which also has aliphatic amine groups, was relatively low.

These results imply that the yield is much affected by the
flexibility of the amine rather than its reactivity.

In contrast to 2, attempts to prepare macrocycles from 1 were
not successful. Although the products have not been charac-
terised in detail, the reaction might give a mixture of several
oligomeric compounds. Although there is a difference in
substitution position between 1 and 2, these results suggest that
the hydroxy groups of 2 play an important role in selectively
forming the 2+2 macrocycles.

A typical 1H chemical shift of such an hydroxy group for 3a–f
was 13–14 ppm, indicating a strong interaction between the
hydroxy and imine groups by making a pseudo six-membered
ring even in solution. For 5, the corresponding 1H NMR peak
was observed at 13.88 ppm, indicating similar hydrogen
bonding. Such a hydrogen bond can fix this molecule into an ‘L-
shape’ (Fig. 2), and thereby prevents it from making an
intramolecular Schiff base linkage to give a 1:1 macrocycle. As
shown in Scheme 2, if two L-shaped molecules are present in
high concentration, the probability of the formation of 2+2
macrocycles will increase. For the Schiff base of 1, however,
one can not expect so strong a hydrogen bond that the
conformational freedom of the molecule is reduced. This would
be a reason why a selective macrocyclisation of 1 and diamine
is not successful.

In summary, a novel bishydroxybenzaldehyde that we
synthesized via tandem Claisen rearrangement is a useful
building block for preparation of a new series of macrocyclic
polyamine compounds. These compounds can be regarded as
derivatives of salophane,5 and therefore are expected to act as
good metal ligands. Furthermore, taking advantage of hydrogen
bonding interactions, these cyclic salophanes might act as
molecular hosts, artificial catalysts, and so on. In fact, recently
4a has been found to react selectively with p-quinones to reduce
them into hydroquinones. We will describe an electrochemical
study on this system elsewhere.6

Notes and references
‡ Compound 1: 1H NMR (500 MHz, CDCl3): d 4.80 (s, Ar-O-CH2-), 5.53
(s, -C(NCH2)-), 7.02 (d, -O-Ar-), 7.07 (t, 2O-Ar-), 7.55 (m, -O-Ar-), 7.84
(m, -O-Ar-), 10.49 (s, Ar-CHO). Precise MS calcd. for C18H16O4 296.1048,
found 296.1069.

Compound 2: 1H NMR (500 MHz, CDCl3): d 3.42 (s, Ar-CH2-C-
(NCH2)), 4.81 (s, -C(NCH2)-), 6.97 (t, -Ar(OH)-), 7.44 (d, -Ar(OH)-), 7.44
(d, -Ar(OH)-), 9.88 (s, Ar-CHO), 11.27 (s, -Ar(OH)-). Precise MS calcd. for
C18H16O4 296.1048, found 296.1098.
§ Crystal data for 1: C18H16O4, Mw = 296.32, crystal system =
monoclinic, space group P21/n(#14), Z = 4 in a cell of dimensions: a =
7.7307(3), b = 13.7793(6), c = 14.5413(4) Å, b = 101.431(1)°, V =
1519.50(10) Å3, Dcalcd = 1.29 g cm23. The data were collected at 280 °C
on a Rigaku RAXIS-RAPID Imaging Plate diffractometer, l(Mo-Ka) =
0.7107 Å, m = 0.91 cm21, 3572 measured and 3427 unique reflections
(2qmax = 55.00, Rint = 0.023). R = 0.103, Rw = 0.073.

Crystal data for 2: C18H16O4, Mw = 296.32, crystal system =
monoclinic, space group P21/a(#14), Z = 4 in a cell of dimensions: a =
7.9346(4), b = 14.3035(8), c = 13.3949(7) Å, b = 102.18(2)°, V =
1486.0(1) Å3, Dcalcd = 1.32 g cm23. The data were collected at 280 °C on
a Rigaku RAXIS-RAPID Imaging Plate diffractometer, l(Mo-Ka) =
0.7107 Å, m = 0.93 cm21, 3555 measured and 3410 unique reflections
(2qmax = 55.00, Rint = 0.021). R = 0.085, Rw = 0.078. CCDC
182/1801.

1 J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives,
VHC, Weinheim, 1995.

2 Macrocycle Synthesis, ed. D. Parker, Oxford University Press, New
York, 1996.

3 F. J. Carver, C. A. Hunter and R. J. Shannon, J. Chem. Soc., Chem.
Commun., 1994, 1277.

4 K. Hiratani, K. Kasuga, M. Goto and H. Uzawa, J. Am. Chem. Soc., 1997,
119, 12 677.

5 D. A. Atwood, Coordination Chem. Rev., 1997, 165, 267.
6 H. Houjou, S.-K. Lee, Y. Nagawa and K. Hiratani, in preparation.

Table 1 The yields (%) of tetraimine (3a–f) and tetramine (4a–f) from a
variety of diamines (a–f)

3a–fa 4a–fb

a p-phenylenediamine 76–89 47–69
b m-phenylenediamine 58–64 61–81
c o-phenylenediamine 90–97 53–59
d trans-1,4-cyclohexanediamine 57–79 87
e naphthalene-1,5-diamine 80–90 70–79
f p-xylylenediamine 33 75

a Yields of crude solid. b Yields of 4a–f from 3a–f.

Fig. 2 Presumptive hydrogen bonding for p-phenylenediamine Schiff base
of 2.

Scheme 2
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Kröhnke type pyridines are readily accessible via a sequen-
tial solventless aldol condensation and Michael addition
involving solid NaOH, followed by treatment with ammo-
nium acetate in acetic acid, as a one pot reaction, which
enables both symmetrical and unsymmetrical 2,6-bisaryl
substituted pyridines to be isolated in high yield, typically
> 75%.

Kröhnke type pyridines1 and other substituted pyridines
including the related terpyridines2-4 are prominent building
blocks in supramolecular chemistry with their p-stacking
ability, and directional H-bonding and coordination. In general,
conventional methods used in the synthesis of substituted
pyridines use volatile organic solvents and display only
moderate to low yields.2,5,6 In developing a more versatile route
to such compounds, where possible adopting the principles of
‘Green Chemistry’,7 we have established that using solventless
conditions involving sequential aldol and Michael addition
reactions results in a dramatic improvement in yield, and indeed
allows access to a range of compounds not accessible using
conventional methods involving organic solvents. Overall, this
versatile new approach can be applied to the synthesis of a range
of symmetrical and unsymmetrical terpyridines, and pyridines
in general bearing aryl groups in the 2, 4 and 6 positions.

The significance of our findings also relates to reducing the
use of organic solvents as potentially toxic and hazardous
materials,7 as well as its simplicity and mild conditions, and
inherent lower costs, with more likely industrial applications.
Moreover, the findings are further credence to challenge the
conventional view of using organic solvents in synthesis even in
the absence of reasons to do so.8 The use of solventless
reactions is gaining prominence with recent advances in
solventless reactions under mild conditions including the aldol
condensation,8–12 and others recently reviewed by Tanaka and
Toda.8

Synthetic details are summarised in Scheme 1.† In a typical
experiment, the benzaldehyde 1 and acetylpyridine 2 analogues
were mixed together as liquids with a pestle and mortar in the
presence of NaOH. Over a period of ca. 10 min constant
aggregating, the reaction solidified as the aldol condensation
product 3. For the same reaction using two equiv. of the
acetylpyridine 2, the initial product 3 underwent a Michael
addition to form the diketone 4. The addition of a second
acetylpyridine 1 to the condensation product 3 provided a direct
route to unsymmetrical diketones. The facile formation of 3 and
4 is essentially quantitative and subsequently does not require
isolation from the reaction mixture before the tertiary step
whereby the diketone 4 was consequently treated with ammo-
nium acetate in acetic acid to generate the terpyridyl product 5
in high yield, > 75%. The structure of the 4,4B isomer of 5, R =
OC8H17, viz. 4A-(4-octyloxyphenyl)-4,2A+6A,4B-terpyridine, Fig.
1, has been determined from X-ray diffraction data‡ as a
representative of compounds prepared thus far using this new
synthetic strategy.

The new method herein has also been applied to a number of
analogues including the formation of a series of 2,6-bis(4-

iodophenyl)-4-phenylpyridines (6), 2,4,6-triphenylpyridines (7)
and bipyridines (8).

A synthetic route to a diketone similar (pyridine nitrogens in
the 2A position, R = tBu) to the intermediate 4 was reported to
yield the Michael addition product, ca. 40% yield, by reacting
two equiv. of 2-acetylpyridine with the para-substituted
benzaldehye in the presence of NaOH, in EtOH.13 All of our
corresponding reactions, conducted using the solventless condi-
tions described above, were determined to be essentially
quantitative by 1H and 13C NMR techniques. This therefore
allows the intermediate 4 to be reacted on to form the product 5
and thus dispense with extensive recrystallisation and/or
chromatographic purification steps. It is noteworthy that when
these solvent based methods are adopted in an attempt to
prepare 4A-(4-alkoxyphenyl)-4,2A+6A,4B-terpyridines, only the
cyclohexyl product 9 is isolated from the complex reaction
mixture which is devoid of target molecules. Compound 9,
which was characterised using NMR data, R = OC4H9, and X-
ray diffraction data, R = H, does however incorporate the
expected intermediate 4.14

Typically unsymmetrical Kröhnke type pyridines have been
synthesised by reacting the aldol product 3 with a N-[1-oxo-

Scheme 1
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(2-aryl)ethyl]pyridinium iodide or bromide and ammonium
acetate.2,3 These reactions seldom afford the products in more
than a 45% yield, and this coupled with the fact that the
pyridinium halide often has to be synthesised can lead to an
expensive, time consuming protocol. The versatility of the
solventless reactions is demonstrated by the facile inexpensive
formation of such unsymmetrical Kröhnke type pyridines as 5
and 8 in high yield.

The above solventless reactions involve the reaction of liquids
formed by mixing two organic compounds, at most only one of
them being a solid, with the solid intermediate (3) reacted with
a liquid. At no time was there a reaction of a solid with a solid,
athough this is possible given our previous endeavours with
solventless aldol condensation involving two organic solids
which show that the primary process is the formation of a
eutectic mixture with a melting point below rt. This mixture
then reacts with the solid NaOH en route to the product, rather
than two solids reacting through crystal deformation mecha-
nisms.8,15

We thank the Australian Research Council for the support of
this work, and Michaele Hardie for assistance in the crys-
tallography.

Notes and references
† Synthesis: e.g. 4A-(4-butyloxyphenyl)-4,2A+6A,4B-terpyridine, 5: 4-acet-
ylpyridine (3.02 g, 24.9 mmol) and freshly distilled 4-butyloxybenzalde-
hyde (2.22 g, 12.5 mmol) and NaOH pellets (1.00 g, 25.0 mmol) were
crushed together with a pestle and mortar until a pale yellow powder was
formed (ca. 15 min). [Diketone 5: MS (ESI+) for C25H26N2O3 ([M +
Na]+)+calcd: 425.48; found: 425.3. FT-IR: n(CNO) 1695 cm2l KBr]. The
powder was added to a stirred solution of ammonium acetate (5.00 g,
excess) in glacial acetic acid (300 cm3). The reaction was heated at reflux
(2 h), affording a dark green solution. The reaction mixture was neutralised
with saturated potassium carbonate, extracted with CHCl3 (3 3 100 cm3)
and dried (magnesium sulfate). All volatiles were removed under vacuo

yielding a viscous dark green oil. The white product was recrystallised from
MeOH. Yield: 3.63 g (76%, 9.53 mmol). Mp 185.2 °C. Anal. found
(expected): C 78.58 (78.71), H 5.96 (6.08), N 10.86 (11.02)%. MS (EI+, 70
eV, 200 °C) for C25H23N3O ([M]+): calcd: 381.47; found: 381.1H NMR
(300 MHz, CDCl3, 300.0 K): d = 8.76 (AA’XX’, 4H, pyridine ortho to N),
8.04 (AA’XX’, 4H, pyridine meta to N, ortho to trisubstituted pyridine),
7.96 (s, 2H, pyridine ortho to phenyl), 7.58 (AA’XX’, 2H, phenyl meta to
OC4H9 chain), 7.04 (AA’XX’, 2H, phenyl ortho to OC4H9 chain), 4.04 (t,
J = 6.5 Hz, 2H, OCH2), 1.81 (m, 2H, OCH2CH2), 1.52 (m, 2H, CH2CH3),
0.99 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (75 MHz, CDCl3, 300.0 K): d =
159.62, 154.12, 149.64, 149.42, 145.23, 128.77, 127.29, 120.22, 117.32,
114.32, 66.97, 30.24, 18.23, 12.82. 2,6-bis(4-iodophenyl)-4-phenylpyr-
idines, 6: the reaction proceeded as above via the addition of 4A-
iodoacetophenone (3.00 g, 12.2 mmol) and 4-octyloxybenzaldehyde (1.43
g, 6.09 mmol) in the absence of light. The product (7) separated as a
colourless oil from the acetic acid solution, the analytically pure product
solidified on further cooling. Yield: 3.45 g (85%, 5.20 mmol). Mp 120 °C.
Anal. found (expected): C 54.08 (54.17), H 4.67 (4.55), N 1.96 (2.04)%. MS
(EI+, 50 eV, 200 °C) for C31H31I2NO ([M]+): calcd: 687.39; found: 688.0.
1H NMR (300 MHz, CDCl3, 300.0 K): d = 7.89 (AA’XX’, 4H, meta to I),
7.82 (AA’XX’, 4H, ortho to I), 7.79 (s, 2H, pyridine), 7.64 (AA’XX’, 2H,
phenyl meta to OC8H17 chain), 7.02 (AA’XX’, 2H, phenyl ortho to OC8H17

chain), 4.02 (t, J = 7.0 Hz, 2H, OCH2), 1.85 (m, 2H, OCH2CH2), 1.43 (m,
12H, alkyl chain), 0.90 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (75 MHz,
CDCl3, 300.0 K): d = 198.67, 157.65, 137.90, 137.83, 136.19, 132.82,
129.44, 129.26, 128.82, 114.63, 100.87, 68.08, 40.61, 31.80, 29.35, 29.22,
26.05, 22.64, 14.07.
‡ Crystallographic data for 4A-(4-octyloxyphenyl)-4,2A+6A,4B-terpyridine:
C29H31N3O crystals suitable for structural analysis were grown from EtOH.
A yellow prism (dimensions 0.18, 0.14, 0.12 mm) was mounted with oil on
a thin quartz fiber. The molecular structure is largely unexceptional with an
absence of both directional H-bonding and p-stacking of the aromatics.
Monoclinic, space group, C2/c, a = 19.7473(3), b = 10.8189(3), c =
23.8391(7) Å, b = 114.033(1)°, V = 4651.57 Å3, Dc = 1.2496 g cm23,
Mo-Ka radiation (l = 0.71073 Å) for Z = 2. Least-squares refinement
based on 59925 reflections with Inet > 3s(Inet) (out of 293 unique
reflections) led to final value of R = 0.0625.

The intensity data was collected at 123 K using a Enraf-Nonius
KappaCCD diffractometer. The structure was solved by direct methods
using SHELXS and refined using SHELXL software. Crystallographic data
have been deposited with the CCDC (12 Union Road, Cambridge, CB2
1EZ, UK) and are available on request quoting the deposition number
CCDC 182/1797). See http://www.rsc.org/suppdata/cc/b0/b007431o/ for
crystallographic files in .cif format.
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An X-ray crystallographic structure determination for the
related (R)-(2)-2-phenylglycinol derived amide demon-
strates that (+)-cis-1-methoxycarbonyl-2-methylcyclobutane
is the (1R,2S) isomer.

In the course of work requiring synthetically useful amounts of
chiral 2-methylcyclobutanecarboxylic acid derivatives of
securely known absolute stereochemistry we prepared a sample
of (+)-cis-1-methoxycarbonyl-2-methylcyclobutane, 99% ee by
GC on an Astec 10-m octakis(2,6-di-O-pentyl-3-trifluoroace-
tyl) g-cyclodextrin capillary column. The observed rotation of
our sample, [a]D +58 (CHCl3), seemed hardly consistent with a
report1 that the (+)-enantiomer of this ester of better than 97%
ee had a rotation of [a]D +22.4 (CHCl3). An X-ray crystallo-
graphic structure determination2 for the corresponding amide
(2) derived from (R)-(2)-2-phenylglycinol quickly settled the
stereochemical point (Scheme 1, Fig. 1).

The relative stereochemistry provided by the X-ray structure
and the known absolute stereochemistry of the (R)-phenyl-
glycinol unit3 provide unambiguous evidence for a sure
assignment of absolute stereochemistry: (+)-cis-1-methoxy-
carbonyl-2-methylcyclobutane, [a]D +58 (CHCl3), is (1R,2S)-
(+)-1.

The earlier assignment of (1S,2R) absolute stereochemistry
for (+)-11 must be reversed, and some assignments of absolute
stereochemistry for related structures need to be reconsidered.
The concerns are of more than academic interest, for structural
correlations leading to configurational assignments based on
links to (1R,2S)-(+)-1 extend to numerous natural products as
well as patented analogs of leukotriene, oxetanocin A, prosta-
glandins, and spermine.4

The original stereochemical assignment depended on a
structural correlation from the bicyclic lactone (1S,5R)-(+)-3 to
(+)-1 (Scheme 2). A sample of (+)-3, [a]D +116.7 (CHCl3), was
combined with HBr in CH3OH to give cis-1-methoxycarbonyl-
2-(bromomethyl)cyclobutane; reduction of the CH2Br group to
CH3 with Bu3SnH gave (+)-1, [a]D +22.4 (CHCl3), in 97%
yield.1 Since the stereochemical correlation of Scheme 2 leads

to the wrong assignment of absolute sterechemistry for (+)-1,
either the stereochemical assignment for (+)-3 must be reversed,
or the synthetic chemistry involved must, somehow, be
misformulated.

The reference compound (+)-3 had been assigned (1S,5R)
stereochemistry based on a correlation with a chiral sample of
trans-1,2-di(hydroxymethyl)cyclobutane (Scheme 3).5 Lactone
(+)-3 ([a]D +118.7 (CHCl3), 100% ee) was hydrolyzed and
epimerized to afford a trans-2-(hydroxymethyl)cyclobutane-
carboxylic acid as a viscous oil, [a]D 232.4 (CHCl3), in 52%
yield.5 Reduction gave “(1R,2R)”-(2)-5, [a]D 24.8 (EtOH), in
97% yield. The literature cited for the “(1R,2R)” trans-diol
reported [a]D 24.3 (EtOH),6 a seemingly fair match. The
reference diol (2)-5 was thought to be essentially 100% ee,
based on criteria related to circular polarization of lumines-
cence;7 it was derived from (2)-trans-cyclobutane-1,2-di-
carboxylic acid,7 a compound of securely known (1R,2R)
absolute stereochemistry.8

In the published account of the conversion of (2)-trans-
cyclobutane-1,2-dicarboxylic acid to the “(1R,2R)” trans-diol,7
no sign of rotation for the diol was cited9,10 Reduction of
(1S,2S)-(+)-trans-cyclobutane-1,2-dicarboxylic acid ([a]D
+156.4 (H2O)) with LiAlH4 gives (1S,2S)-(2)-5, [a]D 267.1
(benzene).11 In an independent study, the (1R,2R)-(2)-diacid
was reduced to (1R,2R)-(+)-5, [a]D +64 (benzene).12

The chemical correlation steps in Scheme 3 apparently
involve a great loss of optical purity. For trans-diol “(1R,2R)”-
(2)-5 [a]D24.8 (EtOH) was reported,5 far from the value more
recently determined for the (1S,2S) isomer, [a]D 267.1
(benzene).11 The base-catalyzed reaction in Scheme 3, con-
ducted with conc. aq. NaOH in a stainless steel tube at 130 °C
over 8 days,5 may well have involved more than a simple
epimerization at C1 adjacent to the carboxylic acid (carboxylate
anion) function.13

Given the poor preservation of stereochemical integrity and
the faulty reference sample employed, the synthetic steps in
Scheme 3 cannot provide a sure designation of configuration for
lactone (+)-3. Nevertheless we believe that lactone (+)-3 is
indeed the (1S,5R) isomer, even though the original grounds for
the assignment now appear to be indecisive, since it has been
converted through a rational synthetic sequence to a sample of
enantiomerically pure (+)-grandisol.14

Scheme 1

Fig. 1 X-ray crystallographic structure based drawing of N-[(R)-a-
(hydroxymethyl)benzyl]-(1R,2S)-cis-2-methylcyclobutanecarboxamide
(2).

Scheme 2 Reported1 structural correlation.

Scheme 3 Reported5 correlation of (+)-3 with trans-diol (2)-5.
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A related stereochemical puzzle is posed by various reports
of pig liver esterase (ple) catalyzed hydrolyses of cis-
1,2-di(methoxycarbonyl)cyclobutane (Scheme 4): the reported
[a]D values of the ester-acid products are 23.6 (CHCl3),1523.0
(CHCl3),16 +1.6 (CHCl3),17 +2.7 (EtOH)18 and +4.4
(EtOH).19

Correlations establishing the absolute stereochemistry of
ester-acid 6 are outlined in Scheme 4. A levorotatory sample of
6 ([a]D 23.0 (CHCl3)) was converted as shown to (+)-3, [a]D
+106.7 (CHCl3), estimated to be of 97% ee.16 Thus the
assignment is (1R,2S)-6. A dextrorotatory sample of 6 ([a]D
+4.4 (EtOH)) was correlated with (1S,2S)-(+)-1,2-di(methox-
ycarbonyl)cyclobutane,8 (1S,2S)-(+)-7 (86% ee by chiral GC;
[a]D +120 (acetone), +119 (CHCl3)), confirming the assign-
ment (1R,2S)-6.19

We believe that all enantioselective ple-catalysed hydrolyses
of cis-1,2-di(methoxycarbonyl)cyclobutane favor formation of
(1R,2S)-(2)-6, and that its specific rotation is small. During
hydrolyses and isolation procedures a base-catalysed epimer-
ization might occur to a small extent, converting cis product
(1R,2S)-(2)-6 to trans ester-acid (1S,2S)-(+)-6 having a much
larger specific rotation.8 A minor amount of (1S,2S)-(+)-6 in a
product mixture might well escape detection and yet have a
major impact on the observed specific rotation.

Accordingly, samples of 6 having [a]D 23.0 (CHCl3)16 and
[a]D +4.4 (EtOH)19 are not enantiomeric:19 both samples are
more likely to be largely (1R,2S)-(2)-6, containing different,
small, easily overlooked amounts of (1S,2S)-(+)-6. Similarly,
samples of 6 with reported [a]D values of +1.6 (CHCl3)17 and
21.8 (CHCl3)20 are not enantiomeric, and the stereochemical
assignment “(1S,2R)”-(2)-6 suggested by Lukas20 must be
reversed. The “(1S,2R)”-(2)-6 sample was obtained from
(1R,2S)-(+)-1-(methoxycarbonyl)cyclobut-3-ene-2-carboxylic
acid21 through a catalytic hydrogenation and correlated with an
enantiomer of 3 that could only be formed from (1R,2S)-6.20

The present work establishes that (+)-1 is the (1R,2S) isomer.
We believe that (+)-3 is (1S,5R), and that all ple hydrolyses of
cis-1,2-di(methoxycarbonyl)cyclobutane give predominantly
(1R,2S)-(2)-6, in spite of reports of variable and sometimes
positive [a]D values, for under the reaction conditions small
amounts of (1S,2S)-(+)-6 may be formed.
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The donor–acceptor dye cassettes 1–4 were designed to
capture energy at a single wavelength and to convert it to
well-resolved, intense fluorescence emissions; in practice,
Stokes’ shifts of 40–148 nm, quantum yields of 0.12–0.60,
and efficient energy transfer was demonstrated.

Many biological experiments involve irradiating sets of differ-
ent fluorescent labels with a single excitation source.1,2 To be
effective in such multiplexing experiments, dyes must give
fluorescence emission peaks that are both well resolved and
intense. These requirements place conflicting demands on the
labels. Having sets of dyes that emit close to the excitation
wavelength causes resolution problems, while including dyes
that emit far from the excitation wavelength gives loss of
intensity. In response to this problem, radiationless electronic
energy transfer has been used to improve resolution and/or
intensities in multiplexing.3 Systems which exploit this charac-
teristic relay energy from a donor-dye (that absorbs at relatively
short wavelengths) to an acceptor-dye that fluoresces at longer
wavelengths. Experimentally, it is most convenient if the donor
and acceptor components of such systems are introduced
simultaneously as a single unit, i.e. in an “energy transfer
cassette”. A challenge in this emerging field3 is to form
cassettes that circumvent the limitations of the classical
fluorescein–rhodamine systems (e.g. resolution, pH depend-
ence, gel mobility shifts). To address this issue, our group is
preparing cassettes wherein the donors and acceptors are linked
via rigid conjugated linkers that allow radiationless electronic
energy transfer through bonds (Dexter and superexchange
mechanisms) and/or through-space (Förster mechanism).4 This
communication describes synthesis and spectroscopic studies of
new cassettes based on the 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY®) dyes shown below.

To access the cassettes, iodoaryl-substituted BODIPY®s
were prepared5,6 then transformed into the corresponding
alkynes by Sonogashira couplings (trimethylsilylethyne, cat.
Pd(PPh3)4, CuI, NEt3, THF; then removal of the silane, Bu4NF,
THF, 278 °C, 10 min). Invariably, the yields for these two
reactions were very high (up to 99%). Sonogashira reactions
were also used to assemble the cassettes from the BODIPY®

starting materials. Scheme 1 outlines a synthesis of a linear
cassette 1. The branched derivatives 2–4 were obtained via
similar sequences featuring Sonogashira couplings.

Cassette 1 was prepared mainly to assess its spectroscopic
properties; it does not have a functional group that could be
conveniently used to link to a biomolecule. A succinimide ester
was incorporated into cassette 2 so that, in subsequent work, this
dye could be used as a label. Activated esters of aromatic acids,
however, are less active than their aliphatic analogs, hence
cassettes 3 and 4 were functionalized with glycine attachment
points. These variations have no effect on the spectroscopic
properties of the dyes reported in this communication; this
discussion is only included here to explain how these differ-
ences between the structures are consistent with the overall
direction of this project.

Table 1 summarizes some light spectroscopic properties of
the cassettes dissolved in CHCl3. Using EtOH as the solvent had
little effect (a few nm blue-shift relative to CHCl3) on the
position and band shape of the fluorescence and absorption
spectra (data not shown). The UV absorption spectra of the
cassettes resemble those that would be obtained by super-
imposing the donor and acceptor spectra, indicative of two
independent dye fragments. However, when irradiated at the
absorption maxima of the donor, the donor fluorescence is
almost completely quenched. Thus energy is absorbed at
wavelengths corresponding to the donor fragment and emitted
at wavelengths governed by the acceptor part, hence large
pseudo-Stokes’ shifts result. Förster radii of the cassettes were
determined and found to be significantly greater than the
calculated donor–acceptor distances, hence the calculated
energy transfer efficiencies were high.7,8 Experimentally, it was
shown that the energy transfer efficiencies (Eexpt) were very
high, meaning the cassettes are very effective. These are slightly

† Electronic supplementary information (ESI) available: absorption and
emission spectra of donor and acceptor A and of 1 and experimental details
for the spectroscopic measurements. See http:www.rsc.org/suppdata/cc/b0/
b006769p/

Scheme 1 Reagents and conditions: i, cat. Pd(PPh3)4, CuI, DABCO,
toluene, 80 °C, 26 h (51%).
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lower than the calculated values, perhaps because the calcula-
tions assume energy transfer via the dipole–dipole coupling
mechanism, which is not a good approximation when distances
of interaction are compatible with the molecular size.7 For all
systems studied, the fluorescence decays were not perfectly
well described by a single exponential function. Instead bi-
exponential fits were found to be acceptable (data not shown).
Weighted residuals, reduced c2 parameter and the Durbin-
Wattson parameter judged upon the goodness of fit. Values
considered acceptable were, of the reduced c2 parameter < 1.2
and of the Durbin-Wattson parameter > 1.7. The origin to the
non-exponential relaxation is not known, but a possible
explanation could be connected to a non-homogeneous distribu-
tion of the mutual donor and acceptor orientations. Average
fluorescence lifetimes varied from 0.9 to 4.2 ns. The fluores-
cence quantum yields upon exciting the donor (FDA) were
calculated in two ways for the cassettes, namely; from
fluorescence lifetime data (see table text) and by using
fluorescence and absorption spectra.9 The corresponding fluo-
rescence quantum yields (Table 1) are lower than those of the
acceptor fragments (data not shown). The fact that there is also
a discrepancy in fluorescence lifetimes may partly be assigned
to non-radiative processes, other than the Förster mechanism.
Despite this, the energy transfer efficiencies are high.

Data from cyclic voltammetry studies demonstrated that the
donor and acceptor parts of the cassettes do not communicate
electronically in the ground state. For example, cassette 4
displays four distinct redox waves (in CH3CN at 100 mVs21,
glassy carbon electrode). These are two oxidative (E1/2 = +0.62
and +0.78 V vs. ferrocene), and two reductive (E1/2 = 21.19
and 21.52 V) waves; all four of which can be assigned to redox
processes of the single dye portions. This confirms the
conclusion from the spectroscopic studies that the donor and

acceptors behave as distinct entities, rather than a unified,
conjugated system.

In conclusion, this work shows that the BODIPY® fluor-
ophores conjugated in cassettes 1–4 exhibit extremely high
energy transfer from the donor to the acceptor giving enhanced
resolution and intensities for the system when irradiated at the
donor absorption maxima. The pseudo-Stokes’ shifts for the
dyes vary between 40 and 148 nm, and their quantum yields are
from 0.12 to 0.60. It appears that in these systems para or meta-
orientations (cf. 1 and 3) make no significant difference. Even
though these dyes have donor and acceptor fragments that are
connected via a conjugated linker, steady-state and time-
resolved fluorescence measurements are consistent with highly
efficient energy transfer according to the Förster mechanism
alone.

We thank Ben Lane for running the 11B NMR spectra for this
study. Financial support for this work was provided by the NIH
(HG01745), The Swedish Natural Science Research Council
(NFR K6501981724/2000), The Kempe Foundation, and The
Robert A. Welch Foundation.
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Table 1 Selected light spectroscopic data for compounds 1–4

Compound (in CHCl3)

Parametera 1 2 3 4

lmax abs of donor in cassette/nm 504 504 504 504
emax 3 1023 (mol21 dm3 cm21) 75.8 (donor)

46.3 (acc.)
75.8 (donor)
54.1 (acc.)

75.8 (donor)
46.3 (acc.)

75.8 (donor)
115 (acc.)

lmax em of acceptor in cassette/nm 544 632 545 652
Pseudo-Stokes’ shift/nm 40 128 41 148
Förster radii/Åb 50.0 ± 1.0 47.2 ± 1.0 50.0 ± 1.0 39.4 ± 1.0
Calc. donor–acceptor distance/Åc 24.5 19.9 19.9 19.9
Calc. energy transfer efficiencyd 0.982 0.994 0.996 0.983
Expt. energy transfer efficiencye 0.968 0.936 0.941 0.946
Fluorescence quantum yieldf 0.54 0.15 0.58 0.42
Fluorescence quantum yieldg 0.60 ± 0.03 0.12 ± 0.02 0.56 ± 0.03 0.41 ± 0.03

a Additional data (not shown here) was obtained on the donor and acceptor fragments A–C as the corresponding aryl iodides to calculate some of the
parameters listed. b Calculated from molar absorptivity of the acceptor and corrected fluorescence spectrum of the donor via a literature procedure;8 the k2-
values (average angular dependence of dipole–dipole coupling in the dynamic limit) used were 0.5 for 1 and 0.665 for 2–4.10 c Estimated using standard bond
lengths. d From Förster theory as described; uncertainties of the values are within 0.010.11 e From steady-state fluorescence and absorption measurements;
uncertainties of the values are within 0.010.11 f From fDA = fAEexpt(tA,DA)(tA)21 where tA,DA and tA denote the fluorescence lifetime of the acceptor in
the presence and absence of the donor, respectively. g Determined using fluorescence and absorption spectra.9 As references of fluorescence quantum yields
were used; N,NA-bis(1-hexylheptyl)-3,4:9,10-perylene-bis(dicarboximide) in CH2Cl2 (F = 0.9912), 3,3A,4,4A-difluoro-1,3,5,7-tetramethyl-4-borata-3a-
azonia-4a-aza-s-indacene in MeOH (F = 0.9413) and Cresyl violet in MeOH (F = 0.5414).

Fig. 1 Absorption ––––– (A) and emission •••••• (B) spectra for cassette
4.
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The photoinduced electron transfer of azide anions in the
presence of an excited organic dyestuff, oxygen, and a- or b-
pinene, respectively, gave 2-azidohydroperoxides in ex-
cellent regio- and good diastereoselectivity.

Photooxygenation in the presence of azide anions leads to
difunctionalized products which can derive either from an azide
trapping reaction of cyclic peroxidic intermediates or from an
oxygen trapping reaction of intermediary a-azido carbon
radicals.1–3 The resulting 2-azidohydroperoxides have seldom
been isolated and are usually reduced to the corresponding
azido- or aminoalcohols.4 Recent investigation by Workentin et
al. showed that azidyl radicals are produced under photo-
induced electron transfer (PET) conditions and these highly
reactive azidyl radicals readily add to nucleophilic alkenes.5

In order to evaluate the facial selectivity of the azidyl radical
addition in combination with simple diastereoselectivity origi-
nating from the secondary attack of molecular oxygen, we
investigated the enantiomerically pure a- and b-pinene as
substrates. The trisubstituted a-pinene (1) was among the most
reactive alkenes when irradiated with visible light in the
presence of azide anions, oxygen and an organic dye (Scheme
1). The crude reaction mixture consisted of a mixture of
diastereoisomeric azidohydroperoxides 2a–c (d.r. 90+8+2) and
the corresponding azidoalcohols 3 which could be separated
chromatographically (total yield 58%). The hydroperoxide–
alcohol ratio could be altered by use of different PET-sensitizers
and variation of the water content and was optimal (79+21) for
rhodamine B in a 95+5 MeOH–H2O mixture. Stern–Volmer
analysis of the fluorescence quenching gave a rate constant for
PET from N3

2 to rhodamine B of kET = 1.6 3 109 M21 s21

(Fig. 1) comparable with the rate constants determined for
9,10-dicyanoanthracene6 and thioxanthone.7

The configuration of the major diastereoisomer 2a was
determined by NOE-spectroscopy and by comparison of the
aminoalcohol 4a which resulted from the LAH-reduction of 2a

with the literature-known compound.8 The relative configura-
tion of the two minor components were determined from the
3JHH coupling constants of the hydrogen proximal to the azido
group. Thus, the primary attack of the azidyl radical proceeds
with a 11+1 endo-selectivity and the subsequent oxygen attack
with a 49+1 endo-selectivity.

Unexpectedly, b-pinene (5) also showed noticeable reactivity
under standard reaction conditions (Scheme 2): the azido-
hydroperoxides 6a,b† (Fig. 2) were formed with a dr of 76+24
(72% based on converted 5b). The addition of molecular
oxygen was again directed by the shielding effect of the
dimethylmethylene bridge in 5. From both the azidohydroper-
oxides 6a,b as well as the azidoalcohol 7a the aminoalcohol 8a,
was generated by LAH-reduction. Crystallization from hexane–
ethyl acetate gave single crystals of the azidohydroperoxide 6a.
X-Ray structure analysis of 6a revealed that the molecules are
connected by intermolecular hydrogen bonds between the OOH
group and the internal nitrogen of the azido function.

Thus, this procedure serves as a simple synthetic approach to
aminoalcohols from unsaturated substrates from the ‘chiral
pool’. Additionally, the pinene skeleton offered the opportunity
to study the rate of oxygen addition due to the highly reactive
cyclobutylcarbenium radicals (radical clocks) formed after
azidyl radical addition. The corresponding ring-opening proc-
esses have been studied in free radical additions to a- and b-

Scheme 1 Reagents and conditions: (i) NaN3, O2, Rh-B, hn, MeOH–H2O,
(ii) NaBH4, MeOH, (iii) LiAlH4, Et2O.

Fig. 1 Fluorescence quenching of rhodamine B by azide anions.

Scheme 2 Reagents and conditions: (i) NaN3, O2, Rh-B, hn, MeOH–H2O,
(ii) NaBH4, MeOH, (iii) LiAlH4, Et2O.
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pinene and rate constants of 8 3 105 s21 were determined.9 In
our hands, less than 5% of ring-opening products (from 2 and 5)
were detected in the crude NMR-spectra. From this data, a
bimolecular rate constant for the oxygen addition step of > 5 3
109 l M 21 s21 resulted. This value is in good agreement with
the rate constants determined for the reaction of triplet oxygen
with benzylic radicals (1.6–4.9 3 109 l M21 s21).10 Decreasing
the oxygen concentration, e.g. by use of air instead of a pure
oxygen gas flow gave a number of products. These could not be
identified.

The azidohydroperoxidation reaction was also applied for the
allylic hydroperoxide 9 (available via photooxyenation of a-
pinene 1) and proceeded smoothly to give the corresponding
azido bis-hydroperoxide which was reduced in situ to the
azidodiol 10 (Scheme 3).

This work was supported by the Deutsche Forschungsge-
meinschaft (project GR 881/9-2) the Fonds der Chemischen
Industrie and the Universität zu Köln.
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reflections with I > 2s(I) R1 = 0.0367, wR2 = 0.0870. CCDC 182/1810.
See http://www.rsc.org/suppdata/cc/b0/b005834n/ for crystal data in tabular
format.
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Fig. 2 Structure of the azidohydroperoxide 6a in the crystal (SCHA-
KAL).

Scheme 3 Reagents and conditions: (i) 1O2, MeOH, (ii) NaN3, O2, Rh-B,
hn, MeOH–H2O, (iii) NaBH4, MeOH.

2206 Chem. Commun., 2000, 2205–2206



Stereo- and regiospecific polymerization of cyclic conjugated dienes using
highly active nickel catalysts†

Mitsuru Nakano,* Qing Yao, Arimitsu Usuki, Shinobu Tanimura and Takaaki Matsuoka

Functional Polymer Synthesis Laboratory and Computational Materials Engineering Laboratory, Toyota Central
R&D Labs., Inc., Yokomichi 41-1, Nagakute, Aichi 480-1192, Japan. E-mail: mnakano@mosk.tytlabs.co.jp;
Fax: +81-561-63-6137; Phone: +81-561-63-5251

Received (in Cambridge, UK) 15th August 2000, Accepted 2nd October 2000
First published as an Advance Article on the web 31st October 2000

A markedly active and selective nickel catalyst, bis(allyl-
nickel bromide)–methylaluminoxane, has been developed
for cyclohexa-1,3-diene polymerization; the obtained crys-
talline polymer is a 1,4-linked cis-syndiotactic structure as
determined by NMR and molecular dynamics using the
COMPASS force field.

Interest in cyclic olefin polymers has been growing dramatically
over the past decade due to their thermal and chemical stabilities
and high mechanical strength and modulus that originates from
the restricted molecular motion of a cyclic group. In addition,
cyclic olefin polymers are recognized as promising optical
materials because of their low birefringence. Among the various
cyclic unsaturated compounds, we have focused on cyclohexa-
1,3-diene (CHD) because it can be converted from cyclohexene,
a known inexpensive by-product from e-caprolactam synthesis.
However, the monomer is so bulky that most catalysts are not
effective for CHD polymerization.1 Grubbs and coworkers
reported that bis[(h3-allyl)(trifluoroacetato)nickel(II)] catalyzed
the polymerization of CHD derivatives, though the catalytic
activity was not high enough for rapid CHD homopolymer
production.2 Recently, n-BuLi–TMEDA was developed for
living anionic polymerization of CHD by Natori et al.3 In this
anionic polymerization system, however, the regio- and stereos-
tructure of poly(CHD) were poorly controlled. To our knowl-
edge, there are very few reports of initiators having high regio-
and stereoselectivity and high catalytic activity. We herein
report a markedly active bis(allylnickel bromide) (ANiBr)–
methylaluminoxane (MAO) catalyst for CHD polymerization.
Furthermore, the polymer obtained from the catalyst system
exhibited a very high regio- and stereoregular structure, which
was fully characterized by NMR and molecular dynamics using
the COMPASS force field.

CHD polymerization catalyzed by ANiBr–MAO was rapidly
completed at rt.4 As shown in Table 1, the polymer yields are

quite high, especially in halogenated aromatics or in cyclohex-
ane. On the other hand, both the zirconium- and titanium-based
catalysts had low activities for CHD polymerization, resulting
in low yields of polymer. Late transition metal catalysts such as
neutral allylnickel and cationic allylpalladium complexes were
also ineffective for CHD polymerization. The ANiBr–MAO
catalyst exhibited extremely high activity for the following
reasons: (1) allylnickel should have an identical structure with
the propagating species, allowing immediate initiation. (2)
MAO activates ANiBr to form a highly electron-deficient
species. (3) ANiBr has very high solubility in various organic
solvents. (4) Allylnickel species should have enough space for
the sterically demanding monomer.

In order to explore the polymerization mechanism, we
synthesized the well-structured single component Ni complex5

[(h3-allyl)Ni(cycloocta-1,5-diene)]+B(C6F5)4
2 for CHD

polymerization. Although the complex exhibited slightly lower
catalytic activity than ANiBr–MAO, the obtained polymer
showed the same regio- and stereostructure as the one produced
using ANiBr–MAO (vide infra), which means that the cationic
allylnickel is presumably the true propagating species in the
CHD polymerization.

Since the CHD homopolymer6 is insoluble in any organic
solvents, buta-1,3-diene (BD) was copolymerized with CHD to
determine the regiostructure of the polymer obtained.7 Since no
signals of the 1,2-poly(BD) units were observed around 114 and
143 ppm in the 13C NMR spectrum of the copolymer, only the
1,4-poly(BD) units were taken into account to assign the 1H
NMR signals of poly(BD). Based on 1H COSY spectra,† all
signals were assigned as follows (Fig. 1). For the poly(CHD)
unit, protons of Ho, Ha and Hb are identified with peak A at 5.73
ppm, peak D at 2.01 ppm and peak E at 1.56 ppm, respectively.
On the other hand, peaks B and C are due to protons of HoA and
HaA in the 1,4-poly(BD) unit, respectively. Assuming that the
integral value of peak B is 2.0, peak A can be estimated to be
5.27. Concerning the number of protons in poly(CHD), Ho is
equal to Ha in the 1,4-unit while Ho is 3/2 of Ha in the 1,2-unit.
Therefore, the calculated value of the integral area of peaks C

† Electronic supplementary information (ESI) available: 1H COSY spectra
of the CHD–BD copolymer. See http://www.org/suppdata/cc/b0/b006676l/

Table 1 Polymerization of cyclohexa-1,3-diene using various transition metal catalystsa

Entry Catalyst Cocatalyst [Al]/[Cat] Solvent Time
Polymer
yield (%)

1 ANiBr MAO 100 Toluene 5 min 78
2 ANiBr MAO 100 Chlorobenzene < 1 min 88
3 ANiBr MAO 100 o-Dichlorobenzene < 1 min 96
4 ANiBr MAO 100 Cyclohexane < 1 min 92

5 (EBTHI)ZrCl2b MAO 1000 Toluene 5 days 10
6 CpTiCl3 MAO 1000 Toluene 4 days 30
7 [(h3-C3H5)Ni(OC(O)CF3)]2 None Toluene 34 hoursc 40
8 [(h3-C3H5)Pd]+ SbF2 None Dichloromethane 7 days 10

9 [(h3-C3H5)Ni(cod)]+ [B(C6F5)4]2 None o-Dichlorobenzene 20 min 72
a Polymerization conditions: [CHD]o = 1.5 mol l21, [CHD]o/[Cat] = 500, at rt. b (EBTHI)ZrCl2: rac-Ethylenebis(4,5,6,7-tetrahydro-1-indenyl)zirconium
dichloride. c Polymerization was carried out at rt for 24 h followed by 50 °C for 10 h.
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and D should be in the region from 9.27 ( = 2.00 3 2 + 5.27) to
11.91 ( = 2.00 3 2 + 5.27 3 3/2). The observed value of 9.24
is practically the same as 9.27, which means the CHD segment
is perfectly 1,4-linked as well as the poly(BD) segment. In
addition, the observed integral value of peak E is also very close
to the calculated one, leading us to postulate that 1,4-linkage is
dominant in the poly(CHD) main chain. Another experiment
confirming the regiostructure was the synthesis of CHD
oligomer anchored by a soluble poly(norbornene) with high
molecular weight. The propagating species of norbornene
polymerization initiated with ANiBr–MAO was long-lived
enough to produce a soluble norbornene–CHD diblock copoly-
mer. The 1H NMR spectrum showed a sharp single peak of
olefinic protons at 5.75 ppm, which is totally different from the
doublet signal of anionically polymerized CHD.3

As shown in Fig. 2(a), the poly(CHD) catalyzed by n-BuLi-
based initiator revealed the typical amorphous XRD pattern
even when the polymer main chain consisted of > 90%
1,4-units.3 On the other hand, the poly(CHD) obtained with the
ANiBr–MAO catalyst was found to be highly crystalline with

three major peaks based on a X-ray powder diffraction (XRD)
spectrum (Fig. 2(b)). Additionally, the crystalline XRD pattern
did not change when the poly(BD) unit was introduced into the
main chain though the peak intensity decreased. The crystal-
linity of poly(CHD) initiated with ANiBr–MAO catalyst should
originate from the stereoregular structure. In general, there are
four stereoisomers, i.e. cis-isotactic, cis-syndiotactic, trans-
isotactic and trans-syndiotactic in 1,4-linked poly(CHD).8 We
performed constant-temperature and constant-pressure mole-
cular dynamics simulations of the crystalline poly(CHD) at 300
K and under zero pressure using the COMPASS force field. By
use of the simulated atomic coordinates of the crystalline
poly(CHD), time-averaged X-ray powder diffraction spectra
were calculated. Interestingly, it was confirmed that only the
simulated crystalline structure of the cis-syndiotactic 1,4-linked
poly(CHD) could reproduce the experimental XRD pattern
shown in Fig. 2(c). Although Ni-catalyzed poly(CHD) is
believed to be a cis-rich structure from a syn-coordinative
mechanism,9 this simulation is the first evidence of the
stereoregular structure of poly(CHD).

In summary, it was found that the ANiBr–MAO catalyst
showed remarkably high activity for the CHD polymerization.
The obtained polymer was a cis-syndiotactic 1,4-linked struc-
ture, which induced crystallization. In order to precisely control
the poly(CHD) structure, further intensive studies using other
nickel catalysts with dimine or phenanthroline ligands are in
progress.

The authors are grateful to Ms K. Fukumoto for the NMR
analyses.
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Fig. 1 1H NMR spectrum of CHD–BD copolymer catalyzed by ANiBr–
MAO (polymer composition of [CHD]/[BD] = 72/28).

Fig. 2 X-ray diffraction patterns of (a) poly(CHD) obtained from n-BuLi–
TMEDA, (b) poly(CHD) obtained from ANiBr–MAO, (c) cis-syndiotactic
1,4-poly(CHD) simulated using the COMPASS force field.
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Ir(acac)3 supported on a carbon fiber-anode catalyzed the
oxidations of alkanes (cyclohexane, n-hexane, adamantane)
by generating strong electrophilic oxygen species from H2O
at 1.3 V (Ag|AgCl) with high current efficiency, for example,
45% for cyclohexanone formation.

Direct oxidation of alkanes is one of the key oxidation processes
expected in the 21st century. On the other hand, the electro-
organic synthesis of chemicals is also expected to be a key
technology in green chemistry because the electrolysis can be
operated under mild conditions. However, it is not so easy to
realize direct oxidation of alkanes by electrolysis because their
redox potentials [1.85 V (vs. NHE) for cyclohexane to 2.25 V
for methane in aqueous solutions at pH = 01] are higher than
those of solvents and electrolytes. Some work on the anodic
oxidation of alkanes in aqueous media > 358 K has been
reported but current densities were < 0.1 mA cm22 and the
product was CO2.2 In non-aqueous media, oxidation of
adamantane to adamantane derivatives was performed at > 2.0
V and 303 K but the current density was < 4 mA cm22.3 Most
of all successful electrochemical systems for the oxidation of
alkanes applied an electrochemical reductive activation of O2 at
the cathode, indirect electrochemical oxidation, though the
current efficiency of the produced oxygenates were low at
< 10%.4

We have recently reported an indirect anodic epoxidation of
propene to propene oxide on PtO2/Pt-anode and oxidation of
benzene to benzoquinone on a carbon fiber-anode at 293 K.5,6 A
membrane electrolysis cell was assembled as [reactant | porous
anode | silica wool membrane impregnated with H3PO4 aq. | por-
ous Pt-graphite-cathode | H2O(g), He]. An advantage of this
system compared with conventional ones is that the separation
procedure of the products from electrolyte is quite easy. We
proposed that a nascent oxygen species generated on the anode
from H2O would oxidize propene and benzene, i.e. indirect
electrochemical oxidation at the anode.5,6 However, the two
anodes mentioned above were not active at all for the oxidation
of alkanes. Therefore, the purpose of this work was to design a
new active anode for the oxidation of alkanes with H2O by using
the membrane electrolysis cell.

Fig. 1 shows the catalytic activities of various anodes for the
oxidation of cyclohexane during electrolysis of H2O in H3PO4
(aq) (0.7 mol l21) at 298 K. The anodes were prepared by the
hot-press method from various electrocatalyst powders [metal
blacks and metal compounds (0.5 mol%) supported on carbon
fibers (CF)] and poly(tetrafluoroethylene) (PTFE) powder4 with
a geometric surface of ca. 2 cm2. The membrane electrolysis
cell attached to various anodes was assembled and the anode
compartment was filled with pure cyclohexane (40 ml). The
electrocatalytic oxidation of cyclohexane with H2O was carried
out by applying the anode potential; 1.5 V (Ag | AgCl) at Pd-
black, Pt-black, Ir-powder, Ir-black anodes and 1.8 V at
FeCl(TPP)/CF, Co2O3/CF, MnO2/CF, Ir/CF, IrO2, IrCl3/CF,
IrCl4/CF anodes. Products were cyclohexanone (CyO), cyclo-
hexanol (CyOH), adipic acid (AA), CO2 and O2. The results in
Fig. 1 indicate that Ir compounds, especially Ir(acac)3 supported
on carbon fiber (CF), are active for the CyO formation, though
current efficiencies (CE) estimated from eqn. (1) were not good.

Therefore, attention was paid to the electrocatalytic function of
the most active Ir(acac)3/CF anode.

cy-C6H12 + H2O ? cy-C6H10O + 4 H+ + 4 e– (1)

To increase electrocatalytic activity for the oxidation of
cyclohexane, (i) preparation conditions of the Ir-anode [types of
carbon material, amounts of Ir(acac)3 loading (0–2 mol%),
amounts of PTFE (1–50 mg) and impregnation methods] were
tested. The best components of the Ir-anode were [Ir(acac)3
(0.025 mol%)/CF] (50 mg) and PTFE (5 mg). (ii) The study on
the effects of various electrolytes (H3PO4, HCl, HClO4, H2SO4,
HNO3, Na2SO4, NaOH and KOH) in the membrane and their
concentrations on the oxidation of cyclohexane indicated that
the best electrolyte was H2SO4 (aq) (1 mol l21).

Fig. 2(a) shows the formation rates of the products as a
function of the anode potential by using the best anode and
electrolyte described above. In the upper part (b), the current
density and the current efficiency (CE) were plotted. When the
anode potential was increased above 1.3 V (Ag | AgCl), the
current density and the formation rates of CyO and CO2 rapidly
increased. The potential of 1.3 V for the onset of oxidation is far
lower than the theoretical oxidation potential of 1.65 V (1.85 V
vs. NHE) at pH = 0.1 This result suggest that an indirect
electrochemical oxidation of cyclohexane proceeds on the Ir-
anode. The maximum formation rate of CyO was obtained at ca.
1.5 V. Here, the turnover number of Ir for CyO formation
exceeded 110 in 1 h. In contrast, the formation rates of CO2 and
O2 continuously increased when increasing the anode potential
further. The decrease in the formation rate of CyO above 1.5 V
may be due to the desorption of active oxygen species on the Ir-
anode to the gas phase or to the consumption of the active
oxygen in the successive oxidation of CyO to adipic acid or
CO2. Thus, the CE for the CyO formation decreased from 20 to
8% upon increasing the anode potential.

Effects of solvents (CH2Cl2, CCl4, Et2O, DMF and THF) on
the oxidation were studied to optimize the oxidation. When a
mixture of CH2Cl2 and cyclohexane (50+50 vol%) was used for
the oxidation at 1.5 V, the CE for CyO formation dramatically

Fig. 1 Electrocatalytic oxidation of cyclohexane with H2O over various
anodes at 1.8 V (Ag | AgCl) or 1.5 V(*) at 298 K.
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increased from 15 to 45% while retaining a high formation rate
of CyO. The increase in the CE was due to the decrease in both
current and formation rates of CO2 and O2. If these by-products
are formed through eqns. (2)–(4), their CE are estimated to be
18, 0.1, 10 and 15% for adipic acid, CyOH, CO2 and O2
respectively, giving a sum of CE of 88% at 1.5 V.

cy-C6H12 + 4 H2O ? C4H8(CO2H)2 + 10 H+ + 10 e2 (2)

cy-C6H12 + 12 H2O ? 6 CO2 + 36 H+ + 36 e2 (3)

cy-C6H12 + H2O ? cy-C6H11OH + 2 H+ + 2 e2 (4)

On the other hand, the CE for the formation of H2 at the cathode
was almost 100% within experimental error of ±2%. These
results suggest the formation of undetectable products or
oxidation of the anode itself.

A conventional H-type cell with the same [Ir(acac)2 (0.025
mol%)/CF] anode was applied for the oxidation of cyclohexane
dissolved in MeCN or dispersed as micelles in aqueous H2SO4.
However, the oxidation of cyclohexane did not proceed at all.
Our membrane electrolysis method is unique for the oxidation.
After the oxidation, no Ir compounds were present in the
reaction mixture or H2SO4 (aq) in the membrane according to
ICP analysis. This result strongly suggests that Ir species are
fixed on the CF.

Fig. 3 shows cyclic voltammograms (CV) of (a) the [0.025
mol% Ir(acac)2/CF] electrode and (b) the CF electrode in
aqueous H2SO4 under atmospheric pressure of Ar (geometric
areas of both electrodes was 0.02 cm2). Several redox couples
were observed in the CV (a) of Ir(acac)3/CF not observed in the
CV (b) of CF, except for the redox couple due to quinone/
hydroquinone groups present on carbon surfaces. A redox
couple at 0.8–0.9 V (Ag | AgCl) (Ox-1/Red-1) can be assigned
to Ir3+/Ir0.7 The ratio of peak areas of Ox-1, Red-1, Ox-2 and
Red-2 in Fig. 3(a) were roughly estimated to be 1+1+1+1. These
facts suggested that the couple at higher potential (Ox-2/Red-2)
can be ascribed to the transfer of three electrons, probably the
redox couple Ir6+/Ir3+ according to eqn. (5) or (6).

Ir3+? Ir6+ + 3 e2 (5)

Ir3+ + H2O ? [IrO]4+ + 2 H+ + 3 e2 (6)

We believe that the formation of such high oxidation state Ir
species8 on CF would catalyse the oxidation of cyclohexane at
> 1.3 V(Ag | AgCl).

To gain information about the reactivity of active species,
oxidations of CyOH (4.8 mol l21), CyO (4.8), hexane (3.8) and
adamantane (0.25) dissolved in CH2Cl2 were studied at an

anode potential of 1.5 V (Ag | AgCl). CyOH was efficiently
oxidized to CyO with a high CE of 73% (assuming 2e2
oxidation). On the other hand, CyO was oxidized to adipic acid
with a low CE of 17% (6e2 oxidation). These results suggest
that active species generated on the Ir-anode oxidizes cyclohex-
ane to CyO through CyOH. Deep oxidations of CyO to adipic
acid and CO2 were not fast. In oxidation of hexane, hexan-2-one
(CE 14.0%, assuming 4e2 oxidation), hexan-3-one (13.9%,
4e2 oxidation) and hexanoic acid (0.4%, 6e2 oxidation) were
produced. The relative reactivities of secondary and primary C–
H bonds (2°+1°) in hexane were estimated from the quantities of
the oxygenated products and found to 250+1 when normalized
per C–H bond. Thus the secondary C–H bond was selectively
oxygenated on the Ir-anode. In oxidation of adamantane,
1-adamantanol (CE 4.9%, assuming 2e2 oxidation) and 2-ada-
mantanone (0.7%, 4e2 oxidation) were produced. The low CE
observed here was due to the low solubility of adamantane in
CH2Cl2 solvent. The relative reactivities of tertiary and
secondary C–H bonds (3°+2°) was 42+1. These results suggest
that the active species has very strong electrophilicity for the
oxidation of alkanes. This strong electrophilicity must be
caused by the high oxidation state of Ir species suggested by CV
experiments (Fig. 3).
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Fig. 2 Effects of anode potentials on (a) the formation rates of products and
(b) current and current efficiency for the oxidation of cyclohexane on the
Ir(acac)3/CF anode with H2O at 289 K.

Fig. 3 Cyclic voltammograms of Ir(acac)3/CF and CF electrodes in H2SO4

(aq) (1 mol l21) at atmospheric pressure of Ar. Scan speed 0.5 V s21.
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The first catalytic asymmetric homo-aldol reaction of ethyl
pyruvate leading to diethyl-2-hydroxy-2-methyl-4-oxoglu-
tarate in up to 96% enantiomeric excess is reported; this
reaction has been investigated for various catalysts, amines
and solvents, and it is demonstrated that this new reaction
leads to a simple synthetic procedure for the formation of
optically active isotetronic acid derivatives.

The aldol reaction is one of the most powerful methods for the
formation of C–C bonds. The ability to control the absolute
configuration of the newly formed stereogenic centre is of
fundamental importance. Nature has solved this problem using
enzymes and a variety of different aldolase enzymes can
catalyse the aldol reaction.1 For the chemist, the search for
methods that predictably transfer chirality catalytically and
efficiently by reagent control is a challenging goal. In recent
years a number of methods have been developed for the
catalytic asymmetric aldol reaction with both high efficiency
and enantioselectivity.2

In nature aldolase enzymes typically catalyse the stereo-
selective addition of a ketone donor to a carbonyl acceptor,
while the chemical methods normally require more reactive
species such as silyl enol ethers,3 enol-methyl ethers,4 or ketene
silyl acetals,3a–c,5 except for the multifunctional catalyst
systems, containing a Lewis acid and a Brønsted base.6 This
communication presents the first chiral Lewis acid complex
acting as a ‘pyruvate-dependent aldolase’, i.e. a type II aldolase,
that catalyses a highly enantioselective homo-aldol reaction of
ethyl pyruvate.7 Furthermore, it will be shown that the reaction
can be used for the synthesis of an optically active isotetronic
acid derivative in two steps, a significant improvement
compared with recent multi-step and complex synthetic ap-
proaches.8

Chiral bisoxazoline–metal(II) complexes are known to act as
effective catalysts for enantioselective addition reactions to
carbonyl groups.9 Ethyl pyruvate 1 reacts in the presence of
chiral bisoxazoline–metal(II) complexes3c,d,10 in a homo-aldol
reaction to give diethyl-2-hydroxy-2-methyl-4-oxoglutarate 2
[eqn. (1)] and some representative results are shown in Table
1.

(1)

The homo-aldol reaction of ethyl pyruvate 1 proceeds with
> 80% conversion. The reaction of 1 catalysed by (S)-3a-

Cu(OTf)2 (10 mol%) gives diethyl-2-hydroxy-2-methyl-4-oxo-
glutarate 2 with 65% ee (entry 1). The (S)-3a-Zn(OTf)2
complex can also catalyse the homo-aldol reaction of 1, but the
other enantiomer of 2 is formed with low ee (entry 2). The
addition of N,N-dimethylaniline (DMA) to the reaction in-
creases the ee of 2 and for the reaction catalysed by (S)-3a-
Cu(OTf)2 (10 mol%) and DMA (5 mol%) 96% ee is achieved
(entries 3, 4). The enantioselectivity of the homo-aldol reaction
is dependent on the amine added. For the other amines tested the
highest ee is 93% using PhNBn2 (entry 7), while e.g. 60% ee is
obtained for Et3N (entry 9).

The enantioselectivity of the homo-aldol reaction of ethyl
pyruvate 1 catalysed by (S)-3a-Cu(II) is dependent on the
copper(II) counterion, the solvent and amine as shown in Table
2. For the reaction catalysed by (S)-3a-Cu(OTf)2 in the presence
of 10 mol% DMA in Et2O and THF, 79% ee and 69% ee of the
same enantiomer of 2 are obtained, respectively (entries 1, 2).
Changing the solvent to CH2Cl2 leads to a change of
enantioselection to 12% of the other enantiomer of 2 in the
presence of 10 mol% DMA (entry 3). The homo-aldol reaction
is also dependent on the counterion. Changing the counterion
from OTf to SbF6 in CH2Cl2, in the absence of an amine, leads
to a drop in enantioselectivity of 2 from 11% ee to 0% ee
(entries 4, 5). This counterion effect in CH2Cl2 is more dramatic
in the presence of 10 mol% DMA, as a change in ee from 12%
to 63% was observed (entries 3, 7). When using the (S)-3a-
Cu(SbF6)2 catalyst an increase in ee of homo-aldol product 2 by
adding 10 mol% DMA occurs in CH2Cl2 (entries 5, 7). To study
the effect of different amines on the enantioselectivity of the
(S)-3a-Cu(SbF6)2 catalysed reaction in CH2Cl2, Et(iPr)2N,
PhNBn2 and CyNMe2 were screened. A drop in ee from 63% in
the presence of DMA (entry 8) to 30% was found for Et(iPr)2N
(entry 11), but we were pleased to observe an increase in ee to
75% and 77% for PhNBn2 and CyNMe2, respectively (entries 9,
10).

It is important to note that the enantioinduction of the (S)-3a-
Cu(II) catalytic system can be switched by changing only one

Table 1 Homo-aldol reaction of ethyl pyruvate 1 in the presence of (S)-3a-
M(OTf)2 (M = Cu, Zn) and (R)-3b-Cu(OTf)2 and various amines in Et2O
at room temperaturea

Entry
Catalyst/
(mol%)b

Amine
(mol%)b

Eecd

(%)

1 (S)-3a-Cu(OTf)2 (10) — (2)-65
2 (S)-3a-Zn(OTf)2 (10) — (+)-7
3 (S)-3a-Cu(OTf)2 (10) DMAe (10) (2)-79
4 (S)-3a-Cu(OTf)2 (10) DMAe (5) (2)-96
5 (S)-3a-Zn(OTf)2 (10) DMAe (10) (+)-16
6 (R)-3b-Cu(OTf)2 (10) DMAe (10) (+)-28
7 (S)-3a-Cu(OTf)2 (10) PhNBn2 (10) (2)-93
8 (S)-3a-Cu(OTf)2 (10) CyNMe2

f (10) (2)-50
9 (S)-3a-Cu(OTf)2 (10) Et3N (10) (2)-60

10 (S)-3a-Cu(OTf)2 (10) Et(iPr)2N (10) (2)-67
a All reactions give > 80% conversion, except for entry 2 which gives 40%
conversion. b Relative to ethyl pyruvate. c Ee measured by GC using a
Chrompack CP-Chirasil Dex CB (b-PM) column. d (+)/(2), sign of the
optical rotation of isotetronic acid derivative (4). e DMA = N,N-
dimethylaniline. f Cy = cyclohexyl.
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parameter: the solvent (entry 1 vs. 3; Et2O vs. CH2Cl2), the
counterion (entry 1 vs. 8; OTf vs. SbF6) or the presence of an
amine (entry 6 vs. 8; no amine vs. 10 mol% DMA). At the
present stage of investigations we are not able to fully account
for the change in reaction course, but work is ongoing to
elucidate the reaction mechanism.

The chiral bisoxazoline–metal(II) complex, (S)-3a-Cu(II) (M
= OTf, SbF6), is thus a simple chiral Lewis acid complex which
mimics the pyruvate-dependent type II aldolase. This new
catalytic enantioselective reaction can be used for the synthesis
of the optically active isotetronic acid derivative 4 [eqn. (2)].

(2)

Isotetronic acids have been found to exhibit important bio-
logical effects such as aldose reductase inhibitory activity11 and
antitumor activity.12 Reaction of the homo-aldol product 2 with
Et3N and TBSCl gives 4 in 48% isolated yield (from 1)† under
non-optimised reaction conditions.13 The formation of 4 where
the catalytic enantioselective approach is the first step, is a
significant improvement compared to the multi-step and
complex synthetic approaches previously reported.8

In summary, a catalytic highly enantioselective homo-aldol
reaction of ethyl pyruvate giving diethyl-2-hydroxy-2-methyl-
4-oxoglutarate in up to 96% ee has been developed. This
reaction which mimics the pyruvate-dependent aldolase can be
used for the preparation of optically active isotetronic acid
derivatives in two steps.

We are indebted to The Danish National Research Founda-
tion for financial support.
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4558.

13 Problems isolating the unprotected isotetronic acid have been encoun-
tered before see ref. 8a.

Table 2 Homo-aldol reaction of ethyl pyruvate 1 catalysed by (S)-3a-Cu(II)
in the presence of OTf and SbF6 as counterions and various amines in
different solventsa

Entry
Catalyst
(mol%)b

Amine
(mol%)b Solvent

Eec,d

(%)

1 (S)-3a-Cu(OTf)2 (10) DMAe (10) Et2O (2)-79
2 (S)-3a-Cu(OTf)2 (10) DMAe (10) THF (2)-69
3 (S)-3a-Cu(OTf)2 (10) DMAe (10) CH2Cl2 (+)-12
4 (S)-3a-Cu(OTf)2 (10) — CH2Cl2 (2)-11
5 (S)-3a-Cu(SbF6)2 (10) — CH2Cl2 0
6 (S)-3a-Cu(SbF6)2 (10) — Et2O (2)-50
7 (S)-3a-Cu(SbF6)2 (10) DMAe (10) CH2Cl2 (+)-63
8 (S)-3a-Cu(SbF6)2 (10) DMAe (10) Et2O (+)-24
9 (S)-3a-Cu(SbF6)2 (10) PhNBn2 (10) CH2Cl2 (+)-75

10 (S)-3a-Cu(SbF6)2 (10) CyNMe2
f (10) CH2Cl2 (+)-77

11 (S)-3a-Cu(SbF6)2 (10) Et(iPr)2N (10) CH2Cl2 (+)-30
a All reactions give 70–80% conversion, except entry 11 (25% conversion).
b Relative to ethyl pyruvate. c Ee measured by GC using Chrompack CP-
Chirasil Dex CB (b-PM) column. d (+)/(2), sign of the optical rotation of
isotetronic acid derivative (4). e DMA = N,N-dimethylaniline. f Cy =
cyclohexyl.
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B3LYP/6-31G(d) theory predicts the experimental endo–exo
selectivity of intramolecular Diels-Alder reactions of C9-
substituted 1,3,8-nonatrienes: the reactions are concerted
but the transition structures are remarkably asynchronous.

The intramolecular Diels-Alder (IMDA) cycloaddition is a
strategy-level reaction in synthesis1 that is being viewed
increasingly as a biosynthetic event.2 If this process is to reach
its optimum synthetic potential and be fully understood in its
biological setting, the stereochemical outcome of IMDA
reactions must be more readily predicted and understood. Exo
and endo transition structures (TSs) have been located for the
prototype 1,3,8-nonatriene and 1,3,9-decatriene IMDA reac-
tions at the HF/3-21G level of theory.3,4 These structures were
used to construct empirical force field models for a wide range
of IMDA reactions.5 While this hybrid quantum mechanics–
molecular mechanics model reproduces many experimentally
determined diastereoselectivities with remarkable accuracy,
terminally activated 1,3,8-nonatrienes in which the dienophile
activating group is disposed in a Z-orientation are predicted to
form cis-fused bicyclic cycloadducts when, in fact, the trans-
fused stereoisomer is the major observed product.5

In studies directed towards unearthing the reasons for the exo
preference‡ of IMDA reactions of terminally activated
1,3,8-nonatrienes, we have examined the intramolecular cy-
cloadditions of 1, 2 and several related compounds using
B3LYP/6-31G(d) theory. Thus, exo and endo TSs for nine
related systems have been located at a higher level of theory

than in any previous investigation into IMDA reactions. Our
results confirm the asymmetric stretch–twist asynchronous
transition state model proposed for 1,3,8-nonatriene IMDA
reactions,6 reveal hidden TS features and shed new light on their
endo–exo preferences.

To confirm the experimental exo preference of terminally
activated trienes, two IMDA precursors differing only in
dienophile geometry were prepared and cyclised.7 Triene
precursors 1 and 2 (Fig. 1)§ were prepared by esterification of
2,4-hexadien-1-ol with maleic anhydride–diazomethane8 and
methyl fumaroyl chloride9 respectively. Thermolysis of the Z-
dienophile precursor 1 in dilute toluene solution at 110 °C was
complete within 2 h to afford a 79+21 mixture of exo and endo
stereoisomers. Intramolecular cycloaddition of E-dienophile
precursor 2 proceeded more slowly to afford a 65+35 mixture of
exo and endo stereoisomers, again in good yield. The exo
preference of the IMDA reaction of both 1 and 2, and the
increased exo selectivity of the Z-dienophile precursor are
mirrored in the trimethylene tether series.10 That these thermal
intramolecular cycloadditions are under kinetic control was
demonstrated by subjecting pure samples of each of the

† Electronic supplementary information (ESI) available: final optimised
coordinates for stationary points in all transition structures. See http://
www.rsc/org/suppdata/cc/b0/b006483l/

Table 1 B3LYP/6-31G(d) exo–endo IMDA TS energy differences and predicted ratios, TS partial bond lengths and dihedrals

Fig. 1 Exo-selective IMDA reactions of 1 and 2.
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stereoisomers 3–6 to the cycloaddition reaction conditions. In
each case, no isomerisation was observed.

Table 1 presents data for fully optimised B3LYP/6-31G(d)
endo and exo IMDA TSs¶ of related ester-linked 1,3,8-nona-
trienes.∑ An endo selective IMDA reaction is predicted for the
parent acrylate derivative (Table 1, entry 1).** The calculations
correctly predict the qualitative trends in exo–endo selectivity
for 1 and 2, i.e. strong exo selectivity for 1 (entry 8) and less so
for 2 (entry 9). Three important conclusions may be drawn from
the data of Table 1: (1) For C9-substituted trienes, the exo–endo
selectivity is strongly dependent on the E–Z stereochemistry of
the dienophile. Thus, Z-dienophiles (entries 2, 4, 6 and 8) are
predicted to be significantly exo selective, while the E-
dienophiles exhibit either a less pronounced shift towards the
exo product (entries 7 and 9) or no change (entries 3 and 5). The
presence of a terminal diene substituent (Y) has a negligible
effect upon this preference (compare entries 6 vs. 8; 7 vs. 9). (2)
In stark contrast to IMDA reactions of C1-substituted trienes,11

the exo–endo selectivity is scarcely affected by the electronic
demands of the C9-substituent (compare data for NH2 vs. CN or
CO2Me). (3) All TSs display substantial bond forming asynch-
ronicity which is particularly pronounced for the C9-substituted
systems. In all cases the developing internal bond is more
advanced than the developing peripheral bond, as indicated by
the difference between their lengths, Dr ( = r2 2 r1): upon
introduction of a C9 substituent (either E or Z), Dr increases
from 0.19 Å (entry 1) to 0.51–0.77 Å, for the exo TSs, and from
0.08 Å to 0.37–0.63 Å, for the endo TSs. The large Dr values for
the substituted systems is mainly due to much longer develop-
ing peripheral bonds in these TSs, with r2 becoming as long as
2.74 Å (entry 8, exo TS).††

Our calculations support the Houk twist-asynchronous
model1,4,5,6 for explaining the influence of C9-substituents on
the stereochemistry of IMDA reactions. In this model, applied
to a trimethylene tether,6 attention is focussed on strain in the
developing cyclopentane ring in the IMDA TS. This strain is
alleviated by reducing the magnitude of the C5–C4–C8–C7
dihedral angle q2 which may be achieved by twisting the TS
about the C4–C8 bond such that C9 rotates in the exo (outside)6

direction for the exo TS, and in the endo (inside)6 direction for
the endo TS. For a C9-substituted triene, this twisting is more
facile for the exo TS than for the endo TS, since endo twisting
in the endo TS probably leads to increased Pauli overlap
repulsion‡‡ between the C9-substituent and the diene. The q1
(C3–C4–C8–C9 dihedral angle) values for the Z-substituted
systems are consistent with this conjecture, with q1 displaying a
large exo twist of 9–12° for the exo TSs, but a smaller endo twist
of 1–8° for the endo TSs, relative to the unsubstituted system.

In contrast, the enhanced twist-asynchronicity seen in the Z-
substituent TSs is absent in the corresponding E-substituent TSs
since the q1 values for these TSs are similar to that for the
unsubstituted TS (entry 1). This lack of enhanced twist
asynchronicity is consistent with the reduced exo selectivity
calculated for the E-substituted systems, compared to the
corresponding Z-substituent series. What is the origin of this
reduced exo preference for E-substituted nonatrienes?

Fig. 2 shows the exo and endo TSs for the parent acrylate
compound (Table 1, entry 1), as viewed from the developing

peripheral (C1–C9) bond. The preferred direction of asynchro-
nous twist of the dienophile about the shorter internal (C4–C8)
bond is depicted by a curved arrow. The approximate direction
of the p electron density surface vector of the diene is depicted
by solid arrows. The position of C9 substituents are indicated by
E and Z.

In the exo TS, preferred exo twisting of the dienophile about
the C4–C8 axis moves the Z-substituent further from the diene,
thereby reducing diene–substituent overlap repulsion. In con-
trast, preferred endo twisting in the endo TS moves the Z-group
further into the diene region and overlap repulsion should
increase, but slightly (because of the canting of the diene plane
with respect to the dienophile). These effects combine to give
strong exo selectivity for Z-substituted systems. For the E-
substituted systems, exo twisting in the exo TS brings the
substituent closer to the p electron density (once again, due to
the canting of the diene), resulting in increased overlap
repulsion. This outcome occurs also for preferred endo twisting
in the endo TS. Consequently, on the basis of our refined Houk
twist-asynchronicity model, reduced exo–endo selectivity is
expected for E-substituted nonatrienes.

The authors thank The Australian Research Council for the
award of a Senior Research Fellowship (to MNP-R) and a
project grant (to MSS) and the New South Wales Centre for
Parallel Computing for allocation of CPU time (to MNP-R).

Notes and references
‡ In intramolecular Diels-Alder reactions, we use the terms endo and exo to
describe the orientation of the dienophile tether connection with respect to
the diene. An endo orientation of the dienophile tether ‘substituent’ affords
the cis-fused bicycle; an exo orientation of the dienophile tether furnishes
the trans-fused cycloadduct.
§ For ease of comparison between the all-carbon prototype and other
derivatives (such as the substituted esters described here), 1,3,8-nonatriene
numbering is retained throughout.
¶ For entries 6–9, two discrete orientations of the terminal ester group with
respect to the dienophile CNC bond are possible, namely s-cis- and s-trans.
Both s-cis and s-trans TSs gave similar exo+endo product ratios and only
data for the slightly lower energy s-cis TSs are given in Table 1.
∑ All TSs were fully optimised and characterised by B3LYP/6-31G(d)
harmonic frequency calculations.
** Our B3LYP6-31G(d) calculations correctly predict predominant endo
selectivity for the IMDA reaction of the trimethylene tether analogue of
entry 1 (Table 1): the calculated endo+exo ratio is 83+17, compared to the
experimentally observed value of 69+31.3
†† IRC calculations carried out on several substituted systems depicted in
Table 1 show that these IMDA reactions are concerted, notwithstanding
their marked asynchronicity.
‡‡ Electrostatic repulsion and secondary orbital overlap effects may also
play a role.

1 Reviews: D. Craig, Chem. Soc. Rev., 1987, 16, 187; W. R. Roush, in
Comprehensive Organic Synthesis, ed. B. M. Trost, I. Fleming and L. A.
Paquette, Pergamon, Oxford, 1991, vol. 5, p. 513.

2 Recent reports of natural products possibly biosynthesised by IMDA
reactions: VM55599, E. M. Stocking, J. F. Sanz-Cervera and R. M.
Williams, J. Am. Chem. Soc., 2000, 122, 1675; Solanapyrone, H.
Oikawa, T. Kobayashi, K. Katayama, Y. Suzuki and A. Ichihara, J. Org.
Chem., 1998, 63, 8748; Ligulaverin, Y. Zhao, S. Parsons, B. A. Smart,
R. X. Tan, Z. J. Jia, H. D. Sun and D. W. H. Rankin, Tetrahedron, 1997,
53, 6195.

3 M. K. Diederich, F.-G. Klarner, B. R. Beno, K. N. Houk, H.
Senderowitz and W. C. Still, J. Am. Chem. Soc., 1997, 119, 10 255.

4 F. K. Brown, U. C. Singh, P. A. Kollman, L. Raimondi, K. N. Houk and
C. W. Bock, J. Org. Chem., 1992, 57, 4862.

5 L. Raimondi, F. K. Brown, J. Gonzalez and K. N. Houk, J. Am. Chem.
Soc., 1992, 114, 4796.

6 F. K. Brown and K. N. Houk, Tetrahedron Lett., 1985, 26, 2297.
7 For related reactions on citraconate esters, see J. D. White and B. G.

Sheldon, J. Org. Chem., 1981, 46, 2273.
8 M. J. Lilly and M. S. Sherburn, Chem. Commun., 1997, 687.
9 M. J. Batchelor and J. M. Mellor, J. Chem. Soc., Perkin Trans. 1, 1989,
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10 W. R. Roush, A. I. Ko and H. R. Gillis, J. Org. Chem., 1980, 45,

4264.
11 T.-C. Wu and K. N. Houk, Tetrahedron Lett., 1985, 26, 2293.

Fig. 2 Fully optimised B3LYP/6-31G(d) exo and endo TSs for the parent
acrylate (Table 1, entry 1). See main text for key to arrows.
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B3LYP/6-31G(d) theory has been used to construct a
transition structure model which correctly accounts for the
observed p-diastereofacial selectivity in intramolecular
Diels-Alder reactions induced by allylic substituents
attached to the diene.

In addition to the extraordinary number of synthetic studies
reported on the intramolecular Diels-Alder (IMDA) reaction,1
there is growing interest in its stereochemical interpretation by
computational methods.2 The stereochemical outcome of
IMDA reactions is complicated by endo–exo- and p-facial
attributes, factors which allow up to four stereoisomeric
products for each concerted process. We recently reported some
of the first examples of IMDA reactions in which the
stereocontrolling group is at the terminus of the diene (Fig. 1).3
Whilst exo cycloadducts were formed exclusively in all cases,
the level of p-diastereofacial selectivity was tuned by altering
the substituents at the allylic stereocentre (C*) of 1. The source
of the exo preference of this general class of IMDA reactions
was discussed in the previous communication.4 Herein we
explain our observed p-facial selectivities using transition
structure (TS) models based on B3LYP/6-31G(d) theory, which
has been shown to give good descriptions of TSs for the
intermolecular Diels-Alder reaction.5

The origin of the observed p-facial selectivity in the IMDA
reaction of 1 (Fig. 1), in terms of identifying the preferred
disposition of the allylic substituents R, X and H among the
inside (in), anti (an), or outside (ou) positions in TS 7 (Fig. 2),
was investigated by carrying out B3LYP/6-31G(d) density
functional theory calculations on the TSs for the IMDA reaction
of 4, which serves as a good simulacrum of 1. In addition to the
three conformations about the C1–C* bond, three conforma-
tions about the allylic C*–O bond and s-cis–s-trans orientations
of the C9–CO2CH3 bond are possible (see 8, Fig. 2). Thus, in
principle, there are 18 diastereomeric TSs for each diaster-
eomeric exo cycloadduct, 5 and 6.‡ Two sets of six fully

optimised lowest energy TSs associated with the different C1–
C* conformations 7 were located, one set with the Z-ester
adopting the s-cis conformation and the other with the Z-ester
group in the s-trans conformation.

The relative energies, together with B3LYP/6-31G(d) zpe
corrections, of the six diastereomeric TSs 4a–4f for the IMDA
reaction of 4, in which the Z-ester adopts the s-cis conformation,
are given in Table 1 and the profiles of the structures are shown

† Electronic supplementary information (ESI) available: final optimised
coordinates for stationary points in all transition structures. See http://
www.rsc/org/suppdata/cc/b0/b006486f/

Fig. 1 The reported IMDA reaction (1 ? 2 + 3) and the reaction under
scrutinity by DFT (4? 5 + 6).

Fig. 2 Positioning of substituents in the IMDA TSs of 4 (7 and 8) and
structures under investigation (4, 9–14).

Table 1 B3LYP/6-31G(d) relative energies (kJ mol21)a

Structure in an ou Erel

4ab OSiH3 CH3 H 0.0 (0.0)
4bb H OSiH3 CH3 4.0 (4.2)
4cb CH3 H OSiH3 14.5 (14.6)
4db OSiH3 H CH3 4.8 (4.6)
4eb CH3 OSiH3 H 10.5 (11.3)
4fb H CH3 OSiH3 5.55 (5.4)
9ac H CH3 H 0.0 (0.0)
9bc H H CH3 5.4 (5.5)
9cc CH3 H H 2.3 (2.0)
10ac OSiH3 H H 0.0 (0.0)
10bc H OSiH3 H 5.9 (6.8)
10cc H H OSiH3 12.6 (12.7)
11a H CH3 H 0.0 (0.0)
11b H H CH3 4.5 (3.9)
11c CH3 H H 4.3 (4.1)
12a OSiH3 H H 0.0 (0.0)
12b H OSiH3 H 2.2 (3.15)
12c H H OSiH3 2.1 (1.75)

a Relative energies corrected for zero point energy in parentheses. b s-cis
ester conformation. c s-trans ester conformation.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b006486f Chem. Commun., 2000, 2215–2216 2215



in Fig. 3. The other set of six TSs associated with the s-trans
conformation of the Z-ester are slightly higher in energy, by
2.5–6.0 kJ mol21, with respect to their corresponding s-cis
congeners. In all other respects, the two sets of TSs show similar
trends and so, unless stated otherwise, the following discussion
refers to the s-cis set of TSs. The following five important points
emerge from this study: (1) The lowest energy TS is 4a, in
which the silyloxy group adopts the inside position and the
methyl group the anti position. This TS leads to formation of 5,
possessing the same configuration as 2, the observed major
product. The same major product is predicted from analysis of
the TSs associated with the Z-ester adopting the s-trans
conformation. (2) The three TSs 4a–4c give 5, whereas the three
TSs 4d–4f give the minor product 6 having the same
configuration as the observed minor adduct 3. A Boltzmann
analysis of the two sets of conformations at 110 °C, including
zpe corrections, gives a predicted product distribution of 5+6 =
74+26. A similar analysis carried out on the two sets of three
TSs associated with the s-trans Z-ester conformations predicts a
product distribution of 5+6 = 81+19. These analyses are in very
good qualitative agreement with the experimental product
distribution of 2+3 = 82+18 for the IMDA reaction of 1
(refluxing toluene) and provide compelling evidence in support
of the reliability of our theoretical model. (3) The preferences of
the methyl and silyloxy groups for the anti and the inside
positions, respectively, in the lowest energy TS 4a are a
consequence of their respective innate tendencies to adopt these
positions, irrespective of the presence of the other substituent.
This conclusion is borne out by the calculations on 9 and 10,
each of which contains only one of these substituents. Thus, the
most favourable TS for 9 is 9a, with methyl in the anti position,
and that for 10 is 10a, with silyloxy in the inside position. The
same trend is found for 11 and 12 in which the C9-ester
substituent is absent, thereby demonstrating that the presence of
this group is not required for inducing the conformational
preferences of the methyl and silyloxy groups in these systems.§
(4) Inspection of the profiles of the TSs 4a–4f (Fig. 3) reveals
that the allylic substituents show little staggering about the
forming peripheral bond (r2) that is normally characteristic of
additions to allylic systems.6 Indeed, the C1–C* conformations
in these TSs are essentially the same as those for isolated allylic
ethers, with one substituent eclipsing the double bond.7 This is
hardly a surprising finding, given the extended length of the

developing peripheral bond4 (the peripheral bond length
reaches a peak at 2.93 Å for 4d). Model B3LYP/6-31G(d)
calculations on the planar 1-ethyl-s-cis-butadiene 13¶ show that
the staggered conformer is favoured over the eclipsed con-
former by 2.7 kJ mol21, which is similar to the energetic
preference of the anti conformation over the inside conforma-
tion in the TSs for both 9 and 11. In contrast, the calculations for
14 demonstrate that the eclipsed conformation is favoured over
the staggered conformation by 2.7 kJ mol21, in reasonable
agreement with the results for the TSs for 10 and 12. (5) Our
model for the favoured TS for IMDA reactions, in which the
silyloxy group adopts the inside position and the alkyl group the
anti position, is reminiscent of that proposed for intermolecular
1,3-dipolar cycloadditions of nitrile oxides to chiral allylic
ethers.6,8

In conclusion, our model may be used to predict the degree of
p-facial selectivity of IMDA reactions with substituents at the
allylic position of the diene. The preferred TS, with the C* alkyl
substituent anti and RO group inside, will be further favoured
energetically by increasing the size of the alkyl group, for steric
reasons, and by increasing the electron density at the oxygen
atom of the RO group, for electrostatic reasons. The inside
preference for the RO group may arise from an attractive
electrostatic interaction between the oxygen atom and the
hydrogen atom at C2. This would explain why greater p-facial
selectivity is observed in IMDA reactions of silyl ethers (e.g. 1)
than the corresponding alcohol (Fig. 1; X = OH).3 Our
calculations predict even stronger selectivity for a metal
alkoxide (Fig. 1; X = OM).

The authors thank the Australian Research Council for the
award of a Senior Research Fellowship (to MNP-R) and a
project grant (to MSS) and the New South Wales Centre for
Parallel Computing for allocation of CPU time (to MNP-R).

Notes and references
‡ Cycloadducts 5 and 6 result from dienophile approach from below and
above the plane of the diene respectively to enantiomerically pure 4. For
simplicity, the p-facial selectivity of this IMDA reaction was evaluated
computationally by locating IMDA TSs for dienophile approach to the
lower face of the diene for each enantiomer of 4: cf. S. S. Wong and M. N.
Paddon-Row, J. Chem. Soc., Chem. Commun., 1991, 327.
§ With the exception of 4c, the energetic ordering of the TSs calculated for
4a–4f may be correctly deduced from the monosubstituted allylic systems 9
and 10 by simply adding the relative energies of the various pairs of TSs.
¶ The butadiene moiety in 4a–4f is only ca. 5° off planarity.
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F. K. Brown, U. C. Singh, P. A. Kollman, L. Raimondi, K. N. Houk and
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Fig. 3 The six TSs located for the IMDA reaction of 4, as viewed down the
C1–C4 axis (cf. 7, Fig. 2). The developing peripheral C1–C9 bond is shown
as a dashed line. Tether atoms are omitted for clarity.
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The single-crystal X-ray structure of
{[HPPh3]+}2[B4F10O2]22 2 reveals trigonal planar oxygen
atoms in a rare example of a B2O2 ring; extended Hückel and
ab initio molecular orbital calculations provide insight into
the bonding and the geometry about oxygen.

As part of a study of the solid-state structures and NMR spectra
of R3P·BX3 adducts, we found that addition of BF3·OEt2 to a
hexane solution of PPh3 yielded Ph3P·BF3 1† as a white
precipitate. Adduct 1 was previously synthesised from BF3 and
PPh3 in CH2Cl2.1,2 Attempts to grow single crystals of 1 from
CH2Cl2–toluene led to the formation of several cube-shaped
crystals. X-Ray diffraction studies showed these to be
{[Ph3PH]+}2[B4O2F10]22 2,‡ which contains an unusual B2O2
ring. This salt apparently resulted from hydrolysis of 1 due to
traces of adventitious water.

The novel dianion in the crystal of 2 (Fig. 1) lies on a centre
of inversion and thus the B2O2 ring is rigorously planar. The B–
O bond distances in the ring are 1.498(2) and 1.505(2) Å. The
ring is nearly square, with O–B–O and B–O–B internal angles
of 88.8(1) and 91.2(1)°, respectively. A BF3 group is co-
ordinated to each oxygen atom, with the B–O bond distance
of 1.512(2) Å, and two fluorine atoms are bonded to each
ring boron atom. The B–F bond distances in the BF2 and BF3
groups are very similar, averaging 1.362(3) and 1.374(5) Å,
respectively. Interestingly, the coordination about oxygen is
trigonal planar with the sum of the angles being 359.9(2)°.

Although fluoroborates with rings containing five or more
atoms are known,3,4 the dianion in 2 represents the only
structurally well characterised discrete ring consisting solely of
boron, fluorine and oxygen atoms. Unlike the common six-
membered rings containing alternating boron and oxygen,5 and
four-membered rings containing alternating aluminium and
oxygen,6 only four crystal structures containing four-membered
B2O2 rings have been reported.7–10 Three of the structurally
characterised compounds contain trigonal planar oxygens at the
B2O2 ring: the porphyrin complex,7 [B2O2(BCl3)2(TpClpp)]
(TpClpp = dianion of 5,10,15,20-tetra-p-chlorophenyl-

porphyrin), neutral [Me2B–O–BMe2]2,8 and the 4-oxa-3-bor-
ahomoadamantane dimer.10 A further example of trigonal
planar oxygen was recently described by Schröder’s group11 in
a complex with alkoxide bridging between BF3 and a copper
atom. In {C6F4-1,2-[B(C6F5)2]2(m-OR)}2 (R = Me, C6F5), it
was suggested12 that the planar geometry about the oxygen
could be due either to the bulky groups about O, or to the bite
angle of the bidentate moiety coordinated to it. Our dianion
B4O2F10

22 in 2 is simple and elegant with only 16 atoms,
making it ideal for theoretical studies.

We have carried out extended Hückel and ab initio MO
calculations to gain insight into the bonding within the ring and
the geometrical preference at oxygen in 2. EHMO calcula-
tions13,14 were performed on both the dianion B4O2F10

22 and
the B2O2F4

22 fragment, and the resulting energy level diagram
is shown in Fig. 2, along with plots of the frontier orbitals of the
B2O2F4

22 fragment; lower lying orbitals include the B–F
bonds, fluorine p electrons and the oxygen and boron s orbitals.
The bonding in the B2O2F4

22 square can be seen to arise from
the B–O s bonds in HOMO-3 and HOMO-4. The in- and out-of-
plane combinations of the other oxygen p orbitals produce the
four remaining orbitals drawn at the left side of Fig. 2; from the
HOMO downwards these are O–O s*, p*, p, s. The Lewis
basicity of the B2O2F4

22 square arises from the in-plane
HOMO and HOMO-5 which overlap with the out-of-phase and
in-phase combinations of BF3 acceptor orbitals in the
B4O2F10

22 dianion. The O–O p* and p orbitals are not involved
in bonding to the BF3 groups. The fact that O–O s* is the
B2O2F4

22 HOMO is thus likely responsible for the observed
trigonal planar coordination at oxygen.

Ab initio MO calculations (GAUSSIAN94)15 on the
B2O2F4

22 fragment at the MP2/6-31G* level of theory revealed
the energies of the frontier orbitals to be in the same order as in
Fig. 2 with the O–O s* and s orbitals (HOMO and HOMO-5)
significantly lower in relative energies. On coordinating two
BF3 groups to B2O2F4

22 to generate 2, the O–O s and s*
orbitals provide the electrons used in O–BF3 bonding and are
significantly lowered in energy; as a result the unperturbed O–O
p* and p orbitals become HOMO and HOMO-1 respectively.

Fig. 1 Structure of the B4O2F10
22 dianion in 2 drawn with 50% probability

ellipsoids showing the atom numbering. Selected bond distances (Å) and
angles (°) for 3: B(1)–O(1) 1.512(2), B(2)–O(1) 1.498(2), B(2)–O(1A)
1.505(2), B(1)–F(1) 1.380(3), B(1)–F(2) 1.372(2), B(1)–F(3) 1.369(3),
B(2)–F(4) 1.362(2), B(2)–F(5) 1.362(2); O(1)–B(2)–O(1A) 88.83(12),
B(2)–O(1)–B(2A) 91.17(12), B(1)–O(1)–B(2) 136.21(14), B(1)–O(1)–
B(2A) 132.48(14).

Fig. 2 Extended Hückel molecular orbital interaction diagram for the
B4O2F10

22 anion in 2.
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Geometry optimization of the dianion B4O2F10
22 in 2 at MP2/

6-31G* revealed a minimum virtually identical to that found
experimentally with O–B–O and B–O–B internal angles of 89.1
and 90.9° respectively. However, geometry optimization of the
discrete fragment B2O2F4

22, resulted in a minimum with O–B–
O and B–O–B internal angles of 97.5 and 82.5° respectively,
and the O–O p* orbital as the HOMO. Thus, coordination of the
two BF3 Lewis acids to the in-plane oxygen orbitals stabilises
the antibonding O–O s* level without the need for significant
lengthening of the O–O separation via distortion of the B2O2
square.

Alternative structures involving pyramidalisation at each
oxygen atom can be accounted for by a mixing of the oxygen in-
and out-of-plane orbitals (HOMO/HOMO-1 and HOMO-
2/HOMO-5) to generate donor orbitals in either cisoid or
transoid arrangements. These have been examined through
qualitative Walsh diagrams (Fig. 3) with the observed structure
at the energy minimum.

Clearly, B2O2 rings are inherently destabilised by four-
electron interactions of both s- and p-symmetry between the
oxygen atoms. Stable systems can be formed by complexation
of Lewis acids such as BX3, or, in the case of Al2O2 systems, by
increasing the separation between the oxygen centres.

We thank EPSRC for a studentship (J. M. B.), for a research
grant GR/M2308 (T. B. M.) and an Advanced Research
Fellowship (M. A. F.). We also thank Dr D. Apperley for
obtaining the solid-state 31P NMR spectrum of 1.
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The fully deprotonated tetrathiacalix[4]arene 142 in 1,3-al-
ternate conformation and bearing four carboxylate units was
shown to act as a tecton leading, in the presence of Ag+

cation, to a 2-D coordination network in the crystalline
phase which can be described as discrete binuclear [142,
(Ag+)2]22 complexes interconnected by Ag+ cations.

Molecular networks are defined as infinite architectures
possessing translational symmetry of assembling nodes (inter-
action patterns) and are obtained under self-assembly condi-
tions from molecular components capable of reversible and
mutual interactions. Coordination networks, based on exo-
ligands and metal cations, form a subclass of molecular
networks and are currently under active investigation.1 The
majority of coordination networks reported to date are based on
two component systems composed of an organic exo-ligand
bearing coordination sites oriented in a divergent manner and a
metal cation. Furthermore, the ligands employed so far are
mainly of the bis-monodentate,2 bis-bidentate,3 tetrakis mono-
dentate4 or bis-tridentate5 types bearing almost exclusively
nitrogen atoms as coordination sites.

For the design of coordination networks, instead of consider-
ing a two component system for which both the metal centre and
the free exo-ligand act as tectons, a further conceptually new
design principle may be based on the use of a metal complex
acting as a metallatecton and a metal cation. The design of such
a system may be based on a ligand bearing multiple coordina-
tion sites allowing, on one hand, the formation of a endomo-
lecular complex with a metal cation M, and on the other, the
interconnection of the latter complex into a coordination
network using either the same metal cation M or another
metallic centre MA. A similar strategy, based on the simultane-
ous use of coordination and hydrogen bonds has already been
investigated with success.6

In the present contribution we report, to the best of our
knowledge, the first example of a 2-D coordination network
based on the use of the above mentioned strategy.

Compound 1,7 a tetrathiacalix[4]arene derivative in 1,3-alter-
nate conformation and bearing four carboxylic acid groups,
presents several interesting features (Scheme 1). In its fully
deprotonated form, 142 possesses a total of 16 heteroatoms
(12 O and 4 S atoms) which may participate in the coordination
of metal cations. Its 1,3-alternate conformation7 allows the
positioning of two coordination poles (one may define a

coordination pole as a set of coordination sites located in close
proximity and capable of coordinating to metal centres) below
and above the main plane of the backbone with a 90° angle
between them. Each coordination pole is composed of two
carboxyl units and two ether junctions. Importantly, owing to
the connection of the carboxyl groups to O atoms of the calix by
a CH2 unit, the ether O atom and one of the two oxygen atoms
of the carboxyl group may adopt a syn conformation leading to
a chelate of the glycol type capable of binding metal cations.
Thus, within each coordination pole, two such units may bind a
metal cation leading to a discrete binuclear metal complex (Fig.
1). This type of coordination mode has been previously
observed and structurally proven for the dipotassium salt of a
calix[4]arene derivative in 1,3-alternate conformation and
bearing amide groups8 and for the sodium salt of a cal-
ix[4]diquinone derivative which was also found to form a 1-D
network.9 It is worth noting that upon formation of the binuclear
complex, the remaining O atoms on carboxylate groups would
be blocked and oriented in a divergent fashion. Thus, for the
formation of coordination networks, the discrete binuclear
complex mentioned above which may act as a tetrakis
monodentate metallatecton, may be interconnected using metal
cations through the remaining O atoms (Fig. 2). The dimension-
ality of the coordination networks which may be formed using
ligand 1 depends on the coordination requirements (coordina-
tion number and geometry) of the metal cation used. In
principle, either 2- or 3-D networks may be expected.

Dealing with the metal cation, as mentioned above, owing to
the fact that the formation of coordination networks using the
ligand 142 requires two different binding modes, silver
appeared to be the most suitable cation. Indeed, Ag+ forms
kinetically labile complexes and shows rather loose coordina-
tion requirements since it may tolerate bi-, tri- or tetra-dentate
ligands with linear, trigonal or tetrahedral coordination geome-
tries. The Ag+ cation has been extensively used for the
formation of coordination networks.10 In our own studies, Ag+Scheme 1

Fig. 1 Schematic representation of the binding mode of Ag+ cations by
ligand 142 (left) and a portion of the X-ray structure showing the two modes
of coordination for the cations with H atoms omited for clarity. For
distances and angles see text.
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has been used to form metallamacrocycle,11 linear,4 helical12

and tubular4b,11b coordination polymers.
Compound 1 was prepared7 in four steps stating with p-tert-

butyltetrathiacalix[4]arene13 and its 1,3-alternate conformation
was established by X-ray diffraction on a single crystal.7 [142,
(Na+)4] was generated upon treatment of 1 in MeOH by addition
of 4 eq. of NaOH in H2O. The removal of volatiles afforded a
white solid which was dried in vacuum overnight. Upon slow
diffusion at r.t. of a MeOH solution (1 ml) containing [142,
(Na+)4] (10 mg) into an aqueous solution (1 ml) of AgNO3 (2
mg), colourless crystals were obtained after three days. An X-
ray study† on a single crystal showed the following relevant
features (Figs. 1–3): the crystal is composed of 142, 4Ag+,
MeOH and H2O solvent molecules. 142 adopts the 1,3-alternate
conformation thus presenting two carboxylate moieties on each
face. The OCH2CO2

2 fragments adopt a syn conformation
(OCCO dihedral angles of 14.0 and 11.9° on one side and 29.2
and 211.6° on the other). For the carboxylate units the C–O
distance varies between ca. 1.23 and 1.27 Å. Dealing with
silver, among the four present, two types of Ag+ cation are
observed. For the first variety composed of two Ag+ cations,
both are coordinated, one on each face, to the ligand thus
affording the binuclear [142, (Ag+)2]22 complex. Both Ag+

cations are tetracoordinated to four O atoms with two short
(2.2–2.3 Å) and two long (2.6–2.9 Å) O–Ag distances and adopt
a strongly distorted square planar coordination geometry
(OAgO angles varying from ca. 63 to 171°). However, owing to
the fact that on each side of the complex the Ag+ cations are
located in close proximity to two carbon atoms belonging to two
opposite aromatic rings (dC–Ag = 3.2–3.3 Å, with CAgC angle
of 8.8°), one may describe the coordination geometry around
the silver cation as distorted octahedral.

The other type of Ag+ cations serve to interconnect the
dianionic binuclear [142, (Ag+)2]22 complexes which act as
tectons, thus leading to the formation of a 2-D coordination
network (Fig. 2). The interconnection is achieved through Ag–
O bonds (dAg–O varying between ca. 2.2 and 2.4 Å) engaging
the remaining O atoms on the carboxylate units (dC–O =
2.24–2.26 Å) (Fig. 3). The coordination sphere around the metal
centres is composed of three O atoms among which one MeOH
(dAg–O of ca. 2.40 Å) or one H2O (dAg–O of ca. 2.39–2.69 Å)
solvent molecules with distorted trigonal coordination geome-
try (OAgO angles of 89.4, 117.4 and 151.2° for Ag+ coordinated
to MeOH and 95.8, 124.0 and 140.0° for Ag+ coordinated to
H2O).

In conclusion, using the tetraanionic form of the thiacalix-
[4]arene bearing four carboxylate units and Ag+ cation, a 2-D
coordination network has been obtained and structurally
characterised in the crystalline phase. The network was
composed of discrete binuclear [142, (Ag+)2]22 complexes
acting as metallatectons interconnected by Ag+ cations. The
effect of the number of negative charge on the calix unit on the
formation of coordination network, as well as the nature of the
connecting cation are currently under investigations.

Notes and references
† Crystal data for 1: colourless, 173 K, C65H45Ag8O26S8·4CH3OH·4H2O,
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142 and Ag+. H atoms and solvent molecules are not shown for clarity. For
distances and angles see text.
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In situ time-resolved synchrotron X-ray and neutron powder
diffraction studies indicate that the negative thermal expan-
sion and ‘trap door’ cation relocations observed in zeolite rho
result from water-mediated chemical changes that occur
during dehydration.

Zeolite rho exhibits exceptional flexibility, and its structure is
particularly sensitive to cation identity, temperature, and
hydration.1 For example, Sr2+-exchanged zeolite rho (Sr-rho)
shows a large negative thermal expansion.2 A more dramatic
effect has been observed in Cd-rho, where Cd2+ cations relocate
upon heating in a ‘trap door’ mechanism opening the access to
the pores of RHO.3,4 Both transformations have been previously
attributed to temperature-driven phase transitions. To better
understand the origin of these structural changes, time-resolved
in situ synchrotron X-ray powder diffraction and neutron
powder diffraction were performed using Pb-rho and Cd-rho.
We found that both phenomena result from chemical changes
that occur during dehydration rather than being a result of
composition-independent, purely temperature-driven effects.

The RHO topology is composed of a body-centered cubic
arrangement of truncated cuboctahedra or a-cages linked via
double 8-rings of corner-connected tetrahedra. Three sites with
unique coordination environments can accommodate charge-
balancing, extra-framework cations: the single 8-ring (S8R),
double 8-ring (D8R) and single 6-ring (S6R) sites. Each site has
a distinct coordination environment, and cations preferentially
occupy one of these sites depending upon their ionic radii. The
framework can adopt a centric (C-form, Im3̄m) or acentric (A-
form, I4̄3m) structure depending upon the unit cell composition
and the temperature.5,6

Na,Cs-rho, the parent material used for cation-exchange, was
prepared using a modification of the method described by
Robson.7 Pb-rho and Cd-rho were then prepared using standard
ion-exchange techniques.‡ Time-resolved X-ray powder dif-
fraction data were collected on the X7B beamline at the
National Synchrotron Light Source (NSLS) using an in situ
dehydration cell with an imaging plate detector.§8 Neutron
powder diffraction data were collected on the BT-1 powder
diffractometer at the National Institute of Standards and
Technology (NIST) Center for Neutron Research. Rietveld
structure refinements9 were performed with the GSAS pack-
age.10

Upon heating Pb-rho in the in situ synchrotron X-ray
diffraction experiment, two distinct regions of cell contraction
are observed (Fig. 1): a rapid decrease in cell length between 25

and 75 °C, and a second, more gradual decrease up to a
temperature of approximately 500 °C. Rietveld refinements
using these data indicate that the abrupt cell contraction is
related to a conversion from the centric to the acentric form and
that the gradual decrease in the unit cell length is coupled with
a migration of Pb2+ from the S8R to the D8R site. Neutron
powder diffraction studies were performed on partially deut-
erated Pb-rho.¶ Data were collected at room temperature on the
sample dehydrated under vacuum at 250 °C. This sample was
then heated to 550 °C under active vacuum ( < 1024 Pa), and
additional data were collected at this temperature and, after
cooling in vacuo, at room temperature. Difference Fourier
analysis of the neutron powder diffraction data collected on the
sample dehydrated at 250 °C reveals the presence of D2O at the
D8R site and Pb2+ at the S8R site. In contrast, no D2O is found
when the sample is heated to 550 °C, nor when this sample is
cooled to room temperature; in these models, Pb2+ ions are
located at the D8R site, consistent with the changes in the Pb2+

occupancy observed from the in situ synchrotron X-ray powder
diffraction data. The small difference between cell constants in
these two samples is consistent with normal thermal expansion
( ≈ 0.2%).

These results indicate that Pb-rho is not completely dehy-
drated under the gentle heating conditions that are typically
used for dehydration, 200 °C @ T @ 300 °C. Both regions of
unit cell contraction are attributable to the loss of water. The
first region corresponds to the loss of unbound water, while
contraction in the second region can be attributed to the loss of
water coordinated to Pb2+. Up to a temperature of approx-

† Current address: Department of Chemistry, James Madison University,
Harrisonburg, VA 22807.

Fig. 1 The cell parameter of Pb-rho heated under air. Schematic diagrams
illustrate the a-cages of the C- and A-forms and the siting of Pb2+. (Vertices
represent tetrahedrally coordinated Al or Si. Oxygen atoms are omitted for
clarity).
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imately 450 °C, both the cell parameter and the composition of
the sample are still changing. It is likely that the presence of
water strongly correlates with the siting of Pb2+ since they
change in a concerted manner as a function of temperature. As
water leaves the framework, Pb2+ must shift towards the D8R
site, which provides a better coordination environment for Pb2+

in the absence of water. These observations may clarify the
observation of the large negative thermal expansion observed
for Sr-rho.2 Since the large-volume, low-temperature phase was
collected in vacuo at 100 °C and the small-volume, high-
temperature phase was collected after heating at 200 °C, it is
likely that dehydration was incomplete in the low-temperature
phase and the observed negative thermal expansion can be
attributed to dehydration.

In situ synchrotron X-ray powder diffraction data indicate
that water plays an important role in the greater than 5 Å ‘trap
door’ motion of Cd2+ in Cd-rho.3 Upon heating in either air
(Fig. 2) or vacuum (Fig. 3), there is an initial decrease in cell
parameter from 25 to 75 °C due to the loss of unbound water, a
more gradual change in cell parameter between 75 and 450 °C,
then a large increase in the cell parameter which is accompanied
by a change from the acentric to centric structure and a
relocation of Cd2+ from the S8R site to the S6R site. There is a
marked difference in the behavior of Cd-rho when cooling
under ambient atmosphere (Fig. 2) and vacuum (Fig. 3). With
the exception of a small temperature hysteresis, the reaction
pathway is directly reversed upon cooling under ambient
atmosphere. In contrast, these changes do not occur upon
cooling under vacuum. These observations indicate that water
plays a role in the relocation from the S6R back to the S8R. It
is also likely that water acts as a transport agent in the original
cation relocation from the S8R to the S6R site; the cell
parameter of Cd-rho at 450 °C (14.45 Å) is larger than that of
Pb-rho (14.35 Å) although the cationic radius of Cd2+ (1.09 Å)
is smaller than that of Pb2+ (1.33 Å). In situ neutron diffraction

studies are planned to determine the siting of D2O at
intermediate temperatures. 

There are two modes of cation relocation in zeolite rho: the
transition from the S8R site to the D8R site and the ‘trap door’
relocation from the S8R site to the S6R site. The present work
indicates that these relocations are mediated by water. As
coordinating water is removed from the structure, extra-
framework cations must change their coordination environ-
ments by migrating to new sites in order to satisfy their
coordination requirements. While dehydration is the driving
force for cation relocations, cationic size appears to determine
which relocation mechanism occurs. In hydrated samples, all
divalent cations studied reside at the S8R site. Even though this
site is large, all cations can have their coordination requirements
met by binding with water in the sample. Dehydration, and the
resulting loss of coordinated water, has a large effect on the
cation coordination sphere. Larger cations such as Ca2+, Sr2+,
Pb2+, Ba2+, can have their bonding requirements met by
relocating to the D8R site. To satisfy the bonding requirements
of a smaller cation such as Cd2+, a larger framework distortion
must occur. Because of its smaller size, the S6R site presents an
attractive binding site in the absence of water. Through water
mediation, Cd2+ can relocate to this site. Rather than being
purely temperature-driven transformations, all cation reloca-
tions and the dramatic negative thermal expansion effects
observed in zeolite rho appear to be a result of chemical changes
that arise from dehydration.

This work was supported by a grant from the National
Science Foundation (DMR 97-13375). This work made use of
the X7B beamline at the NSLS, supported by the U.S.
Department of Energy, Division of Materials Sciences and
Division of Chemical Sciences (DEAC02-98CH10886).

Notes and references
‡ Chemical analysis by ICP and microprobe gave unit cell compositions of
Pb6.7Cs0.7Al11.7Si36.3O96·wH2O and Cd5.5Cs0.3Al11.7Si36.3O96·wH2O for
Pb-rho and Cd-rho, respectively.
§ The sample to detector distance, zero point, and imaging plate tilt were
determined from LaB6 (NIST SRM 660a) prior to the experiment11 (Cd-rho:
l = 0.9372 Å; Pb-rho: l = 0.9042 Å). Approximately 3 mg of powdered
sample loaded in a 0.5 mm quartz capillary was exposed either to vacuum
( < 1 Pa) or ambient atmosphere. A continuous heating or cooling rate
between 3 °C min21 and 6 °C min21 was used. Temperatures were
calibrated against the thermal expansion of an Ag standard. Data were
integrated using FIT2D.11 Anomalous scattering terms for Cd (fA = 20.53
electrons and fB = 1.97 electrons) and Pb (fA = 28.76 electrons and fB =
9.30 electrons) were taken from FPRIME.10,12

¶ Samples were deuterated by several cycles of vacuum dehydration at
200 °C ( < 1022 Pa) followed by contact with D2O vapor at room
temperature.
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Fig. 2 The cell parameter of Cd-rho heated under air. Schematic diagrams
illustrate the siting of Cd2+ in the a-cages.

Fig. 3 The cell parameter of Cd-rho heated under vacuum. In the absence
of water, there is no phase transformation upon cooling. Schematic
diagrams illustrate siting of Cd2+ in the a-cages.
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A new method for the synthesis of N,NA,NB,NÚ-tetraalkyl
2,5-diamino-1,4-benzoquinonediimines is described together
with the structure of a binuclear Pt(II) complex with such a
bridging ligand which provides an extended p-system.

The coordination complexes derived from 2,5-dihydroxy-
1,4-benzoquinone 1 display many interesting features and
possess a rich redox chemistry. Indeed, the deprotonated,
enolate form of 1 can react with metal ions to form dinuclear
complexes of particular interest owing to the specific electronic
properties induced by the quinone system.1–3 The related
2,5-diamino-1,4-benzoquinonediimines 2a,b could give access
to a wider range of metal complexes because of the suitable
overlap between the nitrogen and metal orbitals.

Such compounds are expected to increase the scope of
bonding patterns and electronic delocalization compared to
other bridging nitrogen ligands such as terpyridine systems,4
Creutz–Taube species5 and p-benzoquinonediimine-bridged
ligands.6,7 The direct use of 2b has been shown to be unsuitable
since coordination of metal fragments renders the benzoquino-
nediimine bridge more susceptible to nucleophilic attack.8 In
contrast, N-substitution by electron-donating groups should
lead to more stable complexes toward dioxygen and/or water.
Since ligands of type 2a are only accessible by self-condensa-
tion of aniline and/or 1,4-diaminobenzene,9–12 one faces
considerable limitations in the nature of the substituents on both
types of nitrogen atoms. Here we describe a new strategy to
access such ligands and demonstrate their ability to function as
bridging chelates in dinuclear chemistry.

Compound 3·4 HCl was first reacted smoothly in MeCN and
excess NEt3 at room temperature with trimethylacetyl chloride
(4 equiv.) to afford 4 which is almost insoluble in most solvents
so that only characterization in the solid state is reported
(Scheme 1).‡ Reduction of 4 with LiAlH4 in CCl4 did not lead
to the corresponding tetraamino derivative 5 but to yellow 6
which is formed in 18% yield during aerobic work-up. A single
crystal X-ray analysis (Fig. 1) established its p-benzoquinone-
diimine form.§ The C(2)–C(3A) bond length of 1.508(3) Å is
indicative of the lack of conjugation between the two halves of
this 12p electron system13 and is even slightly longer than the
corresponding distance in Bandrowski’s base [1.485(6) Å].14

The p-electron conjugation is thus confined to the upper and
lower halves of the ligand. A fast intramolecular double proton
transfer involving two tautomers generates in solution a
structure of higher symmetry, which accounts for the NMR
data.15‡

The metallation reaction of 6 with [PtCl2(cod)] (2 equiv.) at
room temperature in CH2Cl2 required basic conditions and
afforded 7 (ca. 15% yield) the 1H NMR spectrum of which
revealed no NH resonances. The molecular structure of 7 was
elucidated by X-ray crystallography (Fig. 2).§

The molecule is centrosymmetric and the dianion-derived
from 6 chelates each of the two Pt centres, thus acting as a
tetradentate bridging ligand. The coordination geometry around
the platinum centre is square planar, with the metal being only
slightly out the molecular plane. The Pt atom completes its
coordination with a Pt–C(19) s-bond [2.12(1) Å] and a Pt–
olefinic p-bond [with Pt–C distances of 2.17(2) and
2.140(9) Å]. Accordingly, the Pt…C(18) separation of 2.677(1)
is non-bonding. The most striking feature of 7 is that electronic
delocalization of the p-system occurs, in contrast to 6, and is
confined to the upper and lower halves of the ligand, as shown
by the C(1)–C(2) bond length of 1.53(1) Å. The delocalization
pathway also differs from that in complexes where the metal
centres are linked by substituted p-benzoquinonediimines.6,7

This important feature may be of wider occurrence in such
systems than previously believed.16,17 The molecular structure
of 7 indicates that p-backbonding from the Pt orbitals into a p*
orbital of the quinonediimine is occurring: the N(1)NC(1), C(1)–

† Dedicated to Professor B. T. Heaton on the occasion of his 60th birthday,
with our warmest congratulations and best wishes. Scheme 1 Synthesis of 6 from 3.
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C(3A), C(3A)NC(2A) and C(2A)–N(2A) bonds of the bridge show
alternating lengthening and shortening relative to those of the
free ligand (Table 1). Such differences are also observed in p-
benzoquinonediimine systems.7 Complex 7 is the first example
of a binuclear complex bridged with ligands of type 2a and
extends previous results on related mononuclear com-
plexes.18,19 The electronic spectrum of 7 reveals a metal-to-
ligand charge transfer (MLCT) absorption at lmax = 504 nm.

Further studies on the electronic properties of 7 and analogous
molecules are in progress as well as the synthesis of potential
new mixed-valence dimers based on 6.

We thank the Ministère de l’Education Nationale, de la
Recherche et de la Technologie and the CNRS for financial
support and Dr A. DeCian and N. Kyritsakis for the X-ray
structure determinations.

Notes and references
‡ Selected data: for 4: MS(EI) m/z 474 (M+); Anal. Calc. for C26H42N4O4:
C, 65.78; H, 8.92; N, 11.81. Found: C, 66.31; H, 8.85; N, 11.86%. For 6:
NMR (CDCl3): dH 1.00 (36H, s, CH3), 2.95 (8H, s, CH2), 5.16 (2H, s, Ph-
H), 6.75 (2H, s, NH); dC 27.8 (CMe3), 31.9 (CMe3), 57.7 (CH2N), 83.9
(CNC), 150.1 (CNN). UV–VIS (CH2Cl2): lmax = 340 nm (intraquinone
transition).
§ Crystal data: for 6: C26H48N4, M = 416.70, triclinic, space group P1̄; a
= 5.8950(7), b = 9.4081(9), c = 12.695(2) Å, a = 85.059(5), b =
77.180(5), g = 88.044(5)°,V = 683.9(2) Å3, Z = 1, m(Mo-Ka) = 0.060
mm21, T = 173 K, 1384 data with I > 3s(I), final R = 0.051, Rw = 0.071,
GOF = 1.126.

For 7: C42H70N4Pt2, M = 1021.23, monoclinic, space group P21/c; a =
9.829(1), b = 22.615(1), c = 10.618(1) Å, b = 117.474(5)°, V = 2094.0(6)
Å3, Z = 2, m(Mo-Ka) = 6.705 mm21, T = 173 K, 3184 data with I > 3s(I),
final R = 0.047, Rw = 0.068, GOF = 1.289. Although the cod-derived
ligands are disordered in the solid state structure, their s + p-type bonding
with the metals was unambiguously established.

CCDC 182/1814. See http://www.rsc.org/suppdata/cc/b0/b005952h/ for
crystallographic files in .cif format.
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Fig. 1 View of the structure of 6 in the crystal. Selected bond lengths (Å) and
bond angles (°): C(1)–C(2) 1.358(4), C(1)–C(3) 1.437(3), C(2)–C(3A)
1.508(3), C(2)–N(1) 1.346(3), C(3)–N(2) 1.286(3); C(2)–N(1)–C(4)
124.7(2), C(3)–N(2)–C(9) 120.1(2), C(2)–C(1)–C(3) 121.9(2), C(1)–C(2)–
C(3A) 120.8(2), C(1)–C(2)–N(1) 125.7(2), C(1)–C(3)–N(2) 127.7(2), C(3A)–
C(2)–N(1) 113.5(2).

Fig. 2 Top- and side-views of the structure of 7 in the crystal. Selected bond
lengths (Å) and bond angles (°): Pt–N(1) 2.082(7), Pt–C(14) 2.140(9), Pt–
C(15) 2.17(2), Pt–C(19) 2.12(1), N(1)–C(1) 1.33(1), C(1)–C(2) 1.53(1),
C(1)–C(3A) 1.40(1), C(2)–C(3) 1.37(1), C(2)–N(2) 1.33(1); N(1)–Pt–N(2)
78.2(3), N(1)–Pt–C(19) 174.2(4), N(2)–Pt–C(19) 99.6(3), C(14)–Pt–C(15)
36.4(4), Pt–N(1)–C(1) 114.5(6), N(1)–C(1)–C(2) 113.5(7), N(1)–C(1)–
C(3A) 127.6(7), N(2)–C(2)–C(3) 127.1(7), C(1)–C(2)–C(3) 117.5(7).

Table 1 Comparison of interatomic distances (Å)

CNN C–C CNC C–N

6 1.286(3) 1.437(3) 1.358(4) 1.346(3)
7 1.33(1) 1.37(1) 1.40(1) 1.33(1)
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Irradiation (60Co g-rays) of crystalline bis(but-3-enoato)-
zinc, a two-dimensional coordination polymer with a bilayer
packing motif, affords isotactic zinc poly(but-3-enoate).

Nearly four decades ago, Morawetz and Rubin demonstrated
that 60Co g-irradiation of alkali metal acrylates and methacry-
lates produced high molecular weight, atactic polymer.1
Irradiation of crystalline potassium acrylate 1 (2–8 kGy) led to
high molecular weight polyacrylate (Mw = 100 000–400 000)
with yields in the range 3–34%. Fankuchen reported that
crystals of 1 were orthorhombic, space group P212121, with a =
20.5, b = 4.15 and c = 5.73 Å.2 Although structure–reactivity
relationships have never been established for this interesting
system, the short repeat distance of 4.15 Å requires that the
crystal structure of 1 contains short contacts of ca. 4.15 Å, and
the observed reactivity implies that the intermolecular orienta-
tion is appropriate for polymerization. In a recent study, we
observed that upon 60Co g-irradiation, aquabis(but-3-enoato)-
calcium 2 undergoes solid-state polymerization to high molec-
ular weight polymer (Mw = 400 000) in high yield (97%).3 The
polybutenoates thus formed are again atactic, as also observed
in a recent reinvestigation of polystyrenes formed by heating or
irradiation of solid styryl monomers.4 The crystal structure of 2
contains short –CNC–…–CNC– contacts (3.73–3.90 Å), usually
considered as an important criterion for the onset of solid-state
reactivity.5 By contrast to the behavior of salts of vinylic
monomers, irradiation or heating of trans-but-2-enoates affords
a single dimer or trimer in cases where two, four or eight
diastereomers are possible.6–8 The relatively few examples of
solid-state polymerization of metal salts of vinylic acids
suggested to us that the ‘structure–reactivity database’ was too
small to conclude that stereocontrol during polymerization was
either unlikely or impossible for such materials. As part of our
program in the discovery of new solid-state reactions, we
undertook a study of the structure and reactivity of bis(but-
3-enoato)zinc. Preliminary screening of several M+ and M2+

systems with small radii, low coordination number and a high
potential for bilayer formation9 indicated that the zinc salt was
both highly crystalline and sensitive to 60Co g-irradiation.

Anhydrous bis(but-3-enoato)zinc 3 was prepared readily by
the slow addition of but-3-enoic acid to a stirred aqueous
suspension of ZnCO3. After stirring overnight, excess ZnCO3
was removed by filtration; evaporation of the filtrate gave
crystalline 3 in high yield (70–80%). Single crystals of 3
decomposed quickly at room temperature in an X-ray beam,
suggesting that this was a highly reactive material. Exposure of
3 to large g-ray doses resulted in a maximum conversion to
polymer 4 of ca. 50%. NMR spectra of the crude material
indicated the presence of monomer, polymer and a small
amount of side product(s). Examples of dose/conversion data to
polymer, based on extraction of monomer and side products: 61
kGy/2.9%; 102 kGy/9.8%; 316 kGy/21.9%; 592 kGy/47.8%.
Further irradiation did not lead to significantly higher degrees of
conversion (1570 kGy/48.9%). The NMR spectrum of the
purified product, as the free acid in D2O–DC1, showed the
probable formation of a poly(but-3-enoate): dH 1.9–2.2 (2H, br

d, CH2CO2H), 1.6–1.7 (1H, br), 1.3–1.5 (1H, br), 0.9–1.2 (1H,
br); dC 180 (C), 29.0–40.5 (CH2, CH). The stereochemistry of 4
was assigned as isotactic by analogy to the 1H NMR spectrum
of polypropylene and the expected shift due to a carboxy group.
The backbone methylene protons are non-equivalent in isotactic
polypropylene; thus three absorptions are seen for the backbone
methylene and methine protons with an integration of 1+1+1 as
in 4.10 The backbone methylene protons are equivalent in
syndiotactic polypropylene, so that there are only two absorp-
tions for the backbone protons with an integration of 1+2. A
more complex pattern is observed in atactic polypropylene. The
molecular weight of 4, M̄w = 2128, M̄n = 1801, D = 1.2,
determined by GPC, is consistent with the formation of a low
molecular weight oligomer, containing 8–10 monomer units.

Solid-state polymerization of alkali and alkaline earth
acrylates and methacrylates (60Co g-rays),1 as well as crystal-
line styryl monomers (60Co g-rays or heating)4 leads to atactic
polymer. Despite the observed lack of stereocontrol, it now
seems apparent that topochemical effects are responsible for at
least the onset of reactivity in a number of cases;4,8 later, other
factors (e.g. crystal degradation) intervene such that the product
obtained is atactic. However, elegant studies of methacrylate
solid-state polymerization have demonstrated that stereocontrol
is indeed operative in the early stages of solid-state polymeriza-
tion.11,12 The dearth of structural information available for
reactive, solid materials containing terminal vinyl groups limits
our understanding of the structural factors responsible for solid-
state reactivity. With this in mind, but also perhaps in order to
provide insight into the isotactic nature of the product as well as
the maximum ca. 50% conversion, we carried out an X-ray
structure determination of 3. The structure determination was
carried out at 173 K on a Nonius Kappa-CCD diffractometer in
order to prevent the X-ray induced decomposition observed at
room temperature on a conventional diffractometer; no decom-
position was observed at 173 K on the CCD instrument.

The crystal structure of 3 consists of tetrahedral zinc ions,
bridged infinitely by two symmetry-independent but-3-enoate
moieties.† The result, shown in Fig. 1, is a two-dimensional
coordination polymer, roughly parallel to crystal bc planes. As

Fig. 1 View of the two-dimensional coordination polymer in 3 showing zinc
ions bridged in a syn, anti-fashion by the but-3-enoate ligands.
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shown in Fig. 2, the two-dimensional coordination polymers
pack in a bilayer motif. Bilayer packing arrangements occur
with > 90% frequency for metal carboxylate coordination
polymers where the acids have !4 carbon atoms.9 As we have
described previously, the two-dimensional coordination poly-
mer, generated by metal carboxylate interactions, including
carboxylate bridging, serves as a bifunctional template.13 The
first function of such a template is to generate a bilayer
structure: the organic tails of the carboxylate groups will be
oriented in a roughly perpendicular direction to the bilayer.
Secondly, depending on the nature of the bridging, the tails may
be forced into very short contact. In the crystal structure of
compound 3 (Fig. 2), one set of but-3-enoates is nearly parallel
(interplanar angle 9.1°), with a C(3)–C(4) (x, 2 2 2 y, z 2 1⁄2)
distance of 4.21 Å. The other set of but-3-enoates are separated,
within the bilayer, by a minimum distance C(7)–C(8) (x, 2 2 2
y, z2 1⁄2) of 4.42 Å and an interplanar angle of 119.0°. There are
pairs of ‘dimeric’ contacts across the bilayer [C(3)–C(8) (1⁄2 + x,
1⁄2 + y, z), 4.01 Å, not shown in Fig. 2]. While such contacts
might lead to a dimeric product and may account for observed
traces of side product, the resultant reaction pathway cannot
account for polymer formation. Thus the ‘head-to-head’, nearly
parallel arrangement shown in Fig. 2 leads to isotactic polymer,
in a genuine topochemical fashion.5 Further, since the
C(7)NC(8) double bonds are separated by an amount sig-
nificantly greater than 4.2 Å,5 no reactivity is observed (or
expected) for this set of but-3-enoates, and the maximum yield
possible will be 50%. Topochemical factors thus control both
the product stereochemistry and the extent of reaction.

In summary, we have discovered a new solid-state reaction
that leads to isotactic oligomer. Such an event is unprecedented
for reactive solid materials containing terminal vinyl groups.
The present case, as well as the trimerization of sodium trans-
but-2-enoate7 to yield sodium (2R*,3R*,4S*,5R*)-2,4-dime-
thylhept-6-ene-1,3,5-tricarboxylate 5 represent the only two
examples of high-yield, solid-state oligomerization reactions of
compounds containing RCHNCH– groups that lead to stereo-
regular products. The formation of both 4 and 5 lend strong
support to the ideas advanced some time ago by the groups of
Morawetz and Lando, that the early stages of solid-state
polymerization often show strong evidence of stereoregularity,
and thus likely occur under topochemical control.11,12 Further,
the stereoregularity observed for 4 and 5 may represent a

‘snapshot’ of the early stages of a broader class of solid-state
polymerization reactions. The synthesis, structure determina-
tion and solid-state polymerization of related new materials will
help to uncover additional examples that clarify this issue. Such
experiments, as well as conventional and ‘tail’ UV-irradiation14

of 3, are underway in our laboratories.
We thank the National Science Foundation (DMR-9629994)

for the partial support of this research.
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Fig. 2 View of the unit cell of 3, showing C(3)…C(4) contacts of 4.21 Å
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Asymmetric addition of isocyanate compounds on chiral
triquinphosphoranes, tricyclic hydridophosphoranes, led by
a total diastereoselective opening of the diazaphospholidine
ring. This provides chiral bicyclic oxazaphospholidines in
which an eight-membered ring is fused to the oxazaphospho-
lidine ring by the P–N bond.

Chiral tricoordinated organophosphorus compounds containing
an oxazaphospholidine ring have been applied with success in
enantioselective catalysis1 and in asymmetric synthesis.2 We
wish to report herein an original synthesis of new enantiopure
bicyclic oxazaphospholidines based on the reaction between
isocyanate compounds and chiral triquinphosphoranes.‡ This
new class of chiral tricyclic phosphoranes was synthesized from
enantiopure diaminodiols having a C2 symmetry axis.3 Those
phosphoranes exist as two trigonal bipyramid structures (TBP)
with opposite absolute configuration at the phosphorus atom, RP
and SP, in fast equilibrium by a Berry pseudorotation process via
a SP transition state (Scheme 1).3,4 We have described the first
asymmetric addition of chiral triquinphosphorane 1c to keto-
pantolactone and to BH3·SMe2 complex leading to chiral
alkoxyphosphorane3c 2 and chiral triquinphosphorane–borane3b

adduct 3, respectively. The X-ray diffraction structure of 3
revealed that the borane group coordinated to the axial nitrogen
atom of the TBP structure is in the syn position with respect to
the P–H bond and in the anti position with respect to the

adjacent pseudoaxial isopropyl substituent.3b,5 Phenyl iso-
cyanate 4 and (R)-phenylethyl isocyanate 5 reacted readily with
the triquinphosphoranes 1a–e6 to afford chiral bicyclic ox-
azaphospholidines 6a–e and 7a–e, respectively, in which an
eight-membered ring is fused to the oxazaphospholidine ring by
the P–N bond (Scheme 1).

Oxazaphospholidines 6a and 7a were formed in quantitative
yield by direct reaction of the parent triquinphosphorane 1a
with isocyanates 4 and 5, respectively, in toluene solution at
230 °C. The exclusive formation of these new compounds
could be monitored by 31P NMR spectroscopy showing only
one downfield singlet at 130.1 ppm for racemic 6a and two
signals at 130.70 and 130.77 ppm for 7a in a 1+1 ratio
corresponding to the diastereomers 7a-RP and 7a-SP. Due to the
high energy barrier for the epimerization of the tricoordinated
phosphorus atom (30–35 kcal mol21),7 this result shows that no
dynamic chiral discrimination occurred during the attack of
chiral isocyanate 5 on the two enantiomeric structures 1a-RP
and 1a-SP in fast equilibrium.

In the case of chiral triquinphosphoranes 1b–e, 31P NMR
monitoring showed that condensation of isocyanates 4 and 5
occurred with a total diastereoselective opening of the diaza-
phospholidine ring, to afford a single diastereomer as shown by
the 13C and 31P NMR spectra. Compound 7e reacted with
BH3·SMe2 complex in toluene solution to give the borane
adduct 8 in which the borane is coordinated to the phosphorus
atom (d 31P: 120.3 ppm). The structure of adduct 8 and the
absolute configuration of the phosphorus atom were determined
by single X-ray diffraction (Fig. 1).8 The nitrogen, oxygen, and
boron atoms around the phosphorus center adopt a slightly
distorted tetrahedral arrangement with bond angles between
95.0 and 119.8°. Because the complexation of borane occurs
with retention of configuration at the phosphorus atom, the
borane adduct shows that the diastereoselective opening of the
diazaphospholidine ring led to a tricoordinated compound with
the SP absolute configuration. The shortness of the P1–N6 bond
[1.637(5) Å instead of 1.67–1.70 Å usually]9 can in part be
assigned to negative hyperconjugation, due to electron donation
from pN to s*P–B orbitals.10 In fact the N6 nitrogen exhibits a
planar configuration [sum of bond angles 359.8(4)°].

The newly formed eight-membered ring adopts a twist–boat–
chair conformation and the five-membered ring a slightly
flattened envelope conformation with the C19 atom as the tip.
The benzyl group bound to the C11 carbon of the ox-
azaphospholidine ring is in the syn position with respect to the
boron atom whereas the benzyl group bound to the C9 carbon of
the eight-membered ring is in the anti position.

Taken together, these results suggest that just like borane,3b

isocyanates attack preferentially the least hindered axial
nitrogen atom of the SP phosphorane diastereomer (Scheme 2).

† Electronic supplementary information (ESI) available: experimental
procedures and characterization of compounds 6a–e, 7a–e, 8. See http:
//www.rsc.org/suppdata/cc/b0/b005884j/

Scheme 1 Pseudorotation process and addition of isocyanates 4 and 5 on
triquinphosphoranes.
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In fact, the TBP-SP, the pseudoaxial substituent is in an anti
position with respect to the lone pair of the axial nitrogen atom
whereas it is in a syn position in TBP-RP. The diastereo-
selectivity observed can thus be rationalized in terms of a
kinetically controlled process in which the minor triquinphos-
phorane diastereomer (29%) reacts faster than the major one
(71%) to afford only one diastereomeric oxazaphospholidine.4

The importance of steric factors was further confirmed by the
fact that the diastereoselectivity of the isocyanate addition
depends on the position of the substituents. Indeed, in the case
of triquinphosphorane 9,11 in which the phenyl substituents are

b to the nitrogen atom, the diastereoselectivity of the addition of
isocyanates 4 and 5 decrease to 77 and 93%, respectively.

In summary, we disclose for the first time the formation of
enantiomerically pure PIII oxazaphospholidines from chiral
pentacoordinated phosphoranes. These new compounds feature
an eight-membered ring, difficult to synthesize with classical
methods.12 Research to evaluate the efficiency of these new
compounds in asymmetric catalysis either as ligands or as
catalysts is in progress.

We gratefully acknowledge financial support from the CNRS
and fellowships from the MNRT (C. M. and G. D.). We thank
Dr M. Giorgi and Professor M. Pierrot from the ‘Université
d’Aix-Marseille’ for the X-ray structure determinations.
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Fig. 1 ORTEP drawing of 8. For more clarity, we omitted hydrogen atoms
and used 30% probability ellipsoids. Selected bond lengths [Å]: O2–P1,
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Scheme 2 Addition mechanism of isocyanates 4 and 5 on triquinphosphor-
anes 1b–e.
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A new SO4
22/ZrO2/MCM-41 superacid catalyst has been

successfully synthesized and is ca. 2.5–3 times more active
than the conventional SO4

22/ZrO2 superacid catalyst for
MTBE synthesis and n-pentane isomerization.

It is well known that zirconia, when modified with anions such
as sulfate, forms a highly acidic or superacidic catalyst. In
recent years, sulfated zirconia superacids have attracted increas-
ing attention because these catalysts are found to be well suited
for catalyzing reactions of industrial importance, such as
hydrocarbon isomerization, etherification reactions, etc.1–8

However the non-uniform pore size and relatively small surface
area of SO4

22/ZrO2 may limit its potential application for
catalyzing bulky molecules. The use of M41s and other
mesoporous materials,9–12 which have very uniform mesopores
and very high surface area, as catalyst supports for SO4

22/ZrO2
should greatly expand the catalytic properties and capabilities of
SO4

22/ZrO2 for some applications. This is because such
mesoporous materials, which have relatively small diffusion
hindrance, can aid the diffusion of bulky organic molecules in
and out of their mesopores quite easily.9 Although many
superacid catalysts have been developed using silica, alumina
and microporous zeolites as supports,228 there are still many
limitations in their applications because of diffusion problems.
Although a direct preparation of mesoporous sulfated zirconia
has been recently reported,13 the resulting materials had
relatively small surface areas compared to that of conventional
SO4

22/ZrO2 and they were not tested for a particular reaction.
Up to now, no silica-based M41s superacid materials nor gas-
phase synthesis of MTBE from methanol and tert-butyl alcohol
on acidic mesoporous catalysts have been reported. In this
work, the active superacid SO4

22/ZrO2 component has been
successfully supported on the surface of MCM-41 to form a new
SO4

22/ZrO2/MCM-41 superacid catalyst, which is found to be
2.5–3 times more active than the conventional SO4

22/ZrO2
superacid catalyst for MTBE synthesis and n-pentane iso-
merization.

Zr(OH)4 was supported onto the surface of MCM-41 through
chemical liquid deposition and hydrolysis of Zr(OPrn)4. Pre-
dried siliceous MCM-41 powder having a BET surface area of
1311 m2 g21 and a pore diameter of 31.1 Å was dispersed into
a mixed solution of Zr(OPrn)4 and n-hexane under vigorous
stirring. After evaporating off the solvent, the solid was
transferred into a glass container containing an NaCl-saturated
aqueous solution at the bottom of the container in order to
achieve complete hydrolysis at room temp. overnight. Pure
Zr(OH)4 was also prepared through hydrolysis of anhydrous
ZrCl4 in ammonia solution with a pH of 9–10.3 After drying
both samples at 100 °C overnight, the two resulting solids were
immersed into 0.5 M H2SO4 solution at room temp. for 30 min.
The sulfated Zr(OH)4/MCM-41 and Zr(OH)4 were then filtered
off, dried at 100 °C overnight and calcined at 600 °C in air for
3 h to form SO4

22/ZrO2/MCM-41 and SO4
22/ZrO2. The

content of ZrO2 in the SO4
22/ZrO2/MCM-41 catalyst was

analyzed by ICP to be ca. 41 wt%. It should be noted that, when
ZrCl4 was used as a precursor in the preparation of Zr(OH)4/

MCM-41, the mesoporous structure of MCM-41 collapsed in
the basic medium required for the hydrolysis of ZrCl4.

XRD was used to characterize the regular mesoporous
structure of MCM-41 and the resulting crystalline phase of bulk
and supported ZrO2. Fig. 1 shows that, for SO4

22/ZrO2 calcined
at 600 °C, three intense diffraction peaks at ca. 30, 50 and 60°
and several small peaks at ca. 35 and 62° can be observed.
These diffraction peaks show the presence of the tetragonal
ZrO2 crystalline phase, rather than the monoclinic ZrO2 phase,
and the absence of other impurities. This result shows that the
introduction of SO4

22 anions can remarkably stabilize the
metastable tetragonal ZrO2 phase, which is known to be an ideal
crystalline phase for high catalytic activity.2,4,6 The XRD
pattern of SO4

22/ZrO2/MCM-41 shows three clear and intense
peaks below 10°, showing that the regular hexagonal meso-
structure of the MCM-41 support is still maintained even after
it has gone through the processes of chemical liquid deposition
of ZrO2, impregnation of sulfuric acid and high-temperature
calcination. Furthermore, only a very small XRD peak at ca. 30°
is observed on SO4

22/ZrO2/MCM-41, showing that most of the
ZrO2 has been highly dispersed on the MCM-41. However,
when this XRD picture is enlarged 5 3, three diffraction peaks
at ca. 30, 50 and 60° can be observed. This shows that, under
very high loading of zirconia, a very small amount of ZrO2
clusters (present as tetragonal ZrO2 phase) might be formed
within or outside the MCM-41 structure. BET analyses show
that SO4

22/ZrO2/MCM-41 (686 m2 g21) has a much larger
surface area than SO4

22/ZrO2 (101 m2 g21). The pore size of
SO4

22/ZrO2/MCM-41 (29.1 Å) is less than that of MCM-41
(31.1 Å), showing that the supported ZrO2 has been dispersed
onto the surface of mesopores of MCM-41.

The in situ FTIR spectrum of SO4
22/ZrO2 measured after

evacuation at 400 °C for 2 h shows an absorption band at 1378
cm21, corresponding to the asymmetric stretching frequency of
covalent SNO; this band is often regarded as the characteristic

† Electronic supplementary information (ESI) available: characterization
data for catalysts. See http://www.rsc.org/suppdata/cc/b0/b006051h/

Fig. 1 XRD patterns of SO4
22/ZrO2 and SO4

22/ZrO2/MCM-41 superacid
catalysts calcined in air at 873 K for 3 h and of siliceous MCM-41.
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band of SO4
22 on promoted superacids.2–4,6 This band shifts to

1363 cm21 for SO4
22/ZrO2/MCM-41; the shifting is attributed

to the influence of the interaction between ZrO2 and framework
SiO2. TGA spectra show that both samples display common
double-stage weight-loss features: the first below 200 °C (due to
the evaporation of physically adsorbed water and other
molecules), and the second between 580 and 900 °C (attributed
to the removal of SO4

22 species interacting with ZrO2). The
similarities of the decomposition temperature between these
two samples indicate that the distribution of SO4

22 species on
both SO4

22/ZrO2 and SO4
22/ZrO2/MCM-41 is quite similar.

Based on the amount of weight loss, SO4
22/ZrO2 and SO4

22/
ZrO2/MCM-41 calcined at 600 °C contain 5.8 and 7.6 wt% of
sulfate ions, respectively. Since the ZrO2 content in SO4

22/
ZrO2/MCM-41 is nearly half of that in SO4

22/ZrO2, this result
shows that the highly dispersed ZrO2 on MCM-41 can expose
more ZrO2 and adsorb more SO4

22 anions than bulk crystalline
ZrO2.

The acid strengths of SO4
22/ZrO2 and SO4

22/ZrO2/MCM-41
samples calcined at 600 °C for 3 h were measured by the change
of the color of a Hammet indicator added to the dried powder
sample dissolved in the solvent. Both samples are found to have
an H0 value around 213.8 (measured in 2,4-dinitrotoluene), a
typical value for superacids,2–6 showing that they are ca. 1043

more acidic than 100% H2SO4. After calcination at 650 °C for
3 h, the acid strengths for both samples were increased to H0 ca.
216.0 (measured in 1,3,5-trinitrobenzene).

Pyridine adsorption in-situ IR spectra were measured for both
samples to measure the presence of Bronsted and Lewis acid
sites. This was done by first pretreating a self-supporting wafer
(15 mg) of the sample at 400 °C for 3 h under a vacuum of 1026

mbar before adsorbing an excess of pure pyridine at room
temperature, followed by evacuation at 200 °C for 30 min.8
FTIR spectra on these two superacid catalysts show that they
contain strong Bronsted acidity (at 1540 cm21) and Lewis
acidity (at 1450 cm21). The intensities of Bronsted acid (having
an integrated area of 1.20) and Lewis acid (having an integrated
area of 1.43) sites of SO4

22/ZrO2/MCM-41 are much stronger
than the Bronsted acid (0.70) and Lewis acid (1.00) sites of
SO4

22/ZrO2. Both TGA and FTIR results show that SO4
22/

ZrO2/MCM-41 has more exposed Bronsted and Lewis acid sites
than SO4

22/ZrO2.
For the isomerization of n-pentane, which is a model reaction

for characterizing the catalytic properties of these superacid
catalysts, 0.5 g of powder catalyst was placed in a glass batch
reactor and activated in vacuum at 250 °C for 3 h before 1 ml of
pure n-pentane was introduced into the reactor and the reaction
carried out at 60 °C under vigorous stirring. For the gas-phase
synthesis of MTBE from MeOH and ButOH in a fixed-bed
reactor, the catalyst (0.20 g) was dehydrated in a flow of helium
before a mixture of MeOH and ButOH (with a molar ratio of
10+1 and a WHSV of 10 h21) was pumped into the reactor
heated at 140 °C. Table 1 shows that both superacid catalysts
have rather high activities for both reactions, with SO4

22/ZrO2/
MCM-41 always showing higher catalytic activity than SO4

22/
ZrO2. For the isomerization of n-pentane, the TON of SO4

22/
ZrO2/MCM-41 is almost 3 3 that of SO4

22/ZrO2, while the
selectivity of product to isopentane is 98–99% for both

catalysts. Increasing the batch reaction time gradually increases
the TON of both catalysts to approach the equilibrium value.
For the synthesis of MTBE, the TON of SO4

22/ZrO2/MCM-41
is nearly 2.5 3 that of SO4

22/ZrO2, while a complete selectivity
to MTBE is obtained on both catalysts. With an increase of
reaction time, the TON of both catalysts remain almost
unchanged. The reaction results show that the higher catalytic
activity of SO4

22/ZrO2/MCM-41, as compared to SO4
22/ZrO2,

is attributed to the increase of the number of active acid sites due
to the highly exposed and easily accessible active sites of
SO4

22/ZrO2 on the surface of MCM-41. All of these results
further elucidate the advantages of using a high BET surface
area and uniform mesoporous material as a support for
superacid catalysts for MTBE synthesis and other acid-
catalyzed organic reactions in the future.
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Table 1 Catalytic activities of SO4
22/ZrO2 and SO4

22/ZrO2/MCM-41
superacid catalysts

SO4
22/ZrO2 SO4

22/ZrO2/MCM-41

Reactant t/min TONa Selec.(%) TONa Selec.(%)

n-Pentane 60 0.27 98b 0.81 100b

200 0.41 98 1.19 99
360 0.50 98 1.36 99
600 0.54 98 1.42 99

MeOH +
ButOH 60 4.11 100c 10.10 100c

180 4.13 100 10.13 100
360 4.11 100 10.12 100
600 4.12 100 10.10 100

a TON: mol of products/mol of Zr in the catalyst. b Selectivity of iso-
pentane. c Selectivity to MTBE.
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The fabrication of a new bilayer TiO2/Nb2O5 nanoporous
electrode that improves the performance of dye sensitized
solar cells by more than 35% is reported.

The high light-to-energy conversion efficiencies achieved with
dye sensitized solar cells (DSSCs) may be attributed to the
nanoporous TiO2 electrodes.1 These electrodes consist of
nanosize semiconductor colloids that are sintered on a trans-
parent conducting substrate resulting in a porous geometry and
a very large surface area. Both the low absorbance of dye
monolayers and the low efficiency of dye multilayers necessi-
tate the large surface area. However, the resulting electrode
geometry introduces special characteristics, some of which
reduce the performance of the DSSCs.2–4 One of these
characteristics relates to the small size of the individual
colloidal particles that cannot support a high space charge.2,4,5

In other words an energy barrier is not formed at the electrode–
electrolyte interface.

Upon illumination of a DSSC, an electron is injected from the
dye into the TiO2 film followed by a hole transfer to the
electrolyte1,6 The injected electrons must cross the TiO2 film
and reach the conducting substrate, while the oxidized ions
diffuse towards the back electrode where they are re-reduced.1,6

The porous geometry that permits the presence of the electrolyte
through the entire electrode provides a high surface area for
recombination between the injected electrons and the holes in
solution2,7 In the absence of an energy barrier at the electrode–
electrolyte interface, the rate of this recombination process may
be very high depending on the properties of the hole
carrier.2,5,8,9 For this reason, DSSCs utilizing the I2/I3

2 redox
couple perform better than similar cells consisting of faster
couples.10 Furthermore, part of the low efficiencies observed
with solid electrolytes is attributed to this recombination
process.3 The formation of an energy barrier at the surface of the
TiO2 electrode that will enable the use of various mediators has
the prospect of improving the performance of DSSCs sig-
nificantly.

We report here on the fabrication of a nanoporous wide band
gap semiconductor electrode that has an inherent energy barrier
at its surface. To the best of our knowledge, this is the first time
such an electrode has been reported. The new electrode consists
of an inner nanoporous TiO2 matrix covered with a thin layer of
Nb2O5. The conduction band potential of Nb2O5 (0 V vs. NHE
at pH 0) is ca. 100 mV more negative than that of the TiO2.11 As
illustrated in Fig. 1, this potential difference forms an energy
barrier at the electrode–electrolyte interface, which can reduce
the rate of recombination processes of the photoinjected
electrons. A comparison of two similar DSSCs that differ only
in their nanoporous electrodes, shows that the new bilayer
electrode is superior to the standard one with respect to all cell
parameters. This superiority measured with many cells results
in a 35% increase of the overall conversion efficiency.

The TiO2 nanoporous matrix of 6 mm thickness was prepared
from colloids with particles of 23 nm diameter. The colloid and
the matrix preparation methods are reported elsewhere.12 The
Nb2O5 coating was prepared by dipping the sintered TiO2
matrix in a dry solution of 0.005 M niobium isopropoxide in
isopropyl alcohol for 30 s, followed by washing with dry
isopropyl alcohol and sintering at 500 °C in air for 30 min. The

dipping was performed under dry nitrogen atmosphere. The
thickness of the electrode measured with a Mitutoyo, Surftest
SV 500 profilometer did not change upon coating. XPS
measurements of the coated electrodes show that the average
metal mol fraction of Nb was 36% with the remainder Ti. Given
this molar ratio, a 2.7 nm thick Nb2O5 layer is calculated when
assuming that the TiO2 colloids are spherical and single sized,
and that the Nb2O5 coating is uniform.

A sandwich-type configuration was employed to measure the
DSSCs. A Pt coated F-doped SnO2 film was used as a counter
electrode, and 0.5 M Li/0.05 M I2 in 1+1 acetonitrile–NMO was
used as electrolyte. The dye [cis-di(isothiocyanato)-N-bis(4,4A-
dicarboxy-2,2A-bipyridine)ruthenium(II), (N3)] was adsorbed by
immersing the electrodes overnight in a 0.5 mM ethanol
solution of the dye. The oxidation potential of the dye (ca.
1.09 V vs. NHE in acetonitrile) is sufficient to allow injection
into both TiO2 and Nb2O5.11 The amount of dye adsorbed on the
electrode was measured by visible absorption of the electrode
using a HP 8453 spectrophotometer. Illumination of the cell was
conducted using a calibrated Xe lamp. IPCE measurements
were performed using a ScinceTech 9010 monochromator
scaled to 6 nm bandwidth.

We describe here a comparison of two typical DSSCs that
differ in their type of electrode. One cell contained the new
bilayer electrode and the other served as a reference, consisting
of a standard nanoporous TiO2 electrode. Both cells were
studied under similar conditions. The reference electrode and
the TiO2 matrix were made from the same batch and separated
only after the first sintering process. After the Nb2O5 coating of
the TiO2 matrix was performed, both electrodes were sintered
again to ensure similarity. The thickness of both electrodes was
6 mm, and the same amount of dye was adsorbed on both films
as confirmed by absorption spectra. Finally, the undyed
electrodes had the same transparent appearance showing
transmission spectra that differed slightly only in the band gap
region. Under illumination equivalent to sunlight, Nb2O5
coating of the TiO2 resulted in an increase of all cell parameters.
The photocurrent increased from 10.2 to 11.4 mA cm22, the
photovoltage from 659 to 732 mV, and the fill factor from 51.1
to 56.4%. As a result, the maximum power of the cell was
increased from 3.45 to 4.70 mW cm22.

The improved cell performance achieved by the new bilayer
electrode may be attributed to the energy barrier formed by the

Fig. 1 A schematic view of the new bilayer nanoporous electrode which
consists of a nanoporous TiO2 matrix covered with a thin layer of Nb2O5.
The Nb2O5 coating forms an inherent energy barrier at the electrode–
electrolyte interface, which reduces the recombination rate of the photo-
injected electrons.
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deposition of the thin Nb2O5 layer. The Nb2O5 layer apparently
decreases the rate of recombination of the photoinjected
electrons with the dye and the electrolyte. This phenomenon is
revealed best from incident photon to current efficiency (IPCE)
measurements for the two cells. As shown in Fig. 2(a) the curves
of both cells resemble the absorption spectrum of the N3 dye.
The measured IPCE values of the cell containing the bilayer
electrode are higher than those of the reference cell throughout
the visible spectrum. However, the improvement in the
conversion efficiency is wavelength dependent as indicated by
the ratio between the IPCE values of the two cells (the
improvement factor). Fig. 2(b) shows that this factor increases
at illumination wavelengths in which the absorption coefficient
of the dye becomes low.

The improved performance evident from Fig. 2(a) is not
necessarily the result of a change in the collection efficiency.
This improvement can be related to other factors, such as the
injection yield.1 However, the wavelength dependence of the
improvement factor can be directly related to the electron
collection.13 The mean distance a photoinjected electron must
diffuse in order to reach the current collector increases as the
absorption coefficient of the dye decreases thus changing the

light absorption profile. This phenomenon means that re-
combination events are expected to increase as the absorption
coefficient of the dye decreases.13 In other words, a change in
the rate of recombination is expected to have a more significant
effect at the low dye absorption coefficient regions. Fig. 2(b)
indicates that this is the case of the new bilayer electrode.

The results presented above clearly demonstrate that the
bilayer electrodes are superior to the standard single material
nanoporous electrodes in terms of the performance of DSSCs.
These results suggest that the improvement is achieved by the
formation of an energy barrier at the electrode–electrolyte
interface, which slows the recombination process. However at
this stage of research we lack information on the quality of the
coating with respect to its homogeneity throughout the film
which affects the ability to determine the exact thickness of the
coating. In addition, it is still unclear to what extent the new
electrode can improve the performance of DSSCs in which
mediators other than the I2/I3

2-based electrolyte are used.
Research towards better understanding of this system and
further performance improvement are currently being under-
taken.

We thank the National Center for Photovoltaics at NREL and
The Israel Science Foundation founded by The Israel Academy
of Science and Humanities for supporting this research.
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Treatment of triphenylbismuth difluoride with alkynyldiiso-
propoxyboranes in the presence of BF3·OEt2 in CH2Cl2 gives
alkynyltriphenylbismuthonium tetrafluoroborates, which
react with sodium p-toluenesulfinate in dual reaction modes
depending on the solvents employed.

The chemistry of onium salts with an acetylenic group on the
cationic heteroatom constitutes an attractive area of study in
terms of both heteroatom and acetylene chemistry.1 In general,
three reaction sites are conceivable for this class of compounds:
the heteroatom center, the acetylenic a-carbon and the acet-
ylenic b-carbon. Owing to this diversity, such compounds have
recently been utilized as versatile reagents in organic synthesis.1
However, no information is yet available for alkynylbismuthon-
ium salts owing to the lack of a general method for constructing
a Bi–Csp bond. Recently, the Lewis acid-promoted reactions of
triarylbismuth difluorides with organometallic reagents have
proven to be efficient methods for the preparation of various
types of bismuthonium salts bearing a Bi–Csp3 or Bi–Csp2 bond
([Ar3BiR+][X2]; R = alkyl, alkenyl, aryl).2 Owing to the high
leaving ability of the triarylbismuthonio group, this class of
compounds has been shown to have unique reactivities that
differ significantly from those of lighter element counterparts.
These results have led me to disclose the nature of the Bi–Csp
bond in bismuthonium salts. Reported here are the first
synthesis, crystal structure and reactions of alkynyltriphenyl-
bismuthonium salts.

As shown in Scheme 1, alkynyltriphenylbismuthonium
tetrafluoroborates 3a–d were prepared by the reaction of
triphenylbismuth difluoride 1 with the corresponding alky-
nyldiisopropoxyboranes 2a–d3,4 in the presence of BF3·OEt2
(Table 1).† No Bi–Csp coupling took place in the absence of the
Lewis acid, as was observed in the reaction of 1 with other types
of organoboronic acids.2f,g Compounds 3 were isolated as
colorless solids in 88–93% yields by recrystallization from
CH2Cl2–Et2O and characterized by NMR, IR and mass
spectrometry.

The structure of 3d was further determined by X-ray
crystallography (Fig. 1).‡ The bismuth center of 3d adopts a
pseudotrigonal bipyramidal (TBPY) geometry with three
phenyl ipso carbons at the equatorial sites and an acetylenic a
carbon and a fluorine atom at the apical sites. The Bi…F(1)
distance of 2.749(4) Å is longer than the sum of their covalent
radii (2.10 Å) but much shorter than the sum of their van der
Waals radii (3.75 Å),5 indicating that the tetrafluoroborate anion
interacts strongly with the cationic bismuth center. Owing to
this interaction, the B–F(1) bond is slightly longer than other B–
F bonds. The TBPY geometry observed for 3d may be
attributable to the steric as well as electronic character of the
acetylenic group: known alkyl-, alkenyl- and aryl-triphenyl-
bismuthonium tetrafluoroborates all adopt a distorted tetra-
hedral geometry with the spatially separated BF4

2 anion.2a,b,d,f,g

The Bi–C(1) bond length [2.151(8) Å] is slightly shorter than
the Bi–CPh bond lengths [2.179(9)–2.235(9) Å], reflecting the
difference in electronic properties between the Csp and Csp2

atoms. The C(1)–C(2) bond length [1.19(1) Å] is almost
identical to that of a typical C·C triple bond (1.20 Å), and the
acetylenic moiety is bent slightly at the C(1) atom. Although the
reason for this bent conformation is not clear at present, it might
be due to the steric effect caused by the neighboring molecules.
In CDCl3, the ortho protons of the phenyl groups of 3 were
observed at relatively lower field (d 8.25) than those of
tetrahedral bismuthonium salts (d 7.7–7.8), suggesting that the
TBPY geometry of 3 is also maintained in solution.

Scheme 1

Table 1 Alkynyltriphenylbismuthonium tetrafluoroborates 3

Entry 3 Yield (%) Mp/°C

1 3a ([Ph3Bi+C·CnBu][BF4
2]) 88 137–138

2 3b ([Ph3Bi+C·CnC6H13][BF4
2]) 93 83–85

3 3c ([Ph3Bi+C·CC(Me)NCH2][BF4
2]) 89 139–141

4 3d ([Ph3Bi+C·CtBu][BF4
–]) 90 160–161

Fig. 1 ORTEP diagram (30% probability ellipsoids) of 3d. Selected bond
lengths (Å) and angles (°): Bi–C(1) 2.151(8), Bi–C(7) 2.210(8), Bi–C(13)
2.235(9), Bi–C(19) 2.179(9), B–F(1) 1.38(1), B–F(2–4) 1.29(1)–1.33(1),
C(1)–C(2) 1.19(1), C(2)–C(3) 1.47(1), Bi…F(1) 2.749(4); C(1)–Bi–C(7)
100.1(3), C(1)–Bi–C(13) 98.6(3), C(1)–Bi–C(19) 102.6(3), C(7)–Bi–C(13)
122.1(3), C(7)–Bi–C(19) 111.9(3), C(13)–Bi–C(19) 116.4(3), Bi–C(1)–
C(2) 170.9(8), C(1)–C(2)–C(3) 178.6(10).
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Alkynylbismuthonium salts 3 were slowly hydrolyzed in
open air or in wet solution to give m-oxobis(triphenylbismuth)
bis(tetrafluoroborate)2a and parent acetylenes (Scheme 2).
Thus, it is reasonable to assume that the hydroxy group of water
is bound to the bismuth atom. This mode of hydrolysis is in
marked contrast to that observed for methyltriphenylbismuth-
onium tetrafluoroborate, which produces methanol, triphenyl-
bismuthine and fluoroboric acid.2g In this case, the hydroxy
group is bound to the methyl group. These two results reflect the
difference in reactivity between the Bi–Csp and Bi–Csp3 bonds
in bismuthonium salts.

The reaction of alkynyltriphenylbismuthonium salts 3 with a
sulfinate anion was examined (Scheme 3). The treatment of 3a
with 2 equiv. of sodium p-toluenesulfinate 4 in MeOH afforded
(Z)-1,2-bis(p-toluenesulfonyl)hex-1-ene 5a (R = nBu) in 48%
yield together with triphenylbismuthine 6.§ The (Z)-configura-
tion of 5a was determined by comparison with the spectral
properties of analogous compounds6 as well as by NOE
experiment. Compounds 3b and 3c also reacted with 4 in MeOH
to give the corresponding disulfones 5b (R = nC6H13, 43%) and
5c [R = C(Me)NCH2, 42%], respectively, with good recovery
of 6. By contrast, when a similar reaction of 3a was carried out
in DMF, 1-sulfonyl-3-methylcyclopentene 7 was obtained as a
major product (33%) and 5a was not formed at all.§

Plausible mechanisms for the sulfonylations of 3a are
depicted in Scheme 4. The initial stage in both reactions would
be a Michael addition of the sulfinate anion to the b-alkynyl
carbon. In MeOH, the resulting ylide 8 would be protonated to
produce an alkenylbismuthonium intermediate 9, which subse-
quently reacts with the sulfinate anion to give 5 with retention
of the configuration.2d In DMF, ylide 8 would eliminate
bismuthine 6 to generate an alkylidene carbene intermediate 10,
which undergoes 1,5-C–H insertion to give cyclopentene 7.
Similar types of tandem bis-sulfonylation and sulfonylation/C–
H insertion reactions were reported for alkynylselenonium7 and
alkynyliodonium salts,8 respectively. Interestingly, alkynylbis-
muthonium salts 3 react with the same nucleophile via two
different pathways depending on the solvents employed.

This work was partially supported by a Grant-in-Aid (No.
12640516) from the Ministry of Education, Science, Sports and
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An NaY zeolite, modified with partly alkylsilane-covered
titanium oxide and located at the boundary between aqueous
and organic phases (a phase-boundary catalyst), acts as a
catalyst for alkene epoxidation without stirring or the
addition of a co-solvent to drive liquid–liquid phase trans-
fer.

Utilization of hydrogen peroxide (H2O2) as an oxidant for
organic substrates has received much attention in recent years
because of its environmental implications; it gives only water as
a product in a wide range of oxidation reactions. Moreover, it is
less expensive and more accessible than other oxidizing agents,
such as organic peracids or hydroperoxides. However, H2O2 is
generally supplied as an aqueous solution, and when the
substrate to be oxidized is insoluble in water, it is necessary to
add a co-solvent to obtain a homogeneous reaction mixture.1,2

Here, we propose a novel integrated chemical system, which we
have termed ‘phase-boundary catalysis’, using aqueous H2O2
for the oxidation of organic compounds without any co-solvent.
For this system, a particulate zeolite catalyst has been designed
and prepared in order to be placed at the phase boundary
between aqueous H2O2 and an organic substrate. Several
authors have reported a ‘triphase system’ in which the
homogeneous modification of a particulate catalyst loaded with
metal ions or their complexes as active sites induced or
accelerated the oxidation of organic substrates with H2O2 in
aqueous solution.3–7 In such triphase systems, however, vigor-
ous stirring, leading to sufficient mass transfer, is required to
drive the reaction. However, our strategy is different from those
previously reported because we aim at placing the bifunctional
particles, containing both hydrophilic and hydrophobic regions,
at the phase boundary in order to catalyze the epoxidation
reaction without requiring an emulsion containing the catalyst
by stirring.

Modified zeolite on which the external surface was partly
covered with alkylsilane was prepared in two steps. First,
titanium(IV) tetraisopropoxide [Ti(OPri)4, Wako Pure Chem-
ical] was impregnated from benzene solution into NaY zeolite
powder (JRC-Z-Y5.5, supplied by the Catalysis Society of
Japan) and heated at 383 K overnight to give sample W-Ti-NaY.
500 mmol of Ti was used per gram of NaY unless otherwise
stated. In the second step, n-octadecyltrichlorosilane (OTS,
Tokyo Kasei) in toluene was impregnated into the W-Ti-NaY
powder containing water (0.5 cm3 g per g of NaY) and heated at
383 K overnight. Due to the hydrophilicity of the W-Ti-NaY
surface, addition of a small amount of water (0.5 g per g of W-
Ti-NaY) led to aggregation owing to the capillary force of water
between particles. Under these conditions, it is expected that
only the outer surface of aggregates, in contact with the organic
phase can be modified with OTS, and indeed almost all of the
particles were located at the phase boundary when added to an
immiscible water–organic solvent (W/O) mixture. The partly
modified sample is denoted W/O-Ti-NaY. Fully modified Ti-
NaY (O-Ti-NaY), prepared without the addition of water in the
above second step, is readily suspended in an organic solvent as
expected. At present, it is not clear whether the position of
alkylsilane attachment is on the zeolite, on the Ti oxide
(hydroxide), or on both.

In the water adsorption experiment at room temperature, it
was observed that the adsorption capacity of modified zeolites
(8 mmol g21 for both W/O-Ti-NaY and O-Ti-NaY) was not
greatly different from that of the parent NaY zeolite (11 mmol
g21), suggesting that alkylsilane modification did not block the
pores of zeolites. This observation is in agreement with the
finding reported by Singh and Dutta.8

Oct-1-ene (Kanto Chemical, 97%) was purified by passing it
through a column of basic alumina and was used as a substrate
for epoxidation reaction. Typically, oct-1-ene (4 ml), 30%
aqueous H2O2 (1 ml) and catalyst powder (50 mg) were placed
in a glass tube, and the reaction was performed with or without
stirring for 20 h at ambient temperature. As can be seen in Table
1, all of the modified zeolites showed activity for epoxidation of
oct-1-ene to give 1,2-epoxyoctane. GC analyses (Shimadzu
GC-14B) indicated that 1,2-epoxyoctane was the sole product,
and other probable by-products, such as octanone, octan-1-ol,
octan-2-ol or octane-1,2-diol, were not produced. NaY modified
by Ti-species only (W-Ti-NaY) was hydrophilic in nature, and
was suspended in water when added to a W/O mixture. W-Ti-
NaY showed appreciable epoxidation ability only under
vigorous stirring, i.e. in the W/O emulsion, but was negligibly
active without stirring, as shown in Fig. 1. Modification of Ti-
NaY by alkylsilane led to a significant rate enhancement. In
particular, partial modification by alkylsilane (W/O-Ti-NaY,
entry 3) led to better activity than full modification (O-Ti-NaY,
entry 4). A reference experiment using non-porous silica (Wako
Pure Chemical, < 200 mesh) was also carried out. Silica was
modified in a similar manner to that of W/O-Ti-NaY. The
epoxidation result showed that the yield of 1,2-epoxyoctane was
lowered ten-fold compared to W/O-Ti-NaY (entry 8), suggest-
ing that the pores might be playing a role in the catalytic
reaction.

The recovered and dried W/O-Ti-NaY catalyst was reused in
a fresh W/O mixture and showed ca. 60% activity. To the
remaining reaction mixture, without the catalyst, was added
30% H2O2 aqueous solution, and the mixture was vigorously

Table 1 Catalytic room-temperature epoxidation of oct-1-enea

Entry Catalyst Epoxide yield/mmol TON for Ti

1 None 0.1 —
2 W-Ti-NaY 2.5 0.1
3 W/O-Ti-NaY 27.4 1.1
4 O-Ti-NaY 5.9 0.2
5 (Solution)b 0.1 —
6 W/O-Ti-NaY (reused)c 16.4 0.7
7 W/O-Ti-NaYd 22.7 45.4
8 W/O-Ti-silicae 2.9 0.1
a All reactions were carried out at room temperature for 20 h with oct-1-ene
(4 ml), 30% H2O2 (1 ml) and catalyst (50 mg) with vigorous stirring; the
concentration of Ti and alkylsilane = 500 mmol g21. b The aqueous phase
of entry 3 after the reaction. The reaction was conducted for 9 h. c The
reaction was performed after washing and drying of the catalyst.
d Concentration of Ti = 10 mmol g21. e Nonporous silica (Wako Pure
Chemical, < 200 mesh) was modified in a similar way to that of W/O-Ti-
NaY.
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stirred at ambient temperature. A negligible increase in the
amount of epoxide could be seen. These facts suggest that
epoxide formation occurs at the phase boundary, and not from
any leached Ti species. Although the turnover number (TON),
the molar ratio of the epoxide to the loaded Ti, was almost unity
for the reaction with W/O-Ti-NaY (entry 3) for relatively larger
Ti loading, W/O-Ti-NaY with a lower Ti concentration
(10 mmol g21) (entry 7) gave a TON of ca. 45, indicating
catalytic action of the Ti species. Higher loading might induce
aggregation leading to inner inactive sites. One of the most
striking features of W/O-Ti-NaY is shown in Fig. 1; the partial
alkylsilane modification not only enhanced the epoxidation but
also changed the mode of reaction. As described above, W-Ti-
NaY showed activity only under vigorous stirring, and a similar
behavior was seen for the O-Ti-NaY system in which the
epoxide yield under static conditions was almost half of that of
the stirred reaction mixture. On the other hand, the activity of
W/O-Ti-NaY was not dependent on the stirring rate, i.e. this
catalyst does not require the formation of W/O emulsion,
completely at variance with previously reported results for the
‘triphase system’.7 The amphiphilic nature of W/O-Ti-NaY,
enabling it to sit just at the W/O phase boundary, may account
for the constant activity. Therefore, the rate of this phase-
boundary catalysis depends only on the apparent area of the
W/O interphase. In fact, when a narrow-bore reaction tube was
used to decrease the apparent interphase area, the activity was
reduced, as expected (data not shown).

All of the results mentioned above seem consistent with the
mechanism of phase-boundary catalysis; amphiphilic particles
having active sites (Ti-species) lie at the W/O interphase to
catalyze the chemical reaction. However, the apparent rate of
epoxidation was much lower than those previously reported.4
One of the reasons for the low activity in our catalysts is the
presence of few four-coordinate Ti species which are con-
sidered to be the most active species in olefin epoxidation.9 It
should be noted that we used the Ti-loaded NaY zeolite as an
easily available material and the catalyst and the reaction
conditions have not been optimized. Further study for improve-
ment of catalytic activity by generating four-coordinated Ti
species in the catalytic system is now underway. Thus, we have
shown a new concept of phase-boundary catalysis, that is
applicable when amphiphilic particles, molecular assemblies, or
films with adequate active sites are used, to a wide range of
catalytic reactions.
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The chiral synthesis of the fully functionalized CD ring unit
of paclitaxel 3 is described; the three component coupling
reaction of a cyclohexenone derived from D-glucal by way of
Ferrier’s carbocyclization with vinyl cuprate and formal-
dehyde effectively constructed the carbon framework of 3.

Paclitaxel (Taxol®) 1 is a well-documented natural diterpenoid
and is known to show highly promising antitumor activity.1 The
challenging structure as well as important biological activities
of 1 has attracted much attention of the synthetic community,
and six successful total syntheses of 1 have been reported to

date.2 Our own synthetic endeavor to paclitaxel required the
fully functionalized CD ring unit 3 as the key intermediate; the
formyl function at C-3 (paclitaxel numbering) would be utilized
for the coupling reaction with a paclitaxel A-ring 2, and the
vinyl group at C-8 would serve as the key functionality for the
construction of a taxane skeleton. Successful precedents for
preparation of taxane tricarbocyclic structures by way of final
B-ring closure of connected AC ring systems revealed the
possibility of this approach.3 The highly oxygenated structure
of 3, which contains five contiguous chiral centers including a
quaternary carbon and a strained oxetane ring is synthetically
fascinating, and it is a significant aim to establish an effective
synthetic route to 3 from readily available material for the
development of a novel approach to the clinically important
compounds.4 In this communication, we report a synthesis of 3,
which utilized commercially available tri-O-acetyl-D-glucal 4
as a chiral starting material.

The known methyl glycoside 5,5† derived from 4 in a two
step reaction (90% overall yield) (Scheme 1) was converted into
primary iodide 6† in 87% yield, which was then treated with
NaH and benzyl bromide to afford enopyranoside 7† in 80%
yield. Ferrier’s carbocyclization6 of 7 using a catalytic amount
of Hg(OCOCF3)2,7 followed by b-elimination cleanly gen-
erated cyclohexenone 8 (80% yield). Reaction of 8 with MeLi
gave 1,2-adduct 9, whose oxidation with PCC afforded 10 in
83% yield from 8.

With a chiral cyclohexenone 10 in hand, generation of the
quaternary carbon at C-8 and the C–C bond at C-3 by a three
component coupling reaction8‡ of 10, a vinyl metal species, and
formaldehyde in a one-pot reaction was investigated. Treatment
of 10 with higher order vinylcuprate [(vinyl)2-

CuCNLi2] in Et2O at 278 °C caused the stereoselective
conjugated addition of the vinyl group to give an enolate
intermediate,§ which was then reacted with a THF solution of
formaldehyde at 260 °C to provide 11 {mp 50–52 °C; [a]D

23 +
12 (c 1.0, CHCl3)} and its C-3 isomer 12 {[a]D

23 + 93 (c 1.0,
CHCl3)} in 62 and 33% isolated yields, respectively. The
observed coupling constants and NOE unambiguously sup-
ported the structure of 11 (Scheme 2). Base-induced epimeriza-
tion of 12 gave an additional amount of 11 (44% yield, 12 was
recovered in 51% yield); thus 11 was obtained in 76% overall
yield from 10 after one-cycle epimerization of 12. Protection of
the hydroxy group in 11 as a THP ether afforded 14 in 90%
yield. To introduce an hydroxy function at C-5, ketone 14 was
treated with LiHMDS at 278 °C, and the resulting kinetic
enolate was trapped with TMSCl to provide silylenol ether,
which was then reacted with MCPBA at 220 °C followed by
treatment with TMSCl and triethylamine to give 15 and 16 in 53
and 26% isolated yields, respectively. Reaction of 15 with
Tebbe’s reagent9 and subsequent removal of the silyl protecting
group under basic conditions afforded exo-alkene 17 in 64%
yield.¶ Vanadium catalyzed epoxidation10 of 17 gave 18 as a
single isomer in 81% yield. Reaction of 18 with potassium
acetate in DMF, followed by treatment with acetic anhydride
and pyridine at rt gave 19 in 95% yield. The secondary hydroxy
group in 19 was mesylated to afford 20 (96% yield). Removal of
the O-acetyl group, followed by reaction with DBU4c in toluene
at 100 °C cleanly generated oxetane 21 in 65% yield.
Acetylation of tertiary alcohol in 21 afforded 22 (100%).
Deprotection of the O-THP group in 22 with CAN11∑ gave 23,
which was oxidized with TPAP12 to furnish the desired
aldehyde 3 {[a]D

23 2137 (c 0.07, CHCl3)} in 80% yield from
22. The observed NOE between the methyl at C-8 and the
formyl hydrogen, H-20, and H-6b, and between H-7 and H-3
clearly supported the assigned structure.
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Scheme 1 Bn = 2CH2Ph. Reagents and conditions: i, MeOH, BF3·OEt2,
PhH, 0 °C, then H2, 10% Pd-C, EtOAc, rt; ii, MeONa, MeOH, 0 °C, then I2,
Ph3P, imidazole, THF, rt; iii, NaH, DMF, 0 °C, then BnBr, n-Bu4NI, DMF,
0 °C; iv, Hg(OCOCF3)2 (5 mol%), acetone–H2O (2+1), 0 °C, then MsCl,
Et3N, CH2Cl2, 0 °C; v, MeLi, Et2O, 278 °C; vi, PCC, molecular sieves 4
Å (powder), CH2Cl2, rt.
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The synthesis of 3,3-disubstituted  and  3-methyleneox-
indoles by palladium(0) catalysed cyclisation of carbamoyl
chlorides onto proximate alkene or alkyne groups has been
achieved in good yields.

3,3-Disubstituted oxindoles are common structural motifs in a
wide range of natural products. Gelsemine,1 paraherquamides2

and spirotryprostatins3 represent classes that possess oxindole
cores and have interesting biological profiles. 3-Methyleneox-
indoles, on the other hand, are versatile intermediates in
synthesis. Recently, Williams et al.4 used a diasterospecific
cycloaddition onto a methyleneoxindole in their total synthesis
of spirotryprostatin B. Classically, spirooxindoles can be
synthesised via an oxidative rearrangement of indoles5 and
methyleneoxindoles can be accessed by Wittig–Horner6 type
reactions of isatin. Oxindoles can conceptually be constructed
by palladium catalysed processes in a number of ways. There
are examples of intramolecular Heck and intramolecular
cyclisation–anion capture reactions on acrylamide derivatives
of 2-iodoanilines.7 We have applied our palladium catalysed
cyclisation–anion capture methodology to 3,3-disubstituted
oxindoles (including spirooxindoles)8 via formation of bond a
(Fig. 1). We have also developed a 3-component process9 which
constructs bonds a, b, and c. We now describe palladium
catalysed cyclisation–anion capture processes involving forma-
tion of bond b (Fig. 1).

The use of carbamoyl chlorides in palladium catalysed cross-
coupling reactions with stannanes was reported by Jousseaume
and Dubac.10 Its use in Heck-type cyclisations11 is rare, perhaps
because the initial reports employed forcing conditions and
toxic cosolvents for the synthesis of lactams. Our plan was to
use 2-ethynyl- or 2-isopropenyl-phenylcarbamoyl chlorides as
oxindole precursors (Fig. 1) in cyclisations which do not
terminate via b-hydride elimination (as in Heck processes) but
involve a group or atom transfer. This process (known as
cyclisation–anion capture)12 allows a large variety of groups to
be introduced onto the oxindole. By this route, (Z)-3-methylene-
oxindoles are stereospecifically formed and 3,3-disubstituted
oxindoles can be potentially synthesised by a catalytic,
enantioselective process.

The synthesis of the required carbamoyl chlorides was
achieved from the appropriate 2-haloaniline in high overall
yield (Scheme 1). 2-Iodoaniline 1 is converted to its N-benzyl
derivative 2 using a reductive amination protocol. Treatment of

2 with a two step Sonagashira13-deprotection procedure then
affords the 2-ethynyl derivative 3. Finally, addition of phos-
gene14 to aniline 3 at 0 °C for 10 min affords carbamoyl chloride
4.

A range of carbamoyl chlorides 4–7 were synthesised in a
similar way to provide a selection of 5- and 6-membered
heterocycle precursors. These carbamoyl chlorides are air and
moisture insensitive and can be purified on flash silica.
Substrates 4 and 5 are 3-methyleneoxindole precursors, whilst 6

is an example of a 6-ring isoquinolinone precursor. Carbamoyl
chloride 7 was synthesised from commercially available
2-isopropenylaniline.

Initially, we focused on the use of tributylstannanes as anion
capture agents for these substrates.15 It was found that treatment
of 4 with tributyl(2-thienyl)tin and Pd(OAc)2–tris(2-furyl)phos-
phine in toluene at 50 °C for 5 min affords the desired
3-methyleneoxindole 8 in 88% yield (Scheme 2). Repetition of
this latter reaction using 1 mol% Pd(OAc)2–2 mol% tris(2-
furyl)phosphine and a reaction time of 30 min afforded 8 in 91%
yield emphasising the scope for considerable reduction in
catalyst loading. The use of tributyl(phenylethynyl)tin also
resulted in a high yield of product (81%), whilst vinyl transfer
affords a 4+3 mixture of geometrical isomers 10 and 11 in 76%
overall yield. Cyclisation–anion capture employing tributyl(2-
furyl)tin was also complete within 5 min at  50 °C, and afforded
(Z) 12 in 78% yield.

This methodology can also be extended to 6-ring cyclisation–
anion capture and to the synthesis of 3,3-disubstituted oxindoles
(Scheme 3).

Cyclisation of 6 affords 13 (87%), a 4-methyleneisoquinolin-
3-one in 5 min at 50 °C. However, cyclisation onto the
isopropenyl group of 7 to form 14 is much slower (4 h), but
proceeds in excellent yield (84%). The use of boronic acids as
anion capture reagents8 is currently being studied. A prelimi-
nary study involving 7 and phenylboronic acid afforded 15
(50%) (Scheme 3). This reaction was considerably slower (50 h,
90 °C) than those involving organostannane anion capture
reagents and since a small amount of water was presentFig. 1

Scheme 1 Reagents and conditions: i, PhCHO, MeOH, reflux then NaBH4,
reflux (45%, 86% based on 52% conv.); ii, TMSA, Pd(PPh3)4, Cul, NEt3,
DMF, rt (90%); iii, TBAF, THF–H2O, rt (91%); iv, COCl2, NaHCO3,
DCM–H2O, 0 °C (93%).
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(Scheme 3, C) there was some destruction of the carbamoyl
chloride 7.

The presence of the benzene ring in the above examples is
one factor promoting the rapid cyclisation of these carbamoyl
chlorides. To extend the scope of this cyclisation–anion capture
methodology, we synthesised an example of a non-aryl based
carbamoyl chloride. Substrate 16 was derived from but-3-yn-
1-ol via its tosylate and reacted with benzylamine and then
phosgene14 in the normal fashion. At the typical reaction
temperature of 50 °C, only 35% of product 17 was isolated.
However, replacing tris(2-furyl)phosphine by the electron rich

tris(tert-butyl)phosphine gave, over 48 h at rt, a 60% yield of
lactam 17.

The two strategic bond formation modes (Fig. 1, a and b)
allow both (E)- and (Z)-3-methyleneoxindoles to be accessed
stereoselectively. Thus formation of bond a by palladium
catalysed cyclisation onto a proximate alkyne with anion
capture affords E-isomers16 whilst formation of bond b by
palladium catalysed cyclisation affords Z-isomers.

In summary, these preliminary results on the palladium
catalysed cyclisation–anion capture of carbamoyl chlorides
demonstrate that (Z)-3-methylene- and 3,3-disubstituted ox-
indoles can be accessed under mild conditions in high yields.
Further studies of these and related processes are in hand.

We thank the EPSRC, University of Leeds and Zeneca
Agrochemicals for support.
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Chemo- and regio-specific palladium catalysed four compo-
nent processes, involving formation of 3 new bonds, initiated
by oxidative addition of Pd(0) with aryl iodides followed by
sequential incorporation of CO (1 atm), a polymer supported
allene and an amine provides complex heterocycles with 3
points of diversity in good yield and excellent purity after
cleavage.

A well designed cascade can deliver highly complex molecules
whilst avoiding lengthy multistep procedures and the need for
protection–deprotection of many functional groups.1 This
approach can be further enhanced by locating one of the
reagents on a polymer support thus allowing the pure final
product to be isolated by washing the resin and cleavage.

The objective of the present study was to explore the
reactivity of a polymer bound allenic alcohol in a palladium
catalysed four-component queuing cascade2 (Scheme 1).

This cascade is initiated by addition of Pd(0) into the Ar–I
bond, followed by CO insertion, allene insertion and capture of
the resultant p-allylpalladium(II) complex by a secondary amine
(Scheme 2).

In this preliminary study we attached hexa-4,5-dien-1-ol 2
(prepared from the alkyne 1 by a Crabbè3 reaction) to a gel-type
polystyrene resin by means of a traceless silicon linker. The
reason for this choice is three-fold: alkyl substituted allenes are
particularly stable, the alcohol group is convenient for the
introduction of further diversity and the cleavage conditions
were anticipated to be particularly mild (Scheme 3).

The silane resin 3 (Argonaut Technologies, loading 1.59
mmol g21 SiH) was chlorinated and immediately loaded4 with
the allenic alcohol 2 to give the resin 5 (loading 1.45 mmol
g21).5 The colourless resin 5 was characterised by gel-phase 1H
NMR (250 MHz, CDCl3) d = 3.7 (CH2CHNCNCH2), 4.7

(CHNCNCH2), 5.1 (CHNCNCH2) and FT-IR (KBr disc) 1953
cm21 (CHNCNCH2 stretch).

The experimental conditions for the palladium-catalysed
cascade (Scheme 4) were as follows: resin 5 (1.0 mol eq.),
iodobenzene or 2-iodothiophene (4.0 mol eq.), iPr2NEt (5.0 mol
eq.), piperidine (4.0 mol eq.), Pd(OAc)2 (0.1 mol eq.), tris(2-
furyl)phosphine (0.2 mol eq.), toluene (10 ml mmol21) and a
balloon containing carbon monoxide attached to the reaction
vessel. After all the components were added to the flask
containing the resin swollen in toluene, a sequence of
evacuation (water pump–CO addition) was performed three
times. Subsequently the flask was immersed in an oil bath at
50 °C and magnetically stirred for 24 h.

The reaction was monitored by FT-IR following the dis-
appearance of the allene stretching band at 1953 cm21. After
24 h a small allenic peak was still present. The resin was washed
with DMF, 1+1 DMF–H2O, DCM, MeOH, dried and recycled
in a second run to complete the conversion. The reaction was
not optimised at this stage. The rate determining step appears to
be the oxidative addition of Pd(0) into the Ar–I bond. Thus the
iodoacrylamide 8 undergoes complete conversion to product in
18 h. In the case of 8 initial coordination of Pd(0) to the olefinic
bond would facilitate the oxidative addition step, which is
followed by a facile 5-exo-trig cyclisation, carbonylation, allene
insertion and amine capture (Scheme 5).

Cleavage of indolinone 9 was achieved using HF/Py (0.4 M
HF/Py, THF). Reaction times longer than 25 min led to the
formation of a diastereomeric mixture of tetrahydrofurans (1+1

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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ratio by HPLC, 70% yield); 10 deriving from acid-catalysed
intramolecular Michael addition (Scheme 6).

After exposing the resin for 20 min to the cleavage mixture
the filtrate was quenched with a saturated solution of NaHCO3,
extracted with AcOEt, the solvent removed in vacuo to afford
the alcohol (60%) whose purity was 98% by HPLC-MS. The
residue was acetylated (Ac2O, pyridine, DMAP, DCM, 2 h, rt)
and the acetate 11 was purified by silica gel chromatography
(AcOEt–PE–triethylamine 50+50+2) and obtained in 90% yield
from the alcohol (Scheme 7).

The loading of resin 9 was found to be 1.1 mmol g21

(calculated on the yield of the crude product after cleavage).
Similarly the resins 12–14 were prepared. After cleavage and

work-up the alcohols 15–17 were found to be 98% pure by
HPLC-MS and no further purification was carried out.6

It is worth noting that all the products 11–17 were obtained as
single stereoisomers.7

In conclusion, the resin supported allene 5 is an excellent
scaffold for the construction of complex heterocycles. Further
investigations using a broader range of anion capture agents and
starter molecules are in progress.

We thank Leeds University, the EU and SmithKline
Beecham for support.
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Five unsymmetrically meso-substituted corroles have been
synthesized from dipyrromethanes and aldehydes in yields
of up to 19% via a new two-step one-flask procedure.

Although the existence of corroles was reported a long time
ago,1 their chemistry has been overshadowed by the easy
accessibility of porphyrin chemistry.2 Corroles are aromatic
tetrapyrrole macrocycles bearing a direct pyrrole–pyrrole link,
thereby constituting a bridge between porphyrins (e.g. heme)
and corrins (e.g. vitamin B12). Recently, corrole chemistry has
received new impetus due to the discovery of novel ligand
properties of this contracted macrocycle3–5 as well as the advent
of efficient synthetic methodologies affording corroles in gram
quantities.6–8 Most of the corrole syntheses known till 1999
(biladiene cyclization,9 meso-carbon or sulfur extrusion of
meso-thiaporphyrin,10 or direct synthesis from monopyrrole
precursors11,12) are lengthy. The very recently reported synthe-
ses of core-modified corroles also require preparation of several
precursors.13,14

Pioneering studies by Paolesse et al.6 and Gross et al.7,8 have
demonstrated that the non-catalyzed reaction of pyrrole with
aldehydes results in the formation of meso-substituted A3-
corroles. These simple and efficient synthetic methods have
already opened a new avenue for in-depth studies of the
coordination chemistry of corroles.5 Nevertheless a potential
use of corroles as surrogates for vitamin B12 and related
compounds in biomimetic models of enzymic catalysis would
benefit significantly from the ability to incorporate different
groups at distinct sites at the perimeter of the macrocycle. On
the other hand it is known that the acid catalyzed reaction of
pyrrole with an aldehyde gives an A4-porphyrin whereas the
acid-catalyzed condensation of a dipyrromethane (DPM) with
an aldehyde gives the corresponding trans-A2B2-porphyrin.15

Hence I assumed that the non-catalyzed reaction of a DPM with
a reactive aldehyde would lead to the formation of the
corresponding A2B-type meso-substituted corrole. The prelimi-
nary results of this study are presented in this paper.

The conditions for the non-catalyzed reaction of pyrrole with
aldehydes6–8 and the stoichiometry of the envisioned reaction
prompted me to initiate studies using the following conditions:
aldehyde–dipyrromethane ratio, 1+2; reaction time, 2 h; rt; a
small amount of solvent; and 1 eq. of DDQ as an oxidant. The
reaction of mesityldipyrromethane 116 (a potential precursor of
facially-encumbered and hence more soluble corroles) and
2,6-difluorobenzaldehyde 2 (bearing electron-withdrawing sub-
stituents) was chosen as a model system for the optimization
study (Scheme 1). Indeed, condensation of both substrates in
methylene chloride for 2 h followed by subsequent reaction
with DDQ smoothly afforded the desired corrole 3 in 11% yield
(Table 1, entry 1). This initial success quickly led to the
systematic study of reaction conditions. In an effort to improve
the yield of corrole 3, the concentration and ratio of reagents,
solvent, time, and amount of DDQ were altered. In addition, the
influence of some simple additives (TBABr and TBAF) was
examined. The results of this study are presented in Table 1.

When the ratio of aldehyde to DPM was changed to 1+1
(corresponding to the stoichiometry of porphyrin forming
reaction) (entry 2), an appreciable increase in the yield of
corrole 3 to 17% was obtained. An increased amount of DDQ
gave no further increase in the yield of corrole (entry 3). It is
well known that the porphyrin-forming reaction as well as many
other macrocyclisation reactions require a low concentration of
reactants to achieve reasonable yields. Thus, the corrole-
forming reaction was carried out under more dilute conditions
(entries 4 and 5). The decrease in concentration of both
substrates to 0.27 mol dm23 resulted in a slight increase while
further dilution caused a sudden drop in the yield of corrole 3.
Use of a large excess of aldehyde 2 did not give any
improvement (entry 6). Hence, for further reactions the ratio of
reactants was kept constant at 1+1. Because both substrates
were still present in the reaction mixture after 2 h, the
condensation time was extended (entries 7 and 8). However,

† Electronic supplementary information (ESI) available: experimental
procedures and spectral data for compounds 3 and 10–13. See http://
www.rsc.org/suppdata/cc/b0/b006734m/

Scheme 1

Table 1 Effects of various conditions on the reaction of mesityldipyrro-
methane 1 and aldehyde 2

Entry
DPM 1
(mol dm23) Ratio 1+2 Time/ha

Ratio
DDQ: 1

Yield of
corrole
3b (%)

1 0.53 2+1 2 1+1 11
2 0.53 1+1 2 1+1 17
3 0.53 1+1 2 1.5+1 18
4 0.27 1+1 2 1+1 19
5 0.13 1+1 2 1+1 10
6 0.27 1+2 2 1+1 13
7 0.27 1+1 5.5 1+1 19
8 0.53 1+1 16 1+1 0
9c 0.27 1+1 2 1+1 12

10d 0.27 1+1 2 1+1 0
11 0.53 1+1 2 0.5+1 10
12e 0.27 1+1 2 1+1 9
a Time of condensation prior to addition of DDQ. b Isolated yield. c 0.2 eq.
of TBABr was added. d 0.2 eq. of TBAF was added.e CHCl3 was used
instead of CH2Cl2.
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prolonging the reaction time from 2 to 5.5 h did not improve the
yield of the product 3 (entry 7). The complete consumption of
the substrates was observed after 16 h, then DDQ was added.
Surprisingly even traces of corrole 3 were not found in the
reaction mixture (entry 8). The idea of adding of soluble
inorganic salts was inspired by the beneficial effects of salts
observed in the porphyrin-forming reaction.17 The addition of
TBABr resulted in a modest decline in yield whereas no corrole
was formed upon reaction in the presence of TBAF (entries 9
and 10). A control experiment with 0.5 eq. of DDQ resulted in
a decreased yield of corrole (entry 11). Furthermore, upon
changing the solvent from CH2Cl2 to CHCl3 the yield of corrole
decreased to 9% (entry 12). It is noteworthy to add that no
porphyrin was observed under any of these conditions.

The optimized procedure (entry 4) (CH2Cl2, conc. of both
substrates = 0.27 mol dm23, 2 h, rt, 1 eq. of DDQ) was applied
to a variety of substrates (Scheme 2, Table 2). Reactive
aldehydes with various electron-withdrawing groups (F, Cl,
NO2) (2, 5, 6, 7, 8, 9) were used in conjunction with
mesityldipyrromethane 1 and phenyldipyrromethane 4.16 In
each case with aldehydes possessing at least two fluorine
substituents, the corresponding corroles18 (10, 11, 12 and 13)
were readily isolated in modest yield after straightforward
column chromatography. No porphyrin product was observed in
these reactions.19 It was surprising to find that the yields of
corroles in the reactions employing 2,4-difluorobenzaldehyde 6
(entry 4) and 2,3,6-trifluorobenzaldehyde 8 (entry 6) were
significantly lower than the yield achieved starting from

2,6-difluorobenzaldehyde. On the other hand, 2,6-dichloro-
benzaldehyde 5 (entry 3) and 2,4-dinitrobenzaldehyde 7 (entry
5) did not afford any corrole. At present there is no satisfactory
explanation for such a significant difference in behavior of these
aldehydes. Generally, it is reasonable to assume that a
mechanism analogous to that suggested by Gross et al.8
accounts for the formation of corroles from dipyrromethanes. If
so, the course of this reaction is not only dependent on the
reactivity of the aldehyde (Ar-CHO) but is also influenced by
the steric effects of substituents and by the nature of the
arylmethylene unit (Ar-CH2-) as an anionic leaving group.

In summary, conditions have been identified for a rational
two-step synthesis of A2B-type meso-substituted corroles
bearing one fluorinated substituent. The main advantages of this
method are as follows: (1) a two-step procedure from commer-
cially available materials, (2) short reaction time, (3) straight-
forward purification, and (4) reaction at high concentration
(thereby easy to scale-up). This approach should prove useful
for the preparation of a variety of corroles and may open the
door to new practical applications of these macrocycles. Further
studies aimed at extending the scope of this method and gaining
insight into the influence of various factors on the corrole-
forming reaction are in progress.
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Tetrahedron, 1997, 53, 12339.
18 The purity of each corrole is > 99% based on TLC, 1H NMR

spectroscopy, and electrospray mass spectrometry. It is noteworthy to
add that the 1H NMR spectra of corroles derived from mesityldipyrro-
methane (3, 11, 12 and 13) exhibit very sharp signals, in contrast to
corrole 10 or 5,10,15-triphenylcorrole6 which exhibit broad AB
patterns.

19 One exception occurred with pentafluorobenzaldehyde 9, which gave
traces (e.g. 1%) of 5,15-dimesityl-10,20-bis(pentafluorophenyl)por-
phyrin.

Scheme 2

Table 2 Yield of corroles formed from various dipyrromethanes (DPM’s)
and aldehydes

Entry Aldehyde DPM Yield (%)a

1 2 1 19
2 2 4 9
3 5 1 0
4 6 1 4b

5 7 1 0
6 8 1 10
7 9 1 8

a Isolated yield. b Condensation of aldehyde and DPM was performed for 5
h prior to addition of DDQ.
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Arylation of ethylene catalysed by Pd complexes bearing
triphenyl phosphite ligands proceeds efficiently in a scCO2–
liquid biphasic system to give a mixture of arylated products;
the selectivity of monoarylated products, styrene deriva-
tives, can be improved by increasing the CO2 pressure, where
the monoarylated products are effectively extracted from the
liquid reaction phase into the scCO2 phase to prevent over-
reactions to diarylated products.

There has been extensive interest in supercritical fluids (SCFs)
as reaction media for molecular catalysis.1 Their unique
physical properties tuned by a small change in the pressure and
temperature allows improved performance of molecular cata-
lysts in terms of the reaction rates and selectivities.2 Besides
these benefits for catalysis, the use of SCFs can also offer great
opportunities to solve the frequently encountered problem of
efficient separation of the molecular catalysts by controlling the
pressure of the media.3 Recently, a biphasic reaction system
consisting of a supercritical fluid phase and a solvent phase
including H2O was examined for the purpose of separating and
recycling metal catalysts.4 In the case where CO2-insoluble
substrates form the liquid phase under supercritical or sub-
critical CO2 conditions, the high volatility of CO2 allows it to
help selectively remove the CO2-soluble product from the
reaction phase, resulting in a solvent-free reaction. However,
the catalyst performance in such a multiphase system has not
been systematically investigated except for a recent report on
solvent-free synthesis under subcritical CO2 conditions.5,6 We
now report Mizoroki–Heck arylation of ethylene in a CO2–
liquid biphasic system in which monoarylated products can be
preferentially obtained in condensed CO2 where the selectivity
is controllable by a change in the pressure of CO2.

The arylation of ethylene with aryl halides has been well
investigated in liquid solvents.7 In a single reaction phase, the
initial products, styrene derivatives are subject to further
reaction with aryl halides to afford stilbenes and 1,1-diphenyl-
ethylenes, resulting in a significant decrease in the selectivity
for the monoarylation. If one of the desired products, styrene in
this case, has high solubility in scCO2 compared to that of the
byproducts, the use of scCO2 will enable the separation of the
initial product from the liquid phase8 to suppress the subsequent
reactions of styrene (Fig. 1).

We first examined the phase behaviour of iodobenzene,
ethylene, N(C2H5)3 and styrene under subcritical and super-
critical CO2 conditions.† A visual inspection of these com-
pounds in a window-equipped 50 mL reactor vessel confirmed
that 1.0 mmol of styrene was completely dissolved in scCO2
under 100 atm at 130 °C whereas some droplets of iodobenzene
were observed under the same conditions. In the presence of
subcritical CO2 gas, these materials, except ethylene, precipitate
to form the liquid phase where a neat reaction can be performed.
Thus, the significant difference in the solubility of these
compounds in scCO2 should allow one to extract styrene
preferentially from the liquid phase, leading to the efficient
control of the styrene formation.9

The screening experiments with Pd catalyst bearing tertiary
phosphine or phosphite ligands revealed that

PdCl2{P(OC6H5)3}2 (1) is the best choice of catalyst for the
arylation because of its excellent activity10 and suitable
solubility (discussed later) under the reaction conditions at
130 °C and 100 atm.‡ Although complex 1 has been found to
partially dissolve in scCO2 under the same conditions,11 it
should stay in the liquid phase rather than the scCO2 phase
because of its higher solubility in the liquid substrates phase.

The reaction of iodobenzene with ethylene (10 atm) catalysed
by the P(OC6H5)3–Pd complex 1 (substrate/catalyst = 1000+1)
at 130 °C in the presence of N(C2H5)3 as a base proceeded
rapidly to an almost quantitative conversion under solvent-free
conditions (without CO2). As listed in Table 1, styrene was
obtained in 57% selectivity along with (E)-stilbene and
1,1-diphenylethylene in 31 and 11% yields, respectively.
Notably, as illustrated in Fig. 2, the selectivity for the styrene
formation was remarkably improved with an increase in the
pressure of CO2 above the critical pressure of 73 atm to attain
over 80% at 100 atm and the same temperature. Further increase
in the pressure above 100 atm resulted in the selectivity
approaching 100% albeit with a significant drop in the yield.
The decrease in the total efficiency at higher CO2 pressures was

Fig. 1 Schematic illustration of phases during a scCO2–liquid biphasic
Mizoroki–Heck reaction. At the initial stage of the reaction, aryl halide,
amine and some amine·HX salt are precipitated as a liquid containing the Pd
catalyst. At the final stage of the reaction, an excess amount of amine and
amine·HX salt form a liquid phase and monoarylated product is extracted
into the scCO2 phase. Ar = aryl group, X = I, Br in this case.

Table 1 Mizoroki–Heck reaction of iodobenzene with C2H4 in scCO2
a

Run Medium
Conv.
(%)

Styrene Yield
(Sel.) (%)

1,1-Diphenylethylene+
(E)-stilbene

1 — 95 54 (57) 2.8+1
2 CO2, 25 (atm) > 99 64 (65) 4+1
3 CO2, 50 > 99 68 (69) 3.4+1
4 CO2, 75 95 68 (71) 1.8+1
5 CO2, 100 > 99 82 (83) 3.3+1
6 CO2, 125 32 29 (92) N.d.
7 CO2, 150 19 18 (99) N.d.
a Reaction was conducted at 130 °C for 18 h, in a 50 mL reaction vessel
containing 10 mmol of Pd catalyst 1, iodobenzene and triethylamine.
Iodobenzene+1+N(C2H5)3 = 1,000+1+1,400.
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mainly due to the disappearance of the liquid phase since
everything dissolved in the scCO2, where the homogeneous
reaction in scCO2 possibly occurred. In fact, separate experi-
ments showed that the arylation using CO2-soluble trialkyl
phosphite–Pd catalysts12 in the homogeneous scCO2 phase did
not provide turnover numbers higher than those obtained in the
liquid phase. These results, in addition to the phase behaviour
discussed above, clearly indicate that below 100 atm of CO2
pressure the reaction occurs rapidly mainly in the liquid phase
to give the initial product styrene, which is effectively extracted
in the scCO2 phase because of its reasonably high vapor
pressure (430 mmHg at 125 °C) and high solubility in scCO2
under the reaction conditions. The use of supercritical or even
subcritical gaseous CO2 might help to separate the desired
product from the liquid reaction phase into the scCO2 or vapor
phase to avoid further reactions which may produce undesired
multiarylated products.

A remarkable advantage of this biphasic system can be
demonstrated by the reaction of p-bromotoluene substrate/
catalyst = 100) and ethylene (10 atm) catalysed by complex 1
in the presence of (DBU) and 1-ethylpiperidine (Table 2). A
mixture of these bases serves as an efficient promoter for the
less reactive bromoarenes possibly because of their strong
basicity. Although the reaction of the bromoarene proceeded
much more slowly than that of iodoarene, it reacted with

ethylene under neat conditions without CO2 to give products in
moderate selectivity as shown in Table 2 (Run 1). Using
CH3CN as a liquid solvent, the reaction proceeded to 74%
conversion after 96 h to give the monoarylated product in 82%
selectivity (Runs 2 and 3). In contrast to these liquid phase
reactions, the outcome of the reaction in the scCO2–liquid
biphasic system was significantly improved, the styrene
selectivity increasing from 68 to 88% at near complete
conversion after 18 h (Run 4).13

In conclusion, the arylation of ethylene catalysed by Pd
complex with phosphite ligands selectively afforded mono-
arylated products in the scCO2–liquid biphasic system. A
combination of the rapid reaction in the liquid phase and the
extraction of the product with scCO2 provided a significant
improvement in the product selectivity.

Notes and references
† Safety warning: Operators of high-pressure equipment should take proper
precautions to minimize the risk of personal injury.
‡ Standard procedure for the arylation: The reactor was charged with argon
gas and was placed in the oven at 130 °C before introduction of reagents. A
mixture of the substrate (1.0 mmol), base (1.4 mmol) and DMF (0.01 mL)
solution of Pd catalyst (0.01 mmol) was added into the reactor with a syringe
through an opening against the flow of CO2. Subsequently, C2H4 (10 atm)
was introduced, and then CO2 (0–150 atm) was added with an HPLC pump.
After stirring for 18 h, the reactor was cooled in a bath of methanol with dry
ice. The mixture of C2H4 and CO2 was vented, and the reactor was slowly
warmed to rt. The yields of products were determined by GC analyses.
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Fig. 2 Selectivity and conversion profile as a function of the CO2 pressure
for the reaction of iodobenzene 2a and ethylene catalysed by Pd complex 1
in condensed CO2. Condition: C6H5I+N(C2H5)3+Pd catalyst =
1000+1400+1, C2H4 10 atm.

Table 2 Pd-catalysed reaction of p-bromotoluene and ethylene in scCO2 and
other mediaa
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Oxidation of water-insoluble alcohols in supercritical CO2
over a Pd–Pt–Bi/C catalyst in a continuous fixed bed reactor
affords high reaction rates and yields up to 98% of the
corresponding ketones, aromatic and a,b-unsaturated ali-
phatic aldehydes, without the risk of using a flammable
organic solvent.

Partial oxidation of alcohols over supported platinum metal
catalysts is an attractive, environmentally friendly process: air
or oxygen can be used as oxidant in aqueous medium under mild
conditions. Primary and secondary alcohols are readily oxidized
to carboxylic acids and ketones, respectively, but partial
oxidation of primary alcohols to aldehydes is limited to
aromatic and a,b-unsaturated aliphatic alcohols where hydra-
tion and further dehydrogenation of the intermediate aldehyde is
minor.1–4 Drawbacks of the method are the frequently observed
catalyst deactivation necessitating high catalyst–substrate ratio
(20–50 mass%),3,5 and the explosion risk in the case of readily
dehydrogenating substrates.6 Oxidation of water-insoluble
alcohols is rather slow in organic solvents7 and because of
safety reasons the process is unattractive even on a laboratory
scale.5

To overcome these restrictions, the organic solvent can be
replaced by supercritical carbon dioxide (scCO2),8,9 i.e. CO2
under conditions above its critical temperature (Tc = 31.1 °C)
and pressure (pc = 73.8 bar). Supercritical CO2 has a number of
distinct advantages over conventional organic liquid solvents,
among which adjustable solvent strength and favorable trans-
port properties are probably the most important. This medium is
especially attractive for the oxidation of weakly polar, water-
insoluble alcohols, due to the low polarity of scCO2. Besides,
CO2 is relatively inert and non-flammable under oxidizing
conditions. Products and solvent can easily be separated by
releasing the pressure of the reaction mixture.

There are only two examples of the partial oxidation of
alcohols with a solid catalyst in scCO2 reported in the literature.
Oxidation of methanol on iron oxide containing aerogels,10 and
ethanol on Pt/TiO2,11 affords the corresponding aldehydes in
moderate yields (15–30%) compared to the conventional gas
phase oxidation of small chain aliphatic alcohols.12 Here we
show that oxidation in scCO2 is an excellent alternative to liquid
phase reactions in organic solvents, affording the conversion of

water-insoluble alcohols to (deactivated) carbonyl compounds
at high rate and selectivity.

The experiments have been performed in a high-pressure
continuous fixed bed reactor over a promoted noble metal
catalyst (4% Pd–1% Pt–5% Bi/C).† It has been shown before
that Bi or Pb promotion can remarkably enhance the perform-
ance of Pt and Pd.4,5 For the study of the influence of reaction
parameters, the conditions were chosen to achieve conversions
in the range 2–10% in order to minimize the temperature
gradients in the catalyst bed. In some cases the contact time and
temperature were increased to achieve high conversions, though
optimization of the reaction conditions was not attempted.
These results, illustrating the potential of the method in the
synthesis of activated and non-activated aldehydes and ketones,
are collected in Table 1.

Octan-2-ol has been converted to octan-2-one with higher
than 99.5% selectivity even at around 70% conversion. Only
traces of oct-2-ene (by dehydration) and oct-4-ene (by dehydra-
tion and subsequent double bond migration) have been formed.
The yield (68%) could be further increased by applying a higher
amount of catalyst or lower mass flow rate. The octan-2-one
yield increased exponentially with increasing temperature and
approximately linearly with contact time. A bell-shaped curve
was found for the effect of oxygen concentration in the feed
(Fig. 1). The drop after the maximum in yield is attributed to the
so-called over-oxidation of the catalyst, a phenomenon com-
monly observed with platinum metal catalysts.3,5,6 The rate of
oxidative dehydrogenation of alcohols is considerably higher on
the reduced metal surface than on the oxygen-covered metal.
Though oxygen is necessary to shift the alcohol–carbonyl
compound equilibrium by oxidizing the hydrogen abstracted
from the substrate, too high surface oxygen coverage reduces
the overall reaction rate. An additional effect is the decreasing
density of scCO2 with increasing oxygen concentration, which
may reduce the solubility of reactant and product. Changes in
density of scCO2 can also explain the influence of total pressure
in the reactor. At constant temperature the yield reached a
maximum at 110–120 bar.

Oxidation of octan-2-ol was relatively slow compared to the
conversion of other secondary alcohols, such as 1-phenyl-
ethanol (Table 1). The transformation of 1-phenylethanol to
acetophenone was nearly quantitative. Only traces of bis(1-

Table 1 Selected examples of the partial oxidation of primary and secondary alcohols to carbonyl compounds in scCO2. Catalyst: 4% Pd–1% Pt–5% Bi/C
(3 g), feed flow rate 1.84 to 4.92 mol h21

Alcohol
Oxygen/
mol%

Alcohol/
mol%

Butanone
co-solvent/
mol% p/bar T/°C

Residence
time/s Yield (%) Sel. (%)

Octan-2-ol 4 2 — 110 140 17 68 > 99.5
1-Phenylethanol 2.7 2.7 5.3 110 140 13 95 > 99.5
1-Phenylethanol 5.3 2.7 5.3 110 140 13 98 99
Octan-1-ol 6 3 — 120 110 9.5 18 34
Octan-1-ol 2.5 5 — 95 80 25 11 82
Benzyl alcohol 2.5 5 — 95 80 13 26 99
Benzyl alcohol 2 2 — 120 100 9.5 65 78
p-Anisyl alcohol 2 2 4 120 110 9.5 70 87
Cinnamyl alcohol 4 2 4 120 110 9.5 78 98
Cinnamyl alcohol 4 2 8 120 110 9.5 61 96
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phenylethyl) ether were detected. In these reactions the solid
substrate was dissolved in butanone for feeding, because the
reactor tubes and valves were not heatable. Comparative
experiments with octan-2-one indicated that the yield decreased
with increasing amount of this co-solvent suggesting that its
amount should be kept at a low level (Fig. 2). The change in
reaction rate may be connected to H-bonding between the
substrate and co-solvent. Formation of H-bonded species
(clusters) can change the phase behavior in scCO2.

Transformation of primary alcohols to aldehydes under
similar conditions was fast but non-selective (Table 1). For
example, octan-1-ol was oxidized to a mixture of octanal,
octanoic acid and octyl octanoate. Oct-2-enal and dioctyl ether
were produced in traces. Transient experiments indicated that
the acid-catalyzed side reactions (ester and ether formation)
were accelerated by the product octanoic acid. In general, the
selectivity to octanal decreased rapidly with increasing conver-
sion, especially at high temperature. Relatively good selectivity
could be achieved by working at 60–80 °C and high contact
time (Table 1). Still, the aldehyde yield was always less than
20%. For comparison, partial oxidation of primary aliphatic
alcohols is non-selective also in aqueous medium,4 due to the
high reactivity of aliphatic aldehydes for hydration and
subsequent rapid dehydrogenation.

Remarkably better selectivities can be achieved when the
product aldehyde is stabilized by an aromatic ring or a CNC

double bond. Benzyl alcohol was oxidized to benzaldehyde,
benzoic acid and benzyl benzoate. Higher than 99% selectivity
for benzaldehyde was obtained at 60–80 °C (Table 1). At 100 °C
or higher the selectivity dropped below 80%. Clearly, good
yields can be achieved only at moderate temperature and longer
contact time (higher amount of catalyst and/or lower mass flow
rate). Oxidation of p-anisyl alcohol to p-anisaldehyde afforded
even better yields, presumably due to the electron-releasing
methoxy group in the para position (Table 1).

The highest aldehyde yield with high selectivity was obtained
in the oxidation of the a,b-unsaturated alkylaromatic alcohol,
cinnamyl alcohol. The negative impact of the co-solvent, used
for dosing the solid substrate, is confirmed by the last two
entries in Table 1. The aldehyde yield dropped from 78 to 61%
when the alcohol was diluted with double the amount of
butanone. Again, dosing of melted substrate can eliminate this
complication.

From the results presented we can conclude that the aerobic
oxidation of alcohols to carbonyl compounds in scCO2 is a good
alternative to the well-known aqueous phase oxidation on
supported platinum metal catalysts. The present method has
obvious advantages for the transformation of water-insoluble
alcohols, avoiding the application of flammable organic
solvents. Aqueous phase oxidations are typically performed at
40–90 °C for 3–10 h reaction time.2–6 In the present study only
10–25 s residence time was necessary to achieve 65–98% yields
of ketones, aromatic and a,b-unsaturated aldehydes. The yields
and selectivities may be further improved by applying longer
residence times at relatively low temperature, and by direct
dosing of melted substrates (without co-solvent). No catalyst
deactivation or metal leaching was observed with time-on-
stream. Generally, steady-state conditions were reached within
2–3 h. The limitation of the method is similar to that of the
aqueous phase oxidation on platinum metal catalysts, namely
that primary aliphatic aldehydes cannot be synthesized with
good selectivity.

Notes and references
† Experimental procedure: The reactions have been performed in a tubular
flow reactor with an inner diameter of 13 mm and 38 ml volume. The
alcohols were dosed by a Gilson 305 piston pump. Oxygen was supplied to
the reactor using a six-port valve dosing 0.05 ml pulses at constant
frequency. The constant pressure in the system was maintained by a
backpressure regulator with CO2. The total gas flow was controlled at the
vent. The 4% Pd–1% Pt–5% Bi/C catalyst (CEF 196 RA/W, Degussa, BET
surface area 930 m2 g21) was reduced in-situ in hydrogen at 100 °C for 2 h
prior to the kinetic measurements. For the parameter study the feed flow
consisted of 5 mol% alcohol, 2.5 mol% oxygen and 92.5 mol% CO2. 2 g
catalyst was used, and a feed flow rate of 2.46 mol h21. The liquid products
were separated from CO2 and identified by GC and GC-MS. Yield and
selectivities were determined by GC analysis using the internal standard
method.
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Fig. 1 Effect of oxygen concentration in the feed on the yield of octan-
2-one. Conditions: 100 °C, 95 bar, 2 g catalyst, 2.46 mol h21, 5 mol% octan-
2-ol, rest O2 and CO2.

Fig. 2 Dependence of octan-2-one yield on butanone concentration in the
feed. Conditions: 120 °C, 120 bar, 2 g catalyst, 3.28 mol h21, 2 mol% octan-
2-ol, 4 mol% O2, rest CO2.
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CoAPO-CHA molecular sieves with Co(II) occupying 75% of
the framework Al sites can be synthesized in the presence of
ethanol and caesium.

Microporous crystalline aluminophosphate (AlPO4-n) molec-
ular sieves have a strict alternation of aluminium– and
phosphorus–oxygen tetrahedra and their frameworks are neutral
and, as a consequence, do not possess ion-exchange or acidic
properties.1 Acidic and redox sites can be generated in these
materials by incorporating transition metal ions in the frame-
work positions of these molecular sieves. This incorporation
process gives rise to materials with interesting catalytic
properties.1–3 In this respect, the isomorphous substitution of
Co(II) in AlPO4-n materials has been studied in great detail,
although the amounts of framework Co(II) remain still relatively
low.4–8 To the best of our knowledge, the framework Co+Al
ratio reported is always < 1 with the exception of some AlPO4-n
molecular sieves with extremely small pores.5,6,8 In fact, up to
now not more than 38% of the Al(III) sites have been replaced
by Co(II) in AlPO4-n molecular sieves with pore openings
> 3.5 Å. An example is CoAPO-50 with a framework
substitution of 37.5%,9 while for CoAPO-46 ca. 26% of the
Al(III) sites can be replaced by Co(II).10 It has also been reported
that CoAPO materials with a chabazite structure can be
prepared containing ca. 30% framework Co(II) by using
[NEt4]2CoCl4 and tetraethylamine hydroxide as the Co(II)
source and template, respectively.4 In this work, we report on
the synthesis of crystalline CoAPO molecular sieves with the
CHA structure having a Co+Al ratio substantially > 1. This high
substitution degree has been made possible by using ethanol as
solvent and by adding appropriate amounts of caesium to the
synthesis gel.

CoAPO-CHA materials were prepared with H3PO4 (85 wt.%,
Acros), Co(MeCO2)2·4H2O (97 wt.%, Acros), pseudoboehmite
(70 wt.% Al2O3, Catapal), caesium chloride (p.a., Acros),
triethylamine (TEA, 99%, Acros) and ethanol (99.7–100%,
BDH Laboratory) starting from the following gel composition:

(1.0–2.3)TEA·(0-0.8)Cs2O·(0.6–1.6)CoO·(0.2–0.7)Al2O3·
P2O5·(30–60)EtOH. A typical synthesis procedure is as follows:
2.93 g H3PO4 was dissolved into a mixture of 30 ml ethanol and
3.00 g CsCl. Then, 5.22 g Co(MeCO2)2·4H2O was added to the
solution, followed by the addition of 0.37 g pseudoboehmite
and 2.73 g TEA under constant stirring. This mixture was then
further stirred for ca. 1 h in an ice bath. Finally, the resultant
mixture was transferred into a Teflon-lined autoclave and
crystallization was carried out at 190 °C for 14 days. The
obtained solid was filtered off, washed and dried at 60 °C. ICP
was used to analyze the chemical composition of the initial gels
and the as-synthesized samples, while XRD was used to identify
the crystalline phase of the materials synthesized.

Table 1 gives an overview of the prepared CoAPO-CHA
materials, the sample notations and the chemical compositions
of the gel materials and final solids. Fig. 1 shows, as examples,
the powder X-ray diffraction patterns of CsCoAPO-1.50 and
CoAPO-1.50 and indicates that the as-synthesized solids are
well crystalline and possess a CHA structure.4,11 It is also clear
that the addition of Cs(I) to the synthesis gel results in a decrease
of the intensity of the peaks at lower 2q values, particularly
those at ca. 9.4 and 20.5°. It was observed that these peaks
further decrease in intensity with increasing Cs(I) content in the
synthesis gel, while at the same time the peaks at 2q ca. 24.6,

† On leave from Institute of Special Chemicals, Taiyuan University of
Technology, Taiyuan 030024, P.R. China.

Table 1 The chemical compositions of the gels and the as-synthesized CoAPO-CHA materials

Gels Products

Sample (Co Al P)O2 Co+Al Cs+Co (Co Al P)O2 (Co+Al)+P Co+Al (P2Al)+Al

CoAPO-0.43 0.15 0.35 0.50 0.43 0.00 0.178 0.366 0.500 1.090 0.487 0.364
CoAPO-0.67 0.20 0.30 0.50 0.67 0.00 0.277 0.318 0.500 1.189 0.869 0.572
CoAPO-1.00 0.25 0.25 0.50 1.00 0.00 0.244 0.333 0.500 1.154 0.734 0.503
CoAPO-1.50 0.30 0.20 0.50 1.50 0.00 0.201 0.348 0.500 1.097 0.579 0.439
CsCoAPO-1.00 0.25 0.25 0.50 1.00 0.80 0.256 0.263 0.500 1.038 0.974 0.910
CsCoAPO-1.50 0.30 0.20 0.50 1.50 0.83 0.348 0.220 0.500 1.136 1.582 1.276
CsCoAPO-2.33 0.35 0.15 0.50 2.33 0.86 0.439 0.176 0.500 1.230 2.494 1.846
CsCoAPO-4.00 0.40 0.10 0.50 4.00 0.88 0.483 0.121 0.500 1.208 3.992 3.123

Fig. 1 XRD patterns of the as-synthesized CsCoAPO-1.5 (a) and CoAPO-
1.5 (b) molecular sieves.
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25.8, 30.5 and 37.0° increase in intensity. Such intensity
changes are typical for isomorphous substitution processes.

Besides the key factors of the charge and geometry of the
structure-directing amine molecules,5 the solvent also plays a
very important role in increasing the concentration of transition
metals in the framework. It was reported that the Co+Al ratio of
the reaction mixture can be maximized to 0.5 if TEA was used
as a template in the hydrothermal synthesis of CoAPO-CHA.5
We found that attempts to synthesize the samples with reaction
mixtures containing higher cobalt contents led to the formation
of a pale blue crystalline mixture of CoAPO-5 and an unknown
phase. In contrast, when ethanol is used as solvent, pure
CoAPO-CHA molecular sieves with an intense blue colour can
be synthesized with the synthesis gel having a Co+Al ratio up to
0.67. The framework Co+Al ratio of the as-synthesized material
is ca. 0.57, as estimated from the (P2Al)+Al ratio (Table 1).
The blue colour and the absence of pink materials is indicative
of tetrahedral Co(II) in the framework. The amount of
framework Co(II) is much higher than that reported previously
in the literature. However, further increase of the Co(II) content
in the reaction mixture not only results in the formation of pink
materials, but also decreases the relative amount of framework
Co(II) of the as-synthesized samples. Thus, the more Co(II) in
the synthesis gel, the less Co(II) in the framework. In particular,
when the Co+Al ratio of the reaction mixture is > 1.5, the pink
colour of the material cannot be removed by washing.

It is known that alkali metal cations have a strong influence
on the crystallization of molecular sieves. We found that by
introduction of Cs(I) cations in the synthesis gel, the Co+Al ratio
of the reaction mixture can be dramatically increased to 4.0 for
the synthesis of CHA-type Co-containing aluminophosphate
molecular sieves. These materials are not contaminated with
pink crystalline impurities. These as-synthesized CsCoAPO-x
(x represents the Co+Al ratio of the reaction mixture) samples
all have a deep blue colour. This is evident from the diffuse
reflectance (DRS) spectrum of CsCoAPO-4.0 shown in Fig.
2(a). The strong triplet bands between 500 and 650 nm confirm
that most of the Co(II) ions have been incorporated into the
framework lattice, while a broad and weak band around 480 nm
indicates the presence of only a small amount of extraframe-
work Co(II).

Table 1 clearly shows that the Co+Al ratio of the CsCoAPO-x
samples is basically the same as that of the reaction mixture,
which is expected if Co(II) isomorphously substitutes for Al(III)
in the framework. This behavior is different from that observed
for the synthesis conducted in the absence of Cs(I). When the
Co+Al ratio of the reaction mixture < 1, the (Co+Al)+P ratio of
the as-synthesized solid, e.g. CsCoAPO-1.0, is very close to 1.
This fact strongly supports the incorporation of most Co(II) in
the framework lattice sites. With the addition of more cobalt
into the reaction mixture, the (Co+Al)+P ratio is gradually > 1,
indicating that a small amount of extraframework Co(II) ions is
present in the products. This is in accord with the chemical
analysis results. Nevertheless, it can be seen that the
(P2Al)+Al ratio of the CsCoAPO-x samples maximally

reaches about 3.12 (CsCoAPO-4.0), which means that ca. 75%
framework Al sites have been replaced with Co(II). Table 1 also
indicates that the amount of caesium needed in the synthesis
increases with increasing cobalt content. The amazing ability of
Cs(I) to increase the Co(II) concentration in the framework can
be related to its role as a counter cation, possibly resulting in a
decrease of framework distortion owing to a stronger Cs–O
bond than the TEA–O bond, and consequently an increase of the
stability of the as-synthesized CsCoAPO-CHA. Thus, Cs(I)
promotes the incorporation of Co(II) into the framework of the
CoAPO-CHA material.

As expected, the hydrothermal stability of the as-synthesized
products decreases upon increasing the Co+Al ratio. It was
found that CsCoAPO-x synthesized with reaction mixtures
having a Co+Al ratio > 2.33 gradually becomes pale blue upon
washing with water. This is further evidenced by the corre-
sponding DRS spectra in which the triplet bands characteristic
of tetrahedral Co(II) obviously decrease in intensity at the
expense of the appearance of an absorption at 480 nm typical for
extraframework octahedral Co(II). This may be due to the
hydrolysis of framework Co(II) since this ion shows a strong
interaction with water, and competes with Cs(I) for H2O
coordination.5 Therefore, the products synthesized with high
amounts of cobalt should be better washed with ethanol.

On the other hand, Cs(I) as a counter cation can effectively
prevent oxidation of Co(II) to Co(III) during calcination. Upon
calcination at 550 °C for 6 h, the sample CoAPO-x becomes
yellow-greenish, and even pink materials are evident when the
Co+Al ratio of the synthesis gel is > 0.43. This is evidenced by
DRS for the CoAPO-1.5 sample [Fig. 2(c)]. This spectrum is
characterized by a band at ca. 450–500 nm and a band at ca. 320
nm, indicating the presence of octahedral Co(II) and Co(III),
respectively. This shows that many framework Co(II) ions have
been expelled from the framework, indicating the instability of
CoAPO-x molecular sieves. In contrast, the calcined
CsCoAPO-x is still deep-blue, as confirmed by the strong triplet
bands at ca. 530, 580 and 630 nm in the DRS spectrum of the
calcined CsCoAPO-4.0 sample [Fig. 2(b). This proves that the
presence of Cs(I) can stabilize tetrahedral Co(II) in the
framework of CoAPO-CHA materials.

In conclusion, Co-rich CoAPO molecular sieves with CHA
structure have been prepared using ethanol and Cs(I) as solvent
and counter cation, respectively. Co(II) can be maximized to
occupy about 75% of the framework metal sites. The presence
of Cs(I) significantly inhibits the oxidation of Co(II) to Co(III).
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Onderzoek (FWO) and the Geconcerteerde Onderzoeksacties
(GOA) of the Flemish Community. W. F. thanks the Research
Council of K. U. Leuven for a junior postdoctoral fellowship
and B. M. W. acknowledges the FWO for a fellowship.
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A pentameric thymidyl pyrrolidine–amide oligonucleotide
mimic (POM) was synthesised and shown to bind with very
high affinity to complementary single stranded RNA and
DNA, whilst exhibiting kinetic binding selectivity for RNA
over DNA.

The sugar–phosphodiester backbone of nucleic acids has been
replaced by many alternative neutral and anionic backbones.1
There have also been reports of zwitterionic and cationic
oligonucleotides with pendant aminoalkyl side chains attached
to the sugar ring, pyrimidine base, or to various phosphorus
internucleoside linkages.2 Despite this, only a few de novo
modified oligonucleotides have been reported with positively
charged backbones.3 Here we introduce a novel pyrrolidine–
amide oligonucleotide mimic (POM) 1 (Scheme 1), which is
derived by replacing the furanose sugar of native nucleic acids
with a pyrrolidine ring which will be protonated and positively
charged at physiological pH.3d An X-ray crystal structure4 of a
protonated pyrrolidine ring, which is stereochemically identical
and both electronically and sterically similar to the pyrrolidine
ring in 1, closely resembles the northern (N) conformation of
uridine in the crystalline state.5 Semi-empirical quantum
mechanical calculations (MOPAC 6.0) also revealed that the
lowest energy conformation of a model pyrrolidine 2 closely
resembles the preferred N-conformation of the ribose ring in
native RNA. In addition, the rigid amide linkage is a viable
replacement for the phosphodiester group in DNA resulting in
modified oligonucleotides that form stable duplexes with RNA
and DNA.6

To begin investigating the nucleic acid binding properties of
POM a pentamer, T5-POM 3, was synthesised, in solution, from
trans-4-hydroxy-L-proline via the ester 47 (Scheme 2). Lithium
borohydride reduction of the ester and benzoyl groups of 4 gave
the alcohol 5, which was subjected to a Mitsunobu reaction to
afford the phthalimide derivative 6. Removal of the phthalimide
and Boc groups gave the amines 7 and 8 respectively, which
were used as the building blocks for the construction of
oligomers by an N-alkylation or N-acylation strategy. In the
former approach primary amine 7 was treated with bromoacetic
anhydride to give the bromoacetamide 9 which was coupled

with the secondary amine 8 resulting in the dimer 12. Boc
deprotection of 12 and a second coupling with 9 results in the
trimer 13. These steps were repeated to give the tetramer 14 and
pentamer 15, which on treatment with HCl resulted in T5-POM
3 as an highly water soluble HCl salt. Alternatively, treatment of
the secondary amine 8 with tert-butyl bromoacetate followed by
acidolysis and esterification with pentafluorophenyl trifluoro-
acetate gave the Pfp-ester 11 which was used to acylate primary
amine 7 to give dimer 12.

UV thermal denaturation experiments were then carried out
with an equimolar mixture of T5-POM 3 and poly(rA) (Table 1).
At pH 7, 0.12 M K+ a single hyperchromic shift was observed
with a melting temperature (Tm) of 49 °C (ca. 10 °C per base).
In comparison, native d(T)5 showed no hyperchromic shift with
poly(rA), above 8 °C under identical conditions, whilst d(T)20
formed a duplex with poly(rA) with a Tm of 42 °C (2.1 °C per
base). Peptide nucleic acid (PNA) lys-T5-lysNH2 exhibited only
slightly higher affinity for poly(rA) (Tm = 56 °C). Furthermore,
no hyperchromic shifts were observed for T5-POM 3 with non-
complementary poly(rC), (rG) and (rU), whilst Job plots of 3
with poly(rA) revealed a 1+1 binding stoichiometry consistent
with the formation of a Watson–Crick base paired duplex.

† Electronic supplementary information (ESI) available: UV thermal
denaturation curves, Job plots and SPR sensograms for TS-POM 3 binding
to DNA and RNA. See http://www.rsc.org/suppdata/cc/b0/b006903p/

Scheme 1

Scheme 2. Reagents and conditions: i, LiBH4 (2 eq.), THF, 0 °C ? rt, 15
h, 69%; ii, phthalimide, PPh3, DEAD (all 1.3 eq.) in THF, 215 °C ? rt, 15
h, 63%; iii, 25–30% aq. MeNH2, 1 h, 40 °C, 89%; iv, bromoacetic anhydride
(1 eq.), AcCN–CH2Cl2, 28 °C ? rt, 5 min, 97%; v, CH2Cl2–CF3CO2H
(2+1), 4 h, 86%; vi, tert-butyl bromoacetate (1.5 eq.), DIPEA (3 eq.), DMF,
0 °C ? rt, 18 h, 92%; vii, CH2Cl2–CF3CO2H (4+1), 3 h, then pyridine (2
eq.), CF3CO2Pfp (1.2 eq.), DMF, 2 h, 78%; viii, 8 + 9 (1+1), DIPEA (3 eq.),
DMF, rt, 18 h, 98%; ix, 7 + 11 (1+1) CH2Cl2, rt, 3 h, 100%; x, CH2Cl2–
CF3CO2H (4+1), rt, 4 h, then DIPEA (5 eq.), DMF, 9, rt, 97%; xi and xii,
repeat conditions for 12 ? 13, 96 and 91%; xiii, MeOH–H2O (1+1)
saturated with HCl(g), rt, 2 h, 95%. DIPEA = diisopropylethylamine, Pfp =
pentafluorophenyl, Phth = phthalimide, T = thymidyl. New compounds
were characterised by 1H and 13C NMR, IR, UV, MS, mp, [a]D.
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Surprisingly however, increasing the salt concentration resulted
in slightly higher Tm values. This is in contrast to other cationic
modified oligonucleotides that show a marked decrease in
duplex and triplex stability with RNA and DNA at higher salt
concentration, which is attributed to a reduction in the
electrostatic attraction between the oppositely charged back-
bones.3 The Tm of 3 with poly(rA) was also highly dependent on
pH with more stable duplexes formed at lower pH. This
suggests that the extent of protonation of the nitrogen atom of
the pyrrolidine ring, is important for binding to RNA. However,
factors other than electrostatic attraction, perhaps conforma-
tional changes brought about by protonation, are more likely to
be the cause of increased duplex stability.

Remarkably no melting was observed between T5-POM 3
and equimolar poly(dA) under identical conditions. Only after a
five-fold increase in concentration of both 3 and poly(dA)
followed by an extended period of incubation (48–96 h) was it
possible to observe melting, suggesting T5-POM binds much
more slowly to poly(dA) than poly(rA). On the other hand the
affinity of 3 for poly(dA) was considerably higher than for
poly(rA) (Tm = 57 °C, pH 7, 0.12 M K+), whilst lys-T5-lysNH2
PNA exhibited a lower affinity for poly(dA). Noticeably upon
increasing the salt concentration (0.62 M K+) or lowering the
pH to 6, two melting temperatures were observed consistent
with triple helix to duplex and duplex to single strand
transitions. Job plots of 3 with poly(dA) indicated a 2+1 (T+A)
binding stoichiometry consistent of triplex formation.

To investigate the difference in the association kinetics of T5-
POM 3 with DNA and RNA, the change in A260 with time was
recorded immediately following mixing of equimolar amounts
of the polyadenylates with 3 (Fig. 1). With poly(rA) at pH 7,
0.12 M K+ and a base concentration of 42 mM for each oligomer,
a 29% hypochromic shift was observed with a t1/2 for
association of ca. 7 min. Under identical conditions no
hypochromic shift was observed with poly(dA) even after 15 h.
However, increasing the concentration of both T5-POM 3 and
poly(dA) fivefold resulted in a moderate 6% hypochromic shift
with a t1/2 of at least 30 min. This clearly shows that T5-POM 3
binds much more slowly to poly(dA) than (rA). It was also
apparent from these experiments that T5-POM binds faster to
poly(rA) at lower pH and salt concentration, suggesting that
electrostatic attraction increases the rate of association.

The high affinity, sequence specific binding and relative rates
of association of T5-POM 3 with DNA and RNA were
confirmed using surface plasmon resonance (SPR). In these
experiments 5A-biotinylated d(A)20, r(A)20 and a mixed se-
quence DNA 30–mer were immobilised via streptavidin into a
dextran matrix upon a gold surface. A solution of T5-POM 3

was then injected across each surface and the SPR response was
measured against time (see ESI†). This revealed that 3 does bind
strongly to both d(A)20 and r(A)20 but associates faster with
r(A)20 than d(A)20. Significantly, the response sensogram of the
mixed sequence DNA was identical to the control non–
derivatised surface.

In conclusion we have introduced a novel class of modified
nucleic acids with a pyrrolidine–amide backbone and shown
that the pentamer T5-POM 3 binds sequence specifically to both
ssDNA and ssRNA with an affinity that is much higher than
native nucleic acids. Furthermore, T5-POM binds much faster to
ssRNA than ssDNA. Other oligonucleotides such as 2A,5A-linked
RNA and DNA exhibit a thermodynamic binding selectivity for
native ssRNA over ssDNA,8 but as far as we are aware T5-POM
is the first modified oligonucleotide that can kinetically
discriminate between the two. This kinetic preference may be
due to folding of the polyadenylates induced by base pairing
with T5-POM, given that RNA would be expected to fold more
readily than DNA. In addition the formation of tertiary
interactions could also explain the high stability of T5-POM
complexes with complementary nucleic acids. The synthesis of
longer mixed sequence POMs, using solid phase methods, is
underway in order to explore the generality of these findings.
We thank the EPSRC for a studentship to D. T. H.

Notes and references
1 J. F. Milligan, M. D. Matteucci and J. C. Martin, J. Med. Chem., 1993,

36, 1923; A. De Mesmaeker, R. Häner, P. Martin and H. E. Moser, Acc.
Chem. Res., 1995, 28, 366.

2 B. Cuenoud, F. Casset, D. Hüsken, F. Natt, R. M. Wolf, K.-H. Altmann,
P. Martin and H. E. Moser, Angew. Chem., Int. Ed., 1998, 37, 1288; L. E.
Heystek, H.-Q. Zhou, P. Dande and B. Gold, J. Am. Chem. Soc., 1998,
120, 12 165; T. Horn, S. Chaturvedi, T. N. Balasubramaniam and R. L.
Letsinger, Tetrahedron Lett., 1996, 37, 743.

3 (a) R. O. Dempcy, K. A. Browne and T. C. Bruice, J. Am. Chem. Soc.,
1995, 117, 6140; (b) B. A. Linkletter, I. E. Szabo and T. C. Bruice,
J. Am. Chem. Soc., 1999, 121, 3888; (c) D. P. Arya and T. C. Bruice, J.
Am. Chem. Soc., 1998, 120, 12 419; (d) M. D’Costa, V. A. Kumar and
K. N. Ganesh, Org. Lett., 1999, 1, 1513.

4 T. Furuya, S. Fujita, S. Iwanami, A. Takenka and Y. Sasada, Acta
Crystallogr., Sect. C, 1986, 42, 1345.

5 E. A. Green, R. D. Rosenstein, R. Shiono, D. J. Abraham, B. L. Trus and
R. E. Marsh, Acta Crystallogr., Sect. B, 1975, 31, 102.

6 A. De Mesmaeker, A. Waldner, J. Leberton, P. Hoffmann, V. Fritsch,
R. M. Wolf and S. M. Freier, Angew. Chem., Int. Ed. Engl., 1994, 33,
226.

7 G. L. Baker, S. J. Fritschel, J. R. Stille and J. K. Stille, J. Org. Chem.,
1981, 46, 2954; G. Lowe, T. Vilaivan, J. Chem. Soc., Perkin Trans. 1,
1997, 539.

8 P. A. Giannaris and M. J. Damha, Nucleic Acids Res., 1993, 21, 4742;
T. L. Sheppard and R. C. Breslow, J. Am. Chem. Soc., 1996, 118,
9810.

Table 1 Transition melting temperatures (Tm) of T5-POM 3 with poly(rA)
and poly(dA).

Tm/°C

[K+]/M pH Poly(rA)a Poly(dA)b

0.12 7.0 49 (56)c 57 (48)c

0.22 7.0 52 n.d.d
0.62 7.0 54 42, 66e

1.20 7.0 55 61
0.12 8.0 45 n.d.d
0.12 7.5 46 n.d.
0.12 6.5 54 n.d.
0.12 6.0 57 35, 64e

a T5-POM 3 and poly(rA) (42 mM each in bases) in 10 mM K2HPO4(total
volume 1 cm3) adjusted to the appropriate ionic strength and pH. UV
absorbance (A260) was recorded with heating at 5 °C min21 from 25 to
93 °C, cooling at 0.2 °C min21 to 15 °C and heating at 0.2 °C min21 to 93
°C. The Tm was determined from the first derivative of the final slow heating
curve. b 3 and poly(dA) (210 mM each in bases) in 10 mM K2HPO4 (total
volume 0.2 cm3) were incubated for 48–96 h at 25 °C, diluted to 1 cm3

adjusting to the appropriate ionic strength and pH, cooled to 15 °C at 1 °C
min21, heated at 0.2 °C min21 to 93 °C from which the Tm was measured
as above. c Tm values for lys-T5-lysNH2 PNA (PE Biosystems). d Tm not
determined. e Two transitions observed.

Fig. 1 Normalised UV absorbance (A260) of T5-POM 3 with poly(rA) and
(dA) vs. time at 25 °C. 3 and poly(dA) (42 mM each in bases), 0.12 M K+,
pH 7 (2); 3 and poly(dA) (210 mM), 0.12 M K+, pH 7 (8); 3 and poly(rA)
(42 mM), 0.22 M K+, pH 7 (:) ; 3 and poly(rA) (42 mM), 0.12 M K+, pH 7
(5); 3 and poly(rA) (42 mM), 0.12 M K+, pH 6 (-).
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New N-methylimidazole-functionalized gold clusters 2 cata-
lyze, in 6+4 methanol–water solution, the cleavage of
2,4-dinitrophenyl acetate with more than an order of
magnitude rate acceleration with respect to acetyl-N-
methylhistamine 3; comparison with dodecanoyl-N-me-
thylhistamine 4 comicellized with Brij 35 reveals that 2 is
still a better catalyst than the comicellar system and
highlights analogies and differences between the two sys-
tems.

The last few years have witnessed a growing interest in
nanomaterials for their potential applications ranging from
catalysis to technology. Among them monolayer-protected gold
clusters (Au-MPCs) appear particularly promising. Since the
seminal work by Brust, Schiffrin et al.1 these materials can be
easily obtained as systems which are stable,2 soluble in organic
solvents (according to the properties of the protecting mono-
layer) and rather monodisperse in size. However, in spite of
these interesting properties, reports concerning applications of
Au-MPCs in catalysis are rather limited. In particular, the
potential for cooperativity between several functional groups
assembled on gold nanoclusters has not been specifically
exploited so far. This communication addresses these aspects of
Au-MPCs.

The conventional preparation procedure of the nanoparticles
calls for the synthesis in situ by reduction of an Au(III) salt in the
presence of the functional thiol derivative, followed, when
required, by further derivatization3 or by solution exchange of
hydrocarbon-protected Au-MPC with a suitable functional
thiol.4 Following this latter approach we have first prepared
gold nanoparticles protected with a monolayer of dodecanthio-
lates (C12) according to the detailed protocol reported by
Murray and coworkers.5 The resulting Au-MPC-C12 proved to
be rather monodisperse by transmission electron microscopy
(TEM) with an average core diameter of 2.2 ± 1.0 nm. This
result, combined with the elemental analysis, indicates that the
clusters are composed mainly of Au225(C12)90. Subsequently,
we accomplished the place-exchange reaction4,6 by codissolv-
ing MPC-C12 and thiol 1† in dichloromethane–methanol (1+1)
under an entering+exiting ligand ratio of 1+1.5. The resulting
material was purified by exclusion chromatography [Sephadex
LH-60, CH2Cl2–MeOH (1+1)]. Proton NMR spectra‡ reveal
that the obtained Au-MPC comprises a 1+1 mixture of
dodecane- and N-methylimidazole-functionalized thiolates.
TEM measurements show that during the place-exchange
process the average dimension of the gold core remains
unchanged while the size distribution becomes slightly larger.
The presence of a 1+1 mixture does not necessarily mean a
random distribution. As recently reported,7 in solution there
may be rearrangement of thiols on the Au surface.

In the design of 2 our specific goal was the realization of a
catalytically active Au-MPC for the cleavage of a carboxylate
ester. Furthermore we wanted to verify the possibility of
cooperativity of the active functional groups because of their
confinement on the surface of Au-MPC 2. For this purpose
imidazole (or N-methylimidazole) appeared to be a suitable

candidate because of its key role as a catalyst in many hydrolytic
systems where cooperativity between two such units has been
reported.8,9

Cleavage of 2,4-dinitrophenyl acetate (DNPA), as a model
ester, was studied in a methanol–water (6+4) solution, in which
the new MPCs 2 are fully soluble, in the pH range 4.5–7.2. The
reactions were monitored by UV–VIS following the formation
of the 2,4-dinitrophenolate at 400 nm and 25 °C. For
comparison purposes acetyl-N-methylhistamine 3 was also used
as a reference monomeric catalyst.

The dependence of the second order rate constant, k2,§ with
pH for Au-MPC 2 and monomeric catalyst 3 is shown in Fig. 1
where the remarkable rate acceleration exerted by the nano-

Fig. 1 pH dependence of the second order rate constants for the hydrolysis
of 2,4-dinitrophenyl acetate in MeOH–H2O (6+4) in the presence of Au-
MPC 2 (-) or of the model system 3 (5). The solid curves are the best
fitting of the experimental points.
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particles relative to 3 can be readily appreciated. Although the
pKa of N-methylimidazole of 2 could not be determined because
of its insolubility at the high concentration required for the
potentiometric titration, it is likely to be similar to the value
(6.2) determined for 3 in the solvent mixture employed for the
kinetic experiments. The low dependence of k2 from pH in the
pH range 5–7, with a small maximum in the proximity of the
pKa, supports cooperativity between two methylimidazoles in
the DNPA cleavage by the nanocluster (general acid/general
base or nucleophilic catalysis). The solid curves of Fig. 1
represent the computer-generated best fitting of the experi-
mental points assuming a cooperative process (Au-MPC) and
nucleophilic catalysis (3). A fair comparison between the two
systems can be made at the pH values of the maxima of the two
curves (pH 7.2 for 3 and 6.1 for 2). Under these conditions the
nanoclusters-catalyzed process is ca. 30 times faster than that
using monomeric 3. The kinetic behavior is very similar to that
reported by the group of Baltzer8 who studied four helix bundle-
forming hydrolytic peptides bearing multiple imidazole side
arms where cooperativity had been clearly demonstrated.

We note here that the system is really catalytic as all kinetic
reactions were performed using an excess substrate (up to 7+1)
over catalyst and the kinetic profile followed, in all cases, a well
behaved pseudo-first-order process accounting for all added
substrate.

Because gold nanoclusters 2 present structural analogies with
a micellar aggregate we also tested the lipophilic N-methylhista-
mine derivative 4 in Brij 35 comicelles. As expected, micellar
aggregates exist only in aqueous solution and not in the
methanol–water mixture used for the study of 2, as the
hydrophobic effect that is at the basis of monomer aggregation
vanishes in this solvent. Consequently, the catalytic efficiency
in the mixed solvent is rather poor and similar to that of 3.
Comicellar 4/Brij 35, however, binds DNPA in water (pH 6.3)
with Kb = 40 M21 and, in this solvent, accelerates the rate of its
cleavage with klim, the pseudo-first-order rate constant for the
fully bound substrate, of 2.5 3 1022 s21. The comparison
between the two systems is complicated by the fact that, because
of the mixed solvent and the very low concentration of 2 used,
the Au-MPCs are not expected to significantly bind the
substrate. For this reason we have determined the second-order
rate constant for the micellar system at very low surfactant
concentration in the linear part of the rate vs. concentration
profile above the critical aggregate concentration. At pH 6.2 the
rate acceleration over that of the monomeric catalyst 3 is 35 for
2 and 22 for the comicelles indicating a slightly better efficiency
of the Au-MPCs.

In conclusion we have reported the very first example of
functional gold nanoclusters which are catalytically active in the
hydrolysis of an activated ester. These systems present
analogies with micellar aggregates although they exist under
solvent conditions where micelles do not survive. Furthermore,
the cooperative effects of the functional moieties may be
exploited at very low concentration of the catalyst because the
nanocluster does not require the critical aggregate concentration

necessary for the formation of micelles. As for these properties,
Au-MPCs resemble dendrimers, although the synthetic effort
required for their formation is much less demanding. We
believe that these systems present great potentialities as
catalysts, and work aimed at the realization of new Au-MPCs
bearing different functional groups, as well as small peptides, is
in progress in our laboratory.

We are indebted to Professor P. Tecilla for helpful discus-
sion.

Notes and references
† 1 was obtained by hydrolysis of the thioacetylated precursor: dH(250
MHz, CDCl3) 1.20–1.40 (m, 14H), 1.43–1.65 (m, 4H), 2.15 (t, 2H, J 7.67),
2.52 (q, 2H, J 7.43), 2.72 (t, 2H, J 6.02), 3.52 (q, 2H, J 6.02), 3.64 (s, 3H),
6.5 (br, 1H, NH), 6.66 (s, 1H), 7.34 (s, 1H). dC(62.9 MHz, CDCl3) 24.65,
25.71, 28.35, 29.04, 29.27, 29.37, 29.47, 34.03, 35.76, 36.52, 38.2, 118.19,
133.55, 134.75, 174.29. IR (film on KBr) n/cm21: 3333, 2917, 2850, 2613,
1738, 1640, 1543, 1471, 1423, 1170, 717, 625.
‡ dH(250 MHz, CD3OD) 0.96 (br s, 3H), 1.08–2.10 (br, 44H), 2.23 (br, 2H),
2.90 (br, 2H), 3.49 (br, 2H), 3.90 (br, 3H), 7.32 (br, 1H), 8.57 (br, 1H).
dC[600 MHz HMQC (13C–1H), 400 MHz HMBC (13C–1H), CD3OD] 15.01,
24.27, 26.91, 27.47, 29.79, 30.56, 31.27 (br), 33.59, 35.84, 37.56, 39.63,
121.27, (C5-Im, 7.32), 135.14 (C4-Im), 137.26 (C2-Im), 176.42 (CNO). IR
(film on KBr), n/cm21: 3467, 2919, 2849, 1644, 1465, 1415, 1261, 1167,
1021, 722, 624. Anal Calc. for Au225(C30H57N3OS2)45: C, 23.66; H, 3.77;
N, 2.76; S, 4.21. Found: C, 23.57; H, 3.44; N, 2.50; S, 4.24.
§ Standard reaction conditions are: [DNPA] = 3.35–10.8 3 10–5 M, [MI]
= 1.54 3 1025 M ([MI] is the molar concentration of methylimidazole or
the methylimidazole head group in Au-MPC. The nanoparticle concentra-
tion is ca. [MI]/45), 25 °C in MeOH+H2O (6+4). [Buffer] = 2 3 1022 M.
Buffers used were: AcO2/AcOH pH 4.75, 5.21, 5.5; MES pH 5.98, 6.33,
6.47, 6.76 and HEPES pH 7.21; k2 = (kobs2 k0)/[MI]. For reference kobs/k0

(pH 6.5 at the above concentration) were ca. 1.3 and 10 for 3 and 2,
respectively, with k0 = 2 3 1025 s21.
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A common tetrameric supramolecular synthon and an
unexpected isostructurality reveal similarities between the
crystal structures of three related cyclopentane derivatives
fused together by OH…O and NH…O hydrogen bonds.

Since the fundamental statements of Lehn1 the concept that
crystals are solid state supermolecules built by connecting
molecules with intermolecular interactions has been widely
accepted by both organic and structural chemists. In particular,
Desiraju2,3 has made relevant contributions to this concept by
classifying the governing principles of supramolecular chem-
istry. He distinguishes anisotropic long range forces (hydrogen
bonds) from the similarly important isotropic van der Waals
forces. The magnitude of the latter is proportional to the size of
the molecule.4 From this it follows that packing similarities
between crystals of small molecules can primarily be attributed
to directional interactions. A basic description of these
similarities can be given by means of supramolecular syn-
thons.2,3 When similarities, expressed by synthons and/or the
corresponding graph set notations,5 extend to the three dimen-
sional arrangement of the molecules, crystals may be homo- or
even isostructural.6,7 Present work demonstrates an inherent
relationship between graph set notations, synthons and iso-
structurality.

Crystal structures of three chemically-related small mole-
cules A, B and C exemplify:

(1) a common tetrameric supramolecular synthon which estab-
lishes a genetical connection between the structures of
diastereomers A and B. They crystallize with the two most
frequently occurring space groups in CSD,8 i.e. P21/c
(20%) and P1̄ (35.5%).

(2) an unprecedented form of isostructurality discovered be-
tween the monoclinic (P21/c) structures of B and its tert-
butyl-free derivative C. The isostructurality6 of two small
molecules differing substantially both in volume (by
33.5%) and shape forced us to reconsider the early view of
Kitaigorodskii9 on the conditions and limits of isomor-
phism.

The three crystal structures† A, B and C have a common
OH…ONC (No. 1), and an alternative (ONC)–XH…OH (X = O
for A and B, or NH for C) hydrogen bond (No. 2), respectively.
In structure C there is an additional –NH…ONC(–NH2)
hydrogen bond (No. 3). Structure A, with space group P1̄, is
composed from pairs of parallel and infinite rows of the ‘all-cis’
diastereomers A bound by the hydrogen bonds No. 1 [Fig. 1(A)].
Each row is homochiral and an enantiomer of the other. Each
enantiomer pair is fused together by the No. 2 hydrogen bonds

around an inversion center located at 0, 1⁄2, 1⁄2, closing a
12-membered ring described by graph set notation R2

2(12). This
very closed pattern of the No. 1 and 2 hydrogen bonds
topologically hinders the formation of the most common
synthon 12 between the well separated carboxyl groups. Instead
of synthon 1 (Fig. 2), there is a second ring described by the
R4

4(12) graph set notation which is enlarged by two additional
–OH moieties from a third and fourth molecule,10 respectively.
This tetrameric synthon (Fig. 2) is located around the inversion
center at 1⁄2, 1⁄2, 1⁄2 and repeated by unit translation.

The triclinic P1̄ structure of diastereomer A is a par
excellence case of the simplest molecular self-complementarity.
Similarly, diastereomer B builds up a canonical structure with
the most common space group P21/c. In structure B [Fig. 1(B)]
hydrogen bonds No. 1 link the glide plane-related molecules
parallel with the c axis. Pairs of parallel but folded and
heterochiral rows are held together by the same tetrameric
synthons recognized in the triclinic structure A. The R4

4(12)
rings are closed around inversion centers at 0,0,0, 0,0, 1⁄2, etc.
The ‘homochiral parts’ of this network are constructed by the
No. 2 hydrogen bonds around the screw axes at 0,0,1⁄4, 0,0,3⁄4,
etc., forming infinite helices around the b axis. Thus, the infinite
ribbons in structure A maintained by centres of inversion and

Fig. 1 Stereoview of the structures A, B and C. In A, projected in the (21,
21,0) plane for clarity, hydrogen bonds form C(6) chains and R2

2(12)
dimers. The generated R4

4(12) rings – identified as a tetrameric synthon –
can also be recognized in structures B and C related by visible degree of
isostructurality.
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translation are self-organized into 2D-stacks in structure B by
the homochiral screw axes and heterochiral glide planes. They
jointly generate centres of inversion surrounded by the
supramolecular synthons 1*. From structure A it follows that
the formation of this synthon is sterically preferred. Mutatis
mutandis [i.e. R2

2(12) dimers of A are replaced by C(6) helices]
this conclusion is also valid for structure B. This underscores
the genetic relationship between these structures which can be
regarded as configurational polymorphs.11 The close relation-
ship between their space groups P1̄ and P21/c is also shown12 by
migration and multiplication of pseudo-symmetries 21* and c*
in oblique unit cells with space group P1̄ and Z = 8.

Interestingly, the higher (P21/c) and the lower (P1̄) degree of
self-complementarity exhibited by the B and A molecules
equally result in the same packing coefficient13 (0.68) for
structures B and A. Nevertheless, the predominance of the
monoclinic molecular array over a triclinic close packing is
shown by the structure of molecule C [Fig. 1(C)]. It is a
truncated (i.e. tert-butyl moiety-free) form of both diaster-
eomers A and B and instead of a CO2H group it possesses a
CONH2 moiety. However, B and C are homostructural6,7 (Fig.
1) which implies that the tetrameric synthon is also retained.
Naturally, owing to the OH ? NH2 replacement, now it is the
enlarged form of the dimeric supramolecular synthon 3 (Fig. 2).
From these it follows that the directional4 hydrogen bond
network in structure B is so stable that it survives the
elimination of the bulky tert-butyl moiety. In other words, in
special circumstances a small molecule such as B can maintain
nearly isostructural close packing with an even smaller
molecule C. Even the presence of an additional supramolecular
synthon 4 (Fig. 2) built by hydrogen bond No. 3 cannot alter this
pattern either.

The supramolecular synthon 1* or 3* is a common hallmark
of the structural similarity shown by these related structures. It
can be attributed to their special feature, i.e. two pairs of donor/
acceptor functions maintaining the most common supramo-

lecular cements, the OH…O and NH…O hydrogen bonds,
which are located in the vicinal position on a small but flexible
(pseudo-rotation) spacer. The synclinal position of the 1,2-cis-
substituents on the flexible cyclopentane ring provides genuine
steric conditions to the observed supramolecular arrangement.

This raises the question, how does the cis?trans isomeriza-
tion of the vicinal functions modify the close packing found in
these structures? Moreover, how does the migration of the bulky
tert-butyl moiety influence the pattern so stable in structure B?
Modeling of structure B with molecules A revealed that such a
packing is hindered by very short H…H contacts (ca. 1.15 Å).
These and further questions will be answered in a full paper14 to
be published elsewhere.

Authors thank Professor G. Bernáth (University of Szeged,
Hungary) for the crystals and acknowledge support of the
Hungarian Research Fund (Grant No. OTKA T023212).

Notes and references
† Crystal data: Enraf-Nonius CAD-4, Mo-Ka radiation for A, Cu-Ka
radiation for B and C.

For A: C10H18O3, M = 186.24, colorless block, triclinic, space group P1̄,
a = 5.931(1), b = 6.200(1), c = 15.591(3) Å, a = 84.30(4), b = 89.97(4),
g = 62.28(4)°, V = 516.0(2) Å3, Z = 2, Dc = 1.199 Mg m23, m = 0.087
mm21, T = 293 K, R(F2) = 0.0477, R(wF2) = 0.1249, Rtot = 0.091, No =
2998, No/Nv = 24.2.

For B: C10H18O3, M = 186.24, colorless block, monoclinic, space group
P21/c, a = 16.862(2), b = 6.104(1), c = 10.519(3) Å, b = 107.03(4)°, V
= 1035.2(4) Å3, Z = 4, Dc = 1.195 Mg m23, m = 0.704 mm21, T = 293
K, R(F2) = 0.0541, R(wF2) = 0.1415, Rtot = 0.0732, No = 2084, No/Nv =
16.6.

For C: C6H11NO2, M = 129.16, colorless block, monoclinic, space group
P21/c, a = 11.693(2), b = 7.225(1), c = 7.902(2) Å, b = 103.70(3)°, V =
648.6(2) Å3, Z = 4, Dc = 1.323 Mg m23, m = 0.819 mm21, T = 293 K,
R(F2) = 0.0406, R(wF2) = 0.1238, Rtot = 0.0437, No = 1274, No/Nv =
15.2.

CCDC 182/1800. See http://www.rsc.org/suppdata/cc/b0/b005422o/ for
crystallographic files in .cif format.
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Fig. 2 The tetrameric synthon found in structures A and B. In C, –CO2H
groups are replaced by –CONH moieties. 1, 3 and 4 are the most common
supramolecular synthons as labelled by Desiraju.2
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Various binding modes of 4,4A-bipyridine N,NA-dioxide (L)
for crystal engineering are demonstrated in the complexes
[Zn(MeOH)2L3](SiF6)·3MeOH and [ZnL6](NO3)2, which in-
clude examples of M–L coordination bonds, hydrogen-
bonding and p–p stacking interactions.

4,4A-Bipyridine and its analogues containing two 4-pyridyl
donor units have been found to be useful bridging ligands in the
construction of inorganic networks and crystal engineering, and
this has resulted in a plethora of extended assemblies including
helical networks and diamondoid, honeycomb, square-grid,
ribbon, grid, T-shaped, ladder, brick wall and octahedral
frameworks.1,2 We demonstrated recently the use of 4,4A-
bipyridine N,NA-dioxide (L) in the construction of lanthanide
coordination polymers with unusual 2- or 3-D networks.3 We
now extend this work to d-block elements and confirm that L
and related N-oxide ligands have enormous potential for the
construction of unusual networks incorporating these metal
ions. We report herein two Zn(II) complexes, [Zn(MeOH)2-
L3](SiF6)·3MeOH 1 and [ZnL6](NO3)2 2, which contain four
different connection modes of L via M–L coordination,
hydrogen-bonding and p–p interactions. While 1 has a 3-D
open-framework structure whose large pores accommodate
methanol solvent molecules, 2 is a mononuclear complex which
forms 2-D layers via extensive p–p stacking interactions.

Compounds 1 and 2 were prepared by mixing methanolic
solutions of Zn(SiF6) or Zn(NO3)2, respectively, and 4,4A-
bipyridine N,NA-dioxide.‡ Crystals of 1 were found to be
unstable in air and decayed quickly via solvent loss. X-Ray
analysis of 1 confirms a polymeric structure based on networks
of six-coordinate Zn(II) centres linked by 4,4A-pyridine N,N’-
dioxide ligands.§ The Zn(II) ions have an octahedral environ-
ment provided by four oxygen atoms from four different N-
oxide ligands and two others from coordinated molecules of
MeOH. The 4,4A-bipyridine N,NA-dioxide ligands bridge metal
centres directly or through combinations of M–L coordination
and hydrogen bonds in three distinct fashions A (AA), B and C
as shown in Scheme 1 and Fig. 1. The 4,4A-bipyridine N,NA-
dioxide ligands therefore sustain a 3D framework structure
through four different linkages. If coordination bonds (A or AA)
are taken into account alone the structure can be considered as
having a two-dimensional brick-wall (6,3) topology. Linkages
of type A and AA propagate along the a and b axes, respectively,
and are chemically equivalent but crystallographically different,
the latter having an inversion centre at its midpoint. Ligand A is
slightly bent, with the two pyridyl rings twisted by 17.9° and
bridging two Zn(II) centres separated by 12.7 Å. Ligand AA is
planar by symmetry and bridges two Zn(II) centres lying 12.3 Å
apart. Ligands adopting connection mode C modify the two-
dimensional framework by joining the nodes at the centres of
the long sides of the rectangle (i.e. across the centre of the
“brick” in the brick-wall structure) to form a square grid

network of (4,4) topology. Strong hydrogen-bonding is con-
firmed by the short O…O separation [2.571(7) Å] within the O–
H…O unit in mode C. Ligands involved in connection mode B
[O…O separation 2.652(6) Å] join sheets to build up a 3-D open
network with channels of dimensions 10.2 3 14.2 Å extending
along the c axis (Fig. 2).

4,4A-Bipyridine and its analogues containing two 4-pyridyl
donor units can also adopt these coordination modes when
forming complexes with either lanthanide4,5 or d-block metals6

but no examples of all three modes occurring in the same
compound have been reported previously. The coexistence of
three coordination modes for such a bidentate ligand is unique
and indicates a real versatility in coordinative behaviour for N-
oxide ligands.

Compound 2 is composed of discrete [ZnL6]2+ cations and
uncoordinated nitrate anions. The Zn(II) centres are octahedral
with a ZnO6 environment, the six oxygen donors being derived
from six different terminal 4,4A-bipyridine N,NA-dioxide ligands.
The Zn(II) centre occupies a crystallographic inversion centre
which results in three crystallographically independent ligands

† Electronic supplementary information (ESI) available: molecualr struc-
tures and labelling schemes for complexes 1 and 2. See http://www.rsc.org/
suppdata/cc/b0/b006679f/

Scheme 1 Modes of connection observed in compounds 1 and 2.

Fig. 1 View of the sheet observed in compound 1. The [SiF6]22 anion,
methanol solvent molecules and hydrogen atoms are omitted for clarity.
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with Zn–O bond lengths falling in the range
2.063(3)–2.109(3) Å, typical for Zn(II) complexes of pyridine
N-oxide.7 The pyridyl rings within each of these ligands are
twisted with respect to each other, the twist angles ranging from
13.0 to 28.5°. To our knowledge this is the first example of a
mononuclear complex of the 4,4A-bipyridine N,NA-dioxide
ligand, which normally acts as a bridge between metal ions,
either though M–L coordination or hydrogen bonds.3

Although all six 4,4A-bipyridine N,NA-dioxide ligands act as
terminal ligands and the complex is mononuclear, an overall
layered polymeric structure is observed for 2 via intermolecular
p–p interactions. p–p Interactions have been used previously
for the construction of coordination networks from discrete
molecules,8 but the mode found here is unique (Fig. 3). The six
ligands are distributed alternatively in two planes around the
Zn(II) centre so that the molecule has approximate D3h
symmetry. Each complex cation is involved in six ligand-to-
ligand p–p interactions (mode D, Scheme 1) with six adjacent
coplanar molecules to give an unprecedented (3,6) two-
dimensional sheet. The plane/centroid distances for these p–p
interactions are in the range 3.27–3.39 Å. It is important to note
that the use of 4,4A-bipyridine N,NA-dioxide is crucial here; not
only do the reduced steric requirements of the N,NA-dioxide
ligand, compared with 4,4A-bipyridine, allow coordination of six
ligands around the metal centre, but the angle subtended at the
O-donor (the Zn–O–N bond angles for 2 range from 124.4 to

129.2°) is necessary to allow the construction of the two-
dimensional sheet. These differences between donors based on
bipyridine and those derived from bipyridine N,NA-dioxide are
crucial to the differing roles they can play in coordination
polymer chemistry.

Furthermore, comparison of the structures of 1 and 2 gives
insight into the templating role of the anion in the construction
of coordination polymer networks.9 Thus for example in 2, the
nitrate anion appears to template the formation of a network of
trigonal symmetry (Fig. 3) of specific stoichiometry. Efficient
space-filling enables dense-packing to leave small trigonal
holes that accommodate nitrate anions. Significantly, the
formation of compound 2 is independent of M+L ratio, and is
obtained even when a ratio of M+L ratio of 1+2 is used. The
influence of the anion, therefore, appears significant enough to
influence the oberved coordination of the bridging ligand and
stoichiometry of the product isolated. Current works seeks to
investigate further the binding of N-oxide ligands to d-, f-block
and other elements.

This work is supported by the Royal Society K.C. Wong
Fellowship and EPSRC. We acknowledge the use of the EPSRC
National Service for crystallography at the University of
Southampton.
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Zn(NO3)2·6H2O, colourless crystals growing over several days.
§ Crystal data: for 1: C35H44F6N6O11SiZn, M = 932.22, monoclinic, space
group P21/c (no. 14), a = 10.174(3), b = 28.313(5), c = 13.865(4) Å,
b = 92.06 (3)°, U = 3991(2) Å 3, T = 150(2) K, Z = 4, m(Mo-Ka) =
0.74 mm21. 7821 unique reflections of which 5277 with Fo > 4s(Fo). Final
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For 2: C60H48N14O18Zn, M = 1318.49, triclinic, space group P1̄ (no. 2),
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Ka) = 0.55 mm 21. 6140 unique reflections (Rint = 0.099) of which 3378
with Fo > 4s(Fo). Final R1 [I > 2s(I)] = 0.069, wR2 (all data) =
0.146.

CCDC 182/1795. See http://www.rsc.org/suppdata/cc/b0/b006679f/ for
crystallographic files in .cif format.
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Fig. 2 View of the channels in compound 1. Methanol solvent molecules
and anions are highlighted by large open cycles. Hydrogen atoms are
omitted for clarity.

Fig. 3 View of the layer structure of (3,6) topology formed via p–p
interactions in compound 2. Hydrogen atoms are omitted for clarity.

2274 Chem. Commun., 2000, 2273–2274



Fluoroacetaldehyde: a precursor of both fluoroacetate and 4-fluorothreonine in
Streptomyces cattleya

Steven J. Moss,a Cormac D. Murphy,abc John T. G. Hamilton,b W. Colin McRoberts,b David O’Hagan,*ac

Christoph Schaffrathac and David B. Harper*b

a University of Durham, Department of Chemistry, Science Laboratories, South Road, Durham, UK DH1 3LE
b Microbial Biochemistry Section, School of Agriculture and Food Science, The Queen’s University of Belfast,

Newforge Lane, Belfast, UK BT9 5PX
c University of St. Andrews, School of Chemistry, Purdie Building, North Haugh, St. Andrews, Fife, UK KY16 9ST.

E-mail: david.o’hagan@st-andrews.ac.uk

Received (in Cambridge, UK) 7th September 2000, Accepted 2nd October 2000
First published as an Advance Article on the web

Fluoroacetaldehyde is converted to fluoroacetate and
4-fluorothreonine in Streptomyces cattleya indicating that it
is the biosynthetic precursor of both of these secondary
metabolites.

Organic compounds containing a C–F bond are extremely rare
in living organisms; only about a dozen have been identified,
the majority in plants.1 Fluoroacetate (FAc) 1 is the most
widespread fluorinated natural product and its biosynthesis in
plants has been the subject of investigation and some specula-
tion for the past 50 years. Despite this interest little progress has
been achieved in elucidating the mechanism of fluorination or
the metabolic route involved.2 However the discovery that FAc
1 and L-4-fluorothreonine (4-FT) 2 are secondary metabolites of
Streptomyces cattleya has provided a convenient microbial
system in which to study the biosynthesis of the C–F bond.3

Our investigations into the origin of these metabolites in S.
cattleya4–7 have consistently shown that, in terms of magnitude
and regiochemistry, isotope incorporations into C-1 and C-2 of
FAc 1 always mirror those into C-3 and C-4 of 4-FT 2 from a
given isotopically labelled precursor. This finding suggests a
single fluorination enzyme in S. cattleya. As the possibility of
direct conversion of one fluorometabolite to the other has been
eliminated,4,5 each fluorometabolite must therefore arise by
further metabolism of a common fluorinated intermediate. We
now report results which indicate that this metabolic precursor
is fluoroacetaldehyde 3.

An aqueous sample of fluoroacetaldehyde 3 was prepared by
PDC oxidation of fluoroethanol in dichloromethane, followed
by distillation of the volatiles into water. The preparation
contained both fluoroacetaldehyde 3 and fluoroethanol (ratio
~ 1+3). The fluoroacetaldehyde was characterized as the DNP
derivative.8 Incubation of resting cells suspensions7 of S.
cattleya with the fluoroacetaldehyde preparation (2 mM with
respect to fluoroacetaldehyde in 50 mM MES buffer, pH 6.5,
containing 176 mg wet wt cells ml21) resulted in the efficient
and almost stoichiometric conversion of fluoroacetaldehyde 3
to FAc 1 over a 3 h period (Scheme 1). Analysis of the culture
supernatant by 19F-NMR indicated that only the fluoroacetalde-
hyde 3 was converted to FAc 1, the fluoroethanol remaining
unmetabolised. Previous studies have demonstrated5 that
fluoroethanol is metabolically inert in S. cattleya and this was
confirmed by control experiments with resting cells which did
not reveal any oxidation of fluoroethanol to fluoroacetate. To
further investigate the conversion of fluoroacetaldehyde 3 to
FAc 1 cell-free extracts of S. cattleya were prepared with a

French press. The extract oxidised fluoroacetaldehyde to
fluoroacetate only in the presence of NAD+ (NADP+ was
ineffective), demonstrating that an aldehyde dehydrogenase
mediated the conversion. The purified enzyme9 also oxidised
acetaldehyde, chloroacetaldehyde, glycolaldehyde and propio-
naldehyde (34, 79, 116 and 30% of the enzyme activity with
fluoroacetaldehyde respectively) indicating that S. cattleya
possesses a relatively non-specific NAD+-dependent aldehyde
dehydrogenase which efficiently converts fluoroacetaldehyde 3
to FAc 1.

Sanada et al.3 proposed that 4-FT 2 might arise by an aldol
condensation between fluoroacetaldehyde and glycine, such
that the latter contributes C-3 and C-4 of the amino acid.
However, in experiments using [1-13C]-, [2-13C]- and
[1,2-13C2]-glycine we have demonstrated7 that glycine is not the
condensing nucleophile as it is not incorporated directly into C-
1 and C-2 of 4-FT 2, so at present the origin of C-1 and C-2 of
4-FT 2 is unknown. Nevertheless fluoroacetaldehyde is an
attractive precursor for C-3 and C-4 of 4-FT 2. To establish a
role for this compound in 4-FT 2 biosynthesis, its effect on 4-FT
2 production by resting cell suspensions of S. cattleya was
measured by monitoring concentrations in culture supernatants
using an HPLC assay.10 The data from this experiment are
presented in Fig. 1. When resting cell suspensions were
incubated over a period of 6 h with the fluoroacetaldehyde–
fluoroethanol preparation (176 mg wet wt cells ml21 in 50 mM
MES buffer pH 6.5, 2 mM fluoroacetaldehyde, 6 mM
fluoroethanol), 4-FT 2 concentrations increased linearly with
time ultimately attaining 49 mM. In suspensions with no
supplementation or those incubated with 6 mM fluoroethanol
alone, concentrations of 4-FT 2 did not exceed 7 mM after 6 h.
Suspensions supplemented with 2 mM NaF (the optimal F2
concentration for fluorometabolite biosynthesis4) yielded 26
mM 4-FT 2 over the same time period. When 2 mM FAc 1 was

Scheme 1

Fig. 1 L-4-Fluorothreonine 2 concentration in supernatant of resting cell
suspensions of S. cattleya after addition of (a) fluoroacetaldehyde (2 mM)–
fluoroethanol (6 mM) (:); (b) NaF (2 mM) (-); (c) fluoroacetate (2 mM)
(5); (d) fluoroethanol (6 mM) (x); (e) no supplementation (—). Data
determined by HPLC analysis.10 Error bars indicate the SD of triplicate
samples.
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incubated with cell suspensions a slight enhancement of 4-FT 2
biosynthesis was observed (19 mM after 6 h). As previous
investigations involving incubation of [2H2]-fluoroacetate with
cell suspensions of S. cattleya had demonstrated no direct
conversion of FAc 1 to 4-FT 2, this increase can probably be
attributed to defluorination of FAc 1 and subsequent de novo
synthesis of 4-FT 2 from F2. Such cell suspensions are known
to have a limited defluorinating activity with FAc 1.5 Thus
fluoroacetaldehyde clearly stimulates 4-FT 2 biosynthesis in S.
cattleya almost doubling the rate recorded in suspensions
incubated under optimal F2 concentrations, an enhancement
which is not explicable in terms of metabolism via fluor-
oethanol or fluoroacetate.

The biosynthetic relationship between fluoroacetaldehyde 3
and 4-FT 2 was further investigated using [1-2H1]-fluoro-
acetaldehyde 3a, a synthesis of which was developed, by an
adaptation of a previously reported synthetic route for iso-
topically labelled ethanol11 (Scheme 2). The [1-2H1]-fluoro-
acetaldehyde preparation contained 5% [1,2-2H2]-fluoroacet-
aldehyde as an impurity. [1-2H1]-Fluoroacetaldehyde 3a was
administered as above to cell suspensions of S. cattleya and the
incorporation of deuterium into C-3 of 4-FT 2 was monitored by
GC-MS12 over time.

The GC-MS data presented in Table 1 show substantial
incorporation of a single 2H atom into (C-2+C-3+C-4) of 4-FT
2 after 7 h. This label can only reside on the C-3–C-4 fragment
of 4-FT 1 as there is no significant labelling at C-2. During the
same time period there was also a small but significant
incorporation (1.7%) of two 2H atoms into these positions of the
amino acid. It is revealing that the ratio of M+1+M+2 for (C-
3+C-4) directly reflects the ratio ( ~ 20+1) of 2H1+2H2 label in
the fluoroacetaldehyde administered to the cells. Similar results
were obtained for the samples incubated for 20 h. These
findings provide compelling evidence that fluoroacetaldehyde 3
is incorporated as an intact unit into C-3 and C-4 of 4-FT 2.
Interestingly the incubation of resting cell suspensions with
0.25 mM chloroacetaldehyde resulted in the detection in the
supernatant of small quantities of an amino acid with a mass
spectrum similar to that predicted for 4-chlorothreonine.13 This

observation provides further support for the participation of
fluoroacetaldehyde in an aldol condensation leading to 4-FT 2
biosynthesis.

In conclusion we have demonstrated that cell free extracts of
S. cattleya contain a fluoroacetaldehyde dehydrogenase which
efficiently converts fluoroacetaldehyde to FAc 1. Fluor-
oacetaldehyde also markedly enhances the biosynthesis of 4-FT
2 by resting cells of S. cattleya. Furthermore incubation of
resting cells with 2H-labelled fluoroacetaldehyde indicates
incorporation of the compound as an intact unit into C-3 and C-4
of 4-FT 2. These observations are consistent with a role for
fluoroacetaldehyde as the common intermediate in the bio-
synthesis of both fluorometabolites and it may emerge that
fluoroacetaldehyde is the immediate post fluorination product.

We thank the BBSRC and BNFL for financial support and Dr
Harold Eccles of BNFL and Dr Roy Bowden of F2-Chemicals
for useful discussions.
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Scheme 2 i. p-Phenylphenacyl bromide, 18-crown-6, acetonitrile–toluene
(1+1); ii. LiAl2H4, diethyl ether, 2-phenoxyethanol quench, distillation; iii.
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Table 1 2H Incorporation into 4-FT 2 after labelled fluoroacetaldehyde
([1-2H]-, 95%; [1,2-2H2]-, 5%) was incubated with resting cell suspensions
of S. cattleya. The data are corrected for natural abundances. Means and
standard deviations were obtained from 10 replicate analyses

2H-Incorporation (%)

(C-1+C-2) (C-2+C-3+C-4)

Incubation time (h) M+1 M+2 M+1 M+2
7 < 0.5 < 0.5 33.5 ± 0.09 1.7 ± 0.05

20 < 0.5 < 0.5 22.4 ± 0.10 1.2 ± 0.04
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The study of the chemical processes that occur during the
synthesis of inorganic solids has attracted much recent atten-
tion. The ultimate aim of these experiments is the atomic level
understanding of reaction mechanisms which lead to the
formation of extended inorganic solids, so that rational design
of new materials can be achieved. Solid-state syntheses are
typically performed under non-ambient temperature and pres-
sures in sealed containers so specialised apparatus must be
constructed to allow us to directly probe these reaction
mixtures. We review the use of in situ powder diffraction to
investigate the formation of crystalline solids in real time, and
discuss the latest developments in the technology required for
these challenging experiments.

1 Introduction
The study of inorganic solid-state chemistry has seen a
renaissance in the last 20 years, which has in the most part been
brought about by the introduction of new techniques for
structural elucidation (CCD cameras for crystallography data
collection, and new solid-state NMR techniques, for example),
and the investigation of new preparative methods (in particular
chimie douce methods, such as hydrothermal chemistry and

sol–gel techniques).1,2 An astonishing diversity of novel
materials is presently being prepared and characterised, as
evidenced by the large numbers of published reports of new
inorganic solids. These materials can have technologically
valuable properties such microporosity, photophysical proper-
ties, electrochemical activity, superconductivity and magnetic
behaviour, and thus research in solid-state inorganic chemistry
can have significant application focus. A pressing aim of the
fundamental research in this area is a quantitative knowledge of
the mechanism of nucleation and growth of inorganic solids;
this understanding would allow the rational design of new
materials for application in the same way that the organic
chemist is able to synthesise a complex molecule by use of
specific starting materials and reaction conditions. The diffi-
culty in the rational design of new solids is largely due to the
lack of mechanistic data currently available, i.e. a quantitative
understanding at an atomic level of the chemical processes
leading to the formation of solids. This is perhaps not too
surprising since many materials crystallise from complex
heterogeneous mixtures held at elevated pressures or tem-
peratures in sealed, thick-walled reaction vessels.

This article is concerned with recent developments in the use
of powder diffraction techniques to follow the course of the
synthesis of inorganic solids in situ under real reaction
conditions. Diffraction clearly is an appropriate technique when
following the formation of a crystalline solid and as we will
demonstrate, in addition to obtaining qualitative information
about the course of a reaction and phase identification at each
step, time-resolved diffraction techniques allow quantitative
kinetic information to be extracted, since the intensity of a
Bragg reflection is directly proportional to the amount of
diffracting solid. This information is the first step in being able
to postulate reaction mechanisms.

In order to measure powder diffraction data from a reacting
mixture of chemicals at non-ambient temperatures (and often
pressures) the design and construction of specialised apparatus
is required. Powder diffraction patterns of solids under non-
ambient temperatures have been recorded since the earliest days
of X-ray diffraction,3 and the construction of furnaces for use in
diffraction experiments has been well reviewed.4 Such high
temperature diffraction techniques are now routinely used to
investigate the phase transitions and thermal stability of solids,
but when the requirement to reproduce real reaction conditions
is introduced, for example the use of a solvent or a reactive gas
atmosphere, greater constraints are placed upon the experiment.
The three most important points to consider when constructing
a reaction cell for in situ powder diffraction studies are that: (i)
the intensity of the radiation used must be high enough to
achieve good signal:noise in the diffraction data above diffuse
scatter of the amorphous components (solvent for example), (ii)
the radiation must be able to penetrate the cell walls and not be
obstructed by bulky heating devices or pressure containment,
and (iii) the experiment must be optimised to enable rapid data
acquisition for kinetic studies. We will limit our discussion to
such apparatus, and select examples of experiments that best
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illustrate the various in situ diffraction techniques currently in
use. We begin our article by briefly discussing recent experi-
ments performed using laboratory X-ray diffractometers, before
considering experiments performed at synchrotron X-ray
sources and at neutron sources.

2 In situ diffraction using laboratory X-ray
sources
Many modern laboratory diffractometers can be readily mod-
ified to enable data to be collected at elevated temperatures, and
some of the commercially available environmental chambers
can be adapted for the study of the formation of crystalline
inorganic solids. Environmental cells for studying the reactions
between mixtures of gases and solids or simply solid-solid
reactions have been most commonly described. For example
Gavra and McMurray constructed a furnace to study gas/solid
reactions at temperatures of up to 300 °C and pressures of 50
atm,5 and used the cell to study the reaction between EuNi5 and
H2 in situ at pressure of up to 50 atm, directly observing the
formation of crystalline EuNi5H5.5, a material of potential use
for hydrogen storage.6 Samples were contained in 0.3 mm
quartz capillaries. A more robust cell has been described by
Puxley et al.; their apparatus could operate at temperatures of up
1000 °C using a larger amount of solid placed on a flat plate.7
Data were collected from catalysts under reactive active gas
atmospheres, and during the solid-state reaction between SnO2

and Bi2O3. Another good example of the monitoring of a solid-
state reaction in the laboratory with powder diffraction is the
work of Bondioli et al. who studied the formation of the
ferroelectric material BaTiO3 from TiO2 and BaCO3 as a
function of temperature up to 1200 °C. They were able to show
that BaTi2O4 is present as a metastable phase at lower
temperatures, and proposed a stepwise course of reaction.8 A
recent example of the use of a laboratory diffractometer to
follow the formation of an inorganic material form a liquid
medium was described by Rathousky et al. who followed the
precipitation of the mesoporous silica MCM-41.9 This study
was performed at room temperature from a liquid/solid mixture
in a ca. 0.5 mm3 container. A small d-spacing region of
diffraction data was monitored at 130 s intervals, allowing the
appearance of the characteristic low-angle diffraction peak of
MCM-41 to be monitored in real time.

Lindén et al. also studied the formation of mesoporous
MCM-41 in the laboratory, using an ingenious tubular reactor in
which reagents were mixed and allowed to flow along the
apparatus through an X-ray diffraction cell.10 By varying the
length of the tube, or flow rate, samples of material could be
studied in situ after different periods of reaction. Although
meaningful kinetic data would be difficult to determine using
this method, the measurement of diffractograms of material
under real conditions allows the time-scale of reaction to be
judged efficiently, even for reactions taking place on in sort
times (less than 3 minutes for MCM-41). Mechanistic insight
was possible for the case of the MCM-41 preparation, since
under reaction conditions the material was observed to be less
condensed than on isolation since on removal of hydration
water de-swelling takes place.

These selected examples of the use of laboratory X-ray
diffraction to follow chemical reactions illustrate that simple
reaction cells can be constructed and mechanistic inferred
during the formation of inorganic solids using readily available
apparatus. In general, however, even with the best available
rotating anode X-ray sources the time resolution is low (data
must be collected on time-scales of minutes) and so it is difficult
to extract accurate quantitative kinetic information. In addition,
the limited range of X-ray energies available from laboratory
diffractometers places severe limits of the amount of sample
that can be studied and the size of reaction chamber used,

because high levels of X-ray absorption greatly affects the
quality of data that may be obtained from the sample within the
cell. A point to bear in mind is that when scaling reactions down
to very small quantities, genuine laboratory reactions conditions
may no longer be reproduced. Problems in sampling a
representative small portion of a mixture of reagents could arise,
especially when mixtures of solids and liquids are studied,
giving rise to results that are difficult to reproduce and/or
interpret. Nevertheless laboratory diffractometer-based studies
play a valuable rôle; they are readily available and provide a
straightforward means to begin mechanistic of reactions
producing solid materials.

3 In situ diffraction using synchrotron X-ray
sources
3.1 Monochromatic radiation (angular dispersive
diffraction)

Synchrotron-generated X-rays typically have intensity up to 10
orders of magnitude greater than the most brilliant laboratory-
generated X-rays, Fig. 1. The high flux of X-rays from a

synchrotron allows diffraction experiments to be performed
using bulky sample containers since significant attenuation of
the incident beam can be tolerated. Another advantage of
synchrotron-generated radiation is that X-rays with short
wavelengths (and hence high energies) can be utilised; these are
less absorbed than higher wavelength X-rays, and so are useful
when sample containers are must be penetrated. The experi-
mental geometry of the experiments which use monochromatic
synchrotron-generated X-rays are virtually identical to any
laboratory diffractometer, but the time taken to record a
diffraction pattern, especially when a static position-sensitive
detector is used so that all data are accumulated simultaneously,
is dramatically shortened; reactions can be followed in
milliseconds rather than minutes.

As with the experiments already discussed, much work using
synchrotron X-rays has concentrated on the reactions between
solids and gases, or solid-solid reactions. Good examples of
such experiments are those by Larsen and co-workers who
designed a cell to enable self-propagating high-temperature
syntheses to be followed in time intervals as short as 10 ms.11,12

Blocks of solid reagents (ca. 0.01 cm3) are electrically ignited
by a tungsten coil and the solid combustion reactions generate
temperatures of up to 4000 K; diffraction data are measured by
two fixed-angle detectors, each positioned to monitor an area of
interest in the diffractogram. The technique has been used to

Fig. 1 A schematic of the historical development of available brilliance of
X-rays from different sources. Brilliance is defined as number of photons
per second per square millimetre per square milliradain per 0.1%
bandwidth).
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study syntheses of the carbide TaC.13 and the ferroelectric
BaTiO3.14 In the former case, the course of reaction was
followed at 50 ms intervals and the material was observed to
form via Ta2C from Ta and C, with a total reaction time of only
50 s. This is a dramatic illustration of the power of synchrotron
techniques for in situ studies of chemical reactions.

Norby et al. have developed in the last five years a
synchrotron X-ray diffraction cell for study the hydrothermal
crystallisation of inorganic materials.15 This apparatus, Fig. 2,
uses a quartz capillary as a sample container, pressure is applied
externally to balance the pressure generated during a reaction
and a 5 mm part of the tube heated by a hot air flow (up to
250 °C when pressures of 45 atm may be produced). Rapid data
collection is made possible by use of a novel translating image
plate detector. High resolution angular dispersive data are
extracted by scanning the image plate after each experiment.
Integration of the image plate data typically gives time
resolution of 1–2 minutes.16 Norby and his collaborators have
used the apparatus to great effect in the study of the
crystallisation of metal-substituted aluminium phosphates,17–20

materials with useful catalytic properties. Fig. 3 shows typical
diffraction data measured using the technique; in this case the
crystallisation of CoAPO-5, a microporous cobalt aluminium
phosphate from an amorphous gel.19 As well as direct
observation of the time-scale of reaction, these measurements
allowed the determination of quantitative kinetic data by
monitoring the area of a Bragg reflections with time and such
data analysis has enabled rate constants to be determined, and
kinetic models for these crystallisations to be proposed.18,20 The
same hydrothermal apparatus has also been used to follow the
crystallisation of aluminosilicate zeolites21,22 and a micro-
porous manganese germanium sulfide.23 Gross et al. used a
similar cell to investigate the stability of silica/surfactant
nanocomposites, precursors to mesoporous silicas when heated
under hydrothermal conditions at 180 °C.24

The hydrothermal capillary apparatus has very recently been
developed further to allow reactions under more extreme
conditions to be studied. By using high energy X-rays ( ≈ 35
keV, l ≈ 0.32 Å) generated at the European Synchrotron
Radiation Facility, France and at Brookhaven National Labo-
ratory, USA, Norby et al. showed that it is possible to penetrate
a steel capillary.25 Time-resolved diffraction data were meas-
ured at 350 °C, 200 atm during the transformation of a zeolite
into a dense aluminosilicate. The in situ diffraction patterns
obtained were of sufficient quality to allow structural informa-
tion to be extracted by using the Reitveld method; such detailed

structural characterisation of materials under reaction condi-
tions is vital for understanding their properties.

3.2 Polychromatic radiation (energy-dispersive
diffraction)

Synchrotron-generated X-rays are produced with high intensity
over a wide energy range (typically 10 to 120 keV). This unique
feature obviously offers the possibility of selection of a specific
X-ray wavelength for any given diffraction experiment, but also
the opportunity to perform powder diffraction experiments in
the energy dispersive mode, utilising all the incident X-ray flux
in a single experiment. In the energy-dispersive X-ray diffrac-
tion (EDXRD) experiment the intensity spectrum of scattered
X-rays from the sample is measured by a fixed-angle solid-state
photon counting and energy discriminating detector, and each
Bragg reflection is characterised by an energy which is
dependent on the angle of the detector.26 Since no mono-
chromation is employed and only minimal collimation of the
incident X-ray beam is used, the flux incident on the sample is
high (ca. 1010 photons s21) and of sufficient intensity and
energy to probe large volume samples in thick-walled reaction
vessels. The geometry is particularly suitable for the use of
environmental cells, since the fixed-angle detector means that
only small windows are necessary for the passage of X-rays
through the apparatus so devices with heaters or bulky pressure
containment can easily be constructed.27 The EDXRD method
is widely used for the study of the pressure induced phase-
transitions of inorganic solids where very confined cells are
used,28 but because data acquisition can be performed in times
of the order of seconds the technique is also very useful for
kinetic studies. One particular merit of the EDXRD technique is
that reactions cells can be ‘laboratory-sized’, identical in design
to apparatus used in preparative chemistry, so that more
realistic, bulk reaction conditions are mimicked; this is in
contrast to the techniques discussed in section 2.1, which use
scaled-down reaction cells to minimise absorption.

Barnes and coworkers have pioneered the use of EDXRD for
the study of chemical reactions, and have followed the reactions
involved in the hydration of calcium silicate cements on time-
scales down to 0.3 s per diffraction pattern.29–31 These workers
also first described the use of EDXRD methods to follow
hydrothermal crystallisations. They designed a reaction cell
made from the high performance polymer PEEK, that allowed
use at temperatures up to 100 °C. They were able to monitor the
crystallisation of sodalite, a dense aluminosilicate zeolite, from
the layered material kaolinite and determined crystallisation
curves describing extent of reaction as a function of time.32 The
hydrothermal formation of the large pore aluminophosphate
VPI-5 was also studied by these workers using the EDXRD

Fig. 2 A schematic of the apparatus developed by Norby and coworkers for
time-resolved diffraction studies of hydrothermal crystallisations. The inset
shows an enlargement of the capillary.

Fig. 3 Time-resolved diffraction patterns measured during the crystallisa-
tion of CoAPO-5, a microporous cobalt aluminophosphate from an
amorphous gel by Norby and Hanson. Data were recorded at 200 °C in 1
min intervals. Figure reproduced with permission from ref. 19.
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method.33 The operating temperature of this early cell was
limited by its design and the performance characteristics of the
PEEK cell material. We have subsequently described the
construction of a large-volume hydrothermal reaction cell from
which EDXRD data may be collected at up to 250 °C, more
typical of the temperatures used in hydrothermal synthesis.34

This reaction cell is virtually identical in design and construc-
tion to the 23 mL Parr hydrothermal autoclaves widely used in
many research laboratories, but the steel walls of the cell are
thinned to 0.3 mm to minimise absorption of X-rays, Fig. 4 The

Oxford/Daresbury hydrothermal cell has been used on Station
16.4 of the Daresbury SRS, the UK synchrotron radiation
source, to study the crystallisation of a wide range of inorganic
materials by several groups. The cell has been much used for
studying the formation of microporous solids; our group has
studied the formation of porous layered tin sulfides,35 open-
framework gallium fluorophosphates,36–38 and zeolites,39,40 and
Thomas and coworkers have used the cell to study the formation
of transition-metal substituted aluminophosphates.41–43 One
important observation we have made during the study of the
crystallisation of gallium fluorophosphates is that under certain
reaction conditions previously unknown intermediate crystal-
line phases are observed to form before the onset of the
crystallisation of the expected microporous phase, Fig. 5. For

the case of the microporous phase ULM-3, a transient
crystalline intermediate is only stable under hydrothermal
conditions; if the reaction cell is allowed to cool when the
intermediate is present, transformation into another, as yet
unidentified, phase takes place.38 This is a dramatic illustration

of the need to study reactions under real conditions, and of how
quenching experiments are not always a reliable method of
determining the species present at reaction conditions. In this
particular case it has subsequently lead us to discover some new
related metastable gallium fluorophosphates.44,45

In addition to the direct observation of crystallisation on a
short time-scale, the in situ EDXRD method has allowed much
new information about the kinetics of the crystallisation of
microporous solids to be determined. By determination of
changing Bragg peak areas, it is possible to extract quantitative
kinetic information, since the intensity of a Bragg reflection is
directly proportional to the amount of diffracting solid.46 Fig. 6,

for example, shows crystallisation curves we have recently
obtained from a study of the hydrothermal formation of sodium
zeolite A, one of the most widely used microporous materials in
many industries.40 The unusual two-step crystallisation curve
has never been reported previously, and was only revealed by
continuous monitoring of the reaction with high time resolution
(30 s per diffraction pattern). The effect is highly dependent on
reaction conditions and is believed to arise from dissolution of
an amorphous precursor gel controlling the rate of reaction.
Such an observation sheds new light on zeolite crystallisation,
and these measurements using EDXRD on short time scales will
provide new data for computer modelling studies, and ulti-
mately mechanistic information. A recent development in the
use of in situ EDXRD is the installation of a three element solid-
state photon counting, energy discriminating detector on Station
16.4 of the SRS;47,48 this allows three d-spacing regions of the
powder diffraction pattern to be measured simultaneously and
permits unambiguous phase identification, which has been
particularly useful in the study of microporous materials.49

As well as the studying the formation of microporous
materials, the Oxford/Daresbury hydrothermal autoclave has
been used by other groups to monitor the formation of inorganic
solids. Cahill et al. studied the formation of iron sulfides using
the cell, and were able to establish a pathway of progressive
sulfidation of FeS to FeS2.50 Shaw et al. recently studied the
hydrothermal formation of calcium silicate minerals; this study
was performed at the Advanced Photon Source, USA, which
offers ca. 10 times greater X-ray flux than the SRS, enabling
reactions to be performed in cells with thicker walls, and
consequently at temperatures of up to 330 °C.51

EDXRD has been used by our group in Oxford to study the
formation and behaviour of a wide range of other inorganic
solids. Time-resolved EDXRD studies of intercalation reactions
of layered solids have been very important in understanding
their mechanism, and this area has recently been reviewed.52,53

We have also investigated the kinetics and mechanism of
formation mesoporous silicas and the different growth mecha-
nism for MCM-41 versus the mesoporous silicate FSM-16,

Fig. 4 A schematic of the Oxford/Daresbury hydrothermal autoclave used
for energy-dispersive X-ray diffraction studies, developed by us for use on
Station 16.4 of the UK synchrotron source at Daresbury Laboratory.

Fig. 5 A small part of energy-dispersive X-ray diffraction data (30 s
intervals) measured in situ during the crystallisation of the open-framework
gallium fluorophosphate ULM-3 from an amorphous phosphate gel at 180
°C. The use of P2O5 as a reagent results in the formation of a previously
unknown crystalline intermediate phase before the onset of crystallisation of
the product.

Fig. 6 Crystallisation curves for sodium aluminosilicate zeolite A (inset)
determined using the in situ EDXRD technique. Diffraction patterns were
collected every 30 s while an amorphous aluminosilcate gel was heated in
the autoclave.
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which is derived from kanemite,54 and of the crystallisation of
gibbsite,55 an important material in aluminium manufacture.
The in situ EDXRD method is clearly easily extended to
following reactions under conditions more extreme conditions
than the hydrothermal reactions discussed above, with simple
modification of furnace design. We have very recently
described the construction of a furnace that operates at 1000 °C
and from which EDXRD data can be measured.56 We have
studied the formation of some dense metal oxides at ca. 800 °C,
both by a traditional ceramic methods using the carbonates of
the constituent metals, and by a molten-salt method in liquid
alkali-metal halide fluxes. We were able to follow the decay of
starting materials, and subsequent growth of the layered
perovskite RbCa2Nb3O10 and show the enhancement of crystal-
lisation rate in the alkali-metal flux.56 Parkin et al. have recently
begun a study of self-propagating high-temperature reactions
(SHS) using EDXRD on Station 16.4 at the SRS. To study these
reactions they have pushed the data collection intervals down to
just 100 ms.57 They also studied the effects of a magnetic field
on these reactions using EDXRD.

In summary we anticipate that further advances in apparatus
design are likely to follow shortly, and allow reactions over a
wide spectrum of temperatures and pressures to be followed by
EDXRD.

4 In situ diffraction using neutron sources
The complementarity of neutron diffraction and X-ray diffrac-
tion for the structural characterisation of materials is well
known, in particular the use of neutron diffraction to locate light
atoms in the presence of heavy atoms, especially hydrogen
atoms, and in the determination of the spin arrangement of
magnetically ordered materials.58 In the context of performing
in situ diffraction studies, neutron diffraction offers distinct
advantages over many of the X-ray diffraction experiments. For
example, many materials have very low neutron absorption
cross-sections which means that reaction vessels can be
constructed which give rise to low backgrounds in diffraction
data. Processes involving light atoms, such as reactions
involving water can be followed. In additon, use of time-of-
flight neutron diffraction with fixed-angle detectors would
simplify apparatus construction. One disadvantage of neutron
diffraction is the much lower flux available from currently
available neutron sources at present compared to synchrotron
X-ray sources; this means that at present the time resolution of
time-resolved neutron diffraction experiments is relatively poor
(of the order of minutes rather than sub-second), but recent
development in the area shows the great promise of the
method.

Pannetier is well known for his many time-resolved neutron
diffraction studies of chemical reactions;59 he and his cowork-
ers have concentrated on fairly simple systems, such as
hydration reactions,60 and the reactions of solids with gases.61

Christensen and coworkers performed an extensive study of the
reactions between silicates and water under moderate tem-
peratures (up to ca. 120 °C) using in situ neutron diffraction and
were able to measure diffraction data in periods as short as 5
minutes.62–66 The same workers also performed the first in situ
neutron diffraction study of a hydrothermal crystallisation, in
this case the formation of iron(III) oxides from amorphous iron
hydroxides at 120 °C.67 They were able to measure crystallisa-
tion curves and efficiently monitor the effect of experimental
parameters on reaction rate. When performing neutron diffrac-
tion studies, it is usual to use deuterated reagents to minimise
the large incoherent scattering of protons, however the use of
protonated reagents can reveal additional information. For
example Tuttillas et al. studied the calcination of zirconium
hydroxide, used to prepare zirconia, with in situ powder neutron
diffraction at the Institut Laue Langevin (ILL). They were able
to detect a massive decrease in background when dehydration

was complete (and all protons were lost from the reagents)
allowing one step of the reaction to be pinpointed.68

Polak et al. described the design of an autoclave to allow the
acquisition of neutron diffraction data during the hydrothermal
crystallisation of tobermorite, a calcium silicate used in
cements, and of some zeolites.69 The cell could operate at
temperatures of up to 250 °C, and external pressure was applied.
One draw-back of this cell design was the dominance of the
Bragg reflections due to the sample containment (aluminium
with a Teflon liner) in the measured diffraction data; this could
severely limit the amount of structural information available.
Our recent work, in collaboration with colleagues at ISIS, the
UK neutron spallation source, on the use of neutron diffraction
to follow hydrothermal crystallisations has resulted in the
design and construction of a novel null-scattering environ-
mental cell from which time-resolved diffraction data can be
measured at temperatures of up to 250 °C and pressures of 20
atm.70 The cell (Fig. 7) is constructed from a Ti-Zr alloy whose

component metals are mixed in such a ratio as to cancel their
negative (Ti 67.7 atom %, b = 23.44 fm) and positive (Zr 32.3
atom%, b = 7.16 fm) neutron scattering lengths. The cell is
protected from corrosive reagents by a thin internal layer of gold
metal, thus the cell is invisible to neutrons and can contain
reactive mixtures of solids and liquids. We have commissioned
the Oxford/Isis hydrothermal cell on the medium-resolution
high-flux diffractometer POLARIS initially and most recently
have tested it on GEM, a new neutron diffractometer with a
large array of detectors which allows rapid data collection.71

Our first experiments have addressed the hydrothermal forma-
tion of barium titanate, an important ferroelectric material used
in the electroceramics industry.72 The industry requires the
crystallisation of the phase pure tetragonal polymorph. The
presence of the highly X-ray absorbing barium ions in the
sample mixture meant that it was impossible to study this
system even using synchrotron X-ray diffraction. However,
using in situ neutron diffraction we were able to observe directly
the dissolution of both the crystalline starting materials, TiO2

Fig. 7 Schematic of the Oxford/ISIS hydrothermal reaction cell for in situ
neutron powder diffraction measurements.
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and Ba(OD)2·8D2O, before the onset of crystallisation of
BaTiO3. This allowed us to conclude that a dissolution–
precipitation mechanism predominates, rather than a heteroge-
neous transformation mechanism. Fig. 8 shows in situ neutron
diffraction data measured using GEM where data were collected
in 5 min intervals. As well as the new mechanistic insights, we
were able to measure high resolution diffraction data that are
suitable for Reitveld profile analysis, Fig. 9. This is a step

forward in the in situ study of hydrothermal reactions, and
shows the potential use of neutron diffraction in real time
structural determination of crystalline solids under laboratory

reaction conditions. We have most recently used the Oxford/
ISIS hydrothermal cell to study the formation of some
aluminosilicate zeolites, the archetypal materials synthesised
hydrothermally. We have followed the crystallisation of sodium
zeolite A and monitored its collapse into the dense phase
hydroxosodalite.73

Other recent highlights in the use of powder neutron
diffraction to monitor the formation of inorganic solids include
following the crystallisation of superconductors from melt-cast
precursors,74 and a study of the reaction between Nd/Fe/V
alloys and nitrogen at 800 °C.75 In the latter study data were
collected in around 5 min intervals, and were of sufficient
quality to perform Reitveld refinement, and allowed structural
determination in situ. This study was performed using the
recently constructed D20 diffractometer at the ILL, which
offers a combination of high neutron flux and high count rate by
a novel large surface area position-sensitive detector.76 Un-
doubtedly this instrument will lead to many more kinetic studies
of solid-state reactions in the coming years.

5 In situ powder diffraction combined with
spectroscopic probes
The in situ diffraction techniques described above yield
information about the growth and decay of crystalline ordered
materials during the course of a chemical reaction. As the above
discussion demonstrates, these methods allow the course of
reactions to be observed in real time, including the detection of
crystalline intermediate phases, and kinetic information can be
determined. Bragg diffraction, however, does not probe any
amorphous phases present. For instance no information about
the changing local atomic structure of the gel-precursor to
zeolites in a hydrothermal crystallisation is obtained. In order to
achieve the monitoring of both long-range crystallographic
order and short-range atomic order, several ingenious experi-
ments have been designed, combining in situ diffraction with
spectroscopic methods. The most powerful of these methods is
the use of combined X-ray absorption fine structure spectros-
copy and X-ray diffraction (XAFS/XRD). This was first
described by Couves et al. in 1991,77 and has since been used to
monitor various reactions involving solids such as solid-state
transformations,78–80 polymerisations,81 thermal decomposi-
tions,82,83 and widely used for monitoring catalytic processes
under operating conditions.84,85 High-intensity synchrotron
generated X-rays are required for such studies.

Fig. 10 shows the arrangement of a typical XAFS/XRD
experiment. This set-up was used by Sankar et al. to follow the
formation of a microporous cobalt aluminophosphate from an
amorphous gel.86 XRD data were measured for 220 s, followed

Fig. 8 In situ neutron diffraction data measured during the formation of the ferroelectric barium titanate from BaCl2 and TiO2 in NaOD solution at 200 °C.
Data were collected at 5 min intervals using the GEM diffractometer at ISIS.

Fig. 9 Neutron diffraction data measured in situ during the hydrothermal
formation of BaTiO3 from Ba(OD)2.8D2O and TiO2 (a) after 15 min, and
(B) after 12 h.

2288 Chem. Commun., 2000, 2283–2291



by XAFS data at the cobalt K-edge for the same time
(alternation between the two measurements is necessary as the
XRD data are acquired with a constant wavelength whilst the
XAFS data require a scan over a wavelength range). Changes in
the local environment of cobalt were monitored, and related to
the changes in long range order apparent in the diffraction
pattern, Fig. 11. It was thus shown that the coordination of

cobalt changes from octahedral to tetrahedral in the gel
immediately prior to crystallisation. The same apparatus was
also used to follow the formation of a bismuth molybdate
catalyst from a precursor gel,87 and of small particles of

cadmium oxide from a hydroxy gel.88 In both cases monitoring
changes in local atomic environment and relating them to
crystallographic order allowed new insights into the reaction
mechanism.

6 Conclusions and outlook
The measurement of powder diffraction data during the
synthesis of many inorganic materials requires the design and
construction of specialised apparatus, but in the last five years
much progress has been made. The experiments we have
surveyed here represent in most cases the first attempts to
determine kinetic and mechanistic information about reactions
involving the formation of solids from heterogeneous media.
The reactivity and structures of solids under non-ambient
conditions have been probed directly for the first time. As is
apparent from our review, the most impressive advances have
been made in the area of hydrothermal chemistry, with several
groups developing apparatus that are now widely used on a
routine basis to follow directly the crystallisation of a range of
porous materials with useful properties. This undoubtedly
reflects the fact that hydrothermal chemistry has found to be an
incredibly fertile method for the synthesis of new inorganic
solids, and is currently used to prepare a diversity of materials
from new zeolitic solids89 to metastable metal oxides.90 Given
the success in using powder diffraction to follow hydrothermal
crystallisations, extension of the methodology to other pre-
parative methods is likely to follow shortly; systems such as
alkali-metal–chalcogenide fluxes91 and solvothermal synthesis
in alcohols or amines92 which are currently the focus of
attention in synthetic solid-state chemistry.

With the now almost routine measurements of the course of
solid-state reactions, a large amount of kinetic data has been
accumulated, as well as much qualitative information about the
course of reaction and identification of intermediates. Analysis
of these data is one of the first steps in proposing reaction
mechanisms, but clearly much more work is required in this new
field before the rational design of new materials is possible.
Computer modelling will undoubtedly have an important rôle in
understanding the data obtained by the techniques we have
reviewed, and is an area which is developing rapidly; for
example the early stages of the formation of zeolite has been
modelled in some detail recently and the energetics of these
solution-mediated reactions calculated,93 and the prediction of
the structures of new solids using computer-modelling tech-
niques is currently the focus of much attention.94,95

In this article we have emphasised how recent progress in the
use of in situ powder diffraction methods has been intimately
linked to developments at synchrotron and neutron sources. The
availability of high intensity synchrotron-generated X-rays over
a wide energy range and the design of new neutron dif-
fractometers to enable rapid data collection has instigated many
of the experiments we have described. As well as the continued
use of the experiments already in use, new developments are
likely to enable other new experiments to be designed and
realised. In many parts of the world new synchrotron and
neutron sources are being constructed, including a third-
generation synchrotron source in the UK to replace the SRS, and
a new spallation neutron source at Oak Ridge USA. These will
offer increasingly higher fluxes of radiation and the possibility
of rapid data collection; features vital for the future develop-
ment of in situ powder diffraction methods.

7 Acknowledgements
We thank our many colleagues and collaborators who have been
involved in the work we have performed in the field of time-
resolved diffraction; in particular the instrument scientists at the
Daresbury and Rutherford Laboratories who have made much
of our work possible. We thank the Leverhulme Trust and

Fig. 10 A schematic of the XAFS/XRD experiment used to follow the
crystallisation of a cobalt aluminophosphate. Figure reproduced with
permission from ref. 86.

Fig. 11 XRD (top) and Co K-edge EXAFS (bottom) recorded during the
crystallisation of CoALPO-5 at 180 °C from an amorphous gel. Figure
reproduced with permission from ref. 86.

Chem. Commun., 2000, 2283–2291 2289



EPSRC for the award of research grants for this work and which
has allowed us access to the CLRC laboratories.

8 References
1 C. N. Rao and J. Gopalakrishnan, New Directions in Solid State

Chemistry, Cambridge University Press, Cambridge, 1997.
2 A. K. Cheetham and P. Day, Solid State Chemistry: Compounds,

Clarendon Press, 1992.
3 A. Westgren, J. Iron Steel Inst., 1921, 103, 303.
4 P. Aldebert, Rev. Phys. Appl., 1984, 19, 649.
5 Z. Gavra and J. J. Murray, Rev. Sci. Instrum., 1986, 57, 1590.
6 Z. Gavra, J. J. Murray, L. D. Calvert and J. B. Taylor, J. Less Common

Met., 1985, 105, 291.
7 D. C. Puxley, G. D. Squire and D. R. Bates, J. Appl. Crystallogr., 1994,

27, 585.
8 K. Bondioli, A. Bonamartini-Corradi, A. M. Ferrari, T. Manfredini and

G. C. Pellacani, Mater. Sci. Forum, 1998, 278–281, 379.
9 J. Rathousky, G. Schulz-Ekloff, J. Had and A. Zukal, Phys. Chem.,

Chem. Phys., 1999, 1, 3053.
10 M. Lindén, S. A. Schunk and F. Schüth, Angew. Chem., Int. Ed., 1998,
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A catalytic asymmetric [4 + 2] cycloaddition reaction of a
vinylallene with buta-1,3-diene was developed in which a
palladium complex modified by a ferrocene-derived chiral
monophosphine ligand acted as a template transferring
chirality to the product.

Cycloaddition reactions are among the most powerful methods
for the rapid construction of carbocycles and heterocycles
alike.1 The [4 + 2] cycloaddition is most widely used to build
six-membered ring carbon skeletons. However, strenuous
reaction conditions are required for the combination of
1,3-dienes and dienophiles lacking electron-withdrawing or
-donating substituents, which limits the range of the synthetic
utility. The use of transition metal complexes as the promoter2

provides considerably wider substrate scope. The transition
metal acts as the template bringing the unsaturated substrates
together in an array to promote the cycloaddition reaction. We
have developed the palladium-catalysed directed intermolecular
[4 + 2] cycloaddition between a vinylallene and an ordinary
1,3-diene.3–5 The initially formed palladacyclopentene inter-
mediate couples with a 1,3-diene before undergoing a ring-
flipping isomerization, resulting in a highly stereospecific
reaction [eqn. (1)]. We anticipated that a palladium complex
modified by a chiral ligand would possibly differentiate the
enantiofaces of vinylallene in its s-cis form and that this
differentiation would be directly transferred to the product. This
paper describes the catalytic asymmetric [4 + 2] cycloaddition
of a vinylallene6 with buta-1,3-diene which employs a palla-

(1)

dium complex modified by a ferrocene-derived chiral mono-
phosphine ligand as a template.

Initially, a variety of chiral phosphines were screened in the
standard test cycloaddition reaction using vinylallene 2a and
buta-1,3-diene (excess). The catalyst complex was prepared by
treatment of [Pd2(dba)3·CHCl3] with a chiral phosphine ligand
in situ. Highly reputed bidentate chiral diphosphine ligands like
DuPHOS (1,2-bis[2,5-dimethylphospholanyl]benzene) and
CHIRAPHOS (2,3-bis(diphenylphosphino)butane gave only
low enantioselectivities. No reaction occurred with BINAP.
Since our proposed mechanism involves a square planar
palladium(II) intermediate 1 in which three of the four
coordination sites are occupied by the cycloaddition partners,
we supposed that monodentate ligands would be more effective
transmitters of chirality. Whereas MOP (2-diphenylphosphino-
1,1A-binaphthalene) afforded only 15% ee, a better result was

Table 1 Asymmetric induction in palladium-catalysed directed [4 + 2] cycloaddition of 2a with buta-1,3-diene
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obtained with PPFA (2-(1-dimethylaminoethyl)-1-diphenyl-
phosphinoferrocene 27% ee). Among ferrocene-derived li-
gands, the monodentate phosphine ligand 3a gave a moderate
selectivity (Table 1, entry 1). This result directed our detailed
investigation to ligands of analogous structures. The ligands
3b–k listed in Table 1 were prepared‡ and applied to the test
reaction. Ligand 3b lacking a silyl group at the ortho position
gave a low selectivity (entry 2). The triphenylsilyl-substituted
ligand 3c gave slightly better selectivity than the trimethylsilyl-
substituted ligand 3a (entry 3). Diphenylphosphine-substituted
ligands were significantly more effective than dicyclohex-
ylphosphine derivatives (entry 4). The effect of the electronic
nature of the diarylphosphinyl group was examined in detail
(entries 5–11). Ligands having an electron-withdrawing group
gave comparable or better selectivities than 3c. In particular, the
phosphine possessing two 3,5-bis(trifluoromethyl)phenyl
groups (3k) afforded the highest enantioselectivity of 83% ee.§¶
Although solvents other than DCM were also screened, little
effect was observed in terms of the enantioselectivity. The
absolute stereochemistry of the major enantiomer was deter-
mined to be (4R,6S) by an X-ray crystallographic study of the
amide derived from 4a and (S)-1-phenylethylamine [eqn. (2)].

(2)

Thus, 3k proved to be the ligand of choice, and was applied
to the reactions of other vinylallenes with buta-1,3-dienes.∑ The
[4 + 2] cycloadducts were produced with moderate to good
enantioselectivities in good yields (Table 2). Note that a useful
level of asymmetric induction was obtained in the case of 2c
lacking any coordinating heteroatom functionalities (entry 2).
For the unsymmetrical 1,3-diene (2-methylbuta-1,3-diene),
incorporation of the more substituted C–C double bond was
favoured to afford 4e as the predominant product (entry 4).

A number of highly successful asymmetric [4 + 2] cycloaddi-
tions have been reported in which the carbonyl group of an
electron-deficient dienophile coordinates to a chiral Lewis acid
to induce an excellent enantioselection.1 On the other hand, it is
difficult to gain stereocontrol over a substrate lacking coordinat-
ing heteroatom functionalities. The asymmetric [4 + 2]
cycloaddition documented herein presents a promising new
example which may be applied to such unactivated substrates.
The full potential of this new process remains to be eluci-
dated.

Notes and references
† Present address: Department of Chemistry, The University of Tokyo,
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
‡ The chiral ferrocenyl phosphines 3 were prepared as follows [eqn. (3)]:

(3)

ortho-lithiation of (R)-N,N-dimethyl-1-ferrocenylethylamine (5) with bu-
tyllithium followed by treatment with chlorosilane afforded (S)-1-silyl-
2-[(R)-1-(dimethylamino)ethyl]ferrocene 6. A diarylphosphinyl group was
then introduced by successive treatment of 6 with excess acetic anhydride,
and then with diarylphosphine in acetic acid to furnish (S)-1-silyl-2-[(R)-
1-(diarylphosphino)ethyl]ferrocene 3.
§ The experimental procedure for the formation of 4a is as follows: to a
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D + 12.3 (c 1.0, CHCl3). The enantioselectivity
was determined to be 83% ee by chiral HPLC analysis [SUMICHIRAL OA-
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¶ Platinum was also tested as a metal using Pt(cod)2 and provided 77% ee.
However, platinum suffered from low conversion.
∑ Cyclohexa-1,3-diene failed to undergo the cycloaddition, suggesting that
1,3-diene reacts in its s-cis form as shown in eqn. (1).
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Small peptides selected from a library of 62 000 chemically
synthesized peptides were able to recognize a mono-
saccharide specifically and efficiently using both sandwich-
ing and hydrogen bonding interactions, much like sugar-
binding proteins (lectins) with the appropriate orientation of
amino acid side chains.

Protein–oligosaccharide interactions play a key role in the
control of various normal and pathological processes.1,2

Because of their importance, there has been considerable drive
toward the better understanding of the saccharide (carbohy-
drate) binding specificity of proteins (lectins). Progress has
been made using X-ray crystallography, isothermal titration
microcalorimetry and site-directed mutagenesis experi-
ments.3–6 These numerous studies have found diverse mecha-
nisms for saccharide recognition by proteins that have evolved
independently but that share some key features. High selectivity
for a saccharide is achieved through a combination of hydrogen
bonding to the saccharide hydroxy groups and van der Waals
packing of the hydrophobic sugar face against aromatic amino
acid side chains forming what is called sandwiching inter-
action.7,8 Since the binding of saccharides by proteins involves
a variety of recognition processes and the proteins themselves
exhibit considerable structural diversity, it is difficult to obtain
detailed information using thermodynamic and kinetic parame-
ters resulting from the analysis of a large lectin–oligosaccharide
complex. Establishing a model system is one of the essential
methods to reveal function and mechanism of the specific
interactions quantitatively, but there is no good model system
that includes the two binding interactions found between
proteins and saccharides.

Here, a small oligopeptide–monosaccharide complex was
developed as a model system for wild type protein–saccharide
complexes which includes the hydrogen bonding and sandwich-
ing recognition mechanisms. Firstly, in order to investigate the
relationship between peptide conformation and sandwiching
interaction ability, we synthesized alanine-based oligopeptides
with one or two tryptophan residues to test the sandwiching
interaction between the monosaccharide and the two tryptophan
indole side chains, KW (S i+0), KWW (S i+1), KWAW (S i+2),
KWAAW (S i+3), KWAAAW (S i+4), KWAAAAW (S i+5)
and KWAAAAAW (S i+6).† Fig. 1 shows relative fluorescence
intensities (DF) of these peptides in the presence (F) and
absence (F0) of D-galactose, DF = (F 2 F0) 3 100/F0.‡
Because DF shows saccharide sandwiching ability of the
oligopeptide,8 these results indicate that the oligopeptide is able
to recognize the monosaccharide effectively with W residues at
i and i+4. Aoyama and co-workers showed only two residual
peptides, W–W, can recognize maltodextrin via sugar–bi-
sindole interaction,12 as the result of the (S i+1) peptide. Our
results show that the (S i+4) peptide is capable of recognizing a
monosaccharide more efficiently than the (S i+1) peptide and
that the aromatic residues at i and i+4 have a critical role in this
recognition. Previously, tryptophan and porphyrin binding

peptides were obtained using combinatorial chemistry and
phage display, respectively.9–11 These peptides also had two
aromatic residues and recognized each target molecule using
only the sandwiching interaction with these two aromatic
residues. Therefore, if both the hydrogen bonding and sand-
wiching interaction can be introduced suitably in one peptide,
more efficient and specific recognition of a monosaccharide
could be acquired, even in a small oligopeptide.

We have attempted to put both of the binding modes in the
appropriate orientation into a small peptide using combinatorial
chemistry. It was shown that the two aromatic residues at i and
i+4 had a critical role for the sandwiching interaction by the
fluorescence measurements of (S i+0 ~ 6) peptides. Therefore,
using a basic split and mix method on a solid phase,12 a biased
combinatorial peptide library with Aro-X-X-X-Aro, where Aro
is an L-aromatic amino acid and X is a natural L-amino acid
(except C), was synthesized to have sandwiching interaction
with i and i+4 aromatic residues. D-Erythrose (HOCH2-
[CH(OH)]2CHO, Sigma–Aldrich Co.) was chosen as a target
monosaccharide because D–erythrose is a light yellow syrup and
can be followed with visible light.13 The peptide library and D-
erythrose were mixed, gently shaken overnight in a buffer
containing 10 mM NaCl, 10 mM Na2HPO4, and 1 mM EDTA
(pH 7.0) at rt then washed with buffer solution to eliminate any
non-specific interactions. It was confirmed that the background
signal arising from the non-specific interaction between D-
erythrose and the beads in the selection procedure is low enough
to select specific colored beads. Using a microscope, 15 beads
were then selected from a library theoretically containing

Fig. 1 Ratio of fluorescence intensities (DF) of 5 mM peptides at 348 nm
and 1.0 °C. All experiments were carried out in a buffer of 10 mM NaCl,
1 mM Na2HPO4 and 1 mM EDTA (pH 7.0). The excitation wavelength for
Trp is 278 nm and detected at 348 nm.
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62 000 kinds of peptides. Ten of the 15 selected peptides had a
common motif: WNNNF/T where two of the three N residues
were negatively charged amino acids (D or E).

To confirm the highly selective monosaccharide binding by
motif peptides and to investigate the motif peptide–D-erythrose
interaction, association constants (Ka) of motif peptides for
monosaccharides were estimated from fluorescence intensity
change by a curve fitting procedure described previously,14

using the same buffer as the selection experiments. Table 1
shows the Ka of WGDEY and WADEF with D-erythrose and a
reference sugar (D-galactose), respectively, and the values of the
(S i+4) peptide with sugars as references. The difference
observed between motif peptides-D-erythrose and motif pep-
tide-D-galactose suggests that motif peptides can recognize a
target molecule selectively. Affinity of the lectin for a
monosaccharide is usually weak with association constants in
the millimolar range, yet it is often highly selective.2 On the
other hand, affinity constants for binding of a simple oligo-
saccharide to most lectins are estimated to be 103–106 M21).15

Therefore, the Ka value of the motif peptide-D-erythrose is large
enough for a monosaccharide recognition protein. The differ-
ence between DG° of motif peptides-D-erythrose (27.0 and
26.8 kcal mol21) and reference peptide-D-galactose (24.5
kcal mol21) is about 22.5 kcal mol21. The net contributions of
an intramolecular hydrogen bond between protein side chains
and an intermolecular hydrogen bond between protein and
water were estimated to be 22.3 and 21.2 kcal mol21,
respectively.16 Furthermore, hydrogen bonds in proteins and a-
helical peptides were estimated to be 21.3 and 21.0 kcal
mol21, respectively.17,18 Therefore, one or two appropriate
hydrogen bonding interactions were successfully introduced
into the selected peptides-D-erythrose interaction using combi-
natorial chemistry. Fig. 2 shows the minimized energy structure
of WGDEY–D-erythrose complex§ which suggests that the
peptide sandwiches D-erythrose with W and Y and that a
hydrogen bond is formed between the hydroxy group of D-
erythrose and a polar side chain of the peptide. Both
thermodynamic and molecular modelling results indicate that
the motif peptides can bind D-erythrose with the two binding
manners as observed in the wild-type saccharide binding

proteins. These results also show that all (i ~ i+4) residues have
critical roles for specific monosaccharide recognition. The i and
i+4 aromatic residues are necessary to form a sandwiching
interaction, and the acidic residues at i+1, i+2 and i+3 are well
suited for hydrogen-bonding interactions. Other selected small
residues such as A and G are also important to fit peptide
structure for the multi-point saccharide recognition. These
delicate residue arrangements were achieved with a combina-
tion of rational design studies and a biased combinatorial
library.

In summary, the smallest model system of saccharide-
binding protein with both hydrogen bonding and the sandwich-
ing interaction was developed using a combination of rational
design and combinatorial chemistry. This system is very useful
to obtain quantitative parameters of general saccharide–protein
interactions.
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Stanford University, for critical reading of the manuscript and
helpful comments. This work was supported in part by Grants-
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Table 1 Binding constants and free energies of peptide–saccharide
complexes at 1 °C

Ka/104 Ma 2DG0/kcal mol21 b

Peptide
sequence D-Erythrose D-Galactose D-Erythrose D-Galactose

WGDEY 35.0 ± 2.9 5.22 ± 0.42 6.95 ± 0.05 5.91 ± 0.04
WADEF 26.5 ± 2.3 3.81 ± 0.27 6.80 ± 0.05 5.75 ± 0.04
KWAAAW 0.41 ± 0.06 3.89 ± 0.13 4.53 ± 0.06 5.76 ± 0.02
a Ka values were estimated by the curve fitting procedure described in the
text. b 2DG0 values were determined with the equation DG0 = 2RTln
Ka

Fig. 2 Minimized energy structure of WGDEY–D-erythrose. Lines and
dotted lines indicate CH-p and hydrogen-bonding interaction, respec-
tively.
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Four new homometallic dinuclear IrIII, RuII and OsII

complexes are prepared and their luminescence properties
and redox behavior are reported; the bis-phenathroline
bridging ligand is found to isolate the two components of
each dinuclear system because of its unusual nonplanar
structure.

Luminescent and redox-active multinuclear metal complexes
are extensively investigated because of their interest in the
design of novel systems for photochemical energy conversion
and for the elaboration of optical information at the molecular
level.1 Beside standardized synthetic methods like the so-called
‘complexes as ligands and complexes as metals’ approach,2
metal-catalyzed coupling reactions involving suitable metal
precursors are attracting an increasing attention due to the
relatively high yields of these reactions and the unambiguity of
the products obtained.3

In this paper we demonstrate the feasibility of the application
of the coupling reaction to suitable OsII polypyridine and IrIII

cyclometallated precursors, by the preparation of new lumines-
cent and redox-active homometallic dinuclear OsII and IrIII

compounds, and report the absorption spectra, luminescence
properties and redox behavior of these new compounds. To the
best of our knowledge, it is the first time that this synthetic
approach has been applied to luminescent OsII and IrIII

complexes. For the sake of completeness, an analogous RuII

polypyridine complex was also prepared and its absorption
spectrum, luminescence properties and redox behavior studied.
The new compounds synthesized were [(ppy)2Ir(phen–phen)-
Ir(ppy)2]2+ (1; ppy is the monoanion of 2-phenylpyridine; phen–
phen = 5,5A-bis(1,10-phenanthroline)), [(bpy)2Ru(phen–phen)-
Ru(bpy)2]4+ (2; bpy = 2,2A-bipyridine); [(bpy)2Os(phen–
phen)Os(bpy)2]4+ (3) and [(Me2bpy)2Os(phen–phen)Os-
(Me2bpy)2]4+ (4; Me2bpy = 4,4A-dimethyl-2,2A-bipyridine).‡

The only published procedure for the synthesis of the free
bridging ligand phen–phen (5,5-bis(1,10-phenanthroline)) is
based on Skraup reactions applied to a benzidine derivative,4
however this procedure is both toxic and low yielding. The
incorporation of coupling methodologies into the synthesis
would avoid both, although previous attempts involving copper
coupling reactions on 5-bromo-1,10-phenanthroline have
failed.4 We attempted to apply nickel coupling reactions to
5-chloro-1,10-phenanthroline (Cl–phen) to form the free ligand,
but this method failed, possibly due to the destabilisation of the
nickel tetrakis(triphenylphosphine) catalyst involved in the
reaction. However, upon complexation with Ru(bpy)2Cl2 to
yield the new [Ru(bpy)2(Cl–phen)]2+ complex, the phenanthro-
line moieties couple together in a good yield, 65%, to form the
homometallic dimer 2. Preparation of the new compounds
[Os(bpy)2(Cl–phen)]2+, [Os(Me2bpy)2(Cl–phen)]2+ and [Ir-
(ppy)2(Cl–phen)]+ by standard literature procedures5 afforded
us suitable precursors to synthesise osmium and iridium

homometallic dinuclear compounds by the same coupling
reaction. This method yielded the desired compounds 1, 3, and
4 (Scheme 1) without particular problems and with comparable
yields with respect to the RuII dimer.

Each of the four dinuclear compounds exhibits a reversible
two-electron oxidation process in acetonitrile solution (Table
1), which can be assigned to simultaneous one-electron
oxidation involving the identical metal centres. As expected and
in agreement with the above assignment, the osmium species
are oxidized at less positive potentials than the ruthenium
species. The Ir-centred oxidation process occurs at a typical
potential for IrIII cyclometallated species;5b,6 its reversibility
also suggests that an Ir–C2 s-bond orbital, sometimes playing
the role of the donor orbital in the oxidation process,6 is not
involved in such a process in 1. The coincidence of the two
metal-centred oxidation processes in all the complexes indicates
that the metal–metal electronic interaction across the phen–
phen briding ligand is weak.

The reduction patterns of all the complexes (Table 1) show
series of reversible two-electron reductions. The process at less
negative potential occurs at similar potentials for all the
complexes, and is therefore assigned to the reduction of the two
phenanthroline halves of the phen–phen bridging ligand, which
is the only polypyridine ligand common to all the species. The
two-electron nature of this process suggests that the two
phenanthroline halves of the bridge are reduced simultaneously,
and indicates that these moieties are isolated from an electro-
chemical viewpoint. This result is quite surprising on consider-
ing the redox behavior of similar systems, such as the
[(bpy)2Ru(bpy–bpy)Ru(bpy)2]4+ complex (bpy–bpy = 4,4A-
bis(2,2A-bipyridine)), in which only monoreduction of the

† Electronic supplementary information (ESI) available: spectral data for
1–4, cyclic voltammogram for 3 and absorption and emission spectra for
1–3. See http://www.rsc.org/suppdata/cc/b0/b006456o/

Scheme 1

Table 1 Half-wave potentials in argon-purged acetonitrile solution, 298 K.
All waves are bielectronic

Compound
E1/2 (ox)/V vs.
SCE

E1/2 (red)/V vs. SCE

1 +1.28 21.27; 21.89
2 +1.31 21.26; 21.47; 21.78
3 +0.86 21.26; 21.46; 21.77
4 +0.78 21.23; 21.53
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bridge occurs (at 21.10 V vs. SCE) before bpy-centred
reductions take place;7 that result suggested that in the bpy–bpy
ligand the LUMO orbital in which reduction takes place extends
over the two bipyridine halves of the bridging ligand (because
the reduction is much easier than in isolated bpy), indicating
that the reduced form of the bridging ligand is planar. However,
planarity is forbidden in the case of the phen–phen bridging
ligand used here, because of strong steric constraints. The
absence of planarity is therefore suggested to be responsible for
the electrochemical isolation of the two halves of phen–phen.8
The successive two-electron reduction process of 1 occurs at a
potential typical for ppy reduction in cyclometallated complex-
es5b and is attributed to simultaneous one-electron reduction of
two ppy ligands coordinated to different metal centres. The
second, bielectronic processes of 2 and 3 is attributed to
simultaneous one-electron reduction of two bpy ligands co-
ordinated to different metals and the third bielectronic process is
assigned to one-electron reduction of the two remaining bpy
ligands. The second bielectronic reduction of 4 is analogously
assigned to simultaneous one-electron reduction of two Me2bpy
ligands coordinated to different metals, slightly shifted to more
negative potentials compared to that of 2 and 3 because the two
methyl substituents make the ligand more difficult to reduce.
The same reason probably moves the expected reduction of the
other Me2bpy ligands out of the potential window investigated
(+2.00 to 22.00 V vs. SCE).

The visible region of the absorption spectra of the RuII and
OsII complexes is dominated by moderately intense metal-to-
ligand charge-transfer (MLCT) bands, whereas intense ligand-
centred (LC) bands dominate the UV region (Table 2).1a,9 In
particular, by comparison among the various compounds and
literature data,9 the bands at about 285 nm can be assigned to
spin-allowed bpy-centred transitions, the bands at about 270 nm
are assigned to spin-allowed LC transitions involving the phen–
phen bridge, the broad absorption features in the 400–500 nm
region are attributed to spin-allowed MLCT transitions (with
those involving the bridging ligand lower in energy than those
involving the peripheral ligands), and the absorption bands at
wavelengths longer than 500 nm to spin-forbidden MLCT
transitions (such bands are particularly evident in the osmium-
containing compounds due to enhanced spin–orbit coupling).
For the IrIII dinuclear complex 1 (Table 2), the UV region is also
mainly dominated by LC spin-allowed transitions, with spin-
allowed MLCT transitions contributing to the absorption
spectrum at about 380 nm. The broad, weaker absorption

feature in the 400–500 nm region is attributed to spin-forbidden
MLCT transitions.5b,6

All the four new dinuclear complexes exhibit relatively
intense room temperature luminescence (Table 2). In all the
cases, on the basis of the luminescence energies, spectra,
lifetimes and quantum yields, emission can be attributed to
3MLCT levels. The redox data also suggest that for all the
compounds the emitting 3MLCT state involves the phen–phen
bridging ligand. Differences among excited state energies in the
various compounds are in line with redox and absorption data.
The values calculated for the radiative and radiationless rate
constants of the emitting excited state decay in 1–4 can be
rationalized by considering the energy gap law10 and the larger
singlet character of the emitting level in the osmium and iridium
complexes compared to the ruthenium one, which accelerate
both the formally forbidden radiative and radiationless decay
processes.

We thank MURST (Project: fotosintesi artificiale) and the
European Community (TMR Network on nanometer size metal
complexes) for financial support.
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Table 2 Relevant spectroscopic and photophysical data in CH3CN
deaerated solutions at room temperature

Luminescence

Compound
Absorption lmax/nm
(e, M21 cm21) lmax/nm t f

1 265 (108900) 613 386 ns 0.123
374 (16500)

2 284 (126800) 617 1.3 ms 0.069
452 (34800)

3 289 (130200) 743 222 ns 0.023
432 (29900)
478 (30500)

4 288 (118600) 787 214 ns 0.0044
485 (27700)
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Decamethylruthenocene acts as the template for the self-
assembly of a 2+4+1 C-methylcalix[4]resorcinarene/bipyr-
idine/decamethylruthenocene supramolecular structure
with large hydrophobic cavities.

As part of a survey of candidates for time-resolved diffraction
studies of excited state structures we have previously reported
binary phases of 4,4A-dihydroxybenzophenone and p-amino-pA-
nitrobiphenyl and photoinactive ‘spacer’ molecules.1,2 Mole-
cular dilution achieved in  host–guest crystals has several
advantages in time-resolved work, as discussed elsewhere.3 We
report here, on a complex crystalline phase containing decame-
thylruthenocene (DMR), which has a long-lived triplet state.

MacGillivray et al. reported the entrapment of acetylated
ferrocene derivatives within the supramolecular deep cavity C-
methylcalix[4]resorcinarenes (CMCR)/4,4A-bipyridine.4,5

Though decamethylruthenocene is larger than diacetylferro-
cene, the cavity formed by C-methylcalix[4]resorcinarene,
which is extended through hydrogen bonding with the bipyr-
idine molecules, appeared sufficiently flexible to accommodate
larger guests.

Needle shape orange crystals of CMCR/4,4A-bipyridine/
DMR crystal were grown by slow cooling (one day) of a boiling
96% ethanol (3 mL) solution of C-methylcalix[4]resorcinarene
(27.2 mg, 0.05 mmol), 4,4A-bipyridine (15.6 mg, 0.10 mmol)
and decamethylruthenocene (18.5 mg, 0.05 mmol). Low
temperature X-ray structure determination6 shows an arrange-
ment in which one DMR, two water and two ethanol solvent
molecules are located in cavities within a hydrogen-bonded
framework formed by the host molecules, with a 2+4+1 CMCR/
bipyridine/DMR ratio, as illustrated in Fig. 1. The clathrated
DMR molecules occupy one of two center-of-symmetry related
positions in a disordered arrangement.

The C-methylcalix[4]resorcinarene (CMCR) molecules have
a ‘flattened cone’ conformation (Fig. 2), using the terminology
introduced by Gutsche7 (Fig. 2), different from the crown shape
of all the other reported X-ray structures of CMCR. Intra-
molecular hydrogen bonding is absent in this conformation.
While C-methylcalix[4]resorcinarene derivatives adopting the
‘flattened cone’ conformation occur when their hydroxy groups
are substituted by ethoxy8 or trimethylsiloxy groups,9 or the
hydroxy groups are coordinated with metal,10 which eliminates
the possibility of intramolecular hydrogen bonding, this is the
first observation of a non-substituted non-metal-atom-contain-
ing C-methylcalix[4]resorcinarene in this conformation.11

Four O–H…O hydrogen bonds link pairs of neighboring
resorcinarenes into columns parallel to the crystallographic
[011] direction,12 while O–H…N hydrogen bonds to the
nitrogen atoms at each end of the interspersed bipyridine
molecules link the columns into ‘skewed-brick’ sheets parallel
to the (1 1̄ 1) plane.13 The DMR molecules serve as templates
for the self-assembly of the framework, which is isomeric to
MacGillivray’s one dimensional polymer.14 The template-

induced architecture of the host framework is of much current
interest.15 Large hydrophobic cavities, in which the guest
molecules are located, occur in the space between the bipyridyl
molecules (Fig. 3). Successive sheets perpendicular to (1 1̄ 1)
are linked by weaker interactions, including C-H…O hydrogen
bonds. The two independent bipyridine molecules are twisted
by 32.04(14) and 17.15(20)°, respectively.

Though crystals of neat DMR are disordered at ambient
temperature,16 low temperature X-ray analysis shows the
structure to be fully ordered at 90 K, with a doubling of the unit
cell.6 Comparison of the DMR molecules in the two structures
shows only negligible differences, the Ru–Cp distances averag-

† Electronic supplementary information (ESI): colour version of Fig. 1. See
http://www.rsc.org/suppdata/cc/b0/b004783j/

Fig. 1 Hydrogen-bonded layers showing columns of C-methylcalix-
[4]resorcinarene linked by 4,4A-bipyridine molecules. The two half-
occupancy decamethylruthenocene molecules are shown. Solvent mole-
cules omitted for clarity.

Fig. 2 (a) The bowl-shaped (based on coordinates from ref. 4) and (b) the
flattened cone conformation of C-methylcalix[4]resorcinarene as deter-
mined by X-ray diffraction.
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ing 1.805(16) and 1.792(7) Å respectively in the complex,
compared with 1.800(3) and 1.800(3) Å in the neat DMR
structure.

The impetus for the current study was the long lifetime of the
3E1 triplet state of DMR, reported as 627 ms (4.2 K), compared
with 127 ms for ruthenocene (1.5 K).17 Spectroscopic experi-
ments18,19 and calculations20,21 indicate a significant change in
inter-ring distance on excitation of ruthenocene, which is to be
investigated by time-resolved synchrotron diffraction methods.
Using equipment described elsewhere,22 we have measured the
16 K lifetimes of the DMR triplet state in both the resorcinarene/
DMR complex and neat DMR as 492 and 460 ms, respectively.
While the DMR concentration is much lower in the complex
crystal (0.602 vs. 3.71 M in the neat crystal), the difference
could reflect a slightly different temperature.23 Other measure-
ments on lifetimes in host–guest complexes show no clear
relation between excited-state lifetime and molecular concen-
tration.24

In summary, decamethylruthenocene acts as the template for
the self-assembly of the 2+4+1 C-methylcalix[4]resorcinarene/
bipyridine/decamethylruthenocene supramolecular crystal. The
crystal has a layered structure with two-dimensional planes of
hydrogen-bonded molecules, and contains ‘flattened cone’
shaped calix[4]resorcinarene molecules. The decamethylruthe-
nocene molecules are located in hydrophobic cavities lined by
the C-methyl groups and the bipyridyl hydrogen atoms. It is
likely that other hydrophobic molecules of comparable size can
be similarly accommodated in this type of structure, thus
suggesting additional applications in crystal engineering and
supramolecular chemistry. We have already obtained C-
methylcalix[4]resorcinarene/bipyridine/benzophenone crystals
with similar framework and ‘flattened cone’ shaped cal-
ix[4]resorcinarene molecules.25
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The picket fence porphyrin complex [Fe(tpivpp)(NO)]
undergoes complete conversion to the isolable N-bound
nitrite derivative [Fe(tpivpp)(NO2)(py)] in air in the pres-
ence of pyridine: reconversion to the starting nitrosyl
complex is achieved using triphenylphosphine as reduc-
tant.

The study of the reactions of nitric oxide ligands in iron nitrosyl
porphyrins is receiving increased attention in bioinorganic
chemistry.1 This is due, in part, to a need to understand the fate
of the NO group after it binds to the metal center in heme
biomolecules and related model complexes, and to elucidate the
chemical processes involved in the conversion of the co-
ordinated NO group to nitrite. There are very interesting results
in the literature regarding the formation of coordinated NO2
groups in iron porphyrins.† For example, Scheidt and cowork-
ers have prepared and structurally characterized a series of
[Fe(por)(NO)(NO2)] complexes by the reaction of [Fe(por)]2O
or [Fe(tpivpp)(NO)] with an excess of NO,2 and they have
proposed the intermediacy of reactive nitrite compounds during
the formation of nitrate [Fe(por)(NO3)] products (por = tpivpp,
oep, tpp, ttp) from their nitrosyl precursors.3,4 Ford and
Lorkovic have demonstrated that NO2 (N2O3; derived from
reaction of NO gas with trace oxygen) reacts with
[Fe(tpp)(NO)] to give [Fe(tpp)(NO)(NO2)].5

Surprisingly, and although it is of fundamental interest in
heme–NO chemistry, no direct chemical evidence has been
reported on the straightforward conversion of the coordinated
NO group in an iron nitrosyl porphyrin to an isolable nitrite
complex.‡ We now produce the first unambiguous experimental
evidence that the [Fe(tpivpp)(NO)] compound converts to the
[Fe(tpivpp)(NO2)(py)] derivative in air and in the absence of
added NO.

The X-ray structure of [Fe(tpivpp)(NO)] is shown in Fig. 1.§¶
Reaction of this compound in CHCl3 with air in the presence of
pyridine results in its complete conversion to [Fe(tpivpp)-
(NO2)(py)]∑** within 1 h as judged by IR spectroscopy of KBr
pellets of dried aliquots.†† When the reaction of [Fe(tpivpp)-
(NO)] (20–50 mg, 0.018–0.040 mmol) with air and pyridine is
performed in a CHCl3–heptane mixture, and the solvent
allowed to evaporate over a 3 d period, needle-shaped crystals
of the [Fe(tpivpp)(NO2)(py)]·py product were obtained in
70–80% isolated yields. The observed Fe–NO2 distances of
1.92–1.97 Å in the [Fe(tpivpp)(NO2)(py)] products are longer
than the axial Fe–NO distance in the precursor [Fe(tpivpp)-
(NO)] complex (1.65–1.74 Å), and the nitrite O-atoms point
towards the HN groups of the picket fence (O…N distances of
3.7–3.8 Å) suggesting possible stabilization of the bound nitrite
through weak H-bonding interactions.

The added base is essential for the generation of the stable
ferric nitrite derivative, since the reaction of [Fe(tpivpp)(NO)]
with air in CHCl3 solution (without added pyridine) results in its
quantitative conversion to the known ferric chloro [Fe(tpivpp)-
(Cl)] complex (lmax = 417 nm).12,13 We have found that this
latter reaction is also enhanced by UV–VIS light (e.g. when

monitoring the reaction by UV–VIS spectroscopy). We have
also confirmed an earlier observation that air oxidation of the
non-picket fence [Fe(por)(NO)] compounds (por = tpp, ttp,
oep) results in the isolation of the [Fe(por)]2O oxo dimers,4
suggesting that the picket fence pocket is indeed crucial for the
stabilization of the singly-oxidized nitrite product.

Deoxygenation of the coordinated nitrite to nitrosyl in this
picket fence [Fe(tpivpp)(NO2)(py)] complex in CHCl3 (under a
nitrogen atmosphere) is achieved by the addition of triphenyl-
phosphine. The reaction is complete within 15 min, and the five-
coordinate nitrosyl [Fe(tpivpp)(NO)] complex is obtained in
80% isolated yield, with triphenylphosphine oxide as the
oxidized product. The overall reaction is shown in eqn. (1):

(1)

The conversion of coordinated nitrite to nitrosyl has precedent
in iron porphyrin chemistry. For example, (i) the anionic bis-
nitro [Fe(tpivpp)(NO2)2]2 complex undergoes rearrangement
in the presence of boron trifluoride to [Fe(tpivpp)(ONO2)] and
[Fe(tpivpp)(NO)] in some organic solvents,3 and (ii) oxygen-
atom transfer to organic compounds by the [Fe(oep)Cl]/nitrite
mixture is believed to occur via the intermediacy of
‘[Fe(oep)(NO2)]’, although this intermediate was not unambi-
guously identified.14

The observation of this base-assisted stabilization of an iron-
bound nitrite product derived from its nitrosyl precursor has
implications for the reactivity of the bound NO group in nitrosyl
heme proteins containing trans axial N-bases, and suggests that

Fig. 1 Molecular structure of [Fe(tpivpp)(NO)]. The nitrosyl group is
disordered over two positions, and only one of these positions is shown.
Hydrogen atoms have been omitted for clarity. Selected bond distances (Å)
and angles (°): Fe(1)–N(por) 1.991(5)–2.007(5), Fe(1)–N(5) 1.65(5), Fe(1)–
N(5A) 1.74(6), N(5)–O(1) 1.17(5), N(5A)–O(1A) 1.20(7); Fe(1)–N(5)–O(1)
149(4), Fe(1)–N(5A)–O(1A) 137(4).
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iron-bound nitrite could be one of several products or
intermediates in some heme–NO ligand oxidations.
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Bicyclic amino acids derived from the natural sugars D-
arabinofuranose and D-fructofuranose have been synthes-
ised; their ability to induce a turn conformation in peptides
has been exploited in the preparation of a cyclic RGD loop
mimetic.

The conformational rigidity of the pyran and furan rings makes
sugar amino acids (SAAs) interesting building blocks in the
induction of precise secondary structures in peptides and in the
construction of peptidomimetics. In this context, b-D-glucopyr-
anose was used as scaffold in the preparation of the first
nonpeptide somatostatin mimetic;1 in a different biological
context the same sugar moiety was employed to present the
guanidine group crucial for the biological activity of thrombin
inhibitors.2 By varying the mutual positions of the amino and
carboxylic groups in the glucopyranose scaffold, a set of SAAs
was designed and found to be capable of inducing linear or b-
turn conformations when incorporated into Leu-enkephalin
peptide analogues.3 Oligomers of pyranose sugar amino acids4

(‘carbopeptoids’) have been synthesised, and the furanose ring
has also been exploited as a building block for carbopeptoid
assembling.5 Homo-oligomers of tetrahydrofuran amino acids
derived from the arabinofuranose were shown to adopt a novel
repeating b-turn type secondary structure in tetrameric units
stabilized by intramolecular hydrogen bond.6

We present here the design and the synthesis of novel azido

acids (1 and 2) with bicyclic structures, derived from D-
arabinofuranose and D-fructofuranose respectively. Given that
the azido group is chemically equivalent to a protected amine,
these compounds can be used as building blocks for solid phase
assembly of peptoids. Our main goal in the design of this type
of SAAs was to lock the furanose ring in a rigid conformation
through the formation of fused rings or spiro-bicycles, thus
mimicking protein reverse turns (1) or constraining a linear
peptide conformation (2). The transformation of the commer-
cially available starting materials into the corresponding
bicyclic azido acids are based on the same synthetic strategy,
once the respective allyl-C-furanosides have been formed
(Schemes 1 and 2).

The 2,3,5-tri-O-benzyl-D-arabinofuranose was converted
into the anomeric acetate 3, which was allylated by treatment
with allyltrimethylsilane in the presence of catalytic amounts of
BF3–Et2O. The reaction, effected at rt in dry acetonitrile,
afforded 4 as a 1+1 mixture of a and b diastereomers (72%
yield). Iodocyclization (Scheme 1) was then carried out with
iodine in CH2Cl2 at 0 °C. This step is crucial to the formation of
the bicyclic structures of the arabino- and fructo-derived
compounds and consists of the opening of the intermediate
iodonium ion by attack of the g-benzyloxy groups in the 5-exo-

mode with formation of a cyclic iodoether with debenzylation.7
Obviously, only the b anomer of 4 reacted and this allowed the
easy separation from the a-anomer. The bicyclic iodoether 5
was obtained as a mixture of diastereomers (95% yield based on
the b anomer), the major isomer having the 2A-(S) configuration
(20% d.e.). Compounds R-5 and S-5 were separated by flash
chromatography and their relative configurations at the C-2A
assigned by NOESY analysis.8 The reaction of the iododer-
ivative 5 with tetrabutylammonium azide in toluene to give
azidoderivative 5 (60 °C, 24 h, 87% yield), as well as the
subsequent synthetic steps, were carried out separately on the
two diastereoisomers with similar yields. In order to introduce
the carboxylic function, 5 was regioselectively debenzylated at
the primary hydroxy group by controlled acetolysis (Ac2O,
CF3COOH, 0 °C), followed by saponification of the acetate and

Scheme 1 Reagents and conditions: i, I2, CH2Cl2, 0 °C, 12 h; ii, separation
of diastereomers by flash chromatography; iii, Bu4NN3, toluene, 60 °C; iv,
Ac2O, CF3COOH, 0 °C; v, MeONa, MeOH; vi, CrO3–H2SO4, acetone–
water.

Scheme 2 Reagents and conditions: i, I2, CH2Cl2, 0 °C, 12 h; ii, separation
of diastereomers by flash chromatography; iii, Bu4NN3, toluene, 60 °C; iv,
Ac2O, CF3COOH, 0 °C; v, MeONa, MeOH; vi, CrO3–H2SO4, acetone–
water.
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Jones oxidation. Compound 1 was obtained in 48% yield over
three steps. The spiro-azido acid 2 was prepared in a similar
way, as shown in Scheme 2, the iodocyclization of 6 affording
stereoselectively R-7 as the major product9 (d.e. 33%). The
iododerivative was reacted with tetrabutylammonium azide in
toluene (60 °C, 24 h) then submitted to acetolysis affording R-
10,10 and finally converted into azido acid R-2. The overall
yields for the transformation of 3 into 1 and of 6 into 2 were
respectively 40% and 35%, S-111 and R-2 being obtained as the
major isomers.

NMR and molecular dynamics indicate that both arabino- and
fructo-derived bicycles adopt rigid, spatially well-defined
conformations. In particular the sugar-amino acids derived from
precursors S-1 and R-1 are rigid turn mimetics, both molecules
can be incorporated in peptide sequences and used to replace i
+ 1 and i + 2 residues of a protein b-turn.

Moreover, these conformationally constrained sugar-amino
acids may be incorporated as rigid templates into cyclic
peptides in order to lock a bioactive conformation. Several
templates have been included in cyclic peptides containing the
RGD loop with the aim of obtaining new inhibitors of the
adhesive interaction between the avb3 and the aIIbb3-type
integrins and their ligands.12 As example, cyclic peptide 9 was
synthesised on solid phase (Scheme 3) by the well-established
Fmoc protocol. The dipeptide Arg(Pmc)-Gly was assembled
onto Sasrin resin with a loading of 0.47 mmol g21, then
compound S-1 was coupled in the presence of HBTU,13 HO-Bt
and DIPEA. The N-terminal azide reduction to the amine and
the coupling with Fmoc-Asp(tBu) was effected one-pot in the
presence of DIC, Bu3P, HO-Bt in dry DMF–toluene (2+1) at rt
for 24 h.14 This reaction was found to be very efficient and high
yielding (as assessed from the loading value calculated after the
Fmoc deprotection of the aspartate), in sharp contrast with the
inefficiency of other well-established methods we employed to
reduce this azide. The tetrapeptide was then cleaved from the
resin (1% TFA in CH2Cl2 with immediate neutralisation of the
effluents with pyridine) maintaining all protecting groups,
purified by flash chromatography on silica gel, cyclised in a
dilute solution of DMF (peptide conc. 0.5 mM) in the presence

of HBTU, HO-Bt and DIPEA and finally totally deprotected
with TFA–TIS–water (95+2.5+2.5), affording 915 in 63% yield
over the last two steps.

The high efficiency of the synthesis of compounds 1 and 2 is
likely to offer opportunities for the preparation of a wide range
of carbohydrate-derived bicyclic amino acids with improved
conformational rigidity to be used as templates, inducing
precise secondary structure conformations in peptides. Detailed
conformational analysis of these compounds was carried out by
NMR and molecular dynamics and will be reported else-
where.

We gratefully acknowledge the contribution of Carola
Cassani to the experimental work.
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Scheme 3 Reagents and conditions: i, S-1, HBTU, HOBt, DIPEA, DMF, rt,
4 h; ii, Bu3P, DIC, Fmoc-Asp(OtBu), rt, 24 h; iii, piperidine 20% in DMF;
iv, 1% TFA in DCM, neutralisation of the effluent with pyridine; v, 0.5 mM
peptide in DMF, HBTU, HOBt, DIPEA, 12 h, rt; vi, 95% TFA, 2.5% TIS,
2.5% H2O, 10 h, rt.
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Extended core discotic molecules self-assemble in water by
different secondary interactions to give well-defined, helical
columns in which the chirality of one chiral molecule is
transferred to on average 12 achiral molecules.

Amplification of chirality, generating homochiral molecules or
architectures, is one of the fascinating aspects of life that
chemists have repeatedly tackled.1 Approaches have ranged
from crystallization-induced resolution to asymmetric synthe-
sis, while Green pioneered the amplification of chirality at
helical macromolecular backbones.2 We have shown that the
addition of small amounts of homochiral seed molecules to
dynamic, racemic supramolecular architectures of achiral
building blocks in solution generates homochiral supramo-
lecular assemblies.3,4 For well-defined columns formed by N-
acylated 3,3A-diamino-2,2A-bipyridine based C3-extended core
discotics, we determined that a single chiral molecule imposes
its chirality on 80 achiral molecules at rt.3 In columnar
assemblies of alkyl substituted benzene-1,3,5-tricarboxamides,
one chiral seed can even direct the chirality of 200 molecules.4
For aggregates not formed by directional secondary inter-
actions, such as alkoxy substituted polythiophenes, the amplifi-
cation of chirality was found to be orders of magnitude lower.5
The solvents used for the study of these architectures, as well as
for other chirality transferring supramolecular systems reported
so far,6 are apolar and organic, favouring specific polar
secondary interactions. The creation of well-defined chiral
supramolecular architectures in water is a subject of increasing
importance and one of the goals in bio-inspired supramolecular
chemistry.7

In the C3-extended discotic 1, oligo(ethylene oxide) side
chains have been incorporated. The synthesis and the lyotropic
behaviour of chiral 1a in n-butanol, have been described
elsewhere.8 Compound 1a is molecularly dissolved in CHCl3,
but is aggregated in n-butanol9 as evidenced by a red-shift in the
UV-Vis spectra with respect to those in CHCl3, broad signals in
1H-NMR spectra and a fluorescent species with a long life
time.8 Furthermore, at low temperatures, the columnar ag-
gregates of 1a in alcohols are chiral, as evidenced from the
appearance of a strong Cotton effect (gabs = 3 3 1023) in the
chromophore corresponding to the aromatic core.10 We have
now synthesized achiral 1b and studied the self-assembly of 1a–
1b mixtures in water. Different interactions are shown to be
operative in the self-assembly in water and one chiral molecule
is able to induce chirality into 12 achiral molecules at 5 °C.

Compounds 1a,b dissolve in water due to their hydrophilic
side chains, but intriguingly, aggregation takes place as
evidenced by broad signals in the 1H-NMR spectra and a red
shift of the UV-Vis spectra, and a strong intensity of the
luminescence compared to solutions in CHCl3. This aggrega-
tion in water resembles that of chromonics that are known to
aggregate via hydrophobic interactions of their aromatic
cores.11 Remarkably and in contrast to chromonics, the
architectures are chiral and well-defined as evidenced by the
appearance of a Cotton effect for 1a at the wavelength
corresponding to the aromatic core (gabs = 1.4 3 1023).
Apparently, the arene–arene interactions of the aromatic cores
create a hydrophobic micro-environment that allows for
structuring via the specific, solvent-sensitive interactions.8

Furthermore, this shows that the peripheral chirality of the
individual molecules can be transmitted to the centre of the self-
assemblies by cooperative side-chain interactions.

In order to investigate the self-assembly, we studied the
solution of 1a in water as a function of temperature. Raising the
temperature from 0 to 90 °C resulted in gradual changes in the
UV (Fig. 1, top) and CD spectra (Fig. 1, bottom) as well as the
fluorescence characteristics (not shown). In contrast to the n-
butanol solutions that showed a highly cooperative loss of
chirality around 20 °C,8 the Cotton effect of the aqueous
solutions only decreased slowly from 0 to 70 °C. At tem-
peratures as low as 0 °C the Cotton effect is still temperature-
sensitive, suggesting that the individual molecules are not yet
fully locked in one defined position. The bandshape character-
istics of the UV-spectra and the high luminescence suggest that
the molecules remain aggregated at all temperatures. The
stacking at high temperatures is in contrast with the behaviour
of 1 in n-butanol8 and to that of chromonics in general.11 We
attribute this behaviour to the combination of a large aromatic
core, allowing for strong arene–arene interactions, and the

Fig. 1 Temperature dependent UV-Vis (top) and CD (bottom) spectra of 1a
in water (2.6 3 1025 M). Furthermore, the UV-Vis spectrum of 1a in
chloroform (2.6 3 1025 M) is shown.
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LCST behaviour of oligo(ethylene oxide)s in water. Dilute
solutions of 1a/b in water become turbid around 70 °C (Fig. 1).
The turbidity is ascribed to the formation of clusters of columns.
At 60 °C a Cotton effect with opposite sign appears (Fig. 1
bottom). Whether this ‘inversion’ results from the formation of
clusters with super-helical structure, or is simply due to
scattering of the large particles is not clear yet.

‘Sergeant and Soldiers’ experiments12 on 1a/1b mixtures in
water were conducted at two different concentrations at 5 °C
(Fig. 2) to investigate the possibility of amplification of
chirality. Indeed, chirality is amplified in the assembly; the
maximal expression of chirality is reached after the addition of
25–30% chiral compound. Adopting the model of Havinga,3 the
association constant (Kass) was calculated to be 1 3 108 L
mol21, with a cooperativity length of 12 molecules. This means
that at 1024 M columns with a degree of polymerisation as high
as 200 are being formed13 and that 15–20 chiral molecules are
needed to achieve a homochiral column. We are aware of the
fact that the model is not exactly suited for the system in water,
since it is made for single molecules forming a columnar stack
whereas in water non-chiral columns, already present, become
chiral. However, to a first approximation the calculated data
seem to fit well with the results observed.

The high stability and order of the columns, essential for
obtaining chirality amplification, is reflected in a strong time-
dependence for the columns to become homochiral; after
addition of a small aliquot of chiral 1a to a solution of achiral 1b
it takes approximately 1.5 h before full amplification of chirality
is reached. This phenomenon either results from a diffusion-
limited transport of molecules from one stack to the other, or,
more likely, is due to an extremely ordered and stable packing
of the molecules, both 1a and 1b, in the columns.

Fig. 2 clearly shows that in water the intensity of the Cotton
effect for particular mixtures is significantly higher than for
pure chiral 1a. In addition, it was established that in water the
UV-Vis spectra of 1a and 1b differ and as a consequence the CD
spectra, for which the maximum has been shifted from 342 nm
for pure chiral 1a to 336 nm for the mixtures with low ‘seed’
content (Fig. 3). These results demonstrate that the efficiency of
packing in columns is different for 1a and 1b. The stronger
Cotton effect of the mixtures suggests the packing of the achiral
molecules to be superior. We attribute the differences in
packing to the differing hydrophobicities of 1a and 1b and the
increased steric hindrance in stacks of 1a caused by the extra
nine branching methyl groups.

In conclusion, we have demonstrated the creation of well-
defined chiral self-assembled structures in aqueous solutions.
Although the aggregation process of 1a in water has similarities
with that in organic solvents,8 the special behaviour in water and
the interaction of water with ethylene oxide side-chains results
in striking differences. Currently, we are trying to elucidate the
specific role of the water in the formation of the (chiral)
supramolecular architectures based on 1a and 1b.
The National Research School Combination–Catalysis is
thanked for funding.
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Fig. 2 Dependence of the overall chirality on the mole fraction of chiral 1a
in water at 5 °C, expressed in terms of the g-value measured at the maximum
of the Cotton effect at 336–341 nm. Measurements were recorded at 1025

M in a 1 cm cell (circles) and at 1024 M in a 1 mm cell (squares). The solid
lines represent the best fit to the data using a cooperativity length of 12
molecules and a Kass of 1 3 108 L mol21.

Fig. 3 UV-Vis (top) and CD (bottom) spectra of 1a (----) and a mixture
containing 8% 1a and 92% 1b (——) in water at 5 °C at a total constant
concentration of 1025 M.
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Addition of samarium diiodide to a well-stirred THF
solution of benzoyl tributylphosphonium chlorides gen-
erated in situ from benzoyl chlorides and tributylphosphine
at 240 °C gave 4-benzoylbenzaldehydes as predominant
products from benzoyl chlorides without para-substituents,
while benzoyl chloride bearing p-methyl or chloro groups
was exclusively converted into the corresponding a-dike-
tone.

Recently it was found that the reduction potentials of alkanoyl-
and benzoyltributylphosphonium ions (1 and 2, respectively)
(Scheme 1), anodically generated from carboxylic acids and
tributylphosphine (Bu3P) or formed from acid chlorides and
Bu3P, are much more positive than those of the corresponding
acid chlorides;1,2 hence 1 and 2 are converted into aldehydes
without over-reduction to alcohols by reduction using a
cathode,1 Zn or Zn–Cu couple3 more feasibly than the
corresponding carboxylic acids or acid chlorides. In addition,
electrochemical reduction of 1 was shown to provide a novel
tool for the generation of acyl radical or acyl anion equivalents,
which are utilized in intramolecular C–C bond formation.4
However, the synthetically intriguing species generated from 1
or 2 have not been applied to intermolecular reactions. This is
probably because 1 and 2 are highly reactive acylating
reagents.4–6 During electrochemical generation of an acyl
radical or acyl anion equivalent from 1 or 2, excess of the
acylating reagent remains. Such circumstances may have
induced formation of a complex mixture in the cathodic reaction
of 1 or 2 with an electrophile or radical acceptor through
acylation of all anionic species generated during the elec-
trolysis. Thus, it is speculated that an immediate and total
transformation of 1 or 2 into the corresponding acyl radical or
acyl anion equivalent prevents such an undesired process. It was
reported that benzoyl chlorides 3 were reduced by samarium
diiodide (SmI2)7 as a one-electron reducing reagent, leading to
formation of the corresponding a-diketones (5).8,9 Based on the
reduction potentials, it was postulated that 2 will be more
feasibly reduced by SmI2 than the corresponding 3, namely, that
SmI2-reduction will satisfy the above requirement for the
reduced species of 2 to enter intermolecular reaction. Thus, we

examined the reduction of 2 itself by SmI2 as a preliminary
study to develop the intermolecular reaction of an acyl radical or
acyl anion equivalent generated from 1 or 2, and obtained
interesting results different from those for the case of 3 itself.
We report herein that SmI2–reduction affords benzoylbenzalde-
hydes 4 as predominant products from 2 without para-
substituents and 5 exclusively from 2 bearing para-substituents
(Scheme 1).

It was reported that 4 can be prepared by the following
methods: (1) SmI2-induced coupling of benzaldehydes followed
by PDC oxidation;10 (2) benzylic bromination of 4-me-
thylbenzophenone followed by periodate oxidation;11 (3)
oxidative transformation of 4-methylbenzophenone into the
corresponding benzaldiacetate followed by acid hydrolysis,12,13

(4) photolysis of benzaldehyde–cyclodextrin complexes in the
solid state.12 However, the following factors seem to attenuate
their synthetic utilities: in the first method, the yields of
coupling products from substituted benzaldehydes were rather
low; it is unlikely that starting materials with a variety of
substituents for the second and the third methods are easily
available; the fourth method was applied only to unsubstituted
benzaldehyde and its generality is unknown. Thus, it is
worthwhile developing a simple and general method for
preparing 4, taking into consideration not only the drawbacks of
these methods but also the facts that 4 was used as an important
intermediate for synthesis of an HIV-1 integrase inhibitor11 and
antifungal agents.14

The typical procedure is as follows: to a THF solution of 3
(1.0 mmol) cooled to 240 °C, Bu3P (1.1 mmol) was added
under an argon atmosphere and the resulting mixture was stirred
for 20 min. To the vigorously† stirred mixture, a THF solution
(0.1 M, 20 ml) of SmI2 was added using a syringe. After stirring
for 5 min at the same temperature, the reaction was quenched by
addition of 1 M HCl (5 ml). The entire mixture was poured into
H2O (20 ml) and extracted with ether (50 ml 3 3). The
combined organic layer was washed with 5% K2CO3 and brine
(40 ml each), and dried over MgSO4. After removal of the
solvent, the residue was subjected to column chromatography
(SiO2, hexane–AcOEt). Thus obtained products were charac-
terized by 1H-NMR, 13C-NMR, IR, and mass spectra or by
comparison with spectroscopic data in the literature.10,11,15 The
regiochemistry in 4b, 4c, 6, and 4f (cf. Table 1) was tentatively
assigned to be para with respect to the aldehyde groups, based
on the results for 2 with para-substituents as described below.

The results obtained for benzoyltributylphosphonium chlo-
rides 2 derived from several benzoyl chlorides 3 are shown in
Table 1. Reduction of phosphonium chloride 2a with SmI2
afforded keto aldehyde 4a as a sole product in an excellent yield
(run 1). Without in situ transformation into 2a, benzoyl chloride
was converted only to the corresponding a-diketone in 38%
yield under essentially the same conditions, suggesting that
reduction of 2 by SmI2 proceeds in a different manner from that
of 3 itself. Similarly, 2b and 2c bearing o- or m-methyl groups
were transformed into 4b and 4c, respectively, in excellent
yields, although formation of the corresponding a-diketone in
small amounts was noted (runs 2 and 3). In contrast to the case
of 2b and 2c, reduction of 2d with a p-methyl group resulted in
exclusive formation of a-diketone 5d (run 4), suggesting thatScheme 1
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SmI2-reduction of 2 favors formation of 4 via coupling at the
para-position. In reaction with SmI2, 2f and 2g with m- or p-
chloro groups exhibited a tendency similar to 2c and 2d; in the
former case, 4f was obtained as a major product and the latter
case predominantly afforded a-diketone 5g (runs 6 and 7).
Interestingly, reduction of 2e bearing an o-chloro group led to
the formation of a triply coupled product 6 in 50% yield (run 5).
These results demonstrated that SmI2-reduction of 2 provided a
novel access to 4 from 3 without para-substituents, and the
transformation seems to prefer electron-donating substituents to
electron-withdrawing substituents on the aromatic ring of 3. It
should be mentioned here that the decanoyl tributylphosphon-
ium ion (1 with R = n-C10H21 in Scheme 1) generated from
decanoyl chloride and Bu3P was reduced under essentially the
same conditions, affording only decanal in 39% yield.

For formation of 4 by SmI2-reduction of 2, two plausible
routes can be considered as depicted in Scheme 2, although the
detailed mechanism is not clear at present. By one-electron
reduction, characteristic of SmI2,7 a neutral radical 7 would be
formed from 2. One of the routes to 4 includes a head-to-tail
coupling of the radical (route A). The other comprises radical
addition of 7 to 2 (route B). When the procedure with a reverse
addition was utilized, namely, when 2 was added to a THF
solution of SmI2 cooled at 240 °C, the yields of 4 were
markedly decreased: 4a (57%) and benzil (9%) from 2a; 4b
(33%) and 5b (61%) from 2b; 4c (32%) and 5c (61%) from 2c.
These results suggest that effective formation of 4 needs
generation of 7 in the presence of excess 2, namely, that route B
is more likely than route A. In addition, route B seems to
provide a reasonable explanation that formation of the triply

coupled product 6 is initiated by addition of a radical such as 10
to 2.

Since benzoyl chlorides 3 with a wide variety of substituents
are commercially available and the present transformation is
carried out in one-pot, the SmI2 reduction of benzoylphosphon-
ium ions 2 is thought to be more straightforward and applicable
for the preparation of various types of 4. Further work is under
way to examine the generality of the present methodology as a
method of preparing 4 and to shed light on the mechanism of its
formation.

This work was supported in part by a Grant-in-Aid for
Scientific Research on Priority Areas (B) (10208205) from the
Ministry of Education, Science, Sports, and Culture, Japan.
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The case of a ketone whose photochemistry in solution is
markedly different from that observed in the crystalline state
is reported.

Molecules in crystals may be thought of as residing in reaction
cavities whose walls are composed of the neighboring mole-
cules in the lattice.1,2 When the central molecule in this
ensemble is caused to react in some way, for example by UV
irradiation, the cavities often restrict certain reaction pathways
and allow others, thus generally leading to a reduced number of
products compared to reactions carried out in more forgiving
fluid media. In some cases, the pathway favored in solution is
topochemically forbidden in the solid state (i.e. prevented by
lattice restraints), and when this is the case, less topochemically
demanding reactions leading to new products take over.3 To put
it another way, organic (and inorganic) molecules can be
thought of as having latent reactivity that is expressed only
when they are caused to react in the crystalline state; by
restricting chemistry to fluid media, these new reactions would
be missed. In the present communication we report an example
of this type of behavior in the photochemistry of a cis-9-decalyl
aryl ketone.

The molecule in question is cis-9-decalyl p-carbomethoxy-
phenyl ketone (1), mp 85–86 °C (Scheme 1).4 Irradiation of
acetonitrile solutions of this compound (145 mg, 100%
conversion) through Pyrex afforded cyclobutanols 6 (47%) and
9 (47%) along with 6% of cyclopentanone 8. In contrast, when
crystals of ketone 1 were irradiated (Pyrex, 220 °C to minimize
melting, 76 mg, 100% conversion), the product mixture
consisted of cyclobutanol 6 (81%) and the novel cyclopropanol
derivative 7 (19%). The structure and stereochemistry of each
photoproduct were deduced from FTIR, HRMS, 1D, 2D and
NOE difference NMR, and microanalysis. The structures of
compounds 6 and 8 were also verified by single crystal X-ray
diffraction studies.†

What is responsible for the remarkable difference in product
structure and distribution in going from solution to the solid
state? To help answer this question, the X-ray crystal structure

of ketone 1 was determined (Fig. 1).† This conformation, which
is depicted by structure 1a in Scheme 1, clearly indicates that
the ketone oxygen atom is directed toward hydrogen atoms H4
(2.55 Å) and H10 (2.38 Å). This is significant, because these are
the very hydrogen atoms abstracted in the first step of the
formation of solid state photoproducts 6 and 7, respectively.
Abstraction of H4 takes place through a 6-membered transition
state and leads to 1,4-hydroxybiradical 2, whose closure occurs
with retention of configuration at the carbonyl carbon affording
cyclobutanol 6.5 Abstraction of H10, on the other hand, is a
relatively rare 5-membered transition state process that pro-
duces 1,3-biradical 3 leading to cyclopropanol 7.6 Both
biradical closure processes are similar in that they occur without
the need for any large molecular motions, i.e. they are not
topochemically restricted by the confines of the solid state
reaction cavity.7

Biradicals 2 and 3 are presumably formed in acetonitrile as
well, and indeed, photoproduct 6 is a major product in this
medium. Cyclopropanol 7 is not formed in solution, however,
its place being taken by cyclopentanone 8. The reason for this
difference, we suggest, is that ring closure of biradical 3 to
cyclopropanol 7 is slow (ring strain), and in solution, rotation of
biradical 3 about the C9 to carbonyl carbon bond to form
biradical 4 is faster. This places the aromatic ring in proximity
to the radical at C10, and radical coupling of 4 at the ortho
position followed by tautomerization and oxidation leads to
cyclopentanone 8.8 Why, then, is no photoproduct 8 formed in
the solid state? The simple reason is that the required rotation
about the C9 to carbonyl carbon bond in biradical 3 is
topochemically restricted in the crystal. The aromatic ring
would have to sweep through a large volume of space—a
motion prohibited by the solid state reaction cavity.

A final point concerns the formation of cyclobutanol 9 in
solution but not in the solid state. Formation of this photo-
product necessarily involves abstraction of H2, and this is not
possible in the crystal because the CNO…H2 abstraction

Scheme 1 Fig. 1 ORTEP drawing of conformer 1a

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b007398i Chem. Commun., 2000, 2309–2310 2309



distance in conformer 1a is too great (3.47 Å).9 In solution, on
the other hand, ketone 1 can adopt alternative low energy
conformations that permit abstraction of H2. Molecular me-
chanics calculations (Hyperchem MM+ and MacroModel
MM3*) show that ketone 1 has two lowest energy conforma-
tions that differ in energy by only 0.1 kcal mol21. One of these
is 1a, the conformation adopted in the crystal, and the other is
1b, in which abstraction of H2 (2.40 Å) is favored geometrically
over abstraction of H4 (3.22 Å) or H10 (3.83 Å). We therefore
postulate that cyclobutanol 9 is formed in solution from
conformer 1b via abstraction of H2 (6-membered transition
state) followed by closure of the resulting 1,4-hydroxybiradical
5.10

In summary, the latent solid state photochemical behavior of
ketone 1 is manifested by the formation of cyclopropanol 7, a
product not observed in solution. Similarly, irradiation of
ketone 1 in solution leads to two new photoproducts (8 and 9)
not observed in the solid state. These reactivity differences can
be explained on the basis of the conformational freedom (or lack
thereof) that the reactants and intermediates experience in the
two media.
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Two series of 1,3-dioxolanes and 1,3-oxathiolane nucleosides
containing N-1-oxypyrimidine were synthesized as potential
antiviral agents.

The potent activity displayed by 3A-azido-3A-deoxythymidine
(AZT)1 against human immuno-deficiency virus (HIV)
prompted further design and evaluation of nucleoside ana-
logues.2 However, the toxicities associated with these com-
pounds as well as the development of resistant viral strains upon
prolonged treatment indicates that there is still a need for novel
therapeutic agents.3 One approach is to replace the carbohydrate
moiety of 2A,3A-dideoxynucleoside analogues with other five
membered rings.3b,4 It has been demonstrated that hetero-
substitution of these rings has a profound effect on the
biological activity of the resulting nucleoside analogue5 as
displayed by (2)-2A-deoxy-3A-thiacytidine (3TC®, Epivir) 15c,6

and (+)-2A-deoxy-3A-oxacytidine (Troxacitabine) 2.7

As part of an ongoing search for new antiviral leads, we
further explored this class of 3A-heterosubstituted nucleosides.
We synthesized a novel class of these compounds where the
1,3-oxathiolane or 1,3-dioxolane ring is linked to the hetero-
cyclic base through a nitrogen–oxygen bond. This is exempli-
fied by the general structure 3. The structure of these
nucleosides are analogous to those of biologically active
compounds8 such as 1-(a-D-ribofuranosyloxy)uracil 4,8b

9-(3-hydroxypropoxy)guanine 58c and 9-(2,3-dihydroxypro-
poxy)guanine 6.8d As an example, 6 showed more potent and
selective activity than acyclovir against HSV-1, HSV-2 but was
less active than acyclovir against VZV.8c,d

The synthetic route to (±)-1,3-dioxolane and 1,3-oxathiolane
nucleoside analogues 3 is based upon reaction of N-1-hydroxy-
heterocycles 8 with a dioxolane or oxathiolane moiety 7 bearing
a suitable leaving group Y (Scheme 1).

Our strategy was to build stepwise the N-1-hydroxypyr-
imidine base 8 since its direct synthesis by oxidation of the base
has not yet been achieved. N-1-Hydroxyuracil 12 was selected
as the key base in this series.9 The preparation of this compound
is described in Scheme 2. Treatment of O-benzylhydroxylamine
with aqueous acidic potassium cyanate afforded urea 9 in 80%
yield. This was reacted with sodium hydride followed by ethyl
3,3-dimethoxypropionate to give the protected uracil 10. This
compound was hydrogenated to give N-1-hydroxyuracil 12.
Similarly, N-1-hydroxythymine 13 was prepared by reacting the
urea 9 with ethyl 3,3-diethoxy-2-methylpropionate followed by
deprotection of the benzyl group of compound 11. These
pyrimidine bases 12 and 13 were also synthesized by Klötzer
using a similar approach.10 N-1-Hydroxycytosine was prepared
from its precursor uracil. For example, reaction of N-1-benzyl-
oxyuracil 10 with phosphorus oxychloride, triethylamine and
triazole gave the triazolo derivative which was treated with
ammonia then debenzylated to give N-1-hydroxycytosine 15 in
75% yield (Scheme 2).

Unlike 1-(benzyloxy)imidazole which is unstable under
alkaline conditions,8a the N-1-benzyloxypyrimidines 10, 11, 14
are stable under a variety of conditions. These include acidic
and basic conditions, as well as temperatures ( < 90 °C) and
catalytic hydrogenation. In addition, the final free N-1-hydroxy
compounds 12, 13, 15 can be stored for months at 0 °C without
decomposition.

Two approaches were considered for the preparation of
pyrimidine and purine nucleosides. The first route was based
upon coupling of a suitably functionalised N-1-hydroxy base
with 1,3-dioxolane or 1,3-oxathiolane sugars under Mitsunobu
conditions. Unfortunately, this reaction appeared to be in-
effective and resulted in low yield. In fact, the Mitsunobu
reaction between acylated furanose and 1-hydroxybenzotriazole
gave similar results.11 The second approach offers a more
general route for the synthesis of these nucleosides. Scheme 3
illustrates a representative example where the sugar moieties of
1,3-dioxolane or 1,3-oxathiolane were reacted with iodo- or
bromotrimethylsilane then the solution was treated with a
mixture of sodium hydride and N-1-hydroxyuracil 12 or

Scheme 2 Reagents and conditions: (a) 10% aq. acetic acid; (b) NaH, DMSO, 70 °C, 22 h; (c) Na, EtOH, (MeO)2CHCH2COOEt; (d)10% Pd/C, cyclohexane,
EtOH, 60 °C, 5 h; (e) POCl3, Et3N, triazole; (f) NH3; (g) H2/Pd-C.

Scheme 1
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thymidine 13 in DMF. This gave the desired nucleoside 16 and
17 or 18 and 19, respectively, as a 1+1 mixture of cis and trans
isomers in 72 and 66% yields, respectively.12 Replacement of
halotrimethylsilane with trimethylsilyl triflate or the base
sodium hydride with triethylamine did not alter the ratio of
isomers but reduced the yield. Separation of the isomers 16–19
by chromatography followed by deprotection with methanolic
ammonia gave the expected nucleosides 20–27 in high
yields.13

Similarly, cytosine derivatives 28–31 were produced in a 1+1

mixture of cis and trans isomers under the same conditions
starting from N-1-hydroxycytosine 15. Direct conversion of
uracil nucleoside 16 or 17 to the corresponding cytosine using
the triazolo–phosphorus oxychloride–ammonia procedure was
not successful and gave low yield of the expected product
28–31.

The anti HIV, HBV, HSV-1 and HSV-2 activities of
(±)-1,3-dioxolane and 1,3-oxathiolane nucleoside analogues
20–27, 28–31, were evaluated and compared with 3TC®

(Epivir) and AZT. All of them were found to be inactive and
non-toxic, except the cytosine derivative 29 which displayed
weak inhibition of extracellular HBV.

In summary, described herein is a novel class of (±)-1,3-diox-
olane and 1,3-oxathiolane nucleoside analogues. The biological
results demonstrate that linking the sugar to the heterocyclic
base through an oxygen causes dramatic reduction in antiviral
activity in this series of compounds.

We thank Drs R. Storer and T. Bowlin for reading the
manuscript, Mrs L. Bernier and J. Dugas for technical assistance
with HPLC purification, and Mrs L. Marcil for secretarial and
technical assistance.
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Tetracationic Zn(II) porphyrinates and tetraanionic calix-
[4]arenes can be assembled in polar solvents to obtain cage-
like complexes in an entropy driven process. These struc-
tures are remarkably stable even in the presence of water or
competing salts.

Metalloporphyrins are well known for their ability to bind a
variety of small molecules1–6 and for their catalytic proper-
ties.7,8 Moreover, they have been intensively studied with
respect to their occurrence in metalloporphyrin-dependent
proteins,9,10 in which they display largely differentiated chem-
ical properties. The chemical behavior of a metalloporphyrin is
strongly affected by the surrounding environment.11 For
example, the peptidic backbone in metalloporphyrin-dependent
proteins is able to fine-tune the chemical properties of the metal
center by means of non-covalent interactions. Most studies with
synthetic porphyrins heavily rely on the covalent modification
of the macrocyclic structure,1,12 while studies on porphyrins
with a non-covalently organized periphery have hardly been
reported so far. In this communication we describe the
formation and characterization of cage-like complexes 1·2,
consisting of cationic porphyrins 1 and anionic calix[4]arenes 2
(see Fig. 1), that are very stable in polar solvents such as MeOH
DMSO and DMPU.‡§

Zinc(II) meso-tetrakis(N-alkylpyridinium-3-yl)-porphyrins
1a–c were prepared in three steps starting from pyridine-
3-carboxyaldehyde and pyrrole in an overall yield of 14–18%
following literature procedures.5 Tetrasulfonatocalix[4]arene 2
was obtained in 84% yield by sulfonation of the parent
25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene with con-
centrated sulfuric acid using a slightly modified literature
procedure.13

The assembly process was first studied by UV spectroscopy.
Addition of calix[4]arene 2 to a solution of porphyrins 1 in
MeOH (2–3 3 1026 M) causes a bathochromic shift (3–5 nm)
of the porphyrin’s Soret band with a concomitant 20–25%
decrease in e (molar absorptivity) at lmax. This behavior is
characteristic for cationic pyridiniumyl porphyrins that form
ion-pair complexes in water.14 Non-linear least-squares fitting
analysis of the spectral changes using a 1+1 binding model gave
association constants in the order of 107 M21 for the complexes
1·2 (see Table 1). The presence of a well-defined isosbestic
point during the titration strongly supports the proposed
formation of a 1+1 complex. These high values most likely
reflect the perfect complementarity in charge distribution of the
two interacting molecular ions leading to the formation of
strong, cooperative salt bridges. Nevertheless these ion-pair
complexes remain highly dynamic structures as we were unable
to observe any time dependent phenomenon either by NMR or
by UV-vis experiments.

In order to determine the thermodynamic parameters asso-
ciated with the assembly formation, the stability constant of
complex 1a·2 was determined at different temperatures. Van’t
Hoff analysis of the binding data revealed that the process is

strongly entropically driven (129 ± 24 J K21 mol21) with a very
small exothermic contribution (28.0 ± 6.7 kJ mol21). There-
fore, we conclude that the release of solvent molecules is the

† Electronic supplementary information (ESI) available: Figs. 3–6. See
http://www.rsc.org/suppdata/cc/b0/b006960o/

Fig. 1 Molecular structure of components 1, 2, and 1+1 complex 1·2.

Table 1 Association constants for the assembly of cationic zinc porphyrin-
ates 1 with the anionic calix[4]arene 2

Assembly Solvent Log K1+1

1a·2 CH3OH 7.11 ± 0.04
1b·2 CH3OH 7.04 ± 0.20
1c·2 CH3OH 7.15 ± 0.09
1a·2 DMSO 6.21 ± 0.03
1a·2 DMPU 6.16 ± 0.01
1a·2 H2O–DMPU 6.04 ± 0.02

xwater = 0.26
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main driving force for the formation of the highly stable ion-pair
complexes 1·2 in MeOH.15

Structural investigation of complex 1a·2 by 1H NMR
spectroscopy was performed in CD3CN–D2O (6.5+1.5). At
ambient temperatures the porphyrin proton signals show a
complicated set of signals that indicate the presence of a mixture
of isomeric structures with reduced symmetry. The calix[4]ar-
ene strongly influences the atropoisomerization equilibrium of
the porphyrin,5 without inducing a particular conformational
preference. Coalescence of the various signals occurs at higher
temperatures, whereby the position of the averaged signals is
significantly shifted upfield in comparison to the corresponding
signals in the free porphyrin. The largest shifts are observed for
protons Hb, Hc and Hd (0.3–0.7 ppm) (see Fig. 2), which
suggests that these protons are located in closest proximity to
the calix[4]arene unit. Molecular simulation studies
(CHARMm 24.0) support this view and further show that the
structure in which the alkyl chains are pointing away from the
calix[4]arene minimizes the distance between opposite charges
in the two building blocks.¶

The cage-like structure of these ion-pair complexes prompted
us to study their formation in other polar solvents such as
DMSO and DMPU, from which the individual molecules are
more bulky than MeOH. Titration experiments with 1a and 2 in
these solvents also gave well-defined isosbestic spectral
variations. However, no shift in the maximum (DMSO) or a 5
nm blue shift (DMPU) was observed. This indicates a different
solvation shell around the porphyrin upon formation of the
complex in these solvents. Moreover, the K1+1 values are one
order of magnitude smaller than in MeOH (Table 1), which
might indicate that MeOH is probably a very good guest for the
cage-like complex∑ and enhances the stability of the system.
Further experiments on solvent or guest encapsulation in these
cage-like structures are currently ongoing in our laboratories.

Furthermore, we examined the effect of adding salts on the
stability of the ion-pair complexes: association constants were
determined for assembly 1a·2 in DMSO at different concentra-
tions of NaClO4. A logarithmic plot of K1+1 and [NaClO4]
shows a bimodal linear relationship with a slope of 1.91 ± 0.11
for [NaClO4] > 2 3 1023 M. This behavior suggests that, at
high concentrations of Na+, calix[4]arene 2 complexes two Na+

ions in a cooperative fashion, as indicated by the sharp curvature
at the breaking point, with b = 2.2 105 M22. Determination of

the K1+1 value at 1022 M of Bu4NClO4 clearly showed a smaller
effect in comparison to NaClO4 at the same concentration
(pK1+1 = 5.22 ± 0.08 and 4.56 ± 0.03 for Bu4NClO4 and
NaClO4 respectively). Therefore, it can be concluded that
addition of inert salts, as much as 4500 times the concentration
of the building blocks, only reduces the stability of the complex
by a factor of 10.

Finally, we have found that the influence of the presence of
water on the stability of the assemblies is very small. The log
K1+1 value is 6.04 ± 0.02 in a H2O–DMPU mixture (xwater =
0.26), which is comparable to the value of 6.16 ± 0.01 obtained
in pure DMPU (see Table 1).

In conclusion we have shown that stable cage-like complexes
are obtained by self-assembly of cationic porphyrins and
anionic calix[4]arenes in polar solvents. These assemblies are
formed as a result of multiple electrostatic interactions between
oppositely charged building blocks and are highly stable in
polar solvents, like MeOH DMSO and DMPU. Furthermore,
they remain stable even in the presence of water and, to a large
extent, upon the addition of electrolytes.

These investigations are supported by the Netherlands
Research Council for Chemical Sciences (CW) with financial
aid from the Technology Foundation STW.
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Fig. 2 1H NMR of (A) porphyrin 1a, (B) 1:1 mixture of 1a and 2 at 298 K,
(C) 1:1 mixture of 1a and 2 at 343 K.
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A novel thymidine analogue containing both 5-aminopro-
pargyl† and 2A-aminoethoxy modifications has been syn-
thesised and incorporated into a triplex-forming oligonu-
cleotide; the combination of the two amino groups on the
same nucleoside greatly enhances triplex stability.

DNA triple-helix formation by sequence-specific triplex-
forming oligonucleotides is of considerable interest because of
its great potential in a variety of analytical and therapeutic
applications, including selective control of gene expression,1
site-directed mutagenesis,2 gene repair,3 in situ chromosome
labelling and other molecular diagnostics.4 Although triplex-
forming oligonucleotides bind with high specificity, their
binding is usually much weaker than that of the underlying
DNA duplex. In part this is thought to be due to the charge
repulsion resulting from bringing together the three poly-
anionic DNA strands. Studies by ourselves and others5 have
shown that the introduction of positively charged groups at
multiple sites in the backbone, sugar or base can produce stable
triplexes, but to date only one such group has been added per
nucleoside. Combining two of these modifications in a single
nucleoside should produce stable triplexes across a wide range
of salt concentrations, particularly under physiological con-
ditions.

To test this hypothesis, we have synthesised a thymidine
analogue containing two modifications that individually are
known to stabilise triplexes: 5-aminopropargyl6 and 2A-amino-
ethoxy.7 These groups were specifically chosen so that the
amines would act at different sites in a cooperative manner. An
obvious synthesis for such a compound appears to be alkylation
of the 2A-position of the nucleoside as reported for the 2A-
aminoethoxy thymidine analogue.7 However this strategy was
not successful for our compound due to side reactions at the
5-position of the pyrimidine. We therefore had to adopt a longer
route including a glycosylation step after introduction of the
aminoethoxy moiety onto the sugar. The successful synthesis of
the doubly modified monomeric thymidine building block 6 is
shown in Scheme 1.

Alkylation of the protected b-Me ribofuranoside 18 with
methyl bromoacetate in the presence of sodium hydride (74%
yield), followed by reduction of the ester by LiBH4 and
replacement of the hydroxy group by a phthalimide substituent
using Mitsunobu9 conditions yielded 2 (89% for two steps).
Phthalimide is a suitable protecting group for oligonucleotide
synthesis because of its stability to the acidic conditions
encountered in dimethoxytrityl removal and ease of removal in
standard basic conditions at the end of the synthesis. Attempted
glycosylations10 with 2 resulted in ring opening of the sugar.
The anomeric position was therefore activated by means of an
acetyl group via acetolysis with acetic anhydride and a catalytic
amount of sulfuric acid in glacial acetic acid. Under these
conditions8 the TIPDS was replaced by acetyls to afford 3 in
95% yield. Triacetate 3 was transformed into the desired
nucleoside 4 in 82% yield with silylated 5-iodouracil in the

presence of TMSOTf (Vorbrüggen reaction conditions,11 82%
yield, 2+1 b–a separable mixture). The b-anomer was then
deacetylated using NaOMe powder in MeOH and the reaction
was quenched by Dowex 50 (pyridinium form) then directly
tritylated with freshly recrystallised dry DMTrCl in pyridine to
yield 5 (63% for two steps). The aminopropargyl moiety was
added protected as the trifluoroacetamide (equally suitable to
oligonucleotide synthesis as phthalimide) by a palladium
coupling reaction12 in 89% yield. Conventional phosphitylation
of the 3A-hydroxy group in an inert atmosphere using 2-cyano-
ethoxy(N,N-diisopropylamino)chlorophosphine afforded the
phosphoramidite monomer 6 suitable for oligonucleotide syn-
thesis in 70% yield.

Oligonucleotide syntheses were performed on an ABI 394
automated DNA/RNA synthesiser following standard cycles.
The monomer 6 was incorporated in good yield (5 min
coupling, > 98.5%) and oligonucleotides were deprotected with
concentrated aqueous NH3 at 55 °C for 5 h. After reversed-
phase HPLC purification, the oligonucleotides were desalted
(Sephadex G25) and characterised by ESMS.

We synthesised the intramolecular triplex forming oligonu-
cleotide P3 containing a double substitution of the modified
monomer 6 and the UV-melting curve was monitored at pH 7
(Table 1). P3 showed an increase in Tm of 22.9 K relative to P2
which contains two aminopropargyl modifications and an
increase of 48.7 K relative to unmodified oligonucleotide P1.
The general sequence of oligonucleotides P1, P2 and P3 was

Scheme 1 Reagents and conditions: (i) BrCH2CO2Me (5 eq.), NaH
(2.2 eq.), DMF, RT, 3 h, 74 %; (ii) (a) LiBH4 (2 eq.), THF, MeOH, 220 ?
0 °C, 1 h; (b) PhtNH (1.05 eq.), PPh3 (1.05 eq.), DEAD (1.05 eq.), THF, RT,
30 min, 89 %; (iii) Ac2O, AcOH, H2SO4, RT, 3 h, 95%; (iv) 5-iodouracil-
bis-TMS (3 eq.), TMSOTf (3 eq.), Cl(CH2)2Cl, 220 ?0 °C, 3 h, 82% (a+b
1+2); (v) (a) MeONa (3 eq.), MeOH, RT, 5 min; (b) DMTrCl (3 eq.), Py, RT,
3 h, 63%; (vi) HC·CCH2NHCOCF3 (3 eq.), CuI (0.25 eq.), Et3N (5 eq.),
Pd(PPh3)4 (0.1 eq.), DMF, RT, 16 h, 89%; (vii) (iPr)2NP(Cl)OCH2CH2CN
(1.5 eq.), DIPEA (2.2 eq.), CH2Cl2, RT, 16 h, 70%.
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chosen as this motif is known to give clear triplex melting
transitions.6

Footprinting data from a 9-mer oligonucleotide containing
three bis-amino-modified thymidines (XTTXTTCXT) showed
a reduction in the intensity of bands within the footprint by 50%
at a concentration of 1.0 ± 0.5 mM. This is in contrast to the same
sequence with three aminopropargyl T nucleosides which failed
to show a footprint at concentrations as high as 50 mM. The
footprints were located at a single target site within a 110 base
pair fragment indicating that the oligonucleotide retained
considerable sequence selectivity.

The above UV-melting data (intramolecular triplexes) and
DNase I footprinting experiments (intermolecular triplexes)
show that the 5-aminopropargyl/2A-aminoethoxy combination
contributes significantly to triplex stabilisation, and is greatly
superior to the aminopropargyl substitution alone. Hence the
doubly modified nucleotide 6 appears to be a very promising
building block for triplex-forming oligonucleotides.

We thank the Cancer Research Campaign for supporting this
work.

Notes and references
† The IUPAC name for propargyl is prop-2-ynyl.

1 C. Giovannangeli and C. Helene, Antisense Nucleic Acid Drug Dev.,
1997, 7, 413; C. Giovannangeli, L. Perrouault, C. Escude, N. Thuong
and C. Helene, Biochemistry, 1996, 35, 10 539; L. J. Maher, P. B.
Dervan and B. Wold, Biochemistry, 1992, 31, 70.

2 G. Wang, D. D. Levy, M. M. Seidman and P. M. Glazer, Mol. Cell. Biol.,
1995, 15, 1759; G. Wang, M. M. Seidman and P. M. Glazer, Science,
1996, 271, 802.

3 S. Broitman, O. Amosova, N. G. Dolinaya and J. R. Fresco, J. Biol.
Chem., 1999, 274, 21 763.

4 M. D. Johnson and J. R. Fresco, Chromosoma, 1999, 108, 181.
5 For a review see: K. R. Fox, Curr. Med. Chem., 2000, 7, 17.
6 J. Bijapur, M. D. Keppler, S. Bergqvist, T. Brown and K. R. Fox,

Nucleic Acids Res., 1999, 27, 1802.
7 B. Cuenoud, F. Casset, D. Husken, F. Natt, R. M. Wolf, K.-H. Altmann,

P. Martin and H. E. Moser, Angew. Chem., Int. Ed., 1998, 37, 1288.
8 J. P. Schaumberg, G. C. Hokanson and J. C. French, J. Org. Chem.,

1985, 50, 1651.
9 O. Mitsunobu, Synthesis, 1981, 1.

10 P. Martin, Helv. Chem. Acta, 1996, 79, 1930.
11 H. Vorbrüggen, K. Krolikiewicz and B. Bennua, Chem. Ber., 1981, 114,

1234.
12 S. Takahashi, Y. Kuroyama, K. Sonogashira and N. Hagihara, Synthesis,

1980, 627; F. W. Hobbs, J. Org. Chem., 1989, 54, 3420.

Table 1 Melting temperatures (Tm) measured at pH 7.0; 50 mM phosphate
buffer with 100 mM NaCl+L, octanediol linker; pU, 5-aminopropargyl
modified T; X, bis-amino modified T

Oligonucleotide Tm/K

P1 T6-L2-T6-AGTCT-L2-AGACT-A6 295
P2 TpUTpUTT-L2-T6-AGTCT-L2-AGACT-A6 320.8
P3 TXTXTT-L2-T6-AGTCT-L2-AGACT-A6 343.4
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Radical addition of ketones to alkenes catalyzed by
Mn(OAc)2 combined with Co(OAc)2 using dioxygen as
oxidant was developed; for instance, the reaction of cyclo-
hexanone with oct-1-ene in the presence of very small
amounts of Mn(OAc)2 and Co(OAc)2 under air (1 atm) gave
2-octylcyclohexanone in good selectivity; from styrene, a six-
membered cyclic peroxide was isolated in good yield.

Free radical reactions in organic synthesis have been recognized
as a powerful tool for the construction of C–C and C–X (X N H
or heteroatoms) bonds.1 However, a limited number of methods
have appeared for the generation of a-keto carbon radicals in
spite of their synthetic importance.1,2 Among the methods
developed for this purpose, peroxide- and metal-initiated
reactions of ketones are often used.2a–d Thus, the addition of a-
keto radicals to alkenes which leads to a-alkylated ketones is
practiced by the use of high oxidation state metal ions such as
Mn(III), Ce(IV), Ag(II) and Pb(IV).2c,d Unfortunately, most
reported procedures call for a large quantity of the metal
reagent. To the best of our knowledge, there is only one report
on the catalytic addition of a-keto radicals to alkenes via a
catalytic process using AgNO3 and Na2S2O3 as the reoxidant.3
If the addition of ketones to alkenes can be achieved by using a
catalytic amount of metal ions in combination with an
appropriate oxidizing agent, the reaction would become an
effective tool for the synthesis of a-alkylated ketones. From
environmental and economic aspects, molecular oxygen is the
best candidate as the oxidant to regenerate the reduced metal
ions to a high oxidation state, but such a catalytic system has not
yet been developed. Here we wish to report a novel catalytic
radical addition of ketones to alkenes by Mn(II) combined with
Co(II) under dioxygen [eqn. (1)].

(1)

To highlight the possibility of using dioxygen as reoxidant,
the addition of cyclohexanone (1) to oct-1-ene (2) was carried
out in the presence of a catalytic amount of Mn(OAc)3 (0.5
mol%) having one-electron oxidizing ability under either an
inert gas (N2) or air (1 atm) in AcOH at 80 °C for 5 h (Table 1,
runs 1 and 2).† The reaction under N2 led to an adduct,
2-octylcyclohexanone (3), in low yield (4%), while the reaction
under air afforded 3 in better yield (26%). This fact indicates
that the reduced Mn(II) species can be continually reoxidized to
Mn(III) by O2 making use of Mn(OAc)2, which is cheaper than
Mn(OAc)3, more viable for reactions under O2 instead of
Mn(OAc)3. In fact, Mn(OAc)2 in the presence of O2 promoted
the reaction to a similar extent as Mn(OAc)3 did (run 3).
Needless to say, the reaction did not take place at all by
Mn(OAc)2 under N2 (run 4).

The present reaction was found to be facilitated by adding a
small amount of Co(OAc)2 (0.1 mol%) to Mn(OAc)2 (0.5
mol%) to give 3 in 88% selectivity at 41% conversion (run 6),
while the reaction was not induced by Co(II) alone (run 7).‡ The
addition proceeded smoothly even with a very small amount of

Mn(OAc)2 and Co(OAc)2 (run 10). Since Co(II) ions are well-
known to react easily with O2 to form a Co(III)–dioxygen
complex such as a superoxocobalt(III) or peroxocobalt(III)
complex,4 it is thought that such a Co(III) species catalyzes the
reoxidation of the reduced Mn(II) to Mn(III) under O2.

The remarkable effect of oxygen concentration on the
reaction of 1 with 2 was observed (runs 11–16). When a mixed
gas of 0.5+0.5 atm of N2–O2 was employed, 3 was obtained in
83% selectivity at 72% conversion (run 12).

On the basis of these results, the addition of various ketones
to alkenes was examined under the optimized reaction condi-
tions (Table 2).

Both cyclic and aliphatic ketones were added to 2 to give the
corresponding adducts in fair to good yields (runs 1–4). The
reaction of an unsymmetrical ketone such as pentan-2-one (4)
with 2 led to two structural isomers, 3-ethylundecan-2-one (5)
and tridecan-4-one (6), in a ratio of ca. 6+1. The preferential
formation of 5 is believed to be due to the fact that the secondary
carbon radical is more easily generated than the primary one.

From isopropenyl acetate, g-acetoxy ketone was obtained in
relatively good selectivity (run 5). The reaction of 1 with styrene
(7) did not form the expected adduct but gave a cyclic peroxide
(8) in 41% yield (run 6). Such six-membered cyclic peroxides
are known to exhibit significant biological activities.5 The
peroxide 8 may be formed through the reaction path shown in
Scheme 1. A benzyl radical (B) derived from the addition of an
a-keto radical (A) to 7 reacts with O2 rather than 1, giving an
alkylperoxy radical (C) which then undergoes intramolecular
cyclization leading to 8.6 It is believed that the benzyl radical B
which is stabilized by conjugation with the phenyl group is

Table 1 Reaction of cyclohexanone (1) to oct-1-ene (2) by Mn(OAc)2

combined with Co(OAc)2 under various conditionsa

mol%

Run Mn Co
Oxygen source
(N2–O2 atm) Time/h

Conv.
(%)b

Select.
(%)c

1d 0.5 — N2 5 < 10 4e

2d 0.5 — Air 5 35 26e

3 0.5 — Air 5 32 69
4 0.5 — N2 5 No reaction
5d 0.5 0.1 N2 5 < 8 5e

6 0.5 0.1 Air 5 41 88
7 — 0.5 Air 5 < 2 Trace
8 0.5 0.1 Air 10 57 83
9f 0.5 0.1 Air 10 57 85

10g 0.01 0.005 Air 10 30 72
11 0.5 0.1 0.9+0.1 10 11 80
12 0.5 0.1 0.5+0.5 10 72 83
13 0.5 — 0.5+0.5 10 49 72
14 0.5 0.1 0.3+0.7 10 69 81
15 0.5 0.1 O2 10 87 62
16 0.1 0.05 0.5+0.5 10 70 85
a 2 (2 mmol) was allowed to react with 1 (20 mmol) under dioxygen in the
presence of Mn(OAc)2 and Co(OAc)2 in AcOH (2 mL) at 80 °C.
b Conversion of 2. c Based on 2 reacted. d Mn(OAc)3 was used instead of
Mn(OAc)2. e Yield based on 2 used. f AcOH (0.5 mL) was used. g 1 (5 eq.)
was used.
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unable to abstract a hydrogen atom from 1. Since Co ions are
known to promote the redox decomposition of the peroxides,7
the reaction was conducted without Co(II) to give 8 in 70% yield
(run 7).

In conclusion, we have developed a novel catalytic method
for the addition of ketones to alkenes by the combined use of
Mn(II) and Co(II) salts using dioxygen as the reoxidant. This
method provides an alternative route to a-alkylated cycloalkan-
ones which are attractive compounds as fine chemicals such as
fragrances. Further investigation to extend the present method
and to elucidate the role of the Co(II) species is currently in
progress.

This work was partly supported by the Japan Society for the
Promotion of Science under the Research for the Future
program, JSPS.
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The branched C-trisaccharide analogue of a-D-Man-
(1?3)-[a-D-Man-(1?6)]-D-Man has been synthesised by the
SmI2-mediated coupling of two mannosyl pyridyl sulfone
units to a monosaccharide dialdehyde. This approach
represents a highly convergent synthesis of a C-oligo-
saccharide. 

C-Disaccharides, in which the interglycosidic linkage has been
replaced by a methylene group, have proved to be valuable tools
for studying conformational preferences of their parent O-
glycosides both in solution and protein bound, as well as
providing important insight into the mechanism of glycoside
cleaving enzymes (glycosidases) owing to the inability of C-
disaccharides to undergo hydrolysis.1 Many synthetic ap-
proaches to these analogues have therefore been devised, but
have mainly been restricted to disaccharides and not higher
oligomers thereof owing to the synthetic challenge in preparing
such compounds.2,3 In previous reports, we have shown that
reductive samariation of glycosyl pyridyl sulfones in the
presence of a C-formyl branched sugar is a viable approach for
the stereoselective construction of C-disaccharides.4,5 The
synthetic approach to these sugar mimics employs intact
carbohydrate units as both C-glycosyl donors and acceptors,
which are complementary to approaches exploited in standard
O-glycoside synthesis. This suggested the possibility of apply-
ing this procedure for the construction of branched C-
oligosaccharides as well, by a multiple C-glycosylation step of
a carbohydrate unit containing more than one C-formyl chain.
In this communication, we report on the success of this goal in
the highly convergent construction of the C-glycoside analogue
of the core region, a-D-Man-(1?3)-[a-D-Man-(1?6)]-D-Man,
of the asparagine-linked oligosaccharides.

The synthetic approach to the branched C-trisaccharide 1 is
illustrated in Fig. 1, comprising of the direct double coupling of
dialdehyde 3 with two equivalents of the configurationally
stable anomeric samarium species 2, which in turn may easily
be prepared via the in situ reduction of the anomeric pyridyl
sulfone.4,5 Subsequent radical-based deoxygenation of the two
hydroxy groups formed would then complete this short
synthesis of the protected C-trisaccharide.

We began the synthesis of the branched C-trisaccharide with
the construction of the dideoxymannosyl unit 9 containing the
C3 and C6 formyl groups via the stepwise introduction of two
alkene groups at the denoted positions, as illustrated in Scheme
1.† Regioselective opening of the easily available epoxide 4 (5
steps from 1,6-anhydroglucose6) with excess vinylmagnesium
bromide7 and subsequent dibenzylation afforded the alkene 5 in
42% yield. In order to introduce the second alkene group at C-6,
we took advantage of a recent report by Clark et al. in their
synthetic approach to the marine polycyclic ethers of the
brevetoxin and ciguatoxin family.8 Hence, methanolysis of 5
led to the opening of the anhydro-ring affording only the methyl
a-mannoside 6, which could easily be transformed to the
corresponding triflate by treatment with Tf2O–2,6-lutidine.
Alkynylation with the lithium anion of TMSacetylene in THF–
HMPA then afforded the C6-alkyne branched sugar 7 (53%, 2

Fig. 1

Scheme 1 Reagents and conditions: i, 3 equiv. of CH2CHMgBr, THF,
60 °C; ii, NaH, BnBr, DMF, 42% (2 steps); iii, conc. HCl in MeOH, reflux,
56%; iv, Tf2O, 2,6-lutidine, CH2Cl2, 240 °C; v, Me3SiCCLi, THF–HMPA,
278 °C to 20 °C, 53% (2 steps); vi, Bu4NF, THF, 20 °C; vii, H2, Lindlar’s
catalyst, quinoline, EtOAc, 20 °C, 77% (2 steps); viii, O3, CH2Cl2–MeOH,
278 °C, then Ph3P, 77%.
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steps), which was first desilylated and then hydrogenated with
Lindlar’s catalyst providing the dialkene 8 in 77% yield (2
steps). Finally, ozonolysis led to the required dialdehyde 9.

The key coupling step of the dialdehyde with the mannosyl
pyridyl sulfone 10 was achieved by quickly adding a 0.1 M
solution of SmI2 (10 equiv.) to a mixture of 9 with excess 10
(4.7 equiv.) at 20 °C leading to the immediate consumption of
both reagents (Scheme 2).4,5 Subsequent work-up led to a
complex mixture of diastereomers, which was immediately
subjected to a surplus of thiocarbonyldiimidazole (25 equiv.) in
refluxing acetonitrile. A quick reaction was observed as
monitored by TLC analysis leading to the introduction of a
single thiocarbonylimidazole unit, which was most likely to
occur at the sterically less encumbered carbon adjacent to C6.
However, the slow evaporation of the solvent under heating
finally led to the formation of a second more polar product at the
expense of the first, which was identified as compound 11 as a
mixture of diastereomers containing two functionalised alcohol
groups (67% yield, 2 steps). The slow removal of the solvent is
necessary for the successful introduction of the second
thicarbonylimidazole moiety as previously observed in similar
cases for the functionalisation of sterically hindered secondary
alcohols.4

Finally, radical-based deoxygenation employing our estab-
lished procedure with the F5C6OH–Ph3SnH–AIBN combina-
tion in hot toluene4 completed this short synthesis of the desired
branched C-trisaccharide 12, obtained as a single stereoisomer
in 53% yield. Further characterisation of 12 was made by its
conversion to the decaacetate 13 easily prepared by a two-step
protocol involving catalytic hydrogenation and peracetyla-
tion.‡,§

In conclusion, we have successfully applied the SmI2
promoted C-glycosylation procedure to the expedient and
convergent synthesis of a branched C-trisaccharide related to
the core structure of the asparagine-linked oligosaccharides.
Work can now commence in studying its conformational
behaviour in comparison to its parent O-glycoside, the in-
vestigation of which will be reported in due course.

We thank the Danish National Science Foundation (THOR
programme), The University of Aarhus, and the Carlsberg
Foundation for generous financial support.
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It has been shown for the first time that enantiopure b-
aminoalcohols can be prepared from racemic epoxides by
dynamic kinetic resolution involving enantio-differentiating
racemisation in cyclodextrin complexes under solid state
conditions.

The novel phenomenon of converting racemic substrates into a
single enantiomer of the product by dynamic kinetic resolution
via racemisation of the substrates has been a formidable
challenge in asymmetric synthesis.1 Recently, it has been
receiving increasing attention and attempts are being made to
achieve every useful asymmetric synthesis by dynamic kinetic
resolution since it overcomes the severe limitation of the
conventional kinetic resolution where the maximum yield of
one stereoisomer of the starting material or product is only 50%.
But, so far there is no report on the dynamic kinetic asymmetric
synthesis of b-aminoalcohols of great significance from the
easily accessible and inexpensive racemic epoxides. The b-
aminoalcohol moiety is present in many natural products and
drugs and acts as an intermediate in various asymmetric
transformations.2 The approaches hitherto reported from the
racemic epoxides involve only kinetic resolution.3 Further to
our studies on cyclodextrins as chiral templates for the
enantioselective synthesis of a variety of chiral building
blocks,4 we report herein the first biomimetic approach for the
synthesis of a single enantiomer of b-aminoalcohols from the
corresponding racemic epoxides by dynamic kinetic resolution
involving enantio-differentiating racemisation in cyclodextrin
complexes.5

The cyclodextrins are cyclic oligosaccharides possessing
hydrophobic cavities and they mimic enzymes in their capa-
bility to bind substrates selectively and catalyse chemical
reactions by supramolecular catalysis involving reversible
formation of host–guest complexes with substrates through
non-covalent bonding. Apart from this, with the cyclodextrin
cavity being chiral it can induce asymmetric reactions.6 It
requires the following criteria to be fulfilled to ensure rigidity
for chiral recognition by cyclodextrins: (i) a phenyl ring which
can fit into the cyclodextrin cavity to form an inclusion
complex, (ii) a functional group at the stereogenic center to form
a strong interaction at the cyclodextrin cavity entrance. Since
aryloxyepoxides 1 fulfil these criteria, they have been chosen as
substrates.

The inclusion complexes of aryloxyepoxides 1 with b-
cyclodextrin (b-CD) were prepared as described earlier.4 The
reaction of these cyclodextrin complexes of epoxides 1 with
amines 2 or 3 (Scheme 1) when carried out in water as the
reaction medium, yielded aminoalcohols that were nearly
racemic (ee 2%). This may be due to free movement of the guest
molecule in solution. Hence, it was planned to carry out these
reactions in the solid state where the movement of the guest
molecule would be restricted, resulting in better chiral recog-
nition.

An intimate mixture of the epoxide 1–b-cyclodextrin com-
plex (1+1) and the amine 2 or 3 was mixed in equimolar
amounts in an agate mortar using a pestle and the mixing
continued until the starting epoxide disappeared on TLC (3–12

h). The time taken was always dependent on the frequency of
mixing. However, in the case of amine 2, it was added in excess
due to its volatility and was added intermittently during the
course of mixing. The resulting aminoalcohols 4 and 5 were
extracted with ethyl acetate and purified through the formation
followed by release of their hydrochlorides. The isolated yield
of the product was always in the range 70–79% and the
enantioselectivity was excellent in some of the compounds
(Table 1). Compounds 4b and 5b have shown 100% ee followed
by compound 4c (ee 89%) and 4d (ee 85%). The enantiomeric
excesses (ee) of the products (4 and 5) were determined by
chiral HPLC analysis. These aminoalcohols 4 and 5 have been
shown to have R configuration by comparison of the sign of
rotation with those of the known compounds.7 However, these
reactions when carried out using a-cyclodextrin inclusion
complexes, gave enantioselectivities that were far lower than
those obtained with b-cyclodextrin. This may be due to
ineffective complexation.

The formation of enantiopure b-aminoalcohols (4 and 5)
from the racemic epoxides 1 may be postulated as follows:

Scheme 1

Table 1 Solid state asymmetric synthesis of b-aminoalcohols

Entry Product ee (%)a Yield (%)b

1 4a 73.8 79
2 4b 100 75
3 4c 89 72
4 4d 85 70
5 5a 1.4 74
6 5b 100 70
7 5c 0.8 76
8 5d 3.5 73

a Determined by HPLC analysis with the chiral column ‘Diacel Chiralcel
OD’ (0.46 cm f 3 25 cm) using hexane: propan-2-ol: diethylamine
(80+20+0.1) as eluent at a flow rate of 0.5 ml min21 using UV detection
(254 nm). b Isolated yields.
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The fact that the epoxide 1 isolated from the cyclodextrin
complex is racemic and the yields of the aminoalcohols 4 and 5
were always more than 50%, suggests that kinetic resolution is
not operating under these conditions as then only a maximum of
50% conversion can be expected. Hence, in the present
investigation, to get a single enantiomer of the product (4 or 5)
from the racemic starting epoxide 1, it requires interconversion
of one of the enantiomers of the epoxide 1 (Scheme 2). This is
possible through racemisation which is controlled by entropy
effects.8 Racemisation can take place in the present case by the
interconversion of the epoxide enantiomer facilitated under
solid state conditions. Though racemisation is quite a slow
process in the absence of suitable driving mechanism i.e. the
external amine in the present case, the racemisation of the b-CD
complexes of the individual R and S epoxides of 1a (R = H) has
been attempted by grinding them intimately for 5 h and
analysing by chiral HPLC.9 It is observed that racemisation
does indeed take place only with S-enantiomer to an extent of
2% as seen by the change in %ee. This reaction also further
substantiates the process of dynamic kinetic resolution i.e. as
the R-enantiomer of the epoxide (1) in the CD complex reacts
with the amine, the S-epoxide gets converted to the R-epoxide to
take the reaction forward, leading to only the R-enantiomer of
the product (4).

Thus, when one of the enantiomeric forms of the epoxide 1 in
the b-cyclodextrin cavity, due to its favourable geometry, is
captured selectively by the external amine (2 or 3), the
phenomenon of dynamic kinetic resolution sets in under the
reaction conditions. Hence, by dynamic kinetic resolution
through racemisation of the starting epoxide, it is possible to get
enantiomerically pure aminoalcohols (4 and 5). This has also
been confirmed from the individual experiments utilizing either
R or S epoxides (Scheme 3). Both R and S epoxides gave the
aminoalcohol (4a) mainly as the R enantiomer (90% ee by
HPLC). This gives further evidence to show that racemisation
of the starting epoxide and dynamic kinetic resolution are
operating under the reaction conditions to give a single
enantiomer of the product.

Thus, in conclusion, it has been shown for the first time that
enantiopure b-aminoalcohols of high potential can be made
from the easily accessible and inexpensive racemic epoxides.
This can be achieved by dynamic kinetic resolution involving

enantio-differentiating racemisation in cyclodextrin complexes
under solid state reaction conditions.
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A pentamethine cyanine dye has been synthesised that is
fluorescent when protonated, becoming non-fluorescent
upon proton abstraction. The probe has a pKa of 7.5, with
observable changes in the fluorescent emission properties
across a pH range of 6.0–8.0, therefore providing a useful
probe for studying pH in biological media.

Cyanine dye1 fluorescent probes are useful markers for flow
cytometry,2 sequencing assays3 and high throughput screen-
ing.4 These probes have high extinction coefficients ( > 200000
l mol21 cm21), can be designed with long excitation and
maximum fluorescent emission wavelengths ( > 600 nm) and
with lower molecular weights than the majority of commer-
cially available natural fluorophores.5 These fluorescent cya-
nine dyes also have the added value of containing reactive
functional groups, such as an N-hydroxysuccinimidyl ester or
an isothiocyanate facilitating a covalent link to a biomolecule.
More recently, attention has also focussed on the synthesis of
more specialised probes,6 or “functional dyes”, that can act as
molecular and optical switches.7 Indeed, many of these dyes are
designed to be environmentally sensitive, acting as ionophores
for protons, Ca2+, Na+ or K+ or as small molecule sensors for
cyclic adenosine monophosphate8 or inositol phosphate.9

One subject of ongoing interest is acidity regulation in
mammalian cells.10 Monitoring small changes in proton
concentration is important for the study of numerous signal
transduction pathways and ligand interactions with G-protein
coupled receptors. The majority of commercially available pH
sensitive fluorescent dyes employed in intracellular studies5

provide a reduced fluorescent signal in acidic media or
alternatively the pKa of the dye is outside the critical
intracellular pH window of between 5–8 pH units.

We now report an example of a fluorescent pentamethine
cyanine dye (Cy5™) that is sensitive to proton concentration
over a pH range of 6–9 (Fig. 1). The intensity of the fluorescent
emission (665 nm) for this probe increases with increasing
proton concentration. This probe is analogous to a number of
previously reported benzothiazolium11 trimethine cyanine dyes
with pH sensitive UV/visible absorption properties, although in
addition, the design of our fluorescent probe includes several
other important elements. The presence of a sulfonic acid

functional group aids solubility in aqueous media and the
position of such functional groups is also known to reduce probe
aggregation in solution.12 There is also a pendant carboxylic
acid group that can be easily converted to the reactive N-
hydroxysuccinimidyl ester for biolabelling. Furthermore, unlike
previously reported cyanine dyes,1 the pH sensitivity is
introduced via a non-N-alkylated indolium moiety whereupon
protonation and deprotonation occurs depending upon the
localised hydrogen ion concentration.

The probe exists in two forms, as either the fluorescent
cyanine dye or the complementary non-fluorescent base (Fig.
1). The intense cyanine dye absorption and emission properties
are largely due to a resonance effect between the two nitrogen
atoms of the two indole rings via the conjugated pentamethine
bridge. Abstraction of a proton from this system destroys this
resonance, and subsequently leads to the non-fluorescent base
form. Moreover, this property provides excellent resolution at
long wavelengths ( > 600 nm) where little else in a biological
sample is likely to absorb.

The probe was synthesised by standard cyanine dye meth-
ods.1 1-Ethyl-2,3,3-trimethyl-3H-indol-1-ium-5-sulfonate1 and
5-carboxymethyl-2,3,3-trimethyl-2,3-dihydroindole13 were
condensed with malonaldehyde bis(phenylimine) in the pres-
ence of acetic acid, acetic anhydride and pyridine at 70 °C . The
product was purified by reverse phase HPLC14 and conversion
to the NHS (N-hydroxysuccinimidyl) ester is facile by standard
methods. A typical conversion to the NHS ester involves
reacting the dye in DMSO with 1 eq. of PyBOP (benzotriazol-
1-yloxytripyrrolidinophosphonium hexafluorophosphate, N-
hydroxysuccinimide and 1.1 eq. of diisopropylethylamine.
Stirring for 1 h gives quantitative conversion. TLC analysis
(10% methanol–DCM on SiO2) observes a fast running blue
spot Rf = 0.60. Rf of the free acid = 0.41. Hydrolysis of this
material gives the free acid by TLC.

The fluorescent properties of this dye can be seen in Fig. 2.
Equimolar solutions of the dye were made up in phosphate
buffers15 over a pH range of between 4.5–9. It can be observed
that the fluorescent characteristics of the probe are greatly
reduced as the buffers become less acidic in nature. This is due
to increased deprotonation of the cyanine dye and leads to a
larger population of the non-fluorescent base species. Similar
experiments with a commercial bis(N-alkylated) sample of

Fig. 1 The cyanine dye-base form of the pH sensitive fluorescent probe.

Fig. 2 Fluorescence characteristics of the pH sensitive probe as a function
of pH ( ~ 0.1 mmol of complex, lex = 630 nm, 295 K. Readings were made
using a Perkin-Elmer LS50B fluorimeter in fluorescence mode, with
excitation and emission slits set at 2.5 nm and with 3 ml quartz cuvettes).
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Cy5TM showed no change in the emission properties of the
probe over the same pH range. Furthermore, the photostability
of the fluorescent form of this probe was comparable to the non-
pH sensitive cyanine pentamethine dyes (Cy5TM) routinely used
in biological studies.

Further proof of this acid–base equilibrium can be achieved
by observation of the UV/visible spectra of 1 in phosphate
buffers of different pH (Fig. 3). It can be seen that as the buffer
solutions become less acidic, the characteristic absorption
maximum for the pentamethine cyanine dye at 645 nm is greatly
reduced as a new peak evolves at 480 nm. This absorption peak
is due to the increased presence of the base form (2) of the probe
by proton abstraction from the pentamethine cyanine dye. A
further observation is the presence of an isosbestic point at 545
nm. This gives a good indication that the solutions are all of
similar ionic strength.16 It is therefore likely that the proton
concentration alone is responsible for the different observed
spectra, and that this phenomenon cannot be attributed to the
differing concentrations of any other ions present in the buffer
solution.

Fig. 4 illustrates the pH response of probe 1 as a function of
I/Imax vs. pH, where I is the measured fluorescent emission at
that pH, and Imax is the maximum output of the probe. It can be
seen that a regular sigmoidal response is observed for this probe
in response to pH. The pKa of 1 can be estimated where I/Imax
is 0.5. This provides a pKa value of 7.5 (296 K) for this
probe.

A current limitation in the application of many current pH
sensitive fluorescent probes is due to lack of any specific
labelling functionality present on the dye such as an NHS ester.
The presence of these groups allows specific biomolecules or
particular functional groups, e.g. primary amines to be targeted,
and a subsequent range of bioassays to be performed using the
dye-labelled biomolecule. The presence of a pendant carboxylic
acid allows rapid conversion to the N-hydroxysuccinimidyl

ester and therefore facilitates the labelling of biological
molecules such as proteins or antibodies.17 The reactive form of
this probe has been employed to label aliphatic amine groups
present on the outer membrane of a CHO cell. Upon constitutive
endocytosis the probe becomes internalised into acid vesicles
with a subsequent increase in fluorescent emission.18 Fur-
thermore, the pKa of the probe when bioconjugated did not
change implying that the carboxylic acid present in the free
form of the probe does not affect the pH sensitive fluorescent
properties. Details of these cellular studies will be reported
elsewhere.

Furthermore many other probes offer a reduced fluorescent
emission in acidic conditions and the spectral data acquired
often requires deconvolution due to both protic and non-protic
forms being fluorescent and thus, these probes are of interest for
ratiometric pH studies. In contrast, this pH sensitive cyanine
probe has only one fluorescent form and is therefore useful for
high throughput studies whereby a change in fluorescent
emission can be easily and rapidly observed. The long emission
wavelength of this pentamethine pH sensitive cyanine dye is
also of value for biological studies, due to the increased light
penetration into cell tissue of the excitation lasers. A range of
homologous pH sensitive fluorescent pentamethine cyanine
dyes is now being synthesised and evaluated and will be
reported in subsequent communications.
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Martyn Birch for stimulating discussion.
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A series of dimeric compounds 1a–c designed around the
epoxide domain of the azinomycins have been synthesised
and demonstrated to be highly efficient DNA interstrand
cross-linking agents.

Chemical agents capable of inducing DNA interstrand cross-
links (ISC’s) comprise an extremely important class of clinical
cancer chemotherapeutic agent.1 Indeed, several important
drugs used for the treatment of this disease (e.g. cisplatin,
chlorambucil and melphalan) are known to induce ISC
formation. In 1986, two new cytotoxic agents named azinomy-
cin A and B were isolated from the culture broths of
Streptomyces griseofuscus S42227 which were shown to
possess significant in vivo anti-tumour activity (Fig. 1).2 Using
synthetic oligonucleotide duplexes, Armstrong et al. demon-
strated that azinomycin B causes interstrand cross-links in the
major groove of DNA by alkylation at N-7 of guanine (G) and
reaction with another purine residue (A or G) two bases along
on the complementary DNA strand.3 More recently, Fujiwara et
al. provided the first direct evidence for the involvement of the
electrophilic epoxide and aziridine moieties in the DNA cross-
linking event using self-complementary oligodeoxynucleotide
[d(TAGCTA)2].4 Whilst reactions with the nucleophilic purine
residues of DNA is clearly essential for ISC formation, the poor
chemical stability of these agents especially the 1-azabicyclo-
[3.1.0]hexane ring system is undesirable from the point of view
of possible drug development. Indeed, the high reactivity of this
heterocyclic system has severely hampered efforts to complete
the total synthesis of these natural products.5 Since several
studies have determined that simplified derivatives based upon
the epoxide domain of the azinomycins are highly cytotoxic,6
we reasoned that dimeric structures based upon this motif joined
by a suitable linker might serve as effective DNA cross-linking
agents (Fig. 1). Such compounds might be expected to display
enhanced chemical stability with respect to the natural products.
Furthermore, by fine tuning the nature of the aromatic residues
and the linker, agents capable of targeting specific base
sequences can be imagined.

To test our hypothesis, we chose to prepare three bisepoxides
1a–c containing flexible hydrocarbon linker units of varying
lengths between the two epoxide subunits. The synthesis of
these bisepoxides was accomplished in a straightforward
fashion from enantiomerically pure epoxy ester (2S,3S)-2.7
Selective cleavage of the benzyl ester by hydrogenation and
coupling of the resultant acid with 0.5 molar eq. of ethylenedia-
mine furnished bisepoxide 1a in 69% yield (Scheme 1).†
Similarly, (2S,3S)-2 was transformed into bisepoxides 1b and
1c using 0.5 molar eq. of 1,4-diaminobutane and 1,6-diamino-
hexane, respectively. All three bisepoxides were produced as
crystalline solids which displayed good thermal and hydrolytic
stability.‡

With these bisepoxides in hand, we turned our attention to
studying their interstrand cross-linking activities using an

agarose gel assay.8 Monoepoxide 37 was used as a control in
these experiments. In contrast to epoxide 3 which displays no
ISC activity at concentrations up to 50 mM, bisepoxide 1a
induces cross-links at concentrations as low as 0.1 mM and
effects 100% cross-linking at 10 mM (Fig. 2). Bisepoxides 1b
and 1c bearing progressively longer linkers between the two
epoxide centres also induce ISC in double stranded DNA.
Bisepoxide 1b induces some ISC’s at 0.1 mM with 100% ISC’s
being observed at just 1 mM; 1c induces appreciable levels of
cross-linking at the somewhat higher concentration of 10 mM. It
is interesting to observe that bisepoxides 1a and 1b are more
effective ISC agents in this assay than the clinically important
anti-cancer drugs cisplatin, melphalan and chlorambucil (data
not shown). To gain preliminary information concerning the

Fig. 1

Scheme 1 Reagents and conditions: (i) 10% Pd/C, H2, MeOH, 1 h; (ii)
diamine (see text), PyBOP®, Et3N, HOBt, DMF, 69% (1a), 46% (1b), 80%
(1c). PyBOP = benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate.
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sequence selectivity of bisepoxides 1a–c, we have evaluated
them in a Taq DNA polymerase stop assay.9 All three
bisepoxides and epoxide 3 induce Taq stops preferentially at G
residues indicating alkylation at these bases. Interestingly, the
bisepoxides block polymerase at fewer bases than the corre-
sponding monoepoxide 3, indicating enhanced sequence spec-
ificity.

The cytotoxicity of bisepoxides 1a–c was determined against
a small panel of human tumour cell lines [A2780, CH1, SKOV-
3 (all ovarian), HT-29 (colon), K-562 (leukemia)] (Table 1). All
the compounds display potent cytotoxicity in a range of cell
lines including one with acquired resistance to the drug cisplatin
(CH1cisR) where no cross resistance was observed. In some cell
lines, epoxide 3 shows comparable potency to these bisepoxides
(e.g. CH1, IC50 0.056 mM), however in other lines it is markedly
less potent (e.g. K562, IC50 0.493 mM).

In conclusion, we have demonstrated that the chemically
stable bisepoxides 1a–c are easy to prepare and are highly
effective ISC agents. Our findings suggest that a spacer
consisting of a chain of approximately four carbon atoms is

optimal for cross-linking ability. Furthermore, we have deter-
mined that these bisepoxides are highly cytotoxic. In future
studies, we plan to determine how the nature of the aromatic
residue and the conformational flexibility of the linker influence
ISC activity and how the sequence specificity of these agents
can be enhanced.

The authors gratefully acknowledge the financial support
provided by the CRC and the EPSRC. We are indebted to the
EPSRC National Mass Spectrometry Centre for performing
mass spectral measurements, and the EPSRC Chemical Data-
base Service at Daresbury.12
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Fig. 2 Agarose cross-linking gel for bisepoxides 1a–c and epoxide 3.
Plasmid DNA was treated with the agents at the concentrations shown for
2.5 h prior to denaturation and gel electrophoresis. Cn and Cd are control
non-denaturated and denatured samples, respectively. DS and SS indicate
the positions of double and single stranded DNA, respectively.

Table 1 Cytotoxicity data for 1a–c

IC50 (mM)a

Human tumour
cell lines 1a 1b 1c

A2780 < 0.05 0.065 0.11
CH1 < 0.05 < 0.05 0.08
CH1cisRb < 0.05 < 0.05 0.08
SKOV-3 1.4 0.82 1.2
HT29 0.42 0.55 0.50
K562 0.067 0.027 0.062

a Dose of drug inhibiting growth by 50% following a 96 h exposure (1 h in
the case of K562) as determined by the SRB assay10 (MTT assay11 in the
case of K562). b Cell line with acquired resistance to cisplatin.
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Radical induced homolyses of 1-carbamoyl-1-methylcyclo-
hexa-2,5-dienes took place cleanly to yield aminoacyl
radicals, with no competition from the alternative dissocia-
tion to methyl radicals: b- and g-lactams were obtained from
ring closures of suitably unsaturated model compounds.

The quest for ‘cleaner’ free-radical precursors, independent of
tin and other toxic metal involvement, and hence suitable for
pharmaceutical syntheses,1 was aided by the discovery that
esters of 1-methylcyclohexa-2,5-diene-1-carboxylic acid and of
2,5-dihydrofuran-2-carboxylic acid selectively furnished alkyl
radicals on induced homolysis.2 These reagents were employed
with moderate success in benign chain alkylations of olefins,
and in cyclisations, affording product yields in the range
35–65%.3 The main limitation to the scope of their deployment
was unwanted competition from an alternative dissociation of
intermediate 1-methyl-1-carboxylatocyclohexadienyl radicals,
that generated methyl radicals and benzoate esters as by-
products. These findings triggered the idea that analogous
amides 1 might function as sources of aminoacyl radicals 3. It
was anticipated that the greater stability of aminoacyl radicals,
in comparison to alkoxyacyls, would favour the desired
dissociation of the delocalised radical 2 to aminoacyl 3, over the
alternative dissociation to Me · and amide 4 (Scheme 1).
Moreover, it was expected that aminoacyls would not de-
carbonylate at moderate temperatures and hence could be
incorporated in free-radical chain cyclisations.

To test this possibility, amide 7 was prepared as illustrated in
Scheme 2. Benzylimine 5 was reduced to N-but-3-enylbenzyl-
amine 6 with sodium borohydride and hence, by reaction with
1-methylcyclohexa-2,5-diene-1-carbonyl chloride,3 to amide 7.
Preliminary observations were carried out using EPR spectros-
copy to monitor radical intermediates generated on photolysis
of a solution of 7 in di-tert-butyl peroxide (DTBP) as initiator
(In). Below about 30 °C the EPR spectrum showed a single
radical with hyperfine splittings (hfs) and g-factor entirely as
expected for cyclohexadienyl radical 8; and similar to para-
meters previously reported for related radicals.3,4 Above this
temperature the spectrum of radical 8 weakened and by about
60 °C was entirely replaced by a new spectrum consisting of a
simple nitrogen triplet (g = 2.0018, a(N) = 2.21 mT, DHpp =
0.24 mT). These EPR parameters are very similar to those of
archetype aminoacyls e.g. EtNHC ·(O) (trans-radical: g =
2.0018, a(N) = 2.24 mT)5 and we attribute the spectrum to
radical 9. Clear-cut spectroscopic evidence for the ring closed
radical 11 was not forthcoming; partly because of sample
boiling and weak spectra at higher temperatures.

Photolysis of a solution of amide 7 in DTBP with unfiltered
light from a 400 W medium pressure Hg lamp at 50 °C for 8 h

afforded g-lactam 12 as the main product (53%) together with
smaller amounts of formamide 10 (37%) from direct reduction.
Similar results were obtained simply by heating 7 with
dibenzoyl peroxide (1.5 equiv.) in benzene for 24 h. Acyl
radicals often cyclise in the endo mode6 and, in the case of 9,
this would have produced 1-benzylpiperidin-2-one containing a
6-membered ring. However, spectral evidence was unequivocal
in support of structure 12 and none of the piperidine derivative
was perceptible under our conditions.7 Most significantly, none
of the aromatic amide of type 4 was detectable, even by GC-MS,
and hence the adverse dissociation of delocalised radical 8 to
Me · was negligible. This implied that amides of type 1 had high
potential as clean aminoacyl radical sources, with promise of
considerable generality for syntheses of a variety of lactams.

Carbapenems and nocardicins are important monocyclic
antibiotic classes containing smaller, b-lactam rings that might,
therefore, be accessible starting from appropriate amidocyclo-
hexadienes. Radical cyclisations to afford 4-membered rings via
4-exo-trig ring closures are not generally favoured, but
instances leading to b-lactams have been reported.8–11 Suitably
unsaturated aminoacyl radicals were generated from amides 13
and 17a,b. EPR spectroscopic observations with amide 13
followed the same pattern as with amide 7 i.e. on photolysis
with DTBP the spectrum showed the cyclohexadienyl radical at
lower temperatures and aminoacyl radical 14 at higher tem-
peratures ( > ca. 40 °C). In preparative scale experiments at
60 °C, carbapenem derivative 15 was isolated as the major
product (34%) along with formamide 16 (31%). Analogous
aminoacyl radicals containing propargyl and cyanomethyl
chains were generated from amides 17a and 17b. However, the
formamides 18a,b were the major products isolated. Neither of
these radicals underwent efficient 4-exo-ring closure, pre-

Scheme 1 Scheme 2
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sumably because of the extra strain involved in forming
4-membered rings containing exocyclic double bonds.

In summary, therefore, radical induced homolyses of cyclo-
hexadienyl amides of type 2 took place cleanly to yield
aminoacyl radicals, with no competition from the alternative
dissociation to methyl radicals. Model b- and g-lactams were
obtained from ring closures of alkenylaminoacyl radicals.
Consequently, these amides, which are easily prepared from
unsaturated amines and 1-methylcyclohexa-2,5-diene-1-car-
boxylic acid, furnish mild, tin-free routes to small, and probably
medium ring lactams, eminently suitable for conversion to
useful biologically active compounds.

We thank the EPSRC (grant GR/L49185) for financial
support.
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The oxidation of cyano-Gilman cuprates, derived from
dibromodithienyl sulfide, dibromodithienyldimethylsilane
and dibromodithienylmethane, with molecular oxygen fur-
nishes 10-membered ring cyclophanes selectively and an X-
ray analysis of cyclophane 9 reveals that it possesses an anti
conformation.

Oxidative coupling of Gilman cuprates, prepared from 2
equivalents of an organolithium reagent with 1 equivalent of
CuI, was reported to produce bialkyls.1 Lipshutz et al. reported
for the first time, the chemistry of lower- and higher-order
cyanocuprates and discussed their reactivities in Michael
additions and substitution reactions.2–6 Later, the same group
reported the oxidative dimerizations of higher-order cyano-
cuprates to produce unsymmetrical biaryls.7 Rajca et al. utilized
lower-order cyanocuprates for the synthesis of polycyclic
aromatics.8 We recently described the selectivity of lower-order
cyanocuprates to produce five-membered rings through intra-
molecular cyclizations.9 Here, we report the selectivity of
higher-order cyanocuprates or cyano-Gilman cuprates6 for the
formation of 10-membered rings via intermolecular cyclization
reactions.

The reaction of 3,3A-dibromo-2,2A-dithienylmethane 110,11

with BunLi (2 equiv.), followed by treatment with CuCN (2.5
equiv.) produced lower-order cyanocuprates 2. The oxidation of
lower-order cyanocuprates with molecular oxygen produced
five-membered ring compound 3,9–11 as shown in Scheme 1.
Similar reactions were also accessible for compound 6 and its
isomer.9,12 Interestingly, the successive addition of butyllithium
and copper(I) cyanide to compounds 1, 10 and 11,9–13 followed
by oxidation with molecular oxygen gave 10-membered ring
cyclophanes, selectively. Thus the reaction of 3,3A-dibromo-
2,2A-dithienylmethane 1 with BunLi (2 equiv.) at 278 °C in THF

gave a lithio derivative through halogen–lithium exchange,
which was treated with CuCN (1 equiv.) to produce cyano-
Gilman cuprates 8. The oxidation of cyano-Gilman cuprates
with molecular oxygen afforded 10-membered ring cyclophane
9 in 45% yield. The course of the reaction can be concisely
represented as shown in Scheme 2.

Similarly, reactions with 4,4A-dibromo-3,3A-dithienyl sulfide
10 and 4,4A-dibromo-3,3A-dithienyldimethylsilane 11 offered
the opportunity to obtain cyclophanes 12 and 13, as shown in
Scheme 3. Analogous reactions afforded cyclophanes 12 and 13
in 40 and 42% yields, respectively.

The 1H NMR spectrum of 9 shows two doublets for the
methylene protons at d 4.47 and 4.02, which is clearly
understood from its X-ray structure (Fig. 1).‡ Owing to the
rigidity of the central 10-membered ring, the methylene protons
show a coupled AB pattern and thereby appear as doublets.§
The steric repulsion between methylene protons in 9 leads to an
anti conformation and the dihedral angle between two planes,
one defined by the C2–C3 and C2–C6 bonds, and the other
defined by the C2–C6 and C6–C7 bonds, is ca. 45°. A molecular
model of 9 also suggests an anti conformation, which forces the
bithiophene moieties into a twisted form. This is also the case
for 13 with rather bulky SiMe2 bridging moieties. Unlike 9 and
13, 12 shows a syn conformation, owing to the absence of
additional atoms on the sulfide bridges. Interestingly, AM 1

† Present Address: Department of Chemistry, Shahjalal University of
Science and Technology, Sylhet 3114, Bangladesh. E-mail: hkabir-
che@sust.edu

Scheme 1 Reagents and conditions: i, BunLi (2 equiv.), THF, 278 °C; ii,
CuCN (2.5 equiv.), 278 °C to room temp.; iii, O2, 278 °C to room
temp.

Scheme 2 Reagents and conditions: i, BunLi (2 equiv.), THF, 278 °C; ii,
CuCN (1.0 equiv.), 278 °C to room temp.; iii, O2, 278 °C to room
temp.

Scheme 3 Reagents and conditions: i, BunLi (2 equiv.), THF, 278 °C; ii,
CuCN (1.0 equiv.), 278 °C to room temp.; iii, O2, 278 °C to room
temp.
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calculations on 12 and 13 are consistent with the molecular
models.

The absence of p-conjugations in 9 is clearly observed from
its UV spectrum. The absorption maximum exhibits a hypso-
chromic shift in comparison with 3,3A-dithienyl sulfide [9: lmax
= 245.5 nm (log e = 4.24); 3,3A-dithienyl sulfide: lmax = 272
nm].14 A similar hypsochromic shift of the absorption max-
imum is also observed for 13 [lmax = 243.5 nm (log e = 4.05)].
Interestingly, the cyclophane 12 exhibits a bathochromic shift
[lmax = 289.5 nm (log e = 4.51)], which indicates extended
conjugation and also suggests a syn conformation.

Finally, cyclic voltammetry of 12 shows one reversible wave
corresponding to radical cation or diradical dication and the
half-wave potential (E1/2) is 0.1 V (vs. Fc/Fc+ in 0.1 M
NBun

4ClO4– PhCN).
In conclusion, the oxidation of cyano-Gilman cuprates with

molecular oxygen produced 10-membered ring cyclophanes
selectively and interesting properties of these cyclophanes have
been established.

This work was supported by the Japanese Ministry of
Education, Science, Sports and Culture (Monbusho) under a
fellowship to S. M. H. K. We thank Dr M. Yoshida for helpful
discussions.

Notes and references
‡ Crystal data for 9: C18H12S4, M = 356.53, monoclinic, space group P21/a
(no. 14), a = 8.731(4), b = 18.134(5), c = 9.953(6) Å, b = 90.57(4)°, V
= 1575(1) Å3, Z = 4, T = 296 K, m(Mo-Ka) = 5.94 cm21, 3809
reflections measured, 3609 unique, Rint = 0.038, final R1 = 0.046, wR2 =
0.046 for 3809 [I > 3.00s(I)] observed reflections. CCDC 182/1829.
§ Selected data: for 9: colourless crystals, mp 259–259.6 °C; dH(500 MHz,
CDCl3) 7.30 (d, 4H, J 5.2 Hz), 6.89 (d, 4H, J 5.2 Hz), 4.47 (d, 2H, J 15.9
Hz), 4.02 (d, 2H, J 15.9 Hz); dC(125 MHz, CDCl3) 138.8, 133.4, 129.0,
124.0, 28.0; m/z 356 (M+); UV (ethanol) lmax (log e) 245.5 (4.24); Anal.
Calc. for C18H12S4: C, 60.63; H, 3.39. Found: C, 60.24; H, 3.49%. For 12:
colourless crystals, mp 196–196.5 °C; dH(400 MHz, CDCl3) 7.36 (d, 4H, J
5.1 Hz), 7.29 (d, 4H, J 5.1 Hz); dC(125 MHz, CDCl3) 141.6, 130.9, 125.8,
120.8; m/z 392 (M+); UV (ethanol) lmax (log e) 289.5 (4.51); Anal. Calc. for
C16H8S6: C, 48.98; H, 2.04. Found: C, 49.18; H, 2.19%. For 13: colourless
crystals, mp 204.5–205 °C; dH(500 MHz, CDCl3) 7.00 (d, 4H, J 2.7 Hz),
6.99 (d, 4H, J 2.7 Hz), 0.36 (s, 12H); dC(125 MHz, CDCl3) 142.5, 140.0,
131.8, 123.6, 22.12; m/z 444 (M+); UV (ethanol) lmax (log e) 243.5 (4.05);
Anal. Calc. for C20H20S4Si2: C, 54.05; H, 4.51. Found: C, 54.30; H,
4.71%.
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Fig. 1 X-Ray structure of 9.
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The M(bipy)3
2+ cations in the isomorphous structures of

[M(bipy)3][MA(dca)3]2, [dca = dicyanamide, N(CN)2
2; M =

Fe, MA = Mn 1, Fe 2 or M = Ni, MA = Mn 3] are contained
within hexagonal windows of anionic 2D (6,3) M(dca)3

2

sheets; weak antiferromagnetic coupling is observed between
metal centres within the anionic networks of all three
compounds.

Our recent work, and that of others, on the topology and
magnetism of binary transition metal(II) dicyanamides M(dca)2
[dca = N(CN)2

2] and on neutral adducts of type M(dca)2Lx,
where x = 3 for L = H2O, x = 2 for L = pyridine, MeOH,
EtOH, DMF and x = 1 for L = pyrazine, 4,4A-bipyridine, H2O
and 2-aminopyridine, has revealed a fascinating array of
structures and magnetic phenomena.1,2 To date all compounds
reported have been homometallic. However, we have recently
extended our dicyanamide work to include the anionic coor-
dination polymers M(dca)3

2 and M(dca)4
22 first reported by

Köhler et al. but without any crystallographic or magnetic
characterisation.3 We have found that the network topology of
the anion is dependent on the counter-cation used—the
networks are in fact cation templated.4 We realised that these
systems also offered the possibility of making heterometallic
systems through the use of paramagnetic metal-containing
counter-cations. Thus we report here the structural and
magnetic properties of new anionic metal dicyanamide systems
containing M(bipy)3

2+ (bipy = 2,2A-bipyridine) counter-cat-
ions. Future work will involve use of spin-crossover Fe(II) and
Co(II) cationic chelates to search for cooperative effects when
such centres are dispersed in a 2D host lattice (vide infra).

Reaction of sodium dicyanamide, M(bipy)3
2+ and the

appropriate metal nitrate or perchlorate gave dark red crystals of
[Fe(bipy)3][M(dca)3]2, M = Mn 1, Fe 2 and orange/pink
crystals of [Ni(bipy)3][Mn(dca)3]2 3.† The structures were
determined by single crystal X-ray crystallography and found to
be isomorphous.5 Bulk sample purities were confirmed by
powder X-ray diffraction. The structures consist of infinite
hexagonal (6,3) anionic sheets of M(dca)3

2 and M(bipy)3
2+

counter-cations (Fig. 1). Each octahedral metal atom in a sheet
is bridged by three pairs of dca ligands, coordinating through
only the terminal nitrile nitrogen atoms, to three other metal
atoms. There are two crystallographically unique metal atoms in
the sheets, and within each sheet they are arranged in an
alternating fashion [M–N 2.203(3)–2.238(2) Å (1),
2.130(2)–2.185(2) Å (2) and 2.200(2)–2.242(2) Å (3)]. These
sheets lie in the yz plane, and stack in the x direction. The
M(bipy)3

2+ counter-cations lie inside the hexagonal windows of
the sheets (Fig. 2).

There are a number of close contacts between the cations and
the anionic networks. The most significant of these are H…C
contacts of 2.695 Å (C–H…C = 116.7°), 2.745 Å (148.0°),
2.775 Å (123.6°) for 1; 2.690 Å (116.6°), 2.674 Å (148.2°),
2.798 Å (121.6°) for 2; and 2.700 Å (114.0°), 2.714 Å (148.9°),
2.770 Å (126.4°) for 3 and H…N contacts of 2.675 Å (C–H…N
= 140.5°), 2.682 Å (121.1°) for 1; 2.602 Å (140.1°), 2.683 Å
(117.0°) for 2; and 2.663 Å (139.3°), 2.673 Å (119.9°) for 3.

There are also edge-to-face [centroid–centroid = 5.07 Å (1),
5.02 Å (2) and 5.04 Å (3)] and vertex-to-face [centroid–centroid
= 4.96 Å (1), 4.92 Å (2) and 4.91 Å (3)] inter-cation
interactions between the pyridyl rings of cations in adjoining
sheets.

It is of interest to compare these structures to a number of
closely related oxalate networks reported. Numerous hexagonal
2D (6,3) sheet structures have been reported for metal oxalate
[M2(ox)3]n2 networks with a variety of counter-cations,6
including paramagnetic ones such as [(Cp*)2M]+.7 In contrast to
the structures reported here, however, the counter-cations lie
between the sheets rather than within the planes of the sheets.
This is due to the smaller size of the hexagonal windows in the
oxalate sheets compared to the dca sheets. Interestingly, when
oxalate networks are crystallised with M(bipy)3

n+ counter-
cations, chiral 3D (10,3)-a networks are formed.6b,c Each crystal
contains cations of only one handedness, and all M(ox)3

n2

centres are also of a single hand. In contrast, the structures
described here contain cations of both handedness, with each
anionic sheet containing counter-cations of only one hand but
successive anionic sheets containing counter-cations of alter-
nating hands. As for the oxalate analogues, each (6,3) M(dca)3

2

sheet contains M(dca)6
42 centres of alternating hands. The

structure is nonetheless non-centrosymmetric (space group
Fdd2) as layers of opposite cation chirality are related by glide
planes rather than inversion centres. The alternating layers stack

Fig. 1 The sheet structure of 1–3.

Fig. 2 Location of a M(bipy)3
2+ cation inside a hexagonal window of a

M(dca)3
2 sheet.
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such that successive layers are offset from each other, and
hexagonal channels are not formed.

Since it contains a diamagnetic cation, Fe(bipy)3
2+, the meff

value at room temperature of 8.04 mB for 1 is that due to
Mn(dca)3

2 alone. The variation in temperature mirrors that
found for salts such as PPh4[Mn(dca)3], which contain a 2D
sheet structure, different to that of 1. meff values in 1 remain
constant down to 50 K then decrease rapidly below this due to
weak antiferromagnetic coupling. In an applied field of 1 T, 2
shows a meff value at 300 K of 7.7 mB, per Fe3, which, when the
sample is dispersed in a vaseline mull to prevent crystallite
torquing, remains constant down to 50 K and then decreases
rapidly to 3.6 mB at 2 K because of weak antiferromagnetic
coupling combined with zero field splitting effects (Fig. 3).
Since the Fe(bipy)3

2+ group is d6 low spin the expected meff
value for uncoupled (S = 0, S = 2, S = 2) centres, with g = 2.0,
is 48 = 6.93 mB, excluding orbital contribution/spin–orbit
coupling effects on the high spin FeII(dca)3

2 centre and second
order Zeeman effects (TIP) on the Fe(bipy)3

2+. An interesting
feature, and one possibly overlooked in high-spin Fe(II)
systems, including crossover studies, is the field induced
torquing which occurs when a neat solid sample was used (Fig.
3). It can be seen that, as the temperature is raised from 2 K, in
H = 1 T, a ferromagnetic like plot is obtained with a broad
maximum in meff, the room temperature value being similar to
that in the mull sample. This effect arises from anisotropy in the
susceptibility of high spin Fe(II), as was also found in Mn(III).8
It is possible, therefore, to draw wrong conclusions, particularly
in extended systems of the present type and caution is
warranted.

Compound 3 also displays Curie-like susceptibilities with a
value of meff (per mol) of 8.7 mB at 300 K, which decreases
gradually to reach 8.2 mB at 50 K then rapidly to 4.9 mB at 2 K.
The data are again compatible with essentially isolated cationic
and extended anionic sublattices, the latter showing weak
antiferromagnetism [m(uncoupled) = 8.83 mB for S = 1 + S =
5/2 + S = 5/2]. Despite this lack of cation (paramagnet)–anion
interaction, the prospect of obtaining unusual magnetic effects
when spin-crossover cations are incorporated remains positive
since it is well known that weak intermolecular perturbations
(e.g. solvate, H-bonding, p–p stacking) can sensitively influ-
ence the crossover and cooperative behavior in crystals.9

Notes and references
† 1: an ethanol–water solution (5 ml) of Na(dca) (270 mg, 3.0 mmol) and
Mn(ClO4)2·4H2O ( 360 mg, 1.1 mmol) was added to an ethanol–water
solution (10 ml) of [Fe(bipy)3](ClO4)2 (360 mg, 0.50 mmol). Dark red
crystals of 1 were obtained after 24 h (400 mg, 0.39 mmol, 77%). Found: C,
48.73; H, 2.31; N, 32.65. Calc. for C42H24FeMn2N24: C, 48.95; H, 2.33; N,
32.63%. Selected IR (2100–2300) (cm21, Nujol): 2291m, 2232m, 2169s.

2: an ethanol–water solution (10 ml) of Na(dca) (103 mg, 1.16 mmol) and
Fe(BF4)2·6H2O ( 129 mg, 0.382 mmol) was added to an ethanol–water
solution (25 ml) of [Fe(bipy)3](ClO4)2 (135 mg, 0.187 mmol). Dark red
crystals of 2 formed after 2 days (25 mg, 0.024 mmol, 13%). Found: C,
49.11; H, 2.32; N, 32.49. Calc. for C42H24Fe3N24: C, 48.86; H, 2.34; N,
32.56%. Selected IR (2100–2300) (cm21, Nujol): 2288m, 2235m, 2172s.

3: an ethanol–water solution (10 ml) of Ni(bipy)3(NO3)2 (162 mg, 0.249
mmol) and Na(dca) (140 mg, 1.57 mmol) was allowed to diffuse slowly into
an ethanol–water solution (10 ml) of Mn(NO3)2·4H2O (125 mg, 0.498
mmol). After 2 days large orange/pink crystals of 3 were collected (126 mg,
0.122 mmol, 49%). Found: C, 48.98; H, 2.26; N, 32.13. Calc. for
C42H24NiMn2N24: C, 48.88; H, 2.32; N, 32.54%. Selected IR (2100–2300)
(cm21, Nujol): 2290m, 2231m, 2165s.
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Fig. 3 Plots of meff (per Fe3) vs. temperature for [Fe(bipy)3][Fe(dca)3]2 2
measured in a field of 1 T as a neat powder (2) and dispersed in vaseline
(.).
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Colloidal suspensions of template-removed zeolite nano-
crystals were prepared by using an organic polymer network
as a temporary barrier during calcination to prevent zeolite
nanocrystal aggregation.

There is considerable interest in the synthesis of colloidal
zeolite nanocrystals because they can serve as model systems
for the fundamental study of zeolite crystal growth.1–5 Colloidal
suspensions of zeolite nanocrystals have also been used to
deposit seed layers for preparation of zeolite membranes.6,7

Very recently, construction of hierarchically porous crystalline
structures through templated self-assembly of colloidal zeolite
nanocrystals has also been reported.8,9 Colloidal suspensions of
zeolite nanocrystals are usually synthesized via hydrothermal
procedures using clear aqueous solutions.1–9 In most of these
syntheses, organic templates (or structure-directing agents) are
used, and the colloidal crystals so obtained contain organic
template in their void spaces. We are interested in using
colloidal suspensions of organic-functionalized zeolite nano-
crystals as building blocks to construct hierarchical porous
inorganic–organic hybrid materials that have potential applica-
tions in separation, catalysis, and microelectronics.10–13 For this
purpose, suspensions of template-free nanocrystals are re-
quired. Thus far, the most commonly used method for template
removal is through high temperature calcination in air or
oxygen. This method, however, has proved unsuitable for
colloidal nanocrystals because it leads to significant irreversible
aggregation.8,9

Here we report a novel approach to prepare colloidal
suspensions of template-free zeolite nanocrystals by using an
organic polymer network as a temporary barrier to isolate as-
synthesized nanocrystals during template removal. Scheme 1
shows a flowchart of the preparation process. This approach
appears general for all zeolites, however, only the preparation of

a colloidal suspensions of template-free silicalite nanocrystals is
reported here as an example. To the best of our knowledge, this
is the first report on colloidal suspensions of calcined zeolite
nanocrystals.

An aqueous colloidal suspension of template-containing
silicalite nanocrystals was synthesized as follows.8 A clear
synthesis solution was prepared by dropwise addition of
tetrapropylammonium hydroxide solution (TPAOH, Aldrich)
into tetraethyl orthosilicate (TEOS, Aldrich) with strong
agitation followed by 1–3 days of aging at 30 °C under stirring.
The final solution molar composition was 1 TPAOH+2.8
SiO2+11.2 EtOH+40 H2O. Crystallization was carried out at 80
°C for 3 days with constant stirring at 250 rpm. A stable aqueous
suspension of silicalite nanocrystals was obtained by repeated
cycles of centrifugation at 15 000 rpm, decanting, and ultrasonic
redispersion in pure water until pH < 8. Other dispersants such
as ethanol could also be used if desired.

The water soluble organic monomers acrylamide
CH2NCHCONH2 (AM, Aldrich), and N,NA-methylenebisacryl-
amide, (CH2NCHCONH2)2CH2 (MBAM, Aldrich), and the
initiator (NH4)2S2O8 (Aldrich) were used to prepare the
polymer network. Typically, 1.0 g AM, 0.1 mg MBAM and 25
mg (NH4)2S2O8 were added under stirring into 10 g of a
silicalite colloidal suspension with 5 wt% solid loading. After
the monomers were dissolved, the mixture was ultrasonicated
for 15 min to ensure complete dispersion of the silicalite
nanocrystals. The aqueous solution containing the monomers
has a fairly low viscosity and could readily be polymerized and
crosslinked via a free-radical mechanism into an elastic
hydrogel once the temperature was increased to 50 °C or a
catalyst [N,N,NA,NA-tetramethylethylenediamine (TEMED)]
was added at room temperature.14 Polyacrylamide hydrogels
have been commonly used as binders in ceramic forming
processes14 and are expected to be compatible with silicalite
nanocrystals whose surface silanol groups interact favorably
with –NH2 groups. The solid polymer–silicalite composite was
dried at 80–100 °C overnight before it was carbonized under
nitrogen at 550 °C for 2 h (heating rate 2 °C min21) and then
calcined at 550 °C for 3 h under air (Scheme 1).

TGA was used to monitor the thermal decomposition of dried
polymer–silicalite composite under N2 and air (ESI†). Under N2
a weight loss of ca. 18% was recorded between room
temperature and 280 °C, due to desorption of water and
TPAOH. A weight loss of ca. 42% occurred between 280 and
600 °C as a result of decomposition of occluded TPA and
carbonization of the polymer network. Based on a theoretical
value of 11.7% weight loss for TPA decomposition (four TPA+

cations per silicalite unit cell),9 the weight loss during
carbonization was estimated to be 28 wt%. The residual
silicalite was 16 wt% after heating under air at 550 °C which
removes carbon completely, and thus the carbon is calculated to
be 24 wt%. TG analysis of a sample without incorporation of the
polymer network shows that template TPAOH can be removed
completely through this procedure.

Fig. 1 shows SEM images of silicalite nanocrystals after
direct drying and calcination in the absence of a polymer
network barrier. Clearly, direct drying of an as-synthesized
silicalite suspension by evaporation leads to densely packed
crystals [Fig. 1(a)], which upon calcination aggregate irreversi-

† Electronic supplementary information (ESI) available: Suppl. Figs. 1–3:
TGA curves, XRD patterns and IR spectra. See http://www.rsc.org/
suppdata/cc/b0/b006518h/

Scheme 1 Preparation protocol for colloidal suspensions of template
removed zeolite nanocrystals.
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bly into large solid particles and grinding using a mortar and
pestle for 2 h did not appear to improve its re-dispersibility.
These particles cannot be re-dispersed into a suspension, and
precipitated quickly after mild shaking [Fig. 1(b)].

The aggregation of zeolite nanocrystals is a result of
condensation reactions between surface silanol groups of
zeolite nanocrystals.8,9 For condensation reactions to occur,
close packing of the nanocrystals is required [Fig. 1(a)].8,9 The
function of the polymer network used here is to keep the
nanocrystals separated during carbonization and calcination.
Fig. 2 shows SEM images of the composite after drying,
carbonization and calcination. After drying, the silicalite
nanocrystals are uniformly distributed and well separated in the
polymer network [Fig. 2(a)]. Carbonization at 550 °C generated
large voids in the composite owing to production of gaseous
products [Fig. 2(b)].15 SEM examination of the carbon skeleton
shows that zeolite nanocrystals are uniformly distributed and
well separated within the carbon matrix [Fig. 2(c)]. Final
calcination removes the carbon barrier and leads to a loose
cotton-like white powder [Fig. 2(d)]. We have carried out
extensive SEM studies on suspensions with various solid
loading and aging times (e.g., 3–4 months) by dip-coating the
nanocrystals onto silicon wafers. The substrate withdrawal rate
was 1 cm s21 and clean-room-grade wafers were cut into 2 3 2
cm square pieces and used without further cleaning. Our SEM
results suggest that the calcined nanocrystal powders can be

easily dispersed in water and many other dispersants such as
ethanol to form stable suspensions. Uniform films can be
formed using suspensions of template-removed silicalite nano-
crystals with an appropriate solid loading, and this indicates that
the processed nanocrystals have good film-forming properties.
Fig. 2(e) shows an example of such a film (ca. 0.3 mm thick).

The powder X-ray diffraction (PXRD) pattern of a re-
dispersible white powder sample matches that of a typical 100%
crystalline nanoslicalite sample (ESI†).8,9 FTIR spectra show
the nanopowder has an MFI type structure (band at 550 cm21,
with ca. 97% crystallinity) and a high concentration of terminal
Si–OH groups (band at 972 cm21) (ESI†).8,9 N2 adsorption
measurements show that the BET surface area and pore volume
for the cotton-like sample are 355 m2 g21 and 0.18 cm3 g21,
respectively. These data show that the polymerization, carboni-
zation and calcination processing has no influence on crystal-
linity and porosity of the nanocrystals.

The weight ratio of polymer to nanocrystals appears
important in determining the re-dispersibiltiy of the nano-
crystals. We have examined several polymer/zeolite weight
ratios and a ratio around 2.0 sufficiently separates nanocrystals.
It is recognized that the nanocrystals do move closer and may
even contact one another during the final burn-off of carbon.
SEM images clearly show that the contact areas among
nanocrystals are rather small within the cotton-like nano-
powder. It is also possible that during the early stage of
calcination some reactive silanol groups on isolated (by carbon)
nanocrystals condensed among themselves, and this in turn
should reduce the amount of surface silanol groups and the
probability of aggregation.

In conclusion, we have demonstrated that colloidal suspen-
sions of template-free zeolite nanocrystals can be prepared by
using an organic polymer network as a temporary barrier to
avoid nanocrystal aggregation during calcination. Work is
under way on organic functionalization of zeolite nanocrystals
and construction of hierarchical inorganic–organic hybrid
materials using zeolite nanocrystals as building blocks. It is
noted here that this approach is not zeolite specific, and thus
could become a general strategy for retrieving various nano-
particles from synthetic solutions without aggregation.

This work is partly supported by CE-CERT of UC-Riverside,
UC-SMART, UC-TSR&TP, UC-EI, and a UC Regents Faculty
Fellowship to Y. Y. We thank Dr. Re Lai and Mr. Piboon Pantu
of Caltech for N2 adsorption measurements.
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Fig. 1 SEM images of silicalite nanocrystals prepared without polymer
network barrier: (a) after drying, (b) after calcination.

Fig. 2 SEM images of silicalite nanocrystals prepared with a polymer
network barrier: (a) after drying, (b) after carbonization (low magnifica-
tion), (c) after carbonization (high magnification) showing the carbon
skeleton, (d) after calcination, (e) silicalite film dip-coated from a colloidal
suspension of template-removed nanocrystals.

2334 Chem. Commun., 2000, 2333–2334



Novel nanoscale gas containers: encapsulation of N2 in CNx nanotubes

M. Terrones,*ab R. Kamalakaran,a T. Seegera and M. Rühlea

a Max-Planck-Institut für Metallforschung, Seestr. 92, D-70174 Stuttgart, Germany.
E-mail: terrones@hrem.mpi-stuttgart.mpg.de; mterrone@fenix.ifisicacu.unam.mx

b Instituto de Física, Laboratorio Juriquilla, UNAM, A.P. 1-1010, 76000, Querétaro, México

Received (in Cambridge, UK) 12th October 2000, Accepted 20th October 2000
First published as an Advance Article on the web

Gaseous N2 has been efficiently introduced in the hollow
cavities of aligned CNx nanotubes (15–80 nm od) by
pyrolysing a jet (spray) solution of Fe(C5H5)2 and
PhCH2NH2 in an Ar atmosphere at 850 °C; the aligned
material consist of large arrays (2.5 cm2) of CNx (x < 0.05)
‘bamboo-like’ nanotubes ( < 100 mm in length); high resolu-
tion electron energy loss spectroscopy (HREELS) line-scans
and elemental mapping studies reveal that N gas was
encapsulated within the hollow compartments of the CNx
nanotubes; these results demonstrate for the first time, that
CNx nanotubes can be used to fabricate gas storage
components. 

Carbon nanotubes1 can behave as efficient gas and metal
containers. In particular, it has been demonstrated that metals,
metal carbides, oxides, chlorides, etc.2–4 can be introduced into
the carbon nanotube cores by methods involving: (a) chemical
treatments5 (by boiling suspensions of nanotubes in aqueous
nitric acid for several hours), (b) arc discharge6 (by arcing
graphite electrodes packed with a metal); (c) solid state
reactions7 (by heating nanotubes with halides under vacuum)
and (d) electrochemical techniques8 (by passing a current
through graphite electrodes in molten ionic salts at ca. 600–700
°C). Unfortunately, these are not able to encapsulate gaseous
substances.

Recent studies have revealed that H2 and Ar can be stored in
single9,10 and multiwalled carbon nanotubes,11 respectively.
However, these processes involve at least two steps including
the material production and the gas introduction. In the case of
multiwalled nanotubes (MWNTs), Ar has been introduced
using high Ar pressures for 48 h at 650 °C. Here we report an
alternative route to introduce N2 inside multiwalled CNx (x <
0.05) ‘bamboo-like’ nanotubes using a single step reaction
process [spray pyrolysis of Fe(C5H5)2 (ferrocene) and
PhCH2NH2 (benzylamine) solutions]. The products were stud-
ied using scanning electron microscopy (SEM), high resolution
transmission electron microscopy (HRTEM) and HREELS.

The pyrolysis apparatus12 consists of a 300 mm long furnace
fitted with a quartz tube (id 10 mm, 800 mm long). One end of
the tube is attached to a Pyrex cone (id 0.35 mm), which is
connected to a container used for storing and releasing
ferrocene/benzylamine solutions. A nozzle (consisting of a
capillary) is contained in the Pyrex cone with an exit diameter
of 0.5 mm. The reaction tube was preheated to 850 °C;
subsequently the solution (0.2 g. ferrocene in 2 ml benzylamine)
was released and sprayed by flowing Ar (Messer Griessheim
99.999%) around the cone/nozzle area into the hot zone. The
spraying time lasted between 5 and 10 min, usually using 1 ml
of the solution. The furnace was maintained at this temperature
for an additional 15 min in order to anneal the products.

SEM studies were carried out using a JEOL-JSM 6300F
operated at 2–5 kV and a Zeiss DSM 982 Gemini operated at
1–2 kV. HRTEM observations were made using a JEOL-
JEM4000 EX operating at 400 kV. Energy-dispersive X-ray
(EDX) spectroscopy data were obtained using a Noran Ins.
detector fitted within the JSM 6300F microscope. HREELS
studies were performed in a dedicated STEM VG-HB 501UX
equipped with a Gatan Digi-PEELS 766 detector.

The pyrolysed material, scratched from the internal tube
surface (hot zone), consists of large black and shiny films of
area 2.5 cm2 and 100–200 mm thick. SEM studies reveal that the
films are composed of aligned tubular structures (100 mm long,
15–80 nm od). Fig. 1 shows a typical region of aligned
nanotubes observed within the films.

TEM and HRTEM studies indicate that the material mainly
consists of nanotubes exhibiting compartmentalized morpholo-

Fig. 1 SEM image of a typical film of aligned CNx nanotubes of uniform
diameter (ca. 40 nm od).

Fig. 2 HRTEM images of a CNx nanotube: (a) tube segment showing
‘graphitic’ walls parallel to the tube axis as well as an inner core. It is
important to note that the inner core contrast (amorphous-like) suggests the
presence of a foreign non-crystalline material. In addition, some inter-linked
planes appear to cross the core of the tube, creating compartments (arrows);
(b) higher magnification of a CNx nanotube exhibiting the degree of
crystallinity of walls as well as the amorphous-like core (interlayer spacing
0.34 nm).
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gies resembling ‘bamboo-like’ structures, similar to those
observed in CNx nanofibres.13,14 Fe particles (identified by
EDX and electron diffraction) were also observed at the tips of
the nanotubes. This confirms that catalytic nanotube growth
took place. It is noteworthy that the presence of other
carbonaceous material within the samples was notably absent.
HRTEM images showed that the tubes were hollow with wide
inner cores ( > 10–20 nm), but compartmentalized forming
pockets caused by inter-linkage of graphitic planes across the
inner core of the tubes [Fig. 2(a)]. Close inspection of the
tubular structures confirmed that the walls consisted of parallel
graphite-like sheets [ < 30 walls; Fig. 2(b)]. We also note that
the hollow core of the tubes exhibited an amorphous-like
appearance [Fig. 2(a)], suggesting that a foreign material was
encapsulated.

EEL spectra of the nanofibres revealed the presence of
ionisation edges at ca. 284.5 and 400 eV corresponding to the C
and N K-excitations. The near edge fine structure of the carbon
K-edge confirms that the material is ‘graphitic’. Interestingly, a
first EELS measurement on a typical CNx tube revealed a high
intensity peak at (401 ± 0.5) eV, clearly indicating the presence
of molecular N2

15 [Fig. 3(a)]. Following this measurement a
‘hole’ was formed due to the heavy electron irradiation. A
subsequent spectrum recorded in the same area revealed a
completely different N-K edge exhibiting a p*-peak at (399 ±
0.5) eV and a broad s*-peak [Fig. 3(a)], which is commensurate
with the incorporation of N within the sp2-carbon network
(usually observed in CNx nanofibres13,14). The latter observa-
tions suggest that N gas was trapped within the hollow nanotube
core, and after our first measurement the effect of focusing the
electron beam on the tube caused the tube to open, thus

releasing the encapsulated N2 gas. Once a ‘hole’ was created, N2
gas was not detected in neighboring areas.

In order to confirm the presence of N in the nanotube core,
HREELS line scans were performed across several tubes. A
typical line-scan across the tube axis [Fig. 3(b)] reveals that the
C and N concentration profiles ‘anticorrelate’ across the tubes.
A similar behaviour has been observed in Ar filled nanotubes.11

The line-scans confirm that nitrogen was indeed encapsulated
within the hollow cores and not only concentrated within the
walls as observed in previous studies.13,14 Approximately
10–35% of the tubes investigated appeared to be filled with
nitrogen gas. In addition, elemental mapping using EELS (not
shown here) revealed that N was localised in pockets (consistent
with the compartmentalized carbon morphologies) within the
nanotube cores. From representative EEL spectra, it was
estimated that the N content within the empty CNx nanotubes
(without N2 gas trapped) was ca.@5%. It is noteworthy that the
N encapsulation was stable over several weeks and that the gas-
filled tubes were not affected after long dispersion periods in
acetone.

Our results demonstrate a single-step pyrolytic route to fill
CNx nanotubes with N gas. We have also shown that CNx

nanotubes and nanofibres can be considered as efficient gas
containers owing to the presence of pockets (bamboo-like
structures), which ensure the encapsulation of gases. The CNx

structures could also serve as containers in order to study
liquefaction of N2 at low temperatures. To the best of our
knowledge, this is the first time that N has been incorporated in
nanotubes. These observations pave the way to the fabrication
of novel gas storage components using spray pyrolysis.
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Fig. 3 (a) EEL spectra of the N-K edge representative of a CNx nanotube.
The first measurement (spectrum 1) reveals the presence of molecular
nitrogen (peak at 401 ± 0.5 eV). In a second measurement (spectrum 2)
recorded at the same position, the sharp peak disappears and a maximum
appeared at 399 ± 0.5 eV, corresponding to N incorporated within a C-
network. During measurements, we noted that a ‘hole’ (caused by electron
irradiation) was only created when molecular N was trapped inside the tube;
(b) concentration profiles of C and N across the diameter of a 25 nm CNx

nanotube derived from EELS line-scans. These indicate the presence of C
on the periphery and N mainly within the inner core of the structures. The
central ‘dip’ in the carbon profile is commensurate with an internal core,
filled with N.
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Multiple ligand transfer reaction between planar-chiral
cyclopentadienylruthenium complexes [CpARu(AN)3][PF6]
[(CpA = 1-(CO2Et)-2-Me-4-RC5H2, R = Me, Ph, But, AN =
acetonitrile] and iron complexes CpFe(CO)(L)X (L = PMe3,
PPh3; X = I, Br) results in formation of metal-centered
chiral ruthenium complexes CpARu(CO)(L)X with a diaster-
eoselectivity (de) up to 68%.

Half-sandwich transition metal complexes CpML3 with a three-
legged piano stool structure are fascinating molecules owing to
their potential as catalytic or stoichiometric mediators in precise
organic syntheses and some of their chiral versions have
recently been applied in asymmetric organic synthesis.1 Al-
though most chiral organometallic complexes have chiral
organic groups on the ligands, chiral half-sandwich complexes
can be formed in the absence of chiral ligands. While
coordination of three different ligands to a metal generates a
stereogenic center at the metal atom,2 unsymmetrically substi-
tuted cyclopentadienyl ligands provide planar chirality.3 Stud-
ies on such chiral complexes give us fundamental and important
information that serves for the development of novel asym-
metric reactions.

We have been studying planar-chiral Ru complexes with
trisubstituted cyclopentadienyl ligands.4,5 Recently we also
reported a novel multiple ligand transfer reaction between
[CpRu(L)(AN)2][PF6] [L = AN, CO, P(OMe)3; AN =
acetonitrile] and CpFe(CO)(LA)X [LA = CO, PMe3, PMe2Ph,
PMePh2, PPh3, P(OPh)3; X = I, Br, Cl].6 Now, we have
examined multiple ligand transfer reactions using planar-chiral
cyclopentadienylruthenium complexes and found the induction
of Ru-centered chirality by planar chirality on ligand transfer
from Fe complexes.

Table 1 lists the results obtained from the reactions of the
trisubstituted cyclopentadienyl ruthenium tris(acetonitrile)
complex [CpARu(AN)3][PF6] 14 with Fe complex 2 of the type
CpFe(CO)2X. Thus, treatment of Ru complex 1a [CpA = h5-
1-(CO2Et)-2,4-Me2C5H2] with an equimolar amount of CpFe-
(CO)2I 2a in refluxing CH2Cl2 for 3 h produced a triple ligand
transfer product, CpARu(CO)2I 3a, in 76% yield (Scheme 1).
Similar reactions of 1a with CpFe(CO)2Br 2b and CpFe-
(CO)2Cl 2c gave CpARu(CO)2Br 3b and CpARu(CO)2Cl 3c,
respectively. Ru complexes 1b [CpA = h5-1-(CO2Et)-2-Me-

4-PhC5H2) and 1c [CpA = h5-1-(CO2Et)-2-Me-4-ButC5H2] also
produced the corresponding dicarbonylruthenium complexes
3d–h. The resulting Ru complex 3 was fully characterized by
spectral analyses and X-ray crystallography.† The geometry
around the metal atom is similar to those of analogous iron
complexes (R)- and (S)-CpAFe(CO)2I [CpA = h5-1-(CO2Men)-
2-Me-4-PhC5H2; Men = (l)- or (d)-menthyl].7

When enantiomerically pure planar-chiral complexes (R)-
and (S)-[CpARu(AN)3][PF6] 1d [CpA = h5-1-(CO2Adm)-
2,4-Me2C5H2; Adm = 2-adamantyl] were used as starting
materials in the reaction with 2a, the corresponding Ru
complexes (R)- and (S)-CpARu(CO)2I 3i were isolated, re-
spectively, in an enantiomerically pure form [(R)-3i: [a]D =
+143° (c 0.100, CH2Cl2); (R)-3i: [a]D = 2142° (c 0.105,
CH2Cl2)]. 1H NMR experiments using a chiral shift reagent
Eu(hfc)3 unequivocally indicate that no racemization of the
planar-chiral cyclopentadienyl ligand occurred in the multiple
ligand transfer reactions.

Then, we investigated the influence of planar chirality of the
cyclopentadienyl group on the stereochemistry at the Ru center
of the triple ligand transfer product CpARu(CO)(L)X 7 from the
reaction with CpFe(CO)(L)X 6 (L = PMe3, PPh3; X = I, Br)
(Scheme 2). As illustrated in Scheme 3, complex 7 contains two
diastereomerically related pairs, each of which consists of
enantiomers. Thus, the diastereoselectivity of metal-centered
chirality affected by the planar chirality of cyclopentadienyl
group was appraised by the diastereomer ratio of 7 (Table 2).
Although other Ru complexes 3 and/or 4 were also produced as

Table 1 Triple ligand transfer reactions between [CpARu(AN)3][PF6] 1 and CpFe(CO)2X 2

Substrate Isolated yields of products (%)

Run Ru complex Fe complex CpARu(CO)2X 3a CpACpRu 4a Cp2Fe 5b Recovery of 2

1 1a (R = Me) 2a (X = I) 76 (3a) 21
2 1a 2b (X = Br) 91 (3b) 9
3 1a 2c (X = Cl) 47 (3c) 9 (4a) 43
4 1b (R = Ph) 2a 71 (3d) 13 26
5 1b 2b 70 (3e) 26
6 1b 2c 43 (3f) 7 (4b) 33
7 1c (R = But) 2a 72 (3g) 6 24
8 1c 2b 79 (3h)

a Yields are based on the starting Ru complex 1. b Yields are based on the starting Fe complex 2.

Scheme 1 Reagents and conditions: i, CH2Cl2, reflux, 3 h.
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well as 7 in the reaction of 1 and 6, they were easily separated
by column chromatography on silica gel. Yields of products
depended both on the substituents on the cyclopentadienyl
group as well as the phosphine initially coordinated to Fe.
Reactions with 6a with PMe3 gave desired complex 7 in
moderate yields (runs 1, 4 and 5), while yields of 7 were low in
the reactions with 6b and 6c having PPh3 (runs 2 and 3). To our
surprise, the best result (68% de) in the diastereoselectivity of 7
was oberved in the reaction of 1a having a small substituent
(Me) on the cyclopentadienyl group with 6a having a small
phosphine ligand (PMe3) (run 1). Reactions of 1b and 1c having
a larger substituent (Ph or But) on the cyclopentadienyl group
gave complexes 7c and 7d in 22 and 40% de, respectively (runs
4 and 5). Although asymmetric induction at a Ru center by a
chiral organic group on the cyclopentadienyl ring has been
attempted in the ligand exchange reaction of (h5-C5H4R*)Ru-
(CO)2X (R* = neomenthyl) with phosphine and phosphite, the
diastereoselectivities of products (h5-C5H4R*)Ru(CO)(PR3)X
were fairly low (up to 19% de).8

Fortunately single crystals of the major diastereomer se-
lectively grew on recrystallization of a diastereomeric mixture
of 7a from Et2O–hexane. As seen in Fig. 1 the molecular
structure of the major diastereomer of 7a was established by X-
ray analysis to possess the configuration (RC1,SRu)/(SC1,RRu).†
Previously we also found the induction of metal-centered
chirality by CO insertion into the Fe–C bond of planar-chiral Fe
complexes giving CpAFe(CO)(PPh3)(COMe) 8.9 Facile iso-
merization of complex 8 around the metal center under the
employed reaction conditions suggested that the selectivity of
the resulting complex is controlled by thermodynamic factors.
In contrast, no isomerization at a Ru center was observed for a
CH2Cl2 solution of the major diastereomer of 7a, isolated by
recrystallization (vide supra), under reflux for 3 h. The reactions
presented here provide the first induction of metal-centered

chirality in ligand transfer reactions. Further investigation
focusing on the mechanism of asymmetric induction is now in
progress.

This work was partly supported by Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sports
and Culture. We are grateful to The Material Analysis Center,
ISIR, Osaka University, for technical support of spectral
measurements and X-ray analysis.

Notes and references
† Crystal data: for 3d: C17H15IO4Ru, M = 511.28, monoclinic, P1̄, a =
9.631(3), b = 11.246(3), c = 8.313(2) Å, a = 98.76(2), b = 100.410(8),
g = 93.71(3)°, V = 868.7(4) Å3, Z = 2, Dc = 1.954 g cm23, m(Mo–Ka)
= 26.96 cm21, 6 < 2q < 55°, T = 250 °C, R (Rw) = 0.029 (0.069) for
181 parameters vs. 3889 reflections with I > 3.0s(I) out of 4122 unique
reflections (Rint = 0.023), GOF = 1.35. For (RC1,SRu)/(SC1,RRu)-7a:
C14H22IO3PRu, M = 497.27, monoclinic, P21/n, a = 10.067(2), b =
9.951(2), c = 18.322(1) Å, b = 100.410(8)°, V = 1805.2(4) Å3, Z = 4, Dc

= 1.830 g cm23, m(Mo–Ka) = 26.71 cm21, 6 < 2q < 55°, T = 275 °C,
R (Rw) = 0.037 (0.055) for 208 parameters vs. 3645 reflections with I >
3.0s(I) out of 3990 unique reflections (Rint = 0.016), GOF = 1.35.

CCDC 182/1818. See http://www.rsc.org/suppdata/cc/b0/b006458k/ for
crystallographic files in .cif format.
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Noyori, Asymmetric Catalysis in Organic Synthesis, Wiley, New York,
1994.
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Table 2 Triple ligand transfer reactions between [CpARu(AN)3][PF6] 1 and CpFe(CO)(L)X 6

Substrate Isolated yields of products (%)

Run Ru complex Fe complex CpARu(CO)2X 7a CpARuCO)2X 3a CpACpRu 4a Cp2Fe 5b Recovery of 6

1 1a 6a (L = PMe3, X = I) 49 (68)c (7a) 12 (3a) 6 (4a) 12 17
2 1a 6b (L = PPh3, X = I) 35 (3b) 2 (4b) 24
3 1a 6c (L = PPh3, X = Br) 12 (28)c (7b) 31 (3c) 12 (4c) 1
4 1b 6a 36 (22)c (7c) 17 (3d) 2 (4a) 20 23
5 1c 6a 48 (40)c (7d) 18 (3g) 10 9
a Yields are based on the starting Ru complex 1. b Yields are based on the starting Fe complex 6. c Parentheses indicate % de of 7 determined by 1H and 31P
NMR spectroscopy.

Scheme 2 Reagents and conditions: i, CH2Cl2, reflux, 3 h.

Scheme 3 Stereoisomers of 7a.

Fig. 1 ORTEP diagram of (RC1,SRu)/(SC1,RRu)-7a (major diastereomer).
Hydrogen atoms are omitted for clarity.
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A Claisen rearrangement of a partially-fluorinated system
involving ring expansion occurred at an unusually low
temperature, 100 °C lower than a comparable system from
the literature.

Paquette and co-workers showed how the Claisen rearrange-
ment could be used to transform readily available vinylic
lactones into medium-ring carbocycles during a series of
landmark natural product syntheses.1 The Tebbe reaction2

fulfils a critical role in providing the vinyl ether component of
the allyl vinyl rearrangement precursor; Scheme 1 summarises
the sequence.

The rearrangement step requires the use of high temperatures
and some special experimental precautions;3 after the Tebbe
reaction, the allyl vinyl ether is sealed in base washed tubes to
minimise decomposition through enol ether protiolysis and
Paquette notes that following minimal enol ether purification,
traces of the Tebbe reagent by-products may be present in the
rearrangement medium. Given that aluminium reagents are
indeed known to cause dramatic accelerations of [3,3]-Claisen
rearrangements,4 some assistance to the rearrangement would
not be surprising, though the nature of the active Lewis acid is
not clear nor is the effect large given the reaction conditions (23
h at 175 °C in Scheme 1). Double bond migration can also
compete with rearrangement forming non-productive allyl vinyl
ethers.

We were interested to see if halogenation of the allylic
fragment would accelerate the ring expansion and lower the
reaction temperature. The literature suggests that g,g-di-
fluorination accelerates [3,3]-Claisen rearrangements in some
cases;5 though the idea has not been tested fully and definitive
theoretical work does not exist, a general concensus exists that
the rehybridisation of an sp2 CF2 centre to sp3 is favoured as
geminal CF2-substitution destabilises the alkene. Unambiguous
accelerative effects exerted in g,g-difluorinated systems have
also been reported in other rearrangement systems including
[2,3]-Wittigs,6 heteroatomic [2,3]-rearrangements7 and oxy-
Cope8 reactions.

Stork enamine chemistry allowed the syntheses of ketoesters
2a and 2b and the addition of 1-chloro-2,2-difluoroethenyl-
lithium9 generated from 1-chloro-2,2,2-trifluoroethane afforded
good yields of alcohol products 3a as a mixture of diastereoi-
somers (Scheme 2); we assume that the major product has a
trans-relationship between the sidechains.3

No lactone products were detected; what we expected was the
collapse of the initial alkoxide onto the ester in at least one of the
diastereoisomers. After isolating the hydroxyester, we tried to
lactonise it under acidic and basic conditions but failed. Instead
of hydrolysing the acid, we synthesised tert-butyl ester 3c as a
mixture of diastereoisomers; a single lactone, to which we
assigned structure 4a, was isolated in moderate yield after
treatment of these hydroxyesters with trifluoroacetic acid in
dichloromethane. Presumably, alkyl–O cleavage and carboxy
protonation allows closure to the lactone; it seems less likely
that the acid intercepts an allylic cation generated by protona-
tion of, and departure of water from, the hydroxyacid. A similar
successful sequence started from 1,2,2,2-tetrafluoroethane
(HFC-134a) and afforded lactone 4b.10

With the lactone in hand, we attempted the Tebbe reaction†
(Scheme 3) and succeeded in transforming lactone 4a com-
pletely to a new product as evinced by 19F NMR, to which we
assign structure 5.

Scheme 1 Reagents and conditions: i, vinylmagnesium bromide; ii,
Cp2TiCl(CH2)AlMe3 (Tebbe reagent); iii, 175 °C, 23 h.

Scheme 2 Reagents and conditions: i, ethyl acrylate or tert-butyl acrylate,
dioxane, rt, 18 h; ii, 1-chloro-2,2-difluoroethenyllithium or 1,2,2-tri-
fluoroethenyllithium, THF, 278 °C to rt; iii, CF3CO2H, THF, rt.

Scheme 3 Reagents and conditions: i, Cp2TiCl(CH2)AlMe3, PhMe–THF, 0
to 60 °C; ii, xylene, sealed base-washed tube, 85 °C, 4 h. a Estimated yield
based on clean 19F NMR and full conversion of 4a.
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In contrast, the fluorinated congener 4b decomposed com-
pletely under Tebbe conditions. All attempts to purify and
rigorously characterise 5 resulted in decomposition so we
simply heated 5 at 85 °C; complete consumption took place
within 4 h and a new UV active product 6 was formed.‡ The
rearrangement conditions contrast sharply with those in Scheme
1. We contend that this represents an unusually facile
[3,3]-Claisen ring expansion; as the Claisen rearrangement is
not usually reversible, it is hard to see how dehydrofluorination
after the rearrangement could accelerate the rearrangement
itself. Enol formation from the initial ketonic product followed
by elimination of HF does result in the formation of a
conjugated system so dienone formation is not surprising.

We are currently in pursuit of 7 in which the fluorine atoms

are in the vinyl component of the Claisen precursor, so that we
can compare the positional effects of fluorine atom substitution
and retain both fluorine atoms in a structurally novel product.

In summary, we have shown that the rearrangement precursor
can be assembled rapidly, that the fluoroallyl fragment survives
Tebbe reaction conditions and that fluorine atoms at C-g in the
allyl fragment appear to lower considerably the barrier to ring
expansion Claisen rearrangement.

The authors wish to thank the Engineering and Physical
Sciences Research Council of Great Britain for a Project
Studentship (to G. D.) under the ROPA Scheme and ICI Klea
for a generous donation of HFC-134a.

Notes and references
† Tebbe procedure and 19F NMR data for 5: Tebbe reagent (2.2 ml of a 0.5
M solution in toluene, 1.1 mmol) was added to a stirred solution of lactone
4a (0.236 g, 1.0 mmol) in dry THF (10 ml) at 0 °C. Fifteen min after the
addition the mixture was allowed to warm to rt and stirred for a further 20
min. The mixture was then heated to 60 °C for 30 min, then cooled to 0 °C
before being quenched with 15% NaOH solution (5 ml). After gas evolution
had ceased, ether (10 ml) was added and the mixture was dried, filtered and
evaporated. The residue was eluted through a short column of alumina with
petroleum ether to provide 5 (0.20 g, 89% estimated) as the only fluorine-
containing product: dF(282 MHz, CDCl3) 281.8 (d, 2JF-F 38.7, 1F), 284.9

(d, 2JF-F 38.7, 1F). As 5 was expected to be unstable, it was taken on directly
without further purification.
‡ Thermal rearrangement and selected data for 6: 5 (0.234 g, 1.0 mmol) was
dissolved in xylene (5 ml) in an Ace tube that had been washed with NaOH
(5 M aqueous solution). The tube was then sealed and heated to 85 °C in an
oil bath. The reaction was followed by 19F NMR of aliquots until the starting
material was consumed completely (4 h). Concentration and purification via
silica gel column chromatography (10% ether in light petroleum) gave 6
(0.116 g, 54%) as a yellow oil; Rf (10% ether in light petroleum) 0.2 (95%
by GC); dH(300 MHz, CDCl3) 5.87 (d, 3JH-F 20.2, 1H), 3.03–2.88 (m, 1H),
2.87–2.53 (m, 2H), 2.42–2.30 (m, 1H), 2.20–2.02 (m, 1H), 1.98–1.05 (m,
6H); dF(282 MHz, CDCl3) 283.9 (d, 2JF-H 20.0); nmax (film)/cm21 1662,
1627; [HRMS (CI, M[NH4

+]) Found: 232.0912. Calc. For C11H16ClFNO:
232.0905]; m/z (CI) 232 (M+NH4

+), 215 (M+H+); lmax (CH2Cl2) 284 nm (e
3600 dm3 mol21 cm21).11

1 For a recent example, see L. A. Paquette, J. Ezquerra and W. He, J. Org.
Chem., 1995, 60, 1435.

2 F. N. Tebbe, G. W. Parshall and G. S. Reddy, J. Am. Chem. Soc., 1978,
100, 3611.

3 W. A. Kinney, M. J. Coghlan and L. A. Paquette, J. Am. Chem. Soc.,
1985, 107, 7352.

4 H. Yamamoto, in Organometallics in Synthesis: A Manual, ed. M.
Schlosser, Wiley, Chichester, 1994, 509. For a recent boron Lewis acid
catalysed example involving a fluorinated allyl vinyl ether, see H. Ito, A.
Sato, T. Kobayashi and T. Taguchi, Chem. Commun., 1998, 2441.

5 S. T. Purrington and S. C. Weeks, J. Fluorine Chem., 1992, 56, 165;
J. M. Percy, Top. Curr. Chem., 1997, 193, 131; J. M. Percy and M. E.
Prime, J. Fluorine Chem., 1999, 100, 147. For a discussion relating
specifically to Claisen rearrangements, see M. J. Broadhurst, S. J.
Brown, J. M. Percy and M. E. Prime, J. Chem. Soc., Perkin Trans. 1,
2000, 3217.

6 S. T. Patel, J. M. Percy and R. D. Wilkes, J. Org. Chem., 1996, 61,
166.

7 K. Blades, S. T. Patel, J. M. Percy and R. D. Wilkes, Tetrahedron Lett.,
1996, 37, 6403.

8 G. Dimartino, T. Gelbrich, M. B. Hursthouse, M. E. Light, J. M. Percy
and N. S. Spencer, Chem. Commun., 1999, 2535.

9 J. M. Bainbridge, S. J. Brown, P. N. Ewing, R. R. Gibson and J. M.
Percy, J. Chem. Soc., Perkin Trans. 1, 1998, 2541. The same method
was used to prepare the trifluorovinyl congeners from HFC-134a. See
also P. L. Coe, J. Burdon and I. B. Haslock, J. Fluorine Chem., 2000,
102, 43.

10 In this case alone, the two diastereoisomers of 3d could be separated.
Only one of them lactonised (TFA in CH2Cl2) while the other
decomposed completely.

11 The only similar compound we were able to find with reported UV data
was 1-ethoxycarbonyl-5-oxo-1,3-cyclooctadiene [lmax (95% EtOH)
282 nm (e 9700 dm3 mol21 cm21]: see W. C. Agosta and W. W.
Lowrance, J. Org. Chem., 1970, 35, 3851.
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A dramatic enhancement of the di-p-methane rearrange-
ment is observed upon excitation of trans-1,3-diphenylpro-
pene (1) to its higher singlet states in acetonitrile, which
leads to trans-1,2-diphenylcyclopropane (3) as a major
photoproduct.

The photochemistry of trans-1,3-diphenylpropene (1) has
attracted considerable attention in the past.1–10 In addition to the
cis isomer 2, small amounts (ca. 5%) of trans- and cis-
1,2-diphenylcyclopropane (3 and 4) were also detected after
17 h irradiation in benzene or cyclohexane with 254 nm UV-
light (Scheme 1).1 Under these conditions, the quantum yield of
cyclopropane formation was found to be ca. 5 3 1023, and the
reaction rate constant was ca. 8 3 1025 s21.10 This cyclization,
which in the original paper1 appeared ‘to be without analogy’,
is considered ‘one of the earliest examples of the di-p-methane
rearrangement’,7 a reaction named according to Zimmerman
and extensively investigated during the last decades.11–13

In spite of the considerable efforts devoted to the study of
both the synthetic and mechanistic aspects of the di-p-methane
rearrangement, there are two issues that have not been studied in
a sufficiently systematic way and therefore require further
investigation: the wavelength effects and the influence of polar
solvents. We have undertaken a study of these two aspects in the
case of trans-1,3-diphenylpropene (1) and found dramatic
variations of the reaction efficiency. According to the obtained
results, the di-p-methane rearrangement of 1 is markedly
enhanced upon excitation to higher singlet states in polar
solvents. This provides new mechanistic insights into the
reaction and can be used as a tool to increase its preparative
value.

Compound 1 was prepared following a known procedure.14

Solutions of 1 (5 mM) in the indicated solvents were irradiated
inside a Luzchem multilamp photoreactor, using the light from
four 8W-lamps with emission maxima at 254 or 300 nm
(Gaussian distribution), through quartz or Pyrex, respectively.
The course of the reaction was followed by GC and 1H-NMR;
the degrees of conversion, the product distributions and the
mass balances were determined using adequate standards. The
results are shown in Fig. 1.

As expected,1 very minor amounts of trans-1,2-diphenyl-
cyclopropane (3) were formed in cyclohexane as solvent,
whichever the irradiation wavelength employed. Prolonged
irradiation at 254 nm resulted in partial isomerization of 3 to the
cis-cyclopropane 4 (data not shown); in any case the combined
yield of cyclopropanes never exceeded 10%. By contrast, upon
irradiation of 1 in acetonitrile solution at 254 nm the di-p-
methane rearrangement was dramatically enhanced, and 3
became the major product (after 100 min, the chemical yield
was almost 50%). This effect was not observed when irradiation
of 1 was performed at longer wavelengths. The same trend was
found in solvents of intermediate polarity, where 3 was also

obtained in significant yields (e.g. 30% in THF after 100 min
irradiation at 254 nm).

In order to obtain more reliable quantitative data, the di-p-
methane rearrangement quantum yields were determined using
the trans–cis isomerization of b-methylstyrene (f = 0.2)15 as
actinometer. Table 1 shows that, while in a hydrocarbon solvent
fdi-p was lower than 1022 (in agreement with the literature data
of 5.1023), in acetonitrile it was at least one order of magnitude
higher.

As the di-p-methane rearrangement of 1 and related systems
is thought to occur from excited singlet states, it appeared of
interest to characterise such excited states by carrying out a
steady-state and time-resolved fluorescence study in the two
solvents. The obtained results are shown in Table 1.

The emission spectrum consisted of a band with maximum at
308 nm. It was found to be independent of the excitation
wavelength. The main maximum of the excitation spectra was
located at 254 nm; smaller bands appeared at 285 and 294 nm
(see Fig. 2). Thus, 1 emits from its lowest lying singlet state,
even upon excitation to the higher singlet states.

The fluorescence quantum yields and the singlet lifetimes
were smaller in acetonitrile than in hexane (Table 1). No
significant effect of the excitation wavelength on these
parameters was observed.

Scheme 1

Fig. 1 Preparative yields of formation of 2 and 3, upon irradiation of 1 in
acetonitrile and cyclohexane for different times, a) at 254 nm and b) at 300
nm.
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All the accumulated experimental data on the photochemistry
of 1 indicate that, although the nature of the emitting singlet
state depends neither on the polarity of the solvent nor on the
excitation wavelength, the di-p-methane rearrangement to 3 is
strongly influenced by these factors. The sharp enhancement of
this reaction upon excitation to higher singlet states in polar
solvents is an unexpected behaviour, which is difficult to
explain based on the currently accepted models.11–13 In
principle, 1 might photoionize from a higher singlet state in
polar solvents, giving rise to the radical cation; this could be the
actual rearranging species. An alternative possibility would be
to start from the treatment of styrene photoreactivity based on
conical intersections.16 The order of vertically excited singlet

states of styrene is believed to be S1 < S2 + S3, where S2 and S3
(which possesses ionic character) overlap strongly. A conical
intersection between S3/S2 and S1 could provide a route to the
di-p-methane product 3. This would explain the need for
excitation at shorter wavelength (to populate S3) and the marked
effect of solvents able to modify the energy surfaces of polar
excited states.

We are indebted to Professor F. D. Lewis for his helpful
comments. Financial support by the DGICYT (PB 97-0339) is
gratefully acknowledged. M. C. J. thanks the European
Commission for a Grant (MCFI-1999-00101).
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Table 1 Photophysical and photochemical data of 1 at room temperaturea

Solvent fF 1027kF/s21 tF/ns fdi-p 1026 k di-p/s21 fcis

Hexane 0.27 (0.36) 5.5 6.1 (6.1) < 0.01 < 1 0.12 (0.12)
Acetonitrile 0.13 (0.15) 10 2.5 (2.6) 0.11 (0.04) 44 0.10 (0.11)

a In general, the data have been obtained upon excitation at 254 nm. The fluorescence quantum yield and lifetimes using 285 nm as the excitation wavelength
are given in brackets.

Fig. 2 Excitation and fluorescence emission spectra of 1 in hexane at room
temperature.
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Novel silica materials bearing single or multiple (lotus-
shaped) hollow fiber structures with 5–10 nm inner diame-
ters and a spherical structure were created using sugar-
integrated organogelators (1–4) as templates by sol–gel
polymerization of TEOS.

The sol–gel synthesis of well-ordered inorganic materials offers
a new and wide-ranging approach to useful materials with
controlled architecture and porosity across a range of length
scales.1,2 The direct synthesis of discrete inorganic architectures
necessitates the use of dispersed organic supramolecular
structures with commensurate dimensionality; for example,
hollow fibers of silica have been prepared by self-assembled
phospholipid fibers,3 viroid cylinders,4 organic crystals2 or
cholesterol-based organogel fibers as templates.5–9 In partic-
ular, cholesterol-based organogel templates have created vari-
ous hollow silica fibers with linear,5 helical6 and multi-layered
structures7 by sol–gel polymerization. Such results indicate that
the cholesterol-based organogel fibers act as efficient tubular
templates in the polymerization process.5–9 It is already known
that either cationic charge or efficient hydrogen-bonding
interaction is necessary for the sol–gel transcription in order to
adsorb ‘anionic’ silica particles onto the organic molecular
assemblies.5–9 Meanwhile, the sugar-based gelators provide
various, morphologically novel superstructures such as linear,10

helical,10–12 bundled,12 multi-layered cigar-like12 and
vesicular13 structures according to their self-assembling manner
in the gel phase. Despite their structural variety, however, the
transcription of sugar-based organogel structures into the silica
gel is unprecedented, because i) introduction of a moderate
amount of cationic charge into the organogelator is very
difficult and ii) the gelation ability is markedly reduced in the
protic sol–gel medium necessary for sol–gel polymerization. To
overcome this dilemma, we designed sugar-based organogela-

tors 1, 3 and 4 in which the amino group not only stabilizes the
organogels due to the intensified inter-gelator hydrogen bonds10

but also binds TEOS through hydrogen-bonding interactions.7,8

If this idea were to work as expected, one could transcribe the
novel sugar-based organogel superstructures into the silica
through sol–gel polymerization. We have found that the novel
morphologies of the sugar-based gelators are successfully

transcribed into the silica prepared under the specific sol–gel
polymerization conditions.

Compounds 1–4 were synthesized according to the method
reported previously.10 These compounds could gelate organic
solvents such as carbon disulfide, carbon tetrachloride, toluene,
ethanol, butan-1-ol, hexan-1-ol or ethylacetate,14 indicating that
they act as versatile gelators of organic solvents. In order to
obtain visual insights into the aggregation mode, we observed
the xerogel structures of their ethanol (or water) organogels by
TEM and SEM. Fig. 1 shows typical pictures obtained from the
xerogels 1, 3 and 4. The organogel 1 forms a 3-D network with
small 5–20 nm frizzled fibrils. On the other hand, the organogel
3 shows a straighter and larger fiber structure with 50–150 nm
diameter. One can observe many stripes in a gigantic organogel
fiber that was stained prior to organogel fiber growth (Fig. 1c).
The size of these stripes is comparable with that of the a-
glucose-type organogel fiber. When stained with OsO4 solution
after organogel fiber growth, these stripes could not be observed
(Fig. 1b). More interestingly, the a-galactose-type organogel 4
showed the fiber structure in ethanol (the picture is not shown
here) and the spherical structure with 200–350 nm outer
diameter in water (Fig. 1d).

To transcribe the superstructures formed in the organogels
into the silica structure, we carried out sol–gel polymerization
of TEOS using 1–4 in the ethanol gel phase according to the
method described previously.7,8† We observed the SEM
pictures of the silica obtained from 1 and 2 (Fig. 2a). The silica
obtained from 1 shows the tubular structure with outer diameter
of 20–30 nm and length of 350–700 nm whereas the silica
obtained from 2 showed the conventional granular structure (not
shown). It is hardly conceivable that the amino group is
protonated in the presence of benzylamine. These results
indicate, therefore, that the tubular structure of the silica was
successfully transcribed by the hydrogen-bonding interaction

† Electronic supplementary information (ESI) available: the preparation
methods of TEM samples for organogels and sol-gel polymerization
conditions. See http://www.rsc.org/suppdata/cc/b0/b007218o/

Fig. 1 TEM pictures of xerogels (a) 1 + EtOH, (b and c) 3 + EtOH and (d)
SEM picture of xerogel 4 + water. In (c), the organogel was stained with
OsO4 prior to fiber grown up.†
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between the amino group of 1 and TEOS (or oligomeric silica
particles).

To further corroborate that the organogel fibers really acted
as template for the growth of the tubular silica, we took the TEM
pictures after removal of 1 by calcination. Very interestingly,
we found the silica obtained from 1 to have an inner tube
structure with 5–10 nm diameter (Fig. 2b). The inner diameter
is comparable with that of the outer diameter of the fibrous
organogel structure. The results again support the view that
oligomeric silica particles are adsorbed onto the neutral
organogel fiber through hydrogen-bonding.

In contrast, b-glucose-type organogel 3 resulted in tubular
silica with a larger outer diameter of 150–200 nm (Fig. 3a). Why
is the diameter of the silica obtained from organogel 3 larger
than that obtained from organogel 1? To solve this problem, we
carefully took a number of TEM pictures to confirm the
template effect. Very surprisingly, the TEM pictures of the
silica obtained from 3 consistently reveal that the silica has an
inner diameter of 50–100 nm and an outer diameter of 150–200
nm (Fig. 3b). Furthermore, the silica in the inner tube is
composed of micro-tubes of 5–10 nm diameter, in total giving
rise to a lotus-like structure. The inner diameter of 5–10 nm is
comparable with that of the organogel fiber obtained from 1. We
now consider, therefore, that the silica was transcribed from the
hierarchical bundle structure of 3, because b-glucose-type
organogel 3 features stronger intermolecular hydrogen-bonding
interaction than that of a-glucose-type organogel 1, keeping the
aggregate structure more stably.10 This novel structure in silica
has been created by transcription of bundled organogel fibers.

Fig. 4 shows SEM pictures of the silica structure obtained
from aqueous gel 4 by sol–gel polymerization. The silica
obtained from ethanol organogel shows a fiber structure with
ca. 1400 nm diameter, whereas the silica obtained from aqueous
gel shows a hollow spherical structure with 500–1000 nm inner
diameter and a 200–300 nm thick wall, which probably consists
of multi-layers. These results indicate that the sugar-integrated
gel systems can create various silica structures in the gel
phase.

As a summary of the foregoing observations, we now propose
the mechanism for the formation of the novel lotus-type silica
structure from organogel 3 and that of the single hollow fiber
silica structure from organogel 1 (Fig. 5). Oligomeric silica
species are adsorbed onto the surface of the bundled fibrous
structure of 3 and the polymerization further proceeds along
these bundled fibrils. This propagation mode eventually yields
the lotus-type silica after combustion of gelators by calcination
(Fig. 5c; lower). In contrast, 1 provides the minute fibrous
structure. Then, the tubular silica grows up by sol–gel

polymerization along this surface (Fig. 5b). As supported by the
correlation between the xerogel structures (Fig. 1) and the
resultant silica gel structures (Figs. 2 and 3), the sugar-based
organogel structures are directly and scrupulously transcribed
into the silica structures utilizing hydrogen-bonding inter-
actions.

In conclusion, the present paper has demonstrated a new
methodology to prepare lotus-like and spherical structures of
silica using sugar-integrated organic gelators. These novel silica
structures are created by hydrogen-bonding interactions with
the fine structure of the gelators. We believe that this concept
will be more generally applicable to further new silica
preparations using various organogel superstructures as tem-
plates.
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Fig. 2 SEM (a) and TEM (b) pictures of the silica obtained from ethanol
organogel 1 after calcination.

Fig. 3 SEM (a) and TEM (b) pictures of the silica obtained from ethanol
organogel 3 after calcination.

Fig. 4 SEM pictures of the silica obtained from (a) ethanol organogel 4 and
(b) aqueous gel 4 after calcination.

Fig. 5 Schematic representation for the creation of the lotus-like silica
structure from the organogel state of 3 (lower) and single hollow fiber silica
from 1 (upper) by sol–gel polymerization: (a) gelators; (b) sol–gel
polymerization of TEOS and adsorption onto the gelators and (c) lotus-like
silica structure (lower) and single hollow fiber structure (upper) of the silica
formed after calcination (SEM and TEM pictures in Figs. 2 and 3 were taken
at this stage).
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The X-ray crystallographic structure of vitamin D1 reveals a
sandwich-like 1+1 heterodimeric complex of lumisterol2 and
vitamin D2 with the latter in its a-chair conformer.

Vitamin D1, the very first anti-rachitic factor, which played a
historical role in the development of the vitamin D field, was
discovered by Windaus1 with contributions from Askew and co-
workers2 and Reerink and Van Wijk3 in 1931. This sharp
melting, biologically active substance, produced photochem-
ically from ergosterol (provitamin D2, 3a), was soon thereafter
discovered to be a 1+1 crystalline heterodimer of lumisterol2
(4a) and vitamin D2 (1a).1 This was all at a time when the
involvement of previtamin D2 (2), pyrocalciferol (5) and
isopyrocalciferol (6) in the now well accepted scheme (Fig. 1)
was not yet recognized.4 Early unsuccessful attempts to obtain
the X-ray structure of crystalline, monoclinic D2 were reported
by Bernal in 19325 and by Bernal and Crowfoot in 1935,6 but
interestingly, the successful completion of the structure was not
completed until 1994!7 The X-ray structure of the monoclinic

isomorph revealed that the D2 was essentially the same as that
in the very interesting finding in 19768 by Hull et al. that the
crystalline orthorhombic form of pure 1a (a feature also
characteristic of 1b, vitamin D3

9) exists as a pseudo-homo-
dimer. What is novel about 1a (and also 1b) is that it crystallizes
as a 1+1 complex of a- and b-A-ring chairs (Fig. 2), the former
with an equatorial disposition of the C-3 hydroxy and the latter
with an axial orientation of the same hydroxy. Not surprising is
that in solution vitamin D2 exists as a dynamically equilibrating
mixture of the same a- and b-chairs and that this ratio is solvent
dependent.10

In light of these divergent solid state and solution structural
results for 1a, it became of interest to consider the structure of
the crystalline heterodimeric D1, a complex of two seemingly
very structurally dissimilar molecules 4a and 1a. The former
possesses the steroid skeleton, but the latter exists in an
extended 6-s-trans conformation. It was intriguing to entertain
the possibility that D1 might in fact be a complex of lumisterol2
and previtamin D2, a substance related to vitamin D2 by way of
a facile thermal [1,7]-sigmatropic shift. Alternatively, it was
considered possible that the D2 might exist in its 6-s-cis
conformation (not shown), thus rendering it, like the putative
previtamin D2, better able to co-crystallize with the more
topologically similar lumisterol2 molecule. The purpose of this
communication is to report that in fact the single crystal X-ray
structure§ reveals that vitamin D1 is simply a 1+1 complex
containing lumisterol2 and vitamin D2 in its 6-s-trans conforma-
tion, but with the A-ring in the a-chair conformation as
indicated in Fig. 3. It is interesting that the axial 3b-OH of
lumisterol2 is hydrogen bonded to the equatorial 3b-OH of
vitamin D2 in such a manner as to form a face to face sandwich-
like structure placing the two C18 angular methyl group carbons
in close proximity with one another.

Samples of vitamin D1 were prepared by collecting crystals
(mp, 119–121 °C; literature2 mp 124–125 °C) from a slowly
evaporating solution containing a 1+1 mixture of lumisterol2
and vitamin D2 (acetone). Similar attempts to obtain crystalline

Fig. 1

Fig. 2

Fig. 3
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material from a 1+1 mixture of previtamin D2 (2a) and vitamin
D2, lumisterol3 (4b) and vitamin D3 (1b), or previtamin D3 (2b)
and vitamin D3 failed. Lumisterol2 and previtamin D2 were
prepared by photochemical irradiation of 3a (Hanovia 450 W
medium pressure mercury lamp, pyrex vessel, EtOH) followed
by HPLC purification (20% EtOAc–hexanes, silica column).
Previtamin D2 could also prepared by thermal equilibration with
vitamin D2 followed by HPLC separation.11 Lumisterol3 and
previtamin D3 were prepared in a similar way from 7-dehydro-
cholesterol or from vitamin D3 as appropriate. The X-ray
structures of pure lumisterol2 and lumisterol3 have been
previously reported12 as have vitamin D2 and D3.7–9 Thus, the
vitamin D1 result reported herein represents a unique combina-
tion of these earlier crystallographic results.

This study was generously supported by grants from the NIH,
NSF, and the Committee on Research of the University of
California, Riverside. We also acknowledge generous supplies
of starting materials from Solvay Pharmaceuticals (Weesp, the
Netherlands).
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Reductive samariation of per-O-trimethylsilyl or benzyl
glycopyranosyl iodides in the presence of carbonyl com-
pounds provides the corresponding 1,2-trans-C-glycosyl
compounds in good yields.

Numerous synthetic methods have been developed for the
preparation of C-glycosyl compounds, analogues of glycosides
in which the interglycosidic oxygen atom has been replaced by
a carbon atom.1 Recent work in our laboratory has focused on a
direct method for the synthesis of C-glycosyl compounds
derived from neutral hexoses by the reductive samariation of
anomeric 2-pyridyl sulfones in the presence of carbonyl
compounds (Barbier procedure).2 While the procedure is
efficient with the manno series,3 it is unsatisfactory with the
gluco- or the galactopyranosyl series2 because of too high a
level of the competing b-elimination (an elimination–C–C bond
formation ratio of approximately 1+1). We now report an
unexpected solution to this problem starting from glycosyl
iodides as efficient C-glycosyl donors in reductive samariation
experiments. These glycosyl halides, first prepared by the
reaction of glycosyl bromides with sodium iodide4 and rarely
used as electrophilic O-glycosyl donors,5 can be prepared from
methyl glycosides, glycosyl acetals and glycosyl acetates,6
hemiacetals7 or trimethylsilyl glycosides.8 Either a rapid
synthesis of structurally simple C-glycosyl compounds from
commercial free sugars via the per-O-trimethylsilyl glycosyl
iodides,8 or a multi-step construction of more complex C-
glycosyl compounds with the more practical per-O-benzyl
iodides is possible.

Silylation of D-mannopyranose 1 and treatment of a DCM
solution of the per-O-silylated derivative with iodotrimethyl-
silane (TMSI) according to the procedure of Uchiyama and
Hindsgaul8 provided anomeric iodide 2 which, after solvent
removal, was successively treated with the carbonyl compound
(2 equiv.) and a THF solution of SmI2 (2.2 equiv.) at rt (Scheme
1 and Table 1). On completion of the reaction, indicated by the
disappearance of the blue color of SmI2 in approximately 1.5 h,
the products were desilylated by addition of acidic MeOH and
analyzed as their acetylated compounds. For the acetylation

step, pyridine which suffered a samarium(III)-induced ring
opening was replaced by 2,6-lutidine. This one-pot four-step
procedure from the persilylated sugars (steps ii–v, Scheme 1)
provided only the a-products 3a–d as determined by 1H-NMR
analysis of the crude acetylated reaction mixtures, in yields of
58–85% from the commercial free sugar after silica gel column
chromatography. The only identified byproduct was the 1,5-an-
hydromannohexitol (reprotonation product) in about 10%,
presumably arising from traces of HI present in the starting
glycosyl iodides. With the two aldehydes tested (entries 3 and 4,
Table 1), a mixture of diastereomers were produced with
selectivities (10+1 and 4+1, respectively) in line with the results
previously obtained with anomeric 2-pyridyl sulfones.2 D-
Glucose provided C-glycosyl compound 4 by the same
sequence of reactions (entry 5). Noteworthy is the absence of
elimination products, particularly striking in the gluco series.

While this procedure is well suited for the rapid conversion of
commercial sugars to simple 1,2-trans-C-glycopyranosyl com-
pounds, more elaborated synthetic schemes would require
protecting groups more stable than trimethylsilyl groups. We
therefore tested the benzylated mannopyranosyl iodide availa-
ble by TMSI treatment in DCM at rt of either the glycosyl
acetate 55 or the trimethylsilyl glycoside 6 (entries 1 and 2,
Table 2). Reductive samariation as reported above in the
presence of cyclohexanone provided comparable results. The
same one-pot transformation (i, TMSI; ii, SmI2, cyclohexanone)
on the trimethylsilyl glycosides derived from glucose 7,
galactose 8 and fucose 9 also provided an unprecedented level
of C-glycosylation for these series (72–75% yield), obviously to
the detriment of the competing elimination reaction. For these
three substrates, it was necessary to conduct the samariation
step in the presence of one equiv. of 2,6-lutidine which greatly
reduces the amount of the competing protonation leading to the
1,5-anhydro sugars. As usual, the 1,2-trans compounds were the
only detectable C-glycosylation products, as indicated by the
values of the H1–H2 coupling constants in the 1H-NMR spectra
(9.2 Hz for 11 and 9.3 Hz for 12 and 13 in a chair conformation
of the pyranose ring). These results significantly differ from
those obtained from anomeric 2-pyridyl sulfones.2 Substitution
of the 2-pyridyl sulfone group by an iodine atom in an otherwise
identical structure resulted, under identical conditions, in an
improvement of the C-glycosylation reaction at a synthetically

Scheme 1 Reagents and conditions: i, TMSCl, Et3N, DMF, 0 °C; ii, 1.1
equiv. of TMSI, CH2Cl2, 25 °C, 0.5 h; iii, 2 equiv. of carbonyl compound,
2.2 equiv. of SmI2, THF, 25 °C, 1.5 h; iv, MeOH, 1 M HCl, (3+1, v/v), 25°C;
v, Ac2O, 2,6-lutidine, 25 °C.

Table 1 SmI2-induced coupling of silylated glycopyranosyl iodides with
carbonyl compoundsa

Entry Substrate Conditions C-Glycoside (yield)b

1 1 Cyclohexanone 3a (85%)
2 1 Pentan-3-one 3b (58%)
3 1 IsoButyraldehyde 3c (71%; 10+1c)
4 1 n-Octanal 3d (72%; 4+1c)
5 D-Glucose Cyclohexanone 4 (61%)d

a See Scheme 1 for the reaction conditions. b Isolated yields from the free
sugar after chromatography on silica gel. c Diastereomer ratio at the
exocyclic asymmetric center. d The only other byproduct is the protonation
product, 1,5-anhydro-2,3,4,6-tetra-O-acetyl-D-glucohexitol.
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useful level (72 vs. 39% yield in the gluco series) with a
concomitant decrease in the elimination reaction. We also
noticed a further improvement by incorporating catalytic
amounts of NiI2 with SmI2,9 and conducting the coupling
reaction at 210 °C (80% of 11, entry 4).

The utility of this new procedure has been demonstrated in a
fast synthesis of the carbon-linked mimic of the D-glucopyr-
anosyl(b1?6)-D-mannopyranoside dimer 17 (Scheme 2). Re-
ductive samariation of iodide 14 in the presence of aldehyde
1510† provided the b-C-dimer 16 in 66% yield. Only one isomer
was detected at the exocyclic asymmetric center. Methyl
xanthate formation and radical reduction furnished the methyl-
ene-linked dimer which was debenzylated and characterized as
its per-O-acetyl derivative 17.‡

In summary, we have shown that the silylated or benzylated
glycopyranosyl iodides are useful C-glycosyl donors for the
synthesis of 1,2-trans C-glycosyl compounds. Work is in
progress to delineate a precise mechanism for the transforma-
tion.§

Notes and references
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Table 2 SmI2-induced coupling of benzylated glycopyranosyl iodides with
cyclohexanone

Scheme 2 Reagents and conditions: i, 1.1 equiv. of TMSI, CH2Cl2, 25 °C,
0.5 h; ii, 1.1 equiv. of 15, 2.2 equiv. of SmI2, THF, 25 °C, 0.25 h, 66% from
7; iii, 1.5 equiv. of NaH, CS2, CH3I, 25 °C, 3 h, 96%; iv, 1.5 equiv. of
Bu3SnH, cat. AIBN, toluene, 95 °C, 2.5 h, 89%; v, H2, Pd/C, MeOH, Ac2O,
py, 94%.
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The crystal structure determinations of two molecular
adducts of Kemp’s triacid (r-1,c-3,c-5-trimethylcyclohex-
ane-1,3,5-tricarboxylic acid = KTA), [(KTA)2(8-aminoqui-
noline)] (1) and [(KTA2)2 (8-hydroxyquinoline+)2] (2) have
revealed an interactive selectivity towards the 8-substituted
quinoline system.

Kemp’s triacid (r-1,c-3,c-5-trimethylcyclohexane-1,3,5-tricar-
boxylic acid) was synthesized in 19811 and its unique all-
equatorial carboxylic acid configuration demonstrated, and later
confirmed in crystal structure analyses.2,3 Most significantly,
the molecules showed no intramolecular hydrogen bonding
associations involving the carboxylic acid groups as might have
been expected but instead formed an unusual chain structure
made up of head-to-tail cyclic hydrogen bonded units, with two
at the head and one at the tail. This association is not only
unique to Kemp’s triacid but the polymeric or ‘catemer’ mode4

is itself rare among carboxylic acids where the discrete cyclic
hydrogen-bonded dimeric association [graph set R 2

2(8)5]
predominates. The structure also indicates the possible reason
for both the high melting point (241–243 °C) and the
amomalously small pKa2,3 value for the acid (1.5)1 where the
unusually high value for pKa3 (for an aliphatic tricarboxylic
acid) makes the trianion one of the most basic carboxylate
anions known.

Previous work has indicated that Kemp’s triacid and its
derivatives, such as the 2+1 condensation products with various
aromatic diamines (e.g. m-xylidenediamine and acridine yel-
low), possess potential for molecular recognition.2 These diacid
products have discrete encapsulating environments with dimen-
sions which vary with the nature of the parent aromatic diamine
used. However, no actual structures of adducts of this type are
known. The trianionic form of Kemp’s acid has exhibited
enhanced affinity compared to the trianions of the cis-trans-
isomer and other tricarboxylic acids, for the tetraprotonated
[21]ane N7 macromolecule.6,7 It is proposed that interaction
proceeds via hydrogen bonding between the favourably ori-
ented carboxylate groups and all or most of the four protonated
sites of the macromolecule. These studies in fact involve

recognition of Kemp’s triacid rather than using it to recognize
other simple molecular species. Work in our laboratories has
primarily been directed towards both the homogeneous and
heterogeneous self-assembly of carboxylic acids as well as co-
crystallization of carboxylic acids with Lewis bases, partic-
ularly in those cases where proton transfer does not occur.8
Kemp’s triacid was therefore interacted with a series of bi-
functional carboxylic acids and Lewis bases with a view to
examining the structures of the adducts formed, using single
crystal X-ray diffraction. These included compounds having
particular associative utility in structure making, including the
isomeric monoaminobenzoic acids, 2-aminopyrimidine, 2,6-di-
aminopyridine, adenine, melamine, xanthine, hypoxanthine,
and urea. The very limited success we achieved is reflected in
the paucity of structural data on KTA and its compounds in the
CSD. However, with 8-aminoquinoline (8-AQ),† large crystals
of an adduct were obtained which was confirmed by elemental
analysis as having the unexpected stoichiometry [(KTA) 2(8-
AQ)] (1). The crystal structure of 1‡ indicated that Kemp’s
triacid has particular affinity for the 8-amino-substituted
quinoline system. This structure retains the basic hydrogen-
bonded backbone polymer, based upon the KTA repeating unit,
as found in the parent acid,2,3 with the 8-aminoquinoline
molecules linking the chains laterally by hydrogen bonds
between the 8-amino substituent group [N(2)] and the CO2H
groups in the polymer chains (Fig. 1). Another feature of the
structure is the 50% disorder of the 8-AQ molecules across
inversion centres in the cell, meaning that half of the molecules
lie with the amino group directed towards one carboxylic acid in
the first chain [N(2)…O(1), 2.97 Å (x, 1 + y, z)] while the other
half are directed towards another acid group in the second chain
[N(2)…O(5), 3.14 Å (21 + x, 1 + y, z)]. The hetero-nitrogen is
not involved in intermolecular hydrogen bonding but does form
an intramolecular hydrogen bond with the amino group (2.62
Å). Furthermore, this nitrogen is not protonated as might be

Fig. 1 Molecular associations in the KTA chain polymer structure and the
laterally linking 8-aminoquinoline molecules in 1, shown in the schematic.
The 8-AQ molecules are 50% disordered across inversion centres in the unit
cell. Hydrogen-bonding distances (Å) in the structure (shown as broken
lines) are: intra-chain: O(1)…O(2), 2.68; O(4)…O(6), 2.60; O(3)…O(5),
2.68. Inter-chain: N(2)…O(1), 2.97; N(2)…O(5), 3.14.
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expected {comparative pKa values of the acid (pKa1 = 3.3) and
base [pKa2 (hetero-N) = 4.0}.

The apparent size specificity for KTA towards 8-AQ
prompted a trial involving another available 8-substituted
quinoline, quinolin-8-ol (8-HQ) with Kemp’s acid using similar
preparative conditions.† This also resulted in the production of
good crystals but these had an analysis consistent with a 1+1
complex rather than 2+1 as found in 1. The crystal structure of
[(KTA)(8-HQ)] (2)‡ (Fig. 2) unexpectedly showed the presence
of a chain polymer based on unusual centrosymmetric hydro-
gen-bonded KTA dimer repeating units, in contrast to the KTA
backbone structure as found in 1 and in the parent acid. These
dimer interactions differ from conventional hydrogen-bonded
cyclic dimers in that they involve the cis-related acid groups
[O(1)…O(6), 2.53 Å]. The oxygen of one of these acid groups
[O(6)] is devoid of a proton which is located on the hetero-N of
the 8-HQ molecule. This protonated group subsequently forms
a strong hydrogen bond with the other oxygen of the second
CO2H group [N(1)…O(2), 2.68 Å]. The HO groups of the two
bridging 8-HQ molecules provide the links between the dimer
units via O(5) [O(7)…O(5), 2.66 Å] in a three-centre relation-
ship which involves the third CO2H group in an intramolecular
hydrogen bond [O(3)…O(5), 2.57 Å]. There is a labile partial
molecule of 8-HQ in the lattice which appears to be lost during
collection of X-ray diffraction data while maintaining crystal
stability and further work on this phenomenon is proceeding.
The formula for the adduct 2 after removing the effect of the
disordered partial molecule of lattice 8-HQ is therefore
[(KTA2)2(HQ+)2].

The presence or absence of proton transfer with examples of
this type may be predictable on the basis of pKa differences
between the interacting species. For the pyridine system, this
DpKa minimum is found to be 3.5.10 However, with Kemp’s
triacid and the 8-substituted quinoline system, the difference
would appear to be considerably less than this [for 8-HQ: pKa =
5.0 (hetero-N); DpKa = 1.7 (proton transfer) while for 8-AQ:
pKa = 4.0; DpKa = 0.7 (no proton transfer)]. The hetero-N in
both 8-AQ and 8-HQ is readily protonated by relatively strong
nitro-substituted aromatic carboxylic acids [e.g. 3,5-dini-
trobenzoic acid (pKa = 2.8), 5-nitrosalicylic acid (pKa = 2.2)
and 3,5-dinitrosalicylic acid (pKa = 2.1)] giving 1+1 adducts,10

based on cyclic hydrogen-bonded A–B heterodimers.11 These
form in preference to the B–B homodimer found in the parent
structure of 8-HQ12 and in its adducts with the neutral
compounds chloranil13 and 1,3,5-trinitrobenzene.14 Adducts 1
and 2 therefore differ significantly in many respects: adduct 1
has 2+1 stoichiometry, involves no proton transfer, is based on
a hydrogen bonded polymeric backbone structure and interacts
with 8-AQ in a parallel cross-linking mode. Adduct 2 has
effectively a 1:1 interactive stoichiometry but involves proton
transfer and is based on hydrogen-bonded dimers which interact
with two cross-linking 8-HQ molecules in a perpendicular
mode. However, these two examples provide chemical evidence

of the particular molecular specificity of Kemp’s triacid for at
least the 8-(interactive group)-substituted quinoline system.
This basic proposal is currently being pursued using other
similar Lewis bases.

The authors acknowledge financial support from The Centre
for Instrumental and Developmental Chemistry of the Queens-
land University of Technology, The Australian Research
Council, and the University of Melbourne.

Notes and references
† Preparation. Adducts were prepared by refluxing 0.10 g (0.194 mmol) of
KTA with respectively 0.056 g of 8-aminoquinoline or 0.057 g of quinolin-
8-ol (0.388 mmol) in 20 cm3 of 50% aqueous EtOH (compound 1) or 80%
aqueous EtOH (compound 2) for ca. 15 min. The solutions were allowed to
evaporate at rt yielding after 1 week, pale brown prisms of 1, mp
292.5–296.8 °C [Found: C, 60.1; H, 6.9; N, 4.3%. Calc. for C33H44N2O12:
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62.5; H, 6.3; N, 3.5%]. Variation of the stoichiometric ratio of Kemp’s acid
to Lewis base gave the same products.
‡ Crystal analysis Compound 1: C33H44N2O12, M = 660.7, triclinic, space
group P1̄, a = 8.3968(9), b = 8.7615(8), c = 12.3337(9) Å, a =
76.161(6)°, b = 74.331(8)° g = 70.17(1)°, U = 810.9(1) Å3, Z = 1, Dc =
1.349 g cm23, Mo-Ka radiation (l 0.71073 Å); 3063 reflections measured
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> 2s(I)], wR2 = 0.106 (F2); T = 293(2) K. Compound 2: C42H50N2O14, M
= 806.8, triclinic, space group P1̄, a = 8.662(1), b = 10.413(2), c =
14.153(2) Å, a = 99.06(2), b = 103.64(1)°, g = 102.91(1)°, U = 1179.1(3)
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2 2 Fc
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2.
Intensity data were collected on Enraf-Nonius four-circle diffractometers
using either Mo-Ka for 1 or Cu-Ka radiation for 2. Structures were solved
and refined using SHELXL97.15 The 8-AQ molecules in 1 are disordered
across inversion centres in the respective cell, indicating that in each the
8-amino groups occupy 50% sites in one orientation and 50% in the inverted
orientation. With 2, as mentioned in the discussion, the disordered partial
8-HQ molecules of crystallization were initially modelled crystallo-
graphically with partial occupancy but this did not achieve a completely
satisfactory result (R ca. 0.08) although the basic hydrogen-bonded polymer
framework is quite stable and devoid of any disorder. Subsequently, the use
of the programme Squeeze within Platon16 (which removed the effect of the
electron density due to the partial lattice molecule), resolved the problem
giving R = 0.054. CCDC 182/1827. 
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Fig. 2 The centrosymmetric dimeric KTA anion units and the cross-linking
8-hydroxyquinolinium cations in 2. Schematic shows the hydrogen-bonding
associations in the ribbon polymer. Hydrogen-bonding distances (Å) in the
structure are: intra-dimer: O(1)…O(6),a 2.53; O(3)…O(5), 2.57; inter-
dimer: N(1)…O(2), 2.68; O(7)…O(5),b 2.66. Unless otherwise indicated,
atoms are carbon. a 2x, 1 2 y, 1 + z. b 21 + x, y, z.

2350 Chem. Commun., 2000, 2349–2350



Temperature and solvent effects on enzyme stereoselectivity: inversion
temperature in kinetic resolutions with lipases

Gianfranco Cainelli,* Valeria De Matteis, Paola Galletti, Daria Giacomini* and Paolo Orioli

Department of Chemistry ‘G. Ciamician’, University of Bologna Italy. E-mail: cainelli@ciam.unibo.it,
giacomin@ciam.unibo.it

Received (in Liverpool, UK) 24th July 2000, Accepted 16th October 2000
First published as an Advance Article on the web

Eyring plots of ln E vs. 1/T show inversion temperature in
kinetic resolution by lipases, demonstrating that clustering
effects in the substrate solvation manage the enzymatic
selectivity.

Over the past few years, the use of enzymes in organic synthesis
has become increasingly important owing to the basic discovery
that enzymatic reactions can occur in organic solvents as well as
in water.1 Indeed, enzymatic selectivity is remarkably depend-
ent on the organic solvent2 and many attempts have been made
to explain this influence.3 However, less attention has been paid
to the effect of temperature on selectivity.4

We report here the results of our studies on the effect of
temperature on the kinetic resolution of racemic b-lactam 1 by

PGA (Penicillin G-Acylase). Furthermore, we also reanalyzed
another enzymatic process that has been reported previously,
involving the kinetic resolution of azirinol 2 by lipase PS.5

Over the past decade, the dependence of stereoselectivity on
temperature has been evaluated in several non-enzymatic
reactions; e.g. cis-dihydroxylation of olefins,6 reduction of
ketones7 and nucleophilic addition to imines8 and carbonyl
compounds.9 By plotting the logarithm of selectivity vs. the
reciprocal of T, according to the modified Eyring equation [eqn.
(1)], a peculiar behavior is sometimes observed: the existence of
two linear regions intersecting at a point defining a temperature
denoted the inversion temperature (Tinv), whose significance is
still a matter of debate.10

ln S = 2DDH‡/RT + DDS‡/R (1)

This break point leads to two sets of activation parameters:
one for T < Tinv and the other for T > Tinv. Our preceding
studies demonstrated that the presence of an inversion tem-
perature accounts for a particular effect of the reaction solvent
on the stereoselectivity. We have proposed that Tinv constitutes
a transition temperature between two different solute–solvent
clusters, which act as two distinct supramolecules with different
thermodynamic properties, reactivity and, therefore, different
trends of stereoselectivity with temperature.11

We have recently shown12 that in nucleophilic addition to
aldehydes, Tinv depends mainly on the aldehyde–solvent couple
and its value may be determined by 13C NMR analysis using
variable temperature (VT) experiments. NMR techniques
provide a powerful method for investigating the local electronic
environment of the molecular structure, and nuclear shielding is
a sensitive probe of intermolecular interactions and solvent
effects.13 We found that the variation of the CNO chemical shift
of the studied aldehydes with temperature presents two linear
trends, whose intersection (referred to here as TNMR) lies near
the Tinv of the same substrate–solvent system, within the
experimental error. Therefore, we considered that TNMR and
Tinv might have a common origin, and could in fact represent

two independent experimental observations concerning the
same solvation-clustering phenomenon.

We report here the first experimental example of inversion
temperature in the field of stereoselective enzymatic reactions14

and also confirm the presence of interconversion of solute–
solvent supramolecules by means of VT 13C NMR analysis.

As part of an ongoing project on the total synthesis of new b-
lactam antibiotics,15 we became interested in the kinetic
resolution of racemic 1-N-(propen-1-yl)-3-N-(phenylacetoxy)-
aminoazetidin-2-one 1 by PGA (supported on Eupergit)
(Scheme 1). The experiments were carried out by incubating the
substrate in phosphate buffer (pH = 7.8) and acetone (2+1 ratio)
at different temperatures. Conversion of the reaction was
monitored by titration of the phenylacetic acid formed with
NaOH solution and the enantiomeric excesses of 3 and
unreacted 1 were determined by HPLC analysis on a chiral
column.16 With an increase in temperature, we observed an
initial linear lowering of the selectivity ratio E17 until it reached
a minimum value of 24 corresponding to T = 301 K (Fig. 1).
Upon further warming, E increased, to reach a maximum value
of 130 at T = 328 K. Least-squares analysis of these results
enabled us to determine that Tinv = 301 K. Notably, the highest
enantioselectivity is reached at the highest temperature.18

Usually, E = 100 is considered the minimum satisfactory value
for the industrial application of an enzymatic process. Thus, in
our case, a slight variation in temperature made an inadequate
enzymatic method very efficient.

Next, we performed a series of VT 13C NMR analyses of 1 in
deuterated water and d6-acetone (2+1 ratio). The d value of the
phenylacetoxy CNO chemical shift decreases with an increase in
temperature between 278 and 323 K, and two linear regions may
be clearly recognized by least-squares analysis (Fig. 2). TNMR
occurs at T = 306 K and corresponds to Tinv, within the
experimental error. We looked for other studies on temperature
dependent selectivity in enzymatic processes in the literature. In
1997 Sakai et al.5 described the kinetic resolution of racemic
phenyl-2H-azirine-2-methanol 2 in diethyl ether. The selective

Scheme 1

Fig. 1 Eyring plot for the selectivity ratio E in the kinetic resolution of 1 by
PGA at different temperatures in H2O–acetone (2+1).
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acetylation reaction promoted by lipase Amano PS in the
presence of vinyl acetate as an acylating agent, proceeded
smoothly until 233 K, with progressively higher selectivity (Fig.
3). At T = 233 K, the enantioselection reached a maximum (E
= 99) and then decreased. A least-squares analysis of the
tabulated data allowed us to determine a Tinv at T = 229 K. To
test for the presence of a TNMR, we prepared 2 by the reported
method19 and studied the evolution of d vs. T in d10-diethyl
ether. The results for the quaternary aromatic carbon20 are
reported in Fig. 4. Again, two linear regions exist and TNMR
occurs at T = 222 K, quite near to the corresponding Tinv. The
different rates of variation of the chemical shift d vs. T indicate
an abrupt change in solute–solvent interactions, which reflects a
change in substrate solvation.21 The same solvation change
causes the presence of the Tinv in an Eyring plot which regards
the same substrate in the same solvent of the NMR analysis.

Thus, once again the Tinv and the TNMR appear as two
independent experimental results due to the same phenomenon.
Actually, we think that a reorganization between two differently
ordered solvation clusters generates both the Tinv and the TNMR.
The TNMR reveals the presence of dynamic phenomena on the
ground state of solute–solvent clusters which thus appear to be
much more structured than generally believed. The Tinv reveals
the same dynamic phenomena, which now act on diastereo-
meric transition states leading to a different stereoselectivity
below and above the Tinv.22

From the experimental data reported here, it results that even
enzymatic reactions show temperature dependent phenomena
of substrate solvation because of the presence of a Tinv and a
corresponding TNMR, so that even enzymatic reactions experi-
ence reorganization of different solute–solvent clusters depend-
ing on temperature. Because of the difference in selectivity

above and below the Tinv, it follows that those solute–solvent
clusters contribute to differentiate the Gibbs free energies of the
two diastereomeric substrate–enzyme complex transition states.
Thus our data provide evidence that solvent molecules are still
present in substrate–enzyme transition states.

Our experimental data clearly suggest that enzymatic reac-
tions are only a particular case of a more general phenomenon.
Solvation always plays a fundamental role in stereoselectivity
and the substrate cannot be considered a mere isolated species
in solution, but rather a part of a more complex and well defined
solute–solvent cluster.

This work was supported by MURST and by the University
of Bologna (funds for selected topics). Penicillin G Acylase was
kindly supplied by Recordati (Italy).
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Fig. 2 Plot of the 13C chemical shift of the phenylacetoxy CNO vs. T for 1
in D2O–d6-acetone (2+1).

Fig. 3 Eyring plot for the selectivity ratio E in the kinetic resolution of 2 by
lipase Amano PS at different temperatures in diethyl ether.

Fig. 4 Plot of the 13C chemical shift of the quaternary aromatic carbon atom
vs. T for 2 in d10-diethyl ether.
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Ionic species can be stabilized in the water core of a water-in-
CO2 microemulsion in supercritical fluid CO2; by mixing two
microemulsions containing Ag+ and X2 ions separately,
silver halide (AgX) nanoparticles were synthesized in
supercritical CO2; the water-in-CO2 microemulsion may
provide a reaction system for a wide range of nanoparticle
syntheses involving ionic species in supercritical CO2.

Reverse micelles and microemulsions formed in liquid and
supercritical carbon dioxide (CO2) allow high polar compounds
to be dispersed in this nonpolar fluid.1 A recent report
demonstrated that silver ions in the water core of a water-in-
supercritical CO2 microemulsion could be reduced to nanosized
metallic silver particles by a reducing agent dissolved in the
fluid phase.2 The rate of formation of silver nanoparticles in the
water-in-supercritical CO2 microemulsion is fast, suggesting
the microemulsion is dynamic in nature.3 By collision,
exchange of contents between two water-in-supercritical CO2
microemulsions probably would take place effectively. This
suggests the possibility of performing nanomaterials synthesis
in supercritical CO2 by mixing water-in-CO2 microemulsions
containing different ions in the water cores. The water-in-CO2
microemulsion system thus may function like a ‘nanoreactor’
for a wide range of chemical syntheses involving ionic species
as starting materials in supercritical CO2.

Recently, Ida et al. found that the ionic conductivity of silver
iodide increased significantly as the particle size decreased to
the nanometer-size range.4 Silver chloride and silver bromide
are indirect gap semiconductors and silver iodide is a direct gap
semiconductor. Much attention has been paid to the changes in
band gap energies for small semiconductor particles as the
particle radius decreases.5 Rosseti et al. explained the particle
size dependence of the excited state electronic properties of
silver iodide and silver bromide as a consequence of electron
and hole localization in the small crystallites.6 Water-in-oil
microemulsion technology has been used to synthesize a variety
of nanoparticles. Usually, nanometer-sized particles with a high
degree of monodispersity can be obtained using this technol-
ogy.7 Formation of nanoparticles in supercritical fluids offers
significant advantages over conventional liquid-phase systems
including rapid separation of solvent and the possibility of
depositing the particles in situ in porous materials utilizing the
unique properties of the supercritical fluid phase.2

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) obtained
from Sigma, was purified using a method described by Williams
et al.8 The perfluoropolyether–phosphate (PFPE-PO4) received
from Ausimont has a general structure of CF3O[OCF(CF3)-
CF2]n(OCF2)mOCF2CH2OCH2CH2OPO(OH)2 with an average
molecular weight of 870. The carbon dioxide, SFE grade, was
obtained from Oxarc.

Two homemade high-pressure vessels were utilized for the
synthesis. One vessel (9.5 ml volume) was equipped with a
fiber-optic system (5 mm pathlength) connected to a CCD array
UV–VIS spectrometer. The high-pressure fiber-optic spectros-
copy cell is described elsewhere.3 The other vessel was a 15 ml
high-pressure view cell with sapphire windows.2 Each system
could be isolated from the other by Valco high-pressure valves.

A schematic diagram of the entire supercritical fluid system
used for this study is shown in Fig. 1.

The reverse micellar solutions were prepared by using
sodium bis(2-ethylhexyl) sulfosuccinate [AOT] (12.8 mM) and
the cosurfactant perfluoropolyether phosphate [PFPE-PO4]
(25.3 mM) at the water-to-surfactant ratio, W = [H2O]/[AOT]
= 12. The AgNO3 was made to 3.3 mM and NaI, NaBr and
NaCl were made to 6.6 mM. The silver nitrate solution was
always placed in the 9.5 ml fiber-optic cell and the sodium
halide solutions were placed in the 15 ml view-cell. Each
solution was stirred for 1 h in the pressurized vessel to ensure
the formation of a homogeneous optically transparent micro-
emulsion. For the supercritical fluid carbon dioxide experi-
ments, the vessels were first both pressurized to 80 atm. At the
end of 1 h, the 15 ml vessel was pressurized to 200 atm and the
microemulsion containing the halide solution was pushed into
the fiber-optic cell by opening an interconnecting valve and the
spectra were recorded.

Fig. 2 shows the UV–VIS absorption spectra of silver halide
nanoparticles observed in the supercritical fluid CO2 experi-
ments. The spectra for silver iodide show a broad band in the
approximate range 410–450 nm. The peak wavelength of the
absorption band increased with time after the mixing, varying
from ca. 422 to 429 nm. About 30 s after the mixing, the peak
wavelength reached approximately a constant value at 429 nm
and the peak absorption intensity also became constant for the
remainder of the experiment. These spectra are consistent with
the UV–VIS spectra previously reported by Sato et al. for
nanosized silver iodide particles formed in an AOT/isooctane
reverse micelle system.9 For silver bromide, we observed
shoulder peaks in the range 300–350 nm. Again the observed
spectra are consistent with the previously reported observations
for silver bromide nanoparticles.9 The spectra of silver chloride
showed an absorption threshold shorter than silver bromide,
also in agreement with the literature report.9

The size of the silver halide nanoparticles can be estimated by
first calculating the band gap energies for the semiconductors.
For direct allowed transitions, such as silver iodide, the
following equation has been derived by Ravich et al.10

shn = K(hn 2 Eg)1/2 (1)

Fig. 1 Schematic diagram of the supercritical CO2 microemulsion reaction
system.
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and for indirect gap semiconductors, like silver bromide and
silver chloride,

shn = KA(hn 2 EgA)2 (2)

In these equations, s and hn are the absorption coefficient and
the photon energy, respectively, K and KA are proportionality
constants, and Eg and EgA are the band gap energy and the
indirect energy transition threshold, respectively.

The average diameter of the nanoparticle, dp, can be
estimated from the band gap energy, Eg,9,11

Eg = Eg,bulk + (h2/2dp
2)[(1/me) + (1mh)] 2 [(3.6e2)/(4pedp)]

(3)

where me and mh are the effective mass of an electron and a hole
in a semiconductor, respectively. In eqn. (3), Eg,bulk is the
energy of the band gap of the bulk semiconductor, e is the
dielectric constant of the semiconductor and e is the charge of an
electron. The following parameters8 were used for the calcula-
tions: for AgI, Eg,bulk = 2.83 eV, e/e0 = 4.91, and m*/m0 = 0.2;
for AgBr, Eg,bulk = 2.5 eV, e/e0 = 4.62, mh/m0 = 0.645, and me/
m0 = 0.215. For the other symbols, e0 is the dielectric constant
of vacuum, m0 is the rest mass of an electron and m* is
represented by the following equation, m* = [(1/me) +
(1/mh)]21.

The variation of AgI nanoparticle diameters with time during
synthesis in supercritical CO2 can be calculated using eqn. (3)
and the UV–VIS spectroscopic data. The results for silver
iodide showed a sharp increase in particle size in the first few
seconds until a stable size of ca. 3.4 nm in supercritical CO2 was
reached. For silver bromide, we obtained a particle size ca. 3.0
nm. The size of the silver chloride particles could not be
calculated since the effective mass of a hole is not available.

A rapid expansion of supercritical solution (RESS) method12

was used to collect the synthesized silver halide particles. The
size distribution of AgI particles collected on a copper grid by
the RESS method is shown in Fig. 3. The particle sizes shown
in Fig. 3 (ca. 3–15 nm) are larger than the calculated AgI size
based on the spectroscopic method. Rapid expansion of the
water-in-CO2 microemulsion apparently can cause agglomera-
tion of the AgI nanoparticles. Other methods of collecting the
synthesized nanoparticles in supercritical CO2 with minimum
agglomeration are currently under investigation.

To obtain more information on the mechanism of silver
halide nanoparticle formation in supercritical CO2, the ab-
sorbance vs. time for the products AgI, AgBr and AgCl were

investigated at 426, 325 and 300 nm, respectively. The time that
required for the absorbance–time curve to reach a plateau was
used as a measure of the completion of the reaction. The
reaction time followed the order AgI (16 s) > AgBr (28 s) >
AgCl (40 s). Similar experiments by mixing water/AOT/hexane
microemulsions (containing Ag+ and I2 separately) would
require ca. 3 min to reach the plateau for the formation of the
AgI nanoparticles. The formation of silver halide nanoparticles
in the water-in-CO2 microemulsion system involves several
processes including collision, intermicellar exchange and
reaction between silver ion and halide ion as shown in the
graphical abstract. The intermicellar exchange process involves
the distribution of silver nitrate and sodium halide from water
droplets to the surfactant phase. This process should depend on
the hydrophobicity of sodium halide, i.e. NaI > NaBr > NaCl.
The observed reaction speed follows the order of hydro-
phobicity of sodium halide, suggesting that the most hydro-
phobic species probably reside close to the interface and
exchange faster. The reaction between Ag+ and I2 is expected
to be very fast because of the large Ksp values for all AgX. The
rate-determining step for the formation of silver halide
nanoparticles in the water-in-supercritical CO2 probably is the
intermicellar exchange process.
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Fig. 2 Absorption spectra of AgX nanoparticles synthesized in the water-in-
supercritical CO2 microemulsion: (a) AgI, (b) AgBr and (c) AgCl.

Fig. 3 TEM micrograph of the AgI particles collected on a copper grid using
the RESS method.

2354 Chem. Commun., 2000, 2353–2354



Ruthenium(II) complex with a notably long excited state lifetime†

Daniel S. Tyson, Jason Bialecki and Felix N. Castellano*

Department of Chemistry and Center for Photochemical Sciences, Bowling Green State University, Bowling Green,
Ohio 43403, USA. E-mail: castell@bgnet.bgsu.edu

Received (in Columbia, MO, USA) 25th July 2000, Accepted 10th October 2000
First published as an Advance Article on the web

A new Ru(II) diimine complex, [Ru(5-pyrenyl-1,10-phenan-
throline)]3(PF6)2 ([Ru(py-phen)3]2+), possesses a room tem-
perature excited state lifetime of 148 ± 8 ms.

Visible-absorbing luminescence probes that display long decay
times are becoming increasingly important in biophysics, high-
throughput screening, clinical chemistry, and lifetime-based
chemical sensing.1–4 One particular class of luminophores
based on transition metal complexes displaying metal-to-ligand
charge transfer (MLCT) excited states5 have shown promise in
such luminescence-based technologies.1–4 In the interest of
expanding these initial efforts, new MLCT compounds with
prolonged emission decay times deserve special attention.

The photophysical properties of transition metal complexes
displaying MLCT excited states are dominated by non-radiative
decay processes and can be largely predicted by the energy gap
law.6 Excited state lifetimes in such complexes are modulated
through simple modifications of the ligands and/or the central
metal atom. Although this approach has proven quite success-
ful, complexes with very long lifetimes consequently possess
large energy gaps, generally with MLCT absorption bands in
the UV. Alternatively, MLCT complexes containing ligands
with large p-systems extend excited state lifetimes by imparting
significant electronic delocalization into the charge transfer
excited state.7 Even though such complexes absorb in the
visible, useful for analytical luminescence applications, their
lifetimes are only slightly larger than that observed in the parent
diimine complexes.

The room temperature lifetimes of the charge transfer-based
emission in Ru(II) diimine complexes can be dramatically
extended (approaching 50 ms) by tethering a pyrene molecule to
one of the ligands within the complex.8–12 The observed
MLCT-based emission in such complexes is substantially
longer-lived relative to the parent compounds as a result of
energy transfer processes between the MLCT fragment and the
pyrene unit.8–12 In previous work, we have suggested that the
energy transfer process can be controlled by adding additional
pyrene molecules to the ligand periphery, which has the effect
of increasing the formation of ‘pyrene-like’ triplets, further
extending the lifetime of the complex. The present work takes
advantage of this concept and has successfully generated a new
Ru(II) diimine complex, [Ru(py-phen)3](PF6)2 (Fig. 1), where
py-phen is 5-pyrenyl-1,10-phenanthroline, with a room tem-
perature lifetime of 148 ± 8 ms.

Full details regarding the synthesis of py-phen and [Ru(py-
phen)3](PF6)2 are presented in the ESI†. Briefly, py-phen was
prepared from 5-bromo-1,10-phenanthroline and 3-pyrene-
boronic acid using standard Suzuki coupling conditions.
[Ru(py-phen)3](PF6)2 was synthesized by refluxing Ru(DM-
SO)4Cl2 and py-phen in 95% ethanol, followed by precipitation
of the PF6-salt, and final purification accomplished through gel
filtration chromatography. The absorption and emission spectra
of [Ru(py-phen)3]2+ in MeCN are displayed in Fig. 2. The
tethered pyrene chromophores are largely responsible for the
structured p–p* absorption bands between 300 and 350 nm.

The absorption bands in the visible are due to the dp(Ru) ?
p*(py-phen) MLCT transitions in the molecule. Regardless of
excitation wavelength (300–532 nm), this complex displays
only one visible emission band centered near 600 nm in MeCN
at room temperature with a quantum yield of 0.071 ± 0.010.
This emission band is characteristic of MLCT-based lumines-
cence typically observed in Ru(II)–diimine complexes.5 Using
single photon counting techniques (342 nm excitation), no
singlet emission could be observed from the pyrenyl units when
grafted onto the metal complex. The corrected excitation
spectrum of [Ru(py-phen)3]2+ (600 nm emission) is almost
completely superimposible at all wavelengths with its absorp-
tion spectrum, suggesting a singlet energy transfer efficiency
near unity. Similar behavior has been observed in related
Ru(II)–pyrene chromophores.9,11,12

The excited state lifetime of [Ru(py-phen)3]2+ in thoroughly
deaerated MeCN at infinite dilution is 148 ± 8 ms as measured
with 458 nm laser pulses from an N2-pumped dye laser (500 ps

† Electronic supplementary information (ESI) available: experimental
details, self quenching plot and excited state absorption difference spectra.
See http://www.rsc.org/suppdata/cc/b0/b007336i/

Fig. 1 Molecular structure of [Ru(py-phen)3]2+.

Fig. 2 Absorption (solid line) and emission (dashed line) spectra of [Ru(py-
phen)3]2+ in MeCN at room temperature. The emission spectrum was
recorded with 458 ± 2 nm excitation.
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fwhm), Fig. 3. A fast luminescence decay component ( < 16 ns)
was also observed, consistent with data obtained on related
compounds.8,10,11 This exceptionally long lifetime agrees well
with the decay kinetics observed in the transients from the
nanosecond laser flash photolysis experiments. However, the
transient absorption profiles observed in [Ru(py-phen)3]2+ at all
times following a 460 or 532 nm laser pulse are similar to that
obtained with the uncoordinated py-phen ligand following 355
nm excitation. Therefore, the absorption transients provide
evidence for the existence of a ‘pyrene-like’ triplet state at all
delay times while there is no direct observation of a MLCT-
based triplet state. The only observed radiative decay pathway
for the [Ru(py-phen)3]2+ complex at room temperature is
MLCT-based photoluminescence. In the model complex
[Ru(Ph-phen)3]2+, where Ph-phen is 5-phenyl-1,10-phenanthro-
line, the lifetime under similar conditions is 1.15 ms.13 In
[Ru(py-phen)3]2+, the lifetime is extended ca. 129-fold relative
to [Ru(Ph-phen)3]2+ as a consequence to the stabilization
imparted by the energy transfer processes.

The observed excited state lifetime in [Ru(py-phen)3]2+ is
very sensitive to subtle changes in oxygen concentration. Under
our experimental conditions, high purity argon gas was
continuously flowed through the cuvette during the measure-
ment cycle, while maintained at a constant temperature of 20 ±
1 °C. Significant changes in lifetime could be correlated to the
argon flow rate and temperature.

The long lifetime associated with the [Ru(py-phen)3]2+

complex permits a dynamic excited state self-quenching
reaction at relatively dilute concentrations. Under our experi-
mental conditions we did not observe any deviation in Beer’s
law behavior in the ground state absorption spectrum nor were
we able to identify any new bands in the steady-state emission
spectrum at concentrations between 2 3 1026 and 2 3 1025 M.
Over this concentration range, the rates of emission decay are
well modeled by a Stern–Volmer expression, recently used to
describe self-quenching processes in Pt(II) diimine com-
pounds.14 The derived self-quenching rate constant of 1.3 3 108

M21 s21 is valid under optically dilute conditions and is clearly
not a result of ground state aggregation.

The uncoordinated py-phen ligand displays structured phos-
phorescence at 77 K in 4+1 EtOH+MeOH in the presence of
ethyl iodide when excited in the UV (342 nm). Visible
excitation (458 nm) of [Ru(py-phen)3]2+ in the same frozen
matrix yields a similarly structured emission, reflecting the
dominance of pyrene-like triplets in the excited states. The
decay kinetics of [Ru(py-phen)3]2+ at 77 K are complex,
containing a long component of 46 ± 2 ms.

Energy transfer processes between the excited MLCT and
pyrene states at room temperature facilitates the extension of the
excited state lifetime in [Ru(py-phen)3]2+. The observed 148 ms
lifetime is substantially beyond the range of any previously
measured lifetime in this class of chromophores. Importantly,
this lifetime was obtained without relying on energy gap law
predictions. The complex is susceptible to dynamic self-
quenching processes under optically dilute conditions. To our
knowledge, this is the first example of such behavior in a Ru(II)–
diimine complex. The room temperature emission in [Ru(py-
phen)3]2+ is MLCT-based, however at 77 K, the emission
emerges as a p–p*-based phosphorescence.

J. B. was supported by the National Science Foundation
Research Experience for Undergraduates program.
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This communication describes a novel solid, crystals of
which are grown by a diffusion technique, consisting of
alternating fullerene and radical cation salt layers.

Fullerenes are known to form only neutral molecular complexes
with the tetrathiafulvalene derivatives (TTFs†): (BEDT-
TTF)2C60;1 OMTTF•C60·C6H6;2 DBTTF·C60·C6H6

3 and some
others.2,3 The lack of charge transfer defines the dielectric
properties of these complexes.2,3 On the other hand, TTF radical
cation salts with different inorganic and organic anions
demonstrate metallic and superconducting properties.4 An
example is a series of the BEDT-TTF salts with linear and
polymeric anions which possess superconducting properties:
(BEDT-TTF)2X, X = I3

2, IBr2
2, AuI2

2, ReO4
2, Cu(NCS)2

2

and (BEDT-TTF)4Hg2.89Hal8, Hal = Cl, Br.4 Since the proper-
ties of radical cation salts are affected by the polarizability of the
molecules, we prepared compounds in which the TTF radical
cation salts are surrounded by highly polarizable fullerene
molecules (aM = 85 Å3 for C60).5

In previous work we prepared a number of C60 neutral
complexes and intercalated them by exposure to iodine vapor.
The iodine replaces a solvent molecule and oxidizes a donor to
a radical cation to form (D·+In

2)C60, where n @ 5 and
D = DBTTF, TPDP or TMDTDM-TTF.6 The intercalation
process results in an increase of the conductivity of the
complexes by 1–3 orders of magnitude. However, the diffusion
process of intercalation does not allow synthesis of crystals with
homogeneously distributed iodine. Therefore, we tried to
synthesize such three-component compounds in solution. We
reported earlier that cocrystallization of BEDT-TTF·I3.5 in a
saturated fullerene solution in a chlorobenzene–benzonitrile
(1+5) mixture yielded (small) single crystals of (BEDT-
TTF·I3)C60.7 However, the crystals were not of adequate size to
allow crystal structure determination.

Here we report the first crystal structure of (BEDT-
TTF·I3)C60 and a new general synthetic procedure for C60
complexes comprising radical cation salts of donors. The
procedure allows the complexes to be prepared as single
crystals suitable for diffraction studies.

(BEDT-TTF·I3)C60 1 was prepared by slow diffusion of
iodine dissolved in acetonitrile which was layered on a solution
of C60 and BEDT-TTF (1+1) in a 9+1 toluene–1,2-di-
chlorobenzene mixture. Crystals of 1 were formed as black
hexahedrons on the walls of a flask. Simultaneously, planar
rhomb-shaped crystals of b-(BEDT-TTF)2I3 free of C60 crystal-
lize as an admixture.

The technique is based on the insolubility of both the
fullerene and the donor radical cation salt D·+In

2 in acetonitrile.
In this case the diffusion of the acetonitrile solution of iodine
into the toluene–1,2-dichlorobenzene layer results in the
formation of the (D·+In

2)C60 compound.
Single crystal X-ray diffraction data of 1‡ shows that C60,

(BEDT-TTF)·+, and I3
2 are fully ordered, with the fullerene,

(BEDT-TTF)·+ and I3
2moieties residing in special positions on

two-fold axes. The densely packed C60 layers parallel to the bc

plane alternate with (BEDT-TTF)·+, and I3
2 layers. Fig. 1

shows the view of the crystal structure of 1 along the b axis.
The shortest distance between the centers of the C60

molecules in parallel layers is 15.61 Å. Within the layers each
C60 molecule is surrounded by six adjacent C60 molecules with
center-to-center distances equal to 9.93–9.97 Å, close to similar
distances in neat C60 crystals (9.94 Å at 153 K).8 Adjacent C60
molecules within the layers are oriented with the five-
membered rings facing each other or with the 6–5 bond of one
molecule facing the center of the pentagonal ring of the adjacent
molecule, with C…C distances in the range 3.22–3.37 Å.

The ion radical layer (Fig. 2) consists of chains in which the
(BEDT-TTF)·+ ion alternates with I3

2. One of the ethylene
hydrogen atoms forms short contacts of 3.10(1) and 3.20(1) Å
with two iodine atoms (Fig. 2). Adjacent chains are shifted with
respect to each other to form a chequer-like arrangement of
(BEDT-TTF)·+ and I3

2 within the layer. Short van der Waals
S…I contacts (3.80–3.96 Å) link two (BEDT-TTF)·+ molecules
in adjacent chains. The shortest S…S distance between (BEDT-
TTF)·+ molecules in neighboring chains is 3.75–3.85 Å, which
is larger than the sum of the van der Waals radii of two sulfur
atoms (3.6 Å).

Fig. 1 The projection of the crystal structure of 1 along the b axis.

Fig. 2 The projection of the layer comprising (BEDT-TTF)·+ and I3
2 on the

bc plane. Only H-atoms involved into short van der Waals contacts with I3
2

are shown.
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Short van der Waals contacts exist between the C60 and the
(BEDT-TTF)·+/I3

2 layers (Fig. 3). Each (BEDT-TTF)·+ and I3
2

form short contacts with three C60 molecules in each of the
adjacent layers. The S(BEDT-TTF)…C(C60) distances
(3.25–3.40 Å) in 1 are significantly shorter than those in the C60
complexes with neutral tetrathiafulvalenes: 3.446–3.556 Å in
(BEDT-TTF)2C60;1 3.47–3.72 Å in DBTTF•C60•C6H6;3
3.412–3.793 Å in (TMDTDM-TTF)2C60(CS2)3.3 Such short-
ened contacts of (BEDT-TTF)·+ and C60 in 1 are a result of the
penetration of the (BEDT-TTF)·+ molecules into the cavities in
the fullerene layers (Fig. 3), while in the C60 complexes with
neutral TTFs, the TTF molecules envelope the spherical surface
of C60. The linear I3

2 anions also extend into the cavities in the
C60 layers to form five shortened van der Waals I…C(C60)
contacts [3.77–3.83(3) Å] (Fig. 3).

In contrast to (BEDT-TTF)2C60, in which the neutral BEDT-
TTF molecule has a ‘boat’ conformation, (BEDT-TTF)·+ has an
almost planar shape in 1 (Fig. 4). However, the short contacts
with the C60 molecules affect the geometry of (BEDT-TTF)·+.
In contrast to the h-BEDT-TTF·I3 salt,9 (BEDT-TTF)·+ in 1 has
a ‘chair’ conformation with the fold along the S1–S2 and S1a–
S2a vectors, and dihedral angles between the planes ≈ 7.4°. The
central S4C2 fragment of the molecule is not fully planar, but
twisted around the double bond. The torsion angle between the
plane formed by C1, S1, S2, and C1a, S1a, S2a is 174.1°. The
six-membered ring has a sofa conformation, the deviation of the
C4 atom from the plane of the other ring atoms being 0.806(4)
Å. The central CNC bond length in (BEDT-TTF)·+ is 1.402(8)
Å, close to that in h-BEDT-TTF·I3 [1.40(1) Å]9 and correspond-
ing to a +1 charge on (BEDT-TTF)·+.

The ordering of the C60 molecules in 1 allows their bond
lengths to be analyzed. The averaged lengths of the 6–6 and 6–5
bonds of C60 are 1.395(5) and 1.449(5) Å, respectively, the
values being close to those of the 6–6 and 6–5 bonds in neutral
(BEDT-TTF)2C60 [1.389(7) and 1.452(1) Å, respectively].1 The
diameters of the C60 molecule in three orthogonal directions
running through the centers of the oppositely located 6–6 bonds

are equal to 6.941, 6.943 and 6.974 Å, thus the deviation from
sphericity is only ca. 0.03 Å.

Thus, the structure of 1 retains to a great extent the features
of the C60 structure, with radical cation layers separating the C60
layers. The (BEDT-TTF)·+ and I3

2 ions interact mostly
electrostatically within the layer, while they form van der Waals
contacts with fullerene layers.

1 is a semiconductor with s = 1024 S cm21. Such behavior
is characteristic of simple BEDT-TTF·I3 salts9 with an integer
charge (+1) on the BEDT-TTF molecule. In the current
structure it can be associated also with the nature of the radical
cation layer, in which there is no overlap of the p-orbitals of the
(BEDT-TTF)·+ radical cations. It is known that BEDT-TTF
salts with a formal charge of +0.5 show higher conductivity.
However, the compound of composition ((BEDT-TTF)2I3)C60
cannot be prepared by the diffusion method. Recrystallization
of the (BEDT-TTF)2I3 salt in fullerene solution yields only the
neutral (BEDT-TTF)2C60 complex and the BEDT-TTF salts
free of fullerene.

This work was supported by the Linkage Grant of NATO
Science Program, the RFBR grant N00-03-32577, the National
Science Foundation (CHE9981864), and the Russian Program
‘Fullerenes and Atomic Clusters’.

Notes and references
† Abbreviations used in the text: bis(ethylenedithio)tetrathiafulvalene
(BEDT2TTF); octamethyletetrathiafulvalene (OMTTF); dibenzotetrathia-
fulvalene (DBTTF), tetramethylenedithiodimethyltetrathiafulvalene
(TMDTDM2TTF); 2.2A,6,6A-tetraphenyldipyranilydene (TPDP).
‡ Crystal data for 1: C70H8S8I3, M = 1485.94; black hexagons, 0.4 3 0.2
3 0.2 mm, monoclinic, C2/c,a = 29.590(2), b = 9.9271(7), c =
17.2881(12) Å, b = 116.7350(10)°, V = 4535.4(5) Å3, Z = 4, Dc = 2.176
g cm23. X-ray data were collected at 90 K using a Bruker SMART1000
CCD diffractometer installed at a rotating anode source (Mo2Ka radiation,
l = 0.71073 Å) and equipped with an Oxford Cryosystems nitrogen gas-
flow apparatus. The data were collected by the rotation method with 0.3°
frame2width (w scan) and 20 s exposure time per frame. The data were
integrated, scaled, sorted and averaged using the SMART software package
of programs.10 Empirical absorption corrections were applied (m = 2.49
mm21) for the data collected using the SADABS program from the SMART
software package.

The structure was solved by direct methods using SHELXTL NT version
5.10.11 Positions of hydrogen atoms were found from the difference
electronic density Fourier synthesis and refined using a ‘riding model’ with
variable Uiso; 20392 reflections were collected, 4206 unique (Rint =
0.0639). Least-squares refinement on F2 with anisotropic thermal parame-
ters for all non-hydrogen atoms gave R1 = 0.032 [for 3246 observed
reflections with F > 4s(F)], wR2 = 0.085, final GOF = 1.03.

CCDC 182/1823. See http://www.rsc.org/suppdata/cc/b0/b005541g/ for
crystallographic files in .cif format.
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Fig. 3 Short van der Waals contacts between (BEDT-TTF)·+, I3
2 and C60.

Only the van der Waals contacts with one layer of C60 molecules are shown.
Similar contacts are formed in the second adjacent layer.

Fig. 4 Geometry of the (BEDT-TTF)·+ radical cation in 1.
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A series of new unsymmetrical 1, 1’-disubstituted ferrocene-
diyl ligands featuring thioether or thiolate substituents have
been conveniently synthesised and, as an example of their
coordinating ability, a bridged palladium dimer has been
formed and structurally characterised.

Although ferrocene was discovered nearly fifty years ago, the
search for new ferrocene derivatives and chemistry continues
apace. In particular, versatile, stable and synthetically un-
demanding ferrocenyl and ferrocenediyl ligands are sought after
due to their extensive coordination chemistry and applications
within catalysis.1,2 Ferrocene species with donor heteroatoms
(e.g. P, N, S, O) substituted onto the cyclopentadienyl rings are
well known, especially those featuring homo-substitution (i.e.
the same donor atom along with the same alkyl or aryl
substituents). Much less well-known are unsymmetrical 1,1A-
disubstituted ferrocenes featuring hetero-combinations of N, P
or S atoms, formed via bromo,3, 4 lithio5, 6 or stannyl7,8

intermediates. These ligands are neutral in character and their
preparations are often non-trivial. So far as we are aware,
examples of unsymmetrical purely S-substituted neutral and
neutral–anionic ferrocenediyl ligands (i.e. analogous to the
hemilabile P/S2,9 P/O2,10,11 and N/O212 (‘SHOP’) based-
catalysts) are hitherto unknown. Here, we report the new and
convenient syntheses of the first examples of these types of
ligands and a preliminary study of their coordination chemistry
which has led to the isolation and structural characterisation of
a novel palladium dimer complex.

The new ligands 1–4 can be synthesised from the well known
1, 2, 3-trithia[3]ferrocenophane13 (Scheme 1). By utilising an
elegant method first described by Herberhold et al,14 the
trisulfur bridge can be cleaved by organolithium reagents to
form (after air oxidation) bis(1A-organylthiolatoferrocenyl)di-
sulfanes. Herberhold et al. have prepared the species RS–Fc–
SS–Fc–SR (R = n-butyl, phenyl; Fc = 1,1A-ferrocenediyl), but
during our research into the formation of redox-active and
sterically hindered ligands for homogeneous catalysis, we
reacted the ferrocenophane (1 equiv.) with mesityllithium (2
equiv.) and formed RS–Fc–SS–Fc–SR 1 (where R = mesityl).
This species may be an interesting, sterically hindered ligand in
its own right, but at present, we have concentrated on the
formation of the monoferrocenediyl species 2–4.† On reaction
of 1 (1 equiv.) with lithium triethylborohydride (2.2 equiv.) in
THF and after acid/base work-up, the air-sensitive orange solid
2 was isolated in 88% yield. 1H NMR spectroscopy showed the
unsymmetrical substitution of the cyclopentadienyl rings with
the presence of signals due to S-mesityl, S–H and four pseudo
triplets for the C5H4 ring protons.

A solution of 1 was also treated with methyllithium (2.2
equiv.) and the reaction mixture stirred for 16 h. Cleavage of the
disulfide linkage was effected and the crude orange mixture
obtained was washed, extracted and purified via column
chromatography [neutral grade II alumina, CH2Cl2–hexane
(1+4)] and 3 was isolated as an air- and moisture-stable orange
oil (50%) (N.B. 25% of 1 was also isolated). The use at this stage
of various organolithium reagents can of course, lead to
derivatisation and a possible ‘fine-tuning’ of the steric and

redox properties of the ligands. Finally, a solution of 1 (1 equiv.)
in THF was treated with lithium triethylborohydride (2.2 equiv.)
and stirred for 1.5 h. On evaporation to dryness, a dark red oily
product 4 was formed in quantitative yield but was not isolated
due to its unstable nature. As confirmation of its formation and
as a preliminary investigation into its coordination chemistry, 4
was treated with trans-[Pd(PhCN)2Cl2] (2 equiv.) in toluene and
heated to 60 °C for 16 h. Following work-up and crystallisation
in CH2Cl2–hexane (1+1), the purple–black product 5 was
isolated in 81% yield as a crystalline solid. The X-ray analysis
of 5‡ shows that the desired bidentate coordination of the
ferrocenediyl species has been achieved. Surprisingly, however,
a bridged dimer has been formed where, for each ligand, one of
the sulfur atoms is binucleating and carries a formal negative
charge whereas the other links to a single palladium ion and is
formally neutral (Fig. 1). The complex has non-crystallographic
C2 symmetry about an axis passing through the centre of, and
normal to the plane of, the Pd2S2 ring, i.e. both ferrocenediyl
units lie on the same side of the two linked coordination planes.
Each ferrocenediyl unit adopts a staggered conformation, their
S–C5H4 bonds ‘subtending’ angles of 45 and 46° for Fe(1) and
Fe(2), respectively. The two palladium coordination planes are
folded by ca. 30° out of plane with respect to each other about
the S(3)…S(4) vector. The transannular Pd…Pd and S…S
distances in the central four-membered ring are 3.394 and 2.998
Å, respectively. The geometry at each palladium centre is
distorted square planar with cis angles in the ranges
81.1(2)–101.9(2) and 81.0(2)–102.5(2)° at Pd(1) and Pd(2),
respectively. The Pd–S distances fall into two distinct groups
with those to the negatively charged bridging sulfurs sig-

Scheme 1 Reagents and conditions: (i) 2 MesLi, THF, 20 h; (ii) 2.2
LiEt3BH, THF, 1.5 h, H+; (iii) 2.2 MeLi, THF, 16 h; (iv) 2.2 LiEt3BH, THF,
1.5 h; (v) trans-[Pd(PhCN)2Cl2], toluene, 60 °C, 16 h.
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nificantly shorter than those to the others. Surprisingly, the Pd–
S bridge distances are symmetric, i.e. there is no trans influence
of the chloride ligands. The complexes are linked by a
combination of C–H…p and p–p interactions to form sheets
that extend in the ab plane (Fig. 2). The space between adjacent
parallel sheets is occupied by disordered dichloromethane
molecules. This type of bridged system featuring a thioether/
thiolate ligand appears to be unique, the only other similar
species being a palladium dimer featuring bridging dithiolate
ligands.15

Work is in progress to explore the diverse coordination
chemistry expected for these ligands and their role in homoge-
neous catalysis.

We acknowledge financial support from the EPSRC and
Johnson Matthey plc are thanked for the loan of platinum
salts.

Notes and references
† Syntheses: 2: compound 1 (0.50 g, 0.65 mmol) was dissolved in dry,
deoxygenated THF (30 cm3) and to this lithium triethylborohydride (1 M
solution in THF, 1.40 cm3, 1.40 mmol) was added and the reaction mixture
stirred for 1.5 h. The solvent was removed in vacuo and the residue then re-
dissolved in diethyl ether. The dark red solution was poured onto dilute base

(1% KOH) (20 cm3), followed by dropwise addition of conc. HCl. The
layers were separated and the aqueous layer extracted with diethyl ether (3
3 20 cm3). The combined organic layers were dried (MgSO4) and
evaporated to dryness to leave an air-sensitive orange solid 2 (0.42 g, 88%);
dH(CDCl3) 2.21 (3H, s, CH3), 2.47 (6H, s, CH3), 2.98 (1H, s, SH), 4.10 (2H,
t, C5H4), 4.21 (4H, t, C5H4), 4.33 (2H, t, C5H4), 6.86 (2H, s, C6H2); m/z 367
(M 2 H+), 334 (M 2 SH+).

3: a solution of 1 (0.58 g, 0.79 mmol) in THF (40 cm3) was treated with
methyllithium (1.6 M solution in diethyl ether, 1.1 cm3, 1.74 mmol) and the
reaction mixture stirred for 16 h. The solvent was evaporated in vacuo, the
residue was dissolved in diethyl ether (50 cm3) and water (10 cm3) was
added. The layers were separated and the aqueous layer extracted with
diethyl ether (3 3 20 cm3). The combined organic layers were dried
(MgSO4), then evaporated to dryness. The product was purified by column
chromatography [neutral grade II alumina, CH2Cl2–hexane (20+80)] and
after removal of the solvent, isolated as an orange oil (0.15 g, 50%);
dH(CDCl3) 2.24 (3H, s, CH3), 2.34 (3H, s, SCH3), 2.51 (6H, s, CH3), 4.13
(2H, t, C5H4), 4.26 (4H, m, C5H4), 4.34 (2H, t, C5H4), 6.88 (2H, s, C6H2);
m/z 382 (M+), 367 (M 2 CH3

+), 271 (M 2 C5H4SCH3
+).

4 and 5: a solution of 1 (0.10 g, 0.135 mmol) in THF (30 cm3) was treated
with lithium triethylborohydride (1 M solution in THF, 0.3 cm3, 0.30 mmol)
and the reaction stirred for 1.5 h. The air-sensitive dark red solution of 4 was
formed in quantitative yield and due to its instability was reacted in situ
without work-up. Thus, a toluene (30 cm3) solution of 4 was treated with
bis(benzonitrile)palladium(II) dichloride (0.103 g, 0.27 mmol) also in
toluene (30 cm3). There was an immediate darkening of the solution to deep
purple and stirring at 60 °C was continued for 16 h. A black ppt. was filtered
off and the filtrate washed with water (2 3 10 cm3), dried (MgSO4) and
evaporated to dryness. The crude residue was washed with hot hexane (2 3
40 cm3) and recrystallised from CH2Cl2–hexane (1+1) to leave a purple
crystalline powder 5 (0.11 g, 81%); dH(CDCl3) 2.16 (6H, s, CH3), 2.41 (6H,
s, CH3), 3.29 (6H, s, CH3), 4.07 (2H, m, C5H4), 4.28 (2H, m, C5H4), 4.44
(2H, m, C5H4), 4.57 (2H, m, C5H4), 4.60 (2H, m, C5H4), 4.66 (2H, m,
C5H4), 5.07 (2H, m, C5H4), 6.80 (2H, m, C6H2), 6.93 (2H, s, C6H2); m/z 982
(M 2 Cl+), 897 (M 2 mes+).
‡ Crystal data for 5: C38H38S4Cl2Fe2Pd2·3.5CH2Cl2, M = 1315.6,
monoclinic, space group P21/c (no. 14), a = 16.411(4), b = 14.897(3), c =
22.093(4) Å, b = 95.06(1)°, V = 5380(2) Å3, Z = 4, Dc = 1.624 g cm–3,
m(Mo-Ka) = 18.2 cm21, F(000) = 2620, T = 293 K; deep red plates, 6985
independent reflections, F2 refinement to give R1 = 0.078, wR2 = 0.161 for
3473 independent observed absorption corrected reflections [|Fo| >
4s(|Fo|), 2q@ 45°], 560 parameters (the high R1 is a consequence of crystal
decomposition and disorder in the CH2Cl2 groups). The platinum analogue
is isomorphous [a = 16.383(3), b = 14.875(2), c = 22.167(3) Å, b =
94.95(1)°, V = 5382(2) Å3].16

CCDC 182/1826. See http://www.rsc.org/suppdata/cc/b0/b007511f/ for
crystallographic files in .cif format.

1 For a detailed literature review, see: Ferrocenes: Homogeneous
Catalysis–Organic Synthesis–Materials Science, ed. A. Togni and T.
Hayashi, VCH, Weinheim, Germany, 1995; Metallocenes, ed. A. Togni
and R. L. Haltermann, Wiley-VCH, Weinheim, Germany, 1998.

2 For a comprehensive overview of ferrocene and other metallocene
chemistry, see: N. J. Long, in Metallocenes: An Introduction to
Sandwich Complexes, Blackwell Science, Oxford, 1998.

3 T. Y. Dong and C.-K. Chang, J. Chin. Chem. Soc., 1998, 45, 577.
4 I. R. Butler, U. Griesbach, P. Zanello, M. Fontani, D. Hibbs, M. B.

Hursthouse and K. L. M. A. Malik, J. Organomet. Chem., 1998, 565,
273.

5 I. R. Butler, J. Organomet. Chem., 1997, 552, 63.
6 N. J. Long, J. Martin, G. Opromolla, A. J. P. White, D. J. Williams and

P. Zanello, J. Chem. Soc., Dalton Trans., 1999, 1981.
7 G. A. Balavoine, J.-C. Daran, G. Iftiem, E. Manoury and C. Moveau-

Bossuet, J. Organomet. Chem., 1998, 567, 191.
8 J. A. Adeleke, Y.-W. Chen and L.-K. Liu, Organometallics, 1992, 11,

2443.
9 J. R. Dilworth, J. R. Miller, N. Wheatley, M. J. Baker and J. G. Sunley,

J. Chem. Soc., Chem. Commun., 1995, 1579.
10 U. Klabunde and S. D. Ittel, J. Mol. Catal., 1987, 41, 123.
11 W. Keim, R. Appel, S. Gruppe and F. Knoch, Angew. Chem., Int. Ed.

Engl., 1987, 26, 1012.
12 S. Y. Desjardins, K. J. Cavell, J. L. Hoare, B. W. Skelton, A. N. Sobolev,

A. H. White and W. Keim, J. Organomet. Chem., 1997, 544, 163.
13 J. J. Bishop, A. Davison, M. L. Katcher, D. W. Lichtenberg, R. E.

Merrill and J. C. Smart, J. Organomet. Chem., 1971, 27, 241.
14 M. Herberhold, O. Nuyken and T. Pohlmann, J. Organomet. Chem.,

1991, 405, 217.
15 R. Cao, M. Hong, F. Jiang and H. Liu, Acta Crystallogr., Sect. C, 1995,

51, 1280.
16 V. C. Gibson, N. J. Long, A. J. P. White, C. K. Williams and D. J. 

Williams, unpublished results.

Fig. 1 The molecular structure of 5. Selected bond lengths (Å) and angles
(°); Pd(1)–Cl(1) 2.332(5), Pd(1)–S(1) 2.365(4), Pd(1)–S(3) 2.305(4),
Pd(1)–S(4) 2.303(5), Pd(2)–Cl(2) 2.334(5), Pd(2)–S(2) 2.354(4), Pd(2)–
S(3) 2.305(5), Pd(2)–S(4) 2.309(4); S(4)–Pd(1)–S(3) 81.1(2), S(4)–Pd(1)–
S(1) 101.9(2), S(3)–Pd(1)–S(1) 176.1(2), S(3)–Pd(2)–S(4) 81.0(2), S(3)–
Pd(2)–S(2) 102.5(2), S(4)–Pd(2)–S(2) 176.2(2), Pd(2)–S(3)–Pd(1) 94.8(2),
Pd(1)–S(4)–Pd(2) 94.7(2).

Fig. 2 Part of one of the C–H···p and p–p linked sheets of molecules present
in the structure of 5. The H···p distances (Å) and C–H···p angles (°) are (a)
2.76, 136; (b) 2.72, 141; (c) 2.79, 161; (d) 2.87, 159. The centroid···centroid
and mean interplanar separations between rings A and B are (e) 3.98, 3.73
Å.
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S-Nitrosoglutathione (GSNO) undergoes decomposition in-
duced by hydroxyl radicals (·OH) in aqueous medium at
neutral pH forming nitrite (NO2

2) and glutathione disulfide
(GSSG) and therefore it is proposed that ·OH could interfere
in the GSNO metabolism.

S-Nitrosothiols (RSNO) are important class of compounds
which are now believed to play a major role in vivo in
connection with the storage and transport of nitric oxide (·NO)
within the body.1,2 The mechanism of the formation of RSNO
from the reaction of ·NO with protein thiols in the presence and
in the absence of oxygen is reasonably well understood.3–6 The
involvement of RSNOs in the storage and transport of ·NO
within the body makes them potential candidates for medical
applications. For example S-nitrosoglutathione (GSNO) is
currently used to inhibit platelet aggregation during some
operations.7,8 Therefore, the kinetics and mechanism of the
release of ·NO by RSNO is very important. Excellent reports on
the kinetics and mechanism of the degradation of RSNO leading
to the release of ·NO by metal ions and some nucleophiles are
now available.9,10 Reaction of S-nitrosocysteine (SNCys) with
hydrogen peroxide yields peroxynitrite anion.11 It is also
reported that GSNO reacts with superoxide radicals (O2

·2)
generating glutathione disulfide (GSSG) and equimolar quan-
tities of nitrite and nitrate.12

Glutathione (GSH) is the most abundant sulfur-containing
intracellular entity (cellular concentration ca. 5 mM) and
therefore the endothelial nitric oxide has to diffuse through the
cells in presence of GSH. This leads to the assumption that in
vivo conditions, the most likely S-nitrosation product could be
the GSNO.13 Hydroxyl radicals (·OH) are the main DNA
damaging agent which can be produced in vivo during oxidative
stress and on exposure to ionizing radiations.14 Understanding
of the reaction between ·OH and GSNO is, therefore, a matter of
utmost importance in a biological perspective. The present
communication describes a novel reaction pathway for the
decomposition of GSNO in presence of ·OH at neutral pH. To
our knowledge, this is the first report on the reaction of ·OH with
a possible reservoir for ·NO in biological systems.

One of the major difficulties involved in the ·OH reaction
with RSNOs is that the components of most of the ·OH
generating systems such as H2O2 photolysis, Fenton reaction,
etc., themselves can induce degradation of RSNOs. In this
context, radiation chemical method is an ideal choice where
ionizing radiations such as g-rays can radiolyze water and
produce both oxidising and reducing radicals. Therefore, in the
present work we have used radiation chemical technique to
produce ·OH as shown in reactions (1) and (2).

H2O À eaq
2, H·, ·OH, H2, H2O2, H3O+ (1)

N2O + eaq
2 + H2O ? ·OH + OH 2 + N2 (2)

The yields of various radicals and molecular products are
normally expressed as G-values which are defined as the
number of molecules formed or destroyed per 100 eV
absorption of radiation energy, in SI units, the yields are,
G(·OH) ≈ G(eaq

2) ≈ G(H3O+) = 0.28, G(·H) = 0.062,
G(H2O2) = 0.072 and G(H2) = 0.047 mmol J21.15 In the

presence of N2O the G(·OH) = 0.56 and G(OH 2) = 0.28 mmol
J21 as per reaction (2).

GSNO was synthesised from NaNO2 in presence of HCl.16

N2O saturated solutions containing GSNO (1023 M) and EDTA
(1024 M) at pH 7.3 were irradiated at different doses in a 60Co-
g-source and the decay of GSNO was monitored by both UV–
VIS spectrophotometry and HPLC. The unirradiated solution of
GSNO was found to be stable for many hours when protected
from light. The G(2GSNO) values obtained in both cases were
0.53 and 0.54 mmol J21 respectively. GSSG and nitrite were
found to be the major products of radiolysis from the HPLC
analysis. The decay of GSNO and the corresponding products
build up are shown in Fig. 1. The calculated G(GSSG) and
G(NO2

2) are 0.13 and 0.41 mmol J21, respectively. The pH of
the solutions were determined before and after irradiation and a
dose dependent reduction in pH was observed which is
tabulated in Table 1. A blank solution without GSNO under
similar conditions was also irradiated and obtained no major pH
changes.

A good material balance can be observed from the G(GSSG)
and G(NO2

2) values as G(2GSNO) ≈ G(GSSG) + G(NO2
2).

A minor contribution of NO2
2 is anticipated from the decay of

peroxynitrite which could be formed as a result of the reaction
of GSNO with H2O2 formed during radiolysis, as reported
earlier.11 However, this contribution is expected to be @ 0.072
mmol J21 [this value corresponds to G(H2O2) = 0.072 mmol
J21]. Therefore, the major reaction is definitely between ·OH
and GSNO. ·OH generally reacts with thiols including GSH by

Fig. 1 Dose dependent decay of GSNO (5) at pH 7.3 and the corresponding
formation of NO2

2 (8) and GSSG (D) determined by using HPLC
(Column: 25 cm, Nucleosil, 5C-18; eluent: mixture of sodium phosphate
(1023 M) and sodium sulfate (1022 M) in water; flow rate: 1 ml min21; l
= 210 nm).

Table 1 The observed pH changes in a g-irradiated N2O saturated solution
containing GSNO (1023 M) and EDTA (1024 M) at different dose values

Dose/Gy pH

0 7.3
525 5.9
1049 5.1
1574 4.8
2098 4.6
2728 4.1
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H-abstraction (from –SH) forming thiyl radicals (RS·) as the
main intermediate as reported earlier.17,18 Although the sulfur is
bonded to NO in GSNO, the most potential site for ·OH attack
is expected at the sulfur centre. On the other hand, the H-
abstraction reaction which is reported in the case of GSH will
not be possible in the present case. Therefore, based on the
above observations we propose a reaction mechanism involving
the attack of ·OH at the electron rich sulfur centre of GSNO
[reactions (3)–(6)]. The initial attack of ·OH in GSNO (electron
transfer) would produce a highly unstable cationic species as
shown in reaction (3), which may lead to the breakage of the S–
N bond and result in the formation of GS· and NO+. However,
such a cationic intermediate (GS+NO) is expected to be very
short lived and no experimental evidence for its exact identity as
well as its transnitrosation reaction [reaction (4)] is available at
this moment. The subsequent reactions of NO+ with OH2which
is formed as shown in reaction (3), can lead to nitrite and H+

formation. The combination of two sulfur centered radicals
(RS·) and the corresponding formation of disulfide (RSSR) is a
well known reaction reported in the case of low molecular
weight thiols.19 Therefore, a similar radical–radical reaction of
GS· is proposed for the formation of GSSG.

GSNO + ·OH ? [GS+NO] + OH2 (3)

[GS+NO] ? GS· + NO+ (4)

OH2 + NO+ ? H+ + NO2
2 (5)

GS· ?
1
2 GSSG (6)

Therefore, the overall reaction mechanism can be written as

GSNO + ·OH ? 1
2 GSSG + NO2

2 + H+ (7)

The dose dependent reduction in the pH values (Table 1)
provides clear support to the above mechanism. Further, we
exclude the possibility of the formation of nitrate as the reaction
is carried out in N2O saturated solutions where the presence of
oxygen is insignificant.

In conclusion, the mechanistic aspects of the reaction of ·OH
with GSNO, one among the biologically important S-ni-
trosothiols, have been proposed for the first time. The fast decay
of GSNO in the presence of ·OH and the corresponding
formation of nitrite and glutathione disulfide provide evidence
for the possible interference of ·OH in the GSNO metabolism.
One more question to be asked from these findings is, does
GSNO have any sacrificial role like glutathione in terms of its

protective role against oxidative stress? However, such a role
can be established only after a clear understanding of the
concentration of GSNO in vivo and of the exact rate constant of
·OH with GSNO, which are yet to be investigated. Our work is
currently being concentrated in these directions.

We thank the Rubber Research Institute of India, Kottayam,
for the g-irradiation experiments. V. M. M. thanks the Nuclear
Science Centre, New Delhi, for a fellowship. Part of the
financial support for this work is from the Board of Research in
Nuclear Sciences (BRNS), Govt. of India.
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GUS-1: a mordenite-like molecular sieve with the 12-ring channel of ZSM-12†
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The framework topology of the novel molecular sieve GUS-1
is reported; the crystalline architecture is characterized by a
one-dimensional 12-membered ring channel system that is
closely related to the channels of mordenite and ZSM-12.

The search for new microporous solids has shown some
successes in recent years as the number of new topologies has
doubled within a decade.1 A key factor is the use of the
structure-directing effects of organic species for generating new
frameworks. We report here the structure of a novel molecular
sieve GUS-1 using 1,1A-butylenedi(4-aza-1-azonia-2,5-dime-
thylbicyclo[2.2.2]octane) dihydroxide (1-hydroxide) as organic
structure-directing agent (SDA).

The GUS-1-containing sample was synthesized under hydro-
thermal conditions. A synthesis mixture of composition
1SiO2+0.1R2+(OH2)2+0.1NaOH+50H2O, where the silica
source was fumed silica (Cab-O-Sil M-5, Cabot), was heated at
150–175 °C statically under autogeneous pressure for 10–20 d.
In order to remove the occluded organics, the sample was
calcined at 700 °C for 6 h in air. R2+ stands for structure 1 and

its hydroxide form, 1-hydroxide, was prepared by refluxing
1,4-dibromobutane and excess 2,5-dimethyl-1,4-diazabicy-
clo[2.2.2]octane in acetone–methanol, followed by ion-ex-
change.§

The GUS-1 phase tends to come along with ZSM-12, and the
synthesis of the new phase in pure form has not been successful
so far. Synthesis under all-silica conditions gave a sample with
relatively higher GUS-1 content, making structure elucidation
of the new phase possible. Further synthetic details are
forthcoming.

Structure determination of GUS-1 was carried out from
synchrotron powder diffraction data. The powder pattern was
collected at the X7A beamline at the National Synchrotron
Light Source at Brookhaven Laboratory. The calcined sample
was packed in a 1 mm capillary. Acquisition was carried out at
room temperature at the wavelength l = 1.196417 Å.

The reflections of GUS-1 were indexed using the program
TREOR.2 A solution was obtained in the orthorhombic system
with lattice constants a = 16.411(2), b = 20.044(2), c =
5.0427(3) Å and figures of merit3,4 M(16) = 53 and F(16) =
60(0.003,85), after refinement of the unit-cell. Systematic
absences indicate C-centering and are consistent with the space
groups Cmmm and subgroups, and possibly C2221.

A weak, unindexed line is found at position d = 14.4 Å. The
interplanar distance is characteristic of the (100) reflection of

zeolite SSZ-31.5 The other peaks of SSZ-31 are not visible in
the powder pattern due to the high density of peaks and the
structural relations between SSZ-31 and ZSM-12. The SEM
pictures show a large number of particles with the typical needle
shape of ZSM-12 crystals. Overgrowth of thin needles is
observed on the crystallites of ZSM-12, which is assigned to
GUS-1. A small number of particles with the fan-like
morphology characteristic of SSZ-31 crystallites are also
present in the sample.5

GUS-1 possesses a small c-axis, c = 5.0 Å, reducing the
structure determination to a search of the two-dimensional
projection of the zeolite into the ab plane of the cell. In addition,
the N2 adsorption measurements reveal that the adsorption
isotherm of the sample containing the two phases, GUS-1 and
ZSM-12, is very similar to the isotherm of pure ZSM-12,
suggesting that the unknown phase is a molecular sieve with
12-ring channels too. Models have been built with Cmmm
symmetry and 12-ring channels running along the c-axis. A
good candidate was found showing the same projection as
mordenite along the pore. The model contains four independent
tetrahedral sites of equal multiplicity, in agreement with the 29Si
MAS NMR spectrum of the sample where three lines in the ratio
1+2+1 are observed in addition to the seven peaks of ZSM-
12.6

An optimization of the geometry of the framework has been
performed using a distance least squares (DLS)7 refinement of
the atomic positions in space group Cmmm and subgroups,
assuming a distance dSi–O = 1.61 Å. The model refined in space
group Cmmm shows a high residual R value, RDLS 0.0150.
However, typical RDLS values are obtained for the subgroups
Cmm2 and C222 where RDLS = 0.0024 and 0.0029, re-
spectively. A high RDLS value indicates strong distortions of the
framework in the presence of a reflection plane in the ab plane.
The framework with Cmmm symmetry exhibits Si–O–Si bond
angles of 180° due to the presence of a bridging oxygen atom on
an inversion center. Straight Si–O–Si bond angles are recurrent
in the mordenite group, as an oxygen atom is found on an
identical symmetry element in mordenite8 and dachiardite.9 The
180° bond angle constraint is released by reducing the
symmetry of the framework to Cmm2 or C222.

Further framework searches were performed using the
program FOCUS.10,11 The structure factors of the phase GUS-1
were extracted using the Lebail method12 in the GSAS
software13 and normalized after estimation of the scale factor by
a Wilson plot.

The mordenite-like structure found by model building was
generated with the highest frequency. A variety of frameworks
with 12-ring channels was also obtained. Most of them are
derived from the same mordenite sheet but distorted with the
bonds directed up or down at different nodes. All these solutions
were discarded based on the poor match of their simulated
powder pattern to the experimental data and the high RDLS
values.

The Rietveld refinement was performed with the two phases
in approximate composition 40% GUS-1 and 60% ZSM-12.
The impurity SSZ-31 was ignored during the refinement. The
space group C222 was selected for the framework of GUS-1 and

† Electronic supplementary information (ESI) available: details of the
synthesis of the SDA, crystal data and fractional atomic coordinates for
GUS-1. See http://www.rsc.org/suppdata/cc/b0/b005225f/
‡ Current address: Department of Chemistry and Biochemistry, Arizona
State University, Tempe, AZ 85287-1604, USA.
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the initial atomic coordinates were the positions obtained from
the DLS refinement. For ZSM-12 the powder pattern shows the
superstructure reflections indicating the doubling of the c
dimension. The space group is assumed C2/c and the atomic
positions obtained by Fyfe et al. were used as starting model.6
Peak broadening corrections due to particle size effects were
applied for both phases. Soft geometric constraints on the Si–O
distances were maintained for the two structures until the final
stage of the refinement.

Fig. 1 shows a close fit between the calculated and the
experimental powder pattern confirming the framework topol-
ogy of GUS-1. The final residuals are Rwp = 7.4%, Rp = 5.5%,
and the RF factors for the individual phases are RF = 9.8 and RF

= 7.9% for GUS-1 and ZSM-12 respectively.¶
The Si–O distances were maintained for both structures in the

range 1.58–1.62 Å. For GUS-1 the averaged Si–O distance
dSi–O, is 1.60 Å and the Si–O–Si bond angles range from 136 to
169° with an average of 151°.

The Rietveld refinement performed for the space group
Cmm2 for GUS-1 gave slightly higher R factors. The coex-
istence in the sample of two other phases (including the SSZ-31
impurity) probably introduces a bias in the structure refinement
of GUS-1 as the line intensities cannot be properly estimated. It
should be noted in particular that the Si–O distances reported by
Fyfe et al. for the refinement from synchrotron data of all-silica
ZSM-12 vary from 1.53–1.70 Å, suggesting that the structure
model adopted for ZSM-12 is not completely satisfactory.6
Therefore, the main result of the Rietveld refinement with the
available data is the confirmation of the framework topology of
GUS-1.

The structure of GUS-1 is shown in Fig. 2. GUS-1 is a
molecular sieve with one-dimensional, 12-ring channels run-
ning along the c-axis. The projection of the structure in the ab
plane is similar to the projection of mordenite along the pores
[Fig. 2(a)]. GUS-1 shows also common features with ZSM-12.
Both structures have the same framework density, TD = 19.3 Si
atoms per nm3, have a short axis with a repeat unit of ca. 5 Å and
possess the same secondary building unit 425462 [Fig. 2(b)]. But
the most striking similarity is the channel structure: both
zeolites have an identical channel net composed of six-rings
only [Fig. 2(c)]. The channel aperture of GUS-1 is elliptical in
shape with deformation from circular shape intermediate
between mordenite and ZSM-12. The minor and major free
diameters are 5.6 and 7.0 Å, respectively, calculated in the
topological symmetry Cmmm, with an oxygen radius 1.35 Å.1

It is worth mentioning that linear faults along the pore
direction have been found in mordenite.14–16 Different strain-
free structures related to mordenite can be obtained by half unit-
cell shifts of the four-ring columns along the c-axis.17,18 A
simple model describes the faulting as a one-half shift of the c-
axis,14,16 which leads to the formation of units 425462 [Fig.
2(b)]. The framework of mordenite can adopt locally the GUS-1
topology in a highly defective sample by gathering of faults.

In summary, the crystal structure of a new high-silica
microporous solid has been elucidated from the synchrotron
powder X-ray diffraction data of a mixture of phases. The new

framework GUS-1 has symmetrical topology Cmmm and shows
structural relationships with both mordenite and ZSM-12
frameworks. The formation of ZSM-12 in the presence of GUS-
1 may be partly due to the instability of the present SDA.∑ The
search for a new SDA that is more stable and suitable for GUS-1
formation is now in progress.

The authors gratefully acknowledge Dr P. Wagner for
collecting the synchrotron data. J. P. thanks Dr T. Tatsumi for
providing an opportunity to work at the University of Tokyo and
Dr M. O’Keeffe for helpful discussions. Y. K. thanks Dr M. E.
Davis for suggestions and Mr M. Ogawa for supplying the
precursor of SDA. Y. S. thanks NEDO for financial support.
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Fig. 1 Observed and calculated synchrotron powder X-ray diffraction
pattern of the calcined mixture 40% GUS-1 and 60% ZSM-12 (l =
1.196417 Å). The upper vertical bars correspond to the peak positions of
ZSM-12 and the lower bars represent the peak positions for GUS-1.

Fig. 2 Structure of GUS-1. (a) projection of the GUS-1 net onto the ab
plane, (b) the secondary building unit 425462 and (c) the six-ring net
channel.
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An ordered microporous carbon that preserves the structural
regularity of Y zeolite has been prepared by a template
carbonization technique using Y zeolite.

The synthesis of porous carbon materials is of great importance
for both practical and fundamental reasons. The recent
development of industrial technology requires porous carbons
to have a tailored pore structure. The importance of pore
structure control has been pointed out for applications such as
electrode materials for electric double-layer capacitors and
adsorbents for methane storage. To meet the requirements,
many novel approaches to control pore structure have been
proposed. The detailed features of these techniques have been
recently reviewed by Kyotani.1 One of the most important and
elegant techniques is a template carbonization method,2–7

which utilizes the inorganic templates whose opening or pores
are controlled at the nanometer level. We demonstrated that
porous carbons with a surface area as high as 2200 m2 g21 could
be prepared using Y zeolite as a template.8 There were also a
few other reports on such carbon formation in zeolite chan-
nels.9,10 Recently, two Korean research groups have independ-
ently obtained mesoporous carbon with ordered structure using
mesoporous silica (MCM-48) as a template.11,12 Their works
are the first example of synthesizing an ordered mesoporous
carbon. However, none of these porous carbons has a regular
microporous structure. Here, by filling as much carbon as
possible into the channels of Y zeolite template, we attempted to
prepare an ordered microporous carbon that retains the
structural regularity of Y zeolite. The obtained microporous
carbon has a periodical ordering of 1.4 nm, which is the same as
the spacing of (111) plane of Y zeolite.

A two-step method was used in the preparation of carbon
material. In the first step, dry Y zeolite powder (Na-form, SiO2/
Al2O3 = 5.6, Tosoh Inc., HSZ-320NAA) was impregnated with
furfuryl alcohol (FA) under reduced pressure at room tem-
perature. The mixture of FA and zeolite powder was stirred for
5 days and then filtered, followed by washing the product with
mesitylene. The FA/zeolite composite was placed in a vertical
quartz reactor and FA was polymerized in zeolite by heating the
composite at 150 °C under N2 flow. The resultant PFA
(polyfurfuryl alcohol)/zeolite composite was heat-treated at
700 °C for 4 h to carbonize the polymer in the zeolite channels.
After this first carbon filling, the reactor temperature was raised
to 800 °C and then propylene gas (2.0% in N2) was passed
through the reactor for 4 h. This second step resulted in
pyrolytic carbon deposition into the remaining opening of the
composite. After the propylene CVD, the zeolite framework in
the carbon/zeolite composite was dissolved by successive
washing with HF and HCl solution. Carbon was obtained as an
insoluble fraction. The elemental analysis of the carbon was as
follows: C, 94 wt%; H, 2 wt%; O, 4 wt% (difference). The ash
content was nearly zero with an experimental error of ±0.1 wt%,
indicating almost perfect removal of zeolite template.

The crystallinity and the microscopic features of the carbon
were examined using an X-ray diffractometer (XRD, Shimadzu,
XD-D1, Cu-Ka radiation) and transmission electron micros-
copy (TEM, JEOL, JEM-2010). The pore structure was

investigated with an automatic volumetric sorption analyzer
(Quantachrome, Autosorb-1) using N2 as the adsorbate at
2196 °C. The micropore and mesopore volumes were deter-
mined from methods describe elsewhere.8

Fig. 1 shows the XRD patterns of the original Y zeolite and
the carbon liberated from the carbon/zeolite composite. The
former pattern [Fig. 1(a)] is characterized by the appearance of
many sharp peaks due to the framework topology of Y zeolite.
Among these peaks, the strongest appearing at 2q = 6.19° can
be indexed as the diffraction from the (111) plane. In the XRD
pattern of the carbon [Fig. 1(b)], a sharp peak appeared at 2q =
6.26°, together with a very broad and weak peak in the range 2q
= 23–27°. This type of broad peak is often observed as the
(002) diffraction from carbonaceous materials with poor
crystallinity. However, a sharp peak at 2q ca. 6° as observed in
Fig. 1(b) has not, to our knowledge, been reported. The presence
of the sharp peak indicates that this carbon has a long-range
ordering with a periodicity of 1.41 nm, almost the same as the
spacing of the (111) plane in Y zeolite (1.43 nm). The presence
of such periodical ordering was further confirmed by the lattice
fringe image discussed below.

From TEM observation, it was found that each carbon
particle consists of a thin and dense envelope with straight
lattice fringes present inside each envelope. Fig. 2(a) shows a
typical image of lattice fringes, which run along the envelope
located on the upper part of this picture. The regular spacing of
the observed lattice planes is about 1.3 nm and the diffraction
from these planes was clearly observed as a pair of sharp spots
in the corresponding electron diffraction pattern [Fig. 2(b)].

Taking the results of our previous work8 into consideration,
we can ascribe the envelopes observed in the particles to the
carbon deposited on the external surface of the zeolite particles.
When we prepared porous carbon with a shorter CVD period
(2 h), many of the resultant carbon particles had no envelope

Fig. 1 XRD patterns of Y zeolite (a) and carbon liberated from the carbon/
zeolite composite (b).
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and the XRD pattern of this carbon did not show such a broad
(002) XRD peak as in Fig. 1(b). This finding indicates that the
broad XRD peak arises from the envelopes and there is no
stacking structure of (002) layers in the ordered carbon.

Fig. 3 shows a N2 adsorption–desorption isotherm of the
carbon. In the relative pressure range of > 0.2, the isotherm
shows an almost flat sorption characteristic. Furthermore, there
is almost no hysteresis loop in the isotherm. These findings
clearly indicate the absence of mesoporosity in the carbon. The
BET surface area, the micropore and mesopore volumes were
calculated from this isotherm to be 1910 m2 g21, 1.1 cm3 g21

and 0 cm3 g21, respectively. In our previous study,8 we
prepared high surface area carbons by a one-step carbon filling
method, via propylene CVD over Y zeolite. The resultant
carbons had both micro- and meso-porosity. The porosity of the
carbon obtained here, however, shows highly developed
microporous structure without any mesopores.

In conclusion, a microporous carbon with a long-range
periodic ordering (d = 1.4 nm) has been synthesized for the first
time. Such structural periodicity in the carbon would originate
from the structural ordering in Y zeolite. It is well known that Y
zeolite consists of a tetrahedral network structure of sodalite
units, which results in a supercage, i.e. a large cavity with a
diameter of 1.3 nm. Each supercage is connected to four other
supercages by an opening with a diameter of 0.74 nm. Due to
this framework topology, many sharp XRD peaks appeared as

in Fig. 1(a). However, the carbon gave only one sharp XRD
peak at the angle corresponding to the (111) diffraction [Fig.
2(b)]. No other peak was observed at the angles where sharp
peaks from the zeolite appeared. This implies that the carbon
retains only the structural ordering of (111) plane stacking of Y
zeolite.

The formation of the ordered microporous carbon suggests
that the amount of carbon filled into the zeolite channels by the
present method was sufficient to preserve the network structure
reflecting the zeolite template. Also, if one can fill zeolite
channels with a sufficient amount of carbon for other types of
zeolites with three-dimensional structures such as ZSM-5,
ZMS-11 and A zeolite, this opens up a possibility for the
preparation of a series of microporous carbons having the
structural regularity of template zeolites.

We thank the High Voltage Electron Microscope Laboratory
of Tohoku University for microscopical analysis. This work
was partly supported by the Grant-in-Aid for Scientific
Research on the Priority Area ‘Fullerene and Nanotubes’ by the
Ministry of Education, Science, and Culture of Japan.
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Fig. 2 (a) High-resolution TEM image of part of a carbon particle. (b) Electron diffraction pattern taken from the image of (a).

Fig. 3 N2 adsorption–desorption isotherm at 2196 °C for the carbon. The
adsorption and desorption curves are plotted using open and filled circles,
respectively.
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The borane carbonyl adduct (Cl2B)3BCO has been prepared
and characterised by spectroscopic methods and X-ray
crystallography and is compared with the fluorine analogue
(F2B)3BCO which has also been structurally characterised
by X-ray crystallography.

In recent years the study of carbon monoxide as a ligand has
attracted renewed attention largely as a result of the discovery
and characterisation of many so-called ‘non-classical metal
carbonyls’ for which metal to CO p-backbonding is thought to
be absent or at least much reduced in comparison with more
classical species.1 These compounds merit comparison with the
few known boron carbonyl complexes such as the borane
carbonyls H3BCO,2† B4H8CO,4 and (F2B)3BCO 1 prepared by

Timms,5,6 the related silicon containing species
(Cl3Si)2(Cl2B)BCO,7 and the osmium cluster complex
[Os3(CO)9(m-H)3(m3-BCO)] prepared by Shore et al.8 Herein
we report the X-ray structure of 1 and the preparation and X-ray
structure of the chloro analogue (Cl2B)3BCO 2.

Compound 2 was prepared by two methods. In the first
instance, BCl3 was passed through a column of boron granules
contained in a graphite tube inductively heated to ca. 2000 °C
under high vacuum, using an apparatus slightly modified from
that described for the preparation of BF.5,6 The hot vapour
emerging from the graphite tube, believed to be a mixture of
BCl and BCl3 in a mole ratio of about 1+3, was then condensed
on the liquid nitrogen cooled walls of the surrounding vacuum
vessel. When the condensate was allowed to warm to room
temperature with continuous pumping through a cold trap, a
mixture of BCl3 and B2Cl4 was collected; no B4Cl4 was
detected in contrast to earlier studies involving BCl.9 However,
when a similar experiment was carried out in which the
condensate was allowed to warm to room temperature in the
presence of a 3 3 104 Pa pressure of CO, the resulting volatiles
comprised not only BCl3 and B2Cl4 but also the white
crystalline solid 2.

Spectroscopic data for 2 were consistent with the formula
(Cl2B)3BCO‡ which was confirmed by X-ray crystallography
(vide infra). The formation of 2 in the above experiment may
involve the intermediacy of (Cl2B)2BCl, just as the condensa-
tion of BF is known to yield (F2B)2BF which, in the presence of
CO, gives 1 and B2F4.5 Compound 2 was also prepared in a
more direct manner and in essentially quantitative yield by
treating 1 (prepared as described in ref. 5) with an excess of
BCl3 vapour for a few minutes at room temperature.

The structures of both 1 and 2 were determined by X-ray
crystallography.§ Compound 1 crystallises with two molecules
in the asymmetric unit one of which is shown in Fig. 1.
Compound 2 resides on a crystallographic C3 axis and part of

the crystal structure is shown in Fig. 2. On a molecular level, the
structures are very similar and also similar to that reported for
the PF3 analogue of 1, (F2B)3BPF3.11 The central boron atoms
in each structure are all within a degree of being tetrahedral and
the B–B bond lengths [1.677(5)–1.690(5) Å for 1 and 1.694(7)

Fig. 1 A view of one of the crystallographically independent molecules of
1. Ellipsoids are drawn at the 40% level. Bond lengths (Å) and angles (°) for
the molecule shown: C(11)–O(11) 1.117(3), C(11)–B(11) 1.522(5), B(11)–
B(12) 1.677(5), B(11)–B(13) 1.690(5), B(11)–B(14) 1.681(5), B(12)–F(11)
1.310(4), B(12)–F(12) 1.311(4), B(13)–F(13) 1.317(4), B(13)–F(14)
1.305(4), B(14)–F(15) 1.315(4), B(14)–F(16) 1.302(4); O(11)–C(11)–
B(11) 178.8(3), C(11)–B(11)–B(12) 109.6(3), C(11)–B(11)–B(13)
109.3(3), C(11)–B(11)–B(14) 110.5(3), B(12)–B(11)–B(13) 109.5(3),
B(12)–B(11)–B(14) 109.9(3), B(13)–B(11)–B(14) 108.0(3), B(11)–B(12)–
F(11) 124.9(3), B(11)–B(12)–F(12) 121.1(3), F(11)–B(12)–F(12) 114.0(3),
B(11)–B(13)–F(13) 124.3(3), B(11)–B(13)–F(14) 121.8(3), F(13)–B(13)–
F(14) 113.9(3), B(11)–B(14)–F(15) 125.0(3), B(11)–B(14)–F(16) 121.5(4),
F(15)–B(14)–F(16) 113.5(3).

Fig. 2 The crystal structure of 2 viewed down the c axis. Bond lengths (Å)
and angles (°): C(1)–O(1) 1.091(14), B(1)–C(1) 1.544(15), B(1)–B(2)
1.694(7), B(2)–Cl(1) 1.748(7), B(2)–Cl(2) 1.748(7), O(1)–C(1)–B(1) 180,
C(1)–B(1)–B(2) 107.3(4), B(2)–B(1)–B(2a) 111.5(4), B(1)–B(2)–Cl(1)
122.0(5), B(1)–B(2)–Cl(2) 121.9(5), Cl(1)–B(2)–Cl(2) 116.1(4).
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Å for 2] are of the same order as those observed in (F2B)3BPF3
[1.677(15) Å]11 and B2F4 [1.67(4) Å].12 The B–F bonds in 1
range from 1.302(4) to 1.317(4) Å [cf. 1.30, 1.32(3) and
1.305(15) for BF3,13 B2F4

12 and (F2B)3BPF3
11 respectively]

whilst the two B–Cl bond lengths in 2 [1.748(7) Å] are similar
to other B–Cl bond distances for trigonal planar boron.14 Both
1 and 2 have C3v symmetry, crystallographically constrained in
the latter case, such that the three BX2 planes lie parallel to the
BCO axis. Despite the similarity in the molecular structures,
however, 1 and 2 pack differently in the solid state. Thus,
although there are no close intermolecular contacts in either
structure, 1 [and (F2B)3BPF3] crystallises in a centrosymmetric
space group P21/n [Pnma for (F2B)3BPF3] whereas 2 crystal-
lises in the polar space group R3m with all BCO vectors aligned
along the crystallographic c axis.

The CO stretching frequencies for 1 (2162 cm21)5 and 2
(2176 cm21) are both higher than that of free CO (2143 cm21)
but are close to those observed in many non-classical metal
carbonyls1 and in (Cl3Si)2(Cl2B)BCO.7 Such values are often
characteristic of non-classical carbonyls and are associated with
increased s-donation and little if any p-donation into the CO
p*-orbitals1,3 (electrostatic effects are also thought to be
important3). As expected, both 1 and 2 have C–O bond lengths
which appear to be shorter than CO itself [1, 1.117(3), 1.116(3)
Å; 2, 1.091(14) Å; CO, 1.1281 Å]. However, given the
relatively large esds involved, such comparisons must be made
with due caution.

In conclusion, we note that the synthesis of 2 and the
structures of 1 and 2 provide a significant contribution to what
is known about CO adducts of boron and to the study of non-
classical CO complexes in general. Both 1 and 2 are stable to
CO loss and future studies, both theoretical and experimental,
will address the magnitude of the B–C bond dissociation
energy. 

We thank the EPSRC for support and for a studentship
(J. A. J. P.).
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† A recent and comprehensively referenced theoretical analysis of the
bonding and stability of the compounds H3BCO, F3BCO and (C6F5)3BCO
has been carried out by Berke and Erker et al.3 where the analogy between
borane carbonyls and non-classical metal carbonyls is also addressed.
‡ Spectroscopic data for 2: 11B NMR (CD2Cl2) d 68.2 [br s, 3B,
(Cl2B)3BCO], 220.7 [br s, 1B, (Cl2B)3BCO] (referenced to BF3·Et2O). IR
(thin film on AgCl window) n(CO) 2176 cm21. Mass spectrum (EI), m/z
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patterns.
§ A suitable single crystal of 1 was prepared inside a Lindemann tube by
condensing its vapour into the tube, sealing it under vacuum and cycling the
temperature between 20 and 35 °C. A colourless needle crystal of 2 was

grown under vacuum at 4 °C and transferred and sealed under nitrogen in a
Lindemann tube prior to mounting on the diffractometer. Both compounds
are pyrophoric.

Crystal data: for 1: CB4F6O, M = 185.25, monoclinic, space group P21/n
(no. 14), a = 10.909(3), b = 11.518(3), c = 11.098(3) Å, b = 90.548(18)°,
U = 1394.4(6) Å3, Z = 8, Dc = 1.765 Mg m23, l = 0.71073 Å, m(Mo-Ka)
= 0.218 mm21, F(000) = 704, T = 292(2) K.

For 2: CB4Cl6O, M = 283.95, rhombohedral on hexagonal axes, space
group R3m (no. 160), a = 11.150(5), c = 7.586(4) Å, U = 816.8(7) Å3, Z
= 8, Dc = 1.732 Mg m23, l = 0.71073 Å, m(Mo-Ka) = 1.520 mm21,
F(000) = 1700, T = 292(2) K.

Data for both structures were collected on a Siemens SMART
diffractometer over the range 2.55 < q < 27.51° for 1 and 3.42 < q <
27.51° for 2. The structures were solved by direct methods using
SHELXL9710 and refined by least squares methods against all 2363 F2

values with F2 > 23s(F2) to wR2 = 0.1102 [R1 = 0.0419 for 1117 data
with F2 > 2s(F2)] for 1 and all 316 F2 values with F2 > 23s(F2) to wR2
= 0.0939 [R1 = 0.0391 for 280 data with F2 > 2s(F2)].

Both crystals suffered significant degradation during the later stages of
data collection owing to the propensity of the two compounds to sublime at
room temperature and for this reason only the first set of frames in each data
set were used in solving the structures. Because of the extreme sensitivity of
both compounds they were mounted in Lindemann tubes rather than in
frozen oil drops which, owing to the nature of the diffractometer cooling
apparatus, precluded data collection at low temperature.

CCDC 182/1824. See http://www.rsc.org/suppdata/cc/b0/b007484p/ for
crystallographic files in .cif format.
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In the presence of Na+, a 1,3-alternate-calix[4]arene bearing
four guanosine units forms a self-assembled nanotube.

With the current interest in fabricating nanoscale structures for
potential biomedical and materials applications much attention
has focused on supramolecular tubes. Nanotubes have been
made from cyclic peptides,1 lipids,2 oligocyclodextrins,3 hydro-
gen-bonded rosettes4 and coordination complexes.5,6

Predicting and controlling structure is essential for optimiz-
ing function. Herein, we report our initial efforts on building
functional nanotubes, with an eye towards using them as
artificial ion channels. Our design hinges on the metal cation-
templated self-assembly of guanosine, a nucleobase that readily
forms a hydrogen-bonded quartet in the presence of cations
(Scheme 1). 7,8 The cyclic G-quartet, stabilized by Na+ or K+,
can further organize by stacking. Telomeric DNA forms a G-
quadruplex with a cation-filled channel;9 and G-wires, over
1000 nm in length, have been imaged by atomic force
microscopy.10 We have also recently shown by X-ray crys-
tallography that lipophilic G nucleosides self-associate to give
extended, tube-like structures upon cation coordination.11

Our modular approach towards constructing nanotubes
involves using sodium cations to trigger the one-dimensional
polymerization of G4-calix 1, a compound with four G moieties
attached to a calix[4]arene-1,3-alternate scaffold. The 1,3-alt
core in monomer 1 orients two orthogonal pairs of self-
complementary G nucleosides so that they are well positioned
for intermolecular hydrogen bonding with neighboring mono-
mers (Scheme 2). Hosseini and coworkers introduced the
calix[4]arene-1,3-alt scaffold to organize groups in this alternat-
ing ‘up-down-up-down’ fashion12 and demonstrated this scaf-

fold’s utility by using Ag+–cyano coordination bonds to form a
self-assembled ‘metallatubulane.’6

Compound 1 was readily prepared in six steps from
guanosine and the parent tert-butylcalix[4]arene.13 The final
step in the synthesis of G4-calix 1 involved the EDCI-promoted
coupling of 5A-amino-2A,3A-isopropylidene G 214 with the
calix[4]arene-1,3-alt tetraacid 315 (Scheme 3). The G4-calix 1
was isolated by precipitation from MeOH, purified on micro-
crystalline cellulose TLC plates, and characterized by FAB-MS
and 1H NMR spectroscopy. The FAB-MS indicated complete
substitution of a G residue at each of the calixarene’s four
sidechains. The symmetrical 1H NMR spectrum of G4-calix 1 in
DMSO-d6 confirmed its 1,3-alt conformation, and also verified
that nucleoside coupling to the calixarene had occurred at the
more nucleophilic 5A-amine of G 2, and not at the less reactive
exocyclic N2 amino group.

The G4-calix 1 was soluble in a MeCN–H2O (1+1) binary
mixture. Addition of NaBPh4 to a solution of G4-calix 1 in this
mixture resulted in the instantaneous and quantitative precipita-
tion of a white solid. The 1H NMR spectrum of this material in
d6-DMSO confirmed that it was a mixture of G4-calix 1 and the
BPh4

2 anion. Transmission electron microscopy (TEM) images
(Fig. 1) show the precipitate to consist of micrometer-long

† Electronic supplementary information (ESI) available: experimental and
synthetic details. See http://www.rsc.org/suppdata/cc/b0/b007332f/

Scheme 1

Scheme 2 Representation of nanotube formation by G4-calixarene 1 upon
cation-templated self-assembly. Squares represent the 1,3-alt-calix[4]arene
core, ovals represent the guanosine moieties, and solid spheres represent the
Na+ cations.

Scheme 3

Fig. 1 Representative TEM images of the precipitate formed by G4-
calixarene 1 and NaBPh4 in MeCN–H2O (1+1) solution. Objects have
thicknesses between ca. 3 nm (many of the objects in the right image) and
ca. 50 nm (most objects in the left image), and lengths between 80 nm and
1.5 mm. The thinnest rods, with the approximate thickness of a G-quartet,
may correspond to single self-assembled nanotubes. The thicker objects are
likely bundles of nanotubes. The unit scale is 200 nm for the left image and
100 nm for the right image.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b007332f Chem. Commun., 2000, 2369–2370 2369



strands, visible as either single tubes or as bundles of tubes
(ranging from ca. 3 nm to 50 nm in thickness). The strands are
relatively straight, without much bending. The thickness of the
individual tubes was near the microscope’s limit of resolution,
namely ca. 3 nm. Since our recent X-ray structure of a lipophilic
G-quadruplex showed a tubular structure with a 2.65 nm
diameter,11 the individual rods formed from Na+ templated
aggregation of G4-calix 1 have dimensions expected for a G-
quartet. These electron micrographs of insoluble aggregates,
showing such defined structure, are entirely consistent with
nanotube formation by G4-calix 1 upon Na+ coordination. 16

The stoichiometry of the insoluble aggregate formed between
G4-calix 1 and NaBPh4 was quantitatively determined using
isothermal titration calorimetry (ITC). Titration of a solution of
G4-calix 1 in MeCN–H2O (1+1) with NaBPh4 resulted in the
rapid and significant generation of heat, until a 1+1 ratio of G4-
calix 1 and NaBPh4 had been reached [Fig. 2(c) and 2(d)]. The
total enthalpy of Na+ binding by G4-calix 1 was 29 kcal mol21;
and this exothermic reaction coincided with precipitation of the
(1·Na+)n aggregate from solution as its BPh4 salt. The absence
of other inflection points in the ITC experiment, besides that for
the prominent 1+1 G4-calix 1–NaBPh4 stoichiometry, suggests
that nanotube formation by G4-calix 1 does not pass through
shorter, intermediate structures. In other words, cation-tem-
plated nanotube formation of (1·Na+)n is highly cooperative.
Control ITC experiments showed that 2A,3A-isopropylidene
guanosine, a compound lacking the calixarene framework, does
not bind NaBPh4 in this polar MeCN–H2O (1+1) solvent
mixture [Fig. 2(a) and (b)]. Thus, the heat evolved upon addition
of NaBPh4 to MeCN–H2O (1+1) is the same whether or not
2A,3A-isopropylidene guanosine is present in solution. These ITC
experiments clearly illustrate the entropic advantage of attach-
ing the G moieties to the 1,3-alt-calixarene scaffold. Moreover,
cation-templated aggregation of G4-calix 1 is kinetically fast,
and self-assembly of G4 tetramers occurs even in this highly
competitive hydrogen-bonding solvent mixture.

The assembly process that gives the (G4-calix 1·Na+)n is
completely reversible. Both temperature and pH can be used to
control the cation-templated aggregation of G4-calix 1. For
example, the precipitate formed from G4-calix 1 and NaBPh4 at
25 °C can be solubilized in MeCN–H2O (1+1) simply by
heating. DSC of a suspension of (1·Na+)n in MeCN–H2O (1+1)
revealed a sharp transition temperature of 44.5 °C for

dissolution. Cooling the sample back to 25 °C resulted, again, in
precipitation of (1·Na+)n(BPh4

2)n. In addition to temperature,
pH also had a dramatic effect on the solubility, and presumably
the aggregation state, of (1·Na+)n. Protonation of the G
nucleobase’s exocyclic N2 amine and N7 should disrupt the
structure of the hydrogen-bonded G-quartet. Indeed, this is
consistent with the observation that the insoluble
(1·Na+)n(BPh4

2)n was completely redissolved in MeCN–H2O
upon changing from pH 7 to 2. This pH-dependent cycle was
reversible, as addition of triethylamine base so as to change the
solution’s pH from 2 to 9 caused reprecipitation of
(1·Na+)n(BPh4

2)n. The thermal lability and acid sensitivity of
these hydrogen-bonded nanotubes formed from G4-calix 1 is
consistent with the reversible nature of self-assembly.

Three features of our nanotube design are worth emphasiz-
ing: (1) long-range structure can be controlled by cation
templation, which triggers formation of an extensive hydrogen-
bonded assembly based on the G-quartet; (2) aggregation is
enabled by covalent attachment of guanosine units to the alt-1,3
calixarene scaffold, and (3) self-association of G4-calix 1 occurs
even in highly polar solvents. Future studies will focus on using
temperature, pH, and other variables, to control the polymeriza-
tion and depolymerization of G4-calix 1. The reversible
formation of these structures in water at temperatures near 40 °C
makes G4-calix 1 and its analogs interesting as materials for
biomedical applications. Finally, we are preparing lipophilic
analogs of G4-calix 1 in an effort to make artificial ion channels
that self-assemble within a bilayer membrane.

We thank Professor Robert A. Flowers (Toledo) for the use of
his ITC and Professor Larry Sita (Maryland) for use of his DSC.
We thank the Department of Energy, BES Separations and
Analysis Program for support. The electron microscopy facility
is supported by the Lombardi Cancer Center at Georgetown
University. J. D. thanks the Dreyfus Foundation for a Teacher-
Scholar Award.
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The central relay of hydraphile channels is a model for the
central ion-capsule of the KcsA K1 K+-conducting channel
of Streptomyces lividans; organization of water and concomi-
tant electrostatic stabilization of a transient K+ appear to be
the functions in both cases.

The synthetic ion channels that we call ‘hydraphiles’ transport
Na+ in phospholipid bilayers.1 These compounds use crown
ethers, typically 4,13-diaza-18-crown-6, as headgroups2 to
maintain their position at the boundary between the bilayer and
the aqueous phase on either side of the membrane. Fluorescence
studies3 have shown that the distal macrocycles of 1 are each 14
Å from the bilayer’s midplane and in an environment inter-
mediate in polarity between methanol and ethanol. These data
are consistent with the macrocycles being proximal to the
glyceryl fragment (midpolar regime) of the phospholipid—at
opposite ends of the membrane’s insulator slab. The headgroups
are connected to a ‘central relay unit’ by means of hydrophobic
dodecyl chains that measure ca. 14 Å in the extended
conformation. The central relay is a polar residue incorported to
provide the transient cation a means of sabilization at the
bilayer’s midplane—the least polar regime in the membrane. In
many of the compounds we have studied, this unit is a third
crown ether (e.g. 1)

Recently, the solid state structure of a K+-selective channel
from Streptomyces lividans (KcsA K1 channel)4 was reported
and has begun to revolutionize our understanding of channel-
forming proteins.5 In this report, the structure of the natural
channel is characterized thus: ‘From inside the cell…the pore
begins as a tunnel 18 Å in length (the internal pore) and then
opens into a wide cavity ( ~ 10 Å across) near the middle of the
membrane.’ This description applies almost as well to our
hydraphile channels. In the same paper, the following question
is posed. ‘Why is there a 10 Å diameter cavity in the center of
the channel with an ion in it?’ In a subsequent theoretical
report,6 it was concluded that the central capsule provides a
means for electrostatic stabilization of cations in the non-polar
midplane of the phospholipid bilayer. We believe that the cavity
is equivalent to our ‘central relay unit’ and we present evidence
to that effect in this report.

Hydraphiles 1–8 were prepared by a three-step sequence.
First, monobenzyldiaza-18-crown-6 (PhCH2 < N18N > H) was
prepared either by benzylation of diaza-18-crown-6 or by partial
hydrogenolysis of dibenzyldiaza-18-crown-6.7 Alkylation of
PhCH2 < N18N > H with an excess of Br(CH2)nBr afforded
PhCH2 < N18N > (CH2)nBr which was then allowed to react
with H < N18N > H. Compound 9 was prepared in an analogous
fashion except that H < N18N > H was monoalkylated with
dansyl chloride rather than benzyl bromide. Based on studies to

determine the optimal length,8 the hydraphiles were designed to
be ca. 38–42 Å between the proximal nitrogen atoms of the
terminal macrocycles. For small central units, proportionally
longer hydrophobic chains were incorporated.

Sodium cation flux was measured by using the 23Na NMR-
based method of Riddell et al.9 This technique permits
quantitative detection of the Na+ transport rate in vesicles
prepared10 from phosphatidylcholine and phosphatidylglycerol
(4+1 w/w, pH = 7.3). The NMR experiment is somewhat
complex and we have therefore normalized the data relative to
a simultaneously determined standard (9).11 Transport rates for
9 have been determined independently more than 10 times and
each of the values shown in Table 1 for 1–8 represents at least
three independent experiments.

The efficacy of a diaza-15-crown-5 central unit (3) is half that
of the corresponding 18-membered ring (1, 2). A further
reduction in transport efficacy is observed when the central
macroring is reduced in size to 12 atoms (4): transport efficacy
falls again (krel = 69). Transport is about the same (within ca.
10% experimental error) when the 4,4A-bipiperidyl central unit
(6) replaces diaza-12-crown-4 (4). The transport rate falls (to
krel = 50) when the central ring of 4 (2N and 2O donors) is
‘lysed’ (5, 4O donors). All transport efficacy is lost when either
pyrazine (7) or 4,4A-dioxybiphenyl (8) is incorporated as the
central unit.

When the hydraphiles were designed, the central unit was
intended to be a ‘relay’ for transient cations. It was presumed
that the cations would be partially solvated as is thought to be
the case in protein channels. Crown ethers often bind cations
that, in turn, are bound to water. In the present case, we
postulate that the central unit helps to organize water and that
the cation ‘passes over’ it rather than necessarily being
exchanged for water bound in the cavity. 18-Membered crown
ethers are well known to bind water. Indeed, we reported the

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b005431n Chem. Commun., 2000, 2371–2372 2371



first case of a protonated azacrown complexing a water
molecule in 1977.12 Other examples abound.13 The solid state
structures show a water molecule bridging alternate hetero-
atoms in the 18-membered ring macrocycles. Such bridging is
also possible for the 15- and 12-membered ring compounds but
the number of symmetry equivalent bridges is reduced. Thus, on
a single surface of 18-crown-6, there are five possible
1,3-heteroatom arrangements that could be bridged by water. In
15-crown-5, there are only three and in 12-crown-4, only two
are possible. The Na+ transport rates observed for 2 (18-crown),
3 (15-crown) and 4 (12-crown) are 211, 100 and 69. This is a
ratio (for 2+3+4) of 2.1+1+0.7. The ratio of symmetry
equivalent water bridges is 1.7+1+0.7. Opened-chained com-
pound 5 can also form water bridges but it is not even as well
organized as is 4. The data presented here for the change from
18- to 15-membered rings and open chains differ some from an
earlier,14 related study.15 The trend is similar, however.

The 4,4A-bipiperidyl unit of 6 was included because it is a
fairly rigid molecule16 and the NÔN separation is almost
identical to the transannular N,N-distance in 4,13-diaza-
18-crown-6. When the 4,4A-ring junction is anti, the cyclohex-
ane-like units are coplanar. Molecular models show that the
overall aspect is concave when the ring junction is syn, the
nitrogen atoms are focused to a point above the ring junction,
and the NÔN separation is barely 6 Å. We speculate that the
bipiperidyl unit adds rigidity to the overall structure while
providing H-bonding donor or acceptor sites either in the form
of neutral nitrogen, protonated nitrogen, or the carbonyl groups.
The argument is bolstered by the ESI-MS study that shows 6 to
be incapable of binding three cations whereas 1 can easily do so
(see following communication).17

When a macrocycle comprises the central unit, water may be
organized by complexation and appropriately situated either to
solvate a transient cation or to exchange with the water present
in the partially hydrated cation. Such an arrangement is
tantamount to the now well known second-sphere coordination
of metal–ammonia complexes.18 Such a coordinative arrange-
ment is also possible, although probably less effective for the
syn-oriented bipiperidyl units. In the latter case, however, a
partially solvated cation of the form M(OH2)2

+ could bridge the
NÔN space as illustrated in Fig. 1. The hydraphiles containing
either piperidine in which the nitrogens are clearly very close
together (ca. 3 Å) or biphenylene, which lacks significant donor
groups, fail to transport cations despite the presence of all of the
other essential elements.

We believe that simple, structural models such as the
hydraphiles offer an effective means to probe complex
biological phenomena. Clearly, these central units lack the
focused, a-helices that afford electrostatic stabilization in the
KcsA K1 channel.1,4 Still, variations in the structure of the
central relay are possible in this model system which permits
functional subunits to be transformed—clearly an advantage
over single site mutagenesis. Additional structural alterations
are in progress and the results will be reported in due course.

We thank the NIH (GM 36262) and NSF (CHE-9805840) for
grants that supported this work.
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Table 1 Sodium cation transport by hydraphile ionophoresa

Compound Structure da/Å krel
b (%)

1 PhCH2 < N18N > C14 < N18N > C14 < N18N > CH2Ph 43 211
2 PhCH2 < N18N > C12 < N18N > C12 < N18N > CH2Ph 38 200
3 PhCH2 < N18N > C14 < N15N > C14 < N18N > CH2Ph 42 100
4 PhCH2 < N18N > C14 < N12N > C14 < N18N > CH2Ph 41 69
5 PhCH2 < N18N > C12O(CH2CH2O)3C12 < N18N > CH2Ph 42 50
6 PhCH2 < N18N > C14 < NC5 > — < C5N > C14 < N18N > CH2Ph 42 80
7 PhCH2 < N18N > C16 < NC4N > C16 < N18N > CH2Ph 42 < 2
8 PhCH2 < N18N > COC11 < OC6H4–C6H4O > C11CO < N18N > CH2Ph 38 < 2
9 Dn < N18N > C12 < N18N > C12 < N18N > Dn 38 100

a Distance measured on CPK molecular models between the two proximal nitrogen atoms on the distal macrocycles. b Rate relative to dansyl channel,
arbitrarily set at 100. Comparative rates are recorded for 10 mM ionophore concentration.

Fig. 1 Presumed coordination of a dihydrated alkali metal cation by 4,4A-
dipiperidine.
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A novel, pentamacrocyclic host molecule has been prepared
in which four symmetry-equivalent diazacrown ethers lead
to a dramatic enhancement in Na+ transport, across a
phospholipid bilayer, relative to open-chained analogs
lacking the fourth crown.

Our strategy1 to design functional, non-peptide cation-conduct-
ing channels2 has two key elements. First, the system was
designed to be flexible so that the structural features could adapt
if their exact physical organization had not been correctly
evaluated. Second, the planned design was modular so that a
compound exhibiting ionophoretic activity in a phospholipid
bilayer membrane could be selectively and readily altered. The
incorporation of flexibility into the framework could permit
minor structural adjustments to compensate for design flaws but
could also lead to a non-optimal structural arrangement. This, in
turn, could result in poorer function than that of which the
system was actually capable.

The first hydraphile structure 1,3 a tris(macrocycle), was

covalently-linked to define the overall transmembrane distance
but the corresponding opposite side pendant chains were
attached only at the distal macrocycles. The conformation
shown for structure 1 has been inferred by changing the
macroring sizes,4 by incorporating fluorescent residues,5 and by
other methods.6 The filled and open circles in the figure are
meant to represent Na+ and H2O, respectively, but details of the
structure within the membrane are not in hand nor are they
implied. Note that we use shorthand developed for the
purpose7 to represent 1 as follows:
C12 < N18N > C12 < N18N > C12 < N18N > C12.

Studies to determine optimal overall length,8 coupled with
the efforts described above, have led to the conviction that we
could connect the two flexible sidechains to form a more rigid
and more efficacious structure. Compound 7 (Scheme 1) was a
target of this approach. The synthetic plan required a strategy
different from that that we had used previously. Compound 1,
which is not cyclic, can be constructed without the requirement
for a cyclization reaction.9 Tetramacrocycle 7, the key com-
pound in this report, was prepared by a sequence that is detailed
in Scheme 1. Monobenzyl-4,13-diaza-18-crown-610

(PhCH2 < N18N > H) was alkylated with methyl 12-bromodo-
decanoate. The ester was hydrolyzed, treated with oxalyl
chloride to give PhCH2 < N18N > (CH2)11COCl, and then
treated with diaza-18-crown-6 to give
PhCH2 < N18N > (CH2)11CO < N18N > -
CO(CH2)11 < N18N > CH2Ph. Debenzylation was accom-
plished by hydrogenolysis to afford the tris(macrocycle). The

diacid, HO2C(CH2)11 < N18N > (CH2)11CO2H, a compound
that was in hand from previous studies11 was converted into the
corresponding dichloride. The cyclization reaction between
H < N18N > (CH2)11CO < N18N > CO(CH2)11 < N18N > H and
ClCO(CH2)11 < N18N > (CH2)11COCl formed tetramide 6. Re-
duction of 6 (BH3/THF) gave tetraamine 7 as a yellow oil (76%
overall from tris(macrocycle). Treatment of
Ph2CH2 < N18N > H with ClCOC11O–C6H4–C6H4–O–
C11COCl gave PhCH2 < N18N > CO(CH2)11O–C6H4–C6H4–
O–(CH2)11CO < N18N > CH2Ph (65%, yellow oil). Hydro-
genolytic debenzylation afforded the biphenyl-bridged
bis(macrocycle). The latter underwent cyclization with ClCO-
C11OC6H4C6H4OC11COCl to give tetraamide 2. Reduction of 2
(BH3/THF) afforded tetraamine 3 (72%, yellow oil). Com-
pounds 4 (40%), 5 (60%) and 8 (62%) were prepared in a
fashion similar to that shown in Scheme 1 and were charac-
terized by standard chemical methods (1H, 13C NMR and FAB-
MS). Dansyl channel 9 has been previously described.5

The Na+ transport efficacies of the compounds prepared as
part of this study were assessed in phospholipid bilayers by
using the dynamic 23Na NMR method of Riddell et al.12 This
method involves the formation of liposomes from phosphatidyl
glycerol and phosphatidyl choline in the presence of 100 mM
NaCl. The salt is present within the liposomes and in the

Scheme 1 Reagents and conditions: (a) Na2CO3, cat. KI, reflux 24 h, 83%;
(b) 2 M NaOH, reflux, 18 h, 98%; (c) (COCl)2, cat. DMF, 2 h; (d)
diazacrown, Et3N, cat. DMAP, 48 h, 71%; (e) Pd/C, 24 h, 95%; (f) step (c),
HO2C(CH2)11 < N18N > (CH2)11CO2H; (g) Et3N, cat. DMAP, 48 h, 70%;
(h) BH3/THF, 25 °C to rt, 48 h, 65%.
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surrounding bulk aqueous phase. The 23Na NMR spectrum
observed under these conditions is a singlet. Addition of a Dy3+

shift reagent to the aqueous phase renders the two Na+ ions
magnetically non-equivalent and two signals are observed.
Addition of an ionophore to the bilayer permits exchange of Na+

ions with a concomitant change in linewidth. The exchange rate
constant (k) can be evaluated from the linewidth change
according to the relation k = 1/t = p[(Dn 2 Dn0)]. In this
relationship, t is the half-life and n represents the linewidth. The
experimentally determined values of K are then compared with
the value determined for the dansyl channel
(Dn < N18N > C12 < N18N > C12 < N18N > Dn 9).13 The com-
pounds that were studied for the present report are recorded in
Table 1. Sodium cation transport by ionophores 1–9 was
investigated at very low concentration (0–20 mM). The rate is
reported as the relative rate krel = 100 kobs/k9. A value of < 2
means that the compound does not transport Na+ at a rate
sufficient to be observed under the experimental conditions.
Dansyl channel 9 is used as the standard rather than gramicidin
because the latter is ‘too robust’. When experiments are not
properly executed, gramicidin will still show transport behavior
but 9 requires a proper experimental environment and is
therefore a better control and standard.

Channel 1 transports Na+ with a rate 27% that of gramicidin
while its rate is 105% relative to 9, the standard used throughout
this study. The most important finding of the study is that when
an additional crown ether is present as a central unit to organize
water (see preceding communication), joining the flexible
sidechains with a fourth crown produces an ionophore sig-
nificantly (3.5-fold) more active than 1. The very high efficacy
of this structure supports previous conclusions concerning
distance and polarity requirements. The family of structures
also permits us to probe the effects of certain of the modular
subunits.

First, we note that both compounds 2 and 3 are inactive in the
23Na NMR experiment. We attribute this to the lack of a water-
organizing central unit (see preceding communication).14 When
the center of the channel possesses one biaryl unit and an amide-
substituted diazacrown 4, activity is restored but it is modest
(30% of 9). Reduction of the amide residues in 4 affords 5 which
has substantially increased Na+ transport activity (150% of 9).
An increase in transport is expected because the amide residues
conformationally restrict the macrocycle to which they are
attached. The tetraamide precursor to 7, i.e. 6, is considerably
less flexible than 7 but is also 2.5-fold more active than 1. There
may also be a deleterious effect of an arene on cation transport.
In the low polarity environment of the phospholipid bilayer, a
cation–p interaction between Na+ and benzene15 could sub-
stantially diminish the transport rate. Thus, the rate for 8, which
lacks an arene, exceeds that of 5 by a small but significant
amount.

An important question is whether the increase in Na+

transport may be attributed to the presence of the crown, to the
higher level of organization present where the two flexible
sidechains were, or to both. We know from the results reported
in the preceding communication that 4,4A-dihydroxybiphenyl is
inactive as a ‘central ion capsule.’ Thus, the fact that
ionophoretic activity of 7 is twice that of 5 confirms that both
variables are important. When only arenes are present as the
central units, no Na+ transport is measured in the NMR
experiment.

The present effort demonstrates that a tetramacrocyclic
hydraphile is more efficacious than its flexible counterpart. This
confirms that distance relationships, headgroup functions, and
ion–capsule interactions occur as previously surmised.

We thank the NIH (GM-36262) and the NSF (CHE-9805840)
for grants that supported this work.
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The polynitrogen-containing cation transporters 1–4 are
shown by electrospray mass spectrometry to form multi-
cationic species. In the absence of Na+, protonated species
dominate but increasing the sodium concentration leads to
all binding sites being occupied.

The study of cation-conducting channels currently presents an
enormous challenge to both chemists and biologists.1 An
important goal for the former is to prepare compounds that are
inherently simpler than protein, or even peptide, channels2 that
transport cations at substantial rates across phospholipid bilayer
membranes. With functionality achieved, experimental study of
the systems should offer insight into the details of such
phenomena as ion transport, selectivity, and gating kinetics. A
major question concerns the chemical details of cation transport
within the pore. A postulate that K+ transport and selectivity
were influenced by cation–p interactions within the pore3 was
disproved by site-directed mutagenesis.4 The chemical roles of
polyarenes in synthetic channels5 and of the central ion capsule6

in the KcsA K1 channel of Streptomyces lividans7 beg further
exploration of alkali metal cation interactions in low polarity
media. In a previous study, electrospray mass spectrometric
results demonstrated that all three macrocyclic rings of a
hydraphile channel-former could simultaneously bind cations.8
We now report that the novel tetramacrocyclic9 and nitrogen-
heterocycle-containing10 channel-formers reported in the pre-
ceding two communications can bind a full complement of
alkali metal ions by using crown ethers but not piperazine or
bipiperidyl donors.

Cation transport through a phospholipid bilayer for the
hydraphile family has been demonstrated by using fluorescence
(H+),11 23Na NMR (Na+),12 and planar bilayer conductance
methods (Na+).13 The ability of hydraphile channels to span the
bilayer14 has been confirmed and the optimum length for this
family of channels has been established.15 The compounds
reported here are elaborations of the previously known systems
and all exhibit effective Na+ transport in a phospholipid bilayer
(NMR method). Thus, under comparable conditions, the
transport rates in mixed phosphatidyl choline–phosphatidyl
glycerol bilayer liposomes, the following Na+ transport rates
were observed at room temperature: 1, 80%; 2, 210%; 3, 50%;
and 4, 340%. In all cases, the values are expressed as a percent
of the rate observed for the dansyl-sidearmed channel, 5
(100%).

Compounds 211 and 514 were prepared as previously reported
and the synthesis of 4 is described in the preceding communica-
tion.9 Compound 1 was prepared by treatment of
PhCH2 < N18N > H with Br(CH2)12Br (Na2CO3, KI, 2 h) in
boiling PrCN to give PhCH2 < N18N > (CH2)12Br as a yellow
oil (39%). Further reaction of the above with 4,4A-bipiperidine
(procedure as above, 16 h) gave 1 as a colorless solid (8%, mp
55–56 °C). The preparation of 3 required a more elaborate
approach. Benzyldiaza-18-crown-6 was alkylated with
Br(CH2)11CO2Me (Na2CO3, cat. KI, BuCN, 20 mL, 24 h, 50%)

to give PhCH2 < N18N > (CH2)11CO2Me. Hydrolysis (2 M
NaOH, 93%) followed by treatment with (COCl)2 (2 M solution
in CH2Cl2, 2 h) gave PhCH2 < N18N > (CH2)11COCl, which
was allowed to react directly in CH2Cl2 with H < N18N > H
(Et3N, 6 equiv., cat. DMAP, to give the tris(crown) diamide as
a yellow oil (65%). The tris(crown) diamide was debenzylated
(H2–Pd/C, 60 psi, abs. EtOH) to give
[H < N18N > (CH2)11CO]2 < N18N > (yellow oil, 95%). A
similar strategy was used to prepare
ClCO(CH2)11NC5H9C5H9N(CH2)11COCl, beginning with the
alkylation of 4,4A-bipiperidine by Br(CH2)11CO2Me/Na2CO3
(cat. KI, BuCN, 20 mL, 24 h) to give
MeO2C(CH2)11NC5H9C5H9N(CH2)11CO2Me (71%). This, in
turn, was hydrolyzed (2 M NaOH, 94%, colorless solid, mp
260 °C, decomposed) and treated with ClCOCOCl (excess, 2 M
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solution in CH2Cl2). The latter was treated with
[H < N18N > (CH2)11CO]2 < N18N > (Et3N, 6 equiv., cat.
DMAP, CH2Cl2, 48 h) to afford tetraamide 3 as a yellow oil
(30%).

Compounds 1–4 present an opportunity to directly assess the
interactions of the hydraphile’s modular elements and Na+.
Assuming that a crown macroring will bind a single Na+ ion, we
anticipate that we will observe ions corresponding to [1·2Na]2+,
[2·3Na]3+, [3·3Na]3+, and [4·4Na]4+. The projected maximum
complexation by 1 or 3 is based on the expectation that 4,4A-
bipiperidyl will not complex Na+. This is particularly important
considering the conclusions of the preceding communication
that the bipiperidyl unit can organize water but its nitrogen
donor groups are too far apart to effectively coordinate with
Na+.10

The mass spectrometric analyses were conducted using an
electrospray ion source (ESI-MS).16 The inlet temperature was
ca. 55 °C. Typically, 1.5 mg of channel was dissolved in 1 mL
of CHCl3 and the spray solution was prepared by adding 1 mL
of MeOH–CHCl3 1+1 (v/v) and 40 mL of 100 mM NaOH to 60
mL of the sample solution. After mixing, 20 mL of the sample
solution was loop injected by continuous infusion [10 mL min21

MeOH–CHCl3 (1+1, v/v)]. The instrument continuously
scanned (magnetic) at 20 s decade21 of mass over the range
from 2000 to 400 Da. The data thus obtained are shown in
Table 1.

For each structure, we have calculated the anticipated
molecular weights for adducts of 1–4 with 1, 2, 3 and 4 Na+

ions. In each case, the most abundant ion (base peak) observed
was the disodium adduct. In all cases, the maximum number of
Na+ ions complexed was equal to the number of macro-rings
and no higher order ions were detected. It is also interesting to
observe that the ion currents for the complexes containing either
three or four Na+ ions (2, 3 or 4) were significantly larger than
observed for either cation complex of 1.

The most significant finding of the present study is that in all
cases, the number of Na+ ions bound by each host molecule
corresponded to the number of macrocycles. In no case did the
number of Na+ ions exceed the number of macro-rings
indicating a generalized affinity of the cation for any of these

structures. In principle, if 4,4A-bipiperidyl could support cation
complexation directly, the complexes [1·3Na]3+ and [3·4Na]4+

would have been observed at m/z values of 424.7 and 442.1,
respectively. Peaks corresponding to such complexes were
sought but not observed.

An interesting observation is that the higher organization of 3
relative to 2 appears to result in a more stable tris(Na+) complex.
Thus, the [host·2Na]2++[host·3Na]3+ ion abundance ratios for 2
and 3 are 100+20 and 100+45. The ‘central’ macrocycle is
bis(amidated) in 3 and is expected to be a weaker donor for Na+.
It appears that the diamine opposite can help to stabilize this
complex relative to the situation in which the additional
structural element is absent.

The critical inference we draw from these data is that direct
interaction between the bipiperidyl unit of 1 and a cation is not
detectable, even in the low dielectric medium of electrospray
mass spectrometry. Extending this to the low polarity, insulat-
ing regime of a bilayer, we infer that bipiperidyl cannot directly
support cation complexation in that situation either. This does
not prove, but strongly supports, the notion that the function of
1 as a channel is due, in part, to the interaction of bipiperidyl
with intrapore water or waters of hydration rather than directly
with Na+.10

We thank the NIH (GM 36262) and NSF (CHE-9805840) for
grants that supported this work. The mass spectrometry research
resource is supported by the National Centers for Research
Resources of the NIH (Grant P41RR00954).
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Table 1 Electrospray mass spectrometric analysis of compounds 1–4

Ion m/z Rel. int. (%)

1 1204.98 n/a
[1·1Na]+ 1227.8 30
[1·2Na]2+ 625.5 100
[1·3Na]3+ 424.7 0
[1·4Na]4+ 324.2 0
2 1299.01 n/a
[2·1Na]+ 1322.5 72
[2·2Na]2+ 672.8 100
[2·3Na]3+ 456.2 20
[2·4Na]4+ 347.9 0
3 1675.3 n/a
[3·1Na]+ 1698.7 30
[3·2Na]2+ 861.1 100
[3·3Na]3+ 581.8 45
[3·4Na]4+ 442.1 0
4 1713.5 n/a
[4·1Na]+ 1737.7 38
[4·2Na]2+ 880.2 100
[4·3Na]3+ 594.4 87
[4·4Na]4+ 451.3 47
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Compound 1, synthesized from hydroquinone and 1,4-di-
chlorobut-2-yne, was characterized by X-ray crystallog-
raphy and shown by electrospray ionization mass spectrom-
etry to form 1+1 complexes with sodium and 2+1 complexes
with potassium cation.

The interaction of arenes with alkali metal and ammonium ion
cations is of considerable theoretical interest but of even greater
potential import in biology. Three of the essential amino acids
contain aromatic sidechains capable of serving as p-donors.
Together, phenylalanine (Phe, F), tryptophan (Trp, W), and
tyrosine (Tyr, Y) comprise 8.4% of the amino acids in all known
protein sequences. The ability of arenes to complex K+ was
demonstrated experimentally by Kebarle and coworkers in
1981.1 Additional experiments by the groups of Castleman2 and
Lisy3 confirmed their observations and extended them to Na+.
Burley and Petsko surveyed data available in the Protein Data
Bank and demonstrated the plausibility of ammonium ion–
arene interactions in proteins.4

Important as this work was, cation–p interactions received
little additional attention until it was postulated that the
selectivity of protein channels could be understood in terms of
K+–arene interactions.5 By using site directed mutagenesis,
Heginbotham, MacKinnon and coworkers6 showed that the
selectivity filter of the shaker K+ channel of Drosophila
melanogaster did not require a cation–p interaction. The crystal
structure of the K+-selective KcsA K1 channel of Streptomyces
lividans recently reported by MacKinnon and coworkers shows
no evidence for K+–arene interactions.7 Still, the potential
importance of such interactions is great. In recent work of our
own, we reported the first crystal structure data confirming K+–
arene, cation–p interactions for the sidechains of phenyl-
alanine,8 tryptophan,9 and tyrosine.10

We now propose that the ideal ‘p-receptor’ molecule would
possess two arenes held rigidly face-to-face at a distance
appropriate to bind an alkali metal cation. For Na+, this distance
should be ca. 2 Å, depending on the exact coordination number.
To maintain rigidity, electron richness, and symmetry, we chose
acetylene units to serve as spacers. Aryl ether links were
selected for covalent attachment. Because the oxygen atoms
were adjacent to an arene, their p-donicity was expected to be
minimal and synthetic access should be facilitated. The target
compound 1 was dubbed a ‘pyxophane’ after the word ‘pyx’,
meaning chest.11

Pyxophane 1 was synthesized by alkylation of hydroquinone
with 1,4-dichlorobut-2-yne, followed by oligomerization (or
dimerization) and cyclization (Scheme 1). Hydroquinone,
butyne, potassium carbonate and potassium iodide were heated
at reflux for 24 h in acetonitrile. The solvent was removed and
the residue was extracted with dichloromethane. The extract
was purified by chromatographing over silica using dichloro-
methane. The purified product was recrystallized from toluene
to afford 1 as fine white needles (5% yield, mp 265–266 °C).

The solid state structure of 1 (Fig. 1) was obtained by X-ray
methods.12 In the solid state, the molecule lies in a chair
conformation with an arene–arene distance of 5.5 Å and an
alkyne–alkyne distance of 7.0 Å. By subtracting the arene and
alkyne thicknesses (3.4 Å), we deduce a cavity size of 2.1 3 3.6
Å. This distance suggests that a sodium cation, with a diameter
of 1.98 Å, should be able to easily fit into the host molecule but
a larger cation such as K+ (2.7 Å diameter) should not.

Cyclophane 1 is related to the cyclophanes synthesized by
Jarvi and Whitlock,13 the primary difference being in the rigid
spacer length. In their studies, they used longer diyne spacers
which afforded a larger cavity, a necessity for the incorporation
of organic guest molecules.

Electrospray ionization mass spectrometry (ESI-MS) is the
ideal tool to assess alkali metal cation complexation in the low
polarity environments of non-polar solvent and vacuum. Such
an environment is clearly relevant to the ca. 30 Å non-polar
span of a phospholipid bilayer commonly referred to as the
insulator regime or the ‘hydrocarbon slab’. The study involved
three steps. First, an attempt was made to detect intramolecular
complexation of Na+ by 1. This should lead to an ion of the type
[1·Na]+ having a weight of (320 + 23 = ) 343 Da. The
corresponding experiments with K+, Rb+, and Cs+ are not
expected to produce ions of the type [1·M]+ because these metal
ions are too large to bind intrapyxially. If 2+1 complexation is
required, the dominant ion will be [12·M]+. The absence of a

Scheme 1

Fig. 1 Solid state structure of pyxophane 1 shown in the CPK metaphor.
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1·M+ ion and the presence of one corresponding to 12·M+ would
be good evidence for ‘external’ dimer complex formation.
Finally, an experiment identical in other respects to those
described above but involving Na+ and 1,4-dimethoxybenzene
2 should not exhibit any significant complexation (neither 2·M+

nor 22·M+).
The mass spectrometric analyses were conducted using an

electrospray ion source (ESI/MS).14 Pyxophane 1 (typically 1.5
mg) and dry NaCl were dissolved in 1 mL of CHCl3 and the
spray solution was prepared by adding 1 mL of MeOH–CHCl3
(1+1, v/v) and 40 mL of 100 mM NaOH to 60 mL of the sample
solution. After mixing, 20 mL of the sample solution was loop
injected by continuous infusion (10 mL min21 MeOH–CHCl3
(1+1, v/v)). The instrument continuously scanned (magnetic) at
20 s decade21 of mass over the range from 2000 to 400 Da. The
inlet temperature was ca. 55 °C. The base peak (100% relative
abundance) in the ESI-MS spectrum was observed at m/z 343.1
which corresponds to an ion having the composition [1·Na]+. A
small peak at m/z 663.2 (ca. 7%) corresponds to [12·Na]+.

The binding selectivity was evaluated by comparing the
intensity of the electrospray ion signal for the [M·Na]+ complex,
with the intensity of the signals for [M·K]+, [M·Cs]+, and
[M·Rb]+. These complexes were produced and analyzed
separately. By far, the strongest binding was observed for Na+

as evidenced by an intense m/z 343 ion [1·Na]+. Although Cs+

(ionic diameter = 3.32 Å) showed a moderately intense m/z 453
ion indicating some affinity for 1, neither K+ (2.66 Å) nor Rb+

(2.94 Å) showed any significant binding. Further, the [M·Na]+

ion was associated with higher mass ions consistent with

solvent complexation, offering additional evidence that the Na+

ion is occupying the central cavity of 1. As controls, methoxy-
benzene (anisole) and 1,4-dimethoxybenzene 2 were run under
conditions identical to those under which [1·Na]+ was found to
be the base peak in the spectrum. Sodium complexation was not
observed for either compound. The complexation results are
suggested by Scheme 2 in which the spheres represent Na+

(smaller) and K+ or Rb+.
The preliminary data presented here support size-selective p-

complexation of alkali metal cations. Additional complexation
studies in both the gas and solution phases are underway with
these and closely related host molecules.

We thank the NIH (GM 36262) and NSF (CHE-9805840) for
grants that supported this work. The mass spectrometry research
resource is supported by the National Centers for Research
Resources of the NIH (Grant P41RR00954).
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Iminium intermediates, formed from the condensation of
glyoxylic acid and resins functionalized with a secondary
amine, are coupled to boronic acids transferred to solution
from the corresponding [N,N-diethanolaminomethyl poly-
styryl boronates by in situ transesterification with the
ethanol co-solvent to provide arylglycine derivatives.

In comparison with the traditional approach to solid-phase
synthesis where a single resin-bound substrate is employed, the
simultaneous use of two or more heterogeneous substrates,
reagents or catalysts has seldom found real synthetic utility.
Resin-to-resin transfer reactions (RRTR) constitute one type of
multiresin system whose particular advantage is to allow the
practice of solid-phase synthesis in a convergent fashion.1 In
RRTR, one resin-bound substrate is transferred to solution-
phase by action of a phase-transfer agent, or chaperone, and
coupled in situ to another resin-bound substrate. The concept of
RRTR could find applications in combinatorial chemistry
where each resin-bound substrate can be a member of a
respective library assembled using the practical techniques of
solid-phase synthesis. Recently, we have reported a successful
RRTR system to effect Suzuki cross-coupling reactions be-
tween resin-bound aryl iodides and arylboronic acids supported
onto [N,N-diethanolaminomethyl polystyrene (DEAM-PS).2
The DEAM-PS resin facilitates the synthesis of functionalized
arylboronic acids which can otherwise be difficult to isolate and
handle in solution.3 Their subsequent use in RRTR processes
eliminates time-consuming cleavage and transfer operations,
thereby considerably simplifying the outlook of library synthe-
sis by manual or automated means. Herein, we describe the
preliminary optimization of a resin-to-resin borono-Mannich
reaction that produces arylglycine derivatives. Compounds of
this nature are of particular interest for their biological
activity.4

The boronic acid Mannich reaction first reported by Petasis5

is compatible with a wide range of solvents including
hydroxylic ones.5–8 We envisioned that an alcohol, employed as
co-solvent, could act as a neutral phase transfer agent required
to cleave the DEAM-PS supported boronic acids under mild
conditions appropriate toward a RRTR system. The boronic
acid liberated in situ as an ester could then add to the imine
formed between an amino functionalized resin and an activated
aldehyde such as glyoxylic acid (Scheme 1).6 We have first
optimized conditions using DEAM-PS supported p-tolyl-
boronic acid (2, R = 4-Me-C6H4- in Scheme 1), piperazinyl-
trityl resin, and glyoxylic acid in a semi-automated synthe-
sizer.† The reaction was found to be rather slow and strongly
dependent on the nature of the solvent system, THF–EtOH
(7+1) and DMF–n-BuOH (7+1) being first and second best
respectively. The current set of optimal experimental conditions
first involve incubating the dialkylamino resin with glyoxylic
acid monohydrate (1.1 eq.) for 2 h in dry THF at rt.‡ Then, four
eq. of DEAM-PS bound boronic acid are added along with the
appropriate volume of 8+3 THF–EtOH. The suspension is
shaken at 65 °C for up to 48 h. This way, conversion levels
superior to 75% were observed in the case of p-tolylboronic acid
as seen after cleavage of the final resin mixture 1 and 4 with 5%

trifluoroacetic acid/DCM to give the corresponding amino acid
product 5a as a bis(trifluoroacetate) salt (Table 1, entry 1).§ The
rest of unreacted starting resin 3 is cleaved into the bis(tri-
fluoroacetate) salt of piperazine (6) which can be eventually
removed by precipitation. There are no other by-products
observed, as the left over DEAM-PS resin (1) does not give any
artifacts upon treatment with trifluoroacetic acid in the product
release step. Interestingly, the transesterification of resin 2 with
EtOH, a process required for phase transfer of the DEAM-PS-
boronate, appears to be a dynamic equilibrium. The latter is
driven forward by the large excess of EtOH, and through
consumption of the boronic acid which adds to the putative
iminium intermediate to form supported product 4 (Scheme 1).
We have devised control experiments aimed at measuring the
extent of transesterification of DEAM-PS supported p-to-
lylboronic acid in 7+1 THF–EtOH. Equilibrium is reached
within 15 min of exposure of 2 to the 7+1 THF–EtOH solvent.
Successive incubations of the resin under constant resin–solvent
proportions, followed by rinses with dry THF, revealed that
approximately 40% p-tolylboronic acid is released from the
resin under these conditions.¶ In fact, since there is some left
over DEAM-PS-boronate (2) at the end because of the
transesterification equilibrium, we have found it necessary to
include water–THF washes in order to wash off all excess
boronic acid from the resin mixture prior to the acidolytic
release of product 5.∑ It is noteworthy to mention that although
this RRTR was found to proceed in the absence of ethanol (the
water introduced from the aldehyde hydrate may be sufficient to
promote phase transfer of the boronic acid) conversion levels
were generally higher in THF–EtOH.

Next we have studied substrate generality for this new RRTR
system (Scheme 2). As shown in Table 1, conversion values and
product yields were generally good except for the RRTR of
electron-poor arylboronic acids.§ Thus, conversion values were
highest for DEAM-PS supported p-methoxybenzeneboronic
acid (entries 3, 7, 8), and lowest for p-bromophenylboronic acid
(entry 4). According to entry 6, DEAM-PS-supported alkenyl-
boronic acids are also appropriate substrates. In this case the use

Scheme 1 Borono-Mannich resin-to-resin transfer reaction between boronic
acids supported onto [N,N-diethanolaminomethyl polystyrene (2) and the
iminium intermediate formed from a dialkylamino resin (3) and glyoxylic
acid.
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of a RRTR strategy using DEAM-PS resin is even more
advantageous for handling and storage purposes since the
otherwise air-sensitive alkenylboronic acids can be stabilized
through immobilization as diethanolamine** adducts. An
example using an acyclic amine (11) was equally successful
(entry 8), showing that in principle a variety of secondary
amines such as terminal N-alkylamino acids could be employed.
Although only electron-rich arylboronic acids currently provide
satisfactory conversions to crude material of high purity,
analytically pure samples of most reported compounds can be
obtained following precipitation with MeOH–ether, and filtra-
tion of the unreacted dialkylamine as a bis(trifluoroacetate)
diammonium salt. We have also confirmed that the examples
performed in a RRTR format provide yields comparable to
reactions using non-supported boronic acids.

By minimizing cleavage, solvent concentration, and transfer
operations this new borono-Mannich RRTR is thus potentially
useful in the convergent solid-phase synthesis of libraries of
arylglycine derivatives. In principle, this could be achieved by
combining libraries of dialkylamino resins with libraries of
DEAM-PS-supported arylboronic acids made by solid-phase
derivatization of functionalized ones.2,3 Studies such as this one
looking at the structural and electronic preferences of substrates
are crucial in order to select the most appropriate types of
building blocks.

This work was funded by the Natural Sciences and Engineer-
ing Research Council (NSERC) of Canada. NSERC is acknowl-
edged for a Postgraduate Scholarship (to K. T.).

Notes and references
† Materials and methods: N,N-diethanolaminomethyl polystyrene (DEAM-
PS) was made according to ref. 3. All boronic acids were purchased from
commercial sources (Aldrich, Lancaster, or CombiBlocks) and were loaded
onto DEAM-PS as described in ref. 3. The dialkylaminotrityl resins were

made by the condensation of excess diamine (20 equiv.) onto commercial
chlorotrityl polystyrene (Rapp Polymere) swelled in NMP. Loading
measurements were carried out by analysis of nitrogen content. For
RRTR’s, runs were done in 10 mL Teflon fritted vessels on a Quest 210
instrument with solvent wash unit (Argonaut Technologies). Cleavage was
effected on-line and crude products were obtained after evaporation of
solvents. Yields and purity were estimated by comparison with an internal
NMR standard (EtOAc, 15 s relaxation delay).
‡ Typical procedure for the borono-Mannich RRTR. Preparation of 5c. To
piperazinyltrityl resin 3 (32 mg, 0.030 mmol, theor. loading: 0.95 mmol
g21) weighed out in a reaction vessel was added a solution of glyoxylic acid
monohydrate (0.032 mmol) in dry THF (2 mL). The suspension was
allowed to mix at rt under a nitrogen atmosphere for 2 h. An excess of
DEAM-PS boronic ester 2c (127 mg, 0.120 mmol, theor. loading: 0.95
mmol g21) was then added followed by 1.5 ml of 8:3 THF–EtOH. The
suspension was mixed at 65 °C for 48 h under a nitrogen atmosphere and
then cooled to rt. The resin mixture was filtered and rinsed with 8+3 THF–
EtOH (33), 2+1 THF–H2O (33) and CH2Cl2 (53), mixed with 3 ml of 5%
TFA/CH2Cl2 in the same vessel at rt for 1 h, then filtered and rinsed with
CH2Cl2 (33) and MeOH (23). The combined filtrates were concentrated
and dried under high vacuum for 12 h to afford crude 5c as a clear oil (14
mg, 90% conversion). An analytically pure sample was obtained by
dissolving the oil in a small amount of MeOH followed by addition of ether,
filtration of the precipitate, and concentration of the resulting solution.
§ Selected data for all products: 5a: 1H NMR (300 MHz, CD3OD) d 7.30 (d,
J = 8.0 Hz, 2H), 7.20 (d, J = 8 Hz, 2H), 4.17 (s, 1H), 3.23–3.20 (m, 4H),
2.77–2.74 (m, 4H), 2.33 (s, 3H); 13C NMR (75 MHz, CD3OD) d 173.5,
140.5, 132.0, 130.7, 130.1, 73.3, 48.1, 44.3, 21.2; ESMS 235.1 (M + H+).
5b: 1H NMR (300 MHz, CD3OD) d 7.40 (d, J = 6.0 Hz, 1H), 7.24–7.18 (m,
3H), 4.50 (s, 1H), 3.20–3.16 (m, 4H), 2.85–2.82 (m, 4H), 2.45 (s, 3H); 13C
NMR (75 MHz, CD3OD) d 174.2, 138.9, 134.7, 131.8, 129.3, 129.1, 127.1,
69.3, 47.7, 44.9, 19.4; ESMS 235.3 (M + H+). 5c: 1H NMR (300 MHz,
CD3OD) d 7.34 (d, J = 8.6 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 4.13 (s, 1H),
3.79 (s, 3H), 3.23–3.19 (m, 4H), 2.75–2.72 (m, 4H); 13C NMR (100 MHz,
CD3OD) d 174.3, 161.7, 131.2, 127.9, 115.2, 73.1, 55.7, 48.3, 44.7; ESMS
251.1 (M + H+). 5d: 1H NMR (300 MHz, CD3OD) d 7.55 (d, J = 8.5 Hz,
2H), 7.36 (d, J = 8.5 Hz, 2H), 4.22 (s, 1H), 3.25–3.19 (m, 4H), 2.77–2.73
(m, 4H); ESMS 301.1 (M + H+). 5e: 1H NMR (300 MHz, CD3OD) d 8.43
(d, J = 7.9 Hz, 1H) 7.91–7.88 (m, 2H), 7.60–7.45 (m, 4H), 5.06 (s, 1H)
3.16–3.12 (m, 4H), 2.93–2.90 (m, 4H); 13C NMR (75 MHz, CD3OD) d
174.3, 135.7, 133.4, 132.4, 130.5, 129.8, 128.4, 127.6, 127.1, 126.2, 125.2,
70.1, 47.9, 45.2; ESMS 271.1 (M + H+). 5f: 1H NMR (300 MHz, CD3OD)
d 5.89 (dt, J1 = 15.0 Hz, J2 = 7.0 Hz, 1H) 5.48 (dd, J1 = 15.0 Hz, J2 = 8.0
Hz, 1H) 3.70 (d, J = 8.0 Hz, 1H) 3.26–3.23 (m, 4H), 2.95–2.87 (m, 2H),
2.84–2.76 (m, 2H), 2.12 (app. q, J = 7.0 Hz, 2H) 1.44–1.29 (m, 4H) 0.92
(t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 173.9, 140.5, 124.3,
71.8, 48.1, 44.6, 33.2, 32.2, 23.2, 14.2; ESMS 227.2 (M + H+). 9c: 1H NMR
(300 MHz, CD3OD) d 7.38 (d, J = 8.7 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H),
4.65 (s, 1H), 3.80 (s, 3H), 3.34–3.21 (m, 2H) 3.21–3.10 (m, 4H), 3.01–2.97
(m, 2H), 2.07–2.04 (m, 2H); 13C NMR (75 MHz, CD3OD) d 174.4, 161.8,
131.5, 128.0, 115.4, 73.1, 55.8, 53.3, 49.2, 46.7, 45.9, 26.1; ESMS 265.1 (M
+ H+). 12c: 1H NMR (300 MHz, CD3OD) d 7.48 (d, J = 8.8 Hz, 2H), 7.03
(d, J = 8.8 Hz, 2H), 4.96 (s, 1H), 3.83 (s, 3H), 3.13–3.01 (m, 8H), 2.18–2.03
(m, 2H), 1.33–1.25 (m, 3H); ESMS 295.4 (M + H+).
¶ The reverse reaction (1 + p-tolylboronic acid) gives a similar outcome
under the same conditions, showing that the transesterification process is
under equilibrium.
∑ The DEAM-PS boronate linkage is very sensitive to water even in trace
amounts. In contrast with alcoholysis, hydrolysis appears to be irreversible
and quantitative.
** The IUPAC name for diethanolamine is 2,2A-iminodiethanol, and for
DEAM-PS is [N,N-bis(2-hydroxyethyl)amino]methyl polystyrene.

1 For a recent example, see: Y. Hamuro, M. A. Scialdone and W. F.
DeGrado, J. Am. Chem. Soc., 1999, 121, 1636; and references cited
therein.

2 M. Gravel, C. Bérubé and D. G. Hall, J. Comb. Chem., 2000, 2, 228.
3 D. G. Hall, J. Tailor and M. Gravel, Angew. Chem., Int. Ed., 1999, 38,

3064.
4 For example, see: J. S. Bedingfield, M. C. Kemp, D. E. Jane, H. W. Tse,

P. J. Roberts and J. Watkins, J. Pharmacol., 1995, 116, 3323.
5 N. A. Petasis and I. Akritopoulou, Tetrahedron Lett., 1993, 34, 583.
6 N. A. Petasis and I. A. Zavialov, J. Am. Chem. Soc., 1998, 120,

11 798.
7 T. K. Hansen, N. Schlienger, B. S. Hansen, P. H. Andersen and M. R.

Bryce, Tetrahedron Lett., 1999, 40, 3651.
8 (a) S. R. Klopfenstein, J. J. Chen, A. Golebiowski, M. Li, S. X. Peng and

X. Shao, Tetrahedron Lett., 2000, 41, 4835; (b) A. Golebiowski, S. R.
Klopfenstein, J. J. Chen and X. Shao, Tetrahedron Lett., 2000, 41,
4841.

Scheme 2 RRTR of 3, 7, 11 with different DEAM-PS-boronates and
cleavage of the final resin mixture to provide arylglycine derivatives 5, 9,
and 12.

Table 1 Preparation of arylglycine derivatives by borono-Mannich
RRTRa

Entry
Amino
resin

HEAM-PS-
boronate 2 Product

Conversion
(%)b Yieldc

1 3 R = 4-Me-C6H4 5a 79 85
2 3 R = 2-Me-C6H4 5b 81 73
3 3 R = 4-MeO-C6H4 5c 90 > 95
4 3 R = 4-Br-C6H4 5d 21 10
5 3 R = 1-Naph 5e 85 90
6 3 R = E-HCNCH(Bu) 5f 89 > 95
7 7 R = 4-MeO-C6H4 9c 95 91
8 11 R = 4-MeO-C6H4 12c 76 82
a Preparation of resin substrates, RRTR trials, and subsequent cleavage of
the resin mixture were carried out as indicated in the Notes and references
section.†,‡ b Based on the relative amounts of product and respective
bis(trifluoroacetate) salt 6, 10, or 13 calculated by integration of relevant
peaks by 1H NMR after 24–48 h reaction time. c Yields of crude product
based on 1H NMR analysis with an internal standard.
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Cyclisation of chloroformates onto proximate alkyne func-
tionality in the presence of a Pd(0) catalyst followed by anion
capture affords a-methylene-g-butyrolactone derivatives in
moderate to good yields.

a-Methylene-g-butyrolactones constitute an important group of
natural products possessing a range of biological activities.1
Their biological profiles are based on the specific reactivity of
the a,b-unsaturated functionality acting, in most cases, as a
Michael acceptor in reactions with biological nucleophiles.2
The importance of this class of compounds has led to a number
of synthetic procedures for the preparation of a-methylene-g-
butyrolactone derivatives.2,3 Our approach is based on our
palladium catalysed cascade cyclisation–anion capture method-
ology, (Scheme 1).4 In the current context cyclisation of
appropriate chloroformates onto the alkyne functionality in the
presence of a Pd-catalyst would produce a vinylpalladium
moiety suitable for further functionalisation by an anion-capture
reagent.

Compared to the existing Pd-based methodology5 for the
preparation of a-methylene-g-butyrolactones this approach
allows direct access to b-substituted derivatives of this
important class of compounds. In a recent communication we
report similar methodology for the preparation of oxindole
derivatives.6

The required chloroformates (1) were readily prepared from
homopropargylic alcohols 2 by stirring the alcohol with excess
of COCl2 in toluene at rt for 16 h, (Scheme 2). These alcohols,
if not commercially available, were easily prepared using a
standard propargylation procedure of aldehydes in the presence
of activated zinc (Scheme 2).

The cyclisation reactions (Scheme 3, Table 1) of chloro-
formates in the presence of an equimolar amount of NaBPh4 as
the anion capture reagent were performed in THF at 65–70 °C
(oil bath temperature) in the presence of Pd(OAc)2 (10 mol%)–
PPh3 (20 mol%). In cases of terminally unsubstituted alkyne
functionality the expected g-butyrolactones were isolated in

moderate to good yields (Table 1, entries a–e) as the only
product. The stereochemistry of all the g-butyrolactones
described in this communication was established from NOE
data. The presence of a terminal substituent on the alkyne
moiety of the chloroformates (Table 1, entries f and g) resulted
in formation of the expected product together with the direct
capture product 4. It is likely that sterically induced slower
cyclisation due to the presence of a terminal substituent caused
the formation of the direct capture products 4.

The (Z-)-lactone isomer formed in the above reactions can be
easily isomerised via Michael addition–retro Michael to
produce the (E)-isomer in almost quantitative yield by heating
in the presence of excess of a secondary amine (Scheme 4). The
opening of the lactone ring was not observed in this reaction.

Scheme 1

Table 1

Entry Chloroformate (1) Lactone (3) Benzoate (4) Yield (%)a

a R1 + H, R2 = H R1 = H, R2 = H — 51
b R1 = H, R2 = CH3 R1 = H, R2 = CH3 — 51
c R1 = H, R2 = CH3CH2 R1 = H, R2 = CH3CH2 — 55
d R1 = H, R2 = C6H13 R1 = H, R2 = C6H13 — 73
e R1 = H, R2 = Ph R1 = H, R1 = Ph — 49
f R1 = CH3, R2 = H R1 = CH3, R2 = H R1 = CH3, R2 = H 64b

g R1 = CH3CH2, R1 = H R1 = CH3CH2, R2 = H R1 = CH3CH2, R2 = H 65c

a Isolated yields. b Combined yield, ratio 1+1. c Combined yield, ratio 1.3+1.

Scheme 2

Scheme 3
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We briefly investigated the application of organostannanes as
anion-capture reagents, (Scheme 5). Stirring the chloroformate
1e and 6 in the presence of Pd(OAc)2 and t-Bu3P at rt afforded
the lactone 7 in 33% yield. This reaction remains to be
optimised but indicates possible further applications of organo-
stannanes in these processes.

In summary, we have developed a simple procedure for the
preparation of (Z)-isomers of a-methylene-g-butyrolactone
derivatives from homopropargyl chloroformates. The reaction
affords the lactones in good yield but the presence of a terminal
substituent on the alkyne induces formation of the direct capture
product as well. Isomerisation of the a,b-double bond is
possible in the presence of a secondary amine providing access
to the (E)-stereoisomer. Chloroformates and carbamoyl chlor-
ides constitute new starter species for our wide ranging catalytic
cascade cyclisation–anion capture methodology.4 Further stud-
ies involving the application of other anion-capture reagents and
the application of this methodology to the synthesis of some
naturally occurring lactones are in progress.

We thank Leeds University and the EPSRC for support.

Notes and references
1 E. D. Morgan and I. D. Wilson in Comprehensive Natural Products

Chemistry, ed. D. Barton, K. Nakanishi and O. Meth-Cohn, Pergamon
Press, Oxford, 1999, vol 8, p.308.

2 H. M. R. Hoffmann and J. Rabe, Angew. Chem., Int. Ed. Engl., 1985, 24,
94.

3 P. A. Grieco, Synthesis, 1975, 67; P. K. Choudhury, F. Foubelo and
M. Yus, Tetrahedron, 1999, 55, 10 779.

4 R. Grigg and V. Sridharan, J. Organomet. Chem., 1999, 576, 65.
5 F. Henin and J. P. Pete, Tetrahedron Lett., 1983, 4687; T. F. Murray,

E. G. Samsel, V. Varma and J. R. Nortom, J. Am. Chem. Soc., 1981, 103,
7520.

6 M. R. Fielding, R. Grigg and C. J. Urch, Chem. Commun., 2000, 2239.

Scheme 4

Scheme 5

2382 Chem. Commun., 2000, 2381–2382



Phosphine–phosphite, a new class of auxiliaries in highly active and
enantioselective hydrogenation

Oscar Pàmies, Montserrat Diéguez, Gemma Net, Aurora Ruiz* and Carmen Claver

Departament de Química Física i Inorgànica, Universitat Rovira i Virgili, Pl. Imperial Tarraco 1, 43005 Tarragona,
Spain. E-mail: aruiz@quimica.urv.es

Received (in Cambridge, UK) 27th September 2000, Accepted 24th October 2000
First published as an Advance Article on the web

Excellent enantioselectivities (ee > 99%) and good activities
(TOF > 1200 h21) are achieved under mild reaction
conditions in the Rh-catalyzed hydrogenation of a,b-
unsaturated carboxylic acid derivatives with the first family
of phosphine–phosphite ligands containing a sugar back-
bone; these ligands are better than their diphosphine,
diphosphite and phosphinite analogues.

The scope of asymmetric hydrogenation of alkenes has been
gradually extended both in reactant structure and catalyst
efficiency over many years.1 Chiral bidentate phosphorus
ligands have played a dominant role in the success of
asymmetric hydrogenation.1,2 The early excellent enantiose-
lectivities obtained with Binap3 and Dipamp4 promoted the
synthesis and application of a wide variety of new diph-
osphanes.2 Recent reports on the use of chiral diphosphite5 and
diphosphinite6 ligands in asymmetric hydrogenation have
demonstrated their potential utility. Nevertheless, the search for
new highly efficient ligand systems derived from readily
available simple starting materials is still of great importance.
Chiral auxiliaries from the chiral pool have attracted much
attention, making tedious optical resolution procedures un-
necessary. Carbohydrates are particularly advantageous be-
cause they are inexpensive compounds. Nevertheless, despite
the accessibility and the excellent enantioselectivities obtained
with sugar-derived ligands,5–7 their full potential in providing
chiral ligands has scarcely been exploited.2a In a previous paper,
different types of phosphorus ligands with a xylofuranoside
backbone have been applied to asymmetric hydrogenation with
varying degrees of success. Moderate enantioselectivities (up to
35%) with phosphine–phosphinite and diphosphinite ligands
have been reported by Brunner and Pieronczyk.8 More recently,
we reported moderate (up to 35%) and good (up to 91%)
enantiomeric excesses at room temperature with diphosphites9

and diphosphines,10 but in both cases the activities were low.
Continuing our interest in carbohydrates as an available

chiral source for preparing ligands and encouraged by the
success of diphosphine2 and diphosphite5 ligands, we have
designed a new family of chiral bidentate phosphine–phosphite
ligands 1 with a xylofuranoside backbone which combines the
advantages of both ligand types (Scheme 1). A feature of these
ligands is that they have two different phosphorus donor sites
than can a priori match the intermediates better, thus influenc-
ing their reactivity and achieving good enantioselectivity.11 We
also report their highly active and enantioselective rhodium
catalyzed asymmetric hydrogenation of a,b-unsaturated car-
boxylic acid derivatives. To the best of our knowledge this is the
first example of phosphine–phosphite ligands applied to
hydrogenation.12

The new ligands 1a–d were synthesized very efficiently in
two steps from oxetane 2, as shown in Scheme 1. Compound 2
is easily prepared on a large scale from D-(+)-xylose.13 The key
step is the oxetane ring opening using a slight excess of
potassium diphenylphosphide in DMF to afford phosphine 3 in
80% yield after column chromatography.14 This step is a novel
strategy for easily synthesizing related ligands. Reacting 3 with
1 equivalent of the corresponding phosphorochloridite formed
in situ15 in the presence of base provided easy access to the
desired ligands 1a–d. These were isolated in good yields as air-
stable solids that are fairly robust towards hydrolysis. Selected
spectroscopic data are shown in Table 1.

In a first set of experiments, we used the rhodium-catalyzed
hydrogenation of methyl N-acetamidoacrylate 4 to investigate
the potential of ligands 1a–d for asymmetric catalysis (Table
2).16 The reaction proceeded smoothly at 1 bar of H2 at room
temperature in CH2Cl2. Ligand 1a, with the achiral biphenyl
moiety at the phosphite, not only showed high asymmetric
induction (88.2%) but also very high catalytic activity (Table 2,
entry 1). The presence of bulky tert-butyl groups in the ortho-
positions of the biphenyl moiety (ligand 1b) have an extremely
positive effect on enantioselectivity (ee > 99%, Table 2, entry
2).17 Interestingly, the sense of the enantioselectivity is
reversed; the (S) enantiomer was obtained with ligand 1a and
the (R)-enantiomer was obtained with ligand 1b. Ligands 1c andScheme 1

Table 1 31P NMR spectroscopic data for ligands 1a–da
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1d containing a stereogenic binaphthyl moiety result in a high
reaction rate and a high enantioselectivity (Table 2, entries 3 and
4). Ligand 1c, which has an (S)-binaphthyl moiety, produces an
ee of 98.3% (S), while diastereomer 1d, which has an (R)-
binaphthyl moiety, produces an ee of 97.6% (R). Therefore, if
we compare the results with ligands 1a–d, we can assume that
the fast interchanging atropoisomers of ligand 1a predom-
inantly adopt the same configuration as that of 1c, while the
biphenyl moiety in ligand 1b predominantly adopts an (R)
configuration, probably due to the presence of the tert-butyl
group in the ortho-position. We can conclude that the sense of
the enantiodiscrimination is predominantly controlled by the
configuration of the biphenyl or the binaphthyl at the phosphite
moiety.

In general, the hydrogenation of 5 (Table 2, entries 5–8)
follows the same trend as for 4. However, the enantiomeric
excesses are somewhat lower and the reaction rate was slightly
slower. The configuration of the hydrogenated product is not
affected by the presence of the phenyl group in 5. The catalyst
precursor containing ligand 1b produced the highest enantio-
meric excess (98.8%; Table 2, entry 6).

It is remarkable that these phosphine–phosphite ligands
showed higher degrees of enantioselectivity and higher reaction
rates than their corresponding diphosphine 610 (Table 2, entry 9)
and diphosphite 79 (Table 2, entry 10) analogues under the same
reaction conditions.

In summary, we have described the first application of
phosphine–phosphite ligands in asymmetric hydrogenation.

The combination of high enantioselectivities and high perform-
ances in simple unoptimized reactions and the low cost of the
ligands makes these catalyst systems very attractive for further
investigation. Moreover, these ligands were better than their
diphosphine and diphosphite counterparts. These results open
up a new class of ligands for asymmetric hydrogenation.
Research into other substrates and the use of these ligands in
other metal-catalyzed reactions is the subject of further
investigations.

We thank the Spanish Ministerio de Educación y Cultura and
the Generalitat de Catalunya (CIRIT) for their financial support
(PB97-0407-CO5-01) and for awarding a research grant (to
O. P.).
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Table 2 Asymmetric hydrogenation of methyl N-acetamidoacrylate 4 and
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[H2N(CH2)2NH2]0.5·ZnHPO3 combines the structural fea-
tures of templated networks and coordination polymers.

A vast number of inorganic networks templated by organic
species have been reported over the last 10 years.1 The
possibilities of incorporating the phosphorus(III) containing,
pseudo-pyramidal [HPO3]22 hydrogen phosphite group into
extended structures templated by inorganic, alkaline earth
cations was explored a few years ago.2 We have recently
described two polymorphs of ZnHPO3·N4C2H4, the first
network hydrogen phosphite templated by an organic species
(2-cyanoguanidine).3 Here, we report the synthesis,† crystal
structure,‡ and some properties of ethylenediamine (en) zinc
hydrogen phosphite, [H2N(CH2)2NH2]0.5·ZnHPO3, which
shows a new type of structure combining the features of
templated networks and coordination polymers.

A simulation based on the [H2N(CH2)2NH2]0.5·ZnHPO3
single crystal structure was in excellent agreement with X-ray
powder data, indicating phase purity and high crystallinity.
TGA (ramp at 10 °C min21 to 900 °C) for
[H2N(CH2)2NH2]0.5·ZnHPO3 revealed the onset of a 17%
weight loss at ca. 200 °C, which was complete by ca. 700 °C.
This is in good agreement (calc. weight loss = 17.1%) with a
process involving the loss of all the organic species to result in
a residue of nominal stoichiometry ‘ZnHPO3.’ 31P MAS NMR
for [H2N(CH2)2NH2]0.5·ZnHPO3 showed a sharp resonance at d
21.18 (relative to 85% H3PO4). There were strong spinning
side bands, consistent with the inherently asymmetric environ-
ment of the P atom in the [H3PO3]22 grouping. The 13C
spectrum consisted of a single line at d = 42.30 relative to
SiMe4.

[H2N(CH2)2NH2]0.5·ZnHPO3, which is built up from seven
framework atoms (Fig. 1), contains ZnO3N tetrahedra and
HPO3 pseudo-pyramids as the polyhedral building units. The
Zn–N bond corresponds to a direct link between zinc and the en
template. The Zn species makes three Zn–O–P links to nearby
P atoms [dav(Zn–O) = 1.934(1) Å]. P1 makes three bonds to Zn
neighbors [dav(P–O) = 1.516(1) Å], with the expected4

terminal P–H bond as its fourth vertex. The average Zn–O–P
bond angle of the three bridging O atoms is 142.08°. The
geometrical parameters of the organic component of
[H2N(CH2)2NH2]0.5·ZnHPO3 are typical. Fourier difference
maps clearly located two H atoms attached to the N atom, thus
the en “template” (if the term is still appropriate for this
structure) is neutral, in accordance with the charge balancing
requirement. Crystallographic symmetry generates the com-
plete en template, which is therefore bonding to Zn from both its
terminal N atoms, as Zn–N–C–C–N–Zn, or Zn–en–Zn (H atoms
omitted). This linkage forms the connection between next-
nearest neighbor sheets (vide infra).

The connectivity of the strictly alternating ZnO3N and HPO3
units in [H2N(CH2)2NH2]0.5·ZnHPO3 results in infinite layers
(Fig. 2) propagating normal to [101]. Polyhedral 4-rings and
8-rings are apparent in these formally neutral sheets, and this
topology can be described in terms of a 4.82 network (i.e.,
each nodal Zn or P atom participates in one 4-ring and two
8-rings), which forms a characteristic part of feldspar (e.g.,
KAlSi3O8) like phases5 and various aluminosilicate zeolite
structures,6 although the 8-rings maybe subject to various
degrees of distortion. The atom-to-atom dimensions of
the [H2N(CH2)2NH2]0.5·ZnHPO3 8-ring are approximately 6.51
3 7.14 Å. Each 4-ring has two ‘up’ (approximately along [101])
and two ‘down’ vertices, thus both the Zn–N and P–H bonds
point into the inter-sheet region.

An unusual templating effect occurs in
[H2N(CH2)2NH2]0.5·ZnHPO3, with the sheet-to-sheet Zn–en–
Zn chain sticking through an 8-ring in an intermediate
zincophosphite layer (Fig. 3). A somewhat similar effect
through-the-ring effect involving a protonated template not
bound to the inorganic network (and a totally different overall
structure) has been seen in the gallofluorophospahte ULM-18.7
In [H2N(CH2)2NH2]0.5·ZnHPO3, every 8-ring is templated in
the same way, thus, two completely independent but inter-
penetrating sets of inorganic sheets (Fig. 4) are ‘knitted

Fig. 1 Detail of the [H2N(CH2)2NH2]0.5·ZnHPO3 structure (50% thermal
ellipsoids) showing the atom labeling scheme. Symmetry generated atoms
are indicated by, e.g., O1a.

Fig. 2 Polyhedral view approximately down [101] of the 4.82 sheet topology
of [H2N(CH2)2NH2]0.5·ZnHPO3 (dark shading for the ZnO3N groups, light
shading for the HPO3 groups).
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together’ by a covalent bonding network via zinc and the
template rather than by H bonds or van der Waals’s forces. This
configuration has clear parallels with the structures of inter-
penetrating coordination polymers.8,9 However, N–H…O hy-
drogen bonds, as commonly seen in organically-templated zinc

phosphates,10 are also important in [H2N-
(CH2)2NH2]0.5·ZnHPO3, with N1–H2…O1 [d(N1–H2) =
0.85(3) Å, d(H…O) = 2.22(3) Å, d(N…O) = 2.998 (2) Å, q(N–
H…O) = 152(2)°] and N1–H3…O3 bonds [0.90(2), 2.04(2),
2.931(2) Å. 169(3)°] occurring, the latter of these evidently
somewhat stronger. Each 8-ring is stabilized by four N–H…O
links (two from below, two from above), with all four associated
with the same ethylenediamine grouping.

We thank David Apperley (University of Durham EPSRC
National Solid State NMR Service) for collecting the NMR
data.

Notes and references
† Synthesis: 0.814 g ZnO, 0.824 g H3PO3, 0.602 g ethylenediamine (molar
ratio of Zn+HPO3

22+en = 1+1+1) and 18 g of H2O were added to a PTFE
bottle and shaken well. The mixture was transferred to a Teflon-lined, 23 ml
hydrothermal bomb, sealed, and heated to 150 °C for two days. The bomb
was left to cool for 24 h, and the solid product, consisting of large (up to 2
mm) transparent lumps of the title compound was recovered by vacuum
filtration and rinsing with water and methanol.
‡ Crystal data: [H2N(CH2)2NH2]0.5·ZnHPO3, Mr = 175.42, monoclinic,
space group P21/n (no. 14), a = 5.9335(3), b = 10.8863(5), c = 7.7611(4)
Å, b = 102.066(1)°, V = 490.25(7) Å3, Z = 4, m = 52.2 cm21, Dc = 2.377
g cm–3, F(000) = 348, R(F) = 0.022, Rw(F) = 0.026. Data collection using
a Bruker SMART 1000 CCD diffractometer (graphite-monochromated Mo-
Ka radiation, l = 0.71073 Å, T = 300 K): monoclinic cell parameters from
3479 reflections (6.5 < 2q < 65.0°), 4999 reflections scanned (2 < 2q <
65°). After merging (RInt = 0.018), 1649 of the 1752 unique reflections
were considered observed [I > s(I)]. An absorption correction was applied
with SADABS (min., max. equivalent transmission factors = 0.543, 0.928).
Hydrogen atoms were located from difference maps and their positions and
isotropic thermal factors were refined without constraints.

CCDC 182/1831. See http://www.rsc.org/suppdata/cc/b0/b007268k/ for
crystallographic files in .cif format.
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Fig. 3 Side-on view of an 8-ring window in one layer of
[H2N(CH2)2NH2]0.5·ZnHPO3 showing the Zn–en–Zn grouping passing
through it. For the central 8-ring shown, Zn–en links are terminated at N,
and all H atoms are omitted for clarity.

Fig. 4 Side on view approximately down [101̄] of a set of layers in
[H2N(CH2)2NH2]0.5·ZnHPO3. The unshaded atoms (unprimed labels) and
shaded atoms (primed labels) form separate interpenetrating networks. For
clarity, all H atoms are omitted.
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Treatment of a dichloromethane solution of ButCP, contain-
ing a catalytic amount of TiCl4, with an excess of the primary
amines RNH2 (R = Pri, But) quantitatively affords the
corresponding bis-dialkylaminophosphine P(ButNH)2-
CH2But. P(PriNH)2CH2But is structurally characterised by a
single crystal X-ray diffraction study of its bis-trans-PdCl2
complex.

The direct addition of nucleophiles HNR2 to alkenes and
alkynes has been shown to be kinetically unfavourable due to
high activation barriers caused by unfavourable approach of the
substrates.1 Catalysis is therefore of fundamental importance
for the amination of alkynes, by providing alternative lower
energy kinetic pathways. A survey of the literature in this area
reveals a stronger precedence for catalytic intra-molecular
hydroamination of alkynes employing complexes of titanium,2
nickel,3 palladium,4 gold5 and lanthanides.6 In contrast, cata-
lytic inter-molecular hydroamination of alkynes appears much
more difficult and these reactions are often hampered by low
turnover numbers. The use of HgII reagents appears to be the
most general route for the hydroamination of alkenes and
alkynes7,8 and examples of thallium,9 lanthanides,10 uranium
and thorium11 containing catalysts exist.

Recently, Bergman et al.12 have demonstrated the utility of
the zirconocene diamide [Zr(h5-C5H5)2(NHC6H3-Me2)2] 1 for
the stoichiometric and catalytic addition of amines to internal
alkynes and allenes, yielding enamines and imines respectively.
The thermolysis (a-elimination) of 1 yields the transient imide
‘[Zr(h5-C5H5)2(NC6H3-Me2)]’ 2 which catalyses the addition
of alkynes (RCCR, R = Me, Ph) to 2,6-dimethylaniline.
Although intermediates have not been observed during the
catalytic cycle, the proposed intermediate metallacyclobutene
complex [Zr(h5-C5H5){N(C6H3-Me2)(Ph)CC(Ph)}] 3, formed
from a stoichiometric [2 + 2] addition of diphenyl acetylene to
the metal nitrogen unsaturated bond of 2, has been prepared and
structurally characterised (see Scheme 1).

Although phosphaalkynes, RCP, contain a slightly polarised
bond13 their similarity in reactivity to alkynes is now very well
established.14 However, although nucleophilic, trans-metal-
lations and 1,2-additions have been described,13 there are no
examples to date of hydroaminations of this class of unsaturated
molecule. Recently we have been interested in the cycloaddition
chemistry of the phosphaalkyne ButCP with Ti and Zr imides.15

The reaction of ButCP with the transient imide ‘[Cp2ZrN(C6H3-
Me2)]’ 2 affords the azaphosphacyclobutadiene complex
[Cp2ZrN(C6H5-Me2)PC(But)] 4 which is isostructural with 3.
The MNPC fragment in 4 is in agreement with the expected
bond polarity of the unsaturated reactive sites.

During the course of this work we have discovered that the
reaction of catalytic amounts of TiCl4 with the primary amines
RNH2 (R = But, Pri) followed by the addition of PCBut yields
the dialkyldiaminophosphines P(NHR)2CH2But (R = Pri 5,†
But 6†)  in near quantitative yields (90–95%) (Scheme 2). No
reaction occurs in the absence of TiCl4.

Compounds 5 and 6 are colourless oils which can be easily
purified from the crude reaction mixtures by sublimation in
vacuo on to a cold finger (liquid nitrogen, 60–70 °C, 1022 mbar,
yield 95%). The 1H NMR spectrum of 5 displays the expected
five signals. The septet at d 3.16 and two doublets at d 1.40, 1.31
are assigned to the methine, methylene and NH protons
respectively, the NH resonance being broadened by 14N
quadrupolar coupling. The singlet at d 1.1 is attributed to the
tert-butyl protons, and the doublet of doublets at d 1.03 is
assigned to the diastereotopic methyl groups of the isopropyl
units which are further coupled to the methine protons. The 31P-
{1H} NMR spectrum displays a singlet at d 57.2. In order to
unambiguosly assign the connectivity of 5, the bis-diamino-
phosphine complex trans-[PdCl2{P(PriNH)2CH2(But)}2] 7†
was prepared from the reaction of [PdCl2(NCPh)2] 8 and 2
equiv. 5 in acetone. Crystals suitable for X-ray analysis were
grown from a concentrated toluene solution cooled to 250 °C
and the molecular structure is depicted below together with
relevant bond lengths and angles (Fig. 1).‡ The structure is
unremarkable, but serves to confirm the dihydroamination of
the phosphaalkyne. The bis-aminophosphine units adopt a

Scheme 1

Scheme 2

Fig. 1 Molecular structure of [PdCl2{(NHPri)2PCH2(But)}] 7. Selected
distances (Å) and angles (°): Pd–P 2.313(1), P–C(1) 1.829(3), P–N(1)
1.667(2), P–N(2) 1.662(2), Å. P–Pd–ClA 87.19(4), N(2)–P–N(1) 103.8(1)
P–Pd–Cl 92.81(4) N(1)–P–C(1) 110.0(1), N(2)–P–Pd 116.32(9), N(1)–P–
Pd 112.26(8), C(1)–P–Pd 114.49(9)°. Displacement ellipsoids are shown at
50% probability level. Hydrogen atoms are omitted for clarity.
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trans-orientation in 7 and the phosphorus atoms display a
tetrahedral coordination geometry.

Surprisingly, a survey of the literature shows a relative
paucity of structural information on diaminophosphines and
only P(Ar*NH)2Ar (Ar* = C6H2But

3-2,4,6)16 and P(ArfN-
H)2Ar* (Arf = C6H2(CF3)3-2,4,6)17 have been crystallo-
graphically characterised. A few complexes of the group 6
metals have also been reported.18

The mechanism of formation of the diaminophosphine has
not been fully determined, however Winter et al.19 reported that
treatment of TiCl4 with an excess of primary amines affords
imido complexes of type [TiCl2(NR)(NH2R)x)] 9 which clearly
are likely candidates for the active catalytic species. Fur-
thermore, in unpublished results Regitz and Asmus20 have
recently shown that the reaction of [Ti(h5-C5H5)Cl3] with
ButNH2 and PCBut in toluene yields [Ti(h5-
C5H5)Cl{PNBut(NHBut)CHBut}] 10, (probably via a [2 + 2]
addition of PCBut to the intermediate titanium imide
[Ti(C5H5)Cl(NBut)], followed by a 1,2 addition of NH2But

across the activated PNC bond) (Scheme 3).
The mechanism of formation of the diaminophosphines 5 and

6 by di-hydroamination of PCBut probably proceeds via the
intermediacy of [TiCl2(NR)(NH2R)x)] 9 and
[TiCl2(NR)P(NHR)CHBut] which is analogous to 10, the
excess [NH3ButCl] formed subsequently removing the resulting
substrate ‘{PNR(NHR)CHBut}’ via a double protonation
step.

We thank the EPSRC for financial support (D. J. W.) and
Professor Manfred Regitz for unpublished results cited in ref.
20.

Notes and references
† Characterisation data for: P(NHPri)2CH2

tBu 5: 1H NMR (d6-benzene,
295 K) d 2.36 [sept, 1H, CH, 3J(HH) 6.4 Hz], 1.4 [d, 2H, CH2, 2J(HP) 2.5 Hz],
1.31 [d, 2H, NHC(CH3)3, 3J(HH) 7.14 Hz], 1.11 [s, PCH2C(CH3)3], 1.05, 1.0
[d 3 2, 12H, CH(CH3)2]. 31P-{1H} NMR d 57.16.

P(NHBut)2CH2But 6: 1H NMR (d6-benzene, 295 K): d 1.19 [s, 18H,
CH2C(CH3)3], 1.09 [s, 9H, C(CH3)3], 1.27 [d, br, 2H, CH2]. 13C-{1H} NMR
d 55.9 [d, C(CH3)3, 2J(CP) 6.83 Hz], 50.97 [d, PC, 1J(CP) 14 Hz], 32.69 [d,
NHC(CH3)3, 3J(CP) 8.93 Hz], 31.80 [d, CH2C(CH3)3, 2J(CP) 9.03 Hz], 31.1
[d, NHC(CH3)3, 2J(CP) 12.28 Hz] 31P-{1H}: NMR d 40.88. EI-MS m/z (%):
246 (30) [M]+, 233 (13) [M 2 (Me)]+, 175 (80) [M 2 (NHBut) 2 (Me)].

[PdCl2{P(NH2Pri)2CH2But}2] 7 1H NMR (d6-benzene, 295 K): d 3.5 [s,
br, 2H, NH], 2.8 [sept., 2H, CH(CH3)2,

3J(HH) 7.1 Hz], 1.8 [d, 4H, CH2P,
2J(HP) 3.92 Hz], 1.39 [s, 9H, C(CH3)3, ], 1.05 [d, 12H, CH(CH3)2, 3J(HH) 4.1
Hz] 1.19 [d, 12H, CH(CH3)2, 3J(HH) 4.1 Hz]. 13C-{1H} NMR+d 44.3
[C(CH3)3], 41.1 [pseudo-t, PCH2, 1J(PC) 22 Hz], 32.6 [br, C(CH3)3], 31.09
[NCH], 26.1, 25.6 [d, CH(CH3)2]. 31P-{1H} NMR d 64.8. EI-MS m/z (%):
614 (25) [M]+ , 543 (5) [M 2 (CC(CH3)3]+. Analysis calculated for
C22H54Cl2N4P2Pd: C, 43.04; H, 8.87. Found: C, 43.00; H, 8.90%.
‡ Crystal data for C36H66Cl2N4P2Pd 7: M = 794.2, triclinic, a = 7.869(3),
b = 10.919(3), c = 12.754(5) Å, a = 90.44(3), b = 103.26(3), g =
95.81(3)°, U = 1060.6(6) Å3, T = 173(2) K, space group P1̄ (no. 2), Z =
1, l(Mo-Ka) = 0.71073 Å, 5107 reflections measured which were used in
all calculations. Final R indices for [I > 2s(I)] with 4563 reflections was R1
= 0.038. Single crystals of [PdCl2{P(NH2Pri)2CH2(But)}2] were grown
from a saturated toluene solution (253 °C), mounted in inert oil and
transferred to the cold gas stream of the diffractometer. The structure was
solved using direct methods and refined by full-matrix least-squares on F2.
CCDC 182/1830. See http://www.rsc.org/suppdata/cc/b0/b007512o/ for
crystallographic files in .cif format.
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Ordered, hydrothermally stable mesoporous molecular sieve
SBA-15 with hexagonal channel porosity has been synthe-
sized for the first time under microwave–hydrothermal
conditions from aged precursor gel within 15 min at 373 K;
the crystallized product has been characterized using X-ray
diffraction, nitrogen adsorption–desorption and transmis-
sion electron microscopy techniques.

Widespread applications of molecular sieves in the fields of
separation and catalytic science have emphasised on the search
for new structures with new framework compositions.1 Thus,
the last two decades have witnessed a rapid growth of molecular
sieve science which has resulted in the discovery of an ordered,
mesoporous molecular sieve family (designated as M41S)2 for
the first time. These materials, which can be synthesized with
pore sizes from 15 to over 100 Å, are the potential candidates for
a wide range of applications such as shape-selective catalysis
and sorption of large organic molecules, guest–host chemistry
and chromatographic separation. However, poor hydrothermal
stability of these materials restricts their application potential.
Thus, attempts are being made to improve their hydrothermal
stability using various synthesis and post-synthesis routes.
These attempts have resulted in the synthesis of the ordered,
hydrothermally stable mesoporous molecular sieve SBA-15,
which has been synthesized using a triblock organic copolymer
as a template under hydrothermal conditions.3 Here, we report,
for the first time, a successful rapid synthesis of SBA-15
molecular sieve under microwave–hydrothermal (M–H) condi-
tions within ca. 120 min. The term microwave–hydrothermal
process was coined by Komarneni et al. in 1992 and this process
has been used for the rapid synthesis of numerous ceramic
oxides, hydroxylated phases, porous materials and metal
powders.4

The microwave-assisted synthesis of molecular sieves is a
relatively new area of research.5 This method has been
successfully applied for the synthesis of several types of zeolites
namely zeolite A, Y, ZSM-5, MCM-41, metal substituted
aluminophosphate and gallophosphate.6–11 Microwave-assisted
synthesis of molecular sieves offers many distinct advantages
over conventional synthesis. They include rapid heating to
crystallization temperature due to volumetric heating resulting
in homogeneous nucleation, fast supersaturation by the rapid
dissolution of precipitated gels and eventually a shorter
crystallization time compared to conventional autoclave heat-
ing. Furthermore, it is energy efficient and economical.4–11

Microwave–hydrothermal synthesis of SBA-15 molecular
sieve was performed using a MARS5 (CEM Corp., Matthews,
NC, USA) microwave digestion system. This system operates at
a maximum power of 1200 W and the power can be varied from
0 to 100% and is controlled by both pressure and temperature to
a maximum of 350 psi and 513 K, respectively. A 2.45 GHz
microwave frequency was used which is the same as that in
domestic microwave ovens. The syntheses were carried out in
double-walled digestion vessels which have an inner liner and
cover made up of Teflon PFA and an outer strength vessel shell
of Ultem polyetherimide. In a typical synthesis, 4 g of triblock

poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (EO20PO70EO20; M.W. 5800, Aldrich) was dispersed in
30 g of double distilled water. The resultant solution was mixed
with 120 g of 2 M HCl (J. T. Baker) solution under stirring to
obtain a homogeneous solution. Finally, 9.50 g tetraethylortho-
silicate (TEOS, Aldrich) was added to the homogeneous
solution with stirring to form a reactive gel. Thus obtained gel
was allowed to crystallize under microwave–hydrothermal
conditions at 373 K for the desired time. The crystallized
product was filtered off, washed with warm distilled water,
dried at 383 K and finally calcined at 813 K in air for 6 h. The
calcined product was characterized by X-ray diffraction (X’pert
system, Phillips, USA), nitrogen adsorption–desorption iso-
therm measurements at 77 K (Autosorb, AS-1, Quantachrome,
USA) and transmission electron microscopy (JEM-2010, JEOL,
Japan). To study the progress of crystallization under micro-
wave–hydrothermal conditions, samples were prepared for 15,
30, 60, 90 and 120 min at 373 K and were characterized using
X-ray diffraction and nitrogen adsorption–desorption methods.
The standard SBA-15 sample was also prepared by following
the reported synthesis preocedure3b and was used as a reference
to estimate the purity of the samples obtained under micro-
wave–hydrothermal conditions.

The specific surface area, SBET, for crystallized samples was
calculated by the standard BET method12 for nitrogen adsorp-

Fig. 1 Nitrogen adsorption (––)/desorption (······) isotherms for prepared
samples: (a) reference, (b) 120 min, (c) 90 min, (d) 60 min, (e) 30 min and
(f) 15 min; SBA-15 samples obtained under M–H conditions at 77 K. The
adsorption–desorption isotherms for 15, 30, 60, 90 and 120 min samples are
shifted by 1500, 1200, 900, 600 and 300 cm3 (STP) g21, respectively.
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tion data in a relative pressure range from 0.05 to 0.2. The
calculation of pore size distribution (PSD) was performed by
analyzing the adsorption data of the N2 adsorption–desorption
isotherm using the recently developed KJS (Kurk, Jaroniec,
Sayari) approach.13 The pore diameter corresponding to the
maximum of PSD is denoted as WKJS. The total pore volume
was estimated from the amount adsorbed at a relative pressure
of 0.95. The external surface area Sex, and primary mesopore
volume Vp, were estimated using the as-plot method, as
described elsewhere.14

The X-ray diffraction patterns for SBA-15 samples obtained
at various time intervals showed a well resolved pattern with a
prominent peak at 2q ca. 0.9° and two peaks at 2q ca. 1.6 and
1.7° for all the crystallized samples which match well with the
pattern reported for SBA-15.3b

Typical nitrogen adsorption–desorption isotherms for various
samples are shown in Fig. 1. All the nitrogen adsorption–
desorption isotherms are found to be of type IV in nature as per
the IUPAC classification. The pore structure parameters for
various SBA-15 samples calculated from the X-ray diffraction
data and nitrogen adsorption–desorption isotherms are given in
Table 1. Interestingly, the relative condensation pressure, which
is a function of pore diameter, was found to increase with an
increase in crystallization time which in turn reflected an
increase in pore dimension and decrease in silica wall thickness
for SBA-15 samples. These results are in good agreement with
those reported under the conventional hydrothermal route3b and
may be due to the rapid dehydration of EO blocks of the
copolymer15 at 373 K as a function of time under microwave–
hydrothermal conditions. The condensation point for the 120
min sample was found to match with that of the reference

sample (Fig. 1). Furthermore, a good agreement of pore
structure parameters for the 120 min sample was observed with
that of the reference sample. This indicates that the optimum
reaction time for this synthesis is ca. 120 min at 373 K under
microwave–hydrothermal conditions which is extremely short
compared to the crystallization time required for conventional
synthesis (i.e. 1–3 days). This observation is further reinforced
by transmission electron microscopy (Fig. 2) which showed the
ordered hexagonal pore structure with a one-dimensional
channel structure of ca. 75 Å size, which is in close agreement
with the value obtained from the KJS approach (Table 1), for a
120 min sample crystallized under M–H conditions.

In summary, the present study has established an extremely
rapid synthesis method for SBA-15, which should also be
applicable to other surfactants.

The support (in part) of this work by the NSF MRSEC
program under grant number DMR-0080019 is gratefully
acknowledged.
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Table 1 Structural parameters for various samples (calcined) obtained at different time intervals

t/min a0
a/Å SBET/m2 g21 Sex/m2 g21 Vmesopore/cm2 g21 Vpore (p/p0 = 0.95)/cm3 g21 p/p0 WKJS/Å

15 90.4 475.3 3.8 0.46 0.51 ≈ 0.53 52.0
30 93.9 567.8 12.4 0.49 0.52 ≈ 0.58 55.2
60 93.9 583.3 13.5 0.50 0.55 ≈ 0.58 55.8
90 94.8 625.3 16.7 0.62 0.67 ≈ 0.63 62.3

120 105.0 790.9 24.4 0.88 0.96 ≈ 0.68 72.3
Referenceb 105.0 801.2 24.8 0.90 0.97 ≈ 0.68 72.4
a ao = 2d100/√3. b Reference sample was prepared by following the reported conventional synthesis route.3b

Fig. 2 Transmission electron micrographs with different orientations of a
calcined hexagonal SBA-15 sample obtained at 120 min under M–H
conditions.

2390 Chem. Commun., 2000, 2389–2390



Crystal engineering a linear polymer of C60 fullerene via supramolecular
pre-organization†

Dayong Sun and Christopher A. Reed*

Department of Chemistry, University of California, Riverside, California 92521-0403, USA.
E-mail: chris.reed@ucr.edu

Received (in Cambridge) 1st September 2000, Accepted 23rd October 2000
First published as an Advance Article on the web

The action of heat and pressure on a co-crystallate of C60
and a calixarene, where the fullerenes are pre-organized in
separated linear columns, gives a linear [2 + 2] addition
polymer of (C60)n without crosslinking.

Co-crystallizations and supramolecular assemblies are giving
rise to an explosion of new crystal structures. Aesthetics,
apparent ease of synthesis (self assembly), and the challenge of
understanding and manipulating the weak forces that dictate
crystal structures are driving this very active field.1

Fullerenes have three-dimensional arrays of reactive double
bonds that present an unusually difficult problem for controlling
the topology of multiple addition reactivity. Solid state pre-
organization offers a potential solution. Scattered reports
support this hypothesis. An unusual addend transfer reaction,
not favored in solution, has been observed in the solid state with
a Diels–Alder anthracene/C60 adduct.2 A derivatized fullerene
has been shown to assemble spontaneously into macroscopic
rods and vesicles.3 Pressure-induced dimerization of C60 to
produce C120 is more efficient in a co-crystallate than in the
bulk.4 Pressure-induced dimerization of bulk C70 is interesting
because it leads to selection of a single [2 + 2] addition isomer
of C140, even though five equi-energy combinations are
possible.5 Bulk C60 can be polymerized under pressure to give,
depending on conditions, a variety of [2 + 2] addition polymers,
some approaching distinct phases.6

Fullerenes are particularly prone to co-crystallization with
other molecules7–10 and under fortunate circumstances, the
crystallizing components can become organized in useful ways.
One such opportunity is provided by the report that C60 co-
crystallizes with a calixarene in strictly linear, separated
columns.11 As shown in Fig. 1, the C60 molecules are in close
van der Waals contact within a column (9.92 Å center-to-center
distance) but parallel columnar stacks of calixarenes separate
the fullerene columns from each other (12.81 Å center-to-center

distance). We reasoned that the action of heat and pressure
should lead to strictly linear nanorods of a [2 + 2] addition
polymer (C60)n (Fig. 2) and that the calixarenes would prevent
crosslinking. The C60 molecules in the co-crystallate are known
to be freely rotating at room temperature12 so the pre-positioned
fullerenes can readily adopt the required orientation of
bonds13,14 for mutual [2 + 2] addition.

The co-crystallate of p-bromocalix(4)arene propyl ether and
C60 1, was prepared by the published method.11 The identity of
the product was checked by single-crystal X-ray determination.
Sample homogeneity was checked by consistency of size, shape
and color (dark red) under a microscope. Samples (ca. 20 mg)
were packed in octahedrally shaped MgO containers, wrapped
with Re foil for heating, fitted with a thermocouple, and pressed
hydrostatically in a cube anvil. The pressure was increased
gradually to the desired value (5 GPa) over a 30 min period
followed by 1 h of heating at 200 °C. Samples were allowed to
cool prior to the release of pressure since heat without pressure
causes depolymerization. The polymerized product 2 had a
black obsidian-like appearance. Bulk C60 was polymerized in a
similar manner at 5 GPa and 200 °C to produce a ‘crosslinked’
material 3, and at 1.5 GPa and 400 °C to produce an
‘orthorhombic phase’ 4.6

Energy dispersive X-ray spectroscopy showed that the
atomic composition of co-crystallate 1 and its polymerized
product 2 were identical. The IR spectrum of 1 is a simple
composite of its constituents: C60 and calixarene [Fig. 3(a) and
(b)]. After pressure/heat treatment to produce 2, bands due to
the calixarene (1600–800 cm21) are unchanged, indicating that
the calixarene component has not undergone chemical reaction
[Fig. 3(c)]. On the other hand, several new bands appear in the
‘fingerprint’ region for fullerene derivatization (800–500 cm21)
indicative of symmetry-lowering reactivity of C60. Comparison
of 2 with pressure/heat-treated pristine C60 samples 3 and 4
[Fig. 3(d) and (e)]† reveals a very close similarity to the
orthorhombic phase 4 of polymerized C60, but not to the
crosslinked phase 3. The Raman spectra of 2 and 4 are also very
similar, in both the high and low energy regions (Fig. 4).† This
indicates that the detailed mode of polymerization in 2 and in
the orthorhombic phase of C60 is the same. Since there is
growing consensus that the structure of 4 is a linear [2 + 2]
addition polymer,6 and since it is difficult to understand how 2
could be anything but a linear [2 + 2] addition polymer, the
spectral consistency of 2 and 4 supports a correct structural
assignment in both (Fig. 2).

Partial polymerization of 1 at 1.5 GPa and 150 °C gives a
product from which C60, C120

15 and a presumably linear isomer
of C180 can be separated by HPLC from the sonicated
1-chloronapthalene extract. The evidence for the linear isomer

† Electronic supplementary information (ESI) available: enlarged copies of
Figs. 3 and 4 showing peak frequencies. See http://www.rsc.org/suppdata/
cc/b0/b007116l/

Fig. 1 Two views of the crystal packing of C60 and calixarene molecules (a)
looking down the columns and (b) side-on. Reproduced with permission
from ref. 11.

Fig. 2 Schematic depiction of the strictly linear [2 + 2] addition polymer of
C60.
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of C180 includes (i) an HPLC retention time [Buckyprep(to-
luene–1,2-dichlorobenzene (1+1)] of 5.3 min compared to C60
(4.0 min) and C120 (4.6 min), (ii) a single HPLC peak rather than
four that are observed in the low pressure trimerization of bulk
C60,16 (iii) an IR spectrum quite different from that of the
proposed triangular isomer of C180,16 (iv) a fullerene-like UV–
VIS spectrum (lmax = 327, 710 nm), and (v) photodegradation
to C60 and C120. The extremely low solubility and light
sensitivity of this material has thwarted attempts to isolate it in
significant amounts.

There has been significant effort put into the characterization
of photo-17 and pressure/heat-polymerized18 C60, partly justi-
fied on the basis of potential applications as conductors or
nanowires.6 In order to test the nanowire hypothesis we have
subjected the linear polymer to a number of physical and
chemical stability tests.

Of potential utility is the observation that it is insoluble in all
common solvents and thermally stable at reasonable tem-
peratures. Differential scanning calorimetry at 4 °C min21

heating rate shows an irreversible endothermic process in the
range 185–295 °C, consistent with thermal depolymerization at
higher temperatures to give C60. This is confirmed by
subsequent solubility in organic solvents and UV-VIS identi-
fication of C60. HPLC analysis showed traces of C120 were also
present.

To model charge carrying, the polymer was exposed to
reducing agents such as Na/THF or Hg/R4N+Br2/THF. In both
cases, complete dissolution of the polymer occurred and

discrete C60
2 ions were detected (lmax = 1075 nm). When

smeared onto a platinum electrode and subjected to cyclic
voltammetry, cathodic sweep peaks led to the production of
C60
2 and C60

22 in solution. Presumably reduction of the
polymer causes monomers to dissociate from the surface like
pearls dropping off a necklace. Dimeric C120 is known to
dissociate immediately upon reduction.15 In a comparable test
for positive hole carrying, the polymer was exposed to oxidizing
agents and anodic current. It is stable to aqueous KMnO4 and
HNO3 but a moderate excess of bromine gradually produces
C60Br8 (identified by isolation and IR spectroscopy).19 On a
platinum electrode, an irreversible anodic wave was observed at
the same potential as C60 (ca. 1.4 V vs. Fc/Fc+) suggesting
irreversible decomposition. Although C60

+ is now known as a
stable entity,20 it reacts instantly with errant nucleophiles in the
solvent and supporting electrolyte.

In summary, this work shows how crystal engineering can be
used fruitfully in fullerene polymer chemistry.21 With its
symmetrical [2 + 2] addition linkages, linear (C60)n is a
chemically elegant polymer. One would like it to have a useful
application. However, the present work suggests this will not be
found as a nanowire. Rather, an analogy can be made to a
nanofuse. Isolated single chains are unlikely to carry any current
at all and bundles of chains are likely to be fragile. We note,
however, that the proposed linear-chain isomer of KC60 is a
metal22 so stoichiometric intercalation of small cations can
stabilize a lattice.

We thank Prof. Harry Green and Dr Larissa Dobrzhinetskaya
for assistance with the cube anvil experiments, Prof. David
Bocian for assistance in obtaining Raman spectra, Prof. Koichi
Komatsu for a preprint of ref. 16 and the US National Institutes
of Health NIH (GM 23851) for financial support.
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Fig. 3 IR spectra (KBr disk) of (a) C60; (b) co-crystallate of C60 and
calixarene, 1; (c) polymerized cocrystallate, 2; (d) crosslinked (C60)n, 3; and
(e) orthorhombic (C60)n, 4. An enlarged copy of this figure which includes
peak frequencies is available as ESI.†

Fig. 4 Raman spectral comparison of [60]-fullerene polymers: (a)
polymerized co-crystallate 2; (b) crosslinked (C60)n, 3; and (c) or-
thorhombic (linear) (C60)n, 4. Spectra were recorded for samples as 5% KBr
pellets with 514 nm Ar laser excitation. An enlarged copy of this figure
which includes peak frequencies is available as ESI.†
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By virtue of its reaction with phenylboronic acid to form a
boronate ester, dopamine can be detected electrochemically
in aqueous solutions, at physiological pH, in the presence of
excess ascorbic acid.

It is well known that, in aqueous media, certain diols and
boronic acids react together to form boronate esters, to an extent
dependent upon the pH of the solution.1 Such reactions have
previously been used in the detection of sugars both by
fluorescence spectroscopy2 and, as part of recent progress in the
electrochemical sensing of organic molecules,3 by electro-
chemical measurements.4 Here, we show that boronate esters,
formed by the reaction of the aromatic diol 1,2-dihydroxy-
benzene (catechol) with phenylboronic acids, are electro-
chemically oxidised at potentials considerably more positive
(by ca. 0.5 V) than that necessary to oxidise catechol itself, at a
given value of pH. This positive shift indicates that, while
formation of the neutral ester is thermodynamically favourable,
the oxidised ester tends to revert back to (oxidised) catechol and
the phenylboronic acid; cyclic voltammograms of these systems
are consistent with such a mechanism. These properties extend
to the boronate ester formed by reacting phenylboronic acid
(PBA) with the catecholamine neurotransmitter dopamine 1.

This has allowed us to electrochemically detect dopamine in the
presence, as would be the case in any human sample, of excess
ascorbic acid 2. Detection is achieved via oxidation of the ester,
which occurs at a potential positive enough of the values for
dopamine and ascorbic acid oxidation to allow resolution by
voltammetry (the values for dopamine and ascorbic acid are too
close to allow their resolution). Other electrochemical ap-
proaches to the problem of dopamine detection, including the
use of electrodes modified with ion-exchange membranes,5
polypyrrole films,6 templated silicate films,7 and self-as-
sembled monolayers8 have met with varying degrees of success
but there is presently no direct method, electrochemical or
other, of measuring the level of dopamine in human samples;
abnormal levels of dopamine have been linked to brain
disorders such as Parkinson’s disease9 and schizophrenia.10

As aliquots of phenylboronic acid were added to a 1 mM
solution of catechol in phosphate buffer at pH = 8, the form of
cyclic voltammograms, recorded in this solution using a glassy
carbon working electrode, was found to change from the typical
form for the quasi-reversible electrode reaction of the catechol
itself.11 With each addition of PBA, a diminution of the catechol
oxidation peak was accompanied by the growth of a more
positive oxidation peak. Fig. 1 shows voltammograms recorded
for catechol alone and for catechol in the presence of 20
equivalents of PBA; the latter clearly shows a new oxidation
peak (b) at Epa (‘anodic peak potential’) = 619 mV vs. Ag/
AgCl. Since PBA is not electroactive in the potential window

examined, the new oxidation peak is attributed to the oxidation
of the boronate ester 3, the presence of which in equilibrium
with PBA and catechol accounts for the positive shift of the
remaining catechol oxidation to peak (a). The formation of 3
(Scheme 1) was evidenced by 1H NMR studies conducted over
the pH range 6–8 (phosphate buffer, 10% d4-methanol in H2O),
where the spectra of an equimolar mixture of PBA and catechol
(each at 0.05 M) contained signals in the aromatic region
consistent with the formation of a 1+1 adduct between the two
reactants.

The peak (b) associated with the oxidation of 3 appears as for
an electrochemically quasi-reversible, two-electron reaction
(Epa 2 Epa/2 ≈ 50 mV; Epa/2 is the half-peak potential). The
somewhat smaller return peak (c) for reduction of the oxidised
ester (ipa/ipc ≈ 0.34; ipa and ipc are the anodic and cathodic peak
currents, respectively), suggests that it is removed by a
homogeneous reaction. Given that the second reduction peak
(d) is at the potential observed previously for the reduction of
oxidised catechol (benzoquinone) and was largely removed by
reversal of the voltammogram at 400 mV (i.e. just short of
oxidising 3), we conclude that the oxidation of 3 leads to its
cleavage to yield benzoquinone and (presumably) PBA.

With a view to obtaining fine control over the oxidation peak
potential for the boronate ester, additional voltammetric studies
were performed replacing PBA with the meta-substituted
phenylboronic acids 4 and 5. Only a slight effect was observed.
The oxidation peaks for the esters formed from catechol with 4
and 5 were, respectively, coincident with and only 16 mV

Fig. 1 Cyclic voltammograms, recorded using a glassy carbon working
electrode in aqueous buffer at pH = 8 and 298 K, of 1 mM catechol (——)
and 1 mM catechol plus 20 molar equiv. of PBA (- - -). Sweep rate 100 mV
s21.

Scheme 1
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positive of that for the oxidation of 3 (results independent of pH
over the range 6–8). 1H NMR studies (pH = 7.5, phosphate
buffer, 10% d4-methanol in H2O, reactants each at 0.05 M)
revealed a similar trend in the ratio of boronate ester to boronic
acid, following the order 5 > PBA ≈ 4. The same trend was
also observed using 11B NMR (128 MHz, using BF3:OEt2 as an
external standard), where each spectrum contained a boron
signal corresponding to the boronate ester at ca. 18 ppm upfield
from the signal corresponding to the boronic acid. The trend
observed broadly reflects that for esters formed by reacting
boronic acid with aliphatic diols,1c and is consistent with
boronate ester formation being more favourable as the pKa of
the boronic acid decreases.12 This is expected since electron
withdrawing groups on the phenyl ring would tend to stabilise
the product.

To demonstrate the possible use of these phenylboronic acid–
catechol systems for the detection of biologically important
catecholamines, differential pulse voltammetry was performed,
using a glassy carbon electrode in pH = 7.5 phosphate buffer
solution, to show how the neurotransmitter dopamine 1 could be
detected in the presence of excess ascorbic acid 2. Fig. 2 shows
how the oxidation peak for 0.5 mM dopamine [voltammogram
(a)] was obscured by that for oxidation of an added 5 mM of

ascorbic acid [voltammogram (b)]. Then, after addition of 10
mM of PBA [voltammogram (c)], a new peak emerged at
around 600 mV vs. Ag/AgCl, which (by analogy to the catechol/
PBA case†) is for oxidation of an ester formed between
dopamine and PBA, thus allowing the otherwise hidden
dopamine to be detected. The figure inset confirms that the new
peak recorded in voltammogram (c) does not indicate ester
formation between PBA and ascorbic acid. Voltammogram (d)
is that for 0.5 mM ascorbic acid in the presence of 10 mM of
PBA and shows no peak for oxidation of an ester (the ascorbic
acid voltammogram was unchanged by the addition of PBA and
we conclude that no significant ester formation occurs). In
voltammogram (e), where ascorbic acid was replaced by
dopamine, a peak for oxidation of the boronate ester appeared at
around 600 mV just as in voltammogram (c) in the main
figure.

Dopamine can thus be detected electrochemically in solu-
tions, at physiological pH, containing an excess of ascorbic acid
(we found the limit to be an excess of around 20-fold). We
believe that this approach can readily be applied to the
development of electrochemical sensors for dopamine and
related catecholamines, especially since, once oxidised, the
esters formed tend to revert back to the initial reactants, making
the sensor re-useable.

We thank the EPSRC for the award of a quota studentship (to
S. M. S.).
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Fig. 2 Differential pulse voltammograms, recorded using a glassy carbon
working electrode in aqueous buffer at pH = 7.5 and 298 K, of (a)
dopamine 1 (0.5 mM), (b) 1 (0.5 mM) plus ascorbic acid 2 (5 mM), (c) 1 (0.5
mM) plus 2 (5 mM) plus PBA (10 mM), (d) 2 (0.5 mM) plus PBA (10 mM),
and (e) 1 (0.5 mM) plus PBA (10 mM). Sweep rate 20 mV s21; pulse
amplitude 50 mV.
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Selective and drastic fluorescence enhancement for mercury
ion was observed in 1,4-dioxane–water (60/40) using a
fluoroionophore bearing a nitrobenzoxadiazolyl group
linked to a 3,6,12,15-tetrathia-9-azaheptadecane moiety.

It is very important to develop a easy mercury determination
system for monitoring its concentration in polluted areas.
Chromo- and/or fluoro-ionophores are very effective for
determination for metal ion concentration in terms of handling
and equipment. Although several analytical reagents have been
made for the determination of Hg2+, most lack selectivity and
sensitivity.1,2 It is well known that Hg2+ might quench the
fluorescence of fluorescent reagents because of its open-shell,
paramagnetic properties.3,4 A fluoroinophore, constitituted of a
thiaaza crown unit and a boron dipyrromethene dye moiety, for
Hg2+ was reported recently.5 The emission spectra of the
fluoroinophore, however, changed with polarity of the solvent,
and so the complexation experiments were mainly carried out in
acetonitrile. To the best of our knowledge, we now report the
first fluoroionophore which increases the fluorescence intensity
according to the concentration of Hg2+ selectively in a polar
solution containing water.

The novel fluoroionophores 1 and 2,† prepared by the

reaction of 4-chloro-7-nitrobenzoxadiazole with
3,6,12,15-tetrathia-9-azaheptadecane and 3,9-dithia-6-azaunde-
cane, respectively, are constructed of ionophore and fluoro-
phore moieties. The ionophore moiety contains sulfur atoms
which have an affinity for soft metal ions such as Ag+, Tl+ and
Hg2+, because of its soft donor properties.6,7 A nitrobenzoxa-
diazolyl moiety might function both as a fluorophore and as a
chromophore.8 It is expected that the electron density of the
fluorophore moiety is reduced by the electron-withdrawing
effect of coordinated metal ions and that remarkable changes in
the fluorescence intensity and the absorption spectra should be
caused when the ionophore moiety is complexed to a metal
ion.9

On addition of various metal ions, changes in spectral
properties of fluoroionophores 1 and 2 were measured by
spectrophotometry and spectrofluorometry. 1,4-Dioxane–water
(60/40 v/v) solution was used as solvent since the fluoro-
ionophores are insoluble in pure water. The maximum wave-
length of absorption (lmax) for 1 is 492 nm, and that (lem) of the
emission spectrum at an excitation wavelength of 492 nm is 536
nm. The spectral properties for 1 are independent of pH between
pH 1 (0.1 mol dm23 HNO3) and neutrality. Fig. 1 shows the
absorption and the emission spectra of 1,4-dioxane–water
(40/60 v/v) solutions containing 1 3 1025 mol dm23 1, an
equimolar quantity of a metal ion, i.e., Mn2+, Co2+, Ni2+, Cu2+,
Zn2+, Cd2+, Pb2+, Tl+, Ag+ or Hg2+, and 0.1 mol dm23 HNO3.
On addition of Hg2+ and Ag+ to a solution of 1, blue shifts were
observed for the absorption spectra and the absorbances were
decreased similarly. On the other hand, the emission spectrum
of 1 in the presence of Hg2+ ion was enhanced much more than
that for Ag+ ion, while the fluorescence intensity of 1 for Ag+

was slightly higher than that for free 1. A hypsochromic shift of
ca. 18 nm of lmax was observed on addition of Hg2+ ion, caused
by the interaction between the metal ion and the nitrogen atom,
associated with the chromophore moiety on the ionophore unit.
Similar hypsochromic shifts have been reported for donor–
acceptor type chromoionophores.10,11 In the presence of other
metal ions, i.e., Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+ or Tl+,
no spectral change for 1 was observed. Compound 2 exhibited
no spectral change even in the presence of Hg2+ and Ag+ ions
under the same conditions as 1. Such a difference in the spectral
changes between 1 and 2 for Hg2+ and Ag+ ions is attributable
to a difference of stabilities of their complexes.12,13

Fig. 2 shows fluorescence intensity changes for 1 as a
function of the concentration of the added metal ions. It is
obvious that the fluorescence intensity increases with the
concentration of Hg2+ and Ag+. Compound 1 forms a 1+1
complex with Ag+ quantitatively leading to small change in the

Fig. 1 Absorption and emission spectra of 1,4-dioxane–water (40/60 v/v)
solution containing 1.0 3 1025 mol dm23 1 0.1 mol dm23 HNO3, and 1.0
3 1025 mol dm23 of metal ion. (a) Hg2+ added; (b) Ag+ added; (c) Mn2+,
Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Tl+ added or absence of metal ion.
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fluorescence intensity. On the other hand, the complex of 1 with
Hg2+ was gradually formed even above an [Hg2+]/[1] ratio of 1
([Hg2+] = 1.0 3 1025 mol dm23) and drastic enhancement in
the fluorescence intensity compared with that for the complex
with Ag+ was observed. These results demonstrate that the
fluorescence intensity of the Hg(II) complex of 1 is much higher
than that of the Ag(I) complex, although the former complex is
less stable. The spectroscopic properties of the complex should
preferentially depend on the strength of the interaction between
a metal ion and the nitrogen atom connected to the
nitrobenzoxadiazolyl moiety while the stability of the complex
is governed by the degree of the affinity of the ionophore moiety
to the metal ion.

1H NMR titration of 1 with metal ions was carried out using
acetonitrile-d3 as solvent. Fig. 3 shows Hg2+ and Ag+ induced

changes in the 1H NMR chemical shifts for the protons of 1.
Addition of Hg2+ and Ag+ caused downfield shifts for the
methylene protons of the sulfur containing moiety, indicating
the coordination of sulfur atoms to the metal ion in which metal
ion is probably wrapped by the tetrathiazaalkane moiety. A
drastic downfield shift of Ha was observed on the addition of
Hg2+. This phenomenon suggests a decrease in the p-electron
density of the nitrobenzoxadiazolyl moiety. The much larger
change in the chemical shifts for the protons of the nitrobenzox-
adiazolyl moiety upon the addition of Hg2+ relative to that of
Ag+ suggests that the interaction of the nitrogen atom of the
tetrathiazaalkane moiety with Hg2+ is stronger than with Ag+.

In conclusion, the present study demonstrates that
3,6,12,15-tetrathia-9-azaheptadecane 1 bearing a nitrobenzoxa-
diazolyl moiety is a viable candidate as a fluoroionophore for a
new Hg2+ ion sensor. This fluoroionophore 1 can discriminate
Hg2+ ion well among heavy metal ions by an enhancement of
the fluorescence intensity. In this case, the calibration curve for
the relative fluorescence intensity vs. concentration of added
Hg2+ shows linearity up to [Hg2+] 1.5 3 1025 mol dm23

1,4-dioxane–water (60/40 v/v) (Fig. 2). This fluoroionophore
can thus determine trace amounts of Hg2+ selectively even in
acidic polar media containing water.

Notes and references
† The fluoroionohores 1 and 2 were synthesized as follows: 7-chloro-
4-nitrobenzoxadiazole (2.2 mmol), the corresponding thiazaalkane (2
mmol)13 and potassium carbonate (2 mmol) were dissolved in EtOH (50
mL) and stirred over night. After the reaction was complete, the solvent was
evaporated in vacuo and 100 mL of water was added to the residue. The
aqueous solution was extracted with CHCl3 (3 3 100 mL) and the extract
dried over MgSO4. After removal of the solvent, the product was purified by
column chromatography.

Selected data: for 1: deep red solid, yield 59.9%, mp 55.0–56.0 °C;
dH(CDCl3,TMS): 1.27 (t, 6H, CH3), 2.48–3.23 (m, 16H, SCH2), 4.16 (t, 4H,
NCH2), 6.18 (d, 1H, Ar), 8.40 (d, 1H, Ar); EI-MS: m/z 471 (M+); Anal. Calc.
for C18H28N4O3S4: C, 45.38; H, 5.88; N, 11.74. Found: C, 45.33; H, 5.77;
N, 11.62%.

For 2: deep red solid, yield: 74.0%, mp 74.0–75.0 °C; dH(CDCl3,TMS):
1.31 (t, 6H, CH3), 2.56–2.99 (m, 8H, SCH2), 4.16 (t, 4H, NCH2), 6.18 (d,
1H, Ar), 8.42 (d, 1H, Ar): EI-MS: m/z 356 (M+); Anal. Calc. for
C14H20N4O3S2: C, 47.19; H, 5.62; N, 15.73. Found: C, 47.11; H, 5.52; N,
15.45%.
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Fig. 2 Relative fluorescence intensity vs. metal ion concentration plots for
1 3 1025 mol dm23 1 in 0.1 mol dm23 HNO3; (-) Mn2+, (5) Co2+, (:)
Ni2+ (/) Cu2+, (8) Zn2+, (.) Cd2+, (2) Pb2+, (™) Tl+ (all overlapped),
Ag+ (*), Hg2+ (Í). Values of IF/IF0 indicate the relative fluorescence
intensity for 1 in the presence of metal ion and were calculated using the
value corresponding to free 1 as unity.

Fig. 3 Metal ion induced changes in chemical shifts for protons of 1 using
acetonitrile-d3 as a solvent. Open and filled symbols are for (CF3CO2)2Hg
and CF3SO3Ag, respectively. (a) Plots of chemical shifts for protons of
fluorophore moiety vs. [Metal ion]/[1]. (8, -): Ha, (2, 5): Hb. (b) Plots of
chemical shifts for protons of the ionophore moiety vs. [Metal ion]/[1].
(8, -) H1, (2, 5) H2, (Ω, :) H3, (., /) H4, (”, !) H5.
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A [2]rotaxane with a crown ether-containing wheel compo-
nent is synthesized and shown to bind K+ which alters the
rotaxane’s dynamic properties.

There is a growing interest in the chemistry of mechanically
interlocked molecules.1–6 This report concerns rotaxanes,
interlocked molecules that are comprised of two molecular
components, a wheel and a penetrating axle. Rotaxanes can
exhibit a number of dynamic features such as shuttling (the
wheel sliding along the axle),1 pirouetting (the wheel rotating
around the axle),7 and unthreading (loss of the axle from the
wheel).8 There is hope that these dynamic features can be
controlled and eventually utilized in molecular machines.9,10 At
present, a major research goal is to develop switching strategies
to regulate these dynamic features.

Most of the rotaxanes reported to date have used macrocyclic
wheels.1 We are interested in macrobicyclic wheels with the
generalized structure shown in Scheme 1. The structure is
composed of a cation-binding macrocycle (e.g., crown ether,
porphyrin, etc.) and an anion-binding bridge [e.g., diamine,
bis(amide), etc.]. The anion-binding bridge should allow a
range of rotaxanes to be prepared using the versatile anion-
templated methodology recently introduced by Vögtle and
coworkers.11,12 The wheel component in these rotaxanes can
bind metal cations which in turn should influence the rotaxane’s
dynamic processes.

In this initial study, we use the bridged crown ether 1 as the
rotaxane’s wheel component. Recently, we reported a six-step,
gram-scale synthesis of 1 and demonstrated that a close
structural analogue can simultaneously bind an alkali metal

cation and a halide anion.13 Based on this knowledge, we
reasoned that host 1 should be able to bind the potassium salt of
4-tritylphenolate, and that the resulting ‘wheeled potassium
phenolate’ 4 would react with isophthaloyl dichloride to form
[2]rotaxane 3. Indeed, we can consistently produce 3 in 20%
isolated yield.† The compound is thermally stable, for example,
heating a DMSO solution at 413 K for 3 h produces no evidence
of rotaxane unthreading.

The structure of 3 was proved by NMR and mass spectrom-
etry. A positive ion FAB mass spectrum shows a weak
molecular ion signal at m/z 1646 (M+H), and intense signals at
1668 (M+Na) and 1684 (M+K). A sample treated with KCl
shows only the signal at 1684 (M+K). The 1H NMR spectrum is
particularly revealing. The signal for the two isophthalate
protons, Hb, in axle 2 is a doublet at 8.43 ppm when the axle is
free in CDCl3 solution [Fig. 1(a)], but when the axle is part of
rotaxane 3 the two protons are no longer chemically equivalent
and two doublets at 8.64 and 8.55 ppm are observed (Fig. 1(b)].
The room-temperature 1H NMR spectrum of 3 in CDCl3 was
assigned by a combination of COSY and ROESY methods.
Formation of the rotaxane shifts the signals for the wheel’s
internal bridgehead proton HA and its two NH residues strongly
upfield. Conversely, the axle’s central phthalate protons, Hb and
Hc, are shifted downfield. The ROESY spectrum indicates that
the rotaxane adopts a predominant supramolecular co-con-
formation in CDCl3 with the wheel and axle oriented as shown
in structure 3. For example, the axle proton Ha interacts

Scheme 1

Fig. 1 Partial 1H NMR spectra (600 MHz, 295 K) of (a) axle 2 in CDCl3, (b)
rotaxane 3 in CDCl3, (c) rotaxane 3 in DMSO-d6 and (d) rotaxane 3 and
KPF6 (5 equiv.) in DMSO-d6.
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through-space with the wheel NH residues and proton HA, there
are also cross-peaks between axle protons Hb and Hc and the
wheel’s benzocrown signals.

The 1H NMR spectrum of 3 in DMSO-d6 shows broad signals
for the axle protons at room temperature [Fig. 1(c)], but they
become resolved upon warming. Thus, in DMSO the rotaxane
populates multiple axle/wheel orientations.‡ The NMR signals
also sharpen upon addition of five mol equivalents of KPF6 at
room temperature [Fig. 1(d)]. There are two possible explana-
tions for this observation: either the added K+ increases the rate
of exchange between different rotaxane co-conformations, or
the K+ freezes out a single co-conformation (Scheme 2).14

Evidence for the latter explanation is gained from a ROESY
spectrum which is consistent with a predominant co-conforma-
tion that is different to the one in CDCl3. For example, the axle
proton Ha now interacts with the wheel’s benzocrown signals
whereas the axle proton Hc does not.

Our results suggest that cation-binding macrobicyclic wheels
such as 1 can be incorporated into a range of mechanically
interlocked structures, and that these compounds are likely to
display cation-dependent dynamic behaviour. This is a step
towards the eventual development of cation-switchable molec-
ular machines.9 We gratefully acknowledge financial support
from the US National Science Foundation and the University of
Notre Dame.

Notes and references
† The anion-templated esterification reactions reported by Vögtle and
coworkers require non-polar solvents and a small amount of crown ether to
act as a phase-transfer catalyst.12 In our case, rotaxane formation with salt-
binding bicycle 1 is achieved using preformed phenolate salt in a range of
organic solvents such as chloroform, THF or even THF–DMF. The reaction
fails to yield 3 if the caesium or tetrabutylammonium salt of 4-tritylphenol-
ate is used instead of the potassium salt, which is tentative evidence in favor
of 4 as a reactive intermediate.
‡ We have not yet fully characterized the rotaxane’s dynamic behaviour.
The two most likely motions are pirouetting and shuttling.
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This short review focuses on recent advances in controlled
polymerization and macromolecular architectonics by means of
a variety of organized media with constrained geometries.

Introduction
In nature, macromolecules are essential materials for the
diversity of life. Plants synthesize cellulose from sugars to
support their body, and of course, proteins, polymers of amino
acids, exist universally as primary materials for structuring,
molecular recognition, electron and energy transfers, catalysis,
and so forth. In biological systems, short- and long-range
interactions are operative to allow multi-level ordering of
macromolecules, which is essential for biological events.
Formation of macromolecules in biological systems occurs also
in such constrained, organized media, resulting in rigorous
control of primary and even higher-ordered structures. On the
other hand, chemical synthesis of macromolecules, which is
usually conducted in homogeneous, non-constrained media,
simply follows statistics of numerous elementary reaction steps,
leading to the formation of macromolecules with poorly
controlled architectures. In this respect, utilization of con-

strained media for artificial macromolecular synthesis is an
interesting subject, which possibly allows spatial control of the
primary structures of polymers and even their two- and three-
dimensional multi-level structuring.

This short review focuses on recent advances in controlled
polymerization and macromolecular architectonics by means of
a variety of organized media with constrained geometries.

Overview
The present article describes some historical background and
recent studies on controlled polymerizations in constrained
media such as (1) micelles, (2) lipid bilayers, (3) liquid crystals,
(4) organic crystals, (5) inclusion complexes, (6) microporous
zeolites, and (7) mesoporous materials (Fig. 1), which are
arranged in the order of increasing the rigidity of the media (Fig.
2).1

For the polymerization with constrained media, there are
principally two approaches. One is to conduct polymerization of
ordinary monomers in confined spaces of the media, while the
other is to polymerize monomers which themselves are
organized or co-organized to form constrained media. Studies
on the polymerization in inclusion complexes, microporous
zeolites, and mesoporous materials include examples only from
the former approach. On the other hand, although both
approaches are possible in the polymerization with micelles,
lipid bilayers, liquid crystals, and organic crystals, this article
focuses mostly on recent examples from the latter approach.
The review article also focuses on several attempts to stabilize
such organized media by polymerization, in order to fabricate
well defined two- and three-dimensional macromolecular
objects and hybridized materials.

Polymerization in micelles
Amphiphilic molecules having both hydrophobic long alkyl
chains and hydrophilic groups are known to form micelles in
aqueous media, where the alkyl chains are aggregated to form
the core, while the hydrophilic head groups are exposed to water
on the exterior surface to minimize the interfacial energy. In
general, micelles are spherically shaped with a diameter of 3–4
nm, while under certain conditions rod-like micelles are formed,
which have a cylindrical shape with a diameter of the cross
section similar to the above. As for the polymerization of
surfactant monomers, free radical polymerization has mostly
been studied, since it is tolerant to water. In the polymerization
in micelles, the chain growth is often affected by the structure
and properties of the micelle. Furthermore, micelles are not
static but dynamic. Therefore, a rapid exchange of the surfactant
monomers between the micellar phase and the aqueous phase
takes place during the polymerization (Fig. 3). The average time
taken for surfactant molecules to leave a micelle is in the range
1025–1029 s, which is much shorter than that for the growing
radical to propagate (1022–1026 s).2–4 Hence, micelles are
considered to be more or less soft media for polymerization.
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A typical phenomenon in free radical polymerization of
surfactant monomers is that the propagation reaction above
critical micelle concentration (c.m.c.) can be accelerated by
‘condensation effect of monomer’. Examples include polymeri-
zation of anionic,5 cationic,6 and nonionic7 surfactant mono-
mers. In some cases, surfactant monomers in micelles sponta-
neously undergo radical polymerization without externally
added initiators.8,9 For example, the polymerization of sodium
dodecyl 2-hydroxy-3-methacryloyloxypropyl phosphate 1 in

water at a concentration above the c.m.c (ca. 1023 mol L21)
takes place even at room temperature (35 °C) without initiator,
to attain 100% monomer conversion.8 In contrast, in methanol
where 1 does not aggregate to form micelles, no polymerization

occurs unless radical initiators are added. The spontaneous
polymerization may also be accounted for by ‘condensation
effect of monomer’. That is, the methacryloyl group of 1 is
condensed at the core of the micelle, where the local monomer
concentration must be as high as that in bulk.

Control of molecular weight of polymer by the size of micelle
is a challenging subject. However, owing to the dynamic
characteristics of micelles, monomer reactivity, rather than
micelle size, is the predominant factor for determining the
molecular weight. On the other hand, the synthesis of
stereoregular polymers in micelles is also an interesting subject,
considering possible orientations of polymerizable groups in
micelles. However, successful examples are only very lim-
ited.10,11 For example, Dais and coworkers have reported that
the polymerization of dodecyl-2-methacryloyloxyethyldime-
thylammonium bromide 2 initiated by g-rays at a monomer

concentration above the c.m.c. leads to a polymer consisting
exclusively of syndiotactic sequences at 25 °C. 11 In contrast,
when a radical initiator such as 2,2A-azobisisobutyronitrile
(AIBN) is used in place of g-rays for initiating the polymeriza-
tion, the tacticity of the resulting polymer at 50 °C is not
directed but almost comparable to that of a polymer formed
under homogeneous conditions.10

Polymerized micelles with an enhanced physical stability can
be formed by free radical polymerization of surfactant mono-
mers but only under very restrictive conditions owing to
dynamic characteristics of micelles. For example, a rod-like
micelle consisting of cetyltrimethylammonium 4-vinylbenzoate
3 is stabilized by radical polymerization of the vinylic group of
the counter anion.12 The resulting polymer micelle, as observed
by small-angle neutron scattering, is likely to retain its original
rod-like architecture, which shows an enhanced thermal
stability and no longer dissociates upon dilution.

Fig. 1 Schematic representation for constrained media for polymeriza-
tion.

Fig. 2 Rough relationships between host rigidity and controllability of
polymerization.

Fig. 3 Dynamical features of polymerization in micelles.
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Dendrimers can also provide constrained media for polymeri-
zation. Percec et al. have recently reported an interesting
phenomenon in free radical polymerization of self-assembled
dendritic monomers. Dendritic monomers 4 and 5 are self-

organized at a concentration above 0.20 mol L21 to form
spherical micellar aggregates in benzene.13 In the interior of the
aggregate, the polymerizable groups are condensed, so that the
polymerization by a free radical initiator is considerably
accelerated. As the polymerization proceeds, the interior of the
aggregate becomes more constrained and thus protected from
invasion of further initiator molecules. Consequently, the
polymerization takes place in a ‘living’ fashion, to give a
polymer with a narrow molecular weight distribution (MWD).
Of further interest, the shape of the resulting macromolecule
depends on the degree of polymerization (Dp) (Fig. 4). When Dp

is lower than 20, the polymer remains spherical. On the other
hand, when Dp exceeds 20, the polymer becomes cylindrical, as
directly observed by atomic force microscopy (AFM). As an
extension of the present study, the living ring-opening met-
athesis polymerization of dendritic monomers having at the
focal point a 7-oxanorbornene unit 6 has been reported.14

Interestingly, the rate constant of propagation is increased
discontinuously at a certain monomer conversion where Dp

exceeds a critical value for the shape transition from a densely
packed, spherical architecture to a more accessible, cylindrical
one (Fig. 5).

Polymerization in lipid bilayers
Certain amphiphilic molecules such as lipids are known to form
vesicles, i.e. liposome-like bilayer assemblies, which have been
actively studied as synthetic analogues of biological mem-
branes. In vesicles, the hydrophobic alkyl chains of lipids form
two-dimensional (2-D) aggregates, while the hydrophilic head
groups form ionic surfaces to contact water. Vesicles are larger

than micelles and have a much smaller surface curvature.
Although a lateral diffusion of lipid molecules within a layer
can occur, exchange of the lipid molecules among vesicles is
slow. At a given temperature (Tm), vesicles show a main phase
transition, which is attributed to a conformational change of the
alkyl chains. At temperatures below Tm, the lipid molecules are
in a solid-like state with a low mobility, where the alkyl chains
adopt a trans conformation. On the other hand, at temperatures
above Tm, they are in a liquid crystalline state with greater
diffusibility, where the alkyl chains adopt a gauche conforma-
tion.15 Since the pioneering works by Ringsdorf et al. on the
formation of polymerized vesicles,16 extensive studies have
been made on free radical and photo-initiated polymerizations
of synthetic bilayers.17 In contrast to micelles, vesicles are
stabilized easily through polymerization to give macromo-
lecular containers which can be used for a variety of
applications such as drug delivery.

Free radical polymerization of lipid monomers in bilayer
membranes shows significantly different kinetics from those in
the bulk phase.18–20 For example, in the polymerization of a
vesicle consisting of a phosphatidylcholine derivative having an
acryloyl (7), methacryloyl (8), or sorbyl group (9) at the
hydrophobic chain end, the degree of polymerization (Dp) is
proportional to [M]2 and [I]21 at a high monomer conversion
([M] and [I] are concentrations of monomer and initiator,
respectively). In contrast, in bulk under otherwise identical
conditions to the above, Dp is proportional to [M] and [I]20.5.
These contrasting trends indicate that the polymerization of the
lipid monomers in the bilayer state is terminated mostly by
recombination of the growing polymer radical with a fragment
radical of the initiator, rather than self-recombination of the

Fig. 4 Illustration for shape transition in free radical polymerization of self-
organized dendritic monomers 4 and 5.

Fig. 5 Self-acceleration characteristics in ring-opening metathesis polymer-
ization of a dendritic monomer 6; kp, cub, kp, col: rate constants of propagation
in cubic and columnar phases, respectively.
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growing polymer radicals.21 This is likely due to a reduced
mobility of long polymer chains in bilayer media.

Phase transitions of bilayer membranes also affect polymeri-
zation kinetics. For example, in free radical polymerization of
lipid monomer 9, the activation free energy Ea and frequency
factor A, obtained in a temperature range below the phase
transition temperature Tm, are 10 kcal mol21 and 107,
respectively (Fig. 6).22 On the other hand, at temperatures

higher than Tm, they are 24 kcal mol21 and 1016, respectively.
Such discontinuous changes in kinetic parameters upon phase
transition indicate a large effect of the lateral diffusibility of 9
on the polymerization kinetics.

Control of molecular weight of the polymer in bilayer
membranes is also an interesting subject, and numerous
attempts have been made by, e.g. changing monomer/initiator
mole ratio, phase separation, and addition of chain transfer
agents.19,23 For example, a mixture of a hydrocarbon lipid
monomer 10 and a non-polymerizable fluorocarbon lipid 11
forms a phase-separated bilayer membrane (Fig. 7), since
fluorocarbons are poorly miscible with hydrocarbons.23 In this
phase-separated system, the molecular weight of the resulting
polymer becomes lower as the content of 10 in the membrane ( ≈
size of the monomer domain) is decreased.

As bilayer membranes are not stiff enough to fix the
orientation of polymerizable groups for steric control, only

limited examples of stereospecific polymerization in bilayer
media have been reported. An old but interesting example is the
polymerization of a vesicle consisting of dioctadecyldimethyl-
ammonium methacrylate 12.24 Upon irradiation of the vesicle,
the methacrylate anion on the surface of the vesicle is
polymerized to give a highly syndiotactic poly(methacrylate)
anion. In contrast, under homogeneous conditions in ethanol, no
polymerization occurs under otherwise identical conditions.

Vesicles can be used as templates for the synthesis of
topologically unique polymers.16 Recent examples include
selective polymerization of a heterobifunctional lipid monomer
13 containing diene and dienoyl groups at the hydrophobic and
hydrophilic termini of its alkyl chain, respectively.25 O’Brien
and coworkers have reported that photoirradiation of vesicles of
13 results in the polymerization of the dienoyl group ex-
clusively, while radical initiation with AIBN gives rise to the
selective polymerization of the diene group. Of interest, a
simultaneous or a sequential polymerization of both the dienoyl
and diene groups of 13 in the vesicular state results in the
formation of a novel ladder polymer 14 and not a 2-D cross-

Fig. 6 Effect of phase transition on propagation rate constant in free radical
polymerization in a bilayer membrane of a lipid monomer 9.

Fig. 7 Illustration for photoinduced polymerization in a phase-separated
bilayer membrane of a mixture of a lipid monomer 10 and a non-
polymerizable fluorocarbon lipid 11.
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linked network 15 (Fig. 8). Addition of a surfactant molecule to
polymer 14 in water results in destruction of its vesicular
assembly, as observed by light scattering, whereas polymer 15
with a cross-linked architecture is robust under similar condi-
tions. These contrasting trends suggest that polymer 14 is not
cross-linked but a ladder.

Polymerization in liquid crystals
Liquid crystals have been utilized for optical materials such as
LCDs. Depending on the manner of molecular orientation,
several different LC phases such as nematic, smectic, and
cholesteric phases are formed. LC media are more constrained
than micellar and even bilayer media, and therefore attractive
for control of polymerization.

Molecular orientation of monomers considerably affects the
polymerization kinetics in LC media. A mixture of 16 and 17
forms a smectic C* (SC*) LC phase at room temperature, which
becomes isotropic when heated to 70 °C. Bowman and
coworkers have found that free radical polymerization of
mesogenic monomer 18 in the SC* LC phase at 25 °C, as
observed by differential scanning calorimetry (DSC), proceeds
with much higher propagation and termination rates than in the
isotropic phase at 70 °C.26 In contrast, when non-mesogenic
monomer 19 is polymerized in the SC* phase (35 °C), the
propagation rate is not much different from that under isotropic
conditions, but the termination is considerably slower. Accord-
ing to polarized IR spectroscopy, mesogenic and non-meso-

genic monomers 18 and 19 are oriented normal and parallel to
the smectic layer of the LC phase, respectively. Since addition
of 18 to the LC phase does not affect the d value, mesogenic 18
most likely exists in the smectic layer (Fig. 9a). In contrast, non-
mesogenic monomer 19 is possibly intercalated between the
smectic layers, as the d-value of the LC phase becomes larger
upon addition of 19 (Fig. 9b). This work provides a clear
demonstration that the polymerization kinetics depend con-
siderably upon spatial segregation and orientation of monomers
in LC media.

In the polymerization in LC media, structural characteristics
of the LC phase may give rise to unique organized structures of
produced polymers. Recently, Akagi and Shirakawa et al. have
reported an interesting observation that the polymerization of
acetylene in a chiral LC phase leads to helical fibers of
polyacetylene.27 An optically active binaphthol derivative 20
having mesogenic units combined with a 1+1 mixture of 21 and
22 forms a chiral nematic LC phase, where the polymerization
of acetylene with a homogeneous Ziegler–Natta catalyst
(Ti(OBun)4/Et3Al) proceeds to give single-handed helical fibers
of polyacetylene, as observed by scanning electron microscopy
(SEM). The helical sense of the fibers can be controlled by the
absolute configuration of the LC solvent. For example, in the
nematic phase of the (R)-binaphthol derivative 20, helical fibers
with an anticlockwise sense result (Fig. 10). Circular dichroism
spectroscopy of the fibers also shows a clear Cotton effect in the
region of a p–p* transition of the conjugated backbone. In this
case, the twisted molecular packing of 20 in the chiral nematic

Fig. 8 Illustration for different modes of polymerization in a bilayer membrane of a lipid monomer 13.
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phase is likely to serve as a template for the formation of helical
polyacetylene fibers.

Much attention has also been paid to the polymerization of
LC monomers for obtaining polymeric materials with predict-
able structures from their LC phases. Stupp et al. have reported
the synthesis of a conceptually new two-dimensional (2-D)
polymer by the polymerization of a mesogenic monomer in a
smectic LC phase (Fig. 11).28 Monomer 23 has an acrylic group
at a terminus, a nitrile group in the middle, and a mesogenic
group at the other terminus. 23 is organized to form a smectic
LC phase 24 (non-polymerized form of 25) by a p–p interaction
among the mesogenic groups and a homochiral interaction
among the chiral nitrile groups. The acrylic and nitrile groups in
the LC state are polymerized by heating, to give a cross-linked
2-D network structure 25, which still shows certain character-
istics of the original LC phase. Although the polymer is soluble
in chloroform, it most likely retains a sheet-like structure
originating from the smectic phase even in solution. Analysis by

gel permeation chromatography (GPC) indicates that the
polymer has an ultrahigh molecular weight (17 000 000) with a
broad molecular weight distribution, suggesting that the
polymer is a nanometer-sized 2-D object. According to
transmission electron microscopy (TEM), this polymer can be
spread over a glycerin surface upon casting from its dilute

Fig. 9 Proposed models for photoinduced polymerizations of mesogenic
and non-mesogenic monomers (18, 19) in a smectic C* liquid crystal.

Fig. 10 A SEM micrograph of helical polyacetylene fibers formed with a
homogeneous Ziegler–Natta catalyst in a chiral nematic phase of a
mesogenic (R)-binaphthol derivative 20. Reprinted in part with permission
from: Science, 1998, 282, 1683 (Copyright © 1998, the American
Association for the Advancement of Science).

Fig. 11 Illustration for thermal-induced polymerization in a smectic liquid
crystalline phase of a mesogenic monomer 23.
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chloroform solution, to give a single-layered polymeric film
with a thickness of < 100 Å. Along the line of this study, a
triblock molecule having a relatively large coiled head group
with crosslinkable oligobutadiene units anchored by a rigid
mesogenic tail has been synthesized. Owing to the relatively
large head group, this rod-coil molecule self-assembles to form
a ‘mushroom-shaped’ cluster of limited size rather than an
infinite 2-D sheet as in the case of 23. Annealing of this
molecule in a LC phase at 250 °C resulted in crosslinking of the
oligobutadiene domains to form a soluble polymeric nanoscale
object with a molecular weight of ca. 70 000 (Mw/Mn = 1.11).
Although extended annealing promotes the crosslinking and
enhances the yield, no substantial increase in molecular weight
results. Therefore, the crosslinking occurs within individual
clusters to fix the mushroom shape.29 This is an interesting 2-D
approach to the template synthesis of nanoscale polymeric
objects.

Not only thermotropic LCs but also lyotropic LCs can be
stabilized by polymerization. Gin and co-workers have reported
an interesting example of the stabilization of a lyotropic LC
phase by polymerization.30 When a water-soluble polymeric
precursor of poly(p-phenylenevinylene) (PPV) 26 is mixed with

amphiphilic acrylate monomer 27 in aqueous media, an inverse
hexagonal lyotropic LC phase is formed, in which 26 is likely to
be threaded into the hexagonal column and oriented parallel to
its c-axis (Fig. 12). Subsequently, the acrylate group of 27 is

polymerized by photo-irradiation, and the resulting mixture is
heated to promote the removal of dimethyl sulfide and HCl to
convert 26 to fluorescing PPV. Interestingly, the fluorescence of
PPV from the resulting hybrid material is much stronger than
that of bulk PPV, suggesting that the hybridized PPV chains are
spatially isolated from one another and protected from self-
quenching of the excited state. The present self-assembling/
polymerization approach is unique, and can be applied not only
to the design of anisotropic optical materials but also to the
fabrication of new silica/polymer hybrids31 and polymer-
supported transition metal catalysts.32

Polymerization in organic crystals
In the crystalline state, the arrangement and orientation of
molecules are strictly determined by crystal packing. Topo-
chemical polymerization, in which the polymerization of a

crystallized monomer occurs without changing the symmetry of
the crystal lattice, has been well known since the 1960s.
Representative examples include topochemical polymerization
of diacetylenic monomers in the crystalline state, which occurs
upon exposure to UV light or g-rays.33 [2 + 2] Photopolymeriza-
tion of diolefinic monomers in the crystalline state has also been
studied extensively.34 In general, topochemical polymerization
is highly sensitive to the crystal structure of monomers. If the
crystal packing of monomers is not suited for the active growing
end to propagate, no polymerization occurs. For example, for
diacetylenic monomers to polymerize topochemically, mono-
mer molecules in the crystalline state are required to adopt a
tilted molecular stacking with a distance between the diacety-
lene centers of ca. 4.7–5.2 Å and an angle between the
molecular stacking axes of ca. 45°. On the other hand, for
topochemical polymerization of diolefinic monomers, a center-
to-center distance of 3.5–4.2 Å between the polymerizable units
is required.

Although crystal engineering of organic molecules has been
greatly advanced in recent years, ‘crystal design’ for topochem-
ical polymerization has not been established yet. A general
approach to the ‘design’ of monomer crystals for topochemical
polymerization makes use of some directional forces such as
hydrogen-bonding and p–p interactions for suitable alignment
of monomer molecules in the crystalline state. For example,
Grubbs and coworkers have attempted to prepare polymerizable
crystals of diacetylene35 and diolefin36 derivatives by using p-
stacking interactions. To achieve a suitable orientation of the
polymerizable groups, monomers having phenyl and per-
fluorophenyl groups in proximity to the polymerizable units are
co-crystallized. X-Ray crystallography of the co-crystal of 28
and 29 shows a face-to-face stacking of the monomers, where

the distance between the polymerizable units is short enough for
the topochemical polymerization to occur (Fig. 13). In fact, the

co-crystals undergo topochemical polymerization upon irradia-
tion with UV light, whereas no polymerization occurs when

Fig. 12 Illustration for photoinduced polymerization of an amphiphilic
acrylate monomer 27 in a lyotropic liquid crystalline phase and subsequent
thermal transformation of the precursor polymer 26 into poly(phenylene-
vinylene).

Fig. 13 Crystal packing views of a co-crystal of phenyl- and per-
fluorophenyl-substituted diacetylenic monomers (28, 29). Reprinted in part
with permission from: Angew. Chem., Int. Ed. Engl., 1997, 36, 248 (© 1997,
WILEY-VCH Verlag GmbH).
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unimolecular crystals of 28 and 29 are irradiated under the same
conditions.

Stereochemical aspects of topochemical polymerization are
also interesting. Single crystals of diethyl (Z,Z)-hexa-2,4-diene-
1,6-dioate 30 have been reported to undergo photoinduced
polymerization without change of crystal shape.37–40 In con-
trast, methyl, butyl and isopropyl esters of (Z,Z)-hexa-
2,4-diene-1,6-dioic acid in the crystalline state are not polymer-
ized under the same conditions. Interestingly, the topochemical
polymerization of 30 is highly stereospecific. When 30 is
polymerized by a radical initiator in bulk or solution, a polymer
consisting of a mixture of trans-1,4- (four possible stereo
sequences), cis-1,4-, and 1,2-sequences is formed (Fig. 14). On

the other hand, in the crystalline state, an ultrahigh molecular
weight polymer consisting exclusively of a trans-1,4-meso-
diisotactic sequence is formed. This perfect steric regulation
demonstrates a large effect of crystal packing on the stereo-
chemical course of the polymerization. As observed by X-ray
crystallography, the polymer chains are completely oriented

along the longer axis of the monomer crystal. Thus, if no
structural defect exists in the monomer crystal, the molecular
weight of the polymer may be controlled by the length of the
longer crystal axis.41 In relation to this study, Nakanishi and
coworkers have reported a novel crystallization method for
controlling the size of diacetylene crystals for topochemical
polymerization for application to non-linear optics.42,43

More recently, topochemical polymerization of long-chain
alkylammonium (Z,Z)-hexa-2,4-diene-1,6-dioates 31 has been

reported to produce layered polymer crystals.44,45 During the
polymerization, the alkylammonium group of 31 is intercalated
between the crystalline layers of poly(muconic acid) (Fig. 15).
The interlayer spacing d is increased linearly with the carbon
number of the alkylamino group. The intercalated alkylammon-
ium group can be removed from the polymer crystal by stirring
in acidified methanol at room temperature, to leave a layered
crystal of poly(muconic acid). Interestingly, when crystals thus
obtained are exposed to alkylamine, re-intercalation of the
amine into the crystalline layers occurs. Thus, this material can
be considered as an organic clay, and may be useful for
molecular recognition, separation and catalysis.

Although successful examples include only a narrow range of
monomers, topochemical polymerization in the crystalline state
has a high potential for controlling the locus of polymerization
and polymer architectures.

Polymerization in inclusion complexes
It is well known that host molecules such as urea, thiourea, and
perhydrotriphenylene are crystallized, in the presence of guest
molecules, to form inclusion complexes. In many cases,
inclusion complexes consist of one-dimensional columnar
channels of crystalline host molecules, which are filled with
guest molecules. If the included guest molecules are loosely
packed, they can eventually be exchanged with other molecules
of similar structures. When the guest molecules have polymer-

Fig. 14 Schematic representation for stereospecific polymerization in a
crystal of diethyl (Z,Z)-hexa-2,4-dienedioate 30 by UV light.

Fig. 15 Proposed models for topochemical polymerization in a crystal of a long-chain alkylammonium (Z,Z)-hexa-2,4-dienedioate 31 and subsequent
transformation into a layered crystal of poly(muconic acid).
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izable groups, one can polymerize these monomers in confined
spaces of the crystalline channels. This is denoted ‘inclusion
polymerization’.

Historically, extensive studies on inclusion polymerization
have been made in the 1960s–1980s. Farina and coworkers have
reported the inclusion polymerization of various diene and
triene monomers in the crystalline channels of perhydro-
triphenylene 32 with an average diameter of ca. 5.5 Å.46 For

example, when an inclusion compound of 32 with trans-penta-
1,3-diene as the guest is irradiated with g-rays, a highly isotactic
polymer consisting exclusively of 1,4-trans sequences is
formed, indicating a strong spatial demand of the crystalline
channel for the chain growth. Asymmetric synthesis of
poly(trans-penta-1,3-diene) is also possible by the polymeriza-
tion of the same monomer in the crystalline channels of
optically resolved perhydrotriphenylene. Takemoto and Miyata
et al. have made systematic studies on inclusion polymerization
with crystalline channels of cholic acid derivatives by taking
advantage of their high ability to include a variety of monomers
(Table 1).47 As the result, the size of the channel has been found

to affect kinetics and specificity of the polymerization. For
example, trans-2,4-dimethylpenta-1,3-diene can be polymer-
ized in the crystalline channels of apocholic acid 33 at ambient

temperatures, but no polymerization occurs even at 100 °C in
slightly smaller crystalline channels (4 3 6 Å) of deoxycholic
acid 34. According to electron paramagnetic resonance (EPR)
spectroscopy, the propagating radicals are included tightly in
the channel of 34, while loosely held by the channel of 33.
Furthermore, when trans-penta-1,3-diene is polymerized within
the channels of 34, a polymer with a 99% 1,4-trans structure is
formed, whereas the selectivity is lower by 10% when the
slightly larger channel of 33 is utilized. Cyclophosphazene 35
also forms inclusion compounds with a channel diameter of 5 Å,
which have been extensively studied by Allcock et al. for the
polymerization of various vinyl monomers48 and dienes.49 For
example, a g-ray induced polymerization of methacrylonitrile
included in the channel of 35 gives a highly isotactic polymer
soluble in THF. This is in contrast with a g-ray induced bulk
polymerization of methacrylonitrile, which affords an in-
soluble, cross-linked polymeric mass.48

Recently, a,w-amino acids and a-cyclodextrin 36 have been
found to form inclusion complexes, where the cyclodextrin acts

as the host for the amino acids to form crystalline channels.50

Upon heating, polycondensation of the included amino acids
takes place to give polyamides in the solid state (Fig. 16).

Interestingly, the polymerization mixtures are water-soluble,
although the polyamides alone are insoluble in water owing to
strong intermolecular hydrogen bonding interactions. This
observation indicates a high coverage of the polyamide chains
by a-cyclodextrin, i.e. formation of a polyrotaxane.

Polymerization in microporous zeolites
Microporous zeolites are porous inorganic crystalline materials
with a pore diameter of 3–10 Å and possess ion exchangeable
sites on the internal surface. Similarly to inclusion complexes,
microporous materials can provide confined spaces for con-
trolled polymerization. Historically, radical polymerization of
polar vinyl monomers has most extensively been studied with
microporous zeolites, by focusing attention on (1) possible
elongation effects on the lifetime of growing radicals51 and (2)
possible steric effects on the chain growth step.52

Recently, microporous zeolites have been used as catalyst
supports for the polymerization of olefins, in which, however,
spatial effects of the microporous cavities are not very clear. For
example, in the polymerization of ethylene with supported
zirconocenes by microporous zeolites, coupled with methylalu-
moxane (MAO) as cocatalyst, the activity is not related to the
internal surface area of the zeolite, but the external surface area
and the content of aluminium in the silicate framework appear
to be more important.53

In view of fabrication of organized hybrid materials,
polymerization in microporous zeolites is attractive but some-
what limited, as their pores are too narrow to allow guest
molecules to be packed continuously. However, synthesis of
nanowires of conducting polymers such as poly(methylacety-
lenes),54 polypyrroles55 and polyanilines56 has been reported.
For example, when a pyrrole vapor is diffused into CuII-doped

Table 1 Space size effects on the radical polymerization in inclusion
complexes

Cavity size
of host

Motion of
propagating
radicals

Polymerization
rate

Selectivity of
reaction

Large Unrestricted Fast Low
Ú Ú Ú Ú

Small Restricted Slow High

Fig. 16 A proposed scheme for solid state polycondensation of a,w-amino
acid in the presence of a-cyclodextrin 36 to form a polyrotaxane.
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zeolite channels, the polymerization occurs with a color change,
to give a polypyrrole/zeolite hybridized material (Fig. 17),
which however does not show any significant electronic
conductivity.

In relation to microporous zeolites, inorganic materials with
layered architectures have been synthesized, which are able to
change the interlayer distance upon intercalation of guest
molecules. Polymerization with such layered inorganic materi-
als as the reaction media has also been investigated,57 mainly
for the synthesis of functional polymer/inorganic hybridized
materials. For example, oxidation polymerization of aniline58

and pyrrole derivatives59 within the interlayer spaces gives
electroactive composite materials (Fig. 18a). From a more

practical point of view, certain clays with layered architectures
have also been utilized for the ring-opening polymerization of
heterocyclic monomers such as lactams,60 lactones61 and cyclic
carbonates,62 and coordination polymerization of olefins,63

where the monomers intercalated between the 2-D inorganic
sheets are polymerized to give nanocomposite materials.

Because of a uniform dispersion of the clay 2-D sheets at the
molecular level in polymer matrices, the hybrid materials
exhibit excellent mechanical properties and unique gas barrier
characteristics (Fig. 18b).

Polymerization in mesoporous materials
Since the first report on mesoporous silicate MCM-41 in 1992,
a variety of mesoporous silicate materials have been devel-
oped.64 These inorganic materials are prepared by using rod-
like micelles as templates, and have an ordered hexagonal or
cubic array of uniformly sized mesoscopic channels with a pore
diameter variable from 15 to 100 Å. Mesoporous materials have
an advantage over microporous zeolites for the inclusion of
large molecules. A comprehensive review of the inclusion
chemistry with mesoporous materials has been reported.65

Although mesoscopic pores are large enough for the inclusion
of ordinary polymers, the included polymer chains may retain
their freedom of conformational change. Thus, mesoporous
materials are more attractive than microporous materials not
only in view of the control of polymerization locus but also for
fabrication of polymeric materials.

Recently, several studies on macromolecular synthesis with
mesoporous materials have been reported. For example, Aida
and coworkers have utilized MCM-41 for the radical polymeri-
zation of methyl methacrylate (MMA) with benzoyl peroxide as
initiator, and obtained a polymer (PMMA) with a much higher
molecular weight than that formed in solution under otherwise
identical conditions.66 Electron paramagnetic resonance study
(EPR) has shown the formation of long-lived propagating
polymer radicals within the mesoscopic channels, where ca.
25% of the initial intensity of the EPR signal remains even after
a month (Fig. 19). Furthermore, molecular weight of the

polymer can be controlled over a wide range Mn = (1.3–3.0) 3
105 (Mw/Mn = 2.5) by changing initial molar ratio of MMA to
BPO (Fig. 20). On the other hand, the tacticity of the polymer is
not particular but almost identical with that of PMMAs obtained
by a free radical polymerization in solution.67 Thus, the
mesoscopic pores of MCM-41 are not small enough to affect the
stereochemical course of the chain growth. Bein and coworkers
have also investigated free radical polymerization of MMA with
MCM-41, and reported that PMMA formed within the meso-
scopic channels shows no glass transition probably because of a
strong interaction between the polymer chain and the internal
surface of the mesopore.68

Fig. 17 A proposed model for CuII-catalyzed oxidative polymerization of
pyrrole in zeolite-Y to form a conducting hybrid material.

Fig. 18 Proposed structures of (a) an electroactive composite material of
polyaniline with a layered inorganic material and (b) a composite material
containing uniformly dispersed clay 2-D sheets in a polymer matrix.

Fig. 19 An electron paramagnetic resonance (EPR) trace of free radical
polymerization of methyl methacrylate (MMA) by 2,2A-azobisisobutyro-
nitrile (AIBN) in mesoscopic channels of MCM-41.
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Chemical properties of the mesopore surface can be tuned by
the introduction of aluminium, titanium, and some other
transition metal ions to the silicate framework. For example, a
highly Lewis acidic mesoporous silica (Al-MCM-41) can be
prepared by doping aluminium in the silicate framework. Aida
and coworkers have found that lactones are polymerized in a
living manner in the presence of Al-MCM-41 and an alcohol at
50 °C, to give polyesters with narrow molecular weight
distribution (MWD).69 By changing the mole ratio monomer/
alcohol, the molecular weight of the polymer can be controlled
over a rather wide range. A sequential polymerization of two
different lactone monomers with an Al-MCM-41/alcohol
system gives the corresponding block copolymer with narrow
MWD. Furthermore, Al-MCM-41 is easily separated from the
polymerization mixture by filtration, and can be used again for
the polymerization. NMR studies have indicated that the
alcohol is incorporated into the polymer terminus at the
initiation step of the polymerization. In contrast with the case
using Al-MCM-41, no polymerization occurs in the presence of
a pure silicate MCM-41 or modified MCM-41 with methylated
silanol functionalities under otherwise identical conditions to
the above. Furthermore, use of a microporous aluminosilicate
zeolite-Y (pore diameter = 8 Å), in place of Al-MCM-41,
results in no polymerization. These observations suggest that
the large pore size as well as the Lewis acidic character of the
surface is essential for the polymerization. The postulated
mechanism of polymerization is shown in Fig. 21, in which the
monomer is activated by a possible cooperation of Lewis acidic
aluminium sites and Brønsted acidic silanol functionalities.

Mesoporous silicates have been used as inorganic supports
for metallocene catalysts for the polymerization of olefins.70

However, only limited examples have been reported that
indicate some spatial effects of mesoscopic pores on the
polymerization. For example, co-oligomerization of ethylene
and propylene with an MCM-41-supported zirconocene com-
pound, in conjunction with methylalumoxane (MAO) as
cocatalyst, has been investigated,71 where the pore size has been
claimed to affect the molecular weight of the resulting co-
oligomer. When MCM-41 prepared with a C16 surfactant is
used as the support, a co-oligomer with Mn of 1280 is formed.
On the other hand, when the support is MCM-41 prepared with
a shorter-chain C14 surfactant, a co-oligomer with Mn of 1730 is
formed.

Recently, Aida and Kageyama et al. have found that a
titanocene complex supported by a particular type of mesopor-
ous silicate denoted mesoporous silica fiber (MSF, pore
diameter = 27 Å),72 in conjunction with MAO, produces
crystalline nanofibers of ultrahigh molecular weight (Mn =
6 200 000) linear polyethylene.73 The polyethylene is obtained
as a cocoon-like white mass with a low bulk density. Scanning
electron microscopy (SEM) shows that the fibers are 30–50 nm
in diameter (Fig. 22), and the crystalline density is close to a

theoretical upper limit for polyethylene. Unlike ordinary high-
density polyethylenes consisting of folded-chain crystals, the
polyethylene fibers thus obtained consist exclusively of ex-
tended chain crystals, according to small angle X-ray scattering
(SAXS) and differential scanning calorimetry (DSC). For the
formation of crystalline nanofibers of polyethylene, the ‘extru-
sion polymerization’ mechanism, which mimics biological
formation of natural fibers such as crystalline cellulose fibers,
has been postulated, where the polymer chains, formed at the
activated titanocene sites within the individual mesopores, are
extruded into the solvent phase and assembled to form
extended-chain crystals (Fig. 23). Thus, the mesoscopic pore in
this particular case serves as a template, which can suppress the
kinetically favored chain folding process, since the pore
diameter (27 Å) is almost one-order of magnitude smaller than
the lamellar thickness (270 Å) of the folded-chain crystals of
ordinary polyethylenes. Since most studies on precision polym-
erization have focused on the control of primary structures of
polymers, the present finding, which enables control of a

Fig. 20 Molecular weight control in free radical polymerization of methyl
methacrylate (MMA) by benzoyl peroxide (BPO) in mesoscopic channels
of MCM-41.

Fig. 21 A proposed mechanism for activation of lactone on the interior wall
of Al-MCM-41 for ring-opening polymerization with alcohol.

Fig. 22 A SEM micrograph of crystalline polyethylene fibers formed by
polymerization with a supported titanocene by mesoporous silica fiber
(MSF) in conjunction with methylalumoxane (MAO). Reprinted in part
with permission from: Science, 1999, 285, 2113 (Copyright © 1999, the
American Association for the Advancement of Science).
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ternary structure, is unique and may have a high potential for the
fabrication of novel polymer materials from specialty as well as
commodity monomers. Along the line of this study, a novel
hybridized thin film of polyethylene and silica (Fig. 24) has

been synthesized74 by the polymerization of ethylene on a
mesoporous silica film75 doped with titanocene.

In relation to the above study, Mallouk and Ozin and
coworkers have utilized MCM-41 as a mold for the fabrication
of a fibrous poly(phenolformaldehyde) resin.76 When an acid-
catalyzed polyaddition/condensation of phenol and formal-
dehyde is carried out within the mesoscopic channels of MCM-
41, and then the silicate framework is destroyed by HF,
mesofibers of poly(phenolformaldehyde) with a diameter of ca.
20 Å and an aspect ratio of more than 103 is obtained (Fig. 25).
In contrast, when the polymerization is conducted in the
presence of non-porous silica Cab-O-Sil, only a non-fibrous,
agglomerated polymeric mass results.

Since polymer chains included in individual mesoscopic
pores are isolated from one another and oriented parallel to the
pore axis, fabrication of photo-conducting materials with
mesoporous silica has attracted attention. For example, Wu and
Bein have reported the synthesis of a graphite-type conducting
carbon wire by the polymerization of acrylonitrile within the
mesoscopic channels of MCM-41 and its subsequent pyrolysis
(Fig. 26).77 The graphite/MCM-41 adduct, obtained by pyr-
olysis at 1000 °C, shows a notable microwave conductivity of

0.1 S cm21. A polyaniline wire encapsulated within the
mesoscopic silicate channel has also been synthesized, which
however shows only a low microwave conductivity (0.0014 S
cm21).78 Variation of the pore diameter of the mesoscopic
channel would make it possible to tune the conducting
properties of the hybridized material. Similarly, Ozin and co-
workers have reported ring-opening polymerization of [1]sila-
ferrocenophane 37.79 Compound 37 is incorporated into the
hexagonal channels of MCM-41 by sublimation under vacuum,
and then the adduct is heated at 140 °C, whereupon the
polymerization occurs to give a poly(ferrocenylsilane)/MCM-
41 hybrid (Fig. 27). When the hybrid is pyrolyzed at 900 °C
under nitrogen, the included polymer is decomposed to leave
iron nanoparticles with an average particle size of 20 ± 5 Å. The
magnetic properties of the pyrolyzed product indicate that the
iron nanoclusters in the interior are supermagnetic.

Concluding remarks
Template-assisted polymerization, i.e. polymerization of pre-
organized monomers or in constrained media, has a long
history, but is still growing even more rapidly. This is not only
from a continuous interest in short- and long-range information
transfers in the molecular world but also for a strong demand

Fig. 23 A proposed mechanism for the formation of fibrous polyethylene
with titanocene-mounted mesoporous silica fiber (MSF).

Fig. 24 A SEM micrograph of a polyethylene/silica/mica hybridized thin
film formed by polymerization of ethylene on a titanocene-mounted
mesoporous silica film in conjunction with methylalumoxane (MAO).
Reprinted in part with permission from: J. Polym. Sci. Part A: Polym. Chem.
Ed., 2000, in press (© 2000, John Wiley & Sons, Inc.).

Fig. 25 A TEM micrograph of polymer mesofibers formed by polyaddition/
condensation of phenol and formaldehyde within the mesoscopic channels
of MCM-41. Reprinted in part with permission from: J. Mater. Chem.,
1998, 8, 13 (© 1998, The Royal Society of Chemistry).

Fig. 26 Illustration for free radical polymerization of acrylonitrile within the
mesoscopic channels of MCM-41 and subsequent pyrolysis to form a
conducting carbon nanowire.
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from the next-generation material design for fabrication of well
defined nanostructures. Bringing together knowledge about
biology and physics as well as organic, inorganic, supramo-
lecular, and macromolecular chemisty into this area will lead to
further breakthroughs in science and technology.
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A series of polyammonium halide salts have been converted
to the phosphate ion form. The resultant salts constitute a
new category of non-aqueous ionic liquid (NAIL); these new
ionic liquids (Liquid Ionic Phosphates) have been charac-
terized by standard methods and have been investigated for
their electrical conducting characteristics.

Previously we have reported the preparation of several series of
polycationic organic salts.1 Subsequently, we considered the
possibility of converting these new (solid) polyammonium salts
into a unique category of ionic liquids through conversion of the
gegenion. Numerous reports have been made of the conversion
of monoammonium (solid) salts to non-aqueous ionic liquids by
such anion conversion. The most extensively investigated series
of NAILs include those in which the organic cation is either an
N-alkylpyridinium or an N-alkyl-NA-alkylimidazolium spe-
cies.2–5 These species have involved only organic monocations,
with the single exception of a dicationic species involving two
imidazolium sites at opposite ends of a long alkyl chain.6 Of
particular interest to us was the use of hexafluorophosphoric
acid7 to generate the corresponding hexafluorophosphate liquid
salts from the polycationic species previously synthesized in
this laboratory.

Using the established procedure for preparing such salts, with
our polycationic organic salts it was observed that only a
relatively low yield of such hexafluorophosphate salts could be
isolated. Attempts to improve the yield through vacuum

evaporation of the aqueous medium resulted in the isolation of
a totally new and intriguing category of ionic liquids, liquid
ionic phosphates (LIPs). It is with these new materials that the
present report is concerned.

Using two separate anion exchange methods we have
prepared a series of rt LIPs. The first of these involves vacuum
evaporation of the aqueous supernatant solution from the
preparation of the hexafluorophosphate species. Moderate
yields of clear viscous liquids that exhibit NMR spectra (1H, 13C
and 31P) in accord with the assigned structures are isolated (vide
infra). The second approach involves the more traditional anion
exchange using an insoluble resin. Passage of the parent halide
salts through a bed of DOWEX™ 21K in the phosphate ion
form followed by vacuum evaporation of the eluent also yields
the clear, highly viscous liquids providing the same analyses as
noted above. A series of LIPs prepared by these methods and so
analyzed is illustrated in Fig. 1. LIPs 1–8 are derived from the
polycationic halide salts prepared in this laboratory. Species 9
has been prepared from the corresponding chloride prepared by
a reported procedure,4 and was included as a general reference
to previously available NAILs derived from imidazolium
salts.

The 1H and 13C spectra (measured in D2O) are in total accord
with those previously reported1 in the preparation of the parent
halide salts. The 31P NMR spectra (also in D2O ) exhibit sharp
singlet signals between d = 0.91 and 1.20 (relative to 85%
phosphoric acid). A representative example of these salts and

Fig. 1
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their spectra is provided by 7: dH: 1.86, br s, 4H; 3.16, s, 12H;
3.49, br s, 4H; 4.35, s, 4H. dC: 20.87, 51.98, 56.28, 65.41, 81.35.
dP: 1.20.

The hexafluorophosphate salts also isolated in these reactions
exhibit corresponding 1H and 13C NMR spectra, but the 31P
signals appear as symmetrical septets centered at d ~ 2144.
Further, the isolated hexafluorophosphate salts appear to be
universally contaminated with phosphate. Through quantitative
measurement of the 1H NMR spectra for these LIPs their
anhydrous nature can be established, although they are fully
soluble in water and adsorb water from room air. Specifically,
from 1H NMR measurements it is determined that the water
content of the new LIPs is below the limit of reliable
measurement, that is less than 0.5%. Unlike the hexa-
fluorophosphate salts which are insoluble in water to the point
that NMR measurements can not be made, the new LIPs are
fully soluble in water. Both types of salts are soluble in DMSO
allowing measurement of the 1H and 13C NMR spectra of the
crude reaction products.

In addition to the measurement of their densities, specific
conductivity measurements were performed on the LIPs 1–9. A
YSI Model 31 conductivity bridge was used for these
measurements, with a constant temperature bath to maintain
temperature of the sample during measurement at several
temperatures (25, 40 and 60 °C). A 0.02 M solution of KCl in
water was used as reference material (specific conductivity of
0.03 W21 cm21 at 25 °C). The results for these determinations
are shown in Table 1.

In comparison with previously prepared rt NAILs, the
presently described LIPs exhibit particular advantages. These

include: (a) ease of preparation, requiring only ordinary ion-
exchange in aqueous medium rather than the use of the quite
reactive (and under certain circumstances hazardous) hexa-
fluorophosphoric acid, tetrafluoroboric acid or aluminum
chloride, which require controlled atmospheric conditions; (b)
the resultant salts are unreactive with water; (c) although
viscous, the LIPs are liquids at rt, while the hexafluoro-
phosphate salts of monocations melt above rt and the hexa-
fluorophosphate salts of polycations we have synthesized
remain solid up to 75 °C; (d) particularly high specific
conductivities; and (e) the potential for use as media for
electrochemical processes requiring a large electrochemical
window.

We are in the process of exploiting this new category of
NAILs for utility in a variety of processes, including electro-
chemical conversions, media for “green” chemical reactions,
catalysts for chemical conversions, syntheses of related species
exhibiting water-insolubility, and the performance of separa-
tions without the use of volatile solvents. Further, determina-
tions of the diffusion coefficients, mobilities of ions within the
viscous media, and potential applications for electrochemical
storage cells are being made.

The authors wish to acknowledge financial support provided
for this project from LSAMP of New York, PFF of NSF/ACS,
and ICET, Inc.
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Table 1 Densities and specific conductivities of LIPs

Specific Conductivity, s/W21 cm21

LIP
Density/
g mL21 25 °C 40 °C 60 °C s/

sKCl Ref.
a

1 1.78 0.057 0.063 0.061 19
2 1.86 0.063 0.052 0.082 21
3 1.96 0.026 0.027 0.042 9
4 1.82 0.063 0.06 0.071 21
5 1.58 0.064 0.081 0.087 21
6 1.82 0.038 0.052 0.05 13
7 1.58 0.053 0.056 0.071 18
8 1.9 0.042 0.053 0.067 14
9 1.98 0.022 0.03 0.037 7
a 0.02 M KCl(aq) reference, specific conductivity = 0.03 W21 cm21 at 25
°C.
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Covalent attachment of trifluoromethyl ketone catalyst to a
solid support such as silica gel increased the stability of
catalyst dramatically, so solving an intrinsic problem of
dioxirane-mediated epoxidation of alkenes catalysed by
ketones.

Dioxiranes have been shown to be powerful and environmen-
tally safe oxidants, which can be generated in situ from ketones
and Oxone® (2KHSO5·KHSO4·K2SO4).1 In principle, only a
catalytic amount of ketone is required and, moreover, with a
chiral ketone there exists the opportunity for catalytic asym-
metric epoxidation.2 However, an intrinsic problem of this
catalytic epoxidation procedure is that the turnover number
(TON) of ketone catalysts is generally very low owing to their
instability under the epoxidation conditions. It has been
generally known that ketone catalysts can be destroyed via
Baeyer–Villiger oxidation and/or formation of 1,2,4,5-tetrox-
ane etc.1

We proposed that the decomposition of ketone catalysts in
the dioxirane-mediated epoxidation of alkenes could be pre-
vented by covalent attachment of ketone catalysts to a suitable
solid support,3 since, as shown in Fig. 1, site isolation of
catalytic centres can minimise the possibility of 1,2,4,5-tetrox-
ane formation, and, moreover, the migration of a solid-bound
alkyl chain in the Baeyer–Villiger oxidation step may need
larger movement energy than that of the homogeneous
analogue. Of course, this approach can provide an additional
advantage of easy recycling of catalyst.

To test our rationale, we prepared a new silica-bound
trifluoromethyl ketone 1 and compared its stability in the
dioxirane-mediated epoxidation of alkenes with its homoge-
neous analogue, 1,1,1-trifluorododecan-2-one 2. Here we report
our preliminary results.

The silica-bound trifluoromethyl ketone 1 was simply
prepared by the reaction of 1,1,1-trifluorodode-11-cen-2-one 34

with 3-mercaptopropylsilanised silica gel 45 in the presence of
a,aA-azoisobutyronitrile (AIBN) as a radical initiator in acetoni-
trile (Scheme 1).6 The fluorine and sulfur analyses of 1 (F,
2.61%; S, 2.90%) indicated that 0.45 mmol g21 of tri-

fluoromethyl ketone moiety was incorporated and the coupling
yield of 3 with 4 was 50%. Thus, 0.45 mmol g21 of unreacted
thiol groups exist in the silica-bound trifluoromethyl ketone 1.
The attachment of trifluoromethyl ketone moieties to silica gel
in the silica-bound ketone 1 was also confirmed via IR
spectroscopy (1766 cm21 for nCNO).

In order to compare the catalytic efficiency and stability of
silica-bound ketone 1 with its homogeneous analogue 2, the
epoxidation of alkenes were carried out with Oxone® in a
MeCN–H2O solvent system under the modified condition
employed by Shi and co-workers.7 The results are summarised
in Table 1.

As shown in Table 1, the silica-bound ketone 1 exhibited
comparable catalytic activity with that of its homogeneous
analogue 2. In a ratio of ketone+olefin  of 0.5+1 at room
temperature, epoxidation of alkenes using 2.07 equiv. of
Oxone® and 8.7 equiv. of K2CO3 was complete within 5 min
after addition of Oxone® and K2CO3, and afforded the
corresponding epoxides in very high yield.8 Most of the
oxidised products were obtained in nearly pure form by simple
filtration of the ketone 1, followed by extraction of organic
product and evaporation of the solvent. The observed results
suggest that trifluoromethyl ketone moiety on silica gel remains
highly exposed to the reactants and thus substrates can access to
the catalytic sites easily.

The silica gel supported trifluoromethyl ketone 1 could be
easily recovered after reaction by simple filtration and the
recovered ketone 1 was reused several times without any
significant loss of activity. All epoxidations of trans-b-
methylstyrene using the recycled ketone 1 afforded trans-b-
methylstyrene oxide in nearly quantitative yield, even after
tenth use.9 As we proposed, the retainment of the catalytic
activity during several cycles can be explained by that the
decomposition of the supported ketone catalyst 1 via Baeyer–
Villiger oxidation and/or 1,2,4,5-tetroxane formation10 pro-
ceeds much more slowly than that of its homogeneous analogue
2. We could not find any carbonyl peak of the Baeyer–Villiger
oxidation product (ester) in the IR spectrum of 1 recovered after

Fig. 1 Scheme 1
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10 runs. In contrast to the silica-bound catalyst 1, ca. 85% of its
homogeneous analogue 2 was decomposed after a first run of
the epoxidation of trans-b-methylstyrene. The main decom-
posed products were ester 5 (ca. 8%) and 1,2,4,5-tetroxane 6
(ca. 77%) (Scheme 2). The structure of 6 was assigned by NMR
and HRMS analyses.11

In conclusion, we have achieved excellent results for the
heterogeneous dioxirane-mediated epoxidation of alkenes using
silica gel supported trifluoromethyl ketone 1. This silica-bound
ketone was reused ten times without loss of activity. This
retainment of the catalytic activity during several cycles was
explained by that the decomposition of the supported ketone
catalyst 1 via Baeyer–Villiger oxidation and/or 1,2,4,5-tetrox-
ane formation10 proceeds much more slowly than that of its
homogeneous analogue 2. Thus, this type of immobilisation of

ketone catalysts will provide a possibility to increase their
stability, which is an intrinsic problem of dioxirane-mediated
epoxidation catalysed by ketones. The current study will also
provide some insight for the development of new chiral ketone
catalysts. In the search for efficient ketone catalysts for
asymmetric epoxidation, both turnover number and enantiose-
lectivity are crucial issues to be considered.

This research was supported by a grant from Korea Institute
of Science and Technology.
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Dianionic members of the Mn12 family of single-molecule
magnets have been prepared by two-electron reduction of
the neutral cluster; the [PPh4]2[Mn12O12(O2CCHCl2)16-
(H2O)4] representative has been shown to possess an S = 10
ground state and to exhibit out-of-phase ac susceptibility
signals diagnostic of single-molecule magnetism behavior.

An exciting development in nanoscale magnetic materials
occurred in 1993 when [Mn12O12(O2CMe)16(H2O)4] 1 was
identified as a nanoscale magnet,1 the first to comprise discrete,
(magnetically) non-interacting molecular units rather than a 3D
extended lattice (metals, metal oxides, etc.). This initiated the
field of molecular nanomagnetism and such a molecule has
been termed a single-molecule magnet (SMM).2 Other
[Mn12O12(O2CR)16(H2O)x] (R = Et, Ph, etc.; x = 3 or 4)
derivatives have since been studied,1,3 and they display similar
properties. SMM behaviour is due to a combination of a large
ground state spin (S) of S = 10 and negative (easy axis)
magnetoanisotropy as gauged by a negative zero-field splitting
parameter D. As a result, there is a significant barrier for the
relaxation of the cluster’s magnetization vector, and these Mn12
molecules are thus magnetizable magnets.

More recently, the one-electron reduced complex
[NPr4][Mn12O12(O2CEt)16(H2O)4] and related species with S =
19/2 ground states have also been found to be SMMs.3 In
addition, new examples of SMMs have been found in the family
of [Mn4O3X(O2CMe)3(dbm)3] (X = Cl2, Br2, F2, N3

2,
MeCO2

2, etc.) complexes containing a [Mn4(m3-O)3(m3-X)]6+

core and an S = 9/2 ground state,2,4 as well as a few other
species.5–7 Here, we report that the two-electron reduced form
of the [Mn12] complexes has been successfully isolated and that
this retains both a high ground state S value and the SMM
properties of the [Mn12]0,2 species. This extends the Mn12 of
SMMs to a third oxidation level and provides an invaluable new
datum point for our future understanding of how changing spin
state and magnetic anisotropy can affect the properties of these
important molecules. We herein report the synthesis and
characterization of the new [Mn12O12(O2CR)16(H2O)4]22 spe-
cies.

[Mn12O12(O2CR)16(H2O)4] complexes with electron-with-
drawing groups [R = CHCl2 (2), C6F5 (3), C6H3(NO2)2-2,4 (4),
etc.] to facilitate multi-electron reduction were prepared from 1
using the procedure reported elsewhere.1,3 The representative
CV in MeCN of 2 (Fig. 1) shows three quasi-reversible one-
electron reduction processes at 0.91, 0.61 and 0.29 V vs.
ferrocene, and a fourth irreversible reduction at lower potential.
These values are significantly more positive than for the R =
Me and Ph derivative (Table 1).1,3 In addition, the second and
third reductions appear more reversible by electrochemical
criteria (peak currents and separations) than those for previous
[Mn12] derivatives. The dianionic species were therefore
targeted and successfully prepared on a large scale using I2 as
reducing agent, as employed for one-electron reductions.3 Thus,
addition of 2 equivalents of NPrn

4I or PPh4I in MeCN, removal
of solvent and recrystallization from MeCN–Et2O–hexanes or
CH2Cl2–hexanes gave dark red–brown
[PPh4]2[Mn12O12(O2CCHCl2)16(H2O)4] 5, [NPrn

4]2[Mn12O12-

(O2CC6F5)16(H2O)4] 6 and [NPrn
4]2[Mn12O12(O2CC6H3-

(NO2)2-2,4)16(H2O)4] 7,† as well as others [eqn. (1)].

[Mn12O12(O2CR)16(H2O)4] + 2NPrn
4I

? [NPrn
4]2[Mn12O12(O2CR)16(H2O)4] + I2 (1)

The structure‡ of the dianion of 5 (Fig. 2) confirms the same
structure as in the neutral and monoanionic species, but now
with a 2MnII, 6MnIII, 4MnIV description indicating that the two
added electrons are on outer MnII (formerly MnIII) ions (Mn9
and Mn11 of Fig. 2) rather than MnIV ions in the cubane, as
found in the one-electron reduced complexes,3 which are MnII,
7MnIII, 4MnIV. The assignment of MnII/MnIII/MnIV is based on
relative Mn–O distances, bond valence sum calculations, and
Jahn–Teller (JT) axial elongations only on six Mn sites. 1H
NMR studies in solution are consistent with electron-detrapping
amongst the outer eight Mn ions on the NMR timescale, as also
found for the mono-anionic species.3

The ground state of 5 was determined from reduced
magnetization (M/NmB) vs. H/T measurements in the 10–70 kG

Fig. 1 Cyclic voltammogram at 100 mV s21 for complex 2 in MeCN
containing 0.10 M NBun

4PF6 as supporting electrolyte. The working and
auxiliary electrodes were glassy carbon and Pt wire, respectively. The
indicated potentials are vs. ferrocene as an internal reference.

Table 1 Electrochemical data for [Mn12O12(O2CR)16(H2O)4] complexesa

R E1/Vb E2/Vc

CH3 (1) 0.18 20.06
CH2Cl 0.60 0.30
CHCl2 (2) 0.91 0.61
C6H5

d 0.12 20.23
C6H4NO2-2 0.47 0.19
C6H4NO2-4 0.49 0.23
C6H3(NO2)2-2,4 (4) 0.74 0.45
C6F5 (3) 0.64 0.46

a In MeCN, unless otherwise indicated; values are DPV peak potentials vs.
ferrocene. b First reduction. c Second reduction. d In CH2Cl2.
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and 1.80–4.00 K ranges (Fig. 3). Fitting of the data gave S = 10,
D = 20.27 cm21 (20.39 K) and g = 2.00. The ground state
spin is thus similar to the S = 10 and 19/2 values for the neutral
and monoanionic complexes, respectively. This suggested that
the dianionic complexes might also be SMMs, i.e. show slow
magnetization relaxation (reorientation) rates, and this was
confirmed in ac susceptibility studies by an out-of-phase signal
(cmB) in the 2–3 K range (Fig. 4, bottom). ac Susceptibility
studies monitor the response of a material’s magnetization
(magnetic moment) to an applied, oscillating field, and a non-
zero cmB signal shows that the magnetization cannot relax fast
enough to keep in-phase with the oscillating field. The positions
of the cmB peaks, at which temperature the relaxation rate equals
the ac frequency, are in the 2–3 K range, lower than the 4–6 and
6–8 K ranges for the cmB peaks in the monoanionic and neutral
complexes, respectively (Fig. 4). This is consistent with the
changing S and D values on progressive reduction since the
barrier to thermally-activated reversal of the magnetization
direction is related to S2|D| and (S22

1⁄4)|D| for integer and half-
integer spins, respectively. The S(D) values for the three
oxidation levels are: [Mn12], 10 ( ≈ 20.5 cm21); [Mn12]2, 19/2
( ≈ 20.4 cm21); [Mn12]22, 10 ( ≈ 20.3 cm21).

In conclusion, the [Mn12] family of SMMs now provides
three oxidation levels for the study of this important new
phenomenon. In particular, the [Mn12]22 vs. [Mn12] comparison

provides an invaluable opportunity to study how the magnetic
properties and quantum tunneling behaviour of equivalent spin
(S = 10) systems vary with changing magnetoanisotropy.

This work was supported by the National Science Founda-
tion.
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Fig. 4 Plot of the out-of-phase ac susceptibility (cmB) for complex 2 (top),
[NPrn

4][Mn12O12(O2CCHCl2)16(H2O)4] (middle) and complex 5 (bottom)
at the indicated oscillation frequencies of the applied field.
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Free radical-promoted cyclopolymerisation of a 4,6-bis(4-
vinylbenzyl)-myo-inositol orthoformate 4, whose X-ray
structure has been determined, was studied and the first
formed intermediate was trapped using (tetramethylpiper-
idine N-oxyl) (TEMPO) 7.

Cyclopolymerisation1,2 is a useful method for controlling the
regio- and stereochemistry of monomer additions, leading to
polymers with well-defined microstructures.3 We were inter-
ested in the use of a scaffold with oriented hydroxy functionality
based on a rigid monomer which would undergo cyclopolymer-
isation to afford a polymer with an organised backbone and
oriented functional groups. We selected the 4,6-bis(4-vinyl)-
benzyl)-myo-inositol orthoformates 3 and 4 as suitable mono-
mers to deliver these features.

The monomers 3 and 4 were prepared from myo-inositol
orthoformate 14 either by selective derivatisation5 at positions 4
and 6 with 4-vinylbenzyl chloride (to give 3) or selective
silylation6 at the 2-position followed by benzylation at positions
4 and 6 (Scheme 1). The key structural feature offered by these
monomers includes the orthoformate group which, after the
polymerisation reaction, may be easily deprotected to yield
(ideally) an all-axial triol repeat unit.

Both monomers gave suitable crystals for X-ray analysis, but
disorder in the silyl side chain of 4 yielded data with an
unacceptably high R factor. The X-ray structure† of monomer 3
revealed two conformations (ratio 3+1) in the unit cell with a
characteristic edge-to-face interaction of the aromatic rings.7
The monomer structures differed only in the relative orientation
of the vinyl groups. The important interatomic bond distances of
the major conformer of 3 measured from the X-ray data, are
presented in Fig. 1.

Heating a toluene solution of the monomer 4 at 65 °C in the
presence of 2–3 wt% AIBN afforded an organic soluble
polymer of Mn 10 000–20 000 which is formulated as a linear
cyclopolymer 5 (Scheme 2).‡ The evidence for the cyclopoly-
mer 5 comes from the X-ray structure of the monomer and the
trapping of the first formed cyclic radical intermediate.

Thermal decomposition of the AIBN initiator would give the
cyanoisopropyl radical which would add selectively to the less
substituted end of the vinyl group.8 Intramolecular cyclisation
by ‘head’ to ‘tail’ addition, from C(15) to C(25), is likely to be
the more favourable reaction pathway as the distance from
C(15) to C(25) shown in Fig. 1, is significantly shorter than the

other measured distances. Supporting evidence for this pathway
is provided by the trapping experiment discussed below. Similar
interatomic bond distances were found in 4.

The TEMPO radical trapping technique, developed by
Rizzardo, Solomon and Moad,9–11 and also exploited by
Busfield and Jenkins,8 was used to isolate the reactive radical
intermediate generated during cyclopolymerisation. The opti-
mum trapping experiment involved heating a 29 mM benzene

Scheme 1 Preparation of monomers 3 and 4.

Fig. 1 Selected interatomic bond distances in a crystal of the monomer 3.

Scheme 2 Cyclopolymerisation of the monomer 4.

Scheme 3 TEMPO trapping of the first formed cyclic intermediate after
AIBN-initiated addition to the monomer 4.
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solution of the monomer 4 in the presence of AIBN 6 (28 mM)
and TEMPO 7 (10 mM) to give the alkoxyamine 8 in 5% yield
(the mass balance was mainly starting material) (Scheme 3).
The low yield of product arises from competing reaction of the
cyanoisopropyl radical with the aminoxyl agent.8 To our
knowledge this is the first example of trapping of the cyclic
intermediate in a styrenic radical cyclopolymerisation, and may
offer important opportunities to study the kinetics of the early
propagation steps of such processes.

The structure determination of the cyclic product 8 was
performed by 1H NMR TOCSY and NOE experiments.
Selective 1-D TOCSY experiments assisted in determining the
connectivity sequence of atoms. Mutual NOE effects were
observed between Ha and Hc in compound 8, indicating that the
methine protons are part of the same cyclic structure. The
observed 1H NMR coupling constant (13.3 Hz) between Hc and
HbA is more consistent with the syn diastereoisomer (predicted
12.4 Hz) than the anti (predicted J 4.0 Hz) (Fig. 2).§

In conclusion we have confirmed the existence of a
cyclopolymerisation by trapping the reactive radical inter-
mediate. Furthermore, interatomic bond distances between the
vinyl groups in both 3 and 4, as established in the solid state,
favour the formation of a cyclic structure. Hence, the monomers
based on myo-inositol orthoformate show interesting opportuni-
ties to prepare a rigid scaffold with oriented functionality.

We thank EPSRC for financial support and provision of the
Swansea MS service, the Cambridge Overseas Trust, Robinson
College, and the CVCP for scholarships (to T.-H. K.) and Dr P.
Grice for the 1H TOCSY NMR experiments. We thank
Professor I. Jenkins, Dr J. H. G. Steinke and Dr W. McDonald
(ICI/DuPont) for their interest in this work.
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Ring closing metathesis (RCM) of the diallyl inositol
derivative 5 gave the product 6 which after cleavage of the
orthoester served as a model for assignment of the preferred
conformation of the analogous deprotected inositol cyclo-
polymer 3.

In the preceding Communication the cyclopolymerisation of the
conformationally locked 4,6-bis(4-vinylbenzyl)-myo-inositol 1
to the novel cyclopolymer 2 was reported (Scheme 1).1

The rigid inositol unit of the monomer 1 acts as a template to
bring both polymerisable styryl groups into close proximity for
cyclopolymerisation. The monomer 1 was polymerised at high
dilution (0.1 mmol ml21) in toluene with 2–3 wt% of AIBN as
a radical initiator to give a soluble linear cyclic polymer 2 in
high yield (80–90%) with molecular weight Mn of
10 000–20 000 as determined by GPC.† It was hoped that
removal of the orthoester and silyl groups would release a
hydrophilic polymer with oriented fiunctionality. Thus the
polymer 2 was heated in a mixture of THF and methanol in the
presence of toluene-p-sulfonic acid to give the hydroxylated
polymer 3 (Scheme 2). The polymer 3 would be expected to
exhibit interesting hydrophilic and metal binding properties if
all five hydroxy groups remained axial 3ax.2,3 However, the
alternative conformation 3eq. would also be feasible. Un-
fortunately the polymer 3 shows very broad 1H and 13C NMR
spectra, making the full conformational interpretation difficult,
and hence conformational studies using model small molecules
were carried out to gain insight into this feature.

The model compounds were thought to be accessible by ring
closing metathesis (RCM)4,5 of the monomer 1 using the
ruthenium based alkylidene catalyst 4.6 However, attempted
ring closure of the monomer 1, under high dilution (11.2 mM),

failed and gave only oligomeric products. This was ascribed to
the rigid steric arrangement of the two styryl groups in a single
unit of 1, making the formation of another ring difficult. RCM
of an alternative monomer with flexible alkyl linking groups
was therefore carried out. The diallyl inositol 5 was formed in
78% yield by treating 1 with allyl bromide and sodium hydride
in DMF. On treatment of the monomer 5 with the ruthenium
initiator 4, the ring closed product 6 and ‘dimer’ 7 were
obtained, together with starting material (35%) and oligomeric
products (Scheme 3). The double bond stereochemistry of these
symmetrical products has not been assigned, but it is reasonable
to assume that compound 6 has the Z-double bond configura-
tion.

The RCM product 6 was deprotected to give the model
compound 8 (Scheme 4).‡

Analysis of the 1H NMR spectrum of the deprotected product
8 indicated that the preferred ring conformation was 8eq. The
protons Hd (d 3.20, dd, J 9 and 3), He (d 3.31, br t, J 9, 9) and
Hf (d 2.92, dt, J 6 and 9) were all axial and the measured
coupling constants were in good agreement with those predicted
by computer modelling.7 A strong 1H NMR NOE effect was
also observed between the signals due to Hd and Hf (see Scheme
4) and between Ha (d 5.75, br s) and He.

Variable temperature (VT) 1H NMR experiments were
carried out for both the deprotected RCM product 8 and the
analogous ‘dimer’ in DMSO over the temperature range
300–330 K. However, although the signals due to the OH peaks
altered as a result of the breaking of hydrogen bonds, there were

Scheme 1 Polymerisation of the monomer 1 to cyclopolymer 2.

Scheme 2 Deprotection of polymer 2 to give two alternative conformations
of 3.

Scheme 3 RCM of the diallyl inositol 5.

Scheme 4 Deprotection of the ring closed product 6 showing the observed
NOE for 8eq.
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no dramatic changes in the other signals. This demonstrates the
rigidity of the structure in inhibiting inositol ring-flipping.

The 1H NMR signals of the inositol ring protons of the
4,6-dibenzyl-myo-inositol orthoformate 95 occurred at d 4.45

(1H, m), 4.30 (2H, m) and 4.23 (3H, m) and resembled closely
the analogous signals in the polymer 2 (d 4.5–4.2, br multiplet),
indicating that the ring conformation was maintained, as
expected, in the polymer. The 1H NMR chemical shifts (d
3.60–2.92) of the ring protons of the deprotected metathesis
product 8eq. are shifted upfield compared with those in the
model 9. Similarly the inositol ring protons of the deprotected
polymer 3 (d 3.7–3.0) are shifted upfield from which it is
concluded that the inositol ring in 3 has the conformation 3eq.
The 13C NMR spectra peaks of 3 were too broad to be
assigned.

In conclusion, we have established the conformation of the
novel inositol polymer 3 using the model compound 8 prepared
by ring closing metathesis. The 1H NMR analysis strongly

suggests that the polymer 3ax. is converted into 3eq. when
deprotected.

We thank EPSRC for supporting this work and provision of
the Swansea MS service, and the Cambridge Overseas Trust,
Robinson College, and the CVCP (award of scholarships to
T.-H. Kim).
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The cyclic tripeptide K-13 has been prepared in 11 steps
from commercially available starting materials (11% overall
yield); the key step is the Pd-catalysed macrocyclisation of
the zinc reagent prepared by selective insertion of zinc into
the aliphatic C–I bond of the linear tripeptide 3, followed by
Pd-catalysed macrocyclisation.

The conformation of peptides is a key parameter in determining
their biological activity. Cyclic peptides, in which the degrees
of conformational freedom are reduced, are therefore poten-
tially important targets. Some examples of natural products
falling into this class include the aminopeptidase inhibitor
OF4949-III1a and the ACE inhibitor K-13 (1).1b There is

substantial interest in the preparation of these targets,2 and
analogues of these compounds have been proposed as potential

therapeutic agents.3 Previous routes to these and related
compounds have relied on macrocyclisation involving classical
amide bond formation, or on formation of the biaryl ether. This
latter approach has employed oxidative phenol coupling using
thallium trinitrate, Ullmann cyclisations and the SNAr reaction.4
These approaches have the advantage that the precursors for
cyclisation are generally easy to prepare, with minimal reliance
on protecting groups.

We have already described the palladium-catalysed reaction
between aromatic iodides and the organozinc reagent derived
from a protected iodolalanine derivative.5 The reaction has
proved to be versatile and has been extended to dipeptide-
derived organozinc reagents.6 We have therefore explored
whether this reaction might be applied to the synthesis of K-13,7
in which the key macrocyclisation step is a Negishi cross-
coupling reaction of the corresponding open chain peptide 3
(Scheme 1).8 This approach has the benefit of requiring the
synthesis of relatively simple macrocyclisation precursors, and
the potential for broader application since there is no absolute
requirement for a biaryl ether in the target.

It was expected that the crucial C–C bond formation could be
achieved after chemoselective Zn insertion into the aliphatic
C–I bond, followed by a palladium-catalyzed cross-coupling
reaction of the resulting organometallic reagent. The viability of
this type of coupling in an intermolecular sense had already
been demonstrated.9 Compound 3 could be obtained by amide
bond formation between the peptide 4 and the N-protected
biaryl ether amino acid 5, in which the hydroxy group of the
serine residue could then be transformed into an iodide.

Scheme 1

Scheme 2 Reagents and conditions: (a) 2-fluorobenzaldehyde, K2CO3,
DMF, 70 °C, 4 d; (b) MeI, NaHCO3, DMF, rt, 16 h, 85% (two steps); (c) i,
MCPBA, NaHCO3, CHCl3, 55 °C, 16 h; ii, K2CO3 (cat), MeOH; (d)
Chloramine-T, NaI, DMF, rt, 90 min; (e) MeI, K2CO3, DMF, rt, 16 h, 71%
(three steps); (f) LiOH, THF–H2O (1+4), quantitative.
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The synthesis of fragment 5 started from commercially
available N-Boc protected tyrosine 6. Thus, nucleophilic
aromatic substitution reaction between N-Boc protected tyro-
sine 6 and 2-fluorobenzaldehyde afforded the diaryl ether 7,
which was directly transformed into the corresponding methyl
ester 8 in 85% overall yield (Scheme 2). Perkin reaction on the
aromatic aldehyde 8, using MCPBA in CHCl3, followed by
treatment of the formate intermediate with a catalytic amount of
K2CO3 in MeOH, provided the phenol 9 in quantitative yield,
which was used in the next step without further purification.
This compound had already been synthesised by Jung using a
different route in 30% yield over three steps.9 At this stage, the
enantiomeric purity of compound 9 was checked by removal of
the Boc protecting group and Mosher’s amide formation using
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlor-
ide. The enantiomeric purity of 9 was found to be > 95% by 1H-
NMR spectroscopy. The use of the free carboxylic acid
derivative of tyrosine 6 in the reaction with 2-fluorobenzalde-
hyde is crucial to ensure high enantiomeric purity; use of the
corresponding methyl ester derivative afforded racemic mix-
tures under a wide variety of conditions. Compound 9 was
treated without further purification, following Jung’s condi-
tions,9 with one equivalent of Chloramine-T hydrate (sodium
salt of N-chlorotoluene-p-sulfonamide)–NaI to produce a
mixture of 5-iodo 10 and 3,5-diiodo derivatives in a 90+10 ratio.
This mixture was submitted to methylation (MeI, K2CO3,
DMF) to give 11 (71% from 8 over three steps).This procedure
allowed the synthesis of compound 11 on a multigram scale in
60% overall yield from commercially available N-Boc-tyrosine
and 2-fluorobenzaldehyde. Finally, acid 5 was obtained in
quantitative yield by saponification.

With the key intermediate 5 in hand, the synthesis of the
crucial precursor 3 proved straightforward (Scheme 3). Thus,

condensation of compound 5 and HCl·410 gave the dipeptide 12
(94%), which was transformed into the iodide 3 (76%) using
(PhO)3PMeI in DMF.11 Treatment of iodide 3 with zinc dust in
DMF gave a solution of the organometallic intermediate 13,
which was added dropwise to a dilute solution of a catalyst
prepared from Pd2(dba)3 and P(o-Tol)3 in THF (maximum
conc. of 13, 3 3 1023 M at 60 °C, and the solution was then
stirred overnight. After extractive work up, cyclic dipeptide 2
was isolated by flash chromatography (35%). Compound 2 was
transformed into K-13 following the experimental procedure
published by Evans and Ellman7 in good overall yield (74%).
Synthetic K-13 exhibited physical and spectroscopic properties
in close agreement with those reported.12

We thank the Spanish Ministerio de Educación y Cultura for
a fellowship (M. P.-G.), the EU for a Marie Curie fellowship,
HPMF-CT-1999-00050 (M. P.-G.), and Professor J. Zhu for
providing spectra of synthetic K-13 for comparison.
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The crystal structure of an organic cocrystal, 1,2,3-trihy-
droxybenzene–hexamethylenetetramine (1/1), has been
solved from conventional laboratory X-ray powder diffrac-
tion data that are significantly affected by preferred
orientation, using a direct space structure solution approach
based on the Monte Carlo method.

A sound knowledge and understanding of the role that
intermolecular forces play in supramolecular assembly is
generally obtained from systematic crystallographic studies.
Where crystals are available of suitable quality for single-
crystal diffraction, these techniques remain the method of
choice. However, when no such material is available, this
valuable structural information can often be obtained from
powder diffraction data.

The use of X-ray powder diffraction for ab initio structure
determination of purely organic molecular solids is a rapidly
expanding field, mainly due to the considerable advances in the
development of direct space methods of structure solution.1–6

Here we report the first application of such a method to the
structure determination of an organic cocrystal containing two
different molecular building blocks, the 1+1 adduct of 1,2,3-tri-
hydroxybenzene [C6H3(OH)3; pyrogallol 1] and hexamethyle-

netetramine [(CH2)6N4; HMTA 2] from conventional labo-
ratory powder diffraction data. Despite the presence of two
different molecular components in the structure and evidence of
significant preferred orientation in the data, the Monte Carlo
method employed here smoothly generated a starting structure
for Rietveld refinement. This structure determination demon-
strates both the power of this technique as a tool in the
systematic study of intermolecular interactions and as an
emerging force in the field of crystal engineering, and the
feasibility of using lower resolution powder data collected using
laboratory-based powder diffractometers rather than relying on
the availability of synchrotron radiation for solving structures
with this degree of complexity.

Previous studies have used single-crystal X-ray diffraction to
explore the use of bis- and tris-phenols in crystal engineering
and the interaction of this type of phenol, acting as a hydrogen
bond donor, with HMTA as a hydrogen bond acceptor.7
However in the case of pyrogallol–HMTA (1/1), investigation
of the crystal structure was carried out using powder diffraction
data. This type of material is an ideal target for the direct space
structure solution technique as it is the organization of these

well-defined building blocks within the crystal structure that is
of greatest importance.

The direct-space methods approach structure solution by
postulation of trial crystal structures constructed from known
molecular connectivity, independently of the powder diffraction
data. The trial structures are generated by movement of a
structural model around the unit cell including variation of
molecular conformation when required, and each structure
assessed by comparison between the corresponding calculated
diffraction pattern and the experimental diffraction data. The
structure solution, or global minimum, is then located using a
global optimization strategy such as Monte Carlo2,6 (the method
used here), simulated annealing3,5 or genetic algorithm tech-
niques.4

In the application of direct space structure solution methods,
the presence of more than one molecule in the asymmetric unit
makes the problem more complex in terms of the number of
degrees of freedom (i.e. the number of structural parameters
varied to generate new trial crystal structures), and to an extent,
the effect on R-factor discrimination. There are few examples of
such materials solved from powder diffraction data using the
direct space structure solution approach,8 a situation made more
complicated here due to the presence of two entirely different
molecules in the cocrystal with the location of each molecule in
the unit cell being unique and non-superimposable. The exact
hydrogen-bonded relationship between the molecules in this
system was not predictable in advance.

The powder diffraction pattern was indexed on a monoclinic
unit cell (space group P21/n) consistent with the presence of one
molecule of each component in the asymmetric unit. Hence the
structural model used in the Monte Carlo structure solution
comprised a complete HMTA molecule and a pyrogallol
molecule excluding the hydrogen atoms on the three hydroxyl
groups. Both molecules were constructed using standard bond
lengths and angles, and treated as rigid units during structure
solution, although not in the subsequent refinement. Trial
crystal structures were then generated by completely independ-
ent translation and rotation of the two molecular components
within the unit cell. With more than one independent molecule
required to define the structure, the number of degrees of
freedom required for random movement is increased (from 6 to
12 in this case) without conformational flexibility being
introduced. The calculation was run for 500000 Monte Carlo
moves and Rwp was found to be typically 52–68% for most
random structures whereas the best structure solution corre-
sponded to an Rwp value of 18.9%. This solution was used as the
starting model for a successful Rietveld refinement (Fig. 1).

Diffraction data had been collected in both disc and capillary
geometries and it was clear from the difference in relative
intensities of related peaks in these data that there was a
significant degree of preferred orientation present. Although
these effects were minimized by the use of the capillary data for
both solution and refinement, variation of a preferred orienta-
tion parameter was still required in refinement.‡ In such cases,
this distortion of the data often has a disastrous effect on
traditional structure solution, whereas in our experience, direct-

† Electronic supplementary information (ESI) available: atomic coordinates
and metrical parameters for 1,2,3-trihydroxybenzene–HMTA (1/1). See
http://www.rsc.org/suppdata/cc/b0/b007189g/
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space methods appear to be more robust, presumably because a
substantial amount of structural knowledge is included in the
calculation through the use of a structural model.

In the structure, all three hydroxyl groups in the pyrogallol
molecule act as hydrogen bond donors, and hence three N atoms
in each HMTA molecule act as acceptors. This differs from the
majority of systems, in which HMTA acts as a double acceptor
of hydrogen bonds:7 rather less frequently HMTA behaves as an
acceptor of just one hydrogen bond, a full complement of four
hydrogen bonds, or as in this case, of three hydrogen
bonds.7–9

O–H…N hydrogen bonds are formed from the hydroxyl
groups in the 1 and 3 positions linking alternating pyrogallol
and HMTA molecules in a chain running parallel to the [100]

direction. Pairs of these chains are linked by further O-H…N
hydrogen bonds from the hydroxyl groups in the 2 positions to
another N atom in each HMTA unit forming two distinct cyclic
R4

4(18) motifs. The result is a lightly-puckered molecular
ribbon running parallel to the [100] direction in which the
HMTA cages lie alternately above and below the plane (Fig. 2).
These ribbons are then linked into a continuous three-
dimensional framework by C–H…p(arene) interactions. There
are edge-to-face interactions between pyrogallol units in
neighbouring ribbons, occupying one face of each ring: the
other face of each ring is involved in a C–H…p(arene)
interaction with a C–H bond from an HMTA unit in a
neighbouring ribbon. The latter C–H…p(arene) interactions
link sets of neighbouring parallel ribbons into columns stacked
in the [010] direction, while those between the pyrogallol units
link neighbouring stacks together to form a herringbone pattern
(Fig. 3). Propagation of these two types of C–H…p(arene)
interactions based on aromatic and aliphatic C–H bonds links all
the parallel ribbons into a single bundle, so that the overall
supramolecular structure is three-dimensional.

In this study we have shown that it is possible to determine
the crystal structures of relatively complex materials such as
cocrystals with multiple fragments in the structure solution
process, from conventional laboratory X-ray powder diffraction
data that is significantly affected by the presence of preferred
orientation. The successful application of direct space tech-
niques to the structure solution of materials containing a greater
number of independent structural fragments or molecules with
a considerable degree of conformational flexibility from
powder data of this quality is clearly a possibility. Subsequent
rationalization of the intermolecular forces in this system show
an unpredicted network of both weak and strong hydrogen
bonds, demonstrating the invaluable contribution that powder
diffraction will have in improving our understanding of non-
covalent forces and their role in crystal packing.

This research was supported by the Royal Society through the
award of a fellowship to M. T.

Notes and references
‡ Crystal data for pyrogallol–HMTA (1/1), C12H18N4O3: Mr = 266.30,
monoclinic, a = 10.7691(2), b = 7.0107(2), c = 16.7519(4) Å, b =
91.402(2)°, V = 1264.38(3) Å3, space group P21/n (no. 14), Z = 4, Dc =
1.39 g cm23, T = 273 K.

Sample preparation: a microcrystalline sample produced by crystallisa-
tion of a methanol solution containing equimolar quantities of 1 and 2.

Data collection and Rietveld refinement: the powder diffraction data
were collected on a Stoe STADI/P diffractometer using Cu-Ka1 radiation,
and a linear PSD. Data were measured over 5 < 2q < 75° in 0.02° steps for
15 h. In refinement, all atom postions (except the hydroxyl H atoms which
were given calculated positions) were refined subject to soft constraints, and
isotropic atomic displacement parameters (refined for non-H only)
constrained according to atom type. Final refinement gave Rwp = 7.40%, Rp

= 5.40% for 654 reflections and 117 parameters; preferred orientation
fraction = 0.807.

CCDC 182/1828. See http://www.rsc.org/suppdata/cc/b0/b007189g/ for
crystallographic files in .cif format.
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Fig. 1 Final observed (circles), calculated (solid line) and difference (below)
X-ray powder diffraction profile for the final Rietveld refinement of
pyrogallol–HMTA (1/1). Reflection positions are also marked.

Fig. 2 Stereoview of the crystal structure of pyrogallol–HMTA (1/1)
showing the alternating O–H…N rings generating a puckered molecular
ribbon. Only hydrogen atoms involved in hydrogen bonding are shown and
hydrogen bonds are indicated by thin lines. Intermolecular O…N distances
are 2.90(1), 2.79(1) and 2.69(1) Å.

Fig. 3 A schematic diagram of the crystal structure of pyrogallol–HMTA
(1/1) with each ribbon shown end-on and represented by a shaded area with
the molecular units indicated by black lines. C–H…p(arene) interactions
within each stack (light areas) and between neighbouring stacks (dark areas)
are indicated by block arrows. C…p(arene) distances, i.e.: to the centroid of
the ring, are 3.64(1) Å and 3.69(1) Å, respectively.
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1D crystals of lanthanide halides of the form LnCl3 (Ln =
La, Nd, Sm, Eu, Gd, Tb or Yb) have been inserted into single-
walled carbon nanotubes (SWNTs) using the molten salt
capillary filling method; ca. 20–40% of all the observed
SWNTs were filled with melts in the range 650–910 °C with
no observable damage to the carbon tubules; high resolution
transmission electron microscopy (HRTEM) studies showed
that the nanostructures of the encapsulated crystals varied
with tubule diameter.

The unique physical properties of carbon nanotubes1 have
generated considerable interest and the expectation of new types
of materials with useful practical applications. Theoretical
studies2–5 suggest that the introduction of foreign materials into
their hollow cavities will have interesting effects both on the
properties of the filling material and the filled nanotubes.
Recently, the filling of SWNTs with Ru, silver metal and other
species has been demonstrated.6–10 Related work has shown
that the doping of the interstices of SWNTs with vapour or
liquid phase species, including alkali metals, bromine, or
charged iodine chains, leads to a 10–100 fold decrease in their
measured resistivities and to charge transfer behaviour detect-
able by Raman spectroscopy.11,12 Lanthanide (or rare earth)
ions have optical and magnetic properties that are particularly
interesting when they are situated in a confined geometry.
Additionally, as their spectral and dynamic properties alter
when the reduced dimensions also affect the chemical and
physical properties of the host, these species can act as a local
probe for the chemistry and structure of the host material.13 We
present here preliminary results with respect to the incorpora-
tion and low-dimensional crystallisation properties of lantha-
nide halides within SWNTs.

Single-walled carbon nanotubes can be filled both by
solution–deposition6 or by capillarity7–10 providing, in the latter
case, that the filling medium has a surface tension in the range
100–200 mN m21 and a melting temperature ideally below
900 °C.7,14 The lanthanide halides LnCl3 (Ln = Y, La, Pr, Nd,
Gd or Dy) have surface tensions that fall below this threshold in
the temperature range 820–950 °C.15 In this study, we describe
the filling properties of three of these halides (Ln = La, Nd and
Gd) and four additional halides (Ln = Sm, Eu, Tb and Yb) for
which surface tension data were unavailable (Table 1) but for
which similar melting behaviour is assumed.

Samples of SWNTs were prepared by a high yield arc
synthesis method.16 The as-prepared SWNTs (ca. 30 mg) were
intimately mixed with the anhydrous halides (ca. 70 mg) by
grinding in an agate mortar and pestle under dry-box conditions.
The samples were sealed under vacuum in a silica quartz
ampoule that was then attached to the tip of a thermocouple and
placed in a tube furnace. The temperature was slowly raised
(3–5 °C min21) to a target temperature of ca. 10–50 °C above
the melting point of the respective lanthanide chloride (Table 1),
held at this temperature for 1 h and then furnace cooled to room
temp. The specimens were characterised in a JEOL JEM-3000F
FEGTEM operated at 300 kV (coefficient of spherical aberra-
tion (Cs) = 0.57; point resolution = 0.16 nm). Images were
acquired digitally on a Gatan model 794 (1 k 3 1 k) CCD

camera, and the magnification was calibrated accurately using
Si < 110 > lattice fringes. Energy dispersive X-ray micro-
analysis (EDX) was performed with a LINK ‘ISIS’ system
using a 0.5 nm diameter electron probe.

All the lanthanide halides in Table 1 filled 20–40% of the
observed SWNTs with continuous lanthanide halide single
crystals. The HRTEM micrograph in Fig. 1(a) shows an
example of TbCl3 filling observed within a SWNT bundle. An
enlargement of the tubule on the periphery of the bundle

Table 1 Surface tension data and synthesis conditions for lanthanide halides
incorporated into SWNTs

SWNT
filling
material

Heating
ramp rate/
°C min21

Melting
tempera-
ture/°C

Target
tempera-
ture/°C

Surface
tensiona/
mN m21

LaCl3 3 860 910 109.407
NdCl3 5 784 834 102.093
SmCl3 5 686 706 —
EuCl3 3 850 860 —
GdCl3 3 609 659 91.7798
TbCl3 5 588 638 —
YbCl3 3 854 904 —
a Data not available for Ln = Sm, Eu, Tb or Yb.

Fig. 1 (a) HRTEM image of TbCl3 filling within a SWNT bundle. (b)
Enlargement from boxed region in (a) showing a ‘zigzag’ arrangement of
dark spots attributed to a 1D polyhedral chain of TbClx polyhedra (scale bar
= 1.6 nm). (c) Structural representation of a 1D polyhedral chain
incorporated in a (12,12) SWNT. (d) Detail (left) and schematic depiction
(right) of three polyhedra from the encapsulated chain shown in Fig. 1(c).
The indicated dimensions in the schematic depiction are estimated from the
lattice image [i.e. from (a) and (b)].
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[Fig. 1(b)] reveals that the crystal images as a ‘zigzag’ array of
dark spots which we take to be a chain of TbClx polyhedra. Most
of the dark contrast in the 1D arrays must originate from the
strongly scattering Tb3+ centres with the coordinating Cl– ions
being effectively invisible. Groups of three adjacent spots are
arranged into nearly equilateral triangles of side ca. 0.47 nm.
The bulk structure of TbCl3 consists of TbCl9 polyhedra
arranged into a 3D hexagonal network (i.e. UCl3-type17,18).
Within the confines of the 1.6 nm diameter SWNT in Fig. 1(b),
it is possible only to accommodate 1D polyhedral chains from
the 3D structure, as shown in Fig. 1(c). The individual
polyhedra within the chains are likely to be of reduced
coordination owing to lattice terminations enforced by capillary
confinement and the likeliest candidate structure is therefore a
1D network of edge-sharing TbCl6 octahedra as depicted on the
right of Fig. 1(c) (cf. CdCl218) and in detail in Fig. 1(d). We have
recently reported a related reduction in coordination of 6+6 to
4+4 coordination for bilayer KI crystals incorporated into
SWNTs.19

Fig. 2(a) shows a 1D chain of GdCl3 incorporated into a
1.4 nm SWNT. The SWNT is bent into an ‘elbow’ and, on either
side of the bend, the crystal images with different contrast
suggesting a different orientation formed as a result of a twist
induced by the bend. On the right of the bend, the crystal images
as an apparently linear array of dark spots, as can be seen in the
enlargement in Fig. 2(b). In this case we assume that the crystal
has a similar structure to that depicted in Fig. 1(c) but that it is
rotated 90° about the SWNT axis [i.e. relative to Fig. 1(c)] so
that the polyhedral chain is viewed in ‘top down’ projection as
depicted in Fig. 2(c). This crystal can also be seem to terminate
within the SWNT capillary.

Fig. 2(d) shows a bundle of two SWNTs, one wide (ca.
2.5 nm) and the other narrow (ca. 1.6 nm), corresponding
approximately to (12,12) and (20,20) SWNTs, respectively,

both of which are continuously filled with crystalline NdCl3.
This crystal has an unusual microstructure as can be seen by the
enlargement in Fig. 2(e). The encapsulated crystal consists of
two linear 1D arrays of dark spots separated, in the middle, by
a continuous series of groups of four dark spots arranged into
diamonds. This microstructure cannot readily be reconciled
with the bulk structure of NdCl3,18 but may instead correspond
to the suggested arrangement in Fig. 2(f) in which ‘diamond’
arrays of NdClx polyhedra formed along the centre of the
SWNT are bounded by 1D arrays of NdClx polyhedra formed
along their walls. This arrangement is based using a similar
interpretation as for Figs. 1(b) and 2(b), i.e. that each dark spot
corresponds to a heavy Ln3+ centre within one or more LnClx
polyhedra viewed in projection.

In conclusion, we have demonstrated the first example of
lanthanide halide insertion into SWNTs in high yield by a
simple and reproducible method, and have also found that the
diameter of the host SWNT profoundly influences the obtained
structure of the filling material. The nature of these related
crystallisation phenomena within SWNTs will be discussed
more fully in a forthcoming publication. Experiments are also
under way in our laboratory to understand the filling mechanism
and to investigate the physical properties of these novel
composites.

We acknowledge the Petroleum Research Fund, administered
by the American Chemical Society (Grant No. 33765-AC5), the
EPSRC (Grant Nos. GR/L59238 and GR/L22324) and Cole-
brand Ltd. for financial support. C. X. is grateful for a K. C.
Wong Scholarship (University of Oxford), a Light Senior
Scholarship (St. Catherine’s College) and to the Henry Lester
Trust. S. F. is indebted to BMBF and Fonds der Chemischen
Industrie for additional financial support.
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Fig. 2 (a) HRTEM micrograph showing a twisted 1D chain of GdCl3 formed
within a (10,10) SWNT. (b) Enlargement of boxed region from (a) showing
a linear array of dark spots which terminates towards the right of the
micrograph (scale bar = 1 nm). (c) Structural representation showing a
‘top-down’ view of (b) [i.e. similar to Fig. 1(c) but rotated 90°] about the
SWNT axis). (d) Bundle consisting of one wide (ca. 2.5 nm) and one narrow
(arrow = ca. 1.6 nm) SWNT both filled with NdCl3. (e) Enlargement of the
boxed region in (d) showing the unusual microstructure of the NdCl3 filling.
(f) Suggested structural model for (e).
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We have conceptualized new molecular entities (bicyclitols)
in which two conduritol and two carbasugar moieties are
embedded in a polyhydroxylated decahydronaphthalene
framework and achieved their syntheses in a stereo- and
regioselective manner. One of the bicyclitols was found to be
a potent and selective a-glucosidase inhibitor.

Conduritols 1 (six diastereomers designated A–F are known)1

and carbasugars 2 are a class of polyhydroxylated cyclohexa-
noids that have evoked a great deal of synthetic interest in recent
years.1,2 In view of their promising therapeutic potential in the
management of wide ranging disorders like diabetes, viral
infections, HIV and cancer among others, many analogues and
structural variants of 1 and 2 have been synthesized and their
biological activities, particularly glycosidase inhibition has
been evaluated.3 Considering the fundamental importance of
competitive and specific glycosidase inhibition in new drug
development, we have conceived of a new family of poly-
hydroxylated polycyclic systems (polycyclitols) represented by
3 as potential glycomimics.4 Bicyclitol 3 is an interesting entity
which can be considered as a hybrid of two conduritols with
shared, common ring junction carbon atoms. Alternately, 3 can
be regarded as a hybrid of two carbasugars A and B (see, bold
portions in 4 and 5), both of which are ring annulated. Herein,

we report the stereo- and regioselective syntheses of two
polycyclitols 6 and 7 based on the general structure 3, and show
that one of them 6 is a potent and selective inhibitor of a-
glucosidase.

Our synthesis of 6 emanated from the readily available Diels–
Alder adduct 8 of 5,5-dimethoxy-1,2,3,4-tetrachlorocyclo-
pentadiene and p-benzoquinone, which was elaborated to the
tricyclic diene 9 following the tactically modified literature
procedure.5 Exhaustive OsO4 mediated dihydroxylation of 9
occurred exclusively from the exo-face to furnish the all cis-
tetrol 10.6 Selective monoprotection and reductive dechlorina-
tion in 10 led to the symmetrical 11.6 Careful deketalisation in
11, while retaining the acetonide protective group led to the
desired norbornen-7-one† 12, Scheme 1. Thermally induced
decarbonylation in 12 to the cyclohexadiene derivative 136 was

smooth and further catalytic, OsO4 mediated double dihydrox-
ylation proceeded stereoselectively to furnish 14 as a single
diastereomer. Acetonide deprotection in 14 provided the
octahydroxydecahydronaphthalene 6,6 a hybrid of conduritols
D (right ring) and E (left ring), Scheme 1. The absence of
symmetry in 6 and 14, revealed through the presence of 10 and
13 lines, respectively, in the 13C NMR spectra, uniquely settled
the stereochemical pattern present in these bicyclitols. Bicycli-
tol 6 was screened against a- and b-glucosidases (from Bakers’
yeast and almonds, respectively) that accept corresponding p-
nitrophenylglycosides as substrates and it was very satisfying to
find impressive inhibition of a-glucosidase with a Ki value7 of
12 mM (cf. Ki = 25.4 mM for deoxynojirimycin, DNJ).
Interestingly, 6 exhibited no significant inhibitory activity

Scheme 1 Reagents and conditions: i, OsO4 (cat.), NMMO, Me2CO:tBuOH
(5+2), 2 d, 66%; ii, (a) Amberlyst-15, acetone, mol. sieves 4 A, 75%; (b) Na,
liq. NH3, THF, EtOH, 49%; iii, Amberlyst-15, acetone, 98%; iv, C6H5NO2,
160 °C, 62%; v, OsO4 (cat.), NMMO, Me2CO+H2O+tBuOH (5+5+2), 85%;
vi, 30% CF3COOH, 95%.
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against b-glucosidase at mM concentration, thus highlighting
its selectivity towards a-glucosidase.

The promising inhibitory profile of 6, spurred us to prepare a
diastereomer 7 of 6. Diels–Alder adduct 8 was readily
transformed to the endo,endo-diol-15.6 Deketalisation to 16 and
decarbonylation led to the cyclohexadiene derivative 17,6
Scheme 2. Catalytic OsO4 mediated double dihydroxylation
was once again highly diastereoselective and the hexahydroxy-
acetal 18 was obtained. Acetonide deprotection in 18 delivered
the projected bicyclitol 7,6 a hybrid of conduritols A (right ring)
and E (left ring). Once again the lack of symmetry (13C NMR)
in 7 and 18, uniquely delineated the stereochemical pattern
generated during the double dihydroxylation of 17. When 7 was
evaluated for its inhibitory activity against a- and b-glucosi-
dases, no significant inhibition was observed for either of the
enzymes at mM concentrations, indicating that stereochemical
alterations in the hydroxy substituents has a major impact on the
enzyme inhibitory activity (cf. 6). This result provides further
impetus to prepare many more diastereomers of 6 and 7 for
further evaluation and efforts towards that end are underway.

In short, we have devised a new family of glycosidase
inhibitors, composed of conduritol and carbasugar hybrid
structures and describe the synthesis of an octahydroxydeca-
hydronaphthalene, which exhibits significant and selective
a-glucosidase activity.

We thank JNCASR for financial support and the SIF facility
at I.I.Sc for the high field NMR spectra. One of us (SSR) thanks
CSIR for a research fellowship. We thank Dr Utpal Tatu,
Department of Biochemistry for help in enzymatic assays.
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Selected spectral data: 13: dH(300 MHz; CDCl3) 5.87–5.83 (m, 2H),
5.65–5.61 (m, 2H), 4.42–4.40 (m, 2H), 3.74 (br s, 2H), 3.00–2.98 (m,
2H), 2.70–2.67 (m, 2H), 1.55 (s, 3H), 1.40 (s, 3H); dC(75 MHz; CDCl3)
125.8(2C), 122.6(2C), 109.3, 74.8(2C), 69.0(2C), 35.4(2C), 26.0, 24.4. 6:
dH(300 MHz; D2O), 4.00–3.60 (m, 2H), 2.22–2.18 (m, 2H); dC(100 MHz;
D2O) 77.0, 76.7, 76.0, 74.2, 73.2, 71.2 (2C), 66.4, 43.1, 40.5; MS (70 eV,
EI): m/z 264 (M+ 2 2). 17: dH(300 MHz; CDCl3 ) 5.97–5.94 (m, 2H),
5.54–5.50 (m, 2H), 4.50–4.49 (m, 2H), 3.86 (br s, 2H), 3.53 (d, 2H, J =
6.9 Hz), 3.20 (br s, 2H), 1.46 (s, 3H), 1.37 (s, 3H); dC(75 MHz; CDCl3)
125.8(2C), 123.8(2C), 108.6, 74.9(2C), 69.7(2C), 32.4 (2C), 26.6, 24.0.
7: dH(300 MHz; D2O,) 4.00–3.67 (m, 8H), 2.36–2.28 (m, 2H); dC(75
MHz; D2O) 73.7, 72.8, 71.3, 70.7, 70.4, 69.3, 69.2, 67.4, 40.2, 38.4.

7 Each enzymatic assay contained a- or b-glucosidase (0.1 to 1.0 U ml21),
compounds 6/7 in water and the corresponding p-nitrophenylglycosides
(2–3 mM) at a pH and temperature optimum for the enzyme. Ki (mM)
values were determined using Lineweaver–Burk plots of the inhibition
data.

Scheme 2 Reagents and conditions: i, Amberlyst-15, acetone, 95%; ii,
C6H5NO2, 160 °C, 34%; iii, OsO4 (cat.), NMMO, Me2CO+H2O+tBuOH
(5+5+2), 73%; iv, 30% CF3COOH, 90%.
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Simple methods for the regioselective introduction of
deuterium labels at the a- and b-carbon atoms of leucine
using a Co(III) imino acid complex are described which have
a general applicability to the synthesis of a range of labelled
amino acids.

Deuterium labelled amino acids are useful probes of protein
structure1 and biosynthetic pathways for interesting, potentially
useful, metabolites.2 As such they are significant synthetic
targets and a substantial catalogue of synthetic3 and bio-
synthetic4 strategies for the preparation of labelled a-amino
acids now exists in the literature. Many of these strategies
involve complex, multi-step syntheses and their application as
universal methods for the preparation of families of deuterium
labelled amino acids is limited by relatively low yields or
relatively high substrate specificity. Given these restrictions, a
simple and general synthetic strategy has been developed by
which the metal ion activation and protection of sites in a-imino
acids coordinated to Co(III) may be harnessed to incorporate,
regioselectively, deuterium or tritium labels on the a- and b-
carbon atoms of various a-amino acids.

Syntheses of a-amino acid complexes of Co(III) are readily
achieved by intramolecular condensation of coordinated amido
ion (NH2

2) with an a-keto acid coordinated cis to the amido
ion,5 Scheme 1. These ammine complexes have three useful
properties: the complexes are substitutionally inert, the imine is
protected from hydrolysis in aqueous solution, and sites,
including the imine-N, imine-C and b-carbon atoms are
activated for further reaction. For example, the protons on the b-
carbon of [Co(NH3)4(2-iminopropanoate)]2+ readily exchange
with deuterium ions in dilute NaOD solution. Then, it is
possible to reduce, rapidly, the imino acid ligand to the
corresponding amino acid (alanine) with BH4

2 ion in dilute,
basic solution without significant reduction of the metal centre.5
These reactions can be employed to prepare a range of amino
acids containing a specific deuterium label at the a-carbon
using BD4

2 ion and/or at the b-carbon using basic D2O and
BD4

2 or BH4
2. To illustrate this strategy, the synthesis and

isolation of three deuterium-labelled analogues of leucine are
described.

The leucine–iminato complex, 3†, was prepared by a method
analogous to that for the alanine–iminato complex.5 The
4-methyl-2-oxopentanoate complex, 2, was treated with aque-
ous base to induce intramolecular condensation between the
coordinated a-keto acid and amido ion, Scheme 1. Treatment of
3 with sodium borodeuteride (at pH 10) for 60 s gave 4,‡ in
which the a-carbon of the coordinated leucine was completely
labelled with deuterium. A sample of 3 was dissolved in a
carbonate–deuterium carbonate buffer (pD 10) and exchange of
the protons on the b-carbon for deuterium was monitored by 1H
NMR spectrometry to completion. The isolated complex, 5, was
then treated with either sodium borohydride or sodium
borodeuteride to prepare the corresponding complexes 6 and 7,‡
in which coordinated leucine was labelled with deuterium at the
b-carbon and at the a- and b-carbon atoms, respectively. Direct
introduction of the D label from BD4

2 ion at the a-C atom
occurs even in H2O and base catalyzed proton exchange at the

b-C atom leads to capture of D+ from D2O. Complexes 3–7
were purified by cation-exchange chromatography to remove
traces of cobalt(II) generated during their preparation.

The deuterium labelled amino acids 8–10§ were isolated
following treatment of the corresponding Co(III) complexes (4,
6, 7) with excess ammonium sulfide and filtration to remove
precipitated CoS. They were purified by ion exchange chroma-
tography (dilute aqueous ammonia as eluent)6 and characterized
by 1H and 13C NMR spectrometry, microanalysis and electro-
spray mass spectrometry. Examples of 13C NMR spectra of the
deuterium labelled leucine are reproduced in Fig. 1. Coupling
between the deuterium labels and the a- and b-carbon atoms
generates characteristic splitting patterns in the peaks assigned
to these atoms.

Analogous chemistry has been used to introduce deuterium
labels into other amino acids, including glycine, alanine and
valine, details of which will be published elsewhere. A wide
range of (a-imino acidato)cobalt(III) complexes is also readily
accessible by oxidation of the corresponding (a-amino acid-
ato)cobalt(III) complexes with SOCl27 and the chemistry
described here whould provide the means to prepare selectively
labelled analogues of many amino acids. The methods are

Scheme 1
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simple, rt processes and the pure amino acids can be recovered
readily.

The stereoselectivity of the chemistry used to prepare the
labelled amino acids needs to be addressed. The products
isolated from tetraammine complexes are racemic but they can
be resolved readily with chiral ion exchange eluents. However,
similar chiral cobalt(III) reagents also influence the imino acid8

reductions stereoselectively and a report on this issue is
currently being prepared.

Electrospray mass spectrometric analysis of labelled amino
acids by Dr Margaret Shiel and associates of the Department of
Chemistry, University of Wollongong, NSW is gratefully
acknowledged.

Notes and references
† When necessary, compounds were purified by cation-exchange chroma-
tography (Dowex 50W-X2, 200–400 mesh, BioRad) using HCl solutions as
eluents.

For 2: [(NH3)5Co(OH2)](ClO4)3
9 (5.00 g, 10 mmol) was added to sodium

4-methyl-2-oxopentanoate (6.1 g, 40 mmol) in HClO4 solution (0.4 M, 4
mmol). The mixture was heated at 45 °C for 3.5 h and the resulting
precipitate recrystallized from hot water, producing scarlet crystals of 2 (3.9
g, 76%). dH(0.1 M DCl) 4.1 (12 H, br, cis 4 3NH3) 3.5 (3 H, br, trans NH3),
2.73 (2 H, d, b-CH2), 2.19 (1 H, m, g-CH), 0.99, 0.98 (6 H, d, 2 3 CH3);
dC(0.1 M DCl) 188.2 (a-CNO) 174.0 (b-CNO), 44.7 (g-CH2), 26.5 (d-CH),
22.7 (2C, s, 2 3 CH3) (Found: C, 15.3; H, 5.3; N, 15.3; Cl, 14.9; Co, 12.6%.
C6H24N5O11Cl2Co requires C, 15.26; H, 5.12; N, 14.83; Cl, 15.02, Co,
12.48%).

For 3: 2 (3.6 g, 7.6 mmol) was dissolved in NaOH (0.08 M, 7.6 mmol) and
stirred at 25 °C (30 s) before addition of acetic acid to pH 4.0. The orange
product, 3, was eluted from ion exchange resin (H+ form), evaporated to
dryness and recrystallized from water by the addition of HClO4 (70%,
CAUTION) (2.1 g, 59%). dH(0.1 M DCl) 4.1 (3 H, br, NH3) 3.6 (6 H, br, 2
3NH3), 3.3 (3 H, br, NH3), 2.95 (2 H, d, b-CH2), 2.13 (1 H, m, g-CH), 0.99,
0.98 (6 H, d, 2 3 CH3); dC(0.1 M DCl) 187.6 (O–CNO), 173.0 (a-CNN),
42.3 (b-CH2), 26.2 (g-CH), 21.5 (2C, s, 2 3 CH3) (Found: C, 15.6; H, 4.9;

N, 15.2; Cl, 14.5; Co, 12.7%. C6H22N5O10Cl2Co requires C, 15.87; H, 4.88;
N, 15.42; Cl, 15.61; Co, 12.98%).
‡ For 4: 3 (0.25 g, 0.8 mmol) was dissolved in a carbonate–bicarbonate
buffer solution ([CO3

22] = [HCO3
2] = 0.5 M) and NaBD4 (0.08 g, 4

mmol) added. Following vigorous mixing (60 s) the product was rapidly
trapped on ion exchange resin (Na+ form) by suction and washed with water
and 0.5 M HCl and the orange product eluted with 2 M HCl. Evaporation
gave an orange solid, 4. The labelled amino acid was removed from this
complex without further purification.

Complexes 6 and 7 were prepared by analogous treatment of 5 with
NaBH4 and NaBD4, respectively. For 5: 3 (1.5 mmol, 0.50 g), was dissolved
in a carbonate–deuteriobicarbonate buffer ([CO3

22] = [DCO3
2] = 0.25 M,

pD = 10.0). The resulting deep orange solution was stirred at 25 °C for 10
h and the orange product, 5, was isolated as above.
§ For 8–10: Complexes 4, 6 and 7 were individually dissolved in water (10
cm3) and an 8% solution of (NH4)2S added dropwise to reduce and
precipitate the cobalt. The resulting CoS suspensions were removed by
filtration and the solutions desalted on ion exchange resin (H+ form); the
sorbed material was washed with water before eluting with 0.5 M ammonia
solution. Fractions containing the amino acids were evaporated and
recrystalized twice from H2O–propan-2-ol to give white powders (yields
from 2 to isolation ~ 50%). 8: dH(D2O) 1.70 (1 H, m, g-CH), 1.75 (2 H,
ABXq, b-CH2), 0.97, 0.98 (6 H, d, 2 3CH3); dC (D2O) 187.9 (COOH), 56.8
[1C, t, J(CD) 24 Hz, a-CD], 42.4 (b-CH2), 24.9 (g-CH), 20.9, 21.0 (2 3
CH3); m/z (ES-MS) 133.0 (M+) (Found: C, 54.4; H, 9.13; N, 10.5%.
C6H12DNO2 requires C, 54.52; H, 9.15; N, 10.6%). 9: dH(D2O) 3.73 (1 H,
s, a-CH) 1.69 (1 H, m, g-CH), 0.97, 0.98 (6 H, d, 2 3 CH3); dC(D2O) 187.8
(COOH) 56.5 (a-CH), 42.3 (1C, m, CD2), 24.5 (g-CH), 19.9, 20.9 (2 3
CH3); m/z (ES-MS) 134.0 (M+) (Found: C, 53.2; H, 8.5; N, 10.4%.
C6H11D2NO2 requires C, 54.1; H, 8.32; N, 10.5%). 10: dH (D2O) 1.70 (1 H,
m, g-CH), 0.97, 0.98 (6 H, d, 2 3 CH3); dC(D2O) 187.9 (COOH), 56.6 [1C,
t, J (CD) 24.45 Hz, a-CD], 42.4 (1C, m, b-CD2), 24.5 (g-CH), 19.8, 20.9 (2
3 CH3). m/z (ES-MS) 135.0 (M+) (Found: C, 53.9; H, 7.50; N, 10.3%.
C6H10D3NO2 requires C, 53.7; H, 7.51; N, 10.4%).
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Fig. 1 Comparison of the 13C NMR spectra (D2O, *1,4-dioxane) of
deuteriated-leucines 8–10, a–c respectively from 4, 6 and 7. Magnification
of spectral peaks due to the a-methine and b-methylene carbon atoms are
shown inset, to illustrate splitting of the signals due to the presence of
deuterium labels on those atoms.
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The copper-catalysed SN2A addition of ZnR2 to allylic (Z)-
ArCHNC(CH2X)(CO2Et) (X = Br, Cl, OSO2Me) fashions
only ArCH(R)C(NCH2)(CO2Et); use of a chiral ligand gives
up to 64% ee for this demanding reaction.

The reactions of organometallic nucleophiles, MR, with allylic
halide (or pseudohalide) substrates R1CHNCR2CH2X often lead
to a mixture of SN2 (attack a to the leaving group X) and SN2A
(attack g to X) products.1 This feature causes problems in metal-
catalysed asymmetric g-additions to unsymmetrical allylic
electrophiles where the catalyst must control both the regio- and
enantioselectivity. Catalysts showing superlative selectivity for
both these aspects are rare.2–6 Pointers in the stoichiometric
literature suggested to us that the regiochemical problem might
be overcome with substrates where R2 is an ester function7 and
if an organozinc reagent8 is used as the terminal organometallic
in the catalytic cycle. In particular, we were keen to apply these
ideas to enantioselective copper-catalysed SN2A additions of MR
to allylic halides as very few successes have been reported for
this otherwise intrinsically useful transformation.9,10 Aside
from controlling the regiochemistry the ester could play two
additional roles. Firstly, a more rigorously bound asymmetric
transition state might be attained, via carbonyl co-ordination.
Secondly, the products from such carbonyl containing sub-
strates are present in many compounds of biological interest.

The allylic bromides 2 (Scheme 1) were selected for initial
trials with commercial ZnEt2 to demonstrate the viability of this
approach. Compounds 2 are attractive as they are available in
just two, chromatography-free, steps via known Baylis–

Hillman chemistry (Scheme 1).11 Additionally, bromination of
1 proceeds with very high (Z)-selectivity12 to afford solid
products which may be crystallised to high chemical and
stereochemical purity. Simple mixture of THF solutions of 2
and ZnEt2 in the presence of [Cu(MeCN)4]BF4

13 (3 mol%) at
220 °C leads to rapid formation of 4 (R = Et) as apparently the

Table 1 Reaction of allylic electrophiles 2–6 with organometallics (RM) in the presence of [Cu(MeCN)4]BF4†

Halide RM CuI/mol%
Ligand/
mol% Temp./°C Time/min Yield/%a ee/%b

2a ZnEt2 3 None 220 40 100 (78) —
2a ZnEt2 0.5 None 220 40 100 (73) —
2b ZnEt2 3 None 220 40 100 (63) —
2c ZnEt2 3 None 220 40 100 (80) —
2d ZnEt2 3 None 220 40 86 —
2e ZnEt2 3 None 220 40 84 —
2a Zn(CH2TMS)2

c 7 None 0 180 47 (25) —
2a ZnEt2 10 7 20 220 20 100 (80) 3 (+)
2a ZnEt2 10 7 20 240 40 (44) 13 (+)
3a ZnEt2 10 7 20 220 40 56 (35) 36 (2)
3a ZnEt2 10 7 20 240 40 (19) 34 (2)
3a AlEt3 10 7 20 0 40 12 ( < 5) 8 (2)
3b ZnEt2 10 7 20 220 40 100 (76) 60 (2)
3b ZnEt2 10 7 20 240 40 64 64 (2)
3d ZnEt2 10 7 20 220 40 25 (19) 30 (2)
3e ZnEt2 10 7 20 220 40 27 (14) 22 (2)
5 ZnEt2 10 7 20 220 20 < 5 —
6 ZnEt2 10 7 20 220 20 100 (90) 2 (+)

a Based on NMR conversion, isolated yields in parentheses.  b Determined by HPLC on a Chiracel OD column, predominant stereoisomer in parentheses.
c Used in the presence of MgCl2.

Scheme 1 Reagents and conditions: i, conc. HX/H2SO4, 16–24 h, rt; ii,
ZnR2, THF, 220 °C, cat. [Cu(MeCN)4]BF4; iii, ZnEt2, THF, 220 °C, cat.
[Cu(MeCN)4]BF4/(Sa)-7; iv, for 5 NEt3–HCO2H reflux; v, for 6 treatment
of 5 with aq. HCl in MeOH followed by mesylation (MeSO2Cl–NEt3) of the
derived alcohol.
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sole product (Scheme 1). Extremely high chemo- and regio-
selectivity, technical simplicity, and high rate ( ~ 50 TON h21)
characterise these reactions (Table 1).† The reactions can be run
at even lower copper loadings, for example, 2a gives a near
quantitative yield of 4a (R = Et) at 0.5 mol% CuI ( > 290
TON h21). In the absence of CuI polar co-solvents are necessary
to provide high chemical yields7 (in the absence of any copper,
yields of < 12% were attained in our control reactions). The
new catalytic protocol is superior to use of classical Gilman
cuprates. For example, reaction of 2a with LiCuMe2·LiI in THF
affords only a 8+1 SN2A+SN2 mixture. Compounds 4 (R = Et)
are the intimate precursors of a number of biologically active
molecules showing, for example, inhibition of angiotensin-
converting and epithelial neutral endopetidase enzymes14 or
those showing molluscicidal activity against endoparasite
carrying Biomphalaria glabrata.15

Preliminary approaches to rendering these reactions viable as
catalytic asymmetric syntheses are also reported in Table 1.†
Relatively high copper and ligand loadings were used to
maximise the asymmetric induction obtained as this is noted to
be a problematic area.9,10 Ligand 7 was selected as an initial

candidate based on its efficacy in asymmetric conjugate
addition.16 Varying the leaving group indicated chloride to be
the best leaving group with respect to enantioselectivity,
although the chemical yield suffered somewhat in this case.
Very high chemical yields were realised with the mesylate 6, but
the product 4a is essentially racemic, while the formate 5 does
not participate in the reaction. Ligand 7 was confirmed as the
optimal structure by screening a small library of compounds
against a test reaction of 3a with ZnEt2; none of the other
structures lead to very active catalysts. Similarly, changing to a
terminal AlEt3 organometallic source is not tolerated.

In conclusion, a new type of efficient catalytic SN2A chemistry
has been developed. The degree of stereocontrol realised in
these reactions appears to be due more to electronic than steric
factors, however, more experiments are required before the
details of the asymmetric transition state become clear. These
studies together with applications of the compounds 4 to the
synthesis of biologically active compounds are underway in our
laboratories.

We thank the EPSRC for support of this project through
grants GR/M75341, GR/M84909, GR/N37339 and for access to
their Mass Spectrometry Service (University of Swansea). S. G.
and S. W. are grateful to the EU for support through COST
(working groups D12/0009/98 and D12/0022/99) and SOC-
RATES. J. G. acknowledges the support of the Generalitat de
Catalunya.

Notes and references
† Representative procedures and compound data. An argon-protected
solution of [Cu(MeCN)4]BF4 (6.3 mg, 0.02 mmol, 3 mol%) in THF (0.7
cm3) at 220 °C was treated sequentially with solid 2b (211 mg, 0.67 mmol)
and ZnEt2 (1.0 cm3 of 1.0 M hexane solution, 1.0 mmol). After 40 min the
pale yellow solution was quenched with aqueous HCl (2 M, 3 cm3), the
product was extracted with diethyl ether, and the organic fraction dried
(MgSO4). The solvent was removed and the product assayed directly by 1H
NMR spectroscopy. In all cases the spectra were consistent with a > 20+1
SN2A+SN2 selectivity.

For asymmetric runs, ligand 7 (38 mg, 0.10 mmol, 20 mol%) and
[Cu(MeCN)4]BF4 (15.7 mg, 0.05 mmol, 10 mol%) in dry THF (1 ml) were
stirred at 220 °C in the presence of ZnEt2 (0.10 mmol). Solutions of the
allylic chloride 3b (140.2 mg, 0.52 mmol) in THF (0.55 cm3) and ZnEt2
(0.77 ml of a 1.0 M hexane solution, 0.77 mmol) were added by syringe
pump over 20 min and the reaction stirred for a further 20 min at 220 °C.
The reaction was worked up as above. In cases (Table 1) where the reaction
was not complete unreacted allylic chloride was removed by flash
chromatography or treatment with DABCO.

(2)-Ethyl 2-methylene-3-(4-nitrophenyl)pentanoate 4b (R = Et) Yield
76% (60% ee); [a]546

21 284 (c = 0.33, in CHCl3); dH (400 MHz, CDCl3)
0.88 (3 H, t, J = 7.3, CHCH2Me), 1.21 (3 H, t, J = 7.1, OCH2Me), 1.79 (1
H, ddq, J = 13.4, 8.8, 7.3, CHCH2aMe), 1.78 (1 H, ddq, J = 13.4, 6.3, 7.3,
CHCH2bMe), 3.84 (1 H, dd, J = 8.8, 6.3, CHCH2), 4.11 (2 H, m, OCH2Me),
5.76 (1 H, s, NCH2a), 6.41 (1 H, s, NCH2b), 7.39 (2 H, d, J = 8.7, C6H4), 8.14
(2 H, d, J = 8.7, C6H4); dC (67.8 MHz, CDCl3) 12.0 (CHCH2Me), 13.8
(OCH2Me), 26.9 (CHCH2), 47.8 (CH), 60.6 (OCH2), 123.3 (Ar-H), 124.5
(NCH2), 128.8 (Ar-H), 142.4 (Ar-i), 146.3 (NCCO), 150.7 (Ar-i), 166.2
(CO); nmax(thin film)/cm21 2967m, 2936m, 2876 (3 3 C-H), 1714s (CNO),
1520s, 1347s (2 3 NNO), 1254m, 1152m, 851m; m/z (FAB) 264 ([M + H]+,
13%), 221 (14), 207 (16), 147 (38), 77 (13), 73 (100). [Found (HRMS,
FAB): [M + H]+, 264.1244. C14H18NO4 requires M + H, 264.1236].
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The X-ray crystal structure and electrochemical data of a
manganese complex [L2Mn2

III(m-O)(m-AcO)2][PF6]2 with L
being an enantiopure C3-symmetric 1,4,7-triazacyclononane
derived from L-proline are compared to those of [Me3-
TACN2Mn2

III(m-O)(m-AcO)2][PF6]2; catalytic studies reveal
the applicability of the complex in enantioselective epox-
idations.

The tridentate macrocycle 1,4,7-triazacyclononane (TACN, 1)
and derivatives thereof, in particular 1,4,7-trimethyl-1,4,7-tri-
azacyclononane (Me3TACN, 2), have extensively been used as
ligands in the coordination chemistry of transition metals
(Scheme 1).1

Triazacyclononanes imitate the coordination sphere of the
three histidines which are often encountered in metalloproteins
and therefore such (TACN) metal complexes are of interest as
structural and functional enzyme models as well as catalysts.
For example, dinuclear TACN–manganese complexes mimic
enzymes like manganese superoxide dismutase and manganase
catalase,2 and in 1994 Unilever reported their use in low-
temperature bleaching with hydrogen peroxide.3 Bein and de
Vos described stereospecific epoxidations of unfunctionalised
olefins,4 and with manganese complexes bearing chiral TACN
derivatives we5 and others6 achieved enantioselective epoxida-
tions. Other applications include oxidations of benzylic alco-
hols7 and sulfides8 to benzaldehydes and sulfones, respectively,
and the use of perfluorinated TACN–Mn complexes.9 More-
over, hydroxylation and hydroperoxidation of poorly reactive
hydrocarbons was achieved by the activation with such
complexes with acetic acid.10 Here, we present the synthesis of
the enantiopure C3-symmetric trispyrrolidine-1,4,7-triazacyclo-
nonane (TP-TACN, 3) and describe the preparation and
characterisation of its dinuclear manganese complex 5 which is
capable of catalysing enantioselective epoxidations.

TP-TACN 3 was obtained as an air-sensitive colourless oil by
reduction of L-proline-derived cyclotripeptide 411 with a large
excess of borane–tetrahydrofuran (Scheme 2).12 Isolation of the
product was achieved by addition of MeOH to destroy the
excess of borane followed by refluxing in 4 M HCl–dioxane.
Treatment of this acidic mixture with solid NaOH followed by
extraction with DCM liberated the triamine. Distillation of the
crude product under reduced pressure (120–125 °C; 2.6 1021

mbar) afforded 3 in 83% yield.† The dinuclear manganese(III)
complex 6 (74% yield)‡ crystallised from a solvent mixture of
MeOH and water containing triamine 3, manganese(III) acetate,
sodium acetate and ammonium hexafluorophosphate providing

single crystals suitable for X-ray diffraction analysis.§  The
comparison of selected bond distances and angles of 6 with the
corresponding values of Wieghardt’s Me3TACN manganese
complex 52a reveals the structural similarity between both
compounds. For example, the Mn–Mn distances in 6 [average
value 3.155(2) Å] and the one in 5 [3.149(3) Å] overlap within
their threefold standard deviation. Similarly, the Mn–O–Mn
angle in 6 is 122.2(3)°, while the one reported for 5 is
120.9(1)°.

From temperature-dependent (4–300 K) magnetic suscepti-
bility measurements (SQUID magnetometer) of solid 6 a
ferromagnetic coupling (J = +4.6 cm21; H = 22JS1 3 S2; S1
= S2 = 2; D1 = D2 = 2.3 cm21; g1 = g2 = 1.992) yielding
an S = 4 ground state was established in agreement with 5.

Fig. 1 shows the X-band EPR spectra of the electro-
chemically generated one electron reduced and oxidised states
of the PF6-salt of 6 in acetonitrile at 30 K. A detailed analysis of
the multiline spectra is currently under investigation and will be
published elsewhere.

The electrochemical properties of 5 and 6 have been studied
by cyclic voltammetry (CV) under identical conditions in
acetonitrile solution containing 0.1 M tetra-n-butylammonium
hexafluorophosphate (TBAPF6) as supporting electrolyte in the
potential range +1.6 to 21.0 V. All redox potentials are
referenced vs. the ferrocenium/ferrocene couple (Fc+/Fc).
Scheme 3 summarises the data.

The CV of 6 exhibits one reversible one-electron reduction at
E1/2 = 20.62 V corresponding to a MnIII/III/ MnIII/II transition
and, in addition, two successive quasi reversible [DEP = 109
and 87 mV (scan rate: 50 mVs21)] one-electron oxidations at
E1/2 = 0.51 and 1.12 V corresponding to MnIII/III/MnIII/IV and
MnIII/IV/MnIV/IV transitions, respectively. Thus, the redox
behaviour of 6 is similar to that of 5, however, all transitons are
shifted towards more negative potentials (by 0.1, 0.08 and 0.09
V, respectively). These results show that TP–TACN and its
manganese complex are chiral analogues of Me3TACN and its
corresponding metal complex. Furthermore, the CV data reveal
that TP–TACN can better stabilise higher oxidation states than
Me3TACN, which could be particularly useful in oxidation

Scheme 1 Scheme 2
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catalysis. In order to probe this hypothesis and to investigate the
potential of 3 to serve as an asymmetric catalyst we briefly
investigated enantioselective epoxidations of styrenes.

Catalytic activity of 5 was observed in the epoxidation of
vinylarenes. With H2O2 as oxidant and 2 mol% of catalyst in
acetone at 225 °C, approximately 28% conversion of styrene
was observed after 2 h giving the corresponding epoxide with
24% ee (S-enantiomer; all ee-values were determined by GC
using a chiral column). Extending the reaction time to 4 h
increased the conversion (ca. 88%) of the olefin but reduced the
enantioselectivity (15% ee). The significantly greater conver-
sion coupled with the lower enantioselectivity after the longer
reaction time suggests that the catalytic species is changing
during the course of the reaction. Substituted arenes, such as
3-nitrostyrene and 4-chlorostyrene were epoxidised as well
giving products with 26 and 21% ee, respectively.

We are grateful to the DFG (SPP Sauerstofftransfer/
Peroxidchemie) and the Fonds der Chemischen Industrie for
support of this research. We thank Professor Dr Wieghardt, Dr
Bill (MPI für Strahlenchemie, Mülheim) and Professor Dr Kölle
(RWTH Aachen) for helpful discussions. We also acknowledge
Dr Lehmann (MPI für Kohlenforschung, Mülheim) for the X-
ray diffraction data collection.

Notes and references
† NMR data of 3: 1H NMR (CD3OD) d 3.12 (dt, J = 2.0, 6.0 Hz, 1H), 3.04
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‡ Selected analytical data of 6: SIMS (NBA): m/z 742 (M+), 363
(LMnOAc), 248 (ligand); C34H60N6O5Mn2P2F12 required C, 39.5; H, 5.9;
N, 8.1. Found: C, 39.4; H, 5.8; N, 8.1%. UV-Vis: lmax/nm (e, L mol21

cm21) 250 (5500); 314 (8500); 485 (400); 521 (340); [a]D = +7.1° (c 0.05,
CH3CN). The 1H-NMR spectrum of paramagnetic 6 in CD3CN exhibits
broad signals at d = 2157, 2108, 276, 250, 34, 55, 62, 102, 108 and 116
ppm and an acetate signal at 80 ppm (assigned by exchange with deutero

acetate; see also in ref. 3c). Sharper signals were observed in the ranges 0
to 10 and 18 to 28 ppm.
§ Crystal data for C34H60N6O5F12P2Mn2 (6): The compound crystallises in
monoclinic space group P21 (No. 4) with two symmetrically independent
molecules in the asymmetric unit. a = 11.1571(9), b = 16.8538(14), c =
23.1716(18) Å, g = 98.367(3)°. Mr = 1032.70, Z = 2 3 2, Dc =
1.591 g cm23, m = 7.32 cm21, absorption correction (Gaussian): min/max
= 0.787/0.915. 47506 reflexions were collected at 100 K on a BRUKER
SMART CCD using MoKa radiation (l = 0.71073Å). The structure was
solved by direct methods (GENSIN/GENTAN) as implemented in the
XTAL3.4 program package of crystallographic routines.13 7807 observed
reflexions (I > 4s(I)) in final least-squares full matrix refinement of 1099
parameters on F terminating at R(Rw) = 0.084(0.050, w = s22), a goodness
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182/1847. See http://www.rsc.org/suppdata/cc/b0/b007059i/ for crystallo-
graphic files in .cif format.
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Fig. 1 X-band EPR spectra of the electrochemically generated one electron
reduced and oxidised states of the PF6-salt of 6 in acetonitrile at 30 K.
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Highly ordered hexagonal silica/block copolymer meso-
structured composites have been prepared using syntheses
with fluoride over a wide range of pH conditions (pH 0–9),
by controlling the rates of hydrolysis and condensation of the
tetramethoxysilane silica source.

Highly ordered mesoporous silica structures have now been
well demonstrated through the use of cationic surfactant (S+)
and anionic silica moieties (I2) under basic pH conditions1,2 or
by using cationic silica (I+) assembly through hydrogen bonding
mediation with either cationic surfactants (S+)2 or hydronium
ion solvated neutral block copolymers [N0(H3O+)].3,4 Pinnavaia
and coworkers5,6 have shown that worm-like mesostructures
with monodispersed pore sizes can be obtained using non-ionic
surfactants (N0) and partially ionized silica [N0(H3O+)I2] at
neutral pH. Prouzet and coworkers7 have obtained similar
results by starting with a clear [N0(H3O+)X2I0] solution at pH
ca. 2 and increasing condensation by adding fluoride.

In both the ordered and disordered worm-like structures that
have been obtained, a common feature is the independent
control of hydrolysis and silica polymerization. For example,
highly ordered mesostructures can be created by varying the pH
and charge on the silica species at high pH8 or alternatively near
the isoelectric point9 where the rate of silica polymerization can
be readily controlled. Hydrogen-bonding interactions, such as
occur among polyethylene oxide–polypropylene oxide–poly-
ethylene oxide (PEO–PPO–PEO) triblock copolymers and
silica species in acid media, facilitate simultaneous synthesis
and processing of ordered mesostructured materials into thin
films,10 fibers11 and monoliths.12 Features of the inorganic
species, such as the isoelectric point, associated cations13,14 and
the cosolvent generated on hydrolysis of alkoxide,15 are
important factors in these synthesis approaches.

Fluoride is a well known catalyst for hydrolysis and
polymerization of silica species16 and has been used in the
synthesis of mesoporous silica materials under various condi-
tions in order to improve structural order.5,6,9,17,18 Silva and
Pastore17 first reported the effect of fluoride on synthesis of
mesoporous materials with cationic surfactants. Guth and
coworkers18 synthesized mesoporous materials with cationic
and non-ionic surfactant species, in the presence of fluoride at a
pH between 6.5 and 11. However, use of the non-ionic
surfactant species yielded poorly ordered mesostructures com-
pared with those obtained using cationic surfactants. Pinnavaia,
Prouzet and their coworkers6,7 reported the fluoride-mediated
synthesis of MSU-X materials with worm-like disordered
channel structures with poorly defined crystallographic sym-
metry, using non-ionic surfactant species under neutral condi-
tions. Stucky and coworkers9 reported synthesis of highly
ordered SBA215 materials using amphiphilic PEO–PPO–PEO
triblock copolymer P123 and tetraethoxysilane (TEOS) under

acidic conditions (pH @ 3) in the presence of a small amount of
fluoride. Here, we report one2step syntheses of well ordered
PEO–PPO–PEO/silica mesostructures over a large pH range
(0–9), including mild neutral conditions.

The preparation of such materials relies on the control of
tetramethoxysilane (TMOS) hydrolysis and silica polymeriza-
tion in the presence of fluoride and amphiphilic block
copolymer, the structure-directing agent. In a typical synthesis
batch, 2.0 g of Pluronic P123 (EO20PO70EO20, Mav = 5800,
BASF) was dissolved in 62 g of HCl or NaOH aqueous solution
(pH = 0–12) and then 0.3 g of 0.5 M NH4F solution was added
at 313 K with magnetic stirring. To this mixture, 3.2 g of TMOS
(98%, Aldrich) was quickly added with vigorous magnetic
stirring. The resulting gel mixture was stirred for 1 day at 313 K
and aged under static conditions for 1 day at 373 K in an oven.
Another set of samples was prepared using P123 and the same
procedures, except that NH4F was not added to the reaction
mixtures. The solid products were filtered off and dried at 373
K and subsequently calcined in air at 823 K.

Using these synthesis conditions, clear and homogeneous
solutions form first, after which precipitates start to form as the
reactions proceed. The times at which precipitates appear are
highly dependent on the pH of the reaction mixtures and the
presence of fluoride, as shown in Fig. 1. As noted above, the
total aqueous solution (TAS) used for the reaction typically
consisted of 62 g of HCl or NaOH solution (pH = 0–12). At pH
2 without fluoride, it takes ca. 8 h before precipitation begins to
occur. This is because pH 2 is near the isoelectric point of silica
and the silica polymerization rate is slow under these condi-
tions.15 Fluoride promotes precipitation, increasing dramat-
ically the rate of silica condensation, for example, more than an
order of magnitude at pH 2, due to its catalytic effect on the
hydrolysis.16

Fig. 2 shows powder X-ray diffraction (XRD) patterns for
mesoporous silica produced using structure-directing P123
block copolymer surfactant species and TMOS, with and
without fluoride. The patterns in Fig. 2(a) all show an intense

† Electronic supplementary information (ESI) available: TEM images and
properties for calcined mesoporous silica. See http//www.rsc.org/suppdata/
cc/b0/b005608l/

Fig. 1 Silica precipitation time plotted vs. pH of the synthesis solutions in
the preparation of PEO–PPO–PEO/silica mesophases. The precipitation
time is defined to be the cloud point at which the clear reaction mixture
forms colloidal silica particles.
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XRD diffraction peak and two or more weaker peaks up to pH
4 (TAS), which are characteristics of a 2-d hexagonally ordered
(P6mm) structure.1,3,4 This indicates that hexagonal mesopor-
ous silica materials with high mesoscopic ordering are obtained
up to pH 4 (TAS) without fluoride. For materials prepared at pH
> 4 without F2, disordered products are obtained. XRD
patterns in Fig. 2(b) obtained from the mesoporous silica
materials synthesized in the presence of fluoride are very
similar to those of the materials obtained without fluoride up to
pH 4 (TAS) and indicate the persistence of 2-d hexagonal
mesostructural ordering up to pH 9 (TAS). Transmission
electron microscopic images for calcined materials confirm that
the materials obtained up to pH 9 (TAS) have highly ordered 2-d
hexagonal structures.† Lattice parameters, surface areas, pore
volumes, and pore sizes are listed in Table 1 (ESI†). It is
noteworthy that ordered materials can be obtained from the
reaction mixture of P123, doubly distilled water, NH4F and
TMOS without any acid or base catalyst, whereas the absence of
fluoride under otherwise identical conditions yields the dis-
ordered products [Fig. 2(a)]. A disordered material is obtained
at pH 10 (TAS) and there is no precipitation above pH 11 (TAS)
with F2. Morphologies and XRD peak shapes of the hexagonal
mesoporous materials are dependent on the reaction pH. Rod-
like morphologies, with bundles of silica fibers aligned
coaxially with the rods’ long axes,9 are obtained in the SBA-
synthesis region below the silica isoelectric point, while above
the isoelectric point, where anionic silica species are present,
particles with more irregular morphologies are observed.

The results above suggest that suitable oligomeric silica
species, formed from fully hydrolyzed monomeric silica
species, are needed for interaction with the structure-directing
block copolymer to obtain ordered mesostructures. This is due
to competition between the condensation of partially hydro-
lyzed silica species and the hydrolysis of alkoxysilane moieties
associated with the silica precursors.16 Above pH 4 (TAS),
silica oligomers may contain the organic moieties from
incomplete hydrolysis due to relatively rapid condensation
compared to the rate of hydrolysis.16 The presence of such
residual organic moieties leads to weaker interactions between
hydrophilic block polymer and silica oligomers, resulting in
poorly organized mesocomposites. Indeed, the reaction mix-
tures above pH 4 without fluoride yield gel-like precipitation
and disordered or amorphous silica structures.

On the other hand, addition of fluoride results in the
formation of white precipitates and well ordered mesostructures

up to pH 9 (TAS). This indicates that hydrolysis of TMOS can
be completed before significant condensation of the silica
species occurs, which is consistent with the catalytic activity of
fluoride for hydrolysis.16 However, such catalytic activity of
fluoride is dependent on the nature of the silica precursors.
When TEOS is used as silica source instead of TMOS under the
present conditions, ordered mesostructures are obtained up to
pH 2.7 with fluoride and disordered mesostructures above pH
2.79 because the hydrolysis rate can compete with the rate of
condensation. Hydrolysis of TEOS is slower than that of
TMOS, because of steric hindrance at ethoxide moieties and
reduced solvation of resulting ethanol.16 The more rapid
hydrolysis of TMOS thus makes it a preferable silica precursor
to TEOS for producing ordered mesostructures. Nevertheless,
such ordered mesostructures can be produced using TEOS or
other precursor species, provided the silica sol is pre-hydro-
lyzed near pH 212,19,20 where the hydrolysis rate is fast and the
condensation rate is slowest.15

In conclusion, highly ordered PEO-PPO-PEO/silica meso-
structures can be prepared over a diverse range of pH (0–9)
by controlling the relative rates of hydrolysis and con-
densation of silica species through the use of fluoride and
TMOS. Cubic (Im3m) and 3-d hexagonal (P63/mmc) block
copolymer/silica mesostructures can be synthesized using
Pluronic F127 (EO100PO70EO100) and Brij 76 [C18H37-
(OCH2CH2)10OH] structure-directing surfactant species with
TMOS and fluoride near the isoelectric point (pH 2) of silica.

This work was supported by the National Science Foundation
under grant DMR 95-20971 and by the Army Research Office
under grant DAAH04-96-1-0443. This work made use of MRL
Central Facilities supported by the National Science Foundation
under Award No. DMR-9123048.
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Fig. 2 XRD patterns for calcined mesoporous silica prepared using P123
surfactant species and TMOS: (a) without fluoride and (b) with fluoride.
Numbers before parenthesis denote the pH of the precursor HCl or NaOH
solution used for the reactions, while the numbers within parenthesis
indicate the pH values of the reaction mixture after silica precipitation was
complete. The pH of doubly distilled water was 5.7. XRD patterns were
collected with a Cu-Ka X-ray source using a Scintag X2 instrument.
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Tetrabromosemibuckminsterfullerene 6, obtained by a novel
synthetic route, is converted to the tetramethyl derivative 7;
X-ray crystal structure determination of the latter reveals a
highly nonplanar, bowl-shaped molecule with solvating
CCl4 molecules separating the hydrocarbon moieties.

The considerable attention given to C60 and the family of
fullerenes has led to renewed interest in curved-surface
polynuclear aromatic hydrocarbons known as fullerene frag-
ments or ‘buckybowls.’1 Corannulene (1), first synthesized in
the ‘pre-fullerene’ era, is the smallest member of this family.2
Several other buckybowls are now known,1 including two
semibuckminsterfullerenes C30H12 (23 and 34) and the largest to
date, circumtriindene C36H12 (4).5 Most of the buckybowls

were obtained by flash vacuum pyrolysis (FVP) which involves
high temperatures and separation of the precursor molecules in
the gas phase; i.e. factors believed to be important for the
formation of these strained systems.1 Only recently have more
practical, condensed phase alternative synthetic protocols
developed.3b,c,6–8 In this communication we report a novel,
convenient route to tetrasubstituted semibuckminsterfullerene
2, as well as an X-ray crystal structure determination of the
tetramethyl derivative. The latter represents the first X-ray
crystallographic results for a semibuckminsterfullerene.

Recently we discovered that carbenoid coupling of the
dibromomethyl groups of tetrakis(dibromomethyl)fluoranthene
leads to the formation of 1,2,5,6-tetrabromocorannulene in high
yields.8 Application of this protocol to dodecabromide 5 is also
successful in producing the corresponding tetrabromosemi-
buckminsterfullerene 6, although in more modest yield
(Scheme 1). Thus, 30 min reflux of 5 in a 3+1 mixture of
dioxane and water with sodium hydroxide provides ca. 25%

yield of 6.9 Although the yield of this transformation is similar
to that of McMurry coupling,3b,c it nonetheless represents a
major improvement due to convenience, low cost, and greater
reproducibility. The previous method requires long periods of
slow addition of the substrate to the reaction mixture (high
dilution conditions), as well as strict anhydrous conditions and
a deoxygenated environment.3b,c None of those requirements
are necessary for the present method, since it only involves a
short period of reflux in aqueous solvent. Hence this method has
much greater potential for the large scale production of 2 and its
derivatives.

Since the carbenoid coupling of 5 leads cleanly to symmet-
rically substituted 6, it provides an opportunity for further
elaboration of this novel molecule. For example, the four
bromine atoms in 6 can easily be replaced by methyl groups
leading to 7.10 We have been attempting X-ray diffraction
studies of semibuckminsterfullerene 2 for some time. Several
crystals of 2 were grown from various solvent systems, but they
failed to produce useful X-ray diffraction data as a result of poor
scattering or multiple twinning. Thus we sought to finally solve
this problem with 7 since it produced attractive crystals from a
variety of solvents. But again we encountered difficulties—
what appeared to be crystals of high quality under the
microscope did not produce good diffraction data. Finally we
succeeded with a crystal grown by slow evaporation of a carbon
tetrachloride solution.11

Crystal structure determination shows that 7 crystallizes with
two symmetrically independent solvating carbon tetrachloride
molecules (Fig. 1). The ideal molecular point symmetry of
7(C2v) is reduced in the crystal to Cs. The crystallographic
mirror plane passes through the carbon atoms and four chlorine
atoms of the solvating CCl4 molecules and bisects the three
central carbon–carbon bonds of 7. The hydrocarbon part
exhibits very significant curvature, forming a well developed
bowl as predicted for 2 earlier by theory.3a The pyramidaliza-
tion angles defined by the p-orbital axis vector method
(POAV)12 are highest at the central carbon atoms, then

Scheme 1 Reagents and conditions: i, NaOH, dioxane–water (3+1), reflux
30 min, 26%; ii, AlMe3, NiCl3(dppp), DME, reflux 12 h, 80%. Fig. 1 ORTEP plot of 7*2CCl4 with 30% thermal elipsoids.
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gradually decrease when going toward the rim (Fig. 2). In the
region of maximum curvature the pyramidalization of the
carbon atoms is quite comparable with that of buckmin-
sterfullerene which has a pyramidalization angle of 11.6°.12

Comparison of the POAV angles calculated for 7 in the crystal
with those based on the ab initio optimized geometry of the
isolated molecule13 not only demonstrates the adequacy of the
theoretical model, but also suggests that crystal packing forces
have very little effect on the curvature of this strained
molecule.

Buckybowls have the potential to stack in a concave to
convex fashion. Of the very few X-ray crystal structure
determinations reported to date, stacking was found in cyclo-
pentacorannulene C22H10

14 as well as in C36H10,15 while it is
absent in the crystals of corannulene.16 The present case
represents a novel situation, since 7 co-crystallizes with carbon
tetrachloride molecules (Fig. 3). One of the solvating CCl4
molecules separates two molecules of 7 with one of the chlorine
atoms in the concave orientation and three chlorine atoms on the
convex side. The ‘concave’ chlorine atom forms twelve
nonbonding C…Cl distances in the range of 3.262(7) to
3.501(7) Å, roughly equal or shorter than the sum of the
respective van der Waals radii, and in addition, it has six slightly
longer C…Cl distances in the range 3.582(7) to 3.747(7) Å. As
a consequence of the ‘stuffing’ of 7 with the solvent molecule,
close contacts between the hydrocarbon moieties are mini-
mized. The closest of these, 3.528(9) Å, is between the methyl
group carbons, and the nearest intermolecular distance between
bowl carbon atoms is 3.654(10) Å. Thus, this solid state
arrangement is not, strictly speaking, ‘bowl-to-bowl stacking’
even though some piling of the solvated molecules is evi-
dent.17

In conclusion, tetrabromo- and tetramethylsemibuckmis-
terfullerenes 6 and 7 can be prepared by a convenient, non-

pyrolytic route that allows for scale-up. Moreover, the crystal
structure of 7 shows that the curvature of this system, at least in
the interior region of maximum curvature, is comparable to
buckminsterfullerene.

This work was supported by the Ames Laboratory which is
operated for the US Department of Energy by Iowa State
University under Contract No. W-7405-Eng-82.
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The adsorption of a cationic azobenzene derivative into both
siliceous and aluminium containing mesoporous silica films
has been investigated; photoisomerization was found to
occur in the temperature range 80–300 K and the mesopor-
ous aluminium containing silica films were proved to be
useful reaction media to immobilize organic photochromic
species.

Mesoporous materials prepared by supramolecular templating
approaches can accommodate guest species in their pores to
form host–guest complexes and the resulting nanocomposites
may exhibit useful functions in the areas of catalysis, adsorption
and sensing.1 Here we report the synthesis of the aluminium
containing mesoporous silica films for the first time and applied
these as nano-reactors for organic photochemical reactions.
Photochemistry in constrained media is a growing new field
which yields a wide variety of useful applications including
sensitive optical media, reaction pathways for controlled
photochemical reactions, and molecular devices for optics.3 For
such applications, mesoporous silica films possess attractive
features such as large surface areas and porosity, controllable
pore sizes, reactive pore surfaces, and stability over a wide
temperature range.

In the present study, the introduction of a cationic azobenzene
into the mesoporous silica films was conducted using p-(w-
dimethylhydroxyethylammonioethoxy)azobenzene bromide
(AZ) as the guest species. Photochemical reactions of azo-
benzenes are sensitive to the microenvironment and so can be
employed as photoreactive probes to estimate microenviron-
ments (free volume and rigidity), to which conventional
characterization techniques do not have an access.4 Moreover,
geometrical changes of azobenzenes have been utilized as a
trigger to design photoresponsive supramolecular systems.5,6

Accordingly, the photochemistry of azobenzenes in mesopores
is worth investigating from the viewpoints of probing meso-
pores as well as constructing photofunctional materials.

Aluminium-containing mesoporous silica films were synthe-
sized by the rapid solvent evaporation method which we have
developed.7 This method is promising for the preparation of
silica-surfactant mesostructured materials in a controlled mor-
phology,8,9 since the reaction is very simple and the resulting
films are highly transparent and homogeneous. Aluminium
tris(sec-butoxide) (ATSB) was used as the aluminium source
and co-solidification with silica was conducted by the reported
synthesis method for aluminosilica xerogels10 with slight
modification. A typical synthetic procedure for the transparent
thin films of aluminium-containing silica-surfactant mesos-
tructured materials is as follows: silicon tetraethoxide (TEOS),
ethanol, water and HCl (molar ratio of 1+4+1.2+0.006) were
mixed at 60 °C for 10 min with magnetic stirring. ASTB was
then added and the mixture allowed to react for a further 10 min
at 60 °C. Then, an aqueous solution of octadecyltrimethyl-
ammonium chloride was added and the mixture allowed to react

for a further 2 h at room temperature. The resulting solution was
spin coated on a substrate and calcined in air at 300 °C for 18 h
to prepare mesoporous silica films; ASTB/TEOS ratios were set
at 0.05, 0.031, 0.025, 0.022 and 0.014.

SEM images of the film surfaces (data not shown) indicate
that the films are continuous and crack free when the ASTB/
TEOS ratios were 0.031, 0.025, 0.022 and 0.014. When the
ASTB/TEOS ratio was increased to 0.05, a homogeneous
solution cannot be obtained under the experimental conditions
and the resulting film is slightly turbid. The X-ray diffraction
patterns of the calcined films with different Al contents are
shown in Fig. 1(a)–(c). Although the diffraction peaks broad-
ened with an increase in the loaded Al amount, a single
diffraction peak indicative of the surfactant templated mesos-
tructures was observed for all the samples. Nitrogen adsorption
isotherms of the calcined films on a glass substrate are of type
IV indicating that the films are mesoporous. The average pore
sizes as derived from the isotherms by the Horvath–Kawazoe
method11 were 3.2, 2.9 and 2.8 nm for the films with Al/Si = 0,
0.014 and 0.031, respectively.

For the introduction of AZ, the mesoporous silica films were
immersed in an ethanol solution of AZ. The amount of AZ
adsorbed onto the Al free film was very low even for extended
reaction times or if a concentrated AZ solution was used. On the
other hand, AZ was adsorbed effectively into the Al containing
mesoporous silica films. It is thought that the partial substitution
of Si by Al leads to successful introduction of AZ into the
mesopores through electrostatic interactions between the dye
and the negative charge at the substituted Al site. The UV–VIS
absorption spectrum (Fig. 2) of the film (Al/Si = 0.0031) after
the reaction with AZ showed an absorption band centered at 338

Fig. 1 X-Ray diffraction patterns of mesoporous silica films with Al/Si = 0
(a), 0.0014 (b) and 0.0031 (c); trace (d) is (c) after adsorption of AZ.
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nm, which is ascribable to the p–p* transition of trans-AZ.
With an increase in the Al content, the absorbance due to trans-
AZ increased as shown in the inset of Fig. 2. The absorbance of
the films after washing with ethanol is also shown in Fig. 2(b).
The absorbance due to trans-AZ was decreased by washing,
indicating that weakly bound AZ was removed from the films.
As seen in Fig. 2(b), the decrease in the absorbance is almost
same irrespective of the amount of loaded Al, suggesting that
there are two different adsorption sites for AZ; strongly acidic
sites at the substituted Al and weakly acidic sites probably at the
silanol groups. Intermolecular interactions between adsorbed
AZ may also be a factor leading to differences in behavior of the
adsorbed species.

The absorption maximum observed for the film (Al/Si =
0.0031) essentially matched that of a dilute (3 3 1025 M)
ethanol solution of the dye. Considering the fact that the
absorption spectra of aggregated AZ molecules such as found in
crystals or AZ adsorbed on a layered silicate12 are quite
different from that of the present system, it is clear that the AZ
cations are adsorbed and dispersed as monomers on the surface
of the mesoporous silica irrespective of the amount of loading.
Assuming that the molar absorption coefficient of AZ adsorbed
in the mesoporous silica is the same as that of AZ in a dilute
ethanol solution and that the film thickness is 0.5 mm, the
concentrations of the AZ in the films are determined to be 0.42,
0.37, 0.29 and 0.23 mol L21 for the films with Al/Si ratios of
0.031, 0.025, 0.022 and 0.014, respectively. Such high concen-
trations of AZ cannot be achieved in any solvents due to
solubility limitations. The AZ cations are thought to be
distributed in the one-dimensional channels with a mean
separation between adjacent AZ molecules of 1.7 nm at the
maximum loading level (Al/Si = 0.031).

When the as-coated films were calcined at higher temperature
(i.e. 450 °C), the capacity for the adsorption of AZ was
dramatically decreased. This observation can be rationalized by
the condensation of hydroxy groups on the mesopore surfaces
as well as diffusion of the loaded Al into the silica walls from
the pore surface. Since the films are thin (0.5 mm), oxidative
decomposition of the template is facile when compared with
surfactant occluded in the bulk samples. Thus, the mesoporous
silica films with cation exchangeable sites on the pore surfaces
are readily available by surfactant removal at relatively low
temperature (300 °C).

The adsorbed AZ in the mesopores exhibits photochemical
isomerization upon UV and visible light irradiation.13 The

reactions were monitored by the change in the absorbance of the
trans-isomer of the AZ at 340 nm and a typical change in the
absorption spectrum is shown in Fig. 3(a). The ratio of the cis-
isomer formed by the UV irradiation at the photostationary state
at room temperature was roughly estimated to be no less than
ca. 90% from the absorbance change. It is known that the
photoisomerization is affected by the free volume and the
rigidity of the surroundings.14–16 The van der Waals volume of
azobenzene is 144 Å3 and photoisomerization requires an extra
127 Å3.15 The pore size of the mesoporous silica films used in
the present study is large enough for AZ to isomerize. The
photochemical isomerization was measured in the temperature
range 80–400 K and the temperature dependence of the yield of
the photochemical reactions is shown in Fig. 3(b). Photo-
chemical isomerization occurs even at 80 K, showing that the
mesoporous silica films can be utilized as a nano-reaction vessel
in a wide temperature range for organic photochemical
reactions.
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Fig. 2 (a) Absorption spectra of (1) 0.03 mmol L21 AZ ethanol solution and
(2) the AZ adsorbed mesoporous silica film (Al/Si = 0.0031). (b) The
variation of the absorbance due to trans-AZ at 340 nm as a function of the
Al/Si ratio. Open and filled circles represent samples before and after
washing with ethanol.

Fig. 3 (a) The change in the absorption spectrum of the AZ adsorbed
mesoporous silica film (Al/Si = 0.0031) before (1) and after (2) UV
irradiation. (b) The temperature dependence of the fraction of the
photochemically formed cis-isomer at the photostationary states for the AZ
adsorbed mesoporous silica film (Al/Si = 0.0031). Open and filled circles
represent the values obtained on cooling and heating, respectively.
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A porphyrin-capped molecular clip epoxidises olefins, de-
pending on the axial ligand used, with enhanced activity or
stability

The mono-oxygenase cytochrome P450 selectively binds
substrates in the direct proximity of an Fe(III) protoporphyrin
IX, which catalyses the activation of molecular oxygen and the
subsequent incorporation of one of the oxygen atoms into the
bound substrate and reduction of the other one to water.1 Much
research has been devoted to the elucidation of the complex
working mechanisms of the enzyme, and several simplified
synthetic models have been constructed which make use of
molecular oxygen or a single oxygen donor (e.g. sodium
hypochlorite) as the oxidant. Many of these model systems
utilize Mn(III) porphyrins functionalised with straps or caps to
establish an environment in which the oxygen transfer from the
metal to the substrate is under steric control.2 Regio- and
stereoselective oxidation has been achieved,3 in which for
example cis-stilbene has been oxidised with a major preference
for the production of the cis-epoxide.4 Other approaches
involve the coupling of a metalloporphyrin to known cavity
molecules, such as cyclodextrins5 and cyclophanes,6 which can
bind substrates and oxidise them with enhanced rates or
selectivities. Here we describe initial catalytic studies using the
new cavity-containing manganese porphyrin Mn1 as a catalyst.
The molecule consists of a molecular clip7 equipped with a
porphyrin roof situated symmetrically above the receptor, thus
creating a rigid and relatively closed cavity with a diameter of
approximately 9 Å.8 Whilst the free base host H21 has been
applied in the construction of rotaxanes, it was also our
intention to utilize its Mn(III) derivative as an olefin epoxidation
catalyst. In this paper, the catalytic properties of Mn1 in the

epoxidation of a-pinene and cis- and trans-stilbene, applying
the biphasic dichloromethane–aqueous NaOCl system pre-
viously used by us9 and by other groups,10 are compared to
those of the reference porphyrins MnTPP and MnTMPP.
Particular emphasis is directed toward the relative activity and
stability of these catalysts. It will be shown that by a strong
host–guest binding of the axial ligand in the cavity of Mn1 the

rate of epoxidation is enhanced, while by shielding the outside
of the cavity of Mn1 the catalyst’s stability is increased.
Although the Fe(III) porphyrin in cytochrome P450 features
axial coordination by a cysteine thiolate, most of its synthetic
mimics utilize more stable pyridine, imidazole or phenolate
derivatives to enhance the activity and stereoselectivity of the
catalytic center. In previous studies in which MnTPP was used
as the catalyst, it was found that the strength of axial ligand
binding was related to the enhancement of the activity of the
catalyst, since the electron donating properties of the ligand
facilitate the formation of the proposed Mn(V)–oxo species.9
For optimal results 500 equivalents of pyridine (Py) were,
however, required in the reaction, because of its relatively weak
binding to the porphyrin metal (Ka ≈ 1000 M21). Since NMR
studies had revealed that in host Zn1 Py is bound within the
cavity with a very high association constant (Ka = 1.1 3 105

M21) due to stabilising cavity effects,8 it was calculated that
under the applied epoxidation reaction conditions† Mn1 would
require only one equiv. of Py to achieve a > 99% binding to the
porphyrin metal (Fig. 1, approach A). Indeed, the effect of this
supramolecular activation of Mn1 by Py, compared to MnTPP
under the same reaction conditions (one equiv. of Py), resulted
in a 5–10 fold initial rate enhancement in the epoxidation of
olefins (Table 1, Fig. 2). As a result of this, it requires more than
10 h for the reaction to be completed in the case when MnTPP
is used as the catalyst, while when using Mn1 it is complete
within 2 h. The rate enhancement exhibited by the Mn1–Py
system is not caused by electronic or steric effects of the alkoxy
groups, as control experiments using MnTMPP showed that
this catalyst exhibited even lower epoxidation rates than
MnTPP (Table 1). The rate enhancing effect is further
illustrated when one equiv. of the even stronger binding axial
ligand imidazole (Ka with Zn1 = 3.2 3 105 M21) is used as the
axial ligand in Mn1: a-pinene is epoxidised by Mn1 within
approximately 1 h with an initial rate k0 = 17 3 105/mol dm23

s21. In addition to rate enhancement, Py-activated epoxidation
of cis-stilbene by Mn1 preferentially produced cis-stilbene
oxide over the trans-isomer (Table 1), which is a commonly
observed phenomenon for Py–Mn(III) porphyrin catalyst sys-
tems.9,10

A drawback of the MnTPP and MnTMPP catalysts is their
instability. During the course of the epoxidation reaction the
brown organic layer gradually decolourises, especially when the

Fig. 1 Two approaches in which Mn1 is used as an epoxidation catalyst in
combination with Py or Bupy as the axial ligand.
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amount of unreacted olefin decreases. This phenomenon has
been attributed to the formation of m-oxo-bridged Mn(IV)
porphyrin dimeric structures, which are unreactive in further
catalysis and rapidly decompose.9 This rapid decomposition
was also found to occur in the case of the Mn1–Py system used
in approach A. To prevent this, the bulky axial ligand 4-tert-
butylpyridine (Bupy) was used to coordinate to Mn1 on the
outside of the cavity (Fig. 1, approach B). It was expected that
coordination of this ligand, which does not fit within the
cavity,‡ would efficiently prevent m-oxo dimer formation since
the other face of the porphyrin is protected by the receptor
cavity. When the epoxidation reactions using Mn1 were carried
out in the presence of 500 equiv. of Bupy, catalyst destruction
was indeed prevented, as was concluded from the fact that the
organic layer retained its brown colour, and, more importantly,
that newly added amounts of substrate were epoxidised. The
epoxidation experiment was repeated sequentially several
times. The observed initial rate was found in all cases to be
almost identical, indicating that no decomposition of the
catalyst occurred. This gave turnover numbers of > 1000 per
catalyst.§ When MnTPP or MnTMPP were used as the
catalyst in combination with Bupy, this stabilization did not
occur and the catalysts decomposed.

Assuming complete shielding of the outside of Mn1 by Bupy
implies that the oxygen transfer to the substrate has to occur
within the cavity. From molecular modelling studies it became
clear that the substrates cannot react via the side of the cavity,
i.e. they need to enter the cavity completely to reach the
manganese–oxo species. The epoxidation results of cis- and
trans-stilbene using the Mn1–Bupy system are summarised in
Table 1 and compared to those when MnTPP or MnTMPP are
used as the catalyst. Whilst for the epoxidation of trans-stilbene
not much difference is observed between the catalysts with
regard to initial rate and epoxide yield, the epoxidation rate of
cis-stilbene clearly decreases going from MnTPP to MnTMPP
to Mn1. This decrease in rate coincides with a simultaneous
increase in steric hindrance by the substituents of the meso-
phenyl rings. Apparently, these groups have more steric
influence on a cis-stilbene substrate than on a trans-stilbene

substrate. Remarkably, the rate of epoxidation of cis-stilbene
catalysed by the Mn1–Bupy system (epoxidation within the
cavity) is similar to that catalysed by the Mn1–Py system
(epoxidation outside the cavity) (Table 1). This implies that
additional factors play a role in the epoxidation reaction. Further
studies are currently under investigation.

In summary, we have shown that by means of a unique
supramolecular activation of Mn1 only one equiv. of the axial
ligands pyridine or imidazole are required to activate the
catalyst for the epoxidation of olefins. Coordination of a bulky
axial ligand on the outside of the cavity of Mn1 strongly
enhances the stability of the catalyst, which in this approach
is protected from further oxidative decomposition. Current
research is focused on the functionalisation of Mn(III) porphyr-
ins with molecular clip receptors on both faces, so that both
approaches of supramolecular activation and catalyst protection
are combined.

Notes and references
† Reaction conditions: to a CH2Cl2 solution (0.65 ml) of the substrate (0.626
M), the manganese catalyst (2.5 mM), the phase transfer catalyst
tetrabutylammonium chloride (5 mM), the axial ligand pyridine (2.5 mM)
or 4-tert-butyl pyridine (1.25 M), and an internal standard (1,3,5-tri-tert-
butylbenzene (0.17 M) in a Schlenk tube was added an aqueous NaOCl
solution (2 ml, 0.6 M). The mixture was stirred at a constant rate under
nitrogen for 3 h, and during the course of the reaction samples were taken
from the organic layer which were analysed by GLC and 1H NMR.
‡ This was concluded from 1H NMR experiments on mixtures of Zn1 and
Bupy in CDCl3, which indicated no binding within the cavity of the host
even when 500 equiv. of the axial ligand were added.
§ More than 4 portions of substrate could be oxidised without any
decomposition of the catalyst. Due to phase separation between the solvent
and the epoxidation products it then became more difficult to measure a
reliable rate of conversion when the number of portions were increased
beyond 4.
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Table 1 Epoxidation of olefins by Mn1 and the reference catalysts MnTPP and MnTMPP

Mn1a MnTPPa MnTMPPa

Substrate Axial ligand Yieldb Ratec c+td Yieldb Ratec c+td Yieldb Ratec c+td

a-pinene Pye 81 12.0 — 10 1.2 — —f —f —f

cis-stilbene Pye 57 19.9g 96+4 39 3.7g 65+35 33 2.9 63+37
trans-stilbene Pye 72 18.9 h 9 3.8 h 8 < 1.0 h

a-pinene Bupyi 82 10.9 — 80 12.9 — —f —f —f

cis-stilbene Bupyi 57 15.5g 90+10 70 57.0g 90+10 52 39.3 92+8
trans-stilbene Bupyi 72 24.1 h 63 21.2 h 65 20.0 h

a Standard reaction conditions.† b Yield (%) after 3 h. c Initial rate 3 105 mol dm23 s21. d Ratio cis–trans epoxide product after 3 h. e 1 equiv. per Mn(III)-
catalyst. f Not determined. g Rate of formation of the cis-epoxide. h No cis-epoxide was detected. i 500 equiv. per Mn-catalyst.

Fig. 2 Epoxidation of a-pinene using 1 equivalent of an axial ligand.
MnTPP–Py (-), Mn1–Py (5), Mn1–Im (:).
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Alternate adsorption of anionic and cationic polyelectrolytes
creates smooth organic films on the walls of template-grown
Au nanowires, which can be made chemically reactive on
their ends by removal of a sacrificial Ag layer. 

Much of the current research on nanophase materials focuses on
the synthesis of colloidal particles of controlled size, shape, and
surface chemistry. These particles are interesting as building
blocks of larger superstructures, which have possible applica-
tions in electronics, photonics, catalysis, chemical sensing, and
other areas. Monodisperse collections of spherical and poly-
hedral nanoparticles are known to crystallize into well ordered
two- and three-dimensional arrays.1 On the other hand, it is now
becoming clear that less symmetric particles and linkers can
give rise to more complex and interesting superstructures, both
on the nanoscale2 and on larger length scales.3 Recently, we
have studied the synthesis and assembly of rod-shaped colloidal
particles.4 This synthesis, which involves the electrochemical
replication of porous alumina and polycarbonate membranes,
allows one to make cylindrical wires with a controlled sequence
of ‘stripes’ along their length. Different metal stripes selectively
adsorb self-assembled monolayers (SAMs) or DNA oligomers,
which can be used to direct the assembly of these particles on
surfaces. Here, we report the stepwise formation of multilayered
organic films on the cylindrical walls of Au nanowires by
alternate adsorption of monolayers of poly(styrene sulfonate)
(PSS) and poly(allylamine hydrochroride) (PAH). By removing
a sacrificial Ag layer from the tips, it is possible to prepare

nanowires that are chemically insulated along their length, but
reactive at their ends. This reactivity is demonstrated by
covalently linking fluorescent dye molecules exclusively to the
exposed ends of the nanowires.

The porous templates used for the electrosynthesis of Au
nanowires were commercially available Anodisc alumina
membranes (200 nm pore size, 8.9 3 108 pores cm22, 60 mm
thickness). Au replicas were made by a modification of the
methods of Possin,5 Martin6a and Moskovits.6b Ag was
thermally evaporated onto the branched side of the alumina
membrane to make the membrane electrically conductive (ca.
200 nm thick Ag). Ag was then electroplated (using Technic
Silver 1025 plating solution) onto the evaporated Ag film to
increase its thickness around to ca. 2 mm. The narrow branched
pores were filled with Ag at a current density of 0.55 mA cm22

of the membrane. Au was then grown electrochemically inside
the pores by changing the electroplating solution (to Technic
Orotemp 24). After the Au wires were grown to the desired
length (2–6 mm), another 500–800 nm of Ag was grown. The
metal-filled membrane was then glued to a glass slide and the
alumina template was dissolved using NaOH solution. This left
the Au nanowire array attached to a silver base, and left each
nanowire capped with Ag. Suspensions of free Au nanowires
were prepared by first dissolving the alumina membrane in
NaOH and then the Ag backing and capping layers in nitric
acid.

The surface derivatization of Au nanowires by poly-
electrolyte multilayers7 was performed as shown in Scheme 1.
The nanowire array was first reacted with 2-aminoethanethiol
hydrochloride to render the Au surface positive. The derivatized
surface was then dipped in a solution of poly(sodium 4-styrene
sulfonate) (PSS) (average molecular weight  70,000), which

† Electronic supplementary information (ESI) available: colour versions of
Scheme 1 and Figs. 1 and 2. See http://www.rsc.org/suppdata/cc/b0/
b007999p/

Scheme 1 Strategy for formation of a multilayer polyelectrolyte film on a gold nanowire array.
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contains negatively charged sulfonate groups in the polymer
chain. In this step, anionic PSS adsorbs onto the positively
charged surface and inverts the surface charge. The samples
were then washed several times with water and reacted with
poly(allylamine hydrochroride) (PAH) (average molecular
weight  15,000), which contains positively charged –NH3

+

groups. The polyanion, wash, polycation, wash cycles were
repeated 10 times in order to produce multilayer films. Finally,
the derivatized Au nanowires were freed from the surface by
dissolving their Ag backing and caps in aqueous HNO3.

Optical and electron microscopy was used to assess the
quality of the nanowires and surface films. Fig. 1(a) and (b)
show optical and transmission electron micrographs (TEM) of
the nanowires. Many identical particles are produced by
replication of a single membrane, and the underivatized
nanowires have smooth, clean surfaces after the alumina
template is dissolved away. Fig. 1(c) shows a TEM image of the
surface of a gold nanowire modified by ten alternate adsorptions
of PSS and PAH according to Scheme 1. Note the formation of
a smooth polymer film with a thickness of ca. 13 nm, which is
consistent with the 1 nm per bilayer typically found for
adsorption of PSS/PAH on planar substrates.7

Because the top and bottom of the nanowires are capped with
Ag during the polyelectrolyte adsorption steps, removal of Ag
creates a clean surface that is chemically distinct from the
‘insulated’ cylindrical walls. This property was tested by
reacting the free nanowires with 2-aminoethanethiol to form a
self-assembled monolayer on the exposed surface. The thiol-
treated nanowires were then reacted with fluorescein iso-

thiocyanate and imaged using fluorescence microscopy. Studies
on fluorescently-tagged monolayers have addressed the issue of
fluorescence quenching near a metal surface. Although fluores-
cence is attenuated by non-radiative energy transfer to the
metal, it is still strong enough for detection.4,8,9 Fig. 2 compares
a fluorescence optical micrograph of the derivatized nanowires
with brightfield reflectance images from the same regions. Only
the tips are fluorescent as a result of the thiourea link between
isothiocyanate-functionalized probe molecule and 2-aminoe-
thanethiol bound to the Au surface, confirming that both ends
are accessible to the probe molecules. In contrast, the length of
the nanowires are non-fluorescent, confirming that they are
covered by a multilayer films that is not affected by the thiol–
isothiocyanate derivatization steps.

In conclusion, we have successfully derivatized gold nano-
wires by alternate adsorption of the anionic and cationic
polyelectrolytes poly(styrene sulfonate) and poly(allylamine
hydrochroride). This process leads to smooth multilayer films
around the Au surface, but not on surfaces that are first capped
with Ag. It is now possible to selectively derivatize these
nanowires, thus opening a door to possible applications in
nanoscale electronics and other areas.

This work was supported by Korean Ministry of Science and
Technology(I-01-03-A-073), 21C Frontier Project, Korea Re-
search Foundation(KRF-2000-DP0243), DARPA, and the Of-
fice of Naval Research.
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Fig. 1 (a) Optical micrograph at 10003 magnification of 2.4 mm Au
nanowires, and TEM images of (b) an untreated Au nanowire and (c) an Au
nanowire derivatized with a multilayer film of alternating polyanions and
polycations as shown in Scheme 1.

Fig. 2 Optical micrographs of Au rods derivatized with polymer multilayers
according to Scheme 1, then etched to remove Ag from the tips and reacted
with 2-aminoethanethiol and fluorescein isothiocyanate. (a) Fluorescence
micrograph image and (b) a bright-field micrograph image of the
derivatized rods on a quartz substrate.
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A mononuclear Pd–allyl complex of the Trost modular
ligand displays non-C2-symmetric ligand coordination and
is in equilibrium with a hierarchical series of non-chelate
oligomers.

We have an ongoing interest in ‘memory effects’1 in Pd-
catalysed allylation, particularly in relation to reactions involv-
ing the Trost modular ligand 1a.2 During such processes, the
coordination mode of 1a to Pd in Pd–allyl intermediates is
generally assumed to be exclusively P,P chelating and C2-
symmetric3 (e.g., 2/3). However, the crystalline binuclear
complex [Pd2(1a)(allyl)2]2+, an active catalyst for allylation, is
readily prepared.1b In the solid state and in solution this exists as
a single species 4 (X = OTf) in which Pd is P,O2 coordinated.
In stark contrast, the mononuclear species ‘[Pd(1a)(allyl)]+’ is
an amorphous solid which dissolves to give a number of
P2coordinated species (1H, 13C and 31P NMR).

A 23 mM solution of ‘[Pd(1a)(allyl)]+’ in CD2Cl2 at 25 °C
displays two distinct sets of 31P NMR signals of approximately
equal abundance [Fig. 1(a)]. The first is a cluster of signals in
the range d 24.5–27. These have no discernible coupling and
comprise two outer sets of signals and a broader major central
set [Fig. 1(a), open square].

The second set is a pair of AB spin systems in a ratio of
62.5+37.5 [Fig. 1(a), open/closed circles] the ratio of which
varies with temperature [Fig. 1(b)]‡ but not concentration
(1–180 mM). The identical 2JPP coupling (32.9 Hz), similar

chemical shifts and low entropic difference (DS0 = 2.4 ± 0.1
J K21 mol21) suggests these to be diastereoisomers. Note that
p-allyl rotamers of 2 can only be non-degenerate through non-
C2-symmetric conformation of coordinated ligand 1a.3 Above
215 °C, concentration independent line-broadening§ indicates
unimolecular diastereoisomer interconversion just below the
NMR time-scale [cf. Fig. 1(a) and (b)].

When the concentration of ‘[Pd(1a)(allyl)]+’ is increased, the
proportion of 2 decreases [Fig. 1(c)]. Dilution confirms a
reversible equilibrium governed by a term or terms of type
[Pd]n, where n > 1, and thus a monomer-oligomer equilibrium.
As predicted, lower temperatures favour oligomer [see
Fg. 1(b)], presumably due to substantial DS; however, a reliable
van’t Hoff relationship (275 ? 25 °C) could not be established
owing to precipitation at lower temperatures. 31P NMR analysis
of the mol fraction 1a in monomeric vs. oligomeric species at
varying concentration (1–180 mM, CD2Cl2, 25 °C) yields a
curve [Fig. 2(a)]. Using sequential equilibria between hierarchi-
cal oligomers [i.e. (X)n + 2 Ô (X)n+1, where ‘X’ is an
unspecified Pd complex] as a model4 we could successfully
predict equilibrium concentrations (solid line). In DMSO-d6,
near-identical diastereomer ratios (63+37) and monomer–
oligomer concentration dependences were observed.

The monomer–oligomer equilibria does not cause observable
31P NMR line-broadening in 2, and thus monomer–oligomer

† Electronic supplementary information (ESI) available: explanation of
varying ee with catalytic loading. See http://www.rsc.org/suppdata/cc/b0/
b007785m/

Fig. 1 31P NMR spectra of [Pd(1a)(allyl)][OTf] in CD2Cl2 at two
temperatures and concentrations. Circles: monomer 2 (R·H, two diastereo-
mers), open square: oligomer 5a (R = H), filled square: tentatively assigned
as ‘[Pd2(1a)3(allyl)2]2+’ (reversibly generated by addition of 0.5 equivalent
1a), triangle: P,O-coordinated species analogous to 4 or mono- and bis-P-
allylated 1a {isochronous with an independently prepared sample of [P,PA-
allyl2-1a][(OTf)2]}.
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interconversion is slower than the NMR timescale. However,
the specific rotation of [Pd(1a)(allyl)][OTf] in CH2Cl2 at 22 °C
varies dramatically with concentration, vide infra, and fast
equilibrium (t1/2 ≤ 2 s)5 at the real time-scale was confirmed by
polarimetry after rapid dilution (100 ? 10 mM). Analysis of
mol fraction monomer (x2, 31P NMR) and [a]D over a range of
concentrations [Fig. 2(b)] reveals a simple relationship. This
demonstrates that the variation of the net specific rotation, [a]D
(obs.), does not arise from large concentration dependent
rotations of individual species, but rather from the monomer–
oligomer distribution. Linear regression¶ yields an intrinsic
specific rotation,6 {a}D for 2 (R = H) of +644 (±8). The
linearity of x2 vs. [a]D (obs.) also suggests congruence in the
[a]D of the (lower) oligomers and extrapolation to x2 = 0 yields
{a}D = 2151 (±17). This value is significantly different in sign
and magnitude from that of 2 and hints that the oligomers are
not of the form (2)n. Given the propensity for 1a to exist in an
elongated conformation1 and the size of the chelate ring in 2
(13-membered) we suggest oligomeric structures of type 5a (R
= H)7 where the central chirality of the diamide backbone is not
within a chelate ring {cf. monomer 4 ([a]D = 38, c = 0.1,
CH2Cl2) and ligand 1a ([a]D = 61, c = 2.3, CH2Cl2)}.

In recent reports on the asymmetric allylation of EtNO2 by
(±)-6 (?7) which is suggested to proceed via intermediate p-
allyl complex 3, moderate ee values at high catalyst loadings
were suggested to be the result of a memory effect arising
through slow interconversion of isomers of 3 of differing
symmetry. For example with 4 mol% ‘Pd(1a)’, 7 was obtained
in 53% ee whilst with 0.5 mol% the ee increased to 97% ee. It
was suggested that ‘by lowering the catalyst loading which, in
effect, reduces the concentration of the p-allylpalladium
intermediate, the unimolecular equilibration event now out-
competes the bimolecular nucleophilic addition’.2a However, if
equilibration is unimolecular and capture by nucleophile is

bimolecular, as suggested, then the relative rates of these
processes is given by {keq[3]/kNu[3][Nu]}. Since this reduces to
{kA[Nu]21}, in which catalyst loading does not feature, this
interpretation of memory effect attenuation∑ is unsatisfactory.
However, in view of the results described herein, the possibility
of analogous equilibrium between 3 and oligomers** such as 5a
(RNMe) must be considered. In contrast to oligomeric inter-
mediates, P,P-chelation in 3 will allow efficient central chirality
transmission through the helical Ar3P-donor arrays,8 albeit in a
non-C2-symmetric fashion.3 Lower catalyst loadings, favouring
monomer, would thus lead to higher selectivity. Furthermore,
oligomerisation may also account for decreased selectivities at
lower temperatures3b or the superiority of 1b over 1a (see 5b)9

in certain processes.
We thank the EPSRC (GR/N05208) and Lancaster Synthesis

for generous support.

Notes and references
‡ A van’t Hoff analysis of 31P NMR integrals from spectra obtained
between +25 and 275 °C yielded: ln Keq = (221 ± 2.9/T) 2 0.283 ± 0.01;
r2 = 0.999.
§ Line width, w1/2: 6 ± 1.5 Hz (25 °C, 1–180 mM) ? 2 ± 0.5 Hz (constant
215 to 275 °C). Strong correlations between A/BA and AA/B and weak
correlations between A/AA and B/BA in the 2D 31P{1H} EXSY (500 MHz)
spectrum [dP, 22.2/19.9 (A,B) and 22.8/20.6 (AA,BA)] suggest that
equilibrium proceeds via interconversion of ligand conformation rather than
ligand dissociation, or p–s–p allyl fluxionality.
¶ The principle of optical superposition (van’t Hoff) is assumed to apply.
∑ The lower selectivity at higher catalyst loading (4 mol%) does not arise
exclusively from a regiochemical memory effect (see Fig. 3 in ESI†).
** Ionisation of 6 may generate 3 directly, or indirectly via oligomeric Pd(0)
species.

1 (a) G. C. Lloyd-Jones and S. C. Stephen, Chem. Eur. J., 1998, 4, 2539 and
references therein; (b) C. P. Butts, J. Crosby, G. C. Lloyd-Jones and S. C.
Stephen, Chem. Commun., 1999, 1707; (c) A. J. Blacker, M. L. Clarke,
M. S. Loft and J. M. J. Williams, Org. Lett., 1999, 1, 1969; (d) G. C.
Lloyd-Jones, S. C. Stephen, M. Murray, C. P. Butts and Ŝ. Vyskoĉil and
P. Koĉovský, Chem. Eur. J., 2000, 6, 4348; (e) J. M. Longmire, B. Wang
and X. Zhang, Tetrahedron Lett., 2000, 41, 5435; (f) B. Goldfuss and U.
Kazmaier, Tetrahedron, 2000, 56, 2493.

2 (a) B. M. Trost and J.-P. Surivet, J. Am. Chem. Soc., 2000, 122, 6291; (b)
B. M. Trost and J.-P. Surivet, Angew. Chem., Int. Ed., 2000, 39, 3122.

3 As far as we are aware, there is no published experimental data on the
symmetry of P,P-chelate coordination of 1a to Pd. However, the working
model, based on molecular modelling, always employs fully C2-
symmetric coordination: (a) B. M. Trost and F. D. Toste, J. Am. Chem.
Soc., 1999, 121, 4545; however, also see footnote 36 in (b) B. M. Trost
and X. Ariza, J. Am. Chem. Soc, 1999, 121, 10 727.

4 Quantitative analysis of monomer-oligomer equilibrium will be de-
scribed elsewhere.

5 Slow equilibration is observed in PdCl2 complexes of simple (achiral)
diphosphines with alkyl or polyether backbones: D. C. Smith and G. M.
Gray, J. Chem. Soc., Dalton Trans., 2000, 677; however, the ability of 1a
to act as a P,O-donor to cationic Pd(II) (as in 4) may catalyse
interconversion.

6 There are no observable chromophores in the region of the sodium D-line
in the UV spectrum of the mixture of complexes: E. L. Eliel and S. H.
Wilen, Stereochemistry of Organic Compounds, John Wiley and Sons,
New York, 1994.

7 Such oligomers could be linear or cyclic, see e.g. B. L. Shaw,
J. Organometal. Chem., 1980, 200, 307.

8 The major contributor to the magnitude and sign of the optical rotation is
likely to be the degree of order and sense of the aryl phosphine rotors. The
sextuple phenyl array is the mainstay of the ‘cartoon’ representation of
the ‘chiral pocket’. Since ligand 1a is particularly effective with slim
cyclic allyl substrates and less so with bulky linear ones (see e.g. B. M.
Trost, A. C. Krueger, R. C. Bunt and J. Zambrano, J. Am. Chem. Soc.,
1996, 118, 6520) the tightness of the ‘chiral pocket’ may exacerbate
oligomerisation with the latter class.

9 B. M. Trost, R. C. Bunt, R. C. Lemoine and T. L. Calkins, J. Am. Chem.
Soc., 2000, 122, 5968.

Fig. 2 (a) Concentration of ‘[Pd(1a)(allyl)][OTf]’ in CD2Cl2 (‘[Pd]’, x-axis)
vs. mol fraction 2 (x2, y-axis ) data: circles (31P NMR) line: best fit. (b) Mol
fraction 2 [x2 (%), x-axis] at concentrations of [Pd(1a)(allyl)][OTf] in the
range 3 ? 20 mM vs. ([a]D, y-axis) circles: data, line: linear regression of
[a]D (obs.) = [x2{a2}D + (100 2 x2){a5}D].
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The two title compounds are isostructural with pairs of
diselenadiazolyl radicals associating in an unprecedented
manner via an orthogonal interaction between singly occu-
pied molecular orbitals which renders them essentially
diamagnetic in the solid state.

The 1,2,3,5-dithiadiazolyl radical 1 is an extremely persistent
stable free radical.1 Solution EPR studies on several derivatives

have established2 that the dimerisation energy is substantial
(DHdim ≈ 35 kJ mol21). In 1985, Mews and coworkers
described3 the crystal structure of [CF3CNSSN]2 and predicted
that association of dithiadiazolyl radicals could occur through a
favourable p-bonding interaction between singly occupied
molecular orbitals (SOMOs). The energy differences between
cisoid, transoid and twisted conformations [Fig. 1(i)–(iii)] was
estimated3 at < 10 kJ mol21 and examples of all of these three
modes of association have since been established by X-ray
crystallography.1 More recently a fourth, trans-cofacial motif
has been observed [Fig. 1(iv)].4

The isoelectronic diselenadiazolyl radicals 2 have also been
prepared5 and exhibit a greater tendency to dimerise in
solution.6 Theoretical studies have estimated7 that DHdim is
higher [cf. 1 and 2 (R = H) with DHdim = 33 and 46 kJ mol21,
respectively, using the same basis sets]. In the solid state,
derivatives of 2 have invariably crystallised in the cisoid
configuration observed for 1 [Fig. 1(i)]. Here we report the
syntheses and characterisation of two diselenadiazolyl radicals
2a and 2b (R = p-ClC6F4 and p-BrC6F4, respectively), which
associate in an unprecedented manner [Fig.1(v)].

Radicals 2a and 2b were prepared† from p-ClC6F4CN and p-
BrC6F4CN using standard synthetic procedures,5 and purified
by sublimations under static vacuum (100 °C, 1022 Torr). The
crystal structures of 2a and 2b are isostructural, although not
isomorphous.‡ The structure of 2b contains two molecules of
conventional geometry8 in the asymmetric unit (Fig. 2).
However, their mode of association is exceptional; The two
heterocyclic rings in 2b are inclined at 85° with respect to each
other, with each of the selenium atoms of one ring situated
approximately equidistant between an N and an Se atom of the
second ring. This leads to a set of intermolecular Se…N and
Se…Se contacts in the range 3.09–3.21 Å. The Se…Se contact
is similar to that observed in conventional cisoid diselenadiazo-
lyls. Because of the anisotropy in the van der Waals radius of
selenium (ca. 2.15 Å perpendicular to the ring plane and ca. 1.7
Å in the ring plane),9 the Se…Se interaction in this orthogonal
arrangement (sum of van der Waals radii is 3.85 Å)9 is likely to
be weaker than that observed in the cisoid dimers (sum of the
van der Waals radii perpendicular to the ring plane is ca. 4.3
Å).9 A packing diagram of 2b viewed in the ac plane (Fig. 3)
shows how the dimer pairs pack in an antiparallel fashion along
the crystallographic c-axis. The inter-dimer separation along the
c-direction is longer, with the closest inter-dimer Se contacts in
the range 3.6–3.7 Å.

Previous magnetic studies on other derivatives of 2 have
indicated that the p*–p* interaction between cofacial radicals
renders them diamagnetic. In order to establish the strength of
the orthogonal interaction between radicals, variable tem-
perature magnetic measurements were carried out on samples of
both 2a and 2b.

Susceptibility measurements were made on a SQUID
magnetometer with an applied field of 1 T in the range 1.8–300
K and isothermal magnetisation curves were recorded at 1.8 and

† Electronic supplementary information (ESI) available: analytical data for
2a and b. See http//www.rsc.org/suppdata/cc/b0/b004705h/

Fig. 1 Modes of association of dithiadiazolyl (E = S) and diselenadiazolyl
(E = Se) radicals: (i) cis-cofacial, (ii) twisted, (iii) trans-antarafacial, (iv)
trans-cofacial (v) orthogonal.

Fig. 2 Asymmetric unit of 2b, with atom labelling scheme; the structural
parameters of 2a are the same as those for 2b, within error.
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3.0 K. A plot of susceptibility vs. temperature for both 2a and 2b
are similar (that for 2b is shown in Fig. 4) and shows that both
2a and 2b are essentially diamagnetic. A rapid increase in
susceptibility at low temperatures is due to the presence of a
small number of paramagnetic centres in the sample (a small
spike can be observed at 50 K due to the antiferromagnetic
transition of a minute amount of oxygen in the sample). A good
fit to the Curie–Weiss law, including a diamagnetic contribution
indicates that, for 2a, the mol fraction of paramagnetic centres
was 0.0045 and for 2b 0.0054.

After a diamagnetic correction, the behaviour of the magneti-
sation as a function of the applied field in 2a and 2b closely
follows a Brillouin function for S = 1⁄2 (Fig. 4, inset). A fit to the
Brillouin function yielded mol fractions of paramagnetic
centres as 0.0031 and 0.0049 for 2a and 2b respectively, in good
agreement with the susceptibility results.

A preliminary examination of the interaction between
SOMOs for this orthogonal mode of association indicates a
symmetry-allowed bonding interaction (Fig. 5) which could
give rise to a closed-shell singlet and thereby rationalise the
observed diamagnetism. However, the poor orbital overlap
anticipated from the perpendicular orientation of p* orbitals
could also be anticipated to favour an open shell ground state.
The magnetic measurements clearly indicate a singlet ground
state, although both closed-shell singlet (spin-paired dimer) and
open-shell singlet (antiferromagnetically coupled radicals) are
possible. In the latter case, the singlet–triplet separation would
need to be extremely large to suppress the paramagnetism
arising from the triplet state. However, very large exchange

interactions in group 15/16 radicals are not without precedent;
Fujita and Awaga recently reported10 a dithiazolyl radical with
an exchange interaction of 21300 K. Further theoretical and
experimental studies are required to confirm the electronic
ground state of 2, viz-a-viz an open shell or closed shell singlet.
These studies, and additional structural studies on closely
related diselenadiazolyl radicals, will be the subject of a future
report.

We thank the Royal Society for an equipment grant (J. M. R.)
and the EPSRC for a studentship (R. J. L.). This work was also
supported by the Materials Program of the Comision Inter-
ministerial de Ciencia y Technologia under grant MAT97-
951.

Notes and references
‡ Crystal data for 2b: C7BrF4N2Se2 , M = 425.92, monoclinic, space group
P21/c , a = 26.275(11), b = 6.131(7), c = 12.513(10) Å, b = 102.85(6)°,
Z = 8, T = 180(2) K, m(Mo-Ka) = 11.620 mm21. Of a total of 2270
collected reflections, 2197 were unique (Rint = 0.0321) and used in all
calculations. The final wR2 = 0.2821 (all data), R1 [F > 2s(F)] = 0.0971.
Significant residual electron-density (max: +2.4 e Å23) was observed in the
final difference map close to Se and Br atoms and anisotropic refinement of
C and N atoms proved impossible. [The same structural motif was observed
for 2a which crystallises in the orthorhombic space group Pca21, a =
12.454(3), b = 6.1040(12), c = 25.231(5) Å at T = 150(2) K]. CCDC
182/1838. See http://www.rsc.org/suppdata/b0/b004705h/ for crystallo-
graphic files in .cif format.

1 For example see J. M. Rawson, A. J. Banister and I. Lavender, Adv.
Heterocycl. Chem., 1995, 62, 137 and references therein.

2 S. A. Fairhurst, K. M. Johnson, L. H. Sutcliffe, K. F. Preston, A. J.
Banister, Z. V. Hauptman and J. Passmore, J. Chem. Soc., Dalton
Trans., 1986, 1465.

3 H. U. Höfs, J. W. Bats, R. Gleiter, G. Hartmann, R. Mews, M. Eckert-
Maksic, H. Oberhammer and G. M. Sheldrick, Chem. Ber., 1985, 118,
3781.

4 T. M. Barclay, A. W. Cordes, N. A. George, R. C. Haddon, M. E. Itkis
and R. T. Oakley, Chem. Commun., 1999, 2269; N. Bricklebank, S.
Hargreaves and S. E. Spey, Polyhedron, 2000, 19, 1163.

5 For example, see: A. W. Cordes, R. C. Haddon, R. G. Hicks, R. T.
Oakley and T. T. M. Palstra, Inorg. Chem., 1992, 31, 1802.

6 J. E. Davies, R. J. Less, I. May and J. M. Rawson, New. J. Chem., 1998,
763.

7 A. W. Cordes, C. D. Bryan, W. M. Davis, R. H. de Laat, S. H. Glarum,
J. D. Goddard, R. C. Haddon, R. G. Hicks, D. K. Kennepohl, R. T.
Oakley, S. R. Scott and N. P. C. Westwood, J. Am. Chem. Soc., 1993,
115, 7232.

8 For example of intramolecular dimensions in diselenadiazolyl radicals,
see: P. D. B. Belluz, A. W. Cordes, E. M. Kristov, P. V. Kristov, S. W.
Liblong and R. T. Oakley, J. Am. Chem. Soc., 1989, 111, 9276; For
examples of twist angles in perfluorophenyl dithiadiazolyl rings see: G.
Antorrena, J. E. Davies, M. Hartley, F. Palacio, J. M. Rawson, J. N. B.
Smith and A. Steiner, Chem. Commun., 1999, 1393.

9 S. C. Nyburg and C. H. Faerman, Acta Crystallogr., Sect. B, 1985, 41,
274.

10 W. Fujita and K. Awaga, Science, 1999, 286, 261.

Fig. 3 Crystal structure of 2b viewed in the ac plane. The closest inter-dimer
contacts (illustrated) are Se…Se at 3.60 Å and Se…N at 3.46 Å.

Fig. 4 Magnetic susceptibility as a function of temperature for 2b. The solid
line is the fit to the Curie–Weiss law and a diamagnetic contribution. Inset:
Magnetisation behaviour of the unpaired spin moments of 2a and 2b as a
function of the applied field. The solid line is the Brillouin function
corresponding to S = 1/2 and a mol fraction of 0.0049 paramagnetic
molecules. The data for 2a has been scaled to the number of paramagnetic
molecules found in 2b.

Fig. 5 The p*–p* bonding interaction between orthogonal p-systems on
neighbouring diselenadiazolyl radicals.
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Treatment of the azabicyclo[2.2.1]heptene derivative 4 with
mCPBA for 3–5 seconds generates the oxazabicyclo-
[3.2.1]octene derivative 7 (X-ray structure) via rapid Mei-
senheimer rearrangement of the N-oxide 5, whilst heating 7
in MeCN for 4–6 h leads to further rearrangement to the
more thermodynamically stable oxazabicyclo[3.3.0]octene
isomer 6; 6 and 7 can be readily reduced to enantio-pure
hydroxylated cyclopentylglycine derivatives.

Pharmacologically active peptoids can be generated by attach-
ing the side-chains of a parent peptide to carrier moieties such
as sugars, steroids, or porphyrins.1 We have been exploring the
use of azabicyclo[2.2.1]heptanes as rigid templates for such
systems which, if they can be derivatised appropriately, offer
potential as 3D structures on which to construct peptoid
libraries. We were also attracted to such systems because we
had developed an extremely short, efficient, and highly
stereoselective route to these systems some years ago;2 the aza-
Diels–Alder reaction of the imine 3 with cyclopentadiene gives
the azabicyclo[2.2.1]heptene 4 as a single stereoisomer, and we
wished to explore the derivatisation of this adduct.3 This
communication, however, reports some unexpected results that
have instead provided a short, efficient, stereo- and regio-
specific route to hydroxylated cyclopentylglycines.

As outlined in Scheme 1, the adduct 4 could be efficiently
prepared using ethyl glyoxylate generated using the procedure
developed by Roberts’ group.4 After formation of the imine, the
cycloaddition reaction was found to be most reliable when
conducted in trifluoroethanol in the presence of TFA (1 equiv.).
As reported by ourselves4 and others,5 this reaction proceeds
both with excellent exo diastereo-control (in contrast to the endo
selectivity observed for acyclic dienes2), and with extremely
high asymmetric induction resulting from the presence of the a-
methylbenzyl auxiliary (72% isolated yield, 95+5 exo+endo,
90% asymmetric induction). After chromatography, 4 was
obtained as a single stereoisomer, from which we hoped an
epoxidation/nucleophilic ring-opening sequence would allow
derivatisation at site C, whilst further pharmacophores could be
introduced at sites A and B. However, treatment with mCPBA
failed to give the desired epoxide (even under acidic conditions
whereby the nitrogen would be expected to be protonated), but
instead yielded an isomeric oxygenated product which we
initially assigned as the N-oxide 5. Small amounts of a by-
product were also generated, which was identified as the
oxazabicyclo[3.3.0]octene 6 from NMR data.†

We had expected that an X-ray crystal structure of the ‘N-
oxide’ would confirm its identity and allow us to assign its
stereochemistry at the chiral nitrogen, but this surprisingly
revealed that the isomeric oxazabicyclo[3.2.1]octene 7 had been
formed instead (Fig. 1‡). Optimisation of the reaction condi-
tions established that the highest yield of 7 was obtained when
the cyclo-adduct 4 was reacted at room temperature with
mCPBA for only 3–5 seconds and, that clean conversion to 6
could be achieved by refluxing 7 in acetonitrile for 24 h.
Presumably 7 is formed via a Meisenheimer rearrangement,6–9

but the rapidity and selectivity of the initial reaction, in which

Scheme 1 Formation of the oxazabicyclo[3.3.0]octane system 6. The aza-
Diels–Alder reaction (3 ? 4) was in TFE, TFA (1 eq.), 0 °C, 3.5 h (72%
yield, 95% exo, 90% asymmetric induction). See text and Scheme 2 for
yields and identification of the products 5 and 6 from mCPBA oxidation of
4. [R* = (S)-1-phenylethyl].

Fig. 1 X-Ray crystal structure of 7 with crystallographic numbering.‡

This journal is © The Royal Society of Chemistry 2000
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the di-radical must be retained within a solvent cage, is
extraordinary. Unprecedented, as far as we are aware, is the
establishment of an equilibrium with the Meisenheimer inter-
mediate (or possibly via heterolytic bond cleavage of 7),
providing a route by which the thermodynamically more stable
adduct 6 can be generated (see Scheme 2).

With an efficient route to two isomeric oxazabicyclooctanes
achieved, we wished to explore whether they could be
converted into hydroxy-substituted cyclopentylglycines. The
key transformations are shown in Scheme 3. In particular, Zn–
AcOH treatment of the [3.2.1] isomer 7 allowed selective
cleavage of the N–O bond, yielding the 4A-hydroxycyclopent-2A-
enyl glycine derivative 8. Hydrogenation of the double bond
(Pearlman’s catalyst, 50 psi) resulted in concomitant removal of
the a-methylbenzyl auxiliary to afford the 3A-hydroxycyclo-
pentyl glycine 9 as a single (2R,1AR,3AS) stereoisomer; the same
hydrogenation conditions also allowed direct conversion of 7 to
9 (90% yield). On the other hand, these hydrogenation
conditions enabled us to reduce the [3.3.0] isomer 6 directly to
the 2A-hydroxycyclopentyl glycine 10, also as a single
(2R,1AR,2AR) stereoisomer. Closely related analogues of 8 have
been used in the synthesis of cyclopentenylglycine,11 and of
carbocyclic analogues of nikkomycin12 and polyoxin C.13

In summary, the asymmetric aza-Diels–Alder adduct 4 reacts
with mCPBA to generate the Meisenheimer rearranged product

6, which can be converted into the [3.3.0] system 7 by simple
heating. These two isomers can be separately reduced, to
provide access to a wide range of cyclopentylglycine deriva-
tives, with complete regio-, diastereo- and enantio-control.

We thank Dr A. S. F. Boyd and Dr R. Fergusson for NMR and
mass spectra, the EPSRC for financial support, and we
acknowledge the use of the EPSRC’s Chemical Database
Service at Daresbury.

Notes and references
† Selected data for 6: C17H21NO3; dH(CDCl3) 1.1 (3H, t, J 7.2), 1.5 (3H, d,
J 6.6), 2.4 (2H, m), 3.05 (1H, q, J 6.6), 3.55 (1H, m), 3.7 (1H, d, J 9.1), 3.95
(2H, q, J 7.2), 5.3 (1H, dd, J 7.4, 0.7), 5.8 (1H, dd, J 3.5, 1.7), 5.95 (1H, dd,
J 1.7, 0.7), 7.2–7.4 (5H, m); dC(CDCl3) 14.15 (CH3), 20.47 (CH3), 34.16
(CH2), 47.20 (CH), 60.52 (CH2), 65.68 (CH), 69.85 (CH), 87.35 (CH),
127.66 (CH), 128.25 (2 3 CH), 128.30 (2 3 CH), 129.49 (CH), 135.17
(CH), 141.91 (C), 169.90 (C).
‡ Crystal data for 7. A single crystal of 7 was grown by slow evaporation
of 40–60 pet. ether at rt and coated in Nujol and mounted on a glass fibre
covered with vacuum grease for data collection with a Bruker P4
diffractometer14 at 160 K. Colourless plate, 0.12 3 0.72 3 0.34 mm,
C17H21NO3, M = 287.35, monoclinic, space group P21, a = 6.0734 (4), b
= 13.0445 (9), c = 10.1045(7) Å , b = 98.280(5)°, U = 792.18(13) Å3, Z
= 2, m(Mo–Ka) = 0.082 mm21. Data measured = 3180, unique data =
1593, R = 0.0778 on all data (wR2 = 0.0306). Absolute structure parameter
= 3.5(19), so the absolute structure could not be confirmed from the X-ray
data. Crystallographic computing was performed using the SHELXTL15

system version 5.1. CCDC 182/1836. See http://www.rsc.org/suppdata/b0/
b006683o/ for crystallographic data in .cif format.
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Scheme 2 Possible mechanism for the formation of 6 and 7; heterolytic
bond cleavage of 7 would also be consistent with its thermolysis to 6. [R*
= (S)-1-phenylethyl].

Scheme 3 Conversion of the oxazabicyclooctanes 6 and 7 into hydroxylated
cyclopentylglycines such as 9 and 10. Conditions: (i) Zn–AcOH; (ii) H2 (50
psi)– Pd(OH)2/C; (iii) MeCN, reflux, 24 h. [R* = (S)-1-phenylethyl].
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Heating a 2H-azaphosphirene complex in the solid state
afforded the first head-to-tail dimer, a 2,5-dihydro-2,5-di-
phosphapyrimidine complex, a h1-diphosphene complex
and another complex having low-coordinated phosphorus
centers; whereas the latter was detected only by 31P NMR
spectroscopy, the dimer was isolated and structurally
characterized.

In comparison to 2H-azirenes1 I (Scheme 1), which are versatile
building blocks in heterocycle syntheses, the chemistry of
heteroatom-substituted ring systems of type II–IV is much less
explored. For example, transiently2 formed 2H-azasilirenes II
readily dimerise in solution in a head-to-head or head-to-tail
manner, the orientation depending mainly on the carbon
substituents.3 Interestingly, even at low temperatures, 1H-
diazirenes III4 preferentially undergo ring enlargement4 or
rearrangement reactions,5 but do not form dimers. Although
2H-azaphosphirenes IV have been claimed as intermediates, no
dimerisation was reported; instead, ring cleavage occurred at
room temperature to yield a short-lived phosphinidene and a
nitrile derivative.6 1H-diazirene complexes V are, to the best of
our knowledge, unknown. Recently, we reported syntheses7 and
reactions of 2H-azaphosphirene complexes VI, which gave
access, e.g. to differently sized unsaturated phosphorus hetero-
cycles either via ring cleavage8 or via selective P–C9 and P–N
bond10 cleavage ring expansion reactions.

Here we report the first dimerisation of a 2H-azaphosphirene
complex leading to a head-to-tail dimer, a 2,5-dihydro-
2,5-diphosphapyrimidine complex; a h1-diphosphene complex
and another complex having low-coordinated phosphorus
centers were detected as by-products.

Heating the neat 2H-azaphosphirene tungsten complex 111

for a short period afforded three phosphorus-containing pro-
ducts 2, 3 and 4 in a ratio of ca. 1+3+10 (Scheme 2); heating
complex 1 for longer periods, i.e. 1 h, did not significantly affect
the ratio. Whereas the h1-diphosphene tungsten complex 212

([d8]-toluene): d 391.3 ppm (1J(P,P) 513.4 Hz, 1J(P,W) 230.8
Hz, PNPW(CO)5), 443.1 ppm (1J(P,P) 513.4 Hz) was isolated in
8% yield by column chromatography, the dinuclear complex 3
decomposed during chromatography, but the chemical shifts,
phosphorus–phosphorus and phosphorus–tungsten coupling
constant magnitudes of 3 (AM-type; d (PA) 360.9 ppm, 3J(P,P)

162.1, 1J(W,P) 264.3 Hz) (d (PM) 160.9 ppm, 3J(P,P) 162.1,
1J(W,P) 272.4 Hz) revealed the existence of low-coordinated
phosphorus centers,13 thus allowing a tentative structural
assignment with an atom connectivity as shown in Scheme 2
(PA = PNNR,PM. = PNCR2). The unusually great 3J(P,P) value
might result from the two-fold h1-coordination mode of the two
phosphorus centers.14 The main product, the 2,5-dihydro-
2,5-diphosphapyrimidine tungsten complex 4, was confirmed
by elemental analyses and NMR spectroscopy.† Further
investigations using the analogous 2H-azaphosphirene chro-
mium and molybdenum complexes15 showed that the reaction
course strictly depended on the nature of the metal; in contrast
to the chromium (and tungsten) complex, heating the 2H-
azaphosphirene molybdenum complex afforded the correspond-
ing h1-diphosphene molybdenum complex12 as main product.

The 31P NMR data of complex 4 are similar to those found for
non-coordinated 2,5-dihydro-2,5-diphosphapyrimidine deriva-
tives, which have been recently synthesized for the first time
using a completely different approach.16 The line broadenings
in the 1H and 13C{1H} NMR spectra of complex 4 at ambient
temperature, which disappear upon cooling to 255 °C are
remarkable; e.g. in the 13C{1H,31P} NMR spectra two distinct
resonances appear for the imino and also for the ipso carbon
atoms of the phenyl rings. So far, we have no explanation for
this phenomenon. Furthermore, the methine carbon atom (d 9.9
ppm) and also the protons of one trimethylsilyl group (d20.73
ppm) of the three-coordinated phosphorus center resonate at
remarkably high field, which probably indicates a shielding
caused by the ring current of a nearby phenyl group. The
molecular structure of complex 4 (Fig. 1), as established for the
solid state by X-ray crystallography,‡ shows a slightly distorted
boat conformation of the six-membered ring with the P1 and P2
atoms in the bow and stern positions (Fig. 2). The steric
situation of the P2-bonded bis(trimethylsilyl)methyl group is
noteworthy; as shown by the two different distances P2–C20
1.882(9) Å and P2–C13 1.829(10) Å, this group is asymmet-
rically flanked by the two phenyl rings, which act like a pincer,
but only for one of the two trimethylsilyl groups. If this steric
situation is retained in solution, this would convincingly explain
the observed shielding of the proton and carbon atoms of the
respective methine and trimethylsilyl groups.

Currently we are investigating the reaction of 2H-azaphos-
phirene complexes with various nickel(II) and palladium(0)
complexes; such complexes have been shown to catalyze the

Scheme 1 2H-azirenes (I), heteroazirenes (II–IV), 1H-diazirene (V) and
2H-azaphosphirene complexes (VI) (I–VI: R, RA = alkyl, aryl; [M] =
metal complex fragment).

Scheme 2 Reagents and conditions: (i) 615 mg of complex 1, 130 °C, 15
min; column chromatograpy (Al2O3, 250 °C, light petroleum–diethyl ether
90+10); 4: bright yellow solid, yield: 43%, mp 156 °C (decomp.).
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dimerisation of 1H-phosphirenes and 1H-phosphirene com-
plexes.17

We are grateful to Priv.-Doz. Dr Dietrich Gudat for low-
temperature NMR measurements and to the Deutsche For-
schungsgemeinschaft and the Fonds der Chemischen Industrie
for financial support.
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Fig. 1 Molecular structure of 4 in the crystal (ellipsoids represent 50%
probability levels, hydrogen atoms are omitted for clarity). Selected bond
lengths [Å] and angles [°]: W–C(2) 1.986(10), W–P(1) 2.521(2), P(1)–C(6)
1.796(8), P(1)–N(1) 1.7107(7), P(1)–N(2) 1.698(7), N(1)–C(13) 1.280(9),
N(2)–C(20) 1.267(9), P(2)–C(27) 1.852(9), C(13)–C(14) 1.514(11), C(13)–
C(14) 1.482(12); C(2)–W–P(1) 176.0(3), W–P(1)–C(6) 115.7(3), N(2)–
P(1)–N(1) 103.6(3), N(2)–P(1)–C(6) 107.1(4), N(1)–P(1)–C(6) 102.0(4),
C(13)–P(2)–C(20) 95.5(4).

Fig. 2 Side-view showing the boat conformation of 4 (reduced molecular
structure).
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A redox-active macrocyclic ionene oligomer, cyclobis(par-
aquat-p-phenylene), exhibited an enhanced activity as an
electron phase-transfer catalyst for the reduction of qui-
nones compared with acyclic benzyl viologen, due to the
inclusion of the substrate into the catalyst cavity. 

Compounds having one or more viologen units have attracted
much attention because of their versatile applications.1,2 Of
particular interest among recent developments are a series of
elaborate works on supramolecular chemistry by Stoddart et al.2
which have led to successful construction of a variety of
supramolecular architectures such as pseudorotaxanes, rotax-
anes and catenanes mainly using a redox-active macrocyclic
ionene oligomer,3 i.e. cyclobis(paraquat-p-phenylene)4 1.
Theirs as well as work by other research groups5 unambigu-

ously show that 1 and related compounds form inclusion
complexes with a variety of guests. However, little is known to
date of their applicability in other fields including catalysis.

On the other hand, electron transfer catalysis by viologen
compounds, which function as mediators of electron transfer,
has continuously been attracting considerable interest.1,6 Such
compounds have been applied to the reduction of various
substrates such as aldehydes and ketones,6a,b quinones,6c

azobenzene,6d acrylonitrile,6e nitroalkenes,6f and nitroarenes,6g

to the reductive desulfonation of a-nitro sulfones,6h and to the
dehalogenation of diphenylbromomethane,6i,j gem- and vic-
dibromides6k,l and a-halogeno ketones6m with either zinc or
sodium dithionite in either a monophase or a two-phase solvent
system. The viologen compounds thus far used include alkyl
viologens,6b,f–h,l,m ionene polymers7 having viologen units in
the main chains,6d,i–k vinyl polymers having viologen units in
the pendant groups,6a,c,e and so forth. However, no cyclic
viologen compounds have ever been examined for catalysis.

The present research combining the above two fields of
chemistry was motivated by the premise that, if the substrate is
included in the cavity of 2, a reduced species of 1, the viologen
units might be able to mediate the electron transfer more
efficiently than acyclic viologens such as benzyl viologen 3
because of the close vicinity of the substrate to the units, and
hence 1 would exhibit a higher activity of electron transfer
catalysis than 3. This communication reports that the experi-
mental results using quinones as substrates validated this
conjecture. In addition, to the best of our knowledge, this work
presents the first example that the fundamental constituent of a
cyclophane, i.e. the viologen moiety in the case of 1, directly
plays a pivotal catalytic role for the substrate included in the
cavity of the host.

Fig. 1 shows the results of reduction of 1,4-benzoquinone
with zinc in the presence of 1 in an alkyl acetate–H2O (1+1)
two-phase system at 25 °C.8 Conversion of the substrate
increased in the order: AcOMe < AcOEt < AcOBu. Thus, in
general, the extent of reduction in the two-phase solvent
systems became increasingly higher with increase in the
hydrophobicity of the organic phase.9 1,4-Naphthoquinone
could also be reduced similarly to 1,4-dihydroxynaphthalene. It
should also be noted that, under the present reaction conditions,
the reduction of quinones occurred to a considerable extent even
in the absence of catalyst, and that 3 exhibits almost no ability
to mediate electron transfer. However, it is obvious that 1 is, as
expected, a much better mediator of electrons than 3.

Fig. 2 depicts the results of the inhibition experiments using
compounds having a phenyl or p-phenylene group, which can
be included in the cavity of 1, for the reduction of benzoquinone
with zinc in different two-phase solvent systems, using either 1
or 3 as a catalyst.8 The reduction of benzoquinone in AcOBu–
H2O (1+1) with use of 1 was retarded by the addition of
1,4-bis[2(2-hydroxyethoxy)ethoxy]benzene 4.10 Similarly, the
same reduction in methyl benzoate11 (BzOMe)–H2O (1+1) or
phenyl acetate11 (AcOPh)–H2O (1+1) two-phase systems was
also retarded in comparison with the reduction in AcOBu–H2O
(1+1), in spite of the hydrophobic nature of these organic
solvents (see above). On the other hand, almost no distinct
inhibition effect was observed when 3 was used as a catalyst.

† Present address: Department of Applied Chemistry, Faculty of Engineer-
ing, Toyo University, Kujirai, Kawagoe, Saitama 350-8585, Japan.

Fig. 1 Reduction of benzoquinone with zinc in alkyl acetate–H2O (1+1)
two-phase systems in the presence of 1 or 3 and in the absence of catalyst.
Conditions: benzoquinone, 40 mM, 1.0 ml; viologen compound, 20 mM (as
viologen unit), 1.0 ml; Zn, 0.20 mmol; 25 °C, 1.0 h.

This journal is © The Royal Society of Chemistry 2000

DOI: 10.1039/b007404g Chem. Commun., 2000, 2455–2456 2455



Thus, it is concluded that inclusion of the substrate in the cavity
of 1 does occur, and hence the enhancement of the catalytic
activity of 1 compared with that of 3 (cf. Figs. 1 and 2) in the
two-phase solvent systems can be attributed to the easier
electron mediation due to the close proximity of the included
substrate to the redox-active viologen units.

Cyclic voltammetry of 1 in acetonitrile exhibits only two
reversible reduction processes,12 suggesting that the two
viologen units in 1 are independent of each other in the
reduction process. Thus, the species produced by the initial two-
electron reduction of 1 with zinc is most likely to be radical
cation 2. From this the fundamental mechanism of the catalysis
in a two-phase solvent system can be derived as illustrated in
Scheme 1. First, 1 is reduced with zinc in the aqueous phase to
2, which is then transferred into the organic phase13 where the
substrate (Q) is included in the cavity of 2. The substrate is then
reduced to hydroquinone (QH2) with concomitant reoxidation
of 2 to 1. The regenerated 1 is transferred back into the aqueous
phase to participate in the next catalytic cycle. The slow
reactions in the two-phase solvent systems as compared with
that in homogeneous DMSO–H2O (1+1)14 could possibly be
attributed, at least in part, to the slow extraction rate of 2 from
the aqueous phase into the organic phase. The mechanism for
the reduction in a homogeneous mixed solvent would be
essentially the same as above, apart from the absence of the
phase transfer processes. However, since chemical shift values
of the protons of 1 were changed on mixing it with quinones in
DMSO-d6–D2O (4+1), the possibility cannot be ruled out,
irrespective of the reaction modes, that the substrate first
included in the cavity of 1 is then reduced after reduction of the
host in the inclusion complex.

In summary, when a viologen-containing macrocyclic ionene
oligomer was used as catalyst, electron transfer catalysis on
quinone reduction could be enhanced due to facilitated electron
mediation between the substrate and the viologen units in the
inclusion complex. Further investigation of catalysis using 1
and related compounds is in progress to reveal the scope and
limitations as well as to gain a deeper insight into the reaction
mechanism.

Part of this work was supported by the Grant-in-Aid for
Scientific Research, No. 026550661, from the Ministry of
Education, Science and Culture, Japan.
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cavity of 1 occurs; AcOBu–H2O (1+1), AcOBu–H2O containing
1,4-bis[2(2-hydroxyethoxy)ethoxy]benzene 4, BzOMe–H2O (1+1), and
AcOPh–H2O (1+1) (from left to right). Conditions: benzoquinone, 40 mM,
1.0 ml; viologen compound, 20 mM (as viologen unit), 1.0 ml; template
compound 4, 0.10 mmol; Zn, 0.20 mmol; 25 °C, 1.0 h.

Scheme 1 Fundamental mechanism for the reduction of a quinone
compound (Q) with zinc in an organic solvent–H2O (1+1) two-phase system
in the presence of 1.
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A novel catalytic hydroxyacylation of alkenes using 1,3-di-
oxolanes and molecular oxygen has been developed, and the
reaction of 2-methyl-1,3-dioxolane with methyl acrylate
under dioxygen atmosphere in the presence of catalytic
amounts of NHPI and Co(OAc)2 produced the correspond-
ing adduct in 81% yield.

Addition of aldehydes to terminal alkenes has received attention
as a method for the synthesis of ketones from aldehydes.1 The
frequently used methodologies are the direct hydroacylation of
alkenes with aldehydes by transition-metal catalysts1 and the
addition of acyl radicals to alkenes bearing electron-with-
drawing substituents such as fumarate by radical initiators.2 If
the concomitant introduction of acyl and hydroxy moieties to
alkenes can be carried out by a cascade reaction, this type of
reaction is referred to as hydroxyacylation and would provide a
novel route to b-oxycarbonyl compounds which constitute
important structural subunits in key intermediates leading to
pharmaceuticals [eqn. (1)].3 Although there is one report on the
hydroxyacylation of alkenes like acrylates with acyl radicals
from aldehydes using dioxygen as a hydroxy source assisted by
a cobalt(II) Schiff-base complex,4 the attempt was not fully
successful due to the decarbonylation from acyl radicals as well
as the reaction of acyl radicals with O2 leading to carboxylic
acids which cause undesired side reactions.

(1)

To overcome these drawbacks arising from acyl radicals, we
employed 1,3-dioxolanes, masked aldehydes, as an acyl source
in place of an aldehyde.5 This paper describes the development
of a novel catalytic method leading to b-hydroxy carbonyl
compounds after deprotection under acidic conditions.

Recently, we have shown that N-hydroxyphthalimide (NHPI)
combined with a Co(II) species serves as a catalyst for the
generation of alkyl radicals from alkanes even under ambient
conditions, and that the resulting alkyl radicals are readily
captured by O2 to give oxygenated products.6 In this catalytic
system, phthalimide N-oxyl (PINO) is the active species
abstracting hydrogen atoms from the alkanes.6a This finding
prompted us to study the generation of a,a-dioxaalkyl radicals
from 1,3-dioxolanes and their addition to alkenes using the
NHPI/Co(II)–O2 catalytic system [eqn. (2)].

At the beginning, a mixture of 2-methyl-1,3-dioxolane (1a)
(15 mmol) and methyl acrylate (2a) (3 mmol) was allowed to
react under O2 (1 atm) in the presence of NHPI (5 mol%) and a
small amount of Co(OAc)2 (0.05 mol%) at rt for 3 h (Table 1,
Run 1).† The apparent hydroxyacylation based on the concomi-
tant introduction of a dioxaalkyl radical and a hydroxy group to
2a was achieved to form b-hydroxy ketal (3a) in 81% yield. In
a previous paper, we showed that a Co(III)–dioxygen complex
derived from the Co(II) species and O2 assists the formation of
a PINO radical from the NHPI.6a Accordingly, the Co(III) which

(2)

fails to react with O2 could not promote the reaction under O2 at
rt (Run 2).6a,7

From 1,3-dioxolane (1b), the corresponding adduct 3b was
obtained in high yield (82%) (Run 4). The introduction of the
masked formyl group to 2a is promising, since the direct use of
formaldehyde is restricted due to its intractability. These
dioxolane moieties could be easily deprotected upon treatment
under acidic conditions to form the corresponding carbonyl
compounds [eqns. (3) and (4)].

(3)

(4)

The reaction of 1a or 1b with various alkenes was run under
selected reaction conditions (Table 2). Acrylonitrile (2e) was
found to serve as a good acceptor of 1a and 1b in a similar
manner as 2a, giving cyanohydrin derivatives in good yields.
However, methyl crotonate (2c) bearing a b-methyl group
retarded the hydroxyacylation, probably owing to the steric
hindrance towards attack by an a,a-dioxaalkyl radical on 2c.8
To our surprise, methyl vinyl ketone (5a) reacted with 1a to
afford a cleaved product, 3-(1,3-dioxolan-2-yl)butanoic acid (6)
in 83% yield along with 3-(1,3-dioxolan-2-yl)butylaldehyde (7)

Table 1 Reaction of 1a–c with methyl acrylate (2a)a

Run 1a–c
NHPI/
mol%

Co(II)/
mol% t/h Yield (%)b

1 1a 5 0.05 3 81
2c 1a 5 0.05 3 n.d.
3 1a — 0.05 3 1
4d 1b 10 0.1 2 82
5 1c 5 0.1 14 76
a 2a (3 mmol) was allowed to react with 1a–c (15 mmol) in the presence of
NHPI and Co(OAc)2 under atmospheric oxygen at rt. b GC yield.
c Co(acac)3 was used. d 1b (30 mmol) was used.
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(4%) [eqn. (5)]. The carboxylic acid 6 is considered to be
formed via the further oxidation of aldehyde 7.9

(5)

A plausible reaction path for the apparent hydroxyacylation
of 2a with 1a under dioxygen is shown in Scheme 1. The
reaction may be initiated by the hydrogen atom abstraction from
NHPI by the action of the Co(III)–dioxygen complex, giving
PINO which then abstracts the dioxolane hydrogen of the 1a to
form an dioxolane radical I. The I radical having a highly
nucleophilic character seems to readily add to 2a, yielding a
radical species II. Under the conditions in which O2 is present
in the reaction system, the resulting radical II is rapidly trapped
by O2 to give a hydroperoxide III. It is well-known that
hydroperoxides like III are subjected to redox decomposition
by Co ions to form an alkoxyl radical IV which is eventually

converted into 3a through the hydrogen abstraction from either
NHPI or 1a.10

Although it seems rather hazardous to make an accurate
assessment about the reaction path for the formation of 6 from
1a and methyl vinyl ketone 5a, we can make two proposals
which seem to agree with the experimental results. It is probable
that an a-hydroperoxyketone V derived from 1a and 5a might
decompose into aldehyde 7 via formation of a hydroxydiox-
etane VI (Scheme 2). This type of reaction through the
hydroxydioxetane is shown in the autoxidation of ketones like
diisopropyl ketone.11 However, an alternative proposal is also
possible, viz. the hydroperoxide V is subject to the redox
decomposition to generate an alkoxy radical intermediate VII
which then is converted into 7 via b-scission.

In conclusion, we have developed a novel method for the
introduction of both a masked acyl or formyl group and a
hydroxy or keto function to a double bond of alkenes. Further
work on the extension of this method is actively underway.

This work was partly supported by the Japan Society for the
Promotion of Science under the Research for the Future
program JSPS.
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Addition of the enolate derived from isopropyl
a-(methylsulfanyl)butyrate to N-(quinolylmethyl)-2-fluoro-
pyridinium triflate 7, followed by oxidation–hydrolysis of
the resultant 2-fluoro-1,4-dihydropyridine 8b afforded pyr-
idone 9b, from which 20-deoxycamptothecin (11), a known
precursor of camptothecin, was synthesized by a radical
cyclization–desulfurization, with subsequent elaboration of
the lactone E ring by chemoselective reduction.

Camptothecin and 20-deoxycamptothecin1 are pentacyclic
alkaloids with a pyrrolo[3,4-b]quinoline nucleus fused to a
2-pyridone ring. First isolated by Wall et al. in 1966 from
Camptotheca acuminata,2 camptothecin has recently
re-emerged as one of the most promising agents for cancer
treatment, topoisomerasa I being identified as the intracellular
target for the drug.3 Due to this interesting cytotoxic activity,
camptothecin and its structural derivatives have been the
objective of many total syntheses using a variety of
approaches.4,5

We present here a new, concise synthesis of (±)-20-deoxy-
camptothecin, a known synthetic precursor of camptothecin.
Our approach involves the convergent construction of a suitably
substituted and functionalized tetracyclic ABCD derivative 10
and the closure of the lactone E ring at the final synthetic step.
For this purpose, we planned to take advantage of the synthetic
potential of 1,4-dihydropyridines generated by nucleophilic
addition of enolates to N-alkyl-3-acylpyridinium salts. In our
previous work6 these dihydropyridines have been further
elaborated to complex polycyclic indole alkaloids either after
acylation of the unsubstituted enamine moiety or via a
dihydropyridinium cation generated by protonation or inter-
action with an electrophile.

For the synthesis of camptothecin we envisaged that, after the
regioselective addition of a butyric ester enolate (the C18–C21
fragment) to an appropriate N-(quinolylmethyl)-2-fluoropyr-
idinium salt, the intermediate 2-fluoro-1,4-dihydropyridine
could undergo a different transformation, namely an oxidation
with concomitant hydrolysis of the C–F bond, leading to a
4-substituted-2-pyridone. Then, the quinoline and pyridone
rings would be connected following the Comins procedure,5d–f

by radical cyclization taking advantage of a bromine atom
present at the 2-position of the quinoline nucleus. A methoxy-
carbonyl substituent at the b-position of the starting pyridinium
would not only increase the electrophilicity of the pyridine ring
in the nucleophilic attack but would also be subsequently
converted to the C-17 oxymethylene group of the alkaloid.

To test the viability of our proposal for the construction of the
pyridone moiety we first applied the nucleophilic addition–
oxidation sequence to the model N-benzyl-2-fluoropyridinium
salt 2 (Scheme 1). Knowing the reluctance of 2-halopyridines to
undergo alkylation with alkyl halides and tosylates,7 2-fluoro-
pyridinium salt 2 was prepared by alkylation of the correspond-
ing 2-fluoropyridine 18 with benzyl triflate. Without isolation,
pyridinium triflate 2 was allowed to react with the enolate
derived from methyl a-(methylsulfanyl)butyrate, which in
related additions had exhibited better C-4 regioselectivity than
the corresponding unsubstituted butyrate enolate.9 Following
our synthetic plan, the resulting 1,4-dihydropyridine adduct 3
was converted into the desired pyridone 410 by oxidation with
DDQ with hydrolysis of the C–F bond. The overall yield of the
three-step sequence from 2-fluoropyridine 1 was 65%.

The application of the above strategy to the synthesis of
camptothecin required starting from the pyridinium salt 7,
which incorporates the 2-bromoquinolyl-3-methyl fragment
needed for the closure of the five-membered C ring. This salt
was obtained by alkylation of 2-fluoropyridine 1 with triflate 6,
prepared from 2-bromo-3-(iodomethyl)quinoline (5).11 Pyr-
idinium triflate 7 was allowed to react as in the above N-benzyl
series with the enolate derived from methyl a-(methylsulfa-
nyl)butyrate and then with DDQ to provide pyridone 9a in 50%
overall yield from 2-fluoropyridine 1. This pyridone already
incorporates all the carbon atoms of the natural product. As
expected, treatment of 9a with tris(trimethylsilyl)silane–AIBN
brought about both a radical arylation12 and desulfurization to
give the key tetracycle 10a in 65% yield (Scheme 2).

The construction of the lactone E ring of camptothecin
required the chemoselective reduction of the conjugate ester
rather than the aliphatic one of 10a. This transformation had
already been reported from the diethyl ester analog 10c by
treatment with DIBAL (no details given).5k However, in our
hands, the sequential treatment of 10a with DIBAL–CH2Cl2 at
270 °C or DIBAL–THF at 240 °C and NaBH4 gave the diol 12
as the only isolable product in 80% yield. Neither were we able
to induce this transformation from diethyl ester 10c, prepared in

Scheme 1 Model studies. Reagents and conditions: i, BnOTf, Et2O, rt, 10
min; ii, methyl a-(methylsufanyl)butyrate, LDA, THF, 270 °C, then 240
to 210 °C, 1.5 h; iii, DDQ, 3+1 THF–MeOH, rt, 12 h.
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90% yield by transesterification of 10a (EtOH, KF, reflux, 3
days). Diol 12 was also formed as the major product in 75%
yield.

The above results prompted us to differentiate the two ester
groups as in the pioneering Winterfeldt synthesis of camptothe-
cin from a closely related tetracyclic substrate.13 Thus, we
focused our attention on tetracycle 10b, which was prepared by
reaction of pyridinium triflate 7 with the enolate derived from
isopropyl a-(methylsulfanyl)butyrate, followed by DDQ oxida-
tion (50% overall yield from 1) and subsequent radical
cyclization (65% yield). Gratifyingly, treatment of 10b with
DIBAL–hexanes in DME at 270 °C and then with NaBH4 in
isopropanol afforded a 1+1 mixture of the target lactone 11
(20-deoxycamptothecin)5a and lactol 13 (65% yield), which
were easily separated by column chromatography. The conver-
sion of lactol 13 into 11 (65% yield) has recently been
reported.5n Taking into account that 20-deoxycamptothecin
(11) has previously been converted by hydroxylation at C-20
either to racemic (Me2NH, CuCl2, O2, DMF)5a or natural
[(+)-(20S)]-camptothecin [LHDMS, THF, (+)-(2R,8aS)-(cam-
phorylsulfonyl)oxaziridine],5m the above synthesis constitutes a
formal total synthesis of this natural product.

The above results significantly expand the methodology for
the synthesis of nitrogen compounds based on the addition of
carbon nucleophiles to N-alkyl-3-acylpyridinium salts as they
open new synthetic possibilities for the subsequent elaboration
of the initially formed 1,4-dihydropyridine adducts.

Financial support from the DGICYT, Spain (project PB94-
0214) is gratefully acknowledged. Thanks are also due to the

‘Comissionat per a Universitats i Recerca’ (Generalitat de
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Oil-in-water (O/W) emulsions exhibiting reversible ther-
mally induced gelation have been prepared using a graft
(comb) copolymer containing poly(N-isopropylacrylamide)
[poly(NIPAM)] as the backbone and poly(ethylene glycol)
methacrylate as the side chains.

Emulsions are dispersions of one immiscible liquid in another.
They occupy a significant position in colloid science and occur
as products (or during processing stages) in a number of areas
including the paint, food and agrochemical industries.1 The
majority of emulsions studied or produced commercially are
prepared using short-chain surfactants. The properties of these
systems are reasonably well understood.1,2 In recent years
copolymers have been employed as macrosurfactants to prepare
emulsions.3,4 One of the advantages of using macrosurfactants
for emulsion preparation is the large degree of architectural
control that can be exerted in order to explore and optimise
copolymer structure—emulsion property relationships. Water-
soluble copolymers can be prepared which exhibit solvent–
polymer interactions that are thermally responsive. This
compositional control thus allows fine control over the lower
critical solution temperature of the copolymer.5 The preparation
of emulsions using thermally responsive copolymers is a new
area of research and is the subject of this communication.

The objective of the present study was to prepare emulsions
with stabilities which are responsive to environmental condi-
tions (e.g. temperature). We reasoned that the use of copolymers
based on poly(N-isopropylacrylamide) [poly(NIPAM)] would
provide gross conformational changes at the oil-in-water (O/W)
interface at temperatures lower than the cloud point of short-
chain ethylene-oxide based surfactants. Perrin et al.3,6 have
used hydrophobically modified poly(sodium acrylate) copoly-
mers in order to prepare emulsions the stability of which are
sensitive to pH and ionic strength. Mathur et al.7 employed pH
sensitive poly(acrylic acid)-g-poly(ethyleneoxide) copolymers
in order to break emulsions. Our interest in the use of
poly(NIPAM) copolymers to prepare emulsions follows from
our earlier work involving swellable poly(NIPAM) microgel
particles,8 linear poly(NIPAM) chains adsorbed at latex particle
interfaces9 and depletion flocculation of emulsions.10,11 The use
of copolymers based on poly(NIPAM) to prepare emulsions
was expected to provide large and reversible changes in
emulsion properties (e.g. viscosity) as the temperature ap-
proaches the lower critical solution temperature (LCST). The
results presented below show that this is indeed the case.

The copolymer comprised of poly(NIPAM) and poly(ethyl-
ene glycol methacrylate) (PEGMa); the latter having a number
average molecular weight of 360. AIBN and tert-butyl alcohol
were used, as the initiator and solvent, respectively, during the
free radical copolymerisation stage.12 Proton NMR data
revealed that there was on average one PEGMa group per six
NIPAM units in the copolymer. Fig. 1 shows how the turbidity
and viscosity vary with temperature for poly(NIPAM–PEGMa)
in water. The LCST of the copolymer is taken as ca. 34 °C from
the turbidity data. This is ca. 2 °C higher than that of
poly(NIPAM) homopolymer, which is attributed to the hydro-
philic nature of the PEGMa in the copolymer.13 The O/W

emulsions were prepared by first dissolving the copolymer in
water (5 wt%). 1-bromohexadecane was then added to the
copolymer solution, before the mixture was sheared using a
Silverson SL2T laboratory mixer operating at ca. 7500 rpm. A
control emulsion was prepared using the short-chain surfactant
Me(CH2)8(OCH2CH2)6OH, (C9E6) for comparison.

Fig. 2 shows the variation of viscosity with temperature for
the emulsions prepared using poly(NIPAM–PEGMa) and C9E6.
The viscosity data were measured using an Ostwald capillary
viscometer. The viscosity for the emulsion prepared using
poly(NIPAM–PEGMa) decreases with increasing temperature
and reaches a minimum at 44 °C. A dramatic increase in
viscosity occurs above 48 °C. The viscosity increased to such an
extent that gelation of the emulsion occurred (see Fig. 3). As

Fig. 1 Variation of the turbidity (D) and viscosity (:) of poly(NIPAM–
MPEGMa) solution as a function of temperature. The concentration of
copolymer used was 2.5 wt%.

Fig. 2. Effect of temperature on the viscosity of emulsions prepared using
poly(NIPAM–MPEGMa) (-) and C9E6 (5). The volume average diame-
ters were 9.6 and 4.9 mm, respectively. The volume fraction of the dispersed
phase was 0.30. The concentration of copolymer or C9E6 present was 2.5
wt% with respect to the total emulsion.
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expected, the emulsion prepared using C9E6 exhibited a slight
decrease in viscosity over the whole experimental temperature
range. It should be noted that the rheological behaviour
observed for the emulsion prepared using the copolymer is
opposite to what is observed for concentrated poly(NIPAM)
microgel dispersions, which form gels at room temperature and
flow when the temperature exceeds the LCST. It was found that
emulsion gelation could be reversed by agitation at 50 °C or
cooling to room temperature in the absence of agitation. The
emulsions did not break as a result of gelation reversal, although
there was evidence of a slight increase in droplet size. Optical
microscopy revealed residual flocs were present in the emul-
sions after one heating/cooling cycle. The emulsion viscosity
measured at 30 °C increased by ca. 5% as a result of one
heating/cooling cycle.

The data shown here demonstrate that it is possible to
reversibly gel our O/W emulsion using temperature variation
alone. The mechanism by which this occurs is of interest to both
the polymer and emulsion science communities. The fact that
the gelation temperature is significantly greater than the LCST
of the copolymer in solution suggests that the onset of gelation
is not solely due to the collapse of the copolymer in the aqueous
phase. The viscosity data for the copolymer (Fig. 1) show a
decrease in viscosity with increasing temperature and rules out
any contribution from temperature-induced continuous phase
thickening (e.g. associated with the copolymer chains in
solution) to emulsion gelation. The zeta potential for the
droplets was measured at ca. 5 mV, which indicates that
electrostatic stabilisation of the emulsions is not significant. The
LCST of poly(NIPAM) chains adsorbed at highly charged
surfaces is known to increase to values above that for the
solution polymer.14 However, this effect is not likely to occur in
the present system due to the low charge of the droplets.

The stability of the emulsions arises primarily from steric
stabilisation afforded by the adsorbed copolymer. The mecha-
nism tentatively suggested for emulsion gelation involves

thermally induced flocculation due to collapse of the adsorbed
poly(NIPAM–PEGMa) layer at temperatures greater than the
solution LCST. The depth of the secondary minimum would
increase with increasing temperature (decreasing copolymer
layer thickness) leading to stronger flocculation at higher
temperatures. At 45 °C the minimum is sufficiently greater than
kT to provide strong gelation via adhesive droplets. The collapse
of the adsorbed layer presumably results in a rigid interface
which opposes coalescence of flocculated droplets. It is likely
that interpenetration and entanglement of interfacial copolymer
chains contributes to the limits of residual flocculation observed
upon cooling. Note that this good degree of reversibility for the
copolymer stabilised emulsions is distinctly different to the
behaviour of emulsions stabilised by short-chain ethylene oxide
surfactants (e.g. C9E6) when heated to above the phase
inversion temperature. For the latter emulsion breaking results
from heating to the phase inversion temperature in absence of
shear.

The work described above has shown that the use of
poly(NIPAM–MPEGMa) graft copolymers allows the reversi-
ble gelation of O/W emulsions. This could have significant
technological importance in the field of emulsion stability as the
thermally induced gelation results in reversible transformation
of a liquid emulsion into a highly viscous gel within a short
period of time upon application of modest heating. Copolymers
based on NIPAM can be prepared that have a range of LCST
values. These ratios can be carefully controlled via copolymer
architecture modification during synthesis. This versatility
should allow the gelation temperature to be finely tuned to suit
specific applications. The mechanism by which gelation occurs
will be further investigated using light scattering, rheological
and small-angle neutron scattering measurements and the
results of these stuides will be published in due course.

We acknowledge the Department of Chemical Engineering
for access to the PCS instrument.
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Stoichiometric reactions of the Grubbs carbene complex
[Cl2{P(C6H11)3}2RuNC(Ph)H] with vinylsilanes, H2CNC(Si-
MenR32n)H (R = Ph, OEt; n = 1, 2, 3), afford metathesis
products and allylsilanes formed by b-SiR3 elimination
followed by reductive elimination; the formation of allyl-
silanes constitutes a terminating step in the Ru-catalysed
cross-metathesis of olefins with methylsubstituted vinyl-
silanes.

Metallacyclobutanes1 play an important role in a number of
stoichiometric and catalytic transformations. Two of the
catalytically most important reaction modes of metallacyclo-
butanes are (a) reductive elimination to give cyclopropanes and
a metal–ligand fragment2 and (b) reductive decoupling to form
an olefin–carbene complex (olefin metathesis).3 In these
reactions the metallacyclobutanes are formed as intermediates
by addition of the CNC bond of an olefin to the MNC bond of an
LnMNC(R)RA complex. Several types of olefin metathesis are
known, such as ring-opening metathesis polymerisation, self-
and cross-metathesis of linear olefins, acyclic diene metathesis
(ADMET), and ring-closing metathesis (RCM).3

We recently reported4 on the highly selective cross meta-
thesis of styrene H2CNC(Ph)H, with several vinylsilanes
H2CNC(SiR3)H, to give (E)-H(Ph)CNC(SiR3)H and ethylene
catalysed by the Grubbs catalyst [Cl2{P(C6H11)3}2RuNC(Ph)H]
(1a).5 Very high conversions even at rt were observed when R
= ORA (RA = Et, SiMe3); however, the conversion significantly
decreased with increasing substitution of Me for ORA.4 To
determine the reason for the decreasing selectivity we studied
the stoichiometric reaction of 1a with various vinylsilanes and
now report on (a) the first evidence for b-silyl migration in
metallacyclobutanes, (b) the very high selectivity of b-SiR3
versus b-H migration and (c) hints for b-migration as the
terminating step thus limiting the efficiency of the catalyst.

When an equivalent of trimethylvinylsilane (2) was added to
a solution of 1a in C6D6 a smooth reaction was observed.† After
6 h at rt 98% of 2 and 99% of 1a had been consumed. A detailed
analysis of the organic reaction products revealed the formation
of 15% of 3a, 57% of 4a, 6% of 5a, in addition to small amounts
of 6 (5%), 7 (2%), 8 (5%), 9a (2–5%) (Scheme 1) and
unidentified Ru complexes. Cyclopropanes were not detected.

Only compounds 3a and 9a are those expected from olefin
metathesis. All other products (4a–8) are allyl derivatives
containing the C3 fragment of the metallacycle. Obviously, the
metallacycle formed by addition of 2 to the RuNC bond of 1a
breaks down by two different pathways: (a) reductive decou-
pling to give the metathesis products 3a, 9a and a [Ru]NC(R)H
species and (b) elimination of an allylsilane derivative and
formation of a [Ru] fragment.

Pathway (b) causes a decrease of the catalytically active
[Ru]NC(R)H species and presumably is the most important
factor in reducing the efficiency of the catalytic system. The
conclusion is supported by the following observation: When Me
in 2 is replaced stepwise by OEt, both the ratio of the metathesis
product (type 3) to the allyl derivative (type 4) in the
stoichiometric reaction [0.26 (SiMe3), 0.68 (Si(OEt)Me2), 13
(Si(OEt)2Me)] and the cross-metathetical conversion of styrene
to vinylsilane mixtures catalysed by 1 drastically increase.
Analogously, a strong shift toward the metathesis product is
observed when Me is stepwise displaced by Ph.

The reactions of 2 with the methylidene complex 1b and the
ethylidene complex 1c instead of 1a proceeded similarly, albeit
more slowly. The reaction rate decreased in the series 1a > 1b
> 1c. Again mixtures of metathesis products and allyl
derivatives were obtained. The reactions of 2 with 1b and 1c
were accompanied by a substrate-independent decomposition
of the Ru complexes6 which gave rise to a reduction in the
conversion of 2 (41% for 1b and 35% for 1c, each after 6 h).
Within error limits, the product distribution after 6 h was the
same as that after 18 h.

The formation of the major allyl derivative (4a) in the
reaction of 1a with trimethylvinylsilane (2) can be explained in
two different ways: (i) by b-SiMe3 elimination to give an
allyl(silyl) complex (see Scheme 2: C/D) followed by reductive
elimination or (ii) by b-H elimination to give a hydrido(a-
silylallyl) complex (Scheme 2: E/F) again followed by
reductive elimination. The labeling experiment (Scheme 2)
allows exclusion of pathway (ii). The 2H-NMR spectrum of the
products obtained from the reaction of 1a with H2CNC(D)SiMe3
(2-d1) exhibited only signals in the olefinic region. From the
absence of signals in the aliphatic region it follows that 4aA-d1
has not been produced. The formation of more than 1% of 4aA-d1
(with respect to 4aA-d1) would have been detected. Another
product of pathway (ii), compound 10, has not been identified
among the reaction products in earlier experiments (see Scheme
1). These results indicate that there is a strong preference for b-
SiR3 elimination over b-H elimination. In fact, products derived
from b-H elimination have not been detected in the stoichio-
metric experiments. Thus the ratio 4a/5a = 57+6 presumably
reflects the relative stabilities of different allyl(silyl) complex
intermediates C and D.

The bis(silyl)allyl derivatives 6 and 7 are secondary products
derived from the reaction of [Ru]NC(SiMe3)H with 2. Their
formation establishes that [Ru]NC(SiMe3)H species are also
formed in the reaction of 1 with 2 as we proposed earlier.4 UntilScheme 1
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now, all our attempts to synthesise [Cl2{P(C6H11)3}2RuNC(Si-
Me3)H] or to spectroscopically detect RuNC(SiMe3)H species in
the cross-metathesis of vinylsilanes with styrene catalysed by 1
have failed.4

Our results demonstrate that b-SiR3 elimination in b-SiR3-
substituted ruthenacyclobutanes followed by reductive elimina-
tion strongly competes with olefin metathesis and thus pre-
sumably is the most important factor limiting the catalytic

efficiency of the system. The migratory aptitude considerably
decreases in the series SiMe3 > Si(OEt)Me2 > Si(OEt)2Me and
SiMe3 > Si(Ph)Me2 > Si(Ph)2Me. Although there is a strong
preference for SiR3 migration compared to H migration it seems
likely that b-H elimination and subsequent reductive elimina-
tion in systems without a SiR3 substituent could also drain the
active species from the catalytic cycle and thus limit the turn-
over number in cross-metathesis.

C. P. acknowledges a research grant from the Alexander von
Humboldt Foundation. We also thank Professor Ulrich Groth
for supplying access to GC-MS and Dr A. Geyer for 2H-NMR
spectra. Financial support of this work by the Fonds der
Chemischen Industrie is gratefully acknowledged.
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The potentially tetradentate NS3 thiophenophane binds
strongly to Cu(I) through a thiophene S, pyridine N and one
thioether S, leaving the remaining thioether S donor in an
exodentate arrangement forming an infinite polymeric link
between Cu(I) atoms.

The thiophenic sulfur is considered to coordinate poorly to
transition metals.1 Only a few S-bound thiophene coordination
complexes exist and for several of these the M–S distances
exceed the sum of the covalent radii.2 However, sterically
constrained ligand systems incorporating thiophene have been
used to successfully achieve S-binding.2c,3 If incorporated into
a macrocycle the rigid thiophene unit may impose limitations on
the possible orientations of donor atoms and hence on the size
and shape of the macrocyclic cavity and on the coordination
properties.2d,f,3 For example in macrocyclic thioethers, the
thiophene may affect the donor properties of the thioethers by
influencing the orientation of the sulfur lone pairs and this
property may be used to control the structure of transition metal
complexes. When the conformation of the ligand causes some
of these lone pairs to be arranged in an exodentate fashion the
possibility exists for bridging metal centres or coordination-
polymer formation. This property of macrocyclic complexes,
that the donor groups within the macrocycle are constrained and
so provide a degree of control over the final polymeric structure,
has not been widely used in coordination-polymer chemistry.
Indeed, the use of macrocyclic complexes as structural elements
in coordination polymers is surprisingly rare and typically
involves specifically arranged exodentate donor groups4 on the
macrocyclic complexes or separate bridging ligands linking the
macrocyclic complexes together.5

Herein we report the synthesis of 2,10-dithia[3](2,6)pyr-
idino[3](2,5)thiophenophane (L), a small sterically constrained
thiophenophane, and its use in the construction of a Cu(I)
coordination polymer in which exodentate thioether donors
bridge Cu(I) thiophenophane units containing a bound thio-
phene sulfur. Thiophenophane L was very difficult to prepare
and isolate. Initially, it was prepared by high-dilution base
coupling of 2,6-bis(chloromethyl)pyridine6 and 2,5-bis(me-
thylsulfanyl)thiophene7 in a 1+1 molar ratio. Purification by
column chromatography gave a stable white crystalline solid in
4% yield. 2,5-Bis(methylsulfanyl)thiophene could only be
prepared in low yield and was difficult to purify, therefore the
alternate precursors 2,6-bis(methylsulfanyl)pyridine8 and
2,5-bis(bromomethyl)thiophene9 were used with a slight im-
provement in yield (10%). CPK models show L is very strained
and inflexible. Sulfur inversion is not possible but ring flipping
of the pyridine and ‘wobbling’ of the thioether bridges can
occur. These processes are consistent with the presence in the
1H NMR spectrum of signals from two AB methylene proton
systems.†

Given the constrained nature of the thiophenophane, it was of
interest to determine the conformation in the solid state and to
assess the potential for binding to a metal centre.‡ The
thiophenophane exists in an anti, boat, boat conformation with
the thiophene and pyridine rings tilted at 37.5° with respect to

each other (Fig. 1). The pyridine N and thiophene S atoms point
in opposite directions. Both thioether S atoms adopt a splayed
endodentate conformation with respect to the thiophene S and
point in the same direction as the thiophene S atom suggesting
coordination to a metal ion may be possible. All bond lengths
and angles are within the normal range.10

Equimolar reaction of L and [Cu(MeCN)4]PF6 in MeCN
gave an air-stable cream solid in 63% yield, which analysed
with a 1+1 ligand to metal ratio and gave 1H and 13C NMR
spectra consistent with a symmetrical but dynamic complex.† In
order to establish the disposition of the thiophenophane an X-
ray structure analysis was undertaken.‡

The crystal structure is severely disordered. The central Cu(I)
and thioether S-donors lie on a mirror plane and the mirror
operation causes the unsymmetrical L to be disordered equally
over two sites (Fig. 2). The disordered thiophene and pyridine
rings are intertwined and tilted by 52.9° with respect to each

Fig. 1 Thiophenophane L: (left) schematic view; (right) ORTEP view (50%
probability ellipsoids). Selected bond lengths (Å) and angles (°): C(6)–S(1)
1.837(3), S(1)–C(7) 1.833(3), C(8)–S(2) 1.735(4), C(8)–C(9) 1.357(5),
C(9)–C(10) 1.429(5); C(6)–S(1)–C(7) 103.5(2), C(5)–C(6)–S(1) 113.5(3),
C(8)–C(7)–S(1) 115.6(2).

Fig. 2 Cationic [Cu(L)]+ unit with PF6
– anion omitted: (left) view showing

disorder of L about mirror plane; (right) ORTEP view (50% probability
ellipsoids). Selected bond lengths (Å) and angles (°): Cu(1)–N(1) 2.017(10),
Cu(1)–S(2A) 2.191(3), Cu(1)–S(3) 2.346(3), Cu(1)–S(1A) 2.550(4); S(2A)–
Cu(1)–N(1), 131.1(3), N(1)–Cu(1)–S(3) 87.7(3), N(1)–Cu(1)–S(1A)
92.6(3), S(2A)–Cu(1)–S(3) 126.9(1), S(2A)–Cu(1)–S(1A) 115.12(9), S(3)–
Cu(1)–S(1A) 93.05(9).
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other. The two disordered ligands are required by symmetry to
occupy the same thioether and Cu(I) positions but, co-
incidentally, they also occupy the same C(10) position. The
central Cu(I) atom adopts a distorted tetrahedral geometry and is
bound to a pyridine N, a thiophene S and an endodentate
thioether S from one thiophenophane, and to an exodentate
thioether S from the arm of a second symmetry related
thiophenophane (Fig. 2). Each [Cu(L)]+ unit is bound to another
adjacent [Cu(L)]+ unit via one of the exodentate thioether sulfur
atoms to form a one-dimensional zigzag chain. This is the first
reported thiophenophane polymer and the first polymer contain-
ing a bound thiophene sulfur. The ligand adopts a skewed syn,
chair, boat conformation with the pyridine and thiophene rings
lying approximately parallel at 16.8° to each other. From the
above-mentioned data, the ligand appeared to be rather
inflexible. However, the X-ray structure shows that the ligand is
flexible enough to allow flipping of the pyridine ring so that the
ligand sits in a syn conformation to promote thiophene S-
binding to the Cu(I) ion. In each [Cu(L)]+ unit the bound
endodentate thioether S points in the same direction as the
thiophene S while the other arm adopts an exodentate
conformation (Fig. 2). This configuration of the thiopheno-
phane prevents positioning of both thioether S-donors for
coordination to the Cu(I) ion and promotes an intramolecular p–
p-interaction (3.59 Å) between the thiophene and pyridine
rings.

The thiophenophane is responsible for a very irregular
coordination geometry about the Cu(I) ion. The Cu–S(exo-
dentate) distance of 2.191(3) Å is short when compared to the
normal Cu–S(endodentate) distance. The Cu–S(thiophene)
bond length of 2.550(4) Å is around the upper quartile of all
reported Cu(I)–S distances (2.18–3.01 Å).10 The shortest M–
S(thiophene) bond is a Ni(I)–S distance of 2.143(6) Å in a Ni(I)
thiaporphyrin complex.3b The only reported Cu(I)–S(thiophene)
distances are 2.960(5)11 and 3.155(5) Å2f which are too long to
be considered formal bonds but perhaps indicate weak inter-
actions. The coordinated thiophene sulfur in {[Cu(L)]PF6}∞ is
approximately pyramidal, as indicated by the 103.4° angle
between the Cu–S bond and the vector from sulfur to the
midpoint of the mean plane of the thiophene ring. This angle is
at least 10° smaller than any other reported value2a,c,10 and is a
consequence of the very restricted binding by the rigid ligand.
The thiophene ring bond lengths show alternation in both the
free and bound thiophenophane consistent with a localised
bonding scheme. The one-dimensional polymer lies along the
two-fold screw axis parallel to the a-axis and has a zigzag motif
(Fig. 3).

The symmetrical nature of the complex in CD3CN, as
observed by 1H and 13C NMR spectroscopy, is inconsistent with
the asymmetry found in the crystal structure and suggests
dissociation of each polymeric chain in solution. Variable
temperature 1H NMR spectra were measured in CD3CN down
to the solvent limit of 238 K. Results showed the methylene
protons nearest the thiophene moiety remained as a singlet
resonance with no evidence of broadening or coalescence.
However, the signals of the methylene protons adjacent to the
pyridine ring collapsed and split into an AB system. These
results suggest that in solution the pyridine ring remains bound
to copper while the thiophene S is not bound. In addition, the
complex must undergo an exchange process involving both of
the thioether donor atoms and possibly the solvent. Electrospray

mass spectrometry under normal operating conditions showed
peaks which could be assigned to a number of species including
a parent ion [Cu(L)]+ at m/z 342 (100%), [Cu(L)MeCN]+ at m/z
383 (78%), [Cu(L)2]+ at m/z 621 (15%) and {[Cu2(L)2]PF6}+ at
m/z 813 (37%). This further indicates that [Cu(L)]+ is dynamic
and labile in solution and is probably involved in a series of
complex equilibria.

We have shown that when thiophene was placed in a small
sterically constrained macrocycle it not only influenced the
conformation of the bound ligand in a metal complex but was
also, by its proximity, forced to bind to that metal. In addition,
the conformational changes had ramifications for the structure
as a whole leading to the formation of a coordination polymer.
This work points to the usefulness of macrocyclic complexes as
building blocks for coordination polymers.

We thank Associate Professor Bill Henderson (University of
Waikato) for electrospray-MS data and the University of Otago
for financial support.
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55.84; H, 4.43; N, 4.97; S, 34.20%.
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group Pbam (no. 55), a = 10.727(5), b = 21.194(9), c = 7.553(3) Å, U =
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The first incorporation of nano-sized zeolites in membranes
is reported and polydimethylsiloxane membranes filled with
colloidal silicalite-1 are applied in the pervaporation of
ethanol–water mixtures.

The incorporation of zeolites and porous amorphous fillers in
dense membranes improves the performance (normalized flux
and selectivity) of these membranes in both gas separation and
pervaporation for several types of feed mixtures.1–4 All porous
fillers reported up to now have particle sizes in the micron
range. As a consequence, the minimal membrane thickness of
the composite membranes was inherently higher than that of
most unfilled membranes and the absolute fluxes remained low.
The recent development of small ‘nano-sized’ colloidal zeolites
leads to the possibility for the preparation of thin, defect-free,
filled polymer layers. The synthesis of stable silicalite-1
particles with diameters as small as 70 nm was reported, as well
as that of zeolite A (in the range 50–230 nm) and zeolite Y
(80–110 nm).5–7 We report here, the first incorporation of nano-
sized zeolite particles in a polymeric membrane, that of
silicalite-1 in PDMS (polydimethylsiloxane), and the perform-
ance of these membranes in the pervaporation of an aqueous
ethanol solution.

Nano-sized silicalite-1 was synthesized following a proce-
dure reported earlier:8 tetraethylorthosilicate (98%, Acros
Chimica), tetrapropylammonium hydroxide (TPAOH, 40%
aqueous solution, Alfa) and water were mixed in order to obtain
a mixture with a molecular composition of 9 TPAOH+24.5
SiO2+416 H2O. The mixture was stirred for 24 h at room
temperature and refluxed for 3 days at 100 °C. The silicalite-1
crystals were separated from the mother liquor by repeated
centrifugation and washing. After redispersion and freeze-
drying, the powder was calcined in air (1 °C min21 heating rate,
2 h at 110 °C and 12 h at 550 °C). The particle size and shape
observed by SEM (Fig. 1) and XRD were in good agreement
with previous results.8 The dry zeolite was dispersed in toluene
by stirring and ultrasonic treatment. The suspension was then
mixed with PDMS (prepolymer and crosslinker in a 10+1 ratio,
General Electric, RTV 615 A and B) so as to give a 15 vol%
solution of membrane constituents (polymer + zeolite) with the

desired polymer+zeolite ratio. After a prepolymerisation step at
70 °C for 45 min, the casting solution was poured into a Petri
dish and the solvent was evaporated overnight. To obtain
complete crosslinking, the membrane was placed in a vacuum
oven at 100 °C for 2 h. The maximum silicalite-1 load leading
to a macroscopically homogeneous membrane was 30 wt%.

Dispersion of the zeolite in the polymer matrix was
investigated by SEM. Fig. 2 shows the cross-section of a PDMS
membrane containing 30 wt% nano-sized silicalite-1. Whereas
a homogeneous dispersion of large zeolite crystals throughout a
polymer matrix has not been reported to be problematic,1–4 the
distribution of the 70 nm crystals in the membrane was not
homogeneous. An attempt was made to increase the zeolite
loading and the dispersion by improving the contact between
the polar zeolite surface and the apolar polymer. The nano-sized
silicalite-1 was treated with a silane coupling agent to cover the
surface with hydrophobic trimethylsilyl groups. The dry zeolite
was dispersed in toluene and N-methyl-N-(trimethylsilyl)tri-
fluoroacetamide (MSTFA, Acros Chimica, 97%) was added in
a five-fold excess, with respect to the amount of silanols
present. This number was estimated based on the external
surface area of silicalite (45 m2 g21)8 and assuming a silanol
density of 6 OH nm22. After ultrasonic treatment, the mixture
was stirred at room temperature and refluxed overnight.
Removal of unreacted MSTFA was achieved by redispersion in
toluene and centrifugation (30 min at 22 100 g). The silicalite-1
was finally recovered by evaporating the toluene. Silylation had
a positive effect on the maximum amount of zeolite that could
be incorporated in the polymer matrix from ca. 30 wt% for the
non-silylated zeolite up to 40 wt% for the silylated sample.
SEM observations of cross-sections of membranes, however,
did not reveal an improved dispersion.

The synthesized membranes were evaluated in the pervapora-
tion of a 6 wt% aqueous ethanol solution at three different
temperatures. The vacuum at the permeate side was maintained
at a pressure below 2 mbar and the permeate was trapped with
liquid nitrogen. All reported membranes had thicknesses
between 200 and 400 mm. The fluxes were normalized to a
thickness of 100 mm assuming an inverse proportionality

Fig. 1 SEM image of nano-sized silicalite.
Fig. 2 Cross-section of a PDMS membrane filled with 30 wt% nano-sized
silicalite.
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between the flux and the membrane thickness. Selectivity is
expressed as a = (ya/yb)/(xa/xb) in which y refers to the
concentration of the components in the permeate and x to the
concentration in the feed. Permeates were analysed by adding
methanol as a standard and acetone as a homogenising solvent,
followed by analysis with GC. Fig. 3 and Table 1 show the total
normalized pervaporation flux and selectivity, respectively. At
three different temperatures, a comparison was made between
the performance of composite membranes filled with the self-
prepared nano-sized silicalite and membranes filled with a
commercial micron-sized silicalite (CBV-2802, PQ zeolites,
Si+Al ratio = 550+1, 0.4–0.8 mm). The nano-sized zeolites
show much improved pervaporation results compared with the
micron-sized silicate membranes: both flux and selectivity are
drastically increased at the highest loadings. Best results were
obtained with the PDMS membrane containing 40 wt% of
silylated nano-sized silicalite-1.

An explanation for this remarkable effect of nano-sized
zeolites in PDMS for the pervaporation of ethanol–water
mixtures, is probably related to the mesopores reported to be
present in the silicalite-1 samples.8 These mesopores most
probably arise due to voids between the nanocrystals. The
extent to which these mesopores and their silylation is
responsible for the beneficial effect of the nano-sized zeolites in
the pervaporation process, possibly acting as freeways for the
preferentially sorbed ethanol, is currently being investigated.

B. M. and I. F. J. V. thank the Fund of Scientific Research
(F.W.O.) for a grant as an aspirant research fellow and as a post-
doctoral researcher, respectively. This research was carried out
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Fig. 3 Total fluxes, normalized to a membrane thickness of 100 mm, at three
different temperatures for composite membranes prepared with micron-
sized zeolites (open symbols) and nano-sized zeolites: silylated (grey
symbols); non-silylated = black symbols).

Table 1 Selectivities obtained at different temperatures for composite
membranes filled with micron- or nano-sized zeolties

T/°C
Filler load
(wt%) Micron-sized Nano-sized

Nano-sized
(silylated)

35 0 9.0 9.0 9.0
10 8.8 10.1 9.8
20 8.6 11.4 12.1
30 8.9 15.7 13.9
40 9.2 16.4

50 0 8.6 8.6 8.6
10 9.2 9.9 9.7
20 11.3 11.9 10.9
30 11.5 15.3 12.3
40 11.8 15.7

65 0 8.7 8.7 8.7
10 8.9 10.5 9.5
20 10.6 12.5 10.8
30 11.7 14.3 11.9
40 11.9 14.6
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Charge Decomposition Analysis (CDA) applied to transition
states of ethylene epoxidation is a quantum-chemical probe
for the electronic character of oxygen-transfer reactions.

The insight into the electronic character of oxygen-transfer
reactions, i.e. whether the oxidant attacks the substrate in an
electrophilic or nucleophilic way, is used as a tool for an
efficient development of catalysts for these reactions.1 The most
popular probe is the chemoselective oxidation of thianthrene
5-oxide introduced by Adam and co-workers.2 Information
about the electronic character of the transition states of olefin
epoxidation is also provided by the effect of alkyl3 and aryl4
substituents at the CNC double bond on reactivity. A quantum-
chemical probe has not been suggested yet, which is somewhat
astonishing because the geometry optimization of transition
states and the analysis of their electronic structure are key
applications of modern computational chemistry. Hence, the
principal aim of this work was to find a quantum-chemical
probe for the electronic character of oxygen-transfer reac-
tions.

In experimental work and recent theoretical studies by Bach
et al., Houk et al. and others, it was shown that olefin
epoxidation with organic peracids5 and dioxiranes6 follows a
concerted oxygen-transfer mechanism with a spiro oxygen
atom in the transition state (TS). The topology of the TS is
coarctate.7 Very recently, Rösch et al.8,9 and we10 supported an
analogous mechanism for ethylene epoxidation by Herrmann-
type complexes [ReO(O2)2(CH3)]8 and Mimoun-type com-
plexes [MoO(O2)2(OPR3)],9,10 as postulated by Sharpless
et al.11 For this work, we re-optimized TSs for ethylene
epoxidation using standard density functional (DFT) methods
for oxidations.12 Calculated TS structures for dimethyldioxir-
ane (DMDO), MCPBA, and [ReO(O2)2(CH3)] as oxidants are
shown in the ESI†; selected geometrical parameters are given in
Table 1.

The most simple tool for electronic-structure analysis is the
calculation of atomic partial charges. The sum of NPA
charges13 at ethylene in the TSs are listed in Table 1. The values
for all reactants indicate that, at the TSs, electronic charge has
migrated from ethylene to the oxidant. In order to gain
additional insight into the nature of the electronic interactions in
the TSs, we utilized Charge Decomposition Analysis
(CDA).14,15 The Kohn-Sham MOs of a TS are expressed as a
linear combination of the MOs of the fragments ethylene
(‘donor’) and oxidant (‘acceptor’) in the geometry of the TS.
We define (i) the interaction among the occupied orbitals of
ethylene and the vacant orbitals of the oxidant as donation, d,
(ii) the interaction among the occupied oxidant orbitals and the
vacant ethylene orbitals as back-donation, b, (iii) the interaction
of the occupied orbitals of both fragments as repulsive
polarization, r, and (iv) the interaction of the vacant orbitals of
both fragments as a rest term, D.14 For the electronic character
of oxygen-transfer reactions, the ratio d+b in the TS is
important. Oxidants with d+b > 1 are electrophilic, those with
d+b < 1 are nucleophilic. Table 2 shows the CDA results. The
most important fragment-orbital interactions in the TS of the
ethylene epoxidation with [ReO(O2)2(CH3)] are visualized in
Fig. 1. We draw the following conclusions:

(i) Small rest terms (D ≈ 0, Table 2) indicate that the
electronic structure of the epoxidation transition states can be
properly described in terms of donor–acceptor interactions
between the fragments, ethylene and oxidant. This was to be
expected from the Hammond postulate16 because the strongly
exothermic reactions have early TSs.

(ii) For all oxidants, donation, d, is an interaction between the
ethylene HOMO and the s* orbital of the O–O bond.17 Note that
the s* orbital of the O–O bond does not neccessarily correspond
to the LUMO of the free oxidant. The interaction between the
lone pairs at the transferred oxygen atom and the ethylene
LUMO provides the predominant contribution to backdonation,
b, Fig. 1.

(iii) For all epoxidations investigated here, donation from
ethylene to the oxidant is more important than back-donation,
indicating an electrophilic attack of the oxidant on the olefin.
The reason is that donation occurs earlier on the reaction
coordinate. The O–O s* orbital of the oxidant has a high
coefficient from the p orbital pointing directly toward the

† Electronic supplementary information (ESI) available. Geometries opti-
mized at the B3LYP/II level of the transition states for ethylene epoxidation
with DMDO, MCPBA, and [ReO(O2)2(CH3)] and predominant orbital
interactions of donation d and backdonation b according to the CDA of the
transition states for DMDO and MCPBA. See http://www.rsc.org/suppdata/
cc/b0/b006280o/

Table 1 Analysis of the transition states of ethylene epoxidation. C–O and C–C distances a [Å], sum q [e] of the NPA charges of the CH2 moieties of the
ethylene fragment, ratio d+b of donation d and back-donation b in CDA, and activation energies Ea (B3LYP/III+//B3LYP/II)a [kcal mol21]. ZPE-corrected
values (B3LYP/II)a in parentheses

a q

Oxidant C1–O C2–O C1–C2b C1H2 C2H2 d+b Ea

Dimethyldioxirane (DMDO) 1.977 1.977 1.373 0.199 0.199 1.32 17.1 (17.9)
Dioxirane (DO) 2.011 2.011 1.370 0.190 0.190 1.50 12.0 (12.8)
HCO3H 2.029 2.029 1.369 0.190 0.190 1.55 14.6 (15.2)
m-Chloroperbenzoic acid (MCPBA) 2.037 2.037 1.368 0.185 0.185 1.56 15.4 (16.0)
[MoO(O2)2(OP(CH3)3)] ([Mo]O2) 2.078 2.186 1.360 0.160 0.129 1.76 16.6 (17.5)
[ReO(O2)2(CH3)] ([Re]O2) 2.051 2.164 1.363 0.191 0.164 2.07 13.7 (14.5)
a For computational details, see ESI or: D. V. Deubel and G. Frenking, J. Am. Chem. Soc., 1999, 121, 2021. b Free ethylene: 1.331 Å.
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ethylene. Thus, at the long C(ethylene)–O distances of about
2.0 Å in the TS, the overlap integral is larger for donation than
for back donation. While donation is approximately equal for all
investigated epoxidations, the b values vary signficantly with
the C–O distances (Table 2).

(iv) Due to d+b > 1, an increase of the olefin HOMO energy
originated by alkyl substituents will accelerate epoxidation if
steric effects are negligible. This is experimentally3 and
theoretically5c,5g confirmed. Negative r values from Hammett
studies indicate a decrease of electron density at the CNC bond
in the TS.4

(v) The ratio d+b is a quantum-chemical probe for the
electronic character of oxygen-transfer reactions. The larger the
value of d+b, the more electrophilic is the oxidant. Electro-
philicity increases in the series DMDO < DO < HCO3H =
MCPBA < [Mo]O2 < [Re]O2. The metal peroxides are the
most electrophilic oxidants.

(vi) The attempt to quantitatively correlate our electro-
philicity scale with experimental parameters fails due to their
dependence on reaction conditions,2,4 such as temperature and
solvent, and because of the lack of accessible data.

(vii) A relation between electronic character (i.e. d+b) and
reactivity (i.e. activation energy Ea) is only found within the
same class of oxidants, e.g. for the two dioxiranes.
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Kekulé scholarship. This work has also been supported by the
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provided by the computer centers HRZ Marburg and HLRS
Stuttgart.
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Table 2 CDA results of the transition states. Donation d (C2H4?oxidant),
back-donation b (C2H4 / oxidant), repulsive polarization r (C2H4Ôox-
idant), and rest term D

Oxidant d b d+b r D

DMDO 0.231 0.175 1.32 20.393 20.003
DO 0.223 0.149 1.50 20.353 20.003
HCO3H 0.229 0.148 1.55 20.326 20.004
MCPBA 0.227 0.146 1.56 20.319 20.004
[Mo]O2 0.237 0.135 1.76 20.312 20.004
[Re]O2 0.230 0.111 2.07 20.276 20.005

Fig. 1 Predominant orbital interactions of donation d and backdonation b
according to CDA of the transition state for ethylene epoxidation with
[ReO(O2)2(CH3)].
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Solvent-free enantioselective addition of diethylzinc to
aldehydes using b-amino alcohols as chiral catalysts afford
chiral sec-alcohols with high enantiomeric excesses, and the
reaction in solvent-free system is faster than that using
organic solvent.

Solvent-free organic synthesis has received much attention.1,2

From an environmental point of view, potent toxic waste should
be minimized and, obviously, bulk wastes in chemical reactions
are often organic solvents. Thus, the development of solvent-
free organic synthesis is important. Recent advances in this field
include, for example, polymerization,3 radical addition4 and
ionic reactions.5

Meanwhile, solvents often play an essential role in catalytic
enantioselective synthesis. They not only make the reaction
mixtures homogeneous but participate to construct the stereo-
chemically preferable reactive transition state by coordinating
with metals. Thus, the use of solvent is generally considered
unavoidable in achieving high enantioselectivity in asymmetric
reactions.6 So far, only a few solvent-free enantioselective
catalytic reactions are known.7 We previously reported enantio-
selective addition of dialkylzincs to aldehydes in the presence of
N,N-dialkylnorephedrines as chiral catalysts using organic
solvents such as toluene and hexane.8

We here report a solvent-free catalytic enantioselective
addition of diethylzinc (Et2Zn) to aldehydes. In the presence of
N,N-dialkylnorephedrines 2, 4 and 5 as chiral catalysts,
aldehydes 1 were reacted with neat Et2Zn without using any
solvent. The reactions were homogeneous and proceeded in
highly enantioselective manner to give optically active sec-
alcohols 3 with high ees (Scheme 1).

The results of the enantioselective addition of Et2Zn to
benzaldehyde 1a under the solvent-free conditions are summa-
rized in Table 1. In the presence of (1S,2R)-N,N-dibutylnor-
ephedrine (DBNE) 28a (10 mol%) as a chiral catalyst, neat
Et2Zn was added to aldehyde 1a at 0 °C to give (S)-
1-phenylpropanol 3a with 87% ee in an almost quantitative
yield (99%) (run 1). When the amount of DBNE 2 was 5 mol%,
(S)-3a was obtained in 97% yield and 87% ee (run 2). The
reaction using 3.4 mol% of DBNE 2 and 2.2 mol. equiv. of neat
Et2Zn afforded (S)-3a with 87% ee in 93% yield (run 3). It
should be noted that solvent-free reactions at 0 °C were
complete in 2 h (runs 1–3), whereas the same reaction in toluene
takes longer time to complete.8a N,N-Dipropylnorephedrine 48a

and 1-phenyl-2-(1-pyrrolidinyl)propan-1-ol 58a,9 were also
efficient chiral catalysts which afforded (S)-3a in 97–99%
yields with 85% ee and 86% ee, respectively (runs 4 and 5). An
acceleration of the reaction rate under solvent-free conditions is
clearly seen in low-temperature reactions. Enantioselective
addition of Et2Zn using (1S,2R)-DBNE 2 as a chiral catalyst
proceeded efficiently at 210 °C within 4 h to give 3a with 89%
ee in 98% yield (run 6). Moreover, the reaction even at 228 °C
was complete within 6 h to afford 3a with 87% ee in 99% yield
(run 7). It should be noted that when a solvent (toluene) is used,
the reaction hardly proceeds at 228 °C. The high reactivity of
Et2Zn under solvent-free conditions may be attributed to the
higher concentration of neat Et2Zn (ca. 9.5–10 M) than that in
solvents. Thus, a strong acceleration of the reaction rate was
observed in the present solvent-free enantioselective reaction
without a decrease in enantioselectivity.10 The catalytic species
is, presumably, zinc monoalkoxide of 2.8a,11

To clarify the generality of substrates, various aldehydes
were subjected to the solvent-free enantioselective addition of
diethylzinc using (1S,2R)-2 (5 mol%) as a chiral catalyst (Table
2). p-Tolualdehyde 1b and 1-naphthaldehyde 1c were ethylated
in a highly enantioselective manner to give the corresponding
sec-alcohols 3b and 3c with S configuration in 90% ee and 91%
ee, respectively (runs 1 and 2).12 The reaction with 2-naph-
thaldehyde 1d gave (S)-3d in 98% yield and 86% ee (run 3).

Cyclohexanecarbaldehyde 1g, an aliphatic aldehyde, was
ethylated enantioselectively to afford (S)-3g with 88% ee in
96% yield (run 6). Enantioselective addition of Et2Zn to
aldehyde 1h, possessing hydrogen atoms on the a-carbon atom,
gave 3h with 84% ee in 92% yield (run 7).

In conclusion, we have described a highly enantioselective
ethylation of aldehydes under solvent-free conditions which is

Scheme 1

Table 1 Solvent-free catalytic enantioselective addition of diethylzinc to
benzaldehyde
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accelerated with respect of the corresponding reaction in
organic solvents.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture of Japan. I. S. thanks a Daicel Award in Synthetic
Organic Chemistry.
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Table 2 Solvent-free enantioselective addition of Et2Zn to various
aldehydes using (1S,2R)-N,N-dibutylnorephedrine 2 as a chiral catalyst

(S)-3

Runa Aldehydes Yield (%) Ee (%)b

1 p-Tolualdehyde 1b 3b 99 90
2 1-Naphthaldehyde 1c 3c 80 91
3 2-Naphthaldehyde 1d 3d 98 86c

4 p-Chlorobenzaldehyde 1e 3e 99 85
5 p-Methoxybenzaldehyde 1f 3f 98 89
6 Cyclohexanecarbaldehyde 1g 3g 96 88d

7 3-Phenylpropanal 1h 3h 92 84c

a Reactions were carried out for 2 h at 0 °C using 5 mol% of 2 and 3–5 mol.
equiv. of Et2Zn. b Unless otherwise noted, ee was determined by HPLC
analysis using a chiral stationary phase (Chiralcel OB-H). c Chiralcel OD-H
was used as a chiral stationary phase. d Ee was determined as p-
bromobenzoate of 3g using a chiral stationary phase (Chiralcel OJ-R).
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Anthocyanidin synthase catalyses the in vitro conversion of
its natural substrate, leucocyanidin, to cis- and trans-
dihydroquercetin, quercetin and a small amount of cyanidin;
incubation of trans-dihydroquercetin gave quercetin. 

Flavonoids are an important class of plant metabolites whose
roles include attracting pollinators, signalling in plant-microbe
interactions, protecting plants against radiation and aiding seed
dispersal.1 There is biomedical interest in flavonoids since they
inhibit cell proliferation, are antioxidants and display anti-
mutagenic, antinflammatory, antithrombic and
antihypertensive effects.2,3 The anthocyanin sub-family of
flavonoids cause pigmentation and are used as food
colourants.

The penultimate step in the biosynthesis of the anthocyanin
family 1 of flavonoids is catalysed by anthocyanidin synthase
(ANS) (Scheme 1).4 Although there are reports on other
enzymes involved in anthocyanin biosynthesis, until recently
the only reported work on the ANS concerned the identification
of its genetic locus and putative gene sequence.5 The presence
of conserved sequence motifs (e.g. HXD and RXS motifs,
which are involved in iron and co-substrate binding re-
spectively6,7) imply ANS belongs to the family of 2-oxogluatar-
ate (2-OG) dependent dioxygenases.8 Saito et al. reported that
ANS from Perrila fructescens was indeed a 2-OG dependent
oxygenase requiring an unusually high level of ascorbate for
activity.9 It was demonstrated that oxidation of leucocyanidin
2a (R1 = OH, R2 = H) and leucopelargonidin 2b (R1 = H, R2

= H) was coupled with conversion of 2-OG to succinate.
However, it was noted that the anticipated anthocyanidin
products cyanidin 3a and pelargonidin 3b, respectively, were
only observed in the crude assay incubations subsequent to
acidification. The acidified incubations were analysed by HPLC
(monitoring at 520 nm) and peaks corresponding to the
appropriate anthocyanidin references identified.9 Here, we
report studies on the selectivity of ANS that lead us to question
whether anthocyanidins are the immediate products of the ANS
reaction.

The ANS gene from Arabidopsis thaliana was over-
expressed in Escherichia coli BL21 (DE3) using the Novagen
pET-24a vector and ANS was purified to ca. ~ 90% purity (by
SDS-PAGE analysis) via anion-exchange Q-Sepharose and gel
filtration chromatography.†

The natural substrates for ANS are relatively difficult to
synthesise in enantiomerically pure form and are unstable in
solution. Therefore, we investigated the use of a dihydro-
flavonol, trans-dihydroquercetin 4, as an alternative substrate.
Photodiode array (PDA) HPLC analysis identified the product
of trans-dihydroquercetin incubation as the flavonol quercetin
5. This result was confirmed by NMR and mass spectrometric
analyses. Selected data for the incubation product: (1H NMR
500 MHz; CD3OD) d: 4.60 (C-OH, 1H, s br), 6.18 (1H, d, J =
2.0), 6.38 (1H, d, J = 2.0), 6.88 (1H, d, J = 8.5), 7.73 (1H, d,
J = 2.0), 7.63 (1H, dd, J = 2.0, J = 8.5); m/z (negative ion ESI
MS) 301.4 Da.

Using a stopped UV assay the ANS catalysed conversion of
trans-dihydroquercetin to quercetin was shown to be dependent
on both 2-OG and iron(II) and to require a high concentration of
ascorbate for significant turnover (40 mM), consistent with the
results for ANS from Perilla fructescens.9 Analyses were
complicated by precipitation of the flavonoids and their iron

Scheme 1 Later stages of anthocyanin biosynthesis. FNS I , FNS II, flavone
synthase I or II; F3OH = flavanone-3b-hydroxylase; FLS = flavonol
synthase; DFR = dihydroflavonol-4-reductase; ANS = anthocyanidin
synthase; FGT = flavonoid 3-O-glucosyltransferase. Asterisked enzymes
are 2-OG dependent dioxygenases.4
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complexes; the maximal catalytical rate was seen at ca. pH 6.0.
Selwyn analysis10 indicated that ANS was unstable under the
assay conditions at protein concentrations < 70 mg ml21.

PDA HPLC (monitoring from 200–800 nm) was then used to
study ANS catalysed oxidation of a ‘natural substrate’ leuco-
cyanidin 2a (Fig. 1). Comparison with known standards
identified products as cis-6‡ and trans-4 dihydroquercetin,
quercetin 5 and cyanidin 3a. The latter was clearly a minor
product.

Time course analysis of the leucocyanidin incubation
revealed that as the reaction progressed the relative concentra-
tion of trans-dihydroquercetin decreased as that of quercetin
increased. Incubations using mixtures of cis-6 and trans-4
dihydroquercetin demonstrated that trans-4 rather than cis-6
dihydroquercetin was preferentially converted to quercetin 5.

The observation that both cis-6 and trans-4 dihydroquercetin
are produced from leucocyanidin is consistent with the major
nascent product of leucocyanidin incubation being a 2-flavene-
3,4-diol 7, as suggested by Heller and Forkmann or ketone 8, or
a 3-flavene-3,4-diol 9 (Scheme 2).4 Intermediates 7, 8, 9 may be
non-enzymatically isomerised to give both cis-6 and trans-4
dihydroquercetin. Under the incubation conditions the produc-
tion of cyanidin is not favoured and it is possible that in vivo
aromatisation does not occur until the next step,4 i.e. that
catalysed by the flavonoid glucosyltransferase (FGT). Alter-
natively, it is possible that 6 is the (major) product (and
substrate for FGT) with the observed 4 arising by isomerisation
of 6.

ANS catalyses conversion of trans-dihydroquercetin 4 to
quercetin 5, i.e. the same reaction catalysed by flavonol
synthase (FLS) (Scheme 1)4 may reflect incomplete evolution
of substrate selectivity or that the pathway has evolved to
maintain/develop redundancy in enzymes selectivities. ANS is
an interesting enzyme for study due to the ease of tautomerisa-
tion/isomerisation of its products, particularly its intermediate
products which have not yet been isolated.

We thank Mr A. C. Willis for N-terminal sequencing and the
BBSRC, EPSRC and MRC for support of this work.
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Fig. 1 HPLC trace (lmax 287 nm for 4, 6; 372 nm for 5) of ANS assay with
leucocyanidin 2a after incubation for 20 min. The peaks correspond to
trans-dihydroquercetin 4, cis-dihydroquercetin 6 and quercetin 5 re-
spectively. Note the 2a used (Apin) contained contaminating 4 but not 6.

Scheme 2 Proposed intermediates for ANS and FGT turnover of
leucocyanidin.4 The absolute stereochemistry of products 4 and 6 from 2a
has not been determined.
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Various 1,6-diene palladium(0) monophosphine complexes
have been prepared from tmedaPd(CH3)2, PR3, and the
corresponding 1,6-diene. These molecularly defined Pd
complexes catalyzed the Suzuki coupling of aryl chlorides
with phenylboronic acid more efficiently than traditional
PdII–PR3 pre-catalysts.

The cross-coupling reaction of aryl halides and arylboronic
acids (Suzuki reaction) is the most versatile and important
method for the synthesis of substituted biaryls.2 This class of
compounds constitute important building blocks for the synthe-
sis of biologically active substances, e.g. pharmaceuticals such
as the sartan family of drugs for high blood pressure and
herbicides.3 Additionally, biaryls have found application as
chiral ligands4 for catalysis and in materials science, e.g. liquid
crystals.5 Suzuki cross-coupling reactions of aryl bromides and
iodides have been extensively studied in organic synthesis.
Apart from further expanding the scope of this reaction, current
interest focuses on the use of economically more attractive aryl
chlorides as substrates for this reaction. Notable advances in the
cross-coupling reactions of aryl chlorides6 with arylboronic
acids have been described recently by the groups of G. Fu,7 S.
Buchwald,8 S. A. Guram,9 S. Nolan,10 and W. A. Herrmann11 as
well as by our group.12 In general, important improvements in
this area have been made possible by the use of in situ ‘Pd’–L
catalysts consisting of a PdII source and sterically hindered
basic ligands such as dialkylarylphosphines, tri-tert-butylphos-
phine, adamantylphosphines or N-heterocyclic carbenes. It is
generally agreed that these in situ catalysts are reduced under
reaction conditions13 to afford coordinatively unsaturated
complexes such as 16e PdL3, 14e PdL2, and 12e PdL, which
may constitute the ‘real’ catalysts. The importance of coor-
dinatively unsaturated Pd0 species as ‘true catalysts’ in various
cross-coupling reactions has been demonstrated.14

In order to avoid side-reactions which may parallel the pre-
formation of the ‘real’ catalyst and which often lead to loss of
catalyst activity, it is desirable to use defined Pd mono-
phosphine complexes as catalysts. To the best of our knowledge
there is no report about the use of defined Pd0 mono- or
diphosphine complexes and only one report11 applying a
defined Pd0 dicarbene species as catalyst in the Suzuki cross-
coupling reaction. Recently, we introduced triphenylphosphine
palladium(0) diallyl ether as a stable and active catalyst for
telomerization of butadiene and methanol.15 In this paper we
describe the use of 1,6-diene stabilized Pd0–PR3 complexes as
efficient catalysts for the Suzuki cross-coupling of aryl
chlorides.

Based on the work of Pörschke16 et al., who developed a
highly effective route for the synthesis of 1,6-diene Pd0

complexes, we synthesized various monophosphine Pd0 species
as shown in Scheme 1. As phosphine ligands triphenylphos-
phine, tricyclohexylphosphine, and the so-called ‘Buchwald-
ligand’ o-biphenyldicyclohexylphosphine were employed. In
order to investigate the influence of the 1,6-diene part on the
formation of the L–Pd0 fragment we decided also to prepare the
monotricyclohexylphosphine palladium complex with diallyl
ether, diallyl amine and tetramethyldivinyl disiloxane.

(Ph3P)Pd(C6H10O) 1, (Cy3P)Pd(dvds) 2, (Cy3P)Pd(C6H10NH)
3, (Cy3P)Pd(C6H10O) 4, and (o-biphenyl)PCy2)Pd(C6H10O) 5
were obtained by suspending (tmeda)Pd(CH3)2

17 and PR3 at
230 °C in the corresponding 1,6-diene. After gently warming
the mixtures, elimination of ethane occurred and the desired
products were isolated by filtration, washed with cold pentane
and dried under vacuum.

A preliminary screening of optimal reaction conditions for
the Suzuki coupling of an activated aryl chloride (2-chloro-
benzonitrile) with phenylboronic acid in the presence of
different palladium catalysts revealed that the coupling pro-
ceeds smoothly using THF as the solvent in the presence of a
mixture of potassium triphosphate and potassium fluoride as
base. In order to compare appropriately the efficiency of the
different defined catalysts with each other and with in situ
catalysts, we performed catalyst tests at low palladium
concentration (0.05 mol% Pd). It is important to note that there
are relatively few examples of Suzuki cross-couplings of aryl
chlorides known that proceed at such low catalyst loading.8c,18

As shown in Table 1 the cross-coupling reactions of a variety of
aryl chlorides with phenylboronic acid proceed in the presence
of 1,6-diene stabilized monophosphine in varying yields
depending on the catalyst.

Complex 1 (PPh3Pd(C6H10O)) was shown to be inactive
towards all the substrates, although at higher concentrations (0.5
mol% Pd) with the activated 2-chlorobenzonitrile a limited
cross-coupling reaction could be observed (32%). 1,6-Diene
palladium(0) complexes with the more basic ligand tricyclohex-
ylphosphine 2–4 show good conversion with 2-chlorobenzoni-
trile, chlorobenzene and 4-chlorotoluene (67–96%). Best results
were achieved with the 1,6-diene complex containing ‘Buch-
wald’s ligand’ [5 (o-biphenyl)PCy2Pd(C6H10O)]. With only
0.05 mol% of this catalyst good to excellent yields of biaryls
were obtained from activated (2-chlorobenzonitrile: 97%), non-
activated (4-chlorotoluene: 82%; chlorobenzene: 87%) and
deactivated (4-chloroanisole: 72%) aryl chlorides. The general
trend of catalyst activity is in good agreement with previously
reported investigations on the corresponding in situ systems.
However, there are some notable features of the new catalysts:
1. 1,6-Diene palladium(0) monophosphine complexes are
significantly more reactive than mixtures of Pd(OAc)2 or
Pd2(dba)3 and phosphines (Table 2). Hence, the obtained

Scheme 1 1,6-Diene complexes of palladium(0).
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catalyst turnover numbers are amongst the highest yet reported
for the Suzuki reaction of non-activated aryl chlorides. 2. The
catalyst properties are mainly determined by the phosphine

ligand as shown by an increase of product yields in the series:
(o-biphenyl)PCy2Pd(C6H10O) 5 > (Cy3P)Pd(C6H10O) 4 9
(Ph3P)Pd(C6H10O) 1. 3. The effectiveness of the studied
complexes 2–4 is directly related to their ability to liberate the
diene part and to generate the corresponding 12e [L–Pd0]
species. Previously, it has been shown that an increasing
acceptor strength of the 1,6-diene moiety results in an
increasing stability of the 1,6-diene complex.16 In agreement
with these studies we observe an decrease in reactivity in the
order 4 > 3 > 2.

In summary, we have shown that 1,6-diene palladium(0)
monophosphine complexes are extremely efficient catalysts for
Suzuki cross-coupling reactions of various aryl chlorides. By
variations of both the diene and the phosphine part of the
complex the catalytic properties of the complexes can be tuned.
It is clearly shown that these defined monophosphine catalysts
are superior to generally applied mixtures of Pd-pre-catalysts
and phosphines. Thus, this class of catalysts offers promising
features for a number of other important palladium-catalyzed
coupling reactions.

This work is funded by DMC2. We thank Dr O. Briel and Dr
Karch (DMC2) for helpful discussions and Dr M. Hateley
(IfOK) for help with this manuscript.
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Table 1 Reactions of aryl chlorides with phenylboronic acid in the presence
of various Pd0 complexesa

Scheme 2 Suzuki cross-coupling reactions of aryl chlorides with phenyl-
boronic acid.

Table 2 Reactions of aryl chlorides with phenylboronic acid in the presence
of various Pd0 catalystsa
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A novel oxygen selective inorganic–organic hybrid mem-
brane containing (N,NA-disalicylideneethylenediaminato)co-
balt(II) (salcomine) as an oxygen carrier was prepared via the
sol–gel method using poly(N-vinylpyrrolidone) (PVP) as the
mediation agent.

Oxygen selective membranes are important in various fields
such as medicine, oxygen-enriching combustion systems, and
fuel cell systems. Much attention for oxygen-enriching organic
polymer membranes has been focused on the synthesis of
polymers where the solubility of oxygen is greater than that of
nitrogen.1 However, no permselective membrane has been
successfully prepared so far using this approach. Recently, the
method of oxygen carrier addition to improve the oxygen
selectivity of an organic polymer gas separation membrane
operating at around room temperature has attracted tremendous
attention. Some efforts have been made to facilitate transport
using transition-metal complexes such as cobalt porphyrin
complexes2 and cobalt Schiff base complexes.3 In all earlier
investigations it was claimed that high O2 selectivity could only
be achieved at lower operating pressures and temperatures.

A large variety of inorganic–organic hybrids prepared by the
sol–gel method has been reported.4–8 Among these, the most
common method utilizes hydrogen bonding interactions be-
tween polar functional groups of organic polymers and silanol
groups of silica gels. Examples include organic polymers such
as poly(2-methyl-2-oxazoline) and poly(N-vinylpyrrolidone)
incorporated homogeneously into silica gels at the molecular
level.5,6,8

Here, we report the preparation of a SiO2–(N,NA-di-
salicylideneethylenediaminato)cobalt(II) (salcomine) hybrid
membrane using poly (N-vinylpyrrolidone) (PVP) as a media-
tion agent, that is capable of selective separation of oxygen.
Salcomine is a well known oxygen carrier complex. Un-
fortunately, there is no interaction between salcomine and silica,
which makes it difficult to integrate it at a molecular level. To
solve this problem, we proposed to use PVP as a mediation
agent which contains amide carbonyl groups in its structure.
Hydrogen bonding interactions between amide carbonyl and
silanol groups of silica along with coordinate bonding inter-
actions between nitrogen atoms of amide carbonyl groups and
Co(II) in the salcomine can help to disperse organic and
inorganic components at a molecular level. Based on this
concept, we have prepared novel inorganic–organic hybrid
membranes containing oxygen carrier complexes, using the sol–
gel technique.

Tetraethoxysilane (TEOS) was used as the silica source and
the PVP had a molecular weight of ca. 630 000; the concentra-
tion of PVP in the TEOS was ca. 11 wt%. A selective SiO2–
PVP–salcomine hybrid membrane was prepared using the
following molar sol–gel composition+TEOS+EtOH+H2O+
HNO3+salcomine = 1+20+2+0.01+0.01. In a typical synthesis,
the homogeneous sol was prepared by stirring a mixture of
TEOS, H2O, HNO3 and EtOH for several hours at room
temperature. PVP was added to the sol with continuous stirring.
Finally, after stirring for 3 h, salcomine was introduced into the

sol and resulting sol was vigorously stirred for several hours to
obtain a homogeneous sol.

Porous alumina tubes (NGK Insulator, Ltd.; mean pore
diameter, 0.1 mm; o.d, 10 mm; i.d, 7 mm; length, ca.10 cm) were
used as supports. Tubular supports with one end closed were
dipped in the sols, withdrawn at a rate of 1 mm s21, and then
dried at room temperature. The dip coating procedure was
performed in a class 1000 clean room (295 K and 50% relative
humidity) to avoid dust which leads to pinholes on membranes.
After the dip-coating was repeated twice, the membranes were
heated to 423 K at the rate of 0.5 K min21, maintained at the
same temperature for 2 h, then cooled to room temperature at
0.5 K min21. These coating and heating procedures were
repeated twice in a similar manner. Hybrid membranes without
salcomine were also prepared by the same procedure.

The structures of the hybrid membranes were determined
using FTIR (FTIR-8700, Shimadzu). FTIR spectra of both
SiO2–PVP–salcomine and SiO2–PVP hybrids showed a typical
band at ca. 960 cm21 associated with the stretching mode of Si–
OH,9 along with the characteristic bands related to the Si–O–Si
bond (ca. 1220, 1080, 800 and 460 cm21),9 which confirm the
presence of Si–O–Si networks in the hybrids. Other character-
istic bands originating from PVP were also observed (Fig. 1).
The band at ca. 1650 cm21 is due to the stretching band of
amide carbonyl groups. Compared to that of PVP, these bands
were shifted to lower wavenumbers indicating the existence of
hydrogen bonding between amide carbonyl and silanol groups
in the hybrids.5 This provides evidence that in hybrids the
inorganic segments (silica) and organic ones (PVP) are very
well dispersed at the molecular level in accord with the previous
reports.5,6,8 The spectra of SiO2–PVP and SiO2–PVP–salco-
mine hybrids were quite similar since the amount of salcomine
incorporated was very low (1 mol% relative to TEOS).
However, PVP aids to dissolve salcomine homogeneously in

Fig. 1 IR spectra of (a) SiO2–PVP–salcomine hybrid, (b) SiO2–PVP hybrid
and (c) PVP.
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the sol. A possible schematic structure of the membrane is
proposed in Fig. 2. As shown, silica and PVP were dispersed at
a molecular level due to strong hydrogen bonding between
amide carbonyl and silanol groups. Also, PVP and salcomines
were well dispersed at a molecular level as nitrogen atoms of
amide carbonyl groups were coordinated with Co(II) in the
salcomines.2,3 Therefore, high dispersion of salcomines in the
SiO2–PVP hybrid at the molecular level and a well dispersed
inorganic–organic structure of the SiO2–PVP–salcomine hybrid
is evident.

Single gas permeation through these hybrid membranes at
different temperatures was measured using O2 and N2 using the
procedure described elsewhere10 after drying at 373 K in a
vacuum oven for 1 h. Table 1 lists the permeances of O2 and N2
through the SiO2–PVP–salcomine and SiO2–PVP hybrid mem-
branes and shows the selectivity factor a = PO2

/PN2
, where PO2

and PN2
are the permeances of O2 and N2, respectively. SiO2–

PVP–salcomine hybrid membrane showed oxygen selectivity
even at high temperatures. Although the initial selectivity at 298
K was not that high (PO2

/PN2
= 1.4), the selectivity was found

to increase with increasing temperature. At 423 K, the O2/N2
selectivity factor was 6.1, and the permeance of O2 was 5.0 3

10210 (mol m22 s21 Pa21). This selectivity factor is greater than
the theoretical Knudsen value (PO2

/PN2
= 0.94) which can be

ascribed to the strength of the Co(II)–oxygen complex bonds,
which are strong at higher partial pressures of oxygen;
therefore, salcomine effectively only releases oxygen at tem-
peratures > 373 K, that is strongly trapped by salcomine at low
temperature and thus lowers the mobility of oxygen. The
absence of oxygen selectivity for the SiO2–PVP hybrid
membrane (without salcomine) confirms that oxygen selectivity
is strongly related to the presence of salcomine.

In conclusion, SiO2–(N,NA-disalicylideneethylenediamin-
ato)cobalt(II) (salcomine) hybrid membranes for oxygen separa-
tion were prepared by the sol–gel method using poly(N-
vinylpyrrolidone) (PVP) as a mediation agent. Results indicates
that the proposed structure of the membrane consisted of well
dispersed inorganic (SiO2) and organic (PVP, salcomine)
segments at a molecular level. This membrane can be classified
as a high O2 selectivity membrane even at high oxygen partial
pressure and relatively high temperature.
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Fig. 2 Schematic representation of the structure of the SiO2–PVP–
salacomine hybrid membrane.

Table 1 Permeances and selectivity factors of O2 and N2 through the SiO2–
PVP–salcomine and SiO2–PVP hybrid membranes at 298, 373 and 423 K

10210 Permeance/
mol m22 s21 Pa21 Selectivity

factor
Membrane T/K O2 N2 PO2

/PN2
a

SiO2–PVP–salcomine 298 1.2 0.84 1.4
373 4.0 0.87 4.6
423 5.0 0.84 6.1

SiO2–PVP 298 1.5 1.5 1.0
373 1.2 1.1 1.0
423 0.77 0.77 0.99

a Theoretical selectivity factor based on Knudsen flow is 0.94.
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A photoinduced, multistep electron transfer in a triad
containing a zinc porphyrin (electron donor) and a gold(III)
porphyrin (electron acceptor) appended to an Ir(III) bis-
terpyridine complex produces a charge separated state with
a close to unity yield and a lifetime of 450 ns.

Photoinduced charge separation over nanometer distances in
artificial arrays is a topic of high relevance both to fundamental1
and to applied chemical sciences.2 This function is achieved by
molecular triads and higher analogues, able to undergo stepwise
electron transfer under the action of light. It is essential that the
multicomponent systems be rigid so as to insure good
geometrical control and to favor long-lived charge separated
(CS) states. In recent years, we have reported rigid triads based
on ruthenium(II) bis-terpy complexes (terpy = 2,2A+6A,2B-
terpyridine) and differently metallated porphyrins as electron
donor and electron acceptor groups.3,4 In this type of array,
energy transfer processes from the porphyrin photosensitizer to
the Ru(II) complex could efficiently compete with the desired
electron transfer.4 Ir(III) bis-terpy revealed itself to be partic-
ularly well adapted as a component unit, since it displayed a
higher ligand centered excited state and remarkable redox
properties.5 Therefore Ru(II) was replaced by Ir(III) as the
assembling metal ion in the synthesis of the rigid molecular
triads.6 In the previous Ir(III) bis-terpy based triad the electron
donor was a free-base porphyrin (PH2) and the terminal
acceptor was a gold(III) porphyrin (PAu). Clear evidence for the
formation of the fully charge-separated state (PH2

+–Ir–PAu2)
was obtained by transient absorption spectroscopy.6 However,
charge recombination turned out to be fast (ca. 3.5 ns at room
temperature in nitriles) due to the presence of a low-lying triplet
state localized on PH2. Substitution of the PH2 unit with zinc
porphyrin in this triad is expected to result in an increase in the
triplet level; this should leave the CS state as the lowest state
with the only possibility to deactivate to the ground state. Since
the latter reaction is strongly exergonic (DG ca. 21.3 eV) we
expect it to be placed in the Marcus inverted region1 in a
moderately polar or apolar solvent, and therefore to be slow so
allowing for a long-lived CS state.

We now report the detection, upon excitation in the visible
region of a toluene solution of PZn–Ir–PAu (Fig. 1), of a CS
state with a lifetime of 450 ns. The triad PZn–Ir–PAu† was
prepared by metallation of its free-base analogue6 with zinc
acetate in refluxing MeCN–MeOH (1+1 v/v). The absorption
spectrum of this triad in toluene is very little perturbed with
respect to the superposition of the spectra of the model
components PAu, PZn (in toluene) and Ir (in acetonitrile)
indicating little electronic coupling between the components.
Similar indications are given by electrochemical determinations
in dichloromethane where the oxidation of the PZn unit in the
dyad PZn–Ir occurs at the same potential as the model PZn,
+0.68 V (vs. SCE) while the PAu unit, which is reduced at
20.66 V (vs. SCE) in PAu–Ir cf.20.70 V (vs. SCE) of PAu, is
somehow affected by the presence of the substituent. Reduction
of the Ir complex occurs at  20.71 V in the model dyad PZn–Ir.
These data place the energy levels of the CS states PZn+–Ir2–

PAu and PZn+–Ir–PAu2 in dichloromethane at ca. 1.39 and
1.34 eV, respectively. The excited state properties determined
by transient absorption and luminescence experiments‡ at 295
K both for the models and the array are reported in Table 1 with
the pertinent energy levels, as derived by the maxima of
emissions at 77 K. The emission of zinc porphyrin in the array
is quenched with a rate exceeding our resolution time, while the
only detectable excited state of the gold porphyrin, the lowest
triplet, remains unchanged with respect to the model. The Ir
moiety absorbs at higher energies, l < 400 nm, therefore this
unit is not excited in the present experiment. Upon laser
excitation at 532 nm, after the decay of the gold porphyrin
triplet (t = 2.5 ns), a longer lived absorption is left the spectrum
of which is displayed in Fig. 2. The decay is monoexponential,
identical over the whole spectral region and in air-free solution
the lifetime is 450 ns (inset of Fig. 2). Air equilibration of the
solution results in a decrease of the exponential lifetime to 310
ns, which allows us to derive a reaction rate with oxygen of ca.
5 3 108 M21 s21. The lifetime was unaffected by changes in the
concentration of the array and in the energy of the laser pulse.
The spectrum, in full agreement with the bands typical of the
zinc porphyrin cation and the reduced gold porphyrin radical, is
assigned to the CS state PZn+–Ir–PAu2. In oxygen free
solutions a very weak absorption ascribable to the triplet
localized on the zinc porphyrin, formed with a very low yield
and a lifetime of 7 ms, is left after the decay of the CS state. An
estimate of the efficiency of the charge separation process with
respect to the photons absorbed by the zinc porphyrin moiety
only, calculated on the basis of the molar absorption coefficient
of 1 3 104 M21 cm21 for the cation of tetraphenyl zinc
porphyrin at 680 nm,7 yields a value very close to unity (1.2 ±

Fig. 1 Chemical formula of the triad and models.
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0.3). Such high efficiency in the charge separation process
requires a very fast primary (from the excited PZn moiety to the
Ir complex) and secondary (from the reduced Ir moiety to the
gold porphyrin unit) electron transfer, to prevent competition
with the back reactions. The detected quenching of the
luminescence is faster than 20 ps in agreement with this
requirement, so is also the rise of the absorbance assigned to the
CS state which cannot be resolved from the excitation profile in
an experiment with 20 ps resolution. Any investigation on the
model dyad PZn–Ir which could give further information on the
elementary steps of the electron transfer sequence is prevented
by the insolubility of the dyad in toluene. Fig. 3 shows a
schematic energy level diagram for the system along with the
processes and the pertinent rates. The energy levels of the CS
states are derived from electrochemical data in dichloromethane
and this causes some uncertainty in their location in a toluene
solution.

We have shown that highly efficient formation of a long lived
charge separated state occurs in this triad in toluene solution
upon excitation in the visible range.
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Table 1 Excited state properties from luminescence and transient
absorbancea data in toluene solutions

295 K 77 K

lmax/nm t/ns Ffluo lmax/nm E/eV

PZn 1PZn 596 2.2 0.08 606 2.05
3PZn 470a 300 3 103a 770 1.61

PAu 3PA 630a 2.5a 712 1.74
PZn–Ir–PAu 1PZn 598 @0.020 0.0006 606 2.05

3PZn 470a,b 7 3 103a,b 786 1.58
3PAu 630a 2.5a 716 1.73

a From transient absorbance. b Extremely low yield. 

Fig. 2 Transient absorption changes detected in an air free toluene solution
of PZn–Ir–PAu upon excitation at 532 nm. In the inset the decay at 480 nm
and the fitted exponential function corresponding to a lifetime of 450 ns is
shown.

Fig. 3 Schematic energy level diagrams for PZn–Ir–PAu. The charge
separated state energies are calculated from electrochemical data in
dichloromethane.
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Silicon imido nitride with a specific surface area up to 1000
m2 g21 is obtained by ammonolysis of silicon tetrachloride in
organic solvents and subsequent NH4Cl removal at elevated
temperatures in a stream of anhydrous ammonia. The
material has a remarkably narrow pore size distribution and
a mean pore size of 5.7 nm. TEM investigations reveal the
spherical macromorphology and uniform dendritic meso-
structure of the micrometer sized particles. A high number of
Si-NH2 groups on the inner surface of the material is
indicated from IR measurements. 29Si MAS NMR indicates
the presence of SiN4

82 tetrahedra.

Tailoring inorganic solids is a key feature in the search for
purpose-built high-performance materials. High specific sur-
face area and control of pore size and pore morphology are
especially needed in heterogeneous catalysis.1 For oxide
materials a wide range of methods has been developed such as
flame pyrolysis and sol gel techniques.2 Due to our recent
interest in the development of porous non-oxide ceramics as
heterogeneous catalysts we have investigated the synthesis of
silicon imido nitride as a high surface area material under
various conditions. Even though this material has been widely
studied as a precurser to obtain Si3N4 for structural applica-
tions,3 sinterability and densification have mainly been stressed,
whereas only few attempts have been made to systematically
tailor its surface area and pore structure and only recently has its
potential in heterogeneous catalysis become apparent.4–6

In order to achieve easy access to highly porous materials we
have used SiCl4 (Arkos, 99.8%) in various solvents (4%
solution) such as pentane, toluene, tetrahydrofuran and poly-
ethyleneglycol dimethyl ether and precipitated the diimide with
anhydrous ammonia gas (UHP, Messer).† After filtration, the
coprecipitated NH4Cl was removed by sublimation in a
dynamic (40 ml min21) ammonia atmosphere (1 bar) at elevated
temperature [eqn. (1)]

SiCl 6NH

[Si(NH) 4NH Cl ] Si(NH) 4NH Cl

                                          

4 3
solvent

2 4
NH , heat

2 4
3

+ æ Æææ

Ø + Ø æ Ææææ + ≠
                   1 2

(1)

The composition of the product 2 depends on the heat treatment.
According to wet chemical analysis of the powder the N+Si
ratio is 1.60 for a sample calcined at 873 K, and 1.50 at 1073 K.
The formula Si2N2(NH) instead of Si(NH)2 is often assigned to
intermediates during the technical process of decomposing
Si(NH)2/xNH4Cl to prepare Si3N4 for structural ceramics. We
have therefore adopted the rather unspecific nomenclature ‘high
surface area silicon imido nitride’ (HSA-SIN) for 2. It is
obtained with a BET surface area up to 1000 m2 g21 as a white,
X-ray amorphous powder if pentane is used as the solvent and
the initial precipitation is carried out at room temperature
followed by heating the resulting solid to 723 K for 2 h with a
rate of 5 K min21. This is the highest surface area so far reported
for Si(NH)2 and comparable to that for MCM-41-like materi-
als.7 Even though the pores do not form an ordered array
according to small-angle X-ray measurements, the adsorption

isotherm† (Fig. 1) indicates the presence of mesopores with a
narrow pore size distribution, a sharp maximum at 5.1 nm and
a mean pore diameter of 5.7 nm. No percolation effect due to ink
bottle pores is observed. For applications in heterogeneous
catalysis ordering of the pores is not necessary but high surface
area, narrow pore size distribution and homogeneity of the inner
surface are highly desirable to obtain high performance
materials with good selectivity.

TEM investigations (Fig. 2) reveal the spherical morphology
of the particles with typical size of 0.1 mm diameter. The radial
dendritic channel-like mesostructure is independent of the size
of the aggregates. We found that polar solvents such as
tetrahydrofuran also give mesoporous silicon imido nitride but
with considerably lower surface area (560 m2 g21) and two
distribution maxima at 7.6 and 40.6 nm. The effect of washing
the coprecipitate 1 with liquid ammonia results in an even more
drastic reduction of the surface area (ca. 300 m2 g21) and the

Fig. 1 Nitrogen adsorption isotherm for HSA-SIN synthesized in pentane
after calcination in ammonia and its pore size distribution.

Fig. 2 Transmission electron micrograph of HSA-SIN.
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narrow distribution now being completely lost, with a wide
range of sizes from micro- to macro-pores being observed.
While washing with liquid ammonia is often applied when
sinterable Si(NH)2 powder is needed for structural ceramics this
method to remove NH4Cl seems highly inappropriate for
specific pore structure design. So far only one group has
reported a specific surface area of up to 1000 m2 g21 for silicon
diimide using the precipitation method and toluene for dilution
of SiCl4, but the pore morphology was not discussed.8 In our
experiments, toluene reduces the total yield of the reaction by at
least a factor of 10, and is therefore less appropriate.

The particle formation mechanism is still unknown. Some
intergrown spheres suggest that the large spheres might have
formed by merging of smaller spheres but whether this
formation has occurred in solution or during heat treatment is
still not clear. However, the strong impact of the solvent on the
surface properties as well as the spherical morphology of the
aggregates suggests that their formation occurs in solution
where surface tension and solubility govern nucleation and
growth. In fact we believe that NH4Cl nanocrystals act as a
template for the surrounding Si(NH)2. This view is supported by
the fact that polar solvents cause pore collapse due to the higher
solubility and recrystallization of the NH4Cl whereas in pentane
the generated ammonium chloride nuclei remain small. This is
in accord with the particle size determined from the broadening
of the ammonium chloride Bragg reflections in the coprecipitate
1 (ca. 8 nm).

IR spectroscopy gives similar results as earlier studies9

[n(NH): 3374 cm21, d(NH2): 1548 cm21, d(NH): 1182 cm21,
nas(Si2N): 905 cm21]. The d(NH2) mode indicates the presence
of amino groups located on the inner surface of the material in
analogy to silanol groups present on the inner surface of MCM-
41. This band is stronger for samples synthesized in pentane vs.
tetrahydrofuran, corresponding to the higher inner suface area
of the former sample; exposure to air as well as lithiation with
butyl lithium reduces its relative intensity. No Si–O stretching
modes were observed if the material was handled properly with
exclusion of moisture or air.

The 29Si MAS NMR spectrum consists of one broad peak
centered at 242 ppm, the signal covering the region between
235 and 255 ppm. The broadening originates from the ill
defined local structure and is characteristic for amorphous
preceramic silicon nitride powders10 in which different func-
tional groups are present. Thus in HSA-SIN, Si(NH)4/2 groups
are most abundant but SiN(42x)/3(NH)x/2 (x = 0–3) groups in the
bulk and Si(NH)(42x)/2(NH2)x (x = 1,2) groups on the inner
surface of the material are also present. A shoulder at 249 ppm
indicates a high abundance of SiN4/3 groups with a chemical
shift comparable to that of b-Si3N4

11 at 248.7 ppm. A low level
of silicon oxide impurities was also concluded from the absence
of any significant peaks close to 2100 ppm, though due to the

high background noise, such impurities could not be completely
excluded. The chlorine contamination was also low ( < 2% by
EDX).

The high temperature stability and low sintering tendency of
the nitride is remarkable and reveals its promising potential as
a support in high temperature catalysis: after 2 h of heat
treatment at 1273 K in a dynamic ammonia atmosphere (1 bar,
40 ml min21) the high surface area is only slightly reduced (820
m2 g21). The pore size distribution remains narrow with only a
slightly reduced mean pore size (4.9 nm).

New compounds will become available as heterogeneous
catalysts and supports if morphological syntheses of non-oxide
ceramics as high surface area materials are further explored. We
have demonstrated that ammonolysis of silicon tetrachloride in
solution is an easy route to high surface area silicon imido
nitride with uniform pore morphology—a material with poten-
tial for base-catalyzed reactions suitable for further functional-
ization, impregnation and high temperature applications.

We thank F. Schüth for helpful discussions and financial
support. A Reimar Lüst Fellowship for Stefan Kaskel was
provided by the Max Planck Society. TEM images were
recorded by B. Spliethoff while B. Zibrowius measured the 29Si
MAS NMR spectra.
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Ring opening of the cyclic [(ButP)3As]2 anion results from
reactions with electrophiles (RX = H2O, MeI,
CH2NCHCH2I, PhCH2Br), providing a simple and general
approach to triphosphine ligands of the type [(ButP)-
(ButRP)2].

We found recently that heterocyclic anions of the type
[(RP)nE]2 (n = 3 or 4; E = As, Sb; R = But, 1-adamantyl,
cyclohexyl) can be prepared in a single step by the reactions of
alkali metal primary phosphides with E(NMe2)3 (E = As, Sb).1
Our particular interest in these species stems from their
potential to act as sources of group 15 atoms, as suggested by
the isolation of Zintl compounds from the same reaction
systems at higher temperatures.1 These heterocyclic anions
exhibit unusual reactivity with transition metal metallocenes,
the reaction of the Lewis base complex [{(ButP)3As}Li·
2DABCO·thf] 1 [DABCO = N(CH2CH2)3N] with
[CpM(CO)3Cl] (M = Mo, W) leading to addition of the
[(ButP)3As]2 anion to the Cp ring rather than displacement of
the metal-bonded Cl ligand.2 Here we show that [(RP)nAs]2
anions are useful synthons of the corresponding (RP)n

22

dianions, as illustrated by the reactions of [(ButP)3As]2 with
electrophiles which provides direct access to a large range of
terminally substituted triphosphine ligands.

The reactions of 1 with a range of electrophiles (1+3 equiv.,
respectively) occur smoothly at 278 °C in thf–toluene giving
insoluble precipitates of HAsO(OH) (in the case of H2O) or
organo-arsenic dihalides [RAsX2] (with organic halides as
electrophiles) which are readily removed by filtration (Scheme
1). Removal of the solvent under vacuum gives 72–98% yields
of the terminally substituted triphosphines [(ButP)(ButRP)2] (R
= H 2, Me 3, CH2NCHCH2 4, PhCH2 5).† The high purity of the
materials obtained directly by this procedure is confirmed by
their room-temperature 1H and 31P NMR spectra, which show
little or no impurities. The 31P NMR spectra of 2–5 are
consistent with those of previously reported triphosphines,3 2
(meso and racemic isomers), 4 and 5 appearing as characteristic
A2M multiplets and 3 as a more complex eight line A2B
multiplet (i.e. Dd ≈ DJ). A further feature of the 1H NMR
spectra of 3 and 5 is the appearance of the Me and benzyl
methylene protons as deceptively simple triplets.4 Model ab
initio calculations reveal that the reactions producing 2–5 are
highly thermodynamically favourable. For example, the gas-

phase reaction of 3MeI with [{ButP}3AsLi] is exothermic by
57.4 kcal mol21 (at the B3LYP/6-311G** level).‡ This reaction
becomes even more favourable (266.2 kcal mol21) once
solution effects are included. Calculations of the reactions
involving [{RP}3AsLi] (R = H, Me, But) also reveal that these
reactions are enthalpically driven (with negligible entropy
changes being associated in solution).

A limited number of terminally substituted triphosphines of
the type [(RP)(RRAP)2] have been prepared previously by
reactions of [(RP)3M2] (M = alkali metal) with electrophiles.3
These salts can be generated either by cleavage of (RP)n with an
alkali metal (giving the salt as a mixture with other homo-
logues)5 or by reaction of [(RP)(RHP)2] (prepared by reduction
of terminal halides [(RP)(RXP)2]) with alkali metals.3a Im-
portantly, although often efficient these procedures involve
several steps starting from the simple dihalides RPCl2, with
extensive manipulation and purification at each stage. The
electrophilic ring-opening reaction described here provides the
potential means by which any primary phosphine (from which
1 and related heterocycles are prepared in a single step in
crystalline form) can be converted selectively into a broad range
of terminally substituted triphosphines. The closest related
approach utilises [Cp2Zr(PPh)3] as a source of [PhP]3

2 in the
synthesis of the cyclic compounds [PhP]4 and
[(PhP)3SnBut

2].6
Owing presumably to the involved and specialised synthetic

methods previously required in the synthesis of tri- and tetra-
phosphines, to our knowledge, no studies of their coordination
chemistry have been reported. The few structurally charac-
terised examples of coordination compounds of this type are
transition metal complexes in which the tri- or tetra-phosphine
frameworks have been assembled at the transition metal centre.7
However, these reactions do not appear to be selective in terms
of the chain length of the phosphine incorporated, with the chain
length of the phosphines being dependent on the organic
substituents7a,b as well as the reaction conditions.8 An illustra-
tion that these ligands can indeed be transferred intact to a
transition metal centre is provided in this study by
the synthesis† and structural characterisation§ of [W(CO4)-
{(ButP)(ButHP)2}] 6 (Fig. 1). The structural features of 6 are
similar to those of [W(CO)4{(ButP)(Me2P)2}], the only other
complex previously characterised in which a chelating triphos-
phine ligand is present.7a The presence of only one isomer of the
triphosphine (the symmetric meso form) at the W centres of 6 is
of some interest. Previous NMR studies (consistent with those
presented in the current work†) have shown that this is the
predominant isomer in solutions of free 2.3a The fact that the
isomer of 6 incorporating a racemic form of the triphosphine is
not produced in this reaction may be due to steric factors,
leading to the selection of the meso form in the complex.

In summary, the new, high yielding method of preparing
terminally substituted non-symmetric, triphosphines should
allow systematic investigation of the coordination chemistry ofScheme 1
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this class of ligands. This should be of particular importance in
relation to the widespread application of ligand frameworks
such as (CH2)n(PPh2)2 (n = 1 or 2) and the growth of interest in
ligand systems with well defined bite, steric and stereochemical
characteristics in the field of homogeneous catalysis. Sig-
nificantly, preliminary studies of the reactions of the hetero-
cyclic anion [{CyP}4As]2 with electrophiles (RX) suggest that
analogous tetraphosphines of the type [(CyP)2(CyRP)2] are
generated.9

We gratefully acknowledge the EPSRC (N. F., J. A. W.,
A. D. W.), Churchill College (Fellowship for A. D. H.), and The
Office of Energy Research, Office of Basic Energy Research
Sciences, Division of Chemical Sciences, US Department of
Energy under grant DE-FG02-97ER-14758 (D. M.).

Notes and references
† Syntheses of 2–5: the electrophiles (1.5 mmol) were added dropwise to a
solution of 1 (0.64 g, 0.5 mmol) in thf (1 ml)–toluene (20 ml) at 278 °C over
a 10 min period. The reactions were allowed to warm to room temperature
and stirred for 1 h. For 3–5, white precipitates of the organo-arsenic
dihalides in colourless or faint yellow solutions were formed. The
precipitates were removed by filtration and the filtrates reduced under
vacuum to give crystalline or semi-crystalline solids. For 2, a yellow
solution was produced which was reduced under vacuum to give the
triphosphine as a liquid. 2: 0.13 g (98%); dH(+25 °C, d8-toluene, 400.13
MHz): meso isomer, 3.41 (d, P–H, 1JPH 203 Hz), 1.38 (d, ButP(2), J 12.9
Hz), 1.30 [d, ButP(1,3), J 12.5 Hz]; racemic isomer, 3.30 (d, P–H, 1JPH 205
Hz), 1.52 (d, ButP(2), J 12.5 Hz), 1.33 [d, ButP(1,3), J 12.5 Hz] (ratio of
isomer A+B ca. 2+1); dP(+25 °C, d8-toluene, 161.975 MHz): meso isomer,
212.84 [dd, P(1) and P(3)], 246.33 [dd, P(2)] (1JP(2)P(1,3) 231.5 Hz);
racemic isomer, 214.0 [dd, P(1) and P(3)], 239.19 [dd, P(2)] (1JP(2)P(1,3)

207.3 Hz). 3: yield 0.12 g (82%); dH(+25 °C, d8-toluene, 400.13 MHz) 1.44
(t, 4H, CH2, av. J 9.7 Hz, Me), 1.25–1.18 (m, 27H, ButP); dP(+25 °C, d8-
toluene, 161.975 MHz) 240.5 [P(1) and P(3)], 241.8 [P(2)] (8 line
multiplet, 1JP(2)P(1,3) 231.0 Hz). 4: yield 0.14 g (82%); dH(+25 °C, d8-
toluene, 400.13 MHz) 5.95 (m, 4H, CH2NCH–), 4.95 (dd, 2H,
CH2NCHCH2) 2.75 [q. (overlapped dt), 4H, CH2NCHCH2, J 7.6 Hz], 1.24
[d, 9H, ButP(2), J 12.5 Hz], 1.22 [d, 18H, ButP(1,3), J 12.9 Hz]; dP(+25 °C,
d8-toluene, 161.975 MHz) 238.3 [dd, P(1) and P(3)], 247.7 [dd, P(2)]
(1JP(2)P(1,3) 232.6 Hz). 5: yield 0.16 g (72%); dH(+25 °C, d8-toluene, 400.13
MHz) 7.2–6.9 (m, 10H, Ph), 2.27 (t, 4H, CH2, av. J 6.7 Hz), 1.25 [d, 9H,
ButP(2), J 12.9 Hz], 1.11 [d, 18H, ButP(1,3), J 13.6 Hz]; dP(+25 °C, d8-
toluene, 161.975 MHz) 239.5 [dd, P(1) and P(3)], 246.6 [dd, P(2)]
(1JP(2)P(1,3) 233.4 Hz).

Synthesis of 6: the complex was prepared by the 1+1 reaction of 2 with
[W(CO)5(thf)] in toluene–thf. IR(CH2Cl2) nmax = 2015s (cis to P), 1913s
(sh), 1899vs, 1874s (trans to P). dH(+25 °C, 400.13 MHz, CDCl3) 4.06 (d,
JPH 154 Hz), 1.35 [d, 9H, ButP(2), JPH 14 Hz], 1.27 [d, 18H, ButP(1,3), JPH

16.5 Hz]. dP(+25 °C, CDCl3, 161.975 MHz) 121.1 (t, J 156 Hz), 267.0 [d,
156 Hz (dd, dec. 1JPH 154, 3JPH 16.5 Hz)]. Correct C, H analysis were
obtained.
‡ Ab initio MO calculations: all calculations were performed using
Gaussian 9811 at the B3LYP/6-311G** level. The solvent effects were

incorporated using the PCM12 model in Gaussian 98. Iodine basis set was
obtained from the PNL basis set database.13 Absolute energies of gas-phase
species, solution-phase absolute energies are in parentheses (units Eh): MeI
26959.45606284 (26959.457283), LiI 6927.13495426 (26927.158942),
[MeAsI2] 16114.9342294 (216114.935814), [{HP}3AsLi]
23269.38038964 (23269.392137), [{HP}3Me2] 21105.79309134
(21105.794835), [{MeP}3AsLi] 23387.37832745 (23387.389669),
[{MeP}3Me2] 21223.78389534 (21223.786033), [{ButP}3AsLi]
23741.2815255, [{ButP}3Me2] 215577.67467541. DH(g)reaction, for
[{RP}3AsLi], DH(solv)reaction and DG(solv)reaction (respectively) are in
parentheses (units kcal mol21): R = H, 271.3 (279.0, 78.5); R = Me,
266.9 (75.1, 74.6); R = But, 257.4 (266.2, 63.5).
§ Crystal data for 6; C16H29O4P3W, M = 562.15, orthorhombic, space
group Pnma, Z = 4, a = 17.3386(7), b = 13.7599(5), c = 9.4610(4) Å, V
= 2257.2(2) Å3, m(Mo-Ka) = 5.345 mm21, T = 180(2) K. Data were
collected using a Nonius Kappa CCD diffractometer. Of a total of 21678
reflections collected, 2087 were independent (Rint = 0.082). The structure
was solved by direct methods and refined by full-matrix least squares on
F2.10 Final R1 = 0.027 [I > 2s(I)] and wR2 = 0.066 (all data). CCDC
182/1837. See http://www.rsc.org/suppdata/cc/b0/b007553l/ for crystallo-
graphic files in .cif format.
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The synthesis and crystallization of 9,12-bis-(4-fluoro-
phenyl)-1,2-carborane 1 and 9,12-bis-(3,5-difluorophenyl)-
1,2-carborane 2 provide the first examples of a supramo-
lecular assemblage directed by C–Hcarborane…F
interactions.

The potential utilization of the isomeric icosahedral carborane
(C2B10H12) cages as building blocks for macromolecules and
supramolecular assemblies has only recently been explored.1–3

The versatile chemistry available at the carborane C–H and B–
H vertices makes carborane derivatives attractive candidates for
crystal engineering.4 Intermolecular hydrogen bonding is an
important factor involved in supramolecular self-assembly
motifs. Consequently, the participation of the acidic carborane
C–H vertices in hydrogen bonding generates supramolecular
structures. The established intermolecular interactions involv-
ing carboranes are: classical C–H…O hydrogen bonds,5
bifurcated C–H…(O)2 hydrogen bonds,6 non-classical C–H…p
hydrogen bonds7 and B–H…H–N interactions.1,8 Thus far,
known C–H carborane interactions are limited to C–H…Y (YN
O, N, p) systems.1,9 Fluorocarbon sites (C–F) are poor
hydrogen bond components and cannot compete with O and N,
although weak C–H…F interactions contribute to crystal-
packing organization.10 We report here the novel ortho-
carborane derivatives: 9,12-bis-(4-fluorophenyl)-o-carborane
1, and 9,12-bis-(3,5-difluorophenyl)-o-carborane 2. Com-
pounds 1 and 2 provide the first examples of a supramolecular
assemblage directed by carborane C–H…F interactions.

Electron-rich boron vertices of ortho-carborane were easily
functionalized by electrophilic iodination followed by palla-
dium-catalyzed reactions of the regioselectively iodinated
carborane with the appropriate fluorophenyl or difluorophenyl
Grignard reagent.11 Colorless crystals of 1 and 2 were grown
from a methylene chloride–hexane solution and Et2O, re-
spectively,† by slow evaporation of the solvent. The structures
of compounds 1 and 2 were determined by single-crystal X-ray
diffraction analysis.

Crystal structures of both 1 and 2‡ show intermolecular
carborane C–H…F interactions. The unit cell of the solid-state
structure of 1 contains four crystallographically unrelated, yet
similar carboranes. Carborane C–H…F intermolecular dis-
tances lie in the range 2.49–3.05 Å and non-classical C–H…p
hydrogen bonds with carborane C–H…aromatic centroid sepa-
rations of 2.48 and 2.46 Å are observed (see caption to Fig. 1).
The observed carborane C–H…F distances are consistent
with phenyl C–H…F interactions reported for various fluor-
obenzene compounds (H…F 2.36–2.86 Å).10 Also, close
phenyl C–H…F distances (H…F 2.25–2.70 Å) are observed.
All carborane C–H vertices are in close proximity to either a
fluorine atom or p centroid, with the majority participating in
C–H…F interactions. The solid-state IR spectrum of 1 exhibits
two distinct stretching frequencies for carboranyl C–H at 3088
and 3060 cm21. These unassigned stretching frequencies
represent either a carborane C–H…(F or p) interaction. The C–
H stretching frequencies of the o-carborane C–H…p bond were
reported7 between 3066 and 3059 cm21 which suggests that the
lower energy stretching mode (3060 cm21) corresponds to those
carborane C–H bonds involved in C–H…p interactions.

In the solid state structure, molecules of 2 form a one-
dimensional polymeric chain linked by two different carborane
interactions having characteristic C–H…F distances. Direction-
ality of both C–H vertices toward the fluorine atoms differ with
angles of C(1)–H(1)–F(3P) 160° and C(2)–H(2)–F(11P) 124°.
Intermolecular interactions of C(1)–H(1)…F(3P) 2.47 Å and
C(2)–H(2)…F(11P) 2.35 Å demonstrate that the hydrogen atom
bonded to C(2) interacts more strongly with fluorine than the
hydrogen atom bonded to C(1) (Fig. 2). Close phenyl C–H…F
interactions are not observed in 2. The solid-state IR spectrum
exhibits two different carborane C–H stretching frequencies of
equal intensity (3077 and 3098 cm21). This observation is
consistent with the presence of the two discrete sets of such
interactions observed in the X-ray diffraction study. The
position of the 3,5-difluorophenyl group in 2 allows the

Fig. 1 Crystal packing diagram of 1. (a) View of carborane C–H…F
interactions. Selected distances (Å) and angles (°): C(1C)…F(1D) 3.593(8),
H(1C)…F(1D) 2.91, C(2B)…F(2A) 3.416(7), H(2B)…F(2A) 2.49,
C(2C)…F(1B) 3.557(8), H(2C)…F(1B) 2.69; C(1C)–H(1C)–F(1D) 120,
C(2B)–H(2B)–F(2A) 146, C(2C)–H(2C)–F(1B) 136. (b) View of carborane
C–H…p interactions. Selected distances (Å) and angles (°): H(1D)…aro-
matic centroid(p) 2.48, H(1B)…p 2.46; C(1D)–H(1D)–p 24.3, C(1B)–
H(1B)–p 24.7. For clarity, the remaining phenyl and carborane H atoms are
not shown.
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orientation of both carborane C–H vertices to simultaneously be
in close proximity to fluorine atoms present on the neighboring
molecule. This orientation leads to formation of the observed
one-dimensional polymeric structure.

The crystal lattices of 1 and 2 are directed by a network of
weak carborane C–H…F and/or C–H…p contacts. Although
these C–H…F interactions are weak, their sum in lattice
networks provides stabilization. This study demonstrates an
additional motif for carboranes in supramolecular self-assembly
chemistry.

We are grateful to the National Science Foundation (Grant
No. CHE-9730006) for their support of this research.

Notes and references
† Synthetic procedure for 1: to a dry THF (300 ml) solution of 9,12-I2-
1,2-C2B10H10 (4.12 g, 10.4 mmol) was added 52 ml of 4-fluoro-
phenylmagnesium bromide (1 M, in THF) at 0 °C. At 25 °C, trans-
[PdCl2(PPh3)2] (120 mg, 0.17 mmol) was added to the solution. The mixture
was heated at the reflux temperature under nitrogen for 2 days, resulting in
a black solution. Aqueous 10% HCl was added cautiously to destroy
residual Grignard reagent, and all volatiles were removed in vacuo. The
residue was dissolved in 200 ml of diethyl ether and 10% HCl (aq). The
organic phase was separated and the aqueous layer was extracted with
diethyl ether (2 3 100 ml). The organic phases were combined, dried over
MgSO4, and filtered. The solvent was removed under reduced pressure to
yield a red solid. Purification by chromatography on basic aluminum oxide
(toluene) gave a white solid. Crystallization from a methylene chloride–
hexane solution afforded 1 (2.98 g, 8.95 mmol, 86%).

Selected data for 1: mp 132–133 °C; n(KBr)/cm21 3060, 3088 (carborane
C–H); dH(400 MHz, CDCl3, J/Hz) 1.5–3.4 (BH), 3.68 (br s, 2H), 6.80 (tt, J
9.0, 2.3, 4H), 7.13 (br dd, J 8, 6, 4H); dC(100 MHz, CDCl3, J/Hz) 162.8 (d,
JCF 245.5, CF), 134.6 (d, JCF 7.3, CH), 114.3 (d, JCF 19.9, CH), 49.4; dB(160

MHz, BF3·Et2O external standard, J/Hz) 8.4 (s, 2B), 28.3 (d, JBH 138, 2B),
213.0 (d, JBH 151, 4B), 215.6 (d, JBH 167, 2B); dF(376 MHz, CDCl3,
external Freon-113/C6D6 solution referenced at 268.0 ppm12 relative to
CFCl3) 2116.5; HR-EIMS: m/z: found 332.2376; calc. 332.2387.

Synthetic procedure for 2: the synthesis and separation procedure was
similar to that of 1. Crystallization from Et2O afforded 2 (79%).

Selected data for 2: mp 189–190 °C; n(KBr)/cm21 3077, 3098 (carborane
C–H); dH(400 MHz, CDCl3, J/Hz) 6.61 (br d, J 6.6, 4H), 6.52 (tt, J 9.1, 2.4,
2H), 3.74 (2H), 1.5–3.4 (BH); dC(100 MHz, CDCl3, J/Hz) 50.1, 102.7 (t,
JCF 25.2), 115.1 (dd, JCF 17.2), 162.2 (dd, JCF 251.5); dF(376 MHz, CDCl3,
external Freon-113/C6D6 solution referenced at 268.0 ppm12 relative to
CFCl3) 2112.4; dB(160 MHz, Et2O, BF3·Et2O external standard, J/Hz) 7.4
(s, 2B), 28.6 (d, JBH 140, 2B), 213.0 (d, JBH 154, 4B), 215.5 (d, JBH 168,
2B); HR-EIMS: m/z: found 368.2196; calc. 368.2191.
‡ Single crystals of 9,12-bis-(4-C6H4F)2-1,2-C2B10H10 1 were crystallized
from methylene chloride–hexane, placed on a fiber and mounted on a
Syntex P-1 diffractometer.

Crystal data for 1: C56B40H72F8, M = 1329.54, monoclinic, space group
P21/n, a = 17.504(8), b = 15.015(7), c = 27.57(1) Å, b = 91.16(1)°, V =
7244(6) Å3, T = 293 K, Z = 4, l(Cu-Ka) = 1.5418 Å, m = 0.592 mm21,
7440 reflections measured, 7440 unique, which were used in all calcula-
tions. The final R1(F2) was 0.0746 [4642 reflections, I > 2s(I)].

Single crystals of 9,12-bis-(3,5-C6H3F2)2-1,2-C2B10H10 2 were crystal-
lized from Et2O, placed on a fiber and mounted on a Syntex P-1
diffractometer.

Crystal data for 2: C14B10H18F2, M = 332.38, triclinic, space group P1̄,
a = 6.882(4), b = 9.710(5), c = 13.926(7) Å, a = 84.80(2), b = 81.41(2),
g = 78.50(2)°, V = 900 Å3, T = 298 K, Z = 2, l(Cu-Ka) = 1.5418 Å, m
= 0.793 mm21, 2468 reflections measured. The final R1(F2) was 0.0616
[1540 reflections, I > 2s(I)].

CCDC 182/1844. See http://www.rsc.org/suppdata/cc/b0/b007353i/ for
crystallographic files in .cif format.
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The synthesis of a novel bithiophene with a pendant
fullerene substituent and its electrochemical polymerisation
are reported; light induced ESR measurements on the
electrodeposited films reveal a photoinduced electron trans-
fer from the donor cable (polythiophene) to the pendant
acceptor cable (fullerene moieties).

The ultrafast photoinduced electron transfer from non-degen-
erate ground state conjugated polymers to fullerenes,1 in
association with the existing technologies for processing
polymers, makes these materials potentially suitable for low-
cost photovoltaic applications as large-area, flexible solar
cells.2 Within this frame, the most promising devices so far
obtained are the so-called bulk heterojunction solar cells.3–5 The
active layer of such devices is a blend of conjugated polymer
and fullerene: after photoinduced charge separation, the poly-
mer matrix ensures the transport of positive carriers, while
electrons travel through contacting fullerene domains. Because
of the limited miscibility of the two components, clusters of
fullerenes can form within the active film, so that the transport
of electrons is hindered by the ‘void’ between such separated
domains.4 A convenient solution to overcome phase segregation
and reach a homogeneous distribution of the electron transport-
ing sites within the bulk heterojunction should be the prepara-
tion of so-called double-cable molecular systems with fullerene
substituents grafted to a conjugated polymer chain. Poly-
thiophene/C60 mixtures have been already employed for the
preparation of prototype bulk heterojunction solar cells,5
suggesting the investigation of double-cables consisting of a
polythiophene backbone with covalently linked fullerene units.
Zotti and coworkers and Ferraris et al. showed that such
fullerene substituted polythiophenes mostly retain the favour-
able ground state properties of the individual polymer and
fullerene moieties.6 However, the occurrence of photoinduced
electron transfer in this type of polymers has, as yet, not been
observed.

Here, we report preliminary results on a novel electro-
synthesised polythiophene with pendant fullerene substituents,
obtained from bithiophene-fulleropyrrolidine dyad 1 (Scheme
1). Compound 1 combines solubility and the superior electro-
polymerisability of bithiophenes7 and gives a double-cable
polymer that is heavily loaded with fullerene electron conduct-
ing moieties.

The synthetic strategy toward bithiophene-fulleropyrrolidine
1 is outlined in Scheme 1. The route to 1 starts with
commercially available 4-hydroxybenzaldehyde and 1-iodo-
2-[2-(2-iodoethoxy)ethoxy]ethane. Reaction between 4-hy-
droxybenzaldehyde and the bis-iodo derivative in the presence
of K2CO3 in acetone at reflux temperature afforded the product
of monosubstitution 2 in 20% isolated yield. Palladium-
catalysed coupling8 of 4-bromophenol with 3-thiophene-
boronic acid9 followed by NBS-bromination gave the highly
reactive derivative 3 that was coupled directly with 2-thio-
phene-boronic acid9 to afford 4. Reaction of 2 with the

potassium salt of bis-thiophene phenol 4 gave functionalised
bithiophene 5 in 50% yield. Condensation of 5 with sarcosine in
the presence of C60

10 provided 1 in 49% isolated yield. All
spectroscopic and analytical data were consistent with the
proposed molecular structures.†

The cyclic voltammogram (CV) of 1 shows one anodic peak
at ca. 1.3 V, which corresponds to the generation of radical
cations that via subsequent coupling and re-aromatisation steps
afford the substituted polythiophene chain7,11 (Fig. 1). Potential
sweeping between 0 and +1.6 V leads to the rapid growth of a
new redox wave centered at ca. 0.9 V and related to the formed
double-cable poly-1. Similar results have been obtained in
different conditions, e.g. by using different electrodes, solvents
and substrates. Insoluble and yellow-brownish films, whose
UV–VIS absorption spectra show a band ranging from ca. 600
nm to the glass cut-off at 300 nm, have been obtained. No
photoluminescence could be observed.

The CV of poly-1 films in monomer-free electrolyte medium
(Fig. 2) shows, in positive direction, a stable redox system with

Scheme 1 Reagents and conditions: a, K2CO3, acetone, reflux, 8 h, 20%; b,
3-thiophene-boronic acid, tetrakis(triphenylphosphine)palladium(0), DME,
NaHCO3 (1 M), 12 h, 76%; c, NBS, DMF, 12 h, 87% (crude); d,
2-thiophene-boronic acid, tetrakis(triphenylphosphine)palladium(0), DME,
NaHCO3 (1 M), 12 h, 48%; e, K2CO3, acetone, reflux, 8 h, 50%; f, N-
methylglycine, C60, chlorobenzene, reflux, 2 h, 49%.
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anodic and cathodic peak potentials at 0.96 and 0.61 V,
respectively, corresponding to the oxidation/re-reduction (‘p-
doping/dedoping’) of the polythiophene chain. Scanning to
negative potentials up to 22.0 V shows several waves related to
the multiple reduction processes of the fullerene moiety (Fig.
2).12 The electrochemical behaviour suggests that both the
polythiophene chain and the pendant fullerene moieties of the
double-cable retain their individual electrochemical proper-
ties.

The photogeneration of separated charged states in poly-1 has
been observed by means of light-induced electron spin
resonance (LESR) measurements. The LESR spectrum, ob-
tained by subtracting the light-off signal from the light-on
signal, is shown in Fig. 3. The spectrum reveals the photo-
induced generation of two species with spin = 1/2. The signal
at g = 2.0022 corresponds to delocalised radical cations
(widely accepted to be polarons) on the conjugated backbone
while the signal at g = 2.0004 is typical of low g-factor
fullerene radical anions.13 These results prove the occurrence of
a photoinduced electron transfer from the conjugated backbone
to the pendant fullerene moieties of poly-1, which is an essential
prerequisite for photovoltaic applications. In addition, also sub-
gap electronic and IR-active vibration (IRAV) bands are
observed in the photoinduced UV–VIS and IR spectra of poly-1

(not shown here). These spectral features are related to the
photoinduced generation of long-living charged states.14

In conclusion, we have shown the synthesis of a novel
bithiophene-fulleropyrrolidine dyad suitable as a monomer for
electrochemical polymerisation. The resulting double-cable
polymer retains the peculiar characteristics of polythiophene/
fullerene blends, including the ability to generate a charge-
separated state after photoinduced electron transfer. Since no
phase separation is expected in this type of material, donor–
acceptor double-cables represent attractive candidates for
photovoltaic applications.

We thank EC, Joule III Programme (Contract No.:
JOR3CT980206), for financial support. All partners in this
European consortium are gratefully acknowledged.

Notes and references
† Selected data for 1: 1H NMR (400 MHz, CDCl3–CS2 1+2) d 7.63 (br s,
2H), 7.16 (m, 3H), 7.09 (dd, 1H), 6.95 (d, 1H), 6.87 (m, 4H), 6.77 (m, 2H),
4.92 (d, 1H), 4.83 (s, 1H), 4.21 (d, 1H), 4.06 (m, 4H), 3.80 (m, 4H), 3.68 (s,
4H), 2.75 (s, 3H); lmax(CH2Cl2)/nm (e/dm3 mol21 cm21) 230 (112530),
256 (125060), 431 (3963); m/z (MALDI) 1242 (M+).
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Fig. 1 Anodic CV of 1 (0.1 M Bu4NPF6 in CH2Cl2). Working electrode: Pt
foil; quasi-reference electrode: Ag/AgCl wire. Scan rate: 100 mV s21.

Fig. 2 Anodic (right) and cathodic (left) CV of poly-1 (0.1 M Bu4NPF6 in
MeCN). Conditions as in Fig. 1.

Fig. 3 LESR (light-on minus light-off) spectrum of poly-1 on ITO coated
foil. T = 77 K; excitation at l = 488 nm (20 mW cm22).
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The amine template of hexagonal mesoporous silica (HMS)
can be efficiently recovered and re-used by a new extraction
procedure in acidified water rendering a directly usable high
quality mesoporous support.

Following the earliest reports on M41S materials,1 Pinnavaia
and coworkers2,3 introduced an alternative route to synthesize
mesoporous materials based on a hydrogen bonding interaction
between a neutral amine and a non-ionic silica precursor. These
materials were denoted hexagonal mesoporous silicas (HMS).
An important advantage in the synthesis of these materials is the
cost reduction by employing a less expensive and non-toxic
surfactant and the mild reaction conditions. HMS materials are
claimed to have larger pores, to be more stable and to have
thicker pore walls than their MCM-41 counterparts.4 Owing to
the weak hydrogen bonding interactions, more than 90% of the
neutral template can be recovered by a simple extraction
procedure using ethanol as extracting solvent. A few other
attempts to extract the surfactants of mesoporous templated
materials have been described in the literature (MCM-41,5,6 Al-
MCM-41,7 Al-HMS,8 mesoporous alumino- and galloalumino-
phosphate9). In all cases, a huge amount of organic solvent is
required and, mostly, the extraction needs to be followed by a
calcination step to remove the remaining surfactant or the
surface ethoxy groups produced during extraction.

We report on an optimized HMS synthesis including the
complete extraction of the template with acidified water. This
procedure yields not only a directly usable high quality support
that does not require a further calcination step, but also allows
re-use of the recovered template several times. Obviously, a
water extraction procedure fits very well in the striving to green
or sustainable chemistry.

HMS was prepared at room temperature using dodecylamine
(DDA) as structure directing agent and tetraethylorthosilicate
(TEOS) as silica source, according to the procedure reported
elsewhere.4 In a typical template removal, 1 g of as-synthesized
material was added to 100 ml solvent and refluxed for 1 h. The
residual solid was then filtered off and washed with a second
100 ml portion of solvent and dried at room temperature.
Several extracted samples were prepared: HMS-E and HMS-
W(HCl/DDA), where E and W indicate extraction in ethanol
and water, respectively. HCl/DDA indicates the molar ratio of
HCl in the solution and DDA in the as-synthesized HMS.
Furthermore, portions of the as-synthesized HMS materials that
were calcined in air at 550 °C for 16 h were designated as HMS-
C.

The amount of template in the extracted samples (see later,
Table 1) is calculated from thermogravimetric analysis. The
DTG curve for as-synthesized HMS shows weight losses at 225
and 290 °C, attributed to the thermal decomposition of DDA. A
notable difference in the shape of the DTG curve can be
observed for the ethanol extracted HMS-E (weight loss at 270
and 400 °C). Information on the origin of these weight losses
was obtained by refluxing 1 g of calcined HMS in pure ethanol
for 1 h, denoted as HMS-RE. This final material shows weight
losses at the same temperature as HMS-E, attributed to the
esterification of the surface with ethoxy groups. This can also be

inferred from IR spectroscopy (Fig. 1) where HMS-E and HMS-
RE show the same bands (2905, 2936 and 2982 cm21) in the C–
H vibration region. Although the extraction of surfactant
molecules in ethanol is very efficient (no decomposition of
DDA in the DTG curve and complete absence of DDA-bands in
the IR spectrum), it yields a surface that is completely
unreactive toward subsequent activation owing to the presence
of chemically bonded ethoxy groups, and a subsequent
calcination at 450 °C is required for further possible application
of the support.

For the water-extracted HMS-W(0) 69% of the template was
present, whereas for the acidified water-extracted HMS-W(1)
and HMS-W(2) no weight losses were observed in the DTG
curves (Table 1). The absence of template is further evidenced
by the IR spectrum of HMS-W(1), where no C–H vibrations are
observed. This significant difference in the degree of extraction

Fig. 1 Diffuse reflectance IR spectra of samples: (a) HMS-W(1), (b)
dodecylamine, (c) HMS-RE and (d) HMS-E. The spectra were measured at
200 °C under an oxygen flow.

Table 1 Amount of template after extraction and physical properties of
HMS samples

Sample

Amount
of template
(%)

BET
surface
area/
m2 g21

Vprim.pores
a/

cm3 g21 d100
b/nm

KJS pore
diameter/
nm

HMS-C — 1015 0.71 3.70 3.55
HMS-E 0 932 0.78 3.79 3.70
HMS-W(0) 69 — — — —
HMS-W(1) 0 1051 0.83 3.84 3.70
HMS-W(2) 0 791 0.54 3.63 —c

HMS-RC — 908 0.67 3.78 3.30
a Primary pore volume measured after the capillary condensation step (P/P0

≈ 0.45) in the N2 isotherm. b Basal spacing. c The pore size distribution was
too broad and irregular to determine the peak diameter.
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can be attributed to the very low solubility of DDA in pure
water, even at elevated temperature. Addition of HCl converts
DDA into soluble dodecylammonium chloride (DDAHCl),
which facilitates the extraction.

The effect of solvent extraction is shown in Fig. 2(a) and the
physical properties of the HMS samples are also listed in Table
1. Compared to the calcined and ethanol-extracted sample, N2-
sorption results show that the template removal in acidified
water [HMS-W(1)] also maintained the uniform hexagonal
mesoporous structure. To calculate the pore size distribution
(PSD), it is generally agreed that the BJH method under-
estimates the size of pores10,11 and therefore, the KJS
procedure12 [Fig. 2(b)] is used, which is based on a corrected
Kelvin equation for hexagonal materials. It is remarkable that
HMS-W(1) has a more narrow PSD, a higher BET-surface area,
higher primary pore volume and higher d100 value than the
calcined and the ethanol-extracted samples. Furthermore, the

amount of HCl seems to be a critical parameter in the acidified
water extraction procedure. An excess of HCl [HMS-W(2)]
results in a poorly ordered structure.

As to its potential use, an important step besides efficient
water extraction is the re-usability of the template. To achieve
this goal, the recovered DDAHCl was converted to DDA by the
addition of NaOH to the extraction solvent. The precipitated
DDA was dried and re-used in a fresh synthesis (HMS-RC). As
can be seen in Table 1, HMS-RC has very similar characteristics
as the calcined HMS-C, indicating that no degradation of the
surfactant has occurred.

In summary, the results reported here clearly reveal that the
amine template can be recovered easily and efficiently from
hexagonal mesoporous silica in acidified water, resulting in a
high quality and directly usable molecular sieve. Our synthetic
approach therefore provides new opportunities in the synthesis
of mesoporous supports while avoiding high-temperature
treatment and organic solvents, while the template can also be
re-used.

P. V. D. V. acknowledges the FWO-Vlaanderen (Fund for
Scientific Research, Flanders, Belgium) for financial support.
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(C6H5)2N2P2(N3)6 1 has been prepared and characterised by
multinuclear NMR, vibrational spectroscopy and single
crystal X-ray analysis; the normal modes of 1 have been
calculated and the antisymmetric stretching vibration of the
azide group has been discussed.

In 1970 Horn reported on the reaction of 1,3-dimethyl-
2,2,2,4,4,4-hexachloro-1,3-diaza-2,4-diphosphetidine with
NaN3 in MeCN yielding a highly explosive compound which
was only poorly characterised.1 To our knowledge only a few
crystal structures of mono- and di-substituted phosphorus
azides2 and nitrogen-penta-coordinated phosphorus com-
pounds2c,3 have been published. Here we report on the synthesis
and structural characterisation of the first nitrogen-penta-
coordinated phosphorus species substituted with three azide
groups, which can be considered as a hexazidodiphosphadia-
zacyclobutane.

1,3-Diphenyl-2,2,2,4,4,4-hexazido-1,3-diaza-2,4-diphosphe-
tidine 1 was obtained in high yield as a colourless solid from the
reaction of 1,3-diphenyl-2,2,2,4,4,4-hexachloro-1,3-diaza-
2,4-diphosphetidine with trimethylsilyl azide in CH2Cl2 solu-
tion, [eqn. (1)].

(1)

Single crystals suitable for X-ray diffraction determination§
were grown from CH2Cl2. A view of the molecular structure of
1 is shown in Fig. 1. Compound 1 crystallises in the triclinic
space group P1̄ with two formula units in the unit cell. The two
crystallographically different molecules display nearly identical
bond lengths and angles.

The molecular structure of 1 reveals Ci symmetry in which
each phosphorus is coordinated by five nitrogen atoms. The
coordination sphere around the phosphorus atom can be
regarded as a slightly distorted trigonal bipyramid.

The N2P2 ring is planar with a P–N–P angle of 100.6(2)° and
a N–P–N angle of 79.4(2)°. The azide groups are slightly bent
with N–N–N angles ranging from 171.1(4) to 175.1(4)° which

are in accordance with the structures of other covalent
phosphorus azides.2

Since the two nitrogen ring atoms occupy different positions
in the coordination sphere around the phosphorus atom [N(10)
equatorial, N(10B) axial position, with respect to P(1) and vice
versa for P(1B)] two considerably different P–Nring bond
lengths [1.643(4) and 1.774(3) Å] are observed which are
similar to the bond lengths found in Me2N2P2Cl6.4 A similar
large difference in the P–N bond length is found for the azide
groups [1.703(3), 1.713(3) and 1.804(3) Å] as each phosphorus
atom in 1 is surrounded by two equatorial [eq, N(1), N(4)] and
one axial [ax, N(7)] azide groups. NBO analysis indicates that
this structural feature can be rationalised by a ‘weaker’ two-
electron–three-centre bond unit along the N(10B)–P(1)–N(7)
[and N(10)–P(1B)–N(7B)] axis whereas the equatorial posi-
tions can be best described by two-electron–two-centre bond
units.† This rather special bonding situation can best be
understood in the picture of localised bond orbitals (NBOs) by
strong non-covalent contributions between the two monomeric
units.5 The one lone pair (p-type atomic orbital) on each
N(Ph)P(N3)3 unit interacts with the antibonding s P–N3 bond
system of the second monomeric unit and vice versa (Fig. 2).
There are three strong intramolecular donor–acceptor inter-
actions of this type which weaken the P–N3 bonds (especially
P–N3,ax) and account for the rather long P–N3 bonds. However,
since the lone pair (LP) on the ring nitrogen atom lies in-plane
with the P–N3,ax bond of the second monomeric unit, the
interaction with the unoccupied, antibonding s*(P–N3,ax) is
stronger than the interaction with the ‘out-of-plane’ s*(P–N3,eq)
bond orbitals [LP(Nring) ?s*(P–N3,ax): 85, LP(Nring) ?s*(P–
N3,eq1): 38, LP(Nring) ? s*(P–N3,eq2): 34 kcal mol21].† This

† Electronic supplementary information (ESI) available: experimental
details for 1, Fig. SI 1 and computational details. See http://www.rsc.org/
suppdata/cc/b0/b006944m/
‡ For queries relating to crystal structure analysis.

Fig. 1 An ORTEP plot of the molecular structure of compound 1 with
thermal ellipsoids at 25% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths (Å) and angles (°): P(1)–N(1) 1.703(3), P(1)–
N(4) 1.713(3), P(1)–N(7) 1.804(3), N(1)–N(2) 1.252(4), N(4)–N(5)
1.253(4), N(7)–N(8) 1.240(4), N(2)–N(3) 1.118(4), N(5)–N(6) 1.118(4),
N(8)–N(9) 1.130(4), P(1)–N(10) 1.643(4), N(10)–P(1B) 1.774(3); P(1)–
N(10)–P(1B) 100.6(2), N(10)–P(1)–N10(B) 79.4(2).
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strong interaction of the nitrogen lone pair with the s* P–N3
bonds can be considered as the main driving force of the
cyclisation. Moreover, this donor–acceptor bonding is strength-
ened by the donor properties of the phenyl ring and accounts for
the stability of the dimer. Previous NMR studies on phosphine-
imine/diazadiphosphetidine equilibria have shown that the
formation of the dimer strongly depends on the donor properties
of the nitrogen substituents.6 Weaker donor substituents (e.g.
C6H2Cl3-2,4,6) result in equilibria between the monomeric and
dimeric species.

As a result of this intriguing bond situation, the axial P–N3
bond displays a higher ionic character which is manifested by a
better p delocalisation along the azide unit leading to a longer
terminal N(8)–N(9) bond length and a shorter N(7)–N(8) bond
length than in the equatorial azide groups with a less polar P–N3
bond (Fig. 1). In agreement with this, the hybridisation on the
nitrogen attached to the P atom increases from Nax(7) (sp1.01) <
Neq(1) (sp1.23) < Neq(4) (sp1.31) resulting in a larger N(7)–
N(8)–N(9) angle compared to the N(4)–N(5)–N(6) and N(1)–
N(2)–N(3) angles.

Since the terminal N(8)–N(9) bond length of the axial azide
group is significantly longer, the antisymmetric stretching
vibrations of the axial azide group appear at lower wave-
numbers than the antisymmetric stretching vibration of the
equatorial azide groups (Table 1). The calculated, scaled
antisymmetric stretching frequencies are in excellent agreement
with the experimentally observed vibrational frequencies and
confirm the results of the NBO analysis.† Owing to Ci
symmetry of the molecule, there are six normal modes
describing the antisymmetric stretching vibration of the N3
moiety which are either Raman active (3 Ag) or IR active (3 Au).
In agreement with Ci symmetry, the Raman and the IR spectra
of solid 1 show each three absorbtions: Raman (2158, 2135,
2111 cm21); IR (2154, 2142, 2113 cm21), which are in the
typical region for the antisymmetric stretching vibration of
azides.7 The approximate displacement vectors and assign-
ments are given in Table 1.

The difference between the axial and equatorial azide groups
was also observed in the 14N NMR spectrum of 1. The 14N
NMR spectrum of a covalently bonded azide group (con-
nectivity X–Na–Nb–Ng) usually shows three resonances

whereas the signal of the Na and Ng are very broad owing to the
large quadrupole moment of 14N. The 14N NMR spectrum of 1
reveals three signals for the Nb atoms at 2152 (br, sh) and 2154
ppm which can be assigned to the two Neq and Nax. The
resonances of the Ng atoms are found in the region of 2166 (br,
Neq) and 2169 (Nax) ppm.8 A single resonance was observed in
the 31P NMR spectrum at 287.6 ppm, in the region typical for
penta-coordinated phosphorus.

Financial support of this work by the University of Munich
and the Fonds der Chemischen Industrie is gratefully acknowl-
edged. We also wish to thank Prof. K. Karaghiosoff for helpful
advice with the NMR spectra. We thank the referees for most
valuable comments.
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Table 1 Selected IR and Raman data for 1

Displacement vectord

Calc. IR / Ramana Exp. IR / Ramanb Symmetry
Approximate
assignmentc N(4) N(1) N(7)

2164 (0; 472) 2158 (0; 7) Ag nas, i. p., N3,eq –N –N N
—N —N N

2158 (840; 0) 2154 (s; 0) Au nas, o. p., N3,eq –N –N N
—N —N N

2143 (1804; 0) 2142 (s; 0) Au nas, o. p., N3,eq —N –N N
–N —N N

2142 (0; 176) 2136 (0; 4) Ag nas, i. p., N3,eq —N –N N
–N —N N

2105 (0; 250) 2111 (0; 1) Ag nas, i. p., N3,ax N N –N
N N —N

2102 (1918; 0) 2113 (m; 0) Au nas, o. p., N3,ax N N –N
N N —N

a Wavenumbers in cm21; calculated IR intensities (km mol21) and Raman activities (Å4 AMU21) in parenthesis; HF/6-31G(d,p) calculated wavenumbers
scaled with f = 0.8317; cf. B3LYP/6-31G(d,p) unscaled frequencies (symmetry, IR intensity in km mol21): 2302 (Ag, 0), 2293 (Au, 557), 2287 (Au, 1909);
2287 (Ag, 0); 2270 (Ag, 0) and 2272 (Au, 943) cm21. b Relative IR and Raman intensities in parenthesis. c Neq(1) equivalent to Neq(1B), Neq(4) equivalent
to Neq(4B), Nax(7) equivalent to Nax(7B). i. p. = In phase: according to Ci-symmetry all equivalent N3-groups vibrate in phase; o. p. = out of phase: according
to Ci-symmetry the movement of all equivalent N3-groups is shifted by 180°. d These displacement vectors represent approximations. Weak coupling between
the axial and the equatorial azide groups is neglected for clarity.

Fig. 2 Intramolecular donor–acceptor interaction in 1: LP(Nring) ? s*(P–
N3).
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The steric influences of the functional groups at the termini
of acyclic enediynes can dramatically affect the Bergman
cyclization temperatures of the resulting compounds.

The potent antitumor activity of the enediyne natural product
antibiotics1 such as calicheamicin,2 dynemicin,3 esperamicin,4
and neocarzinostatin5 has fostered interest in the development
of simple enediynes with low thermal barriers to formation of
the lethal 1,4-benzenoid diradical intermediate.6 To this end,
carbocyclic enediyne frameworks,7 and more recently, novel
metalloenediyne structures,8–13 have shown considerable prom-
ise for the development of molecules with tunable thermal
reactivities. Key structural considerations within these archi-
tectures are the relative disposition of the alkyne termini, as well
as the nature of the ring closing motif, both of which provide
steric contributions to the thermal barrier to Bergman cycliza-
tion.14,15 In cases of metal assisted enediyne activation, it is now
established that the metal center geometry is an important
influence on the cyclization thermodynamics.11–13 However,
the structural consequences derived from ligand design also
contribute significantly to the initial barrier height prior to metal
assisted activation.12,13 Unfortunately, the steric influences of
the metal binding functionalities have not yet been system-
atically evaluated for simple enediyne ligands.

As a part of our ongoing investigations of novel metallo-
enediyne structures and reactivities,11–13,16 we became inter-
ested in designing simple nitrogen donor enediyne chelates with
variable thermal properties. Within this theme, we report the
syntheses and thermal reactivities of two symmetric and two
asymmetric enediyne chelates of the form 1,8-bis(R,RA)oct-
4-ene-2,6-diyne where R and RA = dimethylamino, amino, or
3-hydroxypyridine. The asymmetric compounds are synthet-
ically unique, and exhibit cyclization temperatures between the
bis(dimethylamino) and the novel diamino compound, the latter
of which is substantially more reactive. The thermal reactivities
of these enediynes systematically illustrate the importance of
intraligand steric hindrance in influencing Bergman cyclization
temperatures.

Scheme 1 illustrates the general strategy for our preparation
of the symmetric dimethylamino enediyne (1,8-bis(dimethyla-
mino)oct-4-ene-2,6-diyne,17 4),† as well as the dimethylamino
(5)‡ and 3-hydroxypyridine (6) substituted 5-chloropent-4-ene-
2-yne synthon. Stephens–Castro coupling of 2.2 equiv. of the
3-dimethylaminoprop-1-yne (1) with cis-1,2-dichloroethylene
(3) over a Pd(0) catalyst in the presence of CuI and BuNH2
generates 4 in 79% yield. Comparable reaction conditions using

1+1.2 alkyne 1,2+3 stoichiometries produces the monosub-
stituted eneyne precursors 5, 6 in 57–62% yield. Reaction of 5
with 1 equiv. of the N-Boc-prop-2-ynyl amine (10), or 6 with 1
under analogous conditions yields the asymmetric products 7
and 8§ (Scheme 2). Subsequent treatment of 7 with acid
removes the protecting group and generates the asymmetric
primary/tertiary amine species 9.§ The same N-Boc-prop-
2-ynyl amine (10) is employed for the preparation of the N-Boc
enediyne precursor 11 and the subsequent diamino product 12
by analogy (Scheme 3).¶

The Bergman cyclization temperatures of enediyes 4, 8, 9,
and 12 (Table 1) were measured on neat materials by DSC and
show a remarkable 80 °C variation across the series. The origin
of the gradient derives from the steric encumbrance imposed
upon the alkyne termini by the nitrogen-containing substitutents
at the 1,8 positions of the enediyne framework. Beginning with
R = dimethylamino, 4 is a thermally stable compound that
exhibits a Bergman cyclization temperature of 186 °C.
Substitution of one dimethylamino group with 3-hydroxypyr-
idine (8) dramatically reduces the Bergman cyclization tem-
perature to 149 °C. The result derives primarily from two
sources. First, the ability of the pyridine ring to rotate out of the
enediyne plane about the oxygen bond relieves steric clashes
with the opposing substituent.13 Secondly, the addition of the
sp3 oxygen between the pyridine ring and the alkyne termini

Scheme 1

Scheme 2

Scheme 3

Table 1 Bergman cyclization temperatures of symmetric and asymmetric
acyclic enediynes

Compound
Cyclization
temperature/°C

4 186
8 149
9 139

12 106
13 13612

14 19513
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effectively distances the pyridine substituent from the alkyne
termini by another atom, further reducing the interaction
between substituents. This latter effect plays an important role
as subsequent substitution to form the 1,8-bis(pyridin-3-
yloxy)oct-4-ene-2,6-diyne (13) compound12,16 restores the
adjacent proximity of the substituents and results in only a
modest decrease of the Bergman cyclization temperature of 13
(136 °C) relative to 8. In contrast, removal of oxygen and
methylene carbon atoms from 13 to form the conjugated
1,6-dipyridin-3-ylhex-3-ene-1,5-diyne (14) in which the pyr-
idine rings are adjacent to the alkyne termini restores the high
Bergman cyclization temperature (195 °C).13

A more pronounced trend is observed between the three
compounds in the bis(dimethylamino) to diamino enediyne
series (4, 9, 12). Monosubstitution of amino for dimethylamino
(9) yields a dramatic 47 °C decrease in the Bergman cyclization
temperature (9 = 139 °C). Further substitution to form the
diamino compound 12 produces an additional 33 °C decrease in
the Bergman cyclization temperature (12 = 106 °C, onset:
55 °C) indicating that 12 has one of the most facile thermal
reactivities of an acyclic enediyne reported to date. The
enhanced thermal reactivity of 12 results from a combination of
the reduced steric hindrance of the primary amine functional-
ities, as well as an additional contribution from intramolecular
hydrogen bonding.

To better correlate the thermal reactivity of 12 with that of
other enediyne compounds reported in solution, we have
measured the pseudo first-order rate constant (20-fold cyclo-
hexadiene) and half-life (t1/2) for the reactivity of 12 in DMSO
by monitoring the disappearance of the –CH– 1H NMR
resonance at 5.7 ppm at 65 °C. A first order plot of ln([12]) vs.
t and subsequent linear regression (R = 0.99) yielded kobs =
4.16 3 1022 h21, t1/2 = 16.6 h. As is often observed in solution
cyclization reactions of enediynes, a series of products are
produced,18 which in this case include disubstituted benzenes,
and as such no dominant species could be isolated from the
reaction. The low onset temperature for reactivity of this acyclic
enediyne indicates that 12 may be an extremely important
ligand for generating thermally reactive and therapeutically
useful metalloenediyne complexes. The series also highlights
the importance of ligand design in influencing Bergman
cyclization temperatures and points toward the use of sterically
innocent ligands in order to achieve lower metalloenediyne
cyclization temperatures.

The generous support of the American Cancer Society (RPG-
99-156-01-C), the Donors of the Petroleum Research Fund
(PRF#33340-G4), administered by the American Chemical
Society, and Research Corporation (Research Innovation
Award #RI0102 for J. M. Z) are gratefully acknowledged.
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mol), n-butylamine (5 mol) in benzene at 45 °C and stirring the mixture for
4 h at that temperature. The crude product was purified by flash column
chromatography (5% ethyl acetate–dichloromethane). Spectral data for (4),
yield: 79%; dH(400 MHz, CDCl3): 2.19 (s, 12H, CH3), 3.33 (s, 4H, NCH2),
5.71 (s, 2H, CH); dC(CDCl3): 44.16 (NCH3), 48.84 (NCH2), 83.02 (Cquart),
93.34 (Cquart), 119.38 (CH); MS: m/z 191.2 (M+ + 1).
‡ Spectral data for (5), yield: 62%; dH(400 MHz, CDCl3): 2.32 (s, 6H,
NCH3), 3.44 (s, 2H, NCH2), 5.88 (d, J = 8 Hz, 1H, CH), 6.36 (d, J = 8 Hz,

1H, CH); dC(CDCl3): 44.39 (NCH3), 48.93 (NCH2), 79.50 (Cquart), 93.64
(Cquart), 112.24 (CH), 128.25 (CH); MS: m/z 145 (M+ + 2), 143 (M+).
Spectral data for (6), yield: 57%; dH(400 MHz, CDCl3): 4.95 (s, 2H, OCH2),
5.90 (d, J = 8 Hz, 1H, CH), 6.46 (d, J = 8 Hz, 1H, CH), 7.25-7.33 (m, 2H),
8.27 (m, 1H), 8.42 (s, 1H); dC(CDCl3): 56.95 (OCH2), 82.0 (Cquart), 91.23
(Cquart), 111.28 (CH), 121.94 (CH), 123.98 (CH), 130.97 (CH), 138.70
(CH), 143.05 (CH), 153.94 (Cquart); MS: m/z 195 (M+ + 2), 193 (M+), 158,
130.
§ Spectral data for (7), yield: 65%; dH(400 MHz, CDCl3): 1.45 (s, 9H, CH3),
2.35 (s, 6H, NCH3), 3.46 (s, 2H, NCH2), 4.12 (s, 2H, NCH2), 5.09 (s, 1H,
NH), 5.82 (m, 2H, CH); dC(CDCl3): 28.66 (CH3), 31.66 (NCH2), 44.34
(NCH3), 49.04 (NCH2), 80.17 (Cquart), 81.03 (Cquart), 82.96 (Cquart),
93.09 (Cquart), 92.18 (Cquart), 119.18 (CH), 120.29 (CH), 155.59 (CO);
MS: m/z 262.16 (M+); Spectral data for (8), yield: 62%; dH(400 MHz,
CDCl3): 2.28 (s, 6H, NCH3), 3.39 (s, 2H, NCH2), 4.90 (s, 2H, OCH2), 5.78
(d, J = 8 Hz, 1H, CH), 5.88 (d, J = 8 Hz, 1H, CH), 7.20–7.27 (m, 1H),
7.28–7.31 (m, 1H), 8.25 (m, 1H), 8.38 (d, J = 4 Hz, 1H); dC(CDCl3): 44.25
(NCH3), 48.87 (NCH2), 57.12 (OCH2), 82.65 (Cquart), 85.51 (Cquart),
90.19 (Cquart), 93.72 (Cquart), 118.14 (CH), 121.36 (CH), 121.89 (CH),
124.02 (CH), 138.66 (CH), 143.04 (CH), 154.13 (Cquart); MS: m/z 239.1
(M+ 2 1), 196.1, 145.1. Spectral data for (9), yield: 72%; dH(400 MHz,
CDCl3): 1.42 (br s, 2H, NH2), 2.34 (s, 6H, NCH3), 3.47 (s, 2H, NCH2), 3.67
(s, 2H, NCH2), 5.81 (s, 2H, CH); dC(CDCl3): 32.34 (NCH2), 44.33 (NCH3),
49.02 (NCH2), 80.36 (Cquart), 83.04 (Cquart), 92.65 (Cquart), 119.43
(CH), 119.49 (CH); MS: m/z 162.1 (M+), 132.1.
¶ The syntheses of 11 and 12 are directly analogous to that of 4 and 9.
Spectral data for enediyne (11), yield: 68%; dH(400 MHz, CDCl3): 1.44 (s,
18H, CH3), 4.10 (s, 4H, NCH2), 4.93 (br s, 2H, NH), 5.78 (s, 2H, CH);
dC(CDCl3): 28.67 (CH3), 31.65 (NCH2), 80.29 (Cquart), 80.55 (Cquart),
93.70 (Cquart), 119.91 (CH), 155.68 (CO); MS: FAB 335 (M+ + 1).
Deprotection of the Boc group was achieved by stirring (11) with 37% HCl
in ethyl acetate. Spectral data for (12), yield: 70%; dH(400 MHz, CDCl3):
1.44 (s, 4H, NH2), 3.54 (s, 4H, NCH2), 5.72 (s, 2H, CH); dC(CDCl3): 32.52
(NCH2), 79.90 (Cquart), 98.21 (Cquart), 119.15 (CH); MS: m/z 134.1 (M+

+ 1).
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A new homoleptic diplatinum complex [Pt2(GaCp*)2(m2-
GaCp*)3] (Cp* = pentamethylcyclopentadienyl) exhibiting
a central unit of two platinum atoms coordinated by five
Cp*Ga groups acting as terminal as well as bridging ligands,
was synthesized by the reaction of tris(ethylene)platinum(0)
with an excess of (Cp*Ga)6 and was characterized by
structural and quantum chemical methods. 

In the past decade, the synthesis and structural chemistry of low-
valent group 13 compounds and particularly their potential as
ligands for the synthesis of novel group 13 element transition
metal complexes and clusters, as well as the use of those latter
compounds as precursors to new materials, have attracted
widespread interest.1 However, recent studies concerning this
subject have almost exclusively focused on the coordination of
ER species (E = Al, Ga, In) to metal carbonyl fragments.2
When in 1998 Uhl et al. reported the synthesis of [Ni{InC-
(SiMe3)3}4], the first analogue of a mononuclear, binary
carbonyl complex with exclusively terminal ER groups,3 it was
recognised as the starting point of a very fruitful new
development in coordination chemistry. However, since then
only three (!) other related homoleptic complexes have been
reported by Uhl et al., [M{EC(SiMe3)3}4] (M = Ni, E = Ga; M
= Pt; E = In),4 and Jutzi et al., [Ni(GaCp*)4].5 We were
attracted by the unique properties of ECp* compounds1e and
have shown recently, that ECp* ligands stabilise reactive 14e
L2Pt centres produced by reductive alkane elimination to yield
complexes of the type [(dcpe)Pt(ECp*)2] [E = Al, Ga; dcpe =
1,2-bis(dicyclohexylphosphino)ethane].6 Herein we describe
the first example of the so far unknown series Ma(ER)b which
extends the analogy between CO and ER ligands:
[Pt2(GaCp*)2(m2-GaCp*)3] 1. The ER ligands are often com-
pared to carbon monoxide or phosphine ligands, but regarding
1, no truly analogous neutral homoleptic diplatinum carbonyl or
phosphine complexes are known. Compounds of the type
[Pt2(PPh3)2(m2-dmpm)3] [dmpm = bis(dimethylphosphino)-
methane] bridged by a phosphine chelate ligand, may be
regarded as closest congeners, at least from a topological point
of view.7

The synthesis of 1 is outlined in Scheme 1. When tris(ethyle-
ne)platinum(0)8 in pentane solution was treated with a 4.8-fold
amount of Cp*Ga2b per equivalent of the platinum compound at
–100 °C, a reddish brown solution was formed immediately.
After warming up to room temperature and evaporation of all
volatile components in vacuo, a dark red crude crystalline
material was collected (quantitative yield based on NMR
spectroscopy). After recrystallization from benzene large ruby-
red octahedral shaped crystals were gathered in a yield of 70%.
Compound 1 was characterised by 1H NMR, 13C NMR and IR
spectroscopy, elemental analysis† and single crystal X-ray

diffraction.‡ The 1H NMR spectrum in benzene-d6 exhibits two
resonances at d 2.15 and 2.03, respectively, with a ratio of two
to three, that can be assigned to the methyl groups of the
terminal and bridging Cp*Ga units, thus showing that there is
no exchange between this positions on the NMR time scale. The
13C NMR data show similar features.† Neither 71Ga nor 195Pt
NMR resonances have, as yet, been identified, most likely
because of extensive quadrupolar line broadening effects
caused by the Ga nuclei. A single crystal X-ray diffraction study
was performed, the results of which confirm the structural
predictions based on analytical and spectroscopic data.

Compound 1 crystallizes in the monoclinic space group P21/c
(Z = 4). The molecular structure of 1 (Fig. 1) consists of a
central unit of two platinum atoms Pt(1) and Pt(2) with a quite
short platinum–platinum bond length of 2.582(1) Å, compared
to the common range for Pt0–Pt0 bonds of ca. 2.65–2.80 Å,  e.g.
in {[Pt(dtbpe)]2} [2.765(1) Å, dtbpe = 1,2-bis(di-tert-butyl-
phosphino)ethane] or neutral platinum clusters like
[Pt3(PCy3)3(CO)3] [2.656(2) Å, Cy = cyclohexyl].9 For the
shortest Pt–Pt distances in platinum metal values in the range
2.742–2.848 Å have been reported.10 The Pt2 unit of 1 is
surrounded by two terminal Cp*Ga ligands [Ga(1) and Ga(2)],
and three bridging Cp*Ga ligands [Ga(3)–Ga(5)]. All Cp*

Scheme 1

Fig. 1 Molecular structure of 1. Selected bond lengths (Å) and angles (°):
Pt(1)–Pt(2) 2.582(1), Pt(1)–Ga(1) 2.326(2), Pt(2)–Ga(2) 2.331(1), Pt(1)–
Ga(3) 2.450(1), Pt(1)–Ga(4) 2.465(1), Pt(1)–Ga(5) 2.464(1), Pt(2)–Ga(3)
2.472(1), Pt(2)–Ga(4) 2.463(1), Pt(2)–Ga(5) 2.470(1), Ga(1)–Ga(3) 4.160,
Ga(3)–Ga(4) 3.593, Ga(1)–C(1–5) 2.294(7)–2.310(7), Ga(4)–C(31–35)
2.313(7)–2.338(7), Cp*centroid–Ga(1) 1.968, Cp*centroid–Ga(2) 1.969,
Cp*centroid–Ga(3) 2.013, Cp*centroid–Ga(4) 2.001, Cp*centroid–Ga(5) 2.021;
Ga(1)–Pt(1)–Pt(2) 178.93(2), Ga(2)–Pt(2)–Pt(1) 178.60(2), Pt(1)–Ga(3)–
Pt(2) 63.28(2), Pt(1)–Pt(2)–Ga(3) 57.95(2), Pt(2)–Pt(1)–Ga(3) 58.77(2),
Ga(1)–Pt(1)–Ga(3) 121.12(3), Ga(3)–Pt(1)–Ga(4) 93.95(3).
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moieties are bound to the Ga centres in a nearly ideal symmetric
h5 mode with average values for the Cp*centroid–Ga distances of
1.969 Å for the terminal Cp*Ga units and 2.013 Å for the
bridging ligands, both values being close to the free ligand of
2.081 Å (gas phase, monomer).1a Such distances are an indirect
measure for the polarity of the Ga–Pt bond, which appears to be
low compared to [(CO)nM–GaCp*] complexes, especially for
the bridging Cp*Ga ligands.2a,6 The coordination pattern of the
five Cp*Ga units at the central Pt(1)–Pt(2) core results in a
diplatinum centred trigonal-bipyramidal structure (idealized
D3h symmetry) with an essentially linear Cp*Ga–Pt–Pt–GaCp*
arrangement. The structure can also be described in terms of two
face-sharing PtGa4 tetrahedra. At least formally we can imagine
an (unstable ?) intermediate species [Pt(GaCp*)4] similar to the
corresponding stable [Ni(GaCp*)4] adding one reactive
[PtGaCp*] fragment to yield 1. This tendency of the heavier d-
metals to form oligonuclear complexes rather than mononuclear
species is well known from classical metal carbonyl chemistry.
The terminal Pt–Ga distances of 2.326(2) and 2.331(1) Å are the
shortest Pt–Ga bonds known and compare with average
terminal Pt–Ga bond lengths of 2.369 Å in [(dcpe)Pt-
(GaCp*)2].6 The bridging Cp*Ga units exhibit an average Pt–
Ga bond length of 2.464 Å, with values in the range
2.450(1)–2.472(2) Å. The shortest Pt–Ga distances of the
intermetallic alloy systems PtGa and Pt2Ga3 amount to 2.60 and
2.45 Å, respectively.11 A final comparison can be drawn to the
complex [(dcpe)Pt(GaR2)(R)] (R = CH2But), which exhibits
the only other known Pt–Ga bond in molecular compounds
[2.438(1) Å].12 The Ga–Ga distances of compound 1 are in the
range 3.593–3.691 Å for the bridging Cp*Ga units and
4.160–4.197 Å for the distances between terminal and bridging
Cp*Ga ligands, which both are regarded as non-bonding. These
values can be compared to the situation in (Cp*Ga)6 with Ga–
Ga distances in the range 4.073–4.173 Å as a consequence of
very weak bonding interactions in the solid state.1a

We examined the bonding situation in 1 with the aid of
quantum chemical methods. To this end we first optimized the
geometry of the model compound [Pt2(GaCp)2(m2-GaCp)3] 1M
where the Cp* ligands of 1 are replaced by Cp at the gradient-
corrected DFT (BP86) level of theory.13 The calculated bond
lengths of 1M are Pt–Gaterminal 2.308 Å, Pt–Gabridge 2.368 Å
and Pt–Pt 2.829 Å. The theoretical value for the Pt–Gabridge
bond is significantly shorter than the experimental value of 1,
and the calculated Pt–Pt distance is much too long. Therefore
we optimized the geometry of the real compound 1 at the same
level of theory.13 The calculation took three weeks cpu-time on
a fast workstation and gave interatomic Pt–Pt distances which
are in better agreement with experiment. The theoretical
(average) values for 1 are Pt–Gaterminal 2.393 Å, Pt–Gabridge
2.558 Å and Pt–Pt 2.676 Å. Calculated bond lengths of donor–
acceptor bonds are usually longer than experimental values
obtained from X-ray structure analysis, since solid state effects
tend to shorten the interatomic distances.15 Analysis of the Pt–
Pt bond with the help of the NBO16a and AIM16b methods
suggests weak attractive interactions only. A detailed bonding
analysis will be reported in a full paper.

Though to our knowledge no intermetallic Pt2Ga5 bulk phase
has been reported, the synthesis of heterobimetallic compounds
such as 1 might provide prospects for molecular pathways to
new intermetallic materials and nanophases as a valid target for
further studies, following our work on single molecule sources
for OMCVD of alloy thin film materials, which we have been
performing for a number of years.1d

The support of this work by the Deutsche Forschungs-
gemeinschaft (Fi 502/6-1), the Degussa-Hüls AG and the W. C.
Heraeus GmbH is gratefully acknowledged.

Notes and references
† Spectroscopic data for 1: dH(298 K, 250.1 MHz, C6D6) 2.03 [s, 45H,
CH3, (m2-Cp*Ga)], 2.15 [s, 30H, CH3, (Cp*Ga, terminal)]; dC(298 K, 62.9
MHz, C6D6) 10.58 [CH3, (Cp*Ga, terminal)], 12.35 [CH3, (m2-Cp*Ga)],

112.56 [ring atoms, (m2-Cp*Ga)], 114.35 [ring atoms, (Cp*Ga, terminal)].
IR (KBr, cm21) 2957m (sh), 2903s, 2849s, 1480m, 1445m (sh), 1418s,
1375s, 1260w, 1063w, 1020w, 797m, 585m, 473w. Elemental Anal. Calc.
for C50H75Ga5Pt2, C, 42.44; H, 5.34. Found: C, 42.78; H, 5.49%. Slow
decomp. beginning at 50 °C.
‡ Crystallographic data for 1 (ruby-red octahedra, 0.35 3 0.30 3 0.28
mm): C50H75Ga5Pt2, M = 1414.9, monoclinic, a = 14.9284(12), b =
20.1058(15), c = 18.9613(15) Å, b = 100.730(1)°, U = 5591.7(8) Å3, T =
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suppdata/cc/b0/b008133g/ for crystallographic files in .cif format.
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The reaction of D,L-5A-activated nucleotide of adenosine in
the presence and absence of montmorillonite gave 60+40 and
96+4 ratios, respectively of the D,D- and L,L+D,L- and L,D-
dimers.

In the RNA world paradigm for the origin of life, RNA is
formed by polymerization of mononucleotides present on the
primitive Earth.1 The RNA provides both the required genetic
information and the catalytic activity in the first life. RNA
oligomers of A, C, I, G, and U are formed in the reaction of the
corresponding activated mononucleotides on montmorillonite
clay.2–4 The information content of the heterogeneous mixture
of oligomers formed in the montmorillonite-catalyzed reaction
serves as a template for the formation of complementary
RNAs.3 Fifty mers of A form when the phosphoroimidazolide
of adenosine (ImpA) is added daily to a decameric primer bound
to montmorillonite.5 RNAs containing about fifty monomer
units are long enough to be effective templates and catalysts.6

There has been little or no success in the enantioselective
formation of biomolecules in prebiotic experiments.7 While
chiral selection was observed in the self-directing oligomeriza-
tion of activated tetranucleotides of pyranosyl-RNA8 it has not
been observed in the template-directed synthesis of RNA.9

It would have been a major impediment to the origins of the
RNA world if RNAs composed of equal amounts of D- and L-
nucleotides formed. These structures would have had less
chance of forming the helices, stem loops, and pseudo knots
required for the RNA to fold into the secondary and tertiary
structures required for template-directed synthesis and cataly-
sis.6 In addition, polymers containing both D- and L-nucleotides
would have increased the number of isomers formed with the
resultant decrease in number of those longer RNAs required to
initiate the origin of life.6

The potential for oligomer formation from racemic mixtures
was explored in the reactions of D,L-ImpA and -ImpU on
montmorillonite. The reactions of 15 mM of each of these
racemic mixtures on montmorillonite resulted in the formation
of oligomers comparable in length10 to those formed from the
corresponding D-enantiomers.2,4† This result stands in marked
contrast to the RNA template-catalyzed reaction where the

formation of oligo(G)s is strongly inhibited by the incorporation
of a nucleotide of the opposite absolute configuration into the
growing oligomer chain.9

The potential for homochiral selection in RNA synthesis was
explored in the reaction of D,L-ImpA on montmorillonite to
form pApA. Reaction mixtures were digested with alkaline
phosphatase to dephosphorylate the pApA products to the
corresponding ApAs. The products were separated into four
peaks of increasing retention time which contained (1) D,D- and
L,L-A2ApA, (2) D,L- and L,D-A2ApA, (3) D,D and L,L-A3ApA and (4)
D,L- and L,D-A3ApA on two different reverse phase HPLC
columns (Table 1).11 The identity of the reaction products was
established by coinjection with authentic samples. The average
percentage of the homochiral products D,D- and L,L-ApA to the
corresponding D,L- and L,D- diastereomers is 60+40 ± 3.8%,
respectively.

Control reactions without montmorillonite resulted in the
homochiral selection of 94+6 ± 3.2% for D,D- and L,L-ApA vs.
D,L- and L,D-ApA using 0.15 and 0.60 mM D,L-ImpA (Table 2).
The yields of dimeric products in the 0.15 and 0.60 mM
montmorillonite-catalyzed reactions were 5.9 and 19 times
greater, respectively, than those in the uncatalyzed reactions.
The difference in the yields reflects the 500 times greater second
order rate constant for the catalyzed vs. the uncatalyzed
reactions of ImpA.4,12

The possibility that the homochiral selectivity observed in the
montmorillonite-catalyzed reaction was due to an uncatalyzed
solution phase process was evaluated. The percentages for the
0.15 and 0.60 mM catalyzed reactions in rows 7 and 9 of Table
1 were recalculated after subtracting the dimer yields in the
control reactions. The selectivity would decrease from 65+35 to
59+41 for the 0.15 mM reaction and from 58+42 to 56+44 for
the 0.6 mM reaction. These data show that the observed
homochiral selection is observed in the reaction catalyzed by
montmorillonite.

Low concentrations of D,L-ImpA were used to minimize
trimer formation so that the product mixture would only be a
measure of the chiral selection for dimer synthesis.11 The
amount of trimer formed was estimated from the relative total
areas of the dimer and trimer peaks. The trimer fraction was

Table 1 Relative yields and ratios of D,D & L,L and D,L & L,D dimers from the montmorillonite-catalyzed reaction of D,L-ImpA

mBondapak column Alltima column

D,L-ImpA (mM) 0.15 0.15 0.60 0.60 0.15 0.15 0.60 0.60

Reaction Time (h) D,D & L,L (%) 2 18 2 18 2 18 2 18
A2ApA 37 23 33 36 46 27 43 31
A3ApA 21 36 20 30 19 33 15 27

D,L & L,D (%)
A2ApA 23 20 26 15 19 19 24 19
A3ApA 19 21 21 19 16 21 18 23

D,D &  L,L+D,L & L,Da 58+42 59+41 53+47 66+34 65+35 60+40 58+42 58+42
a The average of all determinations of D,D & L,L+D,L & L,D is 60+40 ± 3.7%.
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isolated from the reaction of 15 mM D,L-ImpA on montmor-
illonite and was dephosphorylated with alkaline phosphatase
and coinjected with the products from the 0.15 and 0.6 mM D,L-
ImpA reactions. The areas of the peaks with the same retention
times as trimers in the 0.15 and 0.6 mM reactions of D,L-ImpA
were summed and compared with the corresponding amount of
dimers. In the reaction of 0.15 mM ImpA for 2 and 18 h the
dimer yield was 12.5 fold higher than that of the total trimer
yield. With 0.6 mM ImpA the combined dimer yield was 8.3
and 4.3 times greater than that of the trimer yield for the 2 h and
18 h reactions, respectively. These data show that little dimer is
converted to trimer so that the yields in Table 1 mainly reflect
the homochiral selectivity for dimer synthesis.

One of the five trimer peaks had the same retention time as
the D,L- and L,D-A3ApA (peak 4 above) in the dimer fraction.
None of the compounds in the trimer fraction, that were not
dephosphorylated with alkaline phosphatase, had a retention
time that was identical with any of the dimer HPLC peaks.
These findings establish that the chiral selectivity is not due to
the enhancement of the peaks due to D,D- and L,L-ApA by
trimers since the only enhancement is to the D,L- and L,D-A3A pA
peak.

The product mixture was further characterized by ribonu-
clease T2 digestion where the two HPLC peaks with the longest
retention times, peaks 3 and 4 above, were decreased by about
50%. This is consistent with the known cleavage of D,D-A3A pA
and, as discovered in this study, the cleavage of D,L-A3A pA with
ribonuclease T2 and the resistance of L,L-Ap3’A, L,D-A3A pA, and
the 2A, 5A-linked ApAs to cleavage with ribonuclease T2.

The high homochiral selectivity observed in the uncatalyzed
reaction may reflect chiral selection in the stacking of the
activated nucleotides13 coupled with intrastack reactions to
form dimers. The lower selectivity in the uncatalyzed reaction
may reflect formation of a monolayer of activated purine
nucleotides on the montmorillonite platelets.14

The observance of both oligomer formation and chiral
selection in the montmorillonite-catalyzed reaction of activated
D,L-nucleotides on montmorillonite catalysis is consistent with
previous findings in montmorillonite-catalyzed reactions. For
example, regioselectivity was observed in the phosphodiester
bonds formed between purine nucleotides2 and sequence
selectivity was observed in the reaction of mixtures of activated
purine and pyrimidine nucleotides.11 In most of these previous
studies selectivity, but not specificity, was observed. This
indicates that montmorillonite exhibits partial control on the
course of the condensation reactions. This limited control
explains why the oligomerization of D,L-mixtures proceeds on
montmorillonite. The same limited control resulted here in the
preferential formation of homochiral dimers.

It is expected that the bias towards the formation of
homochiral oligomers will increase as the chain length increases
and the homochiral strands fold into secondary and tertiary
structures. This process, together with the potential for the more
rapid hydrolysis of those RNAs that contain both enantiomers
because they do not form secondary and tertiary structures,
could enhance the proportion of homochiral RNAs.15,16 The

scenario of chiral selection and more rapid hydrolysis of
heterochiral oligomers could have resulted in an even greater
preponderance of homochiral RNA. This may have led to two
RNA worlds, one with D- and the other with L-RNA.17 A chance
event may have favored the survival of the D-RNA world which
was the precursor to the D-RNA (and D-DNA) present in life on
Earth today.

Financial aid from NSF and the NY Center for Studies on the
Origins of Life: A NASA Specialized Center of Research and
Training.
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Table 2 Relative yields and ratios of D,D & L,L and D,L & L,D dimers from
the uncatalyzed reaction of D,L-ImpA (%)a

D,L-ImpA (mM) 0.15 0.15 0.60 0.60

D,D & L,L (%)
A2A pA 49 57 60 58
A3A pA 42 39 31 39

D,L & L,D (%)
A2A pA 2.5 trace 2.5 1
A3A pA 6.5 4 6.5 2

D,D & L,L+D,L & L,Db 91+9 96+4 91+9 97+3
a Procedures were the same as those given for Table 1. Reactions were
carried out for 2 h and the products were analyzed on the Alltima column.
b The average of all determinations of D,D & L,L+D,L & L,D is 94+6 ±
3.2%.
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Silica-supported sulfated zirconia exhibits a comparable and
even higher ether production than a reference acid resin
(Amberlyst 15) giving an ether yield of 30% at 50%
conversion.

Methyl tert-butyl ether (MTBE) has been the major gasoline
additive in the past decade. However, its environmental
consequences to drinking water have caused intense public
attention in recent years.1 Substantial quantities of unsaturated
C5 and C6 compounds are present in the light gasoline produced
in the fluid catalytic cracking units of refineries. Some of these
compounds can be etherified with alcohols and possibly used to
meet the demand for oxygenates and as a partial replacement for
MTBE. Moreover, these higher ethers have lower vapor
pressures and lower water solubilities compared to MTBE.
Currently, ion exchange resins are the dominant catalysts for
ether production. However, new catalysts could offer improve-
ments over acid resins with respect to thermal stability, poor
selectivity under certain conditions, and lack of regeneration
ability. Several inorganic acid solids such as zeolites, sulfated
zirconia, heteropolyoxoanions (HPA) and supported HPA
catalysts have been evaluated for the production of MTBE.2–5

Essayem et al. investigated etherification/esterification over
two sulfated zirconia catalysts prepared by different methods
and acid resins, but they found that sulfated zirconia showed
faster deactivation.6 No research has been thus far reported for
the application of supported sulfated zirconia for etherification,
though several researchers have reported the application of such
catalysts in isomerization.7–9 It is believed that unsupported
sulfated zirconia suffers from the disadvantages of lower
surface area and the very limited accessibility to the acid sites in
liquid phase reactions with less polar solvents or in gas phase
reactions. Therefore, development of well dispersed sulfated
zirconia on supports with high surface areas is important for
some acid-catalyzed reactions. This study reports preliminary
results on the preparation of some inorganic acid solids, sulfated
zirconia, tungstated zirconia, and supported sulfated zirconia,
and their performance in the etherification of certain C6 olefins
with alcohols. These particular C6 olefins, 2,3-dimethylbut-
1-ene (23DM1B) or 2,3-dimethylbut-2-ene (23DM2B), were
chosen on the basis of their potential for making oxygenated
transportation fuel additives.10

A sulfated zirconia (SZ) was prepared by acid-treatment of
Zr(OH)4, obtained by precipitation of ZrO(NO3)2 solution with
NH3·H2O at pH = 10, with 0.5 M H2SO4 solution, followed by
evaporating and drying at 100 °C overnight and calcination at
600 °C for 2 h. A tungstated zirconia with 10 wt% WO3 was
prepared by impregnation of ammonium tungstate hydrate on
Zr(OH)4. Two silica-supported sulfated zirconia catalysts,
referred to as SZ/SiO2-S and SZ/SiO2-N, were prepared by
impregnation of 3 g of zirconium sulfate and 2.45 g ZrO(NO3)2
on 3 g of commercial silica gel support (SBET = 650 m2 g21) in
0.5 M sulfuric acid solution, respectively, followed by calcina-
tion at 600 °C for 2 h. The third catalyst, SZ/SiO2-NP, was
prepared by precipitation of 2.45 g ZrO(NO3)2 on SiO2 using
NH3·H2O at pH = 10 under constant stirring, followed by
sulfation in 0.5 M H2SO4 solution and calcination at 600 °C for
2 h. A commercial ion exchange resin, Amberlyst 15 (from
Aldrich), was used as a reference catalyst. Two other commer-

cial resins, Nafion NR50 and silica-supported Nafion SAC-13
(from Fluka and Aldrich, respectively), were also tested.
Additionally, a zeolite sample H-ZSM-5, obtained from United
Catalyst, was also tested.

The reactions were carried out at 80 °C for 2 h in a 25 ml
stainless steel batch reactor with constant agitation under a
pressure of 1.8 MPa of dried helium. The catalyst loading was
0.5 g in all the cases. Before reaction, all catalysts were dried
overnight in an oven at 60 °C under vacuum. The reactants,
consisting of an appropriate amount of alcohol (0.2 g methanol
or 0.27 g ethanol) and 0.5 g 23DM1B with an alcohol+olefin
molar ratio of ca. 1+1, were mixed with heptane (4 g) as a
solvent. The products were analyzed in a Varian gas chromato-
graph equipped with a capillary column and FID.

Table 1 shows the results of 23DM1B etherification with
methanol over the various laboratory-prepared and reference
catalysts. In the reaction, 23DM2B and the ether are the major
products. A small amount of 2,3-dimethylbutan-2-ol was also
detected, probably due to the reaction between the olefins and a
trace amount of water from the catalysts and reactant mixture.
Amberlyst 15 is an active catalyst converting 23DM1B to
23DM2B and ether at an overall rate of 90%; however, this
catalyst is non-selective for etherification, having instead a high
(undesirable) isomerization selectivity of 80% and 19% ether
yield. Nafion NR50 shows low activity and low isomerization
selectivity, but an ether yield of about 16%. The silica-
supported Nafion SAC-13 is less active than the unsupported
Nafion NR50, a behavior which is not the same as in some other
reactions, where Nafion SAC-13 exhibited higher activity than
Nafion NR50 due to a high surface area and enhanced
accessibility of the reactants to the acid sites.11,12 HZSM-5
shows a similar activity to the Nafion NR50 but the highest
isomerization selectivity (94%) among the all catalysts tested in
this investigation and thus the lowest ether yield. For the
laboratory-prepared solid acid catalysts, sulfated zirconia
exhibits higher conversion, ether selectivity and yield than
Nafion SAC-13, while tungstated zirconia is the least active
catalyst with an isomerization selectivity similar to that of
Nafion SAC-13 and SZ. SZ/SiO2-S exhibits much higher
conversion with a lower isomerization selectivity, and an ether
yield of 30%, which is substantially higher than that over the
reference Amberlyst 15. SZ/SiO2-N shows 40% conversion and
64% ether selectivity, both higher than Nafion NR50, and an
ether yield of 24%, which is also higher than that over

Table 1 Catalytic activity of various acid solids and commercial resins in
23DM1B etherification with methanol

Catalyst
23DM1B
conv. (%)

23DM2B
sel. (%)

Ether
sel. (%)

Ether yield
(%)

Amberlyst 15 91.0 78.7 20.6 18.8
Nafion NR50 29.0 44.0 53.9 15.6
Nafion SAC-13 3.2 21.7 58.9 1.9
HZSM-5 23.2 93.5 1.1 0.3
ZrO2–WO3 0.9 19.4 64.2 0.6
SZ 4.7 23.2 66.2 3.1
SZ/SiO2-S 51.8 41.7 57.6 29.8
SZ/SiO2-N 38.2 34.4 63.8 24.4
SZ/SiO2-NP 21.2 28.7 67.4 14.3
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Amberlyst 15. SZ/SiO2-NP exhibits a lower activity than the
other two SiO2-supported SZ catalysts, but the highest ether
selectivity producing an ether yield of 14%, close to those over
Amberlyst 15 and Nafion NR50. Therefore, SZ/SiO2-S is the
best catalyst in terms of ether production.

It is well known that etherification or isomerization of olefins
generally occurs on acid sites. The acid content is thus an
important factor influencing the catalytic activity. The surface
areas of catalysts also influence the catalytic activity. Amberlyst
15 has an acid amount of 4.4 meqH+ g21 vs. 0.89 and 0.12
meqH+ g21 for Nafion NR50 and Nafion SAC-13, respectively,
making an order: Amberlyst 15 > Nafion NR50 > Nafion
SAC-13, which is in agreement with the order of activity.
However, in consideration of activity per unit of acidity, the
activity of the above catalysts shows a different order; Nafion
NR50 > Nafion SAC-13 > Amberlyst 15, which suggests that
the catalytic activity also depends on the nature of the acid site.
SZ is believed to be a superacid solid, effective for acid-
catalyzed reactions such as isomerization. Tungstated zirconia
shows little activity probably due to a low acidity. Silica-
supported sulfated zirconia could have a better dispersion of
active sites for reactions and thus an improved catalytic activity.
However, the catalytic behavior of these supported SZ catalysts
depends on the preparation technique. Further research on the
catalyst characterization is being carried out to elucidate the
nature of the active sites responsible for etherification and
isomerization.

The effect of varying the composition of Zr(SO4)2 in SZ/
SiO2-S was further investigated and the results are presented in
Fig. 1. It is seen that the loading of Zr(SO4)2 in SZ/SiO2-S
greatly influences the catalytic activity and selectivity. Both the
23DM1B conversion and 23DM2B selectively generally in-
crease as the Zr(SO4)2 content increases. The ether yield also
increases with increasing Zr(SO4)2 loading and reaches a stable
level of ca. 30% for Zr(SO4)2 exceeding 50 wt%.

Calcination temperature also exerts an influence on the
catalytic behavior (Fig. 2). As shown, SZ/SiO2-S catalysts
calcined at 400–550 °C can give much higher conversions, over
80%, comparable to Amberlyst 15. When catalysts are calcined
at higher temperatures over 600 °C, the selectivity to ether will
be remarkably enhanced, although the overall conversion drops
off. In terms of the ether yield, 600 °C is the optimal
temperature at which the highest ether yield is achieved.

The catalytic activity of the etherification of 23DM1B with
ethanol was also investigated over the resin catalysts and the
inorganic acid solids. It was found that Amberlyst 15 is also an

effective catalyst for this reaction, exhibiting similar conversion
and selectivity to 23DM2B as for the etherification with
methanol with an ether yield of 13%. Nafion NR50 and Nafion
SAC-13 again are less active than Amberlyst 15, giving ether
yields of 9% and 3%, respectively. Sulfated zirconia shows a
lower activity than Amberlyst 15 with a conversion of 20% and
58% selectivity to ether but an ether yield of 12%, comparable
to that of Amberlyst 15. The SZ/SiO2-S exhibits 40%
conversion and 48% ether selectivity, resulting in an ether yield
of 18.4%, higher than that obtained over Amberlyst 15.

In summary, the commercial resin catalyst Amberlyst 15 is an
effective but non-selective catalyst in the etherification of C6
olefins with methanol and ethanol. Silica-supported SZ cata-
lysts exhibit comparable and even higher ether yields than
commercial resin catalysts such as Amberlyst 15 and are thus
potential alternative catalysts, with the catalytic activity influ-
enced by the zirconium precursor compounds and preparation
technique, the ratio of SZ to silica, and calcination tem-
perature.

This research was supported by the U.S. Department of
Energy under contract no. DE-FC26-99FT40540 as part of the
research program of the Consortium for Fossil Fuel Liquefac-
tion Science.
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The transition-state analogues bis(p-nitrophenyl)phosphate
and p-nitrophenyl phenylphosphonate for peptide hydroly-
sis are shown to be very effectively hydrolyzed by Strepto-
myces dinuclear aminopeptidase and its Co2+, Ni2+, Mn2+

and Cd2+ derivatives with high catalytic proficiencies and
specific activities comparable to those of some phospho-
esterases.

Enzymes are able to specifically recognize a certain type of
substrates and stabilize their transition states during reactions to
afford enormous rate enhancement.1,2 Consequently, transition-
state analogues can often serve as inhibitors.2 For peptide, ester,
and amide hydrolysis, the transition state is a gem-diolate that
can be well mimicked by the tetrahedral phospho-center in
phosphoesters, phosphonates and phosphoamidates, which are
known to inhibit the corresponding enzymes.3–5 Thus, it would
be unusual that peptides and the transition state-like phosphoe-
sters can both be effectively hydrolyzed by the same hydrolytic
enzyme because the recognition of the substrates at the ground-
and the transition-states and the hydrolytic mechanisms of these
two substrate families are quite different.

Proteins from the same origin with structural and sequence
similarities may have evolved to exhibit completely different
functions that are not related to each other, such as a-
lactalbumin and lysozyme,6 alkaline phosphatase and ar-
ylsulfatase,7 and among the many b-barrel proteins.8 Some of
these enzymes indeed exhibit ‘alternative catalysis’,6,9 which
demonstrates their evolutionary relatedness and would not by
all means be completely unexpected. On the other hand, it
would be quite unusual to observe an ‘alternative catalysis’ of
an enzyme that is attributable to an evolutionarily and
structurally unrelated enzyme.

Recently, we have observed that the di-Zn aminopeptidase
from Streptomyces griseus (sAP) exhibits a remarkable hydro-

lytic activity towards bis(p-nitrophenyl)phosphate (BNPP) with
a specific activity comparable to several native phosphoes-
terases.10 However, it was not clear whether or not this catalysis
was unique toward only that particular one phosphoester
substrate. Here, we describe an extensive analysis of the
hydrolyses of a few different kinds of phosphoesters, including
phosphomonoester, phosphodiester, phosphotriester and phos-
phonate monoester, by metal-substituted derivatives of sAP.
The effectiveness toward the hydrolyses of both peptide and
phosphoester substrates by sAP offers a rare opportunity to
investigate different hydrolytic mechanisms in a single enzy-
matic system.

The hydrolysis of BNPP by a few homonuclear derivatives of
sAP (M2-sAP; M = Mn2+, Co2+, Ni2+, Zn2+ and Cd2+)11,12 has
been analyzed with Michaelis–Menten kinetics (Table 1;
Fig. S1A in ESI†). The rate constants (kcat/Km = 0.94–100
M21 s21) are much higher than the second-order constants of
many synthetic chemical models, e.g. (1.3–43) 3 1025 M21 s21

at 35 °C and pH 7.3–10.5 for several Zn2+ complexes13 (also see
footnote 14). The specific activity values (1.6–158
nmol min21 mg21; Table 1) are in the range for several
phosphodiesterases and phosphatases (0.3–2450 and ca. 2–40
nmol min21 mg21, respectively),15 and comparable to ethyl(p-
nitrophenyl)phosphate hydrolysis by metal-substituted deriva-
tives of Pseudomonas phosphotriesterase (1.7–11.4
nmol min21 mg21 calculated from ref. 16 with kcat/Km in the
range 1.1–7.2 M21 s21).

In order to demonstrate that BNPP hydrolysis by M2-sAP is
not just an incidental catalysis, the hydrolyses of structurally
distinct phosphoesters were investigated. The phosphonate ester
p-nitrophenylphenylphosphonate (NPPP) contains a P–C bond
and resembles the primary hydrolytic products of some
chemical warfare agents.17 Thus, the study of its hydrolysis has
practical value. The second order rate constants of NPPP
hydrolysis (ca. 1–7 M21 s21; Table 1 and Fig. S1B in ESI†) by
M2-sAP are much greater than those of some metal ions,18 and
are approaching those of a few highly active tetra-valent

† Electronic supplementary information (ESI) available: Michaelis–Menten
kinetics plots. See http://www.rsc.org/suppdata/cc/b0/b004544f/

Table 1 The hydrolyses of BNPP and NPPP by several di-metal substituted derivatives of sAP in 0.1 M HEPES buffer at pH 8.0 in the presence of 2 mM
Ca2+ at 30 °C (BNPP) and 50 °C (NPPP)a

Bis(p-nitrophenyl)phosphate (BNPP)c p-Nitrophenyl phenylphosphonate (NPPP)c

M,M-sAPb kcat/s21 Km/mM
(kcat/Km)/
M21 s21 CPd SAe kcat/s21 Km/mM

(kcat/Km)/
M21 s21 CPd SAe

ZnZn10 0.45 4.5 100 4.1 3 1010 158 0.014 14.9 0.94 1.8 3 105 1.7
MnMn 0.21 12.0 18 1.9 3 1010 31 0.010 4.9 2.0 1.3 3 105 3.3
CoCo 0.74 9.5 78 6.7 3 1010 136 0.022 7.9 2.8 2.9 3 105 4.8
NiNi 0.010 10.6 0.94 0.91 3 109 1.6 0.0033 3.0 1.1 0.43 3 105 1.6
CdCd 0.043 9.7 4.4 3.9 3 109 7.8 0.017 2.4 7.1 2.2 3 105 9.7
a The hydrolyses of the phosphotriesters parathione and tris(p-nitrophenyl)phosphate and the phosphomonoester p-nitrophenylphosphate by the enzyme are
not detectable on the spectrophotometer after several hours at pH 8.0 and 50 °C. b Enzyme concentrations were in the range 0.1–0.7 mM. The di-Cu derivative
did not show observable activity with a concentration of 2.0 mM under the experimental conditions, which indicates that the activity of CuCu-sAP would be
at least ca. 104 3 smaller than the native di-Zn sAP. c The substrate concentrations were in the range 1.0–20 mM. The initial rates were obtained from the
change of absorbance at 405 nm (e = 17 500 M21 cm21), plotted against substrate concentration, and then fitted directly to the hyperbolic Michaelis–Menten
equation, rate = kcat[Eo][S]/(Km + [S]) to give the kinetic parameters kcat and Km. d CP: catalytic proficiency.22 e The specific activity (SA) is for the
hydrolysis of 1 mM substrate in 1 min by 1 mg enzyme (nmol min21 mg21) or extrapolated by the use of the Michaelis–Menten equation.
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lanthanide micelles (13.1–76.8 M21 s21)19 which have Lewis
acidities several orders of magnitude higher.20 The specific
activities of 1.6–9.7 nmol min21 mg21 against 1 mM NPPP
(Table 1) are comparable to those of a few phosphatases and
phosphodiesterases at 30 °C (12–355 and ca. 1–38 900
nmol min21 mg21, respectively).15 Conversely, the hydrolyses
of the phosphomonoester p-nitrophenylphosphate and the
phosphotriesters parathion and tris(p-nitrophenyl)phosphate are
beyond the spectrophotometric detection limit, indicating the
presence of specificity toward different phosphoesters.

Although the p-nitrophenol in both BNPP and NPPP is a very
good leaving group, the auto-hydrolytic rates of BNPP and
NPPP are still extremely slow with a rate constant k1 = 1.1 3
10211 s21 for BNPP at pH 7.0 and 25 °C21 and 7.65 3 1028 s21

for NPPP at pH 8.0 and 50 °C (comparable to 1.7 3 1027 s21

at 60 °C18). Tremendous catalytic proficiencies22 are obtained
for M2-sAP toward BNPP and NPPP hydrolyses i.e. (0.94–67)
3 109 and (0.43–2.9) 3 105, respectively (Table 1). Co22sAP
virtually decreases the half-life of BNPP hydrolysis from ca.
2000 years to ca. 1 second! These rate enhancements are
remarkable when it is taken into account that the phospho-
substrates are transition-state analogues of peptides during
hydrolysis1,3–5 In this case their corresponding trigonal bipyr-
amidal transition states requires significantly more stabilization
in support of their hydrolysis. For instance, an association
constant of 108 M21 (approximated from the average Km of
9.3 mM for BNPP hydrolysis) would contribute 11.6 kJ mol21

energy in ground-state stabilization at 298 K, which would
increase the activation energy by the same amount and would
reduce the reaction rate by ca. 1003. In the mean time, a 67 3
109 fold rate enhancement requires a decrease of 61.7 kJ mol21

in activation energy at 298 K.
Finally, it is interesting that the Mn2+, Ni2+ and Cd2+

derivatives of sAP also exhibit potent hydrolytic power [i.e. (ca.
1–4) 3 109 and (ca. 40–200) 3 103 fold rate enhancements
toward BNPP and NPPP hydrolyses, respectively, Table 1]
suggesting that these metal ions should be included in future
design of chemical models for more extensive structural and
mechanistic studies of metal-centered hydrolysis.23

The results have provided some mechanistic insight. The Km
values for BNPP and NPPP are similar, suggesting that they are
recognized by sAP in a similar fashion. In both substrates, a
hydrophobic p-nitrophenyl/phenyl group (as a hydrophobic
anchor to bind to the active site) and a –PO2

2– group (as a gem-
diolate transition-state analogue) are essential. On the other
hand, the non-competitive property of phosphate24 may be
attributable to the lack of a hydrophobic anchor; the competitive
inhibitor p-nitrophenylphosphate25 contains both recognition
moieties, yet is not hydrolyzed owing to the lack of an
additional hydrolyzable group; and the two phosphotriesters are
not hydrolyzed owing to the lack of a –PO2

2– group.
Many synthetic metal complexes have been utilized as

models26 to provide insight into the mechanistic roles of the
metal ion(s) and the nucleophilic water in metallohydrolases.
The specificity and tremendous effectiveness of enzymes offer
a very challenging task for chemical modeling studies to
achieve. We describe here that the transition-state analogues
BNPP and NPPP are indeed substrates for M2-sAP, and are
hydrolyzed with remarkable rate accelerations. Although the
rates of catalysis are not comparable to those of ‘perfect
enzymes’ and much slower than those of the specific substrates
of sAP,11a,b M2-sAP can serve as unique ‘natural model
systems’ (as opposed to ‘synthetic model systems’) for further
studies of phosphoester hydrolysis. The results from these
studies should lead us to a better understanding of dinuclear
hydrolysis in chemical and biological systems.

This research was partially supported by the Petroleum
Research Funds administrated by the American Chemical
Society (ACS-PRF #35313-AC3).

Notes and references
1 L. Pauling, Am. Sci., 1948, 36, 51.
2 C. Walsh, Enzymatic Reaction Mechanisms, Freeman, New York,

1979.
3 K. Nishida, Y. Ohta, M. Ito, Y. Nagamura, S. Kitahara, K. Fujii and I.

Ishiguro, Biochim. Biophys. Acta., 1996, 1313, 47; C. V. Preuss and
C. K. Svensson, Biochem. Pharmacol., 1996, 51, 1661; L. Luan, T.
Sugiyama, S. Takai, Y. Usami, T. Adachi, Y. Katagiri and K. Hirano,
Biol. Pharmacol. Bull., 1997, 20, 71.

4 N. Sträter and W. N. Lipscomb, Biochemistry, 1995, 34, 9200; B.
Lejczak, P. Kafarski and J. Zygmunt, Biochemistry, 1989, 28, 3549.

5 D. E. Tronrud, H. M. Holden and B. W. Matthews, Eur. J. Biochem.,
1986, 157, 261.

6 E. M. Prager and A. C. Wilson, J. Mol. Evol., 1988, 27, 326; K. Nitta and
S. Sugai, Eur. J. Biochem., 1989, 182, 111; H. A. McKenzie and F. H.
White, Jr., Adv. Protein Chem., 1991, 41, 173; P. K. Qasba and S.
Kumar, Crit. Rev. Biochem. Mol. Biol., 1997, 32, 255.

7 C. S. Bond, P. R. Clements, S. J. Ashby, C. A. Collyer, S. J. Harrop,
J. J. Hopwood and J. M. Guss, Structure, 1997, 5, 277; G. Lukatela, N.
Krauss, K. Theis, T. Selmer, V. Gieselmann, K. von Figura and W.
Saenger, Biochemistry, 1998, 37, 3654.

8 R. Pickersgill, G. Harris, L. Lo Leggio, O. Mayans and J. Jenkins,
Biochem. Soc. Trans., 1998, 26, 190.

9 P. J. O’Brien and D. Herschlag, J. Am. Chem. Soc., 1998, 120,
12 369.

10 H. I. Park and L.-J. Ming, Angew. Chem., Intl. Ed., 1999, 38, 2914.
11 The purification of sAP (ca. 30 kDa) and preparation of its apo form

followed the literature procedures.11a,b,12 The kinetic measurements by
the metal-substituted derivatives were conducted in the presence of
excess amount of the corresponding metal ions to ensure the complete
formation of the derivatives. The background hydrolysis of BNPP by the
excess metal ion is negligible and that of NPPP is considerably small
and has been corrected. (a) A. Spungin and S. Blumberg, Eur J.
Biochem., 1989, 183, 471; (b) D. Ben-Meir, A. Spungin, R. Ashkenazi
and S. Blumberg, Eur J. Biochem., 1993, 212, 107.

12 L.-Y. Lin, H. I. Park and L.-J. Ming, J. Biol. Inorg. Chem., 1997, 2,
744.

13 T. Koike and E. Kimura, J. Am. Chem. Soc., 1991, 113, 8935; E.
Kimura, H. Hashimito and T. Koike, J. Am. Chem. Soc., 1996, 118,
10 963.

14 Second-order rate constants in the range of (0.18–2.8) 3 1025 M21 s21

are calculated from corresponding pseudo-first order rate constants at
pH 8.36 and 55 °C14a and (5.4–11.5) 3 1025 M21 s21 at pH 10.9–11.5
and 35 °C14b for several mono- and di-nuclear Zn2+ complexes.
(a) W. H. Hapman and R. Breslow, J. Am. Chem. Soc., 1995, 117, 5462;
(b) A. Bencini, E. Berni, A. Bianchi, V. Fedi, C. Giorgi, P. Paoletti and
B. Valtancoli, Inorg. Chem., 1999, 38, 6323.

15 J. S. Kelly, D. E. Dardinger and L. G. Butler, Biochemistry, 1975, 14,
4983; J. S. Kelly and L. G. Burtler, Biochem. Biophys. Res. Commun.,
1975, 66, 316.

16 H. Shim, S.-B. Hong and F. M. Raushel, J. Biol. Chem., 1998, 273,
17 445.

17 Y. C. Yang, J. A. Baker and J. R. Ward, Chem. Rev., 1992, 92, 1729.
18 NPPP hydrolysis by La3+ is enhanced only by 100-fold at 60 °C which

is much smaller than the catalytic proficiency of sAP (Table 1), whereas
Cu2+, Ni2+ and Zn2+ are ineffective; J. S. Loran, R. A. Naylor and A.
Williams, J. Chem. Soc., Perkin Trans. 2, 1977, 418.

19 R. Moss and K. G. Ragunathan, Langmuir, 1999, 15, 107.
20 J. Burgess, Metal Ions in Solution, Halstead, New York, 1978.
21 B. K. Takasaki and J. Chin, J. Am. Chem. Soc., 1995, 117, 8582.
22 The catalytic proficiency is expressed as kcat/k1

22a instead of (kcat/Km)/
(k1/55.5),9 which is not appropriate here since H2O is not the
nucleophile in the hydrolysis. (a) A. Radzicka and R. Wolfenden,
Science, 1995, 26, 90.

23 Recent references: F. Hampl, F. Liska, F. Mancin, P. Tecilla and U.
Tonellato, Langmuir, 1999, 15, 405; J. Suh and W. J. Kwon, Bioorg.
Chem., 1998, 26, 103; C. He, V. Gomez, B. Spingler and S. J. Lippard,
Inorg. Chem., 2000, 39, 4188.

24 M. N. Harris and L.-J. Ming, FEBS Lett., 1999, 455, 321.
25 H. I. Park, Ph.D. Dissertation 1999, University of South Florida, FL,

USA.
26 Some recent reviews: E. Kimura and T. Koike, Adv. Inorg. Chem., 1997,

44, 229; E. L. Hegg and J. N. Burstyn, Coord. Chem. Rev., 1998, 173,
133; N. H. Williams, B. Takasaki, M. Wall and J. Chin, Acc. Chem. Res.,
1999, 32, 485; A. Blasko and T. C. Bruice, Acc. Chem. Res., 1999, 32,
475; H. Vahrenkamp, Acc. Chem. Res., 1999, 32, 589.

2502 Chem. Commun., 2000, 2501–2502



Samarium enolate on crosslinked polystyrene beads: anionic initiator for well
defined synthesis of polymethacrylate on a solid support

Masayoshi Tanaka,a Atsushi Sudo,a Fumio Sandaa and Takeshi Endo*b

a Chemical Resources Laboratory, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-ku, Yokohama
226-8503, Japan

b Department of Polymer Science and Engineering, Faculty of Engineering, Yamagata University,  Jonan, Yonezawa,
Yamagata 992-8510, Japan. E-mail: tendo@poly.yz.yamagata-u.ac.jp

Received (in Cambridge, UK) 7th September 2000, Accepted 6th November 2000
First published as an Advance Article on the web

A resin-supported samarium enolate successfully initiated
the living anionic polymerization of methacrylates to afford
the corresponding homopolymer as well as block copolymer
with well-controlled molecular weights, which could be
quantitatively isolated from the resin, so demonstrating the
applicability of the present technique for solid supported
construction of macromolecular architectures.

Polymer grafting on various organic and inorganic solid
supports has been attracting significant attention as an effective
technique for modification of functional materials.1 Living
polymerization is one of the most powerful tools for polymer
grafting, because its capability in controlling the degree of
polymerization together with end-functionalization and block
copolymerization allows us to construct macromolecular archi-
tectures on solid supports in a well defined manner. Our
research interest is in living polymerization of functional
monomers on crosslinked polystyrene beads which have been
widely applied as solid supports in solid phase organic
syntheses which has brought about today’s expanding develop-
ment of combinatorial synthesis of chemical libraries.2 Our
approach would be a promising route to combinatorial synthesis
of functional polymeric materials with defined structures. Since
bead-supported photo-iniferter radical polymerization has been
pioneered by Otsu et al., only a few examples have been
reported concerning controlled polymerization on polystyrene
beads.3 Here we describe the first example of living anionic
polymerization of methacrylates on polystyrene beads. 

Previously we have developed samarium(III) enolate medi-
ated living anionic polymerization of methacrylates (Scheme
1).4 Based on this technique, we have designed a novel grafting
system involving (1) an easy access to immobilized samarium

enolate through reduction of the corresponding bromoisobutyr-
ate moiety by divalent samarium iodide (SmI2), and (2)
selective cleavage of the benzyl ester linkage between the
formed poly(methacrylate)s and the beads, which enables the
isolation of the formed polymer so allowing examination of the
polymerization behavior in detail (Scheme 2).

The resin bearing 2-bromoisobutyrate moiety 1 was prepared
by the condensation of 2-bromoisobutyric acid with Wang resin
(crosslinked polystyrene containing hydroxymethyl groups,
0.68 mmol g21, 100–200 mesh) using 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride as a dehydrating
reagent. The condensation was repeated (usually twice) until

Scheme 1

Scheme 2

Table 1 Polymerization of MMA with various feed ratios

Entry
[MMA]0/
[Sm-enolate]0 Mn

a Mw/Mn
a

1 20 3300 1.24
2 30 4400 1.21
3 50 7700 1.13

a Estimated by SEC [eluent: THF, poly(MMA) standards].

Fig. 1 ln[MMA]0/[MMA] vs. polymerization time. [MMA]0 = 5 mmol (50
eq. to Sm-enolate).
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complete acylation was confirmed by the disappearance of IR
absorption of hydroxy groups at 3500 cm21.

The polymerization of methyl methacrylate (MMA) was
performed by the addition of SmI2 (2.0 eq. to 2-bromoisobutyr-
ate moiety) to 1 in the presence of N,N-diethylpivaloylamide
(DEPA), which is essential to accomplish well controlled
polymerization in a homogeneous system, with shaking at 278
°C for 12 h.5 The dark blue reaction mixture arising from SmI2
gradually turned into yellow during a few hours, indicating
Sm(III) enolate formation. The polymerization was terminated
by the addition of 1 M aqueous hydrochloric acid, and the
resulting resin was filtered off and washed with appropriate
solvents. No polymer was detected in the filtrate by size
exclusion chromatography (SEC), while the resin, as expected,
gained weight according to the amount of MMA fed. Formation
of poly(MMA) on the resin was also confirmed by IR analysis
of the resin, which showed strong absorption attributable to
ester carbonyl groups at 1740 cm21. Treatment of the resin with
trifluoroacetic acid (TFA, 50% in CH2Cl2) resulted in selective
cleavage of benzyl ester linkers without cleavage of the methyl
ester in the side chain, and consequently poly(MMA) was
quantitatively obtained.6 The presence of carboxylic acid at the
chain end of the polymer was confirmed by TLC analysis: the
obtained polymer was not eluted by chloroform–THF (9+1, v/v)
while poly(MMA) having terminal ester groups eluted easily.
Isolated poly(MMA) was analyzed by SEC to estimate its
number- and weight-average molecular weights (Mn and MW).
Table 1 summarizes the results of the polymerization with
various feed ratios. In each case, MMA was completely
consumed to give quantitatively poly(MMA) with a narrow
MW/Mn. The Mn of the polymer increased linearly with the feed
ratio, demonstrating the ability of the present polymerization
system to control the molecular weights of the polymer. We
next examined the polymerization process on the solid state.
Fixing the feed ratio to 50, separate series of polymerization was
carried out with various polymerization times. The monomer
conversion was determined based on the weight increase of the
resin. Fig. 1 depicts a semi-logarithmic kinetic plot (ln[MMA]0/
[MMA] vs. polymerization time), the linear relationship of
which may suggest the living character of the polymerization.
The Mn of isolated poly(MMA) increased with monomer
conversion (23%: Mn = 1500, 50%: Mn = 4200, > 99 %: Mn =
7700).

Finally, the living character of the present polymerization
was confirmed by block copolymerization of MMA with allyl
methacrylate (AMA) as shown in Scheme 2. After the
polymerization of MMA (20 eq. to the initiator) was complete,
AMA (20 eq.) was added and the mixture shaken at 278 °C for
12 h. The resulting resin gained weight according to the total
amount of methacrylates fed, and its treatment with TFA
resulted in quantitative isolation of the block copolymer. The 1H
NMR spectrum of the block copolymer showed signals
assignable to methoxy groups of poly(MMA) and allyl groups
of poly(AMA), where the integration ratio was in good
agreement with the feed ratio (Fig. 2). SEC analysis showed that
the unimodal peak of poly(MMA) shifted toward a higher
molecular weight region with a narrow molecular weight
distribution being maintained after AMA addition, indicating
the successful formation of the block copolymer (Fig. 3).

In summary, we have demonstrated a new solid-supported
living anionic polymerization of methacrylates. The initiator
samarium enolate was readily and effectively generated by
SmI2-induced reduction of bromoisobutyrate moieties, sup-
ported on polystyrene beads. Further applications of the present
system to multi-block copolymerization of various functional
methacrylates, together with subsequent chemical modifica-

tions of the resulting polymer on polymer supports, are now in
progress.
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Fig. 2 1H NMR spectrum (300 MHz, CDCl3) of poly(MMA-b-AMA).
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A silicon clathrate compound doped with an electronegative
element, I8Si462 xIx (x = 1.5 ± 0.5), has been prepared for
the first time using high pressure and high temperature
conditions.

In the late 1960s, alkali-metal doped silicon clahrate com-
pounds (M8Si46 and MxSi136) were prepared by the thermal
decomposition of the Zintl phase MSi (M = Na, K, Rb, Cs)
under vacuum or inert atmosphere.1 The two compounds were
isostructural with the clathrate hydrates of type I (or gas
hydrate) and type II (or liquid hydrate), respectively.2 The
silicon lattice of the M8Si46 structure (type I) is composed of
two pentagonal dodecahedra Si20 and six tetrakaı̈decahedra
Si24, offering eight sites per unit cell for guest alkali atoms.3 Fig.
1 shows the two types of polyhedra connected by a common
pentagonal face.

At the period of their discovery, silicon clathrates did not
raise any special interest except for their peculiar crystal
structures. However, the discovery of carbon clusters, fullerene,
and the superconducting properties of the intercalation com-
pounds M3C60 (M = alkali metals) suddenly raised the interest
for silicon clathrates: these latter being constructed of an
assembly of the smallest possible fullerene type cages.4 This led
to active research of new silicon clathrates and to the discovery
of the first superconducting silicon clathrate, (Na,Ba)xSi46 in
1995,5 which is also the first superconductor composed of an
sp3 Si tetrahedral network. Much attention has also been paid to
the thermoelectric properties of some types of clathrate
compounds, originating from their special rattling structure.6

Very recently, a new synthesis route for silicon clathrates has
been developed, i.e. high pressure and high temperature
(HPHT) synthesis; a silicon clathrate doped with only barium,
Ba8Si46, was obtained for the first time as a bulk phase under a
pressure of 3 GPa and at 800 °C.7 This compound showed a
superconductive transition (Tc) at 8.0 K (highest Tc ever found
in silicon clathrates). Another type of silicon clathrate,
Ba24Si100, isostructural with K6Sn25 was also prepared under a
pressure of 1.5 GPa at 800 °C.8 Note that these two new

compounds can only be synthesised using high pressure
conditions unlike their germanium analogues, Ba8Ge43 and
Ba24Ge100.9,10 The iodine doped germanium clathrate
I8Ge462 xIx with x = 8/3 was synthesised more than ten years
ago by thermal decomposition of germanium diiodide by
Nesper’s group.11 In this context of the studies of silicon and
germanium clathrate compounds, we have focused our research
on the synthesis of iodine doped silicon clathrate with the aid of
HPHT conditions, the first silicon clathrate structure hosting an
electronegative element.

Silicon powder (Katayama chemical, 99.999%, 200 mesh)
and iodine (Katayama chemical, 99.8%) were mixed in various
molar ratios, and finely ground. The mixture was placed in a h-
BN cell (8 mm in inner diameter and 6 mm in length) which was
in turn placed in a carbon tube heater and in a pyrophyllite cube
as a pressure media. A cubic multi-anvil press was used (Riken
model CP10). The BN cell was heated electrically by the carbon
heater and the temperature was monitored by a thermocouple
placed under the cell. A synthesis using a stoichiometric
mixture of I/Si = 8/46, and a pressure of 5 GPa at 700 °C for 1
h gave a mixture of many phases: Si and clathrate as major
phases and air-sensitive iodides SiI2 and SiI4 as minor phases.
The iodides could be washed away by ethanol. The change in
the conditions (P, T and I/Si ratio) resulted in a drastic change
of the relative ratios of the various phases obtained. At a lower
temperature of 500 °C under 5 GPa, the major phases were Si,
SiI2 and SiI4 with a small portion of clathrate. At a lower
pressure of < 3 GPa, only SiI2 and Si were found. The use of
higher molar ratios of iodine to silicon (I/Si = 1/2) at 5 GPa and
700 °C, gave no clathrate phase; the major phase was SiI4. Even
under the optimum conditions (P = 5 GPa, T = 700 °C, I/Si =
8/46), the yield of clathrate never exceeded 42 wt%. Surpris-
ingly, however, an addition of only 1% of iodine doped silicon
clathrate to the starting mixture (I/Si = 1/5.75) remarkably
increased the yield of the clathrate formation up to 90% at P =
5 GPa, T = 700 °C, for 1 h. This suggests that the addition of
seed is greatly effective for the growth of the crystals.

The new clathrate compound  was found to be stable in acidic
solutions like other binary clathrate compounds:1 it was
unreactive in 1 M HCl solution, although it decomposed in a
concentrated HF–HNO3 solution. In hot alkali solution (0.2 M
NaOH) silicon dissolves readily but the clathrate phase is much
less reactive. This finding provided us with a powerful tool to
remove most of the remaining silicon from the final product.
The resulting iodine doped clathrate was very fine powder, and
the suspension in water had a bright orange colour. The powder
sample was separated using a PTFE filter.

The clathrate sample was decomposed by a concentrated HF–
HNO3 solution in a sealed PTFE container at 70 °C. The silicon
component was dissolved in the solution, and diluted with a
saturated boric acid solution for analysis by inductively coupled
plasma atomic emission spectroscopy (ICP, Perkin-Elmer
Optima 3000). The iodine component was precipitated in the
form of elemental crystals, which could be dissolved by adding
potassium iodide. The precipitation of iodine crystals suggested
that the iodine was included as electrically neutral atoms in the
clathrate. To determine the iodine concentration by ICP, a

Fig. 1 Schematic illustration of the interconnected polyhedra forming the
clathrate type I structure with guest atoms M(1) and M(2). Non-equivalent
silicon sites are shown: Si(1), 6c; Si(2), 16i; Si(3), 24k.
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separate solution was prepared and the iodine precipitate was
dissolved with a sodium thiosulfate solution. The ICP results
gave the following formulation: I9.5 ± 0.5Si44.5 ± 0.5 (i.e. an iodine
wt% of 48.6 ± 1.4) with a total recovery of 97%. On heating the
clathrate sample up to 800 °C for several hours under high
vacuum ( < 1024 Torr), a wt% loss of 48.1 ± 1.0 was observed.
This value was in good agreement with the chemical analysis
data.

X-Ray powder diffraction (XRD) data (Fig. 2) were meas-
ured using graphite monochromated Cu-Ka radiation and were
collected at every 0.02° over the range 2q = 25–120°. All
reflections were indexed on the basis of a cubic unit cell with a
= 10.4195(7) Å, which is the largest lattice constant so far
observed for binary silicon clathrates. The crystal structure was
determined by X-ray Rietveld refinement using Fullprof.12 The
space group (Pm3̄n) of type I clathrate was assumed, and the
refinements were carried out on the basis of various structural
hypotheses. The only reasonable fit was obtained with a
structural model, in which iodine atoms occupy all the silicon
cages (2a and 6d) and 11% of the Si(2) sites of the network (see
Fig. 1). The corresponding stoichiometry (I8Si44.2I1.8) is
concordant with the chemical analysis data. The replacement of
the Si(1) or Si(3) sites with iodine led to very strong
disagreement beween the calculated and the experimental data.

It was reported that in the germanium doped silicon clathrate
(I8Ge43.3I2.7), some iodine was present in the Si(1) sites.
Therefore it should be noted that although the compositions of
the two iodine doped clathrates are similar, replacement of
silicon does not occur in the same sites. The coordinates of Si(2)
and Si(3) sites were also refined and led to the following
positions respectively: 16i (x, x, x) with x = 0.1831(5) and 24k
(0, y, z) with y = 0.3099(8) and z = 0.1161(8). Although the fit
is good enough to be sure about the atomic repartitions and
positions (S = 2.06, Rwp = 0.11, see also Fig. 2), an effort is
now being carried out to obtain single crystals for a more precise
structural study.

Some preliminary results of the physical properties showed
that the new clathrate was an electric insulator as estimated from
its orange color, and showed the absence of superconductivity
down to 2 K.

This study was supported by the Foreign fellowship division
of the Japanese Society for the Promotion of Science (JSPS) and
by the Ministry of Education, Science, Sports and Culture of
Japan. This study is carried out as a France–Japan joint research
project supported by the JSPS and the Centre National de la
Recherche Scientifique (CNRS).
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Fig. 2 Plot of the X-ray diffraction data for I8Si462 xIx with x = 1.8.
Discontinuous and continuous lines represent, respectively, the experi-
mental data points and the calculated spectra. The upper tick marks indicate
the calculated reflection positions for some traces of silicon and the lower
tick marks the calculated reflection positions for the clathrate phase. The
lower continuous line represents the difference.
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A simple, quick, reproducible and inexpensive method is
described that combines self-assembly, micro-fluidics and
soft lithography, to achieve a novel example of vectorial
control of thickness, area, orientation and registry of
patterned single crystal silica colloidal crystals in silicon
wafers, coined opal chips, for potential applications in
photonic chip and lab-on-chip technologies.

Close-packed arrays of mono-disperse silica and latex micro-
spheres have numerous uses, such as chromatography and
photonics.1,2 Colloidal crystals are usually prepared from
mono-disperse micro-spheres through the use of dip-coating,3
sedimentation4 or specially designed micro-cells.5 These micro-
sphere lattices may be prepared in the form of crystals and films.
In particular, sphere sizes > 800 nm in silica have proven to be
notoriously difficult to make mono-disperse and coerce into
well ordered lattices. Colloidal crystals and films display
varying degrees of disorder that arise from sphere size
polydispersity, site randomness, intrinsic point, line and planar
defects, and polycrystalline domains. The defect tolerance of
colloidal crystals on properties like completeness of photonic
band gaps in photonic crystals and the separation efficiency of
chromatographic stationary phases is a subject of intense
current interest.

The patterning of mono-disperse micro-spheres on top of
various substrates has been explored via micro-molding,6
electrostatic assembly7 and micro-robotic techniques.8 These
methods of organizing micro-spheres usually require long
preparation times and special instrumentation and are unable to
simultaneously control order, defects, thickness, area, orienta-
tion and registry of patterned colloidal crystals. Moreover,
colloidal crystals obtained in these ways have a face centered
cubic lattice oriented in the (111) direction. Colloidal crystals
displaying a specific (100) orientation have been grown by
sedimentation of micro-spheres onto a lithographically pat-
terned substrate, a technique known as colloidal epitaxy.9
Access to such sophisticated substrates requires use of ex-
pensive chrome masks and photolithography, both of which are
unfamiliar and unavailable to most research chemists. Further,
epitaxial growth of colloidal crystal film is slow and structural
order is limited to layers close to the lithographically patterned
substrate.

Herein we report a straightforward, fast, reproducible and
cost effective way, that combines self-assembly and soft
lithography for the fabrication of micron scale patterned single
crystal colloidal crystals in silicon wafers and which circum-
vents many of the aforementioned problems. The attractiveness
of this method to opal chips is that it has the capability of
controlling defects in colloidal crystals as well as the number,
area, orientation and registry of close-packed layer planes of
micro-spheres in the colloidal crystals embedded within a single
crystal silicon (100) wafer.

Soft lithography encompasses a suite of techniques that have
proven to be remarkably useful for the fabrication of micron to
sub-micron patterns on a range of planar and curved sub-

strates.10 The procedures are facile and can be readily handled
in an ordinary laboratory environment. In the context of the
work described in this study, a line patterned polydimethylsi-
loxane (PDMS) master is obtained by casting a pre-polymer gel
(Sylgard 184, Corning) from the corresponding lithographically
defined photo-resist pattern. When access to lithographic
instrumentation is not available, PDMS masters may be easily
made by non-lithographic methods, such as the use of
transmission electron microscopy (TEM) grids or optical
gratings as templates for making micro-molds (see below). A
procedure for fabricating V-shaped groove patterns inside a
Si(100) wafer begins with a PDMS master that is inked with 2
mM hexadecanethiol in ethanol and then printed onto a Au (50
nm) coated Si(100) wafer (5 nm Ti is used as an adhesion layer).
The bare gold surface is then etched away by a Fe(CN)6

32/
Fe(CN)6

42/S2O3
22/KOH solution, and the underlying Si(100)

substrate is then anisotropically etched by 3 M KOH in PriOH/
H2O at 70 °C to give V-shaped grooves with 70.6° apex angles
beneath the surface of the wafer, as seen in the scanning electron
microscopy (SEM) image in Fig. 1(a).11 The etching rate along
the Si(100) direction is ca. 1 mm min21.12

A flat PDMS block is next put into conformal contact with the
patterned wafer and a drop of a 0.1 wt% aqueous dispersion of
monodisperse silica micro-spheres (diameter = 840 ± 20 nm,
modified Stöber synthesis) was added at the interface between

† Electronic supplementary information (ESI) available: pictorial repre-
sentation of work described in this communication. See http://www.rsc.org/
suppdata/cc/b0/b008534k/

Fig. 1 SEM study illustrating vectorial control of thickness, area, orientation
and registry of silica colloidal crystals grown inside silicon wafers – see
text.
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the patterned silicon wafer and the PDMS block. Micro-spheres
are driven into the V-shaped grooves by capillary forces and
close-pack inside the grooves upon evaporation of the water-
dispersing agent. Owing to the 70.6° angular geometry of the V-
shaped grooves, micro-spheres nucleate and grow in a vectorial
fashion exclusively within the grooves to form a pattern of fcc
colloidal crystal parallel lines. It is noteworthy that {100} layer
planes are well ordered and organized parallel to the [100] face
of the single crystal Si(100) wafer. This can be seen in the SEM
images shown in Fig. 1(b)–(d). Over spatial areas sufficiently
large for construction of photonic crystal and chromatographic
micro-devices, colloidal crystals are seen to be single crystals
and can be made essentially free of defects [Figs. 1(b), 2(a)].
When vacancy defects are present in the silica colloidal crystals
they can easily be identified and their effect on optical and
separation properties evaluated, [Fig. 2(b), (c)].

Interestingly, the first micro-spheres to nucleate in the V-
shaped grooves are single-file contiguous arrangements and
these linear constructions are found to be located in the apex of
the V-shaped groove, [Fig. 3(a)]. These 1-D chains of micro-
spheres dominate in the early stages of infiltration and when
dilute aqueous dispersions of micro-spheres are used. At later
stages the micro-spheres self-assemble adjacent to the 1-D
chains and continue to grow up the walls of the V-shaped
grooves to eventually fill them with well ordered patterns of
colloidal crystals, Fig. 3(b). The edges of the grooves seem to be
filled first with well defined lines of micro-spheres. Further, the
observed registry of {100} layer planes of micro-spheres
between adjacent grooves provides additional evidence for
vectorial control of colloidal crystal nucleation and growth.
These steps may provide an insight into the control mechanism

that enables command of thickness, area, orientation and
registry of the patterned colloidal crystal in the silicon wafer.

The whole process outlined above is reproducible and can be
finished in less than 2 h. The actual capillary infiltration and
crystallization of micro-spheres in the patterned silicon wafer
can be as short as seconds to minutes. As the depth of the V-
shaped grooves in Si(100) is proportional to the etching time, it
is easy to control groove depth to accommodate a pre-
determined number of layers of silica micro-spheres. This has
been achieved for one to ten layers of patterned colloidal
crystals. The number of micro-spheres observed in the top (100)
layer corresponds to the thickness of the colloidal crystal in the
V-shaped grooves. The strategy described in this work
alleviates the ‘sagging’ and ‘pairing’ problems in PDMS, which
has been utilized for patterning latex micro-spheres through
micro-molding in capillaries, MIMIC, on top of a silicon
substrate.6,10

As mentioned above, PDMS masters can be made by non-
lithographic approaches involving the use of TEM grids or
optical gratings.13 To exemplify this methodology, we used a
hexagonal 600 mesh TEM grid to prepare the PDMS master.
The bar width of the grid is ca. 7 mm and the pitch width is ca.
35 mm. A TEM grid was first laid down to a flat poly-
(methylmethacrylate) (PMMA) substrate and a PDMS pre-
polymer gel is then cast upon the grid. After curing at 60 °C, the
PDMS master is used for the micro-contact printing followed by
Au and Si(100) anisotropic etching as described above. The
SEM image shown in Fig. 1(e) depicts a representative
hexagonal symmetry V-shaped groove network and Fig. 1(f)
displays a typical silica micro-sphere array following influx of
micro-spheres into the grooves of the hexagonal pattern using
the capillary infiltration method described above.

In summary, the process of growing single crystal colloidal
crystal patterns of known thickness, area, orientation and
registry within a substrate is experimentally straightforward,
generally applicable, able to be easily integrated into chip
fabrication facilities and amenable to mass production. The
creation of colloidal crystal wafers, opal chips, is rapid,
reproducible and cheap. They may, for example, be easily
adapted for engineering lattice dimensions, refractive index
contrast, structural defects, location and integration of photonic
crystals coupled to optical fibers on photonic chips.2 Addition-
ally they may find utility for positioning and connecting lab-on-
chip arrays of micro-fluidic and micro-reactor devices that
perform chemical and catalytic transformations, as well as ion,
molecule and macromolecule separations with simultaneous
optical detection.1 The opal chip described here is a significant
advance on anything reported in the open or patent literature.

We are indebted to the Natural Sciences and Engineering
Research Council of Canada and the University of Toronto for
financial support of this work.
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Fig. 2 SEM images depicting (a, top left) six-layer (100) single crystal silica
colloidal crystal in a V-shaped channel of Si(100) wafer and devoid of
vacancy defects. (b, top right) Five-layer (100) single crystal silica colloidal
crystal in a V-shaped channel of Si(100) wafer depicting a single vacancy
defect in top layer of micro-spheres. (c, bottom) Seven-layer (100) single
crystal silica colloidal crystal in a V-shaped channel of Si(100) wafer
depicting three vacancy-type defects in the top layer of micro-spheres.

Fig. 3 SEM images depicting (a, left) the formation of a 1-D chain of silica
micro-spheres grown in the apex region of a V-shaped groove that had been
anisotropically etched within the surface of a single crystal (100) silicon
wafer. (b, right) Vectorial growth of six-layer (100) oriented silica colloidal
crystal within the V-shaped channel exposing the top three micro-sphere
layer-planes.
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A robust macrocyclic tetraamide complex of Th(IV) binds
phosphate diesters and promotes cleavage of RNA and
phosphate diesters at 37 °C in the pH range 5.00–7.90.

Tetravalent cations such as Ce(IV), Th(IV) and Zr(IV) are among
the most active catalysts for phosphate diester cleavage.1–7

There are several reports that these metal ions promote the
hydrolysis of phosphate diesters with poor leaving groups
including dimethylphosphate and DNA.1–5 Yet, the basis for
this exceptional reactivity is not well understood. Studies
reported to date on Ce(IV) or Th(IV) employ free metal ion or
weak metal ion complexes and most studies are carried out at
acidic pH to prevent precipitation of metal hydroxide com-
plexes.1–7 The complicated solution speciation of these systems
makes mechanistic analysis difficult. Few attempts have been
made to prepare well defined, catalytically active complexes of
these metal ions.4,6,7 Here, we report an unusual example of a
Th(IV) complex of a neutral macrocycle which is highly
resistant to dissociation in aqueous solutions. The complex
efficiently promotes RNA cleavage and transesterification of a
phosphate diester at neutral pH. Rate constants for RNA
cleavage compare favorably to other metal ion macrocyclic
complex catalysts including those containing lanthanide
ions.8–13

The tetraamide macrocycle 1 binds to 12 members of the
lanthanide(III) series with Sm(III) and Eu(III) being the most
strongly bound.12 Given that the ionic radius and coordination
geometry of Th(IV) complexes are similar to those of the middle
lanthanide(III) ions, 1 was studied as a ligand for Th(IV).
Th(1)(NO3)4 was prepared in dry methanol from the free base
form of 1 and Th(NO3)4.‡ NMR studies were carried out to
characterize Th(1)4+ in solution. The six broad 1H NMR
resonances observed at room temperature in D2O sharpened but
remained slightly broadened at 4 °C (ESI†).§ The 1H NMR
spectrum is analogous to that observed for La(1)3+ which has 1
coordinated as an octadentate ligand with donor groups
coordinated in a square antiprismatic arrangement.¶ The two
sets of amide pendent group methylene protons appear as two
doublets, the two sets of equatorial ethylene protons give rise to
two doublets and the two sets of axial ethylene protons give rise
to two triplets. Unfortunately, it was not possible to study the
fluxional process further for Th(1)4+ due to ligand decomposi-
tion at high temperatures and the insolubility of the complex in
solvents other than water. However, this fluxional process likely

involves ring inversion and cooperative pendent group rotation
which interconverts the two carbons of the macrocyclic ring, the
two sets of lower ring protons, the two sets of upper ring protons
and the methylene protons in analogous lanthanide(III) com-
plexes.13,14 Consistent with such a fluxional process occurring,
the 13C NMR spectrum of Th(1)4+ in D2O at 22 °C has only
three resonances‡ suggesting that, on the 13C NMR timescale,
the ethylene carbons are in fast exchange as has been observed
for La(1)3+.13

The Th(1)4+ complex is resistant to dissociation in aqueous
solution. Dissociation of Th(1)4+ was studied in the presence of
excess Cu(II) by monitoring formation of the Cu(1)2+ complex
by UV–VIS spectroscopy.13 No dissociation of the complex
(1.00 mM) was observed at pH 6.00 in a buffered solution in the
presence of a 10-fold excess of Cu(II) over a period of one week
at 37 °C. Remarkably, incubation of the Th(1)4+ complex in the
presence of an equivalent of EDTA at 37 °C and pH 6.00 did not
induce dissociation of the complex over a period of a week. This
inertness to metal ion release is reminiscent of the Eu(1)3+

complex which did not release Eu3+ over a period of 6 weeks
under similar conditions.13 That this resistance to dissociation is
a kinetic effect and not due to an exceptionally high formation
constant for Th(1)4+ relative to Cu(1)2+ is suggested by
competition experiments containing free 1, Th(NO3)4 and
Cu(NO3)2. When 1 (1.00 mM) was incubated simultaneously
with Th(NO3)4 (1.00 mM) and Cu(NO3)2 (10.0 mM) at pH 6.00,
37 °C, all of 1 was complexed as Cu(1)2+.

The ability to bind phosphate diesters is an integral part of
catalysis; lanthanide(III) macrocyclic complexes that do not
bind to phosphate diesters are not catalysts for cleavage.10,13

Binding was studied in solutions containing 5.00 mM diethyl-
phosphate and up to 40 mM Th(1)4+ at pH 6.90, 21 °C with 0.10
M tetramethylammonium chloride, 5.0 mM triethylphosphate
as a reference and 0.100 M Hepes buffer. Two 31P NMR
resonances were observed for free (0.81 ppm) and bound
phosphate diester (24.61 ppm), consistent with slow exchange
kinetics on the NMR timescale. Fitting of the binding isotherm
obtained by plotting the fraction of bound phosphate diester vs.
concentration of free Th(1)4+ gave a binding constant of 17
M21. Th(1)4+ also bound the RNA analog 2 under similar
conditions, but only a few percent was bound at pH 6.90 in the
presence of 15 mM Th(1)4+. In contrast, under similar
conditions, diethylphosphate binding to Eu(1)3+ and La(1)3+ is
too weak to determine binding constants and dissociation of
diethylphosphate from La(1)3+ is rapid on the 31P NMR
timescale.13 The stronger binding and slower exchange rates of
Th(1)4+ are consistent with the higher charge of this actinide
complex. These results are consistent with previous studies
showing that ligand exchange rates for Th(IV) are slower than
those of trivalent cations.15

Although exchange of bound and free phosphate diester is
slow on the NMR timescale, ligand exchange is not likely the

† Electronic supplementary information (ESI) available: 1H NMR spectra
for [Th(1)](NO3)4 in D2O at 21 and 4 °C. See http://www.rsc.org/suppdata/
cc/b0/b005866l
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rate determining step in the cleavage studies described below.
Binding of Th(1)4+ (15 mM) to diethyl phosphate (10 mM), pH
6.90, 0.10 M Hepes buffer at 22 °C, is complete within the 90
s it takes to record the 31P NMR spectrum. In comparison,
cleavage of RNA analog 3 by 15 mM Th(1)4+ in 0.10 M Hepes
at 22 °C has a half-life of 4.5 min.

Th(1)4+ promotes transesterification of the phosphate diester
3 to form the cyclic phosphate diester and 4-nitrophenylate as
determined by use of 31P NMR and UV–VIS spectroscopy.∑ At
pH 7.30, 37 °C with 1.00 mM complex and 0.100 mM 3, the
reaction exhibited good first-order kinetics in 3 for greater than
four half-lives. Transesterification of 3 is first-order in Th(1)4+

complex in the concentration range 0.60–2.00 mM with a
second-order rate constant of 0.65 M21 s21. Addition of 10%
EDTA (based on complex concentration) to reaction solutions
did not reduce the pseudo-first-order rate constant, suggesting
that the reaction is not catalyzed by a small amount of free
Th(IV) ion. Transesterification of 3 by Th(1)4+ is essentially
independent of pH in the pH range 5.0–7.9. Phosphate diester
cleavage by metal ion complexes is typically pH dependent
owing to the formation of metal hydroxide complexes.6,8–11

That cleavage of 3 by Th(1)3+ is not pH dependent suggests that
the speciation of the Th(IV) complex does not change in this pH
range. Pseudo-first-order rate constants for Th(1)4+ and analo-
gous Ln(III) complexes are listed in Table 1. Th(1)4+ is 40-times
more active than La(1)3+, the most active lanthanide complex in
the series. In addition, Th(1)4+ promotes cleavage of adenylic
acid oligomers more rapidly than does La(1)3+ under similar
conditions.

How does Th(1)4+ promote RNA cleavage and why is the
complex more efficient than analogous Ln(1)3+ complexes?
Given that the ionic radii of Th(IV) and Eu(III) are nearly
identical, it is likely that Th(1)4+ is nine-coordinate with a single
site for the binding substrate, analogous to Eu(1)3+.13 Thus,
Th(1)4+ activates the phosphate diester to cleavage most
probably through interaction at a single coordination site. The
greater reactivity of the Th(IV) complex compared to its
lanthanide(III) analogs is attributed to the greater Lewis acidity
of the Th(IV) center as suggested by its strong interaction with

phosphate diesters. In conclusion, we show here that it is
feasible to prepare a Th(IV) complex of a neutral macrocycle
which is highly resistant to dissociation in neutral aqueous
solutions and is active in the cleavage of phosphate diesters and
RNA. We demonstrate that the catalytic power of a tetravalent
cation can be harnessed in a macrocyclic complex.

We are grateful to the American Chemical Society Petroleum
Research Fund (34358-AC) and the National Science Founda-
tion (CHE-9986332) for support of this work.
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Table 1 Pseudo-first-order rate constants for cleavage of RNA and
phosphate diester 3 by thorium(IV) and lanthanide(III) complexes of 1 at
37 °C

Complex Substratea,b,c kobs/1024 s21

Th(1)4+ 3 7.5a

Th(1)4+ A10 9.2
La(1)3+ 3 0.16
La(1)3+ A12–A18 1.6
Eu(1)3+ 3 NRd

Eu(1)3+ A12–A18 NRd

a For substrate 3 conditions were pH 7.3, 1.00 mM complex, 0.100 mM 3,
10 mM Hepes buffer, 100 mM NaNO3. b For A10 conditions were pH 7.4,
0.200 mM complex, 5 mM Hepes buffer, 0.013 mM A10 (adenosine
concentration). c For A12–A18 conditions were pH 7.6, 0.200 mM complex,
5 mM Hepes buffer, 0.08 mM A12–A18 (adenosine concentration).13 d No
cleavage observed under the conditions given above.13
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